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Abstract

Growth of literature in a field was taken as an indicator of the
growth of the field as a whole. Stacked citation data and the yearly
accumulation of literature were found for 3 fields in the
geosciences : Geology and Geophysics of Mars (1962-1985), Magnetic
Stratigraphy (1957-1977) and early Seismology {1600-1750). The
yearly accumulation for the first two fields was found from a
computerized bibliographic database {GEOREF). That for early
Seismology was found from a published bibliography. Phases of
logistic growth and of exponential growth as well as several periods
of constant rate of selection of c¢itations were found.

INTRODUCTION
CITATION ANALYSIS

The scientific paper, develcped during the Scientific Revolution, has continued
almost unchanged to the present day. Principal features of this form of
scientific communication are that a scientific paper is usually confined to an
easily definable subject field and refers back to previous literature in that
field. The paper itself becomes the point of departure for further papers. The
Tists of References (or Citations) which are appended to scientific papers
reveal much about the nature of science and scientists. There has arisen a
whole field within the science of science built about an analysis of the way
in which authors select their references. It has been known for the past 60
years (see for example De Solla Price [1]) that the rate at which the number of
citations in a paper drops off with their age relative to the date of the
paper is a measure of the rate of growth of the subject field. Citation
analysis has expanded since the time of its discovery and is applied to many
fields such as in mapping networks of ideas using co-citation analysis, a
widespread application of citation analysis at the present time.

AGES OF CITATION

The analysis of ages or dates of citations has a unigque and important place in
the study of science for a number of reasons. One is that such analysis is an
indicator which is frequently used in science policy studies [2]. Studies of
this type could benefit from further research on citation age or date analysis.
This type of analysis is the only way to measure the rate of growth of a science
during periods for which computerized bibliographic databases (or good hardcopy
databases) do not exist. Thus the method is of potential importance in studies
of the history of science or in any situation where bibliographic data are
poorly known. In addition, this type of analysis has the potentiality of
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focussing on short periods of time, by using scurce papers whose citation data
intersect the required period.

The reason that authors of scientific papers, unwittingly, reveal facts
regarding the growth of their subjects is explained as follows.

GENERAL STATEMENT

In selecting references (which we will henceforth call eitations) to use and
1ist in a paper, an author chooses from the total accumulation of bibliometric
materials in or close to the field in which the paper falls, If the citations
are used for citation indexing or for c¢itation analysis, the paper is referred
to as a source paper. Let the date of the source paper be t = 5, and that of a
citation be £ = §~-T, Thus T represents the age of the citation with respect
to the source paper. The date D of the c¢itation is then given by t =D = §5-T,
and its age by T = $-D, Authors tend to select citations according to age :
the younger the citation the more likely it is that it will be selected [4].
The selection is made at a rate r(T) = r(S-D) from N'(D) items, the pool of
Titerature in the field for the year t = D, corresponding to the age T, Thus
the number of citations of age T is given by

C(T} = C(S-D) = r(S-D} N'(D) (1)

The quantity r{S-D} is the author's rate of selection, and represents the
probability that a paper pubTished in the year t = D will be chosen as a
citation by an author at the future time t = S. N'(S-T) represents the number
of bibliographic items for that year. We know that [3]

N'($-T) =%gt_” , (2)

where N is the total accumulation up to the year t = S-T.

RATE OF CHOOSING CITATIONS

De Solla Price [4] describes a remarkable instance in the growth of science in
which the Titerature grew exponentially while citation numbers decayed
exponentially at an identical rate implying that the selection rate remained
constant over the time period under study. He noted that "this rather surprising
result" means that for the lifetime of the growth phase studied a publication
would have a constant chance of being used as a reference in a future paper no
matter what its age [4]. We have no reason to expect to find such a remarkable
behaviour of r{T) always, but the example suggests that many instances of
interesting trends in selection rate can be found. The understanding of the
magnitudes and changes in r(T)} for various growth models is important because
eq.(1) tells us that given knowledge of r(T), the growth of the literature in
a field can be found from citation numbers in a collection of source papers.
This could have application in historical studies of science, for which
comprehensive bibliographies cannot be compiled.

Rapidly growing fields, found in all areas of science, are perhaps the

simplest examples of ?rowth. In the present paper, examples from the geosciences
will be used. Menard [5] found that rapidly growing areas are good cases for
study in the geosciences. For these reasons two collections of source papers
from rapidly growing fields in geoscience : Geology and Geophysics of Mars,

and Magnetic Stratigraphy, were chosen for study in this paper. The former is
important in geoscience because of the linking of many fields within it to the
upsurge of planetary science in the past quarter century. The latter, Magnetic
Stratigraphy, is a principal element in a recent rapid advance in geochronology
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which arose from the merging of techniques and ideas from rock and terrestrial
magnhetism with geological and radiometric geochronologic methods and ideas. In
addition, an early period in seismology was examined. The results from the
fields studied in the present paper lead us to consider two types of growth,
logistic and exponential.

GROWTH MODELS FOR SCIENTIFIC FIELDS

Growth of science and scientific literature.

To characterize the growth of a science fully a number of different indicators
must be used. These reflect such things as economic factors, scientific ideas,
scientific manpower, infrastructure, and the output of scientific Titerature.

It has been found that these indicators are often correlated with each other
and with the overall growth of the science. The output of scientific literature
has proven to be a good representation of the growth of science as a whole [1]
and of growth of the geosciences, the subject of the present paper [5,6]. The
growth of literature in three fields is the subject of the present paper, and
this growth will be taken as representative of the overall growth of these
fields. This assumption whould, however, be tested as often as possible. Many
different types of growth of sciences have been identified and quantified in
past scientometric research. In the present case two types, logistic and
exponential, are found. The basic equations describing these modes of growth
are gutlined in the following sections,

Estimation of growth by non-citation metheds.

Growth can best be weasured from computerized bibliometric databases, and these
give estimations of time series of dN/dt. The techniques used in the present
paper are fully described in earlier papers [3,7]. The accumulation of
Titerature, N(t) can be found by numerical integration of dN/dt. In most cases
the simplest form of integration, cumulation, is sufficient. If computerized
databases do not cover the time pericd of interest, then hardcopy bibliographies
and indices {not usually a source that can be used to full advantage) must be
employed, or citation analysis. Let us now examine the features of exponential
and logistic growth.

EXPONENTIAL GROWTH

We write, for an exponential growth phase in a field identified as beginning at
a time t = 0,

bt

N(t) = Ny + ae 0stst,andb>0; (3)

N0 is the accumulation of the field at t = 0, the beginning of the exponential
phase, and tm is the time span treated.

From equation (3) we have :
dN/dt = abe®® | where b > 0 . (4)
Using equation (4), equation (3) can alternatively be written as :

N(t) = Ny + 1/b dN/dt . {5)

DOUBLING TIME

+ht

In equations containing exponential terms e-"" the time, td, required for N or
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N' to double or to decay to half depending on the sign of b is given by :

In 2
ta = 5T (6)

This is a special case of the equation for tys the time for N or N' to grow or
decay with a factor k :

n k
t = TBT (7

LOGISTIC GROWTH

For logistic growth [9,6] if y represents the cumulative growth and dy/dt = y',
approximately its growth over a short interval (such as one year) we write :

K
Y=s—00= 8
1+ ge™® (8)
and ¥' by :
y' = ay(1-y/K) (9)

y' is a symmetrical curve peaking at :

t =1/0 InB (10}
The height of the peak is given by :

Yo = ak/a (1)

The peak in y' occurs at the inflection {(or critical) point in y (yc), the point
of most rapid growth of the logistic. At this point, y is given by

y, = K2 (12}
The doubling time for a logistic growth phase can be estimated as follows :
ty = yoiyo = 2o (13)

Equation {13) has an important consequence, to be seen in a later section,
Approximaticn to exponential growth.
There are two intervals in a logistic growth phase which approximate exponential
growth. These are given by

t<t-1/o and  t >t +l/a fory. (14)
In the first,

y =~ Kk/ae™® (15)
and in the second

y~ K(1-ge) . (16)
A 1/e criterion is used to define the limits in eq.(14). Thus a logistic starts
to grow approximately exponentially, and approaches the logistic limit y = K

approximately exponentially in the latter part of the growth, with a central
“window" bearing no resemblance to the exponential mode of growth,
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Conformity of growth of a field to a model.

Even if a field as a whole conforms to some particular model of growth,
citations from individual source papers cannot be expected to adhere exactly to
it. Authors choose the references that they need to support their papers and to
acknowledge the sources of ideas and results they have.used. Eq.(1§ ensures that
authors will choose references with ages that tend to bear some relationship to
the prevailing growth model. But the specific needs of each paper will mean that
for some ages citation numbers will be out of proportion to the numbers expected
from equation {1). Of course these needs will vary from author to author. Thus
we can consider the actual selection of citations by authors to be perturbed
from the model by random deviations giving the sum of a "model" and a "random"
component. If M(S,T) is the number of citations for age T expected from the
model for a given source paper dated t = S, and G(S,T? is the random deviation
from the model for that particular source paper,

C(S,T) = M(S,T) + &(s,T) (17)

STACKING

From the above discussion we can see that a collection of source papers is
required to establish the growth model for a particular field. This requirement
arises because some sort of statistical combination of source papers is
required to separate the (constant) model component from the random deviation
component in equation {17). These two components represent signal and neise
respectively. Stacking is a procedure which is commonly used in signal
processing in fields such as physics, geophysics, and engineering to enhance
the signal to noise ratio in multichannel data, and it proves to be a simple
and effective procedure to extract information on growth of a field from the
citations in a collection of source papers.

The stacking process can be illustrated by the array shown in Table 1. Suppose
we have a collection of source papers numbered 1,2,...,1,...,L, with dates
given by 51’52""’51"‘°’SL‘ Let each of these papers have citations of age

T =10,1,2,...,yrs. The number of citations of age Tj for the 1M source paper

is given by C(S; -Tj).

Each row in Table 1 represents the citations in a source paper, Each row
contains the signal (M(T)), which represents the model, and noise 8(5,T) as
given in eq.(17?. Each of these rows is a "trace" or a "channel" in the usual
terminology of signal processing. Thus the list of citations in a paper can be
thought of as a noisy channel through which the growth model for the field in
which the paper lies is transmitted. The citation method for estimating growth
of a science can thus benefit from techniques used in signal processing such
as stacking and calculation of channel capacity. Stacking of the traces
enhances the signal in comparison to the noise. Stacking may be done in two
ways, and these are detailed as follows.

In the best case, a straight-sum (35S} vertical stack can be used [8]. This case
occurs if we have coherent signal (M{S,T)) and gaussian noise {&(S,T)}. In this
case of ideal statistics we know that if source papers are stacked, a signal/
noise improvement of VK can be achieved., Before stacking is carried out, the
statistics of each trace shoyld be evaluated so that the degree of deviation
from optimum conditions for stacking can be evaluated. Techniques are well
developed in stacking to improve performance when non-optimum data are used [8].

Date stacking.

In this type of stacking we Choose a time line (with constant date D) through
the array (Tables 1 and 3) joining citation numbers with the same date.
Segments of time lines are shown in Table 1 taking as an example Sy and 3, to
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be one year apart and in Table 3, Suppose there are K citation numbers on this
path. A data stack is the normalized sum (arithmetic mean) of these citation
numbers and is given by :

$4(D) = <C(s; - D)> = <r(5;-D) N'(D)>, (18)

applying eq.{1) and averaging over all items C(S1 -D),...,C(Si -D),...,C(SK- D)
where K varies with D (Tables 1 and 3). The above equation can be written

$4(D) = ¥ N*(D) (19}

writing <r(51- D)> = r and noting that N'(D) is constant for all values of i.

Eq.{19) is valid for any growth model, requiring only the substitution of the
expression for N'(D) for that model. For exponential growth, N'(D) is given by
eq.{4) and for logistic growth by eq.(9). N'(D) can alsc be determined from
actual data such as from a computerized bibliographic database.

For example, in the exponential case, substitution from equation (4) into
equation (19) gives that

5,(0) = abF e° (b > 0) (20}

Thus the datestacks grow exponentially with time at the same rate as the field,
just as individual papers do. Individual deviations from the model, however,
are suppressed in the stack.

Age stacking.

In its simplest form, this operation consists of adding the columns in Table 1.
The sum is usually normalized dividing by L, the number of rows or "traces" in
the stack. This is called a straight-sum (5SS} vertical stack. If normalized it
is simply the arithmetic mean of the citation numbers of equal age for a
collection of source papers and is given by :

S,(T;) = <C(Ti)> = <r(T4) N'(Dy)> (21)

applying equation (1) and averaging over all items C(T1),...,C(Ti).....C(TL),

where L is the same for all stacks. Averaging is not along constant data lines
{but rather is along constant age lines} as it is for datestacking, and r(T.)
and N'(Di) cannot be separated as was done to obtain eguation (15?. Thus,

datestacking should, usually, be preferred over age stacking. In the case
r(Ti) = const. = r, we have :

Sp(T) = r <N'(D,)> {22)
from which r can be found.

There may be source collections in which datestacking is not feasible (if the
source papers are scattered over a long period of time such as might occur in
a historical collection). In that case, it might be possible to invert eq.(21)
for the r(Ti); then r(Ti) can be assigned a mean date.

STACK OR ARITHMETIC MEAN?

The stacks were defined as the arithmetic means of items selected from the
array in Table 1. Why not just refer to them as means rather than bring in the
ideas and terminology of stacking? The reason is that the literature and
practice of stacking as a discipline within signal processing is directed
towards enhancement of the signal in relation to noise {the signal being the
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model M{S-T) in this paper). Technigues such as weighted stacks and "killing"
of statistically unsuitable traces before stacking can be imported directly if
stacking is used as the methad for improving definition of the signal (M(S-T))
carried in the citation data.

RESULTS
MARS COLLECTION

A collection of 229 source papers on the geology and geophysics of Mars was
assembled {Table 2). Some of the citation data are shown in Table 3, along with
the paths through the data required to perform date stacking and age stacking.

One of the results of the present study is that date stacking is superior to
age stacking. Date stacking is shown by equation {19) to be closely related to
the rate of accumulation (dN/dt) of literature in a field. The rate of
accumulation of literature is shown in Fig.t and Table 4; the date stack for
the Mars collection of source papers is shown in Fig.2 and Table 4.

The data on the growth of the field were obtained from the GEOREF bibliographic
database using the CAN/OLE system. The methods of doing this are fully
documented in earlier papers [3,7]. The yearly total, dN/dt is shown in Fig.1
from 1962 to 1985. The datestacking was done by the methods described in earlier
sections, The time window (1962-1976) was determined by the number and dates of
source papers in the collection through the number of items (K) in the stacks,
and stacks were rejected when K < 100 {for D < 1962 and D > 1976). The number
of items K was over 200 for the period 1969-1975, In addition, N, the cumulation
of dN/dt from 1962-1985, is shown in Fig.3 and Table 4.

FIT OF GROWTH MODELS TO THE MARS DATA

The GEOREF data (dN/dt=N') in Fig.1 and Table 4 (shown in solid line) have
the appearance of two successive logistic growth phases in escalation. Thus
we first investigate a logistic fit to these data. For this purpose, the
cunulative of the GEOREF and Datestack data were added in Table 4 and 5 and
these are shown in Figs.3, 4, 7 and 8.

Fitting a logistic.
In the data for this paper, either the GEQREF data (N') or the Datestack data
(51(0)) are represented for the fits by y' of eq.(9). The cumulatives of these

quantities are represented by y of eq.(8).

A convenient sequence in the fitting process when there are two logistic phases
is as follows.

1. Plot y'/y against y. See [9] for the details of this step. From eq.(9) it
can be seen that from this plot the parameters o and X, two out of the three
which define the logistic (eq.(8)), can be found. If the first phase is a
logistic it will appear in the plot as a straight line with negative slope.

2. An exponential phase will appear as a line of zerc slope in this plot
(see eqs.(3) and (4)).

3. If step (1) indicated a first-phaselogistic, the parameter B for that phase
can be then found from eq.(10} by identifying the peak of y' for this phase
on Fig.1 or Table 4.

4, Then y and y' for this phase of the logistic fit can be calculated from egs.
(8) and (9).
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5. Overlap of the logistics was allowed for. The second phase data, corrected
for overlap of the first phase forms a new y'/y plot, leading to the
calculation of y and y' for the second phase.

6. The calculation for the first phase may require modification for overlap
of the second phase.

7. Data modified to account for overlap is referred to as "reduced data".
Reduced data portray logistics in escalation as usually defined [1].

Overlap of the logistics.
The best-fit logistics are shown in Figs.1, 2, 5 and &é. Shown are y as given
by two overlapping logistic phases, where

AR R (23)

The subscripts refer to the first or the second phase. In the absence of
further information, overlapping phases should be taken as the most logical
possibility since the effects of forerunners of coming phases and the aftermaths
of previous phases are frequently present in science at any period in its
history. Only historical studies can decide in a particular case whether or

not overlap is the correct model.

EXPONENTIAL GROWTH

A large nimber of trial best-fits of an exponential to the data {(Tables 4 and
5) and to sections of it were made. The algorithm used was based on the
assumption of Gaussian noise [9]. Exponentials prove to fit any single section
of the data closely, but there was usually a lack of consistency. For exponen-
tial growth, all of N, N', S1(D) and 51(D -cumulative should have the same

doubling time (see egs.(3), {4), (6) and (20)). This consistency was in general
not found, but was found in one case, to. be described in the next section.

Mars data. :
The Mars GEOREF (N'(D)) form a time series from 1962 to 1985, and these data
are best fit by two logistic phases (Table &),

However, the Datestack window cuts off the Datestack time series earlier than
for the GEOREF series, at 1976. This time series defines a first logistic
phase, but the remaining values constitute too short a series to determine
whether a second phase Togistic exists. The y'/y plots for both the GEOREF
and Datestack data indicate that an exponential fits the unreduced data for
several years after the critical point of the first logistic phase. Thus, an
exponential (best-fit to the unreduced data) was used for the Datestack data
(51(0)) for the period 1970-1976. The following result was found :

b=0.21 yr !, ty = 3.3 yr, o, the coefficient of

determination giving goodness of fit on a scale 0 to 1
[10] was 0.64,

{24)

This procedure gives us a means of using the Datestack data to estimate the
growth rate of the field from 1970 to 1976, the end of the Datestack window.

As a test of consistency, we compare the best exponential fits of {unreduced)
y and y' from GEOREF and y from the Datestack,

Fitting an exponential to {unreduced) y from Datestack for 1970-1376, we find :

b=0.19 yr™!, t, = 3.6 yr, p = 0.99 (25)
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For GEOREF data during a similar period (1974-1980) we have for the best
exponential fit to y' (unreduced) :

b=0.14 yr !, ty = 5.0 yr, p = 0.66 (26)
and for the best exponential fit to y (unreduced) :
b=0.16 yr1, ty=4.3yr, 0 =0.99 (27)

Thus there is agreement among results (24) to (27) that the field (geology and
geophysics of Mars) after the first logistic phase started to grow at the rate
of about :

ty = (3.3+3,6+5,0+4.3)/d s 4 yr . (28)

From the two Jonger datasets that we have (the GEOREF y and y' data) it appears
that the second phase is, in the lenger term, a Jogistic. The exponential fit,
however, shows itself to be a useful indicator of the initial rate of growth
after the first phase, because there was a fourfold agreement among the
doubling times obtained for y and y' for both the GEQREF and Datestack data.

It makes a useful estimate of the growth rate given the short span of the
Datestack window,

Magnetic Stratigraphy Collection. .

A published collection of 35 source. papers from the period 1966-1977 on magnetic
stratigraphy [12] was used. The rate of accumulation of literature in the field
was derived from the computerized bibliographic database GEOREF by the same
search procedure as was used with the Mars collection. The rate of growth of
the field (dN/dt} is shown from 1959-1977 in Fig.5, and the cumulative growth
(N) in Fig.7. The rate of growth as found from datestacking (S,(D}) from 1957-

1975 is shown in Fig.6, and the cumulative of 51(D) in Fig.8. A1l of these

quantities are tabulated in Table 5. The time window for datestacking was
determined by the number of items K in the stacks for each year. Stacks were
rejected when K was less than 18 (for D < 1957 and D > 1975). The number of
items in a stack (K) was 35 at its maximum,

FITTING GROWTH MODELS TO THE MAGNETIC STRATIGRAPHY DATA

The GEOREF and the Datestack time series (Fig.5, 6 and Table 5} have the
appearance of two successive logistic growth phases. For both the data from
the computerized bibliographic database (GECREF} and the Datestack, logistic
curves for two successive phases of logistic growthwere fitted, allowing for
overlap. The same procedure as for the Mars data was used. These results are
sumarized in Table 6, and will be discussed and compared with the Mars results
in a later section.

As stated in the section on the Mars data, no consistent pattern of exponential
fits to the data in Tables 4 and 5 could be found except for results (25)-{28).
AGE STACKS

No consistent exponential fits could be found to the age stacks that were
carried out on the Magnetic Stratigraphy data.
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RATE OF SELECTION OF REFERENCES

The basic equation for calculating this quantity (r) is given in eq.{19). It is
found by dividing Si(D), the Datestack, by N'(D{, obtained from GEOREF. Errors

can arise in N'(D) and in 31(0) because of factors such as minor delays before

and in publication. These can cause errors in these quantities, It was found
in earlier researches [3,7] that a three-year window provides an effective
smoothing of this effect. Thus we should modify eq.{19) as follows :

§,(0) = r R*(D) (30)

where the A represent the application of a (1/4, 1/2, 1/4) smoothing operator.
The calculated values of r for the Mars collection and the Magnetic Stratigraphy
collection are given in Table 7. The significance of these results will be
discussed in a later section.

NOTE ON PLOTTING DATESTACK RESULTS

From equation {19) we note that the rate of growth of the field, N'(D) is given
by 1/r 51(D). When r is constant the Datestack results will portray N'{D), the

growth of the field. Thus the Datestack should be plotted against D, the date
for the time line for the stack through the citation data.

COMPARISON. AND DISCUSSION ON RESULTS, MARS AND MAGNETIC STRATIGRAPHY
DATA

GROWTH PHASES

Mars data.

These results are tabulated in Table 6. Both the data from the computerized
bibliographic database GEOREF {dN/dt and N for the field), which gives the
total count of papers in the field, and from the datestack of citations (S (D}
and its cumulative), which gives a selection made by authors from the

total count, show that there are two growth phases in succession during the
period studied. Logistic curves fitted well (F1gs 1, 2 and Table 7} except for
the second phase of the datestack, explained in an ear11er section. Both dN/dt
and S4(D) indicate that the first phase began about 1962, but they differ on

the date of the end of the first phase: the total count (GEQREF) indicates 1975
while the Datestack indicates 1970. As stated in Table 7, the difference could
be reduced to three years by a reasonable alternative fit. It was shown in an
earlier paper [3] that a three year span about the date of a paper is a fair
representation of the uncertainty in the data. Thus the two point to the same
span of the phases within allowable limits.

The fact that the data from the bibliographic database (dN/dt) show clearly
that there are two logistic growth phases was described in an earlier section.
It was also shown that because of its limited time window, the datestack data
from citation analysis (S (D)} define the same first logistic phase defined

by the dN/dt data, but does not have sufficient time span to define what sort
of growth occurs after that. An exponential growth model was fitted to this
second phase for a time span extending into the second phase, exhibiting
consistency with three related growth phases.

Magnetic Stratigraphy data.
These results are tabulated in Table 6. The computerized bibliographic database
(dN/dt) and datestacking of citations (5,(D)) and their cumulatives have the
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appearance of two successive growth phases, possibly legistic curves. The
logistic equations fitted well (Figs.5, 6 and Table 6), with provision for
overlap.

Both dN/dt and 51(0) show the first growth phase to have been in progress from

the start of their time windows. The end of the first phase was indicated as
1970 for dN/dt and 1965 for S,{D}. As in the Mars data a reasonable alternative
fit would reduce the differenée to 3 years, an allowable limit given the
estimated uncertainty in this type of bibliographic data. A second logistic
growth phase follows for both dN/dt and S1(D?, as seen in Figs.5 and 6 and in
Table 6.

Doubling time.

This is the most meaningful growth parameter when the history and development
of a scientifie field are under consideration. Refer to eqs. (6) and (7} for
exponential growth, and to eq. (13) for logistic growth. As shown in Table 6,
doubling times for the two growth phases for each of the Mars and the Magnetic
Stratigraphy data estimated by the GEOREF computerized bibliographic database
(dN/dt? and from citation analysis through the datestack (S,{D}) lie in the
rapid growth range. The 8 growth rates average to a douinna time of 4.2 yr.

RATE OF SELECTION

Equation {30), using smoothed values of N'(D) and 51(0), was used to calculate

the averaged rate of selection of references r by authors in the Mars and
Magnetic Stratigraphy collections of source papers. These rates are shown
in Table 6. The results are as follows.

Time range for selection rates.
r is averaged over all of the source papers used to determine 51(D). If the

useful range of ages in citation date analysis is 2-10 yrs, then D+2 < S <D+ 10
for the group of source papers defining r. Thus the latter is an average over a
span of 8 years,

Geology and Geophysics of_Mars.
The calculated values of r are nearly constant from 1966 to 1975, Each value
is an average for a span of B years. The average value is

0.010 + 0.002 (standard deviation), (31)

which equals a choice of one reference for each year out of 100 published
references in the field. The rate cannot be calculated beyond 1975 because of
lack of sufficient width in the Datestack window. Thus r for the Mars data is
defined only in Phase 1 of the growth of the field.

Magnetic Stratigraphy.
The rate of selectign is divided into three periods. For the first period
(1960-65) the rate is constant and given by :

r(D) = 0.092 + 0,020 (32)
which approximately equals an average choice each year of 1 out of 11 of the
published references in the field. This period lies in Phase 1 of the growth

of the field, It is followed by a transition period (1966-1971) in which F(D)
drops through an almost Tinear transition, It reaches a constant value (1972-74)
of :

r = 0.017 + 0.001 (33)
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This value approximately equals an average choice each year of one out of 59
of the published references in the field and is defined in Phase 2 of the
growth, The values in the transition period are probably artifacts of the 8
year averaging timespan, For the Mars data both the computerized bibliographic
database (GEOREF) and the Datestack methods indicate that the earlier phase
grow more slowly (4.7 yrs, average of the two doubling times) than the later
phase (tq = 3.6 yr, average). The Magnetic Stratigraphy data do not indicate

a similar pattern.

ESTIMATING GROWTH RATES FOR A LOGISTIC FROM CITATION ANALYSIS

Since from eq. (9) y'/y = a - % y, then if we have a model in which r is
constant through a logistic growth phase, then

y' =r $,(D) (34)
and if y is the cumulative of y',

y=rzI $,(D) (35)

s, (D)
Thus the value of ngTUT for 251(D) =0 will give o, even if we do not know

what r is. Then from eq.(13), doubling time can be calculated for any growth
phase with constant r.

JOHN MICHELL ON THE CAUSE OF EARTHQUAKES

One potentially important application of citation analysis is to the history
of science, to estimate growth curves for early periods in which no reliable
data on the growth of science exist. In 1761, John Michell wrote a defining
paper in the field of seismology [13]. The practice of formally listing
citations at the end of papers had not begun, but Michell included a thorough
set of references to earlier published works in the field.

There is an unusual opportunity in this case to test Michell's rate of sampling
the published Titerature using an excellent later bibliography. During the
period 1855 to 1865, Alexis Perrey published his personal bibliography of
seismology, the field in which Michell's paper falls [14]. Perrey was a

leading figure in seismology, a prolific writer, recognized as a pioneer. His
bibliography is extremely thorough, and Michell's citations lie within the
period covered by the bibliography. The cumulative total of these citations

is given in Table 7. On Fig.10, the cumulative values from Table 6 multiplied
by 2.7 is shown. The figure shows these multiplied values superimposed with the
portion of Perrey's bibliography [14] (Fig.9) coinciding with the time span of
Michell's [13] citations. We see that Michell's rate of selection of literature
was constant over the period 1600-1750, His rate was r = 0.37, indicating that
he cited one out of approximately every 3 published biblicgraphic items.

This is an unusual case in which the citation numbers of a single paper have a
large signal/noise ratic. However, it is a review paper as well as a pioneering
definition of the science of seismology. Such papers often are reliable in their
citation frequencies. An important future development is to investigate the
statistics of stacking for small numbers of source papers so that signal/noice
can be optimized in order to estimate the growth of fields in the early history
of medern science. For this purpose robust statistical methods for fitting

models to noisy data in the presence of non-Gaussian noise should be investigated.
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CONCLUSIONS

. That the number of citations of a given age are jointly proportional to the

author's rate of selection and the pool of literature (N'(D) approximately)
available in the year corresponding to that particular age is a premise
accepted for the past half century in Scientometrics. Results in the
present paper confirm this basic principle.

. The rate of selection is a diagnostic quantity, varying from period to

period in science. It is one of the indicators of the general scientific
climate within each period of the development of a given specialty,

. Stacking is a simple and efficient way to combine citation data from a

collection of source papers; stacking can be done on the basis of dates
of citations, or on the basis of ages of citations. Datestacking is
preferable because the rate of selection of citations can be handled in
a more direct way than it can be in stacking by age.

The basic equations governing date and age stacking are developed for the
general case (any growth model).

Three collections of source papers from fields in geoscience : the Geology
and Geophysics of Mars, Magnetic Stratigraphy, and early Seismology were
used for a study of growth of science Titerature. The first two fields are
rapidly growing sciences, and the third less so for the period in which it
was studied. Growth of literature in a field was taken as an indicator of
the growth of the field as a whole.

The Mars collection led to stacked citation data covering the period
1962-1976; the yearly accumulation of literature (N'(D)) was also estimated
from GEOREF, a comprehensive computerized bibliographic database for
geoscience, for the period 1962-1985.

The data for Mars are best fit by two logistic phases, except that the time
window for stacking allows for only an exponential estimate of growth for
the second phase (Table 6). Doubling times average 4.2 yr.

. The Magnetic Stratigraphy collection led to stacked citation data covering

the period 1958-1977; and the yearly accumulation of literature (N'(D))
was estimated from GEOREF for the period 1962-1977.

. The data for Ma?netic Stratigraphy are best fit by two logistic phases of

growth {Table 6). Doubling times average to t = 4.2 yr.

Early Seismology (John Michell) was found to be growing with doubling
time about 25 yr, in the approximately exponential early part of a
logistic growth phase.

Rates of selection are interesting indicators which might help in gauging
the general conditions which affect various periods in science. The
combination of N'(D} data from the GEOREF database with citation analysis
leads to calculation of this indicator,

Selection rates were calculated and have the following values :

(a} Mars collection, 1966-1975, 0.010 (= 1/100};

(b) ?agnetig Stratigraphy, 1960-1965, 0.092 {~ 1/11), and 1972-74, 0.017
o 1/59),

(c) Early seismology (John Michell), 1600-1750, 0.37 (= 1/3).

Constant rates for periods of time are apparently common, and the patterns
are different for different sciences and different periods of time.
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14, Data on the rate of selection should be extended to many fields and
through a range of time. Methods of theoretical prediction of values of
r(D) through a span of sciences and time should be developed. Values of
r(D} then aliow date stacks to be used to estimate N'(D), thus extending
our quantitative knowledge of growth in science.
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Fig.10 : Cumulative totals of Michell's citations (Table 6) in the period 1600-1750,
multiplied by 2,7 and compared to Perrey's bibliography (Fig.9). This comparison
shows that Michell cited at the constant rate of about 1/3.
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Table 1t
T{yr)
0 1 2 .
S{yr)
S1 C(S1A C(S1 -1} C(S1 -2) C(S1 -T) -
52 C(Sz) C(S2 -1} C(52 -2) C(52 -T)
. Al . .
S, c(s;)  c{s;-1) c(s, - 2) C(s; -T)
SL C(SL) C(SL -1} C(SL<-2) C(SL-—T) P

AR' is a segment of a time line (see date stacking) assuming as an example

that 52—51 =1 yr.

Table 2* : Geology and Geophysics of Mars

No. of
Journal/Book Title Date Yol. Source Papers
Used
Journal of Geophysical Research 1977 82 49
1979 84 48
1980 85 1
1981 86 4
1982 87 46
1983 88 7
1984 89 9
1985 20 6
1986 91 16
1987 92 8
Geology of the Planet Mars,
Benchmark Papers in Geology, :ggg-se
v.54, 1980, Vivien Gornitz 1971-79 35
(editor)}
TOTAL 229

*Smrnar"ized from work sheets filed in our Taboratory.
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Table 3 : Examples of citation data and date stack paths through the data

Reference :
Geology of the
Planet Mars
source | Gornitz, V. (ed.)
Nop Benchmark Papers
: in Geology, v.48 Age (Yr)
Dowden, Hutchinson
& Ross. 414 p. 0 1 2 3 4 5 6 7 &8 9 10 1t 12 13 14 15 16 17
I o
1977 : =
29 p.361 110 1 - - 1 1 - - - - - - - - - - i
30 p.365 -le 2 1 - 2 11 - - -t - 1 1 1l - &
3t p.379 3|3 - 3 2 - 1 - - - - - - - - - - -
32 pp.278-280 211 510 5 &5 3 - 4 ( 3 2 - i - 2 1 -
33 pp.331-222 8120 1 6 9 ¢ 2 - - A1 - - - 1 - 2 - 1
34 pp.328-329 30 - 4 1 3 2 3 1 1 - 1 - 3 1 - - 1
1979 :
35 pp.381-395 - 7 3B|43 18 25 37 24 12 4 16 4 4 11 10 5 1 2

' I
19% 1970 ‘696%
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Table 4 : Mars GEOREF Database and Datestack Values

18%

Date dN/dt Cumulative; S1(D) Cumulative
{ GEOREF)* N{GEOREF )* Datestack# Datestack#

1962 0 0 0.44 0.44
1963 0 0 0.39 0.83
1964 3 3 0.48 1.3
1965 K} 34 0.47 1.78
1866 56 90 0.73 2.51
1967 81 1 0.58 3.0%
1968 52 223 0.95 4.04
1969 8t 304 0.75 4,79
1670 192 496 6.72 5.51
1571 104 597 0.96 6.48
1972 181 778 1.37 7.85
1973 185 963 2.59 10.44
1974 171 1134 1.97 12.41
1975 136 1270 1.3t 13.72
1976 282 1552 3.84 17.56
1977 323 1875

1978 233 2108

1979 334 2442

1280 378 2820

1981 505 3325

1982 360 3685

1983 264 3949

1984 339 4288

1985 372 4660

* all represent items/yr;
# datestacks are per source paper
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Table 5 : Magnetic Stratigraphy : GEOREF Database and Datestack Values

Date dN/dt Cumulative; 51(D) Cumulative
{ GEOREF)* N{GEOREF }* Datestack# Datestack#

1957 0.22 0.22
1958 0.31 0.53
1959 3 3 0.43 0.96
1960 4 7 0.48 1.44
1961 6 13 0.4 1.80
1962 9 22 0.32 2.12
1963 6 28 1.4 3.52
1964 18 48 1.57 5.09
1965 17 63 1.34 6.43
1966 44 107 3.56 ©9.99
1967 54 161 3.75 13.74
1968 88 249 3.25 16.99
1969 78 327 3.87 20.85
1970 93 420 3.61 24.47
1971 120 540 3.24 27.71
1972 173 713 3.26 30,97
1973 246 959 3.19 34.16
1974 197 1156 4,12 38.28
1975 220 1376 4.23 45,51
1976 209 1585

1977 262 1847

* all represent items/yr;

# datestacks are per source paper
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Table 6 : Parameters of Growth Phase

MARS
GEOREF (dN/dt)

PHASE 1 (logistic) PHASE 2 {Togistic)
ty (doubling time) 4.3 yr 3.9 yr
dominant 1962-1975 1975-1985
alternative 1962-19732 Table 4 & Fig.1 1973-19852

batestack Si(D)

PHASE 1 (Togistic) PHASE 2 (exponential)'
td 5.1 yr 3.3 yr
dominant 1962-1970 Table 4 & Fig.2 1970-1976

Rate of Selection
PHASE 1 PHASE 2

r(D) = 0.010 0.002 17100 (1966-1975)° Undefined®

MAGNETIC STRATIGRAPHY
GEOREF (dN/dt)

PHASE 1 (logistic) PHASE 2 (logistic)
td 4,3 yr 3,5 yr
dominant 1962-1970 1970-1977
alternative 1962-1968%  Table 5 & Fig.5 1968-19772

Datestack Si(D)

PHASE 1 (logistic) PHASE 2 (logistic)
ty 3.4 yr 5.7 yr
dominant 1957-1965 Table 5 & Fig.6 1965-1977

Rate of Selection
PHASE 1 TRANSITION PHASE 2

r(D) = 0.092 0.020 /N a linear drop in r(D) = 0.017 0.001 1/59
(defined 1960-1965) r{D (1972-1974)
(1966-1971)
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Notes by Table 6 :

1 See text for discussion.

2 This would give an allowable but less closely fit logistic,

D.H, Hall

3 The period through which r{D} can be defined is limited by the time window

for datestacking (1965-1976) and after smoothing 1966-1975),

Table 7 : Cumulative total of Michell's [12] citations

Dates

1600-25

1625-50

1650-75

16751700

1700-25

1725-50

Cunulative total

2

2

3

6

1"

17




