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Ñîäåðæàíèå

1 Îïðåäåëåíèÿ è îñíîâíûå ïîíÿòèÿ è ýëåìåíòû
äåðåâüåâ ðåøåíèé

2 Àëãîðèòì êîíñòðóèðîâàíèÿ äåðåâüåâ íà ïðèìåðå
àëãîðèòìà CART äëÿ êëàññèôèêàöèè

3 Àëãîðèòì êîíñòðóèðîâàíèÿ äåðåâüåâ äëÿ ðåãðåññèè

4 Ïðîöåäóðû ðàñùåïëåíèÿ, îñòàíîâêè, ñîêðàùåíèÿ
äåðåâà èëè îòñå÷åíèÿ âåòâåé

5 Íàèáîëåå èçâåñòíûå àëãîðèòìû

6 Äîñòîèíñòâà è íåäîñòàòêè äåðåâüâ ðåøåíèé
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Ïðåçåíòàöèÿ ÿâëÿåòñÿ êîìïèëÿöèåé è çàèìñòâîâàíèåì

ìàòåðèàëîâ èç çàìå÷àòåëüíûõ êóðñîâ è ïðåçåíòàöèé ïî

ìàøèííîìó îáó÷åíèþ:

Ê.Â. Âîðîíöîâà, À.Ã. Äüÿêîíîâà, Í.Þ. Çîëîòûõ,

Ñ.È. Íèêîëåíêî, Andrew Moore, Lior Rokach, Rong

Jin, Luis F. Teixeira, Alexander Statnikov è äðóãèõ.
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Îáùèå îïðåäåëåíèÿ äåðåâüåâ ðåøåíèé

Äåðåâüÿ ðåøåíèé � ýòî ñïîñîá ïðåäñòàâëåíèÿ ïðàâèë â

èåðàðõè÷åñêîé, ïîñëåäîâàòåëüíîé ñòðóêòóðå, ãäå êàæäîìó

îáúåêòó ñîîòâåòñòâóåò åäèíñòâåííûé óçåë, äàþùèé

ðåøåíèå

Äåðåâüÿ ðåøåíèé � ýòî ëîãè÷åñêèé àëãîðèòì

êëàññèôèêàöèè, îñíîâàííûé íà ïîèñêå êîíúþíêòèâíûõ

çàêîíîìåðíîñòåé.
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Äåðåâüÿ ðåøåíèé

http://statweb.stanford.edu/~lpekelis/talks/13_datafest_cart_talk.pdf
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Äåðåâüÿ ðåøåíèé (îïðåäåëåíèå)

Äåðåâî ðåøåíèé - ýòî êëàññèôèêàòîð â ôîðìå

äðåâîâèäíîé ñòðóêòóðû, ãäå êàæäàÿ âåðøèíà ëèáî:

Âåðøèíà ðåøåíèÿ (óçåë, ïðîìåæóòî÷íàÿ âåðøèíà) -
õàðàêòåðèçóåò íåêîòîðûé òåñò äëÿ îäíîãî ïðèçíàêà
Êîðåíü äåðåâà
Ëèñò (êîíå÷íàÿ âåðøèíà, òåðìèíàëüíàÿ âåðøèíà) -
ïîêàçûâåò çíà÷åíèå êëàññà îáó÷àþùèõ ïðèìåðîâ

Äåðåâî ðåøåíèé ïûòàåòñÿ êëàññèôèöèðîâàòü ïðèìåð

ïîñðåäñòâîì ñåðèè âîïðîñîâ

Äåðåâî íàçûâàåòñÿ áèíàðíûì, åñëè èç ëþáîé åãî

âíóòðåííåé âåðøèíû âûõîäèò ðîâíî äâà ðåáðà.
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Äåðåâüÿ ðåøåíèé

http://statweb.stanford.edu/~lpekelis/talks/13_datafest_cart_talk.pdf
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Ýëåìåíòû äåðåâà
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Îïðåäåëåíèå áèíàðíûõ äåðåâüåâ

Áèíàðíîå ðåøàþùåå äåðåâî � ýòî àëãîðèòì

êëàññèôèêàöèè, çàäàþùèéñÿ áèíàðíûì äåðåâîì, â

êîòîðîì êàæäîé âíóòðåííåé âåðøèíå v ∈ V ïðèïèñàí

ïðåäèêàò βv : X → {0, 1}, êàæäîé òåðìèíàëüíîé âåðøèíå

v ∈ V ïðèïèñàíî èìÿ êëàññà cv ∈ Y . Ïðè êëàññèôèêàöèè

îáúåêòà x ∈ X îí ïðîõîäèò ïî äåðåâó ïóòü îò êîðíÿ äî

íåêîòîðîãî ëèñòà.
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Ïðèìåíåíèå äåðåâüåâ ðåøåíèé

Îïèñàíèå äàííûõ: ÄÐ ïîçâîëÿþò õðàíèòü
èíôîðìàöèþ î äàííûõ â êîìïàêòíîé ôîðìå, âìåñòî
íèõ ìû ìîæåì õðàíèòü ÄÐ, êîòîðîå ñîäåðæèò òî÷íîå
îïèñàíèå îáúåêòîâ.

Êëàññèôèêàöèÿ: ÄÐ îòëè÷íî ñïðàâëÿþòñÿ ñ
çàäà÷àìè êëàññèôèêàöèè, ò.å. îòíåñåíèÿ îáúåêòîâ ê
îäíîìó èç çàðàíåå èçâåñòíûõ êëàññîâ. Öåëåâàÿ
ïåðåìåííàÿ èìååò äèñêðåòíûå çíà÷åíèÿ.

Ðåãðåññèÿ: Åñëè öåëåâàÿ ïåðåìåííàÿ èìååò
íåïðåðûâíûå çíà÷åíèÿ, ÄÐ ïîçâîëÿþò óñòàíîâèòü
çàâèñèìîñòü öåëåâîé ïåðåìåííîé îò âõîäíûõ
ïåðåìåííûõ
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Ïðèìåð îáó÷àþùåé âûáîðêè (âûäà÷à êðåäèòà)

âîçðàñò íàëè÷èå äîìà äîõîä îáðàçîâàíèå êðåäèò

x1 32 íåò 2000 ñðåäíåå íåò
x2 54 äà 12000 âûñøåå äà
x3 73 íåò 800 ñïåöèàëüíîå íåò
· · · · · · · · ·
x50 18 äà 200 ñðåäíåå äà
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Ïðèìåð äåðåâà êëàññèôèêàöèè (Âûäàâàòü ëè

êðåäèò?)
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Ýòàïû êîíñòðóèðîâàíèÿ äåðåâüåâ

1 �Ïîñòðîåíèå� èëè �ñîçäàíèå� äåðåâà (tree building):
âûáîð êðèòåðèÿ ðàñùåïëåíèÿ è îñòàíîâêè
îáó÷åíèÿ

2 �Ñîêðàùåíèå� äåðåâà (tree pruning): ñîêðàùåíèÿ
äåðåâà è îòñå÷åíèå íåêîòîðûõ åãî âåòâåé
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Êðèòåðèé ðàñùåïëåíèÿ

Ðàñùåïëåíèå äîëæíî ðàçáèâàòü èñõîäíîå ìíîæåñòâî
äàííûõ òàêèì îáðàçîì, ÷òîáû îáúåêòû ïîäìíîæåñòâ,
ïîëó÷àåìûõ â ðåçóëüòàòå ýòîãî ðàçáèåíèÿ, ÿâëÿëèñü
ïðåäñòàâèòåëÿìè îäíîãî êëàññà èëè æå áûëè
ìàêñèìàëüíî ïðèáëèæåíû ê òàêîìó ðàçáèåíèþ.

Êîëè÷åñòâî îáúåêòîâ èç äðóãèõ êëàññîâ, òàê
íàçûâàåìûõ �ïðèìåñåé�, â êàæäîì êëàññå äîëæíî
ñòðåìèòüñÿ ê ìèíèìóìó.
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Îáùèé æàäíûé àëãîðèòì ïîñòðîåíèÿ ÄÐ

Æàäíûé àëãîðèòì � àëãîðèòì, çàêëþ÷àþùèéñÿ â

ïðèíÿòèè ëîêàëüíî îïòèìàëüíûõ ðåøåíèé íà êàæäîì

ýòàïå, äîïóñêàÿ, ÷òî êîíå÷íîå ðåøåíèå òàêæå îêàæåòñÿ

îïòèìàëüíûì.

Àëãîðèòì:

1 Íà êàæäîé èòåðàöèè äëÿ âõîäíîãî ïîäìíîæåñòâà
îáó÷àþùåãî ìíîæåñòâà ñòðîèòñÿ òàêîå ðàçáèåíèå
ïðîñòðàíñòâà ãèïåðïëîñêîñòüþ (îðòîãîíàëüíîé îäíîé
èõ îñåé êîîðäèíàò), êîòîðîå ìèíèìèçèðîâàëî áû
ñðåäíþþ ìåðó íåîäíîðîäíîñòè äâóõ ïîëó÷åííûõ
ïîäìíîæåñòâ.

2 Äàííàÿ ïðîöåäóðà âûïîëíÿåòñÿ ðåêóðñèâíî äëÿ
êàæäîãî ïîëó÷åííîãî ïîäìíîæåñòâà äî òåõ ïîð, ïîêà
íå áóäóò äîñòèãíóòû êðèòåðèè îñòàíîâêè.
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Àëãîðèòì CART

Àëãîðèòì CART (Classi�cation and Regression Tree)
ðàçðàáîòàí â 1974-1984 ãîäàõ L.Breiman (Berkeley),
J.Friedman (Stanford), C.Stone (Berkeley) è R.Olshen
(Stanford).
Àëãîðèòì CART ïðåäíàçíà÷åí äëÿ ïîñòðîåíèÿ áèíàðíîãî

äåðåâà ðåøåíèé.
Îñîáåííîñòè àëãîðèòìà CART:

ôóíêöèÿ îöåíêè êà÷åñòâà ðàçáèåíèÿ;

ìåõàíèçì îòñå÷åíèÿ äåðåâà;

ïîñòðîåíèå äåðåâüåâ ðåãðåññèè.
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (1)

1 Âûáèðàåòñÿ k-ûé ïðèçíàê fk c ìíîæåñòâîì çíà÷åíèé
X (k).

2 Îïðåäåëÿåòñÿ òàêîå çíà÷åíèå x
(k)
0 ∈ X (k) äëÿ âñåõ

ïðèçíàêîâ fk , k = 1, ...,m, ÷òîáû ìåðà íåîäíîðîäíîñòè
Ginisplit(T ) áûëà ìèíèìàëüíîé, ò.å.

x
(k)
0 = arg min

fk :x(k)∈X (k)
Ginisplit(T , x

(k))

3 Äàííàÿ ïðîöåäóðà âûïîëíÿåòñÿ ðåêóðñèâíî äëÿ
êàæäîãî ïîëó÷åííîãî ïîäìíîæåñòâà äî òåõ ïîð, ïîêà
íå áóäóò äîñòèãíóòû êðèòåðèè îñòàíîâêè.
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (2)
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (3)
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (4)
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (5)
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (6)
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Êðèòåðèé ðàñùåïëåíèÿ è àëãîðèòì CART

Êðèòåðèè ðàñùåïëåíèÿ èëè ìåðû íåîäíîðîäíîñòè

ìíîæåñòâà îòíîñèòåëüíî åãî ìåòîê:

ìåðà ýíòðîïèè (ñross-entropy): −
∑C

i=1 pi log(pi)

èíäåêñ Gini:
∑C

i=1 pi(1− pi)

pi - ÷àñòîòà èëè âåðîÿòíîñòü òî÷åê i -ãî êëàññà â áëîêå;
Åñëè íàáîð äàííûõ T ðàçáèâàåòñÿ íà äâå ÷àñòè T1 è T2 ñ
÷èñëîì ïðèìåðîâ â êàæäîé N1 è N2 ñîîòâåòñòâåííî, òîãäà
ïîêàçàòåëü êà÷åñòâà ðàçáèåíèÿ áóäåò ðàâåí:

Ginisplit(T ) =
N1

N
· Gini(T1) +

N2

N
· Gini(T2)

×åì ìåíüøå êðèòåðèé ðàñùåïëåíèÿ, òåì ëó÷øå

ðàñùåïëåíèå.
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Ïðîöåäóðà ðàñùåïëåíèÿ â àëãîðèòìå CART (7)

1 Âûáèðàåòñÿ k-ûé ïðèçíàê fk c ìíîæåñòâîì çíà÷åíèé
X (k).

2 Îïðåäåëÿåòñÿ òàêîå çíà÷åíèå x
(k)
0 ∈ X (k) äëÿ âñåõ

ïðèçíàêîâ fk , k = 1, ...,m, ÷òîáû ìåðà íåîäíîðîäíîñòè
Ginisplit(T ) áûëà ìèíèìàëüíîé, ò.å.

x
(k)
0 = arg min

fk ,x(k)∈X (k)
Ginisplit(T , x

(k))

3 Äàííàÿ ïðîöåäóðà âûïîëíÿåòñÿ ðåêóðñèâíî äëÿ
êàæäîãî ïîëó÷åííîãî ïîäìíîæåñòâà äî òåõ ïîð, ïîêà
íå áóäóò äîñòèãíóòû êðèòåðèè îñòàíîâêè.
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Êðèòåðèé îñòàíîâêè

Îñòàíîâêà - òàêîé ìîìåíò â ïðîöåññå ïîñòðîåíèÿ äåðåâà,

êîãäà ñëåäóåò ïðåêðàòèòü äàëüíåéøèå âåòâëåíèÿ

äîñòèãíóòà ìàêñèìàëüíàÿ ãëóáèíà óçëà;

âåðîÿòíîñòü äîìèíèðóþùåãî êëàññà â ðàçáèåíèè
ïðåâûøàåò íåêîòîðûé ïîðîã (íàïðèìåð, 0.95);

êîëè÷åñòâî ýëåìåíòîâ â ïîäìíîæåñòâå ìåíüøå
íåêîòîðîãî ïîðîãà.
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Ñîêðàùåíèå äåðåâà èëè îòñå÷åíèå âåòâåé

Ñîêðàùåíèå - ýòî êîìïðîìèññ ìåæäó ïîëó÷åíèåì äåðåâà

�ïîäõîäÿùåãî ðàçìåðà� è ïîëó÷åíèåì íàèáîëåå òî÷íîé

îöåíêè êëàññèôèêàöèè.

Îñóùåñòâëÿåòñÿ ïóòåì îòñå÷åíèÿ (pruning)
íåêîòîðûõ âåòâåé.

Îòñå÷åíèå (ïðîðåæèâàíèå) âàæíî íå òîëüêî äëÿ
óïðîùåíèÿ äåðåâüåâ, íî è äëÿ èçáåæàíèÿ
ïåðåîáó÷åíèÿ.
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Îñíîâíûå õàðàêòåðèñòèêè àëãîðèòìà CART

áèíàðíîå ðàñùåïëåíèå ñ êðèòåðèåì ðàñùåïëåíèÿ -
èíäåêñîì Gini,

ñïåöèàëüíûé ìåõàíèçì îòñå÷åíèÿ
(minimalcost-complexity tree pruning),

V-fold cross-validation,

ïðèíöèï �âûðàñòèòü äåðåâî, à çàòåì ñîêðàòèòü�,

âûñîêàÿ ñêîðîñòü ïîñòðîåíèÿ.
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Äðóãèå èçâåñòíûå àëãîðèòìû

Àëãîðèòì C4.5 ñòðîèò äåðåâî ðåøåíèé ñ
íåîãðàíè÷åííûì êîëè÷åñòâîì âåòâåé ó óçëà, ìîæåò
ðàáîòàòü òîëüêî ñ äèñêðåòíûì çàâèñèìûì àòðèáóòîì,
ìîæåò ðåøàòü òîëüêî çàäà÷è êëàññèôèêàöèè

Àëãîðèòì ID3. Â îñíîâå ëåæèò ïîíÿòèå
èíôîðìàöèîííîé ýíòðîïèè. Èñïîëüçóåò ðåêóðñèâíîå
ðàçáèåíèå ïîäìíîæåñòâ â óçëàõ äåðåâà ïî îäíîìó èç
âûáðàííûõ àòðèáóòîâ.

Àëãîðèòì MARS (Multivariate adaptive regression
splines).

Àëãîðèòì CHAID (CHi-squared Automatic Interaction
Detection).
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Âåðîÿòíîñòè êëàññîâ
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Äåðåâüÿ ðåøåíèé äëÿ ðåãðåññèè (1)

Îñíîâíîé àëãîðèòì - ID3, ïðåäëîæåííûé J.R. Quinlan

Èäåÿ - çàìåíà èíôîðìàöèîííîãî êðèòåðèÿ
ðàñùåïëåíèÿ, íàïðèìåð, ýíòðîïèè, êðèòåðèåì
ïîíèæåíèÿ ÑÊÎ (Standard Deviation Reduction).

ÑÊÎ èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ îäíîðîäíîñòè

Èäåàëüíûé ñëó÷àé - íóëåâîå ÑÊÎ
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Äåðåâüÿ ðåøåíèé äëÿ ðåãðåññèè (2)
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Äåðåâüÿ ðåøåíèé äëÿ ðåãðåññèè (3)

ÑÊÎ äëÿ îäíîãî ïðèçíàêà:

Óòêèí Ë.Â. Ìàøèííîå îáó÷åíèå (Machine Learning)



Äåðåâüÿ ðåøåíèé äëÿ ðåãðåññèè (4)

ÑÊÎ äëÿ äâóõ ïðèçíàêîâ:

S(T ,X ) =
∑

c∈XP(c)S(c)

S(Hours,Outlook)

= P(Sunny)S(Sunny) + P(Overcast)S(Overcast) + P(Rainy)S(Rainy)

= (4/14) · 3.49 + (5/14) · 7.78 + (5/14) · 10.87 = 7.66

Óòêèí Ë.Â. Ìàøèííîå îáó÷åíèå (Machine Learning)



Ïîíèæåíèå ÑÊÎ (1)

Ïîèñê ïðèçíàêà, êîòîðûé äàåò íàèáîëüøåå ïîíèæåíèå ÑÊÎ
Øàã 1: Âû÷èñëÿåòñÿ ÑÊÎ çàâèñèìîé ïåðåìåííîé

CKO(Hours Played) = 9.32

Øàã 2: Îáó÷àþùàÿ âûáîðêà ðàçáèâàåòñÿ ïî âñåì
ïðèçíàêàì. ÑÊÎ äëÿ êàæäîé âåòâè ðàñùåïëåíèÿ
âû÷èñëÿåòñÿ. Ðåçóëüòèðóþùåå ÑÊÎ âû÷èòàåòñÿ èç ÑÊÎ
ïåðåä ðàñùåïëåíèåì. Ýòî è åñòü ïîíèæåíèå ÑÊÎ.
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Ïîíèæåíèå ÑÊÎ (2)

SDR(T ,X ) = S(T )− S(T ,X )

SDR(Hours,Outlook) = S(Hours)− S(Hours,Outlook)

= 9.32− 7.66 = 1.66
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Ïîíèæåíèå ÑÊÎ (3)

Øàã 3: Ïðèçíàê ñ íàèáîëüøèì ñíèæåíèåì ÑÊÎ
âûáèðàåòñÿ äëÿ âåðøèíû ðåøåíèÿ
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Ïîíèæåíèå ÑÊÎ (4)

Øàã 4 a: Îáó÷àþùåå ìíîæåñòâî ðàçäåëÿåòñÿ íà îñíîâå
çíà÷åíèé âûáðàííîãî ïðèçíàêà
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Ïîíèæåíèå ÑÊÎ (5)

Øàã 4 b: Ìíîæåñòâî âåòâåé ñ ÑÊÎ áîëüøå 0
ðàñùåïëÿåòñÿ äàëåå (íà ïðàêòèêå èñïîëüçóåòñÿ êðèòåðèé
îñòàíîâêè ðàñùåïëåíèÿ, íàïðèìåð, êîãäà ÑÊÎ äëÿ âåòâè
ñòàíîâèòñÿ ìåíåå, ÷åì 5% îò ÑÊÎ âñåãî îáó÷àþùåãî
ìíîæåñòâà èëè êîãäà íåáîëüøîå êîëè÷åñòâî ïðèìåðîâ
îñòàåòñÿ â îäíîé âåòâè).
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Ïîíèæåíèå ÑÊÎ (6)
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Ïîíèæåíèå ÑÊÎ (6)

Øàã 5: Ïðîöåññ ïîâòîðÿåòñÿ ðåêóðñèâíî. Êîãäà ÷èñëî
ïðèìåðîâ íà êîíå÷íûõ âåðøèíàõ áîëåå îäíîãî,
âû÷èñëÿåòñÿ ñðåäíåå êàê îêîí÷àòåëüíîå çíà÷åíèå
çàâèñèìîé ïåðåìåííîé.
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Äîñòîèíñòâà è íåäîñòàòêè äåðåâüåâ ðåøåíèé

Ïðåèìóùåñòâà:

èíòåðïðåòèðóåìîñòü, äîïóñêàþòñÿ ðàçíîòèïíûå
äàííûå, âîçìîæíîñòü îáõîäà ïðîïóñêîâ;

Íåäîñòàòêè:

ïåðåîáó÷åíèå, íåóñòîé÷èâîñòü ê øóìó, ñîñòàâó
âûáîðêè, êðèòåðèþ;

Ñïîñîáû óñòðàíåíèÿ ýòèõ íåäîñòàòêîâ:

ðåäóêöèÿ, êîìïîçèöèè (ëåñà) äåðåâüåâ
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Ñëó÷àéíûé ëåñ
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Ñëó÷àéíûé ëåñ
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Ïðîãðàììíàÿ ðåàëèçàöèÿ â R

https://cran.r-project.org/web/views/MachineLearning.html

Ïàêåò rpart, ôóíêöèÿ rpart

Ïàêåò C50, ôóíêöèÿ C5.0.default

Ïàêåò data.tree, ôóíêöèÿ data.tree
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Âîïðîñû

?

Óòêèí Ë.Â. Ìàøèííîå îáó÷åíèå (Machine Learning)


