
/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

/HFWXUH����

5HFXUUHQW�1HXUDO�1HWZRUNV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

KWWS���PW\ND�JLWKXE�LR�GHHSGUHDP������������ELODWHUDO�FODVV�YLV�KWPO



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

KWWS���PW\ND�JLWKXE�LR�GHHSGUHDP������������ELODWHUDO�FODVV�YLV�KWPO



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

5HFXUUHQW�1HWZRUNV�RIIHU�D�ORW�RI�IOH[LELOLW\�

9DQLOOD�1HXUDO�1HWZRUNV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

5HFXUUHQW�1HWZRUNV�RIIHU�D�ORW�RI�IOH[LELOLW\�

H�J��,PDJH�&DSWLRQLQJ
LPDJH��!�VHTXHQFH�RI�ZRUGV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

5HFXUUHQW�1HWZRUNV�RIIHU�D�ORW�RI�IOH[LELOLW\�

H�J��6HQWLPHQW�&ODVVLILFDWLRQ
VHTXHQFH�RI�ZRUGV��!�VHQWLPHQW



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE������

5HFXUUHQW�1HWZRUNV�RIIHU�D�ORW�RI�IOH[LELOLW\�

H�J��0DFKLQH�7UDQVODWLRQ
VHT�RI�ZRUGV��!�VHT�RI�ZRUGV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

5HFXUUHQW�1HWZRUNV�RIIHU�D�ORW�RI�IOH[LELOLW\�

H�J��9LGHR�FODVVLILFDWLRQ�RQ�IUDPH�OHYHO



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

0XOWLSOH�2EMHFW�5HFRJQLWLRQ�ZLWK�
9LVXDO�$WWHQWLRQ��%D�HW�DO�

6HTXHQWLDO
3URFHVVLQJ
RI�IL[HG�
LQSXWV

Oliver N Schulte
this relieves the fixed/max input length problem
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Oliver N Schulte
-non-linear activation is applied to both memory and current input
-non-linear dependency on previous hidden state
- different from LSTM
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explain the unrolling



PLQ�FKDU�UQQ�S\�JLVW
0DLQ�ORRS

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


PLQ�FKDU�UQQ�S\�JLVW
0DLQ�ORRS

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


PLQ�FKDU�UQQ�S\�JLVW
0DLQ�ORRS

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


PLQ�FKDU�UQQ�S\�JLVW
0DLQ�ORRS

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


PLQ�FKDU�UQQ�S\�JLVW
0DLQ�ORRS

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


PLQ�FKDU�UQQ�S\�JLVW /RVV�IXQFWLRQ
� IRUZDUG�SDVV��FRPSXWH�ORVV�
� EDFNZDUG�SDVV��FRPSXWH�SDUDP�JUDGLHQW�

https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086
https://gist.github.com/karpathy/d4dee566867f8291f086


/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

[

511

\



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

WUDLQ�PRUH

WUDLQ�PRUH

WUDLQ�PRUH

DW�ILUVW�



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

*HQHUDWHG�
&�FRGH



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV

>9LVXDOL]LQJ�DQG�8QGHUVWDQGLQJ�5HFXUUHQW�1HWZRUNV��$QGUHM�.DUSDWK\��-XVWLQ�-RKQVRQ��/L�)HL�)HL@



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

TXRWH�GHWHFWLRQ�FHOO

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

OLQH�OHQJWK�WUDFNLQJ�FHOO

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

LI�VWDWHPHQW�FHOO

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

TXRWH�FRPPHQW�FHOO

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

FRGH�GHSWK�FHOO

6HDUFKLQJ�IRU��LQWHUSUHWDEOH�FHOOV



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

([SODLQ�,PDJHV�ZLWK�0XOWLPRGDO�5HFXUUHQW�1HXUDO�1HWZRUNV��0DR�HW�DO�
'HHS�9LVXDO�6HPDQWLF�$OLJQPHQWV�IRU�*HQHUDWLQJ�,PDJH�'HVFULSWLRQV��.DUSDWK\�DQG�)HL�)HL
6KRZ�DQG�7HOO��$�1HXUDO�,PDJH�&DSWLRQ�*HQHUDWRU��9LQ\DOV�HW�DO�
/RQJ�WHUP�5HFXUUHQW�&RQYROXWLRQDO�1HWZRUNV�IRU�9LVXDO�5HFRJQLWLRQ�DQG�'HVFULSWLRQ��'RQDKXH�HW�DO�
/HDUQLQJ�D�5HFXUUHQW�9LVXDO�5HSUHVHQWDWLRQ�IRU�,PDJH�&DSWLRQ�*HQHUDWLRQ��&KHQ�DQG�=LWQLFN

,PDJH�&DSWLRQLQJ



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

&RQYROXWLRQDO�1HXUDO�1HWZRUN

5HFXUUHQW�1HXUDO�1HWZRUN



WHVW�LPDJH



WHVW�LPDJH



WHVW�LPDJH

;



WHVW�LPDJH

[�
�67$
57!

�67$57!



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

EHIRUH�
K� �WDQK�:[K��[���:KK��K�

QRZ�
K� �WDQK�:[K��[���:KK��K���:LK��Y�

Y

:LK



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

VWUDZ

VDPSOH�



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

VWUDZ

K�

\�



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

VWUDZ

K�

\�

KDW

VDPSOH�



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

VWUDZ

K�

\�

KDW

K�

\�



K�

[�
�67$
57!

\�

�67$57!

WHVW�LPDJH

VWUDZ

K�

\�

KDW

K�

\�

VDPSOH
�(1'!�WRNHQ
 !�ILQLVK�



,PDJH�6HQWHQFH�'DWDVHWV

0LFURVRIW�&2&2
>7VXQJ�<L�/LQ�HW�DO������@
PVFRFR�RUJ

FXUUHQWO\�
a���.�LPDJHV
a��VHQWHQFHV�HDFK

http://mscoco.org
http://mscoco.org




��6KRZ�$WWHQG�DQG�7HOO��;X�HW�DO�������

3UHYLHZ�RI�IDQFLHU�DUFKLWHFWXUHV

511�DWWHQGV�VSDWLDOO\�WR�GLIIHUHQW�SDUWV�RI�LPDJHV�ZKLOH�JHQHUDWLQJ�
HDFK�ZRUG�RI�WKH�VHQWHQFH�



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

WLPH

GHSWK

511�

Oliver N Schulte
go back one step in time, one field in  space



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

WLPH

GHSWK

511�

/670�

Oliver N Schulte
looks a lot like a tableau



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/670



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/RQJ�6KRUW�7HUP�0HPRU\��/670�
>+RFKUHLWHU�HW�DO�������@

[

K

YHFWRU�IURP�
EHIRUH��K�

:

L

I

R

J

YHFWRU�IURP�
EHORZ��[�

VLJPRLG

VLJPRLG

WDQK

VLJPRLG

�Q�[��Q �Q �Q

Oliver N Schulte
is n the input?



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/RQJ�6KRUW�7HUP�0HPRU\��/670�
>+RFKUHLWHU�HW�DO�������@

FHOO
VWDWH�F

I

[

Oliver N Schulte
curent cell = previous cell x forget + new input x input gate



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/RQJ�6KRUW�7HUP�0HPRU\��/670�
>+RFKUHLWHU�HW�DO�������@

FHOO
VWDWH�F

I

[

L J

[

�

Oliver N Schulte
what is this operation?



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/RQJ�6KRUW�7HUP�0HPRU\��/670�
>+RFKUHLWHU�HW�DO�������@

FHOO
VWDWH�F

I

[ �

WDQK

R [

K

F

L J

[

Oliver N Schulte
new cell state

Oliver N Schulte
new hidden state



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/RQJ�6KRUW�7HUP�0HPRU\��/670�
>+RFKUHLWHU�HW�DO�������@

FHOO
VWDWH�F

I

[ �

WDQK

R [

K

F

L J

[

KLJKHU�OD\HU��RU�
SUHGLFWLRQ

Oliver N Schulte
input, forget, output gates give numbers between 0 and 1



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/670

FHOO
VWDWH�F

I

[

L J

[

�

WDQK

R

[
I

[

L J

[

�

WDQK

R

[

RQH�WLPHVWHS RQH�WLPHVWHS

K KK [ [

Oliver N Schulte
cell state does not depend on hidden state - like second hidden stream



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

I I I511

VWDWH

I

�

I

�

I

�/670
�LJQRULQJ�
IRUJHW�JDWHV�

Oliver N Schulte
f maps hidden state, input to hidden state

Oliver N Schulte
f adds previous state (cell) to input gate to get new state



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

/670�YDULDQWV�DQG�IULHQGV

>/670��$�6HDUFK�6SDFH�2G\VVH\��
*UHII�HW�DO�������@

>$Q�(PSLULFDO�([SORUDWLRQ�RI�
5HFXUUHQW�1HWZRUN�$UFKLWHFWXUHV��
-R]HIRZLF]�HW�DO�������@

*58�>/HDUQLQJ�SKUDVH�
UHSUHVHQWDWLRQV�XVLQJ�UQQ�HQFRGHU�
GHFRGHU�IRU�VWDWLVWLFDO�PDFKLQH�
WUDQVODWLRQ��&KR�HW�DO������@



/HFWXUH����� ��)HE�����)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ)HL�)HL�/L�	�$QGUHM�.DUSDWK\�	�-XVWLQ�-RKQVRQ /HFWXUH����� ��)HE�������

6XPPDU\
� 511V�DOORZ�D�ORW�RI�IOH[LELOLW\�LQ�DUFKLWHFWXUH�GHVLJQ
� 9DQLOOD�511V�DUH�VLPSOH�EXW�GRQ¶W�ZRUN�YHU\�ZHOO
� &RPPRQ�WR�XVH�/670�RU�*58��WKHLU�DGGLWLYH�LQWHUDFWLRQV�
LPSURYH�JUDGLHQW�IORZ

� %DFNZDUG�IORZ�RI�JUDGLHQWV�LQ�511�FDQ�H[SORGH�RU�YDQLVK��
([SORGLQJ�LV�FRQWUROOHG�ZLWK�JUDGLHQW�FOLSSLQJ��9DQLVKLQJ�LV�
FRQWUROOHG�ZLWK�DGGLWLYH�LQWHUDFWLRQV��/670�

� %HWWHU�VLPSOHU�DUFKLWHFWXUHV�DUH�D�KRW�WRSLF�RI�FXUUHQW�UHVHDUFK
� %HWWHU�XQGHUVWDQGLQJ��ERWK�WKHRUHWLFDO�DQG�HPSLULFDO��LV�QHHGHG�

Oliver N Schulte


Oliver N Schulte


Oliver N Schulte
how?


