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T h e Engineerin g o f  Physica l  G round in g 

Rodney A .  Brook s 
MI T Artificia l  Intelligenc e La b 

545 Technolog y Squar e 

Cambridge ,  M A 02139 ,  U S A 

brooks@ai.niit.ed u 

Over  th e las t  eigh t  year s ther e ha s bee n a  renewe d 

interes t  i n buildin g experimenta l  mobil e robo t 

system s tha t  operat e i n unadorned ,  an d unmodi -

fie d natura l  an d unstructure d environments .  Th e 

act  o f  buildin g an d programmin g suc h robot s ha s 

had a  significan t  impac t  sinc e i t  ha s change d ou r 

understandin g o f  wha t  i s difficul t  an d wha t  i s 

easy .  W e hav e realize d tha t  symboli c system s fo r 

reasonin g an d plannin g ar e no t  sufficien t  fo r  build -

in g embodie d mobil e robot s situate d i n dynami c 

worlds .  Th e ne w wor k ha s fimdamentall y change d 

plannin g researc h t o hav e t o dea l  wit h "reactiv e 

planning" ,  ha s change d th e emphasi s i n compute r 

visio n fro m recover y fro m singl e image s o r  canne d 

sequence s o f  image s t o active ,  o r  animate ,  visio n 

wher e th e observe r  i s a  participan t  i n th e worl d 
controllin g th e imagin g proces s i n orde r  t o sim -

plif y th e processin g requirements ,  an d ha s shifte d 

some emphasi s fro m centralize d t o distribute d 

systems . 

There is a general acceptance of the importance of 

subsymboli c lowe r  level s tha t  provid e a  reactiv e 

componen t  fo r  suc h embodie d robots .  Bu t  classi -

cal  cognitiv e scienc e stil l  feel s rathe r  secure—thing s 

hav e onl y change d a t  th e periphery .  A  ne w roun d 

of  physica l  experimentatio n ha s th e potentia l  t o 

challeng e thi s orthodoxy . 

The idea is to leap from experimenting with mo-

bil e robo t  system s t o a n almos t  humanoid-lik e 
integrate d hea d syste m wit h saccadin g foveate d 

vision ,  facilitie s fo r  soun d processin g an d soun d 

production ,  an d a  compliant ,  dextrou s manipula -

tor .  Computatio n woul d b e handle d b y a  larg e 

number  o f  processor s dedicate d t o particula r 

subfunctions ,  an d interconnecte d b y a  fixe d topol -

ogy network . 

It is practical to build such a physical system 

today ,  althoug h i t  i s  arguabl e tha t  i t  coul d no t  b e 

don e onl y tw o year s ago . 

The question of how it should be programmed 

remains .  I f  w e appl y th e sam e technique s a s wa s 

use d i n progranunin g mobil e robots ,  w e hav e a t 

th e ver y leas t  th e chanc e o f  makin g a  hand-ey e 

syste m tha t  i s significantl y mor e robus t  i n a n 
unstructure d environmen t  tha n an y syste m tha t 

has bee n demonstrate d i n a  laborator y t o date . 

Eight years ago mobile robots moved at agoniz-

ingl y slo w spjeed s o f  1  mete r  ever y fiftee n minute s 

and reall y di d no t  apjjea r  t o a n externa l  observe r 

t o understan d thei r  physica l  surrounding s i n an y 

deep way .  Today ,  usin g les s computation ,  mobil e 

robot s ar e abl e t o navigat e abou t  usin g purel y 
visua l  guidanc e a t  1  mete r  pe r  second ,  givin g tour s 
of  th e MI T A I  Lab .  Unfortunately ,  hand-ey e sys -

tems ar e stil l  i n th e sam e dar k age s inhabite d b y 

mobil e robot s eigh t  year s ago .  Onl y i n carefull y 

controlle d industria l  setting s d o robot s arm s mov e 
wit h an y spee d graspin g an d manipulatin g ob -

jects .  A s soo n a s ther e i s a  smal l  deviatio n fro m th e 

expecte d stat e o f  th e worl d however ,  suc h indus -

tria l  robot s fai l  completely .  Laborator y system s 

working  i n a n outwardl y appearin g les s struc -

ture d worl d painstakingl y pla n i n a  supposedl y 

complet e worl d mode l  buil t  fro m sensor y inpu t 

and a  tin y librar y o f  possibl e objects .  The y tak e 

minute s t o sens e th e world ,  plan ,  an d gras p i n a 
way whic h appear s spasti c a t  best .  B y applyin g 

th e sam e idea s o f  layerin g competence s eac h physi -

call y grounde d ther e i s hop e tiiat  w e coul d buil d a 

much mor e dextrou s syste m abl e t o operat e o n 

timescale s commensurat e wit h thos e o f  a  perso n 

engage d i n hand-ey e coordination . 

But there is a chance of a much richer set of 

outcomes .  Suc h a  physica l  syste m wil l  le t  u s tes t 

some idea s i n physica l  realit y tha t  hav e unti l  thi s 

poin t  bee n a t  bes t  philosophica l  musings . 
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The ide a woul d b e t o tak e seriousl y th e ide a o f  th e 

bod y i n th e mind ,  wher e everythin g i s grounde d 

i n primitiv e sensor-moto r  pattern s o f  activation .  I t 

woul d b e a  mode l  abov e th e neura l  level ,  i n th e 

sens e tha t  ther e woul d b e n o attemp t  t o clai m tha t 

th e network s buil t  ha d an y direc t  biologica l  valid -

ity ,  bu t  belo w th e usua l  cognitiv e leve l  wher e 

manipulabl e symbol s ar e assumed .  Th e network s 

the n woul d i n principl e shar e man y o f  th e proper -

tie s o f  we t  neura l  systems ;  completel y distributed , 

highl y interconnected ,  non-symboli c conten t  t o 

thei r  nnessages ,  etc .  Give n th e physica l  hardwar e 

a larg e scal e se t  o f  program s woul d b e buil t  t o 

allo w th e syste m t o interac t  wit h people ,  a s i t 

watche s the m com e an d g o fro m it s environment , 

and manipulat e object s withi n it s reach . 

Here are some of the challenges of such an ap-

proach : 

• Can we have the system build "schemas" that 

ar e physicall y grounde d i n sensor-moto r  activa -

tio n pattern s whil e maintainin g neuroscientifi c 

validity ? 

• Can such schemas really be used to construct 

highe r  levelabstractions ? Tha t  ar e usefu l  fo r  vi -

sua l  recognition ? 

• Can such higher level abstractions be built at all 

i n term s o f  lowe r  leve l  activatio n pattern s withou t 

resortin g t o th e meta-objectificatio n whic h woul d 

see m t o b e th e hallmar k o f  mentales e or ,  mor e 

benignly ,  language . 

• Can the spatial reasoning necessary to manipu-

lat e object s i n th e worl d b e constructe d ou t  o f  re -

use d topographi c imag e maj>s ? 

• Can such spatial reasorung systems be re-used to 

implemen t  meta-objectificatio n (th e ac t  o f  makin g 

a symbol) ,  an d a s suc h wha t  source s o f  constrain t 

doe s tha t  impl y fo r  language ? 

None of these questions can be tackled trivially. 

Each wil l  tak e majo r  implementatio n efforts .  Bu t 

th e jwin t  i s  tha t  th e technolog y no w exist s t o d o 

suc h experiments .  Al l  tha t  i s  neede d i s th e intellec -

tua l  energy ,  patience ,  an d dedication ,  t o carr y 
the m through . 

The act of building and programming such a sys-

te m woul d forc e u s t o fac e th e issue s o f  no t  onl y th e 

interface s betwee n traditionall y assume d modu -

larities ,  bu t  eve n th e modularit y itself .  Th e issue s 

tha t  woul d hav e t o b e face d woul d strik e a t  th e 

ver y cor e o f  traditiona l  Artificia l  Intelligence ,  cog -

nitiv e scienc e an d linguistics ,  stressin g theorie s 

ther e i n way s tha t  the y ar e no t  normall y stresse d 

by standar d operatio n withi n thos e fields .  B y 

reachin g acros s standar d boundarie s an d seri -

ousl y attemptin g t o ge t  man y sensin g an d actin g 

modalitie s workin g togethe r  w e ma y wel l  quickl y 

illunninat e shortcoming s i n th e standar d models , 

sheddin g ligh t  o n formerl y unrealize d sociologi -

call y shared ,  bu t  wrong ,  assumptions .  Thi s i s 

exactl y th e experienc e gaine d fro m wor k wit h 

mobil e robots—earlie r  wor k simpl y wa s no t  ask -

in g th e righ t  questions ,  bu t  assume d th e standar d 

intellectua l  decomposition s coul d b e pu t  bac k to -

gethe r  int o workin g complet e systems . 

This approach to the grounding problem is an 

engineerin g approach .  Buil d a  syste m base d o n 

some hyjxjthese s o f  physica l  grounding ,  an d se e 

ho w muc h furthe r  i t  ca n b e take n tha n existin g 

system s base d o n th e physica l  symbo l  syste m 

hypothesis . 
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