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In this work we analyze the structure of the journal citation network built on the basis of the
bibliographic information extracted from the database RePEc. The network is represented as the
weighted directed graph (digraph), the main component G has 1729 vertices (journals) and 135702
arcs (citations). In accordance with M. Kessler (1963) the network of bibliographic coupling was
constructed that is represented as weighted undirected graph Gbib and in accordance with G. Small

(1973), I. V. Marshakova (1973) - co-citation network was constructed that is represented as weighted
undirected graph Gcoc. The weights of edges are assigned accordingly vector space model G. Salton,
M. MacGill (1983). The graphs G, Gbib è Gcoc are the objects of studying.

In the �rst part of the work we examine the problem of network connectivity via the adjacency
relations between neighbors. The answer comes in two main �avors. One approach assesses the overall
level of clustering in a network, and is called transitivity, see S. Wasserman, K. Faust, (1994). The global
clustering coe�cient is the fraction of closed triplets (subgraphs with three nodes and three edges) to
all triplets (subgraphs with three nodes and two edges), see M. Newman (2002). A generalization
to weighted networks was proposed by T. Opsahl, P. Panzarasa (2009). An alternative approach to
connectivity was introduced in the work D. Watts, S. Strogatz (1998). A node clustering coe�cient is
de�ned as the fraction of number of actual ties among the neighbor nodes over possible ties between
them. The network local clustering coe�cient is de�ned as an average of clustering coe�cients of
nodes and is considered as one of the small-world parameters. For the weighted networks we use the
generalization proposed in the work A. Barrat (2004). The results of local clustering measurements for
G, Gbib è Gcoc are presented.

In the second part of the work we analyze the community structure of the weighted digraph G and
weighted undirected graphs Gbib è Gcoc. It will be remarked that the majority of clustering algorithms
are designed for weighted undirected graphs. We examine applicability of algorithms BTW M. Girvan,

M. Newman (2002), WTR P. Pons, M. Latapy (2005), IMP M. Rosvall, C. Bergstrom (2008), MLO

V. Blondel (2008). For digraph G clustering we used algorithms BTW è IMP, and for undirected
version of G we used the whole kit. In both cases IMP obtained the community structure that largely
corresponds to the economic disciplines. For clustering Gbib and Gcoc the algorithms IMP, WTR è
MLO were applied. Measures for the similarity of partitions delivered by the algorithms were analyzed
(NMI, RAND). The results of applying community detection algorithms to graphs G,Gbib and Gcocare
presented in the tables (3.1-3.4).

The conclusion contains comments to the results of the research. The approved tools give the basic
insight about the structure of the bibliometric networks on study.

Key words: journal citation network, co-citation network, bibliographic coupling network,
weighted directed graph, transitivity, weighted local clustering coe�cient, community �nding.



2 Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

References

1. RePEc. General principles. [Electron. Resource]. http://repec.org/.

2. Bredikhin S.V., Lyapunov V.M., Shcherbakova N.G. The structure of the citation
network of scienti�c journals // Problemy informatiki. 2017. � 2. P. 38�52.

3. Harary F. Graph Theory. Addison-Wesley, 1969.

4. Kessler M.M. Bibliographic coupling between scienti�c papers // American Documentation.
1963. V. 14. P. 10�25.

5. Salton G., MacGill M. J. Introduction to modern information retrieval. N. Y.: McGraw-Hill,
1983.

6. Small H. Co-citation in the scienti�c literature: A new measure of the relationship between
two documents // J. of the American Society for Information Science. 1973. V. 24. P. 265�269.

7.Marshakova I. system of document connections based on references // Scienti�c and Technical
Information Serial of VINITI. 1973. V. 6, N 2. P. 3�8.

8.Watts D. J., Strogatz S.H. Collective dynamics of
”
small-world“ networks // Nature. 1998.

V. 393. P. 440�442.

9. Wasserman S., Faust K. Social network analysis: Methods and applications. Cambridge
(ENG), New York: Cambridge University Press, 1994.

10. Brandes U. Network analysis. Berlin, Heidelberg, New York: Springer, 2005.

11. Newman M.E. J., Strogatz S.H., Watts D. J. Random graph models of social networks
// Proc. of the National Academy of Science of the USA. 2002. V. 99. P. 2566�2572.

12. Bollob�as B., Riordan O.M. Mathematical results on scale-free random graphs. Handbook
of graphs and networks: From genome to Internet. Weinheim, FRG: Wiley-VCH Verlag GmbH & Co.
KGaA, 2002. P. 1�34.

13. Barrat A., Barthelemy M., Pastor-Satorras R., Vespignani A. The architecture
of complex weighted networks // Proc. of the National Academy of Sciences. 2004. V. 101, iss. 11.
P. 3747�3752.

14. Lopez-Fernandez L., Robles G., GonzalezBarahona J. Applying social network
analysis to the information in cvs repositories // Proc. of the 1st Intl. workshop on mining software
repositories (MSR2004). USA: Springer, 2004. P. 101�105.

15. Onnela J.-P., Sarami J., Kertz J., Kaski K. Intensity and coherence of motifs in weighted
complex networks // Phys. Rev. 2005. E 71 065103.

16. Zhang B., Horvath S. A general framework for weighted gene co-expression network analysis
// Statistical Applications in Genetics and Molecular Biology. 2005. V. 4., N 17.

17. Opsal T., Panzarasa P. Clustering in weighted networks // Social networks. 2009. V. 31.
P. 155�163.

18. Fortunato S. Community detection in graphs // Physics Reports. 2010. V. 486. P. 75�174.

19. Malliaros F. D., Vazirgiannis M. Clustering and community detection in directed
networks: A survey // Physics Reports. 2013. V. 533, iss. 4. P. 95�142.

20. Kannan R., Vampala S., Vetta A. On clustering � good, bad and spectral // Foundations
of Computer Science. 2000. P. 367�378.

21. Van Dongen S.M. Graph clustering by �ow simulation // PhD thesis. University of Utrecht.
2000.

22. Newman M. E. J., Girvan M. Finding and evaluating community structure in networks //
Phys. Rev. 2004. E 69 (2) 026113.

23. Arenas A., Duch J., Fern�andez A., G�omez S. Size reduction of complex networks
preserving modularity // New J. Phys. 2007. V. 9, N. 6. P. 176�190.

24. Newman M.E. J. Analysis of weighted networks // Phys. Rev. E 70, 056131. 2004.



Áðåäèõèí Ñ.Â., Ëÿïóíîâ Â.Ì., Ùåðáàêîâà Í. Ã. 3

25. G�omez S., Jensen P., Arenas A. Analysis of community structure in networks of correlated
data // Phys. Rev. E 80, 016114.

26. Fred A. L.N., Jain A.K. Robust data clustering // Proc. IEEE Computer Society Conference
on Computer Vision and Pattern Recognition, CVPR, Minneapolis, USA, June 16�22, 2003. P. 128�
136.

27. Rand W.M. Objective criteria for the evaluation of clustering methods // J. Amer. Statistical
Association. 1971. V. 66, N. 336. P. 846�850.

28. Girvan M., Newman M.E. J. Community structure in social and biological networks // Proc.
Nat. Acad. Sci. USA. 2002. V. 99. P. 7821�7826.

29. Freeman L.C. A set of measures of centrality based upon betweenness // Sociometry. 1977.
V. 40. P. 35�41.

30.Rosvall M., Bergstrom C.T.Maps of random walks on complex networks reveal community
structure // Proc. Natl. Acad. Sci. USA. 2008. V. 105, N 4. P. 1118�1123.

31. Rissanen J. Modeling by short data description // Automatica. 1978. V. 14. P. 465�471.
32. Shannon C.E. A mathematical theory of communications // Bell System Tech. J. 1948. V. 27.

P. 379�423.
33. Pons P., Latapy M. Computing communities in large networks using random walks // J. of

Graph Algorithms and Applications. 2006. V. 10, N 2. P. 191�218.
34. Blondel V., Guillaume J., Lambiotte J., Lefebvre E. Fast unfolding of communities

in large networks // J. Stat. Mech. 2008, P10008.
35. Newman M. E. J. Scienti�c collaboration networks. II. Shortest paths, weighted networks,

and centrality // Phys. Rev. E 64, 016132. 2001.
36. Brandes U. On variants of shortest-path betweenness centrality and their generic computation

// Soc. Networks. 2008. V. 30. P. 136�145.
37. Jel Classi�cation System / EconLit subject descriptors. 2016. [Electron. resource].

https://www.aeaweb.org/econlit/jelCodes.php?view=jel.
38. Bredikhin S.V., Lyapunov V.M., Shcherbakova N.G. The Structure of the Citation

Network of Scienti�c Journals // Problemy informatiki. 2016. N 3. P. 28�43.



Ïðîáëåìû èíôîðìàòèêè. 2017. � 3

ÊËÀÑÒÅÐÍÛÉ ÀÍÀËÈÇ ÑÅÒÈ ÖÈÒÈÐÎÂÀÍÈß
ÍÀÓ×ÍÛÕ ÆÓÐÍÀËÎÂ

Áðåäèõèí Ñ.Â., Ëÿïóíîâ Â.Ì., Ùåðáàêîâà Í. Ã.

Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ

630090, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 001.12+303.2

Èçó÷àåòñÿ ñåòü öèòèðîâàíèÿ íàó÷íûõ æóðíàëîâ, ïðåäñòàâëåííàÿ âçâåøåííûì îðèåíòèðîâàí-
íûì ãðàôîì. Îñíîâíîå âíèìàíèå ñôîêóñèðîâàíî íà ïðîáëåìàõ ñâÿçíîñòè è âûÿâëåíèè ìî-
äóëüíîé ñòðóêòóðû ñåòè. Ðàññìîòðåíû ìåòîäû àíàëèçà îáúåêòîâ ñåòåâîé ñòðóêòóðû. Íà îñíî-
âå ðåàëüíûõ áèáëèîãðàôè÷åñêèõ äàííûõ, èçâëå÷åííûõ èç ÁÄ RePEc [1], ïîñòðîåíû ãëàâíàÿ
ñâÿçíàÿ ñåòåâàÿ êîìïîíåíòà G è ïðîèçâîäíûå ñåòè: êîöèòèðîâàíèÿ � Gcoc è áèáëèîãðàôè÷å-
ñêîãî ñî÷åòàíèÿ � Gbib. Äëÿ ýòèõ ñåòåé èçìåðåíû ëîêàëüíûé è âçâåøåííûé êîýôôèöèåíòû
êëàñòåðèçàöèè. Âûÿâëåíèå ìîäóëüíîñòè ðàññìàòðèâàåòñÿ êàê çàäà÷à èäåíòèôèêàöèè ñòðóê-
òóðíî ýêâèâàëåíòíûõ âåðøèí ñîîòâåòñòâóþùèõ ãðàôîâ. Ñ ïðèìåíåíèåì àëãîðèòìîâ BTW,
IMP, WTR è MLO âûïîëíåí êëàñòåðíûé àíàëèç êîìïîíåíòû G è ïðîèçâîäíûõ ñåòåé. Ðåçóëü-
òàòû ïðåäñòàâëåíû â âèäå ðèñóíêà è òàáëèö. Ñðàâíåíèå ðåçóëüòàòîâ îñóùåñòâëåíî ñ ïîìîùüþ
èíäåêñîâ ñîãëàñîâàííîñòè NMI è RAND.

Êëþ÷åâûå ñëîâà: ñåòü öèòèðîâàíèÿ íàó÷íûõ æóðíàëîâ, ñåòè êîöèòèðîâàíèÿ è áèáëèî-
ãðàôè÷åñêîãî ñî÷åòàíèÿ, âçâåøåííûé îðèåíòèðîâàííûé ãðàô, ëîêàëüíûé âçâåøåííûé êîýô-
ôèöèåíò êëàñòåðèçàöèè, âûÿâëåíèå ñîîáùåñòâ.

1. Îáîçíà÷åíèÿ è îïðåäåëåíèÿ. Ýòà ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì [2]. Íàïîìíèì
îñíîâíûå ñâåäåíèÿ, êîòîðûå ïîòðåáóþòñÿ â äàëüíåéøåì.

1.1. Ñåòü öèòèðîâàíèÿ æóðíàëîâ (ÑÖÆ). Íà ìíîæåñòâå æóðíàëîâ J =
{J1, J2, . . . , Jn} çàäàíî îòíîøåíèå öèòèðîâàíèÿ R:

JkRJl ≡ Jk öèòèðóåò Jl. (1.1)

ÑÖÆ ïðåäñòàâëÿåò îðãðàô G = (V,E), â êîòîðîì æóðíàëû ñîîòâåòñòâóþò âåðøèíàì
V = {v1, v2, . . . , vn}, à öèòèðîâàíèÿ � äóãàì E ⊆ V × V, e = (vi, vj) ∈ E, åñëè âûïîëíÿåòñÿ
(1.1). Åñëè i = j, òî îòíîøåíèå (1.1) íàçûâàåòñÿ ñàìîöèòèðîâàíèåì. Íà ìíîæåñòâå äóã
îïðåäåëåíà ôóíêöèÿ w : E → N+, òàêàÿ ÷òî w(e) = wij ðàâíà ÷èñëó öèòèðîâàíèé, ïîëó-
÷åííûõ æóðíàëîì j îò æóðíàëà i. Ìàòðèöà öèòèðîâàíèé A ãðàôà G èìååò ðàçìåð |V | è
ñîäåðæèò ýëåìåíòû:

A(i,j) =

{
1, åñëè iRj,
0, â ïðîòèâíîì ñëó÷àå.

Ìàòðèöà âåñîâ W äóã ãðàôà G èìååò ðàçìåð |V | è ñîäåðæèò ýëåìåíòû:
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W (i,j) =

{
wi,j, åñëè iRj,
0, â ïðîòèâíîì ñëó÷àå.

ÑÖÆ ñîîòâåòñòâóåò ñëàáî ñâÿçíûé [3] âçâåøåííûé îðãðàô G = (V,E),|V | = 1729,
|E| = 135702 (áåç ó÷åòà ñàìîöèòèðîâàíèé è èçîëèðîâàííûõ âåðøèí). Ìàêñèìàëüíàÿ ñèëü-
íî ñâÿçíàÿ êîìïîíåíòà G èìååò 1278 âåðøèí.

1.2. Ñåòü áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ æóðíàëîâ (ÑÁÑÆ) ïîñòðîåíà íà îñíîâå
ÑÖÆ. Ìåòîä

”
áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ“ [4] áûë ðàñïðîñòðàíåí íà ìíîæåñòâî æóð-

íàëîâ. Ãîâîðÿò, ÷òî æóðíàëû i è j íàõîäÿòñÿ â ñîñòîÿíèè áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ,
åñëè ñóùåñòâóåò æóðíàë k, íà êîòîðûé ññûëàþòñÿ i è j:

iRbibj ≡ (∃k) iRk & jRk. (1.2)

ÑÁÑÆ ñîîòâåòñòâóåò âçâåøåííûé ãðàô Gbib, ìíîæåñòâî âåð-
øèí êîòîðîãî ñîâïàäàåò ñ V . Îòíîøåíèÿ Rbib ìåæäó âåð-
øèíàìè âûñòóïàþò â ðîëè íåîðèåíòèðîâàííûõ ñâÿçåé (ðåáåð)
E ⊆ V × V, e = (i,j) ∈ E, åñëè èìååò ìåñòî i Rbibj. Æóðíàë i ïðåäñòàâëÿåòñÿ âåê-
òîðîì (ñòðîêîé) ìàòðèöû W . Äëÿ îïðåäåëåíèÿ âåñà ðåáåð ãðàôà Gbib èñïîëüçóåòñÿ
âåêòîðíàÿ ìîäåëü [5], à ñòåïåíü ïîäîáèÿ bib(i, j) âû÷èñëÿåòñÿ ñëåäóþùèì îáðàçîì:

bib(i,j) =

∑
k

wikwjk√∑
k

w2
ik

√∑
k

w2
jk

(1.3)

Ìàòðèöà ñìåæíîñòè Gbib, ñîîòâåòñòâóþùåãî ÑÁÑÆ, îáîçíà÷àåòñÿ W bib. Â êà÷åñòâå ãðàôà
Gbib =

(
V bib,Ebib

)
ðàññìàòðèâàåòñÿ åãî ìàêñèìàëüíàÿ ñâÿçíàÿ êîìïîíåíòà, |V bib| = 1432

(îñòàëüíûå 297 âåðøèí ÿâëÿþòñÿ îäèíî÷íûìè), |Ebib| = 844476 ðåáåð.
1.3. Ñåòü êîöèòèðîâàíèÿ æóðíàëîâ (ÑÊÖÆ) òàêæå ïîñòðîåíà íà îñíîâå ÑÖÆ. Äëÿ

ýòîãî íà ìíîæåñòâî æóðíàëîâ áûë ðàñïðîñòðàíåí ìåòîä
”
êîöèòèðîâàíèÿ“ [6, 7]. Æóðíàëû

i è j íàõîäÿòñÿ â îòíîøåíèè êîöèòèðîâàíèÿ Rcoc, åñëè ñóùåñòâóåò æóðíàë k, ñîäåðæàùèé
ññûëêè íà æóðíàëû i è j, ò. å.

iRcocj ≡ (∃k) kRi & kRj. (1.4)

ÑÊÖÆ ñîîòâåòñòâóåò âçâåøåííûé ãðàô Gcoc, ìíîæåñòâî âåðøèí êîòîðîãî ñîâïàäàåò
ñ V . Îòíîøåíèÿ Rcoc ìåæäó âåðøèíàìè âûñòóïàþò â ðîëè íåîðèåíòèðîâàííûõ ñâÿçåé
(ðåáåð) E ⊆ V × V,e = (i,j) ∈ E, åñëè èìååò ìåñòî i Rcoc j. Æóðíàë i ïðåäñòàâëÿåòñÿ
âåêòîðîì (ñòîëáöîì) ìàòðèöû W . Èñïîëüçóÿ âåêòîðíóþ ìîäåëü, ñòåïåíü ïîäîáèÿ coc(i, j)
îïðåäåëèì òàê:

coc(i,j) =

∑
k

wkiwkj√∑
k

w2
ki

√∑
k

w2
kj

(1.5)

Ìàòðèöà ñìåæíîñòè âçâåøåííîãî íåîðèåíòèðîâàííîãî ãðàôà, ñîîòâåòñòâóþùåãî ÑÊÖÆ,
îáîçíà÷àåòñÿW coc. Â êà÷åñòâå ãðàôà Gcoc = (V coc,Ecoc) ðàññìàòðèâàåòñÿ åãî ìàêñèìàëüíàÿ
ñâÿçíàÿ êîìïîíåíòà |V coc| = 1582 (îñòàëüíûå 147 âåðøèí ÿâëÿþòñÿ îäèíî÷íûìè), |Ecoc| =
820982 ðåáåð.
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2. Êîýôôèöèåíòû êëàñòåðèçàöèè. Äëÿ âåðøèíû i ãðàôà G êîýôôèöèåíò êëà-
ñòåðèçàöèè îòðàæàåò âåðîÿòíîñòü òîãî, ÷òî äâå åå ñîñåäíèå âåðøèíû G òîæå ÿâëÿþòñÿ
ñîñåäÿìè. Ýòî ëîêàëüíîå ñâîéñòâî âåðøèíû ïîëó÷èëî íàçâàíèå

”
ëîêàëüíûé êîýôôèöèåíò

êëàñòåðèçàöèè“. Çàìåòèì, ÷òî òåðìèí
”
êëàñòåðèçàöèÿ“ íå èìååò çäåñü îáùåïðèíÿòîãî çíà-

÷åíèÿ. Îïðåäåëåíèå êîýôôèöèåíòà äëÿ íåâçâåøåííûõ ãðàôîâ áåç êðàòíûõ ðåáåð è ïåòåëü
ïðèâåäåíî â ðàáîòå [8]. Ïàðàìåòð õàðàêòåðèçóåò ñòåïåíü ñâÿçíîñòè ãðàôà.

2.1. Ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè CC(i) óçëà i îïðåäåëÿåòñÿ êàê îòíîøåíèå
÷èñëà ñóùåñòâóþùèõ ðåáåð ìåæäó ñîñåäÿìè óçëà ïî îòíîøåíèþ ê ìàêñèìàëüíî âîçìîæíî-
ìó ÷èñëó òàêèõ ðåáåð. Ïóñòü Ni = {j : (i,j) ∈ E∨ (j,i) ∈ E} � ìíîæåñòâî ñîñåäåé âåðøèíû
i, à ki = |Ni| � èõ ÷èñëî. Îáîçíà÷èì Ei ÷èñëî ðåáåð ìåæäó ñîñåäÿìè. Äëÿ íåîðèåíòèðî-
âàííîãî ãðàôà ìàêñèìàëüíî âîçìîæíîå ÷èñëî òàêèõ ðåáåð ðàâíî ki (ki − 1) /2, à ïàðàìåòð
CC(i) îïðåäåëÿåòñÿ òàê:

CC(i) =
2Ei

ki(ki − 1)
=
|{(j,k) ∈ E : j, k ∈ Ni}|

ki(ki − 1)
=

∑
j,h

aijaihajh

ki(ki − 1)
. (2.1)

Äëÿ îðãðàôà ìàêñèìàëüíî âîçìîæíîå ÷èñëî ðåáåð ìåæäó ñîñåäÿìè ðàâíî ki(ki − 1),
ïîýòîìó ïàðàìåòð CC(i) îïðåäåëÿåòñÿ òàê:

CC(i) =
Ei

ki(ki − 1)
. (2.2)

Ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè CC(G) ãðàôà G îïðåäåëÿåòñÿ êàê ñðåäíåå
çíà÷åíèå êîýôôèöèåíòîâ CC(i):

CC(G) =
1

n

∑
i

CC(i). (2.3)

Â ðàáîòå [8] êîýôôèöèåíò CC(G) ðàññìàòðèâàåòñÿ êàê îäèí èç ïàðàìåòðîâ ìîäåëè

”
ìàëîãî ìèðà“, êîòîðàÿ õàðàêòåðèçóåòñÿ ìàëûì

”
ñðåäíèì ðàññòîÿíèåì“ Lavg(G) [2] ìåæ-

äó óçëàìè è áîëüøèì çíà÷åíèåì CC(G), êðîìå òîãî, ïðè ðîñòå ÷èñëà âåðøèí ïàðàìåòð
Lavg(G) ðàñòåò ìåäëåííî (ëîãàðèôìè÷åñêàÿ çàâèñèìîñòü), à CC(G) � áûñòðî.

2.2. Àëüòåðíàòèâíûé ïîäõîä ê îïðåäåëåíèþ ñâÿçàííîñòè ñîñåäåé ïðåäñòàâëåí â ðàáîòå
[9], ãäå ââåäåíî îòíîøåíèåòðàíçèòèâíîñòè ìåæäó âåðøèíàìè ãðàôà. Ðàññìîòðèì ñëó÷àé
íåîðèåíòèðîâàííûõ ãðàôîâ. Îòíîøåíèå T îáëàäàåò ñâîéñòâîì òðàíçèòèâíîñòè, åñëè äëÿ
ëþáûõ i, j, k èç òîãî, ÷òî iT j è jTk, ñëåäóåò iTk. Äëÿ âåðøèí ýòî îáîçíà÷àåò, ÷òî ïóòè
äëèíû äâà çàìêíóòû. Äëÿ ïðèìåðà óêàæåì, êàê ýòî ñâîéñòâî âûïîëíÿåòñÿ äëÿ âñåõ ïóòåé
äëèíû äâà. Òàêèå ïóòè ìîæíî ïðåäñòàâèòü ñ ïîìîùüþ ìàòðèöû A2, ãäå A � ìàòðèöà
ñìåæíîñòè G. Ïóòü èç i â j çàìêíóò, åñëè èìååò ìåñòî: A2

ij > 1 & Aij = 1.

Â ðàáîòå [10] îòíîñèòåëüíàÿ òðàíçèòèâíîñòü ãðàôà âûðàæàåòñÿ ÷åðåç òðåóãîëüíèêè
è òðîéêè âåðøèí. Òðåóãîëüíèê ∆ = {V∆, E∆} � ýòî ïîëíûé ïîäãðàô ãðàôà G, ìíîæåñòâî
âåðøèí êîòîðîãî ðàâíî òðåì. Òðîéêà � ýòî ïîäãðàô ãðàôà G, ìíîæåñòâî âåðøèí êîòîðîãî
ðàâíî òðåì, à ìíîæåñòâî ðåáåð � äâóì. Òðîéêà íàçûâàåòñÿ òðîéêîé ñ âåðøèíîé i, åñëè i
èíöèäåíòíà îáîèì ðåáðàì òðîéêè. ×èñëî òðîåê ñ âåðøèíîé i:
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τ(i) = C
deg(i)
2 =

deg(i)2 − deg(i)

2
.

×èñëî âñåõ òðîåê â ãðàôå G îïðåäåëÿåòñÿ ñóììîé τ(G) =
∑
i

τ(i) è ñîâïàäàåò ñ ÷èñ-

ëîì ïóòåé äëèíû äâà. Îáîçíà÷èì ÷åðåç λ(G) ÷èñëî òðåóãîëüíèêîâ ãðàôà G. Îïðåäåëèì
λ(i) = {|∆| : i ∈ V∆} � ÷èñëî òðåóãîëüíèêîâ, â êîòîðûõ i ÿâëÿåòñÿ îäíîé èç âåðøèí.

Çàìåòèì, ÷òî λ(G) = 1/3
∑
i

λ(i). Â ýòèõ òåðìèíàõ (2.1) âûãëÿäèò êàê CC(i) =
λ(i)

τ(i)
. Ïóñòü

V ′ = {i : deg(i) ≥ 2}, òîãäà CC(G) =
1

|V ′|
∑
i∈V ′

CC(i).

Ãëîáàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè ãðàôà (òðàíçèòèâíîñòü), ÿâíî îïðåäåëåí-
íûé â ðàáîòå [11], çàäàåòñÿ ðàâåíñòâîì:

T (G) =
÷èñëî òðåóãîëüíèêîâ

÷èñëî òðîåê
=

3λ(G)

τ(G)
. (2.4)

Îòñþäà 0 6 T (G) 6 1. Çàìåòèì, ÷òî ÷èñëî òðåóãîëüíèêîâ ìîæíî âû÷èñëèòü êàê ñóììó
äèàãîíàëüíûõ ýëåìåíòîâ ìàòðèöû A3, à ïî ìàòèöå A2 ìîæíî îïðåäåëèòü ÷èñëî òðîåê.

Ðàâåíñòâî, äåìîíñòðèðóþùåå ðàçíèöó ìåæäó ëîêàëüíûì è ãëîáàëüíûì êîýôôèöèåí-
òàìè êëàñòåðèçàöèè, ïðèâåäåíî â ðàáîòå [12]:

T (G) =

∑
i∈V ′

τ(i)CC(i)∑
i∈V ′

τ(i)
. (2.5)

Îòñþäà, ãëîáàëüíûé è ëîêàëüíûé êîýôôèöèåíòû áóäóò ðàâíû, åñëè âñå âåðøèíû èìå-
þò îäèíàêîâóþ ñòåïåíü èëè âñå ëîêàëüíûå êëàñòåðíûå êîýôôèöèåíòû ðàâíû. Ëîêàëüíûé
êîýôôèöèåíò îöåíèâàåò, íàñêîëüêî ñâÿçíû ñîñåäè äëÿ êàæäîé âåðøèíû, à äëÿ ãëîáàëü-
íîãî êîýôôèöèåíòà âñå òðîéêè ýêâèâàëåíòíû.

Ïîíÿòèå ëîêàëüíîãî êîýôôèöèåíòà êëàñòåðèçàöèè ðàñøèðåíî äëÿ ñëó÷àÿ âçâåøåííîé
ñåòè â ðàáîòå [13]. Äëÿ âçâåøåííûõ ãðàôîâ â ôîðìóëå ó÷àñòâóåò ñèëà ñâÿçåé si âåðøèíû
i, êîòîðàÿ äëÿ íåîðèåíòèðîâàííîãî ãðàôà îïðåäåëÿåòñÿ ñ ïîìîùüþ ìàòðèöû W êàê:

si =
n∑

j=1

wij. (2.6)

Ñîîòâåòñòâåííî, âçâåøåííàÿ ñòåïåíü âåðøèíû íåîðèåíòèðîâàííîãî ãðàôà íà îñíîâå

”
ñèëû ñâÿçåé“ îïðåäåëÿåòñÿ èç âûðàæåíèÿ degw(i) =

si

deg(i)
.

Âçâåøåííûé ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè óçëà i (íåîðèåíòèðîâàííûé ñëó-
÷àé) îïðåäåëÿåòñÿ òàê:

CCw(i) =
1

si(ki − 1)

∑
j,h

wij + wih

2
aijaihajh. (2.7)

Ýòîò êîýôôèöèåíò îïðåäåëÿåò íå òîëüêî ÷èñëî òðåóãîëüíèêîâ, îäíîé èç âåðøèí êîòî-
ðûõ ÿâëÿåòñÿ i, íî è ñóììàðíûé âåñ îòíîñèòåëüíî ñèëû âçàèìîäåéñòâèÿ. Íîðìàëèçóþùèé
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ýëåìåíò si(ki − 1) âû÷èñëÿåò âåñ âñåõ èíöèäåíòíûõ ðåáåð, óìíîæåííûé íà ìàêñèìàëüíîå
÷èñëî òðåóãîëüíèêîâ ñ âåðøèíîé i, ò. å. 0 6 CCw(i) 6 1.

Âçâåøåííûé ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè ãðàôà îïðåäåëÿåòñÿ ñëåäóþùèì
îáðàçîì:

CCw(G) =
1

n

∑
i

CCw(i). (2.8)

Îòìåòèì, ÷òî åñëè ∀i, j wij = 1, òî ðåçóëüòàòû (2.3) è (2.8) ñîâïàäàþò. Êàê çàìå-
÷åíî â ðàáîòå [13], â ðåàëüíûõ ñåòÿõ, åñëè èìååò ìåñòî íåðàâåíñòâî CCw(G) > CC(G),
òî íàèáîëåå âåðîÿòíî, ÷òî òðåóãîëüíèêè îáðàçóþòñÿ ðåáðàìè ñ áîëüøèìè âåñàìè, åñëè
CC(G) > CCw(G), òî òîïîëîãè÷åñêàÿ êëàñòåðèçàöèÿ ñâîéñòâåííà ðåáðàì ñ ìàëåíüêèìè
âåñàìè. Äðóãèå ïîäõîäû ê îïðåäåëåíèþ ëîêàëüíîãî êîýôôèöèåíòà êëàñòåðèçàöèè äëÿ
ñëó÷àÿ âçâåøåííîé ñåòè ìîæíî íàéòè â ðàáîòàõ [14�16].

Â ðàáîòå [17] îïðåäåëåí îáîáùåííûé ãëîáàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè êàê:

Tw =
îáùèé âåñ òðåóãîëüíèêîâ

îáùèé âåñ òðîåê
.

Âåñ òðîéêè îïðåäåëÿåòñÿ â çàâèñèìîñòè îò îñîáåííîñòåé ñåòè, òàê äëÿ ñåòè, â êîòîðîé
âåñ ðåáðà îïðåäåëÿåòñÿ â òåðìèíàõ

”
ñòîèìîñòè“ èëè âðåìåíè, ýòî ìîæåò áûòü, íàïðèìåð,

ìàêñèìóì âåñîâ ðåáåð, àðèôìåòè÷åñêîå èëè ãåîìåòðè÷åñêîå ñðåäíåå. Äëÿ ñåòè, ãäå âåñ
îïðåäåëÿåò âåëè÷èíó ïîòîêà, ñêîðåå, ýòî äîëæåí áûòü ìèíèìóì. Ñëåäóÿ [13], ïðè îïðåäå-
ëåíèè âåñà òðåóãîëüíèêà âåñ çàìûêàþùåãî ðåáðà íå ó÷èòûâàåòñÿ. Â ëþáîì èç ýòèõ ïîä-
õîäîâ äëÿ íåâçâåøåííîãî ãðàôà âåñ òðîéêè áóäåò ðàâåí åäèíèöå è èìååò ìåñòî ðàâåíñòâî
Tw = T .

2.3. Ðåçóëüòàòû èçìåðåíèÿ êîýôôèöèåíòîâ êëàñòåðèçàöèè.

2.3.1. Ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè ÑÖÆ. Äëÿ âû÷èñëåíèÿ âçâåøåííîãî
ëîêàëüíîãî êîýôôèöèåíòà êëàñòåðèçàöèè CCw îðãðàô G áûë ïðåîáðàçîâàí â íåîðèåí-
òèðîâàííûé Gu ñëåäóþùèì îáðàçîì. Åñëè ìåæäó âåðøèíàìè i è j èìååòñÿ òîëüêî îäíà
âçâåøåííàÿ äóãà (i,j) èëè (j,i), òî äóãà ïðåîáðàçóåòñÿ â ðåáðî (i,j), êîòîðîìó ïðèñâàèâàåò-
ñÿ âåñ, ðàâíûé âåñó äóãè; åñëè ìåæäó âåðøèíàìè i è j èìåþòñÿ äâå äóãè (i,j) è (j,i), òî îáå
îíè ïðåîáðàçóþòñÿ â îäíî ðåáðî (i, j), êîòîðîìó ïðèñâàèâàåòñÿ âåñ wij +wji, ðàâíûé ñóì-
ìå âåñîâ äóã. Çíà÷åíèå CCw(Gu) = 0,64170 ïîëó÷åíî ñ ïîìîùüþ ïàêåòà igraph (ñîãëàñíî
(2.7), (2.8)), ñëîæíîñòü âû÷èñëåíèé îöåíèâàåòñÿ êàê O(|V |mean(deg(.))2). Îòìåòèì, ÷òî
2,9% âåðøèí Gu èìåþò ìåíåå äâóõ ñîñåäåé, äëÿ íèõ çíà÷åíèå êîýôôèöèåíòà êëàñòåðèçà-
öèè ñ÷èòàåòñÿ íåîïðåäåëåííûì; ó 1,7% âåðøèí ñîñåäíèå âåðøèíû íå èìåþò ìåæäó ñîáîé
ñâÿçåé, äëÿ íèõ CCw(i) = 0. Çàìåòèì, ÷òî åñëè âåñà ðåáåð íîðìàëèçîâàòü, íàïðèìåð, ïóòåì

äåëåíèÿ âåñà ðåáðà íà ñðåäíèé âåñ ðåáðà â ãðàôå wij =
wij∑

ij

wij/|E|
, çíà÷åíèå êîýôôèöèåíòà

èçìåíèòñÿ, CCw(Gu) = 0,48463.

Äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà êëàñòåðèçàöèè íåâçâåøåííîãî ãðàôà, ñîãëàñíî (2.3),
îðãðàô Gu áûë ïðåîáðàçîâàí (Gunw

u ), â ðåçóëüòàòå: íåçàâèñèìî îò òîãî, èìååòñÿ ìåæäó
âåðøèíàìè i è j îäíà âçâåøåííàÿ äóãà èëè äâå, îñòàåòñÿ îäíî íåâçâåøåííîå ðåáðî. Çíà÷å-
íèå ïàðàìåòðà CC(Gunw

u ) = 0, 54594.
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Ðèñ. 2.1. Ðàñïðåäåëåíèå CCw(i) ãðàôà G. Íà îñè àáñöèññ óêàçàíû àáñîëþòíûå çíà÷åíèÿ

êîýôôèöèåíòà; íà îñè îðäèíàò � ÷èñëî âåðøèí, äëÿ êîòîðûõ x 6 CCw(i) 6 x+ 0,01

Äëÿ óòî÷íåíèÿ çàâèñèìîñòè ìåæäó âçâåøåííûìè ñòåïåíÿìè âåðøèí degw(i) =

n∑
j=1

wij

deg(i)
è

âçâåøåííûìè ëîêàëüíûìè êîýôôèöèåíòàìè êëàñòåðèçàöèè âû÷èñëåí êîýôôèöèåíò ðàí-
ãîâîé êîððåëÿöèè Ñïèðìåíà, åãî çíà÷åíèå r = −0,352 ãîâîðèò î òîì, ÷òî, íåñìîòðÿ íà
âûïîëíåíèå íåðàâåíñòâà CCw(Gu) > CC(Gunw

u ), äëÿ âåðøèí ñ íåáîëüøîé âçâåøåííîé ñòå-
ïåíüþ áîëåå õàðàêòåðíî íàëè÷èå âçàèìîñâÿçàííûõ ñîñåäåé. Ðàñïðåäåëåíèå âçâåøåííûõ
êîýôôèöèåíòîâ êëàñòåðèçàöèè ïðåäñòàâëåíî íà ðèñ. 2.1, íà êîòîðîì íå ïðåäñòàâëåíû âåð-
øèíû ñ íóëåâûì êîýôôèöèåíòîì è âåðøèíû ñ ìàêñèìàëüíûì çíà÷åíèåì, ðàâíûì åäèíèöå
(48 âåðøèí).

2.3.2. Ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè ÑÁÑÆ. Âû÷èñëåíû êîýôôèöèåíòû
êëàñòåðèçàöèè äëÿ âçâåøåííîãî è íåâçâåøåííîãî âàðèàíòîâ: CCw(Gbib) = 0,80156 (2.7,
2.8); CCunw(Gbib) = 0,77971 (2.3). Îòìåòèì, ÷òî 18,5% âåðøèí Gbib èìåþò ìåíåå äâóõ ñî-
ñåäåé, äëÿ íèõ çíà÷åíèå êîýôôèöèåíòà êëàñòåðèçàöèè ñ÷èòàåòñÿ íåîïðåäåëåííûì. Ðàçíè-
öà ìåæäó êîýôôèöèåíòàìè CCw è CCunw íåâåëèêà. Êîýôôèöèåíò ðàíãîâîé êîððåëÿöèè
Ñïèðìåíà, îöåíèâàþùèé çàâèñèìîñòü ìåæäó âçâåøåííûìè ñòåïåíÿìè âåðøèí è âçâåøåí-
íûìè ëîêàëüíûìè êîýôôèöèåíòàìè êëàñòåðèçàöèè, èìååò çíà÷åíèå r = −0,322.

2.3.3. Ëîêàëüíûé êîýôôèöèåíò êëàñòåðèçàöèè ÑÊÖÆ. Êîýôôèöèåíòû êëàñòåðèçà-
öèè äëÿ âçâåøåííîãî è íåâçâåøåííîãî âàðèàíòîâ ãðàôà Gcoc : CCw(Gcoc) = 0,82860;
CCunw(Gcoc) = 0,80588. Ïðè ýòîì 9,3% âåðøèíGcoc èìåþò ìåíåå äâóõ ñîñåäåé, äëÿ íèõ çíà-
÷åíèå êîýôôèöèåíòà êëàñòåðèçàöèè ñ÷èòàåòñÿ íåîïðåäåëåííûì. Ðàçíèöà ìåæäó êîýôôè-
öèåíòàìè äëÿ âçâåøåííîãî è íåâçâåøåííîãî âàðèàíòîâ íåâåëèêà. Êîýôôèöèåíò ðàíãîâîé
êîððåëÿöèè Ñïèðìåíà, îöåíèâàþùèé çàâèñèìîñòü ìåæäó âçâåøåííûìè ñòåïåíÿìè âåðøèí
è âçâåøåííûìè ëîêàëüíûìè êîýôôèöèåíòàìè êëàñòåðèçàöèè, èìååò çíà÷åíèå r = −0,266.

3. Êëàñòåðíûé àíàëèç. Øèðîêî èñïîëüçóåìûé â ïðèêëàäíûõ èññëåäîâàíèÿõ ìåòîä
êëàñòåðíîãî àíàëèçà (ÊÀ, èëè êëàñòåðèçàöèÿ) ñîñòîèò â âûÿâëåíèè ìîäóëüíîé ñòðóêòóðû
íåêîòîðîãî íåïóñòîãî ìíîæåñòâà îáúåêòîâ. Îñíîâîé ÊÀ ÿâëÿåòñÿ ãðóïïèðîâàíèå îáúåêòîâ
íà îñíîâàíèè ïîäîáèÿ èõ ïàðàìåòðîâ. Â íàøåì ñëó÷àå îáúåêòàìè ÿâëÿþòñÿ íàó÷íûå æóð-
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íàëû, ðàçìåùåííûå â îäíîé ÁÄ. Êëàñòåðèçàöèÿ C = {C1, . . . ,Ck} ãðàôà G = (V,E) � ýòî
ðàçáèåíèå ìíîæåñòâà âåðøèí V íà æåëàòåëüíî íåïåðåñåêàþùèåñÿ íåïóñòûå ïîäìíîæåñòâà
(êëàñòåðû) Ci. Ðàçáèåíèå ìíîæåñòâà âåðøèí èíäóöèðóåò ðàçäåëåíèå ìíîæåñòâà ðåáåð.
Îáîçíà÷èì E(Ci, Cj) ìíîæåñòâî ðåáåð, îðèåíòèðîâàííûõ èç Ci â Cj; E(Ci,Ci) (ñîêðàùåííî
E(Ci)), � ìíîæåñòâî ðåáåð, ñâÿçûâàþùèõ âåðøèíû êëàñòåðà Ci. Òîãäà E(C) := ∪ki=1E(Ci)
ÿâëÿåòñÿ ìíîæåñòâîì âíóòðèêëàñòåðíûõ ðåáåð, à E\E(C) � ìíîæåñòâîì âíåêëàñòåðíûõ
ðåáåð. Êëàñòåð áóäåì èäåíòèôèöèðîâàòü ñ ïîäãðàôîì ãðàôà G, ò. å. G[Ci] := (Ci, E(Ci)).
Êëàñòåðèçàöèÿ íàçûâàåòñÿ òðèâèàëüíîé, åñëè k = 1; îäèíî÷íîé, åñëè k = n; ðàçðåçîì,
åñëè k = 2.

Ïîñêîëüêó îïðåäåëåíèå êëàñòåðà íå ôîðìàëèçîâàíî, ñóùåñòâóåò ðÿä ìîäåëåé êëàñòå-
ðèçàöèè, îòëè÷àþùèõñÿ ïî äâóì îñíîâíûì ïðèçíàêàì: ÷òî ïîíèìàåòñÿ ïîä ïîäîáèåì è
êàêèå ïàðàìåòðû ðàññìàòðèâàþòñÿ. ÊÀ, áàçèðóþùàÿñÿ íà ïðîñòîé ïàðàäèãìå âíóòðèêëà-
ñòåðíîé ïëîòíîñòè ïðîòèâ âíåêëàñòåðíîé ïëîòíîñòè, ôîêóñèðóåòñÿ íà íåñâÿçàííûõ ìåæäó
ñîáîé êëèêàõ êàê íà èäåàëüíîé ñèòóàöèè. Ïðèìåíÿåìàÿ òåõíèêà êëàñòåðèçàöèè íàèáîëåå
èçó÷åíà è çàêëþ÷àåòñÿ ëèáî â ìàêñèìèçàöèè âíóòðèêëàñòåðíîé ïëîòíîñòè ðåáåð, ëèáî â
ìèíèìèçàöèè âíåêëàñòåðíîé ïëîòíîñòè. Ïðåäïîëàãàåòñÿ, ÷òî òåñíî ñâÿçàííûå ñîîáùåñòâà
ñ áîëüøåé âåðîÿòíîñòüþ èìåþò è äðóãèå îáùèå ñâîéñòâà.

Êëàñòåðû, ñòðîÿùèåñÿ íà îòíîøåíèè ïîäîáèÿ, îòëè÷íîì îò ïëîòíîñòè, ó÷èòûâàþùåì
ñâîéñòâà ñàìèõ óçëîâ, íàïðèìåð ñõîäñòâî èõ îòíîñèòåëüíûõ ïîçèöèé â ñåòè, âûÿâëÿþò
ñòðóêòóðû ñ èíòåðåñíûìè ñâîéñòâàìè êîííåêòèâíîñòè. Äëÿ ñåòåé öèòèðîâàíèÿ ýòî ìîãóò
áûòü êëàñòåðû, ñòðîÿùèåñÿ íà îòíîøåíèè êîöèòèðîâàíèÿ (ñòðóêòóðíûå ñâîéñòâà âåðøèí
êëàñòåðà: ÿâëÿþòñÿ êîíå÷íûìè âåðøèíàìè ðåáåð, âåäóùèõ èç îäíîé è òîé æå íà÷àëüíîé
âåðøèíû) èëè áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ (ñòðóêòóðíûå ñâîéñòâà âåðøèí êëàñòåðà:
ÿâëÿþòñÿ íà÷àëüíûìè âåðøèíàìè ðåáåð, âåäóùèõ â îäíó è òó æå êîíå÷íóþ âåðøèíó). Ê
îäíîé è òîé æå ñåòè ìîãóò áûòü ïðèìåíèìû îáå ìîäåëè êëàñòåðèçàöèè. Îáçîð êîíöåïöèé,
ìåòîäîâ è àëãîðèòìîâ, ïðèìåíÿåìûõ äëÿ êëàñòåðèçàöèè ãðàôîâ, ìîæíî íàéòè â ðàáîòàõ
[18, 19].

Äëÿ ïðîâåðêè êà÷åñòâà äåëåíèÿ íà êëàñòåðû â ïðåäïîëîæåíèè, ÷òî èñòèííûå ãðóïïû
íå èçâåñòíû, ðàçðàáàòûâàþòñÿ èíäåêñû êà÷åñòâà êëàñòåðèçàöèè. Â ýòîì âîïðîñå êîíñåí-
ñóñ òàêæå íå äîñòèãíóò. Îïðåäåëåíèÿ èíäåêñîâ, ïîñòðîåííûõ íà ñîîòíîøåíèè âíóòðè è
âíå êëàñòåðíûõ ñâÿçåé, ìîæíî íàéòè, íàïðèìåð, â ðàáîòàõ [20, 21]. Ðàñïðîñòðàíåííûì
ñïîñîáîì ïðîâåðêè ÿâëÿåòñÿ âû÷èñëåíèå ïàðàìåòðà

”
ìîäóëüíîñòü“, îïðåäåëåííîãî â ðà-

áîòå [22]. Îïðåäåëåíèå ñòðîèòñÿ â ïðåäïîëîæåíèè, ÷òî ñòðóêòóðà ãðàôà, ñîäåðæàùåãî
íåêèå ñîîáùåñòâà âåðøèí, êàê ïðàâèëî, áóäåò îòêëîíÿòüñÿ îò ñòðóêòóðû ñëó÷àéíîãî ãðà-
ôà. Îöåíèâàåòñÿ, íàñêîëüêî äîëÿ ðåáåð ìåæäó âåðøèíàìè îäíîãî òèïà (ò. å. ïîïàâøèõ
â îäèí êëàñòåð) îòëè÷àåòñÿ îò îæèäàåìîé äîëè òàêèõ ðåáåð â òîì ñëó÷àå, åñëè ðåáðà
ðàñïîëàãàþòñÿ ñëó÷àéíûì îáðàçîì, íåçàâèñèìî îò òèïà âåðøèí. Äëÿ íåîðèåíòèðîâàííîãî
ãðàôà ïàðàìåòð (íîðìàëèçîâàííàÿ) ìîäóëüíîñòü âû÷èñëÿåòñÿ ïî ôîðìóëå:

Qu =
1

2m

∑
i,j

(
aij −

kikj

2m

)
δ(Ci,Cj), (3.1)

ãäå ki � ñòåïåíü âåðøèíû i, δ(Ci, Cj) = 1, åñëè Ci = Cj, è δ(Ci, Cj) = 0 â ïðîòèâíîì ñëó÷àå.
Ôîðìóëà ñîîòâåòñòâóåò

”
ìîäåëè ïðåäïî÷òèòåëüíîãî ïðèñîåäèíåíèÿ“, â îáùåì âèäå âìåñòî

kikj
2m

èñïîëüçóåòñÿ âåðîÿòíîñòü ïðèñîåäèíåíèÿ âåðøèíû i ê j.
Â ðàáîòå [23] îïðåäåëåíèå ìîäóëüíîñòè ðàñøèðåíî äëÿ îðãðàôà:
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Qd =
1

m

∑
i,j

(
aij −

kouti kinj
m

)
δ(Ci,Cj), (3.2)

ãäå kouti � èñõîäÿùàÿ ñòåïåíü âåðøèíû i, kinj � âõîäÿùàÿ ñòåïåíü âåðøèíû j.
Äëÿ âçâåøåííûõ ãðàôîâ ñ ïîëîæèòåëüíûìè âåñàìè â ðàáîòå [24] ïðåäëîæåíî ïîëüçî-

âàòüñÿ ôîðìóëàìè (3.1), (3.2), ãäå A � âçâåøåííàÿ ìàòðèöà ñìåæíîñòè. Åñëè èñïîëüçóåòñÿ
îòäåëüíàÿ ìàòðèöà âåñîâ W è wi =

∑
j

wij,w =
∑
i,j

wij, òî ôîðìóëà (3.1) áóäåò èìåòü âèä:

Qu =
1

2w

∑
i,j

(
wij −

wiwj

2w

)
δ(Ci,Cj). (3.3)

Ïîäõîä ê îïðåäåëåíèþ ìîäóëüíîñòè ïðè íàëè÷èè îòðèöàòåëüíûõ âåñîâ ïðåäñòàâëåí â
ðàáîòå [25].

Äëÿ ñðàâíåíèÿ ðåçóëüòàòîâ êëàñòåðèçàöèè îäíîãî è òîãî æå ìíîæåñòâà äàííûõ ðàçëè÷-
íûìè àëãîðèòìàìè ðàçðàáîòàí ðÿä êðèòåðèåâ. Â íàøåì ñëó÷àå èñïîëüçóþòñÿ äâà èíäåêñà
(ìåðû) ñîãëàñîâàííîñòè. Èíäåêñ NMI, ïðåäñòàâëåííûé â ðàáîòå [26], îïðåäåëÿåò ñòåïåíü
ñîãëàñîâàííîñòè äâóõ äåëåíèé íà êëàñòåðû íà îñíîâå ïîíÿòèÿ âçàèìíîé èíôîðìàöèè, èñ-
ïîëüçóåìîé â òåîðèè âåðîÿòíîñòåé. Ïóñòü èìååòñÿ n îáúåêòîâ è äâà ðåçóëüòàòà ðàçäåëåíèÿ
íà êëàñòåðû: A ñ êëàñòåðàìè CA

1 , C
A
2 , . . . , C

A
k è B, ñ êëàñòåðàìè CB

1 , C
B
2 , . . . , C

B
l . Èíôîð-

ìàöèîííàÿ ýíòðîïèÿ ðàçäåëåíèÿ íà êëàñòåðû A îïðåäåëÿåòñÿ êàê

H(A) = −
k∑

i=1

nA
i

n
log

(
nA
i

n

)
,

ãäå nA
i � ÷èñëî ýëåìåíòîâ â êëàñòåðå CA

i . Ðàññìîòðèì ìàòðèöó ñîîòâåòñòâèÿ NAB ðàç-
ìåðíîñòè k × l, íîìåðà ñòðîê êîòîðîé ñîîòâåòñòâóþò íîìåðàì êëàñòåðîâ ðàçäåëåíèÿ A,
ñòîëáöîâ � íîìåðàì êëàñòåðîâ ðàçäåëåíèÿ B, ýëåìåíò NAB

i,j = |CA
i ∩ CB

j | � ÷èñëî îáúåê-
òîâ, îáùèõ äëÿ êëàñòåðîâ CA

i è CB
j . Èíäåêñ NMI(A,B) îïðåäåëÿåòñÿ ðàâåíñòâîì

NMI(A,B) =

− 2
k∑

i=1

l∑
j=1

NAB
ij log

(
NAB

ij × n
NA

i N
B
j

)
k∑

i=1

NA
i log

(
NA

i

n

)
+

l∑
i=1

NB
j log

(
NB

j

n

), (3.4)

ãäå NA
i � ñóììà ïî ñòðîêå, à NB

i � ñóììà ïî ñòîëáöó ìàòðèöû NAB.
Èíäåêñ RAND (R), ïðåäñòàâëåííûé â ðàáîòå [27], îïðåäåëÿåò äîëþ ñîãëàñîâàííûõ ïàð

êëàñòåðèçóåìûõ îáúåêòîâ ïî îòíîøåíèþ êî âñåì ïàðàì. Ïóñòü a� ÷èñëî ïàð, íàõîäÿùèõñÿ
â îäíîì êëàñòåðå ïðè äåëåíèè A è äåëåíèè B; b � ÷èñëî ïàð, íàõîäÿùèõñÿ â ðàçíûõ
êëàñòåðàõ ïðè äåëåíèè A è ïðè äåëåíèè B; c � ÷èñëî ïàð, íàõîäÿùèõñÿ â îäíîì êëàñòåðå
ïðè äåëåíèè A è â ðàçíûõ ïðè äåëåíèè B; d � ÷èñëî ïàð, íàõîäÿùèõñÿ â îäíîì êëàñòåðå
ïðè äåëåíèè B è â ðàçíûõ ïðè äåëåíèè A. Òîãäà

RAND(A,B) =
a+ b

a+ b+ c+ d
=
a+ b

C2
n

.

Â òåðìèíàõ ìàòðèöû NAB:
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RAND(A,B) =

C2
n + 2

k∑
i=1

l∑
j=1

C
NAB

ij

2 −

[
k∑

i=1

C
NA

i
2 +

l∑
j=1

C
NB

j

2

]
C2

n

. (3.5)

3.1. Àëãîðèòìû êëàñòåðèçàöèè. Ñëåäóåò çàìåòèòü, ÷òî áîëüøèíñòâî îïðåäåëåíèé è
àëãîðèòìîâ âûÿâëåíèÿ ñîîáùåñòâ ïðåäíàçíà÷åíû äëÿ íåîðèåíòèðîâàííûõ íåâçâåøåííûõ
ãðàôîâ. Â íàøåì ñëó÷àå âåñ ðåáðà ÿâëÿåòñÿ ïîêàçàòåëåì ñèëû ñâÿçåé óçëîâ, êîòîðóþ
ñëåäóåò ó÷èòûâàòü. Ðàññìîòðèì ÷åòûðå àëãîðèòìà âûÿâëåíèÿ ñîîáùåñòâ äëÿ âçâåøåííûõ
ãðàôîâ.

3.1.1. Èåðàðõè÷åñêèé àëãîðèòì BTW, ïðåäëîæåííûé â ðàáîòå [28], áàçèðóåòñÿ íà ïðåä-
ïîëîæåíèè, ÷òî ìåðû öåíòðàëüíîñòè ñåòåâûõ àêòîðîâ ìîãóò èñïîëüçîâàòüñÿ äëÿ êëàññè-
ôèêàöèè óçëîâ ñåòè. Ïðåäëàãàåìûé àëãîðèòì îñíîâàí íà ïàðàìåòðå

”
ðåáåðíàÿ öåíòðàëü-

íîñòü ïî ïîñðåäíè÷åñòâó“ [29]. Ïàðàìåòð ó÷èòûâàåò äîëþ êðàò÷àéøèõ ïóòåé ìåæäó ïàðîé
âåðøèí, ïðîõîäÿùèõ ÷åðåç äàííîå ðåáðî:

CB(e) =
∑

i 6=j∈V

σij(e)

σij
, (3.6)

ãäå σij � ÷èñëî êðàò÷àéøèõ ïóòåé îò âåðøèíû i äî âåðøèíû j ãðàôà, à σij(e) � ÷èñëî
êðàò÷àéøèõ ïóòåé îò i äî j, ïðîõîäÿùèõ ÷åðåç ðåáðî e. Ïðåäïîëàãàåòñÿ, ÷òî ðåáðà ìåæäó
ñîîáùåñòâàìè èìåþò áîëüøåå çíà÷åíèå ïàðàìåòðà. Îñíîâíîé öèêë àëãîðèòìà âûãëÿäèò
òàê: 1) äëÿ âñåõ ðåáåð e âû÷èñëÿåòñÿ (3.6); 2) óäàëÿåòñÿ ðåáðî ñ íàèáîëüøèì çíà÷åíèåì
CB(e); 3) âû÷èñëÿåòñÿ çíà÷åíèå ìîäóëüíîñòè (3.2)�(3,3); 4) öèêë ïîâòîðÿåòñÿ. Òàêèì îáðà-
çîì, èñïîëíÿåòñÿ èåðàðõè÷åñêàÿ ïðîöåäóðà ðàçäåëåíèÿ. Ëó÷øèì ñ÷èòàåòñÿ óðîâåíü, ñîîò-
âåòñòâóþùèé íàèáîëüøåìó çíà÷åíèþ ìîäóëüíîñòè. Àëãîðèòì èñïîëüçóåòñÿ êàê äëÿ íåîðè-
åíòèðîâàííûõ, òàê è äëÿ îðãðàôîâ, ñëîæíîñòü àëãîðèòìà îöåíèâàåòñÿ êàê O(|V ||E|2).

3.1.2. Â ðàáîòå [30] ðàññìàòðèâàåòñÿ âëèÿíèå ñòðóêòóðû ñåòè íà ñåòåâûå ïîòîêè. Ìåòîä
êëàñòåðèçàöèè èñïîëüçóåò èíôîðìàöèîííóþ ñòîèìîñòü îïèñàíèÿ ñâîáîäíîãî áëóæäàíèÿ
ïî ñåòè (èëè äâèæåíèÿ ïîòîêîâ) ïðè ðàçëè÷íûõ äåëåíèÿõ àêòîðîâ íà ñîîáùåñòâà è ñâÿçàí
ñ ïðèíöèïîì ìèíèìàëüíîãî îïèñàíèÿ, ôîðìàëèçîâàííûì â ðàáîòå [31] è çàêëþ÷àþùèìñÿ
â òîì, ÷òî ëó÷øàÿ ãèïîòåçà ïî ïîâîäó ñòðóêòóðû äàííûõ òà, êîòîðàÿ âåäåò ê áîëüøåé
êîìïðåññèè äàííûõ. Îöåíèâàåòñÿ íèæíÿÿ ãðàíèöà êîäà L(M), ñîîòâåòñòâóþùåãî ðàçäå-
ëåíèþ M = {M1,M2, . . . ,Mk} èìåþùèõñÿ n âåðøèí íà k êëàñòåðîâ, êîòîðûé ó÷èòûâàåò
ýíòðîïèþ ñâîáîäíîãî áëóæäàíèÿ âíóòðè è âíå êëàñòåðà è áàçèðóåòñÿ íà òåîðåìå Øåííîíà
[32] î êîäèðîâàíèè èñòî÷íèêà, îïðåäåëÿþùåé íèæíþþ îöåíêó êîäèðîâàíèÿ n ñîñòîÿíèé
ñëó÷àéíîé ïåðåìåííîé ÷åðåç åå ýíòðîïèþ. Ñîîòâåòñòâóþùèé áàçîâûé àëãîðèòì IMP äëÿ
íåîðèåíòèðîâàííûõ ãðàôîâ [30] ñîñòîèò èç äâóõ ýòàïîâ. Ïåðâîíà÷àëüíî êàæäàÿ âåðøèíà
ÿâëÿåòñÿ êëàñòåðîì. Íà ïåðâîì ýòàïå ñëó÷àéíûì îáðàçîì âåðøèíà îáúåäèíÿåòñÿ ñ ðàç-
ëè÷íûìè ñîñåäÿìè â öåëÿõ äîñòèæåíèÿ íàèáîëüøåãî óìåíüøåíèÿ L(M); íà âòîðîì ñåòü
ïåðåñòðàèâàåòñÿ òàê, ÷òî êàæäûé êëàñòåð ñòàíîâèòñÿ âåðøèíîé. Ïðîöåññ ïîâòîðÿåòñÿ äî
òåõ ïîð, ïîêà L(M) óìåíüøàåòñÿ. Äëÿ îðèåíòèðîâàííûõ ñåòåé ìèíèìàëüíîå êîäèðîâàíèå
îïðåäåëÿåòñÿ íà îñíîâå ñòàöèîíàðíîãî ðàñïðåäåëåíèÿ âåðîÿòíîñòåé ïîñåùåíèÿ óçëîâ. Ïðè
ýòîì ââîäèòñÿ âåðîÿòíîñòü τ ñëó÷àéíîãî ïåðåõîäà â äðóãîé óçåë, íå ñëåäóÿ ëîãèêå ñåòè,
ãàðàíòèðóþùàÿ óíèêàëüíîñòü òàêîãî ðàñïðåäåëåíèÿ.

3.1.3. Ïîäõîä, òàêæå îñíîâàííûé íà ïðîöåññå ñëó÷àéíîãî áëóæäàíèÿ, èñïîëüçóåòñÿ â
ðàáîòå [33]. Ïðåäñòàâëåííûé àëãîðèòì WTR âûÿâëÿåò ïëîòíûå ïîäãðàôû èñõîäíîãî ãðà-
ôà. Íà íà÷àëüíîì ýòàïå ñ÷èòàåì, ÷òî êàæäàÿ âåðøèíà ÿâëÿåòñÿ êëàñòåðîì. Îñíîâíîé öèêë
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Òàáëèöà 3.1
Êëàñòåðèçàöèÿ îðãðàôà G àëãîðèòìîì IMP [30]

#Cl #J Òåìàòèêà

1 675 Ôèíàíñîâàÿ ýêîíîìèêà, îáçîðíûå æóðíàëû ïî ýêîíîìèêå,
ìàòåìàòè÷åñêèå è êîëè÷åñòâåííûå ìåòîäû

1 160 Àäìèíèñòðèðîâàíèå è ýêîíîìèêà áèçíåñà, ìàðêåòèíã, áóõó÷åò
1 139 Åâðîýêîíîìèêà (Ðóìûíèÿ > 60%)
1 131 Ýêîíîìèêà ñåëüñêîãî õîçÿéñòâà è ïðèðîäíûõ ðåñóðñîâ
1 80 Òðàíñïîðòíàÿ ýêîíîìèêà, ìàòåìàòè÷åñêèå è êîëè÷åñòâåííûå ìåòîäû
1 62 Çäðàâîîõðàíåíèå, ñîöèàëüíîå îáåñïå÷åíèå
1 60 Ýêîíîìåòðè÷åñêèå è ñòàòèñòè÷åñêèå ìåòîäû
1 54 Ðåãèîíàëüíàÿ ýêîíîìèêà
1 35 Ýíåðãåòèêà
1 22 Ìàòåìàòè÷åñêèå è êîëè÷åñòâåííûå ìåòîäû
1 20 ×åõèÿ
1 19 Ïîëüøà
1 14 Âîñòî÷íàÿ Åâðîïà
2 13 Ñîöèàëüíîå îáåñïå÷åíèå, íåìåöêîÿçû÷íûå æóðíàëû
3 10 Àäìèíèñòðèðîâàíèå è ýêîíîìèêà áèçíåñà
2 9 Áîëãàðèÿ, ðåãóëèðîâàíèå

Ïðèìå÷åíèå. Çäåñü è äàëåå: #Cl � ÷èñëî êëàñòåðîâ, #J � ÷èñëî æóðíàëîâ â êëàñòåðå

àëãîðèòìà âûãëÿäèò òàê: 1) âû÷èñëÿþòñÿ
”
ðàññòîÿíèÿ“ ìåæäó âñåìè ñîñåäíèìè êëàñòåðà-

ìè; 2) ïî êðèòåðèþ
”
ðàññòîÿíèÿ“ âûáèðàþòñÿ äâà ñîñåäíèõ êëàñòåðà; 3) îíè îáúåäèíÿþòñÿ

â íîâûé êëàñòåð è âûïîëíÿåòñÿ ïåðåõîä ê øàãó (1). Ýòîò öèêë ïîâòîðÿåòñÿ (|V | − 1) ðàç.
Äëÿ îïðåäåëåíèÿ êà÷åñòâà ðàçáèåíèÿ âû÷èñëÿåòñÿ ìîäóëüíîñòü. Âû÷èñëèòåëüíàÿ ñëîæ-
íîñòü àëãîðèòìà ðàâíà O(|E| |V |2). Äëÿ ðàçðåæåííûõ ñåòåé âû÷èñëèòåëüíàÿ ñëîæíîñòü
îöåíèâàåòñÿ êàê O(|V |2 log(|V |).

3.1.4. Èåðàðõè÷åñêèé àëãîðèòì MLO, îñíîâàííûé íà îïòèìèçàöèè ìîäóëüíîñòè, ïðåä-
ëîæåí â ðàáîòå [34]. Ïåðâîíà÷àëüíî ïðåäïîëàãàåòñÿ, ÷òî êàæäàÿ âåðøèíà ãðàôà îáðàçóåò
êëàñòåð. Àëãîðèòì ñîñòîèò èç ïîâòîðÿþùèõñÿ øàãîâ, êàæäûé øàã ñîñòîèò èç äâóõ ôàç.

Ôàçà 1. Äëÿ êàæäîé âåðøèíû i ðàññìàòðèâàåòñÿ ïåðåìåùåíèå â êëàñòåð C, ñîîòâåò-
ñòâóþùèé áëèæàéøåìó ñîñåäó j. Âû÷èñëÿåòñÿ èçìåíåíèå ìîäóëüíîñòè ïðè ïåðåìåùåíèè
âåðøèíû i â êëàñòåð C. Ïðîâåðÿþòñÿ âñå áëèæàéøèå ñîñåäè i, ïåðåìåùåíèå ïðîèñõîäèò â
òîò êëàñòåð, êîòîðîìó ñîîòâåòñòâóåò íàèáîëüøåå óâåëè÷åíèå ìîäóëüíîñòè. Åñëè óëó÷øå-
íèå íåâîçìîæíî, i îñòàåòñÿ â ñâîåì êëàñòåðå. Ðàññìàòðèâàþòñÿ âñå âåðøèíû äî òåõ ïîð,
ïîêà âîçìîæíî óëó÷øåíèå. Ïåðâàÿ ôàçà çàêàí÷èâàåòñÿ äîñòèæåíèåì ëîêàëüíîãî ìàêñè-
ìóìà ìîäóëüíîñòè.

Ôàçà 2. Ïîñòðîåíèå íîâîãî ãðàôà, âåðøèíû êîòîðîãî ñîîòâåòñòâóþò êëàñòåðàì, ïîëó-
÷åííûì âî âðåìÿ ïåðâîé ôàçû. Ðåáðà ìåæäó âåðøèíàìè äâóõ êëàñòåðîâ çàìåíÿþòñÿ íà
îäíî ðåáðî, âåñ êîòîðîãî ðàâåí ñóììå èõ âåñîâ, ðåáðà ìåæäó âåðøèíàìè îäíîãî êëàñòåðà
çàìåíÿþòñÿ íà ïåòëþ, âåñ êîòîðîé ðàâåí ñóììå âåñîâ âíóòðåííèõ ðåáåð.

Ôàçû 1�2 ïîâòîðÿþòñÿ äî òåõ ïîð, ïîêà íåâîçìîæíû íîâûå èçìåíåíèÿ. ×èñëî êëàñòå-
ðîâ ñóùåñòâåííî óìåíüøàåòñÿ ñ êàæäûì øàãîì. Ñëîæíîñòü àëãîðèòìà â ïðèìåíåíèè ê
ðàçðåæåííûì ãðàôàì ñîñòàâëÿåò O(|E|).
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3.2. Ðåçóëüòàòû êëàñòåðèçàöèè.

3.2.1. Êëàñòåðèçàöèÿ ÑÖÆ. Êëàñòåðèçàöèÿ îðãðàôà G ïðîèçâîäèëàñü ñ ïîìîùüþ àë-
ãîðèòìîâ IMP è BTW. Â ðåçóëüòàòå êëàñòåðèçàöèè G àëãîðèòìîì IMP áûëî ïîëó÷åíî
20 êëàñòåðîâ ðàçìåðîì 9 è áîëåå âåðøèí (89,35%). Îñòàëüíûå 97 êëàñòåðîâ èìåþò ìåíü-
øåå ÷èñëî âåðøèí. Ðåçóëüòàòû ïðîâåðêè êëàñòåðèçàöèè àëãîðèòìîì IMP ïîêàçàëà, ÷òî
êëàñòåðû ñðåäíèõ ðàçìåðîâ âûÿâëÿþò ñîîáùåñòâà æóðíàëîâ, ïóáëèêóþùèõ, â îñíîâíîì,
ñòàòüè, îòíîñÿùèåñÿ ê îïðåäåëåííûì òåìàòèêàì èëè òåððèòîðèàëüíûì ãðóïïàì. Íàáëþ-
äàåìàÿ òåíäåíöèÿ: ó êëàñòåðîâ ñ ÷èñëîì âåðøèí, áîëüøèì 22, ÷èñëî âåðøèí, ó êîòîðûõ
åñòü èñõîäÿùèå äóãè, âåäóùèå èç êëàñòåðà (øëþçû), ìåíüøå, ÷åì ÷èñëî âåðøèí, ê êîòîðûì
åñòü âõîäÿùèå èçâíå äóãè; òàêîå æå ðàñïðåäåëåíèå ó ñóììàðíîãî âåñà ñîîòâåòñòâóþùèõ
äóã. Ó íåáîëüøèõ êëàñòåðîâ íàîáîðîò: ñóììàðíûé âåñ âûõîäÿùèõ èç êëàñòåðà äóã áîëüøå,
÷åì âõîäÿùèõ, ò. å. íåáîëüøèå êëàñòåðû ïðåäñòàâëÿþò ñîáîé áîëåå çàìêíóòûå òåìàòè÷å-
ñêèå ñîîáùåñòâà. Ðåçóëüòàòû ïðèâåäåíû â òàáë. 3.1.

Àëãîðèòì BTW îñíîâàí íà ïîäñ÷åòå êðàò÷àéøèõ ïóòåé, ïîýòîìó âìåñòî âåñîâ äóã wij

èñïîëüçîâàëèñü îáðàòíûå çíà÷åíèÿ 1/wij (ñì. [35]). Â ðåçóëüòàòå êëàñòåðèçàöèè ãðàôà G
ïîëó÷åí îäèí êëàñòåð ðàçìåðîì 1242 âåðøèíû, ÷òî ñîñòàâëÿåò 71,83% âåðøèí. Îñòàëü-
íûå 483 êëàñòåðà èìåþò 4 è ìåíåå âåðøèí, áîëüøèíñòâî èç íèõ îäíîâåðøèííûå. Èíäåêñû
ñîãëàñîâàííîñòè êëàñòåðèçàöèè G àëãîðèòìàìè IMP è BTW : NMI = 0,23; Rand = 0,44.
Àëãîðèòì BTW ïðèìåíåí òàêæå ê îðãðàôó G, ãäå âåñà ðåáåð ïðåîáðàçîâàíû ñîãëàñíî [36]:
wij = wmax +1−wij, ãäå wmax � ìàêñèìàëüíûé âåñ äóã ãðàôà G. Ðåçóëüòàòû êëàñòåðèçàöèè
èçìåíèëèñü: íàèáîëüøèé êëàñòåð ñîäåðæèò 1522 âåðøèíû (80,02%), îñòàëüíûå ñîäåðæàò
3 âåðøèíû è ìåíåå. Áîëåå òîãî, ïîäîáíûé ðåçóëüòàò ïîëó÷èëñÿ è ïðè ïðèìåíåíèè àëãîðèò-
ìà BTW ê íåâçâåøåííîìó îðãðàôó Gunw: áîëüøèíñòâî âåðøèí ïîïàëè â îäèí áîëüøîé
êëàñòåð (87,85%). Ìîæíî ïðåäïîëàãàòü, ÷òî â íàøåì ñëó÷àå àëãîðèòì íå÷óâñòâèòåëåí ê
ìàñøòàáó âåñîâ äóã.

Äëÿ íåîðèåíòèðîâàííîãî âàðèàíòà ãðàôà öèòèðîâàíèÿ Gu (ñì. 4.1.1) ðàññìîòðåíû ÷å-
òûðå àëãîðèòìà êëàñòåðèçàöèè: BTW, IMP, WTR è MLO. Ïðè êëàñòåðèçàöèè Gu àëãî-
ðèòìîì BTW âíîâü ïîëó÷èëàñü ïðàêòè÷åñêè òðèâèàëüíàÿ êëàñòåðèçàöèÿ: 86% âåðøèí
ïîïàëè â îäèí êëàñòåð, íàèáîëüøèé ïðîöåíò îñòàëüíûõ � â îäèíî÷íûå êëàñòåðû. Ðàñ-
ïðåäåëåíèå ðàçìåðîâ êëàñòåðîâ, ïîëó÷åííûõ â ðåçóëüòàòå ðàáîòû îñòàëüíûõ àëãîðèòìîâ,
ïðåäñòàâëåíî â òàáë. 3.2.

Èíäåêñû ñîãëàñîâàííîñòè ðåçóëüòàòîâ êëàñòåðèçàöèè Gu âûãëÿäÿò òàê: NMI = 0,52,
RAND = 0,84 äëÿ WTR è MLO ; NMI = 0,62, RAND = 0,86 äëÿ IMP è MLO ;
NMI = 0,58, RAND = 0,86 äëÿ IMP è WTR. Ñîãëàñîâàííîñòü àëãîðèòìà IMP â ïðè-
ìåíåíèè ê ãðàôàì G è Gu: NMI = 0,54; RAND = 0,82, � ò. å. ñðàâíèìà ñ êëàñòåðèçàöèåé
Gu c ïîìîùüþ îñòàëüíûõ àëãîðèòìîâ. Íåñìîòðÿ íà ðàçëè÷èå ðàñïðåäåëåíèÿ ðàçìåðîâ êëà-
ñòåðîâ, òåìàòè÷åñêèå îáëàñòè ñõîäíû. Îáëàñòè îïðåäåëÿëèñü íà îñíîâàíèè íàçâàíèé æóð-
íàëîâ, òåìàòèêà ñîïîñòàâëÿåòñÿ ñîãëàñíî áîëüøèíñòâó â ïðîöåíòíîì îòíîøåíèè. Ñëåäóåò
îòìåòèòü, ÷òî äëÿ æóðíàëîâ èçäàòåëüñòâà Elsevier (153 æóðíàëà) â áàçå äàííûõ óêàçàíû
êîäû òåìàòèê ñîãëàñíî êëàññèôèêàöèîííîé ñèñòåìå Jel [37]. Àíàëèç ïîêàçàë, ÷òî êîäû
æóðíàëîâ èçäàòåëüñòâà Elsevier ñîîòâåòñòâóþò óñòàíîâëåííûì òåìàòèêàì êëàñòåðîâ, â
êîòîðûå îíè ïîïàëè. Ïðè ýòîì óñòàíîâëåííàÿ òåìàòèêà â áîëüøèíñòâå ñëó÷àåâ îòíîñèòñÿ
ê îñíîâíûì òåìàòèêàì (general categories) ïî êëàññèôèêàöèè Jel. Òåìàòè÷åñêèå ãðóïïû,
âûÿâëåííûå àëãîðèòìîì IMP íà ãðàôå Gu, ïðåäñòàâëåíû â òàáë. 3.3.

3.2.2. Êëàñòåðèçàöèÿ Gbib. Àëãîðèòì IMP îáúåäèíèë âñå 1432 âåðøèíû â îäèí êëàñòåð,
ò. å. íå óñòàíîâèë äîïîëíèòåëüíîãî ïîäîáèÿ óæå ïîäîáíûõ ñîãëàñíî îòíîøåíèþ Rbib âåð-
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Òàáëèöà 3.2
Ðàñïðåäåëåíèå ðàçìåðîâ êëàñòåðîâ

ïðè êëàñòåðèçàöèè ãðàôà Gu

IMP [30] WTR [33], Qu = 0,42 MLO [34], Qu = 0,43

#Cl #J #Cl #J #Cl #J

1 737 1 657 1 585
1 186 1 284 1 395
1 158 1 268 1 226
1 136 1 221 1 178
1 95 1 75 1 104
1 65 1 62 1 100
1 60 1 44 1 85
1 59 2 8 1 54
1 48 1 1 1 2
1 38
1 35
1 32
1 15
1 14
1 12
1 9
3 4
2 3
6 2

øèí. Ðàçìåðû êëàñòåðîâ, ïîëó÷åííûõ ñ ïðèìåíåíèåì àëãîðèòìîâWTR èMLO, ïðèâåäåíû
â òàáë. 3.4.

Ñîãëàñîâàííîñòü WTR è MLO : NMI = 0,79; RAND = 0,84. Åñëè ñðàâíèòü êëàñòåðû
WTR (30 âåðøèí) è MLO (70 âåðøèí), òî â ïåðâîì êëàñòåðå 67% æóðíàëîâ îòíîñÿòñÿ ê
ñòàòèñòè÷åñêèì èññëåäîâàíèÿì, à âî âòîðîì 46% òàêèõ æóðíàëîâ, ïðè÷åì âñå 30 æóðíàëîâ
ïåðâîãî êëàñòåðà ñîäåðæàòñÿ âî âòîðîì, 24% æóðíàëîâ îòíîñÿòñÿ ê ýêîíîìåòðèè.

3.2.3. Êëàñòåðèçàöèÿ Gcoc. Èñïîëüçîâàíû àëãîðèòìû, ïðèâåäåííûå â ï. 3.2.2. Àëãî-
ðèòìîì IMP ïîëó÷åíà òðèâèàëüíàÿ êëàñòåðèçàöèÿ. Ðàçìåðû êëàñòåðîâ, ïîëó÷åííûõ ñ
ïðèìåíåíèåì àëãîðèòìîâ WTR è MLO, ïðèâåäåíû â òàáë. 3.5.

Êëàñòåðèçàöèÿ ñ ïîìîùüþ àëãîðèòìîâ WTR è MLO ïîëó÷åíà ïðè çíà÷åíèè ìîäóëü-
íîñòè Q = 0,16 è Q = 0,21 ñîîòâåòñòâåííî; ñîãëàñîâàííîñòü: NMI = 0,64; RAND = 0,82.

Çàêëþ÷åíèå. Ïðîàíàëèçèðîâàíû áèáëèîìåòðè÷åñêèå ñåòè, àêòîðàìè êîòîðûõ ÿâëÿ-
þòñÿ æóðíàëû, ïðîèíäåêñèðîâàííûå â áàçå äàííûõ RePEc. Îíè ïðåäñòàâëåíû ïëîòíûìè
ãðàôàìè, èìåþùèìè áîëüøèå çíà÷åíèÿ êîýôôèöèåíòîâ êëàñòåðèçàöèè, íåçàâèñèìî îò òî-
ãî, ó÷èòûâàþòñÿ ëè âåñà ðåáåð. Âûÿâëåíèå ñîîáùåñòâ ñ ïîìîùüþ àëãîðèòìà IMP â ïðè-
ìåíåíèè ê âçâåøåííîìó îðãðàôó öèòèðîâàíèÿ ïîçâîëèëî âûÿâèòü ñîîáùåñòâà æóðíàëîâ,
òåñíî ñâÿçàííûõ ïî òåìàòè÷åñêîìó èëè òåððèòîðèàëüíîìó ïðèçíàêó. Àëãîðèòì BTW íå
äàë ÿâíûõ ðåçóëüòàòîâ íè â ïðèìåíåíèè ê îðãðàôó öèòèðîâàíèÿ, íè ê åãî íåîðèåíòè-
ðîâàííîìó ïðåäñòàâëåíèþ. Â òî æå âðåìÿ ðåçóëüòàòû àëãîðèòìîâ IMP, WTR è MLO â
ïðèìåíåíèè ê íåîðèåíòèðîâàííîìó âçâåøåííîìó ãðàôó èìåþò äîñòàòî÷íûé óðîâåíü ñî-
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Òàáëèöà 3.3

Òåìàòèêà êëàñòåðîâ ïðè êëàñòåðèçàöèè Gu àëãîðèòìîì IMP

#Cl #J Òåìàòèêà

1 737 Ôèíàíñîâàÿ ýêîíîìèêà, ìàòåìàòè÷åñêèå è êîëè÷åñòâåííûå ìåòîäû
1 186 Àäìèíèñòðèðîâàíèå è ýêîíîìèêà áèçíåñà, ìàðêåòèíã, áóõó÷åò
1 158 Ôèíàíñîâàÿ ýêîíîìèêà
1 136 Ýêîíîìèêà ñåëüñêîãî õîçÿéñòâà è ïðèðîäíûõ ðåñóðñîâ
1 95 Ðóìûíèÿ
1 65 Ýêîíîìåòðè÷åñêèå è ñòàòèñòè÷åñêèå ìåòîäû
1 60 Çäðàâîîõðàíåíèå, ñîöèàëüíîå îáåñïå÷åíèå
1 59 Èññëåäîâàíèå îïåðàöèé
1 48 Ðåãèîíàëüíàÿ ýêîíîìèêà
1 38 Ýíåðãåòèêà
1 35 Òðàíñïîðòíàÿ ýêîíîìèêà, ìàòåìàòè÷åñêèå è êîëè÷åñòâåííûå ìåòîäû
1 32 Àäìèíèñòðèðîâàíèå è ýêîíîìèêà áèçíåñà, ìàðêåòèíã, áóõó÷åò
1 15 Âîñòî÷íàÿ Åâðîïà
1 14 Æèëèùíàÿ è èìóùåñòâåííàÿ ïîëèòèêà
1 12 Íå èäåíòèôèöèðîâàí
1 9 Îáðàçîâàíèå

Òàáëèöà 3.4

Êëàñòåðèçàöèÿ ãðàôà Gbib

WTR [33], Qu = 0,13 MLO [34], Qu = 0,15

#Cl #J #Cl #J

1 718 1 541
1 369 1 514
1 288 1 307
1 30 1 70
1 25
2 1

Òàáëèöà 3.5

Êëàñòåðèçàöèÿ ãðàôà Gcoc

WTR [33], Qu = 0,13 MLO [34], Qu = 0,15

#Cl #J #Cl #J

1 517 1 410
1 350 1 391
1 255 1 369
1 235 1 315
1 32 1 97
1 30
1 9
9 < 9

ãëàñîâàííîñòè, îñîáåííî ñîîòâåòñòâåííî èíäåêñó RAND. Âî âñåõ òðåõ ñëó÷àÿõ ïîëó÷èëñÿ
îäèí áîëüøîé êëàñòåð, ñîäåðæàùèé áîëåå 33% âåðøèí; îñòàëüíûå âåðøèíû ðàñïðåäåëåíû
ïî ñîîáùåñòâàì, ïðè÷åì àëãîðèòì MLO âûäåëèë íàèáîëüøåå ÷èñëî ñîîáùåñòâ. Ñðàâíå-
íèå ðåçóëüòàòîâ êëàñòåðèçàöèè àëãîðèòìîì IMP â ïðèìåíåíèè ê îðãðàôó öèòèðîâàíèÿ
è íåîðèåíòèðîâàííîìó ãðàôó ïîêàçàëî, ÷òî, íåñìîòðÿ íà ðàçëè÷èå â ðàçìåðàõ êëàñòåðîâ
è ðàñïðåäåëåíèè âåðøèí ïî êëàñòåðàì, îïðåäåëåíû ñõîäíûå òåìàòèêè. Òàêèì îáðàçîì,
íåîðèåíòèðîâàííûé âàðèàíò ãðàôà âïîëíå ìîæíî èñïîëüçîâàòü äëÿ âûÿâëåíèÿ òåìàòèê.

Ðàçìåð êëàñòåðîâ, ïîëó÷åííûõ â ðåçóëüòàòå êëàñòåðèçàöèè Gbib è Gcoc, ñëèøêîì
áîëüøîé, ÷òîáû ñîîòíåñòè èõ ñ òåìàòè÷åñêèìè ãðóïïàìè, îäíàêî ñîãëàñîâàííîñòü
ïðèìåíåííûõ àëãîðèòìîâ äîñòàòî÷íî âûñîêàÿ. Ñëåäóåò çàìåòèòü, ÷òî êëàñòåðèçàöèÿ
ñåòåé áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ è êîöèòèðîâàíèÿ, àêòîðàìè êîòîðûõ ÿâëÿþò-
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ñÿ ïóáëèêàöèè èç ðàññìîòðåííûõ çäåñü æóðíàëîâ [38], áûëà ïîëó÷åíà ñ ïðèìåíåíèåì
àëãîðèòìàMLO ïðè áîëüøèõ çíà÷åíèÿõ ìîäóëüíîñòè è áîëüøåé ñòåïåíè ñîãëàñîâàííîñòè.
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