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Quantital_ive Measures
of the Development of Science’

SUMMARY

The number of scientific papers published each year may be taken
as a rough indication of the activity displayed in any general or specia-
lised fleld of research. Statistics are obtained and analysed for certain
cases, from which it appears that during normal times a general field
such as Physics increases exponentially to a high degree of accuracy. A
specialised fleld, however, such as the theory of Determinants and Ma-
trices, increases exponentially only to a certain point at which the
growth changes to linear variation with time. The growth factor of the
exponential portions is such as to double the amount of literature every
ten or eleven years in both the general and specialised cases. The effect
of the wars is studied in detail and it is shown that the loss in literature
is greater than the gain due to increased stimuli. Sudden advances made
by individuals do not seem to affect significantly the normal growth ot
literature in a subject,

Since the usual manner of recording a contribution to scientific
knowledge is through the medium of the scientific paper published
in some learned journal, one might expect that the number of
papers appearing each year would be a useful barometer indicaling
the amount of activity during that year, and over the range of
subject-matter from which a count had been made,

As is cusltomary in such investigations, it is much casier to
make a measurement than to ascertain just what has been mea-
sured, and considerabe caution must therefore be exercised in any

. (*) Commuuication présentée au VI* Congris International d Histoire
‘les Sciences, Amsterdam, aott 1950.
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» normal curve of growth being indistinguishable on the diagram.
The equation of this period may be writien as :

Number of papers = 10,000 -+ 8,500 Exp (n/15)
where n is the number of years elapsed from January 1st, 1900.

The growth constant may alternatively be inlerpreted as a
statement that the total number of papers, measured from a datum
jevel of 10,000, doubles every 10.4 years.

1914-1919 and 1938-1947 : During each of the war periods
there is, as one might expect, a fall in the production of scicniific
papers. In the first period the raie of growth is approximately 85 %
of that indicated by an exlens.on of the exponential portion; in
the second period the corresponding ratio is of the order of 35 %
only. It is perhaps interesting to nole that besides the greater
magnitude of the loss, recovery was slower in the more recent war,
the trend of the curve not returning to normal until 1948,

1948 to present time (1950) : The present absclute magnitude
and trend of production of literature is virtually the same as .hat
which would have prevailed about six years ago if the expo..eniial
portion had continued wilthout interruption by the war. This is
in contradiction with the common assertion that war-time condi-
gions give a stimulus to scientific aclivity, such stimulus should be
indicated by an increased slope of the graph aiter the period of
recovery had been completed. S.nce this does not appear we must
conclude that the net effect of the war has been equivalent to a
loss of about six years of activily in this particular fie.d of study.
The post-war release of research papers previously kept secret for
security reasons does not produce any noticeable increase in slope
during the recovery period, but one must not conclude from this
that the gain from such source is neg.igible. Such papers may have
an average value greater than those not subject to security regula-
tions, and besides this, it must be remembered that Lhere has been
considerable and variable delay in the publication of research
papers due to other war-time exigencies.

1900-1914 : The graph rises more rapidly than might be
expected from a conlinuation of the exponential portion to this
period. This is probably the consequence of a large change in the
organisation of the abstracting journal at the end of the period.
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interpretations of the statistics of publication.” Perhaps the two
greatest difficuities of this method are in deciding whether any par-
ticular paper is included in the field under discussion, and if so,
whether it is of sufficiently high standard to be counted as a
o UNIT » contribution to knowledge.

The boundaries of any particular province of research are neces-
sarily hazy and shifting, but in certain cases special atlention has
been paid to the delineation of these boundaries for the purpose
of producing some comprehensive bib.iography or series of abs-
tracts, If this type of compilation extends over a sufficient time
interval without much alteration in the basis of selection, it may
be conveniently used as a source for the quantitative imeasures of
development in the range covered. In the present work two such
collections are studied, the one « Physics Abstracts » covering a
wide, general field, and the other « Theory of Determinants and
Matrices » dealing with a specialised branch of mathematical know-
ledge, and based inilially on the history of this subject written by
Muir,

The most convenient practice in the assessment of papers is to
regard them equal weighl, in spite of the fact that some are
obviously much more important than others. This will not affect
the use of such a count as an index of activity provided that the
distribution of merit amongst the papers remains effectively cons-
tant during the period studied, So far as could be ascertained this
was certainly the case, although the extension of the range to

include earlier dates would raise grave doubts about the validity of
this assumption.

A GENERAL FIELD (Physics Abstracts) FIGURE 1

The total number of abstracts appearing in this journal sinee
January 1st, 1900 is illustrated graphically, the slope of the curve
at any date, indicating the rate of production of new papers. The
use of a cumulative total is beneficial since smoothing is automa~
tically effected without loss of accuracy. The graph falls into &
number of distinct regions.

1920-1937 : The growth is exponential to a high degree of accu-
racy during this period between the wars, the actual variation {roo
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Figure 1. — Total number of ** Physics Abstraets " published since Jan. 1st, 1900, The
fall enrve gives the total, and the broken curve represents the exponential approximation.
arailel curves are drawn to enable the effect of the wars to be illusirated,
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A) Normal platiing, the broken curve indicating the exponential approximation.

B. Logavithmic plo ting to illustiate development before 1840, The broken line showt
the course if yrowth had been expouveantial starting from one paper in 1760,
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Prior to the 1914 War papers of engineering research were included
in the fieid of physics, but after this time the boundaries of physical
science became more definite and moved to their present position,
where many of the papers included previously amongst « Phys.cs
Abstracts » would not today find place. One may therefore regard
this portion of the curve as representing the genesis of what is
now called « physics » from a previous corpus of wider scope. It
would be interesting to know whether lhe datum-level of 10,000
papers obtained from the analysis of the exponential portion of the
graph is capable of interpretaiion as the equiva.ent number of
scientific papers in the field of physics existing prior to 1500. One
is tempted to make comparison with the present rate of production
of approximately 8,000 papers per annum!

A SpPEcCIALISED FIELD
(THEORY OF DETERMINANTS AND MATRICES) Freure Il

The source of dala for this study is History of the Theory of
Determinants by Muig, for the period 1693-1919, followed by infor-
mation collected from Zentracblatt fiir Mathematik and Mahema-
tical Reviews for the intervals 1930-1939 and 1940-1949 rcspectively.
The period 1920-1930 is nol covered, and no accuracy is c¢.aimed
for the arbilrary interpolation introduced to give continu'ty to ihe
diagram.

There are two distinct regions to be considered :

Before 1880 : 1f Muinr's data may be accepled as reasonab[y
complele, and not redundant during this interval, it may be said
that the growth has been accuraley exponential from an eifeciive
epoch of one paper in 1760. This is il.ustrated on the logarichmic
graph which approaches the straight line indicaling {he norma!l
growth curve for a total number of pub.ished papers of only ten.
At this level, however, the sample is {oo small for definite conclu-
sions {o be obtained from the remarkable regularity exhibited. In
spite of a few papers appearing in the interval 1693-1780 it may be
said that the accumulation of lilerature in this field commences at
about 1760 and proceeds exponentially until 1880. Within this
range the equation of the curve may be writlen as :

Number of papers = Exp (n/i7)

where n is the number of vears elapsed from 1769,
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Alternatively one may say that the number of papers, slarting
from unity in 1760, doub’ed every 11.8 years.

The accuracy of curve-fitting, although striking, is not so good
as with « Physics Abstracts », partly because of the smaller sample
used, partly because of greater difficulty in setting the boundaries
of the fleld, and partly because of the possible exisience of other
small but significant sources of variation.

After 1880 : At or about 1880 the character of the curve changes
from exponential to linear. Small variations occur from time to
time in the linear portion, but on the whole it is evident that the
growth of literature no longer exhibits the character of normal
growth but is only increasing at a fairly constant rate approxi-
mating to that oblaining in 1880. This could be due to a progres-
sively deleriorating completeness in the bibliography used, it is
more likely that some other explanation is nceded to account for
the continuation of this phenomenon over a long period.

The effect of the wars is much less marked than in the previous
example; no disturbance is noticeable in 1914-1918, but betwcen
1940 and 1945 there is an equivalent gap of about three years.

ExronenTiaL GROWTH AND LINEAR GROWTH

It would be unfortunale to generalise from merely two examp es,
but other invesiigations indicate that many of the features des-
cribed above are to be found in other quantitative investigalions
of the growth of science and scientific lilerature. For example
similar types of curves are obtained for the number of Brilish
Patents since the Law Amendment of 1863-1864 and for the mem-
bership roll of various learned societies.

In particular a growth constant leading to doubling every ten
or eleven years seems to be characteristic of periods of exponential
growth, and in the case of specialised fields or activities, these
periods are followed by the transition to linear growlh. In some

cases the field becomes « dead » and growth decreases steadily
towards zero.

Exponential growth is a property of systems in which the rate
of increase at any time is proportional to the amount already
achieved; in the two cases studied this constant of proportionality
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is such that the whole of the previous work could have been done
in about sixteen years if publication had proceeded constantly at
the current rate, Linear growth, on the other hand, implies a rate
of increase which remains constant and independent of the amount
already done, '

‘What is it in the form or content of a fleld that determines
whether its growth shall be exponential or linear? In a certain
sense, it may be that the probiem is created artificial.y by the
imposition of field boundaries upon the general body of knowledge.
To use the metaphor of geographical exploration, sometimes it is
terra incogrita that is being investigated, and sometimes it is fami-
liar territory that is being developed and consolidated. In the
former case the law of growth should ke exponent.al because each
new discovery brings increased stimulus, in the lacder it is more
prohabie that progress would be at steady level, and growth there-
fore linear. There is then the possible explanation that as the
research front advances certain fields become cut off and experience
a change from normal to linear growth. If this linear increase
ultimately slows down it may be because the field is so far behind
the research front as to receive but little stimulus for activity.

The same type of explanation may also be stated in terms of
research workers instead of publications. It is reasonable to sup-
pose that the amount published in any year is directly proportional
to the number of people engaged in research on the field examined.
Approximate calculations confirm this conjeclure for recent years.
We may therefore interpret the rate of growth as being an index
of the scientific man-power mobilised around the field studied.
Exponential growth then implies that Lhe expanding subject is
attracting new workers at a rate proportional to the activity in
that subject, linear growth implies that the number of workers is
remaining constant. We have then the picture of workers being
attracted to the research subjects in ever increasing numbers, and
as the research front moves forward recruiting to some fields
slows and stops, so leaving a constant body of workers in those
particular fields. The above interpretations are crude, and in any
complete picture due allowance would have to be made the repla-
cement of old workers by new, and for the effect of « research
schools » on the growth of individual fields of study.
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CONCLUSIONS

The absence of large deviations from the exponential law indi-
tates that sudden outstanding advances made by individual
research workers do not significantly affect the normal pattern of
growth in the quantitative measure of devclopment in science. The
regularity of the growth should make it possible for reasonab.e
estimaies to be obtained of the « size » of general or specialised
scientific knowledge at any future date. For example one may
extrapolate from present information to an approximate kaow-
ledge of the number of research physicists required i twenty
years time, or of the size of a scientific library at that same time.
in both cases, with the usual Limitations of assumed cons.ant
growth and the absence of disturbing factors (such as wars) the
estimated magnitude should be just less than four times the
present value.

More information is needed to establish or disprove the cons-
tancy of the coefiicient of increase in exponential growih, If this
is a universal constant of the order of eleven years for doubling
o take place Lhis same magnilude must surely be involved in
other measures associated with the development of science, and
Some connection may be sought with oiher types of numerical
estimation,

The change from exponential to Jinear growth is an indicalion
of the removal from the research front of the field being examined.
This should enable one to diagnose the nature of changes currenily
taking place, and to plan accordingly in the disposition of research
facilities at university and other laboratories. For example, it would
be interesting to ascertain whether the present dominance of
Nuclear physics has produced a transition to linear growth in
those portions of physical science not directly connected with
Muclear and atomic studies.

Certain sources of error in any quantitative measures as thosc
Proposed must be emphasised. As already pointed out there is some
difficulty in deciding' the boundaries of any given fleld and in
weighting the value of published papers in that fie.d. There is also
2n unknown and var.able de.ay between the research work and
the publication of the paper or abstract. Another factor to be consi-
dered is the consolidation of previous knowledge in textbooks and
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reviews, for it is by this means that the research paper passes
eventually into the body of knowledge that must be assimilated
pefore the student can reach the accelerating research front. The
process of consolidation must therefore be continuous and increas-
ing for exponential growth to be maintained. If there is a limit to
the extent to which previous work may be assimilated through
reviews and other means the implication is g rapidly increas'ng
pulk of scientific literature to be read by the student before resea-ch
in any field, however narrow, may be commenced. One may wonder
whether the present difficulties of overspecialisation in scientific
education are not due to an overall approach to a limit beyond
which exponential growth is no ionger possible without drastic
change in the structure of science.
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