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#$ (1)

uMNIST!"#$60000%&'()*10000%+,()

60000

784 » 

0 ··· 0 0 0 0 0 0 0 0 ··· 0

0 ··· 0 0 0 0 0 0 0 0 ··· 0

0 ··· 0 0 0 0 0 0.1 1 0.5 ··· 0

0 ··· 0 0 0 0 0 0.2 1 0.4 ··· 0

0 ··· 0 0 0 0 0.1 1 0.5 0 ··· 0

0 ··· 0 0 0 0 0.2 1 0.3 0 ··· 0

0 ··· 0 0 0 0 0.7 0.8 0 0 ··· 0

0 ··· 0 0 0 0.1 1 0.5 0 0 ··· 0

0 ··· 0 0 0 0.3 1 0.4 0 0 ··· 0

0 ··· 0 0 0 0.4 1 0.2 0 0 ··· 0

0 ··· 0 0 0 1 0.5 0 0 0 ··· 0

0 ··· 0 0 0.2 1 0.4 0 0 0 ··· 0

0 ··· 0 0 0.3 1 0.3 0 0 0 ··· 0

0 ··· 0 0 0.7 1 0.2 0 0 0 ··· 0

0 ··· 0 0 0.8 1 0.1 0 0 0 ··· 0

0 ··· 0 0.1 1 0.8 0 0 0 0 ··· 0

0 ··· 0 0.2 1 0.6 0 0 0 0 ··· 0

0 ··· 0 0.8 1 0 0 0 0 0 ··· 0

0 ··· 0 0.7 0.6 0 0 0 0 0 ··· 0

ü 28´28!"#$%&'()MNIST%*+ u #$%&“1”)'(,-.)!"/0

-!"#$%&J

-#$'()*+,-.()L

-/012(3)L

ü #$%&112)'(3456789:
456,7#8

1×784×10 =7840
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u-MNIST!"#./

456,7#8

1×2×10 = 20<<7840

9:#;<1=>?@ABCDEFG2HIJK'L'(M2N

-!"#$%&J

-OP#$J

-KQ+,-.(J

-R)/012(J

!"#$%&'()*+,-./01

]8.0,3.0[

W2

21´
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´
101´

翟 X2鲠 聋 甥

X2 Y2

淋 靠 ]8.0,3.0[
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ü 234%#$%#5678

ü 94#$:;<=&

ü #$>?@ABCDE

ü FGHHI'JKLH3'MNOPHI

ü /QRST(U#$VWXMNYN

w ?@ABCD-#$E&

Z[\]'^HZ[\]_`Gabc'defghi_`Gabc
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+,-. (1)

w 0)12

_1c[\jk
l STUVWXYZ[\MQ'#$*]^_Y

Z#$>K'

𝐡 = 𝑓 𝐱 = 𝑠! 𝐕𝐱 + 𝚼

`a8 𝐕8bcde

𝚼8fgde

𝑠!8STU>hij#

让

乐
#
$
%

狸沿 轰 鳍 冀$ % + , - % + ,

让

......

dx

1x

1h

qh

x
h

11v

qv1

1dv

dqv

让
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_2c3\jk

l kTUlVQ'#$[\")'#$*]^_

YZ#$>cmn

`a8𝐖8bcde

𝚯8fgde

𝑠"8kTU>hij#

𝐲 = 𝑔 𝐡 = 𝑠" 𝐖𝐡+ 𝚯...

1h

qh

h

...

dy

1y

y
让

11w

1qw

qw1

qdw
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_3cl1m#

𝐽#$ 𝐕,𝐖, 𝚼, 𝚯 = 𝐿 𝐱, 𝐲 = 𝐿 𝐱, 𝑔(𝑓(𝐱))

`a8

𝐿 𝐱, 𝐲 /Mopqr*s/Mtuv

让

鳍 冀

让
......

dx

1x

1h

qh

x
h

11v

qv1

1dv

dqv

...

dy

1y

y

11w

1qw

qw1

qdw

狸沿 轰

焱 需
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HI%&J

;<=>?@AB)CDEF/0𝐕G𝐖HIJKL𝚼G𝚯

t¬1; L¬0
While t£N Do

For each 𝐱 In 𝐷 Do
M9NOPQOPRSTU𝐱V.)WX𝐲

𝐿¬𝐿 + !
"
∑#$!% 𝐲# − 𝐱#

"

End For
YZ[\]^EFGIJ

t¬t+1
End While
Return 𝐕, 𝐖, 𝚼, 𝚯

KLMNB1OJ

l PQRSJ
𝐷8EF#$w
𝜂 0 < 𝜂 < 1 8xyz
N8{|}7#
m8YZ#$~#
d8YZ#$'(
q8K'�L#$'(

l KLMNBJ
𝑂(𝑁×𝑚×𝑑×𝑞)
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l K��STU�����>��*������>����

l K��STUa𝐡% ≠ 𝐡&

Z[\]

!nZ[\]

让 让h

x x̂

让 让h1

让 让h2

1x̂1
~x

2x̂2
~x

x ％％％％
％％％％
％％％％
％％％％.
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h

x y

L(x,y)

x~

gf

qD

TUJ=VWSXYZ[\-]^

./: 
_WXYZ#$�Z��*���WXYZ#$�_�>��#$

WXYZ8x*��𝑞'“加噪”生成最终的输入：&𝐱*

w opq94abrsN

w tpquvnw'xuabyz{|
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Z[\]

}~Z[\]

���STUV���#$��1��*�����>����

让 让

0.7
0.5
0.3
.
.
.
0.6x 1x̂

让 让

2x̂x

0
1
0
.
.
.
0

h2

恹 践
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TUJ_`abcd-efCDgef-hijk

./:
l ��STU��� ���¡¢£

l ¤¥j# ���¦§¨

�����Z��¡¢£*©ª���<i«=>¬®~#*¯���

�>����

让 乐

# $ % & ' $ % &

让狸沿 轰 鳍 冀

恹 践
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w opq�����W}~��'d#$����+�<Q�'!"
#$%&'9�NQ

w tpq�����������fg�'���W���W}~�
�W����/��

lmne

𝐽(#$ 𝐖,𝐛 =C 𝐿 𝐱, 𝑔 𝑓 𝐱 + 𝛽C
)*+

,

𝐾𝐿 𝜌|| H𝜌)

H𝜌) =
+
-
∑.*+- ℎ) 𝑥. 8��m~EF°±����¬®𝑗�>²ohi³

ℎ)：���¬®𝑗�>hi³

𝛽：´£��¦§¨>bc

𝜌8µ¶·¸¹0*º»¼½%��¬®¾¿£
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Z[\]

�?Z[\]

l ÀP�STU�STG2a �Ál1¨*R)CD�_ÂÃ>��

l ÀP�STUa𝐡% ≈ 𝐡&

让 让h2

让 让h3

x~

架靠

架靠

2x̂

3x̂

x

让 让h1

x
1x̂
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TUJefFopqrZ[\st

./Jl ¿£EF°±�ÄÅpÆ�>ÃÇ

l ��STU>¤¥j#� �Ál1¨

𝐽/#$ 𝐖,𝐛 =C 𝐿 𝐱, 𝑔 𝑓 𝐱 + 𝜆 𝐽! 𝐱 0
%

𝐽! 𝑥 0
%
��de𝐽! 𝑥 >FrobeniusÈ#* 𝐽! 𝑥 0

% = ∑.*+1 ∑)*+
, 23!

24"

%

��ÉÊË?Ì>0ÍÎÏÐÑÒ?ÌÓÔ

opqxy�>�����_YZ#$>ÕÖ×13ØÙ*ÉR)CD_YZ

��#$>ÚÛ¡

tpqÜÅÝ����Þ*+,Þß-.(à)

l ÀP�STUáG_¤¥j#â�Ál1¨*

l ã��STUáG_YZ°±â���

��nZ[\]W Pq
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45+,-. (1) 

u'(

l �STUSTkTämåæ

l �STUaxy�>�×çHèéh1Ðh2NMµ~êë>Æç*3�
xy�ìí�×ç>#$%î

l �STUa3��"ïWXYZ�ð>#$

让 让h1

让 让h2



45+,-. (2) 

l ×%�STUñµ~�"CD

l ×%�STU�xy�×çÄìí>òz%î*óáGòz%îô

°�"ïWX#$�ð>#$*õö÷ø°±>�"

...

雳2 让
僚 栲
蹒尺
忌莪

雳1

让

雳n

) *

...



45+,-. (3) 

uSXHI

xGSTUL[\M�×çÄìí
>o³𝛍ùúûr𝛔>Ý®)ü%î

_1c[\jk

_2c¡¢jk
í)ü%îa�"�×ç>ýþô°°±z

_3c3\jk
Vô°°±záGkT
U[\Mcm#$H𝐱

! " # "

癌1蔼! " & ' 癌3蔼# " & '

癌2蔼( ) & '

μ

σ

x x̂

+×(0,1)Nε !

= +z μ σ ε"
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uuvwc

l IJzìíÝ®)ü%î
l Q(z|x)8STG2xy�>òz%
l P(x|z)8kTG2xy�>òz%î

...

...

...

...

...

z ...

...

...

轰 僚 冀

x x̂

μ

σ



45+,-. (5) 

uuvwc
𝐽5#$ = 𝐷67 𝑄 𝐳 𝐱 ∥ 𝑃 𝐳 − 𝐸8 𝐳 𝐱 log 𝑃 𝐱 𝐳

𝐷67 𝑄 𝐳 𝐱 ∥ 𝑃 𝒛 =
1
2C.*+

!
𝛍.% + 𝛔.% − log𝛔.% − 1

l IJ�×çìíÝ®úû)ü%î*õ𝑃(𝐳)~𝑁(0, 𝐼)*𝑄 𝐳 𝐱 ~𝑁 𝜇, 𝜎%

l IJ 𝑃 𝐱 𝐳 ìí)ü%î*kTUH H𝐱 = 𝑔 𝐳 N�¹ÿ!)ü%î>o³*
ùúûrM"#c*l𝑃 𝐱 𝐳 /#��M𝑁 𝑔 𝐳 , 𝑐%

−𝐸8 𝐳 𝐱 log 𝑃 𝐱 𝐳 ≃ 𝐱 − H𝐱 %

`a8 𝐷67 𝑄 𝐳 𝐱 ∥ 𝑃 𝐳 8Ál1¨*$�STU%&>%î·¸Á'%î

𝐸8 𝐳 𝐱 log 𝑃 𝐱 𝐳 8cmqr*$�"#$ïWX#$(/��ð



45+,-. (6)

HI%&

;<=>?@AB)EF/0𝐖GIJ𝐛_t ¬ 1

While t £ N Do
𝐽'()¬0
For each x In 𝐷 Do
𝐡 ← 𝜎* 𝐖*𝐱 + 𝐛*
𝛍 ← 𝑓! 𝐱 = 𝜎+ 𝐖+𝐡 + 𝐛+ , 𝛔 ← 𝑓" 𝐱 = 𝜎,(𝐖,𝐡 + 𝐛,)
`𝑁 0, 𝐼 ab𝝐
𝐳 ← 𝛍 + 𝝈⨀𝝐
𝐡- ← 𝜎*!(𝐖*!𝐳 + 𝐛*!)
?𝐱 ← 𝜎.(𝐖.𝐡- + 𝐛.)
𝐽'() ← 𝐽'() + ∑/$!

0 𝛍/" + 𝛔/" − log𝛔/" − 1 + 𝐱 − ?𝐱 "

End For
𝐖 ←𝐖− 𝜂 12"#$1𝐖 _𝐛 ← 𝐛 − 𝜂 12"#$1𝐛 ; t¬t+1

End While
Return 𝐖, 𝐛

KLMNB1O

l £v¤a

|𝐷|8#$w)C
N8{|}7#
d8YZ#$'(

l ¥E¦§&

𝑂(𝑁×|𝐷|×𝑑)
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压
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码

原始输入 重构输出编码阶段 解码阶段

解码器
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w !"

3\]
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¬
¯
°

Z[\]/Q`G#$'³3\]W£´�µ¶W£v·¸¹+lW



6789:; (2)

w FG-23SX

º »$¼½V¾y¢¿HÀP(x)'ÁÂ»$P(x)¡¢'`GÃ¼½VÄÅÆÇ
WÈ¢¿

º dÉ"%#$':ÊËÌÍÎW'Ï+A°Ð#WÑÒab_Ó4ÔH

Àc��P(x) 'ÕdÉ4%#$_ÖÓ×ØcÙ�¸RÚ6

ÛÜÝ°Þßàád
âãHÀäaL

ÛÜÝ°Þßàád
âãHÀäaL

yz¦§L



6789:; (3)

w 03456789:;<

ü ^HZ[\]

-å£v[\²"%DEæWÑÒHÀ_Ó4ÔHÀc

-"%DEæWç®·èéL3\Âêë·ÆWìí
ü `Gdehi_Generative Adversarial Network, GANc
- GANî+^Hïð_ñ^<Wïòc'¹óôõW'�ö÷Qøù
ú¦ûü#$WHÀ

-·¸^HZ[\]'GAN¼½¥/ÛÜd�^°HÀýþÿ'ñ�Û
��¢¿WÑÒab'/Ì!"T��ÑÒ#&m#



6789:; (4)

²$%P��𝑃"#$#©ª'ÛÜ&'<()ÁEW*+

𝒢∗ = min
�
𝐷𝑖𝑣 P�, 𝑃"#$#

¨©ª¨S

w ?xyz
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ü ,HÀ𝑃�Ã 𝑃"#$#-à¥'��.©yzHÀEW*+

ü /�¡¢0�W`G#$Ãûü#$¶12¢¿#$WHÀ

¡¢

�nw¯°

ûü#$

3P�æ¡¢

3P&'('æ¡¢

w ?xyz

z𝟏
z𝟐
z𝟑
z𝟒

¡¢

`G#$

𝒢∗ = min
�
𝐷𝑖𝑣 P�, 𝑃"#$#

`GHÀ



6789:; (6)

4 5

4 5

67Q�

OPQ�

`G]q

OP]q

w ?xyz

ü 8®GAN9:;<=d`G]ÃOP]

ü >É?@öæWABCÃ?@_Zero-Sum GamecDE



6789:; (7)

!"#$%&'()*

+,-./!0123

45678)*9:(

;<=>?@AB+,

)*9:@C+,?D

!"EFG/H123
456EI?DJKL
M&NOP+,&N

cdef

w ?xyz



6789:; (8)

w 23,�
ü FÐ#𝜃-G�¶1Hûü#$WHÀ
ü 3I3JHÀ_ÓKLHÀM4ÔHÀcWnw¯°z`GI3
ûü#$HÀW¢¿

�(𝐳; 𝜃!)

−0.3
0.1
⋮
0.9

z

>?
⋮ ⋮ ⋮

QR9: +,G�(𝜃!)



6789:; (9)

w {b,�
ü FÐ#𝜃"G�WAHÅ]
ü ¾y®¢¿¶Zûü#$_NX`G#$cWÑÒ

⋮ ⋮ ⋮
>?

0.25

+,&N

⋮ ⋮ ⋮
>?

1

EFG�(𝜃")LM&N
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w lmne

`G]ÃOP]HP/�&'<Ã&Ý<m#𝑉 𝒟, 𝒢 ¶øG¼½

ü OP

𝐸.~05676 log 𝒟 x ²OP]åûü#$OP²ûü#$WQR

ü OAP

𝐸1~08 log 1 − 𝒟 𝒢 z ²OP]å`G#$OP²`G#$WQR

min
𝒢
max
𝒟
𝑉 𝒟, 𝒢 =min

𝒢
max
𝒟

𝐸𝐱~'#$%$ log 𝒟 𝐱 + 𝐸𝐳~'& log 1 − 𝒟 𝒢 𝐳



w 23,-uvwc

ü å`G#$HÀ�ûü#$HÀ·ª

ü %OP]6Ê H

w 23,-wcne

𝑉(𝒟,𝒢)WOP�𝒢�S

6789:; (11)

EF

→ min
�
𝑉 𝒟, 𝒢 = 𝐸𝐳∼'& 𝑙𝑜𝑔 1 − 𝒟 �(𝐳)

𝒢∗ = min
�
𝐷𝑖𝑣 P�, 𝑃"+,+

*í 𝑃19:9ô°

*íP�ô°

�"#$

+]#$



w {b,-uvwc

T:Q H`G#$Ãûü#$

w {b,-wcne

6789:; (12)

EF

= min
𝒟
−𝐸𝐱∼05676 𝑙𝑜𝑔𝒟 𝐱 − 𝐸𝐳∼08 𝑙𝑜𝑔 1 − 𝒟 �(𝐳)

𝒟∗ = max
𝒟

𝑉 𝒟, 𝒢

+]#$

�"#$
,%&U

𝒟
*í 𝑃19:9ô°

*íP�ô°
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l HIpq w UV<𝒢Ã𝒟WÐ#
w 8WXY¼½�=æ

Step 1Z[�𝒢\]È𝒟

𝒟STU?D1
LM&N()*

>?

𝒢

VW
1

XYZ[

LM&N

\]

1 1 1

0 0 0 0

𝐳-
𝐳.
𝐳/
𝐳0

+,&N

𝒟
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l HIpq

Step 2. [�𝒟\]È𝒢

XYZ[

0.13

VW \]

𝒢(^(P_`ab𝒟

z 𝒢 𝒟
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ü ^_#``G

cde& 1 50 100

150 200 250
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w ���u�

ü GAN¹Bãab&o3W

ü ,`GW#$HÀÃûü#$HÀøaõ¥_ñ𝑃𝒢 = 𝑃"#$#c'

o<m#c�ab&'L

w ���

ü �ö÷Ód`G]𝒢ÃOP]𝒟W��Q�ef5'ç®ab:Ê�g

ü ühæ'GANW�g¹iÚ6W'>Éj&k1Ãa"lm78

ü GANW�gNÃKnpBãNÛÜÈW�öop'abqrÃ¼½s
�NÛôt94
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ü »$ühWqd'GAN¸*u`Gabv`$]SW¢¿

ü wx:ym#;:Êrä`G]𝒢ÃOP]𝒟

ü �Ûz¦¡¢

w ��

ü ¼½Ûc�{|}n'ëã~î+®iSWc�{|}nW��

ü GAN/��Ù�+��"W#$'Ó�¿#$
ü :3�N�'`GabWHÀ 𝑃𝒢î+!"W�c
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