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Ãðàôû

Ãðàô - ýòî ñòðóêòóðà äàííûõ, ñîñòîÿùàÿ èç äâóõ
êîìïîíåíòîâ: âåðøèí è ðåáåð. Ãðàô G îïèñûâàåòñÿ
íàáîðîì âåðøèí V è ðåáåð E , êîòîðûå îí ñîäåðæèò:
G = (V ,E ).

Ðåáðà ìîãóò áûòü êàê íàïðàâëåííûìè, òàê è
íåíàïðàâëåííûìè, â çàâèñèìîñòè îò òîãî, ñóùåñòâóþò
ëè íàïðàâëåííûå çàâèñèìîñòè ìåæäó âåðøèíàìè.

Âåðøèíû ÷àñòî íàçûâàþò óçëàìè.
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Êàðòèíêè êàê ãðàôû (1)

Zhiyuan Liu, Jie Zhou. Introduction to Graph Neural Networks.

DOI:10.2200/s00980ed1v01y202001aim045
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Êàðòèíêè êàê ãðàôû (2)

Îäèí èç ñïîñîáîâ ïðåäñòàâèòü èçîáðàæåíèÿ - ýòî
ãðàôû ñ ðåãóëÿðíîé ñòðóêòóðîé, ãäå êàæäûé ïèêñåëü
ïðåäñòàâëÿåò ñîáîé óçåë è ñîåäèíåí ðåáðîì ñ
ñîñåäíèìè ïèêñåëÿìè.

Êàæäûé íåãðàíè÷íûé ïèêñåëü èìååò 8 ñîñåäåé, è
èíôîðìàöèÿ, õðàíÿùàÿñÿ â êàæäîì óçëå,
ïðåäñòàâëÿåò ñîáîé òðåõìåðíûé âåêòîð çíà÷åíèè RGB
ïèêñåëÿ.

Ñïîñîá âèçóàëèçàöèè ñâÿçíîñòè ãðàôà - ìàòðèöà
ñìåæíîñòè.
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Êàðòèíêè êàê ãðàôû (3)

https://distill.pub/2021/gnn-intro/
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Êàðòèíêè êàê ãðàôû (4)

Óïîðÿäî÷èâàåì óçëû, â äàííîì ñëó÷àå êàæäûé èç 25
ïèêñåëåé â ïðîñòîì èçîáðàæåíèè ñìàéëèêà 5x5, è
çàïîëíÿåì ìàòðèöó nnodes × nnodes , åñëè äâà óçëà
èìåþò îáùåå ðåáðî. Êàæäîå èç ýòèõ òðåõ
ïðåäñòàâëåíèé åñòü ðàçíûå ïðåäñòàâëåíèÿ îäíîãî è
òîãî æå ôðàãìåíòà äàííûõ.
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Òåêñò êàê ãðàô

Ìîæíî îöèôðîâûâàòü òåêñò, ñâÿçûâàÿ èíäåêñû ñ êàæäûì

ñèìâîëîì, ñëîâîì èëè òîêåíîì è ïðåäñòàâëÿÿ òåêñò êàê

ïîñëåäîâàòåëüíîñòü ýòèõ èíäåêñîâ.

Ýòî ñîçäàåò ïðîñòîé îðèåíòèðîâàííûé ãðàô, ãäå êàæäûé

ñèìâîë èëè èíäåêñ ÿâëÿåòñÿ óçëîì è ñîåäèíåí ðåáðîì ñ

óçëîì, ñëåäóþùèì çà íèì.

https://distill.pub/2021/gnn-intro/
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À ÷òî íà ïðàêòèêå

Íà ïðàêòèêå îáû÷íî òåêñò è èçîáðàæåíèÿ êîäèðóþòñÿ íå
òàê: ýòè ãðàôè÷åñêèå ïðåäñòàâëåíèÿ èçáûòî÷íû,
ïîñêîëüêó âñå èçîáðàæåíèÿ è âåñü òåêñò áóäóò èìåòü î÷åíü
ðåãóëÿðíóþ ñòðóêòóðó. Íàïðèìåð, èçîáðàæåíèÿ èìåþò
ïîëîñ÷àòóþ ñòðóêòóðó â ñâîåé ìàòðèöå ñìåæíîñòè, ïîòîìó
÷òî âñå óçëû (ïèêñåëè) ñâÿçàíû â ñåòêå. Ìàòðèöà
ñìåæíîñòè äëÿ òåêñòà � ýòî ïðîñòî äèàãîíàëüíàÿ ëèíèÿ,
ïîòîìó ÷òî êàæäîå ñëîâî ñîåäèíÿåòñÿ òîëüêî ñ
ïðåäûäóùèì ñëîâîì è ñî ñëåäóþùèì.
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Ìîëåêóëû êàê ãðàôû (1)

Ìîëåêóëû ñîñòîÿò èç àòîìîâ è ýëåêòðîíîâ â òðåõìåðíîì

ïðîñòðàíñòâå.

×àñòèöû ìîëåêóëû âçàèìîäåéñòâóþò, íî êîãäà ïàðà

àòîìîâ çàñòðåâàåò íà ñòàáèëüíîì ðàññòîÿíèè äðóã îò

äðóãà, ìû ãîâîðèì, ÷òî îíè ñâÿçàíû êîâàëåíòíîé ñâÿçüþ.

Ðàçíûå ïàðû àòîìîâ è ñâÿçåé èìåþò ðàçíîå ðàññòîÿíèå

(íàïðèìåð, îäèíàðíûå ñâÿçè, äâîéíûå ñâÿçè).

Ýòî î÷åíü óäîáíàÿ è ðàñïðîñòðàíåííàÿ àáñòðàêöèÿ äëÿ

îïèñàíèÿ òðåõìåðíîãî îáúåêòà â âèäå ãðàôà, ãäå óçëû �

ýòî àòîìû, à ðåáðà - êîâàëåíòíûå ñâÿçè.
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Ìîëåêóëû êàê ãðàôû (2)

https://distill.pub/2021/gnn-intro/
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Ìîëåêóëû êàê ãðàôû (3)

https://distill.pub/2021/gnn-intro/



Ãðàôû Çàäà÷è GNN (áàçà) Pooling GNN: Mes.Pas. DeepWalk GraphSage

Ñîöèàëüíûå ñåòè êàê ãðàôû (1)

Ìîæíî ïîñòðîèòü ãðàô, ïðåäñòàâëÿþùèé ãðóïïû
ëþäåé, ìîäåëèðóÿ îòäåëüíûõ ëþäåé êàê óçëû, à èõ
îòíîøåíèÿ � êàê ðåáðà.

Â îòëè÷èå îò èçîáðàæåíèé è òåêñòîâûõ äàííûõ,
ñîöèàëüíûå ñåòè íå èìåþò îäèíàêîâûõ ìàòðèö
ñìåæíîñòè.
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Ñîöèàëüíûå ñåòè êàê ãðàôû (2)

Ñåòü ñöåí èç ïüåñû �Îòåëëî� (https://distill.pub/2021/gnn-intro/)
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Ñîöèàëüíûå ñåòè êàê ãðàôû (3)

Âçàèìîäåéñòâèå ìåæäó ëþäüìè â êëóáå êàðàòå

(https://distill.pub/2021/gnn-intro/)
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Ñåòü öèòèðîâàíèé è äðóãîå êàê ãðàôû

Ìîæíî âèçóàëèçèðîâàòü ñåòè öèòèðîâàíèé ñòàòåé â âèäå

ãðàôà, ãäå êàæäàÿ ñòàòüÿ ÿâëÿåòñÿ óçëîì, à êàæäîå

íàïðàâëåííîå ðåáðî � öèòèðîâàíèåì îäíîé ñòàòüåé

äðóãîé. Ìîæíî äîáàâèòü èíôîðìàöèþ î êàæäîé ñòàòüå â

óçåë, íàïðèìåð ðåôåðàò.

Â êîìïüþòåðíîì çðåíèè ðàçìå÷àþò îáúåêòû â âèçóàëüíûõ

ñöåíàõ. Ìîæåì ñòðîèòü ãðàôû, ðàññìàòðèâàÿ ýòè îáúåêòû

êàê óçëû, à èõ îòíîøåíèÿ � êàê ðåáðà.

Ìîäåëè ìàøèííîãî îáó÷åíèÿ, ïðîãðàììíûé êîä è

ìàòåìàòè÷åñêèå óðàâíåíèÿ òàêæå ìîæíî ïðåäñòàâèòü â

âèäå ãðàôîâ, ãäå ïåðåìåííûå - óçëû, à ðåáðà - îïåðàöèè.
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Çàäà÷è

Çàäà÷è äëÿ ãðàôîâûõ äàííûõ
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Òðè òèïà çàäà÷ äëÿ ãðàôîâûõ äàííûõ

Ñóùåñòâóåò òðè îñíîâíûõ òèïà çàäà÷ ïðåäñêàçàíèÿ:
íà óðîâíå ãðàôà, íà óðîâíå óçëà è íà óðîâíå

ðåáðà.

1 Íà óðîâíå ãðàôà ïðåäñêàçûâàåì îäíî ñâîéñòâî äëÿ

âñåãî ãðàôà.
2 Íà óðîâíå óçëà - íåêîòîðîå ñâîéñòâî äëÿ êàæäîãî

óçëà â ãðàôå.
3 Íà óðîâíå ðåáåð - ñâîéñòâî èëè íàëè÷èå ðåáåð â

ãðàôå.

Äëÿ âñåõ òðåõ óðîâíåé çàäà÷è ìîãóò áûòü ðåøåíû ñ
ïîìîùüþ GNN.
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Çàäà÷à íà óðîâíå ãðàôà (1)

Öåëü - ïðåäñêàçàòü ñâîéñòâî âñåãî ãðàôà. Íàïðèìåð,
äëÿ ìîëåêóëû, ïðåäñòàâëåííîé â âèäå ãðàôà
ïðåäñêàçàòü, êàê ïàõíåò ìîëåêóëà, èëè áóäåò ëè îíà
ñâÿçûâàòüñÿ ñ ðåöåïòîðîì çàáîëåâàíèÿ.

Ýòî àíàëîãè÷íî êëàññèôèêàöèè èçîáðàæåíèé ñ MNIST
è CIFAR, ãäå ñâÿçûâàþò ìåòêó ñî âñåì èçîáðàæåíèåì.
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Çàäà÷à íà óðîâíå ãðàôà (2)
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Çàäà÷à íà óðîâíå óçëîâ (1)

Óðîâåíü óçëîâ ñâÿçàí ñ ïðåäñêàçàíèåì ëè÷íîñòè èëè ðîëè

êàæäîãî óçëà â ãðàôå.

Ïðèìåð çàäà÷è ïðîãíîçèðîâàíèÿ íà óðîâíå óçëà - êëóá.

Íàáîð äàííûõ ïðåäñòàâëÿåò ñîáîé åäèíûé ãðàô

ñîöèàëüíîé ñåòè, ñîñòîÿùèé èç ëþäåé, êîòîðûå íàõîäÿòñÿ

â äðóæáå èëè âðàæäå ñ îäíèì èç äâóõ êëóáîâ ïîñëå

ðàñêîëà.

Çàäà÷à ïðîãíîçèðîâàíèÿ ñîñòîèò â òîì, ÷òîáû îïðåäåëèòü,

ñîñòîèò ëè äàííûé ÷ëåí â äðóæáå ñ Mr. Hi ëèáî c John H.

ïîñëå ðàñêîëà.

Â ýòîì ñëó÷àå ðàññòîÿíèå ìåæäó óçëîì äî Mr. Hi èëè John

H. ñèëüíî êîððåëèðóåò ñ ýòîé ìåòêîé.

Â èçîáðàæåíèè, ïðîáëåìû ïðîãíîçèðîâàíèÿ íà óðîâíå

óçëîâ àíàëîãè÷íû ñåãìåíòàöèè èçîáðàæåíèÿ, ãäå ïûòàåìñÿ

îáîçíà÷èòü ðîëü êàæäîãî ïèêñåëÿ â èçîáðàæåíèè.



Ãðàôû Çàäà÷è GNN (áàçà) Pooling GNN: Mes.Pas. DeepWalk GraphSage

Çàäà÷à íà óðîâíå óçëîâ (2)
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Çàäà÷à íà óðîâíå ðåáåð (1)

Ïðèìåð - ïîíèìàíèå ñöåíû èçîáðàæåíèÿ.

Ïîìèìî èäåíòèôèêàöèè îáúåêòîâ íà èçîáðàæåíèè,
ìîäåëè ãëóáîêîãî îáó÷åíèÿ ìîæíî èñïîëüçîâàòü äëÿ
ïðîãíîçèðîâàíèÿ âçàèìîñâÿçè ìåæäó íèìè.

Ìîæíî ñôîðìóëèðîâàòü ýòî êàê êëàññèôèêàöèþ íà
óðîâíå ðåáåð: óçëû - îáúåêòû íà èçîáðàæåíèè, íóæíî
ïðåäñêàçàòü, êàêèå èç ýòèõ óçëîâ èìåþò îáùåå ðåáðî
èëè êàêîâî çíà÷åíèå ýòîãî ðåáðà.
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Çàäà÷à íà óðîâíå ðåáåð (2)

https://distill.pub/2021/gnn-intro/
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Çàäà÷à íà óðîâíå ðåáåð (3)

https://distill.pub/2021/gnn-intro/
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Ãðàôîâàÿ íåéðîííàÿ ñåòü (Graph Neural

Network)

Ãðàôîâàÿ íåéðîííàÿ ñåòü (GNN) - òèï íåéðîííîé
ñåòè, êîòîðûé ðàáîòàåò ñî ñòðóêòóðîé ãðàôà.

Òèïè÷íîå ïðèìåíåíèå GNN - êëàññèôèêàöèÿ óçëîâ.

Ïî ñóòè, êàæäûé óçåë â ãðàôå ñâÿçàí ñ ìåòêîé, è ìû
õîòèì ïðåäñêàçàòü ìåòêì óçëîâ ñ íåêîòîðîé
âåðîÿòíîñòüþ.

Â ïîñòàíîâêå çàäà÷è êëàññèôèêàöèè óçëîâ êàæäûé
óçåë v õàðàêòåðèçóåòñÿ ñâîèì ïðèçíàêîì xv è ñâÿçàí ñ
ìåòêîé tv .
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GNN

Ãðàôîâàÿ íåéðîííàÿ ñåòü -
îñíîâíûå ïîíÿòèÿ
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Ãðàôîâàÿ íåéðîííàÿ ñåòü (Graph Neural

Network)

Äàí ÷àñòè÷íî ðàçìå÷åííûé ãðàô G , öåëü -
èñïîëüçîâàòü ðàçìå÷åííûå óçëû äëÿ ïðåäñêàçàíèÿ
ìåòîê íåðàçìå÷åííûõ.

Îí ó÷èòñÿ ïðåäñòàâëÿòü êàæäûé óçåë v ñ ïîìîùüþ
d-ìåðíîãî âåêòîðà (ýìáåäèíãà) hv , êîòîðûé ñîäåðæèò
èíôîðìàöèþ î åãî îêðåñòíîñòè.
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Ñîñòîÿíèå âñòðàèâàíèÿ (1)

Ïóñòü f - ïàðàìåòðè÷åñêàÿ ôóíêöèÿ, íàçûâàåìàÿ
ëîêàëüíîé ïåðåõîäíîé ôóíêöèåé, êîòîðàÿ ÿâëÿåòñÿ
îáùåé äëÿ âñåõ óçëîâ è îáíîâëÿåò ñîñòîÿíèå óçëà â
ñîîòâåòñòâèè ñ âõîäíîé îêðåñòíîñòüþ.

Ïóñòü g - ëîêàëüíàÿ âûõîäíàÿ ôóíêöèÿ, êîòîðàÿ
îïèñûâàåò, êàê âûõîä áûë ïðîèçâåäåí.

Òîãäà hv è ov (ìåòêà óçëà) îïðåäåëÿþòñÿ ñëåäóþùèì
îáðàçîì:

hv = f
(
xv , xco[v ],hne[v ], xne[v ]

)
ov = g(hv .xv )
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Ñîñòîÿíèå âñòðàèâàíèÿ (2)

Òîãäà hv è ov (ìåòêà óçëà) îïðåäåëÿþòñÿ ñëåäóþùèì
îáðàçîì:

hv = f
(
xv , xco[v ],hne[v ], xne[v ]

)
ov = g(hv .xv )

xv , xco[v ],hne[v ], xne[v ] - ïðèçíàêè v , ïðèçíàêè åãî ðåáåð,
ñîñòîÿíèé, è ïðèçíàêè óçëîâ â îêðåñòíîñòÿõ (âñåõ
ñîñåäåé) v ñîîòâåòñòâåííî.
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Èëëþñòðàöèÿ ýìáåäèíãà óçëà
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Öåëè

1 Îïðåäåëèòü ýíêîäåð - ôóíêöèþ ñîîòâåòñòâèÿ ENC,
êîòîðàÿ çàäà¸ò ïðåîáðàçîâàíèå óçëà v â âåêòîð z(v)
èëè hv

2 Îïðåäåëèòü ìåðó áëèçîñòè â ãðàôå, êîòîðóþ áóäåì
ïîäàâàòü íà âõîä ýíêîäåðà

3 Îïòèìèçèðîâàòü ïàðàìåòðû ýíêîäåðà òàêèì îáðàçîì,
÷òîáû ñåìàíòè÷åñêàÿ áëèçîñòü óçëîâ äàâàëà áëèçîñòü
âåêòîðîâ z(v) â ïðîñòðàíñòâå Rd
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Èëëþñòðàöèÿ öåëè
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Óðàâíåíèÿ äëÿ ãëîáàëüíûõ ôóíêöèé

Ïóñòü H, O, X è XN - ýòî âåêòîðû, ïîñòðîåííûå ïóòåì
êîíêàòåíàöèè âñåõ ýìáåäèíãîâ hv , âñåõ âûõîäíûõ
äàííûõ ov , âñåõ ïðèçíàêîâ xv è âñåõ ïðèçíàêîâ óçëîâ
xne[v ] ñîîòâåòñòâåííî. Òîãäà ìîæíî ïðåäñòàâèòü
óðàâíåíèÿ â áîëåå êîìïàêòíîé ôîðìå:

H = F (H,X)

O = G (H,XN)

F - ãëîáàëüíàÿ ôóíêöèÿ ïåðåõîäà, à G - ãëîáàëüíàÿ
âûõîäíàÿ ôóíêöèÿ, êîòîðûå ÿâëÿþòñÿ êîíêàòåíàöèåé
f è g äëÿ âñåõ óçëîâ â ãðàôå ñîîòâåòñòâåííî.

Çíà÷åíèå H ÿâëÿåòñÿ ôèêñèðîâàííûì è îäíîçíà÷íî
îïðåäåëÿåòñÿ â ïðåäïîëîæåíèè, ÷òî F - ýòî êàðòà
ñæàòèÿ.
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Èòåðàöèîííûé ïðîöåññ îáíîâëåíèÿ (1)

Ò.ê. èùåì óíèêàëüíîå ðåøåíèå äëÿ hv , ìîæåì
ïðèìåíèòü òåîðåìó Áàíàõà î íåïîäâèæíîé òî÷êå è
ïåðåïèñàòü ïðèâåäåííîå âûøå óðàâíåíèå êàê
èòåðàöèîííûé ïðîöåññ îáíîâëåíèÿ

Ht+1 = F (Ht ,X)

Òàêàÿ îïåðàöèÿ ÷àñòî íàçûâàåòñÿ ïåðåäà÷åé
ñîîáùåíèé èëè îáúåäèíåíèåì ñîñåäåé.

Ht îáîçíà÷àåò t-óþ èòåðàöèþ H. Äèíàìè÷åñêàÿ
ñèñòåìà èç ýòîãî óðàâíåíèÿ ñõîäèòñÿ ýêñïîíåíöèàëüíî
áûñòðî ê ðåøåíèþ óðàâíåíèÿ H = F (H,X) äëÿ
ëþáîãî íà÷àëüíîãî çíà÷åíèÿ H0.
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Èòåðàöèîííûé ïðîöåññ îáíîâëåíèÿ (2)

f è g ìîæíî èíòåðïðåòèðîâàòü êàê ïîëíîñâÿçííûå
íåéðîííûå ñåòè. Ïîòåðè L2: loss =

∑p
i=1 (ti − oi)

2

p - ÷èñëî êîíòðîëèðóåìûõ óçëîâ.

Àëãîðèòì îáó÷åíèÿ îñíîâàí íà ñòðàòåãèè
ãðàäèåíòíîãî ñïóñêà è ñîñòîèò èç ñëåäóþùèõ øàãîâ:

Ýìáåääèíãè htv èòåðàöèîííî îáíîâëÿþòñÿ

hv = f
(
xv , xco[v ],hne[v ], xne[v ]

)
äî ìîìåíòà T . Îíè

ñòðåìÿòñÿ ê ôèêñèðîâàííîìó çíà÷åíèþ Ht ≈ H.
Ãðàäèåíò âåñîâ W âû÷èñëÿåòñÿ èç ôóíêöèè ïîòåðü.

Âåñà W îáíîâëÿþòñÿ â ñîîòâåòñòâèè ñ ãðàäèåíòîì,

âû÷èñëåííûì íà ïîñëåäíåì øàãå.
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GNN â îáùåì

GNN èñïîëüçóåò îòäåëüíûé ìíîãîñëîéíûé ïåðñåïòðîí
(MLP) äëÿ êàæäîãî êîìïîíåíòà ãðàôà: íàçûâàåì ýòî
ñëîåì GNN.

Äëÿ êàæäîãî âåêòîðà óçëà ïðèìåíÿåì MLP è
âîçâðàùàåì îáó÷åííûé âåêòîð óçëà.

Äåëàåì òî æå ñàìîå äëÿ êàæäîãî ðåáðà, îáó÷àÿ
ýìáåäèíãè äëÿ êàæäîãî ðåáðà,

à òàêæå äëÿ âåêòîðà ãëîáàëüíîãî êîíòåêñòà, îáó÷àÿ
îäèí ýìáåäèíã äëÿ âñåãî ãðàôà.
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GNN â îáùåì

Îäèí ñëîé ïðîñòîé GNN. Ãðàô ÿâëÿåòñÿ âõîäîì, è êàæäûé êîìïîíåíò (V, E, U)

îáíîâëÿåòñÿ MLP äëÿ ñîçäàíèÿ íîâîãî ãðàôà.
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Pooling

Pooling
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GNN ñ pooling (1)
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GNN ñ pooling (2)

Pooling ïðîèñõîäèò â äâà ýòàïà:

1 Äëÿ êàæäîãî ýëåìåíòà, êîòîðûé íóæíî îáúåäèíèòü,

ñîáèðàþòñÿ âñå èõ ýìáåäèíãè è êîíêàòåíèðþòñÿ â

ìàòðèöó.
2 Ñîáðàííûå ýìáåäèíãè çàòåì àããðåãèðóþòñÿ, îáû÷íî ñ

ïîìîùüþ îïåðàöèè ñóììèðîâàíèÿ.
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GNN ñ pooling (3)
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GNN ñ pooling (4)
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GNN ñ pooling (5)
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GNN ñ pooling è ïðèçíàêàìè ðåáåð

Eñëè ó íàñ åñòü òîëüêî ïðèçíàêè óðîâíÿ ðåáåð è íàäî

ïðåäñêàçàòü èíôîðìàöèþ î äâîè÷íîì óçëå, ìîæíî òàêæå

èñïîëüçîâàòü pooling äëÿ íàïðàâëåíèÿ èíôîðìàöèè òóäà, êóäà

îíà äîëæíà èäòè. Ìîäåëü âûãëÿäèò òàê
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GNN ñ pooling è ïðèçíàêàìè óçëîâ

Åñëè ó íàñ åñòü òîëüêî ïðèçíàêè óðîâíÿ óçëîâ è íóæíî

ïðåäñêàçàòü áèíàðíóþ èíôîðìàöèþ íà óðîâíå ðåáåð, ìîäåëü

âûãëÿäèò ñëåäóþùèì îáðàçîì.

Óçëû ìîãóò áûòü ðàñïîçíàíû êàê îáúåêòû èçîáðàæåíèÿ, è ìû

ïûòàåìñÿ ïðåäñêàçàòü, èìåþò ëè îáúåêòû îáùèå îòíîøåíèÿ

(áèíàðíûå ðåáðà).
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GNN ñ pooling è ïðèçíàêàìè óçëîâ

Åñëè ó íàñ åñòü òîëüêî ïðèçíàêè óðîâíÿ óçëîâ è íóæíî

ïðåäñêàçàòü áèíàðíîå ãëîáàëüíîå ñâîéñòâî, íàì íóæíî ñîáðàòü

âñþ äîñòóïíóþ èíôîðìàöèþ îá óçëå è àãðåãèðîâàòü åå. Ýòî

ïîõîæå íà ñëîè Global Average Pooling â CNN. Òî æå ñàìîå

ìîæíî ñäåëàòü è ñ ðåáðàìè.
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GNN ñ pooling

Â ïðèìåðàõ êëàññèôèêàöèîííàÿ ìîäåëü cìîæåò áûòü ëåãêî
çàìåíåíà ëþáîé äèôôåðåíöèðóåìîé ìîäåëüþ èëè

àäàïòèðîâàíà ê ìíîãîêëàññîâîé êëàññèôèêàöèè ñ

èñïîëüçîâàíèåì îáîáùåííîé ëèíåéíîé ìîäåëè.
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GNN è pooling

Ìåòîä îáúåäèíåíèÿ (pooling) ïîñëóæèò ñòðîèòåëüíûì
áëîêîì äëÿ ïîñòðîåíèÿ áîëåå ñëîæíûõ ìîäåëåé GNN.

Åñëè åñòü íîâûå àòðèáóòû ãðàôà, ïðîñòî íóæíî
îïðåäåëèòü, êàê ïåðåäàâàòü èíôîðìàöèþ èç îäíîãî
àòðèáóòà â äðóãîé.

Â ïðîñòåéøåé ôîðìóëèðîâêå GNN íå èñïîëüçîâàëàñü
ñâÿçíîñòü ãðàôà âíóòðè ñëîÿ GNN.

Êàæäûé óçåë îáðàáàòûâàåòñÿ íåçàâèñèìî, êàê è
êàæäîå ðåáðî, à òàêæå ãëîáàëüíûé êîíòåêñò.
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GNN: message passing

GNN: message passing
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GNN: message passing

Ìîæíî äåëàòü áîëåå ñëîæíûå ïðîãíîçû, èñïîëüçóÿ
pooling â ñëîå GNN, ÷òîáû îáó÷åííûå ýìáåäèíãè
çíàëè î ñâÿçíîñòè ãðàôà.

Ýòî ìîæíî ñäåëàòü, èñïîëüçóÿ ïåðåäà÷ó ñîîáùåíèé
(message passing, íåéðîííîå ðàñïðîñòðàíåíèå), ãäå
ñîñåäíèå óçëû èëè ðåáðà îáìåíèâàþòñÿ èíôîðìàöèåé
è âëèÿþò íà îáíîâëåííûå ýìáåäèíãè.
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GNN: message passing ìåæäó ÷àñòÿìè ãðàôà (1)

Èäåÿ message passing ïðîñòà - âåðøèíû ãðàôà
ïîñûëàþò ñîîáùåíèÿ, è íîâîå ïðåäñòàâëåíèå êàæäîé
âåðøèíû ïîëó÷àåòñÿ êàê ôóíêöèÿ Φ îò:

Ïðåäûäóùåãî ïðåäñòàâëåíèÿ âåðøèíû

Ñîîáùåíèé ñîñåäåé

h(k)
v = Φ(h(k−1)

v ,X(k)
N (v)), ãäå h(k−1)

v − ïðåäûäóùåå
ïðåäñòàâëåíèå âåðøèíû,

X(k)
N (v) = AGG (k)

(
h(k−1)
u , u ∈ N (v)

)
- ïðåäñòàâëåíèÿ

ñîñåäåé

Message passing - ïðîöåññ èòåðàòèâíîé àãðåãàöèè
ñîñåäåé (neighborhood aggregation).
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GNN: message passing ìåæäó ÷àñòÿìè ãðàôà (2)

Message passing ðàáîòàåò â òðè ýòàïà:

1 Êàæäûé óçåë â ãðàôå âû÷èñëÿåò message äëÿ

êàæäîãî èç ñâîèõ ñîñåäåé. Ñîîáùåíèÿ ÿâëÿþòñÿ

ôóíêöèåé óçëà, ñîñåäà è ðåáðà ìåæäó íèìè.
2 Ñîîáùåíèÿ îòïðàâëÿþòñÿ, è êàæäûé óçåë àãðåãèðóåò

ïîëó÷åííûå ñîîáùåíèÿ, èñïîëüçóÿ èíâàðèàíòíóþ ê

ïåðåñòàíîâêå ôóíêöèþ (ò.å. íå èìååò çíà÷åíèÿ, â

êàêîì ïîðÿäêå ïîëó÷åíû ñîîáùåíèÿ). Ýòà ôóíêöèÿ

îáû÷íî ÿâëÿåòñÿ ñóììîé èëè ñðåäíèì çíà÷åíèåì.
3 Ïîñëå ïîëó÷åíèÿ ñîîáùåíèé êàæäûé óçåë îáíîâëÿåò

(updates) ñâîè àòðèáóòû â çàâèñèìîñòè îò ñâîèõ

òåêóùèõ àòðèáóòîâ è àãðåãèðîâàííûõ ñîîáùåíèé.

Ýòà ïðîöåäóðà ïðîèñõîäèò ñèíõðîííî äëÿ âñåõ óçëîâ â ãðàôå,

òàê ÷òî íà êàæäîì øàãå ïåðåäà÷è ñîîáùåíèÿ âñå óçëû

îáíîâëÿþòñÿ.
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GNN: message passing ìåæäó ÷àñòÿìè ãðàôà (3)

Òàê êàê pooling ìîæåò ïðèìåíÿòüñÿ êàê ê óçëàì, òàê è
ê ðåáðàì, ïåðåäà÷à ñîîáùåíèé ìîæåò ïðîèñõîäèòü
ìåæäó óçëàìè èëè ðåáðàìè.

Ýòè øàãè ÿâëÿþòñÿ êëþ÷åâûìè äëÿ èñïîëüçîâàíèÿ
ñâÿçíîñòè ãðàôîâ. Ìîæíî ñîçäàòü áîëåå ñëîæíûå
âàðèàíòû ïåðåäà÷è ñîîáùåíèé â ñëîÿõ GNN, êîòîðûå
äàäóò ìîäåëè GNN ñ âîçðàñòàþùåé ìîùíîñòüþ.
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GNN: message passing (1)
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GNN: message passing (2)
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GNN: message passing (3)

Ýòà ïîñëåä-ñòü îïåðàöèé, ïðèìåíåííàÿ îäèí ðàç, åñòü

ïðîñòåéøèé òèï message passing GNN.

Ýòî êàê ñòàíäàðòíàÿ ñâåðòêà: message passing è ñâåðòêà -

ýòî îïåðàöèè ïî àãðåãèðîâàíèþ è îáðàáîòêå èíôîðìàöèè

î ñîñåäÿõ ýëåìåíòà äëÿ îáíîâëåíèÿ çíà÷åíèÿ ýëåìåíòà. Â

ãðàôàõ ýëåìåíò - ýòî óçåë, à â èçîáðàæåíèÿõ - ïèêñåëü.

Îäíàêî êîëè÷åñòâî ñîñåäíèõ óçëîâ â ãðàôå ìîæåò áûòü

ïåðåìåííûì, â îòëè÷èå îò èçîáðàæåíèÿ, ãäå êàæäûé

ïèêñåëü èìååò çàäàííîå êîëè÷åñòâî ñîñåäåé.

Ïóòåì îáúåäèíåíèÿ ñëîåâ GNN, ïåðåäàþùèõ ñîîáùåíèÿ,

óçåë ìîæåò âêëþ÷àòü èíôîðìàöèþ ñî âñåãî ãðàôà: ïîñëå

òðåõ ñëîåâ óçåë ïîëó÷àåò èíôîðìàöèþ îá óçëàõ,

íàõîäÿùèõñÿ íà ðàññòîÿíèè òðåõ øàãîâ îò íåãî.
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GNN: message passing (4)
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DeepWalk

GNN: DeepWalk
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DeepWalk (B.Perozzi et al. 2014)

B. Perozzi, et al. 2014. DeepWalk: online learning of social representations. In

Proceedings of the KDD '14, pp.701�710.

DeepWalk - ýòî ïåðâûé àëãîðèòì, ïðåäëàãàþùèé ýìáåäèíãè

óçëîâ, îáó÷åííûõ áåç ó÷èòåëÿ. Ýòî ïîõîæå íà ýìáåäèíãè ñëîâ ñ

òî÷êè çðåíèÿ ïðîöåññà îáó÷åíèÿ. Ìîòèâàöèÿ çàêëþ÷àåòñÿ â

òîì, ÷òî ðàñïðåäåëåíèå êàê óçëîâ íà ãðàôå, òàê è ñëîâ â

êîðïóñå ïîä÷èíÿåòñÿ ñòåïåííîìó çàêîíó (ñì. YouTube Social

Graph è Wikipedia Article Text)
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Àëãîðèòì DeepWalk (1)

Àëãîðèòì ñîäåðæèò äâà øàãà:

1 Âûïîëíåíèå ñëó÷àéíûõ îáõîäîâ óçëîâ â ãðàôå äëÿ

ñîçäàíèÿ ïîñëåäîâàòåëüíîñòåé óçëîâ
2 Çàïóñê SkipGram, ÷òîáû îáó÷èòü ýìáåäèíã êàæäîãî

óçëà íà îñíîâå ïîñëåäîâàòåëüíîñòåé óçëîâ,

ñãåíåðèðîâàííûõ íà øàãå 1.

SkipGram - ýòî ÿçûêîâàÿ ìîäåëü, êîòîðàÿ ìàêñèìèçèðóåò âåðîÿòíîñòü

ñîâìåñòíîãî ïîÿâëåíèÿ ñëîâ, â çàäàííîì îêíå w . Â îáùåì âèäå Skip-Gram

äåéñòâóåò ìåòîäîì ñêîëüçÿùåãî îêíà, ïûòàÿñü ñïðîãíîçèðîâàòü îêðóæàþùèå

ñëîâà, èìåÿ â ñåðåäèíå èçâåñòíîå öåëåâîå ñëîâî.
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Àëãîðèòì DeepWalk (2)

Íà÷èíàÿ ñ öåëåâîãî óçëà (êîðíÿ), ñëó÷àéíûì îáðàçîì
âûáèðàåì óçåë, ñîñåäíèé äàííîìó è äîñòðàèâàåì äî
íåãî ïóòü.

Äàëåå ñëó÷àéíûì îáðàçîì âûáèðàåì óçåë, ñîñåäíèé
òîìó, ÷òî íàøëè íà ïðåäûäóùåì øàãå, äîñòðàèâàåì
äî íåãî ïóòü è òàê äàëåå, ïîêà íå áóäåò ñäåëàíî
çàäàííîå êîëè÷åñòâî øàãîâ.
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Àëãîðèòì DeepWalk - áîëåå ôîðìàëüíî

Ãåíåðàòîð ñëó÷àéíûõ áëóæäàíèé â ãðàôå G îòáèðàåò
ðàâíîìåðíî ñëó÷àéíóþ âåðøèíó vi êàê êîðåíü
ñëó÷àéíîãî áëóæäàíèÿ Wvi .

Íà êàæäîì øàãå ñëó÷àéíîãî áëóæäàíèÿ ñëåäóþùèé
óçåë ðàâíîìåðíî âûáèðàåòñÿ èç ñîñåäåé ïðåäûäóùåãî
óçëà. Çàòåì êàæäàÿ ïîñëåäîâàòåëüíîñòü ðàçðåçàåòñÿ
íà ïîäïîñëåäîâàòåëüíîñòè äëèíîé 2|w |+ 1, ãäå w -
ðàçìåð îêíà â SkipGram.

Ò.î. SkipGram ïåðåáèðàåò âñå âîçìîæíûå
ñëîâîñî÷åòàíèÿ â ñëó÷àéíîì áëóæäàíèè, êîòîðûå
ïîÿâëÿþòñÿ â îêíå w . Äëÿ êàæäîãî ìû ñîïîñòàâëÿåì
êàæäóþ âåðøèíó vj åå òåêóùåìó âåêòîðó
ïðåäñòàâëåíèÿ Φ(vj) ∈ Rd . Èìåÿ ïðåäñòàâëåíèå vj ,
ìàêñèìèçèðóåì âåðîÿòíîñòü åãî ñîñåäåé â áëóæäàíèè.
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DeepWalk - ñëó÷àéíûå áëóæäàíèÿ

1

|V |

|V |∑
i=1

∑
−c≤j≤c

log p(vi+j |Yi)→ max,

p(vi+j |Yi) =
exp(Y T

i+jYi)∑|V |
k=1 exp(Y T

k Yi)
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Àëãîðèòì DeepWalk - softmax

Èåðàðõè÷åñêèé softmax ïðèìåíÿåòñÿ äëÿ âû÷èñëåíèé
softmax èç-çà îãðîìíîãî êîëè÷åñòâà óçëîâ. ×òîáû
âû÷èñëèòü çíà÷åíèå softmax äëÿ êàæäîãî îòäåëüíîãî
âûõîäíîãî ýëåìåíòà, ìû äîëæíû âû÷èñëèòü âñå
exp(xk) äëÿ âñåõ ýëåìåíòîâ k :

softmax(xi) =
exp(xi)∑K
k=1 exp(xk)
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Èåðàðõè÷åñêèé softmax (1)

Èåðàðõè÷åñêèé softmax èñïîëüçóåò áèíàðíîå äåðåâî.
Âñå ëèñòüÿ v1, v2, ...v8 ÿâëÿþòñÿ âåðøèíàìè ãðàôà.

Â êàæäîì âíóòðåííåì óçëå åñòü äâîè÷íûé
êëàññèôèêàòîð, ÷òîáû ðåøèòü, êàêîé ïóòü âûáðàòü.
×òîáû âû÷èñëèòü âåðîÿòíîñòü âåðøèíû vk , íóæíî
âû÷èñëèòü âåðîÿòíîñòü êàæäîãî ïîäïóòè íà ïóòè îò
êîðíÿ äî ëèñòà vk .

Ò.ê. âåðîÿòíîñòü äî÷åðíèõ ýëåìåíòîâ êàæäîãî óçëà
ðàâíà 1, ñâîéñòâî ñóììû âåðîÿòíîñòåé âñåõ âåðøèí,
ðàâíîå 1, ñîõðàíÿåòñÿ â èåðàðõè÷åñêîì softmax.

Âðåìÿ âû÷èñëåíèÿ ýëåìåíòà óìåíüøåíî äî O(log |V |),
òàê êàê ñàìûé äëèííûé ïóòü äëÿ áèíàðíîãî äåðåâà
îãðàíè÷åí O(log(n)), ãäå n - êîëè÷åñòâî ëèñòüåâ.



Ãðàôû Çàäà÷è GNN (áàçà) Pooling GNN: Mes.Pas. DeepWalk GraphSage

Èåðàðõè÷åñêèé softmax (2)

Îêíî äëèíû 2w + 1 ñêîëüçèò ïî ñëó÷àéíîìó áëóæäàíèþWv4 , îòîáðàæàÿ

öåíòðàëüíóþ âåðøèíó v1 â åå ïðåäñòàâëåíèå Φ(v1). Èåðàðõè÷åñêèé Softmax

ôàêòîðèçóåò Pr(v3|Φ(v1)) è Pr(v5|Φ(v1)), ñîîòâåòñòâóþùèõ ïóòÿì,
íà÷èíàþùèìñÿ â êîðíå è çàêàí÷èâàþùèìñÿ â v3 è v5 . Ïðåäñòàâëåíèå Φ
îáíîâëÿåòñÿ, ÷òîáû ìàêñèìèçèðîâàòü âåðîÿòíîñòü ñîâïàäåíèÿ v1 ñ åãî

êîíòåêñòîì {v3, v5}.
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DeepWalk GNN

Ïîñëå îáó÷åíèÿ DeepWalk GNN ìîäåëü íàó÷èëàñü
õîðîøî ïðåäñòàâëÿòü êàæäûé óçåë.

Ðàçíûå öâåòà îáîçíà÷àþò ðàçíûå ìåòêè íà âõîäíîì
ãðàôèêå.

Íà âûõîäíîì ãðàôå (ýìáåäèíãè ðàçìåðíîñòè 2) óçëû ñ
îäèíàêîâûìè ìåòêàìè ñãðóïïèðîâàíû âìåñòå, â òî
âðåìÿ êàê áîëüøèíñòâî óçëîâ ñ ðàçíûìè ìåòêàìè
ïðàâèëüíî ðàçäåëåíû.
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DeepWalk: îñíîâíîé àëãîðèòì
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DeepWalk: àëãîðèòì ScipGram
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DeepWalk (ïðèìåð)
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DeepWalk

Îñíîâíàÿ ïðîáëåìà DeepWalk - ñåòè íå õâàòàåò
ñïîñîáíîñòè ê îáîáùåíèþ.

Âñÿêèé ðàç, êîãäà ïîÿâëÿåòñÿ íîâûé óçåë, îí äîëæåí
ïî íîâîé îáó÷èòü ìîäåëü, ÷òîáû ïðåäñòàâèòü ýòîò
óçåë.

Òàêèì îáðàçîì, òàêàÿ GNN íå ïîäõîäèò äëÿ
äèíàìè÷åñêèõ ãðàôîâ, ãäå óçëû â ãðàôàõ ïîñòîÿííî
ìåíÿþòñÿ.
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GraphSage

GNN: GraphSage
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GraphSage

W.L. Hamilton, et al. Inductive Representation Learning on Large Graphs.

arXiv:1706.02216, 2017.

GraphSage ðåøàåò ïðîáëåìû DeepWalk, îáó÷àÿ
ýìáåäèíã äëÿ êàæäîãî óçëà èíäóêòèâíûì ñïîñîáîì.

Êàæäûé óçåë ïðåäñòàâëåí ñîâîêóïíîñòüþ ñâîèõ
ñîñåäåé. Ò.î. äàæå åñëè â ãðàôå ïîÿâëÿåòñÿ íîâûé
óçåë, êîòîðûé íå áûë ó÷òåí âî âðåìÿ îáó÷åíèÿ, îí âñå
ðàâíî ìîæåò áûòü ïðàâèëüíî ïðåäñòàâëåí ñîñåäíèìè
óçëàìè.
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GraphSage è ñîñåäè óçëà

Âìåñòî îáó÷åíèÿ îòäåëüíîãî ýìáåäèíãà äëÿ êàæäîãî
óçëà ìû îáó÷àåì íàáîð ôóíêöèé-àãðåãàòîðîâ, êîòîðûå
ó÷àòñÿ àãðåãèðîâàòü èíôîðìàöèþ îá îáúåêòàõ èç
ëîêàëüíîãî îêðóæåíèÿ óçëà.

Êàæäàÿ ôóíêöèÿ àãðåãàòîðà ñîáèðàåò èíôîðìàöèþ ñ
ðàçíîãî êîëè÷åñòâà óçëîâ â çàâèñèìîñòè îò ãëóáèíû
ïîèñêà îò çàäàííîãî óçëà.

Ïðè òåñòèðîâàíèè èñïîëüçóåòñÿ îáó÷åííàÿ ñèñòåìó
äëÿ ïîëó÷åíèÿ ýìáåäèíãîâ äëÿ ïîëíîñòüþ íåâèäèìûõ
óçëîâ.
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GraphSage (ïðèìåð)
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Àëãîðèòì GraphSage
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GraphSage

Âíåøíèé öèêë óêàçûâàåò íîìåð èòåðàöèè îáíîâëåíèÿ,
à hk

v îáîçíà÷àåò ýìáåäèíã óçëà v íà èòåðàöèè
îáíîâëåíèÿ k (ãëóáèíà ïîèñêà).

Íà êàæäîé èòåðàöèè hk
v îáíîâëÿåòñÿ íà îñíîâå

ôóíêöèè àãðåãàöèè, ýìáåäèíãîâ v è îêðåñòíîñòè v â
ïðåäûäóùåé èòåðàöèè è âåñîâîé ìàòðèöû Wk .

Ïðåäëàãàþòñÿ òðè ôóíêöèè àãðåãàöèè:
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GraphSage: Mean aggregator

Àãðåãàòîð ñðåäíåãî âû÷èñëÿåò ñðåäíåå çíà÷åíèå
ýìáåäèíãîâ óçëà è åãî ñîñåäåé:

hk
v ← σ

(
W ·mean

(
{hk−1

v } ∪ {hk−1
u ,∀u ∈ N (v)}

))
Àãðåãàòîð íå èñïîëüçóåò îïåðàöèþ êîíêàòåíàöèè â
ñòðîêå 5 êîäà. Ýòó îïåðàöèþ ìîæíî ðàññìàòðèâàòü
êàê �skip-connection�, ÷òî çíà÷èòåëüíî óëó÷øèëî
ïðîèçâîäèòåëüíîñòü ìîäåëè.



Ãðàôû Çàäà÷è GNN (áàçà) Pooling GNN: Mes.Pas. DeepWalk GraphSage

GraphSage: LSTM aggregator

Ïîñêîëüêó óçëû â ãðàôå íå èìåþò ïîðÿäêà, îíè
íàçíà÷àþò ïîðÿäîê ñëó÷àéíûì îáðàçîì, ïåðåñòàâëÿÿ
ýòè óçëû.

Ïðè èñïîëüçîâàíèè LSTM-àãðåãàöèè âåðøèíû èç
îêðåñòíîñòè óïîðÿäî÷èâàþò è ïîñëåäîâàòåëüíîñòü èõ
ïðåäñòàâëåíèé ïîäàåòñÿâ â ðåêóððåíòíóþ LSTM-ñåòü.
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GraphSage: Pooling aggregator (1)

Âûïîëíÿåò ïîýëåìåíòíûé pooling íà ìíîæåñòâå
ñîñåäåé. Ïðèìåð max-pooling:

AGGREGATE pool
k = max

(
{σ
(
Wpoolh

k−1
ui

+ b
)
,∀ui ∈ N (v)}

)
êîòîðóþ ìîæíî çàìåíèòü ôóíêöèåé mean-pooling èëè
ëþáîé äðóãîé ñèììåòðè÷íîé ôóíêöèåé pooling. Ýòî
óêàçûâàåò íà òî, ÷òî pooling àãðåãàòîð ðàáîòàåò ëó÷øå
âñåãî, â òî âðåìÿ êàê àãðåãàòîð mean-pooling è
max-pooling èìåþò îäèíàêîâóþ ïðîèçâîäèòåëüíîñòü.
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GraphSage: Pooling aggregator (2)

Ôóíêöèÿ ïîòåðü îïðåäåëÿåòñÿ êàê:

JG (zu) = − log
(
σ
(
zTu zu

))
−Q ·Evn∼Pn(v) log

(
σ
(
−zTu zu

))
ãäå u è v âñòðå÷àþòñÿ îäíîâðåìåííî â ñëó÷àéíîì
áëóæäàíèè ôèêñèðîâàííîé äëèíû, à vn - �íåãàòèâíûå�
ïðèìåðû, êîòîðûå íå âñòðå÷àþòñÿ îäíîâðåìåííî ñ u,
Q è Pn(v) - ÷èñëî �íåãàòèâíûõ� ïðèìåðîâ è èõ
ðàñïðåäåëåíèå âåðîÿòíîñòåé, zu - âûõîäíûå âåêòîðû



Ãðàôû Çàäà÷è GNN (áàçà) Pooling GNN: Mes.Pas. DeepWalk GraphSage

GraphSage: Pooling aggregator (2)

Ôóíêöèÿ ïîòåðü îïðåäåëÿåòñÿ êàê:

JG (zu) = − log
(
σ
(
zTu zu

))
−Q ·Evn∼Pn(v) log

(
σ
(
−zTu zu

))
Ôóíêöèÿ ïîòåðü ïîáóæäàåò áîëåå áëèçêèå óçëû èìåòü
îäèíàêîâûå ýìáåäèíãè, à äàëåêèå äðóã îò äðóãà - áûòü
ðàçäåëåííûìè â ïðîñòðàíñòâå. Ïðè òàêîì ïîäõîäå
óçëû áóäóò ïîëó÷àòü âñå áîëüøå è áîëüøå
èíôîðìàöèè î ñâîåì îêðóæåíèè.
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Graph Attention Networks (1)

Äðóãîé ñïîñîá ïåðåäà÷è èíôîðìàöèè ìåæäó
àòðèáóòàìè ãðàôà - ýòî ìîäåëü âíèìàíèå. Íàïðèìåð,
êîãäà ðàññìàòðèâàåì ñóììèðîâàíèå (àãðåãàöèþ) óçëà
è åãî ñîñåäíèõ óçëîâ íà ðàññòîÿíèè 1-ãî ðåáðà, ìîæíî
òàêæå ðàññìîòðåòü âîçìîæíîñòü èñïîëüçîâàíèÿ
âçâåøåííîé ñóììû. Òîãäà çàäà÷à ñîñòîèò â òîì,
÷òîáû ñâÿçàòü âåñà èíâàðèàíòíûì ê ïåðåñòàíîâêàì
ñïîñîáîì.
Îäèí èç ïîäõîäîâ - èñïîëüçîâàíèå ñêàëÿðíîé
ñêîðèíãîâîé ôóíêöèè, êîòîðàÿ ïðèñâàèâàåò âåñà íà
îñíîâå ïàð óçëîâ f (nodei , nodej).
Â ýòîì ñëó÷àå îöåíî÷íóþ ôóíêöèþ ìîæíî
èíòåðïðåòèðîâàòü êàê ôóíêöèþ, êîòîðàÿ èçìåðÿåò,
íàñêîëüêî ðåëåâàíòåí ñîñåäíèé óçåë ïî îòíîøåíèþ ê
öåíòðàëüíîìó óçëó.
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Graph Attention Networks (2)

Âåñà ìîæíî íîðìàëèçîâàòü, íàïðèìåð, ñ ïîìîùüþ
ôóíêöèè softmax, ÷òîáû ñîñðåäîòî÷èòü áîëüøóþ
÷àñòü âåñà íà ñîñåäå, íàèáîëåå âàæíîì äëÿ óçëà ïî
îòíîøåíèþ ê çàäà÷å.

Ýòà êîíöåïöèÿ ëåæèò â îñíîâå ñåòåé Graph Attention
Networks (GAT) è Set Transformers.

Èíâàðèàíòíîñòü ïåðåñòàíîâîê ñîõðàíÿåòñÿ, ïîòîìó
÷òî ñêîðèíãîâàÿ ôóíêöèÿ àíàëèçèðóåò ïàðû óçëîâ.
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Graph Attention Networks (3)

Ìîäåëü âíèìàíèÿ äëÿ îäíîãî óçëà ïî îòíîøåíèþ ê ñîñåäíèì óçëàì. Äëÿ

êàæäîãî ðåáðà âû÷èñëÿåòñÿ îöåíêà âçàèìîäåéñòâèÿ, íîðìàëèçóåòñÿ è

èñïîëüçóåòñÿ äëÿ âçâåøèâàíèÿ âëîæåíèé óçëîâ.
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Graph Attention Networks (4)

Òðàíñôîðìåðû ìîæíî ðàññìàòðèâàòü êàê GNN ñ
ìåõàíèçìîì âíèìàíèÿ.

Ñîãëàñíî ýòîìó ïðåäñòàâëåíèþ, òðàíñôîðìåð
ìîäåëèðóåò íåñêîëüêî ýëåìåíòîâ (íàïðèìåð, òîêåíû)
êàê óçëû â ïîëíîñòüþ ñâÿçàííîì ãðàôå, à ìåõàíèçì
âíèìàíèÿ íàçíà÷àåò ýìáåäèíãè ðåáåð êàæäîé ïàðå
óçëîâ, êîòîðûå èñïîëüçóþòñÿ äëÿ âû÷èñëåíèÿ âåñîâ
âíèìàíèÿ.

Ðàçíèöà çàêëþ÷àåòñÿ â ïðåäïîëàãàåìîì øàáëîíå
ñâÿçè ìåæäó îáúåêòàìè, GNN ïðåäïîëàãàåò
ðàçðåæåííûé øàáëîí, à òðàíñôîðìåð ìîäåëèðóåò âñå
ñîåäèíåíèÿ.
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Âîïðîñû

?
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