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Taci t  Programmin g Knowledg e 

Elliot Solowsy 
Kat e Ehrlle h 

Cognition and Programming Project 
Compute r  Scienc e Dept . 

Yal e Universit r 
New HaTen ,  Ct .  0862 0 

1.  Introductio n 
'  Th e goal s o (  th e Cognitio i  an d Prograiiiiiiui (  Projec t  a t  Yal e 

Unhrenit y are : 
•  empiricaU y expbr e th e isaue s sarToaadis g progranunia g 

» wha t  doe s a a exper t  programme r  kaow ,  aa d ho w 
does thi s compar e t o wha t  a  Bovic e doe s (aa d 
doesn't )  lioo w [Solowa y e t  aL ,  1982a ,  Ehrlic h & 
Soloway ,  1982| , 

» wha t  make s •  programmia g laagnag e coostmc t 
'cogaitiret r  appropriate '  — aa d ca a w e desig n sac h 
construct s (Solowa y e t  aL ,  1981a | 

> wha t  i s th e relationship  betwee n algebr a kaowledg e 
and programmin g knowledg e [Erhlic h e t  aL , 
1982 ,  Solowa y e t  aL ,  1982 | 

•  buil d A I  baae d compute r  enrironmeat s whic h ca n ai d th e 
novic e programme r  i a learnin g t o progra m (Solowa y e t  aL , 
1981b ,  Solowa y e t  aL .  1082b| . 

In this short paper, we will deachbe soma teehaiqaaa we employ to 
investigat e th e firs t  issue :  wha t  d o programmer s know . 

2 .  P r o g r a n m i i n g P l a n s :  T h e T a c i t  K n o w l e d g e i n 
P r o g r a m m i n g 
A numbe r  o f  researcher s hav e replicate d th e ehes a experiment s o f 

deOroo t  (deGroot ,  1966 )  aa d Chas e t  Simo a (Chas e aa d Simoa ,  1V73 | 
i n th e domai n o f  programming ;  consisten t  wit h thos e earlie r 
experiment s wit h maste r  aa d oon-maatc r  chea t  player* ,  i t  appear s 
tha t  exper t  programmer s als o hav e mor e kaowledg e whic h i s mor e 
highl y chunke d tha n novic e programmer s [Shaeidermaa , 
1070 ,  Adeboa ,  1981 ,  McKeithea ,  Reitmaa .  Rnete r  aa d Hirtle ,  19811 , 
Building on this work, oar goal in to ideatiiy the tpaeifia 
kaowledg e whic h exper t  programmer s appea r  t o hav e aa d osa .  Th e 
proble m i s tha t  expert s ar e ofte a oaawar e o f  asia g thi s sor t  o f 
knowledg e — henc e th e ter m toet t  kaowledge .  CoUia s (CoUias , 
1978) ,  Larki a (Larki n e t  aL ,  1980) ,  Risalan d [Risslaad ,  1978) ,  etc .  hav e 
argue d fo r  th e importaac e o f  taci t  knowledg e i a varioa s domains ;  oa r 
objectiv e i s t o identif y th e taci t  knowledg e i n programming . 
To this end. we have developed a first order theory of the 
programmin g knowledg e underlyin g simpl e loopin g program s whic h 
we fee l  exper U hav e aa d nse .  Knowledg e i n thi s theor y i s encode d i a 
term s o f  plana :  stereotypi c chunk s o f  knowledge .  Fo r  example ,  w e 
posi t  tha t  ther e ar e contro l  (lo w plan s an d variabl e plans ;  i a Figur e 1 , 
we woul d sugges t  tha t  th e bod y o f  th e progra m i s a a implementatio a 
of  th e Runnin g Tota l  Loo p Plan :  ne w valne s ar e successivel y 
generated ,  i n th b cas e b y a  Read ,  aa d ar e adde d t o a  Rnnnia g Tota l 
Variable ,  Sum .  Also ,  ther e i s Counte r  Variable ,  Coaat ,  whic h keep s 
trac k o f  th e numbe r  o f  number s generated .  On r  approac h t o 
programmin g plan s i s simila r  i n spiri t  t o tha t  o f  Ric h [Rich ,  1980 )  aa d 
Water s (Waters ,  1979) . 
Profeica Read (• I set of ifltcfttn aid pnat ott ticir atartgt Stop 
rtadin ^  nuafecr ? vlit n bh t  floabcr  9999 9 i s sa« a Do NOT laclad f  ta « 
99999 i n tfe t  aafraft t 
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EM) 

ngnr* li Examples of Plans 

How does oae go about testing m theory of this sortf Simply 
askia g programmer s whethe r  o r  no t  the y us e th a Rnaain g Tota l  Loo p 
Pla n woul d no t  b e to o Qlnminatiag :  th e clai m i s tha t  the y ar e ofte a 
unawar e o f  havin g aa d usia g thi s typ e o f  kaowledge .  Belo w w e 
describ e techaiqae s whic h w e hav e fona d usefu l  i a thi s regard . 

3 .  T h e Ft l l - in-the-blan k T e c h n i q u e 
The first  techniqu e w e hav e use d draw s o a wor k doa e i a explorin g 

th e realit y o f  script s i n tex t  uaderstaadiag .  Fo r  exampl e Bower ,  Blac k 
aad Tome r  fona d that ,  i a respoas e t o qnestioa s abou t  a  story , 
subject s woul d Ti D ia '  fro m thei r  'script '  kaowledge ,  iaformatio a 
whic h wa a no t  explicitl y  give a i a th e text .  Simila r  i a llavar ,  w e giv e 
programmer s a  propa m i a whic h a  lia a o f  cod e ha t  bee a lef t  oat ,  aa d 
ask the m t o fill  i t  in .  W e purposel y d o no t  tel l  th e subject s wha t  th e 
progra m i s suppose d t o do ;  on r  objectiv e i s t o hav e subject s us e thei r 
experienc e wit h previou s programmin g problem s i n orde r  t o recogniz e 
what  lia e o f  cod e i s moa t  appropriat e i a th e particula r  sitnatioB .  I f 
subject s dida' t  hav e pla n structures ,  w e woul d expec t  th e answer s 
the y giv e t o b e arbitrary ,  an d thu s var y wildl y fro m subjec t  t o 
subject .  A s w e discus s below ,  th e answer s whic h novice s giv e 
typicall y d o var y significantly ,  whil e th e answer s whic h advance d 
programmer s giv e d o i a fac t  exhibi t  a  significan t  degre e o f 
consistency . 
We also add aa extra twist to the above design ia order to more 
precisel y hom e i n o n pla n knowledge .  W e creat e tw o version a o f  th e 
tes t  program :  i n th e firs t  version ,  th e informatio n neede d t o fill  i n th e 
blan k lin e b  mor e o r  les s unambigions ,  whil e th e secon d versio n 
contain s eott/lt'ets'n f  information .  Fo r  example ,  th e program s i n 
Figure s 2  an d 3  ai t  bot h intende d t o produc e th e squar e roo t  o f 
N.  Sinc e N  i s i n a  loo p whic h wil l  repea t  1 0 times ,  1 0 valne s wil l  b e 
printe d out .  Th e questio n is :  ho w shoul d N  b e set f  Th e techniqu e 
wil l  b e t o compar e th e performanc e o f  programmer s o n th e progra m 
whic h doe s no t  contai n th e pla n conflic t  (Figur e 2) ,  wit h thei r 
performanc e o n th e progra m whic h doe s contai n th e conflic t  (Figur e 
3) . 
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Plw M rampt^u  i W ̂ f iu a rmcmt u l i m M » w b y niOa *  i a Ik a bUt k II m 
(iwlinM d b y k  ban) .  Fil l  i a U t  blaa k wit k a  lia t  » l  Paaca l  nd *  wkie b i a 
roa r  opiiia a bai t  eomplata a Ik a pnpam . 

pro«raai Viaitt«lpii>(I>»il/. OnCpit). 
Tar  «  rea l 

I  laMfa r 
bafi a 
fo r  I  •  1  l a 1 0 d o 

I I. 
i r  <  <  0  tW a <  •  -I I 
VriMl i  (  SqrtO )  ) , 

(•  Sqr t  I S >  liilt-i i 

«ad 
sq«ar f  roo t  o f  it s  argaaait* ) 

n f l O N S i  Proble m ViolMAlph K 
Th « iaflaeac *  o f  a  liag k P U a 

I n th e p f o g m n i n Fignr e 2 ,  N  i s a  N e w Valo e Variable ,  sinc e it s 
fnnctio o b  merelj r  t o hol d successiv e values .  Th e pla n fo r  thi s typ e o f 
variabl e doe s so t  presen t  a n overridin t  constrain t  o n ho w i t  ihoal d b e 
set  i n th e blan k line :  a  Read(r4 )  o r  a  N  : •  N  -I -  SomeValn e woul d 
bot h b e acceptable .  However ,  contex t  doe s provid e a  stron g 
constraint .  Notic e th e I f  tes t  precedin g th e S<|rt(N )  instantiate s th e 
'juar d a  portio n o f  a  progra m fro m impropt r  data '  pla n b y 
protectin g th e Sqr t  fro m negativ e integer s (th e Sqr t  functio n ca n onl y 
wor k o n positiv e integers) .  Thi s tes t  speeific a a n importan t 
constraint :  N  shoul d tak e o n valae a tha t  coai d possibl y b e negative , 
otherwis e th e I f  tes t  woul d b e totall y  snperfloous .  Thus ,  N  shoul d 
PItaaa niaplaM tka piafna ha<WBt (ivM baia* bf lOBaf ia Ika Uaak liw 

Oadkaaad b j  a  b«) .  ri l  i a tk a bUa k vi U a  Ea a a f  Paaea l  cad a vkk k i a 
70 V ofiaia a baa t  eaasiala a tk a laat" " 

profra a vioittBataCIipit/ .  Oatpit) . 
Tar  N  raal . 

I  la(a«a r 
bcti a 
•  • 0 0 
fo r  I  •  I  t o 1 0 d a I I. 

i f  »  <  0  tka *  •  •  -a . 
XriM H (  Sqrt(a )  ) . 

(•  Sqr t  I S I  tiilt-i i 
fitctio a afeicf e ratiri s  ti a 
sqtir t  roo t  o f  it s  ir|iaaat* > 

FIgnr w a i  Proble m VioletBeta : 
A conflic t  betwee n Plan s 

not be set via an assignment statement to some simple funetian of N 
and/o r  th e inde x variabl e I .  e.g. ,  N : — N + 1 ,  N : — I ,  N : - N + l .  Rather , 
by settin g N  vi a a  Rea d statement ,  negativ e value s hav e th e 
possibilit y  o f  enterin g th e program .  Thi s argumen t  i s base d o n a 
principl e o f  taci t  coimnnaicatio a whic h states :  intiud a «Ni v 
rMesaeor y eod a i m a  prograsR .  B y includin g a  tea t  fo r  negativ e 
values ,  a n experience d programme r  i s informin g th e reade r  tha t  i t  i a 
possibl e tha t  suc h number *  coul d b e generated ;  i f  suc h number s coul d 
not  possibl y eate r  th e program ,  the n th e inchuio a o f  thi a tes t  woul d 
violat e thi s onwritte a rul e o f  communication . 
The blaak line ia the program ia Figure 2 ia strategically placed: 
we wante d t o Bq>lor e th e degre e t o whic h programmer s ar e sensitiv e 
t o th e contextua l  relationshi p whic h obtain s betwee n th e guar d pla a 
and th e initializatio n aspec t  o f  N e w Valu e Variabl e Plan . 
Program VioletBeta in Figure 3 is exactly the same as that ia 
Figur e 2  excep t  tha t  oo w N  i s give n *  valu e o f  0  befor e th e loop . 
Previousl y th e N e w Valu e Variabl e Pla a wa a aeutra l  wit h respec t  t o 
ho w N  shoul d b e set .  However ,  sinc e N  wa s initialize d vi a a n 
assignmen t  statemen t  t o 0 ,  th e genera l  rul e o f  relatin g initializatio n t o 
updat e shoul d com e int o play ,  aa d direc t  tha t  N  b e update d vi a a n 
assignment .  O n th e othe r  hand ,  th e I f  test ,  whic h realize s th e 'guar d 
plan '  an d protect s th e squar e roo t  operation ,  stil l  set s u p th e 

expectatio n tha t  N  wUI  b e rea d in .  I f  N  wil l  b e se t  vi a a  Rea d i n th e 
loop ,  th e settin g o f  N  t o 0  initiall y  i s  superfluous .  Thus ,  i n Progra m 
VioletBet a w e hav e purposel y create d a  situatio n i n whic h tw o plan s 
ar e i n conflict :  th e N e w Valu e Variabl e Pla a expee U N  t o b e update d 
vi a a n assignment ,  sinc e i t  wa s initialize d vi a a a assignment ,  bu t  th e 
guar d pla n o n th e Sqr t  operatio n expect s tha t  N  wil l  update d vi a a 
Read,  s o a s t o permi t  negativ e value s t o eate r  th e program . 
We felt that novices, with their limited experience, would be more 
sensitiv e t o th e constrain t  tha t  obtain s betwee n a  variable' s 
initializatio n an d update ,  a a compare d t o th e constrain t  tha t  obtain s 
betwee n a  guar d pla a an d a  variable' s update .  Hence ,  w e predicte d 
tha t  th e proportio n o f  novice s wh o Rea d i n th e valu e o f  N  woul d 
declin e whe n ther e wa s a  conflic t  betwee n plans .  O n th e othe r  hand , 
we fel t  tha t  mor e advance d programmer s woul d hav e ha d snfflcien t 
experienc e i n both ,  an d kno w whe n eac h i s mos t  appropriate ,  e.g. , 
non-novice s woul d realiz e tha t  th e tes t  fo r  a  negativ e N  shoul d tak e 
precedenc e ove r  th e initialiiatio a o f  N  t o 0 ,  sinc e th e 'guarding '  o f 
th e inpu t  i s usuall y ver y importan t  t o th e come t  runnin g o f  th e 
program .  Thus ,  w e predicte d tha t  non-novice s woul d fil l  i n th e blaa k 
wit h Read(N )  equall y ofte n i n bot h version s o f  th e problem . 

WVICES 
ALPHA BETA 

no 
coaflic t  coaflic l 
1 1 
1 • « 1 
1 1 
1 1 
1 7  1 
1 1 

1 
30 1 

1 
1 

I S 1 
1 

Catagor y t 
Sat  •  ¥i a Ras a 

Catagor y 2 
Sat  •  <i a assigaoaa t 

MN-WVICES 
ALPHA BETA 

ao 
coaflic t  coaflic t 
1 1 
1 2 0 1 
1 1 
1 1 
1 «  1 
1 1 

1 
2t  1 

1 
1 

4 1 
1 

cti-sqaara d •  S  20 .  p  <  0  OS cli-sqaara S <  1 .  I  S 

Tnblnli FOI-in-the-blank Responses 

Th e resp < of  novice s an d non-novice s o n thes e programs , 
shown i n Tabl e 1 ,  suppor t  ou r  predictions .  Non-novice *  chos e t o se t 
N vi a a  Rea d i n th e non-conflic t  cas e (VioletAlpha) ,  an d als o chos e t o 
set  N  vi a a  Rea d i n th e conflic t  cas e (Bete) .  Thi s i s consisten t  wit h 
our  hypothesi s tha t  non-novice s coul d us e contextaa l  informatio n 
— th e gnar d pla a constrain t  — t o overrid e th n variabl e pla n 
constrain t  i a th e coaflic t  case .  I n eoatraat ,  novice a chon s Rea d 
significantl y lea s ofle a i n th e eoafUe t  cas e U a a i a th *  Ba»«oafIie t 
cas e (chi-sqaared — 5.20 ,  p  <  0.06) .  Thi s i s coasistea t  wit h oa r 
hypothesi s tha t  novice s wer e mor e iaflaeaee d b y th e famiUa r  variabl e 
pla a coaatraia t  tha a b y th e les s fsmiliar ,  coatextaa l  gnar d pb a 
constraint . 

4 .  R e m d i n g T i m e Stntl ie s 
We als o wante d t o se e ho w readin g tim e wa s effecte d b y th e n o 

conflict/conflic t  situations .  Thus ,  w e carrie d ou t  studie s whic h 
tracke d th e tim e s  programme r  starte d readin g th e progra m t o th e 
tim e h e bega n t o Til l  i n th e blank .  Fo r  th n program a i n Figure s 2  an d 
3,  w e foun d tha t  novic e programmer s too k effectivel y th e sam e 
amount  o f  lim e t o respon d i n Progra m VioletAlph a a s i a Progra m 
VioletBe U (se e Tabl e 2) .  I n contrast ,  whil e th e advance d 
programmer s responde d quicke r  tha n th e novice s o n Progra m 
VioletAlpha ,  the y too k significantl y longe r  tha n th e novice s t o 
respon d t o Progra m VioletBeta .  W e fee l  thes e dat a als o suppor t  oa r 
hypothesi s tha t  Progra m VioletBet a coataine d a  conflic t  betwee n 
plans ,  t o whic h oal y th e advaace d programmer s wer e aeasitive ,  whi k 
ther e wa s n o simila r  coaflic t  i n Progra m VioletAlpha . 
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I  I  I 
I  10 9 I  IM  I  Hooce s 
I  I  I  •  ] 

1 
I  I  I 
I  n  I  IM  I  Hoi-lo o e n 
I  I  I  p  <  OS Ntl l  ktt« m Tim s 

I I  StCOItf S 
TablsS i  Readin g Time t  Stad r 

S.  C o n e l a d i n g R e m a r k a 
Tappin g int o th e taci t  knowledg e whic h programme n see m t o 

hav e an d us e i i  a  comple x task .  Th e basi i  fo r  o u experimenta l 
method !  rest s sqaaret y o n oar ,  albei t  pieiiminary ,  theoi y o t 
programmin g knowledge .  Tha t  is ,  w e neede d th e theor y i n orde r  t o 
creat e th e program *  whic h serr e a s oa r  stimulu s materials .  W e ar e 
currentl y workin g o n extendin g tha t  theor y t o mor e comple x 
programmin g problem s an d constmctiont . 
We are also carrying ont filtin-tho-blank stadia and reading time 
studie s wit h wnplan-lik e programs ,  an d program s whic h contai n bugs . 
One objectiv e I s  thes e studie s i s t o explor e th e exten t  t o whic h 
program s ca n b e perturbe d an d stil l  hav e peopl e recognix e th e correc t 
underlyin g intentions . 
A longer range goal is the developmeat of measares of program 
complexit y base d no t  jus t  o n feature s o f  th e progra m tex t  itself ,  ba t 
rathe r  o n th e cognitiv e demand s whic h th e progra m make *  o n th e 
programmer .  Blv k an d Sebrecht s [Blac k ft  Sebrechts ,  19S1 |  hav e 
argue d quit e permaaiTel y tha t  measure s o f  progra m complexit y base d 
on textoa l  feature s (e.g .  nnmbe r  o f  operations ,  lengt h o f  Tariabi e 
names)  canno t  b e effectir e measure* ,  i n th e sam e wa y tha t  th e ol d 
measure s o f  readin g eompletity ,  baae d als o o n textoa l  featares ,  wer e 
not  effectir e measure* .  Suc h measure *  ca n captur e oal y 'sorface ' 
information .  I n contrast ,  effectiv e measure *  mos t  b e baae d o n th e 
typ o an d numbe r  o f  inference s whic h a  programme r  mus t  mak e i n 
orde r  t o understan d th e program .  B y catalogin g th e type s o f 
inference s whic h programme n d o make ,  w e hav e take n a  firs t  ste p i n 
thi s enterprise . Aekaowiadc M ntn 

We woul d lik e t o than k Chuc k Ric h fo r  hi *  hel p i n developin g th e 
stimulu s material s use d i n thi s experiment ,  Joh n Lcdd o fo r  raaning 
th e readin g tim e study ,  an d Joos t  Breake r  an d Valeri e Abbo U fo r 
thei r  hel p i n analynn g th e data . 
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