
ABSTRACT 

T h i s paper i s concerned w i t h s p a t i a l 
aspec ts o f p e r c e p t i o n and a c t i o n i n a 
s i m p l e r o b o t . T o t h i s e n d , t h e p rob lem o f 
d e s i g n i n g a r o b o t - c o n t r o l l e r f o r a r o b o t 
i n a s i m u l a t e d env i ronment i s c o n s i d e r e d . 
The env i ronment is a two -d imens iona l 
t a b l e t o p w i t h movable p o l y g o n a l shapes on 
i t . The r o b o t has an eye wh ich ' s e e s ' an 
a rea o f t h e t a b l e t o p c e n t r e d o n i t s e l f , 
w i t h a r e s o l u t i o n wh ich decreases f r om t h e 
c e n t r e t o t h e p e r i p h e r y . A l g o r i t h m s a re 
o r e s e n t e d f o r s i m u l a t i n g t h e m o t i o n and 
c o l l i s i o n o f two d i m e n s i o n a l shapes i n 
t h i s e n v i r o n m e n t . These a l g o r i t h m s use 
r e p r e s e n t a t i o n s of shape b o t h as a 
sequence of boundary p o i n t s and as a 
r e g i o n in a d i g i t a l image. A method i s 
o u t l i n e d f o r c o n s t r u c t i n g and u p d a t i n g t h e 
w o r l d model o f t h e r o b o t as new v i s u a l 
i n p u t i s r e c e i v e d f rom the e y e . I t i s 
proposed t h a t , i n t h e w o r l d m o d e l , t h e 
s p a t i a l p rob lems o f p a t h - f i n d i n g and 
o b j e c t - m o v i n g be based on a l g o r i t h m s t h a t 
f i n d t he s k e l e t o n o f t he shape o f empty 
space and of the shape of t he moved 
o b j e c t . 

1 I n t r o d u c t i o n 

1.1. Aims and m o t i v a t i o n 

T h i s work was an imated by a d e s i r e to 
unders tand t h e c o n n e c t i o n between 
p e r c e p t i o n and a c t i o n . Every day we do 
such s i m p l e t h i n g s as 

a v o i d i n g a l l o b s t a c l e s i n c r o s s i n g a 
c l u t t e r e d room 
n a v i g a t i n g t h rough an u n f a m i l i a r house 
making and e x e c u t i n g a men ta l p l a n to 
go to t h e l o c a l shop o r c r o s s a campus 
moving an awkward p i e c e o f f u r n i t u r e 
around a house. 

I n o r d e r t o e x p l o r e t h e a b i l i t i e s 
r e q u i r e d t o e x h i b i t such s k i l l s w e 
proceeded a s f o l l o w s : 
1 . To d e s i g n and implement a s i m u l a t e d 

r o b o t w o r l d wh i ch r e f l e c t s t o a 
c e r t a i n e x t e n t t h e s p a t i a l aspec t s o f 
a c l u t t e r e d room o r t h e f l o o r p i a n o f 
a house , 

2 . To s p e c i f y a c l a s s o f t a s k s o f a 
s p a t i a l n a t u r e wh i ch t h e r o b o t m i g h t 

reasonab ly b e expec ted t o s o l v e i n 
t h i s w o r l d , and 

3 . To d e s i g n c o m p u t a t i o n a l p rocesses 
wh ich enab le t h e r o b o t t o hand le 
t hese t a s k s in a r easonab l y 
i n t e l l i g e n t manner. 

T h e s i m u l a t e d r o b o t w o r l d i s 
c a r e f u l l y des igned t o e n f o r c e a 
n o n - t r i v i a l t r e a t m e n t o f t he i n t e r a c t i o n 
between p e r c e p t i o n and a c t i o n . The 
r o b o t ' s sensory i n p u t f r om d i s t a n t p a r t s 
o f t h e env i ronment i s e i t h e r n o n - e x i s t e n t 
o r v e r y i n e x a c t and f u z z y , i n accord w i t h 
r e a l w o r l d o r g a n i s m s ; y e t p l a n s have t o b e 
made and a c t i o n s e x e c u t e d . 

1 -2 The a c t i o n c y c l e 

The i n f o r m a t i o n - p r o c e s s i n g component 
o f any o rgan ism t h a t p h y s i c a l l y i n t e r a c t s 
w i t h t h e o u t s i d e w o r l d must c o n s i s t o f 
t h r e e d i s t i n c t p a r t s : sensory r e c e p t o r s , 
a c t i o n e f f e c t o r s , and a n i n t e r m e d i a r y t h a t 
r e l a t e s the senses and the a c t i o n s . Our 
main i n t e r e s t i s i n a s u f f i c i e n t d e s i g n 
f o r t h e i n t e r m e d i a r y , wh i ch w i l l b e 
r e f e r r e d t o a s t h e r o b o t - c o n t r o l l e r . 

I t s major t a s k , i n o r d e r t o improve 
the o r g a n i s m ' s s u r v i v a l chances , i s t o 
b u i l d a w o r l d m o d e l : a model o f the 
o u t s i d e w o r l d . I n i n f o r m a t i o n - p r o c e s s i n g 
t e r m s , a w o r l d model is a d a t a base of 
f a c t s w h i c h , t o g e t h e r w i t h i n t e r p r e t i v e 
p r o c e d u r e s , enab les t h e p r e d i c t i o n o f 
f u t u r e sensory i n p u t . E q u i v a l e n t l y , i t i s 
a d a t a s t r u c t u r e and p rocedu res f o r making 
p r e d i c t i o n s about t h e o u t s i d e w o r l d . T h e 
purpose o f a w o r l d model i s t o a l l o w t h e 
c o n s t r u c t i o n o f p l a n s and t h u s t o b e t t e r 
ach ieve t h e o r g a n i s m ' s g o a l s . A w o r l d 
model must be b u i l t t o e x p l a i n t h e sensory 
i n p u t r e c e i v e d s o f a r , u s i n g sensory 
i n p u t s a s t h e p r i m i t i v e i t ems o f e v i d e n c e . 
Thus the w o r l d model o f an o rgan ism is a 
f u n c t i o n o f t h e d e s i g n o f i t s r e c e p t o r s , 
and f u r t h e r m o r e can never be assumed to be 
c o r r e c t . 

The i n t e r f a c e between an o rgan ism and 
t h e o u t s i d e w o r l d i s d e f i n e d b y t h e 
o r g a n i s m ' s sensory r e c e p t o r s and a c t i o n 
e f f e c t o r s , and i s n e c e s s a r i l y a lways 
s l o p p y . 
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Our r o b o t - c o n t r o l l e r f u n c t i o n s , a t 
t h e t o p l e v e l , b y t h e p e r p e t u a l r e p e t i t i o n 
o f the a c t i o n c y c l e , a l o o p c o n t a i n i n g 
th ree p a r t s : p e r c e p t i o n , p l a n n i n g , and 
a c t i o n . I n our r o b o t - c o n t r o l l e r these 
t h r e e processes a re per formed i n s e r i a l 
o r d e r , whereas i n most l i v i n g organisms 
t hey a re presumably per formed i n p a r a l l e l . 

2 . The s i m u l a t e d organ ism-env i ronment 
system  

2 .1 The p h y s i c a l system 

T h i s system i s the b a s i c exper imenta l 
t o o l ; i t p r o v i d e s sensory i n p u t f o r , and 
accep ts motor o u t p u t f r o m , the s imu la ted 
organ ism c a l l e d U t a k . Only i t s f u n c t i o n a l 
i n p u t - o u t p u t c h a r a c t e r i s t i c s are d i r e c t l y 
r e l e v a n t t o the d i s c u s s i o n . The aim o f 
t h i s s e c t i o n i s t o d e s c r i b e the s imu la ted 
o rgan ism-env i ronment system and to 
d e s c r i b e the t asks t h a t such an o rgan ism, 
i f endowed w i t h a competent organism 
c o n t r o l l i n g program (see s e c t i o n 3 ) , m igh t 
reasonab ly be expected to s o l v e . 

The system i s c a l l e d TABLETOP. I t 
s i m u l a t e s the p h y s i c a l mo t ion on a smooth 
t a b l e t o p o f o b j e c t s which have the form o f 
p o l y g o n a l p lanar shapes. The t a b l e t o p i s 
bounded by a verge so t h a t an o b j e c t can 
never f a l l o f f . An o b j e c t moves o n l y when 
Utak i s bo th h o l d i n g i t and execu t i ng a 
push to or t u r n command. The phys i cs 
i n v o l v e d i s e s s e n t i a l l y t r i v i a l : TABLETOP 
s i m u l a t e s the permanence and 
i m p e r m e a b i l i t y o f the shape o f p h y s i c a l 
o b j e c t s . 

In b u i l d i n g the TABLE TOP system our 
aim was to produce an expe r imen ta l t o o l 
t h a t was i nexpens i ve to use . We were not 
concerned t o f i n d exac t s o l u t i o n s t o 
c o l l i s i o n p rob lems . Thus, the approximate 
s o l u t i o n s t o c o l l i s i o n problems t h a t the 
TABLETOP system computes are g u i t e 
s u f f i c i e n t . P rev ious s i m u l a t i o n s o f the 
p h y s i c s o f p l ana r p o l y g o n a l shapes [1 ,7 ,91 
have e i t h e r been i n c o m p l e t e , i n c o r r e c t , o r 
c o m p u t a t i o n a l l y expens ive to use , whereas 
t h e TABLETOP system is comp le te , c o r r e c t 
t o w i t h i n c e r t a i n l i m i t a t i o n s , and 
e f f i c i e n t . Completeness means t h a t bo th 
mo t i on and c o l l i s i o n s a re hand led . 

The des ign of TABLETOP is based on 
the use o f two r e p r e s e n t a t i o n s f o r 
o b j e c t s , t he C a r t e s i a n and the d i g i t a l . 
T h e C a r t e s i a n r e p r e s e n t a t i o n s p e c i f i e s the 
shape o f t he o b j e c t by a l i s t o f p o i n t s 
where each p o i n t i s g i v e n by two p o s i t i v e 
r e a l numbers. The p o i n t s a re the p o i n t s 
o f i n f l e c t i o n on the boundary o f the 
shape. An edge in the C a r t e s i a n 
r e p r e s e n t a t i o n o f an o b j e c t i s a p a i r o f 
c o n s e c u t i v e p o i n t s i n the l i s t . Utak 

h i m s e l f has a C a r t e s i a n r e p r e s e n t a t i o n , or 
p o s i t i o n , c o n s i s t i n g o f a s i n g l e p a i r o f 
p o s i t i v e r e a l s . I n a d d i t i o n , Utak has a n 
a b s o l u t e o r i e n t a t i o n . Here w e r e f e r t o 
the s i m u l a t i o n o f U t a k , n o t t h e 
r o b o t - c o n t r o l l e r f o r U t a k . 

The TABLE is a two d i m e n s i o n a l a r r a y 
where each e n t r y cor responds to a square 
i n a two d imens iona l g r i d o f squares 
c o v e r i n g t h e s u r f a c e o f t h e s i m u l a t e d 
t a b l e t o p . Each o b j e c t has an a s s o c i a t e d 
c o l o u r , one o f t h e l e t t e r s A , B , . . . z . 
Two o b j e c t s may have t h e same c o l o u r , and 
the verge a lways has t h e c o l o u r * B ' . 

Now imagine the C a r t e s i a n 
r e p r e s e n t a t i o n o f an o b j e c t w i t h c o l o u r C 
superimposed on the TABLE g r i d . The 
d i g i t a l r e p r e s e n t a t i o n o f the o b j e c t i s 
d e f i n e d to be t h e s e t o f squares o f TABLE 
t h a t l i e w i t h i n , o r a re i n t e r s e c t e d b y t h e 
edqes o f , t h e C a r t e s i a n r e p r e s e n t a t i o n o f 
the o b j e c t . A l l squares i n t h e d i g i t a l 
r e p r e s e n t a t i o n o f an o b j e c t a re ass igned 
the o b j e c t ' s c o l o u r C . T h e d i g i t a l 
r e p r e s e n t a t i o n o f a n o b j e c t i s a l s o c a l l e d 
t h e p r o j e c t i o n o f t he o b j e c t o n t o t h e 
TABLE. 

U t a k , a l l t he o b j e c t s , and the verge 
are p r o j e c t e d o n t o the TABLE a r r a y when 
TABLETOP is in o p e r a t i o n . The TABLE a r r a y 
can be d i s p l a y e d on a sc reen f o r a human 
user to w a t c h . Remember t h a t Utak does 
not " see " t h i s d i s p l a y ; h i s v i s u a l i n p u t 
i s d e s c r i b e d be low. 

2 . 2 T h e sensory-motor c a p a b i l i t i e s o f Utak 

Utak can move in a s t r a i g h t l i n e , he 
can g rasp a movable o b j e c t , and he can 
push , t u r n , and r e l e a s e a h e l d o b j e c t . He 
has f i v e motor o u t p u t s , o n l y one o f wh ich 
i s a c t i v e a t any one t i m e . The v i s u a l 
sensory i n p u t i s somewhat more r e a l i s t i c , 
c o n s i s t i n g o f 160 i n p u t l i n e s f rom 160 
r e t i n a l r e c e p t o r s . Utak g e t s a b i r d ' s eye 
v iew d i r e c t l y down on h i s immediate 
env i ronment as though h i s eye were on a 
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s t a l k . The r e t i n a l f i e l d s are arranged as 
fo l lows : 64 in a cen t ra l fovea, 48 f i e l d s 
each 4 times the s ize of a foveal f i e l d in 
an intermediate zone surrounding the 
fovea, and 48 f i e l d s each 16 times the 
size of a foveal f i e l d in an outer , 
pe r iphera l , zone. Each r e t i n a l c e l l 
reg is ters a 3 -b i t g ray leve l , or integer in 
the range 0-7, that r e f l e c t s the r a t i o of 
ob ject to t o t a l area in the par t of the 
tabletop covered by the c e l l ' s f i e l d . The 
colour of an object is ignored. A set of 
16C graylevels const i tu tes one r e t i n a l 
impression. Object colours can be sensed 
v ia a t a c t i l e impression, which consists 
of the colours of the 8 adjacent squares 
to Utak. 

The Utak s imulat ion computes a new 
r e t i n a l and t a c t i l e impression each time 
Utak comes to a h a l t . To do so it 
superimposes the array of r e t i n a l f i e l d s 
on TABLE, centred on Utak's d i g i t a l 
representat ion, and computes the 
gray levels d i r e c t l y from the TABLE ar ray. 
An act ion by Utak w i l l be re f lec ted by a 
change in the r e t i n a l impression only i f 
the d i g i t a l representat ion of Utak or of 
an object held by him changes. More 
sophist icated v i sua l sensory systems are 
easy to propose, but t h i s one is 
computational ly cheap and has su f f i ced so 
f a r . Figure 2 shows a r e t i n a l impression 
received by Utak corresponding to the 
s i t ua t i on shown in Figure 1. 

When a compass d i r e c t i o n appears in 
t h e t ask s ta temen t t h i s r e f e r s t o U t a k ' s 
own l o c a l o r i e n t a t i o n sys tem, wh ich need 
no t c o i n c i d e w i t h t h e TABLETOP 
o r i e n t a t i o n . I t i s i n i t i a l i z e d when t h e 
f i r s t r e t i n a l i m p r e s s i o n i s r e c e i v e d . 
Whatever d i r e c t i o n h e i s f a c i n g a t t h a t 
t ime becomes n o r t h i n h i s o r i e n t a t i o n 
sys tem. Among these t a s k s , t h e c u r r e n t 
system can hand le ( i ) t o ( v ) . 

3 Towards t h e d e s i g n o f a r o b o t - c o n t r o l l e r 

The purpose o f t h i s s e c t i o n i s t o 
p r e s e n t an approach to t h e d e s i g n and 
i m p l e m e n t a t i o n o f a r o b o t - c o n t r o l l e r f o r 
U t a k . 

3 . 1 T h e p a r t s o f a n o r g a n i s m - c o n t r o l l e r 

Any comple te o r g a n i s m - c o n t r o l l e r f o r 
Utak must c o n t a i n a t l e a s t t he f o l l o w i n g 
program s t e p s . These can be s t a t e d here 
w i t h o u t s p e c i f y i n g d a t a s t r u c t u r e s o r 
p r o c e s s e s . A l l t h a t i s needed i s a w o r l d 
m o d e l , a way to r e c e i v e a r e t i n a l 
i m p r e s s i o n , and an a c t i o n e f f e c t o r . 
INITIALIZATION STEPS 
1 . Set t h e c u r r e n t w o r l d model equa l t o 

some d e f a u l t w o r l d mode l . 
2 . Rece ive t h e f i r s t r e t i n a l i m p r e s s i o n . 
3 . Ana lyze t h e r e t i n a l i m p r es s i on i n t o 

r e g i o n s and b o r d e r s . 
4 . I n t e r p r e t t h e r e g i o n s i n t h e r e t i n a l 

i m p r e s s i o n and i d e n t i f y t h e image o f 
Utak i n t h e r e t i n a l i m p r e s s i o n . 

5 . Mod i f y t h e d e f a u l t w o r l d model t o be 
c o n s i s t e n t w i t h t h e i n t e r p r e t e d 
r e t i n a l i m p r e s s i o n . 

6 . Accept a t ask and i n t e r p r e t i t i n 
terms o f t h e w o r l d mode l . Th is may 
r e q u i r e s u b s t a n t i a l m o d i f i c a t i o n o f 
t he w o r l d mode l , f o r i n s t a n c e the 
a d d i t i o n o f a n o b j e c t i f one i s 
ment ioned i n the t a s k b u t n o o b j e c t 
i s " v i s i b l e " i n t h e c u r r e n t r e t i n a l 
i m p r e s s i o n . 

PIAN 
7 . C o n s t r u c t a p l a n t o a c h i e v e t h e t a s k , 

u s i n g t h e s p a t i a l p l a n n e r . 
THE ACTION CYCLE 
ACT 
8 . T e s t whether t h e t a s k i s c o m p l e t e . 

I f s o , STOP. 
9 . Dec ide o n t h e n e x t a c t i o n t o t a k e , b y 
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examining the i n i t i a l port ions of the 
plan and the degrees of confidence 
associated w i th those parts of the 
world model close to the planned 
act ions. 

10. Execute the next act ion and receive 
the next r e t i n a l impression. 

PERCEIVE 
11. In te rp re t the new r e t i n a l impression 

on the basis of the current world 
model, and modify the world model as 
necessary to make it consistent w i th 
the current r e t i n a l impression. 

PLAN 
12. Is the plan s t i l l v iable? I f so go 

to 8. 
13. Otherwise, re-compute a l l or part of 

the p lan , as in step 7, and go to 8. 

A task statement as required in step 
6 is assumed to be presented as two 
parameterized world models, a s ta r t i ng and 
a goal world model. The problem in step 6 
is to reconci le the cur ren t ly assumed 
de fau l t world model w i th the world model 
implied by the task statement. We make 
t h i s assumption to circumvent the handling 
of natura l language input . 

2-2. A f i r s t approach to implementation 

The world model consists of a 
co l l ec t i on of statements about the shape 
of the verge, the posi t ions of objects on 
the tab le top, and the shapes of the 
ob jec ts . Each statement is to have an 
associated degree of confidence based on 
evidence co l lec ted from a series of 
r e t i n a l impressions. This degree of 
confidence is to be used in the 
accommodation process, to help determine 
to what extent o ld statements should be 
modif ied when new evidence is received. 
The statements give posi t ions of 
end-points of l ines and other spa t ia l 
fac ts in terms of a Cartesian coordinate 
system centred on Utak. A spa t ia l problem 
is to be solved by pro jec t ing a l l or par t 
of the world model onto a screen — Utak's 
map-in-the-head — then solving the 
problem there and t rans la t ing the so lu t ion 
— the plan — back i n to the Cartesian 
coordinate system. At a l l times there is 
a world model and a p lan , even though 
i n i t i a l l y these may be simple de fau l ts . 

The implementation of these ideas was 
approached in the order given by the l i s t 
of program parts in 3 . 1 . Step 6, 
reconc i l ing a world model wi th a task 
statement, was i n i t i a l l y ignored on the 
basis that simple path- f ind ing problems 
tha t d id not require reconc i l i a t i on of two 
world models would su f f i ce . Steps 1-5 
were accomplished and then step 7, the 
implementation of a spa t i a l planner, was 
tack led . It was found that current 
techniques for path- f ind ing were not 

r ea l l y sa t i s fac to ry and that an approach 
based on the use of the skeleton of a 
shape promised to be use fu l . This work is 
described in the next sect ion. 

3.3 De f i n i t i on of the world model 

The data s t ructure for a world model 
consists of a tree of nodes l inked by 
re la t i ons . The root of the t ree is a node 
corresponding to Utak, ca l led $org, which 
has one son, $ f l oo r , corresponding to the 
f loorspace. The sons of s f loor correspond 
to the iso lated objects on the tab le top. 
The node N corresponding to an object may 
in turn have sons if the shape of the 
object is complex and is best described in 
a h ie ra rch ica l manner. 

A node corresponds to a shape on the 
tabletop and is a l i s t consis t ing of the 
containing rectanqle (the smallest 
rectangle al igned w i th the axes that 
contains the shape), the actual boundary 
shape as a c i r cu la r l i s t of s t r a i g h t - l i n e 
segments, the shapes of any holes if 
present, and a sub l i s t consist ing of the 
re la t ions between t h i s node and i t s 
descendants in the t r ee , i f any. 

By speci fy ing the world model in t h i s 
manner i t i s easy to modify i t to r e f l e c t 
the motion of Utak or the motion of an 
object caused by the motion of Utak. A l l 
that has to be done is to modify one 
r e l a t i o n . This tree representat ion can 
also be used to speci fy a complicated 
shape in increasing leve ls of d e t a i l . 

3.4 Perception: accommodation to the f i r s t 
r e t i n a l impression 

When a r e t i n a l impression has been 
received it must be analyzed to f i nd those 
regions which represent space and those 
which represent objects or verge. Then 
the object regions must be dist inguished 
from the verge regions in an 
in te rp re ta t ion stage so that f i n a l l y the 
world model can be modif ied to accommodate 
(explain) them. The next three 
sub-sections describe these operations 
(steps 3,4,5 of 3 .1) . 
3.4.1 Edge and region f ind ing 

A region in the r e t i n a l impression is 
a connected set of r e t i n a l c e l l s where a l l 
the c e l l s have a zero g ray leve l , or else 
a l l have a non-zero g ray leve l . A 
connected set on the re t ina is defined 
using edge-adjacency. Two c e l l s are edge 
adjacent if thev have an edge or par t of 
an edge in common. Thus diagonal ly 
adjacent c e l l s are not edge adjacent. A 
region is connected i f , for any two 
r e t i n a l c e l l s in the reg ion, there is a 
chain of edge-adjacent r e t i n a l c e l l s which 
s ta r t s at one of the given c e l l s and 
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f i n i shes at the o ther . 
3 . 4 . 2 In te rp re t i ng the f i r s t r e t i n a l 

impression 

In the fovea of the eye a r e t i n a l 
c e l l w i th zero gray leve l corresponds to 
f loorspace, and a c e l l w i th non-zero 
g ray leve l , necessari ly 7, corresponds to 
e i ther an ob jec t , the verge, or to Utak 
h imsel f . In the per iphera l par ts of the 
eye a r e t i n a l c e l l w i t h zero gray leve l may 
correspond to an area of the tab le top 
which is not e n t i r e l y f loorspace, and 
s i m i l a r l y one w i th a gray leve l of 7 may 
correspond to an area of the tab le top 
which is not e n t i r e l y object or boundary. 

In any one r e t i n a l impression the 
regions of zero gray leve l are in terpre ted 
as f loorspace. Since a l l f loorspace is 
connected, if two or more disconnected 
regions of zero gray leve l appear in the 
r e t i n a l impression the i n te rp re ta t i on must 
provide that these are connected. 

The non-zero regions are in terpre ted 
as e i ther iso la ted objects or verge. This 
is s t ra ight forward in two cases. I f a 
non-zero region completely surrounds a 
zero reg ion, and is not i t s e l f surrounded 
by a zero reg ion , then t h i s is in terpreted 
as the verge of the tab le top. If a zero 
region completely surrounds a non-zero 
region then t h i s l a t t e r region is 
in terpre ted as an iso la ted object w i th a 
high degree of c e r t a i n t y . 
3.4.3 Accommodating the de fau l t world 

model to the f i r s t~ " re t i na l 

The de fau l t world model w i th which 
Utak "wakes up" is the simplest poss ib le : 
a square f loorspace centred on h is 
p o s i t i o n , and containing no iso la ted 
ob jec ts . Af ter the f i r s t r e t i n a l 
impression has been received and 
in te rp re ted , t h i s world model must be 
modif ied (accommodated) to be consistent 
w i th t h i s r e t i n a l impression. 

F i r s t the in terpre ted r e t i n a l 
impression is examined for what 
r e s t r i c t i o n s , i f any, the r e t i n a l 
impression places on the actua l dimensions 
of the containing rectangle of the $f loor 
of the world model. Af ter the coordinate 
o r i g i n and containing rectangle of the 
$ f loor is f i x e d , other par ts o f the world 
model can be computed. The next item is 
to der ive the actua l shape of $ f l o o r . I f 
none of the segments of boundaries of 
f loorspace regions coincide w i t h a r e t i n a l 
edge, or in other words the whole of 
$ f loor appeared w i t h i n the r e t i n a l 
impression, then the boundaries of the 
f loorspace regions are taken as the shape 
of $ f l oo r . Otherwise, only par ts of the 
shape of $ f loor appeared w i t h i n the 
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r e t i n a l impression. These are the 
sequences of segments of boundaries of 
regions in terpreted as verge, which l i e 
s t r i c t l y w i t h i n the current r e t i n a l 
impression. 

Las t l y , a node has to be created for 
each iso la ted-ob jec t region of the r e t i n a l 
impression, and added to the world model. 
Given an iso la ted-ob jec t reg ion, i t s 
containing rectangle, the o f f s e t o f i t s 
coordinate system from $ f l o o r , and i t s 
shape are a l l computed. The de fau l t world 
model has now been accommodated to the 
f i r s t r e t i n a l impression. 

3.5 Perception; accommodation to 
subseque"nt r e t i n a l impressions 

Once a world model has been 
constructed that co r rec t l y i n te rp re ts the 
r e t i n a l impressions received so f a r , i t i s 
used to f a c i l i t a t e the accommodation of 
subsequent r e t i n a l impressions. An 
ove ra l l view of t h i s accommodation process 
w i l l now be described. Given the 
decided-on ac t i on , a predicted world model 
is constructed, and from t h i s a predicted 
r e t i n a l impression is produced by 
pro jec t ing the predicted world model onto 
an array s t ruc ture topo log ica l l y i den t i ca l 
w i th a r e t i n a l impression. From the 
predicted world model a predicted r e t i n a l 
impression is computed. 

In a " r e a l i s t i c " s imulat ion where an 
element of randomness is allowed in the 
e f f ec t of an act ion the d i f ferences 
between the actual and predicted r e t i n a l 
impressions may ar ise from two sources of 
uncer ta in ty : 
(1) New par ts of the environment coming 

i n t o view or o ld par ts seen at 
higher reso lu t i on ; 

(2) The act ion is not as pred ic ted . 
If only (1) is allowed then any 
d i f ferences must be explained by modifying 
the world model. I f only (2) is allowed 
the problem is to recognize what pos i t i on 
in the world model could give r i se to the 
actual r e t i n a l impression and thus deduce 
what ac tua l l y happened. Since the 
d i f fe rence between the actual and 
predicted e f fec ts of an act ion w i l l 
normally be qu i te small the problem is one 
of computing the d i s p a r i t y between the two 
r e t i n a l impressions, say by t r y i ng the 
pos i t ions c losest to the predicted 
p o s i t i o n . I f the d i f fe rence i s too great 
for a d i s p a r i t y to be found then it 
becomes a pure recogni t ion problem to be 
approached, say, by matching features. If 
both (1) and (2) occur together then the 
problem is to f i n d a match in the world 
model for as much as possible of the 
r e t i n a l impression, thus proposing a new 
p o s i t i o n , and then modifying the world 
model to expla in the remaining unmatched 



par ts of the r e t i n a l impression. 

3.6 "The spa t i a l planner 

This is the heart of the system, 
where pa th- f ind ing is done, where a plan 
for moving an object is constructed, and 
where the i n i t i a l task command is 
i n te rp re ted . Given an interpreted task 
desc r i p t i on , the spa t i a l planner uses the 
current world model as a database and 
produces a st ructured plan as output . If 
the current world model re f l ec t s the " rea l 
wor ld" outside the organism su f f i cen t l y 
c l ose l y , or at least models c losely enough 
those par ts of the world model required 
for t h i s task, then a completely accurate 
execution of the plan w i l l resu l t in the 
successful completion of the task. 

The spa t i a l planner does not produce 
plans from the world model d i r e c t l y , but 
i n d i r e c t l y v ia the screen, a 2-dimensional 
d i g i t a l array. Consider a simple 
pathf inding problem, "Go to the north east 
corner" for example. F i r s t the dimensions 
of a rectangular window which includes 
both the current pos i t i on of Utak and the 
pos i t ion of the dest inat ion are computed. 
Then the world model is projected through 
th i s window onto the screen and each 
square of the screen marked as 
representing space or w i th the name of the 
object ovar laying i t . Then a pathf inding 
algor i thm is used (cf . sect ion 4) to f i nd 
a path from s t a r t to dest inat ion that only 
traverses c e l l s representing space. 

4 Path- f inding and the skeleton of a 
planar shape 

- "A In t roduct ion to path- f inding 
algorithms 

The problem is t h i s . Given a 
descr ip t ion of shapes on the Euclidean 
plane in terms of the Cartesian 
coordinates of po ints on the boundaries of 
the shapes and the l i nes between them, and 
given the coordinates of two points S and 
D outside a l l the shapes, describe a path 
from S to D that avoids a l l the shapes, if 
such a path e x i s t s . Further requirements 
are that the path should be reasonably 
close to being opt ima l , and that if an 
organism wanders s l i g h t l y from the correct 
pa th , e i ther due to inaccurate movement or 
to avoid a small obstacle, it should be 
easy to regain the correct path. 

A path- f ind ing algori thm was 
incorporated in the design of Shakey [12] . 
It was based on the observation that in a 
c lu t te red space an optimal path between 
two points consists of a sequence of l i ne 
segments connecting extreme points of 

obstacles. Thus one s ta r t s w i th the 
extreme (convex) points on the obstacle 
boundaries and considers the set 
consist ing of the l ines j o i n ing the pa i rs 
of extreme points together w i th l i nes from 
the s ta r t i ng po in t S to the extreme po in ts 
and w i th l i nes from the extreme points to 
the dest inat ion po in t D. Any l i n e which 
in tersects an obstacle is discarded, so 
that the remaining l i nes represent a l l the 
" l i nes o f v i s i b i l i t y " in the s i t u a t i o n . A 
heur i s t i c search is then used to f i nd the 
optimal series of points connected by 
l ines of v i s i b i l i t y from S to D. 

Another idea is to p ro jec t a l l the 
shapes onto a rectangular network of 
c e l l s , the screen of sect ion 3 for 
example, and convert the path- f ind ing 
problem in to a pure graph-t raversal 
problem. The screen is converted to a 
graph by inser t ing between every pa i r of 
adjacent or diagonal ly adjacent c e l l s an 
edge of the graph, where each edge is 
assigned a lenqth of root2 or one 
according as i t s endpoints are diagonal ly 
adjacent or not . I t is forbidden to 
traverse edges leading to c e l l s that do 
not represent f loorspace. The s t a r t and 
dest inat ion po in ts are mapped onto c e l l s S 
and D of the graph. The problem can now 
be restated as: f i nd the shortest path 
from S to D along the edges of t h i s graph. 
This can be done by an app l ica t ion of the 
A* algor i thm of [8] using the i r funct ion 
f=g+h to evaluate incomplete paths. 

F ina l l y the skeleton of the shape of 
the empty space was considered. The 
i n i t i a l a t t r a c t i o n was that the ske le ta l 
graph contains only the topo log ica l l y 
d i s t i n c t paths between two pos i t ions . Two 
paths are topo log ica l l y d i s t i n c t i f 
neither can be continuously deformed in to 
the other . The search for a path then 
reduces to searching over the 
topo log ica l l y d i s t i n c t paths. The choice 
points in the skeleton seem, i n t u i t i v e l y , 
to correspond to the choices we have to 
make in navigat ing through obstacles. In 
addi t ion there is a great deal of 
information associated wi th the skeleton 
which can be used in other spa t i a l 
problems. The optimum path, when 
res t r i c ted to edges of the ske le ta l graph, 
is not in general the optimum path when no 
such r e s t r i c t i o n s are made; however, our 
i n i t i a l concern was to compute any 
reasonable path, not necessari ly an 
optimal one. 

4.,2 The skeleton 

Blum, who ca l led it the Medial Axis 
Function [ 2 ] , was the f i r s t to introduce 
the skeleton of a planar shape. Since 
then it has been the topic of several 
invest igat ions [5,10,11,14,15] and has 
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been ca l led the distance t ransformat ion, 
the g rass f i r e t ransformat ion, or the 
symmetric axis t ransformat ion. [3,4] has 
comprehensively analysed i t and w r i t t e n 
about i t s po ten t i a l appl icat ions to the 
descr ip t ion of shape in b io logy. Various 
d e f i n i t i o n s and algori thms for computing 
the skeleton in a d i g i t a l space are given 
i n [16 ] . 

4.3 Using the skeleton for pa th- f ind ing 

Use of the skeleton of the shape 
del ineated on a network promised to 
overcome most of the object ions to the use 
of heu r i s t i c search for pa th f ind ing . 

F i r s t assume that the s t a r t c e l l S 
and the dest ina t ion c e l l D l i e on the 
ske le ta l graph. Then a path from S to D 
along the ske le ta l graph is c e r t a i n l y a 
spa t i a l pa th . In searching for a path 
through the ske le ta l graph, the junc t ion 
c e l l s and junc t ion sets are the only 
places where a choice is needed. To 
s imp l i f y t h i s search the pathgraph, 
homomorphic to the ske le ta l graph, is 
def ined as fo l lows . The ver t i ces of the 
pathgraph correspond to the junct ions 
(ce l l s or sets) of the ske le ta l graph, and 
an edge between two ver t i ces of the 
pathgraph corresponds to the chain of 
c e l l s in the ske le ta l graph between the 
corresponding junc t ions . A ske le ta l graph 
and i t s corresponding pathgraph is shown 
in Figure 3. Now a l l the topo log ica l l y 
d i s t i n c t spa t i a l paths from S to D are 
found by using a standard graph t ravers ing 
algor i thm on the pathgraph, w i th 
considerably less search than when the 
network o f c e l l s i s searched d i r e c t l y . I f 
the s t a r t S or des t ina t ion D are not on 
the ske le ta l graph then the nearest po in ts 
to S and D on the ske le ta l graph, S' and 
D ' , must f i r s t be found. 

5 Summary and conclusions 

(a) We have e x p l i c i t l y described the 
features of the act ion cycle for a 
robo t - con t ro l l e r ; t h i s has not been done 
before. 
(b) A spa t i a l reasoning module is an 
important and essent ia l par t of any 
robo t - con t ro l l e r . I t makes plans for 
act ion on the basis of the current 
c o l l e c t i o n of hypotheses about the form of 
the environment. The second advance is 
the development of a new approach to 
problems of spa t i a l reasoning based on the 
use of the skeleton of a two-dimensional 
shape. 

Some in te res t i ng technica l problems 
were uncovered in t h i s approach. One we 
c a l l the rope- t ightening problem. When 
you have found one reasonable path between 
two po in t s , how do you t igh ten the path to 
the shortest possible wav? The other 
technical problem re la tes to e luc ida t ing 
the f u l l d e t a i l s for moving an L-shaped 
object through a doorway. 
(c) There have been several robot 
s imulat ion programs w r i t t e n before; 
however t h i s is the f i r s t to handle the 
movement and c o l l i s i o n of two dimensional 
shapes. Our con t r ibu t ion is to use a 
combination of the Cartesian and the 
d i q i t a l representat ions to simulate the 
motion and c o l l i s i o n of objects on a 
tab le top. 

We began t h i s p ro jec t by asking what 
computational processes are required for 
spat ia l reasoninq. Our answer, and, 
b r i e f l y , the conclusion of the paper, is 
t h i s . Computational processes 
incorporat ing algori thms for computing the 
d i g i t a l skeleton of a planar shape may 
prove to be s u f f i c i e n t for the spa t i a l 
reasoning of a r obo t - con t ro l l e r . 
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