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Abstrac t 

I n drawin g a  figure,  hemispatia l  neglec t  patient s typicall y  pro -
duc e a n adequat e representatio n o f  part s o n th e right  o f  th e 
figure  whil e omittin g significan t  feature s o n th e left .  Thi s con -
tralatera l  neglec t  i s  influence d b y multipl e spatia l  referenc e 
frame s an d b y th e hierarchica l  structur e o f  th e object(s )  i n th e 
figure.  Th e curren t  wor k present s a  computationa l  character -
izatio n o f  th e interactio n amon g thes e influence s t o accoun t 
fo r  th e wa y i n whic h neglec t  manifest s i n drawing .  Neglec t 
i s  simulate d b y a  "lesion "  (monotoni c drop-of f  fro m right  t o 
left )  tha t  ca n affec t  performanc e i n bot h object-centere d an d 
viewer-centere d referenc e frames .  Th e join t  effect s o f  neglec t 
i n bot h thes e frame s provid e a  coheren t  accoun t  o f  th e drawin g 
performanc e o f  a  patient ,  JM ,  an d ma y b e extende d t o accoun t 
fo r  th e copyin g performanc e o f  othe r  patient s acros s a  rang e o f 
object s an d scenes . 

Introduction 

Hemispatia l  o r  unilatera l  neglec t  i s a  visuospatia l  deficit ,  typ -
icall y cause d b y brai n damag e t o th e righ t  parieta l  lobe ,  i n 
whic h patient s fai l  t o perceiv e o r  ac t  o n informatio n tha t  ap -
pear s o n th e sid e o f  spac e opposit e th e lesio n Whil e patient s 
wit h (left-sided )  neglec t  hav e norma l  intellectua l  abilitie s an d 
intac t  primar y moto r  an d sensor y function ,  the y d o no t  no -
tic e object s o n th e left ,  m a y leav e foo d untouche d o n th e lef t 
sid e o f  th e plate ,  an d m a y no t  shav e o r  bath e th e lef t  sid e 
of  th e body .  Neglec t  i s  generall y interprete d a s a  failur e t o 
distribut e attentio n evenl y alon g th e horizonta l  meridia n suc h 
tha t  les s attentio n i s deploye d t o th e lef t  tha n t o th e righ t  (Co -
hen ,  R o m e r o ,  Servan-Schreiber ,  &  Farah ,  1994 ;  K insboume , 
1993 ;  Moze r  &  Behrmann ,  1990 ;  Posner ,  1988) . 

A centra l  questio n i n understandin g neglec t  i s  wha t  con -
stitute s "left"—tha t  is .  Wit h respec t  t o wha t  fram e o f  refer -
enc e i s th e lef t  sid e defined ? Possibilitie s includ e viewer -
centere d frame s (e.g. ,  aligne d wit h th e retina ,  head ,  o r  trunk) , 
environment-centere d frame s (e.g. ,  aligne d wit h th e room ,  ta -
ble ,  o r  page) ,  an d object-centere d frame s (i.e. ,  aligne d wit h de -
picte d objects) .  Unde r  mos t  viewin g conditions ,  thes e frame s 
ar e al l  aligned ,  s o ther e i s n o w a y t o evaluat e whic h fram e 
determine s th e natur e o f  neglec t  behavior . 

I n fact ,  recen t  evidenc e suggest s tha t  neglec t  behavio r  i s 
sensitiv e t o spatia l  informatio n define d simultaneousl y wit h 
respec t  t o multipl e referenc e frames .  W h e n viewer-centere d 
an d object-centere d frame s ar e deconfounde d b y rotatin g th e 
stimulu s o r  th e viewer ,  patient s continu e t o exhibi t  viewer -
centere d neglec t  bu t  als o fai l  t o repor t  informatio n o n th e 
lef t  o f  th e objec t  eve n thoug h thi s informatio n i s locate d t o 
th e right  o f  midlin e o f  th e viewe r  and/o r  th e environmen t 

(Behnnan n &  Moscovitch ,  1994 ;  Drive r  &  Halligan ,  1991 ; 
Young ,  Hellawell ,  &  Welch ,  1991) .  A  compellin g exampl e o f 
thi s object-centere d neglec t  i s  th e cas e o f  N G ,  a  patien t  wit h 
right-sided  neglect ,  w h o faile d t o rea d th e rightmost  letter s 
of  a  wor d eve n whe n th e wor d wa s presente d verticall y o r  i n 
mirror-revers e forma t  (Caramazz a &  Hillis ,  1990) .  Object -
centere d neglec t  ca n als o b e demonstrate d unde r  fixed  viewin g 
conditions .  W h e n viewin g a n equilatera l  triangl e wit h a  ga p 
on on e side ,  patient s wit h left-side d neglec t  fai l  t o detec t 
th e ga p mor e ofte n whe n the y ar e biase d t o se e th e uiangl e 
as pointin g i n a  directio n tha t  place s th e ga p o n th e lef t  o f 
th e perceive d majo r  axi s (Driver ,  Ba y lis ,  Goodrich ,  &  Rafal , 
1994) .  Thes e dat a suppor t  th e vie w tha t  th e spatia l  position s o f 
part s o f  a n objec t  ar e code d wit h respec t  t o a  referenc e fram e 
aligne d wit h th e principl e axi s o f  th e objec t  itsel f  (Marr ,  1982 ; 
Mar r  &  Nishihara ,  1978) ,  an d tha t  visua l  attentio n i s allocated , 
at  leas t  i n part ,  relativ e t o thi s frame . 

Object-centere d effect s i n neglec t  m a y manifes t  i n mor e 
complicate d way s i n a  copyin g task ,  i n whic h a  targe t  stimulus , 
ofte n a  dais y o r  a  clock ,  i s presente d uprigh t  i n th e cente r  o f  a 
blan k piec e o f  paper .  Patient s wit h neglec t  ofte n produc e a n 
adequat e representatio n o f  th e right  sid e o f  th e figure  whil e 
leavin g ou t  significan t  feature s o n th e left .  Fo r  example ,  th e 
lef t  drawin g i n Figur e 1  show s th e performanc e o f  a  neglec t 
patient ,  J M ,  i n copyin g a n uprigh t  daisy ,  i n whic h th e leftmos t 
petal s wer e omitted .  Again ,  though ,  th e standar d copyin g tas k 
confound s th e influence s o f  referenc e frame s centere d o n th e 
viewer ,  th e environment ,  an d th e object .  I f  part s ar e locate d 
wit h respec t  t o a n object-centere d frame ,  then ,  whe n copyin g 
a dais y rotate d fro m th e upright ,  patient s shoul d continu e t o 
neglec t  t o dra w part s o n th e lef t  define d intrinsicall y wit h 
respec t  t o th e objec t  itself .  A s i s eviden t  i n Figur e 1 ,  patien t 
J M stil l  omit s feature s o n th e object-centere d lef t  o f  th e dais y 
when copyin g misoriente d version s o f  th e targe t  daisy . 

Interestingly ,  object-centere d neglec t  i n copyin g m a y occu r 
not  onl y fo r  a  singl e objec t  bu t  als o whe n th e figure  t o b e 
copie d contain s multipl e items .  I n thi s case ,  patient s m a y 
omi t  feature s o n th e lef t  o f  a n objec t  whil e stil l  includin g 
feature s o n th e right  o f  anothe r  objec t  tha t  i s furthe r  t o th e lef t 
on th e pag e (Gainotti ,  Messerii ,  &  Tissot ,  1972 ;  Marshal l  & 
Halligan ,  1993) .  Moreover ,  th e object-centere d defici t  ma y 
appea r  eve n withi n subpart s o f  asingle ,  comple x object .  W h e n 
patien t  P P (Drive r  &  Halligan ,  1991 )  wa s require d t o cop y a 
singl e wheel ,  presente d o n th e lef t  o r  right  o f  a  page ,  sh e 
omitte d spoke s o n th e lef t  o f  th e wheel .  W h e n tw o wheel s 
wer e presented ,  on e o n th e lef t  an d on e o n th e right,  sh e 
omitte d spoke s onl y o n th e lef t  o f  th e lef t  wheel .  W h e n th e 
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u 
Figur e 1 :  Neglec t  patien t  JM' s copyin g o f  a  dais y presente d i n differen t  orientation s 

tw o wheel s appeare d a s part s o f  a  large r  objec t  ( a bicycle) ,  P P 
omitte d th e lef t  whee l  entirely ,  retainin g onl y th e righ t  one . 

Thes e findings  mak e sens e i f  th e representatio n o f  a n objec t 
has a  hierarchica l  structur e i n whic h it s part s ar e i n themselve s 
object s a t  a  smalle r  spatia l  scale ,  an d whic h decompos e furthe r 
int o thei r  ow n part s a t  a n eve n smalle r  scal e (Mar r  &  Nishi -
hara ,  1978 ;  Palmer ,  1977) .  Durin g th e copyin g o f  a  comple x 
figure,  a  referenc e fram e aligne d wit h a  par t  o f  th e objec t 
serve s a s th e contex t  fram e fo r  locatin g an d drawin g it s sub -
parts .  Thus ,  th e object-centere d fram e i s no t  fixed  throughou t 
th e task ;  rather ,  object s ar e recursivel y decompose d an d dy -
namicall y assigne d t o role s a s object s an d part s dependin g o n 
th e curren t  relevan t  leve l  o f  th e hierarch y (se e Hinton ,  1990) . 
Accountin g fo r  th e copyin g performanc e o f  neglec t  patient s 
(an d o f  norma l  subjects )  i s complicate d because ,  a t  on e poin t 
i n time ,  th e contex t  fram e ma y represen t  th e spatia l  coordi -
nate s fo r  copyin g a  particula r  part ,  wherea s a t  a  secon d poin t 
i n time ,  thi s sam e par t  ma y itsel f  defin e th e contex t  fram e fo r 
th e copyin g o f  it s ow n subparts . 

The goa l  o f  thi s pape r  i s t o examin e ho w hierarchica l  objec t 
representation s migh t  interac t  wit h spatia l  referenc e frames  t o 
explai n th e performanc e o f  patient s w h o sho w neglec t  bot h 
wit h respec t  t o multipl e frame s o f  referenc e an d a t  multipl e 
level s o f  th e objec t  hierarchy .  First ,  w e examin e whether , 
as suggeste d above ,  th e performanc e o f  norma l  subject s i n 
copyin g misoriente d version s o f  a  dais y i s mediate d b y a  hi -
erarchica l  representatio n o f  th e daisy .  W e the n implemen t 
thi s proces s a s a  conventiona l  tree-traversa l  algorith m ove r 
a hierarchica l  dat a structur e representin g th e daisy .  Durin g 
th e traversal ,  th e positio n o f  eac h componen t  i s maintaine d 
relativ e t o bot h th e loca l  object-centere d frame  an d th e globa l 
viewer-centere d frame .  B y imposin g a  spatiall y  define d le -
sion ,  analogou s t o th e defici t  hypothesize d t o underli e th e 
attentiona l  impairmen t  i n patient s wit h right-parieta l  damage , 
we demonstrat e ho w neglec t  ca n aris e wit h respec t  t o bot h 
th e viewer -  an d object-centere d referenc e frame s eve n whe n 
object s ar e misaligne d fro m thei r  canonica l  orientation . 

Hierarchical Representations in Drawing 

I t  i s  commonl y assume d tha t  hierarchica l  objec t  representa -
tion s ar e use d t o structur e drawin g (Taylo r  &  Tversky ,  1992 ) 
and tha t  thi s representatio n i s th e sam e on e tha t  mediate s per -
ceptio n (Kosslyn ,  1987 ;  Va n Sommers ,  1989) .  I n th e cas e 
of  th e daisy ,  w e assum e tha t  th e hierarchica l  representatio n 
i s compose d o f  thre e majo r  part s (parents) ,  eac h o f  whic h 
can b e broke n dow n int o thei r  subpart s (children )  (se e Fig -
ur e 2) .  Thes e childre n ar e decompose d further—fo r  example . 
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Figur e 2 :  A  dais y an d it s hierarchica l  representation . 

th e centra l  ste m decompose s int o th e obliqu e stem s whic h 
brea k dow n furthe r  t o encompas s th e leaves .  Th e representa -
tio n use d i n thi s stud y ha s fou r  levels ,  a s illustrate d i n Figur e 2 . 

To verif y tha t  thi s hierarchica l  objec t  representatio n ad -
equatel y capture s drawin g performance ,  w e ha d 2 0 norma l 
subject s generat e 3  copie s o f  a  dais y presente d i n eac h o f  4 
orientation s (upright ,  90 "  rotatio n t o th e lef t  o r  right ,  an d in -
verted) .  W e tracke d th e orde r  o f  stroke s use d b y th e subjects . 
Drawin g performanc e wa s considere d t o obe y th e hierarchi -
cal  representatio n i f  th e orde r  i n whic h th e component s wer e 
draw n followe d a  depth-firs t  traversa l  orde r  throug h th e hierar -
ch y (ignorin g th e orde r  amon g subparts) .  I n othe r  words ,  onc e 
a strok e withi n a  particula r  subtre e i s drawn ,  al l  o f  it s com -
ponent s an d subcomponent s mus t  b e draw n befor e a  strok e 
withi n anothe r  subtre e a t  th e sam e leve l  i s drawn .  A n y strok e 
tha t  di d no t  adher e t o thi s rul e wa s counte d a s a  violatio n o f 
th e hierarchy .  Acros s al l  subject s an d drawin g conditions ,  th e 
mean numbe r  o f  hierarch y violation s wa s 1. 3 (S D 0.84) ,  an d 
was no t  significantl y affecte d b y th e orientatio n o f  th e dais y 
( F < 1 ) .  Thi s numbe r  o f  violation s i s significantl y differen t 
from  th e mea n obtaine d from  12 0 randomly-generate d strok e 
sequence s (17.2 ;  S D 2.6 ;  Fi,238=3953 ,  p<.001) .  Thi s finding 
support s th e proposa l  tha t  th e performanc e o f  norma l  sub -
ject s i n copyin g th e dais y i s basei d o n traversin g a  hierarchica l 
representatio n lik e th e on e i n Figur e 2 . 

Implementation of Neglect Drawing 

M e t h o d 

Give n th e evidenc e tha t  norma l  subject s us e a  hierarchica l 
objec t  representatio n whe n drawing ,  a  computationa l  investi -
gatio n wa s carrie d ou t  t o explor e th e implication s o f  a  spatia l 
impairmen t  i n object -  an d viewer-centere d referenc e frame s 
when drawin g usin g a  hierarchica l  representation .  Th e hierar -
ch y depicte d i n Figur e 2  wa s represente d a s a  conventiona l  tre e 
dat a structure ,  i n whic h eac h nod e i n th e tre e cortesponde d t o 
a particula r  par t  o f  th e daisy .  Th e nod e fo r  a  par t  containe d 
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Figur e 3 :  Th e probabilit y  tha t  a  par t  i s  draw n (i.e. ,  no t  neglected )  a s 
a f\inctio n o f  it s  horizonta l  positio n withi n a  referenc e frame . 

informatio n o n it s locatio n i n th e object-centere d fram e de -
fined  b y it s parent .  Specifically ,  th e object-centere d fram e 
fo r  a  par t  w a s oriente d an d centere d o n it s parent ,  wit h a 
scal e define d b y th e horizonta l  exten t  o f  th e paren t  (wit h x -
coordinate s rangin g betwee n ± 1 ) .  T h e viewer-centere d fram e 
w as alway s upright ,  centered  o n th e entir e daisy ,  an d use d a 
scal e define d b y th e horizonta l  exten t  o f  th e daisy .  Thus , 
fo r  instance ,  th e rightmos t  peta l  i n th e uprigh t  dais y ha s a 
viewer-centere d x-coordinat e o f  abou t  0. 5 (i.e. ,  th e horizonta l 
positio n o f  it s  cente r  i s  abou t  hal f  w a y betwee n th e midlin e o f 
th e dais y an d th e ti p o f  th e righ t  leaf )  an d a n object-centere d 
x-coordinat e o f  abou t  2. 0 (i.e. ,  it s  horizonta l  distanc e fro m 
th e cente r  o f  it s  parent ,  th e circle ,  abou t  twic e th e radiu s o f 
th e circle) .  Fo r  a  misoriente d daisy ,  th e viewer-centere d po -
sition s o f  part s change d accordingl y bu t  thei r  object-centere d 
position s remaine d th e same . 

For  a  particula r  orientatio n o f  daisy ,  th e probabilit y  tha t 
th e par t  wou l d b e draw n (i.e. ,  no t  neglected )  i n a  particula r 
fram e w a s assume d t o b e a  monotonically-increasin g func -
tio n o f  it s  horizonta l  positio n i n tha t  fram e (Figur e 3) .  T h e 
specifi c  (exponential )  for m o f  thi s functio n i s no t  critica l  a s i t 
influence s onl y quantitativ e aspect s o f  th e results .  Notic e tha t 
th e probabilit y  o f  drawin g a  par t  i s  nea r  1. 0 o n th e right  sid e 
of  th e frame ,  abou t  0. 9 a t  th e midline ,  an d drop s of f  sharpl y 
toward s th e lef t  o f  th e frame .  T h e overal l  likelihoo d tha t  a  par t 
i s  draw n w a s assume d t o b e a  weighte d averag e o f  it s  separat e 
probabilitie s i n th e viewer-centere d fram e an d i n th e object -
centered  f rame—th e effect s o f  differen t  relativ e weighting s 
ar e explore d below .  Al l  els e bein g equal ,  th e effec t  o f  neglec t 
i s  generall y stronge r  i n th e object-centere d fram e tha n i n th e 
viewer-centere d fram e becaus e th e forme r  i s define d mo r e lo -
call y  (i.e. ,  part s typicall y fal l  outsid e th e ± 1 fram e define d b y 
th e horizonta l  exten t  o f  thei r  parent) . 

A simpl e depth-firs t  tre e traversa l  algorith m wa s use d t o 
determin e th e neglec t  pattern .  A t  ever y node ,  th e probabilit y 
tha t  th e correspondin g par t  w a s draw n w a s calculate d base d 
o n it s viewer-centere d an d object-centere d coordinates .  W e 
assume d tha t  i f  a  par t  w a s no t  drawn ,  the n non e o f  it s  sub -
part s woul d b e drawn .  Thus ,  th e probabilit y  o f  a  par t  bein g 
draw n i s th e produc t  o f  an d th e probabilit y  o f  it s  paren t  bein g 
draw n an d it s o w n loca l  probabilit y  base d o n it s relativ e po -
sition s i n th e viewer -  an d object-centere d frames .  T h e orde r 
of  traversa l  a m o n g childre n o f  th e sam e paren t  wa s irrelevant . 

(a )  (b ) 

Figur e 4 :  Th e probabihtie s tha t  th e part s o f  a  left-facin g dais y ar e 
draw n whe n neglec t  operate s (a )  solel y i n th e viewer-centere d frame , 
and (b )  solel y i n th e object-centere d frame(s) . 

T h e outcom e o f  th e tre e traversa l  wa s tha t  ever y par t  wa s as -
signe d a  probabilit y  o f  bein g draw n base d o n th e orientatio n 
of  th e dais y an d th e particula r  weighting s o f  th e viewer -  an d 
object-centere d frames . 

Results and Discussion 

To investigate the relative contribution of the viewer- and 
object-centere d neglec t  o n drawin g performance ,  w e calcu -
late d th e probabilit y  o f  eac h par t  bein g draw n fo r  daisie s i n 
al l  fou r  orientations—up ,  left ,  d o w n ,  an d right—first  whe n 
th e viewer -  an d object-centere d effect s ha d independen t  influ -
ence s o n drawin g performanc e an d the n w h e n performanc e 
w as influence d b y a  combinatio n o f  viewer -  an d object -
centere d effects .  T o explor e th e independen t  effect s o f  th e 
tw o frames ,  th e weightin g o f  eithe r  th e viewer -  o r  object -
centere d effec t  wa s se t  a t  1  an d th e othe r  effec t  wa s se t  a t  0 . 
Thereafter ,  combination s o f  th e tw o frame s wer e examine d 
w h en th e weightin g o f  on e fram e w a s 0.75 ,  0.5 ,  o r  0.2 5 an d 
tha t  o f  th e othe r  wa s se t  t o produc e a  s u m o f  1 . 

Becaus e th e misoriente d dais y allow s fo r  th e decouplin g o f 
th e viewer -  an d object-centere d effects ,  unlik e th e uprigh t 
daisy .  Figur e 4  illustrate s th e independen t  contributio n o f 
viewer-centere d neglec t  an d o f  object-centere d neglec t  i n a 
left-facin g daisy .  T h e number s superimpose d o n th e dais y in -
dicat e th e probabilit y  o f  eac h featur e bein g drawn ,  calculate d 
accordin g t o th e algorith m describe d above .  I t  i s  importan t  t o 
recogniz e tha t  th e probabilit y  o f  a  par t  bein g draw n i s contin -
gen t  o n th e probabilit y  o f  it s  paren t  bein g d r a w n — i f  th e paren t 
or  containin g object s i s omitted ,  s o i s th e child .  Th e probabil -
itie s fo r  th e subpart s suc h a s th e petal s an d leaves ,  therefore , 
reflec t  th e conditiona l  probabilit y  o f  paren t  an d chil d bot h be -
in g draw n an d ar e subsequentl y lowe r  tha n th e probabilit y  o f 
th e paren t  alone . 

A s i s eviden t  fro m thi s figure,  w h e n th e viewer-centere d 
influenc e i s 1. 0 wit h n o object-centere d influenc e (Figur e 4a) , 
informatio n o n th e viewer-centere d lef t  ha s a  fairl y  lo w prob -
abilit y  o f  bein g drawn ,  wit h th e probabilit y  o f  th e dais y hea d 
bein g 0.7 5 an d th e surroundin g lef t  an d right  petal s rangin g 
fro m 0.4 5 t o 0.6 3 respectively .  T h e peta l  tha t  occupie s th e left -
most  positio n ha s a  probabilit y  o f  0.38 .  I n contrast ,  w h e n th e 
viewer-centere d effec t  i s  se t  t o hav e n o influenc e an d neglec t 
arise s solel y withi n th e object-centere d fram e (Figur e 4b) ,  in -
formatio n t o th e right  o f  th e canonica l  midlin e o f  th e dais y 
has a  hig h probabilit y  o f  bein g draw n (approximatel y 0.94 ) 
wherea s th e petal s an d lea f  o n th e lef t  o f  th e intrinsi c axi s 
hav e a  ver y lo w probabilit y  o f  bein g draw n (approximatel y 
0.24) .  T h e lea f  o n th e canonica l  lef t  ste m ha s a  probabilit y  o f 
0.0 6 becaus e i t  i s  conditiona l  o n it s paren t  ste m bein g draw n 
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Up LcK Down Righ t 

Viewe r  0.7 5 
Objec t  0.2 5 

.54 

Viewe r  0.5 0 
Objec t  0.5 0 

93 .9 1 .64 

Viewe r  0.2 5 W \  T  r } 
Objec t  0.7 5 

9a .8 8 .75 

Figur e 5 :  Th e effect s o f  variou s mixture s o f  neglec t  i n th e viewer-centere d fram e an d i n th e object-centere d frame(s) . 

Figur e 6 :  Drawing s produce d b y a  mixtur e o f  0. 6 viewer-centere d neglec t  an d 0. 4 object-centere d neglect ,  assumm g a  threshol d probabUit y 
of  drawin g a  par t  o f  0.57 . 
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and becaus e i t  occupie s th e mos t  extrem e lef t  positio n i n th e 
object-centere d frame . 

Figur e 5  illustrate s h o w a  mixtur e o f  neglec t  i n th e viewer -
an d object-centere d fnune s affec t  th e probabilit y  o f  a  fea -
tur e bein g drawn .  A s i s eviden t  fro m th e uprigh t  daisy ,  th e 
object-centere d effec t  ha s a  somewha t  stronge r  influenc e o n 
per formance—whe n i t  i s  se t  a t  0.75 .  th e probabilit y  o f  th e 
petal s an d ste m o n th e lef t  bein g draw n i s lowe r  tha n whe n th e 
viewer-centere d effec t  i s  se t  a t  0.75 .  I n al l  cases ,  th e midlin e 
structure s (flowerhead ,  stem ,  an d pot )  hav e a  hig h probabilit y 
of  bein g drawn .  Th e slightl y stronge r  influenc e o f  th e ob -
jec t  i s  als o see n i n th e upside-dow n figure  where ,  eve n whe n 
th e tw o effect s ar e equivalen t  a t  0.5 ,  th e probabilit y  o f  draw -
in g part s o n th e left ,  define d i n th e object-centere d frame ,  i s 
lowe r  tha n th e probabilit y  o f  drawin g part s o n th e lef t  o f  th e 
viewer-centere d fram e (canonica l  righ t  o f  daisy) .  Th e inter -
actio n o f  th e tw o effect s i s bes t  see n i n th e 90 °  misoriente d 
daisies .  I n th e left-facin g daisy ,  th e probabilit y  o f  drawin g th e 
petal s o n th e canonica l  lef t  (wher e th e petal s ar e als o o n th e 
viewer-centere d left )  i s  m u c h lowe r  tha n i n th e right-facin g 
dais y (wher e thes e sam e petal s appea r  o n th e righ t  o f  th e 
viewer-centere d frame) .  A s eithe r  th e severit y o f  th e viewer -
or  th e object-centere d neglec t  i s  increased ,  s o th e probabilit y 
of  drawin g suc h a  left-side d peta l  decreases .  Fo r  example , 
on th e left-facin g daisy ,  whe n th e viewer -  an d object-centere d 
effect s ar e equivalent ,  a t  0.5 ,  th e probabilit y  o f  drawin g th e 
peta l  t o th e immediat e lef t  o f  th e canonica l  midlin e i s 0.36 . 
As th e object-centere d effec t  i s decrease d t o 0.25 ,  th e proba -
bilit y  o f  tha t  peta l  bein g draw n increase s t o 0.41 ,  an d a s th e 
object-centere d effec t  i s  increase d t o 0.75 ,  s o th e probabilit y 
decrease s t o 0.30 .  Th e importan t  poin t  i s  tha t  whe n a  peta l 
appear s o n th e lef t  o f  bot h th e object -  an d th e viewer-centere d 
frame ,  i t  ha s a  hig h probabilit y  o f  bein g neglected ,  relativ e 
t o w h e n i t  appear s o n th e lef t  i n onl y on e frame .  Thi s i s i n 
marke d contras t  t o th e dat a fro m th e sam e peta l  (canonica l  left ) 
on th e right-facin g dais y i n which ,  irrespectiv e o f  th e relativ e 
contributio n o f  object -  an d viewer-centere d neglect ,  remain s 
approximatel y constan t  wit h a  probabilit y  o f  abou t  0.97 .  Th e 
crucia l  resul t  fro m thi s analysi s i s tha t  ther e ar e join t  effect s o n 
neglec t  o n th e distributio n o f  attentio n i n bot h frame s an d tha t 
thes e ar e exacerbate d a s th e severit y o f  neglect—particularl y 
i n th e object-frame—increases . 

Th e probabilitie s i n th e figures  ca n b e interprete d a s indi -
catin g th e frequenc y wit h whic h individua l  part s woul d b e 
draw n ove r  a  larg e sampl e o f  drawings .  I n orde r  t o accoun t 
fo r  th e drawin g performanc e o f  a  singl e neglec t  patient ,  J M , 
and t o generat e daisie s tha t  woul d adequatel y characteriz e hi s 
performance ,  w e adopte d a  discret e approac h i n whic h w e 
converte d th e probabilitie s int o absolut e values .  W e the n se -
lecte d a  threshol d o f  0.5 7 suc h tha t  feature s wit h value s belo w 
thi s threshol d wer e no t  draw n (i.e. ,  wer e neglected) .  Figur e 6 
contain s th e rendering s o f  th e daisie s i n fou r  orientation s whe n 
thi s threshol d valu e i s used .  Th e relativ e weighting s o f  viewer -
and object-centere d neglec t  wer e 0. 6 an d 0.4 ,  respectively ,  a s 
thes e bes t  accounte d fo r  JM' s drawings .  A s ca n b e see n 
fro m thes e drawings ,  th e dat a ar e reasonabl y wel l  capture d b y 
thi s mixtur e o f  object -  an d viewer-centere d neglec t  wit h th e 
threshol d a s th e cut-of f  valu e fo r  performance .  O n e appar -
ent  discrepanc y i s tha t  JM' s drawin g o f  th e left-facin g dais y 
doe s no t  contai n th e upper-righ t  peta l  (Figur e lb) .  A s i t  turn s 

out ,  h e initiall y  dre w thi s peta l  an d the n erase d it ,  removin g 
a smal l  par t  o f  th e circl e alon g wit h it .  Anothe r  aspec t  o f  hi s 
dat a no t  ye t  explaine d i s th e right-facing  dais y (Figur e Id) , 
i n whic h petsil s  o n th e canonica l  objec t  lef t  ar e omitte d bu t 
petal s ar e als o omitte d fro m th e lef t  o f  th e dais y hea d define d 
i n viewer-centere d coordinates .  Thi s patter n agai n reflect s th e 
join t  effec t  o f  viewer -  an d object-centere d effects .  O n e inter -
estin g possibilit y  i s tha t  afte r  J M dre w th e dais y hea d (whic h 
he di d first),  becaus e th e circl e i n th e cente r  ha s n o intrinsi c 
axis ,  i t  ha s n o obviou s left-righ t  asymmetry .  Thi s ambiguit y 
lend s itsel f  t o neglec t  i n bot h frames :  I n a n object-centere d 
frame ,  a  peta l  t o th e lef t  i s ignore d an d i n a  viewered-centere d 
frame ,  petal s t o th e lef t  ar e als o ignored .  Althoug h w e canno t 
accoun t  fo r  thes e dat a i n ou r  curren t  implementatio n an d th e 
join t  effec t  o f  th e tw o frame s i n Figur e I d i s beyon d th e inter -
action s w e hav e modele d here ,  th e mode l  m a y b e extende d t o 
accoun t  fo r  thes e dat a utilizin g th e sam e principle s a s thos e 
incorporate d i n th e simulation s thu s far . 

Conclusions 

We have presented a computational investigation of how hi-
erarchica l  objec t  representation s migh t  interac t  wit h multipl e 
spatia l  referenc e frames .  Thi s combinatio n o f  th e representa -
tio n an d referenc e frame s i s abl e t o reproduc e th e patter n o f 
drawin g performanc e observe d i n patient s wit h hemispatia l 
neglect .  Th e defici t  i n patient s wit h neglec t  i s  considere d t o 
be a  failur e t o distribut e attentio n evenl y acros s spac e wit h th e 
resul t  tha t  informatio n o n th e contralatera l  sid e i s ignore d o r 
omitted .  O f  muc h recen t  interes t  i s that ,  i n additio n t o neglec t 
of  informatio n o n th e lef t  define d b y viewer-centere d coor -
dinate s (Farah ,  Brunn ,  W o n g ,  Wallace ,  &  Carpenter ,  1990 ; 
Kamath ,  1994) ,  patient s m a y simultaneousl y ignor e informa -
tio n o n th e lef t  define d b y coordinate s intrinsi c t o a n objec t 
(Behrman n &  Moscovitch ,  1994 ;  Caramazz a &  Hillis ,  1990 ; 
Drive r  &  Halligan ,  I99I ;  Marshal l  &  Halligan ,  1993) .  W e 
simulat e th e co-existenc e o f  neglec t  i n mor e tha n on e se t  o f 
coordinate s b y assumin g tha t  th e sam e defici t  (instantiate d a s 
a monotoni c drop-of f  o f  attentio n firo m right  t o left )  under -
lie s th e distributio n o f  attentio n i n thes e differen t  referenc e 
frame s (bu t  se e Humphrey s &  Riddoch ,  1994) .  B y comput -
in g th e probabilit y  o f  drawin g a  featur e a s a  functio n o f  it s 
left-righ t  positio n i n th e object -  an d viewer-centere d frames , 
we ca n explai n w h y neglec t  patient s fai l  t o localiz e object s 
or  t o atten d t o informatio n situate d i n a  large r  contex t  frame . 
Throug h th e dynami c reassignmen t  o f  element s t o objec t  o r 
part s roles ,  thi s sam e mode l  ca n accoun t  fo r  neglec t  o f  object s 
on th e lef t  o f  a  multi-objec t  scene ,  neglec t  o n th e lef t  o f  a 
singl e object ,  an d neglec t  fo r  feature s o n th e lef t  o f  a  par t  o f 
a singl e object .  W e als o sho w how ,  b y varyin g th e relativ e 
weightin g o f  neglec t  i n eac h frame ,  w e ca n accoun t  fo r  th e 
drawin g performanc e o f  neglec t  patient ,  J M . 

O ne aspec t  o f  neglec t  copyin g performanc e whic h i s no t 
easil y explaine d b y th e curren t  mode l  an d whic h i s robus t 
acros s patient s i s tha t  som e feature s ar e retained .  Unde r  th e 
accoun t  w e hav e proposed ,  thes e sam e feature s shoul d proba -
bl y b e omitted .  Fo r  example ,  patient s almos t  neve r  dra w onl y 
th e right  hal f  o f  th e circl e fo r  th e hea d o f  th e flower,  no r  d o 
the y omi t  th e li p o f  th e po t  (i f  th e bas e i s  drawn) ,  eve n i f  i t 
occupie s a  positio n o n th e lef t  o f  th e spatia l  referenc e frame . 
Similarly ,  i n cloc k drawin g o r  copying ,  eve n i f  patient s neglec t 
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t o fill  i n th e number s o n th e lef t  o f  th e clock ,  the y invariabl y 
dra w th e entir e perimete r  o f  th e clock .  A  possibl e explanatio n 
fo r  thi s retentio n o f  left-side d informatio n derive s fro m th e 
natur e o f  th e objec t  representatio n underlyin g th e subject' s 
performance .  Severa l  recen t  studie s hav e show n tha t  patient s 
wit h neglec t  remai n sensitiv e t o Gestal t  propertie s o f  th e stim -
ulus .  Thus ,  i f  a  featur e o n th e lef t  o f  th e object' s midlin e ca n 
be groupe d togethe r  wit h a  featur e o n th e righ t  t o for m a 
"good "  figure,  base d o n principle s suc h a s goo d continuation , 
symmetr y o r  closure ,  th e left-side d featur e i s les s likel y t o b e 
neglecte d (Ward ,  Goodrich ,  &  Driver ,  1994) .  T h e groupin g o f 
feature s accordin g t o Gestal t  heuristic s m a y b e incorporate d 
int o th e hierarchica l  representatio n adopte d her e an d a  rathe r 
direc t  extensio n o f  th e curren t  implementatio n ca n accoun t 
fo r  thes e seemingl y contradictor y results . 

Th e ^proac h adopte d her e ha s bee n t o characteriz e sys -
tematicall y  th e behavio r  o f  a  mechanis m i n whic h hierarchica l 
objec t  representation s an d multipl e referenc e frame s interac t 
t o co-determin e performanc e o f  a  system .  T h e simulation s 
ar e no t  intende d t o b e a  veridica l  instantiatio n o f  th e neu -
ra l  mechanis m underlyin g neglec t  no r  t o paralle l  directl y th e 
functio n o f  parieta l  lobe .  T h e principle s embodie d i n thi s 
work ,  however ,  ar e consisten t  wit h m a n y view s tha t  argu e 
tha t  th e parieta l  lob e integrate s an d transform s dat a fro m on e 
set  o f  coordinate s t o anothe r  (Colby ,  1991 ;  Kamath ,  1994 ; 
Stein ,  1992) .  H o w th e brai n migh t  actuall y implemen t  a  hier -
archica l  representatio n an d h o w i t  migh t  achiev e th e dynami c 
reassignmen t  o f  th e component s t o part s an d whole s ar e dif -
ficult  researc h issue s (se e Hinton ,  1990 ,  fo r  a  connectionis t 
£^proac h t o thes e problems) . 

Th e exampl e o f  th e dais y wa s use d i n thi s researc h becaus e 
i t  i s standardl y use d i n th e clinica l  assessmen t  o f  neglec t  an d 
becaus e muc h i s k n o w n abou t  th e w a y neglec t  patient s per -
for m o n thi s task .  T h e principle s governin g th e join t  effect s o f 
neglec t  i n mor e tha n on e referenc e frame ,  a s propose d here , 
however ,  ar e believe d t o appl y mor e generally .  Prediction s 
fro m thi s mode l  m a y b e generate d t o accoun t  fo r  th e copyin g 
behavio r  o f  neglec t  patient s w h e n the y ar e confronte d wit h 
mor e comple x hierarchica l  object s an d visua l  scenes . 
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