
UNDERSTANDING TH E MICROSTRUCTURE O F SCIENCE:  A N EXAMPLÊ  
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The present paper is intended to demonstrate the feasibility of a cogni-
tiv e approac h towar d understandin g real-worl d scienc e throug h th e intensiv e 
analysi s o f  a  scientifi c  diary .  Th e approac h draw s o n man y concept s o f  con -
temporar y cognitiv e science ,  especiall y  protoco l  analyti c (PA )  techniques . 
As Ericsso n &  Simo n (1984 )  emphasize ,  no t  ever y verba l  recor d o f  though t  i s 
amenabl e t o suc h analysis .  Generally ,  P A i s applie d t o "thin k aloud "  proto -
col s gathere d durin g th e solutio n o f  a  problem .  I n mos t  cases ,  th e proble m 
subjecte d t o analysi s ha s bee n a  carefull y designe d tas k wit h a  clea r  goa l 
state ,  a  minimu m o f  backgroun d informatio n neede d fo r  solution ,  an d a  leve l 
of  difficult y whic h ca n b e solve d b y mos t  subject s withi n on e hou r  o r  less . 
The classi c example s mee t  thes e criteria ;  fo r  example ,  th e DONALD &  GERALD 
proble m an d proo f  problem s i n symboli c logic . 

I n applyin g P A t o th e analysi s o f  a  workin g scientifi c  diary ,  ther e i s 
frequentl y n o clea r  proble m space ,  mor e tha n on e proble m spac e i s ofte n unde r 
exploration ,  an d th e backgroun d knowledg e brough t  t o th e tas k i s extensiv e 
and ofte n no t  eas y t o characterize .  Specifi c  diar y entrie s (unlik e utter -
ance s i n a  thin k alou d protocol )  ma y reflec t  eithe r  th e content s o f  workin g 
memory o r  retrieve d informatio n brough t  fro m lon g ter m memory .  Th e tempora l 
sequenc e o f  a  diar y i s generall y clear ,  bu t  th e fullnes s o f  th e recor d i s 
\ier y suspect .  Finally ,  i t  i s  ver y likel y tha t  keepin g a  diar y i s reactive . 

I n spit e o f  thes e problems ,  i t  i s  possibl e t o modif y conventiona l  P A t o 
permi t  meaningful  analysi s o f  th e microstructur e o f  a  scientifi c  diary .  Ou r 
basi s fo r  thi s clai m i s a  modifie d P A o f  a  portio n o f  th e scientifi c  diar y o f 
Michae l  Farada y (1791-1867) ,  th e eminen t  Englis h physicis t  wh o discovere d 
electromagneti c inductio n i n 1831 .  Par t  o f  Faraday' s diarie s hav e bee n pub -
lishe d (Faraday ,  1932-1936) ;  a  fragmen t  o f  th e publishe d portio n serve d a s 
th e sourc e protoco l  fo r  th e presen t  analysis . 

Goal  state s i n th e presen t  pape r  ar e take n t o b e empirica l  observation s 
of  phenomen a whic h ha d no t  previousl y bee n observe d b y Faraday .  State s an d 
operator s wer e define d a s correspondin g roughl y t o "ideas "  an d t o "actions, " 
respectively .  Throughou t  th e series ,  Farada y wa s actin g upo n som e menta l 
representatio n i n th e hop e o f  transformin g i t  int o anothe r  menta l  representa -
tion .  Thus ,  a  stat e ca n refe r  t o a  highl y abstrac t  construa l  o f  a  theoreti -
cal  notio n o r  t o a  ver y specific ,  concret e recor d o f  a n empirica l  observation . 
The operator s whic h appl y t o thes e state s posses s a  simila r  rang e fro m highl y 
abstrac t  menta l  transformation s (analogies ,  metaphors ,  instance s o f  forma l 
and informa l  reasoning ,  etc. )  t o \/er y specifi c  manua l  operation s upo n 
apparatus . 

Analysi s focuse d o n a  sequenc e o f  ove r  10 0 experiment s conducte d b y 
Farada y betwee n Augus t  29 ,  183 1 an d Novembe r  4 ,  1831 .  Th e firs t  experimen t 
i n th e serie s recorde d hi s discover y o f  induction .  Takin g a n iro n rin g woun d 
wit h tw o coils ,  h e foun d tha t  a  brie f  transien t  curren t  wa s generate d i n on e 
coi l  wheneve r  a  batter y curren t  wa s turne d o n o r  of f  i n th e secon d coil .  Ove r 
th e nex t  severa l  months ,  Farada y explore d th e propertie s o f  th e ne w phenomena , 
finall y readin g a  pape r  o n Novembe r  4  t o th e Roya l  Society .  Tw o previou s 
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paper s hav e deal t  wit h th e proble m o f  wha t  constitute s a n experimen t  i n thi s 
contex t  (Tweney ,  1984 )  an d wit h th e genera l  proble m o f  wher e th e ide a fo r  th e 
experimen t  cam e fro m (Tweney ,  1985) .  Th e presen t  accoun t  demonstrate s tha t 
th e microstructur e o f  experimenta l  exploratio n o f  th e ne w discover y i s als o 
amenabl e t o analysis . 

Each recor d wa s firs t  segmente d int o unitar y propositions .  Segmentatio n 
was highl y reliabl e (i n exces s o f  901 $ agreemen t  fo r  tw o independen t  coders) . 
Each segmen t  wa s classifie d a s representin g a  stat e alone ,  a n operato r  alone , 
or  a  combinatio n o f  on e o r  mor e state s an d on e operator .  Distinguishin g 
state s an d operator s wa s highl y reliabl e amon g independen t  coders .  However , 
classifyin g operator s int o specifi c  categorie s prove d onl y moderatel y reliabl e 
(abou t  60 % agreemen t  betwee n th e tw o author s workin g independently) .  Repeate d 
attempt s t o refin e th e classificatio n syste m resulte d i n n o gain s i n reliabil -
ity ,  probabl y becaus e man y o f  th e judgement s depen d upo n contextua l  knowledg e 
o f  th e relevan t  physics ,  Faraday' s overal l  goals ,  an d th e heuristic s use d b y 
Farada y (Tweney ,  1985) .  Disagreement s wer e resolve d b y discussio n an d re -
ferenc e t o prio r  historica l  account s o f  Faraday' s experimentation .  Th e mos t 
frequen t  operator s wer e DO,  OBSERVE,  INFER ,  COMPARE an d US E ANALOGY. 

DO operator s wer e generall y followe d b y OBSERVE operators .  I n th e earl y 
portio n o f  th e record ,  non-D O operator s wer e muc h les s frequen t  tha n D O 
operators ,  al l  o f  whic h involv e som e for m o f  manipulatio n o f  physica l  entities ; 
i n late r  portions ,  Farada y sometime s use d ver y fe w D O operators .  A  "Proble m 
Behavio r  Graph, "  PBG,  fo r  th e firs t  tw o day s o f  th e recor d i s show n i n th e 
figure .  Eac h geometrica l  shap e correspond s t o a n operato r  locate d i n th e 
numbere d segmen t  printe d withi n th e shape .  Th e grap h explicitl y  show s onl y 
thos e operator s whic h culminat e a  sequenc e o f  manipulation s havin g som e sor t 
of  consequence ,  eithe r  a n observatio n (show n b y a  squar e box )  o r  som e othe r 
operato r  (show n b y a  circle) .  Tim e i s show n i n th e diagra m b y movemen t  eithe r 
rightwar d o r  downward .  Rightwar d movemen t  wa s use d wheneve r  a  ne w empirica l 
observatio n wa s made ;  downwar d movemen t  wa s use d i n al l  othe r  cases .  I f  a n 
observatio n wa s mad e whic h Farada y judge d t o b e spuriou s (eithe r  the n o r 
later) ,  the n th e tempora l  sequenc e wa s jumpe d backwar d t o th e las t  non-spuriou s 
observation ,  an d move d downwar d t o th e nex t  operator .  Thu s th e overal l  shap e 
of  th e grap h i s movin g rightward s whe n Farada y wa s learnin g ne w things ,  down -
ward s whe n h e wa s no t  observin g ne w things ,  an d backward s whe n h e wa s tempo -
raril y  "tricked "  int o believin g somethin g whic h late r  turne d ou t  t o b e false . 

Simila r  graph s wer e prepare d coverin g th e entir e sequenc e o f  experiments , 
and inspected .  Th e grap h move s rightwar d a t  a  generall y hig h rat e initially , 
at  a  lo w o r  zer o rat e durin g th e middle ,  rightward s agai n towar d th e en d o f 
th e series ,  an d straigh t  downwar d a t  th e ver y end .  ^er y littl e "branching " 
exists ;  thi s PB G i s fa r  les s "foliated "  tha n PBGs develope d fro m laborator y 
studie s o f  proble m solving .  I n general ,  Farada y doe s no t  loo k a s i f  h e wer e 
blindl y searchin g a  proble m space ,  graduall y tracin g a  pat h t o a  solutio n b y 
eliminatin g blin d alleys .  Instead ,  h e appear s t o hav e ha d \/er y littl e 
patienc e wit h unproductiv e results .  I f  a  particula r  se t  o f  manipulation s 
faile d t o produc e ne w result s yer y quickly ,  the n Farada y abandone d th e lin e o f 
inquir y an d turne d t o another .  Thi s appear s t o b e a  kin d o f  "workin g forward " 
generall y no t  observe d i n laborator y studie s o f  huma n proble m solving . 

Tweney (1985 )  argue d tha t  Faraday' s 183 1 researche s coul d b e understoo d 
as th e applicatio n o f  specifi c  script s applie d t o specifi c  schemat a an d guide d 
"i n th e large "  b y powerfu l  heuristic s tha t  regulate d searc h fo r  confirmator y 
and fo r  disconfirmator y results .  Th e presen t  analysi s extend s suc h a  vie w b y 
tyin g i t  t o lower-leve l  state s an d operators .  D O operator s reflec t 
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instantiation s o f  specifi c  scripts ;  durin g th e analyze d serie s ther e i s reaso n 
t o believ e tha t  Farada y i s i n th e proces s o f  developin g a  ne w script ,  "Produc e 
an induce d current, "  whic h figure d extensivel y i n hi s subsequen t  research . 
State s i n ou r  analysi s mos t  ofte n instantiat e perceptua l  information ,  bu t  o n a 
fe w occasion s represen t  instantiation s o f  a  slowl y developin g schem a concern -
in g th e natur e o f  force s a s field-lik e phenomena .  Faraday' s greates t 
theoretica l  contributio n t o scienc e i s implici t  here ,  sinc e h e i s generall y 
considere d t o hav e develope d th e firs t  trul y non-Newtonia n conceptio n o f  fiel d 
force s (Miller ,  1984 ;  Nersessian ,  1984) .  Goodin g (1985 )  argue d tha t  Farada y 
typicall y proceede d fro m fairl y loos e "construals "  t o tightl y define d scien -
tifi c  "concepts, "  vi a a  serie s o f  studie s tha t  culminate d i n clear-cut ,  simpl e 
demonstratio n experiments .  Th e presen t  analysi s display s suc h a  sequence . 

The mos t  strikin g implication s fo r  cognitiv e scienc e concer n th e differ -
ence s betwee n th e presen t  analysi s an d othe r  recen t  account s o f  science . 
Klah r  &  Dunba r  (i n press) ,  fo r  example ,  demonstrate d tha t  th e proces s o f  dis -
coverin g ho w a n electroni c devic e worke d coul d b e represente d a s a  dua l  searc h 
throug h tw o proble m spaces ,  a n hypothesi s spac e an d a n experimenta l  space . 
Such a  vie w i s inadequat e a s a  descriptio n o f  Faraday' s wor k becaus e i t  i s  no t 
helpfu l  t o constru e Farada y a s searchin g throug h a n experimenta l  an d a n hypoth -
esi s space ;  n o finit e lis t  o f  hypothese s o r  experiment s ca n captur e th e bound -
les s possibilitie s facin g hi m afte r  th e initia l  discover y i n 1831 .  Instead , 
Faraday' s activit y i s bette r  construe d a s a  multi-leve l  searc h i n whic h larg e 
number s o f  promisin g line s o f  exploratio n ar e abandone d i n favo r  o f  line s 
whic h coincid e wit h highe r  leve l  goal s (t o elaborat e a  field-lik e theor y o f 
force ,  say) .  I n contras t  t o Klah r  &  Dunbar' s problem ,  ther e i s no t  on e defin -
abl e goa l  stat e bu t  man y overlappin g goals . 

Langley ,  e t  al .  (1986 )  focu s upo n th e pursui t  o f  intermediat e goal s vi a 
selectiv e searc h o f  intermediat e situatio n trees .  Suc h a  representatio n 
prove s t o b e extremel y cumbersom e fo r  Faraday ,  however ,  becaus e on e need s t o 
postulat e a  ne w intermediat e tre e ever y fe w experiments .  I n effect ,  eac h ne w 
observatio n open s a  ne w situatio n tree .  We prefe r  a  schemati c approac h vi a 
th e redefine d notio n o f  goal ,  an d w e believ e tha t  suc h a n approac h hold s ou t 
more promis e fo r  th e successfu l  analysi s o f  th e kin d o f  scienc e whic h Farada y 
conducted . 

FOOTNOTE 

Presented at the Ninth Annual Conference of the Cognitive Science Society, 
Jul y 16-18 ,  1987 ,  Seattle ,  Washington .  Gratefu l  acknowledgemen t  i s mad e t o 
th e Facult y Researc h Committe e o f  Bowlin g Gree n Stat e Universit y fo r  it s 
suppor t  o f  thi s project ,  t o th e Roya l  Institutio n o f  Grea t  Britai n (London , 
England )  fo r  acces s t o archiva l  materials ,  t o Ren a Corbi n an d Ki m Schalle r  fo r 
assistanc e i n coding ,  an d t o Kari n G.  Huber t  fo r  assistanc e i n preparatio n o f 
graphica l  analyses . 

679 



REFERENCES 

Ericsson, K.A. & Simon, H.A. (1984). Protocol analysis; Verbal reports 

as data .  Cambridge :  MI T Press . 

Faraday, M. (1932-36). Faraday's Diary ... during the years 1820-62. 
( 7 volumes) .  London :  Bell ,  (edite d b y T .  Martin) . 

Gooding, D. (1985). "In nature's school:" Faraday as an experimentalist. 
I n D .  Goodin g &  F.A.J.L .  Jame s (eds. )  Farada y rediscovered :  Essay s o n th e lif e 
and wor k o f  Michae l  Faraday ,  1791-1867 .  London/Ne w York :  Macmillan/Stockton . 

Klahr, D. & Dunbar, K. (in submission). The psychology of scientific 
discovery :  Searc h i n tw o proble m spaces . 

Langley, P.W., Simon, H.A., Bradshaw, G.L. & Zytkow, J.M. (1986). 
Scientifi c  discovery :  A n accoun t  o f  th e creativ e processes .  Cambridge :  MI T 
Press . 

Miller, A.I. (1984). Imagery in scientific thought: Creating 20th-
centur y physics .  Boston :  Birkhauser . 

Nersessian, N.J. (1984). Faraday to Einstein: Constructing meaning in 
scientifi c  theories .  Dordrecht :  Martinu s Nijhoff . 

Newell, A. & Simon, H.A. (1972). Human problem solving. Englewood 
Cliffs ,  NJ :  Prentice-Hall . 

Tweney, R.D. (1984). Cognitive psychology and the history of science: 
A ne w loo k a t  Michae l  Faraday .  I n S .  Bern ,  H .  Rappar d &  W.  va n Hoor n (eds. ) 
Studie s i n th e histor y o f  psycholog y an d th e socia l  science s 2 .  Leiden : 
Psychologisc h Instituu t  va n d e Rijksuniversitei t  Leiden . 

Tweney, R.D. (1985). How Faraday discovered induction: A cognitive 
approach .  I n D .  Goodin g &  F.A.J.L .  Jame s (eds. )  Farada y rediscovered : 
Essay s o n th e lif e an d wor k o f  Michae l  Faraday ,  1791-1867 .  London:Ne w York : 
Macmillan/Stockto n Press . 

680 



A E 
3. 2 ELECTROMAGNETIC INDUCTIO N SHOWN 

STRONGER EFFECTS SHOWN 

IRON DOESN' T ENHANCE 

NO CHEMICAL ACTIO N 

^ 

POLES SHOWN 

NO EFFECT WIT H 
HELI X AN D NEEDLE 

NO EFFECT 
ON B  SID E 

NO SPARK 

NO MAGNET INDUCTIO N 

RING MAGNET 
NOT NEEDED 

NO MAGNET 
INDUCTION 

PROBLEM BEHAVIOR GRAPH FOR AUGUST 2 9 AN D 30 ,  183 1 
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