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Abstract
This papcr dcscribes an npp(oach lo modcl studcnLs.
*nowledge 8rc\9rh from novicc lo cxpcn widrin rhc
framework of a hetp sysrrm, AASYNT, jn rhe domain
or runc[onal programmiog. Thc hclp sysrcm hrsexpcrL
knowledgc about a largc solurion sprci. Tnis is ncccs_
sffy because cspccially novices ofLen producc "unusu-
al sotutions. On thc othcr hrnd, it rcqüircs a model of
thc srudcnrs' acrual slarc of domsin knowledge in ordcr
lo providc user-ccnrcred help. Thc modcl di;ünguishcs
bctwean knowledgc acquisirion and knowtcd"gc im_
pto\ement Kno\9tcdSe acqukition is rcprerenoa Uy
augmenring rhe model wiü expcrr planning knowlcdg;
regesenred as rules. The acquisidon of matrules is po;-
slb.le, too. K!-owledge improv?me is represcntcd by
rulc composilion. In üis way, üc knowlcdgc conr,aincä
in the modcl can be locared on t gradui cannnt um
lrom geneml rxial lo more spccilic rcrendr for solu_
lion fragmenE to specific caser (= exanple solurions).

l. Introduction

ModcllinS knowlcdge acquisirion proccsscs has bccn rccog_
nized,as a ncccssäry cxtcnsion b J/arxr in &,/.r, i,c., ol buö
in 

^skills 
(Andcßon, 1983, 1986, 1989; Bro*n & Burto-n,

1?!?, _9ry1 & vanl-chn, t98O; Roscnbtoom & Newcll,
1986, 198?; Rosenbloor et al., 1991; Sle€man, 1984) ro an:
swcr questions likc: Which order is rhe bcsr for a set ;f tasks
to be $,o-rkcd on? Why is informatjon uscless to onc pcrson
and helpful lo anorhcr? How is hctp and insüucuonrl m;rcrful
to bc dcsigned? Answcring rlcse queslions rcquircs hypothc.
scs aboul lhe leamer's knowlcdgc sLares and knöwledgö äcqui_
siüon proccsses. This is especialty |rue wiüin hclp a;d tu;r-
ing sy,stcms (Fmsson & Cauüier, t99O: Kcaßtcy, 1988; Sl€c-
man & Brown, 1982; Wengcr, 1987), whcrc oniinc diagnosis
o[ üe lcamers Lnowledgc is ncccssäry in ordcr b rcaci in an
adcquärc way. This diägnosis has uo bc boLh ellicicn! and väl_
id.-But to achicvcborh goals is a difficutr problcm (Setf, 1990,
l99l) because lhere is only a limirca source of informarion,
lhe lcunels strcan of acions .

'We model rhe change of knowledge wiü two models: rhe
ürcr"nal model (lNO and thc exrelndl modct (ElO. Thc lM is
an intcgmtcd pl4of Lhe help syslcm. tß purposc is ro providc
user-cenbrcd feedback lo üc strfam ol problcm solviog ac_
tions. The EM.is not a part ofthe hctp sysiem ("extcmat io ir.)
but ß desjgned to simutäle rhc knowledgc acquisiLjon proces;
ol lcmcrs on a level o[deajt, includjng protocol rnrtscj ol

verbal dah, nor available to the IM. The IM descibes thc
hypodrelical knowledge growrh ot lhe loamer. Thc EM is
morc.dclailcd..IL conlains hypolhericaj conbot knowtcdüc
and Lhus. providcs hlT,olherjcaj r€arozr for rhe tnowtcdÄc
chrnges dcscribcd in rhe IM.

.. If IM and EM aro cmpirically valid, rhen rley should pre_
dicL Lhc samc scqucncc of knowlcdgc sllßs and acrion sc_
qucnccs. So wc hopc ro achicvc x nodet af he chan|C oJ
kno.\9ledge snrcs which is usable as an ctficrenr dirg-nos,i
tool (the INO, and a dehilcd modcl of knowlcdge acquisilion
processcs (the Eleo, where both rnodcts are valid and consis_
tcnt mutually and wilh lhe ISP-DL Thcory (see nexr chaprer).

2. The ISP-DL Knowledge Acquisition Theory

For modelling Lhe knowledgc acquisilion proccss, a ücorct,_
cal posruon conceming prcblem saLving and laoming is
ncccssary which is abtc !o dcscribe rhc ihift ot rhe lcarncr
from novicc ro expcrl We hxvc inlcgraled severät cpproachcs
inlo a lhcory wc catt ISP-DL Thcliy Gmpassc-Suäiess.qro-
Dicmsorvrng-!2nvcn-!eaming-Thcory).

For thc inlormrl description of oui rieory wc usc /rierar.
chical high.t pcri-Aeß (Huber eL at., t99oi. .l-hc pmccrs is
dividcd-i o 4 rccursivc subproccsscs:'proücm pröccssing,,
''Goal Proccssing', Nonopcradonal Coal procc$sing a;d
"Opcrationäl Coal Processing" (Figurcs t-lt. nnceircprc-
scnl shlcs or dJla memorics whcr$s fansiLions rcprescnt
evcnts or process stcps. Placcs can contain tokcns which rcp_
rcscnt menl-il objccts (goä_ls, mcmory reces, hcurisrics cta..)
or rcd objccLs (cg. a solurion or a bc hrviour protocot). placcs
can bc müked wilh rags (B for border pt.rcc, FC for gtobal
fusion sct). A FG hgged place is common ro seucral ne-rs (cg.
lhe Knowlcdge Basc). Ir;asr'rtars can bc ugged with Hl iitlor hierä-rchical invocarion uansirion). This m€ns Lhat ihe
process is continued in a fresh crealed inst nce of the subnct.
Wilhin üc doLt€d boxes il js shown which olices ar. conc-
sponding placcs in lhc callin8 nerand lhc calied ncl

Problem Solving is slarted il the p Ee "ptoblem prcccsy
r'r8" (figurc l). Thc problcm solver (pst srr.ivcs tor onc goal
!ochoose our of rhesel of goals:,,dctibe;ak .

A goal may bc viewed as s 5cr of frc6 about rhc
environment which thc problom solver wants rc become truc
CNowcll, 1982). More preciscly, a goal cän bc exprcsscd as a
ptedicative deiciptian which is to be achieved bt a problem
soludon. For cxrmptc, rhe goit ro creatc a program which
lesß ü a natutal numbcr is cven,'cven(n)', car bc erprcsscd
by thc dcscription: "funcl cven - inrt n) bbol : exisrs (inar k) :
2 * k = n)". This goat is achicvcd it a prograrn is crcrrid

*Paper,l9.E presclpd qt-rhe W^orkshop wt 'uoaeung roi-,rrctllenrlnr;rio,rl.--
l2th Inremauonat Joinr C^onte"i'cc on Lrir,ci,l i'ntjli"'iäiijöÄiöi,

. Darting Harbour, Sydney, Ausrratia.24 _ 30 Äi,":;"; .jdj-J
r n15 research wäs spronsored by tic Dcu6che ForschLjn8sgcrncinschall (DFC;in rhc Spt

grint no. Mo 29213-3
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which satisfies this descripüon.
The goal is processed in the page "Coal ProcessinS"

(Figure 2). If the PS comes up wilh a solution, the used

knowledge is optimiued deductively: dcductive knowl?dq?
opumizaion- wher. the PS encouner< " similär problem. Lhe

söludon üme will be shon€r. The nel ß lelt. when rhere are

no lokens in "Coair". "Coal" and " Solutions".
In lß pa}e "Goal Prcces$i,tg" (Figure 2) drc PS checks

whether his set of problem solving operatoß is sufficient for
a solndion: oPerational? l non'operutiodal? " .

ln üle latßr case, the process is conlinued in page \on'
operutional goal prccessirS" (Figure 3). The problem can bo

decompose.d and subsolutions are composed [o a final solu-

tion.
ln tho formd case processing is done according lo the

DaAe operalional Soal prccessins Gigure 4r' A plan is

.r!;ri?ri;pd. ThLs mäy be a partial orderLd sequence or hier_

;chy of problcm soh ing operalors or hcurislics. The PS is in
favour of applying problem solving opcrators. If he rrses

heuristics a memory Face is kept. Anyway, a problem solv-
inl prctocol is gerctated. which is used in combination wiü
thc knowledge base to evahare üe oulcome. 'lhe resuk oJ

lhe erahßlion generalgs an impasse or a success. Thc result

of üc evaluadon is transferrcd back to üe page "Coal Prd_

Thä reacrion of the PS lo success iY lca\e "GoaL Pn'
cerrlng" with a solution. On the other hand lhe reacdon l.,

an im;asse is üe crcalion ot subgoals lo use we3k heutrsrrcs

lor problem solving. The coresponding problem \olving lrc'
ccsa cr€aFs heurislic-based solutions and memory lracc( dul_

in! Lhe aDolicalion ot thc heurislics. Altcr Lhäl lhc PS $il
gäerate in?uctivety a ncw operalor on the basts ot lhe mcrn_

orv trace and thc knowledge aboul a success

It rs Dosrible and necessary lo refine üc lheor) ( r'iF'i
tions anä places. For our purpose üis simplc lheor) i( 'Lti
cient. lnpbrnnr lor thc rest ol lhe prpcr is Lhc theorclrcrll)

and emDiricdily välidatcd \tatcmcnl: Ne\9 Llowled.P ß an
auired inlt at noas,e rinu dtet lhe tucrc$ful appl aLon

äf seak hiurxriri and on the basis oI mcnan t'a' (t lnl"-
matian r tü 'pJul ottly in inrysses and il it tt \vn(h'r" :'d
with the knowledge state of the PS

operaraoml Corl ProccssinA
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3. The ABSYNT Problem Solving Monitor

Thc ABSYNT problem solving monitor providcs an lconid
prcErunming envirc^ment GiEüe 5) and is armed at sup_

pofl ing not ice\' acquirilron ol lunLtional programming .on
cepts up to recursive syslems (Möbus, 1990; Möbüs & Tholc,
1990). Tho main components of ABSYNT are: a visual edi_

lor, tace And a help componcnt. T6e help compone con'
sists oftwo parts: a hypothoses tesling cnvironment, and a sct
of vbual planning les. In rt\e hJpotheses testinS entiiron'
mefu, üe learner may stare hypotheses (bold parls of the pro'
gram in lho upper worksheet in Figurc 5) about the correc(-
ness of total programs or parts üercof. The bypolhesis is: "Is
it possible to emt'cd tho bold markcd fragmen! of lhc progmm

in a correct solution?". If üe hypolhesis can bc confirmed the

PS is shown a copy of lhe hypoüesis lf rhis information is

not sufficient li) resolve the impasse, üe PS 'an ask for ntore

Tbe student's ptoposal (Figurc 5, upper hal{) for the

"even" problem does not terminate ior odd argumcnls. De-
spiie of ftat his/hcr h)pothesis Oold) is embcddable in ä cor'
rccI solulion. When s/he wanb to see the two complcmcnls
ol the hypothcsis the PS has two possibililies to uncovcr $c
complomenß. Thc PS now knows that s^c can repaü üe pro
gram by rwo subslitudons: l) =(a,0) / T and 2) T / =(a,0)
(Figure 5. lower half). This means an interchangc ofprogram
parls.

One rcason for the hypothescs lesting approach is üal in
funclional programming abxg usually cannot be absolutell
localized, and liere is 

^ 'r 
ariely of ways 10 debug a wrong so-

lurion- Hyporheses Esling leaves lhis d€cision 10 lhc PS and

thereby providcs a rich data source atloul lhc leärncr s knowl
edge sEte,

The answcrs lo thc leämcr's h)?olhcscs are gencratcd by

rulcs defining 
^ Soak-means'rclation (GMA) Thesc rules

may be \iewcd äs purc' cxpe knosledgc nol rnlluenccd by

lcamrns. lhus wc will cäll üit sel of rules tXPERI in lhc

'emarnäcr 
ol rh. ril.er Currenlly. EXPFRT contailc hl2

roles and analyzes and synlhesizos scveml millions ol

solulions for 40 tasks (Möbus, 1990i 1991; Möbus & Tholc.

1990).
tsot ad,qtivt hclp tcncration. üc E\?ERI Iulcs h3v( lo

bc äuAme;rcd l,y an ia(nat (ludent mod'l 'l\fl lhc
funcdo; ol the IM is b selcct the completion which is

maximally conrisrent wilh lhe learner-s cunenl knowlcdge

!rate. I his shoLild reducc lhe leamcr's surprisc In 3 Ir:nin um

4. GMR Rules

Tbis seciion dcsccribes lhe GMR rules which cäü bc parli'

tioneil in two \rays: ruletype (simple, composcd) vs ddld

bdre of the rules (EXPERT, POSS, INO We havc drre€ kinds

ol si4pLe tuL?s: Aorl eltrboralion rulcs. rulcs rmplcmcll'nc
onc ABSYNT nodc. and rulc' imnlcmcnring ABSY\T
program heads. ComPasite rules arc cr*ied by merging al

iersl rqo ru.ces(rve rulcs ta-rsing I colulion Composile' mJy

be produced from simple rules and compositcs A composilc

which conlains al leas! one variable which can bc bound rc a

\ubtrec is calleJ a \ henuJ. ll all variables In a Lompo' rrc cJ

only bc bound lo nodc näme\ or values ü'n lhc comnn'ilc i'
callcd a.dra,

The oüer way 1o splil thc sel GMR is the d,1/d djc ol üe
rulcs. EXPERT contajns üc expert domain knowledgc. ihc
sets IM and POSS are crcalcd at runlime and will bc dcscribcd

Now, we will providc cxrmplcs for rinple rules which

will bc dcpicßd in üeir visual reprcsentations (Tisurc 6)

Each rulo has a rule head (lcf| hand side, poinlcd 1o by lhe

|tnow) and a rule bodl (righ! band sidc, whcrc the arow is

,ari-r
rufti"t"iit
,,*a

r
I

i
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several pairs, or a primitive predicaß.

mindns tron ). The rulc head conBins a 6adl ';npl?nvata'
l,- -,ioir *trcre rtre soal is conBined in the ellipse and üe

impleÄenurion it conr-ainet ;n üc rccbngle The rule body

coioins one goat - i.ptemenraüon _ pair or a (onjuncuon of

Pl (T<- P & c) RJ: (P < A)

RU:(F< A & C)o

The two clauses atrove the line lesolve to the lesolvent below

Ä" tin". e., C ar" conjunctions "i atomic formulas P, P, and

iare utomic formulas, o is the most general unilier of P and

P"
For c\amDlc we can compose üe !'frend C7 fFigure 7)

ourollhe {?t of simplc rulc( lOl 05.Ll L?\.whcß:

nr !ftftruüirt0',ftr,Fltj r'p0h?l !2 Dlllt gnfr' PIJ gfift$ P2r&1lrt t PI)

cü ini(qul(sl, s2) cqr0f,Pl n)): lndsl, PI) sn(s), P2)

n snnom(P), P.pl)r k$triP).
D {rdlcaldc),C d)t ü-o!l(().
ö, itfi*dtgtc,rld"{Y) r*0r Fßfl) E!/ irt l0/' ,'rryrlCillp D))

isirdY) ir-oNlq i!-pa,mlX)' !fl(Irq fl

ire-non= Drimilile ABSYNTopcrstor 'if thcn cl'c
lnfnon = orirnirirc ABSYNT opcmror "-'
pjni - unnamed ABSYNT panmeter nodc

C-cl = cmPly ABSYNT consanl node
The fhst rul€ of FiSure 6 is the goal elaboradon rule El I can

bc read:

your r,,ain goal is' absdif f q rth luo subgoal' S I and

s2-
rhen leave space for a program tre€ ye! to be implemcnied

a d trule body):
tr rn rnc nexi olannine slep vou crcale rhe new toal

''branchinqi $iü tic ülree subgoals lcss lhan {Sl'
52t . difierence (S.2, Sl) 

' 
and dilfcrence {S l 52)

then the progidm uee \ hich solvrs this ncw goal will
also be lhe soluLion for thc Inrirr goJ'

Ol in Figure 6 is an exarnple of a sinple rulo r'tvl"erli'8
ore ABS1NT noclc (operabr, parameler, orconsl.anl):

It !rule head).
you main goal is bmnLhint wilh lhlc{ subgoal5

tIF. THEN, ELSE),
h.; inDtenznt an'il'th(n-eß( -node wilh lhree

con;ecuons lsving lrom Lhis nodc and leave space

above these conneclons tor ürec program re€s Pl'
P2, P3 yet to be implemented

and (rule bodr):
il rn üe neri Dlanninq slcp vou peßuc lhc godl lF
Lhcn its soluuo; Pl wilt also be al Pl in üe $lution o[

üe main soal, and
rt in üe ncxl nlanning slep yoü neßue the Soal THE\'
üen ils soluliou 12 wiil also bc al P2 in the soludon of

the main goal, and
if in thc nerl;lannina step vou peßue thc goal ELSE'

itren irs sotuL;on p: Jitt aiso be al P3 in üe solulion of üe

main goal.

5. Composition of Rules

In our lheory, compositcs represen( Imp'oved $ed up

knowledee. Toeether "iln lhe simple rules. lhey consliurle a'xioaioi'rontni 
"^ [m1 geneml planning /r.lP' to 'oluüon

iclenres to specrfic 
' 
arer IcpresenÜng complcß soluÜon

examntes. In ttris section we will definc rule composiüon
lr'*. vl." rf'e rurcs as Hom clauscs (Kowcl'k lq7a)'

then $e composite RIJ of two nrles RI and RJ can be dc_

scrib€d by the inference rule:

We cän describe $e composidon oi nvo rules lll and RJ with

a shorlhand nolrlion:

RJRItRIJ

The index k denotes the place k in the goal rec of the hend cl
Rl A nlace I is lhe k-lh variable leaf numbercd lrom lcfl r''

.i"rti i".n., Or' = Else) 'Ite s€manti(s o[ "' can be dc'

..'.itea inir'.e. irep". litst, Lhe variable in place k in thc goJl

i.- "f zu is suUstirurea uv lhe goai lerm in the head ot Rl

ae.ond the call tenn P in ihe body of RI which contains ü')
f.-rfr vaiabfe and which unifies with the heäd of RJ is re_

;lr. ed bv the body oi RJ Thrrd the unifier o is alplicd Io ll"ß

;rn resuluns in üe composed rule RU

'ts ,n evämole OI" Ll = gnuoranching{lt parml?\'

Flser. ne-nop(P I ,P.PJ': - 8m(lt.Plr'is pannfPl tmr'!l'c
Pl). C7 c:n be composcd out of the rulesel lol. 05 Ll'
L2lin t2 differcnl wavs. Two possibilrtie s are:

c7 = (o12. Ll)l . (o52 ' L2)l ' Ll)

C7 = ((Olt. Ot3' Ll)2' L2)l' Ll

6. Empirical Constraints of Rules, Schemes, and

Cases

Rules, rule chains and schemcs give rise io diflerent
ptuin l Dredirtio^s Novrces work s?Iwa ally sct n]'at

''rizuar,. 
ä* need more control dccisions shrle c{',crr\

*üi ii o,..tttrt, scl tess subgoal\' and need lcss 'onüol
derrsionslThis drffcrence is reflecled in lhe conlinuum lrom

iirpr. *r". ro schemes to specific case{ or solulion

CmPIL!olrn"0l 0\Ll,&lL2
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Wc posc üo ibllowing hypotheses:
. Ifthc prot'lem solver applies a rule which conEins a Soal
Eee and a program fragment in its head, then iiese goals may

Le wfualized and this fragncn! ;s inplcmentcd in a
continuous ninterrupted acdon sequence. Verbalizations
and acLi.ofis ale intermixed.
. lf thc problem solver applies a rule which contains
subgoals in ias body, then these subgoals may be vdl6ar2ed.

Comparing the application of a composik to the
application of the correspofidng chain of sinple rules. this
leads to th€ following empirical consequences:
. For the composite, the o et in which the parts of thc
progrsm fragments in ahe rule head aro implemenled is
indeterminate and rat prcdictable. The same is tsuo for the
verbalized goals in the goal tree.

' For lhe rulo chain, no! only the rrr buL also dre ,/der ol
programming actions irpr€dicrdble.
. The compositc is accompanied by verbalizations to a lerr
degre€. Cases should nor be accompanied by verbalizations
ar all. For the rule charn, lhc conent and the order of üc
vetbalizations ß prcd i c t able.
. Compared !o the con€sponding chain of simplc rules, the
prosrJm lrdAmcnr in lhe hcdd of üc composilc i.
programmed/rrre., becaus€ of the simpler goal strxclure of
the compositc and the smaller numb€r ofcontol dccisions.

. cycnlsfo5l = {\'crhfcqurll' '\\ ''"'/-\ lcrflirl (=1. Pl)),
ac(Lnk(=', P2r, spacc(Pl.), space(P2)l

. event\L7t= tve'b(conslän(.)), acl(consEnl{(,r
' evenrs0-I) = {veö(parlr.trrL. .r'.r. faramel( IX)'l
A < B means l.hal lhe ev.nts ol rl A a-e follo ed b) lhc

events in set B,
The emp;rical meaning of thc lems is:

. verb(Funcror(., ...,.)): the value of Functor and the insnn'
dated $sumenLs ofFunclot ue pa 

"Llt vetbal;le'
. actG;nctor): the Funclorqill nccc$arily be in plemcnrcd

by an ABSYNT nodc
. äct(Funclor(')): the Functor will be rucd.rsar'il) be imple'
menled by an ABSYNT node which content is filled by üe
argumenl value
. acr(link(Nodclr, Nodc2)): necessatily an ABSyNT lnl
wrll be implemenied bclween the FIh 'npuL ol \BS\Nl
Nodel ard ABSYNT-Nodo2.
. space(.): n?, Prrdlily a space in üc prosram nrng.n\i_
ronmcu will be rcservcd lor üe proßram fmgme ,l whr. h r'
denorcd by the argumcnl ofspace.

'lhe empirt(al predicüons ol üe {. r?4, C7 ar" /, \' 'n_
\rrained. The predicÜon is nol a scqucnce o[ evc \" I u

onlv onc set of events:
ävcnts(C?) = { vcrb(bränchingc,..r), vcrb(equ.Ll(',rr.
vcrb(orrrmcLe(.), verbtconstanl(')r. a( l(if-th. cl'cr.
ac(=1, acr$cramcrc(Y rr. act\consuntiCt) act frrarrr"_
rr\Xr), 3ct(lrnk(ii-lhcn-clse r,-)). acr(linl(if-h n-

els%,X,,. aclfünliil lhen_eliet.Pr). äcLllint(- I Y)l
ac(link(=,,C)), sFce(P)).

7. Evolutio-n of the IM during Problem Solving

The IM has üe following general featuresl

' In accordancc with ISP-DL-Thcory, the lM contrins
5implc rulcs repre\endng acquircd huL nol )cl impov'd
kno\\ ledge, and compoli!cs rcprccenung varioLs d.8rcc' Jf

' Srnce knowlcdge improvemcnl shou'd rcrr lt in 'lc l f
pcrformance, a composite bccomes part of the IM only il thc

Ps (hows a spcrdup lrom an eärl er lo a laler action (c4u(nrc

shcre boLlr (qucnccs can bc produccd b) ürc compor'l"r
the conesponding chain otsimple rulcs.
. Thc IM contains only simple rules and composites which
provcd to be plausibl? \'iLh resp€.t ro an aclion s(qucn.c rl
le3sr once, By !hrs we meJn the following:

Elccpt for ''goal elaboralion rules', lhe simple rulc' :rr,l
composires conoh a program fragmenl lll Lhcir rule heod

(F qurer 6 and 7r. Thus if üe PS applies a ce@in rule lrom
hrs-domain knowledgc. lhen wc cxpcrl lhat he 

'mllencnr'the program fragment in üe head of lhe rule in an

uninterttpted :ßfir'.[d sequencc. The orddr of actioo stcfs
within lhis seqnence is indeterninate.

wiü rcspect !o some sequcnco of actions, simplc rulcs

cnd comDositcs form four sübseß:
t. n,rt.. not contdining any frcgram lragmenls !o"

elaboralion rules") are nond€.irive wiü rcspect lo lhe aclion

scqucnce. (Bul fragmen!s ol verbaliz:llion\ can bc 
'.lJl'.1 

Lo

lhc coatrlaborstion .ules; Möbus & Tlole, laqo)
2-. Rules $hosc ll.ad mntarns a program fragmcnr qh'.1

is pän of üe linal resull produced by the aclion sequ.n.c

and which was prograrnm eÄ il 
^ 

noninlerrupted, rer'porllly
coolinuous subsequence. Thesc rules ate plaLtible *itl1

'csDect 
!o tjre aclion scquence.

r. Rulcs al'o conlaining ä plogmm lragmcnl \\hrih r' pJrl

oi fte final resuli of the aclion seqüence, but this imgmcnl

conesponds only to üc result ofa noncontinuous acljon sub_

aeqrencc inleffuplecl by oüer aclton stcps, Thesc rulcs nrc

iapldü{älp $ irh rcsFct to thc aclron se4ucnce

Ll j l0rö.Ll ul I0r,otu, Ll, rll l01.Lr,or.u Lrl 101 05.u Ll, Ll

dogft ol der
pßüdriiliry

Figure 8

Thes€ relationships arc illusüa0cd in Figurc 8 (suppressing

the location information for composilions). The rulesets are
organized in a panjal ordet which rct].ects the degree of vet
bali,ation, perfornance time, and degrce af predictabiLilj of
thc order of programming actions.

Th€ application ofcharns ofmles, which can be built from
üc rule sets containing simple nrles ..d composites, and üc
schema C7 all lead to lhe rrnr soluuonl üe not yet finished
ABSYNT program depicted in lhe head ofC7. Bul we would
expecr drflercnces n vetbali,akans a peforaün.. ti'w
For example, the rule chain built out of üe elemenß of the

sct {O1, 05, Ll, L2l should be accompanied by more
vcrbalizations and longer performance time lhan üe olher
rule chains and C7 ( in FigureS).

For example the arle.rdin (Ol, Ll, 05, L2, Ll) which
when compo.ed gcnemtcs C7 according lo /OI: ' LI)t '
(O5, . Lzlr . Ll) leads lo the prediction o{ lha sream of
evenis: evcnis(Olr < evenß(Lll < evcnl\Os, ? cv.nl'rL2'
< evenls(Lt). where:
. events(O1) = {vcrb(branching(',.,t), ac(if-lhen-else),

äLlLlinl,Lif-lhen-els(,,P1)), aL(lint\rf üen_
els9,F2 

". 
acr( link(il-Llen ctsct.P I ),. .px( cfPl'.

späc?(P2), space(P3)1,
. events(L l) = {verb(parameter(.)), ec (paramele(X)) ) ,

10r'0r,u,ull0l,6,uLrll0r.Lr,6,4ul l0l 0tLr Ll,Dl

cl.i0r.0jIr'ul
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4. Rules whose head conbins a program iragnrcnt which is

not part of the final result produced by üc action sequcnce

Thsse rules are jr.elevdrl to the acÜon sequencc
. A c/ed, scheme rewards üe usefulness of the rules in üe
IM. The credit of a rule is üo number of actron sleps ex-

Dlained bv lhis nde in the Droblem solving process ol the PS'

ihus tlre'rredit is dcrermined bv thz l gth oI he action

sequence explai eal bJ the rule and thc nwnber of its suc'
.assful aDDlicatiotß.
. Ä."oänn !o ISP-DL-Theorv, a simptc rule acquiicd by

iflDasse-dri;n leaming .an oniy be improved after irs suc-

ceasful applicalion (success-driven leaming) This implies for

üe IM tttt fu cannot at üe same rime be augmented by a new

simple rule and by composißs builL from this simple rule

Rarher, lhe possiblc composiks have to walt for incorporaüon
in rhe lM For this rcäson. in addiliorr !o üe I[.4 üere is a sel

POSS of possible candidarcs for fulure composites of lhc IM.
Comoosiles of lhe rutes used tor parsing a soluuon proposl
are g;neraled in a generate-andre$-cycle and kcpl in POSS

as cändidates. Ttrose surviving a lest phase are üen moved

inlo üc IM- So lhe IM con6ins only simplc rules and

PS \olvrn! the firs! usk
N.xr ibe comDosiLes ol all parse rulcs ate creäLed and

comDared rc the ä.tron scquence The plausible compo'ilcs

ärc 'keDt in POSS. Thet are candidäl€s ol improved

tno*ledee usetul for fulure rasks For etch plausible

composiö, üe time needed by the PS lo perform the core
sDondin aclion sequence is attached.' r r= i+J: Now ile l€amet solves thc second rask

Secon.! Test: E^ch cofiWsite in mS S is checked if
a) ir is Dlausibte w,ü rcipect lo the acdon sequencf, and

trr te ime needed bv rhe PS ro perform rhe respe{ Üve

conJnuous action sequenie is shorier rhan the time aluched

The comoosites meeting lhcse rcqulremcn6 alc put inlo

rhe lM Co;Dosilcs in POSS which are imlevanl to lir(
acrion seduen;e ol the sotuÜon jusl crüted are lelt in POSS

Thcv mirit Drovc as usrful composiles n futurc t.asl's AII

orhei coäoo"iFs violaLe üe Lwo rcquircmcnl' Tlc) 3rc

i1iope6. 6har is. composites i\plausible to hc actual

.*u"n... * .o.oo.'t"t *hrch predict a flar' tp??d) dcion

.mucncc Lhan observedt Finallv the crediß ol all rulc' in

rfi;1V which are plausiblc wiü rcqte<l to thc prcsenl acL'o'1

scouence arc uDdaled.
'setond faÄ.' Nos üe solulron ol lhc sc{ on'l u"l i'

o"r'J "iü: tc rules of Lhc IM ordcrcd bv üeir crcdrr' A

Lr r. ncencri. TXPERT rulcs are also uscd lor p sing

Second Gcnerate'. The plausibilily of EXPERT rules

shich havc iusl bcen used for parsing ir chccked Thc

plausible EXiERT parse rules at-e again pul.inlo üe IV änJ

iJ'i.o^"". on üe lask iu$ 
_perfomed 

Funhcrmorc lhc

com;siF\ ol rll actud f?isc rules are crcdled The plcr' blc

com;ovrs arc pul inlo POSS lhcy will be leslcd on tl'c nc\l

iesr'ptrase. eeäin thc time nc{deJ ior lhc coresnonJ'rE

acLio; sequenlc is stored l^iür each composlß

'rer credir. As in the fi'sl GeneraF Phase rhcy rrc '
iypothc"rze.d 3s l-he ncwly acquüed knowledge in re\pon\c r

@-

=-

@@ @o

'<-)/
-E=@en leämine, but did rrl ll.t€ üem YeL

Filure-g shows rhe dcvelopmcnl of Lhe lM during the

lmoqiedse acquisidon pro(ess we w'll crplain Figure a:

Srafl (Top of Figure 9l: Belore pcrlonning üe fir\l
programming l.ask. bolh sels IV and POSS are empty

r = 1: Now the leamer solves the first täsk

F rsl ?€rl: IM and POSS are emply, so nothing happens.

First Patse: The leamer-s solulion 1o the firsl
programming task is parsed wilh lhe EXPERT rules.' iirst Geierore: The EXPERT nr:es just used for parsing

are comDared !o th( ac0on seqüence whi(il Jlrodu(ed he
leamer's solulion, and which iq $vcd in a log ftlc The

Dläusible Darse EXPERT rules are pu( rnlo the l\4 and gel

ircair. lhese nrles are hvDolhcsized as newly a(qürrcd by üe

Figurc 10

8. An Empirical Example

For rtlusErüons. Figure l0 shows a conunuouq frugr''nL

o, thc aclion sequcnce of a PS Subjccl 2 fS2). on J prct'3n'

comoo(ißs tor which qe hlpoüesize lhäl üc leamer ü'ed
then alrcady, whcrcas POSS (onlains only composile\
which rhc PS might ha|e created as 

^tesull 
of success-driv'

Leamer'.solurionof

1. Each c<hposne in PoSS
which is plausible in lhe
presen.solu.iönsequence

- which !c!ual execu.ion
time is shoder .h!n the

is mowed from POSS .o IM
2. ErchirtelewantcohPo
site is kepr in POSS
3. AU o.her composires in

4, credit of arr Phusilrl€
rules in n\4 is uPdaled

psrseEXPERTrules

IM ordeted by credir, md (as
d@ded) wi.h other EXPERT rutes

@@=z €@

F]
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ming lask. We will resaict our allcnrion (o üc rules Ol, 05,
Ll, L2, and C7 (see Figures 6 and 7). When 52 perfo.ms üe
scquence of Figuie 10, 01, Ll and L2 are alEady in the IM
from earlier lasks. 05 is not yet in rhe IM but only in lhe sel
ofEXPERT rules. C7 has not yct been creaßd.

When 52 has solvcd rhe task, tho ?err Plütr€ (Figure 9)
slaß. Since üe only composite we look at herc (C7) has nol
been created, we only consider rhe founh subphase: Credil
updaring. Ol is inplausible with respccl !o Figure l0 be-
causc the actions corresponding to lhe nrle head of Ol are not
cor,lj.\l,oirs blut interruped. They are performed ar 1l:15:52,
1l:15:58, l1:16:46, and ll:16:55 (Figüre l0). Thus rhe
action sequence corresponding ro rhe rule head of O1 is
intenupled at I 1: 16:42 and I 1: 16:50.

Ll and L2 are also implausible. Actions corresponding !o
Ll are performed th€ first time ar lt:15:08 and ll:15:29.
Thus this sequence is interrupted al l1:15:16 and 1l:15:22.
Lllike actions arc shown a second time by the PS at
ll:16:42 and ll:16:50. These aro inrqruptcd, !m. Acrions
conesponding lo L2 are performed at I l:15r16 and I l:15:34,
wiü inlerruptions at 1l:15:22 and 11:15:29. So since 01, Ll,
and L2 are implausible, their credits are nor changed.

Now S2's solution is parued wilh rulos in üe IM and, as
nec.ded, with additional EXPERT rules (Figure 9). Ol. 05,
Ll, and L2 are among the parsc rulcs in lhis case, as no olher
rules havo a highq crcdit and are ablc !o pä.rse rfie solurion.

After the Parse Phße, the Generate Pias€ (Figu-rc 9)
stärts. 05 is an EXPERT rule used for parsing. But 05 is
implau:ibk, since its con.splonding actions were perfomed
ar ll:15:22, 1l:15:38, and ll:15:43, wirh intenuptions at
11:15:29 and 11:15:34. So 05 is not put inlo tho IM. Then
lhe composilcs of the parse rules are formed. C7 (Figure 7) is
a composite formed from Ol, 05, Ll and L2. This composite
is plaßiri€ berause it describos tho unlnterrupßd sequcnce
of programming actions from I l:15:08 !o I l:16:55 (sce Fig-
ure l0) - despite üe fact that its componenls Ol, 05, Ll, and
L2 a-re all implausible. Staning fiom the beginning of the iäsk
(at ll:14:40), the time for this acdon sequence is 135
seconds. Thus the composite C7 is slored in POSS wilh "135
seconds" atlached to it,

Affe. 52 has solved the nex! task, üe now following Test
phaso reveals that C7 is plausible again. The conesponding
action sequence (not depictcd) was performed in 92 seconds,
which is less üan 135. So C7 is moved inlo üe IMand gets a
credit of 13 since it describes 13 programming steps (see Fig-
üre l0). This crcdit will be incremented by 13 each time the
composite is plausiblc again.

9. Outlook

Furthor empirical analyses (in contrast !o e.g. Elio &
Scharf, 1990) of solutions and continuous action stIeams are
in prog.ess. The same is Eüe for th,e schßna - bosed t:,elp
gcncralion. When the PS is caugh! in an impässe for a räsk j
il is possible 10 us€ our hypolheses tesdng approach. We gen-
erate a solution proposal to lask j on the basis ofschemes tak-
en from üe IM. These schemes represent üe conlenl of thc
hypothosis now generated by üe IM and nor by üe user as

before. Thus i is possiblo to offer help which uses episodic
informalion and which was used by the PS successfully be-
fore.
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