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Abstrac t 

A model based on coupled mechanisms for place recognition, 
pat h integration ,  an d maintenanc e o f  hea d directio n i n rodent s 
replicate s a  variet y o f  neurophysiologica l  an d behaviora l  data . 
Her e w e conside r  a  tas k describe d i n iCollet t  e t  al .  1986 )  i n 
whic h gerbil s wer e traine d t o fin d foo d equidistan t  fro m thre e 
identica l  landmark s arrange d i n a n equilatera l  triangle .  I n prob e 
trial s wit h variou s manipulation s o f  th e landmar k array ,  th e 
model  produce s behavior s simila r  t o thos e o f  th e animals .  W e 
discus s compute r  simulation s an d a n implementatio n o f  por -
tion s o f  th e mode l  o n a  mobil e robot . 

Introduction 

We hav e develope d a  mode l  o f  roden t  navigatio n base d o n 
tightl y couple d mechanism s fo r  plac e coding ,  pat h integration , 
and maintenanc e o f  hea d direction .  Ou r  theor y reproduce s a 
variet y o f  behaviora l  an d neurophysiologica l  phenomena. '  I n 
thi s paper ,  w e mode l  behaviora l  dat a fro m [Collette t  al .  1986 ] 
i n whic h gerbil s fin d a  foo d rewar d amon g loca l  landmark s i n 
an otherwis e cu e impoverishe d environment .  Firs t  w e revie w 
some dat a o n th e mechanism s o f  plac e coding ,  hea d direction , 
and pat h integration . 

Experimental data from rodents 

Recording s fro m hippocampu s hav e demonstrate d tha t  rat s 
hav e a n interna l  representatio n o f  plac e consistin g o f  cell s 
tha t  fir e whe n th e anima l  i s  i n a  particula r  regio n o f  th e 
environmen t  (se e [Mulle r  e t  al .  1991 ]  fo r  a  review) .  Th e 
activit y i n thes e cell s seem s t o b e dependen t  o n th e arrange -
ment  o f  visua l  cues :  a  rotatio n i n visua l  cue s cause s a  corre -
spondin g rotatio n o f  plac e field s [McNaughto n e t  al .  1993a] . 
However ,  i n tw o visuall y simila r  bu t  geometricall y distinc t 
arenas ,  on e roun d an d on e rectangular ,  mostl y disjoin t  set s 
of  plac e cell s ar e activ e [Mulle r  &  Kubi e 1987] ,  indicat -
in g sensitivit y t o th e geometri c structur e o f  th e environment. 

'The list includes the following: (1) place cell activity normally 
reflect s th e rat' s location ;  (la )  plac e fields  ar e controlle d b y visua l 
landmarks ;  (2 )  plac e cell s maintai n thei r  activit y  i n th e dark ;  (3 )  rese t 
of  hea d directio n i s dependen t  o n visua l  cues ;  (4 )  plac e cel l  firing  i s 
robus t  agains t  deletio n o f  landmarks ;  (5 )  place s ar e no t  recognize d 
afte r  transpositio n o f  landmarks ;  (6 )  plac e cell s  ca n develo p directio n 
sensitivit y  i n som e tasks/environments ;  (7 )  los s o f  directio n sensitiv -
it y ca n occu r  a s a  respons e t o novelty ;  (8 )  i n maze s wit h symmetry , 
rat e o f  searc h erro r  reflect s th e amoun t  o f  maz e rotation ;  (9 )  i n un -
rotate d maze s wit h symmetry ,  rodent s sho w n o confusion ;  an d (10 ) 
repeate d disorientation s caus e rat s t o sto p resettin g hea d directio n b y 
referenc e t o visua l  cues .  (Se e [Wa n e t  al .  1994 ]  an d [Touretzk y e t 
al .  1994 ]  fo r  mor e details. ) 

Once th e ra t  ha s a  notio n o f  wher e i t  is ,  plac e cell s con -
tinu e t o respon d eve n whe n th e light s ar e turne d of f  [Quir k 
et  al .  1990] .  Mos t  plac e cell s als o continu e thei r  activ -
it y whe n som e o f  th e visua l  cue s ar e removed ,  althoug h 
some fractio n becom e inactiv e [O'Keef e &  Conwa y 1978 , 
O 'Keefe&Speakma n 1987] . 

Cell s i n variou s part s o f  th e ra t  nervou s system ,  includin g 
postsubiculu m [Taub e e t  al .  1990a ,  Taub e e t  al .  1990b ]  an d 
parieta l  corte x [Che n 1991] ,  wer e foun d t o b e unimodall y 
tune d t o th e animal' s hea d direction .  Th e preferre d directio n 
fo r  suc h a  cel l  (i.e. ,  th e directio n elicitin g maxima l  response ) 
i s constan t  throughou t  a n environment .  I n addition ,  th e dif -
ferenc e i n preferre d directio n fo r  an y pai r  o f  hea d directio n 
( H D )  cell s i s constan t  acros s al l  environments .  Bu t  cells ' 
preferre d direction s measure d wit h respec t  t o tru e nort h ma y 
diffe r  acros s environments .  H D ceil s maintai n thei r  activit y 
i n th e dark ,  presumabl y b y integratin g vestibula r  cues ,  bu t  th e 
animal' s directiona l  sens e wil l  eventuall y drif t  i f  n o externa l 
inpu t  i s availabl e [McNaughto n e t  al .  1991] .  Ther e i s evi -
denc e tha t  rat s us e visua l  landmark s t o correc t  fo r  cumulativ e 
integratio n errors .  I f  visua l  cue s rotat e whil e th e ra t  i s  i n a 
familia r  environment ,  preferre d direction s o f  H D cell s rotat e 
by a  correspondin g amount .  O n th e othe r  hand ,  rotatio n o f 
an unfamilia r  environmen t  doe s no t  shif t  th e cells '  preferre d 
direction s [McNaughto n e t  al .  1993b] . 

Mittelstaed t  &  Mittelstaed t  [1980 ]  an d Etienn e [1987 ]  hav e 
show n tha t  rodent s performin g a  searc h tas k ar e abl e t o ex -
ecut e a  direc t  pat h bac k t o thei r  startin g locatio n i n a  cu e 
controlle d environmen t  afte r  havin g take n a  comple x pat h 
away fro m it .  Thi s suggest s tha t  th e animal s ar e maintainin g 
thei r  positio n relativ e t o th e star t  b y mean s o f  pat h integration . 
Direc t  neurophysiologica l  evidenc e fo r  a  pat h integratio n sys -
te m i s lacking ,  bu t  ther e i s som e evidenc e tha t  lesio n o f  th e 
caudat e nucleu s impair s suc h task s [Abraha m e t  al .  1983] . 
Othe r  anatomica l  an d physiologica l  evidenc e ha s prompte d 
Dougla s [1989 ]  t o posi t  tha t  striatu m and/o r  parieta l  lob e ar e 
involve d i n updatin g a n attention-relate d spatia l  vecto r  b y pat h 
integration . 

Open-field landmark-based navigation 

Collette t  al .  [1986 ]  repor t  experiment s i n whic h gerbil s wer e 
traine d t o find  a  foo d rewar d amon g cylindrica l  landmark s i n 
an otherwis e cu e impoverishe d environment .  W e wil l  con -
centrat e o n th e respons e t o landmar k manipulation s i n a  tas k 
wher e th e rewar d i s equidistan t  fro m a n arra y o f  thre e cylin -
der s arrange d i n a n equilatera l  triangle .  Durin g training ,  th e 
animal' s startin g locatio n varied ,  an d th e landmar k arra y wa s 
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Figur e 1 :  Gerbil s wer e traine d t o obtai n foo d a t  a  locatio n equidistan t  fro m thre e identica l  landmarks ,  draw n a s soli d circles , 
arrange d i n a n equilatera l  triangle .  Tes t  trial s show n includ e (a )  origina l  landmar k array ,  (b )  al l  bu t  on e landmar k removed ,  (c ) 
triangl e rotate d b y 6 0 degrees ,  an d (d )  a  fourt h landmar k adde d t o for m tw o triangle s wit h opposit e orientations .  Siz e o f  blob s 
sho w distributio n o f  searc h efforts .  F ro m [CoUet t  e t  al .  86] ,  reproduce d wit h permission . 

translate d bu t  no t  rotate d betwee n trials .  I n prob e trial s i n 
whic h n o foo d wa s present ,  th e distributio n o f  th e animal' s 
searc h tim e wa s recorded .  Traine d gerbil s showe d accurat e 
performanc e i n prob e trial s provide d ther e wer e n o change s 
t o th e landmar k array .  Se e Figur e 1  a . 

W h en al l  bu t  on e landmar k wa s remove d fro m th e ar -
ray ,  gerbil s searche d thre e location s (Figur e lb) .  Collet t  e t 
al .  posi t  tha t  gerbil s stor e a  representatio n containin g infor -
matio n abou t  distance s an d direction s t o landmark s fro m th e 
goal  location .  Th e searc h patter n coul d the n b e explaine d b y 
matchin g th e on e visibl e landmar k agains t  eac h o f  th e thre e 
remembere d landmarks .  Eac h bindin g t o a  remembere d land -
mark woul d predic t  th e goa l  locatio n t o b e a t  a  differen t  vecto r 
offse t  fro m th e perceive d landmark ,  thu s accountin g fo r  th e 
thre e observe d searc h locations . 

Collet t  e t  al .  poin t  ou t  tha t  sinc e th e singl e landmar k i s ra -
diall y symmetric ,  th e orientatio n o f  th e landmark-to-goa i  vec -
tor s mus t  b e aligne d wit h referenc e t o som e othe r  directiona l 
cue .  Rodents '  interna l  sens e o f  hea d direction ,  describe d ear -
lier ,  coul d serv e a s thi s reference . 

I n anothe r  clas s o f  prob e trials ,  th e landmar k arra y wa s 
rotate d b y 60 °  Gerbil s wen t  first  t o th e cente r  o f  th e triangle . 
Failin g t o find  foo d there ,  the y the n searche d briefl y a t  thre e 
locationsexteriortothetriangle ,  a s show n i n Figur e Ic .  Thes e 
location s ca n b e derive d b y considerin g an y tw o landmark s 
fro m th e rotate d arra y a s part s o f  a  triangl e wit h th e correc t 
orientation . 

To accoun t  fo r  th e gerbils '  behavior ,  Collet t  e t  al .  posi t  tha t 
th e animal s begi n plannin g th e pat h t o goa l  b y matchin g per -
ceive d t o remembere d landmarks .  Thi s i s a n instanc e o f  th e 
bindin g problem .  Give n a  candidat e binding ,  th e gerbi i  deter -
mine s th e goa l  locatio n b y applyin g remembere d landmark -
to-goa l  vector s t o th e landmark s i t  currentl y perceives .  W h e n 
th e binding s ar e correct ,  al l  vector s poin t  t o th e sam e goa l  lo -
catio n (lef t  hal f  o f  Figur e 2. )  I n th e rotate d case ,  n o choic e o f 
binding s ca n produc e a  totall y consisten t  result ,  bu t  som e lo -
cation s wil l  ge t  tw o vote s whil e other s ge t  onl y one .  Differen t 
binding s produc e differen t  results ;  th e righ t  hal f  o f  Figur e 2 
shows th e unio n o f  result s fro m al l  possibl e binding s wit h 
th e resul t  fro m on e se t  o f  binding s highlighted .  Th e anima l 
focuse s it s searc h o n thos e place s wit h th e highes t  numbe r  o f 

Trainin g Testin g 

Figur e 2 :  I n th e vecto r  votin g scheme ,  a  vecto r  fro m eac h 
landmar k (soli d circle )  t o th e goa l  (shade d region )  i s learne d 
durin g trainin g trials .  I n laterprobetrials(righthal f  o f  figure), 
thes e vector s ar e applie d t o eac h possibl e matc h betwee n per -
ceive d an d remembere d landmarks .  Place s wit h th e highes t 
number  o f  vote s ar e searched .  O n e searc h locatio n an d it s 
correspondin g vector s ar e show n a s a  shade d circl e an d soli d 
arrows . 

votes .  W e wil l  refe r  t o thi s a s th e vecto r  votin g hypothesis . 
It s prediction s closel y matc h th e observe d searc h patterns . 

Althoug h ou r  o w n theor y doe s no t  includ e explici t  mecha -
nism s fo r  computin g binding s an d tallyin g votes ,  i t  produce s 
behavio r  equivalen t  t o vecto r  votin g o n th e task s described . 

I n ye t  anothe r  experiment ,  a  fourt h landmar k wa s adde d 
t o for m tw o triangle s wit h opposit e orientations .  Gerbil s 
spen t  mos t  o f  thei r  tim e searchin g a t  th e cente r  o f  th e on e 
wit h th e correc t  orientatio n (Figur e Id) .  Thi s show s tha t  the y 
prefe r  interpretation s wher e th e directiona l  cue s a m o n g th e 
landmark s ar e consisten t  wit h th e externa l  directiona l  cues . 
Our  mode l  als o reproduce s thi s result . 

Structure of the model 

Th e essenc e o f  ou r  theor y i s i n th e interaction s amon g mecha -
nism s fo r  maintenanc e o f  hea d direction ,  pat h integration ,  an d 
plac e recognition .  Th e structur e o f  thi s theor y i s illustrate d i n 
Figur e 3 . 

First ,  b y combinin g hea d directio n O/ ,  wit h egocentri c per -
ceptio n {ri,6i) ,  th e anima l  compute s allocentri c bearing s t o 
landmark s <I>, .  Th e identity ,  distance ,  an d bearin g o f  eac h 
landmar k constitute s a  loca l  vie w o f  th e environmen t  uniqu e 
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Figur e 3 :  Suggeste d functiona l  organizatio n o f  orientatio n an d recognitio n mechanism s i n th e rodent .  Circle s ar e inpu t 
quantities ,  boxe s ar e computationa l  modules ;  the y d o no t  necessaril y  correspond  t o disjoin t  o r  uniqu e brai n areas .  Thic k line s 
denot e mai n informatio n pathways .  Hashe d line s ar e pathway s no t  currentl y modeled .  O/ ,  i s  hea d direction ,  <!> ;  an d ̂ ,  ar e 
allocentri c an d egocentri c bearing s t o landmar k i .  r ,  i s  distanc e t o landmar k i .  (xp ,  j/p )  ar e coordinate s wit h respec t  t o referenc e 
poin t  p ,  an d {xg ,  yg )  ar e coordinate s o f  a  goa l  location ,  relativ e t o th e sam e referenc e point . 

t o th e curren t  location . 

Second, we postulate that animals keep track of their current 
locatio n i n term s o f  coordinate s relativ e t o referenc e points , 
by mean s o f  pat h integration .  A  simila r  proposa l  wa s recentl y 
m a de i n [McNaughto n e t  al .  1993al .  A  referenc e poin t  i n ou r 
theor y m a y b e perceptuall y significant ,  suc h a s a  corne r  o f  th e 
roo m o r  a  plac e wit h distinc t  odo r  o r  texture ,  bu t  i t  ma y als o b e 
distinguishe d onl y b y th e pas t  occurrenc e o f  som e significan t 
event ,  suc h a s th e spo t  i n th e aren a wher e th e roden t  first 
foun d food .  Ther e i s som e evidenc e tha t  plac e cel l  firing  i n a 
visuall y symmetri c environmen t  i s dependen t  o n th e poin t  o f 
entr y [Shar p e t  al .  1990] ,  whic h ca n b e regarde d a s a  referenc e 
point . 

The place code in our theory is computed by radial-basis 
unit s tune d t o distances ,  allocentri c bearings ,  an d angle s be -
twee n selecte d visua l  landmarks ,  an d t o a  se t  o f  pat h integra -
to r  coordinate s {xp ,  yp )  measure d wit h respec t  t o a  referenc e 
point .  Thes e unit s comput e a  fuzz y conjunctio n o f  thei r  inputs , 
i n whic h term s dro p ou t  whe n informatio n i s no t  available . 
Thus ,  i n th e dark ,  plac e unit s ar e drive n solel y b y th e pat h 
integrator .  Conversely ,  whe n th e anima l  i s reintroduce d int o a 
familia r  environment ,  pat h integrato r  coordinate s ar e initiall y 
unavailable ,  an d plac e unit s ar e drive n b y visua l  landmarks . 
Althoug h the y wil l  sho w plac e fields  simila r  t o thos e o f  hip -
pocampa l  plac e cells ,  individua l  unit s i n ou r  mode l  d o no t 
necessaril y  correspon d t o singl e pyramida l  cells ;  w e prefe r  t o 
thin k o f  the m a s cel l  assemblies . 

O p e r a t i o n s o f  t h e m o d e l 

We mode l  a  rodent' s spatia l  behavio r  i n a  variet y o f  situation s 
vi a a  se t  o f  operation s tha t  includ e computin g a  plac e code , 
rese t  o f  hea d direction ,  rese t  o f  th e pat h integrator ,  an d com -
putin g a  trajector y t o a  goa l  location .  I n addition ,  th e mode l 
recruit s ne w plac e unit s  t o represen t  it s  environmen t  wheneve r 
to o fe w ar e activ e a t  th e curren t  location . 

Th e computatio n o f  plac e uni t  activit y contribute s t o al l 
thes e operations .  Th e fuzz y conjunctio n tha t  determine s thi s 
activit y i s implemente d a s a  produc t  o f  Gaussia n function s 
of  th e inputs ,  wher e th e widt h o f  eac h Guassia n ca n var y 
dependin g o n th e operation .  A  dynami c threshol d allow s 
unit s wit h th e larges t  ne t  inpu t  t o remai n active . 

W h en th e simulate d roden t  i s first  introduce d int o th e ex -
perimenta l  environmen t  a t  th e star t  o f  a  trial ,  i f  i t  ha s bee n 
disoriente d o r  th e environmen t  ha s bee n rotated ,  th e mode l 
must  realig n it s hea d directio n sense .  I t  doe s thi s b y first 
computin g a  plac e cod e usin g jus t  perceptua l  inpu t  (egocen -
tri c landmar k positions. )  Activ e plac e unit s the n recal l  th e 
learne d allocentri c bearing s o f  landmark s i n th e curren t  loca l 
view .  Subtractin g allocentri c fro m egocentri c bearing s o f  al l 
visibl e landmark s produce s a  se t  o f  estimate s o f  th e curren t 
hea d direction .  Th e mode l  stochasticall y choose s a  headin g 
accordin g t o thi s evidenc e an d reset s it s hea d directio n sens e 
accordingly .  Detail s  o f  thi s operatio n an d it s us e i n simulatin g 
th e task s i n [Chen g 1986 ]  ar e give n i n [Touretzk y e t  al .  1994) . 

W h en th e environmen t  i s manipulate d s o tha t  som e land -
mark s ar e no t  a t  thei r  expecte d positions ,  a  large r  numbe r  o f 
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Figur e 4 :  Result s o f  simulations .  Blob s sho w distributio n o f  estimate s i n th e goa l  positio n acros s variou s startin g locations . 
Compar e wit h Figur e 1 . 

plac e unit s m a y becom e active ,  bu t  individua l  unit s ar e likel y 
t o b e les s strongl y activate d tha n i n th e unperturbe d case . 
Each plac e field  ha s a n associate d se t  o f  pat h integrato r  coor -
dinates ,  an d so ,  wit h a  large r  numbe r  o f  unit s active ,  ther e wil l 
be inconsistenc y i n th e estimat e o f  th e animal' s position .  Th e 
model  average s th e contribution s o f  th e activ e unit s t o arriv e a t 
a roug h positio n estimat e fo r  th e pat h integrator .  I t  the n feed s 
thi s estimat e bac k t o th e plac e unit s an d sharpens  thei r  tunin g 
t o pat h integrato r  coordinates ;  unit s wit h coordinate s ver y fa r 
fro m th e estimate d valu e ar e force d t o dro p ou t  o f  th e activ e 
set .  Th e proces s repeat s unti l  th e plac e syste m converge s o n 
a consisten t  positio n estimate .  I n th e nex t  sectio n w e sho w 
ho w thi s relaxatio n proces s i s use d fo r  self-localizatio n i n th e 
Colle t  etal .  tasks . 

Correspondence between simulations and 

b e h a v i o r a l  d a t a 

A prob e tria l  begin s b y startin g th e simulate d roden t  a t  a 
rando m spo t  i n th e environment ,  s o tha t  initiall y  i t  ha s n o 
knowledg e o f  it s  pat h integrato r  coordinates ,  thoug h it s sens e 
of  directio n remain s intact .  Th e mode l  use s visua l  cue s t o 
activat e th e plac e cod e fo r  th e presen t  location .  Th e activ e 
plac e unit s the n recal l  th e pat h integrato r  coordinate s associ -
ate d wit h tha t  place .  Onc e th e anima l  ha s reconstructe d it s 
positio n wit h respec t  t o th e referenc e poin t  i t  ca n estimat e a 
pat h t o th e goa l  b y vecto r  subtraction .  Th e distributio n o f 
estimate s gathere d acros s prob e trial s i s plotte d i n Figur e 4 . 

Wit h n o chang e t o th e arra y (Figur e 4a) ,  th e goa l  estimat e i s 
concentrate d i n th e correc t  location ,  i n th e cente r  o f  th e trian -
gle .  Wit h al l  bu t  on e landmar k remove d (Figur e 4b) ,  th e goa l 
estimat e i s equall y distribute d aroun d thre e location s corre -
spondin g t o th e thre e possibl e matche s betwee n th e perceive d 
landmar k an d th e thre e remembere d landmarks .  I n th e rotate d 
triangl e (Figur e 4c) ,  th e goa l  estimat e i s concentrate d i n th e 
thre e place s receivin g th e mos t  vote s accordin g t o th e vecto r 
votin g hypothesis .  A n d i n th e fou r  landmar k tes t  (Figur e 4d) , 
th e goa l  estimat e i s concentrate d i n th e cente r  o f  th e triangl e 
wit h th e sam e orientatio n a s see n durin g training . 

>««• 

. :  . j i . " 

Figur e 5 :  Result s o f  simulatin g th e tas k wit h on e landmar k 
remaining ,  invokin g th e self-localizatio n operatio n nea r  th e 
landmark .  Compar e wit h Figur e l b an d Figur e 4b . 

Our  simulate d searc h distribution s ar e qualitativel y simila r 
t o th e behaviora l  dat a plotte d i n Figur e I .  Althoug h Figur e 4 b 
doe s sho w a  concentratio n i n th e thre e location s correspondin g 
t o th e thre e possibl e matches ,  th e distribution s ar e no t  a s 
clea n a s i n Figur e lb ,  du e t o limite d accurac y o f  distanc e an d 
angl e measurement s a t  a  distance .  I f  th e roden t  approache s 
th e genera l  vicinit y o f  th e landmar k befor e invokin g self -
localization ,  th e result s ar e m u c h cleaner ,  a s show n i n Figur e 5 . 

Comparin g Figur e 4 c wit h Figur e Ic ,  ou r  simulate d roden t 
doe s no t  searc h th e middl e o f  th e rotate d triangle .  Thi s ca n b e 
explaine d i f  th e anima l  make s us e o f  a n alternat e strategy :  a t 
a distance ,  i t  coul d trea t  th e entir e arra y a s a  "beacon, "  i.e. ,  a 
singl e landmar k co-locate d wit h th e goal .  Fa r  awa y fro m th e 
landmar k array ,  aimin g fo r  thi s beaco n woul d b e easie r  tha n 
computin g a  trajector y b y self-localization .  I n th e cas e o f  th e 
rotate d triangle ,  whe n th e anima l  treat s th e arra y a s a  beacon , 
i t  migh t  no t  notic e tha t  th e arra y ha s bee n rotated .  I t  woul d 
g o first  t o th e cente r  o f  th e array ;  failin g t o locat e rewar d i n 
th e center ,  i t  woul d the n attemp t  t o reorien t  itsel f  base d o n 
it s plac e representation ,  an d woul d searc h th e thre e exterio r 
locations . 

Alternatively ,  Collet t  e t  al .  argu e tha t  th e anima l  initiall y 
searche d th e middl e o f  th e rotate d triangl e becaus e i t  preferre d 
usin g directiona l  cue s base d o n th e landmar k arra y ove r  thos e 
externa l  t o th e array .  Thi s proposa l  i s  als o compatibl e wit h 
our  model .  Th e anima l  coul d notic e th e rotatio n o f  th e land -
mar k array ,  an d respon d b y realignin g it s sens e o f  directio n s o 
tha t  th e landmark s appeare d a t  thei r  familia r  bearings .  Havin g 
don e this ,  al l  thre e landmark s woul d matc h thei r  remembere d 
position ,  an d s o th e plac e cod e woul d b e retrieve d tha t  pre -
dict s th e goa l  t o b e a t  th e cente r  o f  th e triangle .  However , 
when th e anima l  faile d t o find  foo d there ,  i t  woul d hav e t o 
restor e th e previou s settin g o f  it s  hea d directio n syste m i n 
orde r  t o generat e searc h hypothese s a t  th e thre e point s ex -
terna l  t o th e landmar k array .  Ou r  candidat e mechanism s fo r 
accomplishin g thi s rese t  ar e beyon d th e scop e o f  thi s paper . 

Predictions 

Th e tw o competin g explanation s fo r  searc h insid e th e rotate d 
triangl e ca n b e distinguishe d b y recordin g fro m hea d directio n 
cell s durin g prob e trials .  Ou r  first  proposa l  predict s tha t  th e 
tunin g o f  thes e cell s wil l  no t  chang e whe n th e anima l  give s 
up searchin g a t  th e cente r  o f  th e arra y an d move s t o on e o f 
th e thre e exterio r  searc h locations ,  whil e th e secon d proposa l 
require s suc h a  change . 

Our  mode l  als o make s prediction s abou t  th e behavio r  o f 
plac e cells .  Plac e uni t  activit y reflect s wher e th e anima l  think s 
i t  i s  i n th e coordinat e syste m define d b y som e referenc e point . 
I n an y tas k wher e th e anima l  abandon s on e searc h locatio n 
i n favo r  o f  a n alternate ,  i t  doe s s o b y changin g it s estimat e 
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of  it s o w n position .  Hence ,  th e plac e cod e shoul d b e ob -
serve d t o shif t  accordingly .  Recen t  advance s i n multi-cel l 
recordin g technique s i n freely-behavin g rat s [Wilso n &  M c -
Naughto n 1993 ]  shoul d permi t  a  tes t  o f  thi s prediction . 

The plac e cod e relaxatio n proces s tha t  initialize s th e pat h 
integrato r  implie s tha t  man y plac e unit s shoul d becom e briefl y 
activ e a t  th e beginnin g o f  a  trial .  Unit s wil l  activat e i f  som e 
of  thei r  perceptua l  cue s ar e approximatel y matched ,  eve n i f 
th e anima l  i s no t  i n th e cell' s  norma l  plac e field  a s define d 
(i n part )  b y pat h integrato r  coordinates .  T o ou r  knowledge . 
no on e ha s ye t  recorde d fro m plac e cell s o f  a  disoriente d ra t 
whil e i t  i s  bein g reintroduce d t o a  familia r  environment . 

Discussion 

We hav e show n tha t  whe n ou r  mode l  i s  applie d t o th e manip -
ulation s o f  th e equilatera l  triangl e landmar k arrangemen t  de -
scribe d i n [Collette t  al .  1986] ,  i t  produce s behavio r  equivalen t 
t o vecto r  voting .  Ye t  i t  contain s n o mechanis m fo r  explicitl y 
bindin g perceive d t o remembere d landmarks ,  o r  fo r  gatherin g 
vote s fro m multipl e independen t  vecto r  computations . 

Rathe r  tha n explicitl y  computin g a  se t  o f  candidat e goa l 
locations ,  th e plac e syste m assemble s evidenc e fro m percep -
tua l  cue s t o refin e th e estimat e o f  th e animal' s ow n locatio n 
i n term s o f  a  coordinat e fram e o n whic h th e goa l  locatio n 
has bee n established .  Binding s ar e implictl y achieve d be -
caus e onc e th e positio n o f  th e anima l  i s  determined ,  ther e i s a 
uniqu e correspondenc e betwee n eac h remembere d landmar k 
and wher e i t  coul d b e seen . 

Implementation on a Mobile Robot 

To sho w tha t  ou r  mode l  i s  a n adequat e mechanis m fo r  roden t 
navigation ,  w e hav e implemente d portion s o f  i t  o n th e Xavie r 
mobil e robo t  [Nourbakhs h e t  al .  1993 ]  a t  C M U.  Thi s allow s u s 
t o tes t  ou r  theor y unde r  rea l  worl d constraints ,  suc h a s senso r 
nois e an d uncertaint y i n th e perceptua l  system . 

Xavie r  i s  equippe d wit h a  rin g o f  2 4 ultrasoni c rang e sen -
sors ,  a n infrare d lase r  rangefinder ,  an d a  colo r  camer a mounte d 
on a  pan/til t  head .  On-boar d computin g powe r  i s provide d b y 
tw o i48 6 computer s an d a  laptop ,  interconnecte d vi a Ethernet . 

We ra n th e robo t  i n a  22x2 3 foo t  irregularly-shape d maz e 
whose wall s wer e constructe d fro m cardboar d packin g boxes . 
Ultrasoni c rang e dat a wa s collecte d int o a n occupanc y gri d 
[Morave c 1988] ;  the n standar d edg e detectio n an d Houg h 
transfor m algorithm s [Ballar d &  Brow n 1982 ]  wer e applie d 
t o detec t  concav e an d conve x comers .  Thes e corner s serve d 
as landmark s fo r  th e model .  Th e robo t  performe d th e self -
localizatio n operatio n describe d earlier ,  rese t  it s pat h inte -
grator ,  an d compute d a  vecto r  fro m it s presen t  positio n t o a 
predefine d goa l  location .  Thi s vecto r  wa s the n passe d t o a 
lower-leve l  navigatio n controlle r  fo r  execution . 

Paralle l  relaxatio n t o comput e a  consisten t  plac e cod e ap -
pear s t o b e robus t  agains t  senso r  nois e an d th e fals e registra -
tio n o f  features .  Ou r  preliminar y result s sugges t  tha t  improve d 
robo t  navigatio n algorithm s ma y resul t  fro m modelin g anima l 
behavior . 
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