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PROGHAMMERS"  MENTAL MODELS 0 ? THEI R PHOGRJUMING TASKS: 
THE IHTERACTIO M OP REAL-WORLD KHOWLEDGE AHD PROGRAMMING KNOVfLEDGE 

Hank Kahnay & Marc Elsenatadt 
The Ope n Universit y 

Hilto n Keynea ,  Englan d 

IHTHODUCTION 

This paper describes our ongoing research into the 
behaviou r  o f  novic e programmers .  We ar e intereste d 
i n th e menta l  processe s whic h occu r  vhe n novice s 
ar e confronte d wit h a  proble m statement ,  an d th e 
mechanism s b y whic h the y understan d th e problem , 
desig n a n algorithm ,  cod e it ,  an d (i f  necessary ) 
debu g it .  Ou r  researc h i s a  developmen t  o f  earlie r 
wor k o n proble m understandin g (Haye s i  Simon , 
1974) ,  model s o f  programmers '  codin g processe s 
(Brooks ,  19T7) ,  an d debuggin g (Suasman ,  1975 ; 
Goldstein ,  1975 ;  Laubac h 4  Eiaenatadt ,  1981) . 
We investigate students attempting to write 
recursiv e inferenc e program s usin g a  LOGO-lik e 
database-manipulatio n languag e calle d SOLO 
(Eiaenatadt ,  1978 ;  Eisenstadt ,  Laubsch ,  i  Kahney , 
1981 )  Student s ar e presente d wit h a  prototypica l 
proble m an d solutio n couche d i n everyda y term s i n 
orde r  t o simplif y th e explanatio n o f  recursion : 
"Imagin e a  chai n o f  'KISSES '  relations ,  e.g .  JOHN 
KISSES MARY KISSE S FRED KISSE S JANE ,  etc .  A 
procedur e calle d IB7EC T ca n propogat e PL U al l  th e 
way throug h th e chai n o f  KISSE S relations ,  s o w e 
end u p wit h JOHN HAS PLU ,  MART HAS PHI ,  etc. "  Th e 
exampl e i s explaine d t o th e student s i n grea t 
detail ,  includin g severa l  page s o f  text ,  diagrams , 
and a  worked-throug h trac e o f  a  sampl e invocatio n 
of  IKPECT . 
As one might expect, some students 'get it' (i.e. 
understan d thi s simpl e for m o f  tail-recursio n an d 
th e notio n o f  propogatin g side-effect s throug h th e 
dat a base) ,  an d som e don't .  Th e differenc e betwee n 
thos e wh o 'ge t  it '  an d thos e wh o don' t  ca n b e 
accounte d fo r  b y difference s i n (a )  th e 
abstraction s the y mak e fro m thei r  firs t  detaile d 
example ,  an d (b )  th e evaluatio n rule s inheren t  i n 
th e menta l  model s the y us e t o 'ru n through '  tria l 
solutions . 

A SAMPLE PROBLEM AHD SOLUTION 
We investigated students solving several recursive 
inferenc e problems ,  includin g on e base d o n a 
real-worl d exampl e s o compellin g tha t  w e coul d b e 
'certain '  th e natur e o f  th e tas k wa s perfectl y 
understood .  Her e i s a  concis e summar y o f  th e 
problem : 

Given a database describing objects piled up on one 
anothe r  a s follows : 
on on on 
SANDWICH >PLAT E >»EWSPAPEE >BOOK at e 

on o n o n 
SANDWICH >PUT E >NEWSPAPEH >BOOK et c 

has has has 

- 1 >  BULLBTHOLE < 

has 

Fig .  2 

As it turns out, even our 'crystal clear' example 
(fleshe d ou t  i n considerabl y mor e detail )  cause s 
difficulty — i t  appear s tha t  thos e student s wh o 
'ge t  it '  ca n cop e wit h eithe r  'crysta l  clear '  o r 
'muddy '  recursiv e inferenc e problems ,  whereas  thos e 
who don' t  ar e stuc k i n eithe r  case . 
Fig. 3 below shows the solution eventually 
produce d b y subjec t  S8 ,  on e o f  th e subject s wh o 
'go t  it' : 

TO SHOOT /X/ 
1 NOTE A /  HAS BULLETHOLE 
2 CHECK / I /  O N ? 

2A I f  present :  SHOOT • ;  EXI T 
2B I f  absent :  EXI T 

Fig .  3  sa' s solutio n (th e '• ' 
ar e co-referential ) 

and '? ' 

Belo w i s a  summar y o f  th e protoco l  o f  subjec t  S 8 
durin g th e cours e o f  readin g an d solvin g thi s 
problem ,  bu t  befor e an y attemp t  t o writ s th e cod e 
shown i n Fig .  3 -  Proble m statement s ar e 
underlined .  Th e number s ar e segment s fro m th e 
actua l  protocol .  I t  ha s bee n condense d fo r 
expositor y purpose s i n thi s brie f  paper ,  bu t 
capture s th e highlight s o f  th e protocol .  A 
complet e versio n i s describe d i n Kahne y (1982) . 
"On page 80 of Units 2 i£ £ Jli loo^°<^ at a method 
fo r  makin g a  particula r  inferenc e 'kee p o n 
happenin g . ^ 
2 Is that called 'iteration'? No, 

'recursion'.. .  I  thin k thi s i s goin g t o 
say somethin g abou t  wha t  happen s whe n yo u 
kee p o n applyin g a  function...throug h a 
databas e 

"In this option you are asked to imagine a state of 
th e worl d i n whic h ther e ar e si x objects : 
thi s hypothetica l  worl d i s highl y structured :  th e 
sandwic h i s lyin g i n th e centr e o f  th e plate ,  whic h 
i s sittin g o n th e newspaper ,  whic h i s lyin g o n th e 
book ... " Fig .  1 

write a program which simulates the effect of 
someone firin g a  ver y powerfu l  pisto l  aime d 
downward s a t  th e topmos t  objec t  (SANDWICH) , 
yieldin g th e fina l  databas e show n below : 

4 .. .  wel l  yo u coul d als o ge t  ou t  thing s 
like.. .  sor t  o f  makin g inference s abou t 
'i f  th e sandwic h i s o n th e plat e whic h i s 
on th e newspape r  [then ]  th e sandwic h i s 
on th e newspaper' . 

"A database representing this state of affairs 
look s lik e thi s LFi"i T T ] .  Ho w imagin e someon e 
standin g besid e th e tabl e wit h a  .35 7 magnu m 
pistol. ^ 
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8 Well ,  I  woul d expec t  hi m t o ahoo t 
throug h al l  tha t  lo t  then .  I  don' t  kno w 
why h e want s t o d o I t  though.. . 

S8 began with a working knowledge of recursive 
procedures .  A t  successiv e sentence s S B se t  u p 
expectation s abou t  wha t  woul d com e nex t  an d usuall y 
was i n th e positio n o f  predictin g th e informatio n 
containe d in  th e nex t  sentenc e o r  two :  sh e wa s 
alway s Jus t  slightl y ahea d o f  th e game .  S 8 i s 
apparentl y usin g a  'recursion '  schem a t o direc t  he r 
attentio n durin g th e readin g proces s t o importan t 
aspect s o f  th e proble m statement .  Th e firs t  lin e 
of  th e proble m statemen t  ha s clearl y triggere d of f 
an expectatio n o f  recursio n [protoco l  segmen t  Z ] , 
wit h a  concomitan t  expectatio n o f  som e 'function ' 
t o b e applie d 'throug h a  database '  [segmen t  2 ] . 
The databas e structur e [Plg .  1  ]  i s  consisten t  wit h 
her  expectatio n o f  a  standar d transitivit y proble m 
[segmen t  4 ] ,  eve n thoug h thi s i s no t  th e proble m t o 
be posed .  He r  real-worl d knowledg e abou t  pistol s 
and th e spatia l  relationshi p o f  th e object s i n th e 
proble m combine s wit h he r  expectation s abou t 
transitivit y problem s t o yiel d a n expectatio n abou t 
what  th e protagonis t  i n th e proble m statemen t  wil l 
do [segmen t  d ] .  Thi s expectatio n doe s no t  aea h 
wit h he r  knowledg e o f  huma n motivation s an d 
intention s [segmen t  s ] . 
Figure 4 depicts our representation of S8's 
internalize d schem a fo r  recuraion .  Th e detail s o f 
th e schem a ar e derive d fro m a  variet y o f  sources : 
transcriptio n tasks ,  concep t  ratin g an d sortin g 
tasks ,  problem-solvin g tasks ,  an d verba l  protocols . 
RECURSITE-PROCEPgHE 
GOAL: (ForBvery x In (ay appliea-to) do 

(achiev e (m y action )  x) ) 
ACTION:  ( a side-effec t  1dE?AUL T ( a NOTE)) ) 
APPLIES-TO:  ( a transitive-chain ) 
SUEFACE-TEMPLATB: 

TO (name l  "( a name) )  ( a paramete r  [default :  X| ) 
(my action ) 
CHECK ( a node )  ( a relation )  ( a wild-card ) 

I P PHESE3IT :  ( a procedur e 
wit h nam e • •  name l 
wit h paramete r  -  '••");EXI T 

I ? ABSEHT:  EXI T 
DONE 

EVALUATIOH-HOLES: 
1)  (le t  paramete r  •  th e startnod e fro m 

(my applies-to) ) 
2)  (appl y (m y action )  parameter ) 
3)  (asser t  "(ACHIEVE D ,(m y action )  .parameter) ) 
4)  (le t  paramete r  -  (GetNextNode) ) 
5)  (PorEver y x  I n (GetHestOfHodes ) 

(asser t  '(ACHIEVE D ,(m y action )  ,x) ) 
TSIGGERS:  "kee p on  happening" ;  re-appl y 
Figure 4: 38's schema for recursion 

Bearin g i n min d tha t  slot-name s ar e displaye d 
agains t  th e left-han d margi n (e.g .  GOAL,  ACTION, 
etc.) ,  an d tha t  th e functio n "my "  i s a 
cross-referenc e t o a  slot-fille r  (e.g .  (m y 
action) )  w e ca n paraphras e 38' s schem a fo r 
recursio n a s follows : 
The GOAL of a recursive procedure is to perpetrate 
a sid e effec t  on  ever y elemen t  o f  th e dat a 
structur e t o whic h i t  i s  applied ,  i.e .  a 
'transitive '  chain .  (Knowledg e abou t  suc h 
structure s i s containe d i n S8' s THANSITIVE-CHAI N 
schema,  no t  depicte d here ,  whic h indicate s tha t  a 
collectio n o f  node s standin g i n a  particula r 
relatio n t o on e anothe r  i s an  essentia l  componen t 

of  recursiv e processing — 3 8 ha s abstracte d thi s 
notion ,  althoug h KISSE S i s no t  a  transitiv e 
relation. )  Th e ACTIO N involve d i s typicall y th e 
applicatio n o f  a  MOTE primitiv e (whic h perform s a 
databas e 'ASSERT') .  Th e SURFACE-TEMPLATE depict s 
ra w SOLO code ,  wit h it s ow n slot s t o b e fille d i n 
durin g actua l  coding .  I t  i s  base d upo n a n exempl a 
give n i n th e textbook ,  an d correspond s t o rot e 
learnin g o f  'ho w t o d o it' ,  rathe r  tha n 
understandin g o f  'ho w i t  works' .  (Subject s lik e 
35 ,  discusse d below ,  hav e a  poore r  gras p o f 
recursio n an d nee d onl y hav e a  menta l  pointe r  t o a 
plac e i n th e textboo k wher e the y ca n fin d a  typica l 
exampl e t o copy. ) 
'How it works' understanding is reflected primarily 
i n th e GOAL an d EVALUATION-RULES slots .  Th e GOAL 
slo t  capture s th e essenc e o f  th e 'generato r  plan ' 
use d i n th e program-understandin g plan-librarie s o l 
Water s (1978 )  an d Laubsc h a  Eiaenstad t  (1981) .  Th « 
EVALUATION-RULES slo t  depict s 38* 3 techniqu e fo r 
workin g throug h a  menta l  mode l  o f  th e successio n o l 
effect s carrie d ou t  b y a  bod y o f  SOLO code .  Th e 
rule s ar e clearl y no t  sufficien t  t o wor k a s a  SOLO 
interpreter ,  bu t  rathe r  depic t  th e subject' s ow n 
naiv e strateg y fo r  convincin g hersel f  tha t  th e cod e 
'works' .  Th e rule s behav e a s follows :  (1 ) 
instantiat e th e parameter ,  pretendin g tha t  it' s  th e 
firs t  nod e i n th e chai n (i.e .  SANDWICH);  (2 ) 
imagin e th e mai n actio n bein g performe d on  tha t 
node ;  (3 )  mak e a  menta l  not e tha t  th e actio n ha s 
been achieved ;  (4 )  se e wha t  nod e i s nex t  i n th e 
database ,  traversin g th e crucia l  'transitive ' 
relation ;  (5 )  mak e a  menta l  not e tha t  th e actio n 
I s achieve d on  ever y nod e reachabl e alon g th e 
'transitive '  chain . 
Below we present SB's protocol corresponding to the 
abov e evaluatio n rules ,  alon g wit h th e relevan t 
rul e liste d i n squar e brackets ,  e.g .  [eRI] ,  [ER2] , 
etc.  Thes e protoco l  segment s wer e recorde d afte r 
38 ha d writte n th e program ,  bu t  befor e sh e ra n it . 

208 T O SHOOT.. .  X , 
SANDWICH...  [ERi ] 

let' s  sa y X  i s a 

210 Firs t  o f  al l  i t  NOTEs i n th e 
database... X HAS BULLETHOLE [eR2 ,  ER3 ] 

211 I t  the n CHECKS whethe r  X  i s ON 
anything.. .  [eR4 ] 

213 X is ON PLATE so it will do that to 
PLATE.. .  S o tha t  shoul d kee p doin g that , 
PLATEs o n .. .  something ,  s o o n an d s o 
on... '  [eE5 ] 

A SECOND SOLUTION 

Here is the solution eventually developed by 
subjec t  35 ,  wh o didn' t  'ga t  it' : 

TO SHOOTUP /X/ 
1 NOTE /X /  HAS BULLETHOLE 
2 CHECK A /  SHOOTS ? 

2A I f  Present :  SHOOTUP • ;  EXI T 
2B I f  Absent :  EXI T 

Figure 5 

Belo w ar e extract s fro m S5' 3 protocol .  Wherea s S 8 
was abl e t o develo p th e solutio n 'i n he r  hea d , 
S5' 3 solutio n evolve d durin g code-writing : 

46 I'm going to follow that example L* 
intect] . 
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5'  [Head s fro « IH7EC T eiaapl e l a SOLO 
primer].. .  BOTE..urn .  X  HAS TLH.. . 
SAHUVICH HAS BULLETH0L2 

54- SAHDWICH 01 PLATE, urn HO'n:...ua... 

63 I've got to get the SHOOT ia somewhera 
haven' t  I ? 

65 CHECK...! SHOOTS SAHDWCH. I? 
PHESEHT 3HO0TUP 

33 Well, I hope it will go all the way 
throug h th e sequenc e an d shoo t  th e floor . 
The dat a bas e i s i n an d I'v e copie d tha t 
progra m [ -  IHTECT ]  exactly . 

S5 has a recursion schema which differs from that 
of  S 8 i n severa l  respects .  First ,  S5' s schem a doe s 
not  hav e a  fille d SURFACE-TEMPLATE slot ,  bu t  rathe r 
(a )  a  pointe r  t o th e plac e i n th e SOLO prime r  wher e 
a typica l  recursiv e procedure ,  i.e .  INTECT ,  i s 
described ,  an d (b )  a  metho d fo r  fillin g th e 
SUHPACE-TEMPLATE slo t  b y copyin g th e IlfTEC T 
program' s structur e an d providin g argument s fro m 
th e curren t  problem .  Second ,  35' s schem a ha s a 
restrictio n tha t  th e relationshi p betwee n object s 
i n th e databas e mus t  b e 'active '  fo r  recursio n t o 
work .  Tha t  is ,  fro m th e origina l  INFEC T teachin g 
proble m wit h JOHB KISSE S KAKY KISSE S FRKD,  S 5 ha d 
abstracte d th e rul e tha t  a  start-nod e ha s t o 'do ' 
somethin g t o a  successor-nod e befor e a  side-effec t 
can b e perpetrate d o n th e successor-node .  (S8 ,  o n 
th e othe r  hand ,  ha d abstracte d 'transitivity '  fro m 
previou s stud y o f  th e INFEC T program — neithe r 
view ,  o f  course ,  i a perfectl y  correct) . 
For example, 'ON' is not an 'active' relationship 
betwee n th e object s (SANDWICH,  PLATE ,  etc. )  give n 
i n th e proble m statement .  'ON '  i s passiv e an d thu s 
does no t  'support '  35' s notio n o f  recursion . 
'SHOOTS'  i s a n activ e relation ,  an d S 5 i s convince d 
tha t  someho w SHOOTS mus t  b e brough t  int o th e 
pattern-matchin g segmen t  o f  th e progra m i n orde r  t o 
make th e progra m wor k a t  al l  [segment s 6 3 an d 6 5 o f 
35' s protocol] .  Thi s convictio n preclude s solutio n 
of  th e problem ,  unles s carefu l  re-analysi s o f  th e 
exampl e progra m lead s t o reformulatio n o f  th e rul e 
abou t  relationship s betwee n databas e objects . 
35 neve r  relinquishe s he r  belie f  tha t  a n activ e 
relationshi p nee d exis t  betwee n th e node s fo r 
recursio n t o work ,  an d he r  reformulation s o f  th e 
progra m ar e al l  guide d b y thi s singl e importan t  bu t 
wrong-heade d principle .  35* 3 protoco l  continues : 

156 This one about the BULLETHOLE and 
thi s on e wit h th e KISSE S ar e different . 
I  nee d t o sa y tha t  th e firs t  X ,  th e firs t 
paramete r  doe s somethin g actively.. .  t o 
th e secon d parameter .  Al l  I'v e go t  i s 
BULLETHOLE.  I n th e exampl e it' s  go t 
KISSES,  whic h i s a n activ e thing . 

Although 35 made several subsequent attempts to map 
th e BULLETHOLE proble m ont o th e INFEC T framework , 
th e poin t  o f  vie w fro m whic h th e mappin g occurre d 
neve r  change d an d n o solutio n resulted . 

CONCLUSION 
Because our programming problems use real-world 

example s rathe r  tha n abstrac t  programmin g tasks , 
th e subjects '  knowledg e o f  programmin g interact s 
wit h thei r  real-worl d knowledg e durin g th e reading , 
coding ,  an d debuggin g processes .  We hav e indicate d 

th e wa y (ofte n Imperfect )  knowledg e o f  progra a 
concept s pervade s proble m solvin g eve n i n it s 
earlies t  stages . 

lin g 

Our  subject s develo p schema s fo r  recursio n whic h 
ar e mor e o r  les s 'adequate '  fo r  solvin g th e 
problem s w e devise .  'Thi s adequac y range s fro m tha t 
of  subjec t  S 5 (wh o ca n no t  solv e an y o f  th e 
recursio n problem s w e hav e devised )  t o tha t  o f 
subjec t  3 8 (wh o ca n solv e many ,  bu t  no t  all ,  o f  ou r 
recursio n problems) .  When a  proble m map s ont o a n 
adequat e se t  o f  schema s i n a  novice' s stor e o f 
knowledge ,  th e novic e ca n tackl e th e task s o f 
proble m understanding ,  metho d finding ,  coding ,  an d 
informa l  verificatio n i n a  productiv e an d efficien t 
manner .  When a  proble m i s mappe d t o a n inadequat e 
se t  o f  schemas ,  th e proble m statemen t  i a ofte n 
poorl y understood ,  an d become s embedde d i n a 
progra m constructe d a s ouc h fro m worl d knowledg e a s 
fro m th e basi c element s o f  th e implementatio n 
language . 
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