
C JRVRVP VN JT VN[ W S
• B[WL J [RL P JMRNV[ MN LNV[
• =RVRKJ[L JVM UWUNV[ U
• EJVR RVP P JMRNV[ X WKTNU
• W UJTRaJ[RWV WO RVX [
• VR[RJTRaJ[RWV WO NRP [
• ANP TJ RaJ[RWV- NRP [ MNLJ M WXW [ KJ[L VW UJTRaJ[RWV
• 4J[J J PUNV[J[RWV

,



? [TRVN WO [ JRVRVP WO J VN[

……… … …

1 N[ WO JUXTN -

↔

W -

FN JV[ [W WT]N

FNRP [ h
w = {(W(2),b(2)), · · · , (W(L),b(L))} E(w,S)

S = {(x1,d1), . . . , (xN ,dN )}

min
w

E(w,S)

xn yn dn



=RVRURaJ[RWV K P JMRNV[ MN LNV[
• FN R[N J[R]NT XMJ[N [ N NRP [ RV [ N MR NL[RWV WO [ N
P JMRNV[ WO �  

�hTNJ VRVP J[N

w2

w1

E(w1, w2)

w2

w1



B[WL J [RL P JMRNV[ MN LNV[ B74 JTPW R[ U

• =RVRURaN [ N U WO
TW N OW JTT [ N JUXTN

• [N J[R]NT XN OW U -
• 3 WW N J JUXTN

JVMWUT
• =RVRURaN [ N TW OW R[

 ��
�



=RVRKJ[L JVM UWUNV[ U
• =RVRKJ[L - J UJTT N[ c VM NM  WO JUXTN

• =WUNV[ U- J LN [JRV JUW V[ WO [ N TJ [ XMJ[N R JMMNM [W [ N
L NV[ XMJ[N

C N TJ [ XMJ[N-



B[NX WO [ JRVRVP
4N RPV J VN[ JVM L WW N XN XJ JUN[N
• C N V UKN WO TJ N JVM VR[ J[ NJL TJ N
• NJ VRVP J[N UWUNV[ U JVM NRP [ MNLJ

( 3 NJ[N URVRKJ[L N WO JUXTN
• 4J[J J PUNV[J[RWV RO VNLN J

) VR[RJTRaN NRP [ JVM KRJ N
DXMJ[N NRP [ JVM KRJ N
• DV[RT LWV]N PNVLN W W J N J[R ORNM

．．．

C JRVRVP JUXTN

4J[J
J PUNV[J[RWV

=RVRKJ[L N



3 NLSRVP RO [ JRVRVP PWN NTT
• ANLJTT MNORVR[RWV WO PNVN JTRaJ[RWV N W JVM [ JRVRVP N W

• [N [ N W JVM ]JTRMJ[RWV N W
• FN XJ N WUN WO [ N JUXTN JVM N [ NU OW
N]JT J[RVP PNVN JTRaJ[RWV N W
• 3JTTNM [N [ N W W ]JTRMJ[RWV N W

# epochs

er
ro
r

test error

train error



4ROORL T[ R[ [ JRVRVP MNNX VN[
• 4NNX VN[ W S / VN[ R[ J TJ PN V UKN WO TJ N
• 4NNX VN[ J N ] TVN JKTN [W W]N OR[[RVP

• EJVR RVP P JMRNV[ X WKTNU
• 4NT[J MNL NJ N W RVL NJ N JXRMT RV [ NR KJLSX WXJPJ[RWV JVM

LJVVW[ KN LWV[ WTTNM

# epochs

er
ro

r
train error

test error



3J N OW ]JVR RVP P JMRNV[
• 2JLSX WX WO MNT[J R TRVNJ LWUX [J[RWV N N R[ JVPN R
VW[ N [ RL[NM
• C N N R J JVPN RV OW J M W [X [ WO RPUWRM JL[R]J[RWV O VL

• C N MN R]J[R]N WO JL[R]J[RWV O VL ]JVR N N LNX[ OW J
VJ W JVPN WO RVX [
• C R MWN VW[ JXXT [W AN D RL R LWV RMN NM [W KN J NJ WV OW

R[ PWWM XN OW UJVLN



−3 −2 −1 0 1 2 3

−3

−2

−1

0

1

2

3

−3 −2 −1 0 1 2 3

−3

−2

−1

0

1

2

3

−3 −2 −1 0 1 2 3

−3

−2

−1

0

1

2

3

−3 −2 −1 0 1 2 3

−3

−2

−1

0

1

2

3

W UJTRaJ[RWV [JVMJ MRaJ[RWV WO RVX [
xn = [xn1, xn2, . . . , xnI ]

>

x̄i ⌘
NX

n=1

xni/N

xni  xni � x̄i

i4R [ WO
JUXTN RV

[ N RVX [
XJLN

kiB K[ JL[ [ NR UNJV

(i4R]RMN K [ NR
[M MN]

xni  
xni � x̄i

�i

�i =

vuut 1

N

NX

n=1

(xni � x̄i)2

)iF R[NVRVP-
NTRURVJ[N
LW NTJ[RWV
KN[ NNV
LWUXWVNV[



VR[RJTRaJ[RWV WO NRP [
• FN JTT RVR[RJTRaN 	� b R[ JVMWU V UKN PNVN J[NM
O WU J 7J RJV MR [ RK [RWV. W [W L WW N �0
• 2RJ N J N RVR[RJTRaNM [W KN aN W

• WU T [W T [ TJ N h

• =J KN RUXTRORNM J -

• 1 URVP RVMNXNVMNVLN KN[ NNV ]J RJKTN �  /  [ N
]J RJVLN WO � R

dGJ]RN e RVR[RJTRaJ[RWV H7TW W[ 2NVPRW I AN DH N +I

u(l+1) = W(l+1)z(l) + b(l+1)

z(l+1) = f(u(l+1))

Var(XY ) = E(X2)E(Y 2)� E(X)2E(Y )2

wji ⇠ N(0,�2)

u(l+1)
j =

MX

i=1

w(l+1)
ji z(l)i

Var(u(l+1)) = MVar(w(l+1)z(l)) = MVar(w(l+1))E(z(l)2)

x1

x2

x3

x4

M



VR[RJTRaJ[RWV WO NRP [
• 1 URVP [ N UNJV WO ��[W KN R[ RTT KN O [ N N R[[NV J

• O N J UN ��R JXX W RUJ[NT RMNV[R[ O VL [ N W [X [ ��
��� R

• FN R [W UJSN [ N ]J RJVLN WO ��
� JVM ��
��� [W KN RURTJ

• O � R AN D [ NV � � l JVM 

Var(w) = 1/M w ⇠ N(0, 1/
p
M)⇒

Var(u(l+1)) =
1

2
MVar(w(l+1))Var(u(l))

Var(u(l+1)) = MVar(w(l+1))Var(z(l))

Var(z(l+1)) = Var(u(l+1)) = MVar(w(l+1))Var(z(l))

z(l) = max(0, u(l)
) E(z(l)2) =

1

2
Var(u(l))⇒



3 WW RVP TNJ VRVP J[N
• NJ VRVP J[N R [ N UW [ RUXW [JV[ XN XJ JUN[N -

• B[NX RM[ WO [ N XMJ[N WO WT [RWV RV B74

• W N]N R[ L WRLN JTT VNNM J TW[ WO [ RJT JVM N W
• [ MNXNVM WV [J S JVM W [ JRVRVP JUXTN

• 5UXR RLJT TN - ANM LN ]JT N J [ JRVRVP X WLNNM
• = T[RXT [W f J ON [RUN RTN UWVR[W RVP ]JTRMJ[RWV N W
• ? J [WUJ[RLJTT NM LN K N P

• 5UXR RLJT TN(-
• FNRP [ J N XMJ[NM RV J RURTJ XNNM

J[ MROON NV[ TJ N

✏

✏t = ✏0 � ↵t



FNRP [ MNLJ
• ANP TJ RaN XMJ[N WO NRP [ [ J[ J]N TJ PN MNP NN WO
O NNMWU

• 1]WRM N XTW RWV [W TJ PN ]JT N  WO NRP [
• g R JTT J ]N  UJTT ]JT N



4 WXW [
• FN dRV]JTRMJ[Ne WUN WO [ N VR[ JVMWUT R[ X WKJKRTR[ � J[

RV[N UNMRJ[N TJ N J[ [ N [RUN WO [ JRVRVP

• FN U T[RXT [ N W [X [ K �
J[ [ N [RUN WO RVON NVLN

• 1 [ XN WO NP TJ RaJ[RWV [ J[ N [ RL[ MNP NN WO O NNMWU RV
XJ JUN[N [W J]WRM W]N OR[[RVP

• [ RVON NVLN LJV KN [ W P [ WO J RV[NP J[RWV WO U T[RXTN MROON NV[
UWMNT

H RV[WV (I

w1izi

w2izi

w3izi

w4izi

zi
i i

pw1izi

pw2izi

pw3izi

pw4izi



2J[L VW UJTRaJ[RWV
• W UJTRaN [ N UNJV JVM ]J RJVLN WO W [X [ J[ NJL TJ N
W]N JUXTN RV NJL URVRKJ[L

• C R RUX W]N LWV]N PNVLN
• OJ [N XNNM JVM UW N JLL J[N WT [RWV

• 3JV KN NX N NV[NM K RV N [RWV WO J TRVNJ TJ N

WOON 2J[L W UJTRaJ[RWV- 1LLNTN J[RVP 4NNX N[ W S C JRVRVP K ANM LRVP V[N VJT 3W]J RJ[N B RO[ ( +



4J[J J PUNV[J[RWV
• C N UW N [ JRVRVP JUXTN [ N KN[[N [ N N T[ RTT KN
• J M [W PN[ J TJ PN V UKN WO [ JRVRVP JUXTN
• FN PNVN J[N VN JUXTN O WU N R [RVP WVN
• 5 P VX [ R JV RUJPN

• 1MM VWR N
• 3 WX KRUJPN
• =R W JVM W[J[RWV
• N[L

;J RJVJSR W FNTT 3JV J 3 =J PRVJTRaN BRUXTN
R JVLN [ R 4N RPVNM OW 0 ( +

:JMNKN P BXJ[RJT C JV OW UN N[ W S ( +



4J[J J PUNV[J[RWV
• [ NOONL[ J N RPVRORLJV[ RV WUN LJ N

CIFAR-10



?X[RURaJ[RWV JTPW R[ U
• B[JVMJ M B74

• 1MJ7 JM
JMJX[R]N P JMRNV[ H4 L R ( I

• 141=
JMJX[R]N UWUNV[ H;RPUJ 2J( +I

✓t  ✓t�1 � ↵gt

✓t = ✓t�1 � ↵gt/

vuut
tX

i=1

g2i


