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One of the cent ra l  p rob lems  of cyberne t ics  is the study of the genera l  laws of informat ion  t r a n s f o r -  
mation in complex  control  s y s t e m s  [1]. P r o b l e m s  of this kind often have to be solved under  conditions of 
incomple teness  and inde te rminacy  of the informat ion  about the s t ruc tu re  and s ta te  of the sy s t em.  Diff i -  
cult ies a r i s ing  here ,  caused by noncor respondence  of the models  formula ted  to the actual  sys t em,  a re  ove r -  
come to some  extent by going over  to s i m p l e r  models  which s ta t i s t i ca l ly  desc r ibe  the s y s t e m  as a whole, 
and developing spec ia l  methods of s ta t i s t i ca l  e s t imat ion  of i ts  functioning [2]. 

Below we desc r ibe  one such model  which was fo rmed  using an analysis  of s y s t e m s  of scient i f ic  
informat ion  flows, ce r ta in  p rope r t i e s  of a language and a s e r i e s  of s ta t i s t i ca l  dis t r ibut ions [3, 4, 6]. 

However ,  ce r t a in  r e s u l t s  he re  apparent ly  can be used when analyzing o ther  informat ion s y s t e m s  of 
the h i e ra rch ic  type. 

A n  I n t e g r a l  M o d e l  o f  a n  I n f o r m a t i o n  S y s t e m  o f  H i e r a r c h i c  T y p e  

Any s y s t e m  cons is t s  of e lements  and connections between them.  The di f ference  between individual 
s y s t e m s  is de te rmined  by the nature ,  number ,  and c h a r a c t e r  of connections between the eIements  (they can be, 
for  example ,  gravi ta t ional ,  nuclear ,  economic,  o r  informat ional) .  Models of  an a tom in phys ics ,  s t r u c -  
tu ra l  fo rmulas  i n c h e m i s t r y ,  and models  of economics  a re  in e s sence  a t t empts  t o p e n e t r a t e  the s t ruc tu re  
of s y s t e m s  of var ious  types .  Analogous p rob l ems  are  solved in l inguist ics  by const ruct ing s t ruc tu ra l  
models  of a language, and also by developing informat ion  s ea r ch  languages and s y s t e m s .  F o r  example ,  
se t t ing up of semant ic  codes,  found in the informat ion sea rch  s y s t e m  BIT developed under  the l eadersh ip  
of I~. F .  Skorokhod' ko cons is t s  of const ruct ing a t r e e - s h a p e d  graph which desc r ibes  the s t ruc tu ra l  con-  
nections between concepts and words of a text  [12]o 

Specif ical i ty  of individual s y s t e m s  does not exclude poss ib i l i t i es  of cons t ruc t ing  a model which would 
in tegra l ly  desc r ibe  cer ta in  p rope r t i e s  that  a re  common to all s y s t e m s .  

"Organizabi l i ty ,"  p r e s e n c e  of informat ion connections between e lements ,  and a h i e r a rch i ca l  s t r u c -  
ture  a re  among such genera l  proper t ies .  A h i e ra rch ica l  s t r u c t u r e  in tu rn  p r e d e t e r m i n e s  the dis tr ibut ion 
of the e lements  of the s y s t e m  with r e s p e c t  to the levels .  

The subsequent  const ruct ions  have a meaning f i r s t  and foremost ;  for  h i e ra rch ic  s y s t e m s  with c lea r ly  
expres sed  informat ion  connections between the e lements .  These  connections,  for  example ,  can be texts ,  
se ts  of scient i f ic  publication,  o r  an informat ion  network which is obtained when fo recas t ing  on the bas i s  
of exper t  opinions. 

We call  the total i ty  of p rope r t i e s  which de te rmine  the place  of an e lement  at the appropr ia te  level 
the " in fo rmat iveness"  of the e lement .  He re  we a s sume  that the f requency of appearance  of a bas ic  a t -  
t r ibu te  has a high co r re la t ion  with in fo rmat iveness ,  which is not fo rma l ly  definable.  {Subsequently the 
just i f icat ion of such an assumpt ion  wilI be shown.) 

Such an essen t i a l  a t t r ibute  of appearance  of in fo rmat iveness  in a s y s t e m  of per iodic  publication in 
any field of sc ience  is the n u m b e r  of a r t i c les  on this theme in each journal ,  the number  of r e f e r e n c e s  to 
these  publicat ions (authors) ,  the f requency of encounter  of individual words in a text  of given length, and 
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s imi la r  items~ Here, of course ,  we take into account the fact that the frequency of encotmter of the at-  
t r ibutes just enumerated or  analogous attr ibutes does not completely exhaust the informat iveness  of an 
element.  A common proper ty  of h ie ra rch ic  information sys tems  is an exponential growth of the number  
of elements when we pass  f rom an upper level to a lower level [13]. 

In Fig, 1 elements located on levels are  numbered sequentially f rom 1 to N. Here i (x=  1) > i (x=2) > 
o ~ o > i (x=  K), where i (x=  K) is the informat iveness  of a single element of the k-th level. 

It is obvious that a h ie ra rch ic  sys t em (Fig. 1) can be represen ted  in the fo rm of a distr ibution of a 
"hyperbolic" s t a i r case  (Fig. 2) for which the elements f rom I to N are ordered  according to the frequency 
of the basic  attribute (for example, according to the number  of entr ies  of a word f rom a dict ionary into a 
text). With a view to general i ty when consider ing the h ie rarchica l  s t ruc ture  (Fig. 1) and its corresponding 
stepped distribution (Fig. 2), we introduce the following notation: 

N is the number  of different words of the text (a dictionary-); the number  of elements of the sy s t em 
corresponds  to this; 

n is the rank (number) of a word f rom the dict ionary N, which is determinable  by the number  of 
entr ies  of this word into the text (the distr ibution is ordered  according to the ranks); in format iveness  
of the eIement cor responds  to the entry of the word into the text; 

d~, d 2 . . . . .  d n is the absolute frequency of the w o r d  f rom the dict ionary N respec t ive ly  of the 1, 
2 . . . . .  n- th  rank (the number  of entr ies  of the word into the text); 

Pt, P2 . . . . .  Pn is the relat ive frequency; 

D N is the overal l  number  of words of the text with the dict ionary N~ 

The meaning of the concepts d n, Pn, DN relat ive to the sys tem of elements  will be considered in 
detail la ter .  

A step with the frequency of thebas ic  attr ibute (1, 2 . . . . .  d n . . . . .  dl) will cor respond to each level 
of the h ie rarchica l  sys tem.  If the number  of elements increases  exponentially when passing f rom level to 
level, then the depth of the sys tem is propor t ional  to the logar i thm of the number  (rank) of the element,  
Joe., 

X=x o-{- rlnn. (1) 

Each of the levels of the sys tem (or the steps of the distribution in Fig~ 2) consis ts  of pj(d = i) N 
elements ,  where pj (d = i) is the probabil i ty of the elements of N belonging to the j - th  step (level) with a 

frequency d = i, i.eo. pj (d = i) -- N (d = i) Here  ~ �9 N " - -  p~ (d = i) N = N,  since ~ p j ( d =  i) = i .  
i i 

Within a step (i.e., within the limits of a single level) the numbering of elements according to the 
ranks (numbers) is a rb i t ra ry ,  and there fore  it is assumed that a change of the place of an element within 
the limits of ranks (numbers) which belong to the level (step) does not lead to a change in the state of the 
sys tem.  Within the l imits of each level (step) there  are  (piN)! possible permutat ions of the elements 
which do not al ter  the state of the sys tem,  while al together  in a h ie ra rch ica l  sy s t em of N elements  there  
are  (piN)! (pzN)! . . . (pk N)! such permutat ions .  
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i! ~ Organlzabi l i ty"  of a s y s t e m  is defined as the logar i thm of the rat io  of poss ib ie  number  of p e r -  
mutations which do not change the s y s t e m  (i,e.,  pe rmuta t ions  only within the l imi ts  of a single level) to 
the total  n u m b e r  of pe rmuta t ions  in the s y s t e m  of N e lements ,  where  all e Iements  a r e  a s sumed  to be 
identical  with r e s p e c t  to the i r  functional poss ib i l i t i es  ( informat iveness) ,  i .e. ,  

I ---- - -  In (piN)! (p~N)!... (pkN)} 
. N! 

According to the St ir l ing express ion  

In (p~N)! ~ pkN In pkN -- p~N, 

inN! ~N N lnN- -  N. 

Substi tuting (3) and (4) into (2) we obtain 

(2 )  

(3) 

(4) 

l = - -  N ~ p~, In &. (5 )  
k 

The quant i ta t ive  m e a s u r e  of organizabi l i ty  of a sys t em,  following E. SchrSdinger  [14] and L. Bri l luin 
[15], is called negat ive ent ropy of the s y s t e m  which in this case  c h a r a c t e r i z e s  "d isorganizabi l i ty"  of the 
sy s t em.  The p r o b l e m  cons is t s  of de te rmin ing  the conditions of m a x i m u m  organizabi l i ty  of a h i e ra rch ica l  
informat ion  s y s t e m  in the sense  (2), (5)~ F o r m a l l y  this leads to the p rob l em of var ia t iona l  calculus,  of 
finding a dis tr ibut ion densi ty (p) which min imizes  the entropy in tegra l  

r  

l = S p (x) trip (x)dx (6) 
0 

under  the condition 

f P (x) dx --- 1. (7) 

As the second condition, we take 

M (X)= ~ xp (x) dx = m. (8) 
0 

The use for  subsequent  r esu l t s  of the given expected value M(X) and, consequently,  the taking of the 
number  of levels  of the s y s t e m  in the ro le  of the r a n d o m  quantity, a re  based on the poss ib i l i ty  of i n t e r -  
p re t ing  the expected value as the coordinate  of the " cen t e r  of gravi ty"  of the sy s t em.  Here  the points X (xl~ 
x 2 . . . . .  x k) co r respond  to the depth of the h i e ra rch ica l  s t ruc tu re ,  to its levels ,  each of which in its turn  
is matched with a se t  of numbers  of e lements  and the f requency of each of its bas ic  a t t r ibutes  (according 
to which we m e a s u r e  the in fo rmat iveness  of the e lement) .  Thus,  the value of the r andom quantity(X) is 
the number  of e lements  of the level  (N x=  j) and the f requency of a t t r ibute  ( informat iveness)  cor responding  
to the level .  

Under the given conditions the s ea r ch  of p(x) which makes  (5) a min imum is c a r r i ed  out by solving 
the following equation: 

OF Oqol 0'~2 0% 
Op + ~ ' i - ~  + ~'~-~p- + -  .. + ~',-0-p - = 0 ,  (9) 

where  

F = p l n p ;  OF = I n p +  1; (9.1) 
Op 

0% 1; �9 (9.2) 
r = P; - ~ -  
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8~2 
~ = x p ;  Op = x .  (9.3) 

A f t e r  s u b s t i t u t i o n  of (9.1),  (9.2),  and (9.3) into (9), s u p e r p o s i t i o n  X 1 and X 2 on the  b a s i s  of  t he  c o n d i -  

t i ons  (7), (8) and the  n e c e s s a r y  t r a n s f o r m a t i o n s , w e  ob ta in  

1 
p = • (IO) 

Fne m 

( F o r  a d e t a i l e d  d e r i v a t i o n  of (10) s e e  [11].) 

In t he  e x p r e s s i o n  (1) we d e t e r m i n e  the  v a l u e  of  the  q u a n t i t i e s  x 0 and r f r o m  the  i n i t i a l  c ond i t i ons  and 
the  r e q u i r e m e n t  on p(x) and n(x) such  t ha t  

x 
1 - -  p' ](x) I ~ n' (x}, n = - -  e v'~ , (11) 

m 

w h e r e  r = Y m.  I t  i s  obv ious  tha t  

--e 

lira P't(x)l m2 -- + 1. (12) 
y '~  I 1 - -  

nz23? e~rn 

For x =  0 

l 
n = p = - -  ; (13) 

m 

for n =  i 

Hence  

xo=yrn lnrn .  (14) 

S u b s t i t u t i n g  (15) in to  ( i0)  and t a k i n g  

X = ymlnn + vrn Into. (i5) 

t 
rn~+ , = c, (16) 

we ob ta in  

0 

P - -  nV �9 ( 1 7 )  

T h e  e x p r e s s i o n  (17) f o r m a l l y  c o i n c i d e s  wi th  the  w e l l - k n o w n  l aw  of  Zipf  [6], who,on  the  b a s i s  of a s t a -  
t i s t i c a l  a n a l y s i s ,  f o r m u l a t e d  th i s  r e l a t i o n s h i p .  I t  was shown tha t  (17) s a t i s f a c t o r i l y  a p p r o x i m a t e s  the  s t e p  
func t ion  o b t a i n e d  by  o r d e r i n g  the  d i c t i o n a r y  iN) a c c o r d i n g  to the  n u m b e r  of  e n t r i e s  of  e ach  w o r d  of th i s  
d i c t i o n a r y  into  the  t ex t  D N. In F i g .  3 th i s  r e l a t i o n s h i p  i s  i l l u s t r a t e d  in  b i l o g a r i t h m i e  c o o r d i n a t e s  [6], 
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In a number  of invest igat ions speculat ions were  exp re s sed  that the opt imizing p r o p e r t i e s  of the sys= 
tern mani fes t  t hemse lves  in the Zipf distr ibution:  the min imum cost  of an opt imal  code (B. Mande l 'b ro t  [7]), 
the m a x i m u m  probabi l i ty  of a number  of texts  in the case  of ce r t a in  r e s t r i c t i ons  (Yu. A~ Shre ide r  [8]), the 
min imum value of the entropy of dis t r ibut ion (L. S. Kozachkov [10, 11]). The model being d iscussed  he re  
in a ce r ta in  sense  is  a genera l iza t ion  of the speculat ions just  enumera ted .  

The express ion  (17) (law of Zipf) contains the p a r a m e t e r  7whose  value,  by a s se r t i on  of a number  of 
authors having c a r r i e d  out a s ta t i s t i ca l  analysis  of a text ,  is given as close to unity [16, 17]. An es t ima te  
of the value of y can be obtained f r o m  the analysis  of the model  i tself .  Under the condition that  i n fo rma-  
t iveness  has a high co r re l a t ion  with the values  of the essen t ia l  a t t r ibutes  of the e lements ,  the ove ra l l  in for -  
ma t iveness  of the s y s t e m  of N e lements  ("lengths of the text")  amounts to 

l C 
N ~ NI-v,V<I;  

E 1 ~{ClnN,?=l; D~v = q~ (y) = C --~ 

n=l t C -~-- ] - ,  7>  1. 

(18,1) 

(18.2) 

(18.3) 

One of the impor tan t  c r i t e r i a  of organizabi l i ty  of the s y s t e m  is the total  max imum in format iveness  
of a s y s t e m  in the case  of a given dis t r ibut ion law [dn= (C/nT)] and a given number  of e l ements  (a dict ionary)  

N 
N. It  is requi red  to find such Yfor  which DN= ~ d .  has a m a x i m u m  value.  This  value of 7 is found by 

tZ~ 1 
different ia t ing (18) Mth  r e s p e c t  to 7 and solving the equation for  7. F o r  (18,1) 

Oq~ 1 Nl_~( 1 l nN)=  O, 
a~ - 1 - - ~  1 - - ~  (19 )  

1 
7 = 1 lnN" 

F o r m a l l y  D N in (18.2) and (18.3) does not depend on 7 �9 

F r o m  (19) we see  that a l ready for  N = 10 2 T ~  0 . 8 ,  while for  N = 105-106 7 ~ 0.9. However ,  the re  a re  
no rea l  values  of N for  which ? becomes  equal to unity (under the condition of an opt imal  organizabi l i ty  of 
the sys tem) .  The value N ~  oo has no phys ica l  meaning s ince the number  of e lements  in any of the informa= 
tion s y s t e m s  cons idered  is finite. The l a r g e s t  of known dic t ionar ies  contain hundreds of thousands of words 
(including synonyms and words  which long ago have gone out of usage) ,  s y s t e m s  of journals  on ce r t a in top i c s  
contain hundreds of t i t les  ( there  a re  a l together  approx imate ly  5.103 journals  in the world), organiza t ional  
s t r uc tu r e s  conta in  up to a mill ion e lements ,  while a human bra in  contains approx imate ly  1 .4 .10  l~ neurons .  

We shall  next de t e rmine  other  p a r a m e t e r s  of the model  of a h i e r a rch i ca l  s y s t e m .  The p a r a m e t e r  c 
by definition [see (16)] is  c=  1 / m T + i  However ,  i t  is not poss ib le  to obtain an e s t ima te  of c on the bas i s  of 
(16), s ince the value of the "mean"  depth M(X)= m of the s y s t e m  is not known. T h e r e f o r e  for  the t ime  
being we de te rmine  c f r o m  the norming  conditions 

N IT~v N'-L~ 
S p.d,. = v =  l; 

" = '  ' 

(2o.1) 

(20.2) 

(20.3) 

With (20) taken into account, we r e spec t ive ly  have 

c ~ ]  lnN 

for Y < i ;  

for u ~- 1; 

for ~ > 1. 

(21.t) 

(21.2) 

(21.3) 
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C. Shannon a s s u m e d  the  v a l u e  of  the  c o n s t a n t  c ~ 0.1 fo r  the  d e t e r m i n a t i o n  of the  " a c t i v e "  d i c t i o n a r y  
of t e x t s  in  E n g l i s h  l a n g u a g e  and the  c a l c u l a t i o n  of t he  e n t r o p y  of a t ex t  [16]. The  s t a b i l i t y  of the  v a l u e  c 
b e c a m e  the  b a s i s  fo r  the  a s s e r t i o n  by  c e r t a i n  a u tho r s  tha t  c i s  the  " u n i v e r s a l "  c o n s t a n t  of a t ex t  [171. " U n i -  
v e r s a l i t y "  of  t h i s  c o n s t a n t  i s  m o r e  l i k e l y  t han  any th ing  c o n n e c t e d  wi th  the  i n f o r m a t i v e n e s s  of a " l e a d e r "  
(Joe., an e l e m e n t  of  t he  f i r s t  r a n k  of t he  d i s t r i b u t i o n  of w o r d s  of  the  t ex t ) .  

C 
S ince  dra in  = 1, f r o m  d ~ -  N~ we have  

max 

C ~ N ~'. 
{22) 

Up to now we c o n s i d e r e d  e = d n / D N  and C = eD N in the  r o l e  of the  d i s t r i b u t i o n  c o n s t a n t s  and the  m o d e l  
of the  s y s t e m .  But  such  s t a t i c  t r e a t m e n t  of  the  m o d e l  of an i n f o r m a t i o n  s y s t e m  is  not  o b l i g a t o r y ~  We can  
c e r t a i n l y  a s s u m e  tha t  C = g0(N); i .e~ the  i n f o r m a t i v e n e s s  of an e l e m e n t  of t he  f i r s t  r a n k  can  i n c r e a s e  as  N 
g r o w s .  In th i s  c a s e  the  s t a t i c  m o d e l  b e c o m e s  d y n a m i c .  F u r t h e r m o r e ,  if  v a r i a t i o n  of  7 in a c c o r d a n c e  with 
(19) and v a r i a t i o n  of C in a c c o r d a n c e  with (22) t a k e  p l a c e ,  then  the  s y s t e m  con t inues  to p r e s e r v e  the  o p -  
t i m a l  o r g a n i z a t i o n  and m a i n t a i n  the  m a x i m u m  i n f o r m a t i v e n e s s  in  t he  s e n s e  (18). If, however~ C = c o n s t ,  
then  a g rowth  of N l e a d s  to w o r s e n i n g  of the  o r g a n i z a b i l i t y  of t he  s y s t e m .  When p a s s i n g  f r o m  the  s t a t i c  
i n t e r p r e t a t i o n  of t he  m o d e l  to  the  d y n a m i c  i n t e r p r e t a t i o n ,  we can  d e t e r m i n e  t h e  cond i t ions  of a c h i e v i n g  a 
m a x i m u m  of i n f o r m a t i v e n e s s  in  the  c a s e  7>1 (18.3).  

In t he  c a s e  C = c o n s t ,  D N n e v e r  r e a c h e s  the  m a x i m u m ,  s i n c e  f r o m  ODN/07 = C / ( T - 1 ) ~ =  0 i t  fo l lows 

tha t  D N is  m a x i m u m  f o r  7 ~ ~ .  The  a s s u m p t i o n  t ha t  C = N T, in  the  c a s e  7 > 1, l e a d s  to the  c o n c l u s i o n  t ha t  

for  D N =  N 7 / ( 7 - 1 )  and ODN/07= N 7 [In N ( 7 - 1 ) - t ] =  0 

1 (23) 
y ~ I + ln--'N " 

Hence  i t  fo l lows  tha t  f o r  C = f (N) 

7 = 1 • e, (24) 

w h e r e  e =  c -~ l / I n N  for  7 < 1 and 7 > 1. 

T h e s e  e s t i m a t e s  of  the  v a l u e  of 7 a g r e e  wi th  the  i n v e s t i g a t i o n s  of a n u m b e r  of a u t h o r s  who have  
c a r r i e d  out  a s t a t i s t i c a l  a n a l y s i s  of a t e x t  and have d i s c o v e r e d  tha t  c a s e s  7 >1 t ake  p l a c e ,  but  the  v a l u e  of  
7 is  found wi th in  t he  l i m i t s  g iven  by the  e x p r e s s i o n  (24). M o r e  a c c u r a t e  b o u n d a r i e s  of v a r i a t i o n  of the  
p a r a m e t e r  7 in a d y n a m i c  m o d e l  wi l l  be d e t e r m i n e d  be low.  

One of the  c e n t r a l  p a r a m e t e r s  of a m o d e l  of  a h i e r a r c h i c a l  s t r u c t u r e  i s  the  " m e a n "  dep th  M(X)= m 
whose  e s t i m a t e  i s  found f r o m  the  cond i t i ons  (21), (16): 

I ~ / - t - i / r  | 

I V ,~ ,<l;  34 (X) = ,n = 1"~+~/'-G- 
| v > I. 

(25) 

T a k i n g  into  accoun t  (19), f o r  7 < 1 we have  

]nN 

m~-- tn N (ln h T) 2~,N--I (26) 

In F i g .  4 we have  r e p r e s e n t e d  the  g r a p h  m =  f ( 7 ) ,  which  in m o r e  d e t a i l  g ives  the  b o u n d a r i e s  of v a r i a -  
t ion  of 7 : 

7 -+1 ,  m - + l }  ' for ~ 1; 
~' -+ 0, m -+ (27) 

y ~ 2 ,  m-,-!, I 
y--+l ,  m ~ o o j  for 7:> 1. 
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TABLE 1 

N K 

10 
10~ 
10 s 
1@ 
10,~ 
t0 ~ 

~ m c 

t 
0,566 1,7 0,434 
0,783 2, 37 0,217 
0,856 3,0 0,144 
0,892 3,26 0,108 
0,913 3,6 0,087 
0'928 3,9 0,072 

1--2 
2--3 
6--5 
7--8 

10--1l 
11--12 

Nx~2 

~9 
~6 
~5 
~5 
~5 
~ 5  

An analysis of the functions (19), (25) and (26) shows that the values of 7 having a physical meaning 
are  bounded yet  by the na r rower  intervals  0.95>-7->0.6 (7 < 1) and 1.5 >-T >-1.05 (Y >1). Systems with a 
number  of elements N = 10-1010 correspond to this.  

The expected number  of levels of the sys tem which ensures  the maximum informativeness is found 
analogously to Y, if we consider  D N = (P (X); 

X = m (In N - -  t). ( 2 8 )  

F r o m  the expression (28) we determine the maximum number  of elements of the second level, i.e., 
the es t imate  of a possible number  of elements which direct ly  are  connected with the " leader"  (an element 
of the f i rs t  rank): 

2 
lnNx=~----" m q- 1. (29) 

The informativeness of a single level D,i is defined as nxj x d x i ,  where nx] is the number  of elements 

of the level Xj, and d,l; is the informativeness  of an element of the level Xj (for the example the case Y < 1 

is considered).  F o r  Xj = ~ m t n m ( n =  1) 

D N (30 )  
Dxi = my+---- q. 

Under the condition that X can assume only integer  values (1, 2, 3 . . . . .  K) when 7--- 1, the informativeness  
of the levels of the h ierarchica l  information sys tem will be the same and numerica l ly  equal to (30). Using 
(30), we can easi ly find the connection between M(X) = m and K, the total number of levels of the system: 

D N D_.~. (31) 
rn v+l ~ K ' 

m = "~+~fK. 

However, with the fact taken into account that / n ' / N / p ' l  

(32) 

only for 7 ~ 1, and with a cor rec t ion  in t ro-  
duced in view of this (essentially for the zone of smal l  N), we finally have 

K rnV+l 
= ~-i'~W- �9 (33) 

e 

It  is not difficult to show that dM(X)/dN -~ 1 / N g ' ~  N [the derivative of the function (26)]. It can be 

assumed in the est imate of rea l  sys tems that, commencing with a cer ta in  N*, M(X) = m and the maximum 
number  of levels of the sys tem (X = K) becomes a "constant  " and does not depend on N. 

General izing the above analysis of the pa ramete r s  of the model of ~ h ierarchic  information sys tem,  
we write the general expression connecting all pa rame te r s  of the sys tembe ingcons ide red :  

|n  N 

~ = ~ + V ~ = , + ~ N  ~+~/T ~+.|f~ ~ , o N - ,  (34) 
= ~ / c  = V 1 - - ~ - ( i n N )  

In Table 1 we have represented  the calculated values of V, m, c, K, NX= 2 dependent on the number  
of elements of the h ierarchica l  information sys tem 
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The table  is l imi ted to the value N =  106. As was a l ready  mentioned,  informat ion  s y s t e m s  with a 
l a rge  number  of e lements ,  although they exist ,  a re  l ess  p robab le  than in the in te rva l  N= 102-106. In ad- 
dition, when using the continuous function (17) and all its consequences ,  we must  take into account the fact 
that  t hebas i c  p a r a m e t e r s  of the s y s t e m -  the number  of e lements  and the in fo rma t iveness  of the e l e m e n t -  
have a d i sc re t e  c h a r a c t e r  (the min imum value of the f requency f r o m  which we es t ima te  the in fo rma t iveness  
of the element:  one publicat ion,  one r e f e r ence ,  one entry  of a word into the text,  and so forth).  Hence,  in 
accordance  with (15) Xn= l = 7m In m and Xmax = K we mus t  not eve ry  t ime go to f rac t iona l  values  of the 
in fo rmat iveness  unit~ 

Certain Consequences and Possible Applications of the Model 

Stat is t ica l  Dis t r ibu t ions  in Inform~t ics  and Management  of Science 

1. Dis t r ibut ion (law) of Lotka: "The  product  of the f requency of sc ien t i s t s  (Yx) wri t ing in a publ ica-  
tion by the square  of the num ber  of publicat ions (X) is a constant  quantity" [3]: 

YxX~= const. (35) 

2. Dis t r ibut ion  (law) of Bradford:  " I f  sc ient i f ic  journals  a re  a r ranged  in fall ing o rde r  of the i r  p r o -  
ductivity,  i .e. ,  wi th  r e s p e c t  to the n u m b e r  of a r t ic les  on a given p rob lem,  then they can be divided into 
bas ic  per iodic  publicat ions p r i m a r i l y  devoted to the given p rob lem,  and s e v e r a l  groups or  zones containing 
the s ame  amount of a r t i c les  as the bas ic  zone, and the number  of publicat ions in tl~e bas ic  group (core)  
and subsequent  zones will be re la ted  as l : n : n  2" [41: 

N~:N2:Na:... :3]- k ~ I :p:  9~: . . .  :p~-L, (36) 

where  N k is the n um ber  of publicat ions in the k- th  zone, and p is a constant .  

The re la t ionships  thus obtained were  i l lus t ra ted  by Bradford  on a field of publ icat ions on geophysics  
in the f o r m  of a s t ra igh t  line in the coordina tes  D n, In n (D n is the cumulat ive  n u m b e r  of publicat ions;  n is 
the number  of a journal  in an o rde red  set  of publ icat ions,  according to the n u m b e r  of publicat ions on the 
given theme) .  

M. Kendall  studied the given dis t r ibut ion using an example  of a bibl iography on an invest igat ion into 
opera t ions  r e s e a r c h  and s ta t i s t i c s  and a s s e r t e d  that  " l inear i ty  is f i r s t - r a t e "  [5] (Fig.  5). 

Hence it follows that  

D, = d~ + tg q~ Inn. (37) 

In the case  where  7 -- 1, f r o m  the Zipf dis t r ibut ion (17) we can eas i ly  obtain the Lotka  and Bradford  
d is t r ibut ions .  This  is shown in a n u m b e r  of pape r s  [5], [8], [9]. 

Indeed, (37) is the in tegra l  f o r m  of (17), while (35) is obtained f rom (17) by s imple  t r a n s f o r m a t i o n s .  

The model of an in format ion  s y s t e m  desc r ibed  above allows us not only to d i scove r  the fo rma l  con-  
nect ion of these  dis t r ibut ions  with the Zipf dis t r ibut ion,  but a lso  enables us to pene t ra te  into the genera l  
na ture  of these  (and analogous) d is t r ibut ions  which cons i s t  in the communi ty  of p r o p e r t i e s  of any " o r g a -  
nized" h i e r a r ch i ca l  informat ion  s t r u c t u r e .  In the case  of such an approach the Zipf dis t r ibut ion i tse l f ,  
and other  dis t r ibut ions  connected with it, a re  p a r t i c u l a r  c a se s  of a h i e r a r ch i ca l  informat ion  s t ruc tu re ,  and 
values  of the p a r a m e t e r s  c h a r a c t e r i z i n g  the model  of the h i e r a r ch i ca l  s y s t e m  occur  in the analys is  and 
use  of these  p a r t i c u l a r  c a s e s .  

Sys tems  of Scientif ic  Publ ica t ions  

Side by side with fac tographic  informat ion ,  g r e a t e r  and g r e a t e r  impor tance  is gained by p rob l ems  of 
elucidation of the tendencies  of deve lopment  of individual fields [18]. In connection with th is ,  informat ion  
s ea r ch  s y s t e m s  (ISS) allowing us to analyze the field of informat ion  a t t r ac t  attention. Such an ISS whose 
field is a s y s t e m  of sc ient i f ic  publ icat ions is the Science Citat ion Index of U. Garf ie ld .  The field of this 
s y s t e m  cons is t s  of b ib l iographic  desc r ip t ion  of a r t i c l e s  (more  than 1.5 thousand journals  a re  scanned) and 
the r e f e r e n c e s  contained by them.  In addition to the p r o b l e m  of l i t e r a tu r e  sea rch ,  this provides  a p o s s i -  
bili ty for  c a r r y i n g  out a ce r t a in  analys is  of the f ield.  A mos t  s t r ik ing  example  of the use  of such networks  
was the study of in t e r re l a t ionsh ips  which lead to the dec ipher ing  of a heredi ty  code [18]. 
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A shor tcoming  of the SCI is the fact  that  only one type 
of informat ion  c o n n e c t i o n -  r e f e r e n c e s  - is used, and that  
o ther  languages developed in the p r ac t i c e  of de sc r ip to r  ISS 
a re  not used.  

We have under taken an a t tempt  to develop a s y s t e m  
which in pr inciple  i n c r e a s e s  the poss ib i l i t ies  of analys is  of 
the field, by broadening the language of connections [19]. The 
ASASI s y s t e m  (Automated Sys t em of Analys is  of Scientif ic 
Information)  was tes ted  on a field of publicat ions on the the-  
ory  of au tomata  and ma themat i ca l  machines  which was 
fo rmed  by the method of an index of scient i f ic  ci tat ions [20]. 
In Fig.  6 we have r ep re sen t ed  the block of a s y s t e m  of pe -  
r iodic  publ icat ions.  

In conformi ty  with the expected theore t i ca l  value of 
the number  of levels ,  the informat ion " t r ee"  of publicat ions 
contains 5 leve ls .  

Al ready 2 levels  (6 journals  of the f i r s t  r ank  out of 
173) contain more  than 40% of in fo rma t iveness  of the ent i re  
s y s t e m  of publ icat ions.  In the given case  in fo rmat iveness  
was de te rmined  by counting the number  of r e f e r e n c e s  p e r  

publicat ion and the number  of a r t i c les  published in them (the co r r e l a t i on  between these  two dis t r ibut ions 
p ~ 0.8 [20]). 

The h i e ra rch ica l  s y s t e m  of per iodic  publicat ions p re sen ted  he re  can eas i ly  be shown in the f o r m  of 
a "hyperbol ic  s t a i r ca se"  dis tr ibut ion,  and then it is desc r ibed  by the Bradford  law (36). However ,  the law 
of " informat ion  d ispers ion"  is only an approx imate  descr ip t ion  of the fact  of journal  dis t r ibut ion over  the 
informat ion  levels  of the s y s t em .  It  is not a consequence,  as is often assumed,  of the chaos in the docu-  
mentat ion sc ience  and publishing bus iness .  In addition, the fea tu res  of the model  of h i e ra rch ica l  i n fo rma-  
tion s y s t e m s  a re  such that it is m o r e  just i f iable  to talk about concentra t ion and not d i spe r s ion  of i n f o r m a -  
tion. This  conclusion is supported by many  s ta t i s t i ca l  invest igat ions .  

The language of the ASASI s y s t e m  is speci f ica l ly  developed for  the analys is  of fields cons t ruc ted  as 
a type of informat ion network.  In con t ra s t  to d e s c r i p t o r  ISS, where  the unit of the field is an individual 
document  wri t ten in some  language, the unit of the informat ion  field of the ASASI s y s t e m  is a genera l ized  
s ea r ch  image of a document  (GSID) which includes both the bas ic  document  ( p r ima ry  source)  and the r e f -  
e rences  contained by it. At the s a m e  t ime  the a r t i c les  r e f e r r e d  to by the author of the bas ic  document  a r e  
r e g i s t e r e d  in the s a m e  language as the p r i m a r y  source .  GSID cons is t s  of th ree  pa r t s :  

1. Refe rence  and bibl iographic  descr ip t ion .  Here ,  in addition to the informat ion that  is t radi t ional  
to a bibl iography (name, f i r s t  name,  pa t ronym,  t i t le of the document  and s im i l a r  i tems)  spec ia l  sect ions 
a re  included (for example ,  the type of work: survey ,  original ,  theore t ica l ,  exper imenta l ) .  The r e f e r e n c e  
and bibl iographic  descr ip t ion  is concluded by the const ruct ion of the s ea r ch  image  of the t i t le  ("t i t le  de-  
s c r i p t o r s " ) .  

2. Descr ip t ion  of the g r a m m a t i c a l  s t ruc tu re  (of all p r i m a r y  sou rce  and r e f e r ences ) .  The facet  anal-  
ys i s  of the field thus c a r r i e d  out enabled the following lexical  ca tegor ies  in the language to be singled out: 
1) subject;  2) re la t ions  and p roper t i e s ;  3) object  of investigation; 4) methods and a lgor i thms;  5) resu l t s  of 
investigation; 6) sphe re  of application.  

This  sect ion of the language includes a se lec t ion of spec ia l  indices of the ro le ,  and the hor izontal  and 
ve r t i ca l  connections (i .e. ,  for  de te rmin ing  the connections between the ca tegor ies  of a single document  and 
between the ca tegor ies  of all  documents  that  en te r  into the s a m e  GSID). 

3. Abs t r ac t  of 500 symbols .  Below cer ta in  typical  (sor t ing out) enquir ies  to the ASASI s y s t e m  a re  
presented:  

Fo rma t ion  of nonin tersec t ing  groups of documents  with r e s p e c t  to the va r ious  c r i t e r i a  of semant ic  
co r respondence .  

Const ruct ion of var ious  dis t r ibut ions  desc r ib ing  the f requency of a pa r t i cu l a r  a t t r ibute  o r  a collect ion 
of them,  as well  as the c h a r a c t e r  of the connections between e lements  of the informat ion  field.  
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Const ruct ion  of genealogical  t r e e s  of some  p rob lem,  when in the ro le  of the s t a r t ing  p rob l em a spe -  
cified publicat ion o r  a lexical  ca tegory  of the language (method, a lgor i thm,  subject ,  etc.) is chosen,  
and a t t r ibutes  of the bas i c  table  of the GSID language s e r v e  as cons t ra in t s .  

The following enquiry can s e r v e  as an example  here :  "Cons t ruc t  a genealogical  t r e e  of publicat ions,  
taking Complex  Sys tems  and Solution of E x t r e m a l  P r o b l e m s  as the init ial  work" [2]. The const ruct ion of 
the " t r e e "  was cons t ra ined  by two i te ra t ions :  1) r e f e r e n c e s  of the initial work; 2) r e f e r e n c e s  of the r e f -  
e r ences .  The following a t t r ibutes ,  for  example ,  can be cons t ra in t s  in the const ruct ion of the network:  f o r m  
of the source  (monographs~ ar t ic les) ;  country  (USSR, F rance ,  USA, F e d e r a l  G e r m a n  Republic).  

Other  H i e r a r c h i c a l  Informat ion  S t ruc tu res  

The methods of scient i f ic  and technica l  fo recas t ing  developed during the r ecen t  y e a r s  a re  connected 
with the cons t ruc t ion  of graphs  that  a r e  mul t i level  t r e e s .  This  can be a t r e e  of object ives  (Pat tern)  o r  in 
the genera l  case  a network of sc ient i f ic  and technical  events .  According  to the method of p r o g r a m m e d  
fo recas t ing  and control  of V. M. Glushkov, the exper t s  s t ruc tu re  the initial  p r o b l e m  until the graph is 
ear thed  [21]. Avai labIe  exper ience  of p r o g r a m m e d  fo recas t ing  of a complex  technical  s y s t e m  showed that  
the f i r s t  level  of s t ruc tu r ing  of the initial  p r o b l e m  had 7 c lasses ;  in each of these  c l a s s e s  5 to 10 a l t e r -  
na t ives  of the solution of the p rob l em  were  singled out, and each a l te rna t ive  included 7-10 scient i f ic  and 
technical  conditions.  The number  of informat ion  levels  in the case  of fo recas t ing  is also bounded and, ob-  
viously,  does not exceed 5-6, s ince a l ready  on the th i rd  level  the exper t s  put  forward  r equ i r emen t s  on 
m a t e r i a l s  with specif ied p r o p e r t i e s ,  fundamental  p rob l ems  not amenable  to s t ruc tur ing ,  or  re la t ive ly  s imp le  
ear th ing condit ions.  Although in the P a t t e r n  s y s t e m  [22] and SPI [23],the method of cons t ruc t ing  the t r e e  of 
object ives  is d i f ferent  f r o m  the fo recas t i ng  graph [21], he re  also the r ea l  fo recas t ing  networks  had 5-7 
levels. 

Similar estimates of the number of levels and elements of each of the levels hold also for other clas- 
sification systems, for example, for the UDC. The latest issues of the UDC contain more than i00 thousand 
headings [24]. Hence the expected number of levels must be equal to I0-ii (see the table of values for 
K), This estimate corresponds to the maximum depth of indexing in conformity with the "Tables of the 
UDC" [25]. Such a depth, however, is seldom used in practice~ Calculation of the expected value of the 
depth of indexing for several journals of the cybernetics and computer technology gave an estimate of 5-7 
signs. Of course, we are not dealing with multiaspeet indexing, which in the framework of the UDC is dif- 
ficult. However, in descriptor languages which are especially intended for multiaspect indexing, the search 
images also eontain 8-10 descriptors, which is regarded as their optimal number [24], [26]. Search images 
with 3-5descriptors are more often encountered, while those with more than i0 are seldom encountered. 

Among the hierarchical information structures a special place is occupied by the natural lang~age~ 
the law of Zipf was in fact  fo rmula ted  on the bas i s  of i ts  s ta t i s t i ca l  ana lys i s .  Being a "d i r ec t  act ivi ty of 
thought," in the  words  of Ko Marx,  the language n a t u r a l l y  re f lec t s  ce r t a in  essen t i a l  f ea tu res  of thinking. 
P r e c i s e l y  for  this r e a s o n  many p r o p e r t i e s  of the language,  including the Zipf law, a r e  explained by the 
p r o p e r t i e s  of thinking. F o r  example ,  Zipf a s sumed  that  the dis t r ibut ion of words d i scovered  by h im is 
explained by the "pr inc ip le  of l ea s t  effort"  [6]. I t  is obvious that  these  opt imiz ing functions of the bra in  
mus t  have influence on o ther  in format ion  p r o c e s s e s  of m e m o r y  and thinking. As was shown exper imenta l ly ,  
a human being a f t e r  a shor t  per iod of obse rva t ion  can r e m e m b e r  f r o m  5 to 9 symbols  [27]~ Subsequently 
this phenomenon was s e v e r a l  t imes  repea ted  and ref ined.  It  was shown that  these  symbols  can contain a 
di f ferent  amount of informat ion  joined in blocks (words and ent i re  p h r a s e s ) .  Recording  into the "opera t ive"  
m e m o r y  takes  p lace  in such a way that  in the case  of overf i l l ing,  its dispatch into the " l o n g - t e r m "  m e m o r y  
takes  place ,  but blocks of in format ion  a re  f o rmed  beforehand.  With the functioning of the m e m o r y  as a 
whole as a connected h i e r a r ch i ca l  s y s t e m  taken into account,  the amount  of informat ion  s to red  in the o p e r -  
at ive m e m o r y  can be inc reased  up to 10-12 symbols  and even more .  However ,  the expected  value of the 
"capac i ty"  of the opera t ive  m e m o r y  r e m a i n s  within the l imi t s  7 • 2 symbo l s .  

The m a x i m u m  depth of p h r a s e s  of the na tura l  language d i scove red  by Ingue has the s a m e  value [28]. 
I t  is a s sumed  that  a s imple  propos i t ion  has the depth of the t r e e  of const i tuents  equal to unity. The depth 
of complex  t r e e s  of texts  is bounded by the value X-<9, although cases  of much deepe r  p h r a s e s  a re  known, 
while in the G e r m a n  language p h r a s e s  with the depth X= 11 a re  not a r a r i t y  [29]. 

The data about the mean and m a x i m u m  number s  of m o r p h e m e s  of a word is also in te res t ing  - they 
also a re  found within the l imi ts  5-9 [30] (in the language of our  model this is the n u m b e r  of e lements  of 
the second level;  see  Table  1). 
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The astonishing stability of these figures in many information systems cannot be random, and must 
be explained by more general prerequisi tes .  Therefore,  as an explanation of the observed statistical prop- 
ert ies of language and of the memory process (the depth of a phrase, the quantity of symbols in a s i n g l e :  
level phrase, the number of symbols remembered in operational, i.e., shor t - term,  memory, etc.), the 
boundedness of human memory is incomplete. The memory, being anorganized hierarchical  s tructure,  has 
the same 0ptimiz ation features in the sto rage of information (and constraints) as other information systems 
(including the language which is being considered as an independent system), and not the other way round. 

Although the agreement of the calculated parameters  of the model with the experimental data is satis-  
factory, the use of the calculation expressions, when estimating real  systems, requires caution. Firs t ly,  
complex information systems are not s tr ict ly deterministic but probabilistic; therefore large discrepancies 
can occur in real  situations. Cases are known, for example, where authors "rose" against the requi re-  
ments of the frequency of occurrence of individual letters and words. Thus one of the German poets in 
130 poems not once used the let ter  R, while one of the English wri ters  in a book 300 pages not once used 
the let ter  E. Moreover, there is no need to make a fetish, as is sometimes done, out of the number 7 ~ 2. 
This estimate is only the expected value. Secondly, and this is the main point, the model proposed here 
merely integrally des cribes certain of the most general propert ies of information systems. For  the analysis of 
the more refined properties far more refined models and methods of investigation are required. Thirdly, 
extension of the model beyond the limits of the experimental data on which it was formed (flows of scien- 
tific information and certain systems with clearly expressed information connections) is generally inadmis- 
sible. For  example, the periodic table of chemical elements has 7 periods, while the maximum number of 
layers of an atom is also 7. But the elucidation of these facts is a task of chemistry and physics, and not 
that of information theory. 
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