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Abstrac t 

We present a computer model for the acquistion of program-
min g language s fro m textbooks .  Startin g fro m a  verba l  de -
scriptio n o f  th e notationa l  convention s tha t  ar e use d t o describ e 
th e syntacti c for m o f  programmin g commands ,  a  met a gram -
mar  i s generate d tha t  parse s concret e comman d description s 
and build s u p gramma r  rule s fo r  tha t  commands .  Thes e rule s 
ar e realize d a s definit e claus e gramma r  rule s tha t  capture s th e 
synta x o f  thes e commands .  The y ca n b e use d t o pars e an d 
generat e syntacticall y correc t  example s o f  a  command .  How -
ever ,  t o solv e rea l  programmin g problem s als o th e semantic s 
of  a  comman d an d o f  it s  parameter s need s t o b e acquired .  Thi s 
i s accomplishe d b y th e natura l  languag e parsin g o f  th e expla -
nation s give n i n th e tex t  an d th e augmentatio n o f  th e definit e 
claus e comman d grammar s wit h semanti c stmcmres . 

In t roduct io n 

The acquisitio n o f  a  programmin g languag e fro m textbook s 

i s a  comple x cognitiv e tas k tha t  comprise s tw o subtasks :  th e 

acquistio n o f  th e synta x o f  th e forma l  expression s o f  th e 

languag e an d th e acquistio n o f  th e correspondin g (opera -

tional )  semantics .  Syntacti c knowledg e i s necessar y t o gen -

erat e well-formed ,  compute r  executabl e expressions .  H o w -

ever ,  programmin g i s a  goal-directe d tas k an d expression s ar e 

generate d t o solv e specifi c  problems .  Thus ,  th e semantic s o f 

thes e expression s i s crucia l  a s well .  A  well-forme d comman d 

expressio n onl y accomplishe s it s tas k i f  i t  realize s a n appro -

priat e for m (syntax )  fo r  th e intende d actio n (semantics) . 

Accordingly ,  textbook s giv e a  syntacti c an d semanti c de -

scriptio n fo r  eac h command .  Thi s i s don e i n a  heterogeneou s 

format :  b y a  forma l  specificatio n o f  th e synta x an d a  ver -

bal  descriptio n o f  th e semantic s (th e genera l  function ,  th e 

meanin g an d typ e o f  th e parameter s etc.) .  T o understan d th e 

syntacti c descriptio n th e use r  need s t o kno w th e notationa l 

conventio n use d i n th e textbook ,  e.g .  function s ar e enclose d 

i n bracket s wit h th e first  elemen t  denotin g th e functio n nam e 

(Lisp) ,  o r  optiona l  parameter s ar e enclose d i n squar e brack -

et s ( M S - D O S comman d syntax) .  Thes e convention s ar e give n 

at  th e beginnin g o f  suc h textbooks ,  bu t  ofte n the y ar e incom -

plete .  However ,  suc h met a knowledg e i s necessar y t o under -

stan d (i.e .  parse )  th e forma l  descriptio n o f  singl e commands , 

e.g .  t o recogniz e tha t  pat h i n C D [device:][path ]  i s a n op -

tiona l  paramete r  o f  th e comman d C D .  Th e resul t  o f  thi s pars -

in g proces s i s a  pars e tre e o f  th e forma l  conmian d expressio n 

whic h need s t o b e operationalized .  I n ou r  mode l  thi s  i s don e 

by a  rul e constructo r  tha t  generate s a  comman d gramma r  i n 

for m o f  a  Definit e Claus e Gramma r  ( D C G ) .  Suc h a  definit e 

claus e comman d gramma r  ca n b e use d t o pars e an d generat e 

instance s o f  th e command ,  e.g .  c d a.user . 

Nothin g ha s bee n sai d s o fa r  abou t  th e acquisitio n o f  th e 

meanin g o f  commands ,  o f  whic h a  verba l  explanatio n i s give n 

i n th e accompanyin g tex t  togethe r  wit h th e c o m m a n d syntax . 

I n thi s way ,  th e genera l  meanin g o f  th e c o m m a n d (e.g .  C D 

change s th e curren t  directory )  an d it s parameter s i s provided . 

The semanti c interpretation s mus t  b e relate d t o th e syntacti c 

construction s the y explain .  Onl y suc h a  couplin g guarantee s 

tha t  semanti c conten t  an d syntacti c for m wil l  wor k togethe r 

correctl y i n a  proble m solvin g environment .  Th e semanti c 

knowledg e i s necessar y fo r  th e plannin g an d reasonin g pro -

cess ,  th e syntacti c knowledg e fo r  th e realizatio n stage .  Learn -

in g failure s ca n occu r  a t  eac h o f  th e followin g stages :  th e 

acquisitio n o f  th e met a grammar ,  th e acquisitio n o f  th e com -

mand gramma r  an d th e acquistio n o f  th e syntactic-semanti c 

interface . 

We assum e tha t  th e learne r  i s a  novic e wit h respec t  t o th e 

programmin g languag e t o b e acquired .  W e confin e ourselve s 

t o th e acquisitio n o f  a n operatin g syste m languag e ( M S - D O S ) 

whic h w e thin k i s easie r  t o lear n tha n a  full-fledge d program -

min g languag e lik e Lis p o r  Prolog . 

We distinguis h fou r  learnin g stage s i n th e acquistio n o f  a 

programmin g language : 

• construction of a meta granmiar from the notational con-

vention s tha t  ar e introduce d (verbally )  i n th e text . 

•  parsin g o f  th e forma l  c o m m a n d synta x wit h th e met a gram -

mar  an d constructio n o f  a n initia l  c o m m a n d granmia r  fro m 

th e derivatio n tree . 

•  natura l  languag e parsin g o f  th e c o m m a n d definition s an d 

modificatio n o f  th e c o m m a n d gramma r  t o incorporat e th e 

correspondin g semanti c information . 

•  parsin g o f  c o m m a n d example s wit h th e c o m m a n d gramma r 

and parsin g o f  th e correspondin g verba l  explanations .  Thi s 

lead s t o furthe r  refinement s o f  th e c o m m a n d grammar . 

Operationalization of Notational Conventions 

Let  th e discussio n becom e mor e concrete .  I n Figur e 1 ,  th e 

notationa l  convention s o f  a  textboo k tha t  introduce s th e op -

eratin g syste m M S - D O S an d it s command s ar e given .  Thes e 

sentence s ca n b e viewe d a s instruction s t o buil d u p a  (meta ) 
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1.  Al l  D O S command s ar e give n i n uppe r  cas e letters . 
2.  Th e parameter s o f  a  comman d ar e specifie d i n lowe r  cas e letters . 
3.  Th e nam e o f  a  paramete r  ofte n characterize s it s function . 
4.  Optiona l  parameter s ar e enclose d i n squar e bracket s ([parame -

ter]) . 
5.  Multiple ,  bu t  mutuall y exclusiv e parameter s ar e enumerate d i n 

angl e brackets . 
Figur e 1 :  Notationa l  convention s fro m a  textboo k 

grammar  fo r  M S - D O S commands .  Wit h th e ai d o f  thi s gram -

mar ,  c o m m a n d s lik e C D o r  C O P Y ca n b e understood ,  i.e .  th e 

learne r  ca n determin e wha t  th e c o m m a n d nam e is ,  whethe r  it s 

parameter s ar e optiona l  o r  mutuall y exclusive ,  etc .  Eve n in -

formatio n regardin g th e typ e o f  paramete r  i s give n (sentenc e 

3) .  However ,  ther e i s stil l  som e informatio n lef t  implici t  an d 

some necessar y convention s ar e eve n missing .  T o giv e a n ex -

ample :  Th e concep t  o f  a  paramete r  i s  introduce d withou t  an y 

clea r  distinctio n o f  wha t  differen t  type s o f  parameter s ther e 

are .  Fo r  example ,  optiona l  parameter s ar e introduced ,  bu t 

doe s tha t  impl y th e existenc e o f  mandator y parameters ? A n d 

h o w wil l  thes e parameter s b e marked ? Also ,  n o informatio n 

abou t  linearizatio n i s given :  doe s th e c o m m a n d nam e preced e 

it s parameter s o r  vic e versa ? Additionally ,  specia l  character s 

(includin g th e whit e spac e character s lik e blan k an d tab )  ar e 

not  eve n mentioned . 

T h e questio n is :  H o w ca n thes e notationa l  convention s b e 

utilize d t o understan d an d acquir e th e synta x o f  commands ? 

T h e answe r  is :  I t  mus t  b e operationalize d i n for m o f  a  synta x 

recognize r  (e.g.. a context-fre e gramma r  an d a  parser )  tha t  ca n 

pars e concret e syste m commands . 

I n Figur e 2 ,  w e giv e a  sketc h o f  th e met a knowledg e neces -

sar y t o buil d u p a  context-fre e gramma r  ( C F G )  fro m natura l 

languag e input . 

1.  a  C F G rul e consist s o f  a  hea d an d a  bod y separate d b y a n expan -
sio n symbo l  (  -> ) 

2.  th e bod y consist s o f  terminal s an d /  o r  nonterminal s 
3.  nonterminal s ar e realize d a s C F G rule s 
4.  terminal s ar e singl e character s lik e "A "  or"[ " 
5.  optionalit y o f  rule s i s expresse d b y a t  leas t  tw o alternativ e rules , 

wher e on e rul e expand s t o [ ]  (zer o expansion) ;  i.e .  th e inpu t  strin g 
i s no t  decremente d 

6.  exclusivenes s o f  rule s i s realize d b y alternativ e rule s withou t  a 
zer o expansio n 
Figur e 2 :  Knowledg e abou t  th e constructio n o f  a  C F G 

The module responsible for the translation from the in-

structiona l  text ,  i.e. ,  th e notationa l  conventions ,  t o a  C F G i s 

calle d th e met a rul e constructor .  Th e met a rul e constructo r  i s 

base d o n a  Definit e Claus e G r a m m a r  fo r  th e Englis h construc -

tion s whic h ar e use d t o specif y th e notationa l  conventions .  I t 

use s a  Montagu e styl e rule-by-rul e approac h t o m a p th e En -

glis h sentence s t o context-fre e rules ,  th e logica l  languag e w e 

use .  Ever y syntacti c constituen t  receive s a  semanti c valu e 

whic h i s compositionall y constructe d fro m th e semanti c val -

ues o f  th e immediat e subconstituent s (th e detail s o f  h o w thi s 

i s don e wil l  b e give n i n a  moment ) .  Th e semanti c valu e as -

signe d t o a  syntacti c constituen t  N  i s a  pai r  < E , R > wher e 

•  £ •  i s  a n expressio n o f  th e utilize d logica l  languag e ( a con -

stan t  o r  a  lambd a term ) 
•  / ? i s th e se t  o f  rule s constructe d fo r  th e constituen t  whic h 

consist s o f  th e unio n o f  th e rul e set s assigne d t o th e subcon -

stituent s o f  N ,  plu s th e valu e o f  E  i n cas e N  i s th e sentenc e 

symbol . 

Consider the notational conventions from Figure 1 and the 

resultin g C F G i n Figur e 3  a s i t  wa s buil t  b y th e met a rul e 

constructor .  Correspondin g number s betwee n Figur e 3  an d 

Figur e 1  indicat e tha t  th e gramma r  rul e wa s derive d fro m th e 

respectiv e sentence . 

la) dosjcommand -^ uppercaseJetters 
lb )  upperjcaseJetter s - ^  upper-caseJette r 
Ic )  upperjcaseJctter s - > uppercaseJette r  upperxaseJetter s 

2a) parameter -^ lower.case Jetters 
2b)  parameter s -> •  paramete r 
2c )  parameter s -> ^  paramete r  parameter s 
2d)  lower.caseJetter s —>̂  lower.caseJette r 
2e)  lower.caseJetter s - ¥ lower.caseJette r  lowerxaseJetter s 

4a) optional-parameter -^ ' [' parameters' ]' 
4b)  optionaLparameter s - ¥ optional4)aramete r 
4c )  optional̂ jarameter s - ^  optional_paramete r  optional̂ jarameter s 

5a)  exclusive t̂arameter s -> '  < '  parameters '  > ' 
5b)  exclusive-parameter s —¥ exclusive-paramete r 
5c )  exclusive-parameter s —̂  exclusive-paramete r 

exclusive ĵarameter s 

Figur e 3 :  Met a gramma r 

We cannot go through each rule, but will nevertheless com-

ment  o n som e interestin g translations .  Sentenc e 1  mainl y 

give s ris e t o rul e la ,  i.e. , 

(E\-l )  dosjcomman d —> upper.cas e Jetters . 

But  ther e ar e a  numbe r  o f  othe r  rule s whic h wer e triggere d b y 

thi s sentenc e (l b an d Ic) ,  whic h w e wil l  n o w explai n i n mor e 

detail . 

Th e semanti c valu e o f  a  singula r  nou n lik e uppe r  cas e lette r 

i s  th e pai r 

(Ex-2 )  <upper.case-letter ,  {  upper.caseJette r  —^  A , 

upper-caseJetter— ^  B ,  .. .  }> , 

i.e, the set of all lexical insertion rules for a single upper case 

letter .  B y contrary ,  noun s lik e " D O S c o m m a n d "  hav e th e se -

manti c valu e <dos_conunand, 0 > ,  tha t  i s  th e se t  o f  asscoci -

ate d rule s i s empty .  Th e reaso n fo r  thi s differenc e lie s i n th e 

differen t  grammatica l  statu s o f  th e correspondin g nontermi -

nals ,  upper-case-lette r  i s  a  nonbranchin g preterminal ,  whic h 

dominate s exactl y on e termina l  symbol .  Sinc e th e objec t  lan -

guag e consist s o f  sequence s o f  singl e letter s o r  symbols ,  no t 

of  preparse d token s (findin g thes e token s i s on e o f  th e goal s 

of  ou r  approach) ,  th e operationa l  meanin g o f  suc h a  nou n i s 

th e se t  o f  rule s use d t o recogniz e th e correspondin g termina l 

symbols .  O n th e othe r  hand ,  D O S c o m m a n d i s translate d int o 

a nontermina l  symbo l  fo r  whic h w e hop e t o find  th e relevan t 

expansio n rule s i n subsequen t  steps ,  therefor e th e associate d 

rul e se t  i s  empty .  I n othe r  words :  th e huma n learne r  obviousl y 
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know s wha t  uppe r  cas e letter s ar e bu t  (s)h e (a s a  novice )  ha s 

no ide a abou t  th e natur e o f  D O S commands . 

I t  i s n o w interestin g t o se e h o w th e recursiv e rule s 1  b  an d 

I c i n Figur e 3 ,  whic h ar e use d t o recogniz e sequence s o f  up -

per  cas e letters ,  ar e built .  W e thin k th e trigge r  conditio n lo r 

recursiv e rule s i s thep/Mra/o f  th e noun s occurrin g i n th e nota -

tiona l  conventions ,  i n ou r  exampl e uppe r  cas e letters .  There -

fore ,  w e assum e th e followin g plura l  formatio n DCG-rule : 

n(pl,NPl^em )  - > n(sg,NSg^em) ,  [s] , 

{  plural_semantics(NSg.Sem,NPLSem )  } 

That  is :  th e plura l  o f  a  nou n i s forme d b y appendin g th e 

lette r  s  t o th e singula r  form .  Th e predicat e plural^emantics/ 2 

i s define d i n Prolog ^  a s follows : 

plura l  jemantics(<C l  ,Rule s 1  >  ,<C2,Rules2 » : -
concat( C 1  ,s,C2 )  % e.g. ,  concatfletter.s.letters ) 
NewRule s =  [C 2 ̂  CI ,  C 2 - > C I  C2] , 
union(Rule s 1  ,NewRules,Rules2) . 

Figur e 4 :  Plura l  formatio n rul e i n Prolo g 

An example will illustrate this matter. The semantic value 

of  upper.caseJette r  wa s specifie d i n (Ex-2 )  above .  Plu -

ral-sema n tics/ 2 n o w introduce s tw o ne w rule s base d o n thi s 

value : 

Rul e 1 .  upper.case.letter s - > upper_case.lette r 

Rul e 2 .  upper_case-letter s —> upper_case_lette r 

uppe r  .case-letter s 

tha t  i s upperjcaseJetter s i s use d t o recogniz e th e lan -

guag e {A ,  B ,  ... ,  Z  }+ .  Th e semanti c valu e o f  th e plu -

ra l  nou n uppe r  cas e letter s the n consist s o f  th e pai r  <  up -

per-case-letters, {  Rul e 1 ,  Rul e 2  }  U  {  al l  lexica l  insertio n 

rule s fo r  upper^caseJette r  }  > . 

Let  u s n o w se e h o w rul e Ex- 1 wa s constructed .  Th e gram -

mar  fo r  th e notationa l  convention s ha s tw o furthe r  rule s (se e 

fig.  5) . 

v(sg, < Xy\x{ x - ^  y) ,  0  > )  -> •  [are,given,in] . 
vp(Num, < VPSem,VPRules » - > v(Nuni, < VSem,VRules» , 

np(_<NPSem,NPRules» , 
{  apply(NPSem,VSem.VPSem) , 
union(VRules,NPRules,VPRules) } 

Figure 5: Two rules of the Meta Rule Constructor 

We regard verb complexes such as "are given in" as man-

ifestation s o f  a  genera l  definitio n operato r  whic h i s repre -

sente d b y th e context-fre e arro w - ^  .  Th e first  componen t  o f 

th e semanti c valu e o f  th e V P ar e give n i n uppe r  cas e letter s 

i s therefor e reconstructe d a s A  x  ( x —> upper.case.letters) . 

A final  sentenc e rul e (no t  show n here )  applie s th e meanin g 

of  th e subjec t  N P t o th e meanin g o f  th e VP ,  take s th e unio n 

of  th e rul e set s o f  th e N P an d th e V P an d finally  add s th e rul e 

(Ex-1 )  dos.command s - ^  upperjcaseJetter s t o thi s set̂ . 

'  W e us e a  slightl y modifie d Prolo g synta x fo r  th e purpos e o f 
expositio n 

^Th e additio n o f  th e las t  rul e i s covere d b y th e specia l  conditio n 
i n th e definitio n o f  R  regardin g sentenc e symbol s (se e th e definitio n 
of  th e 2-tupl e <E,R>,above) . 

As i s easil y seen ,  thi s gramma r  fragmen t  i s a  bi t  to o gen -

eral ,  bu t  thi s doe s no t  matte r  becaus e th e met a gramma r  con -

structe d i n th e first  learnin g stag e wil l  late r  b e refine d b y pars -

in g th e actua l  D O S c o m m a n d s whic h w e assum e t o b e cor -

rectl y specified .  I n othe r  words :  i n principl e w e d o no t  hav e 

th e proble m o f  ungrammatica l  input ,  an d therefor e "wrong " 

granmia r  rule s wil l  neve r  b e use d i n th e secon d learnin g stag e 

and ca n b e remove d fro m th e gramma r  afte r  thi s stage . 

Closing Knowledge Gaps in the Meta Grammar 

Afte r  th e derivatio n o f  th e met a gramma r  fro m th e notationa l 

conventions ,  th e learne r  shoul d b e abl e t o pars e th e forma l 

conunan d description s o f  th e operatin g syste m languag e (e.g . 

CD[device:][path]) .  However ,  no t  onl y misconception s o f 

th e learne r  bu t  als o incomplet e explanation s give n i n text -

book s ca n imped e this .  I n ou r  example ,  a  to p leve l  rul e i s 

missing ,  i.e. ,  th e rul e tha t  provide s th e informatio n abou t  th e 

sequenc e o f  th e c o m m a n d n a m e an d it s parameters .  Addi -

tionally ,  n o rul e fo r  th e interpretatio n o f  specia l  character s 

(e.g .  th e colo n i n device: )  ha s bee n introduced .  W e us e a  ro -

bus t  botto m u p char t  parse r  an d a  rul e inductio n componen t 

t o overcom e suc h knowledg e gaps .  Knowledg e gap s a t  th e 

rul e leve l  (e.g .  th e missin g to p rule )  ar e close d b y investigat -

in g th e resultin g chart .  Th e char t  parse r  assign s partia l  pars e 

tree s t o c o m m a n d expression s an d a  rul e inductio n compo -

nent  generate s al l  possibl e char t  completion s (se e belo w fo r 

an example) .  Knowledg e gap s a t  th e characte r  leve l  (e.g .  ':' ) 

ar e labele d unknow n (e.g .  unknown(:) )  an d integrate d accord -

in g t o th e followin g heuristic :  an y pretermina l  rul e allow s a 

categor y unknow n t o b e integrate d (gap s ar e close d o n th e 

deepes t  leve l  o f  a  pars e tree) . 

Th e outpu t  o f  th e parse r  fo r  th e M S - D O S c o m m a n d 

CD[device:][path ]  i s give n i n Figur e 6 . 

Edges Partia l  Pars e Tree s 
1 - 2 do s jcommand(upperxas e Jetters C CD')) , 
2- 9 optional4)arameters ( 
2- 3 •[ ' 
3 - 4 optionaLparameter(parameters ( 

parameter(lowerxaseJetters(device)) , 
.  4- 5 parameter(unknown(;))) , 

5- 7 •]"[ • 
7- 8 optional.parameters(optional4)arameter(parameters ( 

parameter(lower_caseJetters(path))) , 
8- 9 ']• ) 

Figure 6: Trace of CD[device:][path] 

This parse tree is slightly simplified for ease of readabil-

it y  (w e remove d th e node s fo r  lowerjcaseJette r  an d up -

per.caseJette r  an d contracte d th e letter s t o words) .  Th e 

char t  parse r  identifie s tw o constituents :  a  simpl e constituen t 

dosjcomman d (CD) ,  an d a  mor e comple x constituen t  op -

tionalparameter s wit h th e terminal s device ,  :  an d path . 

No connectio n ca n b e establishe d betwee n thes e tw o con -

stituent s du e t o th e missin g to p rule .  However ,  th e char t 

edge s provid e linearizatio n information ,  i.e. ,  edg e 1- 2 cov -

erin g dosjcomman d precede s edg e 2- 9 coverin g th e optiona l 

parameters .  I n thi s case ,  th e completio n o f  th e pars e tre e 
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i s a  simpl e task ,  a  n e w edg e 1- 9 calle d c o m m a n d i s  intro -

duce d tha t  cover s dos . comman d an d optiona l  parameters . 

Th e corresponin g to p rul e i s c o m m a n d —^  dos .comman d op -

tional^arameters .  Thi s rul e complete s th e met a grammar . 

I t  is ,  however ,  to o restrictive ,  sinc e exclusiv e .parameter s ar e 

not  captured .  I n orde r  t o generaliz e it ,  a  ne w expression , 

say ,  command^parameters ,  tha t  replace s optiona l  .parameter s 

i n th e c o m m a n d rule ,  need s t o b e introduced .  Thi s wil l 

the n expan d t o al l  k n o w n rule s fo r  parameter s (e.g. ,  op -

tiona l  parameter s an d exclusive.parameters) .  W e wil l  no t 

furthe r  elaborat e o n this . 

Generating Grammars from Parse IVees 

Give n a  derivatio n tre e buil t  fro m parsin g a  comman d expres -

sio n wit h th e met a grammar ,  th e learne r  i s abl e t o construc t  a 

context-fre e Definit e Claus e Grammar  representatio n o f  tha t 

command expression .  I n ou r  example ,  CD[device:][path ] 

was assigne d th e pars e tre e give n i n Figur e 6  befor e th e miss -

in g edge ,  1-9 ,  wa s induce d b y th e system .  I n Figur e 7  th e 

complete d pars e tre e i s given . 

Edges Pars e Tre e 
1- 9 command ( 

dos^ommandC CD') , 
optiona l  _parameter(device) , 
unknown(:) , 
optional_parameter(path) ) 

Figure 7: Completed and pruned trace of CD[device:][path] 

TTiis parse tree has been pruned (compared to fig. 6) accord-

in g t o th e followin g operationalizatio n criterion : 

1.  th e roo t  nod e i s operationa l  (here :  c o m m a n d ) 
2.  th e head s o f  recursiv e rule s ar e no t  operationa l 
3.  th e mos t  specifi c  domai n concept s ar e operationa l  (here : 

dosj:ommand ,  optionaljtarameter ) 
4.  al l  leave s o f  non-branchin g preterminal s ar e operationa l  (here : 

path ,  device ,  bu t  not"[" ) 
5.  th e labe l  u n k n o w n i s operationa l 

The notion of an operationalization criterion is adopted 

fro m Explanation-base d Learnin g ( E B L ,  Mitchel l  &  Kedar -

Cabell i  (1986)) .  I n general ,  onl y thos e nod e label s (i.e. ,  rul e 

heads )  tha t  ar e crucia l  fo r  th e definitio n o f  th e c o m m a n d 

g rammar  ar e operational .  Thi s principl e i s bes t  exemplifie d 

by criterio n 3  whic h state s tha t  onl y th e mos t  specifi c  domai n 

concept s ar e operational .  T o giv e a n example :  Al thoughpa -

ramete r  i s a  domain-specifi c  concept ,  optiona l  paramete r  i s 

as a  subconcep t  o f  paramete r  -  mor e specifi c an d thu s pa -

ramete r  i s  no t  operationa l  whil e optiona l  paramete r  is .  O n 

th e othe r  hand ,  lower.caseJette r  i s surel y no t  domai n spe -

cifi c a t  al l  an d thu s i s no t  operational .  Remember ,  however , 

tha t  domain-specifi c  concept s ar e no t  par t  o f  th e backgroun d 

knowledg e o f  a  novice .  S o the y nee d t o b e identifie d an d 

acquire d durin g tex t  understanding .  Thi s i s  accomplishe d 

throug h th e specializatio n o f  alread y existin g concept s (e.g . 

dos comman d i s a  command ,  wher e c o m m a n d a s a  con -

cep t  i s  k n o w n i n advance )  o r  throug h th e integratio n o f  un -

k n o w n word s (concepts )  withou t  furthe r  semanti c classifica -

tion .  Note ,  tha t  ou r  operationalizatio n criterio n i s structurall y 

defined ,  sinc e th e requiremen t  t o b e th e mos t  specifi c  concep t 

i s a  taxonomi c property . 

Befor e goin g int o th e detail s o f  th e learnin g algorithm ,  le t 

us discus s th e learnin g result ,  i.e. ,  th e resultin g D C G o f  C D 

(fig .  8) .  Not e tha t  th e generate d D C G accept s lis t  represen -

tation s lik e ['CD',a,:,user ]  rathe r  tha n a  strea m o f  character s 

lik e ['C, '  D', '  '  ,a,:,u,s,e,r] .  W e assum e tha t  stream s o f  char -

acter s ar e preprocesse d an d groupe d (b y humans )  accordin g 

t o th e followin g principles : 

1. characters of the same type (e.g., lower case letters) are concate-
nate d (e.g .  [d,e,v,i,c,e,: ]  i s  transforme d t o [device,:] ) 

2.  character s o f  differen t  type s (e.g., '  a '  and '  [' )  indicat e transitions , 
the y separat e characte r  groups ,  thu s [ '  C, '  D', '  [ '  ,d,e,v,i,c,e,:, '  ] '  ]  i s 
transforme d t o [ '  CD', '  [ '  .device,:, '  ] '  ] 

3.  blank s ar e separator s an d ca n b e remove d 

The command grammar derived from the pruned explana-

tio n tre e (fig .  7 )  i s  give n i n Figur e 8 . 

command -^ dosjcommand, opt-param_l, opt4)aram_2. 
d o s x o m m a n d ^  ['CD'] . 

•  [Var] ,  {device(Var)} ,  [:] . 
[] • 

opt4)aram- l 
opt-param. l 
opt43aram ^ 
opt-param ^ 
device(_) . 

^  [Var] ,  {path(Var)} . 
-^ [ ] . 

path(_) . 
Figur e 8 :  C o m m a nd gramma r  o f  C D 

The gramma r  read s a s follows :  A  D O S conrmian d i s real -

ize d a s a  rul e dos.comman d (whic h expand s t o th e termina l 

'  CD' )  followe d b y tw o nonterminials ,  i.e .  th e optiona l  pa -

rameters .  Th e first  optiona l  paramete r  i s eithe r  a  devic e (th e 

first  rul e o f  opt^aram.l )  o r  i s no t  realize d a t  al l  (th e secon d 

rul e oiopt^yaram.l) .  Th e secon d optiona l  paramete r  i s eithe r 

a pat h (th e first  rul e o f  opt.paramJ. )  o r  i s no t  realize d a t  al l 

(th e secon d rul e o f  opt.paramJ2) . 

Now,  wha t  a  devic e i s an d wha t  a  pat h i s ar e initiall y 

unknow n t o th e learner ,  althoug h (s)h e ma y alread y hav e 

some backgroun d knowledg e abou t  suc h domain-specifie d 

concepts .  I n som e textbook s th e notio n o f  a  pat h i s itsel f 

explaine d a t  som e length ,  whil e i n other s i t  i s  onl y intro -

duce d i n passing .  W e assum e her e tha t  devic e an d pat h ar e 

lef t  unspecifie d initially ,  an d thu s asser t  tw o non-restrictiv e 

(i.e. ,  alway s succeeding )  typ e predicate s {device(.) ,  path(.) ) 

t o th e knowledg e base .  A s tex t  understandin g proceeds ,  thes e 

knowledg e gap s wil l  eventuall y b e closed ,  fo r  exampl e fro m 

appositio n phrase s lik e devic e a  i n star t  th e progra m fro m de -

vic e a .  A s a  result ,  device(a )  i s asserte d t o th e knowledg e 

bas e ( a Prolo g knowledg e base ,  thu s assert a i s used) . 

The learnin g algorith m t o generat e a  comman d gramma r 

fro m a n pars e tre e i s give n i n Figur e 9 .  I t  i s  restricte d t o thos e 

part s tha t  ar e relevan t  t o ou r  example .  Inpu t  i s a  pars e tre e 

suc h a s th e on e fro m Figur e 7 ,  outpu t  i s a  D C G comman d 

grammar  lik e th e on e give n i n Figur e 8 .  Not e tha t  th e knowl -

edge specifie d i n Figur e 2  i s als o relevan t  t o th e constructio n 

a D C G grammar . 

I n general ,  eac h nontermina l  nod e o f  th e pars e tre e ha s 

one o f  tw o rul e type s attache d t o it :  optiona l  o r  exclusive . 
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cf .  Figur e 2 .  Currently ,  onl y optiona l  paramete r  i s o f 

typ e optional .  Thi s typ e infonnatio n i s  learne d durin g th e 

constructio n o f  th e met a grammar ,  especiall y whil e parsin g 

phrase s lik e "optiona l  parameters' *  (cf .  ite m 4  o f  fig.  1) . 

Al l  othe r  rul e label s ar e marke d b y defaul t  a s exclusiv i 

(e.g .  dosjcommand) .  Additionally ,  eac h pretermina l  nod e 

has a  lea f  typ e attache d t o it .  Ther e ar e tw o lea f  types : 

consian t  an d variable .  Fo r  exampl e i n dos .command(CD ) 

th e typ e o f  C D i s constan t  sinc e dos-comman d i s a  com -

m a nd an d c o m m a n d s ar e k n o w n t o hav e uniqu e names .  Con -

versely ,  optiona l  paramete r  i s a  paramete r  an d parameter s 

denot e variables .  Give n a  tre e wit h th e tre e structur e tre e = 

node(..,subtreeJ,..) ,  wher e i  >  0 ,  an d subtree J i s  eithe r  a 

nontermina l  wit h a  tre e structur e o r  a  terminal ,  i.e. ,  a  leaf : 

1.  transfonii(tree): each nonterminal node forms the head of a new 
rule .  Th e rul e skeleto n i s <nodeJabel > - > . .  (nodeJabe l  i s a 
uniqu e identifier ,  i f  nod e i s unambigou s i n tree ,  nodeJabe l  = 
node ,  e.g .  c o m m a n d i s uniqu e wit h respec t  t o th e tre e fro m fig. 
7 thu s comman d ->. .  an d no t  e.g .  comman d J  - ¥ .. ) 

2.  i f  nod e i s (also )  a  preterminal ,  i.e. ,  tre e =  node(subtree )  wher e 
subtre e denote s a  terminal ,  the n 

(a )  i f  th e lea f  typ e o f  nod e i s constan t  (thi s i s  als o tm e fo r  th e la -
bel  u n k n o w n )  the n construc t  th e bod y i n th e followin g man -
ner :  pu t  th e lea f  entr y i n squar e bracket s t o b e rea d of f  fro m 
th e inpu t  strin g (e.g .  dosxomman d - ^  I'CD'J) . 

(b )  i f  th e lea f  typ e o f  nod e i s variabl e the n expan d th e bod y t o 
IVar} ,  {TypeiVar)} ,  wher e TVp e i s th e nam e o f  leaf .  Asser t 
Type(Var )  t o th e knowledg e bas e a s a  predicate .  Fo r  exam -
ple :  optional-parameter(path )  i s  expande d to :  opt^aram- 2 - > 
[Var] ,  {path(Var) } 

3.  i f  th e rale  typ e o f  nod e i s optiona l  (additionally )  generat e a  hea d 
wit h a n empt y bod y (i.e. ,  <  nodeJabel > - ^  [] ) 

4.  i f  nod e i s no t  a  pretermina l  the n fo r  al l  subtree ,  o f 
node{.. ,  subtree,,.. )  generat e a  uniqu e label ,  attac h i t  t o th e rale 
fo r  nodeJabe l  suc h tha t  th e labe l  o f  subtrea ,  label, ,  appear s i n 
th e rale  bod y befor e th e labe l  o f  subtree,+i ,  label, + i ,  an d cal l 
transform(su6tree,) . 

Figure 9: A sketch of the learning algorithm 

Acquiring the Semantics of System Commands 

So far ,  a  context-fre e gramma r  o f  th e synta x o f  a  comman d 

has bee n acquired .  However ,  reasonin g an d plannin g pro -

cesse s depen d o n th e semantic s o f  command s a s well .  Th e 

semantic s o f  a  comman d suc h a s C D o r  C O P Y normall y can -

not  b e explaine d i n a  brie f  sentence .  Th e genera l  functio n o f 

th e command ,  it s precondition s an d effects ,  th e rol e o f  eac h 

paramete r  an d th e dependencie s amon g the m -  al l  thes e thing s 

need t o b e introduced . 

We captur e thi s b y augmentin g th e comman d D C Gs wit h 

semanti c an d conceptua l  structure s b y mean s o f  a  componen t 

calle d th e D C G refiner .  Thi s module ,  however ,  i s  no t  ye t  a 

stabl e par t  o f  ou r  model ,  w e ar e stil l  explorin g an d experi -

mentin g wit h variou s approache s an d dat a formats .  T o giv e 

an impressio n o f  th e learnin g task s an d th e problem s tha t  nee d 

t o b e solved ,  w e describ e th e model' s presen t  state . 

I n th e followin g w e distinguis h th e comman d parse r  ( C O M 

parser) ,  whic h -  give n a  comman d gramma r  lik e th e C D gram -

mar  i n Figur e 8  -  parse s comman d example s lik e ['CD' , 

a,: ]  fro m th e natura l  languag e parse r  (N L parser) ,  whic h 

i s a  unificatio n based ,  FUG-styl e parse r  (Kay ,  1985 )  tha t 

par.sc s th e Englis h explanatio n o f  th e give n D O S c o m m a n d 

e.g .  C D change s th e ... .  Th e C O M parse r  assign s pars e 

tree s t o comman d examples ,  whil e th e N L parse r  assign s 

(semantic )  featur e structure s t o sentences .  Bot h result s ar e 

combine d t o construc t  augmente d D C G rule s o f  th e form : 

rule(SemanticStructure )  - ^  .. .  .  SemanticStructur e i s a  com -

m on featur e structur e compose d o f  attribute-valu e pair s (writ -

ten :  attribute=value )  tha t  captur e morpho-syntacti c informa -

tio n bu t  ar e als o use d t o incorporat e th e lexica l  semantic s o f 

words .  Featur e structure s ar e manipulate d wit h a  singl e oper -

atio n calle d unification .  W e us e a  tw o plac e unificatio n pro -

cedur e calle d merge :  merge(A,B )  combine s A  an d B  suc h tha t 

-  i f  unificatio n wa s successfu l  -  bot h denot e exactl y th e sam e 

set  o f  featureŝ . 

Conside r  onc e agai n th e C D c o m m a n d an d it s def -

inition :  C D change s th e curren t  directory .  Th e 

C OM parse r  yield s th e pars e tre e d o s . c o m m a n d ( C D ) . 

Th e ^f L parse r  generate s th e followin g featur e structur e 

(onl y th e relevan t  feature s ar e kept) :  [type=changeJoc , 

source=[directory=Dir,property=current|-]|_] .  Thi s featur e 

structur e i s  derive d fro m th e semantic s o f  th e ver b chang e 

and th e nomina l  elemen t  curren t  directory .  Chang e denote s 

a chang e Joc(ation )  situatio n wit h a  sourc e objec t  tha t  i s a  di -

rectory .  W e currentl y d o no t  incorporat e plannin g knowledg e 

(e.g .  th e precondition s an d effect s o f  th e chang e J o e situa -

tion )  int o thes e representations ,  althoug h thi s i s  planne d fo r 

th e nea r  future .  Figur e 1 0 show s th e augmente d D C G fo r  C D . 

Eac h rul e ha s receive d a  semanti c argumen t  (SemC ,  S e m O l , 

S e m O I ) ,  whic h ar e merge d t o a n overal l  semanti c structur e 

SemC. 

dosjcommand(SemC) -> ['CD'], ;;; replaces dosxommand -^ ['CD'] 
{merge(SemC,[type=changeJoc , 

source=[directory=Dir,property=current|_) , 
opt.param- 1 = S e m O 1 ,  opt-param_2=Sem02 1 - ]  |  -])} , 

opt_param_ l  (Sem O 1) , 
opt-param^(Sem02) . 

opt4)aram.l([device=Var|-]) -^ [Var],{device(Var)},[:]. 
opt4)aram-l([device=unspec|-] )  —̂  [] . 
opt4)aram-2([path=Var|.] )  -> •  [Var] ,  {path(Var)} . 
opt-param_2([path=unspec |  J )  - ^  [] . 

device:(_) .  path(_) . 

Figure 10: DCG with semantic structures 

Note that the variable Var in the optional rules is not yet 

connecte d t o an y variabl e a t  th e to p leve l  rul e c o m m a n d .  W e 

ca n giv e onl y a  brie f  an d incomplet e descriptio n o f  th e D C G 

refiner . 

Feature s structure s ar e assigne d t o a  rul e leve l  (to p rule , 

embedded rules )  accordin g t o th e followin g principles : 

^Featur e stracture s ar e modele d i n for m o f  ope n prolo g lists ,  i.e. , 
[...|.] .  Prolo g variable s ar e writte n i n initia l  caps . 
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1.  initializatio n stag e (th e first  augmentatio n o f  a  comman d D C G 
wit h semanti c structures) : 

(a )  th e to p leve l  rul e i s augmente d wit h thos e feature s tha t  com e 
fro m th e ver b concep t  (e.g. ,  chang e Joe) . 

(b )  Th e (optional )  rule s ar e assigne d thei r  tes t  predicate s (thos e 
enclose d i n braces )  a s features .  Fo r  example ,  rul e opt^aram J 
receive s device=Va r  a s a  feature . 

2.  refinemen t  stag e (subsequen t  modification s o f  a  D C G ) : 

(a )  featur e structur e augmentation :  FeaUire s ar e attache d t o th e 
leas t  genera l  leve l  unde r  th e conditio n tha t  al l  alread y encoun -
tere d (stored )  positiv e example s ca n stil l  b e capture d b y th e 
command grammar . 

(b )  featur e liftin g an d featur e lowering :  Feature s ca n b e lifte d 
fro m deepe r  t o highe r  rule s an d vic e versa .  If ,  fo r  example , 
a ne w comman d instanc e i s encountere d tha t  doe s no t  matc h 
th e semantic s a t  a  give n level ,  th e mismatche d part s ar e pushe d 
down t o compatibl e rules . 

(c )  gramma r  specializatio n an d gramma r  generalization :  Exam -
ple s migh t  als o trigge r  th e assertio n o f  ne w rule s (rul e order : 
more specifi c  rule s preced e mor e genera l  rules) .  Thi s i s a 
granmia r  specialization .  Also ,  rul e generahzatio n i s possibl e 
i f  tw o o r  mor e rule s broadl y shar e th e sam e featur e structures . 

Related Work 

I n thi s paper ,  th e acquisitio n o f  a  forma l  languag e i s focuse d 

on.  However ,  ou r  approac h differ s fro m othe r  approache s 

fro m computationa l  learnin g theor y (e.g. .  Gol d (1967)) .  I n 

our  cas e th e gramma r  i s no t  learne d b y wa y o f  inductio n fro m 

th e processin g o f  exhaustiv e examples .  Instead ,  th e granmia r 

itsel f  i s provide d accordin g t o som e verball y introduce d no -

tationa l  convention s an d furthe r  explanation s i n th e for m o f 

natura l  languag e texts . 

Othe r  approache s t o knowledg e acquisitio n fro m text s ar e 

concerne d wit h th e extractio n o f  declarativ e knowledg e nec -

essar y t o defin e ne w concept s (e.g .  G o m e z (1995) ,  Hah n e t  al . 

(1996)) .  I n thi s paper ,  however ,  w e ar e concerne d wit h th e 

acquisitio n o i  procedura l  knowledg e a s Norto n (1983 )  is .  I n 

hi s work ,  a  paragrap h o f  a n elementar y textboo k o n program -

min g wa s manuall y simplifie d an d automaticall y translate d 

by a  parse r  int o Prolo g clauses .  I n hi s system ,  however ,  learn -

in g i s reduce d t o natura l  languag e understanding ,  whic h i s no t 

sufficien t  i n ou r  learnin g scenario . 

Anothe r  syste m concerne d wit h th e acquisitio n o f  proce -

dura l  knowlegd e i s S I E R R A (VanLehn ,  1987 )  whic h model s 

th e acquisitio n o f  basi c mathematica l  skill s  lik e subtraction . 

VanLeh n demonstrate s tha t  th e technique s o f  to p dow n an d 

botto m u p parsin g ca n b e use d t o fix  knowledg e gap s i n a 

procedura l  networ k (representin g th e subtractio n procedure) . 

He conclude s fro m hi s experiment s tha t  thos e sequence s o f 

lesson s tha t  onl y provok e minima l  gap s i n th e procedura l  net -

wor k ar e best ,  sinc e thes e gap s ca n the n b e easil y identifie d 

and fixed  (VanLehn' s felicit y condition s a  ter m borrowe d 

fro m Austin' s speec h ac t  theory) .  I n ou r  system ,  th e gramma r 

t o pars e th e trainin g example s first  need s t o b e learne d fro m 

natura l  languag e inpu t  an d forma l  cottmian d descriptions ,  a 

comple x learnin g tas k i n it s o w n righ t  whic h ha s no t  bee n 

considere d relevan t  fo r  S I E R R A .  Additionally ,  eac h trainin g 

exampl e i n ou r  cas e i s accompanie d b y verba l  description s 

whic h guid e th e learnin g process .  A  goo d verba l  descriptio n 

migh t  establis h a  kin d o f  felicit y conditio n i n ou r  learnin g en -

vironment . 

Conclusion and Outlook 

Our  mode l  i s a  multi-strateg y approac h whic h seek s t o ex -

plai n ho w prograimnin g novice s acquir e programmin g skill s 

fro m textbooks .  Whil e w e d o no t  expec t  th e learne r  t o 

hav e an y domain-specifi c  knowledge ,  (s)h e i s considere d t o 

hav e th e ful l  natura l  languag e competenc e o f  a n adult .  Ou r 

model  incorporate s variou s analysis-base d learnin g methods . 

Knowledg e abou t  th e operationalizatio n o f  knowledg e (ho w 

t o buil d C F G s fro m text )  i s  use d t o induc e met a grammar s 

(fro m notationa l  conventions) .  Thes e met a grammar s ar e of -

te n incomplet e du e t o omission s i n th e explanator y text .  I n 

th e sens e o f  explanation-base d learning ,  a n incomplet e do -

mai n theor y ha s bee n acquired .  C o m m a nd graimnar s ar e the n 

acquire d b y applyin g th e learne d met a grammar s (botto m up ) 

t o forma l  conmian d expression s i n th e textbook .  A n explana -

tio n structur e i s buil t  whil e parsin g th e comman d expressions . 

Knowledg e gap s i n th e met a gramma r  ar e close d b y th e in -

ductio n o f  rule s tha t  complet e th e explanatio n trees .  Next , 

thes e complete d explanatio n tree s ar e translate d t o comman d 

grammar s i n D C G format .  Again ,  backgroun d knowledg e 

abou t  th e constructio n o f  procedura l  knowleg e i s used .  Wit h 

th e ai d o f  cotmnan d grammars ,  comman d instance s an d thei r 

textua l  explanation s ar e parse d an d use d t o furthe r  refin e th e 

command granmiar .  Th e D C G rul e refine r  augment s th e com -

mand D C G wit h semanti c structure s whic h ar e generalize d 

and specialize d a s ne w example s ar e integrated .  Eventually , 

th e comman d gramma r  capture s (programmin g languag e spe -

cific )  syntactic ,  semanti c an d conceptua l  knowledg e tha t  ca n 

be use d i n understandin g an d plannin g processe s i n th e field 

of  programming .  A  lo t  o f  wor k remain s t o b e done ,  however . 

Especially ,  a n empirica l  evaluatio n o f  th e mode l  i s pressing . 
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