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Abstract 

I n   o r d e r   t o   u n d e r s t a n d  i t s  e n v i r o n m e n t ,  a m o b i l e  
r o b o t   s h o u l d   b e   a b l e  t o  m o d e l   c o n s i s t e n t l y   t h i s  
e n v i r o n m e n t ,   a n d   t o   l o c a t e  i t s e l f  c o r r e c t l y .  One 
m a j o r   d i f f i c u l t y  t o  b e   s o l v e d  is t h e   i n a c c u r a c i e s  
introduced by the   sensors .  The approach  proposed  in  
t h i s   p a p e r   t o   c o p e   w i t h   t h i s   p r o b l e m  re l ies  on 
1 )  d e f i n i n g   g e n e r a l   p r i n c i p l e s   t o   d e a l  w i t h  
u n c e r t a i n t i e s  : t h e   u s e   o f  a m u l t i s e n s o r y   s y s t e m ,  
f a v o   r i n g   o f   t h e   d a t a   c o l l e c t e d   b y  t h e  more 
a c c u r a t e   s e n s o r   i n  a g i v e n   s i t u a t i o n ,   a v e r a g i n g   o f  
d i f f e r e n t   b u t   c o n s i s t e n t  measurements  of  the same 
e n t i t y   w e i g h t e d   w i t h   t h e i r   a s s o c i a t e d  
u n c e r t a i n t i e s ,   a n d   2 )  a m e t h o d o l o g y   e n a b l i n g  a 
m o b i l e   r o b o t   t o   d e f i n e  its own reference  landmarks 
w h i l e   e x p l o r i n g  i t s  e n v i r o n m e n t .   T h e s e   i d e a s  a r e  
p r e s e n t e d   t o g e t h e r   w i t h   a n   e x a m p l e   o f   t h e i r  
a p p l i c a t i o n   o n   t h e   m o b i l e   r o b o t  H I L A R E .  

One o f   t h e   s p e c i f i c   c h a r a c t e r i s t i c s   o f   m o b i l e  ro- 
b o t s  is t h e   c o m p l e x i t y   o f   t h e i r   e n v i r o n m e n t .   T h e y  
have   to   cope   wi th  a wide q u a l i t a t i v e  and   quant i ta -  
t i v e   v a r i e t y  of o b j e c t s ,   e i t h e r  as o b s t a c l e s   t o  be 
avoided or  items t o  be  manipulated. It i s  t h e r e f o r e  
e s s e n t i a l   t h a t  a m o b i l e   r o b o t   h a v e   t h e   a b i l i t y  t o  
b u i l d  and use   models   o f  i ts env i ronmen t   t ha t   enab le  
i t  t o   u n d e r s t a n d  i t s  s t r u c t u r e .   T h i s  i s  n e c e s s a r y  
i n   o r d e r   t o   p l a n   p a t h s  and t r a j e c t o r i e s ,  a t  least, 
b u t   a l s o   t o   u n d e r s t a n d   o r d e r s ,   a n d   t o   p l a n   a n d  
e x e c u t e   t a s k s .  

T h e   p r o b l e m s   a d d r e s s e d   i n   t h i s   p a p e r  a re  c r u c i a l  
when dea l ing   w i th   r ea l -wor ld   mob i l e   robo t s  as op- 
posed to   s imula ted   ones .  They are the   p roblems  of  : 
1)  cons t ruc t ing   and   main ta in ing   an  accurate enough 
e n v i r o n m e n t   m o d e l   ( o f   o b j e c t s   a n d   s p a c e ) ,   t h a t  
remains consistent as t h e   r o b o t   e x p l o r e s  new areas 
o r  sees a g a i n   r e g i o n s   t h a t  a re  a l r e a d y   m o d e l e d ,  
and ,  2)  knowing i t s  own p o s i t i o n   i n   t h i s   e n v i r o n -  
ment.  The genera l   p roblem  concerns   an   uns t ruc tured  
e n v i r o n m e n t ,   a n d   t h e   r o b o t   s h o u l d   b e   a b l e   t o   c o n -  
s t r u c t  i ts re fe rences  by i t se l f .  Imprecise  mapping 
i s  a n   i m p o r t a n t   i s s u e   i n   c u r r e n t   m o b i l e   r o b o t  
research2.  

A major d i f f i c u l t y  stems f r o m   t h e   f a c t   t h a t  t h e  
machine  perceives  its environment  and  keeps  track 
of i ts pos i t i on   t h rough   s enso r s   t ha t  are i n e v i t a b l y  
imprecise.  It is clear  t h a t   t h e s e   i m p r e c i s i o n s  w i l l  
l e a d  t o  a model   degrada t ion ,   and   the   ident i f ica t ion  

"These i s s u e s  are d i s c u s s e d   i n  more d e t a i l   i n  < I > .  
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o f  o b j e c t s   a n d  a reas  a l r e a d y  known and  modeled 
would  be i n   g e n e r a l   i m p o s s i b l e .   R o b o t   n a v i g a t i o n  
w o u l d   t h e n   b e   l i m i t e d   t o   t h e   d i r e c t l y   s e e n   l o c a l  
environment. 

To s o l v e   t h i s   d i f f i c u l t y ,   t h e   e r r o r   o n   t h e   i n f o r -  
mat ion   about   ob jec ts   and   robot   pos i t ion   should   be  
m o d e l e d   f o r   t h e   c o n c e r n e d   s e n s o r s .  Our a p p r o a c h  
w i l l  be  based  on  using two sensory   devices  measu- 
r i n g   o b j e c t s   p o s i t i o n   ( b y   v i s i o n  o r  r a n g i n g ) ,   a n d  
r o b o t   p o s i t i o n  by t r a j e c t o r y   i n t e g r a t i o n .  Based  on 
t h e   e r r o r   m o d e l s ,  we p r o p o s e  a method t o   i m p r o v e  
t h e   o v e r a l l   a c c u r a c y   o f   t h e   e n v i r o n m e n t   m o d e l   o n  
o n e   h a n d ,   a n d   o f   t h e   r o b o t   p o s i t i o n   o n   t h e   o t h e r  
hand .   This   method i s  p a r t l y   i m p l e m e n t e d   o n   t h e  
mobi le   robot  HILARE3 and w i l l  be i l l u s t r a t e d  on 
an  example. 

1. World  models and  position  referencing 

1.1. World  Models 

I n   t h e   s c o p e  of  t h e   m o b i l i t y   f u n c t i o n ,   t h r e e   k i n d s  
of   world  models  are necessary: a geometrical   model,  
a t o p o l o g i c a l   m o d e l ,   a n d  a s e m a n t i c   m o d e l :  
A. The   geometr ic   model  is d i r e c t l y   d e d u c e d   f r o m  
percept ion   da ta .  We d e a l   h e r e   w i t h   o b j e c t s   t h a t  are 
t o  b e   c o n s i d e r e d  a s  o b s t a c l e s   t o   b e   a v o i d e d  o r  
a p p r o a c h e d ,   a n d   n o t  smal ler  items to   be   man ipu-  
l a t e d .   I n   t h e  case o f  our exper imenta l   robot  HILARE 
f o r  example,   objects   have  polyhedrical   shapes  and 
are ground  projected t o  o b t a i n  a two-dimensional 
model. Th i s  model b a s i c a l l y   c o n t a i n s   t h e   p o s i t i o n  
in   an   abso lu t e   coo rd ina te   f r ame   o f   t he   ob jec t   p ro -  
j e c t i o n   v e r t i c e s .  It is t h e  first environment  rep- 
r e s e n t a t i o n  and will be  manipulated t o  deduce  the 
topo log ica l   and   s eman t i c  models. It is it t h a t  w i l l  
h a v e   t o   b e   u p d a t e d   a n d   m a i n t a i n e d  a s  a c c u r a t e  as  
poss ib l e .  The o b j e c t s  are r e f e r e n c e d   i n   a n   a b s o l u t e  
coordinate  system  and we will see t h a t   v e r t i c e s  and 
o b j e c t s  will h a v e   a n   a s s o c i a t e d   u n c e r t a i n t y   i n   t h i s  
frame . 
B. Topo log ica l  model.  Space s t ruc tu re   unde r s t and ing  
i s  based   on  i t s  t o p o l o g y ,   w h i c h   e x p r e s s e s  i t s  i n -  
t r i n s i c   p r o p e r t i e s  a t  a g i v e n  scale .  T h e   t o p o l o -  
g ical  model is a h i e r a r c h y  of s e v e r a l   l e v e l s .  Let 
u s  de f ine   t he   concep t   o f  place as an area t h a t  is a 
f u n c t i o n a l  o r  t o p o l o g i c a l   u n i t .  For e x a m p l e ,  a 
room, a c o r r i d o r  are t o p o l o g i c a l   u n i t s ,  a worksta- 
t i o n  is a f u n c t i o n a l   u n i t .  The concep t   o f   p l ace  i s  
d e f i n e d  a t  s e v e r a l   l e v e l s :  a room, a s t o r e y  o r  a 
who le   bu i ld ing  are p laces .   In   an   ou tdoors   envi ron-  
ment, t he   concep t   o f   p l ace  may a l s o  be  def ined  with 
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s p e c i f i c   c h a r a c t e r i z a t i o n s .   C o n n e c t o r s   l i n k   p l a c e s :  
doors ,   cor r idors ,   s ta i rways  o r  e l e v a t o r s  are f o r  
instance  indoors   connectors .  Some p l a c e s  may a l s o  
be  connec to r s   t hemse lves .  The t o p o l o g i c a l   m o d e l s  
a r e   t h e   c o n n e c t i v i t y   g r a p h s   o f   p l a c e s ,  t h e  a r c s  
being  the  connectors ,  a t  e a c h   l e v e l .  
A t  t he   l owes t  - o r  more d e t a i l e d  - l e v e l ,  t h e  topo- 
logy   of   space  is deduced  from the   geomet r i ca l  model 
by s t r u c t u r i n g  t h e  empty space3.   Space  s t ructur ing 
is obtained by cons t ruc t ing   convex   po lygons ,   ca l led  
c e l l s ,   b a s e d  on o b s t a c l e   e d g e s   a n d   v e r t i c e s   ( f i g .  
1). A c e l l  i s  a p l a c e ,   a n d  a set  o f  c e l l s  may be a 
p l a c e   i f  i t  is a t o p o l o g i c a l  o r  f u n c t i o n n a l   u n i t .  
The c e l l  common e d g e s   a r e   c o n n e c t o r s .  The c e l l  
c o n n e c t i v i t y   ( a d j a c e n c y )   g r a p h   c o n s t i t u t e s   t h e  
f i r s t   t o p o l o g i c a l   r e p r e s e n t a t i o n   o f   s p a c e  s t ruc-  
t u r e .  As t h e   r o b o t   e x p l o r e s  i ts  env i ronmen t   and  
d i s c o v e r s  new a r e a s ,   s p a c e   s t r u c t u r i n g  is per for -  
med,  and t h e   g r a p h  i s  augmented ,   and   modi f ied .  
Ano the r   g raph  t h e  n o d e s   a n d   a r c s   o f   w h i c h   a r e  
r e s p e c t i v e l y  t h e  c e l l  common edges,  and the c e l l s  
i s  a l s o   c o n s t r u c t e d .   P a t h   s e a r c h  is  per formed  on  
t h i s  l a t t e r   g r a p h   b e c a u s e  i t  p e r m i t s   t o   e x p r e s s  
b e t t e r  t h e  assoc ia ted   cos t5 .  T h i s  space   s t ruc tu r ing  
s c h e m e   c a n   a l s o   b e   f o u n d   i n   a n o t h e r   p a p e r 2  where 
t h e   p l a c e s  a re  "freeways"  and  "meadowstt.  More  ab- 
s t r a c t   t o p o l o g i c a l   m o d e l s   a r e   b u i l t  by s t r u c t u r i n g  
t h e   c e l l e r a p h i   t h e  components thus  obtained  can be 
l a b e l l e d   t o   l n t r o d u c e  a semantic   contents   (doors ,  
rooms,   corr idors , . . . ) .  
C. Seman t i c   mode l .   Th i s   symbol i c   mode l  i s  t o  be 
m a n i p u l a t e d   a t   h i g h   d e c i s i o n - m a k i n g   l e v e l s   a n d  
should   conta in   in format ion   about   ob jec ts   and   space  
p r o p e r t i e s   a n d   r e l a t i o n s h i p s .   I n   t h e   c a s e   o f  
HILARE, t h i s  model is c u r r e n t l y   p a r t i a l l y   d i s t r i -  
buted among the  geometr ic   and  topological   models ,  
t h rough   ob jec t   and   g raph   l abe l l i ngs   and   a t t r i bu te s .  
On t h i s   s u b j e c t ,   o u r  work has m o s t l y   c o n c e n t r a t e d  
for   the   t ime  be ing  on introducing  meanings  into  the 
t o p o l o g i c a l  models. 

Figure 1 shows a robot   indoors   environment   consis-  
t i n g   o f   s e v e r a l  r o o m s   c o n t a i n i n g   o b s t a c l e s ,   t h e  
c e l l   s t r u c t u r i n g ,   a n d   t h e   t o p o l o g i c a l   m o d e l s  a t  
v a r i o u s   l e v e l s .   S e m a n t i c   l a b e l l i n g  was produced  
a u t o m a t i c a l l y  by the   sys tem  a f te r   decomposi t ion   o f  
t h e   g l o b a l   c e l l - g r a p h  a n d   u s i n g   l a b e l l i n g   r u l e s .  

C e l l   s t r u c t u r i n g  
( p t a c e = c e l l )  

f l  
6 12 'a," 

1.2 P o s i t i o n  referencing 

A m o b i l e   r o b o t  i s  n o t   l i n k e d ,   l i k e  a m a n i p u l a t o r ,  
t o  a f i x e d   p o i n t .   T h i s   s i m p l e   f a c t   m a k e s   r o b o t  
p o s i t i o n   f i n d i n g  much m o r e   c o m p l i c a t e d   b e c a u s e  
t h e r e  i s  n o t  a p e r m a n e n t   r e f e r e n c e  o r  a s i m p l e  
c a l i b r a t i o n   p r o c e d u r e .   T h r e e  means can  be  defined 
fo r   mob i l e   robo t   pos i t i on   r e fe renc ing :  

A. a b s o l u t e   p o s i t i o n   r e f e r e n c i n g  by us ing   f ixed   and  
known beacons .  To do so,  i t  i s  n e c e s s a r y   t o   c o v e r  
the  whole  robot   world with a beacon  system so t h a t  
i t  can  compute i t s  p o s i t i o n  a t  a n y  moment. T h i s  
means t h a t   t h e   r o b o t ' s   e n v i r o n m e n t  i s  s t r u c t u r e d ,  
and t h i s  is an   impor t an t   l imi t a t ion .  Robot p o s i t i o n  
e r r o r s   a r e ,   i n   t h i s   s o l u t i o n ,   o n l y  r e l a t e d  t o   t h e  
beacon  and  borne  measurement  systems  accuracies. 

B. t r a j e c t o r y i n t e g r a t i o n  by u s i n g  some o d o m e t r i c  
or i n e r t i a l   s y s t e m   t h a t   p r o v i d e s   p o s i t i o n   a n d   o r i e -  
n t a t i o n   w i t h o u t   a n y   e x t e r n a l   r e f e r e n c e .  Here, er-  
rors a re   cumula t ive  and r e s u l t   i n  a p o s i t i o n   d r i f t .  
It i s  t h e r e f o r e   n e c e s s a r y   t o   p e r i o d i c a l l y   a d j u s t  
t h e   p o s i t i o n  by another  means. 

C. r e l a t i v e   p o s i t i o n   r e f e r e n c i n g   w i t h   r e s p e c t   t o  
o b j e c t s  or p laces .   This   re fe renc ing  i s  more g e n e r a l  
and  complex,  and  requires  an  environment  model. It 
makes use o f   t h e   t o o l s   d e v e l o p e d   i n   t h i s   p a p e r .  The 
r o b o t   d e f i n e s  by i t s e l f  i t s  r e f e r e n c e s   w h i c h   a r e  
e i t h e r   c h a r a c t e r i s t i c   f e a t u r e s   o f   t h e   e n v i r o n m e n t  
o r  o b j e c t s  known with  good  accuracy. 

These   th ree   re fe renc ing  means are complementary  on 
a mobile  robot  and are developed on HILARE. 

1.3. Model cons t ruc t ion   deg rada t ion  

World  models are g e n e r a l l y   b u i l t   g r a d u a l l y  by the 
r o b o t   i t s e l f  as  i t  m o v e s   a n d   d i s c o v e r s  new areas. 
As long as o n l y  new pa r t s   o f   space   a r e   d i scove red ,  
t h e r e  is no p o s s i b i l i t y   t o   f i n d   o u t   a n d   c o r r e c t   a n y  
e r r o r s ,   i n   t h e   m o d e l   b e i n g   b u i l t ,   t h a t  a re  d u e   t o  
r o b o t   p o s i t i o n   d r i f t s .   B u t  when t h e   r o b o t  i s  t o  
p e r c e i v e   a g a i n   a l r e a d y  known and  modeled  regions, 
i n c o n s i s t e n c i e s  may occur ,   and  t h i s  c o r r e c t i o n  
becomes necessary,   and  sometimes  possible.  

r 
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1 s t   t o p o l o g i c a l  model cel l -graph  decomposi t ion.   wi th   semantic   labels  
Space  s t ructur ing  deduced from Topological model 

cel l   graph  (place=door ,  room, c o r r i d o r )  
Area * i s  not   l abe l led  by  the   cu r ren t   s e t  of r u l e s .  

FIGURE 1 
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A t  every  moment, the   robot   possesses :  
a. a c u r r e n t   e n v i r o n m e n t   m o d e l   c o n t a i n i n g   t h e  
g e o m e t r i c a l ,   t o p o l o g i c a l   a n d   s e m a n t i c   k n o w l e d g e  
acqui red  so far; the   geomet r i ca l  model is r e l a t e d  
to   an   abso lu t e   r e f e rence   f r ame ,  
b. a knowledge  about i t s  p o s i t i o n  and a t t i t u d e ,   a n d  
c. a robot-centered  geometr ical   model   of   the   local  
env i ronmen t   pe rce ived   a t   t ha t  moment. 
It  f a c e s   t h e   c e n t r a l   p r o b l e m s   o f   u p d a t i n g   t h e  mo- 
d e l s   o f  ( a )  u s i n g   t h e   k n o w l e d g e   o f   ( b )   a n d   ( c ) ,   a n d  
o f   c o r r e c t i n g   t h e   i n f o r m a t i o n   i n   ( b )   i f   p o s s i b l e .  

T h e s e   p r o b l e m s   a r e   t r i v i a l   f o r  a p e r f e c t   r o b o t  
us ing  known geometr ical   t ransformations  correspon-  
d i n g   t o   r o b o t   m o v e m e n t s .  For  a r e a l - w o r l d   r o b o t ,  
e r r o r s  a t  s e v e r a l   l e v e l s   o f   t h e   p e r c e p t i o n   a n d  
p o s i t i o n  measurement   processes ,   af ter   motions  that  
a r e   t h e m s e l v e s   i n a c u r r a t e ,  are  t o  b e   t a k e n   i n t o  
account,   and  maintaining a c o n s i s t e n t  model  becomes 
more complicated. 

2. Multisensory  approach  measurement  errors 

2.1. Multisensory  approach 

S p a c e   m o d e l i n g   a n d   r o b o t   p a t h   p l a n n i n g   r e q u i r e  a 
knowledge  about  object  form  and  location. A v i s u a l -  
l i k e  3D p e r c e p t i o n   s y s t e m  i s  n e c e s s a r y  f o r  t h i s  
p u r p o s e .   I n   a d d i t i o n ,   i n   t h e   a b s e n c e   o f   a n y  a 
p r i o r i  known e x t e r n a l   r e f e r e n c e ,   r o b o t   l o c a t i o n   c a n  
o n l y  be  done  through  t ra jectory  integrat ion.   There-  
f o r e ,  two d i f f e r e n t   p e r c e p t i o n  means a re   necessa ry  
i n   g e n e r a l .  On t h e   o t h e r   h a n d ,   t h e   v i s u a l - l i k e  
s y s t e m   s h o u l d   b e   s o p h i s t i c a t e d   e n o u g h   t o   p r o v i d e  
i n f o r m a t i o n   i n  a v a r i e t y   o f   s i t u a t i o n s   i n c l u d i n g  
l a r g e   d y n a m i c s   ( p r o x i m i t y  and long  range  sensing;  
l a r g e  and small  ob jec t   mode l ing . . . ) ,   and   qu ick  
r e s p o n s e   t o   e x t e r n a l   c h a n g e s .  Such s p e c i f i c a t i o n s  
won't  be met by a u n i q u e   d e v i c e ;   t h e   r o b o t   s h o u l d  
possess  a mult isensory  system  covering a wide range 
o f   s i g n a l s   a n d   i n f o r m a t i o n .   E a c h   o f   t h e s e   s e n s o r s  
has  a range  where i t  is most  adapted. Some informa- 
t i o n  may b e   a c q u i r e d  by  two o r  more d i f f e r e n t  
devices .  

I n  o u r  e x p e r i m e n t a l   e x a m p l e ,   t h e  two s e n s o r y   d e -  
v i c e s  a re  a l a s e r   r a n g e   f i n d e r   t h a t   p r o v i d e s  a 
d e p t h  map f o r   m o d e l   b u i l d i n g ,   a n d   o p t i c a l   s h a f t  
e n c o d e r s   o n   t h e   d r i v e   w h e e l   a x i s   f o r   t r a j e c t o r y  
i n t e g r a t i o n   ( t h i s  is not a g e n e r a l  odometry  system, 
but  is s u f f i c i e n t   t o  i l l u s t r a t e  our  approach). 

2-2. Dealiq with  errors 

The d a t a   a c q u i r e d  by t h e   s e n s o r s  are  u n c e r t a i n .  
E r r o r s   a r e   p r o d u c e d  a t  1)  measurement ,   because   o f  
t h e   c o n s i d e r e d   s e n s o r   c h a r a c t e r i s t i c s   ( n o i s e ,  
a c c u r a c y , . . . ) ,   a n d  2 )  p r o c e s s i n g   b y   t h e   d a t a  
i n t e r p r e t a t i o n   a l g o r i t h m s .  

A t  measurement  phase,  the  errors are of two types:  
s y s t e m a t i c   e r r o r s  and random e r r o r s  modeled by a 
gaussian.  We suppose   tha t   sys temat ic   e r rors ,   due   to  
a  bad sensor   pos i t ionning   for   example ,   can   be   iden-  
t i f i e d  by a c a l i b r a t i o n  method. We w i l l  d e a l   o n l y  
w i t h   r a n d o m   e r r o r s ;   t h e   g a u s s i a n ' s   p a r a m e t e r   a r e  
d e t e r m i n e d   e x p e r i m e n t a l l y .  We w i l l  a l w a y s   u s e  a 
gauss ian   model   o f   the   e r ror ,   even   i f  it is necessa- 
r y   t o   c o n s i d e r   a n   u p p e r   b o u n d   o f   t h e   e r r o r   t o   d o  

so. Redundan t   measu remen t s   o f   t he   s ame   en t i t y  by 
two d i f f e r e n t   s e n s o r s ,  o r  by t h e  same sensor   in  two 
d i f f e r e n t   e x p e r i m e n t a l   c o n d i t i o n s ,   a r e   g e n e r a l l y  
d i f f e r e n t ,  and may be i n c o n s i s t e n t .  We suppose   tha t  
m e a s u r e m e n t s   a r e   c o n s i s t e n t   i n   t h e   s c o p e   o f   t h i s  
pape r   ( t h i s  means t h a t  we have a  good model  of  the 
e r r o r ) .  If i n c o n s i s t e n c i e s   s h o u l d   o c c u r ,   t h e y   c a n  
o n l y   b e   d e t e c t e d   h e r e   b u t   s h o u l d   b e   d e a l t   w i t h   a t  
a n o t h e r   d e c i s i o n a l   l e v e l   c o n t r o l l i n g  and  organizing 
t h e   s e n s o r y   s y s t e m   a n d   p o s s e s s i n g   m o r e   g l o b a l  
knowledge. 

Our approach w i l l  be t o   c o n s i d e r  an ave rage   va lue  
of   consis tent   redundant   measures  i f  t h e   a c c u r a c i e s  
( s tandard   devia t ions)   have   the  same magnitude,  and 
t h e   m o s t   a c c u r a t e   v a l u e   ( s m a l l e s t   s t a n d a r d  
d e v i a t i o n )   o t h e r w i s e .   A p p e n d i x  1 p r e s e n t s   t h e s e  
not ions  with more d e t a i l .  

3. General  methodology 

The methodology  indroduced  here  provides a g e n e r a l  
approach   for   dea l ing  w i t h  e r ro r s   i n   t he   space   r ep -  
r e sen ta t ion   mode l s   be ing   bu i l t  by a mobile  robot. 
It has  been  developed  using HILARE as an  experimen- 
t a l  support. The ob jec t s   i n   t he   robo t ' s   env i ronmen t  
h a v e   p o l y h e d r a l   s h a p e s ;   t h i s   m a k e s   o u r   a p p r o a c h  
eas i e r   t o   expe r imen t   w i thou t  a l o s s  or' g e n e r a l i t y .  
The p r i n c i p a l   i d e a s   t h a t  will be  developed are: 
1) t o   a s s o c i a t e  a frame  of   reference  with  every new 
d i s c o v e r e d   o b j e c t .   T h e   p o i n t   h e r e  i s  t o   r e f e r e n c e  
a n   o b j e c t ' s   v e r t i c e s   l o c a l l y   t o   t h i s   f r a m e ,  and t h e  
w h o l e   o b j e c t   t o   t h e   a b s o l u t e   f r a m e   o f   r e f e r e n c e .  
T h i s   r e s u l t s   i n   k e e p i n g   t h e   l o c a l  and r e l a t i v e  
r e l a t i o n s  between o b j e c t   v e r t i c e s  and  edges. 
2 )  t o   i n t r o d u c e  a p r e d i c t i o n   m o d e l   c o n t a i n i n g   t h e  
po r t ion   o f   t he  known envi ronment   tha t   could  be seen 
a f t e r  a movement, i n   o r d e r   t o  match more e f f i c i e n -  
t l y   t h e   c u r r e n t  model  with  the  perception model. 
3) t h e   n o t i o n   o f   c o n t i n u i t y   i n   s e e i n g   a n   o b j e c t  a t  
t w o   c o n s e c u t i v e   p e r c e p t i o n s   f r o m   t w o   d i f f e r e n t  
l o c a t i o n s .  
4 )  a f t e r   c o r r e c t i n g   t h e   c u r r e n t   p o s i t i o n   o f   t h e  
r o b o t  by m a t c h i n g   t h e   p r e d i c t i o n   m o d e l   w i t h   t h e  
percept ion   model ,   to   modi fy   the   ear l ie r   pos i t ions  
a c c o r d i n g l y   i n   o r d e r   t o   u p d a t e   t h e   w o r l d   m o d e l  
a c q u i r e d  so  f a r ,  t a k i n g   i n t o   a c c o u n t   t h e  new 
pos i t i on   changes .  

We will r e l y  on t h e   f o l l o w i n g   p r i n c i p l e s :  
a )   s e l e c t   t h e  most a c c u r a t e   s e n s o r   i f   p o s s i b l e ,  and 
b )   w e i g h t - a v e r a g e   c o n s i s t e n t   m e a s u r e s   o f   t h e  same 
e n t i t y ,   t a k i n g   i n t o   a c c o u n t   t h e   a s s o c i a t e d  
u n c e r t a i n t i e s .  

I t  m i g h t   b e   h e l p f u l   t o   r e a d   s e c t i o n  4,  w h e r e i n   a n  
i l l u s t r a t i v e  example is p r o v i d e d ,   i n   p a r a l l e l   w i t h  
the   fo l lowing   s ec t ions .  

3.1. Object  reference  frames 

Each ob jec t   has  its assoc ia ted   f rame of reference.  
This  frame is introduced when a p a r t  of t h e   o b j e c t  
i s  d i s c o v e r e d   f o r   t h e   f i r s t   t i m e .   T h e   f r a m e  i s  
l i n k e d   t o   a n   o b j e c t   e l e m e n t   t h a t  is bes t   cha rac t e -  
r i z e d   ( a   v e r t e x  and two edges  rather  than  one  edge 
f o r   e x a m p l e ,  if we c o n s i d e r   g e o m e t r i c a l   f e a t u r e s  
only.   Other   aspects   (color ,   semantic   knowledge,  ... ) 
c a n   a l s o  be c o n s i d e r e d   i f   t h e   s e n s o r s   p r o v i d e   t h i s  
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information and i f  the   models   represent  it). I f   t h e  
e lement  is not  re l iab le  enough, for   example i f  t h e  
o n l y  known p a r t  of t he   cons ide red   ob jec t  is an  edge 
t h e   e x t r e m i t i e s   o f   w h i c h  are  n o t   a c t u a l   v e r t i c e s  
b u t   r e s u l t  from the p r o j e c t i o n   a l o n g  the l i n e s  of 
s igh t  o f   o t h e r   o b j e c t   v e r t i c e s ,   t h e n   t h e   a s s o c i a t e d  
frame may be t e m p o r a r i l y   l i n k e d   t o  t h a t  element  and 
c h a n g e d   a f t e r   o t h e r   p e r c e p t i o n s   ( f i g u r e s  2a  and 
3b) .  

E lements   o f   an   ob jec t  are re fe renced   i n  i ts l i n k e d  
f r a m e   w i t h   t h e i r   a s s o c i a t e d   p e r c e p t i o n   u n c e r t a i n -  
t ies.  The f rame i t s e l f  i s  r e f e r e n c e d   i n   t h e   a b s o -  
l u t e  f r ame   w i th   t he   a s soc ia t ed   unce r t a in ty  on t h e  
robo t   pos i t i on  a t  t h e  moment i t  is c o n s t r u c t e d .   I f  
t h e   o b j e c t ' s   e l e m e n t s   t o  which the  frame is l i n k e d  
a r e   t o  be modified by fu r the r   pe rcep t ions   ( ave rage  
of   several   percept ions  for   example) ,   then  the  unce-  
r t a i n t y  on t h e  frame i tself  will be modified  accor- 
d i n g l y ,   t a k i n g   i n t o   a c c o u n t   t h e   u n c e r t a i n t y   o n  
robo t   pos i t i on  a t  each  of these percept ions.  

Let Ep be t h e   u n c e r t a i n t y   r e s u l t i n g   f r o m  t h e  per- 
c e p t i o n   e r r o r  on t h e   e l e m e n t   o n   w i c h  i s  b a s e d   t h e  
o b j e c t   l i n k e d  frame, and  Eo t h e  r o b o t   p o s i t i o n  
( l o c a t i o n  and o r i e n t a t i o n )   u n c e r t a i n t y .  Eo r e s u l t s  
from the  odometer  error  which is cumulat ive  (with 
t h e   t r a v e l l e d   d i s t a n c e )  and is decomposed i n t o   a n  
a n g l e   e r r o r   ( r o b o t   o r i e n t a t i o n )   a n d  a l o c a t i o n  
e r r o r   o f  a p o i n t   a t t a c h e d   t o   t h e   r o b o t .  The o b j e c t  
f r a m e ' s   u n c e r t a i n t y   i n   t h e   a b s o l u t e  frame is a 
c o m b i n a t i o n   o f  Ep and  Eo. A f t e r  a movement, t h e  
r o b o t   p o s i t i o n   u n c e r t a i n t y  is Elo, l a r g e r   t h a n  Eo, 
and l e t  ETp be the   unce r t a in ty   due  to  percept ion  on 
a newly   seen   e lement   o f   the   ob jec t .   In   the   absolu te  
frame t h e   g l o b a l   u n c e r t a i n t y  on t h i s   e l e m e n t  is a 
c o m b i n a t i o n   o f  E', and E t p ,  b u t   t h i s   d o e s   n o t   t a k e  
i n t o   a c c o u n t   t h e   f a c t   t h a t   t h e  new e l e m e n t   h a s  
g e o m e t r i c a l   r e l a t i o n s h i p s  w i t h  t h e   p a r t s  of t h e  
o b j e c t   a l r e a d y  known. The o b j e c t   l i n k e d   f r a m e   e x -  
presses t h e s e   r e l a t i o n s ;   t h e  new e l e m e n t   h a s  a 
s m a l l e r   u n c e r t a i n t y   i n  it: E q p  c o m b i n e d   w i t h   t h e  
d i f f e r e n t i a l   u n c e r t a i n t y  between t h e  two considered 
r o b o t   p o s i t i o n s   i n s t e a d  of t h e   g l o b a l   u n c e r t a i n t y  
E lo .  

3.2. C o n t i n u i t y  

A p a r t   o f   a n   o b j e c t   t h a t  i s  n e w l y   d i s c o v e r e d  a t  
p e r c e p t i o n   P n + l  is  sa id  t o   b e   i n   c o n t i n u i t y   w i t h  
the   cu r ren t   env i ronmen t  model Mn i f   t h i s   p a r t  was 
s e e n  a t  t h e   p r e v i o u s   p e r c e p t i o n  Pn. T h i s  r e l a t i o n  
c o n d i t i o n s   t h e   c r e a t i o n   o f  a new o b j e c t   f r a m e ,  by 
c o n s i d e r i n g   t h e   r e l a t i o n ' s   t r a n s i t i v e   c l o s u r e .  It 
a l s o   e n a b l e s   t o   r e d u c e   t h e   c o m p u t a t i o n s   f o r  
deducing t h e  p r e d i c t i o n  model ( s e e  $4). 

3.3. Updating the world  model 

P r e d i c t i o n   m o d e l .   F o r  a per fec t   robot   (one   wi thout  
m o t i o n   a n d   m e a s u r e m e n t   e r r o r s ) ,   t h e   p e r c e p t i o n  
model   (what  i s  s e e n  a t  p e r c e p t i o n   P n + l )   c a n   b e  
i n t e g r a t e d   t o   t h e   c u r r e n t  model Mn (what t he   robo t  
has  d i s c o v e r e d  s o  far,  f r o m   p e r c e p t i o n  P1 t o  
p e r c e p t i o n   P n )   b y   u s i n g   s i m p l e   r e f e r e n c e  frame 
t ransformat ions  based on   t he   robo t ' s   movemen t  be t  
ween percept ions  Pn and  Pn+l. 

F o r  a r e a l   r o b o t , w i t h i m p r e c i s e   m o d e l s   a n d  move- 
ments, the problem is more complex. The p r e d i c t i o n  

model i s  f i rs t  computed as  i f  t h e   r o b o t  was p e r -  
f e c t ,  i.e., by suppos ing   t ha t   t he  movement between 
Rn and R n + l  i s  known with a per fec t   accuracy .  It is 
g iven   ea s i ly   t h rough   t he   t r ans fo rma t ion   o f  Mn, by 
t h e   c o n s i d e r e d   r o b o t   m o v e m e n t ,   a n d  by the  com- 
p u t a t i o n   o f   t h e   v i s i b i l i t y   p o l y g o n   f r o m  t h e  new 
p o s i t i o n .   T h i s   p a r t i t i o n s  M n  i n t o   t h r e e   p a r t s  
( f i g .   2 b ) :  
- t h e   p a r t  that  s h o u l d  be seen a t  Pn+l: SM,. 
- t h e   p a r t   t h a t   s h o u l d  not  be seen a t  Pn+,: NM,. 
- t h e   p a r t   a b o u t   w h i c h   n o   d e c i s i o n   c a n   b e  made: 
I M n  . 
Note that  semantic  knowledge may be used t o   i n f e r  
g e o m e t r i c a l   i n f o r m a t i o n   f o r   t h i s   p a r t i t i o n .  

T h i s   p a r t i t i o n  i s  used  t o  m a t c h   t h e   p e r c e p t i o n  
model a t  R n + l  wi th  M,. 

I d e n t i f i c a t i o n  of a l r e a d y  known areas. A t  percep- 
t ion   Pn+l ,   the   robot   has   the   fo l lowing   knowledge:  
- The  model M n ,  p a r t i t i o n e d  as men t ioned   above  
(SM,, N M n ,  IMn). I n   t h i s   m o d e l ,   e a c h   o b j e c t  i s  
r e f e r e n c e d   t o  i t s  l i n k e d   f r a m e ,  i t s  p a r t s   h a v i n g  
u n c e r t a i n t i e s   d u e   t o   p e r c e p t i o n   i n a c c u r a c i e s ,   a n d  
t h e  frame i t s e l f  i s  r e f e r e n c e d   i n  the a b s o l u t e  
f r a m e   w i t h   a n   a s s o c i a t e d   u n c e r t a i n t y   t a k i n g   i n t o  
account   robot   pos i t ion   imprec is ions .  
- T h e   p e r c e p t i o n   m o d e l   P M n + l   a n d   a s s o c i a t e d  
p e r c e p t i o n   u n c e r t a i n t i e s .  
- R o b o t   p o s i t i o n   a n d   o r i e n t a t i o n   R n + l   i n   t h e  
a b s o l u t e  frame with a known accuracy. 

Matching PMn+l wi th  SMn u s e s   t h e   c o n t i n u i t y  rela- 
t i o n   b e t w e e n   p e r c e p t i o n s  Pn and  Pn+l   and i s  b a s e d  
o n   o u r   ( e x p e r i m e n t a l )   h y p o t h e s i s   t h a t ,   f o r   s h o r t  
t r a v e l   d i s t a n c e s ,  we can   neglec t   odometry   e r rors .  
The p a r t s   o f  PMn+l t h a t  are n o t   i n   c o n t i n u i t y   w i t h  
PMn a re  tes ted  f o r   m a t c h i n g  SM,, by   compar ing   the  
v e r t i c e s   c o o r d i n a t e s ,   t a k i n g   i n t o   a c c o u n t   p e r c e p -  
t i o n   a n d   o d o m e t r y   u n c e r t a i n t i e s ,  a s  w e l l  as  
topologica l   in format ion .  

After matching  the  predict ion  model   with  the  per-  
c e p t i o n   m o d e l ,   t h e  new m e a s u r e s   o f   o b j e c t   p a r t s  
t h a t  were a l r e a d y  known are  t a k e n   i n t o   a c c o u n t   t o  
improve  the  model, i f  t h e i r   a c c u r a c y  i s  better than 
the   mode l ' s ,   i n   t he   ob jec t   l i nked  frame. A weighted 
a v e r a g e   b e t w e e n   t h e   v a l u e s   i n   P n + l   a n d   i n  SMn is  
t h u s  computed f o r   t h o s e   p a r t s ,   a n d   i n c l u d e d   i n   t h e  
model Mn+l. 

I f  t h e  accuracy  of   the  object   model  is better than  
t h e  new m e a s u r e s ,  i.e., i f   t h e   l i n k e d  frame i n   t h e  
model is more a c c u r a t e l y   r e f e r e n c e d   t o   t h e   a b s o l u t e  
f r ame   t han   t he   cu r ren t   robo t   pos i t i on ,   t hen  we can 
c o r r e c t   t h e   p o s i t i o n   o f  the r o b o t   r e l a t i v e l y   t o   t h e  
model  ( $  3.4.). 

Updating the model with new percep t ions .   In t eg ra -  
t i o n   t o   t h e   m o d e l   o f   n e w l y   s e e n   o b j e c t   p a r t s   t h a t  
a r e   i n   c o n t i n u i t y   w i t h   p e r c e p t i o n  Pn i s  done  by 
r e f e r e n c i n g   t h e m  t o  t h e   o b j e c t - l i n k e d  frame w i t h  
t h e i r   p e r c e p t i o n   u n c e r t a i n t i e s  combined wi th  odo- 
met ry   uncer ta in t ies   be tween Rn and Rn+l .  
New d i s c o v e r e d   o b j e c t   p a r t s  that  are n o t   i n   c o n t i -  
n u i t y  a re  a d d e d   t o   t h e  model a f te r  c r e a t i n g   a s s o -  
ciated frames based on a c h a r a c t e r i s t i c   e l e m e n t  i f  
p o s s i b l e  ( $  3.1.1, a n d   t h e  frame i t s e l f  is refere- 
n c e d   i n   t h e   a b s o l u t e  frame w i t h   t h e   r o b o t ' s  
Dos i t i on   a s soc ia t ed   unce r t a in ty .  
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Free   space   po r t ions   t ha t  are not   based   on   obs tac le  
e d g e s  o r  v e r t i c e s   ( i . e .   r e g i o n s   b o u n d e d   b y   l i n e s  
o f   s i g h t   a n d   c o n s t i t u t i n g  unknown f l i s l a n d s l l   i n  
m i d s t   o f  known areas i n   t h e   m o d e l )   c a n   b e   d i s c o -  
v e r e d  by t h e  new p e r c e p t i o n .   D e t e c t i o n   o f   s u c h  
s i t u a t i o n s  i s  d o n e   b y   c o m p u t i n g   i n t e r s e c t i o n s   o f  
t h e  new l i n e s   o f   s i g h t   w i t h   t h e   i s l a n d ' s   b o u n d e -  
r ies,  t a k i n g  into a c c o u n t  the  i n a c c u r a c i e s   o n  the 
l i n e s   o f   s i g h t   e x t r e m i t y .  

3.4. Robot p o s i t i o n  correction 

M a t c h i n g   t h e   c u r r e n t   m o d e l   w i t h   t h e   p e r c e p t i o n  
m o d e l   p r o v i d e s  a means f o r  c o r r e c t i n g   t h e   r o b o t ' s  
p o s i t i o n .  

Le t  u s   c o n s i d e r  a p o r t i o n  of t h e   e n v i r o n m e n t   t h a t  
i s  i n   t h e   c u r r e n t   m o d e l   a n d   i n   t h e   p e r c e p t i o n  
model. In   ou r  2D polygonal   environment ,   for  exam- 
p l e ,   t h i s   p o r t i o n  i s  a s e t  o f   p o l y g o n   e d g e s .  To 
c o r r e c t   r o b o t   p o s i t i o n ,   t h i s   p o r t i o n ' s   a c c u r a c y  
i.e., t h e   a c c u r a c y   o f   t h e   l i n k e d  frames p o s i t i o n   i n  
t h e   a b s o l u t e  frame, s h o u l d   b e   b e t t e r   i n   t h e   c u r r e n t  
m o d e l   t h a n   t h e   r o b o t ' s   p o s i t i o n   a c c u r a c y   i n   t h e  
a b s o l u t e   f r a m e .  A s  m e n t i o n e d   i n  3.3., m a t c h i n g  
t h e  model   with  the  percept ion i s  done by comparing 
t h e   v e r t i c e s   c o o r d i n a t e s   a n d   e d g e   a n g l e s   i n   t h e  
case o f  a p o l y g o n a l   e n v i r o n m e n t .   B u t ,   b e c a u s e   o f  
p e r c e p t i o n   i n a c c u r a c i e s ,   t h e r e   g e n e r a l l y   d o e s   n o t  
e x i s t   a n   i s o m e t r y   t h a t   t r a n s f o r m s   e x a c t l y   t h e  f i -  
g u r e   i n   t h e   p e r c e p t i o n   m o d e l   t o   t h e   f i g u r e   i n   t h e  
c u r r e n t   m o d e l   ( F i g .   5 c ) .   B u t  we c a n   f i n d   o n e   t h a t  
matches  the two f i g u r e s   g l o b a l l y   ( a p p e n d i x  2). T h i s  
i s o m e t r y   c a n   t h e n   b e   a p p l i e d   t o   t h e   c u r r e n t   r o b o t  
p o s i t i o n .  The new p o s i t i o n   t h u s   o b t a i n e d   h a s   t h e  
same g l o b a l   u n c e r t a i n t y  as t h e   p a r t  of t h e   m o d e l  
t h a t  was used   t o  compute the   t ransformat ion .  

3.5. F a d i n g  

After co r rec t ing   t he   robo t ' s   cu r ren t   pos i t i on ,   t he  
p r e v i o u s   p o s i t i o n s   m u s t   b e   e x a m i n e d  f o r  p o s s i b l e  
c o r r e c t i o n s   a l s o .  We h a v e   t h e r e f o r e   t o   t r a n s m i t  
t h i s  co r rec t ion  backwards;  but because   odomet ry  
errors are  c u m u l a t i v e ,   t h i s   t r a n s m i s s i o n  i s  n o t  
uniform.  We i n t r o d u c e  a " f a d i n g "   f u n c t i o n   t o   d o  
so  : 
L e t  u s   s u p p o s e   t h a t   t h e   r o b o t   a c c o m p l i s h e d  a t r a -  
j e c t o r y   i n c l u d i n g  a sequence  of   posi t ions R1, ..., Rn 
w h e r e   p e r c e p t i o n s  were made. And l e t  u s   s u p p o s e  
t h a t   t h e   c o r r e c t i o n   t o o k   p l a c e  a t  p o s i t i o n  R n ,  
where t h e  a s s o c i a t e d   u n c e r t a i n t y  is  un.  The new 
c o r r e c t e d   p o s i t i o n  i s  RTrn a n d   t h e   a s s o c i a t e d  
u n c e r t a i n t y  ulln  (u", < un). S i n c e   p o s i t i o n   e r r o r  i s  
c u m u l a t i v e ,   t h e r e   e x i s t s  a p o s i t i o n  Rk s u c h   t h a t  Uk 
i s  o f   t h e  same o r d e r  of magn i tude  a s  T h i s  
p o s i t i o n   c o r r e s p o n d s   g e n e r a l l y   t o   t h e   c r e a t i o n  of 
t h e   c o o r d i n a t e  frames o f   t h e   o b j e c t s   t h a t  were used 
f o r  c o r r e c t i n g   p o s i t i o n  Rn. The f a d i n g   f u n c t i o n  
t r a n s f o r m s   t h e   p o s i t i o n s   b e t w e e n  R n  and  Rk i n t o  
o t h e r   p o s i t i o n s  Rt',-l ... Rtlk o b t a i n e d   b y   j u s t  
o p e r a t i n g   o n  R n - l  ... Rk t h e  same t r a n s f o r m a t i o n  
t h a t  was o p e r a t e d  on Rn. B u t   u n c e r t a i n t i e s   g r o w  
b a c k w a r d s   o n   p o s i t i o n s  R ' I i  t h u s   o b t a i n e d :  ulln < 

a c t u a l   p o s i t i o n  (or  its b e s t  model  R'i) is obtained 
by   comput ing  a w e i g h t e d   a v e r a g e   o f   e v e r y  R i  w i t h  
its c o r r e c t e d   v a l u e  R " i  whenever u i  and  ulti are of 

U''n-l <...< U"k, whereas  U n  > U n - l  >...> Uk. The 

t h e  same order .   Otherwise,   the  most a c c u r a t e   v a l u e  
is s e l e c t e d   a c c o r d i n g   t o   o u r   g e n e r a l   p r i n c i p l e  of 
$ 8  2.2. and  3* F i g u r e   5 e   s h o w s   a n   e x a m p l e  of  r o b o t  
p o s i t i o n   c o r r e c t i o n   a n d   i l l u s t r a t e s   t h e   f a d i n g  
func t ion .  

3.6. World  model correction 

A l l  object-based frames t h a t  were b u i l t  between Rk 
and R n  h a v e   u n c e r t a i n t i e s   d u e   t o   r o b o t   p o s i t i o n  
e r r o r s ,  After c o r r e c t i n g   p o s i t i o n s  Rk, ..., R n  and 
o b t a i n i n g   m o r e   a c c u r a t e   v a l u e s  R'k ... R',, we h a v e  
t o   c o r r e c t   t h e   w o r l d  model  accordingly.  Therefore, 
t h e   c o n c e r n e d  frames p a r a m e t e r s   ( t h o s e   b u i l t  
between Rk and R n j  a r e  m o d i f i e d   i n   t h e   a b s o l u t e  
frame, a s  w e l l  as  t h e i r   a s s o c i a t e d   u n c e r t a i n t i e s .  
T h i s   c o r r e c t i o n   m i g h t   l e a d   t o   t h e   d e f o r m a t i o n  o f  
some o b j e c t s ,   I n d e e d ,  some o b j e c t s   m i g h t   h a v e  
r a t h e r   l o n g   p e r i m e t e r s   ( f o r   i n s t a n c e ,   t h i s   t h e  case 
f o r  walls as in  our  example)  and it is n e c e s s a r y   t o  
a s s o c i a t e  more than  one frame wi th   the  same o b j e c t ,  
t o   k e e p  a more a c c u r a t e   m o d e l .   C o r r e c t i n g   t h e s e  
frames d i f f e r e n t l y  w i l l  r e s u l t   i n   o b j e c t ;  
deformation. 

4. Example 

T h i s   s e c t i o n  is  main ly   composed   o f  a s e q u e n c e  of  
f i g u r e s   t h a t   h e l p   t o   u n d e r s t a n d   t h e   i d e a s   e x p o s e d  
i n   t h e   p a p e r ,  The r o b o t  i s  i n   a n  unknown i n d o o r  
environment  (two  rooms  with unknown o b s t a c l e s ,  and 
w o r k s t a t i o n s  WS1 and WS2). The r o b o t ' s   t a s k  i s  t o  
f e e d   w o r k s t a t i o n  WS2 w i t h   p a r t s   t h a t  are  i n  a 
s t o r a g e   p l a c e  S P  ( f i g . 6 ) .  I ts  i n i t i a l   p o s i t i o n  i s  
a t  a ba t t e ry   cha rg ing   s t a t ion .  Its i n i t i a l  knowle- 
dge i s  its p o s i t i o n  and o r i e n t a t i o n   i n   a n   a b s o l u t e  
w o r l d  frame, as  wel l  as  t h e   p o s i t i o n s   o f   t h e  
s t o r a g e   p l a c e   a n d   t h e   w o r k s t a t i o n   i n   t h i s  frame. 
The robot  will r e l y   i n   t h i s  example  on two sensors:  
a laser r a n g e - f i n d e r   f o r   e n v i r o n m e n t   a c q u i s i t i o n ,  
a n d   a n   o d o m e t e r   f o r   t r a j e c t o r y   i n t e g r a t i o n .  W e  
s u p p o s e   a l s o ,   a c c o r d i n g   t o   o u r   m u l t i s e n s o r y  
a p p r o a c h ,   t h a t  i t  p o s s e s s e s  a p r o x i m i t y   s e n s i n g  
s y s t e m  f o r  d o c k i n g   t o  t he  s t o r a g e   p l a c e   a n d   t h e  
works t a t ion ,   fo r  example. 

Robot pe rcep t ions  will be  "goal-or iented"  s ince i ts  
aim i s  n o t   t o   e x p l o r e  i t s  w o r l d ,   b u t   t o   p e r f o r m  a 
g iven   task .  
F i g u r e   2 a .   r e p r e s e n t s   t h e  f i r s t  ( p a n o r a m i c )  
perception.  Four  different  connected  components are 
p e r c e i v e d   a n d   f o u r   a s s o c i a t e d  frames a r e  b u i l t .  
Frame F2 c a n n o t   b e   a t t a c h e d   t o  a c h a r a c t e r i s t i c  
e l e m e n t ;  i t s  o r i g i n   h a s   b e e n   a r b i t r a r l y   f i x e d  a s  
t h e   m i d d l e  of  t h e   e d g e .   T h e  f i r s t  m o d e l  i s  
cons t ruc t ed  from the   pe rcep t ion  model. 

Za: 4 object   re ference  f rames 2b: P r e d i c t i o n  model a t  R2 
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F i g u r e  2 b .   s h o w s   t h e   p r e d i c t i o n ,   m o d e l   a f t e r   t h e  
robo t  movement from R 1  t o  R2. Pe rcep t ion  is limited 
t o   t h e   c o n e  (S1,S2) t o   g u a r a n t e e   c o n t i n u i t y .   I n   t h e  
p r e d i c t i o n   m o d e l ,   t h e   g r i d   a r e a  is  t h e   p a r t   t o  be 
c e r t a i n l y   s e e n   ( S M l ) ,   a n d  t h e  h a c h u r e d  area the 
p a r t   t h a t   m i g h t  be  seen (IM1). Figures   3ab show t h e  
p e r c e p t i o n   a n d   d e d u c e d   m o d e l s  a t  R2. C o n t i n u i t y  
re la t ions  between  PI   and P2 a l l o w   t o   r e f e r e n c e   t h e  
new d i c o v e r e d   e d g e  ( E )  i n  F1,  and t o   m e r g e  F2 w i t h  
F3. F5 and  F6 are  new o b j e c t  frames. The s ta r red  
edge  i s  n o t   t a k e n   i n t o   a c c o u n t   i n  t he  deduced 
c u r r e n t   m o d e l   b e c a u s e   1 )  i t  i s  computed  from  weak 
i n f o r m a t i o n  (small n u m b e r   o f   p o i n t s ) ,   a n d   2 )  i t s  
d i s t a n c e   t o   t h e   r o b o t   m a k e s   t h e s e   m e a s u r e s   t o o  
i m p r e c i s e .   B u t  t h e  i n f o r m a t i o n   t h a t   a n   o p e n i n g  
between S3 and S4 e x i s t s  is kept.  

\ 
\ 

' 
I 
I 

3a: Percept ion P2 
'L 

3b: Deduced  model 

T h e   b a s i c   r o u t i n e s   o f   p r e d i c t i o n ,   p e r c e p t i o n   a n d  
m o d e l   d e d u c t i o n  are carr ied o u t   a t   p o s i t i o n s  R4, 
R5, a n d  R6. 

F i g u r e  5 a .   s h o w s   t h e   c u r r e n t   m o d e l  a t  t h e   s e v e n t h  
pe rcep t ion  P7, and   robo t   pos i t i ons  Rq,Rg,Rg and R7. 
F i g u r e  5b. shows the  p e r c e p t i o n   m o d e l   a n d   f i g u r e  
5c. t he   supe rpos i t i on   o f   t he   cu r ren t   and   pe rcep t ion  
m o d e l s  based on t h e   m e a s u r e d   r o b o t   p o s i t i o n .  
M a t c h i n g   t h e   r e g i o n s  common t o   t h e   c u r r e n t   a n d  
p e r c e p t i o n   m o d e l s  ( A  a n d  A' i n   f i g .  5c.) g i v e s  t h e  
parameters  for  t h e   c o r r e c t i o n   o f   r o b o t   p o s i t i o n  R7 
( f i g .  5 d . ) .   T h e   r e f e r e n c e   r e g i o n  A was f i r s t  
modeled a t  pe rcep t ion  P3 ( r o b o t   p o s i t i o n  R3). Thus, 
p o s i t i o n s  R4, R5 and R6 will a l s o  b e  c o r r e c t e d ,  
w i t h  a f a d i n g   f u n c t i o n   f o r   u n c e r t a i n t y   c o m p u t i n g .  
The new p o s i t i o n  R"7 will h a v e   t h e  same u n c e r t a i n t y  
as  R3. F i g u r e   5 e .   s h o w s   t h e   f i n a l   p o s i t i o n s  R17, 
R'6, R'5 and  R14. R*7=Rtt7 ( ~ ' ' 7  < UT) .  P o s i t i o n  R'6 

a l s o ) ,   w h e r e a s  R'5 r e s u l t s   f r o m   a v e r a g i n g  R5 a n d  
R"5, u 5   a n d   u f 1 5   b e i n g   o f   t h e  same order .   Rt4  is  R4, 
u 4   b e i n g   t o o  small c o m p a r e d   t o  u1)4. Frame Fg 
p o s i t i o n ,   b u i l t  a t  pe rcep t ion  P5 ( robo t  a t  R5, f i g  
5a.), i s  c o r r e c t e d   a c c o r d i n g l y   i n  the  a b s o l u t e  
f r ame  . 

is  a l s o  R"6, d e d u c e d   d i r e c t l y   f r o m  R"7 (U"6 < U6 

F i g u r e s  &ab. r e p r e s e n t  t h e  p e r c e p t i o n   a n d   d e d u c e d  
m o d e l s   a f t e r   p e r c e p t i o n  P3. 

\ 

r\ 

'L 

I 
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5a: Current model P7 
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implemented to   be   used   on   the   mobi le   robot  HILARE,  
w h i c h   s e r v e d  a s  a b a s i s   t o   d e v e l o p   t h e m ,  a f t e r  
s e v e r a l   e x p e r i m e n t a t i o n s   o f  i t s  n a v i g a t i o n   a n d  
mult isensory  systems.  

T h i s   e r r o r   p r o c e s s i n g  i s  o n l y  One a s p e c t   o f   t h e  
p r o b l e m s   t o   b e   s o l v e d  when a m o b i l e   r o b o t  faces  
r e a l - w o r l d   s i t u a t i o n s .   O t h e r   p r o b l e m s   s u c h  a s  
t a k i n g   i n t o   a c c o u n t   e v e n t s   n o t   e x p l i c i t e l y  
fo re seen ,  o r  robot   ac t ion   based  on uncertain  models  
such as those  produced by considering  measurements 
e r r o r s ,  are t o  be d e a l t   w i t h  by a n o t h e r   d e c i s i o n a l  
l e v e l 7 .  

r- 

- 5d: R o b o t   p o s i t i o n   c o r r e c t i o n  

!&A R! 

I 

simulated deduced 
backward t r a j e c t o r y  
t r a j e c t o r y  

i 

5e: Fading 
( o r i e n t a t i o n   c o r r e c t i o n   i s  not represented)  

f r o m   t h e   s t o r a g e   s t a t i o n .   N o t e   t h a t   i f  t i i s  
A t  R7, t h e   r o b o t  is a b l e   t o   t a k e   t h e   d e s i r e d   o b ' e c t  

s t a t i o n ' s   p o s i t i o n  i s  a p r i o r i  known, t h e   r o b o t  
c o u l d   u s e  i t  t o   c o r r e c t  i ts p o s i t i o n   a l s o .  

I n   f i g u r e  6 ,  t h e   t r a j e c t o r y   t o   p o s i t i o n  R8 i s  
shown. It is w i t h i n   t h e  known p a r t   o f   t h e   e n v i r o n -  
ment. I t  is i m p o r t a n t   t o   n o t e   t h a t ,   d u e   t o   m o d e l  
i n a c u r r a c i e s   a n d  robo t  p o s i t i o n   d r i f t ,   t h e   d o o r  
c r o s s i n g   f o r   e x a m p l e   m i g h t   b e  c r i t i c a l .  Q u i c k  
p e r c e p t i o n s   i n   o r d e r  t o  check  the  model  (and  not t o  
a c q u i r e  new information)  could  be  done  between R'7 
and Rs. I n   t h e  case of HILARE,  a n   u l t r a s o n i c   s y s t e m  
is u s e d   f o r   c l o s e   r a n g e  l oca l  obs t ac l e   avo idance .  
A t  R 8 ,  no c o n t i n u i t y   r e l a t i o n   c a n   b e   d e f i n e d   b u t  a 
r o b o t   p o s i t i o n   c o r r e c t i o n   c a n   b e  made u s i n g   t h e  
g l o b a l  model. 

A t  p o s i t i o n  R I 0  - t h e   f i n a l   g o a l   t o   b e   r e a c h e d -  
( f i g u r e b )  a p o s i t l o n   c o r r e c t i o n   c a n   a l s o   b e   d o n e  
i f   t h e   w o r k s t a t i o n ' s   p o s i t i o n  i s  known. On t h i s  
f i g u r e  is shown t h e   f i n a l  model   wi th   the   assoc ia ted  
u n c e r t a i n t i e s  on robo t  and o b j e c t  frame pos i t i ons .  

5. Conclusion 

D e a l i n g   w i t h  errors i s  a d i f f i c u l t   b u t   i m p o r t a n t  
i s s u e   i n   r o b o t i c s .  We p r e s e n t e d   a n   a p p r o a c h ,  
r e l y i n g  on some b a s i c   g e n e r a l   i d e a s ,   t o   s o l v e   t h e  
p r o b l e m  fac ing  a m o b i l e   r o b o t   w i t h   i m p r e c i s e  
s e n s o r s   t r y i n g   t o   m o d e l  i t s  e n v i r o n m e n t   a n d   t o  
l o c a t e  i t s e l f  i n  i t ,  w i t h o u t   a n y   e x t e r n a l  
reference.  The presented   ideas  are c u r r e n t l y   b e i n g  

Absolute f rame 

FIGURE 6: The f i n a l  model u i t h   t h e   a s s o c i a t e d   e r r o r s   o n   r o b o t   a n d  
f r a m e   p o s i t i o n   ( t h e   o r i e n t a t i o n s   e r r o r s   a r e   n o t   r e p r e s e n t e d )  

A c k n o w l e d a e m e n t s :   T h e   p r e s e n t e d   i d e a s   b e n e f i t e d  
from many d i s c u s s i o n s   b e t w e e n   t h e   a u t h o r s   a n d  
s e v e r a l  of t h e i r   c o l l e a g u e s ,   e s p e c i a l l y  G. Giralt ,  
A. Robert   de  Saint  Vincent,  H. Chochon, M. Vaisset 
and J-M. Valade. 
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APPENDICES 

1 - =CERTAINTY PROCESSING. 

The measurement e r rors   cons idered   here   a re   modeled  
by a gauss ian  ( 0 , ~ ) .  I n  some cases,   an  upper bound 
o f   t h e   e r r o r  i s  a d a p t e d   t o   m e e t   t h i s   m o d e l .   L e t  X 
b e   t h e   m e a s u r e d   v a l u e   o f  a q u a n t i t y  X*. We h a v e ,  
acco rd ing   t o   t he   gauss i an  model : 

P (  IX-X*( < u )  .68 , P(  \X-X*1<2u) -95 
where  P(a)   reads  probabi l i ty   of  a. 

Two m e a s u r e s  X 1  and X2, o f  a same q u a n t i t y  X*,  
w i t h   a s s o c i a t e d   u n c e r t a i n t i e s  u1 and  u2, will be 
s a i d   t o   b e   c o n s i s t e n t  if IX1-X21 < u1 + u2. 

The weighted  average X of two cons is ten t   measures  
X1 and X2 is computed a s   f o l l o w s :  

u u  X X 

u1 + u2 u1 u2 
x --1-E- ( - A  + - 2 )  

Let u b e   t h e   s t a n d a r d   d e v i a t i o n   o f   t h e   g a u s s i a n  
model ing   the   e r ror  on X; the   gauss ian   (0 ,u)  is t h e  
l i n e a r   c o m b i n a t i o n   o f   t h e   g a u s s i a n   ( 0 , u l )   a n d  
( O , U ~ ) ,  supposed t o  be independant : 

Let u1 < u 2 .   T h e   a v e r a g i n g   o p e r a t i o n   p r o d u c e s  a 
b e t t e r   a c c u r a c y  i f  u < u1 , i .e. : 

T h e r e f o r e   t w o   u n c e r t a i n t i e s  u1  and  u2 will be 
s a i d   t o   h a v e   t h e  same magnitude i f  

The adop ted   va lue   o f  a q u a n t i t y  X* will be  : 

- a w e i g h t e d   a v e r a g e  X i f  u 1  a n d   u 2   h a v e   t h e  
same magnitude, 
- t h e   v a l u e   h a v i n g   t h e  smallest  u n c e r t a i n t y  
otherwise.  

This  method  produces a v a l u e   t h a t   h a s   a l w a y s   t h e  
b e s t  accuracy .  
2 - HODEL AND PERCEPTION MATCHING. 

B e c a u s e   o f   a c c u m u l a t e d   p e r c e p t i o n   a n d   r o b o t  
p o s i t i o n   e r r o r s ,   t h e r e   e x i s t s   n o t ,   i n   g e n e r a l ,   a n  
i s o m e t r y   t h a t   e s t a b l i s h e s   a n   e x a c t   t r a n s f o r m  
between  the  model  and a new percept ion   of   the  same 
o b j e c t s   o r   o b j e c t   e l e m e n t s .  We d e v e l o p   h e r e i n  a 
s o l u t i o n   t o   t h i s   p r o b l e m   i n   t h e   p l a n a r  
representa t ion .  The objec ts   have   po lygonal   shapes .  
I n  a f irst  s t e p ,  we t r y   t o   e s t a b l i s h  a b i j e c t i o n  
between  the se t  E o f   v e r t i c e s   i n   t h e  model  and  the 
set E' of v e r t i c e s   i n  t he  p e r c e p t i o n .   B u t   d u e   t o  
e r r o r s ,  a g i v e n   e l e m e n t   i n   r e a l i t y   m i g h t   h a v e  
d i f f e r e n t   r e p r e s e n t a t i o n s   i n   t h e  model Mn and i n  
t h e   p e r c e p t i o n   P n + l   ( f i g u r e  A). T h e r e f o r e ,   t h e r e  
e x i s t s   n o t   i n   g e n e r a l  a b i j e c t i o n   b e t w e e n  E and 
E'. T o  o v e r c o m e   t h i s   d i f f i c u l t y ,  we p r o c e e d  as 
fol lows:  

S' / s; 
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FIGURE A 

I f  a v e r t e x  S i n   t h e   m o d e l ,   w i t h   u n c e r t a i n t y  u ,  
a n d  a v e r t e x  S' i n   t h e   p e r c e p t i o n ,   w i t h  
u n c e r t a i n t y  u', h a v e   c o n s i s t a n t   p o s i t i o n s   i n   t h e  
a b s o l u t e   f r a m e   ( D i s t a n c e ( S , S ' )  < u + u') , t h e n  S 
and S f  a r e   m a t c h e d   t o g e t h e r ,   a n d  we wri te  C(S;S'). 
We might  have also: 
1 )   m u l t i p l e   c o r r e s p o n d a n c e :   C ( S ; S ' l ,  ..., S'k) o r  
C(S1 ,..., S m ; S ' )   ( f o r   e x a m p l e  C ( S g ; s ' ~ j , S ' 6 )  o r  
C ( S ~ , S ~ , S ~ ~ , S I I ; S ' ~ )  1. I n   t h i s   c a s e ,   t h e  
b a r y c e n t e r   o f  St1 ,..., S'k ( r e s p e c t i v e l y  S I  ,..., Sa) 
is computed,   with  the  associated  uncertaint ies  as 
w e i g h t s   ( a p p e n d i x  1 1 ,  a n d   m a t c h e d   w i t h  S 
( r e s p e c t i v e l y  SI). 
2) a v e r t e x   t h a t   h a s  no co r re spondan t   i n   t he   o the r  
set   but   should  have.   This  is the   ca se   fo r   example  
of  a vertex  produced by a perception  of  an  edge as 
two e d g e s   ( S I 2   i n   t h e   f i g u r e ) .   I n   t h i s   c a s e ,  a 
v e r t e x  is added i n   t h e   i n c o m p l e t e  set t o  match i t ,  
t a k i n g   i n t o   a c c o u n t   t h e   l o c a l   r e l a t i o n s h i p s  : 

s y S' S'  - - L  = --1-2-. 
s1s2  S ' , S ' 3  

E and E' a r e   t h u s   t r a n s f o r m e d   i n t o   t w o   o t h e r  sets 
o f   v e r t i c e s  F a n d  F'. T h e   a b o v e   m a t c h i n g  
o p e r a t i o n s   e s t a b l i s h e s  a p o i n t - t o - p o i n t  mapping 
be tween F and F'. 

T h e   s e c o n d   s t e p   c o n s i s t s   i n   f i n d i n g   t h e   g l o b a l  
i s o m e t r y   t h a t   s u p e r p o s e s  F and F' " t o   t h e   b e s t " ,  
r e s p e c t i n g   t h e   p o i n t - t o - p o i n t   m a p p i n g .   T h e  
i s o m e t r y  i s  d e f i n e d  by a v e c t o r  V(X,Y) a n d   a n  
a n g l e  8. We h a v e   f o r   e a c h   v e r t e x   S i ( x i , y i )   i n  F: 

0 

The s e t  F1' t h u s   o b t a i n e d   s h o u l d   m a t c h  F'. The 
c r i t e r i o n   o f   b e s t  match is the   min imiza t ion   of  

w i  Dis tance(S7 ' i ,Sf i )  
i 

t h e   w e i g h t e d  sum o f   t h e   d i s t a n c e   b e t w e e n  
co r re spond ing   ve r t i ce s .  The w e i g h t  w i  t a k e s   i n t o  
a c c o u n t   t h e   u n c e r t a i n t i e s   o n   S i   a n d   S ' i   i n   o r d e r  
t o   f a v o r   t h e  more a c c u r a t e   v e r t i c e s .  

Ano the r   so lu t ion   t o  model  and  perception  matching 
t h a t  i s  b e i n g   i n v e s t i g a t e d  is t o   f i n d   t h e   i s o m e t r y  
t h a t   1 )   s u p e r p o s e s   t h e   b a r y c e n t e r s   o f  se ts  E and  
E' ( c o m p u t e d   w i t h   t h e   v e r t i c e s   a s s o c i a t e d  
u n c e r t a i n t i e s  a s  w e i g h t s ) ,   a n d   2 )   m i n i m i z e s   t h e  
area of t h e   p o l y g o n   d e f i n e d  by E and E' a f t e r  
superpos ing   the   barycenters .  


