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Abstract 
The development of a model of motion 

c o n t r o l f o r walking robots i s r e p o r t e d . 
The g o a l o f the p r o j e c t i s t h e e l a b o r a 
t i o n o f methods t o c o n s t r u c t t h e t r e e main 
l e v e l s of a c o n t r o l system of t h e r o b o t ' s 
motion and a program complex to r e a l i s e 
t h e robot's behaviour s i m u l a t i o n in com
plex topography. 

A notable amount of achievements has 
been reached by now in developing the mo
d e l o f behaviour c o n t r o l f o r robots i n 
v a r i o u s " a c t i v i t y areas". Most of the mo
d e l s , however, a r e , to our mind, too "de
t e r m i n i s t i c " . The hope t o o b t a i n i n t e r e s t 
i n g r e s u l t s i n the f i e l d w i t h a model ba
sed, in a sense, on the p r i n c i p l e of 
"maximum indetenninism" gave r i s e t o t h e 
p r o j e c t 'discussed i n t h e present paper. 

The corresponding ideology has been 
almost l i t e r a l l y t r a n s f e r r e d here from 
the asynchronous programming t h e o r y ; as 
to t h e "walking", it was chosen as a mo
d e l domain because i t o f f e r s combination 
of both general and s p e c i a l problems. 

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

There are two f i e l d s o f study w i t h i n 
the frames of the p r o j e c t . 

(1) The development of a mathematical 
model f o r the t h r e e upper l e v e l s o f t h e 
c o n t r o l system f o r the r o b o t ' s behaviour. 
This f i e l d i s the p r i n c i p a l one; however, 
it was agreed t h a t the model should be 
t e s t i f i e d i n the c o n d i t i o n s close enough 
to t h e r e a l ones which b r i n g s about t h e 
n e c e s s i t y o f the research i n the o t h e r 
f i e l d . 

(2) The development of a computer 
system f o r s i m u l a t i n g the robot's b e h a v i 
our in complex topography. 

The system of motion c o n t r o l 

The c o n t r o l of motion f o r a walking 
robot i s considered t o b e a n i n t e r a c t i n g 
system o f t h r e e p r i n c i p a l l e v e l s : 

Upper Level - the planning of r o u t e . 
This l e v e l i s not connected d i r e c t l y w i t h 
the s p e c i f i c i t y o f "walking". I n p r i n c i p l e 
the problem here does not d i f f e r from t h e 
route planning f o r a wheeled r o b o t . The 
only important f a c t o r s f o r t h e c o n t r o l o n 
t h i s l e v e l are the g e n e r a l c h a r a c t e r i s t i c s 
o f the robot's c a p a b i l i t y t o suxmount d i f 
f e r e n t p a r t i c u l a r v a r i a n t s o f r e l i e f . 

Middle l e v e l - look-ahead f o r s e v e r a l 
t r a j e c t o r y steps i n the d i r e c t i o n o f t h e 
r o u t e f i x e d b y t h e upper l e v e l . Proceed
i n g from the complete i n f o r m a t i o n of the 
r o b o t ' s c a p a b i l i t i e s the middle l e v e l 
takes i n t o account a l l g i v e n values o f 
output parameters of the motion regime 
(speed, balance r e s e r v e , t h e p l a t f o r m 
h e i g h t , etc.) and the l o c a l f e a t u r e s o f 
t h e r e l i e f i n t h e d i r e c t i o n o f the motion. 
I n the space o f a l l f e a s i b l e p o s i t i o n s o f 
the robot o n the r e l i e f t h i s l e v e l o f con
t r o l p o i n t s a " c o r r i c t o r " formed by the 
set of paths allowed under the g i v e n com
b i n a t i o n and i n t e r n a l c o n d i t i o n s . 

Lower l e v e l - of c o n t r o l plane a con
c r e t e sequence o f elementary ( f o r the g i 
ven l e v e l ) acts of motion, the sequence 
is so chosen t h a t the corresponding move
ment through the area should keep to t h e 
" c o r r i d o r " l i m i t s f i x e d b y the middle l e 
v e l . The lower l e v e l chooses in what se
quence the legs s t e p on, f i x e s the p o i n t s 
on the ground to put them, determines t h e 
moments o f t a k i n g o f f and s e t t i n g f o r each 
l e g , t h e i n t e r v a l s f o r speed s w i t c h i n g , e t c . 

I t i s understandable t h a t even lower 
l e v e l s o f c o n t r o l e x i s t ; e.g. the l e v e l 
which determines the concrete f o r m of mo
t i o n t r a j e c t o r i e s f o r legs and p l a t f o r m 
i n accordance w i t h the parameters s p e c i f i 
ed by the t h i r d l e v e l ; and the l e v e l which 
r e a l i z e s these t r a j e c t o r i e s ( f o r a model 
a l l o w i n g f o r d i f f e r e n t s o r t s o f e r r o r s ) . 
These l e v e l s , however, w i l l not be c o n s i 
dered i n the r e p o r t because o f the n a t u r a l 
space l i m i t a t i o n s . 

Model 

As the p r o j e c t i s p u r e l y e x p e r i m e n t a l 
i n c h a r a c t e r , i t has been decided t o c a r r y 
out the research f o r a s u f f i c i e n t l y wide 
range o f models w i t h i n t e n t i o n t o s h i f t 
the accent from s i m p l e r models to more 
complex ones ( f i g . 1a,b,c,d) as soon as a 
deeper understanding i s f e l t . 
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The two s imples t models are two -
d imens iona l ( p l a n e ) . The legs have two 
degrees of freedom each, they can move In 
the p lane of movement w i t h o u t be ing caught 
i n each o t h e r o r i n t h e p l a t f o r m ( t h e y 
can i n t e r s e c t ) . The remain ing two models 
are t h r e e - d i m e n s i o n a l , t he legs hav ing 
t h r e e degrees o f freedom each. A l l f o u r 
v e r s i o n s are cons idered to have no mass 
but they have a cen te r of g r a v i t y ( l e g s 
are w e i g h t l e s s ) . 

The f o l l o w i n g r e s t r i c t i o n s are i m 
posed on any model; 

(1 ) The s t a t i c balance c o n d i t i o n j t h e 
v e r t i c a l p r o j e c t i o n o f t h e g r a v i t y cen te r 
must cross the s u p p o r t i n g segment f o r t h e 
2-D models and the s u p p o r t i n g polygon f o r 
the 3-D models .* 

(2 ) The b e a r i n g ( o f a bea r ing l e g ) 
cannot move a long t h e r e l i e f , i . e . t h e 
robo t i s not a l lowed t o "drag i t s l e g s " . 

(3 ) Every s t e p , i . e . the ope ra t i ons 
o f t a k i n g o f f , t r a n s f e r r i n g and s e t t i n g 
a l e g , r e q u i r e s an i n t e r v a l t o f t i m e , 
where is a constant and is chosen by 
the model randomly w i t h i n the l i m i t s o f 
r e s t r i c t i o n s (1 ) and ( 2 ) . 

Generator o f Behaviour 

For each model , a set of v a r i a b l e s 
i s f i x e d which comple te ly descr ibes i t s 
i n n e r s t a t e . For example, the v a r i a b l e s 
f o r t h e s imp le s t model (see f i g . 1a) are 
f i x e d a s f o l l o w s s 

- coord ina te s o f t h e b e a r i n g w i t h 
respect t o t h e g r a v i t y c e n t e r , 

- t he t i m e which has passed s ince 
non-bear ing l egs t o o k o f f , 

- v e r t i c a l and h o r i z o n t a l v e l o c i t y 
c o n s t i t u e n t s o f t h e g r a v i t y c e n t e r . 

S t a t i c a l l y u n s t a b l e s t a t e s are ex
cluded from a l l p o s s i b l e se ts o f v a r i a b l e 
v a l u e s . Each model is s p e c i f i e d by a coup
le o f <Q,A> , where Q i s the set o f a l l 
s t a t i c a l l y s t a b l e s t a t e s and A i s the set 

The convex f i g u r e (reduced to a segment 
f o r t h e 2-D models), formed by a round 
of p r o j e c t i o n s of l e g bearing onto a ho
r i z o n t a l plane, i s r e f e r r e d t o a s t h e 
s u p p o r t i n g one. 

Any set of s imple ope ra t ions t h a t 
can be a p p l i e d s imu l t aneous ly tonne a com
p l e x o p e r a t i o n . Let A b e the set o f a l l 
o p e r a t i o n s - s imple and complex o n e s - d e f i n 
ed by A; g e n e r a l l y , when a s imple or com
p l e x o p e r a t i o n i s a p p l i e d , t h e model pas
ses i n t o a next s t a t e w h i c h , i n i t s t u r n , 
may or may not be long to the set Q. 

Thus, f o r any model a cor responding 
o r i e n t e d graph G may be cons t ruc ted whose 
-ver t ices are the s t a t e s of t h e set Q and 
t h e arcs are the respect i r e ope ra t i ons 
f rom A. The set Q is now n a t u r a l l y d i v i d 
ed i n t o t h r e e n o n - I n t e r s e c t i n g subset s i 

- c y c l i c s t a t e s which be long to a t 
l e a s t one cyc l e f rom G; 

- i n p u t c o n d i t i o n s which have at 
l e a s t one pa th i n t o c y c l i c ones; 

- deadlock s t a t e s . 

The subgraph obtained by excluding 
the deadlock: vertices from G is called 
the generator of behaviour. 

We can next select subgenerators 
from the generator of behaviour which sa
t i s f y certain r e s t r i c t i o n s Imposed on 
choosing the states from Q. There i s , f o r 
instance, a eubgenerator with a given low
er or upper l i m i t of the velocity range 
or a given minimum of balance reserve, a 
subgenerator of motion on a horizontal 
plane, etc. To meet t h i s , vertices are 
selected in the generator which s a t i s f y 
relevant r e s t r i c t i o n s , deadlock vertices 
are excluded from the subgraph obtained. 

Let the model <Q,A> be in a given 
point of the r e l i e f with i t s inner state 

any sequence of the robot' s ac
tions f o r t h i s i n i t i a l position defines 
a corresponding sequence of the inner 
states each couple of 
the adjacent states ql, assuming the 
realization of an operation a * 
. Any sequence of the model's actions 
on the r e l i e f is re-affixmed by at least 
one path in the behaviour generator* A l l 
paths beginning in a given q* in G may be 
divided into two paths - with the position 
on the r e l i e f f i x e d - 1) those correspond
ing to a sequence of actions, "feasible" 
on the r e l i e f and 2) those, "infeasible" 
on the r e l i e f . We can next select paths 
from a l l "feasible*' ones that s a t i s f y cer
t a i n r e s t r i c t i o n imposed on the choice of 
states, it is evident that the set of such. 
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of simple operations managed by the model. 
For instance, la model manages the follow
ing simple operations: 



paths i s t h e same a s t h e set o f * l i " f e a s 
i b l e " paths i n the corresponding subgene-
r a t o r . 

We s h a l l s e l e c t paths from t h e set 
o f a l l " f e a s i b l e " paths going through q * 
In Q which correspond to t h e r o b o t ' s mo
t i o n o n the r e l i e f I n the d i r e c t i o n t o 
some g o a l o r sub-goal, s p e c i f i e d by a su
p e r i o r l e v e l . This set o f paths " s a t i s f y 
i n g the l e a d i n g d i r e c t i o n s " foxms the "be
h a v i o u r c o r r i d o r " which c o n t a i n s , i n i t s 
t u r n , "narrower" behaviour c o r r i d o r s s a t 
i s f y i n g d i f f e r e n t r e s t r i c t i o n s imposed o n 
the choice o f s t a t e . 

General scheme of c o n t r o l 

Let us r e t u r n to the g e n e r a l scheme 
of the model c o n t r o l . A set of c o n t r o l 
parameters is chosen whose values are spe
c i f i e d from o u t s i d e (by even h i g h e r con
t r o l l e v e l s o r by a human o p e r a t o r ) , e.g. 
v e l o c i t y , balance, oomfort ( l i m i t a t i o n s 
imposed on the manoeuvre by v e l o c i t y and 
the movement of the p l a t f o r m ) , e t c . 

Upper l e v e l i parameter values essen
t i a l l y a f f e c t the e s t i m a t i o n o f r e l i e f 
and, r e s p e c t i v e l y , the choice of r o u t e by 
the upper l e v e l of c o n t r o l . Two v e r s i o n s 
o f t h i s l e v e l are e f f e c t e d i n the p r o j e c t : 

(1) S t a t i c v e r s i o n . Right from the 
s t a r t the robot disposes of a d e t a i l e d 
plan o f the t e r r i t o r y , i t knows i t s coor
dinates and the coordinates of t h e g o a l . 
The problem o f r o u t i n g i s completely s o l v 
ed before the movement begins. The t e r r i 
t o r y plan i s d i v i d e d n t o homogeneous a r e 
a s s i m i l a r a s t o t h e i r p r a c t i c a b i l i t y f a c 
t o r s , i . e . slope, h e i g h t , s u r f a c e condi
t i o n s (screen, marsh, e t c . ) . The values 
of c o n t r o l parameters considered, these 
areas are g i v e n a concrete e s t i m a t i o n upon 
which a n o p t i m a l r o u t e i s determined w i t h 
the h e l p of the well-known methods ( a l g o 
r i t h m s o f Bellman [ 3 ] , N i l s s e n [ 4 ] ) . T h i s 
v e r s i o n , as can be seen, means t h a t the 
upper l e v e l does not work d u r i n g the mo
t i o n along the r o u t e . 

(2) Dynamic v e r s i o n . The robot's 
knowledge o r the t e r r i t o r y comprises o n l y 
what i t sees and what i t has seen since 
the motion began. In a d d i t i o n the robot 
knows i t s own coordinates and the c o o r d i 
nates of the g o a l . "Functions of the eye" 
are not simulated; the robot is supposed 
to have " i d e a l eyes". For any g i v e n p o s i 
t i o n o n t h e t e r r i t o r y , a zone o f d i r e c t 
v i s i o n i s determined, the corresponding 
part of the plan is considered as known 
to and memorized by the robot. The d i s c u s 
sed operations of d i v i d i n g i n t o areas and 
p r a c t i c a b i l i t y e s t i m a t i o n are c a r r i e d out 
f o r the known p o r t i o n of t h e p l a n . There 
upon the t a c t i c s of movement are determin
ed and the f o l l o w i n g stage of route is 
marked out. The s t a t i c v e r s i o n is now com
p l e t e l y r e a l i z e d ; a s f o r t h e dynamic v e r 
s i o n , a t e n t a t i v e model is at xhe debug
g i n g stage. 

Middle l e v e l marks out t h e metion 
c o r r i d o r f o r s e v e r a l steps ahead. Only 
the p r i n c i p a l r e l i e f components are taken 
i n t o account; minor r e l i e f elements are 
supposed to be t r e a t e d by t h e lower l e v e l 
using t h e m a n o e u v r a b i l i t y w i t h i n t h e cor
r i d o r . 

The f i x e d values of c o n t r o l parame
t e r s determine a corresponding subgenera-
t o r o f behaviour f o r which t h e o o r r i d o r 
i s c o n s t r u c t e d . I f c o n s t r u c t i o n proves im
p o s s i b l e the value range i s extended f o r 
c e r t a i n parameters (provided i t i s permis
s i b l e ) ; t h i s enables the use o f a more ex
tended subgenerator. When the c o r r i d o r i s 
marked out f o r an acceptable set of t h e 
parameter v a l u e s , the c o n t r o l passes to 
the lower l e v e l ; i f , o n the o t h e r hand, 
the t r y d i d not succeed, the " c o n f l i c t " 
i s r e p o r t e d t o t h e upper l e v e l since i t 
has been caused by*an e r r o r of the l a t t e r . 

Lower l e v e l : the set of values of t h e 
parameters f o r which the c o r r i d o r has been 
marked out determines t h e subgenerator of 
the lower l e v e l . When i n s i d e the c o r r i d o r , 
the lower l e v e l i s able t o c o n t r o l the mo
t i o n t a k i n g i n t o account the d e t a i l s o f 
r e l i e f f o r t h e nearest step o n l y , i . e . t h e 
robot i s w a l k i n g " l o o k i n g a t i t s f e e t " . 

I t operates a s f o l l o w s : any p o i n t o f 
s e t t i n g o f t h e next l e g i s s e l e c t e d i n s i d e 
the c o r r i d o r , t h e l e v e l chooses a path i n 
t h e subgenerator ( o p t i m a l o r q u a z i - o p t i -
mal); t h i s path has t o b e p e r m i s s i b l e f o r 
the r e l i e f and t o lead from the c u r r e n t 
s t a t e t o any o t h e r s t a t e i n the c o r r i d o r 
corresponding t o the s e t t i n g o f the g i v e n 
l e g i n t o the g i v e n p o i n t and allowed by 
the c o r r i d o r ; a f t e r t h a t a d e c i s i o n i s 
made as t o which l e g w i l l step n e x t , t h e 
p o i n t o f s e t t i n g i s planned f o r t h i s l e g , 
e t c . 

We have now a working 1a model f o r 
a b l a c k - and-white plane r e l i e f ( b l a c k -
no t r e a t i n g , white - t r e a t i n g a l l o w e d ) . 
The development i s being completed f o r l a 
model on an a r b i t r a r i l y complex ( f l a t ) r e 
l i e f , as w e l l as f o r 1b model and b l a c k -
and - white r e l i e f . C e r t a i n r e s u l t s are 
obtained i n methods o f automatic s y n t h e s i s 
and compact computer p r e s e n t a t i o n f o r t h e 
generator of behaviour. 

The s i m u l a t i o n system 

I n t h i s p r e p r i n t w e s h a l l o n l y enu
merate some of the most g e n e r a l f u n c t i o n s 
of the s i m u l a t i o n system. The system con
s i s t s o f two p r i n c i p a l p a r t s . 

(1) A dialogue system f o r s y n t h e s i s 
of complex r e l i e f . The system usee a d i s 
play and a p l o t t e r . The system c o n s t r u c t s 
a two or t h r e e - l e v e l model of a complex 
r e l i e f "on demand", using only a minimum 
o f d i r e c t i o n s from the o p e r a t o r . 

(2) The o p e r a t i o n system, wziic'u ena
b l e s : 
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