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Íèêîëåíêî Ñ.È., Ôèøêîâ À.À. SCM: íîâàÿ âåðîÿòíîñòíàÿ ìîäåëü ïîâå-

äåíèÿ ïîëüçîâàòåëåé èíòåðíåò-ïîèñêà.

Àííîòàöèÿ. Ìîäåëè ïîâåäåíèÿ ïîëüçîâàòåëåé � îäíî èç îñíîâíûõ íàïðàâëå-
íèé èññëåäîâàíèé íàïðàâëåííûõ íà óëó÷øåíèå èíòåðíåò-ïîèñêà; òàêèå ìîäåëè
îáû÷íî îñíîâàíû íà ãðàôè÷åñêèõ âåðîÿòíîñòíûõ ìîäåëÿõ è îáó÷àþòñÿ èç ëî-
ãîâ ïîëüçîâàòåëüñêèõ äåéñòâèé (click logs). Â ðàáîòå ââîäèòñÿ íîâàÿ ìîäåëü
ïîâåäåíèÿ ïîëüçîâàòåëåé � SCM (session click model, êëèê-ìîäåëü ñåññèè). Ìû
ïîêàçûâàåì, ÷òî íîâàÿ ìîäåëü ïðîùå äëÿ âûâîäà, íî â ïðàêòè÷åñêèõ ïðèëî-
æåíèÿõ äà¼ò ðåçóëüòàòû ëó÷øå, ÷åì ñóùåñòâóþùèå ìîäåëè.
Êëþ÷åâûå ñëîâà: ìîäåëè ïîâåäåíèÿ ïîëüçîâàòåëÿ, ãðàôè÷åñêèå âåðîÿòíîñò-
íûå ìîäåëè, expectation propagation.

Nikolenko S.I., Fishkov A.A. SCM: a new user behaviour model for web

search.

Abstract. User behaviour models represent one of the most important directions of
studies aimed at enhancing web search; such models are usually based on probabilistic
graphical models and are learned from logs of user's actions (click logs). In this work
we introduce a new user behaviour model called SCM (session click model). We
show that the new model has simpler inference algorithms but in practice gives
better results than existing models.
Keywords: user behaviour models, probabilistic graphical models, expectation
propagation.

1. Ââåäåíèå. Ïîèñêîâûå ñèñòåìû � âàæíåéøàÿ ÷àñòü ñîâðå-
ìåííîãî èíòåðíåòà. Íà çàðå ðàçâèòèÿ ñåòè ïîèñê ïðîèçâîäèëñÿ ïî
ñïåöèàëüíûì êàòàëîãàì, ñîäåðæàùèì ññûëêè íà ñóùåñòâóþùèå
ðåñóðñû, íî íà ñåãîäíÿøíèé äåíü èõ ÷èñëî íàñòîëüêî âåëèêî, ÷òî
òðåáóþòñÿ ñïåöèàëüíûå ïîëíîñòüþ àâòîìàòèçèðîâàííûå ñèñòåìû
äëÿ ïîèñêà â Èíòåðíåòå; ïîèñêîâûå ñèñòåìû ñåãîäíÿ � íåîòúåìëå-
ìàÿ ÷àñòü èíôîðìàöèîííîãî îáùåñòâà [27]. Ïðèìåðàìè òàêèõ ñè-
ñòåì ìîãóò ñëóæèòü ßíäåêñ, Google, Yahoo è Bing.

Âçàèìîäåéñòâèå ñ òàêîé ñèñòåìîé ïðîèñõîäèò ñëåäóþùèì îá-
ðàçîì: ïîëüçîâàòåëü ââîäèò çàïðîñ, ïîñëå ÷åãî ïîèñêîâàÿ ñèñòåìà
ïðåäñòàâëÿåò åìó ñïèñîê äîêóìåíòîâ, êîòîðûå íàèëó÷øèì îáðà-
çîì ñîîòâåòñòâóþò åãî çàïðîñó. Ñðåäíÿÿ äëèíà ñîâðåìåííîãî ïîèñ-
êîâîãî çàïðîñà ñîñòàâëÿåò âñåãî 2,5 ñëîâà (ïî äàííûì èññëåäîâà-
íèÿ [37]). Òàêîìó çàïðîñó ìîæåò ñîîòâåòñòâîâàòü îãðîìíîå ÷èñëî
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äîêóìåíòîâ èç áàçû ïîèñêîâîé ñèñòåìû, è ïîëüçîâàòåëü ïðè âñ¼ì
æåëàíèè íå ñìîæåò ïðîñìîòðåòü èõ âñå. Âàæíîé çàäà÷åé ñòàíîâèò-
ñÿ ðàíæèðîâàíèå äîêóìåíòîâ ïî ñòåïåíè èõ ñîîòâåòñòâèÿ çàïðîñó,
ò.å. èõ ðåëåâàíòíîñòè.

Äëÿ ðåøåíèÿ çàäà÷è ðàíæèðîâàíèÿ, à òàêæå äëÿ îöåíêè êà÷å-
ñòâà ïîèñêà èñïîëüçóþòñÿ ýêñïåðòíûå îöåíêè ðåëåâàíòíîñòè äîêó-
ìåíòà çàïðîñó. Íà îñíîâå èíôîðìàöèè î ñîäåðæèìîì äîêóìåíòà,
òåêñòå çàïðîñà è äðóãèõ ïðèçíàêàõ ýòîé ïàðû ðàíæèðóþùàÿ ôóíê-
öèÿ ñòðîèòñÿ ñ ïîìîùüþ ìåòîäîâ ìàøèííîãî îáó÷åíèÿ [2�4, 7, 10].
Ïîëó÷åíèå ýêñïåðòíûõ îöåíîê � ïðîöåññ òðóäî¼ìêèé è äîðîãîñòî-
ÿùèé. Ýòîò ïîäõîä íå ëèø¼í íåäîñòàòêîâ: ýêñïåðòû ìîãóò ðàñõî-
äèòüñÿ âî ìíåíèÿõ, äà è ñàìè ìíåíèÿ ýêñïåðòîâ ìîãóò ìåíÿòüñÿ
ñî âðåìåíåì â ðåçóëüòàòå ïîÿâëåíèÿ íîâûõ ñòðàíèö èëè äðóãèõ
ñîáûòèé, ïðîèñõîäÿùèõ â ìèðå èëè â ñåòè.

Èçâåñòíî, ÷òî ñîâðåìåííûå ïîèñêîâèêè âåäóò èñòîðèþ ïîñåùå-
íèé, çàïðîñîâ è ïåðåõîäîâ äëÿ âñåõ ïîëüçîâàòåëåé. Èíòåðåñ ïðåä-
ñòàâëÿåò èñïîëüçîâàíèå ýòîé èíôîðìàöèè äëÿ ðàíæèðîâàíèÿ è
óëó÷øåíèÿ ïîèñêà. Ýòà èíôîðìàöèÿ äîñòóïíà â áîëüøèõ îáú¼ìàõ,
íå òðåáóåò áîëüøèõ çàòðàò íà ïîëó÷åíèå è ñîäåðæèò îïåðàòèâíóþ
èíôîðìàöèþ äëÿ îãðîìíîãî ÷èñëà äîêóìåíòîâ. Âïåðâûå ýòà èäåÿ
áûëà ïðåäëîæåíà â ðàáîòå [15]. Àâòîðàìè áûëè ïðîâåäåíû ýêñïåðè-
ìåíòû ñ ó÷àñòèåì ëþäåé è ñôîðìóëèðîâàíû îñíîâíûå ïîëîæåíèÿ
îá èõ ïîâåäåíèè ïðè âçàèìîäåéñòâèè ñ ïîèñêîâîé ñèñòåìîé. Ñðåäè
ïîñëåäóþùèõ ðàáîò íàèáîëåå ñèëüíûå ðåçóëüòàòû áûëè ïîëó÷åíû
â îáëàñòè ïîñòðîåíèÿ âåðîÿòíîñòíûõ ìîäåëåé ïîâåäåíèÿ ïîëüçîâà-
òåëÿ [5,8,9,13,26]. Ñóùåñòâåííûì íåäîñòàòêîì áîëüøèíñòâà èç íèõ
ÿâëÿåòñÿ òî, ÷òî îíè îãðàíè÷èâàþòñÿ ëèøü îäíèì çàïðîñîì ïîëü-
çîâàòåëÿ ê ñèñòåìå, òîãäà êàê â ðåàëüíîé ñèòóàöèè ïîëüçîâàòåëü,
ïðîñìàòðèâàÿ ðåçóëüòàòû, íå ðàç ïåðåôîðìóëèðóåò ñâîé çàïðîñ,
ïðåæäå ÷åì íàéä¼ò òðåáóåìûé äîêóìåíò.

Â íàñòîÿùåé ðàáîòå ìû ïðåäëàãàåì ìîäåëü ïîâåäåíèÿ ïîëüçîâà-
òåëÿ, ó÷èòûâàþùóþ åãî ìíîãîêðàòíûå çàïðîñû ê ïîèñêîâîé ñèñòå-
ìå. Êðîìå òîãî, ìû ïðîâîäèì èññëåäîâàíèå èñïîëüçîâàíèÿ îöåíîê
ðåëåâàíòíîñòè, ïîëó÷åííûõ ñ ïîìîùüþ ýòîé ìîäåëè äëÿ óëó÷øå-
íèÿ ðàíæèðîâàíèÿ, íà àíîíèìèçèðîâàííûõ äàííûõ, îïóáëèêîâàí-
íûõ êîìïàíèåé ¾ßíäåêñ¿ [38].

2. Îïðåäåëåíèÿ, îáîçíà÷åíèÿ è ãðàôè÷åñêèå âåðîÿò-
íîñòíûå ìîäåëè.

2.1. Ãðàôè÷åñêèå âåðîÿòíîñòíûå ìîäåëè
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Ìíîãèå ñîâðåìåííûå âåðîÿòíîñòíûå ìîäåëè ïîâåäåíèÿ ïîëüçî-
âàòåëåé ïðåäñòàâëÿþòñÿ â âèäå ãðàôè÷åñêèõ âåðîÿòíîñòíûõ ìîäå-
ëåé. Ãðàôè÷åñêèå âåðîÿòíîñòíûå ìîäåëè ïðåäñòàâëÿþò ñîâìåñòíîå
ðàñïðåäåëåíèå ñëó÷àéíûõ âåëè÷èí, ó÷àñòâóþùèõ â âåðîÿòíîñòíîé
ìîäåëè ðåøàåìîé çàäà÷è, â âèäå ãðàôà, ð¼áðà êîòîðîãî (òî÷íåå, èõ
îòñóòñòâèå) êîäèðóþò óñëîâíûå íåçàâèñèìîñòè ìåæäó âåëè÷èíà-
ìè. Ìîæíî âûäåëèòü ñëåäóþùèå îñíîâíûå äîñòîèíñòâà ýòîãî ïîä-
õîäà.

1. Âèçóàëüíîå ïðåäñòàâëåíèå ñòðóêòóðû âåðîÿòíîñòíîé ìîäåëè
ÿâëÿåòñÿ íàãëÿäíûì, ñïîñîáñòâóåò áûñòðîé ðàçðàáîòêå, èç-
ìåíåíèþ è ïðåäñòàâëåíèþ íîâûõ ìîäåëåé.

2. Âàæíûå ñâîéñòâà ìîäåëè, íàïðèìåð óñëîâíàÿ íåçàâèñèìîñòü
âõîäÿùèõ â íå¼ ñëó÷àéíûõ âåëè÷èí, ñâîäÿòñÿ ê ñâîéñòâàì
ãðàôà, ñîîòâåòñòâóþùåãî äàííîé ìîäåëè.

3. Ñëîæíûå, ñâÿçàííûå ñ èñïîëüçîâàíèåì ìîäåëè âû÷èñëåíèÿ,
òàêèå, êàê ïîëó÷åíèå îöåíîê ïàðàìåòðîâ, ìîãóò áûòü ñôîð-
ìóëèðîâàíû â âèäå àëãîðèòìîâ íà ñîîòâåòñòâóþùåì ãðàôå.

Êëàññè÷åñêèé ãðàô ñîñòîèò èç ìíîæåñòâà âåðøèí è ìíîæåñòâà
ð¼áåð. Â ãðàôè÷åñêîé âåðîÿòíîñòíîé ìîäåëè âåðøèíû ãðàôà îáî-
çíà÷àþò ñëó÷àéíûå âåëè÷èíû, à ð¼áðà � ñâÿçè ìåæäó íèìè. Ãðà-
ôè÷åñêèå ìîäåëè ðàçíûõ òèïîâ ðàçëè÷àþòñÿ ñïîñîáîì ïîñòðîåíèÿ
è âèäîì ãðàôà. Ìîäåëè, îñíîâàííûå íà íàïðàâëåííûõ ãðàôàõ, íî-
ñÿò íàçâàíèå áàéåñîâñêèõ ñåòåé äîâåðèÿ (Bayesian belief networks)
[1, 18, 22, 23, 28, 33]. Ìîäåëè, îñíîâàííûå íà íåíàïðàâëåííûõ ãðà-
ôàõ, ÷àñòî íàçûâàþò ìàðêîâñêèìè ñëó÷àéíûìè ïîëÿìè (Markov
random �elds) [1,14,18,24]. Åù¼ îäèí òèï ãðàôè÷åñêèõ âåðîÿòíîñò-
íûõ ìîäåëåé ïðåäñòàâëåí â àïïàðàòå àëãåáðàè÷åñêèõ áàéåñîâñêèõ

ñåòåé [29�36].
Ðàçíûå òèïû ìîäåëåé îòëè÷àþòñÿ äðóã îò äðóãà ñâîèìè ñâîé-

ñòâàìè è çàäàþò íåìíîãî ðàçíûå ñåìåéñòâà ðàñïðåäåëåíèé, íî îñ-
íîâíîé àëãîðèòì òî÷íîãî áàéåñîâñêîãî âûâîäà � àëãîðèòì ïåðåäà-
÷è ñîîáùåíèé � â ëþáîì òèïå ìîäåëåé óäîáíî ïðåäñòàâëÿòü íà
ôàêòîð-ãðàôå. Ôàêòîð-ãðàô äà¼ò ÿâíîå ïðåäñòàâëåíèå ðàçëîæå-
íèÿ ñëîæíîé ôóíêöèè â ïðîèçâåäåíèå áîëåå ïðîñòûõ: ðàññìîò-
ðèì íàáîð ïåðåìåííûõ X = {Xi} è íàáîð ôóíêöèé (ôàêòîðîâ)
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f, f1, . . . , fm, òàêèõ, ÷òî f(X ) = 1
Z

∏
j=1...m fj(Yj), Yj ⊂ X. Äâó-

äîëüíûé ãðàô G ÿâëÿåòñÿ ôàêòîð-ãðàôîì äëÿ òàêîãî ðàçëîæåíèÿ
ôóíêöèè f , åñëè:

• âåðøèíàìè ïåðâîé äîëè ÿâëÿþòñÿ ïåðåìåííûå Xi;

• âåðøèíàìè âòîðîé äîëè ÿâëÿþòñÿ ôóíêöèè fj ;

• ð¼áðà ñîåäèíÿþò ôóíêöèè ñ èõ àðãóìåíòàìè;

• Z � íîðìèðîâî÷íàÿ êîíñòàíòà, îïðåäåëÿåìàÿ êàê

Z =

∫
...

∫ ∏
j=1...m

f(Yj).

×àùå âñåãî ôàêòîð-ãðàô èñïîëüçóþò äëÿ ïðåäñòàâëåíèÿ ïëîò-
íîñòè ñîâìåñòíîãî ðàñïðåäåëåíèÿ ñëó÷àéíûõ âåëè÷èí, îäíàêî èç-
âåñòíû òàêæå âàðèàíòû åãî èñïîëüçîâàíèÿ â òåîðèè êîäèðîâà-
íèÿ [18]. Ïðåäñòàâëåíèå â âèäå ôàêòîð-ãðàôà óäîáíî äëÿ òîãî,
÷òîáû îïðåäåëèòü àëãîðèòì ïåðåäà÷è ñîîáùåíèé (â ýòîì êîíòåê-
ñòå åãî îáû÷íî íàçûâàþò Belief Propagation) [11, 16]. Ìû íå áóäåì
ïîäðîáíî ðàññìàòðèâàòü áàçîâûé àëãîðèòì ïåðåäà÷è ñîîáùåíèé è
îòîøë¼ì ÷èòàòåëÿ ê êíèãàì, ïîñâÿù¼ííûì ýòîé òåìàòèêå [1, 18];
îäíàêî ïðåäñòàâëÿåòñÿ âàæíûì ïîäðîáíî ðàññìîòðåòü îäíó êîí-
êðåòíóþ ìîäèôèêàöèþ àëãîðèòìà ïåðåäà÷è ñîîáùåíèé, ïîçâîëÿ-
þùóþ îïåðèðîâàòü ñëîæíûìè ôàêòîðàìè, êîòîðûå ïîíàäîáÿòñÿ
íàì â ìîäåëÿõ ïîâåäåíèÿ ïîëüçîâàòåëÿ.

2.2. Àëãîðèòì Expectation Propagation
Îäèí èç àëãîðèòìîâ ïðèáëèæ¼ííîãî âûâîäà, èñïîëüçóþùèé

ïðèáëèæåíèå ôóíêöèé â ñîîáùåíèÿõ, � ýòî Expectation Propagation
(EP) [19, 20]. Ýòîò àëãîðèòì â îáùåì ñëó÷àå ðåøàåò çàäà÷ó ïî-
èñêà â ýêñïîíåíöèàëüíîì ñåìåéñòâå ðàñïðåäåëåíèé òàêîãî ðàñ-
ïðåäåëåíèÿ, êîòîðîå ìèíèìèçèðóåò ÊË-äèâåðãåíöèþ (ðàññòîÿíèå
Êóëüáàêà-Ëåéáëåðà) ñ ôèêñèðîâàííûì ðàñïðåäåëåíèåì.

Ðàñïðåäåëåíèå ïðèíàäëåæèò ýêñïîíåíöèàëüíîìó ñåìåéñòâó, åñ-
ëè åãî ïëîòíîñòü ìîæåò áûòü âûðàæåíà ñëåäóþùèì îáðàçîì:

p(x|θ) = 1

Z(θ)
h(x) exp(θTu(x)),
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ãäå θ � íàáîð åñòåñòâåííûõ ïàðàìåòðîâ ðàñïðåäåëåíèÿ, u(x) �
âåêòîð-ôóíêöèÿ ñîîòâåòñòâóþùåé ðàçìåðíîñòè. Ìíîãèå ñòàíäàðò-
íûå âåðîÿòíîñòíûå ðàñïðåäåëåíèÿ ïðèíàäëåæàò ýêñïîíåíöèàëüíî-
ìó ñåìåéñòâó: ðàñïðåäåëåíèå Áåðíóëëè, ãàììà- è áåòà-ðàñïðåäå-
ëåíèÿ, ðàñïðåäåëåíèå Äèðèõëå, íîðìàëüíîå ðàñïðåäåëåíèå è äðó-
ãèå. Äëÿ âûáîðêè èç íàáîðà íåçàâèñèìûõ îäèíàêîâî ðàñïðåäåëåí-
íûõ ñëó÷àéíûõ âåëè÷èí ñ ðàñïðåäåëåíèåì èç ýêñïîíåíöèàëüíîãî
ñåìåéñòâà T (X) =

∑
n u(xn) áóäåò äîñòàòî÷íîé ñòàòèñòèêîé äëÿ

ïàðàìåòðîâ θ.
Ðàññòîÿíèå Êóëüáàêà-Ëåéáëåðà äëÿ äâóõ àáñîëþòíî íåïðåðûâ-

íûõ ñëó÷àéíûõ âåëè÷èí ñ ïëîòíîñòÿìè p,q çàäà¼òñÿ êàê

KL(p||q) =
∫
x

p(x) log
p(x)

q(x)
dx.

Òåïåðü ìîæíî çàïèñàòü ôîðìàëüíî çàäà÷ó, ðåøàåìóþ àëãîðèò-
ìîì ÅÐ:

Pr [p] = argmin
q∈F

KL(p||q),

ãäå F � ýêñïîíåíöèàëüíîå ñåìåéñòâî ðàñïðåäåëåíèé. Ìû áóäåì íà-
çûâàòü ýòî ïîèñêîì ÊË-ïðîåêöèè (è îáîçíà÷àòü ÷åðåç Pr).

×òîáû ïîëó÷èòü èç ýòîé çàäà÷è çàäà÷ó ïîèñêà ìàðãèíàëüíûõ
ðàñïðåäåëåíèé â ãðàôè÷åñêîé ìîäåëè, íóæíî â êà÷åñòâå ôèêñè-
ðîâàííîãî ðàñïðåäåëåíèÿ âçÿòü ðàñïðåäåëåíèå, çàäàííîå ãðàôè÷å-
ñêîé ìîäåëüþ, è èñêàòü ïðèáëèæåíèå â âèäå ïðîèçâåäåíèÿ ðàñ-
ïðåäåëåíèé îò îäíîé ïåðåìåííîé (fully factorized approximation);
çäåñü p(x1,...,xn) =

∏
a fa(Xa) � ðàñïðåäåëåíèå, çàäàííîå â âèäå

ïðîèçâåäåíèÿ ôàêòîðîâ, à q(x1,...,xn) =
∏n
i=1 qi(xi) � îáùèé âèä

àïðîêñèìèðóþùåãî ðàñïðåäåëåíèÿ.
Äëÿ àïðîêñèìèðóþùèõ ðàñïðåäåëåíèé òàêîãî âèäà ñïðàâåäëè-

âî, ÷òî

q = Pr[p]⇔ ∀i = 1...n

∫
X\xi

q(x1,...,xn)dX =

∫
X\xi

p(x1,...,xn)dX

⇔ ∀i = 1...n qi(xi) =

∫
X\xi

p(x1,...,xn)dX,

÷òî è îçíà÷àåò, ÷òî ìàðãèíàëüíûå ðàñïðåäåëåíèÿ ñîâïàäàþò.
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Åñëè q(x) ïðèíàäëåæèò ýêñïîíåíöèàëüíîìó ñåìåéñòâó, è u(x) =
(u1(x),...,uk(x)), òî ÊË-ïðîåêöèÿ óïðîùàåòñÿ:

q = Pr[p]⇔ ∀i = 1...k

∫
x

ui(x)q(x)dx =

∫
x

ui(x)p(x)dx,

òî åñòü äîñòàòî÷íî, ÷òîáû ñîâïàäàëè ìàòåìàòè÷åñêèå îæèäàíèÿ ui.
Òåïåðü, ñ÷èòàÿ, ÷òî êàæäîå qi ïðèíàäëåæèò ýêñïîíåíöèàëüíîìó

ñåìåéñòâó, è èñïîëüçóÿ ýòè äâà óòâåðæäåíèÿ, ïîëó÷èì, ÷òî

q = Pr[p]⇔ ∀i,j
∫
x

ui,j(x)q(x)dx =

∫
x

ui,j(x)p(x)dx

⇔ ∀i qi(xi) = Pr

[∫
X\xi

p(x1,...,xn)dX

]
,

ãäå èíäåêñ i = 1...n, à j = 1...ki ïðîõîäèò âñå êîìïîíåíòû ñîîò-
âåòñòâóþùåãî âåêòîðà u (äëÿ êàæäîãî i ýòî ìîãóò áûòü ðàçíûå
÷èñëà).

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è èñïîëüçóåòñÿ ñõåìà ïåðåäà-
÷è ñîîáùåíèé, î÷åíü ïîõîæàÿ íà àëãîðèòì Belief Propagation. Àë-
ãîðèòì ÅÐ òàê æå ðàáîòàåò ñ ôàêòîð-ãðàôîì, ïåðåäà÷à ñîîáùå-
íèé îñóùåñòâëÿåòñÿ îò ôàêòîðîâ ê ïåðåìåííûì è îò ïåðåìåííûõ
ê ôàêòîðàì. Ñîîáùåíèå îò ïåðåìåííîé ñ èíäåêñîì i ê ôàêòîðó ñ
èíäåêñîì a:

µi→a(xi) =
∏
b6=a

µb→i(xi).

Ñîîáùåíèå îò ôàêòîðà ñ èíäåêñîì a ê ïåðåìåííîé ñ èíäåêñîì i:

µa→i(xi) =
1

µi→a
Pr

µi→a(xi)∫
Xa\xi

fa(Xa)
∏
j 6=i

µj→a(xj)dXa

 .
Ñðàâíèâàÿ ýòî âûðàæåíèå ñ âûðàæåíèåì äëÿ Belief Propagation,
ìîæíî ñêàçàòü, ÷òî Expectation Propagation àïïðîêñèìèðóåò ¾èñ-
òèííûå¿ ôóíêöèè ñîîáùåíèé, ïðèðàâíèâàÿ ìîìåíòû ñîîòâåòñòâó-
þùèõ ðàñïðåäåëåíèé (moment matching) [19].

Çàòåì ïåðåäà÷à ñîîáùåíèé îò ïåðåìåííûõ ê ôóíêöèÿì è îáðàò-
íî ïðîäîëæàåòñÿ äî ñõîäèìîñòè. Expectation Propagation ñõîäèòñÿ
íå âñåãäà, îäíàêî åñëè óñòàíîâëåíà ñõîäèìîñòü, òî ïîëó÷åííûé ðå-
çóëüòàò ñîîòâåòñòâóåò ëîêàëüíîìó ìèíèìóìó KL(p||q) â èñõîäíîé
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ïîñòàíîâêå. Åñëè çàðàíåå èçâåñòíû ôîðìû ìàðãèíàëüíûõ ðàñïðå-
äåëåíèé (íàïðèìåð, âñå ïåðåìåííûå äèñêðåòíûå), ÅÐ ïðåâðàùàåò-
ñÿ â loopy belief propagation � àëãîðèòì ïðèáëèæ¼ííîãî âûâîäà,
÷àñòî èñïîëüçóþùèéñÿ íà ôàêòîð-ãðàôàõ ñ öèêëàìè.

Ïîñêîëüêó àëãîðèòì ÅÐ óñòàíàâëèâàåò êîíêðåòíûé âèä ïåðå-
äàâàåìûõ ñîîáùåíèé, åãî ìîæíî ïðèìåíÿòü ê ìîäåëÿì, â êîòîðûõ
ïðèñóòñòâóþò êàê äèñêðåòíûå, òàê è íåïðåðûâíûå ñëó÷àéíûå âå-
ëè÷èíû.

3. SCM: íîâàÿ ìîäåëü ïîâåäåíèÿ ïîëüçîâàòåëÿ.
3.1. Ãèïîòåçû î ïîâåäåíèè ïîëüçîâàòåëÿ.
Îñíîâíîé ðåçóëüòàò äàííîé ðàáîòû � ïîñòðîåíèå íîâîé âåðî-

ÿòíîñòíîé ìîäåëè ïîâåäåíèÿ ïîëüçîâàòåëÿ, ó÷èòûâàþùåé ïîâåäå-
íèå ïîëüçîâàòåëÿ íà ïðîòÿæåíèè âñåé ïîèñêîâîé ñåññèè. Ïðåæäå
÷åì ñòðîèòü ìîäåëü, ñôîðìóëèðóåì ÿâíî òå ïðåäïîëîæåíèÿ î õà-
ðàêòåðå ïîâåäåíèÿ ïîëüçîâàòåëÿ ïðè ðàáîòå ñ ïîèñêîâîé ñèñòåìîé,
êîòîðûì äîëæíà óäîâëåòâîðÿòü ìîäåëü.

1. Íåñîîòâåòñòâèå ìåæäó ðåëåâàíòíîñòüþ è ïåðòèíåíòíîñòüþ
(intent bias) � ïîëüçîâàòåëü íåòî÷íî ôîðìóëèðóåò çàïðîñ ê
ïîèñêîâîé ñèñòåìå. Â ÷àñòíîñòè, îí ìîæåò óäîâëåòâîðèòüñÿ
íåðåëåâàíòíûì äîêóìåíòîì èëè ïðîèãíîðèðîâàòü ðåëåâàíò-
íûé.

2. ¾Ãèïîòåçà ïðîñìîòðà¿. Ïðåæäå ÷åì ñäåëàòü êëèê, ïîëüçîâà-
òåëü ïðîñìàòðèâàåò îïèñàíèå ññûëêè. Ìîäåëè, èñïîëüçóþ-
ùèå ýòî ïðåäïîëîæåíèå, ïîëó÷èëè áîëüøîå ðàñïðîñòðàíåíèå
è áûëè ïîäêðåïëåíû ýêñïåðèìåíòàìè [25].

3. ¾Êàñêàäíàÿ ãèïîòåçà¿. Ïîëüçîâàòåëü ïðîñìàòðèâàåò âûäà÷ó
ñòðîãî ïîñëåäîâàòåëüíî è ïîêèäàåò ïîèñê, êàê òîëüêî íàõî-
äèò ïåðâûé óñòðàèâàþùèé åãî äîêóìåíò [6]. Ïîëüçîâàòåëü
ìîæåò ñäåëàòü íåñêîëüêî êëèêîâ íà ñòðàíèöå âûäà÷è èëè íè
îäíîãî.

4. ¾Ñâåæåñòü¿. Ïîëüçîâàòåëü ñ ìåíüøåé âåðîÿòíîñòüþ áóäåò
êëèêàòü íà ðàíåå ïîêàçàííûé äîêóìåíò [26].

3.2. Êîíñòðóêöèÿ ìîäåëè
Òàê êàê íîâàÿ ìîäåëü äîëæíà ó÷èòûâàòü ïîâåäåíèå ïîëüçîâà-

òåëÿ íà ïðîòÿæåíèè âñåé ïîèñêîâîé ñåññèè, çà îñíîâó áûëà âçÿòà
ìîäåëü ÒÑÌ. Îäíàêî ñàìà ìîäåëü TCM, ïðåäñòàâëåííàÿ â [26], íå
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óäîâëåòâîðÿåò óñëîâèÿì 1 è 3, ê òîìó æå å¼ ãðàô ñèëüíî çàâèñèò îò
êîíêðåòíîé ñåññèè è òðåáóåò ðåàëèçàöèè íåòðèâèàëüíîãî àëãîðèò-
ìà âûâîäà. Íà óðîâíå çàïðîñà â ìîäåëè ÒÑÌ ìîæíî èñïîëüçîâàòü
ïî÷òè ëþáóþ ñóùåñòâóþùóþ êëèê-ìîäåëü, ïîýòîìó, ÷òîáû âûïîë-
íèòü ñâîéñòâà 1 è 3, ìû áóäåì èñïîëüçîâàòü ìîäåëü DBN.

Ñâîéñòâî 4 ìîæíî ïîääåðæàòü ââåäåíèåì äîïîëíèòåëüíîãî íà-
áëþäåíèÿ: åñëè äîêóìåíò áûë ïîêàçàí ðàíåå, ýòî îòðàæåíî â ëîãàõ,
è åãî ìîæíî èñïîëüçîâàòü êàê ïðîñòóþ áèíàðíóþ âåëè÷èíó. Ïîõî-
æàÿ ïðîöåäóðà è òàê èñïîëüçóåòñÿ äëÿ ïîëó÷åíèÿ èíäåêñîâ (i′, j′).
Òàêèì îáðàçîì, ìû ïîëó÷àåì ìîäåëü, ñòðóêòóðà ãðàôà êîòîðîé íå
çàâèñèò îò êîíêðåòíîé ñåññèè, à ëèøü îò êîëè÷åñòâà çàïðîñîâ â
ñåññèè.

Ðèñ. 1: Ìîäåëü SCM â âèäå áàéåñîâñêîé ñåòè

Íà ðèñóíêå 1 ïðèâåäåíà ïðåäëàãàåìàÿ ìîäåëü SCM (session click
model) â âèäå áàéåñîâñêîé ñåòè. Íàçíà÷åíèå âñåõ ó÷àñòâóþùèõ â
ìîäåëè ñëó÷àéíûõ âåëè÷èí (âñå âåëè÷èíû áèíàðíûå) îïèñàíî â
òàáëèöå 1. Íèæå ìû ïðèâîäèì íàáîð óñëîâíûõ âåðîÿòíîñòåé, çà-
âåðøàþùèé ôîðìàëüíîå îïðåäåëåíèå ìîäåëè.
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Ñëó÷àéíàÿ

âåëè÷èíà

Îïðåäåëåíèå

Ni Ïðîäîëæàåò ëè ïîëüçîâàòåëü ïîèñê. Íàáëþäàåìàÿ
âåëè÷èíà

Mi Ñîîòâåòñòâóåò ëè âûäà÷à ïî çàïðîñó i èíôîðìàöè-
îííûì ïîòðåáíîñòÿì ïîëüçîâàòåëÿ

Ei,j Ïðîñìîòðåë ëè ïîëüçîâàòåëü îïèñàíèå äîêóìåíòà
(i, j )

Ci,j Êëèê íà äîêóìåíò (i,j ). Íàáëþäàåìàÿ âåëè÷èíà
Ai,j Ïðèâë¼ê ëè äîêóìåíò âíèìàíèå ïîëüçîâàòåëÿ
Si,j Óäîâëåòâîðÿåò ëè äîêóìåíò (i,j ) èíôîðìàöèîííûå

ïîòðåáíîñòè ïîëüçîâàòåëÿ
Hi,j Áûë ëè ðàíåå â ýòîé ñåññèè ïîêàçàí äîêóìåíò (i, j )
Fi,j Ñ÷èòàåò ëè ïîëüçîâàòåëü äîêóìåíò (i,j ) ¾ñâåæèì¿

Òàáëèöà 1: Ñëó÷àéíûå âåëè÷èíû ìîäåëè SCM

P (Mi = 1) = α1,

P (Ni = 1|Mi = 1) = α2,

P (Ni = 1|Mi = 0) = 1,

P (Fi,j = 1|Hi,j = 1) =α3,

P (Fi,j = 1|Hi,j = 0) =1,

P (Ai,j = 1) =ai,j ,

Ei,j−1 =0⇒ Ei,j = 0,

Si,j−1 =1⇒ Ei,j = 0,

Ei,j =1⇒ Ei,j−1 = 1,Si,j−1 = 0,

P (Si,j = 1|Ci,j = 1) =si,j ,

P (Si,j = 1|Ci,j = 0) =0,

Ci,j =1⇔Mi = 1,Ei,j = 1,Si,j = 1,Fi,j = 1.

Ïàðàìåòð ai,j îïðåäåëÿåò ïðèâëåêàòåëüíîñòü äîêóìåíòà, à òî÷-
íåå, ñîîòâåòñòâóþùåãî åìó ýëåìåíòà íà ñòðàíèöå âûäà÷è. Ýòîò
ïàðàìåòð âëèÿåò íà âåðîÿòíîñòü êëèêà. Ïàðàìåòð si,j ìîæíî èí-
òåðïðåòèðîâàòü êàê ïåðòèíåòíîñòü äîêóìåíòà: åñëè çàïðîñ ñîîò-
âåòñòâîâàë ïîòðåáíîñòÿì ïîëüçîâàòåëÿ, è ïîëüçîâàòåëü çàêîí÷èë
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ïðîñìîòð âûäà÷è êëèêîì ïî ýòîìó äîêóìåíòó, çíà÷èò, äîêóìåíò
îêàçàëñÿ åìó ïîëåçíûì.

Â êà÷åñòâå îöåíêè ðåëåâàíòíîñòè äîêóìåíòà, êàê è â DBN, áó-
äåì èñïîëüçîâàòü

ri,j = P (Si,j = 1|Ei,j = 1) =

= P (Si,j = 1|Ci,j = 1)P (Ci,j = 1|Ei,j = 1) = ai,jsi,j .

Ìîäåëü èìååò òðè ãëîáàëüíûõ ïàðàìåòðà ïîâåäåíèÿ ïîëüçîâàòåëÿ:
α1, α2 è α3.

3.3. Îöåíêè ïàðàìåòðîâ

Ðèñ. 2: Ìîäèôèöèðîâàííàÿ áàéåñîâñêàÿ ñåòü ìîäåëè SCM

Äëÿ ïîëó÷åíèÿ îöåíîê ïàðàìåòðîâ ïðèâëåêàòåëüíîñòè (ai, aj),
ïåðòèíåíòíîñòè (si,sj) è ðåëåâàíòíîñòè (ri,rj) äîêóìåíòà, à òàê-
æå ãëîáàëüíûõ ïàðàìåòðîâ ïîâåäåíèÿ ïîëüçîâàòåëÿ (α1,α2,α3) èñ-
ïîëüçóåòñÿ áàéåñîâñêèé ïîäõîä. Êàæäûé èç îöåíèâàåìûõ ïàðàìåò-
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ðîâ òðàêòóåòñÿ êàê íåïðåðûâíàÿ ñëó÷àéíàÿ âåëè÷èíà íà îòðåçêå
[0, 1], îöåíêîé äëÿ ïàðàìåòðà âûñòóïàåò åãî àïîñòåðèîðíîå ðàñïðå-
äåëåíèå ïîñëå íàáëþäåíèÿ, ïðè ïîñòóïëåíèè íîâîãî íàáëþäåíèÿ
àïîñòåðèîðíîå ðàñïðåäåëåíèå ñòàíîâèòñÿ àïðèîðíûì, è ïðîöåññ ïî-
âòîðÿåòñÿ. Îñíîâíîå ïðåèìóùåñòâî äàííîãî ïîäõîäà � ýòî âîçìîæ-
íîñòü åãî èíêðåìåíòàëüíîé ðåàëèçàöèè. Ëîãè ïîèñêîâûõ ñèñòåì
ðàñòóò ñ îãðîìíîé ñêîðîñòüþ è òðåáóþò áîëüøèõ îáú¼ìîâ ïàìÿòè
äëÿ õðàíåíèÿ. Áàéåñîâñêèé ïîäõîä ïîçâîëÿåò ïîëó÷èòü îöåíêè çà
îäèí ïðîõîä ïî äàííûì è ïîääåðæèâàåò ïîïîëíåíèå, íå òðåáóåò
íàëè÷èÿ âñåõ íàáëþäåíèé â ïàìÿòè êîìïüþòåðà îäíîâðåìåííî.

Òàê êàê â ãðàôå ìîäåëè åñòü öèêëû, íåîáõîäèìî èñïîëüçîâàòü
àëãîðèòìû ïðèáëèæåííîãî âûâîäà. Äëÿ ýòîãî èñïîëüçîâàëñÿ àë-
ãîðèòì Expectation Propagation (EP) [19, 20]. Àëãîðèòì EP ïîä-
äåðæèâàåò êàê äèñêðåòíûå, òàê è íåïðåðûâíûå ñëó÷àéíûå âåëè-
÷èíû, ïðîñò â ðåàëèçàöèè è äëÿ îáîáùåíèÿ, ïîñêîëüêó ðàáîòàåò
íà ôàêòîð-ãðàôå (ò.å. äîñòàòî÷íî ðåàëèçîâàòü ïðîöåäóðû ïåðåñ÷¼-
òà ñîîáùåíèé äëÿ íåêîòîðûõ êîíêðåòíûõ ôàêòîðîâ, è àëãîðèòì
áóäåò ðàáîòàòü íà ëþáûõ ìîäåëÿõ, ñîäåðæàùèõ ôàêòîðû èç ðåà-
ëèçîâàííîãî íàáîðà). Ñïåöèàëüíûå àëãîðèòìû, ïðåäëàãàåìûå àâ-
òîðàìè äðóãèõ ðàáîò äëÿ ñâîèõ ìîäåëåé, ñëîæíû â ðåàëèçàöèè è
íåäîñòàòî÷íî õîðîøî îïèñàíû äëÿ èõ òî÷íîãî âîñïðîèçâåäåíèÿ è
ñðàâíåíèÿ. Ñ ïîìîùüþ Expectation Propagation ìîæíî ïðîâåñòè
ñðàâíåíèå íåñêîëüêèõ ìîäåëåé â ðàâíûõ óñëîâèÿõ.

Äëÿ ïðèìåíåíèÿ ïðåäëàãàåìîãî ïîäõîäà íóæíî ïðåîáðàçîâàòü
áàéåñîâñêóþ ñåòü â ôàêòîð-ãðàô è äîáàâèòü îöåíèâàåìûå ïàðà-
ìåòðû êàê îòäåëüíûå ïåðåìåííûå. Â äàëüíåéøèõ âûêëàäêàõ áó-
äåì îïóñêàòü èíäåêñû ó ïåðåìåííûõ ìîäåëåé (òàì, ãäå ýòî íåñóùå-
ñòâåííî), ÷òîáû óïðîñòèòü çàïèñü.

Èñõîäíàÿ áàéåñîâñêàÿ ñåòü (ðèñ. 1) çàäà¼ò ïëîòíîñòü ñîâìåñò-
íîãî ðàñïðåäåëåíèÿ p(M,N,E,C,A,S,H,F ). ×òîáû âêëþ÷èòü ïàðà-
ìåòðû íàðàâíå ñ îáû÷íûìè ïåðåìåííûìè, ìû íåìíîãî èçìåíèì
ìîäåëü. Äëÿ êàæäîãî èñïîëüçîâàíèÿ ïàðàìåòðà â óñëîâíûõ ðàñ-
ïðåäåëåíèÿõ ââåä¼ì äîïîëíèòåëüíóþ ñëó÷àéíóþ âåëè÷èíó ïî ñëå-
äóþùåìó ïðèíöèïó (íà ïðèìåðå α1): íîâàÿ ïåðåìåííàÿ N ′i áóäåò
èìåòü ðàñïðåäåëåíèå Áåðíóëëè ñ ïàðàìåòðîì α1. Òîãäà óñëîâíîå
ðàñïðåäåëåíèå äëÿ Ni áóäåò ýêâèâàëåíòíî ñëåäóþùåìó óòâåðæäå-
íèþ: Ni = ¬Mi&N

′
i . Íà ðèñóíêå 2 ïðèâåäåíà ïîëó÷èâøàÿñÿ áàéå-

ñîâñêàÿ ñåòü.
Â ïîëó÷èâøåéñÿ ñåòè âñå óñëîâíûå ðàñïðåäåëåíèÿ ëèáî ñîîò-
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âåòñòâóþò ëîãè÷åñêèì ôîðìóëàì, åñëè ñ÷èòàòü çíà÷åíèÿ áèíàð-
íûõ ñëó÷àéíûõ âåëè÷èí ëîãè÷åñêèìè, ëèáî ñâÿçûâàþò ñëó÷àéíóþ
âåëè÷èíó èç ðàñïðåäåëåíèÿ Áåðíóëëè ñ å¼ ïàðàìåòðîì. Ïðèâåä¼ì
ñïèñîê ôîðìóë, îïèñûâàþùèõ íîâóþ ìîäåëü.

p(Mi = 1) = α1,

p(N ′i = 1) = α2,

Ni = ¬N ′i |Mi,

p(F ′i,j = 1) = α3,

Fi,j = ¬Hi,j |F ′i,j ,
p(Ai,j = 1) = ai,j ,

Ei,j = Ei,j−1&¬Si,j−1,
p(S′i,j = 1) = si,j ,

Si,j = S′i,j&Ci,j ,

Ci,j =Mi&Ei,j&Si,j&Fi,j .

Íåòðóäíî âèäåòü, ÷òî ñîâìåñòíîå ðàñïðåäåëåíèå, çàäàâàåìîå
ýòîé ìîäåëüþ, ìîæåò áûòü ïðåäñòàâëåíî ñ èñïîëüçîâàíèåì ôàê-
òîðîâ òîëüêî ñëåäóþùèõ âèäîâ:

(1) p(C|A,B) = fAND(A,B,C), ñîîòâåòñòâóþùèé ñâÿçè C = A ∧B;

(2) p(C|A,B) = fOR(A,B,C), ñîîòâåòñòâóþùèé ñâÿçè C = A ∨B;

(3) p(B|A) = fNOT (A,B), ñîîòâåòñòâóþùèé ñâÿçè B = ¬A;

(4) p(B|a) = fBernoulli(a,B), ñîîòâåòñòâóþùèé B ∼ Bernoulli(a).

Íà ðèñóíêå íå ïðèâåäåíû ïðîìåæóòî÷íûå ñëó÷àéíûå âåëè÷è-
íû, ââîäèìûå ñ ïîìîùüþ ôàêòîðà fNOT , ÷òîáû íå çàãðîìîæäàòü
èçîáðàæåíèå, òàê êàê íàì âàæåí ëèøü ñàì ôàêò òîãî, ÷òî ýòîò
íàáîð ôàêòîðîâ ÿâëÿåòñÿ äîñòàòî÷íûì.

Äëÿ ïðèìåíåíèÿ àëãîðèòìà Expectation Propagation îñòàëîñü
âûáðàòü òèï ìàðãèíàëüíûõ ðàñïðåäåëåíèé äëÿ ïàðàìåòðîâ. Â êà-
÷åñòâå íåãî áûëî âûáðàíî áåòà-ðàñïðåäåëåíèå, òàê êàê îíî ïðè-
íàäëåæèò ýêñïîíåíöèàëüíîìó ñåìåéñòâó è îïðåäåëåíî äëÿ ñëó÷àé-
íîé âåëè÷èíû èç èíòåðâàëà [0,1]. Ïëîòíîñòü áåòà-ðàñïðåäåëåíèÿ
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f(x) = 1
B(α,β)x

α−1(1 − x)β−1 ïðè çíà÷åíèÿõ ïàðàìåòðîâ α = β = 1
ñîâïàäàåò ñî ñòàíäàðòíûì ðàâíîìåðíûì ðàñïðåäåëåíèåì.

3.4. Âûâîä ôîðìóë ñîîáùåíèé äëÿ àëãîðèòìà ÅÐ
Â àëãîðèòìå Expectation Propagation íàêëàäûâàþòñÿ îãðàíè-

÷åíèÿ íà ôóíêöèè, ïåðåäàâàåìûå â ñîîáùåíèÿõ. Â íàøåì ñëó÷àå
áóäåò âñåãî äâà âèäà ñîîáùåíèé.

(1) Ñîîáùåíèÿ îò ôàêòîðà fBernoulli(a,B) ê ñëó÷àéíîé âåëè÷èíå a
áóäóò èìåòü âèä ôóíêöèè ïëîòíîñòè áåòà-ðàñïðåäåëåíèÿ:

µf→a(a) =
1

B(α,β)
aα−1(1− a)β−1;

òàêèì îáðàçîì, äîñòàòî÷íî ïåðåäàâàòü òîëüêî ïàðàìåòðû α è
β. Àíàëîãè÷íî, ñîîáùåíèÿ îò ñëó÷àéíîé âåëè÷èíû a ê ôàêòîðó
fBernoulli áóäåò èìåòü òàêîé æå âèä.

(2) ñîîáùåíèÿ îò ôàêòîðà fBernoulli(a,B) ê ñëó÷àéíîé âåëè÷èíå B,
à òàêæå îò âñåõ îñòàëüíûõ ôàêòîðîâ ê äðóãèì ñëó÷àéíûì âå-
ëè÷èíàì áóäóò èìåòü âèä ôóíêöèè ðàñïðåäåëåíèÿ Áåðíóëëè:

µf→B(B) = pB(1− p)1−B ,

ãäå B ïðèíèìàåò çíà÷åíèÿ 0 èëè 1, à p ∈ [0,1] � ïàðàìåòð ðàñ-
ïðåäåëåíèÿ.

Â íåêîòîðûõ ñëó÷àÿõ óäîáíåå áóäåò âîñïîëüçîâàòüñÿ ýêñïîíåí-
öèàëüíûì ïðåäñòàâëåíèåì ðàñïðåäåëåíèÿ Áåðíóëëè:

µf→B(B) =
1

1 + eθ
eθB ,

ãäå θ ∈ R � ïàðàìåòð ðàñïðåäåëåíèÿ, ñâÿçàííûé ñ p: θ = ln p
1−p .

Äëÿ ïåðåäà÷è òàêîãî ñîîáùåíèÿ äîñòàòî÷íî ïåðåäàâàòü ïàðàìåòð
θ. Àíàëîãè÷íî, ñîîáùåíèÿ îò áèíàðíûõ ñëó÷àéíûõ âåëè÷èí ê ôàê-
òîðàì áóäóò èìåòü òîò æå âèä.

Ðàññìîòðèì òåïåðü êîíêðåòíûå ñîîáùåíèÿ, ïåðåäàâàåìûå â àë-
ãîðèòìå Expectation Propagation, áîëåå äåòàëüíî.

Ôàêòîð Áåðíóëëè. Äàííûé ôàêòîð ïðåäñòàâëÿåò ñîáîé óñëîâ-
íóþ ïëîòíîñòü ðàñïðåäåëåíèÿ Áåðíóëëè ïðè óñëîâèè ïàðàìåòðà:
fBernoulli(a,B) = p(B|a) = aB(1−a)1−B . Ñíà÷àëà ðàññìîòðèì µf→B .
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Ïî ïðàâèëó ïåðåñ÷¼òà ñîîáùåíèé äëÿ àëãîðèòìà Expectation
Propagation,

µf→B(B) =
1

µB→f (B)
Pr

[
µB→f (B)

∫
fBernoulli(a,B)µa→f (a)da

]
.

Ïóñòü ñîîáùåíèå µB→f èìååò âèä µB→f (B) = qB(1− q)1−B ; òîãäà

µf→B(B) =
Pr
[
qB(1− q)1−B

∫
aB(1− a)1−Bµa→f (a)da

]
qB(1− q)1−B

.

Çàìåòèì, ÷òî µa→f (a) � ïëîòíîñòü áåòà-ðàñïðåäåëåíèÿ, à çíà÷èò

µf→B(B) =

=
1

qB(1− q)1−B
Pr
[
qB(1− q)1−BEµa→f

[a]B(1− Eµa→f
[a])1−B

]
=

=
1

qB(1− q)1−B
Pr
[
(qEµa→f

[a])B((1− q)(1− Eµa→f
[a]))1−B

]
.

Âûðàæåíèå â êâàäðàòíûõ ñêîáêàõ ÿâëÿåòñÿ êîððåêòíîé ôîðìîé
ðàñïðåäåëåíèÿ Áåðíóëëè, ïîýòîìó îïåðàöèÿ ïðîåêöèè íå íóæíà, è
ìû ïðèõîäèì ê ñëåäóþùåé ôîðìóëå:

µf→B(B) = Eµa→f
[a]B(1− Eµa→f

[a])1−B ,

ãäå ìàòåìàòè÷åñêèå îæèäàíèÿ áåðóòñÿ ïî ðàñïðåäåëåíèþ, ñîäåð-
æàùåìóñÿ â ñîîáùåíèè µa→f . Ïóñòü îíî èìååò ïàðàìåòðû α è β;
òîãäà Eµa→f

[a] = α
α+β , è èòîãîâàÿ ôîðìóëà äëÿ ñîîáùåíèÿ âûãëÿ-

äèò êàê

µf→B(B) =

(
α

α+ β

)B (
1− α

α+ β

)1−B

Òàê êàê âìåñòî ôóíêöèé â ñîîáùåíèÿõ ïåðåäàþòñÿ ïàðàìåòðû, äî-
ñòàòî÷íî ïåðåäàòü p = α

α+β . Åñëè èñïîëüçîâàòü ýêñïîíåíöèàëüíîå
ïðåäñòàâëåíèå ðàñïðåäåëåíèÿ Áåðíóëëè, ïîëó÷èì

θ = ln
p

1− p
= ln

α
α+β

1− α
α+β

= ln
α

β
.

Òàêèì îáðàçîì, ìû ïîëó÷èëè çàìêíóòûå ôîðìóëû äëÿ ïåðåñ÷¼òà
ïàðàìåòðîâ ñîîáùåíèÿ µf→B .
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Òåïåðü ðàññìîòðèì µf→a. Ñîãëàñíî ïðàâèëó,

µf→a(a) =

=
1

µa→f (a)
Pr

[
µa→f (a)

B=1∑
B=0

fBernoulli(a,B)µB→f (B)

]
=

=
1

µa→f (a)
Pr

[
µa→f (a)

B=1∑
B=0

aB(1− a)1−BpB(1− p)1−B
]
=

=
1

µa→f (a)
Pr [(ap+ (1− a)(1− p))µa→f (a)] .

×òîáû íàéòè ïðîåêöèþ, ñíà÷àëà íóæíî âûðàæåíèå â ñêîáêàõ
ñäåëàòü êîððåêòíîé ïëîòíîñòüþ ðàñïðåäåëåíèÿ (íîðìàëèçîâàòü),
çàòåì ïðèðàâíÿòü ìîìåíòû ïîëó÷åííîãî ðàñïðåäåëåíèÿ è ìîìåíòû
èñêîìîãî áåòà-ðàñïðåäåëåíèÿ. Òàê êàê ñîîáùåíèå µa→f ñîäåðæèò
ïëîòíîñòü áåòà-ðàñïðåäåëåíèÿ, ìû ìîæåì íàéòè êîíñòàíòó íîðìà-
ëèçàöèè:

Z =

∫
(ap+(1−a)(1−p))µa→f (a)da = pEµa→f

[a]+(1−p)(1−Eµa→f
[a]).

Îáîçíà÷èì

g(a) =
1

Z
(ap+ (1− a)(1− p))µa→f (a),

µ′(a) = Pr [(ap+ (1− a)(1− p))µa→f (a)] .

Ìû èùåì µ′(a) â âèäå áåòà-ðàñïðåäåëåíèÿ µ′(a) = 1
B(α,β)a

α−1(1 −
a)β−1, êîòîðîå ïðèíàäëåæèò ýêñïîíåíöèàëüíîìó ñåìåéñòâó. Òîãäà
äëÿ óäîâëåòâîðåíèÿ óñëîâèé ïðîåêöèè íåîáõîäèìî è äîñòàòî÷íî,
÷òîáû Eg[a] = Eµ′ [a], Eg[a

2] = Eµ′ [a2]. Òàê êàê µa→f èìååò èçâåñò-
íûå ïàðàìåòðû, ìîæíî âû÷èñëèòü Eg[a] è Eg[a

2]:

Eg[a] =

∫
ag(a)da =

1

Z

∫
a(ap+ (1− a)(1− p))µa→f (a)da =

=
1

Z
(pEµa→f

[a2] + (1− p)Eµa→f
[a(1− a)]) =

=
1

Z
((2p− 1)Eµa→f

[a2] + (1− p)Eµa→f
[a]),
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Eg[a
2] =

∫
a2g(a)da =

1

Z

∫
a2(ap+ (1− a)(1− p))µa→f (a)da =

=
1

Z
(pEµa→f

[a3] + (1− p)Eµa→f
[a2(1− a)]) =

=
1

Z
((2p− 1)Eµa→f

[a3] + (1− p)Eµa→f
[a2]).

Âîò êàê âûðàæàþòñÿ ïàðàìåòðû áåòà-ðàñïðåäåëåíèÿ ÷åðåç åãî
ìîìåíòû:{

Eµ′ [a] = α
α+β

Eµ′ [a2] = α(α+1)
(α+β)(α+β+1)

⇒

 α =
Eµ′ [a]Eµ′ [a

2]−Eµ′ [a]
2

Eµ′ [a]
2−Eµ′ [a2]

β =
(Eµ′ [a]−1)(Eµ′ [a]−Eµ′ [a

2])

Eµ′ [a]
2−Eµ′ [a2]

Òàêèì îáðàçîì, äîñòàòî÷íî ïîäñòàâèòü â ñèñòåìû ïîäñ÷èòàííûå
âûøå Eg[a] è Eg[a

2], è ïîëó÷àòñÿ çàìêíóòûå ôîðìóëû äëÿ ïåðåñ÷¼-
òà µ′(a). Íî òàê êàê áåòà-ðàñïðåäåëåíèå ïðèíàäëåæèò ýêñïîíåíöè-
àëüíîìó ñåìåéñòâó, ïîñëå äåëåíèÿ íà µa→f (a) ìû ñíîâà ïîëó÷èì
áåòà-ðàñïðåäåëåíèå (íóæíî áóäåò ïðîñòî âû÷åñòü èç ïàðàìåòðîâ µ′

ïàðàìåòðû µa→f ). Ìîæíî áûëî áû ïðèâåñòè çäåñü ÿâíûå ôîðìóëû
äëÿ ñîîáùåíèÿ µf→a, ïîäñòàâèâ âî âñåõ ìåñòàõ çíà÷åíèÿ ïàðàìåò-
ðîâ µa→f , íî ôîðìóëû ïîëó÷èëèñü áû ñëèøêîì ãðîìîçäêèå; ïðè-
âåä¼ííûõ âûøå âûêëàäîê äîñòàòî÷íî äëÿ ðåàëèçàöèè ïåðåñ÷¼òà
ïàðàìåòðîâ µf→a íà êîìïüþòåðå.

Ôàêòîð OR. Ôàêòîð OR çàäà¼òñÿ ñëåäóþùèì îáðàçîì:

fOR(A,B,C) = p(C|A,B) = I(C = A ∨B),

ãäå I � èíäèêàòîðíàÿ ôóíêöèÿ. Ïóñòü ñîîáùåíèÿ îò ïåðåìåííûõ ê
ýòîìó ôàêòîðó èìåþò ñëåäóþùèé âèä: µC→f (C) = rC(1 − r)1−C ,
µA→f (A) = pA(1− p)1−A è µB→f (B) = pB(1− p)1−B . Òîãäà

µf→C(C) =
1

µC→f (C)
×

× Pr

µC→f (C)∑
A,B

I(C = A ∨B)pA(1− p)1−ApB(1− p)1−B
 ,

µ(C) =
∑
A,B

I(C = A ∨B)pA(1− p)1−ApB(1− p)1−B =

= (p+ q − pq)C(1− p− q + pq)1−C .
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Ìû âèäèì, ÷òî îïåðàöèÿ ïðîåêöèè ïðîñòî íå íóæíà (â êâàä-
ðàòíûõ ñêîáêàõ ïîëó÷àåòñÿ êîððåêòíîå ðàñïðåäåëåíèå Áåðíóëëè),
è

µC→f (C) = (p+ q − pq)C(1− p− q + pq)1−C .

Â ýêñïîíåíöèàëüíîì ïðåäñòàâëåíèè ýòî áóäåò âûãëÿäåòü ñëåäóþ-
ùèì îáðàçîì:

θC = ln
(
eθA + eθB + eθA+θB

)
= OR(θA + θB),

ãäå θC � ïàðàìåòð ñîîáùåíèÿ µC→f , θA, θB � ïàðàìåòðû ñîîáùåíèé
µA→f è µB→f . Ââåä¼ííàÿ ôóíêöèÿ OR ïîíàäîáèòñÿ íàì â äàëüíåé-
øåì.

Òåïåðü ïåðåõîäèì ê ñîîáùåíèþ µf→A:

µf→A(A) =
1

µA→f (A)
×

× Pr

µA→f (A)∑
C,B

I(C = A ∨B)rC(1− r)1−CpB(1− p)1−B
 ,

µ(A) =
∑
C,B

I(C = A ∨B)rC(1− r)1−CpB(1− p)1−B =

= rA(1− r − q + 2qr)1−A.

Çäåñü äëÿ ïîëó÷åíèÿ ïðîåêöèè äîñòàòî÷íî íîðìàëèçîâàòü ðàñïðå-
äåëåíèå:

µf→A(A) =

(
r

1− q − 2rq

)A(
1− r − q + 2qr

1− q − 2rq

)1−A

.

Â ýêñïîíåíöèàëüíîì ïðåäñòàâëåíèè ïîëó÷àåòñÿ ñëåäóþùåå (îáî-
çíà÷åíèÿ ïðåæíèå):

θC = ln

(
1 + e−θB

1 + e−θB−θC

)
= Gate(θB ,θC).

Ââåä¼ííîé ôóíêöèåé Gate ìû âîñïîëüçóåìñÿ íèæå. Ñîîáùåíèå
µf→A âû÷èñëÿåòñÿ àíàëîãè÷íî â ñèëó ñèììåòðèè.
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Ôàêòîð NOT. Ôàêòîð NOT îïðåäåë¼í ñëåäóþùèì îáðàçîì:

fNOT (A,B) = p(B|A) = I(B = ¬A).

Ïóñòü ñîîáùåíèÿ îò ïåðåìåííûõ ê ýòîìó ôàêòîðó èìåþò ñëåäóþ-
ùèé âèä:

µA→f (A) =p
A(1− p)1−A,

µB→f (B) =qB(1− q)1−B .

Òîãäà

µf→B(B) =
1

µB→f (B)
Pr

[
µB→f (B)

∑
A

I(B = ¬A)pA(1− p)1−A
]

= (1− p)Bp1−B .

Â ýêñïîíåíöèàëüíîì ïðåäñòàâëåíèè ïîëó÷èòñÿ ïðîñòî

θB = −θA.

Òàê êàê B = ¬A ⇔ A = ¬B, òî àíàëîãè÷íî ïîëó÷àåì è äðóãîå
ñîîáùåíèå: µf→A(A) = (1− q)Aq1−A, è θA = −θB .

Ôàêòîð AND. Ôàêòîð AND çàäà¼òñÿ ñëåäóþùèì îáðàçîì:

fAND(A,B,C) = p(C|A,B) = I(C = A ∧B).

Ñîîáùåíèÿ îò ïåðåìåííûõ èìåþò òîò æå âèä, ÷òî è â ïðåäûäóùèõ
ïóíêòàõ. Òîãäà, âîñïîëüçîâàâøèñü òåì, ÷òî C = A ∧ B ⇔ ¬C =
¬A ∨ ¬B, ìîæåì çàêëþ÷èòü, ÷òî

µf→C : θC = −OR(−θA,− θB),
µf→A : θA = −Gate(−θC ,− θB),
µf→B : θB = −Gate(−θC ,− θA).

Ôîðìóëû äëÿ ñòàíäàðòíîé ïàðàìåòðèçàöèè ðàñïðåäåëåíèÿ Áåð-
íóëëè íå ïðèâîäÿòñÿ, òàê êàê îíè äîâîëüíî ãðîìîçäêè è íè÷åãî íå
äîáàâëÿþò íè äëÿ ïîíèìàíèÿ, íè äëÿ ïðàêòè÷åñêîé ðåàëèçàöèè.

4. Ðåçóëüòàòû ýêñïåðèìåíòîâ.
Èññëåäîâàíèÿ â äàííîé îáëàñòè íåâîçìîæíû áåç äîñòóïà ê ðå-

àëüíûì äàííûì � èñòîðèÿì ïîèñêà êðóïíûõ äåéñòâóþùèõ ïîèñ-
êîâûõ ñèñòåì. Îáû÷íî ýòè äàííûå ÿâëÿþòñÿ çàêðûòûìè è èñïîëü-
çóþòñÿ èññëåäîâàòåëüñêèìè îòäåëàìè ñàìèõ êîìïàíèé-âëàäåëüöåâ
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ïîèñêîâèêîâ. Ñ îêòÿáðÿ ïî äåêàáðü 2011 ãîäà êîìïàíèÿ ßíäåêñ
ïðîâîäèëà êîíêóðñ ¾Èíòåðíåò�Ìàòåìàòèêà¿ [38], â ðàìêàõ êîòî-
ðîãî ó÷àñòíèêàì áûëè ïðåäîñòàâëåíû ïîëüçîâàòåëüñêèå ïîèñêîâûå
ëîãè. Âñå äàííûå áûëè ïîëíîñòüþ àíîíèìèçèðîâàíû: äîêóìåíòû
è çàïðîñû ïðåäñòàâëÿëèñü ëèøü ÷èñëîâûìè èäåíòèôèêàòîðàìè,
çàïðîñû ñãðóïïèðîâàíû òîëüêî ïî ñåññèÿì è íå ïðèâÿçàíû íè ê
êàêèì ïîëüçîâàòåëÿì.

Â ðàìêàõ ðàáîòû áûëè ðåàëèçîâàíû ìîäåëè DBN, TCM è SCM
ñ èñïîëüçîâàíèåì àëãîðèòìà Expectation Propagation äëÿ áàéåñîâ-
ñêîãî îöåíèâàíèÿ ïàðàìåòðîâ. Äàëåå ïîëó÷åííûå ñ èõ ïîìîùüþ
îöåíêè ðåëåâàíòíîñòè äîêóìåíòîâ èñïîëüçîâàëèñü äëÿ ðàíæèðî-
âàíèÿ äîêóìåíòîâ íåñêîëüêèìè ñïîñîáàìè: â ïåðâîì ñëó÷àå äîêó-
ìåíòû ñîðòèðîâàëèñü ïî îöåíêå èõ ðåëåâàíòíîñòè äëÿ êàæäîé ìî-
äåëè, à çàòåì îöåíêè ðåëåâàíòíîñòè êàæäîé èç ìîäåëåé èñïîëüçî-
âàëèñü ñîâìåñòíî ñ äðóãèìè ïðèçíàêàìè äîêóìåíòà è çàïðîñà äëÿ
ïîñòðîåíèÿ ðàíæèðóþùåé ôóíêöèè ñ ïîìîùüþ ìåòîäîâ ìàøèííî-
ãî îáó÷åíèÿ.

4.1. Âõîäíûå äàííûå. Ïðåäîñòàâëåííûå äàííûå [38] ïðåä-
ñòàâëÿþò èç ñåáÿ ïîëüçîâàòåëüñêèå ïîèñêîâûå ëîãè, ñîäåðæàùèå
çàïðîñíûå ñåññèè, çàïðîñû, ñïèñêè îòðàíæèðîâàííûõ äîêóìåíòîâ,
ïîêàçàííûõ ïîëüçîâàòåëÿì, è ïîëüçîâàòåëüñêèå êëèêè íà íèõ. Ïî-
ìèìî ýòîãî, äàííûå ñîäåðæàò ýêñïåðòíûå îöåíêè ðåëåâàíòíîñòè
äëÿ íåêîòîðûõ äîêóìåíòîâ. Âñå äàííûå ïîëíîñòüþ àíîíèìèçèðî-
âàíû, âñå çàïðîñû, ñåññèè, äîêóìåíòû ïðåäñòàâëåíû òîëüêî ÷èñëî-
âûìè èäåíòèôèêàòîðàìè. Çàïðîñû ñãðóïïèðîâàíû òîëüêî ïî ñåñ-
ñèÿì è íå ïðèâÿçàíû íè ê êàêèì èäåíòèôèêàòîðàì ïîëüçîâàòåëÿ.

Äàííûå ñîäåðæàò:

• óíèêàëüíûõ çàïðîñîâ: 30,717,251;

• óíèêàëüíûõ äîêóìåíòîâ: 117,093,258;

• ñåññèé: 43,977,859;

• âñåãî çàïèñåé (ñòðîê): 340,796,067;

• îöåíåííûõ òðîåê çàïðîñ-ðåãèîí-äîêóìåíò: 71,930;

• îöåíåííûõ ïàð çàïðîñ-ðåãèîí: 8,410.
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Ëîãè ïðåäñòàâëÿþò ñîáîé íàáîð ñòðîê, ãäå êàæäàÿ ñòðîêà ïðåä-
ñòàâëÿåò îäíî èç âîçìîæíûõ ïîëüçîâàòåëüñêèõ äåéñòâèé: çàïðîñ
èëè êëèê.

Çàïðîñ:

SessionID TimePassed TypeOfAction QueryID RegionID ListOfURLs

Êëèê:

SessionID TimePassed TypeOfAction URLID

Çäåñü SessionID � óíèêàëüíûé èäåíòèôèêàòîð ïîëüçîâàòåëü-
ñêîé ñåññèè, TimePassed � âðåìÿ, ïðîøåäøåå ñ íà÷àëà òåêóùåé ñåñ-
ñèè â óñëîâíûõ âðåìåííûõ åäèíèöàõ (÷èñëî ìèëëèñåêóíä â îäíîé
âðåìåííîé åäèíèöå íå ðàçãëàøàåòñÿ), TypeOfAction � òèï ïîëüçî-
âàòåëüñêîãî äåéñòâèÿ (ýòî ìîæåò áûòü ëèáî çàïðîñ Q, ëèáî êëèê
C), QueryID � óíèêàëüíûé èäåíòèôèêàòîð çàïðîñà, RegionID � óíè-
êàëüíûé èäåíòèôèêàòîð ñòðàíû, èç êîòîðîé ñäåëàí çàïðîñ (ýòîò
èäåíòèôèêàòîð ìîæåò ïðèíèìàòü ÷åòûðå çíà÷åíèÿ), URLID � óíè-
êàëüíûé èäåíòèôèêàòîð äîêóìåíòà, ListOfURLs � ñïèñîê äîêóìåí-
òîâ, îòðàíæèðîâàííûé ñëåâà íàïðàâî òàê, êàê îíè áûëè ïîêàçàíû
ïîëüçîâàòåëÿì íà ñòðàíèöå âûäà÷è ßíäåêñà (ñâåðõó âíèç).

Ïðèìåð:

109 0 Q 103 2 671 2183 3840 180 4566 514 4148 3153 1439 4991

109 103 C 2183

109 955 Q 100 2 197 197 11 179 5859 1624 1587 1624 5859 2186

109 960 C 197

Êàæäàÿ ñòðîêà â ôàéëå, ñîäåðæàùåì îöåíêè, èìååò ñëåäóþùèé
ôîðìàò:

QueryID RegionID

URLID RelevanceLabel

Çäåñü QueryID � óíèêàëüíûé èäåíòèôèêàòîð çàïðîñà, RegionID �
óíèêàëüíûé èäåíòèôèêàòîð ñòðàíû, èç êîòîðîé ñäåëàí çàïðîñ,
URLID � óíèêàëüíûé èäåíòèôèêàòîð äîêóìåíòà, RelevanceLabel �
áèíàðíàÿ îöåíêà ðåëåâàíòíîñòè (0 èëè 1). Ïðèìåð:

1209161 2 5839294 1

1209161 2 1912415 1

1209161 2 1621201 1

1209161 2 1111 0
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4.2. Ðåàëèçàöèÿ. Äëÿ ðåàëèçàöèè ìîäåëåé áûëà âûáðàíà áèá-
ëèîòåêà Infer.NET [21], ðàçðàáàòûâàåìàÿ êîìïàíèåé Microsoft. Â
ýòîé áèáëèîòåêå ðåàëèçîâàíû ñîâðåìåííûå àëãîðèòìû ïðèáëèæ¼í-
íîãî âûâîäà â ãðàôè÷åñêèõ ìîäåëÿõ (â òîì ÷èñëå è Expectation
Propagation); îíà óäîáíî èíòåãðèðóåòñÿ ñ ïëàòôîðìîé Microsoft
.NET Framework è ÿçûêîì C#: îïåðàöèè ñ ãðàôè÷åñêîé ìîäåëüþ
âûïîëíÿþòñÿ ïîñðåäñòâîì ÿçûêîâûõ ñòðóêòóð ñàìîãî C#.

Äëÿ ìîäåëåé DBN, TCM è SCM áûëè ðåàëèçîâàíû êîíñîëü-
íûå ïðèëîæåíèÿ íà ÿçûêå C#, ïðèíèìàþùèå íà âõîä òåêñòîâûé
ôàéë â ôîðìàòå ëîãà (îïèñàííîãî â ïðåäûäóùåì ðàçäåëå). Âûõî-
äîì ïðîãðàìì ÿâëÿþòñÿ òåêñòîâûå ôàéëû, ñîäåðæàùèå îöåíêè ðå-
ëåâàíòíîñòè äëÿ òðîåê (çàïðîñ, ðåãèîí, äîêóìåíò), âñòðåòèâøèõñÿ
âî âõîäíîì ôàéëå. Âñå ðåàëèçàöèè ñëåäóþò áàéåñîâñêîìó ïîäõîäó
äëÿ îöåíêè ïàðàìåòðîâ, èõ îáùèé àëãîðèòì ïðåäñòàâëåí äàëåå.

• Âõîä: òåêñòîâûé ôàéë íåîáõîäèìîãî ôîðìàòà ñ ïîèñêîâûìè
ñåññèÿìè.

• Âûõîä: îöåíêè ïàðàìåòðîâ ðåëåâàíòíîñòè äëÿ âñòðåòèâøèõñÿ
äîêóìåíòîâ.

• Èñïîëüçóåìûå ñòðóêòóðû: êîíòåéíåð B (õåø-òàáëèöà).

• Äëÿ âñåõ ñåññèé âî âõîäíîì ôàéëå:

� ïîëó÷èòü èç êîíòåéíåðà B àïîñòåðèîðíûå ðàñïðåäåëåíèÿ
ïàðàìåòðîâ äëÿ âñåõ òðîåê (çàïðîñ, ðåãèîí, äîêóìåíò) â
òåêóùåé ñåññèè. Åñëè êàêèå-òî èç íèõ åù¼ íå ñîäåðæàòñÿ
â í¼ì, èíèöèàëèçèðîâàòü èõ ðàâíîìåðíûìè ðàñïðåäåëå-
íèÿìè;

� ïîëó÷èòü íàáëþäàåìûå çíà÷åíèÿ êëèêîâ äëÿ òåêóùåé
ñåññèè;

� íà îñíîâå íàáëþäàåìûõ çíà÷åíèé è àïðèîðíûõ ðàñïðå-
äåëåíèé ïîëó÷èòü àïîñòåðèîðíûå ðàñïðåäåëåíèÿ ïàðà-
ìåòðîâ ðåëåâàíòíîñòè äëÿ äîêóìåíòîâ òåêóùåé ñåññèè ñ
ïîìîùüþ àëãîðèòìà Expectation Propagation;

� îáíîâèòü àïîñòåðèîðíûå ðàñïðåäåëåíèÿ â êîíòåéíåðå íî-
âûìè çíà÷åíèÿìè.

• Âåðíóòü ñîäåðæèìîå êîíòåéíåðà B � àïîñòåðèîðíûå îöåíêè
äëÿ âñåõ òðîåê (çàïðîñ, ðåãèîí, äîêóìåíò).
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4.3. Ðåçóëüòàòû. Ìåðîé êà÷åñòâà ðàíæèðîâàíèÿ â ðàìêàõ
êîíêóðñà [38] ÿâëÿëñÿ AUC (Area Under Curve) [17]. Ìû òàêæå èñ-
ïîëüçîâàëè ýòó ìåðó êà÷åñòâà, òàê êàê îíà èìååò ÿñíóþ èíòåðïðå-
òàöèþ è ïîçâîëÿåò ñðàâíèòü ñåáÿ ñ äðóãèìè ó÷àñòíèêàìè êîíêóðñà.
Â õîäå ïåðâîãî ÷èñëåííîãî ýêñïåðèìåíòà ìîäåëè CCM, DBN, TCM
è SCM ñðàâíèâàëèñü ïî ñðåäíåìó çíà÷åíèþ AUC ïðè ðàíæèðîâà-
íèè äîêóìåíòîâ íà îñíîâå ëèøü îöåíîê ðåëåâàíòíîñòè äîêóìåíòîâ;
ðåçóëüòàòû ïðèâåäåíû â òàáëèöå 2. Òåñòîâîå ìíîæåñòâî ñîñòîÿëî
èç 370 çàïðîñîâ, ïðèíàäëåæàùèõ ê îäíîìó ðåãèîíó, äëÿ êîòîðûõ
áûëè ïðåäîñòàâëåíû ýêñïåðòíûå îöåíêè (îäíàêî ÷èñëî îöåí¼ííûõ
äîêóìåíòîâ äëÿ êàæäîãî çàïðîñà áûëî ðàçëè÷íûì).

Äàëåå áûëî ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ ðàáîòû ìîäåëè
SCM ñ äðóãèìè ìîäåëÿìè â ðåæèìå ðåàëüíîé ðàáîòû: áûëè ïî-
ñ÷èòàíû äîïîëíèòåëüíûå ïðèçíàêè äëÿ ïàð (çàïðîñ, äîêóìåíò) íà
îñíîâå ëèøü òîé èíôîðìàöèè, êîòîðàÿ ñîäåðæàëàñü â ïðåäîñòàâ-
ëåííûõ äàííûõ. Ïðèìåðû ïðèçíàêîâ: ñðåäíÿÿ ïîçèöèÿ äîêóìåíòà
â âûäà÷å ïî çàïðîñó, ñðåäíåå âðåìÿ äî ïåðâîãî êëèêà äëÿ çàïðîñà,
îòíîøåíèå ÷èñëà ïîêàçîâ äîêóìåíòà ê ÷èñëó êëèêîâ è òîìó ïî-
äîáíîå, âñåãî 60 ïðèçíàêîâ. Çàòåì ïàðàìåòðû ðåëåâàíòíîñòè, ïî-
ëó÷åííûå ñ ïîìîùüþ ìîäåëåé ïîâåäåíèÿ ïîëüçîâàòåëÿ, îáúåäèíÿ-
ëèñü ñ ýòèìè ïðèçíàêàìè äëÿ ïîñòðîåíèÿ ðàíæèðóþùåé ôóíêöèè
íà îñíîâå ìåòîäà ãðàäèåíòíîãî áóñòèíãà ñ êâàäðàòè÷íîé ôóíêöèåé
ïîòåðü [12,14]. Ðåçóëüòàòû ïðèâåäåíû â òàáëèöå 3.

Òàáëèöà 2: Ðàíæèðîâàíèå íà îñíîâå îöåíîê ðåëåâàíòíîñòè

Ìîäåëü AUC

CCM 0,5466
DBN 0,5654
TCM 0,5987
SCM 0,6034

5. Çàêëþ÷åíèå.
Â ýòîé ðàáîòå ìû ïðåäñòàâèëè íîâóþ âåðîÿòíîñòíóþ ìîäåëü

ïîâåäåíèÿ ïîëüçîâàòåëÿ ñèñòåìû èíòåðíåò-ïîèñêà � ìîäåëü SCM
(session click model). Ìû ïîäðîáíî ðàññìîòðåëè âûâîä â ìîäåëè
SCM, îñíîâàííûé íà àëãîðèòìå Expectation Propagation, è ïðè-
âåëè ðåçóëüòàòû ýêñïåðèìåíòîâ, äåìîíñòðèðóþùèå íà äîñòàòî÷íî
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Òàáëèöà 3: Ðàíæèðîâàíèå ñî ñòàòè÷åñêèìè ïðèçíàêàìè

Ìîäåëü AUC

Ðàíæèðîâàíèå ßíäåêñà 0,6119
CCM 0,6239
DBN 0,6252
TCM 0,6271
SCM 0,6296
Âñå ìîäåëè è ïðèçíàêè âìåñòå 0,6315

ðåïðåçåíòàòèâíîì íàáîðå äàííûõ, ÷òî SCM óëó÷øàåò ðàíåå èçâåñò-
íûå ìîäåëè. Â äàëüíåéøåì ìû ïëàíèðóåì ïðîäîëæàòü ðàáîòó íàä
ðàçðàáîòêîé ìîäåëåé ïîâåäåíèÿ ïîëüçîâàòåëåé, à òàêæå ïîïðîáî-
âàòü äðóãèå ïîäõîäû ê çàäà÷å ðàíæèðîâàíèÿ ðåçóëüòàòîâ ïîèñêà.
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Íèêîëåíêî Ñ.È., Ôèøêîâ À.À. SCM: íîâàÿ âåðîÿòíîñòíàÿ ìîäåëü ïîâå-

äåíèÿ ïîëüçîâàòåëåé èíòåðíåò-ïîèñêà.

Äëÿ ðåøåíèÿ çàäà÷è ðàíæèðîâàíèÿ, à òàêæå äëÿ îöåíêè êà÷åñòâà
ïîèñêà èñïîëüçóþòñÿ ýêñïåðòíûå îöåíêè ðåëåâàíòíîñòè äîêóìåíòà çà-
ïðîñó. Íà îñíîâå èíôîðìàöèè î ñîäåðæèìîì äîêóìåíòà, òåêñòå çàïðîñà
è äðóãèõ ïðèçíàêàõ ýòîé ïàðû ðàíæèðóþùàÿ ôóíêöèÿ ñòðîèòñÿ ñ ïî-
ìîùüþ ìåòîäîâ ìàøèííîãî îáó÷åíèÿ, íàïðèìåð áóñòèíãà. Ìîäåëè ïîâå-
äåíèÿ ïîëüçîâàòåëåé � îäíî èç îñíîâíûõ íàïðàâëåíèé èññëåäîâàíèé â
îáëàñòè óëó÷øåíèÿ èíòåðíåò-ïîèñêà, ïðèçâàííûõ ïîðîæäàòü òàêèå ïðè-
çíàêè; òàêèå ìîäåëè îáû÷íî îñíîâàíû íà ãðàôè÷åñêèõ âåðîÿòíîñòíûõ
ìîäåëÿõ è îáó÷àþòñÿ èç ëîãîâ ïîëüçîâàòåëüñêèõ äåéñòâèé (click logs).

Â íàñòîÿùåé ðàáîòå ìû ïðåäëàãàåì ìîäåëü ïîâåäåíèÿ ïîëüçîâàòå-
ëÿ, ó÷èòûâàþùóþ ìíîãîêðàòíûå çàïðîñû ïîëüçîâàòåëÿ ê ïîèñêîâîé ñè-
ñòåìå. Ìîäåëü ïîëó÷èëà íàçâàíèå SCM (session click model) è ÿâëÿåòñÿ
âàðèàíòîì ìîäåëè TCM (task-centric click model), â êîòîðîì âûâîä â
ìîäåëè ñóùåñòâåííî óïðîùàåòñÿ è óñêîðÿåòñÿ. Âûâîä â ìîäåëè ïðîèç-
âîäèòñÿ ïðè ïîìîùè îäíîãî èç àëãîðèòìîâ ïðèáëèæ¼ííîãî âûâîäà, èñ-
ïîëüçóþùåãî ïðèáëèæåíèå ôóíêöèé â ñîîáùåíèÿõ, à èìåííî àëãîðèòìà
Expectation Propagation. Ýòîò àëãîðèòì â îáùåì ñëó÷àå ðåøàåò çàäà÷ó
ïîèñêà â ýêñïîíåíöèàëüíîì ñåìåéñòâå ðàñïðåäåëåíèé òàêîãî ðàñïðåäå-
ëåíèÿ, êîòîðîå ìèíèìèçèðóåò ÊË-äèâåðãåíöèþ (ðàññòîÿíèå Êóëüáàêà-
Ëåéáëåðà) ñ ôèêñèðîâàííûì ðàñïðåäåëåíèåì. Â ðàáîòå ïîäðîáíî ïîêà-
çàí âûâîä êîíêðåòíûõ ñîîáùåíèé â àëãîðèòìå ïåðåäà÷è ñîîáùåíèé ïî
ìåòîäó Expectation Propagation.

Â ðàìêàõ ïðàêòè÷åñêîé ÷àñòè ðàáîòû áûëè ðåàëèçîâàíû ìîäåëè
DBN, TCM è SCM ñ èñïîëüçîâàíèåì àëãîðèòìà Expectation Propagation
äëÿ áàéåñîâñêîãî îöåíèâàíèÿ ïàðàìåòðîâ. Äàëåå ïîëó÷åííûå ñ èõ ïîìî-
ùüþ îöåíêè ðåëåâàíòíîñòè äîêóìåíòîâ èñïîëüçîâàëèñü äëÿ ðàíæèðî-
âàíèÿ äîêóìåíòîâ íåñêîëüêèìè ñïîñîáàìè: â ïåðâîì ñëó÷àå äîêóìåíòû
ñîðòèðîâàëèñü ïî îöåíêå èõ ðåëåâàíòíîñòè äëÿ êàæäîé ìîäåëè, à çà-
òåì îöåíêè ðåëåâàíòíîñòè êàæäîé èç ìîäåëåé èñïîëüçîâàëèñü ñîâìåñòíî
ñ äðóãèìè ïðèçíàêàìè äîêóìåíòà è çàïðîñà äëÿ ïîñòðîåíèÿ ðàíæèðó-
þùåé ôóíêöèè ñ ïîìîùüþ ìåòîäîâ ìàøèííîãî îáó÷åíèÿ. Îöåíêè ðå-
ëåâàíòíîñòè, ïîëó÷åííûå ñ ïîìîùüþ ýòèõ ìîäåëåé, òåñòèðîâàëèñü íà
àíîíèìèçèðîâàííûõ äàííûõ, îïóáëèêîâàííûõ êîìïàíèåé ¾ßíäåêñ¿. Ðå-
çóëüòàòû ýêñïåðèìåíòîâ äåìîíñòðèðóþò íà äîñòàòî÷íî ðåïðåçåíòàòèâ-
íîì íàáîðå äàííûõ, ÷òî SCM íå òîëüêî óñêîðÿåò âûâîä, íî è óëó÷øàåò
ðàíåå èçâåñòíûå ìîäåëè.
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SUMMARY

Nikolenko S.I., Fishkov A.A. SCM: a new user behaviour model for web
search.

In order to solve the ranking problem and to estimate search quality,
search engines employ expert estimates of a document’s relevance to a query.
Based on the information about the document’s contents, query text, and
other features of this pair, the ranking function is constructed with such
machine learning technique as boosting. User behaviour models constitute
a major direction of study in web search research; they aim to provide
informative features for the ranking function; such models are usually based
on probabilistic graphical models and are learned from click logs.

In the present work, we propose a new user behaviour model that takes
into account multiple user queries to the search engine. The model is called
SCM (session click model), and it is a modification of the TCM model
(task-centric click model) in which the inference is significantly simplified
and therefore speeded up. Inference in this model is done with an approxi-
mate Bayesian inference algorithm that approximates functions in messages,
namely the Expectation Propagation algorithm. This algorithm in the gen-
eral case solves the problem of finding a distribution from the exponen-
tial family that minimizes KL-divergence (Kullback–Leibler distance) with
a given distribution. In this work, we show detailed derivations of specific
messages in the message passing algorithm based on the Expectation Prop-
agation approach.

For the experimental part of this work, we have implemented DBN,
TCM, and SCM models with Expectation Propagation for Bayesian pa-
rameter estimation. Further, document relevance estimates found with
these models were used to rank documents in two settings: first, docu-
ments were sorted by their relevance estimate provided by each model, and
then relevance estimates from these models were used, in a more practice-
oriented setting, together with other document and query features to con-
struct an actual ranking function with corresponding machine learning tech-
niques. Relevance estimates found with these models were tested on an
anonymized dataset published by the Yandex search engine. Experimental
results demonstrate, on a sufficiently representative dataset, that SCM not
only speeds up inference but actually improves the previously known models.
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