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A b s t r a c t 

The paper dea ls w i t h a number of 
problems invo lved In p l a n n i n g a r o b o t ' s 
a c t i v i t y . A f o r m a l i z e d statement o f the 
p lann ing problem Is proposed and the 
t h e o r e t i c a l p r i n c i p l e s o f des ign and r e 
quirements to s t r u c t u r e o f the problem 
environment models and p l a n n i n g a l g o 
r i t h m s are d i scussed . A problem e n v i r o n 
ment model is conoelved as a set of in
t e r r e l a t e d data on the r e a l wor ld o f a 
r o b o t ' s f u n c t i o n i n g t h a t are necessary 
and s u f f i c i e n t f o r the s o l u t i o n o f a l l 
problems be long ing to a c e r t a i n c l a s s . 
A l go r i t hm is understood as a gene ra l i sed 
procedure de f i ned on a problem e n v i r o n 
ment model . 

Let us cons ider the f u n c t i o n i n g o f 
a c e r t a i n c l ass o f a r t i f i c i a l systems 
per fo rm ing a c t i o n s in a th ree -d imens iona l 
space. We s h a l l i n t r oduce the n o t i o n of 
the work ing space of a system, conce iv ing 
i t a s the space which i s p h y s i c a l l y 
access ib le to the system f o r pe r fo rm ing 
the a c t i o n s i t commits. Then by robo ts 
we s h a l l understand a c l a s s of f u n c t i o n 
a l l y s i m i l a r automata having a memory 
and in tended f o r execu t ing d i r e c t e d chan
ges of the p r o p e r t i e s o f the components 
o f environment or r e l a t i o n s between these 
w i t h i n t h e i r work ing spaoe by means of 
man ipu la t i ons w i t h t o o l s and ( o r ) o b j e c t s . 
We presume the ex is tence of p o t e n t i a l 
f e a s i b i l i t y o f man ipu la t i ng accord ing t o 
any s p a c i a l law. 

The s imp les t r o b o t s are devices 
f u n c t i o n i n g on the bas i s o f a r i g i d p r o 
gram. Programs are supp l i ed to the robo t 

to be subsequent ly implemented in the 
form o f c e r t a i n i n f l u e n c e s on the e n v i 
ronment in a sequence which is in advance 
d e f i n e d by man ( i n the genera l case by a 
metasystem, i . e . system having a h ighe r 
l e v e l o f c o n t r o l a s compared w i t h the r o 
b o t ) . Moreover in some cases the cho ice 
of a c t i o n s of the robo t may be a d d i t i o n 
a l l y c o n t r o l l e d by changes o f i t s phys
i c a l s t a t e and resource c a p a c i t y . The 

f u r t h e r s o p h i s t i c a t i o n o f the robo ts a c 
companied by an inc rease of t h e i r a u t o 
nomy necess i t a tes i n c o r p o r a t i n g i n t h e i r 
c o n t r o l systems such mechanisms as a f foxd 
d u r i n g the cho ice o f a c t i o n a u t o m a t i c a l 
l y t o take account o f s i t u a t i o n s a r i s i n g 
in the r o b o t ' s work ing space (and in more 
developed systems a l s o s i t u a t i o n s embra
c i n g the e n t i r e problem environment o f 
the robo t i s a p r e - t r a i n e d system c l a s 
s i f y i n g s i t u a t i o n s a r i s i n g i n the e n v i 
ronment and choosing the a p r i o r i s t a t e d 
a c t i o n sequences t h a t are adequate to 
these s i t u a t i o n s . However, in complex e n 
v i ronments i n v o l v i n g a g rea t number of 
components which a f f e c t the r o b o t ' s a c t 
i v i t y , a n a p r i o r i c l a s s i f i c a t i o n o f 
s i t u a t i o n s may prove p r a c t i c a l l y impos
s i b l e . In t h i s case the robot must be 
ab le to form independent ly the sequenoe 
of a c t i o n s t h a t would be adequate to any 
s i t u a t i o n a r i s i n g in the problem e n v i r o n 
ment, i . e . i t must be able to so lve the 
p l ann ing prob lem. The c o n t r o l system of 
the robo t must in t h i s case be p o t e n t i a l 
l y prepared f o r execu t ing a g rea t set o f 
a c t i o n s i n p e r c e p t i o n c o n t r o l o f movement 
of execu t i ve o rgans , d e c i s i o n making and 
d ia logue w i t h the metssystam. 

In pos ing tasks f o r the robo t and 
c o r r e c t i n g i t s a c t i v i t y b y way o f d i a l o -
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gue the metasystem proceeds from percep
t i o n on analys is of a f a r wider problem 
enTironment than is accessible f o r the 
robo t . In t h i s sense the more per fect 
robots should be endowed w i t h the capa
c i t y of an i n t e r l o c u t o r w i t h the metasye
tem or an ac t ive observer of some of the 
components of i t s problem s i t u a t i o n so as 
to take par t in the metaaystem's task 
s e t t i n g process and sometimes automatic
a l l y to perform such an adjustment of 
tasks set before the robot by the meta
syetem as would be desirable f o r the l a t 
t e r in tak ing account of the metasystem's 
problem s i t u a t i o n . 

One can v i sua l i ze a system having 
"maximum" p o t e n t i a l i t y in t h i s sense as 
a ce r t a i n idea l ized autonomous robot 
which, being capable of adaptat ion and 
lea rn ing , could be able in any s i t u a t i o n 
independently to form models of the r e 
su l t s expected of it by the metaaystem 
in keeping w i th i t s f unc t i ona l purpose 
and e f f i c a c i o u s l y to achieve these r e 
s u l t s . 

E f f i c i e n t so lu t i on o f the planning 
problem is a key aspect in the a c t i v i t y 
of any autonomous robot having a s u f f i 
c i e n t l y h igh l e v e l of development. A more 
de ta i l ed ana lys is o f t h i s problem is the 
subject of the f o l l ow ing d iscuesion. 

Planning is understood as the task 
f o r the robot automat ica l ly to form a se
quence of act ions (by means of which it 
can in f luence the environment) as we l l as 
such corresponding subgoals achieved by 
f u l f i l l m e n t of these act ions as would 
lead to the requi red goa l . 

To provide f o r the planning process, 
i t i s necessary to enter i n to the robo t , 
before i t begins to f u n c t i o n , a model of 
the problem environment (henceforward,PE 
model) and a lgo r i t hm- l i ke in format ion 
(henceforward,planning algor i thm) r e f l e c 
t i n g the log ic and in format ion processing 
ru l es spec i f ied in the form of the PE mo
d e l . In the general case the P£ model or 
fragments thereof may be formed and en

tered e i the r by human operator or au to
mat i ca l l y w i t h the a id of learn ing mecha
nism during pre l iminary e imulat ion of the 
r o b o t ' s possible a c t i v i t y . 

The model of problem environment is 
a t o t a l i t y of i n t e r r e l a t e d data about the 
rea l world where the robot is f u n c t i o n 
ing which are necessary and s u f f i c i e n t 
f o r so lv ing a ma jor i t y of problems of a 
c e r t a i n class. (The problem class is de
termined by the designers according to 
the robo t ' s purpose). Since the P£ model 
is developed f o r the so lu t ion of a ce r 
t a i n class o f problems, in format ion i t 
contains should be problem or iented in 
the framework of that c lass . However, in 
the general case it does not seem pos
s ib le to take in to account in a P£ model 
a l l data that are necessary and s u f f i c i 
ent f o r so lv ing a l l problems of a g iven 
c lass . Furthermore,since robo t ' s a c t i v 
i t y takes place in a r e a l environment, 
in format ion re f l ec ted in the P£ model is 
of a l im i ted accuracy. Therefore in r e a l 
cases one should reckon w i t h the fac t 
that PE model is incomplete and inaccur
a te . 

Informat ion contained in the PE mo
de l includes both data of a general na
tu re that are v a l i d f o r the e n t i r e prob
lem class as w e l l as spec ia l in format ion 
v a l i d so le ly f o r a given p a r t i c u l a r prob
lem of the c lass . 

The in format ion of the former kind 
inc ludes: 
- data on the r e g u l a r i t i e s of the r e a l 

environment, i . e . data on environment 
components, t i e s and re la t i onsh ips ex
i s t i n g between these components; 

- data on the possible in f luences upon 
the environment on the par t of the r o 
bot (act ions) and the changes these 
cause; 

- data on the possible changes in the en
vironment independent of the r obo t ; 

- data on the robot i t s e l f and on i t s 
p o t e n t i a l i t i e s . 
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Information of the second kind 
which characterizes the conditions for 
the solution of a particular problem in
cludes: 
- data on the environment components 

which are concerned by the particular 
problem posed; 

- data on the required solution result; 
- data on restrictions imposed on the 

process of solution of the problem 
under consideration. 

The major di f f icul t ies to be sur
mounted in solving the planning problem 
spring from the necessity of efficient re
presentation of information about the 
real world in the framework of a certain 
formal system (in other worlds from the 
choice or development of a suitable lan
guage for the description of the problem 
environment) and also from the necessity 
of elaborating algorithms adequate to 
this representation and implemented in 
the same formal system. One such system 
is described below using the notions of 
set theory. 

For description of the environment, 
abstract f in i te sets are in
troduced which may be respectively inter
preted as mapping, in the problem envi
ronment model, of the set of relations, 
characteristics, objects and situations 
existing in the real environment. For 
simplicity's sake, the terms situation, 
relatione, etc. w i l l be henceforward re
ferred directly to problem environment 
model without additional stipulation. 
Each feature may assume a certain 
f in i te set of values which is 
either a subset of real numbers or an or
dered set whose elements are qualitative 
descriptions. Among the elements of 
there can exist the element which de
signate the absence of a characteristic. 

Within the framework of the formal 
system the concept of structure is in 
troduced. The simplest structure is a 
t r ip let which may be inter
preted as a proposition. The other types 
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object being sought for. (In substantial 
terms this corresponds to representing 
the object through i ts relations with 
other objects or as the set of charac
ter ist ic values)• 

(In substantial terms this corresponds 
to a certain structure to which the name 
of a given object is ascribed). 

Situation is understood as descrip
tion of a certain situation in the en
vironment taking shape under certain con
ditions. Presumably it is permitted to 
consider as the problem environment not 
only situations obtaining by fixing a 
certain time point but also situations 
due to fixation of other environment pa
rameters. Examples of these are situation 
of hunger, thirst etc. 



i n which s u b s t r u c t u r e s are d i s t i n g u i s h e d 
t h a t c h a r a c t e r i s e the c o n d i t i o n s o f app
l i c a b i l i t y o f the g i ven a c t i o n , the con 
sequences of i ts a p p l i c a t i o n and the pa 
rameters l i a b l e to change. I n the s t r u c 
t u r e o f the a c t i o n the o b j e c t s to which 
i t may be a p p l i e d a re a l so s p e c i f i e d . 

Ac t i ons may be aimed at t r ans fo rma
t i o n o f the environment o r a t i t s e x p l o 
r a t i o n ( i n p a r t i c u l a r , a c t i o n s i nvo l ved 
i n p e r c e p t i o n o f env i ronmen t ) . I n the 
l a t t e r case the r e s u l t o f a p p l i c a t i o n o f 
the a c t i o n w i l l be a change not of a r e a l 
environment but o f the n o t i o n the robo t 
has about i t . The presence o f the l a t t e r 
ca tegory o f a c t i o n s i s j u s t i f i e d by two 
reasons. F i r s t , f o r autonomous f u n c t i o n 
i n g o f an i n t e g r a t e d robo t c u r r e n t I n f o r 
mat ion about the environment must be ob 
t a i ned d i r e c t l y from the p e r c e i v i n g sys 
tem. In a broader sense, r o b o t ' s a c t i v i t y 
i n e x p l o r i n g the environment r e g u l a r i t i e s 
is due to the need of a p e r i o d i c c o r r e c 
t i o n and updat ing of the PE model . 

A r a t i o n a l o r g a n i z a t i o n o f the p l a n 
n i n g process c a l l s f o r a h i e r a r c h i c a l o r 
g a n i s a t i o n o f a c t i o n s : f rom simple ( e l e 
mentary) up to composite ( g e n e r a l i z e d ) a c 
t i o n s o f v a r i o u s l e v e l s . S i m p l e a c t i o n s 
in t h i s case are conceived as those which 
w i t h i n the framework of a g i ven PE model 
are no t rep resen tab le ( i n c o n t r a s t t o 
composite a c t i o n s ) as sequences of more 
elementary ones. 

The p o s s i b l e changes of environment 
independent of the robo t may be i n c o r 
pora ted by i n t r o d u c i n g i n p u t i n f l u e n c e s 

The d e s c r i p t i o n o f v a r i o u s e n v i r o n 
ment components and r e l a t i o n s between 
them, d e s c r i p t i o n o f r o b o t ' s a c t i o n s and 
in f l uences independent o f i t as w e l l as 

the d e s c r i p t i o n o f the components o f the 
environment i n r e l a t i o n s t o which the 
p a r t i c u l a r task i s posed c o n s t i t u t e the 
i n i t i a l model o f the problem environment 
f o r a g iven t a s k , which i s henceforward 
denoted as Mo • It should be emphasized 
t h a t a l l components of the PE model are 
c l o s e l y i n t e r r e l a t e d and expressed ( e x 
p l a i n e d ) in terms o f one a n o t h e r . c o n s t i t 
u t i n g j o i n t l y w i t h the p l a n n i n g a l go r i t hm 
an i n t e g r a t e d system of knowledge. 

The goa l set be fo re the robo t by 
c e r t a i n metasystem ( i n a m a j o r i t y o f 
cases, human o p e r a t o r ) in the g e n e r a l 
case i s to achieve a c e r t a i n s i t u a t i o n 
in the env i ronment , which w i l l be hence
fo rward r e f e r r e d to as the goa l s i t u a t i o n . 
I n n o n - t r i v i a l problem environments the 
goa l s i t u a t i o n i s u s u a l l y m u l t i -
component and such t h a t the d e t e r m i n a t i o n 
o f i t s va r ious components i s o f an un 
equa l impor tance. A c c o r d i n g l y , a t the 
f o r m a l l e v e l the r e s u l t i s i n t r oduced a s 
a set of weighted goa l s i t u a t i o n s 

the we igh ts may be determined w i t h 
the a i d o f the g o a l f u n c t i o n 

However, in complex problem env i ronments 
an exact a n a l y t i c a l ( o r t a b u l a r ) s p e c i 
f i c a t i o n o f the g o a l f u n c t i o n s may prove 
to be d i f f i c u l t . In these cases the p r e 
fe rence scale o f i n d i v i d u a l subsets o f 
the set of goa l s i t u a t i o n s need not 
always s p e c i f y c l e a r c u t boundar ies o f 
the v a r i a t i o n o f i t s v a l u e s . That i s , g o a l 
s i t u a t i o n s may be es t imated us ing such 
vague no t i ons as " d e s i r a b l e " , " n e c e s s a r y " 
e t c . 

Over and above goa l s i t u a t i o n s , i t 
i s poss i b l e t o de f i ne the set the u n 
favou rab le s i t u a t i o n s SH t h a t the r o b o t 
seeks t o a v o i d , i n t r o d u c i n g t o es t ima te 
them the f u n c t i o n s 
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where SH IS the set of unfavourable s i 
t ua t i ons , 

In expressions are 
subsets of r e a l numbers or ordered sets 
whose elements are q u a l i t a t i v e descr ip
t i o n s . With respect to the func t ion h 
the same s t i p u l a t i o n is v a l i d as concerns 
the goal func t ion fi . On the basis of 
the PE model and the planning a lgor i thm 
the planning system must draw up a plan 
f o r the accomplishment of a p a r t i c u l a r 
task , i . e . i t must s ta te such a sequence 
of act ions and t h e i r correspondent cur
rent goal s i t ua t i ons which would lead to 
the resu l t required by the given task. 
Or, in more exact terms, spec i f ied f o r 
the robo t ' s planning system a re : 
- i n i t i a l environment model Ho; 
- f i n i t e set of goal s i t ua t i ons and un

favourable s i tua t ions 
- est imator funct ions 
- a l go r i t hm- l i ke in format ion (planning 

a lgo r i thm) . 

The system is required to bu i ld a 
plan which would maximise the f o l 
lowing f u n c t i o n a l : 

I t is appropriate to note here that the 
planning process in a s u f f i c i e n t l y comp
lex problem environment may be p r a c t i c a l 
ly (and a l l the more so, e f f i cac i ous l y ) 
executed only provided i t has a m u l t i 
l eve l and h ie ra rch i ca l character. That is 
to say, at the general ized (composite) 
act ions of the highest l eve l should be 
found that would enable achievement of 
these subgoals. At the next l eve l more 
de ta i l ed subgoals are spec i f ied e t c . The 
planning process ends when the whole se
quence of act ions cons t i t u t i ng the p lan 
is composed of elementary act ions a lone. 
In r e l a t i o n (9) only two planning leve ls 
are represented f o r the sake or s i m p l i 
c i t y . 

We sha l l now consider some p r i n c i p 
les of design and requirements to the 
s t ruc ture of problem environment models 
and planning a lgor i thms. 

A prime requirement to FE model 
s t ruc ture i s that i t should be b u i l d in 
keeping w i th the p r i n c i p l e of genera l i z 
a t i on and aggregation (otherwise, given 
a high d i v e r s i t y of data , the model 
could become unmanageable). General iza
t i o n is in these cases understood ae 
bu i l d i ng the generic re la t ionsh ips be t 
ween concepts, and aggregat ion, as ascrib
ing names to ce r ta in s t ruc tu res . 

Aggregations and genera l izat ions 
l i k e the whole of PE model in the general 
case, may be formed e i t he r automat ica l ly 
by learn ing mechanisms or w i th p a r t i c i 
pa t ion of man on the basis of a p r i o r i 
analys is of the class of problems that 
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the robot w i l l have to solve. However, 
even in the l a t t e r case, over and above 
invormation introduced a p r i o r i , the PE 
model due to i t s incompleteness and i n 
accuracy must be updated and adjusted by 
in format ion obtained both dur ing the 
planning process and dur ing the func
t i o n i n g of the robot in the r e a l env i ron
ment. This process, too , may be e i t h e r 
automatic or performed by man i n t e r a c t 
ing w i th the robot through a dialogue 
system. 

I t is admissible that in format ion 
represented in PE model may be at i n 
d i v i d u a l stages of system func t ion ing 
redundant and moreover con t rad ic to ry . 
The cont rad ic tory character r e f l e c t s the 
i nsu f f i c i ency and inaccuracy of the know
ledge about an object or phenomenon as 
possessed by the robot and it may work 
as st imulus f o r f u r t he r exp lora t ion of 
the environment. By redundancy we mean 
the p o s s i b i l i t y f o r der iv ing one and the 
same informat ion from various statements 
about a ce r ta in object or phenomenon 
that are comprised in the PE model. Re
dundancy ia t y p i c a l of a great many prob
lem environments that are to some extent 
u n t r i v i a l , espec ia l ly i f models o f these 
environments are formed automat ica l ly 
dur ing robo t ' s func t ion ing in the r e a l 
environment. 

In contrast to PE model where i n 
format ion is predominantly asso r t i ve , 
knowledge in the planning a lgor i thm is 
expressed only in the imperat ive. In 
other words, the planning a lgor i thm is 
a general ized procedure o r , more exac t l y , 
a set of procedures defined on the PE 
model. This procedure must be b u i l t as 
un iversa l at least w i t h i n the scope of a 
ce r ta in c lass of tasks to be decided by 
the robot and possib ly w i t h i n the scope 
of a fami ly of c lasses. The l a t t e r means 
that the a lgor i thm must produce a correct 
so lu t ion independent of the condi t ions of 
a p a r t i c u l a r task of a given c lass . 

I t is appropr iate to note here that 
the d i v i s i o n of in format ion in to know
ledge containing the PE model and the 
knowledge expressed as a lgor i thm is 
nominal and again to emphasize the i n 
tegrated character of the en t i r e system 
of knowledge possessed by the robot. 
Indeed one and the same in format ion may 
be spec i f ied e i t he r in the form of p r e -
stated fac t s (and incorporated in the 
PE model) or obtained by way of a cer 
t a i n procedure ( included in the a lgo 
r i t h m ) . Besides, the procedures included 
in the planning a lgor i thm may be de
scr ibed s i m i l a r l y to act ions and i n 
cluded in the PE model. The point is to 
provide such re la t i onsh ip between f ac t s 
and procedures as would enable the sys
tem e f f i c i e n t l y to perform the planning 
f u n c t i o n . 

The planning procedure must provide 
f o r a purpose-oriented a c t i v i t y of the 
robo t . S t imul i f o r such a c t i v i t y are a 
mismatch between the r esu l t requi red by 
a p a r t i c u l a r task and the i n i t i a l e n v i 
ronment model and detect ion of unce r ta in 
t i e s during comparison of the goal s i 
tuat ions w i t h the i n i t i a l environment 
model. Uncerta int ies are a l l those cases 
which necessi tate a d d i t i o n a l exp lo ra t i on 
of the problem environment by the robo t . 
The robot may accomplish t h i s process by 
means of i t s own perceptor system, f a i l 
ing to do t h i s , i t must have the poss ib
i l i t y o f r e f e r r i n g f o r explanat ion t o 
the metasystem (human opera tor ) . In the 
l a t t e r case metasystem - robot i n t e r a c 
t i o n should be organized by means of a 
dialogue system. 

A mismatch may be a d i f fe rence in 
the values of c h a r a c t e r i s t i c s , r e l a 
t i o n s , e t c . In the formal language adop
t e d , the mismatches by cha rac te r i s t i c 
values are determined by the condi t ions 
(12) : i f the propos i t ions 
and the proposi t ions 
then the mismatch is f i x e d , provided tha t 
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The so lu t ion of the planning prob
lem can be presented as a sequence of 
cyc les , in each of which the ac t ion 
(simple or composite) is sought that e l i 
minates (or reduces) t h i s or tha t mis
match or uncer ta in ty but in the general 
case requ i res , as a cond i t ion f o r i t s 
a p p l i c a t i o n , a new s i t u a t i o n , which, in 
t u r n , appears as the current goal at the 
next planning cyc le . The e f f i cacy of 
t h i s process la rge ly depends on the 
choice of the current mismatch (or un
ce r ta i n t y ) and the i t s e l im ina t i ng ac t 
i o n ; t h i s choice may be convenient ly 
based on checking upon the a p p l i c a b i l i t y 
condi t ions of each "candidate" ac t ion 
and assessing the consequences of i t s 
a p p l i c a t i o n . The u l t imate plan should be 
chosen on the basis of a c r i t e r i o n con
nected w i t h the main f unc t i ona l (see r e 
l a t i o n s ( 8 ) ) . By way of such a c r i t e r i o n 
i t is possible to use, f o r example, the 
requirements of minimum time and power 
spent on problem s o l u t i o n . 

We should l i k e to note on conclusion 
tha t the planning problem as stated above 
may occur in var ious subsystems of an i n -

tegrated robot: the perceptor system, 
the effector system, and the central sys
tem. For instance, the planning in the 
perceptor system may be elaborating a 
sequence of operators affording, say,to 
identify some body or establish rela
tions between certain objects existing 
in a given scene. 

The planning in a manipulator con
t ro l system or locomotion control system 
may involve elaborating a particular 
trajectory of the movement of the "hand" 
or the carriage. In relation to the plan
ning performed in the central control 
system (CCS), the planning in other sub
systems is of a local and subordinate 
character in the sense that the goals of 
each local planning are formed in the 
robot's CCS and transmitted to i t s sub
systems. Consequently, similarly to the 
hierarchy of integrated robot's subsys
tem, one should speak also about the 
hierarchy of the planning problems 
arising in these subsystems. 
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