
+ëࡷĆĮ ࡇߟߢߡߠ �ƚżɾʕɟƚ ߜߞ
�ʕɾȩࡷƚȘżȩƇƚɟɯࡈ 4ǞȒƚȘɯǞȩȘŏȀǞɾʿ áƚƇʕżɾǞȩȘࡈ
ÚɟǞȘżǞɔŏȀ +ȩȒɔȩȘƚȘɾ �ȘŏȀʿɯǞɯ

�ĮĆ ÷ŏȘƇȩȘ ëżǕȩȩȀ ȩǀ CȘǃǞȘƚƚɟǞȘǃࡈ Úɟȩǀࡏ +ǕɟǞɯɾȩɔǕƚɟ �ʕɯżȩ

ߝ



̐Ύϟξχ̥ ͱΎ͇͖χϑ͖̐χ

+ȩȘʲȩȀʕɾǞȩȘŏȀ ȘƚʕɟŏȀ Șƚɾ ƇƚȒȩࡇ ��ÈÐϡ�Â�ãã°§°��ê°ÐÉϙ°ÜāÉࡏ�

ࡄ +ȀŏɯɯǞ˙żŏɾǞȩȘ ȩȘ +v_�á ߜߝ Ƈŏɾŏ ɯƚɾࡏ Ǻߜߢ ǞȒŏǃƚɯࡈ ߜߝ żȀŏɯɯƚɯࡏ
ࡄ Įȩʕ࢈ɟƚ ǃȩǞȘǃ ɾȩ ʶŏȘɾ ɾȩ ʕɯƚ ŏ bÚĆࡏ CŏɯǞƚɯɾ ʶŏʿ ɾȩ ŏżżƚɯɯ Ȓȩɟƚ
żȩȒɔʕɾƚ ɔȩʶƚɟ Ǟɯ ɾǕɟȩʕǃǕ bȩȩǃȀƚ +ȩȀŏųࡏ

ߞ



ϑξ͖̐ͬχ Ύ͂ ϑ̥͑ ϑξ˨̙̥

$ƚʿȩȘƇ ɾƚżǕȘǞɛʕƚɯ ŏȀɟƚŏƇʿ ƇǞɯżʕɯɯƚƇ ࡈɔɟȩɔࡷųŏżǺ࡫ ųŏɾżǕ ǃɟŏƇǞƚȘɾ
ƇƚɯżƚȘɾࡈ ŏƇŏɔɾǞʲƚ ȀƚŏɟȘǞȘǃ ɟŏɾƚɯ࡬ ƚǀǀƚżɾǞʲƚȀʿ ɾɟŏǞȘǞȘǃ żȩȘʲȩȀʕɾǞȩȘŏȀ
ȘƚɾʶȩɟǺɯ ɟƚɛʕǞɟƚɯ ŏ Ȁȩɾ ȩǀ ࡏࢆɾɟǞżǺɯࢅ vȘ ɾǕƚ ƇƚȒȩ ʶƚ ʕɯƚࡇ

ࡄ $ŏɾżǕ ȘȩɟȒŏȀǞˌŏɾǞȩȘ ŏżżƚȀƚɟŏɾƚ࡫ ɾɟŏǞȘǞȘǃࡏ࡬

ࡄ 4ɟȩɔȩʕɾ ɔɟƚʲƚȘɾ࡫ ȩʲƚɟࡷ˙ɾɾǞȘǃ࡬

ࡄ 4ŏɾŏࡷŏʕǃȒƚȘɾŏɾǞȩȘࡏ

ߟ



̊˨ϑ̐͑ ;Ύξͻ˨ͱ͖В˨ϑ͖Ύ;

ëɾŏɟɾ ʶǞɾǕ ŏȘʿ ȘƚʕɟŏȀ ȘƚɾʶȩɟǺ ŏɟżǕǞɾƚżɾʕɟƚࡇ

_ȩɟ ǞȘɔʕɾ ࡈ̋!
¯̍ = !̡ î!̋ + ų
ˈ = ɫ(¯̍)

ʶǕƚɟƚ !̡ ࡈ ųࡈ ŏȘƇ ɫ ŏɟƚ ʶƚǞǃǕɾɯࡈ ųǞŏɯࡈ ŏȘƇ ȘȩȘࡷȀǞȘƚŏɟǞɾ ʿࡏ ߠ

w,"',wit) = weights a t t . n e tO
u ,

/ O " o
µ = In§,ICE;) O

= In§..w,"'xjlHxwr"'×;f i g
v .E s s = sigmoid

r e i n
= = i .
↳



̊˨ϑ̐͑ ;Ύξͻ˨ͱ͖В˨ϑ͖Ύ;

¯̍ Ǟɯ ŏ ǀʕȘżɾǞȩȘ ȩǀ ɾǕƚ ǞȘɔʕɾ ࡏ̋! Ħƚ żŏȘ ʶɟǞɾƚ Ǟɾ ŏɯ ࡏ(̋!)̍¯ +ȩȘɯǞƇƚɟ
ɾǕƚ ȒƚŏȘ ŏȘƇ ɯɾŏȘƇŏɟƇ ƇƚʲǞŏɾǞȩȘ ȩǀ ɾǕƚ ǕǞƇƇƚȘ ʲŏɟǞŏųȀƚ ȩʲƚɟ
ȩʕɟ ƚȘɾǞɟƚ Ƈŏɾŏɯƚɾ ߝ̋! . . . ,!̋ȗࡇ

µ =
ߝ
ȗ

ȗ∑

Ǳ=ߝ

¯̍(!̋Ǳ)

σߞ =
ߝ
ȗ

ȗ∑

Ǳ=ߝ
(¯̍(!̋Ǳ)− µ)ߞ

�ʕɯɾ ŏɯ ȘȩɟȒŏȀǞˌŏɾǞȩȘ ȒƚŏȘ࡫ żƚȘɾƚɟǞȘǃࡈ ɯżŏȀǞȘǃ ɾȩ ʕȘǞɾ
ʲŏɟǞŏȘżƚ࡬ Ǟɯ ɯȩȒƚɾǞȒƚɯ ʕɯƚƇ ǀȩɟ ǞȘɔʕɾ ǀƚŏɾʕɟƚɯࡈ ųŏɾżǕࡷȘȩɟȒ
ŏɔɔȀǞƚɯ ȘȩɟȒŏȀǞˌŏɾǞȩȘ ɾȩ ȀƚŏɟȘƚƇ ǀƚŏɾʕɟƚɯࡏ

ߡ

-

- -

samplem e a n
=

samplev a r i a n c e



̊˨ϑ̐͑ ;Ύξͻ˨ͱ͖В˨ϑ͖Ύ;

+ŏȘ ŏƇƇ ŏ ųŏɾżǕ ȘȩɟȒŏȀǞˌŏɾǞȩȘ Ȁŏʿƚɟ ŏǀɾƚɟ ŏȘʿ Ȁŏʿƚɟࡇ

ʑ̄ =
¯̍− µ

σ

ʑ = ɫ(γ · ʑ̄+ ż).

ĦǕƚɟƚ γ ŏȘƇ ż ŏɟƚ ȀƚŏɟȘƚƇ ɔŏɟŏȒƚɾƚɟɯࡏ mŏɯ ɾǕƚ ƚǀǀƚżɾ ȩǀ
ȒƚŏȘࡷżƚȘɾƚɟǞȘǃࡕȘȩɟȒŏȀǞˌǞȘǃ ࡈ̍¯ ŏȘƇ ɾǕƚȘ ȒŏɔɔǞȘǃ ųŏżǺ ɾȩ Ǖŏʲƚ ŏ
Șƚʶ ȒƚŏȘ ŏȘƇ Șƚʶ ɯɾŏȘƇŏɟƇ ƇƚʲǞŏɾǞȩȘࡏ

ߢ

O

O O
O

O O
u f y.-6 = @ s l i t )

=
=

- - - 4=515) = 2



̊˨ϑ̐͑ ;Ύξͻ˨ͱ͖В˨ϑ͖Ύ;

ÚɟȩɔȩɯƚƇ ǞȘ ࡇߡߝߜߞ ŏɾżǕ$ࢅ �ȩɟȒŏȀǞˌŏɾǞȩȘࡇ �żżƚȀƚɟŏɾǞȘǃ 4ƚƚɔ �ƚɾʶȩɟǺ
÷ɟŏǞȘǞȘǃ ųʿ áƚƇʕżǞȘǃ vȘɾƚɟȘŏȀ +ȩʲŏɟǞŏɾƚ ëǕǞǀɾࡈࢆ vȩǀǀƚࡈ ëˌƚǃƚƇ ʿࡏ

4ȩƚɯȘ࢈ɾ żǕŏȘǃƚ ɾǕƚ ƚʾɔɟƚɯɯǞʲƚ ɔȩʶƚɟ ȩǀ ɾǕƚ ȘƚɾʶȩɟǺࡈ ųʕɾ ŏȀȀȩʶɯ ǀȩɟ
ɯǞǃȘǞ˙żŏȘɾ żȩȘʲƚɟǃƚȘżƚ ŏżżƚȀƚɟŏɾǞȩȘࡏ �ʕɾǕȩɟɯ ŏȘƇ ȩɾǕƚɟɯ Ǖŏʲƚ ǃȩȩƇ
ǞȘɾʕǞɾǞȩȘ ǀȩɟ ʶǕʿࡇ Ǖŏɔɔʿ ɾȩ ƇǞɯżʕɯɯ ɾǕǞɯ Ȓȩɟƚ ȩǀ˚ǞȘƚࡏ

ߣ

-



̙ξΎθΎϟϑ

ÚɟȩɔȩɯƚƇ ǞȘ ࡇߞߝߜߞ ࡇ4ɟȩɔȩʕɾࢅ � ëǞȒɔȀƚ Ħŏʿ ɾȩ ÚɟƚʲƚȘɾ �ƚʕɟŏȀ
�ƚɾʶȩɟǺɯ ǀɟȩȒ °ʲƚɟ˙ɾɾǞȘǃࡈࢆ ëɟǞʲŏɯɾŏʲŏ ƚɾ ŏȀࡏ

4ʕɟǞȘǃ ɾɟŏǞȘǞȘǃࡈ ǞǃȘȩɟƚ ŏ ɟŏȘƇȩȒ ɯʕųɯƚɾ ȩǀ ȘƚʕɟȩȘɯ ƇʕɟǞȘǃ ƚŏżǕ
ǃɟŏƇǞƚȘɾ ɯɾƚɔࡏ ëƚȀƚżɾ ƚŏżǕ ȘƚʕɟȩȘ ɾȩ ųƚ ǞȘżȀʕƇƚƇ ǞȘƇƚɔƚȘƇƚȘɾȀʿ ʶǞɾǕ
ɔɟȩųŏųǞȀǞɾʿ ɑ ɾʿɔǞżŏȀȀʿ࡫ ɑ ≈ ࡏ࡬ߡ. 4ʕɟǞȘǃ ɾƚɯɾǞȘǃࡈ Șȩ Ƈɟȩɔȩʕɾ Ǟɯ ʕɯƚƇࡏ

ߤ

sti l l

µ fully-connected
b u t with

DEITIES::: K a e r testers
0 0 0

w p
d
fullyconnectedlayies

I



̙ξΎθΎϟϑ

ࡄ °ȘȀʿ ʕɯƚƇ ȩȘ ǀʕȀȀʿ żȩȘȘƚżɾƚƇ Ȁŏʿƚɟɯࡏ

ࡄ ëǞȒʕȀɾŏȘƚȩʕɯȀʿ ɔƚɟǀȩɟȒɯ ȒȩƇƚȀ ɟƚǃʕȀŏɟǞˌŏɾǞȩȘ ȒȩƇƚȀ࡫
ɯǞȒɔȀǞ˙żŏɾǞȩȘ࡬ ŏȘƇ ȒȩƇƚȀ ŏʲƚɟŏǃǞȘǃࡏ

ࡄ mŏɯ ųƚżȩȒƚ Ȁƚɯɯ ǞȒɔȩɟɾŏȘɾ ǞȘ ȒȩƇƚɟȘ +��ɯ żȩȘʲȩȀʕɾǞȩȘŏȀ࡫
ȘƚʕɟŏȀ Șƚɾɯ࡬ ŏɯ ɾǕƚ ˙ȘŏȀ ǀʕȀȀʿ żȩȘȘƚżɾƚƇ Ȁŏʿƚɟɯ ųƚżȩȒƚ Ȁƚɯɯ
ǞȒɔȩɟɾŏȘɾࡏ $ʕɾ ɯɾǞȀȀ ŏ ʲƚɟʿ ǕƚȀɔǀʕȀ ɾƚżǕȘǞɛʕƚ ɾȩ ǺȘȩʶ ŏųȩʕɾࡋ

ߥ

classification

÷
feature extraction



̙˨ϑ˨ ˨ϟ͇ͻ̥;ϑ˨ϑ͖Ύ;

bɟƚŏɾ ǃƚȘƚɟŏȀ ɾȩȩȀ ɾȩ ǺȘȩʶ ŏųȩʕɾࡏ �ŏǞȘ ǞƇƚŏࡇ

ࡄ �ȩɟƚ ɾɟŏǞȘǞȘǃ Ƈŏɾŏ ɾʿɔǞżŏȀȀʿ ȀƚŏƇɯ ɾȩ ŏ Ȓȩɟƚ ŏżżʕɟŏɾƚ ȒȩƇƚȀࡏ

ࡄ �ɟɾǞ˙żǞŏȀȀʿ ƚȘȀŏɟǃƚ ɾɟŏǞȘǞȘǃ Ƈŏɾŏ ʶǞɾǕ ɯǞȒɔȀƚ ɾɟŏȘɯǀȩɟȒŏɾǞȩȘɯࡏ

÷ŏǺƚ ɾɟŏǞȘǞȘǃ ǞȒŏǃƚɯ ŏȘƇ ɟŏȘƇȩȒȀʿ ɯǕǞǀɾࡈ ˚Ǟɔࡈ ɟȩɾŏɾƚࡈ ɯǺƚʶࡈ ƇŏɟǺƚȘࡈ
ȀǞǃǕɾƚȘࡈ ɯǕǞǀɾ żȩȀȩɟɯࡈ ƚɾżࡏ ɾȩ żɟƚŏɾƚ Șƚʶ ɾɟŏǞȘǞȘǃ ǞȒŏǃƚɯࡏ _ǞȘŏȀ
żȀŏɯɯǞ˙ƚɟ ʶǞȀȀ ųƚ Ȓȩɟƚ ɟȩųʕɯɾ ɾȩ ɾǕƚɯƚ ɾɟŏȘɯǀȩɟȒŏɾǞȩȘɯࡏ

ߜߝ

0



Ύ;̥ࡷχ͑Ύϑ ͱ̥˨ξ;͖;͇

ĦǕŏɾ Ǟǀ ʿȩʕ ʶŏȘɾ ɾȩ ŏɔɔȀʿ Ƈƚƚɔ żȩȘʲȩȀʕɾǞȩȘŏȀ ȘƚɾʶȩɟǺɯ ɾȩ ŏ ɔɟȩųȀƚȒ
ʶǕƚɟƚ ʿȩʕ Ƈȩ Șȩɾ Ǖŏʲƚ ŏ Ȁȩɾ ȩǀ ȀŏųƚȀƚƇ Ƈŏɾŏ ǞȘ ɾǕƚ ˙ɟɯɾ ɔȀŏżƚࡐ

CʾŏȒɔȀƚࡇ +ȀŏɯɯǞǀʿ ǞȒŏǃƚɯ ȩǀ ƇǞǀǀƚɟƚȘɾ ßʕǞƇƇǞɾżǕ ųŏȀȀɯࡏ

ߝߝ



Ύ;̥ࡷχ͑Ύϑ ͱ̥˨ξ;͖;͇

� ǕʕȒŏȘ żȩʕȀƇ ɔɟȩųŏųȀʿ ŏżǕǞƚʲƚ Șƚŏɟ ɔƚɟǀƚżɾ żȀŏɯɯǞ˙żŏɾǞȩȘ
ŏżżʕɟŏżʿ ƚʲƚȘ ǃǞʲƚȘ ŏżżƚɯɯ ɾȩ ŏ ɯǞȘǃȀƚ ȀŏųƚȀƚƇ ƚʾŏȒɔȀƚ ǀɟȩȒ
ƚŏżǕ żȀŏɯɯࡇ

�ŏǲȩɟ ɛʕƚɯɾǞȩȘ ǞȘ ࡇ�� mȩʶࡐ +ŏȘ ʶƚ ƇƚɯǞǃȘ �� ŏȀǃȩɟǞɾǕȒɯ
ʶǕǞżǕ żŏȘ Ƈȩ ɾǕƚ ɯŏȒƚࡐ

ߞߝ

0



ϑξ˨;χ̥͂ξ ͱ̥˨ξ;͖;͇

÷ɟŏȘɯǀƚɟ ǺȘȩʶȀƚƇǃƚ ǀɟȩȒ ȩȘƚ ɾŏɯǺ ʶƚ ŏȀɟƚŏƇʿ ǺȘȩʶ Ǖȩʶ ɾȩ
ɯȩȀʲƚ ɾȩ ŏȘȩɾǕƚɟࡏ

_ȩɟ ƚʾŏȒɔȀƚࡈ ʶƚ Ǖŏʲƚ ȀƚŏɟȘƚƇ ǀɟȩȒ ɔŏɯɾ ƚʾɔƚɟǞƚȘżƚ ɾǕŏɾ ųŏȀȀɯ
ʕɯƚƇ ǞȘ ɯɔȩɟɾɯ Ǖŏʲƚ żȩȘɯǞɯɾƚȘɾ ɯǕŏɔƚɯࡈ żȩȀȩɟɯࡈ ŏȘƇ ɯǞˌƚɯࡏ ÷Ǖƚɯƚ
ǀƚŏɾʕɟƚɯ żŏȘ ųƚ ʕɯƚƇ ɾȩ ƇǞɯɾǞȘǃʕǞɯǕ ųŏȀȀɯ ȩǀ ƇǞǀǀƚɟƚȘɾ ɾʿɔƚࡏ

ߟߝ

O
O O



̥͂˨ϑϟξ̥ ͱ̥˨ξ;͖;͇

CʾŏȒɔȀƚɯ ȩǀ ɔȩɯɯǞųȀƚ ǕǞǃǕࡷȀƚʲƚȀ ǀƚŏɾʕɟƚɯ ŏ ǕʕȒŏȘ ʶȩʕȀƇ ȀƚŏɟȘࡇ

ߠߝ

€90



̥͂˨ϑϟξ̥ ͱ̥˨ξ;͖;͇

vǀ ɾǕƚɯƚ ǀƚŏɾʕɟƚɯ ŏɟƚ ǕǞǃǕȀʿ ǞȘǀȩɟȒŏɾǞʲƚ ࡏƚࡏǞ࡫ ȀƚŏƇ ɾȩ ǕǞǃǕȀʿ
ɯƚɔŏɟŏųȀƚ Ƈŏɾŏ࡬ ǀƚʶ ɾɟŏǞȘǞȘǃ ƚʾŏȒɔȀƚɯ ŏɟƚ ȘƚƚƇƚƇ ɾȩ ȀƚŏɟȘࡏ

�ǞǃǕɾ ɯʕǀ˙żƚ ɾȩ żȀŏɯɯǞǀʿ ųŏȀȀ ʕɯǞȘǃ Șƚŏɟƚɯɾ ɾɟŏǞȘǞȘǃ ƚʾŏȒɔȀƚ ǞȘ
ǀƚŏɾʕɟƚ ɯɔŏżƚࡈ ƚʲƚȘ Ǟǀ ǲʕɯɾ ŏ ǕŏȘƇǀʕȀ ȩǀ ɾɟŏǞȘǞȘǃ ƚʾŏȒɔȀƚɯࡏ

ߡߝ

f : * •
o
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ϑξ˨;χ̥͂ξ ͱ̥˨ξ;͖;͇

CȒɔǞɟǞżŏȀ ȩųɯƚɟʲŏɾǞȩȘࡇ _ƚŏɾʕɟƚɯ ȀƚŏɟȘƚƇ ʶǕƚȘ ɾɟŏǞȘǞȘǃ ȒȩƇƚȀɯ
ȀǞǺƚ Ƈƚƚɔ ȘƚʕɟŏȀ Șƚɾɯ ɯƚƚȒ ɾȩ żŏɔɾʕɟƚ ƚʾŏżɾȀʿ ɾǕƚɯƚ ɯȩɟɾɯ ȩǀ
ǕǞǃǕࡷȀƚʲƚȀ ɔɟȩɔƚɟɾǞƚɯࡏ

CʲƚȘ Ǟǀ ʶƚ żŏȘ࢈ɾ ɔʕɾ ǞȘɾȩ ʶȩɟƇɯ ʶǕŏɾ ƚŏżǕ ǀƚŏɾʕɟƚ ǞȘ !̍ ȒƚŏȘɯࡏࡏࡏ ߢߝ

→

goof
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I - D O
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=

K s a d



ϑξ˨;χ̥͂ξ ͱ̥˨ξ;͖;͇

÷ǕǞɯ Ǟɯ Șȩʶ ŏ żȩȒȒȩȘ ɾƚżǕȘǞɛʕƚ ǞȘ żȩȒɔʕɾƚɟ ʲǞɯǞȩȘࡇ

ࡏߝ 4ȩʶȘȀȩŏƇ ȘƚɾʶȩɟǺ ɾɟŏǞȘƚƇ ȩȘ Ȁŏɟǃƚ ǞȒŏǃƚ żȀŏɯɯǞ˙żŏɾǞȩȘ Ƈŏɾŏɯƚɾ
ࡏǃࡏƚ࡫ vȒŏǃƚȘƚɾࡏ࡬

ࡏߞ Cʾɾɟŏżɾ ǀƚŏɾʕɟƚɯ !̍ ǀȩɟ ŏȒʿ Șƚʶ ǞȒŏǃƚ !̋ ųʿ ɟʕȘȘǞȘǃ Ǟɾ ɾǕɟȩʕǃǕ ɾǕƚ
ȘƚɾʶȩɟǺ ʕɔ ʕȘɾǞȀ Ȁŏʿƚɟ ųƚǀȩɟƚ Ȁŏɯɾࡏ

ࡏߟ Ćɯƚ ɾǕƚɯƚ ǀƚŏɾʕɟƚɯ ǞȘ ŏ ɯǞȒɔȀƚɟ ȒŏżǕǞȘƚ ȀƚŏɟȘǞȘǃ ŏȀǃȩɟǞɾǕȒ ɾǕŏɾ
ɟƚɛʕǞɟƚɯ Ȁƚɯɯ Ƈŏɾŏ Șƚŏɟƚɯɾ࡫ ȘƚǞǃǕųȩɟࡈ ȀȩǃǞɯɾǞż ɟƚǃɟƚɯɯǞȩȘࡈ ƚɾżࡏ࡬ࡏ

÷ǕǞɯ ŏɔɔɟȩŏżǕ Ǖŏɯ ƚʲƚȘ ųƚƚȘ ʕɯƚƇ ȩȘ ɾǕƚ ɛʕǞƇƇǞɾżǕ ɔɟȩųȀƚȒࡇ
¨°ê­ï�ϙ�ÐÈϟê­�ê�ß¨ïāϟH�¼��êϾ��ê��ê°ÐÉϾVï°��°ê�­

ߣߝ

-

= -

[
t r a i n using fewexamples f o r n e w t a s k .

github.com/thatbrguy/Object-Detection-Quidditch


ϟ;χϟθ̥ξϻ͖χ̥̙ ̥͂˨ϑϟξ̥ ͱ̥˨ξ;͖;͇

÷ɟŏȘɯǀƚɟ ȀƚŏɟȘǞȘǃࡇ �ȩɾɯ ȩǀ ȀŏųƚȀƚƇ Ƈŏɾŏ ǀȩɟ ȩȘƚ ɔɟȩųȀƚȒ ȒŏǺƚɯ
ʕɔ ǀȩɟ ȀǞɾɾȀƚ ȀŏųƚȀƚƇ Ƈŏɾŏ ǀȩɟ ŏȘȩɾǕƚɟࡏ

ĦǕŏɾ Ǟǀ ʶƚ ƇȩȘ࢈ɾ ƚʲƚȘ Ǖŏʲƚ ȒʕżǕ ȀŏųƚȀƚƇ Ƈŏɾŏ ǀȩɟ ǞɟɟƚȀƚʲŏȘɾ
żȀŏɯɯƚɯࡐ

mȩʶ ɾȩ ƚʾɾɟŏżɾ ǀƚŏɾʕɟƚɯ ǞȘ ŏ ƇŏɾŏࡷƇɟǞʲƚȘ ʶŏʿ ǀɟȩȒ ʕȘȀŏųƚȀƚƇ
Ƈŏɾŏ Ǟɯ ȩȘƚ ȩǀ ɾǕƚ żƚȘɾɟŏȀ ɔɟȩųȀƚȒɯ ǞȘ ʕȘɯʕɔƚɟʲǞɯƚƇ ȀƚŏɟȘǞȘǃࡏ

ĆȘɯʕɔƚɟʲǞɯƚƇ ŏȘƇ ɯƚȒǞࡷɯʕɔƚɟʲǞɯƚƇ ȀƚŏɟȘǞȘǃ ʶǞȀȀ ųƚ ɾǕƚ ȒŏǞȘ
ɾȩɔǞżɯ ȩǀ ɾǕƚ Șƚʾɾ ߞ ʶƚƚǺɯࡏ

ߤߝ

=

-



χϟθ̥ξϻ͖χ̥̙ ϻχࡏ ϟ;χϟθ̥ξϻ͖χ̥̙ ͱ̥˨ξ;͖;͇

ࡄ ëʕɔƚɟʲǞɯƚƇ ȀƚŏɟȘǞȘǃࡇ �ȀȀ ǞȘɔʕɾ Ƈŏɾŏ ƚʾŏȒɔȀƚɯ żȩȒƚ ʶǞɾǕ
ɾŏɟǃƚɾɯࡕȀŏųƚȀɯࡏ ĦǕŏɾ ȒŏżǕǞȘƚɯ ŏɟƚ ǃȩȩƇ ŏɾ Șȩʶࡏ

ࡄ ĆȘɯʕɔƚɟʲǞɯƚƇ ȀƚŏɟȘǞȘǃࡇ �ȩ ǞȘɔʕɾ Ƈŏɾŏ ƚʾŏȒɔȀƚɯ żȩȒƚ
ʶǞɾǕ ɾŏɟǃƚɾɯࡕȀŏųƚȀɯࡏ vȘɾƚɟƚɯɾǞȘǃ ɔɟȩųȀƚȒɯ ɾȩ ɯȩȀʲƚ ǞȘżȀʕƇƚ
żȀʕɯɾƚɟǞȘǃࡈ ŏȘȩȒŏȀʿ ƇƚɾƚżɾǞȩȘࡈ ɯƚȒŏȘɾǞż ƚȒųƚƇƇǞȘǃࡈ ƚɾżࡏ

ࡄ ëƚȒǞࡷɯʕɔƚɟʲǞɯƚƇ ȀƚŏɟȘǞȘǃࡇ ëȩȒƚ ɾʿɔǞżŏȀȀʿ࡫ ʲƚɟʿ ǀƚʶ࡬ ǞȘɔʕɾ
Ƈŏɾŏ ƚʾŏȒɔȀƚɯ żȩȒƚ ʶǞɾǕ ɾŏɟǃƚɾɯࡕȀŏųƚȀɯࡏ ĦǕŏɾ ǕʕȒŏȘ
ųŏųǞƚɯ ŏɟƚ ɟƚŏȀȀʿ ǃȩȩƇ ŏɾࡈ ŏȘƇ ʶƚ ʶȩʕȀƇ Ȁȩʲƚ ɾȩ ȒŏǺƚ
ȒŏżǕǞȘƚɯ ųƚɾɾƚɟ ŏɾࡏ

ߥߝ



ϑξ˨;χ̥͂ξ ͱ̥˨ξ;͖;͇

$ŏżǺ ɾȩ ɾǕƚ ɔɟȩųȀƚȒ ŏɾ ǕŏȘƇࡇ ĦŏȘɾ ɾȩ ƚʾɾɟŏżɾ ȒƚŏȘǞȘǃǀʕȀ
ǀƚŏɾʕɟƚɯ ǀɟȩȒ ŏȘ ŏȀɟƚŏƇʿ ɾɟŏǞȘƚƇ ȘƚʕɟŏȀ ȘƚɾʶȩɟǺࡏ

ߜߞ

0



˨ϟϑΎ̥;̐Ύ̙̥ξ

ëǞȒɔȀƚ ųʕɾ żȀƚʲƚɟ ǞƇƚŏࡇ vǀ ʶƚ Ǖŏʲƚ ǞȘɔʕɾɯ ,ߝ̋! . . . ,!̋ȗ ∈ RƆ ųʕɾ Șȩ
ɾŏɟǃƚɾɯ ʻߝ, . . . , ʻȗ ɾȩ ȀƚŏɟȘࡈ ǲʕɯɾ ȒŏǺƚ ɾǕƚ ǞȘɔʕɾɯ ɾǕƚ ɾŏɟǃƚɾɯࡏ

ࡄ �ƚɾ ƿ!θ : R
Ɔ → RƆ ųƚ ȩʕɟ ȒȩƇƚȀࡏ

ࡄ �ƚɾ � ųƚ ŏ Ȁȩɯɯ ǀʕȘżɾǞȩȘࡏ Cࡏǃࡏ ɯɛʕŏɟƚƇ Ȁȩɯɯࡇ
�!θ(!̋) = ‖!̋ − ƿ!θ(!̋)‖

ߞ
ࡏߞ

ࡄ ÷ɟŏǞȘ ȒȩƇƚȀࡇ !θ∗ = ȒǞȘ!θ
∑ȗ

ǝ=ߝ �!θ(!̋)ࡏ

vǀ ƿ!θ Ǟɯ ŏ ȒȩƇƚȀ ɾǕŏɾ ǞȘżȩɟɔȩɟŏɾƚɯ ǀƚŏɾʕɟƚ ȀƚŏɟȘǞȘǃࡈ ǕȩɔƚǀʕȀȀʿ
ɾǕƚɯƚ ǀƚŏɾʕɟƚɯ ʶǞȀȀ żŏɔɾʕɟƚ ǕǞǃǕࡷȀƚʲƚȀ ȒƚŏȘǞȘǃࡏ

ƿ!θ Ǟɯ żŏȀȀƚƇ ŏȘ ŏʕɾȩƚȘżȩƇƚɟࡏ vɾ Ȓŏɔɯ ǞȘɔʕɾɯ ɯɔŏżƚ ɾȩ ǞȘɔʕɾɯ
ɯɔŏżƚࡏ

ߝߞ

Q Q
- -

D = 128×128×3
=

-

- 0
-

= =
¥2,115-face> 115



˨ϟϑΎ̥;̐Ύ̙̥ξ

÷ʶȩ ƚʾŏȒɔȀƚɯ ȩǀ ŏʕɾȩƚȘżȩƇƚɟ ŏɟżǕǞɾƚżɾʕɟƚɯࡇ

ĦǕǞżǕ ʶȩʕȀƇ ȀƚŏƇ ɾȩ ųƚɾɾƚɟ ǀƚŏɾʕɟƚ ȀƚŏɟȘǞȘǃࡐ

ߞߞ

¥ 0 0
→ o ff÷q÷
8

07
8.O

a.÷i.ae?e..uQtomwo. I
generally, m o r e

informative.



˨ϟϑΎ̥;̐Ύ̙̥ξ

vȒɔȩɟɾŏȘɾ ɔɟȩɔƚɟɾʿ ȩǀ ŏʕɾȩƚȘżȩƇƚɟɯࡇ Șȩ Ȓŏɾɾƚɟ ʶǕŏɾ ŏɟżǕǞɾƚżɾʕɟƚ Ǟɯ
ʕɯƚࡈ ɾǕƚɟƚ Ȓʕɯɾ ŏȀʶŏʿɯ ųƚ ŏ ųȩɾɾȀƚȘƚżǺ ʶǞɾǕ ǀƚʶƚɟ ɔŏɟŏȒƚɾƚɟɯ ɾǕŏȘ
ɾǕƚ ǞȘɔʕɾࡏ ÷Ǖƚ ųȩɾɾȀƚȘƚżǺ ƚȘɯʕɟƚɯ ǞȘǀȩɟȒŏɾǞȩȘ Ǟɯ ࢆƇǞɯɾǞȀȀƚƇࢅ ǀɟȩȒ
ȀȩʶࡷȀƚʲƚȀ ǀƚŏɾʕɟƚɯ ɾȩ ǕǞǃǕࡷȀƚʲƚȀ ǀƚŏɾʕɟƚɯࡏ

ߟߞ

O O
O



˨ϟϑΎ̥;̐Ύ̙̥ξ

�ɟżǕǞɾƚżɾʕɟƚ ɾʿɔǞżŏȀȀʿ ɯɔȀǞɾ ǞȘɾȩ ɾʶȩ ɔŏɟɾɯࡇ

CȘżȩƇƚɟࡇ ƙ : RƆ → Rǹ

4ƚżȩƇƚɟࡇ Ɔ : RƆ → Rǹ

ƿ(!̋) =

°ǀɾƚȘ ɯʿȒȒƚɾɟǞżࡈ ųʕɾ Ƈȩƚɯ Șȩɾ Ǖŏʲƚ ɾȩ ųƚࡏ ߠߞ

- = =
k e d f:Bd→1Bd

K d
= express t using e , d

d i e
K

i l

2 i 2

: 0:00:
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˨ϟϑΎ̥;̐Ύ̙̥ξ ξ̥̐Ύ;χϑξϟ̐ϑ͖Ύ;

CʾŏȒɔȀƚ ǞȒŏǃƚ ɟƚżȩȘɯɾɟʕżɾǞȩȘɯ ǀɟȩȒ ŏʕɾȩƚȘżȩƇƚɟࡇ

­êêÜãϓϟϟûûûϙ�°ÐßĀ°úϙÐß¨ϟ�ÐÉê�Éêϟ΁΀ϙ΁΁΀΁ϟ΂΁΄΂΄·ú΁ϙ§ïÂÂϙÜ�§

vȘɔʕɾ ɔŏɟŏȒƚɾƚɟɯࡇ Ɔ = ࡏߞߡߝߥߠ
$ȩɾɾȀƚȘƚżǺ ࢆȀŏɾƚȘɾࢅ ɔŏɟŏȒƚɾƚɟɯࡇ ǹ = ࡏߠߞߜߝ ߡߞ

⇒
¥

n o y
'

. 3

128×128×3

O
=

https://www.biorxiv.org/content/10.1101/214247v1.full.pdf


˨ϟϑΎ̥;̐Ύ̙̥ξχ ͂Ύξ ̥͂˨ϑϟξ̥ ̥Ѕϑξ˨̐ϑ͖Ύ;

�ɾ Ȁƚŏɯɾ ǀȩɟ Șȩʶࡈ ɾǕƚ ųƚɯɾ ŏʕɾȩƚȘżȩƇƚɟɯ Ƈȩ Șȩɾ ʶȩɟǺ ŏɯ ʶƚȀȀ ŏɯ
ǀȩɟ ǀƚŏɾʕɟƚ ƚʾɾɟŏżɾǞȩȘ ŏɯ ɯʕɔƚɟʲǞɯƚƇ ȒƚɾǕȩƇɯࡏ $ʕɾࡈ ɾǕƚʿ Ǖŏʲƚ
ȒŏȘʿ ȩɾǕƚɟ ŏɔɔȀǞżŏɾǞȩȘɯࡏ

ࡄ vȒŏǃƚ ɯƚǃȒƚȘɾŏɾǞȩȘࡏ
ࡄ �ƚŏɟȘƚƇ ǞȒŏǃƚ żȩȒɔɟƚɯɯǞȩȘࡏ
ࡄ 4ƚȘȩǞɯǞȘǃ ŏȘƇ ǞȘࡷɔŏǞȘɾǞȘǃࡏ
ࡄ vȒŏǃƚ ɯʿȘɾǕƚɯǞɯࡏ

ߢߞ

0


