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❚❤❡ ♠❛✐♥ ❝♦♥/3✐❜✉/✐♦♥ ♦❢ /❤✐! ♣❛♣❡3 /♦ /❤❡ ❧✐/❡3❛/✉3❡ ✐! /❤✉! /❤❡ ❞❡✈❡❧♦♣♠❡♥/ ♦❢ ❛ ❝♦♠♣♦!✐/❡

❞②♥❛♠✐❝ ♣3♦❜✐/ ✐♥❞✐❝❛/♦3 ❛❧♦♥❣ /❤❡ ❧✐♥❡! ♦❢ 3❡❝❡♥/ !/✉❞✐❡! ✉!✐♥❣ ❜✐♥❛3② 3❡!♣♦♥!❡ ♠♦❞❡❧! !✉❝❤

❛! ❑❛✉♣♣✐ ❛♥❞ ❙❛✐❦♦♥♥❡♥ ✭✷✵✵✽✮ ❛♥❞ ◆②❜❡3❣ ✭✷✵✶✵✮ ❢♦3 3❡❝❡!!✐♦♥ ❢♦3❡❝❛!/✐♥❣ ✉♥❞❡3 3❡❛❧✲/✐♠❡

❝♦♥❞✐/✐♦♥! ♦♥ ❛ ♠♦♥/❤❧② ❜❛!✐!✳ ❆! ✐/ ✇✐❧❧ ❜❡ ❞✐!❝✉!!❡❞ ✐♥ /❤✐! ♣❛♣❡3✱ /❤3♦✉❣❤ /❤❡ ❡!/✐♠❛/✐♦♥

♦❢ ❛ ✈❛3✐❡/② ♦❢ ❛❧/❡3♥❛/✐✈❡ ❞②♥❛♠✐❝ ♣3♦❜✐/ 3❡❣3❡!!✐♦♥! ❛♥❞ /❤❡ ❝♦♠❜✐♥❛/✐♦♥ ♦❢ /❤❡ 3❡!✉❧/✐♥❣

3❡❝❡!!✐♦♥ ♣3♦❜❛❜✐❧✐/② ❡!/✐♠❛/❡! ♥♦/ ♦♥❧② ❛ ❣3❡❛/ ❞❡❛❧ ♦❢ ✐♥❢♦3♠❛/✐♦♥ ✐! /❛❦❡♥ ✐♥/♦ ❝♦♥!✐❞❡3❛/✐♦♥✱

❜✉/ ❛❧!♦ ❛ ❧♦✇❡3 ✈♦❧❛/✐❧✐/② ♦❢ /❤❡ 3❡❝❡!!✐♦♥ ❢♦3❡❝❛!/ ❡33♦3 ✐! ❛❝❤✐❡✈❡❞✳

❚❤❡ 3❡♠❛✐♥❞❡3 ♦❢ /❤✐! ♣❛♣❡3 ✐! ♦3❣❛♥✐③❡❞ ❛! ❢♦❧❧♦✇!✳ ■♥ !❡❝/✐♦♥ ✷ /❤❡ ♠♦❞❡❧✐♥❣ ♦❢ ❛♥

❡❝♦♥♦♠❡/3✐❝ ❢♦3❡❝❛!/✐♥❣ /♦♦❧ ❜❛!❡❞ ♦♥ /❤❡ ❞②♥❛♠✐❝ ❜✐♥❛3② 3❡!♣♦♥!❡ ❛♣♣3♦❛❝❤ ❢♦3 3❡❝❡!!✐♦♥

❢♦3❡❝❛!/✐♥❣ ✐♥ ●❡3♠❛♥② ✐! ❞✐!❝✉!!❡❞✳ ❙❡❝/✐♦♥ ✸ ❞❡3✐✈❡! /❤❡ ❝♦♠❜✐♥❛/✐♦♥ !❝❤❡♠❡! /❤❡♦3❡/✐❝❛❧❧②

❛♥❞ ❡①♣❧❛✐♥! ❤♦✇ ♠❛♥② ✉♥❞❡3❧②✐♥❣ ♣3♦❜✐/ ❢♦3❡❝❛!/! ❛3❡ /♦ ❜❡ ❝♦♥!✐❞❡3❡❞ ❢♦3 ❡❛❝❤✳ ❙❡❝/✐♦♥ ✹ ❞✐!✲

❝✉!!❡! /❤❡ 3❡❛❧✲/✐♠❡ ✐♥✲ ❛♥❞ ♦✉/✲♦❢✲!❛♠♣❧❡ ♣❡3❢♦3♠❛♥❝❡ ♦❢ /❤❡ ❞✐✛❡3❡♥/ ❝♦♠❜✐♥❛/✐♦♥ !❝❤❡♠❡!✳

✶



❋✐♥❛❧❧②✱ '❡❝*✐♦♥ ✺ ❞.❛✇' '♦♠❡ ❝♦♥❝❧✉'✐♦♥' ❢.♦♠ *❤✐' '*✉❞② ❛♥❞ ♣♦✐♥*' ♦✉* ♣♦''✐❜❧❡ ❡①*❡♥'✐♦♥'

❧❡❢* ❢♦. ❢✉*✉.❡ .❡'❡❛.❝❤✳

✷ ▼❡#❤♦❞♦❧♦❣②

❆' ♣.❡✈✐♦✉'❧② ♠❡♥*✐♦♥❡❞✱ ❢♦❧❧♦✇✐♥❣ *❤❡ ✇♦.❦ ❜② ❊'*.❡❧❧❛ ❛♥❞ ❍❛.❞♦✉✈❡❧✐' ✭✶✾✾✶✮✱ ❜✐♥❛.② .❡✲

'♣♦♥'❡ ♠♦❞❡❧' ❤❛✈❡ ❜❡❡♥ ✇✐❞❡❧② ✉'❡❞ ❢♦. *❤❡ ❡'*✐♠❛*✐♦♥ ❛♥❞ ❢♦.❡❝❛'*✐♥❣ ♦❢ .❡❝❡''✐♦♥❛.② ♣❡.✐♦❞'

❞✉.✐♥❣ *❤❡ ❧❛'* *✇❡♥*② ②❡❛.'✱ '❡❡ ❡✳❣✳ ❉✉❡❦❡. ✭✶✾✾✼✮✱ ❑❛✉♣♣✐ ❛♥❞ ❙❛✐❦♦♥♥❡♥ ✭✷✵✵✽✮✱ ❘✉❞❡✲

❜✉'❝❤ ❛♥❞ ❲✐❧❧✐❛♠' ✭✷✵✵✾✮ ❛♥❞ ◆②❜❡.❣ ✭✷✵✶✵✮✳ ■♥ *❤✐' '*.❛✐♥ ♦❢ *❤❡ ❧✐*❡.❛*✉.❡✱ ❜✐♥❛.② .❡❝❡''✐♦♥

✐♥❞✐❝❛*♦. '❡.✐❡' .❡♣.❡'❡♥*✐♥❣ *❤❡ '*❛*❡ ♦❢ *❤❡ ❡❝♦♥♦♠② ✇✐*❤✐♥ *❤❡ ❜✉'✐♥❡'' ❝②❝❧❡ bt ✐' '❡* '✉❝❤

*❤❛*

bt =

{

1, ✐❢ *❤❡ ❡❝♦♥♦♠② ❣♦❡' *❤.♦✉❣❤ ❛ .❡❝❡''✐♦♥❛.② ♣❤❛'❡ ❛* *✐♠❡ t

0, ✐❢ *❤❡ ❡❝♦♥♦♠② ❡①♣❡.✐❡♥❝❡' ❛♥ ❡①♣❛♥'✐♦♥ ❛* *✐♠❡ t✳

▲❡* Ωt−h ❜❡ *❤❡ ✐♥❢♦.♠❛*✐♦♥ '❡* ❛✈❛✐❧❛❜❧❡ ❛* t − h✱ ✇❤❡.❡ h .❡♣.❡'❡♥*' *❤❡ ❢♦.❡❝❛'*✐♥❣

❤♦.✐③♦♥✳ ❆''✉♠✐♥❣ ❛ ♦♥❡✲♣❡.✐♦❞ ❛❤❡❛❞ ❢♦.❡❝❛'* ❤♦.✐③♦♥ h = 1✱ Et−1 ❛♥❞ Prob t−1( · ) .❡♣.❡'❡♥*

*❤❡ ❝♦♥❞✐*✐♦♥❛❧ ❡①♣❡❝*❛*✐♦♥ ❛♥❞ *❤❡ ❝♦♥❞✐*✐♦♥❛❧ ♣.♦❜❛❜✐❧✐*② ❣✐✈❡♥ *❤❡ ✐♥❢♦.♠❛*✐♦♥ '❡* Ωt−1✱

✇❤❡.❡ ✉♥❞❡. *❤❡ ❛''✉♠♣*✐♦♥ *❤❛* bt ❤❛' ❛ ❇❡.♥♦✉❧❧✐ ❞✐'*.✐❜✉*✐♦♥

bt| Ωt−1 ∼ B(pt),

*❤❡ ❝♦♥❞✐*✐♦♥❛❧ ♣.♦❜❛❜✐❧✐*② pt ♦❢ bt *❛❦✐♥❣ *❤❡ ✈❛❧✉❡ ✶ ✐♥ t ✐' *❤❡♥ ❣✐✈❡♥ ❜②

Et−1(bt) = Prob t−1( bt = 1) = pt = Φ(ϕt).

ϕt .❡♣.❡'❡♥*' *❤❡ ❧✐♥❡❛. ♠♦❞❡❧ ❡Q✉❛*✐♦♥ ♦❢ *❤❡ ✈❛.✐❛❜❧❡' ❝♦♥*❛✐♥❡❞ ✐♥ *❤❡ ✐♥❢♦.♠❛*✐♦♥ '❡* Ωt−1

❛♥❞ Φ( · ) *❤❡ ❧✐♥❦✐♥❣ ❢✉♥❝*✐♦♥ ❜❡*✇❡❡♥ ϕt ❛♥❞ *❤❡ ❝♦♥❞✐*✐♦♥❛❧ ♣.♦❜❛❜✐❧✐*② Prob t−1( bt = 1)

❛❝❝♦.❞✐♥❣ *♦ *❤❡ ❇❡.♥♦✉❧❧✐ ❞✐'*.✐❜✉*✐♦♥✱ ✇❤✐❝❤ ✐♥ ♣.♦❜✐* ♠♦❞❡❧' ✐' ❣✐✈❡♥ ❜② ❛ '*❛♥❞❛.❞ ♥♦.♠❛❧

❞✐'*.✐❜✉*✐♦♥ ❢✉♥❝*✐♦♥✳

❆' ✐♥ R.♦❛S♦ ✭✷✵✶✵✮ *❤❡ ❧❛*❡♥* ✈❛.✐❛❜❧❡ ♦❢ ❛ .❡❛❧✲*✐♠❡ ❞②♥❛♠✐❝ ♣.♦❜✐* ✐♥❞✐❝❛*♦. ❢♦. *❤❡

♣.❡❞✐❝*✐♦♥ ♦❢ *❤❡ ❜✉'✐♥❡'' ❝②❝❧❡ ✐' *❤❡♥ ❣✐✈❡♥ ❜②

ϕt =

o
∑

j=h+R

δjbt−j +

p
∑

j=h+Dy

αjyt−j +

q
∑

j=h+Dx

x
′
t−jβj + ut,

ut ∼ N (0, 1) ∀t, R > Dy,

✭✶✮

✇❤❡.❡ R '*❛♥❞' ❢♦. *❤❡ .❡❝❡''✐♦♥ .❡❝♦❣♥✐*✐♦♥ ❧❛❣ ❛♥❞ Dy✱ Dx ❢♦. *❤❡ ❧❛❣❣❡❞ ❞❛*❛ ❛✈❛✐❧❛❜✐❧✐*②✳

❆' ✐* ❝❛♥ ❜❡ '❡❡♥ ✐♥ ❡Q✉❛*✐♦♥ ✭✶✮ *❤❡ ❛✉*♦.❡❣.❡''✐✈❡ ❡①♣❧❛♥❛*♦.② *❡.♠' ❝♦♥'✐'* ♦❢ ❜♦*❤ ❣.♦✇*❤

.❛*❡' ♦❢ *❤❡ .❡❢❡.❡♥❝❡ '❡.✐❡' y ❛♥❞ *❤❡ ❜✐♥❛.② '*❛*❡ '❡.✐❡' b ❣❡♥❡.❛*❡❞ ♦✉* ♦❢ *❤❡ .❡❢❡.❡♥❝❡

'❡.✐❡' ❢♦. *❤❡ ❞❡*❡❝*✐♦♥ ♦❢ .❡❝❡''✐♦♥ ❛♥❞ ❡①♣❛♥'✐♦♥ ♣❤❛'❡'✳ ▼♦.❡♦✈❡. x ❝❛♣*✉.❡' ❛ ❧❛.❣❡ '❡* ♦❢

❡①♦❣❡♥♦✉' ♠❛❝.♦❡❝♦♥♦♠✐❝ ❛♥❞ ❧❡❛❞✐♥❣ ✐♥❞✐❝❛*♦.' *♦ ❜❡ ❞✐'❝✉''❡❞ ✐♥ ❞❡*❛✐❧ ❜❡❧♦✇✳

✷



❙✉♠♠❛$✐③✐♥❣ ❛❧❧ ❛✈❛✐❧❛❜❧❡ ❡①♣❧❛♥❛/♦$② ✈❛$✐❛❜❧❡2 ❛♥❞ ❧❛❣2 ✐♥ z
i
t /❤❡♥ /❤❡ i✲/❤ 2♣❡❝✐✜❝❛/✐♦♥

♦❢ ❛ h✲2/❡♣ ❛❤❡❛❞ $❡❝❡22✐♦♥ ❢♦$❡❝❛2/ ✇✐/❤ /❤❡ ♣$♦❜✐/ ♠♦❞❡❧ ✐2 ❣✐✈❡♥ ❜②

ϕi
t+h = z

i′
tβ + uit+h, uit+h ∼ N (0, 1) , i ∈ I,

bit+h =

{

1 : ϕi
t+h > 0

0 : ϕi
t+h ≤ 0

✭✷✮

❛♥❞ ✐♥ /❡$♠2 ♦❢ /❤❡ ❡①♣❡❝/❡❞ ❢✉/✉$❡ ✈❛❧✉❡ ❝♦♥❞✐/✐♦♥❛❧ ♦♥ ❝✉$$❡♥/ ✐♥❢♦$♠❛/✐♦♥ /❤✐2 ❧❡❛❞2 /♦

E
(

bit+h|z
i
t, β

)

= µi
t+h|t = P

(

bit+h = 1|zit, β
)

= Φ
(

z
′i
t β

)

= Φ
(

E
(

ϕi
t+h|t

))

.
✭✸✮

■♥ /❤❡$❡ /❤❡ 2✐③❡ ♦❢ I ✐2 ❡?✉❛❧ /♦ /❤❡ ❞✐♠❡♥2✐♦♥ ♦❢ /❤❡ ❝♦♠❜✐♥❛/✐♦♥ 2♣❛❝❡ /✐♠❡2 /❤❡ ❡❧❡♠❡♥/2 ✐♥

❡❛❝❤ ♦❢ ✐/2 ❝♦♠♣♦♥❡♥/2✳ ❋♦$ ✐♥2/❛♥❝❡ ✇✐/❤ ✜✈❡ ❞✐✛❡$❡♥/ ✐♥/❡$❡2/ $❛/❡ 2♣$❡❛❞2 ❛♥❞ /✇♦ ❞✐✛❡$❡♥/

❦✐♥❞2 ♦❢ ❧❛❣ ❝❤♦✐❝❡ /❡♥ 2♣❡❝✐✜❝❛/✐♦♥2 ❝❛♥ ❜❡ /❛❦❡♥ ✐♥/♦ ❛❝❝♦✉♥/✳ ■♥ /❤✐2 ❝♦♥/❡①/ ✐/ 2❤♦✉❧❞ ❜❡

❝❧❡❛$ /❤❛/ /❤❡ ✐♥❝❧✉2✐♦♥ ♦❢ ❛❧❧ ②✐❡❧❞ 2♣$❡❛❞2 ✐♥ /❤❡ 2❛♠❡ 2❡/ ♦❢ $❡❣$❡22♦$2 ✇♦✉❧❞ ❛✉/♦♠❛/✐❝❛❧❧②

❣✐✈❡ $✐2❡ /♦ ❛ ♠✉❧/✐❝♦❧❧✐♥❡❛$✐/② ♣$♦❜❧❡♠✳ ❚❤❡ ❛✲♣$✐♦$✐ ❝❤♦✐❝❡ ♦❢ ❥✉2/ ♦♥❡ ♦❢ /❤❡ ❛✈❛✐❧❛❜❧❡ ②✐❡❧❞

2♣$❡❛❞2✱ ♦♥ /❤❡ ❝♦♥/$❛$②✱ ♠❛② ❛❧2♦ /✉$♥ ♦✉/ /♦ ❜❡ ✇$♦♥❣ ✐❢ /❤❛/ ②✐❡❧❞ 2♣$❡❛❞ ❤❛2 ❧♦✇ ♣$❡❞✐❝/✐✈❡

♣♦✇❡$✳

■♥ ♦$❞❡$ /♦ ❛✈♦✐❞ /❤❡ ❧❛/❡♥/ ♣$♦❜❧❡♠ ♦❢ ❝❤♦♦2✐♥❣ ❛♥ ❛$❜✐/$❛$② ♠♦❞❡❧ 2♣❡❝✐✜❝❛/✐♦♥ ❜❛2❡❞ ♦♥

❛♥ ❛❞✲❤♦❝ 2❡❧❡❝/✐♦♥ ♦❢ ❧❛❣❣❡❞ ✈❛❧✉❡2 ✕ ❛♥❞ ♦❢ /❤❡ ❡①♣❧❛✐♥✐♥❣ ✈❛$✐❛❜❧❡2 ✐♥ ❣❡♥❡$❛❧ ✕✱ ❢♦❧❧♦✇✐♥❣

H$♦❛I♦ ✭✷✵✶✵✮ ❡❛❝❤ ❛❧/❡$♥❛/✐✈❡ ❞②♥❛♠✐❝ ♣$♦❜✐/ 2♣❡❝✐✜❝❛/✐♦♥ ✇❛2 ❡2/✐♠❛/❡❞ ✉2✐♥❣ ❛ ❣❡♥❡#❛❧✲'♦✲

)♣❡❝✐✜❝ ❛2 ✇❡❧❧ ❛2 ❛ )♣❡❝✐✜❝✲'♦✲❣❡♥❡#❛❧ ❛♣♣$♦❛❝❤✳ ■♥ /❤❡ ❣❡♥❡#❛❧✲'♦✲)♣❡❝✐✜❝ 2❡❧❡❝/✐♦♥ ♣$♦❝❡❞✉$❡

✭2❡❡ ❈❛♠♣♦2✱ ❊$✐❝22♦♥ ❛♥❞ ❍❡♥❞$② ✭✷✵✵✺✮✮✱ /❤❡ ❡①♣❧❛♥❛/♦$② ❝♦♥/$✐❜✉/✐♦♥ ♦❢ ❡❛❝❤ ❧❛❣ ♦❢ ❡❛❝❤

❡①♣❧❛♥❛/♦$② ✈❛$✐❛❜❧❡ ✇❛2 /❡2/❡❞ ✉2✐♥❣ ❛ $❡❞✉♥❞❛♥/ ✈❛$✐❛❜❧❡2 ▲✐❦❡❧✐❤♦♦❞ ❘❛/✐♦ ✭▲❘✮ /❡2/✱ ✇✐/❤

/❤❡ ▲❘ 2/❛/✐2/✐❝ ❝♦♠♣✉/❡❞ ❛2

LR = −2(LR − LU )

✇❤❡$❡ LR ❛♥❞ LU ❛$❡ /❤❡ ♠❛①✐♠✐③❡❞ ✈❛❧✉❡2 ♦❢ /❤❡ ✭●❛✉22✐❛♥✮ ❧♦❣ ❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝/✐♦♥ ♦❢

/❤❡ ✉♥$❡2/$✐❝/❡❞ ❛♥❞ $❡2/$✐❝/❡❞ $❡❣$❡22✐♦♥2✳

✶

■♥ /❤❡ )♣❡❝✐✜❝✲'♦✲❣❡♥❡#❛❧ 2❡❧❡❝/✐♦♥ ♣$♦❝❡❞✉$❡✱ ✐♥

❝♦♥/$❛2/✱ /❤❡ ❛❞❞❡❞ ❡①♣❧❛♥❛/♦$② ✈❛❧✉❡ ♦❢ ❛♥ ❛❞❞✐/✐♦♥❛❧ ❧❛❣ ♦❢ ❡❛❝❤ ❡①♣❧❛✐♥✐♥❣ ✈❛$✐❛❜❧❡ ✇❛2

/❡2/❡❞ ✉2✐♥❣ ❛♥ ♦♠✐//❡❞ ✈❛$✐❛❜❧❡2 ▲✐❦❡❧✐❤♦♦❞ ❘❛/✐♦ /❡2/✱ ✇❤❡$❡ ✉♥❞❡$ /❤❡ Ho /❤❡ ❝♦❡✣❝✐❡♥/ ♦❢

/❤❡ ❛❞❞✐/✐♦♥❛❧❧② ❛❞❞❡❞ ✈❛$✐❛❜❧❡ ✭❧❛❣✮ ✐2 ♥♦/ 2✐❣♥✐✜❝❛♥/✳

✸ ❈♦♠❜✐♥❛(✐♦♥ ❙❝❤❡♠❡

●✐✈❡♥ /❤❡ ✉♥❝❡$/❛✐♥/② ❧✐♥❦❡❞ ✇✐/❤ /❤❡ ✉2❡ ♦❢ ♠❛❝$♦❡❝♦♥♦♠✐❝ ❞❛/❛✱ ❛2 ✇❡❧❧ ❛2 /❤❡ ♣♦/❡♥/✐❛❧

♠✐22♣❡❝✐✜❝❛/✐♦♥ ♦❢ 2♦♠❡✴❛❧❧ ♦❢ /❤❡ /❡♥ ❞②♥❛♠✐❝ ♣$♦❜✐/ $❡❣$❡22✐♦♥2✱ ❤♦✇❡✈❡$✱ ✐/ ✐2 ✐♠♣♦22✐❜❧❡

❜♦/❤ ❛✲♣$✐♦$✐ ❛♥❞ ❛✲♣♦2/❡$✐♦$✐ /♦ 2❡❧❡❝/ ♦♥❡ ♣❛$/✐❝✉❧❛$ 2♣❡❝✐✜❝❛/✐♦♥ ❛2 ✏/❤❡ ♦♥❡✑ $❡♣$❡2❡♥/✐♥❣

✶

❯♥❞❡$ %❤❡ Ho ♦❢ %❤✐* ❛*②♠♣%♦%✐❝❛❧❧② χ2
❞✐*%$✐❜✉%❡❞ %❡*% ✇✐%❤ ♦♥❡ ❞❡❣$❡❡ ♦❢ ❢$❡❡❞♦♠✱ %❤❡ ❝♦❡✣❝✐❡♥% ♦❢ ❛

$❡❞✉♥❞❛♥% ✈❛$✐❛❜❧❡ ✭❧❛❣✮ ✐* ③❡$♦✳ ❆ $❡❥❡❝%✐♦♥ ♦❢ %❤✐* %❡*% $❡*✉❧%* ✐♥ %❤❡ ❝♦♥*❡$✈❛%✐♦♥ ♦❢ %❤❡ %❡*%❡❞ ✈❛$✐❛❜❧❡ ✭❧❛❣✮

✐♥ %❤❡ ♠♦❞❡❧ *♣❡❝✐✜❝❛%✐♦♥✳

✸



✐♥ "❤❡ ❜❡&" ✇❛② "❤❡ ❞❛"❛✲❣❡♥❡-❛"✐♥❣ ♣-♦❝❡&&✳ ■♥ ❝♦♥"-❛&"✱ ✐" &❡❡♠& ❛❞✈❛♥"❛❣❡♦✉& "♦ ♣✉-&✉❡

❛ ❝♦♠❜✐♥❛"♦-✐❛❧ ❛♣♣-♦❛❝❤ ✇❤❡-❡ "❤❡ ✐♥❢♦-♠❛"✐♦♥ ♦❢ ❡❛❝❤ -❡❣-❡&&✐♦♥ ✐& ✐♥❝♦-♣♦-❛"❡❞ ✇❤✐❧❡ ✐"&

❡✈❡♥"✉❛❧ ❜✐❛& ✐& -❡❧❛"✐✈✐③❡❞✳

❚♦ ❡①♣-❡&& &✉❝❤ ❛ ❝♦♠❜✐♥❛"♦-✐❛❧ ❛♣♣-♦❛❝❤ ✐♥ ❛ ♠♦-❡ ❡①❛❝" ✇❛②✱ ❢♦❧❧♦✇✐♥❣ ❚❤❡♦❜❛❧❞ ✭✷✵✶✷✮

❧❡"

µt+h|t =
(

µ1
t+h|t, . . . , µ

|I|
t+h|t

)′

❞❡♥♦"❡ "❤❡ ✈❡❝"♦- ♦❢ &✐♥❣❧❡ ❢♦-❡❝❛&"& ❛♥❞

θ = C
(

µt+h|t;wc

)

"❤❡ ❝♦♠❜✐♥❛"♦-✐❛❧ ❢♦-❡❝❛&" -❡&✉❧"✐♥❣ ❢-♦♠ "❤❡ ❛❣❣-❡❣❛"✐♦♥ ♦❢ "❤❡ ✉♥❞❡-❧②✐♥❣ ❢♦-❡❝❛&"& ❜② ♠❡❛♥&

♦❢ ❞❡"❡-♠✐♥❛"❡ ❝♦♠❜✐♥❛"✐♦♥ ✇❡✐❣❤"&✳ ■♥ "❤❡ &✐♠♣❧❡ ❝❛&❡ ♦❢ ❡A✉❛❧❧② ✇❡✐❣❤"❡❞ -❡❝❡&&✐♦♥ ♣-♦❜❛✲

❜✐❧✐"② ❢♦-❡❝❛&"& "❤❡ ❝♦♠❜✐♥❛"♦-✐❛❧ ❢♦-❡❝❛&" ✐& "❤❡♥ ❣✐✈❡♥ ❜②

θ =
1

|I|

|I|
∑

i=1

µi
t+h|t, ✇✐"❤ |I| = #{✐♥"❡-❡&" -❛"❡ &♣-❡❛❞&} ×#{G,S}. ✭✹✮

❇❡❝❛✉&❡ ♦❢ ❝♦♥&✐❞❡-✐♥❣ ✐♥❞❡❡❞ ✜✈❡ ❧♦♥❣✲"❡-♠ ♠❛"✉-✐"✐❡& ✭✶✱ ✷✱ ✸✱ ✺ ❛♥❞ ✶✵ ②❡❛-&✮✱ ✇❤❡-❡ ❢♦-

❡❛❝❤ "❤❡ ❝♦--❡&♣♦♥❞✐♥❣ &♣-❡❛❞ ✐& ❝❛❧❝✉❧❛"❡❞ ❜② &✉❜"-❛❝"✐♥❣ "❤❡ ✸ ♠♦♥"❤ ❡✉-✐❜♦- ✐♥"❡-❡&" -❛"❡✱

♦♥❡ ♦❜"❛✐♥& |I| = 10 ❢♦- "❤❡  ✐♠♣❧❡ ❛✈❡(❛❣❡ ❛♣♣-♦❛❝❤✳ ❖❜✈✐♦✉&❧② "❤✐& ✐& ❛ &♣❡❝✐❛❧ ❝❛&❡ ♦❢ "❤❡

❧✐♥❡❛( ♦♣✐♥✐♦♥ ♣♦♦❧ ✇✐"❤ ♥♦♥✲♥❡❣❛"✐✈❡ ✇❡✐❣❤"& &✉♠♠✐♥❣ ✉♣ "♦ ♦♥❡✳

❆" "❤✐& ♣♦✐♥" ✇❡ ❝♦✉❧❞ ♦❜✈✐♦✉&❧② ❢♦-♠✉❧❛"❡ ♠♦-❡ &♦♣❤✐&"✐❝❛"❡❞ ♣♦♦❧✐♥❣ ♦♣❡-❛"♦-& ❢♦- "❤❡

♣-❡&❡♥"❡❞ ♣-♦❜✐" ♠♦❞❡❧&✳ ❆& ❛ ❝♦♥&❡A✉❡♥❝❡ ♦❢ "❤❡ ❛♥❛❧②&✐& ✐♥ ❚❤❡♦❜❛❧❞ ✭✷✵✶✷✮✱ ❤♦✇❡✈❡-✱ ✇❡

❢♦-♠✉❧❛"❡ ❛ ❝♦♠❜✐♥❛"✐♦♥ &❝❤❡♠❡ ✇❤✐❝❤ ❝❡♥"❡-& "❤❡ ❢♦-❡❝❛&" ❝♦♠❜✐♥❛"✐♦♥& ♦❢ &✐♥❣❧❡ ❢♦-❡❝❛&"&

❛-✐&✐♥❣ ❢-♦♠ ❞✐✛❡-❡♥" ✐♥"❡-❡&" -❛"❡ &♣-❡❛❞& ❛♥❞ &♣❡❝✐✜❝❛"✐♦♥ ♦-❞❡- ❛-♦✉♥❞ ✐"& ♠❡❞✐❛♥ ❛♥❞ ❛❞❞&

"❤❡ ❞✐✛❡-❡♥" ❢♦-❡❝❛&" ❤♦-✐③♦♥& ❢♦- "❤❡ &❛♠❡ ❢✉"✉-❡ ✈❛❧✉❡ ❛& ❛♥ ❡①"-❛ &♦✉-❝❡ ♦❢ ❣❡♥❡-❛"✐♥❣ "❤❡

✉♥❞❡-❧②✐♥❣ ❢♦-❡❝❛&"&✳ ❚❤✐& ❝♦♠❜✐♥❛"✐♦♥ &❝❤❡♠❡ ❝❛♥ ❜❡ "❤♦✉❣❤" ♦❢ ❛& ❛ "✇♦✲&"❛❣❡ ♣-♦❝❡❞✉-❡✱

✇❤❡-❡

θ =

#{❤♦-✐③♦♥&}
∑

i=1

2h−1

∑#{❤♦-✐③♦♥&}−1
j=0 2j

θ∗h, h ∈ I\I∗,

|I| = #{✐♥"❡-❡&" -❛"❡ &♣-❡❛❞&} ×#{G,S} ×#{❤♦-✐③♦♥&},

✭✺✮

❛♥❞

θ∗k =

|I∗|
∑

i=1

(

∑|I∗|
j=1 |µ

j,k

t+h|t − µmed
t+h|t|

)

− |µi,k

t+h|t − µmed
t+h|t|

(|I∗| − 1)
∑|I∗|

j=1 |µ
j,k

t+h|t − µmed
t+h|t|

, i ∈ I∗ ⊂ I, k ∈ I\I∗. ✭✻✮

♠❡❞ ❞❡♥♦"❡& "❤❡ ♠❡❞✐❛♥ ♦❢ "❤❡ ❢♦-❡❝❛&" ✈❡❝"♦- ❛♥❞ I\I∗ "❤❡ ✇❡❧❧✲❞❡✜♥❡❞ &❡" ❛❢"❡- ❛❣❣-❡❣❛"✐♥❣

♦✈❡- "❤❡ &♣-❡❛❞& ❛♥❞ &♣❡❝✐✜❝❛"✐♦♥ ♦-❞❡- &✐♠✐❧❛- "♦ ❡A✳✭✹✮✳ ◆♦"❡ "❤❛" ✐♥ -❡❛❧✲"✐♠❡ ❛♣♣❧✐❝❛"✐♦♥&

"❤❡ ❤♦-✐③♦♥ ❛& ❛♥ ❛❞❞✐"✐♦♥❛❧ ❣❡♥❡-❛"♦- ♦❢ "❤❡ ✉♥❞❡-❧②✐♥❣ ❢♦-❡❝❛&"& ✐♥ ❡A✳✭✺✮ ♠❡❛♥& ♥♦"❤✐♥❣

❡❧&❡ "❤❛♥ ❜❛❧❛♥❝✐♥❣ "❤❡ ❛❝"✉❛❧ ♣-❡❞✐❝"✐♦♥ ❜② ♦♥❡ ✇❤✐❝❤ ✐& ❣❡♥❡-❛"❡❞ ✇✐"❤ ❛ ❧♦♥❣❡- ❤♦-✐③♦♥

♦✉" ♦❢ "❤❡ ✜-&" -❡✈✐&✐♦♥& ❛♥❞ "❤✉& ❝♦♥&✐❞❡-& ❧❡&& ❛❝"✉❛❧ ✐♥❢♦-♠❛"✐♦♥✳ ■♥ &✉❝❤ ❛ ❝♦♥&"❡❧❧❛"✐♦♥

✹



✐! "!✐❧❧ "❡❡♠" !♦ ❜❡ ♣)❡❢❡)❛❜❧❡ !♦ ♣✉! ♠♦)❡ ✇❡✐❣❤! ♦♥ !❤❡ ❢♦)❡❝❛"!" ✉"✐♥❣ !❤❡ ❧❛"! ❛✈❛✐❧❛❜❧❡

♦❜"❡)✈❛!✐♦♥" ❛❧!❤♦✉❣❤ !❤❡"❡ ♦❢ ❝♦✉)"❡ ❛)❡ ❛❧"♦ "✉❜❥❡❝! !♦ !❤❡ "!)♦♥❣❡"! )❡✈✐"✐♦♥"✳ ❖❜✈✐♦✉"❧②

!❤❡ ♥✉♠❜❡) ♦❢ ❤♦)✐③♦♥" !❤❛! ❝❛♥ ❜❡ !❛❦❡♥ ✐♥!♦ ❛❝❝♦✉♥! ✐" ❧✐♠✐!❡❞ ❜② ❢✉!✉)❡ ✉♥❝❡)!❛✐♥!②✳ ❋♦)

✐♥"!❛♥❝❡ ✐❢ ❛✐♠✐♥❣ ❛! ❛ ♣❛)"✐♠♦♥✐♦✉" )✉♥♥✐♥❣ !✐♠❡ ❛♥❞ !❛❦✐♥❣ I∗ ✇✐!❤ !❤❡ "❛♠❡ "✐③❡ ❛" ✐♥ !❤❡

❝❛"❡ ♦❢ !❤❡ "✐♠♣❧❡ ❛✈❡)❛❣❡ ❛♣♣)♦❛❝❤ ✐! ✐" )❡❛"♦♥❛❜❧❡ ❥✉"! !♦ ❝❤♦♦"❡ #{❤♦)✐③♦♥"} = 2✳ ❚❤✐"

❛❧!♦❣❡!❤❡) ❧❡❛❞" !♦ |I| = 20 ✉♥❞❡)❧②✐♥❣ ❢♦)❡❝❛"!" ❢♦) ❡❛❝❤ ♣)❡❞✐❝!✐♦♥ ❣❡♥❡)❛!❡❞ ❜② ✇❤❛! ✐"

❝❛❧❧❡❞ ❤❡)❡ !❤❡ ✇❡✐❣❤%❡❞ ❛✈❡)❛❣❡ ❛♣♣)♦❛❝❤✳

✷

❚❤❡ ❢♦❧❧♦✇✐♥❣ "❡❝!✐♦♥" ❞❡"❝)✐❜❡ !❤❡ ❛♣♣❧✐❝❛!✐♦♥ ♦❢ !❤✐" ❛♣♣)♦❛❝❤ !♦ )❡❝❡""✐♦♥ ❢♦)❡❝❛"!✐♥❣

✉"✐♥❣ ●❡)♠❛♥ ♠❛❝)♦❡❝♦♥♦♠✐❝ ❞❛!❛✳

✹ ❊♠♣✐%✐❝❛❧ ❘❡+✉❧-+

✹✳✶ ❉❛-❛ ❉❡+❝%✐♣-✐♦♥

❋♦) !❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❡)❝✐"❡ ♦❢ )❡❝❡""✐♦♥ ❢♦)❡❝❛"!✐♥❣✱ ❛ ✇✐❞❡ ❞❛!❛"❡! ♦❢ ♠❛❝)♦❡❝♦♥♦♠✐❝ ✐♥❞✐❝❛✲

!♦)" ♦❢ !❤❡ ●❡)♠❛♥ ❡❝♦♥♦♠② ✇❛" ❡♠♣❧♦②❡❞✳ ❆❧❧ ✜♥❛♥❝✐❛❧ ❛♥❞ )❡❛❧ ❡❝♦♥♦♠② ✈❛)✐❛❜❧❡" "!❡♠

❢)♦♠ !❤❡ ❇✉♥❞❡"❜❛♥❦ ❞❛!❛❜❛"❡ ✭✇✇✇✳❜✉♥❞❡'❜❛♥❦✳❞❡✴'+❛+✐'+✐❦✴✮✱ ✇✐!❤ !❤❡ ❡①❝❡♣!✐♦♥ ♦❢ !❤❡

♦)❞❡)"✱ ✇❤✐❝❤ "!❡♠ ❢)♦♠ !❤❡ ●❊◆❊❙■❙✲❖♥❧✐♥❡ ❞❛!❛❜❛"❡ ❢)♦♠ !❤❡ ●❡)♠❛♥ ❙!❛!✐"!✐❝❛❧ ❖✣❝❡

✭❤++♣'✿✴✴✇✇✇✲❣❡♥❡'✐'✳❞❡'+❛+✐'✳❞❡✴❣❡♥❡'✐'✴♦♥❧✐♥❡✮✱ ❛♥❞ !❤❡ ✐❢♦ ❜✉"✐♥❡"" ❝②❝❧❡ ❝❧✐♠❛!❡

✐♥❞❡① ✭❤++♣✿✴✴✇✇✇✳❝❡'✐❢♦✲❣6♦✉♣✳❞❡✮ ❚❤❡ ❡"!✐♠❛!✐♦♥ "❛♠♣❧❡ ❝♦♠♣)✐"❡" ♠♦♥!❤❧② ♦❜"❡)✈❛✲

!✐♦♥" ❢)♦♠ ✶✾✾✶✿✶ !♦ ✷✵✶✶✿✽✳

❆" ♣)❡✈✐♦✉"❧② ❞✐"❝✉""❡❞ ❛♥❞ ❛" ❛❧)❡❛❞② ♣♦✐♥!❡❞ ♦✉! ❜② ❇✉)♥" ❛♥❞ ▼✐!❝❤❡❧❧ ✭✶✾✹✻✮✱ ❛♥

❡❝♦♥♦♠✐❝ )❡❝❡""✐♦♥ ✐" ❝❤❛)❛❝!❡)✐③❡❞ ❜② ❛ ✇✐❞❡*♣)❡❛❞ ❛♥❞ *②♥❝❤)♦♥✐③❡❞ ❞♦✇♥!✉)♥ ✐♥ ♦✈❡)❛❧❧

❡❝♦♥♦♠✐❝ ❛❝!✐✈✐!② ♦❜"❡)✈❛❜❧❡ ♦♥ ❛ ❜)♦❛❞ "❡! ♦❢ ❡❝♦♥♦♠✐❝ ✈❛)✐❛❜❧❡"✳ ❚❤❡ ♣)♦♣❡) ❞❛!✐♥❣ ♦❢

❡❝♦♥♦♠✐❝ ❡①♣❛♥"✐♦♥" ❛♥❞ )❡❝❡""✐♦♥" "❤♦✉❧❞ !❤❡)❡❢♦)❡ )❡"✉❧! ❢)♦♠ ❛ ♠✉❧!✐✈❛)✐❛!❡ ❛♣♣)♦❛❝❤ ✇❤✐❝❤

!❛❦❡" ✐♥!♦ ❛❝❝♦✉♥! !❤✐" ❢❛❝!✳ ❋♦) !❤❡ "❛❦❡ ♦❢ ❡①♣♦"✐!✐♦♥❛❧ "✐♠♣❧✐❝✐!② ❛♥❞ ✐♥ ♦)❞❡) !♦ ❛""❡"" !❤❡

♦❝❝✉))❡♥❝❡ ♦❢ !✉)♥✐♥❣ ♣♦✐♥!" ♦♥ ❛ ♠♦♥!❤❧② ❜❛"✐" ❛♥❞ !❤✉" ✐♥ ❛ ♠♦)❡ !✐♠❡❧② ❢❛"❤✐♦♥✱ ❤♦✇❡✈❡)✱

✐♥ !❤✐" ♣❛♣❡) ❛ ✉♥✐✈❛)✐❛!❡ ❜✉"✐♥❡"" ❝②❝❧❡ ❞❛!✐♥❣ ❛♣♣)♦❛❝❤ ✐" ♣)❡❢❡))❡❞✱ ✇✐!❤ !❤❡ ✐♥❞❡① ♦❢

✐♥❞✉"!)✐❛❧ ♣)♦❞✉❝!✐♦♥ ❛" !❤❡ ❜✉"✐♥❡"" ❝②❝❧❡ )❡❢❡)❡♥❝❡ "❡)✐❡"✱ ❛" ❛❧"♦ ❞♦♥❡ ✐♥ ❛ ❧❛)❣❡ ♥✉♠❜❡)

♦❢ ♣)❡✈✐♦✉" "!✉❞✐❡"✱ "❡❡ ❡✳❣✳ ❆♥❛"✱ ❇✐❧❧✐♦✱ ❋❡))❛)❛ ❛♥❞ ▼❛③③✐ ✭✷✵✵✽✮ ❛♥❞ ❉❛)♥T ❛♥❞ ❋❡))❛)❛

✭✷✵✵✾✮✳ ■♥❞❡❡❞✱ ❛" ❞✐"❝✉""❡❞ ✐♥ ❋)✐!"❝❤❡ ❛♥❞ ❙!❡♣❤❛♥ ✭✷✵✵✷✱ ♣✳✷✾✶✮✱ !❤❡ ✉"❡ ♦❢ !❤❡ ✐♥❞❡① ♦❢

✐♥❞✉"!)✐❛❧ ♣)♦❞✉❝!✐♦♥ ❛" ❛ ♣)♦①② ❢♦) ❜✉"✐♥❡"" ❝②❝❧❡ ♠♦✈❡♠❡♥!" ❝❛♥ ❜❡ ❥✉"!✐✜❡❞ ❜② !❤❡ ❢❛❝!

!❤❛! ✐♥❞✉"!)✐❛❧ ♣)♦❞✉❝!✐♦♥ ✐" ✏♠✉❝❤ ❝❧♦"❡) !♦ !❤❡ ❵✈♦❧❛!✐❧❡✬ ❛❣❣)❡❣❛!❡" ♦❢ ●❉X ❧✐❦❡ ✐♥✈❡"!♠❡♥!

❛♥❞ ❡①♣♦)!" ✕ ✇❤✐❝❤ ❛)❡ ❛! !❤❡ ❤❡❛)! ♦❢ ♠♦"! ❜✉"✐♥❡"" ❝②❝❧❡ !❤❡♦)✐❡"✑✳ ❋✉)!❤❡)♠♦)❡✱ ❜❡"✐❞❡"

!❤❡ ❢❛❝! !❤❛! !❤❡ ✐♥❞❡① ♦❢ ✐♥❞✉"!)✐❛❧ ♣)♦❞✉❝!✐♦♥ ✐" ♣✉❜❧✐"❤❡❞ ♦♥ ❛ ♠♦♥!❤❧② ❜❛"✐"✱ ✇❤❛!✱ ❛"

♠❡♥!✐♦♥❡❞ ❜❡❢♦)❡✱ ❣)❡❛!❧② ❡♥❤❛♥❝❡" !❤❡ !✐♠❡❧② ❛❝❝♦✉♥! ♦❢ !❤❡ ❜✉"✐♥❡"" ❝②❝❧❡✱ !❤✐" "❡)✐❡" ✐" ❛❧"♦

❧❡"" ♣)♦♥❡ !♦ )❡✈✐"✐♦♥" !❤❛♥ !❤❡ ✭[✉❛)!❡)❧②✮ ●❉X ✜❣✉)❡"✳

✷

❚❤❡♦❜❛❧❞ ✭✷✵✶✷✮ ❛❧-♦ ❝♦♥-✐❞❡1- ❛ ❇❛②❡$✐❛♥ ❛✈❡(❛❣❡ ❛♣♣1♦❛❝❤ 3❤❛3 ✐- ❜❛-❡❞ ♦♥ 3❤❡ ❝♦11❡❧❛3✐♦♥- ❜❡3✇❡❡♥ 3❤❡

❢♦1❡❝❛-3 ❡11♦1-✳ ❍♦✇❡✈❡1✱ ❛- ❢♦✉♥❞ ✐♥ ♠❛♥② ❡♠♣✐1✐❝❛❧ -3✉❞✐❡- ❜❡❢♦1❡✱ ❡✳❣✳ -❡❡ ❈❧❡♠❡♥ ✭✶✾✽✾✮ ❛♥❞ ❚✐♠♠❡1♠❛♥♥

✭✷✵✵✻✮✱ 3❤❡ 1❡-✉❧3- ❞✐-❝✉--❡❞ ✐♥ ❚❤❡♦❜❛❧❞ ✭✷✵✶✷✮ ✐♥❞✐❝❛3❡ 3❤❛3 3❤❡ -✐♠♣❧❡1 ❛♣♣1♦❛❝❤❡- ♥❡❣❧❡❝3✐♥❣ 3❤❡ ❝♦11❡❧❛3✐♦♥-

❡✈❡♥ ✇♦1❦ ❜❡33❡1✳
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❙♣❡❝✐✜❝❛❧❧②✱ ✐♥ +❤✐- ♣❛♣❡. +❤❡ ❇.② ❛♥❞ ❇♦-❝❤❛♥ ✭✶✾✼✶✮ ❛❧❣♦.✐+❤♠ ✇❛- ❡♠♣❧♦②❡❞✱ ❛❝❝♦.❞✐♥❣

+♦ ✇❤✐❝❤ ❛ ♣❡❛❦ ✐♥ +❤❡ ❜✉-✐♥❡-- ❝②❝❧❡ ✐- ✐❞❡♥+✐✜❡❞ ✇❤❡♥

{yt−k < yt > yt+k, k = 1, . . . , 5}

✇❤✐❧❡✱ ❛♥❛❧♦❣♦✉-❧②✱ ❛ +.♦✉❣❤ ✐- ❛--✉♠❡❞ +♦ +❛❦❡ ♣❧❛❝❡ ✇❤❡♥

{yt−k > yt < yt+k, k = 1, . . . , 5},

✇❤❡.❡ yt ✐- +❤❡ +✇♦✲♠♦♥+❤ ♠♦✈✐♥❣ ❛✈❡.❛❣❡ ♦❢ +❤❡ ●❡.♠❛♥ ✐♥❞❡① ♦❢ ✐♥❞✉-+.✐❛❧ ♣.♦❞✉❝+✐♦♥ ✕ +❤❡

❜✉-✐♥❡-- ❝②❝❧❡ .❡❢❡.❡♥❝❡ -❡.✐❡-✳

✸

❋✉.+❤❡.♠♦.❡✱ ❛- ❛♥ ❛❞❞✐+✐♦♥❛❧ ❝❡♥-♦.✐♥❣ .✉❧❡ ❢♦. +❤❡ ✐❞❡♥+✐✜❝❛✲

+✐♦♥ ♦❢ .❡❝❡--✐♦♥❛.② ♣❡.✐♦❞- ❛♥❞ +❤✉- ❢♦. +❤❡ ❣❡♥❡.❛+✐♦♥ ♦❢ +❤❡ ❜✐♥❛.② .❡❝❡--✐♦♥ ✐♥❞✐❝❛+♦. -❡.✐❡-

bt✱ ❢♦❧❧♦✇✐♥❣ ❍❛.❞✐♥❣ ❛♥❞ F❛❣❛♥ ✭✷✵✵✷✮ ❛  !✐❛♥❣❧❡ ❛♣♣!♦①✐♠❛ ✐♦♥  ♦  ❤❡ ❝✉♠✉❧❛ ✐✈❡ ♠♦✈❡♠❡♥ 0

✇❛- ♣✉.-✉❡❞ ✐♥ ♦.❞❡. +♦ ♠❡❛-✉.❡ +❤❡ ✏-❡✈❡.✐+②✑ ♦❢ ❛♥ ❡❝♦♥♦♠✐❝ ❞♦✇♥+✉.♥ j ✕ ❛♥❞ ❜② ❡①+❡♥-✐♦♥

+❤❡ ❡✈❡♥+✉❛❧ ♦❝❝✉..❡♥❝❡ ♦❢ ❛ .❡❝❡--✐♦♥ ✕✱ ❞❡✜♥❡❞ ❛-

Sj = 0.5×Deepnessj ×Durationj ,

✇❤❡.❡ +❤❡ ❞✉!❛ ✐♦♥ ✐- ❡K✉❛❧ +♦ +❤❡ ♥✉♠❜❡. ♦❢ ♠♦♥+❤- ❜❡+✇❡❡♥ ♣❡❛❦ ❛♥❞ +.♦✉❣❤ ✭❛❝❝♦.❞✐♥❣ +♦

+❤❡ ◆❇❊❘ ❞❡✜♥✐+✐♦♥ ♦❢ ❛ .❡❝❡--✐♦♥ ❛- ❛ 0✐❣♥✐✜❝❛♥ ❞❡❝❧✐♥❡ ✐♥ ❡❝♦♥♦♠✐❝ ❛❝ ✐✈✐ ② ❬ ♦❢ ❪ ♠♦!❡  ❤❛♥

❛ ❢❡✇ ♠♦♥ ❤0✮✱ ❛♥❞ +❤❡ ❞❡❡♣♥❡-- ✐- ❞❡✜♥❡❞ ❛- +❤❡ ♣❡.❝❡♥+❛❣❡ ❞❡❝❧✐♥❡✱

Deepnessj = (yp − yt) /yp,

✇❤❡.❡ yp ❛♥❞ yt ❛.❡ +❤❡ .❡-♣❡❝+✐✈❡ ✈❛❧✉❡- ♦❢ +❤❡ ✐♥❞❡① ♦❢ ✐♥❞✉-+.✐❛❧ ♣.♦❞✉❝+✐♦♥ ❛+ +❤❡ ❝♦.✲

.❡-♣♦♥❞✐♥❣ ♣❡❛❦ ❛♥❞ +.♦✉❣❤✱ -❡❡ ❆♥❛- ❡+ ❛❧✳ ✭✷✵✵✽✮✳ ❆ .❡❝❡--✐♦♥❛.② ♣❡.✐♦❞ ✇❛- ✐❞❡♥+✐✜❡❞

-❡❧❡❝+✐✈❡❧② ✇❤❡♥ Sj > 0.025✱ ❛- +❤❡.❡ ✐- ♥♦ ❝♦♥-❡♥-✉- ♦♥ +❤❡ .❡❢❡.❡♥❝❡ ♠✐♥✐♠✉♠ ❞✉.❛+✐♦♥ ❛♥❞

❞❡❡♣♥❡-- ♦❢ .❡❝❡--✐♦♥- ✭❉❛.♥T ❛♥❞ ❋❡..❛.❛✱ ✷✵✵✾✱ ♣✳✺✮✳ ❋♦. ✐♥-+❛♥❝❡ +❤✐- .❡✢❡❝+- ❛ ❞❡❝❧✐♥❡ ♦❢

✶✪ ♦❢ +❤❡ ♣❡❛❦ ❧❡✈❡❧ ♦❢ ❡❝♦♥♦♠✐❝ ❛❝+✐✈✐+② ❝♦✐♥❝✐❞✐♥❣ ✇✐+❤ ❛ ❞✉.❛+✐♦♥ ♦❢ ❛+ ❧❡❛-+ ✺ ♠♦♥+❤-✳

❋✐❣✉.❡ ✶ ✐❧❧✉-+.❛+❡- +❤❡ .❡❧❛+✐♦♥-❤✐♣ ❜❡+✇❡❡♥ +❤❡ ✉♥❞❡.❧②✐♥❣ ✐♥❞✉-+.✐❛❧ ♣.♦❞✉❝+✐♦♥ -❡.✐❡-

❛♥❞ +❤❡ .❡-✉❧+✐♥❣ ❜✐♥❛.② .❡❝❡--✐♦♥ ✐♥❞✐❝❛+♦. -❡.✐❡- ❣❡♥❡.❛+❡❞ ❜② +❤❡ ❇.② ❛♥❞ ❇♦-❝❤❛♥ ✭✶✾✼✶✮

❛❧❣♦.✐+❤♠✳

❋♦. +❤❡ ❡♠♣✐.✐❝❛❧ ❛♥❛❧②-✐- ♦❢ +❤✐- ♣❛♣❡. ❛ ✈❛.✐❡+② ♦❢ ♠❛❝.♦❡❝♦♥♦♠✐❝ ❛♥❞ ✜♥❛♥❝✐❛❧ ✈❛.✐❛❜❧❡-

✇❡.❡ ❝♦♥-✐❞❡.❡❞✳ ❈♦♥❝❡.♥✐♥❣ +❤❡ -✉❜-❡+ ♦❢ ✈❛.✐❛❜❧❡- ✇❤✐❝❤ ❛.❡ -✉♣♣♦-❡❞ +♦ .❡✢❡❝+ +❤❡ .❡❛❧

❡❝♦♥♦♠② ❞❡✈❡❧♦♣♠❡♥+✱ ❜❡-✐❞❡- +❤❡ ✐♥❞❡① ♦❢ ✐♥❞✉-+.✐❛❧ ♣.♦❞✉❝+✐♦♥✱ +❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥❞✐❝❛+♦.-

✇❡.❡ ❝❤♦-❡♥✿ +❤❡ ♦♣❡♥ ✈❛❝❛♥❝✐❡- ✐♥ +❤❡ ♣.♦❞✉❝+✐✈❡ -❡❝+♦.✱ +❤❡ ❞♦♠❡-+✐❝ ❛♥❞ ❢♦.❡✐❣♥ ♦.❞❡.-

.❡❝❡✐✈❡❞ ❜② +❤❡ ✐♥❞✉-+.✐❛❧ -❡❝+♦.✱ ❛- ✇❡❧❧ ❛- +❤❡ ✐❢♦ ❜✉-✐♥❡-- -❡♥+✐♠❡♥+ ✐♥❞✐❝❛+♦. ✭❛❧❧ ✈❛.✐❛❜❧❡-

❛- ♠♦♥+❤✲+♦✲♠♦♥+❤ ✪ ❝❤❛♥❣❡-✮✳

❚❤❡ ✜♥❛♥❝✐❛❧ ✐♥❞✐❝❛+♦.- ✇❡.❡ -❡❧❡❝+❡❞ ❛- +♦ .❡♣.❡-❡♥+ ❛ ❜.♦❛❞ ❞✐♠❡♥-✐♦♥ ♦❢ +❤❡ ✜♥❛♥❝✐❛❧

♠❛.❦❡+-✳ ❖♥ +❤❡ ♦♥❡ ❤❛♥❞✱ ❢♦❧❧♦✇✐♥❣ ❇❡.♥❛♥❦❡ ✭✶✾✾✵✮ ❛♥❞ ❋.✐❡❞♠❛♥ ❛♥❞ ❑✉++♥❡. ✭✶✾✾✷✮ +❤❡

-♣.❡❛❞ ❜❡+✇❡❡♥ ❛✈❡.❛❣❡ ❝♦.♣♦.❛+❡ ❜♦♥❞ ②✐❡❧❞- ♦❢ ❛❧❧ ♠❛+✉.✐+✐❡- +.❛❞❡❞ ❛♥❞ +❤❡ ❛✈❡.❛❣❡ ②✐❡❧❞ ♦❢

✸
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%❤❡ ✉♥❞❡2❧②✐♥❣ ❜✉0✐♥❡00 ❝②❝❧❡ 2❡❢❡2❡♥❝❡ 0❡2✐❡0 ❛♠♦♥❣ ♦%❤❡2 %❤✐♥❣0 %♦ ❛✈♦✐❞ ♣♦%❡♥%✐❛❧ ♦✉%❧✐❡20 ❜✐❛0❡0✳
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❋✐❣✉$❡ ✷✿ ▼❛❝$♦❡❝♦♥♦♠✐❝ ■♥❞✐❝❛0♦$1✿ ■♥❞✉10$✐❛❧ ♣$♦❞✉❝0✐♦♥ ✐♥❞❡①✱ ❥♦❜ ✈❛❝❛♥❝✐❡1✱ ❢♦$❡✐❣♥ ❛♥❞

❞♦♠❡10✐❝ ♦$❞❡$1 $❡❝❡✐✈❡❞ ❜② 0❤❡ ♣$♦❞✉❝0✐✈❡ 1❡❝0♦$✱ ❛♥❞ ✐❢♦ ❜✉1✐♥❡11 1❡♥0✐♠❡♥0 ✐♥❞❡①✳ ❙♦✉$❝❡1✿

❉❡✉01❝❤❡ ❇✉♥❞❡1❜❛♥❦✱ ❉❊❙❚❆❚■❙✱ ✐❢♦ ■♥10✐0✉0❡✳

♣✉❜❧✐❝ 1❡❝✉$✐0✐❡1 ✇❛1 ✉1❡❞✱ ❛1 ✇❡❧❧ ❛1 0❤❡ 0❤❡ ❣$♦✇0❤ $❛0❡ ♦❢ 0❤❡ ❈❉❆❳ ♣$✐❝❡ ✐♥❞❡① ✐♥ ♦$❞❡$ 0♦

✐♥❝♦$♣♦$❛0❡ 0❤❡ ●❡$♠❛♥ 10♦❝❦ ♠❛$❦❡01 ❞❡✈❡❧♦♣♠❡♥01✳ ❋✉$0❤❡$♠♦$❡✱ ❛❧♦♥❣ 0❤❡ ❧✐♥❡1 ♦❢ ❙0♦❝❦

❛♥❞ ❲❛01♦♥ ✭✶✾✽✾✮✱ ❊10$❡❧❧❛ ❛♥❞ ❍❛$❞♦✉✈❡❧✐1 ✭✶✾✾✶✮✱ ❊10$❡❧❧❛ ❛♥❞ ▼✐1❤❦✐♥ ✭✶✾✾✽✮✱ ❛♥❞ ♠♦$❡

$❡❝❡♥0❧② ❑❛✉♣♣✐ ❛♥❞ ❙❛✐❦♦♥♥❡♥ ✭✷✵✵✽✮ ❛♥❞ ◆②❜❡$❣ ✭✷✵✶✵✮✱ 0❤❡ ②✐❡❧❞ 1♣$❡❛❞ ❜❡0✇❡❡♥ 0❤❡ ❧♦♥❣✲

0❡$♠ ❛♥❞ 0❤❡ 1❤♦$0✲0❡$♠ ✐♥0❡$❡10 $❛0❡ ✕ ✇❛1 ✐♥❝❧✉❞❡❞ ✐♥ 0❤❡ ❣❡♥❡$❛❧ 1❡0 ♦❢ $❡❣$❡11♦$1✳ ▼♦$❡
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❋✐❣✉$❡ ✸✿ ❋✐♥❛♥❝✐❛❧ ■♥❞✐❝❛.♦$0✿ ❈❉❆❳✱ ❈♦$♣♦$❛.❡ ❙♣$❡❛❞✱ ❚❤$❡❡✲▼♦♥.❤ ❊✉$✐❜♦$ ❛♥❞ ②✐❡❧❞

0♣$❡❛❞0 ♦❢ ❞✐✛❡$❡♥. ♠❛.✉$✐.✐❡0✳ ❙♦✉$❝❡✿ ❉❡✉.0❝❤❡ ❇✉♥❞❡0❜❛♥❦

✭❝❛❧❝✉❧❛.❡❞ ❜② .❤❡ ❙✈❡♥00♦♥✬0 ♠❡.❤♦❞✮ 0♣$❡❛❞0 .♦ .❤❡ .❤$❡❡✲♠♦♥.❤ ❊❯❘■❇❖❘ ✇❡$❡ ❡0.✐♠❛.❡❞

✐♥ ♦$❞❡$ .♦ ❛❞❞$❡00 .❤❡ ✉♥❝❡$.❛✐♥.② ❛❜♦✉. ✇❤✐❝❤ ②✐❡❧❞ 0♣$❡❛❞ ❤❛0 .❤❡ ✏❜❡0.✑ ♣$❡❞✐❝.✐♦♥ ♣♦✇❡$✱

❛♠♦♥❣ ♦.❤❡$ $❡❛0♦♥0 ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞✐0❝✉00❡❞ ✐♥ ❞❡.❛✐❧ ❜❡❧♦✇✳ ❋✉$.❤❡$♠♦$❡✱ .❤❡ 0❤♦$.✲.❡$♠
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√

√
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∑
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Theil =

√

∑T+h
t=T+1(P

M
t|t−h − bt)2/h

√
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√
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❆$ ❚❛❜❧❡ ✻ ❝❧❡❛5❧② $✉♠♠❛5✐③❡$✱  ❤❡ ❡$ ✐♠❛ ❡❞ ♣5♦❜❛❜✐❧✐ ② $❡5✐❡$ 5❡$✉❧ ✐♥❣ ❢5♦♠  ❤❡ ❝♦♠✲
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❛❧$♦ ❜❡❝♦♠❡$ ♦❜✈✐♦✉$ ✇❤❡♥ ❧♦♦❦✐♥❣ ❛  ❤❡ ♦✉ ❧✐❡5$ ✐♥ ✜❣✉5❡ ✭✻✮✱ ✇❤✐❝❤ ❝♦55❡$♣♦♥❞  ♦ ♠♦♥ ❤$✱

✺

❚❤❡♦❜❛❧❞ ✭✷✵✶✷✮ -❤♦✇- /❤❛/ /❤❡0❡ ✐- ❡♥♦✉❣❤ ✈❛0✐❛/✐♦♥ ❛♠♦♥❣ /❤❡ ❞②♥❛♠✐❝ 0❡❣0❡--✐♦♥ ✈❛0✐❛❜❧❡- /♦ ❥✉-/✐❢②

❛ ❝♦♠❜✐♥❛/♦0✐❛❧ ❛♣♣0♦❛❝❤ ❢0♦♠ /❤❡ -/❛/✐-/✐❝❛❧ ♣❡0-♣❡❝/✐✈❡✳

✶✻



❚❛❜❧❡ ✻✿ ❙(❛(✐*(✐❝❛❧ ❊✈❛❧✉❛(✐♦♥ ▼❡❛*✉2❡* ❢♦2 ❈♦♠❜✐♥❡❞ ❘❡❛❧✲❚✐♠❡ ❘❡❝❡**✐♦♥ 92♦❜❛❜✐❧✐(② ❋♦2❡✲

❝❛*(* ✭❙(❛2(✐♥❣ ❡*(✐♠❛(✐♦♥✿ ✶✾✾✶✿✶ ✕ ✷✵✵✼✿✽✱ 2❡❛❧✲(✐♠❡ ♦✉(✲♦❢✲*❛♠♣❧❡ ♣❛(❤✿ ✷✵✵✼✿✾ ✕ ✷✵✶✶✿✽✮

❈♦♠❜✐♥❛'✐♦♥ ❍♦)✐③♦♥ ▼❆❊ ❘▼❙❊ ❚❤❡✐❧ ❚✐♠❡ ♦❢ ❙✐❣♥❛❧≥0.5

6✐♠♣❧❡ ❛✈❡)❛❣❡

✶▼ ✵✳✶✸✵✷ ✵✳✷✸✶✺ ✵✳✷✵✸✻ ✷✵✵✽▼✹

✷▼ ✵✳✶✸✻✸ ✵✳✷✹✻✾ ✵✳✷✶✺✽ ✷✵✵✽▼✺

✸▼ ✵✳✶✷✾✻ ✵✳✷✹✷✾ ✵✳✷✶✻✸ ✷✵✵✽▼✺

✇❡✐❣❤'❡❞ ❛✈❡)❛❣❡

✶▼ ✵✳✶✹✷✾ ✵✳✷✹✾✻ ✵✳✷✶✾✸ ✷✵✵✽▼✹

✷▼ ✵✳✶✷✾✻ ✵✳✷✸✹✻ ✵✳✷✵✽✵ ✷✵✵✽▼✺

✸▼ ✵✳✶✷✽✾ ✵✳✷✷✷✸ ✵✳✷✵✷✽ ✷✵✵✽▼✺

✇❤❡2❡ (❤❡ ♣2♦❜✐( ❢♦2❡❝❛*(* ❡①❝❡❡❞ ✺✵✪ 2❡❝❡**✐♦♥ ♣2♦❜❛❜✐❧✐(② ❛❧(❤♦✉❣❤ (❤❡ ❜❡♥❝❤♠❛2❦ ♠❡(❤♦❞

❧❛(❡2 ♦♥ ❞♦❡* ♥♦( 2❡❝♦❣♥✐③❡ ❛ 2❡❝❡**✐♦♥ ❤❡2❡ ✭❛♥❞ ✈✐❝❡ ✈❡2*❛✮✳ ❇♦(❤ (❤❡ ♥✉♠❜❡2 ♦❢ (❤❡*❡ ♦✉(❧✐❡2*

✭*✐♠♣❧❡ ✷✱ ✇❡✐❣❤(❡❞ ✶✮ ❛♥❞ (❤❡ ❧❡✈❡❧ ♦❢ (❤❡♠ ✭*✐♠♣❧❡ ✐♥ ♣❛2( ♦✈❡2 ✾✵✪✱ ✇❡✐❣❤(❡❞ ❛2♦✉♥❞ ✻✵✪✮

❛❞✈✐*❡ ❛ ♣♦❧✐❝② ♠❛❦❡2 (♦ ♣2❡❢❡2 (❤❡ ✇❡✐❣❤(❡❞ ❛✈❡2❛❣❡ ❛♣♣2♦❛❝❤✳ ❚❤✐* ❝♦♥✜2♠* (❤❡ ❜❡♥❡✜(*

❢2♦♠ ❛ ❝♦♠❜✐♥❛(✐♦♥ ♦❢ 2❡❛❧✲(✐♠❡ ♣2❡❞✐❝(✐♦♥* ✇✐(❤ ❞✐✛❡2❡♥( ❢♦2❡❝❛*( ❤♦2✐③♦♥*✱ ✇❤✐❧❡ ❛✐♠✐♥❣ ❛(

(❤❡ *❛♠❡ ❢✉(✉2❡ ♠♦♥(❤✳ ❚❤❡ 2❡❛*♦♥ ❢♦2 *✉❝❤ ❜❡♥❡✜(* ✐* (❤❡ ❢❛❝( (❤❛( ❢♦2❡❝❛*(* ❜❛*❡❞ ♦♥ (❤❡

♠♦*( 2❡❝❡♥(✱ ❜✉( ❛❧*♦ ♠♦*( ✉♥❝❡2(❛✐♥ ✐♥❢♦2♠❛(✐♦♥ ✭③❡2♦ 2❡✈✐*✐♦♥* ❛* (❤❡ ②♦✉♥❣❡*( ❝♦♥*✐❞❡2❡❞

❞❛(❛✮ ❝❛♥ ❜❡ *(❛❜✐❧✐③❡❞ ❜② ♦♥❡* ❜❛*❡❞ ♦♥ ❧❡** 2❡❝❡♥(✱ ❜✉( ❛❧*♦ ❧❡** ✉♥❝❡2(❛✐♥ ✐♥❢♦2♠❛(✐♦♥ ✭✜2*(

2❡✈✐*✐♦♥* ❛* (❤❡ ②♦✉♥❣❡*( ❝♦♥*✐❞❡2❡❞ ❞❛(❛✮✳

✺ ❈♦♥❝❧✉❞✐♥❣ ❘❡♠❛.❦0

❆* ♣2❡✈✐♦✉*❧② ♣♦✐♥(❡❞ ♦✉(✱ (❤❡ (✐♠❡❧② ❛♥❞ ❛❝❝✉2❛(❡ 2❡❝♦❣♥✐(✐♦♥ ♦❢ (✉2♥✐♥❣ ♣♦✐♥(* ✐♥ (❤❡ ❜✉*✐♥❡**

❝②❝❧❡ ✐* ♦♥❡ ♦❢ (❤❡ ♠♦*( ✐♠♣♦2(❛♥(✱ ❜✉( ❛❧*♦ ♦♥❡ ♦❢ (❤❡ ♠♦*( ❞✐✣❝✉❧( (❛*❦* ✐♥ ♠❛❝2♦❡❝♦♥♦♠✐❝

❢♦2❡❝❛*(✐♥❣✳ ❆* ❛ ❝♦♥(2✐❜✉(✐♦♥ ❛❧♦♥❣ (❤❡*❡ ❧✐♥❡* ♦❢ 2❡*❡❛2❝❤✱ ✐♥ (❤✐* ♣❛♣❡2 ❛ ♣2❛❝(✐❝❛❧ ❡❝♦♥♦✲

♠❡(2✐❝ ❛♣♣2♦❛❝❤ (♦ ❢♦2❡❝❛*( 2❡❝❡**✐♦♥* ✉♥❞❡2 2❡❛❧ (✐♠❡ ❝♦♥❞✐(✐♦♥* ❜❛*❡❞ ♦♥ (❤❡ ❝♦♠❜✐♥❛(✐♦♥

♦❢ ❛❧(❡2♥❛(✐✈❡ ❞②♥❛♠✐❝ ♣2♦❜✐( 2❡❣2❡**✐♦♥* ✇❛* ♣2❡*❡♥(❡❞✳

❲❤✐❧❡ ❢♦2 ❡❛❝❤ ♦❢ (❤❡ ✉♥❞❡2❧②✐♥❣ 2❡❣2❡**✐♦♥* (❤❡ ♣2❡*❡♥(❡❞ ❛✉(♦♠❛(✐③❡❞ ✈❛2✐❛❜❧❡ ❛♥❞ ❧❛❣

*❡❧❡❝(✐♦♥ ♣2♦❝❡❞✉2❡ ✐* ❡♠♣❧♦②❡❞✱ (❤❡② ❛❧❧ ❞✐✛❡2 ❡✐(❤❡2 ✐♥ (❤❡ ②✐❡❧❞ *♣2❡❛❞ ♣♦(❡♥(✐❛❧❧② ✐♥❝❧✉❞❡❞

❛* ❛ 2❡❣2❡**♦2 ♦2 ✐♥ (❤❡ ♦2❞❡2 ♦❢ (❤❡ ❧❛❣ *❡❧❡❝(✐♦♥ ♦2 ✐♥ (❤❡ ❧❡♥❣(❤ ♦❢ (❤❡ ❢♦2❡❝❛*( ❤♦2✐③♦♥ ✭❛♥❞

✐♠♣❧✐❝✐(❧② ✐♥ (❤❡ ❣2❛❞❡ ♦❢ ❞❛(❛ 2❡✈✐*✐♦♥ (❤❛( ✐* ✉*❡❞✮✳ ■( ❝❛♥ ❜❡ *❤♦✇♥ ❢♦2 ❛❧❧ (❤❡*❡ ❣❡♥❡2❛(♦2*

✲ ②✐❡❧❞ *♣2❡❛❞*✱ *♣❡❝✐✜❝❛(✐♦♥ ♦2❞❡2 ❛♥❞ ❢♦2❡❝❛*( ❤♦2✐③♦♥* ✲ (❤❛( (❤❡ ♣❛2(✐❛❧ ✐♥❞❡♣❡♥❞❡♥( ✐♥❢♦2✲

♠❛(✐♦♥ *❡(* ✐♥ (❤❡ *❡♥*❡ ♦❢ ❇❛(❡* ❛♥❞ ●2❛♥❣❡2 ✭✶✾✻✾✮ ❧❡❛❞ (♦ *✉✣❝✐❡♥(❧② ❞✐✛❡2❡♥( ✉♥❞❡2❧②✐♥❣

❢♦2❡❝❛*(*✱ ✇❤✐❝❤ ❥✉*(✐✜❡* ❝♦♠❜✐♥✐♥❣ (❤❡♠✳ ▼♦2❡♦✈❡2 (❤✐* ✐* (❤❡ ❝♦♥❞✐(✐♦♥ ❢♦2 ❜❡♥❡✜(✐♥❣ ❢2♦♠

(❤❡ ❝♦♠❜✐♥❛(✐♦♥ ❛❝❝♦2❞✐♥❣ (♦ ❛ ♣♦2(❢♦❧✐♦ ❞✐✈❡2*✐✜❝❛(✐♦♥ ❛2❣✉♠❡♥(✱ *❡❡ ❚✐♠♠❡2♠❛♥♥ ✭✷✵✵✻✮✳

❚❤✐* ♣❛♣❡2 ❛❧*♦ 2❡✈✐❡✇* (❤❡ 2❡❛❧✲(✐♠❡ ♦✉(✲♦❢✲*❛♠♣❧❡ ♣❡2❢♦2♠❛♥❝❡ ♦❢ ❞✐✛❡2❡♥( ❝♦♠❜✐♥❛(✐♦♥

*❝❤❡♠❡* ❢♦2 ❜✉*✐♥❡** ❝②❝❧❡ ♣2❡❞✐❝(✐♦♥* ✇✐(❤ ❛ ❞②♥❛♠✐❝ ♣2♦❜✐( ♠♦❞❡❧✳ ❆❧(❤♦✉❣❤ ✇❡ ❞♦ ♥♦(

♣2♦✈✐❞❡ ❛♥ ✐♥(❡♥*✐✈❡ ❛♥❛❧②*✐* ♦❢ (❤❡ (♦(❛❧ *♣❛❝❡ ♦❢ ❝♦♠❜✐♥❛(✐♦♥ *❝❤❡♠❡* ❛♥❞ (❤✉* ❝❛♥♥♦(

❡①♣❧✐❝✐(❧② ❞❡(❡2♠✐♥❡ (❤❡ ❡✣❝✐❡♥( ❢2♦♥(✐❡2✱ ❛❧❧ ♦❢ (❤❡ ❝♦♥*✐❞❡2❡❞ *❝❤❡♠❡* 2❡✈❡❛❧ ❛ ♠✐♥✐♠✉♠ *✐③❡

♦❢ ❢♦2❡❝❛*( ❛❝❝✉2❛❝② ✭❚❤❡✐❧ ❝♦❡✣❝✐❡♥( < 0.22✮✳
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❋✐❣✉$❡ ✺✿ ❘❡❛❧✲%✐♠❡ (❡❝❡**✐♦♥ ♣(♦❜❛❜✐❧✐%✐❡*✳ ❚❤❡ %✐♠❡ ❛①✐* ✐* ❧✐♥❦❡❞ %♦ %❤❡ ♣✉❜❧✐❝❛%✐♦♥* ❜❡%✇❡❡♥

✷✵✵✼▼✵✾ ❛♥❞ ✷✵✶✶▼✵✽✱ ✇❤✐❝❤ ♠❡❛♥* %❤❛% %❤❡ ❧❛*% ♦❜*❡(✈❛%✐♦♥ ♦❢ ❛♥ ✐♥✈♦❧✈❡❞ *❡(✐❡* ✐* ❣✐✈❡♥ ❢♦( %❤❡

❞❛%❡ ♦❢ ♣✉❜❧✐❝❛%✐♦♥ ♠✐♥✉* %❤❡ ❞❛%❛ ❛✈❛✐❧❛❜✐❧✐%② ❧❛❣✳ ❚❤❡ ❞✐✛❡(❡♥% ❧✐♥❡* (❡♣(❡*❡♥% %❤❡ ❢♦(❡❝❛*% ❤♦(✐③♦♥*

*%❛(%✐♥❣ ❢(♦♠ %❤❡ ❞❛%❡ ♦❢ ♣✉❜❧✐❝❛%✐♦♥✳
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:✉.♥✐♥❣ ♣♦✐♥:# ✐♥ :❤❡ ❡✉.♦ ❛.❡❛✬✱ ❚❤❡ ▼❛♥❝❤❡'(❡) ❙❝❤♦♦❧ ✼✻✱ ✺✹✾ ✕ ✺✼✼✳

❆♥❣✱ ❆✳✱ H✐❛③③❡#✐✱ ▼✳ ❛♥❞ ❲❡✐✱ ▼✳ ✭✷✵✵✻✮✱ ❵❲❤❛: ❞♦❡# :❤❡ ②✐❡❧❞ ❝✉.✈❡ :❡❧❧ ✉# ❛❜♦✉: ❣❞♣

❣.♦✇:❤❄✬✱ ❏♦✉)♥❛❧ ♦❢ ❊❝♦♥♦♠❡()✐❝' ✶✸✶✱ ✸✺✾ ✕ ✹✵✸✳
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