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C 0 6 N I T I V E C O N T R OL O F A U T O N O M O US M O B I L E R O B O T S: 

N E S T ED H I E R A R C H I C A L INTELL I6EN T M O D U LE 

A.  Meys te l 

Drexe l  Universit y 

Phi ladelphia ,  P A 1 9 1 0 4 .  U S A 

On t h ^  s i m n g r i t y P e ^ w w n C g g w H i y g Cffntrgllgr g 

An overview of the recent results in the ores of Autononrtous Control Systems 

fo r  mobil e robot s suggest s tha t  differen t  contro l  system s sho w definit e 

resemblanc e wit h eac h other :  the y hav e a  hierarch y o f  knowledge-base d 

decision-malcin g unit s eve n whe n th e syste m i s equippe d b y a  singl e actuato r 

i t  seem s tha t  al l  autonomou s operation s shoul d b e solve d i n suc h a  simila r 

(possibly ,  anthropomorphic )  way .  A  concep t  o f  hierarchica l  nes te d 

k n o w l e d g e - b a s e d structur e i s introduce d i n thi s pape r  whic h reflect s th e 

c o m m on propertie s o f  cognitiv e controllers ,  an d a n applicatio n o f  thi s 

concep t  i s unfolde d fo r  a  syste m o f  knowledge-base d contro l  o f  autonomou s 

robots . 

It is proven theoretically that nested hierarchies allow for an efficient 

knowledg e organizatio n a s wel l  a s fo r  correspondingl y efficien t  knowledg e 

processing .  Theor y o f  contro l  oriente d knowledg e organizatio n i s bein g 

considere d a  par t  o f  a  theor y o f  A u t o n o m o u s Contro l  S y s t e m s ( A C S ) 

focuse d upo n developmen t  o f  knowledge-base d model s o f  perception , 

memory ,  actuation ,  structure s o f  algorithms ,  an d desig n o f  system s fo r 

opt imu m motio n o f  autonomou s o r  sem i  autonomou s systems .  Theor y o f  A C S 

implie s tha t  th e similaritie s amon g th e existin g structure s o f  autonomou s 

robot s (mostly ,  knowledge-based )  revea l  a  numbe r  o f  inne r  mechanism s o f 

goa l  oriente d dealin g wit h knowledge . 

What Is Autonomous Control System? 

Knowledge based ACS are defined as intelligent machines which should be 

abl e t o operat e i n comp le te l y o r  partiall y  u n k n o w n e n v i r o n m e n t  (o r 

not  ye t  recognized )  wit h variabl e and/o r  uncertai n traversabilit y  o f  th e 

stat e space .  Thi s include s case s o f  obstacl e strew n environmen t  a s wel l  a s 
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othe r  situation s base d o n incomplet e ond/o r  intrinsicoll y imprecis e 

information .  Autonomou s Contro l  System s serv e a s a  substitut e fo r  a  huma n 

operato r  i n th e multiplicit y o f  case s wher e th e dange r  fo r  a  huma n operato r 

i s expected ,  an d als o i n a  numbe r  o f  case s wher e th e intelligen t  dut ie s o f 

th e syste m requir e highe r  performanc e tha n ca n b e provide d b y a  huma n 

operator .  I t  i s  assume d tha t  A C S participat e i n goal-oriente d activities ,  an d 

th e problem s t o b e solve d allo w fo r  it s structurin g i n subproblems ,  taslcs , 

etc .  I n othe r  words ,  A C S i s a  Safem-st fs tem . 

The structure of a typical Autonomous Control System in very general terms 

ca n b e represente d a s show n i n Figur e 1 .  Thi s structur e contain s th e close d 

loo p o f  a  controlle r  (sensors ,  perception ,  knowledg e base ,  contro l 
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Figur e 1 .  Structur e o f  Autonomou s Contro l  Syste m 

and actuation loop closed through the world), and an external connection via 

communicatio n linl c whic h serve s t o assig n an d reassig n a  task ,  t o receiv e 

th e result s o f  th e reconnaissance ,  t o star t  th e require d A C S operation ,  t o 

abor t  th e operation ,  t o updat e th e A C S ,  an d als o t o provid e communicatio n o f 

severa l  A C S unit s workin g a s a  team .  Th e followin g feature s ar e critical : 

ren t  t i m e operat ion ,  redundanc ies ,  s p a c e an d weigli t  constraints . 
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T h e o n f  o f  A C S P o m I t  Ex is t ? 

Most of the virtual body of the theory of ACS control is implied by the 

result s usin g "metaphorical "  structure s o f  cognitio n an d incorporatin g th e 

genera l  result s o f  th e mathematica l  system s theor y an d theor y o f  automat a 

(h .  ARBIB ,  1969 ,  1972 ;  R .  E .  K A L M A N,  1969] .  S o m e o f  th e mor e recen t  paper s 

hel p t o refin e th e backgroun g fo r  th e possibl e practica l  applicatio n (A.G . 

BARTO,  1981 ;  JJ .  HUPFIELD ,  1985) .  However ,  th e proble m o f  engineerin g 

desig n an d manufacturin g o f  A C S require s somethin g mor e tha n a  numbe r  o f 

importan t  genera l  theoretica l  premises .  Th e syste m o f  A C S turn s ou t  t o 

combin e a  cluste r  o f  interrelate d problem s tha t  mus t  b e solve d onl y a s a 

resul t  o f  a n effor t  wit h simultaneou s an d consisten t  consideratio n o f  topic s 

treate d usuall y i n differen t  scientifi c  languages . 

One important thing captures our attention in a variety of ACS realizations: 

the y al l  ar e buil t  i n a  hierarchica l  way .  Structure s o f  hierarchica l 

intelligen t  contro l  [6.SARIDIS ,  1977 ,  1983 ]  ar e potentiall y  th e prope r  tool s 

fo r  solvin g problem s o f  contro l  oriente d manipulatio n wit h knowledge . 

Certainly ,  the y shoul d b e give n a t  leas t  a  rudimentar y capabilit y  o f 

performin g cognit iv e operat ion s whic h i s usuall y don e b y variou s 

technique s o f  artificia l  intelligence ,  self-organizin g automata ,  an d neura l 

networks .  Par t  o f  thes e cognitiv e operation s i s learnin g whic h shoul d chang e 

th e quantitativ e evaluator s i n th e lis t  o f  rule s (relations )  a s wel l  a s 

introduc e n e w rules . 

The model of dealing with cognitive operations in a form of perceptron-like 

fuzzy-stat e automato n w a s firs t  introduce d t o simulat e activitie s o f  huma n 

cerebellu m (J.S .  ALBUS ,  1975) ,  an d the n extende d fo r  applicatio n i n a 

multiplicit y o f  technologica l  hierarchica l  structure s (J.S .  ALBUS ,  1979 , 

1985) .  Simila r  methodologie s or e emloye d i n a  numbe r  o f  knowledge-base d 

controller s (E.H .  h A M D A N i ,  S .  ASSILIAN ,  M.  BRAAE,  D>A > RUTHERFORD,  6.A . 

CARTER,  H.R .  va n N A U T A LEMKE,  J  J .  OSTERGAARD,  etc.) . 

Knowledffe in Autonomous Sustems 

Knowledge Bases are usually considered as a source of well-formed formulas 

fo r  man-machin e decision-suppor t  system s o f  differen t  kinds .  Differentia l 

equation s ar e no t  th e onl y w a y o f  convenien t  worl d representation ,  an d i n th e 

automat a theory ,  w e hov e a  broadl y develope d basi s fo r  buildin g variou s 

system s o f  control .  Automat a formalism s appea r  i n a  natura l  way ,  whe n th e 
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struggl e wit h nonllneorltles ,  coupling ,  an d cumbersom e computation s bring s 

us t o th e ide a o f  tabl e (look-up) . 

Tobies con be considered as ordered lists of clauses, (certainly, logic Is 

presume d t o b e multivalue d wit h fuzz y and/o r  probabilisti c  assignin g o f 

quantitativ e data) .  Generalizatio n upo n table s generat e list s o f  logica l 

Olngulstlcal )  rules .  Goa l  oriente d se t  o f  generalization s upo n th e list s o f 

logica l  (llngulstlcal )  rules ,  lead s t o th e hierarchica l  organizatio n o f 

Informatio n ("knowledge") .  Goa l  oriente d hierarchie s create d i n thi s way , 

satisf y th e followin g principle :  o t  o  g i v e n feve h th e resu i t s o f 

geaerofizetioi i  ( d o s s e s )  serv e e s primitive s fo r  th e ohov e leve l 

The n eac h leve l  o f  th e hierarch y ha s it s o w n classe s an d primitives ;  thus ,  i t 

ha s it s o w n vocabulary ,  an d th e algorithm s assigne d upo n thi s vocabular y ca n 

be adjuste d t o th e propertie s o f  th e object s represente d b y th e vocabulary .  I t 

i s  assume d tha t  m e t o r u l e s providin g th e operation s mentione d above ,  ar e 

par t  o f  th e system . 

It is proven that thee-entropy of the knowledge organization, can be reduced 

usin g prope r  selectio n o f  resolut io n reduct io n factor ,  durin g th e proces s 

of  generalization .  Severa l  differen t  knowledg e hierarchie s ar e show n t o 

affec t  th e operatio n o f  ACS :  hierarch y o f  knowledg e represente d i n th e 

mechanica l  assembly ,  hierarch y o f  knowledg e represente d i n th e motio n 

contro l  system ,  i n th e syste m o f  sensors ,  an d finally ,  i n th e architectur e 

o f  th e icnowledg e process in g s y s t e m p e r  se{se e Figur e 2,a) . 

Each of the cones represents the resolutional hierarchies of knowledge at 

differen t  level s o f  consideration .  Th e dnr^^in s covere d b y eac h o f  th e "cones " 

communicat e enablin g translatio n amon g th e domains .  I n Figur e 2, b th e 

structur e o f  th e genera l  k n o w l e d g e con e i s show n fo r  thre e level s o f 

hierarchy .  Finally ,  i n Figur e 2, c th e consecutiv e decompositio n i s show n fo r  a 

m ap o f  th e world .  Eac h o f  th e consecutiv e Image s i s obtaine d a s a  resul t  o f 

" zooming "  procedur e fo r  th e ore a o f  attention . 

Th e A C S hierareh y i § usuall y produce d b y th e physica l  existenc e o f  a 

multiplicit y o f  actuator s (and/o r  sensors )  a s wel l  a s b y th e structur e o f 

problem ,  it s decompositio n i n tasks .  Then ,  th e branchin g o f  hierarchica l  tre e 

follow s i f  th e require d operatio n (actuation )  ca n b e associate d wit h a  singl e 
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tas k decomposabl e I n port s an d thos e port s shoul d b e performe d b y o  se t  o f 

differen t  octuotors .  H o w e v e r ,  th e hierarch y i s retaine d e v e n w h e n 

onl y o n e ac tua to r  i s bein y considered .  Thi s woul d b e o  hierorch y o f 

neste d decisio n makin g processe s ove r  a  neste d hierarch y o f  worl d 

representatio n wher e eac h o f  th e level s ca n b e characterize d exhaustivel y b y 

th e valu e o f  resolut io n o f  k n o w l e d g e representation . 

Hierarchical decision making process allows for using the limited computer 

powe r  a t  eac h leve l  o f  suc h hierarch y wit h n o branchin g efficientl y b y 

£on§ecutlv i  zoomin g prociduresThi s hisrsrchlca )  syste m o f  representatio n 

employ s Minsky' s "frames "  o r  S a m e f s "quad-trees "  i n a  "natural "  way. .  I n thi s 

case ,  th e tre e hierarch y o f  intelligen t  contro l  convert s int o a  hierarchica l 

nes te d control le r  ( H N C ) . 

If HNC is acting under the above mentioned constraints the process of control 

allow s fo r  decouplin g I n part s dealin g separatel y wit h informatio n o f 

differen t  degre e o f  resolutio n (easil y interprete d a s certainty ,  belief ,  etc . 

Thi s m e a n s tha t  th e degre e o f  "fuzziness "  i s differen t  a t  differen t  level s o f 

th e hierarchy ,  an d i n th e neste d hierarch y o f  th e fuzzy-stat e automat a eac h 

a u t o m a t o n o f  th e l o w e r  leve l  (au tomaton-ch i ld )  i s  enclose d i n th e 

co r respond in y p a r e n t - a u t o m a t o n ,  an d serve s fo r  clarificatio n o f  it s 

uncertainties . 

A nested hierarchy of knowledge which is organized according to the degree 

of  certaint y an d belief .  Implie s a  neste d hierarch y o f  decision-makin g 

processe s whic h i n fact ,  lead s t o a  simila r  neste d hierarchica l  structur e o f 

P L A N N E R - N A V I G A T O R - P I L OT currentl y employe d i n som e version s o f 

mobil e autonomou s robots .  A C S functionin g depend s upo n a  subse t  o f 

cognitiv e operation s i n H N C associate d wit h m o t i o n planniny , 

nav iyat ion ,  a n d contro l  fo r  a u t o n o m o u s m o b i l e robots .  Thus ,  Figur e 1 

co n b e modified ,  an d th e refine d structur e o f  th e syste m whic h reflect s th e 

H NC operation ,  i s  show n i n Figur e 3 . 

Hggtgd Hieran;hy ftf KnQWledgg |n ACS 

Clearly, the functional subsystems of ACS: "Perception", "Knowledge Base", 

and"Plann1ng-Contro r  ar e intrinsicall y interlaced ,  an d Figur e 3  show s tha t 

the y ca n b e considere d a s a n entit y ("Intelligen t  module") .  Thi s entit y i s buil t 

upo n t w o interrelate d knowledg e bases :  one ,  carryin g th e 

entity-relationship s (ER )  structur e o f  th e world ,  an d another ,  definin g 
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operotion s upo n thi s structure .  Th e operotion s or e determine d b y th e octuo l 

chorocte r  o f  th e phnnitive s a t  o  give n leve l  o f  consideration .  Thes e t w o 

interwoven knowledge bases constitute the background for the ACS 

operation. 
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K n o w l e d g e ocquisft io n I s understoo d o s a  t w o - s t e p p roces s consistin g 

of  I n fo rme t io n ocquisit io n (whic h i s don e b y sensors) ,  on d Informot to n 

orgenizot lo n (whic h i n fact ,  transform s th e ra w informatio n int o 

knowledge) .  First ,  sensor s delive r  phene ro n t o th e Icnowledg e manager .  (Th e 

ter m 'phaneron '  w a s introduce d b y C.S .  Pierc e fo r  th e totalit y  o f  informatio n 

whic h ca n b e calle d p h e n o m e n o l  wor ld ) .  Phanero n i s no t  structure d a t  th e 

m o m e nt  o f  arrival ,  i t  shoul d b e recognized ,  identifie d withi n som e 

ER-structur e whic h migh t  no t  ye t  bee n created .  Thes e processe s ar e broadl y 

discusse d i n literature ,  an d th e importanc e o f  suc h phenomen a a s 

'ottention' ,  an d "resolution "  i n th e proces s o f  knowledg e acquisitio n w a s 

emphasize d m a n y t ime s i n literatur e (R .  Bajcsy ,  M.  Levine ,  A .  Hanson ,  E . 

Riseman ,  etc.) . 

The result of this first step of knowledge acquisition (a snapshot of the 

w o r l d ) ,  contain s informatio n par t  o f  whic h ca n b e differen t  i n th e nex t 

snapshot ,  an d par t  won' t  chang e (e.g .  abou t  relation s amon g object s and/o r 

thei r  properties) .  Thus ,  th e identificatio n ca n b e don e onl y i n th e context ,  i.e . 

i n constan t  interactio n wit h knowledg e base .  Thi s affect s th e se t  o f 

preprocessin g procedure s whic h ar e bein g separate d fro m th e res t  o f  th e 

intelligen t  modul e primaril y becaus e o f  successfu l  experienc e o f  modula r 

manufacturin g o f  th e compute r  visio n system s systems .  Simultaneousl y wit h 

th e proces s o f  findin g phanero n structur e (o r  imag e interpretation )  th e 

proble m o f  prope r  allocatio n o f  th e Informatio n containe d withi n phanero n 

shoul d b e done .  Thus ,  th e syste m o f  neste d hierarch y o f 

Planner-Navigator-Pilo t  m a p s i s bein g created . 

Knowledge Reoresentetlon Stratified hif Resolution 

Separatio n i n level s appeare d t o b e a  natura l  phenomeno n linke d wit h th e 

propertie s o f  ottentlon ,  an d it s intrlnslca l  link s wit h th e proces s o f 

generol lzot lon .  I n fact ,  generalizatio n I s require d t o provid e th e efficienc y 

of  computin g resource s us e an d allocation ,  an d ottentlo n i s on e o f  it s  tools . 

Thus ,  th e n e w clas s label s whic h ar e create d b y th e proces s o f 

generalization ,  ar e bein g considere d a s n e w primitive s o f  th e uppe r  leve l  o f 

worl d representation .  Thi s rule :  th e c las s label s o f  th e l o w e r  leve l  ar e 

cons idere d a s pr imi t ive s fo r  th e h ighe r  level ,  i s  on e o f  th e law s o f 

th e mechan is m o f  neste d hierarchy . 
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Knowledg e represente d b y A C S conleln s o t  leas t  tw o ports :  thesouru s on d 

context .  Thesouru s i s mointoine d Independentl y o f  porticulo r  operotlo n t o b e 

performed ,  an d i t  constitute s tli e A S S 'wisdom' ,  'education' ,  an d 

"experience" .  Contex t  i s  determine d b y th e tas k withi n a  domai n o f  thesaurus , 

and ca n b e considere d a s a  "map "  o f  th e worl d i n whic h th e operatio n mus t  b e 

designate d togethe r  wit h th e lis t  o f  rule s pertainin g t o thi s map .  Ma p o f  th e 

worl d i s extracte d fro m th e serie s o f  snapshots . 

Knowledge in the form of "planner's map" should be maintained for a long 

tim e du e t o th e 'slo w rhythm "  o f  thi s level .  Change s i n th e uppe r  leve l  m a p 

ar e no t  frequent .  "Navigator' s map "  i s t o b e regularl y update d bu t  i t  ca n b e 

maintaine d a s a  por t  o f  'planner' s map" .  Pilo t  m a y o r  m a y no t  nee d a  m a p 

maintaine d a s a  par t  o f  "Navigator' s map" .  Actually ,  fro m ou r  firs t  experienc e 

of  dealin g wit h A C S w e foun d tha t  intelligen t  modul e canno t  affor d 

maintenanc e o f  th e pilo t  m a p (th e lowes t  leve l  o f  worl d representation) ,  an d 

therefor e al l  processe s relate d t o th e rea l  tim e operatio n hav e e p h e m e r a l 

structur e wit h a  numbe r  o f  logica l  filter s determinin g whethe r  thi s 

ephemera l  informatio n contain s anythin g t o b e include d i n th e lon g ter m 

memory. 

Mops that have emerged on the surface of the ER-structure as a working 

representatio n o f  phaneron ,  impl y correspondin g procedure s o f  motio n 

plannin g an d control . 

Planntnq/Contro l  Stratifie d b y Resolut io n 

Planning is traditionally considered to be a process which is performed 

separatel y fro m th e proces s o f  control .  Thi s i s acceptabl e fo r  th e vas t 

multiplicit y o f  system s wher e plannin g ca n b e performe d off-line ,  an d th e 

proces s o f  contro l  ca n b e initiate d give n a  se t  o f  highl y generalize d unit s o f 

k n o w l e d g e togethe r  wit h a  numbe r  o f  unchangeab l e goals .  B y lowerin g 

th e leve l  o f  generalizatio n an d keepin g th e certaint y an d belie f  i n 

th e require d limit s o f  th e leve l  resolution ,  w e ca n buil d i n a  hierarch y o f 

neste d plannin g processes .  I n thi s hierarchy ,  th e desirabl e trajector y 

determine d a t  th e highe r  leve l  arrive s t o th e lowe r  leve l  a s a  fuzz y strip e 

(FS) .  Th e n e w plannin g i s bein g don e withi n F S a t  a  highe r  resolution . 

This decoupling of the decision-making upper levels (or off-fine staged 

fro m th e lowe r  level s o f  decision-makin g an d immediat e periormanc e (o r 
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th e Inseparabl e part s o f  th e unifie d 

HNC.  Th e level s o f  plannin g an d contro l 

ar e connecte d togethe r  b y 

an Intermediat e leve l  o f  decisio n 

makin g dealin g wit h processe s whic h 

hav e t o us e knowledg e a t  a  definit e 

leve l  o f  generalizatio n an d ye t  afte r 

processe s o f  updatin g ar e completed . 

This means that at this intermediate 

level ,  th e result s o f  th e ongoin g motio n 

affec t  th e result s o f  generalizatio n 

(sins e th e syste m o f  'Perception ' 

Initiate s processe s o f  informatio n 

updating) .  W e nam e plannin g processe s 

novlget lo n p e r  s e a t  th e leve l  o f 

"Plannlng-control "  subsyste m wher e 

th e result s o f  real-tim e updatin g ar e 

becomin g crucia l  fo r  th e result s o f 

planning .  I n Figur e 4 ,  thre e consecutiv e neste d operation s o f  plannin g ar e 

performe d a t  thre e resolutiono l  level s o f  th e system .  On e co n se e tha t  a t  th e 

leve l  o f  th e leas t  resolution ,  th e pla n i s visualize d a s a  straigh r  lin e AB . 

Afte r  zoomin g a  segmen t  o f  thi s lin e int o highe r  resolution ,  n e w informatio n 

i s obtained ,  th e straigh t  lin e i s bein g substitute d b y anothe r  plan :  DEF .  Th e 

nex t  zoomin g disclose s eve n mor e detail s abou t  th e environment .  Th e actua l 

motio n amon g smal l  obstacle s i s show n i n th e thir d map .  So ,  thes e thre e 

plan s s h o w differen t  paths ,  th e directio n o f  motio n seem s t o b e different . 

And yet ,  al l  o f  the m ar e correc t  plan s afte r  bein g relate d t o th e resolutio n o f 

a particula r  level . 
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Figur e 5  Category-theoreltca l  Representatio n o f  A C S 

Nested hierarchy of perception does not require having any hierarchy of 

sensor s althoug h doe s no t  preclud e an y acceptabl e hardwar e solution .  Neste d 

hierarch y a t  th e stag e o f  preprocessin g I s bein g viewe d a s a  resul t  o f 

sequentia l  z o o m i n g operation ,  o r  I n othe r  word s operatio n o f  th e focusin g 

o f  ottentlon .  I n A C S zoomin g mus t  b e base d upo n focusin g o f  attentio n 

otherwise ,  th e constrain t  o f  th e limite d computin g powe r  woul d no t  b e 

satisfied .  (On e ca n se e tha t  thi s concep t  ca n b e Interprete d withi n th e 

framewor k o f  existin g theorie s o f  Imag e organizatio n an d Interpretation ,  se e 

A.  HANSON,  E .  RISEMAN,  1978) . 

Hestea HierorcMcol Protiucuon susum 

All Of the plannlng-control levels of the mechanism of knowledge-based 

navigatio n interac t  vertfcatl y vi a recursio n o f  th e e lgo i i thm s o f 

sequentia l  product io n providin g sequentia l  refinemen t  top-down ,  an d 

correctiona l  replanning  bottom-up .  Functionin g o f  th e hierarchica l  productio n 

system s o f  perception ,  an d plannlng-control .  I s supporte d b y vertica l 

Interactio n o f  level s I n th e 'Knowledg e Base '  vi a aggregatio n an d 

decompositio n base d upo n preasslgne d value s o f  resolutio n pe r  level .  So ,  th e 

thesauru s a s wel l  a s context ,  exis t  a s a  resul t  o f  Interna l  processe s o f 

self-organizatio n withi n th e bod y o f  knowledge . 
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On th e controry ,  th e t w o coupl e o f  subsystems :  "Perception-Knowledg e Dose " 

and "Knowledg e Bose-Plonning/Control "  (show n i n Figure s 1  an d 3 )  ar e bein g 

viewe d i n ou r  theor y a s vertica l  nes te d k n o w l e d g e process in g 

h ierarch ie s w i t h horizonta l  Interactio n pe r  level .  Indeed ,  al l  n e w 

knowledg e acquire d shoul d b e organized ,  th e lis t  o f  primitive s i n operatio n 

must  b e verifie d an d updated .  Thi s procedur e i s bein g don e a t  a  horizonta l 

leve l  a s wel l  a s excercisin g th e algorithm s o f  control .  I n th e latte r  case ,  th e 

m ap o f  th e worl d a s wel l  a s th e lis t  o f  rule s t o dea l  wit h thi s m a p or e 

becomin g a n objec t  o f  heuristi c discretizatio n an d search . 

Caiigflcy-thMi^tlgQl gescyipupn of Aqg 

Considering subsystems as cotegorles C, and the interaction among them as 

func to r s F ,  th e commutativ e diagra m ca n b e show n a s follow s (indice s 

mean:  s-sensing ,  p-perception ,  k-knowledge ,  pc-planning/control , 

a-actuation ,  w-wor ld )  a s show n i n Figur e 3 .  (Feedback s ar e no t  shown :  boxe s 

ar e connecte d b y "functors "  whic h characteriz e th e structur e conservatio n 

i n a  se t  o f  mapping s o f  interest) .  Th e bol d horizonta l  lin e separate s tw o 

ma jo r  differen t  part s o f  th e system :  wha t  i s below ,  i s a  worl d o f  rea l 

objects ,  an d wha t  i s abov e th e bol d line ,  i s  th e worl d o f  informatio n 

processing . 

All of the "boxes" in Figure 3 are fuzzy-state automata. They are easily and 

adequatel y describe d i n term s o f  th e automat a theory ,  provid e consistenc y o f 

th e descriptions ,  compute r  representations ,  contro l  operation ,  an d the y ar e 

taylore d fo r  dealin g wit h knowledg e processing .  Then ,  th e searc h ca n b e don e 

by combinin g A *  an d dynami c programming ,  discretizatio n o f  th e spac e i s 

bein g determine d b y th e leve l  o f  resolution ,  an d th e rule s whic h ar e 

formulate d withi n th e give n context . 

Knpwipdgg-bQ^eii opMmum qontrol of A<;s 

In this area, the methodology of knowledge engineering can give substantial 

benefits .  Th e proble m o f  motio n plannin g w a s give n attentio n i n th e 

literatur e o n A l  an d robotics .  However ,  i n s  pur e analytica l  domai n problem s 

of  o p t i m u m plannin g a s wel l  a s o p t i m u m contro l  unti l  n o w d o no t  hav e 

applicabl e solutions .  Motio n plannin g i s frequentl y understoo d i n th e contex t 

of  'solvabll ltg '  o f  th e p r o b l e m s o f  posit ionin g o r  m o v i n g th e objec t 

rathe r  tha n i n th e contex t  o f  findin g th e desirabl e trajector y o f  motion . 

Nevertheles s on e canno t  argu e tha t  th e rea l  proble m o f  concer n i s findin g th e 
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locatio n and/o r  trajector y o f  motio n whic h provide s a  desire d valu e o f  s o m e 

"goodness "  measur e (e.g .  th e valu e o f  som e cost-function) .  Thes e feature s o f 

th e problem ,  constitut e a  goo d "bridge "  fo r  Interferenc e o f  knowledg e 

engineerin g methodology . 

The emphasis of the well known concept of the "configuration space 

approach" ,  I s don e upo n technique s o f  constructin g th e admiss ib l e swep t 

volum e bu t  n o optimiilit y  i s  considered ,  an d certainly ,  n o dynamic s o f  th e 

motio n I s discussed ,  hos t  o f  th e algorithm s base d upo n th e theorie s 

mentione d above ,  or e oriente d towar d off-lin e operation ,  the y requir e 

considerabl e tim e an d constan t  huma n Involvement .  Finally ,  al l  o f  th e 

existin g work s presum e complet e knowledg e o f  th e environment ,  an d operat e 

I n a  structure d world .  N o resul t  I s know n contemplatin g plannin g o f  motio n I n 

unstructure d situation .  I n th e meantime ,  thi s situatio n I s a  typica l  on e fo r  a 

hierarchica l  syste m o f  Icnowledge-bose d o u t o n o m o u s control . 

Considering the problem of motion planning as a pure geometric issue, con be 

understoo d give n complexit y o f  thi s problem ,  an d th e mathematica l  eleganc e 

of  solution s i t  generates .  W e woul d lik e t o expres s her e ou r  appreciatio n o f 

th e result s containin g th e advancement s I n usin g configuratio n spac e (T . 

L0ZAN0-PERE2,  M.A .  WESLEY,  W.  RED,  H.V .  TRU0N6-CA0 .  A.A .  PETROV,  T.M . 

SIROTA) ,  i n findin g th e m in imu m distanc e pat h unde r  geometrica l  constraint s 

(J.Y.S .  LUH ,  C.S .  LIN ,  L.A .  LOEFF ,  A.H .  SONI ,  S.M .  UDUPA,  C.E .  CAMPBELL) ,  upo n 

th e networ k (G .  6IRALT ,  R .  SOBEK,  R .  CHATILA ,  V.A .  MALYSHEV),  usin g th e 

Vorono l  diagram s fo r  motio n plannin g wit h an d wit h n o retractio n (R.A . 

BROOKS,  C.K .  YAP )  a s wel l  a s introductio n an d th e treatmen t  o f  suc h 

problem s a s "movin g th e ladder" ,  "movin g th e piano" ,  an d s o o n (C.K .  YAP) . 

Variou s method s o f  m i n i m u m pat h constructio n hav e bee n applie d base d upo n 

determinin g th e 'potentia l  field "  surroundin g th e obstacle s (0 .  KHATIB) , 

globa l  flo w analysi s usin g Gauss-Jorda n eliminatio n (R.E .  T A R J A N ) , 

applicabl e w h e n th e ful l  knowledg e o f  th e worl d i s presume d t o b e given .  A n 

interestin g exampl e o f  usin g neura l  network s fo r  optimizatio n o f  motio n (JJ . 

HOPFIELD,  D.W .  T A N K ,  1985) ,  i s  promisin g withi n th e aspec t  o f  thi s paper . 

The following comment should be taken In account: the above mentioned 

work s reflec t  a  paradig m o f  off-lin e stoti c plannin g o f  m o t i o n 

trajector y i n a  cluttere d l imite d we l l  icnow n space .  Clearly ,  thi s i s 

onl y a  par t  o f  th e whol e problem -  o n importan t  on e bu t  jus t  a  part .  A s soo n 

as th e on-l in e rea l - t im e plannin g i s required ,  a s soo n a s d y n a m i c s i s 

Involved ,  a s soo n a s th e "plant "  i s  c o m p l e x an d hierarchica l  one ,  an d th e 

worl d i s no t  un i f o r m an d no t  we l l  Icnown ,  finally ,  a s soo n a s th e 
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compute r  p o w e r  turn s ou t  t o b e limite d (o s happen s I n oi l  autonomou s 

systems )  -  the n th e ol d premise s or e no t  workin g anymore . 

Experience of Simulation and Testing 

Based upon this approach, a nested hierarchical Intelligent module has been 

develope d fo r  knowledge-base d contro l  o f  a n autonomou s mobil e robot .  Th e 

modul e w a s simulated ,  an d th e processe s ofknowledg e acquisition , 

organizatio n an d knowledge-base d planning-contro l  hav e bee n analyze d i n a 

variet y o f  situation s includin g a  numbe r  o f  terrain s includin g fla t  an d 2  1/ 2 

D one s (D .  G A W,  A .  MEYSTEL,  1966) ,  obstacl e strew n environmen t  (A . 

MEYSTEL,  A .  GUEZ,  G.  HILLEL ,  1986) ,  an d differen t  cost-function s fo r  opt imu m 

control .  Simulatio n o f  neste d hierarchica l  plannin g i s illustrate d i n Figur e 6 . 

One ca n se e tha t  afte r  developmen t  o f  th e uppe r  leve l  pla n ("g o straigh t 

f r o m initia l  posit io n t o g o a l ' ) ,  nex t  leve l  (Navigator )  change s th e pla n 

upo n updatin g m a p b y obstacle s information .  Middle-level  pla n i s develope d 

i n presumptio n tha t  ther e i s a n exi t  o n th e right .  Th e lowes t  level .  Pilo t 

visualize s th e obstacle ,  an d th e motio n i s agai n replanne d an d corrected . 

Figur e 6 .  Exampl e o f  NH C simulatio n 

Th e processe s o f  dynami c navigatio n hav e bee n analyze d (A .  GUEZ,  A . 

MEYSTEL,  1965) .  Th e result s hav e confirme d tha t  neste d structur e i s 

applicabl e fo r  goa l  oriente d motio n refinemen t  o f  m i n i m u m tim e dynami c 

system .  Th e softwar e packag e correcte d afte r  compute r  simulation ,  i s  bein g 

verifie d b y testin g a n Indoo r  mobil e autonomou s robo t  (wit h ultrasoni c 

"vision") .  Indoo r  testin g ha s confirme d th e N H C analysis .  N e w advance d 

algorithm s o f  Pilotin g ha s bee n developed . 

The outdoor system is being developed for operating upon terrain 5x5 sq. ml. 

Navigator' s focu s o f  attentio n i s 1500x150 0 sq.ft .  Focu s o f  attentio n a t  th e 

Pilo t  leve l  i s  2 0 0 x 2 0 0 sq .  ft .  Th e principl e o f  Neste d Hierarchica l  Contro l  I s 
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represente d consistentl y I n el l  o f  th e subsystems .  I n orde r  t o provid e th e 

outdoo r  tes t  o f  th e th e system ,  o  vehicl e i s bein g 

outdoo r  tes t  o f  th e th e system ,  o  vehicl e i s bein g manufacture d wit h thre e 

level s o f  visio n (wit h a  laser-scanner ,  wit h a  C C D camera ,  an d wit h 

ultrasoni c sensors) .  N H C enabl e developmen t  o f  a  n e w principl e o f  Visio n a t 

th e Pilo t  Leve l  usin g segmentatio n wit h n o edg e detection . 

Computer ArchUectures 

Theory of hierarchical nested control not only generates the conceptual 

knowledg e acquisitio n an d processin g oriente d architecture s o f  cognitiv e 

module s fo r  autnnomou s mobil e robots ,  bu t  als o suggest s numbe r  o f 

preferabl e compute r  architecture s a s wel l  a s technique s o f  dealin g wit h th e 

proble m o f  assemblyin g th e syste m fro m existin g architectures .  Thes e 

architecture s ar e Implicitl y  describe d i n a  par t  o f  Figur e 3  abov e th e bol d 

line . 
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