
Ññûëêà íà ñòàòüþ:
// Íàóêà è Îáðàçîâàíèå. ÌÃÒÓ èì. Í.Ý. Áàóìàíà.
Ýëåêòðîí. æóðí. 2015. ¹9. Ñ. 188{199.
DOI: 10.7463/0915.0811704
Ïðåäñòàâëåíà â ðåäàêöèþ: 23.09.2015
c©ÌÃÒÓ èì. Í.Ý. Áàóìàíà

ÓÄÊ 519.178; 51-77

Âûäåëåíèå ñîîáùåñòâ â ñîöèàëüíûõ ãðàôàõ
ïî ìíîæåñòâó ïðèçíàêîâ ñ ÷àñòè÷íîé èíôîðìàöèåé

×åñíîêîâ Â.Î.1,*, Êëþ÷àð¸â Ï. Ã.1 *

1ÌÃÒÓ èì. Í.Ý. Áàóìàíà, Ìîñêâà, Ðîññèÿ

Â ðàìêàõ äàííîé ñòàòüè ðàññìàòðèâàåòñÿ ìåòîä ïîëó÷åíèÿ ñîîáùåñòâ (êëàñòåðîâ) ñîöèàëüíîãî
ãðàôà áëèæàéøåãî îêðóæåíèÿ ïîëüçîâàòåëÿ ñîöèàëüíîé ñåòè, ò.å. ãðàôà, âåðøèíàìè êîòîðîãî
ÿâëÿþòñÿ äðóçüÿ ïîëüçîâàòåëÿ, ñ äèàìåòðîì, ðàâíûì äâóì è ñ öåíòðîì â âåðøèíå, ñîîòâåòñòâó-
þùåé ïîëüçîâàòåëþ. Â ðåçóëüòàòå äàííîé ðàáîòû ðàçðàáîòàíî ïðîãðàììíîå îáåñïå÷åíèå, ïîçâî-
ëÿþùåå ñîáðàòü äàííûå èç ñîöèàëüíîé ñåòè è ïðîâåñòè àíàëèç ñîîòâåòñòâóþùåãî ñîöèàëüíîãî
ãðàôà. Ñîáðàíû ñîöèàëüíûå ãðàôû 2000 ñëó÷àéíûõ ïîëüçîâàòåëåé ñîöèàëüíîé ñåòè ÂÊîíòàêòå.
Ïðîèçâåäåíà îöåíêà êà÷åñòâà êëàñòåðèçàöèè ñ ïîìîùüþ òðåõ âíóòðåííèõ ìåòðèê: îæèäàåìîé
ïëîòíîñòè, èíäåêñà ñèëóýòîâ è íîðìàëèçîâàííîé ãàììà-ñòàòèñòèêè Õóáåðòà.

Êëþ÷åâûå ñëîâà: ñîöèàëüíûå ñåòè; ñîöèàëüíûé ãðàô; êëàñòåðèçàöèÿ; âûäåëåíèå ñîîáùåñòâ

Ââåäåíèå

Âàæíîå ìåñòî â àíàëèçå ñîöèàëüíûõ ñåòåé çàíèìàåò ïðîáëåìà âûäåëåíèÿ ñîîáùåñòâ |
íàõîæäåíèå òàêîãî ïîêðûòèÿ ìíîæåñòâà âåðøèí ñîöèàëüíîãî ãðàôà, ÷òî ìåæäó âåðøèíàìè
èç îäíîãî ïîäìíîæåñòâà <ìíîãî> ðåáåð, à ìåæäó âåðøèíàìè èç ðàçíûõ | <ìàëî> [1], èëè
âåðøèíû â ïîäìíîæåñòâàõ ðàñïîëîæåíû áîëåå ïëîòíî, ÷åì â ãðàôå â öåëîì [2]. Åñëè
ïîäìíîæåñòâà íå ïåðåñåêàþòñÿ, òî îíè íàçûâàþòñÿ êëàñòåðàìè. Â ñîöèàëüíîì ãðàôå ëþäè
èç îäíîãî ñîîáùåñòâà îáû÷íî èìåþò ÷òî-òî îáùåå ìåæäó ñîáîé, íàïðèìåð, îáùèå èíòåðåñû,
ìåñòîæèòåëüñòâà, ñïåöèàëüíîñòü è ò.ï. Êëàñòåðíûé àíàëèç èñïîëüçóåòñÿ â èíôîðìàöèîííûõ
ñèñòåìàõ äëÿ îáíàðóæåíèÿ çàêîíîìåðíîñòè â äàííûõ.
Êëàññè÷åñêèé ñïîñîá âûäåëåíèÿ ñîîáùåñòâ ñîñòîèò â ïðèìåíåíèè îäíîãî èç àëãîðèòìîâ

êëàñòåðèçàöèè, íàïðèìåð ìàêñèìèçàöèè ìîäóëÿðíîñòè èëè ìèíèìàëüíîãî îñòîâíîãî äåðåâà,
ê ñîöèàëüíîìó ãðàôó [3, 4, 5]. Îñíîâíîå îòëè÷èå ðàçëè÷íûõ àëãîðèòìîâ ìåæäó ñîáîé |
îïðåäåëåíèå ýâðèñòèêè äëÿ ïîëó÷åíèÿ ïîäìíîæåñòâ è îïðåäåëåíèå ïîíÿòèé <ìíîãî âåðøèí
âíóòðè êëàñòåðà>, <ìàëî âåðøèí ìåæäó êëàñòåðàìè> è ïëîòíîñòè [2]. Â òàêèõ àëãîðèò-
ìàõ ïðè ñîçäàíèè êëàñòåðîâ íå èñïîëüçóåòñÿ èíôîðìàöèÿ î âåðøèíàõ. Ýòà èíôîðìàöèÿ
ìîæåò èñïîëüçîâàòüñÿ â äàëüíåéøåì äëÿ èìåíîâàíèÿ êëàñòåðîâ, îäíàêî ÷àñòî ýòà îïåðàöèÿ
îñóùåñòâëÿåòñÿ ÷åëîâåêîì âðó÷íóþ.
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Ñîöèàëüíûå ãðàôû ñîöèàëüíûõ ñåòåé õàðàêòåðèçóþòñÿ òåì, ÷òî î ïîëüçîâàòåëÿõ èç-
âåñòíî äîñòàòî÷íî ìíîãî äàííûõ | ñâåäåíèÿ îá îáðàçîâàíèè, ìåñòàõ ðàáîòû, ïðîõîæäåíèÿ
âîèíñêîé ñëóæáû, ÷ëåíñòâå â âèðòóàëüíûõ ñîîáùåñòâàõ ïî èíòåðåñàì (êîòîðûå ÷àñòî ÿâëÿ-
þòñÿ îòðàæåíèåì ðåàëüíûõ) è ò.ï. Ñàìà ñîöèàëüíàÿ ñåòü ïîáóæäàåò ïîëüçîâàòåëÿ óêàçàòü
êàê ìîæíî äàííûõ î ñåáå. Ñóùåñòâóþò àëãîðèòìû âûäåëåíèÿ ñîîáùåñòâ, êîòîðûå êîíöå-
òðèðóþòñÿ íà òàêèõ äàííûõ, íàïðèìåð, àëãîðèòìû, îñíîâàííûå íà ëàòåíòíîì ðàçìåùåíèè
Äèðèõëå [6]. Òåì íå ìåíåå ëèøü íåìíîãèå èç íèõ èñïîëüçóþò êàê àòðèáóòû âåðøèí, òàê è
ñâÿçè ìåæäó íèìè, îäíèì èç íåìíîãèõ ÿâëÿåòñÿ CESNA [9].
Âñå àëãîðèòìû âûäåëåíèÿ ñîîáùåñòâ ïîäðàçóìåâàþò, ÷òî ïðåäîñòàâëåíà ïîëíàÿ èíôîð-

ìàöèÿ î ãðàôå è àòðèáóòàõ âåðøèí. Îäíàêî íå âñå ïîëüçîâàòåëè ñîöèàëüíîé ñåòè âûñòà-
âëÿþò èíôîðìàöèþ î ñåáå íà ïóáëè÷íîå îáîçðåíèå, è îíà ìîæåò áûòü ñêðûòà íàñòðîéêàìè
ïðèâàòíîñòè, ÷òî çàòðóäíÿåò åå àíàëèç. Â òàêîì ñëó÷àå âîçíèêàåò ïðîáëåìà îïðåäåëåíèÿ
íåóêàçàííîé èëè îòñóòñâóþùåé èíôîðìàöèè.
Ïîõîæàÿ ïðîáëåìà ðåøàåòñÿ â ðàáîòàõ [7] è [8]. Â ðàáîòå [7] ïðåäëàãàåòñÿ æàäíûé

àëãîðèòì âûäåëåíèÿ ñîîáùåñòâà, ñîîòâåòñòâóþùåãî îäíîìó ïðèçíàêó, îñíîâàííûé íà ìàê-
ñèìèçàöèè íîðìàëèçîâàííîé ïðîâîäèìîñòè. Ïîñêîëüêó àëãîðèòì ïåðåáèðàåò âñå âåðøèíû,
íå ïðèíàäëåæàùèå ñîîáùåñòâó, äëÿ ïîëó÷åíèÿ âñåõ ñîîáùåñòâ â õóäøåì ñëó÷àå ïîòðåáóåòñÿ
âðåìÿ, êâàäðàòè÷íî çàâèñÿùåå îò ÷èñëà âåðøèí. Äëÿ òåñòèðîâàíèÿ àëãîðèòìà èñïîëüçó-
åòñÿ äâå ñîáðàííûå âûáîðêà èç ñîöèàëüíîé ñåòè Facebook | ïîäãðàô, ñîîòâåòñòâóþùèé
óíèâåðñèòåòó Rice è ïîäãðàô, ñîîòâåòñòâóþùèé Íîâîìó Îðëåàíó. Â ðàáîòå [8] ïðåäëîæåí
àëãîðèòì, ïîçâîëÿþùèé ïîëó÷èòü çíà÷åíèå îäíîãî àòðèáóòà ïîëüçîâàòåëÿ ïî îãðàíè÷åíîìó
÷èñëó îáðàùåíèé maxFacts ê äðóãèì óçëàì îãðàíè÷åííûì îáõîäîì â øèðèíó. Êàæäûé
àòðèáóò ìîæåò ïðèíèìàòü êîíå÷íîå ìíîæåñòâî çíà÷åíèé. Êðîìå òîãî, â ðàáîòå [8] îïèñàí
ìîäèôèöèðîâàííûé àëãîðèòì, äîïîëíèòåëüíî èñïîëüçóþùèé èíôîðìàöèþ î ïóáëèêàöèÿõ
â ñîîáùåñòâàõ è ïðîñìîòðàõ ïóáëèêàöèé ïîëüçîâàòåëÿìè. Äëÿ òåñòèðîâàíèÿ àëãîðèòìà
èñïîëüçóþòñÿ äàííûå èç ñåòè Facebook.
Â äàííîé ðàáîòå ïðåäëîæåí èòåðàòèâíûé àëãîðèòì, ëèíåéíî çàâèñÿùèé îò êîëè÷åñòâà

ðåáåð. Äàííûé àëãîðèòì ðàáîòàåò áûñòðåå, ÷åì ïðåäëîæåííûé â [7], è ïîçâîëÿåò èñïîëüçî-
âàòü óæå ïîëó÷åííûå çíà÷åíèÿ àòðèáóòîâ, â îòëè÷èå îò àëãîðèòìà èç [8]. Îòìåòèì òàêæå,
÷òî â [8] îäíà âåðøèíà ìîæåò ïîâëèÿòü íå áîëåå ÷åì íà maxFacts áëèæàéøèõ âåðøèí,
â òî âðåìÿ êàê â ðàçðàáîòàííîì àëãîðèòìå âëèÿíèå ïðàêòè÷åñêè íå îãðàíè÷åíî. Äëÿ òå-
ñòèðîâàíèÿ àëãîðèòìà èñïîëüçóþòñÿ ãðàôû áëèæàéøåãî îêðóæåíèÿ ñëó÷àéíî âûáðàííûõ
ïîëüçîâàòåëåé ñîöèàëüíîé ñåòè Âêîíòàêòå.

1. Ïîñòàíîâêà çàäà÷è

Ïóñòü èìååòñÿ íåêîòîðûé íåîðèåíòèðîâàííûé íåâçâåøåííûé ãðàô G′(V ′, E ′) ñ äèàìå-
òðîì, ðàâíûì äâóì, è öåíòðîì â âåðøèíå u, êàæäàÿ âåðøèíà êîòîðîãî ìîæåò èìåòü äî
íåñêîëüêèõ ïðèçíàêîâ (àòðèáóòîâ), ïðè÷åì ó êàæäîé âåðøèíû p-é ïðèçíàê ìîæåò íàõî-
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äèòüñÿ â îäíîì èç òðåõ ñîñòîÿíèé: ïðèñóòñòâóåò, îòñóòñòâóåò, íåîïðåäåëåí. Ïóñòü ïðè ýòîì
íåâîçìîæíî ðàçëè÷èòü äâà ïîñëåäíèõ ñîñòîÿíèÿ. Ãðàôû, â êîòîðûõ çíà÷åíèÿ âñåõ ïðèçíàêîâ
îïðåäåëåíû, ðàññìàòðèâàþòñÿ, íàïðèìåð, â [10].
Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèòìà, ïîçâîëÿþùåãî âûäâèíóòü ïðåäïî-

ëîæåíèå î ñîñòîÿíèè íåîïðåäåëåííûõ (îòñóòñòâóþùèõ) ïðèçíàêîâ äëÿ ìàêñèìàëüíîãî êî-
ëè÷åñòâà âåðøèí è âûäåëèòü ïî ýòèì ïðèçíàêàì ñîîáùåñòâà â ãðàôå. Òàêèì îáðàçîì, èìåÿ
ãðàô äðóçåé ïîëüçîâàòåëÿ, ìîæíî áóäåò ïîëó÷èòü åãî ðàçäåëåíèå ïî ñôåðàì äåÿòåëüíîñòè
ïîëüçîâàòåëÿ: ñîêóðñíèêè, êîëëåãè è ò.ï.

2. Ìåòîä àíàëèçà ñîöèàëüíîãî ãðàôà

Ïîñêîëüêó äëÿ ëþáîé âåðøèíû v èç V ′ ñóùåñòâóåò ðåáðî ê u è ýòî ìîæåò çàòðóäíèòü
âûäåëåíèå ñîîáùåñòâ, äàëåå áóäåì ðàññìàòðèâàòüñÿ ãðàô G(V, E), òàêîé ÷òî V = V ′ \ u,
E = E ′ \ {e|u ∈ e}. Ïóñòü ó êàæäîé âåðøèíû v ∈ V ′ åñòü íàáîð ïðèçíàêîâ attrs.
Ïîñêîëüêó öåíòðîì ãðàôà ÿâëÿåòñÿ ïîëüçîâàòåëü u, ëîãè÷íî áóäåò ïðåäïîëîæèòü, ÷òî

êàæäàÿ åãî âåðøèíà v èìååò õîòÿ áû îäèí îáùèé ïðèçíàê ñ u. Â òàêîì ñëó÷àå ìîæíî
óïðîñèòü ìîäåëü, ðàññìàòðèâàÿ òîëüêî òàêèå ïðèçíàêè. Åñëè æå îáùåãî ïðèçíàêà íåò, òî,
ñêîðåå âñåãî, îí íå óêàçàí. Åñëè ó âåðøèíû v íåñêîëüêî îáùèõ ïðèçíàêîâ ñ u, òî âûáîð
ìîæíî ñäåëàòü èñõîäÿ èç êîëè÷åñòâà âåðøèí, êîòîðûå îáëàäàþò êàæäûì èç ïðèçíàêîâ. Åñëè
íåîáõîäèìà îáùàÿ êàðòèíà ñìàëûìêîëè÷åñòâîì áîëüøèõ êëàñòåðîâ, òî âûáèðàåòñÿ ïðèçíàê,
êîòîðûé èìåþò íàèáîëüøåå êîëè÷åñòâî âåðøèí. Â ïðîòèâíîì ñëó÷àå âûáèðàåòñÿ ïðèçíàê,
êîòîðûé èìåþò íàèìåíüøåå êîëè÷åñòâî âåðøèí. Âûáðàííûé ïðèçíàê C áóäåì íàçûâàòü
ãëàâíûì. Îïðåäåëåíèå ãëàâíûõ ïðèçíàêîâ ïðîèçâîäèòñÿ ïîñðåäñòâîì àëãîðèòìà 1, ïðèìåð
ðàáîòû êîòîðîãî ïðåäñòàâëåí íà ðèñ. 1.

Àëãîðèòì 1. Îïðåäåëåíèå ãëàâíûõ ïðèçíàêîâ

counts := ∅
for v from V do
for p from v.attrs do
if p from counts then

counts[p] := counts[p] + 1

else
counts.add(p, 1)

for v from V do
common := v.attrs ∩ u.attrs

if length(common) = 1 then
v.attrs.add(C, common[0])

else if length(common) > 1 then
v.attrs.add(C, choose(v, common, counts))

else
v.attrs.add(C, nil)
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Ðèñ. 1. Ïðèìåð ðàáîòû àëãîðèòìà îïðåäåëåíèÿ ãëàâíûõ ïðèçíàêîâ. ×åðíûì îáîçíà÷åíû
âåðøèíû, äëÿ êîòîðûõ ãëàâíûé ïðèçíàê íåèçâåñòåí

Òîãäà äëÿ âåðøèí, äëÿ êîòîðûõ íå óêàçàí ãëàâíûé ïðèçíàê, åãî ìîæíî îïðåäåëèòü ïî
ïðèçíàêàì ñîñåäåé ïî ìàæîðèòàðíîìó ïðèçíàêó, òàê êàê åñëè ó áîëüøèíñòâà ñîñåäåé åñòü
îäèíàêîâûé ïðèçíàê, òî è ó ñàìîé âåðøèíû ïðèçíàê, ñêîðåå âñåãî, áóäåò òàêèì æå, ÷òî
ÿâëÿåòñÿ ñëåäñòâèåì òðèàäíîé ñòðóêòóðû [11]. Îòìåòèì òàêæå, ÷òî äëÿ òîãî, ÷òîáû ðàáîòàë
âûáîð ïî ìàæîðèòàðíîìó ïðèçíàêó íóæíî, ÷òîáû õîòÿ áû îäèí ñîñåä èìåë òàêîé æå ïðèçíàê,
åñëè ó ñîñåäåé îíè âîîáùå åñòü (çà ýòî îòâå÷àåò ôóíêöèÿ choose, àëãîðèòì 2).

Àëãîðèòì 2. Ìàæîðèòàðíîå âûäåëåíèå ñîîáùåñòâ ïî ïðèçíàêàì ñîñåäåé

S := {v ∈ V |v.attrs[C] = nil}
for v from S do

N := neighbours(v)
p := most common(N )
v.attrs[C] := p

Â ýòîì àëãîðèòìå íå ó÷òåíà ñèòóàöèÿ, êîãäà ïðèñóòñòâóþò ñâÿçíûå êîìïîíåíòû, íå ñîäåð-
æàùèå õîòÿ áû îäèí èçâåñòíûé ïðèçíàê èëè êîãäà áîëüøèíñòâî ñîñåäåé íå èìåþò ïðèçíàêà.
Êðîìå òîãî, âîçìîæíà ñèòóàöèÿ, êîãäà íà íà÷àëüíîì ýòàïå áûë âûáðàí <íåïðàâèëüíûé>
ãëàâíûé ïðèçíàê. Äîëæíà ïðèñóòñòâîâàòü âîçìîæíîñòü èçìåíèòü åãî. Ýòè ïðîáëåìû ìîæíî
ðåøèòü, åñëè ñäåëàòü àëãîðèòì èòåðàòèâíûì è íå ó÷èòûâàòü âåðøèíû áåç ïðèçíàêà ïðè
âûáîðå ïðèçíàêà äëÿ òåêóùåé (ñì. àëãîðèòì 3 è ïðèìåð ðàáîòû íà ðèñ. 2). Êîýôôèöèåíò α

îïðåäåëÿåò îòíîñèòåëüíîå êîëè÷åñòâî âåðøèí èç N ′, êîòîðûå äîëæíû îáëàäàòü ïðèçíàêîì
p, ÷òîáû èçìåíèòü ãëàâíûé ïðèçíàê C òåêóùåé âåðøèíû v íà p. Î÷åâèäíî, ÷òî âåëè÷èíà
êîýôôèöèåíòà α ëåæèò â ïîëóèíòåðâàëå [0; 1).
Íà êàæäîé èòåðàöèè àëãîðèòìà 3 ïðîèçâîäèòñÿ îáõîä âñåõ âåðøèí. Äëÿ êàæäîé âåð-

øèíû v îïðåäåëÿåòñÿ ìíîæåñòâî åå ñîñåäåé N è ìíîæåñòâî ñîñåäåé N ′ ñ ïðèñóòñòâóþùèì
ãëàâíûì ïðèçíàêîì. Çàòåì ïðîèçâîäèòñÿ îïðåäåëåíèå ïðèçíàêà p, êîòîðûé åñòü ó áîëüøèí-
ñòâà âåðøèí èç N ′. Åñëè êîëè÷åñòâî ñîñåäåé ïðåâûøàåò ïîðîãîâîå, òî ó òåêóùåé âåðøèíû
ãëàâíûé ïðèçíàê èçìåíÿåòñÿ íà p è âåðøèíà óäàëÿåòñÿ èç ìíîæåñòâà âåðøèí S ñ íåîïðåäå-
ëåííûì ïðèçíàêîì. Àëãîðèòì ïðåêðàùàåò ñâîþ ðàáîòó, ëèáî êîãäà ìíîæåñòâî S îïóñòååò,
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Àëãîðèòì 3. Ìîäèôèöèðîâàííûé àëãîðèòì

changed := true
S := {v ∈ V |v.attrs[C] = nil}
while iter < itermax and changed and S 6= ∅ do

iter := iter + 1
changed := false
for v from V do

N := neighbours(v)
N ′ := neighbours(v) \ {s|s.attrs[C] = nil}
if N ′ = ∅ then
continue

counts := ∅
for t from N ′ do

p := t.attrs[C]
if p from counts then

counts[p] := counts[p] + 1
else

counts.add(p, 1)

p := x : count[x] → max

if counts[p] > α|N ′| then
v.attrs[C] := p

changed := true
S := S \ {v}

Ðèñ. 2. Ïðèìåð ðàáîòû ðàçðàáîòàííîãî àëãîðèòìà. ×åðíûì îáîçíà÷åíû âåðøèíû,
äëÿ êîòîðûõ ãëàâíûé ïðèçíàê íåèçâåñòåí

ëèáî êîãäà íà èòåðàöèè íå ïðîèçîøëî èçìåíåíèé, ëèáî ïðè äîñòèæåíèè ìàêñèìàëüíîãî
÷èñëà èòåðàöèé. Âåðøèíû, êîòîðûå èìåþò îäèíàêîâûé ãëàâíûé ïðèçíàê, áóäåì ñ÷èòàòü
ïðèíàäëåæàùèìè îäíîìó ñîîáùåñòâó. Òàêèì îáðàçîì, åñëè â êëàñòåðå ïðåîáëàäàåò êàêîé-
òî ãëàâíûé ïðèçíàê, òî âñå âåðøèíû âíóòðè êëàñòåðà åãî ïðèîáðåòóò èç-çà òîãî, ÷òî ó íèõ
ìíîãî ñâÿçåé ìåæäó ñîáîé, à âåðøèíû âíå êëàñòåðà | íåò, òàê êàê ÷èñëî ñâÿçåé ìåæäó
êëàñòåðàìè ìåíüøå, ÷åì âíóòðè êëàñòåðîâ.

Íà êàæäîé èòåðàöèè âî âíóòðåííåì öèêëå ðàññìàòðèâàþòñÿ âñå ñîñåäè âåðøèíû íå áîëåå
÷åì ïî îäíîìó ðàçó. Âî âíåøíåì öèêëå ïðîèçâîäèòñÿ îáõîä âñåõ âåðøèí, ñëåäîâàòåëüíî
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êàæäîå ðåáðî áóäåò ïîñåùåíî íå áîëåå ÷åì 2 ðàçà. Òàêèì îáðàçîì, ñëîæíîñòü êàæäîé
èíòåðàöèè ìîæíî îöåíèòü êàê O(|E|), à ñëîæíîñòü âñåãî àëãîðèòìà | O(|E|I), ãäå I |
êîëè÷åñòâî èòåðàöèé.

3. Îöåíêà êà÷åñòâà êëàñòåðèçàöèè

Äëÿ îöåíêè êà÷åñòâà ïîëó÷åííîé êëàñòåðèçàöèè C èñïîëüçîâàíû òðè íîðìèðîâàííûå
ìåòðèêè. Èñïîëüçîâàíèå íîðìèðîâàííûõ ìåòðèê ïîçâîëÿåò: âî-ïåðâûõ, ñðàâíèòü êà÷åñòâî
äâóõ ðàçáèåíèé ñ ðàçíûì êîëè÷åñòâîì êëàñòåðîâ; âî-âòîðûõ, îöåíèòü êà÷åñòâî ðàçáèåíèÿ
áåç ñðàâíåíèÿ ñ äðóãèìè âîçìîæíûìè ðàçáèåíèÿìè; â-òðåòüèõ, îöåíèòü êà÷åñòâî ðàáîòû
àëãîðèòìà âûäåëåíèÿ ñîîáùåñòâ íà âûáîðêå èç íåñêîëüêèõ ãðàôîâ ÷åðåç ñðåäíåå çíà÷åíèå
ìåòðèê.
Îæèäàåìàÿ ïëîòíîñòü ïîêàçûâàåò, íàñêîëüêî êëàñòåðû <ïëîòíåå>, ÷åì ñàì ãðàô [12]:

ρ(C) =
k∑

i=1

|Vi|
|V |

ω(Gi)

|Vi|ϑ
,

ãäå ω(G) = |V | +
∑

e∈E
ω(e) | âåñ ãðàôà (ïîñêîëüêó ãðàô íåâçâåøåííûé, òî ω(e) = 1);

ϑ| ïëîòíîñòü âñåãî ãðàôà, ò.å. ω(G) = |V |ϑ; Gi(Vi, Ei)| ïîäãðàô, ñîîòâåòñòâóþùèé i-ìó
êëàñòåðó. Î÷åâèäíî, ÷òî çíà÷åíèå ρ(C) ïðè õîðîøåì êà÷åñòâå êëàñòåðèçàöèè ñòðåìèòñÿ
ê 2, ÷òî ñîîòâåòñòâóåò êëàñòåðàì ñ âûñîêîé ïëîòíîñòüþ, ïðè÷åì ÷åì âûøå çíà÷åíèå, òåì
êëàñòåðèçàöèÿ ëó÷øå.
Èíäåêñ ñèëóýòîâ (silhouette index) ïîêàçûâàåò, íàñêîëüêî õîðîøî êàæäûé îáúåêò (âåð-

øèíà) ëåæèò â ñâîåì êëàñòåðå è âû÷èñëÿåòñÿ êàê [13, 14]

S =
1

|V |
∑ bi − ai

max(ai, bi)
,

ãäå ai | ìåðà ñõîæåñòè i-é âåðøèíû ñî ñâîèì êëàñòåðîì; bi | ìåðà ñõîæåñòè i-é âåðøèíû
ñî áëèæàéøèì ê íåé (íî íå ñâîèì) êëàñòåðîì. Â êà÷åñòâå ìåðû ñõîæåñòè âåðøèíû ñ
êëàñòåðîì âçÿòî ñðåäíåå ðàññòîÿíèå îò âåðøèíû äî âåðøèí êëàñòåðà. Äëÿ êàæäîé âåðøèíû
èíäåêñ ïðèíèìàåò çíà÷åíèÿ â èíòåðâàëå îò −1 äî 1. Çíà÷åíèÿ, áëèçêèå ê −1, ïîêàçûâàþò,
÷òî âåðøèíà áûëà îòíåñåíà ê íåâåðíîìó êëàñòåðó. Çíà÷åíèÿ, áëèçêèå ê 1 ïîêàçûâàþò,
÷òî êëàñòåð îïðåäåëåí õîðîøî. Ïîëîæèòåëüíûå çíà÷åíèÿ, áëèçêèå ê íóëþ, ïîêàçûâàþò,
÷òî âåðøèíà íàõîäèòñÿ áëèçêî ê ãðàíèöå êëàñòåðà (è, ñîîòâåòñòâåííî, áëèçêî ê ãðàíèöå
áëèæàéøåãî êëàñòåðà). Ñðåäíèé èíäåêñ èìååò çíà÷åíèÿ â äèàïàçîíå îò −1 äî 1, ïðè÷åì ÷åì
áëèæå çíà÷åíèå ê 1, òåì ëó÷øå êà÷åñòâî ïîëó÷åííûõ êëàñòåðîâ.
ÍîðìàëèçîâàííàÿHubert'sΓ Statistic ïðåäñòàâëÿåò ñîáîé ïîýëåìåíòíóþ êîððåëÿöèþ äâóõ

ìàòðèö [14]:

Γ̂ =

1
M

|V |−1∑
i=1

|V |∑
j=1

(X(i, j)− µX)(Y (i, j)− µY )

σXσY

,
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ãäå X | ìàòðèöà ðàññòîÿíèé; µX | ñðåäíåå ðàññòîÿíèå; Y | ìàòðèöà ðàññòîÿíèé ìåæäó
öåíòðàìè êëàñòåðîâ; µY | ñðåäíåå ðàññòîÿíèå ìåæäó öåíòðàìè êëàñòåðîâ; σX , σY | ñðåä-
íåêâàäðàòè÷íûå îòêëîíåíèÿ äëÿ ñîîòâåòñòâóþùèõ ìàòðèö; M = |V |(|V | − 1)/2 | îáùåå
êîëè÷åñòâî âåðøèí â âåðõíåé òðåóãîëüíîé ìàòðèöå (òàê êàê ãðàôû íåîðèåíòèðîâàííûå, ðàñ-
ñìàòðèâàåòñÿ òîëüêî îíà). Ïðè ýòîì Γ̂ ∈ [−1; 1] è áîëüøèå çíà÷åíèÿ ïîäðàçóìåâàþò ëó÷øóþ
ñòðóêòóðó êëàñòåðîâ.

4. Ìåòîä äîñòóïà ê ñîöèàëüíûì ñâÿçÿì ñîöèàëüíîé ñåòè

Äëÿ ïîëó÷åíèÿ ñîöèàëüíûõ ãðàôîâ ñîöèàëüíîé ñåòè èñïîëüçîâàíû ïîäõîäû, àíàëîãè÷-
íûå îïèñàííûì â [15]. Äàííûå ñîöèàëüíîãî ãðàôà ñîáðàíû ÷åðåç îòêðûòîå ïóáëè÷íîå API,
ðàñïîëîæåííûé ïî àäðåñó http://api.vk.com, ìåòîäû group.getMembers è friends.get. Ê ñîæà-
ëåíèþ, íå âñå äàííûå äîñòóïíû ÷åðåç API, ïîýòîìó èíôîðìàöèþ î ïîëüçîâàòåëÿõ ïðèøëîñü
ñîáèðàòü ïóòåì ïàðñèíãà HTML-ñòðàíèö ïðîôèëåé è ïîèñêîâîé âûäà÷è ÂÊîíòàêòå.
Ñîöèàëüíûé ãðàô ïîëüçîâàòåëÿ ñîáèðàëñÿ ïî ñëåäóþùåìó àëãîðèòìó. Ñíà÷àëà áûë ïî-

ëó÷åí ñïèñîê äðóçåé ïîëüçîâàòåëÿ. Çàòåì äëÿ êàæäîãî ïîëüçîâàòåëÿ áûë ïîëó÷åí ñïèñîê
åãî äðóçåé, ïîñëå ÷åãî îáõîä ãðàôà ïðåêðàùàëñÿ. Ïîñëå îáõîäà ãðàôà ñîáèðàëàñü èíôîðìà-
öèÿ î ãðóïïàõ, îáðàçîâàíèè è ìåñòàõ ðàáîòû ïîëüçîâàòåëÿ. Íàêîíåö, äëÿ êàæäîé ãðóïïû,
øêîëû, êàôåäðû è ìåñòà ðàáîòû ñîáèðàëñÿ ñïèñîê ó÷àñòíèêîâ, îáó÷àâøèõñÿ è ðàáîòàâøèõ
ñîîòâåòñòâåííî.

5. Ïðîãðàììíîå îáåñïå÷åíèå

Äëÿ ðåøåíèÿ çàäà÷è ñáîðà òåñòîâîé âûáîðêè äîðàáîòàíî ïðîãðàììíîå îáåñïå÷åíèå äëÿ
ñáîðà, ðàçðàáîòàííîå â [15]. Äàííûå ñêà÷èâàëèñü â íåñêîëüêî ïîòîêîâ ÷åðåç àíîíèìíóþ
ñåòü Tor, ïðåäâàðèòåëüíî îáðàáàòûâàëèñü è çàïèñûâàëèñü â ðåëÿöèîííóþ áàçó äàííûõ
PostgreSQL. Ðàñïðåäåëåíèå çàäà÷ òàê æå îñóùåñòâëÿëîñü c ïîìîùüþ ÁÄ êëþ÷-çíà÷åíèå
Redis. Èç ÁÄ ãðàô ýêñïîðòèðîâàëñÿ ñêðèïòîì â ôîðìàò GEXF äëÿ âîçìîæíîñòè ïðîñìî-
òðà â Gephi [16]. Åùå îäèí ñêðèïò îáíîâëÿë GEXF, äîáàâëÿÿ ðàçáèåíèå íà ñîîáùåñòâà ïî
ðàçðàáîòàííîìó àëãîðèòìó.

6. Ðåçóëüòàòû ðàáîòû

Äëÿ òåñòîâîé âûáîðêè ñîáðàíû ñîöèàëüíûå ãðàôû 2000 ñëó÷àéíûõ ïîëüçîâàòåëåé è
ïðîèçâåäåíà èõ îáðàáîòêà ñî çíà÷åíèÿìè êîýôôèöèåíòà α â èíòåðâàëå îò 0.1 äî 0.9 ñ øàãîì
0.1. Äëÿ âñåõ ãðàôîâ ïîäñ÷èòàíû îöåíêè êà÷åñòâà êëàñòåðèçàöèè è ïîäñ÷èòàíû ñðåäíèå
çíà÷åíèÿ. Êðîìå òîãî, ðàññ÷èòàíî ñðåäíåå êîëè÷åñòâî êîëè÷åñòâî âåðøèí ñ îòñóòñòâóþùèìè
ïðèçíàêàìè äî (ðàâíîå 66.7%) è ïîñëå ïðèìåíåíèÿ ðàçðàáîòàíîãî àëãîðèòìà. Ðåçóëüòàòû
ðàáîòû ïðåäñòàâëåíû â òàáë. 1.
Àëãîðèòì ïîêàçàë î÷åíü âûñîêîå çíà÷åíèå Hubert's Γ Statistic, áëèçêîå ê åäèíèöå, äëÿ

âñåõ çíà÷åíèé êîýôôèöèåíòà α. Ïðè óìåíüøåíèè α ðàñòåò ïëîòíîñòü êëàñòåðîâ, ÷òî âèäíî
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Ò à á ë è ö à 1
Ðåçóëüòàòû ðàáîòû. Ñðåäíèå çíà÷åíèÿ îöåíîê êà÷åñòâà êëàñòåðèçàöèè

α êîë-âî âåðøèí áåç
ãëàâíîãî ïðèçíàêà, % S ρ Γ̂

0.1 25.6 0.139 1.527 0.955
0.2 36.9 0.159 1.483 0.953
0.3 46.9 0.186 1.387 0.947
0.4 55.3 0.194 1.295 0.946
0.5 61.4 0.192 1.227 0.945
0.6 62.4 0.195 1.203 0.945
0.7 63.5 0.196 1.184 0.945
0.8 63.9 0.197 1.175 0.945
0.9 64.0 0.197 1.172 0.945

ïî çíà÷åíèþ ìåòðèêè ρ, îäíàêî îíè ñòàíîâÿòñÿ áîëåå ðàçìûòûìè, ïîñêîëüêó óìåíüøàåòñÿ
çíà÷åíèå èíäåêñà ñèëóýòîâ. Çíà÷åíèÿ èíäåêñà ñèëóýòîâ ïîëó÷èëèñü ïîëîæèòåëüíûì, íî
íåâûñîêèì. Ýòî ìîæíî îáúÿñíèòü ñðàâíèòåëüíî íåáîëüøèì ðàçìåðîì êëàñòåðîâ â òåñòîâîé
âûáîðêå, ò.å. ìíîãèå âåðøèíû áûëè èíòåðïðåòèðîâàíû êàê ëåæàùèå áëèçêî ê ãðàíèöå êëà-
ñòåðîâ. Çíà÷åíèÿ ρ ïîëó÷èëèñü áîëüøå 1, ñëåäîâàòåëüíî, âåðøèíû â êëàñòåðàõ ðàñïîëîæåíû
ïëîòíåå, ÷åì â öåëîì â ãðàôàõ.

Çàêëþ÷åíèå

Â äàííîé ðàáîòå ïðîäåìîíñòðèðîâàí ìåòîä âûäåëåíèÿ ñîîáùåñòâ â ñîöèàëüíîì ãðàôå
íà îñíîâå ïðèçíàêîâ âåðøèí ïðè ÷àñòè÷íî îòñóòñòâóþùèõ ïðèçíàêàõ. Àëãîðèòì îïðîáîâàí
íà òåñòîâîé âûáîðêå èç 2000 ãðàôîâ, ñîáðàííîé èç ñîöèàëüíîé ñåòè ÂÊîíòàêòå, ïðîäåìîí-
ñòðèðîâàâ íåïëîõèå ïîêàçàòåëè âíóòðåííèõ îöåíîê êà÷åñòâà êëàñòåðèçàöèè.
Äàëüíåéøåå óëó÷øåíèå àëãîðèòìà ìîæåò áûòü íàïðàâëåíî íà îïðåäåëåíèå íå÷åòêèõ

ñîîáùåñòâ, ò.å. òàêèõ, ãäå âåðøèíà ìîæåò ïðèíàäëåæàòü íåñêîëüêèì ñîîáùåñòâàì îäíî-
âðåìåííî. Êðîìå òîãî, íåîáõîäèìî ïîâûñèòü âåðèôèöèðóåìîñòü ðåçóëüòàòà. Äëÿ ýòîãî
íåîáõîäèìî ïîñòðîèòü ìîäåëü ñîöèàëüíîãî ãðàôà áëèæàéøåãî îêðóæåíèÿ ïîëüçîâàòåëÿ è
îöåíèòü êà÷åñòâî âûäåëåíèÿ ñîîáùåñòâ ñ èñïîëüçîâàíèåì âíåøíèõ ìåòðèê. Ïðè íàëè÷èè
ìîäåëè ìîæíî áóäåò îïðåäåëèòü ïîðîã îòíîøåíèÿ âåðøèí ñ îòñóòñòâóþùèìè ïðèçíàêàõ,
ïðåïÿòñòâóþùèé êîððåêòíîìó âûäåëåíèþ ñîîáùåñòâ àëãîðèòìîì.
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This paper proposes a new algorithm for community differentiation in social graphs, which
uses information both on the graph structure and on the vertices. We consider user's ego-network
i.e. his friends, with no himself, where each vertex has a set of features such as details on a
workplace, institution, etc. The task is to determine missing or unspecified features of the vertices,
based on their neighbors' features, and use these features to differentiate the communities in the
social graph. Two vertices are believed to belong to the same community if they have a common
feature. A hypothesis has been put forward that if most neighbors of a vertex have a common
feature, there is a good probability that the vertex has this feature as well. The proposed algorithm
is iterative and updates features of vertices, based on its neighbors, according to the hypothesis.
Share of neighbors that form a majority is specified by the algorithm parameter. Complexity of
single iteration depends linearly on the number of edges in the graph.
To assess the quality of clustering three normalized metrics were used, namely: expected

density, silhouette index, and Hubert's Gamma Statistic. The paper describes a method for test
sampling of 2.000 graphs of the user's social network \VKontakte". The API requests addressed
\VKontakte" and parsing HTML-pages of user's profiles and search results provided crawling.
Information on user's group membership, secondary and higher education, and workplace was
used as features. To store data the PostgreSQL DBMS was used, and the gexf format was used
for data processing. For the test sample, metrics for several values of algorithm parameter were
estimated: the value of index silhouettes was low (0.14-0.20), but within the normal range; the
value of expected density was high, i.e. 1.17-1.52; the value of Hubert's gamma statistic was
0.94{0.95 that is close to the maximum. The number of vertices with no features was calculated
before and after applying the algorithm. With two-third of vertices before using the algorithm their
number has fallen to 25-64% depending on algorithm parameter after applying it. The proposed
algorithm can be used for clustering the social graphs, but it should be modified to differentiate
overlapping communities.
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