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I N D I V I D U A L D I F F E R E N C E S I N M E C H A N I C A L A B I L I T Y 

Mary Hegarty 

Marce l  A d a m Jus t 

Carnegie-Mellon University 

Ian R. Morrison 

Interact R&D Corporation 

Abstrac t 

People who understand mechanical systems can infer the principles of operation of an 

unfamilia r  devic e fro m thei r  knowledg e o f  th e device' s component s an d thei r  mechanica l 

interactions .  Individual s var y i n thei r  abilit y  t o mak e thi s tjrp e o f  inference .  Thi s pape r 

describe s studie s o f  performanc e i n psychometri c test s o f  mechanica l  ability .  Base d o n 

subjects '  retrospectiv e protocol s an d respons e patterns ,  i t  wa s possibl e t o identif y rule s o f 

mechanica l  reasonin g whic h accounte d fo r  th e performanc e o f  subject s wh o diffe r  i n 

mechanica l  ability .  Th e rule s ar e explicitel y state d i n a  simulatio n mode l  whic h demonstrate s 

th e sufficienc y o f  th e rule s b y producin g th e kind s o f  response s observe d i n th e subjects . 

Thre e factor s ar e propose d a s th e source s o f  individua l  difference s i n mechanica l  ability :  <1 | 

abilit y  t o correctl y identif y whic h attribute s o f  a  syste m ar e relevan t  t o it s mechanica l 

function ,  (2 )  abilit y  t o us e rule s consistently ,  an d (3 |  abilit y  t o quantitativel y combin e 

informatio n abou t  tw o o r  mor e relevan t  attributes . 

Introductio n 

We generally associate mechanical ability with a person's understanding of how 

machine s work ,  th e abilit y  t o buil d a  machin e ou t  o f  it s  elementar y components ,  an d th e 

abilit y  t o determin e wh y a  machin e i s no t  working .  T o understan d a  machin e i n thi s way ,  a 

perso n ha s t o b e abl e t o identif y th e elementar y component s o f  th e machine ,  kno w whic h 

propertie s o f  thes e elementar y component s ar e relevan t  t o thei r  functio n i n th e system ,  an d 

als o understan d ho w thes e elementar y component s interac t  t o accomplis h th e machine' s 

function .  Thi s pa{)e r  explore s th e menta l  model s o f  individual s wit h differen t  level s o f 

understandin g o f  machines . 

One approach to imderstanding mechanical ability used by psychometricians is to 

measur e th e correlation s betwee n test s o f  mechanica l  abilit y  an d test s o f  othe r  basi c 

cognitiv e traits .  Studie s usin g thi s approac h suggeste d tha t  ther e wer e severa l  component s 

of  mechanica l  ability ,  suc h a s genera l  reasonin g ability ,  an d knowledg e acquire d throug h 

Thi s wor k wa s supporte d i n par t  b y contrac t  numbe r  N00014-86-K-068 4 fro m th e Ofiic e o f  Nava l  Research , 
gran t  numbe r  MH-961 7 fro m th e Nationa l  Institut e o f  Menta l  Health ,  an d a n NSERC post-doctora l  fellowshi p 
t o Ia n Morrison .  We than k Patrici a Carpente r  an d Carolann e Fishe r  fo r  thei r  conunent s an d suggestions . 
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experienc e wit h machine s {Cronbach ,  1984) .  Thi s suggest s tha t  mechanica l  abilit y  i s  no t  a 

stati c trait ,  bu t  ca n develo p a s a  resul t  o f  experience . 

Our approach includes an analysis of verbal protocols as well as an analysis of the 

respons e pattern s obtaine d durin g th e performanc e o n tes t  items .  Thi s approac h allow s u s 
t o examin e th e menta l  model s o f  differen t  individual s a s reflecte d i n whic h attribute s o f  a 

mechanica l  syste m peopl e conside r  relevan t  t o it s function ,  thei r  rule s relatin g th e attribute s 
t o th e function ,  thei r  preference s amon g differen t  rules ,  an d thei r  method s fo r  combinin g 

rule s pertainin g t o differen t  attributes .  Th e resultin g model s o f  hig h an d lo w abilit y  subject s 
ar e instantiate d a s tw o compute r  simulatio n models ,  whos e performanc e o n th e tes t  item s 
produce s pattern s resemblin g thos e o f  huma n subjects . 

We studied performance on pulley problems of the type used in the Bennett test of 
Mechanica l  Comprehensio n (Bennett .  1969) .  Paper-and-penci l  text s suc h a s thi s hav e bee n 
foun d t o b e highl y predictiv e o f  performanc e i n a  numbe r  o f  technica l  field s suc h a s 
machin e assembly ,  mechanica l  repai r  an d vehicl e operatio n (Bennett ,  1969 .  Ghiselli ,  1955 , 
Verno n an d Parry ,  1949) .  Ou r  focu s o n pulley s permitte d u s t o construc t  a  larg e numbe r 

of  pulle y problem s whic h systematicall y varie d th e numbe r  an d typ e o f  attribute s tha t 
distinguishe d th e tw o system s depicte d i n eac h problem .  Th e Bennet t  typ e o f  pulle y 
problem s wer e a t  a n appropriat e difficult y leve l  fo r  ou r  college-studen t  subjects ,  allowin g 
measuremen t  o f  a  rang e o f  individua l  difference s i n performance .  Restrictin g th e 
experiment s t o pulle y problem s doe s no t  compromis e th e generalit y o f  th e research ,  sinc e 
previou s analyse s o f  th e Bennet t  tes t  (Cronbach .  1984 )  an d ou r  ow n pilo t  stud y hav e show n 
tha t  separat e score s fo r  differen t  type s o f  item s ar e highl y correlated .  Thus ,  ou r 
examinatio n o f  th e mechanica l  abilit y  tha t  deal s wit h pulley s shoul d appl y t o reasonin g 
abou t  othe r  t)rpe s o f  mechanica l  systems . 

Figure 1: A typical pulley problem. 

W i t h whic h pulle y syste m 

doe s th e m a n hav e t o pul l 

wit h mor e forc e t o lif t 

th e weight ? 

A 

B 

I f  n o difference , 

m a r k C . 
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M e t h o d 

Problems. We analyze performance on 17 pulley system problems, including some 

item s fro m th e Bennet t  Mechanica l  Comprehensio n Tes t  (Bennett ,  1969 )  an d othe r  simila r 

item s whic h wer e constructe d especiall y fo r  thi s study .  Al l  o f  th e item s wer e multipl e 

choice ,  requirin g a  selectio n amon g thre e respons e alternatives .  Eac h proble m depicte d tw o 

pulle y system s liftin g a  weigh t  an d aske d whic h pulle y syste m require d mor e forc e t o lif t 

th e weigh t  (se e Figur e 1) . 

The two pulley systems depicted in each item differed on one or more of the 

followin g dimensions :  mechanica l  advantage ,  weigh t  t o b e lifted ,  heigh t  (rop e length) ,  an d 

pulle y diameter .  Pulle y system s tha t  differe d i n mechanica l  advantage ,  als o differe d o n 

some othe r  attribute s (relevan t  attributes) ,  whic h ar e correlate d wit h mechanica l  advantage , 

suc h a s th e numbe r  o f  load-bearin g rope s an d th e numbe r  o f  pulleys . 

Three types of problems differed in the kinds of attributes that distinguished the two 

system s depicte d i n th e problem .  I n on e typ e o f  problem ,  th e tw o system s differe d onl y o n 

attribute s irrelevan t  t o th e mechanica l  advantag e o f  a  pulle y syste m (heigh t  o r  pulle y size) . 

I n th e secon d typ e o f  proble m th e tw o pulle y system s differe d i n mechanica l  advantage , 

whil e th e weight s the y lifte d wer e equal .  I n th e thir d typ e o f  problem ,  bot h th e mechanica l 

advantag e an d th e weight s wer e differen t  fo r  th e tw o systems . 

Subjects. The subjects were 43 undergraduate students, 27 students at Carnegie-Mellon 

Universit y an d 1 6 student s a t  th e Communit y Colleg e o f  Alleghen y County .  Fourtee n o f 

th e student s ha d take n tw o o r  mor e course s i n physic s a t  colleg e level ,  whil e th e remainde r 

had take n n o colleg e leve l  physic s courses . 

Procedure. Thirty-eight subjects were administered the test in a group setting, while 

fiv e othe r  subject s wer e teste d individuall y an d gav e verba l  protocol s whil e the y solve d th e 

problems .  T w o o f  th e fiv e protoco l  subject s ha d take n colleg e leve l  phjrsics . 

For the purposes of comparing different levels of ability, the data from the 38 

subject s wh o performe d th e tes t  i n a  grou p settin g wer e divide d int o tw o groups ,  a  high -

scorin g grou p an d a  low-scorin g group ,  o n th e basi s o f  thei r  overal l  scores .  A  discontinuit y 

i n th e distributio n o f  score s define d th e boundar y betwee n th e hig h an d lo w abilit y  subjects . 

Twent y fiv e subject s solve d les s tha n 5 9 % o f  th e problem s correctl y whil e thirtee n o f  th e 

remaining '  subject s score d mor e tha n 6 5 % o f  th e problem s correctly .  Th e high-scorin g 

grou p therefor e consiste d o f  th e to p thir d o f  th e distribution . 

Result s 

General Solution Processes. An analysis of the subjects' verbal protocols suggested the 

followin g genera l  accoun t  o f  ho w the y solve d th e tes t  items .  Th e subject s decide d whic h o f 

th e tw o pulle y systems '  distinguishin g attribute s (suc h a s th e numbe r  o f  pulleys )  wer e 

relevan t  t o reducin g th e effor t  require d t o lif t  th e weight .  The y the n compare d th e tw o 
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system s usin g rule s whic h relat e thes e attribute s t o th e amoun t  o f  effor t  required . 

The repertoire of rules used was inferred from the five subjects who gave verbal 

protocols .  Th e rule s pertai n t o thos e attribute s tha t  th e subject s describe d a s relevant . 

whic h wer e al l  attribute s o f  th e visibl e component s o f  th e system s -  eithe r  thei r  number . 

size ,  o r  attachment s t o othe r  components .  A s Tabl e 1  shows ,  mos t  o f  th e rule s wer e base d 

on syste m attribute s tha t  ar e correlate d wit h mechanica l  advantage .  T w o o f  th e rule s wer e 

base d o n irrelevan t  attribute s (heigh t  an d pulle y size) .  T w o o f  th e rule s wer e quantitative . 

i.e. ,  the y expresse d th e effor t  a s th e rati o o f  th e weigh t  t o som e som e attribut e o f  th e 

pulle y system .  Th e remainde r  o f  th e rule s wer e qualitative .  A  qualitativ e rul e coul d stat e 

tha t  pulle y syste m wit h a  highe r  valu e o f  som e attribut e require s les s effor t  o r  tha t  a 

syste m wit h a  lowe r  valu e th e attribut e require s les s effort . 

When two or more of a subject's rules were applicable in a problem, the rule that 

was use d t o generat e th e answe r  reflecte d a  preferenc e orderin g amon g th e rules .  Th e 

preferenc e orderin g amon g rule s implie s tha t  eve n i f  a  subjec t  know s a  rule ,  h e wil l  no t  us e 

i t  t o generat e th e answe r  t o th e proble m unles s i t  i s  th e mos t  preferre d i n th e situation . 

Table 1: Rules used by the Protocol Subjects 

Rul e Numbe r  o f  Subject s wh o use d th e Rule . 

Qualitative Rules (relevant attributes): 

A pulley system with ... requires less effort 

less weight 5 

mor e pulley s 4 

mor e load-bearin g rope s (tensions )  3 

mor e attachment s t o th e ceilin g 2 

mor e fre e pulley s 2 

Qualitative Rules (irrelevant attributes): 

A pulley system with ... requires less effort 

larger pulleys 1 

les s heigh t  1 

Quantitative Rules (relevant attributes): 

A pulley system with ... requires less effort. 

less weight per pulley 1 

les s weigh t  pe r  attachmen t  1 
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Individua l  Differences .  Th e respons e pattern s o f  a  larg e proportio n o f  subject s coul d b e 

classifie d a s consisten t  wit h th e rule s observe d i n th e protocols .  Thes e respons e pattern s 

reveale d tha t  thre e factor s accounte d fo r  individua l  difference s i n mechanica l  ability ;  (1 ) 

abilit y  t o discriminat e relevan t  fro m irrelevan t  attributes .  (2 )  consistenc y o f  rul e us e an d (3 / 

abilit y  t o quantitativel y combin e informatio n abou t  tw o attribute s withi n a  singl e rule .  W e 

wil l  discus s eac h o f  thes e factor s i n turn . 

High-scoring subjects were better able to discriminate relevant from irrelevant 

attribute s o f  pulle y systems .  Th e majorit y o f  high-scorin g subject s (92% )  correctl y identifie d 

heigh t  an d pulle y siz e t o b e irrelevant ,  whil e 5 2 % o f  low-scorin g subject s considere d heigh t 

t o b e relevan t  an d 4 4 % o f  low-scorin g subject s considere d pulle y siz e t o b e relevant .  Thi s 

was reflecte d i n th e answer s tha t  the y chose .  High-scorin g subject s chos e a  significantl y 

highe r  proportio n o f  correc t  response s (.90 )  tha n di d low-scorin g subject s <.44 )  i n problem s 

tha t  varie d th e heigh t  o f  th e syste m (t(36 )  =  4.00 ,  p  <.001| .  I n problem s tha t  varie d 

pulle y siz e .9 8 o f  high-scorin g subjects '  response s an d .3 5 o f  low-scorin g subjects '  response s 

wer e correc t  (t(36 )  =  6.09 ,  2  <.001) . 

High-scoring subjects used rules more consistently in problems that varied mechanical 

advantag e an d th e rule s tha t  the y use d wer e mor e likel y t o b e correct .  I f  consistenc y i s 

define d a s havin g a t  leas t  fou r  ou t  o f  si x response s tha t  ar e consisten t  wit h on e rule , 

twelv e o f  th e thirtee n high-scorin g subject s responde d consistently .  I n contras t  onl y eleve n 

of  th e twenty-fiv e low-scorin g subject s responde d consistently .  Seve n o f  th e thirtee n high -

scorin g subject s wer e classifie d a s usin g th e rul e tha t a  syste m wit h mor e load-bearin g 

rope s require s les s effort ,  whic h give s th e correc t  answe r  t o al l  o f  th e problem s o f  thi s 

type .  High-scorin g subject s answere d a  sigfnificantl y highe r  proportio n (.77 )  o f  thes e 

problem s correctl y tha n di d low-scorin g subject s (.47) ,  (t(36 )  =  4.48 ,  p<.001 ) 

High-scoring subjects also demonstrated the ability to quantitatively combine 

informatio n abou t  tw o attribute s withi n a  singl e rule .  I n problem s involvin g bot h 

mechanica l  advantag e an d weigh t  differences ,  th e response s o f  te n o f  th e high-scorin g 

subject s (77% )  wer e consisten t  wit h rule s expressin g a  rati o o f  th e weigh t  t o som e attribut e 

of  th e system ,  suc h a s weigh t  pe r  load-bearin g strand ,  attachment ,  o r  pulley .  Th e low -

scorin g subjects ,  o n th e othe r  hand ,  wer e mor e likel y t o bas e thei r  comparison s o f  th e 

system s eithe r  o n weigh t  o r  o n a  singl e attribut e o f  th e system ,  bu t  di d no t  combin e th e 

consideratio n o f  weigh t  an d th e syste m attribut e int o a  singl e rule .  Th e mos t  c o m m o n rul e 

use d b y thes e subject s wa s tha t  mor e effor t  i s  require d t o lif t  a  heavie r  weight .  High -

scorin g subject s answere d a  muc h highe r  proportio n (.62 )  o f  thes e problem s correctl y tha n 

di d low-scorin g subject s (.33 )  (t(36 )  =  4.03 ,  p<.001) . 

In summary, high-scoring subjects are better able to identify the attributes relevant to 

th e operatio n o f  a  pulle y system ,  the y ar e mor e consisten t  i n thei r  us e o f  rules ,  an d the y 

ar e mor e likel y t o us e rule s tha t  indicat e a  quantitativ e understandin g o f  pulle y systems . 

Not  onl y d o th e thre e factor s hav e sigpiifican t  effect s o n performance ,  bu t  the y ar e als o 

similarl y relate d t o th e tota l  scores ,  a s assesse d b y th e followin g procedure .  Eac h subjec t 

was give n a  scor e o f  1  o r  0  o n eac h o f  th e thre e factors .  A  scor e o f  1 ,  base d o n th e 

respons e patter n o n th e relevan t  problems ,  indicate d tha t  th e subjec t  ha d th e abilit y 

measure d b y a  give n factor ,  whil e a  scor e o f  0  indicate d tha t  th e subjec t  di d no t  hav e thi s 

ability .  Eac h o f  th e factor s ha d a  correlatio n wit h th e overal l  scor e whic h la y betwee n .4 9 

and .51 .  Thu s th e thre e factor s ar e o f  approximatel y comparabl e importance  i n predictin g 

an individual' s performance .  Together  th e thre e factor s accounte d fo r  38.6 % o f  th e varianc e 

among th e tota l  scores . 
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A M o d e l  o f  Performance . 

In order to specify mechanisms which can underlie the individual differences identified 

i n th e experiment ,  w e develope d a  simulatio n model ,  writte n i n Soa r  jLaird ,  Newell ,  an d 

Rosenbloom .  i n pres s I .  Th e mode l  simulate s th e performanc e o f  on e high-scorin g subjec t 

an d on e low-scorin g subjec t  w h o gav e protocol s i n th e exijeriment .  I t  simulate s th e respons e 

choice s tha t  th e subject s gav e t o th e problems ,  a s wel l  a s statin g th e rational e fo r  eac h 

choice . 

Representational Format. The model operates on a problem description for each of 

th e 1 7 problem s i n th e experiment .  Eac h proble m descriptio n contain s al l  th e informatio n 

tha t  i s directl y availabl e t o a  h u m a n subjec t  throug h visua l  inspection .  However ,  no t  al l  o f 

th e informatio n i n th e proble m descriptio n i s necessaril y  use d b y b y th e mode l  o r  b y th e 

subjec t  i t  simulates . 

The format of a problem description is a structured description list which consists of 

identifier s an d list s o f  attribute s an d values .  Ther e ar e fou r  type s o f  attributes :  properties . 

relations ,  comparisons ,  an d questions .  Th e simples t  typ e o f  attribut e i s a  propert y o f  a 

pulle y syste m o r  componen t  o f  a  pulle y system ,  suc h a s th e numbe r  o f  pulley s i n th e 

system .  Th e secon d typ e o f  attribut e i s a  relatio n betwee n tw o objects .  Fo r  example ,  a 

relatio n migh t  stat e tha t  a  particula r  pulle y i s fixe d t o th e ceiling .  Th e thir d typ e o f 

attribute ,  a  comparison ,  compare s tw o propertie s o r  tw o relations .  Th e fourt h typ e o f 

attribute ,  a  question ,  contain s a n attribut e wit h a  missin g valu e an d state s tha t  th e valu e 

shoul d b e obtained .  Th e requiremen t  i n eac h ite m o f  th e test ,  namel y t o compar e th e 

relativ e effort s require d t o lif t  th e weight s wit h th e tw o depicte d pulle y systems ,  i s 

represente d a s a  questio n abou t  th e compariso n o f  th e effor t  attribute . 

Production Rules. The simulation model uses a set of productions that can be divided 

int o tw o subsets ,  on e subse t  c o m m o n t o al l  subjects ,  an d a  secon d subse t  uniqu e t o th e 

individua l  whos e solution s wer e simulated .  Th e c o m m o n production s contro l  th e operator s 

tha t  see k informatio n abou t  th e proble m an d th e operator s tha t  generat e answer s t o th e 

questio n posed ,  expres s th e reason s fo r  producin g thes e answers ,  an d sto p th e processin g 

when th e fina l  answe r  ha s bee n selected .  Th e subject-specifi c  production s determin e wha t 

informatio n a n individua l  seek s an d ho w h e reason s fro m tha t  informatio n t o generat e a n 

answe r  t o th e problem .  Thes e production s reflec t  th e rule s tha t  a  subjec t  possesse s 

relatin g attribute s o f  pulle y system s t o thei r  functio n (reducin g th e effor t  require d t o lif t  a 

weight) . 

The model can evoke one of two types of operators, elaboration operators and 

hypothesi s operators .  W h e n a  valu e i n a  questio n i s missing ,  elaboratio n operator s loo k fo r 

informatio n i n th e proble m statemen t  tha t  migh t  b e relevan t  t o answerin g th e question . 

Hjrpothesi s operator s suggest  value s fo r  attribute s tha t  ar e sough t  b y elaboratio n operator s 

an d us e thes e value s t o sugges t  tentativ e answer s t o th e problem .  Eac h suggeste d answe r 

i s accompanie d wit h a  reaso n fo r  thi s answer .  Fo r  example ,  a  hypothesi s operato r  m a y 

sugges t  pulle y syste m A  require s a  greate r  effor t  tha n syste m B  becaus e th e weigh t  tha t 

syste m A  i s liftin g i s heavier . 

The productions choose among elaboration and hypothesis operators on the basis of 
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preferences ,  expresse d i n Soa r  a s specia l  dat a elements .  A  preferenc e migh t  favo r  a n 

answer  supporte d b y a  particula r  reason .  Fo r  exampl e a  preferenc e migh t  favo r  a n answe r 

base d o n th e amoun t  o f  weigh t  t o b e lifte d b y a  syste m ove r  a n answe r  base d o n th e 

number  o f  pulley s i n a  system .  Alternatively ,  a  preferenc e migh t  expres s a  respons e bias . 

For  exampl e a  preferenc e migh t  favo r  a  hypothesi s operato r  statin g tha t  th e effort s 

require d t o lif t  th e load s o f  th e tw o pulle y system s ar e differen t  ove r  a n operato r  statin g 

tha t  th e effort s ar e th e same . 

Flow of Control. The model proceeds from the problem description and question to its 

ultimat e respons e b y evokin g a  sequenc e o f  operator s whic h deriv e informatio n fro m th e 

proble m descriptio n an d sugges t  answer s o n th e basi s o f  th e obtaine d informatio n (se e 

Figur e 2) .  W h e n th e questio n i s firs t  interpreted ,  a n elaboratio n operato r  i s evoke d t o see k 

th e informatio n tha t  th e questio n interrogates .  Th e questio n ("Wit h whic h pulle y syste m 

does th e m a n hav e t o pul l  wit h mor e forc e t o lif t  th e weight?" )  interrogate s a  compariso n 

of  th e effor t  attribute s o f  th e tw o pulle y systems .  Becaus e ther e i s n o informatio n 

availabl e tha t  allow s thi s compariso n t o b e mad e directly ,  additiona l  elaboratio n operator s 

ar e evoke d t o see k othe r  informatio n tha t  migh t  b e relevan t  t o th e answer .  Fo r  example , 

informatio n abou t  th e numbe r  o f  pulley s o r  ceilin g attachment s i n th e tw o pulle y system s 

migh t  b e sough t  a t  thi s point .  I n addition ,  i f  th e perso n bein g modele d ha s sufficien t 

knowledg e t o calculat e th e effort s require d b y th e tw o pulle y systems ,  a  subgoa l  i s 

generate d t o calculat e th e efforts .  (Th e dotte d line s i n Figur e 2  indicat e component s o f  th e 

model  tha t  ar e presen t  fo r  subject s wit h thi s knowledge) .  Hypothesi s operator s us e th e 

informatio n obtaine d b y elaboratio n operator s t o sugges t  answer s t o th e question .  I f  n o 

answer  i s suggested ,  th e mode l  choose s randoml y amon g th e possibl e answers .  I f  onl y on e 

answer  i s suggested ,  i t  become s th e respons e o f  th e mode l  fo r  tha t  problem .  I f  mor e tha n 

one answe r  i s suggested ,  a  subgoa l  i s  create d t o resolv e th e tie .  T o satisf y th e subgoa l  o f 

resolvin g th e tie ,  on e hypothesi s operato r  m a y b e selecte d ove r  anothe r  a s a  resul t  o f  a 

preference .  Otherwise ,  a  rando m choic e i s mad e amon g th e operators . 

Modeling individual differences in performance. The three sources of individual 

difference s observe d i n th e experimen t  ar e modele d i n th e simulatio n i n th e followin g ways . 

To accoun t  fo r  th e difference s amon g subject s i n wha t  the y conside r  t o b e relevant ,  th e 

model  fo r  a  give n subjec t  relate s th e effor t  require d i n th e cas e o f  a  particula r  pulle y 

syste m t o precisel y thos e attribute s o f  th e syste m tha t  th e subjec t  consider s relevant .  Tha t 

is .  th e attribute s tha t  wer e considere d relevan t  wer e i n th e condition s o f  th e production s 

embodyin g th e mechanica l  rules .  T o accoun t  fo r  th e difference s amon g subject s i n ho w 

consistentl y the y us e on e rule ,  th e mode l  varie s o r  keep s constan t  it s preference s amon g 

h)T)othesi s operator s acros s th e differen t  problems .  I f  ther e i s a  preferenc e fo r  on e 

hypothesi s operato r  ove r  al l  othe r  hypothesi s operator s i n a  situation ,  th e mode l  wil l  alway s 

choos e th e answe r  an d th e reaso n give n b y tha t  operato r  i n an y simila r  situation .  I f  ther e 

i s n o preferenc e amon g operators ,  the n th e mode l  choose s randoml y amon g applicabl e 

operators ,  producin g th e sam e typ e o f  inconsisten t  behavio r  a s observe d fo r  low-scorin g 

subject s i n th e exjieriment .  Finally ,  t o accoun t  fo r  th e difference s amon g subject s i n thei r 

abilit y  t o quantitativel y combin e informatio n fro m tw o relevan t  attributes ,  th e mode l  ca n 

eithe r  contai n o r  no t  contai n production s tha t  sugges t  value s fo r  th e effor t  base d o n a  rati o 

of  th e weigh t  o f  th e syste m t o som e othe r  relevan t  attribute . 

The model simulated the jjerformance of one high-scoring subject and one low-scoring 

subjec t  wh o gav e protocol s i n th e experiment .  Th e simulatio n fo r  bot h subject s provide d 

th e sam e respons e an d th e sam e explanatio n o f  th e respons e a s th e huma n subjec t  i n 1 6 

of  th e 1 7 problems . 
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Figur e 2 :  Flo w o f  contro l  o f  th e simulatio n mode l  throug h a  problem . 
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Th e simulation s fo r  th e high-scorin g an d th e low-scorin g subject s differe d i n th e 

followin g ways : 

1. The high-scoring simulation produces fewer suggested answers than the low-

scorin g simulation .  Thi s i s becaus e th e low-scorin g mode l  make s suggestion s 

abou t  a n irrelevan t  attribut e i n additio n t o makin g suggestion s abou t  a  numbe r 

of  relevan t  attributes .  Al l  o f  th e answer s suggeste d b y th e simulatio n o f  th e 

high-scorin g subjec t  wer e base d o n relevan t  attributes . 

2. The high-scoring simulation calculated numerical values for the the efforts 

require d t o lif t  th e load s o f  th e pulle y system s b y quantitativel y combinin g tw o 

attributes ;  weigh t  an d numbe r  o f  pulleys .  Th e low-scorin g di d no t  attemp t  t o 

determin e th e effort s directl y an d di d no t  quantitativel y combin e attributes . 

W h en tw o o r  mor e attribute s produce d th e sam e answer ,  th e low-scorin g 

simulatio n combine d the m int o a  singl e answe r  justifie d b y th e severa l 

explanations .  I f  tw o o r  mor e suggestion s produce d contradictor y answers ,  thes e 

comparison s cancele d eac h othe r  an d th e low-scorin g simulatio n gav e a n answe r 

of  equality . 

3. The high-scoring simulation organized the search for information so that 

numerica l  value s fo r  th e effort s wer e calculate d onl y whe n th e answe r  coul d no t 

be determine d b y qualitativ e comparisons .  Th e orde r  o f  searc h fo r  informatio n 

i n th e low-scorin g mode l  wa s random . 

In summary, the model specified mechanisms which can account for the individual 

difference s identifie d i n th e experiment .  I t  successfull y simulate d th e performanc e o f  a  high -

scorin g an d a  low-scorin g subjec t  indicatin g th e sufficienc y o f  th e theoretica l  proposal .  Th e 

model  suggeste d tha t  th e proces s o f  applyin g rule s i s simila r  fo r  high-scorin g an d low -

scorin g subjects ,  bu t  th e conten t  o f  th e rule s change s wit h increase s i n mechanica l  ability . 

Discussio n 

The research reported in this paper provided both a general model of the processes 

involve d i n solvin g item s fro m test s o f  mechanica l  abilit y  an d identifie d source s o f  individua l 

differenc e i n performanc e o n thes e tasks .  I t  wa s foun d tha t  subject s encode d mechanica l 

system s i n term s o f  attribute s o f  system s tha t  the y considere d relevan t  t o thei r  function . 

Compariso n o f  th e pulle y system s b y differen t  subject s wa s base d o n rule s whic h expresse d 

a relatio n betwee n on e o r  mor e o f  thes e attribute s an d th e attribut e i n questio n i.e .  th e 

effor t  require d t o lif t  th e weigh t  wit h th e pulle y system . 

According to the description of individual differences presented in the paper, low-

scorin g subject s ar e characterize d a s usin g qualitativ e rule s base d o n bot h relevan t  an d 

irrelevan t  attribute s o f  pulle y systems ,  an d hav e n o clea r  preference s amon g thei r  rule s s o 

tha t  thei r  response s appea r  inconsisten t  wit h an y particula r  rule .  High-scorin g subjects ,  o n 

th e othe r  hand ,  ca n us e quantitativ e rule s whe n th e proble m demand s th e us e o f  thes e 

rules ,  thei r  rule s ar e base d o n relevan t  attributes ,  an d the y prefe r  rule s base d o n attribute s 

tha t  ar e highl y correlate d wit h mechanica l  advantage . 
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A strikin g featur e o f  th e rang e o f  solutio n processe s use d b y subject s wit h differen t 

mechanica l  abilit y  i s  thei r  similarit y t o th e developmenta l  stage s observe d b y Siegle r  (1978 . 

1981 )  i n hi s analysi s o f  youn g children' s understandin g o f  a  balanc e beam .  Th e paralle l 

betwee n ou r  finding s an d developmenta l  finding s suc h a s Siegler' s suggest s th e intriguin g 

hypothesi s tha t  th e processe s tha t  underli e th e developmen t  o f  mechanica l  abilitie s als o 

characteriz e difference s alon g a n individua l  differenc e dimension .  Ou r  result s sugges t  tha t 

mechanica l  abilit y  shoul d no t  b e though t  o f  a s a  stati c trai t  bu t  a s a n abilit y  tha t  ca n 

develo p wit h increase d experienc e i n thi s domain .  Thi s vie w o f  mechanica l  abilit y  i s 

consisten t  wit h th e dominan t  vie w o f  mechanica l  abilit y  i n th e psychometri c literature ,  i.e. , 

tha t  i t  i s  a  measur e o f  understandin g acquire d throug h genera l  exposur e t o tool s an d 

machiner y (Cronbach ,  1984) . 

Our results demonstrate that qualitative mental models of pulley systems precede 

quantitativ e models .  I n a  qualitativ e model ,  attribute s o f  pulle y system s ar e code d b y 

compariso n wit h correspondin g attribute s o f  othe r  pulle y systems .  A  qualitativ e mode l  als o 

include s rule s relatin g attribute s o f  mechanica l  systems ,  situation s i n whic h i t  i s  appropriat e 

t o appl y thes e rules ,  an d preference s amon g thes e rules .  Preference s ca n resolv e conflict s 

betwee n qualitativ e rule s tha t  ar e equall y applicabl e i n a  situation ,  bu t  ther e i s n o simpl e 

way i n a  qualitativ e mode l  t o resolv e conflict s betwee n rule s wit h equa l  preference .  I n a 

quantitativ e model ,  o n th e othe r  hand ,  attribute s ar e g^ve n numerica l  value s s o tha t 

mathematica l  operation s ca n b e applie d t o thes e value s t o resolv e conflicts . 

The development of understanding of a physical system such as the balance beam or 

th e pulle y ca n b e see n a s a  progressio n o f  menta l  model s i n whic h eac h mode l  elaborate s 

an d refine s th e earlie r  models ,  rathe r  tha n replacin g them .  Th e progressio n fro m lo w 

abilit y  t o hig h abilit y  i n mechanica l  abilit y  involve s advancin g alon g a  numbe r  o f  differen t 

dimensions .  O n e dimensio n involve s adjustin g preference s betwee n differen t  rule s s o tha t 

rule s base d o n relevan t  attribute s ar e preferre d t o rule s base d o n irrelevan t  attribute s an d 

at  highe r  level s o f  mechanica l  ability ,  preference s amon g rule s base d o n differen t  correlate d 

attribute s correspxjn d t o ho w highl y thes e attribute s ar e correlate d wit h mechanica l 

advantage .  A  secon d advanc e i s th e progressio n fro m a  qualitativ e t o a  quantitativ e mode l 

of  mechanica l  advantag e tha t  enable s th e subjec t  t o quantif y th e exten t  t o whic h mechanica l 

advantag e ca n reduc e th e effor t  require d t o lif t  a  weight . 
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