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One of the most important problems of the provision
of information for scientific investigations is the study
of the tendencies of development of individual branches
of science. A fundamental method of determining the
tendencies of scientific progress at the present time
is the direct study of scientific literature and the pre-
paration of surveys of the corresponding areas of
science, But this method, which may be termed qua-
litative'or subjective, must be supplemented by a
quantitative method of investigating the development
trends of some field of knowledge as a whole and of
its individual areas. The theory of scientific informa-
tion and scientific knowledge must equip scientists
with quantitative methods of studying the development
tendencies of science.

However, even the theory of scientific information
and scientific knowledge has really taken only the first
steps toward the development of scientifically based
quantitative methods of estimating scientific and tech-
nological progress, At present descriptive methods
continue to dominate in these sciences, and the prin-
cipal apparatus of investigation is statistics. Very
rarely is use made of modern methods of mathematical
simulation enabling complex laws to be described dy~-
namically.

Here, as we pointed out by Glushkov [1], itis a
question not of physical but of informational simulation
of the complex internal properties of the system in-
vestigated; moreover this reveals the possibilities for
the extensive utilization of that universal instrument
of dynamic information simulation, the digital com-~
puter.

Among the papers devoted to the study of the
laws of information flows, it is worthwhile to note
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(for their methodology and use of the elements of
modern mathematics) the investigations of E. Garfield,
D. J. Price, and in our country G. M. Dobrov, V., V.
Nalimov, and their collaborators.

In this paper an aftempt is made to justify the pos-
sibility of using quantitative indexes of information
flows together with a quantitative analysis of the state
of scientific trends, for determining the development
tendencies of science. For this purpose we have
selected a field of applied cybernetics, operations
research and mathematical economics, and as the
method of qualitative estimation of the state of sci-
ence the so-called law of the "scatter™ of information
is used [2].

In the monograph [3] the following description of the
law is given. If the set of all the published items de-
voted to some question is taken as unity, then the
special periodicals on this area of knowledge, whose
number is as a rule not great, contain only a
third of these published items. The second third
of the articles on this branch of knowledge are
published in a much more extensive set of journals
which are topically related but nevertheless in anoth-
er sector. And, finally, the last third of published
items is scattered over an enormous number of per-
iodicals of the most varied type.

In analytic form this can be written as follows:
Tl Ty, =lin:ind 1)

where Ty, Tyx, Tsx, are the number of periodical issues
containing respectively x, 2x, 3x papers on the given
subject. The number n depends on x and has a different
value in each branch of knowledge, If it is assumed
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Fig. 1. Distribution of published items by periodical issues. d is

the number of published items in a periodical issue; n is the order

of a periodical issue in a series in decreasing order of the number
of published items.
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that the whole set of periodical issues consists of
three zones [A) specialist sources, B) related sources,
C) the remainder] and it is assumed that each zone
contains one third of all the information, then the
total quantity of periodical issues T; containing all
the information on the given question is easily cal-
culated as

AA+B:(A+B+O=1:n:nt (2)
Hence,

B
Togﬁ_gji. (3)

The predicted values of T; have been compared
with statistics on the following branches of cyber-
neticss the theory of automata, the theory of math-
ematical machines, operations research, and math-
ematical economics. Analysis of the statistics (for the
preliminary analysis use was made of the abstracts
journals Kibernetika, Matematika, and Ekonomika
promyshlennosti for the years 1956~1966) did not
counfirm the correctness of the quantitative parameters
of the scattering law on the division of all the infor-
mation into three zones each containing a third of the
total number of published items. For example, ac~
cording to the model considered we obtained that the
abstracts journals lose about 1000 periodical sources
containing information on the theory of automata,
though in reality the loss of this literature is described
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Fig. 2. Distribution of papers in
periodical sources according to
M. G. Kendall's data.

by a much more optimistic figure. However, in the
field of operations research, if we base ourselves on
the parameters of the scattering law indicated above,
it is possible to conclude that the abstracts journals
encompass 100% of all the periodical issues con-
taining papers on this subject. In actual fact, in ac~
cordance with the data of the abstracts journals for the
years 1965-1966, 10 of the main sources already
contained one third of the published items (682), the
remaining sources detected contained two thirds of the
information (1041 papers). But the conclusion that
the abstracts journals completely cover all the litera-
ture on operations research does not agree at all either
with the data of the abstracts journals for other years,
or with the Science Citation Index of E. Garfield for the
year 1965, which made it possible for V., V, Nalimova
in studying references to the papers of R, Bellman to
discover periodical issues not taken into account in our
statistics.

Figure 1 shows the distribution of information by
periodicals for the year 1962, in the order of de-
crease of the number of papers contained in them.

The distribution has a similar form in other years
also.
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Fig. 3. Distribution of articles in
periodical sources for the years
19611965,

What has been said above gives a basis for con-
cluding that the "information scattering” law of Brad-~
ford and Vickery, derived from statistics relating to
different fields of knowledge, does not, without ad-
ditional investigations, permit this important chiec~
tive law of information flows to be used for the purpose
of predicting the development of science.

This law has heen studied by the well-known special-
ist in operations research. Kendall [4], in examin~
ing the applicability of the law of scattering in the
field of operations research. It appears that if the law
of scattering is represented graphically, by laying off
along the horizontal axis the logarithm of the increas-
ing number of the sources Inn, arrangsd in decreasing
order of the number of papers contained in them, and
along the vertical axis the grand total of published
itemsg D, there iz a straight-line dependence which
Kendall generalized in the following words: "The lin-
earity is excellent and in fact better than in Bradford's
own examples® [4].

Indeed, this linearityis also confirmed by the pro=~
cessing of statistical material obtained by us by the
selection of items on operational research and math-
ematical economics from the abstracts journals for the
years 1961-1965.

The graphical representation of the "scatter® in the
coordinates (D, Inn} gives a straight line in any of the
years considered. Only the slope of the straight line
changes.

However, the straight lines given in Fig. 3 and
the values of the angles corresponding to them give
only a visual impression of the "scattering™ process,
since the construction is carried out on an arbitrary
scale (the same as in the similar graphs of Bradford
and Kendall), and the approximation of the points by
the straight line was made without using the necessary
methods of mathematical statistics,
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Approximating the set of points by a straight line
by the method of least squares, we can write the equa-
tion of the straight line in the following form:

D()=a+ttgplnn, (4)

where a is the value of the number of papers in the first
source obtained by approximating the set of points by

a straight line by the method of least squares; ¢ is

the angle of slope of the straight line to the horizontal
axis.
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Fig. 4, Variation of the entropy of a system

of papers distributed over sources: 1) E, cu~

mulative (1961~1965); 2) Eg; 3) Epgps 4) Epel
cumulative (1961-1965),

It mustagain be emphasized thatinthe general case
the parameter a does not coincide numerically with
the number of papers in the real first source of an
ordered series of periodical issues; a is a parameter
of the mathematical model adequately reflecting the
law of the distribution of papers over the whole set
of information sources considered.

The number of papers in each sourcedinthe ordered
series of sources is a function of the number of the
source; we will denote it by f(n).

The fotal number of papers is

k
D) =Y [ adn (5)

n=l

For convenience of discussion we replace the dis-
crete argument function f(n) by the continuous argument
functionf(n), and the operation of summation by inte~
gration, so that for sufficiently greatn

fmy=TFm (6)
and

&
D) = [Fi dn. (7)
I

Differentiating equation (4), we obtain

apD tgo
= n (8)

Since it follows from the expression (7) that

dD - _
G =Fm=Fm, (9)
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then, taking into consideration the relation (8), we
have

den=1gep. (10)

Equation (10) considered above is nothing but the
equation of the equilateral hyperbola (in the coordinates
d, n), obtained by transforming the straight line (4) (in
the coordinates D, Inn).

Hence the following proposition can be formulated:
in an ordered set of information sources the number
of publications they contain decreases in accordance
with an equilateral hyperbolic law,

From the nature of the hyperbola describing the

‘Idistribution of articles inan ordered series of sources
‘there follows an important practical result: on the
average, the statistical product of the number of

sources by the number of articles on a given branch
of knowledge contained in them, in a definite interval
of time, is a constant quantity equal to tg ¢. This re-
sult, which follows from the consideration of our the-
oretical model, is confirmed both by our statistics on
operations research and by the statistical data pub-
lished by other authors.

Therefore, the study of the question of the dis-
tribution of scientific information in periodical issues
carried out by various authors during the last 20 years
led to the appearance of several models describing
this process (8. C. Bradford, B. C. Vickery, M. G.
Kendall, and others). All of the proposed models of
the distribution of information in sources had as their
object the illustration of the phenomenon of the "scat-
ter" of papers. Hence this law of the distribution of
papers over sources was called the law of the scat-
tering of information. In reality, however, this im-
portant law of the distribution of papers describes
rather the concentration of information.

Indeed the whole accumulation of statistics on the
distribution in periodical sources of information on
some field of knowledge testifies to the fact that in the
given subject are concentrated all the fundamental in-
vestigations in a comparatively restricted number of
periodical sources, Kendall also turned his attention
to the fact that the first 18 periodical issues, that is,
5% of all the observed sources (370), contained about
50% of all the papers on operations research and
statistics.

This is also confirmed by our statistics in which
50% of the information is contained in 37 sources
which also compose 5% of the total number (686) of the
periodicals we found, which publish information on
operations research and mathematical economics,

This gives reason to assume that our mathemat-
ical model of the distribution of information in
accordance with an equilateral hyperbola actually
describes a law of information concentration, and the
hyperbola itself may be called the hyperbola of infor-
mation concentration, In our opinion this result is of

fundamental importance and reflects a deeper feature
of the distribution of information than formally follows
from the model of the "scatter" of information con-
sidered previously. The impression of the scattering
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of information of authors who are engaged on the study
of a given question, is based on the study of a whole
large-scale field of knowledge, geophysics (S. C. Brad-
ford), electrical engineering (D. U. Taplow), opera-
tions research and statistics (M. G. Kendall). How-
ever, any field of knowledge consists of individual sec-
tions differing from one another both in the methods of
investigation and in the nature of the applications in
other fields of science. In this respect there is nothing
unique about the field of cybernetics we are studying,
i.e., operations research and mathematical economics.
It is obvious that the more extensive the field of know-
ledge of the science considered, the greater the "scat-
ter" to be expected.

For example, cybernetics and its applications (here
operations research is also included) will be "scat-
tered™ in an enormous set of issues, whose number is
difficult to predict, and, conversely, information on
a narrower sector of science is concentrated in an ex-
tremely restricted number of issues.

The division of the field of science considered info
sectors, and the attachment of these sectors fo zones
where there is the greatest probability of the concen-
tration of information on each of the sections of the
subject, requires the combination of quantitative anal-
ysis of the periodical issues with qualitative (content)
analysis.

In order to determine the nature of the distribution
of the information in each of the zones we turn to Figs.
2, 3. The straight lines shown in the diagrams repre-
sent the distribution of information over the whole set
of issues and over the whole of the subject considered.
As we have seen, these straight lines correspond to
the hyperbola of information concentration in the co-
ordinates (d, n).
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Fig. 5. Growth of papers and periodical issues.
1) Foreign papers: 2) foreign issues; 3) Rus~
sian issues; 4) Russian papers.

However, for a more specific desecription of the
information concentration in each zone, and conse-
quently, for purposes of probabilistic prediction of the
places where papers on the individual sectors of the
field of science can be found, it is no longer possible
to remain within the framework of the model des-
cribed above. In order to describe the information
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distribution process in each of the zones, we assume
that for any source in the given zone, the guantity d =
= b = const (b is the number of papers in the source),
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Fig. 6. Number of new sources.

In this case the cumulative number of papers in the
zone is given by

n
Dy (1) = g bdm = b (n— ),
g

(11

where ny is the ordinal number of the source before
the begimning of the zone, and n is the running ordinal
number of the sources of the zone considered.

Since

1 == 2I0% (12)

equation (11} in the coordinates (D, in 1) is represented
in the form

Dy=4 (elnn — ginng ) (13)

This is an exponential equation in the assumed co-
ordinzte system (D, In n}. This implies that if the
papers are uniformly distribuied over sources, the
relation between the cumulative value of the papers
and the logarithm of the ordinal number of a source,
is not linear but exponential. Thereiore, in the general
case to a second approximation the distribution of
papers in a system of ordered sources may be repre-
sented graphically as in Fig. 3,

In the general case, a system of periodical issues
separates into a series of zones having different math-
ematical descriptions. Issues with a comparatively
large number of articles on a given problem we call
the "core." For the "core™ there is a small proba~
bility of coincidence of the number of papers in two
different sources, and the information distribution is
well enough described by a straight line in the co-
ordinates (D, Inn). Issues with a comparatively small
number of papers (1 to 10) clearly fall into a series
of zones with an identical number of papers, each of
which is déscribed by its segment of the exponential.
In this connection, the "tail™ of the distribution of
papers is not well approximated by a straight line.

The laws of information flows reflect the laws of
development of the science itself and of its individual
fields. Hence by studying the laws on information dig-
tribution we can forecast some tendencies of seientific
research. However, it does not appear to be possible
to use for this purpose the results of previous inves-
tigations in this field, since the authors, in studying
the "scatter" of information, have restricted themselves
to a static description of this process, that is, they
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have not analyzed the nature of the distribution of
papers in sources as a function of fime. The study of
the dynamics of this phenomenon is extremely import-
ant for an understanding of the process itself, and also
for its prediction.

In order to construct a dynamic model of the dis~
tribution of information over sources, it is necessary
to have a parameter which will give a sufficiently good
description of the system as a whole. For this purpose,
by analogy with the concept of entropy in Shannon's
theory of information, we introduce the concept of
the entropy of a system of distribution of information
over sources, described by the relation

N
E=_2imf‘- (14)
HDN Dy

where N is the number of sources containing DN papers,
dj is the number of papers in the i-th source.

From this, N is the number of states of the system;
di/DN is the probability of the concentration of infor-
mation in each of the states. The entropy of the system
of sources is calculated in the same way, as the sum
of the products of the probabilities of information
concentration and the logarithms of these probabilities.
The entropy depends on the number of sources N, and
on the probability of the concentration of information
in each source. The entropy of a system equals zero
when all the papers are concentrated in one source,
it increases with the growth of N and attains a maximal
value when the number of papers in the sources is
equiprobable. In this case

Epue=ln¥, (15)

that is, the entropy of a system of sources where the
occurrences of papers are equiprobable, equals the
logarithm of the number N of sources.

In order to estimate the dynamics of a system of
papers during the years 1961-1965 we construct a
graph of the variation of the absolute and relative
entropy (Fig. 4).

It is obvious from the diagram that the absolute
entropy of the system of information sources in opera-
tions research and mathematical economics attained
its greatest value in 1962, and then fell from year to
year. The decrease of entropy after 1962 describes
the process of concentration of the information into
the basic core of the system of information sources.
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It is natural to suppose that the fact of a steady fall
of entropy in the system of papers reflects some es-
sential feature of the development of the given branch
of knowledge.

The majority of the sectors of the mathematical

japparatus of eybernetics—the theory of probability,
" the theory of information, mathematical logie, and

others, ‘existed before cybernetics, and the results
obtained in these fields were published (and frequently '
continue to be published) in specialized mathematical
Journals. As cybernetics became a more mature dis-
cipline, specialized journals devoted to its problems
began to appear.

Later cybernetics began successfully to penetrate
into other fields of knowledge, primarily intc econo-
mics, medicine, biology, and the like. An enormous
number of papers cornected with the applications of
cybernetics were published in the journals of those
fields where these methods were applied. This process
of the outward growth of cybernetics has not stopped
and it may be that the history of science and technology
contains no other example of such a rapid propa-
gation of the methods of one science into others. It
would appear that in these conditions it must be sup-
posed that the number of papers and periodical sources
devoted to the given subject must continue to grow, and
consequently, a continuous increase in the entropy of
the system can be expected. However, as we have seen,
this assumption is not confirmed. Moreover, the fall
of entropy is primarily caused by a decrease in the
number of periodical issues publishing papers on the
subject considered. This is illustrated in Fig. 5 by the
curves of the variation of the number of sources and
the number of papers for the years 1961—1965.

Attention has been drawn to the fact that the maxi-
mal number of sources and abstracts on foreign doc-
uments arrived in 1962, and on Rugsian ones in 1963,
the number of papers in foreign sources in 1965 had
fallen to almost a third of the 1962 number, and Rus~
sian papers to almost two-thirds.

‘There is no reason to suppose that this data test-
ifies to a decrease in the quality of operation of the
corresponding abstracts journals. Rather, this is an
objective law connected with the variation of the char-
acter of investigations in this field of knowledge. The
confirmation of this thought, and also the "rehabili-
tation" of the abstracts journal Kibernetika may be
provided by our observation of the growth of a new
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Fig. 7. Variation of the number of papers.
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sources in each of the years in comparison with the
preceding, which is reflected in the abstract journals
(Fig. 6).

An analysis by content of these new sources testifies
to the continuing penetration of the theory of optimal
solutions into new regions of science and technology,
although this process is not proceeding so rapidly
now as four or five years ago, as is confirmed by the
fall in the total number of papers.

Here there is an obvious contradiction with the so-
called law of the exponential growth of papers. It must
be pointed out that the law of the experimental growth
in papers is mainly confirmed by statistics reflecting
the state of major groups of sciences: natural science,
mathematics, physics and so on. But the increase of
publications devoted to any one field of science or
technology often, as in our case, does not obey the
exponential law. Attention was drawn to this fact by D.
J. Price [5] and V. V. Nalimov {6], when they proposed
that in certain circumstances the exponential law may
become a logistic curve. However, the "damping® of
the curve of growth of a science or its transition into
a logistic curve still does not mean the "damping” of
the given branch of knowledge, and can only testify
to the detachment of a new science, the variation of
the general direction of research and so on. An inter-
esting feature of the passage of the exponential growth
curve of a science into a logistic curve was mentioned
by D. J. Price: ".,. obviously an exponential growth
resents the idea of a bend if the former continues
for a long time, Before the growth reaches the mean
point it begins to jump and twist, to change, like mis~
chievous gpirits, its shape and features to avoid this
terrible ceiling, Or, speaking in less anthropomorgphic
analogs, here a eybernetic hunting effect is estab~
lished and the curve experiences sharp fluctuations, ., "
[4].

This phenomenon is illustrated by the diagram of
variation of the number of papers on operations re-
search and mathematical economics, constructed by
choosing a unit of time equal to one month, for the
years 19611966 (Fig. 7) (from the data of abstracts
journals).

It is obvious from the diagram that the "cybernetic
hunting effect® and the "jumps" like "mischievous
spirits" relate mainly to the years 1962—1963, after
which a comparatively smooth fall of the curve is
observed.

Therefore, qualitative analysis of the tendencies of
the development of operations research and mathemat-

.ical economics for the years 1961-1966, indicates
%the following: 1)the greatest absolute and relative entropy
of the system of papers distributed among sources he-
longs to 1962, and then the value of the entropy falls;
2) the number of papers in periodical sources has a
tendency to decrease beginning with 1962; 3) the years
1962~1963 are the end of some essential stage in the
development of the science, which corresponds to the
time of transition of the exponential into a logistic
curve.

All these guantitative indications are only important
symptoms of internal processes taking place in the
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science itgelf, and offer the possibility of determin-

ing the boundaries of the individual stages of the de-

velopment of the science, of predicting its further
tendencies, periods of transition from research and
theoretical investigations to extensive applications, of
determining the probable location in the system of
issues of papers on fundamental investigations, various
applications and the like. An analysis of papers in
terms of content makes it possible to check the validity
of conclusions based on the quantitaiive methods of
studying processes, and also to explain the esgence of
the laws in the development of the science, which is
:adequately manifested in its quantitative characteristics.

The field of knowledge combined in our sector of
cybernetics, operations research and mathematical
economics, has a history of many years, but beganio
be intensively developed during the last twenty years.

Although the first papers of Academician L, V.
Kantorovich on linear programming relate to the year
1939, they were not appropriately developed in the
following years and were rediscovered in 18451947
by the American mathematician Danizig. The fund-
amental work on the theory of games by J. von Ney-
mamn and Morgenstern was published shortly before
this in 1944, The simple method developed and tested
by Dantzig turned out to be an unexpectedly efficient
procedure even to the author himself, At the same
time high-speed computers appeared which facilitated
the rapid development of methods of solving linear
programming problems and their practical applica-
tion., At the beginning of the fifties work in the
United States on operations resezrch and the applica~
tion of mathematical methods in economics became so
animated that a society was formed on operations re-
gsearch with ifs journal "Operational Research™ founded
in 1952,

In the course of the years 1850—1960 the theories
and methods of convex programming were developed
and brought to great perfection, in the years 1855-1960
dynamic programming and the theory of optimal pro-
cesses, the theory of statistical decisions, 1960~1965
decomposition schemes for the solution of problems
with a block structure, integer-valued programming,
Gomory's method, the sequential analysis of variants,
the method of "branches and bourdaries.® A great
impulse to the development of scheduling theory and
discrete programming generally was given by the de~
velopment of network methods of planning and control
begun in 1957. In recent years there has been a rapid
growth in papers on stochastic programming, random
search methods, the simulation of large systems,
optimization problems on graphs and others.

In the Scviet Union work on the application of math-
ematical methods in economics intensified after the
year 1955, At first {up to 1960} it was studied in a
small number of groups under the direction of Aca~-
demicians V. 8, Nemchinov and L. V. Kantorovich
in Moscow and Leningrad. The beginning of 1960 saw
a tempestuous growth of the number of groups and
specialists working in the field of the applications of
mathematical methods in economics and operations
research. Here must be mentioned the formation of
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important centers on these problems in Kiev (Institute
of Cybernetics AS UkrSSR, Computer Center Gosplan
UkrSSR), in Novosibirsk (Institute of Mathematics
Siberian Division AS USSR), in Moscow (TsEMI, Com-~
;puter Center Gosplan USSR} and in other cities.
Therefore in the USSR and abroad work on operations
research and the application of mathematical methods
in economics is being developed both in breadth and
in depth. What can explain the greater concentration
of papers and the general decrease in references

to periodical issues? It seems to us that this
testifies to a certain maturity of this branch of know—
ledge.

,Concentration is facilitated by the creation in suf-
ficient quantity of specialized periodical issues, and
also the appearance of fundamental monographs which
causes a reduction of papers on secondary questions
and technical details of the application of generally
known methods, which were frequently encountered
in the journals of other branches of knowledge. As
regards the decrease of the total number of papers
in periodical issues, this is overshadowed by the sharp
increase in the output of monographs, various col-
lections, and other nonperiodical editions.

These preliminary conclusions on the development
tendencies of operations research are based on the
supposition that the distribution of publications
considered in time reflects some essential regularity
of the science itself. "School arithmetic,” for example,
is "scattered"in all the journals not because there
does not exist a specific journal on this subject, but
because "school arithmetic® has ceased fo exist as
a living science and the distribution of its papers in
the literature has attained maximal entropy. And,
conversely, the history of science offers a large
number of examples where some trend, once con-
ceived in one scientific establishment, is continued

KIBERNETIKA

only in papers of the printed journal of this es-

tablishment.
Between these extreme cases there is a set of

states which are reflected in the real distributions.
However, there is no "scatter® of information in any
of the states of the system of publications.

The authors thank A. A. Patiokha and T. P, Sagai-
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