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T e l e o l o g y +  B u g s =s :  E x p l a n a t i o n s 

Gregg C. Collins 

Yale University 

In previous work, Sch&nk and Collins (1Q82) have argued that learning requires the ability to explain the failures of 

expectation s derive d fro m th e knowledg e structure s use d i n plannin g an d understanding .  Buildin g a  computationa l 

theor y base d o n thi s idea ,  however ,  depend s firs t  o f  al l  o n ou r  abilit y t o understan d wha t  kin d o f  explanatio n o f  a n 

expectatio n failur e i s  require d fo r  learning ,  an d wha t  a  syste m woul d nee d t o kno w i n orde r  t o construc t  suc h a n 

explanation .  O n e approac h t o thi s rathe r  formidabl e tas k i s t o analyz e actua l  instance s o f  suc h explanatio n performe d b y 

people .  Thi s pape r  wil l  loo k a t  on e suc h instanc e i n detail ,  an d attemp t  t o sketc h th e genera l  metho d whic h migh t 

underli e it . 

Th e exampl e w e wil l  analyz e involve s explainin g expectatio n failure s arisin g fro m th e behavio r  o f  a  broke n vendin g 

machine .  Thi s proble m ca n b e viewe d a s a  kin d o f  "debugging, "  an d i n fac t  prio r  wor k o n tha t  topi c an d o n th e analysi s 

of  devic e m o d e b i n genera l  (see ,  e.g. ,  Sussma n &  Brown ,  1974 ,  McDermott ,  1976 ,  Steven s &  Collins ,  1978 ,  Forbu s & 

Stevens ,  1981 ,  d e Klee r  &  Brown ,  1981 )  wil l  b e relevan t  t o th e analysis .  However ,  a  bi g differenc e i n thi s cas e i s tha t  w e 

begi n withou t  a  mode l  o f  ho w a  vendin g machin e operates .  Instead ,  w e begi n wit h ou r  everyda y knowledg e o f  ho w t o us e 

one whe n i t  I s  functionin g properly ,  plu s a n understandin g o f  it s  purpos e a s see n b y it s owner s an d designers .  I n fac t  I 

wil l  argu e tha t  w e eonetrue t  a  mode l  o f  ho w th e machin e work s a s a  necessar y par t  o f  explainin g wha t  i s wron g wit h it . 

Our  abilit y  t o reaso n teleologicall y abou t  thing s (i.e .  wit h respec t  t o thei r  "purposes" )  (deKlee r  &  Brown ,  1981 ,  Sussma n 

& Brown ,  1974) ,  combine d wit h th e informatio n whic h ca n b e derive d fro m a n analysi s o f  th e way s i n whic h th e devic e 

fai b t o fuini l  it s  purposes ,  ca n tak e u s surprisingl y fa r  i n constructin g a  mode l  o f  a  machin e abou t  whic h w e originall y 

had littl e specifi c  knowledge .  T h e mode l  mus t  b e develope d t o th e poin t  wher e i t  ca n b e use d t o construc t  a n 

explanatio n o f  th e caus e o f  th e bug s w e observed . 

The actual episode in which the failures occurred was this: I went up to an ordinary Coke machine, which I had 

previousl y use d withou t  an y problem ,  an d deposite d a  quarter .  Th e quarte r  cam e bac k i n th e coi n retur n box .  I  trie d 

severa l  mor e time s usin g differen t  quarters ,  wit h th e sam e resul t  eac h time ,  an d wit h n o apparen t  effec t  o n th e machine . 

I  the n trie d othe r  denomination s o f  coins ,  whic h th e machin e accepted .  I  trie d a  quarte r  agai n afte r  havin g deposite d 

some othe r  coins ,  an d i t  wa s agai n rejected .  W h e n I  ha d deposite d 3 0 cent s i n nickel s an d dimes ,  th e machin e li t  up , 

signallin g tha t  I  coul d no w hav e a  Coke ,  whic h i t  gav e me .  Th e usua l  pric e fo r  a  Cok e i n tha t  machin e wa s 5 5 cents . 

Th e sam e behavio r  occurre d subsequentl y whe n I  trie d th e sam e machin e again . 

The machine was behaving in a way that consistently violated two of the expectations derived from my get-a-Coke 

ecrip t  (Schan k &  Abelson ,  1977) .  I  expecte d t o b e abl e t o us e quarter s i n th e machine ,  an d I  expecte d t o ge t  th e Cok e fo r 

th e advertise d pric e o f  5 5 cents .  W h a t  wa s wrong T Th e explanatio n tha t  immediatel y presente d itsel f  t o m e wa s tha t 

th e machin e consiste d o f  som e sor t  o f  ram p betwee n th e inpu t  slo t  an d th e coi n retur n bo x dow n whic h coin s sli d o r 

rolled .  Of f  o f  thi s ram p woul d b e chute s fo r  quarters ,  dimes ,  an d nickels ,  separately ,  an d a t  th e to p o f  eac h chut e woul d 

be som e sor t  o f  sensin g devic e whic h woul d incremen t  a  counte r  wheneve r  a  coi n wen t  by .  W h a t  mus t  b e happening ,  I 

thought ,  wa s tha t  a  quarte r  wa s stuc k a t  th e to p o f  th e quarte r  chute ,  blockin g othe r  quarter s an d forcin g the m t o slid e 

on dow n t o th e coi n return .  Thi s quarte r  woul d b e a t  leas t  partiall y  insid e th e sensin g device ,  an d woul d b e "counted " 

onc e o n eac h cycl e o f  th e machine ,  s o tha t  Coke s effectivel y woul d cos t  2 5 cent s les s tha n the y normall y did .  I  believ e 

thi s t o a n interestin g exampl e th e explanatio n wa s no t  completel y obvious ,  implyin g tha t  th e reasonin g require d wa s no t 

trivial ,  ye t  ther e seem s t o b e a  fairl y unanimou s consensu s tha t  th e explanatio n i s th e right  on e amon g peopl e t o w h o m I 

subsequentl y presente d th e problem ,  implyin g tha t  specia l  knowledg e o r  abilitie s wer e no t  require d t o produc e th e 

explanation ,  bu t  tha t  i t  wa s i n fac t  onl y a  slightl y cleve r  instanc e o f  whateve r  i t  i s  peopl e normall y d o i n constructin g 

explanations . 

Analysis of the example 

I will now present an analysis of the processes and prior knowledge which are necessary to produce the above explanation 

i n term s o f  wha t  a  progra m capabl e o f  constructin g i t  woul d nee d t o kno w an d do .  Th e descriptio n wil l  b e presente d a s 

a serie s o f  step s startin g wit h th e initia l  knowledg e o f  th e expecte d behavio r  o f  th e machine ,  an d leadin g t o a  mode l  o f 

th e machin e whic h i s complet e enoug h to ,  first ,  explai n ho w th e vendin g machin e ehoitl d accomplis h th e function s whic h 

wer e perturbed ,  an d second ,  ho w th e perturbation s coul d aris e fro m plausibl e malfunction s o f  thos e mechanisms . 
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s t e p o n e :  M o d e l l i n g w h a t  s h o u l d h a v e h a p p e n e d 

Initiall y  wha t  I  kne w w u a  rot e plan ,  o r  script ,  fo r  usin g a  Cok e machine ,  whic h tol d m e wha t  t o d o an d wha t 

observabl e behavio r  t o expec t  fro m th e machin e i n response .  On e expectatio n tol d m e tha t  i f  I  inserte d dimes ,  nickels ,  o r 

quarter s i n th e machine ,  the y woul d remai n within ,  a s lon g a s th e cos t  o f  a  Cok e ha d no t  bee n exceeded .  Anothe r  tol d 

me tha t  i t  woul d cos t  m e th e advertise d pric e t o ge t  th e Coke .  I n bot h cases ,  th e actua l  observatio n differe d fro m th e 

expectation . 

What we need in the Hnal explanation of the discrepancy is a model of hoie the things we expected to happen are 

accomplished .  W h a t  w e have ,  probably ,  ar e jus t  th e expectation s themselves .  W h a t  I  wan t  t o sho w i s tha t  w e ca n 

bridg e th e ga p b y askin g ourselve s th e teleologica l  question :  wha t  purpose s o f  th e machin e wer e affecte d b y it s failur e t o 

operat e a s expected ? 

We know of two purposes which are relevant to the observed bugs: 

1.  Th e vendin g machin e i s mean t  t o collec t  a  customer' s money . 

2.  I t  i s  mean t  t o giv e th e custome r  a  Cok e whe n a  certai n amoun t  o f  mone y ha s bee n collected . 

Transformin g thi s teleolog y int o th e mechanis m require d fo r  th e explanatio n i s a  matte r  o f  distributin g th e teleolog y 

among a  se t  o f  interactin g component s whic h ar e themselve s characterised ,  a t  first ,  onl y b y thei r  teleology .  Th e 

interaction s amon g th e component s ca n b e represente d b y link s whic h denot e variou s type s o f  causa l  relations .  T w o 

causa l  lin k type s ar e neede d i n thi s example ,  correspondin g roughl y t o Conceptua l  Dependenc y primitive s P T R A N S an d 

M T R A NS (Schan k &  Abelson ,  1977) .  Thes e ar e intende d t o indicate ,  respectively ,  th e transfe r  o f  som e physica l  object , 

and th e transfe r  o f  information ,  betwee n tw o components . 

In order to distribute the teleology of the mechanism among interacting components, we must first determine suitable 

components .  I t  m a y no t  requir e inventin g ne w componen t  types ;  rather ,  i t  m a y su^ic e t o selec t  item s fro m a n existin g 

stoc k o f  device s describe d i n term s o f  thei r  teleology .  However ,  ou r  knowledg e o f  th e device s include s mor e tha n jus t 

thei r  teleology ,  i n particular ,  knowledg e o f  ho w suc h device s ar e commonl y implemented .  W e ar e therefor e no t  onl y 

followin g deKlee r  i n assertin g tha t  teleolog y i s a  crucia l  aspec t  o f  ou r  vocabular y fo r  devic e description ,  bu t  furthe r 

claimin g tha t  thi s serve s a s a n organizin g principl e fo r  memor y abou t  devices . 

Given an appropriate stock of simple components, our knowledge of the existence of the coin slot from the rote plan 

enable s u s t o construc t  th e followin g mode l  accountin g fo r  th e first  teleologica l  fac t  abou t  th e vendin g machine ,  namel y 

tha t  i t  take s th e customer' s money : 

ptrans (coins) 
SLOT >  RESERVOIR 

A "reservoir" is simply a component which collects something. The appropriate causal links between the components is 

par t  o f  ou r  knowledg e o f  th e component s themselves .  Reservoirs ,  w e know ,  mus t  hav e a  lin k enablin g a n infio w o f 

whateve r  substanc e the y store .  Th e natur e o f  thi s lin k depend s o n wha t  tha t  substanc e is .  I n th e cas e o f  a  physica l 

objec t  lik e a  coin ,  th e mechanis m b y whic h i t  i s  inpu t  mus t  o f  cours e b e physica l  transfer ,  i.e. ,  P T R A N S. 

We ca n exten d thi s mode l  t o accoun t  fo r  th e secon d teleologica l  fact ,  namely ,  tha t  th e vendin g machin e shoul d 

dispens e a  Cok e whe n a  certai n amoun t  o f  mone y ha s bee n collected : 

•trans 
COUNTER >  DISPENSER 

t 
i  atran s 
I 

SLOT SENSOR >  RESERVOIR 
ptran s (coins ) 

A "dispenser "  i s a  componen t  whic h "give s on e something. "  Inferrin g th e existanc e o f  th e "counter "  an d th e "sensor " 

i s a  bi t  mor e complex :  w e mus t  kno w tha t  whe n contro l  o f  a n operation ,  i n thi s cas e dispensing ,  i s dependen t  o n 

detectin g a  certai n amoun t  o f  something ,  the n a  senso r  i s require d fo r  detection ,  an d a  counte r  i s require d fo r  storin g th e 

quantit y detecte d s o far .  I n fac t  w e coul d abstractl y vie w a  counte r  a s a  reservoi r  fo r  a  quantity ,  an d analogousl y wit h 

th e coi n reservoir ,  determin e tha t  sinc e quantit y i s information ,  an d causall y appropriat e inpu t  lin k i s transfe r  o f 

information ,  i.e. ,  M T R A N S.  Th e senso r  mus t  b e inserte d i n th e pat h betwee n th e slo t  an d th e reservoi r  becaus e th e 

coin s whic h ar e collecte d t o satisf y th e first  purpos e o f  th e vendin g machin e ar e th e sam e coin s whic h mus t  b e counte d t o 

satisf y th e secon d purpose . 
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s t e p t w o ;  L o c a t i n g t h e b u g 

Once w e hav e constructe d thi s simpl e mode l  o f  th e Cok e machine ,  w e mus t  attemp t  t o locat e th e source s o f  th e 

observe d bug s i n th e model .  A t  thi s poin t  w e nee d t o invok e domain-independen t  rule s abou t  locatin g bugs .  Th e first , 

and mos t  importan t  i s th e well-know n "single-faul t  assumption, "  whic h i s th e assumptio n tha t  multipl e bug s hav e a 

singl e source . 

We can make use of this assumption to locate the bug due to a nice property of our representation, namely that each 

lin k an d th e device s a t  it s  endpoint s ca n b e see n a s a  "nearl y decomposable "  (Simon ,  1068 )  subsystem .  Thus ,  i f  on e ca n 

assig n bug s t o differen t  subsystem s i n th e representation ,  th e actua l  faul t  mus t  li e a t  th e intersectio n o f  thos e 

subsystems .  I n thi s case ,  on e bu g i s clearl y i n th e S L O T - R E S E R V O I R system ,  sinc e coin s en d u p i n th e coin-retur n 

instea d o f  th e reservoir .  Th e othe r  bu g i s i n th e C O U N T E R - S E N S OR system ,  sinc e th e machin e seem s t o b e countin g 

wrong .  Applyin g singl e faul t  assumptio n tell s  u s tha t  th e sourc e o f  bot h bug s shoul d b e a t  th e poin t  wher e th e senso r 

phyicall y contact s th e S L O T - R E S E R V O I R connection .  Thu s a  majo r  par t  o f  th e ultimat e explanatio n stem s fro m ou r 

abilit y  t o appl y th e single-faul t  assumptio n t o ou r  mode l  i n thi s way . 

Step three: Modelling the bug 

At  thi s point ,  althoug h w e hav e locate d th e sourc e o f  th e bugs ,  w e hav e no t  ye t  explaine d them .  W e ca n loo k t o tw o 

source s fo r  th e underlyin g cause s whic h migh t  explai n a  bug ;  th e propertie s o f  th e correctl y functionin g device ,  an d th e 

propertie s o f  th e faul t  whic h i s actuall y producin g th e bug .  Th e observe d symptom s whic h constitut e th e bu g ca n 

generall y b e viewe d a s resultin g fro m som e relativel y straightforwar d interactio n betwee n thes e tw o sources .  On e wa y o f 

sortin g ou t  th e interactio n i s t o isolat e characteristic s o f  a  bu g whic h ca n b e attribute d predominantl y t o eithe r  th e 

devic e alon e o r  t o th e faul t  alone . 

For example, we might view the entire description of the first bug, "rejects quarters," as such a characteristic. 

Viewin g thi s bu g i n isolatio n fro m th e secon d bug ,  w e migh t  the n attribut e i t  eithe r  t o th e devic e alon e (th e machin e ha s 

a reaso n fo r  rejectin g quarters ,  e.g. ,  whe n i t  i s  ou t  o f  change )  o r  t o th e faul t  alon e (fo r  example.th e coi n slo t  i s  blocke d s o 

tha t  nothin g a s larg e a s a  quarte r  ca n b e inserted) .  Sinc e neithe r  o f  thes e i s particularl y convincin g ~  fo r  example ,  I 

woul d hav e notice d i f  th e coi n slo t  wer e i n fac t  blocke d — w e hav e reaso n t o assum e tha t  "reject s quarters "  i s no t  bes t 

seen a s bein g directl y attributabl e t o eithe r  th e devic e alon e o r  th e faul t  alone ,  bu t  rathe r  i s th e resul t  o f  a  comple x 

interaction .  I n suc h a  case ,  w e mus t  attemp t  t o isolat e feature s o f  th e bu g a t  a  finer  leve l  o f  detai l  ~  e.g. ,  tha t  differen t 

denomination s o f  coin s ar e bein g discriminate d ~  whic h ma y b e attributabl e t o eithe r  th e norma l  devic e alon e o r  t o th e 

underlyin g faul t  alone . 

Dependin g o n whic h attributio n i s made ,  differin g constraint s wil l  b e impose d an y subsequen t  explanation .  I f  i t  i s 

assumed tha t  th e characteristi c i n questio n result s fro m th e underlyin g fault ,  the n th e constrain t  i s  impose d b y th e 

single-faul t  assumption :  al l  bugg y behavio r  explaine d i n thi s wa y mus t  b e trace d t o a  singl e underlyin g cause .  If ,  o n th e 

othe r  hand ,  a  propert y o f  th e correctl y functionin g devic e i s adduce d t o accoun t  fo r  a  characteristic ,  the n th e constrain t 

i s  impose d b y anothe r  domain-independen t  debuggin g rule ,  th e teUotogiea l  assumption .  Thi s rul e assert s tha t  an y 

hypothesize d propert y o f  a  properl y functionin g devic e mus t  hav e a  teleologica l  justification .  W e alway s assum e tha t 

ever y componen t  o f  th e mechanis m mus t  serv e som e purpose ,  an d i f  n o purpos e ca n b e foun d fo r  som e componen t  whic h 

i s hypothesize d t o pla y a  rol e i n explainin g a  bug ,  the n th e explanatio n i s probabl y wrong . 

A critical feature of the buggy behavior which must be explained in this example is the fact that different 

denomination s o f  coin s ar e treate d differentl y b y th e first  bug ,  s o tha t  quarter s ar e rejecte d whil e nickel s an d dime s ar e 

not .  Applyin g th e procedur e above ,  w e mus t  decid e whethe r  thi s distinctio n i s solel y a  propert y o f  th e bug ,  o r  whethe r  i t 

i s  owin g t o a  discriminatio n tha t  th e devic e woul d mak e unde r  norma l  circumstance s anyway .  Woul d discriminatin g 

among th e differen t  denomination s o f  coin s serv e som e purpos e i n th e norma l  functio n o f  th e vendin g machine ? I n fac t 

we kno w suc h a  distinctio n mus t  b e presen t  i n th e S E N S O R - C O U N T ER subsystem ,  sinc e th e physica l  difference s 

betwee n coin s indicat e th e difference s i n th e amoun t  o f  mone y the y represent .  I f  w e assum e tha t  suc h a  distinctio n i s 

als o presen t  i n th e S L O T - R E S E R V O I R subsyste m (wher e th e bu g resides) ,  the n th e desig n o f  th e senso r  i s simplified , 

sinc e a  singl e comple x senso r  whic h mus t  distinguis h amon g differen t  denomination s ca n the n b e replace d b y thre e simpl e 

sensor s whic h merel y indicat e th e presenc e o f  a  coin .  Suc h a  simplificatio n provide s evidenc e tha t  th e assumptio n i s 

plausible .  Bu t  i t  shoul d b e clea r  tha t  deducin g thi s consequenc e require s fairl y  sophisticate d knowledg e abou t  th e 

desirabilit y  o f  an d mean s fo r  accomplishin g comple x sensin g b y separatin g th e function s o f  discriminatio n an d detection . 

Upon assuming that the machine is in fact designed to make such a discrimination in the SLOT-RESERVOIR 

subsystem ,  the n w e ca n exten d ou r  model ,  usin g a n additiona l  S O R T componen t  capabl e o f  routin g distinc t  item s int o 

distinc t  paths : 
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•tran s 
COUNTER >  DISPENSER 

t  Btran s 
quarter s | 

•  SENSOR t o RESERVOIR 

/ 
/  diie s t  t o COUNTER 

SORT SENSOR t o RESERVOIR 

\ 
\  nickel s t  t o COUNTER 
*  SENSOR t o RESERVOIR 

Another aspect of the buggy behavior is the fact that quarters come out of the machine at the coin return slot. 

Disregardin g (fo r  th e moment )  th e explanatio n fo r  this ,  th e mer e fac t  o f  i t  implie s tha t  ther e b  a  deficienc y i n th e mode l 

shown above :  ther e i s n o pat h fo r  th e quarter s t o trave l  betwee n th e S L O T - R E S E R V O I R subsyste m an d th e coi n return . 

Thi s require s a  P T R A N S lin k fro m som e poin t  i n th e S L O T - R E S E R V O I R subsyste m t o th e coi n return .  Thi s lin k mus t 

connec t  wit h th e S L O T - R E S E R V O I R subsyste m befor e th e quarte r  sensor ,  sinc e otherwis e quarter s woul d b e counted . 

Furthermore ,  usin g th e singl e faul t  assumptio n w e ca n infe r  tha t  whateve r  i s wron g wit h th e quarte r  senso r  i s precludin g 

quarter s fro m takin g th e norma l  pat h throug h it ,  forcin g the m instea d t o tak e th b alternativ e pat h t o th e coi n return . 

The obviou s explanation ,  o f  course ,  i s  tha t  somethin g i s $tuc k i n th e quarte r  sensor .  Exactl y wh y thi s i s obviou s i s no t 

clear .  W e ca n onl y conclud e tha t  ther e exist s a  B L O C K E D P A T H memor y structur e whic h ha s bee n indexe d b y th e 

proble m descriptio n " a proble m ahea d i n a  pat h i s precludin g somethin g fro m continuin g alon g tha t  path, "  an d whic h 

indicate s wha t  th e proble m migh t  b e dependin g o n th e natur e o f  th e path .  I n particular ,  fo r  physica l  paths ,  th e 

B L O C K ED P A T H structur e mus t  indicat e tha t  th e proble m migh t  b e tha t  somethin g i s stuc k i n th e path . 

At this point, we have a complete explanation of why the vending machine is rejecting and ignoring quarters. 

However ,  th e explanatio n ha s no t  ye t  bee n adequatel y tie d t o th e teleolog y o f  th e machine ,  sinc e w e d o no t  ye t  kno w th e 

purpos e o f  th e alternativ e pat h th e quarter s ar e takin g t o th e coi n return .  Ou r  explanatio n o f  thi s particula r  aspec t  o f 

th e bugg y behavio r  wil l  no t  b e complet e unti l  w e hav e satisfie d th e constrain t  o f  teleologica l  justification . 

I n thi s case ,  th e particula r  purpos e whic h I  inferre d wa s suggeste d b y knowledg e abou t  th e S O R T componen t  o f  th e 

model .  Ofte n whe n sortin g items ,  on e want s a n "other "  categor y t o tak e car e o f  object s whic h hav e faile d th e sort .  Thi s 

woul d b e a  usefu l  fo r  a  vendin g machin e t o handl e th e probabilit y  tha t  object s othe r  tha n th e appropriat e coin s wil l  b e 

deposited ;  th e actio n o f  routin g suc h thing s t o th e coi n retur n woul d serv e th e purpose s o f  removin g unwante d item s 

fro m th e machine ,  an d returnin g the m t o thei r  owners .  Thu s ou r  explanatio n o f  th e firs t  bu g meet s th e teleologica l 

constraint . 

We tur n no w t o th e secon d bug ,  whic h i s tha t  th e machin e i s dispensin g Coke s fo r  onl y 3 0 cents ,  rathe r  tha n th e usua l 

55 cents .  Fro m th e singl e faul t  assumption ,  w e alread y determine d tha t  th e proble m wa s locate d a t  th e quarte r  sensor . 

Furthermore ,  th e B L O C K ED P A T H memor y structur e enable d th e additiona l  conclusio n tha t  somethin g wa s stuc k i n th e 

quarte r  sensor ,  i n orde r  t o explai n th e firs t  bug .  If ,  agai n invokin g th e singl e faul t  assumption ,  w e assum e tha t  th e res t 

of  th e S E N S O R - C O U N T ER subsyste m function s properly ,  th e proble m mus t  b e tha t  th e quarte r  senso r  i s reportin g tha t 

a quarte r  ha s bee n collecte d whic h ha s i n fac t  no t  bee n collected . 

The questio n the n i s wha t  i s causin g thi s t o happen ? Th e obviou s answe r  fo r  wha t  migh t  caus e a  quarte r  senso r  t o 

repor t  a  quarte r  is :  a  quarter .  I n thi s cas e i t  woul d hav e t o b e a  quarte r  whic h wa s no t  i n fac t  collected .  Sinc e w e hav e 

alread y conclude d tha t  th e proble m i s somethin g stuc k i n th e quarte r  sensor ,  w e ca n no w conclud e tha t  wha t  i s stuc k i n 

th e senso r  i s i n fac t  a  quarter ,  an d tki $ i s th e quarte r  whic h th e machin e count s onc e toward s th e pric e o f  eac h Cok e 

dispensed . 

We ar e no w almos t  finishe d wit h respec t  t o th e tw o issue s whic h hav e drive n ou r  constructio n o f  th e model :  eac h par t 

i n ou r  mode l  i s teleologicall y justified ,  an d w e hav e explanation s o f  th e bug s whic h peopl e generall y dee m adequate .  I n 

fact ,  th e mechanism s an d explanation s matc h quit e closel y wha t  w e se t  ou t  t o produce . 

Step four: Building the machine 

Give n tha t  w e ar e satbfie d wit h ou r  model' s explanator y an d teleologica l  characteristics ,  on e questio n remains :  ca n w e 

buil d it T Tha t  is ,  ca n w e thin k o f  actua l  physica l  mechanism s whic h wil l  d o th e job s w e hav e assigne d t o th e variou s 

components ? 

Some o f  th e implementation s ar e straightforward :  th e P T R A N S connection s ca n b e viewe d a s track s dow n whic h th e 
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coin s ro U o r  slide .  T h e S O R T proces s c& n b e implemente d b y mttachin g chute s o f  variou s site s of f  o f  a  ma i n channel , 

arrange d smalles t  t o largest ,  suc h tha t  th e coin s fal l  int o th e chut e matchin g thei r  siie .  Mos t  o f  th e protoco l  subject s 

imagine d thi s kin d o f  sortin g device ,  an d mos t  go t  th e ide a fro m rememberih g children' s pigg y bank s whic h sor t  coin s i n 

thi s fashion .  T h u s th e S O R T componen t  allow s u s t o inde x thi s m e m o r y ,  give n tha t  coin s ar e th e item s t o b e sorted . 

Othe r  components ,  suc h a s th e counter ,  wer e harder . 

T h e rea l  signiricanc e o f  th e attemp t  t o actuall y ^construct "  th e model ,  however ,  lie s i n th e fac t  tha t  conjecture s abou t 

th e physica l  implementation s o f  devic e component s no t  onl y rais e additiona l  demand s t o elaborat e th e mode l  (whe n i t 

seems har d o r  impossibl e t o implemen t  i t  a s is) ,  the y als o sugges t  possibl e elaboration s o f  th e mode l  throug h fortuitou s 

reminding s o f  additiona l  use s a  devic e componen t  m a y serve ,  onc e i t  ha s alread y bee n propose d fo r  a  differen t  use . 

Conclusion 

Let us consider again the important points made about the process of explanation in this domain: 

1.  Teleologica l  knowledg e mus t  b e transforme d int o a  devic e mode l  consistin g o f  teleologically-deFine d 
component s connecte d b y th e appropriat e causa l  links . 

2.  Domain-independen t  knowledg e o f  debuggin g mus t  b e use d t o locat e th e sourc e o f  th e proble m i n th e model . 

S.  T h e mode l  mus t  b e sufficientl y elaborate d t o explai n al l  observe d feature s o f  th e bugs . 

4.  Al l  component s adde d t o th e mode l  i n orde r  t o explu n th e bugg y behavio r  mus t  b e justifie d teleologically . 

5.  T h e teleologica l  component s o f  th e mode l  must ,  ultimately ,  b e replace d wit h "real "  component s -  e.g. ,  relay s 
an d wheel s -  a s a  demonstratio n tha t  th e teleologica l  mode l  i s implementable . 

6.  Knowledg e abou t  rea l  component s i n m e m o r y mus t  b e indexe d b y th e purpose s wit h whic h the y hav e bee n 
associate d b y experience ;  conversely ,  give n a  rea l  component ,  on e mus t  b e abl e t o acces s knowledg e abou t  it s 
possibl e purposes . 

T w o strikin g fact s see m t o emerg e fro m th b analysis .  First ,  i t  i s  surprisin g h o w elaborat e an d detaile d a  mode l  ca n b e 

constructe d i n a  situatio n wher e s o littl e i s initiall y  known .  W h e n teleolog y an d observe d bug s ar e treate d a s twi n 

constraint s o n th e proces s o f  mode l  building ,  comple x an d fairl y convincin g m o d e b ca n b e constructe d give n onl y a 

rudimentar y knowledg e o f  devic e components .  Second ,  give n th e simpl e representatio n constructe d i n ste p one ,  plu s th e 

singl e faul t  assumption ,  i t  seem s difficul t  no t  t o conclud e tha t  th e proble m lie s i n th e quarte r  sensor ,  whic h i s th e 

cornerston e o f  th e ultimat e explanation .  However ,  m a n y peopl e faile d t o reac h thi s conclusion ,  despit e th e fac t  tha t  the y 

at  leas t  considere d usin g th e singl e faul t  assumptio n i n attackin g th e problem .  Thi s argue s tha t  quit e a  bi t  o f  powe r  lie s 

i n th e simpl e representatio n schem e illustrate d here . 

AeknoB^dimenlt: I thank LarTj Bimbaom (or ueful duniHioD* and for eommcnti on an earlier draft of thii paper. 
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s t e p f o u r ;  B u i l d i n g t h e m a c h i n e 

Give n th& t  w e u t  s&tisrie d wit h ou r  model' s expl&nator y an d teleologic& l  characteristics ,  on e questio n remains :  ca n w e buil d it T 

That  is ,  ca n w e thin k o f  actua l  physica l  mechanism s whic h wil l  d o th e job s w e hav e assigne d t o th e variou s components ? 

Some of the implementations are straightforward: the PTRANS connections can be viewed as tracks down which the coins roll 

or  slide .  Th e S O R T proces s ca n b e implemente d b y attachin g chute s o f  variou s siie s of f  o f  a  mai n channel ,  arrange d smalles t  t o 

largest ,  suc h tha t  th e coin s fal l  int o th e chut e matchin g thei r  siae .  Mos t  o f  th e protoco l  subject s imagine d thi s kin d o f  sortin g 

device ,  an d mos t  go t  th e ide a fro m rememberin g children' s pigg y bank s whic h sor t  coin s i n thi s fashion .  Thu s th e S O R T 

componen t  allow s u s t o inde x thi s memory ,  give n tha t  coin s ar e th e item s t o b e sorted .  Othe r  components ,  suc h a s th e counter , 

wer e harder . 

The real significance of the attempt to actually "construct* the model, however, lies in the fact that conjectures about the 

physica l  implementation s o f  devic e component s no t  onl y rais e additiona l  demand s t o elaborat e th e mode l  (whe n i t  seem s har d o r 

impossibl e t o implemen t  i t  a s is) ,  the y als o sugges t  possibl e elaboration s o f  th e mode l  throug h fortuitou s rcminding s o f  additiona l 

uses a  devic e componen t  ma y serve ,  onc e i t  ha s alread y bee n propose d fo r  a  differen t  use . 

Conclnsion 

Let us consider again the important points made about the process of explanation in this domain: 

1.  Teleologica l  knowledg e m u s t  b e transforme d int o a  devic e mode l  consistin g o f  teleologically-define d component s 
connecte d b y th e appropriat e causa l  links . 

2.  Domain-independen t  knowledg e o f  debuggin g mus t  b e use d t o locat e th e sourc e o f  th e proble m i n th e model . 

3.  T h e mode l  mus t  b e sufficientl y elaborate d t o explai n al l  observe d feature s o f  th e bugs . 

4.  Al l  component s adde d t o th e mode l  i n orde r  t o explai n th e bugg y behavio r  mus t  b e justifie d teleologically . 

5.  T h e teleologica l  component s o f  th e mode l  must ,  ultimately ,  b e replace d wit h "real "  component s -  e.g. ,  relay s an d 
wheel s ~  a s a  demonstratio n tha t  th e teleologica l  mode l  i s  implementable . 

6.  Knowledg e abou t  rea l  component s i n m e m o r y mus t  b e indexe d b y th e purpose s wit h whic h the y hav e bee n associate d 
by experience ;  conversely ,  give n a  rea l  component ,  on e mus t  b e abl e t o acces s knowledg e abou t  it s possibl e purposes . 

T wo strikin g fact s see m t o emerg e fro m thi s analysis .  First ,  i t  i s  surprisin g h o w elaborat e an d detaile d a  mode l  ca n b e 

constructe d i n a  situatio n wher e s o littl e i s  initiall y  known .  W h e n teleolog y an d observe d bug s ar e treate d a s twi n constraint s o n 

th e proces s o f  mode l  building ,  comple x an d fairl y convincin g model s ca n b e constructe d give n onl y a  rudimentar y knowledg e o f 

devic e components .  Second ,  give n th e simpl e representatio n constructe d i n ste p one ,  plu s th e singl e faul t  assumption ,  i t  seem s 

difficul t  no t  t o conclud e tha t  th e proble m lie s i n th e quarte r  sensor ,  whic h i s th e cornerston e o f  th e ultimat e explanation . 

However ,  m a n y peopl e faile d t o reac h thi s conclusion ,  despit e th e fac t  tha t  the y a t  leas t  considere d usin g th e singl e faul t 

assumptio n i n attackin g th e problem .  Thi s argue s tha t  quit e a  bi t  o f  powe r  lie s i n th e simpl e representatio n schem e illustrate d 

here . 

AekncwMiment :  I  than k Lan ? Birnban m fo r  aufa l  disevuioii s an d fo r  comacot i  o n a n eartia r  draf t  o f  thi s paper . 
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