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t✐♦♥ ❞r✉❣ ♠❛r❦❡t ❛❧r❡❛❞② ❡①✐sts✳ ❇❡❝❛✉s❡ t❤❡ ❧❡❣❛❧✐③❛t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s s✐❣♥❛❧s

❝♦♠♣❡t✐t♦r ❡♥tr② ✇✐t❤ ❝❡rt❛✐♥t②✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♠❛② str❛t❡❣✐✲

❝❛❧❧② ❛❧t❡r ♠❛r❦❡t✐♥❣ t♦ ♣r❡s❡r✈❡ t❤❡✐r ♠❛r❦❡t s❤❛r❡✳ ❋❛❝✐♥❣ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱
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❧❡❣❛❧✐③❛t✐♦♥ ❡✛♦rts✱ ❧✐♠✐t✐♥❣ ❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❜② ❤✐♥❞❡r✐♥❣ t❤❡ ♣r♦❝❡ss ♦❢
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r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s t♦ st✉❞② str❛t❡❣✐❝ ❝❤❛♥❣❡s ✐♥

♠❛r❦❡t✐♥❣ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❧❡❛❞✐♥❣ ✉♣ t♦ ❛♥❞ ❢♦❧❧♦✇✐♥❣ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛✲

t✐♦♥✳ ❲❡ ❛❧s♦ ✉s❡ ❛ s❡❧❢✲❝♦♥str✉❝t❡❞ ❞❛t❛s❡t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❛t t❤❡

❝♦✉♥t② ❧❡✈❡❧ t♦ ❡①♣❧♦✐t ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s t♦ ❡①♣❧♦r❡ ✇❤❡t❤❡r

❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ❞✐✛❡rs ❛❝r♦ss ❛r❡❛s t❤❛t ❛r❡ ♠♦r❡ ❡①♣♦s❡❞ t♦ ❞✐s♣❡♥s❛r✐❡s✳

❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✱ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✱

❛♥❞ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❤❛✈❡ ❤❡t❡r♦❣❡♥❡♦✉s ❡✛❡❝ts ♦♥

❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳ ❯s✐♥❣ ❛ ♠♦❞❡❧ ❞❡s✐❣♥ t❤❛t ❛❧❧♦✇s ✉s t♦ ❝❛♣t✉r❡ t✐♠❡✲

✈❛r②✐♥❣ ❡✛❡❝ts ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ ✇❡ ✜♥❞ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❜② ✩✷✳✹✵ ✐♥

t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ✐♥✐t✐❛❧❧② ♣r♦♣♦s❡❞ ♦r ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤❡ r♦✉❣❤❧② ✼✪

r❡❧❛t✐✈❡ ✐♥❝r❡❛s❡ ✐s ♦♥❧② ❡✈✐❞❡♥t ❢♦r t✇♦ q✉❛rt❡rs ❛♥❞ ✐s ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❢♦r

q✉❛rt❡rs ❛❢t❡r ❛♥ ▼❈▲ ❤❛s ❜❡❡♥ ❛♣♣r♦✈❡❞ ♦r ✐♠♣❧❡♠❡♥t❡❞✳ ▼♦r❡♦✈❡r✱ ✇❡ ❞♦ ♥♦t ✜♥❞

❡✈✐❞❡♥❝❡ t♦ s✉❣❣❡st ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❛❞❥✉st ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ✐♥

❛r❡❛s ✇✐t❤ ❣r❡❛t❡r ❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❛s ♠❡❛s✉r❡❞ ❜② ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✮✳

❚❤✐s ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ✐♥ ♠✉❧t✐♣❧❡ ❞✐♠❡♥s✐♦♥s✳ ❋✐rst✱ ✇❡ ♣r♦✲

✈✐❞❡ ❛♥ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ✐♥❝✉♠❜❡♥t ♠❛r❦❡t✐♥❣ ❜❡❤❛✈✐♦r ✇✐t❤ ✐♠♣❡♥❞✐♥❣ ❝♦♠♣❡t✐t♦r

❡♥tr②✳ ❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮ ♣r♦✈✐❞❡ ❛ s✐♠✐❧❛r ❢r❛♠❡✇♦r❦ ♠♦❞❡❧✐♥❣ str❛t❡❣✐❝ ✐♥✈❡st✲

♠❡♥ts ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✐♥❝✉♠❜❡♥ts ❛s ❞r✉❣ ♣❛t❡♥ts ❡①♣✐r❡ ❛♥❞ ❣❡♥❡r✐❝ s✉❜st✐t✉t❡s

♣r❡♣❛r❡ t♦ ❡♥t❡r✳

❙❡❝♦♥❞✱ ♣r❡s❝r✐❜✐♥❣ ❢r❡q✉❡♥❝✐❡s ❛r❡ ♣♦s✐t✐✈❡❧② r❡❧❛t❡❞ t♦ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✭❍❛❞❧❛♥❞

❡t ❛❧✳✱ ✷✵✶✽❀ ▲❛r❦✐♥ ❡t ❛❧✳✱ ✷✵✶✼❀ ◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥✱ ✷✵✶✾❜❀ P❡r❧✐s ❛♥❞ P❡r❧✐s✱

✷✵✶✻❀ ❙♣✉r❧✐♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✱ ❛♥❞ ❆❧♣❡rt ❡t ❛❧✳ ✭✷✵✶✾✮ ❛r❣✉❡ t❤❛t ♦♣✐♦✐❞ ♠❛r❦❡t✐♥❣

str❛t❡❣✐❡s ✐♥ t❤❡ ✶✾✾✵s ❤❛❞ s✐❣♥✐✜❝❛♥t ❛♥❞ ❤✐❣❤❧② ♣❡rs✐st❡♥t ❡✛❡❝ts ♦♥ t❤❡ ♦♥❣♦✐♥❣ ♦♣✐✲

♦✐❞ ❡♣✐❞❡♠✐❝✳ ❘❡❝❡♥t st✉❞✐❡s ❡①♣❧♦✐t ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ t♦ ❛r❣✉❡ ❛ s✉❜st✐t✉t❛❜✐❧✐t②

❜❡t✇❡❡♥ ❝❛♥♥❛❜✐s ❛♥❞ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳ ❋♦r ❡①❛♠♣❧❡✱ ▼❝▼✐❝❤❛❡❧✱ ❱❛♥

✸



❍♦r♥ ❛♥❞ ❱✐s❝✉s✐ ✭✷✵✷✵✮ ✜♥❞ s✐❣♥✐✜❝❛♥t ❞❡❝❧✐♥❡s ✐♥ ♦♣✐♦✐❞s ♣r❡s❝r✐❜❡❞ ❛♥❞ ♣❛t✐❡♥ts

r❡❝❡✐✈✐♥❣ ♦♣✐♦✐❞s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥❛❝t♠❡♥t✳ ❖✉r ♣❛♣❡r ❝♦♥♥❡❝ts t❤❡s❡ str❛♥❞s ♦❢ ❧✐t✲

❡r❛t✉r❡✳ ❲❡ ♣r♦✈✐❞❡ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ❞❡❝❧✐♥❡ ✐♥ ❝♦✉♥t②✲❧❡✈❡❧ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t❤❛t

❡♠❡r❣❡s t✇♦ ②❡❛rs ❛❢t❡r ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❡✛❡❝t ✐s r❡❧❛t✐✈❡❧② s♠❛❧❧

❛♥❞ ♦t❤❡r✇✐s❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❛t t❤✐s ❧❡✈❡❧ ♦❢ ❛❣❣r❡❣❛t✐♦♥✳ ❲❡ t❤❡♥ ❡①✲

♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧ ✉s✐♥❣ ❛ ♥♦✈❡❧ ❞❛t❛s❡t ♦❢ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧

♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❝❡rt✐✜❝❛t✐♦♥s ✐♥ ❋❧♦r✐❞❛✳ ❲❡ ✜♥❞ ❛ ❧❛r❣❡r ❛♥❞ ♠♦r❡ ♣r❡❝✐s❡❧② ❡st✐✲

♠❛t❡❞ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣

▼❈▲ ❡♥❛❝t♠❡♥t✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ ❛♥ ✉♥❝❧❡❛r ❞✐r❡❝t✐♦♥ ♦❢ ❝❛✉s❛❧✐t②✱ ❞♦❝t♦r s❡❧❡❝t✐♦♥

✐♥t♦ tr❡❛t♠❡♥t✱ ❛♥❞ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ❛t ♠♦r❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧✱ ✇❡ ❛r❡

❝❛✉t✐♦✉s t♦ s✉❣❣❡st ❝❤❛♥❣❡s ✐♥ ♦♣✐♦✐❞ ♠❛r❦❡t✐♥❣ ❛s ❛ ❝❤❛♥♥❡❧ t❤r♦✉❣❤ ✇❤✐❝❤ ▼❈▲s ♠❛②

r❡❞✉❝❡ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❤❛r♠s ✭P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥✱ ✷✵✶✽✮✳

▲❛st✱ ✇❤❡r❡ r❡s❡❛r❝❤ ❛r❣✉❡s ❛ s♠❛❧❧ r♦❧❡ ❢♦r ♣❛t✐❡♥t ❞❡♠❛♥❞ ✐♥ ❡①♣❧❛✐♥✐♥❣ ❣❡♦✲

❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ❤❡❛❧t❤ ❝❛r❡ ✉t✐❧✐③❛t✐♦♥ ✭❇❛❦❡r✱ ❇✉♥❞♦r❢ ❛♥❞ ❑❡ss❧❡r✱ ✷✵✶✹❀ ❈✉t❧❡r

❡t ❛❧✳✱ ✷✵✶✾❀ ❋✐♥❦❡❧st❡✐♥✱ ●❡♥t③❦♦✇ ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✶✻❀ ❋❧❡♠✐♥❣✱ ✷✵✶✾✮✱ ✇❡ ❞✐✈❡r❣❡

❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞ ❝♦♥t❡♥❞ ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛r❡ ♠♦r❡ s✐❣♥✐✜❝❛♥t ✐♥ ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s ♠❛r❦❡ts✳ ❚❤❡ ♠✐♥✐♠❛❧ r❡s♣♦♥s❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❛t t❤❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧

♣❛✐r❡❞ ✇✐t❤ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧ r❡✲

✢❡❝ts t❤❡ s♠❛❧❧ ♣❡r❝❡♥t ♦❢ ❞♦❝t♦rs ♣r♦✈✐❞✐♥❣ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♥❞ t❤❡ ❛❜✐❧✐t②

♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t♦ ❛❞❥✉st ♠❛r❦❡t✐♥❣ ❛✇❛② ❢r♦♠ ❝❛♥♥❛❜✐s ❞♦❝t♦rs✳

❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ♣r♦❝❡❡❞s ❛s ❢♦❧❧♦✇s✿ ✐♥ ❙❡❝t✐♦♥ ✷ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ❡✈♦❧✈✐♥❣

❧❡❣❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ❛♥❞ ♦✉t❧✐♥❡ ✐♥❝✉♠❜❡♥t ❜❡❤❛✈✐♦r ✇❤❡♥ ❢❛❝✐♥❣

❡♥tr② ♦❢ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❲❡ ❞✐s❝✉ss t❤❡ ❞❛t❛ ✐♥ ❙❡❝t✐♦♥

✸ ❛♥❞ ❞❡t❛✐❧ ♦✉r ❡st✐♠❛t✐♦♥ str❛t❡❣② ✐♥ ❙❡❝t✐♦♥ ✹✳ ■♥ ❙❡❝t✐♦♥ ✺✱ ✇❡ ♣r♦✈✐❞❡ t❤❡ r❡s✉❧ts✱

r♦❜✉st♥❡ss ❝❤❡❝❦s✱ ❛♥❞ ❛ s✉❜✲❛♥❛❧②s✐s ♦♥ ❋❧♦r✐❞❛ ♣❤②s✐❝✐❛♥s✳ ❙❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s✳

✹



✷ ❇❛❝❦❣r♦✉♥❞ ❛♥❞ ❈♦♥❝❡♣t✉❛❧ ❋r❛♠❡✇♦r❦

❲❤✐❧❡ ❯✳❙✳ ♣r♦❤✐❜✐t✐♦♥ ♦♥ ❝❛♥♥❛❜✐s ❞❛t❡s ❜❛❝❦ t♦ t❤❡ ✶✾✸✵s✱ t❤❡ ❈♦♥tr♦❧❧❡❞ ❙✉❜st❛♥❝❡s

❛❝t ♦❢ ✶✾✼✵ ✭❈❙❆✮ ❡st❛❜❧✐s❤❡❞ ❛ str✉❝t✉r❡ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ s②st❡♠ t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡

❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t r❡❣✉❧❛t❡s ❛♥❞ r❡str✐❝ts t❤❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♣♦ss❡ss✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛

❛♥❞ ♦t❤❡r ❞r✉❣s✳ ❯♥❞❡r t❤❡ ❈❙❆✱ ❛❧❧ ❝♦♥tr♦❧❧❡❞ s✉❜st❛♥❝❡s ✭❛♥❞ ❛♥❛❧♦❣✉❡s✮ ❛r❡ ❝❛t✲

❡❣♦r✐③❡❞ ✐♥t♦ ♦♥❡ ♦❢ ✜✈❡ s❝❤❡❞✉❧❡s ❜❛s❡❞ ✉♣♦♥ t❤❡ s✉❜st❛♥❝❡✬s ❛❜✉s❡ ♣♦t❡♥t✐❛❧ ❛♥❞

♠❡❞✐❝❛❧ ✉s❡❢✉❧♥❡ss✳✷ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s ❛s ❛ s❝❤❡❞✉❧❡ ■ ❞r✉❣ ❝r✐♠✐♥❛❧✐③❡s

❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r❡str✐❝ts ❛❝❝❡ss t♦ t❤❡ ❞r✉❣ ❢♦r ♠❡❞✐❝❛❧ r❡s❡❛r❝❤✳✸

❉❡s♣✐t❡ t❤✐s r❡str✐❝t✐♦♥✱ t❤❡r❡ ✐s ❛ ❣r♦✇✐♥❣ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ♠❡❞✐❝❛❧ ❜❡♥❡✜ts ♦❢

❝❛♥♥❛❜✐s ❛♥❞ ✐ts ♣❡r❝❡✐✈❡❞ ❡✣❝❛❝② t♦ tr❡❛t ✈❛r✐♦✉s ❛✐❧♠❡♥ts✳ ❆ r❡❝❡♥t r❡♣♦rt ❢r♦♠

t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠✐❡s ♦❢ ❙❝✐❡♥❝❡s✱ ❊♥❣✐♥❡❡r✐♥❣✱ ❛♥❞ ▼❡❞✐❝✐♥❡ ✭✷✵✶✼✮ ❡①❛♠✐♥❡❞ ♦✈❡r

✶✵✱✵✵✵ ❝❛♥♥❛❜✐s✲r❡❧❛t❡❞ s❝✐❡♥t✐✜❝ st✉❞✐❡s ❛♥❞ ❢♦✉♥❞ s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ t❤❛t ❝❛♥♥❛❜✐s

✐s ❡✛❡❝t✐✈❡ ✐♥ tr❡❛t✐♥❣ s②♠♣t♦♠s s✉❝❤ ❛s ❝❤r♦♥✐❝ ♣❛✐♥✱ ❝❤❡♠♦t❤❡r❛♣②✲✐♥❞✉❝❡❞ ♥❛✉s❡❛✱

❛♥❞ s♣❛st✐❝✐t②✳

❆❧t❤♦✉❣❤ t❤❡ ❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t ❤❛s ❤❡❧❞ ✜r♠ ♦♥ t❤❡ ♣r♦❤✐❜✐t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✱

❛ ♠❛❥♦r✐t② ♦❢ ❯✳❙✳ st❛t❡s ❤❛✈❡ ✐♠♣❧❡♠❡♥t❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✳ ❈❛❧✐❢♦r♥✐❛ ✇❛s

t❤❡ ✜rst st❛t❡ t♦ ❧❡❣❛❧✐③❡ ❝❛♥♥❛❜✐s ❢♦r ♠❡❞✐❝❛❧ ✉s❡ ✐♥ ✶✾✾✻✳ ❖✈❡r t❤❡ ♥❡①t ❞❡❝❛❞❡✱ ✶✵

♦t❤❡r st❛t❡s ✇♦✉❧❞ ❛❧s♦ ❛❞♦♣t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✳ ❲❤✐❧❡ t❤❡s❡ ❡❛r❧② ❧❛✇s ♣r♦✈✐❞❡❞

❧❡❣❛❧ ♣r♦t❡❝t✐♦♥ t♦ ❝♦♥s✉♠❡rs✱ t❤❡② ✇❡r❡ ✈❛❣✉❡ r❡❣❛r❞✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞r✉❣✳

❚❤❡ r✐s❦ ♦❢ ❢❡❞❡r❛❧ ♣r♦s❡❝✉t✐♦♥ ❞❡t❡rr❡❞ ♣r♦❞✉❝❡r ✐♥✈❡st♠❡♥t ❛♥❞ t❤❡ ❧❡❣❛❧ ♠❛r❦❡ts

r❡♠❛✐♥❡❞ s♠❛❧❧ ♦✈❡r t❤✐s t✐♠❡ ♣❡r✐♦❞✳

❚❤❡ ❧❡❣❛❧ ♠❛r❦❡t ❝❤❛♥❣❡❞ ❞r❛♠❛t✐❝❛❧❧② ✐♥ ✷✵✵✾ ✇❤❡♥ t❤❡ ❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t

✐ss✉❡❞ ❛ ♠❡♠♦r❛♥❞✉♠ st❛t✐♥❣ t❤❛t ❢❡❞❡r❛❧ ❢✉♥❞s ✇♦✉❧❞ ♥♦t ❜❡ ✉s❡❞ t♦ ♣r♦s❡❝✉t❡ t❤♦s❡

✷❙❝❤❡❞✉❧❡ ■ ❞r✉❣s ❤❛✈❡ ♥♦ ♠❡❞✐❝❛❧ ✈❛❧✉❡ ❛♥❞ ❛ ❤✐❣❤ ♣♦t❡♥t✐❛❧ ❢♦r ❛❜✉s❡✳ ❙✉❜st❛♥❝❡s ❧✐st❡❞ ✐♥
s❝❤❡❞✉❧❡ ■■ t❤r♦✉❣❤ s❝❤❡❞✉❧❡ ❱ ❝❛t❡❣♦r✐❡s ❛❧❧ ❤❛✈❡ s♦♠❡ ❛❝❝❡♣t❡❞ ♠❡❞✐❝❛❧ ❜❡♥❡✜t ❛♥❞ ✈❛r②✐♥❣ ❧❡✈❡❧s
♦❢ ❛❜✉s❡ ♣♦t❡♥t✐❛❧✳

✸❙t✐t❤ ❛♥❞ ❱✐❣✐❧ ✭✷✵✶✻✮ ❞♦❝✉♠❡♥t t❤❡ ♦❜st❛❝❧❡s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ❢♦r st✉❞②✐♥❣ t❤❡ ♠❡❞✐❝❛❧ ❡✣❝❛❝②
♦❢ ❝❛♥♥❛❜✐s ❞✉❡ t♦ ✐ts s❝❤❡❞✉❧❡ ■ st❛t✉s✳

✺



✐♥ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ st❛t❡ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❧❛✇s ✭❖❣❞❡♥✱ ✷✵✵✾✮✳ ❖❢ t❤❡ ✸✸ ❯✳❙✳ st❛t❡s

t❤❛t ❤❛✈❡ ❛❞♦♣t❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✱ ✷✵ ❡♥❛❝t❡❞ s✉❝❤ ♣♦❧✐❝✐❡s ❛❢t❡r t❤❡ ✷✵✵✾ ❖❣❞❡♥

▼❡♠♦r❛♥❞✉♠✳✹ ❚❤❡ ❣❡♦❣r❛♣❤✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ ▼❈▲✲❛❞♦♣t✐♥❣ st❛t❡s ✐s ❞❡s❝r✐❜❡❞ ✐♥

❋✐❣✉r❡ ✶ ✭❡①❝❧✉❞✐♥❣ ❆❧❛s❦❛ ❛♥❞ ❍❛✇❛✐✐✮✳ ❙t❛t❡s t❤❛t ❧❡❣❛❧✐③❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❜❡❢♦r❡

♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ✭❛❧✇❛②s tr❡❛t❡❞✮ ✐♥❝❧✉❞❡ ❡✐❣❤t st❛t❡s ✐♥ t❤❡ ❣❡♦❣r❛♣❤✐❝ ❲❡st ✭♣❧✉s

❆❧❛s❦❛ ❛♥❞ ❍❛✇❛✐✐✮✱ s❡✈❡♥ st❛t❡s ✐♥ t❤❡ ◆♦rt❤❡❛st✱ ❛♥❞ ▼✐❝❤✐❣❛♥✳ ❲✐t❤✐♥ ♦✉r s❛♠♣❧❡

♣❡r✐♦❞✱ ✇❡ ♦❜s❡r✈❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ t✐♠✐♥❣ ▼❈▲ ❛❞♦♣t✐♦♥ ❛❝r♦ss ❛❧❧ r❡❣✐♦♥s ♦❢ t❤❡

❯♥✐t❡❞ ❙t❛t❡s✳ ❋✐✈❡ st❛t❡s ✐♠♣❧❡♠❡♥t ▼❈▲s ❜❡t✇❡❡♥ ✷✵✶✸ ❛♥❞ ✷✵✶✹✱ ✜✈❡ ✐♥ ✷✵✶✻✱ ♦♥❡

✐♥ ✷✵✶✼✱ ❛♥❞ ❢♦✉r ❛❞❞✐t✐♦♥❛❧ st❛t❡s ❛❞♦♣t ❛♥ ▼❈▲ ✐♥ ✷✵✶✽✳

❆❧❧ ▼❈▲s ❡♥❛❝t❡❞ ❛❢t❡r ✷✵✵✾ ✐♥❝❧✉❞❡ ♣r♦✈✐s✐♦♥s ❛❧❧♦✇✐♥❣ ❢♦r ❞✐s♣❡♥s❛r✐❡s✳ ❚❤✐s

❢❡❛t✉r❡ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠✉❧t✐♣❧❡ r❡❛s♦♥s✳ ❋✐rst✱ ❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ ✐♠♠❡❞✐❛t❡ ❛❝❝❡ss

t♦ ❝❛♥♥❛❜✐s✳ ❲❤✐❧❡ ❝❛♥♥❛❜✐s ❝❛♥ st✐❧❧ ❜❡ ❛❝q✉✐r❡❞ ❜② ✇❛② ♦❢ ❣r❛② ♠❛r❦❡t tr❛♥s❛❝t✐♦♥s

❛♥❞ ❤♦♠❡ ❝✉❧t✐✈❛t✐♦♥✱ t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞s ♦❢ ♣r♦❝✉r❡♠❡♥t ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤

❛❞❞✐t✐♦♥❛❧ ❝♦sts s✉❝❤ ❛s s❡❛r❝❤✱ q✉❛❧✐t② ❝♦♥❝❡r♥s✱ s❛❢❡t② ❛s♣❡❝ts✱ ♦r t❤❡ ♦♥❡r♦✉s ♣r♦❝❡ss

♦❢ ❛❝q✉✐r✐♥❣ ♠❛t❡r✐❛❧ ♥❡❡❞❡❞ t♦ ❣r♦✇ t❤❡ ❞r✉❣✳ ❆ ❞✐s♣❡♥s❛r② ❡❧✐♠✐♥❛t❡s t❤❡s❡ ❛❞❞✐✲

t✐♦♥❛❧ ❝♦sts ❛♥❞ P❛❝✉❧❛ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛r❣✉❡ t❤❛t ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s ❞r✐✈❡ t❤❡

✐♥❝r❡❛s❡❞ ❝♦♥s✉♠♣t✐♦♥ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳

❙❡❝♦♥❞✱ ❧✐❝❡♥s❡❞ ❝❛♥♥❛❜✐s ♠❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❞✐s♣❡♥s✐♥❣ ❤❡❧♣s ❡♥s✉r❡ ❣r❡❛t❡r ❝♦♥✲

s✐st❡♥❝② ✐♥ t❤❡ ❞r✉❣✬s ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❛t ❝❛♥♥❛❜✐s ✐s ♣r♦✈✐❞❡❞ t♦ ♣❛t✐❡♥ts ✇✐t❤

♣❤②s✐❝✐❛♥ ❛♣♣r♦✈❛❧ ✭❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❙✐♠✐❧❛r t♦ ♣❛t✐❡♥ts ❛❝q✉✐r✐♥❣ tr❛❞✐t✐♦♥❛❧

♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ❢r♦♠ ♣❤❛r♠❛❝✐❡s✱ ❧✐❝❡♥s❡❞ ♠❛r✐❥✉❛♥❛ ❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ t❤❡ s❛♠❡

♣❤❛r♠❛❝②✲❧✐❦❡ s❡r✈✐❝❡s ❢♦r ✐♥❞✐✈✐❞✉❛❧s s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤✉s✱ ❞✐s♣❡♥s❛r✐❡s ❝✐r✲

❝✉♠✈❡♥t t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♥♦♥✲❞✐s♣❡♥s❛r② tr❛♥s❛❝t✐♦♥s ♠❛❦✐♥❣

✐t ❧❡ss ❝♦st❧② ❢♦r ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✭♦r r❡❝♦♠♠❡♥❞✐♥❣ ♣❤②s✐❝✐❛♥✮ t♦ s✉❜st✐t✉t❡ ❛✇❛② ❢r♦♠

♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t♦ ❝❛♥♥❛❜✐s✳

✹■♥ ❛❞❞✐t✐♦♥ t♦ st❛t❡✲❧❡✈❡❧ ❣r♦✇t❤ ♦❢ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s st❛t❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛t✐❡♥ts ❛♥❞
❞✐s♣❡♥s❛r✐❡s ❛❧s♦ ✐♥❝r❡❛s❡❞ r❛♣✐❞❧② ✭❙♠❛rt✱ ✷✵✶✺❀ ❙♠✐t❤✱ ✷✵✷✵✮✳

✻



▲❛st✱ ❢r♦♠ ❛ ❝♦♥❝❡♣t✉❛❧ st❛♥❞♣♦✐♥t✱ t❤❡s❡ ❧❛t❡✲❛❞♦♣t✐♥❣ ❧❛✇s ❧❛② ♦✉t ❛ str✉❝t✉r❡

❢♦r t✐♠✐♥❣ ❛♥❞ ❧♦❝❛t✐♦♥ ♦❢ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s t❤r♦✉❣❤ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ✇✐❧❧ ❡♥t❡r ❛

❧♦❝❛❧ ♠❛r❦❡t✳ ❆❧t❤♦✉❣❤ t❤❡ t✐♠✐♥❣ ❜❡t✇❡❡♥ ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ✈❛r✐❡s

❜② st❛t❡✱ ❡❛❝❤ ♠❛r❦❡t ❢♦❧❧♦✇s t❤❡ s❛♠❡ str✉❝t✉r❡✿ ✭✶✮ t❤❡ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✱ ✭✷✮

❧❛✇ ❛♣♣r♦✈❛❧✱ ❛♥❞ ✭✸✮ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ♣❤②s✐❝✐❛♥ ❛♣♣r♦✈❛❧s ❛♥❞ ❞✐s♣❡♥s❛r② ♦♣❡♥✲

✐♥❣s✳✺ ❋r♦♠ t❤❡ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠ ♣❡rs♣❡❝t✐✈❡✱ ✇❡ ❤❛✈❡ t❤❡ ♦♣♣♦rt✉♥✐t②

t♦ ♦❜s❡r✈❡ str❛t❡❣✐❝ ❛♥t✐❝✐♣❛t♦r② st❡♣s ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t❛❦❡ ♣r✐♦r t♦ ❝❛♥♥❛❜✐s

❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❡①❛♠✐♥❡ ❤♦✇ ♠❛r❦❡t✐♥❣ ❜❡❤❛✈✐♦r ❝❤❛♥❣❡s ❛❢t❡r ❝❛♥♥❛❜✐s ❡♥tr②✳

■❢ ❝❛♥♥❛❜✐s ✐s ❛ ✈✐❛❜❧❡ s✉❜st✐t✉t❡ ❢♦r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ t❤❡♥ t❤❡ ♣r♦❝❡ss ♦❢ ♠❡❞✲

✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✇✐❧❧ ❜❡ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❣❡♥❡r✐❝ ❞r✉❣ ❡♥tr② ✉♣♦♥ ♣❛t❡♥t

❡①♣✐r❛t✐♦♥ ♦❢ ❛ ♣✐♦♥❡❡r ❞r✉❣✳ ❈♦♥s✐st❡♥t ✇✐t❤ ❛ s✉❜st✐t✉t✐♦♥ ❛❝r♦ss ❞r✉❣s✱ ❇r❛❞❢♦r❞

❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✼✱ ✷✵✶✽✮ ✜♥❞ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ✉s❡ ❢❛❧❧s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥❛❝t♠❡♥t✳✻

❇❡❝❛✉s❡ ▼❈▲s ❛❧❧♦✇ ❢♦r ❛♥ ❛❧t❡r♥❛t✐✈❡✱ s✉❜st✐t✉t❡ ❢♦r♠ ♦❢ tr❡❛t♠❡♥t t❤❛t ❝♦✉❧❞ ❛✛❡❝t

t❤❡ ♠❛r❦❡t s❤❛r❡ ❛♥❞ ❡❛r♥✐♥❣s ♦❢ ✐♥❝✉♠❜❡♥t ✜r♠s✱ ❛ ❢♦r✇❛r❞✲❧♦♦❦✐♥❣ ♣r♦✜t✲♠❛①✐♠✐③✐♥❣

✜r♠ ✇✐❧❧ ❜❡❤❛✈❡ str❛t❡❣✐❝❛❧❧② ♣r✐♦r t♦ ❧❡❣❛❧✐③❛t✐♦♥ ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ t❤r❡❛t ♦❢ t❤✐s ❛❞✲

❞✐t✐♦♥❛❧ ❝♦♠♣❡t✐t✐♦♥✳

❚❤❡ ♠♦st ❡✛❡❝t✐✈❡ r❡s♣♦♥s❡ ❢♦r ✐♥❝✉♠❜❡♥t ✜r♠s ✐s ❡♥tr② ❞❡t❡rr❡♥❝❡ t❤r♦✉❣❤ t❤❡

❝♦♥t✐♥✉❡❞ ♣r♦❤✐❜✐t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✳ ■♥ t❤❡ ❯✳❙✳ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t✱ ❤♦✇❡✈❡r✱ t❤✐s ✐s

♦♥❧② ❛❝❝♦♠♣❧✐s❤❡❞ ❜② ✐♥✢✉❡♥❝✐♥❣ ♣✉❜❧✐❝ ♦♣✐♥✐♦♥ ❛♥❞ ♣r❡✈❡♥t✐♥❣ t❤❡ ❧❡❣❛❧✐③❛t✐♦♥ ❢r♦♠

♦❝❝✉rr✐♥❣ ♦♥ ❛ st❛t❡✲❜②✲st❛t❡ ❜❛s✐s✳✼ ■❢ ❞❡t❡rr❡♥❝❡ ✐s ♥♦t ❢❡❛s✐❜❧❡✱ t❤❡♥ ✐♥❝✉♠❜❡♥ts

✺❚❤❡ t✐♠✐♥❣ ❜❡t✇❡❡♥ ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❢♦r ❡❛❝❤ st❛t❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜❧❡ ✶✳
❲❡ ✐♥❝♦r♣♦r❛t❡ t❤✐s t✐♠✐♥❣ ✇❤❡♥ ❡①❛♠✐♥✐♥❣ t❤❡ t✐♠❡✲✈❛r②✐♥❣ r❡s♣♦♥s❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s
❧❡❣❛❧✐③❛t✐♦♥✳

✻❙♦♠❡ st❛t❡ ▼❈▲s s♣❡❝✐✜❝❛❧❧② ♠❡♥t✐♦♥ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❝❛♥♥❛❜✐s ✐♥ ♣❧❛❝❡ ♦❢ ❞r✉❣s t❤❛t ♠❛② ❧❡❛❞ t♦
❞❡♣❡♥❞❡♥❝❡ ♦r ♦t❤❡r ❞❛♥❣❡r♦✉s s✐❞❡ ❡✛❡❝ts ✭❡✳❣✳ ♦♣✐♦✐❞ ♣❛✐♥❦✐❧❧❡rs✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ▼❝▼✐❝❤❛❡❧✱ ❱❛♥ ❍♦r♥
❛♥❞ ❱✐s❝✉s✐ ✭✷✵✷✵✮ ✜♥❞ ❞❡❝❧✐♥❡s ✐♥ ❞❛✐❧② ❞♦s❡s ♦❢ ♦♣✐♦✐❞s ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❧❡❣❛❧✐③❛t✐♦♥ ✇❤✐❧❡
s✉r✈❡②✲❜❛s❡❞ ❛♥❛❧②s❡s ♣r♦✈✐❞❡ ❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ ♦❢ ❛ s✉❜st✐t✉t✐♦♥ ❢r♦♠ ♦♣✐♦✐❞s t♦ ❝❛♥♥❛❜✐s ❛♠♦♥❣
♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♣❛t✐❡♥ts ✭❈♦rr♦♦♥ ❏r✳✱ ▼✐s❝❤❧❡② ❛♥❞ ❙❡①t♦♥✱ ✷✵✶✼✮✳

✼❚❤❡r❡ ❛r❡ ❛♥❡❝❞♦t❡s ♦❢ ❝❛♥♥❛❜✐s ❞❡t❡rr❡♥❝❡ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s✳ ❋❛♥❣ ✭✷✵✶✹✮ ❞❡t❛✐❧s
♠♦♥❡t❛r② ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ♦♣✐♦✐❞ ♠❛♥✉❢❛❝t✉r❡rs t♦ ♦r❣❛♥✐③❛t✐♦♥s t❤❛t ♦♣♣♦s❡❞ ♠❛r✐❥✉❛♥❛ r❡❢♦r♠
❧❛✇s ❛♥❞ ❛❞✈♦❝❛t❡❞ ❛❣❛✐♥st r❡✲s❝❤❡❞✉❧✐♥❣ ♠❛r✐❥✉❛♥❛ ❢r♦♠ ✐ts s❝❤❡❞✉❧❡ ■ ❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ ❛ ✷✵✶✹ ♣r♦✲
♣♦s❛❧✳ ■♥s②s ❚❤❡r❛♣❡✉t✐❝s✱ ❛ ♣❛✐♥❦✐❧❧❡r ♠❛♥✉❢❛❝t✉r❡r✱ ❝♦♥tr✐❜✉t❡❞ ✩✺✵✵✱✵✵✵ t♦ ❛♥ ❛♥t✐✲♠❛r✐❥✉❛♥❛
❝❛♠♣❛✐❣♥ ✐♥ ❆r✐③♦♥❛ ♣r✐♦r t♦ ❛ ✈♦t❡ t♦ ❛❧❧♦✇ ❢♦r r❡❝r❡❛t✐♦♥❛❧ ✉s❡ ✭■♥❣r❛❤❛♠✱ ✷✵✶✻✮✳
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✇✐❧❧ ✐♥✈❡st str❛t❡❣✐❝❛❧❧② ♣r✐♦r t♦ ❝♦♠♣❡t✐t♦r ❡♥tr② t♦ ❡♥❝♦✉r❛❣❡ ✐♥❡rt✐❛ ❛♥❞ ❞✐ss✉❛❞❡

s✇✐t❝❤✐♥❣ ❢r♦♠ t❤❡✐r ♣r♦❞✉❝t✳

■♥❡rt✐❛ ✐♥ ♣r❡s❝r✐❜✐♥❣ ✐s ❝♦♠♠♦♥✱ ❡✈❡♥ ❢♦r ❝❧♦s❡❧②✲r❡❧❛t❡❞ s✉❜st✐t✉t❡s s✉❝❤ ❛s

❜r❛♥❞✲♥❛♠❡ ❛♥❞ ❣❡♥❡r✐❝ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✭❑❡❧t♦♥✱ ❈❤❛♥❣ ❛♥❞ ❑r❡❧✐♥❣✱ ✷✵✶✸❀ ❑❡ss❡❧✲

❤❡✐♠✱ ❋✐s❝❤❡r ❛♥❞ ❆✈♦r♥✱ ✷✵✵✻✮✳ ❚❤❡ ♣❡rs✐st❡♥❝❡ st❡♠s ❢r♦♠ ❞♦❝t♦r ✉♥❝❡rt❛✐♥t② ✐♥

tr❡❛t♠❡♥t ♦♣t✐♦♥s ❞✉❡ t♦ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ ❜♦t❤ ♣❛t✐❡♥t ✐❧❧♥❡ss ❛♥❞ ❞r✉❣ ❡✣❝❛❝② ✭❈r❛✇✲

❢♦r❞ ❛♥❞ ❙❤✉♠✱ ✷✵✵✺✮✳ ❚r❡❛t♠❡♥t ✉♥❝❡rt❛✐♥t② ✐s ❛❧❧❡✈✐❛t❡❞ t❤r♦✉❣❤ ❧❡❛r♥✐♥❣ ❛♥❞ ❡①♣❡r✐✲

❡♥❝❡✳ ❈♦s❝❡❧❧✐ ❛♥❞ ❙❤✉♠ ✭✷✵✵✹✮ ❞❡s❝r✐❜❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ ❞♦❝t♦rs ❧❡❛r♥ ❛❜♦✉t t❤❡

❡✛❡❝t✐✈❡♥❡ss ♦❢ ❛❧t❡r♥❛t✐✈❡ ♠❡❞✐❝✐♥❡s ❡✐t❤❡r ❞✐r❡❝t❧② ✭t❤r♦✉❣❤ ♣r❡s❝r✐❜✐♥❣✮ ♦r ✐♥❞✐r❡❝t❧②

✭❢r♦♠ ♣r♦♠♦t✐♦♥❛❧ ❛❝t✐✈✐t②✮✳ ❚❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ♠♦t✐✈❛t❡s t❤❡ ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s

♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❛♥❞ s❤❡❞s ❧✐❣❤t ♦♥ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❜②

❤❡❛❧t❤ ❝❛r❡ ❝♦♠♣❛♥✐❡s✳

◆❛r❛②❛♥❛♥✱ ▼❛♥❝❤❛♥❞❛ ❛♥❞ ❈❤✐♥t❛❣✉♥t❛ ✭✷✵✵✺✮ ❛r❣✉❡ t❤❛t ❞❡t❛✐❧✐♥❣ ✐s s✉❜st❛♥✲

t✐❛❧❧② ♠♦r❡ ❡✛❡❝t✐✈❡ ✐♥ ❧❡❛r♥✐♥❣ ❛❜♦✉t t❤❡ ❡✣❝❛❝② ♦❢ ❞r✉❣s t❤❛♥ ♣❛t✐❡♥t ❢❡❡❞❜❛❝❦ ❛♥❞

♣❤②s✐❝✐❛♥ ❜❡❧✐❡❢s ❛❜♦✉t tr❡❛t♠❡♥t ❡✣❝❛❝② ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐♥ ❡①♣❧❛✐♥✐♥❣

❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ❤❡❛❧t❤ ❝❛r❡ s♣❡♥❞✐♥❣ ✭❈✉t❧❡r ❡t ❛❧✳✱ ✷✵✶✾✮✳ P❤❛r♠❛❝❡✉t✐❝❛❧

♠❛r❦❡t✐♥❣ r❡✢❡❝ts t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ ❝♦♠♣❛♥✐❡s ✐♥✈❡st ❤❡❛✈✐❧② ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥

♠❛r❦❡t✐♥❣✳ ■♥ ✷✵✶✻✱ ❛♣♣r♦①✐♠❛t❡❧② ✩✷✵ ❜✐❧❧✐♦♥ ✇❛s s♣❡♥t ♦♥ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡t✐♥❣

❞✐r❡❝t❧② t♦ ❤❡❛❧t❤ ❝❛r❡ ♣r♦❢❡ss✐♦♥❛❧s ✭❙❝❤✇❛rt③ ❛♥❞ ❲♦❧♦s❤✐♥✱ ✷✵✶✾✮✳

❋♦r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❤♦✇❡✈❡r✱ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❧❡❛r♥✐♥❣ ❢♦r ❞♦❝t♦rs ✇✐❧❧ ❜❡ ♠✐♥✲

✐♠❛❧ t♦ ♥♦♥✲❡①✐st❡♥t ✉♥t✐❧ ❧❡❣❛❧✐③❛t✐♦♥ ♦❝❝✉rs✳ ❙tr❛t❡❣✐❝❛❧❧② t❤❡♥✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛✲

❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❤❛✈❡ ❛♥ ✐♥❝❡♥t✐✈❡ t♦ t❡♠♣❡r ❧❡❛r♥✐♥❣ ❢♦r ❝❛♥♥❛❜✐s ✇❤✐❧❡ ❡①♣❛♥❞✐♥❣

❦♥♦✇❧❡❞❣❡ ❢♦r t❤❡✐r ♦✇♥ ♣r♦❞✉❝ts t❤r♦✉❣❤ ♣r♦♠♦t✐♦♥s ❛♥❞ ❞❡t❛✐❧✐♥❣ ♣r✐♦r t♦ ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❙✐♠✐❧❛r t♦ ❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮✱ ✇❤✐❝❤ ❡①♣❧♦✐ts t❤❡ ❧❛♣s❡ ♦❢

♣❛t❡♥t ♣r♦t❡❝t✐♦♥ ❢♦r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ ✇❡ ❢♦❝✉s ♦♥ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t

❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ❛s st❛t❡s ❧❡❣❛❧✐③❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳✽

✽❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮ ♣r♦✈✐❞❡ ❛ ❢r❛♠❡✇♦r❦ ❢♦r str❛t❡❣✐❝ ✐♥✈❡st♠❡♥t ♣r✐♦r t♦ ♣❛t❡♥t ❡①♣✐r❛t✐♦♥

✽



❲❤✐❧❡ t❤❡r❡ ❛r❡ ❛ ♥✉♠❜❡r ♦❢ s✐♠✐❧❛r✐t✐❡s ❜❡t✇❡❡♥ ❣❡♥❡r✐❝ ❞r✉❣ ❡♥tr② ❛♥❞ ❝❛♥♥❛❜✐s

❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡r❡ ❛r❡ ❛❧s♦ ♠❡❛♥✐♥❣❢✉❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡✈❡♥ts✳ ❚❤❡s❡ ❞✐✛❡r✲

❡♥❝❡s ❧✐❦❡❧② ❧✐♠✐t t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ ♣r❡s❝r✐❜✐♥❣ ❜❡❤❛✈✐♦rs ♦❢

♣❤②s✐❝✐❛♥s ❛♥❞ t❤❡ ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s ❡♠♣❧♦②❡❞ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s✳ ❚❤❡

✜rst ❞✐♠❡♥s✐♦♥ ✐♥ ✇❤✐❝❤ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐✛❡rs ❢r♦♠ ❛❧t❡r♥❛t✐✈❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐s

t❤❡ ♦✉t✲♦❢✲♣♦❝❦❡t ❝♦sts✳ ■♥s✉r❛♥❝❡ ✭♣✉❜❧✐❝ ♦r ♣r✐✈❛t❡✮ ❞♦❡s ♥♦t ❝♦✈❡r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s

❛♥❞ t❤❡ ♦✉t✲♦❢✲♣♦❝❦❡t ❝♦sts ❝♦✉❧❞ ❧✐♠✐t t❤❡ s✉❜st✐t✉t✐♦♥ ❛♠♦♥❣ ❧♦✇ ✐♥❝♦♠❡ ♣❛t✐❡♥ts✳✾

❙❡❝♦♥❞✱ t❤❡ s❝❤❡❞✉❧❡ ■ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛ ❤✐♥❞❡rs t❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ❛♥❞

s✐❣♥✐✜❝❛♥t❧② ❧✐♠✐ts ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s ❢♦r ❝❧✐♥✐❝❛❧ tr✐❛❧s ✭❙t✐t❤ ❛♥❞ ❱✐❣✐❧✱ ✷✵✶✻✮✳ ❚❤❡

✉♥❝❡rt❛✐♥t② ♦❢ ❝❛♥♥❛❜✐s ❛s ❛♥ ❡✛❡❝t✐✈❡ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t ✐♠♣❧✐❡s ❛ ❤✐❣❤❡r s✇✐t❝❤✐♥❣

❝♦st ❛♥❞ ❛ ❧♦✇❡r ❧✐❦❡❧✐❤♦♦❞ t❤❛t ❞♦❝t♦rs s✉❜st✐t✉t❡ ❛✇❛② ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥

❞r✉❣s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♥tr❛❞✐❝t✐♥❣ st❛t❡ ❛♥❞ ❢❡❞❡r❛❧ ❧❛✇s ❛♥❞ ❞♦❝t♦r ❝♦♥❝❡r♥s ♦❢ ❢❡❞❡r❛❧

♣r♦s❡❝✉t✐♦♥ ❛✛❡❝ts ❞♦❝t♦rs✬ ✇✐❧❧✐♥❣♥❡ss t♦ ✏r❡❝♦♠♠❡♥❞✑ ❝❛♥♥❛❜✐s ❢♦r tr❡❛t♠❡♥t✳✶✵,✶✶

❚❤❡r❡❢♦r❡✱ t❤❡ ✐♥❡rt✐❛ ✐♥ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t✱ ✇❤✐❝❤ ✐s ❛❧r❡❛❞② ♣r❡s❡♥t ❛♠♦♥❣ ❜r❛♥❞ ❛♥❞

❣❡♥❡r✐❝ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ ✐s ❡①❛❝❡r❜❛t❡❞ ❢♦r ❝❛♥♥❛❜✐s ❜② ❢❡❞❡r❛❧❧② ♣r♦❤✐❜✐t✐✈❡ ❧❛✇s✳

❚❤❡s❡ ♠❡❝❤❛♥✐s♠s✱ ❤♦✇❡✈❡r✱ ❞♦ ♥♦t t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ t❤❡ ❝❤❛♥❣✐♥❣ ♣❡r❝❡♣✲

t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✳ ❖✈❡r t❤❡ ♣❛st ✸✵ ②❡❛rs✱ ♠❛r✐❥✉❛♥❛ ❤❛s ❡✈♦❧✈❡❞ ❢r♦♠ ✐ts r❡♣✉t❛t✐♦♥ ❛s

❛ ✏❣❛t❡✇❛②✑ ❞r✉❣ t♦ ❜❡✐♥❣ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t✳ ▼❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✲

✐③❛t✐♦♥ ✐s ♣r❡❝❡❞❡❞ ❜② st❛t❡✲✇✐❞❡ ♣✉❜❧✐❝ ❞❡❜❛t❡ t❤❛t ❛❧❧♦✇s ❢♦r ❧❡❛r♥✐♥❣ t♦ ♦❝❝✉r ❛♠♦♥❣

♣r♦s♣❡❝t✐✈❡ ♣❛t✐❡♥ts✳ ❚❤❡ ♣❡r❝❡✐✈❡❞ r✐s❦✐♥❡ss ♦❢ ❝❛♥♥❛❜✐s ❞❡❝❧✐♥❡s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥✲

❛❝t♠❡♥t ✐♥❞✐❝❛t✐♥❣ ❛♥ ♦✉t✇❛r❞ s❤✐❢t ✐♥ ♣❛t✐❡♥t ❞❡♠❛♥❞ ✭❲❡♥✱ ❍♦❝❦❡♥❜❡rr② ❛♥❞ ❉r✉ss✱

t❤❛t ✐♥❝❧✉❞❡s r❡❞✉❝✐♥❣ ♠❛r❦❡t✐♥❣ t♦ ♠❛❦❡ t❤❡ ♠❛r❦❡t ❧❡ss ❛♣♣❡❛❧✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥❝❡♥t✐✈❡s ❢♦r
❢♦❧❧♦✇❡r ✭❣❡♥❡r✐❝✮ ❡♥tr② ✐♥ t❤❡✐r ❢r❛♠❡✇♦r❦ ❛r❡ ♥♦t ❞✐r❡❝t❧② ❛♣♣❧✐❝❛❜❧❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳

✾❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮ ❛r❣✉❡ t❤❡s❡ ❝♦sts ❛r❡ s✐♠✐❧❛r t♦ ❤✐❣❤ ❝♦✲♣❛②♠❡♥ts ❛ss♦❝✐❛t❡❞ ✇✐t❤
♥❡✇ ❋❉❆✲❛♣♣r♦✈❡❞ ❞r✉❣s✳

✶✵P❤②s✐❝✐❛♥s ❝❛♥♥♦t t❡❝❤♥✐❝❛❧❧② ♣r❡s❝r✐❜❡ ❝❛♥♥❛❜✐s ❞✉❡ t♦ ✐ts ❙❝❤❡❞✉❧❡ ■ st❛t✉s✳ ❍♦✇❡✈❡r✱ ❞♦❝t♦rs
s✐❞❡st❡♣ t❤✐s r❡str✐❝t✐♦♥ ❜② r❡❝♦♠♠❡♥❞✐♥❣ t❤❡ ❞r✉❣ ✐♥st❡❛❞✳

✶✶❏❡✛ ❙❡ss✐♦♥s✱ t❤❡ ❯✳❙✳ ❆tt♦r♥❡② ●❡♥❡r❛❧ ❢r♦♠ ❋❡❜r✉❛r② ✷✵✶✼ t❤r♦✉❣❤ ◆♦✈❡♠❜❡r ✷✵✶✽✱ ♠❛❞❡
♠✉❧t✐♣❧❡ ❝♦♠♠❡♥ts ❛❜♦✉t r❡♣❡❛❧✐♥❣ ♣r♦t❡❝t✐♦♥s ❢♦r t❤❡ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♠❛r❦❡t ❛♥❞ ❝❛❧❧❡❞ ❢♦r ❣r❡❛t❡r
❡♥❢♦r❝❡♠❡♥t ♦❢ t❤❡ ❈♦♥tr♦❧❧❡❞ ❙✉❜st❛♥❝❡s ❆❝t✳

✾



✷✵✶✾✮✳✶✷ ■♥ ❛❞❞✐t✐♦♥✱ ♣❛t✐❡♥ts ❝❛♥ ♦❜t❛✐♥ ❛ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❝❛r❞ ✇✐t❤♦✉t ❝♦♥s✉❧t✐♥❣

t❤❡✐r ✉s✉❛❧ ♣❤②s✐❝✐❛♥✱ t❤✉s ❛✈♦✐❞✐♥❣ t❤❡ s✇✐t❝❤✐♥❣ ❝♦sts ❛r✐s✐♥❣ ❢r♦♠ t❤❡✐r ♦✇♥ ❞♦❝t♦r✬s

r✐s❦ ❛✈❡rs✐♦♥✳

❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞❡♠❛♥❞✲s✐❞❡ ❢❛❝t♦rs ✐♥ t❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐s ❡✈✐❞❡♥t

❜② t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♠♦♥❣ ❞♦❝t♦rs ❛♥❞ ❜② t❤❡ r❡s♦✉r❝❡s

❛✈❛✐❧❛❜❧❡ ❢♦r ♣❛t✐❡♥ts t♦ ✏❞♦❝t♦r s❤♦♣✑ ❢♦r ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs✳✶✸ ❆❧t❤♦✉❣❤ s✉r✈❡②

r❡s✉❧ts s✉❣❣❡st ♠♦st ❞♦❝t♦rs ❛r❡ r❡❝❡♣t✐✈❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❆❞❧❡r ❛♥❞ ❈♦❧❜❡rt✱

✷✵✶✸❀ ❙✐❞❡r✐s ❡t ❛❧✳✱ ✷✵✶✽✮✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❞♦❝t♦rs ✉s✐♥❣ ✐t ✐♥ ♣r❛❝t✐❝❡ r❡♠❛✐♥s s♠❛❧❧✳

❇② t❤❡ ❡♥❞ ♦❢ ✷✵✶✻✱ ♦♥❧② ✶ ♣❡r❝❡♥t ♦❢ ▼❛r②❧❛♥❞✬s ✶✻✱✵✵✵ ❞♦❝t♦rs ❤❛❞ r❡❣✐st❡r❡❞ ✇✐t❤

t❤❡ st❛t❡✬s ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♣r♦❣r❛♠ ✭❈♦❤♥ ❛♥❞ ▼❝❉❛♥✐❡❧s✱ ✷✵✶✻✮✳ ❙✐♠✐❧❛r❧②✱ t❤❡

❋❧♦r✐❞❛ ❇♦❛r❞ ♦❢ ▼❡❞✐❝✐♥❡ ✭✷✵✶✾✮ r❡♣♦rt❡❞ t❤❛t ✽✾ ❞♦❝t♦rs ✇❡r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ♥❡❛r❧②

✾✺✱✵✵✵ ❝❡rt✐✜❝❛t✐♦♥s ✐♥ ❋❧♦r✐❞❛ ✐♥ ✷✵✶✽ ✭♦✉t ♦❢ ✶✻✽✱✽✶✵ ❝❡rt✐✜❝❛t✐♦♥s✮✳

❯♥❞❡r t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ t❤❡♥✱ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ t♦ ❛♥

▼❈▲ ♠❛② ❜❡ ♠✉t❡❞ ❛t ❛❣❣r❡❣❛t❡ ❧❡✈❡❧s ❞✉❡ t♦ ♠♦r❡ s✐❣♥✐✜❝❛♥t ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛♥❞

❛ s♠❛❧❧ s❤❛r❡ ♦❢ ❞♦❝t♦rs t❤❛t ❛❝t✐✈❡❧② r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✳ ❘❡❣❛r❞❧❡ss✱ t❤❡ ♣❡r✐♦❞s

♣r❡❝❡❞✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ t❤♦s❡ t❤❛t ❢♦❧❧♦✇ ❛r❡ ♦❢ ✐♥t❡r❡st ❜❡❝❛✉s❡

❡❛❝❤ ✇✐❧❧ s❤❡❞ ❧✐❣❤t ♦♥ str❛t❡❣✐❝ ❜❡❤❛✈✐♦rs ♦❢ ✜r♠s ❢❛❝✐♥❣ ♥❡✇ ❝♦♠♣❡t✐t✐♦♥✳

✸ ❉❛t❛

✸✳✶ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❛✇s ❛♥❞ ❉✐s♣❡♥s❛r② ❖♣❡♥✐♥❣s

❖✉r ✐❞❡♥t✐✜❝❛t✐♦♥ r❡❧✐❡s ♦♥ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s

❧❛✇s✳ ❆❧t❤♦✉❣❤ t❤❡ ▼❈▲ ❧✐t❡r❛t✉r❡ ❢♦❝✉s❡s ♦♥ ❧❛✇ ❡♥❛❝t♠❡♥t✱ t❤❡ ❧❛✇s ♠✉st ✜rst

✶✷❆♥❞❡rs♦♥✱ ❍❛♥s❡♥ ❛♥❞ ❘❡❡s ✭✷✵✶✸✮ s❤♦✇ t❤❡ ♣r✐❝❡ ♦❢ ❤✐❣❤ q✉❛❧✐t② ❝❛♥♥❛❜✐s ❞❡❝❧✐♥❡s ❛❢t❡r ❛♥
▼❈▲ ✐s ❡♥❛❝t❡❞ s✉❣❣❡st✐♥❣ ❛ ❧❛r❣❡r ♦✉t✇❛r❞ s❤✐❢t ✐♥ s✉♣♣❧② ❛♥❞ ❛♥ ✉♥❛♠❜✐❣✉♦✉s ✐♥❝r❡❛s❡ ✐♥ ❝❛♥♥❛❜✐s
❝♦♥s✉♠♣t✐♦♥✳

✶✸❚❤❡ ❝♦st t♦ ❧♦❝❛t❡ ♦r ✏s❤♦♣✑ ❢♦r ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs ❤❛s ❜❡❡♥ r❡❞✉❝❡❞ ❜② ♦♥❧✐♥❡ ♣♦st✐♥❣s✱
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞♦❝t♦r r❡❣✐str✐❡s✱ ❛♥❞ ❞✐s♣❡♥s❛r②✲❝♦♦r❞✐♥❛t❡❞ ✏♣❛t✐❡♥t ❞r✐✈❡s✑ ✇❤❡r❡ ❝♦♥s✉♠❡rs ❝❛♥
♠❡❡t ❛ ❞♦❝t♦r ❛♥❞ ❣❡t t❤❡ r❡q✉✐r❡❞ r❡❝♦♠♠❡♥❞❛t✐♦♥ ♥❡❡❞❡❞ t♦ ❧❡❣❛❧❧② ❛❝q✉✐r❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳

✶✵



❜❡ ♣r♦♣♦s❡❞ ❛♥❞ ❧❡❣❛❧❧② ❛♣♣r♦✈❡❞✳ ❆✛❡❝t❡❞ ❛❣❡♥ts ✇✐❧❧ ❧✐❦❡❧② r❡s♣♦♥❞ t♦ t❤❡ ✐♥✐t✐❛❧

❛♥♥♦✉♥❝❡❞ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✳ ❘❡s✐❞❡♥ts ✇✐❧❧ ❝♦♥s✐❞❡r ❤♦✇ t❤❡ ♣♦❧✐❝② ❛✛❡❝ts t❤❡✐r

❧✐✈❡s✱ ❞♦❝t♦rs ✇✐❧❧ ❡✈❛❧✉❛t❡ ❤♦✇ t❤❡✐r ♣r❛❝t✐❝❡ ✇✐❧❧ ❜❡ ❛✛❡❝t❡❞✱ ❛♥❞ ♣❤❛r♠❛❝❡✉t✐❝❛❧

✜r♠s ✇✐❧❧ ❜❡❤❛✈❡ str❛t❡❣✐❝❛❧❧② ❢❛❝✐♥❣ t❤❡ ♣♦ss✐❜❧❡ ❡♥tr② ♦❢ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣❡t✐t♦r✳

❚❤❡r❡❢♦r❡✱ t❤❡ ✜rst ❛s♣❡❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✇❡ ❡①❛♠✐♥❡ ✐s t❤❡ ♣r♦♣♦s❛❧

♦❢ ❛♥ ▼❈▲ ❜② ✇❛② ♦❢ ❜❛❧❧♦t ♦r ❧❡❣✐s❧❛t✐✈❡ ✐♥✐t✐❛t✐✈❡✳ ❚❤❡s❡ ❞❛t❡s ❛r❡ ❝♦❧❧❡❝t❡❞ ❢r♦♠

st❛t❡ ✇❡❜s✐t❡s✱ t❤❡ ◆❛t✐♦♥❛❧ ❖r❣❛♥✐③❛t✐♦♥ ❢♦r t❤❡ ❘❡❢♦r♠ ♦❢ ▼❛r✐❥✉❛♥❛ ▲❛✇s ✭◆❖❘▼▲✮✱

✈♦t❡s♠❛rt✳♦r❣✱ ❛♥❞ ❜❛❧❧♦t♣❡❞✐❛✳♦r❣ ❛♥❞ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ✜rst ❝♦❧✉♠♥ ♦❢ ❚❛❜❧❡ ✶✳

❲❡ ❛❧s♦ ❡①❛♠✐♥❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❡♥❛❝t♠❡♥t ❞❛t❡s✳ ▼❡❞✐❝❛❧

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ r❡♠♦✈❡s ✉♥❝❡rt❛✐♥t② t❤❛t ❝❛♥♥❛❜✐s ✐s ❡♥t❡r✐♥❣ t❤❡ ♠❛r❦❡t ❛♥❞

t❤✉s ♣♦t❡♥t✐❛❧❧② ❛✛❡❝ts ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❞✐✛❡r❡♥t❧② t❤❛♥ t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✳

▼❈▲ ❡♥❛❝t♠❡♥t ❞❛t❡s ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮ ❛♥❞ ✉♣❞❛t❡❞

t❤r♦✉❣❤ ✷✵✶✽ ✉s✐♥❣ Pr♦❈♦♥✳♦r❣ ✭✷✵✶✾✮✳✶✹

❆❧t❤♦✉❣❤ ▼❈▲s ❝♦♥❞✐t✐♦♥❛❧❧② ❧❡❣❛❧✐③❡ ❝❛♥♥❛❜✐s ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛❧❧ ❛❞✉❧t r❡s✐✲

❞❡♥ts ✇✐t❤ ❞♦❝t♦r ❛♣♣r♦✈❛❧✱ t❤❡s❡ ❧❛✇s ❞♦ ♥♦t ❡♥s✉r❡ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s✳ ❉✐s♣❡♥s❛r②

♣r❡s❡♥❝❡ ✐s ❛♥ ✐♠♣♦rt❛♥t ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❧❛t❡✲❛❞♦♣t✐♥❣ ▼❈▲ st❛t❡s✱ ❛♥❞ t❤❡r❡ ✐s s✐❣✲

♥✐✜❝❛♥t ✇✐t❤✐♥✲st❛t❡ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ ❞✐s♣❡♥s❛r② ❛❝❝❡ss ✭❙♠✐t❤✱ ✷✵✷✵✮✳ ❇❡❝❛✉s❡ ❞✐s✲

♣❡♥s❛r✐❡s r❡❞✉❝❡ ♥♦♥♣❡❝✉♥✐❛r② ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝❛♥♥❛❜✐s ❛♥❞ ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤

❣r❡❛t❡r ❝❛♥♥❛❜✐s ✉s❡ ✭❋r❡✐st❤❧❡r ❛♥❞ ●r✉❡♥❡✇❛❧❞✱ ✷✵✶✹❀ P❛❝✉❧❛ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ✇❡ ❛❧s♦

❡①❛♠✐♥❡ t❤✐s ❞✐♠❡♥s✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳

❚♦ ❛✈♦✐❞ ❛♠❜✐❣✉✐t② ❛♥❞ ❧✐♠✐t ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✐♥ ❞✐s♣❡♥s❛r② ♣r❡s❡♥❝❡✱ ✇❡ ❢♦❧✲

❧♦✇ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥ ✭✷✵✶✽✮ ❛♥❞ ❞❡✜♥❡ ❞✐s♣❡♥s❛r② ♣r❡s❡♥❝❡ ❛s ❛♥ ❛❝t✐✈❡

❞✐s♣❡♥s❛r② ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❛♥❞ r❡❣✉❧❛t❡❞ ❜② ❛ st❛t❡ ▼❈▲✳ ❲❤✐❧❡ ♠♦st ❞✐s♣❡♥s❛r✐❡s

t❤❛t ♦♣❡♥❡❞ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ❡♥t❡r❡❞ ✐♥t♦ ❛ str✉❝t✉r❡❞ ❛♥❞ ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞

♠❛r❦❡t✱ t❤✐s ✇❛s ♥♦t ❛❧✇❛②s t❤❡ ❝❛s❡✳ ▼❛♥② ❡❛r❧② ❞✐s♣❡♥s❛r✐❡s ♦♣❡♥❡❞ ✇✐t❤♦✉t ❡①♣❧✐❝✐t

✶✹❚❤❡ t✐♠✐♥❣ ♦❢ t❤❡s❡ ❧❛✇s ❛r❡ ❛❧s♦ ❝r♦ss✲r❡❢❡r❡♥❝❡❞ ✇✐t❤ t❤❡ ❞❛t❡s ❧✐st❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①
♦❢ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥ ✭✷✵✶✽✮✳ ❲❤❡♥ s♦✉r❝❡s ❝♦♥✢✐❝t ✇✐t❤ ♦♥❡ ❛♥♦t❤❡r✱ t❤❡ ❡❛r❧✐❡st ❞❛t❡ ✐s
✉s❡❞✳

✶✶



❧❡❣❛❧ ♣r♦t❡❝t✐♦♥ ❛♥❞ ♦♣❡r❛t❡❞ ❜② ❡①♣❧♦✐t✐♥❣ ❧♦♦♣❤♦❧❡s ✇✐t❤✐♥ ✈❛❣✉❡❧② ✇r✐tt❡♥ ▼❈▲s✳✶✺

❇② t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✱ ♦♥❧② ▼✐❝❤✐❣❛♥✱ ▼♦♥t❛♥❛✱ ❛♥❞ ❲❛s❤✐♥❣t♦♥

❤❛❞ ❞✐s♣❡♥s❛r✐❡s ♦♣❡r❛t✐♥❣ ✇✐t❤♦✉t ❡①♣❧✐❝✐t ❞✐s♣❡♥s❛r② ♣r♦✈✐s✐♦♥s ✐♥❝❧✉❞❡❞ ✇✐t❤✐♥ t❤❡✐r

st❛t❡ ❝❛♥♥❛❜✐s ❧❛✇✳✶✻ ▼✐❝❤✐❣❛♥ ❜❡❣❛♥ ✐ss✉✐♥❣ ❞✐s♣❡♥s❛r② ❧✐❝❡♥s❡s ✐♥ ✷✵✶✽ ✇❤✐❧❡ ▼♦♥✲

t❛♥❛ ❜❡❣❛♥ r❡❣✐st❡r✐♥❣ ♣r♦✈✐❞❡rs ✐♥ ✷✵✶✼✳ ▲❡❣❛❧ s❛❧❡s ❜❡❣❛♥ ✐♥ ❲❛s❤✐♥❣t♦♥ ✇✐t❤ t❤❡

❛❞✈❡♥t ♦❢ r❡❝r❡❛t✐♦♥❛❧ s❛❧❡s ✐♥ ❏✉❧② ✷✵✶✹✳✶✼ ❚❤❡ ❞❛t❡s ♦❢ ▼❈▲ ❡♥❛❝t♠❡♥t ❛♥❞ ❧❡❣❛❧ ❛♥❞

❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ✐♥❢♦r♠❛t✐♦♥ ❛r❡ ❧✐st❡❞ ✐♥ t❤❡ ❧❛st t✇♦ ❝♦❧✉♠♥s ✐♥ ❚❛❜❧❡ ✶✳ ❇❡❝❛✉s❡

❛♥② r❡s✐❞❡♥t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♣❛t✐❡♥t ❝❛♥ ♣✉r❝❤❛s❡ ❢r♦♠ ❛ ❞✐s♣❡♥s❛r②✱ ✇❡ ❡①❛♠✐♥❡ t❤❡

❝❤❛♥❣❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❛ ❧❡❣❛❧ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳ ❲❡

❛❧s♦ ❡①❛♠✐♥❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ❝♦✉♥t② ❧❡✈❡❧ t♦ ❛❝❝♦✉♥t ❢♦r ✇✐t❤✐♥✲st❛t❡ ❞✐✛❡r❡♥❝❡s

✐♥ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ❡①♣♦s✉r❡ t♦ ❝❛♥♥❛❜✐s✳

❚♦ ❛❧❧♦✇ ❢♦r ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s✱ ✇❡ ❝♦♥str✉❝t ❛ ❞✐s♣❡♥✲

s❛r② ❞❛t❛s❡t ❢r♦♠ ❛ s❝r❛♣❡❞ ❞✐r❡❝t♦r② ♦❢ ❞✐s♣❡♥s❛r✐❡s r❡❣✐st❡r❡❞ ♦♥ ❲❡❡❞♠❛♣s✳❝♦♠✳✶✽

❲❡❡❞♠❛♣s✳❝♦♠ ✐s ❛♥ ♦♥❧✐♥❡ ♣❧❛t❢♦r♠ ✇❤❡r❡ ❞✐s♣❡♥s❛r✐❡s ❝❛♥ ❛❞✈❡rt✐s❡ ❢r❡❡❧② ❛♥❞ ❝♦♥✲

s✉♠❡rs ❝❛♥ s❡❛r❝❤ ❢♦r ♠❛r✐❥✉❛♥❛✲r❡❧❛t❡❞ ❜✉s✐♥❡ss❡s ❛♥❞ ♣r♦❞✉❝ts✳ ❇✉s✐♥❡ss ♣❛❣❡s ♦❢t❡♥

✐♥❝❧✉❞❡ ❝♦♥t❛❝t ✐♥❢♦r♠❛t✐♦♥✱ ❛ ❧✐st ♦❢ ♣r♦❞✉❝ts✱ ❝♦rr❡s♣♦♥❞✐♥❣ ♣r✐❝❡s✱ ❧♦❝❛t✐♦♥✱ ❛♥❞

❤♦✉rs ♦❢ ♦♣❡r❛t✐♦♥✳ ❈♦♥s✉♠❡rs✱ ✐♥ t✉r♥✱ ❝❛♥ ♣r♦✈✐❞❡ r❡✈✐❡✇s ♦❢ t❤❡✐r ❡①♣❡r✐❡♥❝❡ ❛t

t❤❡s❡ ❜✉s✐♥❡ss❡s✳ ❇❡❝❛✉s❡ ❲❡❡❞♠❛♣s ❛❧❧♦✇s ❞✐s♣❡♥s❛r✐❡s t♦ ❝♦♠♠✉♥✐❝❛t❡ ✐♥❢♦r♠❛t✐♦♥

t♦ ❝✉st♦♠❡rs r❡❣❛r❞✐♥❣ q✉❛❧✐t② ❛♥❞ ❧♦❝❛t✐♦♥ ❛t ♥♦ ❝♦st✱ t❤❡ ❲❡❡❞♠❛♣s ❞❛t❛❜❛s❡ ❧✐❦❡❧②

✐♥❝❧✉❞❡s ♠♦st ♦♣❡r❛t✐♥❣ ❞✐s♣❡♥s❛r✐❡s✳

❇❡❝❛✉s❡ t❤❡ ❞❛t❛ ❞♦ ♥♦t ✐♥❝❧✉❞❡ ♦♣❡♥✐♥❣ ❞❛t❡s✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ❤❛♥❞✲❝♦❧❧❡❝t❡❞

✶✺❯♥✲r❡❣✉❧❛t❡❞ q✉❛s✐✲❞✐s♣❡♥s❛r✐❡s ✇❡r❡ ♠♦r❡ ♣r❡✈❛❧❡♥t ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ t❤❡ ✷✵✵✾ ❖❣❞❡♥ ▼❡♠✲
♦r❛♥❞✉♠ ❛♥❞ ❡✐t❤❡r ❛❞❛♣t❡❞ t♦ ❝❤❛♥❣❡s ✐♥ r❡❣✉❧❛t✐♦♥s ♦r s❤✉t ❞♦✇♥ ❛s st❛t❡s ❛❞♦♣t❡❞ ♠❡❛s✉r❡s t♦
r❡❣✉❧❛t❡ t❤❡ ♥❡✇❧② ❢♦r♠❡❞ ♠❛r❦❡ts✳ ❙❡❡ ❙♠✐t❤ ✭✷✵✷✵✮ ❢♦r ❞❡s❝r✐♣t✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛ ❣r❛② ♠❛r❦❡ts ❛♥❞
q✉❛s✐✲❞✐s♣❡♥s❛r② ♦♣❡r❛t✐♦♥s✳

✶✻■♥ ♦✉r ❛♥❛❧②s✐s ♦❢ t❤❡ ✐♠♣❛❝t ♦❢ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s ♦♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ❛♥ ❛❝t✐✈❡ ❞✐s♣❡♥✲
s❛r② ✇✐t❤♦✉t ❧❡❣❛❧ ♣r♦t❡❝t✐♦♥s ✐s ❝♦♥s✐❞❡r❡❞ ✉♥tr❡❛t❡❞✳

✶✼❆❧t❤♦✉❣❤ ❲❛s❤✐♥❣t♦♥ ❛❧❧♦✇❡❞ ❢♦r ❝♦❧❧❡❝t✐✈❡ ❣❛r❞❡♥s ♣r✐♦r t♦ ✷✵✶✹✱ ✇❡ ✉s❡ t❤❡ ❞❛t❡ ♦❢ ❧❡❣❛❧ r❡❝r❡✲
❛t✐♦♥❛❧ s❛❧❡s ❢♦r ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞✐s♣❡♥s❛r② ❛❝t✐✈✐t✐❡s ❢♦r ❝♦♥s✐st❡♥❝② ❛❝r♦ss st❛t❡s✳ ❚❤❡ r❡s✉❧ts ❛r❡
q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r ✉s✐♥❣ ❡✐t❤❡r ❞❡✜♥✐t✐♦♥✳

✶✽❚❤❡ ❞❛t❛ ✇❡r❡ s❝r❛♣❡❞ ❢r♦♠ t❤❡ ❲❡❡❞♠❛♣s✳❝♦♠ ❞✐r❡❝t♦r② ✐♥ ❆♣r✐❧ ✷✵✶✾✳

✶✷



✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ st❡♣s✳ ❊❛❝❤ ❞✐s♣❡♥s❛r② ✐♥ t❤❡ ❲❡❡❞♠❛♣s ❞✐r❡❝t♦r② ✐s ❛ss✐❣♥❡❞ ❛

♥✉♠❡r✐❝❛❧ r❡❣✐str❛t✐♦♥ ■❉ ✇❤❡♥ t❤❡② s❡t ✉♣ ❛ ❜✉s✐♥❡ss ❛❝❝♦✉♥t✳ ❲❡ ❣r♦✉♣ t❤❡ ❞✐s♣❡♥✲

s❛r✐❡s ❜② t❤❡✐r ❝♦✉♥t② ❛♥❞ ✉s❡ t❤❡ ❧♦✇❡st ❲❡❡❞♠❛♣s r❡❣✐str❛t✐♦♥ ■❉ ✇✐t❤✐♥ ❡❛❝❤ ❝♦✉♥t②

t♦ ✐❞❡♥t✐❢② t❤❡ ❡❛r❧✐❡st r❡❣✐st❡r✐♥❣ ❞✐s♣❡♥s❛r② ✐♥ t❤❡ ❛r❡❛✳ ❲❡ t❤❡♥ ❝♦♥s✉❧t ❜✉s✐♥❡ss

✇❡❜ ♣❛❣❡s ❛♥❞ s♦❝✐❛❧ ♠❡❞✐❛ ❛❝❝♦✉♥ts✱ ❜✉s✐♥❡ss ❧✐❝❡♥s❡ r❡❝♦r❞s✱ ❛♥❞ ❧♦❝❛❧ ♥❡✇s s♦✉r❝❡s

t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♦♣❡♥✐♥❣ ❞❛t❡ ♦❢ t❤❡s❡ ❞✐s♣❡♥s❛r✐❡s✳ ▲❛st✱ ❦❡②✇♦r❞ s❡❛r❝❤❡s ❛♥❞ ♠❡❞✐❛

s♦✉r❝❡s ❛r❡ ✉s❡❞ t♦ ❝♦♥✜r♠ t❤❡ ❞✐s♣❡♥s❛r② ✇✐t❤ t❤❡ ❧♦✇❡st ❲❡❡❞♠❛♣s ■❉ ✇❛s ❛❝t✉❛❧❧②

t❤❡ ✜rst ✐♥ ❛ ❣✐✈❡♥ ❝♦✉♥t②✳✶✾

❲❤✐❧❡ t❤❡ ❲❡❡❞♠❛♣s ❞✐r❡❝t♦r② ❧✐❦❡❧② ✐♥❝❧✉❞❡s ♠♦st ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s✱ t❤❡r❡ ❛r❡

❧✐♠✐t❛t✐♦♥s t♦ t❤❡ ❞❛t❛✳ ❉✐s♣❡♥s❛r✐❡s ♠❛② ❝❤♦♦s❡ ♥♦t t♦ r❡❣✐st❡r ✇✐t❤ ❲❡❡❞♠❛♣s t♦

❛✈♦✐❞ ❞❡t❡❝t✐♦♥✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ❧✐❝❡♥s❡❞ ❛♥❞

❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❜② st❛t❡ ❛♥❞ ❧♦❝❛❧ ❧❛✇s✱ t❤❡ ❜❡♥❡✜ts ❢r♦♠ ✈✐s✐❜✐❧✐t② ❛♥❞ ❛❞✈❡rt✐s✐♥❣

♦♥ ❲❡❡❞♠❛♣s ❡①❝❡❡❞ t❤❡ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ r✐s❦ ♦❢ ❝r✐♠✐♥❛❧ ♣r♦s❡❝✉t✐♦♥✳ ❲❡

❛❧s♦ s✉♣♣❧❡♠❡♥t t❤❡ ❲❡❡❞♠❛♣s ❞❛t❛ ✇✐t❤ st❛t❡ r❡❣✐str✐❡s ❛♥❞ t❛① r❡✈❡♥✉❡ r❡♣♦rts ✇❤❡♥

❛✈❛✐❧❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱ ♦✉r ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞❡✜♥✐t✐♦♥ ♦❢ ❞✐s♣❡♥s❛r✐❡s ❧✐♠✐ts t❤❡ ♣♦t❡♥t✐❛❧

❢♦r ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✐♥ t❤❡ ❞✐s♣❡♥s❛r② ✈❛r✐❛❜❧❡ ❛♥❞ ❛❧❧♦✇s ❢♦r ❝♦♥s✐st❡♥❝② ✇✐t❤ r❡❧❛t❡❞

st✉❞✐❡s ✭❡✳❣✳ s❡❡ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥✱ ✷✵✶✽✮✳

✸✳✷ Pr♦♠♦t✐♦♥s t♦ P❤②s✐❝✐❛♥s

❘❡❝♦r❞s ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❯✳❙✳ ❈❡♥t❡rs ❢♦r ▼❡❞✐❝❛r❡ ❛♥❞ ▼❡❞✲

✐❝❛✐❞ ❙❡r✈✐❝❡s ✭❈▼❙✮ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛❜❛s❡✳ ❚❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛ ✇❛s ❡s✲

t❛❜❧✐s❤❡❞ ❛s ♣❛rt ♦❢ t❤❡ ❆✛♦r❞❛❜❧❡ ❈❛r❡ ❆❝t t♦ ♣r♦✈✐❞❡ ❣r❡❛t❡r tr❛♥s♣❛r❡♥❝② ♦♥ t❤❡

✜♥❛♥❝✐❛❧ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ ♣❤②s✐❝✐❛♥s ❛♥❞ t❤❡ ❤❡❛❧t❤ ❝❛r❡ ❝♦♠♣❛♥✐❡s ✇❤♦s❡ ♣r♦❞✲

✉❝ts t❤❡ ♣❤②s✐❝✐❛♥s ❛r❡ ♣r❡s❝r✐❜✐♥❣✳ ❚❤❡ ❞❛t❛ ❞❡s❝r✐❜❡ ❛❧❧ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ❤❡❛❧t❤ ❝❛r❡

✶✾❈❛❧✐❢♦r♥✐❛ ✐s ♦♠✐tt❡❞ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ✐t ❡①♣❡r✐❡♥❝❡s ✉♥❧✐❝❡♥s❡❞ ❞✐s♣❡♥s❛r② ❛❝t✐✈✐t✐❡s t❤❛t ❝❛✉s❡
❞✐sr✉♣t✐♦♥s ✐♥ ✏tr❡❛t♠❡♥t✑ ❛t ❧♦❝❛❧ ❧❡✈❡❧s✳ ❈❛♥♥❛❜✐s ♣r♦♣♦s❛❧ ❛♥❞ ❧❡❣❛❧✐③❛t✐♦♥ ✐♥ ❈❛❧✐❢♦r♥✐❛ ♦❝❝✉rr❡❞
✇❡❧❧ ❜❡❢♦r❡ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ❛♥❞ ❞♦❡s ♥♦t ❛✛❡❝t ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣②✳

✶✸



❝♦♠♣❛♥✐❡s t♦ ❛ ❤❡❛❧t❤ ❝❛r❡ ♣r♦✈✐❞❡r ✭❡✳❣✳ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥② t♦ ♣❤②s✐❝✐❛♥s✮ ❛♥❞

✐♥❝❧✉❞❡s t❤❡ ❞♦❧❧❛r ❛♠♦✉♥t✱ r❡❛s♦♥ ❢♦r ♣❛②♠❡♥t ✭❡✳❣✳ ❢♦r ✇❤✐❝❤ ❞r✉❣✮✱ ❛♥❞ t②♣❡ ♦❢

♣❛②♠❡♥t ✭❡✳❣✳ ♠❡❛❧s✱ tr❛✈❡❧✱ ♣r❡s❡♥t❛t✐♦♥ ❢❡❡s✱ ❡t❝✳✮✳ ❯♥❞❡r t❤❡ P❤②s✐❝✐❛♥ P❛②♠❡♥ts

❙✉♥s❤✐♥❡ ❆❝t✱ ❛♣♣❧✐❝❛❜❧❡ ♠❛♥✉❢❛❝t✉r❡rs ❛♥❞ ❣r♦✉♣ ♣✉r❝❤❛s✐♥❣ ♦r❣❛♥✐③❛t✐♦♥s ✭●P❖s✮

❛r❡ r❡q✉✐r❡❞ t♦ r❡♣♦rt ♣❛②♠❡♥ts ❛♥❞ ♦t❤❡r tr❛♥s❢❡rs ♦❢ ✈❛❧✉❡ ❣✐✈❡♥ t♦ ♣❤②s✐❝✐❛♥s ❛♥❞

t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s✳✷✵

❋r♦♠ t❤❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ❧✐st ♦❢ ✜♥❛♥❝✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❤❡❛❧t❤ ❝❛r❡ ❝♦♠✲

♣❛♥✐❡s ❛♥❞ ♣❤②s✐❝✐❛♥s✱ ✇❡ ❢♦❝✉s ♦♥ ❡♥t❡rt❛✐♥♠❡♥t✲r❡❧❛t❡❞ ❣❡♥❡r❛❧ ♣✉r♣♦s❡ ♣❛②♠❡♥ts✳

❆❧❧ ❡♥tr✐❡s ✐♥ t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s ❛♥❞ t❤♦s❡ t❤❛t ❛r❡ r❡s❡❛r❝❤✲ ♦r ♦✇♥❡rs❤✐♣✲r❡❧❛t❡❞ ✭❡✳❣✳

r♦②❛❧t✐❡s✮ ❛r❡ ♦♠✐tt❡❞✳ ❆ s♠❛❧❧ ♣❡r❝❡♥t ♦❢ t❤❡ ❞❛t❛ ✭❛♣♣r♦①✐♠❛t❡❧② ✸✳✺✪ ♦❢ ❞r✉❣s

❜❡t✇❡❡♥ ✷✵✶✸ ❛♥❞ ✷✵✶✽✮ ❝♦♥t❛✐♥ ✐♥❛❝❝✉r❛t❡ ♦r ✐♠♣r❡❝✐s❡ ✐♥❢♦r♠❛t✐♦♥ r❡❣❛r❞✐♥❣ ❞r✉❣

♥❛♠❡s✳ ❆s s✉❝❤✱ ✇❡ ❢✉rt❤❡r r❡str✐❝t t❤❡ s❛♠♣❧❡ t♦ ❞r✉❣s ✇❤♦s❡ ◆❉❈ ❝♦❞❡s ♦r ♥❛♠❡s

♠❛t❝❤ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ◆❉❈ r❡❣✐str②✳ ❲❤✐❧❡ t❤❡ ❞❛t❛ ❝♦♥t❛✐♥ st❛t❡✱ ③✐♣ ❝♦❞❡ ❛♥❞

str❡❡t ❛❞❞r❡ss ✐♥❢♦r♠❛t✐♦♥✱ t❤❡ ❞❛t❛ ❞♦ ♥♦t ✐♥❝❧✉❞❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦✉♥t✐❡s✳ ❲❡ ❛❞❞

t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❜② ♠❛t❝❤✐♥❣ ③✐♣ ❝♦❞❡s ✇✐t❤ ❝♦✉♥t② ❋■P❙ ❢r♦♠ t❤❡ ❯❙P❙ ❈r♦ss✇❛❧❦✳✷✶

❖✉r ✜♥❛❧ s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❦♥♦✇♥ ♣r❡s❝r✐♣t✐♦♥✲❞r✉❣ r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ✐♥ t❤❡ ❢♦r♠ ♦❢

♠❡❛❧s✱ tr❛✈❡❧✱ ❛♥❞ ❣❡♥❡r❛❧ ❡♥t❡rt❛✐♥♠❡♥t ❛❣❣r❡❣❛t❡❞ t♦ t❤❡ ❝♦✉♥t②✲q✉❛rt❡r✲②❡❛r ❧❡✈❡❧

❢♦r ❛ t♦t❛❧ ♦❢ ✺✽✱✺✽✺ ♦❜s❡r✈❛t✐♦♥s s♣❛♥♥✐♥❣ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳

❲❡ ❡①❛♠✐♥❡✱ s❡♣❛r❛t❡❧②✱ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦r ❞r✉❣s ✐♥ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ❝♦✉❧❞ ❜❡

❝♦♥s✐❞❡r❡❞ ❛ s✉❜st✐t✉t❡✳ ❚♦ ✐❞❡♥t✐❢② ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t❤❛t ❛r❡ s✉❜st✐t✉t❡s ✐♥ tr❡❛t♠❡♥t

❢♦r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♣♣r♦✈❡❞ ❝♦♥❞✐t✐♦♥s✱ ✇❡ ✉s❡ t❤❡ ❧✐st ♦❢ ▼✉❧t✉♠ ❚✐❡r ✷ ❉r✉❣ ❈❧❛ss❡s

❢r♦♠ ❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮✳ ❲❡ ❧✐♥❦ t❤❡s❡ ❞r✉❣ ❝❧❛ss❡s t♦ t❤❡✐r ✐♥❞✐✈✐❞✉❛❧

♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✉s✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❘①▼✐①✱ ❛ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❧✐❜r❛r② ❞❡✈❡❧♦♣❡❞

❜② t❤❡ ◆❛t✐♦♥❛❧ ▲✐❜r❛r② ♦❢ ▼❡❞✐❝✐♥❡✳ ❙✉❜st✐t✉t❡s ❛r❡ ❞❡✜♥❡❞ ❛s ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t❤❛t

✷✵❘❡❝❡✐✈✐♥❣ ♣❤②s✐❝✐❛♥s ❛♥❞ t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s ♠❛② r❡✈✐❡✇ t❤❡s❡ r❡♣♦rt❡❞ ♣❛②♠❡♥ts ❛♥❞ r❡✈✐s❡ t❤❡♠
❜❡❢♦r❡ ♣✉❜❧✐❝❛t✐♦♥✳

✷✶❩✐♣ ❝♦❞❡s t❤❛t ♦✈❡r❧❛♣ ✷ ❝♦✉♥t✐❡s ❣❡t ❛ss✐❣♥❡❞ t♦ t❤❡ ❝♦✉♥t② ✇❤❡r❡ t❤❡ ♠♦st ❜✉s✐♥❡ss❡s ✐♥ t❤❡ ③✐♣
❝♦❞❡ ❛r❡ ❧♦❝❛t❡❞✳

✶✹



❛r❡ ✉s❡❞ t♦ tr❡❛t t❤❡ s❛♠❡ ❝♦♥❞✐t✐♦♥s ❛s ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤✐s ❧✐st ♦❢ ❞r✉❣s ✐♥❝❧✉❞❡s

❜♦t❤ ♦♥✲ ❛♥❞ ♦✛✲❧❛❜❡❧ ✉s❡s✳✷✷

❆s ❛ s✉❜s❡t ♦❢ s✉❜st✐t✉t❡ ❞r✉❣s✱ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ❛r❣✉❡s ❛ ❧✐♥❦ ❜❡t✇❡❡♥ ✐✮ ♠❡❞✲

✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞ ♦♣✐♦✐❞ ♣r❡s❝r✐♣t✐♦♥s ❛♥❞ ✐✐✮ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛♥❞ ♦♣✐♦✐❞ ♣r❡s❝r✐♣t✐♦♥s✳

❚♦ t❤❡ ❡①t❡♥t t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛✛❡❝ts ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❜❡❧✐❡✈❡

t❤❛t t❤❡r❡ ♠❛② ❜❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ r❡s♣♦♥s❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦r ♦♣✐♦✐❞s✳ ❲❡ ✉s❡

◆❉❈ ❝♦❞❡s ❢r♦♠ t❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛ t♦ ❝r❡❛t❡ ❛♥ ✐♥❞✐❝❛t♦r ❢♦r ♠❛r❦❡t✐♥❣ ❡♥tr✐❡s

t❤❛t ✐♥✈♦❧✈❡ ♣r❡s❝r✐♣t✐♦♥ ♦♣✐♦✐❞ ❞r✉❣s✳

▲❛st✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss

♠❛r❦❡t str✉❝t✉r❡s✳ P❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ✇✐t❤ ❛ ❧❛r❣❡ ♠❛r❦❡t s❤❛r❡ ✭❛s ♠❡❛s✉r❡❞

❜② ❞r✉❣ s❛❧❡s✮ ♠❛② ❜❡ ❧❡ss t❤r❡❛t❡♥❡❞ ❜② ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞✱ ✐♥ t✉r♥✱ ❧❡ss ❧✐❦❡❧② t♦

❛❞❥✉st t❤❡✐r ♦✣❝❡ ❞❡t❛✐❧✐♥❣✳ ❙✐♠✐❧❛r❧②✱ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦r s♣❡❝✐✜❝ ❞r✉❣s ✇✐t❤ ❛ ❧❛r❣❡

s❛❧❡s ✈♦❧✉♠❡ ♠❛② ❜❡ ❧❡ss s❡♥s✐t✐✈❡ t♦ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❯s✐♥❣ ❞❛t❛

♦♥ ♣r♦❞✉❝t s❛❧❡s ♦❢ ♠❛❥♦r ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❢r♦♠ P❤❛r♠❛❈♦♠♣❛ss✱ ✇❡ ❝r❡❛t❡

❛♥ ✐♥❞✐❝❛t♦r ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ r❡❛❝❤❡s s❛❧❡s ✇♦rt❤ ✩✶ ❜✐❧❧✐♦♥ ✐♥ ❛♥②

②❡❛r t♦ ✐❞❡♥t✐❢② ❜❧♦❝❦❜✉st❡r ❞r✉❣s✱ ❛♥❞ ❛♥♦t❤❡r ✐♥❞✐❝❛t♦r ❡q✉❛❧ t♦ ♦♥❡ ❢♦r t❤❡ ❝♦♠♣❛♥②

t❤❛t ❝r❡❛t❡❞ t❤❡ ❞r✉❣✳ ❲❡ ✉s❡ t❤❡s❡ ✐♥❞✐❝❛t♦rs t♦ t❡st ❢♦r ❞✐✛❡r❡♥❝❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣

❜❡t✇❡❡♥ ✐✮ s♠❛❧❧ ❛♥❞ ❧❛r❣❡ s✐③❡❞ ❝♦♠♣❛♥✐❡s ❛♥❞ ✐✐✮ ❤✐❣❤ ❛♥❞ ❧♦✇ ✈♦❧✉♠❡ ♣r❡s❝r✐♣t✐♦♥

❞r✉❣s✳

❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞❡t❛✐❧✐♥❣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳ ◆♦♥✲❞r✉❣ r❡❧❛t❡❞ ♣❛②♠❡♥ts

✭❡✳❣✳ ❣❛✉③❡ ♦r s②r✐♥❣❡s✮ ❛r❡ ♦♥ ❛✈❡r❛❣❡ ❧❛r❣❡r✱ t❤♦✉❣❤ ❧❡ss ❢r❡q✉❡♥t t❤❛♥ ❞r✉❣✲r❡❧❛t❡❞

❞❡t❛✐❧✐♥❣✳ ❆ t♦t❛❧ ♦❢ 11, 930, 354 ❞r✉❣✲r❡❧❛t❡❞ ♣❛②♠❡♥ts ✇❡r❡ ♠❛❞❡ t♦ ▼❉s ✐♥ ♥♦♥✲

▼❈▲ st❛t❡s ❛t ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ✩✷✻ ♣❡r ♣❛②♠❡♥t✳✷✸ ▼❉s ✐♥ st❛t❡s t❤❛t ✐♠♣❧❡♠❡♥t ❛♥

▼❈▲ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ r❡❝❡✐✈❡❞ ♠♦r❡ ❢r❡q✉❡♥t ❞❡t❛✐❧✐♥❣ ❛t ❛ ❤✐❣❤❡r ❛✈❡r❛❣❡

✷✷❚❤❡ ♠❛✐♥ s♦✉r❝❡ ❢♦r ♦✛✲❧❛❜❡❧ ✉s❡s ✐♥ ❘①▼✐① ❝♦♠❡ ❢r♦♠ ❉r✉❣ ❇❛♥❦✱ s✉❝❤ ❛s✿
❤tt♣s✿✴✴✇✇✇✳❞r✉❣❜❛♥❦✳❝❛✴❞r✉❣s✴❉❇✵✵✺✼✶✳

✷✸❚❤❡ t❡r♠ ✏♣❛②♠❡♥ts✑ ✐s ✉s❡❞ ❢♦r ❜r❡✈✐t② ❛♥❞ ✐t ✐♥❝❧✉❞❡s t❤❡ ✈❛r✐♦✉s ❢♦r♠s ♦❢ ❞❡t❛✐❧✐♥❣ ❞❡s❝r✐❜❡❞
❡❛r❧✐❡r ✐♥ t❤✐s s❡❝t✐♦♥✳

✶✺



❞♦❧❧❛r ✈❛❧✉❡ t❤❛♥ ▼❉s ✐♥ ♥♦♥✲▼❈▲ st❛t❡s✳ ❖♣✐♦✐❞✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ♠❛❦❡s ✉♣

t❤❡ s♠❛❧❧❡st ♣❛②♠❡♥ts t♦ ♠♦st ♣❤②s✐❝✐❛♥s ✇✐t❤✱ ♦♥ ❛✈❡r❛❣❡✱ ♦♥❧② ✩✷✵✳ ❋✉rt❤❡r✱ t❤❡

♥✉♠❜❡r ♦❢ ♣❛②♠❡♥ts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♦♣✐♦✐❞s ✐s r❡❧❛t✐✈❡❧② ❧♦✇✱ ♠❛❦✐♥❣ ✉♣ ❧❡ss t❤❛♥

✶✪ ♦❢ ♣❛②♠❡♥ts ❢♦r ♠♦st ♣❤②s✐❝✐❛♥ t②♣❡s✳ ❙✉❜st✐t✉t❡ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇s ❛ s✐♠✐❧❛r

♣❛tt❡r♥ t♦ ♦♣✐♦✐❞s ❛♥❞ ✐s ❧❡ss ❢r❡q✉❡♥t ❛♥❞ s♠❛❧❧❡r ♦♥ ❛✈❡r❛❣❡ t❤❛♥ ♦t❤❡r ❞❡t❛✐❧✐♥❣

❡♥tr✐❡s✳ ❋✐♥❛❧❧②✱ ❞❡t❛✐❧✐♥❣ ❢♦r ♥♦♥✲❜❧♦❝❦❜✉st❡r ❞r✉❣s ❛♥❞ ❜② ♥♦♥✲❜✐❣ ♣❤❛r♠❛❝❡✉t✐❝❛❧

❝♦♠♣❛♥✐❡s ✭❛s ♣r❡✈✐♦✉s❧② ❞❡✜♥❡❞✮ ❛r❡ ❧❛r❣❡r ✐♥ ✈❛❧✉❡ t❤❛♥ ♦t❤❡r t②♣❡s ♦❢ ❞❡t❛✐❧✐♥❣ ❛♥❞

♦❝❝✉r ♠♦r❡ ❢r❡q✉❡♥t❧② ✐♥ st❛t❡s t❤❛t ❛❞♦♣t ❛♥ ▼❈▲ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳

❲❡ ❝♦♠♣❧❡♠❡♥t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞❛t❛ ❛♥❞ ❖♣❡♥ P❛②♠❡♥ts ❉❛t❛ ✇✐t❤ ❝♦✉♥t②

❧❡✈❡❧ ✐♥❢♦r♠❛t✐♦♥ ♦♥ s♦❝✐♦❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ t❤❡ ❯✳❙✳ ❈❡♥s✉s ❇✉r❡❛✉✱

❝♦✉♥t② ❧❡✈❡❧ ❤❡❛❧t❤ ❝❛r❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❆r❡❛ ❍❡❛❧t❤ ❘❡s♦✉r❝❡ ❋✐❧❡s✱ ❛♥❞ ♠❛♥❞❛✲

t♦r② ❛❝❝❡ss ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ♠♦♥✐t♦r✐♥❣ ♣r♦❣r❛♠ ❧❛✇s ❢r♦♠ ❇✉❝❤♠✉❡❧❧❡r ❛♥❞ ❈❛r❡②

✭✷✵✶✽✮✱ ◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥ ✭✷✵✶✾❛✮✱ ❛♥❞ t❤❡ Pr❡s❝r✐♣t✐♦♥ ❉r✉❣ ❆❜✉s❡ P♦❧✐❝②

❙②st❡♠✳

✸✳✸ P❛tt❡r♥s ❛♥❞ ❊✈♦❧✉t✐♦♥ ♦❢ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❛✇s ❛♥❞ ❖❢✲

✜❝❡ ❉❡t❛✐❧✐♥❣

❆❧t❤♦✉❣❤ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✇❛s ❛❧r❡❛❞② ❧❡❣❛❧ ✐♥ ✶✽ ♦❢ ✸✸ st❛t❡s ♣r✐♦r t♦ ♦✉r s❛♠♣❧❡

♣❡r✐♦❞✱ ❛❝❝❡ss t♦ t❤❡ ❞r✉❣ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ✇❛s ♦♥❧② ❛✈❛✐❧❛❜❧❡

✐♥ ✼ st❛t❡s✳ P❛♥❡❧ ✭❛✮ ✐♥ ❋✐❣✉r❡ ✸ ❝♦♠♣❧❡♠❡♥ts ❚❛❜❧❡ ✶ ❛♥❞ ❞❡♣✐❝ts t❤❡ ♥✉♠❜❡r ♦❢

❝♦✉♥t✐❡s ❡①♣♦s❡❞ t♦ ♣r♦♣♦s❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡ t♦t❛❧ ❝♦✉♥t✐❡s ✐♥ st❛t❡s

t❤❛t ❛♣♣r♦✈❡ ❛♥ ▼❈▲✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦✉♥t✐❡s ✇✐t❤ ❛❝❝❡ss t♦ ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡

❞✐s♣❡♥s❛r②✳ ❙t❛t❡✲ ❛♥❞ ❝♦✉♥t②✲❧❡✈❡❧ ❡①♣♦s✉r❡ t♦ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ♣❧♦tt❡❞ s❡♣❛r❛t❡❧②

t♦ ❡♠♣❤❛s✐③❡ ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❞✐s♣❡♥s❛r✐❡s ❛♥❞ ✐❧❧✉str❛t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ t♦

❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❝❛♥♥❛❜✐s ❛❝❝❡ss ❛t ❡❛❝❤ ❣❡♦❣r❛♣❤✐❝ ❧❡✈❡❧✳ ❲❤✐❧❡ ✼✾✻ ❝♦✉♥t✐❡s ❤❛❞

❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s t❤r♦✉❣❤ ❛ st❛t❡✲r❡❣✉❧❛t❡❞ ❞✐s♣❡♥s❛r② ✐♥ ✷✵✶✽◗✶✱ ♦♥❧② ✷✽✸

✶✻



❝♦✉♥t✐❡s ❤❛❞ ❛ ❞✐s♣❡♥s❛r② ♦♣❡r❛t✐♥❣ ✇✐t❤✐♥ t❤❡ ❝♦✉♥t②✳ ❚❤❡r❡❢♦r❡✱ ♣❛t✐❡♥ts ❛♥❞ ❧♦❝❛❧

♠❛r❦❡ts ♠❛② ♥♦t r❡s♣♦♥❞ ✐❢ ❛ ❞✐s♣❡♥s❛r② ✐s ♥♦t ❛❝t✐✈❡ ❧♦❝❛❧❧②✳

❚♦ ❝♦♠♣❛r❡ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❧❡✈❡❧s ✇✐t❤ ❡①♣♦s✉r❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✱ ✐♥ P❛♥❡❧

✭❜✮ ✐♥ ❋✐❣✉r❡ ✸ ✇❡ ♣❧♦t t❤❡ ❧❡✈❡❧ ♦❢ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ♦✈❡r t✐♠❡✳ ❋♦r ❜♦t❤ ▼❈▲ ❛♥❞

♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s✱ ✇❡ ♦❜s❡r✈❡ ❝②❝❧✐❝❛❧ ❞❡t❛✐❧✐♥❣ t❤❛t s❧✐❣❤t❧② ❞❡❝❧✐♥❡s ✐♥ ❧❛t❡r ♣❡r✐♦❞s✳

❍♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ▼❈▲ ❛♥❞ ♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s ✐s ❧❛r❣❡❧② ✉♥❝❤❛♥❣❡❞✳

❆ s✐♠✐❧❛r ♣❛tt❡r♥ ❡♠❡r❣❡s ✇❤❡♥ ✇❡ ❡①❛♠✐♥❡ ❝❤❛♥❣❡s ✐♥ ❝❛♥♥❛❜✐s ❛❝❝❡ss ❛♥❞ ♦✣❝❡

❞❡t❛✐❧✐♥❣ ✇✐t❤✐♥ st❛t❡s✳ ■♥ ❋✐❣✉r❡ ✹ ✇❡ ❞❡♣✐❝t t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ ❧❡❣❛❧ ❛❝❝❡ss ♣♦✐♥ts t♦

❝❛♥♥❛❜✐s ❜② ❝♦♠♣❛r✐♥❣ ❝♦✉♥t✐❡s ✇✐t❤ ❞✐s♣❡♥s❛r✐❡s ✐♥ ✷✵✶✹ t♦ ❝♦✉♥t✐❡s ✇✐t❤ ❞✐s♣❡♥s❛r✐❡s

✐♥ ✷✵✶✽✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ✇❡ ♠❛♣ ❝♦✉♥t②✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ✐♥ ❋✐❣✉r❡ ✺✱ ✇❡ s❡❡ ♥♦ ♦❜✈✐♦✉s

❞✐✛❡r❡♥❝❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss ▼❈▲ ❛♥❞ ♥♦♥✲▼❈▲ st❛t❡s✳ ❲❤✐❧❡ st❛t❡s ✐♥ t❤❡

✇❡st ❣❡♥❡r❛❧❧② ❤❛✈❡ ❣r❡❛t❡r ❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❛s ♠❡❛s✉r❡❞ ❜② ❛♥ ♦♣❡♥ ❛♥❞

❧❡❣❛❧ ❞✐s♣❡♥s❛r② ✐♥ ❛ ❝♦✉♥t②✮✱ t❤❡ ❣❡♦❣r❛♣❤✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐s ♠♦st❧②

❝♦♥❝❡♥tr❛t❡❞ ✐♥ ❡❛st❡r♥ ❤❛❧❢ ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ✭✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ ❈❛❧✐❢♦r♥✐❛✮✳

❚❤❡ s✉♠♠❛r② st❛t✐st✐❝s ❢♦r ❝♦✉♥t②✲❧❡✈❡❧ ❛✈❡r❛❣❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♣❡r ❞♦❝t♦r✱

s✉❜st✐t✉t❡✲r❡❧❛t❡❞ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♣❡r

❞♦❝t♦r ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❚❤❡ ♦✉t❝♦♠❡s ❛r❡ s❡♣❛r❛t❡❞ ❜② ✇❤❡t❤❡r ❛ ❝♦✉♥t② ✐s

❧♦❝❛t❡❞ ✐♥ ❛ st❛t❡ t❤❛t ❡✈❡r ❡♥❛❝ts ❛♥ ▼❈▲ ❛♥❞ ✇❤❡t❤❡r t❤❡ ▼❈▲ ✐s ❛❝t✐✈❡ ❢♦r ❝♦✉♥t✐❡s

t❤❛t ❞♦ ❧♦❝❛t❡ ✐♥ ❛ st❛t❡ t❤❛t ❛❞♦♣ts ❛♥ ▼❈▲✳ ❲❤✐❧❡ t❤❡ st❛❣❣❡r❡❞ t✐♠✐♥❣ ♦❢ ❧❛✇s

♠❛❦❡s ❝♦♠♣❛r✐♥❣ ❝♦✉♥t②✲❧❡✈❡❧ ❛✈❡r❛❣❡s ❛❝r♦ss ❣r♦✉♣s ♦✈❡r t✐♠❡ ❞✐✣❝✉❧t✱ ✇❡ ♦❜s❡r✈❡

❧♦✇❡r ❧❡✈❡❧s ♦❢ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ✐♥ ❝♦✉♥t✐❡s t❤❛t ❤❛✈❡ ❛♥ ▼❈▲ ✐♥ ❡✛❡❝t✳ ❚❤❡ ♣r❡✲

▼❈▲ ❝♦✉♥t✐❡s ❛♥❞ ♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s ❛r❡ ♦t❤❡r✇✐s❡ ❝♦♠♣❛r❛❜❧❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥t

♦❢ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♣❡r ❞♦❝t♦r ♣❡r q✉❛rt❡r✲②❡❛r✳
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✹ ❊st✐♠❛t✐♦♥ ❙tr❛t❡❣②

❚♦ ❡st✐♠❛t❡ ❛♥t✐❝✐♣❛t♦r② ❛♥❞ ♣♦st✲▼❈▲ ❡✛❡❝ts ♦♥ ❞r✉❣✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ✇❡ ✉s❡

❛♥ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤ ❛♥❞ ❡①♣❧♦✐t t❤❡ t❡♠♣♦r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ▼❈▲s✳✷✹

❘❛t❤❡r t❤❛♥ ✐♠♣♦s❡ ❛♥ ❛r❜✐tr❛r② ❞✉r❛t✐♦♥ ♦❢ ❛♥t✐❝✐♣❛t✐♦♥ ♣❡r✐♦❞s✱ ✇❡ ❧❡✈❡r❛❣❡ t❤❡

t✐♠✐♥❣ ♦❢ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ♦♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✳ ❘❡❧❛t✐✈❡ t♦ t❤❡ ♦t❤❡r st❛❣❡s ♦❢ ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡ ♣r♦♣♦s❛❧ st❛❣❡ ✐s ❧✐❦❡❧② ❧❡❛st ❛✛❡❝t❡❞ ❜② ❛♥t✐❝✐♣❛t✐♦♥ ❛✛❡❝ts✳

❖✉r ❜❛s❡❧✐♥❡ ♠♦❞❡❧ ❛❧❧♦✇s ❢♦r t✐♠❡✲✈❛r②✐♥❣ ❡✛❡❝ts ❛♥❞ t❛❦❡s t❤❡ ❢♦r♠✿

Dcst =

8∑

τ=0

β−τMCLs,t−τ +

7∑

τ=2

β+τMCLs,t+τ +X
′

cstα + γc + δt + εcst. ✭✶✮

❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥ ✐♥ ❝♦✉♥t② c

✐♥ st❛t❡ s ✐♥ q✉❛rt❡r✲②❡❛r t✳✷✺ ❚❤❡ t❡r♠s γc ❛♥❞ δt r❡♣r❡s❡♥t ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r

✜①❡❞ ❡✛❡❝ts✳ ❚❤❡ ✈❡❝t♦r Xcst ✐♥❝❧✉❞❡s st❛t❡✲❧❡✈❡❧ ♠❛♥❞❛t♦r② ❛❝❝❡ss ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣

♠♦♥✐t♦r✐♥❣ ♣r♦❣r❛♠ ❧❛✇s✱ ❝♦✉♥t②✲❧❡✈❡❧ ❤❡❛❧t❤ ❝♦♥❞✐t✐♦♥s✱ ❞♦♠❡st✐❝ ♠✐❣r❛t✐♦♥ ❞❛t❛✱

❛♥❞ ♣♦♣✉❧❛t✐♦♥ ❞❡♠♦❣r❛♣❤✐❝ ♣r♦♣♦rt✐♦♥s✳ ❲❡ ❛❧s♦ ✐♥❝❧✉❞❡ ❝♦✉♥t②✲❧❡✈❡❧ ✉♥❡♠♣❧♦②♠❡♥t

r❛t❡s ❛♥❞ ❛✈❡r❛❣❡ ✇❡❡❦❧② ✇❛❣❡s t♦ ❝♦♥tr♦❧ ❢♦r ❧♦❝❛❧ t✐♠❡✲✈❛r②✐♥❣ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥✲

❞✐t✐♦♥s t❤❛t ♠❛② ❛✛❡❝t ❧❡✈❡❧s ♦❢ ❞❡t❛✐❧✐♥❣✳ ❚❤❡ q✉❛rt❡r ✐♠♠❡❞✐❛t❡❧② ♣r❡❝❡❞✐♥❣ ❜✐❧❧

✐♥tr♦❞✉❝t✐♦♥ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞
7∑

τ=2

MCLs,t+τ r❡♣r❡s❡♥ts t❤❡ ♣❡r✐♦❞s ♣r❡❝❡❞✐♥❣

t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇✳ ❈❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ✐♥ t❤❡ q✉❛rt❡r ♦❢ ❜✐❧❧

✐♥tr♦❞✉❝t✐♦♥ ✭t = 0✮ ❛♥❞ t❤❡ q✉❛rt❡rs ❢♦❧❧♦✇✐♥❣ ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥
8∑

τ=0

MCLs,t−τ ✳ ❆♥②

♦❜s❡r✈❡❞ tr❡♥❞s ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ β̂+τ s✉❣❣❡sts ❞✐✛❡r✐♥❣ tr❡♥❞s ✐♥ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss ▼❈▲

❛♥❞ ♥♦♥✲▼❈▲ ♦❜s❡r✈❛t✐♦♥s ♣r✐♦r t♦ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ❛♥❞ t❤r❡❛t❡♥s t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡

❡st✐♠❛t✐♦♥ str❛t❡❣②✳ ❖❜s❡r✈❛t✐♦♥s ✼ ♦r ♠♦r❡ q✉❛rt❡rs ♣r✐♦r t♦ ❜✐❧❧ ✐♥tr♦❞✉❝t✐♦♥ ❛♥❞ ✽ ♦r

✷✹▼❛❧❛♥✐ ❛♥❞ ❘❡✐❢ ✭✷✵✶✺✮ s✉❣❣❡st t❤❡ ✉s❡ ♦❢ q✉❛s✐✲♠②♦♣✐❝ ♠♦❞❡❧ t❤❛t ❝♦♥tr♦❧s ❢♦r ❛♥t✐❝✐♣❛t✐♦♥
❡✛❡❝ts ❢♦r S ♣❡r✐♦❞s ♣r✐♦r t♦ tr❡❛t♠❡♥t✳ ❖♥❡ s❤♦rt❝♦♠✐♥❣ ♦❢ t❤✐s ❛♣♣r♦❛❝❤✱ ❤♦✇❡✈❡r✱ ✐s r❡s❡❛r❝❤❡rs
♠✉st ❛ss✉♠❡ t❤❡r❡ ❛r❡ ♥♦ ♠♦r❡ t❤❛♥ S ♣❡r✐♦❞s ♦❢ ❛♥t✐❝✐♣❛t✐♦♥✳

✷✺❚❤❡ r❡s✉❧ts ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❡ ♥❛t✉r❛❧ ❧♦❣ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ❆✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳

✶✽



♠♦r❡ q✉❛rt❡rs ♣♦st ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ r❡s♣❡❝t✐✈❡ ✏✼✰ q✉❛rt❡rs✑ ❛♥❞ ✏✽✰ q✉❛rt❡rs✑ ❜✐♥s✳

▲❛st✱ εcst ✐s t❤❡ ♠❡❛♥ ③❡r♦ ❡rr♦r t❡r♠✳

❲❡ ✉s❡ ❛ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ t♦ ❡q✉❛t✐♦♥ ✭✶✮ t♦ ❡①❛♠✐♥❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣

✐♥ r❡s♣♦♥s❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✳ ❇❡❝❛✉s❡ ❞✐s♣❡♥s❛r✐❡s ✐♥❞✐❝❛t❡ ❞✐r❡❝t ❝♦♠♣❡t✐t♦r

❡♥tr②✱ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ♠❛② r❡s♣♦♥❞ ❞✐✛❡r❡♥t❧② t♦ t❤❡✐r ♣r❡s❡♥❝❡✳ ❍❡r❡✱ ✇❡ r❡♣❧❛❝❡

t❤❡ ❧❡❛❞ ❛♥❞ ❧❛❣❣❡❞ ✈❛r✐❛❜❧❡s r❡❧❛t✐✈❡ t♦ ▼❈▲ ♣r♦♣♦s❛❧ ✇✐t❤ ❛ s❡t ♦❢ ❧❡❛❞ ❛♥❞ ❧❛❣❣❡❞

✈❛r✐❛❜❧❡s r❡❧❛t✐✈❡ t♦ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣✳ ❲❡ ❡st✐♠❛t❡ s❡♣❛r❛t❡ s♣❡❝✐✜❝❛t✐♦♥s ❛❧❧♦✇✐♥❣

❢♦r t❤❡ ❞✐s♣❡♥s❛r② tr❡❛t♠❡♥t t♦ ✈❛r② ❛t ❜♦t❤ t❤❡ st❛t❡✲ ❛♥❞ ❝♦✉♥t②✲❧❡✈❡❧✳

▲❛st✱ ✇❡ ❡st✐♠❛t❡ tr❛❞✐t✐♦♥❛❧ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ✭❉❉✮ ♠♦❞❡❧s ❡①❛♠✐♥✐♥❣

✇❤❡t❤❡r ❞❡t❛✐❧✐♥❣ ✈❛r✐❡s ❜② ▼❈▲ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❖✉r ❉❉ ♠♦❞❡❧ ✐♥❝❧✉❞❡s ❝♦✉♥t② ❛♥❞

q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛♥❞ t❤❡ s❛♠❡ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛s ❡q✉❛t✐♦♥ ✭✶✮✳

■t t❛❦❡s t❤❡ ❢♦r♠✿

Dcst = β1MCLst + β2Dispst +X
′

cstα + γc + δt + εcst ✭✷✮

✇❤❡r❡ MCLst ✐s ❛ ❜✐♥❛r② ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛♥ ▼❈▲ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥

st❛t❡ s ✐♥ q✉❛rt❡r✲②❡❛r t ❛♥❞ ❡q✉❛❧ t♦ ③❡r♦ ♦t❤❡r✇✐s❡✳ ❙✐♠✐❧❛r❧②✱ t❤❡ Dispst ✈❛r✐❛❜❧❡ ✐s

❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛♥ ❛❝t✐✈❡ ❛♥❞ ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❞✐s♣❡♥s❛r② ✐s ♦♣❡r❛t✐♥❣ ✇✐t❤✐♥ t❤❡ st❛t❡✳

✺ ❘❡s✉❧ts

✺✳✶ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❛♥❞ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥

❚❤❡ t✐♠❡✲✈❛r②✐♥❣ ❡st✐♠❛t❡❞ ❡✛❡❝ts r❡❧❛t✐✈❡ t♦ t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲ ❛♥❞

❝♦rr❡s♣♦♥❞✐♥❣ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✻✳ P❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s

t❤❡ q✉❛rt❡r ✐♥ ✇❤✐❝❤ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ♣r♦♣♦s❡❞ ✐♥ ❧❡❣✐s❧❛t✉r❡ ♦r ✐♥tr♦❞✉❝❡❞ ♦♥ ❛

❜❛❧❧♦t✳ ❚❤❡ q✉❛rt❡r ♣r✐♦r t♦ t❤❡ ▼❈▲ ♣r♦♣♦s❛❧ ♣❡r✐♦❞ ✐s ♦♠✐tt❡❞ ❛s t❤❡ ❜❛s❡ ♣❡r✐♦❞ ❛♥❞

✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦✳ ❚❤❡ t✇♦ ❣r❛♣❤s ✐♥ P❛♥❡❧ ✭❛✮ ❞❡s❝r✐❜❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥

✶✾



♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ♣❡r ♣❤②s✐❝✐❛♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ t♦ ❛❧❧ ♣❤②s✐❝✐❛♥s ❛♥❞ t♦

♠❡❞✐❝❛❧ ❞♦❝t♦rs ✭▼❉✮ ♦♥❧②✳✷✻ ❚❤❡ r❡s✉❧ts ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ ♦✉r s❛♠♣❧❡ ♦❢ ❞♦❝t♦rs ✉s❡❞

♦r ❤♦✇ ✇❡ s❝❛❧❡ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ s✉❣❣❡st ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❞✉r✐♥❣ t❤❡

s❡♠❡st❡r ✐♥ ✇❤✐❝❤ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ✐♥✐t✐❛❧❧② ♣r♦♣♦s❡❞ ❛♥❞ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳

❲❡ ✜♥❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❜② ✩✷✳✹✵ ♣❡r ♣❤②s✐❝✐❛♥ ❞✉r✐♥❣ t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s

♣r♦♣♦s❡❞✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐s ♦♥❧② t❡♠♣♦r❛r②✱ ❤♦✇❡✈❡r✱ ❛s t❤❡ ❡✛❡❝t ❛tt❡♥✉❛t❡s ❛♥❞ ✐s ♥♦t

❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❛❢t❡r ✷ q✉❛rt❡rs✳

❆♠♦♥❣ t❤❡ st❛t❡s t❤❛t ❡♥❛❝t ❛♥ ▼❈▲ ✇✐t❤✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✱ t❤❡ ♠❡❛♥ ❞✉r❛✲

t✐♦♥ ❜❡t✇❡❡♥ ♣r♦♣♦s❛❧ ❞❛t❡ ❛♥❞ ❧❛✇ ❛♣♣r♦✈❛❧ ✐s ✷ q✉❛rt❡rs ✇❤✐❧❡ t❤❡ ♠❡❞✐❛♥ q✉❛rt❡r

❞✉r❛t✐♦♥ ✐s ✶✳ ❚❤✉s✱ t❤❡ t❡♠♣♦r❛r② ✐♥❝r❡❛s❡ ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇❡❞ ❜② ♥✉❧❧ r❡s✉❧ts ❛❢t❡r

✷ q✉❛rt❡rs s✉❣❣❡st ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡t✐♥❣ r❡❛❝ts t♦ ✉♥❝❡rt❛✐♥t② ❛♥❞ ❣r❡❛t❡r ♣✉❜❧✐❝

❞✐s❝✉ss✐♦♥ ❜✉t ✐s ♦t❤❡r✇✐s❡ ✉♥r❡s♣♦♥s✐✈❡ t♦ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳✷✼

■♥ P❛♥❡❧ ✭❜✮ ✐♥ ❋✐❣✉r❡ ✻✱ ✇❡ ❡①❛♠✐♥❡ s❡♣❛r❛t❡❧② t❤❡ ♠❛r❦❡ts ❢♦r ✇❤✐❝❤ ❝❛♥♥❛❜✐s

♠❛② ❜❡ ❛ s✉❜st✐t✉t❡✳ ❯♥❧✐❦❡ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣✱ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ ❛ t❡♠♣♦r❛r② ✐♥❝r❡❛s❡ ✐♥

s✉❜st✐t✉t❡✲ ♦r ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❍♦✇❡✈❡r✱

✇❡ ✜♥❞ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ s✉❜st✐t✉t❡✲ ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ t❤❛t

❜❡❝♦♠❡s ♠❛r❣✐♥❛❧❧② s✐❣♥✐✜❝❛♥t ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ②❡❛r ♦❢ ❧❡❣❛❧✐③❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳

❆❧t❤♦✉❣❤ t❤❡ ❞❡❝❧✐♥❡ ✐♥ ❞❡t❛✐❧✐♥❣ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ r❡❞✉❝❡❞ ♠❛r❦❡t s❤❛r❡ ❛♥❞ ❛ ❧♦✇❡r

r❡t✉r♥ ♦♥ ✐♥✈❡st♠❡♥t✱ t❤❡ ❡✛❡❝ts ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❛♥❞ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦

❛t t❤✐s ❧❡✈❡❧ ♦❢ ♦❜s❡r✈❛t✐♦♥ ✉♥t✐❧ ♥❡❛r❧② ❛ ②❡❛r ❛❢t❡r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ❧❡❣❛❧✐③❡❞✳

❚❤❡ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ s✉❜st✐t✉t❡ ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❛r❡ ♠♦r❡ ♣r♦✲

♥♦✉♥❝❡❞ ✐♥ ❋✐❣✉r❡ ✼ ✇❤❡♥ ✇❡ ♦♠✐t ❞❡t❛✐❧✐♥❣ ❢r♦♠ ❧❛r❣❡ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s

✭P❛♥❡❧ ✭❛✮✮ ❛♥❞ ❜❧♦❝❦❜✉st❡r ❞r✉❣ ❞❡t❛✐❧✐♥❣ ✭P❛♥❡❧ ✭❜✮✮✳ ▲✐❦❡✇✐s❡✱ t❤❡ t❡♠♣♦r❛r② ✐♥✲

❝r❡❛s❡ ✐♥ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣ ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ✐s ❡✈✐❞❡♥t ✐♥ t❤❡s❡

✷✻P❤②s✐❝✐❛♥ ✐s ❜r♦❛❞❧② ❞❡✜♥❡❞ ❛♥❞ ✐♥❝❧✉❞❡s t❤♦s❡ ✇✐t❤ ❛ ❧♦✇ ♣r♦♣❡♥s✐t② t♦ r❡❝♦♠♠❡♥❞ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ✭s✉❝❤ ❛s ❝❤✐r♦♣r❛❝t♦rs✮✳

✷✼❚✐♠❡✲✈❛r②✐♥❣ ❡st✐♠❛t❡s r❡❧❛t✐✈❡ t♦ ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❡♥❛❝t♠❡♥t ✐♥❞✐❝❛t❡ ❛ s✐♠✐❧❛r ✉♣✲t✐❝❦ ✐♥ t❤❡
♣❡r✐♦❞ ♣r❡❝❡❞✐♥❣ q✉❛rt❡r ♦❢ ✏tr❡❛t♠❡♥t✳✑ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ❆✷ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳

✷✵



❛❧t❡r♥❛t✐✈❡ s❛♠♣❧❡s s✉❣❣❡st✐♥❣ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ❧❛r❣❡ ♣❤❛r♠❛❝❡✉✲

t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♦r ❤✐❣❤ ✈❛❧✉❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳

✺✳✷ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❛♥❞ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❉✐s♣❡♥s❛r✐❡s

❈❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❛r❡ ❡ss❡♥t✐❛❧ ✐♥ r❡❞✉❝✐♥❣ ♥♦♥✲♣❡❝✉♥✐❛r② ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤

♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞ ♣r♦✈✐❞✐♥❣ ❛ s❛❢❡ ❛♥❞ ❧❡❣❛❧ ❛❝❝❡ss ♣♦✐♥t ❢♦r ❝♦♥s✉♠❡rs✳ ❇❡❝❛✉s❡

❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ ❣r❡❛t❡r ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s ❛♥❞ ❛ ♠♦r❡ t❛♥❣✐❜❧❡ t❤r❡❛t ♦❢ ❝♦♠♣❡t✐✲

t✐♦♥✱ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♠❛② ✐❣♥♦r❡ t❤❡ ✐♥✐t✐❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ▼❈▲ ❛♥❞

✐♥st❡❛❞ ❛❞❥✉st ❞❡t❛✐❧✐♥❣ ✐♥ r❡s♣♦♥s❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✳

■♥ ❋✐❣✉r❡ ✽✱ ✇❡ ❡①♣❧♦r❡ t❤✐s ❞✐♠❡♥s✐♦♥ ❛♥❞ ❡①❛♠✐♥❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ♣❤❛r♠❛❝❡✉✲

t✐❝❛❧ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s ❛t t❤❡ st❛t❡ ❛♥❞ ❝♦✉♥t② ❧❡✈❡❧✳ ❲❡ ❞♦

♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❧❡❛❞✐♥❣ ✉♣ t♦ ♦r ❢♦❧❧♦✇✐♥❣ t❤❡ ♦♣❡♥✐♥❣ ♦❢ ❛

❞✐s♣❡♥s❛r② ❛t ❡✐t❤❡r ❧❡✈❡❧ ♦❢ ❞✐s♣❡♥s❛r② ❡①♣♦s✉r❡✳ ❍♦✇❡✈❡r✱ ❞✐s♣❡♥s❛r✐❡s ❞♦ ♥♦t ♦♣❡♥

✉♥❡①♣❡❝t❡❞❧② ❛♥❞ ✜r♠s ❤❛✈❡ ❧✐❦❡❧② ❛♥t✐❝✐♣❛t❡❞ t❤❡✐r ♦♣❡♥✐♥❣ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳✷✽

❚♦ ❞✐s❡♥t❛♥❣❧❡ ❧❡❣❛❧✐③❛t✐♦♥ ❡✛❡❝ts ❢r♦♠ ❞✐s♣❡♥s❛r② ❡✛❡❝ts✱ ✇❡ r❡❣r❡ss ♣r❡s❝r✐♣t✐♦♥

❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ♦♥ ▼❈▲s ❛♥❞ ❞✐s♣❡♥s❛r✐❡s ✉s✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❛♣✲

♣r♦❛❝❤ ❞❡s❝r✐❜❡❞ ✐♥ ❡q✉❛t✐♦♥ ✷✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✸✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts

♦♥ ▼❈▲s ❛♥❞ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❢♦r ❛♥② s♣❡❝✐✜❝❛t✐♦♥ ♦r

s❛♠♣❧❡✳ ❈♦♠♣❛r✐♥❣ t❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts✱ ❞❡t❛✐❧✐♥❣ ✐s ❧❡ss r❡❛❝t✐✈❡ t♦ ❛

❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ t❤❛♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❆❧t❤♦✉❣❤✱ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t

♦❢ ❛♥ ▼❈▲ ♦♥ ♦♣✐♦✐❞✲❞❡t❛✐❧✐♥❣ ✐♥ ❝♦❧✉♠♥ ✭✹✮ ✐♥ P❛♥❡❧ ❉ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈✐✲

♦✉s r❡s✉❧ts✱ t❤❡② ❛r❡ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ❝♦♥✈❡♥t✐♦♥❛❧ ❧❡✈❡❧s ✭♣✲✈❛❧✉❡❂✵✳✶✸✮✳

❚❤✉s✱ ✇❤✐❧❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ✇❤❡♥ ❛♥ ▼❈▲ ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ ❛♥❞ ❜♦t❤ ♣✉❜✲

❧✐❝ ❞✐s❝✉ss✐♦♥ ❛♥❞ ✉♥❝❡rt❛✐♥t② ❛r❡ ❤✐❣❤❡st✱ t❤❡r❡ ✐s ♥♦t str♦♥❣ ❡✈✐❞❡♥❝❡ ❛t t❤❡ ❝♦✉♥t②

✷✽❲❡ ❛❧s♦ ❡①❛♠✐♥❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦r ❜❧♦❝❦❜✉st❡r ❞r✉❣s ❛♥❞ ♠♦r❡ ❝♦♥❝❡♥tr❛t❡❞ ♠❛r❦❡ts
❛♥❞ ❞♦ ♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❛t t❤❡ ❝♦✉♥t② ♦r st❛t❡
❧❡✈❡❧✳

✷✶



❧❡✈❡❧ ♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s r❡❞✉❝✐♥❣ ♠❛r❦❡t✐♥❣ t♦ ♣❤②s✐❝✐❛♥s ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❡♥tr②✳

✺✳✸ ❋❛❧s✐✜❝❛t✐♦♥ ❚❡sts

❆s ❢❛❧s✐✜❝❛t✐♦♥ t❡sts✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝t ♦❢ ▼❈▲s ♦♥ ♠❡❞✐❝❛❧ ❞❡✈✐❝❡✲r❡❧❛t❡❞ ❞❡t❛✐❧✲

✐♥❣ ❛♥❞ ❞❡t❛✐❧✐♥❣ t♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞♦❝t♦rs t❤❛t ❛r❡ ❧✐❦❡❧② ✉♥❛✛❡❝t❡❞ ❜② ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ P❛t✐❡♥ts s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❛tt❡♥t✐♦♥ ❢r♦♠ ♦♣t♦♠❡tr✐sts✱ ❞❡♥t✐sts✱

❛♥❞ ♣♦❞✐❛tr✐sts ✇✐❧❧ ❞✐✛❡r ❢r♦♠ ♣❛t✐❡♥ts s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ P❤❛r♠❛❝❡✉t✐❝❛❧

♠❛r❦❡t✐♥❣ t♦ t❤❡s❡ ❞♦❝t♦rs s❤♦✉❧❞ ♥♦t r❡s♣♦♥❞ t♦ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✳ ❚❤❡ r❡s✉❧ts

❢♦r t❤❡s❡ ❢♦✉r ❢❛❧s✐✜❝❛t✐♦♥ t❡sts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✾✳

❯♥❧✐❦❡ t❤❡ ♣r❡✈✐♦✉s r❡s✉❧ts✱ ❞❡t❛✐❧✐♥❣ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ ❢♦r ❛♥② ♦✉t❝♦♠❡ ✐♥ t❤❡

q✉❛rt❡rs ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞ ❛♥❞ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ ✭t = 0, 1✮✳ ❚❤❡ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡

✐♥ ♠❡❞✐❝❛❧ ❞❡✈✐❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧ ✐♥ t❤❡ t♦♣ ❧❡❢t ❣r❛♣❤ ✇❡❛❦❡♥s ♦✉r

r❡s✉❧ts ♦♥ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣✳ ❲❡ ❢✉rt❤❡r ❡①♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ ♦t❤❡r t②♣❡s

♦❢ ❞❡t❛✐❧✐♥❣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥ ❜② ❡①❛♠✐♥✐♥❣ ♣♦st✲▼❈▲

❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ t♦ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✳

✺✳✹ ▼❛r❦❡t ❈♦♥❝❡♥tr❛t✐♦♥ ✐♥ ❈❛♥♥❛❜✐s ❘❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♥❞

❉❡t❛✐❧✐♥❣ t♦ ❈❛♥♥❛❜✐s ❉♦❝t♦rs

▼❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡ts ❞✐✛❡r ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐♥ t❤❛t ❞❡♠❛♥❞✲

s✐❞❡ ❢❛❝t♦rs ♣❧❛② ❛ ♠♦r❡ s✐❣♥✐✜❝❛♥t r♦❧❡✳ ❆ ❧❛r❣❡r ♣❛t✐❡♥t ✐♥✢✉❡♥❝❡ ❛♥❞ ♣❤②s✐❝✐❛♥ r✐s❦

❛✈❡rs✐♦♥ ❤❛✈❡ ❧❡❞ t♦ ❣r❡❛t❡r ♠❛r❦❡t ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ ♣❤②s✐❝✐❛♥s t❤❛t ♣r♦✈✐❞❡ ♠❡❞✐❝❛❧

❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ P❤②s✐❝✐❛♥ r❡❣✐str✐❡s✱ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ✇❡❜s✐t❡s✱ ❛♥❞ ❞✐s✲

♣❡♥s❛r② s♣♦♥s♦r❡❞ ♣❛t✐❡♥t ❞r✐✈❡s t❤❛t ❝♦♥♥❡❝t ♣❛t✐❡♥ts ✇✐t❤ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❢✉rt❤❡r

❝♦♥❞❡♥s❡s t❤❡ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥ ♠❛r❦❡t ❛♥❞ ❧✐❦❡❧② ❝♦♥❝❡❛❧s ❛♥② r❡s♣♦♥s❡ ✐♥

♣❤❛r♠❛❝❡✉t✐❝❛❧ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛t ❛❣❣r❡❣❛t❡ ❧❡✈❡❧s✳

✷✷



❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧✱ ✇❡ ✉s❡ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧

♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞❛t❛ ❢r♦♠ t❤❡ ❋❧♦r✐❞❛ ❇♦❛r❞ ♦❢ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇♦❛r❞ ♦❢ ❖st❡♦♣❛t❤✐❝

▼❡❞✐❝✐♥❡✬s P❤②s✐❝✐❛♥ ❈❡rt✐✜❝❛t✐♦♥ P❛tt❡r♥ ❘❡✈✐❡✇ P❛♥❡❧ ❆♥♥✉❛❧ ❘❡♣♦rt ✭✷✵✶✾✮✳ ❚❤❡s❡

❞❛t❛ ❞❡s❝r✐❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ♠❛❞❡ ❜② ❡❛❝❤ ❋❧♦r✐❞❛ ❞♦❝t♦r

❞✉r✐♥❣ t❤❡ ✜rst ✾ ♠♦♥t❤s ♦❢ ✷✵✶✽✳✷✾ ❲❡ ♣❛✐r t❤❡s❡ ❞❛t❛ ✇✐t❤ ❡♥tr✐❡s ❢r♦♠ t❤❡ ♦♣❡♥

♣❛②♠❡♥ts ❞❛t❛ t♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❛♥❞

❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧✳

■♥ P❛♥❡❧ ❆ ✐♥ ❚❛❜❧❡ ✹✱ ✇❡ ❝♦♠♣❛r❡ ❞❡t❛✐❧✐♥❣ t♦ ❋❧♦r✐❞❛ ♣❤②s✐❝✐❛♥s ❜② ✇❤❡t❤❡r t❤❡

♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥

✐s ❤✐❣❤❡r ❛♠♦♥❣ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✭❤❡r❡❛❢t❡r r❡❢❡rr❡❞ t♦ ❛s ❝❛♥♥❛❜✐s

❞♦❝t♦rs✮✳ ■♥ P❛♥❡❧ ❇✱ ✇❡ ✉s❡ ♦✉r s❛♠♣❧❡ ♦❢ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❛♥❞ ❝♦♠♣❛r❡ t❤❡ ♥✉♠❜❡r

♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ✇r✐tt❡♥ ❜② ✇❤❡t❤❡r t❤❡ ❞♦❝t♦r r❡❝❡✐✈❡s ❞❡t❛✐❧✐♥❣✳ ❆♣✲

♣r♦①✐♠❛t❡❧② ✽✼✪ ♦❢ ❋❧♦r✐❞❛ ❝❛♥♥❛❜✐s ❞♦❝t♦rs r❡❝❡✐✈❡ ❞❡t❛✐❧✐♥❣ ✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳

❍♦✇❡✈❡r✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❝❡rt✐✜❝❛t✐♦♥s ✐s ❤✐❣❤❡r ❛♠♦♥❣ ♣❤②s✐❝✐❛♥s t❤❛t ❛r❡ ♥♦t

❡①♣♦s❡❞ t♦ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ s✉❣❣❡sts ❛ ❞✐s♣r♦♣♦rt✐♦♥❛t❡

s❤❛r❡ ♦❢ ❧❛r❣❡ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❡rs ❛r❡ ♣❤②s✐❝✐❛♥s t❤❛t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s

❞♦ ♥♦t ✐♥✈❡st ✐♥ ♠❛r❦❡t✐♥❣ t♦✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ st②❧✐③❡❞ ❢❛❝ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❛ ❝♦♥✲

❝❡♥tr❛t❡❞ ♠❛r❦❡t ♦❢ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ♣❤②s✐❝✐❛♥s t❤❛t ❞♦❝t♦rs s❡❧❡❝t ✐♥t♦ ❛♥❞ ♣❛t✐❡♥ts

❝❛♥ s❤♦♣ ❢♦r✳

❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✱

✇❡ ❡st✐♠❛t❡ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❡q✉❛t✐♦♥ t❤❛t t❛❦❡s t❤❡ ❢♦r♠

Dijct = β1CannabisDri + β2CannabisDri ×MCLct +X
′

ctα + γc + δt + φj + εijct ✭✸✮

✷✾❚♦ r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✐♥ ❋❧♦r✐❞❛✱ ❛ ♣❤②s✐❝✐❛♥ ♠✉st ❝♦♠♣❧❡t❡ ❛ t✇♦ ❤♦✉r ❝♦✉rs❡ ❛♥❞ ❡①❛♠✳
❲❡ ❛ss✉♠❡ ♣❤②s✐❝✐❛♥ ❝❡rt✐✜❝❛t✐♦♥ ❛♥❞ ❛t ❧❡❛st ♦♥❡ r❡❝♦♠♠❡♥❞❛t✐♦♥ ❛s ❡✈✐❞❡♥❝❡ t❤❡ ❞♦❝t♦r ♣❡r❝❡✐✈❡s
❝❛♥♥❛❜✐s ❛s ❛ ♣♦t❡♥t✐❛❧ s✉❜st✐t✉t❡ t♦ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳ P❛t✐❡♥ts ❝❛♥ ♦❜t❛✐♥ ❝❡rt✐✜❝❛t✐♦♥
❢♦r ✉♣ t♦ ❛ ✷✶✵ ❞❛②s ❜❡❢♦r❡ ♥❡❡❞✐♥❣ r❡✲❡✈❛❧✉❛t✐♦♥ ❛♥❞ r❡❝♦♠♠❡♥❞❛t✐♦♥ r❡♥❡✇❛❧✳
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✇❤❡r❡ Dijct ✐s t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♣❤②s✐❝✐❛♥ i ♦❢ ❞♦❝t♦r t②♣❡ j ✐♥ ❝♦✉♥t② c ✐♥

q✉❛rt❡r ②❡❛r t✳✸✵ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ s❛♠❡ s❡t ♦❢ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥

♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣

♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t② ❛s ✇❡❧❧ ❛s ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r t②♣❡ ✜①❡❞ ❡✛❡❝ts✳

❖✉r s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❋❧♦r✐❞❛ ❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳

❉♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ❝♦♠♣r✐s❡ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣ ✇❤✐❧❡ ❞♦❝t♦rs t❤❛t

❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ♦✉r ❝♦♥tr♦❧ ❣r♦✉♣✳ ❈❛♥♥❛❜✐s ❞♦❝t♦rs ❛r❡

❝♦♥s✐❞❡r❡❞ ✏✉♥tr❡❛t❡❞✑ ❢♦r ❛❧❧ ♦❜s❡r✈❛t✐♦♥s ♣r✐♦r t♦ ▼❈▲ ❛♣♣r♦✈❛❧ ❛♥❞ β2 ❝❛♣t✉r❡s t❤❡

❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ♥♦♥✲❝❛♥♥❛❜✐s ❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳

❚❤❡ ❡st✐♠❛t❡❞ r❡❧❛t✐♦♥s❤✐♣s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✺✳ ❚❤❡ r❡s✉❧ts ✐♥ ❝♦❧✉♠♥s ✭✶✮

❛♥❞ ✭✷✮ s✉❣❣❡st ♦✈❡r❛❧❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ✐♥❝r❡❛s❡s ❢♦❧✲

❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❝♦❡✣❝✐❡♥ts ✐♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮

✐♥❞✐❝❛t❡ ❛ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❛❢t❡r ▼❈▲ ❛♣♣r♦✈❛❧✳

❆❧t❤♦✉❣❤ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝ts✱ ♣❛✐♥ ♠❛♥❛❣❡♠❡♥t ✐s t❤❡ ♠♦st ❝♦♠♠♦♥

r❡❛s♦♥ ❢♦r s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤❡r❡❢♦r❡✱ ♦♣✐♦✐❞ ♠❛r❦❡ts ❛r❡ ♠♦r❡ ❡①♣♦s❡❞ t♦

❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ✇✐❧❧ ❧✐❦❡❧② r❡s♣♦♥❞ ❞✐✛❡r❡♥t❧② t❤❛♥ ♦t❤❡r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ♠❛r❦❡ts✳

❆♠♦♥❣ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✱ t❤❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❞❡❝❧✐♥❡s

❜② ✸✸✪ t♦ ✹✷✪ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧ ✐♥ ✷✵✶✻✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t s❡❧❡❝t✐♦♥ ✐♥t♦

tr❡❛t♠❡♥t ❧✐❦❡❧② ✐♥tr♦❞✉❝❡s ❜✐❛s ❛♥❞ ❝♦♥t❛♠✐♥❛t❡s t❤❡ ❡st✐♠❛t❡s✳ ❙t✐❧❧✱ t❤❡ ♥❡❣❛t✐✈❡ r❡✲

❧❛t✐♦♥s❤✐♣ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ♣r❡s❝r✐♣t✐♦♥s

✭◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥✱ ✷✵✶✾❛✮ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦❢ ▼❈▲s ♦♥ ♣r❡s❝r✐❜❡❞

♦♣✐♦✐❞s ✭▼❝▼✐❝❤❛❡❧✱ ❱❛♥ ❍♦r♥ ❛♥❞ ❱✐s❝✉s✐✱ ✷✵✷✵✮✳ ▼♦r❡♦✈❡r✱ t❤❡ ❡✛❡❝ts ✐♥ ❝♦❧✉♠♥s ✭✸✮

❛♥❞ ✭✹✮ ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ✐♥ ♠❛❣♥✐t✉❞❡ t❤❛♥ t❤❡ ❝♦✉♥t②✲❧❡✈❡❧ ❡st✐♠❛t❡s s✉❣❣❡st✲

✐♥❣ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞❡t❛✐❧✐♥❣ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✐s ♠❛s❦❡❞ ❜② t❤❡ s♠❛❧❧

♣❡r❝❡♥t ♦❢ ❞♦❝t♦rs t❤❛t ❝♦♥s✐❞❡r ❝❛♥♥❛❜✐s ❛ s✉❜st✐t✉t❡ ✐♥ ♣r❛❝t✐❝❡✳

✸✵❲❡ ❛❧s♦ ❡st✐♠❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✉s✐♥❣ ❛♥ ✉♥❜❛❧❛♥❝❡❞ ♣❛♥❡❧ r❛t❤❡r t❤❛♥ r❡♣❡❛t❡❞ ❝r♦ss s❡❝t✐♦♥s✳
❚❤❡ r❡s✉❧ts ❛r❡ q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳

✷✹



❋✐♥❛❧❧②✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ❛♥ ▼❈▲ ♦♥ ❞❡✈✐❝❡✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❛s ❛ ❢❛❧s✐✜✲

❝❛t✐♦♥ t❡st✳ ❚❤❡ r❡s✉❧ts ✐♥ ❝♦❧✉♠♥s ✭✺✮ ❛♥❞ ✭✻✮ ✐♥ ❚❛❜❧❡ ✺ ❛r❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠

③❡r♦✳ ❆❧t❤♦✉❣❤ s❛♠♣❧❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❧❡✈❡❧ ♦❢ ♦❜s❡r✈❛t✐♦♥ ❛r❡ ❞✐✛❡r❡♥t✱ t❤❡ r❡s✉❧ts

❞♦ ♥♦t s✉♣♣♦rt t❤❡ ♠❛r❣✐♥❛❧❧② s✐❣♥✐✜❝❛♥t ❝♦✉♥t②✲❧❡✈❡❧ ❡st✐♠❛t❡s ♣r❡✈✐♦✉s❧② ❞❡t❛✐❧❡❞ ✐♥

❋✐❣✉r❡ ✾✳ ❋✉rt❤❡r✱ t❤❡s❡ ♥✉❧❧ r❡s✉❧ts ❞♦ ♥♦t ❥❡♦♣❛r❞✐③❡ t❤❡ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡✲

t✇❡❡♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs t❤❛t ❛r❡

❞❡s❝r✐❜❡❞ ✐♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮✳

✻ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐s r❡❧❛t✐✈❡❧② ♥❡✇ ❛♥❞ r❛♣✐❞❧② ❡✈♦❧✈✐♥❣ ✇✐t❤ ❡❛❝❤ ❡❧❡❝✲

t✐♦♥ ❝②❝❧❡✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ ❝❛♥♥❛❜✐s ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ ❢♦r♠ ♦❢ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t

s✉❣❣❡sts t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ s✐❣♥❛❧s ❛ ❝♦♠♣❡t✐t♦r ❡♥tr② ❢♦r ❛ ♥✉♠❜❡r

♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡ts✳ ❚❤❡r❡❢♦r❡✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ♠❛② ❜❡❤❛✈❡

str❛t❡❣✐❝❛❧❧② t♦ ♣r❡s❡r✈❡ ♠❛r❦❡t s❤❛r❡✳ ❲❡ ❡①♣❧♦✐t t❤❡ t❡♠♣♦r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐✲

❛t✐♦♥ ✐♥ ▼❈▲s t♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞

❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳

❲❡ ✜♥❞ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❞✉r✐♥❣ q✉❛rt❡rs ✇❤❡♥ ❛♥ ▼❈▲ ❤❛s ❜❡❡♥ ♣r♦✲

♣♦s❡❞ ❛♥❞ ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ✐♥❝r❡❛s❡ ✐s ♥♦t ❞r✐✈❡♥ s♣❡❝✐✜❝❛❧❧② ❜②

❞r✉❣ ♠❛r❦❡ts ✐♥ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❛ s✉❜st✐t✉t❡✳ ▼♦r❡♦✈❡r✱ ✇❡ ❞♦ ♥♦t

✜♥❞ str♦♥❣ ❡✈✐❞❡♥❝❡ t♦ ✐♥❞✐❝❛t❡ ❝❤❛♥❣❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s

❧❡❣❛❧✐③❛t✐♦♥✳ ❲❡ ❛r❣✉❡ t❤❡ ❧❛❝❦ ♦❢ r❡s♣♦♥s❡ ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ❢♦❧❧♦✇✐♥❣

❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✐s ❞✉❡ t♦ ❛ s♠❛❧❧✱ ❝♦♥❝❡♥tr❛t❡❞ ♠❛r❦❡t ♦❢ ❞♦❝t♦rs ✇✐❧❧✐♥❣ t♦ r❡❝♦♠✲

♠❡♥❞ ❝❛♥♥❛❜✐s✳ ▼♦r❡♦✈❡r✱ t❤❡ ♣r❡s❝r✐❜✐♥❣ ✐♥❡rt✐❛ ❢♦r ❛ ❧❛r❣❡ ♠❛❥♦r✐t② ♦❢ ❞♦❝t♦rs t❤❛t

❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✐s ❡①❛❝❡r❜❛t❡❞ ❜② t❤❡ ❢❡❞❡r❛❧ ✐❧❧❡❣❛❧✐t② ♦❢ ❝❛♥♥❛❜✐s ❛♥❞ t❤❡

♦✈❡r❛❧❧ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ tr❡❛t♠❡♥t ❡✣❝❛❝② ♦❢ t❤❡ ❞r✉❣✳ ❆t t❤❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧✱ t❤❡♥✱

t❤❡r❡ ✐s ♥♦ ♥❡❡❞ ❢♦r ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t♦ ❛❧t❡r t❤❡✐r ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s ✐❢ ❛♥

✷✺



♦✈❡r✇❤❡❧♠✐♥❣ ♠❛❥♦r✐t② ♦❢ ❞♦❝t♦rs ❞♦ ♥♦t ✈✐❡✇ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s ❛ ✈✐❛❜❧❡ s✉❜st✐t✉t❡✳

❚♦ ❡①♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧✱ ✇❡ ♣❛✐r ♦✣❝❡ ❞❡t❛✐❧✐♥❣

r❡❝♦r❞s ✇✐t❤ ❛ ♥♦✈❡❧ ❞❛t❛s❡t ♦❢ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❝❛♥♥❛❜✐s ❝❡rt✐✜❝❛t✐♦♥s ✐♥ t❤❡ st❛t❡ ♦❢

t❤❡ ❋❧♦r✐❞❛✳ ❲❡ ✜♥❞ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs

❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳ ❆❧t❤♦✉❣❤ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❝❛✉s❛❧✐t② ❛♥❞ ♣❤②s✐❝✐❛♥ s❡❧❡❝t✐♦♥

✐♥t♦ tr❡❛t♠❡♥t ♣r❡✈❡♥t ✉s ❢r♦♠ ✐❞❡♥t✐❢②✐♥❣ ❛ ❝❛✉s❛❧ r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧✱

t❤❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❛♠♦♥❣ ❋❧♦r✐❞❛ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ t❤❛t

♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s r❡s♣♦♥❞ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s ❛ ❝♦♠♣❡t✐t♦r✳ ❚❤✐s r❡s♣♦♥s❡

✇✐❧❧ ❧✐❦❡❧② ❣r♦✇ ✇✐t❤ t❤❡ ♣r♦❧✐❢❡r❛t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳

▲❛st✱ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐✛❡rs ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐♥ t❤❛t ❞❡♠❛♥❞

s✐❞❡ ❢❛❝t♦rs ❛♥❞ ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛r❡ ❧✐❦❡❧② ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s

♠❛r❦❡ts✳ ❚❤❡ r❡s♦✉r❝❡s ❛✈❛✐❧❛❜❧❡ t♦ ❢❛❝✐❧✐t❛t❡ ❞♦❝t♦r s❤♦♣♣✐♥❣ ❛♥❞ t❤❡ ❛❜✐❧✐t② ♦❢ ♣❛t✐❡♥ts

t♦ ❜②♣❛ss t❤❡✐r ✉s✉❛❧ ♣❤②s✐❝✐❛♥ t♦ ♦❜t❛✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♣♣r♦✈❛❧ r❡❞✉❝❡s t❤❡ r♦❧❡ ♦❢

♣r♦✈✐❞❡r ✐♥ ❞❡t❡r♠✐♥✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s tr❡❛t♠❡♥t✳ ❚❤❡ ♠✐t✐❣❛t❡❞ r❡s✉❧ts ❛t t❤❡

❛❣❣r❡❣❛t❡ ❧❡✈❡❧ r❡✢❡❝t t❤❡s❡ ❢❡❛t✉r❡s t❤❛t ❛r❡ ✉♥✐q✉❡ t♦ t❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t

❛♥❞ s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ❡①❛♠✐♥✐♥❣ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❝❛♥♥❛❜✐s ❧✐❜❡r❛❧✐③✐♥❣

♣♦❧✐❝✐❡s✳
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❘❡❢❡r❡♥❝❡s

❆❞❧❡r✱ ❏♦♥❛t❤❛♥ ◆✳✱ ❛♥❞ ❏❛♠❡s ❆✳ ❈♦❧❜❡rt✳ ✷✵✶✸✳ ✏▼❡❞✐❝✐♥❛❧ ✉s❡ ♦❢ ▼❛r✐❥✉❛♥❛ ✲ P♦❧❧✐♥❣

❘❡s✉❧ts✳✑ ◆❡✇ ❊♥❣❧❛♥❞ ❏♦✉r♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✻✽✭✷✷✮✿ ❡✸✵✭✶✮✳
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■♥❣r❛❤❛♠✱ ❈❤r✐st♦♣❤❡r✳ ✷✵✶✻✳ ✏❆ ♠❛❦❡r ♦❢ ❞❡❛❞❧② ♣❛✐♥❦✐❧❧❡rs ✐s ❜❛♥❦r♦❧❧✐♥❣ t❤❡

♦♣♣♦s✐t✐♦♥ t♦ ❧❡❣❛❧ ♠❛r✐❥✉❛♥❛ ✐♥ ❆r✐③♦♥❛✳✑ ❆❝❝❡ss❡❞ ✵✾ ❏❛♥✉❛r② ✷✵✷✵✳ ❆✈❛✐❧✲
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♣❛✐♥❦✐❧❧❡rs✲✐s✲❜❛♥❦r♦❧❧✐♥❣✲t❤❡✲♦♣♣♦s✐t✐♦♥✲t♦✲❧❡❣❛❧✲♠❛r✐❥✉❛♥❛✲✐♥✲❛r✐③♦♥❛✴✳
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♠❛❝❡✉t✐❝❛❧ ❉❡t❛✐❧✐♥❣ P♦❧✐❝✐❡s ❛♥❞ P❤②s✐❝✐❛♥ Pr❡s❝r✐❜✐♥❣✳✑ ❏❆▼❆✱ ✸✶✼✭✶✼✮✿ ✶✼✽✺✕✶✼✾✺✳
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◆❛r❛②❛♥❛♥✱ ❙r✐❞❤❛r✱ P✉♥❡❡t ▼❛♥❝❤❛♥❞❛✱ ❛♥❞ Pr❛❞❡❡♣ ❑✳ ❈❤✐♥t❛❣✉♥t❛✳ ✷✵✵✺✳ ✏❚❡♠✲

♣♦r❛❧ ❉✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❘♦❧❡ ♦❢ ▼❛r❦❡t✐♥❣ ❈♦♠♠✉♥✐❝❛t✐♦♥ ✐♥ ◆❡✇ Pr♦❞✉❝t ❈❛t❡❣♦r✐❡s✳✑

❏♦✉r♥❛❧ ♦❢ ▼❛r❦❡t✐♥❣ ❘❡s❡❛r❝❤✱ ✹✷✭✸✮✿ ✷✼✽✕✷✾✵✳
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♦❢ ❈❛♥♥❛❜✐s ❛♥❞ ❈❛♥♥❛❜✐♥♦✐❞s✿ ❚❤❡ ❈✉rr❡♥t ❙t❛t❡ ♦❢ ❊✈✐❞❡♥❝❡ ❛♥❞ ❘❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r
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♦r❣✴♣❛♣❡rs✴✇✷✻✸✺✻✳
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❖❣❞❡♥✱ ❉❛✈✐❞ ❲✳ ✷✵✵✾✳ ✏▼❡♠♦r❛♥❞✉♠ ❢♦r ❙❡❧❡❝t❡❞ ❯♥✐t❡❞ ❙t❛t❡s ❆tt♦r♥❡②s✳✑
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❋✐❣✉r❡ ✾✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❈▲s ♦♥ ❯♥r❡❧❛t❡❞ Pr♦❞✉❝ts ❛♥❞ ❉♦❝t♦rs

❆s ❢❛❧s✐✜❝❛t✐♦♥ t❡sts✱ ✇❡ ❡st✐♠❛t❡ t❤❡ t✐♠❡✲✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥ts ❢♦r ♠❡❞✐❝❛❧ ❞❡✈✐❝❡s ❛♥❞ ❞❡t❛✐❧✐♥❣ t♦ ♦♣t♦♠❡tr✐sts✱ ❞❡♥t✐sts✱
❛♥❞ ♣♦❞✐❛tr✐sts ✐♥ ❡❛❝❤ ❣r❛♣❤✳ ❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❧❛✇ ♣r♦♣♦s❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞
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▼♦♥t❛♥❛ ✷✵✵✹q✷ ✷✵✵✹q✹ ✷✵✵✹q✹ ✷✵✶✼q✸
◆❡✈❛❞❛ ✶✾✾✽q✷ ✷✵✵✵q✹ ✷✵✵✶q✹ ✷✵✶✺q✶
◆❡✇ ❍❛♠♣s❤✐r❡ ✷✵✶✸q✶ ✷✵✶✸q✸ ✷✵✶✸q✸ ✷✵✶✻q✹
◆❡✇ ❏❡rs❡② ✷✵✵✽q✶ ✷✵✶✵q✶ ✷✵✶✵q✸ ✷✵✶✷q✹
◆❡✇ ▼❡①✐❝♦ ✷✵✵✼q✶ ✷✵✵✼q✶ ✷✵✵✼q✸ ✷✵✵✾q✸
◆❡✇ ❨♦r❦ ✷✵✶✸q✶ ✷✵✶✹q✸ ✷✵✶✹q✸ ✷✵✶✻q✶

◆♦rt❤ ❉❛❦♦t❛∗ ✷✵✶✻q✸ ✷✵✶✻q✹ ✷✵✶✻q✹ ✷✵✶✾q✶

❖❤✐♦∗ ✷✵✶✻q✷ ✷✵✶✻q✷ ✷✵✶✻q✸ ✷✵✶✾q✶

❖❦❧❛❤♦♠❛ ✷✵✶✽q✶ ✷✵✶✽q✷ ✷✵✶✽q✷ ✷✵✶✽q✹

❖r❡❣♦♥ ✶✾✾✽q✸ ✶✾✾✽q✹ ✶✾✾✾q✹ ✷✵✶✹q✶
P❡♥♥s②❧✈❛♥✐❛ ✷✵✶✺q✶ ✷✵✶✻q✷ ✷✵✶✻q✷ ✷✵✶✽q✶

❘❤♦❞❡ ■s❧❛♥❞ ✷✵✵✺q✶ ✷✵✵✻q✶ ✷✵✵✻q✶ ✷✵✶✸q✷
❯t❛❤ ✷✵✶✽q✷ ✷✵✶✽q✹ ✷✵✶✽q✹ ✷✵✷✵q✶

❱❡r♠♦♥t ✷✵✵✸q✶ ✷✵✵✹q✷ ✷✵✵✼q✷ ✷✵✶✸q✷
❲❛s❤✐♥❣t♦♥ ✶✾✾✽q✶ ✶✾✾✽q✹ ✶✾✾✽q✹ ✷✵✶✹q✸
❲❡st ❱✐r❣✐♥✐❛ ✷✵✶✼q✶ ✷✵✶✼q✷ ✷✵✶✾q✸ ✲

❇♦❧❞ ❢♦♥t ✐♥❞✐❝❛t❡s ❧❛✇ ❡♥❛❝t♠❡♥t ♦❝❝✉rr❡❞ ✇✐t❤✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳
∗✲ ❉✐s♣❡♥s❛r✐❡s ♦♣❡r❛t✐♥❣ ✇✐t❤ st❛t❡ ❧✐❝❡♥s❡ ♣r♦✈✐s✐♦♥s ✇❡r❡ ♥♦t ❛❝t✐✈❡ ✇✐t❤✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳
†✲ ❉✐s♣❡♥s❛r✐❡s ♦♣❡♥❡❞ ✉♥❞❡r t❤❡ ♣r♦t❡❝t✐♦♥ ♦❢ r✐❣❤t✲t♦✲tr② ❧❛✇s✳ ❲❡ tr❡❛t t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ▼❈▲
❞❛t❡ ❛♥❞ ❞✐s♣❡♥s❛r② ❞❛t❡ ✭✷✵✶✼q✶✮ ❛s t❤❡ ✜rst q✉❛rt❡r ♦❢ tr❡❛t♠❡♥t✳
‡✲ ❆❧t❤♦✉❣❤ ❞✐s♣❡♥s❛r✐❡s ❤❛❞ ❜❡❡♥ ♦♣❡r❛t✐♥❣ ❢♦r ♠✉❧t✐♣❧❡ ②❡❛rs ✐♥ ❣r❛② ♠❛r❦❡ts ❛♥❞ ✉♥❞❡r ❡♠❡r✲
❣❡♥❝② r✉❧❡s✱ t❤❡ ✜rst st❛t❡✲❧✐❝❡♥s❡❞ s❛❧❡ ♦❝❝✉rr❡❞ ✐♥ ❖❝t♦❜❡r ✷✵✶✽✳
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❚❛❜❧❡ ✷✿ ❙✉♠♠❛r② ❙t❛t✐st✐❝s ❜② ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥ ❙t❛t✉s

◆♦♥✲▼❈▲ ❈♦✉♥t✐❡s Pr❡✲▼❈▲ ❈♦✉♥t✐❡s P♦st✲▼❈▲ ❈♦✉♥t✐❡s
❱❛r✐❛❜❧❡ ◆ ▼❡❛♥ ❙✳❉✳ ◆ ▼❡❛♥ ❙✳❉✳ ◆ ▼❡❛♥ ❙✳❉✳

❖✈❡r❛❧❧ ✭❆❧❧ ❉rs✳✮ ✸✶✱✵✼✵ ✸✶✳✺✻ ✸✹✳✻✵ ✾✱✶✸✻ ✸✸✳✶✷ ✸✻✳✼✾ ✶✽✱✸✼✾ ✷✹✳✶✻ ✷✻✳✹✶
❖✈❡r❛❧❧ ✭▼❉s✮ ✸✶✱✵✼✵ ✹✽✳✾✼ ✻✸✳✷✵ ✾✱✶✸✻ ✺✸✳✵✾ ✶✽✼✳✸✶ ✶✽✱✸✼✾ ✸✺✳✾✷ ✹✹✳✷✼
❙✉❜st✐t✉t❡✲❘❡❧❛t❡❞ ✸✶✱✵✼✵ ✷✳✷✸ ✻✳✷✷ ✾✱✶✸✻ ✷✳✹✽ ✺✳✼✽ ✶✽✱✸✼✾ ✶✳✻✹ ✸✳✷✼
❖♣✐♦✐❞✲❘❡❧❛t❡❞ ✸✶✱✵✼✵ ✵✳✸✼ ✶✳✹✹ ✾✱✶✸✻ ✵✳✹✾ ✷✳✵✹ ✶✽✱✸✼✾ ✵✳✷✼ ✵✳✾✺

❖❜s❡r✈❛t✐♦♥s ❝♦♥s✐st ♦❢ ❞❡t❛✐❧✐♥❣ ❡♥tr✐❡s ❢r♦♠ t❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛s❡t ❢r♦♠ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽ t❤❛t ❛r❡ ❛❣❣r❡❣❛t❡❞
t♦ t❤❡ ❝♦✉♥t②✲q✉❛rt❡r✲②❡❛r ❧❡✈❡❧ ❛♥❞ s❝❛❧❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❞♦❝t♦rs r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ t❤❡ ❝♦✉♥t② ✐♥ ❛ ❣✐✈❡♥
q✉❛rt❡r✲②❡❛r✳ ❖❜s❡r✈❛t✐♦♥s ❛r❡ s❡♣❛r❛t❡❞ ❜② ▼❈▲ st❛t✉s s✉❝❤ t❤❛t ♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s ❛r❡ ❧♦❝❛t❡❞ ✐♥ st❛t❡s t❤❛t ♥❡✈❡r
❛❞♦♣t ❛♥ ▼❈▲ ✇✐t❤✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✱ ♣r❡✲▼❈▲ ❝♦✉♥t② ♦❜s❡r✈❛t✐♦♥s ❛r❡ ❝♦✉♥t✐❡s ❧♦❝❛t❡❞ ✐♥ st❛t❡s t❤❛t ❛❞♦♣t ❛♥
▼❈▲ ♣r✐♦r t♦ ✷✵✶✾ ❜✉t ❤❛✈❡ ♥♦t ②❡t ❛♣♣r♦✈❡❞ t❤❡✐r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇✱ ❛♥❞ ♣♦st✲▼❈▲ ❝♦✉♥t✐❡s ❝♦♥s✐st ♦❢ ♦❜s❡r✈❛✲
t✐♦♥s ♦❢ ❝♦✉♥t✐❡s ✐♥ st❛t❡s ✇✐t❤ ❛♥ ▼❈▲✳

❚❛❜❧❡ ✸✿ ❊✛❡❝ts ♦❢ ▼❈▲s ❛♥❞ ❉✐s♣❡♥s❛r✐❡s ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣

P❛♥❡❧ ❆✿ ❆❧❧ P❤②s✐❝✐❛♥s P❛♥❡❧ ❇✿ ▼❡❞✐❝❛❧ ❉♦❝t♦rs
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

▼❈▲ ✲✵✳✹✽✽ ✲ ✲✵✳✹✹✹ ✲✶✳✸✼✺ ✲ ✲✶✳✷✹✻
✭✵✳✾✾✻✮ ✲ ✭✵✳✾✷✻✮ ✭✶✳✾✶✼✮ ✲ ✭✶✳✽✸✷✮

❙t❛t❡ ❉✐s♣✳ ✲ ✲✵✳✹✸✻ ✲✵✳✸✼✾ ✲ ✲✶✳✷✼✹ ✲✶✳✶✶✹
✲ ✭✵✳✽✶✶✮ ✭✵✳✼✶✸✮ ✲ ✭✶✳✸✽✷✮ ✭✶✳✷✽✼✮

P❛♥❡❧ ❈✿ ❙✉❜st✐t✉t❡s P❛♥❡❧ ❉✿ ❖♣✐♦✐❞s
▼❈▲ ✲✵✳✶✼✶ ✲ ✲✵✳✶✼✵ ✲✵✳✵✾✸ ✲ ✲✵✳✵✽✽

✭✵✳✶✺✻✮ ✲ ✭✵✳✶✻✶✮ ✭✵✳✵✻✸✮ ✲ ✭✵✳✵✻✻✮
❙t❛t❡ ❉✐s♣✳ ✲ ✲✵✳✵✷✺ ✲✵✳✵✵✸ ✲ ✲✵✳✵✺✼ ✲✵✳✵✹✻

✲ ✭✵✳✶✷✻✮ ✭✵✳✶✸✹✮ ✲ ✭✵✳✵✹✹✮ ✭✵✳✵✹✽✮
❖❜s❡r✈❛t✐♦♥s ✺✽✱✺✽✺ ✺✽✱✺✽✺ ✺✽✱✺✽✺ ✺✽✱✺✽✺ ✺✽✱✺✽✺ ✺✽✱✺✽✺

❈♦❡✣❝✐❡♥ts ❞❡s❝r✐❜❡ t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ t❤❡ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣
s♣❡❝✐✜❡❞ ❢♦r ❡❛❝❤ ♣❛♥❡❧ ❡st✐♠❛t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✷✳ ❆❧❧ s♣❡❝✐✜❝❛t✐♦♥s ✐♥❝❧✉❞❡ t✐♠❡ ❛♥❞
❝♦✉♥t② ✜①❡❞ ❡✛❡❝ts ❛s ✇❡❧❧ ❝♦✉♥t②✲❧❡✈❡❧ t✐♠❡✲✈❛r②✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s ❝♦✉♥t② ♣♦♣✲
✉❧❛t✐♦♥✱ ❛✈❡r❛❣❡ ✇❡❡❦❧② ✇❛❣❡s✱ ✉♥❡♠♣❧♦②♠❡♥t r❛t❡✱ ♣❡r❝❡♥t ✉♥✐♥s✉r❡❞✱ ♦❜❡s✐t②✱ ❤❡❛❧t❤
❝♦sts ❛♥❞ ❞❡♠♦❣r❛♣❤✐❝ ✐♥❢♦r♠❛t✐♦♥✳ MCL ✐♥❞✐❝❛t❡s ❛♣♣r♦✈❛❧ ♦❢ ❛ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇
❛♥❞ State Disp. ✐♥❞✐❝❛t❡s ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳ ❙t❛♥❞❛r❞
❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳
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❚❛❜❧❡ ✹✿ ▼❡❛♥ ❈♦♠♣❛r✐s♦♥s ✐♥ ❉❡t❛✐❧✐♥❣ ❢♦r ❋❧♦r✐❞❛ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❉♦❝t♦rs

P❛♥❡❧ ❆✿ ❙❛♠♣❧❡ ♦❢ ❋❧♦r✐❞❛ ❉♦❝t♦rs ❘❡❝❡✐✈✐♥❣ ❉❡t❛✐❧✐♥❣
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮

❈❛♥♥❛❜✐s ◆♦♥✲❈❛♥♥❛❜✐s
❉♦❝t♦rs ❉♦❝t♦rs ❉✐✛❡r❡♥❝❡ t✲st❛t✐st✐❝

❉❡t❛✐❧✐♥❣ ❉♦❧❧❛rs
❚♦t❛❧ ✶✷✻✳✺✼ ✽✷✳✾✹ ✲✹✸✳✻✸ ✲✷✺✳✻✵
❖♣✐♦✐❞✲r❡❧❛t❡❞ ✶✳✶✶ ✵✳✷✹ ✲✵✳✽✻ ✲✼✳✾✶

❖❜s❡r✈❛t✐♦♥s ✶✵✱✾✹✹ ✹✽✷✱✹✻✽

P❛♥❡❧ ❇✿ ❙❛♠♣❧❡ ♦❢ ❋❧♦r✐❞❛ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❉♦❝t♦rs ✐♥ ✷✵✶✽
❉❡t❛✐❧✐♥❣ ◆♦ ❉❡t❛✐❧✐♥❣
❘❡❝❡✐✈❡❞ ❖❝❝✉rs ❉✐✛❡r❡♥❝❡ t✲st❛t✐st✐❝

❈❛♥♥❛❜✐s ❘❡❝♦♠♠❡♥❞❛t✐♦♥s
❚♦t❛❧ ✶✺✾✳✵✶ ✷✼✾✳✺✾ ✶✷✵✳✺✾ ✷✳✺✺
P❛✐♥✲r❡❧❛t❡❞ ✹✻✳✹✼ ✺✽✳✸✽ ✶✶✳✾✶ ✵✳✾✻

❖❜s❡r✈❛t✐♦♥s ✾✷✸ ✶✹✷

❚❤❡ s❛♠♣❧❡ ✐♥ P❛♥❡❧ ❆ ❝♦♥s✐sts ♦❢ ❛❧❧ ❋❧♦r✐❞❛ ❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣
✐♥ t❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛❜❛s❡ ❛♥❞ ❝♦♠♣❛r❡s ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ❛❝r♦ss ✇❤❡t❤❡r t❤❡② ♣r♦✈✐❞❡ ❝❛♥♥❛❜✐s
r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ P❛♥❡❧ ❇ ❝♦♠♣❛r❡s t❤❡ ♥✉♠❜❡r ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❋❧♦r✐❞❛
❞♦❝t♦rs ❜❡t✇❡❡♥ ❏❛♥✉❛r② ✶ ❛♥❞ ❙❡♣t❡♠❜❡r ✸✵ ✷✵✶✽ s❡♣❛r❛t❡❞ ❜② ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈❡❞ ♣r❡✲
s❝r✐♣t✐♦♥ ❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣✳

❚❛❜❧❡ ✺✿ ❘❡s♣♦♥s❡ ✐♥ ❉❡t❛✐❧✐♥❣ ❢♦r ❋❧♦r✐❞❛ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❉♦❝t♦rs

❖✈❡r❛❧❧ ❖♣✐♦✐❞✲❘❡❧❛t❡❞ ❉❡✈✐❝❡✲❘❡❧❛t❡❞
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈❛♥♥❛❜✐s ❉r✳ ✸✾✳✶✻✺∗∗∗ ✸✾✳✶✻✽∗∗∗ ✶✳✵✾✸∗∗∗ ✶✳✵✾✸∗∗∗ ✲✶✽✳✹✽✾∗∗∗ ✲✶✽✳✹✽✽∗∗∗

✭✷✳✺✽✼✮ ✭✷✳✺✽✼✮ ✭✵✳✷✷✵✮ ✭✵✳✷✷✵✮ ✭✶✳✷✾✶✮ ✭✶✳✷✾✶✮
❈❛♥♥❛❜✐s ❉r✳×▼❈▲ ✺✳✾✾✶ ✶✵✳✶✹✻∗ ✲✵✳✺✾✺∗∗ ✲✵✳✹✺✾∗ ✲✶✳✸✷✷ ✵✳✵✹✷

✭✹✳✸✷✵✮ ✭✺✳✼✾✹✮ ✭✵✳✷✸✽✮ ✭✵✳✷✻✽✮ ✭✷✳✶✾✵✮ ✭✷✳✻✾✺✮
❈❛♥♥❛❜✐s ❉r✳× ❉✐s♣✳ ✲ ✲✼✳✺✶✾ ✲ ✲✵✳✷✹✼ ✲ ✲✷✳✹✻✾

✲ ✭✻✳✾✻✵✮ ✲ ✭✵✳✶✾✷✮ ✲ ✭✸✳✺✶✺✮
❖❜s❡r✈❛t✐♦♥s ✺✼✹✱✾✵✾ ✺✼✹✱✾✵✾ ✺✼✹✱✾✵✾ ✺✼✹✱✾✵✾ ✺✼✹✱✾✵✾ ✺✼✹✱✾✵✾

❲❡ r❡❣r❡ss ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♦♥ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽ ✭❈❛♥♥❛❜✐s
❉r✳✮✱ t❤❡ ❞❡t❛✐❧✐♥❣ ♣♦st ▼❈▲ ❛♣♣r♦✈❛❧ ✭❈❛♥♥❛❜✐s ❉r✳×▼❈▲✮✱ ❛♥❞ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ❝♦✉♥t②
✇✐t❤ ❛♥ ❛❝t✐✈❡ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r② ✭❈❛♥♥❛❜✐s ❉r✳×❉✐s♣✳✮✳ ❊❛❝❤ s♣❡❝✐✜❝❛t✐♦♥ ✐♥❝❧✉❞❡s ❛ ✈❡❝t♦r ♦❢ ❝♦✉♥t②✲❧❡✈❡❧
t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②✱
❛♥❞ ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r t②♣❡ ✜①❡❞ ❡✛❡❝ts✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✱
∗∗∗p < 0.01,∗∗ p < 0.05,∗ p < 0.10✳
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✾ ❆♣♣❡♥❞✐①

❲❡ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ t❤❡ ❛✈❡r❛❣❡ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♦✣❝❡

❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥ ✐♥ ❛ ❝♦✉♥t② ♣❡r q✉❛rt❡r✲②❡❛r✳ ❋♦r ❝♦♥s✐st❡♥❝② ❛❝r♦ss s♣❡❝✐✜❝❛t✐♦♥s

❛♥❞ s❛♠♣❧❡s✱ ✇❡ ❡st✐♠❛t❡ t❤❡ r❡s♣♦♥s❡ ❜② ❡①❛♠✐♥✐♥❣ r❡❧❛t✐✈❡ ❝❤❛♥❣❡s ✐♥ ♣❡r ❞♦❝t♦r ❞❡t❛✐❧✐♥❣

❧❡✈❡❧s✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♥♦♥✲♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✱ ✐♥ ❋✐❣✉r❡ ❆✶ ✇❡ ❛❧s♦

❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦♥ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ ❞❡t❛✐❧✐♥❣ ♣❡r ❞♦❝t♦r✳ ❆❧t❤♦✉❣❤ t❤❡ ♣❡r❝❡♥t ❝❤❛♥❣❡s

❛r❡ s❧✐❣❤t❧② ❧❛r❣❡r ✐♥ t❤❡ ♣❡r✐♦❞ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✱ t❤❡ r❡s✉❧ts ❛r❡ q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦

t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦♥ ❞❡t❛✐❧✐♥❣ ❧❡✈❡❧s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳
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✭❛✮ P❤②s✐❝✐❛♥ ❚②♣❡s
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✭❜✮ ❉r✉❣ ❚②♣❡s

❋✐❣✉r❡ ❆✶✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥ ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣

❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♣❡r ❞♦❝t♦r ✐♥ ❝♦✉♥t② c ✐♥ q✉❛rt❡r✲②❡❛r t✳ ❉❡t❛✐❧✐♥❣ ✐s
❝❛t❡❣♦r✐③❡❞ ❜② ❞♦❝t♦r t②♣❡ ✐♥ P❛♥❡❧ ❆ ❛♥❞ ❞r✉❣ t②♣❡ ✐♥ P❛♥❡❧ ❇✳ ❊❛❝❤ ❣r❛♣❤ ❞❡s❝r✐❜❡s t❤❡ ❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts
❢♦r ❡❛❝❤ ❝❛t❡❣♦r② ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞ ❛♥❞ t❤❡ s❤❛❞❡❞ r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳
❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❧❛✇ ♣r♦♣♦s❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲
✐s ♣r♦♣♦s❡❞✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❡❛❝❤ s♣❡❝✐✜❝❛t✐♦♥
❛♥❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳

✹✷



❆s ❛ r♦❜✉st♥❡ss t❡st✱ ✇❡ ❡st✐♠❛t❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡✲

t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✳ ❚❤✐s ❡✈❡♥t r❡♠♦✈❡s ✉♥❝❡rt❛✐♥t② ♦❢ ✇❤❡t❤❡r ❧❡❣❛❧

❝❛♥♥❛❜✐s ✇✐❧❧ ❡♥t❡r t❤❡ ♠❛r❦❡t ❛♥❞ ❧✐❦❡❧② r❡❞✉❝❡s t❤❡ ♣✉❜❧✐❝ ❞❡❜❛t❡ r❡❣❛r❞✐♥❣ ❧❡❣❛❧✐③❛t✐♦♥✳

❇❡❝❛✉s❡ t❤❡ ♠❡❞✐❛♥ ❞✉r❛t✐♦♥ ❜❡t✇❡❡♥ ▼❈▲ ♣r♦♣♦s❛❧ ❛♥❞ ❛♣♣r♦✈❛❧ ✇✐t❤✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞

✐s ♦♥❡ q✉❛rt❡r✱ ✇❡ ❛❧❧♦✇ ❢♦r ♦♥❡ ♣❡r✐♦❞ ♦❢ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts ❛♥❞ ♥♦r♠❛❧✐③❡ t❤❡ q✉❛rt❡r t✇♦

♣❡r✐♦❞s ♣r✐♦r t♦ ❛♣♣r♦✈❛❧ t♦ ③❡r♦✳ ❚❤✐s ❛♣♣r♦❛❝❤ ♣r♦✈✐❞❡s ❛ ❜❡tt❡r ❡st✐♠❛t❡ ♦❢ ❝❤❛♥❣❡s ✐♥

❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❝♦♥✜r♠❛t✐♦♥ t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ❡♥t❡r✐♥❣ t❤❡ ♠❛r❦❡t✳✸✶

❚❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ❆✷ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♦✉r ❡st✐♠❛t❡s ✐♥ ❋✐❣✉r❡ ✻ t❤❛t ❡①♣❧♦✐t

t❤❡ t✐♠✐♥❣ ✐♥ ▼❈▲ ♣r♦♣♦s❛❧s✳ ❲❡ ✜♥❞ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣

❞♦❧❧❛rs s♣❡♥t ♣❡r ❞♦❝t♦r ✐♥ t❤❡ q✉❛rt❡r ♣r✐♦r t♦ ❛♣♣r♦✈❛❧ t❤❛t ❧❛r❣❡❧② ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡

♣❡r✐♦❞ ✐♥ ✇❤✐❝❤ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❙✐♠✐❧❛r t♦ t❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✻ ❤♦✇❡✈❡r✱ t❤❡ ❡✛❡❝t

♦♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❛tt❡♥✉❛t❡s t♦ ③❡r♦ ❛❢t❡r ❛♥ ▼❈▲ ✐s ❛♣♣r♦✈❡❞✳

❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✱ ✇❡ ❡st✐✲

♠❛t❡ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❡q✉❛t✐♦♥ t❤❛t t❛❦❡s t❤❡ ❢♦r♠

Dict = β1CannabisDri ×MCLct +X
′

ctα+ γc + δt + φi + εict ✭✹✮

✇❤❡r❡ Dict ✐s t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♣❤②s✐❝✐❛♥ i ♦❢ ❞♦❝t♦r t②♣❡ j ✐♥ ❝♦✉♥t② c ✐♥ q✉❛rt❡r

②❡❛r t✳✸✷ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ s❛♠❡ s❡t ♦❢ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ ♣r✐♦r s♣❡❝✐✜❝❛✲

t✐♦♥s✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②

❛s ✇❡❧❧ ❛s ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ♣❤②s✐❝✐❛♥ ✜①❡❞ ❡✛❡❝ts✳ ❖✉r s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❋❧♦r✐❞❛

❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳ ❉♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞

❝❛♥♥❛❜✐s ❝♦♠♣r✐s❡ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣ ✇❤✐❧❡ ♣❤②s✐❝✐❛♥s t❤❛t ❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s

❛r❡ ✐♥❝❧✉❞❡❞ ♦✉r ❝♦♥tr♦❧ ❣r♦✉♣✳ ❈❛♥♥❛❜✐s ❞♦❝t♦rs ❛r❡ ❝♦♥s✐❞❡r❡❞ ✏✉♥tr❡❛t❡❞✑ ❢♦r ❛❧❧ ♦❜s❡r✈❛✲

t✐♦♥s ♣r✐♦r t♦ ▼❈▲ ❛♣♣r♦✈❛❧ ❛♥❞ β1 ❝❛♣t✉r❡s t❤❡ ❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ♥♦♥✲❝❛♥♥❛❜✐s

❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳

✸✶❚❤❡ ❡st✐♠❛t❡s ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❡①❝❧✉❞❡❞ ❜❛s❡ ♣❡r✐♦❞✳ ❚❤❡ ❧♦♥❡ ❡①❝❡♣t✐♦♥
♦❝❝✉rs ✐❢ ✇❡ ♦♠✐t t❤❡ ♣❡r✐♦❞ ✐♠♠❡❞✐❛t❡❧② ♣r❡❝❡❞✐♥❣ t❤❡ q✉❛rt❡r ♦❢ ▼❈▲ ❛♣♣r♦✈❛❧ ✭t = −1✮✳

✸✷❲❡ ❛❧s♦ ❡st✐♠❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✉s✐♥❣ r❡♣❡❛t❡❞ ❝r♦ss s❡❝t✐♦♥s r❛t❤❡r t❤❛♥ ❛♥ ✉♥❜❛❧❛♥❝❡❞ ♣❛♥❡❧✳
❚❤❡ r❡s✉❧ts ❛r❡ q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳

✹✸
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✭❜✮ ❉r✉❣ ❚②♣❡s

❋✐❣✉r❡ ❆✷✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❈▲s ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❜② ▼❈▲ ❆♣♣r♦✈❛❧

❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❡❛❝❤ ❣r❛♣❤✳ ❚❤❡ ♣❡r✐♦❞ t✇♦ ♣❡r✐♦❞s ♣r✐♦r t♦ ❧❛✇
❛♣♣r♦✈❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ❛♣♣r♦✈❡❞✳ ❚❤❡ s❤❛❞❡❞
r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r
✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❡❛❝❤ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳

❚❛❜❧❡ ❆✶✿ P♦st✲▼❈▲ ❊✛❡❝ts ♦♥ ❉❡t❛✐❧✐♥❣ t♦ ❈❛♥♥❛❜✐s ❉♦❝t♦rs

❖✈❡r❛❧❧ ❙✉❜st✐t✉t❡✲❘❡❧❛t❡❞ ❖♣✐♦✐❞✲❘❡❧❛t❡❞
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈❛♥♥❛❜✐s ❉r✳ ✻✳✼✵✾ ✶✵✳✵✾✷✯✯ ✲✹✳✺✶✶ ✲✹✳✵✻✾✯ ✲✵✳✺✼✺✯✯ ✲✵✳✹✶✹
×▼❈▲ ✭✹✳✻✺✼✮ ✭✹✳✽✻✹✮ ✭✷✳✼✾✶✮ ✭✷✳✹✺✻✮ ✭✵✳✷✼✷✮ ✭✵✳✷✾✹✮

❈❛♥♥❛❜✐s ❉r✳ ✲✻✳✾✽✶ ✲✵✳✾✶✶ ✲✵✳✸✸✹
×❉✐s♣❡♥s❛r② ✭✺✳✻✽✻✮ ✭✷✳✼✹✺✮ ✭✵✳✷✹✽✮

❖❜s❡r✈❛t✐♦♥s ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻

❲❡ r❡❣r❡ss ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♦♥ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽
✐♥t❡r❛❝t❡❞ ✇✐t❤ ♦❜s❡r✈❛t✐♦♥s ♣♦st ▼❈▲ ❛♣♣r♦✈❛❧ ✭❈❛♥♥❛❜✐s ❉r✳ ① ▼❈▲✮ ❛♥❞ ✇❤❡t❤❡r t❤❡ ♣❤②s✐✲
❝✐❛♥ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ❝♦✉♥t② ✇✐t❤ ❛♥ ❛❝t✐✈❡ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r② ✭❈❛♥♥❛❜✐s ❉r✳ ① ❉✐s♣❡♥s❛r②✮✳ ❊❛❝❤
s♣❡❝✐✜❝❛t✐♦♥ ✐♥❝❧✉❞❡s ❛ ✈❡❝t♦r ♦❢ ❝♦✉♥t②✲❧❡✈❡❧ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡
♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②✱ ❛♥❞ ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r ✜①❡❞
❡✛❡❝ts✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✱ ∗∗∗p < 0.01,∗∗ p < 0.05,∗ p < 0.10✳
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