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J,�{´òfÆS�{J,�rÆS�{��{.
lnØþ5`§3PACµeeVga´r�ÆS���=�
ù�Vga´f�ÆS�.
�3¢S?Ö¥§uyfÆS�{�éuuyrÆS�{Ï

~��N´�
.
ò��fÆS�{J,�rÆS�{k¿Â.
;.�J,�{:

AdaBoost�{:
�é�©a¯K.
æ^\�õêLû��ª5éeZ��gÆ��Ó��f©

aì?18¤.
J,ä�.:

±£8ä��Ä�©aì§±\{�.�/ª¢yéÄ�©

aì�8¤.

+�; 111ÔÔÔùùù888¤¤¤ÆÆÆSSS



8¤ÆSVã

J,�{

Bagging�{
�ÅÜ�

AdaBoost�{
AdaBoost�{�ÔöØ�©Û
\{�.

J,ä

AdaBoost�{

�½Ôöêâ8D = {(xi , yi)}Ni=1§Ù¥xi ∈ X§
yi ∈ Y = {−1,+1}, 1 ≤ i ≤ N.
^LL«AdaBoost�{¥¤æ^�fÆS�{.
TL«I�ÆS�Ä�©aì��ê.
±Wt = {wi,t}Ni=1L« AdaBoost�{¥1tÓÆS�Ôöê
â8Dþ���©Ù§Ù¥

wi,t�xi���.
Ï~xi�Ð©��wi,1 = 1

N .
AdaBoost�{31tÓ�ÆS¥A^�{LÄuÔöêâ
8DÚDþ���©ÙWtÆ�äk��ÔöØ��Ä©a

ìft (x)§=

ft = argmin
f

N∑
i=1

wi,t I(f (xi) 6= yi).
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O�ft (x)3Ôö��8þ�©a�ØÇ

et =
N∑

i=1

wi,t I(ft (xi) 6= yi).

Äu©a�ØÇet§O�ft (x)3\�õêÝ¦8¤Å�¥�
��

αt =
1
2

ln
1− et

et
.

Ó�§æ^Xe�{òDþ���©ÙWt�#�Wt+1§^

ue�Ó�ÆSµ

wi,t+1 =
wi,t

Zt
exp(−αtyi ft (xi)),

Ù¥Zt =
N∑

i=1
wi,t exp(−αtyi ft (xi))�¦�¤kwi,t+1�Ú

�1�5�zÏf.
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J,ä

²LTÓÆS±�§ò{f1(x), f2(x), · · · , fT (x)}UìXe�ª
8¤��fµ

f (x) = sign(G(x)),

Ù¥

G(x) =
T∑

t=1

αt ft (x).

éù«8¤�ª5`§ G(x) =
T∑

t=1
αt ft (x)�ÎÒû½
x�

aOIP§|G(x)| = |
T∑

t=1
αt ft (x)|�Ñ
f éx �aOýÿ

�(&Ý.
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'uAdaBoost�{

3et <
1
2 �§ αt > 0§�et ��§αt��§ù`²3|

ÜÄ©aì��ÿé5U�Ð�Ä©aìD±����.
αt�ÏLXe�ª3��©Ù���N�¥å�^µ

wi,t+1 =

{ wi,t
Zt

exp(−αt ), yi = ft (xi),
wi,t
Zt

exp(αt ), yi 6= ft (xi)

=

éØ©a��ÏL¦±exp(αt )JpÙ��'.
é��(©a���ÏL¦±exp(−αt )ü$Ù��'.
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J,ä

'uAdaBoost�{

lαt�½Â�±��

2αt = ln
1− et

et
,

dd?�Ú��

exp(2αt )et = 1− et .

þªü>�¦±exp(−αt )Ò���

exp(αt )et = exp(−αt )(1− et ).

ù`²3zg�#��©ÙL§¥,©��Ø©a����
��Ú�©����(©a������Ú��.
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'uAdaBoost�{

5�zÏfZt�±��detL«µ

Zt =
N∑

i=1

wi,t exp(−αtyi ft (xi))

=
∑

yi 6=ft (xi )

wi,t exp(αt ) +
∑

yi =ft (xi )

wi,t exp(αt )

= exp(αt )et + exp(−αt )(1− et ).

�Äªexp(αt )et = exp(−αt )(1− et )��

Zt = 2 exp(αt )et

= 2
[

(
1− et

et
)

1
2 et

]
= 2

√
et (1− et ).
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'uAdaBoost�{

��N�\ÈL§:

wi,t+1 = wi,t
exp(−yiαt ft (xi))

Zt

= wi,1
exp(−yi(

∑t
s=1 αsfs(xi)))∏t

s=1 Zs

=
1
N
·

exp(−yi(
∑t

s=1 αsfs(xi)))∏t
s=1 Zs

.

AO/§�t = T�§

wi,T +1 =
1
N
·

exp(−yi(
∑T

s=1 αsfs(xi)))∏T
s=1 Zs

=
1
N
· exp(−yiG(xi))∏T

s=1 Zs
.
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'uAdaBoost�{

��!���5�zÏf

d

wi,T +1 =
1
N
· exp(−yiG(xi))∏T

s=1 Zs
.

�±��

exp(−yiG(xi)) = N · wi,T +1(
T∏

t=1

Zt ).
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J,ä

AdaBoost�{�Ä�µe

AdaBoost���{{{
ÑÑÑ\\\µÔö��8D = {(xi , yi)}Ni=1¶f©aÆS�{L¶Ä©a
ì�êT
ÑÑÑÑÑÑµ8¤©aìf (x)

1 Ð©zD = {(xi , yi)}Ni=1þ���©ÙW1 = {wi,1 = 1
N }

N
i=1.

2 ét = 1,2, . . . ,T
(a) l(D,Wt )�ÆS�{LÆ�Ä©aìft (x).
(b) O�ft (x)3(D,Wt )þ�©aØ�Çet .
(c) O�ft (x)��Xêαt .
(d) O���©Ù�#5�zÏf

Zt = 2
√

et (1− et ).

(e) òDþ���©Ù�#�

Wt+1 = {wi,t+1 =
wi,t

Zt
exp(−αtyi ft (xi ))}N

i=1.
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AdaBoost�{�Ä�µe

3 �ïÄ©aì
{ft (x)}Tt=1

��5|Ü

G(x) =
T∑

t=1

αt ft (x).

4 �£8¤©aì
f (x) = sign(G(x)).

et <
1
2´αtÚ�A���N�Ïfexp(−αt )Úexp(αt )k¿

Â�cJ^�.
XJÑy©aØ�Çet ≥ 1

2��¹,XÛ?nº
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ÔöØ�þ.

8¤©aìf�ÔöØ��µ

R̂(f ) =
1
N

N∑
i=1

I(yi 6= f (xi)).

l8¤©aì��ï��§ yi 6= f (xi)�du yiG(xi) ≤ 0§Ï
df�ÔöØ���±L«�

R̂(f ) =
1
N

N∑
i=1

I(yiG(xi) ≤ 0).

duI(yiG(xi) ≤ 0) ≤ exp(−yiG(xi)),K

R̂(f ) ≤ 1
N

N∑
i=1

exp(−yiG(xi)) =
1
N

N∑
i=1

exp(−yi(
T∑

t=1

αt ft (xi))).
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£����#úª

wi,T +1 =
1
N
· exp(−yiG(xi))∏T

s=1 Zs
,

·���

1
N

N∑
i=1

exp(−yi(
T∑

t=1

αt ft (xi)))

=
1
N

N∑
i=1

[N
T∏

t=1

Ztwi,T +1] =
T∏

t=1

Zt .
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òªZt = 2
√

et (1− et )�\þª§·��±��

T∏
t=1

Zt =
T∏

t=1

2
√

et (1− et )

=
T∏

t=1

√
1− 4(

1
2
− et )2.

-γt = 1
2 − et§K

T∏
t=1

√
1− 4(

1
2
− et )2 =

T∏
t=1

√
1− 4γ2

t

≤ exp

(
−2

T∑
t=1

γ2
t

)
.
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Ïd·���

R̂(f ) ≤ exp

(
−2

T∑
t=1

γ2
t

)
.

AO/§XJéz�γtÑkγ ≤ γt§K

R̂(f ) ≤ exp
(
−2Tγ2

)
.

ù`²

AdaBoost�{�ÔöØ�´±K�êþ?eü�.
�3A^AdaBoost�{��ÿ·�¿ØI�Jc�
�γtÚγ§ù�´AdaBoost�{¶i¥Ada�L�Adaptive
�¹Â¤3.
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\{�.

AdaBoost�{�ï�Ä©aì��5|Ü

G(x) =
T∑

t=1

αt ft (x)

�Ð´��\{�.§AdaBoost�{�ÎÜc�©Ú�{�A
::

rG(x)w���ëê�

{(α1, f1), (α2, f2), · · · , (αT , fT )}

�\{�.§

AdaBoost�{��uæ^c�©Ú��ª�g(½(αt , ft ).
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XJ·�3ÔöØ�¥æ^�ê��¼êexp(−yf (x)),�Ð©�
.�f0 = 0,æ^c�©Ú��ª3t − 1Ú£Ó¤����.�

Gt−1(x) =
t−1∑
s=0

αsfs(x).

-

Gt (α, f ) =
1
N

N∑
i=1

exp(−yi(Gt−1(xi) + αf (xi))),

K�±y²3tÚ£Ó¤���(αt , ft )÷v

(αt , ft ) = argmin
(α,f )

Gt (α, f ).
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5¿�

Gt (α, f ) =
1
N

N∑
i=1

exp(−yiGt−1(xi)) exp(−yiαf (xi)))

=
1
N

N∑
i=1

exp(−yi(
t−1∑
s=0

αsfs(xi)) exp(−yiαf (xi)))

=
t−1∏
s=1

Zs(
N∑

i=1

wi,t exp(−yiαf (xi)))

=
t−1∏
s=1

Zs(
∑

yi =f (xi )

wi,t exp(−α) +
∑

yi 6=f (xi )

wi,t exp(α)).
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-et =
∑

yi 6=f (xi )

wi,t ,K

Gt (α, f ) =
t−1∏
s=1

Zs ((1− et ) exp(−α) + et exp(α))

=
t−1∏
s=1

Zs (et (exp(α)− exp(−α)) + exp(−α)) .

w,
∏t−1

s=1 ZsQ�αÃ',��fÃ',�¦�Gt (α, f )��z,é?¿
�α > 05`,I�et��z,=

ft (x) = argmin
f

∑
yi 6=f (xi )

wi,t .
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-Gt (α, f )éα� �ê∂Gt (α,f )
∂α �0§K��

−(1− et ) exp(−α) + et exp(α) = 0,

?�Ú��

α =
1
2

ln
(1− et )

et
.

ù�AdaBoost�{����.
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J,ä�.

±©a½ö£8ä��ÄÆSì

±ÄÆSì��5|Ü5��8¤Å��E�Xe\{�

.µ

f (x) =
M∑

m=1

T (x ; Θm),

Ù¥

z�T (x ; Θm)Ñ´±Θm�ëê�ûüä(©a½ö£8ä)�
.,
M�ÄÆSì��ê.
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�½Ôöêâ8D = {(xi , yi)}Ni=1§e��¼ê

�L(y , f (x))§K1m�ÄÆSìT (x ; Θm)dXe²�ºx�
�z�KÆ�µ

Θm = argmin
Θ

N∑
i=1

L(yi , fm−1(xi) + T (xi ; Θ)).

AO/§·��ÄÄÆSì�£8ä!��¼ê�²��

�L2(y , f (x)) = (y − f (x))2��/§K

Θm = argmin
Θ

N∑
i=1

[yi − (fm−1(xi) + T (xi ; Θ))]2.
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½Â�c�.[Üêâ�í��

rmi = yi − fm−1(xi), i = 1,2, . . . ,N.

K

Θm = argmin
Θ

N∑
i=1

(rmi − T (xi ; Θ))2.

J,ä�{zÓÄÆSì�ÆSÒ´3[Ü�c�.�í

�.
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VVV���

1 8¤ÆSVã

2 J,�{

AdaBoost�{
AdaBoost�{�ÔöØ�©Û
\{�.

J,ä

3 Bagging�{

+�; 111ÔÔÔùùù888¤¤¤ÆÆÆSSS



8¤ÆSVã

J,�{

Bagging�{
�ÅÜ�

éÔö��?1æ�§|^ØÓ���êâ5ÆSØÓ�

ÄÆSì§ÏLü$��5Jp8¤ÆSì��z5U.
Bagging (Bootstrap AGGregatING)�{Ò´ùa�{��
L��"

Figure: Bagging«¿
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�ÅÜ�

Bagging�{zgl�½�Nþ�N�Ôöêâ8D¥|^
gÏæ�{(Bootstrap Sampling)�ÅÄ�N�����
æ���8Dt ,
,��ÄÆS�{LÆ���ÄÆSìft ,
²LTÓÆS����T�ÄÆSì{f1, f2, · · · , fT}.
éu©a¯K§Bagging�{¦^õêÓ`�{üÝ¦{�
�ù
Ä©aì�(ÜÅ�.
éu£8¯K§Bagging�{±ù
ÄÆSì�£8��þ
���8¤ÆSì�£8�.

+�; 111ÔÔÔùùù888¤¤¤ÆÆÆSSS



8¤ÆSVã

J,�{

Bagging�{
�ÅÜ�

�é©a?Ö�Bagging�{

Bagging���{{{
ÑÑÑ\\\µÔö��

8D = {(xi , yi)}Ni=1§xi ∈ X§yi ∈ Y§i = 1,2, . . . ,N¶f©a�
{L¶Ä©aì�êT
ÑÑÑÑÑÑµ8¤©aìf (x)

1 ét = 1,2, . . . ,T
(a) lD|^gÏæ�{�ÅÄ�N�����Dt"

(b) lDt�ÆS�{LÆ�Ä©aìft (x)"

2 �£8¤©aì

f (x) = argmax
y∈Y

T∑
t=1

I(ft (x) = y).
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|^gÏæ�{�±@�D¥�k63.2%���Ñy
3Dt¥,ù3�½§ÝþkÏu;�Dt��L5Øv¯K.
Ó�éz�Óæ�5`§�k36.8%���ØÑy3Dt¥§

ù�kÏu�ÓDt�p�m�±'����É.
é��xi 5`§·�æ^xi�ë�Ôö�ÄÆSì3xi þ�

ýÿ�{üÝ¦(J��xi ��	ýÿ

foob(xi) = argmax
y∈Y

T∑
t=1

I(ft (xi) = y)I(xi 6∈ Dt ),

�A�Bagging�{�zØ���	�O(out-of-bag
estimate)�

εoob =
1
N

N∑
i=1

I(foob(xi) 6= yi).
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1 8¤ÆSVã

2 J,�{

AdaBoost�{
AdaBoost�{�ÔöØ�©Û
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3Bagging�{¥±ûüä�{��ÄÆSì�ÆS�{
¿3ûüä�ÆS�{¥Ú\�Åá5ÀJ.

¤¢�Åá5ÀJ´�

ûüä�{3ÀJy©A��kl�c(:éA�¤kA�

£Ø���dk�A�¤¥�ÅÀJk �A���ÿÀy©
A�

2lùk �A�¥ÀJ�`y©A�.
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XJk = d§Kd�/e��ÅÜ��.Ò´ÄÆS�{æ
^ûüä�{�Bagging.
XJk < d§��u3A�ÀJ¥9ÙéA�êâ8�y©
�¡Ú\�Å6Ä.
AO3k = 1�4à�¹e§��uzg�ÅÀJ��A�
^uy©.
ëêk��3¢SA^¥��í�k = log2 d .
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�Bagging�{�'§�Åá5ÀJ¦��ÅÜ��.õ

��'uy©A���Å6Ä.
ùkÏuO\ÄÆSì�õ�5�É§?J,�ª8¤Æ

Sì��zUå.
,��¡§�ÅÜ��ÄÆS�{3zgy©(:��ÿ�

�Å�	��5��k�A�f8.
ù¦�z�Ä©aì�Ôö�Çp§�5U�é'Ãá56

Ä��/k¤ü$.
��XÄÆSìê8�O\§�ÅÜ�Ï~¬Âñ�

'Bagging�$��zØ�.
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