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Introduction to Einstein’s
Contribution to Time-series

Analysis

HE HISTORY of ideas evolves endlessly, sometimes be-

coming more accurate with the passage of time, some-
times more distorted. This is 50 even for ideas originating
as recently as 100 years ago. In spite of the documentation
provided by published books and papers, personal letters,
and recollections, historians are inevitably limited by the
substantial loss of information with the passing of par-
ticipants and by the unavoidable subjectivity of the histori-
ans’ own interpretations of the available information. The
recent discovery of a long forgotten early paper by Albert
Einstein on the topic of time-series analysis [1] provides an
interesting example of the evolutionary process of tracing
the history of ideas. This very brief paper, entitled
“Method for the determination of the statistical values of
observations concerning quantities subject to irregular
fluctuations,” was originally published in the Archives des
Sciences Physiques et Naturelles in 1914 following an oral
presentation at a meeting of the Swiss Physical Society
earlier that year. An English translation of this paper is
reproduced in this issue of the ASSP Magazine. The paper
discusses the autocorrelation function and its relationship
to the spectral content of a time-series, the cross-
correlation function as a measure of interdependence of
two time-series, and two methods for measurement or com-
putation of spectral content: the frequency-smoothed
periodogram method and the Fourier-transformed auto-
correlation method. Two experts in the field of time-series
analysis, Professor A. M. Yaglom from the Institute of Atmo-
spheric Physics, Academy of Sciences of the USSR, and
Professor P.R. Masani from the Department of Mathe-
matics, University of Pittsburgh, have written extensive
commentaries on this paper and its place in the history of
time-series analysis [2], [3]. The differences in the back-
grounds and points of view of this physicist and this
mathematician have led to some interesting differences
in their interpretations of Einstein’s accomplishments in
his paper.
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As an example of the differences in interpretation, Pro-
fessor Yaglom argues that Einstein presents and proves the
result that we currently refer to as the Wiener-Khinchin
relation between the spectral density of average power of
a time-series and its autocorrelation function (a result that
Weiner and Khinchin each independently derived in the
1930s), whereas Professor Masani explains that the sketchy
proof outlined by Einstein can be valid only for a restricted
class of time-series that contains primarily sums of sine-
waves and excludes essentially all time-series that exhibit
random fluctuations. Professor Masani further argues that
in order to obtain a valid proof of the relation for randomly
fluctuating time-series, we must adopt Wiener’s approach,
which is based on the integrated spectral density [4]. How-
ever, it follows from the derivation given in [5] that
Einstein’s approach would have been valid for randomly
fluctuating time-series if only he had incorporated a spec-
tral smoothing operation in the expression from which he
claims the desired relation follows. Although Einstein ex-
plicitly recognizes the need for spectral smoothing to re-
duce random fluctuations in practice, he does not include
this crucial operation in his derivation of the relation.
Without an appropriate treatment of the frequency
smoothing operation (or an approximately equivalent
time-averaging operation, which is explained in [5]) re-
quired for the limit spectral density function to exist, the
Wiener-Khinchin relation is nothing more than the rela-
tively simple periodogram-correlogram relation, which is
just an application of the convolution theorem for Fourier
series or Fourier transforms. This simpler result was well
understood and used in practice long before Wiener’s and
Khinchin’s derivations of their relation. In fact, the rela-
tionship between the spectral content of a time-series and
the autocorrelation of that time-series was being used in
meteorology as early as 1917 [6] and was apparently under-
stood and used by Albert A. Michelson in his studies of the
spectral content of lightwaves in the 1890s [7]. Michelson
used a mechanical harmonic analyzer to compute the
Fourier transform of an autocorrelation function obtained
from an interferometer for the purpose of examining
the fine structure of the spectral lines of light waves.
Thus, besides seeing that we should be uncertain about
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Einstein’s understanding of the subtleties of the Wiener-
Khinchin relation, we also see that his ideas about the rela-
tionship between spectral content and the autocorrelation
were not without precedent.

In connection with the Wiener-Khinchin relation, Pro-
fessor Yaglom also argues that the proof proposed by Ein-
stein is more physically lucid than those provided by
Wiener and Khinchin, because Khinchin’s derivation relies
on the abstraction of probabilistic models and because
Wiener’s derivation is very complicated by virtue of the
fact that he does not use probabilistic methods. This point
of view provides another example of the evolutionary pro-
cess of understanding and tracing the history of ideas in
the field of time-series analysis. As illustrated by Professor
Yaglom’s comments, it has long been believed that with-
out the abstraction of probabilistic concepts, we are
forced to accept as the only other alternative Wiener’s
relatively complicated approach known as generalized
harmonic analysis [4] in order to derive the Wiener-
Khinchin relation. That this commonly held belief is false
might well have been understood as early as the 1930s or
1940s, but this understanding, which might even have
been possessed as far back as 1914 by Einstein, was not
brought to the foreground where misconception could be
dispelled until only recently [5].

Also related to the issue of the precedence of Einstein’s
ideas is the fact that Professor’s Yaglom and Masani do not
mention that the autocorrelation function was being used
in economics as early as 1901 (8] and that the cross-corre-
lation function was being used to study the interrelation of
two time-series by investigators other than Einstein at least
as early as 1914 [9].

In any case, the commentaries by Professors Yaglom and
Masani are enlightening, and Einstein’s paper certainly es-
tablishes that he was one of the earliest contributors of
ideas of fundamental importance for time-series analysis.
A valuable interpretation of the historical significance of
this paper is presented in the excellent commentary by
Professor Yaglom, the English translation of which is
presented following the English translation of Einstein’s
paper. This commentary originally appeared in Problemy
Peredachi Informatsii in 1985. For further reading in the

history of spectral analysis, see [5], [10]-[13].
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