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M o d e l i n g Inventio n b y Ana log y i n A C T - R 

J.  Willia m Murdock ,  Mari n Simina ,  Ji m Davies ,  Gordo n Shippe y 
Colleg e o f  Computin g 

Georgi a Institut e o f  Technolog y 
Atlanta ,  G A 30332-028 0 

{ m u r d o c k ,  m a r i n ,  j inimyd ,  s h i p p e y } @ c c . g a t e c h . e d u 

Abstrac t 

We investigate some aspects of cognition involved in invention, 
more precisel y i n th e inventio n o f  th e telephon e b y Alexande r 
Graha m Bell .  W e propos e th e us e o f  th e Structure-Behavior -
Functio n (SBF )  languag e fo r  th e representation  o f  inventio n 
knowledge ;  w e clai m tha t  becaus e SB F ha s bee n show n t o 
suppor t  a  wid e rang e o f  reasonin g abou t  physica l  devices ,  i t 
constitute s a  plausibl e accoun t  o f  ho w a n invento r  migh t  repre -
sent  knowledg e o f  a n invention .  W e furthe r  propos e th e us e o f 
th e ACT- R architectur e fo r  th e implementatio n o f  thi s model . 
ACT- R ha s bee n show n t o ver y precisel y mode l  a  wid e rang e o f 
human cognition .  W e dra w upo n th e architectur e fo r  executio n 
of  production s an d matchin g o f  declarativ e knowledg e throug h 
spreadin g activation .  Thu s w e presen t  a  mode l  whic h combine s 
th e well-establishe d cognitiv e validit y  o f  ACT- R wit h th e pow -
erful ,  specialize d model-base d reasonin g method s facilitate d 
by S B F 

Introduction 

Th e cognitio n involve d i n inventio n m a y b e amon g th e rares t 
and mos t  difficul t  t o understan d an d model .  Th e processe s 
involve d ofte n tak e plac e ove r  th e cours e o f  month s o r  eve n 
year s an d thu s ar e no t  generall y amenabl e t o extremel y fine -
graine d modeling ,  an d ar e difficul t  t o stud y experimentally . 
Furthermore ,  grea t  inventor s ar e rare ,  an d th e recordin g o f 
thei r  discoverie s an d invention s ar e ofte n sketch y an d incom -
plete .  Bu t  thi s i s no t  th e cas e wit h Alexande r  Graha m Bell' s 
inventio n o f  th e telephone ,  whic h i s probabl y on e o f  th e bes t 

documente d an d analyze d invention s (e.g. .  Notebook' ;  U S v . 
Bell ,  1908 ;  Gorman ,  1997) . 

Let' s conside r  th e inventio n o f  th e telephone' s microphone . 
Durin g a  famou s experimen t  o n Jun e 2 ,  1875 ,  Bel l  realize d 
tha t  electromagneti c inductio n coul d b e practicall y use d fo r 
th e purpose s o f  speec h transmission .  B y movin g a  magne t 
clos e t o a  coil ,  a n electrica l  curren t  wit h a n amplitud e pro -
portiona l  t o th e movemen t  o f  th e magne t  coul d b e generate d 
i n th e coi l  circuit .  Consequently ,  b y movin g th e magne t  i n 
th e sam e wa y a s th e ai r  pressur e generate d b y speech ,  speec h 
coul d b e transmitte d electricall y a t  distance .  Thi s i s Bell' s 
accoun t  o f  th e invention : 

Th e proble m tha t  the n aros e i n m y min d was ,  h o w 
t o m o v e a  piec e o f  stee l  i n th e wa y tha t  th e ai r  wa s 
moved b y th e actio n o f  th e voice .  Whil e thi s proble m 
was i n m y mind ,  I  wa s carryin g o n experiments  wit h th e 
phonautograp h constructe d from  th e h u m a n ear.. .  an d i t 
occurre d t o m e tha t  i f  suc h a  thi n an d delicat e membran e 
coul d m o v e bone s tha t  were ,  relativ e t o it ,  ver y massiv e 
indeed ,  w h y shoul d no t  a  large r  an d stoute r  membran e b e 

'Alexande r  Graha m Bell' s  Notebook s ar e availabl e o n th e 
W WW at :  http://jefferson.vitlage.virginia.edu/~meg3c/id/albell / 
homepage.htm l 

abl e t o m o v e a  piec e o f  stee l  i n th e manne r  I  desired ? A t 
onc e th e conceptio n o f  a  membran e speakin g telephon e 
became complet e i n m y mind ;  fo r  I  sa w tha t  a  simila r 
instrumen t  t o tha t  use d a s a  transmitte r  coul d als o b e 
employe d a s a  receive r  (U S v .  Bell ,  1908) . 

Unfortunately ,  thi s shor t  paragrap h doe s no t  emphasiz e 
enoug h th e ric h descriptio n o f  th e phonautograp h i n Bell' s 
memory,  no r  it s leve l  o f  activatio n compare d wit h othe r  de -
vices ,  whic h hav e no t  bee n relevan t  o r  reasone d abou t  recently . 
But  thes e aspect s ar e crucia l  fo r  cognitiv e modeling .  Accord -
in g t o Bell' s  accoun t  (U S v .  Bell ,  1908) ,  a s a  "teache r  o f 
th e deaf" ,  h e wa s intereste d i n a  devic e abl e t o transfor m 
th e h u m a n voic e i n a  visua l  form ,  i n orde r  t o provid e visua l 
feedbac k t o dea f  student s learnin g t o speak .  H e starte d b y 
experimentin g wit h Leo n Scott' s  phonautograph ,  whic h un -
fortunatel y wa s no t  sensitiv e enoug h fo r  hi s purposes .  Whil e 
tryin g t o improv e th e phonautograp h design .  Bel l  wa s struc k 
by th e similarit y betwee n th e mechanis m o f  th e phonauto -
grap h an d th e mechanis m o f  th e huma n ear .  H e cam e t o th e 
conclusio n tha t  a  phonautograp h modele d afte r  th e patter n o f 
th e h u m a n ea r  woul d probabl y produc e mor e accurat e visua l 
feedback ,  an d h e eve n buil t  suc h a  device .  Consequently ,  dur -
in g th e ques t  fo r  th e microphone .  Bel l  ha d a  ric h an d recen t 
descriptio n o f  th e phonautograph .  Thi s afforde d subtl e prim -
in g effects ,  resultin g i n th e retrieva l  o f  th e phonautograph , 
whil e lookin g fo r  a  devic e abl e t o mov e a  piec e o f  stee l  i n 
th e sam e wa y a s th e huma n voice .  W e suspect ,  an d wan t  t o 
emphasize ,  tha t  th e retrieva l  o f  th e phonautograp h wa s no t  a 
classica l  long-ter m m e m o r y ( L T M )  retrieval ,  bu t  a  fine-grain 
working-memor y ( W M )  retrieva l  fro m th e "activated "  par t 
of  th e memory .  Namely ,  th e retrieva l  o f  th e phonautograp h 
probabl y wa s no t  base d o n it s function ,  bu t  o n it s interna l  be -
havio r  (Simin a &  Kolodner ,  1995) .  Not e tha t  th e retrieva l  o f 
th e phonautograph ,  a s a  source ,  i s a  prerequisit e fo r  analogy . 

Let' s als o conside r  Bell' s  descriptio n o f  th e phonautograph : 

Th e phonautograp h consiste d essentiall y o f  a 
stretche d membrane ,  i n fron t  o f  whic h wa s arrange d a 
conica l  mouth-piece ,  int o whic h a  perso n coul d speak . 
A lon g an d ligh t  leve r  o f  woo d wa s hinge d t o on e edg e 
of  th e membran e support ,  an d th e othe r  en d projecte d 
horizontall y beyon d th e opposit e edge ,  an d cartie d a t  it s 
extremit y a  vertica l  bristl e .. . 

The operatio n o f  th e instrumen t  wa s a s follows :  A 
perso n uttere d a  soun d int o th e con e o f  th e phonauto -
graph ,  thereb y causin g th e vibratio n o f  th e membran e 
and it s attache d lever ,  an d th e bristl e a t  th e en d o f  th e 
leve r  wa s force d t o partak e o f  th e motio n (U S v .  Bell , 
1908).. . 

Th e first  paragrap h o f  th e abov e descriptio n emphasize s 
th e structur e o f  th e phonautograph ,  whil e th e secon d para -
grap h emphasize s it s behavior .  Fro m thi s an d othe r  simila r 
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examples ,  w e argu e tha t  Bell' s  reasonin g ca n b e mode le d use d 
th e Structure-Behavior-Functio n ( S B F )  devic e representatio n 
(Goe l  e t  al. ,  1997 )  t o reaso n abou t  physica l  devices . 

Elsewher e w e hav e propose d a  ful l  computationa l  archi -
tectur e fo r  model in g creativ e design ,  an d i n particula r  Bell' s 
invention s (Simin a an d Kolodner ,  1997 ;  S iminae t  al. ,  1998) , 
by relyin g o n th e S B F representatio n o f  artifacts .  Bu t  t o 
investigate ,  a s closel y a s possibl e t o h u m a n cognition ,  th e 
m e m o ry issue s durin g th e inventio n o f  th e microphone ,  w e 
als o decide d t o experimen t  wit h th e ric h m e m o r y m e c h a n i s m s 
provide d b y A C T - R (Anderson ,  1993 )  an d le t  A C T - R ' s archi -
tectur e guid e th e m e m o r y processin g involve d i n th e inventio n 

of  th e microphone. ^ 
Figur e 1  illustrate s ou r  analysi s o f  Bell' s  p rob le m solv -

in g activit y i n thi s instance .  W e hav e develope d a  cognitiv e 
model  whic h instantiate s thi s analysis .  O u r  m o d e l  get s a  func -

tio n specificatio n o f  transformin g speec h (i.e. ,  a  substance ^ 
of  typ e s o u n d )  int o a n electri c curren t  (i.e. ,  a  substanc e o f 
typ e e l e c t r i c i t y ) .  I t  r e m e m b e r s th e devic e implement -
in g electromagneti c induction ,  an d i t  ha s t o solv e a  simplifie d 
)roblem ,  namel y transformin g speec h int o a  mechanica l  vi -
jratio n locate d i n a  magnet .  Next ,  th e m o d e l  consider s a 

possibl e synerg y wit h othe r  informatio n wh ic h m a y b e activ e 
i n workin g m e m o r y .  I n thi s analysis ,  w e argu e tha t  desig n o f 
th e phonautograp h i s activ e i n W M ,  affordin g primin g effects , 
so th e mode l  ca n perfor m a  fine-grained  matc h (includin g in -
terna l  behaviora l  states )  betwee n th e evolvin g specificatio n o f 
th e microphon e an d th e ea r  phonautograph . 

Phonautograp h 

SOUND 
loc :  mouthpiec e 
par :  AO,  f O 

Matc h (2 ) 

Microphon e 

SOUND 
loc :  ?lo c 
par :  Al.f l 

(connecte d mouthpiec e membrane ) 

VIBRATION 
loc :  membran e 
par :  AO,  f D 

Transfe r  (3 ) 

(connecte d membran e lever ) 
_ T  __ 

VIBRATION 
I  loc:leve r  ^ 

par :  AO,  fO ,  heav y 

Matc h (1 ) 
-  T 

VIBRATIO N 
loc :  magne t 
par :  Al ,  fl ,  heav y 

(connecte d leve r  bristle ) (nea r  magne t  coil ) 

V IBRATIO N 
loc :  mouthpiec e , 
par :  AO.  f O 

! 
ELECTRIC IT Y 
loc :  mouthpiec e 
par:Al,f l 

(i n contac t  bristl e smoked-glass ) 

G - V I B R A T I O N 
loc :  mouthpiec e 
par :  AO ,  I D 

Figur e 1 :  Ana log y betwee n phonautograp h &  m ic rophon e 

We have developed a computational system in ACT-R 
whic h instantiate s thi s mode l .  T h e syste m begin s operatio n 
wit h a  nearl y complet e desig n o f  a  mic rophon e wh i c h i s onl y 

The cod e fo r  thi s cognitiv e mode l  ca n b e foun d a t 
http://www.cc.gatech.edU/grads/m/BiIl.Murdock/bell / 

'Th e ter m "substance "  her e m a y b e somewha t  misleading .  A s 
use d i n th e S B F languag e an d a  variet y o f  othe r  desig n modelin g 
languages ,  thi s ter m refer s no t  onl y t o physica l  substance s suc h a s 
liquid s flowing  throug h a  pipe ,  bu t  als o t o abstrac t  phenomen a suc h 
as energ y o r  forc e whic h ca n b e see n a s flowing  throug h a  device . 

missin g a  singl e piece ,  th e on e wh i c h transform s soun d t o vi -
bration .  I t  complete s th e desig n b y performin g th e followin g 
operations : 

• The system analyzes the relevant pieces of the existing mi-
crophon e m o d e l  t o determin e th e specification s o f  a  desire d 
analogue . 

•  I t  retrieve s a  referenc e t o a  piec e o f  th e interna l  behav -
io r  o f  th e phonautograp h wh i c h matche s thi s specification . 
Specifica l  y ,  i t  retrieve s th e transitio n f ro m soun d t o vibra -
tion . 

•  Finally ,  th e syste m perform s analogica l  transfe r  be twee n 
th e t w o mode ls ,  i.e. ,  i t  take s th e relevan t  detail s o f  th e 
transitio n f ro m soun d t o vibratio n i n th e phonautograp h 
an d instantiate s i t  i n th e microphone . 

We will present the execution of this system in greater detail 
i n a  late r  sectio n o f  thi s paper . 

SBF Models 

I n orde r  t o represen t  th e device s an d c o m p o n e n t s involve d 
i n thi s m o d e l ,  w e chos e S B F (Structure-Behavior-Function ) 
models .  O n e issu e involve d i n selectin g a  representatio n 
withi n a  cognitiv e m o d e l  i s th e issu e o f  whethe r  th e repre -
sentatio n i s bot h adequat e an d effectiv e fo r  th e kind s o f  rea -
sonin g tha t  h u m a n s do .  I t  w o u l d b e extremel y eas y t o desig n 
an a d ho c model in g languag e wh i c h supporte d th e reasonin g 
capabilitie s displaye d i n thi s project .  H o w e v e r ,  becaus e a  par -
ticula r  tas k suc h a s thi s specifi c  for m o f  analog y impose s s o 
fe w constraint s o n th e natur e o f  th e representation ,  w e w o u l d 
hav e ver y littl e confidenc e tha t  suc h a  languag e w o u l d suppor t 
a plausibl e genera l  m o d e l  o f  a  h u m a n designer .  I n contrast , 
th e S B F languag e ha s bee n s h o w n t o directl y suppor t  divers e 
an d challengin g desig n capabilities .  A m o n g thes e ar e case -
base d desig n (e.g. ,  Kriti k  an d Kritik2 ,  Goe l  1989 ;  Goe l  e t 
al. ,  1997 )  analogica l  transfe r  usin g generi c abstraction s (e.g. , 
I D e A L ,  Bhatt a e t  al. ,  1994) ,  natura l  languag e understandin g 
i n th e d o m a i n o f  devic e desig n (e.g. ,  K A ,  Goe l  e t  al. ,  1996b ) 
explanatio n o f  desig n proces s an d product s (e.g. .  Interactiv e 
Kritik ,  Goe l  e t  al. ,  1996a) ,  creativ e desig n (e.g. ,  A L E C ,  S i m -
in a &  Kolodne r  1997 )  an d conceptua l  chang e i n scientifi c 
theor y formatio n (e.g. ,  T o R Q U E ,  Griffit h e t  al. ,  1996) .  Thi s 
i s clearl y a  broa d an d interestin g se t  o f  d o m a i n s an d prob -
lems .  T h u s w e argu e tha t  S B F language s provid e a  plausibl e 
accoun t  o f  desig n reasoning ,  an d w e conside r  i t  t o b e a  clos e 
approximatio n o f  a n abstrac t  for m o f  h u m a n knowledge . 

A s th e n a m e suggests ,  th e S B F model in g languag e break s 
device s d o w n int o thre e aspects :  thei r  structure ,  thei r  behav -
ior s an d thei r  functions .  T h e structur e o f  a  devic e describe s th e 
physica l  c o m p o n e n t s o f  th e devic e an d h o w the y ar e intercon -
nected .  Behavio r  consist s o f  a  causa l  m o d e l  o f  th e d y n a m i c 
interaction s betwee n thes e structura l  elements ,  i n th e f o r m 
o f  a  sequenc e o f  behaviora l  state s an d transition s be twee n 
thes e states .  T h e functio n o f  th e syste m describe s th e overal l 
intensiona l  consequence s o f  th e behavior . 

Analogica l  matching s f ro m on e concep t  t o anothe r  ar e m a d e 
o n th e basi s o f  spreadin g activatio n throug h element s o f  th e 
system' s behaviora l  properties .  I n th e cas e o f  th e phonauto -
graph ,  th e functio n i s t o visuall y recor d auditor y information . 
T h e purpos e o f  th e m ic rophon e i s t o transfor m auditor y in -
formatio n int o electroni c pulses .  Thes e function s ar e no t 
sufficientl y simila r  t o suppor t  th e detaile d leve l  o f  analog y 
performe d i n thi s project ,  an d the y ar e no t  use d b y thi s sys -
tem .  T h e actua l  analogica l  remindin g wh i c h i s d o n e i n thi s 
projec t  i s  a t  th e leve l  o f  behaviors .  W h e n lookin g a t  th e 
behavior ,  independen t  o f  wha t  th e functio n o f  th e objec t  is , 
ther e ar e m o r e direc t  correspondence s wh i c h defin e th e actua l 
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recognitio n o f  similarit y don e b y thi s mode l  (an d w e argue , 
wer e actuall y describe d b y Bel l  i n hi s journal) .  S o Bel l  kne w 
he wante d a  stic k t o b e movin g u p an d dow n i n accordanc e 
wit h th e vibration s create d b y th e voice .  W h e n considerin g 
th e behavio r  o f  th e phonautograph ,  i t  i s  apparen t  tha t  a  bon e 
i s movin g i n th e sam e wa y tha t  th e stic k i s suppose d t o b e 
moving .  A t  thi s poin t  a n analog y i s mad e betwee n th e bon e 
and th e stick ,  an d th e microphon e i s invented . 

T h e o r y D e v e l o p m e n t / R a t i o n a l e 

We use d th e A C T - R cognitiv e mode l  i n orde r  t o tr y t o replicat e 
one o f  th e critica l  step s o f  Bell' s  discovery .  Specifically ,  w e 
wante d t o mode l  th e analog y betwee n th e phonautograp h an d 
Bell' s  targe t  concept ,  th e microphone . 

Our first attempt at representing Bell's analogy led us into 
some stylisticl y questionabl e constructs .  W e foun d i t  difficul t 
t o expres s ou r  idea s withi n th e constraint s o f  th e A C T - R the -
ory ,  s o som e o f  ou r  cod e relie d o n call s t o th e laye r  underneat h 
ACT-R:  LIS R W e als o foun d ourselve s re-implementin g LIS P 
functionalit y i n A C T - R itself .  I n particula r  w e trie d t o searc h 
fo r  relevan t  memor y element s b y doin g a  linea r  searc h acros s 
th e relevan t  portion s o f  ou r  mode l  usin g a  mechanis m simi -
la r  t o th e m e m b e r  functio n i n LIS R Th e matchin g itsel f  i n 
thi s mode l  wa s don e usin g har d code d call s t o LIS P withi n 
th e productio n itself .  I t  wa s relativel y eviden t  tha t  thi s first 
cut  mode l  di d no t  benefi t  fro m th e researc h whic h wen t  i n t o 
th e developmen t  o f  th e A C T - R cognitiv e mode l  becaus e i t  s o 
thoroughl y circumvente d th e relevan t  feature s o f  ACT-R . 

We tried to remove as much of our "machinery" as possible, 
and le t  A C T - R d o th e wor k it s way .  Becaus e A C T - R ha s built -
i n mechanism s fo r  analogy ,  w e considere d th e possibilit y  o f 
applyin g the m t o ou r  problem .  Howeve r  w e immediatel y re -
alize d tha t  th e A C T - R analog y syste m woul d no t  serv e us . 
A C T - R draw s analogie s i n th e for m o f  directe d generaliza -
tion s ove r  inferencin g mechanisms .  Whil e thi s  i s clearl y on e 
importan t  kin d o f  analogy ,  w e d o no t  believ e tha t  th e protoco l 
(describe d i n th e introductor y section )  suggest s tha t  thi s  i s th e 
kin d o f  analog y tha t  Bel l  i s doin g i n thi s problem .  W e argu e 
tha t  th e analog y i n thi s proble m i s i n th e for m o f  th e transfe r 
of  a  smal l  portio n o f  a  complex ,  declarativ e knowledg e ite m 
i n t o anothe r  suc h item .  I n th e languag e o f  ACT-R ,  w e ar e 
examinin g analog y ove r  interconnecte d collection s o f  chunk s 
whil e th e buil t  i n analog y mechanis m i s intereste d i n analog y 
ove r  individua l  productions . 

In fact, the particular task that we are addressing is very sim-
ila r  t o th e tas k addresse d i n S M E (Centner ,  1983) .  S M E als o 
perform s a n analogica l  transfe r  o f  smal l  portion s o f  comple x 
interrelate d knowledg e elements .  I t  i s  clea r  tha t  on e coul d 
combin e a  spreadin g activatio n retrieva l  mechanis m (suc h a s 
th e on e whic h w e propos e late r  i n thi s paper )  wit h a n S M E -
lik e analogica l  transfe r  mechanis m t o accomplis h th e result s 
describe d i n thi s paper .  W e d o no t  d o this .  Th e mechanis m 
whic h w e us e t o d o analogica l  transfe r  i s specificall y tailore d 
t o th e particula r  representatio n languag e use d i n thi s project : 
th e S B F language .  S M E i s inherentl y a  wea k method ;  i t  op -
erate s completel y independentl y o f  th e conten t  o f  th e knowl -
edg e whic h i t  i s  performin g analog y over .  Thi s make s i t  a n 
extremel y genera l  an d powerfu l  method .  However ,  thi s ap -
proach  i s a n implausibl e accoun t  o f  h o w a n exper t  invento r 

suc h a s Bel l  reason s abou t  devices.' '  W e argu e tha t  th e kind s 
of  reasonin g mechanism s (i.e. ,  productions )  tha t  Bel l  use d 
wer e specialize d fo r  reasonin g abou t  devices .  I n th e syste m 
describe d here ,  specialize d model-base d production s ar e use d 
providin g a  stron g metho d o f  analogica l  transfer . 

Device Representation 

The languag e use d t o represen t  th e phonautograp h an d th e 
microphon e combine s th e conten t  o f  th e S B F languag e fo r 
devic e representatio n wit h th e syntacti c mechanism s i n ACT -
R fo r  specifyin g declarativ e memor y elements .  A  devic e i s 
define d a s a n elemen t  whic h contain s a  structure ,  a  behavior , 
and &  function .  Th e definitio n o f  thi s typ e an d a n exampl e 
(th e phonautograph ,  abbreviate d pag )  follows : 

(chunk-type device function structure 
behavior ) 

(add-dit i 
(pa g IS A devic e 

functio n pag-funct io n 
structur e pag-structur e 
behavio r  pag-behavior) ) 

The function, structure, and behavior slots are, in turn, filled 
by comple x memor y element s whic h i n tur n contai n comple x 
lowe r  leve l  elements .  A  complet e descriptio n o f  S B F i s be -

yon d th e scop e o f  thi s paper. '  Fo r  th e purpose s o f  thi s system , 
i t  i s  importan t  t o not e tha t  S B F provide s a  causa l  mode l  o f  th e 
operatio n o f  a  devic e a s a  se t  o f  state s an d stat e transition s 
betwee n them .  Transition s describ e eithe r  th e movemen t  o f 
a substanc e fro m on e locatio n t o anothe r  o r  th e conversio n 
of  on e substanc e int o another .  A  transitio n i s define d b y th e 
startin g an d endin g stat e a s wel l  a s numerou s relevan t  proper -
tie s suc h a s condition s unde r  whic h th e transitio n ca n occur , 
etc .  A  stat e i s define d b y th e adjacen t  state s an d transition s 
as wel l  a s a  substanc e stat e schema ,  i.e. ,  th e presenc e an d 
natur e o f  a  particula r  substanc e a t  a  state .  A  substanc e stat e 
schema refer s t o a  particula r  instantiatio n o f  a  substanc e a t 
a particula r  location .  Tha t  instantiatio n furthe r  refer s t o th e 
generi c substanc e whic h i t  instantiates .  Th e definition s o f  th e 
memory type s directl y relevan t  t o representin g transition s are : 

(chunk-typ e state- t ransi t io n contex t 
prev ious-stat e next-stat e by-behavio r 
us ing- funct io n as-per-domain-pr incipl e 
parameter- re la t ion s condit ion ) 

(chunk-typ e stat e previou s nex t  enabled-b y 
enabl in g substance-state-schem a 
component-state-schema ) 

(chunk-typ e substance-state-schem a locatio n 
main-substanc e contained-substances ) 

(chunk-typ e substanc e is- a property-l ist ) 
(chunk-typ e gener ic-substanc e is-a ) 

An example of a transition is the first transition in the pho-
nautograp h model .  Th e memor y element s whic h defin e thi s 
transitio n are : 
(add-d m 

(pag-t l  IS A state- t ransi t io n 

' '  Not e tha t  ACT- R doe s hav e buil t  i n learnin g capabilitie s fo r  com -
pilin g application s o f  generall y usefu l  productio n rule s int o mor e 
specialize d productio n mle s tune d t o specifi c  situations ,  h  seem s 
possibl e tha t  suc h capabilitie s migh t  b e abl e t o transfor m a  wea k 
analogica l  transfe r  mechanis m lik e S M E int o a  strong ,  domai n de -
penden t  analogica l  transfe r  mechanis m lik e th e on e presente d here . 
I f  thi s hypothesi s i s correct ,  thi s woul d provid e a n interestin g ac -
coun t  o f  a  novic e t o exper t  transitio n i n th e domai n o f  invention . 
Considerabl y mor e wor k woul d b e neede d t o explor e thi s idea . 

'Fo r  suc h a  description ,  se e Goe l  e t  al .  (1997) . 
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previous-stat e pag-s l 
next-stat e pag-s 2 

using-functio n pag-cfl ) 

(pag-sl ISA state 
nex t  pag-s 2 
enablin g pag-t l 
substance-state-schem a pag-sssl ) 

(pag-sss l  IS A substance-state-schem a 
locatio n membrane l 
main-substanc e soundl ) 

(sound l  IS A substanc e is- a sound ) 

(pag-s2 ISA state 
previou s pag-s l 
nex t  pag-s 3 
enabled-b y pag-t l 
enablin g pag-t 2 
substance-state-schem a pag-sss2 ) 

(pag-sss 2 IS A substance-state-schem a 
locatio n bone l 
main-substanc e vibrationl ) 

(vibration l  IS A substanc e is- a vibration ) 
These memory elements describe a transition, pag-tl, 
whic h convert s soun d a t  a  membran e (pag-sl )  t o vibratio n 
i n a  bon e (pag-s2 )  vi a th e functionalit y o f  th e membran e 
(pag-cfl) .  Thi s i s th e transitio n fro m whic h th e analog y 
t o th e microphon e proble m i s drawn ,  a s describe d i n th e nex t 
section . 

Mechanism 

Our  mode l  ca n b e loosel y divide d int o a  sequenc e o f  stage s 
whic h describ e th e overal l  proces s o f  recognitio n an d appli -
catio n o f  th e analog y betwee n th e microphon e an d th e pho -
nautograph .  Th e inpu t  t o thi s mechanis m i s a  nearl y complet e 
model  o f  a  microphon e whic h i s onl y missin g a  particula r 
componen t  whic h i s specifie d a s bein g capabl e o f  transform -
in g soun d int o vibratio n withi n a  stee l  stick .  Th e outpu t  o f  th e 
mechanis m i s a  complet e mode l  o f  th e microphon e i n whic h 
a membran e i s use d t o d o thi s transformation . 

Lookup 

The first  phas e o f  thi s mode l  i s th e analysi s o f  th e origina l 
microphon e mode l  i n orde r  t o extrac t  th e particula r  feature s 
whic h ar e relevan t  t o thi s problem .  A t  thi s phas e o f  th e pro -
cess ,  th e syste m i s onl y considerin g th e microphon e proble m 
whic h i t  i s  currentl y workin g on ;  th e curren t  goa l  refer s t o 
th e completio n o f  th e desig n o f  th e microphone ,  wher e th e 
particula r  stat e transitio n i n th e microphon e i s unknown .  A t 
thi s poin t  ther e i s n o referenc e t o th e phonautograph .  Th e 
resul t  o f  th e looku p mechanis m i s a  retrieva l  cu e fo r  a  relate d 
analog .  Thi s cu e take s th e for m o f  a  goal . 

Our  looku p mechanis m i s divide d int o tw o productio n rules . 
The first  o f  thes e rule s ( l o o k u p - s u b s t a n c e - i n )  gener -
ate s a  cu e fo r  a  stat e transitio n i n a n existin g devic e whos e 
inpu t  substanc e i s th e sam e a s th e inpu t  o f  th e desire d tran -
sition .  Th e secon d ( loo)cup-substance-out )  doe s th e 
same fo r  th e transition' s output . 

( P loo)cup-substance-i n 
=goal > IS A goal-retrieve-componen t 

transitio n =transitio n 
generic-substance-i n ni l 

=transition > IS A state-transitio n 
previous-stat e =stat e 

=state > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
main-substanc e =substanc e 

=substance > IS A substanc e 
is- a =gen-substanc e 

=goal> 
generic-substance-i n =gen-substance ) 

The production (lookup-substance-in) finds a 
generi c substanc e tha t  correspond s t o a  give n transition .  I n 
th e telephon e example ,  thi s mode !  involve d i s th e microphon e 
and th e particula r  transitio n bein g considere d i s th e transitio n 
fro m soun d t o vibration .  Th e productio n identifie s th e stat e 
whic h act s a s inpu t  t o th e transitio n i n th e variabl e =s ta te . 
I n ou r  example ,  thi s inpu t  stat e describe s th e presenc e an d 
natur e o f  th e soun d wave s locate d i n th e precedin g com -
ponent .  Fro m thi s stat e i s extracte d th e generi c substanc e 
(=gen-subs tance) ;  i n th e example ,  thi s generi c substanc e 
i s sound .  Finally ,  a  goa l  i s  generate d t o find  a  simila r  transitio n 
i n a  devic e whic h als o take s thi s generi c substance . 

An importan t  featur e t o observ e abou t  thi s productio n i s tha t 
(unlik e th e retrieva l  productio n presente d i n th e nex t  section ) 
i t  doe s no t  rel y o n spreadin g activatio n t o mediat e betwee n 
severa l  possibl e relevan t  memor y elements .  Th e transitio n 
typ e i n questio n specifie s exactl y on e possibl e bindin g fo r  th e 
variable s becaus e th e transitio n contain s a  direc t  lin k t o th e 
state ,  whic h contain s a  direc t  lin k t o a  substanc e stat e schema , 
whic h specifie s a  singl e substance .  Thu s thi s productio n i s 
simpl y analyzin g a  knowledg e structur e whic h i s alread y th e 
focu s o f  attentio n rathe r  tha n identifyin g somethin g ne w t o 
focu s on . 

Retrieval / Matching 

Once th e initia l  analysi s o f  th e microphon e ha s bee n com -
pleted ,  th e syste m need s t o b e abl e t o find  a  relate d exampl e 
i n it s  memor y wit h whic h i t  ca n mak e a n analogy .  On e mech -
anis m fordoin g retrieva l  an d matchin g i n a  productio n syste m 
i s t o retriev e a  memor y tha t  matche s al l  o f  th e desire d features . 
However ,  i n ou r  syste m w e hav e divide d retrieva l  an d match -
in g int o tw o separat e steps .  I n th e first  o f  thes e steps ,  w e 
retriev e transition s base d o n thei r  similarit y t o eithe r  th e inpu t 
or  th e outpu t  o f  th e transitio n bein g considered .  I n th e secon d 
step ,  w e the n verif y tha t  th e transitio n retrieve d matche s bot h 
th e inpu t  an d th e output .  Thi s mechanis m i s mor e consisten t 
wit h ou r  understandin g o f  comple x memor y retrieva l  i n hu -
mans;  man y element s ar e retrieve d base d o n partia l  relevanc e 
and the n thes e element s ar e filtered  throug h an d onl y th e full y 
(o r  almos t  fully )  relevan t  one s ar e actuall y furthe r  considered . 
Belo w i s on e o f  th e transition s fo r  th e retrieva l  step : 

( P retr ieve-substance-i n 
=goal > IS A goal-retr ieve-componen t 

generic-substance-i n =gen-substanc e 
generic-substance-ou t  =gen-substance-ou t 
retr ieved-transit io n ni l 

=transition > IS A state-transit io n 
previous-stat e =stat e 
-  contex t  =goa l 

=goal > IS A 
goal-retr ieve-componen t 
-  transitio n =transit io n 

=scate > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
main-substanc e =substanc e 

=substance > IS A substanc e 
is- a =gen-substanc e 

=transition> context =goal 
=newgoal > IS A goal-check-transit io n 

generic-substance-i n =gen-substanc e 
generic-substance-ou t  =gen-substance-ou t 
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matches- i n =gen-substanc e 
t ransi t io n =transi t io n 
re t r ieved- t rans i t io n =r t 

ipush !  =newgoa l 
=goal > 

ret r ieved- t rans i t io n =rt ) 
There is a corresponding retrieve-substance-out 
productio n a s well .  Thi s productio n rul e retrieve s a  transitio n 
whic h matche s th e substanc e inpu t  o f  th e desire d transitio n 
(ther e i s a  comparabl e productio n fo r  retrievin g transition s 
base d o n th e outpu t  state) .  Th e goa l  fo r  thi s productio n i s tha t 
of  th e retrieva l  o f  a n analogu e fo r  whic h th e relevan t  generi c 
substance s hav e bee n identifie d (i.e. ,  th e looku p mechanis m 
has £ilread y bee n applied) .  Th e =  t r a n s i t  i o n variabl e ca n 
bin d t o an y transitio n i n memor y whos e inpu t  stat e ha s th e 
generi c substanc e sought ;  i n th e example ,  i t  bind s t o th e tran -
sitio n i n th e phonautograp h i n whic h th e membran e convert s 
soun d int o vibration . 

Once suc h a  transitio n i s retrieved ,  a  ne w goa l  i s  pushe d 
ont o th e goa l  stack .  Thi s ne w goa l  i s  picke d u p b y th e pro -
ductio n m a t c h - s u b s t a n c e - i n whic h check s t o se e i f  th e 
transitio n matche s th e desire d transition ;  th e m a t c h e s - i n 
slo t  i s filled  t o denot e tha t  thes e transition s d o matc h wit h 
regard s t o thei r  inpu t  (sinc e tha t  i s ho w th e transitio n wa s 
retrieved) .  Not e tha t  th e presenc e o f  th e c o n t e x t  slo t  i n 
th e transitio n i s use d t o preven t  th e rul e fro m retrievin g th e 
same transitio n multipl e times ;  onc e th e transitio n ha s bee n 
retrieve d i t  i s  marke d a s bein g identifie d i n th e contex t  o f  th e 
curren t  goal . 

I n a  scale d u p versio n o f  thi s mode l  whic h actuall y con -
taine d a  ver y larg e numbe r  o f  models ,  thi s mechanis m woul d 
become overwhelmingl y cumbersom e an d woul d no t  gener -
all y suppor t  tractabl e retrieval .  I n particular ,  i t  woul d b e 
expecte d tha t  thes e model s woul d typicall y no t  hav e a  hig h 
enoug h activatio n leve l  t o b e retrieve d unles s ther e wer e man y 
stron g link s t o th e mode l  bein g considere d (i.e. ,  th e analog y 
was extremel y "obvious") .  W e fee l  tha t  thi s i s  a  cor e theoret -
ica l  commitmen t  o f  ou r  model ;  th e recognitio n o f  analogica l 
similarit y whic h i s bein g don e i n thi s particula r  cas e i s no t  con -
sisten t  wit h a  complet e searc h o f  al l  o f  memory .  I n particular , 
we not e tha t  i n th e protocol ,  i t  i s  state d tha t  Bel l  wa s alread y 
thinkin g abou t  an d workin g o n experiment s wit h th e phonau -
tograp h whic h wer e bein g drive n b y a  detaile d consideratio n 
of  ho w th e phonautograp h actuall y worked .  I n th e languag e 
of  ACT-R ,  i t  i s  apparen t  tha t  th e declarativ e representatio n o f 
th e behaviora l  element s o f  th e phonautograp h wer e highl y ac -
tivate d i n Bell' s  memor y a t  th e tim e o f  th e experiment .  Thus , 
we argue ,  th e generall y intractabl e retrieva l  mechanis m use d 
i n thi s mode l  i s  specialize d t o retrievin g highl y activate d an d 
immediatel y relevan t  item s i n memory .  I n othe r  words ,  th e 
retrieva l  mechanis m presente d her e i s a n opportunisti c mode l 
of  analogu e retrieval ,  i.e. ,  on e whic h operate s onl y whe n a  par -
ticula r  opportunit y fo r  matchin g arise s du e t o th e conjunctio n 
of  relevan t  activate d memor y elements . 

Once element s ar e retrieved ,  the y mus t  b e matche d t o en -
sur e tha t  bot h th e input s an d th e output s ar e relevan t  t o th e 
transitio n bein g analyzed .  A s note d above ,  th e productio n 
whic h retrieve s th e substanc e base d o n th e input ,  obviousl y 
guarantee s tha t  th e input s o f  th e transition s match .  Thu s tha t 
retrieva l  productio n feed s int o thi s matchin g productio n whic h 
ensure s tha t  th e output s als o match : 

( P match-substance-ou t 
=goal > IS A goal -check- t rans i t io n 

matches- i n =gen-substance- i n 
gener ic-substance-ou t  =gen-substanc e 
transi t io n =transi t io n 

=transi t ion > IS A state- t ransi t io n 

next-stat e =stat e 
=sss > IS A substance-state-schem a 

main-substanc e =substanc e 
=substance > IS A substanc e 

is- a =gen-substanc e 

=goal> 
retr ieved-transi t io n =transit io n 

!pop! ) 

This transition takes as a goal a request to check a transition 
whic h ha s alread y asserte d tha t  th e inpu t  substance s match ,  a s 
generate d b y th e retrieva l  productio n above .  Th e goa l  bind s 
th e variabl e = g e n - s u b s t a n c e t o th e generi c substanc e de -
sire d a s output .  I t  check s th e transitio n bein g analyze d t o 
confir m tha t  thi s generi c substanc e i s indee d th e outpu t  o f  th e 
transition .  I f  thi s chec k succeeds ,  th e transitio n i s confirme d 
t o hav e matche d an d th e goa l  t o chec k th e transitio n i s poppe d 
of f  th e goa l  stack . 

Placement / Specification 

The actua l  adaptatio n o f  th e matche d element s i s als o don e 
usin g stron g model-base d methods .  A  ne w componen t  i s 
generate d t o accoun t  fo r  th e transformatio n betwee n soun d 
and vibration .  Thi s componen t  i s place d i n th e particula r 
portio n o f  th e behavio r  wher e thi s transformatio n take s place . 
Furthermore ,  th e particula r  link s betwee n thi s componen t  an d 
othe r  aspect s o f  th e mode l  ar e specifie d usin g production s 
whic h ar e specifi c  t o th e S B F language .  A t  thi s poin t  th e 
ne w mode l  ha s bee n full y defined .  Th e initia l  desig n goa l  i s 
satisfie d an d th e syste m terminates . 

The placemen t  an d specificatio n portion s o f  th e syste m 
consis t  o f  a  numbe r  o f  closel y interrelate d production s whic h 
creat e th e ne w memor y element s fo r  th e modifie d model , 
specif y link s fro m th e existin g memor y element s t o th e ne w 
elements ,  an d specif y link s fro m th e ne w element s t o th e 
existin g elements .  On e exampl e o f  thes e production s follows : 

( P place-componen t 
=goal > IS A goal-desig n 

retr ieved-componen t  =componen t 
transit io n =transit io n 
new-componen t  ni l 

=component > IS A componen t 
is- a =gen-componen t 

=transi t ion > IS A state-transi t io n 
previous-stat e =stat e 

=state > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
locatio n ni l 

=new-component> ISA component 
is- a =gen-componen t 

=sss > 
locatio n =new-componen t 

=goal > 
new-componen t  =new-component ) 

This production is responsible for generating a new com-
ponent .  I n ou r  example ,  i t  create s a  membran e analogou s t o 
th e vibratin g membran e i n th e phonautograph .  Th e activatio n 
of  thi s productio n require s tha t  a n existin g componen t  ha s 
bee n retrieve d (i.e. ,  tha t  th e r e t r i e v e d - c o m p o n e n t  slo t 
i n th e goa l  i s  filled),  tha t  a  stat e transitio n requirin g a  simila r 
componen t  ha s bee n identifie d (i.e. ,  tha t  th e t r a n s i t i o n 
slo t  i s  filled),  bu t  n o componen t  ha s bee n place d i n th e mode l 
bein g designe d (i.e. ,  tha t  th e n e w - c o m p o n e n t  slo t  ha s no t 
yet  bee n filled).  Th e resul t  o f  th e productio n i s tha t  a  ne w 
componen t  i s create d an d th e locatio n fro m whic h th e transi -
tio n take s plac e i s identifie d a s tha t  component .  Late r  rule s 
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fill  i n value s fo r  thi s component ,  identifyin g it s functio n a s 
analogou s t o th e functio n o f  th e existin g componen t  (th e on e 
fro m th e phonautograph) . 

Discussion 

Analog y i s a n importan t  techniqu e i n inventio n (an d man y 
othe r  tasks) .  However ,  i n a  give n situatio n ther e may b e a n 
enormou s numbe r  o f  potentia l  candidate s fo r  a  mapping ,  eac h 
of  whic h i s extremel y complex .  I n a  purel y sequentia l  retrieva l 
system ,  checkin g al l  o f  thes e candidate s i s clearl y intractable . 
Even whe n retrieva l  i s don e i n paralle l  b y spreadin g activa -
tion ,  a  searc h o f  al l  o f  memor y fo r  al l  possibl e matche s wil l 
generall y  b e unsuccessfu l  becaus e activatio n i s sprea d to o thi n 
(an d thu s n o individua l  elemen t  i s found )  o r  th e numbe r  o f 
element s retrieve d i s enormou s (an d thu s i t  i s intractabl e t o 
conside r  eac h o f  th e matches) . 

Case-Base d Reasonin g (Kolodner ,  1993 )  provide s a  par -
tia l  answe r  t o thi s question :  provid e eac h comple x cas e wit h 
a simple ,  easil y analyze d inde x whic h specifie s th e feature s 
whic h ar e relevan t  t o reuse .  SB F furthe r  elaborate s o n thi s 
ide a i n som e domain s suc h a s desig n an d invention ,  b y pro -
vidin g account s fo r  wha t  constitute s a  usefu l  inde x (typically , 
functiona l  properties) .  Thu s i t  i s possibl e t o avoi d havin g t o 
conside r  al l  o f  th e detail s o f  al l  o f  memor y i n orde r  t o find  a 
relevan t  match . 

However ,  th e historica l  cas e bein g analyze d her e i s  no t  eas -
il y  accounte d fo r  b y thi s theory .  Th e analogica l  transfe r  don e 
her e wa s no t  don e o n th e basi s o f  abstrac t  functiona l  charac -
teristic s o f  th e sor t  tha t  pas t  wor k suggest s ar e use d t o inde x 
cases i n memory .  Instea d th e transfe r  occur s base d o n ver y 
specifi c  behaviora l  details .  We clai m tha t  thi s sor t  o f  trans -
fe r  i s  no t  usuall y possibl e becaus e o f  th e proble m wit h to o 
many potentia l  matches .  I n thi s cas e i t  appear s t o hav e bee n 
done opportunistically ;  th e interna l  (non-indexed )  feature s o f 
th e phonautograp h coul d b e matche d becaus e the y ha d bee n 
recentl y accessed ,  i.e. ,  the y wer e heavil y prime d withi n work -
in g memory .  Ou r  mode l  no t  onl y show s ho w transfe r  fro m 
th e phonautograp h t o th e microphon e coul d occu r  wit h th e 
phonautograp h bein g recentl y used ,  bu t  als o ho w i t  woul d no t 
have occure d i f  th e phonautograp h hadn' t  bee n use d recently . 
Thi s i s  th e primar y contributio n o f  ACT- R t o thi s model :  a n 
accoun t  o f  ho w knowledg e whic h i s activ e i n memor y ca n en -
abl e reasonin g whic h i s no t  possibl e withou t  thi s activation . 
Becaus e th e AC T theory ,  a s oppose d t o (fo r  example )  SOAR, 
focuse s heavil y o n thes e sort s o f  workin g memor y issue s (An -
derson ,  1983 ;  Anderson ,  1993) ,  i t  i s particularl y wel l  suite d 
to modelin g th e particula r  phenomeno n addresse d here . 

The exampl e analyze d her e i s a  smal l  piec e relevan t  t o 
th e wor k bein g don e i n ALE C (Simin a &  Kolodner ,  1997 ; 
Simin a e t  al. ,  1998) ,  ToRQUE (Griffit h e t  al. ,  1996 ;  Griffit h 
& Murdock ,  1998) ,  an d NICOL E (Franci s an d Ram,  1997) . 
By modelin g thi s exampl e i n ACT- R w e ar e abl e t o examin e 
th e issue s o f  activatio n an d retrieva l  i n grea t  depth .  Thi s 
analysi s i s potentiall y  o f  grea t  benefi t  t o understandin g th e 
rol e o f  memor y phenomen a i n analog y an d othe r  reasonin g 
processes . 
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