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Abstrac t 

Several computational models have recently been 
propose d t o defin e o r  describ e visua l  representations . 
I s  i t  reasonabl e t o accep t  thes e model s a s plausibl e 
explanation s o f  huma n visua l  processing ? On e wa y t o 
addres s thi s questio n i s t o examin e whethe r  th e 
model s ar e rffected  b y variable s tha t  hav e bee n 
shown t o affec t  huma n visua l  analogica l  reasoning . 
Two suc h variable s ar e stimulu s complexit y an d 
difference s i n orientatio n o f  stimul i  tha t  mus t  b e 
compared .  Unfortunately ,  th e experiment s tha t  hav e 
been use d t o uncove r  thes e effect s typicall y us e 
stimul i  tha t  ar e to o comple x t o b e easil y define d 
withi n th e structur e o f  computationa l  models .  I n th e 
presen t  papa -  thi s proble m i s resolve d b y producin g 
th e standar d se t  o f  result s fo r  complexit y an d 
orientatio n wit h a  se t  o f  easil y define d stimuli .  W e 
therefor e se e thi s wor k a s a  preliminar y ste p i n th e 
compariso n o f  huma n an d computationa l  model s o f 
visua l  processing .  W e repor t  result s o f  a  huma n 
experimen t  investigatin g menta l  rotatio n an d 
complexit y effect s a s wel l  a s a n attemp t  t o mimi c 
thes e dat a wit h a n implementatio n o f  on e 
computationa l  model . 

Introduction 

How are visual images represented in the brain? Are 
simila r  representation s foun d i n A I  model s o f  visua l 
analogica l  reasoning ? Thes e question s ma y bot h 
hav e answer s i n wor k whic h compare s th e 
performanc e o f  human s t o tha t  o f  computationa l 
model s o n standar d task s o f  visua l  analogica l 
reasoning .  Suc h a  compariso n depend s o n a  se t  o f 
stimul i  whic h ca n easil y b e translate d fo r  us e i n 
computationa l  models .  Experiment s usin g suc h 
stimul i  hav e ye t  t o b e reporte d fo r  huma n subjects . 

Thi s pape r  addresse s thi s concer n b y testin g a n 
easil y translate d stimul i  se t  fo r  a  proble m involvin g 
visua l  analogica l  mappin g (i.e .  findin g 
correspondence s betwee n tw o pictoria l 
representation s i n a  menta l  rotatio n context) . 

H u m an Visua l  Processin g 

Orientatio n Effect s 

The time required for subjects to judge whether two 
visuall y presente d stimul i  ar e th e sam e o r  differen t  i s 
typicall y a  linea r  functio n o f  th e angula r  disparit y 
betwee n th e tw o display s (e.g.Cooper ,  1975 ;  Shepar d 
& Metzler ,  1971 ;  Taple y &  Bryden .  1977) .  Thi s 
finding  ha s bee n take n t o indicat e tha t  th e tas k 
involve s a  "menta l  rotation "  o f  th e stimul i  suc h tha t 
th e representatio n passe s throug h th e intermediat e 
representatio n tha t  woul d correspon d t o th e trajector y 
of  th e ite m i f  i t  wer e actuall y move d i n spac e an d 
lead s t o th e genera l  clai m tha t  th e representatio n ha s 
qualitie s tha t  ar e simila r  t o th e physica l  object s the y 
represent . 

Complexity Effects 

A second manipulation that affects human visual 
analogica l  reasonin g i s complexit y o f  th e stimulus . 
Increase s i n complexit y ar e typicall y associate d wit h 
an increas e i n respons e time s o n matchin g tasks . 
Complexit y als o interact s wit h orientatio n suc h tha t 
as complexit y increase s th e respons e tim e i s mor e 
affecte d b y offset s o f  orientatio n (Metzle r  an d 
Shepard ,  1974 ;  Bauer ,  1988 ;  Baue r  &  Jolicoeur , 
1993 ;  Bethell-Fo x an d Shepard ,  1988 ;  Jolicoeur , 
Regehr  &  Smith ,  1985) .  Ou r  interes t  center s o n 
whethe r  thes e effect s ca n b e produce d b y 
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computationa l  models .  I n orde r  t o investigat e tiii s 
questio n w e requir e a  stimulu s se t  tha t  ca n b e use d t o 
produc e typica l  huma n orientatio n an d complexit y 
dat a an d tha t  ca n b e easil y translate d fo r  us e i n a n 
implementatio n o f  th e computationa l  models . 

Psychologica l  E x p e r i m e n t 

Our goal was to produce a very simple set of stimuli 
tha t  ca n b e use d a s a  standar d agains t  whic h a  numbe r 
of  model s o f  visua l  representatio n m a y b e tested .  A 
variatio n o f  th e Bethell-Fo x an d Sheppar d (1988 ) 
manipulatio n i n whic h th e numbe r  o f  fille d square s i n 
a gri d determine d th e complexit y o f  th e ite m i s idea l 
excep t  tha t  thi s manipulatio n result s i n a  ver y smal l 
set  o f  possibl e complexitie s give n tha t  on e fille d 
squar e ca n no t  b e differentiate d fro m another .  Fo r 
tha t  reaso n w e chos e t o us e colore d area s rathe r  tha n 
restric t  ourselve s t o blac k an d white .  I n addition ,  w e 
use d circle s wit h pi e shape d section s rathe r  tha n 
squar e array s s o tha t  th e entir e objec t  ca n b e see n a s 
rotate d rathe r  tha n th e individua l  pieces ,  an d s o tha t 
externa l  information ,  suc h a s straigh t  edg e versu s 
cc»ner s ca n b e eliminated . 

Metho d 

Subjects. Eight students from the University of 
Waterlo o serve d a s subjects .  Fiv e o f  thes e subject s 
wer e undergraduate s w h o receive d cours e credi t  fo r 
thei r  participatio n whil e th e remainin g thre e wer e 
graduat e student s w h o participate d ou t  o f  interest . 
Al l  subject s ha d norma l  o r  correcte d t o norma l  vision . 

Procedure .  Th e experimen t  consiste d o f  eigh t 
block s o f  3 2 trial s each .  Eac h tria l  proceede d a s 
follows ;  1 )  a  whit e fixatio n cros s wa s presente d a t  th e 
cente r  o f  th e blac k scree n unti l  th e subjec t  initiate d 
th e tria l  b y pressin g th e spacebar ,  2 )  a  blan k fiel d wa s 
presente d fo r  20 0 m s ,  an d 3 )  tw o pie-stimul i  wer e 
presente d t o th e lef t  an d righ t  o f  fixatio n an d 
remaine d o n th e scree n unti l  th e subjec t  responded . 
The pie-stimul i  wer e circle s wit h colore d sector s (se e 
th e Stimul i  an d Apparatu s sectio n fo r  a n exac t 
descriptio n o f  th e stimuli) .  Subject s wer e require d t o 
decid e a s quickl y an d accuratel y a s possibl e whethe r 
th e pie-stimul i  wer e th e sam e o r  differen t  i n al l 
respect s othe r  tha n orientation . 

T wo aspect s o f  th e pie-stimul i  wer e manipulate d 
acros s trials ;  orientatio n an d complexity .  Orientatio n 
was varie d accordin g t o th e numbe r  o f  sector s b y 
whic h th e colorin g o f  th e lef t  an d right  pie-stimul i 
wer e offse t  Fo r  example ,  whe n th e angula r  disparit y 
was 0 ,  th e right  pie-stimulu s wa s a n exac t  cop y o f  th e 
lef t  pie-stimulus .  W h e n th e angula r  disparit y wa s 2 , 
th e righ t  pie-stimulu s wa s th e sam e a s th e lef t  pie -
stimulu s rotate d 9 0 degree s (i.e. ,  2  sectors )  i n a 

clockwis e direction .  Disparitie s o f  4  an d 6  resulte d i n 
rotation s o f  18 0 degree s an d 2 7 0 degree s 
respectively . 

Complexit y wa s manipulate d b y varyin g th e 
number  o f  colore d sectors ;  thre e colore d sector s (lo w 
complexity )  versu s fou r  colore d sector s (hig h 
complexity) .  Th e lo w complexit y stimul i  ha d blue , 
gree n an d re d sectors .  Th e hig h complexit y ha d th e 
thre e color s o f  th e lo w complexit y displa y an d a 
viole t  sector .  Fo r  bot h hig h an d lo w complexit y trial s 
th e re d an d gree n sector s wer e alway s adjacen t  t o 
eac h othe r  an d neve r  adjacen t  t o th e blu e sector .  Th e 
blu e secto r  wa s alway s presente d i n th e uppermos t 
lef t  secto r  o f  th e lef t  pie-stimulu s (se e Figur e 1  fo r  a n 
exampl e o f  th e stimuli) . 

I n additio n t o th e tw o critica l  manipulations ,  ther e 
was als o a  sam e /  differen t  manipulatio n tha t 
occurre d acros s trials .  O n sam e trials ,  th e right  pie -
stimulu s wa s identica l  t o th e lef t  pie-stimulu s i n al l 
dimension s excep t  orientation .  O n differen t  trial s th e 
re d an d gree n sector s o f  th e right  pie-stimulu s wer e 
reversal s o f  thos e i n th e lef t  pie-stimulus . 

Stimul i  an d Apparatus .  Th e pie-stimul i  use d i n 
th e curren t  experimen t  wer e circle s o f  8  c m diamete r 
whic h wer e cUvide d int o eigh t  sectors .  Th e sector s 
wer e create d b y drawin g fou r  line s tha t  connecte d 
tw o point s o f  th e circumferenc e an d crosse d th e 
midpoin t  o f  th e circle .  Th e line s wer e draw n a t 
angle s o f  0,45,9 0 an d 13 5 degree s (se e Figur e 1) . 

On a n experimenta l  trial ,  tw o suc h stimul i  wer e 
presente d o n th e sam e horizonta l  plan e wit h 4. 5 c m 
separatin g th e tw o stimuli .  Th e scree n backgroun d 
was alway s black .  Th e colore d sector s wer e colore d 
i n accordanc e wit h th e complexit y an d orientatio n 
manipulation s o f  th e specifi c  trial .  T h e uncolore d 
sector s wer e alway s ligh t  grey .  Subject s sa t 
approximatel y 5 0 c m fro m th e displa y durin g th e 
experimen t 

Al l  stimul i  wer e displaye d o n a  Zenit h flat-scree n 
true-blac k monito r  (Mode l  Z C M - 1 4 9 0 )  drive n b y a 
Zenit h I B M compatibl e processo r  (Mode l  ZDF-2236 -
B K ) .  Th e necessar y softwar e wa s programme d usin g 
th e Micro-Experimenta l  Laborator y softwar e 
package .  Th e numeri c keypa d o f  a n I B M extende d 
keyboar d wa s use d b y th e subject s t o indicat e thei r 
response s ( T fo r  same ,  '2 '  fo r  different) . 

B =  Blu e 

R= Red 

G = Green 

Figur e 1 .  A n exampl e o f  a  sam e tria l  consistin g o f 
a lo w complexit y stimulu s rotate d 9 0 degrees . 
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Result s 

The mean judgment latencies for the correct 

response s o n th e s a m e trial s ar e depicte d i n Figur e 2 . 
Consisten t  wit h pas t  studie s o f  menta l  rotation , 
stimul i  rotate d 2 7 0 degree s (i.e. ,  9 0 degree s i n a 
counter-clockwis e direction )  w e r e associate d wit h 
latencie s simila r  t o thos e o f  stimu U rotate d 9 0 degree s 
i n a  clockwis e direction ,  r(7 )  =  0.3 ,  p  >  0.77 .  Suc h a 
patter n implie s tha t  th e stimul i  we r e no t  rotate d i n a 
singl e directio n acros s trials ,  bu t  instead ,  wer e rotate d 
i n th e m o s t  efficien t  directio n fo r  th e curren t  trial . 
Sinc e thi s w a s th e cas e w e followe d conventio n an d 
collapse d acros s th e t w o condition s prio r  t o th e 
analysi s o f  variance . 

T h e dat a w e r e statisticall y analyze d usin g a  3 
(rotation )  b y 2  (complex i ty )  repeated-measure s 
analysi s o f  variance .  Th i s analysi s reveale d a 
significan t  m a i n effec t  o f  bot h rotation ,  F(2,14 )  = 
18.98 ,  p  <  .001 ,  an d complexity ,  F(l,4 )  =  30.09 ,  p  < 
.001 .  T h e interactio n betwee n thes e factors ,  w a s als o 
significant ,  F(2,14 )  =  9.53 ,  p  <  .002 .  T h u s ,  th e 
statistica l  analyse s CMifir m th e implication s o f  Figur e 
2 .  Decisio n time s ar e a  functio n o f  bot h th e angula r 
disparit y an d complexit y suc h tha t  complexit y effect s 
increas e wit h increase d angula r  disparity . 

Discussio n 

The purpose of this study was to develop a stimulus 
set  tha t  lend s itsel f  t o testin g visua l  representationa l 
s c h e m e s i n A I  p rograms .  T h e critica l  fmd in g w a s 
tha t  thi s stimulu s se t  w a s abl e t o produc e th e patter n 
o f  dat a typicall y obtaine d i n menta l  rotatio n studie s 
usin g m u c h m o r e comp le x stimuli . 
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F igu r e 2 .  M e a n reactio n t ime s a s a  functio n o f 
orientatio n a n d complexity . 

C o m p u t a t i o n a l  E x a m p l e 

The data presented in Experiment 1 can be used both 
t o asses s curren t  computationa l  model s o f  visua l 
representatio n an d t o provid e informatio n regardin g 
relevan t  characteristic s i n huma n performance .  Ou r 
immediat e interes t  concern s th e degre e t o whic h th e 
stimulu s se t  lend s itsel f  t o a  tes t  o f  a  computationa l 
model .  T o thi s en d w e requir e computationa l  model s 
of  visua l  representatio n whic h ar e capabl e o f 
comparin g tw o visua l  displays .  Thagard ,  Gochfel d 
and Hard y (1992 )  provid e u s wit h suc h a  model . 

VAMP 

Thagard, Gochfeld, and Hardy (1992) describe two 
Visua l  Analogica l  Mappin g Program s (VAMP. l  an d 
V A M P . 2 ) .  V A M P . l  follow s th e arra y 
representationa l  schem e describe d b y Glasgo w an d 
Papadia s (1992) .  V A M P . 2 replace s th e array s wit h a 
networ k o f  interactin g agent s simila r  t o thos e 
describe d b y Minsk y (1986) .  Thagar d e t  al .  prefe r 
th e representationa l  schem e o f  V A M P .  2  becaus e 
"array s ar e to o box y t o captur e mor e comple x spatia l 
arrangement s tha n left ,  right ,  above ,  below" . 
Furthermore ,  thi s mode l  lend s itsel f  t o a n 
examinatio n o f  it s performanc e i n a  menta l  rotatio n 
experimen t  i n tha t  it s  desig n include s a  proces s b y 
whic h on e representatio n ca n b e mappe d t o a  second . 

V A M P .2 

Visual information is represented in VAMP.2 as a 
networ k o f  interconnecte d agents .  Thes e agent s hav e 
knowledg e abou t  thei r  immediat e neighbor s an d ca n 
communicat e thi s informatio n t o othe r  agents .  Fo r 
example ,  whe n V A M P . 2 compare s tw o visua l  scene s 
i t  set s u p tw o su b networks ,  on e fo r  eac h scene .  Th e 
agent s withi n eac h su b networ k represen t  som e 
featur e o f  th e scen e an d spatia l  informatio n i s 
capture d i n term s o f  th e relativ e position s o f  th e 
agent s t o eac h other .  Th e progra m the n use s a 
parallel ,  constraint-satisfactio n algorith m t o pai r  u p 
analogou s agent s acros s th e tw o su b network s (cf . 
Holyoa k an d Thagard .  1989) .  Th e outpu t  o f  th e 
progra m i s a  mappin g o f  feature s i n on e scen e t o 
feature s i n th e othe r  scen e (fo r  a  mor e detaile d 
descriptio n o f  V A M P . 2 se e Thagar d et .  al ,  1992 ) 

Thagar d e t  al .  (1992 )  provid e severa l  example s o f 
VAMP.2' s succes s i n solvin g visua l  analogica l 
reasoning .  The y hav e not ,  however ,  provide d 
evidenc e tha t  th e task s ar e solve d i n a  wa y tha t  coul d 
be considere d simila r  t o huma n visua l  analogica l 
reasoning .  A  tes t  o f  thi s woul d b e t o examin e 
whethe r  V A M P . 2 produce s dat a tha t  mimic s th e 
human dat a fro m Experimen t  1 . 

274 



C o m p u t a t i o n a l  E x p e r i m e n t G e n e r a l  Discussio n 

The implemente d versio n o f  V A M P . 2 operate s o n 
LIS P cod e description s o f  visua l  scenes .  LIS P code 
was writte n t o captur e bot h th e orientatio n an d th e 
complexit y manipulation s o f  Experimen t  1 .  I n thi s 
code  th e sector s o f  th e stimul i  wer e describe d wit h 
referenc e t o thei r  neighbor s an d t o a n externa l  poin t ( 
e.g .  th e to p o f  a  scene) .  Se e Appendi x A  fo r  a n 
exampl e o f  th e LIS P cod e use d t o defin e th e stimul i 
presente d i n Figur e 1 .  Th e V A M P . 2 progra m wa s 
ru n o n a  Macintos h Quadr a 950 . 

The paralle l  constrain t  satisfactio n networ k take s a 
certai n numbe r  o f  cycle s t o solv e an y give n visua l 
analogica l  problem .  Th e purpos e o f  th e curren t 
experimen t  wa s t o asses s wha t  effec t  manipulation s 
of  orientatio n an d manipulation s o f  complexit y ha d 
on th e numbe r  o f  cycle s nee d b y th e mode l  t o solv e 
th e problem . 

Result s 

The results at each orientation and each 
complexit y ca n b e see n i n Figur e 3 .  Th e result s 
indicat e tha t  V A M P . 2 produce s neithe r  a  classi c 
rotatio n effec t  no r  th e expecte d complexit y effect . 
Althoug h th e mode l  i s sensitiv e t o difference s i n 
orientation ,  i t  ha s th e greates t  difficult y wit h stimul i 
offse t  9 0 degrees .  Wit h respec t  t o complexity ,  th e 
model  show s a  reverse d complexit y effec t  solvin g th e 
hig h complexit y stimul i  faste r  tha n th e lo w 
complexit y stimuli .  Furthermore ,  althoug h ther e i s a n 
interactio n betwee n complexit y an d orientation ,  th e 
interactio n doe s no t  mimi c th e interactio n observe d i n 
Experimen t  1 . 
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Figur e 3 .  M e a n cycle s t o settl e a s a  functio n o f 
orientatio n an d complexity . 

The rotatio n functio n i n th e huma n dat a i s simila r 
t o pas t  studie s i n tha t  increase d offset s o f  orientatio n 
resul t  i n increase d reactio n times .  Thi s functio n ha s 
typicall y bee n take n a s evidenc e fo r  som e for m o f 
rotatio n transformatio n process .  V A M P . 2 doe s no t 
produc e th e typica l  orientatio n function .  I t  follow s 
the n tha t  th e failur e t o find  th e orientatio n functio n i n 
V A M P .2 m a y b e a  consequenc e o f  V A M P . 2 no t 
includin g a  separat e rotatio n process . 

I n additio n t o VAMP.2 ' s failur e t o produc e 
human-lik e orientatio n effects ,  i t  als o fail s  t o produc e 
a human-lik e complexit y effect .  Unlik e huma n dat a 
V A M P .2 produce s dat a whic h indicate s a n advantag e 
fo r  th e mor e comple x items .  Th e failur e t o reproduc e 
human-lik e complexit y effect s i s mos t  likel y a  du e t o 
th e us e o f  th e paralle l  constrain t  satisfactio n 
algorithm .  Thi s algorith m trie s t o find  solution s b y 
usin g constraint s apparen t  i n th e definitio n o f  th e 
visua l  scenes .  Th e complexit y manipulatio n result s 
i n a n increase d numbe r  o f  constraints .  Thus ,  i t 
shoul d no t  b e surprisin g tha t  hig h complexit y stimu U 
ar e associate d wit h bette r  performance . 

Speculat io n o n F u t u r e M o d e l s 

Our long term goal in this project is to examine a 
variet y o f  visua l  representationa l  models .  W e expec t 
th e result s o f  suc h a n investigatio n t o provid e 
valuabl e informatio n abou t  th e representationa l 
scheme s require d t o produc e a n efficien t 
computationa l  mode l  wit h human-lik e characteristics . 

Give n th e dat a observe d i n Experimen t  1 ,  i t  i s 
possibl e t o m a k e som e speculation s abou t  th e 
characteristic s tha t  a  computationa l  mode l  shoul d 
posses s i n orde r  t o produc e huma n lik e patterns . 
First ,  th e orientatio n functio n see n i n th e huma n dat a 
suggest s tha t  human s ar e 'mentall y rotating '  on e o f 
th e pi e stimul i  prio r  t o makin g a  same/differen t 
response .  Thi s implie s tha t  computationa l  model s o f 
visua l  processin g shoul d contai n operator s tha t  ar e 
abl e t o transfor m th e visua l  representatio n o f  a  give n 
proble m a t  variou s point s i n processing .  Second ,  th e 
complexit y effec t  see n i n th e h u m a n dat a m a y 
sugges t  tha t  human s simplif y a  visua l  proble m dow n 
t o th e relevan t  feature s prio r  t o performin g an y mor e 
detaile d processing .  Thi s ide a coul d b e use d t o 
explai n di e interactio n o f  complexit y an d orientatio n 
effect s a s wel l  becaus e i t  seem s reasonabl e t o assum e 
tha t  di e mor e feature s tha t  a  proble m has ,  th e mor e 
difficul t  i t  woul d b e t o perfor m a  transformatio n o n 
th e problem . 

We ar e currentl y attemptin g t o produc e a 
computationa l  mode l  whic h ha s th e characteristic s 
discusse d above .  Th e mode l  wil l  b e base d o n th e 
graph-theoreti c representatio n schem e propose d b y 
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Ching ,  Won g an d Thagar d (1993) .  W e believ e tha t 
thi s schem e look s extremel y promisin g fo r 
computationa l  model s o f  visua l  representation . 
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Appendi x A 

(make-copies-thing  '1-slices' (1-slicel l-slice2 
l-slice 3 l-slice 4 l-slice 5 l-slice 6 l-slice 7 l-slice8 ) 

(put-things-adjacent' ( 
(righ t  1-slice l  l-slice2 ) 
(righ t  l-sUoe 2 l-slice3 ) 
(righ t  l-slice 3 l-slice4 ) 
(righ t  l-sUce 4 l-slice5 ) 
(righ t  l-slice 5 l-slice6 ) 
(righ t  l-slice 6 l-slice7 ) 
(righ t  I-slice 7 l-slice8 ) 
(righ t  l-sUce81-sUcel)) ) 

(part-oftopl-slice2 ) 
(set-shap e "blu e 1-slicel ) 
(set-shap e 'gre y l-slice2 ) 
(set-shap e 'gre y l-slice3 ) 
(set-shap e 're d l-slice4 ) 
(set-shap e gree n l-slice5 ) 
(set-shap e 'gre y l-slice6 ) 
(set-shap e 'gre y l-sUce7 ) 
(set-sh ^  'gre y l-slice8 ) 

(set q left-stimulu s (make-scen e 'left-stimulu s 
1-slicel) ) 

(make-copies-thin g 'r-slices '  (r-sUce l  r-slice 2 
r-slice 3 r-slice 4 r-slice 5 r-slice 6 r-sUce 7 r-sUce8 ) 
(put-things-adjacent' ( 

(righ t  r-slice l  r-slice2 ) 
(righ t  r-slice 2 r-slice3 ) 
(righ t  r-slice 3 r-slice4 ) 
(righ t  r-slice 4 r-slice5 ) 
(righ t  r-slice 5 r-slice6 ) 
(righ t  r-slice 6 r-slice7 ) 
(righ t  r-slice 7 r-slice8 ) 
(righ t  r-sUce 8 r-slicel)) ) 

(part-o f  to p r-slice2 ) 
(set-shap e 'gre y r-slicel ) 
(set-shap e 'gre y r-slice2 ) 
(set-shap e "blu e r-slice3 ) 
(set-shap e 'gre y r-slice4 ) 
(set-shap e 'gre y r-sUce5 ) 
(set-shap e 're d r-slice6 ) 
(set-shap e 'gree n r-slice7 ) 
(set-shap e 'gre y r-slice8 ) 

(set q right-stimulus  (make-scen e 'right-stimulu s 
r-slicel)) ) 

(defu n map-left-to-righ t  0 
(omke-left-stimulus ) 
(make-right-stimulus ) 
(run-vis-mappin g left-stimulu s right-stimulus)) 
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