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AMi`Q/m+iBQM

h?Bb K�bi2`Ƕb i?2bBb r�b r`Bii2M �i Eh> �M/ +�``B2/ Qmi BM +QHH�#Q`�iBQM rBi? �`H� 6QQ/b
�" U�`H�VX �`H� Bb � ;HQ#�H /�B`v +QQT2`�iBp2X *?�Ti2` R +QMi�BMb BM7Q`K�iBQM �#Qmi i?2
#�+F;`QmM/- Tm`TQb2- T`Q#H2K 7Q`KmH�iBQM 2i+X �M/ �BKb iQ ;Bp2 i?2 `2�/2` �M 2ti2MbBp2
BMi`Q/m+iBQM iQ i?2 i?2bBbX

1.1 Background
�`H� Bb � ;HQ#�H /�B`v +QQT2`�iBp2 T`Q/m+BM; KQ`2 i?�M eX3 #BHHBQM FBHQb Q7 p�`vBM; /�B`v
T`Q/m+ib 7`QK Bib ey 7�+BHBiB2b r?B+? �`2 bQH/ BM R99 +QmMi`B2b rQ`H/ rB/2 (k)X AM i?2 /�B`v
#mbBM2bb- Bi Bb ;2M2`�HHv /B{+mHi iQ +QKT2Mb�i2 BM�++m`�i2 /2K�M/ T`2/B+iBQMb Q` bmTTHv
+?�BM /Bb`mTiBQMb rBi? � H�`;2 b�72iv biQ+F BM Q`/2` iQ 2Mbm`2 ;`2�i /2HBp2`v b2+m`Biv
/m2 iQ i?2 2tTB`�iBQM /�i2 Q7 i?2 T`Q/m+ibX h?2`27Q`2- Bi Bb BKT2`�iBp2 i?�i i?2 bmTTHv
+?�BM `mMb �b bKQQi? �b TQbbB#H2 iQ K�BMi�BM bi�#H2 /2HBp2`v `�i2b- #mi r?2M � /Bb`mTiBQM
Q++m`b Bi Bb MQi mM+QKKQM iQ #2 7QHHQr2/ #v � T2`BQ/ r?2`2 i?2 /2K�M/ Bb MQ HQM;2`
K2i- � b?Q`i�;2X LQi #2BM; �#H2 iQ /2HBp2` i?2 Q`/2`2/ �KQmMi H2�/b iQ b2p2`�H mMr�Mi2/
+QMb2[m2M+2b- QM2 #2BM; 2KTiv b?2Hp2b �i `2i�BH ;`Q+2`v biQ`2b- #mi rBi? BMbB;?i Q7 r?2M
� b?Q`i�;2 rBHH Q++m` �M/ ?Qr HQM; Q7 � T2`BQ/ Bi rBHH H�bi- Bi Bb TQbbB#H2 iQ i�F2 �+iBQM
�M/ T`2p2Mi bQK2 Q7 i?2KX
PM2 T�`iB+mH�` /Bb`mTiBQM BM i?2 bmTTHv +?�BM Bb r?2M � T`Q/m+iBQM 2``Q` ?�b Q++m``2/
�M/ i?2 T`Q/m+2/ pQHmK2 /Q2b MQi K22i i?2 /2bB`2/ T`Q/m+iBQM pQHmK2X EMQrH2/;2
Q7 r?2M � T`Q/m+iBQM 2``Q` T`2b2Mib Bib2H7 �M/ i?2 K�;MBim/2 Q7 i?2 HQbi T`Q/m+iBQM Bb
BKK2/B�i2- #mi i?2 TQi2MiB�H `�KB}+�iBQMb �`2 MQiX h?Bb TQb2b �M QTTQ`imMBiv iQ ;2i
�?2�/ Q7 � T2`BQ/ Q7 b?Q`i�;2- �M/ B7 Bi Bb TQbbB#H2 iQ T`2/B+i r?2M Bi rBHH Q++m` �M/ 7Q`
?Qr HQM; Bi H�bib- T`Q�+iBp2 �+iBQMb +�M #2 i�F2M iQ /2+`2�b2 Bib BKT�+iX PM2 r�v iQ
i�+FH2 i?Bb T`2/B+iBQM Bb mbBM; K�+?BM2 H2�`MBM; �M/ bi�iBbiB+�H KQ/2HHBM; rBi? i?2 mb�;2
Q7 +QKT�Mv /�i�- r?B+? rBHH #2 i?2 K�BM 7Q+mb Q7 i?Bb i?2bBbX
�`H� bi`Bp2b iQ K�BMi�BM � ?B;? /2HBp2`v �++m`�+v #mi BM i?2 2p2Mi Q7 mMT`2/B+i�#H2
/Bb`mTiBQMb BM i?2 bmTTHv +?�BM- i?2 2tBbiBM; b�72iv biQ+F KB;?i MQi �Hr�vb ?�p2 i?2
+�T�#BHBiv iQ +QKT2Mb�i2 7Q` i?2 KBbbBM; T`Q/m+ib �M/ i?2`27Q`2- �`H� Bb MQi �#H2 iQ
/2HBp2` 7mHH +�T�+Biv iQ i?2 +mbiQK2`bX AM i?2 rQ`bi +�b2- i?2v �`2 MQi �#H2 iQ /2HBp2`
�Mv ;QQ/b �i �HH �M/ bQK2 +mbiQK2`b KB;?i 2M/ mT rBi? 2KTiv b?2Hp2b BM i?2B` biQ`2bX A7
+mbiQK2`b �`2 H27i rBi? 2KTiv b?2Hp2b- i?2M i?2 +QMbmK2`b BM i?2 biQ`2 KB;?i Tm`+?�b2
T`Q/m+ib 7`QK +QKT2iBiBp2 #`�M/b r?B+? +�M `2bmHi BM +mbiQK2` +?m`MX
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1.2 Problem
h?2 bmTTHv +?�BM 7Q` � T`Q/m+BM; +QKT�Mv �b �`H� Bb p2`v +QKTH2t �M/ /Bb`mTiBQMb +�M #2
+�mb2/ #v p�`BQmb 2p2MibX PM2 r�v Q7 BMp2biB;�iBM; i?2 BKT�+i Q7 � /Bb`mTiBQM Bb iQ K�F2
� [m�HBi�iBp2 �M�HvbBb Q7 i?2 bmTTHv +?�BM �M/ 7Q` 2t�KTH2 BMp2biB;�i2 ?Qr /2+BbBQMb �`2
K�/2 �M/ ?Qr /Bb`mTiBQMb BM /Bz2`2Mi T�`ib Q7 i?2 bmTTHv +?�BM ?�p2 /Bz2`2Mi BKT�+ibX
h?2 `2bmHi Q7 i?Bb [m�HBi�iBp2 �M�HvbBb +�M #2 mb2/ iQ #mBH/ � 7`�K2rQ`F QM ?Qr iQ
�+i BM i?2 2p2Mi Q7 � /Bb`mTiBQMX >Qr2p2`- i?Bb �TT`Q�+? +�M #2 iBK2 +QMbmKBM; �M/
BMp2biB;�iBM; 2�+? /Bb`mTiBQM BM � [m�HBi�iBp2 K�MM2` K�v MQi #2 +QKTH2i2/ #27Q`2 i?2
BKT�+i +�M #2 b22M BM i?2 b�H2bX h?2`27Q`2- � /�i� /`Bp2M �TT`Q�+? r?B+? +�M ;Bp2
bi�iBbiB+�HHv #�b2/ T`2/B+iBQMb Q7 i?2 BKT�+i BMbi�MiHv BM i?2 2p2Mi Q7 � /Bb`mTiBQM +�M #2
mb2/ iQ i�F2 T`Q�+iBp2 �+iBQMb r?B+? `2/m+2b i?2 BKT�+iX h?2`2 �`2 72r 2t�KTH2b Q7 /�i�
/`Bp2M �TT`Q�+?2b mb2/ BM � bmTTHv +?�BM iQ T`2/B+i i?Bb FBM/ Q7 2p2Mib �M/ i?Bb i?2bBb
rBHH BMp2biB;�i2 B7 bm+? �M �TT`Q�+? +�M #2 BKTH2K2Mi2/ iQ BKT`Qp2 i?2 /2+BbBQM K�FBM;
�i �`H�X

�M mM/2`HvBM; �bbmKTiBQM +�mb2/ #v i?2 7�+i i?�i BM/BpB/m�H T`Q/m+ib ?�p2 72r mb�#H2
/�i� TQBMib Bb i?�i i?2 HBMF #2ir22M � /Bb`mTiBQM �M/ � b?Q`i�;2 Bb i?2 b�K2 7Q` �HH
T`Q/m+ib �M/ +�M i?2`27Q`2 #2 +QK#BM2/ r?2M i`�BMBM; � T`2/B+iBp2 KQ/2HX � T`Q#H2K
i?�i Q++m`b r?2M +QK#BMBM; i?2 /�i� Bb i?�i 2�+? T`Q/m+i ?�b /Bz2`2Mi #2?�pBQm`b
`2;�`/BM; b�H2b �M/ T`Q/m+iBQMX

1.3 Explanation of Key Concepts
AM i?Bb b2+iBQM- 2tTH�M�iBQMb Q7 bQK2 Q7 i?2 KQbi BKTQ`i�Mi F2v +QM+2Tib r?B+? �`2 mMB[m2
7Q` i?Bb i?2bBb �`2 T`2b2Mi2/X h?2b2 �`2 QMHv #`B27 2tTH�M�iBQMb 7Q` �M BMBiB�H mM/2`bi�M/BM;
�M/ i?2 2t�+i /2}MBiBQMb Q7 i?2b2 +QM+2Tib rBHH #2 /2b+`B#2/ BM /2i�BH H�i2` BM *?�Ti2`
9X

Ç .Bb`mTiBQM, � /Bb`mTiBQM Bb /2}M2/ �b � /Bbim`#�M+2 i?�i Q++m``2/ /m`BM;
T`Q/m+iBQM r?B+? +�mb2/ i?2 T`Q/m+iBQM iQ MQi #2BM; �#H2 iQ T`Q/m+2 i?2 TH�MM2/
�KQmMi Q7 pQHmK2X LQ BMp2biB;�iBQM Q7 i?2 +�mb2 Q7 /Bb`mTiBQM Bb K�/2- i?mb- r?2M
`272``BM; iQ � /Bb`mTiBQM Bi Bb � T`Q/m+iBQM BMbi�M+2 r?B+? ?�/ � HQbb BM T`Q/m+iBQM
pQHmK2X

Ç a?Q`i�;2, � b?Q`i�;2 Bb � T2`BQ/ Q7 iBK2 r?2`2 i?2 /2K�M/ 7Q` � T`Q/m+i +�MMQi
#2 K2i #v i?2 bmTTHvX AM i?Bb i?2bBb- i?Bb Bb r?2M i?2 Q`/2`2/ pQHmK2 Bb H�`;2`
i?�M i?2 �+im�H /2HBp2`2/ pQHmK2X h?2 H2M;i? Q7 � b?Q`i�;2- �HbQ `272``2/ iQ �b
i?2 /m`�iBQM Q7 i?2 b?Q`i�;2 Bb i?2 MmK#2` Q7 +QMb2+miBp2 /�vb r?2`2 i?2 Q`/2`2/
pQHmK2 Bb MQi K2i #v i?2 /2HBp2`2/ pQHmK2X

Ç AKT�+i Q7 � /Bb`mTiBQM, h?2 QMHv BKT�+i Q7 � /Bb`mTiBQM BMp2biB;�i2/ BM i?Bb
i?2bBb Bb TQbbB#H2 b?Q`i�;2bX h?2 BKT�+i Q7 � /Bb`mTiBQM Bb irQ7QH/ �M/ /2}M2/
b2T�`�i2HvX h?2 }`bi Bb i?2 MmK#2` Q7 /�vb 7`QK i?2 /Bb`mTiBQM mMiBH i?2 bi�`i
Q7 i?2 b?Q`i�;2- `272``2/ iQ �b i?2 /2H�vX h?2 b2+QM/ QM2 Bb i?2 /m`�iBQM Q7 i?2
+Q``2bTQM/BM; b?Q`i�;2X � /Bb`mTiBQM �Hr�vb ?�b � K2�bm`2/ BKT�+i bQ B7 Bi /Q2b
MQi H2�/ iQ �Mv b?Q`i�;2- MQ /m`�iBQM Q` /2H�v 2tBbi �M/ i?2v �`2 b2i iQ x2`QX

k
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1.4 Purpose
h?2 Tm`TQb2 Q7 i?Bb i?2bBb Bb iQ BKT`Qp2 i?2 /2+BbBQM K�FBM; �i �`H� #v mbBM; � /�i�
/`Bp2M �TT`Q�+? r?B+? +�M #2 mb2/ �b bmTTQ`i r?2M i�FBM; �+iBQMb iQ `2/m+2 i?2 BKT�+i
Q7 � /Bb`mTiBQMX h?2 Tm`TQb2 Bb �HbQ iQ ;Bp2 BMbB;?i BM ?Qr +QK#BM2/ /�i� +�M #2 ?�M/H2/
iQ `2KQp2 T`Q/m+i bT2+B}+BivX

1.5 Goal
h?2 ;Q�H Q7 i?2 i?2bBb Bb iQ +`2�i2 � `2HB�#H2 K�+?BM2 H2�`MBM; KQ/2H i?�i +�M T`2/B+i i?2
BKT�+i Q7 � /Bb`mTiBQMX hQ �+?B2p2 i?Bb- i?2 ;Q�H ?�b #22M /BpB/2/ BMiQ i?`22 bm#;Q�HbX
h?2 }`bi bm#;Q�H Bb iQ `2KQp2 T`Q/m+i bT2+B}+ +?�`�+i2`BbiB+b Q7 i?2 /�i� mbBM; 72�im`2
2M;BM22`BM; �M/ `2@b+�HBM; K2i?Q/bX h?2 b2+QM/ bm#;Q�H Bb iQ }M/ � K2i?Q/ i?�i b�iBb}2b
i?2 i`�Bib i?�i �`H� +QMbB/2` BKTQ`i�Mi 7Q` i?2B` mb�;2 Q7 i?2 KQ/2HX h?2 i?B`/ �M/ H�bi
bm#;Q�H Bb iQ i2bi i?2 KQ/2H rBi? /Bz2`2Mi K2�bm`2b Q7 p�`BQmb 72�im`2b �M/ 2tTH�BM r?B+?
72�im`2b i?�i ;Bp2b i?2 KQbi `2HB�#H2 KQ/2HX

1.6 Research Questions
"�b2/ QM i?2 ;Q�Hb �M/ Tm`TQb2 Q7 i?2 i?2bBb- i?2 `2b2�`+? [m2biBQMb �`2 i?2
7QHHQrBM;,

Ç *�M K�+?BM2 H2�`MBM; #2 mb2/ iQ +`2�i2 � `2HB�#H2 /�i� /`Bp2M �TT`Q�+? iQ T`2/B+i
i?2 BKT�+i 7QHHQrBM; � /Bb`mTiBQM\

Ç q?B+? Q7 i?2 2tTHQ`2/ 72�im`2b �`2 i?2 KQbi `2H2p�Mi r?2M T`2/B+iBM; i?2 BKT�+i
7QHHQrBM; � /Bb`mTiBQM\

1.7 Methodology
aBM+2 i?2`2 Bb HBKBi2/ `2b2�`+? BM i?Bb �`2�- i?2 K2i?Q/QHQ;v Bb K�BMHv #�b2/ QM BMimBiBQM
�M/ +QM+HmbBQMb /`�rM 7`QK FMQrH2/;2 Q7 �`H�Ƕb #mbBM2bb KQ/2HX LQ KQ/2H ?�b T`2pBQmbHv
#22M K�/2 iQ T`2/B+i i?2 BKT�+i Q7 � /Bb`mTiBQM bQ i?2 7Q+mb Q7 i?Bb i?2bBb Bb QM
i?2 KQ/2HBM; T�`iX .Bb`mTiBQMb �`2 mM/2``2T`2b2Mi2/ BM �HH T`Q/m+iBQM BMbi�M+2b �M/
i?2`27Q`2- iQ Q#i�BM 2MQm;? /�i� 7Q` � KQ/2H- � ;2M2`�HBx2/ KQ/2H 7Q` �HH /Bz2`2Mi T`Q/m+ib
Bb BMi2M/2/ iQ #2 /QM2X h?2 mM/2`HvBM; �bbmKTiBQM Bb i?�i �HH T`Q/m+ib ?�p2 i?2 b�K2
#2?�pBQm` r?2M Bi +QK2b iQ i?2 HBMF #2ir22M i?2 /Bb`mTiBQM �M/ BKT�+iX

1�+? `Qr Q7 /�i� +Q``2bTQM/b iQ � /Bb`mTiBQM r?2`2 Bib 72�im`2b �`2 #�b2/ QM BM7Q`K�iBQM
�#Qmi i?2 /Bb`mTiBQM �M/ Bib bT2+B}+ T`Q/m+i- i?2 i�`;2i p�`B�#H2b Q7 i?2 /�i� �`2 i?2
BKT�+i- BX2X i?2 /m`�iBQM �M/ i?2 /2H�v iQ i?�i +Q``2bTQM/BM; /Bb`mTiBQMX

h?2`2 Bb MQ T`22tBbiBM; K�TTBM; #2ir22M � /Bb`mTiBQM �M/ Bib BKT�+i bQ i?2 }`bi T`Q#H2K
iQ ?�M/H2 Bb iQ K�T � /Bb`mTiBQM iQ � b?Q`i�;2 r?B+? Bb #�b2/ QM HQ;B+�H �bbmKTiBQMbX
q?2M i?Bb Bb /QM2- i?2 M2ti bi2T Bb iQ +`2�i2 i?2 /�i� mb2/ BM i?2 KQ/2HX h?2 /2H�v
�M/ /m`�iBQM Q7 � b?Q`i�;2 Bb #2HB2p2/ iQ /2T2M/ QM i?2 /2K�M/ Q7 � T`Q/m+i r?B+? BM
im`M Bb ?B;?Hv /2T2M/2Mi QM b2�bQM�HBiv T�`�K2i2`b bm+? �b i?2 iBK2 Q7 i?2 v2�`- B7 Bi Bb
� +2`i�BM ?QHB/�v 2i+X h?Bb i?2bBb rBHH mb2 i?2 2tBbiBM; /�i� 7Q` /�BHv b�H2b 7Q`2+�biBM; Q7

j
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i?2 /2K�M/ 7`QK �`H� �M/ �bbmK2 i?�i i?2 7Q`2+�biBM; +�Tim`2b i?2b2 T`Q/m+i bT2+B}+
b2�bQM�H #2?�pBQm`bX h?2 b2�bQM�HBiv 72�im`2b mb2/ iQ +�Tim`2 i?2 #2?�pBQm` Q7 � T`Q/m+i
�`2 i?2`27Q`2 M2;H2+i2/ �M/ `2TH�+2/ rBi? i?2 /2K�M/ 7Q`2+�bi BMbi2�/X h?2 i?2bBb rBHH
BMp2biB;�i2 ?Qr �//BiBQM�H 72�im`2b bm+? �b i?2 7Q`2+�bi +�M #2 mb2/ BM /Bz2`2Mi r�vb iQ
#2bi +�Tim`2 i?2 #2?�pBQm` �M/ ;Bp2 � KQ`2 �++m`�i2 KQ/2HX 1�+? `Qr Q7 /�i� Bb biBHH
T`Q/m+i bT2+B}+ �M/ i?2`27Q`2 /Bz2`2Mi K2i?Q/b �`2 mb2/ iQ MQ`K�HBx2 �M/ /2b+`B#2 i?2
72�im`2b �b [mQiB2Mib r?B+? �`2 �bbmK2/ iQ #2 ;2M2`�H 7Q` �HH T`Q/m+ibX

1.8 Delimitations
AM Q`/2` iQ M�``Qr i?2 b+QT2 Q7 i?2 i?2bBb i?2 7QHHQrBM; /2HBKBi�iBQMb r2`2 �TTHB2/,

Ç .2i�BHb Q7 � /Bb`mTiBQM BM i2`Kb Q7 r?2`2 BM i?2 bmTTHv +?�BM �M/ r?�i ivT2 Q7
/Bb`mTiBQM Bi Bb 2i+X rBHH MQi #2 BMp2biB;�i2/X

Ç h?2 b�H2b- /2HBp2`v �M/ T`Q/m+iBQM /�i� �`2 ?BbiQ`B+�H �M/ ;�i?2`2/ 7`QK C�Mm�`v
kykk mMiBH �T`BH kykjX

Ç h?2 T`Q/m+ib mb2/ BM i?2 b+QT2 �`2 i?2 285 QM2b T`Q/m+2/ BM GBMFƺTBM; 7�+iQ`v
bBM+2 i?2 T`Q/m+ib BM i?2 b�K2 T`Q/m+iBQM bBi2 �`2 �bbmK2/ iQ #2?�p2 bBKBH�`Hv BM
i2`Kb Q7 2ti2`M�H 7�+iQ`b bm+? �b /2HBp2`v iBK2b 2i+X

1.9 Outline
*?�Ti2` k T`2b2Mib `2H2p�Mi #�+F;`QmM/ HBi2`�im`2 QM ?Qr K�+?BM2 H2�`MBM; K2i?Q/b ?�p2
#22M mb2/ iQ T`2/B+i i?2 iBK2 iQ �M 2p2Mi �M/ TQbbB#H2 Bbbm2b `2;�`/BM; i?Qb2 K2i?Q/bX
*?�Ti2` j T`2b2Mib i?2 `2H2p�Mi i?2Q`v BM Q`/2` iQ mM/2`bi�M/ i?2 i?2bBbX *?�Ti2` 9
T`2b2Mib i?2 K2i?Q/b mb2/ iQ bQHp2 i?2 T`Q#H2K Q7 i?2 i?2bBbX *?�Ti2` 8 T`2b2Mib i?2
`2bmHib Q#i�BM2/ 7`QK i?2 �M�HvbBb �M/ 2p�Hm�iBQM Q7 i?2 KQ/2HX AM *?�Ti2` e i?2 ;2M2`�H
}M/BM;b �`2 /Bb+mbb2/- +QM+HmbBQMb Q7 i?2 }M/BM;b �`2 /`�rM �M/ TQbbB#H2 7mim`2 rQ`F Bb
T`2b2Mi2/X

9



*?�Ti2` k

GBi2`�im`2 _2pB2r

AM i?2 HBi2`�im`2 `2b2�`+?- MQ bim/v `2;�`/BM; i?2 �TTHB+�iBQM Q7 K�+?BM2 H2�`MBM; K2i?Q/b
iQ T`2/B+i i?2 iBK2 mMiBH � b?Q`i�;2 �M/ i?2 /m`�iBQM Q7 � b?Q`i�;2 7QHHQrBM; � /Bb`mTiBQM
BM i?2 T`Q/m+iBQM r�b 7QmM/X h?mb- BM Q`/2` iQ }M/ � bmBi�#H2 K2i?Q/QHQ;v Q7 i?2 i?2bBb-
bim/B2b `2;�`/BM; i?2 T`2/B+iBQM Q7 iBK2 #�b2/ QM �M 2p2Mi r2`2 `2pB2r2/X
lbBM; K�+?BM2 H2�`MBM; KQ/2Hb iQ T`2/B+i i?2 iBK2 Q7 Q++m``2M+2 �M/ i?2 /m`�iBQM Q7
2p2Mib #�b2/ QM iBK2 b2`B2b /�i� ?�b #22M 2tTHQ`2/ BM b2p2`�H }2H/b mbBM; /Bz2`2Mi ivT2b
Q7 KQ/2Hb- #Qi? �b � `2;`2bbBQM �M/ �b � +H�bbB}+�iBQM i�bFX PM2 �TTHB+�iBQM Bb T`2/B+iBM;
/�vb Q7 BMT�iB2Mi H2M;i? Q7 bi�v BM /�vb #�b2/ QM #Qi? +�i2;Q`B+�H �M/ +QMiBMmQmb 72�im`2bX
_�M/QK 7Q`2bib- �M 2ti2MbBQM Q7 /2+BbBQMb i`22b i?�i �`2 FMQrM 7Q` i?2B` BMi2`T`2i�#BHBiv-
?�b #22M T`2b2Mi2/ �M/ T`Qp2/ bm++2bb7mH BM #Qi? BMbi�M+2b- BM +H�bbB}+�iBQM r?2`2 /�vb
�`2 2Bi?2` ;`QmT2/ mT BM T2`BQ/b �M/ �bbB;M2/ iQ � +H�bb Q` 2�+? BM/BpB/m�H /�v Bb �bbB;M2/
Bib QrM +H�bb (R- R8)- �M/ BM `2;`2bbBQM rBi? /�vb �b Bib i�`;2i (RR)X >Qr2p2`- BM �
+H�bbB}+�iBQM i�bF i?2`2 Bb � +QKKQM Bbbm2 Q7 BK#�H�M+2/ /�i� r?2`2 i?2 /Bbi`B#miBQM
Q7 Q++m``2M+2b Q7 2�+? +H�bb BM � /�i�b2i Bb mM2p2MHv /Bbi`B#mi2/- r?B+? +�M +�mb2 K�Mv
bi�M/�`/ K�+?BM2 H2�`MBM; �H;Q`Bi?Kb iQ 7�BH BM +�Tim`BM; i?2 /�i� +?�`�+i2`BbiB+b �M/ BM
im`M `2bmHi BM mM7�pQ`�#H2 `2bmHib (3)X PM2 T`2b2Mi2/ bQHmiBQM iQ i?Bb Bb mbBM; aJPh1-
�M Qp2`b�KTHBM; i2+?MB[m2 r?2`2 bvMi?2iB+ b�KTH2b Q7 KBMQ`Biv +H�bb2b �`2 +`2�i2/ iQ
#�H�M+2 i?2 /�i�b2iX
Pi?2` bim/B2b BMp2biB;�i2/ i?2 mb�;2 Q7 b2p2`�H `2;`2bbBQM K2i?Q/b iQ T`2/B+i i?2 /m`�iBQM
Q7 +Qm`i +�b2b (Rj) �M/ i?2 2biBK�i2/ iBK2 Q7 �``Bp�H Q7 ~B;?ib (j)- #Qi? mb2/ 72�im`2b i?�i
`2T`2b2Mi2/ +?�`�+i2`BbiB+b Q7 i?2 i�`;2i �i bQK2 }t bi�`iBM; TQBMi 7Q` i?2B` T`2/B+iBQMX
h?2 QM2 K2i?Q/ T`Qp2M KQbi 2z2+iBp2 r�b �/�"QQbi r?B+? mb2 b2[m2M+2b Q7 r2�F
H2�`M2`b U;2M2`�HHv /2+BbBQM i`22bV i?�i Bi2`�iBp2Hv BM+`2�b2 r2B;?ib QM iQ BM+Q``2+iHv
T`2/B+i2/ b�KTH2b BM i?2 /�i�b2i iQ BKT`Qp2 i?2B` T`2/B+iBQM BM i?2 M2ti Bi2`�iBQMX qBi?BM
i?2 bim/B2b +QKKQM 2p�Hm�iBQM K2i`B+b 7Q` i?2 +H�bbB}+�iBQM i�bFb r2`2 /2`Bp2/ 7`QK �
+QM7mbBQM K�i`Bt- �M/ 7Q` `2;`2bbBQM i�bFb i?2 `QQi K2�M b[m�`2 2``Q` r�b mb2/X
h?Bb i?2bBb rBHH BMp2biB;�i2 K�+?BM2 H2�`MBM; iQ T`2/B+i i?2 BKT�+i Q7 � /Bb`mTiBQM BM
i?2 T`Q/m+iBQM mbBM; �p�BH�#H2 72�im`2b i?�i �`2 7QmM/ bmBi�#H2 iQ /2b+`B#2 bm``QmM/BM;
BM~m2M+2bX Ai rBHH #2 +QM/m+i2/ �b � +H�bbB}+�iBQM i�bF /m2 iQ i?2 7�+i i?�i BMbB;?ib
`2;�`/BM; ?Qr r2HH i?2 KQ/2H T2`7Q`Kb QM � T�`iB+mH�` H2M;i? Q7 /�vb Q` T2`BQ/ Q7 /�vb
+�M #2 2p�Hm�i2/ b2T�`�i2HvX h?2 KQ/2H mb2/ rBHH #2 i`22 #�b2/ /m2 iQ #2BM; i?2 #2bi
T2`7Q`KBM; BM i?2 HBi2`�im`2 bim/v- M�K2Hv `�M/QK 7Q`2bib rBHH #2 mb2/ /m2 iQ Bib ;QQ/
T2`7Q`K�M+2 BM +H�bbB}+�iBQM i�bFbX

8



*?�Ti2` j

h?2Q`v

AM i?Bb +?�Ti2`- i?2 #�+F;`QmM/ i?2Q`v Q7 i?2 KQ/2Hb- K2i?Q/b �M/ Qi?2` bm#D2+ib
�`2 T`2b2Mi2/ iQ +Qp2` i?2 `2H2p�Mi i?2Q`v M22/2/ iQ mM/2`bi�M/ i?2 +QMi2Mib Q7 i?2
i?2bBbX

3.1 Supervised Machine Learning
AM i?2 }2H/ Q7 K�+?BM2 H2�`MBM; i?2 T`Q#H2K �i ?�M/ rBHH #2HQM; iQ QM2 Q7 irQ +�i2;Q`B2b-
bmT2`pBb2/ �M/ mMbmT2`pBb2/ K�+?BM2 H2�`MBM;X amT2`pBb2/ K�+?BM2 H2�`MBM; T`Q#H2Kb
�`2 7Q`K2/ r?2M 2�+? `2bTQMb2 p�`B�#H2 yi- 7Q` �HH Q#b2`p�iBQMb i = 1, ..., n BM � /�i�b2i-
+Q``2bTQM/b iQ � T`2/B+iQ`UbV xi- BM +QMi`�bi iQ mMbmT2`pBb2/ H2�`MBM; r?2`2 i?2 `2bTQMb2
p�`B�#H2 iQ Bib +Q``2bTQM/BM; T`2/B+iQ`b Bb mMFMQrMX qBi?BM bmT2`pBb2/ K�+?BM2 H2�`MBM;
i?2 K�BM Tm`TQb2 Bb iQ T`2/B+i i?2 `2bTQMb2 yn+1,...,m 7Q` m 7mim`2 Q#b2`p�iBQMb- �M/
i?2 ivT2 Q7 `2bTQMb2 +�M 2Bi?2` #2 [m�MiBi�iBp2 Q` [m�HBi�iBp2 r?B+? b2T�`�i2b BMiQ irQ
#`�M+?2b- `2;`2bbBQM T`Q#H2Kb �M/ +H�bbB}+�iBQM T`Q#H2Kb `2bT2+iBp2HvX � [m�MiBi�iBp2
`2bTQMb2 K2�Mb i?�i BM `2;`2bbBQM T`Q#H2Kb i?2 ;Q�H Bb iQ T`2/B+i MmK2`B+�H ~Q�iBM; Q`
BMi2;2` p�Hm2- r?2`2�b � [m�HBi�iBp2 `2bTQMb2 K2�Mb i?�i BM +H�bbB}+�iBQM T`Q#H2Kb i?2
;Q�H Bb iQ T`2/B+i QM2 Qmi Q7 � b2i MmK#2` K /Bz2`2Mi +H�bb2b r?B+? +�M #2 b22M �b /Bz2`2Mi
+�i2;Q`B2bX A7 K = 2 i?2 T`Q#H2K Bb `272``2/ iQ �b � #BM�`v +H�bbB}+�iBQM T`Q#H2K- �M/ 7Q`
� K > 2 Bi Bb FMQrM �b � KmHiB@+H�bb +H�bbB}+�iBQM T`Q#H2KX h`�BMBM; � bmT2`pBb2/ KQ/2H
`272`b iQ }M/BM; bQK2 K�TTBM; #2ir22M i?2 T`2/B+iQ`b �M/ i?2 `2bTQMb2 #v H2�`MBM; 7`QK
FMQrM Q#b2`p�iBQM BM Q`/2` iQ T`2/B+i � `2bTQMb2 iQ M2rHv Q#b2`p2/ T`2/B+iQ`b (N)X

3.2 Decision Trees and Random Forests
� /2+BbBQM i`22 Bb � bmT2`pBb2/ K�+?BM2 H2�`MBM; i2+?MB[m2 i?�i BMpQHp2 b2;K2MiBM; i?2
T`2/B+iQ` bT�+2 BMiQ bBKTH2 `2;BQMbX h?2 M�K2 +QK2b 7`QK i?2 7�+i i?�i i?2 b2;K2MiBM;
+�M #2 T`2b2Mi2/ �b � i`22 r?B+? BM im`M K�F2b Bi 2�bv iQ BMi2`T`2i- ?Qr2p2`- /2+BbBQM
i`22b �`2 ;2M2`�HHv BM72`BQ` iQ KQ`2 �/p�M+2/ KQ/2HbX �M 2ti2MbBQM Q7 /2+BbBQM i`22b Bb �
`�M/QK 7Q`2bi r?B+? i2M/ iQ T`Q/m+2 KQ`2 `Q#mbi �M/ �++m`�i2 `2bmHib- #mi iQ ;`�bT i?2
+QM+2Ti Q7 `�M/QK 7Q`2bib Bi Bb M2+2bb�`v iQ mM/2`bi�M/ i?2 #�bB+b Q7 /2+BbBQM i`22bX

e
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3.2.1 Decision Tree
� /2+BbBQM i`22 Bb MQ`K�HHv pBbm�HBx2/ �b �M mTbB/2 /QrM i`22 bi�`iBM; 7`QK i?2 iQT �i �
`QQi MQ/2 i?�i i?`Qm;? #`�M+?2b �M/ BMi2`M�H MQ/2b +QMM2+i iQ H2�7 MQ/2b �i i?2 #QiiQK
Q7 i?2 i`22X 6`QK i?2 `QQi MQ/2- i?2 T`2/B+iQ` bT�+2 Bb bTHBi #v 2�+? #`�M+? #BM�`v
BMiQ MQM@Qp2`H�TTBM; `2;BQMb r?2`2 � T`2/B+iBQM Q7 � M2r Q#b2`p�iBQM +�M #2 K�/2 #v
�bbB;MBM; i?2 KQbi +QKKQM +H�bb 7`QK i?2 i`�BMBM; /�i� BM i?�i `2;BQMX h?mb- r?2M �
i`22 Bb ;`QrM- 2�+? bTHBi Bb K�/2 rBi? i?2 BMi2MiBQM Q7 KBMBKBxBM; i?2 7`�+iBQM Q7 i`�BMBM;
Q#b2`p�iBQMb i?�i �`2 MQi i?2 KQbi +QKKQM- FMQrM �b i?2 +H�bbB}+�iBQM 2``Q` `�i2 ;Bp2M
#v

E = 1− K�t
k

(p̂mk) UjXRV

r?2`2 p̂mk /2MQi2b i?2 T`QTQ`iBQM Q7 i`�BMBM; Q#b2`p�iBQMb 7Q`K i?2 ki? +H�bb BM i?2
mi? `2;BQMX >Qr2p2`- ;`QrBM; � i`22 Bb /QM2 BM � iQT@/QrM ;`22/v 7�b?BQM +�HH2/
`2+m`bBp2 #BM�`v bTHBiiBM; bBM+2 Bi Bb +QKTmi�iBQM�HHv BM72�bB#H2 iQ +QMbB/2` 2p2`v `2;BQM
bBKmHi�M2QmbHvX Ai Bb +�HH2/ iQT@/QrM #2+�mb2 Bi bi�`ib �i i?2 `QQi- �M/ ;`22/v #2+�mb2 Bi
QMHv +QMbB/2`b i?2 #2bi TQbbB#H2 bTHBi �i i?2 +m``2Mi MQ/2 rBi?Qmi +QMbB/2`BM; bTHBib 7m`i?2`
/QrM BM i?2 i`22X G2i X = (X1, X2, ..., Xp) #2 � p2+iQ` Q7 �HH T`2/B+iQ`b BM � /�i�b2i- i?2M
7Q` 2�+? MQ/2 2p2`v T`2/B+iQ` Xj ∈ X Bb 2p�Hm�i2/ `2;�`/BM; iQ i?2 [m�HBiv Q7 i?2 bTHBi-
�M/ i?2 [m�HBiv Bb K2�bm`2/ 7`QK i?2 MQ/2b i?2 bTHBi +`2�i2b FMQrM �b +?BH/ MQ/2bX 1p2M
i?Qm;? i?2 ;Q�H Bb iQ KBMBKBx2 i?2 +H�bbB}+�iBQM 2``Q` `�i2- Bi Bb MQi b2MbBiBp2 2MQm;?
r?BH2 ;`QrBM; i`22bX AMbi2�/- irQ Qi?2` K2i`B+b- :BMB BM/2t �M/ 2Mi`QTv Bb +QKKQMHv
mb2/ BM T`�+iB+2X h?2 :BMB BM/2t Bb /2}M2/ �b

G =
K∑

k=1

p̂mk (1− p̂mk) UjXkV

�M/ +�M #2 b22M �b � K2�bm`2 Q7 i?2 iQi�H p�`B�M+2 Q7 �HH E +H�bb2b BM � +?BH/ MQ/2X PM2
+�M MQi2 i?�i :BMB BM/2t Bb � K2�bm`2 Q7 Tm`Biv BM � +?BH/ MQ/2 bBM+2 G rBHH #2 bK�HH B7
p̂mk Bb +HQb2 iQ 2Bi?2` x2`Q Q` QM2 7Q` �HH k- BX2X � bK�HH :BMB BM/2t rBHH BM/B+�i2 � +?BH/
MQ/2 Bb /QKBM�i2/ #v QM2 +H�bbX 6m`i?2`KQ`2- �M �p2`�;2 Q7 #Qi? +?BH/ MQ/2b r2B;?i2/
#v i?2 MmK#2` Q7 Q#b2`p�iBQMb BM 2�+? MQ/2 /2i2`KBM2b i?2 iQi�H Tm`Biv 7`QK i?2 bTHBi
�M/ i?2 T`2/B+iQ` i?�i vB2H/b i?2 HQr2bi r2B;?i2/ :BMB BM/2t Bb +?Qb2MX h?2 Qi?2` K2i`B+-
2Mi`QTv Bb /2}M2/ �b

D = −
K∑

k=1

p̂mk HQ; p̂mk UjXjV

r?2`2 Bi Bb +H2�` i?�i bBM+2 p̂mk ∈ [0, 1] i?2M −p̂mk HQ; p̂mk �M/ D rBHH #2 bK�HH B7 p̂mk

Bb +HQb2 iQ 2Bi?2` x2`Q Q` QM2 7Q` �HH kX h?mb- bBKBH�`Hv iQ :BMB BM/2t- 2Mi`QTv rBHH #2
bK�HH B7 i?2 mi? +?BH/ MQ/2 Bb Tm`2X �M/ i?2 +?QB+2 Q7 T`2/B+iQ` Bb i?2M +?Qb2M #v i?2
r2B;?i2/ �p2`�;2 bBKBH�`Hv iQ i?2 +�b2 Q7 :BMB BM/2tX � /2+BbBQM i`22 r?B+? ;`Qrb rBi?Qmi
� biQTTBM; +`Bi2`B� `mMb i?2 `BbF Q7 ?B;? p�`B�M+2 �M/ Qp2`}iiBM; iQ i?2 /�i�- i?Bb +�M #2
?�M/H2/ #v T`mMBM; r?B+? BMpQHp2b bvbi2K�iB+ K2i?Q/b iQ `2/m+2 i?2 MmK#2` Q7 bTHBib BM
� i`22 Q` #v b2iiBM; � K�t /2Ti? (N)X

d
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3.2.2 Random Forest
�M 2ti2MbBQM Q7 /2+BbBQM i`22b Bb � `�M/QK 7Q`2biX �b K2MiBQM2/- /2+BbBQM i`22b `mM i?2
`BbF Q7 ?B;? p�`B�M+2 r?B+? BM im`M +�M +�mb2 i?2 T`2/B+iQ` iQ ;2M2`�HBx2 #�/ QM M2r
Q#b2`p�iBQMbX PM2 bQHmiBQM iQ HQr2` i?2 p�`B�M+2 Q7 � i`22 #�b2/ K2i?Q/ Bb #v mbBM;
#�;;BM; r?B+? Bb b?Q`i 7Q` #QQibi`�T �;;`2;�iBM;X Ai Bb #mBHi QM i?2 B/2� Q7 ?�pBM; �M
�`#Bi`�`v MmK#2` B #QQibi`�T /�i�b2ib r?B+? �`2 /`�rM rBi? `2TH�+2K2Mi 7`QK i?2
Q`B;BM�H /�i�b2i- i?2M B MmK#2` Q7 /2+BbBQM i`22 +H�bbB}2`b �`2 i`�BM2/ 7Q` 2�+? /�i�b2i
�M/ �;;`2;�i2/ iQ QM2 +H�bbB}2` #v +H�bbB7vBM; i?2 `2bTQMb2 7Q` � M2r Q#b2`p�iBQM �b i?2
KQbi +QKKQMHv +H�bb T`2/B+i2/ #2ir22M �HH B i`22b- FMQrM �b K�DQ`Biv pQi2X >Qr2p2`-
QM2 /B`2+i Bbbm2 i?�i �`Bb2 rBi? mbBM; #QQibi`�T b�KTH2b Bb i?�i Bi +�mb2 /2T2M/2M+B2bX
6Q` 2t�KTH2- B7 i?2`2 2tBbi � bi`QM; T`2/B+iQ` Xj ∈ (X1, X2, ..., Xp)- i?2M Bi Bb HBF2Hv i?�i
Bi rBHH #2+QK2 i?2 }`bi bTHBi BM 2p2`v i`22- i?mb K�FBM; i?2K ?B;?Hv +Q``2H�i2/X h?2
bQHmiBQM iQ i?Bb Bb �//BM; `�M/QKM2bb r?2`2 `�i?2` i?�M mbBM; �HH p T`2/B+iQ`b BM 2�+?
/2+BbBQM i`22- � bm#b2i m < p T`2/B+iQ`b �`2 mb2/ BMbi2�/ r?2`2 m Bb /`�rM mMB7Q`KHv
7`QK i?2 7mHH b2i Q7 T`2/B+iQ`bX h?mb i?2`2 Bb � MQM@x2`Q T`Q#�#BHBiv Q7 (p−m)/p i?�i i?2
bi`QM; T`2/B+iQ` Bb 2t+Hm/2/ 7`QK � #QQibi`�T b�KTH2 BM i`�BMBM;- �M/ i?Bb 2ti2MbBQM Q7
#QQibi`�T �;;`2;�iBM; Bb FMQrM �b � `�M/QK 7Q`2biX � +QKKQM +?QB+2 Q7 i?2 MmK#2` Q7
BM+Hm/2/ 72�im`2b Bb m =

√
p (N)X

3.3 Model Evaluation
1p�Hm�iBM; � KQ/2H Bb � �M 2bb2MiB�H bi2T BM K�+?BM2 H2�`MBM; BM Q`/2` iQ #Qi? /2i2`KBM2
T2`7Q`K�M+2 BM i?2 }M�H bi�;2b �b r2HH �b BM i?2 KQ/2H #mBH/BM;X hQ bBKmH�i2 ?Qr r2HH
� KQ/2H T2`7Q`Kb QM mMb22M /�i� i?2 7mHH /�i�b2i Bb /BpB/2/ BMiQ � i`�BMBM; b2i �M/ �
i2bi b2i- r?2`2 i?2 i2bi b2i `2T`2b2Mi mMb22M /�i� TQBMibX q?2M #mBH/BM; � KQ/2H- i?2
i`�BMBM; b2i +�M #2 7m`i?2` /BpB/2/ BMiQ i`�BM �M/ p�HB/�iBQM b2ib 7Q` KQ/2H b2H2+iBQM
Tm`TQb2bX

3.3.1 Confusion Matrix
AM Q`/2` iQ +QKT�`2 i?2 T2`7Q`K�M+2 Q7 /Bz2`2Mi K�+?BM2 H2�`MBM; KQ/2Hb Bi Bb BKTQ`i�Mi
iQ ?�p2 2p�Hm�iBQM K2i`B+bX qBi?BM +H�bbB}+�iBQM i�bFb- � +QKKQMHv mb2/ `2T`2b2Mi�iBQM
7`QK r?B+? b2p2`�H K2i`B+b +�M #2 /2`Bp2/ Bb i?2 +QM7mbBQM K�i`BtX h?2 +QM7mbBQM K�i`Bt
+QMbBbib Q7 i?2 `2bmHi Q7 i?2 +H�bbB}+�iBQM +QKT�`2/ iQ Bib i`m2 p�Hm2 7Q` 2�+? +H�bb- �M/
7`QK i?2 +QM7mbBQM K�i`Bt b2p2`�H mb27mH K2i`B+b +�M #2 /2`Bp2/X 6Q` 2p2`v +H�bb QM2
/2i2`KBM2 7Qm` +�i2;Q`B2b Q7 i?2 T`2/B+i2/ TQBMib,

Ç h`m2 SQbBiBp2 UTP V, h?2 KQ/2H ?�b T`2/B+i2/ i?2 +H�bb �M/ i?2 �+im�H p�Hm2 Q7 i?2
TQBMi #2HQM;b iQ i?2 +H�bb

Ç h`m2 L2;�iBp2 UTNV, h?2 KQ/2H ?�b T`2/B+i2/ �MQi?2` +H�bb �M/ i?2 �+im�H p�Hm2
Q7 i?2 TQBMi #2HQM;b iQ �MQi?2` +H�bb

Ç 6�Hb2 SQbBiBp2 UFP V, h?2 KQ/2H ?�b T`2/B+i2/ i?2 +H�bb #mi i?2 �+im�H p�Hm2 Q7 i?2
TQBMi #2HQM;b iQ �MQi?2` +H�bb

Ç 6�Hb2 L2;�iBp2 UFNV, h?2 KQ/2H ?�b T`2/B+i2/ �MQi?2` +H�bb #mi i?2 �+im�H p�Hm2
Q7 i?2 TQBMi #2HQM;b iQ i?2 +H�bb-

3
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�M/ i?2 MmK#2` Q7 TQBMib BM 2�+? +�i2;Q`v Bb +�H+mH�i2/X qBi? i?2b2- K2�bm`2b bm+? �b
T`2+BbBQM �M/ b2MbBiBpBiv +�M #2 +�H+mH�i2/ 7Q` 2�+? +H�bb �b

S`2+BbBQM =
TP

TP + FP
, UjX9V

a2MbBiBpBiv = _2+�HH =
TP

TP + FN
. UjX8V

S`2+BbBQM 7Q` � +H�bb Bb i?2 T2`+2Mi�;2 Q7 i?2 TQBMib i?2 KQ/2H ?�b T`2/B+i2/ iQ i?2 +H�bb
i?�i �+im�HHv #2HQM; iQ i?2 +H�bb- Bi +�M #2 b22M �b � K2�bm`2 Q7 i?2 �++m`�+v Q7 T`2/B+iBM;
i?�i T�`iB+mH�` +H�bbX a2MbBiBpBiv 7Q` � +H�bb- �HbQ FMQrM �b `2+�HH- Bb i?2 T2`+2Mi�;2 Q7
TQBMib i?�i #2HQM; iQ i?2 +H�bb i?�i r2`2 +Q``2+iHv +H�bbB}2/- �M/ +�M #2 b22M �b � K2�bm`2
Q7 i?2 bi`2M;i? i?2 KQ/2H ?�b �i T`2/B+iBM; i?�i T�`iB+mH�` +H�bbX aBM+2 i?2 K2�bm`2K2Mib
�`2 2p�Hm�i2/ 7Q` 2�+? +H�bb- i?2v T`Qp2 mb27mH 7Q` BK#�H�M+2/ /�i�b2ib r?2`2 i?2 Qp2`�HH
�++m`�+v +�M #2 KBbH2�/BM; �M/ 7�BH iQ +�Tim`2 BKTQ`i�Mi BMbB;?ib (Ry)X

3.3.2 Cross-Validation
AM i?2 +QMi2ti Q7 i`�BMBM; � KQ/2H- QM2 K2i?Q/ mb2/ 7Q` 2p�Hm�iBQM Bb *`Qbb o�HB/�iBQM
U*oVX Ai Bb +QM/m+i2/ #v ?�pBM; � T�`i Q7 i?2 i`�BMBM; /�i� H27i Qmi 7`QK i`�BMBM; BM
Q`/2` iQ p�HB/�i2 i?2 KQ/2H- i?2b2 ivT2b Q7 bTHBib Q7 i?2 i`�BMBM; /�i� Bb i?2M `2T2�i2/
iQ +`2�i2 /Bz2`2Mi bm#b2ib Q7 i?2 i`�BMBM; /�i� 7Q` i`�BMBM; �M/ p�HB/�iBQM- �M/ i?2 }M�H
2p�Hm�iBQM Q7 i?2 KQ/2H Bb ;Bp2M #v �M �p2`�;2 Q7 �HH i`�BM2/ KQ/2Hb `2bmHibX h?2 T`Q+2bb
+�M #2 +QM/m+i2/ BM � MmK#2` Q7 r�vb- QM2 Q7 i?2 KQbi +QKKQM #2BM; k@7QH/ *o r?2`2
i?2 i`�BMBM; /�i� ;2ib `�M/QKHv /BpB/2/ BMiQ k 2[m�HHv bBx2/ ;`QmTb +�HH2/ 7QH/b- i?2M
k − 1 Q7 i?2 7QH/b �`2 mb2/ 7Q` i`�BMBM; �M/ i?2 `2K�BMBM; 7QH/ Bb mb2/ 7Q` p�HB/�iBQMX
Ai Bb +QM/m+i2/ k iBK2b BM Q`/2` iQ mb2 �HH +QK#BM�iBQMb Q7 i?2 k 7QH/b- �M/ i?2 }M�H
2p�Hm�iBQM Q7 i?2 KQ/2H Bb i?2 �p2`�;2 T2`7Q`K�M+2 Q7 i?2 k KQ/2HbX �M 2ti2MbBQM Q7
k@7QH/ *o Bb bi`�iB}2/ k@7QH/ *o r?2`2 i?2 #�H�M+2 Q7 +H�bb2b Bb T`2b2`p2/ BM 2�+? 7QH/-
BX2X- i?2 `�iBQ Q7 2�+? T�`iB+mH�` +H�bb Bb �TT`QtBK�i2Hv i?2 b�K2 7Q` �HH 7QH/b iQ 2Mbm`2 i?�i
i?2`2 Bb i`�BMBM; �M/ p�HB/�iBQM /�i� i?�i `2T`2b2Mib �HH +H�bb2b 7Q` 2�+? Q7 i?2 k KQ/2HbX
ai`�iB}2/ k@7QH/ *o Bb bmBi�#H2 7Q` +H�bbB}+�iBQM i�bFb �M/ 2bb2MiB�H r?2M � /�i�b2i Bb
BK#�H�M+2/ (R9)X

3.3.3 Boxplot
� #QtTHQi Bb � ;`�T?B+�H `2T`2b2Mi�iBQM Q7 � /�i�b2i i?�i /BbTH�vb i?2 /Bbi`B#miBQM Q7 i?2
/�i� �M/ B/2MiB}2b QmiHB2`b- �M 2t�KTH2 Q7 � #QtTHQi Bb pBbm�HBx2/ BM 6B;m`2 jXjXRX Ai
Bb #�b2/ QM i?2 KBMBKmK �M/ K�tBKmK p�Hm2b- i?2 }`bi �M/ i?B`/ [m�`iBH2b- �M/ i?2
K2/B�MX h?2 #Qt BM i?2 };m`2 `2T`2b2Mib i?2 AMi2`[m�`iBH2 _�M;2 UAZ_V- r?B+? Bb i?2
/Bbi�M+2 #2ir22M i?2 }`bi �M/ i?B`/ [m�`iBH2bX h?2 r?BbF2`b 2ti2M/ 7`QK i?2 #Qt iQ i?2
KBMBKmK �M/ K�tBKmK p�Hm2b rBi?BM RX8 iBK2b i?2 AZ_ Q7 i?2 #QtX P#b2`p�iBQMb i?�i
7�HH QmibB/2 i?2 r?BbF2`b +�M #2 +QMbB/2`2/ QmiHB2`b �M/ �`2 pBbm�HBx2/ �b BM/BpB/m�H TQBMib
BM i?2 };m`2 (e)X

N
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6B;m`2 jXjXR, _2T`2b2Mi�iBQM Q7 � #QtTHQi �M/ Bib /Bz2`2Mi +QKTQM2Mib (e)X

3.3.4 Feature Importance
62�im`2 BKTQ`i�M+2 Bb � +QM+2Ti BM K�+?BM2 H2�`MBM; r?B+? `272`b iQ i?2 T`Q+2bb Q7
/2i2`KBMBM; i?2 `2H�iBp2 BKTQ`i�M+2 Q7 i?2 /Bz2`2Mi 72�im`2b mb2/ BM � K�+?BM2 H2�`MBM;
KQ/2H rBi? `2;�`/b iQ i?2 i�`;2i p�`B�#H2X "v B/2MiB7vBM; r?B+? 72�im`2b �`2 KQbi
BKTQ`i�Mi- i?2 QM2b i?�i �`2 MQi �z2+iBM; i?2 KQ/2H T2`7Q`K�M+2 �`2 `2/mM/�Mi �M/
+�M #2 `2KQp2/ iQ `2/m+2 i?2 +QKTH2tBiv Q7 i?2 KQ/2H �M/ K�F2 KQ`2 �++m`�i2
T`2/B+iBQMbX

Permutation feature importance

S2`Kmi�iBQM 62�im`2 AKTQ`i�M+2 US6AV Bb � K2i?Q/ iQ +�H+mH�i2 i?2 BKTQ`i�M+2 Q7 �
72�im`2X h?2 B/2� Bb iQ 2p�Hm�i2 i?2 2``Q` Q7 i?2 KQ/2Hb T`2/B+iBQM �7i2` T2`KmiBM; i?2
p�Hm2b Q7 i?�i 72�im`2X h?�i Bb- iQ b?m|2 �HH i?2 `Qrb Q7 /�i� 7Q` i?�i 72�im`2 �M/ i`�BM
i?2 KQ/2H rBi? i?2 T2`Kmi2/ /�i�b2iX A7 i?2 M2r KQ/2HǶb T`2/B+iBQM 2``Q` BM+`2�b2/- i?2
72�im`2 Bb /22K2/ �b ǴBKTQ`i�MiǴ bBM+2 i?2 KQ/2H `2HB2/ QM i?�i 72�im`2 7Q` i?2 T`2/B+iBQMX
PM i?2 +QMi`�`v- � 72�im`2 Bb /22K2/ ǴmMBKTQ`i�MiǴ B7 i?2 T`2/B+iBQM 2``Q` �7i2` b?m|BM;
i?2 72�im`2 Bb H27i mM+?�M;2/X h?Bb BM/B+�i2b i?�i i?2 KQ/2H B;MQ`2/ i?�i 72�im`2 7Q` i?2
T`2/B+iBQMX >Qr i?2 �H;Q`Bi?K T`Q+22/b Bb T`2b2Mi2/ BM �H;Q`Bi?K RX

�H;Q`Bi?K R S2`Kmi�iBQM 72�im`2 BKTQ`i�M+2
AMTmi, h`�BM2/ KQ/2H f̂ - 72�im`2 K�i`Bt X- i�`;2i p2+iQ` y- 2``Q` K2�bm`2 L(y, f̂)X
RX 1biBK�i2 i?2 Q`B;BM�H KQ/2H 2``Q` eQ`B; = L(y, f̂(X))
7Q` 2�+? 72�im`2 j ∈ {1, . . . , p} /Q

Ç :2M2`�i2 72�im`2 K�i`Bt XT2`K #v T2`KmiBM; 72�im`2 j BM i?2 /�i� XX
Ç 1biBK�i2 2``Q` eperm = L(y, f̂ (XT2`K)) #�b2/ QM i?2 T`2/B+iBQMb Q7 i?2 T2`Kmi2/

/�i�X
Ç *�H+mH�i2 T2`Kmi�iBQM 72�im`2 BKTQ`i�M+2 �b /Bz2`2M+2 FIj = eT2`K − eQ`B;

2M/ 7Q`
jX aQ`i 72�im`2b #v /2b+2M/BM; FIX

h?2 HBbi Q7 FIǶb Bb /2b+`B#BM; i?2 Q`/2` Q7 72�im`2b #�b2/ QM BKTQ`i�M+2- i?2 KQbi
BKTQ`i�Mi 72�im`2 ?�p2 i?2 ?B;?2bi FIX L2;�iBp2 FI +�M Q++m` r?B+? bBKTHv K2�Mb
i?�i i?2 KQ/2H #v +?�M+2 T2`7Q`K2/ #2ii2` rBi?Qmi i?�i 72�im`2 �M/ i?2`27Q`2 �z2+i2/
i?2 KQ/2H- i?mb- i?2 72�im`2 Bb /22K2/ ǴmMBKTQ`i�MiǴX PM2 /QrMbB/2 rBi? S6A Bb Bib
r2�FM2bb 7Q` +Q``2H�iBQM #2ir22M 72�im`2b BM i?2 /�i�b2iX h?2 BKTQ`i�M+2 +�M i?2M #2
bTHBi #2ir22M +Q``2H�i2/ 72�im`2b �M/ `2/m+2 i?2 2z2+ib Q7 i?2 T2`Kmi�iBQM (Rk)X

Ry
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3.4 SMOTE
A7 i?2 +H�bb2b BM � /�i�b2i �`2 MQi `2H�iBp2Hv 2[m�HHv `2T`2b2Mi2/ Bi Bb `272``2/ iQ �b #2BM;
BK#�H�M+2/X PM2 r�v Q7 ?�M/HBM; i?Bb Bb #v mbBM; avMi?2iB+ JBMQ`Biv Pp2`b�KTHBM;
h2+?MB[m2 UaJPh1V r?B+? +`2�i2b bvMi?2iB+ b�KTH2b BM i?2 72�im`2 bT�+2 +HQb2 iQ i?2
KBMQ`Biv +H�bb BM Q`/2` iQ 2p2M i?2 /Bbi`B#miBQM #2ir22M +H�bb2b BM � /�i�b2iX � bvMi?2iB+
b�KTH2 Bb +`2�i2/ #v `�M/QKHv i�FBM; � /�i� TQBMi BM � KBMQ`Biv +H�bb �M/ i?2M #v
�TTHvBM; k@L2�`2bi L2B;?#Qm` UkLLV- r?B+? }M/b i?2 k +HQb2bi b�KTH2b M2�` i?�i TQBMi
mbBM; 2m+HB/2�M /Bbi�M+2- �bbB;MBM; � M2r b�KTH2- `�M/QKHv- BM i?2 72�im`2 bT�+2 QM �
HBM2 #2ir22M QM2 Q7 i?2 k b�KTH2b �M/ i?2 `�M/QKHv +?Qb2M /�i� TQBMi rBi? i?2 b�K2
+H�bb H�#2H �b i?2 KBMQ`Biv +H�bbX h?2 K2i?Q/ Bb `2Bi2`�i2/ 7Q` 2�+? KBMQ`Biv +H�bb mMiBH �
/2bB`2/ #�H�M+2 BM i?2 /�i� b2i Bb �+?B2p2/ (9)X

3.5 Feature Engineering
62�im`2 2M;BM22`BM; Bb i?2 T`Q+2bb Q7 b2H2+iBM;- i`�Mb7Q`KBM;- �M/ +`2�iBM; M2r 72�im`2b
H2p2`�;BM; i?2 `�r /�i� iQ BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 K�+?BM2 H2�`MBM; KQ/2HbX 1z2+iBp2
72�im`2 2M;BM22`BM; +�M ?2HT iQ `2/m+2 MQBb2 �M/ BKT`Qp2 �++m`�+v- K�FBM; Bi �M 2bb2MiB�H
bi2T BM i?2 T`2T�`�iQ`v rQ`F #27Q`2 QM2 +�M bi�`i KQ/2HBM; (8)X

3.5.1 Feature Creation
62�im`2 +`2�iBQM Bb � +QKTQM2Mi Q7 72�im`2 2M;BM22`BM; i?�i Bb i?2 T`Q+2bb Q7 ;2M2`�iBM;
M2r 72�im`2bX h?2 M2r 72�im`2b +�M BMpQHp2 +QK#BMBM; Q` 2ti`�+iBM; BM7Q`K�iBQM Q7
�H`2�/v 2tBbiBM; 72�im`2bX A7 /QM2 r2HH- 72�im`2 +`2�iBQM +�M BKT`Qp2 i?2 T2`7Q`K�M+2
Q7 � K�+?BM2 H2�`MBM; KQ/2H bBM+2 i?2 M2r 72�im`2b KB;?i #2 KQ`2 2tTH�M�iQ`vX

3.5.2 Normalization
LQ`K�HBx�iBQM Bb � 72�im`2 i`�Mb7Q`KBM; K2i?Q/ i?�i b+�H2b i?2 p�Hm2b Q7 � 72�im`2 BM
� /�i� b2i bQ i?�i Bib p�Hm2b HB2b rBi?BM i?2 BMi2`p�H Q7 x2`Q �M/ QM2X "v mbBM; i?Bb
K2i?Q/- � 72�im`2 rBi? � ?B;?2` `�M;2 Q7 p�Hm2b rBHH MQi /QKBM�i2 � 72�im`2 i�FBM; HQr2`
p�Hm2bX h?2`2 �`2 b2p2`�H K2i?Q/b Q7 MQ`K�HBx�iBQM �M/ QM2 Q7 i?2K �`2 i?2 KBM@K�t
MQ`K�HBx�iBQM r?B+? Bb /QM2 �++Q`/BM;HvX :Bp2M � b2[m2M+2 Q7 Q#b2`p�iBQMb X = {xi}ni=1

QM2 +�M MQ`K�HBx2 �M �`#Bi`�`v p�Hm2 xi #2HQM;BM; iQ i?2 b2[m2M+2 X �b

x∗
i =

xi − KBM(X)

K�t(X)− KBM(X)
, UjXeV

r?2`2 x∗
i Bb i?2 MQ`K�HBx2/ p�Hm2 (d)X AM jXe- QM2 +�M b22 i?�i B7 xi i�F2b QM i?2 H�`;2bi

p�Hm2 Q7 i?2 b2[m2M+2 X- i?2 [mQiB2Mi Bb QM2X *QMi`�`v- B7 xi i�F2b QM i?2 bK�HH2bi p�Hm2
BM i?2 b2[m2M+2 X- i?2 [mQiB2Mi Bb x2`QX h?mb- i?2 b+�H2 BM/B+�i2b ?Qr +HQb2 � p�Hm2 xi Bb
iQ i?2 H�`;2bi `2bT2+iBp2Hv bK�HH2bi p�Hm2 Q7 i?�i b2[m2M+2X

RR
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3.5.3 Pearson Correlation Coefficient
h?2 S2�`bQM +Q``2H�iBQM +Q2{+B2Mi Bb � K2�bm`2 Q7 i?2 HBM2�` `2H�iBQMb?BT #2ir22M irQ
T�`�K2i2`b- �M/ QM2 mb2 +�b2 Bb iQ /2i2+i HBM2�`Biv #2ir22M 72�im`2b BM � /�i�b2iX h?2
+Q``2H�iBQM +Q2{+B2Mi #2ir22M irQ 72�im`2b X1 �M/ X2 Bb +�H+mH�i2/ �b

*Q` (X1, X2) =

∑n
i=1 (x1,i − x̄1) (x2,i − x̄2)»∑n

i=1 (x1,i − x̄1)
2
»∑n

i=1 (x2,i − x̄2)
2

UjXdV

r?2`2 x1,i �M/ x2,i �`2 i?2 ii? p�Hm2 BM i?2 /�i�b2i Q7 X1 �M/ X2 `2bT2+iBp2Hv- x̄1 �M/
x̄2 �`2 i?2B` +Q``2bTQM/BM; K2�M- �M/ n Bb i?2 MmK#2` Q7 /�i� TQBMibX h?2 +Q2{+B2Mi
i�F2b p�Hm2b #2ir22M @R �M/ R r?2`2 � p�Hm2 +HQb2 iQ R BM/B+�i2b ?B;? +Q``2H�iBQM- � p�Hm2
+HQb2 iQ y BM/B+�i2b MQ +Q``2H�iBQM- �M/ � p�Hm2 +HQb2 iQ @R BM/B+�i2b M2;�iBp2 +Q``2H�iBQMX
h?2 +Q2{+B2Mi #2ir22M �HH 72�im`2b BM � /�i�b2i +�M #2 pBbm�HBb2/ mbBM; � ?2�i K�T- �HbQ
`272``2/ iQ �b � +Q``2H�iBQM THQi- r?B+? +�M #2 mb2/ iQ B/2MiB7v +Q``2H�iBQM BM � /�i�b2i
(N)X

Rk
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J2i?Q/

h?2 T`QD2+i r�b +QM/m+i2/ BM �M Bi2`�iBp2 K�MM2` bBM+2 i?2 FMQrH2/;2 Q7 i?2 +QKT�Mv
�M/ i?2 /�i� r�b HBKBi2/ #27Q`2?�M/X JQ`2 BMbB;?ib r2`2 ;�BM2/ �b i?2 T`QD2+i T`Q+22/2/
r?2`2 M2r T`Q#H2Kb �M/ Qi?2` BKTQ`i�Mi �bT2+ib r2`2 /Bb+Qp2`2/X lbBM; �M Bi2`�iBp2
�TT`Q�+?- i?2 M2r T`Q#H2Kb r2`2 /Bb+mbb2/ �M/ bQHmiBQMb r2`2 7QmM/ 7Q` i?Qb2 /22K2/
`2H2p�Mi iQ i?2 b+QT2 Q7 i?Bb i?2bBbX h?2 bQ7ir�`2 mb2/ iQ +QM/m+i i?Bb i?2bBb r2`2
.�i�#`B+Fb- aZG �M/ Svi?QM BM+Hm/BM; `2H2p�Mi T�+F�;2b 7Q` K�+?BM2 H2�`MBM;X

h?Bb +?�Ti2` Bb /BpB/2/ BMiQ i?`22 K�BM T�`ib- T`Q+m`2K2Mi Q7 /�i�- 72�im`2 2M;BM22`BM;
�M/ KQ/2HBM;X h?2 }`bi T�`i /2b+`B#2b ?Qr i?2 /�i� r�b +`2�i2/ #v K�TTBM; � /Bb`mTiBQM
iQ Bib BKT�+i �M/ i?2`2#v Q#i�BM i?2 72�im`2 �M/ i�`;2i p�`B�#H2bX h?2 b2+QM/ T�`i
/2b+`B#2b ?Qr +m``2Mi 72�im`2b r�b mb2/ iQ i`�Mb7Q`K �M/ +`2�i2 M2r 72�im`2b r?B+?
�`2 iQ #2 BMp2biB;�i2/ BM i?Bb `2TQ`iX h?2 H�bi T�`i T`2b2Mib i?2 KQ/2H �M/ 72�im`2
b2H2+iBQM 7Q` i?2 +QMbB/2`2/ KQ/2Hb �M/ r?B+? ?vT2`T�`�K2i2`b i?�i r2`2 mb2/ /m`BM;
2p�Hm�iBQMX

4.1 Defining a Disruption
AM i?Bb i?2bBb- i?2 /Bb`mTiBQMb +QMbB/2`2/ �`2 HBKBi2/ iQ i?2 QM2b +�mb2/ �i i?2 T`Q/m+iBQM
bBi2X � /Bb`mTiBQM Bb /2}M2/ �b r?2M � T`Q/m+iBQM Q++m``2M+2 ?�b MQi T`Q/m+2/ i?2
/2bB`2/ [m�MiBivX h?mb- � /Bb`mTiBQM Bb bi`B+iHv HBKBi2/ iQ QMHv #2 /2i2`KBM2/ #v i?2
T`Q/m+2/ [m�MiBiv p2`bmb i?2 /2bB`2/ [m�MiBiv- �M/ /Q2b MQi +QMbB/2` i?2 /2i�BHb Q7 r?�i
�+im�HHv +�mb2/ i?2 /Bb`mTiBQMX �`H� ?�b �M �++2Ti2/ T`Q/m+iBQM 2``Q` Q7 ±10W- �M/
bBM+2 i?Bb i?2bBb BMp2biB;�i2b BKT�+ib /m2 iQ HQbb BM T`Q/m+iBQM- i?2 BMi2`2biBM; T`Q/m+iBQM
BMbi�M+2b �`2 i?2 QM2b rBi? �M �+im�H T`Q/m+2/ pQHmK2 HQr2` i?�M 90W Q7 i?2 TH�MM2/
pQHmK2X *QMbB/2`BM; i?�i i?Bb Bb i?2 �++2Ti2/ 2``Q` b2i #v �`H�- Bi Bb �bbmK2/ i?�i �HH
T`Q/m+iBQM rBi? � T2`+2Mi�;2 �#Qp2 90W �`2 +Qp2`2/ #v b�72iv biQ+F �M/ b?QmH/ MQi H2�/
iQ �Mv b?Q`i�;2X

4.2 Procurement of Data
q?2M mbBM; bmT2`pBb2/ K�+?BM2 H2�`MBM; K2i?Q/b- i?2 /�i� Kmbi +QMbBbi Q7 72�im`2
p�`B�#H2b �M/ i�`;2i p�`B�#H2bX AM i?Bb +�b2- i?2 72�im`2 p�`B�#H2b �`2 i?2 QM2b /2b+`B#BM;
BM7Q`K�iBQM �#Qmi i?2 /Bb`mTiBQM �M/ i?2 irQ i�`;2i p�`B�#H2b �`2 i?2 /2H�v �M/ i?2

Rj
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/m`�iBQM Q7 i?2 +Q``2bTQM/BM; b?Q`i�;2X h?Bb T�`iB+mH�` /�i�b2i r�b MQi �p�BH�#H2 7`QK
#27Q`2?�M/- bQ /�i�#�b2b r2`2 +QK#BM2/ �M/ �bbmKTiBQMb r2`2 K�/2 iQ K�T i?2 72�im`2
p�`B�#H2b iQ i?2B` i�`;2ibX

h?2 b+?2K2 Q7 ?Qr i?2 /�i� r�b +`2�i2/ Bb i?2 7QHHQrBM;,

RX 6BM/ /�vb BM b�H2b /�i� r?B+? /Q MQi /2HBp2` i?2 Q`/2`2/ [m�MiBivX

kX lb2 �bbmKTiBQMb iQ +QMp2`i i?2b2 /�vb BMiQ b?Q`i�;2bX

jX 6BM/ i?2 /Bb`mTiBQMb BM T`Q/m+iBQM r?B+? ?�p2 MQi T`Q/m+2/ i?2 TH�MM2/ [m�MiBivX

9X lb2 �bbmKTiBQMb �M/ `mH2b iQ K�T i?2 /Bb`mTiBQMb iQ +Q``2bTQM/BM; b?Q`i�;2bX

q?2M i?2 /�i� ?�/ #22M +`2�i2/- i?2 �//BiBQM�H 72�im`2b mb2/ 7Q` b2T�`�iBQM Q7 i?2
T`Q/m+ib r2`2 �//2/X h?2 /�i�#�b2b �M/ i?2 �bbmKTiBQMb rBHH #2 /2b+`B#2/ BM i?Bb
b2+iBQM- �b r2HH �b ?Qr i?2v r2`2 mb2/ iQ +`2�i2 i?2 /�i�X

4.2.1 Sales and Production Data
h?2 b�H2b /�i� +QMbBbib Q7 ∼ 273 000 `Qrb Q7 /�i� `2T`2b2MiBM; i?2 iQi�H b�H2b QM � /�BHv
H2p2H 7Q` �HH T`Q/m+ibX h?2 `2H2p�Mi 72�im`2b Q7 i?2 b�H2b /�i� �`2 i?2 /�i2- i?2 Q`/2`2/
[m�MiBiv �M/ i?2 /2HBp2`2/ [m�MiBivX qBi? i?Bb- � [mQiB2Mi Q7 i?2 /2HBp2`2/ [m�MiBiv #v
i?2 Q`/2`2/ [m�MiBiv r�b +�H+mH�i2/ 7Q` 2p2`v T`Q/m+i �M/ /�v Q7 b�H2bX 1p2`v `Qr rBi?
� [mQiB2Mi #2HQr 1 Bb �M BMbi�M+2 Q7 r?2`2 � /2HBp2`v ?�b MQi K2i i?2 Q`/2`2/ [m�MiBivX
qBi? i?2 b�H2b }Hi2`2/ QM i?Bb +`Bi2`BQM- i?2 M2r /�i�b2i +QMbBbib Q7 ∼ 33 000 `Qrb Q7
b�H2bX h?2b2 r2`2 mb2/ iQ /2i2`KBM2 i?2 b?Q`i�;2b r?B+? Bb /2b+`B#2/ BM /2i�BH BM a2+iBQM
9XkXkX

h?2 T`Q/m+iBQM /�i� +QMbBbib Q7 ∼ 23 000 `Qrb Q7 /�i� r?2`2 2�+? QM2 `2T`2b2Mib
BM7Q`K�iBQM �#Qmi i?2 iQi�H T`Q/m+iBQM 7Q` � bT2+B}+ T`Q/m+i QM � /�BHv H2p2HX h?2
`2H2p�Mi 72�im`2b Q7 i?2 T`Q/m+iBQM /�i� �`2 i?2 /�i2- i?2 TH�MM2/ QmiTmi [m�MiBiv
�M/ i?2 �+im�H QmiTmi [m�MiBivX aBKBH�`Hv �b 7Q` i?2 b�H2b /�i�- � [mQiB2Mi Q7 i?2
�+im�H QmiTmi [m�MiBiv #v i?2 TH�MM2/ QmiTmi [m�MiBiv r�b +�H+mH�i2/ 7Q` 2�+? /�v Q7
T`Q/m+iBQM �M/ T`Q/m+iX h?2 /Bb`mTiBQMb +QmH/ i?2M #2 Q#i�BM2/ #v i�FBM; �HH `Qrb
rBi? � T`Q/m+iBQM [mQiB2Mi #2HQr 90WX h?2 `2bmHiBM; /�i�b2i Q7 /Bb`mTiBQMb r�b i?2M
`2/m+2/ iQ ∼ 2800 /Bz2`2Mi T`Q/m+iBQM BMbi�M+2bX h?2b2 �`2 i?2 QMHv /Bb`mTiBQMb i?�i-
#v T`2pBQmb �bbmKTiBQMb `2;�`/BM; �++2Ti2/ T`Q/m+iBQM 2``Q`- +�M H2�/ iQ � b?Q`i�;2-
�M/ ?Qr i?2v �`2 HBMF2/ Bb /2b+`B#2/ BM a2+iBQM 9XkXjX

4.2.2 Defining Shortage
h?2 i?2Q`2iB+�H /2}MBiBQM Q7 � b?Q`i�;2 /2b+`B#2b Bi �b � bBim�iBQM r?2`2 i?2 /2K�M/ Q7 �
T`Q/m+i 2t+22/b i?2 �p�BH�#H2 bmTTHvX �M 2t�KTH2 Q7 i?Bb bBim�iBQM Bb T`2b2Mi2/ BM 6B;m`2
9XkXR- r?2`2 i?2 mM/2HBp2`2/ �`2�b i�F2 TH�+2 r?2M i?2 /2K�M/ ?�b MQi #22M K2i �M/ �
b?Q`i�;2 Bb T`2b2MiX � b?Q`i�;2 BM i?Bb i?2bBb Bb � T2`BQ/ Q7 +QMb2+miBp2 /�vb r?2`2 2�+?
/�v 7�BHb iQ K22i i?2 /2K�M/X � b?Q`i�;2 +�M �HbQ ?�p2 � H2M;i? Q7 QM2 /�v B7 i?2`2 Bb
Dmbi QM2 /�v Q7 mMb�iBb}2/ /2HBp2`B2bX

AM T`�+iB+2- +QKT�MB2b K�v ?�p2 �M �++2Ti�#H2 .2HBp2`v �++m`�+v U.�V Q7 r?B+? i?2v
+QMbB/2` �Mvi?BM; �#Qp2 Bi �b � bm++2bb7mH /2HBp2`vX h?2 i?2Q`2iB+�H /2}MBiBQM Q7 � b?Q`i�;2
+�M i?2`27Q`2 #2 H2bb K2�MBM;7mH bBM+2 Bi BM/B+�i2b b?Q`i�;2b BM +�b2b r?2`2 i?2 +QKT�Mv
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Bb b�iBb}2/X � KQ`2 �++m`�i2 /2}MBiBQM Bb i?2M iQ mb2 i?2 �++2Ti�#H2 .� �b � i?`2b?QH/-
�M/ i?2 +QMb2+miBp2 /�vb rBi? /2HBp2`B2b #2HQr i?2 i?`2b?QH/ /2}M2b �b b?Q`i�;2b- bBM+2
i?2 +QKT�Mv ?�b MQi 7mH}HH2/ i?2B` ;Q�HX �i �`H�- i?2 �++2Ti�#H2 .� Bb 98.5W r?B+? Bb
mb2/ �b � i?`2b?QH/ BM i?Bb i?2bBbX

6B;m`2 9XkXR, �M 2t�KTH2 Q7 r?2M i?2 /2HBp2`2/ [m�MiBiv /Q2b MQi K22i i?2 Q`/2`2/
[m�MiBivX 1�+? �`2� Q7 mM/2HBp2`2/ T`Q/m+ib BM/B+�i2b � b?Q`i�;2X

�MQi?2` +`Bi2`BQM b2i #v �`H� Bb i?�i BM Q`/2` 7Q` � b?Q`i�;2 iQ #2 /22K2/ �b `2+Qp2`2/- Bi
Kmbi �+?B2p2 �++2Ti�#H2 .� 7Q` irQ +QMb2+miBp2 /2HBp2`B2bX h?2`27Q`2- 7m`i?2` +QM/BiBQMb
Kmbi #2 b2i iQ ?�M/H2 i?2 +�b2 r?2`2 b?Q`i�;2b �+?B2p2 �++2Ti�#H2 .� 7Q` QM2 /2HBp2`v BM
i?�i T2`BQ/X h?2 T`2pBQmb /2}MBiBQM rQmH/ /22K i?2 b?Q`i�;2 �b `2+Qp2`2/ �M/ bTHBi i?2
�+im�H b?Q`i�;2 BMiQ irQ T2`BQ/b- BX2X- irQ b2T�`�i2 b?Q`i�;2bX 6B;m`2 9XkXk T`2b2Mib �M
2t�KTH2 Q7 � T2`BQ/ rBi? mM/2HBp2`2/ ;QQ/b rBi? �M �++2Ti�#H2 .� T`2b2MiX h?2 mT/�i2/
/2}MBiBQM Q7 � b?Q`i�;2 rBHH MQr +QMbB/2` i?Bb T2`BQ/ Q7 iBK2 �b QM2 b?Q`i�;2 BMbi2�/ Q7
irQ b2T�`�i2 QM2bX
hQ bmKK�`Bx2- � b?Q`i�;2 BM i?Bb i?2bBb Bb /2}M2/ �b � T2`BQ/ Q7 iBK2 r?B+? bi�`ib r?2M i?2
.� Bb #2HQr i?2 �++2Ti�#H2 98.5W �M/ 2M/b r?2M i?2 .� Bb `2+Qp2`2/ 7Q` irQ +QMb2+miBp2
/2HBp2`B2bX AM 6B;m`2 9XkXj- � T2`BQ/ Q7 iBK2 Bb pBbm�HBb2/ r?2`2 �HH KQ/B}2/ +`Bi2`B� 7Q`
b?Q`i�;2 �`2 mb2/X h?2 }`bi b?Q`i�;2 ?�b � /2HBp2`v rBi? �++2Ti�#H2 .� 7Q` QM2 /�v
r?B+? Bb i�F2M BMiQ +QMbB/2`�iBQMX h?2 b2+QM/ b?Q`i�;2 Bb b2T�`�i2/ 7`QK i?2 }`bi QM2
bBM+2 Bi ?�b #22M 2MQm;? +QMb2+miBp2 /2HBp2`B2b rBi? �++2Ti2/ .�X h?2b2 irQ b?Q`i�;2b
?�p2 MQr #22M bm++2bb7mHHv B/2MiB}2/X
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6B;m`2 9XkXk, � b?Q`i�;2 rBi? QM2 /�v Q7 �++2Ti�#H2 .�X

6B;m`2 9XkXj, �M 2t�KTH2 Q7 ?Qr i?2 }MBb?2/ /2}MBiBQM B/2MiB}2b irQ b?Q`i�;2bX

4.2.3 Shortage Mapping
h?2 #�bB+ B/2� #2?BM/ K�TTBM; � b?Q`i�;2 iQ � /Bb`mTiBQM Bb iQ BMp2biB;�i2 � T2`BQ/ Q7
iBK2 �?2�/ Q7 i?2 /Bb`mTiBQM �M/ +?2+F B7 �Mv b?Q`i�;2b bi�`i /m`BM; i?�i T2`BQ/X A7 �
b?Q`i�;2 Bb 7QmM/- i?2 T`Q/m+iBQM /�i�- BX2X- i?2 72�im`2 p�`B�#H2b 7Q` i?�i /Bb`mTiBQM-
�`2 HBMF2/ rBi? i?2 /2H�v mMiBH i?2 b?Q`i�;2 bi�`ib �M/ Bib /m`�iBQM- M�K2Hv- i?2 i�`;2i
p�`B�#H2bX A7 MQ b?Q`i�;2 Bb 7QmM/ BM i?2 b2�`+? T2`BQ/- i?2 /2H�v �M/ /m`�iBQM HBMF2/
iQ i?�i /Bb`mTiBQM rBHH #2 b2i iQ x2`Q r?B+? BM/B+�i2b i?�i i?2 /Bb`mTiBQM /B/ MQi +�mb2
�Mv b?Q`i�;2X �M BMbi�M+2 Q7 � /Bb`mTiBQM #2BM; HBMF2/ iQ � b?Q`i�;2 +QMbiBimi2b iQ QM2
`Qr Q7 /�i� +QMbBbiBM; i?2 72�im`2 �M/ i�`;2i p�`B�#H2b /2bB`2/ r?2M H�i2` BKTH2K2MiBM;
i?2 T`2/B+iBp2 KQ/2HX aBM+2 /Bz2`2Mi T`Q/m+ib K�v MQi #2?�p2 bBKBH�`Hv- �bbmKTiBQMb QM
?Qr i?2 b?Q`i�;2b �`2 HBMF2/ iQ � /Bb`mTiBQM rBHH /2}M2 i?2 `mH2b 7Q` i?2 K�TTBM;X
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hQ;2i?2` rBi? �`H�- i?2b2 irQ K�BM �bbmKTiBQMb r2`2 K�/2,
Ç � +Q``2bTQM/BM; b?Q`i�;2 +�MMQi Q++m` i?2 b�K2 /�v �b � /Bb`mTiBQMX
Ç � /Bb`mTiBQM +�MMQi #2 HBMF2/ iQ � b?Q`i�;2 r?B+? Q++m`b �7i2` i?2 bm++22/BM; iBK2

Q7 T`Q/m+iBQMX
h?2 b2+QM/ �bbmKTiBQM TQb2b +?�HH2M;2b /m2 iQ i?2 p�`vBM; T`Q/m+iBQM 7`2[m2M+B2b Q7
/Bz2`2Mi T`Q/m+ib- i?�i Bb- ?Qr Q7i2M T`Q/m+iBQM Q++m`b 2tT`2bb2/ �b T`Q/m+iBQMb T2`
/�vX �//BiBQM�HHv- i?2 mM+2`i�BMiv bm``QmM/BM; i?2 iBKBM; Q7 mT+QKBM; T`Q/m+iBQM TQb2b
7m`i?2` /B{+mHiB2bX hQ �//`2bb i?2b2 +?�HH2M;2b- i?2 iBK2 T2`BQ/ �?2�/ Q7 � /Bb`mTiBQM-
rBi?BM r?B+? � b?Q`i�;2 Bb b2�`+?2/ 7Q`- Bb b2i �b i?2 BMp2`b2 Q7 i?2 T`Q/m+iǶb T`Q/m+iBQM
7`2[m2M+v- r?B+? Bb i?2 �p2`�;2 MmK#2` Q7 /�vb #2ir22M T`Q/m+iBQMbX h?Bb �bbmK2b i?�i
i?2 mT+QKBM; T`Q/m+iBQM rBHH #2 T`Q/m+2/ bBKBH�` iQ T`2pBQmb T`Q/m+iBQMbX hQ Q#i�BM
KQ`2 �++m`�i2 7`2[m2M+B2b- � mMB[m2 7`2[m2M+v r�b +�H+mH�i2/ 7Q` 2�+? /Bb`mTiBQM- i�FBM;
BMiQ �++QmMi i?2 TQi2MiB�H p�`B�iBQMb BM T`Q/m+iBQM 7`2[m2M+v /m2 iQ p�`vBM; /2K�M/X
hQ /2i2`KBM2 i?2 T`Q/m+iBQM 7`2[m2M+v 7Q` � /Bb`mTiBQM- i?2 H2M;i? Q7 i?2 iBK2 T2`BQ/
bi�`iBM; 7`QK irQ T`Q/m+iBQM BMbi�M+2b T`BQ` iQ i?2 /Bb`mTiBQM �M/ 2M/BM; �i i?2 +m``2Mi
BMbi�M+2 r�b +�H+mH�i2/X aBM+2 i?`22 BMbi�M+2b BM iQi�H r2`2 +QMbB/2`2/ BM +�H+mH�iBM; i?2
H2M;i?- i?2 7`2[m2M+v r�b /2`Bp2/ #v /BpB/BM; i?`22 #v i?2 H2M;i? Q7 i?�i T2`BQ/X

6B;m`2 9XkX9, �M 2t�KTH2 Q7 irQ b?Q`i�;2b �M/ r?2M i?2B` +Q``2bTQM/BM; /Bb`mTiBQM
Q++m`bX

qBi? `mH2b /2+H�`2/ QM ?Qr iQ b2�`+? 7Q` � b?Q`i�;2- i?2 M2ti bi2T r�b iQ b2i mT �
`mH2 QM ?Qr iQ b2H2+i i?2 +Q``2+i b?Q`i�;2X A7 KQ`2 i?�M QM2 b?Q`i�;2 Bb 7QmM/ BM i?2
b2�`+? T2`BQ/- QM2 Kmbi +?QQb2 #2ir22M i?2KX A/2�HHv- bBM+2 i?2 b2�`+? T2`BQ/ b?QmH/
2M/ �i i?2 M2ti iBK2 Q7 T`Q/m+iBQM- i?2 /Bb`mTiBQM #2BM; BMp2biB;�i2/ Bb i?2 QMHv QM2
�#H2 iQ +�mb2 i?Qb2 b?Q`i�;2bX >Qr2p2`- i?2`2 �`2 Qi?2` 7�+iQ`b BM i?2 bmTTHv +?�BM
i?�i +�M +�mb2 /Bbim`#�M+2b i?�i H2�/ iQ b?Q`i�;2b BM i?2 b�K2 T2`BQ/- `2;�`/H2bb Q7
�Mv /Bb`mTiBQMbX h?2`27Q`2 � i?B`/ �bbmKTiBQM r�b K�/2- i?2 b?Q`i�;2 rBi? i?2 H�`;2bi
[m�MiBiv Q7 mM/2HBp2`2/ T`Q/m+ib Bb iQ #2 K�TT2/ iQ i?2 /Bb`mTiBQM- BX2X- � /Bb`mTiBQM
Bb �bbmK2/ iQ +�mb2 H�`;2` b?Q`i�;2b i?�M Qi?2` 7�+iQ`bX 6B;m`2 9XkX9 T`2b2Mib i?2 b�K2
b?Q`i�;2b �b BM 6B;m`2 9XkXj #mi TQBMib Qmi i?2 /Bb`mTiBQMb T`2b2Mi /m`BM; i?�i T2`BQ/ Q7
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iBK2X AM i?Bb +�b2- i?2 }`bi /Bb`mTiBQM Bb K�TT2/ iQ i?2 }`bi b?Q`i�;2 �M/ HBF2rBb2 bQ 7Q`
i?2 b2+QM/ /Bb`mTiBQM �M/ b?Q`i�;2X 6B;m`2 9XkX8 T`2b2Mib �M 2t�KTH2 Q7 ?Qr i?2 i?B`/
�bbmKTiBQM Bb �TTHB2/X >2`2 QM2 +�M b22 ?Qr irQ b?Q`i�;2b �`2 T`2b2Mi BM i?2 b2�`+?
T2`BQ/- �M/ BM i?Bb +�b2 i?2 /Bb`mTiBQM Bb K�TT2/ iQ i?2 b2+QM/ b?Q`i�;2 bBM+2 i?2 BKT�+i
Bb H�`;2` BM i2`Kb Q7 mM/2HBp2`2/ [m�MiBivX

6B;m`2 9XkX8, �M 2t�KTH2 Q7 � /Bb`mTiBQM rBi? irQ bm++22/BM; b?Q`i�;2bX

hQ bmKK�`Bx2- 7`QK i?2 /�v Q7 i?2 /Bb`mTiBQM � b2�`+? 7Q` � b?Q`i�;2 Bb K�/2 7Q`r�`/ BM
iBK2 7Q` � T2`BQ/ /2i2`KBM2/ #v i?2 T`Q/m+iǶb T`Q/m+iBQM 7`2[m2M+vX A7 �Mv b?Q`i�;2b �`2
B/2MiB}2/- i?2 /Bb`mTiBQM Bb K�TT2/ iQ i?2 b?Q`i�;2 rBi? H�`;2bi [m�MiBiv Q7 mM/2HBp2`2/
T`Q/m+ibX A7 MQ b?Q`i�;2 Bb 7QmM/- i?2 /Bb`mTiBQM /B/ MQi �z2+i i?2 b�H2b �M/ i?2 /Bb`mTiBQM
Bb K�TT2/ �b MQ b?Q`i�;2X

4.2.4 Additional Features
PM+2 i?2 BMBiB�H /�i�b2i ?�/ #22M 7Q`K�ii2/ �b /2bB`2/- �//BiBQM�H 72�im`2b r2`2
BM+Q`TQ`�i2/ BMiQ i?2 /�i�b2iX h?2 b2H2+iBQM Q7 i?2b2 72�im`2b r�b #�b2/ QM BMimBiBp2
mM/2`bi�M/BM; Q7 7�+iQ`b i?�i KB;?i BM~m2M+2 i?2 /2H�v �M/ /m`�iBQMX h?2b2 72�im`2b r2`2
H�i2` bm#D2+i2/ iQ MQ`K�HBx�iBQM �M/ 72�im`2 2M;BM22`BM; i2+?MB[m2b iQ #2 ;2M2`�HBx2/
�+`Qbb /Bz2`2Mi T`Q/m+ibX �b T`2pBQmbHv K2MiBQM2/- i?2 /2K�M/ 7Q` p�`BQmb T`Q/m+ib
Bb bB;MB}+�MiHv BM~m2M+2/ #v b2�bQM�HBiv- r?B+? +�M #2 �++QmMi2/ 7Q` BM i?2 KQ/2H #v
BM+Q`TQ`�iBM; p�`B�#H2b /2bB;M2/ iQ +�Tim`2 b2�bQM�H #2?�pBQ`X _�i?2` i?�M BMi`Q/m+BM;
b2�bQM�HBiv 72�im`2b �M/ 2tT�M/BM; i?2 72�im`2 b2i mb2/ BM i?2 KQ/2HBM; T`Q+2bb- i?Bb
i?2bBb �/QTib � /Bz2`2Mi �TT`Q�+?X Ai H2p2`�;2b i?2 2tBbiBM; /�i� Q#i�BM2/ 7`QK �`H�
7Q` /�BHv /2K�M/ 7Q`2+�biBM;- �bbmKBM; i?�i i?Bb /�i� bm{+B2MiHv +�Tim`2b i?2 b2�bQM�H
T�ii2`Mb T`2b2Mi BM i?2 /�i�b2iX
h?2 7Q`2+�biBM; r�b �//2/ QM � /�BHv #�bBb 7Q` � T2`BQ/ Q7 b2p2M /�vb #Qi? T`2+2/BM;
�M/ 7QHHQrBM; i?2 iBK2 Q7 i?2 /Bb`mTiBQMX h?Bb �TT`Q�+? �BKb iQ +�Tim`2 i?2 T`Q/m+iǶb
#2?�pBQ` Qp2` iBK2 BM #Qi? `2i`QbT2+iBp2 �M/ T`QbT2+iBp2 /B`2+iBQMbX �//BiBQM�HHv- i?2
�+im�H /2K�M/ 7Q` i?2 T`2+2/BM; b2p2M /�vb r�b BM+Hm/2/- 2M�#HBM; � +QKT�`BbQM #2ir22M
i?2 7Q`2+�bi �M/ �+im�H /2K�M/X h?Bb �HHQr2/ 7Q` �M �bb2bbK2Mi Q7 r?2i?2` i?2 7Q`2+�bi
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�++m`�i2Hv T`2/B+i2/ ?B;?2` Q` HQr2` /2K�M/ +QKT�`2/ iQ i?2 �+im�H p�Hm2b- r?B+? r�b
�bbmK2/ iQ BM~m2M+2 i?2 Qp2`�HH BKT�+iX �MQi?2` 72�im`2 +QMbB/2`2/ iQ #2 Q7 `2H2p�M+2
r�b i?2 +m``2Mi biQ+F H2p2H �i i?2 2M/ Q7 i?2 /�v Q7 � /Bb`mTiBQMX � H�`;2 biQ+F H2p2H ?�b i?2
TQi2MiB�H iQ +QKT2Mb�i2 7Q` mMT`Q/m+2/ pQHmK2b- i?2`2#v KBiB;�iBM; i?2 Q++m``2M+2 Q7 �
b?Q`i�;2X h?2 }M�H �//BiBQM�H 72�im`2 BM+Q`TQ`�i2/ r�b i?2 +m``2Mi T`Q/m+iBQM 7`2[m2M+v
7Q` 2�+? bT2+B}+ T`Q/m+i �b Bi Bb T`2bmK2/ i?�i i?2 BKT�+i Bb BM~m2M+2/ #v i?2 7`2[m2M+v
Q7 T`Q/m+iBQMX >Qr i?2 7`2[m2M+v r�b +�H+mH�i2/ Bb /2b+`B#2/ BM a2+iBQM 9XkXjX

4.3 Feature Engineering
aBM+2 i?2 +QHH2+i2/ /�i� Bb biBHH b+�H2/ BM i2`Kb Q7 2�+? BM/BpB/m�H T`Q/m+i- K2i?Q/b 7Q`
;2M2`�HBxBM; i?2 /�i� r�b mb2/X h?2 irQ K2i?Q/b Q7 72�im`2 2M;BM22`BM; mb2/ r2`2 72�im`2
+`2�iBQM �M/ 72�im`2 i`�Mb7Q`K�iBQMX >Qr i?2b2 K2i?Q/b r2`2 mb2/ rBHH #2 /2b+`B#2/ BM
/2i�BH BM i?Bb b2+iBQMX

4.3.1 Feature Creation

h?Bb bm#b2+iBQM /2b+`B#2b i?2 K2i?Q/b mb2/ iQ +`2�i2 M2r 72�im`2b 7`QK i?2 �H`2�/v
2tBbiBM; QM2bX

Forecast of demand

h?2 /�BHv 7Q`2+�biBM; 72�im`2b +�Tim`2b ?Qr i?2 /2K�M/ #2?�p2b �`QmM/ � /Bb`mTiBQM
�M/ Bb mb2/ iQ BMp2biB;�i2 ?Qr /Bz2`2Mi K2�bm`2b Q7 i?Qb2 72�im`2b rBHH �z2+i i?2 KQ/2HǶb
T`2/B+iBQM Q7 i?2 BKT�+iX h?2 7Q`2+�biBM; [m�MiBiv Bb K2�bm`2/ BM F; r?B+? Bb T`Q/m+i
bT2+B}+ T�`iHv /m2 iQ i?2 7�+i i?�i /Bz2`2Mi T`Q/m+ib /Q2b MQi ?�p2 i?2 b�K2 r2B;?i- �b
r2HH �b i?2 TQbbB#BHBiv i?�i /Bz2`2Mi T`Q/m+ib b2HH KQ`2 i?�M Qi?2`b QM �p2`�;2- BX2X- �
?B;? /2K�M/ 7Q` QM2 T`Q/m+i +�M #2 +QMbB/2`2/ HQr 7Q` �MQi?2`X aBM+2 i?2 /2K�M/ #�+F
BM iBK2 Bb �p�BH�#H2- � `�iBQ +�H+mH�i2/ #v /BpB/BM; i?2 7Q`2+�bi #v i?2 /2K�M/ /2b+`B#2b
i?2 �++m`�+v Q7 i?2 7Q`2+�biX h?2 7Q`2+�biBM; �++m`�+v r�b +�H+mH�i2/ mbBM; i?2 iQi�H
/2K�M/ �M/ 7Q`2+�bi [m�MiBiv Q7 i?2 /2bB`2/ T2`BQ/ �b

6Q`2+�bi �++m`�+v =

∑d
i=0 Fi∑d
i=0 Di

, U9XRV

r?2`2 Fi �M/ Di Bb i?2 /�BHv 7Q`2+�bi �M/ /2K�M/ [m�MiBiv `2bT2+iBp2Hv 7Q` /�v i #27Q`2 i?2
/Bb`mTiBQM �M/ d Bb i?2 H2M;i? Q7 i?2 /2bB`2/ iBK2 T2`BQ/ BM /�vbX J2�bm`BM; i?Bb 72�im`2
�b � `�iBQ K�F2b Bi mMBiH2bb �M/ `2KQp2b i?2 T`Q/m+i bT2+B}+Biv Q7 i?2 7Q`2+�biBM; 72�im`2b
#�+F BM iBK2X h?2 /2}M2/ �++m`�+v +�M i�F2 QM p�Hm2b �#Qp2 QM2 r?B+? BM/B+�i2b i?�i
i?2 7Q`2+�bi ?�b T`2/B+i2/ KQ`2 i?�M i?2 �+im�H /2K�M/X aBM+2 i?2 TH�MM2/ T`Q/m+iBQM
pQHmK2 Bb #�b2/ QM i?2 7Q`2+�bi i?2v b?QmH/ B/2�HHv �;`22 rBi? 2�+? Qi?2`- �M/ B7 7Q`
2t�KTH2 i?2 7Q`2+�bi +�mb2 Qp2`T`Q/m+iBQM �M/ � /Bb`mTiBQM Q++m`b- i?2 HQbb BM T`Q/m+2/
[m�MiBiv KB;?i #2 +Qp2`2/ #v i?2 Qp2`T`Q/m+iBQM �M/ i?2`27Q`2 i?2 �+im�H [m�MiBiv
T`Q/m+2/ K22ib i?2 /2K�M/ 2p2M iQm;? � /Bb`mTiBQM ?�b Q++m``2/X

RN
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Stock level

h?2 +HQbBM; biQ+F H2p2H �i i?2 /�v Q7 � /Bb`mTiBQM Bb K2�bm`2/ BM F;- r?B+? rBi? i?2 b�K2
`2�bQMBM; �b 7Q` i?2 /�BHv 7Q`2+�biBM; Bb T`Q/m+i bT2+B}+X hQ `2KQp2 T`Q/m+i bT2+B}+Biv-
� `�iBQ +�H+mH�i2/ #v /BpB/BM; i?2 7Q`2+�bi Q7 i?2 /2K�M/ QM2 /�v �7i2` i?2 /Bb`mTiBQM
#v i?2 biQ+F H2p2H i?2 /�v Q7 i?2 /Bb`mTiBQM r�b mb2/X h?Bb `�iBQ /2b+`B#2b ?Qr i?2 M2ti
/�vǶb 7Q`2+�biBM; bi�M/b BM `2H�iBQM iQ i?�i /�vǶb BMBiB�H biQ+F H2p2HX h?Bb 72�im`2 r�b
+�H+mH�i2/ bBM+2 i?2 `�iBQ +�M BM/B+�i2 r?2i?2` M2ti /�vǶb 7Q`2+�bi Q7 i?2 /2K�M/- r?B+?
QTiBK�HHv Bb i?2 b�K2 �b i?2 mMFMQrM �+im�H /2K�M/ 7Q` i?�i /�v- +�M #2 +Qp2`2/ #v
i?2 +m``2Mi biQ+FX A7 i?2 biQ+F H2p2H +�M +Qp2` i?2 M2ti /�vǶb /2K�M/- i?2 /Bb`mTiBQM rBHH
HBF2Hv +�mb2 � H2bb ?�`K7mH BKT�+i- #mi B7 i?2 `�iBQ BM/B+�i2b � `2H�iBp2Hv bK�HH biQ+F H2p2H-
i?2 BKT�+i KB;?i #2 KQ`2 b2p2`2X

4.3.2 Feature transformation
h?2 /�BHv 7Q`2+�bi �?2�/ BM iBK2 Bb mb2/ iQ K2�bm`2 B7 i?2 /2K�M/ Bb ?B;? Q` HQr- �M/ i?2
[m�MiBiv Q7 i?2 7Q`2+�bi- �b 2�`HB2` K2MiBQM2/- Bb T`Q/m+i bT2+B}+X aBM+2 /�i� Q7 i?2 �+im�H
/2K�M/ Bb MQi �p�BH�#H2 7Q` i?2 iBK2 �7i2` i?2 /Bb`mTiBQM- i?2 7Q`2+�bi �++m`�+v mb2/ BM
a2+iBQM 9XjXR +�MMQi #2 mb2/ 7Q` i?2b2 72�im`2bX hQ /2�H rBi? i?Bb T`Q#H2K- MQ`K�HBx�iBQM
Q7 i?2b2 7Q`2+�biBM; 72�im`2b 7Q` 2�+? T`Q/m+i b+�H2b i?2K BMiQ p�Hm2b #2ir22M x2`Q �M/
QM2X h?2 MQ`K�HBx�iBQM Bb /QM2 #v 7Q` 2�+? bT2+B}+ T`Q/m+i b2H2+i i?2 b2[m2M+2 Q7 �HH
Bib 7Q`2+�bi /�i� �M/ Q#i�BM i?2 KBMBKmK �M/ K�tBKmK p�Hm2b Q7 i?2 b2[m2M+2X q?2M
i?2b2 p�Hm2b �`2 Q#i�BM2/- QM2 +�M i`�Mb7Q`K �HH 7mim`2 7Q`2+�biBM; 72�im`2b #v mbBM; i?2
KBMBKmK �M/ K�tBKmK p�Hm2b �M/ MQ`K�HBx2 �++Q`/BM; iQ UjXeV T`2b2Mi2/ BM a2+iBQM
jX8XkX h?2 7Q`2+�biBM; 72�im`2b �`2 MQr MQ`K�HBx2/ BM `2H�iBQM iQ �HH 7Q`2+�biBM; /�i� �M/
/2b+`B#2b i?�i i?2 /2K�M/ Bb ?B;?2` r?2M i?2 MQ`K�HBx2/ p�Hm2 Bb +HQb2` iQ QM2- �M/ HQr2`
r?2M i?2 MQ`K�HBx2/ p�Hm2 Bb +HQb2` iQ x2`QX

4.3.3 Final features
h?2 }M�H 72�im`2b 7`QK i?Bb b2+iBQM i?�i r2`2 mb2/ 7Q` i?2 i2biBM; Q7 i?2 KQ/2Hb �`2
T`2b2Mi2/ BM h�#H2 9XjXRX 62�im`2b R@k �`2 /2`Bp2/ 7`QK i?2 T`Q/m+iBQM /�i�X 62�im`2b j@
8 �`2 i?2 7Q`2+�biBM; �++m`�+v 7Q` /Bz2`2Mi iBK2 T2`BQ/bX 62�im`2b d@3 �`2 i?2 MQ`K�HBx2/
7Q`2+�biBM; 7Q` /Bz2`2Mi iBK2 T2`BQ/bX

ky
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h�#H2 9XjXR, � /2b+`BTiBQM Q7 i?2 72�im`2b BMp2biB;�i2/ BM i?Bb i?2bBbX

L`X o�`B�#H2f62�im`2 .2b+`BTiBQM

R [mQiB2Mi >Qr Km+? Q7 i?2 TH�MM2/ T`Q/m+iBQM
[m�MiBiv i?�i r�b �+im�HHv T`Q/m+2/ �i i?2
T`Q/m+iBQM BMbi�M+2 Q7 i?2 /Bb`mTiBQMX

k 7`2[ h?2 +m``2Mi T`Q/m+iBQM 7`2[m2M+v-
+�H+mH�i2/ mbBM; i?2 i?`22 H�i2bi
T`Q/m+iBQM BMbi�M+2b BM+Hm/BM; i?2
/Bb`mTiBQMX

j biQ+F h?2 7Q`2+�biBM; Q7 iQKQ``Qrb T`2/B+i2/
b�H2b /BpB/2/ #v i?2 +m``2Mi biQ+F H2p2HX

9 7+ny h?2 7Q`2+�biBM; �++m`�+v 7Q` i?2 /�v Q7 i?2
/Bb`mTiBQM +�H+mH�i2/ mbBM; U9XRV r?2`2
d = 0X

8 7+n"7 h?2 7Q`2+�biBM; �++m`�+v +�H+mH�i2/ mbBM;
U9XRV r?2`2 d Bb i?2 MmK#2` Q7 /�vb
+Q``2bTQM/BM; iQ i?2 BMp2`b2 Q7 i?�i
bT2+B}+ T`Q/m+iǶb T`Q/m+iBQM 7`2[m2M+vX

e 7+n"d h?2 7Q`2+�biBM; �++m`�+v QM2 r22F #�+F BM
iBK2 +�H+mH�i2/ mbBM; U9XRV r?2`2 d = 7X

d 7+n67 h?2 K2�M p�Hm2 Q7 i?2 k mT+QKBM; /�vb
7Q` i?2 MQ`K�HBx2/ 7Q`2+�bi Q7 i?2 /2K�M/
r?2`2 k Bb i?2 MmK#2` Q7 /�vb
+Q``2bTQM/BM; iQ i?2 BMp2`b2 Q7 i?�i
bT2+B}+ T`Q/m+iǶb T`Q/m+iBQM 7`2[m2M+vX

3 7+n6d h?2 K2�M p�Hm2 Q7 i?2 7 mT+QKBM; /�vb
7Q` i?2 MQ`K�HBx2/ 7Q`2+�bi Q7 i?2 /2K�M/X

4.4 Data Preprocessing

.�i� T`2T`Q+2bbBM; Bb BKTQ`i�Mi BM Q`/2` iQ +H2�M i?2 /�i� �M/ BKT`Qp2 i?2 T2`7Q`K�M+2
Q7 K�+?BM2 H2�`MBM; KQ/2HbX hQ /2i2+i QmiHB2`b- i?2 /�i� r�b ;`�T?B+�HHv `2T`2b2Mi2/ mbBM;
#QtTHQibX .�i� TQBMib rBi? p�Hm2b HvBM; QmibB/2 RX8 iBK2b i?2 AZ_ r2`2- �b /2b+`B#2/ BM
a2+iBQM jXjXj- /22K2/ QmiHB2`bX �HH `2H2p�Mi TQBMib /22K2/ QmiHB2`b r2`2 i?2M BMp2biB;�i2/
BM/BpB/m�HHv �M/ B7 � /�i� TQBMi r�b +QMbB/2`2/ iQ #2 �#MQ`K�H #�b2/ QM FMQrH2/;2 Q7
i?2 T`Q/m+iBQM �M/ b�H2b- Bi r�b `2KQp2/ 7`QK i?2 /�i�b2iX AM 6B;m`2 9X9XR- QM2 +�M
b22 i?`22 2t�KTH2b Q7 ?Qr #QtTHQib �`2 mb2/ iQ /2i2+i QmiHB2`b Q7 72�im`2bX PM2 +�M
2bT2+B�HHv b22 i?�i i?2 #Qt Q7 7+ny r�b +QKT`2bb2/ /m2 iQ ;`2�i QmiHB2`b- r?B+? M22/2/
7m`i?2` BMp2biB;�iBQMX h?Bb +�M #2 /m2 iQ i?2 /�BHv /2K�M/ #2BM; pQH�iBH2- ?2M+2 i?2
/�BHv 7Q`2+�biBM; Bb /B{+mHi iQ T`2/B+i r?B+? +�mb2b BMbi�M+2b rBi? � ?B;?2` `�iBQX PM2
+�M i?2M b22 BM i?2 Qi?2` irQ #QtTHQib i?�i i?2 `�iBQb +Qp2`b � bK�HH2` `�M;2 Q7 p�Hm2b-

kR
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?2M+2 i?2 7Q`2+�bi Bb KQ`2 �++m`�i2 r?2M #2BM; 2p�Hm�i2/ QM � HQM;2` iBK2 T2`BQ/- �M/
TQbbB#Hv MQi �b b2MbBiBp2 �b QM � /�BHv #�bBbX

6B;m`2 9X9XR, "QtTHQib 7Q` �HH /�i� Q7 72�im`2b R@j 7`QK h�#H2 9XjXRX

q?2M mbBM; 7Q`2+�biBM; 72�im`2b iQ /2b+`B#2 #2?�pBQm` #27Q`2 �M/ �7i2` i?2 2p2Mi Q7 �
/Bb`mTiBQM- Bi Bb HBF2Hv i?�i +Q``2H�iBQM 2tBbib #2ir22M i?2 72�im`2bX hQ BMp2biB;�i2 i?Bb- �
+Q``2H�iBQM THQi r�b mb2/ iQ /2i2+i TQbbB#H2 +Q``2H�iBQM #2ir22M 72�im`2bX h?2 +Q``2H�iBQM
THQi Bb pBbm�HBx2/ BM 6B;m`2 9X9XkX h?2 T`2T`Q+2bbBM; `2bmHi2/ BM � /�i�b2i +QMi�BMBM;
1076 `Qrb Q7 /�i�- 2�+? 7Q` �M BM/BpB/m�H /Bb`mTiBQM- ;�i?2`2/ 7`QK � iQi�H Q7 145 mMB[m2
T`Q/m+ibX

6B;m`2 9X9Xk, h?2 +Q``2H�iBQM #2ir22M �HH 72�im`2b BM i?2 /�i�b2iX

kk
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4.5 Implementation
AM i?2 +�b2 Q7 KmHiBTH2 i�`;2i T`2/B+iBQM- � +QKKQM �TT`Q�+? Bb iQ b2T�`�i2 i?2 i�`;2i
p�`B�#H2b �M/ 2KTHQv BM/BpB/m�H KQ/2Hb 7Q` 2�+? QM2X h?Bb �TT`Q�+? �bbmK2b i?�i i?2`2
Bb MQ bB;MB}+�Mi +Q``2H�iBQM #2ir22M i?2 i�`;2i p�`B�#H2bX AM i?2 i?2bBb- i?Bb r�b �TTHB2/
iQ T`2/B+i i?2 /2H�v �M/ /m`�iBQM- `2bmHiBM; BM i?2 i`�BMBM; Q7 irQ b2T�`�i2 KQ/2HbX h?2
/2bB;M2/ BKTH2K2Mi�iBQM `2[mB`2 i?2 KQ/2Hb iQ #2 mb2/ b2[m2MiB�HHvX h?2 }`bi KQ/2H
Bb mb2/ iQ T`2/B+i i?2 /m`�iBQM- B7 i?2 /m`�iBQM Bb T`2/B+i2/ iQ #2 x2`Q- Bi BM/B+�i2b i?2
�#b2M+2 Q7 �Mv /2H�v- �b MQ b?Q`i�;2 Q++m`bX PM i?2 Qi?2` ?�M/- B7 i?2 T`2/B+i2/ /m`�iBQM
Bb ;`2�i2` i?�M x2`Q- i?2 b2+QM/ KQ/2H Bb mb2/ iQ T`2/B+i i?2 /2H�v �bbQ+B�i2/ rBi? i?2
b?Q`i�;2X h?2 KQ/2H `2bTQMbB#H2 7Q` T`2/B+iBM; i?2 /m`�iBQM r�b i`�BM2/ mbBM; i?2 2MiB`2
/�i�b2i- r?BH2 i?2 b2+QM/ KQ/2H- r?B+? bQH2Hv T`2/B+ib i?2 /2H�v B7 � b?Q`i�;2 Q++m`b-
r�b i`�BM2/ QM BMbi�M+2b r?2`2 i?2 /m`�iBQM r�b ;`2�i2` i?�M x2`QX hQ BHHmbi`�i2 i?2
BKTH2K2Mi�iBQM Q7 i?2 irQ KQ/2Hb 7Q` T`2/B+iBM; i?2 BKT�+i Q7 � /Bb`mTiBQM- � ~Qr+?�`i
Bb T`QpB/2/ BM 6B;m`2 9X8XRX

ai�`i

AMTmi /�i�

.m`�iBQM KQ/2H

.m`�iBQM = y\ .2H�v KQ/2H

AKT�+i
U.m`�iBQM- .2H�vVLQ BKT�+i

1M/

u2b

LQ

6B;m`2 9X8XR, 6HQr+?�`i Q7 ?Qr i?2 KQ/2Hb �`2 mb2/ iQ T`2/B+i i?2 BKT�+iX

4.5.1 Treatment of Imbalanced Data
6B;m`2 9X8Xk BHHmbi`�i2b i?2 /Bbi`B#miBQM Q7 i?2 irQ /�i�b2ib mb2/ 7Q` i?2 /2H�v �M/ i?2
/m`�iBQM KQ/2Hb `2bT2+iBp2HvX h?2 #�`+?�`ib ?B;?HB;?i i?2 BK#�H�M+2/ M�im`2 Q7 i?2
/�i�- T�`iB+mH�`Hv BM i?2 +�b2 Q7 i?2 /m`�iBQM /�i�b2i- r?2`2 BMbi�M+2b rBi? x2`Q /�vb
Q7 /m`�iBQM UBM/B+�iBM; MQ b?Q`i�;2V �`2 Qp2``2T`2b2Mi2/X h?2 BK#�H�M+2/ /�i�b2ib r2`2
?�M/H2/ mbBM; irQ i2+?MB[m2bX h?2 }`bi i2+?MB[m2 Bb iQ ;`QmT i?2 MmK#2` Q7 /�vb BM i?2

kj
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/�i�b2i BMiQ H�`;2` +H�bb2b i?�i BMbi2�/ `2T`2b2Mib � bT�M Q7 /�vb- r?B+? Bb �HbQ /QM2 /m2
iQ i?2 HQr b�KTH2 bBx2 i?�i H2/ iQ bQK2 +H�bb2b ?�pBM; p2`v 72r /�i� TQBMibX h?2 /�i�
r�b ;`QmT2/ BMiQ /Bz2`2Mi +H�bb2b BM/BpB/m�HHv 7Q` i?2 /2H�v �M/ /m`�iBQMX h?2 +H�bb2b
r2`2 T`Q/m+2/ iQ;2i?2` rBi? �`H� r?2`2 2�+? +H�bb `2T`2b2Mib /Bz2`2Mi H2p2Hb Q7 b2p2`Biv-
�M/ �`2 T`2b2Mi2/ BM h�#H2 9X8XRX �7i2` i?2 /�vb ?�/ #22M ;`QmT2/- i?2 b2+QM/ i2+?MB[m2
Bb iQ BKTH2K2Mi aJPh1 iQ +`2�i2 2p2MHv /Bbi`B#mi2/ +H�bb2bX

U�V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /m`�iBQM
/�i�b2iX

U#V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /2H�v
/�i�b2iX

6B;m`2 9X8Xk, "�`+?�`ib Q7 i?2 /�i�b2ib mb2/ 7Q` i?2 irQ /Bz2`2Mi KQ/2HbX

h�#H2 9X8XR, h?2 +H�bb2b mb2/ 7Q` 2�+? KQ/2HX

.m`�iBQM

*H�bb AMi2`p�H BM /�vb

y y
R R
k k@j
j 9Y

U�V h?2 +H�bb2b �7i2` i?2 /m`�iBQM r�b
;`QmT2/- 9Y /2MQi2b 7Qm` Q` KQ`2 /�vbX

.2H�v

*H�bb AMi2`p�H BM /�vb

R R
k k@j
j 9Y

U#V h?2 +H�bb2b �7i2` i?2 /2H�v r�b ;`QmT2/-
9Y /2MQi2b 7Qm` Q` KQ`2 /�vbX

4.5.2 Feature Selection
"�b2/ QM i?2 +Q``2H�iBQM THQi T`2b2Mi2/ BM 6B;m`2 9X9Xk- Bi Bb 2pB/2Mi i?�i i?2`2 2tBbib �
bi`QM; +Q``2H�iBQM #2ir22M i?2 irQ 7Q`2+�biBM; 72�im`2b `2H�i2/ iQ T`BQ` /�vb- �b r2HH �b
#2ir22M i?2 irQ 7Q`2+�biBM; 72�im`2b `2H�i2/ iQ mT+QKBM; /�vbX h?2`27Q`2- i?2 KQ/2Hb
/Q2b MQi BM+Q`TQ`�i2 i?2 +Q``2H�i2/ 72�im`2b bBKmHi�M2QmbHv �M/ QMHv QM2 72�im`2 7Q`
T`2+2/BM; 7Q`2+�biBM; �M/ QM2 7Q` 7mim`2 7Q`2+�biBM; r2`2 mb2/ +QM+m``2MiHvX h?Bb `2bmHi2/
BM 7Qm` +QK#BM�iBQMb Q7 �Hi2`M�iBM; 72�im`2 b2imTb r?B+? �`2 T`2b2Mi2/ BM h�#H2 9X8XkX
AM i?2 +Q``2H�iBQM THQi- i?2`2 Bb MQ 2pB/2Mi +Q``2H�iBQM Q#b2`p2/ �KQM; i?2 `2K�BMBM;
72�im`2b �M/ i?2 72�im`2b BM i?2 �Hi2`M�iBM; b2imTbX �b � `2bmHi- �HH Q7 i?2b2 72�im`2b

k9
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r2`2 BM+Q`TQ`�i2/ BMiQ i?2 KQ/2H U+QMbB/2`2/ }t2/V �M/ i2bi2/ BM +QK#BM�iBQM rBi? i?2
7Qm` �Hi2`M�iBM; 72�im`2 b2imTb- i?mb- 2HBKBM�iBM; ?B;? +Q``2H�iBQM #2ir22M 72�im`2b mb2/
BM i?2 KQ/2HX h?2 }t2/ 72�im`2b r2`2 [mQiB2Mi- 7`2[- biQ+F �M/ 7+ny �M/ i?2 7Qm`
�Hi2`M�iBM; 72�im`2 b2imTb �`2 T`2b2Mi2/ BM h�#H2 9X8XkX h?2 7Qm` +QK#BM�iBQMb Q7 }t2/
�M/ �Hi2`M�iBM; 72�im`2b �`2 i?2 72�im`2 b2imTb 2tTHQ`2/ BM i?Bb i?2bBbX

h�#H2 9X8Xk, h?2 �Hi2`M�iBM; ;`QmTb Q7 i?2 72�im`2 b2imTX

a2imT M` 62�im`2b

R 7+n"7 � 7+n6d

k 7+n"7 � 7+n67

j 7+n"d � 7+n67

9 7+n"d � 7+n6d

4.5.3 Models
AM i?2 HBi2`�im`2 `2pB2r BM *?�Ti2` k- i?2 `�M/QK 7Q`2bi T2`7Q`K2/ #2bi 7Q` bBKBH�`
FBM/ Q7 T`2/B+iBQMbX _�M/QK 7Q`2bib �`2 bBKTH2 v2i TQr2`7mH T`2/B+iQ`b- �M/ ?�pBM; �
bK�HH /�i�b2i- Bi r�b �bbmK2/ i?�i � H2bb +QKTH2t KQ/2H rQmH/ T2`7Q`K #2ii2` i?�M
� +QKTH2t QM2X h?mb- `�M/QK 7Q`2bib rBi? :BMB BM/2t +`Bi2`BQM r�b mb2/ 7Q` i?2 irQ
KQ/2Hb r?2M 2p�Hm�iBM; i?2 T2`7Q`K�M+2 Q7 i?2 /Bz2`2Mi 72�im`2 b2imTbX hQ }M/ i?2 #2bi
KQ/2H 7Q` 2p�Hm�iBM; 2�+? b2imT- i?2 `�M/QK 7Q`2bib mb2/ � ;`B/ b2�`+? i2+?MB[m2 7Q`
?vT2` T�`�K2i2` imMBM;X h?2 ;`B/ b2�`+? mb2b � T`2/2i2`KBM2/ b2i Q7 ?vT2` T�`�K2i2`b
r?2`2 Bi i2bib �HH /Bz2`2Mi +QK#BM�iBQMbX 6Q` 2�+? +QK#BM�iBQM- � bi`�iB}2/ 8@7QH/ *o
r�b mb2/ iQ i`�BM �M/ 2p�Hm�i2 i?�i KQ/2H mbBM; 80W Q7 2�+? 7mHH /�i�b2iX h?2 KQ/2H
rBi? ?B;?2bi �p2`�;2 �++m`�+v Bb /22K2/ i?2 #2bi KQ/2H 7Q` i?�i T�`iB+mH�` 72�im`2 b2imTX
h?2 T�`�K2i2` p�Hm2b mb2/ r2`2,

Ç LmK#2` Q7 i`22b, 8y- Ryy- R8y- kyy- 8yy
Ç J�tBKmK .2Ti?, 8- Ry- R8- ky

.m2 iQ i?2 HQr b�KTH2 bBx2 Q7 i?2 /�i�b2ib- r?B+? H2/ iQ bQK2 +H�bb2b ?�pBM; p2`v 72r
/�i�TQBMib- i?2 KQ/2H i`�BMBM; 7Q` 2�+? 72�im`2 b2imT r�b �Hr�vb T2`7Q`K2/ QM i?2
;`QmT2/ /�i�b2iX hQ BMp2biB;�i2 r?2i?2` �M Qp2`b�KTHBM; i2+?MB[m2 rQmH/ BKT`Qp2 i?2
T2`7Q`K�M+2 Q7 i?2 KQ/2Hb Q` MQi- 2�+? +QK#BM�iBQM Q7 i?2 72�im`2 b2imTb r�b �HbQ i`�BM2/
mbBM; aJPh1 QM i?2 ;`QmT2/ /�i�b2ibX
h?2 #2bi KQ/2H 7Q` 2�+? 72�im`2 b2imT �M/ Qp2`b�KTHBM; K2i?Q/ r�b i?2M 2p�Hm�i2/ QM
�M BM/2T2M/2Mi i2bi b2i +QMbBbiBM; Q7 i?2 `2K�BMBM; mMmb2/ 20W Q7 2�+? /�i�b2i BM i2`Kb
Q7 �++m`�+v- `2+�HH �M/ T`2+BbBQM- r?B+? �`2 /2b+`B#2/ BM a2+iBQM jXjXRX h?Bb `2bmHi2/
BM � iQi�H Q7 2B;?i /Bz2`2Mi KQ/2Hb BMp2biB;�i2/ 7Q` i?2 /m`�iBQM �M/ /2H�v `2bT2+iBp2HvX
q?2M i?2 #2bi 72�im`2 b2imT �M/ Qp2`b�KTHBM; K2i?Q/ r�b b2H2+i2/ 7Q` i?2 irQ KQ/2Hb-
72�im`2 BKTQ`i�M+2 r�b mb2/ iQ BMp2biB;�i2 r?�i BKT�+i i?2 72�im`2b ?�/ QM 2�+? KQ/2HǶb
T2`7Q`K�M+2X 6Q` i?�i- S6A r�b mb2/ r?B+? Bb /2b+`B#2/ BM a2+iBQM jXjX9X

k8
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_2bmHib �M/ �M�HvbBb

h?Bb +?�Ti2` T`2b2Mib i?2 }M/BM;b Q#i�BM2/ 7`QK +QKT�`BM; i?2 p�`BQmb KQ/2Hb QmiHBM2/
BM a2+iBQM 9X8XjX h?2 `2bmHib +QMbBbi Q7 i�#H2b i?�i /2b+`B#2 i?2 QTiBK�H KQ/2Hb 7Q` 2�+?
b2imT- �HQM; rBi? i?2B` +Q``2bTQM/BM; b+Q`2b QM i?2 i2bi b2i BM i2`Kb Q7 �++m`�+v- `2+�HH-
�M/ T`2+BbBQMX 6`QK i?2 ;`B/ b2�`+?- i?2 #2bi T2`7Q`KBM; ?vT2`T�`�K2i2`b r�b Q#i�BM2/
7Q` 2�+? 72�im`2 b2imTX h?2 p�HB/�iBQM b+Q`2b Q7 2�+? 7QH/ BM i?2 *o T`Q+2bb rBi? i?2b2
?vT2`2T�`�K2i2`b �`2 T`2b2Mi2/ �b #QtTHQib iQ;2i?2` rBi? i?2B` i2bi b+Q`2bX h?2 `2bmHib
�HbQ BM+Hm/2 #�`+?�`ib Q7 i?2 /�i�b2ib Q#i�BM2/ #27Q`2 �M/ �7i2` �TTHvBM; aJPh1 �b �M
Qp2`b�KTHBM; i2+?MB[m2X

5.1 Duration Model
AM i?Bb b2+iBQM- i?2 `2bmHib Q7 i?2 /m`�iBQM KQ/2Hb �M/ /�i�b2i �`2 T`2b2Mi2/X

5.1.1 Oversampling
h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /m`�iBQM /�i�b2i �7i2` ;`QmTBM; �M/ �TTHvBM; aJPh1
Bb T`2b2Mi2/ BM 6B;m`2 8XRXRX

U�V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /m`�iBQM
/�i�b2i �7i2` ;`QmTBM;X

U#V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /m`�iBQM
/�i�b2i �7i2` ;`QmTBM; �M/ �TTHvBM; aJPh1X

6B;m`2 8XRXR, "�`+?�`ib Q7 i?2 /m`�iBQM /�i�b2i #27Q`2 �M/ �7i2` �TTHvBM; aJPh1X

ke



*>�Sh1_ 8X _1alGha �L. �L�GuaAa

5.1.2 Results for Feature Setups
h?Bb b2+iBQM T`2b2Mib � +QKT�`BbQM #2ir22M i?2 #2bi KQ/2Hb 7Q` 2�+? 72�im`2 b2imT rBi?
�M/ rBi?Qmi aJPh1 mbBM; #QtTHQib �M/ Bb pBbm�HBx2/ BM 6B;m`2 8XRXkX

U�V h?2 i2bi �M/ p�HB/�iBQM �++m`�+v 7Q`
/Bz2`2Mi 72�im`2 b2imTb r?2M 7+n"d Bb }t2/X

U#V h?2 i2bi �M/ p�HB/�iBQM �++m`�+v 7Q`
/Bz2`2Mi 72�im`2 b2imTb r?2M 7+n"7 Bb }t2/X

6B;m`2 8XRXk, "QtTHQib Q7 i?2 /m`�iBQM KQ/2HǶb p�HB/�iBQM �M/ i2bi �++m`�+vX h?2
�++m`�+B2b r2`2 Q#i�BM2/ mbBM; MQ Qp2`b�KTHBM; K2i?Q/ �M/ aJPh1X

kd
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No Oversampling

h?Bb b2+iBQM T`2b2Mib i?2 i2bi b+Q`2b Q7 i?2 #2bi /m`�iBQM KQ/2H 7Q` 2�+? 72�im`2 b2imT
mbBM; MQ Qp2`b�KTHBM; K2i?Q/- i?2 `2bmHib �`2 T`2b2Mi2/ BM h�#H2 8XRXRX

h�#H2 8XRXR, h2bi `2bmHib Q7 i?2 #2bi /m`�iBQM KQ/2H 7Q` /Bz2`2Mi 72�im`2 b2imTb rBi?Qmi
Qp2`b�KTHBM;X

LQ Pp2`b�KTHBM;

JQ/2H h`22b .2Ti? �++m`�+v *H�bb S`2+BbBQM _2+�HH

R 8y 8 yXd8
7+n"d �M/ 7+n67

y yXd8 RXy
R yXy yXy

k@j yXy yXy
9Y yXy yXy

k 8y 8 yXd8
7+n"d �M/ 7+n6d

y yXd8 RXy
R yXy yXy

k@j yXy yXy
9Y yXy yXy

j 8y 8 yXd8
7+n"7 �M/ 7+n67

y yXd8 RXy
R yXy yXy

k@j yXy yXy
9Y yXy yXy

9 R8y 8 yXd8
7+n"7 �M/ 7+n6d

y yXd8 RXy
R yXy yXy

k@j yXy yXy
9Y yXy yXy

k3
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SMOTE

h?Bb b2+iBQM T`2b2Mib i?2 i2bi b+Q`2b Q7 i?2 #2bi /m`�iBQM KQ/2H 7Q` 2�+? 72�im`2 b2imT
mbBM; aJPh1- i?2 `2bmHib �`2 T`2b2Mi2/ BM h�#H2 8XRXkX

h�#H2 8XRXk, h2bi `2bmHib Q7 i?2 #2bi /m`�iBQM KQ/2H 7Q` /Bz2`2Mi 72�im`2 b2imTb rBi?
aJPh1X

aJPh1

JQ/2H h`22b .2Ti? �++m`�+v *H�bb S`2+BbBQM _2+�HH

8 Ryy R8 yX8N
7+n"d �M/ 7+n67

y yX3y yXd9
R yXRk yXRk

k@j yXRk yXR8
9Y yXRd yXkd

e Ryy R8 yX8e
7+n"d �M/ 7+n6d

y yX3R yXd9
R yXyN yXyN

k@j yXRk yXR8
9Y yXR8 yXkd

d 8y ky yXeR
7+n"7 �M/ 7+n67

y yX3y yXd8
R yXkR yXkR

k@j yXRd yXky
9Y yXRe yXkd

3 8y ky yXek
7+n"7 �M/ 7+n6d

y yXdN yXde
R yXRe yXR8

k@j yXjy yXjy
9Y yXRd yXkd

kN
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5.1.3 Analysis of Duration Models
GQQFBM; �i i?2 #QtTHQib 7Q` i?2 /m`�iBQM KQ/2H BM 6B;m`2 8XRXk Bi Bb +H2�` i?�i `2;�`/H2bb
Q7 i?2 +QK#BM�iBQM Q7 72�im`2b i2bi2/- i?2 KQ/2Hb rBi?Qmi Qp2`b�KTHBM; vB2H/ � #2ii2`
Qp2`�HH �++m`�+vX >Qr2p2`- i?2 Qp2`�HH �++m`�+v /Q2b MQi /2TB+i i?2 Qp2`�HH T2`7Q`K�M+2
Q7 i?2 KQ/2H r?B+? #2+QK2b �TT�`2Mi B7 QM2 r2`2 iQ BMp2biB;�i2 i?2 `2bmHib T`2b2Mi2/ BM
h�#H2 8XRXRX �HH KQ/2Hb ?�p2 bm++2bb7mHHv T`2/B+i2/ �HH TQBMib rBi? � /m`�iBQM Q7 y /�vb
�b 2tTH�BM2/ #v 100W `2+�HH 7Q` i?2 +H�bb- �Hi?Qm;?- Bi Bb 2pB/2Mi i?�i i?2 KQ/2H Bb M�Bp2
BM i?2 b2Mb2 i?�i Bi T`2/B+ib �HH TQBMib �b /m`�iBQM y �M/ 7�BHb iQ +�Tim`2 �Mv Q7 i?2 Qi?2`
+H�bb2bX :Bp2M i?�i i?2 Tm`TQb2 Q7 i?2 /m`�iBQM KQ/2H Bb iQ B/2MiB7v b?Q`i�;2b 7QHHQrBM;
� /Bb`mTiBQM- ?�pBM; � KQ/2H i?�i Bb mM�#H2 iQ ;Bp2 �Mv BM/B+�iBQMb Q7 bm+? �M BMbi�M+2
QKBib i?2 Tm`TQb2X AMbi2�/- 2t�KBMBM; i?2 KQ/2Hb BM h�#H2 8XRXk i?�i r2`2 i`�BM2/
rBi? Qp2`b�KTHBM;- �M BKT`Qp2K2Mi Q7 i?2 T`2/B+iBM; +�T�#BHBiB2b Q7 i?2 KBMQ`Biv +H�bb
Bb T�HT�#H2 7Q` �HH 72�im`2 +QK#BM�iBQMb- 2bT2+B�HHv 7Q` KQ/2H d �M/ KQ/2H 3X *QKT�`BM;
i?2 irQ- KQ/2H d b?Qr ?B;?2` `2+�HH �M/ T`2+BbBQM r?2M T`2/B+iBM; � R /�v /m`�iBQM- #mi
KQ/2H 3 2t?B#Bi � ?B;?2` `2+�HH �M/ T`2+BbBQM r?2M T`2/B+iBM; k@j /�vb �b r2HH �b � bHB;?i
BM+`2�b2 BM T`2+BbBQM r?2M T`2/B+iBM; � /m`�iBQM HQM;2` i?�M 9 /�vbX aBM+2 i?2 +H�bb2b k@j
�M/ 9Y /�vb �`2 /22K2/ iQ ?�p2 KQ`2 b2p2`2 +QMb2[m2M+2b i?�M � R /�v b?Q`i�;2- KQ/2H
3 Bb +?Qb2M iQ #2 i?2 QM2 rBi? i?2 #2bi T2`7Q`K�M+2X

5.2 Delay Model
AM i?Bb b2+iBQM- i?2 `2bmHib Q7 i?2 /2H�v KQ/2Hb �M/ /�i�b2i �`2 T`2b2Mi2/X

5.2.1 Oversampling
h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /2H�v /�i�b2i �7i2` ;`QmTBM; �M/ �TTHvBM; aJPh1 Bb
T`2b2Mi2/ BM 6B;m`2 8XkXRX

U�V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /2H�v
/�i�b2i �7i2` ;`QmTBM;X

U#V h?2 /Bbi`B#miBQM Q7 p�Hm2b BM i?2 /2H�v
/�i�b2i �7i2` ;`QmTBM; �M/ �TTHvBM; aJPh1X

6B;m`2 8XkXR, "�`+?�`ib Q7 i?2 /2H�v /�i�b2i #27Q`2 �M/ �7i2` �TTHvBM; aJPh1X

jy
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5.2.2 Results for Feature Setups
h?Bb b2+iBQM T`2b2Mib � +QKT�`BbQM #2ir22M i?2 #2bi KQ/2Hb 7Q` 2�+? 72�im`2 b2imT rBi?
�M/ rBi?Qmi aJPh1 mbBM; #QtTHQib �M/ Bb pBbm�HBx2/ BM 6B;m`2 8XkXkX

U�V h?2 i2bi �M/ p�HB/�iBQM �++m`�+v 7Q`
/Bz2`2Mi 72�im`2 b2imTb r?2M 7+n"d Bb }t2/X

U#V h?2 i2bi �M/ p�HB/�iBQM �++m`�+v 7Q`
/Bz2`2Mi 72�im`2 b2imTb r?2M 7+n"7 Bb }t2/X

6B;m`2 8XkXk, "QtTHQib Q7 i?2 /2H�v KQ/2HǶb p�HB/�iBQM �M/ i2bi �++m`�+vX h?2 �++m`�+B2b
r2`2 Q#i�BM2/ mbBM; MQ Qp2`b�KTHBM; K2i?Q/ �M/ aJPh1X

jR
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No Oversampling

h?Bb b2+iBQM T`2b2Mib i?2 i2bi b+Q`2b Q7 i?2 #2bi /2H�v KQ/2H 7Q` 2�+? 72�im`2 b2imT mbBM;
MQ Qp2`b�KTHBM; K2i?Q/- i?2 `2bmHib �`2 T`2b2Mi2/ BM h�#H2 8XkXRX

h�#H2 8XkXR, h2bi `2bmHib Q7 i?2 #2bi /2H�v KQ/2H 7Q` /Bz2`2Mi 72�im`2 b2imTb rBi?Qmi
Qp2`b�KTHBM;X

LQ Pp2`b�KTHBM;

JQ/2H h`22b .2Ti? �++m`�+v *H�bb S`2+BbBQM _2+�HH

R Ryy Ryy yX83
7+n"d �M/ 7+n67

R yXej yX88
k@j yXed yXjk
9Y yX89 yXdN

k 8yy 8 yX8R
7+n"d �M/ 7+n6d

R yX8y yX98
k@j yXj3 yXRe
9Y yX89 yXdN

j 8y 8 yX8d
7+n"7 �M/ 7+n67

R yX8j yX98
k@j yX8y yXjd
9Y yXeR yXdN

9 kyy 8 yX8N
7+n"7 �M/ 7+n6d

R yXeR yX8y
k@j yX8d yX9k
9Y yX8N yXdN

jk
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SMOTE

h?Bb b2+iBQM T`2b2Mib i?2 i2bi b+Q`2b Q7 i?2 #2bi /2H�v KQ/2H 7Q` 2�+? 72�im`2 b2imT mbBM;
aJPh1- i?2 `2bmHib �`2 T`2b2Mi2/ BM h�#H2 8XkXk

h�#H2 8XkXk, h2bi `2bmHib Q7 i?2 #2bi /2H�v KQ/2H 7Q` /Bz2`2Mi 72�im`2 b2imTb rBi? aJPh1X

aJPh1

JQ/2H h`22b .2Ti? �++m`�+v *H�bb S`2+BbBQM _2+�HH

8 8y 8 yXek
7+n"d �M/ 7+n67

R yXed yX98
k@j yXe8 yX83
9Y yX8N yXdN

e 8y 8 yX88
7+n"d �M/ 7+n6d

R yX88 yX8y
k@j yX8y yXjd
9Y yX8d yXdR

d 8yy 8 yX83
7+n"7 �M/ 7+n67

R yX8d yXje
k@j yX98 yX8j
9Y yXed yXdN

3 Ryy 8 yX83
7+n"7 �M/ 7+n6d

R yX8N yX98
k@j yX9k yX9k
9Y yXed yXdN

5.2.3 Analysis of Delay Models
GQQFBM; �i i?2 #QtTHQib 7Q` i?2 /2H�v KQ/2H BM 6B;m`2 8XkXk Bi Bb +H2�` i?�i i?2 `2bmHib BM
6B;m`2 8XkXk# /BbTH�v KQ`2 /2Mb2Hv /Bbi`B#mi2/ `2bmHibX >Qr2p2`- i?2 KQ/2Hb i`�BM2/ BM
6B;m`2 8XkXk� /2KQMbi`�i2 BMbi�M+2b r?2`2 � ?B;?2` �++m`�+v ?�b #22M �+?B2p2/X h?2`2
�`2 MQ +H2�` /BbiBM+iBQMb #2ir22M Qp2`b�KTHBM; �M/ MQ Qp2`b�KTHBM; BM i?2 #QtTHQibX AM
h�#H2 8XkXR- r?2`2 i?2 i2bi `2bmHib rBi?Qmi Qp2`b�KTHBM; �`2 T`2b2Mi2/- KQ/2H R �M/
KQ/2H 9 b?Qr ?B;?2` �++m`�+v �b r2HH �b `2+�HH �M/ T`2+BbBQM QM �p2`�;2 i?�M KQ/2H k
�M/ KQ/2H jX *QKT�`BM; i?2b2 iQ i?2 `2bmHib BM h�#H2 8XkXk- r?2`2 Qp2`b�KTHBM; r�b

jj
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mb2/ BM i`�BMBM;- i?2`2 Bb � +H2�` BM+`2�b2 BM i?2 �#BHBiv iQ T`2/B+i i?2 KBMQ`Biv +H�bb Q7
k@j /�vb 7Q` �HH 72�im`2 b2imTbX 6m`i?2`KQ`2- i?2 KQ/2H i?�i T2`7Q`Kb #2bi `2;�`/BM;
�++m`�+v- �M/ QM �p2`�;2- T`2+BbBQM �M/ `2+�HH rBi? Qp2`b�KTHBM; Bb KQ/2H 8- r?B+? �HbQ
QmiT2`7Q`Kb �HH KQ/2Hb rBi?Qmi Qp2`b�KTHBM;X

5.3 Feature Importance
h?Bb b2+iBQM T`2b2Mib i?2 /2H�v �M/ /m`�iBQM KQ/2Hb mbBM; i?2 #2bi 72�im`2 b2imT 7`QK
a2+iBQM 8XR �M/ 8Xk- �M/ rBHH BMp2biB;�i2 i?2 BKTQ`i�M+2 Q7 i?2 72�im`2b mb2/ BM i?2 KQ/2HbX
h?Bb r�b /QM2 mbBM; i?2 72�im`2 BKTQ`i�M+2 i2+?MB[m2 S6AX

5.3.1 Duration Model
h?2 b2imT 7Q` i?2 #2bi /m`�iBQM KQ/2H Bb T`2b2Mi2/ BM h�#H2 8XjXRX h?2 72�im`2 BKTQ`i�M+2
7Q` i?2 #2bi /m`�iBQM KQ/2H Bb T`2b2Mi2/ BM 6B;m`2 8XjXRX

h�#H2 8XjXR, "2bi 72�im`2 b2imT �M/ T�`�K2i2`b 7Q` i?2 /m`�iBQM KQ/2HX

h`22b .2Ti? Pp2`b�KTHBM; 62�im`2b

8y ky aJPh1 [mQiB2Mi 7`2[ biQ+F 7+ny 7+n"7 7+n6d

6B;m`2 8XjXR, h?2 S6A 7Q` i?2 72�im`2b BM i?2 #2bi /m`�iBQM KQ/2HX

j9
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5.3.2 Delay Model
h?2 b2imT 7Q` i?2 #2bi /2H�v KQ/2H Bb T`2b2Mi2/ BM h�#H2 8XjXkX h?2 72�im`2 BKTQ`i�M+2
7Q` i?2 #2bi /m`�iBQM KQ/2H Bb T`2b2Mi2/ BM 6B;m`2 8XjXkX

h�#H2 8XjXk, "2bi 72�im`2 b2imT �M/ T�`�K2i2`b 7Q` i?2 /2H�v KQ/2HX

h`22b .2Ti? Pp2`b�KTHBM; 62�im`2b

8y 8 aJPh1 [mQiB2Mi 7`2[ biQ+F 7+ny 7+n"d 7+n67

6B;m`2 8XjXk, h?2 S6A 7Q` i?2 72�im`2b BM i?2 #2bi /2H�v KQ/2HX
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h?Bb +?�Ti2` T`2b2Mib i?2 /Bb+mbbBQM �#Qmi i?2 `2bmHib �M/ Qi?2` ;2M2`�H }M/BM;b Q7 i?Bb
i?2bBbX

6.1 Duration Model
1p2M i?Qm;? /Bz2`2Mi KQ/2Hb r2`2 2tTHQ`2/ BM *?�Ti2` 8- i?2 #2bi QM2 /Q2b MQi
M2+2bb�`BHv T`Q/m+2 � b�iBb7�+iQ`v `2bmHiX .2bTBi2 �M BM+`2�b2/ �#BHBiv iQ T`2/B+i i?2
KBMQ`Biv +H�bb2b rBi? i?2 mb2 Q7 aJPh1 BM i?2 KQ/2H i`�BMBM;- i?2 #2bi KQ/2H 7Q`
/m`�iBQM biBHH T`Q/m+2 iQQ HQr T`2+BbBQM �M/ `2+�HH b+Q`2b iQ #2 mb2/ �b � #�bBb 7Q` �Mv ivT2
Q7 T`Q�+iBp2 �+iBQM �;�BMbi � b?Q`i�;2 T2`BQ/X �`;m�#Hv- i?2 KQbi BKTQ`i�Mi K2i`B+ r?2M
T`2/B+iBM; i?2 /m`�iBQM Q7 � b?Q`i�;2 Bb i?2 T`2+BbBQM Q7 T`2/B+iBQMb rBi? /m`�iBQM H�`;2`
i?�M x2`QX A7 i?2 KQ/2H 7�BHb iQ T`2/B+i i?�i � b?Q`i�;2 rBHH Q++m` Bi bBKTHv vB2H/b i?�i MQ
�+iBQM rBHH #2 i�F2M �;�BMbi BiX >Qr2p2`- B7 i?2 KQ/2H T`2/B+ib � HQM;2` T2`BQ/ Q7 b?Q`i�;2-
�M/ �`H� r2`2 iQ i�F2 �+iBQM �;�BMbi Bi #v 7Q` 2t�KTH2 `2/m+BM; i?2B` /2HBp2`v [m�MiBiB2b
iQ 2p2M Qmi i?2 b�H2b �M/ T`2p2Mi i?2 Bbbm2 Q7 2KTiv b?2Hp2b- i?Bb +QmH/ BMbi2�/ H2�/ iQ
KBbb2/ b�H2b QTTQ`imMBiB2b �M/ HQbb Q7 BM+QK2X h?2`27Q`2- ?�pBM; ?B;? T`2+BbBQM BM i?2b2
T`2/B+iBQMb Bb i?2 KQbi BKTQ`i�Mi �bT2+i- �M/ �b Q7 MQr i?2 T`2+BbBQM Q7 i?2 #2bi KQ/2H Bb
bBKTHv iQQ HQr iQ #2 mb2/ BM T`�+iB+2X h?mb- i?2 KQ/2H T`Q/m+2/ rBi?Qmi Qp2`b�KTHBM;-
i?�i QMHv T`2/B+ib y /�vb Q7 b?Q`i�;2- +QmH/ BM 7�+i #2 i?2 #2ii2` +?QB+2X

lbBM; aJPh1 /B/ MQM2i?2H2bb �HHQr i?2 `�M/QK 7Q`2bi iQ +�Tim`2 i?2 KBMQ`Biv +H�bb2b
r?B+? b?QmH/ #2 b22M �b � p�bi BKT`Qp2K2Mi 7`QK � KQ/2HBM; bi�M/ TQBMiX >�pBM; �
KQ/2H i?�i QMHv T`2/B+ib y /�vb Bb 2bb2MiB�HHv i?2 b�K2 �b ?�pBM; MQ KQ/2H �i �HHX 1p2M
i?Qm;? ;`QmTBM; r�b T2`7Q`K2/ BM Q`/2` iQ +QmMi2` i?2 BK#�H�M+2 Q7 i?2 /m`�iBQM /�i�b2i-
Bi Bb +H2�` 7`QK 6B;m`2 8XRXR� i?�i i?2 /�i�b2i `2K�BM2/ x2`Q ?2�pvX h?Bb +QmH/ 2tTH�BM
r?v Qp2`b�KTHBM; r�b BKT2`�iBp2- �M/ b?Qrb i?�i H2�`MBM; 7`QK BK#�H�M+2/ /�i�b2ib Bb
� ;`2�i +?�HH2M;2X

h?2 72�im`2 BKTQ`i�M+2 7Q` i?2 /m`�iBQM KQ/2H T`2b2Mi2/ BM 6B;m`2 8XjXR b?Qrb i?�i
[mQiB2Mi Bb i?2 KQbi BKTQ`i�Mi 72�im`2 7Q` i?2 KQ/2HX h?Bb ;Q2b BM HBM2 rBi? r?�i r�b
2tT2+i2/- i?2 K�BM �bbmKTiBQM 7Q` i?Bb i?2bBb r�b i?�i 7QHHQrBM; � T`Q/m+iBQM BMbi�M+2
r?2`2 MQi �HH i?2 TH�MM2/ ;QQ/b r2`2 T`Q/m+2/ +QmH/ +�mb2 � b?Q`i�;2- �M/ 7Q` i?Bb
iQ #2 /22K2/ i?2 KQbi BKTQ`i�Mi 72�im`2 /Q2b BM � r�v +QM}`K i?Bb �bbmKTiBQMX h?2
b2+QM/ KQbi BKTQ`i�Mi 72�im`2 �++Q`/BM; iQ i?2 S6A r�b i?2 T`Q/m+iBQM 7`2[m2M+v 7`2[-
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QM2 `2�bQM 7Q` i?Bb +QmH/ #2 i?�i B7 i?2 `2H�iBp2 T`Q/m+iBQM 7`2[m2M+v Bb ?B;?- i?2`2 �`2
KQ`2 QTTQ`imMBiB2b +HQb2 BM iBK2 7Q` i?2 T`Q/m+iBQM iQ +�i+? mT QM HQbi T`Q/m+iBQM �M/
pB+2 p2`b�X PM2 i?BM; i?�i bi�M/b Qmi Bb i?2 7�+i i?�i i?2 7Q`2+�biBM; Q7 2tT2+i2/ b�H2b
7+n"7 Bb `2;�`/2/ �b i?2 H2�bi BKTQ`i�MiX h?Bb +QmH/ #2 2tTH�BM2/ #v i?2 7�+i i?�i i?2
`2H�iBp2 ?B;? /2K�M/- /2T2M/BM; QM b2�bQM�HBiv Q` i?2 ivT2 Q7 T`Q/m+i- Bb �H`2�/v #2BM;
�++QmMi2/ 7Q` BM i?2 TH�MM2/ [m�MiBiv �i 2�+? T`Q/m+iBQM BMbi�M+2- i?2`2#v H2�pBM; i?2
72�im`2 `2/mM/�MiX �MQi?2` `2�bQM +QmH/ #2 i?�i i?2 MQ`K�HBx�iBQM bi2T vB2H/b � MQBbv
72�im`2- �M/ �b � +QMb2[m2M+2 ?�`/Hv �Mv BM7Q`K�iBQM +�M #2 2ti`�+i2/ 7`QK BiX

6.2 Delay Model
GQQFBM; �i i?2 #QtTHQib BM 6B;m`2 8XkXk- QM2 +�M b22 i?�i i?2 bT`2�/ Q7 i?2 p�HB/�iBQM
�++m`�+v i�F2 QM � `�M;2 Q7 kyW r?B+? Bb `�i?2` H�`;2 �M/ bm;;2bi i?�i i?2 KQ/2H Bb
mM`2HB�#H2X lbBM; i?2 i2bi b+Q`2 QM2 +�M b22 i?�i Bi Bb +HQb2 iQ i?2 K2/B�M Q` �#Qp2
r?B+? +�M #2 mb2/ �b �M �`;mK2Mi 7Q` i?2 KQ/2H MQi #2BM; Qp2`}ii2/- �M/ i?mb `2HB�#H2
BM i?�i b2Mb2X 6`QK i?2 i2bi `2bmHib BM h�#H2 8XkXk QM2 +�M b22 i?�i i?2 #2bi KQ/2H-
KQ/2H 8- Bb ;QQ/ �i +�Tim`BM; i?2 ;`QmT Q7 4+ rBi? � `2+�HH +HQb2 iQ 80W- #mi � HQr2`
T`2+BbBQM +QKT�`2/ iQ i?2 Qi?2` +H�bb2bX h?Bb +QmH/ #2 +�mb2/ #v i?2 7�+i i?�i /2bTBi2
mbBM; Qp2`b�KTHBM; i?2 KQ/2H `2K�BMb #B�b2/ iQ T`2/B+iBM; i?2 K�DQ`Biv +H�bbX h?2 Qi?2`
+H�bb2b b?Qr /2+2Mi `2bmHib #mi 7Q` +H�bb R- i?2 `2+�HH Bb i?2 HQr2bi Q7 45WX 6`QK i?Bb Bi
7QHHQrb i?�i i?2 `2K�BMBM; 55W �`2 /Bbi`B#mi2/ Qp2` i?2 Qi?2` +H�bb2b �M/ ?�p2 i?2`2#v
T`2/B+i2/ � HQM;2` /2H�v i?�M Bi �+im�HHv r�bX h?Bb +QmH/ BM/B+�i2 i?�i i?2`2 Bb � +?�M+2 iQ
i�F2 T`Q�+iBp2 �+iBQM �;�BMbi �Mv b?Q`i�;2 `2H�i2/ +QMb2[m2M+2b r?2M BM 7�+i i?2 b?Q`i�;2
#2;BMb i?2 p2`v M2ti /�vX >Qr2p2`- 7`QK i?Bb T2`bT2+iBp2 Bi +QmH/ #2 �`;m2/ i?�i Bi Bb
KQ`2 BKTQ`i�Mi iQ +�Tim`2 b?Q`i�;2b i?�i #2;BM �7i2` � HQM;2` /2H�v bBM+2 i?2b2 �HHQr iBK2
7Q` � +QmMi2` bi`�i2;v iQ #2 7Q`K2/ �M/ b2i BM KQiBQM- i?mb K�FBM; Bi KQ`2 BKTQ`i�Mi iQ
+�Tim`2 i?2 irQ +H�bb2b rBi? HQM;2` /2H�vbX

lbBM; aJPh1 vB2H/b i?2 #2bi KQ/2H 7Q` i?2 /2H�v- �M/ 2p2M i?Qm;? mbBM; MQ Qp2`b�KTHBM;
i2+?MB[m2 `2bmHi2/ BM bQK2 +H�bb2b ?�pBM; � ?B;?2` `2+�HH �M/ T`2+BbBQM- i?2 KQ/2Hb mbBM;
aJPh1 T`Q/m+2 � KQ`2 2p2MHv /Bbi`B#mi2/ `2+�HH �M/ T`2+BbBQM rBi? � ?B;?2` �p2`�;2 Qp2`
i?2 /Bz2`2Mi +H�bb2b r?B+? Bb T`272`�#H2X *QKT�`BM; i?2 /Bbi`B#miBQM Q7 i?2 /2H�v #27Q`2
�M/ �7i2` ;`QmTBM; BM 6B;m`2 9X8Xk# �M/ 8XkXR�- Bi Bb +H2�` i?�i �7i2` mbBM; i?2 ;`QmTBM;
i2+?MB[m2 � Km+? KQ`2 #�H�M+2/ /�i�b2i r�b �+?B2p2/X 6m`i?2`KQ`2- mbBM; aJPh1
BKT`Qp2/ i?2 �#BHBiv iQ +�Tim`2 i?2 KBMQ`Biv +H�bb Q7 k@j /�vb Q7 /2H�v r?B+? 7`QK i?2
T`2pBQmbHv bi�i2/ �`;mK2Mib b?QmH/ #2 b22M �b �M BKTQ`i�Mi +H�bb iQ B/2MiB7vX

GQQFBM; �i i?2 72�im`2 BKTQ`i�M+2 BM 6B;m`2 8XjXk- Bi Bb +H2�` i?�i i?2 7`2[ 72�im`2 Bb
+QMbB/2`2/ iQ #2 i?2 KQbi BKTQ`i�Mi iQ i?2 KQ/2HX h?Bb Bb ?B;?Hv `2�bQM�#H2 +QMbB/2`BM;
i?�i T`Q/m+ib i?�i �`2 T`Q/m+2/ KQ`2 Q7i2M +QmH/ #2 BMi2M/2/ iQ QMHv +Qp2` i?2 /2K�M/
7Q` � b?Q`i2` T2`BQ/ 7Q`r�`/ BM iBK2 rBi? 2�+? T`Q/m+iBQM BMbi�M+2- �M/ i?2`2#v +QmH/
� HQbb BM T`Q/m+2/ ;QQ/b vB2H/ `�KB}+�iBQMb [mB+F2`X 6`QK i?2 };m`2- QM2 +�M �HbQ b22
i?�i �HH Qi?2` 72�im`2b �`2 �#Qmi 2[m�HHv BKTQ`i�Mi 2t+2Ti 7+n"7X h?Bb 72�im`2 ?�p2 �
M2;�iBp2 S6A +HQb2 iQ y r?B+? BM/B+�i2b i?�i Bi Bb MQi BKT`QpBM; i?2 KQ/2HǶb T2`7Q`K�M+2
�M/ i?2`27Q`2 mMBKTQ`i�MiX h?Bb bm;;2bi i?�i mbBM; i?2 7Q`2+�biBM; #�+F BM iBK2 Bb MQi
�b `2H2p�Mi �b i?2 7mim`2 7Q`2+�bi r?B+? b22Kb TH�mbB#H2X h?2 7Q`2+�biBM; #�+F BM iBK2
+�Tim`2b r?2i?2` Q` MQi Bi ?�b #22M �++m`�i2 BM i?2 T2`BQ/ #27Q`2 � /Bb`mTiBQM- r?B+?
HBF2Hv Bb KQ`2 `2�bQM�#H2 iQ BM/B+�i2 B7 � b?Q`i�;2 rBHH Q++m` Q` MQiX .m2 iQ i?2 /2H�v
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KQ/2H #2BM; i`�BM2/ QM /�i� QMHv +QMbBbiBM; Q7 /Bb`mTiBQMb r?B+? H2�/b iQ � b?Q`i�;2-
i?2 BM7Q`K�iBQM i?�i i?2 7Q`2+�biBM; #�+Fr�`/b #`BM;b +�M BM i?�i b2Mb2 #2 /22K2/ �b
B``2H2p�Mi r?2M Bi Bb �H`2�/v FMQrM i?�i � b?Q`i�;2 rBHH Q++m`X

6.3 Future Work
h?2 KQbi `2H2p�Mi /2p2HQTK2Mi Q7 i?2 +m``2Mi }M/BM;b rQmH/ #2 iQ BKT`Qp2 i?2
T2`7Q`K�M+2 Q7 i?2 /m`�iBQM KQ/2H Q` BM �MQi?2` r�v bm++2bb7mHHv T`2/B+iBM; B7 � b?Q`i�;2
rBHH Q++m` Q` MQiX PM2 bm;;2biBQM rQmH/ #2 iQ /2p2HQT � #BM�`v KQ/2H i?�i 2Bi?2` +H�bbB}2b
b?Q`i�;2 Q` MQ b?Q`i�;2- �M/ 7Q+mb QM ?B;? T`2+BbBQM 7Q` i?2 b?Q`i�;2 +H�bbX h?2 +m``2Mi
/2H�v KQ/2H +QmH/ i?2M #2 mb2/ iQ ;Bp2 �`H� BMbB;?ib �M/ DmbiB7v /2+BbBQMb #�b2/ QM
bi�iBbiB+bX

�`;m�#Hv- QM2 Q7 i?2 KQbi BKTQ`i�Mi �bT2+ib Q7 � bi�iBbiB+�H KQ/2H Bb i?2 /�i�b2i Bi Bb
#�b2/ mTQMX h?2 /�i� mb2/ BM i?Bb i?2bBb Bb HBKBi2/ iQ 1076 �M/ 274 `Qrb Q7 /�i� 7Q`
i?2 /m`�iBQM �M/ i?2 /2H�v KQ/2H `2bT2+iBp2HvX "v BM+`2�bBM; i?2 MmK#2` Q7 /�i� TQBMib-
KQ`2 BMbi�M+2b Q7 2�+? +H�bb rQmH/ #2 �//2/ �M/ +QmH/ /2+`2�b2 i?2 KQ/2Hb b2MbBiBpBiv iQ
QmiHB2`b �M/ #�/ /�i�- r?B+? �`;m�#Hv Bb 2p2M KQ`2 BKTQ`i�Mi BM �M mM#�H�M+2/ /�i�b2iX
PM2 r�v iQ BM+`2�b2 i?2 MmK#2` Q7 /�i� TQBMib +QmH/ #2 iQ mb2 �HH T`Q/m+iBQM BMbi�M+2b
/2bTBi2 i?2K MQi +�mbBM; � b?Q`i�;2- i?Bb rQmH/ ?Qr2p2` `2[mB`2 �M �Hi2`�iBQM BM i?2 /�i�
T`Q+m`2K2Mi �M/ 2ti2M/ i?2 �bbmKTiBQM i?�i b?Q`i�;2b �`2 +�mb2/ #v KQ`2 7�+iQ`b i?�M
Dmbi i?2 /Bb`mTiBQMb +m``2MiHv mb2/- �M/ i?mb rB/2MBM; i?2 b+QT2X h?Bb rQmH/ KQbi HBF2Hv
�HbQ #2 bm#D2+i iQ i?2 Bbbm2 Q7 BK#�H�M+2/ /�i�X

aBM+2 i?2`2 Bb MQ T`2/2}M2/ HBMF #2ir22M � /Bb`mTiBQM �M/ � b?Q`i�;2- i?2 /�i� Bb #�b2/ QM
�bbmKTiBQMb r?B+? �`2 bBKTHB}2/ �M/ +QmH/ /2pB�i2 7`QK `2�HBivX �MQi?2` BKT`Qp2K2Mi
Bb iQ Tmi KQ`2 2ti2MbBp2 rQ`F QM +`2�iBM; i?2 /�i� iQ bm++2bb7mHHv K�T � b?Q`i�;2 iQ i?2
`B;?i /Bb`mTiBQMX h?Bb +QmH/ #2 /QM2 i?`Qm;? [m�HBi�iBp2 �M�Hvb2bX h?2 K�BM 7Q+mb Q7 i?2
i?2bBb r�b MQi QM i?2 T`Q+m`2K2Mi Q7 i?2 /�i� �M/ i?2`27Q`2 i?2`2 �`2 Km+? `QQK H27i
7Q` BKT`Qp2K2MiX

h?2 `�M/QK 7Q`2bi +H�bbB}2` r�b mb2/ #�b2/ QM T`2pBQmb rQ`F 7Q` bBKBH�` ivT2b Q7
T`2/B+iBQMb #mi i?2 KQ/2H b2H2+iBQM +�M #2 p2`v /2T2M/2Mi QM i?2 /�i�X � 7m`i?2`
/2p2HQTK2Mi +QmH/ #2 iQ 2t�KBM2 i?2 T2`7Q`K�M+2 mbBM; i?2 72�im`2b #`Qm;?i #v i?Bb
i?2bBb rBi? Qi?2` KQ/2Hb iQ }M/ #2ii2` bmBi2/ QM2bX

_2;�`/BM; i?2 72�im`2b- i?2 QM2b mb2/ �`2 #�b2/ QM BMimBiBQM �M/ 2tT2+i�iBQMb Q7 r?�i
b?QmH/ �z2+i i?2 BKT�+iX aBM+2 i?2 BKT�+i KB;?i #2 +Q``2H�i2/ iQ 72�im`2b i?�i �`2 MQi
BMimBiBp2Hv mb27mH- QM2 +QmH/ BM+`2�b2 i?2 �//BiBQM�H 72�im`2b rBi? 7Q` 2t�KTH2 BM7Q`K�iBQM
�#Qmi i?2 T`Q/m+ib �M/ 2t�KBM2 B7 Bi rQmH/ H2�/ iQ �M BKT`Qp2/ KQ/2HX

lbBM; aJPh1 BM+`2�b2/ i?2 T2`7Q`K�M+2 7Q` #Qi? KQ/2Hb #mi i?2v r2`2 biBHH #2bi �i
+�Tim`BM; i?2 K�DQ`Biv +H�bb r?B+? b?Qrb i?�i BK#�H�M+2/ H2�`MBM; Bb +?�HH2M;BM; �M/
mbBM; aJPh1 /Q2b MQi `2KQp2 i?2 T`Q#H2K Q7 BK#�H�M+2X aJPh1 Bb b2MbBiBp2 iQ MQBbv
/�i� bQ 7m`i?2` /2p2HQTK2Mib +QmH/ #2 iQ K�F2 � KQ`2 i?Q`Qm;? �M�HvbBb Q7 i?2 /�i� Q`
mb2 Qi?2` Qp2`b�KTHBM; i2+?MB[m2b i?�i KB;?i T`Qp2 iQ #2 #2ii2` bmBi2/ 7Q` i?Bb /�i�X
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6.4 Conclusions
GQQFBM; �i i?2 i2bi b+Q`2b +QKT�`2/ iQ i?2 p�HB/�iBQM b+Q`2b 7`QK i?2 *o- QM2 +�M b22 i?�i
i?2 KQ/2Hb �`2 MQi +H2�`Hv Qp2`}ii2/ QM i?2 i`�BMBM; /�i� bBM+2 i?2 i2bi b+Q`2b r2`2 2Bi?2`
+HQb2 iQ i?2 K2/B�M Q` �#Qp2X h?2 /m`�iBQM KQ/2H /Q2b MQi ;Bp2 `2bmHib bi�#H2 2MQm;? iQ
T`2bmK2 Bi #2BM; �++m`�i2 bBM+2 i?2 T`2+BbBQM �M/ `2+�HH Bb iQQ HQr 7Q` i?2 KBMQ`Biv +H�bb2bX
�Hi?Qm;?- Q#D2+iBp2Hv i?2 b2H2+i2/ KQ/2H Bb #2ii2` i?�M �Hr�vb �bbmKBM; MQ b?Q`i�;2 bBM+2
i?2 KQ/2H /Q2b BM 7�+i T`2/B+i b?Q`i�;2bX :`QmTBM; i?2 /�i� `2bmHi2/ BM KQ`2 #�H�M+2/
/�i�b2ib 7Q` i?2 /2H�v- i?Bb `2~2+i2/ QM i?2 i2bi `2bmHib r?2`2 i?2 BKT`Qp2K2Mi �7i2`
mbBM; aJPh1 r�b MQi �b �TT�`2Mi �b 7Q` i?2 /m`�iBQM- r?B+? �7i2` ;`QmTBM; biBHH ?�/ �M
BK#�H�M+2/ /�i�b2iX
h?2 KQbi BKTQ`i�Mi 72�im`2b 7Q` i?2 /m`�iBQM KQ/2H Bb [mQiB2Mi 7QHHQr2/ #v 7`2[ �M/
i?2M biQ+FX h?2 irQ H2�bi BKTQ`i�Mi 72�im`2b �`2 7+n"7 �M/ 7+n6d- #mi 7`QK i?2 `2bmHib
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