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Abstract 

Understanding problem solving and methods for learning is a main goal of cognitive science. Analogical 
reasonin g simplifie s proble m solvin g b y transferrin g previousl y learne d knowledg e fro m a  sourc e proble m t o 
th e curren t  targe t  proble m i n orde r  t o reduc e search .  T o provid e a  mor e detaile d analysi s o f  th e mechanism s 
of  transfer ,  w e describ e a  proces s calle d interna l  analog y tha t  transfer s experienc e fro m a  complete d subgoa l 
i n th e sam e proble m t o solv e th e curren t  targe t  subgoal .  W e explai n wha t  constitute s a n appropriat e sourc e 
proble m an d wha t  knowledg e t o transfe r  fro m tha t  source ,  i n additio n t o examinin g th e associate d m e m o r y 
organization .  Unlik e case-base d reasonin g methods ,  thi s proces s doe s no t  requir e larg e amount s o f 
accumulate d experienc e befor e i t  i s  effective ;  i t  provide s usefu l  searc h contro l  a t  th e outse t  o f  proble m 
solving .  Dat a fro m a  stud y o f  subject s solvin g DC-circui t  problem s designe d t o facilitat e transfe r  support s 
th e psychologica l  validit y o f  th e mechanism . 

1. Introduction 
Analogica l  reasonin g i s a n effectiv e metho d o f  recyclin g pas t  experienc e t o guid e proble m solving .  T o 

begi n th e analysi s o f  thi s process ,  w e formulat e th e followin g fiv e steps .  First ,  th e proble m solve r  mus t 
determin e a  se t  o f  candidat e sources .  Th e utilit y o f  th e procedur e relie s o n th e identificatio n o f  th e relevan t 
knowledge .  Second ,  on e solutio n mus t  b e retrieve d t o functio n a s th e actua l  source .  Third ,  th e sourc e 
solutio n mus t  b e reinstantiate d an d modifie d t o solv e th e targe t  problem .  Fourth ,  th e n e w solutio n shoul d b e 
store d s o tha t  th e proble m solve r  ca n reaso n fro m i t  t o solv e futur e problems .  Fifth ,  th e proble m solve r 
shoul d receiv e som e knowledg e o f  result s concernin g th e effor t  require d t o perfor m th e analog y an d th e 
successfubes s o f  th e procedure .  Thi s informatio n ca n b e use d t o provid e feedbac k t o th e retrieva l  step s o f 
th e process . 

Although analogy has been explored previously [1, 2,7, 8,16, 17], most of the work has focused on the 
mappin g procedur e outline d i n ste p thre e above .  [11] ,  [12 ]  an d [19 ]  hav e addresse d m e m o r y organizatio n 
(relate d t o step s one ,  two ,  an d fou r  above )  i n detail ,  bu t  thei r  idea s hav e no t  bee n integrate d wit h a n 
analogica l  mechanism .  I C A R U S [14 ]  an d E U R E K A [10 ]  hav e incorporate d th e whol e proces s t o som e 
extent .  However ,  neithe r  syste m embed s it s  solutio n withi n a  genera l  implementatio n o f  a  proble m solve r 
(fo r  example ,  E U R E K A i s no t  capabl e o f  backtracking) .  A s a  result ,  the y canno t  solv e problem s whic h ar e 
as difficul t  a s thos e reporte d i n thi s study . 

Thi s pape r  addresse s th e firs t  fou r  step s o f  th e proces s wit h a  transfe r  mechanis m calle d interna l  analogy , 
whic h work s o n simila r  subgoal s o f  a  singl e problem .  Thi s i s i n contras t  t o within-domai n an d cross-domai n 
analog y whic h transfe r  knowledg e acros s separat e problem s fro m th e sam e domai n an d differen t  domains , 
respectively .  W o r k i n progres s usin g derivationa l  analog y [4 ]  i n P R O D I G Y [3 ,  22 ]  i s begiimin g t o addres s 
most  o f  th e step s above ,  bu t  fo r  cross-problem ,  within-domai n analogy . 

Our internal analogy mechanism is tightly integrated into a general problem solver for the physical 
sciences ,  RFermi ,  an d i s effectiv e i n reducin g searc h [9] .  Unlik e case-base d reasonin g methods ,  th e proces s 
does no t  requir e larg e amount s o f  accumulate d experienc e befor e i t  i s  effective ;  i t  provide s usefu l  searc h 
contro l  a t  th e outse t  o f  proble m solving .  I n addition ,  psychologica l  prediction s draw n fro m th e 
computationa l  mode l  o f  interna l  analog y wer e supporte d b y dat a fro m a  stud y o f  subject s solvin g DC-circui t 
and flui d static s problem s tha t  wer e designe d t o facihtat e transfer . 

The nex t  sectio n present s th e implementatio n o f  th e interna l  analog y algorith m i n R F E R M I ,  a s wel l  a s a n 
exampl e trac e o f  th e non-learnin g system .  Sectio n 3  contain s th e psychologica l  prediction s derive d fro m th e 
computationa l  mode l  an d th e analysi s o f  th e dat a w e collected .  W e conclud e wit h a  discussio n evaluatin g 
interna l  analogy . 

2. Computational IVIodel 
The interna l  analog y proces s describe d i n th e precedin g sectio n i s implemente d i n a  proble m solve r  fo r  th e 

physica l  science s name d RFERMI .  Thi s syste m i s a  rule-base d versio n o f  th e FERMI  syste m [15 ]  an d i s base d 
i n par t  o n studie s o f  effectiv e representation s an d method s fo r  solvin g physic s problem s [5 ,  18] .  It s  tas k 
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domain s rang e fro m linea r  algebr a an d DC-circuit s t o fluid  static s an d classica l  mechanics .  RFERMI 
maintain s a  principle d decompositio n o f  knowledg e i n orde r  t o retai n th e powe r  o f  it s  domai n specifi c 
knowledg e whil e utilizin g th e cross-domai n applicabilit y  o f  it s  mor e genera l  knowledge . 

RFERMI's declarative knowledge of scientific principles is organized in a quantity hierarchy which is 
store d a s frames .  Th e fram e syste m use d t o implemen t  th e hierarch y i s a  componen t  o f  FRuleki t  [20] ,  a 
forwar d chainin g productio n system .  Throug h th e us e o f  inheritance ,  thi s hierarch y efficientl y store s 
knowledg e abou t  quantitie s suc h a s resistances ,  pressur e drops ,  potentia l  drops ,  an d tw o dimensiona l  areas . 

RFERMI's procedural knowledge, as organized in its actions hierarchy, is of two types. First, domain 
specifi c  knowledg e i s store d i n pulle r  frame s tha t  ar e interprete d int o FRuleki t  rules .  Thes e puller s encod e 
equationa l  knowledge ,  suc h a s Ohm' s law ,  an d procedures ,  suc h a s thos e fo r  findin g th e pressur e dro p 
betwee n tw o point s i n a  stati c liqui d o r  th e electro-magneti c forc e o f  a  battery .  Second ,  RFERMI' s mor e 
genera l  an d widel y applicabl e knowledge ,  suc h a s it s iterativ e decompositio n procedure ,  constitut e it s 
methods .  Method s ar e associate d wit h generalize d quantitie s s o tha t  a  quantit y inherit s acces s t o a  metho d 
fro m superordinat e quantities .  Fo r  example ,  potentia l  dro p inherit s acces s t o th e pat h invarianc e metho d 
fro m scala r  field  difference ,  whic h i s a  generalize d quantity .  Therefore ,  th e metho d fo r  equatin g potentia l 
drop s alon g tw o alternat e path s ca n b e use d t o solv e fo r  a  potentia l  drop . 

Althoug h th e syste m i s implemente d i n a  forwar d chainin g productio n system ,  i t  maintain s a  backwar d 
chainin g contro l  structur e vi a th e goa l  monitor .  Th e spac e i t  searche s whil e solvin g fo r  a n unknow n quantit y 
i s structure d i n a  traditiona l  A N D - O R maimer .  W h e n ther e ar e multipl e mean s fo r  pursuin g a  goa l  (i.e. , 
puller s an d methods )  a n O R nod e i s generated ,  an d whe n a  metho d spawn s a  conjunctiv e se t  o f  uiune t 
subgoal s (i.e. ,  unknow n quantities )  a n A N D nod e i s generated .  RFERMI  organize s it s searc h i n a  manne r 
combinin g depth-firs t  an d breadth-firs t  expansion .  A t  O R nodes ,  i t  contain s heuristi c preference s fo r  usin g 
th e specifi c  pulle r  knowledg e ove r  th e mor e genera l  methods . 

As an example, we present RFERMI's problem solving without learning on the problem in Figure 2-1 (see 
Figur e 2-2) .  Th e syste m firs t  solve s fo r  I 2 b y applyin g a  puller .  Line s 7-1 4 sho w tha t  i t  solve s fo r  R ^  b y 

generatin g subgoal s fo r  V^ ^  an d Ij .  V̂ ^ ^  i s solve d usin g a  puller ,  whic h result s i n R '̂ s solution .  I n lin e 16 , 

RFERMI  choose s a  differen t  pulle r  t o solv e I 3 tha n i t  use d t o solv e Ij .  (I t  coul d reduc e th e require d searc h b y 

solvin g I 3 i n a  simila r  manne r  sinc e th e goal s ar e analogica l  an d th e syste m solve d I j  wit h relativel y littl e 

effort )  I n bot h cases ,  bot h puller s wer e applicable ,  an d th e syste m chos e randomly .  However ,  thi s lin e o f 
reasonin g end s i n goa l  circularit y (se e lin e 20 )  sinc e V^ ^  ha s alread y bee n posted .  I n line s 21-23 ,  i t  trie s 

anothe r  instantiatio n o f  th e sam e puller ,  whic h als o result s i n goa l  circularity .  Finally ,  i n line s 24-29 ,  i t 
obtain s th e valu e o f  V̂ ^ j  b y usin g th e pulle r  tha t  solve d Î .  Th e en d o f  th e trac e show s ho w R 4 i s solved . 

R2=2 

Figur e 2-1 :  Proble m 5 . 

The implementatio n o f  interna l  analog y i n RFERMI  relie s o n th e trac e facilit y  o f  th e proble m solver .  Whil e 
solvin g a  problem ,  th e syste m store s th e expande d goa l  tre e alon g wit h th e statu s o f  eac h goa l  (succeeded , 
failed ,  o r  pending) .  Fo r  goal s tha t  succeed ,  th e instantiate d production s tha t  achieve d th e goa l  ar e als o 
stored .  A s show n b y th e interna l  analog y algorith m i n Figur e 2-3 ,  whe n th e syste m begin s t o solv e a  ne w 
targe t  subproblem ,  i t  check s i f  i t  ha s previousl y solve d a  goa l  o f  th e sam e quantit y type .  (Fo r  example ,  I j  i s 

of  th e sam e quantit y typ e a s I 3 i n Figur e 2- 1 sinc e the y ar e bot h currents. )  I f  so ,  th e mos t  recentl y solve d 
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2.  Choos e Goal : 

3.  Appl y Puller : 
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19.  Appl y Puller : 

20.  Fai l  Circula r  Goa l 

21.  Appl y Puller : 
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28.  Lookup : 
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31.  Compute : 
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Figur e 2-2 :  RFERMI' s behavio r  o n Proble m 5  wit h n o learning . 

instanc e i s chose n a s th e candidat e source .  I f  th e candidat e sourc e succeede d an d n o mor e informatio n wa s 
known abou t  i t  tha n i s know n abou t  th e curren t  problem ,  the n i t  i s  chose n a s th e actua l  source .  Otherwise ,  i t 
i s  rejecte d becaus e th e syste m ha d additiona l  knowledg e durin g th e previou s proble m solvin g whic h ma y 
hav e bee n crucia l  t o it s success .  Withou t  tha t  knowledge ,  i t  ma y b e \mabl e t o recycl e th e ol d solutio n t o 
solv e th e curren t  targe t  problem .  Th e failur e cas e i s decide d i n jus t  th e opposit e manner .  I f  th e candidat e 
sourc e faile d an d containe d n o les s informatio n tha n th e curren t  problem ,  i t  i s  chosen .  Otherwise ,  i t  i s 
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rejected .  Thi s chec k ensure s tha t  RFERMI  doe s no t  choos e a  sourc e tha i  faile d becaus e ther e wa s les s 
informatio n availabl e t o th e proble m solve r  an d prematurel y fai l  th e curren t  targe t  a s a  result .  Th e mappin g 
proceed s base d o n th e succes s o r  failur e o f  th e source .  I f  th e sourc e failed ,  the n th e processin g o f  th e curren t 
goal  i s  suspende d an d anothe r  goa l  i s  explored .  I f  al l  othe r  proble m solvin g fails ,  thi s goa l  ma y b e late r 
reopened .  If ,  o n th e othe r  hand ,  th e sourc e succeeded ,  it s solutio n i s appropriatel y reinstaniiate d fo r  th e 
curren t  subgoal ,  an d th e solutio n i s replayed .  Sinc e thi s newl y solve d subgoa l  i s  containe d i n th e curren t 
problem ,  i t  i s  availabl e t o th e algorith m a s a  futur e candidat e source . 

1.  I F ther e ar e unteste d previousl y explore d subgoal s o f  th e sam e typ e a s targe t 
2.  T H E N candidat e : = mos t  recentl y explore d same-typ e subgoa l 
3.  E L S E fai l  internal-analog y 
4.  I F candidat e succeede d 
5.  T H E N I F information-content(candidate )  < = information-content(target ) 
6.  T H E N sourc e : = candidat e &  reinstantiat e th e sourc e solutio n 

t o solv e th e targe t 
7.  E L S E tested(source )  : = T R U E &  intemal-analogy(target ) 
8.  E L S E I F information-content(candidate )  > = information-content(target ) 
9.  T H E N sourc e : = candidat e &  suspend(target ) 
10.  E L S E tested(source )  : = T R U E &  intemal-analogy(target ) 

Figure 2-3: The internal analogy algorithm. 

Step s 5  an d 8  o f  th e algorith m i n Figur e 2- 3 compar e th e amoun t  o f  informatio n know n abou t  a  candidat e 
goal  a t  th e tim e i t  wa s solve d wit h th e amoun t  o f  informatio n know n abou t  th e curren t  targe t  goal .  Thi s 
compariso n i s carrie d ou t  i n RFERMI  b y calculatin g th e se t  o f  variable s i n th e lef t  han d side s o f  th e rule s tha t 
solve d th e candidat e sourc e goa l  an d tha t  ha d know n values .  W e cal l  thi s th e informatio n conten t  o f  th e 
candidat e source .  Th e informatio n conten t  o f  th e curren t  targe t  goa l  i s  compute d b y calculatin g th e se t  o f 
thes e sam e variable s tha t  hav e know n value s i n th e curren t  workin g memory .  Fo r  example ,  suppos e th e 
candidat e sourc e goa l  i s  t o fm d th e potentia l  dro p betwee n point s a  an d i > i n a  circuit ,  an d th e resistanc e an d 
th e curren t  betwee n thos e tw o point s wer e known .  N o w suppos e th e curren t  targe t  goa l  i s  t o fin d th e 
potentia l  dro p betwee n point s c  an d d  i n \h t  sam e circuit ,  an d th e equatio n tha t  solve d th e candidat e sourc e 
goal  wa s potential-dro p =  curren t  *  resistance .  I f  th e resistanc e betwee n c  an d d  i s know n bu t  th e curren t  i s 
not ,  the n th e informatio n conten t  o f  th e candidat e sourc e goa l  i s  sai d t o b e greate r  tha n tha t  o f  th e targe t  goa l 
(becaus e th e curren t  wa s know n i n th e candidat e sourc e goal) . 

Ste p 6  o f  Figur e 2- 3 reinstantiate s an d replay s th e solutio n o f  th e sourc e proble m i n orde r  t o solv e th e 
targe t  problem .  RFERMI  carrie s ou t  thi s ste p b y instantiatin g th e production s tha t  solve d th e sourc e goa l  i n 
th e curren t  workin g memor y an d applyin g them .  W e cal l  thi s operator-drive n mapping ,  an d i t  answer s th e 
importan t  questio n tha t  Structur e Mappin g [7 ]  inadvertentl y poses :  ho w doe s on e identif y th e salien t 
structur e t o map ? W e operationall y defin e th e salien t  structur e t o b e th e relevan t  variable s tha t  ar e teste d i n 
th e left-han d side s o f  th e operator s tha t  solve d th e sourc e goal . 

As a last comment, we mention that it is especially important to only suspend the processing in Step 9 of 
Figur e 2-3 .  Th e syste m caimo t  terminall y fai l  th e goa l  becaus e on e o f  RFERMI' s othe r  genera l  method s ma y 
stil l  solv e th e problem ,  althoug h mor e expensively . 

The internal analogy mechanism described above has proven to be an effective learning mechanism in 
RFERMI.  Detaile d theoretica l  an d empirica l  analyse s o f  th e searc h reductio n i t  provide s ar e describe d i n [9] . 

3. Protocol Data 
If ,  a s hypothesized ,  th e interna l  analog y mechanis m embedde d i n RFERMI  ha s an y psychologicall y 

validity ,  the n th e computationa l  mode l  describe d i n th e previou s sectio n predict s tha t  subject s wil l  exhibi t  th e 
followin g behavior s durin g proble m solving : 

•  Knowledg e wil l  b e transferre d fro m eithe r  previousl y successfu l  o r  previousl y faile d goals . 

• The source will be of the same quantity type as the target and have a compatible information content. 

• Problem solving using analogy will require less effort (search) than would otherwise be necessary. 

• Transfer from previously failed problem solving will enable the subject to know that a particular 

procedur e a s instantiate d a t  th e curren t  poin t  wil l  fail .  Thus ,  h e shoul d choos e a  differen t  procediu-e . 
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•  Transfe r  fro m previousl y successfu l  proble m solvin g wil l  allo w th e subjec t  t o k n o w precisel y whic h 

procedure s t o choos e t o calculat e th e quantit y an d al l  it s  subquantities .  Fo r  problem s i n th e physica l 

sciences ,  thi s mean s tha t  th e subjec t  shoul d k n o w whic h equation s t o reus e t o solv e th e unknown . 

However ,  thes e equation s mus t  b e reinstantiate d t o reflec t  th e ne w proble m solvin g context . 

• Since RFERMI randomly selects among its applicable pullers for solving any given subgoal, we predict 

tha t  subject s wil l  sho w individua l  difference s i n thei r  proble m solvin g behavior .  Th e syste m als o ha s 

tw o differen t  contro l  strategies :  on e strictl y dept h first  an d th e othe r  mor e breadt h first.  It' s  proble m 

solvin g differ s accordin g t o th e curren t  contro l  strategy .  A s a  result ,  w e predic t  fiarthe r  individua l 

difference s wil l  aris e fro m th e subjects '  varie d contro l  strategies . 

To test the predictions, we studied subjects solving problems from two of RFERMI's task domains, DC-
circuit s an d fluid  statics .  Thes e problem s wer e designe d t o facilitat e thre e kind s o f  transfer :  interna l 
analogy ,  within-domai n analogy ,  an d cross-domai n analogy .  Th e fou r  subject s ha d al l  earne d a n A  o r  a  B  i n 
a year-lon g colleg e physic s course ,  bu t  the y ha d no t  solve d an y problem s i n thes e domain s fo r  severa l  years . 
We chos e subject s wit h thi s leve l  o f  proficienc y becaus e w e believe d tha t  the y woul d b e th e mos t  likel y t o 
exhibi t  th e desire d transfer .  Subject s wit h a  hig h leve l  o f  expertis e ten d t o us e compile d knowledg e rathe r 
tha n analogica l  reasoning ;  subject s wit h ver y littl e expertis e ten d t o us e brut e forc e search .  Th e subject s 
wer e give n a  remedial ,  whic h wa s i n a  two-colum n format ,  coverin g th e knowledg e necessar y fo r  th e 
experiment .  Th e lef t  colum n containe d th e circui t  information ,  an d th e right  colum n containe d th e fluid 
static s information .  Analogica l  concept s wer e presente d directl y acros s th e pag e fro m eac h other .  I n orde r  t o 
verif y th e remediation ,  th e subject s wer e aske d t o explai n spars e writte n solution s t o thre e exampl e problems . 
Thes e exampl e problem s wer e als o designe d t o serv e a s analogica l  source s fo r  th e five  problem s tha t  th e 
subject s wer e aske d t o solv e next . 

We observed all three types of transfer. However, the more local types of transfer happened more 
frequently ;  onl y on e instanc e o f  cross-domai n transfe r  occurred .  D u e t o spac e limitations ,  w e discus s th e 
subjects '  behavio r  onl y o n Proble m 5 ,  whic h wa s show n i n Figur e 2- 1 an d designe d t o facilitat e interna l 
analogy .  Belo w w e demonstrat e tha t  R F E R MI  wit h th e interna l  analog y mechanis m model s th e subjects ' 
behavio r  well .  Th e mechanis m als o reduce s th e searc h previousl y require d t o solv e I 3 an d R 4 b y abou t  5 0 % 

(compar e line s 15-3 6 o f  Figur e 2- 2 wit h line s 16-3 0 o f  Figur e 3-1) . 

We begi n b y comparin g th e behavio r  produce d b y R F E R MI  wit h interna l  analog y t o tha t  o f  Subjec t  1  o n th e 
exampl e proble m (se e Figur e 3-1) .  Proble m solvin g fo r  bot h proceed s similarly ,  excep t  fo r  th e followin g 
difference s whic h ar e unimportan t  wit h respec t  t o th e analogica l  mechanism .  Betwee n line s 2  an d 3  o f  th e 
figure,  Subjec t  1  doe s som e erroneou s proble m solvin g an d decide s t o star t  over .  A s ca n b e see n i n line s 3 
and 1 8 o f  th e protocol ,  th e syste m alway s post s a n equatio n wit h th e desire d unknow n o n th e lef t  han d side , 
whil e th e subjec t  post s th e versio n o f  th e curren t  invarianc e equatio n tha t  correspond s t o th e associate d pros e 
i n th e remedial .  I n line s 8  an d 1 0 o f  th e protocol .  Subjec t  1  post s incorrec t  equations ;  thi s wil l  hav e 
interestin g sid e effect s late r  i n th e proble m solving .  Th e proble m solve r  represent s potentia l  drop s a s a  dro p 
betwee n tw o points ,  regardles s o f  th e path .  Th e subject ,  however ,  clearl y distinguishe s potentia l  drop s wit h 
th e sam e endpoint s ove r  differen t  paths ;  thi s lead s t o hi s extr a ste p i n lin e 9 .  Occasionally ,  Subjec t  1  wil l 
tak e a n arithmetica l  "shortcut "  b y no t  restatin g th e implie d left-han d sid e o f  th e equatio n o r  b y reducin g 
fraction s t o thei r  lowes t  term s (line s 11-12 ,  26-2 7 an d 29) . 

Ignoring these small differences, RFERMI models the subject extremely well. Both solve equations for I2 

and R j  i n a  straightforwar d maimer .  A t  lin e 17 ,  th e system' s analogica l  mechanis m i s invoke d becaus e i t  i s 

has solve d a  goa l  o f  th e sam e quantit y typ e wit h a  compatibl e informatio n content ,  I 2 (I q an d I ^  ar e k n o w n 

whil e I 2 i s unknow n a t  lin e 3 ,  an d I ^  an d I 4 ar e know n whil e I 3 i s unknow n a t  lin e 18) .  I t  retrieve s th e 

production s tha t  solve d I 2 an d reinstantiate s them .  Thi s save s th e syste m searc h tim e i n tw o ways .  First ,  i t 

does no t  hav e t o comput e whic h production s t o app ly — th e analog y mechanis m specifie s them .  Second , 
ther e ar e othe r  applicabl e puller s a t  thi s poin t  tha t  woul d requir e mor e proble m solvin g effor t  i f  the y wer e 
used ,  a s show n i n line s 15-3 1 o f  Figur e 2-2 .  Subjec t  1  als o recognize s tha t  I 3 i s a n analogica l  goa l  t o I 2 a t 

lin e 17 :  h e states ,  "thi s (pointin g t o I3 )  i s  jus t  lik e tha t  (pointin g t o I2)" .  Then ,  h e quickl y reinstantiate s th e 

equatio n tha t  h e use d i n lin e 3  an d solve s fo r  I3 .  Simila r  recychn g o f  pas t  experienc e occur s fo r  bot h th e 

proble m solve r  an d th e subjec t  i n line s 22-3 0 whil e solvin g fo r  R4 .  W h e n Subjec t  1  says ,  "bac k t o here, "  i n 

thes e lines ,  h e i s pointin g t o th e equatio n R ^  =  lif̂ j- i  whic h h e wrot e i n lin e 8 .  Th e subjec t  analogize s fro m 

th e incorrec t  equation s i n line s 8  an d 1 0 an d reuse s the m i n line s 2 4 an d 25 ,  whic h cause s hi m t o deriv e a n 
incorrec t  answe r  fo r  R^ .  Ha d h e use d th e correc t  equation s earlier ,  h e woul d hav e solve d thi s proble m 
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correctly . 

All four subjects performed internal analogy on Problem 5, but each exhibited a different control structure. 
Subjec t  1  backwar d chaine d muc h lik e RFERMI ,  whil e Subjec t  4  demonstrate d mor e expertis e i n th e domai n 
and forwar d chained .  Thi s behavio r  i s consisten t  wit h th e result s reporte d i n [21 ]  tha t  sho w tha t  expert s ten d 
t o forwar d chai n i n searc h space s tha t  the y expec t  t o b e small .  Subjec t  2  bega n b y backwar d chainin g an d 
switche d t o forwar d chainin g a s h e gathere d mor e experienc e i n th e domain .  Subjec t  3  struggle d t o complet e 
th e proble m an d explore d th e subgoal s i n a  nonstandar d order .  W e no w examin e eac h o f  th e othe r  subject' s 
proble m solvin g mor e closely . 

In conu-ast to Subject 1, Subject 4 solves the problem by forward chaining. This subject maps the 

'Th e potentia l  dro p betwee n an y tw o point s i s th e sam e regardles s o f  th e pat h chose n betwee n th e points . 
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analogica l  subgoal s explicitl y  b y thei r  quantit y typ e an d informatio n content .  A t  th e outse t  o f  th e proble m 
solving ,  h e says ,  "So ,  I  hav e tw o resistor s wher e th e curren t  i s give n an d th e resistanc e i s lef t  unknow n (R j 

and R4 )  an d tw o resistor s wher e th e resistanc e i s give n an d th e curren t  i s lef t  unknow n (R j  an d R3)" .  H e 

proceed s t o solv e fo r  I j  an d R j .  A t  thi s poin t  h e says ,  "simila r  situatio n here, "  an d solve s fo r  I3 ,  reusin g th e 

th e equatio n tha t  solve d I 2 reinstantiate d fo r  th e curren t  goal .  I n a  simila r  fashion ,  h e use s th e equation s tha t 

solve d R j  t o solv e R4 .  Thi s subject ,  lik e Subjec t  2  an d Subjec t  1  o n othe r  problems ,  tend s no t  t o verbaliz e 

th e uninstantiale d equatio n durin g th e repla y o f  th e analog y bu t  verbalize s th e instantiate d for m instead . 

Subject 3, who begins backward chaining and switches to forward chaining, states early in his problem 
solvin g tha t  Ii=l4= 4 an d \)=lc -  W h e n h e solve s I2 ,  h e immediatel y state s th e sam e answe r  fo r  I3 ,  withou t 

additiona l  computation .  I t  appear s tha t  hi s analogica l  reasonin g i s mor e advance d tha n RFERMI's .  I n 
additio n t o repostin g an d reinstantiatin g equations ,  thi s subjec t  i s  abl e t o recogniz e whe n th e relevan t 
variable s hav e exactl y th e sam e value ,  an d th e answe r  ca n b e recycle d directly .  Wit h thi s straightforwar d 
extensio n adde d t o th e system ,  i t  coul d gai n a n eve n greate r  reductio n i n search .  Th e poin t  a t  whic h Subjec t 
3 switche s t o forwar d chainin g i s als o significant :  h e finishes  solvin g fo r  V^̂ , ,  an d h e recycle s th e equatio n h e 

use d i n a  newl y instantiate d for m fo r  V^,j .  Th e switc h fro m backwar d chainin g t o forwar d chainin g seem s t o 

be triggered ,  a t  leas t  i n part ,  b y a n analogica l  goal . 

Subject 2 is considerably less skilled at solving these types of problems than the other subjects. He 
struggle s t o solv e an y o f  th e subgoal s usin g th e sam e knowledg e encode d i n RFERMI' s pullers ,  methods ,  an d 
algebr a module .  W h e n h e doe s finall y solv e I 2 an d R^ ,  however ,  h e immediatel y restate s th e curren t 

invarianc e relatio n an d quickl y solve s I 3 an d R4 .  Ther e i s nothin g i n hi s analogica l  transfe r  tha t  w e di d no t 

observ e i n th e previou s thre e protocols . 

4. Discussion and Conclusions 
Althoug h th e subject s showe d individua l  difference s i n thei r  contro l  strategies ,  th e basi c component s o f  th e 

analogica l  reasonin g wer e thos e tha t  th e computationa l  mechanis m predicted .  Th e subject s transferre d 
knowledg e fro m successfu l  proble m solvin g i n orde r  t o reduc e th e effor t  require d t o solv e th e targe t  subgoal . 
The y simpl y reposte d th e previousl y successfu l  equation s an d reinstantiate d the m i n th e curren t  context .  I n 
ever y instance ,  th e source s an d target s wer e o f  th e sam e quantit y typ e an d ha d compatibl e informatio n 
contents . 

The system models Subject 1 well in its current state. With a forward chaining control strategy, it could 
easil y mode l  Subjec t  4  a s well .  T o mode l  Subjec t  2 ,  on e additiona l  capabilit y  mus t  b e adde d t o th e system :  i t 
shoul d recogniz e thos e occasion s w h e n th e equation s nee d no t  b e reinstantiate d bu t  th e valu e m a y b e directl y 
recycled .  Eve n thoug h th e computationa l  mode l  focuse d ou r  attentio n towar d particula r  proble m solvin g 
behavio r  i n th e protocols ,  th e protocol s continu e t o sugges t  usefu l  extension s t o th e system . 

Relaxing the notion of compatible information content will provide internal analogy with a more flexible 
matchin g mechanis m tha n eithe r  S O A R ' s chimkin g [13 ]  o r  macro-operator s [6 ]  possesses .  Thi s wil l  allo w 
our  learnin g metho d t o provid e searc h contro l  w h e n th e other s caimot .  Extendin g th e implementatio n t o 
effec t  within-domai n an d cross-domai n transfe r  wil l  als o increas e it s utility . 

In conclusion, our study of internal analogy has described a new process for transferring knowledge within 
a singl e problem .  I t  ha s als o provide d a  mor e complet e analysi s o f  th e processe s neede d fo r  analogica l 
transfe r  tha n ha s previousl y bee n presented .  W e specif y wha t  constitute s a n appropriat e sourc e an d wha t 
knowledg e t o transfe r  t o th e target .  I n addition ,  th e mechanis m i s tightl y integrate d int o a  genera l  proble m 
solve r  an d doe s no t  requir e a n alternat e reasonin g engin e o r  larg e cas e libraries .  Th e psychologica l  vahdit y 
of  th e mechanis m ha s als o bee n supporte d throug h th e psychologica l  dat a presented . 
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