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Abstrac t 

When a wheel rolls along a flat surface, a point on the 
wheel' s perimete r  follow s a  cycloi d trajectory .  Subjects , 
howeve r  dra w th e curtat e cycloid ,  characterize d b y botto m 
loops ,  rathe r  tha n th e cycloi d t o depic t  th e pat h tha t  a 
poin t  o n a  stati c wheel' s perimete r  woul d trac e i f  th e whee l 
wer e rolling .  Thi s i s  th e curtat e cycloi d illusion .  I n 
Experimen t  1 ,  w e sho w tha t  animatin g th e whee l  doe s no t 
dispe l  th e illusio n an d tha t  subject s hig h i n spatia l  abilit y 
ar e les s susceptibl e t o th e illusio n tha n ar e low-spatials . 
Experiment s 2 ,  3a ,  an d 3 b supporte d th e hypothesi s tha t 
th e illusio n occur s whe n subject s reallocat e cognitiv e 
resource s fro m processin g a  rollin g wheel' s translatio n t o 
computin g it s instan t  centers ,  th e poin t  abou t  whic h th e 
wheel  i s  rotatin g a t  a  give n instan t  i n time .  Thi s 
reallocatio n occur s onl y whe n a  referenc e poin t  o n th e 
wheel' s perimete r  contact s an d leave s th e surface .  W e 
conclud e tha t  th e illusio n doe s no t  reflec t  fundamenta l 
perceptua l  biases ,  bu t  rathe r  stem s fro m transien t  shortage s 
of  cognitiv e resource s durin g th e higher-leve l  processin g 
of  th e wheel' s translatio n an d rotation . 

Thi s pape r  examine s a n illusio n i n th e perceptio n o f  rollin g 
motion .  A  poin t  o n a  rollin g wheel' s perimete r  follow s a 
cycloi d trajector y (se e Figur e 1) .  Subject s rarel y dra w th e 
cycloi d t o depic t  th e pat h tha t  a  poin t  o n a  stati c wheel' s 
perimete r  woul d trac e i f  th e whee l  wer e rolling .  Instead , 
the y modall y dra w th e curtat e cycloi d trajectory ,  characterize d 
by botto m loop s (Proffit t  e t  al. ,  1990 ;  se e Figur e 1) . 

V y  Y  Cycloi d 

Curtat e Cycloi d 

Figur e 1 :  Stylize d cycloi d an d curtat e cycloi d trajectorie s 

The tendency to imagine or perceive the path of a point on 
a rollin g wheel' s perimete r  a s th e curtat e cycloi d wil l  b e 
calle d th e curtat e cycloi d illusion ,  o r  C C I .  Thi s pape r 
exjunine s th e effec t  o f  animatin g th e wheel' s rollin g o n 

susceptibilit y t o th e C C I ,  explore s possibl e individua l 
difference s i n susceptibilit y t o th e C C I ,  an d provide s a 
processin g explanatio n o f  th e C C I . 

I f  th e C C I  occur s becaus e subject s hav e troubl e processin g 
menta l  animation ,  i t  shoul d vanis h whe n animate d rollin g 
wheel s ar e viewed .  If ,  however ,  th e C C I  stem s fro m higher -
leve l  processin g o f  motion s suc h a s rotatio n an d translation , 
i t  shoul d occu r  eve n w h e n th e wheel s ar e animated . 
Subject s canno t  accuratel y adjus t  a  rollin g wheel' s 
translationa l  spee d t o correspon d t o it s rotationa l  spee d 
(Vicari o &  Bressan ,  1990 )  o r  matc h animate d trajectorie s 
wit h th e point s o n a  stati c whee l  tha t  woul d produc e the m 
durin g rollin g (Proffit t  e t  al. ,  1990) .  Animatin g whol e 
wheel s m a y hel p subject s dissociat e th e motion s o f  point s 
from  th e motion s o f  objects . 

I f  th e C C I  reflect s a  fundamenta l  bia s i n th e perceptua l 
system ,  ther e shoul d b e fe w individua l  difference s i n 
susceptibilit y  t o th e C C I .  Experienc e wit h an d knowledg e 
of  rollin g wheel s d o no t  reduc e susceptibilit y t o th e C C I 
(Proffit t  e t  al. ,  1990) .  Ther e m a y b e anothe r  sourc e o f 
individua l  difference s i n susceptibilit y  t o th e C C I ,  however : 
cognitiv e resourc e limitations .  High-capacit y individual s 
hav e mor e processin g activatio n availabl e tha n low-capacit y 
individual s t o stor e an d comput e informatio n i n workin g 
memory .  High-capacit y individual s ca n bette r  integrat e 
differen t  type s o f  informatio n durin g th e performanc e o f  a 
tas k tha n ca n low-capacit y persons .  High-capacit y 
individual s ar e als o les s pron e t o processin g slowdown s an d 
forgettin g tha n ar e thei r  low-capacit y counterparts . 

Becaus e rollin g consist s o f  bot h rotatio n an d translation , 
i t  m a y impos e a  larg e d e m a n d o n limite d cognitiv e 
resources .  Individua l  difference s i n th e availabilit y o f 
cognitiv e resource s m a y b e reflecte d i n individua l  difference s 
i n susceptibilit y t o th e C C I .  Individual s wit h m o r e 
resource s availabl e m a y bette r  proces s an d stor e bot h a 
rollin g wheel' s translatio n an d it s rotation .  The y m a y thu s 
be les s subjec t  t o th e C C I  tha n individual s wit h fewe r 
resource s available .  Analogously ,  th e abilit y  t o determin e 
whic h o f  tw o movin g object s wil l  firs t  reac h it s destinatio n 
depend s o n th e abilit y t o integrat e th e objects '  relativ e 
distanc e an d relativ e velocity ,  whic h i n tur n depend s o n th e 
amount  o f  cognitiv e resource s subject s hav e availabl e (Law , 
Pellegrino ,  Mitchell ,  Fischer ,  McDona ld ,  &  Hunt ,  1993) . 

I n ou r  experiments ,  individua l  difference s i n availabl e 
cognitiv e resource s wer e assesse d psychometricall y wit h th e 
Spac e Relation s Test ,  o r  S R T (Bennett ,  Seashor e & 
W e s m a n,  1972) .  O n th e S R T ,  subject s mus t  selec t  th e 
correc t  folde d depiction s o f  diagram s o f  unfolde d objects . 
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The S R T assesse s a n abilit y  calle d spatia l  visualization . 
Individua l  ditference s i n spatia l  visualizatio n lû is e becaus e 
visu;ilizatio n impose s simultaneou s processin g an d storag e 
demands (Salthouse ,  Babcock .  Mitchell ,  Palmon .  & 
Skovronek ,  1990) ,  taxin g som e subjects '  suppl y o f  spatia l 
processin g resources .  Subject s scorin g poorl y o n th e S R T 
shoul d b e mor e pron e t o th e CCI . 

The C C I  ma y aris e becaus e th e wheel' s rotatio n i s 
processe d a t  th e expens e o f  it s  translatio n (Cuttin g & 
Proftltt ,  1981) .  Th e curtat e cycloid' s botto m loop ,  i n whic h 
th e do t  appear s t o mov e backwju- d whe n i t  contact s th e 
surface ,  i s a  plausibl e consequenc e o f  laggin g menta l 
trjuislation .  I t  ha s no t  bee n demonstrate d tha t  th e neglec t  o f 
a rollin g wheel' s translatio n actuall y produce s th e CCI ,  no r 
has i t  bee n demonstrate d exactl y ho w translationa l  neglec t 
migh t  produc e th e curtat e cycloid' s botto m loop .  Th e 
translationa l  neglec t  hypothesi s i s thu s a  potentia l 
componen t  o f  a  proces s accoun t  o f  th e CCI ,  rathe r  tha n a 
complet e explanatio n o f  th e illusion .  W e offe r  a  prwessin g 
accoun t  o f  th e CC I  alte r  Experimen t  I .  Experiment s 2 ,  3a , 
;in d 3 b tes t  prediction s fro m th e account . 

Experiment 1: Computer-Animated 
Rol l in g W h e e l s 

Experiment 1 examined whether the CCI reflects processes 
specifi c  t o menta l  animation .  I f  i t  does ,  ther e shoul d b e n o 
CCI  whe n iuiimate d rollin g wheel s ar e viewed .  "  If ,  b y 
contrast ,  th e CC I  stem s fro m th e processin g o f  rollin g 
motio n pe r  se ,  regardles s o f  whethe r  th e roUin g i s perceive d 
or  imagined ,  th e CC I  shoul d occu r  eve n whe n animate d 
wheel s ;ir e viewed . 

Experimen t  1  als o examine d potentia l  individua l 
difference s i n susceptibilit y  t o th e CCI .  I f  th e CC I  reflect s 
basi c perceptuj d bijises ,  the n spatiii l  abilit y  shoul d no t  affec t 
susceptibilit y  t o th e illusion .  I f  th e CC I  reflect s limite d 
spatii d processin g resources ,  high-spati;il s  ma y b e les s pron e 
t o th e illusio n tha n low-spatiids . 

Method 

Thirty-six subjects viewed white wheel rims (9.3° of visual 
jmgle )  rollin g acros s a  blac k background .  A  smal l  do t 
appeitre d o n th e insid e o f  th e wheel' s rim.  Th e wheel s rolle d 
on a n untexture d whit e ban d (7.6 °  o f  visui d Jingle )  extendin g 
th e ful l  38-c m widt h o f  th e screen .  Th e wheel s wer e 
displaye d o n a  VAXstatio n 31(X )  graphic s termina l  wit h a 
resolutio n o f  102 4 x  86 4 pixels .  Th e system' s refres h rat e 
was 6 0 Hz . 

Subject s wer e tol d tha t  a  do t  o n a  rollin g wheel' s 
perimete r  .shoul d tnic e a  cycloi d jin d wer e show n a  drawin g o f 
a cycloid .  Subject s wer e nex t  tol d tha t  sometime s th e 
wheels '  motio n wa s distorte d s o tha t  th e do t  di d no t  trac e a 
cycloid .  Subject s wer e tol d tha t  i n thes e case s the y shoul d 
chc'mg e th e wheel' s motio n unti l  th e do t  appeare d t o trac e a 
cycloid . 

The wheel' s motio n wa s veridica l  o n one-thir d o f  th e 
irijUs ,  overrotJitin g o n one-third ,  an d overtranslatin g o n one -
third .  O n veridica l  trials ,  th e wheel' s rotationa l  velocit y wa s 
0.3 8 rev/s ,  an d it s U'anslationi d velocit y wa s 5.6 5 c m (10.7 ° 
of  visua l  angle )  pe r  second .  O n overrotatin g trials ,  th e 

wheel' s translationa l  velocit y remaine d a t  5.6 5 cm/s ,  bu t  it s 
rotiitiona l  spee d wa s increase d b y factor s rangin g fro m 1.0 5 
t o 1.50 .  O n overtranslatin g trials ,  th e wheel' s rotationa l 
velocit y remaine d a t  0.3 8 rev/s ,  bu t  it s  translationa l  spee d 
was increase d b y factor s rangin g fro m 1.0 5 t o 1.50 . 

Subject s use d a  mous e butto n t o mov e a  pointe r  alon g a 
horizonta l  scal e tha t  controlle d th e wheel' s 
translation/rouitio n ratio .  Th e scal e appe;u-e d i n th e to p 
cente r  o f  th e scree n jui d wa s 8. 0 c m lon g (14.9 °  o f  visua l 
iingle) .  Th e pointe r  wa s positione d a t  th e .sciUe' s midpoin t  a t 
th e beginnin g o f  eac h trial .  Th e scale' s extreme s wer e 
labele d "mor e spin "  an d "mor e slide" .  "Spin "  jui d "slide " 
referre d t o a  relativ e increas e i n th e wheel' s rotatio n o r 
translation ,  respectively .  Movin g th e pointe r  fro m th e poin t 
at  whic h th e wheel' s rollin g wa s veridica l  towar d th e "mor e 
spin "  extrem e maintaine d a  translationa l  velocit y o f  5.6 5 
cm/s ,  bu t  increase d th e wheel' s rotationa l  velocity .  Movin g 
th e pointe r  fro m th e veridica l  poin t  towiu- d th e "mor e slide " 
extrem e maintaine d a  rotationa l  velocit y o f  0.3 8 rev/s ,  bu t 
increiise d th e wheel' s translationa l  velocity . 

A secon d mous e butto n allowe d subject s t o vie w th e 
iuiimate d resul t  o f  thei r  rati o adjustment .  Subject s coul d 
adjus t  eac h wheel' s rati o an d vie w th e resultin g rollin g 
displa y ji s  ofte n a s the y wishe d unti l  the y believe d th e do t 
was tracin g th e cycloid .  A  thir d mous e butto n initiate d 
subsequen t  trials .  Th e intertria l  interva l  wa s abou t  1 4 s . 

Hal f  th e subject s complete d th e S R T befor e th e compute r 
trials ;  th e remainde r  complete d th e tes t  afte r  th e compute r 
trials .  Th e tes t  score s o f  subject s i n Experiment s 1 ,  2 ,  3a , 
3b,  an d thre e furthe r  experiment s wer e poole d an d spli t  int o 
tertiles .  High-spatial s wer e define d a s subject s scorin g i n 
th e to p tertile .  Low-spatial s wer e subject s scorin g i n th e 
botto m tertile . 

Results 

Eight low-spatials and seventeen high-spatials were included 
i n th e analysis .  Th e dependen t  variabl e wa s subjects'//na / 
rati o selections ,  th e translation/rotatio n rati o subject s 
selecte d a t  th e en d o f  eac h trial .  Th e translation/rotatio n 
rati o o f  th e low-spatials '  final  selection s (mea n =  1.21:1 ) 
was greate r  tha n tha t  o f  th e high-spatials '  selection s (mea n = 
0.99:1) ,  F{2 ,  72 )  =  44.21 ,  p  <  0.0 1 (se e Figur e 2 ,  nex t 
page) ,  implyin g a  greate r  susceptibilit y  t o th e CC I  amon g 
low-spatials .  Spatia l  abilit y  als o interacte d wit h th e wheel' s 
initia l  translation/rotatio n ratio ,  F(2 ,  72 )  =  29.84,/ ? <  0.0 1 
(se e Figur e 2) .  High-spatial s mad e rollin g wheel s veridica l 
regardles s o f  th e wheel' s initia l  ratio .  Low-spatials ,  though , 
made overrotatin g wheel s veridical ,  bu t  selecte d 
overtranslatin g ratio s fo r  veridica l  an d overtranslatin g 
wheels .  O n veridicf d trials ,  low-spatial s chos e a  mea n rati o 
of  1.13:1 . 

Discussion 

Experiment 1 yielded two conclusions. First, spatial ability 
mediate s susceptibilit y  t o th e CCI .  High-spatial s wer e les s 
pron e t o th e illusio n tha n low-spatials .  Thi s suggest s tha t 
th e CC I  i s no t  a  universa l  outcom e o f  th e wa y peopl e 
proces s rollin g motion . 
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Figur e 2 :  M e a n final  translation/rotatio n rati o choic e o n 
veridica l  trial s (translation/rotatio n rati o =  1:1 )  i n 
Experimen t  1  a s a  functio n o f  subjects '  spatia l  ability .  Th e 
horizonta l  lin e indicate s th e correc t  response . 

Second, animating a wheel does not reduce the 
susceptibilit y  o f  low-spatial s t o th e CCI .  Thes e subject s 
chos e overtranslatin g ratio s fo r  veridica l  wheels ,  implyin g 
tha t  the y se e th e dot' s pat h a s undertranslatin g o r  loope d 
when th e wheel' s motio n i s veridical .  Becaus e th e C C I 
arise s no t  onl y whe n animatio n i s generate d mentally ,  bu t 
als o whe n animatio n i s viewed ,  i t  likel y reflect s cognitiv e 
rathe r  tha n perceptua l  processes . 

Experimen t  1  als o raise s th e issu e o f  th e sourc e o f  th e 
high-spatials '  advantage .  Althoug h high-spatial s seeme d 
les s susceptibl e t o th e C C I  tha n di d low-spatials , 
metacognitiv e o r  strategi c abilitie s m a y hav e allowe d high -
spatial s t o simpl y overcom e th e C C I  an d outperfor m low -
spatials .  High-spatial s m a y bette r  monito r  thei r 
susceptibilit y  t o th e C C I  tha n low-spatials .  Allowin g 
subject s t o interac t  wit h an d contro l  a  wheel' s rollin g m a y 
permi t  high-spatial s t o deplo y trajector y correctio n 
strategies ,  thu s compensatin g fo r  th e CCI . 

To determin e whethe r  high-spatial s ar e i n fac t  les s pron e 
t o th e C C I  o r  simpl y overcom e i t  throug h metacognitiv e o r 
strategi c processes ,  w e compute d d '  measure s fo r  th e 
Experimen t  1  data .  Hit s wer e define d a s veridica l  trial s o n 
whic h subjects '  final  ratio s range d fro m 0.95: 1 t o 1.05:1 . 
Fals e alann s wer e define d a s overrotatin g trial s o n whic h th e 
tr;inslation/rotatio n rati o o f  subjects '  final  selection s wa s 
les s tha n 0.90:1 .  I n thes e instances ,  subject s di d no t 
substantiall y  adjus t  th e motio n o f  overrotatin g wheel s 
towar d th e veridical ,  suggestin g tha t  the y perceive d th e dot' s 
curtat e cycloi d pat h a s th e cycloid . 

High-spatial s mor e sensitivel y discriminate d cycloi d fro m 
curtat e cycloi d trajectorie s (mea n d' = 0.98 )  tha n di d low -
spatial s (mea n d' = -1.17) ,  t(23 )  =  2.45 .  p  <  0.05 .  Th e 
negativ e d '  valu e fo r  low-spatial s wa s du e t o thei r  extremel y 
lo w hi t  rates :  O n veridicE d trials ,  the y m a d e m a n y misses , 
perceivin g th e cycloi d a s th e curtat e cycloi d an d consequentl y 
exaggerafin g th e wheel' s translation .  Th e d '  analysi s 
demonstrate s tha t  high-spatial s ar e mor e sensitiv e tha n low -

spatial s t o whethe r  a  do t  o n a  rollin g wheel' s perimete r  i s 
tracin g th e cycloi d o r  th e curtat e cycloid . 

A Processing Account of the CCI 

To derive the dot's trajectory accurately, subjects must 
correctl y analyz e th e rollin g wheel' s pivotin g behavio r  a s th e 
dot  approaches ,  contact s an d leave s th e surface .  W h e n th e 
dot  contact s th e surface ,  i t  i s  th e wheel' s instan t  center ,  th e 
poin t  abou t  whic h th e whee l  i s  rotatin g a t  tha t  instant . 
Subject s m a y correctl y represen t  th e dot' s trajectory , 
particularl y it s crucia l  botto m portion ,  b y derivin g a n 
instan t  cente r  correspondin g t o th e do t  whe n i t  contact s th e 
surface .  A  rollin g wheel' s contour ,  however ,  contain s a n 
infinit e numbe r  o f  instan t  center s a s it s successiv e point s 
contac t  th e surface .  W e argu e belo w tha t  th e C C I  m a y ste m 
fro m th e deman d o n processin g resource s impose d b y th e 
determinatio n o f  additiona l  instan t  center s beside s th e dot . 

F ro m th e tim e th e do t  i s a t  1 2 o'cloc k unti l  th e tim e th e 
dot  begin s approachin g th e surface ,  th e dot' s behavio r  i s 
irrelevan t  t o determinin g whethe r  th e do t  i s tracin g th e 
cycloi d o r  th e curtat e cycloid ,  whic h ar e distinguishe d b y 
thei r  botto m portions .  Becaus e subject s ar e no t  tryin g t o 
deriv e th e botto m portio n o f  th e dot' s path ,  the y devot e fe w 
resource s t o calculatin g th e wheel' s instan t  centers . 
FYocessin g resource s ar e thu s availabl e t o deriv e an d updat e 
representation s o f  bot h th e wheel' s rotatio n an d it s 
translation . 

W h en th e do t  contact s th e surface ,  subject s mus t  correctl y 
evaluat e th e wheel' s pivotin g motio n t o deriv e th e botto m 
portio n o f  th e dot' s trajectory .  Subject s thu s comput e a n 
instan t  cente r  correspondin g t o th e dot .  Althoug h th e do t 
leave s th e surfac e immediately ,  th e processe s o f  computin g 
an instan t  center ,  evaluatin g th e wheel' s pivotin g motion , 
an d elaboratin g a  representatio n o f  th e dot' s trajector y ar e 
demandin g an d noninstantaneous .  I n addition ,  th e point s 
alon g th e wheel' s contou r  immediatel y trailin g th e do t  als o 
contac t  th e surfac e an d ar e thu s instan t  centers .  T o complet e 
thei r  analysi s o f  th e wheel' s pivotin g behavio r  an d thei r 
derivatio n o f  th e dot' s trajectory ,  subject s m a y als o comput e 
thes e additiona l  instan t  centers ,  eve n thoug h determinin g 
thes e instan t  center s doe s no t  contribut e t o th e developmen t 
of  a n accurat e representatio n o f  di e dot' s path . 

Computin g thes e additiona l  instan t  center s m a y diver t 
resource s fro m th e processe s tha t  comput e an d updat e th e 
rollin g wheel' s continuou s translation .  Updatin g th e wheel' s 
translatio n therefor e slow s o r  cease s fro m th e tim e th e do t 
contact s th e surfac e unti l  th e fime  th e do t  reache s 7  o r  8 
o'clock .  A t  thi s point ,  subject s m a y hav e sufficientl y 
evaluate d th e wheel' s pivotin g an d adequatel y represente d th e 
dot' s path .  The y sto p determinin g th e wheel' s instan t 
center s an d reatten d t o th e do t  at ,  say ,  8  o'clock .  Becaus e 
translatio n ha s stopped ,  subjects '  representatio n o f  th e whee l 
has essentiall y  rotate d i n plac e sinc e th e do t  contacte d th e 
surface ,  wherea s th e displaye d whee l  ha s rolle d t o th e right. 
Th e do t  ha s thu s phenomenologicall y travele d leftward ,  an d 
i f  subject s connec t  th e dot' s posifio n a t  6  o'cloc k wit h it s 
positio n a t  8  o'cloc k i n thei r  representatio n o f  th e dot' s path , 
it s  trajector y wil l  contai n th e curtat e cycloid' s bot to m loop . 
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E x p e r i m e n t  2 :  Ru l l i n g P o l y g o n s 

The CCI Jirises because the computation ot multiple instiuit 
center s impose s s o grea t  a  processin g deman d tha t  subject s 
tai l  t o updat e thei r  translatio n representation s whe n th e do t 
contact s an d leave s th e surface .  I f  a  rollin g object' s instan t 
center s wer e les s closel y spaced ,  subject s woul d b e les s 
likel y t o comput e additiona l  instan t  center s whil e attemptin g 
t o buil d a  representatio n o f  th e dot' s trajectory .  Mor e 
resource s woul d b e availabl e t o updat e translatio n a s th e do t 
contact s an d leave s th e surface ,  decreasin g susceptibilit y  t o 
th e CCI . 

I n Experimen t  2 .  subject s viewe d rolling  polygon s a s wel l 
as rollin g wheels .  Wherea s a  rollin g whee l  ha s a n infinit e 
number  o f  instan t  centers ,  a  rollin g polygo n ha s onl y a s 
many instiui t  center s a s i t  ha s vertices .  A  rollin g triangl e 
has thre e instan t  center s an d a  rollin g octago n ha s eigh t 
instan t  centers .  A  rollin g triangle' s thre e instan t  center s m t 
mor e distinc t  an d distantl y space d tha n a  rollin g octagon' s 
eigh t  instan t  centers .  Subject s shoul d therefor e b e mor e 
pron e t o th e C C I  whe n viewin g rollin g ocLigon s tha n whe n 
viewin g rollin g triangles .  Mor e generally ,  susceptibilit y  t o 
th e C C I  shoul d increas e a s th e rollin g object' s numbe r  o f 
vertice s increjises . 

Method 

The method differed from Experiment I as follows: Thirty-
on e subject s viewe d rollin g batons ,  triangles ,  pentagons , 
octagons ,  an d circles .  Eac h objec t  wa s compose d o f  whit e 
lin e segments .  A  do t  appeiu-e d nex t  t o th e rim  o f  eac h circl e 
or  on e o f  th e vertice s o f  eac h object .  Eac h objec t  appeare d 
on si x o f  th e experiment' s 3 0 trials .  Th e object' s motio n 
was veridica l  o n tw o o f  ejic h object' s  trials ,  overtranslatin g 
on two ,  ;in d overrouitin g o n two . 

Results 

Fourteen low-spatials and seven high-spatials were included 
i n th e analysis .  Subject s mad e rollin g baton s an d triangle s 
essentiall y  veridica l  (bot h mean s =  1.02:1) .  Subjects '  rati o 
selection s straye d increJisingl y fro m th e veridica l  a s th e 
number  o f  vertice s o n :i n objec t  increased ,  F{4,440 )  =  9.00 , 
p <  0.0 1 (se e Figur e 3) .  Th e mea n translation/rotatio n 
ratio s o f  subjects '  selection s o n pentagon ,  octiigon ,  an d 
circl e triad s wer e 1.06:1 ,  1.08:1 ,  an d 1.14:1 ,  respectively . 
Susceptibilit y  t o th e C C I  thu s increase s a s th e numbe r  o f 
vertice s o n a  rollin g objec t  increases . 

No mai n effec t  o f  spatia l  abilit y  wa s observed ,  an d n o 
interactio n occurre d betwee n spatia l  abilit y  an d th e typ e o f 
rollin g object .  Al l  subject s performe d wel l  o n th e bato n an d 
triangl e trials ;  perhap s eac h subjec t  viewe d to o fe w ocLigo n 
;ui d circl e trial s fo r  a n effec t  o f  spatia l  abilit y  t o sho w u p fo r 
thes e objects . 

Discussion 

Experiment 2 yielded two main conclusions. First, 
increJLsin g th e numbe r  o f  instan t  center s b y varyin g th e typ e 
of  objec t  increase s susceptibilit y  t o th e CCI ,  presumabl y 
becaus e processin g resource s ar e shifte d fro m translatio n 

cumulatio n a s mor e instan t  center s iir e computed .  Second , 
when rollin g object s contai n fe w enoug h insuin t  center s tha t 
th e competin g deman d fo r  resource s n o longe r  exceed s th e 
capacit y o f  low-spatials ,  suc h subject s ca n perfor m a s wel l 
as high-spatials . 

Reducin g th e numbe r  o f  competin g instim t  center s als o 
facilitate s th e solutio n o f  a  differen t  physic s problem ,  th e 
yo-y o proble m (Anza i  &  Y o k o y a m a ,  1984) .  I n thi s 
problem ,  a  yo-y o woun d b y a  strin g rest s o n a  horizonta l 
surface .  Subject s ar e aske d t o predic t  th e directio n th e yo-y o 
wil l  rol l  whe n th e strin g i s pulle d t o th e left .  Th e yo-y o 
wil l  rol l  t o th e lef t  becaus e th e directio n o f  rouitiona l 
m o m e n t u m cause d b y th e tensio n i n th e strin g an d th e yo -
yo' s cente r  o f  rotatio n a t  it s  poin t  o f  contac t  wit h th e surfjic e 
-  it s  instan t  cente r  -  i s  t o th e left .  Subjects '  predictiv e 
accurac y wa s abou t  209 ;  whe n circulsi r  yo-yo s wer e used ,  bu t 
approximatel y 6 0 % whe n squar e an d hexagona l  yo-yo s wer e 
used .  Th e increas e i n accurac y wa s attribute d t o th e 
increase d salienc y o f  eac h instan t  cente r  i n th e cas e o f  th e 
polygona l  yo-yos . 
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1.0 5 -

C Bato n 
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Tnangl e Pentago n Octago n 

Stimulus Object 

Circl e 

Figur e 3 :  M e a n final  translation/rouitio n rati o choic e i n 
Exper imen t  2  £i s a  functio n o f  th e typ e o f  rollin g objec t  an d 
subjects '  spatij d ability .  T h e horizonta l  lin e indicate s th e 
correc t  response . 

Experiments 3a and 3b: Rolling Wheels 

w i t h De le te d Po r t i on s o f  A r c 

We claimed that the CCI arises when subjects compute 
instan t  center s beside s th e dot .  Th e additiona l  instan t  center s 
tha t  ar e mos t  likel y compute d ar e thos e immediatel y trailin g 
th e dot .  Th e portio n o f  th e wheel' s contou r  û ailin g th e do t 
i s thu s implicate d i n th e C C I  becaus e i t  contain s th e 
additiona l  insLin t  center s subject s tr y t o compute .  I f  trailin g 
contou r  wer e absent ,  subject s woul d b e les s likel y t o 
comput e trailin g instan t  center s an d woul d b e les s pron e t o 
th e CCI . 

Experiment 3a 

In Experiment 3a, subjects viewed three types of rolling 
wheels :  wheel s i n whic h th e 90 °  o f  ar c trailin g th e do t  wer e 
deleted ,  wheel s i n whic h th e 90' ^  o f  ar c leadin g th e do t  wer e 
deleted ,  an d intac t  wheels .  I f  ou r  accoun t  i s correct ,  th e CC I 
shoul d b e leas t  apparen t  fo r  wheel s wit h delete d trailin g arc . 
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Method .  Th e metho d resemble d Experimen t  1  excep t  a s 
follows :  Twenty-fou r  subject s viewe d a  rando m sequenc e o f 
th e thre e type s o f  wheels .  Eac h o f  th e whee l  type s appciuci l 
on eleve n o f  th e experiment' s 3 3 trials .  Th e rollin g molio n 
was veridica l  o n five  o f  th e trial s fo r  eac h whee l  type , 
overtranslatin g o n three ,  ;ui d overrotatin g o n three . 

Results. Eight high-spatial and seven low-spatial subjects 
wer e include d i n th e analysis .  A  mai n effec t  o f  whee l  typ e 
was found .  F(2 ,  56 )  =  12.80 ,  p  <  .0 1 (se e Figur e 4) . 
Subject s performe d mor e accuratel y whe n trailin g ar c wa s 
delete d (mea n =  1.05:1 )  tha n whe n n o ar c wa s delete d (mea n 
= 1.15:1) ,  F(l,  56 )  =  22.88 ,  p  <  .0 1 o r  whe n leadin g ar c 
was delete d (mea n =  1.13;1) .  F(l .  56 )  =  14.59 ,  p  <  .01 . 
Also ,  subject s performe d n o mor e accuratel y whe n leadin g 
i\i c  wa s delete d tha n o n intac t  wheels .  Finally ,  high-spatial s 
performe d mor e accuratel y overal l  tha n di d low-spatials . 
Ther e wa s n o interactio n betwee n whee l  typ e an d spatia l 
ability . 
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Figur e 4 :  M e a n fina l  translation/rotatio n rati o choic e i n 
Experimen t  3 a a s a  functio n o f  th e stimulu s typ e an d 
subjects '  spatia l  ability .  Th e horizonta l  lin e indicate s th e 
correc t  response . 

Experiment 3b 

In Experiment 3a, we deleted 90° of arc to maximize the 
likelihoo d tha t  w e woul d eliminat e th e extraneou s instan t 
center s tha t  subject s compute .  Th e instjui t  cente r  account , 
however ,  state s tha t  subject s sto p calculatin g instan t  center s 
when th e do t  reache s 7  o r  8  o'clock .  Subject s probabl y d o 
not  continu e calculatin g instan t  center s unti l  th e do t  travel s 
as fa r  a s 9  o'clock .  Give n th e succes s o f  Experimen t  3a ,  w e 
wondere d i f  th e instan t  cente r  accoun t  coul d withstan d a 
more specifi c  tes t  o f  it s  predictions .  I n Experimen t  3b ,  w e 
replicate d Experimen t  3 a usin g wheel s i n whic h w e 
eliminate d 45 *  rathe r  tha n 90 °  o f  arc .  I f  th e instan t  cente r  i s 
correct ,  subject s shoul d b e mor e accurat e whe n th e 45 °  o f  ar c 
û ailin g th e do t  i s eliminate d tha n whe n n o ar c i s delete d o r 
when th e 45 '  o f  ar c leadin g th e do t  i s  deleted . 

Method. The method was identical to that of Experiment 
3a excep t  tha t  4 5 rathe r  tha n 90 °  o f  ar c wa s delete d eithe r 

trailin g o r  leadin g th e dot .  Fourtee n Carnegi e Mello n 
undergraduate s participate d fo r  cours e credit . 

Results. As in Experiment 3a, a main effect of stimulus 
typ e wa s found ,  F(2 ,  26 )  =  9.01 ,  p  <  .01 .  Subject s wer e 
les s pron e t o th e C C I  whe n th e 45 °  o f  ar c trailin g th e do t 
was delete d (mea n =  1.02:1 )  tha n whe n n o ar c wa s delete d 
( m e a n = 1.10:1) ,  F(l ,  26 )  =  17.36 ,  p  <  .0 1 o r  whe n th e 45 ° 
of  ar c leadin g th e do t  wa s delete d (mea n =  1.08:1) ,  F(l ,  26 ) 
= 7.76 ,  p  <  .0 1 (se e Figur e 5) .  Subject s wer e a s susceptibl e 
t o th e C C I  whe n th e 45 °  o f  ar c leadin g th e do t  wa s delete d a s 
when n o ar c wa s deleted ,  F(l ,  26 )  =  1.91, p >  .05 . 
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Figure  5: Mean final translation/rotation ratio choice in 
Experimen t  3 b a s a  functio n o f  th e stimulu s type .  T h e 
horizonta l  lin e indicate s th e correc t  response . 

Discussion 

Experiments 3a and 3b yield two conclusions. First, the 
C CI  arise s whe n subject s diver t  resource s fro m translatio n 
cumulatio n t o instan t  cente r  computatio n immediatel y afte r 
th e do t  contact s an d leave s th e surface .  W h e n w e reduc e th e 
likelihoo d tha t  thes e instan t  center s wil l  b e computed , 
resource s ar e released ,  allowin g subject s t o conUnu e 
cumulatin g translatio n an d reducin g thei r  susceptibilit y  t o 
th e CCI . 

Second ,  th e cognitiv e condition s responsibl e fo r  th e C C I 
ar e short-live d rathe r  tha n long-lasting .  Subject s appea r  t o 
comput e instan t  center s onl y whe n th e do t  i s betwee n 6 
o'cloc k an d abou t  7:3 0 i n it s rotatio n abou t  th e wheel' s 
center .  I f  instan t  center s wer e compute d befor e th e do t 
contacte d th e surface ,  deletin g leadin g contou r  shoul d hav e 
improve d performance ,  a s th e leadin g contou r  contain s th e 
wheel' s instan t  center s befor e th e do t  hit s th e surface .  N o 
improvemen t  wa s found .  I f  instan t  center s wer e compute d 
afte r  th e do t  passe d 7:3 0 i n it s rotatio n abou t  th e wheel' s 
center ,  eliminatin g 45 °  o f  trailin g ar c shoul d no t  hav e 
reduce d susceptibilit y  t o th e C C I  a s substantiall y  a s i t  did . 
That  th e C C I  wa s virtuall y eliminate d whe n w e delete d 45 ° 
of  trailin g ar c suggest s tha t  instan t  cente r  computatio n i s 
complete d b y th e rime  th e do t  reache s 7:30 .  T h e 
reallocatio n o f  resource s fro m translatio n cumulatio n t o 
instan t  cente r  computatio n doe s no t  occu r  fo r  a  larg e portio n 

443 



of  th e tota l  tim e tha t  rollin g motio n i s viewed ,  bu t  rathe r  fo r 
one-eight h o r  les s o f  th e tota l  tim e o n task . 

General Discussion 

Our results have several implications for the basis of the 
CCI.  First ,  th e CCI  arise s durin g th e cognitiv e processin g 
of  genera l  motio n parameters ,  suc h a s rotatio n an d 
triinslation .  Th e CCI  doe s no t  ste m fro m processe s specifi c 
t o menta l  animatio n becaus e animatin g th e whee l  di d no t 
dispe l  th e illusion .  Ou r  results ,  moreover ,  canno t  b e 
explaine d b y a n appea l  t o periphera l  perceptua l  phenomena , 
suc h a s ey e movements ,  becaus e th e CCI  als o occur s whe n 
th e whee l  i s  presente d staticall y (Proffit t  e t  id. ,  1990) .  Tha t 
animatio n doe s no t  dispe l  th e CCI  suggest s mor e broadl y 
tha t  simpl e compute r  animatio n ma y no t  alleviat e 
informatio n processin g error s a s kinemati c system s becom e 
more complex .  Kaiser .  Proffitt .  Whelan ,  an d Hech t  (1992 ) 
sugges t  tha t  animatio n ca n facilitat e th e evaluatio n o f 
comple x system s i f  th e animatio n draw s viewers '  attentio n 
t o a  singl e dimensio n o f  heuristi c utilit y  i n understandin g 
th e system .  W e migh t  propos e additionall y tha t  animatio n 
shoul d direc t  viewers '  attentio n t o motio n dimension s tha t 
iu- e ofte n neglected ,  suc h a s translatio n i n th e cas e o f  a 
rollin g wheel . 

Second ,  th e CCI  ma y b e a  reflectio n o f  transien t  resourc e 
shortage s durin g th e processin g o f  rollin g motio n rathe r  tha n 
a consequenc e o f  a  universa l  processin g bias .  Susceptibilit y 
t o th e CCI  wa s relate d t o score s o n a  psychometri c tes t  o f 
spatia l  ability .  Individua l  difference s i n susceptibilit y  t o th e 
CCI  ma y thu s reflec t  individua l  difference s i n th e abilit y  t o 
meet  th e cognitiv e deman d impose d b y th e nee d t o proces s 
and stor e visuospatia l  informatio n simultaneously .  Thes e 
individua l  difference s impl y tha t  th e CCI  i s  no t  a n inevitabl e 
outcom e o f  th e wa y peopl e proces s rollin g motion .  A 
resourc e approac h t o understandin g kinemati c illusion s i s 
furthe r  supporte d b y th e fac t  tha t  individua l  difference s i n 
cognitiv e resourc e availabilit y  als o predic t  th e abilit y  t o 
integrat e relativ e velocit y an d relativ e distanc e whe n 
determinin g whic h o f  tw o object s wil l  reac h it s destinatio n 
firs t  (La w e t  al. .  1993) . 

Third ,  th e resourc e shortage s leadin g t o th e CCI  d o no t 
persis t  throug h th e entir e cours e o f  rollin g motio n 
processing ,  bu t  aris e onl y whe n a  referenc e poin t  o n a 
rollin g object' s perimete r  contact s an d leave s th e surface . 
The CC I  wa s attenuate d whe n w e reduce d th e tendenc y t o 
deriv e multipl e instan t  center s b y presentin g rollin g 
polygon s wit h fewe r  instan t  centers .  Experiment s 3 a an d 3 b 
showed tha t  instan t  center s ar e no t  compute d befor e th e do t 
contact s th e surface .  When a  poin t  o n a n object' s perimete r 
contact s an d leave s th e surface ,  ther e i s a  discontinuit y  i n th e 
point' s trajectory .  Cognitiv e resourc e shortage s ma y b e 
especiall y likel y a t  discontinuitie s i n a  motion ,  wher e 
subject s canno t  incremen t  thei r  representatio n o f  th e motio n 
simpl y b y extrapolatin g thei r  existin g representatio n o f  it . 
They mus t  instea d proces s a  boundar y betwee n successiv e 
segment s o f  motion .  Discontinuit y processin g operations , 
suc h a s instan t  cente r  computation ,  caus e subject s t o 
deallocat e resource s fro m processin g an d storin g som e 

component  o f  th e motion ,  suc h a s translation ,  leadin g t o 
illusion s lik e th e CCI . 

The processin g limitation s accoun t  suggest s wh y th e CCI 
migh t  arise ,  explain s th e CCI' s loope d form ,  explain s 
individua l  difference s i n susceptibilit y  t o th e CCI ,  an d 
account s fo r  th e effect s o f  th e natur e o f  th e rollin g objec t  o n 
th e magnitud e o f  th e CCI .  Ou r  mos t  genera l  poin t  i s tha t 
th e evaluatio n o f  kinemati c system s depend s o n particula r 
tas k demand s an d th e processin g resource s subject s hav e 
availabl e a s wel l  a s o n th e natur e o f  th e motion s 
themselves . 

References 

Anzai, Y., & Yokoyama, T. (1984). Internal models in 
physic s proble m solving .  Cognitio n an d Instruction ,  I , 
397-450 . 

Bennett ,  G .  K. ,  Seashore ,  H .  G. ,  &  Wesman,  A .  G .  (1972) . 
Differentia l  Aptitud e Tests :  Spac e relations ,  for m T . 
New York :  Psychologica l  Corporation . 

Cutting ,  J .  E. ,  &  Proffitt ,  D .  R .  (1981) .  Gai t  perceptio n 
as a n exampl e o f  ho w w e ma y perceiv e events .  I n R . 
Walk &  H .  R .  Pick ,  Jr .  (Eds.) ,  Intersensor y perceptio n 
and sensor y integratio n (Vol .  2 ,  pp .  249-273) .  Ne w 
York :  Plenum . 

Kaiser ,  M .  K. ,  Proffitt ,  D .  R. ,  Whelan ,  S .  M. ,  &  Hecht ,  H . 
(1992) .  Influenc e o f  animatio n o n dynamica l  judgments . 
Journa l  o f  Experimenta l  Psychology :  Human Perceptio n 
and Performance ,  18,669-690 . 

Law,  D .  J. ,  Pellegrino ,  J .  W. ,  Mitchell ,  S .  R. ,  Fischer ,  S . 
C,  McDonald ,  T .  P. ,  &  Hunt ,  E .  B .  (1993) .  Perceptua l 
and cognitiv e factor s governin g performanc e i n 
comparativ e arrival-tim e judgments .  Journa l  o f 
Experimenta l  Psychology :  Huma n Perceptio n an d 
Performance ,  19 ,  1183-1199 . 

Proffitt ,  D .  R. ,  Kaiser ,  M .  K. .  &  Whelan .  S .  M .  (1990) . 
Understandin g whee l  dynamics .  Cognitiv e Psychology , 
22,  342-373 . 

Salthouse ,  T .  A. ,  Babcock ,  R .  L. ,  Mitchell ,  D .  R .  D. , 
Palmon ,  R. ,  &  Skovronek ,  E .  (1990) .  Source s o f 
individua l  difference s i n spatia l  visualizatio n ability . 
Intelligence ,  14 ,  187-230 . 

Vicario ,  G .  B .  &  Bressan ,  P .  (1990) .  Wheels :  A  ne w 
illusio n i n th e perceptio n o f  rollin g objects .  Perception , 
19,  57-61 . 

Acknowledgements 

We thank Patricia Carpenter, David Gilden, Joseph L^pin, 
and tw o anonymou s reviewer s fo r  thei r  comment s o n earlie r 
version s o f  th e paper .  W e als o than k Broc k Orga n fo r 
programmin g th e experiments .  Thi s wor k wa s supporte d b y 
Contract s N00014-92-J-120 9 fro m O N R an d MH-0066 2 
fro m th e N I M H Researc h Scientis t  Awar d an d b y a n 
NSERC PGS- B scholarshi p t o th e fu-s t  author . 

444 


	cogsci_1994_439-444



