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P L A N N I NG A N D I M P L E M E N T A T I O N E R R O RS I N A L G O R I T H M D E S I G N 

Wayne D. Gray, Albert T. Corbett, & Kurt Van Lehn 
U.  S .  A rm y Researc h Institut e Carnegie-Mello n Universit y 

Introduction 

This study examines the algorithm design process for 59 LISP programmers who tackle a 
classi c artificia l  intelligenc e searc h proble m fo r  th e firs t  time .  Programmer s wer e aske d t o cod e a 
singl e functio n calle d descendent ,  tha t  wa s o f  averag e lengt h an d tha t  perform s a  depth-firs t  searc h 
ove r  a n hierarchy .  Thi s wa s a  fairl y  difficul t  task .  I n thi s paper ,  w e oudin e a  se t  o f  basi c plannin g 
step s fo r  designin g thi s algorith m an d examin e variation s i n th e 5 9 solution s tha t  reflec t 
divergence s a t  differen t  steps . 

Various aspects of algorithm and software design have been studied before and this study owes 
much t o thos e effort s (fo r  example ,  1 ,  3 ,  8 ,  10 ,  an d 14) .  Especiall y relevan t  ar e thos e studie s tha t 
hav e emphasize d "bugs "  (9 ,  12 ,  13) . 

The curren t  stud y look s fo r  evidenc e o f  pla n o r  implementatio n failure s (bugs )  a t  eac h ste p 
i n th e desig n process .  Pla n failure s ar e indicate d b y th e us e o f  plan s inappropriat e t o th e curren t 
proble m (5 )  an d ar e a  typ e o f  negativ e transfe r  (7) .  Implementatio n failure s resul t  fro m th e failur e 
t o correctl y translat e a  pla n int o A e programmin g languag e (11) . 

Th e Study . 

The Programmers. 
Fifty-nin e student s wer e draw n fro m fou r  LIS P course s an d on e cours e o n cognitiv e science . 

Al l  student s use d th e sam e introductor y LIS P textboo k (2 )  an d complete d a t  leas t  thos e lesson s i n 
th e LIS P Tuto r  (4 )  tha t  covere d th e function s an d basi c contro l  structure s require d i n thi s study .  A t 
th e tim e o f  th e study ,  n o studen t  ha d attende d lecture s o r  rea d th e textboo k chapte r  o n searc h 
techniques . 

T h e Proble m Specificatio n 

Programmer s wer e aske d t o writ e a  depth-firs t  search ^  functio n tha t  too k tw o argument s an d 
determine d whethe r  th e secon d argumen t  wa s a  descenden t  o f  th e first.  I f  so ,  th e functio n returne d 
"t, "  otherwis e "nil. "  Th e proble m statemen t  wa s accompanie d b y th e hierarch y i n Figur e 1 . 
Give n thi s example ,  (descenden t  'Bil l  'Frank )  shoul d retur n / ,  whil e (descenden t  'Bil l 
'Joe )  shoul d retur n nil . 

T wo importan t  constraint s wer e impose d upo n th e task .  First ,  programmer s wer e no t  give n 
any informatio n abou t  ho w hierarchie s wer e represente d i n LISP .  Thei r  onl y mean s fo r  searchin g 
hierarchie s wa s a n expansio n functio n (calle d expand )  tha t  accepte d on e nod e an d returne d a  lis t 
of  th e node' s immediat e descendents .  Fo r  example ,  fro m Figur e 1  (expan d 'Bill )  woul d retur n 
(Juli a Mike) .  Second ,  programmer s wer e t o writ e a n iterativ e functio n wit h n o recursiv e 
functio n calls .  (Mor e specifically ,  the y wer e require d t o us e a  let/loo p constructio n rathe r  tha n 
do,  t o furthe r  standardiz e th e goa l  state) . 

Finally, the problem description recommended that a local variable be used to save the list of 
node s tha t  wa s generate d b y th e expansio n functio n unti l  the y coul d b e checked .  Th e followin g 
functio n definitio n satisfie s thes e constraints : 

^ A depth-firs t  searc h o f  a  tre e move s dow n wheneve r  possibl e t o ge t  th e nex t  node , 
and onl y move s bac k u p an d ove r  whe n i t  i s  no t  possibl e t o mov e down .  A  depth-firs t 
searc h o f  th e tre e i n Figur e 1  migh t  chec k th e node s i n th e followin g order :  Harry , 
Jane ,  Joe ,  Diane ,  Bill ,  Julia ,  Frank ,  Anne ,  Susan ,  Mike . 
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(defu n descenden t  (ancesto r  target ) 
(le t  ((queu e (lis t  ancestor)) ) 

(loo p 
(con d ((nul l  queue )  (retur n nil) ) 

((equa l  (ca r  queue )  target )  (retur n t)) ) 
(set q queu e (appen d (expan d (ca r  queue) )  (cd r  queue))))) ) 

In this function, queue holds a list of nodes that have been accessed and need to be checked. 

Eac h tim e throug h th e loo p queu e i s tested .  I f  i t  i s  empty ,  th e searc h ha s faile d an d th e functio n 

return s nil .  I f  i t  i s  no t  empty ,  th e firs t  nod e i n queu e i s compare d t o th e targe t  an d i f  the y matc h 

th e functio n return s t .  Otherwise ,  th e firs t  nod e i s remove d fro m queu e whil e it s immediat e 

descendent s ar e adde d t o th e list .  I n th e cas e o f  Figur e 1 ,  i f  queu e hel d th e lis t  (Jan e Bill )  an d 

th e first  nod e Jan e wa s teste d an d rejected ,  the n o n th e nex t  cycl e queu e woul d hol d (Jo e Dian e 

Bill) . 

Figur e 1 

Exampl e Hierarch y give n t o programmer s codin g "descendent. " 

Algorithm Design 

At  first  glance ,  th e solutio n consist s o f  a  simpl e tw o ste p cycle: ^  1 .  Ge t  th e Nex t  Node , 

2.  Tes t  th e Node .  Th e secon d ste p i s eas y t o implement ,  bu t  th e ge t  th e nex t  nod e ste p i s 

quit e difficult .  I f  programmer s wer e give n a  functio n tha t  take s a  nod e an d simpl y return s th e 

appropriat e nex t  nod e t o test ,  the n thi s proble m become s trivial .  Instead ,  th e function ,  expand , 

accept s on e nod e an d return s a  lis t  o f  al l  th e descendent s o f  tha t  node . 

expan d impose s a  constrain t  o n th e solutio n tha t  i s  no t  a n intrinsi c par t  o f  a  depth-firs t  searc h 

ove r  a  tree .  Th e functio n return s a  lis t  o n eac h cycl e rathe r  tha n directl y accessin g individua l  node s 

i n th e tree .  Thi s expansio n functio n constrain t  lead s mos t  directl y t o a n algorith m tha t  i s  essentiall y 

recursive .  I f  w e labe l  th e algorith m C H E C K - L I S T ,  w e ca n represen t  it s recursiv e structur e a s 

th e sequenc e o f  operation s show n i n Figur e 2 . 

^Ther e are ,  i n fact ,  additiona l  issue s th e studen t  mus t  addres s befor e completin g th e 

design .  Fo r  example ,  eac h cycl e mus t  als o contai n a  tes t  t o se e i f  th e networ k i s 
exhausted . 
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I s th e firs t 
nod e th e 

target ? 

ye s 

- ^ 

retur n t 

Appl y 

CHECK-LIS T t o 

descendent s o f 
firs t  nod e 

Appl y 
CHECK-LIS T t o 

tai l  o f  curren t 

lis t 

Figur e 2 
Simplifie d Recursiv e Solutio n 

The corresponding LISP function might be coded as follows: 

(defu n descenden t  (give n target ) 
(check-lis t  (lis t  given )  target) ) 

(defu n check-lis t  (current-lis t  target ) 
(con d ((nul l  current-list )  nil ) 

((equa l  (ca r  current-list )  target )  t ) 
(t  (o r  (check-lis t  (expan d (ca r  current-list) )  target ) 

(check-lis t  (cd r  current-list )  target)))) ) 

Thi s solutio n conform s t o a  typ e o f  recursion ,  car-crf r  recursion ,  wit h whic h th e programmer s 

wer e familiar .  Th e iterativ e constrain t  blocke d thi s solution ,  o f  course ,  an d set s u p th e mos t 

demandin g aspec t  o f  th e plannin g process . 

Students are required to discover an iterative solution which is isomorphic to this recursive 

concept .  Tha t  isomorphi c iterativ e algorith m ca n b e specifie d a s show n i n Figur e 3 .  Thi s 

specificatio n give s ris e t o th e definitio n o f  descenden t  presente d earlier . 

While the results of the iterative solution are isomorphic to the recursive solution, there is an 

importan t  conceptua l  difference .  Th e recursiv e solutio n doe s no t  requir e buildin g a  n e w lis t 

structure ,  th e iterativ e solutio n does .  I n Figur e 2 ,  th e recursiv e function ,  C H E C K - L I S T ,  i s 

applie d t o bot h th e existin g lis t  structur e an d th e lis t  structur e returne d b y expand .  I n contrast ,  th e 

iterativ e solutio n require s buildin g a  n e w lis t  o n eac h iteration .  A s show n i n Figur e 3 ,  o n eac h 

cycle ,  tw o differen t  operation s ar e performe d upo n th e lis t  an d th e result s o f  thes e tw o operation s 

ar e combine d int o a  n e w list .  (Fo r  thi s reaso n th e iterativ e solutio n wil l  b e referre d t o a s th e list -
buildin g algorithm. ) 

This characterization of the iterative solution suggests three steps in the design process that may 

caus e difficultie s an d lea d t o bug s i n th e students '  code :  (1 )  th e transitio n fro m thinkin g i n term s o f 

individua l  node s t o thinkin g i n term s o f  expansio n lists ,  (2 )  th e recognitio n tha t  a  depth-firs t  searc h 

require s a  solutio n analogou s t o car-cd r  recursion ,  an d (3 )  th e recognitio n that ,  unlik e th e 

recursiv e solution ,  th e iterativ e algorith m require s tha t  a  ne w lis t  b e buil t  o n eac h cycle . 
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I s th e firs t 

nod e th e • 

target ? ye s 

retur n t 

no 
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Get  descendent s 

of  th e firs t  nod e 

T 

Delet e firs t  nod e 

fro m curren t 

lis t 

Add descendent s 
of  firs t  nod e t o 

beginnin g o f 

curren t  lis t 

Figur e 3 
Simplifie d Iterativ e Solutio n 

Simulatin g th e algorithm . 
A subse t  o f  2 3 programmer s wer e aske d t o perfor m a  pape r  an d penci l  simulatio n o f  th e 

functio n prio r  t o codin g it .  The y wer e aske d t o simulat e th e functio n cal l  (descenden t  'Harr y 
'Frank) ,  b y writin g dow n th e initia l  valu e o f  th e variabl e queu e an d then ,  fo r  eac h iterativ e cycle , 
writin g th e nod e tha t  woul d b e checked ,  th e immediat e descendent s o f  th e node ,  an d th e ne w valu e 
of  queue .  Thus ,  fo r  on e cycle ,  th e to-be-checke d nod e i s Jane ,  it s immediat e descendent s ar e 
(Jo e Diane )  an d th e ne w valu e o f  queu e i s (Jo e Dian e Bill) .  Programmer s wer e give n 
feedbac k t o ensur e tha t  the y simulate d th e functio n correctly .  Programmer s wh o wer e guide d 
directl y throug h th e iterativ e solutio n woul d no t  b e expecte d t o confor m t o th e standar d algorith m 
desig n sequenc e propose d i n th e earlie r  section . 

Procedure 
Programmer s wer e aske d t o talk-alou d whil e codin g th e function ,  tha t  is ,  t o repor t  wha t  the y 

wer e thinkin g a s the y worke d (6) .  A t  th e beginnin g o f  th e session ,  eac h programme r  wa s give n 
practic e i n talkin g alou d an d the n rea d a n abridge d versio n o f  th e searc h chapte r  fro m thei r  LIS P 
textboo k tha t  describe d hierarchies ,  depth-firs t  search ,  an d expansio n functions .  Thi s abridge d 
versio n di d no t  discus s ho w t o implemen t  a  searc h function . 

Afte r  readin g th e text ,  th e programme r  wa s give n th e proble m descriptio n an d aske d t o writ e 
down th e orde r  i n whic h th e node s shoul d b e checked ,  t o ensur e tha t  s/h e understoo d th e concep t 
of  a  depth-firs t  search .  The n th e programme r  simulate d th e functio n i f  s/h e wer e on e o f  th e 2 3 
programmer s i n th e simulatio n condition .  Finally ,  th e programme r  code d th e functio n o n a 
compute r  termina l  whil e talkin g aloud .  Th e programmer s worke d o n th e functio n unti l  eithe r  (1 ) 
the y wer e satisfie d wit h thei r  solutio n o r  (2 )  gav e u p o n i t  o r  (3 )  on e hou r  elapsed .  Programmer s 
wer e no t  abl e t o tes t  thei r  functio n i n th e cours e o f  codin g it . 
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Results and Discussion. 

This was a relatively difficult task. Of the 59 programmers, only 3 wrote functions that would 

wor k wit h n o modifications .  Thirty-fiv e solution s containe d onl y mino r  implementation ^  and/o r 
plannin g errors ,  1 7 containe d majo r  plannin g errors ,  bu t  onl y 4  wer e completel y uninterpretable . 
Viewe d t o emphasiz e th e positive ,  5 5 o f  th e 5 9 programmer s wrot e function s tha t  containe d a n 
interpretabl e contro l  structur e tha t  i n principl e woul d hav e searche d som e o r  al l  o f  th e tree .  Th e 
interestin g question ,  however ,  i s  no t  ho w man y programmer s code d th e functio n correctly ,  bu t 
what  th e fina l  cod e reveal s abou t  difficultie s i n plannin g an d implementation . 

Table 1 
Compariso n o f  Algorith m Us e b y Typ e o f  Trainin g 

list-builder s 

othe r 

total s 

simulatio n 

19 

1 

20 

contro l 

1B 

15 

33 

total s 

37 

16 

53 

Fifty-thre e o f  th e 5 9 solution s wer e rate d a s tryin g t o solv e th e correc t  problem.' *  O f  thes e 53 , 
38 apparentl y worke d throug h th e plannin g proces s successfully .  (O f  these ,  3 7 programmer s 
generate d solution s tha t  ar e consisten t  wit h th e list-buildin g solutio n describe d abov e an d on e 
designe d a  uniqu e solutio n consisten t  witf i  th e proble m statement. )  Th e simulatio n manipulatio n 
reveal s whethe r  th e basi c difficult y i s i n generatin g th e pla n o r  implementin g it .  O f  th e 2 0 
programmer s wh o simulate d a n exampl e o f  th e list-buildin g algorithm ,  1 9 (95% )  generate d cod e 
tha t  conforme d t o th e algorithm .  Onl y 1 8 o f  3 3 (55% )  programmer s i n th e contro l  conditio n 
conforme d t o th e list-buildin g algorithm .  Th e result s ar e show n i n Tabl e 1 .  A  chi-s q tes t  showe d 
thes e difference s t o b e significan t  (Chi-s q [1 ,  n=53 ]  =  7.85 )  ( p <  .05) ,  indicatin g tha t  th e 
simulatio n traine d programmer s use d th e list-buildin g algorith m mor e ofte n the n woul d b e expecte d 
and suggestin g tha t  whe n a  solutio n deviate d fro m th e algorith m i t  wa s largel y becaus e o f  difficult y 
i n generatin g th e plan ,  rathe r  tha n a n implementatio n failure . 

Planning Steps: Node Testing. 
As describe d above ,  th e nod e tes t  i s  eas y t o pla n an d implemen t  an d al l  bu t  on e solutio n 

containe d a  tes t  tha t  compare d th e node s i n th e tre e t o th e secon d argument .  However ,  ther e i s a n 
interestin g differenc e amon g th e 5 3 programmer s wh o wrot e interpretabl e code .  Rathe r  tha n 
testin g a  singl e nod e o n eac h cycle ,  (usin g equal) ,  1 4 o f  th e programmer s compare d th e targe t  t o a 
whol e lis t  o f  node s (usin g member) . 

3 Implementatio n error s includ e bot h syntacti c an d semanti c errors .  Example s o f 
mino r  syntacti c error s includ e misplac e o r  missin g parentheses ,  o r  inappropriat e 
use o f  quotes .  Example s o f  mino r  semanti c error s includ e substitutin g a  similar ,  bu t 
inappropriat e LIS P functio n fo r  th e correc t  on e (suc h a s usin g con s fo r  appen d i n 
th e update )  o r  initializin g th e loca l  variabl e t o a  nod e ( a LIS P atom )  whe n i t  shoul d 
hav e bee n initialize d t o a  lis t  containin g th e node . 

^ We coul d mak e n o sens e o f  4  solutions ,  s o thes e wer e eliminate d fro m furthe r 
consideration .  Likewise ,  w e hav e no t  include d tw o unique ,  bu t  non-depth-firs t 
searc h algorithms .  Thes e exclusion s leav e 2 0 programmer s wit h simulatio n trainin g 
and 3 3 withou t  fo r  a  tota l  o f  53 . 
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We hypothesize that the choice member versus equal represents a planning, not an 

implementation ,  bug .  Ou r  programmer s wer e ver y familia r  wit h bot h m e m b e r  an d equal .  A t  th e 

implementatio n leve l  i t  seem s unlikel y tha t  on e woul d b e mistake n fo r  th e other .  I n contrast ,  th e 

us e o f  m e m b e r  m a y represen t  th e transfe r  o f  a  ver y natura l  perceptua l  strategy .  I f  w e wer e t o 

physicall y retriev e a  lis t  o f  descendent s (especiall y a  shor t  list) ,  i t  woul d b e nearl y impossibl e no t 

t o sca n th e entir e retrieve d lis t  an d determin e i f  th e targe t  i s  o n th e list .  W e hypothesiz e tha t  th e us e 

of  m e m b e r  i s evidenc e tha t  thi s naiv e pla n ha s substitute d fo r  th e nod e tes t  pla n require d b y th e 

proble m specification . 

Planning Steps: Getting New Nodes. 

Th e natur e o f  th e expansio n functio n impose s constraint s o n th e algorith m fo r  gettin g n e w 

nodes .  I n particular ,  i t  impose s a  lis t  structur e o n th e plannin g proces s an d give s ris e mos t 

naturall y t o a  recursiv e solution .  Th e ba n o n recursiv e functio n call s constrain s th e programme r  t o 

transfor m th e recursiv e solutio n int o a n iterativ e solutio n tha t  build s a  list . 

There is some evidence that a few programmers had difficulties with superimposing a list 

structur e o n th e tre e diagram .  Specifically ,  6  programmer s generate d solution s i n whic h a  loca l 

variabl e wa s processed  i n som e context s a s i f  i t  store d a  singl e nod e an d i n othe r  context s a s i f  i t 

store d a  list .  Th e remainin g 4 7 programmer s di d no t  appea r  t o hav e thi s difficulty . 

Thirty-seve n programmer s employe d th e list-buildin g iterativ e solutio n i n generatin g n e w 

nodes .  O n e programme r  employe d LIS P propert y list s t o generat e a  hierarchica l  structur e tha t 

directl y parallele d th e diagrammati c tre e structur e an d use d thes e propertie s t o structur e th e searc h 

process .  Thi s solutio n i s fascinatin g sinc e i t  diverge s widel y fro m th e standar d pla n an d hint s a t 

th e actua l  siz e o f  th e algorith m space .  I t  wil l  no t  b e considere d further ,  precisel y becaus e i t  doe s 

not  cas t  ligh t  o n th e difficultie s o f  th e list-buildin g plan .  Th e fina l  tw o categorie s represen t 

fundamentall y flawe d variation s o f  th e list-buildin g plan . 

The first variation, coded by seven of the programmers, is a depth-first/dead-end search of 

th e tree .  I n thi s algorithm ,  th e firs t  elemen t  i n queu e i s searche d an d expande d i n eac h cycle . 

However ,  th e remainde r  o f  queu e i s discarde d an d queu e i s se t  equa l  t o th e expansion ,  a s i n th e 

followin g L IS P expressio n whic h woul d b e substitute d fo r  th e fina l  lin e o f  th e list-buildin g 

solution : 

(set q queu e (expan d (ca r  queue))) . 

Thi s solutio n searche s d o w n on e branc h o f  th e tre e (i f  th e targe t  i s no t  foun d alon g th e w a y )  an d 

the n terminates .  I n th e cas e o f  Figur e 1 ,  th e node s Harry ,  Jane ,  an d Jo e woul d b e checked . 

The second variation, coded by 7 different programmers, might be called a two-step 

algorithm .  I n thi s algorithm ,  queu e i s initialize d t o th e expansio n o f  th e firs t  argument .  The n i n 

ever y cycl e th e firs t  elemen t  i n queu e i s expanded ,  tha t  expansio n i s teste d (wit h a  m e m b e r  test) , 

and th e elemen t  i s remove d fro m queue .  Th e followin g code ,  whic h woul d b e substitute d fo r  th e 

fina l  tw o line s o f  th e list-buUdin g solution ,  characterize s thi s algorithm : 
(con d ((membe r  targe t  (expan d (ca r  queue)) )  (retur n t)) ) 
(set q queu e (cd r  queue) ) 

Thi s solutio n wil l  searc h th e to p tw o level s o f  th e tree .  A t  leas t  som e o f  th e 7  programmer s 

recognize d tha t  th e solutio n wa s inadequat e an d trie d t o exten d i t  wit h baroqu e ye t  futil e additions , 
fo r  example ,  b y incorporatin g a n inne r  loo p t o reac h d o w n anothe r  pl y i n th e tree . 

These categories are interesting in that the failure is closely linked to different aspects of the 

pla n describe d earlier .  Th e depth-first/dead-en d solutio n m a y represen t  a  failur e t o full y 

formulat e th e recursiv e plan .  Tha t  is ,  thi s solutio n check s an d expand s th e fu-s t  nod e i n th e queu e 

i n eac h cycle ,  m u c h a s eac h cal l  t o a  recursivel y define d functio n would ,  bu t  completel y fail s  t o 

proces s th e tai l  o f  th e list ,  i n effec t  omittin g th e cd r  componen t  o f  th e car-cd r  recursion . 

The two-step approach, on the other hand, seems to be based on a fully specified recursive 

solutio n tha t  i s  no t  correctl y translate d int o a n iterativ e solution .  I n thi s solution ,  th e processin g o f 
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the tail of the list is structurally correct, as is the expansion of the car. However, the requirement 
t o buil d a  ne w lis t  o n eac h iteratio n i s no t  recognized .  Thi s solutio n ma y directl y reflec t  th e 
programmin g experienc e o f  th e programmers .  Al l  student s learne d ho w t o cod e equivalen t  tai l 
recursiv e an d lis t  iteratio n functions ,  an d thi s componen t  o f  th e algorith m i s code d correctly .  O n 
th e othe r  hand ,  whil e student s als o encountere d car-cd r  recursiv e functions ,  thi s experimen t  wa s 
thei r  firs t  experienc e i n generatin g equivalen t  iterativ e functions . 

Conclusion 

This report is necessarily brief and by omitting discussion of various issues concerning both 
systemati c an d non-systemati c deviation s ma y no t  full y  conve y th e degre e o f  variabilit y  obtaine d 
acros s solution s i n thi s experiment .  Moreover ,  ther e remai n respons e pattern s tha t  ar e difficul t  t o 
evaluat e simpl y o n th e basi s o f  th e fma l  code .  Fo r  example ,  som e programmer s tes t  whethe r  a 
nod e ha s descendent s befor e addin g th e descendent s t o th e queu e although ,  give n th e definitio n o f 
th e functio n append ,  thi s ste p i s unnecessary .  I t  i s unclea r  fro m examinin g th e solution s whethe r 
thi s i s a  pla n bu g importe d fro m naiv e notion s o f  hierarchica l  searc h (se e als o 5) ,  o r  a n 
implementatio n bu g tacke d o n becaus e o f  uncertaint y abou t  ho w appen d works .  Th e lon g ter m 
goal  o f  thi s researc h i s t o develo p a  mor e detaile d mode l  o f  th e algorith m desig n process ,  o n th e 
basi s o f  keystrok e dat a an d tape s o f  th e codin g sessions . 

Nevertheless, granting the wide degree of coding variability obtained in this study, it is 
possibl e t o discer n categorie s o f  error s tha t  reflec t  no t  jus t  implementatio n failures ,  bu t  failure s i n 
predictabl e step s i n th e algorith m desig n proces s 
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