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

♠✐❣r❛t♦r② ♣♦♣✉❧❛t✐♦♥s✱ ♦t❤❡rs ❝❛♥ ❜❡ r❡❢❡rr❡❞ ❛s r❡s✐❞❡♥t ✭♦r s❡❞❡♥t❛r②✮✳ ❆ r❡s✐❞❡♥t

❜✐r❞ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s ♦♥❡ ✇❤♦s❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② r❡♠❛✐♥ ♠♦r❡ ♦r

❧❡ss t❤❡ s❛♠❡ ❛❧❧ ②❡❛r r♦✉♥❞✱ ❛♥❞ ❢r♦♠ ②❡❛r t♦ ②❡❛r ❬✸❪✳

❘❡s✐❞❡♥❝② ❜❡❤❛✈✐♦✉r ✭✐✳❡✳ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❞✐str✐❜✉t✐♦♥ ❜❡t✇❡❡♥ ❜r❡❡❞✲

✐♥❣ ❛♥❞ ♥♦♥✲❜r❡❡❞✐♥❣ ♣❡r✐♦❞s✮ ♠✐❣❤t ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛ r❡❧✐❛❜❧❡ s✉♣♣❧② ♦❢ ❢♦♦❞ ❛✈❛✐❧✲

❛❜❧❡ ❧♦❝❛❧❧② ❛❧❧ ②❡❛r✱ ❛♥❞✴♦r ✐❢ t❤❡r❡ ❛r❡ t❡rr✐t♦r✐❛❧ ❛❞✈❛♥t❛❣❡s t♦ r❡❣✉❧❛r ②❡❛r✲r♦✉♥❞

✈✐s✐ts t♦ t❤❡✐r ❜r❡❡❞✐♥❣ s✐t❡ ❬✸❪✳ ■t t❤❡r❡❢♦r❡ ♠✐❣❤t ❜❡ r❡❧❛t❡❞ t♦ ❛♥ ❡♥❡r❣②✲s❛✈✐♥❣

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

✐♥✈❡st ❡♥❡r❣② ✐♥ r❡♠❛✐♥✐♥❣ ✐♥ s❡❛s♦♥❛❧❧② ❧❡ss ❢❛✈♦r❛❜❧❡ ❤❛❜✐t❛ts ❬✹❪✳ ▼✐❣r❛t✐♦♥ ♠❛②

❤❛✈❡ ❡✈♦❧✉t✐♦♥❛r② ❝♦♥s❡q✉❡♥❝❡s ❛t t❤❡ s♣❡❝✐❡s ❧❡✈❡❧✱ ❛s ✐t ✐♥❝r❡❛s❡s t❤❡ ♣r♦❜❛❜✐❧✐t②

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

❚❤❡r❡❢♦r❡✱ ❜❡✐♥❣ r❡s✐❞❡♥t ❝❛♥ ❤❛✈❡ ✐♠♣♦rt❛♥t ❝♦♥s❡q✉❡♥❝❡s ♦♥ ❣❡♥❡ ✢♦✇ ❞✐sr✉♣t✐♦♥

❜❡t✇❡❡♥ ♣♦♣✉❧❛t✐♦♥s ❛♥❞ ♦♥ ♣♦♣✉❧❛t✐♦♥ ❣❡♥❡t✐❝ str✉❝t✉r❡s ❬✺❪✳ ❘❡s✐❞❡♥❝② ❜❡❤❛✈✐♦✉r

✐s t❤✉s ♦❢ ❣r❡❛t ✐♥t❡r❡st ❢♦r ❢✉t✉r❡ ✐♥✈❡st✐❣❛t✐♦♥s ✐♥t♦ t❤❡ t♦♣✐❝ ♦❢ ♠✐❣r❛t✐♦♥ ❬✻❪✳

❘❡s✐❞❡♥t s❡❛❜✐r❞s ❛r❡ r❡❧❛t✐✈❡❧② r❛r❡ ✐♥ t❡♠♣❡r❛t❡ ❛♥❞ ♣♦❧❛r ❡❝♦s②st❡♠s✱ ✇✐t❤ ❛ ❢❡✇

❡①❝❡♣t✐♦♥s ❬✻❪✳ ❙❡❛❜✐r❞s ❛r❡ ❝♦♥str❛✐♥❡❞ t♦ ❜r❡❡❞ ♦♥ ❧❛♥❞✱ ❛♥❞ ♠♦st ♦❢ t❤❡♠ ❢♦r❛❣❡

♥❡❛r ❜r❡❡❞✐♥❣ s✐t❡s ✇❤❡♥ ✐♥❝✉❜❛t✐♥❣ ❛♥❞ ♣r♦✈✐s✐♦♥✐♥❣ ♦✛s♣r✐♥❣✳ ❆❢t❡r t❤❡ ❜r❡❡❞✐♥❣

s❡❛s♦♥✱ t❤❡② ❛r❡ ❢r❡❡ t♦ ♠✐❣r❛t❡ t♦ ♠♦r❡ ❢❛✈♦r❛❜❧❡ ❢♦r❛❣✐♥❣ ❤❛❜✐t❛ts ❛♥❞ t♦ ❧❡❛✈❡

t❤❡✐r ❜r❡❡❞✐♥❣ s✐t❡ ♦✈❡r ❧♦♥❣ ♣❡r✐♦❞s✳ ◆✉♠❡r♦✉s st✉❞✐❡s ❤❛✈❡ t❤✉s ❞❡♠♦♥str❛t❡❞ t❤❛t

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

✐♥ t❡♠♣❡r❛t❡ ♦r ♣♦❧❛r r❡❣✐♦♥s ❬✼✱ ✽❪✳ ■♥ t❤❡ tr♦♣✐❝s✱ ✇❤❡r❡ s❡❛s♦♥❛❧✐t② ✐s ❣❡♥❡r❛❧❧②

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

❛♥❞ ♣♦❧❛r r❡❣✐♦♥s ❬✶✵❪✱ ✇❤❛t ♣❛rt❧② ❡①♣❧❛✐♥s ✇❤② ♠♦st tr♦♣✐❝❛❧ s❡❛❜✐r❞s ❞♦ ♥♦t

♣❡r❢♦r♠ ♠✐❣r❛t✐♦♥s t♦ t❤❡ s❛♠❡ ❡①t❡♥t ❛s s❡❛❜✐r❞s ❜r❡❡❞✐♥❣ ✐♥ t❡♠♣❡r❛t❡ r❡❣✐♦♥s

❞♦ ❬✶✶❪✳ ▼♦st st✉❞✐❡s ♦♥ t❤❡ ♠♦✈❡♠❡♥t ♦❢ tr♦♣✐❝❛❧ s❡❛❜✐r❞s ❛r❡ ❧✐♠✐t❡❞ t♦ ❜r❡❡❞✐♥❣

♠♦✈❡♠❡♥t ♣❛tt❡r♥s✱ ❛♥❞ t♦ t❤❡ ❛♥❛❧②s✐s ♦❢ ❢♦r❛❣✐♥❣ ❜❡❤❛✈✐♦✉r ❬✶✷✱ ✶✸✱ ✶✹✱ ✶✺❪✳ ❨❡t✱

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

❧✐tt❧❡ ✐s ❦♥♦✇♥ ♦♥ t❤❡✐r ♣♦st✲❜r❡❡❞✐♥❣ ♠♦✈❡♠❡♥ts ❛♥❞ ❛❝t✐✈✐t② ♣❛tt❡r♥s✳ ■♥ ❛❞❞✐t✐♦♥

t❤❡s❡ s♣❡❝✐❡s r❡♣r❡s❡♥t ❤❛❧❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛❧❧ s❡❛❜✐r❞s ❬✶✻❪ ❛♥❞ tr♦♣✐❝❛❧ ❡❝♦s②st❡♠s

❛r❡ ❢❛❝✐♥❣ ♠♦✉♥t✐♥❣ t❤r❡❛ts ❬✶✼❪✳ ❋❡✇ st✉❞✐❡s ❤❛✈❡ ❛tt❡♠♣t❡❞ t♦ ❡❧✉❝✐❞❛t❡ tr♦♣✐❝❛❧

s❡❛❜✐r❞s✬ ♠♦✈❡♠❡♥t ♣❛tt❡r♥s ♦✉ts✐❞❡ t❤❡ ❜r❡❡❞✐♥❣ ♣❡r✐♦❞ ❬✶✽✱ ✶✾❪✳ ❚♦ ♦✉r ❦♥♦✇❧❡❞❣❡

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

t❤❡② ❛r❡ ✉s✉❛❧❧② ❝♦♥s✐❞❡r❡❞ ❛s r❡s✐❞❡♥t ❜✐r❞s ❬✷✵✱ ✷✶❪✳

■♥❞❡❡❞✱ ✐t ✐s ✈❡r② ❝❤❛❧❧❡♥❣✐♥❣ t♦ ❛❝❝✉r❛t❡❧② tr❛❝❦ ②❡❛r✲r♦✉♥❞ r❡s✐❞❡♥t s❡❛❜✐r❞s✳

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

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

❛s ●P❙ ❧♦❣❣❡rs ❬✷✷✱ ✷✸❪ ▲✐❣❤t✲❧❡✈❡❧ ❣❡♦❧♦❝❛t✐♦♥ t❤✉s r❡♠❛✐♥s ❛ ♣r❡❢❡rr❡❞ ♦♣t✐♦♥

❢♦r st✉❞②✐♥❣ ♥♦♥✲❜r❡❡❞✐♥❣ s❡❛❜✐r❞ s♣❛t✐❛❧ ❜❡❤❛✈✐♦✉r ♣❡r❡♥♥✐❛❧❧② ❬✷✹✱ ✷✺❪ ▲✐❣❤t✲❧❡✈❡❧
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❞❛t❛ ❧♦❣❣❡rs ♦r ❣❡♦❧♦❝❛t♦rs ✭❣❧♦❜❛❧ ❧♦❝❛t✐♦♥ s❡♥s♦r✱ ●▲❙✮✱ ❛r❡ s♠❛❧❧ ❡♥♦✉❣❤ t♦ ❜❡

❛tt❛❝❤❡❞ ✭✐✳❡✳ ❧❡❣✲♠♦✉♥t❡❞ ♦♥ ❛ r✐♥❣✮✱ ❡♥❡r❣②✲❡✣❝✐❡♥t ❡♥♦✉❣❤ t♦ ❜❡ ❞❡♣❧♦②❡❞ ❢♦r

✉♣ t♦ s❡✈❡r❛❧ ②❡❛rs✱ ❛♥❞ ✇✐t❤ r❡❞✉❝❡❞ ❝♦sts✳ ❍♦✇❡✈❡r✱ ❡rr♦rs ♦❢ ❣❡♦❧♦❝❛t✐♦♥ ❛r❡

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

❛♥❞ ❛❝❝✉r❛❝② ❬✷✻✱ ✷✼✱ ✷✽❪✳ ❋♦r s✉❝❤ r❡❛s♦♥✱ ●▲❙ ❛♥❞ ❛ss♦❝✐❛t❡❞ ❛♥❛❧②t✐❝❛❧ ♠❡t❤♦❞s

❛r❡ ❝♦♥s✐❞❡r❡❞ r❡❧❡✈❛♥t ♠♦st❧② ❢♦r ❡❧✉❝✐❞❛t✐♥❣ ♠✐❣r❛t♦r② ♠♦✈❡♠❡♥ts ♦❢ ✇✐❞❡✲r❛♥❣✐♥❣

❛♥✐♠❛❧s✱ ✐♥❝❧✉❞✐♥❣ t❡rr❡str✐❛❧ ♣❛ss❡r✐♥❡s ✭❡✳❣✳ ❬✷✾✱ ✸✵❪✮✱ ❛♥❞ s❡❛❜✐r❞s ✭❡✳❣✳ ❬✸✶✱ ✸✷❪✮✳

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

♠✐❣r❛t♦r② ❜❡❤❛✈✐♦✉r✮ ✐s ✐♥❞❡❡❞ ❝❤❛❧❧❡♥❣✐♥❣✿ ✇❤❡♥ ❛♥✐♠❛❧ ♠♦✈❡♠❡♥ts ❛r❡ ✐♥ t❤❡

♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢ ❣❡♦❧♦❝❛t✐♦♥ ❡rr♦rs ✭❡✳❣✳ ✻✺ ✰✴✲ ✺✹ ❦♠ ✐♥ ❧♦♥❣✐t✉❞❡ ❛♥❞ ✸✺✽

✰✴✲ ✹✾✾ ✐♥ ❧❛t✐t✉❞❡✱ ❛s ❡st✐♠❛t❡❞ ✐♥ ♦✉r st✉❞② ❋✐❣✉r❡ ✶✮✱ t❤❡ st✉♠❜❧✐♥❣ ❜❧♦❝❦ r❡♠❛✐♥s

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

❡rr♦r✳

■♥ t❤✐s st✉❞②✱ ✇❡ ✉s❡❞ ❧✐❣❤t✲❧❡✈❡❧ ❣❡♦❧♦❝❛t♦rs t♦ ✉♥❞❡rst❛♥❞ ②❡❛r✲r♦✉♥❞ ❛t✲s❡❛

♠♦✈❡♠❡♥ts ♦❢ ❛ tr♦♣✐❝❛❧ r❡s✐❞❡♥t s❡❛❜✐r❞✿ t❤❡ ♠❛s❦❡❞ ❜♦♦❜② ✭❙✉❧❛ ❞❛❝t②❧❛tr❛✮✳

▼❛s❦❡❞ ❜♦♦❜② ✐s ❛ ♣❛♥✲tr♦♣✐❝❛❧ s❡❛❜✐r❞ ❢♦✉♥❞ ✐♥ ❡✈❡r② ♦❝❡❛♥ ♦♥ ♦r ♦✛ ♥❡❛r❧② ❡✈❡r②

❝♦❛st ❡①❝❡♣t t❤❡ ❡❛st❡r♥ ❆t❧❛♥t✐❝✱ ♥♦rt❤❡r♥ ■♥❞✐❛♥ ❖❝❡❛♥ ❛♥❞ t❤❡ ❝❡♥tr❛❧✲❡❛st❡r♥

P❛❝✐✜❝✳ ❚❤✐s s♣❡❝✐❡s ❤❛s ❜❡❡♥ t❤❡ s✉❜❥❡❝t ♦❢ ❛ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠♦✈❡♠❡♥t✲

❜❛s❡❞ st✉❞✐❡s ✭s❡❡ ❬✶✺❪✮✳ ❨❡t✱ t♦ ♦✉r ❦♥♦✇❧❡❞❣❡ ✐t ❤❛s ❜❡❡♥ r❡str✐❝t❡❞ t♦ ❢♦r❛❣✐♥❣ tr✐♣s

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

❜r❡❡❞✐♥❣ ♣❡r✐♦❞ r❡♠❛✐♥ ✉♥❝❧❡❛r✳ ■♥ ❬✸✸❪✱ t❤❡ ❛✉t❤♦rs s✉❣❣❡st❡❞ t❤❛t ②♦✉♥❣ ♠❛s❦❡❞

❜♦♦❜✐❡s ♠❛② ❞✐s♣❡rs❡ ❡①t❡♥s✐✈❡❧②✱ ❜✉t t❤❛t ❛❞✉❧ts ❛r❡ ✉s✉❛❧❧② ♣r❡s❡♥t ②❡❛r✲r♦✉♥❞

✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❝♦❧♦♥②✱ ✇❤✐❧❡ ✐♥ ❬✸✹❪ t❤❡② s✉❣❣❡st❡❞ t❤❛t ❛❞✉❧ts ♠❛② ❞✐s♣❡rs❡

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

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

t❤❛t ♠❛s❦❡❞ ❜♦♦❜✐❡s ♠❛✐♥t❛✐♥ ❛ t❡rr✐t♦r✐❛❧ ❜❡❤❛✈✐♦✉r✱ ♣♦st✲❜r❡❡❞❡rs r❡t✉r♥✐♥❣ ❡✈❡♥✲

t✉❛❧❧② ❜❛❝❦ t♦ ❝♦❧♦♥② ✐♥t❡r♠✐tt❡♥t❧② ❬✸✹❪✳ ❆♣❛rt ❢r♦♠ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞ t♦

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

❝♦♥❝❡r♥✐♥❣ t❤❡✐r r❡✈❡rs❡❞ s❡①✉❛❧ ❞✐♠♦r♣❤✐s♠ ✭❘❙❉✱ ❢❡♠❛❧❡s ❛r❡ ❤❡❛✈✐❡r ❛♥❞ ❧❛r❣❡r

t❤❛♥ ♠❛❧❡s✮✳ ❙❡✈❡r❛❧ st✉❞✐❡s ❤❛✈❡ ❡①♣❡❝t❡❞ ❛ s❡①✲r❡❧❛t❡❞ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❢♦r❛❣✲

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

✐♥ tr♦♣✐❝❛❧ ❡❝♦s②st❡♠s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❧♦✇ ♣r♦❞✉❝t✐✈✐t② ♣r❡s✉♠❛❜❧② ❡①❡rt str♦♥❣

s❡❧❡❝t✐♦♥ ♣r❡ss✉r❡ ❢♦r t❤❡ ❜♦❞② s✐③❡ ❞✐✛❡r❡♥❝❡s ✐♥ tr♦♣✐❝❛❧ s❡❛❜✐r❞ s♣❡❝✐❡s ❬✶✸✱ ✸✺❪✮✳

❍♦✇❡✈❡r✱ ✐❢ s♦♠❡ st✉❞✐❡s s✉❣❣❡st❡❞ ❛ ❤✐❣❤❡r ❢♦r❛❣✐♥❣ ❡✛♦rt ❜② ❢❡♠❛❧❡s ❬✸✻❪✱ ♠♦st ♦❢

t❤❡♠ ❞✐❞ ♥♦t ❞❡♠♦♥str❛t❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s❡①❡s ✐♥ ❢♦r❛❣✐♥❣ tr✐♣s ❬✸✼✱ ✸✽✱ ✸✾❪✳

❍❡r❡ ✇❡ t❤❡r❡❢♦r❡ ❤❛❞ t✇♦ ♠❛✐♥ ♦❜❥❡❝t✐✈❡s✳ ❋✐rst✱ t♦ ❡❧✉❝✐❞❛t❡ t❤❡ ♣♦st✲❜r❡❡❞✐♥❣

♠♦✈❡♠❡♥ts ♦❢ ♠❛s❦❡❞ ❜♦♦❜✐❡s ❛♥❞ s❡①✲s♣❡❝✐✜❝ ♥♦♥✲❜r❡❡❞✐♥❣ ❜❡❤❛✈✐♦✉rs✳ ❙❡❝♦♥❞✱

t♦ ❞❡♠♦♥str❛t❡ t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ ✇❛✈❡❧❡t ❛♥❛❧②s✐s ❛s ❛ ✈✐s✉❛❧✐③❛t✐♦♥ t♦♦❧ ❢♦r ●▲❙

❞❛t❛ ❞❡r✐✈❡❞ ❢r♦♠ s❤♦rt✲♠✐❣r❛♥ts ♦r r❡s✐❞❡♥t s♣❡❝✐❡s✳ ❚❤❡ ❣✉✐❞✐♥❣ ✐❞❡❛ ♦❢ t❤✐s ❛♣✲

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

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

❝♦❧♦♥②✳ ❚❤❡ ♦✈❡r❛r❝❤✐♥❣ ❤②♣♦t❤❡s✐s ✇♦✉❧❞ ❜❡ t❤❛t ✐❢ t❤❡r❡ ✐s s✐❣♥✐✜❝❛♥t s②♥❝❤r♦♥✐❝✐t②

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

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

r❡❛❧ ♠♦✈❡♠❡♥t r❛t❤❡r t❤❛♥ ❣❡♦❧♦❝❛t✐♦♥ ❡rr♦r✳ ❚❤❡r❡❢♦r❡✱ s✉❝❤ ❛♥❛❧②s✐s ✇♦✉❧❞ ❛❧❧♦✇

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

❢❛r✱ ❛♥❞ t♦ ✐❞❡♥t✐❢② ❛❝t✐✈✐t② ♣❛tt❡r♥s✱ ❞❡s♣✐t❡ t❤❡ ●▲❙s✬ ♦❜✈✐♦✉s ❧❛❝❦ ♦❢ ❛❝❝✉r❛❝②✳
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▼❡t❤♦❞s
❙t✉❞② s✐t❡

❋❡r♥❛♥❞♦ ❞❡ ◆♦r♦♥❤❛ ✭❤❡r❡❛❢t❡r ❋❞◆✱ ✵✸◦✺✵✬❙✱ ✸✷◦✸✵✬❲✮ ✐s ❛♥ ♦✛s❤♦r❡ ❛r❝❤✐♣❡❧❛❣♦

✭✷✶ ✐s❧❛♥❞s ❛♥❞ ✐s❧❡ts✱ ✶✽✳✷ ❦♠2✮ ❧②✐♥❣ ❛t ✸✻✵ ❦♠ ❡❛st ❢r♦♠ t❤❡ ♠❛✐♥❧❛♥❞ ❝✐t② ♦❢

◆❛t❛❧✱ ❇r❛③✐❧✳ ❋❞◆ ✐s ❛ ❝❧❡❛r ♣r✐♦r✐t② ❢♦r ❜✐♦❞✐✈❡rs✐t② ❝♦♥s❡r✈❛t✐♦♥ ❛t t❤❡ ❇r❛③✐❧✐❛♥

❢❡❞❡r❛❧ st❛t❡ ❧❡✈❡❧ ✭t❤r♦✉❣❤ t❤❡ ▼✐♥✐str② ♦❢ ❊♥✈✐r♦♥♠❡♥t✱ ■❈▼❇■❖✮ ❛♥❞ s❝✐❡♥t✐✜❝

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

■❈▼❇■❖ ♥❡❡❞s t♦ ❦♥♦✇ ✐❢ ❇r❛③✐❧ ❝❛rr✐❡s t❤❡ ❡♥t✐r❡ ❝♦♥s❡r✈❛t✐♦♥ r❡s♣♦♥s✐❜✐❧✐t② ♦❢

t❤❡ s♣❡❝✐❡s ❛tt❡♥❞✐♥❣ ❋❞◆ ❛r❝❤✐♣❡❧❛❣♦ ✭✐♥ ❝❛s❡ t❤❡② ❛r❡ r❡s✐❞❡♥t✮ ♦r ✐❢ ✐♥t❡r♥❛t✐♦♥❛❧

❛❝t✐♦♥s ♥❡❡❞ t♦ ❜❡ t❛❦❡♥ ❛t t❤❡ tr♦♣✐❝❛❧ ❆t❧❛♥t✐❝ ❖❝❡❛♥ s❝❛❧❡ ✭✐♥ ❝❛s❡ t❤❡② ❞✐s♣❡rs❡

♦✈❡r ✇✐❞❡r ❛r❡❛s✮✳ ❚❤✐s ❛r❝❤✐♣❡❧❛❣♦ ❤♦sts t❤❡ ❤✐❣❤❡st ❞✐✈❡rs✐t② ♦❢ s❡❛❜✐r❞s ✐♥ ❇r❛③✐❧✱

✇✐t❤ ❡❧❡✈❡♥ s♣❡❝✐❡s r❡♣♦rt❡❞ t♦ ❜r❡❡❞ t❤❡r❡ ❬✹✵❪✳ ■♥ ♦r❞❡r t♦ ❡❧✉❝✐❞❛t❡ t❤❡ ②❡❛r✲

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

❝♦♥❞✉❝t❡❞ ♦♥ ♦♥❡ ♦❢ t❤❡ s❡❝♦♥❞❛r② ✐s❧❛♥❞✱ ▼❡✐♦ ✐s❧❛♥❞✱ ✇❤✐❝❤ ❤♦sts ♦♥❡ ♦❢ t❤❡ ♠❛✐♥

♠❛s❦❡❞ ❜♦♦❜② ❜r❡❡❞✐♥❣ ❝♦❧♦♥② ✇✐t❤ ≈ ✸✽✽ ❛❝t✐✈❡ ♥❡sts ✭✐✳❡✳ ✇✐t❤ ❡❣❣s ♦r ❝❤✐❝❦s✮

❝❡♥s✉s❡❞ ✐♥ ❆♣r✐❧ ✷✵✶✽✳

●▲❙ ❞❡♣❧♦②♠❡♥t

❇r❡❡❞✐♥❣ ❛❞✉❧ts r❛✐s✐♥❣ t✇♦ t♦ s❡✈❡♥ ✇❡❡❦s ♦❧❞ ❝❤✐❝❦s ✇❡r❡ ❝❛✉❣❤t ♦♥ ✹✲✻ ▼❛② ✷✵✶✼

❛♥❞ ✜tt❡❞ ✇✐t❤ ❛ ❧❡❣✲♠♦✉♥t❡❞ ●▲❙✳ ■♥ t♦t❛❧✱ ✸✹ ✐♥❞✐✈✐❞✉❛❧s ✇❡r❡ ❝❛✉❣❤t ✭✶✻ ❢❡♠❛❧❡s

❛♥❞ ✶✽ ♠❛❧❡s✮ ❛♥❞ t✇♦ t②♣❡s ♦❢ ●▲❙ ✇❡r❡ ❞❡♣❧♦②❡❞ ✭♥ ❂ ✷✵ ▼❑✸✵✵✻ ❛♥❞ ♥ ❂ ✶✹

▼❑✸✵✵✺ ♠♦❞❡❧s ❢r♦♠ ❇✐♦tr❛❝❦ ▲t❞✳✱ ❲❛r❡❤❛♠✱ ❯❑✮✳ ●▲❙ ✇❡✐❣❤t❡❞ ✷✳✺ ❣ ❛♥❞ ✇❡r❡

✜①❡❞ t♦ ❛ ♣❧❛st✐❝ r✐♥❣ ✭✷ ❣✮ ✇✐t❤ ❝❛❜❧❡ t✐❡s✱ t❤❡ ❡♥t✐r❡ ❡q✉✐♣♠❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦

✵✳✸✪ ♦❢ t❤❡ ❜♦❞② ♠❛ss✳

▲♦❣❣❡rs r❡❝♦r❞❡❞ ❞❛②❧✐❣❤t ❧❡✈❡❧ ✐♥t❡♥s✐t② ❡✈❡r② ✻✵ s ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❧✐❣❤t ✐♥✲

t❡♥s✐t② ❢♦r ❡❛❝❤ ✶✵ ♠✐♥ ❢♦r ▼❑✸✵✵✻ ❛♥❞ ❡❛❝❤ ✺ ♠✐♥ ❢♦r ▼❑✸✵✵✺✳ ■♥ ❛❞❞✐t✐♦♥ t♦

❧✐❣❤t✱ ●▲❙ ❧♦❣❣❡rs r❡❝♦r❞❡❞ s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥ ✭✐✳❡✳ ❛❝t✐✈✐t② ❞❛t❛✮ ❛♥❞ s❡❛ s✉r❢❛❝❡

t❡♠♣❡r❛t✉r❡ ❞❛t❛✳

●▲❙ ❞❛t❛ ❛♥❛❧②s✐s

▲✐❣❤t✲❜❛s❡❞ ❣❡♦❧♦❝❛t✐♦♥

❚✇✐❧✐❣❤t t✐♠❡s ✭✐✳❡✳ s✉♥r✐s❡ ❛♥❞ s✉♥s❡t✮ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ❛♥ ❛r❜✐tr❛r② ❧✐❣❤t

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

✐s ❝♦♥s✐st❡♥t❧② ❛❜♦✈❡ ❛♥② ♥♦✐s❡ ✐♥ t❤❡ ♥✐❣❤tt✐♠❡ ❧✐❣❤t ❧❡✈❡❧s✱ s❧✐❣❤t❧② ❛❜♦✈❡ ❝♦♠♣❧❡t❡

❞❛r❦♥❡ss ❬✹✶❪✳ ■t ✇❛s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ t❤❡ ❡①✐st✐♥❣ ❘ ❧✐❜r❛r② ❚✇●❡♦s ❬✹✷❪✳

❈❛❧✐❜r❛t✐♦♥ st❡♣ ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t st❡♣ ✐♥ ❛♥② ❣❡♦❧♦❝❛t♦r ❛♥❛❧②s✐s ❛♥❞ ❤❛s

❜❡❡♥ ❡①❡❝✉t❡❞ ✈❡r② ❝❛r❡❢✉❧❧② ❢♦❧❧♦✇✐♥❣ ❬✹✸❪ r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ ❊❛❝❤ s❡♥s♦r ✇❛s ❝❛❧✲

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

✜tt❡❞ ✇✐t❤ ●▲❙ ✇❡r❡ ❜r❡❡❞✐♥❣ ②♦✉♥❣ ❝❤✐❝❦s✱ ❛♥❞ r❡❧②✐♥❣ ♦♥ ♦✉r ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡

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

st❛②❡❞ ❛t t❤❡✐r ❜r❡❡❞✐♥❣ ♣❧❛❝❡ ❛t ❧❡❛st ❢r♦♠ ✷✵✶✼✲✵✺✲✶✵ t♦ ✷✵✶✼✲✵✻✲✶✺✳

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

❛♥❣❧❡ ✭♦r ③❡♥✐t❤ ❛♥❣❧❡✮ t❤❛t ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✜①❡❞ ❧✐❣❤t ✐♥t❡♥s✐t② t❤r❡s❤♦❧❞✳

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

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

♣❡r✐♦❞ ✭❦♥♦✇♥ ❛s t❤❡ ❍✐❧❧✲❊❦str♦♠ ❝❛❧✐❜r❛t✐♦♥✮✳ ❚❤❡s❡ s♦❧❛r ❛♥❣❧❡s ✇❡r❡ t❤❡♥ ✉s❡❞

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

✇❛s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ t❤❡ ❡①✐st✐♥❣ ❘ ❧✐❜r❛r② ❙●❆❚ ❬✹✹❪✳



❘♦② ❡t ❛❧✳ P❛❣❡ ✺ ♦❢ ✷✵

❙❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥ ❛♥❞ t❡♠♣❡r❛t✉r❡ ❞❛t❛

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

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

♣❡r❛t✉r❡ ❛♥❞ t✐♠❡ s♣❡♥t ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥t ✇❡r❡ ❝♦♠♣✉t❡❞ ❜❡t✇❡❡♥ ❡✈❡r② t✇♦

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

♣❡r ♣♦s✐t✐♦♥✳

❚❤❡ ❖❙❚■❆ ❣❧♦❜❛❧ s❡❛ s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡ r❡♣r♦❝❡ss❡❞ ♣r♦❞✉❝t ♣r♦✈✐❞❡❞ ❜② t❤❡

❈♦♣❡r♥✐❝✉s ▼❛r✐♥❡ ❙❡r✈✐❝❡ ✭♣r♦❞✉❝t ✐❞❡♥t✐✜❡r sst❴❣❧♦❴sst❴❧✹❴r❡♣❴♦❜s❡r✈❛t✐♦♥s❴✵✶✵❴✵✵✶✮

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

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

▼❛♣s ♦❢ ❡rr♦r ❛♥❞ ❤❛❜✐t❛t r❛♥❣❡

❇❛s❡❞ ♦♥ ❛❧❧ t✇✐❧✐❣❤t t✐♠❡s ❞❡✈✐❛t✐♦♥ ❡st✐♠❛t❡❞ ❢♦r ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❞✉r✐♥❣ t❤❡ ❝❛❧✐✲

❜r❛t✐♦♥ ♣❡r✐♦❞ ❛ ❣❛♠♠❛ ❞✐str✐❜✉t✐♦♥ ✇❛s ✜tt❡❞ ✐♥ ♦r❞❡r t♦ ❞❡✜♥❡ ❛ ❣❧♦❜❛❧ t✇✐❧✐❣❤t

❡rr♦r str✉❝t✉r❡ ✭❋✐❣✉r❡ ✶✮✳ ❚❡♠♣❡r❛t✉r❡ ❡rr♦r str✉❝t✉r❡ ✇❛s ❞❡✜♥❡❞ ❛s ❛ ✉♥✐❢♦r♠ ❞✐s✲

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

✭❇✐♦tr❛❝❦ ▲t❞✳✱ ❲❛r❡❤❛♠✱ ❯❑✮✳ ❚❤❡♥✱ ♠❛♣s ♦❢ ❡rr♦r ✇❡r❡ ❡st✐♠❛t❡❞ ❜② s✐♠✉❧❛t✐♥❣

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

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

❞✉r✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥✳ P♦s✐t✐♦♥s ✇❡r❡ ❞❡r✐✈❡❞ ✇✐t❤ ❛ t❤r❡s❤♦❧❞ ♠❡t❤♦❞✱ ❛♥❞ ❞❡♥s✐t②

✇❛s ❡st✐♠❛t❡❞ ✇✐t❤ ❛ ❑❡r♥❡❧ ❉❡♥s✐t② ❊st✐♠❛t✐♦♥ ✭❑❉❊✮✳ ❚❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❡❛❝❤ ♣♦✲

s✐t✐♦♥ ✇❛s ❡st✐♠❛t❡❞ ❜② ❝♦♠♣✉t✐♥❣ t❤❡ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❖❙❚■❆✲❞❡r✐✈❡❞ t❡♠✲

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

t❤❡ ❡rr♦r r❛♥❣❡ ✭± ✵✳✺◦❈✮ ✇❡r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ✶✱ ❡❧s❡ ✵ ✭❋✐❣✉r❡ ✷✮✳

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

❞❛t❛ ❢r♦♠ ❛❧❧ ❣❡♦❧♦❝❛t♦r r❛t❤❡r t❤❛♥ s✐♠✉❧❛t❡❞ ❞❛t❛✳ ❆ ❑❉❊ ✇❛s ✉s❡❞ ❣✐✈❡♥ ❛❧❧ ♦❜✲

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

❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❖❙❚■❆✲❞❡r✐✈❡❞ t❡♠♣❡r❛t✉r❡ ❞❛t❛ ❛t t❤❡ ❡st✐♠❛t❡❞ ❧♦❝❛t✐♦♥

❛♥❞ t❤❡ ♦❜s❡r✈❡❞ t❡♠♣❡r❛t✉r❡ ❜② t❤❡ s❡♥s♦r ✭❋✐❣✉r❡ ✷✮✳

❈r♦ss✲✇❛✈❡❧❡t ❛♥❛❧②s✐s

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

❛ ❝r♦ss✲✇❛✈❡❧❡t ❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞✱ ✇✐t❤ t❤❡ t✇♦ ❞✐st✐♥❝t t✐♠❡✲s❡r✐❡s ♦❢ ♠❡❛♥

t✐♠❡ ✐♥ ✇❡t ✐♠♠❡rs✐♦♥✱ ❛♥❞ ❧♦♥❣✐t✉❞❡✱ s✐♥❝❡ ❧♦♥❣✐t✉❞❡ ✐s ♠♦r❡ ❛❝❝✉r❛t❡❧② ❡st✐♠❛t❡❞

t❤❛♥ ❧❛t✐t✉❞❡ ❬✹✺✱ ✹✻❪✳

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

❝♦♥t❡♥ts ♦❢ t❤❡s❡ t✇♦ t✐♠❡✲s❡r✐❡s✱ ❞r❛✇✐♥❣ ❝♦♥❝❧✉s✐♦♥s ❛❜♦✉t t❤❡ s❡r✐❡s✬ s②♥❝❤r♦♥✐❝✐t②

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

✇✐❞❡❧② ✉s❡❞ ✐♥ ❡❝♦❧♦❣② ✭❡✳❣✳ ❬✹✼✱ ✹✽✱ ✹✾✱ ✺✵❪✮ s✐♥❝❡ t❤✐s ♠❡t❤♦❞ ✐s ❤✐❣❤❧② ❛♣♣r♦♣r✐❛t❡

t♦ ❛♥❛❧②③❡ ♣❡r✐♦❞✐❝ ♣❛tt❡r♥s ✐♥ ❜✐♦❧♦❣✐❝❛❧ t✐♠❡ s❡r✐❡s t❤❛t ❛r❡ ♦❢t❡♥ ♥♦✐s②✱ ♥♦♥✲❧✐♥❡❛r

❛♥❞ ♥♦♥✲st❛t✐♦♥❛r② ❬✺✶❪✳

❲❛✈❡❧❡t ❛♥❛❧②s✐s ❛✐♠s ❛t ❛❝❤✐❡✈✐♥❣ ❛ ❧♦❝❛❧ s❝❛❧❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛ s✐❣♥❛❧ y(t)

t❤r♦✉❣❤ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥t✿

Wy(a, τ) =

∫ +∞

−∞

y(t)Ψa,τ (t) ✭✶✮
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✇❤❡r❡ Ψa,τ ✐s t❤❡ ♠♦t❤❡r ✇❛✈❡❧❡t ✐♥ ✐ts ❝♦♥❥✉❣❛t❡ ❢♦r♠✱ τ r❡♣r❡s❡♥ts t✐♠❡✱ ❛♥❞ a

✐s t❤❡ s❝❛❧❡ ♦❢ t❤❡ ✇❛✈❡❧❡t ✭❋✐❣✉r❡ ✸✮✳ ❚❤❡ ✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥t r❡♣r❡s❡♥ts t❤❡ ❝♦♥tr✐✲

❜✉t✐♦♥ ♦❢ ❛ s❝❛❧❡ a ✭✐✳❡✳ t❤❡ t✐♠❡ ♣❡r✐♦❞s ♦♥ ✈❡rt✐❝❛❧ ❛①✐s ✐♥ ❋✐❣✉r❡s ✸ ❛♥❞ ✹✮ ✐♥ t❤❡

♦❜s❡r✈❡❞ s✐❣♥❛❧ ❛t t✐♠❡ τ ✭✐✳❡✳ t❤❡ ❛❜s♦❧✉t❡ t✐♠❡ ♦♥ ❤♦r✐③♦♥t❛❧ ❛①✐s ✐♥ ❋✐❣✉r❡s ✸ ❛♥❞

✹✮✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ♠♦r❡ t❤❡ s✐❣♥❛❧ y(t) ❛t t✐♠❡ ❤❛s ❛ ♣❛tt❡r♥ ✇✐t❤ t❤❡ s❛♠❡

♣❡r✐♦❞ ❛s Ψa,τ ✱ t❤❡ ❤✐❣❤❡r ✐s Wy(a, τ)✳ ■♥ ♣r❛❝t✐❝❡✱ t❤❡ ▼♦r❧❡t ✇❛✈❡❧❡t ✐s t❤❡ ♠♦st

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

t❡♠♣♦r❛❧ ❛♥❞ s❝❛❧❡ r❡s♦❧✉t✐♦♥s ❬✺✷❪✳

❚❤❡ ❝r♦ss✲✇❛✈❡❧❡t tr❛♥s❢♦r♠ ♦❢ t✇♦ t✐♠❡ s❡r✐❡s x(t) ❛♥❞ y(t)✱ ✇✐t❤ r❡s♣❡❝t✐✈❡

✇❛✈❡❧❡t tr❛♥s❢♦r♠s Wx ❛♥❞ Wy ✐s ✜♥❛❧❧② ❞❡✜♥❡❞ ❜②✿

Wx,y(a, τ) =
1

τ
.Wx(a, τ).Wy(a, τ) ✭✷✮

❆s r❡❝♦♠♠❡♥❞❡❞ ❜② ❬✺✸✱ ✺✹❪✱ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡s❡

♣♦✇❡r ❝r♦ss✲✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥ts ✐s ❝r✐t✐❝❛❧ ❢♦r ✐♥t❡r♣r❡t✐♥❣ t❤❡♠ ❝♦rr❡❝t❧②✳ ❚❤❡ s✐❣✲

♥✐✜❝❛♥❝❡ t❡st ✐♥✈♦❧✈❡s ❛ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ ✧♥♦ ❥♦✐♥t ♣❡r✐♦❞✐❝✐t②✧✱ ❛♥❞ ♣❡r❢♦r♠s

s✐♠✉❧❛t✐♦♥s ♦❢ r❛♥❞♦♠ t✐♠❡ s❡r✐❡s ✐♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ t❤❡ ❝r♦ss✲✇❛✈❡❧❡t ❝♦❡✣❝✐❡♥ts

r❛♥❣❡ ✉♥❞❡r t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s✳ ❇② ✜①✐♥❣ ❛ ❧❡✈❡❧ ♦❢ s✐❣♥✐✜❝❛♥❝❡ ✐t t❤❡r❡❢♦r❡ ❝❧✉st❡rs

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

♦❢ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♦❜s❡r✈❡❞ t✐♠❡✲s❡r✐❡s✳ ❚❤✉s✱

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

s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥✳ ❙✐♥❝❡ ♠❛s❦❡❞ ❜♦♦❜✐❡s s♣❡♥❞ q✉✐t❡ ❛ ❧♦t ♦❢ t✐♠❡ ✐♥ ❞r② ❡♥✈✐✲

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

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

❤❡❧♣ ♦❢ t❤❡ ❲❛✈❡❧❡t❈♦♠♣ ❘ ❧✐❜r❛r② ❬✺✺❪✳

❘❡s✉❧ts
❚❤❡ ❣❡♦❧♦❝❛t✐♦♥✲✐♠♠❡rs✐♦♥ ❧♦❣❣❡rs ✇❡r❡ r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❜r❡❡❞✐♥❣

s❡❛s♦♥ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ❤❛❧❢ ♦❢ ❆♣r✐❧ ✷✵✶✽ ✭✸✶ ❧♦❣❣❡rs r❡❝♦✈❡r❡❞✱ ✐✳❡✳ ✾✶✪ r❡❝♦✈❡r②

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

❤❛❞ s❤♦✇♥ ❛♥② ♠✐❣r❛t♦r② ♦r ✇✐❞❡✲r❛♥❣❡ ♠♦✈❡♠❡♥t✳ ❚❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t✇✐❧✐❣❤t t✐♠❡s

❞✉r✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣❡r✐♦❞ ✇❡r❡ ♥❡✈❡r ❛❜♦✈❡ ✸✵ ♠✐♥✱ ❛♥❞ ❞✐str✐❜✉t✐♦♥s ❤❛❞ ❛

♥♦♥✲s②♠♠❡tr✐❝ s❤❛♣❡ ❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ❬✷✼❪✱ ✇✐t❤ ♠❛①✐♠✉♠✲❧✐❦❡❧✐❤♦♦❞ ✜tt❡❞ ❣❛♠♠❛

❞✐str✐❜✉t✐♦♥ ♦❢ s❝❛❧❡ ✷✳✻✻ ❛♥❞ r❛t❡ ✵✳✸✷ ✭❋✐❣✉r❡ ✶✮✳ ❚❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❡♠♣❡r❛t✉r❡ ✇❛s

♠❛✐♥❧② ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✲✵✳✺◦❈ t♦ ✰✵✳✺◦❈ ✇❤✐❝❤ ✐s t❤❡ t❤❡♦r❡t✐❝❛❧ s❡♥s♦r ❛❝❝✉r❛❝②

✭❇✐♦tr❛❝❦ ▲t❞✳✱ ❲❛r❡❤❛♠✱ ❯❑✮✳ ❚❤❡s❡ ❞❡✈✐❛t✐♦♥s ❡①t❡♥❞❡❞ t♦ t❤❡ ✇❤♦❧❡ ❞❡♣❧♦②♠❡♥t

✭≈ ✸✺✵ ❞❛②s✮ ✇❡r❡ ♦♥❧② s❧✐❣❤t❧② ❞✐✛❡r❡♥t✳ ◗✉❛♥t✐t❛t✐✈❡❧②✱ t❤❡ ❛ss♦❝✐❛t❡❞ ❡rr♦r r❛♥❣❡

❡st✐♠❛t✐♦♥ ❛♥❞ ❤❛❜✐t❛t ✇❡r❡ ✈❡r② s✐♠✐❧❛r ✇✐t❤ ❛ ❇❤❛tt❛❝❤❛r②②❛ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✾✼

❛♥❞ ✵✳✾✺ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ ❡st✐♠❛t❡❞ ♠❛♣s r❡s♣❡❝t✐✈❡❧② ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❧✐❦❡❧✐❤♦♦❞✲

✇❡✐❣❤t❡❞ ❝♦♦r❞✐♥❛t❡s ✭❋✐❣✉r❡ ✷✮✳ ❨❡t✱ ❤✐❣❤❡st ❞❡✈✐❛t✐♦♥s ✇❡r❡ ♦❜s❡r✈❡❞ ❢♦r ❞❛②s

✇❤❡♥ t❤❡ ❜✐r❞ s♣❡♥t ♠♦r❡ t❤❛♥ ✼✺✪ ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥ts✳ ❋♦r ✐♥st❛♥❝❡✱ ♥❡❣❛t✐✈❡

t✇✐❧✐❣❤t ❞❡✈✐❛t✐♦♥ ✇❛s ❝♦♠♣✉t❡❞ ✭✉♣ t♦ ✲✶✵ ♠✐♥✉t❡s✮ ✐♥ s✉❝❤ ✇❡t ❡♥✈✐r♦♥♠❡♥ts✱

✐♠♣❧②✐♥❣ ❛♥ ❛ss♦❝✐❛t❡❞ ❧♦♥❣✐t✉❞❡ ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ❡st✐♠❛t❡❞ ♣♦s✐t✐♦♥s ♦❢ ≈ ✶✺✵ ❦♠

t♦ t❤❡ ❡❛st ♦❢ t❤❡ ❜r❡❡❞✐♥❣ ❝♦❧♦♥② ✭❋✐❣✉r❡s ✶ ✫ ✷✮✳

❚❤❡ ❝r♦ss✲✇❛✈❡❧❡t ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ ❧♦❝❛❧ s✐❣♥✐✜❝❛♥t ❥♦✐♥t✲♣❡r✐♦❞✐❝✐t✐❡s ✭✐✳❡✳ s②♥✲

❝❤r♦♥②✮ ❜❡t✇❡❡♥ ❧♦♥❣✐t✉❞❡ ❛♥❞ s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥ t✐♠❡✲s❡r✐❡s ❢♦r ❡✈❡r② ✐♥❞✐✈✐❞✉❛❧



❘♦② ❡t ❛❧✳ P❛❣❡ ✼ ♦❢ ✷✵

✭♣✲✈❛❧✉❡ ❁ ✵✳✵✶✮✳ ❚❤✐s s②♥❝❤r♦♥✐❝✐t② ❛♣♣❡❛r❡❞ ❢♦r ❞✐✛❡r❡♥t ❝♦✉♣❧❡ ♦❢ s♣❡❝✐✜❝ ♣❡r✐♦❞s

❛♥❞ t✐♠❡s ❛♥❞ t❤❡② ❛r❡ ❞✐s❝❡r♥❛❜❧❡ ✐♥ ♠❛tr✐①❡s ♦❢ ❝r♦ss✲✇❛✈❡❧❡t ♣♦✇❡r ❝♦❡✣❝✐❡♥ts✳

❋✐❣✉r❡ ✸ ✐❧❧✉str❛t❡s ❤♦✇ t♦ ✐♥t❡r♣r❡t s✉❝❤ ♠❛tr✐①❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐t ❢♦❝✉s❡s ♦♥

❡①tr❛❝ts ♦❢ t❤❡ t✇♦ st✉❞✐❡❞ t✐♠❡✲s❡r✐❡s ♠❡❛s✉r❡❞ ❜② ♦♥❡ t❛❣✱ ✇✐t❤ ❛ ♣❡r✐♦❞ ✇✐t❤ s✐❣✲

♥✐✜❝❛♥t s②♥❝❤r♦♥② ✭♣❛♥❡❧ ❜✮✳ ■t s❤♦✇s t❤❛t ❞✉r✐♥❣ ❛♣♣r♦①✐♠❛t❡❧② ✷✵ ❞❛②s✱ ❧♦♥❣✐t✉❞❡

❛♥❞ s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥ s②♥❝❤r♦♥✐③❡❞ ✇✐t❤ ♣❡r✐♦❞✐❝✐t② ♦❢ ❛r♦✉♥❞ ✾✻❤✳ ■t ❝♦♥s✐sts

r♦✉❣❤❧② ✐♥ ❛❧t❡r♥❛t✐✈❡ ❞r② ♣❡r✐♦❞s ♦❢ ✹✽❤ ❢♦❧❧♦✇❡❞ ❜② ♣❡r✐♦❞s ♦❢ ✹✽❤ s♣❡♥t ✐♥ ✇❡t

❡♥✈✐r♦♥♠❡♥ts s❤✐❢t❡❞ ❛ ❢❡✇ ❞❡❣r❡❡s ❡❛st✇❛r❞✳ ❚❤❡ ✇❤✐t❡ ❛rr♦✇s ♣♦✐♥t✐♥❣ t♦ t❤❡

r✐❣❤t ✐♥❞✐❝❛t❡ t❤❛t t❤❡ t✇♦ s❡r✐❡s ❛r❡ ✐♥ ♣❤❛s❡ ❛t t❤❡ r❡s♣❡❝t✐✈❡ ♣❡r✐♦❞ ❬✺✺❪✳ ■♥ ♦t❤❡r

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

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

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

❞❡❝r❡❛s✐♥❣✮ ❝♦rr❡s♣♦♥❞s t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ ❛❝t✐✈✐t② ❛♥❞ t♦ s✉❜st❛♥t✐❛❧ t✐♠❡ s♣❡♥t ✐♥

❞r② ❡♥✈✐r♦♥♠❡♥ts ✇❤✐❝❤ ❝❛♥ ❜❡ ❞✉❡ t♦ st❛②✐♥❣ ❛t t❤❡ ❝♦❧♦♥②✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t

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

t♦ ✐ts ❝♦❧♦♥②✱ ❛♥❞ ❤❛✈❡ st❛②❡❞ ✐♥ t❤❡ ❡❛st❡r♥ ♣❛rt ♦❢ ❋❞◆ ❆r❝❤✐♣❡❧❛❣♦ ❢♦r ❛❜♦✉t ✷

❞❛②s ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥ts✳ ■♥ ♦♣♣♦s✐t✐♦♥✱ ❞✉r✐♥❣ ♣❡r✐♦❞s ✇✐t❤♦✉t ❥♦✐♥t ♣❡r✐♦❞✐❝✐t②

✇❡ ❤❛✈❡ ♥♦ ❛❝❝✉r❛t❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❜✐r❞ ♠♦✈❡♠❡♥t✳

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

❣❧♦❜❛❧ ♣❛tt❡r♥s ♦❢ ❥♦✐♥t s②♥❝❤r♦♥✐❝✐t②✱ ❛♥❞ ❛ str♦♥❣ r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ t❤❡ ♣❤❡♥♦❧✲

♦❣② ♦❢ ♠❛s❦❡❞ ❜♦♦❜✐❡s ✭❋✐❣✉r❡ ✹✮✳ P❡r✐♦❞s ✇✐t❤ ❛❧♠♦st ♥♦ s✐❣♥✐✜❝❛♥t ♣❡r✐♦❞✐❝✐t②

♦❝❝✉rr❡❞ ♠♦st❧② ❜❡t✇❡❡♥ ▼❛r❝❤ ❛♥❞ ❏✉❧② ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✜rst st❛❣❡ ♦❢ t❤❡

❜r❡❡❞✐♥❣ ♣❡r✐♦❞ ✭❧❛②✐♥❣ t♦ ❤❛t❝❤✐♥❣✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❞✉r✐♥❣ ❤❛t❝❤✐♥❣ ✭♠✐❞✲▼❛② t♦

♠✐❞✲❏✉♥❡✮ ❛❧♠♦st ♥♦ ❜✐r❞s ❤❛✈❡ s❤♦✇♥ s✐❣♥✐✜❝❛♥t s②♥❝❤r♦♥✐❝✐t②✳ ■♥ ❝♦♥tr❛st✱ ❢r♦♠

❏✉❧② t♦ ▼❛r❝❤✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ ❜r❡❡❞✐♥❣ s❡❛s♦♥ ❛♥❞ ✉♥t✐❧ t❤❡

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

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

♣❡r✐♦❞s ♦❢ ✷ t♦ ✽ ❞❛②s✱ ✇✐t❤ ❛ ♠♦❞❛❧ ♣❡r✐♦❞ t❤❛t ✐♥❝r❡❛s❡s ❢r♦♠ ✷ ✐♥ ❏✉❧② t♦ ✺ ❞❛②s ✐♥

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

❥♦✐♥t✲♣❡r✐♦❞✐❝✐t② s✉❝❤ ❛s ✐♥ t❤❡ ❡♥❞ ♦❢ ❙❡♣t❡♠❜❡r ♦r ✐♥ ♠✐❞✲❉❡❝❡♠❜❡r✳ ❉✐✛❡r❡♥❝❡s

❜② s❡① ❛♣♣❡❛r❡❞ ✇❤❡♥ ❜r❡❡❞✐♥❣ ✐s ♦✈❡r✱ ✐✳❡✳ ❛❢t❡r ✢❡❞❣✐♥❣ ✭❋✐❣✉r❡ ✹❝✬✮✱ ✇✐t❤ ❤✐❣❤❡r

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

♦❢ ❣❡♦❣r❛♣❤✐❝❛❧ ❝♦♦r❞✐♥❛t❡s ❛ss♦❝✐❛t❡❞ t♦ ❞❛②s ✇✐t❤ ❤✐❣❤❧② ✇❡t ❡♥✈✐r♦♥♠❡♥ts ❃ ✼✺✪

❢♦r ❢❡♠❛❧❡s ✭❲❡❧❝❤ ❚✇♦ ❙❛♠♣❧❡ t✲t❡st✿ ♣✲✈❛❧✉❡ ❁ ✵✳✵✵✶✮✳

❉✐s❝✉ss✐♦♥

●▲❙ ❞❛t❛ ❛♥❞ r❡s✐❞❡♥t ❜❡❤❛✈✐♦✉r

❉❛t❛ ❢r♦♠ ♦✉r ✸✶ tr❛❝❦✐♥❣ t❛❣s s❤♦✇❡❞ t❤❛t ▼❛s❦❡❞ ❇♦♦❜✐❡s ❢r♦♠ ❋❞◆ ❛r❝❤✐♣❡❧❛❣♦

✇❡r❡ st❛②✐♥❣ ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡✐r ❜r❡❡❞✐♥❣ s✐t❡ ❜♦t❤ ❞✉r✐♥❣ ❜r❡❡❞✐♥❣ ❛♥❞ ♥♦♥✲

❜r❡❡❞✐♥❣ s❡❛s♦♥✳ ❚❤❡ ❝r♦ss✲✇❛✈❡❧❡t ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ ❥♦✐♥t✲♣❡r✐♦❞✐❝✐t② ❜❡t✇❡❡♥ ❧♦♥✲

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

st❛♥t✐❛❧ t✐♠❡ s♣❡♥t ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥ts ❢♦r ♣❡r✐♦❞s ♦❢ ❛❜♦✉t ✹ t♦ ✽ ❞❛②s✳ ❲❡ ✐♥❢❡rr❡❞

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

❝♦♥s❡❝✉t✐✈❡ tr✐♣s ♦❢ s❤♦rt ❧❡♥❣t❤ ✭≈ ✷✲✹ ❞❛②s✮ ❛♥❞ s❤♦rt r❛♥❣❡ ✭≈ ✶✵✵✲✸✵✵ ❦♠✮ ❛t

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

❛♥❞ ♦♥ t❤❡ t✐♠❡ ♦❢ t❤❡ ②❡❛r✳
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●▲❙ ❞❛t❛ ❤❛✈❡ ❜❡❡♥ ♦♥❧② r❛r❡❧② ✉s❡❞ t♦ ❞❡♠♦♥str❛t❡ r❡s✐❞❡♥t ❜❡❤❛✈✐♦✉r ❬✻❪✳ ❊①✲

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

❤❛❜✐t❛t ③♦♥❡s ❜② ❛♣♣❧②✐♥❣ ❦❡r♥❡❧ ❞❡♥s✐t② ❡st✐♠❛t✐♦♥ ✭❑❉❊✮ ♦♥ ❛ s❝❛tt❡r ♦❢ ❧✐❣❤t✲

❞❡r✐✈❡❞ ♣♦s✐t✐♦♥s ❬✺✻✱ ✺✼❪✳ ❚❤❡② ❤❛✈❡ t❡♠♣t❡❞ t♦ ❞✐st✐♥❣✉✐s❤ tr❛✈❡❧❧✐♥❣ ❢r♦♠ r❡st✐♥❣

♣❡r✐♦❞s ❜② ✜①✐♥❣ ❡♠♣✐r✐❝❛❧ t❤r❡s❤♦❧❞s ♦♥ ❞✐st❛♥❝❡ t♦ t❤❡ ❝♦❧♦♥② ❬✺✽❪ ♦r ♦♥ ❝❤❛♥❣❡

✐♥ ❧♦♥❣✐t✉❞❡ ❬✺✾❪✳ ◆❡✈❡rt❤❡❧❡ss✱ ❛❧❧ ✐♥s✐st❡❞ t♦ ❜❡ ❝❛✉t✐♦✉s ✇❤❡♥ ✐♥t❡r♣r❡t✐♥❣ s✉❝❤

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

t✐♠❛t✐♦♥ ❞❡r✐✈❡❞ ❢r♦♠ ●▲❙ ❞❛t❛ ♦❢t❡♥ ❧❡❛❞s t♦ ❛ s❝❛tt❡r ♦❢ ❝♦♦r❞✐♥❛t❡s ❡①t❡♥❞❡❞

✐♥ ❧❛t✐t✉❞❡✳ ■♥ t❤✐s st✉❞②✱ ✇❡ ❡st✐♠❛t❡❞ t❤❡ ❡rr♦r r❛♥❣❡✱ ❛♥❞ ✇❡ ❞❡♠♦♥str❛t❡❞ ✐ts

s✐♠✐❧❛r✐t② ✇✐t❤ t❤❡ ❡st✐♠❛t❡❞ ❤❛❜✐t❛t ♦❢ ❋❞◆✬s ♠❛s❦❡❞ ❜♦♦❜✐❡s✳ ❚❤✐s s✉❣❣❡sts t❤❛t

s✉❝❤ ❤❛❜✐t❛t ③♦♥❡s r❡✢❡❝t ♠♦st❧② ❡rr♦rs ❛♥❞ ❛r❡ ♥♦t ♣❛rt✐❝✉❧❛r❧② ❡❝♦❧♦❣✐❝❛❧❧② r❡❧❡✲

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

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

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

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

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

②❡❛rs✳ ❍♦✇❡✈❡r✱ ♣r❡✈✐♦✉s ♦❜s❡r✈❛t✐♦♥s ❬✻✵❪✱ ❛s ✇❡❧❧ ❛s ♦✉r ♦✇♥ ✇✐t❤ r❡❝♦✈❡r② r❛t❡

❛r♦✉♥❞ ✾✵✪ s✉❣❣❡sts t❤❛t s✉❝❤ ❜❡❤❛✈✐♦✉r ✇♦✉❧❞ ❜❡ r❛t❤❡r r❛r❡✱ ❡s♣❡❝✐❛❧❧② s✐♥❝❡

t❤❡ r❡♠❛✐♥✐♥❣ ❢r❛❝t✐♦♥ ❝❛♥♥♦t ❜❡ ❞✐s❡♥t❛♥❣❧❡❞ ❢r♦♠ ♥❛t✉r❛❧ ♠♦rt❛❧✐t② ❡st✐♠❛t❡❞ ❛t

✽✳✻✪ ❜② ❬✻✶❪✳

❖✉r st✉❞② r❡✈❡❛❧s ❥♦✐♥t✲♣❡r✐♦❞✐❝✐t② ❜❡t✇❡❡♥ ❧♦♥❣✐t✉❞❡ ❛♥❞ s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥

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

r♦♥♠❡♥ts ❢♦r ♣❡r✐♦❞s ♦❢ ❛❜♦✉t ✹ t♦ ✽ ❞❛②s✳ ❙✉❝❤ r❡s✉❧ts ❞♦ ♥♦t ❡①♣❧✐❝✐t❧② ❞❡♠♦♥str❛t❡

t❤❛t ❜✐r❞s ❛❝t✉❛❧❧② ♣❡r❢♦r♠❡❞ s❤♦rt tr✐♣s t♦ t❤❡ ❡❛st ♦❢ ❋❞◆✳ ◆❡✈❡rt❤❡❧❡ss t❤❡② r❡✲

✈❡❛❧ ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛❝t✐✈✐t② ♣❛tt❡r♥s ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ❧♦❝❛t✐♦♥ ❡st✐♠❛t✐♦♥s✳

❚❤✐s ♣❛tt❡r♥ ♠❛② r❡s✉❧t ❢r♦♠ r❡❛❧ ❡❛st✇❛r❞ ♠♦✈❡♠❡♥ts ♦r t❤❡r❡ ♠✐❣❤t ❜❡ s♦♠❡ ❜✐❛s

✐♥ t❤❡ ♠❡❛s✉r❡ ♦❢ ❧✐❣❤t✲❧❡✈❡❧ ✐♥t❡♥s✐t② ✇❤❡♥ ♠❛s❦❡❞ ❜♦♦❜✐❡s ❛r❡ ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥ts

❝❛✉s✐♥❣ ❛ ❞❡✈✐❛t✐♦♥ t♦ t❤❡ ❡❛st✳ ❚❤✐s s❡❝♦♥❞ ❤②♣♦t❤❡s✐s ✇❛s ❤♦✇❡✈❡r ✉♥❧✐❦❡❧②✳ ■♥✲

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

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

s✐♥❝❡ ♥❡❣❛t✐✈❡ t✇✐❧✐❣❤t ❡rr♦r ❛r❡ t❤❡♦r❡t✐❝❛❧❧② ✐♠♣♦ss✐❜❧❡ ✇✐t❤ ●▲❙ ❞❛t❛✱ ❡s♣❡❝✐❛❧❧②

✐♥ ❡♥✈✐r♦♥♠❡♥ts ✇✐t❤ ♥♦ ❛rt✐✜❝✐❛❧ ❧✐❣❤ts✳ ■t ✇♦✉❧❞ ❛❧s♦ ❜❡ ❞✐✣❝✉❧t t♦ ❡①♣❧❛✐♥ t❤❡

❤✐❣❤❡st t❡♠♣❡r❛t✉r❡ ❞❡✈✐❛t✐♦♥ t❤❛t ✇❡ ♦❜s❡r✈❡❞ ✐♥ ❋✐❣✉r❡ ✶✱ ❛ss✉♠✐♥❣ s❛t❡❧❧✐t❡ ❞❛t❛

✇❡r❡ ❛❝❝✉r❛t❡✳ ❋✐♥❛❧❧②✱ ●P❙ tr❛❝❦✐♥❣ ♦❢ ♠❛s❦❡❞ ❜♦♦❜✐❡s ✐♥ t❤❡ s❛♠❡ ❝♦❧♦♥② ❞✉r✐♥❣

t❤❡ ❜r❡❡❞✐♥❣ s❡❛s♦♥ ❝♦♥❞✉❝t❡❞ ✐♥ ❡✈❡r② ❆♣r✐❧ ❜❡t✇❡❡♥ ✷✵✶✼ ❛♥❞ ✷✵✶✾ r❡✈❡❛❧❡❞ t❤❛t

♠❛s❦❡❞ ❜♦♦❜✐❡s ❢r♦♠ ❋❞◆ ❢♦r❛❣❡ ❛❧♠♦st ❡①❝❧✉s✐✈❡❧② ❛t t❤❡ ❡❛st ♦❢ ❋❞◆✱ ❛♥❞ t❤❛t

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

r❡❝♦r❞❡❞ tr✐♣s✱ ❙✳ ❇❡rtr❛♥❞✱ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❛✮✳ ❙✉❝❤ ♥✐❣❤ts ❛t s❡❛ ♠✐❣❤t ❜❡ ♦❜s❡r✈✲

❛❜❧❡ ✐♥ ♦✉r ❞❛t❛s❡ts ✭≈ ✶ ♦r ✷ ❜✐r❞s ❛♠♦♥❣ ✸✶ tr❛❝❦❡❞ ❜✐r❞s✮✱ ❛♥❞ ❋✐❣✉r❡ ✹ ✐♥❞✐❝❛t❡s

t❤❛t ✐♥ ❆♣r✐❧ ❛t ❧❡❛st ♦♥❡ ♠❛❧❡ s❤♦✇❡❞ ❛ ❥♦✐♥t ♣❡r✐♦❞✐❝✐t② ♦❢ ♣❡r✐♦❞ ✹✽❤✱ ✇❤✐❝❤ ❝♦r✲

r❡s♣♦♥❞s t♦ ✷✹❤ s♣❡♥t ✐♥ ❛ ✇❡t ❡♥✈✐r♦♥♠❡♥t ❛t t❤❡ ❡❛st ♦❢ t❤❡ ❝♦❧♦♥②✳ ❇❛s❡❞ ♦♥ ♦✉r

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

❝♦❧♦♥② ❞✉r✐♥❣ t❤❡ ♥♦♥✲❜r❡❡❞✐♥❣ s❡❛s♦♥ ❛♥❞ ❜❡❣✐♥♥✐♥❣ ♦❢ ❜r❡❡❞✐♥❣ s❡❛s♦♥✱ ❛♥❞ t❤❛t

t❤❡ ❡❛st✇❛r❞ ❞❡✈✐❛t✐♦♥ ❝♦♥s✐st❡❞ ✐♥ r❡❛❧ ♠♦✈❡♠❡♥ts ♦❢ ❛❜♦✉t ✶✺✵ ❦♠ ❡❛st✇❛r❞ t♦

❋❞◆✳
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▼❛s❦❡❞ ❜♦♦❜✐❡s✬ ②❡❛r✲r♦✉♥❞ r❡s✐❞❡♥❝②

❇r❡❡❞✐♥❣ ♠❛s❦❡❞ ❜♦♦❜✐❡s ❢r♦♠ ◆♦r♦♥❤❛ ♠❛✐♥❧② ❢❡❡❞ ♦♥ ✢②✐♥❣ ✜s❤❡s ✭✉♥♣✉❜❧✐s❤❡❞

❞❛t❛✱ ❝♦♥s✐st❡♥t ✇✐t❤ ♦t❤❡r s✐t❡s r❡♣♦rt❡❞ ✐♥ ❬✸✹❪✮✳ ❉❡s♣✐t❡ t❤❡ ❛r❝❤✐♣❡❧❛❣♦ ❜❡✐♥❣

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

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

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

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

t♦ t❤❡ ✐s❧❛♥❞ ❡✛❡❝t ♦❢ ❙ã♦ P❡❞r♦ ❙ã♦ P❛✉❧ ♦✛s❤♦r❡ ❛r❝❤✐♣❡❧❛❣♦✱ ✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦

tr✐❣❣❡r ❛ ❧♦❝❛❧ ❡♥r✐❝❤♠❡♥t ✐♥ t❤❡ s✉rr♦✉♥❞✐♥❣ ✇❛t❡rs t❤r♦✉❣❤ ❛♥ ✉♣✇❡❧❧✐♥❣ ✐s❧❛♥❞ ❡❢✲

❢❡❝t ❬✻✷❪✳ ❚❤❡ ✐♥t❡r♠✐tt❡♥t ✇❛② ❜❛❝❦ t♦ t❤❡ ❝♦❧♦♥② ✐s ❛❧s♦ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ t❡rr✐t♦r✐❛❧

❜❡❤❛✈✐♦✉r ♦❢ ▼❛s❦❡❞ ❇♦♦❜✐❡s ❬✸✹❪✳ ▼❛s❦❡❞ ❇♦♦❜✐❡s ❛r❡ ❦♥♦✇♥ t♦ ✐♥s♣❡❝t ❜r❡❡❞✲

✐♥❣ ❛r❡❛s ❜② ❛❡r✐❛❧ r❡❝♦♥♥❛✐ss❛♥❝❡ ❛♥❞ ♦♥ ❢♦♦t✱ ❛♥❞ t♦ ❞❡❢❡♥❞ ♥❡st✐♥❣ t❡rr✐t♦r✐❡s

t❤r♦✉❣❤ r✐t✉❛❧✐③❡❞ ✐♥✲✢✐❣❤t✐♥❣ s✐❣♥❛❧s ♦❢ s✐t❡✲♦✇♥❡rs❤✐♣✱ ✈♦❝❛❧✐③❛t✐♦♥s✱ ✇✐♥❣✲✢❛✐❧✐♥❣✱

♦r ❥❛❜❜✐♥❣✳

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

❬✻✸✱ ✹✵✱ ✻✹❪ ❛♥❞ st❛❜❧❡ ✐s♦t♦♣❡ ❛♥❛❧②s❡s ❢♦r tr♦♣❤✐❝ ❡❝♦❧♦❣② ❬✻✺✱ ✻✻❪✳ ❚❤❡s❡ ❛✉t❤♦rs

✉♥❞❡r❧✐♥❡❞ t❤❡ ♥❡❡❞ ❢♦r ❣♦✐♥❣ ❢✉rt❤❡r ✐♥ t❤❡ st✉❞② ♦❢ t❤❡ ❡❝♦❧♦❣② ♦❢ s❡❛❜✐r❞s ❛t ❋❞◆✱

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

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

r♦✉♥❞ ❜❡❤❛✈✐♦✉r✱ ✐♥❢❡rr✐♥❣ t❤❡✐r ♥♦♥✲♠✐❣r❛t♦r② ❜❡❤❛✈✐♦✉r ❛♥❞ t❤❡✐r ❤❛❜✐t❛t ③♦♥❡✳

■♥ ♣❛rt✐❝✉❧❛r✱ ♠❛s❦❡❞ ❜♦♦❜✐❡s st❛② ✇✐t❤✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ❊①❝❧✉s✐✈❡ ❊❝♦♥♦♠✐❝ ❩♦♥❡

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

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

❙❡①✲s♣❡❝✐✜❝ ❛❝t✐✈✐t② ♣❛tt❡r♥s

■❢ s♦♠❡ ✉♥❝❡rt❛✐♥t✐❡s r❡♠❛✐♥ ♦♥ t❤❡ ❡①❛❝t ❧♦❝❛t✐♦♥s ❛♥❞ ❤❛❜✐t❛t ③♦♥❡ ♦❢ ♠❛s❦❡❞

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

♣❛rt✐❝✉❧❛r✱ ✇❡ s❤♦✇ ❛ str♦♥❣ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❞✉r❛t✐♦♥ ♦❢ tr✐♣s ♦✉ts✐❞❡ ❋❞◆

❛♥❞ ❜r❡❡❞✐♥❣ ❝♦♥str❛✐♥ts✳ ▲❛②✐♥❣✱ ✐♥❝✉❜❛t✐♥❣ ❛♥❞ ❤❛t❝❤✐♥❣ ♣❡r✐♦❞s ✇❡r❡ ❛ss♦❝✐❛t❡❞

✇✐t❤ ♥♦ ❥♦✐♥t ♣❡r✐♦❞✐❝✐t②✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡ r❛♥❣❡ ❛♥❞ ❞✉r❛t✐♦♥ ♦❢ ❢♦r❛❣✐♥❣ tr✐♣s

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

❛♥❞ ❛❝t✐✈✐t②✳ ❚❤❡s❡ ❜r❡❡❞✐♥❣ st❛❣❡s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② s✉❜st❛♥t✐❛❧ t❤❡r♠✐❝❛❧ ❛♥❞

❡♥❡r❣❡t✐❝❛❧ ❝♦♥str❛✐♥ts ❧✐♥❦❡❞ t♦ r❡♣r♦❞✉❝t✐♦♥ s✐♥❝❡ ❛❞✉❧ts ♥❡❡❞ t♦ ✐♥❝✉❜❛t❡ ♦r t♦

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

s✐t❡ ♦r t❤❡✐r ❝❤✐❝❦ ❛♥❞ ❢♦r❛❣✐♥❣ ❛t s❡❛✳ ❚❤❡r❡❢♦r❡✱ t❤❡② ❛r❡ ♥♦t ❡①♣❡❝t❡❞ t♦ s♣❡♥❞

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

t✐♠❡❢r❛♠❡ ♦❢ t✇♦ ❧♦❝❛t✐♦♥s ♣❡r ❞❛② ❞❡r✐✈❡❞ ❢r♦♠ ●▲❙✮✳ ❊✈❡♥ ✐❢ t❤❡② ❢♦r❛❣❡ ❢❛r ❢r♦♠

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

❋❞◆✳ ❲❤❡♥ ❝❤✐❝❦s ❛r❡ ♦❧❞❡r ❛♥❞ ❝❛♥ s✉r✈✐✈❡ ✇✐t❤♦✉t t❤❡ ♣r♦t❡❝t✐♦♥ ♦❢ t❤❡✐r ♣❛r❡♥ts

✭✐✳❡✳ r❡❛r✐♥❣ t♦ ✢❡❞❣✐♥❣✮✱ t❤❡ r❡❧❡❛s❡ ♦❢ t❤❡ t❤❡r♠✐❝❛❧ ❝♦♥str❛✐♥ts ✇❛s ✐❧❧✉str❛t❡❞

❜② ❥♦✐♥t✲♣❡r✐♦❞✐❝✐t② ✇✐t❤ ❣r❛❞✉❛❧❧② ✐♥❝r❡❛s✐♥❣ ♣❡r✐♦❞s✳ ❚r✐♣s ♦✉ts✐❞❡ t❤❡ ❜r❡❡❞✐♥❣

♣❡r✐♦❞ ❧❛st❡❞ ❢r♦♠ ✶ ❞❛② ✐♥ ❏✉❧②✲❆✉❣✉st t♦ ✸ ❞❛②s ✐♥ ❖❝t♦❜❡r✲◆♦✈❡♠❜❡r✳

■♥t❡r❡st✐♥❣❧②✱ ✇❤❡♥ t❤❡r❡ ✇❛s ♥♦ ❝♦♥str❛✐♥t r❡❧❛t❡❞ t♦ r❡♣r♦❞✉❝t✐♦♥ ✭✐✳❡✳ ♥♦ str✐❝t

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

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

♣❡r✐♦❞ ✭❏❛♥✉❛r② t♦ ▼❛r❝❤✮✱ t❤❡ ❝r♦ss✲✇❛✈❡❧❡t r❡✈❡❛❧❡❞ ❤✐❣❤❡r ♣♦✇❡r ❝♦❡✣❝✐❡♥ts ❢♦r
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❢❡♠❛❧❡s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❧♦♥❣❡r tr✐♣s✳ ❚❤❡ ♠❡❞✐❛♥ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡✈✐❛t✐♦♥

♦❢ ❝♦♦r❞✐♥❛t❡s ♦❢ ❞❛②s s♣❡♥t ✐♥ ✇❡t ❡♥✈✐r♦♥♠❡♥ts ✭❃✼✺✪✮ ❢r♦♠ ❏❛♥✉❛r② ✷✵✶✽ ✇❛s

s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❢♦r ❢❡♠❛❧❡s ✭≈ ✷✵✵ ❦♠✮ t❤❛♥ ❢♦r ♠❛❧❡s ✭≈ ✶✺✵ ❦♠✮✳ ❖✉r r❡s✉❧ts

❝♦♥✜r♠ t❤❡ ❢❛❝t t❤❛t ❢♦r t❤✐s s♣❡❝✐❡s✱ ❛tt❡♥❞❛♥❝❡ ❛t s✐t❡ ♣r✐♦r t♦ ❡❣❣✲❧❛②✐♥❣ ✐s ❧❛r❣❡r

❢♦r ♠❛❧❡ t❤❛♥ ❢♦r ❢❡♠❛❧❡ ❬✸✹❪✳ ▼❛❧❡s ❛r❡ t❡rr✐t♦r✐❛❧ ❛♥❞ ✇♦r❦ ❛t ❝♦♥q✉❡r✐♥❣ ❛ ♥❡st

♣❧❛❝❡ ❛t t❤❛t ♣❡r✐♦❞✱ ❢r♦♠ ✇❤❡r❡ t❤❡② ♣❡r❢♦r♠ s❡①✉❛❧ ❵❛❞✈❡rt✐s✐♥❣✬ ♦♥ t❤❡ ❣r♦✉♥❞

❜② s❦②✲♣♦✐♥t✐♥❣✳ ❇② ❣♦✐♥❣ ❢✉rt❤❡r ❡❛st✇❛r❞✱ ❢❡♠❛❧❡s ♠❛② ❣♦ ❝❧♦s❡r t♦ ❙ã♦ P❡❞r♦ ❙ã♦

P❛✉❧ ♦✛s❤♦r❡ ❛r❝❤✐♣❡❧❛❣♦ ❛♥❞ r❡❛❝❤ ♠♦r❡ ♣r♦❞✉❝t✐✈❡ ❛r❡❛ ❬✻✷❪✱ ❛t ❛ ♣❡r✐♦❞ ✇❤❡r❡

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

✉s❡ ✐♥ t❤❡ ♣r❡✲❜r❡❡❞✐♥❣ ♣❡r✐♦❞ ✭✇❤✐❝❤ ✐s ♥♦t ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤❡ ❜r❡❡❞✐♥❣ ♣❡r✐♦❞✮

♣r♦✈✐❞❡s ❛ ♥❡✇ ❧✐❣❤t ♦♥ ❘❙❉ ♦❢ ♠❛s❦❡❞ ❜♦♦❜✐❡s✳ ❖♥❡ ♦❢ t❤❡ ❢✉♥❝t✐♦♥s ♣r♦♣♦s❡❞ ❢♦r

❘❙❉ ✐s ♥✐❝❤❡ s❡❣r❡❣❛t✐♦♥✱ ❡s♣❡❝✐❛❧❧② t♦ ❛✈♦✐❞ ✐♥t❡rs❡①✉❛❧ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❡

t❤❡ ✉s❡ ♦❢ r❡s♦✉r❝❡s ❬✻✼❪✳ ❲❤❡r❡ ♠❛♥② st✉❞✐❡s ❤❛✈❡ ❢❛✐❧❡❞ t♦ ❞❡♠♦♥str❛t❡ ❞✐✛❡r✲

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

r❡✈❡rs❡❞ s❡①✉❛❧ ❞✐♠♦r♣❤✐s♠✱ ♦✉r ♦✇♥ st✉❞② ♣r♦✈✐❞❡ r❡❧❡✈❛♥t s❡①✲s♣❡❝✐✜❝ ❛❝t✐✈✐t②

♣❛tt❡r♥s ✐♥ t❤❡ ♣r❡✲❧❛②✐♥❣ ♣❡r✐♦❞✳

❲❛✈❡❧❡t ❛♥❛❧②s✐s ♦❢ ❣❡♦❧♦❝❛t✐♦♥ ❞❛t❛

❲❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ ●▲❙ ❞❛t❛ ❞❡♣❧♦②❡❞ ♦♥ r❡s✐❞❡♥t ♦r ♦t❤❡r ♥♦♥✲♠✐❣r❛t♦r② ❛♥✐✲

♠❛❧s✱ t❤❡ q✉❡st✐♦♥ ♠✐❣❤t ♥♦t ❜❡ ✧✇❤❡r❡ ✐s t❤❡ ❛♥✐♠❛❧❄✧ ❜✉t r❛t❤❡r ✧❞✐❞ t❤❡ ❛♥✐♠❛❧

♠♦✈❡❄✧✳ ■♥ t❤✐s s✐t✉❛t✐♦♥✱ ✇❡ ♠✐❣❤t ♥❡❡❞ ❡①t❡r♥❛❧ ❞❛t❛ ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ ♠♦✈❡✲

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

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

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

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

♦r ❝♦r♠♦r❛♥ts✳ ❇✉t✱ ✐t ✐s ❛❧s♦ t❤❡ ❝❛s❡ ✐♥ ♦t❤❡r st✉❞✐❡s s✉❝❤ ❛s ✐♥ ❬✻✽❪✱ ✇❤❡r❡ t❤❡

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

❝✐♣✐t❛❜❧❡ ✇❛t❡r ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡ ❛s ❛ ♣r♦①② ♦❢ ❝❧♦✉❞ ❝♦✈❡r✐♥❣ ✐♥ ♦r❞❡r t♦ s❤♦✇ t❤❛t

❤✐❣❤ ❞❡✈✐❛t✐♦♥s ✐♥ ♣♦s✐t✐♦♥ ♠✐❣❤t ❜❡ ❞✉❡ t♦ s❤❛❞✐♥❣ ❞✉❡ t♦ ✇❡❛t❤❡r✳ ❲❡ ❞♦ t❤✐♥❦

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

❣r❡❛t t♦♦❧ ❢♦r st✉❞②✐♥❣ t❤❡ s❡q✉❡♥t✐❛❧✐t② ♦❢ ♥♦✐s② t✐♠❡✲s❡r✐❡s s✉❝❤ ❛s ❧✐❣❤t✲❞❡r✐✈❡❞

♣♦s✐t✐♦♥s✱ ❛♥❞ ❢♦r ❡①♣❧♦r✐♥❣ s✐❣♥✐✜❝❛♥t s②♥❝❤r♦♥✐❝✐t② ❜❡t✇❡❡♥ s✉❝❤ t✐♠❡✲s❡r✐❡s ❝♦✉✲

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

▼♦r❡♦✈❡r✱ ✐t ✐s r❡❛❧❧② str❛✐❣❤t❢♦r✇❛r❞ t♦ ✉s❡ ✇✐t❤ t♦♦❧s s✉❝❤ ❛s ❲❛✈❡❧❡t❈♦♠♣ ❘

♣❛❝❦❛❣❡ ❬✺✺❪✳

❈♦♥❝❧✉s✐♦♥

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

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

♣❡r✐♦❞s✱ s✉❝❤ ❛s ❞✉r✐♥❣ t❤❡ ♥♦♥✲❜r❡❡❞✐♥❣ s❡❛s♦♥✳ ■♥❞❡❡❞✱ t❤❛♥❦s t♦ t✐♠❡✲s❡r✐❡s ✇✐t❤

❤✐❣❤❡r ♣r❡❝✐s✐♦♥ ❛♥❞ r❡❧✐❛❜✐❧✐t② r❡❝♦r❞❡❞ ❜② ●▲❙ s✉❝❤ ❛s t❡♠♣❡r❛t✉r❡ ❛♥❞ s❛❧t✇❛t❡r

✐♠♠❡rs✐♦♥ ✇❡ ❝❛♥ ❡①tr❛❝t ♠♦r❡ ♦✉t ♦❢ ●▲❙ ❞❛t❛✱ ♣❛rt✐❝✉❧❛r❧② ❜② ❡❧✉❝✐❞❛t✐♥❣ ❛❝t✐✈✲

✐t② ♣❛tt❡r♥s✱ ❛♥❞ s❛❧t✇❛t❡r ✐♠♠❡rs✐♦♥ ❜♦✉ts✳ ❲❡ ❜r♦✉❣❤t ♥❡✇ ✐♥s✐❣❤ts ♦♥ ♠❛s❦❡❞

❜♦♦❜✐❡s ♠♦✈❡♠❡♥t ♣❛tt❡r♥s r❡❧❛t❡❞ t♦ ❜r❡❡❞✐♥❣ ❝♦♥str❛✐♥ts✱ ❛♥❞ ✇❡ r❡✈❡❛❧❡❞ ♣r❡✲

❜r❡❡❞✐♥❣ s❡①✲s♣❡❝✐✜❝ ♠♦✈❡♠❡♥ts t❤❛t ❤❛❞ ♥♦t ❜❡❡♥ ♦❜s❡r✈❡❞ t♦ ❞❛t❡✳ ❋✐♥❛❧❧②✱ ✇❡

t❤✐♥❦ t❤❛t ✇❛✈❡❧❡t ❛♥❛❧②s✐s ✐s ❛ r❡❧❡✈❛♥t ✇❛② t♦ ❡①tr❛❝t ♠♦r❡ ♦✉t ♦❢ ●▲❙ ❞❛t❛ ❢✉rt❤❡r



❘♦② ❡t ❛❧✳ P❛❣❡ ✶✶ ♦❢ ✷✵

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

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

●▲❙ ❞❛t❛✳

❆♣♣❡♥❞✐①

❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❋✐❡❧❞✇♦r❦ ❛❝t✐✈✐t✐❡s r❡❝❡✐✈❡❞ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ ❛♥❞ ❧♦❣✐st✐❝❛❧ s✉♣♣♦rt ❢r♦♠ t❤❡ ❋❡r♥❛♥❞♦ ❞❡ ◆♦r♦♥❤❛

❛❞♠✐♥✐str❛t✐♦♥✱ t❤❡ ■♥st✐t✉t♦ ❈❤✐❝♦ ▼❡♥❞❡s ❞❡ ❈♦♥s❡r✈❛çã♦ ❞❛ ❇✐♦❞✐✈❡rs✐❞❛❞❡ ✭■❈▼❇✐♦✱ ❇r❛③✐❧✮✱ t❤❡ ♠✐❧✐t❛r②

✜r❡♠❡♥ ❢r♦♠ ❋❡r♥❛♥❞♦ ❞❡ ◆♦r♦♥❤❛ ❛♥❞ t❤❡ ❚❆▼❆❘ Pr♦❥❡❝t✳ ❲❡ ❛❧s♦ ✇❛♥t t♦ ❡①♣r❡ss ❣r❛t❡❢✉❧ t❤❛♥❦s t♦

❛♥♦♥②♠♦✉s r❡✈✐❡✇❡rs ❛♥❞ t♦ ❝♦❧❧❡❛❣✉❡s ❢r♦♠ ■❋❘❊▼❊❘ ❛♥❞ ■❘❉ ❢♦r ❤❛✈✐♥❣ ❤❡❧♣❡❞ ✉s s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡

♠❛♥✉s❝r✐♣t✳

❋✉♥❞✐♥❣

❚❤✐s ✇♦r❦ ✐s ❛ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❚❘■❆❚▲❆❙ ♣r♦❥❡❝t ✭❢✉♥❞✐♥❣ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✬s ❍♦r✐③♦♥ ✷✵✷✵ r❡s❡❛r❝❤

❛♥❞ ✐♥♥♦✈❛t✐♦♥ ♣r♦❣r❛♠ ✕ ❣r❛♥t ❛❣r❡❡♠❡♥t ◆♦✳ ✽✶✼✺✼✽✮✳ ❚❤✐s ♣r♦❥❡❝t ❤❛s r❡❝❡✐✈❡❞ ❢✉♥❞✐♥❣ ❢r♦♠ t❤❡ P❛❞❞❧❡

❘✐s❡ ♣r♦❥❡❝t ✲ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✬s ❍♦r✐③♦♥ ✷✵✷✵ r❡s❡❛r❝❤ ❛♥❞ ✐♥♥♦✈❛t✐♦♥ ♣r♦❣r❛♠ ✉♥❞❡r ●r❛♥t ❆❣r❡❡♠❡♥t ◆♦

✼✸✹✷✼✶✳ ❚❤✐s st✉❞② ✇❛s ♣❛rt✐❛❧❧② ❢✉♥❞❡❞ ❜② ■❘❉ ✭▼✐①❡❞ ■♥t❡r♥❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r② ❚❛♣✐♦❝❛✮✱ ❈P❊❘ ❈❡❧✐♠❡r

✭❋r❛♥❝❡✮✱ ❋✉♥❞❛çã♦ ❖ ❇♦t✐❝ár✐♦ ✭❇r❛③✐❧✮✱ ❇r❛③✐❧✐❛♥ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ✭❈◆Pq✱ ◆♦✳ ✹✷✷✼✺✾✴✷✵✶✻✲✸✮✳

▲✳❇✳ ✐s r❡s❡❛r❝❤ ❢❡❧❧♦✇ ❢r♦♠ ❈◆Pq ✭P◗ ✸✶✶✹✵✾✴✷✵✶✽✲✵✮✳

❆❜❜r❡✈✐❛t✐♦♥s

●▲❙✱ ❋❞◆✱ ❑❉❊

❆✈❛✐❧❛❜✐❧✐t② ♦❢ ❞❛t❛ ❛♥❞ ♠❛t❡r✐❛❧s

❉❛t❛ ✇✐❧❧ ❜❡ ❛❞❞❡❞ t♦ ▼♦✈❡❜❛♥❦✳ ■t ✐s ❢♦r t❤❡ ♠♦♠❡♥t ♦♥ ♦✉r ❣✐t❤✉❜ ♣❛❣❡✿

❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❆♠❡❞❡❡❘♦②✴❲❛✈❡▲✐❣❤t●▲❙✳

❊t❤✐❝s ❛♣♣r♦✈❛❧ ❛♥❞ ❝♦♥s❡♥t t♦ ♣❛rt✐❝✐♣❛t❡

◆♦t ❛♣♣❧✐❝❛❜❧❡✳

❈♦♠♣❡t✐♥❣ ✐♥t❡r❡sts

❚❤❡ ❛✉t❤♦rs ❞❡❝❧❛r❡ t❤❛t t❤❡② ❤❛✈❡ ♥♦ ❝♦♠♣❡t✐♥❣ ✐♥t❡r❡sts✳

❈♦♥s❡♥t ❢♦r ♣✉❜❧✐❝❛t✐♦♥

◆♦t ❛♣♣❧✐❝❛❜❧❡✳

❆✉t❤♦rs✬ ❝♦♥tr✐❜✉t✐♦♥s

❆✳❘✳✱ ❙✳❇✳ ❛♥❞ ❑✳❉✳ ❝♦♥❝❡✐✈❡❞ t❤❡ ✐❞❡❛s ❛♥❞ ❆✳❘✳ ♣❡r❢♦r♠❡❞ t❤❡ ❛♥❛❧②s✐s❀ ❆✳❘✳✱ ●✳❚✳◆✳✱ ❑✳❉✳✱ ❈✳❇✳✱ ❑✳❉✳ ❛♥❞

❙✳❇✳ ❤❛✈❡ ❜❡❡♥ ♦♥ ✜❡❧❞✇♦r❦s ❢♦r ❝♦❧❧❡❝t✐♥❣ t❤❡ ❞❛t❛❀ ❆✳❘✳ ❧❡❞ t❤❡ ✇r✐t✐♥❣ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳ ❆❧❧ ❛✉t❤♦rs

❝♦♥tr✐❜✉t❡❞ ❝r✐t✐❝❛❧❧② t♦ t❤❡ ❞r❛❢ts ❛♥❞ ❣❛✈❡ ✜♥❛❧ ❛♣♣r♦✈❛❧ ❢♦r ♣✉❜❧✐❝❛t✐♦♥✳

❆✉t❤♦rs✬ ✐♥❢♦r♠❛t✐♦♥

◆♦t ❛♣♣❧✐❝❛❜❧❡✳

❆✉t❤♦r ❞❡t❛✐❧s
✶ ■♥st✐t✉t ❞❡ ❘❡❝❤❡r❝❤❡ ♣♦✉r ❧❡ ❉é✈❡❧♦♣♣❡♠❡♥t ✭■❘❉✮✱ ❯▼❘✷✹✽ ▼❆❘❇❊❈ ✭■❘❉✴❈◆❘❙✴■❋❘❊▼❊❘✴❯▼✮✱

❆✈❡♥✉❡ ❏❡❛♥ ▼♦♥♥❡t✱ ✸✹✷✵✵✱ ❙èt❡✱ ❋r❛♥❝❡✳ ✷ ❈❡♥tr❡s ❞✬❊t✉❞❡s ❇✐♦❧♦❣✐q✉❡s ❞❡ ❈❤✐③é✱ ❯▼❘✼✸✼✷ ❈❡♥tr❡

◆❛t✐♦♥❛❧ ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ ❙❝✐❡♥t✐✜q✉❡✱ ✼✾✸✻✵✱ ❱✐❧❧✐❡rs ❡♥ ❇♦✐s✱ ❋r❛♥❝❡✳ ✸ ❈❡♥tr♦ ❞❡ ❊st✉❞♦s ❈♦st❡✐r♦s✱

▲✐♠♥♦❧ó❣✐❝♦s ❡ ▼❛r✐♥❤♦s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ●r❛♥❞❡ ❞♦ ❙✉❧ ✭❯❋❘●❙✮✱ ❈❛♠♣✉s ▲✐t♦r❛❧ ◆♦rt❡✱ ❆✈❡♥✐❞❛

❚r❛♠❛♥❞❛í✱ ✾✼✻✱ ✾✺✻✷✺✲✵✵✵✱ ■♠❜é✱ ❘❙✱ ❇r❛③✐❧✳ ✹ ❇✐♦❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s ■♥st✐t✉t❡ ❛♥❞ ❙❡❛❜✐r❞s ❛♥❞ ❙❡❛ ❚✉rt❧❡s

▲❛❜♦r❛t♦r②✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ●r❛♥❞❡ ✭❋❯❘●✮✱ ❆✈❡♥✐❞❛ ■tá❧✐❛✱ ❦♠ ✽✱ ❈❛rr❡✐r♦s✱ ✾✻✷✵✸✲✾✵✵✱ ❘✐♦

●r❛♥❞❡✱ ❘❙✱ ❇r❛③✐❧✳ ✺ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ P❡s❝❛ ❡ ❆q✉✐❝✉❧t✉r❛✱ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❇✐♦♠❡tr✐❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧

❘✉r❛❧ ❞❡ P❡r♥❛♠❜✉❝♦ ✭❯❋❘P❊✮✱ ❘✉❛ ❉♦♠ ▼❛♥✉❡❧ ❞❡ ▼❡❞❡✐r♦s✱ ❉♦✐s ■r♠ã♦s✱ ✺✷✶✼✶✲✾✵✵✱ ❘❡❝✐❢❡✱ P❊✱ ❇r❛③✐❧✳

❘❡❢❡r❡♥❝❡s

✶✳ ❇♦✇❧❡r ❉❊✱ ❇❡♥t♦♥ ❚●✳ ❈❛✉s❡s ❛♥❞ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❛♥✐♠❛❧ ❞✐s♣❡rs❛❧ str❛t❡❣✐❡s✿ r❡❧❛t✐♥❣ ✐♥❞✐✈✐❞✉❛❧

❜❡❤❛✈✐♦✉r t♦ s♣❛t✐❛❧ ❞②♥❛♠✐❝s✳ ❇✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇s✳ ✷✵✵✺❀✽✵✿✷✵✺✕✷✷✺✳

✷✳ ◆❛t❤❛♥ ❘✱ ●❡t③ ❲▼✱ ❘❡✈✐❧❧❛ ❊✱ ❍♦❧②♦❛❦ ▼✱ ❑❛❞♠♦♥ ❘✱ ❙❛❧t③ ❉✱ ❡t ❛❧✳ ❆ ♠♦✈❡♠❡♥t ❡❝♦❧♦❣② ♣❛r❛❞✐❣♠ ❢♦r

✉♥✐❢②✐♥❣ ♦r❣❛♥✐s♠❛❧ ♠♦✈❡♠❡♥t r❡s❡❛r❝❤✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✳

✷✵✵✽❀✶✵✺✿✶✾✵✺✷✕✶✾✵✺✾✳

✸✳ ◆❡✇t♦♥ ■✳ ❚❤❡ ♠✐❣r❛t✐♦♥ ❡❝♦❧♦❣② ♦❢ ❜✐r❞s✳ ▲♦♥❞♦♥✿ ❆❝❛❞❡♠✐❝ Pr❡ss❀ ✷✵✶✵✳

✹✳ ●❛rt❤❡ ❙✱ ▲✉❞②♥✐❛ ❑✱ ❍ü♣♣♦♣ ❖✱ ❑✉❜❡t③❦✐ ❯✱ ▼❡r❛③ ❏❋✱ ❋✉r♥❡ss ❘❲✳ ❊♥❡r❣② ❜✉❞❣❡ts r❡✈❡❛❧ ❡q✉❛❧

❜❡♥❡✜ts ♦❢ ✈❛r✐❡❞ ♠✐❣r❛t✐♦♥ str❛t❡❣✐❡s ✐♥ ♥♦rt❤❡r♥ ❣❛♥♥❡ts✳ ▼❛r✐♥❡ ❇✐♦❧♦❣②✳ ✷✵✶✷❀✶✺✾✿✶✾✵✼✕✶✾✶✺✳

✺✳ ❋r✐❡s❡♥ ❱▲✱ ❇✉r❣ ❚▼✱ ▼❝❈❖❨ ❑❉✳ ▼❡❝❤❛♥✐s♠s ♦❢ ♣♦♣✉❧❛t✐♦♥ ❞✐✛❡r❡♥t✐❛t✐♦♥ ✐♥ s❡❛❜✐r❞s✳ ▼♦❧❡❝✉❧❛r

❊❝♦❧♦❣②✳ ✷✵✵✼❀✶✻✿✶✼✻✺✕✶✼✽✺✳

✻✳ ❙❝❤❛❝t❡r ❈❘✱ ❏♦♥❡s ■▲✳ ❈♦♥✜r♠❡❞ ②❡❛r✲r♦✉♥❞ r❡s✐❞❡♥❝❡ ❛♥❞ ❧❛♥❞ r♦♦st✐♥❣ ♦❢ ❲❤✐s❦❡r❡❞ ❆✉❦❧❡ts ✭ ❆❡t❤✐❛

♣②❣♠❛❡❛ ✮ ❛t ❇✉❧❞✐r ■s❧❛♥❞✱ ❆❧❛s❦❛✳ ❚❤❡ ❆✉❦✳ ✷✵✶✽ ❏✉❧❀✶✸✺✿✼✵✻✕✼✶✺✳

✼✳ ❲✐❧s♦♥ ❘P✱ ❈✉❧✐❦ ❇▼✱ ❑♦s✐♦r❡❦ P✱ ❆❞❡❧✉♥❣ ❉✳ ❚❤❡ ♦✈❡r✲✇✐♥t❡r ♠♦✈❡♠❡♥ts ♦❢ ❛ ❝❤✐♥str❛♣ ♣❡♥❣✉✐♥

✭P②❣♦s❝❡❧✐s ❛♥t❛r❝t✐❝❛✮✳ P♦❧❛r ❘❡❝♦r❞✳ ✶✾✾✽❀✸✹✿✶✵✼✕✶✶✷✳

✽✳ ❲❡✐♠❡rs❦✐r❝❤ ❍✱ ❲✐❧s♦♥ ❘P✳ ❖❝❡❛♥✐❝ r❡s♣✐t❡ ❢♦r ✇❛♥❞❡r✐♥❣ ❛❧❜❛tr♦ss❡s✳ ◆❛t✉r❡✳ ✷✵✵✵❀✹✵✻✿✾✺✺✕✾✺✻✳



❘♦② ❡t ❛❧✳ P❛❣❡ ✶✷ ♦❢ ✷✵

✾✳ ▲♦♥❣❤✉rst ❆❘✱ P❛✉❧② ❉✳ ❊❝♦❧♦❣② ♦❢ tr♦♣✐❝❛❧ ♦❝❡❛♥s✳ ✺✼✹✳✺✷✻✸✻ ▲✻✳ ❙❛♥ ❉✐❡❣♦✿ ❆❝❛❞❡♠✐❝ Pr❡ss❀ ✶✾✽✼✳

✶✵✳ ❆s❤♠♦❧❡ ◆P✳ ❙❡❛❜✐r❞ ❡❝♦❧♦❣② ❛♥❞ t❤❡ ♠❛r✐♥❡ ❡♥✈✐r♦♥♠❡♥t✳ ❆✈✐❛♥ ❇✐♦❧♦❣②✳ ✶✾✼✶❀✶✿✷✷✸✕✷✽✻✳

✶✶✳ ❈❛tr② ❚✱ ❘❛♠♦s ❏✱ ▲❡ ❈♦rr❡ ▼✱ P❤✐❧❧✐♣s ❘✳ ▼♦✈❡♠❡♥ts✱ ❛t✲s❡❛ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❜❡❤❛✈✐♦✉r ♦❢ ❛ tr♦♣✐❝❛❧

♣❡❧❛❣✐❝ s❡❛❜✐r❞✿ t❤❡ ✇❡❞❣❡✲t❛✐❧❡❞ s❤❡❛r✇❛t❡r ✐♥ t❤❡ ✇❡st❡r♥ ■♥❞✐❛♥ ❖❝❡❛♥✳ ▼❛r✐♥❡ ❊❝♦❧♦❣② Pr♦❣r❡ss ❙❡r✐❡s✳

✷✵✵✾❀✸✾✶✿✷✸✶✕✷✹✷✳

✶✷✳ ▲❡ ❈♦rr❡ ▼✱ ❏❛❡❣❡r ❆✱ P✐♥❡t P✱ ❑❛♣♣❡s ▼❆✱ ❲❡✐♠❡rs❦✐r❝❤ ❍✱ ❈❛tr② ❚✱ ❡t ❛❧✳ ❚r❛❝❦✐♥❣ s❡❛❜✐r❞s t♦ ✐❞❡♥t✐❢②
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Figures

Figure 1

Histograms of twilight times and temperature deviation from Fernando de Noronha Grey histograms
consider the calibration period only (2017-05-10 to 2017-06-15). Blue histograms consider all deployment
period (2017-05-05 to 2018-04-23). Orange histograms consider periods where the mean saltwater
immersion time is above 75%. Red-dotted curves correspond to the error structure used in Figure 2.



Figure 2

Geolocation error and habitat maps. Maps of geolocation error (red) correspond to the geographical error
range estimation of a GLS �xed at Fernando de Noronha, Brazil, based on the error structure presented in
Figure 1. Map of habitat (blue) have been estimated using observed data from all geolocator. Map of wet
habitat (orange) are a subset of the habitat maps where coordinates that have been used correspond to
period between two consecutive twilights where the mean saltwater immersion time is above 75%. In (a)
all coordinates have been used, in (b) we used coordinates weighted by their likelihood (based on
temperature data). EEZ Exclusive Economic Zone



Figure 3

Cross-wavelet power coe�cient matrix The upper plot is an extract of longitude and activity (i.e. daily wet
time) time-series derived from a geolocator. The bottom plot is the respective cross-wavelet power
coe�cient matrix. White lines contour the time/period pairs with signi�cant synchronicity (p < 0.01).
White arrows illustrate the difference of phases between the two time-series (derived from wavelet
analysis). More precisely, horizontal arrows pointing to the right indicate that the two series are in phase
at the respective period (more details in [55]). The two plots on the right (a) and (b), consist in two distinct
windows in the time-series. Red lines show the Morlet wavelet used for the analysis for the two
time/period pairs illustrated by red crosses on the coe�cient matrix. Grey rectangles show nights.



Figure 4

Sex-speci�c averaged cross-wavelet power coe�cient matrixes Averaged cross-wavelet power coe�cient
matrixes of longitude and activity time-series based on the analysis of all geolocators over the whole
deployment for separately female (n = 14) and male (n = 17). White lines contour the time/period pairs
where at least one individual have shown signi�cant joint-periodicity between the two time-series. White
arrows illustrate the difference of phases between the two time-series (see Figure 3 for further



explanations). The white area corresponds to the cone of in�uence (see [48]). The plot below shows
approximately the different stages of the phenology of masked boobies at Fernando de Noronha, Brazil,
based on in situ observations. (a), (b) and (c) show the averaged power over the three respective time-
windows. (c') show the eastward deviation from Fernando de Noronha of position estimated over the
time-window (c) associated with highly wet environments (75%). Individual analysis are available on a
GitHub repository (AmedeeRoy/WaveLightGLS).


