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Toward a Quantitative Theory of Intelectual Discovery
(Especially in Physics)

RICHARD G. FOWLER
University of Oklahoma, Norman, OK 73069

Abgtract —BY thestudy of timeintervalsin asubjectiveyet consistently chosen
temporally ordered ligt of the critical ideaswhich comprise Physics, a quan-
titative theory of the growth of theseideasisinferred which takesthe entirely
plausible form that the rate of growth of ideasis proportional to the totality
of known ideas multiplied by the totality of people in the world. There is
some dlight titillating indication in the data that the rate of fundamental
discovery in Physics has been decreasing abnormally over the past 50 years.

Introduction

Humankind have never ceased to marvel at the flow of their ideas, and to
wonder about the process. Of late the focus has been on the seemingly ac-
celerated pace of acquisition of knowledge, and many reasons have been ad-
vanced, ranging from the very perceptiveobservationof Henry Adams(1918)
""ideas beget ideas to the fatuous suggestion that people are getting smarter.
Rescher (1978) hasanalyzed the existing body of thought about this question
in a recent book. In a seriesof papers, the author, (Fowler, 1982, 1983) has
shown that the proper variablein terms of which human questions should be
discussedis not calendar time, which isan arbitrary and hence largely mean-
inglessidea, but rather population numbers. In thislight it will be shown that
a quantitative formulation of the problem of idea growth may be possible.
The development of this concept has depended upon data taken from the
specia body of knowledge known as Physics, and its applicability may be
limited to that field. Any further generalizationto other or larger spheres of
ideaswill beleft to others.

| dea Magnitudes

Knowledge consists of an enormous number of discrete and overlapping
ideas. To form a complete list even in a wdl defined fidd such as Physics
defiesthe effort of one person, and would amount to compiling the indexes
of perhapsa hundred thousand books. We requiresuch alist of ideasand the
point in time at which they occurred if we are to make any progresswith this
problem. Idess, like stars, are not all of equal brilliance. To deny thisisto
argue against the validity of Nobel Prizes. We will use thisgenerally accepted
fact to render our problem tractable. First magnitude idess, like stars, occur
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in clustersof lesser ideaswhich, unlikestars, usually havean intimate relation
to the fruition of the " great" idea. In making the list given in the Appendix,
the author drew on the experience of the many writersover the past century
who have selected topics for their genera physics texts, as wdl as upon the
insightsin topic selection of the numerous historians of the field. A few sub-
jective rules were employed in making the list:

1. A major ideais one without which no further progressin al or one of
the mgjor subdivisionsof the understanding of Nature could be made.

2. The list should be sufficient as a basis for a complete beginning course
or an encyclopediaarticle.

3. Indealingwithacluster of discoverieslikethe mesons, thefirst discovery/
idea was included because it was first. The second was aso included
becauseit showed multiplicity. But no more ideasfrom that family were
counted until a novel or unifying concept was involved.

4, Each principleincluded waschained backwardaswdl asforwardin order
to answer the question of what crucial concepts must have been known
beforeit could be perceived.

A similar list of major ideas that appeared over a shorter time span was
prepared by Auerbach (1910). Auerbach's list, continuing the stellar analogy,
might be called alist to the second magnitude (500 itemsin 150 years). After
augmenting Auerbach's detailed list, Rainoff (1929) proposed that creativity
had been subject to wavelike fluctuations over this period. The perspective
of this present article isto consider a wider sweep of history. While it is not
essentia that the list should contain al of the topics requisite to its full elu-
cidation, itisimportant that they be of equal magnitude. It should be remarked
that Rainoff's hypothesisis not borne out by the analysis presented here.

In ngthe merit of the conclusions reached in this paper it isimportant
for the reader to know the origin of the idea list on which they are based.
Had it been derived purely for the purpose of this analysisitsdlf, it would be
easy to discard the result on grounds of specia pleading in selection of the
items. Such however was not the case. The initial list, comprising 90% of the
final items, was prepared by the author in 1966 in response to a request from
the editors of World Book Encyclopediato assist them in analyzing the com-
pleteness of their coverage of the discipline of Physics. Only some time af-
terwardsdid the question proposed in the introduction occur to the author.
Subsequently, certain additionsto theoriginal list were made for two reasons.
First, when the problem wasattacked serioudly in 1979, a few essentia ancient
ideaswhich are not specificaly physica in nature and a very few overlooked
modern ideas were added (marked with a *). Second, in 1982 a conscious
attempt (marked with a #) was made with the cautiously solicited advice of
others to overcome the apparent deficiency in the numbers of ideas since
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1920. Neither set of modificationsalters substantially the basic thrust of this
paper, nor wasthe contemporary deficiency removed.

Relationship d I deas to Population

Historians supply us with dates for the various discoveries, but al that is
revealed by using time as an independent variableis the well known obser-
vation that ideasare coming faster and faster to mankind. It isonly when we
compare our list to the populations prevailing at the time of the discovery
that real understanding emerges. To obtain population numbers, we turn to
the many demographers who have made studies, estimates, and good guesses.
I have analyzed these in the previoudly cited article (Fowler, 1983) where |
showed that the simple empirical relation (N = global population)

(1 dN/dt = aN?

has in recent times, and perhaps even for a million years, described human
world population growth far better than the conventionally invoked expo-
nential law. In all that time, it appears, the constant « hashad only two values,
5.08 X 1072 after the Renaissance, and 2.1 X 10~!2 before. Using this second
valuefor smoothing and extrapol ationto ancient times, populationsprevailing
at any discovery time have been calculated and are given in the table in the
Appendix.

| wasfirst led toward the thought that there might be something interesting
to be said about idea growth by having made a crude plot of the mean of the
time intervals to the discovery next before and next after a given discovery
against the population prevailing. A few samples of points generated by this
rough method are given as hollow circlesin Fig. 1 to show that even it fore-
shadows the fina result. Curvefitting the complete set of this crude data on
the period between ideasyieldsthe power law T = 2.5 X 10'8/N? which does
not fit badly over three orders of magnitude in N. T"isdirectly related to the
reciprocal rate of growth of 1, the ideatotal; that isto say, to dI/dz, but only
loosdly because of the inordinately large steps used in the early years, and so
the precise relation above does not stand up in the final analysis. To obtain
a better result we need to apply methods of finite differences.

The raggednessof the previous plot came becauseit is obtained by differ-
entiation of raw data. A better method isto smooth the data first by forming
the sum of the number of ideas prior to any given population level as shown
in Fig. 2. This curve too is a power law | = kN2, but is much more clearly
defined, with two regions, in which k and a take the value pairs(.0156, .335)
and (1.675X 1073, .714) respectively. Since we know the temporal dependence
of population, we can use the integrated curve first to determine the expected
behavior of the dI/dt curve, and later to assist usin the calculation of more
accurate data points for that curve. Thus

(2) dI/dt = kaN“""(dN/dt) = kaaN©@* D,
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Fig. 1. Time intervals between ideas plotted against population. Open circlesare examples of
simple time differ ences between adjacent ideas. Solid dotsare valuesof dt/dI obtained by
finite difference methods, smoothed over five successiveideas. Curve segmentsare dt/d/
from the theory.
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Fig. 2. Accumulated (integrated)number of ideasplotted against population. Note slope change
at thefifth idea.

Thisleadsdirectly to aquantitative reformulation of Henry Adams' hypothesis
(cited in the introduction) which must be intuitively obvious to everyone as
soon asit isstated in words. The equation is

3) dl/dt = aalN.

Trandated, this equation becomes the theorem: "the rate of generation of

ideasis proportiona jointly to the number of mindsto which they can occur,

and to the number of ideasalready availablefor those mindsto use.""
Thisresult can be written in another form:

4) I= exp(aa f N dt).

This equation makes the dightly different statement that the accumulation
of ideas (knowledge)growsexponentialy with the number of man yearslived.

The differential equation, Eq. (3), for ideagrowth isthe classical model of
any random creative collision processsuch as electrons colliding with atoms
to produce new electrons. Analogously, therefore, we might think of idea
creation astheresult of a™ collison™ between mindsand ideas. The coefficient
« is then the probability of the process occurring per person per unit time.
The data in Table 1 show that there have been three major changesin this
rate throughout history. These data are computed from the values of the
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TABLE 1
Population constants
Interval l/aa aa
—1 X 10E6 to — 7000 1.44 X 1CE12 man-years 6.93 X 10E—13/man-year
—7000to0 +1650 6.67 X 10E11 man-years 1.50 X 10E—12 man-year
+1650 to +1930 2.76 X 1CE11 man-years 3.63 X 10E—12 man-year

constant a obtained from Fig. 2, and the values of the constant « from the
population growth law.

Knowledgeof thedependenceof | on tenablesusto relatethetruederivative
dr/dI to the experimental data which goes by unit steps. If {a(I)) and {k(I))
are the local average values of a and k at | fitted over five points, the time
interval perideaatlis

__a))
) /Al = T

wheres = 1+ (a()).

If the span of the calculation isover adjacent ideasthe irregularity of their
spacing makesa very erratic, although not unusable, curve. After trying severa
values of the number of pointsin agroup, n = 5 was selected. We can now
see very definitely that thereisa break in the timeinterval curve at the same
point as in the accumulated idea curve. After considering and rejecting the
possibility that overlooked ideas or incorrect estimates of population could
account for the break, the nature of the discovery at the break came to my
attention. It wasthe invention of writing. The felicitousnessof thisfact seems
hardly accidental. Writing definitely increased the probability that a wider
range of minds would interact with the existing ideas. The data indicate that
the interaction increased by a factor of two. A priori one might expect that a
similar acceleration would have occurred at the invention of printing, but
such was not the case, from which we might conclude that dissemination of
ideas over space was aready largely adequate, and not asimportant as prop-
agation through time. Although there was no break in the slope of the ac-
cumulated ideacurve around the 15th century, as plotted against population,
there would have been a very sharp break if it had been plotted against time.
This showsitself as a second break in the idea rate curve and was caused by
the acceleration in population growth at thistime rather than by a changein
theidea processitself. It istempting to suggest that the devel opment of printing
was a technological advance, and as such had itsinfluence upon technology
rather than sciencedirectly, and hence in some complex manner led to the
mediaeval change in population growth rate which in turn altered the idea
growth rate. |deas per year increased in 1500, but ideas per person did not.

We may now complete the study of the data by plotting the analytical
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expression for d¢/dJ upon the experimental points, asshown by thesolid lines
in Fig. 1. This clearly revealsthe segmented character of the data, which we
can now see wasindicated by the original roughly calculated points also.

Conclusion

What might be the basis for the inference that idea growth in Physics has
depended on the totality of minds everywhere, when we all know that most
of the recent advances have taken place in the Occident among a few highly
educated people? In the matter of universality, it is easy to show that com-
munication has been much more rapid than is often supposed over the whole
globe for perhaps a million years. And before one restricts his attention to
the unknown numbers of the highly educated he should consider that their
numbers are probably proportional to the total, and that the unseen labors
of men in the most remote reaches of the globe have provided stimulus,
means, and incentive to many if not most of the discoveries made in the
main spheres of activity. Finaly, the lig contains only the first magnitude
ideas, but innumerabl elesser oneswhich may have had their originall around
the world went into their conception, and even many of the major ideas
themselves have a non-Occidental origin. A more controversial observation
from the accumulated idea curve (Fig. 2) is that since 1920 there has been a
marked and increasing deficiency of ideas. As of 1980 a full third as many
ideas are lacking as are in the entire list! There have often been suggestions
that our model of Nature was approaching completeness. But retrospective
analysisof the last wave of thisfedling, post-Maxwell, showsthat at that time
adeficiency of 10%at most wasin evidence. Earlier, post Aristotle, there was
a period when the deficiency reached 20%. The data here seem to show that
saturation might indeed now be at hand. And if thelimits on particle physics
(i.e., on the number of possible neutrinos) which recent analysis(Turner &
Schramm, 1979) suggests are validated, the toes of the skeleton of Physics
may at last be in sight. On the other hand it is entirely possible that the list
isdefectivein the recent epoch owing to inadequate perspective, although it
would seem difficult to overlook about 35 ideasof the stature of the discovery
of the neutron, let us say. But with that possibility in mind another revision
was undertaken to include all elements of the nuclear and particle problems
that seemed to parallel the growth of electromagnetic theory (marked # in
the Appendix). Still it was not possible to exorcise the saturation demon.
Perhaps whole constellations of solid state and low temperature discoveries
of great moment have been omitted, but many other scientistsseem to share
in the author's belief that these are interesting and extremely useful but not
salient matters of Physics. Perhapson the other hand the word fundamental
hasat last achieved afull meaning with the emergence of quarksand leptons.
Nevertheless, it would bewrong to lay any great stress upon this observation,
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nor can it be further tested without danger of special pleading. The modicum
of objectivity which went into the development of the original list given as
Table 1 is now dispersed, and we must await a fresh attack on the problem.

Summary

In summary, the central body of the idea list, running from —5000 to
around 1920 deals with a period in which it might be argued that we have a
fairly clear idea of which ideas were significant. In this range we find good
support for the theorem proposed: that the rate of growth in the number of
ideasis proportional jointly to the number of ideasin hand and the number
of minds to consider them. Although fluctuations in the growth rate have
occurred from time to time, there is no evidence for the theory of Rainoff
that it varies periodically.
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APPENDIX A
Roster of ideas, concepts, and discoveries
Event Date Population dy/dI

| Tools —1.5 10%% 3.2 10%%% 5.6 10%%
2 Abstract language —300000 1.6 10%% 4.7 10%%
3 Counting* —100000 4.6 10%% 84000
4 Control of fire —30000 1.5 10*77 25000
5 Measurement of space —9000 4.1 107 9800

6 Writing* —6000 5.5 107 4500

7 Measurement of time ~5000 6.3 10%%7 1900

8 Metallurgy —3000 8.5 10%%7 1200

9 Whed —2000 1.0 10+%8 750

10 Electricity —1100 1.3 10%%8 500

11 Magnetism —800 1.4 10%08 370

12 Zero —-500 1.5 10+ 270

13 Concept of "' nature™ —400 1.6 10+08 280

14 Mechanics —200 1.7 10+08 320

15 Sound as waves -100 1.8 10+8 350

16 Chemical change 400 2.2 10%%8 280

17 Refraction of light 1000 3.0 10%%® 170

18 Observability of nature 1200 3.4 10%°8 79




APPENDIX A (continued)

Toward a quantitativetheory

Event Date Population dy/dI
19 Continuity of space-time 1300 37 10%% 58
20 Validity test for theory 1300 3.7 10%0¢ a1
21 Heliocentrism 1543 45 10*%8 28
22 Dichotomy of charge 1550 4.6 10708 18
23 Principle of equivalence* 1589 4.8 10+ 11
24 Dipolarity of magnetism 1600 4.8 10*%8 6.5
25 Optical instruments 1608 4.7 10*%® 55
26 Dispersion 1611 4.8 1078 8.0
27 Planetary laws 1618 4.8 10%%8 1
28 Acceleration 1638 5.1 108 12
29 Gravitation 1666 5.5 10*08 12
30 Thecalculus 1667 55 10+%8 12
31 Finite light speed* 1676 5.6 10*% 12
32 Concept of mass 1687 5.8 10*%8 13
33 Action-reaction 1687 5.8 10%%8 16
34 Insulators 1730 6.7 10*%8 17
35 Duality of electric charge 1733 6.8 10%% 17
36 Fluid mechanics 1755 7.3 10*%8 15
37 Electrochemistry 1776 7.9 10%%8 13
38 Inversesquare laws 1785 8.2 10*® 95
39 Generdized coordinates 1788 8.3 10*0%8 71
40 Current electricity 1800 8.8 10+08 55
41 Photochemistry 1801 8.8 10*% 48
42 Diffraction 1803 8.9 10+% 47
43 Atomic chemistry* 1803 8.9 108 45
44 Spectroscopy 1820 9.6 10*%8 4.0
45 Electromagnetism 1820 9.6 10*%® 36
46 Fourier series* 1822 9.7 10%08 38
47 Electrodynamics 1823 9.8 10708 51
48 Ideal engine 1824 9.8 10*% 6.6
49 Electromagnetic induction 1831 1.0 10*® 85
50 Energy conservation 1848 1110%% 94
51 Kinetic theory* 1857 12 10 9.8
52 Displacement currents 1864 1.2 10%% 9.0
53 Statistical mechanics 1871 13 10%® 75
54 Balmer'sseries 1885 14 10%% 5.6
55 Null ether drift 1887 14 10*% 4.6
56 Radio waves 1887 14 10*% 35
57 Photoelectricity 1888 14 10%% 2.6
58 X-rays 1894 15 10%% 22
59 Zeeman effect 1896 15 10%® 23
60 Radioactivity 1896 1.5 10%% 22
61 Electron 1897 15 10%% 23
62 Photon 1901 16 10*® 24
63 Mass-energy equivalence 1905 16 10%% 25
64 Stimulated emission* 1905 16 10*%® 24
65 Geiger counter# 1908 17 10%% 22
66 Nuclear atom 1911 17 10%% 20
67 Superconductivity* 1911 17 10%% 24
68 Cloud chamber# 1912 1.7 10*%° 28
69 Genera relativity# 1915 18 10*%® 28
70 Parity# 1922 1.910%% 25
71 DeBroglie waves 1924 2.0 10 22
72 Electronspin 1925 2.0 10*%® 15
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APPENDIX A (continued)

Event Date Population dt/dI
73 Exclusion principle 1925 2.0 107 11
74 Artificial radioactivity 1925 2.0 10%% 1.0
75 Betaray dilemma 1927 2.0 10%% 11
76 Electron diffraction# 1927 2.0 107 13
77 Cyclotron# 1930 21 10%% 15
78 Superfluidity* 1932 2.1 10 18
79 Neutron 1932 2110 2.2
80 Positron 1932 21107 27
81 Mu meson 1936 2.2 10%% 31
82 P meson 1947 25107 2.8
83 Controlled semiconduction* 1948 2.6 107 23
84 Quantum electrodynamics* 1949 2.6 1079 19
85 Computers* 1949 2.6 10%%° 17
86 Strong focussing# 1952 2.7 109 12
87 Neutrino detection* 1953 2.7 10 13
88 Bubble chamber# 1953 2.7 109 15
89 Antiproton 1955 2.8 107 18
90 Parity violation 1956 29 10%%° 17
91 BCStheory 1957 2.9 10% 19
92 Strangeness 1958 3.0 10%% 2.7
93 Big bang# 1963 3.2 10"% 2.8
94 Symmetry theory 1964 3.2 10" 2.6
95 Laser* 1968 35 10%% 24
96 Josephson effect* 1971 3.7 10 21
97 J/psi particle 1974 3.9 10 13
98 Quark structure of nucleons* 1975 4.0 10%% .93
99 Color force# 1976 41 10%% .65

100 Color multiplicity# 1976 41 10%% 76

10t Quantum chromodynamics* 1976 41107 91

102 Flavor# 1977 4.1 10%% 1.0
103 Grand unified theory* 1979 4.3 10%% 12
104 Gluon* 1979 4.3 10 16

105 W particlest 1982 4.6 10*% 17

Note. Thesymbol = denotes aconcept that wasadded on a second searching scrutiny to achieve
greater completeness. The symbol # prior to about 1963 refersto an idea added in a conscious
effort to overcome the apparent deficiency in the number of ideassince 1920. After 1963, it refers
to an attempt to add ideas on nuclear and particle physics which parallel the growth of electro-
magnetic theory.



