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Abstrac t 
Thi s pape r  report s tw o experiment s whic h explor e th e 
relationshi p betwee n workin g m e m o r y an d th e 
developmen t  o f  expertise .  Consideratio n i s give n t o th e 
rol e playe d b y externa l  memor y source s an d display -
base d proble m solvin g i n compute r  programmin g tasks . 
Evidenc e i s presente d whic h suggest s tha t  expertis e i n 
programmin g i s  dependen t  upo n th e developmen t  o f 
strategie s fo r  effectivel y utilisin g externa l  displays .  I n 
thi s context ,  i t  appear s tha t  novice s rel y extensivel y 
upo n workin g memor y t o generat e a s muc h o f  a  solutio n 
as possibl e befor e transferrin g i t  t o a n externa l  source .  I n 
contrast ,  expert s mak e extensiv e us e o f  a n externa l 
displa y a s a n informatio n repository .  Thes e result s ar e 
discusse d i n term s o f  a  framewor k whic h emphasise s th e 
rol e o f  display-base d proble m solvin g an d it s 
contributio n t o strateg y development . 

Introduct io n 
A pervasiv e findin g o f  recen t  researc h int o th e cognitiv e 
aspect s o f  programmin g i s tha t  cod e i s no t  generate d i n a 
linea r  fashio n -  i.e. .  i n a  stric t  first-to-las t  orde r  (Davies . 
1991 ;  Rist ,  1989) .  Rather ,  man y deviation s ar e mad e 
fro m linea r  development ,  wher e programmer s leav e gap s 
i n th e emergin g progra m t o b e fille d i n later .  Gree n e t  a l 
(1987 )  hav e propose d a  mode l  t o accoun t  fo r  thi s 
finding .  Thei r  Parsing/Gnisra p mode l  introduce s a 
workin g memor y componen t  int o th e analysi s o f  codin g 
behaviou r  whic h force s th e mode l  t o us e a n externa l 
mediu m (e g th e V D U screen )  whe n progra m f r  igment s ar e 
complete d o r  whe n workin g memor y i s overloaded .  Thi s 
means tha t  programmer s wil l  firequentl y nee d t o refe r 
bac k t o generate d fragment s i n orde r  t o recreat e th e 
origina l  pla n structur e o f  th e progra m whic h ma y hav e 
onl y bee n partiall y  implemente d i n code .  Th e parsin g 
elemen t  o f  th e mode l  describe s thi s process ,  whil e 
gnisra p (th e revers e o f  parsing )  describe s th e generativ e 
process . 

Davie s ha s looke d a t  th e natur e o f  th e nonlinearitie s 
i n progra m generatio n fo r  programmer s o f  differen t  skil l 
levels .  On e findin g t o emerg e from  thi s wor k wa s tha t 
expert s perfor m a  greate r  numbe r  o f  between-pla n jump s 

tha n novice s an d tha t  novice s ten d t o perfor m mor e 
within-pla n jump s -  tha t  is ,  adop t  a  linea r  generatio n 
strategy .  Thi s migh t  see m anomalous ,  sinc e i f  w e assum e 
tha t  th e re-parsin g o f  a  generate d outpu t  involve s som e 
cognitiv e cost ,  the n on e migh t  expec t  th e developmen t 
of  programmin g skil l  t o b e partl y dependen t  upo n a 
programmer' s abilit y  t o generat e a s muc h o f  th e progra m 
internall y befor e writin g i t  t o a n externa l  source ,  thu s 
reducin g th e nee d t o re-parse .  However ,  th e opposit e 
appear s t o b e th e case .  Th e result s o f  Davie s (1991 ) 
sugges t  tha t  skille d programmer s mak e m u c h us e o f 
externa l  memor y source s (i.e. ,  a  V D U screen )  whil e 
novice s ten d t o rel y upo n th e us e o f  interna l  memor y t o 
develo p a s muc h o f  th e solutio n a s possibl e befor e 
transferrin g i t  t o externa l  memory . 

O ne questio n tha t  arise s i s  th e exten t  t o whic h 
expertis e i n programmin g an d othe r  comple x skill s  ca n 
be explaine d b y recours e t o a n extende d workin g memor y 
model  a s oppose d t o a  mode l  whic h place s emphasi s 
upo n th e rol e o f  externalise d m e m o r y structure s an d 
display-base d comprehens ion ? T h e followin g 
experiment s attemp t  t o addres s thi s issu e directly .  Th e 
firs t  experimen t  consider s th e rol e o f  workin g memor y i n 
th e determinatio n o f  strateg y fo r  novic e an d exper t 
programmers .  Th e secon d experimen t  look s a t  th e effect s 
upo n certai n erro r  form s o f  restrictin g th e kind s o f 
manipulation s programmer s ca n m a k e withi n a n 
environment . 

Exper imenta l  Studie s 
I n th e firs t  experiment ,  subjec u carrie d ou t  a  simpl e 
articulator y suppressio n tas k whil e engage d i n a  progra m 
generatio n activity .  I f  workin g m e m o r y limitation s 
caus e programmer s t o mak e us e o f  a n externa l  medium ,  a s 
suggeste d b y Gree n e t  al ,  the n th e ac t  o f  loadin g workin g 
memory throug h a  concurren t  tas k shoul d giv e ris e t o a n 
increas e i n nonlinearities ,  sinc e subject s woul d hav e t o 
engag e mor e full y i n th e parsing/gnisra p cycl e i n orde r 
t o mak e us e o f  th e externa l  display . 

The secon d experimen t  look s a t  th e w a y i n whic h 
restrictin g th e us e o f  a n externa l  m e d i u m affect s 
performance .  Here ,  i f  programmer s ar e no t  abl e t o correc t 
alread y generate d cod e a t  late r  stage s i n th e codin g 
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process ,  the n thi s shoul d hav e som e effec t  upo n thei r 
performance .  I n thi s experiment ,  subject s create d a 
progra m usin g a  full-scree n edito r  tha t  provide d n o 
opportunit y fo r  th e revisio n o f  existin g text .  Th e us e o f 
suc h a n edito r  clearl y place s a  significan t  loa d upo n a 
subject s workin g m e m o r y capacit y sinc e the y wil l  b e 
require d t o internall y generat e a s muc h o f  th e progra m a s 
possibl e befor e externalisin g it .  B y placin g emphasi s 
upo n th e us e o f  workin g memor y i t  shoul d b e possibl e t o 
induc e erro r  pron e behaviou r  whic h parallel s tha t  eviden t 
w h en workin g m e m o r y i s loade d i n othe r  ways ,  fo r 
instanc e vi a articulator y suppression . 

We migh t  expec t  a  detrimen t  i n exper t  performanc e 
when th e devic e use d t o creat e th e progra m i s restricte d i n 
suc h a  w a y a s t o m a k e retrospectiv e change s impossible . 
Thi s i s base d upo n th e assumptio n tha t  expert s mak e 
greate r  us e o f  externa l  source s t o recor d partia l  cod e 
fragment s whic h ar e the n late r  elaborated .  Conversely ,  i t 
has bee n suggeste d tha t  novice s wil l  ten d t o rel y mor e 
upo n generatin g a s m u c h o f  th e progra m internall y 
befor e writin g i t  t o a n externa l  source .  I t  i s  clea r  tha t 
thes e strategi c difference s wil l  b e supporte d t o a  greate r 
or  a  lesse r  exten t  b y th e devic e use d t o creat e th e 
program .  Hence ,  fo r  exper t  programmers ,  i t  migh t  b e 
suggeste d tha t  restrictin g th e devic e wil l  caus e the m t o 
rever t  t o a  novic e strategy ,  sinc e the y wil l  the n b e unabl e 
t o us e th e externa l  displa y i n th e norma l  way . 

Establishin g suppor t  fo r  thi s hypothesi s woul d hav e 
a numbe r  o f  implications .  Firstly ,  i t  woul d sugges t  tha t 
th e developmen t  o f  expertis e m a y no t  b e base d simpl y 
upo n th e acquisitio n o f  knowledg e abou t  a  give n domain . 
I f  thi s wer e th e case ,  w e woul d expec t  expert s t o perfor m 
bette r  tha n novice s regardles s o f  th e constramt s impose d 
by th e tas k environmen t  Secondly ,  i t  woul d indicat e tha t 
increase d workin g m e m o r y availabilit y  doe s no t 
necessaril y  lea d t o bette r  performance .  Moreover ,  i f 
workin g m e m o r y availabilit y  i s  correlate d wit h 
expertise ,  the n expert s shoul d perfor m bette r  tha t 
novice s i n situation s wher e the y mus t  rel y upo n interna l 
sources .  I f  thi s i s no t  th e case ,  the n w e migh t  questio n 
th e statu s o f  workin g m e m o r y i n theorie s dealin g wit h 
th e developmen t  o f  comple x skills .  A n alternativ e 
explanatio n i s tha t  expert s hav e develope d particula r 
strategie s fo r  dealin g wit h tas k complexit y tha t  involv e 
clos e interactio n wit h externa l  informatio n repositorie s 
i n orde r  t o recor d partia l  solutio n fragment s a s the y ar e 
generated .  I f  novice s hav e faile d t o develo p suc h 
strategies ,  the n i t  i s  unlikel y tha t  thei r  performanc e 
woul d b e affecte d significantl y b y restrictin g th e tas k 
environment . 

Thi s analysi s ca n b e extende d b y classifyin g th e 
error s i n th e program s generate d b y subjects .  A  schem e 
devise d b y Gilmor e an d Gree n (1988 )  suggest s fou r  mai n 
categorie s o f  error : 
1 Surfac e leve l  error s cause d mainl y b y typin g an d 
syntacti c slips :  (e.g .  confusio n betwee n <  an d > ,  missin g 
or  misplace d quote s etc) . 
2 -  Control-Flo w errors :  (e.g .  missin g o r  spuriou s els e 
statements ,  spli t  loop s etc) . 

3 -  Plan-Structur e errors :  Including ,  guar d tes t  o n wron g 
vanable ,  updat e wron g variabl e etc . 
4 -  Interactio n errors :  A  clas s o f  error s occurrin g a t  th e 
poin t  wher e structure s o f  differen t  type s interact :  (e.g .  a 
missin g 'Read '  i n th e mai n loop ,  initialisation s withi n 
th e mai n loop) . 

Clearly some of these errors will be knowledge-based 
(specifically ,  plan-structur e errors )  whil e other s wil l  b e 
dependen t  upo n workin g m e m o r y limitations .  Fo r 
example ,  bot h control-flo w an d interactio n errors ,  sinc e 
the y depen d upo n establishin g referentia l  link s an d 
dependencie s betwee n cod e structures ,  ar e likel y t o b e 
affecte d b y workin g m e m o r y constraints .  I n term s o f  th e 
firs t  experiment ,  w e migh t  expec t  bot h control-flo w an d 
interactio n error s t o predominat e i n novic e solution s 
wher e workin g m e m o r y availabilit y  i s  reduced .  I n th e 
cas e o f  experts ,  i t  i s  argue d tha t  th e interaction s betwee n 
cod e structure s wil l  b e evaluate d i n th e contex t  o f  a n 
externa l  m e m o r y source .  Tha t  is ,  b y re-parsin g existin g 
cod e fragments  i n orde r  t o reconcil e the m wit h th e cod e 
th e programme r  i s currentl y workin g on .  Thus ,  tha t  th e 
act  o f  loadin g workin g m e m o r y shoul d no t  affec t  th e 
occurrenc e o f  thes e type s o f  error . 

I n th e cas e o f  th e secon d experiment ,  w e woul d 
expec t  th e converse .  I f  expert s ar e no t  abl e t o us e th e 
externa l  displa y i n th e manne r  predicted ,  the n i t  migh t  b e 
hypothesise d tha t  interactio n an d control-flo w error s 
wil l  predominat e i n th e conditio n wher e us e o f  th e devic e 
i s restricted .  I t  migh t  als o b e predicte d tha t  thi s 
experimenta l  manipulatio n wil l  no t  affec t  th e occurrenc e 
of  plan-structur e error s sinc e thes e ar e hypothesise d t o b e 
knowledge-base d rathe r  tha n strategy-based . 

Exper imen t  1 .  Effect s o f  articulator y 
suppressio n o n strateg y an d error s 

Method 
Sub jec t s :  Twent y subject s participate d i n thi s 
experiment .  O n e grou p o f  te n subject s consiste d o f 
professiona l  programmers .  Al l  th e subject s i n thi s grou p 
use d Pasca l  o n a  dail y basi s an d al l  ha d subsUntia l 
trainin g i n th e us e o f  thi s language .  Member s o f  thi s 
grou p wer e classifie d a s experts .  A  secon d grou p 
consiste d o f  secon d yea r  undergraduat e students ,  al l  o f 
w h o m ha d bee n formall y instructe d i n Pasca l  synta x an d 
languag e us e durin g th e firs t  yea r  o f  thei r  course . 
Members o f  thi s grou p wer e classifie d a s novices . 

Procedure and Design: SubjecU were asked to carry 
out  a  simpl e articulator y suppressio n tas k whic h 
involve d repeatin g a  strin g o f  Hv e rando m digits .  A t  th e 
same time ,  subject s wer e requeste d t o generat e a  simpl e 
pasca l  progra m tha t  coul d rea d a  serie s o f  inpu t  values , 
calculat e a  runnin g total ,  outpu t  a n averag e valu e an d 
sto p give n a  specifi c  terminatin g condition .  Thi s 
specificatio n wa s derive d fro m Johnso n an d Solowa y 
(1985 )  an d wa s chose n becaus e i t  ha s forme d th e basi s o f 
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eviden t  fo r  th e novic e group .  I n th e cas e o f  th e exper t 
grou p th e sam e compariso n prove d no t  t o b e significant . 

Error classification analysis: In the case of 
experts ,  ther e i s a  fairl y  eve n distributio n o f  erro r  type s 
acros s th e tw o experimenta l  conditions .  Indeed ,  furthe r 
statistica l  analysi s reveale d n o significan t  difference s 
betwee n erro r  type s bot h withi n an d betwee n condition s 
(multipl e t-tests) .  I n th e cas e o f  th e novic e group ,  th e 
distributio n o f  erro r  type s i s les s straightforward .  I n th e 
non-suppressio n condition ,  novice s produce d a 
significantl y greate r  numbe r  o f  pla n error s i n 
compariso n t o th e othe r  categorie s (t-test) .  Moreover , 
th e onl y significan t  differenc e betwee n th e novic e an d 
expert s group s i n thi s conditio n wa s th e numbe r  o f  pla n 
error s produce d b y th e novic e grou p (t-test) .  I n th e 
secon d condition ,  th e distributio n o f  error s acros s 
classificatio n type s fo r  exper t  subject s wa s agai n fairl y 
even .  N o significan t  difference s betwee n an y o f  th e erro r 
classification s wer e evident .  Fo r  th e novic e group , 
significantl y mor e control-flo w an d interactio n error s 
wer e eviden t  i n compariso n t o th e othe r  tw o erro r 
classification s (t-test) .  Moreover ,  fo r  th e novic e 
group.th e numbe r  o f  pla n error s occurrin g i n th e secon d 
conditio n wa s significantl y les s tha n i n th e firs t 
conditio n (t-test) . 

Discussion: This experiment shows that expert 
performanc e i n programmin g task s i s no t  significantl y 
affecte d b y articulator y suppression .  Hence ,  fo r  expert s 
th e numbe r  o f  error s produce d i s no t  significantl y 
differen t  comparin g th e suppressio n conditio n t o th e 
non-suppressio n condition .  Moreover ,  i t  appear s tha t 
strateg y i s similarl y unaffected .  Hence ,  th e prevalenc e o f 
between-pla n jump s i n th e non-suppressio n conditio n 
fo r  th e exper t  grou p i s no t  diminishe d i n th e suppressio n 
condition .  Similarly ,  th e occurrenc e o f  within-pla n 
jump s doe s no t  diffe r  significantl y i n th e tw o 
experimenta l  conditions . 

Conversely.th e novic e grou p produce d significantl y 
more error s i n th e suppressio n conditio n whe n compare d 
t o th e non-suppressio n condition .  I n addition ,  th e natur e 
of  th e codin g strateg y tha t  the y adop t  i s als o affected .  I n 
particular ,  i t  appear s tha t  novic e programmer s rever t 
fro m a  linea r  generatio n strateg y characterise d b y th e 
prevalenc e o f  within-pla n jumps ,  t o a  strateg y mor e 
characteristi c o f  experts .  Tha t  is .  t o a  strateg y whic h 
reflect s a  greate r  numbe r  o f  between-pla n jumps . 

Earlie r  i t  wa s state d tha t  exper t  programmer s appea r 
t o rel y muc h mor e extensivel y tha n novice s upo n th e us e 
of  externa l  source s t o recor d partia l  cod e fragment s an d 
tha t  th e ac t  o f  loadin g workin g memor y o r  o f  otherwis e 
reducin g it s availabilit y  woul d no t  affec t  thi s process .  I t 
was suggeste d tha t  expert s wil l  ten d engag e i n ver y 
closel y linke d cycle s o f  planning ,  subsequen t  cod e 
generatio n an d evaluation .  Sinc e i t  i s  posite d tha t  thi s 
proces s relie s littl e upo n th e programmer' s workin g 
m e m o ry capacit y i t  i s  reasonabl e t o expec t  tha t 
articulator y suppressio n woul d no t  affec t  th e natur e o f 
performanc e i n th e contex t  o f  thi s task .  Th e result s o f 

thi s experimen t  provid e suppor t  fo r  thi s view .  Furthe r 
suppor t  fo r  thi s vie w i s eviden t  i n th e erro r  data .  I n th e 
non-suppressio n condition ,  novic e subject s ar e clearl y 
mor e erro r  prone .  Thi s findin g i s no t  unexpected . 
However ,  i n th e suppressio n condition ,  th e erro r  rat e fo r 
th e exper t  grou p change s littl e fro m thi s bas e lin e 
wherea s th e novic e erro r  rat e mor e tha n doubles .  Thi s 
m ay indicat e tha t  w h e n workin g m e m o r y i s loade d 
novice s mus t  externalis e informatio n an d tha t  thi s 
constitute s a  strateg y whic h the y fin d unnatural ,  thu s 
leadin g t o a n increase d erro r  rate . 

A mor e detaile d analysi s o f  thes e error s reveal s a 
chang e i n th e natur e o f  error s fo r  novic e subject s betwee n 
th e tw o experimenta l  conditions .  I n th e non-suppressio n 
condition ,  th e novic e grou p mak e a  greate r  numbe r  o f 
pla n errors ,  suggestin g knowledge-base d difficulties . 
Conversely ,  i n th e suppressio n conditio n a  greate r 
proportio n o f  control-flo w an d interactio n error s ar e 
evident .  I n term s o f  th e presen t  analysis ,  th e 
preponderanc e o f  control-flo w an d interactio n error s m a y 
reflec t  problem s keepin g trac k o f  th e interdependencie s 
betwee n element s i n th e emergin g program .  W h e n 
workin g m e m o r y availabilit y  i s  reduce d i t  appear s tha t 
novice s experienc e s o m e difficult y wit h thes e 
interdependencies .  Unlik e experts ,  i t  appear s tha t 
novice s canno t  us e th e externa l  displa y a s a n ai d t o 
memory t o it s ful l  exten t 

An alternativ e explanatio n fo r  thes e finding s i s tha t 
expert s simpl y hav e a n extende d workin g m e m o r y 
capacity .  Suc h a n accoun t  woul d presumabl y hav e n o 
difficult y predictin g th e result s o f  th e experimen t 
reporte d above .  I n orde r  t o asses s th e cogenc y o f  thi s 
alternativ e explanation ,  th e secon d experimen t  reporte d 
i n thi s pape r  adopt s a  differen t  approac h fo r  explorin g 
th e relationshi p betwee n workin g m e m o r y an d th e 
developmen t  o f  programmin g skill .  I n particular ,  i f 
experts ,  fo r  whateve r  reason ,  ar e abl e t o exten d thei r 
effectiv e workin g m e m o r y capacit y o r  increas e it s 
availabilit y  i n othe r  way s the n restrictin g th e tas k 
environmen t  shoul d no t  significantl y affec t  thei r 
performance . 

Exper imen t  2 .  Effect s o f  restrictin g th e tas k 
e n v i r o D i n e n t 

The second experiment is complementary to the fu^st. 
Wherea s th e firs t  experimen t  attempte d t o reduc e th e 
subjects '  availabl e workin g m e m o r y capacity ,  thi s 
experimen t  ha s bee n designe d t o encourag e subject s t o 
rel y upo n workin g memory .  Hence ,  i f  expert s hav e a n 
extende d workin g m e m o r y capacit y the y shoul d 
demonstrat e performanc e equitabl e t o tha t  displaye d i n 
th e firs t  experiment .  Moreover ,  i f  th e extende d capacit y 
notio n i s correct ,  the n exper U shoul d ou t  perfor m 
novice s eve n i n th e situatio n wher e th e tas k environmen t 
i s severel y restricte d a s i n thi s secon d experiment . 
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many empirica l  studies .  Hence ,  th e resultin g program s 
coul d easil y analyse d fo r  error s an d pla n structures . 

Subject s wer e allowe d t o stud y th e specificatio n fo r  S 
mins .  an d wer e the n aske d t o generat e a  progra m 
correspondin g t o thi s specificatio n whil e engage d i n th e 
concurren t  suppressio n task .  Th e subject s wer e give n 1 3 
m m s.  t o complet e thi s task ,  typin g thei r  solution s ont o 
a familia r  tex t  editor .  Subjects '  keystroke s wer e recorde d 
fo r  furthe r  analysis .  Thi s analysi s provide d a n indicatio n 
of  th e tempora l  sequenc e i n whic h program s wer e 
generated .  Thre e independen t  rater s wer e aske d t o analys e 
al l  th e resultin g progra m transcript s fo r  th e presenc e o f 
common pla n structure s (Solowa y an d Ehrlich ,  1984 )  an d 
fo r  error s (usin g th e classificatio n describe d above) . 
Withi n an d between-pla n jump s wer e define d a s follows : 
Within-pla n jump s wer e classifie d a s movement s 
betwee n a  particula r  lin e o f  th e progra m tex t  t o anothe r 
lin e whic h forme d par t  o f  th e sam e pla n structure . 
Between-pla n jump s wer e define d a s movement s fro m th e 
curren t  lin e t o line s withi n differen t  pla n structure s (se e 
Davies ,  1991) .  Thes e protocol s applie d onl y t o 
situation s wher e th e jum p wa s followe d b y a n editin g 
action .  Th e experimen t  wa s a  two-facto r  design ,  wit h th e 
followin g independen t  variables :  1 .  Articulator y 
suppression/N o suppressio n an d 2 .  Leve l  o f  expertis e 
(Novice/Expert).Ther e wer e tw o dependen t  variables :  1 . 
The numbe r  o f  Between/Within-pla n jump s an d 2 .  Error s 
remainin g i n th e fina l  program . 

Results 
Plan-jumps :  Figur e I  show s th e numbe r  o f  withi n an d 
between-pla n jump s performe d b y novic e an d exper t 
programmer s i n th e tw o experimenta l  conditions . 
Analysi s reveale d mai n effect s o f  suppressio n (F j  7 2 = 

8.47 ,  p<0.01 )  an d expertis e (F j  7 2 =  12.56 ,  p<'o.01 ) 

on jump-typ e an d a  mor e comple x interactio n betwee n 
suppressio n an d expertis e (F j  5 4 =  4.73 ,  p<0.05) .  A 

number  o f  post-ho c comparison s wer e carrie d ou t  usin g 
th e Newman-Keule s tes t  wit h a n adopte d significanc e 
leve l  o f  p<0.01 .  Thi s procedur e indicate d tha t  expert s 
produce d significantl y mor e betwee n pla n jump s tha n 
novice s i n th e non-suppressio n condition .  Conversely , 
novice s produce d a  greate r  numbe r  o f  withi n plan-jump s 
i n thi s condition .  I n th e cas e o f  th e suppressio n 
condition ,  ther e wer e n o significan t  differences . 
Errors:  Figur e 2  show s th e tota l  mea n numbe r  o f  error s 
remainin g i n th e program s o n tas k completio n fo r 
novic e an d exper t  subject s i n th e tw o experimenta l 
conditions .  Analysi s reveale d a  mai n effec t  o f  expertis e 
(F j  3 g =  9.37 ,  p<0.01 )  an d suppressio n (F j  3 5 =  4.54 . 

p<0.05 )  an d a n interactio n betwee n thes e tw o factor s 
(F j  3 g =  15.89 ,  p<0.01) .  Onc e agai n a  numbe r  o f  post -

hoc comparison s wer e carrie d ou t  usin g th e Newman-
Keule s tes t  wit h a n adopte d significanc e leve l  o f  p<0.01 . 
Thi s indicate d a  significan t  differenc e i n erro r  rate s i n th e 
bot h experimenta l  condition s whe n comparin g th e 
novic e an d exper t  groups .  I n addition ,  a  significan t 
differenc e betwee n erro r  rate s acros s condition s wa s 
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M e t h o d 
Subjects ,  Procedur e an d Design :  Th e sam e 
subject s too k par t  i n thi s experiment ,  wit h th e orde r  o f 
participatio n randomised .  Subject s wer e aske d t o produc e 
a progra m correspondin g t o a  brie f  specificatio n whic h 
involve d processin g simpl e ban k transactions .  Here ,  (h e 
natur e o f  th e tas k environmen t  forme d th e basi s fo r  th e 
tw o experimenu l  conditions .  I n on e condition ,  subject s 
used a  familia r  full-scree n tex t  editor .  I n th e secon d 
conditio n subject s use d a  modifie d versio n o f  th e sam e 
editor.whic h allowe d onl y restricte d curso r  movement . 
That  is ,  fro m th e to p o f  th e scree n t o th e bottom ,  an d 
onl y betwee n adjacen t  lines .  Onc e a  subjec t  ha d generate d 
a lin e an d presse d th e retur n key ,  the y wer e unabl e t o the n 
retur n t o tha t  lin e t o perfor m othe r  editin g operations . 
The edito r  di d howeve r  allo w edit s t o th e curren t  lin e 
bein g generated .  Subject s wer e informe d abou t  th e basi c 
modification s t o th e editor ,  an d wer e aske d t o attemp t  t o 
generat e a  progra m fro m th e specificatio n an d wer e aske d 
t o chec k eac h lin e o f  thei r  progra m befor e pressin g th e 
retur n key ,  i n orde r  t o determin e whethe r  the y wer e 
satisfie d wit h thei r  response .  1 5 min s wer e allowe d fo r 
thi s task .  Thi s experimen t  wa s a  two-facto r  desig n wit h 
th e followin g independen t  variables:Environmen t 
(restricted /  unrestricted )  an d Leve l  o f  expertis e 
(Novice/Expert) . 

Results 
Errors :  Th e result s o f  thi s experimen t  ar e show n i n 
figur e 3 .  Thes e dat a wer e analyse d usin g a  two-wa y 
analysi s o f  varianc e wit h th e followin g factors ; 
Environmen t  (restricte d o r  unrestricted )  an d Leve l  o f 
expertis e (Novice/Expert )  Thi s analysi s reveale d a  mai n 
effec t  o f  Environmen t  (F j  ̂ 6 ~  ̂•'̂^ '  p<0.05) ,  a  mai n 
effec t  o f  Leve l  o f  expertis e (F j  3 5 =  4.21 ,  p<0.05 )  an d 

an interactio n betwee n thes e tw o factor s (F j  3 ^  =  9.76 , 

p<0.01) .  Post-ho c comparison s wer e carrie d ou t  usin g 
th e Newman-Keule s tes t  wit h a  significanc e leve l  o f 
p<0.01 .  Thi s analysi s reveale d a  significan t  differenc e 
betwee n th e numbe r  o f  error s produce d b y novice s an d 
expert e i n conditio n 1 . 

Error classification: The resulting program 
transcript s wer e analyse d accordin g t o th e classificatio n 
scheme describe d previously .  I n th e cas e o f  experts , 
analysi s reveale d n o significan t  difference s betwee n erro r 
type s withi n thi s conditio n (t-tests) .  I n th e cas e o f  th e 
novic e group ,  th e distributio n o f  erro r  type s i n th e firs t 
conditio n suggest s a  greate r  proportio n o f  pla n error s i n 
compariso n t o th e othe r  categorie s (t-test) .  I n th e secon d 
condition ,  th e distributio n o f  error s acros s classificatio n 
type s fo r  exper t  subject s wa s mor e complicated .  Thi s 
showed a  greate r  proportio n o f  control-flo w an d 
interactio n error s compare d t o th e othe r  classification s 
(t-tests) .  I n addition ,  expert s produce d significantl y mor e 
control-flo w an d interactio n error s i n compariso n t o th e 
firs t  condition . 

D iscuss ion :  Thes e result s provid e a  strikin g 
demonstratio n o f  th e effect s o f  restrictin g a  tas k 
environment .  W e hav e argue d tha t  expert s rel y t o a  grea t 
exten t  upo n usin g th e externa l  displa y t o recor d 
fragment s o f  cod e tha t  ar e the n furthe r  elaborate d a t 
subsequen t  point s durin g th e generatio n process .  Thi s le d 
t o th e hypothesi s tha t  i f  programmer s wer e unabl e t o 
retur n t o previousl y generate d fragment s the n the y woul d 
be force d int o a  situatio n wher e the y woul d hav e t o rel y 
extensivel y upo n workin g memory .  However ,  i t  appear s 
tha t  whil e novice s ar e seemingl y unaffecte d b y change s 
t o th e tas k environment ,  expert s no t  onl y perfor m wors e 
tha n novice s bu t  als o produc e th e kind s o f  error s tha t  ar e 
indicativ e o f  a n inabilit y  t o internall y construc t  link s 
and dependencie s betwee n cod e structures .  Thes e result s 
revea l  tha t  expert s produc e mor e error s tha n novice s i n 
th e restricte d tas k environment .  Moreover ,  expert s 
produc e a  significantl y greate r  numbe r  o f  control-flo w 
and interactio n error s i n thi s secon d condition . 

I t  wa s suggeste d previousl y tha t  th e firs t  experimen t 
tha t  th e result s migh t  b e interprete d a s indicatin g tha t 
expert s hav e a n extende d workin g memor y capacity . 
However ,  i f  thi s  i s th e cas e the n th e result s o f  th b secon d 
experimen t  woul d appea r  t o b e rathe r  anomalous .  I f  w e 
assume tha t  expert s hav e a n extende d workin g memor y 
capacit y i n compariso n t o novices ,  the n w e migh t  expec t 
tha t  situation s whic h caus e expert s t o rel y upo n workin g 
memory woul d no t  giv e ris e t o suc h a n extensiv e 
decrimen t  i n performance .  Moreover ,  i n term s o f  thi s 
vie w ther e appear s t o b e n o reasonabl e explanatio n a s t o 
why expert s produc e man y mor e control-flo w an d 
interactio n error s i n compariso n t o novices . 

A mor e cogen t  explanatio n fo r  thes e ftndings  migh t 
simpl y involv e suggestin g tha t  expert s rel y upo n 
externa l  source s an d ar e no t  abl e t o efficientl y rever t  t o a 
strateg y tha t  demand s extensiv e relianc e upo n workin g 
memory.  Thi s woul d accoun t  fo r  bot h set s o f 
experimenta l  findings .  I n th e firs t  experimen t  a  reductio n 
i n workin g memor y availabilit y  di d no t  affec t  exper t 
performance .  Thi s coul d clearl y b e accounte d fo r  i n tw o 
ways .  O n th e on e hand ,  i t  coul d b e argue d tha t  expert s 
simpl y hav e a n extende d workin g memor y capacity . 
Conversely ,  w e migh t  clai m tha t  expert s rel y 
extensivel y upo n externa l  source s an d fin d i t  difficul t  t o 
adop t  othe r  alternativ e strategies .  However ,  th e secon d 
experimen t  appear s t o sugges t  tha t  th e first  o f  thes e 
explanation s i s incorrect .  I n particular ,  i f  expert s hav e 
an extende d workin g memor y capacit y the n w e woul d 
expec t  the m t o perfor m bette r  tha n novice s i n situation s 
wher e a  relianc e upo n workin g memor y i s necessiuted . 
Thi s appear s no t  t o b e th e case . 

Anothe r  findin g relatin g t o thi s dat a wa s tha t  i n th e 
restricte d environmen t  conditio n th e exper t  grou p 
produce d fewe r  surfac e an d pla n errors .  A n explanatio n 
fo r  thi s ma y b e that ,  i n th e restricte d environmen t 
condition ,  th e normall y automati c aspect s o f 
programmin g skil l  ar e disrupted .  Thi s ma y lea d th e 
programme r  t o atten d t o th e knowledge-base d 
component s o f  programmin g skil l  leadin g t o a  reductio n 
i n surfac e an d plan-base d errors .  Ther e i s evidenc e i n th e 
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literatur e whic h suggest s tha t  s o calle d skill '  an d 
Icnowledge-based '  error s ar e t o som e exten t  disassociabl e 
(Reason ,  1979) . 

Conclusions 
Thes e experiment s hav e a  numbe r  o f  implications . 
Firstly ,  i t  appear s tha t  expert s rel y upo n extenia l  source s 
t o recor d cod e fragment s a s thes e ar e generate d an d the n 
retur n later ,  i n term s o f  th e tempora l  sequenc e o f  progra m 
generation ,  t o furthe r  elaborat e thes e fragments .  I t  ha s 
bee n suggeste d tha t  a  majo r  determman t  o f  expertis e i n 
programmin g ma y b e relate d t o th e adoptio n o r  th e 
developmen t  o f  strategie s tha t  facilitat e th e efficien t  us e 
of  externa l  sources .  Th e extemalisatio n o f  informatio n 
clearl y ha s a  hig h cos t  i n term s o f  th e reparsin g o r 
recomprehensio n o f  generate d cod e tha t  i s implied . 
Hence ,  i t  migh t  see m counte r  intuitiv e t o sugges t  tha t 
proble m solver s wil l  ten d t o rel y upo n thi s kin d o f 
strateg y rathe r  tha n upo n a  strateg y whic h involve s th e 
more extensiv e us e o f  workin g memory .  However ,  thi s 
explanatio n i s consonan t  wit h existin g wor k whic h ha s 
implicate d display-base d recognitio n skill s  i n 
theoretica l  analyse s o f  comple x proble m solvin g 
(Larkin ,  1989) .  Th e contributio n o f  thes e analyse s ha s 
been important ,  bu t  the y hav e neglecte d t o conside r  th e 
relationshi p betwee n displa y us e an d expertis e an d th e 
consequen t  effec t  tha t  thi s ma y hav e upo n th e natur e o f 
proble m solvin g strategies . 

The wor k reporte d her e pose s implication s fo r  th e 
way i n whic h w e migh t  attemp t  t o explai n th e occurrenc e 
and distributio n o f  erro r  types .  I n particular ,  i t  i s  clea r 
tha t  a  certai n classe s o f  erro r  ca n b e attribute d t o workin g 
m e m o ry limitation s an d tha t  suc h error s ar e no t 
distribute d a t  random .  I n term s o f  th e erro r  classificatio n 
employe d here ,  i t  appear s tha t  interactio n an d contro l 
flo w error s predominat e i n situation s wher e workin g 
m e m o ry availabilit y  i s  reduced .  Previou s wor k 
(Anderson ,  1989 )  suggest s tha t  error s arisin g fro m 
workin g memor y failure s wil l  occu r  a t  random .  However . 
th e result s o f  th e studie s presente d her e sugges t  tha t 
workin g memor y relate d error s ma y hav e a  mor e 
systemati c distribution ,  an d tha t  th e typ e o f  error s on e 
migh t  expec t  t o occu r  ma y t o som e exten t  b e 
predictable . 

I t  als o appear s tha t  th e natur e o f  display-base d 
proble m solvin g i n programmin g ma y b e highl y 
dependen t  upo n feature s o f  th e programmin g languag e 
considered .  Gree n (1991 )  suggest s tha t  som e 
programmin g language s ar e "viscous "  i n tha t  the y ar e 
highl y resistan t  t o loca l  change .  Hence ,  addin g a  lin e t o 
a Basi c progra m m a y involv e renumberin g line s suc h 
tha t  th e correc t  contro l  flo w i s maintained .  I n term s o f 
th e presen t  analysis ,  les s viscou s language s wil l  provid e 
bette r  suppor t  fo r  th e kin d o f  incrementa l  problem -
solvin g processe s tha t  ar e proposed . 

Such languag e feature s ar e importan t  i n th e presen t 
context ,  sinc e the y wil l  clearl y affec t  th e incrementa l 
natur e o f  cod e generatio n an d comprehension / 
recomprehension .  Thi s analysi s extend s existin g wor k 
by suggestin g way s i n whic h languag e feature s an d 

strateg y ma y interac t  wit h feature s o f  th e tas k 
environmen t  t o giv e ris e t o particula r  form s o f 
behaviour .  Suc h effec u woul d no t  b e take n int o accoun t 
by display-base d views ,  sinc e th e salienc e o f  particula r 
feature s o f  th e displa y remain s undifferentiated . 
Moreover ,  existin g account s o f  display-base d proble m 
solvin g giv e n o consideratio n t o th e effect s o f  th e kind s 
of  informatio n manipulatio n tha t  ar e possibl e i n 
differen t  displa y spaces . 

S u m m a ry 
Whil e thi s pape r  ha s indicate d th e importanc e o f  display -
base d performanc e i n programming ,  i t  ha s als o suggeste d 
tw o primar y limitation s o f  thi s genera l  approach . 
Firstly ,  existin g account s o f  display-base d proble m 
solvin g ignor e th e apparen t  relationshi p betwee n 
expertis e an d th e developmen t  o f  strategie s fo r  utilisin g 
display-base d information .  Secondly ,  suc h account s fai l 
t o conside r  th e possibilit y  tha t  differen t  form s o f 
display-base d informatio n wil l  b e differentiall y  salien t 
i n th e contex t  o f  a  give n task .  Furthe r  development s o f 
display-base d account s o f  proble m solvin g wil l  nee d t o 
addres s thes e issue s i f  the y ar e t o provid e a  coheren t 
descriptio n o f  huma n performanc e i n th e contex t  o f 
comple x tasks . 
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