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Îïðåäåëåíèÿ è îáîçíà÷åíèÿ

U � ìíîæåñòâî êëèåíòîâ (ñóáúåêòîâ/ïîëüçîâàòåëåé � users)
I � ìíîæåñòâî îáúåêòîâ (òîâàðîâ/ïðåäìåòîâ � items)

Òèïû èñõîäíûõ äàííûõ:

D = (ut , it , yt)
T
t=1 ∈ U × I × Y � òðàíçàêöèîííûå äàííûå,

Y � ïðîñòðàíñòâî îïèñàíèé òðàíçàêöèé

R =
(
rui

)
U×I � ìàòðèöà îòíîøåíèé (èëè êðîññ-òàáóëÿöèè)

rui = aggr
{
(ut , it , yt) ∈ D

∣∣ ut = u, it = i
}

rui ∈ {0, 1} � áèíàðíûå äàííûå

rui ∈ {1, 2, . . . ,M} � ðåéòèíãè (ïîðÿäêîâûå èëè öåëûå)

Çàäà÷è â ðåêîìåíäàòåëüíûõ ñèñòåìàõ:

çàïîëíåíèå ïðîïóñêîâ (missing values) â ÿ÷åéêàõ rui

ðàíæèðîâàíèå ñïèñêà top-n ðåêîìåíäàöèé äëÿ u èëè äëÿ i
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Ïðèìåð 1. Ðåêîìåíäàòåëüíûå ñèñòåìû äëÿ e-commerce

U � êëèåíòû èíòåðíåò-ìàãàçèíà
I � òîâàðû (êíèãè, âèäåî, ìóçûêà, êóðñû, ìåðîïðèÿòèÿ è ò.ï.)
rui = [ êëèåíò u ïîñìîòðåë/çàêàçàë/êóïèë òîâàð i ]

Çàäà÷è ïåðñîíàëèçàöèè ïðåäëîæåíèé:

çàïîëíåíèå ïðîïóñêîâ â ÿ÷åéêàõ rui
ðàíæèðîâàíèå ñïèñêà top-n ðåêîìåíäàöèé äëÿ êëèåíòà u

ïîèñê êîëëàáîðàöèé (collaborative �ltering)

òàðãåòèðîâàíèå ïðåäëîæåíèé (cross-selling, up-selling)

Rui Chen et al. A survey of collaborative �ltering-based recommender systems: from
traditional methods to hybrid methods based on social networks. 2018.
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Ïðèìåð 2. Ðåêîìåíäàòåëüíàÿ ñèñòåìà äëÿ web-ñòðàíèö

U � ïîëüçîâàòåëè Èíòåðíåò
I � òåêñòîâûå äîêóìåíòû (ñàéòû/ñòðàíèöû/íîâîñòè è ò.ï.)
W � ñëîâàðü ñëîâ (òîêåíîâ/òåðìîâ), îáðàçóþùèõ äîêóìåíòû

rui = [ ïîëüçîâàòåëü u ïîñåòèë/ëàéêíóë äîêóìåíò i ]
niw = ÷àñòîòà ñëîâà w â äîêóìåíòå i

Web Content Mining � àíàëèç äàííûõ î êîíòåíòå (niw )
Web Usage Mining � àíàëèç äàííûõ îá èñïîëüçîâàíèè (rui )

Îñíîâíàÿ ãèïîòåçà WUM: äåéñòâèÿ ïîëüçîâàòåëÿ
õàðàêòåðèçóþò åãî èíòåðåñû, âîçìîæíîñòè, ïðèâû÷êè, âêóñû

Çàäà÷è ïåðñîíàëèçàöèè: íàéòè ðåëåâàíòíûå äîêóìåíòû i
äëÿ ïîëüçîâàòåëÿ, äîêóìåíòà èëè ïîäáîðêè äîêóìåíòîâ

Ïðèìåðû: Net�ix, YouTube, RuTube, Spotify, ß.Ìóçûêà, ß.Ðàäèî,
Äçåí, ÌèðÒåñåí, ÂÊîíòàêòå, LitRes, Avito, Booking, GitHub,...
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Ïðèìåð 3. Ðåêîìåíäàòåëüíàÿ ñèñòåìà íà îñíîâå ðåéòèíãîâ

U � êëèåíòû èíòåðíåò-ìàãàçèíà
I � òîâàðû (êíèãè, âèäåî, ìóçûêà, êóðñû, ìåðîïðèÿòèÿ è ò.ï.)
rui = ðåéòèíã, êîòîðûé êëèåíò u ïîñòàâèë òîâàðó i

Ïðèìåð: êîíêóðñ Net�ix [www.net�ixprize.com]

2 îêòÿáðÿ 2006 � 21 ñåíòÿáðÿ 2009; ãëàâíûé ïðèç � $106

|U| = 480 189 ôèëüìîâ, |I | = 17 770 êëèåíòîâ

108 ðåéòèíãîâ ôèëüìîâ ïî øêàëå {1, 2, 3, 4, 5}
òî÷íîñòü ïðîãíîçîâ îöåíèâàëàñü ïî òåñòîâîé âûáîðêå D ′

RMSE2 =
1

|D ′|
∑

(u,i)∈D′

(
rui − r̂ui

)2
çàäà÷à: óìåíüøèòü RMSE c 0.9514 äî 0.8563 (íà 10%)

Y.Koren. The BellKor solution to the Net�ix Grand Prize. August 2009.
A.T�oscher, M.Jahrer. The BigChaos solution to the Net�ix Grand Prize. 2009.
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Îñíîâíûå ïîäõîäû â êîëëàáîðàòèâíîé ôèëüòðàöèè (CF)

Ïî èñïîëüçóåìîé ìàòåìàòè÷åñêîé òåõíèêå:

êîððåëÿöèîííûå ìîäåëè (Memory-Based CF):
êîððåëÿöèè ñòðîê/ñòîëáöîâ èñõîäíîé ìàòðèöû R

ëàòåíòíûå ñåìàíòè÷åñêèå ìîäåëè (Latent Model-Based CF):
âåêòîðíûå ïðåäñòàâëåíèÿ (ýìáåäèíãè) êëèåíòîâ è îáúåêòîâ

Ïî òèïàì èñïîëüçóåìûõ äàííûõ:

2D: òîëüêî ìàòðèöà R (â ÷àñòíîñòè, êîíêóðñ Net�ix)

3D: êîíòåêñòíî-çàâèñèìûå (context-aware, �eld-aware)

ó÷¼ò ñîäåðæèìîãî (content-aware, ãèáðèäíûå ìîäåëè)

ó÷¼ò ñâÿçåé äîâåðèÿ ìåæäó êëèåíòàìè (trust-aware)

ó÷¼ò âðåìåíè (time-aware)

F.Ricci, L.Rokach, B.Shapira. Recommender Systems Handbook. Springer. 2015.
https://shuaizhang.tech/posts/2019/08/blog-post-2
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Íåïàðàìåòðè÷åñêàÿ ðåãðåññèÿ äëÿ âîññòàíîâëåíèÿ ïðîïóñêîâ

Îöåíêà ðåéòèíãà ïî ñõîæèì êëèåíòàì (User-Based CF):

r̂ui = r̄u +

∑
v S(u, v)(rvi − r̄v )∑

v S(u, v)

v ∈ U(u) � êîëëàáîðàöèÿ, ìíîæåñòâî êëèåíòîâ, ñõîæèõ ñ u
r̄u � ñðåäíèé ðåéòèíã êëèåíòà u
S(u, v) � ôóíêöèÿ ñõîäñòâà ïàðû êëèåíòîâ (u, v)

Îöåíêà ðåéòèíãà ïî ñõîæèì îáúåêòàì (Item-Based CF):

r̂ui = r̄i +

∑
j S(i , j)(ruj − r̄j)∑

j S(i , j)

j ∈ I (i) � ìíîæåñòâî îáúåêòîâ, ñõîæèõ ñ i
r̄i � ñðåäíèé ðåéòèíã îáúåêòà i
S(i , j) � ôóíêöèè ñõîäñòâà ïàðû îáúåêòîâ (i , j)
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Ôóíêöèè ñõîäñòâà äëÿ ðåéòèíãîâûõ äàííûõ

I (u) � ìíîæåñòâî îáúåêòîâ, êîòîðûå êëèåíò u îòðåéòèíãîâàë
I (u, v) � ìíîæåñòâî îáúåêòîâ, êîòîðûå îòðåéòèíãîâàëè u è v

Êîððåëÿöèÿ Ïèðñîíà:

S(u, v) =

∑
i∈I (u,v)(rui − r̄u)(rvi − r̄v )√∑

i∈I (u,v)(rui − r̄u)2
√∑

i∈I (u,v)(rvi − r̄v )2

Êîñèíóñíàÿ ìåðà ñõîäñòâà:

S(u, v) =

∑
i∈I (u,v) rui rvi√∑

i∈I (u) r
2
ui

√∑
i∈I (v) r

2
vi

,

ãäå íåÿâíî ïðåäïîëàãàåòñÿ, ÷òî rui = 0, åñëè i ̸= I (u)

Ôóíêöèÿ ñõîäñòâà S(i , j) ïàð îáúåêòîâ îïðåäåëÿåòñÿ àíàëîãè÷íî
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Ôóíêöèè ñõîäñòâà äëÿ áèíàðíûõ äàííûõ

×åì áîëüøå I (u) ∩ I (v), òåì áîëåå ñõîæè êëèåíòû u è v :

u: |I (u)| = m

I (u) ∩ I (v)

v : |I (v)| = n

Ìåðà áëèçîñòè Æàêêàðà (Jaccard similarity):

S(u, v) =
|I (u) ∩ I (v)|
|I (u) ∪ I (v)|

Òî÷íûé òåñò Ôèøåðà (Fisher's Exact Test, FET)
Âåðîÿòíîñòü ïåðåñå÷åíèÿ îöåíîê ïðè íóëåâîé ãèïîòåçå,
÷òî êëèåíòû u è v ñîâåðøàþò ñâîé âûáîð íåçàâèñèìî:

S(u, v) = − logP
{
|I (u) ∩ I (v)|= i

}
= − log

C i
mC

n−i
|I |−m

Cn
|I |
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Ðàçðåæåííàÿ ëèíåéíàÿ ìîäåëü (Sparse LInear Method, SLIM)

Äàíî: R = (rui )U×I � (ñèëüíî) ðàçðåæåííàÿ ìàòðèöà

Íàéòè: |I | ëèíåéíûõ ìîäåëåé ðåãðåññèè � Item-Based, âìåñòî
íåïàðàìåòðè÷åñêîé ðåãðåññèè ñ íåîáó÷àåìîé ôóíêöèåé S(i , j):

r̂ui =
∑
j∈I\i

rujwij = ⟨ru,wi ⟩, i ∈ I ;

r̂i
U×1

= R wi
U×I×1

, i ∈ I � â ìàòðè÷íîé çàïèñè

Êðèòåðèé: ìåòîä íàèìåíüøèõ êâàäðàòîâ ñ ðåãóëÿðèçàòîðàìè
L2 è L1, c îãðàíè÷åíèåì íåîòðèöàòåëüíîñòè êîýôôèöèåíòîâ
è óñëîâèåì, ÷òî îáúåêò íå äîëæåí îöåíèâàòüñÿ ïî ñàìîìó ñåáå:

1
2∥ri − Rwi∥2 + β

2 ∥wi∥22 + λ∥wi∥1 → min
wi

wi ⩾ 0, wii = 0

Xia Ning, George Karypis. SLIM: sparse linear methods for top-N recommender
systems. 2011.
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Ïðåèìóùåñòâà SLIM (Sparse LInear Method)

Ýòî ñòàíäàðòíàÿ çàäà÷à ëèíåéíîé ðåãðåññèè (ElasticNet)

Ðåøåíèå ðàñïàðàëëåëèâàåòñÿ ïî ñòîëáöàì ri , i ∈ I

L1-ðåãóëÿðèçàöèÿ äåëàåò ðåøåíèå ðàçðåæåííûì

Äîïîëíèòåëüíûé îòáîð ïðèçíàêîâ ïî êîñèíóñíîé ìåðå:
äëÿ êàæäîãî i áåð¼ì 10 ïðèçíàêîâ j ñ íàèáîëüøèìè S(i , j)

Óñïåøíûé ìåòîä ïî êà÷åñòâó ðàíæèðîâàíèÿ è ñêîðîñòè

Ïðèìåð: çàâèñèìîñòü LOOCV HitRate îò äëèíû ñïèñêà (íà äàííûõ Net�ix)

Xia Ning, George Karypis. SLIM: sparse linear methods for top-N recommender
systems. 2011.
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Ðåçþìå ïî Memory-Based ìåòîäàì

Ïðåèìóùåñòâà äëÿ áèçíåñ-ïðèëîæåíèé:

ëåãêî ïîíèìàòü è îáúÿñíÿòü:
¾òå, êòî êóïèë ýòó êíèãó, òàêæå ïîêóïàëè...¿ [Amazon.com]

ëåãêî ðåàëèçîâàòü

ìåòîä SLIM � ïðîñòîé è äî ñèõ ïîð îäèí èç ëó÷øèõ

Íåäîñòàòêè:

òðåáóåòñÿ õðàíåíèå îãðîìíîé ðàçðåæåííîé ìàòðèöû R

ïðîáëåìà ¾õîëîäíîãî ñòàðòà¿
� íå ÿñíî, ÷òî ðåêîìåíäîâàòü íîâûì êëèåíòàì
� íå ÿñíî, êàê è êîìó ðåêîìåíäîâàòü íîâûå îáúåêòû

èíîãäà ðåêîìåíäàöèè òðèâèàëüíû
� ïðåäëàãàåòñÿ âñ¼ íàèáîëåå ïîïóëÿðíîå

Äàëåå: êàê ëàòåíòíûå ìîäåëè óñòðàíÿþò ýòè íåäîñòàòêè
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Íèçêîðàíãîâûå ìàòðè÷íûå ðàçëîæåíèÿ (matrix factorization)

Äàíî: R = (rui )U×I � (ñèëüíî) ðàçðåæåííàÿ ìàòðèöà

Íàéòè: T � ìíîæåñòâî èíòåðåñîâ (òåì), |T | ≪ |U|, |I |
P =

(
put

)
U×T ñòðîêà pu � âåêòîð èíòåðåñîâ êëèåíòà u

Q =
(
qit

)
I×T ñòðîêà qi � âåêòîð èíòåðåñîâ îáúåêòà i

r̂ui =
∑
t∈T

putqit = ⟨pu, qi ⟩ � ìîäåëü ëàòåíòíûõ èíòåðåñîâ,

R̂ = PQT â ìàòðè÷íîé çàïèñè

p(i |u)︸ ︷︷ ︸
rui

=
∑
t∈T

q(i |t)︸ ︷︷ ︸
qit

p(t|u)︸ ︷︷ ︸
put

� âåðîÿòíîñòíàÿ èíòåðïðåòàöèÿ

Êðèòåðèé: ∥R − PQT∥ → min
P,Q

Ìåòîäû ðåøåíèÿ:

ñèíãóëÿðíîå ðàçëîæåíèå (singular value decomposition, SVD)
íåîòðèöàòåëüíîå ìàòðè÷íîå ðàçëîæåíèå (NNMF): put , qit ⩾ 0
ñòîõàñòè÷åñêîå ìàòðè÷íîå ðàçëîæåíèå (Topic Modeling)
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Ñèíãóëÿðíîå ðàçëîæåíèå (singular value decomposition, SVD)

Êðèòåðèé íàèìåíüøèõ êâàäðàòîâ: ∥R − PQT∥2 → min
P,Q

Ñèíãóëÿðíîå ðàçëîæåíèå: R̂ = V
√
D︸ ︷︷ ︸

P

√
DUT︸ ︷︷ ︸
QT

, UTU = I , V TV = I

Äîñòîèíñòâà:

ìîæíî ïðèìåíÿòü ãîòîâûå áèáëèîòåêè ëèíåéíîé àëãåáðû

õîðîøåå ðàíæèðîâàíèå ïðåäëîæåíèé íà íåêîòîðûõ äàííûõ

Íåäîñòàòêè:

åñëè rui íå èçâåñòíî, òî ïîëàãàåì rui = 0
(íåÿâíî ñ÷èòàåì, ÷òî åñëè êëèåíò u íèêîãäà íå âûáèðàë
îáúåêò i , òî îí åìó, ñêîðåå âñåãî, íå èíòåðåñåí)

îðòîãîíàëüíîñòü (ñîáñòâåííûõ) âåêòîðîâ pt , qt
íåèíòåðïðåòèðóåìîñòü êîìïîíåíò âåêòîðîâ pu, qi

Cremonesi P., Koren Y., Turrin R. Performance of recommender algorithms on top-n
recommendation tasks. RecSys 2010.
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Ìåòîä ÷åðåäóþùèõñÿ íàèìåíüøèõ êâàäðàòîâ (ALS)

Êðèòåðèé íàèìåíüøèõ êâàäðàòîâ ñ ðåãóëÿðèçàöèåé:

∆(P,Q) = ∥R − PQT∥2 + λ∥P∥2 + µ∥Q∥2 → min
P,Q

Ìåòîä ÷åðåäîâàíèÿ ALS (Alternating Least Squares):

1

2

∂∆

∂P
= (PQT − R)Q + λP = 0 ⇒ P = RQ(QTQ + λI )−1

1

2

∂∆

∂Q
= PT(PQT − R) + µQ = 0 ⇒ Q = RTP(PTP + µI )−1

Çàäà÷à ðàñïàäàåòñÿ íà íåçàâèñèìûå ëèíåéíûå ðåãðåññèè
(âû÷èñëåíèÿ ëåãêî ðàñïàðàëëåëèâàþòñÿ):

pu = (QTQ + λI )−1QTru

qi = (PTP + µI )−1PTri
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Ìîäåëü ëàòåíòíûõ ôàêòîðîâ (LFM, Latent Factor Model)

Êðèòåðèé íàèìåíüøèõ êâàäðàòîâ äëÿ ðàçðåæåííûõ äàííûõ:∑
(u,i)∈D

(
rui − r̄u − r̄i −

∑
t∈T

putqit︸ ︷︷ ︸
εui

)2
→ min

P,Q

Ìåòîä ñòîõàñòè÷åñêîãî ãðàäèåíòà:
ïåðåáèðàåì âñå (u, i) ∈ D ìíîãîêðàòíî â ñëó÷àéíîì ïîðÿäêå
è äåëàåì êàæäûé ðàç ãðàäèåíòíûé øàã äëÿ çàäà÷è ε2ui → min

pu ,qi
:

put := put + ηεuiqit , t ∈ T

qit := qit + ηεuiput , t ∈ T

Ìîæíî òàêæå îáó÷àòü r̄u (u ∈ U) è r̄i (i ∈ I ) êàê ïàðàìåòðû

Tac�aks G., Pil�aszy I., N�emeth B., Tikk D. Scalable collaborative �ltering approaches
for large recommendation systems // JMLR, 2009, No. 10, Pp. 623�656.
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Ìîäåëü ëàòåíòíûõ ôàêòîðîâ (LFM, Latent Factor Model)

Ïðåèìóùåñòâà ìåòîäà ñòîõàñòè÷åñêîãî ãðàäèåíòà:

ëåãêî ââîäèòñÿ ðåãóëÿðèçàöèÿ:
ε2ui + λ∥pu∥2 + µ∥qi∥2 → min

pu ,qi

ëåãêî ââîäÿòñÿ îãðàíè÷åíèÿ íåîòðèöàòåëüíîñòè:
put ⩾ 0, qit ⩾ 0 (ìåòîä ïðîåêöèè ãðàäèåíòà)

ëåãêî ââîäèòñÿ îáîáùåíèå äëÿ ðàíãîâûõ äàííûõ:∑
(u,i)∈D

(
rui − µ

(
r̄u + r̄i +

∑
t∈T

putqit

))2
→ min

P,Q,µ
,

ãäå µ � ãëàäêàÿ ìîíîòîííàÿ ôóíêöèÿ c M ïàðàìåòðàìè,
ïðåîáðàçóþùàÿ îöåíêè r̂ui â øêàëó ðåéòèíãîâ {1, . . . ,M}
ëåãêî ðåàëèçóþòñÿ âñå âèäû èíêðåìåíòíîñòè � äîáàâëåíèå
åù¼ îäíîãî: êëèåíòà u / îáúåêòà i / çíà÷åíèÿ rui

âûñîêàÿ ÷èñëåííàÿ ýôôåêòèâíîñòü íà áîëüøèõ äàííûõ
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Çàäà÷à NNMF (Non-Negative Matrix Factorization)

Êðèòåðèé ÍÊ äëÿ íåîòðèöàòåëüíîãî ìàòðè÷íîãî ðàçëîæåíèÿ:

∆ =
∥∥R −

∑
t∈T

ptq
T
t

∥∥2 = ∥∥Rt − ptq
T
t

∥∥2 → min
{pt⩾0, qt⩾0}

Ñíîâà ìåòîä ÷åðåäóþùèõñÿ íàèìåíüøèõ êâàäðàòîâ (ALS),
íî òåïåðü íàõîäèì ïîî÷åð¼äíî òî ñòîëáöû pt , òî ñòîëáöû qt
ïðè ôèêñèðîâàííûõ îñòàëüíûõ: Rt = R −

∑
s∈T\t

psq
T
s .

∂∆

∂pt
= 0 ⇒ (ptq

T
t − Rt)qt = 0 ⇒ pt =

(
Rtqt
qT
t qt

)
+

∂∆

∂qt
= 0 ⇒ pT

t (ptq
T
t − Rt) = 0 ⇒ qt =

(
RT
t pt

pT
t pt

)
+

(ïîëîæèòåëüíàÿ ñðåçêà � èç óñëîâèé Êàðóøà�Êóíà�Òàêêåðà)

A.Cichocki, R.Zdunek, S.Amari. Hierarchical ALS algorithms for nonnegative matrix
and 3D tensor factorization. 2007
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Ìóëüòèïëèêàòèâíûé àëãîðèòì NNMF

Êðèòåðèé ÍÊ äëÿ íåîòðèöàòåëüíîãî ìàòðè÷íîãî ðàçëîæåíèÿ:∥∥R − PQT
∥∥2 → min

P,Q
, P ⩾ 0, Q ⩾ 0

Èç óñëîâèé Êàðóøà�Êóíà�Òàêêåðà ïîëó÷àåì ñèñòåìó óðàâíåíèé,
óäîáíóþ äëÿ ïðèìåíåíèÿ ìåòîäà ïðîñòûõ èòåðàöèé:

put := put
(RQ)ut

(PQTQ)ut
qit := qit

(RTP)it
(QPTP)it

Óäîáíàÿ ìàòðè÷íàÿ çàïèñü, ãäå ⊗ è ⊘ îáîçíà÷àþò
ïîêîìïîíåíòíîå (àäàìàðîâî) óìíîæåíèå è äåëåíèå ìàòðèö:

P := P ⊗ (RQ)⊘ (PQTQ)

Q := Q ⊗ (RTP)⊘ (QPTP)

Andrzej Cichocki et al. Nonnegative matrix and tensor factorizations. 2009.
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Âåðîÿòíîñòíûé ëàòåíòíûé ñåìàíòè÷åñêèé àíàëèç (PLSA)

Òåìàòè÷åñêèå ìîäåëè â CF: äîêóìåíò↔ êëèåíò, ñëîâî↔ îáúåêò
Êðèòåðèé ìàêñèìóìà ïðàâäîïîäîáèÿ äëÿ ìîäåëè PLSA:∑

(u,i)∈D

rui ln
∑
t∈T

qitput → max
P,Q

, qit = p(i |t), put = p(t|u)

EM-àëãîðèòì (ðåçóëüòàò E-øàãà p(t|u, i) âñòðîåí â Ì-øàã):

put := norm
t∈T

(∑
i∈I

rui
qitput

(PQT)ui

)
qit := norm

i∈I

(∑
u∈U

rui
qitput

(PQT)ui

)
Óäîáíàÿ äëÿ ðåàëèçàöèè ìàòðè÷íàÿ çàïèñü,
ãäå r-norm � íîðìèðîâêà ïî ñòðîêàì, c-norm � ïî ñòîëáöàì:

P := r-norm
(
P ⊗ (R ⊘ PQT)Q

)
Q := c-norm

(
Q ⊗ (RT ⊘ QPT)P

)
M.Shashanka et al. Probabilistic latent variable models as nonnegative factorizations. 2008.

Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) ÏÌÌÎ: êîëëàáîðàòèâíàÿ ôèëüòðàöèÿ 21 / 34



Ïîñòàíîâêà çàäà÷è è ïðèëîæåíèÿ
Ó÷¼ò äîïîëíèòåëüíîé èíôîðìàöèè
Îöåíèâàíèå êà÷åñòâà ðåêîìåíäàöèé

Ïîñòàíîâêà çàäà÷è
Êîððåëÿöèîííûå ìîäåëè
Ëàòåíòíûå ñåìàíòè÷åñêèå ìîäåëè

Ìîäåëü ñ ó÷¼òîì íåÿâíîé èíôîðìàöèè (implicit feedback)

ßâíûå (explicit) ïðåäïî÷òåíèÿ rui , áîëåå êà÷åñòâåííûå äàííûå:

ïîêóïêè òîâàðîâ â èíòåðíåò-ìàãàçèíå

îöåíêè, ðåéòèíãè, ëàéêè/äèçëàéêè

Íåÿâíûå (implicit) ïðåäïî÷òåíèÿ sui , áîëüøîé îáú¼ì äàííûõ:

ïîñåùåíèå ñòðàíèöû òîâàðà

ïðîñìîòð (êàêîé-òî ÷àñòè) ôèëüìà

Êðèòåðèé: ïðåäñêàçûâàåì sui ñ âåñîì cui = 1+ αrui :∑
(u,i)∈D

cui

(
sui−s̄u−s̄i−

∑
t∈T

putqit

)2
+λ

∑
u∈U

∥pu∥2+µ
∑
i∈I

∥qi∥2 → min
P,Q

Ìîäåëü ñ íåÿâíûìè ïðåäïî÷òåíèÿìè ïîáåäèëà â Net�ix Prize.

Bell R.M., Koren Y., Volinsky C. The BellKor 2008 solution to the Net�ix Prize.
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Àâòîêîäèðîâùèêè äëÿ êîëëàáîðàòèâíîé ôèëüòðàöèè

f : X→Z � êîäèðîâùèê (encoder), êîäîâûé âåêòîð z= f (x , α)
g : Z→X � äåêîäèðîâùèê (decoder), ðåêîíñòðóêöèÿ x̂=g(z , β)

Ñóïåðïîçèöèÿ x̂ = g(f (x)) äîëæíà âîññòàíàâëèâàòü èñõîäíûå xi :

ℓ∑
i=1

(
g(f (xi , α), β)− xi

)2 → min
α,β

Äâà âàðèàíòà àâòîêîäèðîâùèêà, user-based è item-based:

uAE:
∑
u∈U

(
g(f (ru, α), β)− ru

)2
+ ρ(α, β) → min

α,β

iAE:
∑
i∈I

(
g(f (ri , α), β)− ri

)2
+ ρ(α, β) → min

α,β

ãäå ri � ñòîëáöû R, ru � ñòðîêè R , ρ(α, β) � ðåãóëÿðèçàòîð
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Ìàòðè÷íîå ðàçëîæåíèå êàê ëèíåéíûé àâòîêîäèðîâùèê

Ìàòðè÷íîå ðàçëîæåíèå (MF, matrix factorization)

∥R − PQT∥2 + λ∥P∥2 + µ∥Q∥2 → min
P,Q

ALS ñ L2-ðåãóëÿðèçàöèåé, áåç îãðàíè÷åíèé íåîòðèöàòåëüíîñòè:

P = RQ(QTQ + λI )−1 Q = RTP(PTP + µI )−1

Àâòîêîäèðîâùèê êëèåíòîâ ru
f→ pu

g→ r̂u (user-based AE):

uAE:

{
pu = f (ru,Q) = (QTQ + λI )−1QTru

r̂u = g(pu,Q) = Qpu

Àâòîêîäèðîâùèê îáúåêòîâ ri
f→ qi

g→ r̂i (item-based AE):

iAE: qi = f (ri ,P) = (PTP + µI )−1PTri

r̂i = g(qi ,P) = Pqi

MF = ìàòðèöà ïàðàìåòðîâ × ìàòðèöà êîäîâûõ âåêòîðîâ
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Íåéðîñåòåâîé àâòîêîäèðîâùèê äëÿ CF

Äâà âàðèàíòà àâòîêîäèðîâùèêà, user/item-based:

uAE: r̂u = σ
(
W2 σ(W1ru + b1) + b2

)
iAE: r̂i = σ

(
W2 σ(W1ri + b1) + b2

) ri

qi

r̂i

f g

Øóìîïîäàâëÿþùèé àâòîêîäèðîâùèê (Denoising iAE):
íà âõîä r̂i (ri ,W ) ïîäàþòñÿ âåêòîðû r̃i ñ øóìîì, â êîòîðûõ
íåêîòîðûå êîîðäèíàòû îáíóëåíû, Bui = [r̃ui = 0 ̸= rui ]∑

(u,i)∈D

(
αBui + βB̄ui

)(
(r̂i (r̃i ,W ))u − rui

)2
+ λ∥W ∥2 → min

W

ãäå øòðàô çà îøèáêè ðåêîíñòðóêöèè: α ñ øóìîì, β áåç øóìà

â ýêñïåðèìåíòàõ îïòèìàëüíûìè îêàçàëèñü α = 1, β = 0.65

iAE ðàáîòàåò íåìíîãî ëó÷øå, ÷åì uAE

F.Strub et al. Hybrid recommender system based on autoencoders. 2017.
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Äîïîëíèòåëüíûå äàííûå â MF è àâòîêîäèðîâùèêàõ

xu ∈ Rn � âåêòîð ïðèçíàêîâ êëèåíòà u ∈ U
yi ∈ Rm � âåêòîð ïðèçíàêîâ îáúåêòà i ∈ I
Ïðåäñêàçàòåëüíàÿ ìîäåëü ñ ïàðàìåòðàìè pu, p

′
u, qi , q

′
i :

r̂ui = ⟨pu, qi ⟩+ ⟨xu, q′i ⟩+ ⟨p′u, yi ⟩

Ìàòðè÷íîå ðàçëîæåíèå: ∥PQT + XQ ′T + P ′Y T − R∥2 → min
P,Q,P′,Q′

Íåéðîñåòåâûå àâòîêîäèðîâùèêè ñ äîïîëíèòåëüíûìè äàííûìè:

uAE: r̂u = σ
(
W2 σ(W1ru +W ′

1xu + b1) +W ′
1xu + b2

)
iAE: r̂i = σ

(
W2 σ(W1ri +W ′

1yi + b1) +W ′
2yi + b2

)
Íåäîñòàòîê: íåâîçìîæíî îäíîâðåìåííî ó÷èòûâàòü xu è yi

F.Strub et al. Hybrid recommender system based on autoencoders. 2017.
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Äîïîëíèòåëüíûå äàííûå â ëèíåéíîé ðåãðåññèîííîé ìîäåëè

xui = (xui1, . . . , xuin) � âåêòîð ïðèçíàêîâîãî îïèñàíèÿ (u, i)

Ïðèìåðû ïðèçíàêîâ:

äëÿ ôèëüìîâ: òåêñò îïèñàíèÿ, òåãè, àðòèñòû

äëÿ ìóçûêè: æàíð, èñïîëíèòåëü, òåãè

äëÿ ñîáûòèé: òåêñò îïèñàíèÿ, ãåîëîêàöèÿ, îòçûâû

óíèòàðíûé êîä (one-hot encoding) êëèåíòà u

óíèòàðíûé êîä (one-hot encoding) îáúåêòà i

Ëèíåéíàÿ ðåãðåññèîííàÿ ìîäåëü äëÿ rui :

r̂ui = w0 +
n∑

j=1

wjxuij .

Îíà íå îïèñûâàåò ñâÿçè ìåæäó êëèåíòàìè è îáúåêòàìè
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Äîïîëíèòåëüíûå äàííûå â êâàäðàòè÷íîé ðåãðåññèîííîé ìîäåëè

Äîáàâèì âçàèìîäåéñòâèÿ ìåæäó ïðèçíàêàìè:

r̂ui = w0 +
n∑

j=1

wjxuij +
n∑

j=1

n∑
k=1

wjkxuijxuik

Ïðåäñòàâèì âåñà wjk íèçêîðàíãîâûì ìàòðè÷íûì ðàçëîæåíèåì:

wjk = vT
j vk , vi ∈ R|T |

ðåãóëèðóåìîå ÷èñëî ïàðàìåòðîâ

åñëè íåò äîïîëíèòåëüíûõ ïðèçíàêîâ, òî ïîëó÷àåì LFM

íàñòðàèâàåòñÿ ñ ïîìîùüþ SGD èëè ALS

íàèáîëåå ìîùíûé èíñòðóìåíò � áèáëèîòåêà libFM

Ste�en Rendle. Factorization machines with libFM. 2012.
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Äîïîëíèòåëüíûå äàííûå, ïðåäñòàâèìûå â âèäå (ãèïåð)ãðàôà

A � ñëîâàðü àòðèáóòîâ êëèåíòîâ (ñîöäåì, ðåãèîí, õîááè...)
B � ñëîâàðü ñâîéñòâ îáúåêòîâ (ñëîâà â òåêñòîâûõ îáúåêòàõ)
C � êîíå÷íîå ìíîæåñòâî (ñëîâàðü) ñèòóàòèâíûõ êîíòåêñòîâ
T � êîíå÷íîå ìíîæåñòâî (ñëîâàðü) ìîìåíòîâ âðåìåíè

Âèäû òðàíçàêöèîííûõ äàííûõ:
rui � êëèåíò u âûáðàë îáúåêò i
nua � êëèåíò u èìååò àòðèáóò a
nib � îáúåêò i èìååò ñâîéñòâî b
nuv � êëèåíò u äîâåðÿåò êëèåíòó v
nuib � êëèåíò u îòìåòèë i òåãîì b
nuic � êëèåíò u âûáðàë îáúåêò i

â ñèòóàòèâíîì êîíòåêñòå c
nuicτ � êëèåíò u âûáðàë îáúåêò i

â êîíòåêñòå c â ìîìåíò âðåìåíè τ
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Ìóëüòèìîäàëüíàÿ ãèïåðãðàôîâàÿ òåìàòè÷åñêàÿ ìîäåëü

Îáùàÿ èäåÿ ãðàôîâûõ ýìáåäèíãîâ è òåìàòè÷åñêèõ ìîäåëåé:
íàáëþäàåìûå ð¼áðà ïîðîæäàþòñÿ ñõîæèìè âåêòîðàìè âåðøèí∑

u,i
rui ln

∑
t∈T

p(u|t) p(i |t) p(t)

+ λ1
∑
i ,b

nib ln
∑
t∈T

p(i |t) p(b|t) p(t)

+ λ2
∑
u,a

nua ln
∑
t∈T

p(u|t) p(a|t) p(t)

+ λ3
∑
u,i ,c

nuic ln
∑
t∈T

p(i |t) p(u|t) p(c |t) p(t)

+ λ4
∑

u,i ,c,t
nuicτ ln

∑
t∈T

p(i |t) p(u|t) p(c |t) p(τ |t) p(t) → max

Îáó÷åíèå âåêòîðîâ âèäà p(x |t), ýìáåäèíãè: p(t|x) = p(x |t) p(t)p(x)

Äëÿ âåðîÿòíîñòíûõ òåìàòè÷åñêèõ ýìáåäèíãîâ � ÅÌ-àëãîðèòì
Äëÿ îáû÷íûõ ýìáåäèíãîâ � ñòîõàñòè÷åñêèé ãðàäèåíò
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Êà÷åñòâî âîññòàíîâëåíèÿ ïðîïóñêîâ è ðàíæèðîâàíèÿ
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Èçìåðåíèå êà÷åñòâà ðåêîìåíäàöèé

RMSE � òî÷íîñòü ïðåäñêàçàíèÿ ðåéòèíãîâ (êàê â Net�ixPrize):

RMSE2 =
∑

(u,i)∈D

(
rui − r̂ui

)2
Òî÷íîñòü ïðåäñêàçàíèé íå ãàðàíòèðóåò õîðîøèõ ðåêîìåíäàöèé

Ru(k) ⊂ I � ïåðâûå k ðåêîìåíäàöèé äëÿ êëèåíòà u
Lu ⊂ I � èñòèííûå ïðåäïî÷òåíèÿ êëèåíòà u

Áîëåå àäåêâàòíûå ìåòðèêè êà÷åñòâà ðåêîìåíäàöèé:

precision@k = |Ru(k)∩Lu |
|Ru(k)| � òî÷íîñòü

recall@k = |Ru(k)∩Lu |
|Lu | � ïîëíîòà

ìåðû êà÷åñòâà ðàíæèðîâàíèÿ: MAP, NDCG è äð.

Guy Shani, Asela Gunawardana. Evaluating Recommendation Systems. 2017.
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Ìíîãîêðèòåðèàëüíîñòü â ðåêîìåíäàòåëüíûõ ñèñòåìàõ:

Ðàçíîîáðàçèå (diversity): ÷èñëî ðåêîìåíäàöèé èç ðàçíûõ
êàòåãîðèé èëè ñòåïåíü ðàçëè÷èÿ ðåêîìåíäàöèé ìåæäó
ñåññèÿìè êëèåíòà

Íîâèçíà (novelty): ñêîëüêî ñðåäè ðåêîìåíäàöèé îáúåêòîâ,
íîâûõ äëÿ äàííîãî êëèåíòà

Ïîêðûòèå (coverage): äîëÿ îáúåêòîâ, êîòîðûå õîòÿ áû ðàç
ïîáûâàëè ñðåäè ðåêîìåíäîâàííûõ

Äîãàäëèâîñòü (serendipity): ñïîñîáíîñòü óãàäûâàòü
íåîæèäàííûå íåòðèâèàëüíûå ïðåäïî÷òåíèÿ êëèåíòîâ

Ïðåäâçÿòîñòü (propensity): ïðîøëûå ðåêîìåíäàöèè âëèÿþò
íà âûáîð êëèåíòîâ, ñìåùàÿ ïîñëåäóþùèå ðåêîìåíäàöèè

Ìîæíî îïòèìèçèðîâàòü ëèíåéíóþ êîìáèíàöèþ êðèòåðèåâ,
ëèáî îïòèìèçèðîâàòü îäèí ïðè îãðàíè÷åíèÿõ íà îñòàëüíûå.
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Îôôëàéí- è îíëàéí- èçìåðåíèÿ êà÷åñòâà ðåêîìåíäàöèé

Òèïè÷íàÿ ñõåìà ýêñïåðèìåíòà:

ðàçáèâàåì âûáîðêó ñåññèé íà îáó÷åíèå è òåñò

îïòèìèçèðóåì îôôëàéí-ìåòðèêó êà÷åñòâà íà îáó÷åíèè

îöåíèâàåì êà÷åñòâî íà òåñòå è âûáèðàåì ìîäåëü

âíåäðÿåì ìîäåëü â ðåêîìåíäàòåëüíûé ñåðâèñ

ïðîâîäèì AB-òåñòèðîâàíèå, èçìåðÿåì îíëàéí-ìåòðèêó
(äåíüãè èëè ÷èñëî êëèêîâ)

Îíëàéí- è îôôëàéí-ìåòðèêè ìîãóò áûòü ñëàáî ñâÿçàíû:

â îôôëàéíå íå èçâåñòíî, ÷òî ïîëüçîâàòåëü ìîã áû êóïèòü

â îôôëàéíå íå èçâåñòíî, ÷òî îí êóïèë áû áåç ðåêîìåíäàöèé

Âûâîäû èç ýêñïåðèìåíòîâ: äëÿ óëó÷øåíèÿ îíëàéí-êà÷åñòâà
íóæíî îïòèìèçèðîâàòü ðàçíûå àñïåêòû êà÷åñòâà â îôôëàéíå.
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Ðåçþìå

Êîëëàáîðàòèâíàÿ ôèëüòðàöèÿ (Collaborative Filtering) � ýòî
íàáîð ìåòîäîâ äëÿ ïîñòðîåíèÿ ðåêîìåíäàòåëüíûõ ñèñòåì
(Recommender Systems)

Êîððåëÿöèîííûå ìîäåëè � ïðîñòûå, íî óñòàðåâøèå

Ëàòåíòíûå ìîäåëè íà îñíîâå ìàòðè÷íûõ ðàçëîæåíèé èëè
àâòîêîäèðîâùèêîâ îáëàäàþò ðÿäîì ïðåèìóùåñòâ:

ñîêðàùàåòñÿ îáú¼ì õðàíèìûõ äàííûõ

ïðèâëåêàþòñÿ âíåøíèå äàííûå äëÿ ¾õîëîäíîãî ñòàðòà¿

íåîòðèöàòåëüíûå è âåðîÿòíîñòíûå ýìáåäèíãè
èíòåðïðåòèðóþòñÿ êàê âåêòîðû ¾èíòåðåñîâ¿ èëè ¾òåì¿

ëåãêî äîáàâëÿþòñÿ ðåãóëÿðèçàòîðû äëÿ
ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè êà÷åñòâà ðåêîìåíäàöèé
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