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AM/B+2

AMi`Q/mxBQM2 k

R AH aBbi2K� 1H2ii`B+Q L�xBQM�H2 2 BH J2`+�iQ Ai�HB�MQ /2HHǶ1@
M2`;B� 1H2ii`B+� 8
RXR AH bBbi2K� 2H2ii`B+Q, +�`�ii2`B ;2M2`�HB 2 +QM};m`�xBQM2 X X X X X 8

RXRXR AKTB�MiB /B T`Q/mxBQM2 X X X X X X X X X X X X X X X X X X 8
RXRXk h`�bKBbbBQM2 X X X X X X X X X X X X X X X X X X X X X X X N
RXRXj .Bbi`B#mxBQM2 X X X X X X X X X X X X X X X X X X X X X X X Ry
RXRX9 *�`B+Q UGQ�/V X X X X X X X X X X X X X X X X X X X X X X X RR

RXk "`2p2 biQ`B� /2H K2`+�iQ 2H2ii`B+Q BM Ai�HB� 2 +QM};m`�xBQM2
Q/B2`M� X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk
RXkXR AH J2`+�iQ /2H :BQ`MQ S`BK� X X X X X X X X X X X X X X X R9
RXkXk AH S`2xxQ lMB+Q L�xBQM�H2 @ SlL X X X X X X X X X X X X Re

k J2iQ/QHQ;B� /B �M�HBbB RN
kXR JQ/2HHB bi�iBbiB+B T2` b2`B2 biQ`B+?2 /B /�iB 2+QMQKB+B X X X X X X ky
kXk �TT`Q++BQ mMBp�`B�iQ 2 KmHiBp�`B�iQ X X X X X X X X X X X X X X X kk

kXkXR JQ/2HHB mMBp�`B�iB b2H2xBQM�iB X X X X X X X X X X X X X X k9
kXkXk JQ/2HHB KmHiBp�`B�iB b2H2xBQM�iB X X X X X X X X X X X X X k3

kXj h2+MB+?2 +QKT�`�iBp2 �/Qii�i2 X X X X X X X X X X X X X X X X X X jR

j AKTH2K2Mi�xBQM2 2 _BbmHi�iB 1KTB`B+B j9

R



jXR .�i� T`2T`Q+2bbBM; X X X X X X X X X X X X X X X X X X X X X X X X j8
jXk JQ/2HHQ M�Bp2 X X X X X X X X X X X X X X X X X X X X X X X X X X X jd
jXj JQ/2HHB �_ mMBp�`B�iQ 2 KmHiBp�`B�iQ X X X X X X X X X X X X X X j3

jXjXR JQ/2HHQ �_ mMBp�`B�iQ X X X X X X X X X X X X X X X X X X jN
jXjXk JQ/2HHQ �_ KmHiBp�`B�iQ X X X X X X X X X X X X X X X X 9y

jX9 JQ/2HHB G�aaP mMBp�`B�iB 2 KmHiBp�`B�iB X X X X X X X X X X X X 9R
jX9XR G�aaP mMBp�`B�iB X X X X X X X X X X X X X X X X X X X X X 9k
jX9Xk G�aaP KmHiBp�`B�iB X X X X X X X X X X X X X X X X X X X 9j

jX8 *QM7`QMiQ T2`7Q`K�M+2 T`2/BiiBp2 X X X X X X X X X X X X X X X X 99

*QM+HmbBQMB 9d

�TT2M/B+2 93

"B#HBQ;`�}� ee

k



AMi`Q/mxBQM2

A K2`+�iB /2HHǶ2M2`;B� 2H2ii`B+� Q;;B 2 �M+Q` TBɍ BM 7mim`Q b�`�MMQ BM T`BKQ
TB�MQ M2HHQ b+2M�`BQ ;2QTQHBiB+Q KQM/B�H2X G2 TQHBiB+?2 2M2`;2iB+?2 /2B T�2bB
bQMQ H2;�i2 � /QTTBQ }HQ MQM bQHQ +QM BH T`Q#H2K� /2H +�K#B�K2MiQ +HBK�iB+Q-
K� �M+?2 +QM ;HB 2[mBHB#`B ;2QTQHBiB+B i`� H2 ;`�M/B TQi2Mx2 KQM/B�HBX

AM [m2biQ +QMi2biQ imKmHimQbQ bB BMb2`Bb+2 mM� [m2biBQM2 +?2 MQM ĕ bQHQ
/B BMi2`2bb2 Tm`�K2Mi2 bi�iBbiB+Q- K� ĕ �M+?2 mMQ bi`mK2MiQ /B 7QM/�K2M@
i�H2 BKTQ`i�Mx� T2` H� bi�#BHBi¨ /2H bBbi2K� 2 /2H K2`+�iQ 2H2ii`B+Q, H� KQ@
/2HH�xBQM2 bi�iBbiB+� /2HH2 ~miim�xBQMB /2B T`2xxB /2HHǶ2M2`;B� 2H2ii`B+� +QM BH
}M2 /B Qii2M2`2 /2HH2 �++m`�i2 T`2pBbBQMB b?Q`i@i2`K- BM H2ii2`�im`� +?B�K�i�
b?Q`i@i2`K 1S6 U1H2+i`B+Biv S`B+2 6Q`2+�biBM;VX

AM [m2bi� i2bB bB i2Mi2`¨ /B �;;BmM;2`2 BM7Q`K�xBQMB 7QM/�K2Mi�HB T2` `B@
bTQM/2`2 �/ mM� /QK�M/� � +mB MQM ĕ �M+Q`� bi�i� /�i� mM� `BbTQbi� /2}MBiB@
p�- Qpp2`Q, [m�H ĕ HǶ�TT`Q++BQ KB;HBQ`2 T2` KQ/2HH�`2 2/ 2z2iim�`2 T`2pBbBQMB
/2B T`2xxB /2H K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B+�\ AM T�`iB+QH�`2- ĕ TBɍ �/�iiQ mM
�TT`Q++BQ /B iBTQ mMBp�`B�iQ- QTTm`2 KmHiBp�`B�iQ\ G� i2bB bB #�b� bmH H�pQ`Q
/B wB2H 2 q2`QM UkyR3V- B [m�HB ?�MMQ T`Qp�iQ � /�`2 mM� `BbTQbi� � [m2bi�
/QK�M/�- K� MQM bQMQ ;BmMiB � +QM+HmbBQMB /2}MBiBp2- �p2M/Q Qii2MmiQ `B@
bTQbi2 +QMi`�bi�MiB M2B /Bp2`bB /�i�b2i miBHBxx�iB T2` HǶ�M�HBbBX h`� H2 Rk b2`B2
biQ`B+?2 /B T`2xxB `2H�iBp2 � Rk /Bp2`bB K2`+�iB /2HHǶ2M2`;B� 2H2ii`B+� MQM };m`�
T2`ǁ [m2HH� /2H K2`+�iQ Bi�HB�MQX

GǶQ#B2iiBpQ /B [m2bi� i2bB ĕ [m2HHQ /B +QHK�`2 [m2bi� H�+mM� 2 7Q`MB`2 /2B
`BbmHi�iB `2H�iBpB �H K2`+�iQ Bi�HB�MQ- miBHB- bB bT2`�- �H KB;HBQ`�K2MiQ /2HH2

j



i2+MB+?2 /B 7Q`2+�biBM; M2HHǶ�K#BiQ /2B K2`+�iB 2H2ii`B+BX
AH T`BKQ +�TBiQHQ +QMiB2M2 mMǶBMi`Q/mxBQM2 �H bBbi2K� 2H2ii`B+Q Bi�HB�MQ-

H� bm� +QM};m`�xBQM2 Q/B2`M� 2 H2 bm2 +�`�ii2`BbiB+?2 i2+MB+?2X a2;m2 mM #`2p2
`B�bbmMiQ /2HH� biQ`B� /2H K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B+� BM Ai�HB� 2 mM� bTB2;�@
xBQM2 /2H K2++�MBbKQ /Ƕ�bi� /�H [m�H2 bB QiiB2M2 BH S`2xxQ lMB+Q L�xBQM�H2
USlLV M2H K2`+�iQ /2H ;BQ`MQ T`BK� UJ:SVX AH SlL ĕ BM7�iiB H� p�`B�#BH2 /B
BMi2`2bb2 +?2 pB2M2 KQ/2HH�i� 2 bmHH� [m�H2 bB 2z2iim�MQ H2 T`2pBbBQMBX

L2H b2+QM/Q +�TBiQHQ bB KQiBp�MQ H2 b+2Hi2 /2B KQ/2HHB- /�M/QM2 mM�
;BmbiB}+�xBQM2 i2Q`B+�X aB BMi`Q/m+QMQ B +QM+2iiB `2H�iBpB �B KQ/2HHB M�Bp2-
�miQ`2;`2bbBpB 2 �miQ`2;`2bbBpB +QM K2iQ/Q /B biBK� G�aaP 2 bB +?Bm/2 +QM
mMǶBHHmbi`�xBQM2 /2B K2iQ/B /B p�Hmi�xBQM2 2 /B +QKT�`�xBQM2 b2H2xBQM�iBX

L2H i2`xQ +�TBiQHQ- BM}M2- p2M;QMQ T`2b2Mi�iB 2 +QKK2Mi�iB B `BbmHi�iB
Qii2MmiBX AM �TT2M/B+2- p2M;QMQ BHHmbi`�iB B +Q/B+B _ miBHBxx�iB M2HH� T�`i2
2KTB`B+�X

9



*�TBiQHQ R

AH aBbi2K� 1H2ii`B+Q L�xBQM�H2 2
BH J2`+�iQ Ai�HB�MQ /2HHǶ1M2`;B�
1H2ii`B+�

RXR AH bBbi2K� 2H2ii`B+Q, +�`�ii2`B ;2M2`�HB 2
+QM};m`�xBQM2

*QM ǳbBbi2K� 2H2ii`B+QǴ bB BMi2M/2 HǶBMbB2K2 /B imiiB B +QKTQM2MiB +QMM2bbB
�/ mM +B`+mBiQ 2H2ii`B+QX L�im`�HK2Mi2- [m�M/Q bB T�`H� /B bBbi2K� 2H2ii`B+Q
M�xBQM�H2 +B bB `B72`Bb+2 �/ mM 2MQ`K2 +B`+mBiQ- Q K2;HBQ- mMǶBMi`B+�i� 2/ 2bi2b�
`2i2 /B +B`+mBiB BMi2`+QMM2bbBX AM T�`iB+QH�`2- B T`BM+BT�HB 2H2K2MiB /2H bBbi2K�
2H2ii`B+Q bQMQ, ;HB BKTB�MiB /B T`Q/mxBQM2- H2 HBM22 /B i`�bKBbbBQM2- H2 `2iB /B
/Bbi`B#mxBQM2 2 BM}M2 BH +�`B+Q UHQ�/VX

RXRXR AKTB�MiB /B T`Q/mxBQM2
:HB BKTB�MiB /B T`Q/mxBQM2 bQMQ H2 +2Mi`�HB 2H2ii`B+?2- BKTB�MiB BM/mbi`B�HB
+?2 T`Q/m+QMQ 2M2`;B� 2H2ii`B+� K2/B�Mi2 H� i`�b7Q`K�xBQM2 /B mM� 7QMi2 /B
2M2`;B� T`BK�`B�X GǶ2H2ii`B+Bi¨ ĕ BM7�iiB mM� 7QMi2 b2+QM/�`B�- BM [m�MiQ MQM

8



bB `2T2`Bb+2 /B`2ii�K2Mi2 BM M�im`� K� p� ;2M2`�i�X G� K�++?BM� /2/B+�i�
�HH� +QMp2`bBQM2 /2HHǶ2M2`;B� ĕ bQHBi�K2Mi2 mM ;2M2`�iQ`2 2H2ii`B+Q +QbiBimBiQ
/� mM �Hi2`M�iQ`2 KQbbQ /� mM� im`#BM� U�/ 2++2xBQM2 /2;HB BKTB�MiB 7QiQpQH@
i�B+BVX GǶ�Hi`� +QKTQM2Mi2 7QM/�K2Mi�H2 /B mM� +2Mi`�H2 ĕ BH i`�b7Q`K�iQ`2-
+`m+B�H2 T2` H� i`�bKBbbBQM2 BM �Hi� Q �HiBbbBK� i2MbBQM2 U�h Q ��hVX G2 +2M@
i`�HB 2H2ii`B+?2 p2M;QMQ bm//BpBb2 BM #�b2 �HH� 7QMi2 2M2`;2iB+� T`BK�`B� +?2
i`�b7Q`K�MQ UQ �M+?2 BM #�b2 �HH� i2+MQHQ;B� +?2 mb�MQ T2` 7�`HQVX
.B b2;mBiQ 2H2M+�i2 H2 T`BM+BT�HB iBTQHQ;B2X

*2Mi`�HB i2`KQ2H2ii`B+?2

h`�b7Q`K�MQ BM 2M2`;B� 2H2ii`B+� HǶ2M2`;B� +?BKB+� /B mM� 7QMi2 T`BK�`B�X G�
7QMi2 T`BK�`B� miBHBxx�i� ĕ +?B�K�i� +QK#mbiB#BH2 T2`+?û ĕ i`�KBi2 H� +QK@
#mbiBQM2 /B [m2biǶmHiBKQ +?2 bB QiiB2M2 HǶ2M2`;B� i2`KB+� miBH2 � 7�` KmQp2`2
H� im`#BM� +?2 i`�KBi2 HǶ�Hi2`M�iQ`2 ;2M2`� 2M2`;B� 2H2ii`B+�X A +QK#mbiB#BHB
TQbbQMQ 2bb2`2 +�`#QM 7QbbBH2- T2i`QHBQ- ;�b M�im`�H2 Q B K2MQ +QMp2MxBQM�HB
#BQ;�b 2 #BQK�bb� Uimii�pB� H� #BQK�bb� `�TT`2b2Mi� T2` �H+mMB T�2bB mM�
;`Qbb� TQ`xBQM2 /2HHǶ�TT`QppB;BQM�K2MiQ 2M2`;2iB+Q �M+Q`� Q;;B- bB p2/� �/
2b2KTBQ HǶAM/B�RX aQMQ +�`�ii2`Bxx�i2 /� mM #�bbQ +QbiQ /B T`Q/mxBQM2 /� mM�
#mQM� �;BHBi¨ U;2M2`�HK2Mi2 TQbbQMQ 2bb2`2 bT2Mi2 2 `B�++2b2 KQHiQ `�TB/�@
K2Mi2V K� ?�MMQ BH ;`QbbQ /B72iiQ /B 2K2ii2`2 2MQ`KB [m�MiBi¨ /B ;�b@b2``� 2
/B 2bb2`2 M2HH� K�;;BQ` T�`i2 /2B +�bB KQHiQ BM[mBM�MiB UQHi`2 +?2 bT2bbQ +�mb�
/B ;`�pBbbBKB BM+B/2MiBVX

*2Mi`�HB B/`Q2H2ii`B+?2

aQMQ BKTB�MiB +?2 i`�b7Q`K�MQ BM 2M2`;B� 2H2ii`B+� HǶ2M2`;B� +BM2iB+� /B ;`�M@
/B K�bb2 /Ƕ�+[m� BM KQpBK2MiQ +?2 �xBQM� im`#BM2 2 �Hi2`M�iQ`BX aT2bbQ
+QKT`2M/QMQ H� +Qbi`mxBQM2 /B mM� /B;�- QT2`� BM;2;M2`BbiB+� +QHQbb�H2 +?2
T2`K2ii2 /B +QM+2Mi`�`2 2MQ`KB K�bb2 /Ƕ�+[m� BM T`QbbBKBi¨ /2HH� +2Mi`�H2-

R?iiTb,ffrrrXB2�XQ`;f`2TQ`ibfAM/B�

e
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+QM72`2M/Q [mBM/B 2bi`2K� �;BHBi¨ 2 `�TB/Bi¨ /B �++2MbBQM2 2 bT2;MBK2MiQ-
�ii`B#miB miBHBbbBKB T2` H� +QT2`im`� /B TB++?B BKT`QppBbB /B /QK�M/� +?2 TQb@
bQMQ p2`B}+�`bBX G� T`Q/mxBQM2 ĕ � 2KBbbBQMB x2`Q 2 BH 7�iiQ +?2 bB�MQ mMQ /2B
TQ+?BbbBKB K2iQ/B /B +QMb2`p�`2 UpB`im�HK2Mi2V ;`�M/B [m�MiBi¨ /B 2M2`;B�
UTQKT�M/Q HǶ�+[m� �HHǶBM/B2i`Q 2 `BTQ`i�M/QH� M2B #�+BMB /B �++mKmHQ mb�M/Q
B bm`THmb /B 2M2`;B� 2H2ii`B+� T`Q/QiiB /� �Hi`2 7QMiB MQM@T`Q;`�KK�#BHB +QK2
�/ 2b2KTBQ H2 `BMMQp�#BHBV H2 `2M/2 mM Kmbi@?�p2- +QM #2M2}+B +?2 bmT2`�MQ
/B ;`�M HmM;� B /m##B +?2 bB TQbbQMQ �p2`2 bmH HQ`Q BKT�iiQ �K#B2Mi�H2 2 bmB
U`�`BbbBKB K� /2p�bi�MiBV BM+B/2MiB- +QK2 [m2HHQ /2H o�DQMi /2H N QiiQ#`2 RNej
Q /2H #�+BMQ /B "�M[B�Q BM *BM� /2HHǶ�;QbiQ RNd8 +?2 7m +�mb� /B TBɍ /B 38Ƕyyy
pBiiBK2kX

*2Mi`�HB Mm+H2�`B

AM [m2biB BKTB�MiB HǶ2M2`;B� i2`KB+� +?2 �xBQM� H2 im`#BM2 ĕ ;2M2`�i� /�HH� }b@
bBQM2 Mm+H2�`2 /2HHǶm`�MBQ@kj8 2 /2H THmiQMBQ@kjN U+QMi2MmiB BM mM +QK#mbiB#B@
H2 +QKTQbiQ T`BM+BT�HK2Mi2 /� m`�MBQ@kj3V +?2 �ppB2M2 M2B `2�iiQ`B Mm+H2�`BX
Ĕ mM� i2+MQHQ;B� /B T`Q/mxBQM2 KQHiQ TQ+Q �;BH2, B i2KTB /B �++2MbBQM2 2 bT2@
;MBK2MiQ bQMQ KQHiQ HmM;?BX G2 +2Mi`�HB Mm+H2�`B p2M;QMQ BM7�iiB miBHBxx�i2
T`BM+BT�HK2Mi2 T2` +QT`B`2 H� /QK�M/� }bb� U#�b2@HQ�/V 2 bpQH;QMQ 2;`2;B�@
K2Mi2 [m2biQ +QKTBiQ /�iQ +?2 ;Q/QMQ /B ;`�M/2 bi�#BHBi¨ /B T`Q/mxBQM2X AM
Ai�HB� 2 BM TQ+?B �Hi`B T�2bB bQMQ bi�i2 /BbK2bb2 BM b2;mBiQ �;HB BM+B/2MiB /B
*?2`MQ#vH /2H RN3e 2 6mFmb?BK� /2H kyRR U+?2 T2`ǁ ?� +m`BQb�K2Mi2 +�mb�iQ
mM� bBM;QH� pBiiBK�j- �M+?2 b2 MQM ĕ �M+Q`� +?B�`Q b2 �M+?2 [m2HH� b�`2##2 /�
�bb2`B`2 �HHǶBM+B/2Mi2 /2HH� +2Mi`�H2 Q �H i2``B}+�Mi2 i2``2KQiQ +?2 ?� b+�i2@
M�iQ HǶBM+B/2Mi2 bi2bbQV- imii�pB� ?�MMQ BH ;`�M/2 p�Mi�;;BQ /B ;�`�MiB`2 mM�
T`Q/mxBQM2 bQbi�MxB�HK2Mi2 � 2KBbbBQMB x2`Q 2 T`Bp� /B BKT�iiQ �K#B2Mi�H2-

kAH MmK2`Q /B pBiiBK2 +Bi�iQ ĕ bi�iQ `2T2`BiQ �H bBiQ ?iiT,ffrrrXbDbmX2/m imii�pB� 2bBbi2
mM `�TTQ`iQ m{+B�H2 /2H /BT�`iBK2MiQ B/`QHQ;B+Q /2HH� T`QpBM+B� /B >2M�M- /2b2+`2i�iQ bQHQ
M2H kyy8- +?2 7� b�HB`2 BH MmK2`Q /B pBiiBK2 � RdRǶyyy

j?iiTb,ffrrrXmMb+2�`XQ`;

d
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https://www.unscear.org/docs/reports/2013/13-85418_Report_2013_Annex_A.pdf


i�MiǶĕ +?2 b2K#`� bB� mM� i2+MQHQ;B� BKT`2b+BM/B#BH2 BM mM 7mim`Q bQbi2MB#BH2
/2H b2iiQ`2 2H2ii`B+Q KQM/B�H29X

*2Mi`�HB bQH�`B

*2Mi`�HB bQH�`B, +2 M2 bQMQ /B /m2 iBTB- 7QiQpQHi�B+?2 2 i2`KQ/BM�KB+?2X G2
T`BK2 bQMQ BKTB�MiB +QKTQbiB /� KQ/mHB 7QiQpQHi�B+B +?2 +QMp2`iQMQ /B`2i@
i�K2Mi2 H� Hm+2 bQH�`2 BM 2M2`;B� 2H2ii`B+� b7`mii�M/Q HǶ2z2iiQ 7QiQpQHi�B+Q- H2
b2+QM/2 BMp2+2 b7`mii�MQ BH +�HQ`2 ;2M2`�iQ /�HH� `�/B�xBQM2 bQH�`2 T2` b+�H/�@
`2 mM K2xxQ +?2 T2`K2ii2 /B �xBQM�`2 /2HH2 im`#BM2X *B bQMQ /m2 �TT`Q++B, Q
i`�KBi2 T�MM2HHB bQH�`B- +?2 �H HQ`Q BMi2`MQ +QMi2M;QMQ BH ~mB/Q /� b+�H/�`2 +?2
pB2M2 TQB 7�iiQ ~mB`2 }MQ �HH� im`#BM�- QTTm`2 i`�KBi2 mM +QKTH2bbQ bBbi2K�
/B bT2++?B +?2 +QMpQ;HB� H� `�/B�xBQM2 bQH�`2 BM mM TmMiQ BM +mB ĕ T`2b2Mi2 BH
~mB/Q /� b+�H/�`2 +?2 2p�TQ`�M/Q �iiBp� H2 im`#BM2X Zm2bi2 i2+MQHQ;B2 QHi`2
�/ 2bb2`2 Tm`�K2Mi2 `BMMQp�#BHB 2 [mBM/B T�`i2 7QM/�K2Mi�H2 /B T`�iB+�K2M@
i2 Q;MB b+2M�`BQ 7mim`Q bQbi2MB#BH2 T`QTQbiQ U/B T�`iB+QH�`2 BMi2`2bb2 [m2HHB
T`QTQbiB /�H CQBMi _2b2�`+? *2Mi`2 @ C_*V- bQMQ bB+m`�K2Mi2 i`� H2 K2MQ BM@
[mBM�MiB �M+?2 b2 BH HQ`Q BKT�iiQ �K#B2Mi�H2 ĕ �M+Q`� /B#�iimiQ U`B+?B2/QMQ
BM7�iiB H�`;?BbbBK2 bmT2`}+B /B i2``2MQ 2 �H+mMB /2B K�i2`B�HB +?2 H2 +QKTQM;Q@
MQ- H2 i2``2 `�`2 M2HHQ bT2+B}+Q- bB TQ`i�MQ /B2i`Q MQM TQ+?2 [m2biBQMB 2iB+?2
2/ 2+QHQ;B+?2 imiiǶQ`� �T2`i28V 2 H2 HQ`Q +�`�ii2`BbiB+?2 H2 `2M/QMQ +QKTHB+�i2
/� ;2biB`2 /�iQ +?2 H� HQ`Q T`Q/mxBQM2 ĕ KQHiQ bmb+2iiB#BH2 �HH2 +QM/BxBQMB
�iKQb72`B+?2, p2M;QMQ BM7�iiB /2}MBi2 MQM@T`Q;`�KK�#BHBX

*2Mi`�HB 2QHB+?2

AM [m2bi2 +2Mi`�HB ĕ HǶ2M2`;B� +BM2iB+� /2H p2MiQ � K2ii2`2 BM �xBQM2 im`#BM2
2 �Hi2`M�iQ`B T2` ;2M2`�`2 2M2`;B� 2H2ii`B+�X Zm2bi� i2+MQHQ;B� T2`K2ii2 mM�
T`Q/mxBQM2 KQHiQ TmHBi� 2 `BMMQp�#BH2 U�M+?Ƕ2bb� [m�bB b2KT`2 T`2b2Mi2 M2;HB

9?iiTb,ffTm#HB+�iBQMbXD`+X2+X2m`QT�X2m
8?iiTb,ff?#`XQ`;
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https://hbr.org/2021/06/the-dark-side-of-solar-power


b+2M�`B 7mim`B bQbi2MB#BHB T`QTQbiB /� bp�`B�iB 2MiB /B `B+2`+� i`� +mB BH C_*eV
K� bB TQ`i� /B2i`Q ;HB bi2bbB /B72iiB /2H bQH�`2, T`Q/mxBQM2 MQM@T`Q;`�KK�#BH2
/�i� HǶ�Hi� bmb+2iiB#BHBi¨ �HH2 +QM/BxBQMB +HBK�iB+?2 2 /m##BQ BKT�iiQ �K#B2M@
i�H2 U`B+?B2/QMQ �`22 p�biBbbBK2 2 MQM ĕ �M+Q`� +?B�`Q [m�MiQ BH HQ`Q BKT�iiQ
bmHH� 7�mM� bB� bQbi2MB#BH2dVX

AM Ai�HB� BM T�`iB+QH�`2- M2H kykR H� T`Q/mxBQM2 2`� bm//BpBb� +QK2 b2;m2,
e8-eW i2`KQ2H2ii`B+Q- Re-9W B/`Q2H2ii`B+Q- 3-dW 7QiQpQHi�B+Q- d-kW 7QiQpQH@
i�B+Q 2 BH `2bi�Mi2 kW +B`+� /� �Hi`2 7QMiB3X S2` [m�MiQ `B;m�`/� BH 7m2H@KBt
/2H kykR- +BQĕ H2 T2`+2Mim�HB /2HH2 /Bp2`b2 7QMiB T`BK�`B2 miBHBxx�i2 bmH iQi�H2
/B 2M2`;B� T`Q/Qii� ĕ BH b2;m2Mi2, 93-RW ;�b M�im`�H2- 9k-jW 7QMiB `BMMQp�#BHB-
8-RW +�`#QM2- y-NW T`Q/QiiB T2i`QHB72`B 2 j-eW �Hi`2 7QMiBNX

RXRXk h`�bKBbbBQM2
G2 HBM22 /B i`�bKBbbBQM2 bQMQ HmM;?B +�pB BM �Hi� 2 �HiBbbBK� i2MbBQM2 U�h /�B
jeFo �B R8yFo 2 ��h /�B kkyFo �B j3yFoV +?2 i`�bTQ`i�MQ HǶ2M2`;B� 2H2ii`B+�
/�HH2 +2Mi`�HB �HH2 `2iB /B /Bbi`B#mxBQM2X G� `2i2 /B i`�bKBbbBQM2 ĕ +QKTQbi�
T`BM+BT�HK2Mi2 /� HBM22 2H2ii`B+?2 �2`22 BM �HHmKBMBQ- K� MQM K�M+�MQ �M@
+?2 bBbi2KB TBɍ +QKTH2bbB +QK2 B +�pB BMi2``�iB Q �//B`Biim`� HmM;?BbbBKB +�pB
bQiiQK�`BMBX 6QM/�K2Mi�HB bQMQ- BMQHi`2- H2 bi�xBQMB 2H2ii`B+?2- Qpp2`QbB� BK@
TB�MiB /Qp2 }bB+�K2Mi2 bB BMi2`+QMM2iiQMQ H2 /Bp2`b2 HBM22 /B i`�bKBbbBQM2 2
b2`pQMQ MQM bQHQ T2` H� i`�b7Q`K�xBQM2 M2B /Bp2`bB HBp2HHB /B i2MbBQM2 UpQHi�;@
;BQV K� �M+?2 T2` 2b2;mB`2 H2 K�MQp`2 /B �T2`im`�- +?Bmbm`� 2 b2xBQM�K2MiQ
/2HH2 HBM22- T`Q+2bbB 7QM/�K2Mi�HB T2` H� ;2biBQM2 /2B ~mbbB /B 2M2`;B� 2 T2`
2pBi�`2 /Bbb2`pBxBX Ĕ BM7�iiB 7QM/�K2Mi�H2 K�Mi2M2`2 mM T2`72iiQ #BH�M+BQ i`�
H� [m�MiBi¨ /B 2M2`;B� +QMbmK�i� 2 T`Q/Qii�, B T`BM+BTB /2HH� }bB+� bi2bbB BK@

e?iiTb,ffrrrX+H2�M2M2`;vKBMBbi2`B�HXQ`;
d_�TTQ`iQ AS**- kyRR
3?iiTb,ffrrrXi2`M�XBifTm##HB+�xBQMB@bi�iBbiB+?2
N?iiTb,ffrrrX;b2XBi
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TQM;QMQ +?2 BM mM +B`+mBiQ MQM +B bB�MQ K�B b#BH�M+B i`� H2 /m2- T2M� ;`�pB
BM+B/2MiB Q +QKmM[m2 /Bbb2`pBxB bm H�`;� b+�H�X P;MB `2i2 /B i`�bKBbbBQM2 bBM@
+`QMBxx�i� /2p2 [mBM/B M2+2bb�`B�K2Mi2 �p2`2 mM 2Mi2 /B +QMi`QHHQ- +?B�K�iQ
avbi2K PT2`�iQ` UaPV +?2 bB Q++mTB /B T`Qpp2/2`2 �HH� ;2biBQM2 /2B ~mbbB T2`
K�Mi2M2`2 BH T2`72iiQ 2[mBHB#`BQ /2HH� `2i2 2 +?2 bB Q++mTB �M+?2 MQM bQHQ /2HH�
bm� K�Mmi2MxBQM2 K� �M+?2 /2HH� bm� 2bT�MbBQM2 2 /2H bmQ T2`72xBQM�K2MiQX
AM 1m`QT�- B avbi2K PT2`�iQ`b /2HH2 /Bp2`b2 `2iB M�xBQM�HB@BMi2`M�xBQM�HB bQ@
MQ `�;;`mTT�iB M2H 1m`QT2�M L2irQ`F Q7 h`�MbKBbbBQM avbi2K PT2`�iQ`b 7Q`
1H2+i`B+Biv U1LhaP@1VX AM Ai�HB�- BH h`�MbKBbbBQM avbi2K PT2`�iQ` ĕ h2`M�
aT�X

RXRXj .Bbi`B#mxBQM2
G� `2i2 /B /Bbi`B#mxBQM2 ĕ mM� }ii� 2 BMi`B+�i� b2`B2 /B +�pB 2H2ii`B+B � K2@
/B� i2MbBQM2 Ui`� ;HB R 2 B j8 FoV 2 � #�bb� i2MbBQM2 Ui`� B 8y 2 B Ryyy oV
+?2 TQ`i�MQ HǶ2M2`;B� 2H2ii`B+� �B /Bp2`bB mi2MiB }M�HBX Ĕ +QHH2;�i� �HH� `2i2
/B i`�bKBbbBQM2 M2HH2 bi�xBQMB /B i`�b7Q`K�xBQM2 2 M2HH2 +�#BM2 T`BK�`B2- +?2
�##�bb�MQ ;`�/m�HK2Mi2 BH pQHi�;;BQ 2 BM}M2- M2HH2 +�#BM2 b2+QM/�`B2- HQ TQ`@
i�MQ �H HBp2HHQ M2+2bb�`BQ �HHǶmi2Mx� UBM 1m`QT� kky@k9yoVX G� `2i2 BM K2/B�
i2MbBQM2 ĕ +?B�K�i� /Bbi`B#mxBQM2 T`BK�`B� K2Mi`2 [m2HH� BM #�bb� i2MbBQM2 ĕ
+?B�K�i� /Bbi`B#mxBQM2 b2+QM/�`B�X lM� T`BK� /Bz2`2Mx� bQbi�MxB�H2 +QM H�
`2i2 /B i`�bKBbbBQM2 ĕ +?2 bT2bbQ bB p2M;QMQ � +`2�`2 bp�`B�i2 `2iB /B /Bbi`B#m@
xBQM2 b+QMM2bb2 i`� /B HQ`Q, HǶB/2� ĕ +2`+�`2 /B TQ`i�`2 H2 +�#BM2 b2+QM/�`B2
BH TBɍ pB+BMQ TQbbB#BH2 �H +QMbmK�iQ`2 }M�H2 UT2` 2pBi�`2 T2`/Bi2 /B 2M2`;B�
/Qpmi2 � HBM22 i`QTTQ HmM;?2V K� �M+?2 +2`+�`2 /B `�;;`mTT�`2 TBɍ mi2Mx2
TQbbB#BHB T2` +QHH2;�`H2 �HH� bi2bb� +�#BM� U+Qbi`m2M/QM2 [mBM/B K2MQ TQbbB#B@
H2- /�iQ +?2 bQMQ KQHiQ +QbiQb2 2 BKT2/B`2##2`Q �Hi`BK2MiB 2+QMQKB2 /B b+�H�VX
lM� b2+QM/� 2 BKTQ`i�Mi2 /Bz2`2Mx� ĕ [m2HH� H2;�i� �HH� 7`2[m2Mx� 2 �HHǶBK@
TQ`i�Mx� /2B /Bbb2`pBxB, 2bb2M/Q bT2bbQ b+QMM2bb2 i`� HQ`Q- H� ;`�pBi¨ /2;HB
BM+B/2MiB ĕ bT2bbQ KQHiQ HBKBi�i� 2 +QMi2Mmi�- /Ƕ�Hi`Q +�MiQ T2`ǁ- 2bb2M/Q+B
KQHi2 TBɍ +QMM2bbBQMB- BH i�bbQ /B BM+B/2MiB Q /Bbb2`pBxB ĕ TBɍ �HiQX GǶ�iiBpBi¨

Ry



/B ;2biBQM2- K�Mmi2MxBQM2 2 KB;HBQ`�K2MiQ /2HH� `2i2 /B /Bbi`B#mxBQM2 ĕ +QK@
TBiQ /2B .Bbi`B#miBQM avbi2K PT2`�iQ`b U.aPbVX AM 1m`QT� bB +QMi�MQ TBɍ /B
k8yy .aPbc BM Ai�HB� M2H kykR 2`�MQ Rkj- b2+QM/Q [m�MiQ `BTQ`i� HǶ�M�;`�}+�
/2HHǶ�_1_� `2H�iBp�K2Mi2 �H MmK2`Q /2;HB Bb+`BiiB �H kykR RyX

G� /Bbi`B#mxBQM2 /2HHǶ2H2ii`B+Bi¨ ĕ �M+?2 BH b2;K2MiQ /2HH� +�i2M� /2H p�HQ`2
/Qp2 +B bB �bT2ii� +?2 �pp2M;� BH K�;;BQ` +QMi`B#miQ �HHǶBMMQp�xBQM2 2M2`;2iB+�
� #�bb2 2KBbbBQMB /B CO2X GQ `BH2p� BH `2TQ`i /2H C_* ǳ.Bbi`B#miBQM avbi2K
PT2`�iQ` P#b2`p�iQ`v kykyǴRR /2/B+�iQ �H `mQHQ /2B .aPb- +?2 bB ĕ 2pQHmiQ
+QM HǶQ#B2iiBpQ /B mM bBbi2K� 2H2ii`B+Q TBɍ bQbi2MB#BH2- `2M/2M/Q [m2bi2 bQ+B2i¨
2 H2 BM7`�bi`miim`2 /B `2i2 +?2 ;2biBb+QMQ mMQ bi`mK2MiQ +?B�p2 T2` `�;;BmM;2`2
HǶBKT2;MQ /2HHǶl1 p2`bQ H� M2mi`�HBi¨ +HBK�iB+� 2Mi`Q BH ky8yX

G� bQ+B2i¨ /B /Bbi`B#mxBQM2 /B K�;;BQ` BKTQ`i�Mx� BM Ai�HB� ĕ 1@.Bbi`B#mxBQM2-
+?2 /Bbi`B#mBb+2 2M2`;B� 2H2ii`B+� � QHi`2 BH NyW /2B +QMbmK�iQ`B bmH bmQHQ M�@
xBQM�H2X aB i`�ii� /B mMǶ�xB2M/� /2H K�`+?BQ 1M2H, BMBxB�HK2Mi2 +?B�K�i�
1M2H@.Bbi`B#mxBQM2- ?� +�K#B�iQ MQK2 BM 1@.Bbi`B#mxBQM2 bQHQ M2H kyReX

RXRX9 *�`B+Q UGQ�/V
AH +�`B+Q- i2+MB+�K2Mi2 T�`H�M/Q- b�`2##2 mM [m�HbB�bB TmMiQ /B mM +B`+mBiQ
BM +mB H� +Q``2Mi2 pB2M2 miBHBxx�i� T2` +QKTB2`2 mMǶ�xBQM2 UBM �Hi`2 T�`QH2-
mM TmMiQ BM +mB pB ĕ mM T`2HB2pQ /B 2M2`;B� /�H bBbi2K�V- imii�pB� ĕ T`�iB+�
+QKmM2 miBHBxx�`2 [m2biQ i2`KBM2 T2` `B72`B`bB �HH� [m�MiBi¨ /B 2M2`;B� T`2H2@
p�i� /�H bBbi2K� T2` 2bb2`2 miBHBxx�i�X o� bT2+B}+�iQ [mBM/B +?2 +QM ǳ+�`B+QǴ
+B bB `B72`Bb+2 bT2bbQ �H +QMbmKQ iQi�H2 /B 2M2`;B� BM mM� /�i� +B`+Qb+`BxBQM2
bT�xBQ@i2KTQ`�H2X AM 1m`QT�- BH HQ�/ T2` BH b2iiQ`2 /QK2biB+Q ĕ bm//BpBbQ M2HH2
b2;m2MiB 7�b+2 /B +QMbmKQ �MMmQ,

RX o2`v bK�HH, +QMbmKQ �MMmQ BM72`BQ`2 � Ryyy Fq?c

kX aK�HH, +QMbmKQ �MMmQ +QKT`2bQ i`� Ryyy 2 k8yy Fq?c
Ry?iiTb,ffrrrX�`2`�XBi
RR?iiTb,ffb2bXD`+X2+X2m`QT�X2mf/Bbi`B#miBQM@bvbi2K@QT2`�iQ`b@Q#b2`p�iQ`v

RR
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jX J2/BmK, +QMbmKQ �MMmQ +QKT`2bQ i`� k8yy 2 8yyy Fq?c

9X G�`;2, +QMbmKQ �MMmQ +QKT`2bQ i`� 8yyy 2 R8Ƕyyy Fq?c

8X o2`v G�`;2, +QMbmKQ �MMmQ bmT2`BQ`2 � R8Ƕyyy Fq?X

G� +H�bbB}+�xBQM2 T2` BH b2iiQ`2 BM/mbi`B�H2 BMp2+2 ?� +BM[m2 7�b+2 +?2 p�MMQ
+QKTH2bbBp�K2Mi2 /�B ky �B TBɍ /B R8yǶyyy Jq? /B +QMbmKB �MMmBX
J� +QM +?2 iBTQ /B �++Q`/B 2+QMQKB+B �ppB2M2 HQ b+�K#BQ /B 2M2`;B� 2H2ii`B+�
i`� H2 /Bp2`b2 T�`iB /2H bBbi2K� 2H2ii`B+Q\

RXk "`2p2 biQ`B� /2H K2`+�iQ 2H2ii`B+Q BM Ai�HB�
2 +QM};m`�xBQM2 Q/B2`M�

L2H R33j � JBH�MQ BM pB� a�Mi� _�/2;QM/� � /m2 T�bbB /�H .mQKQ- BM mMQ
bi�#BH2 T`2+2/2Mi2K2Mi2 mb�iQ +QK2 i2�i`Q- p2MBp� +Qbi`mBiQ BH T`BKQ BKTB�M@
iQ T2` H� T`Q/mxBQM2 /B 2M2`;B� 2H2ii`B+� BM 1m`QT� +QMiBM2Mi�H2- BH b2+QM/Q
�H JQM/QRkX Zm2biQ BKTB�MiQ i2`KQ2H2ii`B+Q UQ;;B MQM TBɍ 2bBbi2Mi2V 2`� +Q@
bi`mBiQ 2 ;2biBiQ /� 1/BbQMX S2` B T`BKB �MMB /2HHQ bpBHmTTQ /B [m2biQ iBTQ
/B i2+MQHQ;B�- H� +QM};m`�xBQM2 MQ`K�iBp� 2/ 2+QMQKB+� 7m H�b+B�i� `2H�iBp�@
K2Mi2 HB#2`�, H2 T`BK2 bQ+B2i¨ 2`�MQ M�i2 BM7�iiB /� BMBxB�iBp2 /B BKT`2M/BiQ`B
2fQ /� +QMbQ`xB- i�HpQHi�- /B Q`B;BM2 Tm##HB+�X *QK2 BMBxB�iBp2 T`Bp�i2 bB TQb@
bQMQ +Bi�`2 bB+m`�K2Mi2, a�.1 UaQ+B2i¨ A/`Q2H2ii`B+� /B 1H2ii`B+Bi¨V 7QM/�i�
M2H RNy8 � o2M2xB� 2 *1/Ba U*QMbQ`xBQ 1H2ii`B+Q /B aiQ`QV 7QM/�iQ � aiQ`Q
UhLV M2H RNyjX AH e /B+2K#`2 RNek 2Mi`ǁ BM pB;Q`2 H� H2;;2 +?2 BbiBimŢ 1L1G-
�+`QMBKQ /B 1Mi2 L�xBQM�H2 1M2`;B� 1H2ii`B+�X Zm2biQ 2Mi2 �p2p� HQ b+QTQ
/B M�xBQM�HBxx�`2 imiiB ;HB BKTB�MiB /B T`Q/mxBQM2- i`�bKBbbBQM2 2 /Bbi`B#mxBQ@
M2 /2HHǶ2M2`;B� 2H2ii`B+� BM Ai�HB� 2 /B ǳTQ`i�`2 HǶ2H2ii`B+Bi¨ BM imii2 H2 +�b2
/2;HB Bi�HB�MBǴX hmii2 H2 �iiBpBi¨ p2M;QMQ [mBM/B bQbi�MxB�HK2Mi2 TQ`i�i2 BM
+�TQ �HHQ bi�iQ 2 H� bBim�xBQM2 MQM +�K#B2`¨ /B KQHiQ T2` +B`+� jy �MMBX AH

Rk?iiT,ffrrrXbiQ`B�/BKBH�MQXBif+Bii�fKBH�MQi2+MB+�f2H2ii`B+Bi�f`�/2;QM/�yX?iK
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Re K�`xQ RNNN pB2M2 BM}M2 2K�M�iQ BH .2+`2iQ G2;BbH�iBpQ MXdN UMQiQ +QK2
.2+`2iQ "2`b�MBV- +QK2 �iim�xBQM2 /2HH� /B`2iiBp� NefNkf*1 `2+�Mi2 MQ`K2
+QKmMB T2` BH K2`+�iQ BMi2`MQ /2HHǶ2M2`;B� 2H2ii`B+�X Zm2biQ /2+`2iQ TQM2 H2
#�bB T2` H� `B7Q`K� /2H K2`+�iQ 2H2ii`B+Q BM Ai�HB� 2 /2i2`KBM� H� bm//BpBbBQM2
/2HHǶ1M2H BM p�`B2 bQ+B2i¨ /BbiBMi2 BM #�b2 �HH2 �iiBpBi¨ bpQHi2- BM T�`iB+QH�`2,
T`Q/mxBQM2- i`�bKBbbBQM2- /Bbi`B#mxBQM2 2 p2M/Bi�X

S2` [m�MiQ `B;m�`/� H� i`�bKBbbBQM2- BH T`Q+2bbQ /B HB#2`�HBxx�xBQM2 TQM2@
p� HǶ2bB;2Mx� /B mM avbi2K PT2`�iQ` BM/BT2M/2Mi2 /�HHǶBM~m2Mx� /2B /Bp2`bB
QT2`�iQ`B /2H b2iiQ`2 2 /�B T`BM+BT�HB �iiQ`B /2H K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B@
+�X AH /2+`2iQ H2;BbH�iBpQ BM/BpB/mǁ H� bQHmxBQM2 M2HH� +QbiBimxBQM2 /2H :2biQ`2
/2HH� _2i2 /B h`�bKBbbBQM2 L�xBQM�H2 U:_hLV- bQ+B2i¨ T2` �xBQMB +mB T`Q@
T`B2i¨ p2MBp� +QM72`Bi� �H KBMBbi2`Q /2HHǶ1+QMQKB�X hmii�pB�- BH Rê LQp2K#`2
kyy8 H2 �iiBpBi¨ /2H :h_L bQMQ bi�i2 i`�b72`Bi2 � h2`M� aXTX�X 2 BH :_hL
?� +�K#B�iQ MQK2 BM :a1, :2biQ`2 /2B a2`pBxB 1M2`;2iB+B- +?2 ?� Q;;B +Q@
K2 +QKTBiQ T`BM+BT�H2 [m2HHQ /B BM+2MiBp�`2 2 T`QKmQp2`2 H� T`Q/mxBQM2 /B
2M2`;B� 2H2ii`B+� /� 7QMiB `BMMQp�#BHBRjX

GǶ�bT2iiQ TBɍ BKTQ`i�Mi2 /2H .2+`2iQ G2;BbH�iBpQ MXdN /2H RNNN ĕ T2`ǁ H�
+`2�xBQM2 /2H K2`+�iQ 2H2ii`B+Q Bi�HB�MQ UAi�HB�M SQr2` 1t+?�M;2 @ AS1sV- H�
b2/2 /2HH2 i`�Mb�xBQMB �p2MiB Q;;2iiQ H� +QKT`�p2M/Bi� �HHǶBM;`QbbQ /B 2M2`@
;B� 2H2ii`B+�- 2Mi`�iQ m{+B�HK2Mi2 BM 7mMxBQM2 U�T`2M/Q �HH� TQbbB#BHBi¨ /B
T�`i2+BT�`2 �HH� /QK�M/�V BH Rê :2MM�BQ kyy8X a2+QM/Q BH .2+`2iQ- H� +QK@
T2iBxBQM2 BM [m2biQ K2`+�iQ /Qp2p� 7QM/�`bB bmHHǶQ#B2iiBpBi¨- bmHH� M2mi`�HBi¨ 2
bmHH� i`�bT�`2Mx�X *QM HǶQ#B2iiBpQ /B ;�`�MiB`2 [m2bi2 2bB;2Mx2- p2MM2`Q BbiB@
imBiB BH :2biQ`2 /2B J2`+�iB 1M2`;2iB+B U:J1V 2- +QK2 Q`;�MQ /B +QMi`QHHQ /2H
T`2+2/2Mi2- BH :2biQ`2 /2B a2`pBxB 1M2`;2iB+B U:a1VX

1Mi`�M/Q M2H /2ii�;HBQ /2HH� +QM7Q`K�xBQM2 /2H K2`+�iQ 2H2ii`B+Q Bi�HB�MQ-
bB i`Qp� H� T`BK� /BbiBMxBQM2- [m2HH� i`� BH J2`+�iQ � S`QMiB UJS1- BM BM;H2b2
aTQi 1H2+i`B+Biv J�`F2iV 2 BH J2`+�iQ � h2`KBM2 UJh1- BM BM;H2b2 6Q`r�`/
1H2+i`B+Biv J�`F2iVX

Rj?iiTb,ffrrrXbQ`;2MB�XBif;mB/�@2M2`;B�f;`iM
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AH J2`+�iQ � h2`KBM2 ĕ H� b2/2 /2HH2 M2;QxB�xBQMB /B +QMi`�iiB � i2`KBM2
+QM Q##HB;Q /B +QMb2;M� 2 `BiB`Q `B;m�`/�MiB HQ b+�K#BQ /B 2M2`;B� 2H2ii`B+�X
G2 M2;QxB�xBQMB bB bpQH;QMQ +QMiBMm�iBp�K2Mi2, ;HB QT2`�iQ`B T`2b2Mi�MQ H2
HQ`Q T`QTQbi2 BM/B+�M/Q H� iBTQHQ;B� /2B +QMi`�iiB- BH T2`BQ/Q /B +QMb2;M� 2 BH
T`2xxQ � +mB bQMQ /BbTQbiB �/ �+[mBbi�`2 2fQ p2M/2`2X �H K2`+�iQ � i2`KBM2
TQbbQMQ T�`i2+BT�`2 imiiB ;HB QT2`�iQ`B /2H K2`+�iQ 2H2ii`B+Q +QM BH :J1 +?2
�;Bb+2 +QK2 +QMi`QT�`i2 +2Mi`�H2X

AH J2`+�iQ � T`QMiB UJS1V bB `B72`Bb+2 BMp2+2 �HH� #Q`b� 2H2ii`B+� 2 Q;MB QT2@
`�iQ`2 ?� +QK2 +QMi`QT�`i2 BH K2`+�iQ bi2bbQX Ĕ bm//BpBbQ BM [m�ii`Q b2xBQMB,
J2`+�iQ /2H :BQ`MQ S`BK� UJ:SV- J2`+�iQ AM7`�;BQ`M�HB2`Q UJAV- J2`+�iQ
/2B S`Q/QiiB :BQ`M�HB2`B UJS1:V 2 J2`+�iQ T2` B a2`pBxB /B .BbT�++B�K2MiQ
UJa.VX

AH KQiBpQ T2` +mB 2bBbiQMQ [m2bi2 /Bp2`b2 b2xBQMB `BbB2/2 T`QT`BQ M2HH� M�@
im`� /2H #2M2 +?2 pB2M2 b+�K#B�iQ, HǶ2M2`;B� 2H2ii`B+�X AH T`Q#H2K� T`BM+BT�H2
ĕ +?2 HǶ2M2`;B� 2H2ii`B+� ĕ mM #2M2 +?2 MQM Tmǁ 2bb2`2 +QMb2`p�iQ BM ;`�M/B
[m�MiBi¨ bBbi2K�iB+�K2Mi2 K� bQT`�iimiiQ MQM bB Tmǁ /2+B/2`2 [m�MiQ M2 pB2@
M2 ǳT`2bQǴ 2 bB++QK2 BH bBbi2K� 2H2ii`B+Q p� b2KT`2 K�Mi2MmiQ BM 2[mBHB#`BQ-
T2M� ;`�pB /Bbb2`pBxB 2 BM;2MiB /�MMB 2+QMQKB+B- H� [m�MiBi¨ /B 2M2`;B� BM TBɍ
+?2 pB2M2 2bi`�ii� /2p2 �M+?2 2bb2`2 BKK2/B�i�K2Mi2 BKK2bb� /� [m�H+mM
�Hi`Q 2 b2 M2 /Qp2bb2 p2MB`2 2bi`�ii� K2MQ /B [m�MiQ �++Q`/�iQ- [m�H+mMQ
/Qp`¨ T2` 7Q`x� T`Q/m`M2 /B K2MQX

RXkXR AH J2`+�iQ /2H :BQ`MQ S`BK�
L2H J2`+�iQ /2H :BQ`MQ S`BK� UJ:SV- +?2 +QKT`2M/2 H� K�;;BQ` T�`i2 /2HH2
i`�Mb�xBQMB /B +QKT`�p2M/Bi� /B 2M2`;B� 2H2ii`B+�- pB2M2 }bb�i� mM� T`Q;`�K@
K�xBQM2 /B T`Q/mxBQM2 2 +QMbmKB T2` H2 k9 Q`2 /2H ;BQ`MQ bm++2bbBpQ U/� +mB
BH MQK2V 2 imiiB ;HB QT2`�iQ`B 2H2ii`B+B /2HH� }HB2`� /B ;2M2`�xBQM2 2 i`�/BM;
�HHǶBM;`QbbQ /B 2M2`;B� 2H2ii`B+� TQbbQMQ T�`i2+BT�`2 bm #�b2 7�+QHi�iBp�X AH
K2`+�iQ bB bpQH;2 BM mMǶmMB+� b2bbBQM2 BM �bi� BKTHB+Bi� T2` Qz2`i2 /B �+[mBbiQ
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2 p2M/Bi� `2H�iBp2 �H ;BQ`MQ bm++2bbBpQX �T`2 �HH2 3,yy /B MQp2 ;BQ`MB T`BK�
/2H ;BQ`MQ /B +QMb2;M� 2 bB +?Bm/2 �HH2 N,yy /2H ;BQ`MQ T`2+2/2Mi2 H� +QMb2;M�X

.QK�M/� 2 Pz2`i�

:2M2`�HK2Mi2 HǶQz2`i� ĕ `�TT`2b2Mi�i� /�B T`Q/miiQ`B- +BQĕ H2 bQ+B2i¨ +?2 ;2@
biBb+QMQ ;HB BKTB�MiB /B T`Q/mxBQM2 /B 2M2`;B� 2H2ii`B+�X lMǶQz2`i� /B p2M/Bi�
M2HHǶ�bi� /2H J:S �Hi`Q MQM ĕ +?2 mM� +QTTB� /B MmK2`B, mM� [m�MiBi¨ UBM
Jq?V 2 mM T`2xxQ mMBi�`BQ UīfJq?VX 1bbB BM/B+�MQ H� /BbTQMB#BHBi¨ /2H T`Q@
/miiQ`2 � p2M/2`2 mM� [m�MiBi¨ /B 2M2`;B� MQM bmT2`BQ`2 �HH� [m�MiBi¨ 2bT`2bb�
�/ mM T`2xxQ mMBi�`BQ MQM BM72`BQ`2 � [m2HHQ 2bT`2bbQX S2` [m�MiQ `B;m�`/� H�
/QK�M/� BH /Bb+Q`bQ ĕ KQHiQ bBKBH2, Q;MB �+[mB`2Mi2 bB `2M/2 /BbTQMB#BH2 �/
�+[mBbi�`2 mM� [m�MiBi¨ MQM bmT2`BQ`2 � [m2HH� 2bT`2bb� M2HHǶQz2`i� /B �+[mB@
biQ UBM/B+�i� b2KT`2 BM Jq?V �/ mM T`2xxQ mMBi�`BQ MQM bmT2`BQ`2 � [m2HHQ
2bT`2bbQ M2HHǶQz2`i� /Ƕ�+[mBbiQ UBM īfJq?VX � [m2biQ TmMiQ 2Mi`� BM ;BQ+Q
BH :J1 +?2 bB Q++mT� /B �++2ii�`2 H2 Qz2`i2 /B p2M/Bi� 2 �+[mBbiQ 2 T`Q+2/2
+QH +�H+QH�`2 H2 +m`p2 /B Qz2`i� 2 /QK�M/� �;;`2;�i2- miBHBxx�M/Q mM +`Bi2@
`BQ /B Q`/BM�K2MiQ MQM /2+`2b+2Mi2 T2` H2 Qz2`i2 /B p2M/Bi� 2 MQM +`2b+2Mi2
T2` H2 Qz2`i2 /B �+[mBbiQX AM}M2- bB +�H+QH� HǶBMi2`b2xBQM2 /2HH2 /m2 +m`p2 T2`
Qii2M2`2 H� [m�MiBi¨ iQi�H2 2 BH T`2xxQ /B 2[mBHB#`BQ /2H K2`+�iQ USJVX aB bi�@
#BHBb+2 [mBM/B mM� HBbi� /2;HB BKTB�MiB +?2 ?�MMQ 2z2iim�iQ mMǶQz2`i� �/ mM
T`2xxQ BM72`BQ`2 Q m;m�H2 � [m2HHQ /B K2`+�iQ 2 T2` Q;MmMQ /B 2bbB p2M;QMQ
bi�#BHBi2 H2 `2H�iBp2 [m�MiBi¨ /� T`Q/m``2 T2` Q;MB Q`� /2H ;BQ`MQ bm++2bbBpQX
ai2bbQ T`Q+2bbQ T2` ;HB QT2`�iQ`B +?2 ?�MMQ �+[mBbi�iQ 2M2`;B�- K� �H +QMi`�@
`BQ, p2M;QMQ �++2ii�i2 H2 Qz2`i2 bQHQ /B +QHQ`Q +?2 ?�MMQ Qz2`iQ mM T`2xxQ
mMBi�`BQ K�;;BQ`2 Q m;m�H2 �H T`2xxQ /B K2`+�iQ USJVR9X lM� pQHi� /2}MB@
i� H� T`Q;`�KK�xBQM2 Tmǁ 2bb2`2 �M+Q`� H2;;2`K2Mi2 �;;Bmbi�i� M2H K2`+�iQ
BM7`�;BQ`M�HB2`Q UJAV +?2 �T`2 �HH2 Ry,jy /2H ;BQ`MQ T`BK� /2HH� +QMb2;M�- BM
+mB ;HB QT2`�iQ`B TQbbQMQ KQ/B}+�`2 H2 TQbBxBQMB bi�#BHBi2 M2H J:SX hmii�pB�-
/m`�Mi2 BH ;BQ`MQ bm++2bbBpQ- +QKTHB+B bBim�xBQMB BKT`2p2/B#BHB +QK2 i2KT2`�@
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im`2 �iKQb72`B+?2 2bi`2K2 Q b2KTHB+B M�im`�HB Qb+BHH�xBQMB- BH HQ�/ U+�`B+QV 2 ;HB
BKTB�MiB /B T`Q/mxBQM2 bT2bbQ MQM `BbT2ii�MQ H� T`Q;`�KK�xBQM2 bi�#BHBi� M2H
J:SX 1++Q +?2 b2`p2 [mBM/B mM K2`+�iQ �;;BmMiBpQ- BH J2`+�iQ T2` B a2`pBxB
/B .BbT�++B�K2MiQ UJa.V +?2 bB Q++mTB /B T2`K2ii2`2 i`�Mb�xBQMB +QM BH av@
bi2K PT2`�iQ` Uh2`M� aXTX�XV +?2 /2p2 �bbB+m`�`2 BH +Q``2iiQ 7mMxBQM�K2MiQ
/2H bBbi2K� BM `2�H@iBK2X

RXkXk AH S`2xxQ lMB+Q L�xBQM�H2 @ SlL
AH bBbi2K� 2H2ii`B+Q BM Ai�HB� ĕ +�`�ii2`Bxx�iQ /� mM� +QM7Q`K�xBQM2 T�`iB+Q@
H�`K2Mi2 T`QM� � +QM;2biBQMB i`� xQM2X lM� xQM� ĕ mM� TQ`xBQM2 /2HH� `2i2
2H2ii`B+� +?2 ?� /2B HBKBiB /B i`�bKBbbBQM2 /� 2 p2`bQ �Hi`2 xQM2 ;2Q;`�}+?2X
lM� +QM;2biBQM2 BMp2+2 ĕ mM 72MQK2MQ +?2 bB p2`B}+� [m�M/Q � mM� T�`iB+Q@
H�`2 HBM2� /B i`�bKBbbBQM2 ĕ `B+?B2biQ /B i`�bTQ`i�`2 mM� [m�MiBi¨ /B 2M2`;B�
K�;;BQ`2 /B [m2HH� +?2 Tmǁ i2+MB+�K2Mi2 `2;;2`2X :2M2`�HBxx�M/Q BH +QM+2iiQ-
mM� +QM;2biBQM2 ĕ mM 72MQK2MQ +?2 bB p2`B}+� [m�M/Q i`� /m2 /Bp2`b2 xQM2 /B
mM bBbi2K� 2H2ii`B+Q b�`2##2 M2+2bb�`BQ mM T�bb�;;BQ /B 2M2`;B� +?2 MQM Tmǁ
�pp2MB`2 T2` HBKBiB i2+MB+B /2HH2 HBM22 /B i`�bKBbbBQM2X AM Ai�HB�- }MQ �HH� }M2
/2H kyky- 2`�MQ T`2b2MiB d xQM2 2bi2`2 pB`im�HB- e xQM2 }bB+?2- LQ`/ ULP_.V-
*2Mi`Q LQ`/ U*LP_V- *2Mi`Q am/ U*al.V- am/ Ual.V- a�`/2;M� Ua�_.V
2 aB+BHB� UaA*V 2 8 TQHB /B T`Q/mxBQM2 HBKBi�i�- BHHmbi`�i2 M2HHǶBKK�;BM2 RXRR8,

Ĕ 7QM/�K2Mi�H2 i2M2`2 +QMiQ /2B HBKBiB }bB+B /2HH� `2i2 M2HH� biBTmH�xBQM2
/2B T`Q;`�KKB /2H J:S- BM7�iiB KQHiQ bT2bbQ H� T`Q;`�KK�xBQM2 +?2 2K2`@
;2`2##2 /�HHǶBMi2`b2xBQM2 /2HH2 +m`p2 /B /QK�M/� 2 Qz2`i� M�xBQM�HB b�`2##2
T`QT`BQ i2+MB+�K2Mi2 BKTQbbB#BH2 /� K2ii2`2 BM �iiQX Zm�M/Q bB p2`B}+� [m2@
bi� bBim�xBQM2- bB T`Q+2/2 � +�H+QH�`2 2 BMi2`b2+�`2 H2 +m`p2 /B /QK�M/� 2
Qz2`i� �;;`2;�i2 `2H�iBp2 T2`ǁ �HH2 Qz2`i2 /B Q;MB bBM;QH� xQM� M2+2bb�`B� �H@

R8?iiT,ffrrrX+Qbi�Mi2BMp2`MBxxBXBifaBi2nRfq2H+QK2X?iKHX .�H ;2MM�BQ kykR- H2
xQM2 ;2Q;`�}+?2 bQMQ /Bp2Mi�i2 d UH� *�H�#`B� ĕ bi�i� /BpBb� /�H al. 2/ ĕ /Bp2Mi�i� mM�
xQM� � bû bi�Mi2V- K2Mi`2 B TQHB /B T`Q/mxBQM2 HBKBi�i� bQMQ bi�iB bQTT`2bbBX GǶlK#`B� ĕ
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Re

http://www.costanteinvernizzi.it/Site_1/Welcome.html


6B;m`� RXR, am//BpBbBQM2 i2``BiQ`B�H2 /2H K2`+�iQ xQM�H2 Bi�HB�MQ }MQ �H /B@
+2K#`2 kykyX

H� T`2p2MxBQM2 /2HH2 +QM;2biBQMB- bi�#BH2M/Q [mBM/B /Bp2`bB T`2xxB xQM�HBX S2`
+?B�`B`2, b2 M2HH� T`BK� T`Q;`�KK�xBQM2 bB +�H+QH� +?2 bB p2`B}+?2`2##2 mM�
+QM;2biBQM2 i`� /m2 xQM2- �/ 2b2KTBQ *LP_ 2 *al.- bB T`Q+2/2`2##2 � biB@
K�`2 /m2 T`2xxB xQM�HB- +QbiBimBiB /�HHǶBMi2`b2xBQM2 /2HH2 +m`p2 /B /QK�M/� 2
Qz2`i� �;;`2;�i2 /2HH2 /m2 xQM2 pB`im�HB +?2 bB bQMQ p2Mmi2 +`2�`2- QbbB� BH
;`mTTQ /B xQM2 ǳbQT`�Ǵ � *LP_ 2 [m2HH2 ǳbQiiQǴ � *al.X

1bb2M/Q H� T`Q/mxBQM2 T`BM+BT�HK2Mi2 +QM+2Mi`�i� M2H LQ`/ /2H T�2b2- H�
bBim�xBQM2 TBɍ 7`2[m2Mi2 ĕ HQ bTHBi BM /m2 Q i`2 xQM2X lM K2`+�iQ mMB+Q 2K2`@
;2 BMp2+2 K2MQ 7`2[m2Mi2K2Mi2X JQHiQ `�`�K2Mi2 2K2`;QMQ TBɍ /B [m�ii`Q
xQM2ReX

hmii�pB�- T2` MQM +`2�`2 b[mBHB#`B bmH 7`QMi2 /2HH� /QK�M/�- M2H K2`+�iQ
Bi�HB�MQ H2 Qz2`i2 /B �+[mBbiQ M2H K2`+�iQ /2H ;BQ`MQ T`BK� p2M;QMQ p�Hmi�i2
�H S`2xxQ lMB+Q L�xBQM�H2 USlLV- +?2 �Hi`Q MQM ĕ +?2 H� K2/B� T2b�i� /2B
T`2xxB xQM�HB 2K2`bB M2H J:S- +QM B +QMbmKB xQM�HB +QK2 T2bBX 1bb2M/Q [mBM/B

Re"2Hi`�KB 2i �HX UkykRV
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BH T`2xxQ /B �+[mBbiQ /B Q;MB �+[mB`2Mi2 �HHǶBM;`QbbQ /B 2M2`;B� 2H2ii`B+� /2H
K2`+�iQ /2H ;BQ`MQ T`BK�- BH SlL ĕ mM QiiBKQ BM/B+�iQ`2 /2H +QbiQ /2HHǶ2M2`;B�
2H2ii`B+� 2/ ĕ [mBM/B /B T`BK�`BQ BMi2`2bb2 H� bm� �M�HBbB bB� /�H TmMiQ /B pBbi�
2+QMQKB+Q bB�- +QK2 BM [m2bi� i2bB- /�H TmMiQ /B pBbi� bi�iBbiB+QX
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*�TBiQHQ k

J2iQ/QHQ;B� /B �M�HBbB

GQ bim/BQ /B mM� [m�HbB�bB `2�Hi¨ 2+QMQKB+� bB �pp�H2 /B mM� b2KT`2 TBɍ p�bi�
;�KK� /B i2+MB+?2 bi�iBbiB+?2 7QM/�K2Mi�HB T2` H� /2b+`BxBQM2- HǶBMi2`T`2i�@
xBQM2 2 H� T`2pBbBQM2 /2HH� /BM�KB+� i2KTQ`�H2 /B imiiB [m2B 72MQK2MB +?2
TQbbQMQ 2bb2`2 `�TT`2b2Mi�iB bQiiQ 7Q`K� /B b2`B2 biQ`B+�X aB T2MbB �/ 2b2K@
TBQ �HH2 b2`B2 K2MbBHB /2;HB BM/B+B /2HH� T`Q/mxBQM2 BM/mbi`B�H2- �HH2 p�`B�xBQMB
;BQ`M�HB2`2 /2B iBiQHB M2H K2`+�iQ �xBQM�`BQ- �B /�iB bmHH2 p2M/Bi2 b2iiBK�M�HB /B
mMǶ�xB2M/�- B /�iB i`BK2bi`�HB bmHHǶQ++mT�xBQM2 QTTm`2- M�im`�HK2Mi2- BH S`2x@
xQ lMB+Q L�xBQM�H2 USlLV Q`�`BQ /2HHǶ2M2`;B� 2H2ii`B+�X lM� b2`B2 biQ`B+�-
/mM[m2- �Hi`Q MQM ĕ +?2 mM� b2`B2 /B KBbm`2 `BT2imi2 M2H i2KTQ U`BH2p�i2 �/
BMi2`p�HHB `2;QH�`BV /B mMQ bi2bbQ 72MQK2MQ /B BMi2`2bb2 QTTm`2- �M+Q`� K2@
;HBQ- ǳmM� bm++2bbBQM2 /B /�iB MmK2`B+B M2HH� [m�H2 Q;MB /�iQ ĕ �bbQ+B�iQ �/
mM T�`iB+QH�`2 Bbi�Mi2 Q/ BMi2`p�HHQ M2H i2KTQǴRX

AH SlL ĕ [mBM/B mM QiiBKQ 2b2KTBQ /B b2`B2 biQ`B+�, ĕ mM� b2`B2 /B /�iB
MmK2`B+B `B72`BiB �/ Q;MB bBM;QH� Q`� /B Q;MB bBM;QHQ ;BQ`MQ /2HHǶ�MMQX aB T`2bi�
[mBM/B T2`72ii�K2Mi2 �HHǶ�M�HBbB bi�iBbiB+�X
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kXR JQ/2HHB bi�iBbiB+B T2` b2`B2 biQ`B+?2 /B /�iB
2+QMQKB+B

GǶ�M�HBbB bi�iBbiB+� /2HH2 b2`B2 biQ`B+?2 ;2M2`�HK2Mi2 ?� bp�`B�iB Q#B2iiBpB- K�
B T`BM+BT�HB bQMQ b2KT`2 BH i2Mi�`2 /B +?B�`B`2 BH K2++�MBbKQ +�mb�H2 +?2 HǶ?�
;2M2`�i�- /�`2 mM� /2b+`BxBQM2 T�`bBKQMBQb� /2HH2 bm2 +�`�ii2`BbiB+?2 Ub2+QM/Q
BH _�bQBQ /B P++�KV 2 �M+?2 T`2p2/2`2 HǶ2pQHmxBQM2 /2H 72MQK2MQ /B BMi2`2bb2
+mB H� b2`B2 bB `B72`Bb+2X

lM� p�bi� ;�KK� /B �TT`Q++B 2 KQ/2HHB /Bp2`bB bQMQ bi�iB bpBHmTT�iB M2H
+Q`bQ /2;HB �MMB T2` `BbTQM/2`2 � [m2bi2 M2+2bbBi¨X GǶ�TT`Q++BQ KQ/2`MQ
�HHǶ�M�HBbB /2HH2 b2`B2 biQ`B+?2 BKTQM2 BH i`�ii�K2MiQ /2HH� +QKTQM2Mi2 +�bm�H2
ut /2H T`Q+2bbQ ;2M2`�iQ`2,

Yt = f(t) + ut

*QK2 mM T`Q+2bbQ +�bm�H2 � +QKTQM2MiB +Q``2H�i2- +BQĕ +?2 Cov(ur, us) 6= 0

T2` [m�H+?2 r 6= sX aB i`�ii� [mBM/B H� b2`B2 Yt +QK2 mM T`Q+2bbQ biQ+�biB+Q
Qpp2`Q mM 72MQK2MQ +?2 2pQHp2 b2;m2M/Q H2;;B T`Q#�#BHBbiB+?2X aB Tmǁ /B`2-
b2KTHB}+�M/Q- +?2 mM T`Q+2bbQ biQ+�biB+Q ĕ mM� +QHH2xBQM2 /B p�`B�#BHB +�bm�HB
BM/B+Bxx�i2 M2H i2KTQ- +QM mM� /Bbi`B#mxBQM2 +QM;BmMi� +�`�ii2`Bxx�i� /�HH�
7mMxBQM2 K2/B�,

µt = E(Yt)

/�HH� 7mMxBQM2 /B p�`B�Mx�,

�2
t
= V ar(Yt) = E[(Yt � µt)

2]

2 /�HH� 7mMxBQM2 /B �miQ+Qp�`B�Mx�,

�t1,t2 = E[(Yt1 � µt1)(Yt2 � µt2)]

ĕ BMQHi`2 KQHiQ miBH2 HǶmiBHBxxQ /2HH� p2`bBQM2 MQ`K�HBxx�i� /2HHǶ�miQ+Qp�`B�Mx�-
Qpp2`Q H� 7mMxBQM2 /B �miQ+Q``2H�xBQM2 U�*6- �miQ*Q``2H�iBQM 6mM+iBQMV,

⇢t1,t2 =
�t1,t2

�2
t1
· �2

t2

ky



+?2 T2`K2ii2 /B [m�MiB}+�`2 H� +Q``2H�xBQM2 i`� mM p�HQ`2 /2HH� b2`B2 2 B /Bp2`bB
p�HQ`B T�bb�iB /2HH� b2`B2 bi2bb�X liBHBbbBK� T2` p2`B}+�`2 H� +Q``2H�xBQM2 i`�
/m2 p�HQ`B /2HH� b2`B2 �H M2iiQ /2HH2 +Q``2H�xBQMB +?2 ?�MMQ +QM ;HB �Hi`B p�HQ`B
/2HH� b2`B2 bi2bb�- ĕ H� 7mMxBQM2 /B �miQ+Q``2H�xBQM2 T�`xB�H2 US�*6- S�`iB�H
�miQ*Q``2H�iBQM 6mM+iBQMV,

Pk = Corr(Yt, Yt�k|Yt�1, Yt�2, . . . , Yt�k+1)

ai�xBQM�`B2i¨ 2 BMp2`iB#BHBi¨

S2` TQi2` KQ/2HH�`2 2{+�+2K2Mi2 mM T`Q+2bbQ biQ+�biB+Q ĕ M2+2bb�`BQ T2`ǁ
+?2 bB� bi�xBQM�`BQ- BM T�`iB+QH�`2- ĕ bm{+B2Mi2 +?2 bB� bi�xBQM�`BQ BM b2MbQ
/2#QH2 UQ /2H b2+QM/Q Q`/BM2V- QbbB� +?2 H� bm� K2/B� bB� +Qbi�Mi2 M2H i2KTQ 2
+?2 H� bm� 7mMxBQM2 /B �miQ+Qp�`B�Mx� /BT2M/� 2b+HmbBp�K2Mi2 /�H `Bi�`/Q- +BQĕ
/�HH� /Bbi�Mx� M2H i2KTQ /2HH2 /m2 Qbb2`p�xBQMB T2` H� [m�H2 bB bi� +�H+QH�M/Q,

E(Yt) = µ Cov(Yt, Yt+k) = �k

a2;m2 [mBM/B +?2 �M+?2 H� p�`B�Mx� /2H T`Q+2bbQ ĕ �bbmMi� }MBi� 2 +Qbi�Mi2
M2H i2KTQ UT2` k = 0 H� 7mMxBQM2 /B �miQ+Qp�`B�Mx� +QBM+B/2 +QM H� p�`B�Mx�VX

Ĕ M2+2bb�`BQ T2`ǁ �M+?2 +?2 BH T`Q+2bbQ bB� BMp2`iB#BH2- Qpp2`Q +?2 /�i�
mM� 7mMxBQM2 HBM2�`2 h(·) 2 mM T`Q+2bbQ q?Bi2 LQBb2 "t UmM� p�`B�#BH2 +�bm�H2
� K2/B� MmHH� 2 p�`B�Mx� }MBi�V- bB� TQbbB#BH2 b+`Bp2`2- T2` Q;MB t,

Y t = h(Yt�1, Yt�2, . . .) + "t

Zm2bi� +QM/BxBQM2 T2`K2ii2 /B B/2MiB}+�`2 mMBpQ+�K2Mi2 mM T`Q+2bbQ biQ+�@
biB+Q- 2bb2M/Q +?2- /�i� mM� [m�HbB�bB 7mMxBQM2 /B �miQ+Qp�`B�Mx� 2bBi2 mMQ 2
mM bQHQ T`Q+2bbQ biQ+�biB+Q bi�xBQM�`BQ 2 BMp2`iB#BH2X

Ĕ T2` [m2biB KQiBpB +?2- [m�HbB�bB bB� H� b2`B2 biQ`B+� �M�HBxx�i�- BH T`BKQ
T�bbQ /� 7�`2 ĕ b2KT`2 2 +QKmM[m2 [m2HHQ /B i`�ii�`2 H� b2`B2 T2` �;2pQH�`2
HǶ�M�HBbBX S`BKQ 7`� imiiB ĕ BH T`Q+2bbQ /B bi�M/�`/Bxx�xBQM2- Qpp2`Q i`�b7Q`@
K�`2 B /�iB BM KQ/Q +?2 �##B�MQ K2/B� +B`+� MmHH� 2 p�`B�Mx� +B`+� mMBi�`B�X

kR



lMǶ�Hi`� i`�b7Q`K�xBQM2 KQHiQ bT2bbQ miBHBxx�i� ĕ [m2HH� miBH2 � bi�#BHBxx�`2
H� p�`B�Mx�X JQHiQ bT2bbQ BM7�iiB H2 b2`B2 biQ`B+?2- BM T�`iB+QH�` KQ/Q H2 b2`B2
biQ`B+?2 /2B T`2xxB /2B K2`+�iB 2H2ii`B+B- T`2b2Mi�MQ /�iB �MQK�HB- Qbb2`p�xBQMB
2bi`2K�K2Mi2 TBɍ ;`�M/B UQ TBɍ TB++QH2V /2H HQ`Q iBTB+Q HBp2HHQ, [m2bi2 Qbb2`p�@
xBQMB p2M;QMQ +?B�K�i2 bTBF2bX AMQHi`2 bT2bbQ bQz`QMQ /B T2`BQ/B /B 2bi`2K�
pQH�iBHBi¨ BM +mB H2 bTBF2b bQMQ /2+Bb�K2Mi2 TBɍ 7`2[m2MiB- �mK2Mi�M/Q [mBM/B
H� p�`B�Mx� /2HH� b2`B2 bi2bb�- b�HpQ TQB `BiQ`M�`2 BM T2`BQ/B TBɍ +�HKB BM +mB
H� p�`B�Mx� iQ`M� bmB HBp2HHB iBTB+BX *QK2 /2iiQ bQT`�- [m2bi� +�`�ii2`BbiB+�
+QK#�+B� +QM [m2HH� /B mM T`Q+2bbQ MQM bi�xBQM�`BQ, ĕ T2`i�MiQ M2+2bb�`BQ
T`2M/2`2 +QMi`QKBbm`2 T2` 2pBi�`2 +?2 H� b2`B2 bm +mB bB �/�iiBMQ B KQ/2HHB
T`2b2MiB [m2bi� /BT2M/2Mx� i2KTQ`�H2 /2HH� p�`B�Mx� UQ /2HH� K2/B�VX L2H
+�TBiQHQ bm++2bbBpQ p2``�MMQ BHHmbi`�i2 H2 b+2Hi2 7�ii2 T2` bi�M/�`/Bxx�`2 H�
b2`B2 2 bi�#BHBxx�`M2 H� p�`B�Mx�X

kXk �TT`Q++BQ mMBp�`B�iQ 2 KmHiBp�`B�iQ
*QK2 2bTQbiQ M2H T`BKQ +�TBiQHQ- BM T�`iB+QH�`2 M2H T�`�;`�7Q RXkXR- B T`2x@
xB Pd,h /2HHǶ2M2`;B� 2H2ii`B+� /2HH2 h = 1, . . . , 24 Q`2 /2H ;BQ`MQ d p2M;QMQ
bi�#BHBiB BM mMǶmMB+� �bi� Ui2Mmi� BH ;BQ`MQ T`BK� /2HH� +QMb2;M�V 2 [mBM/B
Tm##HB+�iB +QMi2KTQ`�M2�K2Mi2X Zm2biQ 7�iiQ bm;;2`Bb+2 mM 7`�K2rQ`F /B
iBTQ KmHiBp�`B�iQ- /Qp2 H� b2`B2 biQ`B+� /2B T`2xxB pB2M2 i`�ii�i� +QK2 mM�
b2`B2 KmHiB/BK2MbBQM�H2 B +mB p�HQ`B Qbb2`p�iB bQMQ `2�HBxx�xBQMB /2H p2iiQ`2
+�bm�H2 Pd = (Pd,1, . . . , Pd,24)

0 X AMQHi`2- B T`Q}HB /2HH2 b2`B2 /2B T`2xxB /BpBbB
T2` Q`� KQbi`�MQ BKTQ`i�MiB /BbiBMxBQMB i`� /B HQ`Q- `B~2ii2M/Q BM KQ/Q bB@
;MB}+�iBpQ H� p�`B�xBQM2- Q`� T2` Q`� /m`�Mi2 Q;MB ;BQ`M�i�- /2HH� /QK�M/�
/B 2M2`;B� 2H2ii`B+�- B +QbiB /B T`Q/mxBQM2 2 ;2biBQM2 /2;HB BKTB�MiB- H2 HBKB@
i�xBQMB /2HH2 BM7`�bi`miim`2 /�H TmMiQ /B pBbi� QT2`�iBpQ 2 BM mHiBK� Bbi�Mx�
�M+?2 /2HH2 bi`�i2;B2 /Ƕ�bi� K2bb2 BM �iiQ /�;HB QT2`�iQ`B /2H K2`+�iQ U:B�M@
7`2/� 2i �HX- kyRec E�`�F�ib�MB 2 "mMM- kyy3c a?�?B/2?TQm` 2i �HX- kyykc
wB2H- q2`QM kyR3VX .Ƕ�Hi`� T�`i2 T2`ǁ ĕ �Hi`2ii�MiQ `�;BQM2pQH2 +QMbB/2`�`2
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H� b2`B2 biQ`B+� /2B T`2xxB +QK2 mMǶmMB+� b2`B2 mMBp�`B�i� Pt = P24d+h �/ ǳ�H@
i� 7`2[m2Mx�Ǵ- �/�ii� [mBM/B �/ mM �TT`Q++BQ �M�HBiB+Q mMBp�`B�iQX Zm2biQ
�TT`Q++BQ �zQM/� H2 bm2 `�/B+B M2HH� i`�/BxBQM2 /2HHǶ�M�HBbB /B b2`B2 biQ`B+?2
M2B K2`+�iB }M�MxB�`B 2 M2B K2`+�iB /2HH2 K�i2`B2 T`BK2 UwB2H- q2`QM kyR3V
2/ ĕ �M+Q`� Q;;B KQHiQ TQTQH�`2- bQT`�iimiiQ M2HHǶ�K#BiQ BM;2;M2`BbiB+Q /2H@
H2 T`2pBbBQMB bmB T`2xxB 2H2ii`B+B �z`QMi�iB +QM K2iQ/QHQ;B2 i2+MQHQ;B+�K2Mi2
KQHiQ �p�Mx�i2- T`BM+BT�HK2Mi2 `2iB M2m`�HB UbB ;m�`/B �;;`�r�H 2i �HX- kyyN
T2` mM� `�bb2;M�VX 1Mi`�K#B ;HB �TT`Q++B bQMQ bi�iB T`QTQbiB �KTB�K2Mi2
M2HH� H2ii2`�im`� /2HHǶ1S6 U1H2+i`B+Biv S`B+2 6Q`2+�biBM;V- i`� B i�MiB- *m�`2@
bK� 2i �HX Ukyy9V- JBbBQ`2F 2i �HX UkyyeV- w?Qm 2i �HX UkyyeV- :�`+B�@J�`iQb
2i �HX UkyydV- E�`�F�ib�MB 2 "mMM Ukyy3V- :B�M7`2/� 2 :`QbbB UkyRkV- GBbB
2 L�M UkyR9V- �HQMbQ 2i �HX UkyReV- :�BHH�`/ 2i �HX UkyReV- >�;7Q`b 2i �HX
UkyReV- J�+B2DQrbF� 2i �HX UkyReV- LQrQi�`bFB 2 q2`QM UkyReV- lMB2D2rbFB
2i �HX UkyReV 2 wB2H UkyRe�V- :`QbbB 2 L�M UkyRNV- bm;;2`Bb+QMQ HǶmiBHBxxQ /B
k9 U93 Q TBɍV KQ/2HHB biBK�iB BM/BT2M/2Mi2K2Mi2- mMQ T2` Q;MB T2`BQ/Q /2H
HQ�/ UT2` BH K2`+�iQ Bi�HB�MQ bQMQ k9- BM �Hi`B K2`+�iB B T`2xxB bQMQ bi�#BHBiB
Q;MB jy Q �M+?2 Q;MB R8 KBMmiBVX S2` [m�MiQ `B;m�`/� ;HB bim/B BM +mB p2M;QMQ
T`QTQbiB KQ/2HHB T2` b2`B2 biQ`B+?2 /B iBTQ mMBp�`B�iQ �##B�KQ LQ;�H2b 2i �HX
UkyykV- *QMi`2`�b 2i �HX UkyyjV- *QM2DQ 2i �HX Ukyy8V- w�`2BTQm` 2i �HX UkyyeV-
S�`�b+?Bp 2i �HX UkyR8V 2 wB2H 2i �HX UkyR8�V 2 bim/B BM +mB BMp2+2 p2M;QMQ
miBHBxx�i2 `2iB M2m`�HB Ub2KT`2 +QM mM �TT`Q++BQ /B iBTQ mMBp�`B�iQV bQMQ- i`�
B i�MiB- _Q/`B;m2x 2 �M/2`b Ukyy9V- �KD�/v UkyyeV- S�Q UkyydV- �KD�/v 2i
�HX UkyRyV- �#2/BMB� 2i �HX UkyR8V- EBK UkyR8V- .m/2F UkyReV- E2H2b 2i �HX
UkyReV 2 _�}2B 2i �HX UkyRdVX Ĕ [mBM/B 2pB/2Mi2 +?2 �M+Q`� MQM ĕ +?B�`Q
[m�H2 �TT`Q++BQ bB� TBɍ �/�iiQ M2HHǶ1S6X AM [m2bi� i2bB p2``�MMQ miBHBxx�iB
2Mi`�K#B 2 �TTHB+�iB �B T`2xxB /2HHǶAS1s UAi�HB�M SQr2` 1t+?�M;2V- mMQ /2B
TQ+?B K2`+�iB /2HHǶ2M2`;B� 2H2ii`B+� 2m`QT2B MQM i`�ii�iB M2HHQ bim/BQ +QKT�@
`�iBpQ /B wB2H 2 q2`QM UkyR3V +?2 bB T`QTQM2p� /B +QMi`B#mB`2 �HH� bQHmxBQM2
/2HH� [m2biBQM2X .B b2;mBiQ bQMQ 2H2M+�iB 2 bTB2;�iB B /Bp2`bB KQ/2HHB miBHBxx�iB-
/BpBbB M2B /m2 �TT`Q++B /B +mB bQT`�X

kj



kXkXR JQ/2HHB mMBp�`B�iB b2H2xBQM�iB
L2HHǶ�TT`Q++BQ mMBp�`B�iQ- H� b2`B2 biQ`B+� /B T`2xxB Si pB2M2 KQ/2HH�i� +QK2,

Pt = f(Pt�1, Pt�2, . . .) + "t

/Qp2 f(·) ĕ mM� [m�HbB�bB 7mMxBQMB /2HH2 p�`B�#BH2 2bTHB+�iBp2 UBM [m2bi� i2bB
b�`�MMQ 2b+HmbBp�K2Mi2 B p�HQ`B T�bb�iB /2HH� b2`B2 bi2bb� Q HQ`Q `B2H�#Q`�xBQ@
MBV 2 "t i2`KBM2 biQ+�biB+Q- +QM HǶ�bbmMxBQM2 BKTHB+Bi� UQ 2bTHB+Bi�V bmHH� bm�
/Bbi`B#mxBQM2,

"t ⇠ N(0, �2)

G� T`2pBbBQM2 pB2M2 +QKTmi�i� T2` H2 k9 Q`2 bm++2bbBp2- +Q``BbTQM/2MiB
[mBM/B �/ mM� T`2pBbBQM2 /� mMQ � k9@bi2T �?2�/X AM [m2bi� i2bB bB miBHBxx2`¨
mM� i2+MB+� `B+Q`bBp� UQ Bi2`�i�V- /Qp2- /QTQ �p2` 2z2iim�iQ H� T`2pBbBQM2
QM2@bi2T �?2�/,

P̂t = f(Pt�1, Pt�2, Pt�3, . . .)

H� T`2pBbBQM2 irQ@bi2T �?2�/ P̂t+1 ĕ /�i� /�,

P̂t+1 = f(P̂t, Pt�1, Pt�2, Pt�3, . . .)

2 +QbŢ pB�X
AH /B72iiQ /B [m2bi� T`Q+2/m`� ĕ +?2 T2`K2ii2 mM� T`QT�;�xBQM2 /2;HB

2``Q`B /B T`2pBbBQM2 +QKK2bbB �/ Q;MB bi2T T`2pBbBpQ- 2``Q`B +?2 bB �++mKmH�@
MQ 2 T`Q/m+QMQ biBK2 bT2bbQ 2++2bbBp�K2Mi2 BKT`2+Bb2X hmii�pB� ?� BH T`2@
;BQ- � /Bz2`2Mx� /2HH2 �Hi2`M�iBp2 TQbbB#BHB- /B miBHBxx�`2 imii� HǶBM7Q`K�xBQM2
/BbTQMB#BH2X

.B b2;mBiQ p2``�MMQ T`2b2Mi�iB B KQ/2HHB b2H2xBQM�iB 2 p2``�MMQ BMi`Q/Qii2
H2 HQ`Q +�`�ii2`BbiB+?2 T`BM+BT�HBX

JQ/2HHQ M�Bp2

AH T`BM+BT�H2 #2M+?K�`F �/Qii�iQ BM [m2bi� i2bB ĕ BH KQ/2HHQ +?B�K�iQ M2H
b2;mBiQ b2KTHB+2K2Mi2 M�Bp2X �TT�`iB2M2 �HH2 i2+MB+?2 /B iBTQ bBKBH�`@/�vX
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6mMxBQM� +QbŢ, BH p�HQ`2 T`2/2iiQ T2` HǶh@2bBK� Q`� /2B J�`i2/Ţ- J2`+QH2/Ţ-
:BQp2/Ţ 2 o2M2`/Ţ ĕ TQbiQ m;m�H2 �H p�HQ`2 Qbb2`p�iQ M2HHǶh@2bBK� Q`� /2H ;BQ`@
MQ T`2+2/2Mi2- K2Mi`2 HǶh@2bBK� Q`� /2B GmM2/Ţ- a�#�iB 2 .QK2MB+?2 ĕ TQbi�
m;m�H2 �H p�HQ`2 Qbb2`p�iQ �HHǶh@Q`� /2H +Q``BbTQM/2Mi2 ;BQ`MQ /2HH� b2iiBK�M�
T`BK�X

Ĕ /2}MBiQ +QK2,

Pd,h =

(
Pd�7,h + "d,h b2 .Qqk

d,h
= 1 T2` k = 1, 6, 7;

Pd�1,h + "d,h �Hi`BK2MiB.

.Qp2 .Qqk

d,h
ĕ mM� p�`B�#BH2 dummy +?2 p�H2 R M2H k@2bBKQ ;BQ`MQ /2HH�

b2iiBK�M� UBH GmM2/Ţ ?� k = 1- J�`i2/Ţ k = 2- 2++XV 2 0 �Hi`BK2MiB +QM k =

1, . . . , 7X Zm2bi� i2+MB+� ĕ bi�i� BMi`Q/Qii� 2 miBHBxx�i� M2HHǶ�K#BiQ /2HHǶ1S6
T2` H� T`BK� pQHi� /� LQ;�H2b 2i �HX UkyykV 2- b2+QM/Q [m2biQ bi2bbQ bim/BQ 2
[m2HHQ /B *QM2DQ 2i �HX Ukyy8V- BH K2iQ/Q T`Q/m+2 T`2pBbBQMB KB;HBQ`B /B KQHiB
KQ/2HHB TBɍ +QKTHB+�iBX 1bb2M/Q /mM[m2 mM QiiBKQ bi`mK2MiQ /B +QMi`QHHQ
/2HH� T2`7Q`K�M+2 T`2pBbBp� /2B KQ/2HHB b2H2xBQM�iB- ĕ bi�iQ �/Qii�iQ �M+?2 BM
[m2bi� i2bBX o� bT2+B}+�iQ +?2 [m2biQ ĕ HǶmMB+Q KQ/2HHQ i`� [m2HHB b2H2xBQM�iB
+?2 pB2M2 �/�ii�iQ /B`2ii�K2Mi2 bmHH� b2`B2 /B T`2xxB Pd,h MQM i`�b7Q`K�iBX
hmiiB B KQ/2HHB T`2b2Mi�iB /� [mB BM �p�MiB- BM7�iiB- bQMQ bi�iB �/�ii�iB bmHH�
b2`B2 /B /�iB bi�M/�`/Bxx�iB 2 i`�b7Q`K�iB- +?2 p2``�MMQ BM/B+�iB ;2M2`�HK2Mi2
+QM YtX

JQ/2HHQ �_UTV

AH T`BKQ KQ/2HHQ H2;;2`K2Mi2 TBɍ +QKTH2bbQ +?2 ĕ bi�iQ b2H2xBQM�iQ ĕ mM
+H�bbB+Q KQ/2HHQ �_ U�miQ_2;`2bbBp2V mMBp�`B�iQX A KQ/2HHB �_ bQMQ mM 2H2@
K2MiQ /2HH� +H�bb2 /B KQ/2HHB /2MQKBM�iB �_AJ� U�miQ_2;`2bbBp2 AMi2;`�i2/
JQpBM; �p2`�;2VX L2HHQ bT2+B}+Q- B KQ/2HHB �_ M�b+QMQ /�HHǶB/2� +?2 M2HH2
b2`B2 biQ`B+?2 /B /�iB- H� p�`B�#BH2 +�bm�H2 +?2 ;2M2`� BH T`Q+2bbQ bB� 7mMxBQM2
HBM2�`2 /2HH2 bm2 `2�HBxx�xBQMB T�bb�i2 +QM HǶ�;;BmMi� /B mM i2`KBM2 +�bm�H2 iB@
TB+�K2Mi2 q?Bi2 LQBb2 U_mKQ`2 "B�M+QV- +BQĕ mM� p�`B�#BH2 +�bm�H2 � K2/B�
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MmHH� 2 p�`B�Mx� }MBi�X AM T�`iB+QH�`2- Q;MB �_ ĕ /2}MBiQ /�H bmQ Q`/BM2 p- +?2
+Q``BbTQM/2 �H MmK2`Q /B p�HQ`B T`2+2/2MiB U/2iiB ǳ`Bi�`/BǴV +?2 BM~m2Mx�MQ
H� `2�HBxx�xBQM2 7mim`�X AM T�`iB+QH�`2- BH KQ/2HHQ miBHBxx�iQ BM [m2bi� i2bB ĕ
/2}MBiQ +QK2 b2;m2,

Yt = ȲHoW,t + �0 +
pX

k=1

�k

�
Yt�k � ȲHoW,t�k

�
+ "t

/Qp2 �k bQMQ B T�`�K2i`B �miQ`2;`2bbBpB 2 p HǶQ`/BM2 b2H2xBQM�iQ /2H T`Q+2bbQ
�_X AMQHi`2- +QM ȲHoW bB BM/B+� H� K2/B� /2B p�HQ`B /2HH� b2`B2 i`�b7Q`K�i�
+QM/BxBQM�iB �HHǶQ`� /2HH� b2iiBK�M�X ȲHoW �bbmK2`¨ [mBM/B mMQ bQHQ i`� Re3
p�HQ`B- Qpp2`Q H2 K2/B2 /2HH2 Re3 b2`B2 Q`�`BQ@b2iiBK�M�HB UmM� T2` Q;MmM�
/2HH2 Re3 Q`2 /2HH� b2iiBK�M�VX *QM >Qqk

d,h
Q >Qqk

t
bB BMi2Mi2 BMQHi`2 mM�

p�`B�#BH2 /mKKv +?2 �bbmK2 p�HQ`2 R BM +Q``BbTQM/2Mx� /2HH� k@2bBK� Q`�
b2iiBK�M�H2 2 0 �Hi`BK2MiBX

A T�`�K2i`B /B [m2biQ KQ/2HHQ p2M;QMQ biBK�iB `BbQHp2M/Q H2 2[m�xBQMB /B
umH2@q�HF2` 2 pB2M2 /2i2`KBM�iQ HǶQ`/BM2 p QiiBK�H2 miBHBxx�M/Q BH +`Bi2`BQ /B
�F�BF2 U�A*- �F�BF2 AM7Q`K�iBQM *`Bi2`BQMV- b+2;HB2M/QHQ Q;MB pQHi� /� mM
pmax = 196X AM wB2H 2i �HX UkyR8�V BH KQ/2HHQ �_ ĕ bi�iQ mM QiiBKQ #2M+?K�`F
T2` B T`2xxB /2H K2`+�iQ 1S1sX.1Y�h U�+`QMBKQ T2` BH K2`+�iQ 2H2ii`B+Q
/B :2`K�MB� 2 �mbi`B�V- T2`7Q`K�M/Q KQHiQ K2;HBQ /B bp�`B�iB KQ/2HHB TBɍ
bQ}biB+�iBX S2` [m2biQ KQiBpQ- QHi`2 +?2 T2` H� bm� T`2b2Mx� }bb� M2;HB bim/B
+QKT�`�iBpB bmB K2iQ/B /B 1S6- ĕ bi�iQ b2H2xBQM�iQ BM [m2bi� i2bBX o2``¨ BM
b2;mBiQ BM/B+�iQ +QM �_X

JQ/2HHB mMBp�`B�iB biBK�iB +QM G�aaP

*QK2 MQi�iQ BM bp�`B�iB H�pQ`B T`2+2/2MiB- i`� B i�MiB bB +Bi�MQ �KD�/v 2 E2v@
MB� UkyyN#V- :QMx�H2x 2i �HX UkyR8V- E�`�F�ib�MB 2 "mMM Ukyy3V- E2H2b 2i
�HX UkyReV- J�+B2DQrbF� UkyR9V- oQ`QMBM 2 S�`i�M2M UkyRjV- q2`QM UkyR9V
2 :B�M7`2/� 2 :`QbbB UkyRkV- mM �bT2iiQ +`m+B�H2 M2HH� /2}MBxBQM2 /B KQ/2HHB
�/2;m�iB T2` HǶ1S6 ĕ 2z2iim�`2 mM� b+2Hi� �TT`QT`B�i� /2HH2 p�`B�#BHB 2bTHB+�@

ke



iBp2 /� +QMbB/2`�`2X JQHiQ bT2bbQ H� b+2Hi� pB2M2 2z2iim�i� �`#Bi`�`B�K2Mi2-
i2M/2MxB�HK2Mi2 #�b�M/QbB bm +QMbB/2`�xBQMB /B +�`�ii2`2 [m�HBi�iBpQ bmHH2 /B@
M�KB+?2 /2HH� 7Q`K�xBQM2 /2H T`2xxQ /2HHǶ2M2`;B� 2H2ii`B+� QTTm`2 #�b�M/QbB
bmHHǶ�M�HBbB /B �H+mMB BM/B+�iQ`B /B iBTQ bi�iBbiB+Q- bT2bbQ T2`ǁ MQM T2` 7Q`x�
`Q#mbiB bi�iBbiB+�K2Mi2X

lMǶ�Hi2`M�iBp� bB T`2b2Mi� T2`ǁ +QM BH K2iQ/Q /B biBK� G�aaP Q H�bbQ
UG2�bi �#bQHmi2 a?`BMF�;2 �M/ a2H2+iBQM PT2`�iQ`V �TT�`i2M2Mi2 �B K2iQ/B
/B b?`BMF�;2 U/2iiB �M+?2 /B `2;QH�`Bxx�xBQM2V- +?2- BM ;2M2`�H2- bQMQ K2iQ@
/B +?2 biBK�MQ BH KQ/2HHQ +QKTH2iQ U[m2HHQ 7Q`KmH�iQ +QM imii2 H2 p�`B�#BHB
2bTHB+�iBp2 � /BbTQbBxBQM2 M2H /�i�b2iV miBHBxx�M/Q mM �H;Q`BiKQ +?2 `B/m+2 UBM
KQ/mHQV p2`bQ HQ x2`Q BH p�HQ`2 /2B +Q2{+B2MiB /2HH2 p�`B�#BHB K2MQ BM~m2MiB-
/�M/Q [mBM/B TBɍ T2bQ � [m2HH2 TBɍ BKTQ`i�MiB UC�K2b 2i �HX- kyRjVX AH K2iQ/Q
G�aaP- BMi`Q/QiiQ /� hB#b?B`�MB URNNeV- imii�pB�- ?� mM� T�`iB+QH�`Bi¨ +?2
HQ `2M/2 /B 2bi`2KQ BMi2`2bb2 T2` H� KQ/2HH�xBQM2 /2B T`2xxB /2H K2`+�iQ /2HHǶ2@
M2`;B� 2H2ii`B+�, MQM bB HBKBi� BM7�iiB �/ �ppB+BM�`2 �HHQ x2`Q B T�`�K2i`B /2HH2
p�`B�#BHB K2MQ BKTQ`i�MiB- KQHiQ bT2bbQ BM7�iiB H2 �xx2`� T`QT`BQ- 2z2iim�M/Q-
/2 7�+iQ- mM� b2H2xBQM2 p2`� 2 T`QT`B� /2HH2 KB;HBQ`B p�`B�#BHB 2bTHB+�iBp2 /2H
KQ/2HHQX G� 7Q`KmH�xBQM2 ;2M2`�H2 /2H KQ/2HHQ- +Qbi`mBiQ BbTB`�M/QbB �H KQ@
/2HHQ 7�_s U7mHH �miQ_2;`2bbBp2 rBi? 2sQ;2MQmb p�`B�#H2bV /B lMB2D2rbFB 2i
�HX UkyReV 2 �HH� 7Q`KmH�xBQM2 T`QTQbi� /� wB2H- q2`QM UkyR3V- ĕ H� b2;m2Mi2,

Yt =
168X

k=1

�0,kHoW k

t
+

196X

k=1

�1,kYt�k +
168X

k=1

�2,kHoW k

t
Yt�1

+
168X

k=1

�3,kHoW k

t
Yt�24 + �4,1Yt�24,min + �4,2Yt�24,max + "t

/Qp2 BH T`BKQ i2`KBM2 bB `B72`Bb+2 �;HB 2z2iiB bmH p�HQ`2 �ii2bQ /2HHǶQ`� /2HH�
b2iiBK�M�- BH b2+QM/Q i2`KBM2 `�TT`2b2Mi� H� T�`i2 �miQ`2;`2bbBp� U+QKTQbi�
pmax i2`KBMBV- BH i2`xQ 2 BH [m�`iQ bQMQ ;HB 2z2iiB T2`BQ/B+B- Qpp2`Q HǶBMi2`�@
xBQM2 i`� H� /mKKv >Qq 2 B T`2xxB /2HHǶQ`� T`2+2/2Mi2 2 /B k9 Q`2 T`BK�X

kd



:HB mHiBKB /m2 i2`KBMB bQMQ ;HB 2z2iiB MQM HBM2�`B- BM [m�MiQ +QMbB/2`�MQ B
p�HQ`B K�bbBKQ 2 KBMBKQ /2H ;BQ`MQ T`2+2/2Mi2 UK�bbBKQ 2 KBMBKQ MQM bQMQ
7mMxBQMB HBM2�`BVX Zm2biQ KQ/2HHQ p2``¨ BM/B+�iQ +QM lassop,nlX AM [m2bi� i2bB
bQMQ bi�iB �/�ii�iB �M+?2 p2`bBQMB b2KTHB}+�i2- BM T�`iB+QH�`2- mM� p2`bBQM2
b2Mx� 2z2iiB MQM HBM2�`B,

Yt =
168X

k=1

�0,kHoW k

t
+

pmaxX

k=1

�1,kYt�k+
168X

k=1

�2,kHoW k

t
Yt�1+

168X

k=1

�3,kHoW k

t
Yt�24+"t

+?2 p2``¨ /ǶQ`� BM �p�MiB +?B�K�i� lassop 2- BM}M2- mM� p2`bBQM2 �M+Q`� TBɍ
b2KTHB}+�i�- +?2 MQM +QKT`2M/2 Mû 2z2iiB MQM HBM2�`B- Mû 2z2iiB T2`BQ/B+B,

Yt =
168X

k=1

�0,kHoW k

t
+

pmaxX

k=1

�1,kYt�k + "t

/ǶQ`� BM �p�MiB +?B�K�iQ b2KTHB+2K2Mi2 lassoX
A `BbmHi�iB 2++2xBQM�HB Qii2MmiB BM wB2H- q2`QM UkyR3V 2 :QHB�- :`QbbB 2

S2H�;�iiB UkykkV /�B KQ/2HHB biBK�iB +QM K2iQ/Q H�bbQ bmTTQ`i�MQ H� b+2Hi�
/B BM+Hm/2`HB +QK2 KQ/2HHQ T`BM+BT�H2 /B [m2bi� i2bBX

kXkXk JQ/2HHB KmHiBp�`B�iB b2H2xBQM�iB
S2` [m�MiQ `B;m�`/� HǶ�TT`Q++BQ KmHiBp�`B�iQ- H� bi`miim`� TBɍ miBHBxx�i� T2` H�
b2`B2 biQ`B+� k9@/BK2MbBQM�H2 /2B T`2xxB ĕ mM b2KTHB+2 BMbB2K2 /B k9 KQ/2HHB
mMBp�`B�iB- �iiB � KQ/2HH�`2 Q;MmM� /2HH2 k9 b2`B2 biQ`B+?2 +?2 M�b+QMQ /�H
+QM/BxBQM�K2MiQ �HH2 k9 Q`2 /2H ;BQ`MQ,

8
>><

>>:

Pd,1 = f1(Pd�1,1, Pd�2,1, Pd�3,1, . . .) + "d,1
XXX
Pd,24 = f1(Pd�1,24, Pd�2,24, Pd�3,24, . . .) + "d,24

+QM "d,h i2`KBM2 +�bm�H2 +QM �bbmMxBQM2 /B MQ`K�HBi¨,

"d,h ⇠ N(0, �2
d,h

)

k3



2 fh(·) 7mMxBQM2 /2B p�HQ`B T`2+2/2MiB /2HH� b2`B2 Q HQ`Q `B2H�#Q`�xBQMBX AM
[m2biQ +�bQ H2 T`2pBbBQMB P̂d,h- h = 1, . . . , 24 bQMQ imii2 QM2@bi2T �?2�/X

AH ;`�M/2 p�Mi�;;BQ /B [m2biQ iBTQ /B KQ/2HHB ĕ +?2 bQMQ /B 7�+BH2 BKTH2@
K2Mi�xBQM2 2 BMQHi`2 `B+?B2/QMQ mM MmK2`Q `B/QiiQ /B T�`�K2i`B /� biBK�`2
T2` Q;MmMQ /2B k9 KQ/2HHB- `2M/2M/QHB TBɍ H2;;2`B /�H TmMiQ /B pBbi� +QKTmi�@
xBQM�H2X hmii�pB�- ?�MMQ +QK2 ;`QbbQ /B72iiQ [m2HHQ /B i`�b+m`�`2 H2 `2H�xBQMB
/B /BT2M/2Mx� +?2 TQi`2##2`Q bmbbBbi2`2 i`� H2 b2`B2 /B T`2xxB /2HH2 /Bp2`b2 Q`2,
MQM 7�MMQ BM7�iiB �H+mM� �bbmMxBQM2 bmHH� /Bbi`B#mxBQM2 +QM;BmMi� /2;HB "d,h
T2` H2 /Bp2`b2 Q`2X oB2M2 [mBM/B KQ/2HH�i� bQHQ H� /Bbi`B#mxBQM2 K�`;BM�H2
/2H p2iiQ`2 +�bm�H2 k9@/BK2MbBQM�H2 Pd = (Pd,1, . . . , Pd,24)0X 1bBbiQMQ /2HH2
�Hi2`M�iBp2 +?2 bB T`QTQM;QMQ /B +QMbB/2`�`2 2 KQ/2HH�`2 �M+?2 H2 bi`miim`2
/B BMi2`/BT2M/2Mx� i`� H2 /Bp2`b2 b2`B2 Q`�`B2- K� MQM p2``�MMQ +QMbB/2`�i2
BM [m2bi� i2bB T2`+?û i`QTTQ /BbT2M/BQb2 /�H TmMiQ /B pBbi� +QKTmi�xBQM�H2
Q T2`+?û TQ+Q T2`7Q`K�MiB `BbT2iiQ �B KQ/2HHB T`2b2Mi�iBX

.B b2;mBiQ- /mM[m2- p2``�MMQ 2H2M+�iB 2 /2b+`BiiB M2H /2ii�;HBQ B /Bp2`bB
KQ/2HHB /B iBTQ KmHiBp�`B�iQ b2H2xBQM�iBX

JQ/2HHQ �_ KmHiBp�`B�iQ

AH T`BKQ KQ/2HHQ KmHiBp�`B�iQ b2H2xBQM�iQ ĕ b2KTHB+2K2Mi2 H� p2`bBQM2 KmHiB@
p�`B�i� /2H KQ/2HHQ �_UpV mMBp�`B�iQ 2bTQbiQ BM T`2+2/2Mx�X GǶB/2� ĕ [m2HH�
/B +Qbi`mB`2 k9 KQ/2HHB �_UphV- mMQ T2` Q;MB Q`� /2H ;BQ`MQ h = 1, . . . , 24 2
�/�ii�`HQ �HH� `2H�iBp� b2`B2 Ui`�b7Q`K�i�V /2HHǶQ`� h /2H ;BQ`MQX S2` Q;MmMQ
/2B k9 KQ/2HHB- +QK2 M2H +�bQ mMBp�`B�iQ- HǶQ`/BM2 ph /2H KQ/2HHQ pB2M2 b2H2@
xBQM�iQ BM #�b2 �HHǶ�A* /� mM K�bbBKQ /B pmax = 8 2 B T�`�K2i`B �k,h p2M;QMQ
biBK�iB +QM H2 2[m�xBQMB /B umH2@q�HF2` U>vM/K�M 2 �i?�M�bQTQmHQb- kyRjc
wB2H 2 ai2BM2`i- kyReVX G� 7Q`KmH�xBQM2 ;2M2`�H2 /2H KQ/2HHQ ĕ H� b2;m2Mi2-
+QM h }bb�iQ,

Yd,h = ȲHoW,d,h + �0,h +
phX

k=1

�k,h(Ydk,hȲHoW,d�k,h) + "d,h

kN



/Qp2- +QK2 M2HHǶ�_ mMBp�`B�iQ- ȲHoWd,h
ĕ H� K2/B� /2B p�HQ`B `2H�iBpB �/ mM�

/2HH2 Re3 Q`2 /2HH� b2iiBK�M� 2 "d,h ⇠ N(0, �2
h
)X *QK2 H� bm� +QMi`QT�`i2

mMBp�`B�i�- �M+?2 [m2biQ KQ/2HHQ ĕ KQHiQ TQTQH�`2 M2HH� H2ii2`�im`� /B 1S6
2 T2` [m2biQ KQiBpQ ĕ bi�iQ b2H2xBQM�iQ T2` [m2bi� i2bB- b2##2M2 bB� ;2M2`�H@
K2Mi2 K2MQ �++m`�iQ /2HH2 7Q`KmH�xBQMB �_ mMBp�`B�i2 UwB2H 2 q2`QM- kyR3VX
o2``¨ BM/B+�iQ BM b2;mBiQ +QM k9�_X

JQ/2HHB KmHiBp�`B�iB biBK�iB +QM G�aaP

1b�ii�K2Mi2 +QK2 HǶ�_ KmHiBp�`B�iQ U/2MQKBM�iQ k9�_V- �M+?2 BH KQ/2HHQ
/B iBTQ �_ KmHiBp�`B�iQ [mB /B b2;mBiQ T`2b2Mi�iQ +QMbBbi2 M2HH� bT2+B}+�xBQM2
/B mM b2i /B k9 KQ/2HHB `B72`BiB �/ Q;MmM� /2HH2 k9 Q`2 /2H ;BQ`MQ- biBK�iB
BM/BT2M/2Mi2K2Mi2 HǶmMQ /�HHǶ�Hi`Q- miBHBxx�M/Q T2`ǁ HǶ�H;Q`BiKQ G�aaP T2`
H� biBK� /2B T�`�K2i`BX AH KQ/2HHQ b2H2xBQM�iQ ĕ mM� p2`bBQM2 `B/Qii� /B [m2HHQ
7Q`KmH�iQ /� wB2H 2 q2`QM UkyR3V,

Yd,h =
7X

j=1

�0,jDoW j

d,h
+

24X

i=1

8X

k=1

�k,iYd�k,i

+
8X

k=1

�k,minYd�k,min +
8X

k=1

�k,maxYd�k,max + "t

/Qp2 BH T`BKQ i2`KBM2 bB `B72`Bb+2 �HHǶ2z2iiQ /2HH� /mKKv .Qq U.�v Q7 i?2
q22F- ;BQ`MQ /2HH� b2iiBK�M�V /B Yd,h- BH b2+QM/Q i2`KBM2 ĕ H� T�`i2 �miQ@
`2;`2bbBp� 2 ;HB mHiBKB /m2 bQMQ ;HB 2z2iiB MQM HBM2�`BX aB 7�`¨ `B72`BK2MiQ �
[m2bi� 7Q`KmH�xBQM2 +QM BH MQK2 /B 24lassonlX

Ĕ bi�i� +QMbB/2`�i� �M+?2 H� b2;m2Mi2 b2KTHB}+�xBQM2,

Yd,h =
7X

j=1

�0,jDoW j

d,h
+

24X

i=1

8X

k=1

�k,iYd�k,i + "t

Qpp2`Q mM KQ/2HHQ bBKBH2 � [m2HHQ T`2+2/2Mi2- K� b2Mx� ;HB 2z2iiB MQM HBM2�`BX
*B bB `B72`B`¨ � [m2biQ KQ/2HHQ +QM 24lassoX

jy



Zm2biQ iBTQ /B KQ/2HHB- BMbB2K2 �B H�bbQ mMBp�`B�iB- bQMQ bi�iB B KB;HBQ`B BM
�bbQHmiQ M2HHQ bim/BQ +QKT�`�iBpQ /B wB2H 2 q2`QM UkyR3VX S2` [m2biQ KQiBpQ
bQMQ bi�iB BMb2`BiB BM [m2bi� i2bBX

kXj h2+MB+?2 +QKT�`�iBp2 �/Qii�i2
S2` p�Hmi�`2 HǶ�++m`�i2xx� /2HH2 T`2pBbBQMB /B mM [m�HbB�bB KQ/2HHQ- H� bi`�@
/� TBɍ b2KTHB+2- TBɍ QppB� 2 �M+?2 H� TBɍ b2;mBi� M2HH� H2ii2`�im`� ĕ [m2HH�
/B +QM+2Mi`�`bB bmH KQ/mHQ /2;HB 2``Q`B /B T`2pBbBQMB- /2}MBiB b2KTHB+2K2Mi2
+QK2,

AEd,h = |Pd,h � P̂d,h| = |"̂d,h|

.Qp2 �1 bi� T2` �#bQHmi2 1``Q`- Pd,h BH T`2xxQ Qbb2`p�iQ T2` HǶQ`� h /2H
;BQ`MQ d 2 P̂d,h H� +Q``BbTQM/2Mi2 T`2pBbBQM2 7Q`MBi� /�B KQ/2HHBX a2`p2 T2`ǁ
mM KQ/Q T2` `B�bbmK2`2 BM mM mMB+Q p�HQ`2 HǶBM7Q`K�xBQM2 7Q`MBi� /�HH� b2`B2
biQ`B+� /2;HB 2``Q`B �bbQHmiB /B T`2pBbBQM2X aB �/Qii� � [m2biQ T`QTQbBiQ BH
J�1 UJ2�M �#bQHmi2 1``Q`V- Qpp2`Q H� K2/B� +�KTBQM�`B� /2HH� b2`B2 /2;HB
2``Q`B �bbQHmiB,

MAE =
1

24 ·D

DX

d=1

24X

h=1

AEd,h

.Qp2 D BM/B+� BH MmK2`Q iQi�HB /B ;BQ`MB T2` +mB ĕ bi�i� 2z2iim�i� H�
T`2pBbBQM2 /2B T`2xxB Q`�`BX aT2bbQ miBH2 T2` b2`B2 biQ`B+?2 /B /�iB BM +mB MQM
bB T`2b2Mi�MQ p�HQ`B T`QbbBKB �HHQ x2`Q- ĕ �M+?2 BH J�S1 UJ2�M �#bQHmi2
S2`+2Mi�;2 1``Q`V +?2 �Hi`Q MQM ĕ +?2 H� K2/B� /2;HB 2``Q`B T2`+2Mim�HB /B
T`2pBbBQM2,

MAPE =
1

24 ·D

DX

d=1

24X

h=1

AEd,h

Pd,h

· 100%

jR



lMǶ�Hi`� bi`�/� +QMbBbi2 M2H +QMbB/2`�`2 H� b2`B2 /2B [m�/`�iB /2;HB 2``Q`B
2 `B�bbmK2`M2 TQB H2 +�`�ii2`BbiB+?2 +QM H� `2H�iBp� K2/B�- T`2b� TQB bQiiQ
`�/B+2 T2` iQ`M�`2 bmHH� b+�H� /2HH� `BbTQbi� U[mBM/B B T`2xxBVX Zm2biQ BM/B+2-
+?B�K�iQ _Ja1 U_QQi J2�M a[m�`2 1``Q`V ĕ /2}MBiQ +QK2,

RMSE =

vuut 1

24 ·D

DX

d=1

24X

h=1

⇣
Pd,h � P̂d,h

⌘2

2 H� bm� p2`bBQM2 T2`+2Mim�H2- BH _JaS1 U_QQi J2�M a[m�`2 S2`+2Mi�;2
1``Q`V,

RMSPE =

vuut 1

24 ·D

DX

d=1

24X

h=1

 
Pd,h � P̂d,h

Pd,h

!2

lM mHiBKQ T�bbQ M2HHǶ�M�HBbB /2HH2 T2`7Q`K�M+2 ĕ BH i2bi /B .B2#QH/@J�`B�MQ-
BH [m�H2 T2`K2ii2 mM� +QKT�`�xBQM2 [m�MiBi�iBp� 2 bi�iBbiB+�K2Mi2 p�HB/�
i`� H2 T`2pBbBQMB Qii2Mmi2 /� /m2 /Bp2`bB KQ/2HHBX AM T�`iB+QH�`2- BH .B2#QH/@
J�`B�MQ i2bi U.J i2biV ĕ H� b2;m2Mi2 [m�MiBi¨ TBpQi�H2,

DM = d̄/
qP

M

k=�M
�̂d(k)/T ⇠̇ N(0, 1)

+QM T MmK2`Q iQi�H2 /B T`2pBbBQMB 2z2iim�i2- M = T/3 2 d̄ ĕ H� K2/B� +�KTBQ@
M�`B� /2HH� b2`B2 biQ`B+� /2HH2 /Bz2`2Mx2 i`� ;HB QmiTmi /B mM� bi2bb� [m�HbB�bB
7mMxBQM2 /B T2`/Bi� +�H+QH�i� bm;HB 2``Q`B /B T`2pBbBQMB /B /m2 KQ/2HHB /Bp2`bB-
Qpp2`Q H� K2/B� /2HH� b2`B2 dt = L("̂1,t)� L("̂2,t) /Qp2 L(·) ĕ H� HQbb 7mM+iBQMX
AMQHi`2- �̂d(k) ĕ H� biBK� /2HH� 7mMxBQM2 /B �miQ+Qp�`B�Mx� /2HH� b2`B2 /2HH2
/Bz2`2Mx2 dt +�H+QH�i� �H `Bi�`/Q kX GǶBTQi2bB MmHH� H0 /B MQM bB;MB}+�iBp�
/Bz2`2Mx� /B T2`7Q`K�M+2 T`2/BiiBp� i`� B /m2 KQ/2HHB bB `B}mi� �H HBp2HHQ /B
bB;MB}+�iBpBi¨ ↵ b2 |DM | < z↵/2 +QM z↵/2 [m�MiBH2 /2HH� MQ`K�H2 bi�M/�`/ /B
Q`/BM2 ↵/2X

AM T�`iB+QH�`2- bB ĕ miBHBxx�i� BM [m2bi� i2bB H� +Q``2xBQM2 T2` +�KTBQMB
}MBiB /2H .J@i2bi /B >�`p2v@G2v#Q`M2@L2r#QH/ URNNdV,

HLN �DM =
q
1 + 1�2h+h(h�1)

T
·DM ⇠̇ tT�1

jk



/Qp2 T ĕ BH MmK2`Q iQi�H2 /B T`2pBbBQMB 2z2iim�i2 2 h HǶQ`BxxQMi2 T`2pBbBpQ /B
Q;MB T�bbQX Ĕ BH /27�mHi /2HH� 7mMxBQM2 /KXi2biU·V /2HH� HB#`2`B� 7Q`2+�bi /2H
bQ7ir�`2 _X

*�H+QH�M/Q ;HB BM/B+B bQT`�+Bi�iB T2` Q;MB KQ/2HHQ- bB TQi`¨ /mM[m2 Qii2@
M2`2 mM� p�Hmi�xBQM2 [m�MiBi�iBp� /2HHǶ�++m`�i2xx� /2HH2 T`2pBbBQMB 2z2iim�i2X

jj



*�TBiQHQ j

AKTH2K2Mi�xBQM2 2 _BbmHi�iB
1KTB`B+B

GǶ�M�HBbB ĕ bi�i� 2z2iim�i� miBHBxx�M/Q B /�iB m{+B�HB /2H SlL Q`�`BQ- `BH�@
b+B�iB /B`2ii�K2Mi2 /�H :J1 2 b+�`B+�#BHB HB#2`�K2Mi2 /�H bBiQ /2H :J1RX
S2` T`Q+2/2`2 +QM HǶ�M�HBbB /�iB bB ĕ b+2HiQ /B miBHBxx�`2 mM� }M2bi`� /B +�HB@
#`�xBQM2 /B [m�ii`Q �MMB /B /�iB U/�H yRfyRfkyR8 �H jRfRkfkyR3V- j8ye9 /�iB
Q`�`B +?2 +QMbB/2`�MQ �M+?2 BH kNfyk /2HHǶ�MMQ #Bb2biBH2 kyRe- +QM H� [m�H2 bB
bQMQ biBK�iB B T�`�K2i`B /2B KQ/2HHB 2 TQB mM� }M2bi`� /B mM �MMQ BMi2`Q +QK2
Qmi@Q7@b�KTH2 i2bi U3dey /�iB Q`�`B /�HH� T`BK� Q`� /2H yRfyRfkyRN �HHǶmHiBK�
Q`� /2H jRfRkfkyRNVX 6�MMQ 2++2xBQM2 B KQ/2HHB M�Bp2- �_ 2 k9�_ T2`
H2 [m�HB bQMQ bi�i2 miBHBxx�i2 T`Q+2/m`2 H2;;2`K2Mi2 /Bz2`2MiBX *Bǁ +?2 MQM
+�K#B� ĕ H� }M2bi`� T`2pBbBp� /B 3dey /�iB /2H kyRN +?2 ĕ bi�i� K�Mi2Mmi�
+QKmM2 T2` imiiB B KQ/2HHB BM KQ/Q /� TQi2`M2 +QKT�`�`2 2{+�+2K2Mi2 B
`BbmHi�iBX

R?iiTb,ffrrrXK2`+�iQ2H2ii`B+QXQ`;
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jXR .�i� T`2T`Q+2bbBM;
.QTQ �p2` b+�`B+�iQ B /�iB /�H bBiQ m{+B�H2 /2H :J1 2 �p2`HB mMBiB BM mM mMB+Q
}H2 XtHbt BM KQ/Q /� +QMi2M2`2 imiiB B /�iB /�H yRfyRfkyR8 �H jRfRkfkyRN-
bB T`Q+2/2 +QM HǶ�M�HBbBX a2;m2M/Q B T�bb�;;B bpQHiB /� wB2H- q2`QM UkyR3V-
BH T`BKQ T�bbQ M2HH� i`�ii�xBQM2 2KTB`B+� /2B /�iB ĕ [m2HHQ /B bi�M/�`/Bxx�`2
H� b2`B2 Q`B;BM�H2- +?2 +QK2 bB p2/2 BM };m`� jXR ?� K2/B� /Bp2`b� /� x2`Q 2
p�`B�Mx� +2`i�K2Mi2 /Bp2`b� /� mMQX

6B;m`� jXR, a2`B2 Q`B;BM�H2 /2H SlL Q`�`BQ /2HHǶ2M2`;B� 2H2ii`B+� M2H K2`+�iQ
Bi�HB�MQ /�H ;BQ`MQ yRfyRfkyR8 �H ;BQ`MQ jRfRkfkyRN BM īfJq?

AH K2iQ/Q T`QTQbiQ /�;HB �miQ`B /2HHǶ�`iB+QHQ- +?B�K�iQ ǴLQ`K�HBxx�xBQM2
UJ2/B�M- J�.VǴ- +QMbBbi2 M2H iQ;HB2`2 /� Q;MB /�iQ H� bm� K2/B�M� 2 /BpB/2`2
BH `BbmHi�iQ T2` H� /2pB�xBQM2 �bbQHmi� /�HH� K2/B�M� +BQĕ BH J�. UJ2/B�M
�#bQHmi2 .2pB�iBQMV �;;Bmbi�iQ /�H 7�iiQ`2 1/z0.75 ⇡ 1.4826 +QM z0.75 i2`xQ
[m�`iBH2 /2HH� MQ`K�H2 bi�M/�`/- T2` Qii2M2`2 mM� +QMbBbi2Mx� �bBMiQiB+� �HH�
/2pB�xBQM2 bi�M/�`/ UL2H bQ7ir�`2 _ [m2bi� +Q``2xBQM2 ĕ HǶBKTQbi�xBQM2 /B
/27�mHi /2H +QK�M/Q mad(·)VX G� b2`B2 bi�M/�`/Bxx�i� ĕ /mM[m2 H� b2;m2Mi2,
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Xt = [Pt �median(Pt)] /mad(Pt)

/Qp2 +QM Pt bB BMi2Mi2 H� b2`B2 Q`B;BM�H2 /2B T`2xxB BM īfJq?X � [m2biQ TmMiQ
bB T`Q+2/2 +QM H� bi�xBQM�`Bxx�xBQM2 /2HH� b2`B2X G� K2/B� ;B¨ MQM b2K#`�
/BT2M/2`2 /�H i2KTQ- K2Mi`2 H� p�`B�Mx� ĕ [m�bB +2`i�K2Mi2 /BT2M/2Mi2 /�H
i2KTQ- bB p2/� /B b2;mBiQ BH ;`�}+Q jXk `2H�iBpQ �HH� b2`B2 bi�M/�`/Bxx�i�X

6B;m`� jXk, a2`B2 bi�M/�`/Bxx�i� /2H SlL Q`�`BQ /2HHǶ2M2`;B� 2H2ii`B+� M2H
K2`+�iQ Bi�HB�MQ /�H ;BQ`MQ yRfyRfkyR8 �H ;BQ`MQ jRfRkfkyRN

a2;m2M/Q �M+Q`� BH bm;;2`BK2MiQ /B wB2H 2 q2`QM UkyR3V- bB 2z2iim� H� i`�@
b7Q`K�i� +QM b2MQ BT2`#QHB+Q BMp2`bQ T2` bi�#BHBxx�`2 H� p�`B�Mx�,

Yt = arcsinh(Xt) = ln(Xt +
p

X2
t + 1)

AM �TT2M/B+2 � UjX8V B +QK�M/B miBHBxx�iB bmH bQ7ir�`2 _ T2` i`�b7Q`K�`2 H�
b2`B2X

aB `BTQ`i� M2HH� };m`� jXj BH ;`�}+Q /2HH� b2`B2 i`�b7Q`K�i� T2` KQbi`�`2
HǶ2z2iiQ /2HH� i`�b7Q`K�xBQM2 bmHH� p�`B�Mx� /2HH� b2`B2X

je



6B;m`� jXj, a2`B2 i`�b7Q`K�i� Yt- /�H ;BQ`MQ yRfyRfkyR8 �H ;BQ`MQ jRfRkfkyRN

aB +QM72`K� H� +Q``2ii2xx� /2HH2 �bbmMxBQMB /Bbi`B#miBp2- KQbi`�M/Q- M2H@
HǶBKK�;BM2 jX9- HǶBbiQ;`�KK� /2HH� b2`B2 +QK2 �TT`QbbBK�xBQM2 /2HH� bm�
/Bbi`B#mxBQM2X

.QTQ �p2` Qii2MmiQ H� b2`B2 i`�b7Q`K�i�- BM/B+�i� +QM Yt Q Yd,h- bB T�bb�
�HHǶ�/�ii�K2MiQ /2B KQ/2HHBX

jXk JQ/2HHQ M�Bp2
Zm2biQ ĕ bi�iQ HǶmMB+Q KQ/2HHQ BM +mB bB ĕ H�pQ`�iQ 2b+HmbBp�K2Mi2 +QM H�
b2`B2 /B T`2xxB Q`B;BM�H2 MQM i`�b7Q`K�i� Pd,hX liBHBxx�M/Q BH bQ7ir�`2 _- bB
2z2iim�MQ /B`2ii�K2Mi2 H2 T`2pBbBQMB T2` imii� H� }M2bi`� i2KTQ`�H2 b+2Hi�
+QK2 Q`BxxQMi2 T`2pBbBpQ UQpp2`Q B 3dey /�iB Q`�`B `2H�iBpB �HHǶBMi2`Q kyRNV-
TQM2M/Q +QK2 T`2pBbBQM2 T2` Q;MB /�iQ Q`�`BQ /2B J�`i2/Ţ- J2`+QH2/Ţ- :BQp2/Ţ
2 o2M2`/Ţ BH /�iQ /2HH� +Q``BbTQM/2Mi2 Q`� Qbb2`p�iQ BH ;BQ`MQ T`2+2/2Mi2-
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6B;m`� jX9, AbiQ;`�KK� /2HH2 7`2[m2Mx2 `2H�iBp2 /B Yt

K2Mi`2 T2` B GmM2/Ţ- a�#�iB 2 .QK2MB+?2 bB miBHBxx� +QK2 T`2pBbBQM2 BH /�iQ
/2HHǶQ`� +Q``BbTQM/2Mi2 `2H�iBp� �H +Q``BbTQM/2Mi2 ;BQ`MQ /2HH� b2iiBK�M�X
AM �TT2M/B+2 " UjX8V B +QK�M/B miBHBxx�iB T2` Qii2M2`2 BH p2iiQ`2 +QM ;HB 3dey
p�HQ`B T`2/2iiBX AM };m`� jX8 bB KQbi`�MQ H2 T`2pBbBQMB T2` B T`BKB j ;BQ`MB Udk
/�iB Q`�`BV /2H kyRN +QM7`QMi�i2 +QB p�HQ`B 2z2iiBp�K2Mi2 Qbb2`p�iBX

jXj JQ/2HHB �_ mMBp�`B�iQ 2 KmHiBp�`B�iQ
S2` [m2biB /m2 KQ/2HHB BH T`Q+2/BK2MiQ b2;mBiQ ĕ bi�iQ [m2HHQ /2MQKBM�iQ
`QHHBM; rBM/QrX L2HHQ bT2+B}+Q- bB T`Q+2/2 b2H2xBQM�M/Q mM� }M2bi`� /B /�iB
T2` biBK�`2 B T�`�K2i`B /2H KQ/2HHQ- 2z2iim�`2 mM� T`2pBbBQM2 /B Q`BxxQMi2 k

2 TQB bTQbi�`2 H� }M2bi`� /B +�HB#`�xBQM2 /B k T�bbB �p�MiB- BM KQ/Q /� K�Mi2@
M2`2 BH MmK2`Q +QKTH2bbBpQ /B Qbb2`p�xBQMB miBHBxx�i2 T2` biBK�`2 BH KQ/2HHQ-
K� b7`mii�M/Q �M+?2 B k MmQpB p�HQ`B Qbb2`p�iB UQpp2`Q B /�iB `2�HB /2HH2 +Q`@
`BbTQM/2MiB k T`2pBbBQMB 2z2iim�i2 �H T�bbQ T`2+2/2Mi2V 2/ 2z2iim�`2 [mBM/B
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6B;m`� jX8, *QM7`QMiQ i`� p�HQ`B Qbb2`p�iB 2 T`2/2iiB /�H KQ/2HHQ M�Bp2 T2` B
T`BKB j ;BQ`MB /2H kyRN

mM� MmQp� T`2pBbBQM2 /B Q`BxxQMi2 k 2 +QbŢ pB�X L2B T�`�;`�} bm++2bbBpB pB2M2
BHHmbi`�i� H� T`Q+2/m`� /2+HBM�i� M2B /m2 /Bp2`bB �TT`Q++BX

jXjXR JQ/2HHQ �_ mMBp�`B�iQ
S2` HǶ�_ mMBp�`B�iQ bB ĕ miBHBxx�i� mM� }M2bi`� /B +�HB#`�xBQM2 /B 9 �MMB Uj8ye9
/�iBV 2 +QK2 Q`BxxQMi2 T`2pBbBpQ bB ĕ b+2HiQ k = 24X G� ;BmbiB}+�xBQM2 /B
[m2bi� b+2Hi� `BbB2/2 M2H 7�iiQ +?2 B T`2xxB Q`�`B /2HHǶ2M2`;B� 2H2ii`B+� p2M;QMQ
Tm##HB+�iB +QMi2KTQ`�M2�K2Mi2- [mBM/B MQM �p`2##2 �H+mM b2MbQ miBHBxx�iB
BH /�iQ Qbb2`p�iQ- �/ 2b2KTBQ- M2HH� T`BK� Q`� /2H ;BQ`MQ T2` 2z2iim�`2 H�
T`2pBbBQM2 bmHH� b2+QM/� Q`� /2H ;BQ`MQX
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lM� pQHi� 2z2iim�i2 H2 k9 T`2pBbBQMB `2H�iBp2 �HH2 k9 Q`2 /2H ;BQ`MQ bm+@
+2bbBpQ- H� }M2bi`� /B +�HB#`�xBQM2 b+Q``2 BM �p�MiB /B k9 Qbb2`p�xBQMB 2 bB
T`Q+2/2 +QM mM� MmQp� biBK� /2H KQ/2HHQ- MQM +QMbB/2`�M/Q TBɍ B k9 /�iB /2H
yRfyRfkyR8 2 +QMbB/2`�M/Q BMp2+2 B k9 /�iB Qbb2`p�iB /2H yRfyRfkyRN- K�M@
i2M2M/Q [mBM/B }bbQ BH MmK2`Q iQi�H2 /B Qbb2`p�xBQMB miBHBxx�i2 T2` H� biBK�
/2B T�`�K2i`B U+BQĕ j8ye9 Qbb2`p�xBQMBVX aB T`Q+2/2 [mBM/B +QM BH 7Q`2+�bi
/2B k9 /�iB `2H�iBpB �HH2 k9 Q`2 /2H ykfyRfkyRN 2 bB 7� b+Q``2`2 MmQp�K2Mi2 H�
}M2bi`� BM �p�MiB /B k9 Qbb2`p�xBQMB- iQ;HB2M/Q /�HH� }M2bi`� /B +�HB#`�xBQM2
[m2HH2 `2H�iBp2 �H ykfyRfkyR8 2 BMb2`2M/QpB [m2HH2 Qbb2`p�i2 BH ykfyRfkyRNX
Ai2`�M/Q [m2biQ T`Q+2bbQ bB �``Bp� BM}M2 �/ Qii2M2`2 H2 3dey T`2pBbBQMB /2H
kyRN U2z2iim�i2 k9 �HH� pQHi�VX _B+Q`/�M/QbB +?2 BH KQ/2HHQ pB2M2 �/�ii�iQ
bmB /�iB /Bz2`2MxB�iB T2` H� K2/B� /2HHǶQ`� /2HH� b2iiBK�M� +Q``BbTQM/2Mi2- T2`
Qii2M2`2 BH p2iiQ`2 /2HH2 T`2pBbBQMB bmHH� b+�H� /2HH� b2`B2 i`�b7Q`K�i� b2`p2 BM@
}M2 �;;BmM;2`2 H� K2/B� `BbT2iiBp� �/ Q;MB T`2pBbBQM2 Qii2Mmi� T2` H� b2`B2
/Bz2`2MxB�i�X
AM �TT2M/B+2 * UjX8V B +QK�M/B miBHBxx�iB T2` HǶBKTH2K2Mi�xBQM2 M2H bQ7ir�`2
_X

jXjXk JQ/2HHQ �_ KmHiBp�`B�iQ
S2` [m2biQ KQ/2HHQ BMp2+2- �p2M/Q H2 k9 b2`B2 Q`�`B2- T2` Qii2M2`2 H2 T`2pBbBQ@
MB `2H�iBp2 �H ;BQ`MQ bm++2bbBpQ UM2H T`BKQ +�bQ- BH yRfyRfkyRNV ĕ bm{+B2Mi2
mM Q`BxxQMi2 /B T`2pBbBQM2 k = 1 T2` Q;MmMQ /2B k9 KQ/2HHB biBK�iBX �M�@
HQ;�K2Mi2 �HHǶ�_ mMBp�`B�iQ- bB 7� b+Q``2`2 H� }M2bi`� /B +�HB#`�xBQM2 [m2bi�
pQHi� T2`ǁ /B mM bQHQ T�bbQ �p�MiB- /�iQ +?2 HǶQ`BxxQMi2 T`2pBbBpQ ĕ R T2` Q;MB
KQ/2HHQX aB biBK�MQ [mBM/B B MmQpB k9 KQ/2HHB bmHH� MmQp� }M2bi`� /B +�HB@
#`�xBQM2 2 bB Qii2M;QMQ H2 k9 T`2pBbBQMB �/ mM T�bbQ UmM� /� Q;MmMQ /2B k9
KQ/2HHBV `2H�iBp2 �HH2 k9 Q`2 /2H ;BQ`MQ ykfyRfkyRN 2 pB� +QbŢX

*QK2 T2` HǶ�_ mMBp�`B�iQ BH T�bb�;;BQ }M�H2 +QMbBbi2 M2HHǶ�;;BmM;2`2 �HH2
3dey T`2pBbBQMB Qii2Mmi2 H2 `2H�iBp2 K2/B2 /2HHǶQ`� /2HH� b2iiBK�M� +QbŢ /�
�p2`2 H2 T`2pBbBQMB bmHH� b+�H� /2HH� b2`B2 i`�b7Q`K�i�X
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AM �TT2M/B+2 * UjX8V B +QK�M/B miBHBxx�iB T2` HǶBKTH2K2Mi�xBQM2 BM _X
AM };m`� jXe bB KQbi`�MQ H2 T`2pBbBQMB /2B KQ/2HHB �_ mMBp�`B�iQ 2 KmHiB@
p�`B�iQ T2` B T`BKB j ;BQ`MB Udk /�iB Q`�`BV /2H kyRN +QM7`QMi�i2 +QB p�HQ`B
2z2iiBp�K2Mi2 Qbb2`p�iBX

6B;m`� jXe, *QM7`QMiQ i`� p�HQ`B Qbb2`p�iB 2 T`2/2iiB /�B KQ/2HHB �_ 2 k9�_
T2` B T`BKB j ;BQ`MB /2H kyRN

jX9 JQ/2HHB G�aaP mMBp�`B�iB 2 KmHiBp�`B�iB
S2` imiiB 2 8 B KQ/2HHB biBK�iB +QM G�aaP- ĕ bi�i� b2H2xBQM�i� mM� }M2bi`� /B
+�HB#`�xBQM2 /B [m�ii`Q �MMB /B /�iB UyRfyRfkyR8@jRfRkfkyR3V T2` biBK�`2 B
T�`�K2i`B /2H KQ/2HHQ- Qii2M2M/Q [mBM/B H� biBK� /2B T�`�K2i`B /2B 8 KQ/2HHB
b+2HiB- miBHBxx�M/QHB TQB T2` Qii2M2`2 H2 T`2pBbBQMB /B Q`BxxQMi2 K�bbBKQ k9
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bmHH� }M2bi`� /B i2bi- BMb2`2M/Q +QK2 2bTHB+�iBp2 �M+?2 B /�iB Qbb2`p�iB- pB�
pB� �;;BmMiB �/ Q;MB T`2pBbBQM2X AM �TT2M/B+2 . UjX8V p2M;QMQ KQbi`�iB ;HB
b+`BTi miBHBxx�iB T2` Qii2M2`2 H2 biBK2 /2B T�`�K2i`B /2B KQ/2HHB /B iBTQ G�aaP
mMBp�`B�iB- K2Mi`2 BM �TT2M/B+2 1 UjX8V bQMQ KQbi`�iB ;HB b+`BTi miBHBxx�iB T2`
biBK�`2 B KQ/2HHB /B iBTQ G�aaP KmHiBp�`B�iBX

jX9XR G�aaP mMBp�`B�iB
AM };m`� jXd bB KQbi`�MQ H2 T`2pBbBQMB Qii2Mmi2 /�B i`2 KQ/2HHB BKTH2K2Mi�iB
T2` B T`BKB j ;BQ`MB Udk /�iB Q`�`BV /2H kyRN +QM7`QMi�i2 +QB p�HQ`B 2z2iiBp�@
K2Mi2 Qbb2`p�iBX

6B;m`� jXd, *QM7`QMiQ i`� p�HQ`B Qbb2`p�iB 2 T`2/2iiB /�B KQ/2HHB lasso-
lassop 2 lassop,nl T2` B T`BKB j ;BQ`MB /2H kyRN
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*QK2 bB Tmǁ p2/2`2 ;B¨ BM T`BK� #�iimi�- H2 T`2pBbBQMB TmMim�HB 7Q`MBi2 /�B
i`2 KQ/2HHB mMBp�`B�iB biBK�iB +QM G�aaP bQMQ 2bi`2K�K2Mi2 �++m`�i2X

jX9Xk G�aaP KmHiBp�`B�iB
AM };m`� jX3 bB KQbi`�MQ H2 T`2pBbBQMB Qii2Mmi2 /�B /m2 KQ/2HHB BKTH2K2Mi�iB
T2` B T`BKB j ;BQ`MB Udk /�iB Q`�`BV /2H kyRN +QM7`QMi�i2 +QB p�HQ`B 2z2iiBp�@
K2Mi2 Qbb2`p�iBX

6B;m`� jX3, *QM7`QMiQ i`� p�HQ`B Qbb2`p�iB 2 T`2/2iiB /�B KQ/2HHB 24lasso 2
24lassonl T2` B T`BKB j ;BQ`MB /2H kyRN

*QK2 �M+?2 M2HH� HQ`Q p2`bBQM2 mMBp�`B�i�- B KQ/2HHB G�aaP KmHiBp�`B�iB
b2K#`�MQ- ;B¨ BM T`BK� #�iimi�- �p2` T2`7Q`K�iQ KQHiQ #2M2X
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jX8 *QM7`QMiQ T2`7Q`K�M+2 T`2/BiiBp2
GǶmHiBKQ T�bb�;;BQ /2HHǶ�M�HBbB +QMbBbi2 M2HHǶ2z2iim�`2 H� p�Hmi�xBQM2 /2HH�
#QMi¨ /2HH2 T`2pBbBQMB T2` Q;MmMQ /2B KQ/2HHB /B +mB bQT`� 2 +QKT�`�`HB i`� /B
HQ`Q T2` +2`+�`2 [m�H2 KQ/2HHQ ?� /�iQ B `BbmHi�iB KB;HBQ`BX aB p2/� BM };m`�
jXN mM� T`BK� +QKT�`�xBQM2 i`� H2 T`2pBbBQMB /2B KQ/2HHB T`BM+BT�HB +QMbB/2@
`�iB- 2z2iim�i� KQbi`�M/Q BM ;`�}+Q H2 T`2pBbBQMB T2` H2 T`BK2 93 Q`2 /2H kyRN
Uk ;BQ`MBVX

6B;m`� jXN, *QM7`QMiQ i`� p�HQ`B Qbb2`p�iB 2 T`2/2iiB /�B KQ/2HHB M�Bp2- �_-
lassop,nl 2 24lassonl T2` B T`BKB k ;BQ`MB /2H kyRN

S2` T`BK� +Qb� bQMQ bi�iB +�H+QH�iB imiiB ;HB BM/B+B BHHmbi`�iB BM T`2+2/2Mx�,
J�1 2 _Ja1 BM īfJq? 2 J�S1 2 _JaS1 `BbT2iiBp2 p2`bBQMB T2`+2Mim�HBX
AM �TT2M/B+2 6 UjX8V pB2M2 BHHmbi`�iQ BH +Q/B+2 miBHBxx�iQX

L2HH� b2;m2Mi2 i�#2HH� bQMQ `BTQ`i�iB B `BbmHi�iB /2H +�H+QHQ /2;HB BM/B+B b2H2@
xBQM�iB UJ�1 2 _Ja1 BM īfJq?- J�S1 2 _JaS1 +Q``BbTQM/2MiB p2`bBQMB
T2`+2Mim�HBV bmHH2 T`2pBbBQMB /B imiiB B KQ/2HHBX
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J�1 J�S1UWV _Ja1 _JaS1UWV

M�Bp2 8X3R RjX3j 3Xyk 88Xkd
�_ 9XR9 NXy3 8Xdj kRX89

k9�_ 9XeR RyXdd eXke j9Xkk
lasso kXRy 9X8k kXNk RRX3k
lassop kXyN 9X9e kXNR RRX8y
lassop,nl kXyN 9X9d kXNR RRX8k
24lasso kXRe 9X8d jXyy RRXkR
24lassonl kXRe 9X8d jXyR RyXN3

h�#2HH� jXR, AM/B+B /B T2`7Q`K�M+2 T`2/BiiBp� /2B KQ/2HHB +QMbB/2`�iBX

aB T`Q+2/2 [mBM/B +QM BH +�H+QHQ /2H .B2#QH/@J�`B�MQ i2bi- T2` /�`2 mM� p�@
Hmi�xBQM2 bi�iBbiB+�K2Mi2 bB;MB}+�iBp� /2HH� +QKT�`�xBQM2 /2B KQ/2HHBX AM
�TT2M/B+2 6 UjX8V p2M;QMQ BHHmbi`�iB BH +Q/B+2 miBHBxx�iQ 2 B `BbmHi�iB Qii2MmiBX

L2HH� };m`� jXRy bB KQbi`�MQ B `BbmHi�iB /2H .J@i2bi BM+`Q+B�iQ +�H+QH�iQ
bm imii2 H2 +QTTB2 TQbbB#BHB /B KQ/2HHBX AH i2bi ĕ bi�iQ 2z2iim�iQ +QM BTQi2bB
#BH�i2`�H2 2/ 2bb2M/Q bi�iQ 2z2iim�iQ /m2 pQHi2 T2` Q;MB +QTTB� /B KQ/2HHB-
BM mM +�bQ H� bi�iBbiB+� i2bi pB2M2 TQbBiBp� 2 M2HHǶ�Hi`Q BMp2+2 M2;�iBp�- K�
`BK�M2M/Q m;m�H2 BM KQ/mHQX ZmBM/B b2 H� bi�iBbiB+� i2bi ?� mM p�HQ`2 BM
KQ/mHQ K�;;BQ`2 /2H [m�MiBH2 yXNd8 /B mM� /Bbi`B#mxBQM2 t�student +QM 3d8N
;`�/B /B HB#2`i¨- bB;MB}+� +?2 H� /Bz2`2Mx� M2HH� T2`7Q`K�M+2 T`2pBbBp� /2B /m2
KQ/2HHB ĕ bB;MB}+�iBp�X AM T�`iB+QH�`2- BH KQ/2HHQ BM +QHQMM� ĕ +QMbB/2`�iQ
+QK2 BH ǴT`BKQǴ /2B /m2 M2HH� /Bz2`2Mx� +?2 T2`K2ii2 H� +Qbi`mxBQM2 /2H i2bi-
/mM[m2 T2` p�HQ`B TQbBiBpB 2 Ǵ;`�M/BǴ /2H i2bi bB ?� +?2 BH KQ/2HHQ BM +QHQMM�
?� T2`7Q`K�iQ K2;HBQ /B [m2HHQ BM `B;�X L�im`�HK2Mi2 p�H2 BH +QMi`�`BQ T2`
p�HQ`B M2;�iBpB /2HH� bi�iBbiB+� i2biX A `BbmHi�iB /2HH2 bi�iBbiB+?2 i2bi Qii2Mmi2
bQMQ imiiB bB;MB}+�iBpB �/ mM HBp2HHQ /B bB;MB}+�iBpBi¨ /2H 8WX

.�HH� i�#2HH� jXR 2 /�HHǶBKK�;BM2 jXRy bB Tmǁ p2/2`2 +?2 BM ;2M2`�H2 B
KQ/2HHB biBK�iB +QM G�aaP ?�MMQ T2`7Q`K�M+2 �KTB�K2Mi2 KB;HBQ`B /2HH�
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6B;m`� jXRy, >2�i K�T /2HH� i�#2HH� +QB `BbmHi�iB /2H .J@i2biX *QK2 2b2KTBQ-
BH KQ/2HHQ M�Bp2 ĕ bi�iQ BH T2;;BQ`2 UH� `2H�iBp� +QHQMM� ĕ T`Bp� /B `B[m�/`B
p2`/BV K2Mi`2 H� +QHQMM� /2H lassop ?� bQbi�MxB�HK2Mi2 Q;MB `B[m�/`Q i2M@
/2Mi2 �H p2`/2 2/ ĕ T2` i�MiQ BH KB;HBQ`2X

+QM+Q``2Mx�, +QM mM J�1 K2/BQ /B kXRkīfJq? 2 mM J�S1 K2/BQ /B 9X8W-
mM� T`2+BbBQM2 TBɍ +?2 /QTTB� `BbT2iiQ �B KQ/2HHB �Hi2`M�iBpBX GB T`2KB� �M@
+?2 BH _JaS1- +?2 i2M/2 � /�`2 TBɍ T2bQ �/ 2``Q`B TBɍ ;`�M/B UT2M�HBxx� /B
TBɍ H2 T`2pBbBQMB KQHiQ /Bp2`b2 /�H p�HQ`2 Qbb2`p�iQV- +QM mM p�HQ`2 /B RRX9WX
�M�HBxx�M/Q B KQ/2HHB G�aaP bB MQi� +?2- b2##2M2 B /m2 KQ/2HHB KmHiBp�`B�iB
bB�MQ bi�iB TBɍ ǴpB+BMBǴ �H p�HQ`2 Qbb2`p�iQ M2B HQ`Q 2``Q`B- ?�MMQ +QKmM[m2
b#�;HB�iQ ǴTBɍ 7`2[m2Mi2K2Mi2Ǵ /2HH� +QMi`QT�`i2 mMBp�`B�i� U?�MMQ _JaS1
KBMQ`2- K� J�S1 K�;;BQ`2V �M+?2 b2 ĕ /B{+BH2 /�`2 mM p�HQ`2 bi�iBbiB+Q �
[m2bi2 +QMbB/2`�xBQMBX a2+QM/Q BH i2bi /B .B2#QH/ 2 J�`B�MQ- BH KQ/2HHQ +?2
?� T2`7Q`K�iQ K2;HBQ ĕ b2Mx� /m##BQ BH lassop- imii�pB� ĕ /B{+BH2 /B`2 b2
[m2biQ `BbmHi�iQ bB� /QpmiQ �H iBTQ /B �TT`Q++BQ b2H2xBQM�iQ QTTm`2 TBmiiQbiQ
�HH2 2bTHB+�iBp2 b2H2xBQM�i2X :m�`/�M/Q ;HB BM/B+B +�H+QH�iB 2 BH `BbmHi�iQ /2H
.J@i2bi /2B KQ/2HHB lasso 2 24lasso +?2 ?�MMQ B/2MiB+?2 2bTHB+�iBp2- K�
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b2;mQMQ mM /Bz2`2Mi2 �TT`Q++BQ- bB Tmǁ p2/2`2 +?2 BH KQ/2HHQ mMBp�`B�iQ ĕ
bi�iQ bB;MB}+�iBp�K2Mi2 TBɍ �++m`�iQ M2HH2 T`2pBbBQMB TmMim�HBX hQ`M�M/Q BM@
}M2 �HH� /QK�M/� /� +mB KmQp2 HǶBMi2MiQ [m2bi� i2bB- [m�H2 �TT`Q++BQ T`2p2/2
K2;HBQ M2H #`2p2 T2`BQ/Q\

AH bm;;2`BK2MiQ }M�H2- /�iQ +?2 2Mi`�K#B ;HB �TT`Q++B ?�MMQ Qii2MmiQ Qi@
iBKB `BbmHi�iB- ĕ [m2HHQ /B miBHBxx�`2 mM� T`Q+2/m`� /B b?`BMF�;2 /B iBTQ G�aaP
T2` H� biBK� /2B T�`�K2i`B 2 /B +QMbB/2`�`2 p2`bBQMB KBbi2 /2B /m2 �TT`Q++B T2`
K�bbBKBxx�`2 B TmMiB /B 7Q`x� 2 bQTT2`B`2 �B TmMiB /2#QHB, +QK2 +QM+Hm/QMQ
�M+?2 wB2H 2 q2`QM UkyR3V- Tmǁ 2bb2`2 bm{+B2Mi2 �M+?2 mM� b2KTHB+2 K2/B�
i`� H2 /m2 T`2pBbBQMBX
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*QM+HmbBQMB

AM [m2biQ im`#QH2MiQ T2`BQ/Q biQ`B+Q- ;HB b[mBHB#`B ;2QTQHBiB+B � HBp2HHQ BMi2`@
M�xBQM�H2 bB `B~2iiQMQ bmH K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B+� bQiiQ 7Q`K� /B T`2xxB
BM K2/B� KQHiQ TBɍ �HiB 2 �H +QMi2KTQ �M+?2 TBɍ pQH�iBHBX AM [m2biQ +QMi2biQ
HǶ1H2+i`B+Biv S`B+2 6Q`2+�biBM; U1S6V �bbmK2 mM `mQHQ +2Mi`�H2 MQM bQHQ +QK2
bmTTQ`iQ T2` ;HB �iiQ`B /2H K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B+�- K� �M+?2 +QK2 bi`m@
K2MiQ 7QM/�K2Mi�H2 T2` BH +Q``2iiQ 7mMxBQM�K2MiQ /2H K2`+�iQ 2 /2H bBbi2K�
2H2ii`B+QX GǶQ#B2iiBpQ /B [m2bi� i2bB ĕ [m2HHQ /B 7Q`MB`2 mHi2`BQ`B BM7Q`K�xBQMB
miBHB- bB bT2`�- �H KB;HBQ`�K2MiQ /2HH2 i2+MB+?2 /B KQ/2HH�xBQM2 2 T`2pBbBQM2
T2` [m�MiQ `B;m�`/� BH K2`+�iQ 2H2ii`B+QX AM T�`iB+QH�`2 bB pmQH2 bi�#BHB`2 b2
M2H b?Q`i@i2`K 1S6 ĕ TBɍ �/�iiQ mM �TT`Q++BQ /B iBTQ /B KmHiBp�`B�iQ Q mMB@
p�`B�iQX �M�HBxx�M/Q H2 T2`7Q`K�M+2 T`2pBbBp2 Qii2Mmi2 /�B /Bp2`bB KQ/2HHB
`BbmHi� 2pB/2Mi2 H� bmT2`BQ`Bi¨ /2B KQ/2HHB biBK�iB +QM G�aaP +?2- +QM mM
J�S1 K2/BQ /B 9X8W- bB BKTQM;QMQ i`� B KB;HBQ`B KQ/2HHB BM [m2biQ �K#BiQX
A `BbmHi�iB Qii2MmiB +QM72`K�MQ 2 bmTTQ`i�MQ H2 +QM+HmbBQMB i`�ii2 /� wB2H 2
q2`QM UkyR3V- Qpp2`Q +?2 B KQ/2HHB biBK�iB +QM T`Q+2/m`� G�aaP bQMQ +2`i�@
K2Mi2 TBɍ T2`7Q`K�MiBX �H i2KTQ bi2bbQ- T2`ǁ- ĕ KQHiQ /B{+BH2 bi�#BHB`2 +QM
+2`i2xx� b2 pB bB� mM� /Bz2`2Mx� bi�iBbiB+�K2Mi2 bB;MB}+�iBp� i`� HǶ�TT`Q++BQ
mMBp�`B�iQ 2 HǶ�TT`Q++BQ KmHiBp�`B�iQX G� `BbTQbi� �HH� /QK�M/� � +mB [m2bi�
i2bB +2`+� /B `BbTQM/2`2 b2K#`� 2bb2`2 +?2 BH KB;HBQ` �TT`Q++BQ �HHǶ1S6 bB�
KBbiQ, �M+?2 mM� b2KTHB+2 K2/B� i`� B p�HQ`B T`2/2iiB /�B KQ/2HHB mMBp�`B�iB 2
KmHiBp�`B�iB Tmǁ T`Q/m``2 `BbmHi�iB KB;HBQ`B- � T�iiQ +?2 H� T`Q+2/m`� /B biBK�
+QBMpQH;� mM �H;Q`BiKQ /B b?`BMF�;2 +QK2 BH G�aaPX
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�TT2M/B+2

�TT2M/B+2 �, i`�b7Q`K�xBQM2 /2HH� b2`B2

H B#`�`v U Ǵ ` 2 �/t H Ǵ V
O b B b 2 H 2 x B Q M � B H 7 B H 2 X t H b t
/ � i BnR8 XRN IƐ /�i� X 7`�K2 U `2�/n2 t + 2 H U 7 B H 2 X +?QQb2 U V V V
/ � i BnR8 XRNnha IƐ ib U / � i BnR 8 X R N ( - j ) - bi�`i4+ U R - R V -

7`2[m2M+v 4 k9V

O ah�L.�_.Aww�wAPL1 O
u�#IƐU / � i BnR8 XRNnha Ɛ

K2/B�M U / � i BnR8 XRNnhaV V fK�/U / � i BnR8 XRNnhaV

O h_�a6P_J�wAPL1 +QM a1LP AS1_"PGA*P ALo1_aP O
uinQ 7 7 B + B � H IƐ HQ; Uu�#Yb[`i U U u�#�kVYRVV

�TT2M/B+2 ", KQ/2HHQ M�Bp2

O G Ƕ B/2� ĕ i � ; H B � ` 2 B H / � i � b 2 i BM KQ/Q +?2 T�` i� / � H H �
O T`BK� Q`� / 2 H kNfRkfR3 T2`+?ĕ ĕ B H /�iQ T Bɍ p 2 + +? B Q
O m i B H 2 � H H � T ` 2 p B b B Q M 2 X A / � i B / 2 H kNƐjyƐjRfRkfkyR3
O b2`pQMQ T2` T ` 2 / B ` 2 B p � H Q ` B / B b�#� iQ /QK2MB+� 2
O H m M 2 / Ţ 8ƐeƐdfyRfkyRNX A / � i B Q ` � ` B / 2 H jRfRkfkyR3
O b2`pQMQ �M+?2 T2` T ` 2 / B ` 2 [ m 2 H H B
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O /B J�`i2/Ţ yRfyRfkyRN - TQ B b B +QMi BMm� + Q b Ţ

O aB B M B x B � +`2�M/Q B H p 2 i i Q ` 2 +?2 B / 2 M i B 7 B + ? B B H
O ; BQ`MQ / 2 H H � b2 i i BK�M� / B Q;MB Q`� / 2 H / � i � b 2 i
O aB T� ` i 2 / � H H Ƕ Q`� R / B b�#� iQ kNfRkfkyR3
O R b�`¨ b�#�iQ - k /QK2MB+� - j H m M 2 / B 2++ X

.�vP7h?2a�KTH2 IƐ + U V
7Q` U B B M R , je3 V&

.�vP7h?2a�KTH2 IƐ �TT2M/ U .�vP7h?2a�KTH2 -
+ U `2T U B - k 9 V V V '

O aB �++QTT B� B H p 2 i i Q ` 2 / 2 B ; B Q ` M B � H p 2 i i Q ` 2 / 2 B
O T ` 2 x x B Q ` � ` B T�` i2M/Q /� H /�iQ j9NNj - ` 2 H � i B p Q
O � H H Ƕ Q`� R / 2 H kNfRkfkyR3
Si X T2`L�Bp2 IƐ +#BM/ U / � i BnR8 XRNnha( j 9 N N j , 9 j 3 k 9 ) -

.�vP7h?2a�KTH2 V

OOO J�h_A*1 *PL S_1oAaAPLA P_�_A1 S1_ P:LA P_�
O .A P:LA :AP_LP .1GG� a1hhAJ�L� OOO

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 IƐ K�i`Bt UL�-
M`Qr 4 Rkdk - M+QH 4 dV

O Rkdk ` B ; ? 2 T2`+?ĕ + B bQMQ 8j K�`i2/Ţ M 2 H kyRN
O 8j»k944RkdkX G2 ` B ; ? 2 / � H H � Rk9N +QKT`2b� BM TQ B
O bQMQ L� T2` H 2 +Q HQMM2 / 2 ; H B � H i ` B .Qq
+QHM�K2b U T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 VIƐ+ U ǴJ�`Ǵ - ǴJ2`Ǵ - Ǵ:BQǴ -

Ǵo2MǴ - Ǵa�#Ǵ -
Ǵ.QKǴ - ǴGmMǴ V
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O P`� +QM + B + H B 7 Q ` b B ` B2KTBQMQ H 2 +Q HQMM2 /2 B ; B Q ` M B
O +QM H 2 ` 2 H � i B p 2 T ` 2 p B b B Q M B Q ` � ` B 2

O J�`i2/B , ĕ b T 2 + B � H 2 T2`+?ĕ + B bQMQ 8j K�`i2/Ţ M 2 H kyRN
O U / B i m i i B ; H B � H i ` B ; B Q ` M B +2 M2 bQMQ 8kV
7Q` U B B M y , 8 k V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - R ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH244jYd» B - R ) '

O `B2KTB2 k9 ` B ; ? 2 � H H � p Q H i � / 2 H H � +Q HQMM� / 2 H
O K�`i2/Ţ +QM B p � H Q ` B Q b b 2 ` p � i B M 2 H ; BQ `MQ T`2+2/2M i 2

O J2`+Q H2/ Ţ
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - k ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH2449Yd» B - R ) '

O :BQp2/ B
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - j ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH2448Yd» B - R ) '

O o2M2`/B
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - 9 ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH244eYd» B - R ) '

O /� [m B BM TQ B B M p 2 + 2 b B T`2M/QMQ B p � H Q ` B / 2 H ; BQ `MQ
O +Q` ` B b TQM/2M i 2 / 2 H H � b2 i i BK�M� T`BK� ,
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O a�#�iQ
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - 8 ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH244RYd» B - R ) '

O .QK2MB+�
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - e ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH244kYd» B - R ) '

O GmM2/B
7Q` U B B M y , 8 R V &

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» B V , Uk9Yk9» B V - d ) IƐ
Si X T2`L�Bp2 ( .�vP7h?2a�KTH244jYd» B - R ) '

O aB /BbTQM;QMQ Q`� H 2 T ` 2 p B b B Q M B BM mM p 2 i i Q ` 2

T ` 2 p B b B Q M B X M� Bp2 IƐ `2T UL�- 3deyV
7Q` U b2 i i BK�M� BM y , 8 R V &

7Q` U B B M y , e V &
T ` 2 p B b B Q M B X M� Bp2 (URYk9» B YRe3» b2 i i BK�M� V ,

Uk9Yk9» B YRe3» b2 i i BK�M� V ) IƐ
T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 (URYk9» b2 i i BK�M� V ,

Uk9Yk9» b2 i i BK�M� V - B YR)''

O b B �;;BmM;QMQ B M 7 B M 2 B k9 p � H Q ` B / 2 H H Ƕ m H i BKQ ; BQ`MQ
T ` 2 p B b B Q M B X M� Bp2 ( 3 d j d , 3 d e y )IƐ

T ` 2 x x B X T ` 2 / 2 i i B X M� Bp2 ( R k 9 N , R k d k - R )
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"B#HBQ;`�}�

�#2/BMB�- PX- �KD�/v- LX- a?�}2@E?�?- JX- *�i�H�Q- CX- kyR8X 1H2+i`B+Biv
T`B+2 7Q`2+�bi mbBM; +QK#BM�iQ`B�H M2m`�H M2irQ`F i`�BM2/ #v � M2r biQ+?�biB+
b2�`+? K2i?Q/X 1M2`;v *QMp2`bX J�M�;X Ry8- e9kĜe89X

�;;�`r�H- aX- a�BMB- GX- EmK�`- �X- kyyNX 1H2+i`B+Biv T`B+2 7Q`2+�biBM; BM
/2`2;mH�i2/ K�`F2ib, � `2pB2r �M/ 2p�Hm�iBQMX AMiX CX 1H2+i`X SQr2` 1M2`;v
avbiX jR- RjĜkkX

�HQMbQ- �XJX- "�biQb- :X- :�`+ő�@J�`iQb- *X- kyReX 1H2+i`B+Biv T`B+2
7Q`2+�biBM; #v �p2`�;BM; /vM�KB+ 7�+iQ` KQ/2HbX 1M2`;B2b N U3V- eyyX

�KD�/v- LX- kyyeX .�v@�?2�/ T`B+2 7Q`2+�biBM; Q7 2H2+i`B+Biv K�`F2ib #v
� M2r 7mxxv M2m`�H M2irQ`FX A111 h`�MbX SQr2` avbiX kR- 33dĜNNeX

�KD�/v- LX- E2vMB�- 6X- kyyN#X .�v@�?2�/ T`B+2 7Q`2+�biBM; Q7 2H2+i`B+Biv
K�`F2ib #v Kmim�H BM7Q`K�iBQM i2+?MB[m2 �M/ +�b+�/2/ M2m`Q@2pQHmiBQM�`v
�H;Q`Bi?KX A111 h`�MbX SQr2` avbiX k9 URV- jyeĜjR3X

�KD�/v- LX- .�`�22TQm`- �X- E2vMB�- 6X- kyRyX .�v@�?2�/ 2H2+i`B+Biv
T`B+2 7Q`2+�biBM; #v KQ/B}2/ `2HB27 �H;Q`Bi?K �M/ ?v#`B/ M2m`�H M2irQ`FX
A1h :2M2`X h`�MbKX .Bbi`B#X 9 UjV- 9jkĜ999X

"2Hi`�KB 6X- 6QMiBMB 6X- :`QbbB GX- kykRX h?2 p�Hm2 Q7 +�`#QM 2KBbbBQM
`2/m+iBQM BM/m+2/ #v _2M2r�#H2 1M2`;v aQm`+2b BM i?2 Ai�HB�M TQr2` K�`F2iX
1+QHQ;B+�H 1+QMQKB+b- R3N- RydR9N

*QM2DQ- �XCX- *QMi`2`�b- CX- 1bTőMQH�- _X- SH�x�b- JX�X- kyy8X 6Q`2+�biBM;
2H2+i`B+Biv T`B+2b 7Q` � /�v@�?2�/ TQQH@#�b2/ 2H2+i`B+ 2M2`;v K�`F2iX AMiX CX
6Q`2+�biX kR- 9j8Ĝ9ekX

ed



*QMi`2`�b- CX- 1bTőMQH�- _X- LQ;�H2b- 6X- *QM2DQ- �X- kyyjX �_AJ� KQ@
/2Hb iQ T`2/B+i M2ti@/�v 2H2+i`B+Biv T`B+2bX A111 h`�MbX SQr2` avbiX R3 UjV-
RyR9ĜRykyX

*`2iŢ �X- 6QMiBMB 6X- kyRNX 1+QMQKB+b Q7 1H2+i`B+Biv J�`F2ib- *QKT2iBiBQM
�M/ _mH2bX *�K#`B/;2 lMBp2`bBiv S`2bbX

*m�`2bK�- CX*X- >HQmbFQp�- CX- EQbbK2B2`- aX- P#2`bi2BM2`- JX- kyy9X
6Q`2+�biBM; 2H2+i`B+Biv bTQi@T`B+2b mbBM; HBM2�` mMBp�`B�i2 iBK2@b2`B2b KQ/2HbX
�TTHX 1M2`;v dd URV- 3dĜRyeX

.B2#QH/- 6XsX- J�`B�MQ- _XaX- RNN8X *QKT�`BM; T`2/B+iBp2 �++m`�+vX CX
"mbX 1+QMX ai�iX Rj- k8jĜkejX

.m/2F- :X- kyReX JmHiBH�v2` T2`+2Ti`QM 7Q` :16*QKkyR9 T`Q#�#BHBbiB+
2H2+i`B+Biv T`B+2 7Q`2+�biBM;X AMiX CX 6Q`2+�biX jk- Ry8dĜRyeyX

6B�Mm 1X aX- �?2H2;#2v .X 6X- :`QbbB GX- kykkX JQ/2HBM; `BbF +QMi�;BQM
BM i?2 Ai�HB�M xQM�H 2H2+i`B+Biv K�`F2iX 1m`QT2�M CQm`M�H Q7 PT2`�iBQM�H
_2b2�`+? kN3- e8eĜedNX

:�BHH�`/- SX- :Qm/2- uX- L2/2HH2+- _X- kyReX �//BiBp2 KQ/2Hb �M/ `Q#mbi
�;;`2;�iBQM 7Q` :16*QKkyR9 T`Q#�#BHBbiB+ 2H2+i`B+ HQ�/ �M/ 2H2+i`B+Biv T`B+2
7Q`2+�biBM;X AMiX CX 6Q`2+�biX jk UjV- Ryj3ĜRy8yX

:�`+B�@J�`iQb- *X- _Q/`B;m2x- CX- a�M+?2x- JX- kyydX JBt2/ KQ/2Hb 7Q`
b?Q`i@`mM 7Q`2+�biBM; Q7 2H2+i`B+Biv T`B+2b, �TTHB+�iBQM 7Q` i?2 aT�MBb? K�`F2iX
A111 h`�MbX SQr2` avbiX kk- 899Ĝ88RX

:B�M7`2/�- �X- :`QbbB- GX- kyRkX 6Q`2+�biBM; Ai�HB�M 2H2+i`B+Biv xQM�H T`B+2b
rBi? 2tQ;2MQmb p�`B�#H2bX 1M2`;v 1+QMX j9- kkk3ĜkkjNX

:B�M7`2/�- �X- S�`BbBQ- GX- S2H�;�iiB- JX- kyReX h?2 _1a@BM/m+2/ brBi@
+?BM; 2z2+i �+`Qbb 7QbbBH 7m2Hb, �M �M�HvbBb Q7 i?2 Ai�HB�M /�v@�?2�/ �M/ #�@
H�M+BM; T`B+2b �M/ i?2B` +QMM2+i2/ +QbibX _: qQ`FBM; S�T2`X ?iiTb,ff/QBXQ`@
;fRyXRjR9yf_:XkXkXjyRN8X RkjkyX

:QHB� aX- :`QbbB GX- S2H�;�iiB JX- kykkX J�+?BM2 G2�`MBM; JQ/2Hb �M/
AMi`�@.�BHv J�`F2i AM7Q`K�iBQM 7Q` i?2 S`2/B+iBQM Q7 Ai�HB�M 1H2+i`B+Biv S`B@
+2bX 6Q`2+�biBM;- kykj- 8- 3RĜRyRX
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:QMx�H2x- *X- JB`�@J+qBHHB�Kb- CX- Cm�`2x- AX- kyR8X AKTQ`i�Mi p�`B�#H2
�bb2bbK2Mi �M/ 2H2+i`B+Biv T`B+2 7Q`2+�biBM; #�b2/ QM `2;`2bbBQM i`22 KQ/2Hb,
+H�bbB}+�iBQM �M/ `2;`2bbBQM i`22b- #�;;BM; �M/ `�M/QK 7Q`2bibX A1h :2M2`X
h`�MbKX .Bbi`B#X N URRV- RRkyĜRRk3X

:`QbbB GX- L�M 6X- kyRN X _Q#mbi 7Q`2+�biBM; Q7 2H2+i`B+Biv T`B+2b, aBKmH�@
iBQMb- KQ/2Hb �M/ i?2 BKT�+i Q7 `2M2r�#H2 bQm`+2bX h2+?MQHQ;B+�H 6Q`2+�biBM;
�M/ aQ+B�H *?�M;2 R9R UkyRNV jy8ĜjR3X

>�;7Q`b- GX- E�KT2`m/- >X- S�`�b+?Bp- 6X- S`QFQT+xmF- JX- a�iQ`- �X-
q2bi;��`/- aX- kyReX S`2/B+iBQM Q7 2ti`2K2 T`B+2 Q++m``2M+2b BM i?2 :2`K�M
/�v@�?2�/ 2H2+i`B+Biv K�`F2iX Zm�MiX 6BM�MX Re- RNkNĜRN93X

>�`p2v .X- G2v#Qm`M2 aX- L2r#QH/ SX- RNNdX h2biBM; i?2 2[m�HBiv Q7
T`2/B+iBQM K2�M b[m�`2/ 2``Q`bX AMi2`M�iBQM�H CQm`M�H Q7 6Q`2+�biBM;- pQHX
Rj- Bbbm2 k- k3R@kNRX

>vM/K�M- _X- �i?�M�bQTQmHQb- :X- kyRjX 6Q`2+�biBM;, S`BM+BTH2b �M/
T`�+iB+2X PMHBM2 �i ?iiT,ffQi2tibXQ`;f7TTfX

C�K2b- :X- qBii2M- .X- >�biB2- hX- hB#b?B`�MB- _X- kyRjX �M AMi`Q/m+iBQM
iQ ai�iBbiB+�H G2�`MBM; rBi? �TTHB+�iBQMb BM _X aT`BM;2`- L2r uQ`FX

E�`�F�ib�MB- LX- "mMM- .X- kyy3X 6Q`2+�biBM; 2H2+i`B+Biv T`B+2b, i?2 BK@
T�+i Q7 7mM/�K2Mi�Hb �M/ iBK2@p�`vBM; +Q2{+B2MibX AMiX CX 6Q`2+�biX k9-
de9Ĝd38X

E2H2b- .X- a+2HH2- CX- S�`�b+?Bp- 6X- 6B+?iM2`- qX- kyReX 1ti2M/2/ 7Q`2@
+�bi K2i?Q/b 7Q` /�v@�?2�/ 2H2+i`B+Biv bTQi T`B+2b �TTHvBM; �`iB}+B�H M2m`�H
M2irQ`FbX �TTHX 1M2`;v Rek- kR3ĜkjyX

EBK- JX- kyR8X a?Q`i@i2`K T`B+2 7Q`2+�biBM; Q7 LQ`/B+ TQr2` K�`F2i
#v +QK#BM�iBQM G2p2M#2`;@J�`[m�`/i �M/ *m+FQQ b2�`+? �H;Q`Bi?KbX A1h
:2M2`X h`�MbKX .Bbi`B#X N URjV- R88jĜR8ejX

GBbB- 6X- L�M- 6X- kyR9X *QKTQM2Mi 2biBK�iBQM 7Q` 2H2+i`B+Biv T`B+2b,
T`Q+2/m`2b �M/ +QKT�`BbQMbX 1M2`;v 1+QMX 99- R9jĜR8NX

GBbB 6X- .B 6QMxQ hX- kyy8X a2`B2 aiQ`B+?2 1+QMQKB+?2X *�`Q++B- _QK�

eN



J�+B2DQrbF�- EX- kyR9X 6mM/�K2Mi�H �M/ bT2+mH�iBp2 b?Q+Fb- r?�i /`Bp2b
2H2+i`B+@ Biv T`B+2b\ A111 *QM72`2M+2 S`Q+22/BM;b @ 11JR9X ?iiTb,ff/QBXQ`@
;fRyXRRyNf11JX kyR9Xe3eRk3NX

J�+B2DQrbF�- EX- LQrQi�`bFB- CX- q2`QM- _X- kyReX S`Q#�#BHBbiB+ 7Q`2+�@
biBM; Q7 2H2+i`B+Biv bTQi T`B+2b mbBM; 6�+iQ` Zm�MiBH2 _2;`2bbBQM �p2`�;BM;X
AMiX CX 6Q`2+�biX jk UjV- N8dĜNe8X

JBbBQ`2F- �X- h`Ƀ+F- aX- q2`QM- _X- kyyeX SQBMi �M/ BMi2`p�H 7Q`2+�biBM;
Q7 bTQi 2H2+i`B+@ Biv T`B+2b, HBM2�` pbX MQM@HBM2�` iBK2 b2`B2b KQ/2HbX aim/X
LQMHBM2�` .vMX 1+QMX Ry UjVX�`iB+H2 kX

LQ;�H2b- 6XCX- *QMi`2`�b- CX- *QM2DQ- �XCX- 1bTBMQH�- _X- kyykX 6Q`2+�biBM;
M2ti@/�v 2H2+i`B+Biv T`B+2b #v iBK2 b2`B2b KQ/2HbX A111 h`�MbX SQr2` avbiX
Rd- j9kĜj93X

LQrQi�`bFB- CX- q2`QM- _X- kyReX PM i?2 BKTQ`i�M+2 Q7 i?2 HQM;@i2`K
b2�bQM�H +QKTQM2Mi BM /�v@�?2�/ 2H2+i`B+Biv T`B+2 7Q`2+�biBM;X 1M2`;v 1+QMX
8d- kk3Ĝkj8X

S�Q- >XhX- kyydX 6Q`2+�biBM; 2H2+i`B+Biv K�`F2i T`B+BM; mbBM; �`iB}+B�H
M2m`�H M2irQ`FbX 1M2`;v *QMp2`bX J�M�;X 93- NydĜNRkX

S�`�b+?Bp- 6X- 6H2i2M- aX@1X- a+?Ƀ`H2- JX- kyR8X � bTQi@7Q`r�`/ KQ/2H 7Q`
2H2+i`B+Biv T`B+2b rBi? `2;BK2 b?B7ibX 1M2`;v 1+QMX 9d- R9kĜR8jX

_�}2B- JX- LBFM�K- hX- E?QQ#�M- JX@>X- kyRdX S`Q#�#BHBbiB+ 7Q`2+�biBM;
Q7 ?Qm`Hv 2H2+i`B+Biv T`B+2 #v ;2M2`�HBx�iBQM Q7 1GJ 7Q` mb�;2 BM BKT`Qp2/
r�p2H2i M2m`�H M2irQ`FX A111 h`�MbX AM/X AM7X Rj- dRĜdNX

_Q/`B;m2x- *XSX- �M/2`b- :XCX- kyy9X 1M2`;v T`B+2 7Q`2+�biBM; BM i?2
PMi�`BQ +QKT2iBiBp2 TQr2` bvbi2K K�`F2iX A111 h`�MbX SQr2` avbiX RN URV-
jeeĜjd9X

a?�?B/2?TQm`- JX- u�KBM- >X- GB- wX- kyykX J�`F2i PT2`�iBQMb BM 1H2+i`B+
SQr2` avbi2Kb, 6Q`2+�biBM;- a+?2/mHBM;- �M/ _BbF J�M�;2K2MiX qBH2vX

hB#b?B`�MB- _X- RNNeX _2;`2bbBQM b?`BMF�;2 �M/ b2H2+iBQM pB� i?2 H�bbQX CX
_X ai�iX aQ+X " 83- kedĜk33X

dy



lMB2D2rbFB- "X- LQrQi�`bFB- CX- q2`QM- _X- kyReX �miQK�i2/ p�`B�#H2
b2H2+iBQM �M/ b?`BMF�;2 7Q` /�v@�?2�/ 2H2+i`B+Biv T`B+2 7Q`2+�biBM;X 1M2`;B2b
N U3V- ekRX

oB�M2HHB- aX- RN3jX GǶ�M�HBbB /2HH2 b2`B2 i2KTQ`�HB M2HHQ bpBHmTTQ biQ`B+Q 2
K2iQ/QHQ;B+Q /2HH� bi�iBbiB+�- JBH�MQ

oQ`QMBM- aX- S�`i�M2M- CX- kyRjX S`B+2 7Q`2+�biBM; BM i?2 /�v@�?2�/ 2M2`;v
K�`F2i #v �M Bi2`�iBp2 K2i?Q/ rBi? b2T�`�i2 MQ`K�H T`B+2 �M/ T`B+2 bTBF2
7`�K2rQ`FbX 1M2`;B2b e- 83NdĜ8NkyX

q2`QM- _X UkyyeVX JQ/2HBM; �M/ 7Q`2+�biBM; 2H2+i`B+Biv HQ�/b �M/ T`B+2b,
� bi�iBbiB+�H �TT`Q�+?X *?B+?2bi2`, qBH2vX

q2`QM- _X- kyR9X 1H2+i`B+Biv T`B+2 7Q`2+�biBM;, � `2pB2r Q7 i?2 bi�i2@Q7@
i?2@�`i rBi? � HQQF BMiQ i?2 7mim`2X AMiX CX 6Q`2+�biX jy- RyjyĜRy3RX

w�`2BTQm`- >X- *�MBx�`2b- *X�X- "?�ii�+?�`v�- EX- h?QKbQM- CX- kyyeX
�TTHB+�iBQM Q7 Tm#HB+@/QK�BM K�`F2i BM7Q`K�iBQM iQ 7Q`2+�bi PMi�`BQǶb r?Q@
H2b�H2 2H2+i`B+Biv T`B+2bX A111 h`�MbX SQr2` avbiX kR U9V- RdydĜRdRdX

w?Qm- JX- u�M- wX- LB- uX- GB- :X- LB2- uX- kyyeX 1H2+i`B+Biv T`B+2 7Q@
`2+�biBM; rBi? +QM}/2M+2@BMi2`p�H 2biBK�iBQM i?`Qm;? �M 2ti2M/2/ �_AJ�
�TT`Q�+?X A11 S`Q+X, :2M2`X h`�MbKX .Bbi`B#X R8j UkV- R3dĜRN8X

wB2H- 6X- kyRe�X 6Q`2+�biBM; 2H2+i`B+Biv bTQi T`B+2b mbBM; G�aaP, QM +�T@
im`BM; i?2 �miQ`2;`2bbBp2 BMi`�/�v bi`m+im`2X A111 h`�MbX SQr2` avbiX jR-
9NddĜ9N3dX

wB2H- 6X- ai2BM2`i- _X- kyReX 1H2+i`B+Biv T`B+2 7Q`2+�biBM; mbBM; b�H2 �M/
Tm`+?�b2 +m`p2b, i?2 s@KQ/2HX 1M2`;v 1+QMX 8N- 9j8Ĝ989X

wB2H- 6X- ai2BM2`i- _X- >mbK�MM- aX- kyR8�X 1{+B2Mi KQ/2HBM; �M/ 7Q`2@
+�biBM; Q7 2H2+i`B+Biv bTQi T`B+2bX 1M2`;v 1+QMX 9d- 3NĜRRRX

wB2H 6X- q2`QM _X- kyR3X .�v@�?2�/ 2H2+i`B+Biv T`B+2 7Q`2+�biBM; rBi? ?B;?@
/BK2MbBQM�H bi`m+im`2b, lMBp�`B�i2 pbX KmHiBp�`B�i2 KQ/2HBM; 7`�K2rQ`FbX
1M2`;v 1+QMQKB+b dy- jNeĜ9kyX

dR



aBiQ;`�}�

�_1_� U�miQ`Bi¨ /B _2;QH�xBQM2 T2` 1M2`;B� _2iB 2 �K#B2Mi2- �iiBpBi¨ /2B
/Bbi`B#miQ`B- kykk- ?iiTb,ffrrrX�`2`�XBifBif/�iBf22KdRX?iK

*Qbi�Mi2 JX AMp2`MBxxB- ?iiT,ffrrrX+Qbi�Mi2BMp2`MBxxBXBifaBi2nRf
q2H+QK2X?iKH

:J1 U:2biQ`2 J2`+�iB 1M2`;2iB+BV- ?iiTb,ffrrrXK2`+�iQ2H2ii`B+QXQ`;fA@
ifhQQHbf�++2bbQ/�iBX�bTt\_2im`Ml`H4Wk}iWk7/QrMHQ�/Wk7.�iBaiQ`B+BX�bTt

:a1 U:2biQ`2 a2`pBxB 1M2`;2iB+BV- 6m2H JBt- .2i2`KBM�xBQM2 /2H JBt
1M2`;2iB+Q T2` ;HB �MMB kyky@kykR- R8 a2ii2K#`2 kykk- ?iiTb,ffrrrX;b2XBifb2@
`pBxB@T2`@i2fM2rbf7m2H@KBt@/2i2`KBM�xBQM2@/2H@KBt@2M2`;2iB+Q@T2`@;HB@�MMB@k
yky@kykR

>�`p�`/ "mbBM2bb _2pB2r- h?2 .�`F aB/2 Q7 aQH�` SQr2`- �i�H�v �i�bm
@ a2`�bm .m`�M @ GmF LX o�M q�bb2M?Qp2- R3 :Bm;MQ kykR- ?iiTb,ff?#`X
Q`;fkykRfyefi?2@/�`F@bB/2@Q7@bQH�`@TQr2`

A2�- 1M2`;v BM AM/B� iQ/�v- kykR- ?iiTb,ffrrrXB2�XQ`;f`2TQ`ibfBM/B�@2M
2`;v@QmiHQQF@kykRf2M2`;v@BM@BM/B�@iQ/�v

AS**@q:j 1`M2m2`#�`2 1M2`;B2M- a__1L _2TQ`i- kyRR- ?iiTb,ffrrrX
BT++@r;jX/2fb``2M@`2TQ`if

CQBMi _2b2�`+? *2Mi`2 U1m`QT2�M *QKKBbbBQMV Ĝ A_1L� UAMi2`M�iBQM�H
_2M2r�#H2 1M2`;v �;2M+vV- "2M+?K�`FBM; a+2M�`BQ *QKT�`BbQMb E2v AM/B@
+�iQ`b 7Q` i?2 *H2�M 1M2`;v h`�MbBiBQM- kykRX ?iiTb,ffrrrX+H2�M2M2`;vKBMB@
bi2`B�HXQ`;f+QMi2MifmTHQ�/bfkykkfyjfB`2M�@D`+@#2M+?K�`FBM;@b+2M�`BQ@+QKT
�`BbQMb@kykRXT/7

C_* U1m`QT2�M *QKKBbbBQMV- aK�`i 1H2+i`B+Biv avbi2K �M/ AMi2`QT2`�@
#BHBiv- .Bbi`B#miBQM avbi2K PT2`�iQ`b P#b2`p�iQ`v- kyky- ?iiTb,ffb2bXD`+X2+X2m@
`QT�X2mf/Bbi`B#miBQM@bvbi2K@QT2`�iQ`b@Q#b2`p�iQ`v

C_* Sm#HB+�iBQMb _2TQbBiQ`v U1m`QT2�M *QKKBbbBQMV- h?2 _QH2 Q7 Lm@
+H2�` 1M2`;v BM � GQr@*�`#QM 1M2`;v 6mim`2- kyRjfyRfy3- ?iiTb,ffTm#HB+�@
iBQMbXD`+X2+X2m`QT�X2mf`2TQbBiQ`vf?�M/H2fC_*dkyRd

dk

https://www.arera.it/it/dati/eem71.htm
http://www.costanteinvernizzi.it/Site_1/Welcome.html
http://www.costanteinvernizzi.it/Site_1/Welcome.html
https://www.mercatoelettrico.org/It/Tools/Accessodati.aspx?ReturnUrl=%2fit%2fdownload%2fDatiStorici.aspx
https://www.mercatoelettrico.org/It/Tools/Accessodati.aspx?ReturnUrl=%2fit%2fdownload%2fDatiStorici.aspx
https://www.gse.it/servizi-per-te/news/fuel-mix-determinazione-del-mix-energetico-per-gli-anni-2020-2021
https://www.gse.it/servizi-per-te/news/fuel-mix-determinazione-del-mix-energetico-per-gli-anni-2020-2021
https://www.gse.it/servizi-per-te/news/fuel-mix-determinazione-del-mix-energetico-per-gli-anni-2020-2021
https://hbr.org/2021/06/the-dark-side-of-solar-power
https://hbr.org/2021/06/the-dark-side-of-solar-power
https://www.iea.org/reports/india-energy-outlook-2021/energy-in-india-today
https://www.iea.org/reports/india-energy-outlook-2021/energy-in-india-today
https://www.ipcc-wg3.de/srren-report/
https://www.ipcc-wg3.de/srren-report/
https://www.cleanenergyministerial.org/content/uploads/2022/03/irena-jrc-benchmarking-scenario-comparisons-2021.pdf
https://www.cleanenergyministerial.org/content/uploads/2022/03/irena-jrc-benchmarking-scenario-comparisons-2021.pdf
https://www.cleanenergyministerial.org/content/uploads/2022/03/irena-jrc-benchmarking-scenario-comparisons-2021.pdf
https://ses.jrc.ec.europa.eu/distribution-system-operators-observatory
https://ses.jrc.ec.europa.eu/distribution-system-operators-observatory
https://publications.jrc.ec.europa.eu/repository/handle/JRC72017
https://publications.jrc.ec.europa.eu/repository/handle/JRC72017


a�M CQbû bi�i2 mMBp2`bBiv 2+QMQKB+b /2T�`iK2Mi- h?2 *�i�bi`QT?B+ .�K
6�BHm`2b BM *?BM� BM �m;mbi RNd8- h?�v2` q�iFBMb- ke �T`BH2 kyyk- ?iiTb,ff@
r2#X�`+?Bp2XQ`;fr2#fkyyky9keykkN8Rf?iiT,ffrrrXbDbmX2/mf7�+mHivfr�iFBM@
bf�m;RNd8X?iK

aQ`;2MB�- :_hL U:2ibiQ`2 /2HH� _2i2 /B h`�bKBbbBQM2 L�xBQM�H2V- ?iiTb,
ffrrrXbQ`;2MB�XBif;mB/�@2M2`;B�f;`iM

aiQ`B� /B JBH�MQ- G� *2Mi`�H2 2H2ii`B+� /B pB� a�Mi� _�/2;QM/�- :B�M
Gm+� G�TBMB- jy :2MM�BQ kyy9- ?iiT,ffrrrXbiQ`B�/BKBH�MQXBif+Bii�f
KBH�MQi2+MB+�f2H2ii`B+Bi�f`�/2;QM/�yX?iK

h1_L�- S`Q/mxBQM2 /B 1M2`;B� 1H2ii`B+� T2` 6QMi2- kyky- ?iiTb,ff�TTXTQ@
r2`#BX+QKfpB2r\`42vC`ADQBw:lxukljLh;iwq_KwayyJDJkGh;rw:Aiuh
;rw:ARuKZyJquRABrB/*AeAKoDukZjJx_HGh+rJDAiL.+rPaR?uK1RG
q1Rw:ZjLxFvPqlvLvAbAKJBPD?N�T�;2L�K24_2TQ`ia2+iBQM

lMBL�- AH K2`+�iQ /2HHǶ2M2`;B� 2H2ii`B+�- ?iiTb,ffrrrX/Q+2MiBXmMBM�X
Bifr2#/Q+2MiB@#2f�HH2;�iBfK�i2`B�H2@/B/�iiB+Qf93j33k

lMBi2/ L�iBQMb a+B2MiB}+ *QKKBii22- aQm`+2b- 1z2+ib �M/ _BbFb P7 AQMB@
xBM; _�/B�iBQM lLa*1�_ kyRj _2TQ`i- kyR9- ?iiTb,ffrrrXmMb+2�`XQ`;f
/Q+bf`2TQ`ibfkyRjfRj@389R3n_2TQ`inkyRjn�MM2tn�XT/7

dj

https://web.archive.org/web/20020426022951/http://www.sjsu.edu/faculty/watkins/aug1975.htm
https://web.archive.org/web/20020426022951/http://www.sjsu.edu/faculty/watkins/aug1975.htm
https://web.archive.org/web/20020426022951/http://www.sjsu.edu/faculty/watkins/aug1975.htm
https://www.sorgenia.it/guida-energia/grtn
https://www.sorgenia.it/guida-energia/grtn
http://www.storiadimilano.it/citta/milanotecnica/elettricita/radegonda0.htm
http://www.storiadimilano.it/citta/milanotecnica/elettricita/radegonda0.htm
https://app.powerbi.com/view?r=eyJrIjoiZGUzY2U3NTgtZWRmZS00MjM2LTgwZGItYTgwZGI1YmQ0MWY1IiwidCI6ImVjY2Q3MzRlLTcwMjItNDcwOS1hYmE1LWE1ZGQ3NzkyOWUyNyIsImMiOjh9&pageName=ReportSection
https://app.powerbi.com/view?r=eyJrIjoiZGUzY2U3NTgtZWRmZS00MjM2LTgwZGItYTgwZGI1YmQ0MWY1IiwidCI6ImVjY2Q3MzRlLTcwMjItNDcwOS1hYmE1LWE1ZGQ3NzkyOWUyNyIsImMiOjh9&pageName=ReportSection
https://app.powerbi.com/view?r=eyJrIjoiZGUzY2U3NTgtZWRmZS00MjM2LTgwZGItYTgwZGI1YmQ0MWY1IiwidCI6ImVjY2Q3MzRlLTcwMjItNDcwOS1hYmE1LWE1ZGQ3NzkyOWUyNyIsImMiOjh9&pageName=ReportSection
https://app.powerbi.com/view?r=eyJrIjoiZGUzY2U3NTgtZWRmZS00MjM2LTgwZGItYTgwZGI1YmQ0MWY1IiwidCI6ImVjY2Q3MzRlLTcwMjItNDcwOS1hYmE1LWE1ZGQ3NzkyOWUyNyIsImMiOjh9&pageName=ReportSection
https://www.docenti.unina.it/webdocenti-be/allegati/materiale-didattico/483882
https://www.docenti.unina.it/webdocenti-be/allegati/materiale-didattico/483882
https://www.unscear.org/docs/reports/2013/13-85418_Report_2013_Annex_A.pdf
https://www.unscear.org/docs/reports/2013/13-85418_Report_2013_Annex_A.pdf

	Introduzione
	Il Sistema Elettrico Nazionale e il Mercato Italiano dell'Energia Elettrica
	Il sistema elettrico: caratteri generali e configurazione
	Impianti di produzione
	Trasmissione
	Distribuzione
	Carico (Load)

	Breve storia del mercato elettrico in Italia e configurazione odierna
	Il Mercato del Giorno Prima
	Il Prezzo Unico Nazionale - PUN


	Metodologia di Analisi
	Modelli statistici per serie storiche di dati economici
	Approccio univariato e multivariato
	Modelli univariati selezionati
	Modelli multivariati selezionati

	Tecniche comparative adottate

	Implementazione e Risultati Empirici
	Data preprocessing
	Modello naive
	Modelli AR univariato e multivariato
	Modello AR univariato
	Modello AR multivariato

	Modelli LASSO univariati e multivariati
	LASSO univariati
	LASSO multivariati

	Confronto performance predittive

	Conclusioni
	Appendice
	Bibliografia

