
JQ/mH2 RR, L2m`�H L2irQ`Fb
hJ�9ke3 ai�iBbiB+�H G2�`MBM; okykR

ai27�MB2 Jmz- .2T�`iK2Mi Q7 J�i?2K�iB+�H a+B2M+2b- LhLl

�T`BH RN �M/ ky- kykR

 



�+FMQrH2/;2K2Mib

r h?2 Q`B;BM�H p2`bBQM Q7 i?Bb K�i2`B�H bi2Kb 7`QK J2ii2 G�M;��b
r?Q ?�b Tmi � HQi Q7 2zQ`i BM +`2�iBM; i?Bb KQ/mH2X h?�MFb iQ
J2ii2 7Q` i?2 T2`KBbbBQM iQ mb2 i?2 K�i2`B�H5



G2�`MBM; K�i2`B�H 7Q` i?Bb KQ/mH2

S`BK�`v K�i2`B�H,
h?2b2 bHB/2b

a2+QM/�`v K�i2`B�H,r oB/2Qb QM M2m`�H M2irQ`bF �M/ #�+F T`QT�;�iBQMr oB/2Q Rr oB/2Q kr oB/2Q jr oB/2Q 9r "�+F;`QmM/ K�i2`B�H, *?�Ti2`b e@3 :QQ/72HHQr- "2M;BQ- �M/
*Qm`pBHH2 UkyReV ?iiTb,ffrrrX/22TH2�`MBM;#QQFXQ`;

a22 �HbQ _272`2M+2b �M/ 7m`i?2` `2�/BM; UH�bi bHB/2V- 7Q` 7m`i?2` `2�/BM;
K�i2`B�HX

https://www.youtube.com/watch?v=aircAruvnKk
https://www.youtube.com/watch?v=IHZwWFHWa-w
https://www.youtube.com/watch?v=Ilg3gGewQ5U
https://www.youtube.com/watch?v=tIeHLnjs5U8
https://www.deeplearningbook.org


q?�i rBHH vQm H2�`M\r h`�MbH�iBM; 7`QK bi�iBbiB+�H iQ M2m`�H M2irQ`Fb H�M;m�;2r HBM2�` `2;`2bbBQMr HQ;BbiB+ `2;`2bbBQMr KmHiB+H�bb UKmHiBMQKB�HV `2;`2bbBQMr 622/7Q`r�`/ M2irQ`Fbr L2m`�H M2irQ`F T�`ib, KQ/2H Ĝ K2i?Q/ Ĝ �H;Q`Bi?K Ĝ `2+2Mi
/2p2HQT2Mibr .22T H2�`MBM;r h?2 iBK2HBM2r E2`�b



AMi`Q/m+iBQM

r L2m`�H M2irQ`Fb ULLV r2`2 }`bi BMi`Q/m+2/ BM i?2 RNNyǶbXr a?B7i 7`QK bi�iBbiB+b iQ +QKTmi2` b+B2M+2 �M/ K�+?BM2 H2�`MBM;- �b
i?2v �`2 ?B;?Hv T�`�K2i2`Bx2/r ai�iBbiB+B�Mb r2`2 bF2TiB+�H, ǳAiǶb Dmbi � MQMHBM2�` KQ/2HǴXr �7i2` i?2 }`bi ?vT2- LLb r2`2 Tmb?2/ �bB/2 #v #QQbiBM; �M/
bmTTQ`i p2+iQ` K�+?BM2bXr _2pBp�H bBM+2 kyRy, h?2 2K2`;2M+2 Q7 .22T H2�`MBM; �b �
+QMb2[m2M+2 Q7 BKT`Qp2/ +QKTmi2` `2bQm`+2b- bQK2 BMMQp�iBQMb-
�M/ �TTHB+�iBQMb iQ BK�;2 �M/ pB/2Q +H�bbB}+�iBQM- �M/ bT22+?
�M/ i2ti T`Q+2bbBM;



q?v � KQ/mH2 QM M2m`�H M2irQ`Fb\r 1p2`v /�v vQm `2�/ �#Qmi i?2 bm++2bb Q7 �A- K�+?BM2 H2�`MBM; Ĝ
�M/ BM T�`iB+mH�` /22T H2�`MBM;Xr AM i?2 H�bi }p2 v2�`b i?2 }2H/ Q7 /22T H2�`MBM; ?�b ;QM2 7`QK HQr
H2p2H T2`7Q`K�M+2 iQ 2t+2HH2Mi T2`7Q`K�M+2 Ĝ T�`iB+mH�`Hv BM
BK�;2 `2+Q;MBiBQM �M/ bT22+? i`�Mb+`BTiBQMXr .22T H2�`MBM; Bb #�b2/ QM � H�v2`2/ �`iB}+B�H M2m`�H M2irQ`F
bi`m+im`2X

aQ r2 }`bi M22/ iQ mM/2`bi�M/, r?�i Bb � M2m`�H M2irQ`F\



L2m`QM �M/ Kv2HBM�i2/ �tQM- rBi? bB;M�H ~Qr 7`QK BMTmib �i
/2M/`Bi2b iQ QmiTmib �i �tQM i2`KBM�HbX AK�;2 +`2/Bib, "v

1;K9jRjXbRk US`Q7X GQ+ om@ZmQ+V
?iiTb,ff+QKKQMbXrBFBK2/B�XQ`;frfBM/2tXT?T\+m`B/4dk3Rey3j

https://commons.wikimedia.org/w/index.php?curid=72816083


r h?2`2 �`2 b2p2`�H Ub2H7@bim/vV H2�`MBM; `2bQm`+2b UbQK2 HBbi2/
mM/2` ǵ7m`i?2` `272`2M+2bǶV i?�i i?2 bim/2Mib Kv im`M iQ 7Q`
7m`i?2` FMQrH2/;2 BMiQ /22T H2�`MBM;- #mi i?Bb T`2b2Mi�iBQM Bb
?2�pBHv #�b2/ QM *?QHH2i �M/ �HH�B`2 UkyR3V- rBi? �//2/ 7Q`KmH�b
�M/ i?2Q`vXr h?2`2 Bb � M2r Ahjyjy /22T H2�`MBM; +Qm`b2 �i LhLlX

https://www.ntnu.no/studier/emner/IT3030#tab=omEmnet


�A- K�+?BM2 H2�`MBM; �M/ bi�iBbiB+b



r �`iB}+B�H BMi2HHB;2M+2 U�AV /�i2b #�+F iQ i?2 RN8yb- �M/ +�M #2
b22M �b i?2 2zQ`i iQ �miQK�i2 BMi2HH2+im�H i�bFb MQ`K�HHv
T2`7Q`K2/ #v ?mK�Mb UT�;2 9- *?QHH2i �M/ �HH�B`2 UkyR3VVX

r �A r�b }`bi #�b2/ QM ?�`/+Q/2/ `mH2b UHBF2 BM +?2bb T`Q;`�KbV-
#mi im`M2/ Qmi iQ #2 BMi`�+i�#H2 7Q` bQHpBM; KQ`2 +QKTH2t- 7mxxv
T`Q#H2KbX



J�+?BM2 H2�`MBM;r qBi? i?2 }2H/ Q7 K�+?BM2 H2�`MBM; i?2 b?B7i Bb i?�i � bvbi2K Bb
i`�BM2/ `�i?2` i?�M 2tTHB+BiHv T`Q;`�KK2/Xr J�+?BM2 H2�`MBM; Bb `2H�i2/ iQ K�i?2K�iB+�H bi�iBbiB+b- #mi /Bz2`b
BM K�Mv r�vbXr JG /2�Hb rBi? Km+? H�`;2` �M/ KQ`2 +QKTH2t /�i� b2ib i?�M
r?�i Bb mbm�HHv /QM2 BM bi�iBbiB+bXr h?2 7Q+mb BM JG Bb Q`B2Mi2/ iQr�`/b 2M;BM22`BM;- �M/ B/2�b �`2
T`Qp2M 2KTB`B+�HHv `�i?2` i?�M i?2Q`2iB+�HHv Ur?B+? Bb i?2 +�b2 BM
K�i?2K�iB+�H bi�iBbiB+bVX

�++Q`/BM; iQ *?QHH2i �M/ �HH�B`2 UkyR3V UT�;2 RNV,
J�+?BM2 H2�`MBM; BbMǶi K�i?2K�iB+b Q` T?vbB+b- r?2`2 K�DQ`
�/p�M+2K2Mib +�M #2 /QM2 rBi? � T2M �M/ � TB2+2 Q7 T�T2`X AiǶb �M
2M;BM22`BM; b+B2M+2X



.22T H2�`MBM;r .22T /Q2b MQi `272` iQ � /22T2` mM/2`bi�M/BM;Xr _�i?2`- /22T `272`2b iQ i?2 H�v2`b Q7 `2T`2b2Mi�iBQM- 7Q` 2t�KTH2
BM � M2m`�H M2irQ`FX



6`QK bi�iBbiB+b iQ �`iB}+B�H M2m`�H M2irQ`Fb

_2+�TBimH�i2 7`QK JQ/mH2 j rBi? i?2 #Q/v7�i /�i�b2i i?�i +QMi�BM2/
i?2 7QHHQrBM; p�`B�#H2bXr #Q/v7�i, W Q7 #Q/v 7�iXr �;2, �;2 Q7 i?2 T2`bQMXr r2B;?i, #Q/v r2B;?i?Xr ?2B;?i, #Q/v ?2B;?iXr M2+F, M2+F i?B+FM2bbXr #KB, #KBXr �#/QK2M, +B`+mK72`2M+2 Q7 �#/QK2MXr ?BT, +B`+mK72`2M+2 Q7 ?BTX



q2 rBHH MQr HQQF �i KQ/2HHBM; i?2 #Q/v7�i �b `2bTQMb2 �M/ mbBM; �HH
Qi?2` p�`B�#H2b �b +Qp�`B�i2b @ i?Bb rBHH ;Bp2 mbr b2p2M +Qp�`B�i2br QM2 BMi2`+2Tir QM2 MmK2`B+�H QmiTmi
G2i ԝ #2 i?2 MmK#2` Q7 Q#b2`p�iBQMb BM i?2 i`�BMBM; b2i- ?2`2 ԝ � ���X



JmHiBTH2 HBM2�` `2;`2bbBQM KQ/2H
U7`QK JQ/mH2 jV

q2 �bbmK2Ԏք � ᅬЈ � ᅬφԧքφ � ᅬϵԧքϵ � ੈ � ᅬ֋ԧք֋ � ᆃք � ԧյք ᅬ � ᆃք 

7Q` Ԙ � �
 w 
 ԝ- r?2`2 ԧքօ Bb i?2 p�Hm2 ԙi? T`2/B+iQ` 7Q` i?2 Ԙi?
/�i�TQBMi- �M/ ᅬસ � 	ᅬЈ
 ᅬφ
 w 
 ᅬ֋
 i?2 `2;`2bbBQM +Q2z}+B2MibX

q2 mb2/ i?2 +QKT�+i K�i`Bt MQi�iBQM 7Q` �HH Q#b2`p�iBQMb Ԙ � �
 w 
 ԝ
iQ;2i?2`, Ԏ � ԍᅬ � ᆃ �



�bbmKTiBQMb,

RX 1	ᆃ
 � �X
kX *Qp	ᆃ
 � 1	ᆃᆃյ 
 � ᅼϵӾ X
jX h?2 /2bB;M K�i`Bt ?�b 7mHH `�MF- `�MF	ԍ
 � ԟ � �X Uq2 �bbmK2ԝ �� 	ԟ � �
XV

h?2 +H�bbB+�H MQ`K�H HBM2�` `2;`2bbBQM KQ/2H Bb Q#i�BM2/ B7 �//BiBQM�HHv
9X ᆃ ୽ ԃ։	�
 ᅼϵӾ
 ?QH/bX >2`2 ԃ։ /2MQi2b i?2 ԝ@/BK2MbBQM�H

KmHiBp�`�i2 MQ`K�H /Bbi`B#miBQMX



6`QK bi�iBbiB+�H KQ/2H iQ M2irQ`F �`+?Bi2+im`2

>Qr +�M Qm` bi�iBbiB+�H KQ/2H #2 `2T`2b2Mi2/ �b � M2irQ`F\

q2 M22/ M2r +QM+2Tib,r *Qp�`B�i2b ݂ BMTmi MQ/2b BM �M BMTmi H�v2`Xr h?2 BMi2`+2Ti ݂ #B�b MQ/2Xr h?2 `2bTQMb2 ݂ QmiTmi MQ/2 BM �M QmiTmi H�v2`Xr h?2 `2;`2bbBQM +Q2{+B2Mib ݂ r2B;?ib UQ7i2M r`Bii2M QM i?2
�``Qrb 7`QK i?2 BMTmib iQ i?2 QmiTmi H�v2`VX



OO O r2B;?ib, 3
OO BMBiB�H p�Hm2 jRd9kdXRdje8k
OO Bi2` Ry p�Hm2 99dyX8dyd3N
OO 7BM�H p�Hm2 99R8X98jdkN
OO +QMp2`;2/

I1

I2

I3

I4

I5

I6

I7

age

weight

height

bmi

neck

abdomen

hip

O1 bodyfat

B1

r �HH HBM2b ;QBM; BMiQ i?2 QmiTmi MQ/2 bB;MB}2b i?�i r2 KmHiBTHv i?2
+Qp�`B�i2 p�Hm2b BM i?2 BMTmi MQ/2b rBi? i?2 r2B;?ib U`2;`2bbBQM
+Q2{+B2MibV- �M/ i?2M bmKXr h?Bb bmK +�M #2 b2Mi i?`Qm;? � bQ@+�HH2/ �+iBpBiBQM 7mM+iBQM
U?2`2 Dmbi i?2 B/2MiBiv 7mM+iBQMVX



r _2;`2bbBQM MQi�iBQM,Ԏք � ᅬЈ � ᅬφԧքφ � ᅬϵԧքϵ � ੈ � ᅬ֋ԧք֋ � ᆃք �
r L2m`�H M2irQ`F MQi�iBQM,Ԩφ	ԧք
 � ᅿ֊	ԦЈ � Ԧφԧքφ � ੈ � Ԧ֋ԧք֋
 


r?2`2 ᅿ֊	ԧ
 � ԧ UB/2MiBiv 7mM+iBQMVX

AM i?2 bi�iBbiB+b rQ`H/r r2 rQmH/ ?�p2 r`Bii2M ࣞԨφ	ԧք
 iQ bT2+B7v i?�i r2 �`2 2biBK�iBM; �
T`2/B+i2/ p�Hm2 Q7 i?2 `2bTQMb2 7Q` i?2 ;Bp2M +Qp�`B�i2 p�Hm2Xr r2 rQmH/ ?�p2 +�HH2/ i?2 Ԧb ࣞᅬb BMbi2�/X



ai�iBbiB+�H T�`�K2i2` 2biBK�iBQM

_2K2K#2`, h?2 2biBK�iQ` ᅬࣞ Bb 7QmM/ #v KBMBKBxBM; i?2 _aa 7Q` �
KmHiBTH2 HBM2�` `2;`2bbBQM KQ/2H,

_aa � ։ంք�φ	Ԩք ਷ ࣞԨք
ϵ � ։ంք�φ	Ԩք ਷ ࣞᅬЈ ਷ ࣞᅬφԧքφ ਷ ࣞᅬϵԧքϵ ਷ ��� ਷ ࣞᅬ֋ԧք֋
ϵ
� ։ంք�φ	Ԩք ਷ ԧյք ᅬ
ϵ � 	Ԏ ਷ ԍᅬࣞ
յ 	Ԏ ਷ ԍᅬࣞ
 �

aQHmiBQM, ᅬࣞ � 	ԍյ ԍ
਷φԍյ Ԏ �



L2m`�H M2irQ`Fb, HQbb 7mM+iBQM �M/ ;`�/B2Mi /2b+2Mi

q2 MQr i`�MbH�i2 7`QK i?2 bi�iBbiB+�H BMiQ i?2 M2m`�H M2irQ`Fb rQ`H/,
RX _2TH�+2 i?2 T�`�K2i2`b ᅬ rBi? M2irQ`F r2B;?ib ԦX

kX _2TH�+2 i?2 _aa BM Qm` i`�BMBM; /�i� b2i rBi? i?2 7QHHQrBM; HQbb
7mM+iBQM UK2�M b[m�`2/ 2``Q`Vӿ	Ԧ
 � �ԝ ։ంք�φ	Ԩք ਷ ࣞԨφ	ԧք

ϵ 

r?2`2 ӿ	Ԧ
 BM/B+�i2b i?�i i?2 mMFMQrM T�`�K2i2`b �`2 i?2
r2B;?ib ԦX

jX _2TH�+2 KBMBKBxBM; i?2 HQbb 7mM+iBQM U_aaV #v KQ`2 ;2M2`�H
KBMBx�iBQM T`Q+2/m`2b i?�i rQ`F �HbQ r?2M i?2 HQbb 7mM+iBQM /Q2b
MQi ?�p2 � +HQb2/ 7Q`KX AM T�`iB+mH�`- mb2 i?2 i?2 ;`�/B2Mi
/2b+2Mi �H;Q`Bi?KX



:`�/B2Mi /2b+2Mi �M/ HQ+�H KBMBK�

U?iiTb,ff;Bi?m#X+QKfaQQDmM;>QM;fJ�+?BM2G2�`MBM;frBFBf:`�/B2Mi@.2b+2MiV

https://github.com/SoojungHong/MachineLearning/wiki/Gradient-Descent


6BM/BM; QTiBK�H r2B;?ib, :`�/B2Mi /2b+2Mi �H;Q`Bi?K
RX G2i ԣ � � �M/ /2MQi2 i?2 ;Bp2M BMBiB�H p�Hm2b 7Q` i?2 r2B;?ib Ԧ	֏
-
kX lMiBH }M/BM; � UHQ+�HV QTiBKmK- `2T2�i �V iQ 2V

�V *�H+mH�i2 i?2 T`2/B+iBQMb ࣞԨφ	ԧք
X
#V *�H+mH�i2 i?2 HQbb 7mM+iBQM ӿ	Ԧ	֏

X
+V 6BM/ i?2 ;`�/B2Mi U/B`2+iBQMV BM i?2 	ԟ � �
@/BK2MbBQM�H bT�+2 Q7

i?2 r2B;?ib- �M/ 2p�Hm�i2 i?Bb �i i?2 +m``2Mi r2B;?i p�Hm2bခӿ	Ԧ	֏

 � ᇝիᇝԦ 	Ԧ	֏

X
/V :Q rBi? � ;Bp2M bi2T H2M;i? UH2�`MBM; `�i2V ᅶ BM i?2 /B`2+iBQM Q7

i?2 M2;�iBp2 Q7 i?2 ;`�/B2Mi Q7 i?2 HQbb 7mM+iBQM iQ ;2iԦ	֏�φ
 � Ԧ	֏
 ਷ ᅶခӿ	Ԧ	֏

 �
2V a2i ԣ � ԣ � �X

jX h?2 }M�H p�Hm2b Q7 i?2 r2B;?ib BM i?�i 	ԟ � �
 /BK2MbBQM�H bT�+2
�`2 Qm` T�`�K2i2` 2biBK�i2b �M/ vQm` M2irQ`F Bb i`�BM2/X



"�+FT`QT�;�iBQMr AM M2m`�H M2irQ`Fb i?2 ;`�/B2Mi T�`i Q7 i?2 ;`�/B2Mi /2b+2Mi
�H;Q`Bi?K Bb BKTH2K2Mi2/ 2{+B2MiHv BM �M �H;Q`Bi?K +�HH2/
#�+FT`QT�;�iBQM Ub22 H�i2`VX

>2`2 r2 +QKT�`2r i?2 JG_ bQHmiBQM rBi? HKr i?2 M2m`�H M2irQ`F bQHmiBQM rBi? MM2i R

Rlb2b �M BKT`Qp2/ ;`�/B2Mi /2b+2Mi rBi? >2bbB�M BM7Q`K�iBQM �M/ i?2
"6:a@�H;Q`Bi?KX "6:a Bb � [m�bB@L2riQM K2i?Q/ U�HbQ FMQrM �b � p�`B�#H2
K2i`B+ �H;Q`Bi?KV- bT2+B}+�HHv i?�i Tm#HBb?2/ bBKmHi�M2QmbHv BM RNdy #v "`Qv/2M-
6H2i+?2`- :QH/7�`# �M/ a?�MMQX h?Bb mb2b 7mM+iBQM p�Hm2b �M/ ;`�/B2Mib iQ #mBH/
mT � TB+im`2 Q7 i?2 bm`7�+2 iQ #2 QTiBKBx2/X



1t�KTH2 R, *QMiBMmQmb Qmi+QK2 UHBM2�` `2;`2bbBQMV

GBM2�` `2;`2bbBQM pbX M2m`�H M2irQ`Fb, �M 2t�KTH2X

7Bi 4 HKU#Q/v7�i � �;2 Y r2B;?i Y ?2B;?i Y #KB Y M2+F Y �#/QK2M Y ?BT-
/�i� 4 /X#Q/v7�iV

7BiMM2i 4 MM2iU#Q/v7�i � �;2 Y r2B;?i Y ?2B;?i Y #KB Y M2+F Y �#/QK2M Y
?BT- /�i� 4 /X#Q/v7�i- HBMQmi 4 h_l1- bBx2 4 y- bFBT 4 h_l1- K�tBi 4 Ryyy-
2Mi`QTv 4 6�Ga1V

OO O r2B;?ib, 3
OO BMBiB�H p�Hm2 R3kdk83Xjdk9NR
OO Bi2` Ry p�Hm2 99dyXyRdde8
OO 7BM�H p�Hm2 99R8X98jdkN
OO +QMp2`;2/
+#BM/U7BiMM2i0rib- 7Bi0+Q277B+B2MibV
OO (-R) (-k)
OO UAMi2`+2TiV @NXd93NR82YyR @NXd93Nyj2YyR
OO �;2 @NXeydek32@y9 @NXeydeeN2@y9
OO r2B;?i @eXkNk3k32@yR @eXkNk3ky2@yR
OO ?2B;?i jXNd93Ny2@yR jXNd93392@yR
OO #KB RXd38jjj2Yyy RXd38jjy2Yyy
OO M2+F @9XN98dk82@yR @9XN98dk82@yR
OO �#/QK2M 3XN98R3N2@yR 3XN98R3N2@yR
OO ?BT @RXk8889N2@yR @RXk8889N2@yR



1t�KTH2 k, "BM�`v Qmi+QK2 UHQ;BbiB+ `2;`2bbBQMV
�BK Bb iQ T`2/B+i B7 � T2`bQM ?�b /B�#2i2bkX h?2 /�i� bi2K 7`QK �
TQTmH�iBQM Q7 rQK2M Q7 SBK� AM/B�M ?2`Bi�;2 BM i?2 la- �p�BH�#H2 BM
i?2 _ J�aa T�+F�;2X h?2 7QHHQrBM; BM7Q`K�iBQM Bb �p�BH�#H2 7Q` 2�+?
rQK�M,r /B�#2i2b, y4 MQi T`2b2Mi- R4 T`2b2Mir MT`2;, MmK#2` Q7 T`2;M�M+B2br ;Hm, TH�bK� ;Hm+Qb2 +QM+2Mi`�iBQM BM �M Q`�H ;Hm+Qb2 iQH2`�M+2

i2bir #T, /B�biQHB+ #HQQ/ T`2bbm`2 UKK>;Vr bFBM, i`B+2Tb bFBM 7QH/ i?B+FM2bb UKKVr #KB, #Q/v K�bb BM/2t Ur2B;?i BM F;fU?2B;?i BM KVϵVr T2/, /B�#2i2b T2/B;`22 7mM+iBQMXr �;2, �;2 BM v2�`b

kGQ;BbiB+ `2;`2bbBQM Bb i?2 Ǵ?2HHQ rQ`H/Ǵ Q7 K�+?BM2 H2�`MBM;X



h?2 bi�iBbiB+�H KQ/2H, GQ;BbiB+ `2;`2bbBQMr Ԙ � �
 w 
 ԝ Q#b2`p�iBQMb BM i?2 i`�BMBM; b2iX q2 rBHH mb2 ԡ
UBMbi2�/ Q7 ԟV iQ #2 i?2 MmK#2` Q7 +Qp�`B�i2b- iQ �pQB/ +QM7mbBQM
rBi? i?2 T`Q#�#BHBiv ԟXr h?2 #BM�`v `2TQMb2 Ԏք ୮ \�
 �^ rBi?

S	Ԏք � �
 � ԟք
�M/

HQ; ঁ ԟք� ਷ ԟք ং � ᅬસԧք 

r?2`2 HQ;	 ֓φ਷֓ 
 Bb i?2 HQ;BbiB+ 7mM+iBQM X



r h?2`27Q`2 ԟք � 2tT	ᅬસԧք
� � 2tT	ᅬસԧք
 � �� � 2tT	਷ᅬસԧք
 �
r h?Bb 7mM+iBQM Bb a@b?�T2/- �M/ `�M;2b #2ir22M y �M/ R UbQ i?2 ԟք

Bb #2ir22M y �M/ RVX

0.00

0.25

0.50

0.75

1.00

−6 −3 0 3
x

p



S�`�K2i2` 2biBK�iBQM BM i?2 bi�iBbiB+�H KQ/2H
UJ�tBKmK HBF2HB?QQ/Vr :Bp2M ԝ BM/2T2M/2Mi T�B`b Q7 +Qp�`B�i2b �M/ `2bTQMb2b \ԧք
 Ԩք^-

i?2 HQ;@HBF2HB?QQ/ 7mM+iBQM Q7 � HQ;BbiB+ `2;`2bbBQM KQ/2H +�M #2
r`Bii2M �b,

HM	ԁ	ᅬ

 � ԛ	ᅬ
 � ։ంք�φ ঁԨք HM ԟք � 	� ਷ Ԩք
 HM	� ਷ ԟք
ং �r J�tBKB�iBQM, b2i i?2 ԡ � � T�`iB�H /2`Bp�iBp2b UiQ 7Q`K i?2
;`�/B2MiV iQ yXr LQ +HQb2/ 7Q`K bQHmiBQM- i?mb r2 mb2 � ;`�/B2Mi@#�b2/ K2i?Q/ Ui?2
L2riQM@_�T?bQM Q` 6Bb?2` b+Q`BM; �H;Q`Bi?K iQ }M/ ࣞᅬ �M/ Ԉӹ	 ࣞᅬ
,ᅬ	֏�φ
 � ᅬ	֏
 � ӻ	ᅬ	֏

਷φԢ	ᅬ	֏

 

r?2`2 i?2 ;`�/B2Mi Q7 i?2 HQ;@HBF2HB?QQ/ Ԣ	ᅬ
 � ᇝևᇝᅬ Bb +�HH2/ i?2 b+Q`2
p2+iQ`- �M/ ?2`2 i?2 M2r [m�MiBiv ӻ	ᅬ	֏

਷φ Bb +�HH2/ i?2 BMp2`b2
2tT2+i2/ 6Bb?2` BM7Q`K�iBQM K�i`BtX

https://en.wikipedia.org/wiki/Scoring_algorithm


h?2 M2m`�H M2irQ`F KQ/2H, �`+?Bi2+im`2 �M/ �+iBp�iBQM
7mM+iBQMr _2K2K#2`, BM i?2 M2m`�H M2irQ`F ULLV p2`bBQM Q7 HBM2�`

`2;`2bbBQM- r2 ?�/,Ԩφ	ԧք
 � ԦЈ � Ԧφԧքφ � ੈ � Ԧ֍ԧք֍ 

rBi? �+iBp�iBQM 7mM+iBQM ᅿ֊	ԧ
 � ԧXr AM i?2 LL p2`bBQM Q7 HQ;BbiB+ `2;`2bbBQM r2 BMbi2�/ ?�p2 i?2
bB;KQB/ �+iBp�iBQM 7mM+iBQM ᅿ֊	ԧ
 � φφ�2tT	਷֓
 - Q7i2M /2MQi2/ �bᅼ	ԧ
X �;�BM- r2 T`272` iQ mb2 ࣞԨφ	ԧք
 �M/ ;2i,

ࣞԨφ	ԧք
 � ᅼ	ԧք
 � �� � 2tT	਷	ԦЈ � Ԧφԧքφ � ੈ � Ԧ֍ԧք֍

 ୮ 	�
 �
 �



L2m`�H M2irQ`Fb, HQbb 7mM+iBQM �M/ ;`�/B2Mi /2b+2Mir 6Q` LLb r2 mb2 #BMQKB�H +`Qbb@2Mi`QTv HQbbӿ	Ԧ
 � ਷ �ԝ ։ంք�φ	Ԩք HM	 ࣞԨφ	ԧք

 � 	� ਷ Ԩք
 HM	� ਷ ࣞԨφ	ԧք

 

r?B+? Bb � b+�H2/ p2`bBQM Q7 i?2 M2;�iBp2 Q7 i?2 #BMQKB�H
HQ;HBF2HB?QQ/5r PTiBKBx�iBQM Bb /QM2 �HbQ rBi? ;`�/B2Mi /2b+2Mi- #mi r2 M22/ i?2
+?�BM `mH2 U/m2 iQ i?2 �+iBp�iBQM 7mM+iBQMV iQ ;2i i?2 T�`iB�H
/2`Bp�iBp2b 7Q` i?2 ;`�/B2Mi /B`2+iBQMXr q2 M22/ i?2 #�+FT`QT�;�iBQM �H;Q`Bi?K- mbBM; i?2 �+iBp�iBQM �M/
HQbb 7mM+iBQMb ;Bp2M ?2`2X



S�`�K2i2` 2biBK�iBQM pbX M2irQ`F r2B;?ib
7BiHQ;Bbi 4 ;HKU/B�#2i2b � MT`2; Y ;Hm Y #T Y bFBM Y #KB Y T2/ Y �;2-

/�i� 4 i`�BM- 7�KBHv 4 #BMQKB�HUHBMF 4 ]HQ;Bi]VV
bmKK�`vU7BiHQ;BbiV

OO
OO *�HH,
OO ;HKU7Q`KmH� 4 /B�#2i2b � MT`2; Y ;Hm Y #T Y bFBM Y #KB Y T2/ Y
OO �;2- 7�KBHv 4 #BMQKB�HUHBMF 4 ]HQ;Bi]V- /�i� 4 i`�BMV
OO
OO .2pB�M+2 _2bB/m�Hb,
OO JBM RZ J2/B�M jZ J�t
OO @RXN3jy @yXeddj @yXje3R yXe9jN kXjR89
OO
OO *Q277B+B2Mib,
OO 1biBK�i2 ai/X 1``Q` x p�Hm2 S`U=%x%V
OO UAMi2`+2TiV @NXddjyek RXddyj3e @8X8ky jXj32@y3    
OO MT`2; yXRyjR3j yXye9eN9 RX8N8 yXRRydj
OO ;Hm yXyjkRRd yXyyed3d 9Xdjk kXkk2@ye    
OO #T @yXyy9de3 yXyR389R @yXk8d yXdNdyd
OO bFBM @yXyyRNRd yXykk8yy @yXy38 yXNjkRR
OO #KB yXy3jek9 yXy9k3kd RXN8j yXy8y3d X
OO T2/ RX3ky9Ry yXee88R9 kXdj8 yXyyekj   
OO �;2 yXy9RR39 yXykkyNR RX3e9 yXyekk3 X
OO @@@
OO aB;MB7X +Q/2b, y ^   ^ yXyyR ^  ^ yXyR ^ ^ yXy8 ^X^ yXR ^ ^ R
OO
OO U.BbT2`bBQM T�`�K2i2` 7Q` #BMQKB�H 7�KBHv i�F2M iQ #2 RV
OO
OO LmHH /2pB�M+2, k8eX9R QM RNN /2;`22b Q7 7`22/QK
OO _2bB/m�H /2pB�M+2, Rd3XjN QM RNk /2;`22b Q7 7`22/QK
OO �A*, RN9XjN
OO
OO LmK#2` Q7 6Bb?2` a+Q`BM; Bi2`�iBQMb, 8



b2iXb22/Ud3d3dNV
HB#`�`vUMM2iV
7BiMM2i 4 MM2iU/B�#2i2b � MT`2; Y ;Hm Y #T Y bFBM Y #KB Y T2/ Y �;2-

/�i� 4 i`�BM- HBMQmi 4 6�Ga1- bBx2 4 y- bFBT 4 h_l1- K�tBi 4 Ryyy-
2Mi`QTv 4 h_l1- qib 4 7BiHQ;Bbi0+Q277B+B2Mib Y `MQ`KU3- y- yXRVV

OO O r2B;?ib, 3
OO BMBiB�H p�Hm2 kRjX8d8N88
OO Bi2` Ry p�Hm2 3NX8RRy99
OO 7BM�H p�Hm2 3NXRN8jjj
OO +QMp2`;2/
O 2Mi`QTv4h_l1 #2+�mb2 /27�mHi Bb H2�bi b[m�`2b
+#BM/U7BiMM2i0rib- 7BiHQ;Bbi0+Q277B+B2MibV

OO (-R) (-k)
OO UAMi2`+2TiV @NXddjy9ekdd @NXddjyeR8jj
OO MT`2; yXRyjR3jRdR yXRyjR3j9kd
OO ;Hm yXyjkRRe3jk yXyjkRRe3kj
OO #T @yXyy9deded3 @yXyy9ded89k
OO bFBM @yXyyRNRdRy8 @yXyyRNReejk
OO #KB yXy3jek9R8R yXy3jekjNRk
OO T2/ RX3kyjNddNk RX3ky9Ryjed
OO �;2 yXy9RR3jd99 yXy9RR3j8kN

"v b2iiBM; 2Mi`QTv4h_l1 r2 KBMBKBx2 i?2 +`Qbb@2Mi`QTv HQbbX



THQiM2iU7BiMM2iV
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"mi- i?2`2 K�v �HbQ 2tBbi HQ+�H KBMBK�X

b2iXb22/URkjV
7BiMM2i 4 MM2iU/B�#2i2b � MT`2; Y ;Hm Y #T Y bFBM Y #KB Y T2/ Y �;2-

/�i� 4 i`�BM- HBMQmi 4 6�Ga1- bBx2 4 y- bFBT 4 h_l1- K�tBi 4 Ryyyy-
2Mi`QTv 4 h_l1- qib 4 7BiHQ;Bbi0+Q277B+B2Mib Y `MQ`KU3- y- RVV

OO O r2B;?ib, 3
OO BMBiB�H p�Hm2 k9jR8XkN383k
OO 7BM�H p�Hm2 Rk8keXyekNye
OO +QMp2`;2/
+#BM/U7BiMM2i0rib- 7BiHQ;Bbi0+Q277B+B2MibV

OO (-R) (-k)
OO UAMi2`+2TiV @jeXdjj8jd @NXddjyeR8jj
OO MT`2; @ddXRkeNN9 yXRyjR3j9kd
OO ;Hm @kN39X9yNRd8 yXyjkRRe3kj
OO #T @R3j8XNj9k8N @yXyy9ded89k
OO bFBM @dR3XydkekN @yXyyRNReejk
OO #KB @3R3X8eRjRR yXy3jekjNRk
OO T2/ @3Xe3d9dj RX3ky9Ryjed
OO �;2 @ddjXykj3d3 yXy9RR3j8kN



q?v +�M LL �M/ HQ;BbiB+ `2;`2bbBQM H2�/ iQ bm+? /Bz2`2Mi `2bmHib\



1t�KTH2 j, *�i2;Q`B+�H Qmi+QK2 UKmHiB+H�bb `2;`2bbBQMV

h?2 B`Bb ~Qr2` /�i� b2i r�b BMi`Q/m+2/ #v i?2 "`BiBb? bi�iBbiB+B�M
�M/ #BQHQ;Bbi _QM�H/ 6Bb?2` BM RNjeXr h?`22 TH�Mi bT2+B2b, &b2iQb�- pB`;BMB+�- p2`bB+QHQ`'Xr 6Qm` 72�im`2b, a2T�HXG2M;i?- a2T�HXqB/i?- S2i�HXG2M;i?

�M/ S2i�HXqB/i?X

h?2 �BK Bb iQ T`2/B+i i?2 bT2+B2b Q7 �M B`Bb TH�MiX



h?2 bi�iBbiB+�H KQ/2H

q2 QMHv #`B2~v K2MiBQM2/ KmHiB+H�bb `2;`2bbBQM BM KQ/mH2 9Xr �bbmK2 r2 ?�p2 BM/2T2M/2Mi Q#b2`p�iBQM T�B`b 	ԧք
 Ԏք
- r?2`2 i?2
+Qp�`B�i2 p2+iQ` ԧք +QMbBbib Q7 i?2 b�K2 K2�bm`2K2Mib 7Q` 2�+?
`2bTQMb2 +�i2;Q`vXr 1�+? Q#b2`p�iBQM +�M QMHv #2HQM; iQ QM2 `2bTQMb2 +H�bb-Ԏք ୮ \�
 w 
 Ӹ^Xr .mKKv p�`B�#H2 +Q/BM; Q7 i?2 `2bTQMb2 BM � Ӹ@/BK2MbBQM�H p2+iQ`,Ԩք � 	�
 �
 w 
 �
 �
 �
 w 
 �
 rBi? � p�Hm2 Q7 � BM i?2 Ԓ֏փ 2H2K2Mi Q7Ԩք B7 i?2 +H�bb Bb ԒX



r S`Q#�#BHBiB2b i?�i i?2 `2bTQMb2 Bb +�i2;Q`v Ԓ 7Q` bm#D2+i Ԙԟքվ � ԅ	Ԏք � Ԓ
 

r?2`2 ௴դվ�φ ԟքվ � �X AM bi�iBbiB+b r2 /Q MQi KQ/2H ԟքφ- #2+�mb2ԟքφ � � ਷ ௴դվ�ϵ ԟքվ- �M/ ᅬφ � �X

r :2M2`�HBx�iBQM Q7 i?2 HQ;BbiB+ `2;`2bbBQM KQ/2H,ԟքվ � ԅ	Ԏք � Ԓ
 � 2tT	ԧյք ᅬվ
� � ௴դ֎�ϵ 2tT	ԧյք ᅬ֎

r *H�bbB}+�iBQM iQ i?2 +H�bb rBi? i?2 ?B;?2bi T`Q#�#BHBiv-

�`;K�tվ 	ԟքվ
X



S�`�K2i2` 2biBK�iBQM BM i?2 bi�iBbiB+�H KQ/2Hr h?2 HBF2HB?QQ/ Q7 i?2 KmHiBMQKB�H `2;`2bbBQM KQ/2H +�M #2
r`Bii2M �b

HM	ԁ	ᅬ
 Ñ ։ంք�φ
դంվ�φ Ԩքվ HM	ԟքվ
 


r?2`2 ԟքդ � � ਷ ԟքφ ਷ ԟքϵ ਷ ੈ ਷ ԟքӴդ਷φ- �M/ i?2 `2;`2bbBQM
T�`�K2i2`b 2Mi2` pB� i?2 ԟքվbXr S�`�K2i2` 2biBK�iBQM Bb /QM2 BM i?2 b�K2 r�v �b 7Q` i?2 HQ;BbiB+
`2;`2bbBQM- rBi? i?2 6Bb?2` b+Q`BM; �H;Q`Bi?KXr >Qr2p2` U�M/ i?Bb KB;?i #2 +QM7mbBM;V- �M 2{+B2Mi 7mM+iBQM BM _
�HbQ `2HB2b QM M2m`�H M2irQ`Fb 7Q` QTiBKBx�iBQM Ub22 #2HQrVX



L2m`�H M2irQ`F �`+?Bi2+im`2 �M/ �+iBp�iBQM 7mM+iBQMr "mBH/b �M QmiTmi H�v2` rBi? Ӹ MQ/2b �M/ +Q``2bTQM/BM; yfR
i�`;2ib U`2bTQMb2bV mbBM; i?2 /mKKv p�`B�#H2 +Q/BM; Q7 i?2
`2bTQMb2b- +�HH2/ QM2@?Qi +Q/BM;Xr h?2 �+iBp�iBQM 7mM+iBQM 7Q` i?2 QmTmi H�v2` Bb +�HH2/ bQ7iK�tX 6Q`
2�+? +H�bb Ԓ � �
 w 
 Ӹ Bi Bb ;Bp2M �bࣞԨվ	ԧք
 � 2tT	ԧյք Ԧվ
௴դ֎�φ 2tT	ԧյք Ԧ֎
 

r?2`2 2�+? Ԧ֎ Bb � ԡ � � /BK2MbBQM�H p2+iQ` Q7 r2B;?ibXr LQi2, i?2`2 Bb bQK2 `2/mM/�M+v ?2`2- bBM+2 ௴դվ�φ ࣞԨվ	ԧք
 � �- bQ
r2 +QmH/ ?�p2 ?�/ Ӹ ਷ � QmiTmi MQ/2b- #mi i?Bb Bb MQi /QM2Xr h?2 7Q+mb Q7 M2m`�H M2irQ`Fb Bb MQi iQ BMi2`T`2i i?2 r2B;?ib- �M/
i?2`2 Bb MQ M22/ iQ �bbmK2 7mHH `�MF Q7 � K�i`Bt rBi? QmiTmi
MQ/2bX



L2m`�H M2irQ`Fb, HQbb 7mM+iBQM �M/ ;`�/B2Mi /2b+2Mir 6Q` M2m`�H M2irQ`Fb i?2 M2;�iBp2 Q7 i?2 KmHiBMQKB�H HQ;HBF2HB?QQ/
Bb � b+�H2/ p2`bBQM Q7 i?2 +�i2;Q`B+�H +`Qbb@2Mi`QTv HQbbӿ	Ԧ
 � ਷ �ԝ ։ంք�φ �Ӹ դంվ�φ	Ԩքվ HM	 ࣞԨվ	ԧք

 �

r h?2 QTiBKBx�iBQM Bb /QM2 mbBM; ;`�/B2Mi /2b+2Mi- rBi? KBMQ`
+?�M;2b 7`QK r?�i r�b /QM2 7Q` i?2 HQ;BbiB+ `2;`2bbBQM /m2 iQ i?2
�//2/ bmK �M/ i?2 +?�M;2 BM i?2 �+iBp�iBQM 7mM+iBQMX



6BiiBM; KmHiBMQKB�H `2;`2bbBQM pb � M2m`�H M2irQ`F

6B`bi b2H2+i � i`�BMBM; b�KTH2
HB#`�`vUMM2iV
b2iXb22/URkjV
i`�BM 4 b�KTH2UR,R8y- 8yV
B`Bbni`�BM 4 B`/(i`�BM- )
B`Bbni2bi 4 B`/(@i`�BM- )

h?2M }i i?2 MM2iUV U#v /27�mHi mbBM; i?2 bQ7iK�t �+iBp�iBQM 7mM+iBQMV
b2iXb22/URkj9V
B`BbXMM2i I@ MM2iUbT2+B2b � X- /�i� 4 B`/- bm#b2i 4 i`�BM- bBx2 4 y-

bFBT 4 h_l1- K�tBi 4 RyyV

OO O r2B;?ib, R8
OO BMBiB�H p�Hm2 Ry8X8N8de9
OO Bi2` Ry p�Hm2 RXy8yye9
OO Bi2` ky p�Hm2 yXyR33R9
OO Bi2` jy p�Hm2 yXyyjNjd
OO Bi2` 9y p�Hm2 yXyykyek
OO Bi2` 8y p�Hm2 yXyyR9ey
OO Bi2` ey p�Hm2 yXyyyR8y
OO Bi2` dy p�Hm2 yXyyyRk8
OO Bi2` 3y p�Hm2 yXyyyRRy
OO 7BM�H p�Hm2 yXyyyyNe
OO +QMp2`;2/



r >Qr K�Mv r2B;?ib UT�`�K2i2`bV ?�p2 #22M 2biBK�i2/\r q?�i /Q2b i?2 ;`�T? HQQF HBF2\

bmKK�`vUB`BbXMM2iV

OO � 9@y@j M2irQ`F rBi? R8 r2B;?ib
OO QTiBQMb r2`2 @ bFBT@H�v2` +QMM2+iBQMb bQ7iK�t KQ/2HHBM;
OO #@=QR BR@=QR Bk@=QR Bj@=QR B9@=QR
OO jeXdN NXeN RXke @R9Xjj @RjXk9
OO #@=Qk BR@=Qk Bk@=Qk Bj@=Qk B9@=Qk
OO 8XRe RyXRy kRXjj @k8X9d @RkX93
OO #@=Qj BR@=Qj Bk@=Qj Bj@=Qj B9@=Qj
OO @9kXyj @kyXk8 @kjXRk 9yX3y k8XNe
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JmHiBMQKB�H `2;`2bbBQM Bb �HbQ /QM2 rBi? MM2i- #mi mbBM; � r`�TT2`
KmHiBMQK Ur2 mb2 /27�mHi b2iiBM;b- bQ `2bmHib �`2 MQi M2+2bb�`BHv i?2
b�K2 �b �#Qp2VX

HB#`�`vU+�`2iV
7Bi 4 KmHiBMQKUbT2+B2b � X- 7�KBHv 4 KmHiBMQKB�H- /�i� 4 B`Bbni`�BM-

i`�+2 4 6�Ga1V
+Q27U7BiV

OO UAMi2`+2TiV a2T�HXGX a2T�HXqX S2i�HXGX S2i�HXqX
OO b @R8Xedj8N @3XedN898 9kX9y9Nk @k8XN93e3 @dXRjkjdN
OO p @R8dXjk3y9 @RNXeN9933 @RdXyj998 9eXy8kNd 8NXRj8j9R
7Bi0rib

OO (R) yXyyyyyy yXyyyyyy yXyyyyyy yXyyyyyy yXyyyyyy yXyyyyyy
OO (d) yXyyyyyy @R8Xedj8N8 @3XedN898 9kX9y9Nk9 @k8XN93e3R @dXRjkjdN
OO (Rj) yXyyyyyy @R8dXjk3y99 @RNXeN9933 @RdXyj999d 9eXy8kNe3 8NXRj8j9R



amKKBM; mT

RX JmHiBTH2 HBM2�` `2;`2bbBQMr LL rBi? QM2 BMTmi H�v2` �M/ QM2 MQ/2 BM i?2 QmiTmi H�v2`-r HBM2�` �+iBp�iBQM 7mM+iBQM-r K2�M b[m�`2/ HQbbX

kX GQ;BbiB+ `2;`2bbBQM Uk +H�bb2bVr LL rBi? QM2 BMTmi H�v2` �M/ QM2 MQ/2 BM i?2 QmiTmi H�v2`-r bB;KQB/ �+iBp�iBQM 7mM+iBQM-r �M/ #BM�`v +`Qbb@2Mi`QTv HQbbX

jX JmHiBMQKB�H `2;`2bbBQM UӸ � � +H�bb2bVr LL rBi? QM2 BMTmi H�v2` �M/ Ӹ MQ/2b BM i?2 QmiTmi H�v2`-r bQ7iK�t �+iBp�iBQM 7mM+iBQM-r +�i2;Q`B+�H +`Qbb@2Mi`QTv HQbbX
"mi,r h?2b2 �`2 QMHv HBM2�` KQ/2Hb UHBM2�` #QmM/�`B2bVXr S�`�K2i2`b Ur2B;?ibV 7QmM/ mbBM; ;`�/B2Mi /2b+2Mi �H;Q`Bi?Kb

r?2`2 i?2 H2�`MBM; `�i2 Ubi2T H2M;i?V Kmbi #2 b2iX



622/7Q`r�`/ M2irQ`Fb

r *QMM2+iBQMb �`2 QMHv 7Q`r�`/ BM i?2 M2irQ`F- #mi MQ 722/#�+F
+QMM2+iBQMb i?�i b2M/b i?2 QmiTmi Q7 i?2 KQ/2H #�+F BMiQ i?2
M2irQ`FXr 1t�KTH2b, GBM2�`- HQ;BbiB+ �M/ KmHiBMQKB�H `2;`2bbBQM rBi? Q`
rBi?Qmi �Mv ?B//2M H�v2`b U#2ir22M i?2 BMTmi �M/ QmiTmi H�v2`bVXr q2 K�v ?�p2 #2ir22M x2`Q �M/ p2`v K�Mv ?B//2M H�v2`bXr �//BM; ?B//2M H�v2`b rBi? MQM@HBM2�` �+iBp�iBQM 7mM+iBQMb
#2ir22M i?2 BMTmi �M/ QmiTmi H�v2` rBHH K�F2 MQMHBM2�`
bi�iBbiB+�H KQ/2HbXr h?2 MmK#2` Q7 ?B//2M H�v2`b Bb +�HH2/ i?2 /2Ti? Q7 i?2 M2irQ`F-
�M/ i?2 MmK#2` Q7 MQ/2b BM � H�v2` Bb +�HH2/ i?2 rB/i? Q7 i?2 H�v2`X





h?2 bBM;H2 ?B//2M H�v2` 722/7Q`r�`/ M2irQ`F

h?2 MQ/2b �`2 �HbQ +�HH2/ M2m`QMbX

LQi�iBQM

RX AMTmib UBMTmi H�v2` MQ/2bV- ԙ � �
 w ԟ, ԧφ
 ԧϵ
 w 
 ԧ֋- Q` �b �
p2+iQ` ԧX

kX h?2 MQ/2b ԩֈ BM i?2 ?B//2M H�v2`- Ԝ � �
 w 
 Ԃ c �b p2+iQ`ԩસ � 	ԩφ
 w 
 ԩծ
- �M/ i?2 ?B//2M H�v2` �+iBp�iBQM 7mM+iBQM ᅿփXԩֈ	ԧ
 � ᅿփ	ᅫЈֈ � ֋ంօ�φ ᅫօֈԧօ

r?2`2 ᅫօֈ Bb i?2 r2B;?ij 7`QK BMTmi ԙ iQ ?B//2M MQ/2 Ԝ- �M/ᅫЈֈ Bb i?2 #B�b i2`K 7Q` i?2 Ԝi? ?B//2M MQ/2X

jq2 biB+F rBi? ;`22F H2ii2`b ᆿ �M/ ᇀ 7Q` T�`�K2i2`b- #mi +�HH i?2K r2B;?ibX



jX h?2 MQ/2UbV BM i?2 QmiTmi H�v2`- Ԓ � �
 w Ӹ, Ԩφ
 Ԩϵ
 w 
 Ԩդ - Q` �b
p2+iQ` Ԩ- �M/ QmiTmi H�v2` �+iBp�iBQM 7mM+iBQM ᅿ֊XࣞԨվ	ԧ
 � ᅿ֊	ᅬЈվ � ծంֈ�φ ᅬֈվԩֈ	ԧ


r?2`2 ᅬֈվ Bb 7`QK ?B//2M M2m`QM Ԝ iQ QmTmi MQ/2 Ԓ- �M/ ᅬЈվ Bb
i?2 #B�b i2`K 7Q` i?2 Ԓi? QmiTmi MQ/2X

9X h�F2M iQ;2i?2`ࣞԨվ	ԧ
 � ᅿ֊	ᅬЈվ� ծంֈ�φ ᅬֈվԩֈ
 � ᅿ֊	ᅬЈվ� ծంֈ�φ ᅬֈվᅿփ	ᅫЈֈ� ֋ంօ�φ ᅫօֈԧօ





>�M/b QM,

r A/2MiB7v ԟ
 Ԃ
 Ӹ BM i?2 M2irQ`F };m`2 �#Qp2- �M/ `2H�i2 i?�i iQ
i?2 Ԩվ	ԧ
 2[m�iBQMX

r >Qr K�Mv T�`�K2i2`b M22/ iQ #2 2biBK�i2/ 7Q` i?Bb M2irQ`F\

r q?�i /2i2`KBM2b i?2 p�Hm2b Q7 ԟ �M/ Ӹ\

r >Qr Bb Ԃ /2i2`KBM2/\



aT2+B�H +�b2, HBM2�` �+iBp�iBQM 7mM+iBQM 7Q` i?2 ?B//2M H�v2`

A7 r2 �bbmK2 i?�i ᅿփ	ԩ
 � ԩ UHBM2�` Q` B/2MiBiv �+iBpB�iBQMV,ࣞԨվ	ԧ
 � ᅿ֊	ᅬЈվ � ծంֈ�φ ᅬֈվ	ᅫЈֈ � ֋ంօ�φ ᅫօֈԧօ


Z, .Q2b i?Bb HQQF HBF2 bQK2i?BM; vQm ?�p2 b22M #27Q`2\

�,



lMBp2`b�H �TT`QtBK�iBQM T`QT2`ivr h?BMF Q7 i?2 ;Q�H Q7 � 722/7Q`r�`/ M2irQ`F iQ �TT`QtBK�i2 bQK2
7mM+iBQM ԕ - K�TTBM; Qm` BMTmi p2+iQ` ԧ iQ �M QmiTmi p�Hm2 ԨXr q?�i ivT2 Q7 K�i?2K�iB+�H 7mM+iBQM +�M � 722/7Q`r�`/ M2m`�H
M2irQ`F rBi? QM2 ?B//2M H�v2` �M/ HBM2�` QmiTmi �+iBp�iBQM
`2T`2b2Mi\

h?2 mMBp2`b�H �TT`QtBK�iBQM i?2Q`2K9 b�vb i?�i � 722/7Q`r�`/
M2irQ`F rBi?r � HBM2�` QmiTmi H�v2`r �i H2�bi QM2 ?B//2M H�v2` rBi? � ǳb[m�b?BM;Ǵ �+iBp�iBQM 7mM+iBQM

�M/ ǳ2MQm;?Ǵ ?B//2M mMBib
+�M �TT`QtBK�i2 �Mv U"Q`2H K2�bm`�#H2V 7mM+iBQM 7`QK QM2
}MBi2@/BK2MbBQM�H bT�+2 UQm` BMTmi H�v2`V iQ �MQi?2` UQm` QmiTmi
H�v2`V rBi? �Mv /2bB`2/ MQM@x2`Q �KQmMi Q7 2``Q`X

9:QQ/72HHQr 2i �H kyRe- a2+iBQM eX9XR- ?iiTb,ffrrrX/22TH2�`MBM;#QQFXQ`;



lMBp2`b�H �TT`QtBK�iBQM T`QT2`ivr h?BMF Q7 i?2 ;Q�H Q7 � 722/7Q`r�`/ M2irQ`F iQ �TT`QtBK�i2 bQK2
7mM+iBQM ԕ - K�TTBM; Qm` BMTmi p2+iQ` ԧ iQ �M QmiTmi p�Hm2 ԨXr q?�i ivT2 Q7 K�i?2K�iB+�H 7mM+iBQM +�M � 722/7Q`r�`/ M2m`�H
M2irQ`F rBi? QM2 ?B//2M H�v2` �M/ HBM2�` QmiTmi �+iBp�iBQM
`2T`2b2Mi\

h?2 mMBp2`b�H �TT`QtBK�iBQM i?2Q`2K9 b�vb i?�i � 722/7Q`r�`/
M2irQ`F rBi?r � HBM2�` QmiTmi H�v2`r �i H2�bi QM2 ?B//2M H�v2` rBi? � ǳb[m�b?BM;Ǵ �+iBp�iBQM 7mM+iBQM

�M/ ǳ2MQm;?Ǵ ?B//2M mMBib
+�M �TT`QtBK�i2 �Mv U"Q`2H K2�bm`�#H2V 7mM+iBQM 7`QK QM2
}MBi2@/BK2MbBQM�H bT�+2 UQm` BMTmi H�v2`V iQ �MQi?2` UQm` QmiTmi
H�v2`V rBi? �Mv /2bB`2/ MQM@x2`Q �KQmMi Q7 2``Q`X

9:QQ/72HHQr 2i �H kyRe- a2+iBQM eX9XR- ?iiTb,ffrrrX/22TH2�`MBM;#QQFXQ`;



AM T�`iB+mH�`- i?2 mMBp2`b�H �TT`QtBK�iBQM i?2Q`2K ?QH/b 7Q`r h?2 bB;KQB/ ᅿ	Ԑ
 � ��	� � 2tT	਷Ԑ

 UHQ;BbiB+V �+iBp�iBQM
7mM+iBQMbXr h?2 `2+iB}2/ HBM2�` mMBi U_2GlV ᅿփ	Ԑ
 � K�t	�
 Ԑ

�+iBp�iBQM 7mM+iBQMb

BM i?2 ?B//2M H�v2`X

0.00

0.25

0.50

0.75

1.00

−6 −3 0 3 6
x

µ

Sigmoid

0

2

4

6

−6 −3 0 3 6
x

y

ReLU



r h?2 _2Gl �+iBpB�iBQM 7mM+iBQM ?�b `2TH�+2/ i?2 bB;KQB/ 7mM+iBQM
�b /27�mHi BM i?2 ?B//2M H�v2`UbV Q7 � 722/7Q`r�`/ M2irQ`FXr 1p2M i?Qm;? � H�`;2 722/7Q`r�`/ M2irQ`F rBi? QM2 ?B//2M H�v2`
K�v #2 �#H2 iQ `2T`2b2Mi � /2bB`2/ 7mM+iBQM- r2 K�v MQi #2 �#H2
iQ H2�`M UBX2X- 2biBK�i2 i?2V T�`�K2i2`b Q7 i?2 7mM+iBQMX q?v\r r`QM; MmK#2` Q7 MQ/2b BM i?2 ?B//2M H�v2`Xr Qm` QTiBKBx�iBQM `QmiBM2 K�v 7�BH f K�v }M/ � HQ+�H KBMBKmKXr r2 K�v Qp2`}i f mM/2`}i i?2 i`�BMBM; /�i�Xr �Hi2`M�iBp2, M2irQ`Fb rBi? KQ`2 i?�M QM2 ?B//2M H�v2`- #mi 72r2`
iQi�H MmK#2` Q7 MQ/2b #mi KQ`2 H�v2`bX � M2irQ`F rBi? K�Mv
?B//2M H�v2`b Bb +�HH2/ � /22T M2irQ`FX



h?2 MM2i �M/ F2`�b _ T�+F�;2br q2 rBHH mb2 #Qi? i?2 `�i?2` bBKTH2 MM2i _ T�+F�;2 #v "`B�M
_BTH2v �M/ i?2 +m``2MiHv p2`v TQTmH�` F2`�b T�+F�;2 7Q` /22T
H2�`MBM; Ui?2 F2`�b T�+F�;2 rBHH #2 T`2b2Mi2/ H�i2`VXr MM2i }ib QM2 ?B//2M H�v2` rBi? bB;KQB/ �+iBpB�iBQM 7mM+iBQMX h?2
BKTH2K2Mi�iBQM Bb MQi ;`�/B2Mi /2b+2Mi- #mi BMbi2�/ "6:a mbBM;
QTiBKXr hvT2 \MM2iUV BMiQ vQm` _@+QMbQH2 iQ b22 i?2 �`;mK2Mib Q7
MM2iUVXr A7 i?2 `2bTQMb2 BM 7Q`KmH� Bb � 7�+iQ`- �M �TT`QT`B�i2 +H�bbB}+�iBQM
M2irQ`F Bb +QMbi`m+i2/c i?Bb ?�b QM2 QmiTmi- bB;KQB/ �+iBp�iBQM
�M/ #BM�`v 2Mi`QTv HQbb 7Q` � #BM�`v `2bTQMb2- �M/ � MmK#2` Q7
QmiTmib 2[m�H iQ i?2 MmK#2` Q7 +H�bb2b- bQ7iK�t �+iBp�iBQM �M/
+�i2;Q`B+�H +`Qbb@2Mi`QTv HQbb 7Q` KQ`2 H2p2HbX



�M 2t�KTH2

"QbiQM ?Qmb2 T`B+2b
P#D2+iBp2, hQ T`2/B+i i?2 K2/B�M T`B+2 Q7 QrM2`@Q++mTB2/ ?QK2b BM
� ;Bp2M "QbiQM bm#m`# BM i?2 KB/@RNdyb mbBM; Ry BMTmi p�`B�#H2bX
h?Bb /�i� b2i Bb #Qi? �p�BH�#H2 BM i?2 J�aa �M/ F2`�b _ T�+F�;2X

S`2T�`BM; i?2 /�i�r PMHv 8ye- bTHBi #2ir22M 9y9 i`�BMBM; b�KTH2b �M/ Ryk i2bi
b�KTH2b Ui?Bb bTHBi �H`2�/v /QM2 BM i?2 F2`�b HB#`�`vVr 1�+? 72�im`2 BM i?2 BMTmi /�i� U7Q` 2t�KTH2- i?2 +`BK2 `�i2V ?�b
� /Bz2`2Mi b+�H2- bQK2 p�Hm2b �`2 T`QTQ`iBQMb- r?B+? i�F2 p�Hm2b
#2ir22M y �M/ Rc Qi?2`b i�F2 p�Hm2b #2ir22M R �M/ Rk- Qi?2`b
#2ir22M y �M/ Ryy- �M/ bQ QMX



HB#`�`vUF2`�bV
/�i�b2i I@ /�i�b2in#QbiQMn?QmbBM;UV
+U+Ui`�BMn/�i�- i`�BMni�`;2ibV- +Ui2bin/�i�- i2bini�`;2ibVV WI@W /�i�b2i
bi`Ui`�BMni�`;2ibV

OO MmK (R,9y9UR/V) R8Xk 9kXj 8y kRXR RdXd R3X8 RRXj R8Xe R8Xe R9X9 XXX
?2�/Ui`�BMn/�i�V

OO (-R) (-k) (-j) (-9) (-8) (-e) (-d) (-3) (-N) (-Ry) (-RR) (-Rk)
OO (R-) RXkjk9d yXy 3XR9 y yX8j3 eXR9k NRXd jXNdeN 9 jyd kRXy jNeXNy
OO (k-) yXykRdd 3kX8 kXyj y yX9R8 dXeRy R8Xd eXkdyy k j93 R9Xd jN8Xj3
OO (j-) 9X3N3kk yXy R3XRy y yXejR 9XNdy RyyXy RXjjk8 k9 eee kyXk jd8X8k
OO (9-) yXyjNeR yXy 8XRN y yX8R8 eXyjd j9X8 8XN38j 8 kk9 kyXk jNeXNy
OO (8-) jXeNjRR yXy R3XRy y yXdRj eXjde 33X9 kX8edR k9 eee kyXk jNRX9j
OO (e-) yXk3jNk yXy dXj3 y yX9Nj 8Xdy3 d9Xj 9XdkRR 8 k3d RNXe jNRXRj
OO (-Rj)
OO (R-) R3Xdk
OO (k-) jXRR
OO (j-) jXke
OO (9-) 3XyR
OO (8-) R9Xe8
OO (e-) RRXd9

h?2 +QHmKM M�K2b �`2 KBbbBM; Ur2 +QmH/ ;2i i?2K #v mbBM; i?2
"QbiQM /�i�b2i HQ�/2/ 7`QK i?2 J�aa HB#`�`v- #mi i?2v �`2 MQi
`2H2p�Mi ?2`2VX



r hQ K�F2 i?2 QTiBKBx�iBQM 2�bB2` rBi? ;`�/B2Mi #�b2/ K2i?Q/b /Q
72�im`2@rBb2 MQ`K�HBx�iBQMX

Q`;ni`�BM 4 i`�BMn/�i�
K2�M I@ �TTHvUi`�BMn/�i�- k- K2�MV
bi/ I@ �TTHvUi`�BMn/�i�- k- b/V
i`�BMn/�i� I@ b+�H2Ui`�BMn/�i�- +2Mi2` 4 K2�M- b+�H2 4 bi/V
i2bin/�i� I@ b+�H2Ui2bin/�i�- +2Mi2` 4 K2�M- b+�H2 4 bi/V

r LQi2, i?2 [m�MiBiB2b mb2/ 7Q` MQ`K�HBxBM; i?2 i2bi /�i� �`2
+QKTmi2/ mbBM; i?2 i`�BMBM; /�i�X uQm b?QmH/ M2p2` mb2 BM vQm`
rQ`F~Qr �Mv [m�MiBiv +QKTmi2/ QM i?2 i2bi /�i�- 2p2M 7Q`
bQK2i?BM; �b bBKTH2 �b /�i� MQ`K�HBx�iBQMX



Cmbi +?2+FBM; Qmi QM2 ?B//2M H�v2` rBi? 8 mMBib iQ ;2i ;QBM;X
HB#`�`vUMM2iV
7Bi8 I@ MM2iUi`�BMni�`;2ib � X- /�i� 4 i`�BMn/�i�- bBx2 4 8- HBMQmi 4 h_l1-

K�tBi 4 Ryyy- i`�+2 4 6V

T`2/ 4 T`2/B+iU7Bi8- M2r/�i� 4 i2bin/�i�- ivT2 4 ]`�r]V
b[`iUK2�MUUT`2/(- R) @ i2bini�`;2ibV�kVV

OO (R) eXRedNj9
K2�MU�#bUT`2/(- R) @ i2bini�`;2ibVV

OO (R) 9XkdR3NN



>Qr iQ }M/ #2bi MmK#2` Q7 ?B//2M MQ/2b\݂ *`Qbb@p�HB/�iBQM5 UhBK2@+QMbmKBM;V

>2`2 r2 +QKT�`2 iQ � KQ/2H rBi? 8y MQ/2b,

HB#`�`vUMM2iV
7Bi8y I@ MM2iUi`�BMni�`;2ib � X- /�i� 4 i`�BMn/�i�- bBx2 4 8y- HBMQmi 4 h_l1-

K�tBi 4 8yyy- i`�+2 4 6V
O ?2�/UbmKK�`vU7Bi8yVV
T`2/ 4 T`2/B+iU7Bi8y- M2r/�i� 4 i2bin/�i�- ivT2 4 ]`�r]V
b[`iUK2�MUUT`2/(- R) @ i2bini�`;2ibV�kVV

OO (R) 8X338NRj
K�2 4 K2�MU�#bUT`2/(- R) @ i2bini�`;2ibVV
K�2
OO (R) 9Xjjj9Rk

LQi2, .22T2` M2irQ`Fb rQmH/ T`2bmK�#Hv BKT`Qp2 i?2 2``Q`X
a22 ?2`2, ?iiTb,ffrrrXK�i?XMiMmXMQf2KM2`fhJ�9ke3fkyR3pfRRLLfRR@
M2m`�HnM2irQ`Fbn#QbiQMn?QmbBM;X?iKH 7Q` `mMMBM; irQ ?B//2M H�v2`b Q7 e9 MQ/2b 2�+?
rBi? F2`�bX Uh?Bb ;�p2 � K2�M �#bQHmi2 2``Q` QM i?2 i2bi b2i Q7 kXe3 �7i2` 2�`Hv
biQTTBM;XV

https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/11-neural_networks_boston_housing.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/11-neural_networks_boston_housing.html


L2m`�H M2irQ`F T�`ib

q2 MQr 7Q+mb QM i?2 /Bz2`2Mi 2H2K2Mib Q7 M2m`�H M2irQ`FbX

RV PmiTmi H�v2` �+iBp�iBQM
kV >B//2M H�v2` �+iBp�iBQM
jV L2irQ`F �`+?Bi2+im`2
9V GQbb 7mM+iBQM
8V PTiBKBx2`b



RV PmiTmi H�v2` �+iBp�iBQM

h?2b2 +?QB+2b ?�p2 #22M ;mB/2/ #v bQHmiBQMb BM bi�iBbiB+b UKmHiBTH2
HBM2�` `2;`2bbBQM- HQ;BbiB+ `2;`2bbBQM- KmHiB+H�bb `2;`2bbBQMVr GBM2�` �+iBp�iBQM, 7Q` +QMiBMmQmb Qmi+QK2 U`2;`2bbBQM T`Q#H2KbVr aB;KQB/ �+iBp�iBQM, 7Q` #BM�`v Qmi+QK2 UirQ@+H�bb +H�bbB}+�iBQM

T`Q#H2KbVr aQ7iK�t, 7Q` KmHiBMQKB�Hf+�i2;Q`B+�H Qmi+QK2 UKmHiB@+H�bb
+H�bbB}+�iBQM T`Q#H2KbV

_2K�`F, Bi Bb BKTQ`i�Mi i?�i i?2 QmiTmi �+iBp�iBQM Bb K�i+?2/ rBi?
�M �TT`QT`B�i2 HQbb 7mM+iBQM Ub22 9VX



kV >B//2M H�v2` �+iBp�iBQM
Ua22 +?�Ti2` eXj BM :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReVV

o2`v +QKKQM,r _2Gl Uᅿփ	Ԑ
 � K�t	�
 Ԑ
V Bb bi�M/�`/ +?QB+2 7Q` /22T M2irQ`Fb
UK�Mv ?B//2M H�v2`b �M/ K�Mv MQ/2bV iQ/�vXr aB;KQB/ Uᅿփ	Ԑ
 � ᅼ	Ԑ
 � ��	� � 2tT	਷Ԑ

V Q` ?vT2`#QHB+ i�M;2Mi
Uᅿփ	Ԑ
 � i�M?	ԩ
VX

G2bb +QKKQM,r _�/B�H #�bBb 7mM+iBQMb, �b r2 HQQF2/ �i BM JQ/mH2 NXr aQ7iTHmb, ᅿփ	Ԑ
 � HM	� � 2tT	Ԑ

r >�`/ i�M?, ᅿփ	Ԑ
 � K�t	਷�
 KBM	�
 Ԑ





�KQM; �HH i?2 TQbbB#BHBiB2b- _2Gl Bb MQr�/�vb i?2 KQbi TQTmH�` QM2X
q?v\

r h?2 7mM+iBQM Bb TB2+2rBb2 HBM2�`- #mi BM iQi�H MQM@HBM2�`Xr _2TH�+BM; bB;KQB/ rBi? _2Gl Bb `2TQ`i2/ iQ #2 QM2 Q7 i?2 K�DQ`
+?�M;2b i?�i ?�p2 BKT`Qp2/ i?2 T2`7Q`K�M+2 Q7 i?2 722/7Q`r�`/
M2irQ`Fb8Xr 1�bv iQ mb2 rBi? ;`�/B2Mi /2b+2Mi Ĝ 2p2M i?Qm;? i?2 7mM+iBQM Bb
MQi /Bz2`2MiB�#H2 �i yX �b r2 rBHH iQm+? mTQM H�i2`- r2 /QMǶi
2tT2+i iQ i`�BM � M2irQ`F mMiBH i?2 ;`�/B2Mi Bb yXeX

8:QQ/72HHQr 2i �H- a2+iBQM eXe
ea22 :QQ/72HHQr 2i �H- a2+iBQM eXj 7Q` � /Bb+mbbBQM QM i?Bb iQTB+X



_2Gl +�M �HbQ #2 KQiBp�i2/ 7`QK #BQHQ;vXr 6Q` bQK2 BMTmib � #BQHQ;B+�H M2m`QM +�M #2 +QKTH2i2Hv BM�+iBp2r 6Q` bQK2 BMTmib � #BQHQ;B+�H M2m`QM QmiTmi +�M #2 T`QTQ`iBQM�H
iQ i?2 BMTmir "mi- KQbi Q7 i?2 iBK2 � #BQHQ;B+�H M2m`QM Bb BM�+iBp2X

�++Q`/BM; iQ :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReV Ua2+iBQM eXjV-
?B//2M mMBi /2bB;M Bb �M �+iBp2 �`2� Q7 `2b2�`+?X

?iiTb,ff+QKKQMbXrBFBK2/B�XQ`;frBFBf6BH2,�+iBQMnTQi2MiB�HXbp;

https://commons.wikimedia.org/wiki/File:Action_potential.svg


Z, q?v +�M r2 MQi Dmbi mb2 HBM2�` �+iBp�iBQM 7mM+iBQM BM �HH ?B//2M
H�v2`b\
�, h?2M 2�+? H�v2` rQmH/ QMHv #2 �#H2 iQ /Q HBM2�` i`�Mb7Q`K�iBQMb Q7
i?2 BMTmi /�i� �M/ � /22T bi�+F Q7 HBM2�` H�v2`b rQmH/ biBHH BKTH2K2Mi
� HBM2�` QT2`�iBQMX h?2 �+iBp�iBQM 7mM+iBQMb bB;KQB/ �M/ `2Hm �//
MQM@HBM2�`Biv iQ i?2 KQ/2HX �M/- i?2 mMBp2`bB�H �TT`QtBK�iBQM
T`QT2`iv Bb /2T2M/2Mi QM � b[m�b?BM; ivT2 �+iBp�iBQM 7mM+iBQMX



jV L2irQ`F �`+?Bi2+im`2

L2irQ`F �`+?Bi2+im`2 +QMi�BMb i?`22 +QKTQM2Mib,r qB/i?, >Qr K�Mv MQ/2b �`2 BM 2�+? H�v2` Q7 i?2 M2irQ`F\r .2Ti?, >Qr /22T Bb i?2 M2irQ`F U?Qr K�Mv ?B//2M H�v2`bV\r *QMM2+iBpBiv, >Qr �`2 i?2 MQ/2b +QMM2+i2/ iQ 2�+? Qi?2`\

h?Bb /2T2M/b QM i?2 T`Q#H2K- �M/ ?2`2 2tT2`B2M+2 Bb BKTQ`i�MiXr q2 rBHH QMHv +QMbB/2` 722/7Q`r�`/ M2irQ`Fb- r?2`2 �HH MQ/2b BM
QM2 H�v2` �`2 +QMM2+i2/ iQ �HH i?2 MQ/2b BM i?2 M2ti H�v2`X h?2
H�v2`b �`2 i?2M 7mHHv +QMM2+i2/ �M/ /2Mb2X



>Qr2p2`- i?2 `2+2Mi T`�+iB+2 Bb iQ

r +?QQb2 � iQQ H�`;2 M2irQ`F UiQQ K�Mv MQ/2b �M/fQ` iQQ K�Mv
H�v2`bV bQ i?�i B7 i`�BM2/ mMiBH +QMp2`;2M+2 UQTiBKmKV i?2M i?2
i?Bb rQmH/ `2bmHi BM Qp2`}iiBM;- �M/r i?2M mb2 Qi?2` K2�Mb iQ �pQB/ i?Bb Up�`BQmb p�`B�Mib Q7
`2;mH�`Bx�iBQM �M/ ?vT2`T�`�K2i2` QTiBKBx�iBQMVX

h?Bb bBKTHB}2b i?2 +?QB+2 Q7 M2irQ`F �`+?Bi2+im`2 iQ +?QQb2 � H�`;2
2MQm;? M2irQ`FX

a22 2X;X *?QHH2i �M/ �HH�B`2 UkyR3V- a2+iBQM 9X8Xefd �M/ :QQ/72HHQr-
"2M;BQ- �M/ *Qm`pBHH2 UkyReV- a2+iBQM d



9V GQbb 7mM+iBQM UǳJ2i?Q/ǴVr h?2 +?QB+2 Q7 i?2 HQbb 7mM+iBQM Bb +HQb2Hv `2H�i2/ iQ i?2 QmiTmi
H�v2` �+iBp�iBQM 7mM+iBQMXr JQbi TQTmH�` T`Q#H2K ivT2b- QmiTmi �+iBp�iBQM �M/ HQbb
7mM+iBQMb,

S`Q#H2K PmiTmi �+iBp�iBQM GQbb 7mM+iBQM
_2;`2bbBQM HBM2�` Kb2
*H�bbB}+�iBQM U*4kV bB;KQB/ #BM�`vn+`Qbb2Mi`QTv
*H�bbB}+�iBQM U*=kV bQ7iK�t +�i2;Q`B+�Hn+`Qbb2Mi`QTv

h?2 HQbb 7mM+iBQMb +?Qb2M ǳM22/Ǵ iQ #2 Ub22 #2HQrV,r /Bz2`2MiB�#H2r TQbbB#H2 iQ +QKTmi2 7Q` 2�+? bBM;H2 i`�BMBM; /�i� TQBMi UQ` �
KBMB@#�i+? Ĝ iQ #2 2tTH�BM2/ bQQMV



8V PTiBKBxQ`b

G2i i?2 mMFMQrM T�`�K2i2`b #2 /2MQi2/ ᅲ Ur?�i r2 ?�p2 T`2pBQmbHv
/2MQi2b �b ᅫb �M/ ᅬbV- �M/ i?2 HQbb 7mM+iBQM iQ #2 KBMBKBx2/ ӿ	ᅲ
Xr :`�/B2Mi /2b+2Mir JBMB@#�i+? biQ+?�biB+ ;`�/B2Mi /2b+2Mi Ua:.V �M/ i`m2 a:.r "�+FT`QT�;�iBQM



:`�/B2Mi /2b+2Mi

_2K2K#2`,
:Bp2M i?2 ;`�/B2Mi ခӿ	ᅲ	֏

d Q7 i?2 HQbb 7mM+iBQM 2p�Hm�i2/ �i i?2
+m``2Mi 2biBK�i2 ᅲ	֏
- i?2M i?2 �H;Q`Bi?K 2biBK�i2b i?2 T�`�K2i2` �i
i?2 M2ti bi2T �b, ᅲ	֏�φ
 � ᅲ	֏
 ਷ ᅶခᅲӿ	ᅲ	֏

 

r?2`2 ᅶ Bb i?2 H2�`MBM; `�i2 Umbm�HHv � bK�HH p�Hm2VX AM F2`�b i?2
/27�mHi H2�`MBM; `�i2 Bb ����X

Z, q?v �`2 r2 KQpBM; BM i?2 /B`2+iBQM Q7 i?2 M2;�iBp2 Q7 i?2
;`�/B2Mi\ q?v MQi i?2 TQbBiBp2\
�,

d_2K2K#2` i?�i i?2 ;`�/B2Mi Bb i?2 p2+iQ` Q7 T�`iB�H /2`Bp�iBp2b Q7 i?2 HQbb
7mM+iBQM rBi? `2bT2+i iQ 2�+? Q7 i?2 T�`�K2i2` BM i?2 M2irQ`FX



r AM 7mHH ;`�/B2Mi /2b+2Mi- i?2 HQbb 7mM+iBQM Bb +QKTmi2/ �b � K2�M
Qp2` �HH i`�BMBM; 2t�KTH2bXӿ	ᅲ
 � �ԝ ։ంք�φ ӿ	ԧք
 Ԩք
 �

r h?2 ;`�/B2Mi Bb �M �p2`�;2 Qp2` K�Mv BM/BpB/m�H ;`�/B2Mib 7`QK
i?2 i`�BMBM; 2t�KTH2X uQm +�M i?BMF Q7 i?Bb �b �M 2biBK�iQ` 7Q`
�M 2tT2+i�iBQMX

ခᅲӿ	ᅲ
 � �ԝ ։ంք�φ ခᅲӿ	ԧք
 Ԩք
 �r hQ #mBH/ � M2irQ`F i?�i ;2M2`�HBx2b r2HH- Bi Bb BKTQ`i�Mi iQ ?�p2
K�Mv i`�BMBM; 2t�KTH2b- #mi i?�i rQmH/ K�F2 mb bT2M/ � HQi Q7
iBK2 �M/ +QKTmi2` `2bQm`+2b �i +�H+mH�iBM; 2�+? ;`�/B2Mi /2b+2Mi
bi2TX



JBMB@#�i+? biQ+?�biB+ ;`�/B2Mi /2b+2Mi Ua:.V
*`m+B�H B/2�,
h?2 2tT2+i�iBQM +�M #2 �TT`QtBK�i2/ #v i?2 �p2`�;2 ;`�/B2Mi Qp2`
Dmbi � KBMB@#�i+? U`�M/QK b�KTH2V Q7 i?2 Q#b2`p�iBQMbX

�/p�Mi�;2b,r h?2 QTiBKBx2` rBHH +QMp2`;2 Km+? 7�bi2` B7 Bi +�M `�TB/Hv +QKTmi2
�TT`QtBK�i2 2biBK�i2b Q7 i?2 ;`�/B2Mi- BMbi2�/ Q7 bHQrHv
+QKTmiBM; i?2 2t�+i ;`�/B2Mi UmbBM; �HH i`�BMBM; /�i�VXr JBMB@#�i+?2b K�v #2 T`Q+2bb2/ BM T�`�HH2H- �M/ i?2 #�i+? bBx2 Bb
Q7i2M � TQr2` Q7 k Ujk Q` k8eVXr aK�HH #�i+?2b �HbQ #`BM; BM � `2;mH�`Bx�iBQM 2z2+i- K�v#2 /m2 iQ
i?2 p�`B�#BHBiv i?2v #`BM; iQ i?2 QTiBKBx�iBQM T`Q+2bbX



JBMB@#�i+? biQ+?�biB+ ;`�/B2Mi /2b+2Mi

RX .BpB/2 �HH i?2 i`�BMBM; b�KTH2b `�M/QKHv BMiQ KBMB@#�i+?2bX

kX lMiBH +QMp2`;2M+2- `2T2�i �V iQ /V
�V 6Q` 2�+? KBMB@#�i+?, J�F2 T`2/B+iBQMb Q7 i?2 `2TQMb2b BM i?2

KBMB@#�i+? BM � 7Q`r�`/ T�bbX
#V *QKTmi2 i?2 HQbb 7Q` i?2 i`�BMBM; /�i� BM i?Bb #�i+?X
+V *QKTmi2 i?2 ;`�/B2Mi Q7 i?2 HQbb rBi? `2;�`/ iQ i?2 KQ/2HǶb

T�`�K2i2`b U#�+Fr�`/ T�bbV #�b2/ QM i?2 i`�BMBM; /�i� BM i?2
#�i+?X ခ੟ᅲӿ	ᅲ	֏



/V lT/�i2 �HH r2B;?b- #mi Dmbi mbBM; i?2 �p2`�;2 ;`�/B2Mi 7`QK i?2
KBMB@#�i+? ᅲ	֏�φ
 � ᅲ	֏
 ਷ ᅶခ੟ᅲӿ	ᅲ	֏



jX L2irQ`F Bb i`�BM2/c `2im`M T�`�K2i2` 2biBK�i2bX

aT2+B�H +�b2, h`m2 a:. BMpQHp2b QMHv QM2 b�KTH2 UKBMB@#�i+? bBx2
RVX ݂ JBMB@#�i+? a:. Bb � +QKT`QKBb2 #2ir22M a:. UQM2 b�KTH2
T2` Bi2`�iBQMV �M/ 7mHH ;`�/B2Mi /2b+2Mi U7mHH /�i�b2i T2` Bi2`�iBQMV



AM i?2 j`/ pB/2Q UQM #�+FT`QT�;�iBQMV 7`QK j"Hm2R"`QrM i?2`2 Bb
MB+2 2t�KTH2 Q7 QM2 i`�D2+iQ`v 7`QK ;`�/B2Mi /2+2Mi �M/ QM2 7`QK
a:. URy,Ry KBMmi2b BMiQ i?2 pB/2QV,
?iiTb,ffrrrXvQmim#2X+QKfr�i+?\p4AH;j;:2rZ8l�HBbi4
SGw>ZP#PqhZ.Lle_Rnedyyy.tnw*C"@jTB�BM/2t4j

https://www.youtube.com/watch?v=Ilg3gGewQ5U&list=PLZHQObOWTQDNU6R1_67000Dx_ZCJB-3pi&index=3
https://www.youtube.com/watch?v=Ilg3gGewQ5U&list=PLZHQObOWTQDNU6R1_67000Dx_ZCJB-3pi&index=3


"�+FT`QT�;�iBQM �H;Q`Bi?Kr "�+FT`QT�;�iBQM Bb � bBKTH2 �M/ BM2tT2MbBp2 r�v iQ +�H+mH�i2 i?2
;`�/B2MiXr *QKTmiBM; i?2 �M�HviB+�H 2tT`2bbBQM 7Q` i?2 ;`�/B2Mi ခӿ Bb MQi
/B{+mHi- #mi i?2 MmK2`B+�H 2p�Hm�iBQM K�v #2 2tT2MbBp2Xr h?2 +?�BM `mH2 Bb mb2/ iQ +QKTmi2 /2`Bp�iBp2b Q7 7mM+iBQMb Q7
Qi?2` 7mM+iBQMb r?2`2 i?2 /2`Bp�iBp2b �`2 FMQrMX h?Bb Bb
2{+B2MiHv /QM2 rBi? #�+FT`QT�;�iBQMXr "�+FT`QT�;�iBQM bi�`ib rBi? i?2 p�Hm2 Q7 i?2 HQbb 7mM+iBQM �M/
rQ`Fb #�+Fr�`/ 7`QK i?2 iQT H�v2`b iQ i?2 #QiiQK H�v2`b-
�TTHvBM; i?2 +?�BM `mH2 iQ +QKTmi2 i?2 +QMi`B#miBQM i?�i 2�+?
T�`�K2i2` ?�b BM i?2 HQbb p�Hm2X



JQ`2 #�+F;`QmM/,

r J�i?2K�iB+�H /2i�BHb, :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReV
a2+iBQM eX8X

r j"Hm2R"`QrM pB/2Qb,
?iiTb,ffrrrXvQmim#2X+QKfr�i+?\p4AH;j;:2rZ8l �M/
?iiTb,ffrrrXvQmim#2X+QKfr�i+?\p4iA2>GMDb8l3

https://www.youtube.com/watch?v=Ilg3gGewQ5U
https://www.youtube.com/watch?v=tIeHLnjs5U8


o�`B�iBQMb Q7 a:. ě rBi? �/�TiBp2 H2�`MBM; `�i2b
h?2 H2�`MBM; `�i2 ᅶ Bb /B{+mHi iQ b2iX aQK2 B/2�b 7Q` �/�TiBp2 H2�`MBM;
`�i2b U:QQ/72HHQr 2i �H- *?�Ti2`b 3Xj �M/ 3X8VXr JQK2MimK i2`K, T`2pBQmb ;`�/B2Mib �`2 �HHQr2/ iQ +QMi`B#mi2Xr �/�:`�/, BM/BpB/m�HHv �/�Ti i?2 H2�`MBM; `�i2b UᅶV Q7 �HH KQ/2H

T�`�K2i2`bX h?2 T�`�K2i2`b rBi? i?2 H�`;2bi T�`iB�H /2`Bp�iBp2 Q7
i?2 HQbb UQp2` �HH ?BbiQ`B+�H b[m�`2/ p�Hm2bV ?�p2 �
+Q``2bTQM/BM;Hv `�TB/ /2+`2�b2 BM i?2B` H2�`MBM; `�i2Xr _JaT`QT, KQ/B}+�iBQM iQ �/�:`�/ BM MQM@+QMp2t b2iiBM;X a+�H2b
rBi? 2tTQM2MiB�HHv r2B;?i2/ KQpBM; �p2`�;2 BMbi2�/ Q7 �HH
?BbiQ`B+�H b[m�`2/ ;`�/B2Mi p�Hm2bX h?Bb ?2HTb iQ ǳ7Q`;2iǴ
BM7Q`K�iBQM 7`QK i?2 2ti`2K2 T�biX



_2;mH�`Bx�iBQMr :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReV- *?�Ti2` d- /2}M2
`2;mH�`Bx�iBQM �b �Mv KQ/B}+�iBQM r2 K�F2 iQ � H2�`MBM;
�H;Q`Bi?K i?�i Bb BMi2M/2/ iQ `2/m+2 Bib ;2M2`�HBx�iBQM 2``Q` #mi
MQi Bib i`�BMBM; 2``Q`Xr _2K2K#2` UKQ/mH2 eV, h?2 �BK Q7 `2;mH�`Bx�iBQM r�b iQ i`�/2
BM+`2�b2/ #B�b 7Q` `2/m+2/ p�`B�M+2X h?2 B/2�b r�b iQ �// �
T2M�Hiv iQ i?2 HQbb 7mM+iBQMXr h?2 T2M�HiB2b r2 HQQF2/ �i r2`2 Q7 ivT2 �#bQHmi2 p�Hm2 Q7
T�`�K2i2` Uԁφ- H�bbQ- r?2`2 r2 HQQF2/ �i i?Bb �b KQ/2H b2H2+iBQMV
�M/ b[m�`2 p�Hm2 Q7 T�`�K2i2` Uԁϵ- `B/;2 `2;`2bbBQMVX h?Bb +�M
�HbQ /QM2 7Q` M2m`�H M2irQ`FbX



_2;mH�`Bx�iBQM BM M2m`�H M2irQ`Fbr q2B;?i /2+�v, AM M2m`�H M2irQ`Fb i?Bb K2�Mb �//BM; � ԁϵ@T2M�Hiv
iQ i?2 HQbb 7mM+iBQM iQ T2M�HBx2 H�`;2 r2B;?ib 3,࣠ӿ 	Ԧ
 � ᅫ� ԦસԦ � ӿ	Ԧ
 �r .�i�b2i �m;K2Mi�iBQM, �//BM; 7�F2 /�i� iQ i?2 /�i�b2i- BM Q`/2`
i?�i i?2 i`�BM2/ KQ/2H rBHH ;2M2`�HBx2 #2ii2`X 6Q` bQK2 H2�`MBM;
i�bFb Bi Bb bi`�B;?i7Q`r�`/ iQ +`2�i2 7�F2 /�i�X 6Q` BK�;2 /�i�
i?Bb +�M #2 /QM2 #v `Qi�iBM; �M/ b+�HBM; i?2 BK�;2bXr G�#2H bKQQi?BM;, JQiBp�i2/ #v i?2 7�+i i?�i i?2 i`�BMBM; /�i�
K�v +QMi�BM 2``Q`b BM i?2 `2TQMb2b `2+Q`/2/- �M/ `2TH�+2/ i?2
QM2@?Qi +Q/BM; 7Q` Ӹ +H�bb2b rBi? ᅯ�	Ӹ ਷ �
 �M/ � ਷ ᅯ 7Q` bQK2
bK�HH ᅯXr 1�`Hv biQTTBM;r .`QTQmi

3b22 +?�Ti2` dXRXR BM :QQ/72HHQr 2i �H



1�`Hv biQTTBM;
"�b2/ QM :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReV- a2+iBQM dX3r h?2 KQbi +QKKQMHv mb2/ 7Q` Q7 `2;mH�`Bx�iBQM Bb 2�`Hv biQTTBM;Xr A7 r2 ?�p2 +?Qb2M � bm{+B2MiHv H�`;2 KQ/2H rBi? i?2 +�T�+Biv iQ

Qp2`}i i?2 i`�BMBM; /�i�- r2 rQmH/ Q#b2`p2 i?�i i?2 i`�BMBM; 2``Q`
/2+`2�b2b bi2�/BHv /m`BM; i`�BMBM;- #mi i?2 2``Q` QM i?2 p�HB/�iBQM
b2i �i bQK2 TQBMi #2;BMb iQ BM+`2�b2Xr A7 r2 biQT i?2 H2�`MBM; 2�`Hv �M/ `2im`M i?2 T�`�K2i2`b ;BpBM;
i?2 i2bi T2`7Q`K�M+2 QM i?2 p�HB/�iBQM b2i- i?Bb KQ/2H rQmH/
?QT27mHHv #2 � #2ii2` KQ/2H i?�M B7 r2 i`�BM2/ i?2 KQ/2H mMiBH
+QMp2`;2M+2Xr Ai Bb TQbbB#H2 iQ i?BMF Q7 i?2 MmK#2` Q7 i`�BMBM; bi2Tb �b �
?vT2`T�`�K2i2`X h?Bb ?vT2`T�`�K2i2` +�M 2�bBHv #2 b2i- �M/ i?2
+Qbi Bb Dmbi i?2 T2`7Q`K�M+2 QM i?2 p�HB/�iBQM b2i /m`BM; i`�BMBM;X
�Hi2`M�iBp2Hv- +`Qbb@p�HB/�iBQM +�M #2 mb2/X



.`QTQmi
"�b2/ QM :QQ/72HHQr- "2M;BQ- �M/ *Qm`pBHH2 UkyReV- a2+iBQM dXRk- �M/ *?QHH2i �M/ �HH�B`2 UkyR3V 9X9Xj

.`QTQmi r�b /2p2HQT2/ #v :2Qz >BMiQM �M/ ?Bb bim/2MibXr .m`BM; i`�BMBM;, `�M/QKHv /`QTQmi Ub2i iQ x2`QV bQK2 QmiTmib BM
� ;Bp2M H�v2` �i 2�+? Bi2`�iBQMX .`QT@Qmi `�i2b K�v #2 +?Qb2M
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https://github.com/rstudio/cheatsheets/raw/master/keras.pdf
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https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/11-neural_networks_boston_housing.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/11-neural_networks_boston_housing.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/9-neural_networks_imdb.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/9-neural_networks_imdb.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/10-neural_networks_reuters.html
https://www.math.ntnu.no/emner/TMA4268/2018v/11NN/10-neural_networks_reuters.html
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https://youtu.be/aircAruvnKk
https://playground.tensorflow.org
https://www.deeplearningbook.org/
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https://www.math.ntnu.no/emner/MA8701/2019v/DeepLearning/
https://www.math.ntnu.no/emner/MA8701/2019v/DeepLearning/
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