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The article deals with the modeling of a complex network of co-authorship, presented in the form of
a hypergraph. The formal information necessary to describe multiple relationships between coauthors
is given and two models of the analyzed object are presented. Based on real information extracted from
the bibliographic database RePEc, a hypergraph of the co-authorship network is constructed.

Most of the previous studies consider the co-authorship relation between two authors as a
collaboration. So a network is represented as a simple graph in which link relates only a pair of authors
that are coauthors of at least one scienti�c paper (SP). These pairwise networks have been studied
from many aspects such as degree distribution analysis, community extraction, authors ranking, see,
for example, [4�8]. Such networks does not provide a complete description of the collaboration because
we only know whether scientists have collaborated or not but we can't know whether a group of
authors linked together in the network were coauthors of the same paper or not. As a variant of
the representation that takes into account n-ary relations between authors, a bipartite graph may be
considered, in which one partite set represents the authors, the other � SPs prepared by these authors.
This makes it possible to use the apparatus of graph theory, but at the same time, heterogeneity in the
de�nition of nodes makes more complicated the study of such topological properties as connectivity
and clustering. Therefore, in [10], it is proposed to use a graph generalization, a hypergraph [11], to
represent a complex system and call it a hyper-network. Edges of a hypergraph can relate groups of
more than two nodes.

A (undirected) hypergraph H = (V,E) on a �nite set V = v1,v2, . . . ,vn is de�ned by the family
E = (E1,E2, . . . ,Em) of subsets of the set V . An element vi ∈ V is called a node, an element Ei ∈ E is
called an ( hyper)edge [17]. Let P = {p1, p2, . . . , pm} be the set of SPs, and S = {s1, s2, . . . , sn} be the
set of their authors. We assume that P contains only those SPs that have two or more authors, i.e. the
constructed hypergraph will not have edges consisting of a single vertex. Let us de�ne a hypergraph
H1 = (V,E1) such that the set S is mapped to the set of vertices V , and the set P is mapped to the set of
edges E1, and if the SP pi is prepared precisely by the authors v1, v2, . . . , vk, then Ei = {v1, v2, . . . , vk}
is an edge, Ei ∈ E1. The number of edges m1 = |E1| is the number of publications |P | [10]. We can
also de�ne a hypergraph H2 = (V,E2, w) in which nodes represent authors and hyper-edges represent
the groups of authors that have published papers together. Here Ei = {v1, v2, . . . , vk} ∈ E2 if there is
at least one SP jointly published by the authors v1, v2, . . . , vk. The edge weight is the number of SPs
published jointly by these k authors. Number of edgesm2 = |E2| is the number of groups of authors [6].

In our work, we consider a set of SPs indexed in the RePEc database at the time of extraction.
The procedure for �ltering �raw� data is presented in [15]. As a result, having 91113 co-authored SPs
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and 32434 authors we construct the hypergraph Hca = (V,E) by analogy with H1 above. At this
stage we use the bipartite incidence graph K(Hca) = (V,V ′, EK) in order to calculate a number of
parameters of Hca . The graph K(Hca) that is isomorphic to Hca can be obtained by associating with
each hyper-edge Ej ∈ E an additional vertex vej and de�ning the set V ′ = {vej : Ej ∈ E} such that
an edge between v ∈ V and vej ∈ V ′ exists i� v ∈ Ej [24]. It is shown that the hypergraph Hca is
neither simple nor conformal. Parameter values are given in Tab. 2. As an example, we consider the
hypergraph component consisting of 12 nodes and 27 edges (Fig. 1, Tab. 1). It is noted that based on
the hypergraph, co-authorship networks considered in the works [15, 16] can be built, the reverse is
not true.

Key words: complex networks, scienti�c co-authorship, hypergraph, bipartite graph,
bibliometry.
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Ðàññìîòðåíû âîïðîñû ìîäåëèðîâàíèÿ êîìïëåêñíîé ñåòè íàó÷íîãî ñîàâòîðñòâà, ïðåäñòàâëåííîé
â âèäå ãèïåðãðàôà, â îòëè÷èå îò òðàäèöèîííîãî ïîäõîäà ê èçó÷åíèþ ýòîãî ôåíîìåíà, áàçè-
ðóþùåãîñÿ íà ïîñòðîåíèè âçâåøåííîãî ëèáî íåâçâåøåííîãî ãðàôà. Ïðèâåäåíû ôîðìàëüíûå
ñâåäåíèÿ, íåîáõîäèìûå äëÿ îïèñàíèÿ ìíîæåñòâåííûõ îòíîøåíèé ìåæäó ãðóïïàìè ñîàâòîðîâ,
ïðåäñòàâëåíû äâå ìîäåëè àíàëèçèðóåìîãî îáúåêòà. Íà îñíîâå ðåàëüíîé èíôîðìàöèè, èçâëå÷åí-
íîé èç áèáëèîãðàôè÷åñêîé áàçû äàííûõ, ñêîíñòðóèðîâàí ãèïåðãðàô ñåòè ñîàâòîðñòâà, èçìåðå-
íû åãî ïàðàìåòðû è ñôîðìóëèðîâàíû îñíîâíûå ñâîéñòâà. Ïðèâåäåí ñîäåðæàòåëüíûé ïðèìåð.
Â ðåçóëüòàòå ðàáîòû ôåíîìåí íàó÷íîãî ñîàâòîðñòâà ðàññìîòðåí ñ íîâîé òî÷êè çðåíèÿ.

Êëþ÷åâûå ñëîâà: êîìïëåêñíûå ñåòè, íàó÷íîå ñîàâòîðñòâî, ãèïåðãðàô, äâóäîëüíûé ãðàô,
áèáëèîìåòðèÿ.

Ââåäåíèå. Íåôîðìàëüíûé òåðìèí ¾êîìïëåêñíûå ñèñòåìû¿ îáúåäèíÿåò åñòåñòâåííûå
è èñêóññòâåííûå îáúåêòû, èìåþùèå ñëîæíûå âíóòðåííèå ñâÿçè, âëèÿþùèå íà ôóíêöèî-
íèðîâàíèå ñèñòåìû â öåëîì. Èíòåðåñ ê èõ èçó÷åíèþ âîçíèê â êîíöå ÕÕâ. â ðåçóëüòàòå
àíàëèçà è ìîäåëèðîâàíèÿ ðåàëüíûõ âåñüìà íåïîñòîÿííûõ áèîëîãè÷åñêèõ, ñîöèàëüíûõ è
òåõíè÷åñêèõ êîíñòðóêöèé, òàêèõ êàê: ïîãîäà, ðàñïðåäåëåííûå ñèñòåìû ïåðåäà÷è èíôîðìà-
öèè, èíòåðíåò âåùåé è ò. ï. Îäíèì èç ìåòîäîâ èññëåäîâàíèÿ ïîäîáíûõ îáúåêòîâ ÿâëÿåòñÿ
ïðåäñòàâëåíèå â âèäå êîìïëåêñíîé ñåòè (ÊÑ), ò. å. ìíîæåñòâà äèñêðåòíûõ ýëåìåíòîâ è
îòíîøåíèé ìåæäó íèìè. Äëÿ ìîäåëèðîâàíèÿ ÊÑ ïðèíÿòî èñïîëüçîâàòü ïðîñòûå, îðèåí-
òèðîâàííûå ëèáî âçâåøåííûå ãðàôû, ñîñòîÿùèå èç ìíîæåñòâà âåðøèí, ñîîòâåòñòâóþùèõ
èçó÷àåìûì ýëåìåíòàì, ÷àñòü êîòîðûõ îáúåäèíåíà â ïàðû íà îñíîâå íåêîòîðîãî îòíîøåíèÿ.
Ìåòîäû èññëåäîâàíèÿ îáúåêòîâ ñ áèíàðíûìè îòíîøåíèÿìè äîñòàòî÷íî õîðîøî èçó÷åíû
(ñì., íàïðèìåð, îáçîð [1]). Ïîñêîëüêó â ðåàëüíûõ ñèñòåìàõ çàäåéñòâîâàíû ñëîæíûå ìíîãî-
ñòîðîííèå îòíîøåíèÿ ìåæäó ïîäñèñòåìàìè, ìîäåëèðîâàíèå âñåõ îòíîøåíèé êàê áèíàðíûõ
ïðèâîäèò ê ïîòåðå èíôîðìàöèè, ïðèñóòñòâóþùåé â èñõîäíîì îáúåêòå. Ïîýòîìó äëÿ ìîäå-
ëèðîâàíèÿ ìíîãîñòîðîííèõ çàâèñèìîñòåé èñïîëüçóþòñÿ ìàòåìàòè÷åñêèå ñòðóêòóðû, ÿâíî
îòðàæàþùèå òàêèå îòíîøåíèÿ (ñì., íàïðèìåð, îáçîðû [2, 3]).

Ñîàâòîðñòâîì íàçûâàþò ôîðìó îáúåäèíåíèÿ ó÷åíûõ ñ öåëüþ ïðîâåäåíèÿ ñîâìåñòíûõ
èññëåäîâàíèé, ðåçóëüòàòîì êîòîðûõ îáû÷íî ÿâëÿåòñÿ îáùàÿ ïóáëèêàöèÿ. Ñîàâòîðàìè ÿâ-
ëÿþòñÿ âñå àâòîðû íàó÷íîé ïóáëèêàöèè (ÍÏ), âíåñøèå âêëàä â åå ïîäãîòîâêó è ðàçäåëÿþ-
ùèå îòâåòñòâåííîñòü çà ïîëó÷åííûå ðåçóëüòàòû. Èíôîðìàöèÿ î ñîàâòîðñòâå èçâëåêàåòñÿ
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èç áèáëèîãðàôè÷åñêèõ áàç äàííûõ (ÁÄ) è, êàê ïðàâèëî, ñîäåðæèò íàçâàíèå ÍÏ, èìåíà
è àôôèëèàöèè àâòîðîâ, ãîä èçäàíèÿ. Ýòè ñâåäåíèÿ ïîçâîëÿþò ïîñòðîèòü ñåòü ñîàâòîð-
ñòâà N ca, êîòîðóþ ìîæíî èçó÷àòü êàê ñîöèàëüíóþ ñåòü. Òðàäèöèîííûé ïîäõîä ê èññëåäî-
âàíèþ N ca, èçëîæåííûé â îñíîâîïîëàãàþùèõ ðàáîòàõ [4, 5], ðåäïîëàãàåò, ÷òî óçëû ñîîò-
âåòñòâóþò àâòîðàì, à ðåáðà � îòíîøåíèþ ñîàâòîðñòâà, óñòàíàâëèâàþùåìóñÿ ïðè íàëè÷èè
õîòÿ áû îäíîé ÍÏ, â êîòîðîé ó÷àñòâóþò îáà àâòîðà. Òàê, N ca ìîæíî ðàññìàòðèâàòü ñ òî÷-
êè çðåíèÿ ðàñïðåäåëåíèÿ ñòåïåíåé óçëîâ ñåòè (ñì. [4]), ðàíæèðîâàíèÿ àâòîðîâ (ñì. [5]),
âûÿâëåíèÿ ñîîáùåñòâ (ñì. [6]), äèíàìèêè ðàçâèòèÿ íàó÷íîé äåÿòåëüíîñòè (ñì. [7, 8]). Ðå-
çóëüòàòû àíàëèçà N ca ïîçâîëÿþò îïåðàòèâíî ïîëó÷èòü äîñòàòî÷íî ïîëíîå è îáîñíîâàííîå
ïðåäñòàâëåíèå î ñîâìåñòíîé íàó÷íîé äåÿòåëüíîñòè â àíàëèçèðóåìîé îáëàñòè.

Íà÷èíàÿ ñ 2000 ãã. òðàäèöèîííîå ïðåäñòàâëåíèå N ca íà îñíîâå áèíàðíûõ îòíîøåíèé
ñìåíèëîñü íà èñïîëüçîâàíèå ñòðóêòóð, îòðàæàþùèõ ìíîæåñòâåííûå îòíîøåíèÿ ìåæäó
àâòîðàìè. Òàê, â ðàáîòå [9] óòâåðæäàåòñÿ, ÷òî ñîàâòîðû ÍÏ èìåþò m-àðíûå îòíîøåíèÿ
äðóã ñ äðóãîì, â òîì ñìûñëå, ÷òî îíè ïðèêðåïëåíû ê ïóáëèêàöèè, ãäå m � ÷èñëî ñîàâ-
òîðîâ, îáðàçóþùèõ ãðóïïó. Â êà÷åñòâå âàðèàíòà ïðåäñòàâëåíèÿ, ó÷èòûâàþùåãî m-àðíûå
îòíîøåíèÿ ìåæäó àâòîðàìè, ðàññìàòðèâàåòñÿ äâóäîëüíûé ãðàô, â êîòîðîì îäíî äîëüíîå
ìíîæåñòâî ïðåäñòàâëÿåò àâòîðîâ, äðóãîå � ïóáëèêàöèè, ïîäãîòîâëåííûå ýòèìè àâòîðàìè,
÷òî ïîçâîëÿåò èñïîëüçîâàòü àïïàðàò òåîðèè ãðàôîâ. Îäíàêî ïðè ýòîì òåðÿåòñÿ ¾îäíîðîä-
íîñòü¿ îïðåäåëåíèÿ óçëîâ, ñëåäîâàòåëüíî, óñëîæíÿåòñÿ èçó÷åíèå òàêèõ òîïîëîãè÷åñêèõ
ñâîéñòâ, êàê ñâÿçíîñòü è êëàñòåðèçàöèÿ. Ïîýòîìó â ðàáîòå [10] äëÿ ïðåäñòàâëåíèÿ ÊÑ
ïðåäëàãàåòñÿ èñïîëüçîâàòü ãèïåðãðàô � îáîáùåíèå ãðàôà [11] è íàçûâàòü åãî ãèïåðñåòüþ.
Ðåáðà ãèïåðãðàôà ìîãóò ñâÿçûâàòü ãðóïïû óçëîâ ëþáîé ìîùíîñòè. Ðàáîòà [10] ÿâëÿåòñÿ
îäíîé èç ïåðâûõ ïóáëèêàöèåé, â êîòîðûõ ïðåäëàãàåòñÿ ïðåäñòàâëÿòü N ca ñ ïîìîùüþ ãè-
ïåðãðàôà, âåðøèíû êîòîðîãî ñîîòâåòñòâóþò àâòîðàì, ðåáðà � ãðóïïàì àâòîðîâ, èìåþùèì
ñîâìåñòíûå ÍÏ. Â ðàáîòå [12] îòìå÷åíî, ÷òî òàêîé ïîäõîä ïîçâîëÿåò ñôîêóñèðîâàòüñÿ èñ-
êëþ÷èòåëüíî íà àâòîðàõ. Åñëè æå ïðèíèìàòü âî âíèìàíèå êàê ó÷åíûõ, òàê è èõ ÍÏ, òî
ñëåäóåò ðàññìàòðèâàòü îäíó íàó÷íóþ ñòàòüþ êàê îïðåäåëÿþùóþ îäíî îòíîøåíèå ìåæäó
ñîàâòîðàìè.

Ïðèìåðû àíàëèçà ñòðóêòóðû íàó÷íîãî ñîàâòîðñòâà, îñíîâàííûå íà ìîäåëÿõ ñ ìíî-
æåñòâåííûìè îòíîøåíèÿìè, ìîæíî íàéòè â ðàáîòå [9], â êîòîðîé èññëåäóþòñÿ ïàðàìåò-
ðû N ca, ïðåäñòàâëåííîé ñëó÷àéíûì äâóäîëüíûì ãðàôîì àôôèëèàöèè; â ðàáîòå [13], îïè-
ñûâàþùåé òåõíîëîãèè âèçóàëèçàöèè ãèïåðãðàôîâ, îáåñïå÷èâàþùèå ìèíèìàëüíóþ ïîòåðþ
èíôîðìàöèè; à òàêæå â ðàáîòàõ [10, 14], îïðåäåëÿþùèõ ñïåöèàëüíûå ìåðû, ïîçâîëÿþùèå
âûÿâèòü âàæíîñòü àâòîðîâ â ðàìêàõ ïðåäñòàâëåíèÿ ñåòåé ñîàâòîðñòâà ãèïåðãðàôàìè.

Â ïîñëåäíåå äåñÿòèëåòèå èçó÷åíèå ðåàëüíûõ ÊÑ ïðèâëåêàåò çíà÷èòåëüíîå âíèìàíèå ñî
ñòîðîíû èññëåäîâàòåëåé, ïðåäñòàâëÿþùèõ ðàçëè÷íûå íàó÷íûå äèñöèïëèíû. Îäíà èç îñ-
íîâíûõ òåì � èçó÷åíèå òîïîëîãè÷åñêèõ îñîáåííîñòåé ÊÑ çíà÷èòåëüíîãî ðàçìåðà. Â äàí-
íîé ðàáîòå èçëîæåí ìåòîä ïîñòðîåíèÿ ñåòè íàó÷íîãî ñîàâòîðñòâà, îñíîâàííûé íà ðåàëüíûõ
áèáëèîãðàôè÷åñêèõ äàííûõ, èçâëå÷åííûõ èç ÁÄ RePEc, ñîäåðæàùåé ñâåäåíèÿ î ïðèáëè-
çèòåëüíî 3,8× 106 ÍÏ, âêëþ÷àÿ íàçâàíèÿ è êðàòêèå ñâåäåíèÿ îá àâòîðàõ. Íà îñíîâå ýòîé
èíôîðìàöèè ïîñòðîåíà ãèïåðñåòü íàó÷íîãî ñîàâòîðñòâà Hca è èçìåðåíû åå ïàðàìåòðû.
Ïîëó÷åííûå ðåçóëüòàòû, ñîïîñòàâëåííûå ñ èçëîæåííûìè â ðàáîòàõ [15, 16], ðàñøèðÿþò
ïðåäñòàâëåíèå î íàó÷íîì ñîàâòîðñòâå â èññëåäóåìîé èíôîðìàöèîííîé ñðåäå.
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1. Ãèïåðãðàô

1.1. Îñíîâíûå îïðåäåëåíèÿ. Ãèïåðãðàô H = (V,E) [11] íà êîíå÷íîì ìíîæåñòâå V =
{v1,v2, . . . ,vn} îïðåäåëÿåòñÿ ñåìåéñòâîì E = (E1,E2, . . . ,Em) ïîäìíîæåñòâ ìíîæåñòâà V ,
òàêèõ ÷òî:

à) Ei ̸= ∅, i = 1, . . . , m;
á) ∪m

i=1Ei = V ;
â) (∀vj ∈ V ∃Ei) vj ∈ Ei, j = 1, . . . ,n.
Ýëåìåíòû v1, v2, . . . , vn íàçûâàþòñÿ âåðøèíàìè H, à E1, E2, . . . , Em � ðåáðàìè, èëè ãè-

ïåððåáðàìè. Çàìåòèì, ÷òî â ñîâðåìåííîé ëèòåðàòóðå (ñì., íàïðèìåð, [17]) èñïîëüçóåòñÿ
îïðåäåëåíèå ãèïåðãðàôà, â êîòîðîì îãðàíè÷åíèÿ à ) � â) îòñóòñòâóþò. ×èñëî âåðøèí
H íàçûâàåòñÿ ïîðÿäêîì ãèïåðãðàôà è îáîçíà÷àåòñÿ n(H) ëèáî n. ×èñëî ðåáåð íàçûâà-
åòñÿ ðàçìåðîì è îáîçíà÷àåòñÿ m(H) ëèáî m. Ðàíã ãèïåðãðàôà r(H) îïðåäåëÿåòñÿ êàê
r(H) = max

j
|Ej|. Ãèïåðãðàô H = (V,E) íàçûâàåòñÿ ïðîñòûì, åñëè âûïîëíÿåòñÿ óñëîâèå

Ei ⊆ Ej ⇒ i = j. Ìóëüòèãèïåðãðàôîì íàçûâàþò ãèïåðãðàô ñ ïîâòîðÿþùèìèñÿ ðåáðàìè,
ò. å. ñóùåñòâóþò õîòÿ áû äâà ðåáðà Ei, Ej, i ̸= j, òàêèå ÷òî Ei = Ej.

Åñëè vi ∈ Ej, òî ðåáðî Ej íàçûâàþò èíöèäåíòíûì âåðøèíå vi. Âåðøèíû vi, vk ∈ V
íàçûâàþòñÿ ñìåæíûìè (îáîçíà÷àþòñÿ vi ∼ vk), åñëè ñóùåñòâóåò ðåáðî Ej ∈ E, òàêîå
÷òî vi ∈ Ej è vk ∈ Ej [10]. Òàêèì îáðàçîì, âñå ðåáðà, ñîäåðæàùèå âåðøèíó, èíöèäåíòíû
äàííîé âåðøèíå, à âñå âåðøèíû, âõîäÿùèå â ïî êðàéíåé ìåðå îäíî îáùåå ðåáðî, ÿâëÿþòñÿ
ñìåæíûìè. Ñòåïåíüþ âåðøèíû deg(vi) íàçûâàþò ÷èñëî ãèïåððåáåð, ñîäåðæàùèõ âåðøèíó
vi [11 ]. Ñòåïåíü ðåáðà deg(Ei) � åãî ìîùíîñòü (ò. å. ÷èñëî âåðøèí â ðåáðå).

Äâîéñòâåííûì ãèïåðãðàôó H = (V,E) íà ìíîæåñòâå V íàçûâàåòñÿ ãèïåðãðàô H∗ =
(V ∗, E∗), òàêîé ÷òî åãî âåðøèíû ñîîòâåòñòâóþò ðåáðàì â H, à ãèïåððåáðà H∗ ñîîòâåò-
ñòâóþò âåðøèíàì H, ñ îòíîøåíèåì èíöèäåíòíîñòè, êîòîðîå ñâÿçûâàåò êàæäóþ âåðøèíó
ñ ãèïåððåáðàìè H, â êîòîðûå âåðøèíà âõîäèò. Ôîðìàëüíî:{

V ∗ = E;
E∗

i = {Ej|vi ∈ Ej â H}.

1.2. Ìàòðè÷íîå ïðåäñòàâëåíèå. Ãèïåðãðàô H = (V,E) ìîæåò áûòü ïðåäñòàâëåí ìàò-

ðèöåé èíöèäåíòíîñòè C(H) = (cij), ñòîëáöû êîòîðîé ñîîòâåòñòâóþò ðåáðàì, ñòðîêè �
âåðøèíàì:

cij =

{
1, åñëè vi ∈ Ej;
0, åñëè vi /∈ Ej.

(1)

Â òåðìèíàõ C(H) ñòåïåíüþ âåðøèíû ÿâëÿåòñÿ ñóììà ýëåìåíòîâ ñîîòâåòñòâóþùåé ñòðî-
êè ìàòðèöû èíöèäåíòíîñòè:

deg(vi) =
∑
j

cij. (2)

Ìàòðèöà èíöèäåíòíîñòè ãèïåðãðàôà H∗ ìîæåò áûòü âû÷èñëåíà êàê C∗ = C⊤, òàêèì
îáðàçîì, (H∗)∗ = H. Âñå ïîíÿòèÿ, îòíîñÿùèåñÿ ê ãèïåðãðàôó, âåðíû äëÿ äâîéñòâåííîãî
ãèïåðãðàôà. Çàìåòèì, ÷òî ãèïåðãðàô, äâîéñòâåííûé ãèïåðãðàôó áåç ïîâòîðÿþùèõñÿ ðå-
áåð, ìîæåò èìåòü ïîâòîðÿþùèåñÿ ðåáðà, à òàêæå ìîæåò îêàçàòüñÿ îáûêíîâåííûì ãðàôîì
(ïðèìåðû ñì. â [17, 18]).

Ìàòðèöà ñìåæíîñòè ãèïåðãðàôà A(H) = (aij) � ýòî êâàäðàòíàÿ ìàòðèöà, ýëåìåíò
aij � ýòî ÷èñëî ðåáåð, ñîäåðæàùèõ îäíîâðåìåííî âåðøèíû vi è vj, äèàãîíàëüíûå ýëåìåíòû
ìàòðèöû A ðàâíû íóëþ:
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(∀vi ∈ V ) aii = 0;

(∀vi, vj ∈ V, i ̸= j) aij = |{Ek ∈ E : {vi,vj} ⊆ Ek}|. (3)

Ìàòðèöà A(H) ìîæåò áûòü ïîëó÷åíà èç ìàòðèöû C(H) ñëåäóþùèì îáðàçîì:

A(H) = C · C⊤ − Dv,

ãäå C⊤ � òðàíñïîíèðîâàííàÿ ìàòðèöà èíöèäåíòíîñòè, Dv � ìàòðèöà, äèàãîíàëüíûå ýëå-
ìåíòû êîòîðîé ðàâíû ñòåïåíÿì ñîîòâåòñòâóþùèõ âåðøèí ãèïåðãðàôà: dii = deg(vi).

Íà îñíîâå ãèïåðãðàôà ìîæíî ïîñòðîèòü ãðàôû, îòðàæàþùèå ïàðíûå îòíîøåíèÿ ìåæ-
äó âåðøèíàìè. Òàê, ìàòðèöà A(H) ìîæåò ðàññìàòðèâàòüñÿ êàê ìàòðèöà ñìåæíîñòè ìóëü-
òèãðàôà (âçâåøåííîãî ãðàôà) G(H), íàçûâàåìîãî àññîöèèðîâàííûì ãðàôîì ãèïåðãðàôà
H = (V,E) [19].

Ïîñòðîèì ãðàô [H]2 = (V,E2), íàçûâàåìûé 2-ñåêöèåé ãèïåðãðàôà H = (V,E), òàêîé
÷òî ìíîæåñòâî åãî âåðøèí ñîâïàäàåò ñ V è äâå åãî âåðøèíû ÿâëÿþòñÿ ñìåæíûìè òîãäà è
òîëüêî òîãäà, êîãäà îíè îáå ïðèíàäëåæàò îäíîìó ðåáðó â H, ò. å.:

[H]2 = (V,E2), ãäå {vi, vj} ∈ E2 ⇔ E(vi) ∩ E(vj) ̸= ∅,

ãäå E(v) � ìíîæåñòâî âñåõ ðåáåð, ñîäåðæàùèõ âåðøèíó v.
Â ìîíîãðàôèè [11] ïîíÿòèå 2-ñåêöèè îïðåäåëåíî äëÿ ïðîñòîãî ãèïåðãðàôà, îáîáùå-

íèå 2-ñåêöèè ïðèâåäåíî â ìîíîãðàôèè [18]. Ðåçóëüòàòîì îáîáùåíèÿ ÿâëÿåòñÿ ìóëüòèãðàô,
ñîîòâåòñòâóþùèé ãðàôó G(H).

Ïîñòðîèì êâàäðàòíóþ ìàòðèöó A′ ïóòåì çàìåíû â ìàòðèöå ñìåæíîñòè A âñåõ íåíóëå-
âûõ ýëåìåíòîâ íà åäèíèöó:

(∀vi ∈ V )a′ii = 0;

(∀vi,vj ∈ V, i ̸= j)a′ij =

{
1, åñëè aij ̸= 0;
0, åñëè aij = 0;

(4)

Ìàòðèöó A′ ìîæíî ðàññìàòðèâàòü êàê ìàòðèöó ñìåæíîñòè ãðàôà [H]2, ÿâëÿþùåãîñÿ
2-ñåêöèåé ãèïåðãðàôà â îïðåäåëåíèè, ïðèâåäåííîì â ðàáîòå [20].

Êëèêîé â íåîðèåíòèðîâàííîì ãðàôå íàçûâàåòñÿ ïîäìíîæåñòâî âåðøèí, êàæäûå äâå èç
êîòîðûõ ñîåäèíåíû ðåáðîì ãðàôà. Ãèïåðãðàô H, â êîòîðîì ãèïåððåáðà ÿâëÿþòñÿ ìàê-
ñèìàëüíûìè (ïî âêëþ÷åíèþ) êëèêàìè [H]2, íàçûâàåòñÿ êîíôîðìíûì. Åñëè ãèïåðãðàô íå
êîíôîðìíûé, òî ïðè ïåðåõîäå îò ãèïåðãðàôà ê ãðàôó ïàðíûõ îòíîøåíèé íå âñå ñòðóêòó-
ðû ãðàôà âîçíèêàþò íà îñíîâàíèè ñòðóêòóðû ãèïåðãðàôà. Íåîáõîäèìûå è äîñòàòî÷íûå
óñëîâèÿ êîíôîðìíîñòè ïðèâåäåíû â ìîíîãðàôèÿõ [11, 17].

Óòâåðæäåíèå 1 (òåîðåìà Ãèëìîðà). Ãèïåðãðàô êîíôîðìíûé òîãäà è òîëüêî òîãäà,
êîãäà äëÿ ëþáûõ ïîïàðíî ïåðåñåêàþùèõñÿ òðåõ ãèïåððåáåð E1, E2, E3 ñóùåñòâóåò ðåáðî
E4, òàêîå ÷òî âûïîëíÿåòñÿ óñëîâèå (E1 ∩ E2) ∪ (E1 ∩ E3) ∪ (E2 ∩ E3) ⊆ E4 [17].

Ãèïåðãðàô Hw=(V,E,w) íàçûâàåòñÿ âçâåøåííûì, åñëè îïðåäåëåíà ôóíêöèÿ w :E→R,
ñîïîñòàâëÿþùàÿ ñ êàæäûì ðåáðîì Ei ∈ E åãî âåñ w(Ei) [21]. Åñëè C � ìàòðèöà èíöè-
äåíòíîñòè Hw, òî âçâåøåííàÿ ñòåïåíü ãèïåðãðàôà îïðåäåëÿåòñÿ ôîðìóëîé

dw(vi) =
∑
j

cij · wj, (5)
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ãäå wj = w(Ej).
Ïóñòü W = diag(wj) � äèàãîíàëüíàÿ m × m ìàòðèöà âåñîâ ðåáåð, wjj = w(Ej), à

Dw = diag (dw(vi)) � äèàãîíàëüíàÿ n× n ìàòðèöà âçâåøåííûõ ñòåïåíåé âåðøèí. Ìàòðèöà
ñìåæíîñòè âçâåøåííîãî ãèïåðãðàôà Hw, ñîãëàñíî [21], îïðåäåëÿåòñÿ ôîðìóëîé

Aw = C · W · C⊤ − Dw. (6)

1.3. Ìàðøðóòû è ïóòè. Ìàðøðóò äëèíîé l â ãèïåðãðàôå H = (V,E) îïðåäåëÿåòñÿ
êàê ïîñëåäîâàòåëüíîñòü âåðøèí (v1,v2, . . . ,vl+1) (íå îáÿçàòåëüíî ðàçëè÷íûõ), òàêèõ ÷òî
äëÿ ëþáîãî i = 1, 2, . . . , l ñóùåñòâóåò ðåáðî, ñîäåðæàùåå vi è vi+1; ìàðøðóò çàìêíóòûé,
åñëè v1 = vl+1. Ïóòü � ýòî ìàðøðóò, ó êîòîðîãî âñå ðåáðà è âåðøèíû ðàçëè÷íû [10].
Äèñòàíöèÿ ìåæäó âåðøèíàìè � äëèíà êðàò÷àéøåãî ïóòè ìåæäó íèìè.

Ñîãëàñíî [20], ãèïåðãðàô ñâÿçíûé, åñëè ñóùåñòâóåò ïóòü ìåæäó ëþáûìè äâóìÿ âåðøè-
íàìè, à êîìïîíåíòà ñâÿçíîñòè ãèïåðãðàôà H = (V,E) îïðåäåëÿåòñÿ êàê ìàêñèìàëüíîå
ïîäìíîæåñòâî âåðøèí V ′ ⊆ V , äëÿ êîòîðûõ ñóùåñòâóåò ïóòü ìåæäó ëþáûìè äâóìÿ âåðøè-
íàìè ýòîãî ïîäìíîæåñòâà. Â ðàáîòå [22] êîìïîíåíòà ñâÿçíîñòè îïðåäåëåíà êàê ìíîæåñòâî
âåðøèí V ′ âìåñòå ñ ðåáðàìè, èíöèäåíòíûìè ýòèì âåðøèíàì.

1.4. Äâóäîëüíûå ãðàôû. Ïóñòü r ≥ 2 íàòóðàëüíîå ÷èñëî. Ãðàô G = (V,E) íàçûâàåòñÿ
r-äîëüíûì, åñëè V äîïóñêàåò òàêîå ðàçáèåíèå íà r ïîäìíîæåñòâ, ïðè êîòîðîì âåðøèíû
êàæäîãî ðåáðà ïðèíàäëåæàò ðàçíûì ïîäìíîæåñòâàì [23]. Ïðè r = 2 òàêèå ãðàôû íàçû-
âàþòñÿ äâóäîëüíûìè.

Êàæäûé êîíå÷íûé ãèïåðãðàô H = (V,E) ìîæåò áûòü ïðåäñòàâëåí äâóäîëüíûì ãðà-
ôîì K(H) = (V ∪ V ′, EK), íàçûâàåìûì ïðåäñòàâëåíèåì Êåíèãà [24], èëè ãðàôîì èí-

öèäåíòíîñòè. Äâóäîëüíûé ãðàô ìîæåò áûòü ïîëó÷åí ïóòåì ñîïîñòàâëåíèÿ ñ êàæäûì
ãèïåððåáðîì Ej ∈ E äîïîëíèòåëüíîé âåðøèíû vej è îïðåäåëåíèÿ äîëüíîãî ìíîæåñòâà
V ′ = {vej : Ej ∈ E}, ïðè ýòîì ðåáðî ìåæäó v ∈ V è vej ∈ V ′ ñóùåñòâóåò òîãäà è òîëüêî
òîãäà, êîãäà v ∈ Ej. È íàîáîðîò, åñëè èìååòñÿ äâóäîëüíûé ãðàô G = (U,V,E) áåç èçîëèðî-
âàííûõ âåðøèí, òî ñîîòâåòñòâóþùèé åìó ãèïåðãðàô H = (U,V ) èìååò ìíîæåñòâî âåðøèí
U è ìíîæåñòâî ðåáåð V , òàêèå ÷òî ðåáðî v = {u ∈ U |(u,v) ∈ E}. Òåì íå ìåíåå, ýòî ðàç-
íûå ñòðóêòóðíûå îáðàçîâàíèÿ: ãèïåðãðàô ÿâëÿåòñÿ ðàñøèðåíèåì îïðåäåëåíèÿ ãðàôà, à
äâóäîëüíûé ãðàô � ÷àñòíûé ñëó÷àé ãðàôà (ïîäðîáíåå ñì. [20]).

Óòâåðæäåíèå 2. Ïóñòü ãèïåðãðàô H = (V,E) íå èìååò ïóñòûõ ðåáåð. Ãèïåðãðàô H
ñâÿçíûé òîãäà è òîëüêî òîãäà, êîãäà ñâÿçíûì ÿâëÿåòñÿ åãî ãðàô èíöèäåíòíîñòè K(H) [22].

Óòâåðæäåíèå 3. Ñóùåñòâóåò âçàèìíî îäíîçíà÷íîå ñîîòâåòñòâèå ìåæäó êîìïîíåíòàìè
ãèïåðãðàôà è êîìïîíåíòàìè åãî ãðàôà èíöèäåíòíîñòè [22].

Ïðåäñòàâëåíèå ãèïåðãðàôîâ äâóäîëüíûìè ãðàôàìè ïîçâîëÿåò ïðèìåíÿòü àíàëèòè÷å-
ñêèå ìåòîäû èññëåäîâàíèÿ, èñïîëüçóåìûå äëÿ àíàëèçà ñåòåé, ïîñòðîåííûõ íà îñíîâå áè-
íàðíûõ îòíîøåíèé [25].

2. Ìîäåëèðîâàíèå ìíîæåñòâåííûõ îòíîøåíèé ìåæäó àâòîðàìè. Ãèïåðãðàôû
ÿâëÿþòñÿ åñòåñòâåííûì ñðåäñòâîì ìîäåëèðîâàíèÿ ñâÿçåé ìåæäó ãðóïïàìè ñîàâòîðîâ. Îáî-
çíà÷èì P = {p1,p2, . . . ,pm} ìíîæåñòâî ÍÏ, S = {s1,s2, . . . ,sn} � ìíîæåñòâî èõ àâòîðîâ.
Ïðåäïîëàãàåì, ÷òî P ñîäåðæèò òîëüêî ÍÏ, ïîäãîòîâëåííûå äâóìÿ è áîëåå àâòîðàìè, ò. å.
â êîíñòðóèðóåìîì ãèïåðãðàôå íå áóäåò ðåáåð, ñîñòîÿùèõ èç îäíîé âåðøèíû. Ïðåäñòàâèì
äâà ìåòîäà ïîñòðîåíèÿ ãèïåðãðàôà ñîàâòîðñòâà.

2.1. Îïðåäåëèì ãèïåðãðàô H1 = (V,E1), òàêîé ÷òî ìíîæåñòâî S îòîáðàæàåòñÿ íà ìíî-
æåñòâî âåðøèí V , à ìíîæåñòâî P � íà ìíîæåñòâî ðåáåð E1, ïðè÷åì åñëè ÍÏ pi ïîäãîòîâëå-
íà èìåííî àâòîðàìè v1, v2, . . . , vk, òî Ei = {v1,v2, . . . ,vk} ÿâëÿåòñÿ ðåáðîì, Ei ∈ E1. ×èñëî
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ðåáåð m1 = |E1| � ýòî ÷èñëî ïóáëèêàöèé |P |. Ïðè òàêîì ìåòîäå ãèïåðãðàô ñòàíîâèòñÿ
ìóëüòèãèïåðãðàôîì, åñëè ãðóïïà àâòîðîâ s1, s2, . . . , sk ïîäãîòîâèëà ñîâìåñòíî íåñêîëüêî
ÍÏ. Ïîäîáíûé ìåòîä ðàññìàòðèâàåòñÿ â ðàáîòå [10]. Â ðàáîòå [9] îïðåäåëåí äâóäîëüíûé
ãðàô ñîòðóäíè÷åñòâà, êîòîðûé ìîæåò ðàññìàòðèâàòüñÿ êàê ãðàô èíöèäåíòíîñòè K(H1)
ãèïåðãðàôà H1. Â ýòîì ñëó÷àå ïðèíèìàþòñÿ âî âíèìàíèå êàê ãðóïïû àâòîðîâ, òàê è ïóá-
ëèêàöèè. Ïîëó÷åííûé ìóëüòèãèïåðãðàô ïî àíàëîãèè ñ ïîíÿòèåì ìóëüòèãðàôà ÿâëÿåòñÿ
ìóëüòèãèïåðãðàôîì ñ ñîáñòâåííîé èäåíòèôèêàöèåé êàæäîãî ðåáðà, ò. å. ìóëüòèðåáðà, ñî-
ñòîÿùèå èç îäíîãî è òîãî æå ìíîæåñòâà âåðøèí, íåçàâèñèìû. Òàê, â ìóëüòèãðàôå ñ íåçà-
âèñèìûìè ðåáðàìè êàæäîå ðåáðî ìîæåò èìåòü ñâîé âåñ.

2.2. Åñëè èçó÷àòü èñêëþ÷èòåëüíî ãðóïïû àâòîðîâ, ïóáëèêóþùèõñÿ ñîâìåñòíî, òî îïðå-
äåëÿåì âçâåøåííûé ãèïåðãðàô H2 = (V,E2,w), ìíîæåñòâî S îòîáðàæàåòñÿ íà V , Ei =
{v1,v2, . . . ,vk} ÿâëÿåòñÿ ðåáðîì, Ei ∈ E2, åñëè ñóùåñòâóåò õîòÿ áû îäíà ÍÏ, ñîâìåñòíî
îïóáëèêîâàííàÿ àâòîðàìè v1, v2, . . . , vk. Âåñ ðåáðà � ÷èñëî ÍÏ, îïóáëèêîâàííûõ ñîâìåñò-
íî äàííûìè k àâòîðàìè [6]. ×èñëî ðåáåð m2 = |E2| � ÷èñëî ãðóïï àâòîðîâ. Â ðàáîòå [14]
âåñà ïðèñâàèâàþòñÿ òàêæå âåðøèíàì, âåñ âåðøèíû � ýòî îáùåå ÷èñëî ÍÏ, ïîäãîòîâëåí-
íûõ àâòîðîì.

Àíàëèç ñîàâòîðñòâà ïî ìåòîäó 2.1 ïðåäïîëàãàåò, ÷òî ìàòðèöà ñìåæíîñòè A(H1) îïðå-
äåëÿåòñÿ ñîãëàñíî (3), òîãäà êàê ïðè àíàëèçå ïî ìåòîäó 2.2 ìàòðèöà A(H2) îïðåäåëÿåòñÿ
ñîãëàñíî (6). Âàæíî îòìåòèòü, ÷òî A(H1) = A(H2), ñëåäîâàòåëüíî, ñîâïàäàþò àññîöèèðî-
âàííûå ãðàôû ãèïåðãðàôîâ: G(H1) = G(H2). Îäíàêî äâóäîëüíûå ãðàôû èíöèäåíòíîñòè
K(H1) è K(H2) ðàçëè÷íû.

3. Èçìåðåíèå ïàðàìåòðîâ. Ïðè àíàëèçå ãèïåðãðàôîâ çà÷àñòóþ èñïîëüçóþòñÿ ðàñ-
øèðåíèÿ èíñòðóìåíòàðèÿ òåîðèè ãðàôîâ. Îäíàêî â ðÿäå ñëó÷àåâ âîçíèêàþò ñåðüåçíûå
òåîðåòè÷åñêèå ïðåïÿòñòâèÿ. Â ïåðâóþ î÷åðåäü ýòî îòíîñèòñÿ ê ñïåêòðàëüíîé òåîðèè ãèïåð-
ãðàôîâ [26, 27], ïîñêîëüêó ìàòðèöà ñìåæíîñòè íåäîñòàòî÷íà äëÿ êîäèðîâàíèÿ îòíîøåíèé
ñìåæíîñòè â ãèïåðãðàôå, â êîòîðîì ðåáðà çàäàþòñÿ ìíîæåñòâàìè âåðøèí. Òàêæå èññëå-
äîâàíèå ãèïåðãðàôîâ òðåáóåò ñïåöèàëüíîãî ðàññìîòðåíèÿ òàêèõ ïîíÿòèé êàê ìîäóëüíîñòü
è âûÿâëåíèå ñîîáùåñòâ [28, 29].

Îäíèì èç ñïîñîáîâ èññëåäîâàíèÿ ÿâëÿåòñÿ ïðåîáðàçîâàíèå ãèïåðãðàôà â ãðàô, íàïðè-
ìåð â 2-ñåêöèþ èëè ãðàô èíöèäåíòíîñòè. Òàê, ãèïåðãðàôû èçîìîðôíû ñâîèì ãðàôàì
èíöèäåíòíîñòè, ïîýòîìó ðÿä àíàëèòè÷åñêèõ ìåòîäîâ èññëåäîâàíèÿ äâóäîëüíûõ ãðàôîâ
åñòåñòâåííûì îáðàçîì ðàñïðîñòðàíÿåòñÿ íà ãèïåðãðàôû. Îäíàêî íå âñå ïîíÿòèÿ, ïðèìå-
íèìûå ê ãèïåðãðàôó, ñâîéñòâåííû äâóäîëüíîìó ãðàôó. Íàïðèìåð, ïîíÿòèå êîýôôèöèåíòà
êëàñòåðèçàöèè äëÿ ãèïåðãðàôà íåïðèìåíèìî ê äâóäîëüíûì ãðàôàì ââèäó îòñóòñòâèÿ òðå-
óãîëüíûõ ñòðóêòóð (ñì. [30]). Â íàñòîÿùåé ðàáîòå èñïîëüçóåòñÿ ïðåäñòàâëåíèå ãèïåðãðàôà
â âèäå äâóäîëüíîãî ãðàôà èíöèäåíòíîñòè äëÿ âû÷èñëåíèÿ ðÿäà ïàðàìåòðîâ.

3.1. Ïàðàìåòðû è ñâîéñòâà. Èñïîëüçóÿ ïåðåõîä ê äâóäîëüíîìó ãðàôó èíöèäåíòíîñòè
K(H) = (V, V ′, EK), ìîæíî îïðåäåëèòü ñâÿçíîñòü H (÷èñëî, ñîñòàâ è ðàçìåð êîìïîíåíò,
ñì. óòâåðæäåíèÿ 2, 3) è âû÷èñëèòü ñëåäóþùèå ïàðàìåòðû (ñì. 1.4):

à) ðàçìåð è ïîðÿäîê ãèïåðãðàôà H : n(H) = |V |,m(H) = |V ′|;
á) ñðåäíåå ðàññòîÿíèå â H (ñðåäíåå ðàññòîÿíèå â K(H) ìåæäó âåðøèíàìè äîëüíîãî

ìíîæåñòâà V , äåëåííîå íà äâà);
â) ðàñïðåäåëåíèå ñòåïåíåé âåðøèí è ðåáåð H, ìàêñèìàëüíóþ è ñðåäíþþ ñòåïåíü íà

îñíîâå âåðøèí êàæäîãî èç äîëüíûõ ìíîæåñòâ K(H).
Íà îñíîâå K(H) íåâîçìîæíî âûÿâèòü ñâîéñòâà ïðîñòîòû è êîíôîðìíîñòè H. Íåïðî-

ñòîé ãèïåðãðàô, âêëþ÷àþùèé âëîæåííûå ðåáðà, îòîáðàæàåòñÿ â ïðîñòîé ãðàô K(H).
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Ðèñ. Êîìïîíåíòà H12

Òàáëèöà 1.
Âåðøèíû è ðåáðà H12

Ãèïåððåáðî
Âåðøèíû

Ïðèìå÷àíèÿ
ãèïåððåáðà

e1 v1, v2, v6
e2 − e14 v1, v2 13 ÍÏ

e15 v4, v1
e16 v4, v2
e17 v4, v3
e18 v4, v5
e19 v4, v5, v7
e20 v4, v8
e21 v4, v10
e22 v4, v10, v11

e23 − e25 v5, v7 3 ÍÏ
e26 v4, v9
e27 v10, v12

Òàáëèöà 2.
Ïàðàìåòðû H12

Ïàðàìåòð Çíà÷åíèå

Ðàçìåð m(H12) 27
Ïîðÿäîê n(H12) 12
Ðàíã r(H12) 3
Ìàêñèìàëüíàÿ ñòåïåíü âåðøèí maxdeg(vi) 15
Ñðåäíÿÿ ñòåïåíü âåðøèí avrdeg(vi) 4,75
Ñðåäíåå ðàññòîÿíèå L(H12) 2

Êðîìå òîãî, ãðàô èíöèäåíòíîñòè íåïðîñòîãî ãèïåðãðàôà ñ ïîìå÷åííûìè ìóëüòèðåáðàìè
òàêæå ÿâëÿåòñÿ ïðîñòûì. Ïîíÿòèå êîíôîðìíîñòè íå îïðåäåëåíî äëÿ äâóäîëüíîãî ãðàôà.

3.2. Èñõîäíûå äàííûå. Â êà÷åñòâå èñõîäíûõ äàííûõ ðàññìàòðèâàåòñÿ ìíîæåñòâî ÍÏ,
ïðîèíäåêñèðîâàííûõ â ÁÄ RePEc íà ìîìåíò èçâëå÷åíèÿ (2020.01.31). Ïðîáëåìà ðàñïî-
çíàâàíèÿ èíäèâèäóàëüíûõ àâòîðîâ íà îñíîâàíèè òåêñòà ÍÏ âî ìíîãîì çàâèñèò îò òîãî,
íàñêîëüêî õîðîøî äîêóìåíòèðîâàíà áàçà äàííûõ. Â íàøåì ñëó÷àå ïðè îòáîðå àâòîðîâ è
ÍÏ áûëà èñïîëüçîâàíà èíôîðìàöèÿ, ñîäåðæàùàÿñÿ â ïðîôèëÿõ àâòîðîâ. Ïðîöåäóðà ôèëü-
òðàöèè ¾ñûðûõ¿ äàííûõ ïðåäñòàâëåíà â ðàáîòå [15]. Â ðåçóëüòàòå áûëî âûäåëåíî 91 113
ÍÏ, ïîäãîòîâëåííûõ â ñîàâòîðñòâå, è 32 434 àâòîðà ýòèõ ÍÏ. Äëÿ ïîñòðîåíèÿ ãèïåðãðàôà
ñîàâòîðñòâà Hca = (V,E) èñïîëüçóåòñÿ ìåòîä, óêàçàííûé â ï. 2.1.

Â ðåçóëüòàòå èññëåäîâàíèÿ K(Hca) âûÿâëåíî, ÷òî Hca íå ÿâëÿåòñÿ ñâÿçíûì. Äëÿ êîì-
ïîíåíòû H12, ñîñòîÿùåé èç 12 âåðøèí (àâòîðîâ) è 27 ãèïåððåáåð (ÍÏ), âû÷èñëèì çíà÷åíèÿ
ïàðàìåòðîâ è îïðåäåëèì ñâîéñòâà H12 (ðèñóíîê, òàáë. 1).

Ïàðàìåòðû H12 ïðèâåäåíû â òàáë. 2.
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Òàáëèöà 3.
Îñíîâíûå ïàðàìåòðû Hca

Ïàðàìåòð Çíà÷åíèå

Ðàçìåð m(Hca) 91 113
Ïîðÿäîê n(Hca) 32 434
Ðàíã r(Hca) (ñì. Çàìå÷àíèå) 17
×èñëî âåðøèí ìàêñèìàëüíîé êîìïîíåíòû 29 270
Ñðåäíÿÿ ñòåïåíü avrdeg(Ei) 2,3
Ñðåäíÿÿ ñòåïåíü avrdeg(vi) 2,8
Ðàñïðåäåëåíèå ñòåïåíåé âåðøèí deg(vi) Px ≈ x−γ ,
ñëåäóåò ñòåïåííîìó çàêîíó xmin = 6, γ = 1,64

Ñâîéñòâà H12:
à) H12 íå ÿâëÿåòñÿ ïðîñòûì ãèïåðãðàôîì, ïîñêîëüêó èìååò ïîâòîðÿþùèåñÿ è âëîæåí-

íûå ãèïåððåáðà, íàïðèìåð e18 ⊂ e19 (èìååòñÿ ÍÏ, ïîäãîòîâëåííàÿ àâòîðàìè v4, v5, è äðóãàÿ
ÍÏ, ïîäãîòîâëåííàÿ àâòîðàìè v4, v5, v7);

á) H12 íå ÿâëÿåòñÿ êîíôîðìíûì, òàê êàê ïîïàðíî ïåðåñåêàþùèåñÿ ðåáðà e2, e15, e16 íå
óäîâëåòâîðÿþò òåîðåìå Ãèëìîðà (ñì. óòâåðæäåíèå 1).

Îñíîâíûå ïàðàìåòðû Hca ïðèâåäåíû â òàáë. 3.
Ñâîéñòâà ¾íå ïðîñòîòû¿ è ¾íå êîíôîðìíîñòè¿ Hca âûòåêàþò èç ñâîéñòâ êîìïîíåí-

òûH12.
Çàìå÷àíèå. Â íàøåì ñëó÷àå îñíîâíûì ñîäåðæàíèåì ÁÄ RePEc ÿâëÿþòñÿ ÍÏ â îáëà-

ñòè ýêîíîìèêè, ãäå ïóáëèêàöèè ñ 2�3 ñîàâòîðàìè ÿâëÿþòñÿ íîðìîé, ìàêñèìàëüíîå ÷èñëî
ñîàâòîðîâ ðàâíî 17. Â òî æå âðåìÿ â îáëàñòè ìàòåìàòèêè áîëüøèíñòâî ÍÏ âûïîëíåíû
îäíèì àâòîðîì, à ÍÏ ñ òðåìÿ è áîëåå ñîàâòîðàìè ÿâëÿþòñÿ ðåäêîñòüþ. Êðàéíèé ñëó÷àé
äåìîíñòðèðóþò ðàáîòû â îáëàñòè ýêñïåðèìåíòàëüíîé ôèçèêè. Äëÿ ïðèìåðà ïðèâåäåì ÍÏ
�The ATLAS Experiment at the CERN Large Hadron Collider�, ïîäãîòîâëåííóþ 2927 ñîàâ-
òîðàìè, àôôèëèðîâàííûìè â 277 îðãàíèçàöèÿõ (Journal of Instrumentation. 2008. Vol. 3,
iss. 8. DOI:10.1088/1748-0221/3/08/S08003).

Çàêëþ÷åíèå. Ïåðå÷èñëèì ñâîéñòâà ãèïåðãðàôà Hca:
à) íå ÿâëÿåòñÿ ñâÿçíûì, ñâÿçíîñòü è ÷èñëî êîìïîíåíò îïðåäåëåíû ïóòåì àíàëèçà ãðàôà

èíöèäåíòíîñòè K(H) (ñì. óòâåðæäåíèÿ 2, 3);
á) íå ÿâëÿåòñÿ ïðîñòûì, èìååò ïîâòîðÿþùèåñÿ è âëîæåííûå ðåáðà, íàïðèìåð e18 ⊂ e19

(ñì. ðèñ. 1);
â) íå ÿâëÿåòñÿ êîíôîðìíûì: îí ñîäåðæèò ïî êðàéíåé ìåðå òðè ðåáðà òàêèõ, ÷òî íå

ñóùåñòâóåò ãèïåððåáðà, âêëþ÷àþùåãî îáúåäèíåíèå èõ ïîïàðíûõ ïåðåñå÷åíèé, íàïðèìåð
ýòî ðåáðà e2, e15, e16 (ñì. Óòâåðæäåíèå 1).

Ñëåäóåò îòìåòèòü, ÷òî èíôîðìàöèÿ î ñîàâòîðñòâå, ïîëó÷åííàÿ ïðè èññëåäîâàíèè ñåòåé
N ca è N ca

T [15, 16], ïðåäñòàâëåííûõ ãðàôàìè, ìîæåò áûòü ïîëó÷åíà èç ãèïåðãðàôà Hca.
Ïîÿñíèì ýòî óòâåðæäåíèå.

Âî-ïåðâûõ, èíôîðìàöèÿ î ñîàâòîðñòâå, ïðèâåäåííàÿ â òàáë. 1 â ðàáîòå [15], ìîæåò
áûòü èçâëå÷åíà èç ïàðàìåòðîâ ãèïåðãðàôà. Çàìåòèì, ÷òî ãèïåðãðàô ñòðîèëñÿ áåç ó÷åòà
èíäèâèäóàëüíûõ ðàáîò àâòîðîâ, ïîýòîìó P = P+. Åñëè ñíÿòü îãðàíè÷åíèå, òî ïîÿâëÿþòñÿ
ãèïåððåáðà, èìåþùèå â ñîñòàâå îäíó âåðøèíó, ÷èñëî òàêèõ ðåáåð ðàâíî P1. Ìàêñèìàëüíîå
÷èñëî ñîàâòîðîâ, ñðåäíåå ÷èñëî ñîàâòîðîâ ÍÏ è ñðåäíåå ÷èñëî ÍÏ àâòîðà � ýòî ðàíã è
ñðåäíèå ñòåïåíè âåðøèí è ðåáåð ãèïåðãðàôà Hca.



12 Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Âî-âòîðûõ, ïàðàìåòðû íåâçâåøåííîé ñåòèN ca ìîæíî èññëåäîâàòü, åñëè ïåðåéòè ê ïðåä-
ñòàâëåíèþ ãèïåððåáåð Hca â âèäå êëèê, ò. å. ðàññìàòðèâàòü ïàðàìåòðû 2-ñåêöèè Hca � ãðà-
ôà [H]2. Çàìåòèì, ÷òî åñëè îïðåäåëèòü ñòåïåíü âåðøèíû â ãèïåðãðàôå êàê ÷èñëî ñìåæíûõ
âåðøèí, òî ïîëó÷èì ñòåïåíü âåðøèíû â ñåòè N ca.

Â-òðåòüèõ, ïàðàìåòðû âçâåøåííîé ñåòè N ca
T = (V ca,Eca,WT ), ðàññìîòðåííîé â ðàáîòå

[16], ìîãóò áûòü ïðîàíàëèçèðîâàíû ñ èñïîëüçîâàíèåì àññîöèèðîâàííîãî ãðàôà G(Hca),
ñîîòâåòñòâóþùåãî N ca

T , ïîñêîëüêó â ìàòðèöå âåñîâ WT = (wij) ýëåìåíò wij ðàâåí ÷èñëó
ñîàâòîðñêèõ ñâÿçåé ìåæäó ó÷åíûìè vi è vj, ò. å. ÷èñëó ÍÏ, àâòîðàìè êîòîðûõ ÿâëÿþòñÿ
è vi, è vj.
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