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1. A Schemata-Based Theory of Program Comprehension^ 
A compute r  program ,  a  mathematica l  proof ,  an d a n electroni c circui t  diagra m al l  ar e (1 )  product s o f  a  proble m 

solvin g proces s tha t  require d specifi c  technica l  knowledg e an d (2 )  ca n b e "executed "  t o obtai n a  specifi c  result . 

However ,  thes e entitie s ca n als o communicat e informatio n beyon d simpl y th e desire d specifi c  goal :  i n readin g suc h 

"proble m solvin g texts "  an d analyzin g th e techniques ,  style ,  comments ,  digressions ,  etc .  on e ca n gai n insigh t  int o th e 

proble m itsel f  — an d eve n int o th e proble m solve r  himself .  "Stories "  ca n als o b e conveye d a s texts ;  o n th e othe r 

hand ,  the y typicall y ar e no t  th e product s o f  technica l  knowledg e no r  ar e the y execute d fo r  a  specifi c  result .  A s such , 

storie s diffe r  fro m proble m solvin g texts .  However ,  thes e tw o tex t  form s ar e simila r  whe n bot h ar e use d a s a 

communicativ e vehicle .  Thi s similarit y betwee n th e tw o tex t  form s serve s t o rais e a n intriguin g question :  D o th e 

informatio n representation s an d processin g strategie s tha t  underli e th e comprehensio n o f  storie s als o underli e th e 

comprehensio n o f  "proble m solvin g texts'" ? I n particular ,  ca n th e schemata-base d approac h t o stor y understandin g b e 

productivel y use d i n developing  a  theor y o f  h o w programmer s rea d an d understan d compute r  programs ? I n thi s brie f 

paper ,  w e wil l  outlin e a n affirmativ e answe r  t o thi s questio n an d describ e on e empirica l  stud y tha t  support s ou r 

position .  (Se e als o [15 ,  16 ,  7 ,  9]. ) 

Th e ter m w e hav e use d t o expres s th e notio n o f  schem a i n th e domai n o f  compute r  program s i s p rogrammin g plan . 

Jus t  a s a  schem a [13 ,  3 ,  2|capture s generi c knowledge ,  a  programmin g pla n specifie s th e critica l  informatio n tha t  i s 

representativ e o f  th e stereotypi c actio n sequence s i n programs .  Fo r  example ,  w e ca n identif y tw o type s o f 

programmin g plan s i n th e progra m i n Figur e 1 :  contro l  flo w p b n s an d variabl e plans. *  Fo r  example ,  th e RUNNIN G 

TOTAL LOO P PLA N an d th e SKI P G U A RD PLA N ar e tw o contro l  flo w plan s i n thi s program .  T h e forme r  pla n repeatedl y 

read s i n som e value s an d accumulate s thei r  total .  T h e latte r  pla n i s  als o a  c o m m o n one :  i t  protect s th e mai n 

computatio n o f  th e loo p fro m a n illega l  inpu t  value ;  shoul d th e valu e b e input ,  th e mai n processin g step s ar e skippe d 

over .  Variabl e plan s serv e t o highligh t  th e rol e a  variabl e play s i n a  program :  jus t  a s actor s tak e o n differen t  role s i n 

a play ,  variable s tak e o n differen t  function s i n a  program .  Fo r  example ,  th e C O U N T ER VARL^BLE ,  Count ,  i s  use d t o 

coun t  th e numbe r  o f  element s bein g accumulated ,  e.g. ,  Count:=Count+l .  Similarly ,  th e RUNNING-TOTAL VARL\BL E b 

use d t o accumulat e a  total ,  e.g. ,  Sui!i:=Suni+Nuiii .  Whil e bot h variable s ar e update d usin g a n assignmen t  statement , 

programmer s d o see m t o distinguis h betwee n the m o n th e basi s o f  thei r  function s {16| . 

2. Generating Plan-like and Unplan-Iike Programs 
What  make s a  progra m plan-lik e rathe r  tha n unplan-lik e i s th e wa y i n whic h plan s ar e compose d i n a  program .  I n 

particula r  w e hav e identifie d tw o rule s o f  pla n compositio n tha t  ca n b e use d t o systematicall y var y th e planlines s o f  a 

program .  Thes e rule s are :  (1 )  var y th e typicaht y o f  th e plan s bein g compose d int o a  program ,  (2 )  modif y a  typica l 

pla n i n a n atypica l  manne r  (usuall y t o le t  th e pla n d o "doubl e duty") .  I n Figur e I ,  w e illustrat e th e effec t  o f  applyin g 

thes e rules .  T h e programs ,  whic h al l  solv e th e proble m give n i n th e figure ,  wer e generate d usin g th e tw o rule s above . 

Program s A ,  B  i n Figur e 1  reflec t  composition s o f  increasingl y les s typica l  plans .  Progra m C  reflect s composition s o f 

typica l  plan s tha t  hav e bee n modifie d i n suc h a  wa y a s t o b e atypical .  T h e hear t  o f  th e proble m i n thi s figur e require s 

a SENTINEI^CONTROLLED RUNNIN G TOTA L LOO P PLAN .  T h e ke y issue s ar e t o ad d u p th e number s bein g rea d i n whil e 

keeping  th e sentine l  valu e fro m bein g adde d int o th e tota l  an d keepin g th e coun t  fro m ak o bein g updated .  W h a t 
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follows is a detailed plan analysis of these programs. 

•  I n Pascal ,  SENTlNEi^cONTROLLEX > RUNNING TOTAL UX) P PLA N i s  mos t  appropriatel y realiie d wit h a  WHIL E loopin g 
construc t  |l7](Figur e lA) .  Th e sentine l  i s  prevente d fro m corruptin g th e loo p i n th e followin g manner : 

*  a  Rea d o f  th e inpn t  i s  positione d befor e th e loo p befin s 

» i f  th e sentine l  vt.la e tarn s o p o n thi s firs t  Read ,  i t  wil l  b e detecte d befor e th e loo p i s execate d eve n once ;  i n thi s cu e processin g 
wit h dro p dow n t o th e I F st»tement . 

» i f  th e sentine l  vkln e doe s no t  tur n a p o n th e firs t  Read ,  the n thi s leptimat e v&la e i s ftdded  int o th e runniu f  total ,  Sum,  an d th e 
counter ,  Count ,  i s  update d accordingly . 

» afte r  thes e apdate s occor ,  th e nex t  valn e i s Rea d i n an d processin g retom s t o th e to p o f  th e loo p wher e th e ne w Talu e i s tested ; 
shoul d thi s valu e b e th e sentinel ,  processin g wil l  dro p dow n t o th e I F statemen t  withou t  farthe r  processin g i n th e loo p (i.e. , 
withou t  addin g th e sentine l  int o th e runnin g total) . 

The COUNTER an d RUNNING TOTAL VARIABLE S emplo y th e standar d VARIABL E PLA N initializatio n an d updat e techniques : 
star t  th e valu e of f  a t  0 ,  an d updat e appropriately .  Thus ,  th e compositio n o f  th e variabl e plan s an d th e loo p pla n i s 
accomplishe d usin g standar d techniques . 

•  Th e progra m i n Figur e IB ,  however ,  doe s no t  us e a  WHIL E loop ,  bu t  rathe r  a  REPEAT loop .  I n orde r  t o protec t  th e 
runnin g tota l  an d th e coun t  fro m bein g incorrectl y updated ,  a  SKI P GUARD PLA N i s use d tha t  enclose s thes e updat e 
steps .  I n otherwords ,  ther e i s a  cauea l  relationshi p betwee n th e LOOP PLA N an d th e GUARD PLAN:  w e nee d th e GUARD 
PLAN t o mak e u p fo r  th e LOOP plan' s inadequacy .  SKI P GUARD plan s ar e typica l  technique s i n programming ;  w e se e on e 
use d t o protec t  th e averag e calculatio n fro m a  divid e b y 0  case .  Again ,  th e COUNTER an d RUNNING TOTAL VARIABLE S 
emplo y th e standar d VARIABL E FLA N initializatio n an d updat e techniques .  Whil e th e compositio n o f  th e variabl e plan s 
and th e loo p pla n an d th e ski p guar d pla n i s accomplishe d usin g standar d techniques ,  i t  i s  les s typica l  t o realiz e a 
SENTINEL CONTROLLED LOOP PLA N wit h a  REPEAT loo p compose d wit h a  SKI P GUARD PLAN.  Thi s judgemen t  o f  typicalit y 
i s base d o n experienc e i n teachin g Pasca l  fro m numerou s textbook s an d o n article s describin g goo d programmin g styl e 
117] . 

•  Whil e th e progra m i n Figure s I C stil l  achieve s th e overal l  objective ,  i t  wa s constructe d b y takin g standar d plan s an d 
modifyin g the m i n a n atypica l  manner .  Fo r  example ,  th e sentine l  valu e mus t  agai n b e backe d ou t  o f  th e runnin g tota l 
variabl e an d th e counte r  variable .  Thi s time ,  however ,  th e initializatio n techniqu e o f  th e tw o variabl e plan s ar e 
modifie d t o serv e thi s additiona l  function :  t o sa y th e least ,  initializin g a  variabl e t o -9609 9 b  a  ver y curiou s 
construction . 

Does planlines s effec t  progra m comprehension ? O n e o f  th e mos t  importan t  implication s o f  a  schem a i s  tha t  i t 

provide s a  structur e fo r  comprehendin g an d encodin g information .  Researcher s hav e show n tha t  a  stor y i s 

remembere d bette r  i f  i t  i s  mor e schema-lik e e.g .  (2 ,  11 ,  5] .  Simila r  result s hav e bee n obtaine d fo r  comprehensio n i n 

non-stor y domain s [6] .  I n th e nex t  sectio n w e wil l  presen t  on e stud y i n whic h w e examine d th e thi s th e issu e o f 

planlines s an d progra m comprehensio n usin g version s o f  th e program s show n i n Figur e 1 . 

3. Empirical Evidence: A Taste 
Advance d programmer s (en d o f  a t  leas t  secon d semeste r  o f  programming )  wer e spU t  int o tw o groups ;  hal f  wer e 

presente d wit h progra m Alph a i n Figur e 2 ,  whil e th e othe r  hal f  wer e presente d wit h th e progra m Beta .  Bot h group s 

wer e aske d t o fil l  i n th e blan k hn e wit h a  lin e o f  cod e that ,  i n thei r  opinion ,  mos t  reasonabl y complete s th e program . 

Subject s wer e no t  tol d wha t  proble m th e progra m wa s intende d t o solve .  A  versio n o f  thi s techniqu e wa s use d b y 

Bower ,  Black ,  an d Turne r  [3 ]  an d K e m p e r  [10 ]  i n orde r  t o ta p int o th e schemat a peopl e use d i n comprehendin g stories . 

O ur  hypothesi s i s  tha t  i f  programmer s ar e usin g programmin g plan s t o comprehen d th e programs ,  the n th e 

expectation s se t  u p b y thos e plan s wil l  m a k e i t  easie r  t o fill-in-the-blan k i n th e mor e plan-lik e program s (Alpha , 

Figur e 2) .  However ,  w e sugges t  tha t  i t  wil l  b e mor e difficul t  t o comprehen d th e les s plan-lik e progra m (Beta ,  Figur e 

2) ,  sinc e fe w expectation s wil l  b e se t  i n motion . 

T h e result s ar e displaye d i n Figur e 2C .  T h e correc t  answe r  fo r  proble m Alph a w a s Coun t  : = 0 ,  whil e th e correc t 

answe r  fo r  Bet a wa s Coun t  : = -1 .  Base d simpl y o n th e numbe r  o f  correc t  an d incorrec t  answers ,  i t  wa s clea r  tha t 

progra m Bet a ehcite d ver y differen t  performanc e fro m tha t  o f  progra m Alpha :  ther e wer e mor e correc t  response s t o 

P rog ra m Bet a tha n t o Progra m Alph a ( X *  =  47.7 ,  p  <  0.001) .  Moreover ,  i t  i s  no t  jus t  tha t  ther e ar e difference s i n 

th e accurac y o f  th e response s bu t  als o tha t  subject s too k longe r  t o giv e thei r  response s i n th e unplan-lik e program . 

A n analysi s o f  varianc e o n th e tim e t o rea d th e progra m an d fil l  i n th e blan k reveal s tha t  subject s too k longe r  t o rea d 

th e unplan-lik e progra m (Beta )  tha n t o rea d th e plan-lik e progra m (Alpha )  (F[l,9l ]  =  4.60 ,  p  <  0.05) .  Ther e wa s n o 

differenc e i n readin g tim e betwee n correc t  an d incorrec t  response s (F[l ,  91 ]  =  3.06 ,  p  >  0.05) .  T h e resul t  tha t  i s 

particularl y interestin g i s tha t  ther e i s a n interactio n betwee n th e factor s o f  progra m an d response :  th e differenc e i n 

respons e tim e betwee n correc t  an d incorrec t  response s i s m u c h greate r  fo r  Progra m Bet a tha n fo r  Progra m Alph a (F[l , 

91 « = 4.50 ,  p  <  0.05) .  T h a t  is ,  subject s too k longe r  t o ge t  Bet a correc t  tha n t o ge t  A lph a correct .  Thes e result s len d 
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strong support to our claim that experienced programmers use their knowledge of plans to comprehend programs and 

tha t  the y wil l  therefor e tak e longe r  t o comprehen d unplan-lik e program s correctl y tha n t o comprehen d plan-lik e 

program s correctly . 

Interestingly ,  standar d softwar e engineerin g metric s o f  progra m complexit y suc h a s (1 )  line s o f  cod e o r  (2 )  a 

Halstea d [8 ]  metric ,  predic t  tha t  progra m Beta ,  wit h fewe r  lines ,  les s volume ,  an d fewe r  neste d structure s woul d b e 

easie r  t o comprehen d tha t  progra m Alpha .  However ,  give n ou r  plan-base d analysis ,  w e hav e argue d fo r  Alph a bein g 

th e les s comple x — an d th e experimenta l  dat a cite d abov e support s thi s position . 

4. Concluding Remarks 
I n thi s brie f  summary ,  w e hav e attempte d t o indicat e th e directio n i n whic h ou r  researc h int o progra m 

comprehensio n i s going .  W e hav e give n a  brie f  descriptio n o f  ho w on e ca n creat e plan-lik e an d unplan-lik e programs , 

and w e hav e describe d result s fro m on e experimen t  i n whic h w e use d thes e program s i n orde r  t o examin e th e us e o f 

schemat a i n progra m comprehension .  Thes e result s ar e consisten t  with ,  bu t  mor e fine-graine d than ,  previou s wor k o n 

th e rol e o f  schemat a i n technica l  domain s i n genera l  (6 ,  4 ,  5] ,  an d programmin g i n particula r  jl4 ,  1 ,  12| . 
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Problt i  Rta d m nuib*r s takin g thti r  Su i  unti l  tti *  nuibt r  9999 9 i s stt n Rtpor t  tti t  su i  D o no t  incUd i  th i  fina l  9999 9 i n th e su a 

(A) 
PROGRAM OrjngeAlpha . 
VAR Su i  Count .  Nu i  INTEGER. 

Avarag *  REAL. 
Counta r  Variabi a BEGI N 
Pl, n >  Coun t  =  0 . 

I  — > Su a =  0 .  Runnin g Tota l  Loo p Pla n 
I  I  R«ad(Nua) ,  < 

Runnin g Tota1 1 I  WHIL E Nu a o  9999 9 D O <  1 
Variabi a Plan I  I  BEGI N | 

I  >  Su a =  Su a •  Nua .  <  1 
> Coun t  =  Coun t  •  1 .  | 

Rtad(Nua) .  < 
END Ski p Guar d Pla n 

I F Coun t  >  0  THEN < 
BEGIN <  1 

Aterag e =  Sua/Coun t  <  1 
Writeln (  A.eraga) .  <  1 

END <  1 
ELSE <  1 

Writ«ln (  'n o l»g» l  inputs') .  <- | 
END 

(B) 

PROGRAM OrangeB . 
VAR Sua ,  Count .  Nu a INTEGER. 

A»«rjg e REAL. 
BEGIN 

Sua =  0 . 
Count  =  0 
REPEAT 

Read(Nua) . 
I F MUM < > 9999 9 THEN 

BEGIN 
Sua -  Su a -• '  Nua . 
Count  =  Coun t  •  1 , 

END, 
UNTIL Nu a -  99999 . 

I F Coun t  >  0  THEN 
BEGIN 

Averag e =  Sua/Count . 
XriteIn C Average) . 

END 
ELSE 

Wrileln (  "n o lega l  inputs') . 
END 

Runnin g Tota l  Controlle d Runnin g Tota l  Loo p Pla n 
lapleaente d m t h a  REPEAT Loo p Pla n tha t 
realize s a  Read-Proces s Loo p Strateg j 

composed ait h a  Ski p Guar d Pla n 
t o siaulat e a  Sentinel-Controlled  Runnin g Tota l  Loo p Pla n 

usin g Coun t  Variabl e Pla n 
Runnin g Tota l  Variabl e Pla n 
Nev Valu e Variabl e Pla n 

Ski p Guar d Pla n 
usin g averag e calculatio n 

(C) 

PROGRAM Orange C 
VAR Sua .  Count .  Nu a INTEGER. 

Averag e REAL. 
BEGIN 

Sua =  -99999 , 
Count  =  -1 . 
REPEAT 

Read(Nua) . 
Sua -  Su i  •  Nua , 
Count  =  Coun t  *  1 . 

UNTIL Nu a =  9999 9 
I F Coun t  >  0  THEN 

BEGIN 
Averag e =  Sua/Count , 
Kriteln C Average) . 

END 
ELSE 

Kriteln (  'n o lega l  inputs') . 
END 

Runnin g Tota l  Controlle d Runnin g Tota l  Loo p Pla n 
lapleaente d aitl i  a  REPEAT Loo p Pla n tha t 
realize s a  Read-Proces s Loo p Strateg y 

coapose d »it h a  Patc h Pla n 
Moditj f  Initializatio n o f  Coun t  Variabl e 
Hodif )  Initializatio n o f  Runnin g Tota l  Variabl e 

t o siaulat e a  Sentinel-Controlle d Runnin g Tota l  Loo p Pla n 
usin g Coun t  Variabl e Pla n 

Runnin g Tota l  Variabl e Pla n 
Nei l  Valu e Variabl e Pla n 

Ski p Guar d Pla n 
usin g averag e calculatio n 

Figur e 1 :  Example s o f  Programmin g Plan s 
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(ALPHA) 

PRXRAf* OnngtAlphi 
VAR Su l  Count .  Nu i 

A»erjg f  REAL 
BEGIN 

Suf  =  0 

I 

IHTE&ER. 

I, 

REPEAT 
R»j()ln(ttj )  R«j(J(tt j  Nu») . 
I F WJM < > 9999 9 THEN 

BEGIN 
Sui  =  Su i  •  Nui . 
Count  =  Coun t  •  1 . 

END. 
UNTIL Nu i  =  99999 . 

Averag e =  Sui/Coun t 
Wntelndtjf .  Average) , 

(BETA) 

PROCRAH Orjng»B«la 
VAR Su i  Count .  Nu i 

Axrjg t  REAL. 
BEGIN 

Sui  =  -99999 . 

INTEGER. 

END 

I. 

REPEAT 
ReadlnCtty )  RcadCtt ;  Nui) . 
Sui  =  Su i  • •  Nui . 
Count  =  Coun t  •  1 . 

LNTU Nu i  =  99999 . 
Averag e =  Sui/Count . 
Kriielndtj .  Average) . 

END 

Correc t 
•ea n tia e n 

Incorrec t 
•ea n tia e n 

Versio n Alph a 2.2 6 3 7 2.^ 1 1 0 

Version Beta 3 98 3 2 42 41 

(th e tia e i s  i n ainutes ) 

Figure 2: FIB programs 
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