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Ïðèçíàêè â ìàøèííîì îáó÷åíèè

Çàäà÷à îáó÷åíèÿ ñ ó÷èòåëåì: ïî îáó÷àþùåé âûáîðêå

{xi , yi}ni=1

ãäå xi ∈ X - ýòî ïðèçíàêè, y ∈ Y - îòâåòû, ïîñòðîèòü ôóíêöèþ

f : X → Y

òàê, ÷òîáû ìèíèìèçèðîâàòü ñðåäíèé ðèñê

argmin
f (·)

Ex,y [L(f (x), y)]



Âèäû ïðèçíàêîâ

x = (x1, . . . , xp)

Âèäû ïðèçíàêîâ:

xk ∈ {0, 1} - áèíàðíûé
xk ∈ R - êîëè÷åñòâåííûé (âåùåñòâåííûé)

xk ∈ Ck , |Ck | <∞ - êàòåãîðèàëüíûé (íîìèíàëüíûé)

xk ∈ Ck , |Ck | <∞, Ck − óïîðÿäî÷åíî - ïîðÿäêîâûé



Âèäû ïðèçíàêîâ
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xk ∈ Ck , |Ck | <∞, Ck − óïîðÿäî÷åíî - ïîðÿäêîâûé



Âèäû ïðèçíàêîâ

Ýëåìåíòû c ∈ Ck íàçûâàþòñÿ çíà÷åíèÿìè (óðîâíÿìè, levels)
êàòåãîðèàëüíîé ïåðåìåííîé.

Ck = {ck1, . . . , ck|Ck |}

Ïðèìåðû êàòåãîðèàëüíûõ ïðèçíàêîâ:

èäåíòèôèêàòîðû: UserID, ItemID, ShopID, è ò.ï.

êàòåãîðèÿ îáúåêòà (òîâàð, îáúÿâëåíèå, êëèåíò), îáû÷íî ñ
èåðàðõèåé

IP-àäðåñ, ðåãèîí, ãîðîä, öâåò, è ò.ï.

Îáû÷íî ðàñøèðÿþò èñõîäíîå ïðèçíàêîâîå ïðîñòðàíñòâî
êîìáèíàöèÿìè (interactions) íåñêîëüêèõ ïðèçíàêîâ:

êîìáèíàöèè 2-é ñòåïåíè: Ci × Cj , äëÿ âñåõ i < j
êîìáèíàöèè 3-é ñòåïåíè: Ci × Cj × Ck , äëÿ âñåõ i < j < k
è ò.ä.
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Ìåòîäû ðàáîòû ñ êàòåãîðèàëüíûìè ïðèçíàêàìè

1 dummy variables, one-hot êîäèðîâêà

2 Ðåøàþùèå äåðåâüÿ

3 Íàèâíûé áàåéñîâñêèé êëàññèôèêàòîð

4 Ñ÷åò÷èêè



Ìåòîäû ðàáîòû ñ êàòåãîðèàëüíûìè ïðèçíàêàìè

dummy variables, one-hot êîäèðîâêà.
Êàæäàÿ ïåðåìåííàÿ xk ∈ Ck çàìåíÿåòñÿ íà |Ck | áèíàðíûõ
zkm, m = 1 . . . |Ck |.
Åñëè xk = ckm, òî z = (0, 0, . . . , 1, . . . , 0), åäèíèöà íà m−é
ïîçèöèè.

Ðàçìåðíîñòü íîâîãî ïðèçíàêîâîãî ïðîñòðàíñòâà:
∑p

k=1
|Ck |

Ïîñëå ýòîãî ìîæíî ïðèìåíÿòü ñòàíäàðòíûå ìåòîäû ìàøèííîãî
îáó÷åíèÿ äëÿ êîëè÷åñòâåííûõ ïðèçíàêîâ.
Äëÿ áîëüøèõ âûáîðîê âû÷èñëèòåëüíî ýôôåêòèâíû áóäóò
ëèíåéíûå ìîäåëè (VW)



Ìåòîäû ðàáîòû ñ êàòåãîðèàëüíûìè ïðèçíàêàìè

dummy variables, one-hot êîäèðîâêà.
Êàæäàÿ ïåðåìåííàÿ xk ∈ Ck çàìåíÿåòñÿ íà |Ck | áèíàðíûõ
zkm, m = 1 . . . |Ck |.
Åñëè xk = ckm, òî z = (0, 0, . . . , 1, . . . , 0), åäèíèöà íà m−é
ïîçèöèè.

Ðàçìåðíîñòü íîâîãî ïðèçíàêîâîãî ïðîñòðàíñòâà:
∑p

k=1
|Ck |

Ïîñëå ýòîãî ìîæíî ïðèìåíÿòü ñòàíäàðòíûå ìåòîäû ìàøèííîãî
îáó÷åíèÿ äëÿ êîëè÷åñòâåííûõ ïðèçíàêîâ.
Äëÿ áîëüøèõ âûáîðîê âû÷èñëèòåëüíî ýôôåêòèâíû áóäóò
ëèíåéíûå ìîäåëè (VW)



Ðåøàþùèå äåðåâüÿ

Ïðèìåð: äåðåâî ðåãðåññèè, êâàäðàòè÷íàÿ îøèáêà

min
j ,w1,w2

n∑
i=1

(
(yi − w1)2[xij < a] + (yi − w2)2[xij ≥ a]

)
 

 

 

 

 

 

yes 

C4

C3 
C2 

C1 

x=? 

w1 

xj<a 

no 

w2 



Ðåøàþùèå äåðåâüÿ

Âåòâëåíèÿ â ðåøàþùèõ äåðåâüÿõ ïî çíà÷åíèÿì
êàòåãîðèàëüíîé ïåðåìåííîé (CART, GBDT, random forest, . . . ).
Ïðè áîëüøîì |Ck | âåòâëåíèå áóäåò âûáèðàòüñÿ ñëèøêîì ÷àñòî,
ýòî ÷ðåâàòî ïåðåîáó÷åíèåì.

 

 

 

 

 

 

…

w2 

C2 
C1 

w1 

yes 

CC

CC‐1 

xj=? 

w1 

xj<a 

no 

w2 

wC‐1 
wC 



Ðåøàþùèå äåðåâüÿ

Âåòâëåíèÿ â ðåøàþùèõ äåðåâüÿõ ïî çíà÷åíèÿì
êàòåãîðèàëüíîé ïåðåìåííîé (CART, GBDT, random forest, . . . ).
Ïðè áîëüøîì |Ck | âåòâëåíèå áóäåò âûáèðàòüñÿ ñëèøêîì ÷àñòî,
ýòî ÷ðåâàòî ïåðåîáó÷åíèåì.
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w1 
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no 
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Ðåøàþùèå äåðåâüÿ

Âåòâëåíèÿ â ðåøàþùèõ äåðåâüÿõ ïî çíà÷åíèÿì
êàòåãîðèàëüíîé ïåðåìåííîé (CART, GBDT, random forest, . . . ).
Ïðè áîëüøîì |Ck | âåòâëåíèå áóäåò âûáèðàòüñÿ ñëèøêîì ÷àñòî,
ýòî ÷ðåâàòî ïåðåîáó÷åíèåì.

 

 

 

 

 

 

…

w2 

C2 
C1 

w1 

yes 

CC

CC‐1 

xj=? 

w1 

xj<a 

no 

w2 

wC‐1 
wC 

min
j ,w1,...,wC

n∑
i=1

C∑
c=1

(yi − wc)2[xij = Cc ]



Ðåøàþùèå äåðåâüÿ

Âåòâëåíèÿ â ðåøàþùèõ äåðåâüÿõ ïî çíà÷åíèÿì
êàòåãîðèàëüíîé ïåðåìåííîé (CART, GBDT, random forest, . . . ).
Ïðè áîëüøîì |Ck | âåòâëåíèå áóäåò âûáèðàòüñÿ ñëèøêîì ÷àñòî,
ýòî ÷ðåâàòî ïåðåîáó÷åíèåì.

 

 

 

 

 

 

…

w2 

C2 
C1 

w1 

yes 

CC

CC‐1 

xj=? 

w1 

xj<a 

no 

w2 

wC‐1 
wC 

min
j ,w1,...,wC

n∑
i=1

C∑
c=1

(yi − wc)2[xij = Cc ] + γC +
1

2
λ

C∑
c=1

w2

c

ñì. XGBoost http://xgboost.readthedocs.io/en/latest/model.html

http://xgboost.readthedocs.io/en/latest/model.html


Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

P(y |x) =
P(x|y)P(y)

P(x)
=

P(x|y)P(y)∑
t P(x|t)P(t)

y∗ = argmax
y

P(y |x) = argmax
y

P(x|y)P(y)

Ïî÷åìó Áàéåñ òàêîé ¾íàèâíûé¿? Ïðåäïîëàãàåì, ÷òî

P(x|y) =
∏
k

Pk(xk |y)

y∗ = argmax
y

P(y |x) = argmax
y

P(x|y)P(y)

= argmax
y

(∏
k

Pk(xk |y)P(y)

)
Åñëè xk - êàòåãîðèàëüíàÿ ïåðåìåííàÿ, òî

Pk(xk |y) =
|{i |xik = xk & yi = y}|

|{i |yi = y}|
Ñâîäèòñÿ ê âû÷èñëåíèþ

∑p
k=1
|Ck ||Y | ñ÷åò÷èêîâ. Ìîæåò áûòü

ëåãêî ðåàëèçîâàíî íà Map/Reduce.



Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð
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|Ck ||Y | ñ÷åò÷èêîâ. Ìîæåò áûòü

ëåãêî ðåàëèçîâàíî íà Map/Reduce.



Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð
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ëåãêî ðåàëèçîâàíî íà Map/Reduce.



Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

P(y |x) =
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Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear

+ � ±

one-hot encoding, linear + hash

+ + ±

ìíîæ. âåòâëåíèÿ â äåðåâüÿõ

+ � �

íàèâíûé áàéåñ

� + +



Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear

+ � ±

one-hot encoding, linear + hash

+ + ±

ìíîæ. âåòâëåíèÿ â äåðåâüÿõ

+ � �

íàèâíûé áàéåñ

� + +



Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear + � ±
one-hot encoding, linear + hash

+ + ±

ìíîæ. âåòâëåíèÿ â äåðåâüÿõ

+ � �

íàèâíûé áàéåñ

� + +



Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear + � ±
one-hot encoding, linear + hash + + ±
ìíîæ. âåòâëåíèÿ â äåðåâüÿõ

+ � �

íàèâíûé áàéåñ

� + +



Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear + � ±
one-hot encoding, linear + hash + + ±
ìíîæ. âåòâëåíèÿ â äåðåâüÿõ + � �

íàèâíûé áàéåñ

� + +



Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè (ñ ó÷åòîì êîìáèíàöèé!)

Àäàïòèðóåìîñòü - óìåíèå ïîäñòðàèâàòüñÿ ê
èçìåíÿþùåìóñÿ ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear + � ±
one-hot encoding, linear + hash + + ±
ìíîæ. âåòâëåíèÿ â äåðåâüÿõ + � �

íàèâíûé áàéåñ � + +



Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

P(y |x) =

∏
k Pk(xk |y)P(y)

P(x)

Pk(xk |y) =
Pk(y |xk)Pk(xk)

P(y)

P(y |x) =

∏
k

Pk (y |xk )Pk (xk )
P(y) P(y)

P(x)
=

=

(∏
k

Pk(y |xk)

)(∏
k

Pk(xk)

P(y)

)
P(y)

P(x)

y∗ = argmax
y

(∏
k

Pk(y |xk)

)
P(y)1−p
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Ñ÷åò÷èêè

Îáîçíà÷èì Fk(c) = {j | xjk = c}.
Âû÷èñëèì ¾ýìïèðè÷åñêèå ñðåäíèå¿ ïî êàæäîìó çíà÷åíèþ
êàòåãîðèàëüíûõ ïåðåìåííûõ

ŷ(k , c) =

∑
j∈Fk (c)

yj

|Fk(c)|

≈ E [y |xk = c]

è çàìåíèì âåêòîðà ïðèçíàêîâ

(xi1, xi2, . . . , xip)→ (ŷ(1, xik), ŷ(2, x2k), . . . , ŷ(p, xpk))

(UserID : 12398234,Region : Moscow , IP : 127.123.10.20)→ (0.1, 0.33, 0.001)

Ïîñëå òàêîé çàìåíû ìû ïîëó÷àåì îáó÷àþùóþ âûáîðêó ñ
êîëè÷åñòâåííûìè ïðèçíàêàìè, êîòîðóþ ìîæíî ïîäàâàòü íà
âõîä àëãîðèòìó ìàøèííîãî îáó÷åíèÿ. Ðåêîìåíäóåòñÿ
èñïîëüçîâàòü õîðîøèé íåëèíåéíûé ìåòîä, íàïðèìåð
áóñòèíã ðåøàþùèõ äåðåâüåâ
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ŷ(k , c) =

∑
j∈Fk (c)

yj

|Fk(c)|
≈ E [y |xk = c]

è çàìåíèì âåêòîðà ïðèçíàêîâ
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Ïàðàìåòðû ȳ , n0 ïîäáèðàþòñÿ ìèíèìèçàöèåé îøèáêè íà
âàëèäàöèîííîì ìíîæåñòâå

Âàðèàíò: èñïîëüçîâàòü â êà÷åñòâå ïðèçíàêîâ íåñêîëüêî ŷ(k, c)
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1 ŷ(k, xik)

, ýìïèðè÷åñêîå ñðåäíåå

2

∑
j∈Fk (xik )

yj

, ?

3 |Fk(xik)|

, ìåðà óâåðåííîñòè
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Ïîäõîä 1. Îôôëàéí. MapReduce

(key = "i", value = "yi 1 : xi1 2 : xi2 . . . p : xip")
map:
(key = "1 xi1", value = "yi"), . . ., (key = "p xip", value = "yi")
reduce:
(key = "1 c11", value = "

∑
i∈F1(c11) yi")

(key = "1 c12", value = "
∑

i∈F1(c12) yi")
. . .
(key = "p cp|Cp |", value = "

∑
i∈Fp(cp|Cp |)

yi")

Àëãîðèòì WordCount
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Count-Min Sketch

Ïîäõîä 2. Îíëàéí
Ïðîáëåìà: íóæíî ñ÷èòàòü îíëàéí n ñ÷åò÷èêîâ

Îáíîâëåíèå: (it , ct) : ait ← ait + ct

Count-Min Sketch ñ ïàðàìåòðàìè (ε, δ) ýòî

òàáëèöà ðàçìåðà w × d , ãäå w = d eε e, d = dln 1

δ e
d õåø-ôóíêöèé h1 . . . hd : {1 . . . n} → {1 . . .w}

G. Cormode, S. Muthukrishnan / Journal of Algorithms 55 (2005) 58–75 63

work in the data stream area. We refer the readers to surveys [3,28], tutorials [16], as well
as the general literature.

3. Count-min sketches

We now introduce our data structure, the count-min, or CM, sketch. It is named after
the two basic operations used to answer point queries, counting first and computing the
minimum next. We usee to denote the base of the natural logarithm function, ln.

3.1. Data structure

A count-min(CM) sketchwith parameters(ε, δ) is represented by a two-dimensional
array counts with widthw and depthd : count[1,1] . . .count[d,w]. Given parameters
(ε, δ), set w = �e/ε� and d = �ln(1/δ)�. Each entry of the array is initially zero.
Additionally, d hash functions

h1 . . . hd : {1 . . . n} → {1 . . .w}
are chosen uniformly at random from a pairwise-independent family.

3.2. Update procedure

When an update(it , ct ) arrives, meaning that itemait is updated by a quantity ofct ,
thenct is added to one count in each row; the counter is determined byhj . Formally, set
∀1� j � d ,

count
[
j,hj (it )

] ← count
[
j,hj (it )

] + ct .

This procedure is illustrated in Fig. 1.
The space used by count-min sketches is the array ofwd counts, which takeswd words,

andd hash functions, each of which can be stored using 2 words when using the pairwise
functions described in [27].

Fig. 1. Each itemi is mapped to one cell in each row of the array of counts: when an update ofct to item it
arrives,ct is added to each of these cells.

Îáíîâëåíèå:

∀ 1 ≤ j ≤ d : count[ j , hj(i) ]← count[ j , hj(i) ] + ct
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(ε, δ), set w = �e/ε� and d = �ln(1/δ)�. Each entry of the array is initially zero.
Additionally, d hash functions

h1 . . . hd : {1 . . . n} → {1 . . .w}
are chosen uniformly at random from a pairwise-independent family.

3.2. Update procedure

When an update(it , ct ) arrives, meaning that itemait is updated by a quantity ofct ,
thenct is added to one count in each row; the counter is determined byhj . Formally, set
∀1� j � d ,

count
[
j,hj (it )

] ← count
[
j,hj (it )

] + ct .

This procedure is illustrated in Fig. 1.
The space used by count-min sketches is the array ofwd counts, which takeswd words,

andd hash functions, each of which can be stored using 2 words when using the pairwise
functions described in [27].

Fig. 1. Each itemi is mapped to one cell in each row of the array of counts: when an update ofct to item it
arrives,ct is added to each of these cells.

Îáíîâëåíèå:

∀ 1 ≤ j ≤ d : count[ j , hj(i) ]← count[ j , hj(i) ] + ct
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âi ≤ ai + ε

n∑
k=1

|ak |



Count-Min Sketch

Ïðèáëèæåííîå çíà÷åíèå ai :
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Ñðàâíåíèå ìåòîäîâ

Æåëàåìûå ñâîéñòâà ìåòîäîâ:

Òî÷íîñòü - õîðîøåå êà÷åñòâî ïðåäñêàçàíèÿ

Ìàñøòàáèðóåìîñòü - ïîääåðæêà áîëüøèõ n, p ïðè
îáó÷åíèè

Àäàïòèðóåìîñòü - ïîäñòðàèâàòüñÿ ê èçìåíÿþùåìóñÿ
ðàñïðåäåëåíèþ P(y |x)

Ìåòîä Òî÷íîñòü Ìàñøòàá. Àäàïò.

one-hot encoding, linear + � ±
one-hot encoding, linear + hash + + ±

ìíîæ. âåòâëåíèÿ + � �

íàèâíûé áàéåñ � + +

ñ÷åò÷èêè + + +



Äåêðåìåíòàëüíîå îáó÷åíèå

Çàáûâàíèå îáó÷àþùèõ ïðèìåðîâ



Äåêðåìåíòàëüíîå îáó÷åíèå

Êàæäàÿ ïåðåìåííàÿ xik çàìåíÿåòñÿ íà 3:

1 ŷ(k, xik)

2

∑
j∈Fk (xik )

yj
3 |Fk(xik)|

Åñëè íóæíî ¾çàáûòü¿ îáó÷àþùèå ïðèìåðû G , òî íóæíî ïðîñòî
óìåíüøèòü ñ÷åò÷èêè:

∑
j∈Fk (xik )

yj →
∑

j∈Fk (xik )

yj −
∑
j∈G

yj

|Fk(xik)| → |Fk(xik)| − |G |

ŷ(k , xik) =

∑
j∈Fk (xik )

yj −
∑

j∈G yj

|Fk(xik)| − |G |
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