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ABSTRACT 

The construction and retrieval of plan schemas was studied using a programming task. Novice 
programmer s wer e aske d t o writ e program s an d thei r  proble m solvin g strategie s analyse d fro m 
th e manne r  i n whic h the y expande d a  progra m goal .  Fou r  program s wer e use d i n th e study , 
comprisin g tw o set s o f  proble m isomorphs .  Thes e isomorph s require d th e sam e programmin g plan s 
fo r  solution ,  bu t  differe d i n thei r  cove r  stories .  Pla n developmen t  with m a  pro b e m solvin g episod e 
and acros s episode s wa s thu s easil y tracked . 

Development of a plan to achieve a problem goal showed a focus of attention on the current goal 
t o th e exclusio n o f  concern s abou t  othe r  part s o f  th e program .  A  solutio n wa s no t  foun d b y a 
proces s o f  reasonin g an d top-dow n design .  Rather ,  on e goa l  wa s selecte d fo r  expansio n an d i n th e 
proces s o f  thi s expansio n ne w goal s wer e discovere d an d solve d t o th e exten t  require d b y th e 
curren t  context .  Th e progra m wa s buil t  u p fro m solvin g individua l  goals ,  no t  dow n fro m th e 
proble m specification .  Th e developmen t  o f  plan s t o achiev e thre e o f  thes e goals ,  th e selection , 
simpl e (non-looping )  su m an d rea d loo p goals ,  i s  discusse d i n som e detai l  t o sho w th e relatio n 
betwee n proble m solvin g an d schem a formation .  Evidenc e o f  top-dow n desig n usin g schema s 
appeare d onl y lat e i n th e study ,  suggestin g tha t  it s  us e i n teachin g shoul d b e delaye d unti l  th e 
novic e ca n 'spea k th e language '  o f  schem a retrieval . 

INTRODUCTION 

A generative model of program construction is presented that tracks the development of 

progra m plan s i n novic e programmers .  Th e outstandin g featur e i s a  focu s o n th e curren t  proble m 

unde r  consideration ,  th e curren t  goal .  Thi s force s a  loca l  vie w o f  th e program ,  bu t  create s th e 

piece s tha t  ar e require d t o implemen t  th e goal .  I t  als o create s m a n y bug s (Spohrer ,  Solowa y an d 

Pope,  1985 )  whe n thes e piece s nee d t o b e late r  combined .  Novic e behavio r  i s bes t  describe d a t 

thi s loca l  leve l  t o captur e th e relativ e isolatio n o f  knowledg e tha t  exclude s consideratio n o f  fact s 

outsid e th e curren t  context .  Systematic ,  top-dow n developmen t  i s no t  usefu l  fo r  initia l  proble m 

solving ,  sinc e th e piece s o f  mentione d knowledg e d o no t  ye t  exist .  I t  i s  achieve d b y novic e 

programmer s onl y afte r  prolonge d an d laboriou s effort . 

The focus during initial problem solving is on how to create plans to achieve the program 

goals .  On e goa l  a t  a  tim e i s selecte d an d a  pla n constructe d withi n th e contex t  o f  thi s curren t 

goal .  A  foca l  ide a i s expande d an d teste d t o se e i f  i t  satisfie s th e goa l  (Kant ,  1985 ;  Sussman , 

1975) .  I n th e proces s o f  expansion ,  ne w goal s ar e discovere d an d implemente d t o th e exten t 

require d b y th e curren t  context ;  th e progra m i s grow n fro m thes e seed s rathe r  tha n designed . 

Once a  pla n ha s bee n formed ,  i t  ca n b e modifie d o r  move d t o satisf y othe r  constraints ,  suc h a s 

dat a flow ,  contro l  flo w o r  efficiency .  Onc e m a n y suc h plan s hav e bee n constructed ,  th e focu s o f 

attentio n ca n shif t  fro m loca l  detail s t o comparin g plan s an d pla n segments .  Planning ,  whic h use s 

plan s a s stabl e conceptua l  chunks ,  replace s loca l  proble m solving .  Schem a retrieva l  an d tailorin g 

replace s schem a construction . 

The development of three plans is described in detail to show a local focus that is gradually 

expanded .  Th e simpl e (non-looping )  s u m pla n add s a  se t  o f  value s t o find  thei r  total ;  it s 

developmen t  illustrate s th e selectio n o f  object s an d thei r  combination .  Th e selectio n pla n show s 

th e chang e fro m focu s o n a  singl e goa l  a t  a  tim e t o a  combinatio n o f  relate d goals .  Thi s pla n 
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divide s th e inpu t  int o a  se t  o f  categorie s s o tha t  th e correc t  calculation s ca n b e mad e fo r  eac h 

category .  T h e rea d pla n shoiv s th e creatio n o f  a  sequenc e o f  goal s fro m th e foca l  goal .  Th e nee d 

t o rea d a  se t  o f  dat a item s create s th e ne w goa l  o f  looping ;  th e us e o f  a  W H I L E statemen t  fo r 

loopin g create s th e nee d t o dea l  wit h loo p termination .  Effect s o f  focu s apar t  fro m an y particula r 

pla n schem a wer e see n i n genera l  proble m solvin g methods ,  wher e ne w informatio n wa s 

integrate d (incorrectly )  i n term s o f  th e foca l  goal . 

DESCRIPTION OF THE STUDY 

Design. 

A protocol study was used to analyze the program construction strategies of novice 

programmers .  Subject s wer e student s beginnin g a n introductor y cours e i n Pasca l  a t  Yal e 

University .  T h e stud y bega n i n wee k thre e o f  th e cours e an d subject s wer e teste d a s soo n a s 

possibl e afte r  learnin g a  programmin g construct ,  suc h a s I F - T H E N - E L S E o r  W H I L E ,  befor e the y 

ha d th e opportunit y t o us e th e construc t  i n assignments .  Eigh t  novice s bega n th e study ,  bu t  on e 

droppe d ou t  afte r  th e secon d week .  Eac h remainin g subjec t  wrot e fou r  programs ,  tw o set s o f 

progra m isomorph s tha t  require d th e sam e plan s bu t  use d differen t  cove r  stories . 

The first isomorph required selection and sum plans (Soloway and Ehrlich, 1984); it was 

presente d i n week s thre e an d five  o f  th e course ,  wit h a  rea d loo p adde d fo r  selectio n i n wee k five . 

T h e secon d isomorp h wzi s presente d i n week s fou r  an d six .  I t  require d looping ,  runnin g total , 

runnin g coun t  an d m a x i m u m plans ;  th e selectio n pla n wa s use d t o coun t  th e inpu t  value s i n a  se t 

of  categories .  T h e sam e plan s (read ,  sum ,  select )  wer e use d fo r  al l  program s i n th e study ,  allowin g 

an y shif t  fro m pla n constructio n t o retrieva l  t o b e easil y seen .  Th e dat a bas e consist s o f  3 0 

program s usin g th e sam e plan s i n differen t  contexts ,  abou t  5 0 hour s o f  protoco l  data . 

Analysis. 

The basic structure of plan generation was shown by the changes a plan underwent in 

development .  Th e plan s wer e identifie d usin g th e Bu g Catalogu e develope d a t  Yal e (Spohrer , 

Pope ,  Lipman ,  Sack ,  Freiman ,  Littman ,  Johnso n an d Soloway ,  1985) .  Th e catalogu e list s severa l 

hundre d bug s take n fro m ove r  20 0 programs ,  groupe d accordin g t o th e goal s an d plan s i u whic h 

th e bug s occurred .  Withi n thi s goal/pla n context ,  i t  classifie s a  bu g i n term s o f  wha t  i s wron g 

wit h th e pla n (malformed ,  missing ,  spurious ,  etc.) ,  a  descriptiv e taxonomy .  Th e bug s hav e bee n 

describe d her e i n term s o f  a  proces s mode l  o f  thei r  conceptual ,  developmenta l  structure ,  t o sho w 

ho w the y aris e durin g proble m solving . 

The different stages through which a plan evolved was seen within a single program. They 

wer e als o see n acros s programs ,  wher e th e pla n wa s re-create d o r  retrieve d whe n needed .  Th e 

same developmen t  strategie s wer e see n i n al l  subjects ,  bu t  th e firs t  for m o f  th e emergin g pla n 

differe d markedl y acros s subjects .  Thu s al l  form s o f  th e pla n wer e no t  see n i n al l  subjects .  Th e 

analysi s presente d i s a  composit e o f  stage s base d o n partia l  overla p betwee n subjects . 

PLAN DEVELOPMENT 

When a new problem is first encountered, there is no existing schema to guide solution or 

attention .  Th e proble m solvin g i s guide d b y th e proble m informatio n give n (object s an d values ) 

an d th e simpl e operator s (verbal ,  logica l  o r  mathematical )  tha t  ca n b e use d t o combin e thi s 

information .  Th e initia l  focu s i s o n identificatio n o f  thes e object s an d operators ,  the n o n thei r 

combinatio n an d finally  o n factor s outsid e th e locu s o f  attention .  Th e solutio n i s drive n fro m th e 

most  basi c piece s outward .  Th e curren t  pla n i s teste d t o se e i f  i t  achieve s th e goa l  an d a  solutio n 

accrete d aroun d it ,  wit h multipl e cycle s o f  identification ,  expansio n an d testin g i f  necessary . 

The problem fragment that required these pieces is shown below, in the form of the first 
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isomorph ,  th e firs t  proble m i n th e study .  Th e secon d isomorp h presente d i t  a s a  proble m o f 

calculatin g Welfar e benefit s fo r  unwe d mothers ,  wher e th e amoun t  o f  additiona l  benefit s 

decrease d a s th e numbe r  o f  childre n increased : 

An electric company charges its customers by the kilowatt hour (kwh) for electricity used. The 
cos t  pe r  kilowat t  hou r  decrease s a s a  custome r  use s mor e electricit y accordin g t o th e followin g 
rat e schedule : 

9 cents per kwh for the first 350 kwh 

5 cent s pe r  kw h fo r  th e nex t  27 5 kw h 

4 cent s pe r  kw h fo r  th e nex t  22 5 kw h 

3 cent s pe r  kw h fo r  al l  kw h ove r  85 0 kw h 

The sum plan. 

Two main variants of the sum plan were seen, based on development of the schema from a 

focu s an d the n o n th e retrieva l  o f  thi s schem a an d th e expansio n o f  it s  slots .  Th e initia l  proble m 

solvin g effor t  i s  centere d o n th e rat e tha t  mus t  b e calculate d fo r  thi s category ,  o n th e rat e fo r 

th e selecte d range .  Subsequen t  expansio n o f  th e schem a treat s th e ne w rat e a s a  formul a t o b e 

adde d t o th e existin g framework .  Si x stage s wer e see n i n th e developmen t  o f  th e su m plan .  Th e 

firs t  fou r  o f  thes e m a y b e terme d pla n construction ,  sinc e the y involv e a  larg e amoun t  o f  proble m 

solvin g b y th e novice .  Eac h stag e reflect s th e proble m solvin g tha t  ha s occurred ,  fro m a  ver y 

simpl e analysi s t o on e tha t  integrate s al l  o f  th e informatio n require d fo r  a  correc t  solution .  Th e 

fift h m a y b e viewe d a s a  retrieve d solutio n tha t  stil l  retain s th e for m o f  it s construction .  Th e 

fina l  (expert )  for m i s th e complet e schema ,  divorce d fro m it s ontogeny . 

1. Straight rate: the surface form of the description creates the final code. The focus is 
on calculatin g th e charg e fo r  thi s category .  A t  thi s stage ,  th e objec t  ha s bee n 
identifie d (kwh) ,  th e existenc e o f  separat e rate s an d categorie s notice d an d th e rat e 
has bee n attache d t o th e object .  Th e rat e i s the n directl y calculate d a s 

costl := kwh * .09 

cos t  2  : ^ k w h *  .0 5 

2. New + old simple: the surface form of the sum is calculated. In this stage, the term 
'next '  ha s bee n parse d an d i t  i s  realise d tha t  th e differen t  rate s mus t  b e adde d t o ge t 
th e fina l  charge .  Th e focu s i s o n th e rat e fo r  th e categor y an d s o th e ne w rat e i s 
code d first ,  the n th e othe r  piece s withou t  furthe r  analysi s a s 

costl := kwh * .09 

cost e : = kw h *  .0 5 +  kw h *  .0 9 

3. New + old local: the correct form for the new rate is calculated. In this stage, the 
subjec t  ha s realise d tha t  th e rat e change s ove r  boundarie s an d onl y th e amoun t  o f 
kwh ove r  th e boundar y shoul d b e include d i n th e ne w rat e calculation .  Th e focu s i s 
stil l  o n th e ne w charg e an d s o th e insigh t  i s no t  extende d t o bot h charges : 

costl .= kwh * .09 

cost 2 . = (kw h -  350 )  *  .0 5 +  kw h *  .0 9 

4. New + old constructed: the correct form of the schema is constructed. In this stage, 
th e boundar y insigh t  i s applie d t o al l  th e individua l  rates ,  bu t  th e subjec t  ha s 
explicitl y  code d on e o f  th e previou s stage s o r  ha s t o devot e considerabl e energ y an d 
tim e t o constructin g th e solution .  A  particularl y stron g bloc k t o th e discover y o f  th e 
correc t  solutio n i s tha t  th e ol d calculatio n doe s no t  involv e th e progra m object ,  kwh . 
Th e objec t  ha s t o b e remove d an d a  constan t  inserte d i n it s place : 
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cost !  : = kw h *  .0 9 

co8t 2 : = (kw h -  350 )  *  .0 5 +  35 0 *  .0 9 

5. Ntw + old retrieved: the schema is retrieved, but still shows the new part focus. In 
thi s stage ,  th e part s appea r  withou t  apparen t  effor t  an d th e correc t  solutio n i s 
mentione d a s i t  i s  coded : 

coatl ;= kwh * .09 

C08t 2 : = (kw h -  350 )  *  .0 5 +  35 0 *  .0 9 

6. Old -h new retrieved: the sum schema is retrieved and expanded in the 'logical' 
order .  Thi s final  stag e show s th e proble m solvin g automate d an d attache d t o th e 
component s withi n th e overal l  schema .  Th e schem a i s retrieve d an d contro l  give n t o 
th e component s i n th e orde r  ol d plu s new ,  wher e th e ol d par t  repeat s throug h th e 
number  o f  step s required : 

eostl := kwh * .09 

cost 2 : 
Kwn '  .ui f 
350 *  .0 9 +  (kw h '  350 )  *  .0 5 
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Figur e 1 :  Developmen t  o f  th e su m pla n b y subjec t 

The expertise of the subjects in the study differed greatly. One subject retrieved the final 

s u m pla n withou t  effor t  t o solv e th e proble m i n th e first  isomorph .  Anothe r  starte d a t  stag e on e 

bot h times .  Th e transition s see n i n th e dat a ar e show n i n Figur e 1 .  Here ,  th e developmen t  fo r  th e 

firs t  presentatio n o f  th e proble m i s show n abov e o r  t o th e lef t  o f  th e links .  Th e behavio r  o f  th e 

subjec t  o n th e secon d isomorp h i s show n belo w o r  t o th e righ t  o f  th e link .  Subjec t  solution s 

withi n a  proble m solvin g episod e develope d accordin g t o th e taxonom y described .  Solution s acros s 

th e episode s reflec t  th e chang e fro m schem a formatio n t o schem a retrieva l  an d expansio n o f  th e 

slots . 

The selection plan. 

The selection plan provided the context for sum calculation by selecting when each of the 

ne w rate s wa s applicable .  Th e tw o plan s m a y b e treate d i n relativ e isolation ,  however ,  sinc e al l 

si x stage s o f  th e su m pla n occurre d i n th e contex t  o f  a  successfu l  selection .  Th e declarativ e 

informatio n use d fo r  th e tw o plan s ha s considerabl e overlap ,  bu t  th e us e o f  boundarie s i n 

selectio n wa s no t  extende d t o th e su m calculation .  Generally ,  loca l  focu s mitigate s agains t  suc h 
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systemati c comparisons ,  sinc e th e relevanc e o f  a  particula r  ite m o f  dat a i s determine d b y searc h 

fro m th e foca l  goal .  Schem a application ,  wit h it s descriptio n o f  require d slot s an d slo t  fillers ,  i s 

not  ye t  availabl e fo r  use . 

The select plan shows a development from separate goals each using IF to test the defined, 

exclusiv e ranges ,  t o th e complet e ELSEi-I F for m wher e th e structur e o f  th e ELSE-I F replace s th e 

test s use d i n separat e IFs .  Th e chang e m a y b e viewe d a s th e progressiv e replacemen t  o f  explici t 

boundar y test s b y th e implici t  testin g o f  th e ELSE-I F construct .  Initially ,  eac h cas e i s treate d 

locally ,  i n isolatio n fro m th e othe r  ranges .  Ove r  th e cours e o f  development ,  th e concep t  o f 

exclusive ,  abuttin g boundar y condition s an d thei r  us e i n th e ELSE-I F statemen t  emerges .  Thi s 

create s a  differen t  organisatio n o f  th e proble m information ,  fro m on e base d o n separat e goal s t o 

one base d o n fillin g th e newly-define d slot s o f  th e ELSE-IF ,  embeddin g th e boundar y informatio n 

and testin g withi n th e languag e construct .  Severa l  subsidiar y plan s ar e involve d wit h th e selec t 

pla n an d als o sho w a  developmenta l  shift .  Thes e ar e th e choic e o f  wha t  t o us e a s a  selecto r  (on e 

or  tw o ranges) ,  th e for m o f  th e tes t  withi n th e selecto r  an d th e combine r  ( O R o r  A N D )  whe n tw o 

test s ar e used .  Thes e wil l  b e discusse d afte r  th e selec t  plan . 

Else-if development 

Five stages of the select plan were seen for the problem described here, that of continuous, 

abuttin g ranges .  Th e genera l  for m o f  th e developmen t  m a y b e see n a s a n optimizatio n tha t 

require s les s cod e fo r  eac h stage .  Mor e informatively ,  i t  m a y b e see n a s th e us e o f  th e structur e o f 

th e E L S E statemen t  t o replac e th e explici t  selectio n test s require d b y a  loca l  formulation ,  th e 

embeddin g o f  th e explici t  goal s int o a  structur e wher e the y ar e achieve d implicitly . 

1.  I F tests :  th e selectio n i s don e usin g separat e I F test s fo r  eac h case .  Th e cas e i s the n 
expande d withi n th e contex t  o f  th e I F an d treate d i n isolatio n fro m th e othe r  pieces . 
The conditio n i n th e test ,  th e selector ,  m a y b e on e o r  bot h boundar y tests . 

2.  I F t o ELSE- I F test :  th e subjec t  begin s b y usin g separat e tests ,  bu t  a t  som e point , 
usuall y th e secon d IF ,  link s th e separat e test s usin g E L S E statements .  Th e E L S E 
function s purel y a s a  connecto r  betwee n IF s an d ha s n o othe r  functionality . 

3.  ELSE- I F wit h separat e tests :  a n ELSE-I F structur e i s use d fro m th e outset ,  bu t 
bot h boundar y test s ar e stil l  include d a s th e selector .  Th e decisio n t o us e th e ELSE -
I F a s th e operato r  wa s loca l  an d ha d n o impac t  o n subsequen t  (local )  goa l  expansion . 

4.  ELSE- I F wit h las t  test :  a n E L S & I F structur e i s used ,  bu t  th e subjec t  realise s tha t 
th e structur e ca n b e use d t o tes t  on e o f  th e condition s an d onl y on e boundar y nee d 
be specifie d i n eac h i f  statement .  Thi s insigh t  i s applie d t o al l  th e tests ,  s o th e las t 
tes t  als o ha s a n explici t  (unnecessary )  boundary . 

5.  ELSE-IF :  th e final ,  exper t  form ,  wit h on e boundar y teste d i n al l  case s excep t  th e 
last ,  wher e i t  i s  implicitl y  true . 

The initial goal of the subject is to select out the different ranges so that the charge can be 

compute d fo r  eac h category .  A  selectio n operato r  i s retrieve d (I F o r  ELSE-IF )  an d eac h o f  th e 

categorie s i s analyze d withi n th e contex t  o f  thi s operator .  Th e definitio n o f  th e categor y i s 

inserte d i n th e conditio n slo t  o f  th e operator .  Thi s definitio n usuall y i s conceive d a s a  rang e wit h 

tw o boundaries ,  whic h i s mos t  directl y code d a s a  tes t  fo r  mor e tha n th e lowe r  boun d an d les s 

tha n th e uppe r  bound ,  creatin g th e repeate d I F structur e o f  th e firs t  stage . 

In the second stage, the IF schema has been formed and its use now becomes an issue. The 

set  o f  exclusiv e alternative s cue s th e E L S E structure ,  whic h i s no w see n simpl y a s a n I ? 

connector ,  an d th e separat e I F statement s ar e linke d b y thi s (syntactic )  connector .  I n th e thir d 

stage ,  th e analysi s i s mad e befor e th e cod e i s writte n an d th e structur e lai d ou t  fo r  al l  th e cases ; 

eac h cas e i s the n expande d separately .  I n th e fourt h stage ,  th e subjec t  realise s tha t  onl y on e tes t 

i s  require d insid e a n IF ,  an d s o eac h I F test ,  includin g th e last ,  i s  code d wit h a  singl e test .  I n th e 

las t  stage ,  th e realizatio n i s full y  applie d an d th e optimize d ELSEi-I F structur e created . 
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Selecto r  developmen t 

In solving the selection problem, the first step is to discover the different categories. The 

simples t  for m o f  analysi s focuse s o n th e condition s tha t  separat e on e categor y fro m another ,  suc h 

as 'unde r  350' ,  'ove r  350' ,  'ove r  625 '  an d s o on .  Thes e ca n the n b e directl y code d usin g th e 

know n compariso n operators .  I n th e secon d stage ,  th e subjec t  realize s tha t  bot h condition s ar e 

require d an d code s the m bot h a s th e tes t  condition . 

Combiner development 

When two selector tests are defined, they need to be connected with a boolean operator, 

A N D o r  O R .  Th e correc t  operato r  i s A N D ,  ye t  ver y ofte n subject s chos e t o us e O R an d correcte d 

themselve s later .  Th e O R operato r  i s use d correctl y i n th e contex t  o f  independen t  goals ,  suc h a s 

enumeratio n (it' s  on e o r  th e other) .  Th e localit y heuristi c assume s tha t  everythin g i s independen t 

unti l  prove n otherwise ,  whe n A N D i s substitute d a s th e correc t  connector . 

Test development 

The initial concern in defining the boundaries for selection is to state which values enclose 

th e category .  A  loca l  focu s o n eac h o f  th e categorie s create d a  definitio n i n term s o f  equality ,  b y 

specifyin g th e lowes t  an d highes t  possibl e values .  I n th e electri c  bill ,  th e equalit y focu s identifie d 

th e valu e pair s (0 ,  350) ,  (351 ,  625) ,  (626 ,  850 )  an d ove r  850 .  Thes e wer e the n code d usin g >  = 

an d < ^  tests .  Th e secon d stag e sa w th e replacemen t  o f  thes e 'add-one '  value s an d > = test s 

wit h test s fo r  > .  Thi s returne d th e boundar y value s t o thei r  for m i n th e proble m descriptio n an d 

m ay indee d hav e create d th e initia l  insigh t  tha t  eventuall y le d t o th e ELSE-I F optimization ,  tha t 

on e plan' s ceilin g i s anothe r  plan' s floor . 

The read plan. 

The focal flavor of development is particularly noticeable in this plan. The goal of reading 

th e dat a spawne d th e goa l  o f  looping ,  whic h wa s coded .  Th e loo p wa s the n ignored ,  sinc e th e 

goal  seeme d t o b e achieve d b y writin g th e loo p code .  Th e res t  o f  th e goal s wer e implemente d an d 

attentio n onl y returne d t o th e loo p cod e whe n th e progra m wa s executed .  Th e implication s o f 

usin g a n input-controlle d loo p (Solowa y an d Ehrlich ,  1984) ,  wit h a n en d valu e o f  99999 ,  wer e 

discovere d a t  thi s point .  Th e remova l  o f  thi s valu e starte d a  ne w roun d o f  proble m solving .  Th e 

differenc e betwee n a  bu g an d a n extensio n o f  th e desig n i s th e tim e a t  whic h th e bu g i s found , 

not  th e proces s o f  discover y o r  solution .  I f  th e goa l  i s  currentl y focal ,  the n a n additio n i s par t  o f 

th e new ,  improve d design .  I f  th e goa l  i s  past ,  an d i n th e norma l  cas e i f  al l  th e goal s ar e pas t  an d 

th e progra m considere d complete ,  the n th e additio n i s a  patc h t o solv e a  bug .  Th e proble m 

solvin g strateg y an d loca l  focu s i s th e sam e i n eithe r  case . 

Two patterns in the read plan development are especially interesting. The first is that 

novice s woul d ofte n com e t o th e en d o f  th e W H I L E loo p an d reconstruc t  th e goa l  o f  terminatin g 

th e loo p a t  tha t  point .  Th e loca l  focu s mean s tha t  attentio n i s directe d towar d achievin g th e 

curren t  goa l  an d whe n i t  i s  achieved ,  o r  i n thi s cas e whe n a  sequenc e o f  goal s wa s achieved ,  th e 

contex t  i s  reconstructe d fro m th e externa l  memor y provide d b y th e progra m code .  Th e 

reconstructe d goa l  i s  the n implemente d i n isolatio n fro m th e progra m an d indee d th e problem , 

sinc e substitut e solution s suc h a s keepin g a  coun t  wer e generate d a s solutions .  Thes e contradicte d 

th e proble m specification ,  whic h state d tha t  'en d o f  inpu t  i s signalle d b y a  valu e o f  99999' . 

The second pattern emerged in debugging the WHILE loop. Two types of solutions were 

seen ,  arisin g fro m differen t  conceptualization s o f  th e bug .  Th e firs t  conceptualizatio n wa s tha t 

th e valu e i n th e calculatio n wa s wron g an d th e valu e ha d t o b e fixed ,  leadin g t o a  backou t 

strategy .  Th e secon d conceptualizatio n wa s tha t  th e bu g wa s cause d b y th e read .  Thi s produce d 
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tw o type s o f  fixes .  Th e first  wa s t o protec t  th e calculatio n fro m th e rea d valu e b y addin g code , 

suc h a s a  guard .  Th e secon d wa s t o protec t  th e calculatio n fro m th e las t  rea d b y movin g th e 

rea d t o th e botto m o f  th e loo p an d usin g th e W H I L E tes t  a s a n implici t  guard .  Thes e plan s 

sho w increasin g distanc e fro m th e bu g sympto m t o th e fina l  solution . 

The stages in development seen to achieve the read goal were 

1, single read: this is the simple prompt (WRITELN/READ) plan. 

2.  rea d the n loop :  th e subjec t  code d th e inpu t  promp t  an d rea d an d the n mentione d 
th e loo p goal ,  insertin g cod e befor e th e rea d statement . 

3.  loo p the n read :  th e loo p statemen t  precede d th e read .  Th e nee d fo r  a  loo p wa s 
notice d whe n readin g th e progra m an d th e rea d schem a wa s coded . 

4.  differen t  plan :  loca l  plan s wer e spawne d t o solv e th e reconstructe d terminatio n goal . 
T wo inappropriat e plan s wer e see n i n th e data .  Th e first  use d a n inpu t  valu e a s a 
counte r  t o contro l  th e loop .  Th e secon d aske d th e operato r  t o inpu t  a  characte r 
variable ,  'Y '  o r  'N' ,  t o contro l  th e loop .  Thi s pla n ha d bee n taugh t  i n th e cours e an d 
W2US retrieve d whe n a  loo p terminato r  wa s required . 

5.  th e backou t  plan :  subtrac t  9999 9 fro m th e su m an d 1  fro m th e counters .  Th e bu g i s 
tha t  th e variable s contai n th e wron ^  value ,  s o th e simples t  solutio n i s t o fix  th e 
values .  Th e backou t  coul d b e don e directl y wher e needed ,  afte r  th e loo p an d befor e 
th e output ,  o r  b e slightl y improve d an d don e whe n initializin g th e variables . 

6.  selectiv e backout :  i f  th e valu e i s 99999 ,  mak e i t  zero .  Th e bu g i s tha t  th e wron g 
valu e ha s bee n adde d in ,  s o th e solutio n i s t o mak e th e valu e innocuou s an d conver t 
i t  t o zero .  Thi s fix  save s th e sum ,  bu t  al l  th e counter s stil l  nee d t o b e backe d out . 

7.  guard :  onl y ad d i f  th e valu e i s no t  99999 .  Th e bu g conceptualizatio n i s tha t  th e 
wron g valu e ha s bee n adde d an d th e patc h i s t o preven t  th e en d valu e fro m bein g 
include d i n th e calculations .  Thi s save s al l  th e runnin g totals ,  bu t  create s tw o test s 
fo r  th e en d value ,  onc e i n th e W H I L E an d onc e i n th e guardin g IF . 

8.  rea d a t  end :  rea d th e dat a a t  th e en d o f  th e loop .  Th e conceptualizatio n o f  th e bu g 
i s tha t  on e to o man y dat a hav e bee n rea d in ,  s o th e rea d a t  th e en d stop s th e extr a 
rea d b y usin g th e contro l  machiner y t o guar d th e calculations .  I t  i s  a n u n c o m m o n 
solution ,  becaus e i t  require s a  syste m viewpoin t  an d the n a  selectiv e backout . 

9.  doubl e read :  rea d befor e th e loo p an d a t  th e botto m o f  th e loop .  I t  i s  a n extremel y 
difficul t  solutio n becaus e i t  require s a  syste m vie w o f  th e loo p an d tw o separat e 
read s t o achiev e th e singl e goal .  Th e us e o f  tw o piece s o f  cod e violate s th e implici t 
localit y heuristic ,  tha t  a  goa l  i s  achieve d b y on e piec e o f  code .  Subject s adde d cod e 
wit h abandon ,  bu t  seldo m change d existin g cod e t o achiev e a  ne w goal .  Thi s pla n 
was commonl y use d fo r  validation ,  t o loo p unti l  a  goo d valu e wa s read ,  bu t  th e 
differen t  proble m solvin g contex t  seem s t o hav e prevente d transfer . 

The solutions tried by each subject are shown in Figure 2; links are labelled with the 

number  o f  th e subjec t  wh o showe d tha t  particula r  transition .  Th e pla n wa s necessar y i n thre e o f 

th e problems ;  th e first  proble m di d no t  involv e looping .  Th e dat a fro m thes e thre e problem s m a y 

be rea d fro m to p t o botto m o f  th e subjec t  numbers .  Th e plac e marke r  '- '  i s  use d t o indicat e tha t 

no subjec t  mad e a  transitio n o n a  particula r  problem .  Som e subject s ra n ou t  o f  tim e o n initia l 

attempt s an d di d no t  encounte r  th e 9999 9 problem ,  s o som e earl y path s ar e no t  complete .  Thu s 

on th e firs t  occasion ,  subject s 3  throug h 7  code d locall y fro m th e rea d t o th e loo p goal .  Subject s 

3 an d 4  the n use d a  guard ,  subjec t  5  ra n ou t  o f  time ,  subjec t  6  use d a  retrieved ,  inappropriat e 

solutio n an d subjec t  7  use d backou t  the n guard .  I t  i s  interestin g t o not e tha t  non e o f  th e pla n 

patche s wer e schematised ,  bein g abandone d o r  redevelope d fro m th e focu s eac h time . 

Program development. 

The effect of focus has been demonstrated within individual plan segments. Two more 

genera l  example s o f  loca l  developmen t  wil l  b e presente d here ,  showin g th e us e o f  a  loca l 
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Figur e 2 :  Developmen t  o f  th e rea d pla n b y subjec t 

expansion strategy divorced from any simple, identifiable schema. The first reflects the 

developmen t  o f  knowledg e abou t  th e structur e o f  plan s i n a  program .  Th e secon d reflect s th e 

integratio n o f  informatio n b y a  foca l  goa l  a s a  genera l  proble m solvin g heuristic . 

A plan may be viewed as consisting of several segments, each of which fulfills a required 

role .  Thes e role s ar e genera l  pla n pre -  an d p>ost -  requisit e descriptions ,  suc h a s input ,  proces s an d 

outpu t  (IPO )  o r  initialise ,  calculat e an d use .  Th e theoretica l  valu e o f  suc h a  descriptio n i s 

demonstrate d i n Rich' s (1981 )  pla n calculus ;  evidenc e fo r  thei r  us e b y novice s an d expert s i s 

presente d i n Ris t  (1986) .  Th e developmen t  o f  a  modula r  progra m structur e m a y b e viewe d a s th e 

hierarchica l  organisatio n o f  plan s an d pla n segment s tha t  implemen t  th e 'correct '  orderin g a t  th e 

appropriat e level .  A  simpl e loo p program ,  fo r  example ,  show s a  goa l  centere d structur e (IPO )  a t 

th e mos t  abstrac t  level .  Pla n segment s ar e the n organise d b y eac h o f  thes e role s (III ,  P P P ,  0 0 0 ) , 

spreadin g element s o f  a  pla n acros s th e progra m i n a  rol e centere d structure . 

In understanding the problem, novices identified the goals and then the input objects for 

thes e goals .  Th e goal s an d thei r  associate d input s creat e th e se t  o f  transform s (IPO )  tha t  i s use d 

t o buil d th e program .  I n th e electricit y progra m ther e wer e tw o goals ,  t o find  th e cos t  (C )  fro m 

th e numbe r  o f  kilowat t  hour s use d an d th e billin g are a (A )  fro m th e custome r  number .  Thes e 

goal s ar e independen t  an d thei r  rol e organisation s thu s sho w th e reasonin g proces s unconstraine d 

by issue s o f  dat a flow .  T h e correct ,  systemati c placemen t  o f  role s an d object s mus t  b e learne d 

throug h experience .  Th e type s o f  rol e pattern s fo r  th e tw o isomorph s ar e show n i n Tabl e 1 . 

The initial problem solving organisation comes from the role structure. As was seen for the 

loop ,  th e first  heuristi c i s t o rea d i n th e data ,  the n proces s it .  Th e inpu t  rol e i s especiall y usefu l  i n 

proble m solvin g i n programming ,  sinc e th e inpu t  define s th e object s required ,  i s simple ,  alway s 

independen t  an d present s fe w problems .  A t  eac h rol e transitio n ( I  - > P ,  P  - > O ) ,  a n objec t 

must  b e selecte d fo r  th e ne w role .  Th e simples t  selectio n i s t o us e th e goa l  tha t  wa s las t  used , 

producin g th e objec t  orde r  A C C A A C show n o n th e firs t  line .  Th e firs t  stag e o f  learnin g an d 

plannin g i s t o lin k th e proces s an d outpu t  role s fo r  th e sam e object ,  creatin g a n implici t  goa l  lin k 
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1 

1 

5 

1 
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1 
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c c  e  a  a  a 
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(CACA) .  Thi s lin k i s mad e explici t  i n th e th e nex t  stage ,  wher e proces s an d outpu t  ar e organise d 
underneat h th e object s (CCAA) .  Th e goa l  organisatio n i s the n extende d t o al l  th e role s an d th e 
goal s ar e treate d independently ,  producin g th e orde r  C C C A AA use d i n th e secon d isomorph .  A 
simila r  developmen t  wa s see n fo r  th e validat e (V )  role .  I t  wa s initiall y  considere d a t  th e en d o f 
th e progra m fo r  al l  inpu t  object s (rol e centered ,  I I P P O O W )  an d code d i n th e progra m a t 
variou s positions .  I t  wa s the n considere d a t  th e en d o f  eac h independen t  goa l  (IPOV ,  IPOV )  an d 
finall y th e rol e wa s embedde d i n th e norma l  pla n structur e (IVPO ,  IVPO) . 

The first role reorganisation (line 2) creates the concept of systematic nesting, here nesting 
under  roles .  Complet e rol e nestin g i s derive d fro m thi s patter n b y extendin g i t  t o th e inpu t  role , 
wit h th e transitio n A C C A CA - > C A C A C A.  Thi s organisatio n i s correc t  fo r  plan s insid e loops , 
wher e th e mai n processin g i s delimite d b y th e loo p boundaries .  Th e exper t  select s whic h patter n 
i s neede d fro m th e typ e o f  plan ;  th e novic e begin s b y usin g loca l  expansio n an d develop s thes e 
pattern s an d selectio n rule s throug h debugging . 

The incorrect placement of plan roles inside the loop is shown in Table 2. Programs two 
and fou r  use d severa l  plans ,  suc h a s ma x an d averag e tha t  ar e no t  discusse d i n thi s paper ;  th e 
tabl e indicate s th e tota l  numbe r  o f  incorrec t  placement s fo r  al l  fou r  plans .  Onl y thos e role s tha t 
provide d a  choic e fo r  placemen t  ar e include d i n th e table ,  suc h a s final  calculation s fo r  averag e 
and percentag e an d progra m output ;  thes e coul d b e place d insid e o r  afte r  th e loop .  Thei r  locatio n 
i s a  sensitiv e indicato r  tha t  demonstrate s th e Ijic k o f  develope d discours e rules . 

Tabl e 2 :  Loca l  pla n expansio n 

Progra m 

2 

3 
4 

1 
IP O 

3 
IP O 

14 

1 
24 

Subjec t  numbe r 

4 5  6 
IP O IP O IP O 

1 

7 
IP O 
22 

1 
34 

8 
IP O 

1 

The Welfar e proble m (proble m 3 )  demonstrate s loca l  proble m solvin g i n th e interpretatio n 
and organisatio n o f  proble m data .  I t  wa s th e isomorp h o f  th e electri c bil l  problem ,  requirin g 
subject s t o calculat e th e benefit s a n unwe d mothe r  woul d receiv e i n a  year ,  give n th e numbe r  o f 
childre n i n th e family .  A t  thi s point ,  thre e week s int o th e study ,  i t  wa s expecte d tha t  th e 
selectio n an d su m plan s woul d hav e bee n schematise d an d coul d b e retrieve d an d used .  Thi s wa s 
support<>d ;  subject s applie d th e plan s an d inserte d value s i n th e pla n schem a slot s witlioii t 
apparen t  effort .  Th e interestin g poin t  wa s tha t  ove r  hal f  (fou r  ou t  o f  seven )  o f  th e subject s 
retrieve d th e plan ,  expande d i t  an d code d benefit s fo r  eac h o f  th e categorie s iuclutliii g th e 
categor y o f  n o children .  A  valu e o f  childre n les s tha n zer o wa s a n error ,  a  valu e o f  on e o r  greate r 
receive d benefit s accordin g t o th e rat e schedul e give n an d a  valu e o f  zer o receive d zer o benefits . 
Fro m a  globa l  perspectiv e i t  i s difficul t  t o se e ho w a n unwe d mothe r  coul d hav e zer o children . 
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IMPLICATION S 

The shift from a local and concrete to a system-oriented and abstract view in design marks 
and define s expertis e i n a  domain .  Tha t  shif t  ha s bee n explaine d her e a s arisin g fro m th e 
problem s encountere d b y a  novice ,  th e proble m solvin g technique s use d t o overcom e the m an d 
th e us e o f  th e products ,  pla n schemas ,  i n solvin g furthe r  problems .  Th e chang e fro m goa l 
expansio n t o modula r  plannin g ha s bee n trace d t o th e interactio n betwee n pla n flo w an d contro l 
and dat a flo w vi a th e creatio n an d automatio n o f  plan s an d pla n segments . 

It is interesting to compare the results of this study to the theoretical models of skill 
acquisitio n discusse d b y Sussma n (1975) ,  Brow n an d VanLeh n (1980 )  an d Hayes-Rot h (1983) .  Th e 
genera l  metho d o f  Sussman ,  tha t  o f  attemptin g a  solutio n an d creatin g ne w goal s an d patche s a s 
required ,  wa s th e desig n strateg y use d b y novic e subjects .  Th e solutio n o f  impasse s ha s bee n 
explaine d b y a  metho d o f  adoptin g a  foca l  object ,  operato r  o r  schem a an d developin g a  solutio n 
aroun d it .  Th e proble m solvin g heuristic s use d b y Hayes-Rot h ca n no w b e place d i n a 
developmenta l  sequence ,  fro m th e metho d o f  noticin g a  bu g an d applyin g a  loca l  patc h t o 
examinin g th e underlyin g causalit y o f  th e bu g an d fixin g th e caus e instea d o f  th e symptom . 

The detailed analysis of the information involved in coding a computer program offers the 
hope o f  a  realisti c simulatio n o f  huma n proble m solvin g behavior .  Th e us e o f  schem a a s 
knowledg e organiser s echoe s Schank' s (1982 )  M O P organisatio n an d extend s i t  b y demonstratin g 
th e ontogen y o f  suc h theoretica l  construct s i n a n experimenta l  task .  Th e us e o f  thes e M O Ps i n 
understandin g involve s man y o f  th e sam e issue s a s th e us e o f  pla n schem a i n progra m design . 
Stud y o f  thei r  developmen t  provide s a  stron g answe r  t o th e questio n o f  wha t  i s  insid e a  schema . 

I  wis h t o expres s m y appreciatio n t o Ji m Spohre r  an d Dan a Ka y fo r  thei r  trenchan t  criticism s o f 
earl y version s o f  th e paper .  Th e stud y wa s funde d b y gran t  numbe r  6643 0 fro m IBM . 
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