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Absfract
Tbis pap€r describes an approacl to mod€l studenß,
ktnwledqe erowth from novic€ ro expen within üe
ftamework of a help sysrear ABSYNT, in üe domain
of furEtional programming. The help syst€m has exp€n
knowledge atrout a large solulion spac€. Thi5 is n€ces-
sary becaus€ esFcially oovic€s ofretr pllduce 'uou5u-
al" solurions, On ü€ oth€r hand. ir requircs a model ot
lbe sodents acn al saarc of dosEin howledge in order
!o provide user-cencrcd h€lp. The model disringuishes
b€&een kDwledge acquisirion and krcwt€dge im-
ptoyement Knot\/ledge arquislion ß repr€senred by
augmedting üe model wirh expen ptanning howledge
rel}resented as rüles. Tbe acquisition of malruies is pos-
nbJß. ujo. K\ovledge nprcvenent is relesßnte,J by
rule composirion. In tlis;ay. ri€ krowledie conläined
in üe model can be toc IEd on 

^ 
giü:ual contnuu^

froar genera.l ftkr lo mtre specilic rc,br'rr tor sotu.
doD fragmenß to specific car€r (= example solutions).

l. Introdüction

ModellinS l-nowledge acquislion proc€ss€s ba! been recog-
ruzed as a necessary exEnsion lo jrarz' n d?jj, i e., of bu;s
in sküls (And€rson, 1983, 1986, 1989; Brcwn & Buno.r,
1982i Brolvn & Vanl-ebn, 1980; Ros€nbloon & Newell.
1986, 1987i Ros€nblo@l et al., l99l; St€etrtan, 1984) lo an-
swef qüesdons likq Wbicb order i5 the b€st for a s€t of task.s
to be wort€d on? Wly is infoflnation usel€ss to one person
and helpful !o anorh€r? How is help and insructionäl marcriat
b be design€dl Atrsweritrg ües€ quesrions r€quires hypotb._
ses aboüt üe leüners bowledgc shr€s ard bowl€d8e acqui.
sition prüesses. This is esp€ciätty me e'lün h€lp a;d tuioF
ing sysr€ms fFrarson & cauüi€r. 1990: Kearsley,_1988; SIee-
man & Brown, 1982: w€n8€f, l98t. *her€ online diagnosis
of the leamgs *nowledge is necessary in oader ro re3cr in an
adequaE way. Tbis diagnosis bas ro be boü €fficienr atrd vat_
id But üo chieve boü goa.ls is a difficult probtem {Self. l9qo,
l99l) b€cause üere is only a limited source of informalon,
the le2trcfs stream o! actions,

We model he change ofl-nowledSe wiü lwo mod€ls: täe
i^tennl mcdel (IM) and rhe err?mrl modet (EM). The IM(des.ribed in üis paper) is än rnßgr€t€d pan of rhe h€lp sys_
em, ILs purpos€ rs to Fovide user-cen@r€d fe€dbact lo rhe
sEean ot problem solving a:tioos, Th€ EM is nol a pan of üe
help sysrem t exemat' ro ir, bul is designed üo siElulale rhe
roowledge acqutsition prcess of t€anE^ on a levet of del,ail,

including protocol analyses of verbal dab. nor availrble to
üe IM Tle M descnbes üe h),poü€ucat knowledrc
growth of üe leämer. The EM is more delailed. ft conl,n,
b'?obelical conrol krowledge ard üus provides bwoüeu.
cai r?asoar for rte bowledge changes descnb€d n lJle INI

If IM alü EM are empiricdty vatid. rhen üey sboutd pre-
dicl tie säme s€quence of lnowledge ssres aid acr,on .e-
quences. 5o we hope ro achiev€ a itod.t ot rtu .Mnge "lk@|9l.dg? $aat which rs usabte as an efficienr diapno!.
rool {rbe IM), aM a d€aded modet ot howtedSe acqu;si[on
proceqs€s (rbe EM). wbere boö mo.tel( are vaüd and cons,.
Enr muomlly and wirh rhe ISP,DL Theory (s€e nexl chapier).

2. The ISP.DL Kno*ledge Acquisition Theory

Ftr modelling rhe koowledg€ ircquistüon pro(ess. a üeoreu-
cal position conceming prcblcn sotwng aIlt) tpamng I
nec€ssary whlch rs a,ble ro Gs.ritle rhe sbfr ot rie leamer
from novrce to exp€n. We hÄve inlegrared s€veral approa€he)
inlo a ü€ory we call ISP-DL Theory 0mpass€-lucce*.pro_
bleosolving-Ddven-Leaminq-Ib€ory).

For üe inform.al descripuon of our rb€ory we use trrrfi,
chtcol highet Peti-\ets tHuber er at., t990). The process i\
divided_ioto 4 recursive subprocess€s: 'problem pr;e$,ng .
'G@l ProcessinS . Nonoperaoonal coat processing ;d
'Operarional coal Rocessing Gigüres \it. pla.et-rcVe.
sent slaßs of dala memories wh€r$s finsitions reprcsent
events or proc€ss sreps, Places can conEin bkens wliah retr
re!€nr Elenlal objecrs (goals, memory Faces. heuruücs er.)
or r€al objecE (eg. a solution or a behavrour probcol) ptaces
cair be müked *1ü raSs {B for border pta.e, Fc for gtobäl
fusio-n set). A FG 6gged ptace is commoir o severa.l neis reg
the Knowledge Base). fiarrtrorr can b€ lagged ,riü HI rlil
lor derErctuca.l invocaüon üansiüon). Thi5 means Lhat öe
process is continued in a fresh crelted inslance of tl€ subnet.
Wrüin üe doüed boxes il is sbown wbici ptaces ar€ corre-
spondin8 places in rbe callhg ner and rhe c.lt€d net. Shäded
ransido$ and places arc of concem for üe IM,

Problem Solviog is saned itte Blge ptoblen prcccss.
rng" (fiBure l). The probten sotver rps) srdves for on€ goal
to cboose out of üe se! of g oals: "dalibeturc'.,

A goal nay be viewed as a s€t of facts aboul tje
environme which lbe probledr solver wänls lo b€come rue
fNew€ll. 1982). More FEcis€ty, a goat can b€ expressed a5 a
pt.ttcative desciptioI wtich is ro be achieved by a probtem
solurion. For example, Lhe goal to fieal€ a pro;ah wbicn
lesls ü a na ral numb€r is €ven, 'even{n) . cim be expaess€d
by üe descriprion: "firDcr eve. = (nAl n) bool : exisrs (6ar k) :

'Pap6 to be pr.s€ntcd ar ü€ AAAJ. 92 sm
varct zs.zri rcö2.'sÄiord üni"e"ßd,itl;6ä- *-"** ^**

. sfrnsored by üe America Aslocialion fc.friifrcat hreutqencerDts rcsearct was sponsor€d by rh€ Deuvhe Fors.ruogssemeinschafaoFb) ;;;Säinorrt€d8e psychotoSy under
sram no- Mo 2923_3
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2 . t = tr)". This goal is achieved if a Fogram ß crüred
which sadsfies lhis d€scription.

TLc Soal is proccsscd i üc We "Coal Prcustiag"
(Figure 2). f üe PS comes up wiü a sotution, ttre us€d
howbdge is optimizcd d€duclively: d.dunr. ho\tbdg.
opb?dration. Wben üe PS encouters a similar Foblctr! tüe
sohriotr time will be shorler The net is left, wh€n ü€tE an
ao toüehs id "Coali', "@ar" efi 'Solutiont".

b üe We "Coal PrcccsssrnS " Gi$re 2) üe PS chects
c,hcther his set of probleD solving cpeaalots is sufficicnt for
z so\tliaat " o pe mt ioaal ? " f @ i-o pe m ional ? ".

Io tbe latEa cas€, the Focess is conlinu€d iD page "ror-
oryntiotal eool procetsing" (Figüre 3). Tbe problen can be
decooposed and subsolulio s :rrE codpos€d io { fiIrll solu-
tion.

Ir lb€ formcr cale processing is &ne accordbg lo tbe
I4gE 'op.ntio^al goal proc.sti^g" (Fi8ur€ 4). A platr is
qrrl6a?d. This rnay be a panial dd€rrd se$ence 6 hier-
lrcby o{problem solving operators or heurisrics. Th€ PS is in
faroür of epplying probl€n solving ollaators. II he uscs
icüistts s m€m6y lrre is tepr. Anyway, a I'obbo solv-
ing probcal is gerllral.4 wbich is uld in coDbiration wiü

th6 krcwl€dge har€ to wafurt th. ou.lfxf,ß. The rcsuLt oJ

tha avaluation Eenetateg & impesse or a success. The rcsüh
of üe evalüatioo is Fansf€rred h*k to 6e r4ge 'CoaJ Pro-
casshg".

TE raattion ot üe PS to JücarJJ is: lele "GoaL Prc-
ccsshg" wlth a solutiotL On üe oüer hatrd tDe rcetion !o
an i[rpesse is thc dEalior of srbgoals lo lsa we€k heuristics
for Foblem solving. Tbe cüresDonding Foblem solving Fo-
cess crEaEs beoristic-bos€d solutioDs aDd dremory l'&es dLn-
ing the appücation of the heudslics. AJler |bat üe PS will
gctErate hdüclively a aew oparE.or oo the basis of the nEm-
oq tsr! and lh€ howledge about a succcss.

Ir is lossible a[d ncaessary b re6Da the tteory's ransi-
ühs end pla.es. For our puposc rhis simple ümry is suffi-
cieDr lDpoauDt fa the re$ of tDe pop€r is üe theoretrcally
and €Dpiricdly validarEd sl,,eD€fr: New ,^ot\'lzdge i ac-
ql/it..l o^, at itnpass. titn2 ql1er thc stcc.ssi/l applicorian
of wedl. htuiJ'ics and o,1 th2 ä,,tk of n nory traces. I^loL
natbt is h.W o^ly il hpass.s add if I is synchtoni.ed
wirh u bto8thdg. ttat. o|th. PS.
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3. The ABSYNT Problem Solving Monitor

The ABSYNT problem solving monilor provides an iconic
ptogrearning e^yitonru^t (Figüe 5) and is aimed ar sup-
poning novices acquisirion of funcrional progrrmmjng cd-
cep$ up io rcqrsi\€ sysrems (Möbus, l9O; Möbus & Thole.
1990). Tü€ nain €omponenrs ot ABSy]\tT aft: a visual edi.
lor. üac! and a help component. The hzlp comrya.nr con-
srsß ol t*o pa4s: a blFrhescs Estin! envfonsrenq ard a s€t
of visuai plrntr'ng rules. In üe ä)porr"r€r ,esti^g eNion-
zrnr. lbe leam€r may siarc bnoües€s rbold pans öt Lbe pro-
gräm in th€ upper worl(sheet in FiSure 5r about üe corr€cc
rcss of tocal FDgraDs or p6ns üerEol Tbe byDoüesi! isj h
ir pc$ible ro @bed ü. bold !ürt(!d frapeni öf Lb€ prcgran
i! a cofl€cr solurion?'. lI rhe hyporhe$s cän b€ confum€it üe
PS is sDown a copy of üe hypoüesis. If rbb inforüadon $
mt sufficie to resolv€ lic impasse, Lbe pS can a\k for morc
i!tomarim.

Tbe studenr's proposat rFigue 5, urDer bat0 for ü€
'evetr" probho does nor emlinal€ for odd argurn€na. De.
sp € of rtral his,/ber hypor[esis {botd) is enbeddabte in a cor-
rcd solutiotr. Wb€n s/he wan6 to s€e tie two cofiplemenß
of the byDoühesis ü|e PS las rwo possibiliries ro uncove, üe
complemenß. Tbe PS now loows üar Vh€ can rcpalr rhe pro-
gräm by rwo subsritutions: t) ia.O) / T and 2j T / =ä0)
fFigure 5, Iower balo. Thrs msns an intercbanSe of prog;;
pans.

One €ason for rh€ h'porh€s€s resung approaci is ttat in
runcuonal Fo8rannflin8 a bu9 'dstß]Jy (anot be absoluzty
lr@14r4 and tlere is a vari€ry of ways !o debug ä *rong so_
luüon. H)?orheses Esung l€av€s thrs decision io üe pS änd
Ocr€by provid€s a rich dara source about Lbe leameis bowl_
edSe sle(e.

Tbc answeas to the learner's b),porües€s are genera@d by

rules defining a goak-r,ea^t-rebtion fCMl). These rules
ftay be viewed rs "pure' expei lglowtedre nor innuence.t bv
le3rrllng. Thus *e qill cal üis s€r of nies EXPERT in Lh;
rcmainder of Lhe paper. Cunendy. EXPERT conBins 6.1:
rules and analyzes änd synrhesizes s€vera.l mruions ot
solutions for zl0 @sks (Möbus, 190; 19lr Möbus & Tbole.
1990).

For adaprv. belp generaüon, rhe EXPERT rutes bave to
be aügmenEd by dt iitenal srudenr model (IMr. The
funcllon of üe M is 0o selecr üe comptetion which ß
nlarimälly corJr$?r, yith üe lerrner's culreot bowtedge
slalE, Thrs 9öodd re(fuce rhe l€amer's sufpri.se ro a mimmum.

4. GMR Rules

Tbis section desccribes the CMR-Iules which can be pani_
tioned in two wayst t1ll.rype (simple. c@tpos€dr v\ ahra-
,cr€ of üe des TEXPERT, POSS. IM). we bave ür€e kinds
of sittplc tr/lai: g@l eleborarion rules, rules rmpl€menting
one ABSYNT node. and rl|tes inpt€menhg ABSyNi
program heaals, Conposite tulcs are cr€a@d by merging at
leasr two successive rutes parsing a solution. Composiris iray
be produced lro'l sünpte rutes and cmrposires. Ä composrü
whicl conrarns ar least one variable whicb can be bound lo ,
subuee is called a rc/razra. If all lsriables in a comporrc cänoü be bound to node names or values, iheD üe composite is
called a caJe.

The oüer way to splir üe ser cMR is rhe darr raff of üe
rules. EXPERT-conhins üe expen domain bowt€dge. Tle
s€6 IM and POSS ar€ 6rar€d al rundme and sill b€ de-scrib€d

Now. we will provid€ elamples fcr rr'rpk rllles whicÄ
wiü. b€.de!ß€d in üeir vrsuat repr€senbribn5 GiSure 6).
EeD rule has a ft& ,r"dd 0efr hand sde. poinßd 6 by üe
atrow) ud a ru1, ,o4, rdgbt iand si&, wiere r.be arro* r
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poifling fron). Th€ ßle b€ad coa@ ß a goal -inphnznta-
trbr - par'. w[€re rhe g@l is cortÄin€d in üe €[ip+ änd rhe
iEplemerllrion is conbihed in ü€ reclrngte. Tbe rub body
contains one 906l - implemeoCation - pair or e coojunctioo of
several pans, or a priDilive p!€dicate,

6 C.r onr tnr cnr

The fir$ rule of Figure 6 is üe goal eiaborarion rule El. h cän

t (rule h.aö:
your [lai! gosl is 'absdiff eirh lwo subSoats S I ard
s2.

üetr lea,e space for a prognm tree yet to b€ implemented
and (tule body):
If in üe nexr planning sEp you creale üe new goal

'bränchitrg" witb üe ülee subgoals "hss_üä (S l,
S2)", 'ditreEnce (S2, Sl)", and 'diffelence (S l, S2)',,

lban üe progtam u€s whicn sohes üis new goal will
also be üe solution for the main goal.'

Ol in_Fi$m 6 is aD €rrmple ot a sim/€ .ll,te. in?terz^ti^g
ow AISYNT Dode (op€raror, prametei. or conslailo: -

It (ruL head):
yourilaitr go€l is "branching" wiü rhr€e sub8oats
(IF, THEN, EIJD.

It€o irpt ,r r, en 'if-then-€b€hode with thr€€
co rccaioß lceving Aoo üis nodc, and leavc space
,bov€ thcs€ conoections for ür€€ progran üeea pl,
Ht. P3 y€t !o be ilrlptenenled.

d(ruLbodr):
if in üe ncxr planDiDg slrp you p.rsue üe :oal IF,
rÄdl its solurion Pl will also be aa pl h üe solorio of

rb nah gool, aDd
if in üc ocxr pleöiDg sLp you p€ßue üc Soal THEN,
rt co its solurion P2 will also be d p2 in l,hc aofuüon of

dE mah goal, ard
if h rhe oext planninS slep you persüe üe goal ELSE
rt!.n irs solution Pil wilt also be at p3 h üe sotürioo of üe
DaiD gosl.

5. Compocitioll of Rules

In oy th€ory, cmp6iles rEFEs€nt inl|rortd sp€d-up
howkdge. Togcüer witb rlc sinptc otcs, ihey ccnsüute ä
truruel co tiauum from geDeral pLnninS ru/rJ to solution
Jcirnurr4 b specific caraj r€prEsenriDg cmdcE soluliotr
cr.oplcs. In täis secrio wc wilt d€fia rrjlc cooDositiotr.

- If !l'e view üe nrles as Hom claüses (KoJatski, l$9),
tü€o üe coEDosire RIJ of lwo rrltq3 RI and RJ caD be de_
saribcd by tbe infderEe rulc:

RJ: {P <- A)

RU:(F<- A & C)o

Tbe two clauses above üe line resolve to tbe resolvem betow
tbe line. A, C are €üjuncdo.rs of atomic form0las, p. p, and
F are atomic fonnulÄ. d ts rhe Elosr general unifier ot p andP-

For€xample we can compos€ the rcturu C7 (Figüre 7)
ou! of ihe rsr of simple rl,les (O l, 05, Ll, LZ ) , whete:

0: Flh tudf]1tLEt'.iE,$Pl n PJ.r ' XE.ll.D..plld { lxflqr Dj

G plqdlsl M),q-lotlPI P3))r pl$.Pl).@1S:,P:)'
U [d&ld n. P.d)..ß.'Idn
12 ploo(C),Cd)tü_oü{C).
O: pillldr$qüjrFm f. oiu,Cl, FnlXl. flr...ErooE.tsü ).ü r it _\ !.. ? , .

s.JndY), r-oßlc) ryd8. ldltrE. P)

it€-lop = Fimirive ABSYNT operator "if-rben,els€'
cq-pop = priniriv€ ABSYNT oDeraror "='P-pl = uDnamed ABSYNT D;amere, nodeC-cl = empry ASSYfIT co;slarr nod€

W-e caD. 
^desaribe 

üe composition of node implemenung rule,
RI and R wiü a shonhrnd noladoDl

Ru-zukRI
The iDder k denoCs üe plaae k iD üe go€l Eee of üe bea.t ot
RL A place k i! üe krä r"liabte leaf nl[rbered fto[l l€fi lo
right (e.9.: Ol1 = Eke). The s€manrics of "r can be de-
sdib€d in üße 3lEps. FtusL th€ variabte i! ptace k in üe goal
Erm of RI i! subsritur€d by thß g@l lersr 

_in 
üe head oiRJ.

Second üe call lerm P in üe body of Rl whicb con@ns üe
k-ü veiable aad whicb u fies with the head of RJ ,s re-
placed by üe body of R . Third üc unifier o is atplied ro üß
tEfln rEsulting in tie ffilpos€d rule Ru,
_- As an el,mple Ol2 . Ll = Futh-anching{Il p€rn(p).
Els€),- ile-pop(Pl.P.P3t:. gmrilf,pl),is_])artr F), gtrv(Etse.q|). C7 can be coc|pced out of t[e rüi€s€r lot, 05, Lt,
L2 )in I 2 diffcrenr ways. Two Dossibiliri€s are:

c?= (Olz . Ll)r ' ((O52. L2\ .Ll)
qt * ((oll . o5)3 . Ll)2. L2\ . Ll

6.. Enpi{ql ConsErints ol Simple Rutes,
Ch.ins. Sdtemrrr rnd Cas€s

Rules, rüle ctains and scheData give rile !o different
aupitical pndicttotLt, Novices s/ort s.qu^ ally, *r morc
subgo.is. aDd.r€3d Düc conrot d€cisiois, wiib cxpeflsrt6l ir paraleL sct loss $rbg€ls, errd n€€d less cnnEol
d€cisions. This diff€rence is lEtleded in tba continuum ton
sioplc rol€s b scäedala !o sp€aifrc cas€s or sotution

RJ: (F<- P & C)

:CoFiidünl.0l 0tLL!nL?

c

I

I
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exaüples.
We posc r,h€ follos,ilg h'porhees:. If rbe probl€ür solver applies a rüle wäici coniains a gqal

ü€e and alFogre hegrr in its tead üen ües€ goals nuyb veüaliad üd üis tagn nt is implemen@d in a
co ti,nuous uniLtartuptad actim s€quence. Veö:lizarions
,'ldr(,ioosa. i .n ir.d.. f tb€ problco solver appties a nrt€ whicb conEiDs
$rbßoals in itl body, ttctr bes€ subgoats nay be vdräarzrd

ComDüitrg üe applicarioo of a composik to tte
4plication of üc con€spoodilg ctail ol sinple tulcs, thß
lcads b thc folowing cfilpirical coff€qEoces:. For üe composite, üe ord.r it which üe Dans ot tie
FsSrel fraSmenis in üc nte h€{d are imptemenrcd is
tut4tt.mi^ate M lot pt.dictabla, Tb€ same is roe fü rhe
rqbaliz€d goali in üc goal Eee.. For l}€ rule cäsin, noa only rhe J?t but also ibe ordr, of
Fogr'8minE 5üans ß prcdtabte.. Tbe conpo6i@ is dcompsnied by verbaliadons !o e k$
clegrEe. Crxt€s should ror be accülpani€d by !€öalizalims
d all. Fot üe njje chai4 üe conlenl and üe ord€r of üe
\Etbdljz ians ß prcdictabL.
' Comp.r€d b üe con€sponding cäain of 3impte rules, rhe
FoSrarrl tragDe iD üe head of the cooposiE ir
Fogränmed/dr4 bccqus€ of the simpler goal stmcoüe of
lne co&posita and rhe smaller trüDrber of conrol decisions.

. €venls(Os) =- { v€rö(€qua.lc.r), ac(=), a.(linr(=t, pl)).
d(linl(=', P2)), sD6cr(Pl), sEc€(p2)l. evena(L2l= {veö(conshDrhi), ac(co;sh (C))J. ev€Drs(Ll) = {v€ö{par.am€ßn.)). er(param€Ga XrrJ

A < B me.ns üal üe even6 ot s€r A ;r€ follclwed bv rbe
ev.n6 in ser B

Tbc eopirical merning of tte rern! is:. veft(Functor(., ...,r). t[e valu€ of Füncror and üe insl3n-
üarcd algünenls ot Funcror are pr$öfy lrrbalized. r(Functor): üe FuDctor wlll necessailv be mplemented
by aD ABSYNT oode. e(Füncro(r): üe Functü wil be r?crrrrrit) be impte_
e€ntd by an AISYNT node whicb content is filled by'üe
argum€nt value. r(linfNodel,, Node2))r r€c$ralitv d
w l be lnrplcmen'rad bctwee6 6s ;6 rnout
Nod. I and ABSYNT-Nodt 2

AISYNT link
of ABSYI\IT.

Th€se relalon5hips üE iuusrÄled in Figue 8 (supF€sring
üe locarion idümarion for cmpositioris), Tbe ftleseb de
üg.nized io a -Fniat dd.r whicö reflecß ü€ d?8r.. ,/ ver.

Yltzotat. y4onwr. titru, aü d.erc? oJ prcdictabiq oI
lle of(Er of FoSraEming aclioals.

The aFlicsllo of cüai6 of rules, wäich can be builr from
tne rulc sers conhiDiDg simple ruIcs and cfflposirei, arxl üe
scäeDA C'7 all l€ad to täc rar. solurion: üe ;r y€r finishcd
AISYNT progrsD &pict€d in üe h€ad of Cf. Bur !r,€ would
exp€at diffEences in verbalizatio^, a d W,fonannc? tt t,
rot er€mph. tbe rule chain built o r of rhe i:bmenrs of rü€st.(91, 05, Ll. L2l süouH be accompani€d by mor€
rqbeiizations aDd long€r perfo Bnce üs; üan üe oüer
nrle ctains and C7 ( itr FiguE 8).

. For eraDple rbe Ir cra,n (Ot. Lt, 05, Ll Lt) whicn
wE-D clmpos€d 8äerares C7 rcordins b (Otr . Ll)t .
{(U52. LZ)l . Ll) lceds !o üe pr€diction of ü€'sEe3n,ot
evenß: e\,€oB(Ol) < eveo6(Ll) < ev€nrsos) < ev€nls(L2)

. cv.:lslo!): {vedbrancbinS(.,.,r). r(if_rhen<tse),
rc(link(if-thcn€t!. | , Pl )). acr(ünk{ if-then-
eb9.P2-)), ac{link(f. üen{Ls€ r,Et) r. spae{pt),
sp€ce(P2), spre(P3) L! evenß(Ll) = {v€rb(parämeb(.)), e(p€rajncle 0)1,

. srye(.). necessanly a space in ü€ proglammjng envr-
rotrDEor wiü be rEs€rved for rb€ progrem_ tft.'Fnent whrch ls
deDocd by üe argume ofspece.

Th€ empirical predictions ot t}je sch2nn C1 üe l.s, aon-
Jrdt^"d The F€diction is nor a s€queme of event ser\ bulody one s€t of eveüs:

evcn6{C? = { v€rb(branching(,,.,t), veö(equät(.,t).
l€ö(prrameter(r), ved(consbn(.)), cr(if-d€n{lse),
*t!:), act(pararnete(Y), rc(conslan(O), ac(pa$n€-
lel{X)), ac(litr}{ if.üen-etse | .=). ec(link(if_üen_
else2,)0', acllinkif-tb€n€[öe j,p)), e(rintr= I,y)).4(liDI(2,C)),A*e(p)). -

7. Evoludon of the IM durlng problem Solying

The IM has üe folloe/ing g€ncrsl features:
' In ecordance wiü ISp-DL-Tbeory, ü€ IM conhinr
srmple nil€s reFes€trring rquired bur nd yer improved
howl€dgq ard composiles r€pres€nüng variols de8;e!s of
erDe{tise,. Since bowtedge imFovemeot shoütd r€sutt h sped-0p
pcrforDarce. a cmrposie becomes pan ot r.ae U onty f rll
P5 sDows a sp€edüp frdn il[ €artier to a lät€f rtjon sequence
wh€re borh sequ€nces cln be produced by Lhe composite or
Oe coraesponcling ctain of simDl€ njles
' Tbc IM conbiDs mly simpie rutes and composiEs wöicb
proved lo be plaaflrl€ wirl resp€cr ro an aclioä sequence ar
lc€st oDce. By tiis tr,e mean the followin!:

&cepr fcr "gosl elaboratioo n es", 
-lh€ 

simple rules and
composttes conhin a prog?m ffagment h üei, tul€ head
(ri8üres 6 and 7). Thus if üe PS atplies a cenain rÜle from
brs donain howldge. üen we expect rhar he ünplemenA
Oe Fogram fragmetrt in üe h€ad of th€ rul€ in an
uniatetnped rErtrytzt *Au€nce. The ord!. ot acdon {eps
wilhin üis !tr{'ttence ß ird4etmirata,

, 
Wiü rcsped to some s€qucnce of acdons. srmple rules

and comDo6ires form four suheßj

. ,1. 
Rules not containi[8 ary progr-aD fragm€nlr t gosl

elaborarion ruhs') arE ,onAaJiv? wth r€sp€ci !o täc action
s€queDce. (!ut tragmenls of veöaliations can be rcla4d to
lDe gül elaboradoo ftlesl Möbüs & 'I}ol€, t99o)
. 2. Rüles wbose izarlconlajß a program Fagment w!rci
ß pafl or üe Und result Foduced by üe adion s€quence.
and whict was progatrmed b 

^ 
Mnhkiupt.d, tEmry'i.ty

coDtinuous subs€qüence, Tlese n es are'pla6,rü wiü
rBpect to tbe edon sequerrc€.

-. 
3. Rr as also cont:rliog Ä progra[l ftagment which is pan

or llc rmd rcsütr of Lhe acrion sequence, but ttris fmg;€nt
corrcsponds only !o öe result of a nonconrinuous action sub_
s€{.tr€'rce. i emtppd by otäer rtion sr€p6. Tbes€ rules are
d,praüJiÖa wiü nsFcl to ri. adioo s€qumc€.

lor{J, u, ul lot,cr{2u} l0t.tL ü E ut lot.o!l.t.Lt. ut

LlIlot{l{r,utt0t{1 ,LLulto ,oJ{l Lrl tot,ofl.lu, u

O:{01{tll.Ul

I1I[|id

Ffmlaiiü
eF düür
Flr[drüilitI
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4. krtes wb6e tß€d coütaios a program fragmenr whrci is
not pdt of the finai rEsdt produc€d by üe ection sequence.
Th€s€ rules are irrebvant to üe &tion s€quence.. A dedit scleoe rewdds the usefulness of the rules io üe
IM. The credit of a rulc is ti€ nllmb€r of etioD $eps ex-
plaircd by rhis n e in üe Foblem solving process of the PS.
Thü! rhc cr.di is d4Qnninzd by th4 le^gth ol tht actio^
EElaEc .tplaia.d br ,lu tule arl th. 

^umb.t 
of its suc-

c.tsfü applicatioas.. AccordhS to ISP-DL-Tbeory, a sirnple nile acquiled by
imFss.*iven leaming caD only be imFovod afl€r iß suc'
cessfirl application (suc.ess{riveD ledrinS). This implies for
ü€ IM üar camot aa üc same tioe be augmented by a rcw
simpl€ rule and by composiEs büilt fmm lhis simple rule.
Raüer, the possibl€ conposiles [ave to *ait f6 iocorpcratjoo
in üe IM. For lhis r€aron, in addition to lhe IM lhere is a s€l
POSS of possible candidaes for future composites of ti€ IM.
Crmlosit€s of th€ ml€s us€d for parsing a solution pmposal
are ScnenrEd in a Sen.raL-and-test-cycl€ 8rd kept in POSS
as candidaEs, Those $wiving a lest plase are then moved
inlo the IM. So öe IM conlains only simple rllles and
composiles for whicb we bypoüesiz€ üat üe learn€r ürsa
un akeady, wher€as POSS contaills only cmlpocites

wbicn ile PS ,r ?rr nav. cr.arsd as a resolt of success-&iv-

Figüre 9 sbows ltE developmenr of üc IM düriDg rhe
tDowledge dqüisiüoa Focess- W€ 'xill cxplain Figüre 9:

Slrt Oop of Figlfc 9): Befoft !€rfofming üe fir"st

Fognnoing laslq boih sels IM ard POSS rr€ empry.
i r= l: Now th€ barDac solves ü€ fiIst bsk.
F;tJ' Irrr: IM and POSS arE errp(y, so noüing brppdrs.
Firtt Parsai The learD€r,s solrtion to ihe Srst

FoSrerldng rask is pals€d lr,iü rhc EXPERT nrtcs.
Fiß C.Eratct Tk E)(PERT n es jusr us€d fc. po.sing

arc conlarEd !o thc 4tioo s€qucnce wbich Foduced ttre
lcarDcrt solulioD. and which is saved in a bg fde. Th€
pla$ibl€ parsc EXPERT mlcs are pur iito öe IM and gct
dtdiL These rules d€ hypoü€siild .s newly acquired by the

PS solving rhc first rask.
Next, iho codrposites of all parse rules iue creäed and

comparEd lo üe acuoo sequence. Tbe plausrble composrEs
arc kept iD POSS. They arc candidetes of improved
howledge üs€ful for tutute tesks- For e3cb plaüsibl€
composile, ibe time needed by lhe PS to perftrrl üe coffe-
rpondiü action sequence is attactr€d.

i . = i+I: Now ü€ lsm€r solves the s€cond l3sk.
&cazl l€rt: Each composit€ in I,OSS is cbetk€d if
a) i is plalsible with respect to üe action s.quence. and
b) the time dceiled by üe PS to perform the respecrive

contiouous adion sequencc is sion€r üan ti€ üme anached
to the composile.

The composißs needng lbese requiremenb are pur rnro
rb€ IM. Cotrlpocites h POSS which are inelevani !o üe
adim sequ€nce of tbe solution just cr€ared are l€ft in POSS
They migbt prove as useful codrposires on future räsks. All
other cooposiies violate üe two requiremen$. Tbey are
skipp€d. (Tlat is, composites inplausible to be acnJa)
s€qüence, or c@rposites lrhicb predi( a nore rpdsdt acrion
s€quenc€ than obs€rved). Finally, lb€ crEdits of all rules in
tbe IM whicb are pleNible with respect kJ üe pres€nr acrion
sequence a€ updated.

kcoad Parse Now the soluaion of tbe s€cofld Lask is
parsed witb üe rules of tbe IM ord€red by üeü crediß- As
far es ne€ded EXPERT rules are also used for parsing.

Szco d Ge&ratei The plausibility of EXPERT rul€s
w[icb bave just been used for parsing is cäecked. TIe
plausible EXPERT pdse rules are again pur ioro rie IM and
gea dEdiL A! in ihe fusl Generale Pha9e, tbey aft
b)?oihesized as the ncvrly &quired howledge in response
!o impasses on the lask just p€rformed. Funhermore, üe
composiles of all &tual pars€ rules are oearcd. Tbe plausible
composilEs aß put itrto POSS, üey will b€ tcslecl on tb€ next
tast pbase. Agein üe time Dee{,ed for üe con€sponding
actio s€qüence is s(orEd with €acb codrposie.

E, An Empirical Excmplc for Phusrbility

Fo( illusFatioü, Figur€ l0 shows ä continuous haSment
of üe adion s€quence of a PS, SubFcr 2 (S2), on a program-

r. E .h 6hpo.ic in Poss
- vhicb i. pt.q.ibL in tIE
t@.r.nutidrcqu€nc.

- which .cturr crc@tion
tir ir sbon€ üo .h.

it !b?.d frch POSS .o lM
2. Esh iel4D!.ortpc.

3, AU 6rhB coEpori.cs in

4. C!.dir of dl pl.üriblc

pucEXPERTole

IM dd<!d by qldit..nd (.t
rEd.d) eith o.lrc. EXPERT ru1.3

€n lcaming, büt did ,lor rJa ü€m yel

;:;

t--.-----lT-i-_--rt\- (_J |\- L_J I

I e'I

HHH
FigütE l0
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mir,8 tast. We wiü resüict olr arHttion to rhe rules Ol, 05.
Ll, L2, and C7 (s€e Figures 6 and D. When 52 pcrforDs täe
s€quoc€ of FigurE 10, Ol, L1 and L2 arE ajrEady in rhe IM
6m earli€r tasks. 05 is no( yet in üe IM bua only in ihe s€t
of E)(PERT rule.r. C7 has Dor yet be€n cr€al€d.

WüeD 52 ü.s solvcd lie r4sh öc f€n P/,ar, (Figüre 9)
3rds. SiDca 0tc oly conposi@ we lool ar here (C7) häs nor
be€o creaEd. wc ooly cotrsids üe founh subpöas: Credit
updatiDg. Ol is implaLtibh wiü rsspert lo Figu€ l0 be-
caüs€ lhe etions conesponding lo üe rule bead of Ol äre Dot
condnuoüs but irnrrupt d. Tbey arc perfoftr€d ar lli15:5?,
ll:15:58, ll:16:46, atrd 11:16:55 (FigurE l0). Tbus tbe
*tion sequence codEspondiDg to üe rul€ heal of Ol is
iDtlfruFed aa Il:16:42and ll:16:50.

Ll and L2 are also implaüsible. Actions clnEspoDdiog to
Ll üE perfcrned lhe first rime ar 11:15:08 and 11:15:29.
Thus rhis s€quence is iDlerr1rpaed at ll:15:16 arld 1l:15:22.
Ll-lile adions trE sho*! a s€cond time by rhe pS at
ll:16.42 and t1:16:50. Thes€ aE inr€nupr€4 roo. Aclions
cofr€sponding !0 L2 arE Ffforned at I I i 15: 16 and I 1: 15:34,
wiü inbnuFioos ar l1:15i22 and I l: t5:29. So sirre Ol, Ll,
ard L2 arc implsusible, üeir crediß arE noa cbenged.

Now S2's solution is pa6€d wirh rules in rhe IM aDd as
l|cldr4 wiü additional EXPERT irles (Fisure 9). Ol, 05.
L1, end 12 are among th€ pars€ rules itr üfu case, as no oüer
rules have a higi€r ciEdii ard are able lo paß€ üe sotution.

Afi€r tbe Parse Ph2se, üe Ce .mte Pnar, (Figüe 9)
scans. 05 is an D(PERT rute uscd for paßing. But 05 is
trpl&Jirk. since iß cortrsponding acrions were perfofi€d
a! ll:15:22, 11:15:38. and ll:15:43. wilb inerrljpions at
11:15:29 and llil5:34. So 05 i! nol put iDlo rbe IM. Then
üe courposires of rhe !'ars€ nnes dE formed. C7 (ngure ?) is
a composir€ f6med ftom Ol, 05, Ll aod L2. This composire
is plalnri? b€.are ir descrih€s üe uniDrsnupbd s€qi€nce
or progranming acdons froll I I I 15:08 to I I I t6:55 (s€€ Fi8-
ur€ l0) . despir! üe tafl üar ils cdrpcnetrß O L 05. L t, and
L2 aft r.ü i&plausible. Sraning fiom 

_üe 
begroning of üe rasj((at ll:14:40), üe dme for this acrion srquence is lJs

s€.oDds. Thus rhe codlposic C? is sror€d iD POSS wiü "l]5
s€conds' atach€d to it.

Atter 52 h.s soli€d tä€ nexr 6slq r!. now following T€sl
pha!. reve3ls thar C7 is pblsibte again. The crnespording
eooo sequence {mt depicüd) was !€rfom€d iD 92 s€conds,
which b less üa! I 35. So C7 is noved inlo üe IM and ge6 a
cr€dit of 13 since ir describ€s 13 Fogr l,Irirg stcps (ser Fig-
uE l0). This c€dit wrl be indäenr€d by l: e*b tine r[e
conposite is plalsible aSain.

9, Oütlook

_ Funhef enpirical aD3lyses (in co.ü-ast lo e.g. Elio &
Sciarf, 1990) of solutions aDd conrbuous euo0 suea[ls aiE
in proSress, Tbe s€Dc is troe for tbe Jc/rrna - dsd help
geftration. WI€n üe PS is calghl io än inpesre for a lÄsll
il is possible ro usc our h)porheses resting ajproa:t. We geni
a'ata a solution propcal lo lAsk j oD üe b€sis of scbetrrab
taLo from the IM. Tbese sch€malA r€prrscnr rhe conl€ ol
öc h'lo(h€sis trow gm€r'ar€d by üe 0i.,1 aDd nor by üe user
as be-for€. Tbus it is possible ro offer hetp whicb uses episod-r Inlornauon ard which *?5 us€d by rb€ pS successfuly b€-
forE-
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