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❛ss❡ss t❤❡✐r ✐♠♣❛❝t ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡ ✜r♠s ✐♥✈♦❧✈❡❞✳ ❋♦✉r ②❡❛rs ❛❢t❡r t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢
♥❡t✇♦r❦ ❝♦♥tr❛❝ts✱ ❈♦❧♦♠❜♦ ❡t ❛❧ ✭✷✵✶✹✮ s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ ❊❇■❚ ✐♥❞✐❝❛t♦r ❢♦r
❛❧❧ ■t❛❧✐❛♥ ❝♦♠♣❛♥✐❡s ❜❡❧♦♥❣✐♥❣ t♦ ❛ ♥❡t✇♦r❦✳ ❙✉❜s❡q✉❡♥t❧②✱ ❈♦♥✜♥❞✉str✐❛ ✭✷✵✶✼✮ ❤✐❣❤❧✐❣❤t❡❞ t❤❡
♣♦s✐t✐✈❡ ❡✛❡❝ts ♦❢ t❤❡ ♥❡t✇♦r❦ ♦♥ t✉r♥♦✈❡r✱ ❡♠♣❧♦②♠❡♥t ❛♥❞ ♣r♦❞✉❝t✐✈✐t②✳ ❚❤❡s❡ ❡❛r❧② r❡s✉❧ts ✇❡r❡
❝♦♥✜r♠❡❞ ❜② ❇✉r❧✐♥❛ ✭✷✵✶✾✮ ✇❤♦✱ ❜❡✐♥❣ ❛❜❧❡ t♦ r❡❧② ♦♥ ✾ ②❡❛rs ♦❢ ♦❜s❡r✈❛t✐♦♥s✱ ✉s❡❞ ❛ ❞✐✛❡r❡♥❝❡
✐♥ ❞✐✛❡r❡♥❝❡s ❛♣♣r♦❛❝❤ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢ ✐♥t❡r✲✜r♠ ♥❡t✇♦r❦s ♦♥ ■t❛❧✐❛♥ ❙▼❊s t✉r♥♦✈❡r
❣r♦✇t❤✳ ❚❤❡ ❛♥❛❧②s✐s r❡✈❡❛❧s t❤❛t ❝♦❧❧❛❜♦r❛t✐♦♥ ❛♠♦♥❣ ✜r♠s ✐♥❝r❡❛s❡s t❤❡✐r t✉r♥♦✈❡r ❜② ✻✻✪ ❛❧✲
t❤♦✉❣❤ t❤✐s ❡✛❡❝t ❞♦❡s ♥♦t ❛♣♣❡❛r t♦ ❜❡ ❧♦♥❣✲❧❛st✐♥❣✳ P♦s✐t✐✈❡ ❡✛❡❝ts ❛r❡ ❛❧s♦ ❢♦✉♥❞ ♦♥ ❡①♣♦rt
♣r♦♣❡♥s✐t②✱ ❡s♣❡❝✐❛❧❧② ❢♦r ✜r♠s ❢♦r♠✐♥❣ ♥❡t✇♦r❦s ✐♥ ♠♦r❡ tr❛❞✐t✐♦♥❛❧ s❡❝t♦rs ✭❈✐s✐ ❡t ❛❧✳✱ ✷✵✷✵✮✳
■♥t❡r❡st✐♥❣❧②✱ ♥❡t✇♦r❦s ❛❣r❡❡♠❡♥ts ❛♣♣❡❛r t♦ ❜❡ ✈❡r② ❜❡♥❡✜❝✐❛❧ ❢♦r t❤❡ ■t❛❧✐❛♥ ❢❛♠✐❧② ✜r♠s ✭❆✐❡❧❧♦
❡t ❛❧✳✱ ✷✵✷✵✮ s✐♥❝❡ t❤❡② ❝❛♥ r❡❧② ♦♥ ❛ ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ ❡♥❞♦✇♠❡♥t ♦❢ s♦❝✐❛❧ ✭r❡❧❛t✐♦♥❛❧✮ ❝❛♣✐t❛❧ t❤❛t
❡♥s✉r❡s t❤❡ ❧♦♥❣✲t❡r♠ s✉r✈✐✈❛❧ ♦❢ t❤❡ ♥❡t✇♦r❦ ✭●❤✐♥♦✐ ❡t ❛❧✳✱ ✷✵✷✸✮✳ ❆ ♣❛rt✐❝✉❧❛r ❢♦r♠ ♦❢ ♥❡t✇♦r❦
✐s r❡♣r❡s❡♥t❡❞ ❜② ❡❝♦✲♥❡t✇♦r❦s❀ t❤❡s❡ ❛r❡ ❛❣r❡❡♠❡♥ts t❤❛t ❤❛✈❡ t❤❡ s♣❡❝✐✜❝ ♦❜❥❡❝t✐✈❡ ♦❢ r❡❞✉❝✐♥❣
t❤❡ ♣♦❧❧✉t✐♥❣ ❡♠✐ss✐♦♥s ♦❢ ♣❛rt✐❝✐♣❛t✐♥❣ ❝♦♠♣❛♥✐❡s ❜② ♣r♦♠♦t✐♥❣ ❣r❡❡♥ ✐♥♥♦✈❛t✐♦♥✳ ❆s ❋❛❜r✐③✐ ❡t ❛❧
✭✷✵✷✷✮ ♣♦✐♥t❡❞ ♦✉t✱ ■t❛❧✐❛♥ ❡❝♦✲♥❡t✇♦r❦s ❤❛✈❡ ❛ ❤✐❣❤❡r ♣♦s✐t✐✈❡ ✐♠♣❛❝t ♦♥ ❡♠♣❧♦②♠❡♥t t❤❛♥ ♦t❤❡r
♥❡t✇♦r❦s✱ ❜❡❝❛✉s❡ ♦❢ t❤❡✐r ❣r❡❛t❡r ♣r♦♣❡♥s✐t② ❢♦r ✐♥♥♦✈❛t✐♦♥✳
❆❧♦♥❣ t❤❡s❡ ❧✐♥❡s ♦❢ r❡s❡❛r❝❤✱ ✇❡ ♣r♦♣♦s❡ ❛ ♥❡✇ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ■t❛❧✐❛♥ ♥❡t✇♦r❦s✱ ✐♥✈❡st✐✲
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❙♦✉r❝❡✿ ♦✉r ❊❧❛❜♦r❛t✐♦♥ ♦♥ ■♥❢♦❝❛♠❡r❡ ❉❛t❛✳ ◆♦t❡ t❤❛t ✐♥ ◆✉ts ✶ ❧❡✈❡❧ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❚r❡♥t✐♥♦✲❆❧t♦ ❆❞✐❣❡ ✐s ❞✐✈✐❞❡❞

✐♥ t✇♦ ♣❛rts✿ ❚❤❡ ❛✉t♦♥♦♠♦✉s ♣r♦✈✐♥❝❡ ♦❢ ❚r❡♥t♦ ❛♥❞ t❤❡ ❛✉t♦♥♦♠♦✉♥s ♣r♦✈✐♥❝❡ ♦❢ ❇♦❧③❛♥♦✱ ✇✐t❤ r❡s♣❡❝t✐✈❡❧② ✻✺

■♥❢✳ ❇◆❆s ❛♥❞ ✶✹ ❋♦r♠✳ ❇◆❆s❀ ✻✸ ■♥❢✳ ❇◆❆s ❛♥❞ ✼ ❋♦r♠✳ ❇◆❆s

❣❛t✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❛❝t✐✈✐t② ♦❢ ■t❛❧✐❛♥ ✜r♠s t❤❛t ❤❛✈❡ s✐❣♥❡❞ ❛ ♥❡t✇♦r❦
❛❣r❡❡♠❡♥t ❛♥❞ t❤❡✐r ❣❡♦❣r❛♣❤✐❝❛❧ ❧♦❝❛t✐♦♥ ✭s♣❛t✐❛❧ ❞✐s♣❡rs✐♦♥✮✳ ❚❤✐s ❛s♣❡❝t ✇❛s ✜rst st✉❞✐❡❞ ❜② ❈♦r✲
r❡❛♥✐ ❡t ❛❧✳ ✭✷✵✷✷✮ t❤r♦✉❣❤ ❛ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❝♦♠❜✐♥✐♥❣ ❈♦✉r♥♦t✲❧✐❦❡ str❛t❡❣✐❝ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤
❝♦♦♣❡r❛t✐♦♥ ✐♥ ❝♦st r❡❞✉❝✐♥❣ ❛❝t✐✈✐t② ✭♥❡t✇♦r❦ ❛❣r❡❡♠❡♥t✮ ❛♥❞ str❛t❡❣✐❝ s♣❛t✐❛❧ ❧♦❝❛t✐♦♥✳ ●✐✈❡♥
t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♠♦❞❡❧✱ t❤❡✐r ❛♥❛❧②s✐s ✐s ❧✐♠✐t❡❞ t♦ t✇♦✲✜r♠s ♥❡t✇♦r❦s ❛♥❞ t❤❡ ♠❛✐♥ r❡s✉❧t
s✉❣❣❡sts t❤❛t t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝♦♦♣❡r❛t✐♥❣ ✜r♠s t❡♥❞s t♦ ❜❡ ❣r❡❛t❡r ✇❤❡♥ t❤❡② ♦♣❡r❛t❡
✐♥ r❡❧❛t❡❞ ✜❡❧❞s✱ ✇❤❡r❡❛s ❛❣❣❧♦♠❡r❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ✇❤❡♥ ✜r♠s ♦♣❡r❛t❡ ✐♥ ❝♦♠♣❧❡♠❡♥t❛r② ♦r ✈❡r②
❞✐✛❡r❡♥t ❜✉s✐♥❡ss s❡❝t♦rs✳ ❚❤❡ ✐♥t✉✐t✐♦♥ ❜❡❤✐♥❞ t❤✐s r❡s✉❧t ✐s t❤❛t t✇♦ ❝♦♦♣❡r❛t✐♥❣ ✜r♠s ♦♣❡r❛t✐♥❣
✐♥ t❤❡ s❛♠❡ ✐♥❞✉str② ✭❡✳❣✳✱ ♣r♦❞✉❝✐♥❣ s✉❜st✐t✉t❡ ❣♦♦❞s✮ ✇✐❧❧ t❡♥❞ t♦ ❞✐st❛♥❝❡ t❤❡♠s❡❧✈❡s ❢r♦♠ ❡❛❝❤
♦t❤❡r t♦ r❡❞✉❝❡ ❝♦♠♣❡t✐t✐♦♥❀ ✐♥ ❝♦♥tr❛st✱ t❤✐s ❜❡❤❛✈✐♦✉r ✐s ❛tt❡♥✉❛t❡❞✱ ❛♥❞ ✜r♠s ❛❣❣❧♦♠❡r❛t❡✱ ✐❢
t❤❡ t✇♦ ✜r♠s ❡♥❣❛❣❡ ✐♥ ❝♦♠♣❧❡♠❡♥t❛r② ♦r t♦t❛❧❧② ❞✐✛❡r❡♥t ❛❝t✐✈✐t✐❡s✳ ■♥ t❤❡ ❧❛tt❡r ❝❛s❡✱ ✐♥ ❢❛❝t✱
t❤❡② ❝❛♥ ❡♥❥♦② t❤❡ ❜❡♥❡✜ts ♦❢ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤♦✉t r✉♥♥✐♥❣ t❤❡ r✐s❦ ♦❢ ❜❡♥❡✜t✐♥❣ ❞✐r❡❝t ❝♦♠♣❡t✐t♦rs
♦♣❡r❛t✐♥❣ ✐♥ t❤❡ s❛♠❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❛r❡❛✳

■♥ t❤✐s ♣❛♣❡r ✇❡ ♣r♦✈✐❞❡ ❛♥ ❡♠♣✐r✐❝❛❧ t❡st ♦❢ t❤❡ r❡s✉❧ts ♣r♦♣♦s❡❞ ❜② ❈♦rr❡❛♥✐ ❡t ❛❧✳ ✭✷✵✷✷✮ ❜✉t

✸



❡①t❡♥❞✐♥❣ t❤❡ ❛♥❛❧②s✐s t♦ ♥❡t✇♦r❦s ✇✐t❤ ♠♦r❡ t❤❛♥ t✇♦ ✜r♠s✳ ❇❛s❡❞ ♦♥ t❤❡ ❞❛t❛❜❛s❡ ♦❢ ♥❡t✇♦r❦
❝♦♥tr❛❝ts ✐♥ ■t❛❧② ♣r♦✈✐❞❡❞ ❜② ■♥❢♦❝❛♠❡r❡✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❛✈❡r❛❣❡ ❣❡♦❣r❛♣❤✐❝ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥
✜r♠s ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s❛♠❡ ♥❡t✇♦r❦✱ ❛♥❞ r❡❧❛t❡ ✐t t♦ ❛♥ ❡♥tr♦♣② ✐♥❞❡① t❤❛t ♠❡❛s✉r❡s t❤❡ ❧❡✈❡❧ ♦❢
❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣ t❤❡ ❛❝t✐✈✐t✐❡s ❝❛rr✐❡❞ ♦✉t ❜② t❤❡ ♥❡t✇♦r❦ ✜r♠s✳ ■❢ t❤❡ t❤❡♦r② ♣r♦♣♦s❡❞ ❜②
❈♦rr❡❛♥✐ ❡t ❛❧✳ ✭✷✵✷✷✮ ✐s ❝♦rr❡❝t✱ ✇❡ s❤♦✉❧❞ ♦❜s❡r✈❡ ❛ ♥❡❣❛t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ ❡♥tr♦♣② ✐♥❞❡① ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❡♥t❡r♣r✐s❡s ✐♥ t❤❡ s❛♠❡ ♥❡t✇♦r❦✳
❍♦✇❡✈❡r✱ ♦✉r r❡❣r❡ss✐♦♥s ✭❖▲❙✮ s❤♦✇ t❤❡ ♦♣♣♦s✐t❡✳ ❚❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ✜r♠s ✐♥
❛ ♥❡t✇♦r❦ ✐♥❝r❡❛s❡s ❛s t❤❡ ❞❡❣r❡❡ ♦❢ ❡♥tr♦♣② ✐♥❝r❡❛s❡s✳ ❚❤❡ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ r❡♠❛✐♥s ❤✐❣❤❧②
s✐❣♥✐✜❝❛♥t ❡✈❡♥ ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s s✉❝❤ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠s ✐♥ t❤❡
♥❡t✇♦r❦✱ ♥❡t✇♦r❦ t②♣❡✱ ❛♥❞ ✐♥❞✉str② ❞✉♠♠② ✈❛r✐❛❜❧❡s✳ ❲❤❡♥ ✜r♠s ❢♦r♠✐♥❣ ❛ ♥❡t✇♦r❦ ❝❛rr② ♦✉t
s✐♠✐❧❛r ❛❝t✐✈✐t✐❡s t❤❡② t❡♥❞ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡♠ s♦ ❛s t♦ ♠❛①✐♠✐③❡
♣♦s✐t✐✈❡ ❡①t❡r♥❛❧✐t✐❡s ✭s♣✐❧❧♦✈❡rs✮ ❡✈❡♥ ✐❢ t❤✐s ❧❡❛❞s t♦ ✐♥❝r❡❛s❡❞ ❝♦♠♣❡t✐t✐♦♥✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥
s❡❡♠s t♦ r❡♣❧✐❝❛t❡ t❤❛t ♦❢ ✐♥❞✉str✐❛❧ ❞✐str✐❝ts✱ ✇❤✐❝❤ ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ✈❡r② s✐♠✐❧❛r ❝♦♠♣❡t✐♥❣
✜r♠s ♦♣❡r❛t✐♥❣ ✐♥ ❛ ✇❡❧❧✲❞❡✜♥❡❞ ❣❡♦❣r❛♣❤✐❝❛❧ ❛r❡❛✳
❆ s❡❝♦♥❞ r❡❣r❡ss✐♦♥ ♠♦❞❡❧ ✐s ♣r♦♣♦s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢ ♥❡t✇♦r❦✲✜r♠ ❤❡t❡r♦❣❡♥❡✐t② ♦♥ t❤❡
❞✐♠❡♥s✐♦♥ ♦❢ ♥❡t✇♦r❦✱ ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠ t❤❛t s✐❣♥❡❞ t❤❡ ❛❣r❡❡♠❡♥t✳ ❖✉r r❡s✉❧ts ❛r❡
s✐❣♥✐✜❝❛♥t ❛♥❞ s❤♦✇ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♥❡t✇♦r❦ s✐③❡ ❛♥❞ t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t②
❛♠♦♥❣ t❤❡ ✜r♠s ✐♥✈♦❧✈❡❞✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ✇❤❡♥ ✜r♠s ❜❡❧♦♥❣ t♦ t❤❡ s❛♠❡ ✐♥❞✉str②✱ t❡♥❞ ♦♥ ❛✈❡r❛❣❡
t♦ ❢♦r♠ s♠❛❧❧ ♥❡t✇♦r❦ t♦ ♠✐♥✐♠✐s❡ ♣♦s✐t✐✈❡ ❡①t❡r♥❛❧✐t✐❡s ✐♥ ❢❛✈♦✉r ♦❢ ❞✐r❡❝t ❝♦♠♣❡t✐t♦rs✳
❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐s❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛ ❛♥❞ ❡♥tr♦♣② ✐♥❞❡①❀ ❙❡❝t✐♦♥
✸ ✐♥tr♦❞✉❝❡s t❤❡ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧ ❛♥❞ ❙❡❝t✐♦♥ ✹ ❞✐s❝✉ss❡s t❤❡ ♠❛✐♥ r❡s✉❧ts✳ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳

✷ ❉❛t❛ ❞❡s❝r✐♣t✐♦♥

❚❤✐s ❙❡❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛ ❣❛t❤❡r❡❞ ❢r♦♠ ■♥❢♦❈❛♠❡r❡ ✶✱ ❡♠♣❧♦②❡❞ ✐♥ ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✳
❚❤❡ ❞❛t❛s❡t ♣r♦✈✐❞❡s t❤❡ ❧✐st ♦❢ ✽✶✼✷ ■t❛❧✐❛♥ ❇◆❆s✱ ❞✐st✐♥❣✉✐s❤✐♥❣ ❜❡t✇❡❡♥ ✻✾✾✵ ✐♥❢♦r♠❛❧ ✭♥❡t✇♦r❦
❝♦♥tr❛❝t✮ ❛♥❞ ✶✶✽✷ ❢♦r♠❛❧ ♥❡t✇♦r❦s ✭r❡t✐ s♦❣❣❡tt♦✮✳ ❋♦r ❡❛❝❤ ♥❡t✇♦r❦✱ t❤❡ ❞❛t❛s❡t r❡♣♦rts t❤❡
♥✉♠❜❡r ♦❢ ♣❛rt✐❝✐♣❛t✐♥❣ ✜r♠s ❛♥❞ t❤❡ ❛✐♠ ♦❢ t❤❡ ❝♦♥tr❛❝t✱ ✇❤❡r❡❛s ❢♦r ❡❛❝❤ ✜r♠ ✐♥t♦ ❛ ♥❡t✇♦r❦
❛r❡ r❡♣♦rt❡❞ ✐ts ❧♦❝❛t✐♦♥ ✭r❡❣✐♦♥ ❛♥❞ ❝✐t②✮ ❛♥❞ s❡❝t♦r ♦❢ ❜✉s✐♥❡ss ✭❆t❡❝♦✲❝♦❞❡✮✳ ❲❡ ✉s❡ t❤❡s❡
✐♥❢♦r♠❛t✐♦♥s t♦ ❝♦♠♣✉t❡ ♦✉r ✈❛r✐❛❜❧❡s ❛♥❞ ✐♠♣❧❡♠❡♥t t❤❡ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧✳ ❚❤❡ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡ ✐s t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ t❤❡ ✜r♠s ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s❛♠❡ ♥❡t✇♦r❦✳ ■♥ ❛ s❡❝♦♥❞
r❡❣r❡ss✐♦♥ ✇❡ ❝♦♥s✐❞❡r t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠ ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s❛♠❡ ♥❡t✇♦r❦ ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳
❚❤❡ ❦❡② ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ✐♥❞❡① ♦❢ ❡♥tr♦♣② ♠❡❛s✉r✐♥❣ t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣
t❤❡ ❛❝t✐✈✐t✐❡s ♦❢ ♥❡t✇♦r❦ ✜r♠s❀ ♠♦r❡♦✈❡r✱ ✇❡ ❛❧s♦ ❝♦♥s✐❞❡r ❛ s❡t ♦❢ ♦t❤❡r r❡❣r❡ss♦rs t♦ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❧♦❝❛t✐♦♥ ♦❢ ✜r♠s ✭❛❝❝♦r❞✐♥❣ t♦ ◆❯❚❙ ✶ ▲❡✈❡❧ ❈❧❛ss✐✜❝❛t✐♦♥ ❜② ❊✉r♦st❛t
✮✷✱ t❤❡ ♣r♦❞✉❝t✐♦♥ s❡❝t♦r ✐♥ ✇❤✐❝❤ ❛ ♥❡t✇♦r❦ ✜r♠ ♣r✐♠❛r✐❧② ♦♣❡r❛t❡s ✭❛❣r✐❝✉❧t✉r❡✱ tr❛❞❡✱ ✐♥❞✉str②✱
s❡r✈✐❝❡✱ t♦✉r✐s♠✱ ♠✉❧t✐✲s❡❝t♦r ❛♥❞ ♦t❤❡r s❡❝t♦r✮✱ t❤❡ t②♣❡ ♦❢ ♥❡t✇♦r❦ ✭❢♦r♠❛❧ ♦r ✐♥❢♦r♠❛❧✮ ❛♥❞
t❤❡ ❡✛❡❝ts ♦❢ s✉❜s❡q✉❡♥t ❛♠❡♥❞♠❡♥ts t♦ t❤❡ ❧❡❣✐s❧❛t✐♦♥ ❣♦✈❡r♥✐♥❣ ♥❡t✇♦r❦ ❝♦♥tr❛❝ts✳ ❚❤❡ ❧❛st
❛♠❡♥❞♠❡♥t t♦ ▲❛✇ ◆♦✳ ✸✸✴✷✵✵✾ ✇❛s ♠❛❞❡ ✐♥ ✷✵✶✻ ❛♥❞ ✇❡ ❛ss✉♠❡ t❤✐s ②❡❛r ❛s ❛ ❜❡♥❝❤♠❛r❦ t♦
✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ❝❤❛♥❣❡s ✐♥ t❤❡ ❧❛✇ ❛✛❡❝t❡❞ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ♥❡t✇♦r❦ ✜r♠s✳
❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✷ ✇❤❡r❡❛s ✇❡ ❞✐s❝✉ss t❤❡ ✈❛r✐❛❜❧❡s ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ t❤❡
♥❡①t s❡❝t✐♦♥s✳

✶❤tt♣s✿✴✴❝♦♥tr❛tt✐❞✐r❡t❡✳r❡❣✐str♦✐♠♣r❡s❡✳✐t✴r❡t✐✴❀ ❚✐♠❡ ♦❢ ❞♦✇♥❧♦❛❞✐♥❣✿ ✵✸✴✵✸✴✷✵✷✸
✷❤tt♣s✿✴✴❡❝✳❡✉r♦♣❛✳❡✉✴❡✉r♦st❛t✴✇❡❜✴♥✉ts✴❜❛❝❦❣r♦✉♥❞

✹



❚❛❜❧❡ ✷✿ ❙✉♠♠❛r② st❛t✐st✐❝s
❱❛r✐❛❜❧❡ ❖❜s ▼❡❛♥ ❙t❞✳❉❡✈✳ ▼✐♥ ▼❛①
❆✈❡r❛❣❡ ❞✐st❛♥❝❡ ✽✶✼✷ ✼✺✱✼✶ ✶✸✸✱✺✷✸ ✵ ✶✵✽✶✱✶✷✸
◆✉♠❜❡r ♦❢ ✜r♠s ✽✶✼✷ ✻✱✸✽ ✶✶✱✸✸✻ ✷ ✷✻✵
❊♥tr♦♣② ✽✶✼✷ ✵✱✻✸ ✵✱✺✶✺ ✵ ✸✱✵✾✺

✷✳✶ ❆✈❡r❛❣❡ ❞✐st❛♥❝❡

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ✜r♠s ✐♥ t❤❡ s❛♠❡ ♥❡t✇♦r❦✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❈♦♠✉♥❡ ❛t✲
tr✐❜✉t❡ ✐♥❞✐❝❛t✐♥❣ t❤❡ ❝✐t✐❡s ✇❤❡r❡ ✜r♠s ❛r❡ ❧♦❝❛t❡❞✱ ❛♥❞ t❤❡ ❧❛t✐t✉❞❡ ❛♥❞ ❧♦♥❣✐t✉❞❡ ♦❢ t❤❡ ❧♦❝❛t✐♦♥s✱
♦❜t❛✐♥❡❞ ❜② ❛ ❞✐✛❡r❡♥t ❞❛t❛ts❡t ✸✳
❲❡ ✉s❡ t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❝♦♦r❞✐♥❛t❡s ❛♥❞ s❢ ❘✲♣❛❝❦❛❣❡ ✭❊❞③❡r✱ ✷✵✶✽✮ t♦ ❝♦♠♣✉t❡ t❤❡ ❊✉❝❧✐❞❡❛♥
❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♣❛✐r ♦❢ ✜r♠s ✹❀ t❤✉s✱ ❢♦r ❡❛❝❤ ♥❡t✇♦r❦ ❢♦r♠❡❞ ❜② n ✜r♠s✱ ✇❡ ♦❜t❛✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
sq✉❛r❡ ♠❛tr✐①









x11 x12 ... x1n

x21 x22 ... x2n

... ... ... ...

xn1 xn2 ... xnn









✇❤❡r❡ xij ✐♥❞✐❝❛t❡s t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐st❛♥❝❡ ✭✐♥ ❑✐❧♦♠❡tr❡s✮ ❜❡t✇❡❡♥ ✜r♠s i ❛♥❞ j ♦❢ t❤❡ s❛♠❡
♥❡t✇♦r❦✳ ❖❜✈✐♦✉s❧②✱ xii = 0 ❢♦r ❛♥② i ∈ [1, n]✳ ❋✐♥❛❧❧②✱ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ✐s ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣

t♦ t❤❡ ❢♦r♠✉❧❛ x̄ =
∑

n
i=1

∑
n
j=1

xij

n(n−1) ✳ ❚❤❡ t♦t❛❧ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ✐s ✼✺✱✼✶ ❦♠ ✇✐t❤ ❛ ❧❛r❣❡ ✈❛r✐❛♥❝❡

✭✶✼✽✷✽✳✹✮❀ t❤❡ ♠❛①✐♠✉♠ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ✐s ✶✵✽✶✱✶✷ ❑♠ ❛♥❞ t❤❡ ♠✐♥✐♠✉♠ ✐s ✵✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
♥❡t✇♦r❦s ❢♦r♠❡❞ ❜② ✜r♠s ❧♦❝❛t❡❞ ✐♥ t❤❡ s❛♠❡ ❝✐t②✳

✷✳✷ ❊♥tr♦♣②

❚❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s ♣❛♣❡r ✐s t♦ t❡st ✇❤❡t❤❡r t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡
❞❡❣r❡❡ ♦❢ s♣❛t✐❛❧ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❛ ♥❡t✇♦r❦ ❛♥❞ t❤❡ s♣❡❝✐✜❝ ❛❝t✐✈✐t② ❝❛rr✐❡❞ ♦✉t ❜② t❤❡ ♣❛rt✐❝✐♣❛t✐♥❣
✜r♠s✳ ❚❤✐s ✐s ♣r❡❝✐s❡❧② ✇❤② ✇❡ ♥❡❡❞ s♦♠❡ ♠❡❛s✉r❡ ♦❢ t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣ t❤❡
❛❝t✐✈✐t✐❡s t❤❛t ❞✐st✐♥❣✉✐s❤ ♥❡t✇♦r❦ ♠❡♠❜❡r ✜r♠s✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❝♦♠♣✉t❡ t❤❡ ❡♥tr♦♣② ✐♥❞❡① ❢♦r
❜♦t❤ ✐♥❢♦r♠❛❧ ❛♥❞ ❢♦r♠❛❧ ❇◆❆s✱ ✉s✐♥❣ t❤❡ ❛ttr✐❜✉t❡ ❆tt✐✈✐tà r❡♣♦rt❡❞ ✐♥ t❤❡ ❞❛t❛s❡t t♦ ❝❧❛ss✐❢②
✜r♠s ✐♥✈♦❧✈❡❞ ✐♥ ✐♥❢♦r♠❛❧ ♥❡t✇♦r❦s ❛♥❞ t❤❡ ✜rst t✇♦ ♥✉♠❜❡rs ♦❢ t❤❡ ✜✈❡✲❞✐❣✐t ✈❡rs✐♦♥ ♦❢ ❆t❡❝♦
❝♦❞❡ ❢♦r t❤❡ ❢♦r♠❛❧ ♦♥❡s✳ ❚❤❡ ❡♥tr♦♣② ✐♥❞❡① ✐s ❛ st❛t✐st✐❝❛❧ ✐♥❞✐❝❛t♦r t❤❛t ♠❡❛s✉r❡s ❤♦✇ ♦♥❡
q✉❛❧✐t❛t✐✈❡ ❝❤❛r❛❝t❡r ✭t❤❡ t②♣❡ ♦❢ ✜r♠s ❛❝t✐✈✐t②✮ ✐s ❞✐str✐❜✉t❡❞ ❛♠♦♥❣ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✭♥❡t✇♦r❦ ✜r♠s✮
♦❢ ❛ ♣♦♣✉❧❛t✐♦♥✳ ❋♦r♠❛❧❧②✱ t❤❡ ❡♥tr♦♣② ✐♥❞❡① ❢♦r ❛ s✐♥❣❧❡ ♥❡t✇♦r❦ ✐s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❙❤❛♥♥♦♥✬s r✉❧❡ ✭ ▼❛s✐s✐ ❡t ❛❧✳✱ ✷✵✵✽❀ ❇♦rr❛✱ ❉✐ ❈✐❛❝❝✐♦✱ ✷✵✶✹❀ ❱♦♥ ▼✐s❡s✱ ✷✵✶✹❀✮

H(X) = −

k
∑

i=1

P (xi)logP (xi) ✭✶✮

✸❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴▼❛tt❡♦❍❡♥r②❈❤✐♥❛s❦✐✴❈♦♠✉♥✐✲■t❛❧✐❛♥✐✲✷✵✶✽✲❙q❧✲❏s♦♥✲❡①❝❡❧
✹❋♦r ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❊✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ✐♥ ❙♣❛t✐❛❧ ❊❝♦♥♦♠❡tr✐❝ ▼♦❞❡❧s s❡❡ ❇✉❝③❦♦✇s❦❛ ❡t ❛❧✳✱ ✷✵✶✾

✺



✇❤❡r❡ k ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✐✈✐t✐❡s ✇❡ ♦❜s❡r✈❡ ✐♥t♦ t❤❡ ♥❡t✇♦r❦✱ ❛♥❞ P (xi) ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t
❛ s♣❡❝✐✜❝ ❛❝t✐✈✐t② xi ♦❝❝✉rs ✐♥t♦ t❤❡ ♥❡t✇♦r❦✳ ❚❤❡ ❡♥tr♦♣② ✐♥❞❡① r❛♥❣❡s ❢r♦♠ ✵✱ ✐♥ t❤❡ ❝❛s❡ ♦❢
♠❛①✐♠✉♠ ❤♦♠♦❣❡♥❡✐t② ❛♠♦♥❣ ❡♥t❡r♣r✐s❡s ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s❛♠❡ ♥❡t✇♦r❦✱ t♦ logk ✇❤❡♥ ❛❧❧ ♥❡t✇♦r❦
❡♥t❡r♣r✐s❡s ❝❛rr② ♦✉t ❞✐✛❡r❡♥t ❛❝t✐✈✐t✐❡s✱ t❤❛t ✐s P (xi) =

1
k
❢♦r ❛♥② ❛❝t✐✈✐t② xi✳

✷✳✸ ◆✉♠❜❡r ♦❢ ✜r♠s

❚❛❜❧❡ ✸ r❡♣♦rts ❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ■t❛❧✐❛♥ ♥❡t✇♦r❦s ❜② s❡❝t♦r ❛♥❞ ❞✐♠❡♥s✐♦♥✱ s❤♦✇✐♥❣ t❤❛t ✹✶✺✺

❚❛❜❧❡ ✸✿ ❇◆❆s ❜② ❙❡❝t♦r✱ ❙✐③❡ ❛♥❞ ●❡♦❣r❛♣❤✐❝❛❧ ❆r❡❛✳

◆❲ ◆❊ ❈◆ ❙❖❯❚❍ ■◆❙ ▼❯▲❚■ ❚❖❚❆▲
◆❡t✇♦r❦ ❜② s❡❝t♦r

❆●❘■❈❖▲❚❯❘❊✴❋■❙❍❊❘❨ ✭✶✮ ✷✷✹ ✸✺✸ ✸✼✺ ✷✹✹ ✽✺ ✷✸ ✶✸✵✹
❖❚❍❊❘ ❙❊❈❚❖❘ ✭✷✮ ✶ ✶ ✶✸ ✹ ✸ ✷ ✷✹

❚❘❆❉❊ ✭✸✮ ✶✵✽ ✶✵✺ ✷✶✺ ✶✷✵ ✸✻ ✷✽ ✻✶✷
■◆❉❯❙❚❘❨✴❍❆◆❉❈❘❆❋❚ ✭✹✮ ✺✶✶ ✻✵✸ ✺✵✶ ✸✹✺ ✽✹ ✶✼✾ ✷✷✷✸

❙❊❘❱■❈❊❙ ✭✺✮ ✺✹✽ ✺✹✷ ✻✽✻ ✺✹✻ ✶✸✵ ✷✾✺ ✷✼✹✼
❚❖❯❘■❙▼ ✭✻✮ ✸✸ ✻✹ ✺✾ ✹✾ ✷✸ ✶✵ ✷✸✽

▼❯▲❚■❙❊❈❚❖❘ ✭✼✮ ✶✼✾ ✶✽✸ ✶✽✺ ✷✸✵ ✻✾ ✶✼✵ ✶✵✶✻
❚❖❚❆▲ ✶✻✵✹ ✶✽✺✶ ✷✵✸✹ ✶✺✸✽ ✹✸✵ ✼✵✼ ✽✶✻✹

❙✐③❡ ❜② ✜r♠ ♣❡r ◆❡t✇♦r❦

✷✲✸ ✽✵✺ ✾✸✽ ✾✵✾ ✼✹✶ ✶✾✹ ✺✻✽ ✹✶✺✺
✹✲✺ ✸✻✻ ✹✶✻ ✹✷✺ ✸✻✷ ✼✻ ✼✵ ✶✼✶✺
✻✲✾ ✷✹✽ ✷✽✷ ✸✵✹ ✷✷✼ ✼✶ ✹✻ ✶✶✼✽
≥ 10 ✶✽✺ ✷✶✾ ✸✾✽ ✷✵✾ ✽✾ ✷✹ ✶✶✷✹
❚♦t❛❧ ✶✻✵✹ ✶✽✺✺ ✷✵✸✻ ✶✺✸✾ ✹✸✵ ✼✵✽ ✽✶✼✷

❙♦✉r❝❡✿ ❖✉r ❡❧❛❜♦r❛t✐♦♥ ♦♥ ■♥❢♦❝❛♠❡r❡ ❉❛t❛✳ ●r♦✉♣s ♦❢ ❘❡❣✐♦♥ ✭◆❯❚❙ ✶ ▲❡✈❡❧✮✿ ◆❲ ❂ ▲✐❣✉r✐❛✱ ▲♦♠❜❛r❞✐❛✱

P✐❡♠♦♥t❡✱ ❱❛❧❧❡ ❞✬❆♦st❛✴ ❱❛❧❧✴❡❡ ❞✬ ❆♦st❡❀ ◆❊ ❂ ❊♠✐❧✐❛✲❘♦♠❛❣♥❛❀ ❋r✐✉❧✐✲ ❱❡♥❡③✐❛ ●✐✉❧✐❛✱ ❚r❡♥t✐♥♦✲❆❧t♦ ❆❞✐❣❡✴

❙✉❞t✐r♦❧✱ ❱❡♥❡t♦❀ ❈◆ ❂ ❚♦s❝❛♥❛✱ ❯♠❜r✐❛✱ ▲❛③✐♦✱ ▼❛r❝❤❡❀ ❙❖❯❚❍❂ ❆❜r✉③③♦✱ ❇❛s✐❧✐❝❛t❛✱ ❈❛❧❛❜r✐❛✱ ❈❛♠♣❛♥✐❛✱

▼♦❧✐s❡✱ P✉❣❧✐❛❀ ■◆❙ ❂ ❙❛r❞❡❣♥❛✱ ❙✐❝✐❧✐❛

❜✉s✐♥❡ss ♥❡t✇♦r❦ ❛❣r❡❡♠❡♥ts ✭✺✵✱✽✪✮ ✐♥✈♦❧✈❡ ♦♥❧② ✷✲✸ ❝♦♠♣❛♥✐❡s✳ ❖♥❧② ✶✶✷✹ ♥❡t✇♦r❦ ❝♦♥tr❛❝ts
✭✶✸✱✼✪✮ ✐♥✈♦❧✈❡ ♠♦r❡ t❤❛♥ ✶✵ ✜r♠s✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ❛ ✜r♠ ❝❛♥ t❛❦❡ ♣❛rt ✐♥ ♠♦r❡ t❤❛♥
♦♥❡ ❜✉s✐♥❡ss ♥❡t✇♦r❦ ❛❣r❡❡♠❡♥t✱ ❜✉t ✾✶✳✶% ♦❢ t❤❡ t♦t❛❧ ❜❡❧♦♥❣s t♦ ♦♥❧② ♦♥❡ ♥❡t✇♦r❦✳

✷✳✹ ●❡♦❣r❛♣❤✐❝❛❧ ❧♦❝❛t✐♦♥ ❛♥❞ ❜✉s✐♥❡ss s❡❝t♦r

❲❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ❝♦❞❡s ♦❢ r❡❣✐♦♥ ❛♥❞ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❜✉s✐♥❡ss s❡❝t♦r ❢♦r ❡❛❝❤ ♥❡t✇♦r❦ ✜r♠✱
❛♥❞ ❝♦✉♥t❡❞ t❤❡ ❢r❡q✉❡♥❝② ♦❢ s✉❝❤ ❝♦❞❡s✲❛ttr✐❜✉t❡s ❢♦r ❡❛❝❤ ♥❡t✇♦r❦s❀ t❤❡♥✱ t❤❡ ❝♦❞❡✲❛ttr✐❜✉t❡ t❤❛t
♦❝❝✉rs ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝② ✇✐❧❧ ❝❤❛r❛❝t❡r✐s❡ t❤❡ ♥❡t✇♦r❦✳ ■♥ ❝❛s❡ t❤❛t t✇♦ ♦r ♠♦r❡ ❝♦❞❡s✲
❛ttr✐❜✉t❡s ❛♣♣❡❛r t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ t✐♠❡s✱ t❤❡ ❇◆❆s ✇❛s ❛ss✐❣♥❡❞ r❡s♣❡❝t✐✈❡❧② t♦ ❛ ♠✉❧t✐✲r❡❣✐♦♥
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❛♥❞ ♠✉❧t✐✲s❡❝t♦r ✈❛r✐❛❜❧❡✳ ❆s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸✱ ✇❡ ❞✐st✐♥❣✉✐s❤ ✼ ❞✐✛❡r❡♥t s❡❝t♦rs ✭❛❣r✐❝✉❧t✉r❡✱
tr❛❞❡✱ ✐♥❞✉str②✱ s❡r✈✐❝❡✱ t♦✉r✐s♠✱ ♠✉❧t✐✲s❡❝t♦r ❛♥❞ ♦t❤❡r s❡❝t♦r✮ ❛♥❞ ✺ ❣❡♦❣r❛♣❤✐❝❛❧ ♠❛❝r♦✲❛r❡❛s✱
♥❛♠❡❧② ♥♦rt❤✲✇❡st ✭◆❲✮✱ ♥♦rt❤✲❡❛st ✭◆❊✮✱ ❝❡♥tr❡✲♥♦rt❤ ✭❈◆✮✱ s♦✉t❤✱ ✐s❧❛♥❞s ✭■◆❙✮ ❛♥❞ ✜♥❛❧❧②
♠✉❧t✐✲r❡❣✐♦♥ ✭▼❯▲❚■✮ ❢♦r ❛❧❧ ♥❡t✇♦r❦s ✐♥✈♦❧✈✐♥❣ ✜r♠s ❧♦❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t r❡❣✐♦♥s✳ ❋✐❣✉r❡ 2 r❡♣♦rts
t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ♥❡t✇♦r❦s❀ ▲❛③✐♦ ❛♥❞ ▲♦♠❜❛r❞✐❛ r❡❣✐♦♥s ❤❛✈❡ t❤❡ ❤✐❣❤❡st ❝♦♥❝❡♥✲
tr❛t✐♦♥ ♦❢ ❜♦t❤ ❢♦r♠❛❧ ❛♥❞ ✐♥❢♦r♠❛❧ ♥❡t✇♦r❦s✳
❋✐♥❛❧❧②✱ ✇❡ ❝r❡❛t❡ ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ ❢♦r s❡❝t♦rs ❛♥❞ ❣❡♦❣r❛♣❤✐❝❛❧ ❛r❡❛s✱ t❛❦✐♥❣ t❤❡ ✈❛❧✉❡ ✶ ✐❢ t❤❡
♥❡t✇♦r❦ ✐s ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛r❡❛ ♦r s❡❝t♦r✱ ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳ ■♥ ❜♦t❤ ❝❛s❡s✱ ♠✉❧t✐✲s❡❝t♦r ❛♥❞
♠✉❧t✐✲r❡❣✐♦♥ ❤❛✈❡ ❜❡❡♥ ❛ss✉♠❡❞ ❛s r❡❢❡r❡♥❝❡ ❝❛t❡❣♦r✐❡s✳

❋✐❣✉r❡ ✷✿ ●❡♦❣r❛♣❤✐❝❛❧ ❉✐str✐❜✉t✐♦♥ ♦❢ ■♥❢♦r♠❛❧ ❛♥❞ ❋♦r♠❛❧ ❇◆❆s✳

✸ ❊❝♦♥♦♠❡tr✐❝ s♣❡❝✐✜❝❛t✐♦♥

❲❡ ❡♠♣❧♦② ❛ ❝r♦ss✲s❡❝t✐♦♥ ❡❝♦♥♦♠❡tr✐❝ ❡①❡r❝✐s❡ ❛✐♠❡❞ ❛t ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥
t❤❡ ❞❡❣r❡❡ ♦❢ ❛❝t✐✈✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥ ❛♠♦♥❣ ♥❡t✇♦r❦ ✜r♠s ❛♥❞ ✐✮ t❤❡ ❛✈❡r❛❣❡ s♣❛t✐❛❧ ❞✐st❛♥❝❡ ❛♠♦♥❣
❝♦❧❧❛❜♦r❛t✐♥❣ ✜r♠s ♦♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ❛♥❞ ✐✐✮ t❤❡ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ♥❡t✇♦r❦ ✭♥✉♠❜❡r ♦❢ ♣❛rt✐❝✐♣❛t✐♥❣
✜r♠s✮ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✳ ❲❡ ❛❞♦♣t ❝r♦ss✲s❡❝t✐♦♥ r❡❣r❡ss✐♦♥ ❜❡❝❛✉s❡ ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② ■♥❢♦❈❛♠❡r❡
♦♥❧② r❡♣♦rt ✐♥❢♦r♠❛t✐♦♥ ❛t t❤❡ t✐♠❡ ♦❢ ♥❡t✇♦r❦✬s ❢♦✉♥❞✐♥❣ ②❡❛r✳ ❋♦r ✐♥st❛♥❝❡✱ ♥♦ ✐♥❢♦r♠❛t✐♦♥ ✐s
♣r♦✈✐❞❡❞ r❡❣❛r❞✐♥❣ ❛♥② ✐♥❝r❡❛s❡s ♦r ❞❡❝r❡❛s❡s ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛rt✐❝✐♣❛t✐♥❣ ✜r♠s ✐♥ s✉❜s❡q✉❡♥t
②❡❛rs✳ ❯s✉❛❧❧②✱ t❤❡ ❛❞♦♣t✐♦♥ ♦❢ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ♠♦❞❡❧s s✉❝❤ ❛s t✐♠❡ s❡r✐❡s ❛♥❞ ♣❛♥❡❧ ❛♥❛❧②s✐s
✐s ♣❡r❢♦r♠❡❞ ❜② ♠❡r❣✐♥❣ t❤❡ ■♥❢♦❈❛♠❡r❡ ❞❛t❛s❡t ✇✐t❤ t❤❡ ❆■❉❆ ❇✉r❡❛✉ ❱❛♥ ❉✐❥❦ ❞❛t❛s❡t✱ ✇❤✐❝❤
♣r♦✈✐❞❡s ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❛♥♥✉❛❧ ❜❛❧❛♥❝❡ s❤❡❡t ❞❛t❛ ♦❢ ■t❛❧✐❛♥ ❝♦♠♣❛♥✐❡s ✭s❡❡ ❛♠♦♥❣
t❤❡ ♦t❤❡rs ❇✉r❧✐♥❛✱ ✷✵✶✾❀ ❈✐s✐ ❡t ❛❧✳✱ ✷✵✷✵❀ ❋❛❜r✐③✐ ❡t ❛❧✳✱ ✷✵✷✷✮✳
❍❡r❡ ❢♦❧❧♦✇s t❤❡ ✜rst r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✿

avg❴disti = α+ β1Hi + β2typei + β3areai + β4sectori + β5post❴2016 + εi ✭✷✮

✇❤❡r❡ avg❴disti ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ♠❡❛s✉r✐♥❣ t❤❡ ♥♦r♠❛❧✐s❡❞ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ✜r♠s
❜❡❧♦♥❣✐♥❣ t♦ ♥❡t✇♦r❦ i✳ Hi ✐s t❤❡ ✐♥❞❡① ♦❢ ❡♥tr♦♣② ♠❡❛s✉r✐♥❣ t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣
✜r♠s✬ ❛❝t✐✈✐t✐❡s✿ ✐♥ ❝❛s❡ H = 0 t❤❡ ✜r♠s ❝❛rr② ♦✉t t❤❡ s❛♠❡ ❛❝t✐✈✐t② ✇❤❡r❡❛s ✐♥❝r❡❛s✐♥❣ H ✐♥❞✐❝❛t❡s

✼



❞✐✛❡r❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ❛❝t✐✈✐t✐❡s✳ ■♥ t❤✐s r❡❣❛r❞✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧✐t❡r❛t✉r❡ ❤❛s ♣♦✐♥t❡❞ ♦✉t t❤❡
♣r❡s❡♥❝❡ ♦❢ t✇♦ ♣♦ss✐❜❧❡ ❡✛❡❝ts✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ t❤❡ str♦♥❣ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ ✜r♠s ✐♥ t❤❡ s❛♠❡
s❡❝t♦r ❝♦✉❧❞ ✐♥❞✉❝❡ t❤❡♠ t♦ ❡♥t❡r ✐♥t♦ ❛❣r❡❡♠❡♥ts ♦♥❧② ✇✐t❤ ✜r♠s ♦♣❡r❛t✐♥❣ ✐♥ ♠♦r❡ ❞✐st❛♥t ❛r❡❛s
✭❈♦rr❡❛♥✐ ❡t ❛❧✳✱ ✷✵✷✷❀✮❀ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♣r♦①✐♠✐t② ✇♦✉❧❞ ❛❧❧♦✇ t❤❡♠ t♦ ♠❛①✐♠✐③❡ t❤❡ ♣♦s✐t✐✈❡
❡①t❡r♥❛❧✐t✐❡s ❛r✐s✐♥❣ ❢r♦♠ s♣✐❧❧♦✈❡rs ✭●♦②❛❧ ❛♥❞ ❏♦s❤✐✱ ✷✵✵✸❀ ❉✐ ❉✐♦ ❛♥❞ ❈♦rr❡❛♥✐✱ ✷✵✶✼✱ ✷✵✷✵✮✳ ■♥
t❤❡ ✜rst ❝❛s❡ ✇❡ s❤♦✉❧❞ ♦❜s❡r✈❡ ❛ ♥❡❣❛t✐✈❡ ✈❛❧✉❡ ♦❢ t❤❡ β1 ♣❛r❛♠❡t❡r ❜❡❝❛✉s❡ ❣r❡❛t❡r ❤❡t❡r♦❣❡♥❡✐t②
❛♠♦♥❣ ♥❡t✇♦r❦ ✜r♠s ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ ❧❡ss ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡♠✳ ❈♦♥✈❡rs❡❧②✱ ✐♥
t❤❡ s❡❝♦♥❞ ❝❛s❡ t❤❡ β1 ♣❛r❛♠❡t❡r ✇♦✉❧❞ t❛❦❡ ♦♥ ❛ ♣♦s✐t✐✈❡ ✈❛❧✉❡✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ t❡♥❞❡♥❝② ♦❢ ♥❡t✇♦r❦
✜r♠s t♦ ❛❣❣❧♦♠❡r❛t❡ ✭❧♦✇ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡✮ t❤❡ ♠♦r❡ s✐♠✐❧❛r t❤❡ ❛❝t✐✈✐t✐❡s t❤❡② ♣❡r❢♦r♠ ✭❧♦✇ ❍✮✳

❆❧❧ ♦t❤❡r r❡❣r❡ss♦rs ❛r❡ ❞✉♠♠✐❡s✳ typei ✐s ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ t❛❦✐♥❣ ✈❛❧✉❡ ✶ ❢♦r ✐♥❢♦r♠❛❧ ♥❡t✲
✇♦r❦✳ sectori ✐s ❛ s❡t ♦❢ s❡✈❡♥ ❞✉♠♠② ✈❛r✐❛❜❧❡s ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣r♦❞✉❝t✐♦♥ s❡❝t♦r ✐♥ ✇❤✐❝❤ ♥❡t✇♦r❦ i

♦♣❡r❛t❡s ✭❛❣r✐❝✉❧t✉r❡✴✜s❤✐♥❣✱ ✐♥❞✉str②✱ tr❛❞❡✱ s❡r✈✐❝❡s✱ t♦✉r✐s♠✱ ♦t❤❡r s❡❝t♦r ❛♥❞ ♠✉❧t✐✲s❡❝t♦r❀ t❤✐s
❧❛st ✈❛r✐❛❜❧❡ ❤❛s ❜❡❡♥ ❛ss✉♠❡❞ ❛s t❤❡ r❡❢❡r❡♥❝❡ ❝❛t❡❣♦r②✮✳ areai ✐s ❛ s❡t ♦❢ ❞✉♠♠② ✈❛r✐❛❜❧❡s t♦
❝♦♥tr♦❧ ❢♦r ♥❡t✇♦r❦ ❧♦❝❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ◆❯❚❙✶ ❧❡✈❡❧ ❝❧❛ss✐✜❝❛t✐♦♥ ❜② ❊✉r♦st❛t ✺ ✭♥♦rt❤✲✇❡st✱
♥♦rt❤✲❡❛st✱ ♠✐❞❞❧❡✱ s♦✉t❤✱ ✐s❧❛♥❞s ❛♥❞ ♠✉❧t✐✲r❡❣✐♦♥✱ t❤❡ ❧❛tt❡r ♦♥❡ ❤❛s ❜❡❡♥ ❛❞♦♣t❡❞ ❛s t❤❡ r❡❢❡r❡♥❝❡
❝❛t❡❣♦r②✮✳ post❴2016 ✐s ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ t❛❦✐♥❣ ✈❛❧✉❡ ✶ ✐❢ t❤❡ ♥❡t✇♦r❦ ✇❛s ❢♦✉♥❞❡❞ ✐♥ ♦r ❛❢t❡r
✷✵✶✻✱ t❤❛t ✐s t❤❡ ②❡❛r ♦❢ t❤❡ ❧❛t❡st ❛♠❡♥❞♠❡♥t t♦ ❧❛✇ ❛❜♦✉t ■t❛❧✐❛♥ ❇◆❆s✳ ε r❡♣r❡s❡♥ts t❤❡ ❡rr♦r
t❡r♠✳
❚❤❡ s❡❝♦♥❞ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥ ❝♦♥s✐❞❡rs t❤❡ ♥✉♠❜❡r ♦❢ ♥❡t✇♦r❦ ✜r♠s ✭✐♥ ❧♦❣❛r✐t❤♠✐❝ t❡r♠s✮ ❛s
❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿

LNi = α+ β1Hi + β2typei + β3areai + β4sectori + β5post❴2016 + εi ✭✸✮

✇❤❡r❡ LNi ✐♥❞✐❝❛t❡s t❤❡ ♥❛t✉r❛❧ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠s ❢♦r♠✐♥❣ ♥❡t✇♦r❦ i✳ ❲❡ ✉s❡ t❤✐s
♠♦❞❡❧ t♦ t❡st t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♥❡t✇♦r❦ s✐③❡ ❛♥❞ t❤❡ ❞❡❣r❡❡ ♦❢ ❛❝t✐✈✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥ ❛♠♦♥❣
♥❡t✇♦r❦ ✜r♠s✳ ❋r♦♠ ❛ t❤❡♦r❡t✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ ✭❉✐ ❉✐♦ ❡t ❛❧✳ ✷✵✶✼✮ ✇❡ ✇♦✉❧❞ ❡①♣❡❝t ❛ ♣♦s✐t✐✈❡ β1

❜❡❝❛✉s❡ ❣r❡❛t❡r ❛❝t✐✈✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥ ✐s ❛ss♦❝✐❛t❡❞ t♦ ❛ ❧♦✇❡r ❝♦♠♣❡t✐t✐♦♥✱ t❤❡r❡❜② ✐♥❞✉❝✐♥❣ ♠♦r❡
✜r♠s t♦ ❥♦✐♥ t❤❡ ♥❡t✇♦r❦✳

✹ ❘❡s✉❧ts

❚❛❜❧❡ ✹ r❡♣♦rts ❡st✐♠❛t❡s ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♥♦r♠❛❧✐s❡❞ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♥❞ t❤❡ ❡♥✲
tr♦♣② ✐♥❞❡①✳ ■t ❡♠❡r❣❡s t❤❛t t❤❡ ❍ ✐♥❞❡① ✐s ♣♦s✐t✐✈❡❧② ❧✐♥❦❡❞ t♦ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♥❞ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✪ ❧❡✈❡❧ ✐♥ ❡✈❡r② r❡❣r❡ss✐♦♥ ♠♦❞❡❧✱ ✐♠♣❧②✐♥❣ t❤❛t ❛♥ ✐♥❝r❡❛s❡ ♦❢ ♦♥❡ ✉♥✐t ♦❢ t❤❡
❡♥tr♦♣② ✐♥❝r❡❛s❡s t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ✜r♠s ✐♥ ❛ ♥❡t✇♦r❦ ❢r♦♠ ❛❧♠♦st ✷✼ t♦ ✺✸ ❦✐❧♦♠❡tr❡s
✭✇❡ ❝♦♠♣✉t❡ t❤❡s❡ ✈❛❧✉❡s ♠✉❧t✐♣❧②✐♥❣ β1 ❜② t❤❡ ♠❛①✐♠✉♠ ❞✐st❛♥❝❡ r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ 2✮✳

❚❤❡r❡❢♦r❡✱ t❤❡ ❧❛r❣❡r t❤❡ ❞✐✈❡rs✐t② ❛♠♦♥❣ t❤❡ ❛❝t✐✈✐t✐❡s ❝♦♥❞✉❝t❡❞ ❜② t❤❡ ✜r♠s ❜❡❧♦♥❣✐♥❣ t♦ ❛
♥❡t✇♦r❦✱ t❤❡ ❣r❡❛t❡r t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ t❤❡♠✳ ❚❤❡ r❛t✐♦♥❛❧❡ ❜❡❤✐♥❞ t❤✐s ♦✉t❝♦♠❡ ✐s t❤❛t
✇❤❡♥ ✜r♠s ♦❢ ♥❡t✇♦r❦ ✇♦r❦ ✐♥ t❤❡ s❛♠❡✱ ♦r s✐♠✐❧❛r✱ s❡❝t♦r ♦❢ ♣r♦❞✉❝t✐♦♥✱ t❤✉s s❤♦✇✐♥❣ ❛ ❧♦✇ ✈❛❧✉❡ ♦❢
t❤❡ ❡♥tr♦♣② ✐♥❞❡①✱ t❤❡② ♠❛② t❡♥❞ t♦ ❛❣❣❧♦♠❡r❛t❡ ✐♥ ❛ ❝❧♦s❡st ❞✐st❛♥❝❡ ✐♥ ♦r❞❡r t♦ ❜❡♥❡✜t ♦❢ ♣♦s✐t✐✈❡

✺❚❤❡ ◆❯❚❙✶ ❧❡✈❡❧ ❝❧❛ss✐✜❝❛t✐♦♥ ✭◆♦♠❡♥❝❧❛t✉r❡ ♦❢ t❡rr✐t♦r✐❛❧ ✉♥✐ts ❢♦r st❛t✐st✐❝s✮ ✐s ❛ ❤✐❡r❛r❝❤✐❝❛❧ s②st❡♠ ❢♦r
❞✐✈✐❞✐♥❣ ✉♣ t❤❡ ❡❝♦♥♦♠✐❝ t❡rr✐t♦r② ♦❢ t❤❡ ❊❯ ❛♥❞ t❤❡ ❯❑ ❢♦r s♦❝✐♦✲❡❝♦♥♦♠✐❝ ❛♥❛❧②s❡s ♦❢ t❤❡ r❡❣✐♦♥s ❛t ♠❛❥♦r
s♦❝✐♦✲❡❝♦♥♦♠✐❝ r❡❣✐♦♥s ❤tt♣s✿✴✴❡❝✳❡✉r♦♣❛✳❡✉✴❡✉r♦st❛t✴✇❡❜✴♥✉ts✴❜❛❝❦❣r♦✉♥❞

✽



❚❛❜❧❡ ✹✿ ❆✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♥❞ ❡♥tr♦♣②✳

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❆✈❡r❛❣❡ ❉✐st❛♥❝❡ ✭♥♦r♠❛❧✐s❡❞✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈♦♥st❛♥t ✵✱✵✺✻✷∗∗∗ ✵✱✵✻✽✾∗∗∗ ✵✱✵✽✹✷∗∗∗ ✵✱✷✶✵✶∗∗∗ ✵✱✷✵✶✼∗∗∗ ✵✱✶✾✾✽∗∗∗

✭✵✱✵✵✷✮ ✭✵✱✵✵✹✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✹✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✻✮

❍ ✵✱✵✹✻✶∗∗∗ ✵✱✵✹✷✾∗∗∗ ✵✱✵✷✺✸∗∗∗ ✵✱✵✹✾✻∗∗∗ ✵✱✵✹✵✼∗∗∗ ✵✱✵✹✶✶∗∗∗

✭✵✱✵✵✺✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✺✮ ✭✵✱✵✵✺✮

❚②♣❡ ♦❢ ❇◆❆s ❞✉♠♠② ◆♦ ✲✵✱✵✶✸✼∗∗∗ ✲✵✱✵✶✻✾∗∗∗ ✲✵✱✵✵✾✺∗∗ ✲✵✱✵✶✶✸∗∗ ✲✵✱✵✶✶✶∗∗∗

◆♦ ✭✵✱✵✵✸✮ ✭✵✱✵✵✸✮ ✭✵✱✵✵✸✮ ✭✵✱✵✵✸✮ ✭✵✱✵✵✸✮

❘❡❣✐♦♥❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ◆♦ ❨❡s ❨❡s ❨❡s
❙❡❝t♦r✐❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ❨❡s ◆♦ ❨❡s ❨❡s
P♦st ✷✵✶✻ ❞✉♠♠② ◆♦ ◆♦ ◆♦ ◆♦ ◆♦ ❨❡s

❖❜s❡r✈❛t✐♦♥s ✽✱✶✼✷ ✽✱✶✼✷ ✽✱✶✻✹ ✽✱✶✻✹ ✽✱✶✻✹ ✽✱✶✻✹
❘2 ✵✳✵✵✽ ✵✳✵✶ ✵✳✵✸✹ ✵✳✷✹ ✵✳✷✺ ✵✱✷✺

❘❡s✉❧ts ❢♦r r❡❣✐♦♥❛❧✱ s❡❝t♦r✐❛❧✱ ❛♥❞ ♣♦st✲✷✵✶✻ ❞✉♠♠✐❡s ❛r❡ ♥♦t r❡♣♦rt❡❞ ❢♦r ❜r❡✈✐t② ❜✉t ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳ ✯✱ ✯✯✱

❛♥❞ ✯✯✯ ❞❡♥♦t❡s✱ r❡s♣❡❝t✐✈❡❧②✱ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ❛t t❤❡ ✶✵✪✱ ✺✪✱ ❛♥❞ ✶✪ ❧❡✈❡❧s✳

✾



s♣✐❧❧♦✈❡rs ❛s ✐t ♦❝❝✉rs ✐♥ ✐♥❞✉str✐❛❧ ❞✐str✐❝ts✳ ❙✉❝❤ s♣✐❧❧♦✈❡rs st❡♠ ❢r♦♠ ❛ ❦✐♥❞ ♦❢ str❛t❡❣✐❝ ❝♦♠♣❛t✲
✐❜✐❧✐t② ♦❢ t❤❡ ❛❝t✐✈✐t✐❡s ❝♦♥❞✉❝t❡❞ ❜② t❤❡s❡ ✜r♠s✱ t❤❛t ❡♥❥♦② ❜❡♥❡✜ts ✐♥ t❡r♠s ♦❢ s❤❛r❡❞ ❦♥♦✇❧❡❞❣❡
❛♥❞ ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s✱ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ✭▼❛rs❤❛❧❧✱ ✷✵✵✾✮✳ ❖♥ t❤❡ ♦♣♣♦s✐t❡✱ t❤✐s
♣r♦♣❡♥s✐t② ❢♦r ❛❣❣❧♦♠❡r❛t✐♦♥ ❞❡❝r❡❛s❡s ❛s t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣ t❤❡ ✜r♠s ✐♥✈♦❧✈❡❞ ✐♥
t❤❡ ♥❡t✇♦r❦ ✐♥❝r❡❛s❡s❀ ✐♥ ♦t❤❡r ✇♦r❞s✱ ✜r♠s ✇♦r❦✐♥❣ ♦♥ ❞✐✛❡r❡♥t s❡❝t♦r ♦❢ ♣r♦❞✉❝t✐♦♥ ❞♦ ♥♦t ❡①❤✐❜✐t
t❤❡ ♥❡❡❞ ♦❢ ❜❡✐♥❣ ❧♦❝❛t❡❞ ✈❡r② ❝❧♦s❡✳

❚❤✐s r❡s✉❧t ❝♦♥tr❛❞✐❝ts t❤❡ ✜♥❞✐♥❣s ♦❢ t❤❡ r❡❝❡♥t ♠♦❞❡❧ ♦❢ ❈♦rr❡❛♥✐ ❡t ❛❧✳ ✭✷✵✷✷✮✱ ✐♥ ✇❤✐❝❤ ✜r♠s
♣r♦❞✉❝✐♥❣ t❤❡ s❛♠❡ ❣♦♦❞ t❡♥❞ t♦ ❧♦❝❛t❡ ❢❛r ❛♣❛rt t♦ r❡❞✉❝❡ ❝♦♠♣❡t✐t✐♦♥✳ ❚❤✐s ♦✉t❝♦♠❡ ❝❛♥ ❜❡
♠♦t✐✈❛t❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠s ❝♦♥s✐❞❡r❡❞✱ s✐♥❝❡ ❈♦rr❡❛♥✐ ❡t ❛❧✳ ✭✷✵✷✷✮ st✉❞② ♥❡t✇♦r❦s ✇✐t❤ ♦♥❧②
t✇♦ ✜r♠s✱ ✇❤❡r❡❛s ♦✉r ❛♥❛❧②s✐s ♣❧❛❝❡s ♥♦ ❧✐♠✐t ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠s ✐♥ t❤❡ ♥❡t✇♦r❦✳ ❍♦✇❡✈❡r✱
✇❡ s❤♦✇ t❤❛t ♦✉r r❡s✉❧ts ❞♦ ♥♦t ❝❤❛♥❣❡ ❡✈❡♥ ❝♦♥s✐❞❡r✐♥❣ ♦♥❧② ♥❡t✇♦r❦s ❜❡t✇❡❡♥ t✇♦ ✜r♠s ✭❚❛❜❧❡ 4✮✳

❚❛❜❧❡ ✺✿ ❆✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♥❞ ❡♥tr♦♣② ❢♦r t✇♦✲✜r♠ ♥❡t✇♦r❦s✳

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❆✈❡r❛❣❡ ❉✐st❛♥❝❡ ✭♥♦r♠❛❧✐s❡❞✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈♦♥st❛♥t ✵✱✵✺✷✼∗∗∗ ✵✱✶✵✷✹∗∗∗ ✵✱✶✵✼✷∗∗∗ ✵✱✶✷✾✾∗∗∗ ✵✱✶✷✼✵∗∗∗ ✵✱✶✶✽✶∗∗∗

✭✵✱✵✵✹✮ ✭✵✱✵✶✶✮ ✭✵✱✵✶✹✮ ✭✵✱✵✶✵✮ ✭✵✱✵✶✹✮ ✭✵✱✵✶✻✮

❍ ✵✱✶✷✺✻∗∗∗ ✵✱✶✶✽✽∗∗∗ ✵✱✵✼✺✼∗∗ ✵✱✵✾✽✻∗∗∗ ✵✱✵✼✺✷∗∗ ✵✱✵✼✺✻∗∗

✭✵✱✵✷✶✮ ✭✵✱✵✷✵✮ ✭✵✱✵✷✼✮ ✭✵✱✵✷✵✮ ✭✵✱✵✷✻✮ ✭✵✱✵✷✻✮

❚②♣❡ ♦❢ ❇◆❆s ❞✉♠♠② ◆♦ ✲✵✳✵✺✸✺∗∗∗ ✲✵✱✵✺✵✷∗∗∗ ✲✵✳✵✸✾✻∗∗∗ ✲✵✳✵✸✼✹∗∗∗ ✲✵✳✵✸✻✽∗∗∗

◆♦ ✭✵✳✵✶✵✮ ✭✵✳✵✶✶✮ ✭✵✳✵✶✵✮ ✭✵✳✵✶✵✮ ✭✵✳✵✶✵✮

❘❡❣✐♦♥❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ◆♦ ❨❡s ❨❡s ❨❡s
❙❡❝t♦r❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ❨❡s ◆♦ ❨❡s ❨❡s
P♦st ✷✵✶✻ ❞✉♠♠② ◆♦ ◆♦ ◆♦ ◆♦ ◆♦ ❨❡s

❖❜s❡r✈❛t✐♦♥s ✷✳✸✸✷ ✷✳✸✸✷ ✷✳✸✷✽ ✷✳✸✷✽ ✷✳✸✷✽ ✷✳✸✷✽
❘2 ✵✳✵✶✺ ✵✳✵✷✺ ✵✳✵✹✷ ✵✳✶✷ ✵✳✶✸ ✵✳✶✸

❘❡s✉❧ts ❢♦r r❡❣✐♦♥❛❧✱ s❡❝t♦r✐❛❧✱ ❛♥❞ ♣♦st✲✷✵✶✻ ❞✉♠♠✐❡s ❛r❡ ♥♦t r❡♣♦rt❡❞ ❢♦r ❜r❡✈✐t② ❜✉t ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳ ✯✱ ✯✯✱

❛♥❞ ✯✯✯ ❞❡♥♦t❡s✱ r❡s♣❡❝t✐✈❡❧②✱ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ❛t t❤❡ ✶✵✪✱ ✺✪✱ ❛♥❞ ✶✪ ❧❡✈❡❧s✳

■♥❢♦r♠❛❧ ♥❡t✇♦r❦s ❛r❡ ♠♦r❡ ❣❡♦❣r❛♣❤✐❝❛❧❧② ❝♦♥❝❡♥tr❛t❡❞ r❡s♣❡❝t t♦ ❢♦r♠❛❧ ♦♥❡s✳ ❖♥ ❛✈❡r❛❣❡✱ ❢♦r
t❤❡ s❛♠❡ ❡♥tr♦♣② ✐♥❞❡①✱ t❤❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ✜r♠s ✐♥ ❛♥ ✐♥❢♦r♠❛❧ ♥❡t✇♦r❦ ✐s r❡❞✉❝❡❞ ❜② ✺✼ t♦ ✸✾ ❦♠

✶✵



❝♦♠♣❛r❡❞ t♦ ❢♦r♠❛❧ ♥❡t✇♦r❦s✳ ❆ s❡❝♦♥❞ r❡❣r❡ss✐♦♥ ✐s r✉♥ t♦ t❡st t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❞❡❣r❡❡
♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣ ♥❡t✇♦r❦ ✜r♠s ❛♥❞ t❤❡ ♥❡t✇♦r❦ s✐③❡✱ ♠❡❛s✉r❡❞ ✐♥ ❧♦❣❛r✐t❤♠✐❝ t❡r♠s✳ ❘❡s✉❧ts
❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳ ◆❡t✇♦r❦ s✐③❡ ✐s ♣♦s✐t✐✈❡❧② r❡❧❛t❡❞ ✇✐t❤ ❡♥tr♦♣② ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t
❛t ✶✪ ❧❡✈❡❧ ✐♥ ❛❧❧ r❡❣r❡ss✐♦♥s✱ ❝♦♥✜r♠✐♥❣ t❤❛t ✜r♠s t❡♥❞ t♦ ✐♥❝r❡❛s❡ ❝♦❧❧❛❜♦r❛t✐✈❡ ❛rr❛♥❣❡♠❡♥ts ♦♥❧②
✐❢ t❤✐s ❞♦❡s ♥♦t r❡s✉❧t ✐♥ ❛ ❝❧❡❛r ❛❞✈❛♥t❛❣❡ ❢♦r t❤❡✐r ❞✐r❡❝t ❝♦♠♣❡t✐t♦rs✳ ■❢ ❡♥tr♦♣② ✐♥❝r❡❛s❡s ❜② 0, 1✱
t❤❡♥ t❤❡ ♣❡r❝❡♥t❛❣❡ ❝❤❛♥❣❡ ✐♥ ♥✉♠❜❡r ♦❢ ♥❡t✇♦r❦ ✜r♠s r❛♥❣❡s ❢r♦♠ 100[exp(0, 1 ∗ 1, 4123) − 1] ≈
15% ✐♥ r❡❣r❡ss✐♦♥ ✭✶✮ t♦ 100[exp(0, 1 ∗ 1, 6213) − 1] ≈ 18% ✐♥ r❡❣r❡ss✐♦♥ ✭✸✮✳ ■♥❢♦r♠❛❧ ♥❡t✇♦r❦s
❛r❡✱ ♦♥ ❛✈❡r❛❣❡✱ s♠❛❧❧❡r t❤❛♥ t❤❡ ❢♦r♠❛❧ ♦♥❡s✳ ❆r❣✉❛❜❧②✱ ❝❡♥tr❛❧✐③❡❞ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ❢♦r♠❛❧
♥❡t✇♦r❦ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❣r❡❛t❡r ❝♦♥tr❛❝t✉❛❧ ❝♦♥str❛✐♥ts ❛r❡ ❧✐❦❡❧② t♦ r❡❞✉❝❡ t❤❡ r✐s❦s ♦❢ ♦♣♣♦rt✉♥✐st✐❝
❜❡❤❛✈✐♦✉r✱ t❤❡r❡❜② ✐♥❝❡♥t✐✈✐③✐♥❣ ♠♦r❡ ✜r♠s t♦ ❡♥t❡r t❤❡ ♥❡t✇♦r❦✳

❚❛❜❧❡ ✻✿ ◆✉♠❜❡r ♦❢ ✜r♠s ❛♥❞ ❡♥tr♦♣②

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ◆✉♠❜❡r ♦❢ ✜r♠s ✭✐♥ ❧♦❣✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈♦♥st❛♥t ✶✱✵✶✸✶∗∗∗ ✶✱✸✷✸✺∗∗∗ ✵✱✻✵✸✾∗∗∗ ✵✱✾✷✾✺∗∗∗ ✵✱✸✾✺✻∗∗∗ ✵✱✸✷✼✺∗∗∗

✭✵✱✵✶✶✮ ✭✵✱✵✷✷✮ ✭✵✱✵✷✽✮ ✭✵✱✵✸✶✮ ✭✵✱✵✸✸✮ ✭✵✱✵✸✼✮

❍ ✶✱✹✶✷✸∗∗∗ ✶✱✸✸✹✹✽∗∗∗ ✶✱✻✷✶✸∗∗ ✶✱✷✾✸✸∗∗∗ ✶✱✺✼✻✻∗∗ ✶✱✺✾✵✾∗∗

✭✵✱✵✸✵✮ ✭✵✱✵✸✵✮ ✭✵✱✵✷✽✮ ✭✵✱✵✷✾✮ ✭✵✱✵✷✽✮ ✭✵✱✵✷✽✮

❚②♣❡ ♦❢ ❇◆❆s ❞✉♠♠② ◆♦ ✲✵✳✸✸✺✼∗∗∗ ✲✵✱✷✻✶✶∗∗∗ ✲✵✳✸✸✸✵∗∗∗ ✲✵✳✷✻✵✶∗∗∗ ✲✵✳✷✺✶✵∗∗∗

◆♦ ✭✵✳✵✶✵✮ ✭✵✳✵✶✶✮ ✭✵✳✵✶✵✮ ✭✵✳✵✶✵✮ ✭✵✳✵✶✵✮

❘❡❣✐♦♥❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ◆♦ ❨❡s ❨❡s ❨❡s
❙❡❝t♦r❛❧ ❞✉♠♠✐❡s ◆♦ ◆♦ ❨❡s ◆♦ ❨❡s ❨❡s
P♦st ✷✵✶✻ ❞✉♠♠② ◆♦ ◆♦ ◆♦ ◆♦ ◆♦ ❨❡s

❖❜s❡r✈❛t✐♦♥s ✷✳✸✸✷ ✷✳✸✸✷ ✷✳✸✷✽ ✷✳✸✷✽ ✷✳✸✷✽ ✷✳✸✷✽
❘2 ✵✳✷✶ ✵✳✷✸ ✵✳✸✽ ✵✳✷✼ ✵✳✸✾ ✵✳✸✾

❘❡s✉❧ts ❢♦r r❡❣✐♦♥❛❧✱ s❡❝t♦r✐❛❧✱ ❛♥❞ ♣♦st✲✷✵✶✻ ❞✉♠♠✐❡s ❛r❡ ♥♦t r❡♣♦rt❡❞ ❢♦r ❜r❡✈✐t② ❜✉t ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳ ✯✱ ✯✯✱

❛♥❞ ✯✯✯ ❞❡♥♦t❡s✱ r❡s♣❡❝t✐✈❡❧②✱ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ❛t t❤❡ ✶✵✪✱ ✺✪✱ ❛♥❞ ✶✪ ❧❡✈❡❧s✳

❚❤❡ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♥❞ ❙❤❛♥♥♦♥ ❡♥tr♦♣② ❡♠❡r❣❡s t♦ ❜❡ r♦❜✉st
✇❤❡♥ ✐♥❝❧✉❞✐♥❣ ♦t❤❡r ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛s s❡❝t♦r✐❛❧ ❛♥❞ r❡❣✐♦♥❛❧ ❞✉♠♠✐❡s✱ ❇◆❆s ❞✉♠♠✐❡s✱ ❛♥❞
♣♦st✲✷✵✶✻ ❞✉♠♠✐❡s ✭▼♦❞❡❧s ✷ t♦ ✻✮✳ ❘❡s✉❧ts ❢♦r ❞✉♠♠② ✈❛r✐❛❜❧❡s ❛r❡ ♥♦t r❡♣♦rt❡❞ ❢♦r ❜r❡✈✐t②✳

✶✶



✺ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ♥❡t✇♦r❦ ❝♦♥tr❛❝t✱ ✐♥tr♦❞✉❝❡❞ ✐♥ ■t❛❧② ✇✐t❤ t❤❡ ▲❛✇ ♥➦ ✸✸✴✷✵✵✾✱ ✐s t❤❡ ♠♦st ✐♥♥♦✈❛t✐✈❡ ❢♦r♠
♦❢ ❜✉s✐♥❡ss✲t♦✲❜✉s✐♥❡ss ❝♦♦♣❡r❛t✐♦♥ r❡❣✉❧❛t✐♦♥✳ ❙✐♥❝❡ ✐ts ❡st❛❜❧✐s❤♠❡♥t✱ ♠❛♥② s❝❤♦❧❛rs ❤❛✈❡ st✉❞✐❡❞
✐ts ❡✛❡❝t ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡♥t❡r♣r✐s❡s ✐♥✈♦❧✈❡❞✱ s❤♦✇✐♥❣ ❛♥ ✉♥❞♦✉❜t❡❞ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥
✐♥♥♦✈❛t✐✈❡ ❝❛♣❛❝✐t②✱ ❡♠♣❧♦②♠❡♥t ❛♥❞ ♣r♦✜ts✳ ❯♥❧✐❦❡ ✐♥❞✉str✐❛❧ ❞✐str✐❝ts ♦r t❡❝❤♥♦❧♦❣✐❝❛❧ ❝♦♥s♦rt✐❛✱
t❤❡ ♥❡t✇♦r❦ ❝❛♥ ✐♥✈♦❧✈❡ ❡♥t❡r♣r✐s❡s t❤❛t ❝❛rr② ♦✉t ✈❡r② ❞✐✛❡r❡♥t ❛❝t✐✈✐t✐❡s ❛♥❞ ♦♣❡r❛t❡ ✐♥ ❞✐st❛♥t
❣❡♦❣r❛♣❤✐❝❛❧ ❛r❡❛s✳ ❍♦✇❡✈❡r✱ ✐t ✐s st✐❧❧ ✉♥❝❧❡❛r ❤♦✇ ♠✉❝❤ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❡♥t❡r♣r✐s❡s ♠❛②
❛✛❡❝t s♦♠❡ s♣❡❝✐✜❝ ❛s♣❡❝ts ♦❢ t❤❡ ♥❡t✇♦r❦✱ s✉❝❤ ❛s t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❛♠♦♥❣ ♥❡t✇♦r❦ ✜r♠s ❛♥❞
t❤❡ s✐③❡ ♦❢ t❤❡ ♥❡t✇♦r❦✳ ❚♦ t❤✐s ❡♥❞✱ ✇❡ ✉s❡ ❞❛t❛ ♦♥ ■t❛❧✐❛♥ ♥❡t✇♦r❦s ♣r♦✈✐❞❡❞ ❜② ■♥❢♦❈❛♠❡r❡ t♦
❝♦♥str✉❝t ❛♥ ❡♥tr♦♣② ✐♥❞❡① t❤❛t ♠❡❛s✉r❡s t❤❡ ❞❡❣r❡❡ ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❛♠♦♥❣ t❤❡ ✜r♠s t❤❛t ♠❛❦❡ ✉♣
❛ s✐♥❣❧❡ ♥❡t✇♦r❦✳ ❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✱ ❜♦t❤ t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♥❡t✇♦r❦
✜r♠s ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ♥❡t✇♦r❦ ❛r❡ ♣♦s✐t✐✈❡❧② ❛♥❞ s✐❣♥✐✜❝❛♥t❧② r❡❧❛t❡❞ t♦ t❤❡ ❡♥tr♦♣② ✐♥❞❡①✳
■♥ ♦t❤❡r ✇♦r❞s✱ ✜r♠s t❡♥❞ t♦ ❢♦r♠ s♠❛❧❧ ♥❡t✇♦r❦s ✐♥ ❧✐♠✐t❡❞ ❣❡♦❣r❛♣❤✐❝❛❧ ❛r❡❛s ✐❢ t❤❡② ❡♥❣❛❣❡
✐♥ s✐♠✐❧❛r ❛❝t✐✈✐t✐❡s✳ ❇② ❝♦♥❝❡♥tr❛t✐♥❣ ✐♥ ❛ ❧✐♠✐t❡❞ ❛r❡❛✱ ✜r♠s ❛r❡ ❛❜❧❡ t♦ ♠❛❦❡ t❤❡ ♠♦st ♦❢ t❤❡
♣♦s✐t✐✈❡ ❡①t❡r♥❛❧✐t✐❡s ❛r✐s✐♥❣ ❢r♦♠ ❝♦♦♣❡r❛t✐♦♥ ❛♥❞ t❤❡ ❢❛❝t t❤❛t t❤❡② ❝❛rr② ♦✉t s✐♠✐❧❛r ❛❝t✐✈✐t✐❡s❀
❛t t❤❡ s❛♠❡ t✐♠❡✱ ❤♦✇❡✈❡r✱ ❜② ❧✐♠✐t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛rt♥❡rs ✇✐t❤ ✇❤♦♠ t❤❡② s❤❛r❡ t❤❡✐r ❡✛♦rts✱
✐t ❛❧❧♦✇s t❤❡♠ t♦ r❡❞✉❝❡ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝ts ♦❢ ❝♦♠♣❡t✐t✐♦♥✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ✇❡ ♦❜s❡r✈❡ ♠♦r❡
❞✐s♣❡rs❡❞ ❛♥❞ ❜✐❣ ♥❡t✇♦r❦s ❛♠♦♥❣ ❤❡t❡r♦❣❡♥❡♦✉s ✜r♠s✳
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❈♦♥✢✐❝t ♦❢ ✐♥t❡r❡st st❛t❡♠❡♥t
❖♥ ❜❡❤❛❧❢ ♦❢ ❛❧❧ ❛✉t❤♦rs✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛✉t❤♦r st❛t❡s t❤❛t t❤❡r❡ ✐s ♥♦ ❝♦♥✢✐❝t ♦❢ ✐♥t❡r❡st✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❆✐❡❧❧♦ ❋✳✱ ❈❛r❞❛♠♦♥❡ P✳✱ ▼❛♥♥❛r✐♥♦ ▲✳✱ P✉♣♦ ❱✳✱ ✷✵✷✵✳ ◆❡t✇♦r❦s ❛♥❞ ❢❛♠✐❧② ✜r♠ ♣❡r❢♦r♠❛♥❝❡✿
s♦♠❡ ❡✈✐❞❡♥❝❡ ❢r♦♠ ■t❛❧②✳ ❲P ✼✱ ❉✐♣❛rt✐♠❡♥t♦ ❞✐ ❊❝♦♥♦♠✐❛✱ ❙t❛t✐st✐❝❛ ❡ ❋✐♥❛♥③❛✳

❬✷❪ ❇❛✉♠♦❧ ❲✳ ✭✷✵✵✶✮ ❲❤❡♥ ✐s ■♥t❡r✲❋✐r♠ ❈♦♦r❞✐♥❛t✐♦♥ ❇❡♥❡✜❝✐❛❧❄ ❚❤❡ ❝❛s❡ ♦❢ ■♥♥♦✈❛t✐♦♥✳ ■♥✲
t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ■♥❞✉str✐❛❧ ❖r❣❛♥✐③❛t✐♦♥ ✶✾✭✺✮✿ ✼✷✼✲✼✸✼✳

❬✸❪ ❇❡❝❛tt✐♥✐✱ ●✳ ✭✶✾✾✶✮✳ ■t❛❧✐❛♥ ✐♥❞✉str✐❛❧ ❞✐str✐❝ts✿ ♣r♦❜❧❡♠s ❛♥❞ ♣❡rs♣❡❝t✐✈❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❙t✉❞✲
✐❡s ♦❢ ▼❛♥❛❣❡♠❡♥t ✫ ❖r❣❛♥✐③❛t✐♦♥ ✷✶✭✶✮✿ ✽✸✲✾✵✳

❬✹❪ ❇♦rr❛ ❙✳✱ ❉✐ ❈✐❛❝❝✐♦ ❆✳ ✭✷✵✶✹✮✳ ❙t❛t✐st✐❝❛✿ ♠❡t♦❞♦❧♦❣✐❡ ♣❡r ❧❡ s❝✐❡♥③❡ ❡❝♦♥♦♠✐❝❤❡ ❡ s♦❝✐❛❧✐✳
▼❝●r❛✇✲❍✐❧❧

❬✺❪ ❇✉❝③❦♦✇s❦❛ ❙✳✱ ❈♦✉❧♦♠❜❡❧ ◆✳✱ ❞❡ ▲❛♣♣❛r❡♥t ▼✳ ✭✷✵✶✾✮✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ❡✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡✱
tr❛✈❡❧ t✐♠❡s✱ ❛♥❞ ♥❡t✇♦r❦ ❞✐st❛♥❝❡s ✐♥ ❧♦❝❛t✐♦♥ ❝❤♦✐❝❡ ♠✐①t✉r❡ ♠♦❞❡❧s✳ ◆❡t✇♦r❦s ❛♥❞ s♣❛t✐❛❧
❡❝♦♥♦♠✐❝s ✶✾✭✹✮✿ ✶✷✶✺✲✶✷✹✽✳

❬✻❪ ❇✉❧❧✐♥❣❡r✱ ❍✳ ❏✳✱ ❆✉❡r♥❤❛♠♠❡r✱ ❑✳✱ ✫ ●♦♠❡r✐♥❣❡r✱ ❆✳ ✭✷✵✵✹✮✳ ▼❛♥❛❣✐♥❣ ✐♥♥♦✈❛t✐♦♥ ♥❡t✲
✇♦r❦s ✐♥ t❤❡ ❦♥♦✇❧❡❞❣❡✲❞r✐✈❡♥ ❡❝♦♥♦♠②✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ Pr♦❞✉❝t✐♦♥ ❘❡s❡❛r❝❤✱ ✹✷✭✶✼✮✱
✸✸✸✼✕✸✸✺✸✳

❬✼❪ ❇✉r❧✐♥❛ ❈✳✱ ✭✷✵✶✾✮✳ ◆❡t✇♦r❦✐♥❣ ♣♦❧✐❝② ❛♥❞ ✜r♠ ♣❡r❢♦r♠❛♥❝❡✳ ●r♦✇t❤ ❛♥❞ ❈❤❛♥❣❡ ✺✶✿ ✶✻✶✲✶✼✾✳

❬✽❪ ❈✐s✐ ▼✳✱ ❉❡✈✐♥❝✐❡♥t✐ ❋✳✱ ▼❛♥❡❧❧♦ ❆✳✱ ❱❛♥♥♦♥✐ ❉✳✱ ✷✵✷✵✳ ❚❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ❢♦r♠❛❧✐③✐♥❣ ♥❡t✇♦r❦s✿
♥❡✇ ❡✈✐❞❡♥❝❡ ❢r♦♠ ■t❛❧✐❛♥ ❙▼❊s✳ ❙♠❛❧❧ ❇✉s✐♥❡ss ❊❝♦♥♦♠✐❝s ✺✹✿ ✶✶✽✸✲✶✷✵✵✳

❬✾❪ ❈♦❧♦♠❜♦✱ ❊✳✱ ▼❛♥❣♦❧✐♥✐✱ ▲✳✱ ❋♦r❡st✐✱ ●✳ ✭✷✵✶✹✮✳ ■❧ q✉❛rt♦ ♦ss❡r✈❛t♦r✐♦ ■♥t❡s❛❙❛♥♣❛♦❧♦✲
▼❡❞✐♦❝r❡❞✐t♦ s✉❧❧❡ r❡t✐ ❞✬✐♠♣r❡s❛✳ ■♥t❡s❛ ❙❛♥♣❛♦❧♦ ✲ ❙❡r✈✐③✐♦ ❙t✉❞✐ ❡ ❘✐❝❡r❝❤❡✳

❬✶✵❪ ❈♦rr❡❛♥✐ ▲✳✱ ●❛r♦❢❛❧♦ ●✳✱ ◆❡r✐ ❊✳ ✭✷✵✵✾✮ ■❧ ❝♦♦r❞✐♥❛♠❡♥t♦ ♥❡❧❧✬❛tt✐✈✐tà ❞✐ ❘✫❙✿ ✐❧ r✉♦❧♦ ❞❡✐
❝♦♥s♦r③✐ t❡❝♥♦❧♦❣✐❝✐✳ ▲✬■♥❞✉str✐❛ ✶✿ ✶✶✸✲✶✸✽✳

❬✶✶❪ ❈♦rr❡❛♥✐ ▲✳✱ ❉✐ ❉✐♦ ❋✳✱ ▼♦r❣❛♥t✐ P✳✱ ✭✷✵✷✷✮ ❉♦❡s t❤❡ ♥❛t✉r❡ ♦❢ ❣♦♦❞s ❛✛❡❝t ❜✐❧❛t❡r❛❧ ❡①❝❤❛♥❣❡
♦❢ t❡❝❤♥♦❧♦❣② ❛♥❞ ❧♦❝❛t✐♦♥ ❝❤♦✐❝❡ ✐♥ st❛❜❧❡ ♥❡t✇♦r❦s❄ ❏♦✉r♥❛❧ ♦❢ ■♥❞✉str②✱ ❈♦♠♣❡t✐t✐♦♥ ❛♥❞
❚r❛❞❡ ✷✷✿ ✸✸✸✲✸✹✼✳

❬✶✷❪ ❈♦♥✜♥❞✉str✐❛ ✭✷✵✶✼✮✳ ❘❡t✐ ❞✬✐♠♣r❡s❛✳ ●❧✐ ❡✛❡tt✐ ❞❡❧ ❝♦♥tr❛tt♦ ❞✐ r❡t❡ s✉❧❧❛ ♣❡r❢♦r♠❛♥❝❡ ❞❡❧❧❡
✐♠♣r❡s❡✳ ❘♦♠❡✿ ❈❡♥tr♦ ❙t✉❞✐ ❈♦♥✜♥❞✉str✐❛✳

❬✶✸❪ ❉✐ ❉✐♦✱ ❋✳✱ ❈♦rr❡❛♥✐ ▲✳✱ ✷✵✶✼✳ ❆ ◆♦t❡ ♦♥ ▲✐♥❦ ❋♦r♠❛t✐♦♥ ❛♥❞ ◆❡t✇♦r❦ ❙t❛❜✐❧✐t② ✐♥ ❛ ❍♦t❡❧❧✐♥❣
●❛♠❡✳ ❖♣❡r❛t✐♦♥s ❘❡s❡❛r❝❤ ▲❡tt❡rs ✹✺✱ ✷✽✾✕✷✾✷✳

❬✶✹❪ ❉✐ ❉✐♦ ❋✳✱ ❈♦rr❡❛♥✐ ▲✳✱ ✷✵✷✵✳ ◗✉❛❧✐t② ✐♠♣r♦✈✐♥❣ ❛♥❞ ❝♦st r❡❞✉❝t✐♦♥ str❛t❡❣✐❝ ❛❧❧✐❛♥❝❡s✳ ❊❝♦♥♦✲
♠✐❛ P♦❧✐t✐❝❛ ✸✼✿ ✹✾✸✲✺✷✹✳

❬✶✺❪ ❊❝♦♥♦♠✐❞❡s✱ ◆✳ ✭✶✾✾✻✮✳ ❚❤❡ ❡❝♦♥♦♠✐❝s ♦❢ ♥❡t✇♦r❦s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ✐♥❞✉str✐❛❧ ♦r❣❛♥✐✲
③❛t✐♦♥✱ ✶✹✭✻✮✿ ✻✼✸✕✻✾✾✳
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❬✶✻❪ ❋❛❜r✐③✐ ❆✳✱ ●✉❛r✐♥✐ ●✳✱ ▼❡❧✐❝✐❛♥✐ ❱✳✱ ✷✵✷✷✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ♥❡t✇♦r❦s ❛♥❞ ❡♠♣❧♦②♠❡♥t ❝r❡❛t✐♦♥✿
❡✈✐❞❡♥❝❡ ❢r♦♠ ■t❛❧②✳ ❏♦✉r♥❛❧ ♦❢ ❈❧❡❛♥❡r Pr♦❞✉❝t✐♦♥ ✸✺✾✳

❬✶✼❪ ●❤✐♥♦✐ ❙✳✱ ❉❡ ❱✐t❛ ❘✳✱ ❙t❡✐♥❡r ❇✳✱ ❙✐♥❛tr❛ ❆✳✱ ✷✵✷✸✳ ❋❛♠✐❧② ✜r♠ ♥❡t✇♦r❦ str❛t❡❣✐❡s ✐♥ r❡❣✐♦♥❛❧
❝❧✉st❡r✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ ■t❛❧②✳ ❙♠❛❧❧ ❇✉s✐♥❡ss ❊❝♦♥♦♠✐❝s✳ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✵✼✴s✶✶✶✽✼✲✵✷✸✲
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