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Many complex networks are scale-free, namely their degree distribution follows a power law for large
k. The graphs corresponding to the citation networks (CN) of scienti�c articles are included in this
set. The vertices of citation network correspond to scienti�c articles, and directed edges to citations.
Almost each new article contains some number of references (citations) to previously published ones.
The number of references to a cited vertex is its in-degree. The appearance of new connects between
old vertices is impossible.

The question is how growing networks self-organize into a scale-free structure. H. Simon (1955)
assumes that the principle of �having much gets more� has e�ect. The study of this mechanism as
applied to CN was performed in Price (1976). D. Price called the strategy, in which success breeds
success, a cumulative advantage. For CN , the citation strategy is formulated as follows: the speed with
which articles receive new citations is proportional to the citations already received.

Thanks to a series of works, the beginning of which was laid by the work Barab�asi, Albert (1999),
the mechanism of cumulative advantage was called the preferred attachment, hereafter PA-mechanism.
In Barab�asi � Albert model the probability Π that a new node connects to a node i depends on the
degree ki of i as

Π (ki) =
ki∑
j
kj
.

A generalization of the PA-mechanism was presented in Krapivisky, et al (2000) as

Π (ki) =
kαi∑
j
kαj

= C (t) kαi ,

C(t) is a normalization constant. S.Dorogovtsev and J. Mendes (2000) proposed that in some real
networks the probability Π also depends on an age of node i, decaying as (t − ti)

−v, where ti is a
timestep a node i was added to the network, t � a timestep a new node is added, ν is a tunable
parameter. So,

Π (ki, ti) ∝ kif (ti) ,

where f(ti) is an aging function.
In real networks Π(0) 6= 0, which means there is a nonzero probability that a new node attaches

to a node i, such that ki = 0. So Dorogovtsev, et al. (2000) presented the model of a directed network
such that
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Π
(
kini
)

=
kini + k0∑
j

(kinj + α)
,

where kini is the number of incoming links, k0 is the initial attractiveness of the node i.
So the likelihood that a newly added node will join node i after a time t has elapsed after the

addition of node i to the directed network may be proportional to the following characteristics:

Π
(
kini ,t

)
∝ (kini + k0)fi (t) .

The aim of this work is to study the dynamical properties of the citation network of scienti�c
articles based on data provided by the bibliographic database RePEc. We �nd that the distribution
of incoming links follows the power law with parameters γ = 2,89, xmin = 207. So we want to prove
the preferential attachment hypothesis that in this case states that the rate Π(kin) with which a node
with k incoming links acquires new links is a monotonically increasing function of kin, hereinafter we
use the denotation k instead of kin. To investigate the attachment mechanisms separately from aging
we use the method presented in Jeong, et al. (2003). To avoid the in�uence of C(t) and an aging e�ect
we study the attachment kernel Ak within a relatively short window time ∆T . The functional form
of Ak can be determined by measuring how many citations an article with k citation collected during
some previous period T0 receives within period ∆T . We plotted the function of attachment rate using
di�erent previous periods and found the linear �t. The results of approximation with a linear functions
show that Ak has a form k + k0, where k0 can be considered as the initial attractiveness. It should be
noted that we have di�erent estimations of Ak depending on T0.

When investigating an aging process we ignore the preferential attachment and explore age
characteristics of nodes with the same degree. We study two distributions, S(t) and D(t). S(t) is
the distribution of ages of citation from citing article to cited articles. D(t) is the distribution of ages
to a cited article from citing articles. The numerical calculations show that S(t) increases during 2�
3 years and then decays exponentially during approximately 25 years (irrespective of the selected t0),
then decreases slower. So it can be assumed that the aging function f(t) = (expαt), α < 0. The
distribution D(t) shows the linear growth for 20 years and then the exponential decay.

Our experiment shows that the citation process can be described by the linear preferential
attachment, but given the process of aging is consistent with the attachment kernel only for the �rst
20 years after publication. It should be noted that �uctuations in the distributions and the dependence
on selected time windows are observed which may be due to incomplete data.

Key words: citation network, power law, preferential attachment, initial attractiveness, aging.
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Ïðèâåäåíû ðåçóëüòàòû ýìïèðè÷åñêîãî èññëåäîâàíèÿ ïàðàìåòðîâ ïðîöåññîâ, îáåñïå÷èâàþùèõ
äèíàìèêó ðàçâèòèÿ ñåòè öèòèðîâàíèÿ ñòàòåé: ïðåäïî÷òèòåëüíîå ïðèñîåäèíåíèå, ñòàðåíèå èí-
ôîðìàöèè è íà÷àëüíàÿ ïðèâëåêàòåëüíîñòü ñòàòåé. Èçìåðåíà ñêîðîñòü, ñ êîòîðîé ñòàòüè ïî-
ëó÷àþò íîâûå öèòèðîâàíèÿ, è ïîêàçàíà åå ëèíåéíàÿ çàâèñèìîñòü îò ÷èñëà óæå èìåþùèõñÿ
öèòèðîâàíèé. Òàêæå èçìåðåíà ñêîðîñòü �ñòàðåíèÿ� ñòàòåé, âëèÿþùàÿ íà ïðîöåññ ïîëó÷åíèÿ
öèòèðîâàíèé. Ïðèâåäåíà îöåíêà ïàðàìåòðà �íà÷àëüíàÿ ïðèâëåêàòåëüíîñòü� óçëîâ.

Êëþ÷åâûå ñëîâà: ñåòü öèòèðîâàíèÿ ñòàòåé, ñòåïåííîé çàêîí, ïðîöåññ ïðåäïî÷òèòåëüíîãî
ïðèñîåäèíåíèÿ, ïåðâîíà÷àëüíàÿ ïðèâëåêàòåëüíîñòü óçëà, ïðîöåññ ñòàðåíèÿ óçëà.

Ââåäåíèå. Êîìïëåêñíûå ñåòè îõâàòûâàþò îáøèðíîå ñåìåéñòâî ñåòåé, ïðåäñòàâëÿþ-
ùèõ ðàçëè÷íûå îáëàñòè äåÿòåëüíîñòè: ñîöèàëüíûå ñåòè, WWW, ýëåêòðîííàÿ ïî÷òà è ò. ï.
Ãðàôû ýòîãî ñåìåéñòâà õàðàêòåðèçóþòñÿ áîëüøèì ÷èñëîì âåðøèí è íåâûñîêîé ïëîòíî-
ñòüþ ðåáåð. Íàèáîëåå èçó÷åííûå êëàññû êîìïëåêñíûõ ñåòåé � ýòî ñåòè

”
ìàëîãî ìèðà“,

êîòîðûì ñâîéñòâåííû íåáîëüøîå ñðåäíåå ðàññòîÿíèå ìåæäó ñâÿçíûìè óçëàìè è âûñîêèé
êîýôôèöèåíò êëàñòåðèçàöèè, à òàêæå áåçìàñøòàáíûå ñåòè, ñ ðàñïðåäåëåíèåì ñòåïåíåé
óçëîâ, ñëåäóþùèì ñòåïåííîìó çàêîíó. Ñåòè öèòèðîâàíèÿ íàó÷íûõ ñòàòåé (äàëåå ÑÖÑ)
âõîäÿò â êëàññ áåçìàñøòàáíûõ ñåòåé. Îíè îáëàäàþò âàæíûì ñâîéñòâîì ðîñòà: äîáàâëåíèå

”
íîâûõ“ óçëîâ (ñòàòåé) è óñòàíîâëåíèå

”
íîâûõ“ ðåáåð (öèòèðîâàíèé) ìåæäó

”
ñòàðûìè“ è

”
íîâûìè“ óçëàìè ïðèâîäèò èñêëþ÷èòåëüíî ê ðîñòó ñòðóêòóðû ãðàôà, ïîñêîëüêó

”
ñòàðûå“

óçëû è ðåáðà íå óäàëÿþòñÿ.
Àíàëèç ñòåïåííûõ ðàñïðåäåëåíèé â áèáëèîìåòðèè íà÷àò â ðàáîòå [1], â êîòîðîé áûëî

ïîñòðîåíî ðàñïðåäåëåíèå àâòîðîâ õèìè÷åñêèõ ðåôåðàòîâ çà ïåðèîä 1907�1916 ãã. è ýì-
ïèðè÷åñêèì ïóòåì ïîëó÷åí âûâîä î òîì, ÷òî ÷èñëî àâòîðîâ, îïóáëèêîâàâøèõ n ñòàòåé,
ïðîïîðöèîíàëüíî 1

/
n2. Çíà÷èòåëüíî ïîçæå àâòîð ðàáîòû [2] ïîêàçàë, ÷òî õâîñòû àñèì-

ìåòðè÷íûõ ðàñïðåäåëåíèé ìîãóò áûòü äîñòàòî÷íî òî÷íî àïïðîêñèìèðîâàíû ôóíêöèåé
âèäà f(x) = (a

/
xk)bx, ãäå a, b, k � êîíñòàíòû, çàâèñÿùèå îò òèïà äàííûõ. Â ðàáîòå [3]

óñòàíîâëåíî, ÷òî äîëÿ ñòàòåé, ïîëó÷èâøèõ k öèòèðîâàíèé (äëÿ äîñòàòî÷íî áîëüøèõ k),
óìåíüøàåòñÿ ïðîïîðöèîíàëüíî k−γ, ãäå 2 ≤ γ ≤ 3. Òî åñòü âåðîÿòíîñòü òîãî, ÷òî óçåë èìå-
åò âõîäÿùóþ ñòåïåíü, ðàâíóþ k, ïîä÷èíÿåòñÿ ñòåïåííîìó çàêîíó P (x) ∼ x−γ, ãäå γ > 1,
x > xmin.

Áûëî çàìå÷åíî, ÷òî ñòåïåííîé çàêîí âîçíèêàåò, êîãäà âûïîëíÿåòñÿ ïðèíöèï �èìåþùèé
ìíîãî ïîëó÷àåò áîëüøå�. Â ñîöèîëîãèè ýòîò ïðèíöèï íàçûâàåòñÿ �ýôôåêòîì Ìàòôåÿ� (òåð-
ìèí ïðåäëîæåí Ð.Ìåðòîíîì â ðàáîòå [4] è îñíîâàí íà áèáëåéñêîì èçðå÷åíèè). Âëèÿíèþ
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ýòîãî ïðîöåññà íà ðàñïðåäåëåíèå ðåñóðñîâ è ñîöèàëüíîå ðàññëîåíèå îáùåñòâà ïîñâÿùåíà
ìîíîãðàôèÿ [5]. Â áèáëèîìåòðèè ýòîò ïðîöåññ âûãëÿäèò ñëåäóþùèì îáðàçîì: àâòîðèòåò-
íûé ó÷åíûé, èìåþùèé ñóùåñòâåííûé êðåäèò äîâåðèÿ, ïîëó÷àåò íà ñâîè ñòàòüè áîëüøåå
÷èñëî öèòèðîâàíèé, íåæåëè ìåíåå àâòîðèòåòíûé, ÷òî ïîâûøàåò åãî ñòàòóñ.

Èññëåäîâàíèå ýòîãî ïðîöåññà ïðèìåíèòåëüíî ê ÑÖÑ âûïîëíåíî â ðàáîòå [6]. Àâòîð
ïðåäñòàâèë ïðîöåññ öèòèðîâàíèÿ, ïðè êîòîðîì óñïåõ ïîðîæäàåò óñïåõ è íàçâàë åãî êóìó-
ëÿòèâíûì ïðåèìóùåñòâîì. Äëÿ ÑÖÑ ñòðàòåãèÿ öèòèðîâàíèÿ ôîðìóëèðóåòñÿ òàê: ñêî-
ðîñòü, ñ êîòîðîé ñòàòüè ïîëó÷àþò íîâûå öèòèðîâàíèÿ, ïðîïîðöèîíàëüíà óæå ïîëó÷åííûì
öèòèðîâàíèÿì. Â êà÷åñòâå ïîäòâåðæäåíèÿ òîãî, ÷òî òàêàÿ ñòðàòåãèÿ âåäåò ê ñòåïåííîìó
çàêîíó ðàñïðåäåëåíèÿ âõîäÿùèõ öèòèðîâàíèé, ðàññìîòðåíà ìîäåëü îðèåíòèðîâàííîé ñå-
òè � ìîäåëü Ïðàéñà. Ðîñò ñåòè îáåñïå÷èâàåòñÿ äîáàâëåíèåì íîâûõ óçëîâ íå îáÿçàòåëüíî
ñ ïîñòîÿííîé ÷àñòîòîé. Íîâûå óçëû èìåþò ðàçëè÷íóþ èñõîäÿùóþ ñòåïåíü (÷èñëî öèòè-
ðóåìûõ ñòàòåé), íî ñðåäíÿÿ èñõîäÿùàÿ ñòåïåíü ÿâëÿåòñÿ êîíñòàíòîé â ðàññìàòðèâàåìûé
âðåìåííîé ïåðèîä è îáîçíà÷àåòñÿ m. Ñîîòâåòñòâåííî, ñðåäíÿÿ âõîäÿùàÿ ñòåïåíü óçëà òàê-
æå ðàâíà m. Äîëÿ óçëîâ ñ âõîäÿùåé ñòåïåíüþ k îáîçíà÷àåòñÿ pk, à pk,n � äîëÿ òàêèõ
óçëîâ â ñåòè, èìåþùåé n óçëîâ. Íà ñòàðòå êàæäûé óçåë èìååò íóëåâóþ ñòåïåíü, ïîýòîìó
ïðåäïîëàãàëîñü, ÷òî âåðîÿòíîñòü ïðèñîåäèíåíèÿ ê óçëó ïðîïîðöèîíàëüíà k+k0 (â ìîäåëè
Ïðàéñà k0 = 1). Ïîêàçàíî, ÷òî pk ∼ k−(2+1/m), çíà÷åíèå γ èçìåíÿåòñÿ â èíòåðâàëå (2, 3).

Â ðàáîòàõ [7�9] ïðèâåäåíû ðåçóëüòàòû àíàëèçà ðàñïðåäåëåíèÿ ñòåïåíåé óçëîâ ðåàëüíûõ
ñåòåé öèòèðîâàíèÿ, ïîäòâåðæäàþùèå ñëåäîâàíèå ñòåïåííîìó çàêîíó. Ñåòè ñ ðàñïðåäåëå-
íèåì ñòåïåíåé óçëîâ, ïîä÷èíÿþùèõñÿ ñòåïåííîìó çàêîíó, â ðàáîòå [10] ïîëó÷èëè íàçâàíèå
áåçìàñøòàáíûå.

Çíà÷èòåëüíàÿ ÷àñòü ðàáîòû ïîñâÿùåíà âû÷èñëèòåëüíîìó ýêñïåðèìåíòó, íàïðàâëåííî-
ìó íà èçìåðåíèå ïàðàìåòðîâ ðîñòà áèáëèîãðàôè÷åñêîé ÁÄ. Â ðåçóëüòàòå îöåíåíà âåðîÿò-
íîñòü ïîÿâëåíèÿ íîâûõ óçëîâ è ðåáåð, èññëåäîâàí ïðîöåññ �ñòàðåíèÿ� (ïîòåðè èíòåðåñà ê
ñîäåðæàíèþ ñòàòüè). Ýêñïåðèìåíò âûïîëíåí íà äàííûõ, èçâëå÷åííûõ èç ÁÄ RePEc [11].

1. Ïðîöåññ ïðåäïî÷òèòåëüíîãî ïðèñîåäèíåíèÿ. Áëàãîäàðÿ ñåðèè ðàáîò, íà÷àëî
êîòîðîé ïîëîæåíî ðàáîòîé [10], ïðîöåññ, ïîçâîëÿþùèé îáúÿñíèòü òîïîëîãè÷åñêèå ñâîéñòâà
êîìïëåêñíûõ ñåòåé, ïîëó÷èë íàçâàíèå ïðåäïî÷òèòåëüíîå ïðèñîåäèíåíèå (äàëåå PA). Â
ðàáîòå [10] ïðåäñòàâëåíà ìîäåëü (äàëåå BA-ìîäåëü), ïîçâîëÿþùàÿ ñòðîèòü áåçìàñøòàáíûå
íåîðèåíòèðîâàííûå ñåòè. Íà ñòàðòå èìååòñÿ m0 ïðîèçâîëüíî ñâÿçàííûõ óçëîâ, êàæäûé
èç êîòîðûõ èìååò õîòÿ áû åäèíè÷íóþ ñòåïåíü. Àëãîðèòì ðàçâèòèÿ ñåòè âêëþ÷àåò äâà
ýòàïà. Íà ïåðâîì (ýòàï ðîñòà) â êàæäûé ìîìåíò âðåìåíè ê ñåòè äîáàâëÿåòñÿ íîâûé óçåë,
èìåþùèé m < m0 ðåáåð äëÿ ïðèñîåäèíåíèÿ ê m ðàçëè÷íûì óæå èìåþùèìñÿ óçëàì. Íà
âòîðîì ýòàïå áëàãîäàðÿ PA äîáàâëåííûé óçåë ïðèñîåäèíÿåòñÿ ê óçëó i ñ âåðîÿòíîñòüþ

Π (ki) =
ki∑
j

kj
, (1)

çäåñü ki � ñòåïåíü óçëà i.
Ñîãëàñíî BA-ìîäåëè, ïîñëå t øàãîâ ñåòü áóäåò èìåòü n = t+m0 óçëîâ è m0 +mt ðåáåð.

Â ïðåäïîëîæåíèè, ÷òî ki � íåïðåðûâíàÿ äåéñòâèòåëüíàÿ ïåðåìåííàÿ, ýâîëþöèþ ñòåïåíè
ki óçëà i ìîæíî ïðåäñòàâèòü óðàâíåíèåì

dki
dt

= mΠ (ki) . (2)

Ïîñòðîåííàÿ ñåòü èìååò ðàñïðåäåëåíèå ñòåïåíåé óçëîâ, ñëåäóþùåå ñòåïåííîìó çàêîíó ñ
ýêñïîíåíòîé γ = 3.
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Îáîáùåíèå PA ïðåäñòàâëåíî â ðàáîòå [12]:

Π (ki) =
kαi∑
j k

α
j

= C(t)kαi , (3)

ãäå C(t) � íîðìàëèçóþùàÿ êîíñòàíòà, çàâèñÿùàÿ îò âðåìåíè, à âèä ôóíêöèè ðàñïðå-
äåëåíèÿ ñòåïåíåé óçëîâ çàâèñèò îò çíà÷åíèÿ α. Äëÿ α < 1 ðàñïðåäåëåíèå èìååò âèä
P (k) ∼ ek

−γ
; äëÿ α > 1 âîçíèêàåò ôåíîìåí �çàñòûâàíèÿ�, êîãäà îäèí óçåë îêàçûâàåò-

ñÿ ñâÿçàííûì ïî÷òè ñî âñåìè îñòàëüíûìè. Òîëüêî â ñëó÷àå ëèíåéíîé çàâèñèìîñòè, α = 1
(ñì. (1)), ñåòü ñòàíîâèòñÿ áåçìàñøòàáíîé. Îáçîð ïðîöåññîâ, îïðåäåëÿþùèõ ñòðóêòóðó êîì-
ïëåêñíûõ ñåòåé, ïðåäñòàâëåí â ðàáîòå [13].

Äëÿ àíàëèçà BA-ìîäåëè è åå ðàñøèðåíèé, ïðåäñòàâëåííûõ â ðàáîòàõ [12, 14, 15], ïðåä-
ëîæåíû àíàëèòè÷åñêèå ìåòîäû, ïîçâîëÿþùèå õàðàêòåðèçîâàòü äèíàìèêó ðàçâèòèÿ ñåòè.
Ýòè ìåòîäû òàêæå ïðèìåíÿþòñÿ ïðè ïðîâåäåíèè èçìåðåíèé â ðåàëüíûõ ñåòÿõ. Èçìåðå-
íèÿ â áåçìàñøòàáíûõ ñåòÿõ ïîäòâåðæäàþò ãèïîòåçó î òîì, ÷òî ïëîòíî ñâÿçàííûå óçëû
íàðàùèâàþò ñâÿçíîñòü áûñòðåå, ÷åì ìåíåå ñâÿçàííûå. Ðåçóëüòàòû ñîîòâåòñòâóþùèõ ñòà-
òèñòè÷åñêèõ èññëåäîâàíèé ïðèâåäåíû â ðàáîòàõ [16�20].

Äëÿ èçâëå÷åíèÿ ôóíêöèîíàëüíîé ôîðìû Π(ki) íà îñíîâå ðåàëüíûõ äàííûõ â ðàáîòå [17]
ïðåäñòàâëåíà ñëåäóþùàÿ ìåòîäèêà. Ñ ó÷åòîì (2), (3) âåðîÿòíîñòü Π(ki) ðàññìàòðèâàåòñÿ
êàê ñêîðîñòü, ñ êîòîðîé ñóùåñòâóþùèé óçåë i ñòåïåíè k ïðèîáðåòàåò íîâûå ðåáðà â ïðî-
öåññå ðîñòà ñåòè. Òî åñòü ñëåäóåò îïðåäåëèòü ÷èñëî ïðèîáðåòåííûõ ðåáåð êàê ôóíêöèþ îò
ñòåïåíè óçëà. Ïîñêîëüêó êîíñòàíòà C(t) â (3) çàâèñèò îò âðåìåíè ïðèñîåäèíåíèÿ ê ñåòè
óçëà i, âûáèðàþòñÿ äîñòàòî÷íî êîðîòêèå èíòåðâàëû, â òå÷åíèå êîòîðûõ ïðîèñõîäèò ïðè-
ñîåäèíåíèå íîâûõ óçëîâ. Ðàññìàòðèâàåòñÿ ñåòü, äëÿ êîòîðîé èçâåñòåí ïîðÿäîê ïîÿâëåíèÿ
óçëîâ è ðåáåð, íàïðèìåð áèáëèîìåòðè÷åñêàÿ ñåòü. Ìíîæåñòâî óçëîâ, ïðèñóòñòâóþùèõ íà
ìîìåíò T0, íàçîâåì T0-óçëàìè. Ìíîæåñòâî T1-óçëîâ � ýòî óçëû, äîáàâëåííûå â èíòåðâàë
âðåìåíè d = [T1,T1 + ∆T ], |T1| > |T0|, ∆T � T1. Êîãäà ê ñåòè äîáàâëÿåòñÿ T1-óçåë, âû-
÷èñëÿåì, êàêîâà ñòåïåíü T0-óçëà, ñ êîòîðûì ñîåäèíÿåòñÿ T1-óçåë. Ãèñòîãðàììà, îòîáðàæà-
þùàÿ ÷èñëî ðåáåð, ïðèîáðåòåííûõ T0-óçëàìè, èìåþùèìè ñòåïåíü k, ïîñëå íîðìàëèçàöèè
(∆ki

/
∆T ), çàäàåò ñêîðîñòü Πd(k) íà èíòåðâàëå d. Åñëè ñåòü ðàçâèâàåòñÿ ñòàöèîíàðíî, ò. å.

Πd(k) çàâèñèò íå îò âûáîðà èíòåðâàëà, à òîëüêî îò k, òî Πd(k) ñîîòâåòñòâóåò ôóíêöèè
ïðåäïî÷òèòåëüíîãî ïðèñîåäèíåíèÿ. Â ðàáîòàõ [16, 17] ñ öåëüþ ñãëàæèâàíèÿ êîëåáàíèÿ â
ðàìêàõ ðàçíûõ âðåìåííûõ îòðåçêîâ èññëåäóåòñÿ êóìóëÿòèâíàÿ ôóíêöèÿ:

c (k) =

k∫
0

Π (k) dk.

Åñëè Π(k) ñëåäóåò (3), òî c (k) ∝ kα+1.
2. Ïðîöåññ ñòàðåíèÿ óçëà. Äëÿ ÑÖÑ âîçðàñò ñòàòüè ÿâëÿåòñÿ âàæíûì ôàêòîðîì,

âëèÿþùèì íà ýâîëþöèþ ñåòè. Âëèÿíèå ïðîÿâëÿåòñÿ â çàòóõàíèè èíòåðåñà ê ðàííèì ñòà-
òüÿì, êîòîðûå ïåðåñòàþò ïîëó÷àòü öèòèðîâàíèÿ. Äëÿ ýòîãî åñòü íåñêîëüêî ïðè÷èí, íàïðè-
ìåð, ïðåäñòàâëåííûå â íèõ èäåè ìîãóò áûòü ðàçâèòû â áîëåå ïîçäíèõ ðàáîòàõ, êîòîðûå
è ïîëó÷àþò öèòèðîâàíèÿ. Êðîìå òîãî, ÷èñëî ñòàòåé íåóêëîííî ðàñòåò, îòíèìàÿ âíèìàíèå
ó áîëåå ðàííèõ. �Áîëüøèíñòâî öèòèðîâàíèé îòíîñèòñÿ ê ñâåæèì ñòàòüÿì, òàê êàê áîëü-
øèíñòâî ñòàòåé ÿâëÿþòñÿ ñâåæèìè� [6]. Êîíå÷íî, ýòî íå êàñàåòñÿ âûäàþùèõñÿ ñòàòåé,
èìåþùèõ ñòàáèëüíî âûñîêèé óðîâåíü öèòèðîâàíèÿ. Àíàëèòè÷åñêèå èññëåäîâàíèÿ ïîêàçà-
ëè, ÷òî âèä ôóíêöèè ñòàðåíèÿ ñóùåñòâåííî âëèÿåò íà ðàñïðåäåëåíèå ñòåïåíåé óçëîâ. Â
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ðàáîòå [21] ðàññìîòðåíà ìîäåëü, ÿâëÿþùàÿñÿ ðàñøèðåíèåì BA-ìîäåëè, â êîòîðîé âåðîÿò-
íîñòü ïðèñîåäèíåíèÿ íîâîãî óçëà ê óçëó i çàâèñèò íå òîëüêî îò ñòåïåíè óçëà ki, íî è îò
âîçðàñòà. Åñëè ti � ìîìåíò ïðèñîåäèíåíèÿ ê ñåòè óçëà i, t � òåêóùèé ìîìåíò, òî

Π (ki, ti) ∝ kif (ti) , (4)

ãäå f(ti) � ôóíêöèÿ ñòàðåíèÿ. Ôóíêöèÿ ñòàðåíèÿ îïðåäåëåíà êàê ñòåïåííàÿ ôóíêöèÿ
f (ti) = τ−ν , τ = (t − ti) � âîçðàñò ñòàòüè, ν � ïàðàìåòð çàòóõàíèÿ. Ïîêàçàíî, ÷òî ýòî
èçìåíåíèå BA-ìîäåëè ÿâëÿåòñÿ êðèòè÷íûì: åñëè ν > 1, ðàñïðåäåëåíèå ñòåïåíåé ýêñïîíåí-
öèàëüíîå, à åñëè ν < 1 � ñòåïåííîå è ïàðàìåòð γ çàâèñèò îò çíà÷åíèÿ ν.

Ýêñïîíåíöèàëüíûé âèä ôóíêöèè f(ti) ðàññìàòðèâàåòñÿ â ðàáîòàõ [22, 23]. Â ïåðâîé
èç íèõ èçó÷àåòñÿ âëèÿíèå çàòóõàíèÿ âèäà e−βτ íà ïàðàìåòðû ñåòè � êëàñòåðíûé êîýô-
ôèöèåíò è ñðåäíåå ðàññòîÿíèå ìåæäó óçëàìè. Âî âòîðîé ðàáîòå ðàññìàòðèâàþòñÿ äâå
ìîäåëè, äëÿ êîòîðûõ âåðîÿòíîñòü ïðèñîåäèíåíèÿ îïðåäåëÿåòñÿ êàê Π (k, t) ∼ kβtα è
Π (k, t) ∼ kβ exp (αt) è èññëåäóåòñÿ, ïðè êàêèõ çíà÷åíèÿõ ïàðàìåòðîâ β è α ñåòü ÿâëÿåòñÿ
áåçìàñøòàáíîé.

3. Ïàðàìåòð
”
íà÷àëüíàÿ ïðèâëåêàòåëüíîñòü“. Ðàñøèðåíèå BA-ìîäåëè äëÿ îðè-

åíòèðîâàííûõ ñåòåé ïðèâåäåíî â ðàáîòå [15]. Â êàæäûé ìîìåíò ê ñåòè äîáàâëÿåòñÿ íîâûé
óçåë j, èìåþùèé m îðèåíòèðîâàííûõ ðåáåð, êîòîðûé ïðèñîåäèíèòñÿ ê óçëó i (â ñåòè ïî-
ÿâèòñÿ äóãà (j, i)) ñ âåðîÿòíîñòüþ

Π
(
kini
)

=
kini + k0∑
j

(kinj + a)
, (5)

ãäå kini � âõîäÿùàÿ ñòåïåíü óçëà i, k0 ≥ 0 � îäèíàêîâàÿ äëÿ âñåõ óçëîâ êîíñòàíòà, íàçûâà-
åìàÿ �íà÷àëüíàÿ ïðèâëåêàòåëüíîñòü�. Íàëè÷èå k0 ïîçâîëÿåò �ìîëîäûì� óçëàì ïîëó÷àòü
íîâûå ðåáðà. Äëÿ ìîäåëè, ïðèâåäåííîé â ðàáîòå [15], èñõîäÿùàÿ ñòåïåíü âñåõ óçëîâ îäè-
íàêîâà è ðàâíà m. Ñòåïåíü óçëà k = kini + m, ò. å., åñëè k0 = m, òî ìîäåëü ñîâïàäàåò ñ
BA-ìîäåëüþ. Èíòåðåñ ïðåäñòàâëÿåò ðàñïðåäåëåíèå âõîäÿùèõ ñòåïåíåé óçëîâ. Â ðàáîòå [15]
ïîêàçàíî, ÷òî ôóíêöèÿ ðàñïðåäåëåíèÿ âõîäÿùèõ ñòåïåíåé ñëåäóåò ñòåïåííîìó çàêîíó, à
ýêñïîíåíòà γ çàâèñèò îò k0.

Ïðèíèìàÿ âî âíèìàíèÿ (1), (4), (5), ïðåäïîëàãàåì, ÷òî âåðîÿòíîñòü ïðèñîåäèíåíèÿ ê
óçëó i âíîâü äîáàâëÿåìîãî óçëà ïî ïðîøåñòâèè âðåìåíè t ïîñëå ïîÿâëåíèÿ â ñåòè óçëà i
ïðîïîðöèîíàëüíà

Π
(
kini ,t

)
∝ (kini + k0)fi (t) . (6)

4. Âû÷èñëèòåëüíûé ýêñïåðèìåíò. Óçëàìè ÑÖÑ ÿâëÿþòñÿ ñòàòüè, à óïîðÿäî÷åí-
íûå ïàðû ñòàòåé, ñâÿçàííûå îòíîøåíèåì öèòèðîâàíèÿ � îðèåíòèðîâàííûìè ðåáðàìè. Äà-
ëåå îáñóæäàþòñÿ ðåçóëüòàòû àíàëèçà ðåàëüíîé ñåòè öèòèðîâàíèÿ, ïðîâåäåííîãî ñ öåëüþ
îïðåäåëèòü, êàê ôàêòîðû, óêàçàííûå â (6), âëèÿþò íà äèíàìèêó ðàçâèòèÿ ñåòè. Çàìåòèì,
÷òî ýòè ôàêòîðû íå èñ÷åðïûâàþò âñå ïðåäïîñûëêè, âëèÿþùèå íà ïîëó÷åíèå öèòèðîâàíèé,
òàêèå êàê íîðìû öèòèðîâàíèÿ, îáîñíîâàííîñòü ññûëîê, ëè÷íûå ïðåäïî÷òåíèÿ è ò. ä.

Îñîáîå âíèìàíèå óäåëÿåòñÿ PA, ÿâëÿþùåìóñÿ ÿäðîì ïðîöåññà àêêóìóëèðîâàíèÿ
öèòèðîâàíèé. Íåîáõîäèìî âûÿñíèòü, çàâèñèò ëè âåðîÿòíîñòü ïîëó÷åíèÿ íîâûõ öèòè-
ðîâàíèé îò êîëè÷åñòâà óæå ïîëó÷åííûõ è êàêîâà ôóíêöèîíàëüíàÿ ôîðìà ýòîé çàâè-
ñèìîñòè. Â õîäå èçëîæåíèÿ áóäåì ïîëüçîâàòüñÿ ñëåäóþùåé òåðìèíîëîãèåé. Åñëè öèòè-
ðóþùàÿ ñòàòüÿ â ñïèñêå ëèòåðàòóðû ñîäåðæèò óêàçàíèå íà êàêóþ-ëèáî ñòàòüþ, òî òàêàÿ
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Òàáëèöà 1

Ñðåäíèé âîçðàñò öèòèðîâàíèÿ ñòàòåé

×èñëî öèòèðîâàíèé ×èñëî öèòèðóåìûõ ñòàòåé <Age>

> 500 301 22,87
> 200 1677 19,65
> 100 5311 17,41
> 50 15 412 15,47
> 20 53 265 13,48
< 10 501 287 7,52
< 5 388 583 7,23
= 1 183 145 7,18

ññûëêà ñ òî÷êè çðåíèÿ öèòèðóþùåé ñòàòüè íàçûâàåòñÿ èñõîäÿùèì öèòèðîâàíèåì, à ñ
òî÷êè çðåíèÿ öèòèðóåìîé ñòàòüè � âõîäÿùèì öèòèðîâàíèåì. Ïóñòü ñòàòüÿ j öèòèðóåò
ñòàòüþ i. Îáîçíà÷èì tj è ti � ãîäû ïóáëèêàöèè ñòàòåé j è i. Âîçðàñò öèòèðîâàíèÿ Age
ñòàòüè i ñòàòüåé j îïðåäåëÿåòñÿ ðàçíîñòüþ τi = tj − ti.

4.1. Èñõîäíûå äàííûå. Äàííûå î öèòèðîâàíèè æóðíàëüíûõ ñòàòåé çà ïåðèîä ñ 1874 ã.
ïî 30 èþíÿ 2019 ã. èçâëå÷åíû èç áèáëèîãðàôè÷åñêîé ÁÄ RePEc. Âñåãî ñòàòåé 1 404 431.
Îòñåÿíû ñòàòüè, â èäåíòèôèêàòîðå êîòîðûõ îòñóòñòâóåò ÿâíîå óêàçàíèå ãîäà, èìåþòñÿ
ññûëêè íà íåïðàâèëüíûé ãîä è ñàìîöèòèðîâàíèÿ. Èññëåäóåòñÿ ìàêñèìàëüíàÿ êîìïîíåíòà
NREP = (V,E) îðèåíòèðîâàííîé ÑÖÑ, ñîäåðæàùàÿ |V | = 819 207 óçëîâ è |E| = 5 538 043 ðå-
áåð. Ó÷èòûâàþòñÿ òîëüêî âíóòðåííèå öèòèðîâàíèÿ, ò. å. öèòèðîâàíèÿ ìåæäó ñòàòüÿìè,
ñîäåðæàùèìèñÿ â V . Ñòàòåé, íå èìåþùèõ öèòèðîâàíèé, � 191 468 (23,37%). Ñòàòåé, ïðî-
öèòèðîâàííûõ õîòÿ áû îäèí ðàç, � 627 739. Ñðåäíåå ÷èñëî âõîäÿùèõ öèòèðîâàíèé äëÿ
ñòàòåé ìíîæåñòâà V ñîñòàâëÿåò 6,76. Äëÿ ñòàòåé, ïðîöèòèðîâàííûõ õîòÿ áû îäèí ðàç, �
8,82. Òàáë. 1 ïîçâîëÿåò îöåíèòü ñðåäíèé âîçðàñò öèòèðîâàíèÿ ñòàòåé â ñîîòâåòñòâèè ñ
îïðåäåëåííûìè äèàïàçîíàìè ÷èñëà öèòèðîâàíèé.

Ñðåäíèé âîçðàñò öèòèðîâàíèÿ < Age >= 11,02. Íàèáîëåå öèòèðóåìûå ñòàòüè èìåþò
âîçðàñò öèòèðîâàíèÿ çíà÷èòåëüíî âûøå ñðåäíåãî. Äëÿ ñòàòåé, èìåþùèõ áîëåå 500 öèòè-
ðîâàíèé, ñðåäíèé âîçðàñò öèòèðîâàíèÿ <Age>= 22,87.

Äëÿ NREP õàðàêòåðåí ýêñïîíåíöèàëüíûé ðîñò ÷èñëà ñòàòåé è, ñîîòâåòñòâåííî, íîâûõ
èñõîäÿùèõ öèòèðîâàíèé. Íàïðèìåð, â 2000 ã. ÁÄ ïîïîëíèëàñü íà 15 445 ñòàòåé è 57 086 èñ-
õîäÿùèõ öèòèðîâàíèé (3,69 ññûëêè íà îäíó ñòàòüþ), à â 2010 ã. � íà 35 406 ñòàòåé è 249 324
íîâûõ öèòèðîâàíèé (7,04 ññûëêè íà ñòàòüþ). Óâåëè÷èëîñü è ÷èñëî âõîäÿùèõ öèòèðîâàíèé,
îòíîñÿùèõñÿ ê ñòàòüÿì, îïóáëèêîâàííûì çà ýòè ãîäû: 175 578 è 242 655 ñîîòâåòñòâåííî.

Íà ðèñ. 1 ïðåäñòàâëåíî ðàñïðåäåëåíèå âõîäÿùèõ è èñõîäÿùèõ öèòèðîâàíèé ïî ãîäàì
ñ 1937-ãî ïî 2019-é. Ïî îñè àáñöèññ óêàçàíû ãîäû ñ øàãîì 10 ëåò, à ïî îñè îðäèíàò �
÷èñëî (ñòåïåíè äåñÿòêè) âõîäÿùèõ (ñèíèé öâåò) è èñõîäÿùèõ (êðàñíûé öâåò) öèòèðîâàíèé.
Êðèâûå èìåþò îäèíàêîâóþ òåíäåíöèþ ðîñòà. Ê ðàííèì ãîäàì îòíîñèòñÿ íåçíà÷èòåëüíîå
÷èñëî ñòàòåé è, ñîîòâåòñòâåííî, èñõîäÿùèõ öèòèðîâàíèÿ. Áëèçîñòü êðèâûõ ïîêàçûâàåò,
÷òî â îñíîâíîì öèòèðóþòñÿ íåäàâíî âûøåäøèå ñòàòüè. Îòìåòèì, ÷òî ìíîæåñòâî ñîäåðæèò
âñåãî 433 ñòàòüè, îïóáëèêîâàííûõ äî 1936 ã.

Íà ðèñ. 2 ïðåäñòàâëåíî ðàñïðåäåëåíèå âõîäÿùèõ ñòåïåíåé óçëîâ äëÿ ìíîæåñòâà V è
äëÿ ñòàòåé, îòíîñÿùèõñÿ ê âûáðàííûì ãîäàì (ñì. ïðàâûé âåðõíèé óãîë). Ïî îñè àáñöèññ
ïîêàçàíî ÷èñëî âõîäÿùèõ öèòèðîâàíèé k, à ïî îñè îðäèíàò � äîëÿ ñòàòåé, èìåþùèõ k
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Ðèñ. 1. ×èñëî öèòèðîâàíèé ïî ãîäàì

öèòèðîâàíèé. Îáå îñè èìåþò ëîãàðèôìè÷åñêèé ìàñøòàá. Âèäíî, ÷òî ãðàôèêè ïîäîáíû,
çà èñêëþ÷åíèåì áîëüøèõ çíà÷åíèé k. Áëèçîñòü ðàñïðåäåëåíèé óêàçûâàåò íà òî, ÷òî çàâè-
ñèìîñòü îò ðîñòà ÷èñëà ñòàòåé ìàëà.

Ìåòîä ðàñïîçíàâàíèÿ íàëè÷èÿ ñòåïåííîãî çàêîíà â ýìïèðè÷åñêèõ äàííûõ è îïðåäåëå-
íèÿ çíà÷åíèé ïàðàìåòðîâ ïðåäëîæåí â ðàáîòå [24]. Ñ èñïîëüçîâàíèåì ïàêåòà igraph [25]
óñòàíîâëåíî, ÷òî ðàñïðåäåëåíèå âõîäÿùèõ ñòåïåíåé óçëîâ ñëåäóåò ñòåïåííîìó çàêîíó ñ
ïàðàìåòðàìè γ = 2,89, xmin = 207. Òàêèì îáðàçîì, ñåòü NREP ÿâëÿåòñÿ áåçìàñøòàáíîé.

4.2. Ñêîðîñòü ïðèñîåäèíåíèÿ. Èññëåäóåì (6) íåçàâèñèìî îò k0 è fi(t), çàôèêñèðîâàâ êî-
ðîòêîå âðåìåííîå îêíî. Ðàññìîòðèì èçìåíåíèå âõîäÿùåé ñòåïåíè óçëîâ ñåòè NREP . Ñêî-
ðîñòü, ñ êîòîðîé ðàíåå îïóáëèêîâàííàÿ ñòàòüÿ, èìåþùàÿ k öèòèðîâàíèé, áóäåò ïðîöè-
òèðîâàíà âíîâü îïóáëèêîâàííîé, îáîçíà÷èì A(k), ýòî � îñíîâà ïðîöåññà ïðèñîåäèíåíèÿ.
Èãíîðèðóåì êîíñòàíòó C(t) è ïîêàæåì, ÷òî äëÿ ðàññìàòðèâàåìîé ñåòè A(k) ∝ k.

Ñëåäóÿ ìåòîäèêå, èçëîæåííîé â ðàáîòàõ [17, 19], îïðåäåëèì T1 = 2018, ∆T = 1 è
ðàññìîòðèì èñõîäÿùèå öèòèðîâàíèÿ ñòàòåé, èçäàííûõ â ïåðèîä [T1,T1+∆T ], ò. å. â òå÷åíèå
2018 ã. ×èñëî èñõîäÿùèõ öèòèðîâàíèé çà ýòîò ïåðèîä ñîñòàâëÿåò 658 415. Ïóñòü T0 = T1−1,
ò. å. T0 = 2017. Äëÿ êàæäîé ñòàòüè, îïóáëèêîâàííîé â ïåðèîä w1 = [1874,T0], ïîäñ÷èòûâàåì
îáùåå ÷èñëî âõîäÿùèõ öèòèðîâàíèé k, ïîëó÷åííûõ ê ìîìåíòó T1. Ïîäñ÷èòûâàåì ∆k �
ñðåäíåå ÷èñëî âõîäÿùèõ öèòèðîâàíèé, ïîëó÷åííûõ ñòàòüÿìè ñ k öèòèðîâàíèÿìè â ïåðèîä
[T1,T1 + ∆T ]. Ðàññìàòðèâàåì äîïîëíèòåëüíûå îêíà w2 = [1988,T0], w3 = [1998,T0], w4 =
[2008,T0], ò. å. ìåíÿåì íà÷àëüíûé ãîä ïåðèîäà, äëÿ êîòîðîãî ïîäñ÷èòûâàåòñÿ k.

Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè ∆k îò k äëÿ îêîí w2 − w4. Ïðåäñòàâëåíû çíà÷åíèÿ
k ≤ 1400, ïîñêîëüêó äîëÿ ñòàòåé, äëÿ êîòîðûõ k > q1400, ñîñòàâëÿåò 0,0064% îò îáùåãî
÷èñëà. Âèäíî, ÷òî çàâèñèìîñòü ãðàôèêîâ îò ðàññìàòðèâàåìîãî îêíà íå ñóùåñòâåííà.

Äëÿ àïïðîêñèìàöèè ôóíêöèîíàëüíîé ôîðìû A(k) ëèíåéíîé ôóíêöèåé âèäà y = ax+ b
èñïîëüçîâàëñÿ ìåòîä íàèìåíüøèõ êâàäðàòîâ. Çàìåòèì, ÷òî äëÿ ìàëûõ çíà÷åíèé k ëèíåé-
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Ðèñ. 2. Ðàñïðåäåëåíèå âõîäÿùèõ ñòåïåíåé óçëîâ

Òàáëèöà 2

Àïïðîêñèìàöèÿ A(k)

Îêíî Ôóíêöèÿ 1 Ôóíêöèÿ 2

w1 y = 0,090066x− 0,404866 y = 0,094525x+ 0,369329
w2 y = 0,090105x− 0,405038 y = 0,094847x+ 0,365893
w3 y = 0,095328x− 0,959371 y = 0,098202x+ 0,345890
w4 y = 0,126907x− 0,682570 y = 0,127795x+ 0,213792

íîñòü A(k) ïðîñëåæèâàåòñÿ âèçóàëüíî. Â êà÷åñòâå ïðèìåðà ñì. ðèñ. 4, íà êîòîðîì ïðåäñòàâ-
ëåí ãðàôèê ôóíêöèè A(k), k < 300, äëÿ ïåðèîäà w3. Âèä ôóíêöèè, àïïðîêñèìèðóþùåé
A(k) äëÿ ðàññìîòðåííûõ âðåìåííûõ îêîí, ïðèâåäåí â òàáë. 2, ñòîëáåö 2.

Ïðåäñòàâèì âûðàæåíèå ax + b â âèäå x + b/a. Òîãäà A(k) ∝ k + k0, ãäå k0 ìîæíî ðàñ-
ñìàòðèâàòü êàê íà÷àëüíóþ ïðèâëåêàòåëüíîñòü. Â íàøåì ñëó÷àå k0 èìååò îòðèöàòåëüíîå
çíà÷åíèå äëÿ âñåõ îêîí. Òàê, k0 ∼ −4,495 äëÿ w1 è w2. Àïïðîêñèìèðóåì A(k) äëÿ k ≤ 50
(ñì. òàáë. 2, ñòîëáåö 3). Â ýòîì ñëó÷àå k0 > 0, ïðè÷åì äëÿ îêîí w1−w3 èìååò áëèçêèå çíà÷å-
íèÿ (3,9�3,5). Ïîñêîëüêó äëèíà ïåðèîäà ∆T ìàëà, îöåíêà íåñòàáèëüíà. Âûáîð íåñêîëüêèõ
âðåìåííûõ ïåðèîäîâ äëÿ âû÷èñëåíèÿ k ïîçâîëÿåò äàòü àãðåãèðîâàííóþ îöåíêó, íî ïðè
ýòîì èãíîðèðóåòñÿ èçìåíåíèå íîðìàëèçóþùåé êîíñòàíòû.

4.3. Ïðîöåññ ñòàðåíèÿ. Ðàññìîòðèì âëèÿíèå ýôôåêòà ñòàðåíèÿ íà ýâîëþöèþ ñåòè
NREP , ò. å. èññëåäóåì ôóíêöèþ fi(t). Òàê æå êàê â ï. 4.2, èçó÷àåì ýôôåêò, èãíîðèðóÿ
PA. Âû÷èñëÿåì, ÷åðåç êàêîé ïðîìåæóòîê âðåìåíè ñòàòüè ñ îäíèì è òåì æå ÷èñëîì öèòè-
ðîâàíèé áóäóò âíîâü ïðîöèòèðîâàíû.

Â ðåçóëüòàòå àíàëèçà çàâèñèìîñòè ìåæäó ñðåäíèì âîçðàñòîì öèòèðîâàíèÿ è ÷èñëîì
ïîëó÷àåìûõ öèòèðîâàíèé âûÿâëåíà ïîëîæèòåëüíàÿ êîððåëÿöèÿ, êîòîðàÿ ïðîñëåæèâàåòñÿ
äëÿ ÷èñëà öèòèðîâàíèé ìåíüøå 50 (àïïðîêñèìàöèÿ y = 0,08882x + 7,3354). Äëÿ áîëüøèõ
çíà÷åíèé íàáëþäàþòñÿ çíà÷èòåëüíûå ôëóêòóàöèè, ïðè÷åì àìïëèòóäà êîëåáàíèé óâåëè-
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Ðèñ. 3. Ñêîðîñòü ïîëó÷åíèÿ öèòèðîâàíèé Ak

÷èâàåòñÿ. �Âûäàþùèåñÿ� (÷àñòî öèòèðóåìûå) ñòàòüè èìåþò áîëüøîé ñðåäíèé âîçðàñò öè-
òèðîâàíèÿ. Òî åñòü ïðîöåññû óâåëè÷åíèÿ âîçðàñòà ñòàòåé è ñòàðåíèÿ ðàçëè÷íû.

Îòìåòèì, ÷òî íåêîòîðûå ñòàòüè âûäåëÿþòñÿ èç îáùåé êàðòèíû. Ýòî ñòàòüè, îêîí÷à-
òåëüíî óòðàòèâøèå âíèìàíèå. Ñëåäóÿ ðàáîòå [19], òàêèìè áóäåì ñ÷èòàòü ñòàòüè, èìåþ-
ùèå ê 2019 ã. ìåíüøå 50 âõîäÿùèõ öèòèðîâàíèé, ó êîòîðûõ ñðåäíèé âîçðàñò öèòèðîâàíèÿ
ìåíüøå, ÷åì 1/3 âîçðàñòà ñàìèõ ñòàòåé, äîïîëíèòåëüíî âêëþ÷àåì òîëüêî ñòàòüè, îïóáëè-
êîâàííûå ðàíåå 2000 ã. Òàêèõ îêàçàëîñü 3,8% (87 047) îò âñåõ ïðîöèòèðîâàííûõ õîòÿ áû
îäèí ðàç, ïðè÷åì áîëüøèíñòâî èç íèõ (62 258, 71,5%) îñòàëèñü íåàêòèâíûìè äî êîíöà âñå-
ãî ïåðèîäà ðàññìîòðåíèÿ (w1). Íà íàëè÷èå òàêèõ ñòàòåé óêàçûâàåòñÿ, íàïðèìåð, â ðàáîòàõ
[19, 26, 27].

Òåïåðü ðàññìîòðèì ðàñïðåäåëåíèå âîçðàñòîâ öèòèðóåìûõ ñòàòåé îòíîñèòåëüíî öèòèðó-
þùèõ. Çàôèêñèðóåì t0 � ãîä ïóáëèêàöèè öèòèðóþùèõ ñòàòåé. Ñòàòüè, îïóáëèêîâàííûå
â ãîäó t0, öèòèðóþò n ñòàòåé, îïóáëèêîâàííûõ â ãîäàõ t1,t2, . . . ,tj, . . . (â ïðîøëîì îòíîñè-
òåëüíî t0). Ïóñòü ni � ÷èñëî öèòèðóåìûõ ñòàòåé, îïóáëèêîâàííûõ â ãîäó ti. Ðàñïðåäåëåíèå
èíòåðâàëîâ θi = (t0 − ti) çàäàåò S(t).

Íà ðèñ. 5 ïðåäñòàâëåíî ðàñïðåäåëåíèå âîçðàñòîâ öèòèðóåìûõ ñòàòåé, îïóáëèêîâàííûõ â
ïåðèîä [1950, t0]. Äëÿ áîëåå äëèííîãî èíòåðâàëà äàííûõ î öèòèðîâàíèè â ÁÄ íåäîñòàòî÷íî,
ïîñêîëüêó òàêèõ ïóáëèêàöèé ìàëî, èõ èñêëþ÷åíèå âëèÿåò íåçíà÷èòåëüíî. Íà îñè àáñöèññ
óêàçàíû èíòåðâàëû âðåìåíè, ïðîøåäøåãî ñ ìîìåíòà ïóáëèêàöèè öèòèðóåìûõ ñòàòåé, à
íà îñè îðäèíàò � äîëÿ öèòèðóåìûõ ñòàòåé ni

/
n, îòíîñÿùèõñÿ ê ýòîìó èíòåðâàëó (øêàëà

ëîãàðèôìè÷åñêàÿ). Íåçàâèñèìî îò âûáîðà t0, ãðàôèêè äåìîíñòðèðóþò îäíè è òå æå òåìïû
ïîòåðè èíòåðåñà ê �ñòàðûì� ñòàòüÿì, à ïîñêîëüêó êîëè÷åñòâî �ñòàðûõ� ñòàòåé ìàëî, òî
ñóììàðíîå ðàñïðåäåëåíèå òàêæå íåçíà÷èòåëüíî îòëè÷àåòñÿ îò ïðèâåäåííûõ íà ðèñóíêå.
Ãðàôèêè äåìîíñòðèðóþò èíòåðåñ ê ñòàòüÿì, îïóáëèêîâàííûì çà 2�3 ãîäà äî ïóáëèêàöèè
öèòèðóþùåé ñòàòüè, çàòåì èäåò ýêñïîíåíöèàëüíîå ïàäåíèå èíòåðåñà, ñîîòâåòñòâóþùåå y =
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Ðèñ. 4. Ñêîðîñòü ïîëó÷åíèÿ öèòèðîâàíèé äëÿ ìàëûõ k

exp(λx). Îêîëî 25 ëåò çàòóõàíèå èäåò íàèáîëåå áûñòðûìè òåìïàìè. Òàê, äëÿ 2015 ã. â
ïåðèîä îò 3 äî 24 ëåò λ = −0,093, à â ïåðèîä îò 25 äî 70 ëåò λ = −0,118. Â öåëîì S(t)
èìååò ýêñïîíåíöèàëüíîå óáûâàíèå äëÿ íåáîëüøèõ çíà÷åíèé t. Ðàñïðåäåëåíèå S(t) ÿâëÿåòñÿ
àíàëîãîì f(t) èç (6), ò. å. ôóíêöèÿ çàòóõàíèÿ èìååò âèä f(t) = exp(αt), α < 0.

Â ðàáîòå [21] ïîêàçàíî, ÷òî äëÿ ìîäåëè ñåòè ñ ïîñòîÿííîé ñêîðîñòüþ ðîñòà ýêñïîíåí-
öèàëüíîå çàòóõàíèå âåäåò ê ýêñïîíåíöèàëüíîìó ðàñïðåäåëåíèþ ñòåïåíåé óçëîâ. Îäíàêî
èç ï. 4.1 ñëåäóåò, ÷òî â ñåòè NREP ðàñïðåäåëåíèå âõîäÿùèõ ñòåïåíåé óçëîâ ïîä÷èíÿåòñÿ
ñòåïåííîìó çàêîíó. Ïîä÷åðêíåì, ÷òî ýòà ñåòü ðàñòåò ýêñïîíåíöèàëüíî è, êàê çàìå÷åíî â
ðàáîòå [19], â ýòîì ñëó÷àå íà íåå â ìåíüøåé ñòåïåíè âëèÿåò áûñòðîå çàòóõàíèå èíòåðåñà ê
�ñòàðûì� ñòàòüÿì.

Ðàññìîòðèì ðàñïðåäåëåíèå D(t) âîçðàñòîâ öèòèðóþùèõ ñòàòåé îòíîñèòåëüíî öèòèðóå-
ìûõ, îïóáëèêîâàííûõ â îïðåäåëåííîì ãîäó. Ôèêñèðóåòñÿ t0 � ãîä ïóáëèêàöèè ñòàòåé, äëÿ
êîòîðûõ ðàññìàòðèâàþòñÿ âõîäÿùèå öèòèðîâàíèÿ, îíè ïîñòóïàþò îò n öèòèðóþùèõ ñòà-
òåé, îïóáëèêîâàííûõ â ãîäàõ t1,t2, . . . ,tj, . . . (â áóäóùåì îòíîñèòåëüíî t0). Ïóñòü ni � ÷èñëî
öèòèðóþùèõ ñòàòåé, îïóáëèêîâàííûõ â ãîäó ti. Ðàñïðåäåëåíèå èíòåðâàëîâ θi = (ti − t0)
çàäàåò D(t).

ÐàñïðåäåëåíèåD(t) äëÿ ðàçíûõ âðåìåííûõ èíòåðâàëîâ ïóáëèêàöèè öèòèðóåìûõ ñòàòåé
ïðåäñòàâëåíî íà ðèñ. 6. Íà îñè àáñöèññ óêàçàíû èíòåðâàëû, ïðîøåäøèå ïîñëå ïóáëèêà-
öèè öèòèðóåìûõ ñòàòåé äî ìîìåíòà öèòèðîâàíèÿ, à íà îñè îðäèíàò � äîëÿ öèòèðóþùèõ
ñòàòåé ni

/
n (øêàëà ëîãàðèôìè÷åñêàÿ). Äëÿ t0 = 1968 (òàêæå t0 = 1988) íàáëþäàåòñÿ ëè-

íåéíûé ðîñò äîëåé ni
/
n ïî ìåðå óâåëè÷åíèÿ çíà÷åíèÿ θi. Äëÿ àãðåãèðîâàííîãî ïåðèîäà

t0 = {1948, 1949, . . . , 1997} ïåðâûå 21 ãîä íàáëþäàåòñÿ ëèíåéíîå óâåëè÷åíèå, à çàòåì � ýêñ-
ïîíåíöèàëüíûé ñïàä (λ = −0,132). Òî åñòü öèòèðóþùèå àâòîðû çàáûâàþò î ïóáëèêàöèÿõ
áûñòðåå, ÷åì ýòî ñêàçûâàåòñÿ íà öèòèðóåìûõ ïóáëèêàöèÿõ. Êàê ðåçóëüòàò, ðàñïðåäåëåíèå
âõîäÿùèõ ñòåïåíåé ñëåäóåò ñòåïåííîìó çàêîíó.
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Ðèñ. 5. Ðàñïðåäåëåíèå S(t)

Çàêëþ÷åíèå. Èññëåäîâàíà ñåòü öèòèðîâàíèÿ ñòàòåé ÁÄ RePEc. Âû÷èñëèòåëüíûé ýêñ-
ïåðèìåíò ïîäòâåðäèë âëèÿíèå PA íà ñêîðîñòü, ñ êîòîðîé ñòàòüè ïîëó÷àþò öèòèðîâàíèÿ
îò íîâûõ ñòàòåé. Äëÿ óçëîâ ñåòè NREP âåðîÿòíîñòü ïîëó÷åíèÿ íîâîãî ðåáðà â ìîìåíò t
ïðîïîðöèîíàëüíà âõîäÿùåé ñòåïåíè k è àïïðîêñèìèðóåòñÿ ëèíåéíîé ôóíêöèåé. Êàê ïîêà-
çûâàþò òåîðåòè÷åñêèå èññëåäîâàíèÿ, èìåííî ëèíåéíîñòü ïðèâîäèò ê òîìó, ÷òî ðàñïðåäåëå-
íèå âõîäÿùèõ ñòåïåíåé óçëîâ èìååò õâîñò, ñëåäóþùèé ñòåïåííîìó çàêîíó. Â äàííîì ñëó÷àå
ïàðàìåòð ñòåïåííîãî çàêîíà γ = 2,89 èìååò çíà÷åíèå, áëèçêîå ê γ = 3, ÷òî õàðàêòåðíî äëÿ
ÁÀ-ìîäåëè.

Ñ îäíîé ñòîðîíû, ñîãëàñíî èäåàëèçèðîâàííîìó PA, ñòàòüè ñ âûñîêîé ñòåïåíüþ öèòè-
ðîâàíèÿ íàèáîëåå âåðîÿòíî ïîëó÷àþò íîâûå öèòèðîâàíèÿ, ñ äðóãîé � ýêñïîíåíöèàëüíûé
ðîñò ÷èñëà ñòàòåé ñíèæàåò øàíñ öèòèðîâàíèÿ �ñòàðûõ� ñòàòåé, ïðè÷åì îñíîâíîé ðîñò ÷èñ-
ëà öèòèðîâàíèé ïðèõîäèòñÿ íà ïåðâûå äâà ãîäà ïîñëå ïóáëèêàöèè. Äëÿ ñåòè NREP ñðåäíèé
âîçðàñò öèòèðîâàíèÿ ñîñòàâëÿåò îêîëî 11 ëåò. Ïðîöåññ ñòàðåíèÿ ìîæåò áûòü ïðåäñòàâëåí
ýêñïîíåíöèàëüíîé ôóíêöèåé f(t) íà ïðîìåæóòêå îò 2�3 äî 20�23 ëåò, ïðîøåäøèõ ïîñëå
ïóáëèêàöèè. Çàìåòèì, ÷òî àêò öèòèðîâàíèÿ è äàòà ïóáëèêàöèè ìîãóò ñóùåñòâåííî îò-
ëè÷àòüñÿ äðóã îò äðóãà. Êðîìå òîãî, ïðîöåññ öèòèðîâàíèÿ �ìîëîäûõ� ïóáëèêàöèé íå çà-
âåðøåí. Ýòè ôàêòû ìîãóò ñóùåñòâåííî âëèÿòü íà ñòàòèñòèêó. Åùå îäíîé îñîáåííîñòüþ
ñåòè öèòèðîâàíèÿ ÿâëÿåòñÿ âëèÿíèå ñîäåðæàíèÿ ñòàòåé íà öèòèðóåìîñòü. Ïîïóëÿðíàÿ â
äàííîå âðåìÿ òåìàòèêà ìîæåò ïðèâëå÷ü öèòèðîâàíèÿ. Óòðàòèâøèå âíèìàíèå ñòàòüè òàê-
æå âíîñÿò äèññîíàíñ ïðè ðàññìîòðåíèè ïðîôèëåé äàííûõ. Êàê ðåçóëüòàò � îòñóòñòâèå
ìîíîòîííîñòè â ðàñïðåäåëåíèÿõ S(t) è D(t).

Ñëåäóåò îòìåòèòü, ÷òî äàííûå îãðàíè÷åíû öèòèðîâàíèÿìè ìåæäó îòîáðàííûìè
ñòàòüÿìè áåç ó÷åòà äðóãèõ òèïîâ ñòàòåé, à òàêæå ñòàòåé âíå áàçû, ÷òî òàêæå ìîæåò
èñêàæàòü äèíàìè÷åñêóþ êàðòèíó. Îäíàêî îáùèå òåíäåíöèè ïðîñëåæèâàþòñÿ.
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Ðèñ. 6. Ðàñïðåäåëåíèå D(t)
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