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TIt. Cyilm,,,,;a of JlumtlIl Lurnlng QM P"fo'm""~ 

manner ·1IIIcen.ainty/information IndioK·. In seneral. they are Joloetj". 
information Indices since Information i. p.ined by .. Iectlnglmonsst I set 
of liternath'os. The interpretation of thnc indioet depend. ~pon the 
pesis of the Iltemati, ... ts in the unl"erse(.) conccrued.lId lipan tIM' 
origin of the p numbe!'1. 

2 Stat!stk:allDdlces 

All olemal (iJnpanial, IInbimed) oI:Iscrow may o .... look "'Y'knl which 
in the: wi man Ite has defined; foruornple. the lI' pulw.llId OUtpUl1et of 
.... orgaai$In; ,timlll; It ~, .... Ind re5pOMn it emits. Fu,th .... be may 
<:(Impute 1M p numbers ill lOY Iymmatic mannet'o He could. for uomple. 
estimate them. by ~ng rlf he '""'" I Bayeoiln 11I'istiQ.an heoould do 10 
rationally) or. more often. be SIIh$cribeilO the common ltItiSli(:ol dictum 
that ... probability PI (thai x hal the value x,) is Obtai""'." the limit. for 
infin.ile W'I""""" length of the ratio 

Numb« or oc< 

'lumber of """,m 

1M formlllation depends upon 'Itationarity' of thuource of ocamences 
(I notion considered further ill Chapter 2). RO\1sh1y. 'llItionarity' mul1l 
thatlbe ulKkrlying stl'l,,;ture of Iht 1Oura! is unellanging 

Under Ibis interpretation. tbe UnttrtaintYlillformation ind", I,".M/ull
ce/ u"""'talnty/information meUu"', Oi~n tither method of <:(Imputing 
Ibe p numbe,s, any uncertainty information indiCC$ retlc.t ~lJ uncertainty/ 
infonnation about the optem. for .~ampl •. l ubscrlblng \0 the lut dictum. 
the e'temal observer may record .~nt OCQ1"encet: in a contingency table 
to show the frequency wilh which evenll tagged by valun or x (inpulltltes) 
and y (output states) occur. including the ., .. nll due to joint occurrences. 
Th. tIltric. in the oootingency tabl. m.oy nOW be taken 1$ estimatel of the 
actual probabilities (I good onmple il &i'en ;n McCiiU (1963) who also 
provides the marbcm.otiQi apparatus needed to COIPptJle in \er1llS of counl 
numberl without tJlnsformins tbern into p numben). Some ilUta""'" of 
\hi, type of calculation ..... ci!ed in Cllaptcr 7. 

N.~t, an cxtem.ll obKrver may presuppose llIat lOme olhcr ~'er (a 
puticipant.lila an operati .... In industJy. Or an experim<nullubjcct) ..... 
an ..... /rt:IMIDI, in !he wne ~Iy tbat Itt ICeS il. If SO, be may infer wtthe 
lfaruricQlllllctrllio'y/inromatiof! indices compu,ed with m-CRJ>OO 10 litis 
enviroom"" pr",ide .. timates 01 its ,viabiIiIY. compl"';ty. regt.llarity. or 
wba~ (dep"odjn& "I"'" the cboseo Il>dc~). from the putici!*ot', poiO! 
of view. Some uamplel of targe-orp.OiSlltiOll task ... lIIlysis along tha<t 
lilIeS .... 01>0...,. in Table 1 ""d Fil- I . Similar Itudiethl~beencarricd out 
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F''!fUff I lnfonnation ... tyolo fo, , ;x ind"'trial/(Ommcrtiol tub A. S. C. D. 
£, F. Upper <:IItve (oppr"l'<i .. e to nova) I. '""" uncertainly, Lo""r """'" 
(appropriate 10 a !killed oper.'i .... ) I. u"'"'rtlimy. civen tllat all constra'''''''' 
known. Dlff....".,. (a ,raru.mi .. ion) I. U\ Index of the UIKIIIIIt 10 be pined by 
ClIperieooe. The Ie....,. <:UfVC i. U\ Index of retatl ... difficllily of tun ror any 
(ideaJiicd) proficient operati .... 

in the 1Im\)(r Industry by Van Oldt (1971) who «litH the indioellc 
ergonomic and work . tud y lllUJurementS. S!&ni.land (! 966) 1Ia. u!led sim lIlt 
techniq .... in COI1IIOCtion with laboratory tasks and hal dco;iK<l a plethora 
of redundallcy measures for this purpose. 

J SdK'tf.-. OJlft1lIiom and Sd«1hr Work 

Suppose t1w" aDd, .... the: inpu'and output .. ts of all orpni.m, perhaps 
• human being (II an UpnlilOl')' con ...... ience ; the lItJ'U'!"o' if quite 
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1M 0",--/Q pf H_ UamiIPK "'" Perfi1nlU1#l« 

,",ph. Be)'<llld a .:ertain fi,ed pace, any trainee commiu ctTOl"'. If hoe i, 
able t(I compenAle for .rrors up t(I • limit II which breakdown occun (by 
aoalogy only, by etTeaive 'encoding·). lhere i,. di5COnlinuity as shown in 
Fig. 3a (by 111IIogy only, lbe 'capacilyl In COOlttit , <ome tnlin<CI commit 
.... rors al any pant of operation and tbe .. is DO real limit. "Ibe$e trainees 
also fail t(I\eam \he repetiti'" still (FJ$- 3b ,1>0 ... error pant curves for tho 
sam .... bjecu...n .... I further I' bODI"ll of training). 

Ii i.<)gk.1 Uoo:ertlinty/ lDformation IDdla:s 

The gen.ral (m.thod-of<emPUlalion independen') ind .. ' R lective work· 
i$ u<dully contralled with an information index which il. in one .. n .. , iu 
polar opp<»it_n inf""""tion IllUlure bued upoo ODC class of possible 
computing metbocb. Mea, ...... of lhis kind .re called 1000eal information 
JQCa$ures and art: spocified in respen 01"1 formallanguap which is ,try 
restricted; the class of computltioll$ \)e;nl th. clus of dtrivatioas obtai .... 
I ble by u,ing lb. infere~ I nd produClion rules in lhi. Iang""F. These 
meaSu res ... cre deviled by Camap (19SO), Clrnap and Bat·Hiliel (19Sl) 
and Bar-Hillel (1964). Some imporlanl gen ..... lisalion. are due 10 Clliar_ 
'Yigillio (1971). and Harrah (1966). Th. slrongcstllalements in such. 
language, to~ .. ""th their complements, form al1<mltive .. u (the 
·information giwn· by I statemenl in lhe language mrllSlIl"C$ tbe Ollmber 

oflogically pomibk: dtri""tiom thot om udllded by .;nut of lbe JtalCmenl) 
but, If comPUled o_lItcmati.., .. u."uy. tl>c logical met.IUrt: oorrespoudl 
nu m<rically 10 a .. lecti.., measure. 

Rather Jilll~ u .. has been made of Ih ... information in~kes in P')'tho
logical experiment, or Ias.i: ,ilpalions, al any ratc at a quantitalive Jevel 
(Ihe 'informalion' talked of in mosl .. pcrim~nlS on deduotiv. problem-
5OIvio g is 0( this kind ho .... ver) and obviously the iDdice1.re only. ppropri_ 
ate if the mind functions (perIJ'P' impcrlectly) in a 'Iopcal' mode (I.t. it 
obeys !be presaibed inf~..,..., rul .. ). An ouutandinSlnd very interesting 
exceplion il rurnished by the "",Ii,,,,i,, empirical work of SeigmaM and 
Stapleton (1971). 

7 Confidence Estimation 

Consid.r an "rnl who iJ; a senticnt bein, (a mao or possibly a macbiM Or 
an Inimal) able to inl.rpret and DDfUptchCfld. lan~age in which questions 
CIJI be 1$Iu:d. The vol)' mtriCled fannal IaDguagcs of \he last ..aion CI.II 

be aupncnled (II in lbe Scigmann and SIO.pielOIl pa.pcr) 10 M1"Vi! in lhis 
capacily. [ .1Ia11 u ...... Iurallansu .... in order to gi"" uamples; in fact, 
some intermedille oompl.~ily of Iln,uage i • • mployed [or much of our 
turreol work. 

" 

/JrjortrWIon 

The " .. nl (J .. ked • multiple-choico l)'pC of qPHuon. Syntactically, il il 
an exclu,ive disjunction O[ , lal.=nll. Bu! these ltalemenll have. semantic 
in lerpretalion whereby Ibe agenl rcl"crslh.m to a body of i 0 I.rnal or oxterM! 
data and the question;. pre[Kl:d, ... h.o il i •• ddreued, by lb. '~iTt=1 
U> I4lisfy a relation (whicll il 0 ... lIIW"Iiog of the nuony·fa.:eled aDd on.n 
misu.ed word 'goal"). SlIOCi!lClly, • question of lbi.1ypc pt>ICS a problem; 
to Jiod ( .. y) the one and only OM .Iten>ati,.., amwef, .. tisfyiog the •• latiOll 
'bridge-building .ngineer'. within 10 inlerval, <1t (which may be inddinite), 
given I Rmantic interpretation o[ lb. language in r .. peeI of indu,trial 
history and the following allernati .... stalemeou : 

(a) 'Brunei buill the Bristol Suspension Bridge·, 
(b) 'Step/leninn built the Bristol Suspensioo Brid .. ', 
(e) 'W11:e6eld buill lbe Bri'lo! Suspension Brid!'"·. 

"!be semantic inlerpreuotion admits. for .>llJlpIc. such faetual data as: 
'the Brislol (Road) IU'pension bridge ..... , buililry an cop""r who buih 
.. ilways· and 'W.kefield built no /1Ijlways' and 'Steph.nson did no! de>ign 
Temple Meads SIation al Bri l lOl·, , uch inferenccs u ·Wakefield did nol 
build Ihe bridge' l od 'ifit il true lhal Ihe bridge wa, bulJI by an engioce. 
who buill. /1Ii1> .... y to BriMl then it i. not false lhal Brunei built Ibe 
suspcnsi<m brid!,"'. The pragmatic io!erpreution ha, u imperative,! 
iDlerropti .... put (I qDCStion 0( this kind il ioomorphic with I command 
t(I aDS" .... ) and it lpec:ifics the .... lion d«med .COI"feCl' (na"",ly between 
, oadbridges and bullM,·~ _J).II is improper 10 gloM lh. ios"" by co .... 
ceiving Ihe queslion "" Ibe Ilimulul for a correct rcspome, ..... n though 
!hi, idenlificalion i • • uUe.ted by Ihe usual r''''IUII, namely: 

Wbo built !be Bristol S, I ..... 
fIricIJe : (II, (bl, or Ie)! (""" aod only 
000 " rip) 

(a) Bruod 

"'(e) Ww1lcld 

7.1 ~ OM pou ihilily, lbe asen! mighl <lui,.., a .tal.ment 10 '"'<ll .... 
the .. dusi .... diljunction (a). (b), (e), lry computation in tbe language (the 
objocllanp!,"ofthe-=bemc), uliD, infeunces Dflbe kiud wgested abo.., 
aud lIutinl 00" ftom the t1illiog.nd comprebended dall. AI a t:OIIIDlC1ll, 

if be did in Icd merely tioked or marked lbe a1tc:mati.., oormpoooing 10 

hi, derived (Iliis computed) object lanlul!'" statement, lben this kind or 
enquiry Si_lil ~e of the pate ntiaUy ••• ila ble i nfo.mali On. The "Fnt mi ghl, 
for example, ha.., been .. ked how he arri ved al hi s solulion 10 the problem. 

• 
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'1M CJ'hm'~t/a 0/ Hu",,,,, Uonrlnt and P~,/o.-m01t<r ' In/o.-""'tWtt 

" 

• 

------.. -.. 
" '-

-----------'" 

----------..-'-" 
• 
• 

--------

• 
• 

F""p"''' 8did' ( .. un<ftl.OiDty) and corrta belief as • r""",100 or ropealed 
'l ..... Iooin&: ( .. ) wiIh k ....... k<IF of results; (b) ";lbouI ....... "Itdf;O ol rauIh, 
Plain ~ne, uno,mifll, (H); doIlOd line,""""" belief; n, numbc:r oflrlal, 

The e.porimeow lnSion begin. wilh pretraining in the uoe of 80SS 
(.nough to """,re plob:.bilillk j..dgcmcnts o.'or genui ... ly risky Of ILoltOry 
ahemat i .... <1. ond also rhUllgr of opinion duo to ralUill/(}I!o/ informat ion). 
T he p,..!",ining m"criall afO no ... 1,1 aside ud SIIcccssive judgem,nlS OVer 

~ 

~~nt (Jf't/olu alld pwdwtr p<Id~ optilJlU an: ~ in lhe 
foUo"';o, ~'1uencc (lICe Fit- 9). 

I. l nilially; 
2. aflor .. mpliog bdi,fuboul fac1U/1) .lSp«U ollhe prodlX'l Mid; 
3. af,or uposure 10 ad .... tiJinB in favour of a new prodUC1: 
4 .• ft •• an .1~mp1 '0 ~nfum the chaoge of opioion; 
5. oft .. IdvmQ.iogln r,"our of th. original (nolth. ".w plodlX'l) Ind: 
6. after trarning in r.,~ of factual data with corr..,1 or millak.n 

'blo ... lcd", of mulli". 

Th. last (Irainins) opo.ation i. i"se.ted to check lhal the measum! 'un. 
<m ainly' i. I qUlnlily that iI, a. it should be, reduced by the """.ipl of 
objeeti,·. information. Opinion change in r..-our or lh. " .... produ" i. 
deorly perpetuated ""On though the origina.] plod.,CI il ad"eniS«! (the 
products an: ,Iunati"", for all ptllctieal pIIrposes). 

In Fi~, 10 the: order of presentation of mallriall (4) and (5) il reversed. 
Under th""" COiIditionl (oo immediate ooofinmtioa of tbe DeW pcodllC1 
hypo1besil) tbm: "appreeiabk opinion change io favour of the original 
product. H.DCC, tlIm: ill .... "ttSaJ. Since tho _ prodlX'l .. "....w;nl hili 
IlOl t.« .. ~nfumed, lbe Pmnltatioo of data Cavouriol the "'IKbu>J product 
lead. to In ambigllity, Wt is resoh-.d by 'e'lmion to tbe original 

10 A 11I00re1lCI) Poilu about Information and Its Measure.~ 

It i ..... 11 kno ... n that the mathematical form of .. p .... sion used to represent 
a selectiv. uneerlointy/information ind.x mirrors the mllhemalica) form 
of an 'nf"'py: Ihat ii, Ih. ph)'$iOllI quantity which inc .... es over lin", in I 
physical dosed usembly as en ... sy;s d.graded inlo leli speciJle and uSible 
forms, fOf <:.llmple, in lhe OJX1"'tiOIl of a heat engine Of the metabolilm of 
a ~JJ wkm: "''<Irk is done. The co .... ponder>ee COlOn .bout because. al a 
molecular Itvt~ \he increut in ..,tropy caD be expreaoe<l in terms of In 
ill<rU$lDg disorder amongsl such S)~tems "" motions of particles, dim,· 
butions or eltm..,lI, U \bey .pprar io lbe desaipti"" fnmework of pIIy$icI, 
The quaotity !hat decnasn ... ben eotropy iDcreases '_ '''!rOpy" is taJled 
"'tnllrop, Ind., lfIUed by BrillooUn (19S6, 1964) or, ill lhe domain of 
ijving S)'llmlJ, by Schroedi"!" (1'#1) 1liiy IlU a/informalion demands In 

~"Iin ne","trop)' which m!at be fW"nisMd bylhe pl"o>;sion ofcnersy 
Or degradabl. m,uerills,l""h al' food$l lIIf. Brillouin mak .. a distinction 
betw~n 'Bound Information' CODCCrned with the configuration. of • 
ph)'lic.1 .ysltm and 'F .... Inform.tio,,· concerned ... ith tM possible cOn' 
figutation. of. n ~~lmcl.y>t.m h.ving no spocially phy.ical interpretation, 

" 
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'17Ir Cybmmlu of H''''1tIn u.".IIi1t& aM Prrff)mURIN. 

IppraprillC limiting principle il rumishro by Br<m~rman'llimil (Br<m
morman, 1962; Aohby, 1968) , Ta~e any physical un!> .. ", you like, whore 
po$I.ulates 110 S Ipply, It i., by lhe definition of'physlao! uoi.-erse', iiolltro 
Ind, by il$ 01""". lUbjt<:t 10 Br<m.mCfman', limil; hoDel<, il i .. if IIInc 
poslul.!-S apply, . mlchine ofthi' type, or 0 bag or Ihem which i. illelf a 
machine of thi. Iype, I n partieu lor . any ,tal (en gi necr '1) mochine i.llnachi ne 
of Ih;' (l!>ItnICI) l)'pt, 

II i. wo"h IIOling thai though I .. ,pcct lhe ulililY ofl""tulalt$ t 10 S and 
lhe ctegance of their de>'elormenl, I do nOI .. gord lhe~ pri""iple. IS 
u".,.aUy Ipplicable or '1nIe'; nor do I OOllCUr in the philhlOphical oon, 
duoion aboul the uni _one Or isolalll!d bill ofil, H OWC' ..... il ;1 quile importanl 
10 ,Ireu Ihal my dilagreemenl il not based on vou nd. directly related 10 

lhe nexl (probablillic) dcvdopn1(OI of machines. 

\.4 SuPflO5C IIIaI Ru i. re<!fft""d ....... IIIKln ralher than" function, $0 

Ihat pioiurn li ~e lhe One, shown become pcrmiuiblc, Call the revised rule 

-ex:: . xx:. 
RR, It il poiiible 10 .ru.ractCfisc: I new kind of machine ~ng IU of 
lhe olher r<quirements) by a mapping 

RR:Z_Z 

"'hich may be one 10 many, If $0, Ihe ncw kind of II1llChi ... in olalc Z. 

(lay, 317) may go inlo ol.t. =, or z, at Ihe n",1 inSlant 7 + I. Bul il muSI 
be in one and only 01lO llate at Onee. !>inee RR flil, 10 rre=ibe which 1111. 

Ihis .. ill be, and sina: il will be ju ... one of IK possibi~lies. il il USI.l8llo 
invoke the Mlion of chana: or probability, j,e . 10 coneei_. o f a random 
d~ic< thai delermines the: outcome. 

I! ii lII"ally lhe q,sc:, and often barmless, 10 think of the random de'ice 
lba, picb oul labels for each ne~1 .Ial. permilled by RR If a .. heel of 
cha nce. or. con.idered in a more .opnillicoted way, an uncorn:lated ""Ul'<. 

of evenD like a radiG;lctivc:1y dttaying ma!<riaL 
Whiche"tf in~lJWlaliOD you cltoose, the foUowing poin!> ar< valid, 
(a) Gi"en a .,Iue al ~ (say t , .. : . ) ond given RR, lhe: sct of nelillates 

(up 10 111 of them) perrniued by RR il B ... 1 of .~clu.ive Ind e.haustive 
~hf:NIIli''ft. 

(b) Suppose Ihis Itl i'I {:, ,:,l then Ollt of {:, .:,} ;. ~Iected 115 :,. ,. bul 
onlyone, 

(c) An unbil osed random $Ource would ha, .. the: prope"y thai for ny 
value of ~, if z. otaIn, then in the IonS run (o_er manyoceurrenoes of .. 

, 

Mt>doiM~ 

:," : . ) on hllf lilt octuion. the seleclod sla le would be z, and on 
half:, ; a (aea.pre ... d by awgning a posilive fnetional number. p. 10 lhe 
,lates • ., z, wilh the prop<"y thallhe p Dumben...", 10 uoily ud 'latio, 
'p(zJ .. p(:.) .. 1', In Ihe jjetlorll case of '" alternatives /lamed by 
Ihe .olue of an index j, lhen p(z,) .. l/m. In $0 fa, al thi l metrical lI~niDn 
tallies wilh th. freque~y oounl, as lhe number of illSlaDCCO i. inc ... ased, 
p(:,) i, 1M probability of : , {Ind rt'm.Iins $0. c~n if p(:,) ,,"pam from the 
~uiprobabil ily oondilion Ihal p(:,) .. 11m for . 11 valuOli o f j), 

(d) Furlher. under Ihe lame restrictionl. Ihe condiliona l probabilily 
P(: A:,) il the: probabilil)'. gi= lhe machine i. in stale:, II ~, thai il will 
be inSla'.:,alinllllm7+ I. 

(c) As a refilltmen, in machine design, il is po"ibl. 10 as",,,, for each 
z, in Z a conditional probability p(:~:,) Ihal • certain transition witJ OCI:ur. 
Thillrick amou"u 10 usinS a 'j'!lcm..tiaolly biassed random >OUTCe or 10 
bialliaS unbiautd random <Ourtel, Any mlchine of Ihi$ k ind i. called 
probabilistic and i$ repre",ntcd graphically as Ihown below 

I'I'ArJ 

'. 

"'~ 
or. in SO far", Z ~nd RR ~re invarianl, by ~ m..tri~ ",Ih """., oooraponding 
10 at! pos.sibki SIlIIH (Ihose in Z) and column. corresponding 10 Ihe ... m. 
Siliel (one insllnl I.ter) and wilh enlries (Iypified by Ih. cell (z,.%,> wilh 
entry p(~,!~,)) Ibl are tonditional p<Obabi!ities. If tlttse cntries do not 
clLanlt ill , .. hit tm OlIrhinc is I MMJ,;O~iali dcvi~, Two repretenl.a~ons 
are convenienl. On Ihe On. hand RR can be Itltro logelher wilh ali,t, for 
eaeh llale:" of lite: probabilily numbers displayed in the graph of the 
machi ..... Catl lite lisl Prt1b , tbe: maehi ... il prescribed by 

(J'rob,RR>, Z _ z 

Eqully, if ~tI of the: ca"QU hold good. 1M tofIdjtionll probabililY matrix 
repments the machine on its oWn. 

(f) The .. ate pres",ipth'e .~pcdi.nl!, Th.r. ore al,o dtK,iplive expodi_ 
enll, i,e, give" 10 PDt"OWn but dynamicen,iIY("'hich il is powblclo isola'e 
as In ob<ervablc in >Om< lnanncr indcpendul of the Observalion) its Jlale .. 
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TIn: C)'bWWIIN of J(~_ LMrrrI"f and P"ffNtI1aM~ 

,,,,,ld<: lh<: Luge FSM belan, 10 only a fev." cat~ (for .nmple, _ the 
diocw.sion, by Minlky (1961). concern,ng machi ........ ng McCulk>c:h/Pitll 
.Icmcntsu the units). Th •• Ute oflh<: F'SM (if it is an FSM and i. properly 
constructcd{partiliolll:d) i. retric'vablc as the product of the Uf,ln of the 
unil" 

- ----1 .... """"" 
FW"" I J Simple <q> .... nlalion ef. IWI ........ rnachino. 

'" ,--------------, 
I c-l ,., f-rl- '"' I 
! ~ 

- ' Ir--, 

~_= _______ ~~~_ t'J -.J 

-
1'"'1_ 14 Example 01' panldonl., a 1\Mc·.,ale """",i.., iRle oom~ts ,hal 
.... intC'l"OOlLJleClcd flnlL ... la,. ""'.hl .... 

Such figure. 1110 l impler 'e "",nipulole. fer.lI practical purposes, liIan 
, tate representalions. Th. main juslificllion for talking, improvidently, of 
"0 U:5 is because a lIa t< re pl'Hl'nUl tic n i, m ore .u ""'ptible to logical InM l)'lis. 
On. way ofl"'\ting the malle, is to nOle that on F'SM can be rtprded, in 
its .tate rcprocntatien, as the 'grammar' or · .. t of rewriting rules' (lilt of 
q""druple<) aDd • fonnal lang""!l"' Lepl npm:sioM ;n thil fnrmal 
language are IUd (l)'IIlbollO input ltale) from lh<: machillC inpul tape l lId 
a ... printed (symbol to OUIPUI StaIC) on 10 lhe machine oUlp.n tape. Tho 
internal 5I.les an: non_lermi .... 1 .ymbol< in the language. T'hew Uf,lemcnts 
Irt couched in the It1n\inolos,y for thot part of psydIoIinll"i.cia concemed 
"ith phrax 'lnIctUrt. g:r;omman Ind the n •. The crucial iSS\le i. the 
ui .. e".,. of •• tatc.l .... ymbol corr«pond<nce. Becau .. of lhis,panic:ular 
machines can be ohlracterised at .ble In 'o=pf 0' to 'generate' certain 
classes ohlrings (Ihe nptnSion is 'grammalicar accor<ling 10 Ihe gramma, 
for Ihe panic~la, elan of machine). Morte,·.r, differenl classel of "",. hlnel 
are ,ble to compu,., i.e . aceept or gen ... le ' Irings.. only of Q certain type, 

• 

M,w,ws 

For """"'pl<, FSMI, n I diU. compute only 'Wu. ... p""';o ... ( KIce ... •• 
theomn), 

Because thaI is SO. !he otllerwi .. arbitrary idea of an OUtpUI pint lu I>
SIaDCC. " noD-Uivial OUII"" occurs if, and ooly if,. machillC hu rccosni$Cd 
(in otbtr ... 'Otds KCepICd) •• !ring or uptnsion belonging 10 lOJIle elm: 
in Which case it il I l'tCognisn of that class of e~pIl;$1.iOl1S . Further, the 
irredundant inlem.1 l!atcs of an FSM are IlOI jus, mechanically o rdailll:d 
configuralion. but co ...... pond to hi.tori .. , i.e. 6nite . 'preMionl, that \11. 
FSM i.able 10 rtCognisc. 

The .. rious re.der . hould refe, 10 Min.ky (1%7). Chaplerl I 104 conllin 
the ma§! ."ilahl. I'eatment of Ihe con~pts I ha". jusl mentioned . The 
development of "'achille theory in lhe: field of p'ycbolinguilticl i, brilliant 
bUI hal questionable relevance.' Olle compact acco~nt of lI1lI.hincs U 

grommm and of lhe: .~pus.!ions they •• n genente 0.- accept i, in a tmOS 
of papen by Chomsky Ind Miller (in lute, B~sh Ind crollant .... 1963). It 
is weU worth rt'ading thtse articles alld also the Ihorter la:ounl;n Bach 
(1964) of whll .. pmsiOflS can be produoed{acceplCd by wh<lt mxhinn. 

1.8 One very importanl ... t.Mien of liml. ,tate mxbinn. Von 
Foerster', (1971) claA of lini\e.function 1MChinn. i. lUdily u pm.sed 
using the !>Olalion. of Figures 11 and 14 tognber wilh twO additio .... 1 
.ymbols: namely' , 'tOltand for a pa,,*mell;coptralion upon the intmtal 

,tate .. I of a machine and .~ . 10 , I .... d foraM<cription of lhecondition of 

any machine that i, operaled upon paramctricaJly (lince, in lhe: presenl 
ca,e, the mochino il • finite Slate machine. a descriplion can be • rewrd of 
its inpul/outpul hi.lory). A fInite fu nction machi .. i. shown in fig. IS 

--
- -- -

1'"1f"'~ IS "ftnJ,,..fllnc:tion modoino. 

I. Tb<t<" 00 <loll'" ...... It ,~ "'!i<li1J or <~ or "'" .. ~k bu, ! .O' loolioocl 10 
tho .;.,w!hal k""", IO<!", of tho .,ntO<l'" rooms.mnis>ib!o tor oenalo mo<hinn .... I~I" 
lxariD£ upon 'ho _"IIIdUI ",teranceo mati< <it""r by human b<inr' or by """M .. ,. 
Tho rude. .Iooo 'd Judro lhe ... tt", ro< hlm, d r . 

" 
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'I'M CJi-_II<J 01 H .... "" /.umlnt OM P~'lo,,"'ma 

(b)SimiLo, ""Dlmen" apply 10 a TM 'I"" ""nlputin, macbl ....... d il> 
s;rater pov.-n moy be.scribed to itf "cater slOrage capacity; for eumpk 
an FSM canDOt m~ltiply ofbitrary numbers. But of """"", it II possible to 
WItulale a finil<lry Formof. TM iOln FSM, Clpable ofllluitiplyin, .pccii'ted 
numbers .• Add' . for enm pie. only entalli the dtgr« of (olle .tase) rt1entwII 
D«dcd to rea~"" I '<Wry' Op<,"tiOD. 'Multiply may involve lOY number of 
'retention mgt!". In partic:ullr, t .... re i. a TM able to ""mpute any general 
rccursi...., f>Ulction; Davil (19$8) bases hi. apJ"OIcb 10 r.cuni"" COnl
pUl<ltion upon this poinl. and he develops r.curti>. f~nction Ih«Iry in 
term. oFTuring machines ralh .. Ihln t .... ,..,'erst. 

(0) Nut. the,.. is a uni"erlal T uring machine T U (in FaCither. a'" indefin
ite numbers of Ihem) able 10 compule any function Ihat can be cOmpuled 
by $Qme TM , The '"lilt i. most con'~nienlly stated, for the presenl purpose, 
in lhe following mIInner. Any TU is able 10 aco:pl Ihe lap< description of 
any TM and to """y oul the o;omputations thai would be porlormtd by 
this TM. A '18p< dn<:rlplioo' mi",1 co",,>! in an arnngemeol of tbe quin
tup1eo ~li1lg lbe TM io qucslion. 1\ is ~, COIlve",ent, _lid for 
SUbstq ... OI dc>-dopmentl il iHs""nti.r.I, to <q)I"tstnl the pertiDtnt TM in.n 
arilhmeticisci form. Using the unique fKlOrisalioo theortnI of arilbmttk, 
it i, p""ible 10 ~ll1Iy TM as I number thai can be IIn~Ud by 
• ua:euiw factoring to uniquely specify Ihe TM. Thi, numbcrill5 trick i, 
essentiaUy lhe Irick emplo)'fd by Godc:I i. pro'in~ hi, famO\lS thoo,...",;' 
the number ;n queslion ;s often Cliled the code Dum"ocr of the TM. 

(d) Without IOXiNI inno.ation il is possible to specify. COtIl lructing 
machine whicb, given the lap< description of any machine TM, call il 
Dm, (TM), ..... ill produce a (chain.like, or tape-m,e) copy of TM. Furlher, 
the construcli ••• Ulom.lon (1.1 uS (:Ill! il Build) may form part of a lar,.r 
automaton in which ils oper.lionla~ Itarted and 10 which thei, ""mpletion 
is signalled . Thai i. 

s.;IJ(Dm, (T.It) _ TM 

(the oripnal d..mpcinn being demolished io lbe pro«:I'). 
Nexl. lhe~ if, from lhe uil~nce cI TU • • flU'1ber lIIadli,," (called C"I'Y 

.. a tag ",ord) lbal will copyany description web .. lNw (TM) to produa 

copi .. of it. Thai" 

C"P}" t o..>er(TM») _ < o..rr(TM~ I>trr(TM)} 

(the oripoal deoeription beins demolished in the 1"0""'). 

2. In ,0;, reopoc< Napt . 1Id N<o,.rnoM (19l9) ~ on QlruDely "wt>l< I>0oI< ,lid 
po<WMl<s' ~10CIIUl0". which. Ukf"1 rll<' ,I>< a'&W""" in "'" nu' '01."". Qr ,he 
oluli<>lt pl,_ltI<! •• 'Inom"': "",. Ny M_ll"' 1"",oo. l nd ,.., Mlcha .... 1" .. ~"". 

'" 

-~ .- -
-
-~ -
-... -~ 

Fit_ 17 A uniwnal c:on.tno:tor. 

MocIIiMJ 

~ ..... -
F"uI&Ily then: is _ ""nlroller machine. alsoa TM. which i, ablt to organ; .. 

the aC\i,iliti of Build_lid C"I'Y in respect of ik-'CT(TM) ,"'lUch can institUle 
lhe following operlltion (using the ""l8lion of Fig. 16. ill fig. t 7) • 

C"I'.1{lIt ..... ITM)) _ ( lIn>:r (TM). 0.. ... (1";\1» 

BfIi/J (lit .... (TM» _ (T.\{. lit .... (1";\f)) 

al Ihe end of whieb TM and ilO dtlCriplion arc cui free by punctu.lion. 
C. II Ihe .ntif!: machine Til.; Ilul\ i, 

10 thai 

TfI.. ( Copy. CO""o!. &;lid) 

TfI.(lItsrr(TM» _ ( TM. Dm,(TM» 

and Til. il pr ....... ed. 
lbtrc i,. dtsmption clTR, TM nnd TU. H~~. it i, p""ible 10 .epre""n~ 

tbe process 

TfI.(DntP (TR))-{TR. D<=(TR)} 

"itb !be orip"'" Til. being prtStrved. 
nw ~mc:nt i, • sktu:b of lbe dcmOOSlration gh~n in Von Neumann 

(1966) ICClUK S alld thi' m(~1Ke (not only ICClun: $ but .11. at 1e.,I. a( 
part 1 of tho bonk) should be""nlul!ed. The entirety TR il a Von N.umann 
• .. If·~ucing· mlohi .... 1Id il ml.y be formulated in ,'arioul way' 11\10, 
remo'-e the 'linearity' (Von Neumlnn', ",'oro) of the I8pe descriptionl 
[Nur (TM). One of th~ .. ways, the T .... lalion model (i nlroduced In 
Par! 2 or Von N~umMn, t9(6), i. di,cussed brieHy in lhe ""~I chlp ter. 

" 



• I 

IIi ,I 
jl • • , 



j 
.
-
~
 

;
"
"
'

E
 

:::-
"" t

'
~
 S

:E
 S

 .. ~
.
i
 

'" " ... ,... .. 
llip

W
a

i 
II .i! 

o 
.. :3 

.. 
::;! i'-'" g"'"..., 

~~!cS.~~ 
:.a

): 
, 

" 
. -.;! ti:o 

'§g 
l~;r.~~

·..:J· 
~ 

!!..!! f'~ 
>

 
~
 

-
~
 

r!LU
IH

jl 
5

"
 § 

.. " .. ·c It 
• ° 

• 
.-

">
 ""~

 
~
 

~
,
,
-
-
-

~ ~'"' 
t ~ ~ .., 

0
;
 .. i 

o..!! ~
G
'
"
 9 

"-" .... § 
~
"
E
"
'
"
 

.. ":E
'!: 

'-
t: -= Oil 

1;. -
-

-
,:;. 

" 
0 

-

.," IliJ 
i 

~
.~ i 

~
~
·
~
·!!~:;E§a

'i: 
"
o

-
!
l
'-

>
-"--g

 
-

-
"
 

0 

i~t' . P' 
IE

; 
.::! ... 

~ .: 
q:, .; 

",. "11 
0 I 

-
:
c
~
~
~
 

~ 
1

1
.! 

-"6
 

~
l
l
"
"
-
a
-

.. 
e
'
-
O
~

" 
·l h cj l! 

" 
"
-

e ""J. ~ 
~ 

"
~
 

~
 

'1.1".1 
:5 .. 

E
 '~ 

." , 
~
~
-
;
i
"
'
'
'
 

_ 
'-' 

1
-

, 
II 'iji'H

. 
~
 
~ il 

!:! Cl -. 
~~:~ ~i"l;·5~ l~ 

"
' . 

-:; ~
 ~ 

'~l~l 
~ '. 

<
>

..--
E

'-i 
I~'! Ii h !t.; 

~~t~ 
<><1:> e 

'S Ii 
-

.",E
o

::l-_
"Ii 

~ 
-

-
"
 

>
,.-

~,~ ,2 i 
,...~.., .. 

"'.":10' a . " 
n: g ~ e 

W
· 

~
 

0
-

l!.E
 

:; 
"". 

.~ 
,,""', e 

1
i
!
~
_
6
-
"
 

h'!.!l
·-.g·~! ~ 
.g":; 

~
 

.~ 
-.... 

~
 

-
o

 .... o
~
~
 

~·.::,!!2 
o·!3.B~ t 

-l
lt'iU

, 
"
->

O
f 

"
-
,

!!
~
~
 t 

.!!
.!'I~ 

... "'" .. '-.. 
• 

O
.~
~
]
 

~-;; ~
 It 

-g]~!l 1
1

" 
"'I:;; 

9
"
 ;

.!! 
t:: 

I J'l l'&~' 
, 

0 
• 

0 
, 

'j-, 
§ ';; i.E

 
~gl'

·'!]!i,'" 
"!! 

.. c
c
"
 

l 
l'A

I'· 
~ 

o 
• 

'-' .. '.1'1 
1l~2:::o 

_it i'i, 
a ~ ... 5 

l
i
"
-

!!!"
 

... 1:.8" -'X
jli: 

~ '0 
11~h

 
-;; 

!:! 
.. -:5 e 

'-' 
.;:: 

!.-O
! ' 

"11' 1. 1,: 
• 

0 
0 

o 
" 

0 
E

"o
 '" ~ ~ .. "'g

 .. f! 
"

w
>

..
I;."

 
-;, ~ i

·~ 
... 

, .. 
!
~
 . 

. ;.g~~~ 
1

-.· h
lP

-o
 

'1
 i! 

.!! 
"
.!I .!! ::: 

"
,,!!i!t

·il.S' 
j
. 

~ 
T

'T
 
~j' 

r-~ ; 
.~ 

g.!!
·ai]"W]:~] 

.!!~~:S.g 
I 

'i·'-
I 

• 
• 

"" 5C 
'"

 <
T

 
.=

"!i:"" 
, 

,
j
-
"
 

~
U
l
'
 

.§~ ~
i
 

::!;;'J!.!
!
l
~
]
~
 

~-: 
,.:.!;., 

~
-

)l~iil!l:~ 
~
~
 ..... 

~';;'!! 
·~1.i 

'
;
l
i
=
'
0
8
;
~
.
 

t 
0 

c.. 
" -

""-
.S' 

i;':;;.!!! g ::! 
i 

--
"n

1
 g ~ ." 

'-
;;; "<i' 8

"
 

" 
!l~ h

h
~
H
 

~~U 
-

a
."
, rHlO'" 

~""j!:".~ 
·-1 

c._
j?_ .

.
 <> 

E
·'" 

.;, 
~
 t! ~

 
.. .;, .. .g~

!t
g 

f
~
 

.
.
,
!
!
~
~
~
 

• 1
~
!
H
a
l
H
 

....!! 
"
"
 

::l.S'~ss!d
!
 

~
 

... = 1\.<;> 
~
 

·
-

1
\
.
8
~
 

";:<
o

_
;.S

 
... " 

.-

~J 
~t!l~i1&~~~

j
~il

~~ 
1'~i~i 

-
l
!
I
"
'
f
a
l
~
 

• .. " 
~
.
-
p

.;i~ 
~ 

? 'e 
i,-

"g"i5..lcoS
-a .. c

.
"
1
!
g
~
i
~

·'!l~ 
&

.ilocii· S
::: 

.
i
h

.~ ... 
-. 

.. 
-
-

'<:i:'~ 
0

"
'-

E
 

-
0

 
, " 

~] 
~d~j~s!~~~;t~::·§~J! 

!t§.iE.~'; 
.Oi

~
!
i
:

·~ 
'"

 
~j~~-5

0'O 
=
~
 

"Ii" 
.... Ee~,,"O.s·~.;c~

w.g~.;,.§ 
-
-
~
 

r
~

·~ 
". Ii. 

!
I
 
1
~
~
~
5
~
:
]
~
~
~
J
!
~
~
t
~
~
 
!ifl

]"~ 
a .. --."

.<: ~ 
t 

o 
• 

. -
"~'a·l'-

·R 
" . • 

<"'-~ 
·=1'O~':·~·:"i]·5 ~

~
:
1
 ~~.9 

.: ~s
."§a::i."@ _. r ' 

" 
"
E

 
" 

.., 
~
 

_
"
 

"
~

,
,
.
.
,
.
 

~
 

c.., 
"'-",_ 

.. 
_
~
 

~,g 
~]~] 

• • 
, ] ... i!

.
5
~
 

~.;". 
~.;:",w 

e,,~ 
..

. _.!!!~e" 
" . 
, . 

! 
~ .. ~

~
 

~
.
-
~
E
.
~
~
~
E
i
~
1
-
1
1
"
 

i
~
:
S
E
!
1
!
E
 

§ § 
.. 

J
;
~
:
o
"
~
"
"
"
 .

.. 
-5 

tl ..... "'..,c. 
[
p
p
l
~
 

u 
"

" 
.., ... 

"
.
;
"
 

.-
~
 

~
 "lR

-.. ~.'Se""~~J~:S.-~E 
.!!! 

.§
g
s
~
~

~
~ 

2 § 
II 

~ll~~~~~:g·~g~~
·!i~llq 

~ll~~~·g·~ 
.. 

Jj 
~.~:;j 

~ 
.; 

~
 

.. 
"
'
'
'
'
~
 

, , 
l 

o
~
~
~
 

=
_
~
-
E
~
~
 ... 

~ 
S

.~
-

.lU
E

U
 

D
_

 
'(;' ..

. ""=' 
!! 

~
"
 

• -. , 
~
~
 

~
.-
~
c
 .. ~

l
c
t
~
o
J
~
~
o
a
.
~
 

;
~
e
·
~
g
R
 

<;> " e,.-.. .1l1, 
" .-

0 
.
~
 

_
M
_
,
,
_
~
 

, 
l' ~:jt

·~·~&'Oi~·~E~j_i
~1t.~tl1!

~
J
1
D
 

..... 
~
 .. 

~
 

t 
'", 

.!!''15 
~

'" :;;.. 
E

 
, 

0
' 

~ 
"
~
"
"
"
"
-
·
"
c
S
C
_
E
 .. 

" 
l 
-
~
~
.
~
O
~
2
 

~
c
;
;
 

/:.5C
 
:.:; 

-
iii:. 

o
~
u
.
=
l
!
.
o
 

:
<
~
~

~
"IiI:."'IiI:..-

~
 

·~
E
"
'
:
<
S
_
 

0 
" 

" 
" 

" ·i -
w

.!! ..... j! ~
 0 ~

 ;: .;;!.," a ~ ~ ! w
.5· 2 i -l! S. S ;; ~

'-
p

'''-
· , 

· .
-
~
 

-, 
Illt~~ifiti~~§;~

·~1~iliI1~·iJ!1 
• 

•• 
'"'::l 

1 
:;
·
-
s
·

~ 
• 

0
_

 
A

 
-

!!
"!I~

.l!""
"
~
 

--""--""2
E

·· 
C

 
E

 
-
"
"
 

"O...5
]E

-5
; 

u 
, 

. 
"

w
 

,
-
"
,
,
,

M
 

.
.
,
.
_

 
0

0
. 

"
"

_ 
• 

~ ~ 
~ p~ §e~.!~ ~ 

!!.ij::; :l,§fi ~1 .. ~
~.g e.1!!g 

~1·§~ 
:.~=

:l! 
"' 

., 
~... 

'-.., ....... s .... ""g
 

=g,'-_·-u" 
c .. 

, 
J
!
~
J
~
~
l
g
~
~
~
"
!
I
~
~
~
-
1
~
J
~
 
o
g
t
t
:
r
~
 

I
c
l
~
a
 ...... E"

:: 
H

 
1 -1 

:
<
~
~
~
 .. j!:

o
~
e

-
~
g
~

~
~

~ 
.1

!tE
 

.. 
-

.2
C
~
~
t
i
 

0
-

i 
" 

~
 

.
.
.
 _ 

... _ .
.
.
.
.
.
 w

" 
:s 

E
-

::ll....:..E
 

j 
, 

• ..!! il.& 
.~ ci g:~ l 

8.. 9 ~ ~ 
.. i 

:: ~
~
 il e ~ !> 

... "§ E
 ~ ::i ~ 

~
"
'
]
s
 .. "

. 
u 

· , 
.. ~t:~-l:I~.$j]

~
~
 

O
le

,:.. 
E
~
J
 

"].; .. 
a

"
l!

 
.-

§
"
"
!i§

 
" " 
· -

~
 
.i~ 

-;~.¥e .. t
·.:§-"o"t.;""~!!_ 

i
~

· 
.-;~i!

.::::; 
~
]
 

! 
'
0

'
 

&
tj 

.-, ~
.
 

• e~·~
=
~irl::i.~

~·fll~~
tlli~ 

~1]lg.~ 
;:;g-

t
:
~
~
 

:i 
, 



• 
, 



'-"-r-
1
5
1
'
i
l
-
c
"
,
,
~
s
:
 

<!> .
.
.
.
.
.
.
.
 l-

"
J
-
Ill 

<t:: 
;;; 

:: ~ 
" 

.:;; 
-

,g
"!l""" 

-
0

0
 

j_
 

U
 

" " 
'" " 

"il 
~ "

'" ... s-i~ 
~111"''' 

g_o..1! 
--"l ,-
... '';: "iI 

• 
15 

~ 
.. 

lil>
8

_
.!:u

 ... 1I 
=

,!l]'] ~';'~1 ~~ 
~
a
'
g
 

'=::1 
~
~
c
-.. 1

!=
=

]..I! 
-

8 .. 1
!ft,--! 

"
o
l
l
-
~
"
:
O
'
3
 .. 

i{5'~~jt-~i' 
I!
_
~
_
!
!
 ]

.2 
'i! 

.. ,
«

 
, 

E
'"

 
..... ,2

 
.. 

1Oi 
..... 

"
-

~
 

.!
!
C

"
,
 

" 
" 

:aO
iS

g 
ii. 

-o
."s:"g

 
• ',-

11' 
=

'a
"ij:=

'': 
.s. 

"
0

 
1
!
-
~
~
]
 .. 1!"§ 

~ ~~.s j
~
~
 _1l,s 

.. .., 
.. -

.!!"6 ;;~~..a.; .. :2 
"
'
e
-
1
!
~
~
~
~
 

"" ... 
-
g
r
.
.
~
 

~,,-;;a 
J
~
'
E
.
5
]
 

.. ..,--
l!i 

;;~ ~ >.~.!!."" 
.,. 

""-
'-"

'0
 

• 
i'-

'I
,
 

i 
~ E"il 

,,'"
''fj-

• 
-tl"'" 

.. 
'E:E 

~ 
I$

-!l
=

 
~ 

"
," g

"
 Q

.i
,!!:.e:;2 

" ..c"'1 
""--ri 

~
 

.
"
 
~
 

.... 
.2 :a 

. '" &
.:l -" -

1l .. ",:: e 
I! 

:!l:<
 ~
 

• 
M
~
~

·~
· 
~ ~.~ 

b:::2S~"il:~:.l! 
Ii 

!:.-!!'!! l".., 15 
" 

.; 
0 

"
"
iW

 
O
~
t
l
~
"

t:
"
Ei{ 

~~t~~;il~
~ 

<:: 
I
!
_

"
 

C
 

~
g
l
:
.
.
:
I
C
8
.
"

'!! 
" .. 

c
g
~
 

" 
• 

" 
:<

.-
"" 

i 
I!o

 
.. t:.

E 5
ii· 

~
~~';

'£111i1~ 
=

 
"
''' 

--
-
"
"
 
I! 

" 
"
'-.&

::';;; 
-

~
1
!
~
.
2
~
 
!!.]~ 

S g~'::
J:_ ~'o :<.1 

.. 
~
 _.<:.... 

..l:l 
0 

";.2
8

"
 

"
!!"

 
• 

~
 o

l! ~
.[.!! ~

'
o
~
 6. 

-
.-

u 
"
,1

5
."

 
'"

 
.-

),l 
>

 
~
'
-

=
 "E

..2
0

 
"!II ~ 

• 
• 

'" 
"
"
'
~
-
~
I
i
 -

"
 &. 

.:r l~" S~'Ii~~:E 
"""'''-''-:a

 
"
"
E

 
0 

"
.]';! 

.\<Ii!" .. 
i::=~.S:-: \1] ~.~ 

.<
:: 

·'-
!
'P

·' 
• 

11& 
e

:;
,,· .. "'ijs 

Ill!!'!:~i~l 'it"'2'~ 
C> 

u 
-

'~
1
l
'
5
~
l
~
~
:
S
'
~
"
 

.. 
"
'
~
'
_
 

C
-

o 

j!l.a 
E
-
~
 

-
.
~
'
-

~ 
:>C

:C
1

:l<
>

 8
~
 

] 
I'!-~ 

• 
l
'
~
 

. 
.~->

,:,:u8
.a

.!:-&.1 
..!!
~
,
,
~
!
!
 

.-
~
"
 

;!"
:c

 
e 

~
~
 

~ 
-

!
i
~
~
-
"
"
-
-
'
'
'
 

tlE
'=

.Q
·=

"
 

i 
l:' 

u 
0 

'c
"
j
I
 

~ 
'" 

d ..... " 
i
' 

o
~
 

.. .II 
.
.
.
.
.
.
 

jI e 1: !;]~-! f="'~ 
~
 -

.. 0 
E.l!

's
.
~
 

... 
c
.c

. 
..,

,,, 
-

::Em
 

it!l:~:"i 
.!!b

"""3
1

I!'a 
..

.. 
~
~
 

-
[Jl'~ ~';I-

~ 
~ 

:!E
.S

!
.5 >-.!! 

so." 
<
~
 

II 
::~ 

t:~;; 
, 'I -g"O~I' 

11 
.. lJ..Ii] tl,t~ i

~
 

a. .:; 1l " ::I.:f tdi 
• 

::l 
~f~·~.!!::; 

l! 
~.~e It.,.~ r~ ~~ 

liq ] ~.c !sii ;; 
• 

Cl 
~ 

-
0 

... 
iib·_ 

.l! 
1

&
.' -! i 

~ ,¥: .x "§ -I!I .x 
-

g ... s
~
·
 

"
'

0 

'" 
u 

~;;~:o:.~ -
..:

." 
~
 

,!! _
.5

 
ij l: 



1 l
-
~
 ~
.
*
 .lI .!! .;.;.~ 

11: 
~
 

.... 
!.f~"-IO.. , 

~
E
]
 8.= ~

r
.:
g
 

1 
!

-"
]
-
, 

• • 
.!!13 

'O-;.g 
8

k
 -

• 
~
 .... ·El 

:3 -S &.;;.: 8. 
" 

1 
. 

O
·i 

"
s
"
 

:D'.2 .!:' 
~
.
s
 , 

!.ii-'~""'-
~ 

_ .. .l!!!,o
." .... o 

·1 
;

", ~ 
,..,.~" 

:a·a'!! 
E

 r
t
~
 ~ 

• l
~
l
i
i
'
 t 

• -
>-

~ 
·!loS.!." j5

 , 
t 

It"! ~g 8t!~ ... ~ 
] 

j
"
"
' .. S·· ....... 

" 
• .. ~

l
S
 

.~2;-ij" 
~ 

d
· 

~ .. '" .
.
 

.... 
~
:
;
,
,
8
.
 

1! 

;~·g~:§
·~1~5 

~ 
~.ii· 

--
-

j
~
 

" 
~
-
;
O
l
'
!
£
 

~·~·=:a (It.~$]~ ~ 
.':& 6 ~,g ';I -!.~ !l :!! li f 
iJ:i!!I"::'!: l!~ ~ 

1
.;0'=:=-15 

0
"
 
~ 

li-;;'" (It @
~
J
(
.
;
 

S tI 
l'O·~~

i
.s];·~ 

::;;];0
 r~·~.!.·!1'~6 ~ 

~ .>::15. 
.5

."
 C

o:;O
 .., 

:;; 

• 
• 

• 

• 
• 

• 
• 

• 
• 

• 
• 

• 

.!: ~ 
/; fi i ~

 r
~
 'OJ 

j J:;; S E...;l " 
'._

'j 
.>

 
-

-
'-1

 I 
~
t
c
 
~
 

~
E
 

~
a
-
-
o
·
:
 

·;:;e1!·.E-~E=! 
"~~'o"'1f 

"
"
,"

-
-

J 
" .. J( 

"
' 

• ..8 
8

'0
 

]
~
i
.
5
.
"
 

-
.. 

~
-

.!l"c.. 
l~i~~~I

·~~1 Si:1iJ·; 
~
!
"
'
~
~
t
 
~
!
-

J
J
(
.j 

i
~
~
 

~.!!£8.~ 
~5~..!! 

.~.: 
.~;;"5~ 

,,~
··
t
 H

 -
.',.", 

.-
2 

." >."'-
." 
~
 '" a 

;Jli~ 
~~~ 

.l!~dt~!$~ 
~ •

•
 § ,1-·1 •••.•• 

. 
~ 

'"
 

.!! 
i.!!l 

j;
"
 "

,,, 
-

o
:'ll! 

t· )
~
~
i
l
!
t
~
 
~
i
~
~
s
!
l
;
 

~
I! 

" 
~ 

k
E

J( 
o

·-iL
!;.'';:;'" 

'" 
~
~
 •. g

~
. 
~
~
i
-

il
t 

"
sE

.Q
" 

-
"
g
"
>
'
o
~
 

E
 

J
(8

1
8

=
l!;.'1

 
~
 

,
,
-
-

.. -
a

 
_

_
 

~.!!
·--·!:'-~·-

Z
~
 

.. ~
o
~
 •

•
 

~
~
I
~
l
H
 

.5.~~ 
f:~;·~'O~.~ 

l~ 
~.~·!ilr~ 

·Ef~~!i) 
~ 

-
,.c

,~ 
~ 

.•. R'"lt 
j
~
i
t
~
.
l
!
~
~
i
g
l
!
l
~
~
-

= 
-'
r
'
-
'
P
~
·
"
·
·

·-!~ 
§ 

~
~
·
l
~
j
"
 
~
=
r
~
~

t
lf~.~~_ 

!
. 

. 
H

 P
 

.
"
.
.
 " 

Jg
·~.sJ1~·~~~ii:~j

.':i 
~~1·~1~ 

~~jJ~~
~lij]t 

• Ii 11 
D

 

" , I • I " 

•
•
 " ... .

!
!
.
,
,
~
 

E! 
._

.-
,
,
"
 

g0l! .... -• ." 
.,,!!!:f .. o 
~ ~.''!-

1:.'0 
8

-
"!? .. 

~
~;;a. .. ~

]
 

,, _
_

 E
:;

,,
&. 

].a.g
 8

-s'!! 
E

 

~ ~N~.~ g 8 
·il ·a ~] r~:: 
.E

 @llI.~ " " E
 

I ~l ~f: ~ 
--It.c

1
:.

2 

. P
's

H
 

• 
ii 

"
~
:
g
E
2
 

, 
• 

"-=.~"'c"'_ 
• i"i

c
1

i!8
"
.; 

--
". 

e" 
!l·J!"~

c
·= 

, 
~
E
-
E

a
 .. -n 

j 
~
-
~
;
:
"
"
~
 

.• ,-,F
· 

<
 

gO
O

" 
f-

l 
. ..,~!o£1tJ! 

. 
" 

01 
-

ll 
I ] 

~ -3,,,, ·2 ~
 ;g 

~ .s .~ .l!! !>" i 
=
:
;
o
]
O
~
e
 

• ~ f
=
r
~

"' 
p

. 
eo

 
s .. 

:§ 
0

·;:·5
 

~
 

-= ... g 
N

 
<

 .... ;0
0

 
,. 





t >
 

• ] · -~
-

~
 

0
_ 

, 
of 

-
• 

• 
, 

, 

n 
p

ile
!
;,'"

 
~.g S "'~ 

• • 
-~ 

11 .!! ~
 -0 ~

 
.§ 

" 
~ 110 a." 

1
! 

i
·a
~
"
.
~
 

.£':; 
Ji~l.~l 

"iI 
-.' 

&..g .!I ~ 1 
. ' 

""C
!1l 

, , . 
]. .:! :e.-

:! 
• 

, . 
, 

d 

~t~~ i 
~
 -. '. 

<
 "
-'" 

g !"B ~~ 
I .. ." -5 

!
"
 

.... 
"
0

 
~

';::I 
~
.
.
 

f:"
 

!< -. 
l
~
 ;. 5..~ 

! . -., 
. H

,! 
'. . 

1 I· 
l~liiq-

1!!16[h 
" 

~
 fr ... 1 c.!::r&

 

J ~'" ;.~.~ § l'i; 
';::1 .!!. " ~

 ~
 '" 

,., 

G
 .: .. ·

g
'
"
~
2
i
g
]
 

-gli~.g~~il~ 
<

 
EO 

" 
.. 
_
~
 

, i 
q ! .~ 

H
 

U
 

~ i 
~! 

~
 

, I I • I ! 
I 

! 
! 

I , • I '
~
 

l
i
·
1
!
!
3
~
i
!
S
 

'q
,f i' 

~'"' 
.. 

c 
" .~ 

.. 
! 

priH
 

,j"
 r
' 

j 
, 

3
1
_
f
L
l
~
 

! 
• 

I 
~ 

.. 
o 

.,."
"
 

• 
I 

• ... , i ' 
• 

• 

I 
• 

11 
.-'5 '" In

 
i 

, • 
I",,":::~ Ii 

c 
I 

I. 
..! "j--

...,11.. is 
_

-
. 

1
1

-"" 
• 

! 
J~.t:bl

."'" 
• 

" 
C

 
... 

Jj"
i 

" 

I 
" 

•• 
~ i:'~~ 

.; 
• 

-
-""" 

• 
s
,
,
£
-
]
s
~
 

~
"
a
~
"
"
-

! 
J l 

·s
=

 
~ 8 ~ 

5 
.
S
o
~
 

.. o 

!J~~aj~ 
. , 

-} 
S
J
l
i
~
"
"
-
~
 

.s:"" 
.s~" 

~ e .... ~ 
~ 

~ .' ~~rii 
" 

]
S
i

·!lo~;; 

i 
~~j.n;~ 

iii: 
iil,,~S 

Jl '2
=

 'fi 
~~;:; 

is ~
i
 :i i 

~..! to 
_

0
"
 

..... 
c 

.. -
" 

'oS;:;£ll~ 
S-'~.':'.!l~-='j 

~
.
,
,
;
:
_
;
o
 

~
 

;
o
~
;
 

o
S

" 
·-:ije

5
 ......... 

.sc
_

 
.
~
_
]
 

-
,1'-.. ..:-

2..S
"ji 

~ 
'" 

..
. 

.... 
C
~
f
-
_
 

_
I
~
 

-
c
"
 .. 

_ 
" 

.... 
~
8

'''' 
'o

"i!i"".lI] 
... 

-
c 

~
o
 

.-
z
; 

~;~8~1· 
i~

·i.]it~~ 
"
c
_
·
~
 

c
! 

..: 
i
!
~
~
 

.. 
E

",,-
-.8

.. 
.. '" 

c.... 
.-;: 

<
:
"
"
:
-
-
_

0
_ 

.
.
.
.
 ~
 
~
.
~

. 
o
·
~
.
~
=
c
_
-

'-
1
~
'
 -

.-
I 

-5' .. ..<: ~.;;: "i::;j 
;; 

~
 a:'::' 

?:-~ 
." " 

~ 
" 

1:1 '"' ... 
... 

"-
.. 

':
 
_

_
_

 
0

0
 

"
"
 

'-
-l"u 

.
.
0

 
.
.
.
.
.
 _

"
._ 

0
"
5
8
"
8
.
"
'
-
~
 

"
~
_
;
;
~
"
I
I
.
.
 

c 
.
~
 

.. 
-g

_
 

F
 g.!: E

 
g

.!: 
.~ ~'il"fo 

~
 

"&
 

:::&.28E~65",c"
c

t 
.8 • 

N
 

.
~
.
~
 

0
,
,
-

~
~
~
i

.
~
·
~

e -
~
2
'
~
r
~
~
~
I
~
 

l 
e_

c
g

 
&

.;::l';;-,,; ~ 
t! 

';;..2.cJ: 
0 

-
~ i: 

;;;
g.~~ 

I! ~ 
.. E

 &..lI~'" .. ]
g

 
'Q

 
~
t
~
~
~
c
~
g
,
,
~
 
-
5
M
U
I
S
~
 

~-5.!:-5:ii:!E~l .. t:i·i~j 
-
_

 
__ 0 

.. 
~
 

C
 

"g
.., 

• 
~
>
o
,
 

~
 
'
l
~
'
~
S
-
-

"
B
~
c
 

c 
~
~
c
.
C
E
~
J
E
·
~
=
"
B
~
~
d
.
 

-
":! 

M
 "fo «:: 

.-
-

" 
is 

~ 
~
.~-5" 

-
S
1
!
o
'
~
g
 

"
1
~
~
C
p
,
"
,
 

0 
•
•
 
,
.
,
-

H
 

• 
<c

" 
.. 

:;; 
.. '0=

" 
_. _

_
_

 ! 
l'~:i! i 

.§.-5 ii1 ~ ~ '" -! 8 i £ ~.~ 
" 

~
o
·
I
~
"
I
~
~
~
B
]
.
 
~ 

;
~
E
 

, 
-<-:;i 

:ii.!..., 
"8~ 

.-
j 

~"''' 
" 

_,d
, H

.' H
i 

~
 

::l~ *=!;i.$~ ~ g 
,,';; 

iU
 ... 

'" 



j 
~ . , 

, 
. 

" 
:,; !! 

~
 

• 
a
."

 
.. 

I 
• .,<

 
'" :::,8 ~ 

.. 
.-

.. 
II ~

 
~
 

.. 

• 
""_~'E 

~ 
1\ 

.. '" 
'" 

.
O
~
C
>
.
i
l
 

~
i
l
 

-
"
 

, 
I 

:l "
.-

, 
,c

 
" 

.. 

i 
,:~.sc= 

! 
.. 

,,8
] 

! 
.JH

i ,,-e _ 
~
 

, 
;
E
g
'
~
~
:
.
 

~ 
, 

; 
, 

~ 
. "'" " 

S 1l, 
, 

~
l
!
E
~
:
;
:
 

1 
" 

, 
" 

, 
, 

" 

J 
~

.-
• .l! -

• 
, 

, 
• 

, 
, 

, 
• 

"'..,_1It 
0 

, 
., 

~
 g ~-5.!! 

" 
' '. 

0 
"
' , 

E
M

 
0

'-
C

 

3 
• 

"
, .. .a .c: 'l' " 

. 
" 

. 
..-" 

~
 ... '-;;""E

 
I 

>
 

• 
g
.
.
,
~
.
!
l
S
 

J 
E

 ~ ~ 
'
;
;
~
g

~
;
:
 

• 
.=

 i=
.= 

~
~

."
u
c
 

L 
~
?
?
 

:,ij 
"
-5

"
 

" 
... e 

."
 

j 
~
=
 , , , ~

~
 ,F

 
'I 

:!,:!,:1, 
"',,'~'Ea 

• 
• 

" 
A

 
I

S
I!:!lS

 
t 

'. 
~. ; ,,' 

:i'8'=
~
-
c
 

0 
~] 

:::::::= 
::: S ] 

~Jj 
~ 

i:,.5
.8

 



.! 
• 

, 
! 

.. 
:H

H
lm

 
,! :! 

;'~
·;.2 

j:.e 

~
 

• 
0 

-:5 ~
 

..<: 
"'" "6 

1!! ~
 '"' 

"E
.::!i 

• 
~
!
 

.
.
.
 !j=

--
.. 

" 
~
 

'il " 
... -

, 
• 

"
"

"
~
 

. '-I 
"01:2 

E
 

l 
• 

, 
O

C
.'l1

"
."

 
.~ ~

 
;; 

• 
; 

] 
!ii ~ ~j

.~ iii 1 
I'l fi s E

 

j 
• 

• 
! , 

• 
.x~3g9~~'::'-: 

.~g,," 
•• 

..e.':-"'j 
I~ 

;~~~ 
-

.j!' 

~ 
i ,Ji 

.i"O~'i'! 
3 

~'o.' 
>-

. ! ' 
a

:l!]]" ;~
'i:;;: 

! ~ ~ ~ 
, 

-od "'., ,,'i 
.
"

0 

~ 
";: ] .. .g 

::r ,,-

, 
• 

, 
P

,! 
t-

... 
!-,j' 

-! 
_

0
.:;:1

 

, 
, 

,
,
0

 
" 

..
. ,
,
"
 

• 
, 

!h
 ijlg~;~'og 

:;~:;~ 
, 

.. 
..!Ii H

 'O
!:!" 

~
 "" .'" 

" 
.I!~~ 

-I'!s
 

. 
':5 

-':3
-

" 
tl"e

f_
[g

a
. .... 

,-e
le

 
~-;; " 

"" .l! 
"

.
.. 

<> 
.<> 

" 
.-

.. 
11'"' 

• .. °.2
 

• 
, 

HI 
E

 .. !I
i 

L
·, 

H
H

 

• 
• 

• 
"
H

 
.l" 

'i 
'
0

"
 

• 
Ii 

... 5 
...... .., • 

• 
• 

!q
 

... 
11 

J
/
o
~
c
.
 

• 
• 

• 
",,''''.'"11 _

'0
 ~~'i 

.D
 -

"!j<
" 

EO.!! _ 
'" ~ ~

.-~.!;.§.l!.~.i-~ ~'::r ~ 
2 i! il 

~~~~j:&i
·£!!];e:~-5 

:i! ....... 
. , 

,,~ .. 'a 
!2

_
],,_

 
J!~$' 

", . o o· 
H

 
• or 

. j: -
"
-
"
 ~ 

.-
,,-

'" 
.. ~ E

 
.. 

.... ~
J
/
 

.-
!I: 

, 
, 

, 
, 

!i 
~ 

5'j'a ~l
·$·~~·g~ ... ~~:§ 

, 
• 

~
~
~
 

il
",
~
~

' 
J/

f. ... .l!.~I>:~ 
.. 

_
._'" 

e 
01:: 

.. 
,
,
-
~
 

. -

• " 
• 

.. 
.l"o

 t:I'" 
fo ...... 

<
 

, 
._ 

0
" 

0
"
 

0 

"
'-

'~
 

" 
.., 

"
"" .. 

i 
0

-
'-

, 
~ 

:H
! i 

,n
 

, 
.IIi' 

~.!l.~~; ~ 
~l~ 

-. lIli'· 
!" 

, 
l~ 

h 
ll

.$ 
E
:
~
 

] 
i
]
 

1 
' ! 

!!!l 
9'3 

:
d

 

:
?
~
 il'H;~I!! 

'. 
Ii 

• 
;t 

0
;"

"
 

.. " 

<
 

~ I.go •. ,l·"
 

; 
Ii 

"" s c
·2

 £ 
~ .1t~.!; : 

-M .t'£ ~ ~:ll t g.§' ~ 
:t 

-
~
 

'.1 
•• 

c 
._ 1: "3 ._ ::I 1!.';: " 

B
 

• 

! 
" 

~~ 
Ii 

8..j iP
' 1i ;; .. ~.j; go 

<> 
"
'
:
a
"
'
~
"
o
o
 

.; 
o

. 
o::::(~ 

j 
-

.~ 
;1···",,·_00 

~
.£
 

[1
 
j~: lr;.s 

.L
f 

'8
<3 

~
 

1
:
"
.D

 . .;: .., 

>-
~t 

!
i 

:Er
~
~
t

·t 
!l~r 

~ 

-
~
"
e
 

..
..

.. 
.<:: 

]
-

.. 1 
.S

 
-5 .... 

C
'=

 

! 
~:§: 

'0
° 

..
..... 

£ 
........ 0

·-
<

 
~
~
 

.~?;-
S
~
!
l
o
>
.
t
-

~ 
"
I 

.~ 
~~"tlt!i g.~ ~.~ 

• 
8 ~

~
.~
.
~
.
g
~
:
]
 

~ 
~i 

t ' 
i' 1 ~!i '-.ra 

~:f 
5

,,8
 

-5
1

; 



~ Cy/>trl1l!tla of Human lnrnlns and P"fnr_t 

of tho ·dcc;';o~ rules' of the individual lutOnua.). S~rely I prerequisi te of 
..,y group ·d.cision rul.· , ...... in!<nana: of the componcDtJ, he_. ade
qual. 9 value. for II>< individnalaulomaa.. But a simple a"e"'S" 'qlW1tity 
of food' doe. Dol ..em to he the m",' impora.nl (actor. Ind il hOi booen 
1It",,'n that the dirlribw.1atI of (ood. ""thin the .nvironmem Ihll the con· 
figuration iohabiu, i. umalty more oignifiClM. 

The dillribl'lkM as senxd by the outermos, lutornall does nOl always 
irnticau: the quanti,y of (ood w~;'h "" ultimaltly he collected by lhe 
compo ... nl lulomoll. Sio,," .. "able confipration i. ahlt 10 compete or 
"""penle wil~. or engulf, other collfipra'io'" of utornaa., • food distri. 
huliOll primarily ind,.,., .. the •• i".noe of another configuration. 

Ralher ex'."';''e uperi_nl$, .... mining ,he relpo_ of collfig"ration. 
tonrd. deliheralely inuoduoed coIlectionl of "nviable aulornaLl, 
emplric:ally "'ppotted the COfIlention Ihlt i nci~nt iMIa bilil1 i n I configuno· 
tion is due to lack of I componenl (I ~ of clemmllr)' ."10 .... 1011) 
and .ha, the configuration has. 'rwed for' and I 'goallo IHI'Ch for'lhis 
I:ind of compotlCn, (Pask, lewil aDd Feldman. 1965). For .... mplc. the 
mi$$in~ compo"""t may he Iype A 0 A 0 D: il e0ll1d he oblained by 
engulfing. It:M .table collfigW'ation "pl.tt with this Iype' or by coopota
tion wilh il. Thll1.lgh this ' .... d· ((IIIld be: upressed in LmnS of food di$. 
lribunOM that is 001. in fact how il i. dlurlbU al the conJiguration Ie .... ]; 
here, d.!Criplion. If. in terms (al le.,t) U oomplu U the chslluleri,tic 
action !"'".rn. of .utomaton types, 

R.sulu fTom on. of the simplest c'perimcnls of this k.ind (th. ",,,,,,lIfJ1t 
of a specific change) are shown in Figures 28 and 29 (I control experim.n t) 
using tbe Iype /I mod.l. Tn a free .~nnins simulation, mechanisms of the 
ki nd propooed appea r to be responsible for a number of ubiquitous pben<>
mena. One of them i. shown In Fig. 30. h ma)' .ilh .. he Interpreled a. a 
predator prey interaotion, tbe population phenomena . n~ly~ hy K.rner 
(1 959). or iI$ tbe •• plicit symj>1om of a primili". immune ... ponSl/, notably 
io tbe Sl/OSI/ of Bell (1913). Cerlainly, tbe oocilJatory interaction ClO be: 
s"ppressed by actions thaI art designed to denlily r~ullle the reproduction 
of tbe configuration """,rjr""nr. """nting 01 prt)' or the conjip'grlfJlt 
counting as In alien organisation. 

l.S JWrnspeflI~ IdcalifieatiOll Suppose that the IUNe ooofigunolioru 
of aulomaLlan: identified II the reproducing/C'VoIvingtntities. ( .... p<hnted 
001 earlier, this is a matler for cho;oe; oevual optiOnl an: open 10 th¢ 
upcrimcnter.) 

I. lD ___ by uq;aIioc ............. "" .... Il1O« compIa 1JfI< •• y 
(,t 0,1 0 /IJ 0 (,t 0 a) ","til ' I •• bII loloo "'" ~.ypo. 

~ 

A~p .. U of IWolullQfl Q~d RrprlXlucllcn 

I 
~ 

, 
l j 

' - C ..- ~. 

~ ~ 
v + 

•• r I .. • • • 

Fit"" 18 Induction oxperlmenl,.ypes I. -. +.1.IId x, 

Suppose the conE gtlTati OM 1M correspond. in I hi~ mode I, I 0 confi gurali ons 
on a I~Jl.tion plan •. If $0. tbe environment iSllOI, under tba' corrnpond. 
._. analogous to the t.S .. llllion plane. TIN: prooewr lhat •• ..:utes tbe 
""nllguration;' .. population of .uto""' ... (adapted . "to",-"lI in mOlkI I, 
Or automata of dilleml! Iypes in modtlll). He_. lh. analogous ·tessel· 
lation plane' i, tlCilher homogcflCOul oor in~ariant. M oreo.. ... the chantcttt· 
istiaJ.of this proa:ssor ..... prOIlelo modL/iattion by tlte p~ undergoing 
=000. 

" 
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I I , L _______________ _ J 

F'Klffd3 "."..,ial_ of FIt"~l1 in ,,'kich tho 't uning' mochani$lllilipecllkd 
u a part ofa ... &ulator 'n~ lu R>Odd. Th;, i. the adapt i ... system of Ch.opttrS. 

compooent of the rtgulirtor (u in Chaptu 8) and are ... p ... sentro, i$<)mor, 
pbically, in the model (al in CIla~ ... 6). The construction also indicates I~e 
u:wictln1tJ imJlOf'td upon 'hillin,' in genff'll; IUmely, it mUiI be open to 
insuumt'Dtarion and representation within tbe calculus of finite-function 
..... chiDes. In tl,lnt., lhillimltation imposes mtrictiom upon tho oize and 
.. ructUrf! of the (large) ulll ... ne '" in which the pheftomena of inktnt can 
beo~. 

6, TItc point can hi: uSllfuJly tepltrased, using a distiDction due 1(1 Hnse 
(1963) di..:~ in "uk (196), 1971al. The distinction dtmarclles ."'
logi .. ... ilk ud M'iJll()ul 'neutral' analoginJ properties; IMt is, propenic! 
of unlkt.rmined ... 1 ..... n~,.t some in.tant. 

A 'tandard Inolosy il a rel.tion, in the simplest ~ase, of th. fo'm 'J! i. 
to Ba, C i"o D' whore J! and Bbdong tooneuni"orse (Vz .oy) bul Cond 

~ 

/Ukl'/o/mr 

D bd""l: to .nother uni"", .. U,. n.. ... i, a function. or in gerwnl a 
relation. F. curying .Iemenll ($IIclt u II) in its dom.in, into elenwnll Bin 
,to aHIomain; lik""'; .. a .. lation, G, c:a1T)'ing elements C in il$ domain, 
wo .I ..... nts D in its 004(11""0. no. anal"ll)' CJ.isu in 10 far u tbert is" 
.. larion becW«ft F (in the universe Ui) and the .. Loti"" G (,n the uni~nc 
[I,). n.. analogy ,urri<'t if .h is .. lation is an isomorph"", or a homomor
ph;'m. n.. 1lM/"Il/ml uni"",.., is oplci6td by ohcosin! an ,ndefinile Ie> 

q"""'" cf properties Px of V. arid P, of UF; tbe analogy MS no neurrDl 
proptrtit'S and is d~Jtd if far all P" 01 P, tbat are <h<)$Co, each on~ eitll~t is 
or is not .. Ie""nlto tke analogy. Tn thdorme« ... a pankular pair p".' p'. 
i. charact.ri"ic of (he ,"alogical uni""nc , lfthi. i, not pouible at " gi.en 
in,tant (Ihough il may become poMible to effect tbe diKTimin.tion 1.ler) 
F and G holds only in 1»rl of the analogical univ.rse (the'" art resion! nf 
fruzy <ptciIicationj; the "natollY i. only locally <tricr and not " lw"),, 50, 

Ut VI and V, .."..,.,nt 1M 'model' universe and the 'cxpcrimemll' 
universe 10 thaI <I'll the pair ( V •• U.> .. bted by tlt. analou undmyin. 
the Iheory. TIle limitation upon 'tuning' is that this 'DllIog)' .. mains al'll'8)" 
.trict, or 'turu",' is carried OOt 10 IImtR this n:sult. 

:u The H~ btt_ Rdltl,lstic ..... ittIItetl.., ~ no. 
difficulties caultd (from . he ~cal IIandpoinl) by activities like attcnliob 
direainl: .nd leaminl: Cln be aKTibed to a mlibegollen choir;e of lbe unit 
for obltrvation. Inllead of regardinl: the IUbjtoct .. " I)"ttm (Iuch II a 
s)'$Iom in eLossi",,] phyQct), witlt input and output it would be ponib1e to 
r.gard him (now him quite .. rioully though) as a unit of intttp"'l.ltion;" 
symbolic "rueture whick is UIU"lIy executed in a non· localised pro
"". ",r. R.ally, il is" matter of approach. For, in either calt, the Itntient 
characttr of. kum.n being (and olhe, >)'Items as ",.11) must be .oknow
ledged. Either hi.lnt.yily .. " symbolic (intorp1'l'live. innovati~, $tratcgy 
COJUtruclingJ entity can be taken asfundanwmal and the processor mpon
oib!e r<eoyliied anef Ihtu; or else, using tbe apprDaeh $I) f.r adop~. the 
prooesI(lr can be regarded II tlte fun<bmental unit 100 thf 5)'IlIOOIic pr0-
cesses it eRCUtt'S can be ladtned onto it . 

All the .tlali~iS1'e apeditnts may be vie .. "" quit.legi.i ..... tely, _I means 
10 oolat. an DbutNblt rou of mentation withiD _ caf"ule of proeessor. In 
eacb ~ the prnttssor hal apanded (to keep sytrIbolic ... ~nts ob$er''lObk, 
the proc:cuor is diwibutro '"'IOU the components of an in'e"'~ti"e 'Y'lcm 
bounded by 9). Bulthe limi" imposed upon'" in st<1ion 2.2(5) .... for 
many purposes, crippling. They disallow the invO$tigation or I.npy or 
edu<ati"".lIy inleft$t;nl strelches of !caming, fo, example, or any kiJl<l 
of "on-trivial cre.ti,'ity, So, on balance, it i. providenlto acceptth. Obviou$ 
(that i" tho ob,' iou ItO IIOmeon. pri maril y concerned with the~ ply<: hological 

" 
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e<"nt' rat~r Ihan someOM c:onccmcd with buman ncu.ophysiolOS1) and 
to ~ tMI man i. 6rlt and foremosla.oymbnlic ent;'y. 

Somelhing i. gaill¢d by doiog so. Under 'his interpretation il il dear thaI 
tbe ""nstant conditiON ofllll experiment .... t upon CC1tain norms ",hich I~ 
.ubjcct a=pts if be engages in a.n uperimenlal oonuxt (to take pari in lhe 
e<pcrimC1llal situation a.t &II .o.nd 10 obey;ts rules), More"'''''', in SUCh. 
,iluat;on be adopU a role and thi. role (.I...:I<:nt, respondent in an intemtw, 
deci.ion.maker or whate.'er) may be taken a.I the fundamental unil under 
scrutin}" On ,h. laol poi nl iIi. possible, at thi •• Iage. 10 remain u ncomm ill~, 
Bul iFthe invellig,uion is 10 prlX'tCd beyond the limits . hown un<.ler number 
5 of .. clion 2,2, Ihen Ihe following .h,racted ... ,ion. are .... olial. 

(a) The oubjoct .peaks a language: either he i, formally given .1Rnguage, 
Ihe objecllanguage of tM .. po,iment, or be 0 ... Ihe .ymbol sy.tem actually 
pro'ided as though II II Q l .... flJtlgt, a fact that i, empirically manifell, 
ro' example, "' thoe 'patticipant interaction' of Chapler 7. The objtcl 
Ian~g.:: has a il"nuine interpretation an<.! il is a command ,,,d '!_tion 
language, not j\l$l • formall.o.ngual!'<. 

(b) The 'peci.ale"vironment is oymbn~c and comtituta a description, in 
~ of 1M c:apcrimenw objoct language, of relations Of topicl tltat are 
klIOWlIbie. It may be exmmely compte>: (OIapl<r 1I). 

(e) The e<perirnenlll COIllIlr>ey i. maintained by a oo<ml.ti"" ..:hem<', I~ 
• .<perimeoLaI oontnc:t. As 0* pliny to \hi, oonUXI the suhF! ...:q>Is 
and interpt<1t.o. ,ok ""hi~h lhoe regulator musl 01>0 ;n1ttpret. For ita part, 
lb. ttgulator cooperates ",ilh Ibe subject (Ihrough tbe •• perimtn llll" n
gua~) and make. it fOJJi/)/~ for him 10 keep tbe oontracl he has agr«<l to 
keep. The nOlion of 'e~perim.ntal c:onmuct' i. exemplified in Chapter i, 
section 7 (notably in . "bSfCtion (e) on p. 190 an<.l p_ 191). 

It follows, of COUll<, thAI an oboe .... ,,', hypotheses are nO longer neces· 
...nlycaus.ol and thatlhough tbe oboe!'Vtr lilly refer 10 the .ubject/regulator 
')'$~m •• i/ he must rec,,!ni~, wilh increasing ooger>ey "' more interesting 
hypotlitlt> are ICSttd, t/tat hoe is loolcing al a conve ..... tion in which the 
subject and !he ttglllator regard OM .""lbet '" ·~u· Ind 'I' (Ml, U befort, 
in which thesubjea reprdllhe ttglllalor", ill. In the ma.t restrictive forms 
of tbcoJy, Iheac points Ire 1101100 obtrw.i,~. One reslricted (onn i.lbown 
in Fig. 34; the features of ",1Ikh are list<d below. 

I. (a) The 0",,",,"1 is a.n e.ttrl'l&l 0",,""""" 

(b) H. (2n ",,/>, or<.Ier e'~nll al !be cost of rntrictin& bi . ctlquiry ,n<.! he 
i. not in • position 10 order All • ...,nts taking p\Aa: in lbe joint ' )'$Iem. 

(e) The ,pedal environn!ent;1 lymboHc and i. ;nterpn:Lable both in lhe 
object language of tbe experime nt.nd the ob .. ,,'alio ... 1 nlelalangu"ge. 

(<.I) E.'ents (trannetions) in the sy.tom are only di.linct from tran,...tionl 

" 
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f jzllrl!.u Mt>tkl itltntir><d in I norm&lh~ r....,.,.-o<k. OnIy..uy limiltd 'tu>l!n&' 
"f"""'iora..,o pern\ioI.iblo ir 1110 <>bIontr is '" retain his UtemalllOlUS. 

in ~ o",,",,-alional mtlllanlUase in SO rar as IJS38e at lhe object lanpge 
i. ~Irictcd for thi. p<Ill)OOf:. 

(e) The >peCial (lymbnije) environmenl that embodies the obsm~r'l 
experimental h),polbclil il diocin,wshed ., the 10piC of. oon' ....... tion 
whidt the regul. tor and the subjecl di$CU$S. 

(f) The obocrver colerlll;ns hypolhesctt about relatiolli lhal may be 
broIl",1 . bout by lhe eMCUtion of prooedures and the lopi" t/tat m.o.y be 
known by dint of e~e<:uling other procedures. Some h)'potheS<$ conerrn 
knowable relations and other. concern how rdat ion. are known, reecn· 
IImeted, .n<.l ... tisfl~, 
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that the anQ!ogy underlying the thoory i$ nOt ,,1 .... aY' wiel bl>t only 1~lIy 
"r;c,;. i.e. Ihe ;<Ra10S)' is opc! and "'" closcd. as under 6 in ""Iion 2.2. 

1M poJ.ition can be stated;n sc>'trV "" Y". For uample. lhe ",gulator 
in such a 'y>I.m could be alKllhcr human being; For ill>\a~. the: obocrver 
himsclF, In lhal cas •• il i. c~a, thallh. olR ..... , would be a p""Ic/l"'nl,But 
by the sam. token, th. apparently ext.rnal 'tuning' ope!1ltiol1$ usro to 
II«'UrC co~allC)' (and to mainLain transactio ... ["""If(! (m the symbolic 
cn¥ironmenl) abo con~ lhe obsc:r.'Cf inlO a participanl 'peakin& in lho 
object langwoF. Eifcctiyc 'tllDing' i, "",I really an u'tr/.111 opc:r:otion and 
til< observer i. no 10ngtT an ~%'(T1IQ/ observer. 

As an altemati, .. , the obsc ...... ClIn maintain hi. Il.Ilu. I . an (%'''''''/ 
obse ..... r but only hy tolera~ng a theory which il unckrpinned by an 
analogy lbal il/ocolly Itrict but not """"Y' Or al aU inl.!anu ,trict. 

w. deal WIth prob/lcml of this !)'pC In Chapter I I and air", .. ver.1 
compromise solutio .... 

1.4 TransJt""" from Rolatiristi< \0 R.fttctl •• lbtGrlel Whenever tho 
.. =! obser.n·s position is abraded. tllc theory ud tl>c methods and 
mod.ls associated with II, \IecomeI rtft«llw. 1M dll.tint;tiop is nOl U 
ckamJl in 1110 ease wl\en the obsttvtr tI.C!s to maintain his .... terna! .Ialas 
bUlto relinquish the potiibitity of In .l .... ys strict und .... lying analogy (so 
lhat cerlJlin "".nU arc Itrictly mealutllblc, qUllntifiable, etc., but other! arc 
not). In Fact, .. preo.io...ty....:md, there i, a continuum 0( poMfbilities. 
&>~ bave httn insltUmrnttd (Pul<, Scott and Kaliikounlls, 1973; Puk 
alld Scott, 1973) and an: 10 be described in the nat volume. ill a rule, a 
point il ~~~h!ld at which the occa.sions upoon whi~h the undC'rlyi~g analosy 
is 1"""Uy strict become so !1I/'e that Ihc th.o~tiCllI comtruct i, virtuaUy 
u .. l0", and, . 1 thil point, adoption of I ~fI«1i,. theory illnc: only ,"nsible 
option. It should be streoKd that ~1Itc(i' .. lheories an: perfectly respectable 
and can be cklllt with in t ilti. o,,'n right but the:)' ;nYoI.'. diff(KJlt .~ptfi. 
mcntal techniques (to be diKII=d Ind .umplifted, . pin 10 th. n.~t 
volum.) .nd havt little u$Cmb~nec [0 clmical theories. 

For fUIUK ~fcrenoe, it il worth nolin, here that alianlficant tn.nation 
takes ~ at the point .... ben the stnIctllre of the Iymbol;': cp';ronmeJ\t 
(Fig. 34) comes u.nd .... II\e control or transactio ... in the joint 'Y'~m. i .•. 
when the dialngll<:;' no longe' confioed to • topic (ho~'., broad) but the 
topic .vol,., . under the innuence of the dialogu •. 

1.5 Omo. t:.nmples The foUowiJIg exampIH are cv.Ilcd ftOJll Puk: 
(1973a) wbon: they an: mucb IIlOR Ihorougbly disawed. They sm ... dual 
pUfJl<*; to gi", SOme imprcufon or Ih •• rtctli oftllo ·Ii",iliocantlrlm.ilion' 
mentioned in th. last $O:clion upon mod.ls of repeatable ,callif •• vents anJ 

~ 

RLu,'lt' lJm 

to dl.pel thc imprC6Sion (which may .osily h.,'e httn given) that the .. 
consi<kra~oru only apply to human subjects. human learning. cognitIon 
allll so on. 

In ~holo8Y, tllo biu is,hiftina from behavillWillic 10 symbolic and 
cogniti~ intcrprr1atlon.; for e~ample. 1110 t",nd exhibited in &andu." 
([970), A 'i milar tranlfo.mation i. taldng pia .. in ethology and fOCi.1 
anthropology. 0111: maniFestation of tbe trend il that .vent.< pcc'ioully 
"'garded II epipbc:lJOJII(na thrown up by the compkx a"..pl.ltion of an 
und .... ,yin' panicula~ prom.. an: tofIClOl.-.d nowadays IS .ymbo~c "'Iu
latory mechanisms; . point of .i.w that goes (rom lhe whole to the pa.t 
(Iix. ulatl,'lJm) .Olhc:. tban going in lhe traditional direction of PiIrt to 
whole (one .. Ii"", Feature oftbe cla .. ical theory). 

LD his dileUwon of populltion dcnsity control, Wynne Edwards (1963) 
put.< fOf'll'ard a convincinl argulllCllt that many p/lmomcna of display, 
mimicry Ind directive beha\'iou. ha,~ . Ipttific siplalling fur\Clion, Rille. 
than lIoing biological .p;phenom.na. They mediate commu nication in a 
Ipttific denaty control l)'Item. For .... mple. tbe singing and «mterio l 

, .- - .... - ........... - ...... .... ---- - -"""""-' -" -- ~--~ ........................ ..... Q ..... """,.,.. 
~'" ...... "'. -""-- --- __ !rl ... _ ........ ... .. -.. ----- ... -, ....... -...... _ .. -.-... ................ _-.. -... ,-_ ...... .._----.. _ ...... 

--- ~-, - -. ---. ... ",,,--_.- --I -... , .. --.-._. , 

F~_ J6 The ritual cydc of intcrxlion bec\Oftll 11>0 Toembcp lribo Ind ,n. 
[ocal popul. tlon ofJ>&l11y domcoricattd pip. 
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1M CJ~Mlks 01 H"""", ~n~ tmd p"IiJ("'~ 

.>Co - I all oflhe enllin in 9, and all ofllle enuies in 9". including 6u and 
9,.., an red.1KCd in lhe din<1ion of =0 in p<oponion 10 tOO. sevem YlIlues 
and lbe leollh of \be antieip<Otion lalency. Because or this. aDd beaux of 
1M active characteristies of u.. stimulus aDd rcsponw II niu. Ibe maiD le,..nce 
of a pattern of Oy values _nlails some sort of dynamic organiS3tion. 

1.3 1M S,'Rem ttl yS 1a1~ about Ihe sySlem anlhropomorphically. 
On r=ipl ofa Jlimllhu ... ",h inslruction, Ihe stimulus unit 'expecu' 10 
receive a 'problem· (tome non·uro value of K). The probkm il does rttri\-e 
will be bi.o.s.sed by ·cvi<Lence' U, from iu "''''onmeol bUI, e.-en if ~ il no 
cvide""",, some problem .ill ultimately be pott<l (n a Ift\Ilt of the stimulus 
woil deci<ioo proow). "flm state of'upe<'I.IIICy' Ji'"a rue (.'h ... the prob
lem ill pott<l) 10. aLlte of'an lici pation· r~rdi n,B solution to Ibis probkm. 
A solution is tintoltd 11, SOme oon·=" ... Iue "r Y. and il is achieved by lbe 
response unil dcci,;on prO<f:l.l. instituted through tht; response seArch 
in.lruction by some x, _ I. The solution depend l. e"en in !he absence of 
Ibe ew:rnal inpUI Z. upon Ih. 0" ... Iues in lhose row. ofth. 8 x 8 array 
lIul1 are .. !«ted by Ih. ponicu)or problem. TIle $Ill. of 'anticipation' 
terminal" aflu a solulion il Jnig,,,mJ and its lermination Jive< rise 10 a 
funher llite of problem '.~pectancy'. 

10 all th~ lhe 6y valllCl playa CftIcial par! by d01mnining whalsolutiOM 
will be gi'"n 10 various problems. An ..... mption IILaI 'litton of R represenl 
values of some Rward or delirabk commodilY, lAd WI \be macIli ... 
would li~.losoh" problems i~ sucb a way .. 10 mlUimise lhe ",,-..age ',\lue 
of R, is ~ffec\iv~ly built inlO Ibe da.ign. F"r, as a ~It oflhe proccssjusl 
lIescribed, the machi ... 'learn,' 10 501._ problerm in a mJnntT tbat is COm · 
palible wilh "",~im;lins Ihe a,·crag< .aluc of R (Ihe O~ ... urn< 3 pancrn 
Ihallead~ 10 this r .. ull, pro";ding Ibat specific and consill.nl valu", of R 
Ire associated wilh IpecifiC problem soluI;on pain). 

1.4 MoolllIe:otlooo of lIab1tuotlooo M"'onk", The habituation oflile 
I\lachilte rC<juim rurtlKr OOllllmnt $~ it is, in SOlI!< rqptcts, umeaJil-cic. 
Jr a stimulus II rePOOled, lhe slIength of stimulus ""'Iuited 10 e1icil tho 
problem statex, _ I ;nrreasn. "This il more or Je$I" il.i>oWd bt, providrd 
lhal XI - I docs not 1ea<llo a reinforced response (a significanl event). If 
Ihe re,ull of. slimulu, il significanl (if ( x,,,,) _ (1,1) i. reinforced) then 
Ihe present "",.hine perfonn, as i! would do if the Itimulul _ro no! 
aignificanl (at IUlt, il docs 10 witb respect 10 Ih. C"p<Ctancy proce .. ; Ibe 
anlicipation 111_ney, the inlerval occupied by the response unil dccisi"n 
prn<:es<, II tedueed). This is oot altogether $Atisfa01Ory frorn a j,jolopcal 
poinl of view br:<'aU5e in a real orpni$tll ILabil\llllion with reference 10 
significanl stimuli is suppressed or oullified.lhe model worts the riA!tl ..... y 

". 

~niJtg MotklJ 

round for tho anticipation t..teney; bul il is pel .... '" in respect oflhe Hpec1 • 
ancy lIo1l'iIC)' for signrnc:.nt """10. 

The riBbI chliJlK"lcristic can be ICtlired in 5c>'erll ways. It was in facl, 
oblai ned by modif yins lhe local storage feedback I<)lhe . Iimulus unilSO .1La1, 
instead of a simple inhibilory slgnol. Ihis feedback became, al Ihe nth lrial 
and for lhee,,,nt (1<,,,,> _ ( 1,1 > a quanilly 1 _ O,,(n) I'o'!tort O,l.n) il lhe 
quan.i.y delivered as lhe internal inpUllO Ihejlh c"mponent of the response 
unil. Ifthe problem evem induced by l ' limulul is nol significanl, I - 6,1.") 
is biBb (and habil\llltion take. place no btfore). If lbe problem "'Col il 
sipoifK:anl, tben 1 - 6,j,") is low ,·alutd and b&bit\llltion is IUppressed. 
This lmIngemenl gi\"CS lhe madoine lite: requited cllatacterutics, bul It 
docs SO ·unf';rly', Addition<oflhis IMI, COfI$IJ!plun alltmp' 10 ~"I, 

in a pri .... rily ,;nSk k>~1 model, lbe orpnisalion of. many 1e'"I. end 
hlc:ra",hical,lructure. 

1.5 Experimental f •• llltios For experiment>! pur~ lhe "tJc'" us 
'Icarner' is conne<:led to a CQn",1e from whleh the e~perimenlcr can I~I 
upon Iud obleNe u.. main .ariabtes .. ,..ell a. receIving an 'ilUdl' (ftom 
0'" <tance) ~iew of the in\<l'i"r ,'1.0 A 8~ dilplay. As shown in Fig. 39 lhe 
lcarner may ~ilher be manipulated direaly Or ooupkd 10 a ltJC .... T~' 
I(3Cher (I>Ot yet <.Ieseribed, bUI cs .... I1.oUy !be ....... 101 1100 Stamer .pan 
from a ful l represenlalion of the task •• t..tion 10 be ~rned and circuils for 
cnmp.ning <:rilcria of perfonnanoo., i.e. of lbe f.~I"'1 10 whiC/O btluoviours 
salisfy u.. wk relalion). 

In addition, lhe Itaclter can bt coupled 10 a real.life stildrot SO Ihal 
comparali"_ obsen'ation i. possible (l(ildrnt/ilicRA TEl teaching mochine 
in c"nlralllO 611C~"' TES karncrl"uca"'T~II.achjng machine). Though 
imporlant for the main .pplication (design of I maller, d.~n ... ale. toaching 
machinel) Ibil fociJily i. nol dioctIs<ed. 

2 Ways of LooIUsog I ' the SySfeftl 

The ElIC .... TU Ic.>mcr am be ,iewt<I in several nys. DllI'ing!be t..lt 
19j()f; it ,,-as foullionablelo Ili~~ a >!longly belLa~iouri,tic point of";'w and 
il wiU be ili$lrijl'li,'e 10 sian wilh lhis imar in mind and 10 modify it a, 
needs be, 

2,1 The MadIIDC RCj:atdcd as a '8Iad' !;lox' Con,ide' Ibe maeh inc as 
a 'blac~ box', in A'hby's .. nse , It ha, In input U, which moy be interp.e1ed 
.. a stimulul, perhaps oomplex in form, which P"" rue, Internally (Ind 
beyooo lhe beluoviOlll'isI imap!) to • probkm \'CCIor X. 11 wan outpul, y, 
which ""'y be interpreled .. a rn~ ...aor tksigna.ing an hypolhelical 
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F"v:",-e46 Typ;caI_ """f'O">" probability """ ... (.). and tb<it mruformtd 
~ ... tiod .. ind .... of ,,'eeI;'" """"ruimy[onfonnatio<> ...nh ,..,peo:t Ig an 
"",.mal oboetYer (b)."J"hrec <U<I arc from Von FD<T1' ... •• oimulalion and...., 
ucfromWCMTU. 

,. 

l~ar"i"l Modtl. 

II Attention Dl~inJ: . 1Id COlI'Itrmth e l\Itt/1onjsrM 

It i. poooibJc 10 obtain. (ralher o;ac~) model for noo-tri'Iial ~Q' 
by reIiDq .... hiOI the conwaj nlS imposed upon the syuem of Fis. "'" in ordet 
10 """'" lwo machines fealurins .. 'teachn' and 'Ieamer'. The ~nml 
condition is that the WI>ef'. OIIlpul tan fonn. oon.olUllericiocd rutty 
inl""l0 the 1eaCh..- and, vic:fc versa, tn.t IIIe teacher', oulpul eao fonn a 
oon.ntuJ>ericiocd fllUY inplll II, IIIe learner. 

II wiU be cvidenl IlIal 1M ",.ul~", .)'Stem i$ distribulod; IIIero;1 no 
runCiion.! diSlinction betwtcn the Iea.her and the ~arner. Or, 10 lOlIi:e I 
point also voiced by Von F",,"'or (and which i. gtnorally valid) ItDmlng 
entails. J~",h" who I~Q''''' Just a. te'ChiDg entails a learner who lo .. nl. 
,,:ny theory or learning in the prcferred Ie"'" is a theory of teaching. and 
\'lCC ... ru.. 

Although the 10"flCr/ teaclltt d"til>C~on is sati.ractorily ~limil\ltN 
\her<: ",mains an engi r.e rnponsibJc ror tvalu.a~ng responses with '"peel 
10 the relation lfaDil dclerminiogwhelher or nOl the """,hille i. reillfor«d . 
Cn.tdcly, bill seriously CMUgh, lhis CliP"" is all arbiter of ..mdicia!l.nIth; 
if a I'e5pOtUC is tak<n 10 indc:t. problem-contingenl solulion then only lrue 
..,luilotHtalC .... nlS ... rn"lJ"ded. 5i""" ilKrc is but one .eLation, tlIC a<:tion 
or !hi. put of the cqllipll\C1ll trl>ialiIco the joint machine:s' opcntion by 
thwartinS the aUmlpt (wlUc:h !he joint ma.cbioe ill bound. by corul.lVClion, 
'0 make) 10 direct ilS alt(ntiOfl e~where and to t"CpIote il$ (nvironment 
for further rdlliolU thai mly be learned. 

The mCibod of lurmouOIing this obstacle, reroounc:nded in Puk (1960) 
i. to augment the !tulh crilerion by a criterion of agreement betwC(n ,ub
'yS\¢mS of activily (Initially, Ihe , ubsyitoms localised in lhe 1.lcher and 
learner parts of tneapparalus) and to cnJorge lhe apparalus so that phy.ical 
Jimiltl~ons, ,..eh as the number of . Ioragt locations, no lnngcr playa 
dotrti.nant ro~. Under Ihtso! clreum.uanccs, replicas of the tcacller and 
Ie",""", ",sanisDliDfu can ~isl and cooperate in the enlarscd IIf/lwOI'k a. 
d)'llllllic but liable en~lies (tbt sl.lbk: ooofisUCl1lions in netWOfu dc$Cribcd 
by Alebander ( L973) arc cltampLcs of sur-h .n~Iies). It is.un true tha, arty 
aweptc of ",'0 or IDOI1: coopera~n, subsystems mUSlstlfls/y!it.nd thai 
\hoy must also ""~ (in the .. "'" thai the joinl .)'SICm is WIble in tho! 
domain or!l). But the Kwral doollCl pain (00- aFpt .. ) of subsymms 
coeUsting in the neiwork CCMTapODil to different descriptions of !it; ;n 
particular, tlcb Olle realiws a di.til>Ol method of compu~ng~, i .•. they ... 
dis~nct 1n'(JrJiQ ... or \be samu~ ICnlionally specified reIa~OIll or, i n ps yeho
logical parl~, !hey _pond to different methods or sol.ing llIe OIIme 
probl~m gr performing !he same skill. 

Thi. proposal ",mli" • •• lid and it Ito. been embodted in a phYJiCII 
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~ Cyb",,,,,lrs of HWlIIUI Lmrnbrg IVId I'rrformWlct 

repertOire i. identified ",ith the mental o rpnl"'t;on a"'lulm1 by a real 
student, throu&h m'I"",lion, imprinling. a!>d pre'iOllllearnin,. The m<>5t 
penin",,1 possibiUIy i. that the repertoire is progr.mmed inlo lhe lubjoct'. 
mind a. ~ and pa=1 ohhe: experim<null 0, lulo,i , l COnttar:t (Olapter 4) 
",hich be a=pt.t in adopti", til< role of lIud~t, 

Both J.er, 0 aDd Uv I openttiotol feature 'I problem 1OI\o'C1'S, They dillh 
in mpect 0( their domain. The I..n 0 opetalions Ita",. domain of <lei
scriptionS- (Of 'inpuu' or of ',ymbolic lIimul;' prest<ttt<! uJ>der • opccifird 
,oa! relation.) Inpul descriptiOIll an: interpreted U intelli"bIe problem. if 
and ortly iflbey beton, u. the domain or lIOmel..nO O!","'lOrexisti'" in \be 
LnO repertoire. If 10, lhe IcarliiDg rnodo:l can bes'n 10 .0"11: tt.. problml by 
applyin, U. 0 opotalO .. ;. proc:css . 'hlo;h may lead 10 "",reel K1lutioa 0< • 

~ia1 solution (or. mi$tilin I!>oU&h btlievcd,tQ.!lo: correct lOIutioa), 
The JdulitM 0< partial solution is the serin 0( oper.l.\ion, t ltata .. applit<! in a 
",oper ord ..... AI a 'ef,,11 of execulu.a Ih. solution a rtlf'l"'# i, Kltclt<!. 
Hence. ' np<>"4,s name claases of solutio .... 

In contrast, tll<d"",ainoCI.OY /..,no I operator "eilher the lnO reperlOi .. 
or (in the C8K of a '<Teate' operation) • nu>dO<llistd prO<:nl. A /..,no I 
solution consln>eU or modifies lhe U. 0 reportoil't which;' its internal 
'rcsp<mse' (in the: case of the 'creau' opo .. lOr the 'response' il tt.. addilion 
of. primiti~e Ln 0 opentlOr 10 the Uv 0 reponoire). 

From lbe prccedin, ""mmenll il iHvident lhal the model il • normative 
rather than a behavioun.1 moo..l, That i" lhe experimenllli Or tutorial 
lituation il """"",nlS is oonttaclual or game-like and il a»ociaied with an, 
albeit primitive, language in which it i! po$$ibte 10 describe """ditiom and 
10 si"~ oommands Of ad q .... li(l1U whicn lhe feallubje<;t, in Ihe role of 
siudent, undt,$Iands (fo, example, the oommand 'allend 10 • goal Itl.tion·, 
Of a qUe$tion Uke 'which of Ie •• ",l . talemen ll satiUl.s the goal rtlation 1'). 
Similarly, eilher th. learning modd or lhe real subjeclenlemin! an hypo
thci.< whenever il begi., 10 ",I"e • problem, and thi, hypolhcJ;i. i. opon 10 
confirmation or deliial (te<all WI • description poses a problem und .... the 
.,.,..."nt "",! rebtion ir it i. in lhe domain of.1 itllSt one of the Uv 0 ope •• 
alOl'$ in the =nl repertoire. Bul the solutiOfl to Ihi. problem may be 
partial 0' mi,takcn). In SO far ... lhe I ... chin, model or lhe re.aladaptive 
machirK doli ...... a li"",1 indicatin, that. response is comel or ~il1ly 
corm:\, Utise,thr, confirm. or dilCO<lflrms the prevailing h~pothesiL Any 
coDdition of the learning !I>odcl that refe .. 10 • problem or its solution or 

the confirrn.ation N its .... utiool i, hencefo.,..ard P'"Cft the gmenJ title 
'state of knowin&'. This ",bric a»'t11I.OY condition upon .. hieh Ih. model 
ClIl opentte 0< uPO" ... hich il is operotin&-

"....., rellllrks an importanl beau"" lhe rnodo:l is exbibitt<! in the 
"""texl oflbe code ....... ;"1 task <bcribcd in CIuop1n 8 and the 'Ianp",' .. 

-
MoJtls for Ltarnl~g .,IIh an lII.,arrll/rtll Slr~rfUl'(: 

in~ol.ed i. SO embryonic th.t it il eu~ 10 ar,ue it 0111 of exi'Ience, or al 
!east, to oonsip ,110 a category of oon,U'UCtl thal are pedantic "",ough 10 

.ppear ;rro!evanl. AI • mallet ofbi,tory, lhe entire (rothe, lenglhy) pr<>eeU 
of programmin, and ex<cutin! lhe modds of Ihis family, o;omparin! IMm 
with experimenlal perrorma~, .ad so on, ... os """ut<! by pen.i.Ienl 
aucmpu. on the pan of more tidy minded rescan:h staff, 10 'simplify' the 
concq>1$ invOh"td.. TIte$e 'simplilkali"",', thoop ..... 11 intentioocd, red_ 
\be fo.mily of models 10 trivialily a lld ted_ com~risoJ\l bel1l«fl the 
model and =lily to \be 11'1011 hanoI ,viety ofcuf'o't 61t.in&-

- .. - r-
-- - _L_ 

r----------1t ----tl-----~----1 

• ~ h 

• , , I 

• 
• •• 

•• 

I 
I 
I 
I 
I 
I 
I , 
I 
I 
I 
I 

L----~----------~-T~----~ ._ .. ,_ ....... 
Fillilt47 SlMlVlW)' t>l'1ht: familyoCmodo:l.: I("l, rtper1oi1ll in Iwnlng modellt 
"'" IriaI; n repertoire of real .. bjca atll1.h trill 10 be modolled; £(.l, ,ulorial 
rule IOC""lber with dat. t<WmUlot<d about the IIIbjcct at lho .Ih !rial: hatohod 
.,.,., '"""""'" aIIoealion and UO I operaton bot .... a llen,jon dire<lioo "Y"om. 
«, simulat«! lcami~sfteachjnl modo!; b, reallco. ...... /t • ..,hlns .....,hi ... ('CI"ia'Ot). 

, S~ 

The m<>del (or family of mockls) ilsulllltl&riKd in Fig. 47. It. ,pecifie rnodo:l 
;, identifit<! under a nomIati'·e Inlerptetalioa .... ilh a spe<;ific experimental 
0< lI1Ioria! siluation. By ..... y or noution, the in!"'t daeriptiOM are 1abeI1t<! 
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The Cjwm~I/'" ~f Hu,""" LnJrnlng DM P'rfo'nwn~ 

prexn! r orm ,be objoctionappl i .. only to lengthy experi ",enl •. With h ulI\An 
• ubjecll though, if • more fundamental point of "jew i, odcopted, the 
prVtc/ple i. uni,'enOl. 

A more appropria\< parodi"" for lCCurin. cooSI"""'t conditioIU would be 
an arrang""""'1 wh .... by the .ubject (in the c.ampln. 1M .. a human 
bein~ tall be kept ... lrking ";thin h" Illdividually dcl .... min«l aDd iDdi_ 
oldua~nieaUy aI .. red O~flng rtgkHt . 

The c:<perim ... 1<f coWel. in prit>cipJe, Iakt the lite "ry prtClulions 
binudf, i.e. he might adju" !.he rale and form 0( lIimuiltion 10 thaI • 
respo_ c:rilm.:.o, iJ>dicative 0( continuing laSt petiormana:, .. Atis&d; 
for eumple, by making lif. more difficull ifan indel or cotTed. pttformance 
in<rnl$tS in val"" and making life InI diflkult if tlu: comd pnfounlnce 
index deettues in _"II .... To lMuumenlthi. plio" 1M o~ DCCds • lISt. 
and an co>ironmenl which fllnlisllct more than c"""gII _itly 10 ovenn 
tlu: ..,bjtct al any point in tlu: c:<perimtllt. 

Two problem. ~It from allowing the u pcriment<t to ~ in lhls way. 
Finl \II .... " I practical adminisuation ptoblcm. All the musu. ing and 
adju.ling i. likely to o\'ffU.:I. Ihe participant obstn .... SO thaI (even if he 
cirewnscribes a companmcol or hil mind 10 ~ ... "&u/,,,or andlcavcs 
\IIc restorit to ohJ.moe) he i,linly to find himselrlO Itmsed lhal 00 energies 
are ~ for hi. main occupation. which i, obscrvinS. Scrondly, IMre i,4I1 
experimental dcsisn probicm due 101M fact IMllhe o~ i, nO 10n8'" 
,xltTJ1(l1 bUI rather p<1r1iriplZ1tllt Itasl some of lho lime, II illaler shown 
IMI the rogu laloryacti ,100$ .... d.d to ICCUrt the desired comiS!. ney 'nbject 
working in operaline; region' cnlail oth~' \IIan cauw traMaCtion. between 
Ibe .~bjcct and Ihe • .. gulalo", and Ihl» rend .. any 'ffg~t~lor' a parlidpant 
most oflhe lime. 

The pt<>poscd method is as follows. 11U1Ud of Ih. dassica.l organi lm! 
en,itonmenl system in Fig. 57. colUnoo;( the system of Fig. S8 in ",hjeh th. 
conlroll .... iii a mechaniral or comp.net programmed. device for ex=!ing 
a steady <1.ale or null poinl operation, If p I, a performance index and if a 
]C\·.I of tasl: diffieulty il rept eseft ted by '1 then the conlfoller in question 
dctcrminn li>c value of p, compares il with a n~lI poin l \'alue! (indicali,. 
of saHHactory and OOrrtCI task perfonnanoe) and op<1"al" upon 'I. as 
follows. for c:<per;"",nwlrial. (or time i"stanll) indued.", 

0(01 - 0 
"'_) _ !;.l.j(w) 

(

+1 if,. > I unIou '1<.) _ ""., wbm tI 'lC,o) - 0 
!I,,v.) - 0 if, • _ f 

-I if.! :> 0""'"" '1<_) _ 0 wbel> tlWo) _ 0 

A. u:on~coi"""", il il u..w to assume IMI p and " .... oormaltsed so IMI 

IQ 

TIt. SfCDdy $lulC or Null_Po;"1 TUNoUjue - ..... 
n,- 57 Tht d ... i<al ~viron"""'1 '}'II"", ..... r----------------------, 

I I I 
I -I - .. - I 
I 
I 
I -, 

,. • 

-. 
• 

I 
I 
I 
I 
I 

f 
I I L ______________________ ~ 

n,- J! AII ...... ti'~ ')'10""" to tha, or A""" 57, 

• - • 

, ~'''I 
)----l. 

Firll" 59 x, "imulul d~play: ,. ~ponIe; fix.)'), 'comet' oornpanolQr wtput; 
P.S. p<nblem ""'1'00; Simp, p<ObIem timplillcollon or dillic:utl)' ..... tion: ~, 
knowJedgc or !"CIUI!!. ir cI""', 

1 ,. p,. 0 and J ,. ",. 0, Sino. tall< dil!kully i, modified. in effect, by 
zimplij)'!Jrt task situations thai .... i""'re"tly too difficult, il i. """'0110 
inuod~ a degree of .impliDeation illdclc I'- _ 1 - Of. 

The l)"SIcm (Fi&- 59) 0pt"'l.,. in Ihe COO\e>1 01'. to"'"' 0( IUk rtquirt
menu (PS or probkm lOum: since I&I:k rcquircmellll "iU later be idenlilicd 
.nth problmu). The subjtct A rea:j,'a problems thai ha,,, beeo simplified 
to • .-.rlable dcsm". 1'-. by tbc controller. /I, wbich may \IIu. be rtprdcd as I. 



, 

<
 

l
~
~
:
]
~
]
 9 f'::E

 E
~
 

~ ;£11 
, • 

li~~I'~'~i~~~1 
~i)~ 

, , 
b~~~~5·li~~5-

1;.51 
_ 

• , 
r~'E

·e11.:.l$ 
s
~
f
g
 g 

5 e:;:; 
• 

! 
• "' ~;

' i i. "
"
' 

• r I 
~ &.~] 81 

"8 ] "~ 
.8 

'" ~ 
• 

"
. 

!I-' 
1 " 

, 

I 
. ~-5 &.

.§ 
~'!l i 

8
] 

..... ~ 
t 

I,,-L
 ... ,., .• ! 

~" 
1 

~
g
'
~
!
~
8
j
9
~
8
~
~
-

t
.
~
~
 

i 
.-!-. 

.
-
'
-
"
j
~
'
 

• 
• 

'
\
:
"
 

0 
.,
"
 

.
,
 

g
' 

~ 
li8~~r~;11.~-ij 

:~fi 
• 

• 
1 ... 

o
-;'!'!""-i,s--a"l 

! 
• • 

'-' i 
. 

0 
f-

a .. 
E
"
~
 

>
,"

 
.
.
.
.
.
 
'
"
 

•
•
 

·1 

J •• l,.~ 
~'III'~1 !& 

• 
! 

-
.. _O'"

,
,
~
'
"
 

l
:
~
 

.8
S

-

i 
,
,
~
 

... 
"" 

...: 
~
-
.
~
.
~!~'~~

_51
·~.a 

~
~
~
 

J ,~. --
! i.~ 

0 ,,-~ 
-
-
"
 

-
• 

1
-

;;:::~" 
~~

"i1.~
le..::

·c~ 
0 

~
"
-
~
r
-

~
l
~
"

· 
c
o

_
 

j 
I 

'~
~
E
~
"
 

.E
8 

~
~
t
 1 .-

~.-
O
~
~
"
s
d
e
 .

• ,
,
~
~
~
 
i
i

,!'!5 
! 

>-
-

-
g 
~
"
B
~
~

' 
~
E 

! 
"]:i&

.ir.S
-E

J
i<

 .. 5 
"
'·"

2
 

...... _ 
.. _

-->
 

l! 
, 

" 
~
~
"
 

~
 

"
.
=
~

. 
oS

::!:,! ..... 
• 

• 
."

 
~
 

......... :a 
..

.. 
<

 
] 

:1'5 8.~ &
.. 

~ 
';.1i-E

 i..201,ji'r&.§ 
. ., :l 

~
]
 

~ E
" 

".~ 
",_ 

0
"
 

• 
• 

j""! L tk~ g,,,-
.. ~= 

., 
~ 

; , 
~ 

1
~
 .. 

8
~
_
~
~
~
J
S
S
~
J

·~
·

~ 
~~ 

" '" ~
::I 

g!iii .!l. ~ ;;; l! 
!."a 

'" ':' :i 
:I 



TM Cy/Jcn"/u 0/ Hunwo u..rnlng QN} hrf~ 

Iys~m i. ly:opul>Ov4lable if th. trajoctwy ~IWIlIy approaebn the 
origin and if it .-....er crosses from the intide In tru: ""u.idc nf a bn\&hCluy_ 

In sayi"llthal'ystt"'" IlK empirically stlble. I mtan thaI their irTeJlllu
iLios .. ilify Ihis OOI1dilino. no l\'t'~, and lILly be OOR$ItUClcd 10 do 1(1, In 
aU particulars. by 1M choice olapprop,iale functinlU. The propnocd metItnd 
caD. be elaborated I peat dell. The alpilhm is utrem.ely primiti~, for 
enmple, and i. ~Iy impro''t'd thnus)! (u • matter nffact) ""'" imprn~ 
menlS ba,'e little pl1lct;a,1 ,"lIue, Th. conunl\cr dtSCl'ibcd abo". is unj
dimclUinnal. ntis mui<:tion is inOSlef\lial. The majnrily of SteadY·ltlte 
conuoUe .. axe aotwly mul!ldhmnsional devi~ sn that p - (p, .. ... p~) 
and ~ _ <'1" __ .. ~~). The perl'OrP1ancc criterinn is w:ry rigid. That 
cOlUtraint is ~f1ed in at least one af the •• ample. to be di.cusscd . 

The crucial and nutslinding luue' .... ta dn ""ith some half concealed 
undetlying .... umptions. Apan from the previously voi«d disqu.iet a~r the 
.tllul of 'ph' and 'pL directedn ... · it is t'o'idcnt that ~ controlln caD. 

nnly be designed to timplify. w.k (for example) if there i • • model for the 
w.k and fOT the rontrollfd lubject. Mo __ , tty adequate mnctel for the 
w.k must be I ... pmentllion of tbe w.k as it is seen by the coatroUfd 
subject (ntherwlsc Ihet't' is It(>....,.,o to IUppose that an aUegtdly simpli
fying open.tion Muld ba,'t' the desired comequeDm)_ It is possible 10 au 
numtTOll< e.umples in ... hich inl uili~ly plausible model. incorpon.1<d in 
controllen do /10' h ..... the rtquired properties aDd tht conuoLIen In 
question fail to uabilise thCI)lOtem. On the 0Iher hand, in Iht uamplel to 
be dted lbe necnsary ""ndilinol ace mel quile adequatoly. Perhaps this il 
a matter of happy intuition. aut it C1n be phrued otherwise. u folloM. If 
the . ubject i. held in hi. operating rtginn Ihen he is pr~ed and h. is able 
to act 11$ though the (physical) . timu Li o:on~I;luted 'inpul ,tatc" and Ih. 
(phy'ical) respon.!Claotod al 'OUIput ~tatos'; hen", to sub .. ". the .,Ie!Jtal 
observer's ocienlific doyoa, Il. could Or would nol do sn unlm he were 
maintained in an operatinl"'~on. To maintain him there, Iht experiment .. 
starts wilh the ob!om'e,', dogma in milld and designs a o:ontroll .. to hold 
tbe j;ljhjca in ILI\ cpm.tinfj rtpOQ if thai S\I~tion i$ valid. In foct, it 
btcomn nlid d ... 10 the o:ontrol opcnrtinn (>Illy, i.e. by a boot-strapping 
p,ocess.. f oo- the inuanccs 10 be cited, the booHtrllpPing works. 

1 Error Score ComtalllJ In I !\1uual T ask 

The subject i. presented with. IXImpensatary diopl&y, usually no I r;albode 
rayoocilloocopc. In the one-dimoruiorW r;aot 1hown in Fig. 61 he perui .. " 
the locus of a point on aline and isl't'<luiM<! 10 adjust. manual control in 
orde, to k«p Ihe point within' line .-gment around a fuced po$ition. Hil 
manual control dot .. mints the ."""Ieration of an ideali.ed vehicle (Ihe 

,~ 

TM S,Nd, S'D" '" N,,/I'PDln' Tf<lMiqw 

-- --
I -- ..... -. - f-.-

-~. 

-- - -
r"...- 6J Doe di"' ...... w. compo 'Dr)' tracki"l:. wlr.1J'S'UII. 

,"ehide ohantc:teri$ti", of the S)ltem in Fig. 61 are opecified by a coupk of 
integralOf'l,). The di'played point (de.cribcd 10 the subject II 'an indicator 
of ~hic1e displ.",menl·) varies from its Ii,fd position, e,'en if Ihe .ubject 
dots nothing. because of u input perturbation that i, added to thelubjecl', 
acceleration control signal before it i, integrated. The form of this perlur
balion is unleamabl.1U1d hence ill valu. is unpwlictablc_ But the subject 
can learn 10 ·!wIdl. the vehicle' when it i. perturbed by unpredictable 
di$turl>ancn.. Further, It Is empirically loaf. (o"'Y that the 'vehicle-handling' 
job is made incrc"";ngly dillicult by an increase in tilt mean amplituck of 
thi$. perWfbatiOn. 

Tbc subjccu. e".or $COI'C. y, (lhc COR'-.nc of p) i. computfd eilher u the 
"'eI1IrF .oot-mcan·squa ... d"'iatinn froID lhc fu:fd point or U the .'"mIrF 
val"" of the moduli .. 01 thil de\ialion. l.ec; be a critical error score, Tn 
maintain COPStancy of error SCOf'C, • •• $<'I 

~ _ c-. )( T.". I<Ikj;nI (e - 7) 

and choose lb. (pos;th'e) COllllanl SO !bat the: man-maohillC' 'y.~m does 
no( becolDC unstable due to o""r.colDpenoation. rn olher wotdl. the task 
difficulty i. <onlinuilly mDduLoted in order to "",inlain the chOlen form of 
con'taney. tbat $ - y ... 0 (or, pht"",d in a slightly different ... ay, the 

'" 
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n.: Cyblntl!tiCl of HumM U4m/II£ and P~rforman(;. 

,. R{t,) "" 1 - V(t. - 1) 

The "e.t part of the control operat,on selects the eI ... of events from which 
one e,'ent will be 'randomly' .. mplod at 1 _ 1 .. if some test trial i. IllAde 
on lhi. <>COII"on , The selettion probability for lb. cia" X, is denolod ",: 
and the conlroller of Fig. 66 i. designed so that 

, ~~n)::! I - :~") 

Finally each of U.e term, R(t,) and ",(n) i. interpreted as a bias applied 10 
a probabilistic .. lection device (a variable 'window width' random nddr." 
~neralor). Th. e!feet of equation (1) i. 10 inerea .. the test trial rate a. the 
.ubje,f. ,igilance decreases. and the e!focl of equation (2) i. to uhtar.." 
most frequently, Ihe most negleeted .. ",nlS. The lall'" prIX''' maintairul 
tho a"era~ ".10<'$ of lhe ",(n) do .. 10 11m n.I required in the definition 
of vigilance. 

As a lheorttical aside, il i, worth com menti n g that th • recur."'" dell oi tion 
embedded in the design i, Iypical of .. I .. i"islic system •. Here, vigilance;. 
defined on the ossumption that Ihe ",(n) art ~arly equal. There i. a rule 
(namely a psychological principle of familiari .. lion due 10 rtJ"'tition) 
which, if va~d, juslifies the I .. t control oJ"'ralion as an ',pedient for 
serurlng equalily of tbe "',(n). Since tbe rule i. ps~hologica1, the entire 
operalion is a Muristic recursion. 

4 Maintaltwtg a Const:ant Proflclency In a Coordinate 
TraDSIonnation Skill 

The subject is presented with. the display and r .. po"",,, board shown in 
Fig. 67. Each trial, 1:., apart, he is presented wilh. figtue in Ih. alphabelic 
display and requir«l to seleot the rOW and coltullll buUolU lhal designate 
Ihe row and columJI coordinates of the figure in the 3 x 4 rectangular 
di.play befort ~, seconds af\e, Ih. stimulus. With ~, sel at 2'5 seconds. 
tu al S second., and the between-tria] inlerval al 1·5 second. Ihi. is a 
difficult job, and Ihe no,itt is unabl. to do it unl .. , he i. provided with 
cueing inforlllAtion. 

The &kill i, characlerised by a couple of error factors (in the sense of 
Harlow. 1959), namely, a row and column error [aotor, si nce the .ubjecf. 
response may be row...",....,t "od coIumn-cofToct indeJ"'ndently. He.lC<, 
Ihe cueing information i. de~,·ered with rtfertnee to Ihe row-response 
sr:1CC1ion and the column_rt'ponse selection separately, Th. information 
concerned i. provided by the row lam?" and Ib. ,oolumn lamp. of Fig. 61 
which are illuminated al a vlU"iable interval (within the allowed iOlen'a] of 
M second.) after thup!",""'n,. of .stimulus fi gtue in Ihe alphabetic display. 

'" 

1'/0" S,$lJdy Stau or Null-Pom' T.cluriq~e 

(I (I 0 0 _"0' .. .. • ... o , • • 
.~ ....... '"','" .. 0 , • , • , 

" • " ""'""' -""-' " 

x , • ~ 

• "--" 
" 

figwt 67 C""rdi"..,. t",,,.formation 'ask >howing display and "'PO"'" 
r""ililies, 

Let j _ 'colunm· or 'row', .nd letp, be a profici.ncy index 

" .. A .. rage valLIe (f,) 

where 

~ _ 1><10'" lbe ith typo cueiog information; 

(

+ I, if ,be i,h tJlp< .... 1"''''. select.," i, comoct and P ..... Oted) 
, O. iflbe I'h Iype selection i. correct but too lale; 

_ I, iflhe j'h typ< response oelectloo ;. m"tak~" Or aboen' 

Th. value of + I in this role may, wilh advantage, be replaced by the 
term 1:.1 _ latenoy. Define~ , as lite proportion of tJ.t Ih.l elapse. before 
the 'lh Iype of cueing infannalion i, delivered to the subject. The maximum 
value of~, is M and if~, _ '1_ . run no cueing information ofthe jIb type 
i, delivered. 

The control mechanism for variable delay cuei ng sali$li .. 

~, .. CMltllnt x Time Integral (" - <Jdt 

where; is Ihe required 10>'.1 of proficiency and Ihe con,tant is. p"'iti .. 
rate term, The ,)-.tem is started in In. initial condition 'ItO) _ o. The value 

of ,/, i. defined unless or until~, - '1 .... ' 

4. 1 C10JUping T.chnlq.... Th. n.lsumplion underlying .implifieation 
by a ''lIriable dday cueing procedurt. with 6.t COlUtanl, is that lh •• ubject 
oJ"'rot .. doci.ively (to .. Iect r",ponses) at Ihe same rate thtoughout tho 
eXJ"'rimenl. Oi .. n thi .. the ~ng information can be delivered al an 
optimal (constancy·maimaining) instanl during lhe deci.ion pr~ taking 

'" 
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Tht Cyberllt:rics of Human Uaming ilM PerfoFm""c~ 

th~m. Morwver, Ibo sloadY'Slate system i,. in faet brought inlo rustonee by 
'1uilO differonl mearu . 

(a) The subje<1 i. goal..Jiruted in lbe thoroughly full·blooded = of 
enlertaining an inlonl;on or purpose .' Thai i., the subje<!'$ brain acts as a 
goncr.1 purpose compuler which exe<U1es g""l-<lirecled procedu ..... alia. 
probltm-sol"';ng prO<'tdure$, alia. intenlion.<. Generally Ihese procedure. 
are non-<loiermin istic programme, in Ihe knlC of Manna (1970) or fuzzy 
algorithm. in the ICnlC of Zadeh (197). 

(b) Under Ihe"" circumstances, lbe env;ronm~nl i •• ymbolicaUy ioler
preted aJld IClected by the .ubjoet, so,similarly. is the procciure h ...... eroles. 
11\0 subje<1 auend.1<> a fi~ld ofallenlion. The exrerimenter may delermi .. 
whal he auend. I<> by .[>t<ifying (II< a programming oreration) the pro_ 
cedure lhal he exeroteS. Also, lhe .,;perimenter may pose pfoblems as 
condition, in which thc goal is nol satisfied . BUI hc does nOlconstruct an 
inpul 10 which Ih. subject reaCiS in any other sense. 

(c) Under Ihe .. cireuDmanccs the mooled equiv.lence belw""D difficully 
and simplifiC3tion makes sense. A simplified problem is a partially solved 
problem and is Ie .. dillkull lhan Ihe uDdiluted problem, in so far as lhe 
solulion·method used 10 oblain the partial $Olution is compalible wilh Ihe 
melh<>ds realised by Ihe currenl goal di""'led pr<l<'Cdu .... 

In gtneral, Ih"e i. no guaranlee thai a simplification (partial $Olul;on) 
which "",,m. plau .. "hl< to the experimenter will serve as a simplification 10 Ih. 
subj« •. In ordor to satisfy thi$ condilion it i. n=ssary 10 have a m<>dellhAl 
replicales Ihe $ubje<f. problem .olving procedure. The cases considered 
are specially .ractable eilher became Ihe ,Ubj«I', melhod is dictated or 
because il is p"'siblelO choose an ordering of d illkulli .. (eilher one ordering 
iDd ..... ed by tbe scaler ~ or several ordering indexed hy ~,) which sY'lemali
cally simplify in respoet of ""y melhod. 

(d) The various rerformance indices, p, are inrerpreted ... estimate. of 
Ihe ....... nt 10 which an ;nlcmal·lo-tbc·,ubjeCI·hypothes;s i. confirmed or 
an internal·lO-the--.ubj«1 cdleri on aehi ",·ed . All of them a ... measure. of Ihe 
subject's dcgr« of bel i.f in th= I<:clilutlc of a ggal direct~ , i.e. intenlional 
Or purposeful, action. In addition, of course, lhey iDdex the eXlenl10 whicb 
the behaviour under this goal salislics lhe .. te,nal observer·, crileria. Bul, 
fi"l and forem"'I, they are e.l;mates of subjective quanlities and il i. a 
• ubj«li .... quantity (the .ubjccl',dcgr« of certainty) thai is stabilised by the 
SST. This poinl is obvious in conneelion with reflective m~a,ure" lik. r, a, 
Ihese make liltle sense out.id. ,ueh a fmmewor!:. 

(e) The goal d ircclednCI$ requircmcnu «a). (b), (0), and (d» .,." satisfied 
by lhe "islenec of an e.perimental contract in which the .ubject agrres to 

t. R. l.. Orexory m""pend.oUy mot .. ,ho WI>< po"" ., .. yillg , .... , ,h. bra;" uOOer 
,booo """"""",_ om ... ~If'. ~. 

,~ 

Tht Sltady Sial. or Null-Point Torhnlque 

participate. Thi. i. a nOmlati .... or game-like scheme (nol a behA"';ouml 
poradigm) which is sel up by a oommanding or programming operation 
'giving the experimeDtaI inslnlC!ions·. II i. useful to \tress lhalihe contract 
i, agrttdto by the subje<!. ·Gi,ing instructions' i, nota malter of pre .. n.ing 
a .pecially forteful stimulus. The conlraci has a semantic and a pragmatic 
aspect. The .ubject, for hi. part, agrees I<> inlerpret .ymbols in a particular 
way; namely, u members ofa field ofaltenlion. The«rerimeDie"f, for hi. 
part. agrees 10 pro,ide an SST conlroU" lhal does so as well. The subject 
agrees 10 adopt a rol., thai i., I<> oim for a certain class of goals and Ihe 
"potimenter, for hi, part. agrees 10 furni.h a coDtroller lhal win cooperale 
(in the agreed domain) by simplifying problem. po>Cd nnder the gGaI so 
!hal the subject may be able I<> keep hi, part of the contract. Notably, Ih. 
controller is designed under the assumption thaI the conlTact is kept. II 
does cooperate and is able 10 ooorerote if, and only if, the subject has the 
intention of keeping the contract in Ibe firsl pl.ce. 

(f) Though thi. "spect is tri"';al for the case $0 far cited, lhe CODtracl 
al$O has a .yntactie component. The subje<! and the controU" speak: Ihe 
same interaction language (formally an ""fro' IQrlgwge di,tincl from the 
obse""-s descripti .... memlanguage) which has defi nite grammatical rules, 
which, for .:<ample, determine whAl i$ Ihe form ofa cor"",1 respon .. or the 
conslnlction of a logical subproblem (5ubgoal) of the origioal. The g""l
directed procedu,.." art- programmed in Ihis language, Ihe rules ofth. game 
a ... staled in il. 

(g) Although Ihe Iheory does nOI demand a physiological inlerpretation. 
il i, iDlere,tiDg th.1 the <ubjecti .... conditions (a), (b). (0), and (d) hA .... 
... liable neurophysiological coDcommilan!, in man . These are de5cribed by 
Grey WaUer (1969) who is respon,ible for much of the original work (Ihi. 
paper is <SSCDtial reading). 

By way of summary, consider a subjecl as a reaclive d.,ice in r=ipl of 
. Iimnli Ihal are pure 51imuli , and no morelnan thai. 

If an audilory stimulus i, presenled to lhe subje<1 it is usual1y poss;ble 10 
record an electrical rtspo= from the specialised auditory ... gion gr the 
,nbje<fs cofle~. Th. same is lnIe of a vi,n.1 Slimu!u$, or any other, as e,..h 
stimulus e,",,~es eJe<uical re'pon..s from ... gions prorer 10 its modality. 
I n add i t i on , for each effective ,timu lu, Ihal does e,·oke an el.., trieal res pollSC • 
there i, a trarui~nlelectrical response d i=mible agai .. t a background of 
Ihe usual eleetrirnl rhythms., in the frontal region. of the cortex . Iflr""'" of 
activity art- Iaid oul in time following lhe stimul us and if th ... traces are 
inscribed in compuI" .Iorage and their values are averaged 0'.'. period 
of time in which .. vera! sl imu!i are del; .. red ($0 ... 10 .u ppr ... the unwanted 
background by canceUalion), thoD Ihe transients are aectnlt13ted. BUI no 
Olh.r changes of r<spcn'" pall"" are obsen-ed whilstlhe stimulu, remain. 
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TM Cy""rnefia of H_ ~"" <f1Id P",onIrIJn« 

distiDCI from the c:urret\1 val .... If 1M WIU/II ,-.Jue is superior, wn an 
Ir¥:Kmenl in W opposil~ ton .. il .. Ietled IU the nell Its! "alue and if IIOt 
1M nex' """""I value ~ the ItsI value. 11K procal i. itenltdlJld ;1 
chiefly limited, in~, by the ""mber oftriab 0""" which the rate of 
change In 'I (2.11 be ntimatcd. s..dla dev .... is 01>0..." ill Fit- 7'. This, lDd 

I I . y-j-j:T--c--m ._-------.., 
~l 

i .. 
• L " • , 

i 
. I 

~~. t::= _____________________________ J 
n.r- 7S Adlpti.-dy <OaIfOllod tySIcm: x, input; ~, ' ............ ; ~ kMwled&e of 
raulll; 1'.5., .......... of p«>IIItmJ; Simp. oirnpIi6oo.liOII; {t<,J). _ ,...,...... 
fw><lion (for uampIe, I if (x,J). 0: 0 it" DOl): " pmarmanc:e ir>cIa; t. $lead)'" 
sweailorion;". dil!icultyi<uk<: Ad,ad.t.ptllionrulo; .. _; 0,~0fS. 
as in conU"ol ""ct-rIn, IlOIalion. 

o ther more complex lrrangemenlJ (described in the followi", ~ionl) 
were programmed on a $pccial'p~rpose computer (plate S) a ..... U u lM:inl 
built into numerous experimental or indu,mally u!ied equipment! (Plale, 
6 and 7). 

2.1 Two variolions on Ihi,themc iDdi",te the scope of ad.pti .... regula
tion and the adapli,·c machine IU a traini,,! mechanU.m.. One variation il 
baWl upon the oode-leaming or tn.nsformation iliIl of scalOD I, aII4 th~ 
other upon a mulUdimtnSion.al r,tcady-.lale Iymm, exemplified by • 
.. ajectory ......ogtition and WFt inltrnption IItlIl. blielly dncribed in tlte 
nexl $ttIinn. 

2-1 Thu:eJlular dBplay of Plate 60. comilu in • mam. ohi",", lamp' 
whicb an turned on and 01'1" it -ariable inten>itios '0 form. confusio, or 
'noisy" back~und. T,..jectori .. of iIIuminatf<! s.i!fUlllamps, movinS from 
I.ft to right aerolol lhe: dilplay, can 1M: ,uperimpo!ied upon the: 'oo"y' 
background at various inteosit ies and thus (if o\her things .... cre equal; for 
exam pl., if all trajc-ctorl., w, .. equaUy rcoognisable) would correspond to 
varying d.gre •• of pron,;n.nee of discriminability. 

••• 

Adopti ... Tt"tldII~1 MDCltIM~ 

Th ... are ti,lt! clasles of trap-tOlY. dilfmll!; in Iheir pancr" ()f motion. 
Members ()f eadt. ctalolilte sampkd «juiprob>.bly, but each dus of ~ rajeo
tory may be prtltRled with highcr or 1o_"C1 int.nsity (th. lower the inlmSity 
for the: Ith etau, the peate< il ",1. 

The lraince " required to inlerccpl lho: wgt"t respooslble for. Irap-tOlY 
by u"'" ..... or, if need be, bolh or cwo ... mit:a! inten:epton lhal move up 
the righl_1wId lide of Ih. display. H. il ",,.,,,..j if a w&<' may be in lbe 
offi~ but ;. ",,/ told which cia" of trajectory will charactC1iae ill motion. 
Thi. info"""'tion, which i, ..... ntla.l in om", to intemopt the target at all 
and whi~h mUSI he r_i"cd u carly "" possible 10 achi ..... a provident 
intcrccption, i, g ... nered from observing Ih. firs t phase of a trajectory and 
combining lhe clues so obla;n",J with background Irnowl.dge loool tlol 
pos.<ibl. classes of trajectory (in certain variants of tlol task, also from 
positional information. furnished by the cue lamps bordm", tl1e d;'pLay, 
about rtgIoru ... loI .. targeIJ an likely to be fooOO). 

Trainin&' begiru",itll ", - 0 for alII _ I, •• '. S. A proftcietlcy measUj"¢ 
p, is computf<! with respect 10 eacIt trajectory cbss as a function of sucass 
and lhe number of inlnCeplon used up ala trW. The r=llinS p, val .... 
form the: iopttl to tighl ,ubcontrollm. that adjust \he ",. to .mai.ntainp, _ ~. 
W,lb ". _ 0 the task il quite easy 10 perform. Altho uppC1limil ofload.in, 
and il i. impDf4ible for an~ to maintain perf""" and providenl inter. 
ception. 

The adapt;'·. form ()f lhi, blIX\; of eight sleIdy,' tat. ,ubcontrollm 
contalt\S an addilional overall controller whkh poncribn ..... ratcly 
delC1mincd ,,,Iucs: e,. 10 m.a.<imise the e.p«ted. tale of incn: ... in tbe 
proouCl oflhe stabilised ~, . It is .hown in Fig. 76. In ract, it is dimcult to 
oper&le th. system in a st.bl. manner without the: adaptive control loop. 
Typical dalaare shown in Fig. 77. 

1.J An obviou, ext.oslO<! of the cod. leaming or lra.nuotrnation task 
described in ~ioll I is 10 require a student 10 dea! wil h two or mOfC 
oodin& rules ; u.y fl, and 0.. For e.ample, the I.nure or rule, 0, or 0. ;1 
a1tcm1.lf<!, bapbuardly, from o~ bI«k ()f $!x Or eight trials 10 the nexl 
(thougIt the: student il infonmd which code rule;' applk:abk aI any trial 
blMk). 

In c~n, ~he I,..",formation or cOOe n>k. it is.. of cou ..... ''''' I'ry 10 

~1WIgC the: steady-Itale controU.r for there " no . cason wbatt>'c1 to I-Uppose 
lhat 0, and n. an bom"S"nOO\ls, Thu' th.r. an two ,ubcontrolkrs, 0'"' 

I. s".,·rn<1 variatlo ... "" III<, I .. abli"C 'l~ , .... !<ave boe. «Jed r""".\roo '0 IItDt. for 
example. !.o """ of ,bern. ....... I. ti" f~",,«<y of'ppurmoc of """'!>oro of , ... 
''''jeo:l<><y ,"- iI ~,l.olO(!, .. ~ .. In pl.ooo of di",Jay iOI<""Y. 
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Tho C)"btrntlla of Human lJtuning QM p.,!"TltIQll" 

be attached to the Ion'" cited and it I. atOll possible, under these circum· 
ounces to QbWn an index of "",,«1 Mli<-f (Chaptef I), The rwity or Ill. 
rck'"UICC of Ill" ..,If-organi5&tion i. prutecd by any sd>e:me that ~nd.cn 
any dccreaoe in H, .... hich i. ufOll as. (VJtItrqlo;,,,,,r by IlIe ... gulator, COfI_ 

tingwt upon .itk' all inc:reuc: in ClllTeCt belief or a «Infl.ncy of «Ifl"f(t 

""". 10 pr3£fi<>:, schemes. of thi' tind W(lrt. wry effKti\'dy. ThcJ have a much 
wicItt field of tutorial application dian IlIe do"",in of stntaured ,kiIb 

discussed up to this point. 

", 

9 Descriptions of Processes 

A desaiP'ion. of any .on. entaib a Ian,,... in .. hiclt the ~iption is 
t:tpreMCd and .. hieh can be interprtted by OOIl\tOIk' or IOID<thio" For 
instanat. 0"" ..... describe. in natural Janaua",. the evntUll"illl on in "",,', 
room or "",,'s mind. in the St~l. in all aql.latiltol or in a motor o;:;u',~plW, 
The widespread idea that a .wi. skeleton of things mu~ Ilnt be described 
(e.g. the p;Mons of the engi"". iu cyijnden, «anlahaft, and so on). and Illat 
evenl.< become ob!rusiv. later as happenings to /hlngo i. a misconception.' 
OOen this approach is «Invenient anti losi<:Wu ha,,, achiO\'ed formal 
elepnoc by &<Jopling il. BUI there is nothin, in man or Mtu ... to .nfo~ lh.is 
,,'arid ~ and (IS particle ph)'1oicists. &monpt olll .... have found) it is 
oomelimes better to notice events fi rst ud 10 build things. eithel real or 
fictional. aro und t""nI. 

The out>tanding diltinction bctwten • slIItie description and the dncrip
l;on of a process lies in lIIe caplbillt;., lS$umed 10 ... il t in a uSCr (reeall. 
from Chapler I , lhat lIIere i. only pol~nliol information in a ducription, i.e . 
I ilenlty it ho.< • paue/n, i t does nOI hau an information). BOl h SLa I ie paLlern. 
and pr<'ce .. ,,. may represenl du$CI ordered by the writing and connection 
rul~ of a language or fUnClionu nd ... lll iol1l. For eumple. a lable specm~ 
a ... lation and abstract automala may be rcprftented by l l1>ble (for in· 
stan(:t!, Ru of section 1.2 in Chapter 2). BUI if . paLlern il depicted thon the 
processor that uses it muSl be equipped with an otd", of e~ ..... tion or I 
specially ope/aled dock (a tcelciOgfo~t progtUl) that rtcOnnitutH the 
table in ilS 0"'" otorage and refm to it . If I proom is repre5Cnted (Ihe 
specification RJJI incontraOito lhe , peclficalion Ru. fore.umple), thClt oro(1 
of operation i. eaTTil:d as part o[tbe pattern; il prescribes !be pcoceu to be 
... ."..ted directly and it may prescribe or permit many uro.otion orde~ 

I. Unl< or ~;. oal4." dIio """- _ ,he d<oafp<ioo. oI .. tie objoco> 
oDd po ........ : Illlt .... ~ .... Imf>o<uall<lpie oIoI<to:rlptioa. .§kI<rq. wtu-. 
an qJi<fMl d ipIita. _ ...- ooM.& ~ &lid _ ....... _ OR 

.ntaIy """' ...... bk. 1110_11_ ,oBooorj{191U. I97I ] ,.,.. __ .. 

........ .q.., I' ! 01 .... _..,., .... _'''''''._Il10_01 .. '''''. 
_.,..,.. ".I'a'bapo ,he bcoI .......... mil 01 PO'''''' • C ·f. ", ~ ..,., 
_ ... _ in 1-" ..,., __ (1967) and fll (1961). 
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2.7 TIle olbe. calogory of pro: . M non·llenal processes, i. a mixed 
ba,. A non· .. rial p.ocell conlain' junel"'''' al which the ord.r of c.~ccution 
i. ir .... l.vant. If il happe .. that oimuitandly involves no =jUcl (that it, the 
e~CCIlI;on of one comtn.iJtd docs nol pm:lude lho cxCClltion ofanothor) then 
exCClltion of the proce5f o:u be .... pr~nted by placing "" ..... llokens on 
positioD. that stand for commands and ",0\'1", the$< tokens INkpmdmlly 
as the commando on obeyed. Holt (1968) .... 'el1IQ oon-$<Oal prooma 0( 
this t~ .. ·OCCU~ l)'lIan.' which illM boot C8DQnicaJ f""" for .... pre
.. nling ·paraikl compuL.alion· of 0""' kind or anolh<T. The praaiption for 
a non·serial prClCe$1 of IAu Iype caD be IlC«pted by any e:<ecutive agent Ihat 
«>mprehend, Ihelanguage; provided \h'1 il i. made up from OUmd.nl lm.1l 
P'OOOSIlOrs, which lei imkpendcnUy bUll .... f"lIt syn<hronioed, Stcause of 
thai. Ih. combination of processor and inscribed prescription ;, ch&tact.,.· 
i$Cd by as many loci of conlrol u thm: arc m.a:rkor lokell< bul il hu a ... ~II 
ddiBCd uate at Illy ill$Wll of cuculion. Funh.,.. the loci 0( oo"rrol do not 
inlCfllCl toou!h lbe supcrviSOl"y syochmnisin, mochan;'", ",,'iD combine the 
III/pat"-tcly comflUled da.la al instants dclCrmined by the proscription. The 
performa= of ludl I)'$tem. has a g.ne.al intereS!; il representl r .. li ly 
quite 1".0 and p',allel processing sa,'e. lime and occa.sioMlly IpllCC. Bul 
nolhing ''ttY new emerges ... hil$t the control loci remain iRd.pendent. The 
moll. pencuatin8 lnalysi. ofpa~lel')"iteml i. P''ffi by Miruty and Paperl 
(1969). in the rontul 0(. special ..... of pattem m:ogniloin& machi"", 
(Ihe more .Ie .... ntary ~n!I of Ro5<nbktt"l 1%1 ·1'e1coptt00l', Chapler 
2. Fi&. 196). 

1./1 This type of non·serial pr~ de"oid of conllict, h ... an e~<C\Ilion 
II"tt ",thor lhan an execution rhajn. Several tokens oonld be moved down Ih. 
I,," to ,ep=1 aim\l!\.lIIeO<lI command .xeculions. For example, se,·.r.1 
properlY leotS can be (,"&luted at 0_ ud ,..,;able< may be IS$iptcd 
.. ~ ."&1 ..... Iberufler ,",Ialed and scpull.ly uuted. hrhaps lite most 
loi&QiDeant diJf .. em:e between lite scri&l and tlte (Tffirictcd) nr:>n.scri&l 
pr",,",,;' thai a "'bjnneth .. impmtlh .. rommand may lead 10 III/venJ ""uJu 
(llOOied ax di'til\Cl. ho" .. ver, unless there II II directi,'. 10 rool...,. Ihcm in 
a specific way). Wb.rCll" in .. rial .xecution, Ib~ command! are nea'S

oar, I y ... ",Ived .1 one value by a mctali ngu iSl,e ranking or maxi mum finding 
operation (Sh imu!,. 197J; Zadeh, 197J) or to yield one altCt"n.olive (by a 
biassood random oclcctioD). 

Non-dctcrmlni$tic PfOlI'"aIIlIIlOS (in the sc'"'" of Manna, 1970) ..... pre
ocriptions of tbis typt. So arc the fuzzy Il80fithms of Zadeh (1973). If 
.. CCIlled by a serial de~, tbe condilional, lead 10 a nn,.,.."icaJ scMion 
a.i!'"illy'ng grad~ of membership in a fuzzy .. t; whore." if executed in 
parallellhe fuUJ' membctl oflh. fuzzy "I, or ii' .xtremum. form a nOn· 
num<ricise<!sclution). 

,~ 

lk1trlpdOlU "f Procuus 

More inl.ratiog poWbilitics appear if. lui!.able nr:>n·sc.iaJ prescription 
i. addrcued 10 III ex=>live 1gent having III/l-·e~ loci of control thai arc not 
n= ... ,ily independ.nt. Th<'SC loci .... mosl convenienlly ... gardcd .0 
di'linci bUI inilially alyn<:lu'onou$ pr<>e:eUOtI tbal can be dlll"'n inlO 
.ynchronisation in sc far u the e:<CCIltion of a command by One of !bern 
inLoraCllwilh thccommand bci", .. ca.ted by ano~. Si~ tltc pcoce<SOt1 
ve 1>01 syachrono .... <here i. I>Ot alway> •• 1"'. 0( the ... tire I)"Ilem. M ...... 
0'''''', the cooperative and iynchrollisins inleraction!l bet_a loci of control 
amOllnt to (non·trivial} inform.tion trtnsfCt". SubjWlcth·e i.mpcn.tive 
commando, in particular, s ive ri .. to this type of inl ..... u:t;on (the simul· 
taneous exoeution of fuzzy conditionals. wb.re lite fUlZ)'sclution from one 
control locus i, lite inpul 10 • computation at lItOllter IOC\U). Let 1lI call 
tho prt>O!II obuined by eJ:li>C\lting thi. Iype of DOD· .. rial prescription a 
~I process. IS ....... tho CQC for machine p<OCtU« 0( a..pter 2. 

J Some Dd"m. 
The following ~On<urrenl pr<>Ce$l d'scriptio", aU ~ve ~no.in defects (10 
be discussed in a further volume) as they arc tailOred to luil vcry different 
appUcationl. Combinatonie n"tworn (BarralI.Torrijos and Chiarv;glio, 
1971; OUarviglio, Poore and Bamlt·Torrijol, 1971) derived from I 

oombi\lalor logic approach 10 computation, repramt both ~!CI, lICrial 
and conamml processes. Petri IICU (Prtri, 19M; Holt. (968) ve 1lightly 
IDOre ~ncraI but corrcspondin&!Y intractable. Die..., (1972) hu discuS1ed 
the mAt\C1". 

One con~a1ed (some lay 'obvioul") u.umption underli" aU of those 
pre~rip1ionl and processes. Whether serial, por~lItl, or amrvr' nll, lb. 
procc", has a ~imr/Jr!l and an ~nd; at these poinl1 any proowor does ha"e 
a well ddIned 4tQtt. 

PenonaUy, I do not 6nd ;t II III ObviOIlS thai all p!"OCC$ICS do have 
bcgiMi"" IJId .nd ... I'rocaf. COItld be ddiIIed •• """"llhi. property, or 
course, but m:my applications of lbe term 'procas· to rW activitie!l would 
be prohibited as • result orouch a ddinilion. r shall try to JUitify this poinl 
.... ,,~Il al illumating the other distinction. by ,.r .... 1100 to cxccutive agents 
less restricted Ibln most general purpose oomputen; namely, human beings 
wbo compule .,..;th oomplex. and variabl.·O<dtr principlu. 
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The Cy~rn.'lcs of Human Utunillg WId P"f"''''<l11ce 

~1"'''i''''rI"" ~fr4X Uabllily Col""",,,, 'R"~' N~' 

, , , , • 
01 Sell i .g!'riceuwor'hanMark~ 

Volue1 , , , N N N 
Q2 Marl<et value ~ter ,han Cos, 

price? , N N , , N 
OJ Sell ing Price g=rer than Cos, 

price? , N , N 
01 Ta~ch:1rged on Selling I'ricek$o 

the Coot Price, to.. Expen ... , 
02 Ta. cIt ... ge<t on Selling Price Ieso 

tbe Cost !'rice. Ieso li<pe .... , 
OJ No Tax eitbttc~ or allo"'ed X X 
D4 Tu allo"-.d on Cost Price Ieso 

the Selling !'rice. plus Eltperueo , 
OS Tuallo..-ed on M ... ket;VIlueleso 

tIl.Selling Price, plusExpe.aes I X 

Fi!",. 86 A decision logic table for ddormining la, liabili,y (ofter Lew;" 1970). 

<Ill! be compared wi th what. Whereas ihe addresste or user may be e'pected 
10 compare numbt'rJ. doe, he have Ihe ability to recogni ... more obt'u';ve 
prop«rie&; either abstraet properties like jimUar/ry or ""ncreto propenies 
like shape and colour that arc u ... d in many ordering ",heme,~ 

The dilemma i, u,,,,,lIy r=l,ed (or "mply inchtd around) by appeal to 
'well learntd ,!:ill". The solulion is legitimate enough if training in these 
, kill. i, pro,idor! before the user is asked to inttrprct the chart; failing Ihat, 
be is alm"" bound to interpret any command to do (not just the command 
associated with the decision table) as a command to learn. IrS(), the inter
pretation of the entire chan bocome'equivocal; variousoperationscoalesee 
into 'more or Ie .. wen [(amor! skill" and the chan bocomcs .-irtualty mean
ingless (it might as well be represented as a big deci,ion table). 

Suppose, for one reason or anolhe" lhat a proces& i. ",rially e.<ecu .. d. II 
is th~, possible to T.p~t it as a flow-chart. The ch~rt may nOI only be 
complox but repetitive. like any other serial programme, it usually contain, 
pam (i .e. subroutines) tIlat "'present the same kind of computalion carritd 
OUt in diffe",nl contex .. Or with d ifferent data. A ',ubrontine charI' i< a 
representation of this .tructure. It h"" elements 'hat may be either , imple 
conditional commands or subroutine. made up from many; Ihe only 

,. 

Pro«ssU IVtd Pre.cripr/o", for Action IVtd /.eilrnlng 

restriction i, that each subroutine has been deUnealtd, before execution, ill 
exr.",o (as a segment of 1imple conditional command .. duly surrounded 
by a marker to indicate its integrity and named or labelltd). Such a chan is 
shown in Fig. 87 and it can be employtd practically tlSing instrument< for 
a=$$ins and assigning parnmeter, to tepl'e$tntatioru of the subroutines. 
Plate 8 .hol>'$ One of them. 

_I 
r----------------l--- , , , , , ....... -" ...... , , , , ...... " ,,,.. .... , , .. ,. , , , , , , """", ... ~ , 
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»S",.87 Exompk of &Subroutine <han. 
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7k Cy/>trMrlu of H_ lAdml"l <JIrd I'ufor""",u 

programmer hal pm:Iirud, miglll ha\'C bren made . This set omairuy con_ 
tains the corrtCt responsoe, aul il may abo contaio ""po= possibilities 
... hich, if they an: solcctcd, indicale the uisccn« of misconttptiotlS about 
Ihe JJl3,erial in frame I. 

S. As in "'" linear "",", ,lit: .,..ehi ... preocnls "'" "adent wi,h thc cot=\ 
response 10 trial nutnbcr N (Fra"'" I). 

6. The machi"" usct, bu ilt·in dmaion role 10 dctmnine whieh f, ame 
(A or B in Fig. 90(6» ohould be: d i.pLaj'N alni&! n + J. The inpul oflbis 
<leti,ion TIM i, the e,'&I"'\1ion of (4J abo>-e. 

7. The studenl iJ asked 10 ~ontemplale tile correct respo".. information 
and (if n= ...... y) to us< it in mOO ifying hi, com'epl ofthe maleri&! in fram= I 
(trial 0), When he II.., consid.~ the matte, , uffidently, Ihe otudent indi a te' 
thai he is re:sdy \oJ reeei,.e the next frame (by p,"";oga button, or in aome 
comparable fru;hion). 

8. The m. chine soi«u lhe 1le~1 fr;1me A or B, depending upon the 
evalu.ation of(3) and the decision rule 01"(6) and prnonts illo II>e lIu.:knl , 

Ocarly, "oil' 4, 6.l1ld 8 mediate utttnal fcedhitck-rontrol based upon 
an e.,.aI .... Uon function and I decision rule that are chOW! by the pro
grammer, Steps 3 and 6 rnedi.lte lbe: internal concaj'-e fcedbKk which i. 
present oven in a linear ')'Item. 

I( tile re<pO= i. cotlSlt\Iccod ratller lhan .. Iected il is usua!to hand 0>" ... 

the evaluation and the dcci&inn to Ibe stl.Ldent. i .•. the SCuMnt is &iven 
aert.ain JIll .. (saying !>ow to woigll up hi. conslrUCled response: ..,Iali,'e 10 
tile «,m:CC J'<Sponsoe) I nd o:t\ain dirocti,... (if you f«olthat your eval .... tio~ 
is 0, go to A. if b, go 10 B). The lIudont hi",""lf .. """ t~ ..... frftm • . Tho 
important point it Ih-'l • ,ubl)'Stem of the Itwicnl ha$ bren i..,lated as. 
supervisor and oontrollor of his own education. using t he rules a nd di reeli ~es 
that are gi,'en . Thil may or may not be a good thing to do depending upon 
the studenl and lb •• ubjec:t mailer. The t:lpedient certainly does impose a 
reiLI cogniti''e bunle~. 

Several different SOI'tI of programme network may be appropriate 
according 10 the intention behind the decision rules. The ca~ j1Ultxln
sidcrcd in Fig. 90 (6) is a network structure containing' mainscream linear 
~"'" .. it!> remedial loops.. In the simpbl possible cotlditionl the 
response to frame / il en!uated u righl or wr~ and a decision is "",de 10 
solect A (for pres<nl.l.tion at trial ~ + !) iftllt: 11th response (to frame /) is 
righI, 10 se:1oct B if it i. ,,~ong. Frute A is pan of the main weam of in
scruction; in a linear programme ;t .. 'OItld be: the ,,"xl item aJ\cr frame /. 
Frame 11, on the other hand, is lhe "'rt of a ",me<lialloop B. B" B, which 
conlaill$ frame, intrnded 10 iro~ out the misconctptions about fra"", I 
manifesl by Ihe e,'ahu,lion ..... rong·. The student i. mu'ned 10 the main 
in<tructioml "r~:un II frame A only when he has . hown evidence thai hb 

~ 

l',rICUSU <JIrd P'~pll"" .. f'" Acrkm <JIrd uam"'r 

misconceptiont IlI'C ""I righl. If the evaluation IJIIl the decision rules are 
more elaborate, "'" remedial action can be mO", di~mi ... t i,,& and ,he 
programme l iruceure may ... ith advarti.l.tl". be mon: &t.ailed, For uamplo, 
in Fig. 90(~) the", IlI'C t ... 'O diff=1 SQIU of ",toedilllioop (B. B" B. and 
C, C" C,.) 0"" of"'hicb i. se:1«1ed whm the ... bjea is ' ''roog' al frame I ; 
dich OM is .. lectl:d okpend. upon how he is lOITO!I8. The U$C ofremodial 
loops is akin to. ruei"! procedure t:lleOOed over sew:ral frames. lIccause 
it i.exteooed. it can be a controlled eII.ins procedure. 

The evalu.ation and do:<:i.ion proa: .. can also be u.cd as a mental testing 
facility to determine ... hat J,Ort of individual eaclt student i1. lad 10 prescribe 
essentiatty diffC!onl form l of instruCCion fOf different J,Om of indiyid~QJ, A 
typicol progranlme network i.shown in Fig. 9O(dj, where Ihe ft,.n pan i1 a 
test seque"". for ',ming studenl$ into .Iassn and tbe remainder .. roe 10 
administer .. v~.1 mo.., or lUI linearly arranged coune< contingent upon 
cluJ membe:r ship. 11 is usual (as ;0 tltis network) 10 pro'ide melt faciUti .. 
for reassigN"g Ilt""",,t from time to time. 

In section J ,.'. prtS<'flI & lutori.l conlrol p"""'" founded on lhe tkip 
~near-programme network of Fig. 9Il(e). I I is a series of linear pr0-

grammes in whicb each Olle is addresoed to tbe inatlcation of one contept. 
From lime to time, l ies! of _pt ItlUtory i> made and, if lbe CODCIOpt has 
been ma5lered, the $Iudtnl is dirocted 10 st:ip 0'''' the ..,majning framel 
dealing with Ihil conctpt. lIena: lbe: name 'skip linear'. 

TIle first branohing prOVllffifrln were written by Crowder (1960) w/so 
abo designed the tin t teaching machines to administtt Ihom. ~bny people 
have .u~qlKntly been • • tive in this field: Galanter (1939), l umsdaine 
(1963), and Stohlurow (1%1). 10 menlion only a fow of Ihem. 

2.3 Structural Commualo.tloJt On. special !,,"ogramming to:<:hnique is 
the structural commun ieallon methOO of Hodge""n and aennet (1%7) and 
Hoog .... n (1968). Any Itudy unit (correspondi"! roughly 10 a programme 
se:gmcnl) consi'ts of tho following section,: 

1. A statement of the author', intention. Wt is, the uoottlying topic 

"" .... 
~. A ';""po;"t ... ·bioh onoOli the st!ldem and leads bim to t:lplore tilt: 

tiekl. 
1. A prnctllalion of tbe: boekIJound ma.t..w ",I ... ,.nt to Ibe COfICOpt of 

the study unil. 
4. An iOvtSligation in which the student is po!oCI! probleom .... y &ve of 

them. 
5. A w lution phase inyolving a r05po"" indicalor. This is a page con· 

taining ("y twenty) stalementS. all of which ",fer to J,Ome of tho problems, 

w 



Tk Cybern<l;CJ of HWItIm u",nu.l aM Pufor",on~ 

The .tudem 1/Icl<l.5 .ach problem in lurn and 5OIe01l 11'lomenlS l)u.l he 
believes 10 be tn>" 

6. A di5C\lmon guide. Conlin&enl upon lbc fludenf ... loctiq and not 
50lecting certain combillAlion. of,late_nlS in tile mopome indiClllor; lie i. 
dirtcted, through. nwnw of $Ugn of anal"''' to ltlidy some: of the 
'di5Cll5Si<ln commenlS' ... hicb are de!c:ribod below. 

7. 'Dircussion ctlmtnenu' ... hicb re.ncdy milOOf\CJeplions, moll., 
ambiguities. make stale"",nLS and encouf'I!C 1M stlldml to jultify hi. point 
or vie .... The commentl aha dir«:1 the 51lMknt 10 do 5OII1ffitiq by P"& 
bacI: to the probknu, the ricwpoinl. or the inunlion. 

Pmgn:ss 1brou&h Ihia l)'SICm il logical and .ystematic tnOIIgb. Super· 
fici&Uy, the $Iooent adopts a serial palb " 'hictI iI n:cordIbIe. He ia nol btld 
in the straitja<:t.et of stquential presenlation and, broadlyopeakin& tM 
wiser he .. the less ralric:tcd be will be. Wbereu lbe majority of branchi,,& 
~ ""' algorithmicin Ih. """'Ihat lbeyctlrrapond 10 serialOow· 
charU, a yrucnu:ai commUtlin.lion I'fOI'&1II"'" an only be represented by 
a coooition chart. For C1aJrIple, step (S) abo, .. il a condilion lest in .. hieh 
the required evahwioT\$ an be carried oUI in any order (usuaUy wilh 
inl<1TllpUon and $UU:king of data perm.iued) or e .. n .imulta/lleOwJy. By 
Ihe WIle IOk<n sup (7) oonlaiM unordered =lion 0, uaiJlU""nlSlatc
monts. Whether or nol tb< stlMknt uleS tbe freedom permitted VII,i" a 
gr.al deal bUI he is ~rtainly. and rightly, encouraged to do 50. 

2.4 rn.cn • ..,. Lew", Slr"",l"r.1 oomn1unication is • procedural 
.eification of a doctrine c.lIed 'discovery lu,nin,' Or C,ince undiluled 
disco,'ery appears 10 be a preny haph.urd aClivity) 'guided \lisco,'ery' and 
i. a com~omis( belween frec rein .nd the aUlhor ilarian approach. Th~ 
b.,ic idea is ex .. lIenl. Moreover. il is empiriclolly suppomble, Le.rning 
takes place if and only if the studenl is impell~d to discover a coDnoction 
bel ..... n already learned eOnCepti o. 10 corutlruct a ooncept <k ncwo. 

A. ofi.., ' Ioted. however. 'disco""')' le.min,· i, • sloppily made 00_" 
sian lhal learning is chidly a lIlAt\er of cognith'c processing ralher than 
'behaviQ\lr shaping'. A few ad,·DCaUS ofth~ principle take Ihe trouble to be 
more precise. mainly in apmIlional terms <lescribing ... hat tUlori.1 acts 
:should be perfor.ncd 10 induce discovtries, ... ther than in lerms of the 
m«banism involved. Thus. lhe work of BeOMI and Hodseson (cited 
previously) is ""e oUllWldins exctption to a ,.....aIly CI,"aiier Irwmont 
of "'hat OD canb 'discovny i:&, and Ihe "'1H'k of Belbin (1969) is anotber. 

From a cyben>tli<: point of ric ... il is hard 1000...:lone AOasUUDption lhal 
'd;'",;n-eoi is a pmpm)' of lbe mind "ithoul de1vins into lhe .ystems 
involved. This acid ""lieI .... is IpUf1ed on by • rul baard. Th .... i. no 
doubt lhal the ""'I"ili..., opc11lCiOll' .. lied 'disog,"efJ" .... '"efJ' important 

., 
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and thai Ihey are much more diffleult to c:omprehertd than 'ad'J>la~on' 
(induced by beh"'iour "'. piftg). The majorily of writinp on th •• ub.fect of 
discovery are inrendM lO ease the dimClllly, SO Ihal discovery is liclionally 
oompreberutible as a popular lagword. In lbe proceu, 'di5CO\'ery' i. used 10 

I1aJlle • scholastic laulol~ (a rose lmells Po= beau", ilhas .... -eetness; a 
mind disco,,,,, beau", it has lhe di .... ' .. .,. faculty) as a result of which the 
word faUsinto di,repute and the exce!lentw_pts. which aetualJy underpin 
the di..:o'"efJ' doc1riM. fal1"";th it. 

2.5 Bchorleunl Objt<1l_ Durin,lhe last decadeor 50 OIle """",menl 
(abo> .. all otbe1"l perhaps) has had. Alul"'J inlluence in leading pcopleto 
think clearly aboul lrainin; and edOKati"" . The underl";ns dosma i. 
'behavioural oI>.fectr.~' (Gagne. 19(2). A •• tone and iMII/licienl ~ 
the dogma ""Ids, .. folio ..... 

(a) 'ThaI the terminal mlm. of uaini,,& and leaching Cln 1>0 c.'prc:ued 
in 1trIIl! of behavioun (onu very comfllex ones; for Vlample 'IO~Uiply 
numbers A to B uoinS a .Ude rule' or 'multiply numbers A to Buling I lable 
of log:uilhms' or 'mulliply numbon ,oj to C'). It lbe .. behaviours are co,... 
reelly performed a Sludenl ·kno .... · ... bal",'", (multiplication, fo< .... mple) i. 
required of him. The ... ord ·kno .... • is placed in inverled commQ beawc of 
a rontenlion Ih~llhc piny of behaviours is all that an instructor tan know 
(wilhoul in,'ened 00"'""") aboul the stud.nt. (b) The romplex terminal 
behavioun can be broken into ,.gmentl and Ihe oorrtCt perform1Ulce of 
these smaller pi=sofbehaviour. usually induced bybehaviour Ihapi ng. i, 
a sufficient ent'y crileria for. behaviour shaping operation that inrul""los 
Ihe terminal behaviour (obviou!Jy ra) and (b) can be iterated ... ilh .. speet to 
e!lC'h behaviou!al sellment unlil ,'ery . mall piecu of behaviour "main a, 
primitives and, in principle, unlHlhere il no rf/!.idu.). 

The ... hol. gamut of method, and models ("";tb Ihe pouible e~~plion of 
structural communication) Are pgpu lady adumbrated under the rubric, 
' behavioural ob.fectivos·. Training programm .. lire .erlainly devised On 
thai assumption and olkn more or kss work (though how elfectil .. ly il il 
hArd to 1011). The plain fact i .. ho"""'.1f di"",,'ery .. taken !triou.ly then 
neither Ibe contention of (al 'ccrminal behaviOWl .... all ~'e CIa kIlo ... • nor 
the conlention of (b) 'il i. pciSible 10 .. gmenl any $kill' hold 1VI1(f. If 
di"",,·ery does JIIQJ\ a cognili", ",~nl IhCfl ..... "... and "' .... / know. in order 
10 RIppon thl. vi .... ·• how . i1udenlromprebcnd, a lUbject mailer. deacribes 
it, and explains il. True. lbe dala may oome from objecti..., ~ of ... 1t&t 
!he $Iud.nl d .... bull/tcy ""' OOIlnlerpreled Q beha"ioural record .. For 
uarnpie, pby.ically a...:l operalioot.aJJy t!lm i. a year dcal of dilferenoe 
bet.......n 'multiplying' aod 'uplainin, multiplication' lboup il may be !he 
<Ue that the .xplmuni<M is physically manifosl IS makins a mt>dtl for lbe 
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""" C)'bmwli~' ~f 1/um"" i.lamirrr and p"fannanN! 

cbosen which wiVic$ colldition (ij and (0) and i.liUly <0 .. lillY tbe Ic&i· 
timacy ""odition. The k&i' iow:)' of the topic ordtrin& for all C. ill BR arc 
tested at ... p 6 and if neomat)' BR is reYioed. (To quoce ODe c.umple, in 
Sala= Rni".·, ",lOrial propammo fOl eltmenwy logic. the...",.. of 
tbe concepts in BR.~ U fo UOO<I : propooitiollS, uuth tabl .. ; disjuDClioll 
alld ""njunction; ntplion; the conditi""""; lite biconditional; J.f1IIIIlCAlS 

and uulla tabks; infere",," lUI": predica'e logic {~DCI&l pI"!"'litions and 
'luantiJiers}: p,\"d;""le Icpc (inference)). 

It does nol matter very mIlCh wlaclilC1" Ih. topic oldenng is constructed 
by tlte3uthorofth. tutorial p'olramme Or con.ltructed by a system Inalylt . 
But it i, eurmial to the who le tch.me th.t th. ~U/lwr app,nves th. ont.ring 
and is allowed to modify it if he d., iau to do $0. 

3. The el..mentary COnceptI available to any ItUdent in the pcpu!ation 
are d.t.rmi ned, in prlClioc, blClperiena: or intuition. 10 tlloory !lIey mi,ht 
bedetennined from Itlldent dlSCOU/W. using tbe methods tilat soc:iaJ .nwe
pol~.u address to diSoOO'"Cri", saHent ",ords in .... ali"'Ian&~. 

4. Th<: fI"O(VIlIIJDI' fOIll\ll is "'01>'" in fig. 9l. Other lnanching fannatJ 
"i<llllte proptrUa ciled lido ... could be used, in particular lhe lInI<:Iural 
communkatiDfl formal. Tho: fannal of fig. 93 i, aboutlhc simplest, com. 
po.tible with the method. The maln educationalloal is &.ignaled G; Ibc 
edl>Calional pl. ~ designaled G" . '. G. and ,he edocati"""" JUbsoali 
(&, • . • '.A'iw.l .•• (rI,.. .. '.11"'..,). A one 10 one corrcspolld.na:lxtwecn 
COlICCpts and &<>&1' is lUIumcd (It.:: lUIumption i, $Cldom more thlln . tr"" 
approximation, bUI it i, made), Thus, ifibe co/ICCpl i. C·, the nG" .. G(C· }; 
similarly for thc concept C,ud Ihc ,~bcoo~pl$ C~ (so that for I .. I .. .. , n 
and] .. I, .. . ,m,. V, .. G{C.}andgij .. G(Clj). There In rough relation 
bet ..... n lev.l~ of abstraction in th. programme and theie'elsofabllraction 
supposed 10 ... i" in tbe mind ora lIude nt. 1['>' 5Iand. for 'mo~ .bltract', 
then G· > (G e (G,)) > (g . fA'Ij)) IUld similarly C· > (Ce {CI}) > 
(CE{CIJ}). How.,·.,., IlK enlire pro(VllllJDl' exislS in • lln&le 1., .. 1 of 
control.' The constit""nt TOTE "Ilia arc Ue 1 Opera!Or1lhat forna Ue 0 
WI><turcs in II>c: iltIdttIl by COCIpcnlti~n with u" J .~."'" in IlK iI..dent. 
There i. an illhe!"Cnl "uk,,"" in lite sc:bcnl<'. Whtrcas the iludenl can fann 
definite kall';"! .... (lInI<:Iures l ilhe 1=1 Ue I in hi> control hierarchy) 
lht; programmc cannot do 50. If it could, then lhtr. would be Ii .... >Viable 
relaliomhips bm"""n the G, and bct .... n gi} (not .,..,..Iy an onkrin& 
I, ... , n 01 I" . .. I ... ). FunN:' any proyamme with this propony would 
Ix real_time and on·line ~pti ... : th. adaptive pr~ being formalised ., 
• Ue 2 bo>C ,n th. I.achiq l)'Stem. n.e adapti~e prClDOlol of Steps 8, 9 and 10 
(below) is I$Omorphlc with luch a UD] 00 • . Buth docs notlCl atlh. indi
vidual level. i,e. Ihc programme iudapted only to B pcpulation of ' ludenlJ, 

2. "'(>lIn from , .. 1"1 <>peril'''' wh;"h ... y '" r<pnl«l .. lLoO object. , 

'" 

Proctsm twJ P~st:'lprimls fM ,f",k>n twJ lAarnfn& -- _., .. - - •• -, 

'. 'iI~; 

~ .. ,I ••• 
'" ~, " '-

....1·· 
1,-,1 " 

" I 
"" 

Fig/Jn 91 A branehio, programme fo,n .. ,. 

5. Conlider th. nf5t topie of tN: main topic stat.d in step (J). /t is mad. of 
subtopics. Some of these may be .Iementary """""pI> and olh .... may be 
iottodUNd by delinitio",. Fonn an ontering of Ihm '0pK:s (Fig. 94), 
startin& .. i lb thc fili i . ;n which each subtopic is represented hy a node in I 
din:ctcd graph and in wltkh ,f iii &bo\.., B. if and ol11y if, • col>«Jlt for 
"'pie B m .... be l uaiaxd before,f Is instrucled, cltilC1" a CODDOpl for topic: B 
is pan ofa concepl fo' topic:,f or lbe alui"".."t of a """"'I" for topic: B is. 
~ prttOndition for auaining. ccna:pC fo, topic A. To each directed 
edgl' (din:ctcd arc) of the ",ph, and 10 each terminal node, aMign • type 
label ac=rding to 1M type ofprocesa usod io building . conctpt for Ihe 
topic a t the node ..,bere tbe edg. terminateS. 

So far II> Ihe teaching il concerned, a type name il!lle name oflUl inst ruc· 
lion which tbe st udenl i, lI>~ed to rnrry out, on Ih. assumpTion lac hu Ii. 
Leo I mentol eporation fe, doioB 110. The Ii" 01 type name. i, re. tricted to 
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11 Learning Strategies, Teaching 
Strategies, Matching and 
Mismatching 

Le,uning depend. upon Ihe slmt.si •• usod by utudem io ordet 10 dir«t hi, 
au.otion IUId to partition Ihe educational goal imo .. parat .... bgoall. At 
OM extrtme, Ih""" .!talegin may stem ftom Ih. stUdenl him$Olf; they ate 
letlfw;nl fIrm'lie. which he briop 10 bear upon an OI:h ..... i$O ulUlruClured 
situation. AI the OI:her .xue<ne, lhe lU"ail'glco may be imposed upoo the 
student as I~l S/r(;Jltfin by a programme, a leaching de\i~, or a 
trsiniDg routine. Many mil sit .... tiom lie bet ...... o tbe<e extremes. One of 
them i$ a IUtorial con'1'fAtion in which methods of learning at\! opetIlO 
diocusoion and in which lhe 1In1.~gy II: .. Iccted as .. n:o.uIl of a compromise 
betWttD the "".MIII and lhe teachet. 

Though ItrlItesies at\! imporllJll, ;1 is also 0 .. ry 10 comider the 
$lud""t's eompel.nce in eXealling ",..t.giH of a gi ... n ~ f Of cumpl., 
an individual OiOOenl may be sood 1.1 '5eri"8 things as pam of a whole·, Or 

convtrsely, he may lui ... a Ip.dal aptilude for ·,uinging .ubproblems inlO 
""'lu.nm;". which (on resolulion) lead 10 Ih. WIUlion of a Large problem. 
There are, af cour .. , many oth ... types of eompetence; for eXAmple, com, 
potence demarcated along th. vi sulllv .... ha1 dimeru;ion or det.rmined by 
the relative efficiency of 'sho"' term· and 'working· memory. 

Certain types of strat.gy call fer cerlain Iypes of eompel.noc. For in
nance, ",m. Wltesies can best be (ot ultimalely can anly be) execuled by 
the 'halist' Jludem, ... I>crcu the tlecutioo of ather Wlt.yes rests upon a 
'...-iaI.i'ol' compel.""". By bYPOlbnil, dfe<1i'1' kUIlipg t.ab$ place ir. aPd 
ooly if. lhe individually.K1ec:tcd (learning or ,,,"chin!> wateg" I. matched 
la the stlldenl's t:Wti"l compelence. 

Su>d.OIS ar. ~J\naUy una"""" of tlteir compelence, and a f...., learning 
srudmt isllllliUty 10 !earp ... ~U. The combinalorial problom of matinl the 
....... tegy .""fa: 10 a (~y UnlwlWll) compel.""" profil. il coru.idm.bIe 
011 its cwo, bu, lhe!·. are also sptciDc facto ..... ·hiohmilital. against effCCli,-e 
"arnill8 by positivtly .nc;ouraling nmm.o.ICt. On. oflbe mOIl importanl is 
'cognitive !lxili. a I.ndency 10 &dh.re 10 an originally $OlCCled Iltotegy 
.... n in Ih. face of .videnc. shOwing il to be inapproprial •. 

Th. po,ilion i.lOm..what ditT.~nl if a I.ach.r or a t.aching prapmme 

n. 

uan/inl Slrtmg~l. Ttacltlng Srrtlrrgln Alalding QJtd MIJtItI!trlrrng 

is iruroduccd inlO the lituatiOll. beca ...... 10 far ... be (il) II: obeyed. lbe 
teachet (programme or machine) uo.urps the role af lhe ... t>dem's intmtal 
autntiol! di.-..:tinc mechanism and guides hi, Ieaming aa:ord.in, 10 a 
traclting """<It. In lhe oimplnl case, Ih. tevh;1l8 sy>l .... II: dnil'lfd On 
lbe t.ui. ef a!i",," ....... I.IY. This II: a pro,.idt:ol d .... gn provi<kd t~ are 
grounds for bolding Ihal • !ingle IITllttlY is, io 10"'" seRSe, appo4il.; for 
.... mple. ·there is only on. """ibl. stral.gy' ( ..... Iy. if ev.r. true). 'o~ 
strategy is bt-Uor lluln the olbe .... i.e. Ih.re is an oplimal stralegy' (Irue in a 
r ..... cues, 1101 •• for illlllllCC, Mlth=o (19064) on lilt Itanting). or 'e ... 
• lt3l<gy is far more cconomie&lly admin.ist.red lhan lh. oth .... llIId indio 
\"idu.al ditT .... """. luI" little influ.nce upon lite ral. or rrro(livenm a r 
I •• rning· (quil. on.n Iru. and ,.nerally nscd la justify an illllrtlClionai 
p,apm lhal il neilh .. branching nar &dap'i,·.) . 

Ge ... raIly, bo" ... ·.r. such ground. for uniqueness do nal •• ill, and in 
thiH'aSt. the dosign of an err<'Cli,·e leacltilllll)'Slem must be founded upon. 
class of WlI<gN:1.. Sometimes. one member of thi,c\au <:all be eho"l1 for 
we 00 a liven oa:aoJon " lth a Ii~n individual by an adapth-e procedUflI 
thaI employs feedback from pcrform&DDe IIlCa1IIf"tS, and 1M tike. Ir ill, 11M: 
mosr imporwtt proc:cs5 io reachinl such a d«isicn ila matehing process 
wheteby Ih.lludenl'l compelenoc is weighed up and a stra1egy is selected 
10Rlil il. MaflloftCD. lhe selof l\t1l.1<giH i$n.ol giV"'1t1 p'1",1 and i1& mem\xrl 
m .... 1 be detmnioed by B (human or mechanised) IUlorial cooftfSation or 
1M wrt alluded 10 =1 ..... In prac1ia:. also, thc<e ..... atber f:KtOfS, 10 do 
with Iltf repillian ar~nCff\ainly and !hc .tudent". motivalioo. wltkh orten 
dictal. the \1$0 of. oon'''rsaliono.ll.aoniog 'yst.m. But. wilhin Ih. co", 
,=tienal format, there must sl ill be a t.nd.ncy and e,·.n an aUlhorilY to 
maintain mal~hing. Th. comptomilC $(Ilution, a=pted by lite teaching 
1)'$l<m muSI be: Ihose Ihalen~n<kr matching .... n Ifl!tey do nol compl.lely 
st<:I1I"C il . 

1 GeotnII LtamiIIK Sltuatiaas 

As a preliminary, il is "!'OM to distinguish betW«lt performance W1l1<&iet 
<:OIlCtmcd .,.ilh the OJ.<'CUlion of • sun and lbe 1eMni"l (or leadlillJ) 
stratcpes WI build up performancuttategies (Pnk. 1969b). The arbitrary" 
cbaracter or this dislinction is IUtSSCd in Chapter 6, ,,·her. il appeora ... 
distinction bet ....... o ~II of conltal; o.amety U:r> 0 and Ur> I . 

1.1 PflfIltJlW1a Strauzla ~rformall"ulrat.&iet ha ... beep studied 
with respec! 10 I ""al many !asb. In Ih. q.OI •• t ofa perc.plu.al mOI01 
skiU, such as typew. iling or ,·.hicl. conlrol. lhe performance stmlc\JY is an 
operalional or imperal;'·. interprelatiQII of Ihe ltie ...... hicaJ orgo.nil4lion in 
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1100 C)'~n.tI'" of H~""", Lnrn/ng ~nd Ptr/orn"",,,,, 

general conlention that theories ofl •• ming .ad theories of tea~hrng do not 
exi'l as 5<:parale enliti ... There .... theories oflelt1line: Ind leaclU",; that 
i, alL 

3.1 R.Llu.- ..... TypesolStnUetY If a relation It is dacribed in lbe 
conle':! of its donWll, wn It has an apparent dImension, n, eq....:J to the 
nWllber of properties in (dacriptors 01) ill domain and In onIer or .,:licit)' 
m equal to the numbe, of p<opcrtin tbal R n«USaril)' unites. T"I>e tmlU 
~111 dimens.ion and order .... easily intcrprelllblc (in lbe casc tbat R is 
nated eAtt:.MiotWi), as • ",Met of the prodllCl of ' ..... bIes (U.) irtdtxine: 
therelated ~ies). i.e. u R l!! U, )(.,., X U. _ U" ... hen u ... tuple 
( .. I, _ ., .... ) e R l!! U" wi<fies R. MIlby (1964) prcwides atI alpithm 
for delerminine: the o~ '" oIu utMwy lubset of U" (his 'cyUnd,ar.:.:"), 
a"d generally, '" is less Ilwt II. In partlculu, foUowine: Mhby'l ~ ... of 
all,,,,,,,,,t : 

(a) if n > m (as tIlual), then R il tbe interseetion of IIlbrel.tioM 
(cylinder ... \>$(:15) of generally 10 .... ' order and di ..... nsion; 

(b) lbete will ofltn be se"o'tn.l families of 'cylinder lubstll· Ibal inl'" 
sect on II ; anyone family lpecifies R; the set of familiel p<ovides , 
red.,ndanl .pceification of II. 

Relations may abo be .pecified in a language wllm they are named by 
",·ords or d.scribed by phr~ for .umple, 'father of' or '> ' or 'til<: 
T.e.A. c)'tle' or 'A allow. B to do C' o. °happ;ness' Or 'an(¢lopc' (a clas. of 
animal, d.fined by rdations betwnn belUlVioural or phylical properties; 
the laxonomies we actuIUy .mploytd classified mylhical, Martian, crealures 
.ince the'" were necessarily unfamiliar 10 the subj(C!$). Sometimes lhe orMr 
of til<: ",lalion and the dimension of il. don ... in are c~plicit; for instalKe 
'>' has. ord.r 2 and is irredundantly specified (f~. num.rical domains of 
dimension 2: similarly, 'A alioWi B to do C' has orde. 1, Ihough Ihe 
dimension is not .,plicil), BUI, Hne:uis1icallY'laled ,.lations can be quilo 
re'pedably under_specified. II is pouible 10 lisl !.ilualions tIlat cllFnder 
happines, or ",lations supporling the antdope dWllC1er oJ l'!finirorm. 

"The", is Mthing my't.rious aboul the idea of U\ undcrspeciflcd relation. 
OD!he other hand il;S "" importanl and interesting idea. An individual who 
undemands the language in "hich the relltion is 'Llle<! can •• t • .....,natly 
specify the relation. It • given '!\Slat\!, b)' O6Icnding the n-tupk1 " 'hid! 
beloog to R and"paming lhem f.om ... tuptes lbat do DOI_ But this specifi
cation i$ tied to the Indioidual and 10 theinsUnl; i' R;s underspccltied, then 
,,(and possibl)' the \"11"" of m) il ..... iable io Ill)' gcntn.lltlttuWnt t/lat i. ind,e.. 
pendent ofin«anl$ and indi,'idll&t.. H~, il ma), be deemed prud.tnt, and 
it i. ocrtainJy quite hamolesl;, 10 reprd IUldenpecikd .. lationtt u !he open 

~ 

uarnlng SI,aug/u. r,achlng SI,alogloz, Malch/llg a..,J MUlllalching 

union of fully !lp<Cified bUI redundant .ub .. !atiol\l of powbly ;,~i.:Ible 
dimension. For example, Banerji (1970) distingullJles bel ...... n inpul 
prop<tties (ill a fi_s(rucw .. family) and flOn-inpul properties. Phrued in 
these t., .... an individ....:J """" IIOt specify all OOtI-inPUI properties llihe 
ouu«, Bill, ifbis goil is llIIIImpccif\ed, be";U use lbem and COIIld speciry 
them II some later .ugc. 

II is profill.ble to dislioguioh bet,,"eCJI two Jltljor kinds of problem_ 
..,Iving compulatioo. AI 000 ... tre:lM, probleral Ire ..,Ived by !he.wri&l 
appJ;eat;on or Iwic . outine. prodtoeed by a type (a) straugy (!«lion 2) ..... t 
the other ... tre=, proble .... arc solved by mllSlerin& these routina con_ 
=t1y ("" elT..:ti\ -ely p.raUe1compulllioa prodlOCed by I ype (e) of section 
2). Amarel (1969), takiog tbe position ofa formalist, co_i>u!he tint type 
ofproblem $OI\"fr'" a ma~mbltr ,Old the KCOIld as. dire<1o.- and. 
compiler combined. If .... make lbe oaJDII distinction in (¢tuIS of artiDcial 
intellige= and psychology, "''C can say tIIIt lbe tinl..,rt of problem ..,lving 
resembles Ihe operation ofa ptOg:rammc .... h &I N ...... U. Shaw and Simon's 
'logic theorist", w~ .... the second _t of ptobkm soh ill! resem.bl .. the 
op.=tion of an MIOciati.t IItlwork like Qujllian's(I969) 'TLC, Wlten R i, 
redundantly specified (as it is) lben the second sort of problem IOh"fr alms 
fo .... ....ru sllbgo.als at 011« ~ i, likely to lchie>-e R Illbe inlcnection of 
various families of Illbrelations. 

The crueial pcint and the reason for making this di.tinction, rather than 
many others, is lbat (in common with lOme other paiR of procuse.) tb ... 
two are i ncom pa lible. Data used by one p.ecess can not be UJC<i wi thOllt com
plete recoding and reconstruction, by Ihe other, 

If. as i. """"days generally agreed. a concepl is t<jwnod wilh • goal 
directed pr=dure, thon the disti nction d.m .. eat~ two cOnceptual1ypes, 
namely a St"rialistlYP" and. hotilllYP'" 

Consider. 1ask invol"'.g. redundanlly',pcciflod goal relation. (Nearly 
illla\h of practi~ contffn are of this Iype, u art: all oducationatla$b. 
The tasks .... d in the .. perin,.nl. wo .. designed 10 be of this type. though 
lhe form and amount of redundancy were carefully conlrolled.) 

Sup""",, that a .. rialil! and a bOO't $OI\"er both know .,.hat il ~u.ired of 
them, i.e. 10 gI"" caoonioal tleseription of the .dation and 10 we thi. 
",lation.. This condition WU also satisfied in all of the e.perimccntl. 

The oeriali<t and the bolilt problem ..,!vm ult quite different data. .... 
..naJiu is tnlbamuse<l by redundant dala, unJea il is clearly marked II 
redundant. Failing thaI, be only 111"Wi1 if he dilCOYCl"S and ,ticka to one 
irredUodaDt description of lhe ,oa! relation. and, AIKe • eanonkal descrip
tion i.to be elicit..t,1hio Olle m\lf! be the Olle tbeuperimentcr has in mind. 

B), "''''y of contrlll. h<l~11 doals co~lly wllh many desaipiiOfll, 
and ...... if aslad <0 gI'" lbe ( .. peri_nltr'l) QUIOnkai K'COUIIt of the pi 

'" 
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TM Cy!>tm./ir:3 af H_ iAIJr"["I IfItd PtrfD",umu 

stillod .x.a;ptiOll Df knowledp. To""ow .lUs poinl., comider any Ilescrip
lion of an enwlm .... mtlb. Amonp. olber dDcrip'fln, il is poKibl. 10 
~ (and '0 oblain 1M promised .. nse Df ... opi< ,t1abOfl wIIidI is '.htad 
Df' another, il is necao&ry '0 cI>oose).' \east om: descriptor wi.b the broad 
COROOlalion Df ... bordma~fsupttordi~. In ........ of ,Ais description lhe 
Iopic: ldalio,," are partially ordcml; .h.l. is,oneupeaoflhrirdeocriplionis 
panially ord..-.d and q~il. possibly tlUs ()tiIHinK 100" Ute fi&. 904. H._, 
within this ord.ring, some IOpiC relatiOlU are 'ahead or otho .. and, U I 
rule, lho loal relation is pl~ ., the top au 'head' in .his de1Cliption. The! 
....... ial point i,that Ih.re.re many desrnpliom wi,h dilferent 'heads' for 
Ih. same entailmen, mesh. In faCI, Fig. 94 i, such an ordering and it It,ll one 
intrigwng ehllfacteristic; namely, Il~y lopic could be chosen as head in 
.ome dc .... iplion of'he IIndorlying meoh. Thai is. il wonld be reasonabl. 10 

learn aboullnnh labl .. in tH'ns of .ariabl .. and connecti'·"(as in fig. 94) 
Dr. \lSing a dilf.rent ord.,ing, 10 tum abou\ ronl .. :"'i ..... in ~rJJ1$ of mnlt 
labl .. , .,.. oariablos in tmnJ of connecti ... and .nlll! ,,,,lues. 

The sororod mjuiremcnl (a moans of dciectins !he undmtaQdinp IMI 
SO Dn in aconvenation) is bcllraclded in thecoru.exl Df an.ruai ..... nl rnnlt 
lhal forms the: convenational domain; Iho 10pic or subje<"t malic, lhal is 
under di ..... >Ioion. In this ODfIlU' ..... need .. mechanisabl. , .. , for IInder" 
$!aDding. The 'mect!onic:&l' ffClui"' .... nl upon lhe .«1. 0' de.eetion de-oioe is 
chiefty imJ"""'l IO ... sure Ibat il i. ", ... 11 ddno:<!. Of CO!lf'SC, il i. tuefIL! 10 
have a moc:hanically .. ..:uted test for olb., reuRM (for e ... mp!c, in order 
'0 instnlment a full·blooded lj'$l~m nf compIL ..... au.isted ins.ruc.ion 0< 

oompILw-guided learning, or merely 10 reli.,-e Ib~ experimenler, in a 
seriously large learning Iludy, of an impMl<:.icable burden), Howe"Of, th.", 
is nolh;ng masi~ about Ihis godgclry; Ihe I." could be performed (u it II, 
in I.achback) by B humn .~perimeD'er, The "",da! issue in eilher ~ it 
whffiler the .... i, defini.i". for il il to rank as an al~mat; ••• o Turing" 
test for inlelligence;n coD",nalion (Turin" 1963, 1969). We .ball say!ha. 
.... y COQ ........ ion { ... bether be.wccn .wo men Or II man an<! II m:achiM} i. 
cl\araCltrilotd by • contigllOlIS $tries of occaM<>ns upon whi<1! llroder. 
standing is reached by II p'rxm, wilhout 100 much commiunent aboll. 
dn~ the process it ex..:u.ed (for .u.mp~, in the IeaCher's brain, in the 
srudcn.', brain, or in some ,nanima", processor). Thi< proem. mighl be 
doemed 'nl.lligeru. (iA. an insWl« of intcllcet and not i\1S1 'able 10 past 
intelli&<na: '05\0', which i •• trivial ailaion, iudr;ed either by Turing"s USt 
or our own). As. nw.~r of onen.a';Dn, I happco In call1hc putll.li",ly 
inlelligent proem. karom, and 10 no.ice that it iJ. qlli~ literally, ')'IIIbolic: 

_""itJn. 

'" 

Ln""inr SI,allf/'" T«KIt/"1I $"(JI~~i, Mal""inK and Ml4maldomr 

5 TantlJlg Wild UnUnllndi"l: 

The mc<banicall)"ltem wbic:h 1(11$ for and may abo maniJ>lll.o. •• undeT
standing in a CET exletnalisod ron'-ersation is sho .. l1 in !'bIOS I I .00 12 
(tbcsc pidure$ are chiefty inlcntkd 10 p, .•• he reader an OVCfl'iew of Ihe 
cquipmcnillied in srudies of \earninl; IWI, in this volume, 10 inform in any 
dcplh). The .ystem i. founded ILpon a theory of whal IIndc,..taroding i. 
(puk. 5<0.1., and Kalli kourdi., 1973) and lbe followins «Imme<tll in .he 
mane, «IIIS,i,utes no m~ than an orieminl outl;ne; sulfic:icnt to irodiea,c 
the !Ia,'our Df .his field of researoh.' 

S.I II i. maintained that. con" ....... ;on in B dott1llin , R (lIl.i. fying 'he 
conditions of the lUI seclion), is u.lf."'prooucing .ystcm. That if, using 
Rtf 10 .taOO for 'reproollCtion' (in .he ,ymboUc and aUlOmaton theore.ical 
~n<e as in ChlIprCf 2) and cho-nsing any IOP;C relatinn {R,) in Ron whleh 
the coo'tt$;\lion il n>Orncntarily fOC\l$lld at a &i>'eo occuion, there is • 
.... hIe eotily 

Rtp {kp (It., (JtJ)) 
..-bon: kp{JtJi .. ~lorR, 

..... kplC--t"fI - Rtp(hp(JlJ);" .. __ .rof 11, 

If il .. "'" u •• malised in a con, ... rulion. by a CET 'echniqllt .• hi. cn.ily 
would be iymplOmatisod by .. cycle of c:<pIan.1.lion (1WnC1y 'e:achback) 
consi.ting of an explanation by one participant, 19reed by Ihe olh.r, and a 
jllStifyiog .. plana.ion .l~ agreed (Ihe «Imment follow. from Our earlier 
,pecification ofwh,'an e~planalion 0, moddliog oper~tion II). Thul, if the 
«In" ....... tional panicipan.s are 11 IUld B, the fir ' t pan of Ihe equation be
comes (under.tte,c c:ondi.iollS) "Lt. G UplBnalion by 11 of R , to B and LnG 
explanation by B of It, to A' (wilh agrccmcnl) and the ne:<! part becomes 
'w I explanation by A of R, 10 B and Ltv I .. planation by B of R, 10 A'; 
.be lasI Rtp Ie"" cJotiog.hu)"Ittm and w,biUsiog ill execulion, 

ThiI 'stability' aa:ompanits (i~ tklt 10 Of gil'5 riu> 10, 11$ you prefer) tile 
effect of cognili,. HAily; i.e. il is .. propmy of such proccsscs lha. "'Mn 
e.eeultd in mpea of II givctl dOlllain they 'recogni'" and ",ject duset of 
dKWnibr procossa •• ..:utod in 1M ...... oolDlio. 

5.2 SIICb aa ~ntily .. reeu,..i .... ly opcciJ\ed ",ith rnpea '0 It" 0' in 
ge""ral, R. But It may be e • ..:utod in various p<ocessors, fo, .. ample, in a 
,.""her" " ,udenl, or a meclwtieal demo r n order 10 Dbur". Wldmrandi ng 
Dn the part of A aQd B, il i. =ir.ary (lising a CEl) '0 .x.emali .. Ihe 

4. Experime<l" uoi"ltho .r .. ..,.,...s-nbed to .... k."d Scot, umbo 1~7l). 
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TM Cy/Hrflt/j" 6/ }/~mtJn Lttrmlnt!mil Ptr/~ 

"'i", probab;li.y numbus lilal do ro/Ica his """'" 01 belief. S/lufOt'd., Masooncin 
&lid AlbM (19f;6) dori ... ,ho.-ry an.d , ufficio<nt C<lOdi,kIoo f.,... oc:orla& 
S)"tem thal..,idies ,hi< criterIoII fot tbtcuool""" __ lhowh<:rw .o 
Cl'al< • virtually irItJ<l\austlb!e "limber 01_ .ysI<rnl. 10 odoIilioft, lho)' Ji ... 
partial ...... l .. rot ,110 CUI or......., !hut ''''0 .I' ...... ,i-a.. 

An ~ ..... pIt rcoriI\C .1" .... rot tile ..... oI lWO ollerna';"" is one .. '!IkIt 
op«:ifa: 

( I) Il>atrhuno:l<tn =rivft UCO'" 011 - (\ - 1M)' poin .. if he ... i"" 1'(6) 
.. his de"", ofbolirf,lIat al'ernRlh. '.' is~ "hon it is in fa",~, ond 

(2) lilat he """,i,'os I - (I(a))' if I,u""i"" J'(Q) to a1tcrnati .. 'Q' " 'hon II is, in 
f.CI, incorre<:l, 

Thus. if ... before, tho "\ldent hat a d<~ of bolior of 0, 7S thot . Itomoll .. 'Q' 

i.cort'W an<l .. , i"",l(al _ 0·7S, hiuxl""',td """" i. 0·75 x (\ - (! - 0·75)' ) 
+ (l-2$(1 - (\ - (1-25),) _ 00811. A$Oi",io, Pl.a) I ... Ih;r.n 0' veate, than 0'1$ 
kad.,oa lo~~, ... pocted_. 

The 'ollo .. ;ng scheme (menliontd in tM ,"0 <01\ be employed fot d ... co .. of 
mot< than ,wo all<l"llOri>a and bas ,lie 1<1"", .. ", ""'" otllcr sudI sdlemeo tllal 
lbe S1udnli"s..,.,... dep«MIs only ott 1 ho value I>< usl"" 10 ,I>< COITtCI all ..... ,I .... 

Gi>UI tht"."..., ......... I'r<o:n 0 oeI of ~>d""", ahemati ... is tl>< jth allernall .. 
ODd !be _1". usiped val ... 10 II>< Ilb alkmali>" is p" this """""'" lp<CiIIet 
tllat: 

(I) if P, is """alllan.,.. equal ,0 (1- 1, ho r=i .... I + iolP, pow.. an.d 
(2) if P. is less lhaa(l-l he tffIrila - I poinlJ_ 

CooditiOd (2) prOYiIks 0 CUI ofI'point tl>ot Ji ... " poiru..:ale ftlDDinSi'l'om -I 
to + I ( ... ther ,1Ian _ <0 to + I). n" .. , rot ... tmne ........ of P"""",,, infcrml'iort 
illa!t. 1.0 any practical "!'Plica''''", th" Ioos in occu~ is i",i",iflCan'. 

'" 

Appendix C 

Fuu r Open ,lonl (Zl dtIt) 

For a lhorotlgh lks<rip1iom ,he _de, is ",r..,.«1 '0 Gog ... (1%8 "nd Zadeh 
(197)), The folIO"'i"£ note! and deflni' ions .'" chi<fty intended 10 Indicate ,he kind 
oropon'IoD .... ha,~ in mind . nd 'ownvir.co the ditl\den, _lie, ,hal lilaconcopt 
of. funy opention io lICIt. l'oeIf. fuuy (0' ... ~). 

}. fu"'l' ",,*, X 01 . un;' ..... U(I><re a ... of obj:as. .... foolnol< ott the fir" 
page of Ot.optern io Ikfino:! by" function C.(_) ot C~: U _ (10 ....... 1 I, 0) ,hal 
usi",," 'p-ad< oI.......,bentlip· lOeachdetrtem of U. n..;..eelc:meml or Ut/t.at 
an: 0....,.;.' ..... ith poIiIlv< vaJucs{C)of C.(oo) an: caIkd thc..",...,01 X. A fIaay 
...... {.-.-) bas""''''PP'''' _ ~ UODd a ~~ of",....bentlip q" (U). 
U""c;" <Ialb OOI&'ion 10 de!lp>l'e ""de. of mombcnhip, i .• . C/"- A .......tuny 
..,~ oeI io 11,,-)( i ....... lhe "";.,., (""';u.., UN. Zadolt ..... 1110 kl.1 to ....... 
p<o/>oftd inlldinitely 10'1'" unions) of <ertain '=r unl' sots. Tha, Is 

X ~ UN(C.(M)M ..-
The complrm<no of X Is 

No, X i! W(I - q"lM .. , 
The union of f~ .. y "'I X. Y. is 

Or (X. r ) ~ (.!ililX C.M P C,.(o-)J/M .. , 
wl!ere 17 is lhI: maximal optt1lor; 

(""'1 'P ... M .... v .. )~ .if.>, 

Tho iaIorxalott or fIaay .... X, r .. 

ad (X, y) ~ U,.'(C.(~) ~ C'(.)I/w .. , 
w""'" ~ ... Ito ",inimal openlor 

('"'' 'I r ~'''M'''V'')~ , if , ;;' .' 
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Glossary 

The items ~ arranged in an or<kr cond..cive (0 ,aliono! de •• lopmenl. 
The lin i~ shorl,enough I(l be $Canned rudily aDd the looked-for-item 
discovered without d;ifl(:ulty. 

Sot S A collection of WIOfIIered unitary elements. M embcnlUp ill the 
colkctioo if; wri(1tf\ 'e' SO tM" e S means 'element J i ... memlxr of oc, S', 

Sol_ X • 'portion (If. ~'(""'il~n. X C SI 'either. porno.. or or allor, 
a st1' (wril!tn. X I! S). If !he dc .... nll of subsets are specified e>:plicitly 
the clemen .. in 'l.lIeSIinn are .nclosed in bra<tets (cwlJ bnlekru, 10 
dislio&llisb thtm from ONkud .. IS u below). For enmpLe, if S _ 
(.,b,c,) then some 5Ub6<ts are X _ {~.h} and Y _ (a..,). 

Pow .. Set 'The oc, or 111 lublets of. st1 (oawally, inc:1O>diog !he mJl or 
~mply 5<1). For uampk. if S has .kmeolS {",b,c} then lhe Po ....... t of S 
is {al. {bl, Ie}, (",h). (",oJ. (b,c), (<I,b,c). Nwll. 

illlcl'!CdioD, Union If X and Yar •• ub$ets of S then X n Y j. the In,e,.. 
stctitJn of X and Y(the sublet of.l.menU of Slhal beloog to X ami 10 y) 
whilst X u Y is the un/OIl of X with Y (th e lub\t;l of element. of S belong
ing ~It~r to X or 10 Y Of' b<!1~). 

Complcm .. u " j ill ""'po« 10 S 'T'he IXImplemenl of X is $ _ X; the ~Ic· 
men" of S tbat (to 110\ beloA' 10 X. 

OIs}oJll! SoobstIs of S are liubseu. X, YeX co S, Y c: S) lUCh lbat X n Y 
isYOid.H~DCe, X ~ S _ rand Y ~ S .. X. 

ProperI)' That whieh is commoD 10 the memben of ;0. Sot! ffo. eumplt. if 
$ .. the Sotl of lhinp, X of red llIinp, then X is the property 'nd1>C$$'). 

Cut .. iu Prod""l fn . two IX more 'eI$, S;tOO T. Ih<i. Cartesian product, 
S )( T. i, tho IXIlltclieD or 111 orden:d pair< ( '.1) with 0". element laken 
f.om S. and ene from T (fo. uample. all pairs of men and women). 
Ord.r.:d pair. an: olkn called 2·tuplc.; this generalis ... for an ""kmJ Sfl 
pf" ~k""'nlJ. to ,..tuples (,I, . •• "> • S, " ... " S,. 

m 

G'-, 
Rdlllon II A ~latiot1, Ii ... n as • listin&, is a subset R <: S x T (for 
eumple, if R is 'married 10'. !ben R contains an thooe men and '"omen 
who are husband and wife). R IIUI)' also bo rep=ted b)'. QUIpping IX 
ICrie$ of liI!bgeo bet ........ the elemonlS of $ and T. In • monopmo ... 
soejoty R is. one 10 one mappinl' Qel> .... lly. R may COIISi" il> any 0 .... 
O!le; 0 .... many; many, one; or lIWIy. many mappi"llIId il may inYOlve 011 
Or only some of the elemenl$ (lbose involved .... caIkd R'I domDlIr and 
codtJmallr or ""'J:t). In go ..... I, also R c: $, x , .. x S~ and" is ~.llcd 
th.adi~ityofthco ~Iati"" (thu, R c: S " T is a 2-adK: Or bi nary ~"'Iion). 

Flm<1l ... F A kind of relBlioD; c-ither • 0 ... 10 one o r many to ODe mapping 
with specified domain. If the domain i. Its. Ihan an (Understood) Sotl Ihe 
fUDelion i •• 'patli"l' funclion. Since Fi •• pecified .. a ro!alion F <: S, " 
' .• " S,. If is the ldidly of Ih. f\l!lCtien (or. eq"'valenlly. F i, a 
rUDelion oh vatiJ.bl<'S). 

Vlriule A nlmod indexing dc"ice lhal auumes bul one >1llue II~. For 
uample, a vari.\bk u ilIal range. """I' the .lements s of S;. varilble ~ 
ilIal ratIF 0 ... ' lilt ~Ie""",u , of T. ~ valuos of u d .... ou .kmenlJ or 
S, lhe values of 0 denote tlemenlS of T; in ge.....t •• ....acr ( u, ... u.) 
of" >'Uiahlcs indeuM .1e ..... nlS of S, x , ,. X S. arid ;IS valll.lilt-and for 
,..tupla (s" .. I.) e S , ,, ... X S •. 

Class.eJ of Ftmol\oftt F~iol\S ate oI'Ien tlassified by Ihtir domaill/l1IJIBO 
for exampl., 'Boolean Funroo ... • of a variable ... uming values {(I,l f (or 
'True/FaI<e') and having possible values (O.I) ; an ;nttger.atilhmetK: 
fu""lion (of a variable with integ •• val .... ). FllII<tioD5 are AII-O CIAllified 
aa:ording 10 lhe number of v.riable. n .. d. d 10 ;!\d.x their domain, Thul 
F(Il);. a I place fUllction. 

AsoerIQri< Lot:k: (In COntrail 10 command logics and quell;on lolies 
considered in tbe leXI). A language logetlw:r wilb rulH for usage (IYOW) 
and inference (see bolo"'). Slal."",nlS in lbe lan&uage an: si"'~ ..emanlK: 
interptelatiorut; eMllI'IOILly It denOlin, relatioM and rolldiliollS WI hold 
in 0Jle or mOR Sotll. 

Propoo;Illaa p lin a IInIUIF) A Wlemeol liU " is red' or', II married 
to " atId inlerpreltd, if Itllt, ali 'S. X" or '(s.r> eRe S " r , 

"'"ital. P An adjeclive. Eqwlignificantly, !he name for I (usiWLy 
partial) fuDOtion from a set S to U e! of truth valu ... Commollly. 1110: lrutb 
,...r"",,1 is UlU~ 10 be 11.(1) (indicali"ll 'true' and 'fw') but thil il nOI 
al"'lIyl \he elK (..e, for .umple. lhe Fuzzy .. ta in Appendi. C). If II ill 
variable indicating members. J . of a "I, S, then p(u) _ Tru" 11 a OM p!"et 
pr-e<iica,. , tal.menl. me.ning thatlhe poinled al ,Iemenl has lhe p,opmy 

'" 
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'1M CyMrnellrJ of }/umon uarnitot anrl Perf"'mtlIIce 

M~Ira- MlmemlllcaJ I ........ A graph i. a l!rucnU1: coolillizl& of 
Mdu (drum IS points) and C(lnnt<:,ing <Nrs lhal ;oin .orne Of all of the 
nodes. In a rlir«l61 graplr tbe . rcs &n\ lliroctional ond oflen called e</xe •. 
Both nodes and "'t« &n\ labell'" (for <urnpl<-. nodes may "'"",,,HI 
members or a group; "'gt:<. pallts of communUtion bel .. ...,n the memo 
bers). Formally a direct'" pph is I binary ",lalicm on • !Ofl of nodes. 
Though pp/1$ a", often invok«l. ramiliorily ";th lhem ;, nOi <$Mnt;"!. 
Tho int<=t'" ....00- .bou]d COMull C Berte', T1w Tlttary 0/ GNlpM 
(Mcthueo, 1962) and B..uk..- and Suly', Flniu Graphl IDId Nr/MWis 
(McGraw·Hin, I96$). (lcxaoionaUy,,-c rtf.r to G/IIIIa " 'Itb the rne.an.ing 
gi..,n in:- I'-'y or D«isioIr "17tIoI,. Apia. ~nlc b.:Ickgroutxl kno .. '\. 
edge is ~, bul mode .. intrisued by Ou>< Theory " i ll fiDeI L_ 
and Raiffa'. GI1IIVJ anJ ~1oIrl (W iley. 1951) $Iil1 the ...... , readable 
and in/"ormali.., "'ference. 

!\tl$ceD_ Statiltltal T ...... u .... I •• ~ n,.n_al '""'''' 
The following commen'" afe .uperf\ci.al but easily upnt ... by reference 
to any elementary S!.Ii.Ii", tnt book. Th. nlNlt of a set 01 o~tiolll 
;. thei r .,-crago (Iri lllfMu.: mean) ..... h>e. The .,,,/tmrr i. an inde, of 
"",ncr about tile mean (u~ually the IItl11dDrrl dt!:;Q,ItNr. abbrcviat ... as SD 
is cited ; tru. quantily ;, the "'lUll.., rOOl of the VlrilllCC). A lignifict._ 
level (cited " , a probabilily Of I pefccnlOSC) i. attachod to lUIy serious 
COmmen, 0' finding ; tbe laual lllllucs'l( I r. I nd 0'] r. (or p'" 0-01 and 
p ... 0'001 ). Thus an assertion thaI any numerical qUlntity is lignitlcanl 
al the 0·1r. level (or 0 ,001 ~ p) means thal Ih. quanlily mighl bve 
.... urn ... this ,'alue hr>phuardly or random ly " 'ith I ~ha_ in llXXJ 
Statislioall<$lS arc emplnyed in ".,in& hYPOl h~ aboul absolute va1\ICS. 
difJ~"'"O'J belween mun values. and IUtuh (for exam ple, 'the dilTer._ 
is significanl a l the 0'1 r. le".I ·). CorrdarlOll codlide nu rtlCtuure the 
UIIdin:cted (olher lhlll random) . $$Odllio n belween quant;tic:I ; or>« 
again. correlation. ITe quoled logether wilh a properly calculll'" I.,-cl of 

significaoce. 
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