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❆❝❦♥♦✇❧❡❞❣♠❡♥t

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

Pr♦❢❡ss♦r ●✉✐❞♦ ❆s❝❛r✐✱ t❤r♦✉❣❤♦✉t t❤❡ ♣r♦❝❡ss ♦❢ ❝♦♠♣❧❡t✐♥❣ t❤✐s t❤❡s✐s✳ ❍✐s ❡①♣❡r✲

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

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

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

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② ❣r❛t✐t✉❞❡ t♦ t❤❡ ❉♦❝t♦r❛❧ ❙❝❤♦♦❧ ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢

P❛✈✐❛ ❛♥❞ ▼✐❧❛♥ ❢♦r ❛❧❧♦✇✐♥❣ ♠❡ t♦ ♣✉rs✉❡ ♠② P❤✳❉✳ ❛♥❞ ❢♦r t❤❡✐r ❝♦♥t✐♥✉♦✉s s✉♣✲

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

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

❡①♣❡r✐❡♥❝❡✳

■♥ ❛❞❞✐t✐♦♥✱ ■ ❛♠ ❣r❛t❡❢✉❧ t♦ Pr♦❢❡ss♦rs ❋❛❜✐♦ ❈❛♥♦✈❛✱ ●❛r② ❑♦♦♣✱ ❛♥❞ ❉✐♠✐tr✐s ❑♦✲

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

♦❢ ♠② P❤✳❉✳ ♣r♦❥❡❝t✳ ■ ❛♠ ❛❧s♦ ❣r❛t❡❢✉❧ t♦ t❤❡ ❵♦♣❡♥ ❡❝♦♥♦♠② ❉❙●❊ ♠♦❞❡❧❧✐♥❣ ✇✐t❤

❛♣♣❧✐❝❛t✐♦♥s t♦ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✬ ❝♦✉rs❡ ♦✛❡r❡❞ ❜② ❈✐t②✱ ❯♥✐✈❡rs✐t② ♦❢ ▲♦♥❞♦♥✱ ❛s

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

■ ❛♠ ❣r❛t❡❢✉❧ t♦ ♠② ❡♥t✐r❡ ❡①t❡♥❞❡❞ ❢❛♠✐❧② ❢♦r t❤❡✐r ❧✐❢❡❧♦♥❣ s✉♣♣♦rt ❛♥❞ r❡❧❡♥t❧❡ss

♣✉s❤ ❢♦r ♠② ❛❝❛❞❡♠✐❝ s✉❝❝❡ss✳ ❙✐♥❝❡ ■ ✇❛s ②♦✉♥❣✱ ♠② ♠✉♠ ❛♥❞ ❞❛❞ ❤❛✈❡ s❛✐❞ t❤❛t

t❤❡② ✇❛♥t t♦ s❡❡ ❛❝❛❞❡♠✐❝ s✉❝❝❡ss t❤r♦✉❣❤ ♠❡✱ ❛♥❞ ■ ❤♦♣❡ t❤✐s ♠❛❦❡s ②♦✉ ♣r♦✉❞✳

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

❛♥❞ ❞♦✇♥s ♦❢ t❤✐s ❥♦✉r♥❡②✳

✐



❉❡❝❧❛r❛t✐♦♥

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

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

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

❦♥♦✇❧❡❞❣❡❞✳

✐✐



❚❛❜❧❡ ♦❢ ❈♦♥t❡♥ts

❆❝❦♥♦✇❧❡❞❣♠❡♥t ✐

❉❡❝❧❛r❛t✐♦♥ ✐✐

▲✐st ♦❢ ❋✐❣✉r❡s ✈✐✐✐

▲✐st ♦❢ ❚❛❜❧❡s ✐①

❆❜str❛❝t ①✐✐
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❆❜str❛❝t

❚❤✐s t❤❡s✐s ❝♦♥s✐sts ♦❢ ❛ ❜r✐❡❢ ✐♥tr♦❞✉❝t♦r② ❝❤❛♣t❡r ❛♥❞ t✇♦ ♠❛✐♥ ❝❤❛♣t❡rs t❤❛t ✐❞❡♥t✐❢②

t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ❛s ❛ tr❛♥s♠✐ss✐♦♥ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s

t♦ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤❡ ✜rst ❝❤❛♣t❡r ✐s ❛♥ ✐♥tr♦❞✉❝t♦r② ❝❤❛♣t❡r ✇❤❡r❡ ❛ ❜r✐❡❢

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

t♦ ❡①t❡r♥❛❧ s❤♦❝❦s ❛r❡ ❜r✐❡✢② ❤✐❣❤❧✐❣❤t❡❞ ❢r♦♠ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ♣❡rs♣❡❝t✐✈❡✳

■♥ t❤❡ s❡❝♦♥❞ ❝❤❛♣t❡r✱ ❛ ❇❛②❡s✐❛♥ ❱❡❝t♦r ❆✉t♦r❡❣r❡ss✐✈❡ ✭❇❱❆❘✮ ♠♦❞❡❧ ✇❛s ❡♠♣❧♦②❡❞

t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②

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

r❡s♣♦♥❞ t♦ ❡①t❡r♥❛❧ s❤♦❝❦s✱ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡✐r r❡s♣♦♥s❡ ✈❛r✐❡s ❛❝r♦ss ❞✐✛❡r❡♥t

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

❡❝♦♥♦♠✐❡s ✇✐t❤ ❧✐♠✐t❡❞ s❤♦❝❦ ❛❜s♦r♣t✐♦♥ ❝❛♣❛❝✐t②✳ ❚❤❡s❡ ✜♥❞✐♥❣s ✉♥❞❡rs❝♦r❡ t❤❡

s✐❣♥✐✜❝❛♥t r♦❧❡ ♣❧❛②❡❞ ❜② ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❛s ❛ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ ❢♦r

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

✉♥✐q✉❡ s❡❝t♦r ✐♥ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♠♦❞❡❧✐♥❣✳

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

♦♥ ▼♦r♦❝❝♦✱ ❛ s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠② ✇✐t❤ ❛ ❤❡❛✈② r❡❧✐❛♥❝❡ ♦♥ ♣❤♦s♣❤❛t❡

♠✐♥❡r❛❧ ❡①♣♦rts✳ ❆ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉②♥❛♠✐❝ ❙t♦❝❤❛st✐❝ ●❡♥❡r❛❧ ❊q✉✐❧✐❜r✐✉♠ ✭❉❙●❊✮

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

❜♦t❤ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s✳ ❚❤❡ r❡s❡❛r❝❤ ❝♦♥✜r♠s t❤❡ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s
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❛♥❞ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ r❡❣❛r❞✐♥❣ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠✐❡s ✇❤✐❧❡ ❡♠♣❤❛s✐③✐♥❣ t❤❡ r♦❧❡

♦❢ ▼♦r♦❝❝♦✬s ❞✐st✐♥❝t✐✈❡ ♠✐♥❡r❛❧ s❡❝t♦r✱ ❝❧♦s❡❧② t✐❡❞ t♦ ❣❧♦❜❛❧ ♠❛r❦❡t ♣r✐❝✐♥❣✱ ❛s ❛

❝♦♥❞✉✐t ❢♦r ❡①t❡r♥❛❧ s❤♦❝❦s ✐♠♣❛❝t✐♥❣ t❤❡ ❝♦✉♥tr②✬s ❡❝♦♥♦♠②✳

❚❤❡s❡ st✉❞✐❡s ❛r❡ ♥♦t ✇✐t❤♦✉t t❤❡✐r ❧✐♠✐t❛t✐♦♥s✳ ❆❧t❤♦✉❣❤ t❤❡ ❝❤❛♣t❡r✲s♣❡❝✐✜❝ ❧✐♠✐✲

t❛t✐♦♥s ❛r❡ s♣❡❝✐✜❡❞ ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❝❤❛♣t❡rs✱ t❤❡ t✇♦ ♠❛✐♥ ❝❤❛♣t❡rs s❤❛r❡ ❛ ❝♦♠✲

♠♦♥ ❧✐♠✐t❛t✐♦♥ ♦❢ ❢♦❝✉s✐♥❣ ♦♥ s❤♦rt✲t❡r♠ ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❡♠❡r❣✐♥❣ ♠❛r❦❡ts

r❛t❤❡r t❤❛♥ ❧♦♥❣✲t❡r♠ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✳ ❚❤❡ ❣❡♥❡r❛❧ ✐♥tr♦❞✉❝t♦r② ❝❤❛♣t❡r ❤✐❣❤❧✐❣❤t❡❞

♠❡❞✐✉♠ ❛♥❞ ❧♦♥❣✲t❡r♠ ❣r♦✇t❤ tr❡♥❞s✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t t❤❡ ♥❡①t

t✇♦ ♠❛✐♥ ❝❤❛♣t❡rs ♦❢ t❤❡ t❤❡s✐s ❢♦❝✉s ♠❛✐♥❧② ♦♥ ❡①♣❧❛✐♥✐♥❣ s❤♦rt✲t❡r♠ ❣r♦✇t❤ ❛♥❞

❜✉s✐♥❡ss ❝②❝❧❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ❆❢r✐❝❛♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❛❣❡♥❞❛ ♦❢

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

❧❡❢t ❛s ❛ ❢✉t✉r❡ ❛❣❡♥❞❛✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡s❡ st✉❞✐❡s s❤❡❞ ❧✐❣❤t ♦♥ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❛ ❧✐♠✐t❡❞ r❡❧✐❛♥❝❡ ♦♥

❝♦♠♠♦❞✐t② ❡①♣♦rts ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤❡② ❤✐❣❤❧✐❣❤t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❡①t❡r♥❛❧

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

t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ✉♥✐q✉❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s✳

❑❡②✇♦r❞s✿ ❊♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s❀ ❇❱❆❘❀ ❉❙●❊❀ ❊①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡✳

①✐✐✐



❈❍❆P❚❊❘ ■

■◆❚❘❖❉❯❈❚■❖◆

❊♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ♣❧❛❝❡ ✐♥ t❤❡ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ s❝❡♥❡✱ ♠❛❦✐♥❣

t❤❡✐r ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ❛ t♦♣✐❝ ♦❢ ❦❡❡♥ ✐♥t❡r❡st ❢♦r ❡❝♦♥♦♠✐sts✱ ♣♦❧✐❝②♠❛❦❡rs✱

❛♥❞ ✐♥✈❡st♦rs ❛❧✐❦❡✳ ❚❤❡ ❆❢r✐❝❛♥ ❝♦♥t✐♥❡♥t ✐s ❤♦♠❡ t♦ ❛ r❛♥❣❡ ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s

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

❣r♦✇t❤ ♣♦t❡♥t✐❛❧✳ ❚❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✐♥t♦ t❤❡ r♦♦ts ♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✱ ♦r ❧❛❝❦ t❤❡r❡♦❢✱

✐♥ ❙✉❜✲❙❛❤❛r❛♥ ❆❢r✐❝❛ ❣❛r♥❡r❡❞ s✐❣♥✐✜❝❛♥t ✐♥t❡r❡st ❛❢t❡r t❤❡ s❡♠✐♥❛r ♣❛♣❡r ❜② ❇❛rr♦

✭✶✾✾✶✮✳ ❚❤❡ ♣r♦♠✐♥❡♥t ✜♥❞✐♥❣ ❢r♦♠ ❇❛rr♦ ✭✶✾✾✶✮ ❧❛t❡r ✈❛❧✐❞❛t❡❞ ❜② ❙❛❧❛✲✐ ▼❛rt✐♥

❡t ❛❧✳ ✭✷✵✵✹✮ ✐s t❤❛t ❆❢r✐❝❛✬s ❣r♦✇t❤ ❞②♥❛♠✐❝s ♣♦ss❡ss ❛ ❞✐st✐♥❝t✐✈❡ q✉❛❧✐t②✱ ❛♥❞ t❤❡

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

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

❢♦❧❧♦✇❡❞ ✐t✱ ❤❛✈❡ ❧♦♥❣ ❜❡❡♥ ❛ ♣✉③③❧❡ ✐♥ t❤❡ ✜❡❧❞ ♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ❧✐t❡r❛t✉r❡✳ ❆ ❦❡②

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

❛♥❞ t❤❡ ❡①t❡♥t ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦✬s ✐♥✢✉❡♥❝❡ ❤❛s ❣❛r♥❡r❡❞ ✐♥❝r❡❛s❡❞ ❛tt❡♥t✐♦♥✳ ■♥ ❧✐♥❡

✇✐t❤ t❤✐s✱ t❤❡ q✉❡st t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♠❛✐♥ ❞r✐✈❡rs ♦❢ s❤♦rt✲t❡r♠ ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛✲

t✐♦♥s ✐♥ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❤❛s r❡♠❛✐♥❡❞ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ r❡s❡❛r❝❤ ❛❣❡♥❞❛s✳

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

❝♦✉♥tr✐❡s✱ t❤❡② ♦♣❡r❛t❡ ✇✐t❤✐♥ t❤❡✐r ❞✐st✐♥❝t✐✈❡ ❡❝♦♥♦♠✐❝ ♦r❜✐ts✳ ❚❤❡s❡ ♦r❜✐ts ❛r❡ ✐♥✲

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

r❡s✉❧t✐♥❣ ✐♥ s✐❣♥✐✜❝❛♥t ❡❝♦♥♦♠✐❝ ❞✐✈❡rs✐t② ❛❝r♦ss t❤❡ ❝♦♥t✐♥❡♥t✳ ❉❡s♣✐t❡ t❤❡ ❝❤❛❧❧❡♥❣❡s

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

❢r❛str✉❝t✉r❡✱ ❛♥❞ ♣♦❧✐t✐❝❛❧ ✐♥st❛❜✐❧✐t②✱ t❤❡② ❤❛✈❡ ♠❛❞❡ s✐❣♥✐✜❝❛♥t ♣r♦❣r❡ss ✐♥ ✐♠♣r♦✈✲

✐♥❣ t❤❡✐r ♠❛❝r♦❡❝♦♥♦♠✐❝ ❢✉♥❞❛♠❡♥t❛❧s s✐♥❝❡ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❝❡♥t✉r② ✭❈❤✐t♦♥❣❡✱

✷✵✶✺✮✳ ❖♥❡ ❡①❛♠♣❧❡ ♦❢ t❤✐s ♣r♦❣r❡ss ✐s t❤❡ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s

t❤❛t ✇❡r❡ ❝❧❛ss✐✜❡❞ ❛s ❧♦✇✲✐♥❝♦♠❡ ❜✉t ❤❛✈❡ ♥♦✇ tr❛♥s✐t✐♦♥❡❞ ✐♥t♦ t❤❡ ♠✐❞❞❧❡✲✐♥❝♦♠❡



❣r♦✉♣ s✐♥❝❡ t❤❡ t✉r♥ ♦❢ t❤❡ ❝❡♥t✉r②✳ ❍♦✇❡✈❡r✱ ❡①✐t✐♥❣ ♣♦✈❡rt② ❛♥❞ ❛❝❤✐❡✈✐♥❣ ♣r♦s✲

♣❡r✐t② ✐s ❛ ❧❡♥❣t❤② ♣r♦❝❡ss✱ ❛♥❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ♠✉st ♠❛✐♥t❛✐♥ ❛ st❡❛❞② ♣❛❝❡ ♦❢

s✉st❛✐♥❛❜❧❡ ❣r♦✇t❤ t♦❣❡t❤❡r ✇✐t❤ st❛❜✐❧✐③✐♥❣ s❤♦rt✲t❡r♠ ❜✉s✐♥❡ss ❝②❝❧❡ ✢✉❝t✉❛t✐♦♥s✳

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

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

♣♦✈❡rt② ✐♥ t❤❡ r❡❣✐♦♥ ❜② ✷✵✸✵ ✐s ❛❝❤✐❡✈❛❜❧❡ ✭❋r❛♥❦❡♠❛ ❛♥❞ ❱❛♥ ❲❛✐❥❡♥❜✉r❣✱ ✷✵✶✽✮✳

❆s ♦❢ t❤❡ ✷✵✷✵ ❝❧❛ss✐✜❝❛t✐♦♥✶ ❜② t❤❡ ❲❇✱ ❡❝♦♥♦♠✐❡s ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ ❢♦✉r ❝❛t❡❣♦r✐❡s

❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡✐r ●r♦ss ◆❛t✐♦♥❛❧ ■♥❝♦♠❡ ✭●◆■✮ ♣❡r ❝❛♣✐t❛✱ ❛s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡

❲♦r❧❞ ❇❛♥❦ ❆t❧❛s ♠❡t❤♦❞♦❧♦❣②✳ ❖❢ t❤❡ ❡❝♦♥♦♠✐❡s ❣r♦✉♣❡❞ ❜② ✐♥❝♦♠❡✱ ✷✸ ♦✉t ♦❢

✷✼ ♦❢ t❤❡ ✇♦r❧❞✬s ❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s ❛r❡ ❢r♦♠ ❆❢r✐❝❛ ✭r❡❢❡r t♦ ❋✐❣✉r❡ ✶✳✶✮✳ ❚❤✐s

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

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

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

❢❛❝t♦rs✳

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

❛♥♥✉❛❧ ❣r♦✇t❤ r❛t❡ ♦❢ ♦✈❡r ✺✪ s✐♥❝❡ ✷✵✵✵✳ ❋✉rt❤❡r♠♦r❡✱ s❡✈❡r❛❧ ❡❝♦♥♦♠✐❡s ✐♥ ❆❢r✐❝❛

❤❛✈❡ ❜❡❡♥ s✉❝❝❡ss❢✉❧ ✐♥ ❝r❡❛t✐♥❣ ❛ ❣r♦✇t❤ ♠✐r❛❝❧❡✱ ❛s r❡♣♦rt❡❞ ❜② ✭◆❝✉❜❡✱ ✷✵✶✺✮✳ ❋♦r

❡①❛♠♣❧❡✱ ❙♦✉t❤ ❆❢r✐❝❛ ♦✈❡r❝❛♠❡ s✐❣♥✐✜❝❛♥t ❡❝♦♥♦♠✐❝ ❛♥❞ s♦❝✐❛❧ ✐♥❡q✉❛❧✐t✐❡s t❤❛t ✇❡r❡

❝♦♥♥❡❝t❡❞ t♦ ✐ts ❤✐st♦r② ♦❢ ❛♣❛rt❤❡✐❞ ❛♥❞ ❤❛s ❛❝❤✐❡✈❡❞ s✐❣♥✐✜❝❛♥t ♣r♦❣r❡ss t♦✇❛r❞s

❛ ❜❡tt❡r ❡❝♦♥♦♠✐❝ ♦✉t❧♦♦❦✳ ❈✉rr❡♥t❧②✱ ❙♦✉t❤ ❆❢r✐❝❛ ✐s ♦♥❡ ♦❢ ♦♥❧② t✇♦ ❤✐❣❤✲✐♥❝♦♠❡

❝♦✉♥tr✐❡s ♦♥ t❤❡ ❝♦♥t✐♥❡♥t✳ ❚❤❡ ❝♦✉♥tr②✬s s✉❝❝❡ss st♦r② ❤❛s ❜❡❡♥ ❜✉✐❧t ✉♣♦♥ ✐ts

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

♦t❤❡r ♥❛t✐♦♥s ✐♥ ❆❢r✐❝❛✱ s✉❝❤ ❛s ❊t❤✐♦♣✐❛✱ ❇♦ts✇❛♥❛✱ ●❤❛♥❛✱ ❊❣②♣t✱ ❆♥❣♦❧❛✱ ❛♥❞

✶❋♦r t❤❡ ✷✵✷✷ ✜s❝❛❧ ②❡❛r✱ ❡❝♦♥♦♠✐❡s ❛r❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ ❢♦✉r ❣r♦✉♣s ❜❛s❡❞ ♦♥ t❤❡✐r ❲♦r❧❞ ❇❛♥❦
❆t❧❛s ♠❡t❤♦❞ ❝❛❧❝✉❧❛t❡❞ ●r♦ss ◆❛t✐♦♥❛❧ ■♥❝♦♠❡ ✭●◆■✮ ♣❡r ❝❛♣✐t❛ ❧❡✈❡❧✳ ❆❝❝♦r❞✐♥❣❧②✱ ❧♦✇✲✐♥❝♦♠❡✱
❧♦✇❡r✲♠✐❞❞❧❡✲✐♥❝♦♠❡✱ ✉♣♣❡r✲♠✐❞❞❧❡✲✐♥❝♦♠❡ ❛♥❞ ♠✐❞❞❧❡✲✐♥❝♦♠❡ ❡❝♦♥♦♠✐❡s ❛r❡ ❞❡✜♥❡❞ ❛s t❤♦s❡ ✇✐t❤
❛ r❡s♣❡❝t✐✈❡ 2020 ●◆■ ♣❡r ❝❛♣✐t❛ ♦❢ $1, 045 ♦r ❧❡ss✱ ❜❡t✇❡❡♥ $1, 045 ❛♥❞ $4, 095✱ ❜❡t✇❡❡♥ $4, 096 ❛♥❞
$12, 695✱ ❛♥❞ $12, 696 ♦r ♠♦r❡✳

✷



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t ■♥❞✐❝❛t♦rs

✭❲❉■✮ ✭✷✵✷✸✮

❋✐❣✉r❡ ✶✳✶✿ ❲❇✬s ■♥❝♦♠❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ♦✈❡r t✐♠❡✱ ✶✾✽✼ ✲ ✷✵✷✷

◆✐❣❡r✐❛ ❤❛✈❡ ❛❧s♦ ❛❝❤✐❡✈❡❞ s✐♠✐❧❛r s✉❝❝❡ss✳

❆❞❞r❡ss✐♥❣ t❤❡ ❝♦♠♣❧❡① ❛♥❞ ♠✉❧t✐❢❛❝❡t❡❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✐ss✉❡s ❝♦♥❢r♦♥t✐♥❣ ❡♠❡r❣✐♥❣

❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐s ❝r✉❝✐❛❧✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r✐♠❛r② ❢♦❝✉s ✐s ♦♥ ❢❛❝✐❧✐t❛t✐♥❣ ❡❝♦♥♦♠✐❝

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

✐t②✱ ❞❡✈❡❧♦♣✐♥❣ ✐♥❢r❛str✉❝t✉r❡✱ ❛♥❞ ❛ttr❛❝t✐♥❣ ❢♦r❡✐❣♥ ❞✐r❡❝t ✐♥✈❡st♠❡♥t ✭✈❛♥ ◆✐❡❦❡r❦✱

✷✵✷✵✮✳ ❈r✐t✐❝✐s♠ ❤❛s ❜❡❡♥ r❛✐s❡❞ t♦✇❛r❞s t❤❡ r❡❝❡♥t ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♠♣r♦✈❡♠❡♥ts

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

s❤❛r❡❞ ❛❝r♦ss ❛❧❧ s❡❣♠❡♥ts ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ✭◆❝✉❜❡✱ ✷✵✶✺✮✳ ❆s ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❢r♦♠

❋✐❣✉r❡ ✶✳✷✱ t❤❡ ❆❢r✐❝❛♥ ❝♦♥t✐♥❡♥t ✐s st✐❧❧ ❢❛❧❧✐♥❣ ❜❡❤✐♥❞ t❤❡ ❣❧♦❜❛❧ ❛✈❡r❛❣❡ ✐♥ t❡r♠s

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

❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❝❛♥ ❝♦♥✈❡rt ❡✈❡r② ✐♦t❛ ♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥t♦ ❛♥ ✐♥❝❧✉s✐✈❡ ❣r♦✇t❤

❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♣r♦❝❡ss t❤❛t ❝❛♥ r❡s✉❧t ✐♥ ♣♦✈❡rt② r❡❞✉❝t✐♦♥✳

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

❆❢r✐❝❛✱ ✐t ✐s ✐♠♣❡r❛t✐✈❡ t♦ ✐❞❡♥t✐❢② t❤❡ ❦❡② ❢❛❝t♦rs ❞r✐✈✐♥❣ t❤✐s ❣r♦✇t❤ ❛♥❞ ✐ts s❤♦rt✲

t❡r♠ ✢✉❝t✉❛t✐♦♥s✳ ❆❧t❤♦✉❣❤ ❢❛❝t♦rs ♦❢ ❞♦♠❡st✐❝ ♦r✐❣✐♥ ❛r❡ ❝r✉❝✐❛❧✱ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s

✸



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❯♥✐t❡❞ ◆❛t✐♦♥s ❉❡✈❡❧♦♣♠❡♥t Pr♦❣r❛♠♠❡

✭❯◆❉P✮ ✭✷✵✷✷✮

❋✐❣✉r❡ ✶✳✷✿ ❍✉♠❛♥ ❞❡✈❡❧♦♣♠❡♥t ❧❡✈❡❧s ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ♦✈❡r ♣❡r✐♦❞✱ ✶✾✾✵ ✲
✷✵✷✵

♦❢t❡♥ ❢❛❝❡ ❡①t❡r♥❛❧ s❤♦❝❦s✱ ✇❤✐❝❤ ❛❧s♦ ✇❛rr❛♥t ✐♥✈❡st✐❣❛t✐♦♥✳ ❍✐st♦r✐❝❛❧❧②✱ ❆❢r✐❝❛♥

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

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

❝♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s✱ ❛♥❞ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ t❤❛t ✐♠♣❛❝t t❤❡✐r ♣❡r❢♦r♠❛♥❝❡ ✐♥

t❤❡s❡ s❡❝t♦rs✳ ❚❤❡r❡❢♦r❡✱ ✜s❝❛❧ ❞❡✜❝✐ts ❛♥❞ ❝❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ❞✐✈❡rs✐✜❝❛t✐♦♥ ♦❢ t❤❡

❡❝♦♥♦♠② ❛r❡ ❛♠♦♥❣ t❤❡ ♣r✐♦r✐t② ✐ss✉❡s ❢♦r ♣♦❧✐❝②♠❛❦❡rs ✐♥ ❆❢r✐❝❛✳

❊①t❡r♥❛❧ s❤♦❝❦s t♦ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛r❡ ✉♥♣r❡❞✐❝t❛❜❧❡ ❡✈❡♥ts t❤❛t ❞✐sr✉♣t t❤❡✐r ❡❝♦✲

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

❝❧✐♠❛t❡✱ ✐♥❝❧✉❞✐♥❣ ❞r♦✉❣❤t ❛♥❞ ✢♦♦❞✐♥❣✱ ✢✉❝t✉❛t✐♦♥s ✐♥ ❝♦♠♠♦❞✐t② ♣r✐❝❡s✱ ✐♥st❛❜✐❧✐t②

✐♥ ❣❧♦❜❛❧ ✜♥❛♥❝❡✱ ❛♥❞ ❣❡♦♣♦❧✐t✐❝❛❧ ✐♥st❛❜✐❧✐t②✳ ●❡♦♣♦❧✐t✐❝❛❧ ❝♦♥✢✐❝ts ✐♥ s❡✈❡r❛❧ r❡❣✐♦♥s

❛❝r♦ss t❤❡ ❝♦♥t✐♥❡♥t ❣r❡❛t❧② ❞✐sr✉♣t tr❛❞❡ ✢♦✇s✱ ❞❛♠❛❣❡ t❤❡ ❛❧r❡❛❞② ✐♥❛❞❡q✉❛t❡ ✐♥✲

❢r❛str✉❝t✉r❡✱ ❛♥❞ ♣r♦❤✐❜✐t t❤❡ ❝♦✉♥tr✐❡s ❢r♦♠ ❢✉❧❧② ❤❛r♥❡ss✐♥❣ t❤❡✐r ♣♦t❡♥t✐❛❧ ✭❋❡rr❡✐r❛

❡t ❛❧✳✱ ✷✵✷✸✮✳ ❚❤❡ ♣r♦❣r❡ss ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❤❛s ❜❡❡♥ s✐❣♥✐✜❝❛♥t❧② ❤❛♠♣❡r❡❞ ❜②

t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ s✉❜s❡q✉❡♥t r❡❝❡ss✐♦♥s✱ ❛s t❤❡s❡ ❛❞✈❡rs❡ s❤♦❝❦s r❡s✉❧t ✐♥

s✉❞❞❡♥ ❝❛♣✐t❛❧ ♦✉t✢♦✇s✱ ❝✉rr❡♥❝② ❞❡♣r❡❝✐❛t✐♦♥✱ ❛♥❞ ✐♥❝r❡❛s❡❞ ❜♦rr♦✇✐♥❣ ❝♦sts ✭❆❧❧❡♥

✹



❛♥❞ ●✐♦✈❛♥♥❡tt✐✱ ✷✵✶✶❀ ❆r②❡❡t❡② ❛♥❞ ❆❝❦❛❤✱ ✷✵✶✶✮✳ ❊♠♣✐r✐❝❛❧ r❡s❡❛r❝❤ ❜② ▼❝●r❡✲

❣♦r ✭✷✵✶✼✮✱ ❍✐rs❝❤ ❛♥❞ ▲♦♣❡s ✭✷✵✷✵✮ ❛♥❞ ❙❛♥②❛ ✭✷✵✷✵✮ ❤❛s ❝♦♥✜r♠❡❞ t❤❡ ♥❡❣❛t✐✈❡

❡✛❡❝t ♦❢ ❢r❡q✉❡♥t ✢✉❝t✉❛t✐♦♥s ✐♥ ❝♦♠♠♦❞✐t② ♣r✐❝❡s ♦♥ t❤❡ ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢

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

t❤❡ ❢✉♥❝t✐♦♥ ❛♥❞ ❝❤❛rt ❛ ✇❡❧❧✲❞❡✜♥❡❞ r♦✉t❡ ♦❢ tr❛♥s♠✐tt✐♥❣ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ ❆❢r✐❝❛♥

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

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

❢✉t✉r❡✱ ✐♠♣❡❞✐♥❣ ❛♥② r✐s❦ ♦❢ ✜s❝❛❧ ❝r✐s❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ✈♦❧❛t✐❧✐t②✳

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

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

t❤❡❧❡ss✱ ❝♦♠♣❡❧❧✐♥❣ ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦✉r ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ❛s t❤❡ ♣r✐♠❛r② ❞r✐✈✐♥❣ ❢♦r❝❡

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

✐❝❛❧ ✇♦r❦s ❜② ❑♦s❡ ❛♥❞ ❘✐❡③♠❛♥ ✭✷✵✵✶✮✱ ❈❛♥♦✈❛ ✭✷✵✵✺✮✱ ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮✱ ❆❜r❡❣♦

❛♥❞ Öst❡r❤♦❧♠ ✭✷✵✶✵✮✱ ▼❝●r❡❣♦r ✭✷✵✶✼✮ ❛♥❞ ❆✈♦♠ ❡t ❛❧✳ ✭✷✵✷✶✮✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✐s

str♦♥❣ ❡✈✐❞❡♥❝❡ t♦ s✉♣♣♦rt t❤❡ ♥❛rr❛t✐✈❡ t❤❛t ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ❆❢r✐❝❛ st❡♠

♠♦st❧② ❢r♦♠ ❞♦♠❡st✐❝ s❤♦❝❦s ✭s❡❡ ❆❞❞✐s♦♥ ❡t ❛❧✳✱ ✷✵✶✻❀ ❍♦✛♠❛✐st❡r ❛♥❞ ❘♦❧❞♦s✱ ✷✵✵✶❀

❙✐ss♦❦♦ ❛♥❞ ❉✐❜♦♦❣❧✉✱ ✷✵✵✻✱ ❢♦r ❡①❛♠♣❧❡✮✳ ❚❤✐s ✉♥❞❡rs❝♦r❡s t❤❡ ❧❛❝❦ ♦❢ ❝♦♥s❡♥s✉s

❛♥❞ ✐♥❝♦♥❝❧✉s✐✈❡ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❞❡❣r❡❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t❤❛t ❝♦♥✲

tr✐❜✉t❡ t♦ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❙✉❝❤ ❞✐s❝r❡♣❛♥❝✐❡s

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

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

✐♥ t❡r♠s ♦❢ ❝♦♠♣r❡❤❡♥s✐✈❡❧② ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ❦❡② ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❡❛❝❤ ❡❝♦♥♦♠②✬s

str✉❝t✉r❛❧ ❢r❛♠❡✇♦r❦ ✭■♠❛♠ ❛♥❞ ❙❛❧✐♥❛s✱ ✷✵✶✺✮✳

❙✐♥❝❡ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ✐s ❛t t❤❡ ❝❡♥tr❡ ♦❢ t❤✐s t❤❡s✐s✱ ✐t ✐s ✐♠♣♦rt❛♥t

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

tr❛♥s♠✐tt❡❞ t♦ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐♥ ♣❛rt✐❝✉❧❛r✳
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❆ ❝❧♦s❡r ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤✐s s❡❝t♦r t❛❦❡s ✉s t♦ ♦♥❡ ♦❢ t❤❡ ♦❧❞❡st ✐♥t❡r♥❛t✐♦♥❛❧ ✜♥❛♥❝❡

❜♦tt❧❡♥❡❝❦s ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✱ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ❝♦♥str❛✐♥ts✳ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s

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

❝❛♣✐t❛❧ ❣♦♦❞s t❤❛t ❛r❡ ❡ss❡♥t✐❛❧ t♦ t❤❡✐r ❡❝♦♥♦♠②✬s ♣r♦❞✉❝t✐♦♥ ❛❝t✐✈✐t✐❡s✳ ◆❡✈❡rt❤❡❧❡ss✱

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❛r❡ str✉❣❣❧✐♥❣ t♦ ✜♥❛♥❝❡ t❤❡s❡ ✐♠♣♦rts ❞✉❡ t♦ t❤❡ s❝❛r❝✐t② ♦❢

❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ r❡s❡r✈❡s✳

❆s ❛ r❡s✉❧t ♦❢ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ r❡s❡r✈❡s ❢♦r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s t♦

❢✉♥❞ t❤❡✐r ✐♠♣♦rt ♦❢ ❝❛♣✐t❛❧ ❛♥❞ ✐♥t❡r♠❡❞✐❛t❡ ❣♦♦❞s✱ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ♠♦✈❡✲

♠❡♥ts ❤❛✈❡ ✇✐❞❡s♣r❡❛❞ ❝♦♥s❡q✉❡♥❝❡s✳ ❋♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ❝♦♥str❛✐♥ts ❤❛✈❡ ❜❡❝♦♠❡

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

✐ss✉❡ ❤❛s ❞r❛✇♥ t❤❡ ❛tt❡♥t✐♦♥ ♦❢ s❝❤♦❧❛rs✳ ❆s ❛ r❡❝♦❣♥✐t✐♦♥ ♦❢ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡

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

❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✱ P♦rt❡r ❛♥❞ ❘❛♥♥❡② ✭✶✾✽✷✮ ♥♦t❡❞ t❤❛t

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

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

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

r❛✇ ♠❛t❡r✐❛❧ ✐♠♣♦rts ✭P♦rt❡r ❛♥❞ ❘❛♥♥❡②✱ ✶✾✽✷✱ ♣✳✼✺✸✱ ❡♠♣❤❛s✐s ❛❞❞❡❞✮✳

P♦rt❡r ❛♥❞ ❘❛♠s❡②✬s ❛r❣✉♠❡♥t ✐s s❤❛r❡❞ ❜② ♠❛♥② ❛✉t❤♦rs ❛s ✐t ❜❡❝❛♠❡ ❛♣♣❛r❡♥t

t❤❛t ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ❝♦♥str❛✐♥t ✐s ❛♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠②✬s ❝♦♥❝❡r♥ ❝♦♥s✐❞❡r✐♥❣ t❤❡✐r

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

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

❝♦♥tr✐❜✉t✐♦♥s ✭s❡❡ ❙❡♥❜❡t❛✱ ✷✵✶✶✱ ❢♦r ❞❡t❛✐❧s✮✳

❆ ❝♦♠♣❡❧❧✐♥❣ ❛r❣✉♠❡♥t ❜② ❙t✐❣❧✐t③ ❡t ❛❧✳ ✭✷✵✵✻✮ s✉❣❣❡sts t❤❛t ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ r❡s❡r✈❡s

❛r❡ ❝r✉❝✐❛❧ ❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s t♦ ♦♣t✐♠✐③❡ t❤❡✐r ♣r♦❞✉❝t✐♦♥ ❝❛♣❛❝✐t②✳ ❙t✐❣❧✐t③ ❡t ❛❧✳

✭✷✵✵✻✮ ♣r❡s❡♥ts t❤❡ ❛r❣✉♠❡♥t ❝❧❡❛r❧② ❛♥❞ r♦❜✉st❧②✱ st❛t✐♥❣ t❤❛t✿
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✳✳✳✳✉♥❧✐❦❡ ❛❞✈❛♥❝❡❞ ❡❝♦♥♦♠✐❡s ✇❤❡r❡ t❤❡ ✐♥❛❞❡q✉❛❝② ♦❢ ❡✛❡❝t✐✈❡ ❞❡♠❛♥❞

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

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

❛♥❞ ♥♦t t❤❡ ❛♥♦♠❛❧② ♦❢ ✐ts ✉♥❞❡r✉t✐❧✐③❛t✐♦♥✳ ❆♥❞ ✳✳✳✱ t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢

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

❢❛❝t♦r ❧✐♠✐t✐♥❣ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✳ ❉❡♠❛♥❞ ❝♦♥str❛✐♥ts ❞♦ ❡①✐st✱ ✳✳✳✱ ❜✉t

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

❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t ✭❙t✐❣❧✐t③ ❡t ❛❧✳✱ ✷✵✵✻✱

♣✳✺✻✱ ❡♠♣❤❛s✐s ❛❞❞❡❞✮✳

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

♣♦s✐t✐♦♥ ♦❢ ❣♦♦❞s✳ ❋♦r ❡①❛♠♣❧❡✱ ❛♥ ❛♥❛❧②s✐s ♦❢ ❆❢r✐❝❛✬s ❧❛r❣❡st r❡❣✐♦♥ ✭❙❙❆✮ s❤♦✇s

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

✐♠♣♦rts✳ ❉✐sr✉♣t✐♦♥s t♦ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✇✐❧❧ ❞✐r❡❝t❧②

❛✛❡❝t t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ r❡s❡r✈❡s✱ ✐♥ t✉r♥ ✐♥✢✉❡♥❝✐♥❣ ♣r♦❞✉❝t✐♦♥ ❝❛✲

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

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

❝♦♠♠♦❞✐t② ♣r✐❝❡s ❛♥❞ t❤❡ ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐s ✜r♠❧② ❡s✲

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

■♥ s✉♠♠❛r②✱ t❤❡ ♠♦✈❡♠❡♥ts ✇✐t❤✐♥ t❤❡ ♣r✐♠❛r② ❡①♣♦rt s❡❝t♦rs ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s

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

♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s✳ ❈♦❣♥✐③❛♥t ♦❢ t❤✐s ✉♥❞❡rst❛♥❞✐♥❣✱ ✐t ✐s ✐♠♣❡r❛t✐✈❡ t♦ ❝♦♥s✐❞❡r

t❤❡s❡ ❦❡② ❡①♣♦rt s❡❝t♦rs ✐♥ ❜♦t❤ ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧❧✐♥❣

♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤✐s ❞✐ss❡rt❛t✐♦♥ ✐♥✈❡st✐❣❛t❡s t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢

✢✉❝t✉❛t✐♦♥s ✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❜② ❡♠♣❧♦②✐♥❣ ❛♥ ❡♠♣✐r✐❝❛❧ ❱❡❝t♦r ❆✉t♦r❡✲

❣r❡ss✐✈❡ ✇✐t❤ ❊①♦❣❡♥♦✉s ❱❛r✐❛❜❧❡s ✭❱❆❘❳✮ ♠♦❞❡❧ ❛♥❞ ❛ ❉②♥❛♠✐❝ ❙t♦❝❤❛st✐❝ ●❡♥❡r❛❧

❊q✉✐❧✐❜r✐✉♠ ✭❉❙●❊✮ ♠♦❞❡❧ ✐♥❝♦r♣♦r❛t✐♥❣ ❛♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r✳
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❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲♦r❧❞ ■♥t❡❣r❛t❡❞ ❚r❛❞❡ ❙♦❧✉t✐♦♥s

✭❲■❚❙✮ ✭✷✵✷✷✮

❋✐❣✉r❡ ✶✳✸✿ ❙❙❆✬s ✐♠♣♦rt s❤❛r❡ ♦❢ ❣♦♦❞s ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✶✾✾✵ ✲ ✷✵✷✵✳

❘❡❢❡r❡♥❝❡s

❆❜r❡❣♦✱ ▲✳ ❛♥❞ Öst❡r❤♦❧♠✱ P✳ ✭✷✵✶✵✮✳ ❊①t❡r♥❛❧ ❧✐♥❦❛❣❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥

❝♦❧♦♠❜✐❛✿ ■♥s✐❣❤ts ❢r♦♠ ❛ ❜❛②❡s✐❛♥ ✈❛r ♠♦❞❡❧✳ ❚❤❡ ❲♦r❧❞ ❊❝♦♥♦♠②✱ ✸✸✭✶✷✮✿✶✼✽✽✕

✶✽✶✵✳

❆❞❞✐s♦♥✱ ❚✳✱ ●❤♦s❤r❛②✱ ❆✳✱ ❛♥❞ ❙t❛♠❛t♦❣✐❛♥♥✐s✱ ▼✳ P✳ ✭✷✵✶✻✮✳ ❆❣r✐❝✉❧t✉r❛❧ ❝♦♠✲

♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛♥❞ t❤❡✐r ❡✛❡❝t ♦♥ ❣r♦✇t❤ ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢

❛❣r✐❝✉❧t✉r❛❧ ❡❝♦♥♦♠✐❝s✱ ✻✼✭✶✮✿✹✼✕✻✶✳

❆❧❧❡♥✱ ❋✳ ❛♥❞ ●✐♦✈❛♥♥❡tt✐✱ ●✳ ✭✷✵✶✶✮✳ ❚❤❡ ❡✛❡❝ts ♦❢ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ♦♥ s✉❜✲s❛❤❛r❛♥

❛❢r✐❝❛✳ ❘❡✈✐❡✇ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❋✐♥❛♥❝❡✱ ✶✭✶✮✿✶✕✷✼✳

❆r②❡❡t❡②✱ ❊✳ ❛♥❞ ❆❝❦❛❤✱ ❈✳ ✭✷✵✶✶✮✳ ❚❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ ❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✿

■♠♣❛❝t ❛♥❞ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧s✳ ❆❢r✐❝❛♥ ❉❡✈❡❧♦♣♠❡♥t ❘❡✈✐❡✇✱ ✷✸✭✹✮✿✹✵✼✕✹✷✵✳

❆✈♦♠✱ ❉✳✱ ❑❛♠❣✉✐❛✱ ❇✳✱ ❛♥❞ ◆❥❛♥❣❛♥❣✱ ❍✳ ✭✷✵✷✶✮✳ ❯♥❞❡rst❛♥❞ ❣r♦✇t❤ ❡♣✐s♦❞❡s ✐♥

s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✿ ❉♦ ❡①♦❣❡♥♦✉s s❤♦❝❦s ♠❛tt❡rs❄ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❚r❛❞❡ ✫ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✸✵✭✹✮✿✺✾✻✕✻✷✹✳
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❇❛rr♦✱ ❘✳ ❏✳ ✭✶✾✾✶✮✳ ❊❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥ ❛ ❝r♦ss s❡❝t✐♦♥ ♦❢ ❝♦✉♥tr✐❡s✳ ❚❤❡ q✉❛rt❡r❧②

❥♦✉r♥❛❧ ♦❢ ❡❝♦♥♦♠✐❝s✱ ✶✵✻✭✷✮✿✹✵✼✕✹✹✸✳

❈❛♥♦✈❛✱ ❋✳ ✭✷✵✵✺✮✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ✉s s❤♦❝❦s t♦ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞

❡❝♦♥♦♠❡tr✐❝s✱ ✷✵✭✷✮✿✷✷✾✕✷✺✶✳

❈❤✐t♦♥❣❡✱ ❍✳ ✭✷✵✶✺✮✳ ❊❝♦♥♦♠✐❝ ●r♦✇t❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t ✐♥ ❆❢r✐❝❛✿ ❯♥❞❡rst❛♥❞✐♥❣

tr❡♥❞s ❛♥❞ ♣r♦s♣❡❝ts✳ ❘♦✉t❧❡❞❣❡✳

❋❡rr❡✐r❛✱ ❏✳ ❏✳✱ ●♦♠❡s✱ ❙✳✱ ▲♦♣❡s✱ ❏✳ ▼✳✱ ❛♥❞ ❩❤❛♥❣✱ ❏✳ ❩✳ ✭✷✵✷✸✮✳ ❚✐❝❦✐♥❣ t✐♠❡ ❜♦♠❜s✿

❚❤❡ ♠❡♥❛ ❛♥❞ ss❛ r❡❣✐♦♥s✬ ❣❡♦♣♦❧✐t✐❝❛❧ r✐s❦s✳ ❘❡s♦✉r❝❡s P♦❧✐❝②✱ ✽✺✿✶✵✸✾✸✽✳

❋r❛♥❦❡♠❛✱ ❊✳ ❛♥❞ ❱❛♥ ❲❛✐❥❡♥❜✉r❣✱ ▼✳ ✭✷✵✶✽✮✳ ❆❢r✐❝❛ r✐s✐♥❣❄ ❛ ❤✐st♦r✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✳

❆❢r✐❝❛♥ ❆✛❛✐rs✱ ✶✶✼✭✹✻✾✮✿✺✹✸✕✺✻✽✳

❍✐rs❝❤✱ ❆✳ ❛♥❞ ▲♦♣❡s✱ ❈✳ ✭✷✵✷✵✮✳ P♦st✲❝♦❧♦♥✐❛❧ ❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐♥

❤✐st♦r✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✳ ❆❢r✐❝❛ ❉❡✈❡❧♦♣♠❡♥t✴❆❢r✐q✉❡ ❡t ❉é✈❡❧♦♣♣❡♠❡♥t✱ ✹✺✭✶✮✿✸✶✕

✹✻✳

❍♦✛♠❛✐st❡r✱ ❆✳ ❲✳ ❛♥❞ ❘♦❧❞♦s✱ ❏✳ ❊✳ ✭✷✵✵✶✮✳ ❚❤❡ s♦✉r❝❡s ♦❢ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝✲

t✉❛t✐♦♥s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❇r❛③✐❧ ❛♥❞ ❦♦r❡❛✳ ❏♦✉r♥❛❧ ♦❢ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱

✷✸✭✷✮✿✷✶✸✕✷✸✾✳

■♠❛♠✱ P✳ ❛♥❞ ❙❛❧✐♥❛s✱ ●✳ ✭✷✵✶✺✮✳ ❊①♣❧❛✐♥✐♥❣ ❡♣✐s♦❞❡s ♦❢ ❣r♦✇t❤ ❛❝❝❡❧❡r❛t✐♦♥s✱ ❞❡✲

❝❡❧❡r❛t✐♦♥s✱ ❛♥❞ ❝♦❧❧❛♣s❡s ✐♥ ✇❡st❡r♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠❡r❝❡✱

❊❝♦♥♦♠✐❝s ❛♥❞ P♦❧✐❝②✱ ✻✭✵✶✮✿✶✺✺✵✵✵✸✳

❑♦s❡✱ ▼✳ ❆✳ ❛♥❞ ❘✐❡③♠❛♥✱ ❘✳ ✭✷✵✵✶✮✳ ❚r❛❞❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s

✐♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❞❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✻✺✭✶✮✿✺✺✕✽✵✳

▼❛➣❦♦✇✐❛❦✱ ❇✳ ✭✷✵✵✼✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s✱ ✉s ♠♦♥❡t❛r② ♣♦❧✐❝② ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ ❡♠❡r❣✐♥❣ ♠❛r❦❡ts✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❡❝♦♥♦♠✐❝s✱ ✺✹✭✽✮✿✷✺✶✷✕
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✷✺✷✵✳

▼❝●r❡❣♦r✱ ❚✳ ✭✷✵✶✼✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ❣r♦✇t❤ ❛♥❞ str✉❝t✉r❛❧ tr❛♥s❢♦r♠❛t✐♦♥

✐♥ ❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ❚❤❡ ◗✉❛rt❡r❧② ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❋✐♥❛♥❝❡✱ ✻✺✿✷✽✺✕

✸✵✸✳

◆❝✉❜❡✱ ▼✳ ✭✷✵✶✺✮✳ ■♥❝❧✉s✐✈❡ ❣r♦✇t❤ ✐♥ ❛❢r✐❝❛✳ ❚❤❡ ❖①❢♦r❞ ❤❛♥❞❜♦♦❦ ♦❢ ❆❢r✐❝❛ ❛♥❞

❡❝♦♥♦♠✐❝s✱ ✶✿✶✺✹✕✶✼✹✳

P♦rt❡r✱ ❘✳ ❈✳ ❛♥❞ ❘❛♥♥❡②✱ ❙✳ ■✳ ✭✶✾✽✷✮✳ ❆♥ ❡❝❧❡❝t✐❝ ♠♦❞❡❧ ♦❢ r❡❝❡♥t ❧❞❝ ♠❛❝r♦❡❝♦♥♦♠✐❝

♣♦❧✐❝② ❛♥❛❧②s❡s✳ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t✱ ✶✵✭✾✮✿✼✺✶✕✼✻✺✳

❙❛❧❛✲✐ ▼❛rt✐♥✱ ❳✳✱ ❉♦♣♣❡❧❤♦❢❡r✱ ●✳✱ ❛♥❞ ▼✐❧❧❡r✱ ❘✳ ■✳ ✭✷✵✵✹✮✳ ❉❡t❡r♠✐♥❛♥ts ♦❢ ❧♦♥❣✲

t❡r♠ ❣r♦✇t❤✿ ❆ ❜❛②❡s✐❛♥ ❛✈❡r❛❣✐♥❣ ♦❢ ❝❧❛ss✐❝❛❧ ❡st✐♠❛t❡s ✭❜❛❝❡✮ ❛♣♣r♦❛❝❤✳ ❆♠❡r✐✲

❝❛♥ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✾✹✭✹✮✿✽✶✸✕✽✸✺✳

❙❛♥②❛✱ ❖✳ ✭✷✵✷✵✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ✐♥ s✉❜✲

s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❆r❝❤✐✈❡s ♦❢ ❇✉s✐♥❡ss ❘❡✈✐❡✇✕❱♦❧✱ ✽✭✺✮✳

❙❡♥❜❡t❛✱ ❙✳ ❘✳ ✭✷✵✶✶✮✳ ❍♦✇ ❛♣♣❧✐❝❛❜❧❡ ❛r❡ t❤❡ ♥❡✇ ❦❡②♥❡s✐❛♥ ❞s❣❡ ♠♦❞❡❧s t♦ ❛ t②♣✐❝❛❧

❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠②❄

❙✐ss♦❦♦✱ ❨✳ ❛♥❞ ❉✐❜♦♦❣❧✉✱ ❙✳ ✭✷✵✵✻✮✳ ❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ s②st❡♠ ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❊❝♦♥♦♠✐❝ ❙②st❡♠s✱ ✸✵✭✷✮✿✶✹✶✕✶✺✻✳

❙t✐❣❧✐t③✱ ❏✳✱ ❖❝❛♠♣♦✱ ❏✳ ❆✳✱ ❙♣✐❡❣❡❧✱ ❙✳✱ ❋❢r❡♥❝❤✲❉❛✈✐s✱ ❘✳✱ ❛♥❞ ◆❛②②❛r✱ ❉✳ ✭✷✵✵✻✮✳

❙t❛❜✐❧✐t② ✇✐t❤ ❣r♦✇t❤✿ ♠❛❝r♦❡❝♦♥♦♠✐❝s✱ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✳ ❖❯P ❖①✲

❢♦r❞✳

✈❛♥ ◆✐❡❦❡r❦✱ ❆✳ ❏✳ ✭✷✵✷✵✮✳ ❚♦✇❛r❞s ✐♥❝❧✉s✐✈❡ ❣r♦✇t❤ ✐♥ ❛❢r✐❝❛✳ ❉❡✈❡❧♦♣♠❡♥t ❙♦✉t❤❡r♥

❆❢r✐❝❛✱ ✸✼✭✸✮✿✺✶✾✕✺✸✸✳

✶✵



❈❍❆P❚❊❘ ■■

❚❍❊ ❘❖▲❊ ❖❋ ❊❳❚❊❘◆❆▲ ❙❍❖❈❑❙ ❚❖ ▼❆❈❘❖❊❈❖◆❖▼■❈

❋▲❯❈❚❯❆❚■❖◆❙ ❖❋ ❊▼❊❘●■◆● ❊❈❖◆❖▼■❊❙✿ ❊❳P▲❖❘■◆● ❚❍❊

❊❳P❖❘❚ ❈❖▼▼❖❉■❚❨ P❘■❈❊ ❈❍❆◆◆❊▲

❆❜str❛❝t

❊①t❡r♥❛❧ s❤♦❝❦s ❛r❡ ✐♠♣♦rt❛♥t t♦ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❡♠❡r❣✲

✐♥❣ ❡❝♦♥♦♠✐❡s✳ ◆❡✈❡rt❤❡❧❡ss✱ ❧✐tt❧❡ t❤❡♦r❡t✐❝❛❧ ❛♥❞ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❡①✐sts t♦

❛✉t❤❡♥t✐❝❛t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦ tr❛♥s♠✐ss✐♦♥ t❤r♦✉❣❤ t❤❡ s✐♥❣❧❡

❝♦♠♠♦❞✐t② ❡①♣♦rt ❞❡♣❡♥❞❡♥❝② ♦❢ s✉❝❤ ❡❝♦♥♦♠✐❡s✳ ❆ ❇❛②❡s✐❛♥ ❱❡❝t♦r ❆✉t♦r❡✲

❣r❡ss✐✈❡ ✭❇❱❆❘✮ ♠♦❞❡❧ ❤❛s ❜❡❡♥ ❡st✐♠❛t❡❞ ❢♦r s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐♥

t❤✐s st✉❞②✱ t❛❦✐♥❣ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ t❤❡ ♣r✐❝❡ ♦❢ t❤❡✐r ♠❛✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s✳

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

✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ♦✈❡r t✐♠❡✳ ▼♦st ♦❢ t❤❡ ✜♥❞✲

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

❡❝♦♥♦♠✐❡s✱ ✇❤✐❝❤ t②♣✐❝❛❧❧② r❡s♣♦♥❞ t♦ ❡①t❡r♥❛❧ s❤♦❝❦s✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ❛r❡

s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ r❡s♣♦♥s❡s ❛❝r♦ss ❡❝♦♥♦♠✐❡s✳ ◆♦t❛❜❧②✱ t❤❡ r❡s✉❧ts

❤✐❣❤❧✐❣❤t ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ♦✉t♣✉t r❡❛❝t✐♦♥ t♦ ❛ s❤♦❝❦ ✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t②

♣r✐❝❡s ✐♥ t❤❡ ❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠②✱ ✇❤✐❝❤ ❤❛s ❛ ❧♦✇❡r s❤♦❝❦ ❛❜s♦r♣t✐♦♥ ❝❛♣❛❝✐t②✳

❚❤❡ r❡s✉❧ts ❞❡♠♦♥str❛t❡ t❤❛t ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ♣❧❛② ❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ❛s

❛ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤❡r❡❢♦r❡✱ ✐t

✐s ❝r✉❝✐❛❧ t♦ ❝♦♥s✐❞❡r t❤✐s ✉♥✐q✉❡ s❡❝t♦r ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✬ ♠❛❝r♦❡❝♦♥♦♠✐❝

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

❛♥❞ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡ ❧❛❣ ❧❡♥❣t❤ s❡❧❡❝t✐♦♥s✳

❏❊▲ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❈✶✶❀ ❊✸✷❀ ❋✹✶❀ ❖✺✺

❑❡②✇♦r❞s✿ ❊♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s❀ ❇❛②❡s✐❛♥ ❱❆❘❀ ❊①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡❀

❊①t❡r♥❛❧ s❤♦❝❦s✳



✷✳✶ ■♥tr♦❞✉❝t✐♦♥

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

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

✐♥ s❡❛r❝❤ ♦❢ t❤❡✐r ♦✇♥ ❡❝♦♥♦♠✐❝ ❞❡st✐♥②✳ ❙②❧✇❡st❡r ✭✷✵✵✺✮ ❤✐❣❤❧✐❣❤t❡❞ t❤❡ ♠❛ss✐✈❡

❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ❜♦♦st ❢♦❧❧♦✇✐♥❣ t❤❡ r❡♠♦✈❛❧ ♦❢ ❝♦♥tr♦❧ ❜② ❵❡①t❡r♥❛❧ ♣♦✇❡r✬✳ ❆ r❡❧❛✲

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

t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❞❡❝♦❧♦♥✐③❛t✐♦♥ ✐♥ t❤❡ ❧❛t❡ ✶✾✺✵s ❛♥❞ t❤❡ ♠✐❞✲✶✾✼✵s ✭❆rt❛❞✐ ❛♥❞

❙❛❧❛✲✐ ▼❛rt✐♥✱ ✷✵✵✸✮✳ ❍♦✇❡✈❡r✱ t❤✐s ♦♣t✐♠✐s♠ ❞✐❞ ♥♦t ❢♦❧❧♦✇ t❤r♦✉❣❤ ❛s r❡✢❡❝t❡❞ ✐♥

t❤❡ ❋✐❣✉r❡ ✷✳✶✱ ♥❡❛r❧② t❤❡ ❧❛st t❤r❡❡ ❞❡❝❛❞❡s ♦❢ t❤❡ t✇❡♥t✐❡t❤ ❝❡♥t✉r② ❛r❡ ♥♦t ♦♥❧②

♠❛r❦❡❞ ❜② ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✬ ♣♦♦r ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ r❡❧❛t✐✈❡ t♦ t❤❡ r❡st ♦❢ t❤❡

✇♦r❧❞ ❡❝♦♥♦♠② ❛♥❞ ❖❊❈❉ ❛✈❡r❛❣❡s ❜✉t ❛❧s♦ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ♣❡r✐♦❞s ♦❢ ✐♥st❛❜✐❧✐t②✱

❝♦♥✢✐❝t✱ ❛♥❞ ❡❝♦♥♦♠✐❝ ♠✐s♠❛♥❛❣❡♠❡♥t✳ ❚❤✐s ❤❛s ❧❡❞ t♦ t❤❡ ②❡❛rs ❜❡t✇❡❡♥ ✶✾✼✺ ❛♥❞

✶✾✾✺ ♣❛rt✐❝✉❧❛r❧② t♦ ❜❡ q✉♦t❡❞ ❛s ❵❆❢r✐❝❛✬s ❧♦st ❞❡❝❛❞❡s✬✳

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

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

❤❛s ❧❡❢t t❤❡s❡ ❝♦✉♥tr✐❡s ✇✐t❤ ❧✐♠✐t❡❞ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❛♥❞ ✇❡❛❦❡♥❡❞ ✐♥st✐t✉t✐♦♥s ✭❊♥✲

❣❧❡❜❡rt✱ ✷✵✵✵✮✳ ❋✉rt❤❡r♠♦r❡✱ str♦♥❣ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ❛ ❢❡✇ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s✱ ❧❛❝❦

♦❢ ❞✐✈❡rs✐✜❡❞ ✐♥❞✉str✐❡s✱ ❛♥❞ ✐♥❛❞❡q✉❛t❡ ✐♥❢r❛str✉❝t✉r❡ ♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s ❝r❡❛t❡❞ ❛♥

✉♥❞❡s✐r❛❜❧❡ str✉❝t✉r❛❧ ✐♠❜❛❧❛♥❝❡ ✭❍✐rs❝❤ ❛♥❞ ▲♦♣❡s✱ ✷✵✷✵✮✳

❋✐❣✉r❡ ✷✳✶ s❤♦✇s ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s ❡①♣❡r✐❡♥❝❡❞ ❛ ♣❡r✐♦❞ ♦❢ r❡❝♦✈❡r② ❢r♦♠ t❤❡ ♠✐❞✲

✶✾✾✵s t♦ t❤❡ ✷✵✵✽s ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s✳ ❙♦♠❡ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s s✉❝❤ ❛s ❇♦ts✇❛♥❛✱

❊❣②♣t✱ ❊t❤✐♦♣✐❛✱ ●❤❛♥❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❘✇❛♥❞❛✱ ❚❛♥③❛♥✐❛✱ ❙♦✉t❤ ❆❢r✐❝❛✱ ❛♥❞

❯❣❛♥❞❛ ♦✉t♣❡r❢♦r♠❡❞ t❤❡ ❝♦♥t✐♥❡♥t ✇✐t❤ s✉❝❝❡ss❢✉❧ ♣❡r✐♦❞s ♦❢ ❵❣r♦✇t❤ ♠✐r❛❝❧❡s✬✳ ❆s

✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❆✹ ❣r♦✇t❤ ✐♥❞❡①✷ ❢r♦♠ ❋✐❣✉r❡ ✷✳✶✱ t❤❡ ❢♦✉r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❝♦♥✲

✷❆✹ r❡♣r❡s❡♥ts t❤❡ ●❉P ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ❣r♦✇t❤ r❛t❡ ♦❢ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛ ❛♥❞ ❙♦✉t❤
❆❢r✐❝❛✳

✶✷



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✶✿ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ t❤❡ ❲♦r❧❞✱ ❖❊❈❉✱ ❙❙❆ ❛♥❞ ❛✈❡r❛❣❡ ♦❢ ✹ ♦❢ t❤❡
❢❛st❡st ❣r♦✇✐♥❣ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s

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

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

st❛❜❧❡ ❞♦♠❡st✐❝ ♣♦❧✐t✐❝❛❧ ❡♥✈✐r♦♥♠❡♥t✱ ♥❛t✉r❛❧ r❡s♦✉r❝❡ ❛ttr❛❝t✐✈❡♥❡ss t♦ ❈❤✐♥❛ ❛♥❞

■♥❞✐❛✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✢♦✇ ♦❢ ❢♦r❡✐❣♥ ❞✐r❡❝t ✐♥✈❡st♠❡♥t✱ ❛♥❞ ❝♦♠♠♦❞✐t② ♣r✐❝❡ ❜♦♦♠s

❛r❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ♠❛✐♥ ❢❛❝t♦rs ❜❡❤✐♥❞ t❤❡ ❝♦♥t✐♥❡♥t✬s ❵❣r♦✇t❤ ♠✐r❛❝❧❡s✬ ✭❈♦❧❧✐❡r ❛♥❞

●♦❞❡r✐s✱ ✷✵✵✽❀ ❍✐rs❝❤ ❛♥❞ ▲♦♣❡s✱ ✷✵✷✵❀ ▼❝●r❡❣♦r✱ ✷✵✶✼✮✳ ❍♦✇❡✈❡r✱ ♠❛✐♥t❛✐♥✐♥❣ t❤❡

✉♣✇❛r❞ tr❛❥❡❝t♦r② ❤❛s ♥♦t ❜❡❡♥ ❡❛s② ❢♦r t❤❡s❡ ❡❝♦♥♦♠✐❡s ✇✐t❤ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ t❤❡

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

❚❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ❝♦♥s✐❞❡r❡❞ ❢♦r t❤✐s st✉❞② ❛r❡ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞

❙♦✉t❤ ❆❢r✐❝❛✳ ❚❤❡s❡ ❡❝♦♥♦♠✐❡s r❡♣r❡s❡♥t ❛ ❞✐✈❡rs❡ ❝♦♠♣♦s✐t❡ ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s

✐♥ ❆❢r✐❝❛ ❛♥❞ ❛r❡ ❛♠♦♥❣ t❤❡ ❡❝♦♥♦♠✐❝ ♣♦✇❡r❤♦✉s❡s ♦❢ t❤❡ ❝♦♥t✐♥❡♥t✳ ❋♦r ✐♥st❛♥❝❡✱

t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ♣r♦❞✉❝❡❞ ♠♦r❡ t❤❛♥ ✹✷✪ ♦❢ ❆❢r✐❝❛✬s ●❉P ♦✈❡r t❤❡ ♣❡r✐♦❞ ✶✾✾✽ ✲

✷✵✶✾ ✭❲❇ ✲ ❲❉■✭✷✵✷✸✮✮✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡s❡ ❡❝♦♥♦♠✐❡s r❡✢❡❝t ❛♥ ✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡

♦❢ ♠♦st ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛s t❤❡② r❡❧② ♦♥ ❛ s✐♥❣❧❡ ❝♦♠♠♦❞✐t② ❢♦r t❤❡✐r r❡s♣❡❝t✐✈❡

❡①♣♦rt r❡✈❡♥✉❡✳ ❚❤❡s❡ ✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡s ❝♦✉♣❧❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t ❡①❝❤❛♥❣❡ r❛t❡

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

✶✸



❢❛❝t♦rs t♦ ❝♦♥s✐❞❡r ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❢♦r t❤✐s st✉❞②✳

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

♦❝❝✉rr❡♥❝❡✱ s❝❤♦❧❛rs ❢r❡q✉❡♥t❧② r❛✐s❡❞ t❤❡ q✉❡st✐♦♥ ♦❢ ✇❤❡t❤❡r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❝❛♥

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

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

❍♦✇❡✈❡r✱ t❤❡ ❛♥s✇❡r t♦ t❤✐s q✉❡st✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ♦r✐❣✐♥ ♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ t❤❡s❡

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

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

✐t ✇❤❡r❡❛s ✐t ❝❛♥ ❜❡ ❛ ❞✐✣❝✉❧t t❛s❦ t♦ ❝♦♥t✐♥✉❡ t❤❡ s✉❝❝❡ss❢✉❧ tr❛❥❡❝t♦r② ✐❢ ❡①t❡r♥❛❧

❢❛❝t♦rs ❛r❡ t❤❡ ♠❛✐♥ ❞r✐✈❡rs✳

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

❛✉st❡r✐t② ♠❡❛s✉r❡s ❤❛✈❡ ❜❡❡♥ ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❛❞✈❛♥❝❡❞ ❡❝♦♥♦♠✐❡s t❤❛t ❧❡❞ t♦ ❛

s✉❜st❛♥t✐❛❧ ❞❡❝❧✐♥❡ ✐♥ ❞❡♠❛♥❞ ❢♦r ❆❢r✐❝❛♥ ❡❝♦♥♦♠② ❡①♣♦rts ❛♥❞ ✐♥✢♦✇ ♦❢ ❛✐❞ ❛♥❞ r❡✲

♠✐tt❛♥❝❡s t♦ t❤❡s❡ ❡❝♦♥♦♠✐❡s✳ ❚❤❡ ❞❡❝❧✐♥❡ ✐♥ ❞❡♠❛♥❞ ❢♦r ❆❢r✐❝❛♥ ❝♦♠♠♦❞✐t② ❡①♣♦rts

t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❢r❡q✉❡♥t ✢✉❝t✉❛t✐♦♥ ♦❢ ♣r✐❝❡s t♦ t❤❡s❡ ❝♦♠♠♦❞✐t✐❡s ❝♦♠❡s ❛t t❤❡

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

❞❡♣❡♥❞❡♥t ♦♥ ❢❡✇✱ ✐❢ ♥♦t ♦♥❡✱ ❝♦♠♠♦❞✐t✐❡s✳ ❚❤✐s ✐s s❤♦✇♥ ❜② t❤❡ str♦♥❣ ❧✐♥❦ ❜❡t✇❡❡♥

t❤❡ ❣r♦✇t❤ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❡①♣♦rt ❝♦♠♠♦❞✐t② ✐♥❞❡① ❢♦r ❆❢r✐❝❛ ❛s ❛ ❝♦♥t✐♥❡♥t ❛s ✇❡❧❧

❛s t❤❡ ❢♦✉r s❡❧❡❝t❡❞ ❡❝♦♥♦♠✐❡s ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❋✐❣✉r❡ ✷✳✷ ❛♥❞ ❋✐❣✉r❡ ✷✳✸✳ ❚❤❡ ✜❣✲

✉r❡s ❞❡♠♦♥str❛t❡ t❤❛t ❣r♦✇t❤ ✢✉❝t✉❛t✐♦♥s ✐♥ ❆❢r✐❝❛ ❛♥❞ s❡❧❡❝t❡❞ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s

❤❛✈❡ ❧❛❣❣❡❞ ✐♥ ✢✉❝t✉❛t✐♦♥s t♦ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ✐♥❞❡① ❞✉r✐♥❣ ✈❛r✐♦✉s ❡♣✐s♦❞❡s

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

s❤♦❝❦s ❢r♦♠ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞ t♦ ❆❢r✐❝❛✳

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

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

✜♥❛♥❝✐❛❧ ❝r✐s✐s ❤❛✈❡ ❜❡❡♥ r❡✈❡rs❡❞ ❛♥❞ t❤❡ tr❛❥❡❝t♦r✐❡s ❤❛✈❡ ❜❡❡♥ ❧❡ss ♣r♦♠✐s✐♥❣✳ ❚❤✐s
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❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ✭✷✵✷✷✮✳

❋✐❣✉r❡ ✷✳✷✿ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ ❆❢r✐❝❛ ❛♥❞ ❝♦♠♠♦❞✐t② ❡①♣♦rt ♣r✐❝❡ ✐♥❞❡① ✐♥✢❛t✐♦♥✳

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

♠❛♥❝❡s ❝♦✉❧❞ ❜❡ ❤❛r❞ t♦ ❝♦♠❡ ❜② ✭❆❜❛✐❞♦♦ ❛♥❞ ❆❣②❛♣♦♥❣✱ ✷✵✷✶❀ ▼❝●r❡❣♦r✱ ✷✵✶✼✮✳

❍❡♥❝❡✱ ❛♥② t❛s❦ ♦❢ ❢♦r❡❝❛st✐♥❣ t❤❡ ❢✉t✉r❡ tr❡♥❞s ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s st❛rts ❢r♦♠

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

♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s✳

■♥ t❤✐s st✉❞②✱ t❤❡ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ t❤❡ ♠❛❝r♦❡✲

❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❢♦✉r s❡❧❡❝t❡❞ ❢❛st✲❣r♦✇✐♥❣ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐s ❢♦r♠✉❧❛t❡❞

✇✐t❤ ❛ ♣❛rt✐❝✉❧❛r ❡♠♣❤❛s✐s ♦♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s✳ ❚❤❡ st✉❞② ❜✉✐❧❞s

♦♥ ❛ ♠❡t❤♦❞♦❧♦❣② ❢♦r♠✉❧❛t❡❞ ❜② ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮ t❤❛t ✐♥❝♦r♣♦r❛t❡s ♦✉t♣✉t✱ ❝♦♥✲

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

❡①t❡r♥❛❧ ✈❛r✐❛❜❧❡s ✐♥❝❧✉❞❡ ❢♦r❡✐❣♥ ♦✉t♣✉t✱ ✐♥t❡r❡st r❛t❡✱ ❡❛❝❤ ❝♦✉♥tr②✬s s♣❡❝✐✜❝ ❡①♣♦rt

❝♦♠♠♦❞✐t② ♣r✐❝❡✱ ❛♥❞ ❛✐❞✳ ❍♦✇❡✈❡r✱ t❤✐s st✉❞② ❛❜str❛❝ts ❢r♦♠ ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮ ❜②

t❛❦✐♥❣ t❤❡ ❊❯ ❡❝♦♥♦♠② ❛s ❛ ❢♦r❡✐❣♥ ❜❧♦❝❦ ✐♥st❡❛❞ ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ✭❯❙✮ ❡❝♦♥♦♠②

s✐♥❝❡ t❤❡ s❡❧❡❝t❡❞ ❢♦✉r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❤❛✈❡ ❛ ♠✉❝❤ ♠♦r❡ str♦♥❣ tr❛❞❡ ❛✣❧✐❛t✐♦♥

✇✐t❤ t❤❡ ❊❯ ♠♦r❡ s♦ t❤❛♥ t❤❡ ❯❙ ❡❝♦♥♦♠②✳ ❍❡♥❝❡✱ ❛ r❡❧❛t✐✈❡❧② ♣❛rs✐♠♦♥✐♦✉s ♠♦❞❡❧ ✐s

❡st✐♠❛t❡❞ ❢♦r t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ✉s✐♥❣ t❤❡ ❇❛②❡s✐❛♥ ❱❡❝t♦r ❆✉t♦r❡❣r❡ss✐✈❡ ✭❇❱❆❘✮

♠❡t❤♦❞✳ ❚❤♦✉❣❤ t❤❡r❡ ❛r❡ ❛ ✈❛r✐❡t② ♦❢ ❇❱❆❘ ✇❛②s t♦ ❛ss❡ss t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①t❡r✲

✶✺



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ❛♥❞ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r②

❋✉♥❞ ✭■▼❋✮ ✲ ❈♦♠♠♦❞✐t② ❚❡r♠s ♦❢ ❚r❛❞❡ ✭❈❚❖❚✮ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✸✿ ❈♦♠♠♦❞✐t② ❡①♣♦rt ♣r✐❝❡ ✐♥❞❡① ✐♥✢❛t✐♦♥ ❛♥❞ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ♦❢
❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳

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

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

❇❱❆❘ ❡st✐♠❛t✐♦♥ ✇✐t❤ ❛ r❡❧❛t✐✈❡❧② s❤♦rt s♣❛♥ ♦❢ ❛✈❛✐❧❛❜❧❡ t✐♠❡ s❡r✐❡s ❞❛t❛✳

❚❤✐s ♣❛♣❡r ❥♦✐♥s t❤❡ str❛♥❞ ♦❢ ❧✐t❡r❛t✉r❡ ♦♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠② t❤❛t tr✐❡s t♦ ❛❞❞r❡ss t❤❡

r♦❧❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s ✭❆❜r❡❣♦ ❛♥❞

Öst❡r❤♦❧♠✱ ✷✵✶✵❀ ❆❤♠❡❞✱ ✷✵✵✸❀ ❆✈♦♠ ❡t ❛❧✳✱ ✷✵✷✶❀ ❈♦❧❧✐❡r ❛♥❞ ●♦❞❡r✐s✱ ✷✵✵✽❀ ●❡♦r❣❡

❛♥❞ ▼❝❈✉❧❧♦❝❤✱ ✶✾✾✸❀ ❍♦✛♠❛✐st❡r ❛♥❞ ❘♦❧❞♦s✱ ✷✵✵✶❀ ▼❛➣❦♦✇✐❛❦✱ ✷✵✵✼❀ Öst❡r❤♦❧♠

❛♥❞ ❩❡tt❡❧♠❡②❡r✱ ✷✵✵✽❀ ❘❛❞❞❛t③✱ ✷✵✵✽❛❀ ❙❡♥❜❡t❛✱ ✷✵✶✷❀ ❨✐❧❞✐r✐♠ ❛♥❞ ❆r✐✢✐✱ ✷✵✷✶✱

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

❝♦♥s✐❞❡r❡❞ t♦ ❜❡ t❤❡ ❞♦♠✐♥❛♥t ❝❤❛♥♥❡❧s ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s tr❛♥s♠✐ss✐♦♥ t♦ ❆❢r✐❝❛♥

❡❝♦♥♦♠✐❡s✳ ❖♥❡ ✐s t❤r♦✉❣❤ ✢✉❝t✉❛t✐♦♥s ✐♥ ❝♦♠♠♦❞✐t② ♣r✐❝❡s s✐♥❝❡ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s

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

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

✶✻



❝✉rr❡♥❝②✲❞❡♥♦♠✐♥❛t❡❞ ❧✐❛❜✐❧✐t②✳ ▲❛st❧②✱ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥ ✐s ❛❧s♦ ❝♦♥s✐❞❡r❡❞ ❛s

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

✐♥t❡❣r❛❧ t♦ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✬ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❍♦✇❡✈❡r✱ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥

✐ts❡❧❢ ❝❛♥ ❜❡ ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♣r✐❝❡s ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s✳

■♥ tr②✐♥❣ t♦ ❛❞❞r❡ss t❤❡ r♦❧❡ ♦❢ ❵❡①t❡r♥❛❧ s❤♦❝❦s✬ t♦ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✱ ♠♦st ♦❢ t❤❡

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

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

st✉❞② ❞✐✛❡rs ❢r♦♠ t❤❡ ❡①✐st✐♥❣ ❧✐t❡r❛t✉r❡ ♦♥ ✈❛r✐♦✉s ♣♦✐♥ts✳

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

✐♥ ❣❡♥❡r❛❧ ✐♥st❡❛❞ ♦❢ ❡♠♣❤❛s✐③✐♥❣ ♦♥ s♣❡❝✐✜❝ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐s

❤❡❧♣❢✉❧ t♦ ❛❞❞r❡ss t❤❡ ♠❛✐♥ ❞r❛✇❜❛❝❦ r❡❧❛t❡❞ t♦ s❤♦rt✲t✐♠❡ ❞❛t❛ ❛✈❛✐❧❛❜❧❡ ❢♦r ❆❢r✐❝❛♥

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

✭❑♦s❡ ❛♥❞ ❘✐❡③♠❛♥✱ ✷✵✵✶❀ ❘❛❞❞❛t③✱ ✷✵✵✽❛✮✳ ❆❢r✐❝❛ ✐s ♥♦t ❛ ❝♦✉♥tr② ❛♥❞ ✇❡ ❞♦ ♥♦t

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

♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✱ ❡①♣♦s✉r❡ t♦ ❡①t❡r♥❛❧ s❤♦❝❦s✱ ❛♥❞ ❝❛♣❛❝✐t② t♦

❛❜s♦r❜ t❤❡ ✉♥❞❡s✐r❛❜❧❡ ❡❧❡♠❡♥ts ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s✳ ■t ✐s ❛ ❝♦♠♠♦♥ ❢❡❛t✉r❡ ✇✐t❤✐♥ t❤❡

❝♦♥t✐♥❡♥t ✇❤❡r❡ s♦♠❡ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s ❡♥❥♦②❡❞ ❛ ❵❣r♦✇t❤ ♠✐r❛❝❧❡✬ ✇❤✐❧❡ s♦♠❡ ❧❛♥✲

❣✉✐s❤❡❞ ✐♥ s♦♠❡ ✉♥❢♦rt✉♥❛t❡ ❵❣r♦✇t❤ ❞✐s❛st❡rs✬✳ ❚❤❡r❡❢♦r❡✱ ❛♥❛❧②③✐♥❣ ❣r♦✇t❤ ❛♥❞ t❤❡

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

❡♥✈✐r♦♥♠❡♥t ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❡❝♦♥♦♠✐❡s ✇✐t❤✐♥ t❤❡ ❝♦♥t✐♥❡♥t✳ ❙♦♠❡ ❉❙●❊

♠♦❞❡❧s ❞❡✈❡❧♦♣❡❞ ❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❛r❡ ♦❢t❡♥ ❝r✐t✐❝✐③❡❞ ❢♦r ❜❡✐♥❣ t♦♦ ❛❜str❛❝t

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

❡❝♦♥♦♠✐❡s ✭❘❛s❛❦✐ ❛♥❞ ▼❛❧✐❦❛♥❡✱ ✷✵✶✺✮✳

❙❡tt✐♥❣ ❛♥ ❛❣❣r❡❣❛t❡❞ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ✐♥ ♣❛r✲

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

❣❡♥❡r❛❧✐③❡❞ ❛ss❡rt✐♦♥s ❝♦✉❧❞ ❧❡❛❞ t♦ ❛ ♠✐s❧❡❛❞✐♥❣ ❣❡♥❡r❛❧✐③❛t✐♦♥ ❞✉❡ t♦ t❤❡ ✉♥r❡❛❧✐st✐❝

✶✼



❤♦♠♦❣❡♥❡✐t② ❛ss✉♠♣t✐♦♥s ♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s ✭❆✈♦♠ ❡t ❛❧✳✱ ✷✵✷✶❀ ❘❛❞❞❛t③✱ ✷✵✵✽❜❀

❙❡♥❜❡t❛✱ ✷✵✶✷✮✳ ❆s ❛ r❡s✉❧t✱ t❤❡ r♦❧❡ ♦❢ ❞✐✛❡r❡♥t ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❡①♣❧❛✐♥✐♥❣ ❞♦✲

♠❡st✐❝ ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❝♦✉❧❞ s✐❣♥✐✜❝❛♥t❧② ✈❛r② ❢r♦♠ ♦♥❡

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

♦❢ ✐♥t❡r❡st ✐s ❛ ❜❡tt❡r ✇❛② t♦ ❣❛✐♥ ❛ ❣♦♦❞ r❡✢❡❝t✐♦♥✳ ❚❤✐s st✉❞② ❛tt❡♠♣ts t♦ ❛❞❞r❡ss

t❤❡ r♦❧❡ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ❞✐st✉r❜❛♥❝❡s ❛s ❛ ✈✐❛❜❧❡ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ ♦❢

❡①t❡r♥❛❧ s❤♦❝❦s t♦ s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❈♦❣♥✐③❛♥t ♦❢ t❤✐s ✉♥❞❡rst❛♥❞✐♥❣ ❛♥❞

t♦ ♦❜s❡r✈❡ ❡❝♦♥♦♠✐❡s ✇✐t❤ ❛ ❞✐✛❡r❡♥t t②♣❡ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ❞❡♣❡♥❞❡♥❝②✱ s❡❧❡❝t❡❞

❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s t❤❛t ❜❡❧♦♥❣ t♦ ♦♥❡ ♦❢ t❤❡ ♠♦st ✈✉❧♥❡r❛❜❧❡ r❡❣✐♦♥s t♦ ❡①t❡r♥❛❧ s❤♦❝❦s

♥❛♠❡❧② ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ st✉❞②✳

❆s ♦❢ ✷✵✶✾✱ t❤❡s❡ ❡❝♦♥♦♠✐❡s r❡♣r❡s❡♥t ❝❧♦s❡ t♦ ✻✵✪ ♦❢ t❤❡ ❝♦♥t✐♥❡♥t✬s ❣r♦ss ❞♦♠❡st✐❝

♣r♦❞✉❝t ✇❤✐❧❡ t❤❡✐r ❣r♦✇t❤ tr❛❥❡❝t♦r✐❡s s✐♥❝❡ t❤❡ ♠✐❞✲✶✾✾✵s ❛r❡ ❛♠♦♥❣ t❤❡ ❆❢r✐❝❛♥

❣r♦✇t❤ ♠✐r❛❝❧❡s ❛s ✐t ❝❛♥ ❜❡ ✇✐t♥❡ss❡❞ ❢r♦♠ ❋✐❣✉r❡ ✷✳✶✳

❙❡❝♦♥❞✱ ❧❡ss ❡♠♣❤❛s✐s ✐s ❣✐✈❡♥ t♦ ❝♦✉♥tr②✲s♣❡❝✐✜❝ ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s ✐♥

♣r❡✈✐♦✉s ✇♦r❦s✳ ❙♦♠❡ ❡♠♣✐r✐❝❛❧ ✇♦r❦s ❡st❛❜❧✐s❤❡❞ ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛s ❛♥

✐♠♣♦rt❛♥t t②♣❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦ ❛♥❞ ❝❛✉s❡ ❛ ♣r♦❜❧❡♠ t♦ ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥ ✐♥

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✭❆❜❛✐❞♦♦ ❛♥❞ ❆❣②❛♣♦♥❣✱ ✷✵✷✶❀ ❆❞❞✐s♦♥ ❡t ❛❧✳✱ ✷✵✶✻❀ ❇❧❛tt♠❛♥

❡t ❛❧✳✱ ✷✵✵✼❀ ❈♦❧❧✐❡r ❛♥❞ ●♦❞❡r✐s✱ ✷✵✵✽❀ ❉r❡❝❤s❡❧ ❛♥❞ ❚❡♥r❡②r♦✱ ✷✵✶✽❀ ❍❛✐❞❡r ❡t ❛❧✳✱

✷✵✷✸❀ ▼❝●r❡❣♦r✱ ✷✵✶✼❀ ▼❡❞✐♥❛✱ ✷✵✶✵❀ ◆✉r✉ ❛♥❞ ●❡r❡③✐❤❡r✱ ✷✵✷✷✮✳ ❚❤✐s ❡♠❛♥❛t❡s

❢r♦♠ t❤❡ ✇❡❧❧✲❞♦❝✉♠❡♥t❡❞ ❢❛❝t t❤❛t ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛r❡ ♥❡t ❡①♣♦rt❡rs ♦❢ ❡✐t❤❡r

♣r✐♠❛r② ❛❣r✐❝✉❧t✉r❛❧ r❛✇ ♠❛t❡r✐❛❧s ♦r ♠❡t❛❧ ♦r❡s ♦r ♥❛t✉r❛❧ ❣❛s✳ ❆❞❞✐s♦♥ ❡t ❛❧✳ ✭✷✵✶✻✮

❡♠♣❤❛s✐③❡❞ ♦♥ ❛❣r✐❝✉❧t✉r❛❧ ❝♦♠♠♦❞✐t② ❡①♣♦rt ♣r✐❝❡ s❤♦❝❦s ♦♥❧② ❛♥❞ ❝♦♥❝❧✉❞❡❞ s✉❝❤

s❤♦❝❦s ❤❛✈❡ ✈❡r② ❧✐tt❧❡ ❡✛❡❝t ♦♥ t❤❡ ♣❡r ❝❛♣✐t❛ ✐♥❝♦♠❡ ✢✉❝t✉❛t✐♦♥s ♦❢ s❡❧❡❝t❡❞ ❙✉❜✲

❙❛❤❛r❛♥ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s✳ ❍♦✇❡✈❡r✱ t❤❡ st✉❞② ❢♦❝✉s❡❞ ♦♥❧② ♦♥ t❤❡ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤

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

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

✶✽



❘❛❞❞❛t③ ✭✷✵✵✼✮ ❛r❣✉❡s t❤❛t t❤❡ ❝r✐t✐❝✐s♠ ❝❛♥ ❜❡ ❛❞❞r❡ss❡❞ ❜② ❝♦♥s✐❞❡r✐♥❣ ❤♦♠♦❣❡✲

♥❡♦✉s ❝♦✉♥tr✐❡s✳ ❍♦✇❡✈❡r✱ ❡♠♣✐r✐❝❛❧ ✇♦r❦s ❜② ❉r❡❝❤s❡❧ ❛♥❞ ❚❡♥r❡②r♦ ✭✷✵✶✽✮❀ ●❤♦s❤r❛②

✭✷✵✶✶✮❀ ●❤♦s❤r❛② ❡t ❛❧✳ ✭✷✵✶✹✮❀ ❑❡❧❧❛r❞ ❛♥❞ ❲♦❤❛r ✭✷✵✵✻✮ ❛♥❞ ❆❜❛✐❞♦♦ ❛♥❞ ❆❣②❛♣♦♥❣

✭✷✵✷✶✮ ❡st❛❜❧✐s❤❡❞ t❤❡ ❞②♥❛♠✐❝s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❧❡❛❞ t♦ ❛ ✇✐❞❡❧② ❞✐❢✲

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

s❡♣❛r❛t❡❧②✳

❈♦♥tr❛r② t♦ st✉❞✐❡s t❤❛t ❤❛✈❡ ❢♦❝✉s❡❞ ♦♥ ❛♥❛❧②③✐♥❣ t❤❡ ❛❣❣r❡❣❛t❡ ❝♦♠♠♦❞✐t② ♣r✐❝❡

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

❝♦♠♠♦❞✐t✐❡s ❛♥❞ ❛tt❡♠♣ts t♦ ❝❛♣t✉r❡ t❤❡ ❤❡t❡r♦❣❡♥❡✐t② t❤❛t ♠❛② ❡①✐st ❛♠♦♥❣ t❤❡s❡

❡❝♦♥♦♠✐❡s✳ ❍❡♥❝❡✱ t❤❡ st✉❞② ❡st✐♠❛t❡s t❤❡ r♦❧❡ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥

♦♥ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❙✐♥❝❡ ♠♦st ♦❢ ❆❢r✐❝❛♥

❡❝♦♥♦♠✐❡s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❤❡❛✈② ❡①♣♦rt ❞❡♣❡♥❞❡♥❝❡ ♦♥ ❢❡✇✱ ✐❢ ♥♦t ♦♥❡✱ ❝♦♠✲

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

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

s❤♦❝❦ ❛❜s♦r♣t✐♦♥ ❝❛♣❛❝✐t② ♦❢ t❤❡s❡ ❡❝♦♥♦♠✐❡s✳ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❜❡✐♥❣ s❤♦❝❦✲♣r♦♥❡

❝♦♠♠♦❞✐t② ❡①♣♦rt❡rs ✐s ♦♥❡ ✈✐❛❜❧❡ ❝❤❛♥♥❡❧ ❜② ✇❤✐❝❤ ❡①t❡r♥❛❧ s❤♦❝❦s ❛r❡ tr❛♥s♠✐tt❡❞

t♦ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s s✐♥❝❡ ♣r✐❝❡s ❢♦r ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s ❛r❡ ✐♥t❡r♥❛t✐♦♥❛❧❧②

✈♦❧❛t✐❧❡✳

❙t✉❞✐❡s ❝♦♥❞✉❝t❡❞ t♦ ❛♥❛❧②③❡ ❝♦✉♥tr②✲s♣❡❝✐✜❝ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s ♣r♦❞✉❝❡❞ ✐♥❝♦♥s✐s✲

t❡♥t r❡s✉❧ts✳ ❋♦r ✐♥st❛♥❝❡✱ ❖②❡②❡♠✐ ✭✷✵✶✸✮ ❤✐❣❤❧✐❣❤t❡❞ t❤❡ ♣♦s✐t✐✈❡ s✐❣♥✐✜❝❛♥t ❡✛❡❝t

♦❢ ❛ ♣♦s✐t✐✈❡ ♦✐❧ ♣r✐❝❡ s❤♦❝❦ ♦♥ ♦✉t♣✉t✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❆❧❡♥♦❣❤❡♥❛ ❡t ❛❧✳ ✭✷✵✷✵✮✬s

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

r✐❛✬s ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥ ✐♠♣❧②✐♥❣ t❤❡ ❵❉✉t❝❤ ❉✐s❡❛s❡✬ t❤❡♦r② ✐s ✈❛❧✐❞ ❢♦r t❤❡ ◆✐❣❡r✐❛♥

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

♦t❤❡r ✐♠♣♦rt❛♥t s❡❝t♦rs ♦❢ t❤❡ ❡❝♦♥♦♠② s✉✛❡r s✐❣♥✐✜❝❛♥t❧②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛

s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢ ❛ ❝♦✛❡❡ ♣r✐❝❡ s❤♦❝❦ ♦♥ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥ ✐s r❡♣♦rt❡❞ ❢♦r

✶✾



❊t❤✐♦♣✐❛ ❜② ◆✉r✉ ❛♥❞ ●❡r❡③✐❤❡r ✭✷✵✷✷✮✳ ❇❡②♦♥❞ t❤❡ r❡s✉❧ts ❜❡✐♥❣ ✐♥❝♦♥❝❧✉s✐✈❡✱ t❤❡

❧✐t❡r❛t✉r❡ ♦♥ ❝♦✉♥tr②✲s♣❡❝✐✜❝ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ✐s ❧✐♠✐t❡❞ ❛♥❞ t❤✐s ♣❛♣❡r ❛❞❞s

t♦ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❡✛❡❝t ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❢♦r

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✇✐t❤ ❛ ♣❛rt✐❝✉❧❛r ❢♦❝✉s ♦♥ ❊t❤✐♦♣✐❛♥✱ ◆✐❣❡r✐❛♥✱ ▼♦r♦❝❝❛♥✱ ❛♥❞

❙♦✉t❤ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳

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

t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ✐s ❞✐s❝✉ss❡❞ ✉♥❞❡r ❙❡❝t✐♦♥ ✷✳✷✳ ❚❤❡ r❡❧❛t❡❞ ❡♠♣✐r✐❝❛❧ ❧✐t❡r❛t✉r❡

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

❙❡❝t✐♦♥ ✷✳✹✱ ✇❤✐❧❡ ❞❛t❛ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✺✳

❑❡② r❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥s ❛r❡ r❡♣♦rt❡❞ ✉♥❞❡r ❙❡❝t✐♦♥ ✷✳✻✳ ❙❡❝t✐♦♥ ✷✳✼ ♣r❡s❡♥ts

r♦❜✉st♥❡ss ❝❤❡❝❦ ❛♥❞ t❤❡ ❝♦♥❝❧✉❞✐♥❣ r❡♠❛r❦s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✽✳

✷✳✷ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❖✈❡r✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❡s ❯♥❞❡r ❙t✉❞②

✷✳✷✳✶ ❋✐♥❛♥❝✐❛❧ ❙❡❝t♦r ❉❡✈❡❧♦♣♠❡♥t

❊t❤✐♦♣✐❛✱ ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❡①❤✐❜✐t ✉♥✐q✉❡ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ t❤❡✐r

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

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

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

❡❝♦♥♦♠✐❡s✳

❈♦♥s✐❞❡r✐♥❣ ■▼❋✬s ✜♥❛♥❝✐❛❧ s❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t ✐♥❞❡① t❤❛t t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡

❛❝❝❡ss✱ ❞❡♣t❤✱ ❛♥❞ ❡✣❝✐❡♥❝② ♦❢ ✜♥❛♥❝✐❛❧ ✐♥st✐t✉t✐♦♥s ❛♥❞ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ t❤❡ ❢♦✉r

❡❝♦♥♦♠✐❡s ❡①❤✐❜✐t ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❙♦✉t❤ ❆❢r✐❝❛ ✐s

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

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

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

✷✵



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ■▼❋ ✲ ❋❉■ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✹✿ ❋✐♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥t ✐♥❞❡① ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✶✾✽✵ ✲ ✷✵✷✵✳

♠❛✐♥s ❢❛✐r❧② ❜❡❧♦✇ t❤❡ ❝♦♥t✐♥❡♥t✬s ❛✈❡r❛❣❡ s✐♥❝❡ t❤❡ ♠✐❞✲✾✵s✳ ❆❧t❤♦✉❣❤ t❤❡ ❝♦✉♥tr②

r❡♠❛✐♥s ❜❡❤✐♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛♥❞ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛ ❤❛s ♠❛❞❡ ♣♦s✐t✐✈❡ ♣r♦❣r❡ss s✐♥❝❡

t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❝❡♥t✉r②✳

❆ ❦❡② ❛s♣❡❝t ♦❢ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s✬ ✜♥❛♥❝✐❛❧ s❡❝t♦r ✐s t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♣♦❧✐❝② ❜❡✐♥❣

❛❞♦♣t❡❞✳ ■♥ t❤✐s r❡❣❛r❞✱ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ♦♣❡r❛t❡ ❛ ♠❛♥❛❣❡❞ ❡①❝❤❛♥❣❡ r❛t❡

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

t♦ ♠❛✐♥t❛✐♥ st❛❜✐❧✐t②✳ ❆s s✉❝❤✱ t❤❡ ♦✣❝✐❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ✐s

♦❢t❡♥ ♣❡❣❣❡❞ t♦ ❛ ❜❛s❦❡t ♦❢ ♠❛❥♦r ❝✉rr❡♥❝✐❡s✱ ❛❧❧♦✇✐♥❣ ❢♦r ❛ ❞❡❣r❡❡ ♦❢ ✢❡①✐❜✐❧✐t②✳ ❚❤❡

♦♣❡r❛t✐♦♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ♣♦❧✐❝② ✐♥ ▼♦r♦❝❝♦ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ ✐s ❛

✢♦❛t✐♥❣ ❡①❝❤❛♥❣❡ r❛t❡ r❡❣✐♠❡ ✇❤❡r❡ ♠❛r❦❡t ❢♦r❝❡s ❞❡t❡r♠✐♥❡ t❤❡ r❡s♣❡❝t✐✈❡ ❡①❝❤❛♥❣❡

r❛t❡s✳

❆♥♦t❤❡r ❦❡② ✜♥❛♥❝✐❛❧ s❡❝t♦r ❢❡❛t✉r❡ ♦❢ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ✐s t❤❡ st♦❝❦ ❡①❝❤❛♥❣❡ ♠❛r✲

❦❡t✳ ■♥ t❤✐s r❡❣❛r❞✱ ❙♦✉t❤ ❆❢r✐❝❛✬s ❏♦❤❛♥♥❡s❜✉r❣ ❙t♦❝❦ ❊①❝❤❛♥❣❡ ✭❏❙❊✮ ✐s t❤❡ ❧❛r❣❡st

❛♥❞ ♠♦st ❧✐q✉✐❞ st♦❝❦ ❡①❝❤❛♥❣❡ ✐♥ ❆❢r✐❝❛ t❤❛t s❡r✈❡s ❛s ❛ ❝r✐t✐❝❛❧ ♣❧❛t❢♦r♠ ❢♦r ❝❛♣✐t❛❧

r❛✐s✐♥❣ ❛♥❞ ✐♥✈❡st♠❡♥t✳ ❚❤❡ ◆✐❣❡r✐❛♥ ❙t♦❝❦ ❊①❝❤❛♥❣❡ ✭◆❙❊✮ ❛♥❞ ❈❛s❛❜❧❛♥❝❛ ❙t♦❝❦

❊①❝❤❛♥❣❡ ✭❈❙❊✮ ❛r❡ ❛♠♦♥❣ t❤❡ ❧❛r❣❡st ✐♥ ❆❢r✐❝❛ ❤♦st✐♥❣ ♥✉♠❡r♦✉s ❧✐st❡❞ ❝♦♠♣❛♥✐❡s

✷✶



❛♥❞ ❛❝t✐♥❣ ❛s ❛ ❝❛t❛❧②st ❢♦r ❝❛♣✐t❛❧ ♠♦❜✐❧✐③❛t✐♦♥ ✐♥ ◆✐❣❡r✐❛ ❛♥❞ ▼♦r♦❝❝♦ r❡s♣❡❝t✐✈❡❧②✳

❍♦✇❡✈❡r✱ ❊t❤✐♦♣✐❛✬s st♦❝❦ ❡①❝❤❛♥❣❡ ♠❛r❦❡t ❝❛❧❧❡❞ t❤❡ ❊t❤✐♦♣✐❛♥ ❈♦♠♠♦❞✐t② ❊①✲

❝❤❛♥❣❡ ✭❊❈❳✮ ✐s ❜❛r❡❧② ❛t ✐ts ✐♥❢❛♥t st❛❣❡ ❛♥❞ ♦♣❡r❛t❡s ♦♥❧② ❢♦r ❛ ❢❡✇ ❛❣r✐❝✉❧t✉r❛❧

♣r♦❞✉❝ts✳

❚❤❡ ❜❛♥❦✐♥❣ s❡❝t♦r ♦♣❡r❛t✐♦♥s ✐♥ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ❡①❤✐❜✐t s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s

✇❤❡r❡ ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❤❛✈❡ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❜❛♥❦✐♥❣ s❡❝t♦rs ❝♦♠✲

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

✐♥st✐t✉t✐♦♥s ❛♥❞ ❝r❡❞✐t ❝♦♦♣❡r❛t✐✈❡s✳ ❉❡s♣✐t❡ t❤❡ r❡❝❡♥t ♣✉s❤ ❢♦r ❧✐❜❡r❛❧✐③❛t✐♦♥✱ r❡✲

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

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

t❡r✐③❡❞ ❜② ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ❜❛♥❦s ❛♥❞ ♠✐❝r♦✜♥❛♥❝❡ ✐♥st✐t✉t✐♦♥s✳ ❈❡♥tr❛❧ ❜❛♥❦s

♦❢ t❤❡ ❢♦✉r r❡s♣❡❝t✐✈❡ ❡❝♦♥♦♠✐❡s ✉t✐❧✐③❡ ✈❛r✐♦✉s t♦♦❧s ✐♥❝❧✉❞✐♥❣ r❡s❡r✈❡ r❡q✉✐r❡♠❡♥ts

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

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

✐♠♣♦rt❛♥t❧②✱ ✇❤✐❧❡ ❝❡♥tr❛❧ ❜❛♥❦ ♦♣❡r❛t✐♦♥s ✐♥ ❙♦✉t❤ ❆❢r✐❝❛ ❛♥❞ ▼♦r♦❝❝♦ ❡♥❥♦② r❡✲

s♣❡❝t✐✈❡ str♦♥❣ ❛♥❞ ♠♦❞❡r❛t❡ ✐♥❞❡♣❡♥❞❡♥❝❡✱ ❝❡♥tr❛❧ ❜❛♥❦s ✐♥ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛

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

❧♦✇ ❞❡❣r❡❡ ♦❢ ✐♥❞❡♣❡♥❞❡♥❝❡✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ ✐t ✐s ✉♥❞❡♥✐❛❜❧❡ t❤❛t ❡❛❝❤ ❝♦✉♥tr②✬s ✜♥❛♥❝✐❛❧ s❡❝t♦r ♣❧❛②s ❛ ❝r✉❝✐❛❧ r♦❧❡

✐♥ s✉♣♣♦rt✐♥❣ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✱ st❛❜✐❧✐t②✱ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✳ ❍❡♥❝❡✱ ❊t❤✐♦♣✐❛ ✐s ✐♥

t❤❡ ♣r♦❝❡ss ♦❢ ♦♣❡♥✐♥❣ ❛♥❞ ❡①♣❛♥❞✐♥❣ ✐ts ✜♥❛♥❝✐❛❧ s❡❝t♦rs ✇❤✐❧❡ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱

❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❤❛✈❡ r❡❧❛t✐✈❡❧② ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ ❛♥❞ s♦♣❤✐st✐❝❛t❡❞ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱

❝♦♥tr✐❜✉t✐♥❣ s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡✐r r❡s♣❡❝t✐✈❡ ❡❝♦♥♦♠✐❡s✳
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✷✳✷✳✷ ❊①t❡r♥❛❧ ❉❡❜t ❇✉r❞❡♥ ❛♥❞ ❙✉st❛✐♥❛❜✐❧✐t②

■♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❧✐❦❡ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✱ ✜♥❛♥❝✐❛❧

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

❝✐❡♥t t♦ ✜♥❛♥❝❡ ❛❧❧ ❞❡✈❡❧♦♣♠❡♥t ♣r♦❥❡❝ts✳ ❊①❝❡♣t ❢♦r ◆✐❣❡r✐❛✱ t❤❡ ♦✈❡r❛❧❧ ♣✉❜❧✐❝ ❞❡❜t

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

✭s❡❡ ❋✐❣✉r❡ ✷✳✺✮✳ ❚❤❡ ❡①❝❡♣t✐♦♥ ✭s✐♥❝❡ ✷✵✵✺✮ t♦ ◆✐❣❡r✐❛ ✐s ❞✉❡ t♦ t❤❡ ❞❡❜t r❡❧✐❡❢ s✉♣✲

♣♦rt ♣r♦✈✐❞❡❞ t♦ t❤❡ ❝♦✉♥tr② t❤r♦✉❣❤ t❤❡ ❍❡❛✈✐❧② ■♥❞❡❜t❡❞ P♦♦r ❈♦✉♥tr✐❡s ✭❍■P❈✮

✐♥✐t✐❛t✐✈❡ t❤❛t ❧❡❞ t♦ ❛ s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❝♦✉♥tr②✬s ❡①t❡r♥❛❧ ❞❡❜t ♦❜❧✐❣❛t✐♦♥s✳

❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✺✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ ❞❡❜t ❢r♦♠ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s♦✉r❝❡s✳

❉❡s♣✐t❡ t❤❡ s✉♣♣♦rt ♣r♦✈✐❞❡❞ t♦ t❤❡ ❝♦✉♥tr② ✉♥❞❡r t❤❡ ❍■P❈ ✐♥✐t✐❛t✐✈❡✱ ❊t❤✐♦♣✐❛✬s

❡①t❡r♥❛❧ ❞❡❜t s✉❜st❛♥t✐❛❧❧② ❞✇❛r❢s t❤❡ s✐③❡ ♦❢ ❞❡❜t ❢r♦♠ ❞♦♠❡st✐❝ s♦✉r❝❡s✳ ❆s ❊t❤✐♦♣✐❛✱

▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ ✐♥❞❡❜t❡❞ t♦ ❡①t❡r♥❛❧ ❧❡♥❞❡rs✱ ♦♥❡ ♦❜✈✐♦✉s r✐s❦

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

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

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

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

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

❝✉rr❡♥❝② ✭❊✐❝❤❡♥❣r❡❡♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳

❯❙❉ ❊✉r♦ ❨❡♥ ▼✉❧t✐♣❧❡ ❝✉rr❡♥❝② P♦✉♥❞ ❙❉❘ ❖t❤❡rs

❊t❤✐♦♣✐❛ ✺✹✳✵✺ ✶✸✳✵✻ ✵✳✺✸ ✽✳✸✸ ✵✳✼✾ ✷✳✵✷ ✷✶✳✷✸

▼♦r♦❝❝♦ ✸✺✳✹✵ ✹✹✳✸✶ ✷✳✾✺ ✽✳✻✽ ✵✳✶✼ ✵✳✹✵ ✽✳✵✽

◆✐❣❡r✐❛ ✹✾✳✾✵ ✼✳✸✻ ✹✳✼✵ ✶✸✳✼✻ ✼✳✹✽ ✷✳✻✸ ✶✹✳✶✼

❙♦✉t❤ ❆❢r✐❝❛ ✽✹✳✺✹ ✻✳✼✺ ✷✳✻✸ ✵✳✵✵ ✵✳✵✶ ✵✳✵✵ ✻✳✵✼

❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲■❚❙✭✷✵✷✷✮✳

❚❛❜❧❡ ✷✳✶✿ ❊①t❡r♥❛❧ ❞❡❜t ❝✉rr❡♥❝② ❝♦♠♣♦s✐t✐♦♥s ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✶✾✾✽ ✲ ✷✵✶✾✳

❚❤❡ ✈❛st ♠❛❥♦r✐t② ♦❢ ❡①t❡r♥❛❧ ❞❡❜t ❢♦r ❊t❤✐♦♣✐❛✱ ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛

✐s ❞❡♥♦♠✐♥❛t❡❞ ✐♥ ❢♦r❡✐❣♥ ❝✉rr❡♥❝✐❡s ✭s❡❡ ❚❛❜❧❡ ✷✳✶✮ ❛♥❞ ❤❡♥❝❡ t❤❡② ❛r❡ ♥♦t ✐♥s✉❧❛t❡❞

❢r♦♠ t❤❡ ❵♦r✐❣✐♥❛❧ s✐♥✬ ✐♥t❡r♥❛t✐♦♥❛❧ ✜♥❛♥❝❡ ♣r♦❜❧❡♠✳ ❆s t❤❡ s✐③❡ ♦❢ ❡①t❡r♥❛❧ ❞❡❜t

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

t❤❡ ✶✾✾✻ ❞❡❜t r❡❧✐❡❢ ✉♥❞❡r t❤❡ ❍■P❈ ✐♥✐t✐❛t✐✈❡ t❤❛t ✇❛s ❝♦♠♣❧❡t❡❞ ✐♥ ✷✵✵✺ ❢♦r ❜♦t❤

❝♦✉♥tr✐❡s✳ ❆❧t❤♦✉❣❤ ❙♦✉t❤ ❆❢r✐❝❛ ❛♥❞ ▼♦r♦❝❝♦ ❞✐❞ ♥♦t r❡❝❡✐✈❡ tr❛❞✐t✐♦♥❛❧ ❞❡❜t r❡❧✐❡❢

♣r♦❣r❛♠s ❧✐❦❡ t❤❡ ❍■P❈ ✐♥✐t✐❛t✐✈❡ ❛s t❤❡② ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ♠✐❞❞❧❡✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s

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

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

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

st❛❜✐❧✐t②✳

❊♥s✉r✐♥❣ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ✐s ♣r✐♦r✐t✐③❡❞ ❢♦r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s t♦ ❛❝❤✐❡✈❡ ♣♦❧✐❝②

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

♣r♦❥❡❝ts✳ ■♥ t❤✐s r❡❣❛r❞✱ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ❛r❡ ♣❛rt ♦❢ t❤❡ ❲❇ ❛♥❞ ■▼❋✬s ❉❡❜t

❙✉st❛✐♥❛❜✐❧✐t② ❆ss❡ss♠❡♥t ✭❉❙❆✮ ❢r❛♠❡✇♦r❦ ❞❡✈❡❧♦♣❡❞ ❢♦r ❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ❆s

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

❛♥❞ s✉st❛✐♥❛❜✐❧✐t② ✐♥❞✐❝❛t♦rs ❛r❡ ✐♠♣♦rt❛♥t ✐♥❞✐❝❛t♦rs ❢♦r t❤❡ t✇♦ ❝♦✉♥tr✐❡s✬ ✜♥❛♥❝✐❛❧

✷✹



s❡❝t♦r st❛❜✐❧✐t②✳ ❆❧t❤♦✉❣❤ ❛❧❧ ❝♦✉♥tr✐❡s ❛r❡ ❡①♣❡❝t❡❞ t♦ ♠❛✐♥t❛✐♥ ❛ s✉st❛✐♥❛❜❧❡ ❞❡❜t✱

t❤❡ ❉❙❆ ❢r❛♠❡✇♦r❦ t❤❛t ❛♣♣❧✐❡s t♦ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ r❡q✉✐r❡s t❤❡ t✇♦ ❝♦✉♥tr✐❡s t♦

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

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

♠✐s✐♥❣ ❣r♦✇t❤✳ ❆❝❝♦r❞✐♥❣❧②✱ st♦❝❦ ❛♥❞ ✢♦✇✲❜❛s❡❞ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ✐♥❞✐❝❛t♦rs ❛r❡

♣r♦❥❡❝t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ ❛❣❛✐♥st t❤❡ ❝♦✉♥tr②✬s s♣❡❝✐✜❝ t❤r❡s❤♦❧❞s✸✳ ❋♦r ✐♥st❛♥❝❡✱ s✐♥❝❡

t❤❡ ✷✵✵✺ ❞❡❜t r❡❧✐❡❢✱ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛✬s ✢♦✇✲❜❛s❡❞ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ✐♥❞✐❝❛t♦rs

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

♥♦t ✐♥ t❤❡✐r ❢❛✈♦r ✭s❡❡ ❋✐❣✉r❡ ✷✳✻✮✳ ❘❡❣❛r❞✐♥❣ st♦❝❦ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ✐♥❞✐❝❛t♦rs✱

◆✐❣❡r✐❛✬s ❡❝♦♥♦♠② s❡❡♠s t♦ ❤❛✈❡ ❛ ❧♦✇❡r ❧❡✈❡❧ ♦❢ ✜♥❛♥❝✐❛❧ ❞✐str❡ss ✇❤✐❧❡ ❊t❤✐♦♣✐❛✬s

♣❡r❝❡♥t❛❣❡ ♦❢ ❡①t❡r♥❛❧ ❞❡❜t t♦ ✜s❝❛❧ r❡✈❡♥✉❡ ✇❛rr❛♥ts ❛ ❝♦♥❝❡r♥ ❢♦r t❤❡ ❝♦✉♥tr②✬s

❢✉t✉r❡ ❞❡❜t r❡♣❛②♠❡♥t ❝❛♣❛❝✐t②✳

❚❤♦✉❣❤ t❤❡ ❉❙❋ ✐s ♥♦t ❞✐r❡❝t❧② ❛♣♣❧✐❝❛❜❧❡ t♦ t❤❡ ❡❝♦♥♦♠✐❡s ♦❢ ▼♦r♦❝❝♦ ❛♥❞ ❙♦✉t❤

❆❢r✐❝❛✱ t❤❡ r❡s♣❡❝t✐✈❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❡①t❡r♥❛❧ ❞❡❜t st♦❝❦ ❛♥❞ ✐ts s❡r✈✐❝✐♥❣ t♦ ●❉P✱

❡①♣♦rt✱ ❛♥❞ ✜s❝❛❧ r❡✈❡♥✉❡s ✐♥❞✐❝❛t❡s r❡❧❛t✐✈❡❧② st❛❜❧❡ tr❛❥❡❝t♦r✐❡s ✐♥ t❤❡ ♣❛st ✷✵ ②❡❛rs✳

❖♥❡ ❝❛♥ s❡❡ ❢r♦♠ ❋✐❣✉r❡ ✷✳✻✱ t❤❛t ♣❡r❝❡♥t❛❣❡s ♦❢ ❡①t❡r♥❛❧ ❞❡❜t t♦ ●❉P ❛♥❞ ✜s❝❛❧

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

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

❆❧❧ ✐♥ ❛❧❧✱ t❤❡ ❧❛t❡st ■▼❋✬s ❞❡❜t ❛ss❡ss♠❡♥t r❡♣♦rts ❧❛❜❡❧❡❞ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞

❙♦✉t❤ ❆❢r✐❝❛ ❛s ❛♠♦♥❣ t❤❡ ♠♦❞❡r❛t❡✲r✐s❦ ❜♦rr♦✇❡rs ✇❤✐❧❡ ❊t❤✐♦♣✐❛ ✐s ❧❛❜❡❧❡❞ ❛s ❛

❤✐❣❤✲r✐s❦ ❜♦rr♦✇❡r ✭■▼❋✱ ✷✵✷✵✮✳ ❘❡❧❡✈❛♥t r❡❢♦r♠s ❛♥❞ ❝♦♥t✐♥✉♦✉s ❡✛♦rts t♦ ❡♠♣❧♦②

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

❢❛❝✐❧✐t❛t❡ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s✬ ❛❝❝❡ss t♦ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡t✳
✸❆❝❝♦r❞✐♥❣ t♦ t❤❡ ✷✵✶✽✬s ❉❡❜t ❙✉st❛✐♥❛❜✐❧✐t② ❋r❛♠❡✇♦r❦ ✭❉❙❋✮✱ t❤❡ ❜❛s✐❝ ❡q✉❛t✐♦♥ t♦ ❝❛❧❝✉❧❛t❡

❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ✐♥❞✐❝❛t♦r t❛❦❡s t❤❡ ❢♦r♠✿ Indicator = Indeptedness
Repayment capacity

. ❊①t❡r♥❛❧ ❞❡❜t ❛s ❛
♣❡r❝❡♥t❛❣❡ ♦❢ ●❉P✱ ❡①♣♦rt ❛♥❞ ✜s❝❛❧ r❡✈❡♥✉❡ ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s st♦❝❦✲❜❛s❡❞ ✐♥❞✐❝❛t♦rs ✇❤✐❧❡ t❤❡
♣❡r❝❡♥t❛❣❡ ♦❢ ❡①t❡r♥❛❧ ❞❡❜t s❡r✈✐❝❡ t♦ ❡①♣♦rt ❛♥❞ ✜s❝❛❧ r❡✈❡♥✉❡ ❛r❡ ✉s❡❞ ❛s ✢♦✇✲❜❛s❡❞ ♠❡❛s✉r❡s
✭■▼❋✱ ✷✵✷✵✮✳
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❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ✭✷✵✷✷✮✳

◆❇✿ ❚❤❡ t❤r❡s❤♦❧❞ ❧❡✈❡❧s ❛r❡ ❛♣♣❧✐❝❛❜❧❡ t♦ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ♦♥❧② s✐♥❝❡ ▼♦r♦❝❝♦ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛

❛r❡ ♥♦t s✉❜❥❡❝t t♦ t❤❡ ❉❙❋✳

❋✐❣✉r❡ ✷✳✻✿ ❊①t❡r♥❛❧ ❞❡❜t ❜✉r❞❡♥ ✐♥❞✐❝❛t♦rs ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✷✵✵✺ ✲ ✷✵✷✵✳

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

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

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

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

❢r♦♠ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ✐s ♥♦t ❞✐✛❡r❡♥t ❛❧t❤♦✉❣❤ t❤❡r❡

❛r❡ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❋✐❣✉r❡ ✷✳✼✳

▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ❞❡❢❛✉❧t❡❞ q✉✐t❡ ❛ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥t ♦❢ t❤❡✐r

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

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

❝r✐s✐s ♣❡r✐♦❞s✳ ❍♦✇❡✈❡r✱ t❤❡ ❞❡❢❛✉❧t r❛t❡ ♣r❛❝t✐❝❡s ♦❢ ▼♦r♦❝❝♦ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❤❛✈❡

❜❡❡♥ ❝♦♥s✐st❡♥t❧② ❝❧♦s❡ t♦ ③❡r♦ ♦✈❡r t❤❡ ②❡❛rs r❡✢❡❝t✐♥❣ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❝♦✉♥tr②✬s

♣✉❜❧✐❝ ❞❡❜t st❛❜✐❧✐t②✳

✷✻



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲❉■ ✭✷✵✷✷✮✳

❋✐❣✉r❡ ✷✳✼✿ ❙♦✈❡r❡✐❣♥ ❞❡❜t ❞❡❢❛✉❧t r❛t❡ ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✶✾✾✵ ✲ ✷✵✷✵✳

✷✳✷✳✸ ❚r❛❞❡ ❉②♥❛♠✐❝s ❛♥❞ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t

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

❛❝r♦ss t❤❡ ✇♦r❧❞ ❛♥❞ ❊t❤✐♦♣✐❛✱ ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ ♥♦ ❞✐✛❡r❡♥t ❛s

t❤❡② ❛r❡ ♥❛t✐♦♥s ✇✐t❤ ❞✐st✐♥❝t tr❛❞❡ ♣r♦✜❧❡s ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t tr❛❥❡❝t♦r✐❡s✳ ❋♦r ♦♥❡✱

t❤❡s❡ ❡❝♦♥♦♠✐❡s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❧✐♠✐t❡❞ ❡①♣♦rt ❞✐✈❡rs✐✜❝❛t✐♦♥✱ ❛♥❞ ❛ s✉❜st❛♥t✐❛❧

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

❚❛❜❧❡ ❆✳✶✮✳ ❉❡s♣✐t❡ t❤❡ ❡✛♦rts t♦ ❞✐✈❡rs✐❢② ❡①♣♦rts✱ ❊t❤✐♦♣✐❛✬s ❡❝♦♥♦♠② r❡❧✐❡s ❤❡❛✈✐❧②

♦♥ ♣r✐♠❛r② ❡①♣♦rts s✉❝❤ ❛s ❝♦✛❡❡✱ t❡①t✐❧❡s✱ ❛♥❞ ❧❡❛t❤❡r ♣r♦❞✉❝ts✳ ❙✐♠✐❧❛r❧②✱ t❤❡

r❡s♣❡❝t✐✈❡ ❡①♣♦rt r❡✈❡♥✉❡s ❢♦r ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ ❞♦♠✐♥❛♥t❧②

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

❚❤♦✉❣❤ t❤❡✐r str♦♥❣ tr❛❞❡ ❛✣❧✐❛t✐♦♥s ❛r❡ ✇✐t❤ ❊✉r♦♣❡❛♥ ♥❛t✐♦♥s✱ tr❛❞❡ ♣❛rt♥❡rs ❢♦r

❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ r❡❧❛t✐✈❡❧② ❞✐✈❡rs❡✱ ✐♥❝❧✉❞✐♥❣ ❊✉r♦♣❡✱

❈❤✐♥❛✱ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✱ ❛♥❞ ♥❡✐❣❤❜♦r✐♥❣ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✇♦rt❤

♥♦t✐♥❣ t❤❛t ❡❛❝❤ ♦❢ t❤❡s❡ ❝♦✉♥tr✐❡s ❤❛s ✐ts ✉♥✐q✉❡ tr❛❞❡ ♣♦❧✐❝✐❡s✱ ❡①♣♦rt s❡❝t♦rs✱ tr❛❞❡

♣❛rt♥❡rs✱ ❛♥❞ ❝❤❛❧❧❡♥❣❡s✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡ t♦ t❤❡✐r ❡❝♦♥♦♠✐❝ tr❛❥❡❝t♦r✐❡s✳ ❆s t❤❡②

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

❛❝r♦ss t❤❡s❡ ♥❛t✐♦♥s ✐♥ ❧✐♥❡ ✇✐t❤ ♦t❤❡r ♥❡❝❡ss❛r② ❡❝♦♥♦♠✐❝ r❡❢♦r♠s✳

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

❛♥❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐s ❜② ❢❛r t❤❡ ♠♦st ✐♠♣♦rt❡❞ ❣♦♦❞s ✐♥ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱

❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳ ❆s ✇❡ ❝❛♥ ♦❜s❡r✈❡ ❢r♦♠ ❋✐❣✉r❡ ✷✳✽✱ t❤❡ ✈❛❧✉❡ ♦❢ ✐♠♣♦rt❡❞ ✐♥t❡r✲

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

❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲■❚❙ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✽✿ ■♠♣♦rt ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❣♦♦❞s ♦✈❡r t❤❡ ♣❡r✐♦❞✱ ✶✾✾✽ ✲ ✷✵✷✵✳

❛♥❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts t❛❦✐♥❣ t❤❡ ❧✐♦♥✬s s❤❛r❡ ♦❢ ❊t❤✐♦♣✐❛♥✱ ◆✐❣❡r✐❛♥✱ ▼♦r♦❝❝❛♥✱

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

♦❢ t❤❡s❡ ❣♦♦❞s ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳

■♥ t❡r♠s ♦❢ tr❛❞❡ ❝♦♠♣♦s✐t✐♦♥ ✇✐t❤ t❤❡ ❊❯ ✭s❡❡ ❋✐❣✉r❡ ✷✳✾✮✱ t❤❡ tr❡♥❞ ❢♦❧❧♦✇s ❛

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

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

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

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

❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳ ❆s ✇❡ ❝❛♥ ✇✐t♥❡ss ❢r♦♠ ❚❛❜❧❡ ❆✳✶✱ t❤❡

✷✽



❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲■❚❙ ✭✷✵✷✷✮

❋✐❣✉r❡ ✷✳✾✿ ■♠♣♦rt ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❣♦♦❞s ✐♠♣♦rt❡❞ ❢r♦♠ t❤❡ ❊❯ ♦✈❡r t❤❡ ♣❡r✐♦❞✱
✶✾✾✽ ✲ ✷✵✷✵✳

s❤❛r❡ ♦❢ r❡♠✐tt❛♥❝❡s t♦ ●❉P ✐s s✐❣♥✐✜❝❛♥t❧② ❣r❡❛t❡r ❢♦r ▼♦r♦❝❝♦ ❛♥❞ ◆✐❣❡r✐❛ ✇❤✐❧❡ ✐t

✐s ❛♠♦♥❣ t❤❡ ❧♦✇❡st ❢♦r ❊t❤✐♦♣✐❛ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ❛ t❡st❛♠❡♥t

t♦ t❤❡ str♦♥❣ t✐❡ ❜❡t✇❡❡♥ t❤❡ ❊❯ ❛♥❞ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s✱ t❤❡ ❲❇✬s ❜✐❧❛t❡r❛❧ r❡♠✐t✲

t❛♥❝❡ ♠❛tr✐① ❜❡t✇❡❡♥ ✷✵✶✶ ✲ ✷✵✶✾ ✐♥❞✐❝❛t❡s t❤❛t ❛ r❡s♣❡❝t✐✈❡ 15.91, 88.43, 32.27 ❛♥❞

36.86 ♣❡r❝❡♥t ✐♥❝♦♠✐♥❣ r❡♠✐tt❛♥❝❡s t♦ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛

♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ ❊❯✳ ❊①❝❡♣t ❢♦r ❊t❤✐♦♣✐❛ ✇❤❡r❡ ♠♦st ♦❢ t❤❡ r❡♠✐tt❛♥❝❡s r❡❝❡✐✈❡❞

❛r❡ ❢r♦♠ ◆♦rt❤ ❆♠❡r✐❝❛ ❛♥❞ t❤❡ ▼✐❞❞❧❡ ❊❛st✱ ❊❯ ✐s t❤❡ ❧❡❛❞✐♥❣ ♦r✐❣✐♥ ♦❢ r❡♠✐tt❛♥❝❡s

❢♦r ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳

✷✳✸ ❘❡✈✐❡✇ ♦❢ ▲✐t❡r❛t✉r❡

❆s ❝❧❡❛r❧② st❛t❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t♦r② s❡❝t✐♦♥✱ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❤❛✈❡ ❜❡❡♥ ❢❛r ❢r♦♠

❛ st❛❜❧❡ ❡❝♦♥♦♠✐❝ tr❛❥❡❝t♦r② ❛♥❞ ❢❛❝❡❞ ♣❡rs✐st❡♥t ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦✈❡r t✐♠❡✳

❍♦✇❡✈❡r✱ t❤❡ ❝r✐t✐❝❛❧ q✉❡st✐♦♥ r❡♠❛✐♥s ✇❤❛t ❛r❡ t❤❡ ❞♦♠✐♥❛♥t s♦✉r❝❡s ♦❢ s✉❝❤ ❡❝♦✲

♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s❄ P❛rt✐❝✉❧❛r❧②✱ ✇❤❛t r♦❧❡ ❞♦ ❡①t❡r♥❛❧ s❤♦❝❦s ❤❛✈❡ ✐♥ ♣r♦✈♦❦✐♥❣ ❡❝♦✲

♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s❄ ✐s ❛♠♦♥❣ t❤❡ ❤♦t ❡❝♦♥♦♠✐❝ q✉❡st✐♦♥s ✐♥
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t❤❡s❡ ❡❝♦♥♦♠✐❡s✳ ❆❞❞r❡ss✐♥❣ t❤❡s❡ q✉❡st✐♦♥s ❤❛s ❛ ♣❛r❛♠♦✉♥t s✐❣♥✐✜❝❛♥❝❡ t♦ ❆❢r✐❝❛♥

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

t♦ ❞❡❛❧ ✇✐t❤ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ❛♥❞ ♠✐t✐❣❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ❛❞✈❡rs❡ ❡✛❡❝ts

♦❢ s❤♦❝❦s✳ ■♥ t❤✐s r❡❣❛r❞✱ ♣❛rt✐❝✉❧❛r❧② ♦♥ t❤❡ ♠❛tt❡r ♦❢ t❤❡ ❞✐st✐♥❝t r♦❧❡ ♦❢ ❡①t❡r✲

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

❡✈✐❞❡♥❝❡ ✭❆❜r❡❣♦ ❛♥❞ Öst❡r❤♦❧♠✱ ✷✵✶✵❀ ❆❞❞✐s♦♥ ❡t ❛❧✳✱ ✷✵✶✻❀ ❆t❤✉❦♦r❛❧❛ ❛♥❞ ❘❛❥❛♣✲

❛t✐r❛♥❛✱ ✷✵✵✸❀ ❆✈♦♠ ❡t ❛❧✳✱ ✷✵✷✶❀ ❈❛♥♦✈❛✱ ✷✵✵✺❀ ❑♦s❡ ❛♥❞ ❘✐❡③♠❛♥✱ ✷✵✵✶❀ ▼❡♥❞♦③❛✱

✶✾✾✶❀ ❘❛❞❞❛t③✱ ✷✵✵✼✱ ✷✵✵✽❛❀ ❙❝❤♠✐tt✲●r♦❤é ❛♥❞ ❯r✐❜❡✱ ✷✵✵✸❀ ❙❡♥❜❡t❛✱ ✷✵✶✷❀ ❙♦❧✉❞♦✱

✶✾✾✸❀ ❨✐❧❞✐r✐♠ ❛♥❞ ❆r✐✢✐✱ ✷✵✷✶✮✳

❖♥❡ str❛♥❞ ♦❢ t❤❡ ❡♠♣✐r✐❝❛❧ ❧✐t❡r❛t✉r❡ str❡ss❡s t❤❡ ❞♦♠✐♥❛♥t ✐♥✢✉❡♥❝❡ ❡①t❡r♥❛❧ s❤♦❝❦s

❤❛✈❡ ♦♥ ✢✉❝t✉❛t✐♦♥ ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✭❆❜r❡❣♦ ❛♥❞ Öst❡r❤♦❧♠✱ ✷✵✶✵❀ ❈❛♥♦✈❛✱

✷✵✵✺❀ ❑♦s❡ ❛♥❞ ❘✐❡③♠❛♥✱ ✷✵✵✶❀ ▼❛➣❦♦✇✐❛❦✱ ✷✵✵✼✮✳ ❘❡❝❡♥t ✇♦r❦s ❜② ▼❝●r❡❣♦r ✭✷✵✶✼✮✱

❆✈♦♠ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❛♥❞ ❘♦❞rí❣✉❡③ ❡t ❛❧✳ ✭✷✵✷✸✮ ❛❧s♦ ❢♦✉♥❞ str♦♥❣ ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦✉r

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

❜❡❤✐♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤✐s str❛♥❞ ❛ttr✐❜✉t❡s

t❤❡ ❛r❣✉♠❡♥t ❛♥❞ ❡✈✐❞❡♥❝❡ t♦ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♣❡r❝❡♣t✐♦♥ t❤❛t ❵✇❤❡♥ t❤❡ ❯❙✴❊❯

s♥❡❡③❡s✱ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❝❛t❝❤ ❛ ❝♦❧❞✬✳ ❍✐❣❤❡r tr❛❞❡ ♦♣❡♥♥❡ss ❛♥❞ t❤❡ ❤✐❣❤❡r

❢♦r❡✐❣♥ ❝✉rr❡♥❝②✲❞❡♥♦♠✐♥❛t❡❞ ❧✐❛❜✐❧✐t② ✭❡①t❡r♥❛❧ ❞❡❜t✮ t♦ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛r❡ ✉s❡❞

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

❡①t❡r♥❛❧ s❤♦❝❦s✳

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

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

✭❆❞❞✐s♦♥ ❡t ❛❧✳✱ ✷✵✶✻❀ ❍♦✛♠❛✐st❡r ❛♥❞ ❘♦❧❞♦s✱ ✷✵✵✶❀ ❙✐ss♦❦♦ ❛♥❞ ❉✐❜♦♦❣❧✉✱ ✷✵✵✻✮✳ ❆s

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

t❤❛t ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❛r❡ ♥♦t ✐♠♠✉♥❡ ❢r♦♠ ❡①t❡r♥❛❧ s❤♦❝❦s✱ t❤❡ r♦❧❡ ♦❢ t❤❡s❡

s❤♦❝❦s ✐s ♦✈❡rst❛t❡❞ ✇❤✐❝❤ ❤❛s ❛❧❧♦✇❡❞ ♣♦❧✐❝②♠❛❦❡rs ✐♥ t❤❡s❡ ❡❝♦♥♦♠✐❡s t♦ ❞♦ ❧✐tt❧❡

✸✵



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

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

❛♥❞ ❡①t❡r♥❛❧✐③✐♥❣ t❤❡✐r ♣♦❧✐❝② ❝♦♥❞✉❝t ✐ss✉❡s ✐♥t♦ s♦✉r❝❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❡①t❡r♥❛❧

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

■♥ ❝♦♥tr❛st t♦ t❤❡ t✇♦ ❡①tr❡♠❡ str❛♥❞s ♦❢ ❡♠♣✐r✐❝❛❧ st✉❞✐❡s ❜② ❘❛s❛❦✐ ❛♥❞ ▼❛❧✐❦❛♥❡

✭✷✵✶✺✮ ❛♥❞ ❆❜❡r❡ ❛♥❞ ❆❦✐♥❜♦❜♦❧❛ ✭✷✵✷✵✮ ✐♥❞✐❝❛t❡❞ t❤❛t ❜♦t❤ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥

s❤♦❝❦s ❛r❡ ❡q✉❛❧❧② ✐♠♣♦rt❛♥t ✐♥ ❡①♣❧❛✐♥✐♥❣ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ ❆❢r✐❝❛♥

❡❝♦♥♦♠✐❡s✳ ❚❤❡s❡ ✜♥❞✐♥❣s ❤✐❣❤❧✐❣❤t❡❞ t❤❛t ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✬ ✈✉❧♥❡r❛❜✐❧✐t② t♦ ❡①✲

t❡r♥❛❧ s❤♦❝❦s ✐s ❝♦♥t✐♥❣❡♥t ♦♥ t❤❡ ❡❝♦♥♦♠②✬s ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ✐♥t❡❣r❛t✐♦♥✱ t❤❡ ♥❛t✉r❡

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

s❤♦❝❦s✳

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

✐♥ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✬ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s✱ t❤✐s st✉❞② ♠❛❦❡s t❤r❡❡ ❝♦♥tr✐❜✉✲

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

s❤♦❝❦s ✐s ❝♦♥❝❡r♥❡❞✱ ✐t ✐s ❡st❛❜❧✐s❤❡❞ t❤❛t ❛❧❧ t❤❡ ❡❝♦♥♦♠✐❡s ❞♦ r❡❛❝t t♦ ❝❤❛♥❣❡s ✐♥

❢♦r❡✐❣♥ ✈❛r✐❛❜❧❡s✳ ❍♦✇❡✈❡r✱ t❤❡ r❡s♣♦♥s✐✈❡♥❡ss ✐s q✉✐t❡ ❞✐✛❡r❡♥t ❛❝r♦ss t❤❡ ❡❝♦♥♦♠✐❡s

❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s st✉❞②✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡ r❡❧❛t✐✈❡❧② ♠♦r❡ ❛❞✈❛♥❝❡❞ ❆❢r✐❝❛♥

❡❝♦♥♦♠✐❡s t❤❛t ❛r❡ ❡♥❥♦②✐♥❣ ❛ ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r✲♠✐❞❞❧❡ ✐♥❝♦♠❡ st❛t✉s✱ ❙♦✉t❤ ❆❢r✐❝❛✱

❛♥❞ ▼♦r♦❝❝♦ r❡s♣❡❝t✐✈❡❧②✱ t❡♥❞ t♦ ❤❛✈❡ ❛ ❤✐❣❤❡r ❛❜s♦r♣t✐♦♥ ❝❛♣❛❝✐t② ♦❢ ❢♦r❡✐❣♥ s❤♦❝❦s

❝♦♠♣❛r❡❞ t♦ t❤❡ ❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠✐❡s✱ ❊t❤✐♦♣✐❛✱ ❛♥❞ ◆✐❣❡r✐❛✳ ❙❡❝♦♥❞✱ ❧♦♦❦✐♥❣ ❛t t❤❡

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

♦❢ ♦✉t♣✉t✱ ❛❧❧ ❢♦✉r ❡❝♦♥♦♠✐❡s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ ✈✉❧♥❡r❛❜❧❡ t♦ ❡①♣♦rt ❝♦♠♠♦❞✐t②

♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s✳ ▲❛st❧②✱ ✇❡ ❤❛✈❡ ❡st❛❜❧✐s❤❡❞ t❤❛t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s

t♦ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✬ ❢♦r❡❝❛st ❡rr♦r ✈❛r✐❛♥❝❡ ✐s ❝♦♥t✐♥❣❡♥t ♦♥ t❤❡ ❧❡✈❡❧ ♦❢ ✜♥❛♥❝✐❛❧

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

✸✶



✷✳✹ ❊♠♣✐r✐❝❛❧ ▼❡t❤♦❞♦❧♦❣②

❚♦ ✉♥❞❡rst❛♥❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ❝♦♠♠♦❞✐t② ❡①♣♦rt

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

❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✱ ❛ ❇❱❆❘ ♠♦❞❡❧s ❛r❡ ❡st✐♠❛t❡❞ ❢♦r ❡❛❝❤ ❡❝♦♥♦♠②✳ ❈♦♥tr❛r② t♦

❝❛❧✐❜r❛t❡❞ t❤❡♦r❡t✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣❛♥❡❧✲❜❛s❡❞ ♠♦❞❡❧s✱ ❇❱❆❘ ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ✉s❡❢✉❧

❛s t❤❡r❡ ✐s ♥♦ ♥❡❡❞ t♦ ♠❛❦❡ ❛ ❝♦✉♥tr② s②♠♠❡tr✐❝ ❛ss✉♠♣t✐♦♥ ❛♥❞ ❛ s❡♣❛r❛t❡ ♠♦❞❡❧ ❝❛♥

❜❡ ❡st✐♠❛t❡❞ ❢♦r ❡❛❝❤ ❡❝♦♥♦♠②✳ ❆s s✉❝❤✱ ❇❱❆❘ ♠♦❞❡❧s ❤❛✈❡ t❤❡ ❜❡❛✉t✐❢✉❧ ❢❡❛t✉r❡ ♦❢

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

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

✈❛r✐❛❜❧❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳ ❍❡♥❝❡✱ t❤❡s❡ ♠♦❞❡❧s ❛r❡ ❛ ❣♦♦❞ ✜t t♦ ❛❞❞r❡ss t❤❡

❢♦✉r ♠❛✐♥ t❛s❦s ♦❢ ❛ ♠❛❝r♦✲❡❝♦♥♦♠❡tr✐❝✐❛♥✱ ❞❛t❛ ❞❡s❝r✐♣t✐♦♥✱ ❢♦r❡❝❛st✐♥❣✱ str✉❝t✉r❛❧

✐♥❢❡r❡♥❝❡✱ ❛♥❞ ♣♦❧✐❝② ❛♥❛❧②s✐s✱ ❛s ♥♦t❡❞ ❜② ❙t♦❝❦ ❛♥❞ ❲❛ts♦♥ ✭✷✵✵✶✮✳

■♥ ❣❡♥❡r❛❧✱ ✉♥r❡str✐❝t❡❞ tr❛❞✐t✐♦♥❛❧ ❱❡❝t♦r ❆✉t♦r❡❣r❡ss✐✈❡ ✭❱❆❘✮ ♠♦❞❡❧s ❛r❡ ♥♦t ❢r❡❡

❢r♦♠ s♦♠❡ ❞r❛✇❜❛❝❦s ✇❤❡r❡ t❤❡ ✐ss✉❡ ♦❢ ❵❝✉rs❡ ♦❢ ❞✐♠❡♥s✐♦♥❛❧✐t②✬ ✐s t❤❡ ♠❛✐♥ ♦♥❡✳

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

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

❞❡❛❧✐♥❣ ✇✐t❤ s❤♦rt t✐♠❡ s❡r✐❡s ❞❛t❛ ❛s ✐s t❤❡ ❝❛s❡ ❢♦r ♠♦st ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❆s ❛

r❡s♣♦♥s❡ t♦ r❡s♦❧✈❡ t❤✐s ❞r❛✇❜❛❝❦✱ ❇❱❆❘ ♠♦❞❡❧s ❛r❡ t❤❡ ♠♦st ♣♦♣✉❧❛r ❛♥❞ ❛❞❞r❡ss

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

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

❝♦♠♣✉t❛t✐♦♥❛❧❧② ♣♦✇❡r❢✉❧ ♠❛❝❤✐♥❡s ❛♥❞ ▼❛r❦♦✈ ❈❤❛✐♥ ▼♦♥t❡ ❈❛r❧♦ ✭▼❈▼❈✮ ♠❡t❤✲

♦❞s ❤❛✈❡ ♦✛❡r❡❞ ❛ ♠❛ss✐✈❡ ❤❡❧♣ ❛♥❞ ✐♠♣r♦✈❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❇❱❆❘ ♠♦❞❡❧s ✭❑♦♦♣

❡t ❛❧✳✱ ✷✵✶✵✮✳

Pr✐♦r s♣❡❝✐✜❝❛t✐♦♥s ✉♥❞❡r ❇❱❆❘ ♠♦❞❡❧ t❛❦❡ ❛✇❛② r❡s❡❛r❝❤❡rs✬ ♦✉tr✐❣❤t ❥✉❞❣♠❡♥t t♦

❛✉t♦♠❛t✐❝❛❧❧② ❡①❝❧✉❞❡ ❛ ✈❛r✐❛❜❧❡ ❢r♦♠ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱

t❤❡ ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ❛♥❞ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s ♦❢ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❛r❡ ✉s❡❞ t♦ ❧♦❣✲

✸✷



✐❝❛❧❧② ✐♥tr♦❞✉❝❡ s❤r✐♥❦❛❣❡ ❛♥❞ ❞❡t❡r♠✐♥❡ t❤❡ ✐♥❝❧✉s✐♦♥ ❛♥❞ ❡①❝❧✉s✐♦♥ ♦❢ r❡❣r❡ss✐♦♥s

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

t♦ ❑♦♦♣ ❡t ❛❧✳ ✭✷✵✶✵✮ t❤❡ ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ❞✐✛❡r❡♥t ♦♥ t❤r❡❡ ❝♦✉♥ts✿ ✭✐✮ ♠♦❞❡❧

♣❛rs✐♠♦♥② r❡❧❛t❡❞ t♦ t❤❡ ❛❜✐❧✐t② t♦ s❤r✐♥❦ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ✭✐✐✮ t❤❡ ❛❜✐❧✐t② t♦

❧❡❛❞ t♦ ❛♥❛❧②t✐❝❛❧ ♣♦st❡r✐♦r r❡s✉❧ts ❛♥❞ ♣r❡❞✐❝t✐✈❡ ❞❡♥s✐t✐❡s ♦r ❇❛②❡s✐❛♥ ✐♥❢❡r❡♥❝❡ ❝❛♥

❜❡ ❝❛rr✐❡❞ ♦✉t ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ▼❈▼❈ ❝♦♠♣✉t❛t✐♦♥s✱ ❛♥❞ ✭✐✐✐✮ ✢❡①✐❜✐❧✐t② t❤❡② ♦✛❡r t♦

❞❡❛❧ ✇✐t❤ ❇❱❆❘ ♠♦❞❡❧s ❝♦♠♣❛r❡❞ t♦ t❤❡ tr❛❞✐t✐♦♥❛❧ ✉♥r❡str✐❝t❡❞ ❱❆❘ ♠♦❞❡❧s✳ ❆❝✲

❝♦r❞✐♥❣❧②✱ t♦ ✉t✐❧✐③❡ ❛ ♠♦r❡ ♦❜❥❡❝t✐✈❡ ❛♣♣r♦❛❝❤ ❛♥❞ ❛❧❧♦✇ t❤❡ ❞❛t❛ t♦ ❤❛✈❡ ❛ ❣r❡❛t❡r

✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s✱ ◆♦r♠❛❧✲ ❲✐s❤❛rt ❝♦♥❥✉❣❛t❡ ♣r✐♦r s♣❡❝✐✜❝❛✲

t✐♦♥s ❛r❡ ✉s❡❞ ✐♥ t❤✐s st✉❞②✹✭s❡❡ ❋❡rr♦♥✐ ❛♥❞ ❈❛♥♦✈❛✱ ✷✵✷✶❀ ❑♦♦♣ ❡t ❛❧✳✱ ✷✵✶✵✱ ❢♦r

❞❡t❛✐❧s✮✳ ❙✉❝❤ ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ q✉✐t❡ ✉s❡❢✉❧ ❛s t❤❡② ❛❧❧♦✇ ✉s t♦ ❞❡r✐✈❡ ❛ ❝❧♦s❡❞✲

❢♦r♠ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥ ❛♥❞ s✐♠♣❧✐❢② ♦✉r ✐♥t❡r♣r❡t❛t✐♦♥s✳ ❍❡♥❝❡✱

✉s✐♥❣ ❝♦♥❥✉❣❛t❡ ♣r✐♦rs ✐s ❥✉st✐✜❡❞ ✇✐t❤ t❤❡ ✐♥t❡♥t t♦ ❡♥s✉r❡ t❤❡ ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs

❛r❡ ❛s ❞❛t❛✲❞r✐✈❡♥ ❛s ♣♦ss✐❜❧❡ ❛♥❞ ❡❛s✐❧② ✐♥t❡r♣r❡t❛❜❧❡✳

❚♦ ❛❝❤✐❡✈❡ t❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢ ❛ss❡ss✐♥❣ t❤❡ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s

t♦ t❤❡ s❡❧❡❝t❡❞ ❡❝♦♥♦♠✐❡s✱ t❤❡ st❛rt✐♥❣ ♣♦✐♥t ✐s t❤❡ st❛♥❞❛r❞ ❢♦r♠ ♦❢ ❛ r❡str✐❝t❡❞ ❱❆❘

♠♦❞❡❧✿

Yt = β0 + β1Yt−1 + β2Yt−2 + ...+ βpYt−p + β∗
0Xt + β∗

1Xt−1 + β∗
2Xt−2 + ...+ β∗

qXt−q + εt

✭✷✳✹✳✶✮

✇❤❡r❡ Yt = (Y1t, Y2t, ..., Ynt) ❞❡♥♦t❡s ❛♥ (n × 1) ✈❡❝t♦r ♦❢ ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s t♦ ❡❛❝❤

♦❢ t❤❡ s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✱ Xt−i(i = 0, ..., q) ✐s ❛♥ (m× 1) ✈❡❝t♦r ♦❢ ❡①♦❣❡♥♦✉s

✈❛r✐❛❜❧❡s ♦❢ t❤❡ ♠♦❞❡❧ r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ❊❯ ❡❝♦♥♦♠②✳ p ❛♥❞ q ❛r❡ t❤❡ r❡s♣❡❝t✐✈❡

✹❯s✐♥❣ ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ▼❆❚▲❆❇ ❝♦❞❡ ✇r✐tt❡♥ ❜② ●❛r② ❑♦♦♣ ✭✷✵✶✵✮ t♦ r❡♣❧✐❝❛t❡ r❡s✉❧ts
✐♥ ❑♦♦♣ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛♥❞ t❤❡ ❡♠♣✐r✐❝❛❧ ♠❛❝r♦ t♦♦❧❜♦① ❜② ❋❡rr♦♥✐ ❛♥❞ ❈❛♥♦✈❛ ✭✷✵✷✶✮✱ r❡s✉❧ts ❛r❡ tr✐✲
❛♥❣✉❧❛t❡❞ ❛❝r♦ss ❛❧t❡r♥❛t✐✈❡ ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s s✉❝❤ ❛s ■♥❞❡♣❡♥❞❡♥t ◆♦r♠❛❧✲❲✐s❤❛rt ❛♥❞ ❙t♦❝❤❛st✐❝
❙❡❛r❝❤ ❱❛r✐❛♥❝❡ ❙❡❧❡❝t✐♦♥ ✭❙❙❱❙✮ ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ✉s❡❞ ❛♥❞ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ ❝♦♥s✐st❡♥t ❛♥❞
♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❛r❡ ♦❜s❡r✈❡❞ ✇♦rt❤② ♦❢ r❡♣♦rt✐♥❣ ❡①❝❡♣t t❤❡ ❏❡✛r❡② ♣r✐♦rs ♣r♦✈✐❞❡ ♥❛rr♦✇❡r
❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s ♦❢ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ r❡s✉❧ts✳

✸✸



♦♣t✐♠❛❧ ❧❛❣ ❧❡♥❣t❤s ❢♦r ❞♦♠❡st✐❝ ❛♥❞ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s✳ β∗
i (i = 1, ..., q) ❛r❡ (m×m)

♠❛tr✐① ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s✱ β0 ✐s (n × 1) ❝♦❡✣❝✐❡♥t ❢♦r

t❤❡ ❝♦♥st❛♥t✴❞❡t❡r♠✐♥✐st✐❝ t❡r♠✱ ❛♥❞ βi(i = 1, ..., p) ❛r❡ (n × n) ♠❛tr✐❝❡s ♦❢ t❤❡

❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s✱ ✇❤✐❧❡ εt ✐s ❛♥ (n × 1) ✈❡❝t♦r ♦❢ ✐♥❞❡♣❡♥❞❡♥t❧②

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

t❤❛t s❛t✐s❢② t❤❡ ❝♦♥❞✐t✐♦♥ E(εt) = 0 ❛♥❞ E(εtε
′
t) = Σ✳ ❲✐t❤ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣

t❤❛t t❤❡ s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛r❡ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠✐❡s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❊❯

❡❝♦♥♦♠②✱ t❤❡ ❡st✐♠❛t✐♦♥ ♣r♦❝❡ss ✉t✐❧✐③❡s t❤❡ ✇✐❞❡❧② ✉s❡❞ ❡①♦❣❡♥❡✐t② ❜❧♦❝❦ r❡str✐❝t✐♦♥

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

✈❛r✐❛❜❧❡s ❜✉t ♥♦t ✈✐❝❡ ✈❡rs❛✳

❇❛②❡s✐❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ✷✳✹✳✶ r❡q✉✐r❡s ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s ❢♦r βis, β
∗
i s ❛♥❞ Σ✳

❍❡♥❝❡✱ t❤❡ ❝♦♥❥✉❣❛t❡ ♣r✐♦r ❢♦r βis, β
∗
i s ❛♥❞ Σ t❛❦❡s t❤❡ ❢♦r♠✺✿

α|Σ ∼ N(α,Σ⊗ V ) ✭✷✳✹✳✷✮

Σ−1 ∼ W (S−1, v) ✭✷✳✹✳✸✮

✇❤❡r❡ α ✐s ✈❡❝t♦r ♦❢ ❛❧❧ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ♠♦❞❡❧✱ α = vec(βis, β
∗
i s) ❛♥❞ Σ r❡♣✲

r❡s❡♥ts t❤❡ ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①✳ ❚❤❡ r❡s❡❛r❝❤❡r ❝❛♥ s❡t t❤❡ ❤②♣❡r♣❛r❛♠❡t❡r ✈❛❧✉❡s✱

α, α, S−1 ❛♥❞ v✳ α ❛♥❞ V ❛r❡ t❤❡ ♣r✐♦r ♠❡❛♥ ❛♥❞ ✈❛r✐❛♥❝❡ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts✱ r❡s♣❡❝✲

t✐✈❡❧②✳ ❙✐♠✐❧❛r❧②✱ S−1 ❛♥❞ v ❛r❡ t❤❡ r❡s♣❡❝t✐✈❡ ♣r✐♦r ♦❢ t❤❡ ♠❛tr✐① ♦❢ t❤❡ st❛♥❞❛r❞

❡rr♦rs ♦❢ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ♣♦st❡r✐♦rs

❛r❡ ❛♥❛❧②t✐❝❛❧❧② ❞❡r✐✈❡❞ ❛♥❞ r❡s✉❧ts ✐♥ t❤❡ ❢♦r♠✿

✺❚❤❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②t✐❝❛❧ ❞❡r✐✈❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❑♦♦♣ ❡t ❛❧✳ ✭✷✵✶✵✮
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α|Σ, y ∼ N(α̂,Σ⊗ V̂ ) ✭✷✳✹✳✹✮

Σ−1|y ∼ W (Ŝ−1, v̂) ✭✷✳✹✳✺✮

✇❤❡r❡ y ✐s ♦✉r ❞❛t❛✱ v̂ = T +v ❛♥❞ T ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♦❜s❡r✈❛t✐♦♥s✳ α̂ ❛♥❞ Ŝ ❛r❡

t❤❡ r❡s♣❡❝t✐✈❡ ❡st✐♠❛t❡s ❢♦r α ❛♥❞ Σ✳ V̂ = (V −1 + X ′X)−1 ✇✐t❤ X ❛s t❤❡ r❡❣r❡ss♦r

♦♥ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ ♦✉r ❱❆❘✳

❚❤❡ ❝♦♥❥✉❣❛t❡ ♣r✐♦rs ✉s❡❞ ✐♥ t❤✐s st✉❞② ❤❛✈❡ t❤❡ ❛❞✈❛♥t❛❣❡ t❤❛t ❛♥❛❧②t✐❝❛❧ r❡s✉❧ts ❡①✐st

❢♦r ♣♦st❡r✐♦r ✐♥❢❡r❡♥❝❡ ❛♥❞ ♣r❡❞✐❝t✐♦♥ ✇✐t❤♦✉t t❤❡ ♥❡❡❞ ♦❢ ❛♥ ▼❈▼❈ s✐♠✉❧❛t✐♦♥✭❑♦♦♣

❡t ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡✱ ❤✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥✱ ❛♥❞ ❢♦r❡❝❛st

❡rr♦r ✈❛r✐❛♥❝❡ r❡s✉❧ts r❡q✉✐r❡ ❛ ▼❈▼❈ s✐♠✉❧❛t✐♦♥ s✐♥❝❡ t❤❡② ❛r❡ ❛ ♥♦♥✲❧✐♥❡❛r ❢✉♥❝t✐♦♥

♦❢ t❤❡ ❡st✐♠❛t❡❞ β′
is ❛♥❞ Σ✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ ❜❛s❡❞

♦♥ ✶✵✵✱✵✵✵ ▼❈▼❈ ❞r❛✇s✳

✷✳✺ ❉❛t❛ ❛♥❞ ▼❡❛s✉r❡♠❡♥t ♦❢ ❱❛r✐❛❜❧❡s

❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❛ ❇❱❆❘ ♠♦❞❡❧ ✐♥ t❤✐s st✉❞② ♠❛❦❡s ✉s❡ ♦❢ q✉❛rt❡r❧② ❞❛t❛ ❢r♦♠ ❢♦✉r

s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛s ❞♦♠❡st✐❝ ❡❝♦♥♦♠✐❡s ❛♥❞ t❤❡ ❊❯ ❛s ❛♥ ❡①t❡r♥❛❧ ❜❧♦❝❦✳

❚❤❡ ❢♦✉r s❡❧❡❝t❡❞ ❡❝♦♥♦♠✐❡s ❛r❡ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛♥❞

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

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

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

q✉❛rt❡r❧② t✐♠❡ s❡r✐❡s ❞❛t❛ ✐s ❝♦♥s✐❞❡r❡❞ ❢♦r ❡❛❝❤ ❡❝♦♥♦♠②✳ ❚❤❡s❡ ❡❝♦♥♦♠✐❡s r❡✢❡❝t

❛♥ ✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡ ♦❢ ♠♦st ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛s t❤❡② r❡❧② ♦♥ ❛ s✐♥❣❧❡ ❝♦♠♠♦❞✐t②

❢♦r t❤❡✐r r❡s♣❡❝t✐✈❡ ❡①♣♦rt r❡✈❡♥✉❡✳ ❋♦r ✐♥st❛♥❝❡✱ ♦✈❡r t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✶✾✾✽ ✲

✷✵✶✾✱ ❊t❤✐♦♣✐❛ ✭❝♦✛❡❡ ❡①♣♦rt✐♥❣ ❝♦✉♥tr②✮✱ ▼♦r♦❝❝♦ ✭♣❤♦s♣❤❛t❡ ❡①♣♦rt✐♥❣ ❝♦✉♥tr②✮✱

✸✺



◆✐❣❡r✐❛ ✭♦✐❧ ❡①♣♦rt✐♥❣ ❝♦✉♥tr②✮✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ✭♣r❡❝✐♦✉s ♠❡t❛❧ ❡①♣♦rt✐♥❣ ❝♦✉♥tr②✮

r❡s♣❡❝t✐✈❡❧② ❣❡♥❡r❛t❡❞ ✸✼✳✸✼✪✱ ✷✸✳✺✺✪✱ ✾✷✳✼✽✪ ❛♥❞ ✸✷✳✺✶✪ ♦❢ t❤❡✐r ❡①t❡r♥❛❧ r❡✈❡♥✉❡s

❢r♦♠ ❝♦✛❡❡✱ ♣❤♦s♣❤❛t❡✱ ♦✐❧ ❛♥❞ ♣r❡❝✐♦✉s ♠❡t❛❧ ✭❚❛❜❧❡ ❆✳✶ ❢♦r ❞❡t❛✐❧s✮✳ ❚❤❡ s❡❧❡❝t❡❞

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

t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦ ✇✐❧❧ ♥♦t ❜❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ s✐♥❝❡

t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ❢r♦♠ ❞✐✈❡rs✐✜❡❞ s❡❝t♦rs✳

❯♥❧✐❦❡ ❍♦✛♠❛✐st❡r ❛♥❞ ❘♦❧❞♦s ✭✷✵✵✶✮✱ ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮✱ ❇❛rr♦t ❡t ❛❧✳ ✭✷✵✶✽✮ ❛♥❞

❩❣❛♠❜♦ ❛♥❞ ❋✉♥②✐♥❛ ✭✷✵✷✷✮ ✇❤♦ ❤❛✈❡ ❝♦♥s✐❞❡r❡❞ ❡✐t❤❡r t❤❡ ❯❙ ❡❝♦♥♦♠② ♦r t❤❡ ✇❤♦❧❡

❘❡st ♦❢ t❤❡ ❲♦r❧❞ ❛s ❛ ❢♦r❡✐❣♥ ❜❧♦❝❦ ✐♥ t❤❡✐r ♠♦❞❡❧✐♥❣ ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✱ t❤✐s

st✉❞② ✉s❡s t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ ❛s ❛ ❢♦r❡✐❣♥ ❜❧♦❝❦ s✐♥❝❡ t❤❡ ❢♦✉r s❡❧❡❝t❡❞ ❆❢r✐❝❛♥

❡❝♦♥♦♠✐❡s ❤❛✈❡ str♦♥❣ tr❛❞❡ ❛♥❞ ♦✈❡r❛❧❧ ❡❝♦♥♦♠✐❝ ❛✣❧✐❛t✐♦♥s ✇✐t❤ t❤❡ ❊✉r♦♣❡❛♥

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

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

❚❤❡ s❡t ♦❢ ✈❛r✐❛❜❧❡s ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ st✉❞② ❢♦❧❧♦✇s ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮ ❛s t❤❡② ♣r♦✈✐❞❡

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

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

(Y )✱ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① (CPI)✱ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✼ (E) ❛♥❞ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡

(R) ✈❛r✐❛❜❧❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s ❢♦r ❡❛❝❤ ❡❝♦♥♦♠②✳ ❖♥ t❤❡ ♦t❤❡r

❤❛♥❞✱ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ t❤❡ ❧✐st ♦❢ ❡①t❡r♥❛❧ ✈❛r✐✲

❛❜❧❡s ❛r❡ ❊❯ r❡❛❧ ❣r♦ss ❞♦♠❡st✐❝ ♣r♦❞✉❝t (Y ∗) ❛♥❞ ❊❯ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ (R∗)✳

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

♣❡r❝❡♥t❛❣❡ ♦❢ t❤❡✐r ●❉P (A∗) ✐s ❛❧s♦ ❝♦♥s✐❞❡r❡❞ ❛s ❛♥ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡✳ ❆s t❤❡

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

✻❋♦r ✐♥st❛♥❝❡✱ ♦✈❡r t❤❡ ♣❡r✐♦❞ ✶✾✾✽ ✲ ✷✵✶✾✱ ❛ r❡s♣❡❝t✐✈❡ ❛✈❡r❛❣❡ ♦❢ 37%✱ 75%✱ 34% ❛♥❞ 38%
❊t❤✐♦♣✐❛✬s✱ ▼♦r♦❝❝♦✬s✱ ◆✐❣❡r✐❛✬s ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✬s ❡①♣♦rts ❛r❡ ❞✐r❡❝t❡❞ t♦ ❊✉r♦♣❡ ♠♦r❡ t❤❛♥ ❛♥②
♦t❤❡r ❡①♣♦rt ❞❡st✐♥❛t✐♦♥s✭❲❇ ✲ ❲■❚❙✱ ✷✵✷✸✮✳

✼❊①❝❤❛♥❣❡ r❛t❡ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ✈❛❧✉❡ ♦❢ ❛ ✉♥✐t ♦❢ ❢♦r❡✐❣♥ ❝✉rr❡♥❝② ✭❡✉r♦✮ ✐♥ t❡r♠s ♦❢ ❡❛❝❤ ❡❝♦♥♦♠②
❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❛♥❞ ❤❡♥❝❡ ❛ r✐s❡ ✐♥ ❡①❝❤❛♥❣❡ r❛t❡ ✐♠♣❧✐❡s ❞❡♣r❡❝✐❛t✐♦♥ ♦❢ ❞♦♠❡st✐❝ ❝✉rr❡♥❝✐❡s ❛♥❞
✈✐❝❡✲✈❡rs❛ ❢♦r ❛♣♣r❡❝✐❛t✐♦♥✳

✸✻



♦♠②✬s ❦❡② ❡①♣♦rt ✐t❡♠s ♥❛♠❡❧②✱ t❤❡ ♣r✐❝❡ ♦❢ ❝♦✛❡❡ ❢♦r ❊t❤✐♦♣✐❛✱ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ ❢♦r

▼♦r♦❝❝♦✱ ♣r✐❝❡ ♦❢ ♦✐❧ ❢♦r ◆✐❣❡r✐❛✱ ❛♥❞ ♣r❡❝✐♦✉s ♠❡t❛❧ ♣r✐❝❡ ❢♦r ❙♦✉t❤ ❆❢r✐❝❛✳ ❉❛t❛ ❢♦r

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

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

t❤❡ ❊❯✲❜❛s❡❞ ✈❛r✐❛❜❧❡s✳ ❉❛t❛ ❢♦r ♣r✐❝❡ ✐♥❞❡①❡s ♦❢ ❝♦✛❡❡✱ ♣❤♦s♣❤❛t❡✱ ♦✐❧✱ ❛♥❞ ♣r❡❝✐♦✉s

♠❡t❛❧s ❛r❡ t❛❦❡♥ ❢r♦♠ ❋❡❞❡r❛❧ ❘❡s❡r✈❡ ❊❝♦♥♦♠✐❝ ❉❛t❛ ✭❋❘❊❉✮✳ ❍❡♥❝❡✱ t❤❡ ✈❡❝t♦r ♦❢

✈❛r✐❛❜❧❡s ✭t❤❡✐r ♠❡❛s✉r❡♠❡♥ts ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜❧❡ ❆✳✷✮ ✉s❡❞ ❢♦r t❤❡ ❇❱❆❘ ❡st✐♠❛t✐♦♥

♦❢ ❡❛❝❤ s❡❧❡❝t❡❞ ❡❝♦♥♦♠② ✐s ❣✐✈❡♥ ❛s✿

Yt = {PIc, GDP ∗, R∗, A∗, GDP,CPI, E,R} ✭✷✳✺✳✶✮

✇❤❡r❡ PIc r❡♣r❡s❡♥ts t❤❡ ♣r✐❝❡ ✐♥❞❡① ♦❢ ❡❛❝❤ ❡❝♦♥♦♠②✬s ♠❛✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ✐t❡♠✳

✷✳✻ ❘❡s✉❧ts

❯s✐♥❣ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ❡♠♣✐r✐❝❛❧ ❛♣♣r♦❛❝❤✱ ■ ❡st✐♠❛t❡❞

t❤❡ ❇❱❆❘ ♠♦❞❡❧ ✇✐t❤ ❢♦✉r ❧❛❣s ♦❢ t❤❡ q✉❛rt❡r❧② ❞❛t❛ ❢♦r ❡❛❝❤ ❡❝♦♥♦♠②✳ ■t ✐s ✇♦rt❤

♠❡♥t✐♦♥✐♥❣ t❤❛t t❤❡ ❱❆❘❳ ❧✐t❡r❛t✉r❡ tr❡❛ts t❤❡ ♦♣t✐♠❛❧ ❧❛❣ ❧❡♥❣t❤ ❢♦r t❤❡ ❡①♦❣❡♥♦✉s

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

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

❛❝❝♦✉♥t ③❡r♦ ❧❛❣s ❢♦r t❤❡ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s✳ ■♥ t❤❡ ❙❡❝t✐♦♥ ✷✳✼✱ ■ ❛❧s♦ ❛♥❛❧②③❡ t❤❡

r♦❜✉st♥❡ss ❢♦r ❞✐✛❡r❡♥t ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s ❛♥❞ ❧❛❣ ♦r❞❡r ❢♦r t❤❡ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s✳

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

✷✳✻✳✶ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡s

❚♦ ✉♥❞❡rst❛♥❞ ❤♦✇ r❡s♣♦♥s✐✈❡ t❤❡ s❡❧❡❝t❡❞ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s ❛r❡ t♦ t❤❡ r❡s♣❡❝t✐✈❡

❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ❛♥ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ❛♥❛❧②s✐s ✐s ❝♦♥s✐❞❡r❡❞✳ ❋♦r t❤❡

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

r❡q✉✐r❡s ❛♥ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✇❤❡r❡❜② t❤❡ ❈❤♦❧❡s❦② ❞❡❝♦♠♣♦s✐t✐♦♥ ✐s ❛♣♣❧✐❡❞ ✐♥

t❤✐s st✉❞② t♦ ✐❞❡♥t✐❢② t❤❡ ✐♥❞❡♣❡♥❞❡♥t s❤♦❝❦s✳ ❯♥❞❡r t❤✐s ✐❞❡♥t✐✜❝❛t✐♦♥✱ t❤❡ ✐♥❞❡♣❡♥✲

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

r❡❞✉❝❡❞ ❢♦r♠ s❤♦❝❦s✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ♦r❞❡r✐♥❣ ♦❢ ✈❛r✐❛❜❧❡s ✐♥ ❊q✉❛t✐♦♥ ✭✷✳✺✳✶✮ ❛r❡

✉s❡❞ t♦ ❛s❝❡rt❛✐♥ t❤❡ r❡❧❡✈❛♥t r❡❧❛t✐♦♥s❤✐♣s✱ Σ = PP ′ ❛♥❞ ε = P−1µt ✇❤❡r❡ µt ✐s t❤❡

❡rr♦r t❡r♠ ❛♥❞ P−1 ✐s ❛ ❧♦✇❡r tr✐❛♥❣✉❧❛r ♠❛tr✐①✳ ❚❤✐s ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✐♠♣❧✐❡s

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

r❡st ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ✇❤✐❧❡ t❤❡② ❤❛✈❡ ♥♦t ❜❡❡♥ ❛✛❡❝t❡❞ ❜② t❤❡ ♦t❤❡r ✈❛r✐❛❜❧❡s✳ ❈❤♦❧❡s❦②

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

❝♦♠♣❧✐❝❛t✐♦♥s t❤❛♥ ♦t❤❡r ✐❞❡♥t✐✜❝❛t✐♦♥ str✉❝t✉r❡s ✭▲✉❝❝❤❡tt✐✱ ✷✵✵✻✮✳ ❈♦♠♣✉t✐♥❣ ✐♠✲

♣✉❧s❡ r❡s♣♦♥s❡s r❡q✉✐r❡s ❛ ❦❡② ✐❞❡♥t✐✜❝❛t✐♦♥ ❛ss✉♠♣t✐♦♥ s✉❝❤ t❤❛t t❤❡ ❞②♥❛♠✐❝s ♦❢

✈❛r✐❛❜❧❡s ✐♥ t❤❡ s②st❡♠ ❛r❡ ❛❞❡q✉❛t❡❧② r❡♣r❡s❡♥t❡❞ ❜② t❤❡ s♣❡❝✐✜❡❞ ♠♦❞❡❧✳ ❆s ❛ r❡s✉❧t✱

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

s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ✈❛r✐❛❜❧❡ ♦r❞❡r✐♥❣ ❜✉✐❧❞s ♦♥ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❜② ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮✳

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

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

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

♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦ ✐s ♥♦r✲

♠❛❧✐③❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ r❡❛❧ ♣r✐❝❡s ❜② ✶✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ♦♥ ✐♠♣❛❝t✳ ■♥ t❤❡ ✐♠♣✉❧s❡

r❡s♣♦♥s❡ ✜❣✉r❡s r❡♣♦rt❡❞ ❜❡❧♦✇ ✭❋✐❣✉r❡ ✷✳✶✵✮✱ t❤❡ s♦❧✐❞ ❜❧✉❡ ❧✐♥❡ ✐s t❤❡ ♣♦st❡r✐♦r ♠❡✲

❞✐❛♥ ✇❤❡r❡❛s t❤❡ s❤❛❞❡❞ ❞❛r❦❡r ❜❧✉❡ ❛♥❞ ❧✐❣❤t❡r ❜❧✉❡ ❛r❡❛s r❡♣r❡s❡♥t ✻✽ ✪ ❛♥❞ ✾✵ ✪

❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s r❡s♣❡❝t✐✈❡❧②✳

✷✳✻✳✶✳✶ ❊①♣♦rt ❈♦♠♠♦❞✐t② Pr✐❝❡ ❙❤♦❝❦

❚♦ ❤✐❣❤❧✐❣❤t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ❛♥ ✐♠♣✉❧s❡ r❡s♣♦♥s❡

t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦♠♠♦❞✐t② ♣r✐❝❡s ✐s ❝♦♥s✐❞❡r❡❞ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ r❡♣♦rt❡❞ ❜❡❧♦✇✳
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●❡♥❡r❛❧❧② s♣❡❛❦✐♥❣✱ ❛ r✐s❡ ✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡✱ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✵✱ t❡♥❞s

t♦ ❧❡❛❞ t♦ ❛ ♣♦s✐t✐✈❡ r❡s♣♦♥s❡ t♦ r❡❛❧ ●❉P ❛♥❞ ❛♣♣r❡❝✐❛t✐♦♥ ♦❢ ❞♦♠❡st✐❝ ❝✉rr❡♥❝✐❡s

❢♦r ❊t❤✐♦♣✐❛✱ ◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳ ❚❤❡ ♣♦s✐t✐✈❡ r❡s♣♦♥s❡ ♦❢ ♦✉t♣✉t

❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t✇♦ ✇❛②s✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ❛ ❤✐❣❤❡r ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡

✐♥❞✉❝❡s ❛♥ ❛❞❞❡❞ ✐♥❝❡♥t✐✈❡ t♦ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❤❡♥❝❡ ❛♥ ❡①♣❛♥s✐♦♥ ✐♥ ♦✉t♣✉t✳ ❖♥ t❤❡

♦t❤❡r ❤❛♥❞✱ ❛ ❤✐❣❤❡r ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✐♠♣❧✐❡s ✐♠♣r♦✈❡❞ t❡r♠s ♦❢ tr❛❞❡ ❛♥❞

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

❞❡♠❛♥❞✳

❚❤❡ r❡s✉❧ts ♦♥ ❝♦♥s✉♠❡r ♣r✐❝❡s ❛r❡ ♠✐①❡❞ s✉❝❤ t❤❛t ❛ r✐s❡ ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣♦rt

❝♦♠♠♦❞✐t② ♣r✐❝❡ ✐♥❞✉❝❡s ❛ t❡♠♣♦r❛r② ✐♥✢❛t✐♦♥❛r② ♣r❡ss✉r❡ ✐♥ ▼♦r♦❝❝♦ ❜✉t t❤❡♦✲

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

❊t❤✐♦♣✐❛♥✱ ❛♥❞ ◆✐❣❡r✐❛♥ ❡❝♦♥♦♠✐❡s✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ❝♦♥s✉♠❡r

♣r✐❝❡ r❡s♣♦♥s❡s ✐♥ ◆✐❣❡r✐❛ ❛♥❞ ❊t❤✐♦♣✐❛ ❛r❡ r❡❧❛t✐✈❡❧② ✇❡❛❦✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ r❡✲

s♣♦♥s❡ ♦❢ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ✐s ❛❧s♦ ✐♥❝♦♥s✐st❡♥t ❢♦r t❤❡ ❡❝♦♥♦♠✐❡s ❝♦♥s✐❞❡r❡❞

❛s t❤❡ r❡s♣♦♥s❡ ✐s ✐♥❝♦♥❝❧✉s✐✈❡✳

❚❤❡ ♠❛✐♥ r❡s✉❧t t❤❛t ✐s ❝♦♥s✐st❡♥t ❛❝r♦ss ❛❧❧ t❤❡ ❡❝♦♥♦♠✐❡s ✐s t❤❡ ❡①♣❛♥s✐♦♥❛r② ♦✉t♣✉t

r❡s♣♦♥s❡ t♦ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦ ❛♥❞ ✐t ❤❛s ❛ t❤❡♦r❡t✐❝❛❧ ❛♥❞ ❡♠♣✐r✐❝❛❧

❢♦✉♥❞❛t✐♦♥ ❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛ r✐s❡ ✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡

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

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

t♦ t❤❡♠✳ ❆ r✐s❡ ✐♥ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ r❡✈❡♥✉❡ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ❜♦♦st ✐♥ ♣r♦❞✉❝t✐♦♥ ♦❢

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

❡①♣❡❝t❡❞ t♦ ✐♥❞✉❝❡ ❛ ❞❡❝❧✐♥❡ ✐♥ ❝♦♥s✉♠❡r ♣r✐❝❡✳ ❚❤❡ ✐♥✢❛t✐♦♥❛r② r❡s♣♦♥s❡ ♦❢ ❝♦♥s✉♠❡r

♣r✐❝❡s ✐♥ ▼♦r♦❝❝♦ ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ♣♦s✐t✐✈❡ ✐♥❝♦♠❡ ❡✛❡❝t✳ ❆ ❤✐❣❤❡r ♣✉r❝❤❛s✐♥❣

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

❆s ❛ ❤✐❣❤❡r ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ r✐s❡ ✐♥ t❤❡ ✐♥✢♦✇ ♦❢ ❢♦r❡✐❣♥ ❝✉r✲
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r❡♥❝② t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❡❝♦♥♦♠✐❡s ❛♥❞ ❛♥ ❛♣♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❝♦♥♦♠✐❡s

❞♦♠❡st✐❝ ❝✉rr❡♥❝② ✐s ❡①♣❡❝t❡❞ ❜♦t❤ t❤❡♦r❡t✐❝❛❧❧② ❛♥❞ ❡♠♣✐r✐❝❛❧❧②✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡

♥❡❣❛t✐✈❡ ✐♠♣❛❝t r❡s♣♦♥s❡s ♦❢ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ❢♦r ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞

❙♦✉t❤ ❆❢r✐❝❛ ❝♦♥✜r♠ t❤✐s ♣r❡❞✐❝t✐♦♥✳ ❚❤✉s✱ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❤❛✈❡

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

❋✐❣✉r❡ ✷✳✶✵✿ ❘❡s♣♦♥s❡s t♦ ❛ ✶✵ ♣❡r❝❡♥t ♣♦s✐t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦

❈❧♦s❡ ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡s ♦❢ t❤❡ ❊t❤✐♦♣✐❛♥ ❡❝♦♥♦♠②✱ t❤❡ r❡s✉❧ts ❛r❡

♦❢ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥s✳ ❋♦r ✐♥st❛♥❝❡✱ ❛t ✐ts ♣❡❛❦ ✭❛❢t❡r ✸ q✉❛rt❡rs✮✱ ❛ ✶✵ ♣❡r❝❡♥t❛❣❡

♣♦✐♥t ♣♦s✐t✐✈❡ ❝♦✛❡❡ ♣r✐❝❡ s❤♦❝❦ r❡s✉❧ts ✐♥ ❛ ✵✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ r❡❛❧ ●❉P

❛♥❞ ❛ ✵✳✻ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❞❡❝❧✐♥❡ ✐♥ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♦❢ t❤❡ ❊t❤✐♦♣✐❛♥ ❝✉rr❡♥❝②

✭❜✐rr✮ ❛❣❛✐♥st ❡✉r♦✳ ❚❤♦✉❣❤ ✇❡❛❦✱ t❤❡ r❡s♣♦♥s❡ ♦❢ ❝♦♥s✉♠❡r ♣r✐❝❡ ❤❛s ✐ts s✐❣♥ ✐♥ ❧✐♥❡

✇✐t❤ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥✳

❚❤❡s❡ r❡s✉❧ts ❢♦r ❊t❤✐♦♣✐❛ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✜♥❞✐♥❣s ❜② ◆✉r✉ ❛♥❞ ●❡r❡③✐❤❡r
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✭✷✵✷✷✮✳ ❚❤❡ r❡s♣♦♥s❡ ♦❢ ♦✉t♣✉t ✐s str♦♥❣❡r ❢♦r ❊t❤✐♦♣✐❛ ✐♠♣❧②✐♥❣ t❤❡ ❧♦✇ s❤♦❝❦

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

❋✐♥❛❧❧②✱ t❤❡ r❡s♣♦♥s❡ ♦❢ ❊t❤✐♦♣✐❛✬s ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ r❡s♣♦♥s❡ ✐s ❢♦✉♥❞ t♦ ❜❡ ✇❡❛❦

❛♥❞ ✐♥s✐❣♥✐✜❝❛♥t✳

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

▼♦r♦❝❝♦✬s ❡❝♦♥♦♠② t♦ ❛ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦ ✐s ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡♦r②✱ ✇✐t❤ ♦♥❡

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

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

r❡s♣❡❝t✐✈❡❧② ✐♥❝r❡❛s❡ ❜② ✵✳✶✺ ❛♥❞ ✵✳✵✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✇❤✐❧❡ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♦❢

▼♦r♦❝❝❛♥ ❉✐r❤❛♠ ❞❡❝❧✐♥❡s ❜② ✵✳✶✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❢♦❧❧♦✇✐♥❣ ❛ ✶✵✲♣❡r❝❡♥t❛❣❡ ♣♦✐♥t

♣♦s✐t✐✈❡ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦✳ ❍♦✇❡✈❡r✱ t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ✐s

❢♦✉♥❞ t♦ ❜❡ ✇❡❛❦✳

❚❤❡ r❡s♣♦♥s❡s ♦❢ ◆✐❣❡r✐❛✬s ❡❝♦♥♦♠② t♦ ❛♥ ♦✐❧ ♣r✐❝❡ s❤♦❝❦ ❛s ✇❡❧❧ s❤♦✇ s✐❣♥✐✜❝❛♥t

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

❛ ✶✵✲♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣r✐❝❡ ♦❢ ♦✐❧ ❧❡❛❞s t❤❡ r❡❛❧ ♦✉t♣✉t t♦ ✐♥❝r❡❛s❡

❜② ✵✳✸✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ r❡s✉❧t s❤♦✇s ❛ ✵✳✸✽ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t

❛♣♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ◆✐❣❡r✐❛♥ ◆❛✐r❛ ❢♦❧❧♦✇✐♥❣ ❛ ✶✵✲♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡

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

❖❧♦♠♦❧❛ ✭✷✵✵✻✮ ❛♥❞ ❖②❡②❡♠✐ ✭✷✵✶✸✮✳

❚❤❡ r❡❛❧ ♦✉t♣✉t ♦❢ ❙♦✉t❤ ❆❢r✐❝❛ r❡s♣♦♥❞s ♣♦s✐t✐✈❡❧② ✭✵✳✸✷ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡

✐♥ q✉❛rt❡r ✻✮ t♦ ❛ ✶✵✲♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣r✐❝❡ ♦❢ ♣r❡❝✐♦✉s ♠❡t❛❧s✳ ▲✐❦❡

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

t❤❡ ❙♦✉t❤ ❆❢r✐❝❛♥ ❘❛♥❞ ✭❛ ✸✲♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❡①❝❤❛♥❣❡ r❛t❡ ❞❡❝❧✐♥❡✮✳ ❚❤❡ r❡s♣♦♥s❡

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

t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s ❢♦r t❤❡ ❙♦✉t❤ ❆❢r✐❝❛♥ ❡❝♦♥♦♠②✳ ❚❤❡ s✐❣♥✐✜❝❛♥t tr❛♥s♠✐ss✐♦♥

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

✹✶



r❡❧❛t✐✈❡❧② ♠♦r❡ r❡❛❝t✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② ♦♣❡r❛t✐♦♥ ♦❢ ❙♦✉t❤ ❆❢r✐❝❛✬s ❝❡♥tr❛❧ ❜❛♥❦

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

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

t❤❛t ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡♦r❡t✐❝❛❧ ❛r❣✉♠❡♥ts✱ ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t②

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

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ◆♦t✇✐t❤st❛♥❞✐♥❣ t❤❛t✱ t❤♦✉❣❤ t❤❡ r❡s♣♦♥s❡s ♦❢ r❡❛❧ ●❉P ❛♥❞

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

♣r✐❝❡ ❛♥❞ ✐♥t❡r❡st r❛t❡ r❡s♣♦♥s❡s✳ ▼♦r♦❝❝♦ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ❛r❡ ❢♦✉♥❞ t♦ ❤❛✈❡ ❛

❜❡tt❡r ❡①t❡r♥❛❧ s❤♦❝❦ ❛❜s♦r♣t✐♦♥ ❝❛♣❛❝✐t② t❤❛♥ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛ ❛s t❤❡ ❡✈✐❞❡♥❝❡

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

❛r❡ s♠❛❧❧❡r ❝♦♠♣❛r❡❞ t♦ ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ t❤❡ ❡✈✐❞❡♥❝❡ ✉♥❞❡r

❋✐❣✉r❡ ✷✳✹ r❡✢❡❝ts ✇❤❡r❡ t❤❡ ❢♦✉r ❡❝♦♥♦♠✐❡s st❛♥❞ ✐♥ t❡r♠s ♦❢ t❤❡✐r ✜♥❛♥❝✐❛❧ s❡❝t♦r

❞❡✈❡❧♦♣♠❡♥t✳ ❙✉❝❤ ❞✐✛❡r❡♥❝❡s ✐♥ ✜♥❛♥❝✐❛❧ s❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t ♠❛② ❜❡ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥

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

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

s❤♦❝❦s✳

✷✳✻✳✷ ❋♦r❡❝❛st ❊rr♦r ❱❛r✐❛♥❝❡ ❉❡❝♦♠♣♦s✐t✐♦♥

❚♦ ❛ss❡ss t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ t❤❡ ✈❛r✐❛t✐♦♥

✐♥ t❤❡ ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s ♦❢ t❤❡ s❡❧❡❝t❡❞ ❡❝♦♥♦♠✐❡s✱ ❛ ❋♦r❡❝❛st ❊rr♦r ❱❛r✐❛♥❝❡ ❉❡✲

❝♦♠♣♦s✐t✐♦♥ ✭❋❊❱❉✮ ✐s ❣❡♥❡r❛t❡❞ ❢♦r ✷✹ ❛❤❡❛❞ ❢♦r❡❝❛sts✳ ❙✉❝❤ ❋❊❱❉ r❡s✉❧t t❡❧❧s ✉s

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

t❤❡ ❞✐✛❡r❡♥t ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s ♦✈❡r ❞✐✛❡r❡♥t t✐♠❡ ❤♦r✐③♦♥s✳ ❚❤❡ ❋❊❱❉ ✐s

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

r❛♥❡♦✉s ✐♠♣❛❝t ♦♥ ❡①t❡r♥❛❧ ✈❛r✐❛❜❧❡s ✇❤❡r❡❛s t❤❡ r❡✈❡rs❡ ✐s ♥♦t tr✉❡✳ ❍❡♥❝❡✱ ❢♦❧❧♦✇✐♥❣

❖✉❧✐❛r✐s ❡t ❛❧✳ ✭✷✵✶✻✮✱ ❛ ❜❧♦❝❦ ❡①♦❣❡♥❡✐t② s❡tt✐♥❣ ✐s ❡st❛❜❧✐s❤❡❞ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♣r♦✲
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❝❡ss t♦ ♠❛❦❡ s✉r❡ t❤❛t t❤✐s ❛ss✉♠♣t✐♦♥ ✐s ♠❛✐♥t❛✐♥❡❞✳ ■♥ ✇❤❛t ❢♦❧❧♦✇s✱ t❤❡ ❋❊❱❉ ❢♦r

❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛ ✐s r❡♣♦rt❡❞ ❜② ❋✐❣✉r❡ ✷✳✶✶✳

❋✐❣✉r❡ ✷✳✶✶✿ ❊t❤✐♦♣✐❛✱ ❋♦r❡❝❛st ❡rr♦r ✈❛r✐❛♥❝❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s

❚❤❡ ❢♦r❡❝❛st ❡rr♦r ✈❛r✐❛♥❝❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ t❤r❡❡ ♠❛✐♥ r❡s✉❧ts✳ ❋✐rst✱

❞♦♠❡st✐❝ s❤♦❝❦s ❛r❡ ♠❛✐♥❧② t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t♦rs ✐♥ t❤❡ s❤♦rt r✉♥ ✭✐♥ t❤❡ ✜rst ✹

q✉❛rt❡rs✮ ✇❤❡r❡❛s t❤❡ r♦❧❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t❡♥❞s t♦ ❜❡ ❧❛r❣❡r ✐♥ t❤❡ ♠❡❞✐✉♠ t❡r♠

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

t♦ t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛♥❞ s❤♦❝❦s ❢r♦♠ t❤❡ ❡①t❡r♥❛❧ ✇♦r❧❞ t❛❦❡ s♦♠❡ t✐♠❡ t♦

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

❙❡❝♦♥❞✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ t❤❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s

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

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

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

❝♦♠♠♦♥❧② ❤❡❧❞ ❜❡❧✐❡❢ t❤❛t ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❛r❡ ❧❡ss ✐♥t❡❣r❛t❡❞ ✐♥t♦ t❤❡ ❣❧♦❜❛❧ ✜✲

♥❛♥❝✐❛❧ ♠❛r❦❡t✱ t❤❡ r❡❧❛t✐✈❡❧② ❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠✐❡s ✭❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛✮ ❛r❡ ❢♦✉♥❞
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t♦ ❜❡ ❧❡ss s❡♥s✐t✐✈❡ t♦ ❊❯ ✐♥t❡r❡st r❛t❡ s❤♦❝❦s✳

❋✉rt❤❡r♠♦r❡✱ ❛♠♦♥❣ t❤❡ ❡①t❡r♥❛❧ s❤♦❝❦s✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯ ♦✉t♣✉t s❤♦❝❦ ✐s

❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ r❡❧❡✈❛♥t t♦ ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ◆✐❣❡r✐❛✳ ❚❤❡ ❤✐❣❤❡r r♦❧❡ ♦❢

❊❯ ♦✉t♣✉t ✐♥ t❤❡s❡ ❡❝♦♥♦♠✐❡s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t✇♦ ✇❛②s✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞ ✐t ✐s

❞✉❡ t♦ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ❊❯ ♦✉t♣✉t ❛♥❞ ♠✐❣r❛♥t ❛♥❞ ✐♥st✐t✉t✐♦♥❛❧ r❡♠✐tt❛♥❝❡ ✐♥✢♦✇s

t♦ t❤❡s❡ ❡❝♦♥♦♠✐❡s ❛s t❤✐s r❡s✉❧t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❉r✉♠♠♦♥❞ ❛♥❞ ❘❛♠✐r❡③ ✭✷✵✵✾✮

❛♥❞ ❆❤❛♠❛❞❛ ❛♥❞ ❈♦✉❧✐❜❛❧② ✭✷✵✶✸✮❀ ❇r❛♠❜✐❧❛✲▼❛❝✐❛s ❛♥❞ ▼❛ss❛ ✭✷✵✶✵✮❀ ❊❣❣♦❤ ❡t ❛❧✳

✭✷✵✶✾✮❀ ■♠❛♠ ❛♥❞ ❙❛❧✐♥❛s ✭✷✵✶✺✮❀ ❏✉s❡❧✐✉s ❡t ❛❧✳ ✭✷✵✶✹✮❀ ❖❧❛②✉♥❣❜♦ ❛♥❞ ◗✉❛❞r✐ ✭✷✵✶✾✮❀

P❡r❡③✲❙❛✐③ ❡t ❛❧✳ ✭✷✵✶✾✮❀ ❙♦❜✐❡❝❤ ✭✷✵✶✾✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

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

✭r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✮ t❤❛♥ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ r❡❛❧ ♦✉t♣✉t ❧❡✈❡❧✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱

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

♦✉t♣✉t t♦ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✳

❚❤❡ r❡s♣❡❝t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❝♦♥tr✐❜✉t❡ ✶✵✱ ✺✱ ✼✱ ❛♥❞ ✶✺ ♣❡r❝❡♥t t♦ t❤❡

✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❡❛❧ ●❉P ❣r♦✇t❤ r❛t❡ ♦✈❡r t❤❡ ♠❡❞✐✉♠ ❛♥❞ ❧♦♥❣ t❡r♠ ✭❜❡t✇❡❡♥ ✺✲✷✹

❛❤❡❛❞ ❢♦r❡❝❛sts✮ ❢♦r ❊t❤✐♦♣✐❛✱ ▼♦r♦❝❝♦✱ ◆✐❣❡r✐❛✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡

❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦ ❝♦♥tr✐❜✉t✐♦♥ ❢♦r ◆✐❣❡r✐❛ ❛♥❞ ▼♦r♦❝❝♦ ❛♣♣❡❛rs t♦ ❜❡

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

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

t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡s ❢♦r ◆✐❣❡r✐❛ ❛♥❞ ▼♦r♦❝❝♦ ❛r❡ ❦❡② ❝♦♥tr✐❜✉t♦rs

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

●❉P ❣r♦✇t❤✳

✷✳✻✳✸ ❍✐st♦r✐❝❛❧ ❱❛r✐❛♥❝❡ ❉❡❝♦♠♣♦s✐t✐♦♥

❆♥♦t❤❡r s❡t ♦❢ ❱❆❘ ♠♦❞❡❧ r❡s✉❧ts t❤❛t ❛r❡ q✉✐t❡ ✉s❡❢✉❧ t♦ ❞✐ss❡❝t t❤❡ ❝♦♥tr✐❜✉t✐♦♥

♦❢ ❞✐✛❡r❡♥t s❤♦❝❦s t♦ t❤❡ ✈❛r✐❛❜❧❡s ♦❢ ✐♥t❡r❡st ✐♥ t❤❡ ♠♦❞❡❧ ✐s ❤✐st♦r✐❝❛❧ ✈❛r✐❛♥❝❡ ❞❡✲

✹✹



❝♦♠♣♦s✐t✐♦♥✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ■ ❡st✐♠❛t❡❞ t❤❡ ❱❆❘❳ ♠♦❞❡❧ ✉s✐♥❣ t❤❡ ✜rst ❞✐✛❡r❡♥❝❡

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

r❛t❡s ♦❢ r❡❛❧ ●❉P✱ ❛♥❞ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ❛s ❞♦♠❡st✐❝ ✈❛r✐❛❜❧❡s ✇❤❡r❡❛s ❡①♣♦rt

❝♦♠♠♦❞✐t② ♣r✐❝❡ ✐♥✢❛t✐♦♥✱ ❊❯ r❡❛❧ ●❉P ❣r♦✇t❤✱ ❊❯ ✐♥t❡r❡st r❛t❡ ❛♥❞ t❤❡ ❣r♦✇t❤

r❛t❡ ♦❢ t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❛✐❞ t♦ r❡❛❧ ●❉P ❛s ❡①t❡r♥❛❧ ✈❛r✐❛❜❧❡s✳ ❍❡♥❝❡✱ t♦ ❡①❛♠✐♥❡ t♦

✇❤❛t ❡①t❡♥t t❤❡ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❣❡♥❡r❛❧✱ ❛♥❞ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ✐♥

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

✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✱ ❛ ❤✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ●❉P ❣r♦✇t❤ ✐s ❝♦♠♣✉t❡❞ ❢♦r

t❤❡ ♣❡r✐♦❞ ✶✾✾✽◗■■ ✲ ✷✵✶✾◗■❱ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ❜❡❧♦✇✳

✷✳✻✳✸✳✶ ❊t❤✐♦♣✐❛

❙✐♥❝❡ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❝❡♥t✉r②✱ t❤❡ r❡❛❧ ●❉P ♦❢ ❊t❤✐♦♣✐❛ ❤❛s ❡①♣❡r✐❡♥❝❡❞ r❛♣✐❞

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

r❡❝❡ss✐♦♥s✱ ❧❛t❡ ✷✵✵✼ ❛♥❞ ❡❛r❧② ✷✵✶✵ ✭s❡❡ ❋✐❣✉r❡ ✷✳✶✷✮✳ ❚❤❡ r❡❝❡ss✐♦♥ ✐♥ t❤❡ ❡❛r❧②

✷✵✵✵s ✇❛s ❝❛✉s❡❞ ❜② t❤❡ ❊t❤✐♦♣✐❛♥✲❊r✐tr❡❛♥ ✇❛r✱ ✇❤✐❧❡ t❤❡ r❡❝❡ss✐♦♥ ✐♥ ❧❛t❡ ✷✵✵✼

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

✐♥s❡❝✉r✐t②✳ ❚❤❡ r❡❝❡ss✐♦♥ ✐♥ ❡❛r❧② ✷✵✶✵✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❛s ❛ ❞❡❧❛②❡❞ r❡❛❝t✐♦♥ ♦❢

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

❜❡✐♥❣ ❜r❛♥❞❡❞ ❛s ♦♥❡ t❤❡ t♦♣ ❢❛st❡st✲❣r♦✇✐♥❣ ❡❝♦♥♦♠✐❡s ✐♥ ❆❢r✐❝❛ ✐♥ t❤❡ ❧❛st ✷✵ ②❡❛rs✳

❉✉r✐♥❣ t❤❡s❡ ❞✐✛❡r❡♥t ❡♣✐s♦❞❡s ♦❢ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ♣❡r❢♦r♠❛♥❝❡✱ t❤❡ ❡❝♦♥♦♠② ✐s ❤✐t

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

♦❢ ❞♦♠❡st✐❝ ♦r✐❣✐♥ s✐❣♥✐✜❝❛♥t❧② ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ✢✉❝t✉❛t✐♦♥s ✐♥ ❊t❤✐♦♣✐❛✬s ❡❝♦♥♦♠✐❝

❣r♦✇t❤ ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ❡♣✐s♦❞❡s✳

❆♠♦♥❣ t❤❡ ❡①t❡r♥❛❧ s❤♦❝❦s✱ ❛✐❞ ❛♥❞ ♦✣❝✐❛❧ ❛ss✐st❛♥❝❡ s❤♦❝❦s ❤❛✈❡ ❝♦♥tr✐❜✉t❡❞ t♦

❊t❤✐♦♣✐❛✬s r❡❛❧ ●❉P ❣r♦✇t❤ ♣❛rt✐❝✉❧❛r❧② ❜❡❢♦r❡ ✷✵✶✵✱ ❛t ✇❤✐❝❤ ♣♦✐♥t t❤❡ ❣❧♦❜❛❧ ✜♥❛♥✲

❝✐❛❧ ❝r✐s✐s ♠❡❛♥t ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ✢♦✇ ♦❢ ❛✐❞ ❤❡♥❝❡ ✐ts ❝♦♥tr✐❜✉t✐♦♥ ❞❡❝❛②❡❞✳ ❍♦✇❡✈❡r✱

❝♦✛❡❡ ♣r✐❝❡ s❤♦❝❦ ✐s ✈✐s✐❜❧② ❛ ❦❡② ❝♦♥tr✐❜✉t♦r t♦ ❊t❤✐♦♣✐❛✬s ❡❝♦♥♦♠② ♦✈❡r t❤❡ ②❡❛rs✳

✹✺



◆♦t❡✿ ❚❤❡ ❣r❛② s❤❛❞❡❞ ❛r❡❛ r❡♣r❡s❡♥ts r❡❝❡ss✐♦♥ ♣❡r✐♦❞s ❢♦r ❊❯ ❡❝♦♥♦♠② ❛♥❞ t❤❡ ❞❛r❦ ❝②❛♥ ❧✐♥❡
♣❧♦t ✐s t❤❡ ❞❛t❛ ♣♦✐♥ts ❢♦r r❡❛❧ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ ❊t❤✐♦♣✐❛✳

❋✐❣✉r❡ ✷✳✶✷✿ ❊t❤✐♦♣✐❛✱ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ●❉P ❣r♦✇t❤✱ ✶✾✾✽◗■■ ✲
✷✵✶✾◗■❱✳

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

❢❡❡ ♣r✐❝❡s ❞✉r✐♥❣ t❤❡ ❡❛r❧② ✷✵✵✵s ❛♥❞ t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✷✵✶✸ ✲ ✷✵✶✹✱ ❝♦✛❡❡ ♣r✐❝❡

s❤♦❝❦s ❤❛✈❡ ❝♦♥tr✐❜✉t❡❞ ♠♦st❧② t♦✇❛r❞s t❤❡ ✉♣✇❛r❞ tr❛❥❡❝t♦r✐❡s ♦❢ ❊t❤✐♦♣✐❛✬s ❡❝♦✲

♥♦♠✐❝ ❣r♦✇t❤✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯ ♦✉t♣✉t ❛♥❞

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

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

❞❡♠❛♥❞ ❢♦r ❊t❤✐♦♣✐❛✬s ♠❛✐♥ ❡①♣♦rt ✐t❡♠✱ ❝♦✛❡❡✳

❉❡s♣✐t❡ t❤❡ r❡❝❡ss✐♦♥s ❡①♣❡r✐❡♥❝❡❞ ❜② t❤❡ ❊❯ ❡❝♦♥♦♠② ❞✉r✐♥❣ t❤❡ ✜♥❛♥❝✐❛❧ ❛♥❞

❞❡❜t ❝r✐s✐s ♣❡r✐♦❞s✱ ❊t❤✐♦♣✐❛✬s ❡❝♦♥♦♠② ❡①♣❛♥❞❡❞ ❞✉❡ t♦ t❤❡ ❝♦✉♥tr②✬s ❆❣r✐❝✉❧t✉r❛❧

❉❡✈❡❧♦♣♠❡♥t✲▲❡❞ ■♥❞✉str✐❛❧✐③❛t✐♦♥ ✭❆❉▲■✮ ♣♦❧✐❝② ✐♥ ✷✵✵✽ ❛♥❞ ❢✉rt❤❡r ✐♥❢r❛str✉❝t✉r❛❧

❞❡✈❡❧♦♣♠❡♥t✱ s✉❝❤ ❛s t❤❡ ❊t❤✐♦♣✐❛♥ ❘❡♥❛✐ss❛♥❝❡ ❉❛♠ ✭❝♦♥str✉❝t✐♦♥ ❜❡❣❛♥ ✐♥ ✷✵✶✶✮✳

❆s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❋✐❣✉r❡ ✷✳✶✷✱ t❤❡ ❞♦♠❡st✐❝ s❤♦❝❦s ❤❛❞ ❛ s✐❣♥✐✜❝❛♥t ❞♦♠✐♥❛♥t

❝♦♥tr✐❜✉t✐♦♥ t♦ ❊t❤✐♦♣✐❛✬s ●❉P ❣r♦✇t❤ ✢✉❝t✉❛t✐♦♥ ❞✉r✐♥❣ t❤❡s❡ ♣❡r✐♦❞s✳
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✷✳✻✳✸✳✷ ▼♦r♦❝❝♦

❚❤♦✉❣❤ t❤❡ r❛t❡ ♦❢ ❣r♦✇t❤ ✐s ❧♦✇❡r t❤❛♥ ❊t❤✐♦♣✐❛✬s✱ ▼♦r♦❝❝♦✬s ❡❝♦♥♦♠② ✐s ❛♠♦♥❣ t❤❡

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

✐♥ t❤❡ ❧❛st t✇♦ ❞❡❝❛❞❡s✳ ❆ ✈❛r✐❡t② ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s ❤❛✈❡ ❝♦♥tr✐❜✉t❡❞

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

♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ✐s ❢❛✐r❧② ❞✐str✐❜✉t❡❞ ❜❡t✇❡❡♥ ♣❤♦s♣❤❛t❡ ♣r✐❝❡✱ ❛✐❞✱ ❛♥❞ ❊❯ ♦✉t♣✉t

s❤♦❝❦s ✇❤❡r❡❛s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯ ✐♥t❡r❡st r❛t❡ s❤♦❝❦ ✐s r❡❧❛t✐✈❡❧② ♠✐♥✐♠❛❧ ♦✈❡r

t❤❡ ❞✐✛❡r❡♥t ❡♣✐s♦❞❡s ♦❢ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳

◆♦t❡✿ ❚❤❡ ❣r❛② s❤❛❞❡❞ ❛r❡❛ r❡♣r❡s❡♥ts r❡❝❡ss✐♦♥ ♣❡r✐♦❞s ❢♦r t❤❡ ❊❯ ❡❝♦♥♦♠② ❛♥❞ t❤❡ ❞❛r❦ ❝②❛♥ ❧✐♥❡
♣❧♦t ✐s t❤❡ ❞❛t❛ ♣♦✐♥ts ❢♦r t❤❡ r❡❛❧ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ ▼♦r♦❝❝♦✳

❋✐❣✉r❡ ✷✳✶✸✿ ▼♦r♦❝❝♦✱ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ●❉P ❣r♦✇t❤✱ ✶✾✾✽◗■■ ✲
✷✵✶✾◗■❱✳

▼♦r♦❝❝♦ ❤❛s t❤❡ str♦♥❣❡st tr❛❞❡ ❛✣❧✐❛t✐♦♥s ✇✐t❤ t❤❡ ❊❯ ❤❡♥❝❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯

♦✉t♣✉t s❤♦❝❦s ❜❡✐♥❣ ✈✐s✐❜❧❡ ✐♥ ❡①♣❧❛✐♥✐♥❣ ▼♦r♦❝❝♦✬s r❡❛❧ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥✳ ❋❧✉❝t✉❛✲

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

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

✜♥❛♥❝✐❛❧ ❝r✐s✐s ✇❤❡♥ t❤❡ ♣r✐❝❡ ♦❢ ♣❤♦s♣❤❛t❡ ❡①♣❡r✐❡♥❝❡❞ s✐❣♥✐✜❝❛♥t ✢✉❝t✉❛t✐♦♥s✳

✹✼



✷✳✻✳✸✳✸ ◆✐❣❡r✐❛

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

✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ s✐♥❝❡ t❤❡ ❡❛r❧② ✷✵✵✵s✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ t❤❡ r❡t✉r♥ t♦ ❝✐✈✐❧✐❛♥

r✉❧❡ ✐♥ t❤❡ ❡❛r❧② ✷✵✵✵s ❧❡❞ t♦ ♣♦❧✐t✐❝❛❧ st❛❜✐❧✐t② ❛♥❞ ❡❝♦♥♦♠✐❝ ❡①♣❛♥s✐♦♥ ✉♥t✐❧ t❤❡

❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❇♦❦♦ ❍❛r❛♠ ■♥s✉r❣❡♥❝② ✐♥ ❡❛r❧② ✷✵✵✾✳ ❚❤❡ ♦✈❡r❛❧❧ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤

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

t❤❡ ✷✵✵✽ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ ✇✐t❤ ♠♦r❡ s❧✉♠♣s ❛♥❞ r❡❝♦✈❡r✐❡s ❞✉r✐♥❣ t❤❡ ♣♦st✲❝r✐s✐s

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

◆♦t❡✿ ❚❤❡ ❣r❛② s❤❛❞❡❞ ❛r❡❛ r❡♣r❡s❡♥ts r❡❝❡ss✐♦♥ ♣❡r✐♦❞s ❢♦r ❊❯ ❡❝♦♥♦♠② ❛♥❞ t❤❡ ❞❛r❦ ❝②❛♥ ❧✐♥❡
♣❧♦t ✐s t❤❡ ❞❛t❛ ♣♦✐♥ts ❢♦r r❡❛❧ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ ◆✐❣❡r✐❛✳

❋✐❣✉r❡ ✷✳✶✹✿ ◆✐❣❡r✐❛✱ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ●❉P ❣r♦✇t❤✱ ✶✾✾✽◗■■ ✲
✷✵✶✾◗■❱✳

❛♠♦♥❣ t❤❡ ❦❡② ❡①t❡r♥❛❧ s❤♦❝❦ ❝♦♥tr✐❜✉t♦rs t♦❣❡t❤❡r ✇✐t❤ ❊❯ ✐♥t❡r❡st r❛t❡ s❤♦❝❦s✳ ❆s

◆✐❣❡r✐❛ ❤❛s ♦♥❡ ♦❢ t❤❡ ♦❧❞❡st st♦❝❦ ❡①❝❤❛♥❣❡ ♠❛r❦❡ts ✐♥ t❤❡ ❝♦♥t✐♥❡♥t✱ t❤❡ s✐❣♥✐✜❝❛♥t

❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯ ✐♥t❡r❡st r❛t❡ s❤♦❝❦s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❡①♣❡❝t❛t✐♦♥s✳ ❆ ♥♦t❛❜❧❡

♠❡♥t✐♦♥ ✐s ❤♦✇ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛✐❞ ✢♦✇ s❤♦❝❦s ❤❛s ❜❡❝♦♠❡ ❧❡ss ❛♥❞ ❧❡ss ✐♠♣♦rt❛♥t

s✐♥❝❡ t❤❡ ❡❛r❧② ✷✵✶✵s✳ ❚❤❡ tr❛♥s✐t✐♦♥ ♦❢ ◆✐❣❡r✐❛✬s ❡❝♦♥♦♠② t♦ ♠✐❞❞❧❡✲✐♥❝♦♠❡ st❛t✉s

✐♥ ✷✵✵✾ ❛♥❞ t❤❡ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ s❧♦✇❞♦✇♥ ❤❛✈❡ ❧❡❞ t♦ ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ✢♦✇ ♦❢ ❛✐❞ ❛♥❞

♦✣❝✐❛❧ ❛ss✐st❛♥❝❡ t♦ t❤❡ ❝♦✉♥tr②✳

✹✽



✷✳✻✳✸✳✹ ❙♦✉t❤ ❆❢r✐❝❛

❚❤❡ ♣r❡✲✷✵✵✽ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❙♦✉t❤ ❆❢r✐❝❛ ❤❛s ❛ ❧♦t ♠♦r❡ ♣♦s✐t✐✈❡

tr❛❥❡❝t♦r✐❡s t❤❛♥ t❤❡ ♣❡r✐♦❞s ❛❢t❡r✳ ❚❤❡ ❡♥❞ ♦❢ ❛♣❛rt❤❡✐❞ ✐♥ t❤❡ ♠✐❞✲✶✾✾✵s ❧❡❞ t♦ ✐♥t❡r✲

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

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

❝r✐s✐s ♦❢ ✷✵✵✽✳ ❖✈❡r❛❧❧✱ ❙♦✉t❤ ❆❢r✐❝❛✬s ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐s ♠♦❞❡r❛t❡ ❝♦♠♣❛r❡❞ t♦

t❤❡ ♦t❤❡r ❝♦✉♥tr✐❡s ✐♥ t❤✐s st✉❞② t❤♦✉❣❤ ✐t ✐s ❛❧s♦ ❛ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❧♦✇❡r st❛rt✐♥❣

♣♦✐♥t ♦❢ t❤❡ ♦t❤❡r ❝♦✉♥tr✐❡s✱ ♣❛rt✐❝✉❧❛r❧② ❊t❤✐♦♣✐❛ ❛♥❞ ◆✐❣❡r✐❛✳ ❆s ❛ t❡st✐♠♦♥② ♦❢ t❤❡

❝♦✉♥tr②✬s ❜❡tt❡r ✐♥t❡❣r❛t✐♦♥ ✐♥t♦ t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡t✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❊❯

✐♥t❡r❡st r❛t❡ ✐s s✐❣♥✐✜❝❛♥t ❛❝r♦ss ❞✐✛❡r❡♥t ♣❡r✐♦❞s ✇❤✐❧❡ s❤♦❝❦s t♦ ❊❯ ♦✉t♣✉t ❣r♦✇t❤

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

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

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

✐♥❝♦♠❡ ❛♥❞ ♣r✐❝❡✲❡❧❛st✐❝ ❣♦♦❞s✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✬s ❡❝♦♥♦♠② ❜❡♥❡✜ts ♠♦r❡ t❤❛♥ ✐ts

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

◆♦t❡✿ ❚❤❡ ❣r❛② s❤❛❞❡❞ ❛r❡❛ r❡♣r❡s❡♥ts r❡❝❡ss✐♦♥ ♣❡r✐♦❞s ❢♦r t❤❡ ❊❯ ❡❝♦♥♦♠② ❛♥❞ t❤❡ ❞❛r❦ ❝②❛♥ ❧✐♥❡
♣❧♦t ✐s t❤❡ ❞❛t❛ ♣♦✐♥ts ❢♦r r❡❛❧ ●❉P ❣r♦✇t❤ r❛t❡ ♦❢ ❙♦✉t❤ ❆❢r✐❝❛✳

❋✐❣✉r❡ ✷✳✶✺✿ ❙♦✉t❤ ❆❢r✐❝❛✱ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ●❉P ❣r♦✇t❤✱ ✶✾✾✽◗■■
✲ ✷✵✶✾◗■❱✳

✹✾



❈♦♥s✐❞❡r✐♥❣ ❙♦✉t❤ ❆❢r✐❝❛ ✐s ♦♥❡ ♦❢ t❤❡ ✇❡❛❧t❤✐❡st ❝♦✉♥tr✐❡s ✐♥ ❆❢r✐❝❛✱ t❤❡ s✐❣♥✐✜❝❛♥t

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

❡✈❡r✱ t❤❡ ✢♦✇ ♦❢ ❛✐❞ ❛♥❞ ♦✣❝✐❛❧ ❛ss✐st❛♥❝❡ t♦ ❙♦✉t❤ ❆❢r✐❝❛ ❤❛s ❜❡❡♥ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r

s♦✉r❝❡s ♦❢ ❝❛♣✐t❛❧ ❛❢t❡r ❛♣❛rt❤❡✐❞ ❡♥❞❡❞ ✐♥ ✶✾✾✹✳ ❚❤❡ r❡s✉❧t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s

❡♠♣✐r✐❝❛❧ ♦❜s❡r✈❛t✐♦♥s ❜② ▲❡s❤♦r♦ ✭✷✵✶✸✮✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ ❡①t❡r♥❛❧ s❤♦❝❦s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t♦rs t♦ t❤❡ ❊t❤✐♦♣✐❛♥✱

▼♦r♦❝❝❛♥✱ ◆✐❣❡r✐❛♥✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢

❡❛❝❤ ❝♦✉♥tr②✬s ❦❡② ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s ✐s ❡❝♦♥♦♠✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳

❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛✐❞ ✐s ❢♦✉♥❞ t♦ ❜❡ ✐♠♣♦rt❛♥t t♦ t❤❡s❡ ❡❝♦♥♦♠✐❡s

r❡❣❛r❞❧❡ss ♦❢ t❤❡✐r ❧❡✈❡❧ ♦❢ ✐♥❝♦♠❡ ❛♥❞ ❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ✇❤✐❧❡ ❊❯ ✐♥t❡r❡st r❛t❡

s❤♦❝❦s ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t t♦ ❡❝♦♥♦♠✐❡s ✇✐t❤ ❜❡tt❡r ✜♥❛♥❝✐❛❧ s❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t

❛♥❞ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ✐♥t❡❣r❛t✐♦♥ ✭❙♦✉t❤ ❆❢r✐❝❛ ❛♥❞ ◆✐❣❡r✐❛ ✮✳

✷✳✼ ❙❡♥s✐t✐✈✐t② ❆♥❛❧②s✐s

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

s♣❡❝✐✜❝❛t✐♦♥ ❛r❡ ❜❛s❡❞ ♦♥ s♦♠❡ r❡str✐❝t✐✈❡ ❛ss✉♠♣t✐♦♥s✳ ❖♥ t❤❡ ♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥

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

❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧ ✐s ❝♦♠♣❛r❡❞

✇✐t❤ t❤❡ ❤✐❡r❛r❝❤✐❝❛❧ ♣r✐♦r✱ ❙❙❱❙✱ ✉♥❞❡r ❋✐❣✉r❡ ❆✳✶✱ ❛♥❞ r❡s✉❧ts ❛r❡ ❢♦✉♥❞ t♦ ❜❡

r♦❜✉st✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❧❛❣ ❧❡♥❣t❤ ❝❤♦✐❝❡s ♦❢ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s ✐♥ ❛ ❱❆❘❳ ♠♦❞❡❧ ✐s

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

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

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

❝r✐t❡r✐❛✱ t❤❡ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧ ❝♦♥s✐❞❡r❡❞ ❛ ❧❛❣ ❧❡♥❣t❤ ❡q✉❛❧ t♦ ✹ ❢♦r t❤❡ ❡①♦❣❡♥♦✉s

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

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

✺✵



s✐♠✐❧❛r t♦ t❤❡ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧ ❛♥❞ t❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❡ ❤✐❣❤❡r ❛♥❞ ♠✉❝❤ ♠♦r❡

♣❡rs✐st❡♥t r❡s♣♦♥s❡ ♦❢ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥ t❤❡ ♠♦❞✐✜❡❞ ♠♦❞❡❧ ❡①❝❡♣t ❢♦r ❙♦✉t❤

❆❢r✐❝❛ ✭r❡❢❡r t♦ ❋✐❣✉r❡ ✷✳✶✻✮✳

❋✐❣✉r❡ ✷✳✶✻✿ ❘❡s♣♦♥s❡s t♦ ❛ ✶✵ ♣❡r❝❡♥t ♣♦s✐t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦

✷✳✽ ❈♦♥❝❧✉s✐♦♥

❆ ❇❛②❡s✐❛♥ ❱❆❘ ♠♦❞❡❧ ✇✐t❤ ❦❡② ❞♦♠❡st✐❝ ❡♥❞♦❣❡♥♦✉s ❛♥❞ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s ✐s

❡♠♣❧♦②❡❞ ✇✐t❤ t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ t❤❡ ❢♦✉♥❞❛t✐♦♥ ❧❛✐❞ ❜② ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮✳ ❚❤❡ ♠♦❞❡❧

✐s ❡st✐♠❛t❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❊t❤✐♦♣✐❛♥✱ ▼♦r♦❝❝❛♥✱ ◆✐❣❡r✐❛♥✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛♥

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

❝♦♠♠♦♥ ❢❡❛t✉r❡ ♦❢ s✐♥❣❧❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ❞❡♣❡♥❞❡♥❝②✳ ❇❛s❡❞ ♦♥ t❤❡ ❡✈✐❞❡♥❝❡ t❤❛t

t❤❡s❡ ❡❝♦♥♦♠✐❡s ❤❛✈❡ ♠♦st ♦❢ t❤❡✐r tr❛❞✐♥❣ ✭♠❛✐♥❧② ❡①♣♦rt✮ r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ ❊❯

❡❝♦♥♦♠✐❡s✱ t❤❡ ❊❯ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛r✐❛❜❧❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ✐♥✢✉❡♥❝❡

✺✶



♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ t❤❡ ♠♦❞❡❧ ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❞❛t❛ ♦♥ r❡❛❧ ●❉P✱

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

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

r❛t❡✱ ❛✐❞ ❛s ❛ s❤❛r❡ ♦❢ r❡❛❧ ●❉P✱ ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦✉♥tr②✬s ❦❡② ❡①♣♦rt ❝♦♠♠♦❞✐t②

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

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

✉♥❞❡rst❛♥❞ t❤❡ r♦❧❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s

✐♥ ♣❛rt✐❝✉❧❛r✳

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

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

s❡♥s✐t✐✈❡ t♦ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ ❤✐st♦r✐❝❛❧ ✈❛r✐❛♥❝❡ ❛♥❞

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

♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ✇❤✐❧❡ t❤❡ r♦❧❡ ♦❢ ❛✐❞ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t t♦ ❊t❤✐♦♣✐❛✱

◆✐❣❡r✐❛✱ ▼♦r♦❝❝♦✱ ❛♥❞ ❙♦✉t❤ ❆❢r✐❝❛✳

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

❛r❣✉❡❞ ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡s t❤❛t ❡①✐st ❛❝r♦ss ❡♠❡r❣✐♥❣ ♠❛r❦❡ts✳ ❆❧t❤♦✉❣❤ t❤❡ r❡s✉❧ts

♦❢ t❤❡ ❱❆❘❳ ♠♦❞❡❧ ❤❛✈❡ ♣r♦✈✐❞❡❞ ❝♦♥❝❧✉s✐✈❡ ❛♥❞ r♦❜✉st r❡s✉❧ts ♦♥ t❤❡ r♦❧❡ ♦❢ ❡①♣♦rt

❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ♦♥ r❡❛❧ ♦✉t♣✉t ❛♥❞ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✱ t❤❡ r❡s✉❧ts ❛r❡ ♥♦t

✇✐t❤♦✉t ❧✐♠✐t❛t✐♦♥s✳ ❋✐rst✱ t❤❡ r❡s♣♦♥s❡ ♦❢ ❝♦♥s✉♠❡r ♣r✐❝❡s t♦ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡

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

❙✉❝❤ ✐♥❝♦♥s✐st❡♥❝✐❡s ♠❛② ❜❡ ❞✉❡ t♦ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❱❆❘❳ ♠♦❞❡❧s✱ ✇❤✐❝❤ ❛r❡ ❞❛t❛✲

❞r✐✈❡♥ ❛♥❞ ❞♦ ♥♦t ✐♥❝♦r♣♦r❛t❡ ❛ ♣r✐♦r✐ ❡❝♦♥♦♠✐❝ t❤❡♦r②✳

❙❡❝♦♥❞✱ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤✐s st✉❞② r❡❧✐❡❞ ♦♥ ❛ ♣❛rs✐♠♦♥✐♦✉s ❱❆❘❳ ♠♦❞❡❧ t♦ ❡♥s✉r❡

❝♦♠♣❛r❛❜✐❧✐t② ✇✐t❤ ♣r❡✈✐♦✉s r❡s❡❛r❝❤✱ s✉❝❤ ❛s ▼❛➣❦♦✇✐❛❦ ✭✷✵✵✼✮✳ ❍♦✇❡✈❡r✱ ❛ ❧❛r❣❡r

❱❆❘❳ ♠♦❞❡❧ ❝♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❡st✐♠❛t❡❞ t♦ ✐♥❝❧✉❞❡ ❛❞❞✐t✐♦♥❛❧ ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s

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

✺✷



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

❚❤✐r❞✱ ❱❆❘❳ ♠♦❞❡❧s ❝❛♥ ❜❡ s❡♥s✐t✐✈❡ t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✉s❡❞ ❛♥❞ ❛r❡

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

t❤❡② ❞♦ ♥♦t ✐♠♣♦s❡ ❡❝♦♥♦♠✐❝ r❡str✐❝t✐♦♥s ♦♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣s✳ ■♥ t❤✐s r❡s♣❡❝t✱ t❤❡

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

❛s s✐❣♥ r❡str✐❝t✐♦♥ ♦r ✐♥str✉♠❡♥t ✈❛r✐❛❜❧❡✲❜❛s❡❞ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣✐❡s✱ ✐s ❛♥♦t❤❡r

❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ st✉❞②✳ ❚❤✐s ♦♣❡♥s ❛ ✇✐♥❞♦✇ ♦❢ ♦♣♣♦rt✉♥✐t② ❢♦r ❢✉rt❤❡r r❡s❡❛r❝❤

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

❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♠♦❞✐t② ❡①♣♦rt s❡❝t♦r✳

✺✸



❘❡❢❡r❡♥❝❡s

❆❜❛✐❞♦♦✱ ❘✳ ❛♥❞ ❆❣②❛♣♦♥❣✱ ❊✳ ❆✳ ✭✷✵✷✶✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s ❛♥❞ ❞❡✲

✈❡❧♦♣♠❡♥t✿ ♣❡rs♣❡❝t✐✈❡ ❢r♦♠ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ❊❝♦♥♦♠✐❝

P♦❧✐❝②✱ ✭❛❤❡❛❞✲♦❢✲♣r✐♥t✮✳

❆❜❡r❡✱ ❙✳ ❛♥❞ ❆❦✐♥❜♦❜♦❧❛✱ ❚✳ ✭✷✵✷✵✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s✱ ✐♥st✐t✉t✐♦♥❛❧ q✉❛❧✐t②✱ ❛♥❞

♠❛❝r♦❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ♥✐❣❡r✐❛✳ ❙❛❣❡ ❖♣❡♥✱ ✶✵✭✷✮✿✷✶✺✽✷✹✹✵✷✵✾✶✾✺✶✽✳

❆❜r❡❣♦✱ ▲✳ ❛♥❞ Öst❡r❤♦❧♠✱ P✳ ✭✷✵✶✵✮✳ ❊①t❡r♥❛❧ ❧✐♥❦❛❣❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥

❝♦❧♦♠❜✐❛✿ ■♥s✐❣❤ts ❢r♦♠ ❛ ❜❛②❡s✐❛♥ ✈❛r ♠♦❞❡❧✳ ❚❤❡ ❲♦r❧❞ ❊❝♦♥♦♠②✱ ✸✸✭✶✷✮✿✶✼✽✽✕

✶✽✶✵✳

❆❞❞✐s♦♥✱ ❚✳✱ ●❤♦s❤r❛②✱ ❆✳✱ ❛♥❞ ❙t❛♠❛t♦❣✐❛♥♥✐s✱ ▼✳ P✳ ✭✷✵✶✻✮✳ ❆❣r✐❝✉❧t✉r❛❧ ❝♦♠✲

♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛♥❞ t❤❡✐r ❡✛❡❝t ♦♥ ❣r♦✇t❤ ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢

❛❣r✐❝✉❧t✉r❛❧ ❡❝♦♥♦♠✐❝s✱ ✻✼✭✶✮✿✹✼✕✻✶✳

❆❤❛♠❛❞❛✱ ■✳ ❛♥❞ ❈♦✉❧✐❜❛❧②✱ ❉✳ ✭✷✵✶✸✮✳ ❘❡♠✐tt❛♥❝❡s ❛♥❞ ❣r♦✇t❤ ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛♥

❝♦✉♥tr✐❡s✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❛ ♣❛♥❡❧ ❝❛✉s❛❧✐t② t❡st✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❉❡✈❡❧♦♣✲

♠❡♥t✱ ✷✺✭✸✮✿✸✶✵✕✸✷✹✳

❆❤♠❡❞✱ ❙✳ ✭✷✵✵✸✮✳ ❙♦✉r❝❡s ♦❢ ❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛ ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥s

❢♦r ❝❤♦✐❝❡ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ r❡❣✐♠❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✼✷✭✶✮✿✶✽✶✕

✷✵✷✳

❆❧❡♥♦❣❤❡♥❛✱ ❘✳ ❖✳ ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢

t❤❡ ♥✐❣❡r✐❛♥ ❡❝♦♥♦♠②✿ ❆ str✉❝t✉r❛❧ ✈❛r ❛♣♣r♦❛❝❤✳ ❋❛❝t❛ ❯♥✐✈❡rs✐t❛t✐s✲❊❝♦♥♦♠✐❝s

❛♥❞ ❖r❣❛♥✐③❛t✐♦♥✱ ✶✼✭✹✮✿✷✾✾✕✸✶✻✳

❆rt❛❞✐✱ ❊✳ ❛♥❞ ❙❛❧❛✲✐ ▼❛rt✐♥✱ ❳✳ ✭✷✵✵✸✮✳ ❚❤❡ ❡❝♦♥♦♠✐❝ tr❛❣❡❞② ♦❢ t❤❡ ①①t❤ ❝❡♥t✉r②✿

●r♦✇t❤ ✐♥ ❛❢r✐❝❛✳

✺✹



❆t❤✉❦♦r❛❧❛✱ P✳✲❈✳ ❛♥❞ ❘❛❥❛♣❛t✐r❛♥❛✱ ❙✳ ✭✷✵✵✸✮✳ ❈❛♣✐t❛❧ ✐♥✢♦✇s ❛♥❞ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡

r❛t❡✿ ❛ ❝♦♠♣❛r❛t✐✈❡ st✉❞② ♦❢ ❛s✐❛ ❛♥❞ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❲♦r❧❞ ❊❝♦♥♦♠②✱ ✷✻✭✹✮✿✻✶✸✕

✻✸✼✳

❆✈♦♠✱ ❉✳✱ ❑❛♠❣✉✐❛✱ ❇✳✱ ❛♥❞ ◆❥❛♥❣❛♥❣✱ ❍✳ ✭✷✵✷✶✮✳ ❯♥❞❡rst❛♥❞ ❣r♦✇t❤ ❡♣✐s♦❞❡s ✐♥

s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✿ ❉♦ ❡①♦❣❡♥♦✉s s❤♦❝❦s ♠❛tt❡rs❄ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❚r❛❞❡ ✫ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✸✵✭✹✮✿✺✾✻✕✻✷✹✳

❇❛rr♦t✱ ▲✳✲❉✳✱ ❈❛❧❞❡ró♥✱ ❈✳✱ ❛♥❞ ❙❡r✈é♥✱ ▲✳ ✭✷✵✶✽✮✳ ❖♣❡♥♥❡ss✱ s♣❡❝✐❛❧✐③❛t✐♦♥✱ ❛♥❞ t❤❡

❡①t❡r♥❛❧ ✈✉❧♥❡r❛❜✐❧✐t② ♦❢ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱

✶✸✹✿✸✶✵✕✸✷✽✳

❇❧❛tt♠❛♥✱ ❈✳✱ ❍✇❛♥❣✱ ❏✳✱ ❛♥❞ ❲✐❧❧✐❛♠s♦♥✱ ❏✳ ●✳ ✭✷✵✵✼✮✳ ❲✐♥♥❡rs ❛♥❞ ❧♦s❡rs ✐♥ t❤❡

❝♦♠♠♦❞✐t② ❧♦tt❡r②✿ ❚❤❡ ✐♠♣❛❝t ♦❢ t❡r♠s ♦❢ tr❛❞❡ ❣r♦✇t❤ ❛♥❞ ✈♦❧❛t✐❧✐t② ✐♥ t❤❡

♣❡r✐♣❤❡r② ✶✽✼✵✕✶✾✸✾✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❡❝♦♥♦♠✐❝s✱ ✽✷✭✶✮✿✶✺✻✕✶✼✾✳

❇r❛♠❜✐❧❛✲▼❛❝✐❛s✱ ❏✳ ❛♥❞ ▼❛ss❛✱ ■✳ ✭✷✵✶✵✮✳ ❚❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ s✉❜✲s❛❤❛r❛♥

❛❢r✐❝❛✿ t❤❡ ❡✛❡❝ts ♦❢ s❧♦✇✐♥❣ ♣r✐✈❛t❡ ❝❛♣✐t❛❧ ✐♥✢♦✇s ♦♥ ❣r♦✇t❤✳ ❆❢r✐❝❛♥ ❉❡✈❡❧♦♣♠❡♥t

❘❡✈✐❡✇✱ ✷✷✭✸✮✿✸✻✻✕✸✼✼✳

❈❛♥♦✈❛✱ ❋✳ ✭✷✵✵✺✮✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ✉s s❤♦❝❦s t♦ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞

❡❝♦♥♦♠❡tr✐❝s✱ ✷✵✭✷✮✿✷✷✾✕✷✺✶✳

❈♦❧❧✐❡r✱ P✳ ❛♥❞ ●♦❞❡r✐s✱ ❇✳ ✭✷✵✵✽✮✳ ❙tr✉❝t✉r❛❧ ♣♦❧✐❝✐❡s ❢♦r s❤♦❝❦✲♣r♦♥❡ ❝♦♠♠♦❞✐t②

❡①♣♦rt❡rs✳ ❖①❢♦r❞ ❈❡♥tr❡ ❢♦r t❤❡ ❆♥❛❧②s✐s ♦❢ ❘❡s♦✉r❝❡ ❘✐❝❤ ❊❝♦♥♦♠✐❡s✳

❉r❡❝❤s❡❧✱ ❚✳ ❛♥❞ ❚❡♥r❡②r♦✱ ❙✳ ✭✷✵✶✽✮✳ ❈♦♠♠♦❞✐t② ❜♦♦♠s ❛♥❞ ❜✉sts ✐♥ ❡♠❡r❣✐♥❣

❡❝♦♥♦♠✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✶✶✷✿✷✵✵✕✷✶✽✳

❉r✉♠♠♦♥❞✱ P✳ ❋✳ ◆✳ ❛♥❞ ❘❛♠✐r❡③✱ ●✳ ✭✷✵✵✾✮✳ ❙♣✐❧❧♦✈❡rs ❢r♦♠ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞ ✐♥t♦

❙✉❜✲❙❛❤❛r❛♥ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ♠♦♥❡t❛r② ❢✉♥❞✱ ❆❢r✐❝❛♥ ❉❡♣❛rt♠❡♥t✳

✺✺



❊❣❣♦❤✱ ❏✳✱ ❇❛♥❣❛❦❡✱ ❈✳✱ ❛♥❞ ❙❡♠❡❞♦✱ ●✳ ✭✷✵✶✾✮✳ ❉♦ r❡♠✐tt❛♥❝❡s s♣✉r ❡❝♦♥♦♠✐❝

❣r♦✇t❤❄ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❚r❛❞❡

✫ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✷✽✭✹✮✿✸✾✶✕✹✶✽✳

❊✐❝❤❡♥❣r❡❡♥✱ ❇✳✱ ❍❛✉s♠❛♥♥✱ ❘✳✱ ❛♥❞ P❛♥✐③③❛✱ ❯✳ ✭✷✵✵✺✮✳ ❚❤❡ ♣❛✐♥ ♦❢ ♦r✐❣✐♥❛❧ s✐♥✳

❖t❤❡r ♣❡♦♣❧❡✬s ♠♦♥❡②✿ ❉❡❜t ❞❡♥♦♠✐♥❛t✐♦♥ ❛♥❞ ✜♥❛♥❝✐❛❧ ✐♥st❛❜✐❧✐t② ✐♥ ❡♠❡r❣✐♥❣

♠❛r❦❡t ❡❝♦♥♦♠✐❡s✱ ♣❛❣❡s ✶✸✕✹✼✳

❊♥❣❧❡❜❡rt✱ P✳ ✭✷✵✵✵✮✳ Pr❡✲❝♦❧♦♥✐❛❧ ✐♥st✐t✉t✐♦♥s✱ ♣♦st✲❝♦❧♦♥✐❛❧ st❛t❡s✱ ❛♥❞ ❡❝♦♥♦♠✐❝

❞❡✈❡❧♦♣♠❡♥t ✐♥ tr♦♣✐❝❛❧ ❛❢r✐❝❛✳ P♦❧✐t✐❝❛❧ r❡s❡❛r❝❤ q✉❛rt❡r❧②✱ ✺✸✭✶✮✿✼✕✸✻✳

❋❡rr♦♥✐✱ ❋✳ ❛♥❞ ❈❛♥♦✈❛✱ ❋✳ ✭✷✵✷✶✮✳ ❆ ❤✐t❝❤❤✐❦❡r✬s ❣✉✐❞❡ t♦ ❡♠♣✐r✐❝❛❧ ♠❛❝r♦ ♠♦❞❡❧s✳

●❡♦r❣❡✱ ❊✳ ■✳ ❛♥❞ ▼❝❈✉❧❧♦❝❤✱ ❘✳ ❊✳ ✭✶✾✾✸✮✳ ❱❛r✐❛❜❧❡ s❡❧❡❝t✐♦♥ ✈✐❛ ❣✐❜❜s s❛♠♣❧✐♥❣✳

❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙t❛t✐st✐❝❛❧ ❆ss♦❝✐❛t✐♦♥✱ ✽✽✭✹✷✸✮✿✽✽✶✕✽✽✾✳

●❤♦s❤r❛②✱ ❆✳ ✭✷✵✶✶✮✳ ❆ r❡❡①❛♠✐♥❛t✐♦♥ ♦❢ tr❡♥❞s ✐♥ ♣r✐♠❛r② ❝♦♠♠♦❞✐t② ♣r✐❝❡s✳ ❏♦✉r♥❛❧

♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✾✺✭✷✮✿✷✹✷✕✷✺✶✳

●❤♦s❤r❛②✱ ❆✳✱ ❑❡❥r✐✇❛❧✱ ▼✳✱ ❛♥❞ ❲♦❤❛r✱ ▼✳ ✭✷✵✶✹✮✳ ❇r❡❛❦s✱ tr❡♥❞s ❛♥❞ ✉♥✐t r♦♦ts

✐♥ ❝♦♠♠♦❞✐t② ♣r✐❝❡s✿ ❛ r♦❜✉st ✐♥✈❡st✐❣❛t✐♦♥✳ ❙t✉❞✐❡s ✐♥ ◆♦♥❧✐♥❡❛r ❉②♥❛♠✐❝s ❛♥❞

❊❝♦♥♦♠❡tr✐❝s✱ ✶✽✭✶✮✿✷✸✕✹✵✳

❍❛✐❞❡r✱ ❙✳✱ ◆❛③✐r✱ ▼✳ ❙✳✱ ❏✐♠é♥❡③✱ ❆✳✱ ❛♥❞ ❏✐❜r❛♥ ◗❛♠❛r✱ ▼✳ ❆✳ ✭✷✵✷✸✮✳ ❈♦♠♠♦❞✐t②

♣r✐❝❡s ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡s✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❝♦♠♠♦❞✐t②✲❞❡♣❡♥❞❡♥t ❞❡✈❡❧♦♣❡❞ ❛♥❞

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❊♠❡r❣✐♥❣ ▼❛r❦❡ts✱ ✶✽✭✶✮✿✷✹✶✕✷✼✶✳

❍✐rs❝❤✱ ❆✳ ❛♥❞ ▲♦♣❡s✱ ❈✳ ✭✷✵✷✵✮✳ P♦st✲❝♦❧♦♥✐❛❧ ❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐♥

❤✐st♦r✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✳ ❆❢r✐❝❛ ❉❡✈❡❧♦♣♠❡♥t✴❆❢r✐q✉❡ ❡t ❉é✈❡❧♦♣♣❡♠❡♥t✱ ✹✺✭✶✮✿✸✶✕

✹✻✳

❍♦✛♠❛✐st❡r✱ ❆✳ ❲✳ ❛♥❞ ❘♦❧❞♦s✱ ❏✳ ❊✳ ✭✷✵✵✶✮✳ ❚❤❡ s♦✉r❝❡s ♦❢ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝✲

✺✻



t✉❛t✐♦♥s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❇r❛③✐❧ ❛♥❞ ❦♦r❡❛✳ ❏♦✉r♥❛❧ ♦❢ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱

✷✸✭✷✮✿✷✶✸✕✷✸✾✳

■♠❛♠✱ P✳ ❛♥❞ ❙❛❧✐♥❛s✱ ●✳ ✭✷✵✶✺✮✳ ❊①♣❧❛✐♥✐♥❣ ❡♣✐s♦❞❡s ♦❢ ❣r♦✇t❤ ❛❝❝❡❧❡r❛t✐♦♥s✱ ❞❡✲

❝❡❧❡r❛t✐♦♥s✱ ❛♥❞ ❝♦❧❧❛♣s❡s ✐♥ ✇❡st❡r♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠❡r❝❡✱

❊❝♦♥♦♠✐❝s ❛♥❞ P♦❧✐❝②✱ ✻✭✵✶✮✿✶✺✺✵✵✵✸✳

■▼❋ ✭✷✵✷✵✮✳ ❚❤❡ ❥♦✐♥t ✇♦r❧❞ ❜❛♥❦✲✐♠❢ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ❢r❛♠❡✇♦r❦ ✭❞s❢✮ ❢♦r ❧♦✇✲

✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞ ❋❛❝ts❤❡❡t✳

❏✉s❡❧✐✉s✱ ❑✳✱ ▼ø❧❧❡r✱ ◆✳ ❋✳✱ ❛♥❞ ❚❛r♣✱ ❋✳ ✭✷✵✶✹✮✳ ❚❤❡ ❧♦♥❣✲r✉♥ ✐♠♣❛❝t ♦❢ ❢♦r❡✐❣♥

❛✐❞ ✐♥ ✸✻ ❛❢r✐❝❛♥ ❝♦✉♥tr✐❡s✿ ■♥s✐❣❤ts ❢r♦♠ ♠✉❧t✐✈❛r✐❛t❡ t✐♠❡ s❡r✐❡s ❛♥❛❧②s✐s✳ ❖①❢♦r❞

❇✉❧❧❡t✐♥ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱ ✼✻✭✷✮✿✶✺✸✕✶✽✹✳

❑❡❧❧❛r❞✱ ◆✳ ❛♥❞ ❲♦❤❛r✱ ▼✳ ❊✳ ✭✷✵✵✻✮✳ ❖♥ t❤❡ ♣r❡✈❛❧❡♥❝❡ ♦❢ tr❡♥❞s ✐♥ ♣r✐♠❛r② ❝♦♠✲

♠♦❞✐t② ♣r✐❝❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✼✾✭✶✮✿✶✹✻✕✶✻✼✳

❑♦♦♣✱ ●✳✱ ❑♦r♦❜✐❧✐s✱ ❉✳✱ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❇❛②❡s✐❛♥ ♠✉❧t✐✈❛r✐❛t❡ t✐♠❡ s❡r✐❡s ♠❡t❤♦❞s ❢♦r

❡♠♣✐r✐❝❛❧ ♠❛❝r♦❡❝♦♥♦♠✐❝s✳ ❋♦✉♥❞❛t✐♦♥s ❛♥❞ ❚r❡♥❞s➤ ✐♥ ❊❝♦♥♦♠❡tr✐❝s✱ ✸✭✹✮✿✷✻✼✕

✸✺✽✳

❑♦s❡✱ ▼✳ ❆✳ ❛♥❞ ❘✐❡③♠❛♥✱ ❘✳ ✭✷✵✵✶✮✳ ❚r❛❞❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s

✐♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❞❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✻✺✭✶✮✿✺✺✕✽✵✳

▲❡s❤♦r♦✱ ❚✳ ✭✷✵✶✸✮✳ ❋♦r❡✐❣♥ ❛✐❞ ❛♥❞ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥ s♦✉t❤ ❛❢r✐❝❛✿ ❆♥ ❡♠♣✐r✐✲

❝❛❧ ❛♥❛❧②s✐s ✉s✐♥❣ ❜♦✉♥❞s t❡st✐♥❣✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❛♥❞ ❋✐♥❛♥❝✐❛❧ ❙❝✐❡♥❝❡s✱

✻✭✶✮✿✺✺✕✻✻✳

▲✉❝❝❤❡tt✐✱ ❘✳ ✭✷✵✵✻✮✳ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❝♦✈❛r✐❛♥❝❡ str✉❝t✉r❡s✳ ❊❝♦♥♦♠❡tr✐❝ ❚❤❡♦r②✱

✷✷✭✷✮✿✷✸✺✕✷✺✼✳

▼❛➣❦♦✇✐❛❦✱ ❇✳ ✭✷✵✵✼✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s✱ ✉s ♠♦♥❡t❛r② ♣♦❧✐❝② ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✺✼



✢✉❝t✉❛t✐♦♥s ✐♥ ❡♠❡r❣✐♥❣ ♠❛r❦❡ts✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❡❝♦♥♦♠✐❝s✱ ✺✹✭✽✮✿✷✺✶✷✕

✷✺✷✵✳

▼❝●r❡❣♦r✱ ❚✳ ✭✷✵✶✼✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ❣r♦✇t❤ ❛♥❞ str✉❝t✉r❛❧ tr❛♥s❢♦r♠❛t✐♦♥

✐♥ ❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ❚❤❡ ◗✉❛rt❡r❧② ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❋✐♥❛♥❝❡✱ ✻✺✿✷✽✺✕

✸✵✸✳

▼❡❞✐♥❛✱ ▲✳ ✭✷✵✶✵✮✳ ❆ ❝♦♠♠♦❞✐t② ❝✉rs❡❄ t❤❡ ❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ ❝♦♠♠♦❞✐t② ♣r✐❝❡s ♦♥

✜s❝❛❧ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❚❤❡ ❉②♥❛♠✐❝ ❊✛❡❝ts ♦❢ ❈♦♠♠♦❞✐t② Pr✐❝❡s ♦♥

❋✐s❝❛❧ P❡r❢♦r♠❛♥❝❡ ✐♥ ▲❛t✐♥ ❆♠❡r✐❝❛ ✭▼❛r❝❤ ✶✱ ✷✵✶✵✮✳

▼❡♥❞♦③❛✱ ❊✳ ●✳ ✭✶✾✾✶✮✳ ❘❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡s ✐♥ ❛ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠②✳ ❚❤❡ ❆♠❡r✐❝❛♥

❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ♣❛❣❡s ✼✾✼✕✽✶✽✳

◆✉r✉✱ ◆✳ ❨✳ ❛♥❞ ●❡r❡③✐❤❡r✱ ❍✳ ❨✳ ✭✷✵✷✷✮✳ ❍♦✇ ❝♦✛❡❡ ♣r✐❝❡ s❤♦❝❦ tr❛♥s♠✐ts ✐♥t♦ t❤❡

❡❝♦♥♦♠②❄✿ ❊♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❡t❤✐♦♣✐❛✳ ■♥ ❙♦❝✐♦❡❝♦♥♦♠✐❝ ❙❤♦❝❦s ❛♥❞ ❆❢r✐❝❛✬s

❉❡✈❡❧♦♣♠❡♥t ❆❣❡♥❞❛✱ ♣❛❣❡s ✷✼✕✹✵✳ ❘♦✉t❧❡❞❣❡✳

❖❧❛②✉♥❣❜♦✱ ❉✳ ❖✳ ❛♥❞ ◗✉❛❞r✐✱ ❆✳ ✭✷✵✶✾✮✳ ❘❡♠✐tt❛♥❝❡s✱ ✜♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞

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

♣r♦❛❝❤✳ ❋✐♥❛♥❝✐❛❧ ■♥♥♦✈❛t✐♦♥✱ ✺✭✶✮✿✾✳

❖❧♦♠♦❧❛✱ P✳ ❆✳ ✭✷✵✵✻✮✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦ ❛♥❞ ❛❣❣r❡❣❛t❡ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ✐♥ ♥✐❣❡r✐❛✳

❆❢r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❛♥❞ ❇✉s✐♥❡ss ❘❡✈✐❡✇✱ ✹✭✷✮✿✹✽✕✻✶✳

Öst❡r❤♦❧♠✱ P✳ ❛♥❞ ❩❡tt❡❧♠❡②❡r✱ ❏✳ ✭✷✵✵✽✮✳ ❚❤❡ ❡✛❡❝t ♦❢ ❡①t❡r♥❛❧ ❝♦♥❞✐t✐♦♥s ♦♥ ❣r♦✇t❤

✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ■▼❋ ❙t❛✛ P❛♣❡rs✱ ✺✺✭✹✮✿✺✾✺✕✻✷✸✳

❖✉❧✐❛r✐s✱ ❙✳✱ P❛❣❛♥✱ ❆✳✱ ❛♥❞ ❘❡str❡♣♦✱ ❏✳ ✭✷✵✶✻✮✳ ◗✉❛♥t✐t❛t✐✈❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♠♦❞❡❧✲

✐♥❣ ✇✐t❤ str✉❝t✉r❛❧ ✈❡❝t♦r ❛✉t♦r❡❣r❡ss✐♦♥s✕❛♥ ❡✈✐❡✇s ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ■❍❙ ●❧♦❜❛❧✱

✶✸✳

✺✽



❖②❡②❡♠✐✱ ❆✳ ▼✳ ✭✷✵✶✸✮✳ ❚❤❡ ❣r♦✇t❤ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦ ✐♥ ♥✐❣❡r✐❛✳ ❏♦✉r♥❛❧

♦❢ ❊♠❡r❣✐♥❣ ❚r❡♥❞s ✐♥ ❊❝♦♥♦♠✐❝s ❛♥❞ ▼❛♥❛❣❡♠❡♥t ❙❝✐❡♥❝❡s✱ ✹✭✸✮✿✸✹✸✕✸✹✾✳

P❡r❡③✲❙❛✐③✱ ❍✳✱ ❉r✐❞✐✱ ▼✳ ❏✳✱ ●✉rs♦②✱ ❚✳✱ ❛♥❞ ❇❛r✐✱ ▼✳ ✭✷✵✶✾✮✳ ❚❤❡ ✐♠♣❛❝t ♦❢ r❡✲

♠✐tt❛♥❝❡s ♦♥ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✿ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s❡❝t♦r❛❧ ❧✐♥❦❛❣❡s✳ ■♥t❡r♥❛t✐♦♥❛❧

▼♦♥❡t❛r② ❋✉♥❞✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✼✮✳ ❆r❡ ❡①t❡r♥❛❧ s❤♦❝❦s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✐♥st❛❜✐❧✐t② ♦❢ ♦✉t♣✉t ✐♥

❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s❄ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✽✹✭✶✮✿✶✺✺✕✶✽✼✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✽❛✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈♦❧❛t✐❧✐t② ✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳

❲♦r❧❞ ❇❛♥❦ P♦❧✐❝② ❘❡s❡❛r❝❤ ❲♦r❦✐♥❣ P❛♣❡r✱ ✹✸✹✺✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✽❜✮✳ ❍❛✈❡ ❡①t❡r♥❛❧ s❤♦❝❦s ❜❡❝♦♠❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ♦✉t♣✉t ✢✉❝✲

t✉❛t✐♦♥s ✐♥ ❛❢r✐❝❛♥ ❝♦✉♥tr✐❡s❄ ❆❢r✐❝❛ ❛t ❛ t✉r♥✐♥❣ ♣♦✐♥t❄ ●r♦✇t❤✱ ❛✐❞✱ ❛♥❞ ❡①t❡r♥❛❧

s❤♦❝❦s✳

❘❛s❛❦✐✱ ▼✳ ●✳ ❛♥❞ ▼❛❧✐❦❛♥❡✱ ❈✳ ✭✷✵✶✺✮✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ s❤♦❝❦s ❛♥❞ ✢✉❝t✉❛t✐♦♥s ✐♥

❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❊❝♦♥♦♠✐❝ ❙②st❡♠s✱ ✸✾✭✹✮✿✻✼✺✕✻✾✻✳

❘♦❞rí❣✉❡③✱ ●✳✱ ❱❛ss❛❧❧♦✱ ❘✳✱ ❛♥❞ ❈❛st✐❧❧♦✱ P✳ ✭✷✵✷✸✮✳ ❊✛❡❝ts ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ♦♥

♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ♣❛❝✐✜❝ ❛❧❧✐❛♥❝❡ ❝♦✉♥tr✐❡s✳ ❊❝♦♥♦♠✐❝ ▼♦❞❡❧❧✐♥❣✱

✶✷✹✿✶✵✻✸✵✷✳

❙❝❤♠✐tt✲●r♦❤é✱ ❙✳ ❛♥❞ ❯r✐❜❡✱ ▼✳ ✭✷✵✵✸✮✳ ❈❧♦s✐♥❣ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ♠♦❞❡❧s✳ ❏♦✉r♥❛❧

♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✻✶✭✶✮✿✶✻✸✕✶✽✺✳

❙❡♥❜❡t❛✱ ❙✳ ❘✳ ✭✷✵✶✷✮✳ ❍♦✇ ✐♠♣♦rt❛♥t ❛r❡ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❡①♣❧❛✐♥✐♥❣ ❣r♦✇t❤ ✐♥ s✉❜✲

s❛❤❛r❛♥ ❛❢r✐❝❛❄ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❛ ❜❛②❡s✐❛♥ ✈❛r✳ ■♥ ❘❡s❡❛r❝❤ ♣❛♣❡r✴❯❋❙■❆✳ ❋❛❝✉❧t②

♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝s❀ ❯❋❙■❆✳ ❋❛❝✉❧t❡✐t ❚♦❡❣❡♣❛st❡ ❊❝♦♥♦♠✐s❝❤❡ ❲❡t❡♥s❝❤❛♣♣❡♥✳✲

❆♥t✇❡r♣✳

✺✾



❙✐ss♦❦♦✱ ❨✳ ❛♥❞ ❉✐❜♦♦❣❧✉✱ ❙✳ ✭✷✵✵✻✮✳ ❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ s②st❡♠ ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❊❝♦♥♦♠✐❝ ❙②st❡♠s✱ ✸✵✭✷✮✿✶✹✶✕✶✺✻✳

❙♦❜✐❡❝❤✱ ■✳ ✭✷✵✶✾✮✳ ❘❡♠✐tt❛♥❝❡s✱ ✜♥❛♥❝❡ ❛♥❞ ❣r♦✇t❤✿ ❉♦❡s ✜♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥t

❢♦st❡r t❤❡ ✐♠♣❛❝t ♦❢ r❡♠✐tt❛♥❝❡s ♦♥ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤❄ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t✱ ✶✶✸✿✹✹✕

✺✾✳

❙♦❧✉❞♦✱ ❈✳ ❈✳ ✭✶✾✾✸✮✳ ●r♦✇t❤ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❆❢r✐❝❛✿ ❢✉rt❤❡r ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❡①t❡r♥❛❧

s❤♦❝❦s ✈❡rs✉s ❞♦♠❡st✐❝ ♣♦❧✐❝② ❞❡❜❛t❡✳ ❯♥✐t❡❞ ◆❛t✐♦♥s ❊❝♦♥♦♠✐❝ ❈♦♠♠✐ss✐♦♥ ❢♦r

❆❢r✐❝❛✱ ❙♦❝✐♦✲❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤ ❛♥❞ ✳ ✳ ✳ ✳

❙t♦❝❦✱ ❏✳ ❍✳ ❛♥❞ ❲❛ts♦♥✱ ▼✳ ❲✳ ✭✷✵✵✶✮✳ ❱❡❝t♦r ❛✉t♦r❡❣r❡ss✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝

♣❡rs♣❡❝t✐✈❡s✱ ✶✺✭✹✮✿✶✵✶✕✶✶✺✳

❙②❧✇❡st❡r✱ ❑✳ ✭✷✵✵✺✮✳ ❉❡❝♦❧♦♥✐③❛t✐♦♥ ❆♥❞ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✿ ❚❤❡ ❈❛s❡ ❖❢ ❆❢r✐❝❛✳

❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✸✵✭✷✮✿✽✼✕✶✵✷✳

❨✐❧❞✐r✐♠✱ ❩✳ ❛♥❞ ❆r✐✢✐✱ ❆✳ ✭✷✵✷✶✮✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s✱ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ ❛ s♠❛❧❧ ♦✐❧✲❡①♣♦rt✐♥❣ ❡❝♦♥♦♠②✳ ❊♥❡r❣②✱ ✷✶✾✿✶✶✾✺✷✼✳

❩❣❛♠❜♦✱ P✳ ❛♥❞ ❋✉♥②✐♥❛✱ ❚✳ ❑✳ ✭✷✵✷✷✮✳ ❊♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ❡①t❡r♥❛❧

s❤♦❝❦s ♦♥ s❡❧❡❝t❡❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈❛r✐❛❜❧❡s✿ ❚❤❡ ❝❛s❡ ♦❢ ③❛♠❜✐❛✳

✻✵
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❊❳❚❊❘◆❆▲ ❙❍❖❈❑❙✱ ▼❆❈❘❖❊❈❖◆❖▼■❈ ❋▲❯❈❚❯❆❚■❖◆❙ ❆◆❉

❲❊▲❋❆❘❊ ■▼P▲■❈❆❚■❖◆❙✿ ❆ ❙▼❆▲▲ ❖P❊◆ ❊❈❖◆❖▼❨ ◆❊❲

❑❊❨◆❊❙■❆◆ ❉❙●❊ ▼❖❉❊▲ ❲■❚❍ ❆◆ ❊❳P❖❘❚ ❈❖▼▼❖❉■❚❨

❙❊❈❚❖❘

❆❜str❛❝t

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

♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ s❤♦❝❦s❄ ❈❛♥ ❛ s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠②✬s ❞❡♣❡♥❞❡♥❝❡

♦♥ ❛ s✐♥❣❧❡ ❝♦♠♠♦❞✐t② ❢♦r ❡①♣♦rt s❡r✈❡ ❛s ❛ ✈✐❛❜❧❡ ❛✈❡♥✉❡ ❢♦r ❡①t❡r♥❛❧ s❤♦❝❦s t♦

tr❛♥s♠✐t❄ ❆ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊♠♦❞❡❧✱ ✐♥❝♦r♣♦r❛t✐♥❣ ❛ ❞✐st✐♥❝t✐✈❡ str✉❝t✉r❛❧

❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❛ ❝♦♠♠♦❞✐t② s❡❝t♦r r❡❧✐❛♥t ♦♥ ♣❤♦s♣❤❛t❡ ♠✐♥❡r❛❧s✱ ♥♦♠✐♥❛❧

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

s✐❣❤ts ✐♥t♦ t❤❡ q✉❡st✐♦♥s ❛t ❤❛♥❞ ❝♦♥❝❡r♥✐♥❣ t❤❡ ❡❝♦♥♦♠② ♦❢ ▼♦r♦❝❝♦✳ ❇❛②❡s✐❛♥

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

✈❛r✐❛❜❧❡s ❛♥❞ ✇❡❧❢❛r❡ ✐♠♣❧✐❝❛t✐♦♥s ✐♥ r❡s♣♦♥s❡ t♦ ❞✐✛❡r❡♥t ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧

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

s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠✐❡s ✇❤❡r❡ ❡①t❡r♥❛❧ s❤♦❝❦s ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡s❡

❡❝♦♥♦♠✐❡s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ ▼♦r♦❝❝♦✬s ❞✐st✐♥❝t✐✈❡ ♠✐♥❡r❛❧ s❡❝t♦r

✐♥ ❛♥ ♦t❤❡r✇✐s❡ ❝♦♥✈❡♥t✐♦♥❛❧ ◆❡✇ ❑❡②♥❡s✐❛♥ ♠♦❞❡❧✱ ✇❤✐❝❤ ✐s s✉❜❥❡❝t t♦ ❤❡❛✈②

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

✈✐❛❜❧❡ ❝♦♥❞✉✐t ❢♦r ❡①t❡r♥❛❧ s❤♦❝❦s ❛✛❡❝t✐♥❣ t❤❡ ❝♦✉♥tr②✬s ❡❝♦♥♦♠②✳ ❖✈❡r❛❧❧✱ t❤✐s

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

♦♥ ❝♦♠♠♦❞✐t② ❡①♣♦rts ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳

❏❊▲ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❈✶✶❀ ❊✸✷❀ ❋✹✶❀ ❖✺✺

❑❡②✇♦r❞s✿ ❙♠❛❧❧ ❖♣❡♥ ❊❝♦♥♦♠②❀ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊❀ ❇❛②❡s✐❛♥ ❡st✐✲

♠❛t✐♦♥✱ ❊①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r✳



✸✳✶ ■♥tr♦❞✉❝t✐♦♥

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

❡❝♦♥♦♠✐❝ ❣r♦✇t❤ s✐♥❝❡ t❤❡ t✉r♥ ♦❢ t❤❡ ❝❡♥t✉r②✳ ❆ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜❡tt❡r ❛❣r✐❝✉❧t✉r❛❧

♣r♦❞✉❝t✐✈✐t② ❛♥❞ ❛ r✐s✐♥❣ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡✱ ♠❛✐♥❧② ♠✐♥❡r❛❧ s❡❝t♦r ❝♦♠♠♦❞✐t✐❡s✱

❛r❡ ♦❢t❡♥ ❝♦♥s✐❞❡r❡❞ ❛s t❤❡ ❞r✐✈❡rs ♦❢ ❣r♦✇t❤ ✐♥ t❤❡ ❝♦✉♥tr②✳ ❆s ✐s t❤❡ ❝❛s❡ ❢♦r ♠❛♥②

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✱ t❤❡ ❝♦✉♥tr② ❝♦♥t✐♥✉❡s t♦ ❜❛tt❧❡ ✇✐t❤ ✈❛r✐♦✉s ❝❤❛❧❧❡♥❣❡s ✇❤❡r❡

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

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

s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ♦♥ ❡♠❡r❣✐♥❣ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠✐❡s✳ ❙tr✉❝t✉r❛❧ ❱❆❘

♠♦❞❡❧s ❛r❡ ❡①t❡♥s✐✈❡❧② ❡♠♣❧♦②❡❞ t♦ ✐❞❡♥t✐❢② ❡①t❡r♥❛❧ s❤♦❝❦s ❛♥❞ t❤❡✐r ✐♠♣❛❝t ♦♥

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

❱❆❘ ♠♦❞❡❧s ❤❛✈❡ ❧✐♠✐t❛t✐♦♥s ✐♥ ✐❞❡♥t✐❢②✐♥❣ ❡①t❡r♥❛❧ s❤♦❝❦s✱ s✉❝❤ ❛s s♣✐❧❧♦✈❡r ❡✛❡❝ts

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

♦♠②✬s ♠❛✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ str✉❝t✉r❛❧ ♠♦❞❡❧

❞❡✈❡❧♦♣♠❡♥t ✐♥ ❛❝❝♦✉♥t✐♥❣ ❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠②✬s ♠❛✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ❛♥❞

✐♥✈❡st✐❣❛t✐♥❣ t❤❡ ♠❛✐♥ ❢❛❝t♦rs r❡s♣♦♥s✐❜❧❡ ❢♦r ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ▼♦r♦❝❝♦

✐s ❧✐♠✐t❡❞✳

❉✉❡ t♦ t❤❡ ❡①✐st✐♥❣ ❞❡❜t ❜✉r❞❡♥ ❛♥❞ ❧✐♠✐t❡❞ ❛❝❝❡ss t♦ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ✜♥❛♥❝✐❛❧

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

s♣✐❧❧♦✈❡r ❡✛❡❝t ♦❢ ❡①t❡r♥❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦s ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ❲❤✐❧❡ t❤✐s

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

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

❢❡❛s✐❜❧❡ ❢♦r ❛❞✈❛♥❝❡❞ ❡❝♦♥♦♠✐❡s ✭Pr❛s❛❞ ❛♥❞ ❩❤❛♥❣✱ ✷✵✶✺✮✳ ❚♦ t❤✐s ❡♥❞✱ t❤✐s ♣❛♣❡r

❛r❣✉❡s t❤❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ✐s ❛♥ ✐♠♣♦rt❛♥t ❡①t❡r♥❛❧

s❤♦❝❦ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ ❢♦r s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳

✻✷



■♥ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠✐❝ ❝♦♥t❡①t✱ ▼♦ss❛❞❛❦ ✭✷✵✶✸✮ ❛♥❞ ▲❛❤❝❡♥ ✭✷✵✶✹✮ ❝♦♥❞✉❝t❡❞

r❡s❡❛r❝❤ ✉s✐♥❣ st❛♥❞❛r❞ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♠♣❛❝ts ♦❢

✜s❝❛❧ ❛♥❞ ♠♦♥❡t❛r② ♣♦❧✐❝✐❡s✳ ❍♦✇❡✈❡r✱ t❤❡✐r st✉❞✐❡s s♦❧❡❧② r❡❧✐❡❞ ♦♥ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥

♦❢ t❤❡ st❛♥❞❛r❞ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧ ♥❡❣❧❡❝t✐♥❣ t❤❡ ❝r✉❝✐❛❧ ♠❛❝r♦❡❝♦♥♦♠✐❝

❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❝♦✉♥tr②✳ ❚❤❡ ❛❜s❡♥❝❡ ♦❢ ❛tt❡♥t✐♦♥ ♣❛✐❞ t♦ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✲

✐t② s❡❝t♦rs ♦❢ s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ✐s ❛ s✐❣♥✐✜❝❛♥t ❝♦♥str❛✐♥t✱ ♣❛rt✐❝✉❧❛r❧②

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

✭✷✵✷✵✮ ❛❞❞r❡ss❡s t❤✐s ❢♦r t❤❡ ❑❛③❛❦❤st❛♥ ❡❝♦♥♦♠②✱ ❞❡♠♦♥str❛t✐♥❣ t❤❡ ❞✐r❡❝t ✐♠♣❛❝t

♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦rs ♦♥ ✇❡❧❢❛r❡ ❝♦♥tr✐❜✉t✐♦♥s ✈✐❛ ❛ ❝❧❡❛r tr❛♥s♠✐ss✐♦♥ ❝❤❛♥✲

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

❞✐sr✉♣t✐♦♥ ✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t✐❡s ✐♥ ❛ s♠❛❧❧✱ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠②✱ t❤❡ ✜♥❞✐♥❣s ❜② ▼✐r✲

❢❛t❛❤ ❡t ❛❧✳ ✭✷✵✷✶✮ s✉❣❣❡st ❛ t❤❡♦r❡t✐❝❛❧❧② ♣❧❛✉s✐❜❧❡ ♠❡❛♥s ♦❢ ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ❡①♣♦rt

❝♦♠♠♦❞✐t② s❡❝t♦r✬s ✐♠♣❛❝t ♦♥ ❈❛♥❛❞✐❛♥ ❡❝♦♥♦♠②✳

❆ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧ ❢r❛♠❡✇♦r❦ ✇✐t❤ ❛ ♣❛rt✐❝✉❧❛r ❡♠♣❤❛s✐s ♦♥ ❛♥ ❡①♣♦rt

❝♦♠♠♦❞✐t② s❡❝t♦r ✐s ❡♠♣❧♦②❡❞ ✐♥ t❤✐s ♣❛♣❡r✳ ❖✈❡r t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✶✾✾✽ ❛♥❞ ✷✵✶✾✱

t❤❡ ♣❤♦s♣❤❛t❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ❛❝❝♦✉♥ts ❢♦r ❛❜♦✉t ✶✸ ♣❡r❝❡♥t ♦❢ ▼♦r♦❝❝♦✬s

●❉P ❛♥❞ ✷✸✳✺✺ ♣❡r❝❡♥t ♦❢ t❤❡ ❝♦✉♥tr②✬s t♦t❛❧ ❡①♣♦rts✳ ❚❤❡ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡ ♠♦❞❡❧

✐♥❝❧✉❞❡ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❘✉❧❡ ♦❢ ❚❤✉♠❜ ✭❘♦❚✮ ❤♦✉s❡❤♦❧❞s✱ ❛♥ ❡①♣♦rt ❝♦♠♠♦❞✐t②

s❡❝t♦r✱ ❛♥❞ ❛♥ ❡①❝❤❛♥❣❡ r❛t❡✲r❡s♣♦♥s✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥t♦ ❛♥ ♦t❤❡r✇✐s❡ st❛♥❞❛r❞

◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧✳ ❲❤✐❧❡ t❤❡ ♠♦❞❡❧ ✉s❡s ❆❞♦❧❢s♦♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ❛♥❞

▼✐r❢❛t❛❤ ❡t ❛❧✳ ✭✷✵✷✶✮ ❛s ❜❡♥❝❤♠❛r❦s✱ ✐t ❛❜str❛❝ts ❢r♦♠ t❤❡ t✇♦ ❝♦♥tr✐❜✉t✐♦♥s ♦♥

t✇♦ ❛❝❝♦✉♥ts✳ ❋✐rst✱ ✜s❝❛❧ ♣♦❧✐❝② st❛❜✐❧✐③❡rs ❛r❡ ✐♥tr♦❞✉❝❡❞ ✇❤✐❝❤ ✐s ❢♦✉♥❞ t♦ ❜❡

✉s❡❢✉❧ ✐♥ r❡♣❧✐❝❛t✐♥❣ s♦♠❡ ♦❢ t❤❡ ❚✇♦ ❆❣❡♥t ◆❡✇ ❑❡②♥❡s✐❛♥ ✭❚❆◆❑✮ ♠♦❞❡❧ ✜s❝❛❧

♣♦❧✐❝② r❡s✉❧ts ❛s ✐♥ ●❛❧í ❡t ❛❧✳ ✭✷✵✵✼✮✳ ❙❡❝♦♥❞✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②

❤❛s str♦♥❣ ❡❝♦♥♦♠✐❝ ❛✣❧✐❛t✐♦♥s ✇✐t❤ t❤❡ ❊❯ ❡❝♦♥♦♠② ♠♦r❡ t❤❛♥ ❛♥② ♦t❤❡r ❡❝♦♥♦♠✐❝

r❡❣✐♦♥✱ t❤❡ ❊❯ ❡❝♦♥♦♠② ✐s ✉s❡❞ ❛s t❤❡ ❡①t❡r♥❛❧ ❘♦❲ ❜❧♦❝❦ t♦ ❝♦♥str✉❝t ❛♥❞ ❡st✐♠❛t❡

t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❢♦r ▼♦r♦❝❝♦✳
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❚❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s ♣❛♣❡r ✐s t♦ ✐❧❧✉str❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ✈❛r✐♦✉s ❞♦♠❡st✐❝

❛♥❞ ❡①t❡r♥❛❧ str✉❝t✉r❛❧ s❤♦❝❦s t♦ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ♦❢ s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣

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

t♦ ♦✉t❧✐♥❡ ❛ s✐♠♣❧❡ ❜✉t ❡❝♦♥♦♠✐❝❛❧❧② ✐♥t❡r♣r❡t❛❜❧❡ tr❛♥s♠✐ss✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢ ❡①t❡r♥❛❧

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

❡①♣♦rt ❝♦♠♠♦❞✐t② ❞❡♣❡♥❞❡♥❝②✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣❛♣❡r ❛❧s♦ ♣r♦✈✐❞❡s ✐♥s✐❣❤t ✐♥t♦

♠♦♥❡t❛r② ♣♦❧✐❝② ❝♦♥❞✉❝t ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠② ❛s t❤❡ ❝♦✉♥tr② ✐s

❝♦♥t✐♥✉♦✉s❧② ❧♦♦❦✐♥❣ t♦ tr❛♥s✐t✐♦♥ ✐♥t♦ ❛♥ ✐♥✢❛t✐♦♥✲t❛r❣❡t✐♥❣ ♣♦❧✐❝② ❢r❛♠❡✇♦r❦✳

■♥ t❤✐s ♣❛♣❡r✱ ✐t ✐s ❞❡♠♦♥str❛t❡❞ t❤❛t ✐♥❝♦r♣♦r❛t✐♥❣ ❛ ❧✐♠✐t❡❞ ❡①♣♦rt ❝♦♠♠♦❞✐t② ❞❡✲

♣❡♥❞❡♥❝② ❢❡❛t✉r❡ ✐♥t♦ ❛ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧ ✐s ❛ ✈✐❛❜❧❡ ❝❤❛♥♥❡❧ ❢♦r t❤❡

tr❛♥s♠✐ss✐♦♥ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ s♠❛❧❧ ♦♣❡♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ■t ✐s ♦❢ ♣❛rt✐❝✉❧❛r

✐♠♣♦rt❛♥❝❡ t♦ ♥♦t❡ t❤❛t ❛ ♣♦s✐t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ ❛❝ts ❛s ❛♥ ❡①t❡r♥❛❧ s✉♣♣❧②

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

s✐♠✉❧t❛♥❡♦✉s❧② ❝❛✉s✐♥❣ ❛ ❞♦✇♥✇❛r❞ ♣r❡ss✉r❡ ♦♥ ✐♥✢❛t✐♦♥✳ ❍✐st♦r✐❝❛❧❧②✱ ❡①♣♦rt ❝♦♠✲

♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛❝❝♦✉♥t❡❞ ❢♦r ❡①♣❧❛✐♥✐♥❣ ❛ s✐❣♥✐✜❝❛♥t ✢✉❝t✉❛t✐♦♥ ✐♥ ▼♦r♦❝❝♦✬s

r❡❛❧ ♦✉t♣✉t✳ ■♥ ❝♦♥tr❛st✱ ♦t❤❡r ❡①t❡r♥❛❧ s❤♦❝❦s ❛r❡ ❢♦✉♥❞ t♦ ❤❛✈❡ ❛ ♣r♦❢♦✉♥❞ ❝♦♥tr✐✲

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

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

r❛t❡✳ ❍♦✇❡✈❡r✱ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❤✐st♦r✐❝❛❧ r❡❛❧ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥ ✐s ❢♦✉♥❞ t♦

❜❡ ♠✐♥✐♠❛❧✳ ▼♦r❡♦✈❡r✱ ✐t ❤❛s ❜❡❡♥ ❡st❛❜❧✐s❤❡❞ t❤❛t ✐♠♣❧❡♠❡♥t✐♥❣ ❛ ♠♦♥❡t❛r② ♣♦❧✐❝②

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

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

❡①t❡r♥❛❧ s❤♦❝❦s✳

❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ■♥ ❙❡❝t✐♦♥ ✸✳✷✱ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡

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

❡st✐♠❛t✐♦♥✱ ❛♥❞ r❡s✉❧ts ♦❢ t❤❡ ❇❛②❡s✐❛♥ ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ r❡♣♦rt❡❞ ✉♥❞❡r ❙❡❝✲

✻✹



t✐♦♥ ✸✳✸✳ ❙❡❝t✐♦♥ ✸✳✹ ♣r❡s❡♥ts t❤❡ ♠❛✐♥ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ❛♥❞ ❤✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥

r❡s✉❧ts ♦❢ t❤❡ ♠♦❞❡❧ ✇❤✐❧❡ ❛♥ ❛❧t❡r♥❛t✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ✐s ♣r❡✲

s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳ ❙❡❝t✐♦♥ ✸✳✻ ❝♦♥❝❧✉❞❡s ❛♥❞ ❝❧♦s❡s ❜② ❛❞❞✐♥❣ s♦♠❡ r❡♠❛r❦s ❢♦r

❢✉t✉r❡ r❡s❡❛r❝❤ ✇♦r❦s✳

✸✳✷ ❚❤❡ ▼♦❞❡❧

❆ ❙❖❊ ✲ ❘♦❲ t✇♦✲❜❧♦❝❦ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧ ✐s s❡t ✉♣ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡

▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ❚❤❡ ❙❖❊ ✐s ❛✛❡❝t❡❞ ❜② s❤♦❝❦s ❢r♦♠ t❤❡ ❘♦❲✱ ✇❤✐❧❡ t❤❡ ❧❛tt❡r ✐s

❛ss✉♠❡❞ t♦ ❜❡ ❜✐❣ ❛♥❞ ✐♠♠✉♥❡ ❢r♦♠ ❙❖❊ s❤♦❝❦s ❛❧t❤♦✉❣❤ t❤❡r❡ ✐s ❛ ♠✐♥❡r❛❧ ❡①♣♦rt

✢♦✇ ❢r♦♠ t❤❡ ❙❖❊ t♦ t❤❡ ❘♦❲✳ ❚❤❡ ♠♦❞❡❧ ❝❧♦s❡❧② ❢♦❧❧♦✇s ❆❞♦❧❢s♦♥ ❡t ❛❧✳ ✭✷✵✵✼✮

❛♥❞ ▼✐r❢❛t❛❤ ❡t ❛❧✳ ✭✷✵✷✶✮✳ ❙❡✈❡r❛❧ r❡❛❧ ❢r✐❝t✐♦♥s ✐♥ t❤❡ ❢♦r♠ ♦❢ ❤❛❜✐t ♣❡rs✐st❡♥❝❡✱

✐♥✈❡st♠❡♥t ❛❞❥✉st♠❡♥t ❝♦st✱ ❝❛♣✐t❛❧ ✉t✐❧✐③❛t✐♦♥✱ ❛♥❞ ❘♦❚ ❤♦✉s❡❤♦❧❞s ❛r❡ ✐♥❝❧✉❞❡❞ t♦✲

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

t❤✐s s❡❝t✐♦♥ ✐s ❞❡s✐❣♥❡❞ t♦ ❝❛♣t✉r❡ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ❞❡♣❡♥❞❡♥❝② ❢❡❛t✉r❡ ♦❢

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

♠✐ss✐♦♥ ❝❤❛♥♥❡❧✳ ❚❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ❢♦r ▼♦r♦❝❝♦ r❡❢❡rs t♦ t❤❡ ♣❤♦s♣❤❛t❡

s❡❝t♦r ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❡❝♦♥♦♠② ✇❤❡r❡ ✻✵ ♣❡r❝❡♥t ♦❢ ✐ts ♣r♦❞✉❝t✐♦♥ ✐s ♦✇♥❡❞ ❜② t❤❡

❣♦✈❡r♥♠❡♥t ✇❤✐❧❡ t❤❡ r❡♠❛✐♥✐♥❣ s❤❛r❡ ✐s tr❛♥s❢❡rr❡❞ t♦ ❘♦❚ ❤♦✉s❡❤♦❧❞s ❜❛s❡❞ ♦♥ t❤❡

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

♣✉r♣♦s❡s✱ ✈❛r✐❛❜❧❡s ✇✐t❤ ∗ ❜❡❧♦♥❣ t♦ t❤❡ ❘♦❲ ❜❧♦❝❦✱ ❛♥❞ ✈❛r✐❛❜❧❡s ✇✐t❤ ♥♦ ∗ r❡❢❡r t♦

t❤❡ ❙❖❊✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❡①♣r❡ss✐♦♥s ❙❖❊ ❛♥❞ ▼♦r♦❝❝♦ ❛r❡ ✉s❡❞ ✐♥t❡r❝❤❛♥❣❡❛❜❧②

❛♥❞ t❤❡ s❛♠❡ ✐s tr✉❡ ❜❡t✇❡❡♥ ❊❯ ❛♥❞ ❘♦❲ t❤r♦✉❣❤♦✉t t❤❡ ♣❛♣❡r✳ ❋✉rt❤❡r♠♦r❡✱

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

❙❖❊ ❛♥❞ ❘♦❲ ✈❛r✐❛❜❧❡s✳

✻✺



❉♦♠❡st✐❝ Pr♦❞✉❝t✐♦♥ ■♠♣♦rt❡❞ ●♦♦❞ ❆❣❣r❡❣❛t❡
❍♦♠❡ ❈♦✉♥tr② ◗✉❛♥t✐t② XH,t XF,t Xt

❍♦♠❡ ❈♦✉♥tr② Pr✐❝❡ PH,t PF,t Pt

❋♦r❡✐❣♥ ❈♦✉♥tr② ◗✉❛♥t✐t② X∗
F,t X∗

H,t X∗
t

❋♦r❡✐❣♥ ❈♦✉♥tr② Pr✐❝❡ P ∗
F,t P ∗

H,t P
∗

t

✸✳✷✳✶ ❉♦♠❡st✐❝ ❊❝♦♥♦♠②

✸✳✷✳✷ ❍♦✉s❡❤♦❧❞s

❚♦ ✐❧❧✉str❛t❡ t❤❡ ❞✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts ♦❢ str✉❝t✉r❛❧ s❤♦❝❦s ❛♥❞ ♣r♦✈✐❞❡ ❛ ❢❡❛s✐❜❧❡ tr❛♥s✲

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

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

❤♦❧❞ ✐s ❛ss✉♠❡❞ t♦ ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡ ✜♥❛♥❝✐❛❧ ♠❛r❦❡t ❛♥❞ ❤❡♥❝❡ ✉s❡ t❤❡✐r s❛✈✐♥❣s t♦

s♠♦♦t❤ ❝♦♥s✉♠♣t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❘♦❚ ❤♦✉s❡❤♦❧❞s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥✲

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

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

✐t②✱ ✈❛r✐❛❜❧❡s ✇✐t❤ ❛ s✉♣❡rs❝r✐♣t ♦❢ ❵s✬ ❛♥❞ ❵r✬ r❡❢❡r t♦ ❘✐❝❛r❞✐❛♥ ❛♥❞ ❘♦❚ ❤♦✉s❡❤♦❧❞s

r❡s♣❡❝t✐✈❡❧② ✇✐t❤ ♦♥❡ ❡①❝❡♣t✐♦♥ ✇❤❡r❡ t❤❡ s✉♣❡rs❝r✐♣t ✐♥ Πs r❡❢❡rs t♦ t❤❡ ❞❡♣r❡❝✐❛t✐♦♥

♦❢ t❤❡ ❞♦♠❡st✐❝ ❝✉rr❡♥❝②✳

❆s ✐s ✐♥ t❤❡ ❙♠❡ts ❛♥❞ ❲♦✉t❡rs ✭✷✵✵✼❛✮✱ t❤❡ s✐♥❣❧❡✲♣❡r✐♦❞ ✉t✐❧✐t② ❣❡♥❡r❛❧ ❢♦r♠ s✉❣✲

❣❡st❡❞ ❜② ❑✐♥❣ ❡t ❛❧✳ ✭✶✾✽✽✮ ✐s ❡♠♣❧♦②❡❞ ❢♦r ❜♦t❤ t②♣❡s ♦❢ ❤♦✉s❡❤♦❧❞s ✇✐t❤ t✇♦ ❡①❝❡♣✲

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

♣❡rs✐st❡♥❝❡ ✐s ❝♦♥s✐❞❡r❡❞ ✉♥❧✐❦❡ t❤❡ ♦r✐❣✐♥❛❧ ❙♠❡ts ❛♥❞ ❲♦✉t❡rs ✭✷✵✵✼❛✮ ♠♦❞❡❧✳

Ut(Ct, Nt) = E0

∞
∑

t=0

βtbt











(

Ct − χCt−1

)1−σ

1− σ
exp

(

(σ − 1)
N1+ϕ

t

1 + φ

)











✭✸✳✷✳✶✮

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

❜♦t❤ t②♣❡s ♦❢ ❤♦✉s❡❤♦❧❞s✳ σ ❛♥❞ φ r❡s♣❡❝t✐✈❡❧② r❡♣r❡s❡♥t t❤❡ ✐♥✈❡rs❡ ♦❢ ❡❧❛st✐❝✐t②

♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ t❤❡ ✐♥✈❡rs❡ ♦❢ ❡❧❛st✐❝✐t② ♦❢ ❧❛❜♦r s✉♣♣❧② ✭✐♥✈❡rs❡
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♦❢ ❋r✐s❝❤ ❧❛❜♦✉r s✉♣♣❧② ❡❧❛st✐❝✐t②✮✳ χ ✐s t❤❡ ✐♥t❡r♥❛❧ ❤❛❜✐t ♣❡rs✐st❡♥❝❡ ♣❛r❛♠❡t❡r✳

bt r❡♣r❡s❡♥ts ❛♥ ❡①♦❣❡♥♦✉s AR(1) ♣r♦❝❡ss ♣r❡❢❡r❡♥❝❡ s❤♦❝❦ t♦ t❤❡ ❞✐s❝♦✉♥t ❢❛❝t♦r

β ∈ (0, 1)✳

Pr♦❝❡❡❞✐♥❣ t♦ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ♦❢ ❤♦✉s❡❤♦❧❞s✱ (1−λ) ❢r❛❝t✐♦♥ ♦❢ ❤♦✉s❡❤♦❧❞s

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

♦♥❧② ♦♥❡s t❤❛t ❝❛♥ ❜✉② ❜♦t❤ ❞♦♠❡st✐❝ ♣✉❜❧✐❝ ❜♦♥❞s ✭BGH,t✮ ❛♥❞ ❢♦r❡✐❣♥ ❜♦♥❞s ✭B∗
F,t✮✳

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

s❛♠❡ (Rt) ❛♥❞ ❤♦✉s❡❤♦❧❞s ❡♥t❡r ♣❡r✐♦❞ 0 ✇✐t❤ ③❡r♦ ❛ss❡t✴❞❡❜t t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t

❜❡❝♦♠❡s✿

PtC
s
t + PB,tBGH,t + StP

∗
B,tB

∗
F,t = Wt(1− τwt )N

s
t +BGH,t−1

+StB
∗
F,t−1 + (1− τ dt )D

s
t − PtTt ✭✸✳✷✳✷✮

✇❤❡r❡ BGH,t ❛♥❞ B∗
F,t r❡s♣❡❝t✐✈❡❧② r❡♣r❡s❡♥t t❤❡ ♥✉♠❜❡r ♦❢ ♥♦♠✐♥❛❧ ♦♥❡✲♣❡r✐♦❞ ❞♦✲

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

✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❡r✐♦❞✳ PB,t =
1
Rt

❛♥❞ P ∗
B,t =

1
Φt(.)R∗

t
r❡♣r❡s❡♥ts t❤❡ ♣r✐❝❡ ♦❢ ❞♦♠❡st✐❝

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

❛♥❞ R∗
t ✳ Tt ✐s t❤❡ ❧✉♠♣ s✉♠ tr❛♥s❢❡r t♦✴❢r♦♠ ❤♦✉s❡❤♦❧❞s ❛♥❞ Wt ✐s t❤❡ ♥♦♠✐♥❛❧ ❤♦✉r❧②

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

♣r♦✜t t❛①✱ τ dt ✳ Φt(.) ✐s t❤❡ r✐s❦ ♣r❡♠✐✉♠ ❢♦r t❤❡ ❙❖❊✬s ♣❛rt✐❝✐♣❛t✐♦♥ ✐♥ t❤❡ ✐♥t❡r♥❛✲

t✐♦♥❛❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡t ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✾ ❛♥❞ St t❤❡ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡✳

❚❤❡ r✐s❦ ♣r❡♠✐✉♠ Φt(.) ❞❡♣❡♥❞s ♦♥ t❤❡ ♥❡t ❢♦r❡✐❣♥ ❛ss❡t ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙❖❊ r❡❧❛t✐✈❡

t♦ ✐ts ●❉P ❛♥❞ t❤❡ ❛❣❣r❡❣❛t❡ ♥❡t ❛ss❡t ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡❝♦♥♦♠②✳ ❙✐♥❝❡ t❤❡ ♥❡t ❛ss❡t

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

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

❡❝♦♥♦♠② (Pt)✱ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ❢♦r ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s ✐♥ r❡❛❧ t❡r♠s ❝❛♥ ❜❡

✻✼



❡①♣r❡ss❡❞ ❛s✿

Cs
t +BGH,t +BF,t = wt(1− τwt )N

s
t +Rt−1

1

Πt

BGH,t−1

+R∗
t−1Φt−1(.)

Πs
t

Πt

BF,t−1 + (1− τ dt )d
s
t − Tt ✭✸✳✷✳✸✮

✇❤❡r❡ Πt = Pt

Pt−1
r❡♣r❡s❡♥ts ❣r♦ss ✐♥✢❛t✐♦♥✱ ΠS

t = St

St−1
✐s t❤❡ ❣r♦ss ❞❡♣r❡❝✐❛t✐♦♥✱

wt =
Wt

Pt
✐s t❤❡ r❡❛❧ ✇❛❣❡ ❛♥❞ dst =

Ds
t

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

✐♥ r❡❛❧ t❡r♠s✳

❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❢♦r ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s t❛❦❡s t❤❡ ❢♦r♠✿

✭✸✳✷✳✹✮max
Cs

t ,N
s
t

Ut = E0

∞
∑

t=0

βt











bt

(

Cs
t − χCs

t−1

)1−σs

1− σs

exp

(

(σs − 1)
N

s(1+ϕs)
t

1 + φs

)











❙✉❜❥❡❝t t♦ ❊q✉❛t✐♦♥ ✭✸✳✷✳✸✮

❆❝❝♦r❞✐♥❣❧②✱ t❛❦✐♥❣ t❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥s ❢♦r Cs
t , N

s
t , BGH,t, BF,t ❛♥❞ r❡❛rr❛♥❣✐♥❣

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

❧❡✐s✉r❡ ❛s✿

wt(1− τwt ) =
(Cs

t − χCs
t−1)(N

s
t )

ϕs

1− βχ
Us
t+1

Us
t

Cs
t−χCs

t−1

Cs
t+1−χCs

t

✭✸✳✷✳✺✮

❙✐♠✐❧❛r❧②✱ t❤❡ ❊✉❧❡r ❡q✉❛t✐♦♥ ❡①♣r❡ss✐♦♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥ ❛ss❡ts

t❛❦❡ t❤❡ ❢♦r♠✿

1 = Et

[Λs
t+1

Πt+1

]

Rt ✭✸✳✷✳✻✮

1 = Et

[

Λs
t+1

Πs
t+1

Πt+1

]

Φt(.)R
∗
t ✭✸✳✷✳✼✮

✻✽



✇❤❡r❡ Λs
t+1 ≡ β

Us
C,t+1

Us
C,t

✐s t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r ❛♥❞

U s
C,t =

(

Cs
t − χCs

t−1

)−σs
exp

(

(σs − 1)
N

s(1+ϕs)
t

1+ϕs

)

✐s t❤❡ ♠❛r❣✐♥❛❧ ✉t✐❧✐t② ♦❢ ❝♦♥s✉♠♣t✐♦♥✳

❆r❜✐tr❛❣❡ ❜❡t✇❡❡♥ ♥♦♠✐♥❛❧ ❜♦♥❞s ❞❡♥♦♠✐♥❛t❡❞ ✐♥ ❞✐✛❡r❡♥t ❝✉rr❡♥❝✐❡s ❣✐✈❡s r✐s❡ t♦

t❤❡ ❯♥❝♦✈❡r❡❞ P❛r✐t② ❈♦♥❞✐t✐♦♥ ✭❯■P✮ ❝♦♥❞✐t✐♦♥ ❛s ❢♦❧❧♦✇s✿

Et

[

Λt+1

Πt+1

]

Rt = R∗
tΦt(.)Et

[

Λt+1

Πs
t+1

Πt+1

]

✭✸✳✷✳✽✮

❚❤❡ r❡st ♦❢ (λ) ❤♦✉s❡❤♦❧❞s ❛r❡ ❘♦❚s ❛♥❞ t❤❡② ❞♦ ♥♦t ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡ ❛ss❡t ♠❛r✲

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

♣❤♦s♣❤❛t❡ ♣r♦❞✉❝t✐♦♥✳ ❍❡♥❝❡ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ✭✐♥❝❧✉❞✐♥❣ t❤❡ ❡①♦❣❡♥♦✉s ♣❤♦s✲

♣❤❛t❡ ♣r♦❞✉❝t✐♦♥ s❤❛r❡ ✇❤❡r❡ τ p ✐s t❤❡ ❣♦✈❡r♥♠❡♥t✬s s❤❛r❡ ♦❢ ♣❤♦s♣❤❛t❡ ♣r♦❞✉❝t✐♦♥✮

✐s ❣✐✈❡♥ ❜②✿

PtC
r
t = Wt(1− τwt )N

r
t + (1− τ p)StP

∗
p,tY

p
t − PtTt ✭✸✳✷✳✾✮

✇❤❡r❡ P ∗
p,t ❛♥❞ Y p

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

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

t❡r♠s t❛❦❡s t❤❡ ❢♦r♠✿

Cr
t = wt(1− τwt )N

r
t + (1− τ p)Ωt

P ∗
p,t

P ∗
t

Y p
t − Tt ✭✸✳✷✳✶✵✮

✇❤❡r❡ Ωt ✐s t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❣✐✈❡♥ ❜② StP ∗

t

Pt
❛♥❞ P ∗

t ✐s t❤❡ ❘♦❲s ❛❣❣r❡❣❛t❡ ♣r✐❝❡

❧❡✈❡❧✳

❯♥❧✐❦❡ t♦ t❤❡ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s✱ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❢♦r ❘♦❚ ✐♥✈♦❧✈❡s ♦♥❧②

❛ ❝❤♦✐❝❡ ❜❡t✇❡❡♥ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❤♦✉rs ♦❢ ✇♦r❦✳ ❍❡♥❝❡✱ ❛❢t❡r r❡❛rr❛♥❣✐♥❣ t❤❡ ✜rst

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

✻✾



s✉♠♣t✐♦♥ ❛♥❞ ❧❡✐s✉r❡ ❜❡❝♦♠❡s✿

wt(1− τwt ) =
(Cr

t − χCr
t−1)(N

r
t )

ϕr

1− βχ
Ur
t+1

Ur
t

Cr
t −χCr

t−1

Cr
t+1−χCr

t

✭✸✳✷✳✶✶✮

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

t✐♦♥ ❛♥❞ ❤♦✉rs ♦❢ ✇♦r❦ ❜② t❤❡ t✇♦ t②♣❡s ♦❢ ❤♦✉s❡❤♦❧❞s ❛s ❢♦❧❧♦✇s✿

Ct = λCr
t + (1− λ)Cs

t ✭✸✳✷✳✶✷✮

Nt = λN r
t + (1− λ)N s

t ✭✸✳✷✳✶✸✮

✸✳✷✳✷✳✶ ❈♦♥s✉♠♣t✐♦♥ ❉❡♠❛♥❞

❊❛❝❤ ❧❡✈❡❧ ♦❢ ❛❣❣r❡❣❛t❡ ❝♦♥s✉♠♣t✐♦♥ ❜② ❘✐❝❛r❞✐❛♥ ❛♥❞ ❘♦❚ ❤♦✉s❡❤♦❧❞s✱ Ct = Cr, Cs

✐s ❛ ❝♦♠♣♦s✐t❡ ♦❢ ❤♦♠❡ ♣r♦❞✉❝❡❞ (CH,t) ❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s (CF,t)✳ ❋♦❧❧♦✇✐♥❣ ❆❞♦❧❢✲

s♦♥ ❡t ❛❧✳ ✭✷✵✵✼✮✱ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥s ❜❡t✇❡❡♥ ❤♦♠❡ ❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s

✐♥ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ✭µC✮✱ ✐♥✈❡st♠❡♥t ✭µI✮✱ ❛♥❞ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ✭µG✮ ❣♦♦❞s ✐s

❛ss✉♠❡❞ t♦ ❜❡ t❤❡ s❛♠❡✳ ❆t t❤✐s ♣♦✐♥t✱ t❤❡ ❤♦✉s❡❤♦❧❞✬s ❝♦♥s✉♠♣t✐♦♥ ♣r♦❜❧❡♠ ✐s ❛

t✇♦✲st❛❣❡ ♣r♦❜❧❡♠✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ❡❛❝❤ t②♣❡ ♦❢ ❤♦✉s❡❤♦❧❞ ♠❛①✐♠✐③❡s t❤❡ ❝♦♠♣♦s✐t❡

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

s♣❡♥❞✐♥❣ ✭♦r ♠✐♥✐♠✐③❡s t❤❡ s♣❡♥❞✐♥❣ s✉❜❥❡❝t t♦ t❤❡ ❉✐①✐t✲❙t✐❣❧✐t③ ❝♦♥s✉♠♣t✐♦♥ ❛❣❣r❡✲

❣❛t♦r ♦❢ ❤♦♠❡ ❛♥❞ ❢♦r❡✐❣♥ ❣♦♦❞s✮ ❛s ❢♦❧❧♦✇s✿

✭✸✳✷✳✶✹✮max
CH,t,CF,t

Ct =
[

(wC)
1

µC (CH,t)
µC−1

µC + (1− wC)
1

µC (CF,t)
µC−1

µC

]

µC
µC−1

s✉❜❥❡❝t t♦ t❤❡ t♦t❛❧ ❝♦♥s✉♠♣t✐♦♥ s♣❡♥❞✐♥❣ ❊q✉❛t✐♦♥ ✭✸✳✷✳✶✺✮

PtCt = PH,tCH,t + PF,tCF,t ✭✸✳✷✳✶✺✮

✼✵



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

❉✐①✐t✲❙t✐❣❧✐t③ ♣r✐❝❡ ✐♥❞❡① ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ♦♣t✐♠❛❧ ❞❡♠❛♥❞ ❢✉♥❝t✐♦♥s ❢♦r ❤♦♠❡✲

♣r♦❞✉❝❡❞ ❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s ❛s✿

Pt =
(

wCP
1−µC

H,t + (1− wC)P
1−µC

F,t

)
1

1−µC ✭✸✳✷✳✶✻✮

✇❤❡r❡ Pt ✐s t❤❡ ❛❣❣r❡❣❛t❡ ♣r✐❝❡ ❧❡✈❡❧ ✭❈P■✮✱ PH,t ❛♥❞ PF,t r❡s♣❡❝t✐✈❡❧② r❡❢❡r t♦ t❤❡

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

CH,t = wC

(

PH,t

Pt

)−µC

Ct ✭✸✳✷✳✶✼✮

CF,t = (1− wC)

(

PF,t

Pt

)−µC

Ct ✭✸✳✷✳✶✽✮

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

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

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

✐s ❛❝❤✐❡✈❡❞ ❜② ❡✐t❤❡r ♠❛①✐♠✐③✐♥❣ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛ ✈❛r✐❡t② ♦❢ ❣♦♦❞s ❛♠♦♥❣ t❤❡

❞✐✛❡r❡♥t✐❛t❡❞ ❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞s s✉❜❥❡❝t t♦ t❤❡ s♣❡♥❞✐♥❣ ♦♥ ❞✐✛❡r❡♥t✐❛t❡❞ ❝♦♥s✉♠♣✲

t✐♦♥ ❣♦♦❞s ♦r ♠✐♥✐♠✐s✐♥❣ t❤❡ s♣❡♥❞✐♥❣ s✉❜❥❡❝t t♦ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ✐♥❞❡① ♦❢ ❛ ✈❛r✐❡t②

♦❢ ❣♦♦❞s✳ ❚❤❡ ❤♦✉s❡❤♦❧❞ ♣✉r❝❤❛s❡s ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s✱ i ∈ [0, 1]✱ ✐♥ ❛ r❡t❛✐❧ ♠❛r❦❡t

❛♥❞ ❝♦♠❜✐♥❡ t❤❡♠ ✐♥t♦ ❝♦♠♣♦s✐t❡ ❣♦♦❞s ✉s✐♥❣ ❛ ❈❊❙ ❛❣❣r❡❣❛t♦r ✭❢♦r ❜♦t❤ ❤♦♠❡ ❛♥❞

✐♠♣♦rt❡❞ ❣♦♦❞s✮✿

CH,t =

[

∫ 1

0

(

CH,t(i)
)

ε−1
ε

di

]
ε

1−ε

✭✸✳✷✳✶✾✮

CF,t =

[

∫ 1

0

(

CF,t(i)
)

ε−1
ε

di

]
ε

1−ε

✭✸✳✷✳✷✵✮

✼✶



❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥s✉♠♣t✐♦♥ ♠❛①✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐s ❣✐✈❡♥ ❜②✿

✭✸✳✷✳✷✶✮max
CH,t(i)

CH,t =

[

∫ 1

0

(

CH,t(i)
)

ε−1
ε

di

]
ε

1−ε

s✉❜❥❡❝t t♦ s♣❡♥❞✐♥❣ ♦♥ ❛ ✈❛r✐❡t② ♦❢ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✭❊q✉❛t✐♦♥ ✭✸✳✷✳✷✷✮✮

PH,tCH,t =

∫ 1

0

PH,t(i)CH,t(i)di ✭✸✳✷✳✷✷✮

✇❤❡r❡ ε ✐s t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s✳ ❘❡❛rr❛♥❣✐♥❣

t❤❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ♣r♦✈✐❞❡s t❤❡ ❞❡♠❛♥❞ ❢✉♥❝t✐♦♥

❢♦r ❡❛❝❤ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞ ✭❜♦t❤ ❤♦♠❡✲♣r♦❞✉❝❡❞ ❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s✮ ❛s ❢♦❧❧♦✇s✿

CH,t(i) =

(

PH,t(i)

PH,t

)−ε

CH,t ✭✸✳✷✳✷✸✮

CF,t(i) =

(

PF,t(i)

PF,t

)−ε

CF,t ✭✸✳✷✳✷✹✮

✇❤❡r❡ t❤❡ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥ ❣♦♦❞ ♣r✐❝❡ ✐♥❞❡①❡s ❛r❡ ❞❡✜♥❡❞ ❜②✿

PH,t =

[

∫ 1

0

(

PH,t(i)
)

ε−1
ε

di

]
ε

1−ε

✭✸✳✷✳✷✺✮

PF,t =

[

∫ 1

0

(

PF,t(i)
)

ε−1
ε

di

]
ε

1−ε

✭✸✳✷✳✷✻✮

✸✳✷✳✷✳✷ ■♥✈❡st♠❡♥t ❛♥❞ ●♦✈❡r♥♠❡♥t ❙♣❡♥❞✐♥❣ ❉❡♠❛♥❞

▲✐❦❡ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ❞❡♠❛♥❞✱ ✐♥✈❡st♠❡♥t ✭I✮ ❛♥❞ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ✭G✮ ❣♦♦❞s

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

st❛❣❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❛♣♣❧✐❡s t♦ I ❛♥❞ G✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❡✲

✼✷



♠❛♥❞ ❢✉♥❝t✐♦♥s ❛♥❞ ♣r✐❝❡ ✐♥❞❡①❡s ❛r❡ ♦❜t❛✐♥❡❞ ❢♦r I ❛♥❞ G✿

It =
[

(wI)
1
µI (IH,t)

µI−1

µI + (1− wI)
1
µI (IF,t)

µI−1

µI

]

µI
µI−1

✭✸✳✷✳✷✼✮

Gt =
[

(wG)
1

µG (GH,t)
µG−1

µG + (1− wG)
1

µG (GF,t)
µG−1

µG

]

µG
µG−1

✭✸✳✷✳✷✽✮

●✐✈❡♥ t❤❛t PH,t = PC
H,t = P I

H,t ❛♥❞ PF,t = PC
F,t = P I

F,t✱ ♠❛①✐♠✐③✐♥❣ ❊q✉❛t✐♦♥ ✭✸✳✷✳✷✼✮

s✉❜❥❡❝t t♦ ❛ ❣✐✈❡♥ ❛❣❣r❡❣❛t❡ ❡①♣❡♥❞✐t✉r❡ P I
t It = PH,tIH,t +PF,tIF,t ②✐❡❧❞s t❤❡ ♦♣t✐♠❛❧

❛❧❧♦❝❛t✐♦♥ ♦❢ ✐♥✈❡st♠❡♥t ❞❡♠❛♥❞ ❛s ❢♦❧❧♦✇s✿

IH,t = wI

(

PH,t

P I
t

)−µI

It ✭✸✳✷✳✷✾✮

IF,t = (1− wI)

(

PF,t

P I
t

)−µI

It ✭✸✳✷✳✸✵✮

✇❤❡r❡ t❤❡ ❛❣❣r❡❣❛t❡ ✐♥✈❡st♠❡♥t ♣r✐❝❡✱ P I
t ✭❞✐✛❡r❡♥t ❢r♦♠ ❈P■✮ ✐s ❣✐✈❡♥ ❜②✿

P I
t =

(

wIP
1−µI

H,t + (1− wI)P
1−µI

F,t

)
1

1−µI ✭✸✳✷✳✸✶✮

●✐✈❡♥ t❤❛t PH,t = PC
H,t = P I

H,t = PG
H,t ❛♥❞ PF,t = PC

F,t = P I
F,t = PG

F,t✱ ♠❛①✐♠✐③✐♥❣

❊q✉❛t✐♦♥ ✭✸✳✷✳✷✽✮ s✉❜❥❡❝t t♦ ❛ ❣✐✈❡♥ ❛❣❣r❡❣❛t❡ ❡①♣❡♥❞✐t✉r❡ PG
t Gt = PH,tGH,t+PF,tGF,t

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

GH,t = wG

(

PH,t

PG
t

)−µG

Gt ✭✸✳✷✳✸✷✮

GF,t = (1− wG)

(

PF,t

PG
t

)−µG

Gt ✭✸✳✷✳✸✸✮

✇❤❡r❡ t❤❡ ❛❣❣r❡❣❛t❡ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ♣r✐❝❡✱ PG
t ✭❞✐✛❡r❡♥t ❢r♦♠ ❈P■✮ ✐s ❣✐✈❡♥ ❜②✿

PG
t =

(

wGP
1−µG

H,t + (1− wG)P
1−µG

F,t

)
1

1−µG ✭✸✳✷✳✸✹✮

✼✸



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

❛♥❞ ✐♠♣♦rt❡❞ ✐♥✈❡st♠❡♥t ❛♥❞ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ❣♦♦❞s✳ wI ❛♥❞ wG ❛r❡ t❤❡ r❡s♣❡❝✲

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

s✐♠✐❧❛r r❡s✉❧ts ❢♦r t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣❛rt ❛r❡ ❝♦♠♣✉t❡❞ ❢♦r t❤❡ ❘♦❲ ❡❝♦♥♦♠② ❛♥❞

r❡s✉❧ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳

✸✳✷✳✸ ❋✐r♠s

❋✐r♠s ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ ✜♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡rs ❛s ✇❡❧❧ ❛s ❝❛♣✐t❛❧ ♣r♦✲

❞✉❝❡rs ❛s ✐s t❤❡ ❝❛s❡ ✐♥ t❤❡ st❛♥❞❛r❞ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ❧✐t❡r❛t✉r❡✳

✸✳✷✳✸✳✶ ❋✐♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡r ✜r♠s

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

♠❡♥t ❛♥❞ ❛ss❡♠❜❧❡ t❤❡ ❞✐✛❡r❡♥t✐❛t❡❞ ✇❤♦❧❡s❛❧❡ ❣♦♦❞s ✐♥t♦ ❛ ❜❛s❦❡t ♦❢ ❤♦♠♦❣❡♥❡♦✉s

❣♦♦❞s ❢♦r ❜♦t❤ ❤♦♠❡ ❛♥❞ ❘♦❲ ❤♦✉s❡❤♦❧❞s (CH , CF )✱ ❝❛♣✐t❛❧ ❣♦♦❞s ♣r♦❞✉❝❡rs (IH , IF )

❛♥❞ ❣♦✈❡r♥♠❡♥t (GH , GF )✳ ❆ss✉♠✐♥❣ t❤❛t ♣r❡❢❡r❡♥❝❡s ❛r❡ s②♠♠❡tr✐❝ ✐♥ t❤❡ ❤♦♠❡ ❛♥❞

t❤❡ ❢♦r❡✐❣♥ ❡❝♦♥♦♠②✱ ε = ε∗✱ t❤❡ ❈❊❙ ❛❣❣r❡❣❛t♦r ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s t♦ ❤♦✉s❡✲

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

CH,t =

(∫ 1

0

CH,t(j)
ε−1
ε dj

)

ε
ε−1

C∗
H,t =

(∫ 1

0

C∗
H,t(j)

ε−1
ε dj

)

ε
ε−1

IH,t =

(∫ 1

0

IH,t(j)
ε−1
ε dj

)

ε
ε−1

I∗H,t =

(∫ 1

0

I∗H,t(j)
ε−1
ε dj

)

ε
ε−1

GH,t =

(∫ 1

0

Gt(j)
ε−1
ε dj

)

ε
ε−1

G∗
H,t =

(∫ 1

0

G∗
t (j)

ε−1
ε dj

)

ε
ε−1

❋♦r ❡❛❝❤ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞ j✱ ❤♦♠❡ ❤♦✉s❡❤♦❧❞s ❝❤♦♦s❡ CH,t(j) ❛t ❛ ♣r✐❝❡ PH,t(j) t♦

♠❛①✐♠✐③❡ Ct ❣✐✈❡♥ t❤❡ t♦t❛❧ ❡①♣❡♥❞✐t✉r❡
∫ 1

0
PH,t(j)CH,t(j)dj✳ ❚❤❡ s❛♠❡ ❛♥❛❧♦❣② ❢♦r

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

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

✼✹



❜② t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❛❣❡♥ts s❤♦✇♥ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✳ ❆s ✐s ✐♥ ❑✐♠❜❛❧❧ ✭✶✾✾✺✮✱

t❤❡ ❈❊❙ ❛❣❣r❡❣❛t♦r ♦❢ ♦✉t♣✉t ❢♦r t❤❡ ✜♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡r ✜r♠s ✐s ❣✐✈❡♥ ❜②✿

Yt =

(∫ 1

0

Yt(j)
ε−1
ε dj

)

ε
ε−1

✭✸✳✷✳✸✺✮

❆s t❤❡ s❡tt✐♥❣ ❞❡s❝r✐❜❡❞ ✉♥❞❡r ❆♣♣❡♥❞✐① ❇✳✶✳✶✱ t❤❡ ♦♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥s r❡s✉❧t ✐♥ ❛♥

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

PH,t =

(∫ 1

0

PH,t(j)
1−εdj

)

1
1−ε

✸✳✷✳✸✳✷ ■♥t❡r♠❡❞✐❛t❡ ❣♦♦❞ ♣r♦❞✉❝❡r ✜r♠s

❆ ❝♦♥t✐♥✉✉♠ ♦❢ ✜r♠s ✐♥❞❡①❡❞ ❜② j ∈ (0, 1) ❢❛❝❡ ❛ ♣❡r❢❡❝t❧② ❝♦♠♣❡t✐t✐✈❡ ❢❛❝t♦r ♠❛r❦❡t

❛♥❞ ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t✐❛t❡❞ ♣r♦❞✉❝ts (Yt(j)) ✇❤✐❧❡ ♦♣❡r❛t✐♥❣ ✐♥ ❛ ♠♦♥♦♣♦❧✐st✐❝❛❧❧②

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

♣r♦❝❡ss ✐s ❝♦♠♠♦♥ t♦ ❛❧❧ ❞♦♠❡st✐❝ ♣r♦❞✉❝❡rs✳ ❚❤❡ ❛✈❛✐❧❛❜❧❡ t❡❝❤♥♦❧♦❣② ✐s ❣✐✈❡♥ ❜②✿

Yt(j) = F (Zt, Nt, Kt−1) = Kt−1(j)
α (ZtNt(j))

1−α ✭✸✳✷✳✸✻✮

✇❤❡r❡ α ✐s t❤❡ ✐♥❝♦♠❡ s❤❛r❡ ♦❢ ❝❛♣✐t❛❧✱ K ✐s t❤❡ ❝❛♣✐t❛❧ r❡s♦✉r❝❡ ❛♥❞ Z ✐s ❛♥ ❡①♦❣❡♥♦✉s

AR(1) ♣r♦❝❡ss t❡❝❤♥♦❧♦❣②✳ ❆♥ ✐♥t❡r♠❡❞✐❛t❡ ❣♦♦❞ ♣r♦❞✉❝❡r ✜r♠ ❢❛❝❡s ❛ ❞✉❛❧ ♣r♦❜❧❡♠

♦❢ ♣r♦✜t ♠❛①✐♠✐③❛t✐♦♥ ✭❝♦st ♠✐♥✐♠✐③❛t✐♦♥✮ ❛♥❞ ♣r✐❝❡ s❡tt✐♥❣ ❢♦r ❡❛❝❤ ✐♥t❡r♠❡❞✐❛t❡

❣♦♦❞✳ ■♥ t❤❡ ✜rst ♣r♦❜❧❡♠✱ ❡❛❝❤ ✜r♠ ❛✐♠s t♦ ♠✐♥✐♠✐③❡ t❤❡ r❡❛❧ ❝♦st ♦❢ ♣r♦❞✉❝t✐♦♥

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

❝♦♠♣❡t✐t✐✈❡ ❢❛❝t♦r ♠❛r❦❡t✳ ❉❡✜♥✐♥❣ rkt =
Rk

t

PH,t
❛s t❤❡ r❡❛❧ r❡♥t❛❧ r❛t❡ ❛♥❞ r❡❛❧ ✇❛❣❡

❛s wt = Wt

PH,t
✱ t❤❡ ♦♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥ ♦❢ ✜r♠✬s ❝♦st ♠✐♥✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ♣r♦✈✐❞❡s

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

✼✺



❝♦st ❢✉♥❝t✐♦♥✳

rkt ≡
Rk

t

Pt

= α
Yt

Kt−1

mct
PH,t

Pt

✭✸✳✷✳✸✼✮

wt ≡
Wt

Pt

= (1− α)
Yt

Nt

mct
PH,t

Pt

✭✸✳✷✳✸✽✮

mct =
1

PH,t

Pt

(

rkt
α

)α(
wt

(1− α)Zt

)1−α

✭✸✳✷✳✸✾✮

❚❤❡ r❡❛❧ ♠❛r❣✐♥❛❧ ❝♦st✱ mct ✭t❤❡ s❛♠❡ ❛❝r♦ss ✜r♠s✮ ❞❡♣❡♥❞s ♦♥ PH,t

Pt
✱ rkt , wt ❛♥❞ Zt

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

❢❛❝t♦rs t❤❛♥ ✐♥ t❤❡ ❝❧♦s❡❞ ❡❝♦♥♦♠② ♠♦❞❡❧s✳

✸✳✷✳✸✳✸ Pr✐❝❡ s❡tt✐♥❣

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

t♦ ❛ q✉❛❞r❛t✐❝ ❛❞❥✉st♠❡♥t ❝♦st ❛s ✐♥ ❘♦t❡♠❜❡r❣ ✭✶✾✽✷✮✽✳ ❋✐r♠ ❥ ♠❛①✐♠✐③❡s t❤❡

❞✐s❝♦✉♥t❡❞ ♣r❡s❡♥t ✈❛❧✉❡ ♦❢ r❡❛❧ ♣r♦✜t (Ξ) s✉❜❥❡❝t t♦ t❤❡ ✜♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡r✬s ❞❡♠❛♥❞

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

◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧❧✐♣s ❝✉r✈❡✳

ΠH,t(ΠH,t − 1) =
ε

γp

(

mctMt +
1− ε

ε

)

+ Et

[

Λs
t+1

Yt+1

Yt

(ΠH,t+1 − 1)ΠH,t+1

]

✭✸✳✷✳✹✵✮

❋♦❧❧♦✇✐♥❣ t❤❡ st❛♥❞❛r❞ ✐♥ ◆❡✇ ❑❡②♥❡s✐❛♥ ❧✐t❡r❛t✉r❡✱ t❤❡ ❘♦t❡♠❜❡r❣ ♣r✐❝❡ ❛❞❥✉st✲

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

✽❚❤❡ q✉❛❞r❛t✐❝ ♣r✐❝❡ ❛❞❥✉st♠❡♥t ❝♦st (ACt(j)) ✐s ♠❡❛s✉r❡❞ ✐♥ t❡r♠s ♦❢ t❤❡ ✜♥❛❧ ❣♦♦❞ ❛s ✐♥ ✭❇❛s✉
❛♥❞ ❇✉♥❞✐❝❦✱ ✷✵✶✼❀ ❇♦♥❝✐❛♥✐ ❛♥❞ ❱❛♥ ❘♦②❡✱ ✷✵✶✻❀ ❑❛t❛②❛♠❛ ❛♥❞ ❑✐♠✱ ✷✵✶✽❀ ▲❡❞✉❝ ❛♥❞ ▲✐✉✱ ✷✵✶✻✮✳
ACt(j) s❝❛❧❡❞ ❜② ❛❣❣r❡❣❛t❡ ♦✉t♣✉t (Yt) ❛s ✐♥ ✭❇❛s✉ ❛♥❞ ❇✉♥❞✐❝❦✱ ✷✵✶✼❀ ❇♦♥❝✐❛♥✐ ❛♥❞ ❱❛♥ ❘♦②❡✱

✷✵✶✻❀ ❑❛t❛②❛♠❛ ❛♥❞ ❑✐♠✱ ✷✵✶✽❀ ▲❡❞✉❝ ❛♥❞ ▲✐✉✱ ✷✵✶✻✮ ✐✳❡✳✱ ACt(j) =
γp

2

(

PH,t(j)
PH,t−1(j)

− 1
)2

Yt✳ ✇❤❡r❡

γp ≥ 0 ✐s t❤❡ ❞❡❣r❡❡ ♦❢ ♥♦♠✐♥❛❧ ♣r✐❝❡ r✐❣✐❞✐t② ✭❘♦t❡♠❜❡r❣✱ ✶✾✽✷✮✳ ❚♦ ❡♥s✉r❡ ❛ s✐♠✐❧❛r ❧✐♥❡❛r P❤✐❧❧✐♣s

❈✉r✈❡ ❛s t♦ t❤❡ ❈❛❧✈♦ ❢r❛♠❡✇♦r❦✱ γp ✐s s❡t ❛s γp =
(ε−1)θp

(Π2

H
(1−θp)(1−βθp))

✇❤❡r❡ θp ✐s t❤❡ ❈❛❧✈♦ ♣r✐❝❡

r✐❣✐❞✐t② ♣❛r❛♠❡t❡r✳

✼✻



❝♦♥str❛✐♥t ❛s ✐s t❤❡ ❝❛♣✐t❛❧ ❛❞❥✉st♠❡♥t ❝♦st✳

❚❤❡ ♠♦♥♦♣♦❧② ♣r♦✜t t❤❛t ✇✐❧❧ ❜❡ ❞✐str✐❜✉t❡❞ ❛s ❞✐✈✐❞❡♥❞s t♦ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s ✐s

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

✐♥ r❡❛❧ t❡r♠s ✐s ❣✐✈❡♥ ❜②✿

dt ≡
Dt

Pt

=
PH,t

Pt

(

1−mct −
γp
2

(

PH,t

PH,t−1

− 1

)2
)

Yt ✭✸✳✷✳✹✶✮

✸✳✷✳✹ ❈❛♣✐t❛❧ ♣r♦❞✉❝✐♥❣ ✜r♠s

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

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

✐♥t♦ ♥❡✇ ❝❛♣✐t❛❧✳ ❚❤❡ t❡❝❤♥♦❧♦❣② t♦ ♣r♦❞✉❝❡ ♥❡✇ ❝❛♣✐t❛❧ ✐s ❣✐✈❡♥ ❜② ηt
(

1− S
(

It
It−1

))

It

✇❤❡r❡ S
(

It
It−1

)

= φI

2

(

It
It−1

− 1
)2

It ✐s t❤❡ ✐♥✈❡st♠❡♥t ❛❞❥✉st♠❡♥t ❝♦st ✜r♠s ❢❛❝❡ ❛s ♦❢

t❤❡ ❢♦r♠ ✐♥ ❈♦♦♣❡r ❛♥❞ ❍❛❧t✐✇❛♥❣❡r ✭✷✵✵✻✮✳ ❆t t❤❡ st❡❛❞②✲st❛t❡✱ S(.) ❤❛s t❤❡ ❢♦❧✲

❧♦✇✐♥❣ ♣r♦♣❡rt✐❡s✿ S ′(.) > 0, s′′(.) > 0, S(1) = S ′(1) = 0✳ ❈❛♣✐t❛❧ ♣r♦❞✉❝❡rs ♣✉r❝❤❛s❡

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

✐♥✈❡st♠❡♥t ❣♦♦❞s t♦ ❤♦♠❡ ❣♦♦❞ (
P I
t

Pt
) s❡❧❧✐♥❣ ❛t r❡❛❧ ♣r✐❝❡ qt t♦ ♠❛①✐♠✐③❡ ❡①♣❡❝t❡❞

❞✐s❝♦✉♥t❡❞ ♣r♦✜ts ❛s ❢♦❧❧♦✇s✿

max
{It+j}

∞

0

Et

∞
∑

j=0

Λt+jΠt+j = max
{It+j}

∞

0

Et

∞
∑

j=0

Λt+j

{

ηt+jqt+j

(

1− S

(

It+j

It+j−1

))

It+j −
P I
t+j

Pt+j

It+j

}

✭✸✳✷✳✹✷✮

✇❤❡r❡ Λt+j ✐s t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r ❛♥❞ t❤❡ ♠♦t✐♦♥ ♦❢ ❛❣❣r❡❣❛t❡ ❝❛♣✐t❛❧ st♦❝❦

✐♥ t❤❡ ❡❝♦♥♦♠② ✐s ❣✐✈❡♥ ❜②✿

Kt = (1− δ)Kt−1 + ηt

(

1− S

(

It
It−1

))

It ✭✸✳✷✳✹✸✮

✼✼



❛♥❞

✭✸✳✷✳✹✹✮It =
[

(wI)
1
µI (IH,t)

µI−1

µI + (1− wI)
1
µI (IF,t)

µI−1

µI

]

µI
µI−1

❆s ✐s t❤❡ ❝❛s❡ ✐♥ ●r❡❡♥✇♦♦❞ ❡t ❛❧✳ ✭✶✾✽✽✮ ❛♥❞ ❋✐s❤❡r ✭✷✵✵✻✮✱ ηt ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞

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

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

❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞s✳

Π = ηtqt

(

1− S

(

It
It−1

))

It −
P I
t

Pt

It + max
{It+j}

∞

1

Et

∞
∑

j=1

Λt+jΠt+j ✭✸✳✷✳✹✺✮

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

❞✐s❝♦✉♥t❡❞ ✢♦✇ ♦❢ ♣r♦✜t✳ ❚❤❡ ♦♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥ ❡①♣r❡ss✐♦♥ t❛❦❡s t❤❡ ❢♦r♠✿

ηtqt

(

1− S

(

It
It−1

)

−
It
It−1

Xt

)

+ Et

(

Λs
t+1ηt+1qt+1Xt+1

I2t+1

I2t

)

=
P I
t

Pt

✭✸✳✷✳✹✻✮

✇❤❡r❡ Xt = ϕI

(

It
It−1

− 1
)

✳

❆t t❤✐s ♣♦✐♥t✱ ✇❡ ❝❛♥ ❞❡✜♥❡ t❤❡ ❣r♦ss r❡❛❧ r❡t✉r♥ ♦♥ ❝❛♣✐t❛❧ (rrkt ) ♥❡t ♦❢ ❞❡♣r❡❝✐❛t✐♦♥

❛♥❞ ❝♦r♣♦r❛t❡ ♣r♦✜t t❛① (τ kt ) ❛s ❢♦❧❧♦✇s✿

rrkt =
(1− τ kt )r

k
t + (1− δ)qt
qt−1

✭✸✳✷✳✹✼✮

❊✣❝✐❡♥t ✜♥❛♥❝✐❛❧ ✐♥t❡r♠❡❞✐❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ❙❖❊ ❝♦✉♥tr② ✐♠♣❧✐❡s t❤❡ ③❡r♦ ❛r❜✐tr❛❣❡

❝♦♥❞✐t✐♦♥ ❛♥❞ ❤❡♥❝❡ t❤❡ ❞✐s❝♦✉♥t❡❞ r❡❛❧ ❣r♦ss r❛t❡ ♦❢ ❝❛♣✐t❛❧ r❡t✉r♥ ❡q✉❛❧s t❤❡ ❞✐s✲

❝♦✉♥t❡❞ ❣r♦ss r❡❛❧ r❡t✉r♥ ♦❢ ❞♦♠❡st✐❝ ❜♦♥❞s (Rt
Pt

Pt+1
≡ Rt

EtΠt+1
)✿

Et(Λ
s
t+1rr

k
t+1) = Et

(

Λs
t+1

Πt+1

)

Rt = 1 ✭✸✳✷✳✹✽✮

✼✽



✸✳✷✳✺ ❈♦♠♠♦❞✐t② ✭▼✐♥❡r❛❧✮ s❡❝t♦r

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

✐♥ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✱ t❤✐s ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r ✭♠✐♥❡r❛❧✮ ✐s tr❡❛t❡❞ ❛s ✐ts

♦✉t♣✉t ❜❡✐♥❣ ❡①♦❣❡♥♦✉s ❝♦♥st❛♥t ❡♥❞♦✇♠❡♥t✱ Y P
t ✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ✉s❡❞ ❜②

❇❡✐❞❛s✲❙tr♦♠ ❛♥❞ P♦❣❤♦s②❛♥ ✭✷✵✶✶✮ ❛♥❞ ❑♦♥❡❜❛②❡✈ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ❛ ❤♦♠♦❣❡♥❡♦✉s

❝♦♠♠♦❞✐t② ✐s ♣r♦❞✉❝❡❞ ❜② ❛ s✐♥❣❧❡ ✜r♠ ❛♥❞ ✐s ❡♥t✐r❡❧② ❡①♣♦rt❡❞ ❛♥❞ r❡✈❡♥✉❡ ✐s ❞r✐✈❡♥

♦♥❧② ❜② t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ❝♦♠♠♦❞✐t② P ∗
p,t ❞❡♥♦♠✐♥❛t❡❞ ✐♥ ❢♦r❡✐❣♥ ❝✉rr❡♥❝②✳ ●✐✈❡♥ t❤❡

♣r✐❝❡ ♦❢ ♣❤♦s♣❤❛t❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ♠❛r❦❡t✱ P ∗
p,t ✐s ❛ss✉♠❡❞ t♦ ❜❡

❛♥ ❆❘✭✶✮ ❡①♦❣❡♥♦✉s ♣r♦❝❡ss✳ ❚❤❡ ❝♦♠♠♦❞✐t② ✐s ♣r♦❞✉❝❡❞ ❛s ✇✐♥❞❢❛❧❧ ♣r♦❞✉❝t✐♦♥✱

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

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

❚❤❡ ❣♦✈❡r♥♠❡♥t ✐s ❛ss✉♠❡❞ t♦ ♦✇♥ τ pt ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ❛♥❞ t❤❡ 1 − τ pt ✐s

tr❛♥s❢❡rr❡❞ t♦ ❘♦❚ ❤♦✉s❡❤♦❧❞s ✇❤❡r❡ τ pt ✐s ❝❛❧✐❜r❛t❡❞ ❛t ✵✳✻✳ ❚❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤✐s

s❡❝t♦r ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❞✐r❡❝t ✐♥❝r❡❛s❡ ✐♥ ❞♦♠❡st✐❝ ●❉P s✐♥❝❡ ✐ts ♣r♦❞✉❝t✐♦♥ ✐s ❛

✇✐♥❞❢❛❧❧ ❣❛✐♥✳

Y P
t = κpYt ✭✸✳✷✳✹✾✮

✇❤❡r❡ κp ✐s t❤❡ s❤❛r❡ ♦❢ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r t♦ t❤❡ t♦t❛❧ ❙❖❊ ♣r♦❞✉❝t✐♦♥✳

❍❡♥❝❡✱ ●❉P ♦❢ ▼♦r♦❝❝♦ ✐s ❣✐✈❡♥ ❜②✿

PH,tGDPt =StP
∗
p,tY

P
t + PH,tYt

■♥ r❡❛❧ t❡r♠s✱ t❤❡ ❡①♣r❡ss✐♥❣ t❛❦❡s t❤❡ ❢♦r♠✿

GDPt = Ωt
1

PH,t

Pt

P ∗
p,t

P ∗
t

Y P
t + Yt ✭✸✳✷✳✺✵✮

✇❤❡r❡ Ωt ✐s t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✳

✼✾



✸✳✷✳✻ ❊①❝❤❛♥❣❡ r❛t❡ ♣❛ss✲t❤r♦✉❣❤

❆ss✉♠✐♥❣ t❤❛t ❡①♣♦rt ♣r✐❝❡s ❛r❡ s❡t ✐♥ t❤❡ ♣r♦❞✉❝❡r✬s ❝✉rr❡♥❝② Pr♦❞✉❝❡r ❈✉rr❡♥❝②

Pr✐❝✐♥❣ ✭P❈P✮✱ t❤❡ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ (St) ✐s ❞❡✜♥❡❞ ❛s t❤❡ ♣r✐❝❡ ♦❢ ❢♦r❡✐❣♥

❝✉rr❡♥❝② ✐♥ t❡r♠s ♦❢ ❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❛♥❞ t❤❡ ▲❛✇ ♦❢ ❖♥❡ Pr✐❝❡ ✭▲❖P✮ ❤♦❧❞s ✇❤✐❝❤

✐♠♣❧✐❡s✿

PH,t = StP
∗
H,t and PF,t = StP

∗
F,t ✭✸✳✷✳✺✶✮

❆ss✉♠✐♥❣ t❤❛t t❤❡r❡ ❡①✐sts ❛ ♣❡r❢❡❝t ❡①❝❤❛♥❣❡ r❛t❡ ♣❛ss✲t❤r♦✉❣❤ ❢♦r ✐♠♣♦rts t♦ ❙❖❊s✱

P ∗
F,t = P ∗

t , StP
∗
t = PF,t✳ ❚❤❡♥✱ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐s ❣✐✈❡♥ ❜②✿

Ωt =
StP

∗
t

Pt

≡
PF,t

Pt

✭✸✳✷✳✺✷✮

✸✳✷✳✼ ❚❡r♠s ♦❢ tr❛❞❡✱ ▲❛✇ ♦❢ ♦♥❡ ♣r✐❝❡ ✭▲❖P✮ ❛♥❞ ✐♥✢❛t✐♦♥

❚❡r♠s ♦❢ tr❛❞❡ ✭Ψ✮ r❡✢❡❝ts t❤❡ ❙❖❊✬s ❝♦♠♣❡t✐t✐✈❡♥❡ss ✐♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ♠❛r❦❡t✳ ■t

✐s ❞❡✜♥❡❞ ❛s t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❡❞ ❣♦♦❞s t♦ ❞♦♠❡st✐❝ ❣♦♦❞s✳✾

Ψt =
PF,t

PH,t

≡
StP

∗
F,t

PH,t

✭✸✳✷✳✺✸✮

❙✐♠✐❧❛r❧②✱ t❡r♠s ♦❢ tr❛❞❡ ❢♦r t❤❡ ❘♦❲ ❜❧♦❝❦ ✐s Ψ∗
t ≡

P ∗

H,t

P ∗

F,t

✳

Ψt =
PF,t

PH,t

=
StP

∗
F,t

StP ∗
H,t

=
P ∗
H,t

P ∗
F,t

=
1

Ψ∗
t

✭✸✳✷✳✺✹✮

✾❚❤✐s ✐s ❛♥ ✐♥✈❡rs❡ ♦❢ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ t❡r♠s ♦❢ tr❛❞❡ ✭t❤❡ r❛t✐♦ ♦❢ ❡①♣♦rt ♣r✐❝❡ t♦
✐♠♣♦rt ♣r✐❝❡✮✳ ❚❤❡ ✐♥✈❡rs❡ ❞❡✜♥✐t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ✐❧❧✉str❛t❡ ❛ ♣♦s✐t✐✈❡ s❤♦❝❦ ✐♥Ψ ❛s ❛ ❞❡t❡r✐♦r❛t✐♦♥
t♦ t❤❡ ❙❖❊✬s ❝♦♠♣❡t✐t✐✈❡♥❡ss ✐♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ♠❛r❦❡t ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

✽✵



●r♦ss ✐♥✢❛t✐♦♥ t❡r♠s ❛r❡ ❣✐✈❡♥ ❜②✿

Πt =
Pt

Pt−1

✭✸✳✷✳✺✺✮

ΠH,t =
PH,t

PH,t−1

✭✸✳✷✳✺✻✮

ΠF,t =
PF,t

PF,t−1

✭✸✳✷✳✺✼✮

❚♦ ✐❧❧✉str❛t❡ t❤❡ ❡✛❡❝t ♦❢ ▼♦r♦❝❝♦✬s ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ❝♦♠♣❡t✐t✐✈❡♥❡ss ♦♥ ✐ts ❡❝♦♥✲

♦♠②✱ ❛♥ ❆❘✭✶✮ ♣r♦❝❡ss t❡r♠s ♦❢ tr❛❞❡ s❤♦❝❦ (tot) ✐s ✐♥tr♦❞✉❝❡❞

❋r♦♠ Ψt =
PF,t

PH,t
✱ Ψt−1 =

PF,t−1

PH,t−1
⇒ Ψt

Ψt−1
=

ΠF,t

ΠH,t
✳

❲✐t❤ t❤❡ ❆❘✭✶✮ ♣r♦❝❡ss t❡r♠s ♦❢ tr❛❞❡ s❤♦❝❦ t❛❦❡s t❤❡ ❢♦r♠✿

log

(

Ψt

Ψt−1

)

= log

(

ΠF,t

ΠH,t

)

− log

(

tott
tott−1

)

✭✸✳✷✳✺✽✮

❆s ♠♦st ♦❢ ♦✉r ❡①♣r❡ss✐♦♥s ✐♥ t❤❡ ♠♦❞❡❧ ✐♥✈♦❧✈❡ r❡❧❛t✐✈❡ ♣r✐❝❡ r❛t✐♦s✱ t❤❡ ❡①♣r❡ss✐♦♥ ✐♥

❊q✉❛t✐♦♥ ✸✳✷✳✶✻ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡st❛❜❧✐s❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❣❣r❡❣❛t❡ ✐♥✢❛t✐♦♥ ❡①♣r❡ss✐♦♥✿

Πt =

[

wC

(

ΠH,t
PH,t−1

Pt−1

)1−µC

+ (1− wC)

(

ΠF,t
PF,t−1

Pt−1

)1−µC

] 1
1−µC

✭✸✳✷✳✺✾✮

❚❤❡ s❛♠❡ ♣r✐❝❡ ❛♥❞ t❡r♠s ♦❢ tr❛❞❡ r❛t✐♦ ❡①♣r❡ss✐♦♥s ❛r❡ s♣❡❝✐✜❡❞ t♦ s✐♠♣❧✐❢② ♥♦t❛t✐♦♥s

❛s ❞❡s❝r✐❜❡❞ ✉♥❞❡r ❆♣♣❡♥❞✐① ❇✳✷✳

✸✳✷✳✽ ❊①♣♦rt ❞❡♠❛♥❞ t♦ t❤❡ ❙❖❊

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

♠❛♥❞ t❤❛t r❡♣r❡s❡♥ts t❤❡ ❡①♣♦rt ❞❡♠❛♥❞s t♦ t❤❡ ❙❖❊ ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ✐♥ t❤❡ s❛♠❡

✽✶



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

C∗
H,t = (1− w∗

C)

(

P ∗
H,t

P ∗
t

)−µ∗

C

C∗
t ≡ (1− w∗

C)

(

1
St
PH,t

1
St
PF,t

)−µ∗

C

C∗
t ≡ (1− w∗

C)

(

1

Ψt

)−µ∗

C

C∗
t

I∗H,t = (1− w∗
I )

(

P ∗
H,t

P ∗I
t

)−µ∗

I

I∗t ≡ (1− w∗
I )

(

1
St
PH,t

1
St
P I
t

)−µ∗

I

I∗t ≡ (1− w∗
I )

(

PH,t

P I
t

)−µ∗

I

I∗t

G∗
H,t = (1− w∗

G)

(

P ∗
H,t

P ∗G
t

)−µ∗

G

G∗
t ≡ (1− w∗

G)

(

1
St
PH,t

1
St
PG
t

)−µ∗

G

G∗
t ≡ (1− w∗

G)

(

PH,t

PG
t

)−µ∗

G

G∗
t

❆❝❝♦r❞✐♥❣❧②✱ t❤❡ t♦t❛❧ ✭✐♥❝❧✉❞✐♥❣ t❤❡ ❡♥t✐r❡❧② ❡①♣♦rt❡❞ ♣❤♦s♣❤❛t❡ ♣r♦❞✉❝t✐♦♥✮ ❡①♣♦rt

❢♦r t❤❡ ❙❖❊ ✐s ❣✐✈❡♥ ❜②✿

EXt = C∗
H,t + I∗H,t +G∗

H,t + Y p
t ✭✸✳✷✳✻✵✮

❙✐♥❝❡ t❤❡ ❘♦❲ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❛ ❝❧♦s❡❞ ❡❝♦♥♦♠②✶✵✱ C∗
H,t = I∗H,t = G∗

H,t = 0✳

❍♦✇❡✈❡r✱ t❤❡ ❡①♣♦rt ❢♦r t❤❡ ❙❖❊ ✐s ❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦✳ ❚♦ ❡♥s✉r❡ t❤❡s❡ ❝♦♥❞✐t✐♦♥s

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

❛♥❞ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ❣♦♦❞s t♦ t❤❡ ❙❖❊✬s ●❉P ❛r❡ ✉s❡❞ t♦ ❡st❛❜❧✐s❤ t❤❡ st❡❛❞②

st❛t❡ ❡①♣r❡ss✐♦♥s✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡s❡ ♣r♦♣♦rt✐♦♥s ❢♦r t❤❡ ❙❖❊✱ ✇❡ ✇r✐t❡ t❤❡ st❡❛❞②

st❛t❡ ❛s✿

EXt = csexEXss + isexEXss + gsexEXss ✭✸✳✷✳✻✶✮

■♥❝❧✉❞✐♥❣ t❤❡ ♣❤♦s♣❤❛t❡ s❡❝t♦r ❡①♣♦rt✿

EXt =

(

csex + isex + gsex +
1

PH,t

Pt

Ωt

P ∗
P,t

P ∗
t

Y P
t

Yt

)

Yt ✭✸✳✷✳✻✷✮

✇❤❡r❡ csex✱ isex✱ ❛♥❞ gsex ❛r❡ t❤❡ r❡s♣❡❝t✐✈❡ ●❉P s❤❛r❡s ♦❢ ❝♦♥s✉♠♣t✐♦♥✱ ✐♥✈❡st♠❡♥t✱

✶✵❚❤❡ ❘♦❲ ❡❝♦♥♦♠② ✐s ❝♦♥s✐❞❡r❡❞ ❛ ❝❧♦s❡❞ ❡❝♦♥♦♠②✱ ❞❡s♣✐t❡ t❤❡ ❡①✐st✐♥❣ ✐♠♣♦rt ♦❢ ♠✐♥❡r❛❧ ♣r♦✲
❞✉❝t✐♦♥ ❢r♦♠ t❤❡ ❙❖❊✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ❘♦❲ ❡❝♦♥♦♠② ✐s t♦♦ ❧❛r❣❡ ❛♥❞ t❤✐s ✐♠♣♦rt
✐s ✐♥✜♥✐t❡❧② s♠❛❧❧ r❡❧❛t✐✈❡ t♦ t❤❡ ❘♦❲ ❡❝♦♥♦♠②✳✳

✽✷



❛♥❞ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ❡①♣♦rt ❣♦♦❞s✳ ❚❤❡ st❡❛❞②✲st❛t❡ ✈❛❧✉❡s ❢♦r csex✱ isex✱ ❛♥❞

gsex ❛r❡ ❝❛❧✐❜r❛t❡❞ ❜❛s❡❞ ♦♥ tr❛❞❡ st❛t✐st✐❝s ❢r♦♠ ❲■❚❙✳

✸✳✷✳✾ ❘✐s❦ ♣r❡♠✐✉♠

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

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

t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ❛ ♥❡❝❡ss❛r② ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ st❛t✐♦♥❛r✐t② ♦❢

♦✉r ♠♦❞❡❧✳ ❋♦❧❧♦✇✐♥❣ ❙❝❤♠✐tt✲●r♦❤é ❛♥❞ ❯r✐❜❡ ✭✷✵✵✸✮ ❛♥❞ ◆❣✉②❡♥ ✭✷✵✷✵✮✱ ❛❝❝❡ss t♦

❢♦r❡✐❣♥ ❛ss❡ts ✐s s✉❜❥❡❝t t♦ ❛ ♣r❡♠✐✉♠ t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ ❙❖❊✬s ❡①♣♦s✉r❡ t♦ t♦t❛❧

❡①t❡r♥❛❧ ❞❡❜t✳ ❚❤❡ r✐s❦ ♣r❡♠✐✉♠ t❛❦❡s t❤❡ ❢♦r♠✿

Φt(.) = exp

(

−ϕB

(

BF,t

PH,t−1

Pt
Yt

))

✭✸✳✷✳✻✸✮

✇❤❡r❡ BF,t ✐s t❤❡ ❛♠♦✉♥t ♦❢ ❙❖❊✬s ❡①t❡r♥❛❧ ❞❡❜t ❞❡♥♦♠✐♥❛t❡❞ ✐♥ t❡r♠s ♦❢ t❤❡ ❙❖❊✬s

❝♦♥s✉♠♣t✐♦♥ ✉♥✐ts✳ ϕB > 0 ✐s t❤❡ r✐s❦ ♣r❡♠✐✉♠ ❡❧❛st✐❝✐t②✳ Φ(0) = 0✱ Φ′(.) < 0✳

✸✳✷✳✶✵ ❋♦r❡✐❣♥ ❛ss❡t ♣♦s✐t✐♦♥

❚❤❡ ❙❖❊✬s ❢♦r❡✐❣♥ ❛ss❡t ♣♦s✐t✐♦♥ ✐s ❣✐✈❡♥ ❜②✿

BF,t =
Πs

t

Πt

BF,t−1 + TBt ✭✸✳✷✳✻✹✮

✇❤❡r❡ TB ✐s t❤❡ tr❛❞❡ ❜❛❧❛♥❝❡ ❣✐✈❡♥ ❜②✿

TBt = Ωt

P ∗
P,t

P ∗
t

Y P
t +

PH,t

Pt

Yt − Ct −
P I
t

Pt

It −
PG
t

Pt

Gt ✭✸✳✷✳✻✺✮
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✸✳✷✳✶✶ ▼♦♥❡t❛r② P♦❧✐❝②

❆ st❛♥❞❛r❞ ❚❛②❧♦r✲t②♣❡ ✇✐t❤ ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t r✉❧❡ ✐s ❡♠♣❧♦②❡❞ ❢♦r t❤❡ ❙❖❊

❛s t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ Rt ❢♦❧❧♦✇s t❤❡ ♥♦♠✐♥❛❧ ♣♦❧✐❝② r✉❧❡✿

log

(

Rt

R

)

= ρr log

(

Rt−1

R

)

+(1− ρr)

[

θr,Π log

(

Πt−1

Π

)

+ θr,s log

(

Πs,t−1

Πs

)

+θr,y log

(

Yt

Y

)

]

+ ϵr,t ✭✸✳✷✳✻✻✮

✇❤❡r❡ ρr ✐s t❤❡ ♣❡rs✐st❡♥❝❡ t❡r♠✱ θr,Π✱ θr,Y ❛♥❞ θr,Πs r❡s♣❡❝t✐✈❡❧② r❡♣r❡s❡♥ts t❤❡ ♠♦♥✲

❡t❛r② ♣♦❧✐❝② ❢❡❡❞❜❛❝❦ ♣❛r❛♠❡t❡rs t♦ ✐♥✢❛t✐♦♥✱ ♦✉t♣✉t ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡ ❞❡✈✐❛t✐♦♥s

❢r♦♠ t❤❡✐r st❡❛❞② st❛t❡✳ ϵt ✐s ❛ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦✳ ❚❤❡ ♠♦♥❡t❛r② ♣♦❧✐❝② r✉❧❡

✐♥ ❘♦❲ ❤♦✇❡✈❡r ✐s t❤❡ st❛♥❞❛r❞ ❚❛②❧♦r r✉❧❡ ✇✐t❤ ✐♥✢❛t✐♦♥ ❛♥❞ ♦✉t♣✉t ❢❡❡❞❜❛❝❦ r❡✲

s♣♦♥s❡s✳

✸✳✷✳✶✷ ❋✐s❝❛❧ ❆✉t❤♦r✐t②

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

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

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

✐s ❣✐✈❡♥ ❜②✿

PG
t

Pt
Gt +

Rt−1

Πt
BGH,t−1 = Tt +BGH,t + wtNtτ

w
t + ((rkt − δqt)Kt−1 + dt)τ

k
t + τ

p
t Ωt

P ∗
p,t

P ∗
t

Y
p
t

❚❤❡ ✜s❝❛❧ ❛✉t❤♦r✐t✐❡s t❛① ✐♥str✉♠❡♥ts ❛r❡ τw, τ ∗w, τ k, τ ∗k✳ ❚♦ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢

✜s❝❛❧ ♣♦❧✐❝② ✐♥str✉♠❡♥ts✱ t❤❡ ❛♣♣r♦❛❝❤ ❡♠♣❧♦②❡❞ ❜② ❈❛♥t♦r❡ ❡t ❛❧✳ ✭✷✵✶✾✮ ❛♥❞ ❇❛t✐♥✐

❡t ❛❧✳ ✭✷✵✷✶✮ ✐s ✉s❡❞ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ t❛① ❛♥❞ ❡①♣❡♥❞✐t✉r❡ ✐♥str✉♠❡♥ts ❝❛♥ ❜❡

r❡❞✉❝❡❞ ❛ss✉♠✐♥❣ t❤❛t ❛❧❧ t❤❡ ✜s❝❛❧ ♣♦❧✐❝② ✐♥str✉♠❡♥ts ❞❡✈✐❛t❡ ❢r♦♠ t❤❡✐r r❡s♣❡❝t✐✈❡
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st❡❛❞② st❛t❡ ❜② t❤❡ s❛♠❡ ♣r♦♣♦rt✐♦♥✳

τwt = τtτ
w
ss, τ kt = τtτ

k
ss, Tt = gtTss, Gt = gtGss

log

(

τt
τss

)

= ρτ log

(

τt−1

τss

)

+ θτ,y log

(

Yt−1

Yss

)

+ θτ,bg log

(

BGH,t−1

BGH,ss

)

+ ϵτ,t

log

(

gt
gss

)

= ρg log

(

gt−1

gss

)

− θg,y log

(

Yt−1

Yss

)

− θg,bg log

(

BGH,t−1

BGH,ss

)

+ ϵg,t

✇❤❡r❡ ρτ ❛♥❞ ρg ❣♦✈❡r♥ t❤❡ ♣❡rs✐st❡♥❝❡ ♦❢ ✜s❝❛❧ ♣♦❧✐❝② ✐♥str✉♠❡♥ts ✇❤✐❧❡ θg,y ❛♥❞ θτ,y

❛r❡ t❤❡ ✐♥str✉♠❡♥t✬s r❡s♣♦♥s✐✈❡♥❡ss t♦ t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ ♦✉t♣✉t ❢r♦♠ ✐ts st❡❛❞② st❛t❡✳

❙✐♠✐❧❛r❧② θg,bg ❛♥❞ θτ,bg r❡♣r❡s❡♥t t❤❡ ✐♥str✉♠❡♥t✬s r❡s♣♦♥s✐✈❡♥❡ss t♦ t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢

❣♦✈❡r♥♠❡♥t ❞❡❜t ❢r♦♠ ✐ts st❡❛❞② st❛t❡✳

✸✳✷✳✶✸ ▼❛r❦❡t ❝❧❡❛r✐♥❣ ❝♦♥❞✐t✐♦♥s

✸✳✷✳✶✸✳✶ ▼❛r❦❡t ❝❧❡❛r✐♥❣ ❢♦r ♣✉❜❧✐❝ ❜♦♥❞

❚❤❡ ♠❛r❦❡t ❡q✉✐❧✐❜r✐✉♠ r❡s♦✉r❝❡ ❝♦♥str❛✐♥t ❝♦♥❞✐t✐♦♥ ✐s s❛t✐s✜❡❞ ❜②✿

Yt = CH,t + C∗
H,t + IH,t + I∗H,t +GH,t +G∗

H,t +
γp
2
(ΠH,t − 1)2 Yt ✭✸✳✷✳✻✼✮

✸✳✷✳✶✹ ❊①♦❣❡♥♦✉s s❤♦❝❦ ♣r♦❝❡ss❡s

❆ t♦t❛❧ ♦❢ ♥✐♥❡ str✉❝t✉r❛❧ s❤♦❝❦s ❛r❡ ✐❞❡♥t✐✜❡❞ ✐♥ t❤❡ ❙❖❊ ♠♦❞❡❧ t❤❛t ✐♥❝❧✉❞❡s✱ ♣r❡❢✲

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

✜❝✐❡♥❝② ♦❢ ✐♥✈❡st♠❡♥t s❤♦❝❦✱ t❡r♠s ♦❢ tr❛❞❡ s❤♦❝❦✱ ✷ ✜s❝❛❧ ♣♦❧✐❝② st❛❜✐❧✐③❡r s❤♦❝❦s✱

♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦✱ ❛♥❞ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦✳ ❙✐♥❝❡ t❤❡ ♣r♦❝❡ss❡s ❢♦r ♠♦♥❡✲

t❛r② ♣♦❧✐❝② ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝② ❛r❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ s❡❝t✐♦♥ ❜❡❢♦r❡✱ t❤❡ ♣r♦❝❡ss❡s ❢♦r t❤❡
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r❡♠❛✐♥✐♥❣ s❤♦❝❦s ❛r❡ ♣r❡s❡♥t❡❞ ❜❡❧♦✇✳

log bt − log b = ρz(log bt−1 − log b) + ϵb,t ✭✸✳✷✳✻✽✮

logZt − logZ = ρz(logZt−1 − logZ) + ϵz,t ✭✸✳✷✳✻✾✮

log ηt − log η = ρη(log ηt−1 − log η) + ϵη,t ✭✸✳✷✳✼✵✮

logMt − logM = ρM(logMt−1 − logM) + ϵm,t ✭✸✳✷✳✼✶✮

log tott − log tot = ρtot(log tott−1 − log tot) + ϵtot,t ✭✸✳✷✳✼✷✮

logP ∗
P,t − logP ∗

P = ρP ∗

M
(logP ∗

P,t−1 − logP ∗
P ) + ϵP ∗

p,t
✭✸✳✷✳✼✸✮

✇❤❡r❡ ϵis ❛r❡ t❤❡ r❡s♣❡❝t✐✈❡ s❤♦❝❦s t♦ t❤❡ ♣r♦❝❡ss❡s✳ ❋♦r t❤❡ ❘♦❲ ❡❝♦♥♦♠②✱ t❡r♠s ♦❢

tr❛❞❡ ❛r❡ ♥♦t r❡❧❡✈❛♥t✳

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

♦❢ t❤❡ ❙❖❊ ❛♥❞ ✐ts ❛❜✐❧✐t② t♦ tr❛❞❡ ❢♦❧❧♦✇✐♥❣ ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ♣r✐❝❡s ♦❢ ✐♥t❡r♥❛✲

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

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

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

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

✐♥ ❤♦✉s❡❤♦❧❞s✬ ✐♥t❡rt❡♠♣♦r❛❧ ❝❤♦✐❝❡s✱ ❛❣❣r❡❣❛t❡ ♣r♦❞✉❝t✐✈✐t②✱ ♠❛r❣✐♥❛❧ ❡✣❝✐❡♥❝② ♦❢

✐♥✈❡st♠❡♥t✱ ❛♥❞ ❝❤❛♥❣❡s ✐♥ ✜r♠s✬ ❞❡❣r❡❡ ♦❢ ♠❛r❦❡t ♣♦✇❡r ♦♥ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥✲

♦♠②✳ ❋✐s❝❛❧ ❛♥❞ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦s ❛r❡ ❛❧s♦ ✐♥❝❧✉❞❡❞ t♦ ❝❛♣t✉r❡ t❤❡ r❡s♣❡❝t✐✈❡

❡❝♦♥♦♠✐❝ ❡✛❡❝ts ♦❢ ❣♦✈❡r♥♠❡♥t ✜s❝❛❧ ❛♥❞ ❝❡♥tr❛❧ ❜❛♥❦ ♠♦♥❡t❛r② ♣♦❧✐❝② ♦♣❡r❛t✐♦♥s✳
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✸✳✸ ❉❛t❛ ❛♥❞ ❊st✐♠❛t✐♦♥ ❙tr❛t❡❣②

✸✳✸✳✶ ❉❛t❛ ❛♥❞ ❈❤♦✐❝❡ ♦❢ ❖❜s❡r✈❛❜❧❡

❆ s❡t ♦❢ ♦❜s❡r✈❛❜❧❡ ✈❛r✐❛❜❧❡s ✐s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ♠♦❞❡❧s ❢♦r ❜♦t❤ t❤❡ ❘♦❲ ❛♥❞

❙❖❊ ❡❝♦♥♦♠✐❡s✳ ❚♦ ♦✈❡r❝♦♠❡ t❤❡ st♦❝❤❛st✐❝ s✐♥❣✉❧❛r✐t② ♣r♦❜❧❡♠ ❞✉r✐♥❣ ❡st✐♠❛t✐♦♥✱

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

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

s❤♦❝❦s ✐♥ t❤❡ ❘♦❲ ♠♦❞❡❧ ❜❧♦❝❦✱ ✇❤✐❧❡ ♥✐♥❡ ♦❜s❡r✈❛❜❧❡s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ♥✐♥❡ s❤♦❝❦s ✐♥

t❤❡ ❙❖❊ ❜❧♦❝❦✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ♦❜s❡r✈❛❜❧❡ ❛♥❞ ♣r✐♦r ❞✐str✐❜✉t✐♦♥s ❢♦r t❤❡ ❘♦❲ ✐s ♠❛✐♥❧②

❜❛s❡❞ ♦♥ t❤❡ ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ ❧✐t❡r❛t✉r❡ ✭❙♠❡ts ❛♥❞ ❲♦✉t❡rs ✭✷✵✵✼❜✮✮✳ ❍♦✇❡✈❡r✱ ✐♥

t❤❡ ❛❜s❡♥❝❡ ♦❢ ❛ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✱ t❤❡ ❝❤♦✐❝❡

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

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

❚♦ ❡st✐♠❛t❡ t❤❡ ❊❯ ❜❧♦❝❦ ♠♦❞❡❧✱ ❞❛t❛ ♦♥ ♦❜s❡r✈❛❜❧❡ ✈❛r✐❛❜❧❡s ♦❢ ♦✉t♣✉t✱ ♣r✐✈❛t❡

❝♦♥s✉♠♣t✐♦♥✱ ♣r✐✈❛t❡ ✐♥✈❡st♠❡♥t✱ ❝♦♥s✉♠❡r ♣r✐❝❡✱ ✐♥t❡r❡st r❛t❡✱ ❤♦✉rs ♦❢ ✇♦r❦✱ ❛♥❞

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

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

✐♥✈❡st♠❡♥t✱ ❝♦♥s✉♠❡r ♣r✐❝❡✱ ✐♥t❡r❡st r❛t❡✱ ♣r✐❝❡ ♦❢ ♣❤♦s♣❤❛t❡✱ ❡①❝❤❛♥❣❡ r❛t❡✱ t❡r♠s ♦❢

tr❛❞❡ ❛♥❞ ❞♦♠❡st✐❝ ♣✉❜❧✐❝ ❞❡❜t ❛r❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❙❖❊ ♠♦❞❡❧✳ ❆❧❧ t❤❡ s❡r✐❡s

❛r❡ s❡❛s♦♥❛❧❧② ❛❞❥✉st❡❞ ❛♥❞ ❛r❡ ✐♥ q✉❛rt❡r❧② ❢r❡q✉❡♥❝② t❤❛t r❛♥❣❡s ❢r♦♠ ✶✾✾✾✿◗■ t♦

✷✵✶✾✿◗■❱✳ ❙✐♥❝❡ t❤❡r❡ ✐s ♥♦ ❡♥❞♦❣❡♥♦✉s tr❡♥❞ ✐♥ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ ♠♦❞❡❧ ✐s ❡①♣r❡ss❡❞

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

r❡s✉❧t✱ ❛❧❧ ♥♦♠✐♥❛❧ ✈❛r✐❛❜❧❡s ❛r❡ ❞❡✢❛t❡❞ ❜② t❤❡ ♣r✐❝❡ ✐♥❞❡①✱ ❛♥❞ t❤❡ ✜rst ❞✐✛❡r❡♥❝❡s

❛r❡ ❛♣♣❧✐❡❞ t♦ ✜❧t❡r t❤❡ r❛✇ ❞❛t❛✱ ❡①❝❡♣t ❢♦r ✐♥✢❛t✐♦♥✱ ❡①❝❤❛♥❣❡ r❛t❡✱ ❛♥❞ ✐♥t❡r❡st

r❛t❡s✳ ❋♦r ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥✢❛t✐♦♥✱ ✐♥✢❛t✐♦♥ ♦❢ ♣❤♦s♣❤❛t❡ ♣r✐❝❡✱ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡s✱

❧♦❣ ❞✐✛❡r❡♥❝❡s ♦❢ t❤❡ r♦✇ ❞❛t❛ ❛r❡ ✉s❡❞✳ ❙✐♥❝❡ t❤❡ ♠♦❞❡❧ ✐s ✇r✐tt❡♥ ✐♥ q✉❛rt❡r❧②

❢r❡q✉❡♥❝② ❛♥❞ ❣r♦ss ✐♥t❡r❡st r❛t❡ ✐s ✉s❡❞ ❢♦r ❡st✐♠❛t✐♦♥✱ t❤❡ ❛♥♥✉❛❧✐③❡❞ ❣r♦ss ✐♥t❡r❡st

✽✼



r❛t❡ ✐s tr❛♥s❢♦r♠❡❞ ✐♥t♦ q✉❛rt❡r❧② ❢r❡q✉❡♥❝② ✉s✐♥❣ t❤❡ ❣❡♦♠❡tr✐❝ ♠❡❛♥ ❛♣♣r♦①✐♠❛t✐♦♥✱

Robs
t =

(

Rdata
t

4

)

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

✉♥❞❡r ❚❛❜❧❡s ❇✳✶ ❛♥❞ ❇✳✷ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✱ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ♦❜s❡r✈❛❜❧❡ ✈❛r✐❛❜❧❡s

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

✸✳✸✳✷ ❖❜s❡r✈❛❜❧❡s ❛♥❞ ▼❡❛s✉r❡♠❡♥t ❊q✉❛t✐♦♥s

✸✳✸✳✷✳✶ ❊❯ ❡❝♦♥♦♠②

❱❛r✐❛❜❧❡s ❉❡s❝r✐♣t✐♦♥ ❈♦♥str✉❝t✐♦♥

Y ∗obs
t ❘❡❛❧ ●❉P ln

(

GDP ∗

t /Pop∗t
PI∗t

)

∗ 100

C∗obs
t ❘❡❛❧ ♣r✐✈❛t❡ ❝♦♥s✉♠♣t✐♦♥ ln

(

C∗

t/Pop∗t
PI∗t

)

∗ 100

I∗obst ❘❡❛❧ ♣r✐✈❛t❡ ✐♥✈❡st♠❡♥t ln

(

I∗t/Pop∗t
PI∗t

)

∗ 100

R∗obs
t ❙❤❛❞♦✇ r❛t❡ ln

(

R∗

4∗100

)

∗ 100

W ∗obs
t ❘❡❛❧ ✇❛❣❡ ln

(

W ∗

PI∗t

)

∗ 100

N∗obs
t ▲❛❜♦✉r s✉♣♣❧② ln

(

N∗

t

Pop∗t

)

∗ 100

Π∗obs
t ■♥✢❛t✐♦♥ ln

(

PI∗t
PI∗t−1

)

∗ 100

❚❛❜❧❡ ✸✳✶✿ ❉❛t❛ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ ♦❜s❡r✈❛❜❧❡s ❢♦r t❤❡ ❊❯ ❡❝♦♥♦♠②

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

❵ss✬✱ t❤❡ ♠❡❛s✉r❡♠❡♥t ❡q✉❛t✐♦♥s ❢♦r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❘♦❲ ♠♦❞❡❧ ❛r❡ ❣✐✈❡♥ ❜②✿







































Y ∗obs
t

C∗obs
t

I∗obst

R∗obs
t

W ∗obs
t

N∗obs
t

Π∗obs
t







































=









































(

log
(

Y ∗

t

Y ∗

ss

)

− log
(

Y ∗

t−1

Y ∗

ss

))

∗ 100
(

log
(

C∗

t

C∗

ss

)

− log
(

C∗

t−1

C∗

ss

))

∗ 100
(

log
(

I∗t
I∗ss

)

− log
(

I∗t−1

I∗ss

))

∗ 100
(

log
(

R∗

t

R∗

ss

))

∗ 100
(

log
(

W ∗

t

W ∗

ss

)

− log
(

W ∗

t−1

W ∗

ss

))

∗ 100
(

log
(

N∗

t

N∗

ss

)

− log
(

N∗

t−1

N∗

ss

))

∗ 100
(

log
(

Π∗

t

Π∗

ss

))

∗ 100
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✸✳✸✳✷✳✷ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②

❱❛r✐❛❜❧❡s ❉❡s❝r✐♣t✐♦♥ ❈♦♥str✉❝t✐♦♥

Y obs
t ❘❡❛❧ ●❉P ln

(

GDPt/Popt
CPIt

)

∗ 100

Cobs
t ❘❡❛❧ ♣r✐✈❛t❡ ❝♦♥s✉♠♣t✐♦♥ ln

(

Ct/Popt
CPIt

)

∗ 100

Iobst ❘❡❛❧ ♣r✐✈❛t❡ ✐♥✈❡st♠❡♥t ln

(

It/Popt
CPIt

)

∗ 100

Dobs
t ❘❡❛❧ ❣♦✈❡r♥♠❡♥t ❞❡❜t ln

(

Dt/Popt
CPIt

)

∗ 100

Robs
t ■♥t❡r❡st r❛t❡ ln

(

Rt

4∗100

)

∗ 100

Πobs
s,t ❉❡♣r❡❝✐❛t✐♦♥ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ln

(

Et

Et−1

)

∗ 100

Πobs
p,t ■♥✢❛t✐♦♥ ♦❢ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ ln

(

PPt

PI∗t

)

∗ 100

Ψobs
t ❚❡r♠s ♦❢ tr❛❞❡ ln (TOTt) ∗ 100

Πobs
t ■♥✢❛t✐♦♥ ln

(

CPIt
CPIt−1

)

∗ 100

❚❛❜❧❡ ✸✳✷✿ ❉❛t❛ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ ♦❜s❡r✈❛❜❧❡s ❢♦r t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②

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

❵ss✬✱ t❤❡ ♠❡❛s✉r❡♠❡♥t ❡q✉❛t✐♦♥s ❢♦r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❙❖❊ ♠♦❞❡❧ ❛r❡ ❣✐✈❡♥ ❜②✿





















































Y obs
t

Cobs
t

Iobst

Dobs
t

Ψobs
s,t

Robs
t

Πobs
s,t

Πobs
p,t

Πobs
t





















































=























































(

log
(

Yt

Yss

)

− log
(

Yt−1

Yss

))

∗ 100
(

log
(

Ct

Css

)

− log
(

Ct−1

Css

))

∗ 100
(

log
(

It
Iss

)

− log
(

It−1

Iss

))

∗ 100
(

log
(

Dt

Dss

)

− log
(

Dt−1

Dss

))

∗ 100
(

log
(

Ψt

Ψss

)

− log
(

Ψt−1

Ψss

))

∗ 100
(

log
(

Rt

Rss

))

∗ 100
(

log
(

Πs,t

Πs,ss

))

∗ 100
(

log
(

Πp,t

Πp,ss

))

∗ 100
(

log
(

Πt

Πss

))

∗ 100
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✸✳✸✳✸ ❇❛②❡s✐❛♥ ❊st✐♠❛t✐♦♥

❚❤❡ ❉❙●❊ ♠♦❞❡❧s ❢♦r ❜♦t❤ ❙❖❊ ❛♥❞ ❘♦❲ ❜❧♦❝❦s ❛r❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❇❛②❡s✐❛♥

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

s❡r✈❡❞ ❞❛t❛ ❛♥❞ ♣r✐♦r ❡①t❡r♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st✳ ■♥ ✐ts ❜r✐❡❢

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

t❤❡ ♣r✐♦r ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❡♠♣❧♦②s ❇❛②❡s✬s t❤❡♦r❡♠ t♦ ❝♦♥t✐♥✉♦✉s❧② ✉♣❞❛t❡ t❤❡ ♣❛✲

r❛♠❡t❡rs ✉s✐♥❣ t❤❡ ♦❜s❡r✈❡❞ ❞❛t❛✳ ❚❤❡♥✱ ❛ ▼❡tr♦♣♦❧✐s✲❍❛st✐♥❣s ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞

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

❜❛s❡❞ ♦♥ ❛ s❛♠♣❧❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥ ✉s✐♥❣ t❤❡ ▼♦♥t❡✲❈❛r❧♦✲

▼❛r❦♦✈✲❈❤❛✐♥ ▼❡tr♦♣♦❧✐s✲❍❛st✐♥❣s ✭▼❈▼❈✲▼❍✮ ❛❧❣♦r✐t❤♠ ✇✐t❤ t✇♦ ♣❛r❛❧❧❡❧ ❝❤❛✐♥s

♦❢ ✷✵✵✱✵✵✵ ❞r❛✇s ❡❛❝❤✱ ❛♥❞ t❤❡ ✜rst ✷✺ ♣❡r❝❡♥t ❤❛✈❡ ❜❡❡♥ ❞✐s❝❛r❞❡❞✳ ❚❤❡ ❉❨◆❆❘❊

t♦♦❧❜♦① ♦❢ ❆❞❥❡♠✐❛♥ ❡t ❛❧✳ ✭✷✵✶✶✮ ✐s ✉s❡❞ t♦ ❝♦♥❞✉❝t t❤❡ ▼❈▼❈ ❛❧❣♦r✐t❤♠✳

✸✳✸✳✹ ❈❛❧✐❜r❛t❡❞ P❛r❛♠❡t❡rs

◆♦t ❛❧❧ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ❡st✐♠❛t❡❞✳ ❙♦♠❡ str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❛r❡ ❝❛❧✐❜r❛t❡❞

❢♦r ❜♦t❤ ❙❖❊ ❛♥❞ ❘♦❲ ❜❧♦❝❦s ✉s✐♥❣ t❤❡ st❛♥❞❛r❞ ❜✉s✐♥❡ss ❝②❝❧❡ ❧✐t❡r❛t✉r❡ ❛♥❞ ❜❧♦❝❦✲

s♣❡❝✐✜❝ ❞❛t❛✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✸✳✸✱ str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❛♥❞ st❡❛❞②✲st❛t❡ ✈❛❧✉❡s

❛r❡ s❡t ❜❛s❡❞ ♦♥ q✉❛rt❡r❧② ❢r❡q✉❡♥❝②✳ ❆s ❡♠♣❧♦②❡❞ ❜② t❤❡ ❧✐t❡r❛t✉r❡✱ ❛ ❝❧❛ss✐❝ ❞✐s❝♦✉♥t

❢❛❝t♦r (β, β∗ = 0.99) ✐s ❝❛❧✐❜r❛t❡❞ ❢♦r ❜♦t❤ ❜❧♦❝❦s ♦❢ ❡❝♦♥♦♠✐❡s✳ ❇❛s❡❞ ♦♥ t❤❡ ❛✈❡r❛❣❡

❛♥♥✉❛❧ ✐♥✢❛t✐♦♥ ❧❡✈❡❧ ✐♥ t❤❡ ❞❛t❛✱ t❤❡ ❧♦♥❣✲r✉♥ st❡❛❞②✲st❛t❡ ✐♥✢❛t✐♦♥ ✐s s❡t ❛t ✷ ♣❡r❝❡♥t

✭❛♥♥✉❛❧❧②✮✳ ❚❤❡ ❞❡♣r❡❝✐❛t✐♦♥ r❛t❡ ♦❢ ❝❛♣✐t❛❧ ✐s ❝❛❧✐❜r❛t❡❞ t♦ δ = 0.25 ✇❤✐❝❤ ♠❛t❝❤❡s ❛

10 ♣❡r❝❡♥t ❛♥♥✉❛❧ ❞❡♣r❡❝✐❛t✐♦♥ ♦❢ ❝❛♣✐t❛❧✳ ❋♦❧❧♦✇✐♥❣ ❙❝❤♠✐tt✲●r♦❤é ❛♥❞ ❯r✐❜❡ ✭✷✵✵✸✮✱

t❤❡ ♣r✐❝❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✐♥t❡r♠❡❞✐❛t❡ ❣♦♦❞s ✐s s❡t ❛t 6 t♦ ♠❛t❝❤ ❛

st❡❛❞② st❛t❡ ♠❛r❦✉♣ ♣r✐❝❡ ♦❢ 20 ♣❡r❝❡♥t✳ ❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❤♦♠❡

❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s ✐s s❡t ❛t 1.5 ❢♦❧❧♦✇✐♥❣ ❆❞❧❡r ❡t ❛❧✳ ✭✷✵✶✻✮✳ ❚❤❡ r❡s♣❡❝t✐✈❡ s❤❛r❡

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

♦❢ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠② ✐s s❡t ❛t 0.263, 0.731✱ ❛♥❞ 0.029 ✉s✐♥❣ ✐♠♣♦rt ❝♦♠♣♦s✐t✐♦♥
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◆♦t❛t✐♦♥ P❛r❛♠❡t❡r ❘❛♥❣❡ ❱❛❧✉❡✴❚❛r❣❡t
β✱ β∗ ❉✐s❝♦✉♥t ❢❛❝t♦r ❬✵✳✾✽✺✱ ✵✳✾✾✺❪ ✵✳✾✾✵
Π✱ Π∗ ❙t❡❛❞② st❛t❡ ❣r♦ss ✐♥✢❛t✐♦♥ ❬✶✳✵✵✵✱ ✶✳✵✸✵

1
4 ❪ ✶✳✵✷✵

1
4

δ✱ δ∗ ❉❡♣r❡❝✐❛t✐♦♥ r❛t❡ ❬✵✳✵✶✵✱ ✵✳✵✹✵❪ ✵✳✵✷✺
ε✱ ε∗ Pr✐❝❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❬✹✳✵✵✵✱ ✶✷✳✵✵✵❪ ✻✳✵✵✵
µj✱ µ∗

j ✱ j = C, I,G ❊❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✭❍✴❋✮ ❬✶✳✵✼✵✱ ✷✳✺✵✵❪ ✶✳✺✵✵
1− wC , 1− w∗

C ■♠♣♦rt s❤❛r❡ ♦❢ ❝♦♥s✉♠♣t✐♦♥ ❬✵✳✵✵✵✱ ✶✳✵✵✵❪ ✵✳✷✻✸✱ ✵✳✵✵✵
1− wI , 1− w∗

I ■♠♣♦rt s❤❛r❡ ♦❢ ✐♥✈❡st♠❡♥t ❬✵✳✵✵✵✱ ✶✳✵✵✵❪ ✵✳✼✸✶✱ ✵✳✵✵✵
1− wG, 1− w∗

G ■♠♣♦rt s❤❛r❡ ♦❢ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ❬✵✳✵✵✵✱ ✶✳✵✵✵❪ ✵✳✵✷✾✱ ✵✳✵✵✵
csexp ❈♦♥s✉♠♣t✐♦♥ ❣♦♦❞s ❡①♣♦rt ●❉P s❤❛r❡ ❬✵✳✶✵✵✱ ✵✳✺✵✵❪ ✵✳✹✹✹
isexp ■♥✈❡st♠❡♥t ❣♦♦❞s ❡①♣♦rt ●❉P s❤❛r❡ ❬✵✳✶✵✵✱ ✵✳✹✵✵❪ ✵✳✸✺✽
gsexp ● s♣❡♥❞✐♥❣ ❣♦♦❞s ❡①♣♦rt ●❉P s❤❛r❡ ❬✵✳✵✵✵✱ ✵✳✷✵✵❪ ✵✳✵✵✾
τ k✱ τ ∗k ❈❛♣✐t❛❧ ✐♥❝♦♠❡ t❛① r❛t❡ t❛① ❬✵✳✶✵✵✱ ✵✳✹✵✵❪ ✵✳✷✵✵✱ ✵✳✸✵✵
τw✱ τ ∗w ▲❛❜♦✉r ✐♥❝♦♠❡ t❛① r❛t❡ ❬✵✳✷✵✵✱ ✵✳✸✺✵❪ ✵✳✸✵✵✱ ✵✳✸✹✵
τ p P❤♦s♣❤❛t❡ ♦✉t♣✉t ❣♦✈✬t s❤❛r❡ ❬✵✳✸✵✵✱ ✵✳✽✵✵❪ ✵✳✻✵✵
κp P❤♦s♣❤❛t❡ ♦✉t♣✉t ●❉P s❤❛r❡ ❬✵✳✵✽✵✱ ✵✳✸✵✵❪ ✵✳✶✷✾
gy, g

∗
y ● t♦ ●❉P r❛t✐♦ ❬✵✳✶✵✵✱ ✵✳✷✺✵❪ ✵✳✶✾✵✱ ✵✳✷✶✵

bg, b
∗
g ❉❡❜t t♦ ●❉P r❛t✐♦ ❬✵✳✺✵✵✱ ✵✳✾✵✵❪ ✹①✵✳✻✶✵✱ ✹①✵✳✻✺✵

Z ❙❖❊✬s ❤♦♠❡ ♣r♦❞✉❝t✐✈✐t② ❬✷✳✺✵✵✱ ✷✶✳✾✵✵❪ ϖ = Y ∗

Y
= 12.77

P❛r❛♠❡t❡rs ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ∗ r❡❢❡rs t♦ t❤❡ ▼♦r♦❝❝♦ ❛♥❞ ❊❯ ❡❝♦♥♦♠✐❡s r❡s♣❡❝t✐✈❡❧②✳ ❯♥❧❡ss ♦t❤❡r✇✐s❡

❡①♣❧✐❝✐t❧② ❡①♣r❡ss❡❞✱ ♣❛r❛♠❡t❡r ✈❛❧✉❡s r❡✢❡❝t q✉❛rt❡r❧② ✈❛❧✉❡s✳

❚❛❜❧❡ ✸✳✸✿ ❈❛❧✐❜r❛t❡❞ ❊❯ ❛♥❞ ▼♦r♦❝❝♦ ❊❝♦♥♦♠② P❛r❛♠❡t❡rs

❞❛t❛ ❢r♦♠ t❤❡ ❲❇✬s ✲ ❲■❚❙✳ ❙✐♥❝❡ t❤❡ ❘♦❲ ❡❝♦♥♦♠② ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❛ ❝❧♦s❡❞

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

❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ❣♦♦❞s ❛r❡ s❡t t♦ ③❡r♦✳ ▼♦r♦❝❝♦✬s st❛t✐st✐❝❛❧ ❛❣❡♥❝② ❞❛t❛❜❛s❡ ✐s

t❤❡ ♠❛✐♥ s♦✉r❝❡ ✉s❡❞ t♦ ❝❛❧✐❜r❛t❡ t❤❡ ●❉P s❤❛r❡ ♦❢ ♣❤♦s♣❤❛t❡ ♣r♦❞✉❝t✐♦♥ (κp = 0.139)

❛♥❞ t❤❡ ❣♦✈❡r♥♠❡♥t✬s ♦✇♥❡rs❤✐♣ s❤❛r❡ ♦❢ ♣❤♦s♣❤❛t❡ ♣r♦❞✉❝t✐♦♥ (τ p = 0.6)✳

❚❤❡ ❲■❚❙ ❞❛t❛❜❛s❡ ✐s ✉s❡❞ t♦ ❝❛❧✐❜r❛t❡ t❤❡ r❡s♣❡❝t✐✈❡ ●❉P s❤❛r❡ ♦❢ ❝♦♥s✉♠♣t✐♦♥

❛♥❞ ✐♥✈❡st♠❡♥t ❡①♣♦rt ❣♦♦❞s ❛t csexp = 0.083 ❛♥❞ isexp = 0.035✳ ❚❤❡♥✱ t❤❡ ✐♠♣❧✐❡❞

st❡❛❞②✲st❛t❡ ●❉P s❤❛r❡ ♦❢ ❣♦✈❡r♥♠❡♥t ❡①♣❡♥❞✐t✉r❡ ❡①♣♦rt ❣♦♦❞s ✐s s❡t ❛t gsexp =

0.062✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ s✐③❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❙❖❊ ❛♥❞ ❘♦❲✱ t❤❡ ❙❖❊✬s

❧❡✈❡❧ ♦❢ ♣r♦❞✉❝t✐✈✐t② (Z) ✐s ❝❛❧✐❜r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ●❉P ♣❡r ❝❛♣✐t❛ ♦❢ t❤❡ ❙❖❊ ❛♥❞

❘♦❲ ❜❧♦❝❦s✳ ❋✐♥❛❧❧②✱ t❤❡ st❡❛❞②✲st❛t❡ t❛① r❛t❡s✱ s❤❛r❡ ♦❢ ❣♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣✱ ❛♥❞

❣♦✈❡r♥♠❡♥t ❞❡❜t t♦ ●❉P ❛r❡ s❡t ❜❛s❡❞ ♦♥ ❞❛t❛ ❢r♦♠ t❤❡ ▼♦r♦❝❝❛♥ st❛t✐st✐❝❛❧ ❛❣❡♥❝②

❢♦r t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠② ❛♥❞ t❤❡ ❊✉r♦st❛t ❞❛t❛❜❛s❡ ❢♦r t❤❡ ❊❯ ❡❝♦♥♦♠②✳
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✸✳✸✳✺ Pr✐♦r ■♥❢♦r♠❛t✐♦♥

■♥ ❣❡♥❡r❛❧✱ ❢♦✉r t②♣❡s ♦❢ ♣r✐♦r ❞✐str✐❜✉t✐♦♥s ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥✳ ❋♦r

♣❛r❛♠❡t❡rs ✇❤❡r❡ ♥♦♥✲♥❡❣❛t✐✈✐t② ❝♦♥str❛✐♥t ✐s ♥❡❝❡ss❛r② s✉❝❤ ❛s st❛♥❞❛r❞ ❡rr♦rs ♦❢

s❤♦❝❦s ❛♥❞ ❙❖❊✬s r✐s❦ ♣r❡♠✐✉♠ ❡❧❛st✐❝✐t②✱ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✱ ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝②

❢❡❡❞❜❛❝❦ ♣❛r❛♠❡t❡rs✱ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❣❛♠♠❛ ❛♥❞ ✐♥✈❡rs❡ ❣❛♠♠❛ ❞✐str✐❜✉t✐♦♥s ❛r❡

✉s❡❞✳ ❚❤❡ ❜❡t❛ ❞✐str✐❜✉t✐♦♥ ✐s ✉s❡❞ ❢♦r ❢r❛❝t✐♦♥❛❧ ♣❛r❛♠❡t❡rs s✉❝❤ ❛s ❤❛❜✐t ♣❡rs✐st❡♥❝❡✱

♣r✐❝❡ ✐♥❞❡①❛t✐♦♥✱ s❤♦❝❦ ♣❡rs✐st❡♥❝❡✱ t❤❡ s❤❛r❡ ♦❢ ❘♦❚ ❤♦✉s❡❤♦❧❞s✱ ❛♥❞ ✐♥❝♦♠❡ s❤❛r❡

♦❢ ❝❛♣✐t❛❧ ♣❛r❛♠❡t❡rs✳ ❲❤❡♥❡✈❡r t❤❡ ♣❛r❛♠❡t❡rs r❛♥❣❡ ❢r♦♠ −∞ t♦ ∞ ❛♥❞ ❛ ♠♦r❡

✐♥❢♦r♠❛t✐✈❡ ♣r✐♦r ✐s r❡q✉✐r❡❞✱ ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ✐s ✉s❡❞✳

✸✳✸✳✻ ❇❛②❡s✐❛♥ ❊st✐♠❛t❡❞ ❘❡s✉❧ts

❋♦❧❧♦✇✐♥❣ ❆❞♦❧❢s♦♥ ❡t ❛❧✳ ✭✷✵✵✼✮✱ t❤❡ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ✭▼♦r♦❝❝♦✮ ✐s ❛ss✉♠❡❞ t♦

❜❡ ♥❡❣❧✐❣✐❜❧② s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞ ✭❊❯✮ ❡❝♦♥♦♠②✳ ❍❡♥❝❡✱ t❤❡

❝❧♦s❡❞ ❡❝♦♥♦♠② ❉❙●❊ ♠♦❞❡❧ ❢♦r t❤❡ ❘♦❲ ❜❧♦❝❦ ✐s ❡st✐♠❛t❡❞ s❡♣❛r❛t❡❧② ❢r♦♠ t❤❡

❙❖❊✳ ❚❤✉s✱ ✐♥ t❤✐s ♣❛♣❡r✱ ❛ t♦t❛❧ ♦❢ ✸✵ ❛♥❞ ✸✻ str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❛r❡ ❡st✐♠❛t❡❞

❢♦r t❤❡ ❘♦❲ ❛♥❞ ❙❖❊ ♠♦❞❡❧s r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❡st✐♠❛t❡❞ r❡s✉❧ts ❢♦r ❜♦t❤ ❘♦❲ ❛♥❞ ❙❖❊ ❜❧♦❝❦s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ✐♥ ❧✐♥❡ ✇✐t❤

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

❜❡ ✐♥❢♦r♠❛t✐✈❡ t♦ ♠♦st ♦❢ t❤❡ ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs ♣r✐♦r

❞✐str✐❜✉t✐♦♥s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡✐r ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s

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

✭s❡❡ ❆♣♣❡♥❞✐① ❇✳✽✳✷ ❛♥❞ ❆♣♣❡♥❞✐① ❇✳✽✳✸✮✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t t❤❡r❡ ❛r❡

s♦♠❡ ❡①❝❡♣t✐♦♥s ✇❤❡r❡ t❤❡ ♣r✐♦r ❛♥❞ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s ❢♦r s♦♠❡ ♣❛r❛♠❡t❡rs ❛r❡

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

✉♣❞❛t❡ t❤❡ ♣r✐♦r ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ■♥✈❡rs❡ ❋r✐s❝❤ ❡❧❛st✐❝✐t② ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❘♦❲

♠♦❞❡❧ ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝② ❢❡❡❞❜❛❝❦ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❙❖❊ ♠♦❞❡❧✳

✾✷



❆s t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✸✳✹ ❛♥❞ ❚❛❜❧❡ ✸✳✺ s❤♦✇✱ t❤❡ ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ❜r♦❛❞❧②

✐♥ ❧✐♥❡ ✇✐t❤ ❡①✐st✐♥❣ st✉❞✐❡s✳

P❛r❛♠❡t❡r ◆♦t✳ ❉♦♠❛✐♥
Pr✐♦r ❞✐str✐❜✉t✐♦♥ P♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥

❉✐st✳ ▼❡❛♥ ❙✳❞ ▼❡❛♥ ❙✳❞ ✾✺✪ ❍P❉■
Pr❡❢❡r❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② P❛r❛♠❡t❡rs

■♥✈❡rs❡ ❊■❙✲❘♦❚ σ∗
r R

+ ●❛♠♠❛ ✶✳✺✵✵ ✵✳✸✼✺ ✶✳✷✺✸ ✵✳✸✹✶ ❬✵✳✽✻✼✱ ✶✳✾✼✶❪
■♥✈❡rs❡ ❊■❙✲❙ σ∗

s R
+ ●❛♠♠❛ ✶✳✺✵✵ ✵✳✸✼✺ ✶✳✸✹✽ ✵✳✸✺✹ ❬✵✳✽✸✺✱ ✶✳✾✼✼❪

■♥✈✳ ❋r✐s❝❤ ❡❧❛✳✲❘♦❚ φ∗
r R

+ ●❛♠♠❛ ✷✳✵✵✵ ✵✳✼✺✵ ✵✳✶✾✷ ✵✳✵✽✵ ❬✵✳✵✾✶✱ ✵✳✸✹✵❪
■♥✈✳ ❋r✐s❝❤ ❡❧❛✳✲❙ φ∗

s R
+ ●❛♠♠❛ ✷✳✵✵✵ ✵✳✼✺✵ ✶✳✻✻✹ ✵✳✼✾✼ ❬✵✳✼✻✾✱ ✸✳✶✾✼❪

❍❛❜✐t ♣❡rs✐st❡♥❝❡ χ∗ [0, 1] ❇❡t❛ ✵✳✼✵✵ ✵✳✶✵✵ ✵✳✺✸✷ ✵✳✵✺✹ ❬✵✳✹✻✵✱ ✵✳✻✸✺❪
■♥✈❡✳ ❛❞❥✳ ❝♦st Φ∗

I R
+ ●❛♠♠❛ ✹✳✵✵✵ ✶✳✺✵✵ ✻✳✶✼✸ ✶✳✷✼✺ ❬✹✳✸✶✵✱ ✽✳✺✵✽❪

❙❤❛r❡ ♦❢ ❝❛♣✐t❛❧ α∗ [0, 1] ❇❡t❛ ✵✳✸✵✵ ✵✳✵✺✵ ✵✳✸✵✵ ✵✳✵✸✵ ❬✵✳✷✺✺✱ ✵✳✸✺✷❪
❙❤❛r❡ ♦❢ ❘♦❚ λ∗ [0, 1] ❇❡t❛ ✵✳✷✸✵ ✵✳✵✷✺ ✵✳✷✶✽ ✵✳✵✷✹ ❬✵✳✶✼✾✱ ✵✳✷✺✻❪

◆♦♠✐♥❛❧ Pr✐❝❡ ❘✐❣✐❞✐t② P❛r❛♠❡t❡rs

Pr✐❝❡ ✐♥❞❡①❛t✐♦♥ ι∗p [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✶✼✺ ✵✳✵✼✺ ✵✳✵✾✾ ❬✵✳✵✶✸✱ ✵✳✷✾✾❪
Pr✐❝❡ st✐❝❦✐♥❡ss γ∗

p R
+ ●❛♠♠❛ ✺✵✳✵✵✵ ✶✵✳✵✵✵ ✹✶✳✹✽✵ ✾✳✸✹✽ ❬✸✵✳✹✹✻✱ ✻✵✳✼✽✹❪

▼♦♥❡t❛r② P♦❧✐❝② P❛r❛♠❡t❡rs

■♥t✳ r❛t❡ ❆❘ ❝♦❡❢✳ ρ∗r [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✼✷✻ ✵✳✵✹✾ ❬✵✳✻✸✼✱ ✵✳✼✾✹❪
■♥t✳ r❛t❡ Π ❢❡❡❞❜❛❝❦ θ∗r,Π R ◆♦r♠❛❧ ✶✳✺✵✵ ✵✳✷✺✵ ✶✳✼✽✷ ✵✳✷✵✶ ❬✶✳✺✹✸✱ ✷✳✷✵✻❪
■♥t✳ r❛t❡ Y ❢❡❡❞❜❛❝❦ θ∗r,Y R

+ ●❛♠♠❛ ✵✳✶✷✺ ✵✳✵✺✵ ✵✳✵✸✾ ✵✳✵✷✶ ❬✵✳✵✶✾✱ ✵✳✵✽✸❪

❋✐s❝❛❧ ❘✉❧❡ ✲ ▲❛❜♦✉r ❛♥❞ ❈❛♣✐t❛❧ ■♥❝♦♠❡ ❚❛① P❛r❛♠❡t❡rs

❚❛① ❆❘ ❝♦❡❢✳ ρ∗τ [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✺✷✵ ✵✳✵✶✸ ❬✵✳✹✾✽✱ ✵✳✺✹✵❪
❚❛① ❞❡❜t ❢❡❡❞❜❛❝❦ θ∗τ,Bf

R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✶✶✽ ✵✳✵✷✶ ❬✵✳✵✽✺✱ ✵✳✶✺✺❪

❚❛① Y ❢❡❡❞❜❛❝❦ θ∗τ,Y R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✵✼✸ ✵✳✵✷✵ ❬✵✳✵✹✼✱ ✵✳✶✶✵❪

❋✐s❝❛❧ ❘✉❧❡ ✲ ●♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ✭●✮ ❛♥❞ ❚r❛♥s❢❡r ✭❚✮ P❛r❛♠❡t❡rs

●✴❚ ❆❘ ❝♦❡❢✳ ρ∗g [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✺✶✵ ✵✳✵✶✷ ❬✵✳✹✾✵✱ ✵✳✺✸✵❪
●✴❚ ❞❡❜t ❢❡❡❞❜❛❝❦ θ∗g,Bf

R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✵✺✷ ✵✳✵✶✹ ❬✵✳✵✸✹✱ ✵✳✵✽✵❪

●✴❚ Y ❢❡❡❞❜❛❝❦ θ∗g,Y R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✶✵✷ ✵✳✵✷✻ ❬✵✳✵✻✺✱ ✵✳✶✺✵❪

❆❘✭✶✮ ♣❛r❛♠❡t❡rs ♦❢ ♦t❤❡r s❤♦❝❦s✴♣r♦❝❡ss❡s

Pr❡❢❡r❡♥❝❡ ρ∗b [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✾✽✺ ✵✳✵✵✾ ❬✵✳✾✻✽✱ ✵✳✾✾✹❪
❚❡❝❤♥♦❧♦❣② ρ∗z [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✾✻✻ ✵✳✵✷✹ ❬✵✳✾✶✼✱ ✵✳✾✾✶❪
Pr✐❝❡ ♠❛r❦✲✉♣ ρ∗m [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✹✶✻ ✵✳✶✶✵ ❬✵✳✶✺✺✱ ✵✳✺✶✼❪
▼❊■ ρ∗η [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✼✷✻ ✵✳✵✼✶ ❬✵✳✺✼✽✱ ✵✳✽✵✽❪

❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ♦❢ s❤♦❝❦s

❙✳❞✳ ♣r❡❢✳ s❤♦❝❦ ϵ∗b R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✸✶ ✵✳✵✶✷ ❬✵✳✵✶✽✱ ✵✳✵✺✷❪

❙✳❞✳ t❡❝❤✳ s❤♦❝❦ ϵ∗z R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✶✶ ✵✳✵✵✶ ❬✵✳✵✶✵✱ ✵✳✵✶✸❪

❙✳❞✳ G/T s❤♦❝❦ ϵ∗g R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✷✷ ✵✳✵✵✷ ❬✵✳✵✷✵✱ ✵✳✵✷✻❪

❙✳❞✳ ♠❛r❦✲✉♣ s❤♦❝❦ ϵ∗m R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✷✷✾ ✵✳✵✻✻ ❬✵✳✶✼✷✱ ✵✳✸✽✶❪

❙✳❞✳ ▼❊■ s❤♦❝❦ ϵ∗η R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✼✽ ✵✳✵✶✽ ❬✵✳✵✺✽✱ ✵✳✶✶✼❪

❙✳❞✳ ▼P s❤♦❝❦ ϵ∗r R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✵✾ ✵✳✵✵✶ ❬✵✳✵✵✽✱ ✵✳✵✶✶❪

❙✳❞✳ t❛① s❤♦❝❦ ϵ∗τ R
+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✸✸ ✵✳✵✵✸ ❬✵✳✵✷✾✱ ✵✳✵✸✾❪

▲♦❣ ❞❛t❛ ❞❡♥s✐t② ✼✵✽✳✺✷

❚❛❜❧❡ ✸✳✹✿ Pr✐♦r ❛♥❞ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s ♦❢ ❡st✐♠❛t❡❞ str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❢♦r
❊❯ ❡❝♦♥♦♠②

✾✸



P❛r❛♠❡t❡r ◆♦t✳ ❉♦♠❛✐♥
Pr✐♦r ❞✐str✐❜✉t✐♦♥ P♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥

❉✐st✳ ▼❡❛♥ ❙✳❞ ▼❡❛♥ ❙✳❞ ✾✺✪ ❍P❉■
Pr❡❢❡r❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② P❛r❛♠❡t❡rs

■♥✈❡rs❡ ❊■❙✲❘♦❚ σr R
+ ●❛♠♠❛ ✶✳✺✵✵ ✵✳✸✼✺ ✵✳✸✵✾ ✵✳✵✹✸ ❬✵✳✷✸✾✱ ✵✳✸✼✾❪

■♥✈❡rs❡ ❊■❙✲❙ σs R
+ ●❛♠♠❛ ✶✳✺✵✵ ✵✳✸✼✺ ✶✳✽✷✾ ✵✳✸✼✹ ❬✶✳✷✵✹✱ ✷✳✹✷✶❪

■♥✈✳ ❋r✐s❝❤ ❡❧❛✳✲❘♦❚ φr R
+ ●❛♠♠❛ ✷✳✵✵✵ ✵✳✼✺✵ ✸✳✷✵✷ ✵✳✹✵✸ ❬✷✳✺✻✶✱ ✸✳✽✽✵❪

■♥✈✳ ❋r✐s❝❤ ❡❧❛✳✲❙ φs R
+ ●❛♠♠❛ ✷✳✵✵✵ ✵✳✼✺✵ ✶✳✻✺✷ ✵✳✻✵✺ ❬✵✳✼✵✻✱ ✷✳✺✾✽❪

❍❛❜✐t ♣❡rs✐st❡♥❝❡ χ [0, 1] ❇❡t❛ ✵✳✼✵✵ ✵✳✶✵✵ ✵✳✺✾✹ ✵✳✵✹✷ ❬✵✳✺✷✽✱ ✵✳✻✻✺❪
■♥✈❡st♠❡♥t ❛❞❥✳ ❝♦st ΦI R

+ ●❛♠♠❛ ✹✳✵✵✵ ✶✳✺✵✵ ✸✳✾✵✺ ✶✳✶✽✽ ❬✷✳✵✼✷✱ ✺✳✼✸✶❪
❙❤❛r❡ ♦❢ ❝❛♣✐t❛❧ α [0, 1] ❇❡t❛ ✵✳✸✵✵ ✵✳✵✺✵ ✵✳✸✶✶ ✵✳✵✹✸ ❬✵✳✷✹✵✱ ✵✳✸✽✸❪
❙❤❛r❡ ♦❢ ❘♦❚ ❤❤s λ [0, 1] ❇❡t❛ ✵✳✷✸✵ ✵✳✵✷✺ ✵✳✷✺✾ ✵✳✵✷✶ ❬✵✳✷✷✻✱ ✵✳✷✾✺❪
❘✐s❦ ♣r❡♠✳ ❡❧❛s✳ ϕB R

+ ■♥✈●❛♠♠❛ ✵✳✶✵✵ ✷✳✵✵✵ ✵✳✵✷✽ ✵✳✵✵✺ ❬✵✳✵✷✵✱ ✵✳✵✸✻❪

◆♦♠✐♥❛❧ Pr✐❝❡ ❘✐❣✐❞✐t② P❛r❛♠❡t❡rs

Pr✐❝❡ ✐♥❞❡①❛t✐♦♥ ιp [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✶✼✺ ✵✳✻✹✻ ✵✳✶✹✼ ❬✵✳✹✶✹✱ ✵✳✽✽✾❪
Pr✐❝❡ st✐❝❦✐♥❡ss γp R

+ ●❛♠♠❛ ✶✵✵✳✵✵✵ ✶✵✳✵✵✵ ✽✽✳✹✹✶ ✶✶✳✾✹✽ ❬✻✽✳✸✺✷✱ ✶✵✼✳✶✷✻❪

▼♦♥❡t❛r② P♦❧✐❝② P❛r❛♠❡t❡rs

■♥t✳ r❛t❡ ❆❘ ❝♦❡❢✳ ρr [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✺✾✽ ✵✳✵✼✾ ❬✵✳✹✼✹✱ ✵✳✼✷✻❪
■♥t✳ r❛t❡ Π ❢❡❡❞❜❛❝❦ θr,Π R ◆♦r♠❛❧ ✶✳✺✵✵ ✵✳✷✺✵ ✷✳✵✷✷ ✵✳✷✵✺ ❬✶✳✻✽✷✱ ✷✳✸✺✾❪
■♥t✳ r❛t❡ Y ❢❡❡❞❜❛❝❦ θr,Y R

+ ●❛♠♠❛ ✵✳✶✷✺ ✵✳✵✺✵ ✵✳✵✼✾ ✵✳✵✷✻ ❬✵✳✵✸✻✱ ✵✳✶✶✾❪
■♥t✳ r❛t❡ Πs ❢❡❡❞❜❛❝❦ θr,Πs R

+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✺✵ ✵✳✸✺✻ ✵✳✵✼✾ ❬✵✳✷✷✽✱ ✵✳✹✽✷❪

❋✐s❝❛❧ ❘✉❧❡ ✲ ▲❛❜♦✉r ❛♥❞ ❈❛♣✐t❛❧ ■♥❝♦♠❡ ❚❛① P❛r❛♠❡t❡rs

❚❛① ❆❘❝♦❡❢✳ ρτ [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✶✷✻ ✵✳✵✻✺ ❬✵✳✵✷✶✱ ✵✳✷✷✷❪
❚❛① ❞❡❜t ❢❡❡❞❜❛❝❦ θτ,Bh

R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✶✵✶ ✵✳✵✷✺ ❬✵✳✵✻✷✱ ✵✳✶✹✶❪

❚❛① Y ❢❡❡❞❜❛❝❦ θτ,Y R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✶✵✵ ✵✳✵✷✺ ❬✵✳✵✻✵✱ ✵✳✶✹✵❪

❋✐s❝❛❧ ❘✉❧❡ ✲ ●♦✈❡r♥♠❡♥t s♣❡♥❞✐♥❣ ✭●✮ ❛♥❞ ❚r❛♥s❢❡r ✭❚✮ P❛r❛♠❡t❡rs

●✴❚ ❆❘ ❝♦❡✣❝✐❡♥t ρg [0, 1] ❇❡t❛ ✵✳✺✵✵ ✷✳✵✵✵ ✵✳✻✻✽ ✵✳✵✼✶ ❬✵✳✺✺✶✱ ✵✳✼✽✶❪
●✴❚ ❞❡❜t ❢❡❡❞❜❛❝❦ θg,Bh

R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✵✾✵ ✵✳✵✷✷ ❬✵✳✵✺✺✱ ✵✳✶✷✺❪

●✴❚ Y ❢❡❡❞❜❛❝❦ θg,Y R
+ ●❛♠♠❛ ✵✳✶✵✵ ✵✳✵✷✺ ✵✳✵✾✺ ✵✳✵✷✹ ❬✵✳✵✺✻✱ ✵✳✶✸✷❪

❆❘✭✶✮ ♣❛r❛♠❡t❡rs ♦❢ ♦t❤❡r s❤♦❝❦s✴♣r♦❝❡ss❡s

Pr❡❢❡r❡♥❝❡ ρb [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✶✺✾ ✵✳✵✽✷ ❬✵✳✵✷✽✱ ✵✳✷✽✷❪
❚❡❝❤♥♦❧♦❣② ρz [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✼✷✺ ✵✳✵✼✾ ❬✵✳✺✾✺✱ ✵✳✽✺✸❪
Pr✐❝❡ ♠❛r❦✲✉♣ ρm [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✹✽✾ ✵✳✶✾✾ ❬✵✳✶✻✾✱ ✵✳✽✶✽❪
▼❊■ ρη [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✵✻✾ ✵✳✵✹✶ ❬✵✳✵✵✾✱ ✵✳✶✷✾❪
❚❡r♠s ♦❢ tr❛❞❡ ρtot [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✽✽✶ ✵✳✵✸✷ ❬✵✳✽✸✶✱ ✵✳✾✸✷❪
P❤♦s✳ ♣r✐❝❡ ρpp [0, 1] ❇❡t❛ ✵✳✺✵✵ ✵✳✷✵✵ ✵✳✸✽✼ ✵✳✵✾✶ ❬✵✳✷✹✶✱ ✵✳✺✸✽❪

❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ♦❢ s❤♦❝❦s

❙✳❞✳ ♣r❡❢✳ s❤♦❝❦ ϵb R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✵✷✹ ✵✳✵✵✸ ❬✵✳✵✶✾✱ ✵✳✵✷✾❪

❙✳❞✳ t❡❝❤✳ s❤♦❝❦ ϵz R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✵✸✼ ✵✳✵✵✺ ❬✵✳✵✸✵✱ ✵✳✵✹✹❪

❙✳❞✳ G/T s❤♦❝❦ ϵg R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✶✶✸ ✵✳✵✵✾ ❬✵✳✵✾✽✱ ✵✳✶✷✽❪

❙✳❞✳ ♠❛r❦✲✉♣ s❤♦❝❦ ϵm R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✵✽✸ ✵✳✵✺✷ ❬✵✳✵✷✹✱ ✵✳✶✹✾❪

❙✳❞✳ ▼❊■ s❤♦❝❦ ϵη R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✷✺✺ ✵✳✵✼✻ ❬✵✳✶✸✼✱ ✵✳✸✼✷❪

❙✳❞✳ ♠♦♥✳ ♣♦❧✳ ϵr R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✵✶✶ ✵✳✵✵✶ ❬✵✳✵✵✾✱ ✵✳✵✶✷❪

❙✳❞✳ t❛① s❤♦❝❦ ϵτ R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✺✷✵ ✵✳✵✹✺ ❬✵✳✹✹✻✱ ✵✳✺✾✵❪

❙✳❞✳ t♦t s❤♦❝❦ ϵtot R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✵✷✾ ✵✳✵✵✸ ❬✵✳✵✷✹✱ ✵✳✵✸✸❪

❙✳❞✳ ♣❤♦s✳ ♣r✐❝❡ ϵ∗pp R
+ ■♥✈●❛♠♠❛ ✵✳✶ ✷ ✵✳✶✸✺ ✵✳✵✶✶ ❬✵✳✶✶✽✱ ✵✳✶✺✸❪

▲♦❣ ❞❛t❛ ❞❡♥s✐t② ✶✱✽✶✸✳✵✻

❚❛❜❧❡ ✸✳✺✿ Pr✐♦r ❛♥❞ ♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s ♦❢ ❡st✐♠❛t❡❞ str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❢♦r
▼♦r♦❝❝♦ ❡❝♦♥♦♠②

✾✹



✸✳✹ ❆♥❛❧②s✐s ♦❢ ❘❡s✉❧ts

■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ❦❡② s♦✉r❝❡s ♦❢ ▼♦r♦❝❝♦✬s ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s✱ t❤❡ ✐♠♣♦r✲

t❛♥❝❡ ♦❢ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦✱ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ✇❡❧❢❛r❡ ✐♠♣❧✐❝❛t✐♦♥s ❛r❡

❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧✳ ❚♦ t❤✐s ❡✛❡❝t✱ ❛ s✐♠♣❧❡ st❛t✐st✐❝❛❧ ♠♦♠❡♥t ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts❀ ✐❧❧✉str❛t✐♦♥ ♦❢ ✐♠♣✉❧s❡ r❡s♣♦♥s❡s❀ ❛♥❞ ❤✐st♦r✐❝❛❧ ✈❛r✐❛♥❝❡ ❞❡✲

❝♦♠♣♦s✐t✐♦♥ t♦♦❧s ❛r❡ ✉t✐❧✐③❡❞✳

✸✳✹✳✶ ❇✉s✐♥❡ss ❈②❝❧❡ ▼♦♠❡♥ts

❆s ❛ ✇❛② t♦ s❡❡ ❤♦✇ t❤❡ ❡st✐♠❛t❡❞ ♠♦❞❡❧ r❡s✉❧ts ❝❛♥ ♠✐♠✐❝ ❞❛t❛ ♦♥ ❜✉s✐♥❡ss ❝②❝❧❡

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

♠♦❞❡❧s ♦❢ t❤❡ ❘♦❲ ❛♥❞ ❙❖❊ ❡❝♦♥♦♠✐❡s ❛r❡ ♣r❡s❡♥t❡❞ ✉♥❞❡r t❤❡ t❛❜❧❡s ❜❡❧♦✇ ✭s❡❡

❚❛❜❧❡s ✸✳✻ ❛♥❞ ✸✳✼✮✳ ●❡♥❡r❛❧❧②✱ t❤❡ ❦❡② r❡❛❧ ❞❛t❛ ❜✉s✐♥❡ss ❝②❝❧❡ st②❧✐③❡❞ ❢❛❝ts ❛r❡ ✇❡❧❧

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

∆ log y∗ ∆ log c∗ ∆ log i∗ ∆ log l∗ ∆ logw∗ Π∗
def R∗

❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ✭σ∗
j ✮

❉❛t❛ ✵✳✺✻✹✺ ✵✳✸✻✺✶ ✶✳✾✶✺✶ ✵✳✷✺✼✾ ✵✳✻✷✶✸ ✵✳✺✽✹✾ ✵✳✽✾✻✵

▼♦❞❡❧ ✵✳✾✹✼✼ ✵✳✽✹✺✾ ✸✳✼✻✾✸ ✶✳✺✶✻✺ ✸✳✷✹✷✹ ✶✳✺✺✽✹ ✶✳✾✷✾✹

❘❡❧❛t✐✈❡ ❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ✇✐t❤ ❖✉t♣✉t ✭
σ∗

j

σ∗

y
✮

❉❛t❛ ✶✳✵✵✵✵ ✵✳✻✹✻✾ ✸✳✸✾✷✽ ✵✳✹✺✻✾ ✶✳✶✵✵✽ ✶✳✵✸✻✷ ✶✳✺✽✼✹

▼♦❞❡❧ ✶✳✵✵✵✵ ✵✳✽✾✷✻ ✸✳✾✼✼✷ ✶✳✻✵✵✷ ✸✳✹✷✶✹ ✶✳✻✹✹✹ ✷✳✵✸✺✾

❈r♦ss✲❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❖✉t♣✉t ✭ρ∗(j,∆ log y∗)✮

❉❛t❛ ✶✳✵✵✵✵ ✵✳✼✻✺✵ ✵✳✹✾✹✸ ✵✳✻✶✼✼ ✲✵✳✹✶✺✷ ✵✳✹✸✻✺ ✲✵✳✵✾✼✺

▼♦❞❡❧ ✶✳✵✵✵✵ ✵✳✻✼✸✸ ✵✳✺✹✺✽ ✵✳✻✼✷✼ ✲✵✳✹✽✶✹ ✵✳✵✷✽✷ ✲✵✳✷✺✷✽

❆✉t♦❝♦rr❡❧❛t✐♦♥s ♦❢ ♦r❞❡r ✶ ✭ρ∗j✮

❉❛t❛ ✵✳✻✷✺✸ ✵✳✹✾✽✶ ✵✳✶✷✽✼ ✵✳✻✶✶✵ ✵✳✶✸✺✻ ✵✳✶✼✻✹ ✵✳✾✻✵✾

▼♦❞❡❧ ✵✳✶✽✵✻ ✵✳✸✶✻✶ ✵✳✻✸✹✻ ✵✳✵✷✸✵ ✵✳✶✾✸✵ ✵✳✽✵✸✽ ✵✳✽✽✾✺

❚❛❜❧❡ ✸✳✻✿ ❇✉s✐♥❡ss ❝②❝❧❡ st❛t✐st✐❝s ♦❢ r❡❛❧ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts ❢♦r t❤❡ ❘♦❲
♠♦❞❡❧

♦r② ❛♥❞ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡✱ t❤❡ ❝♦✉♥t❡r❝②❝❧✐❝❛❧✐t② ♦❢ ✐♥t❡r❡st r❛t❡ ✐s ❝♦♥✜r♠❡❞ t♦❣❡t❤❡r

✾✺



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

♥♦t✐♥❣ t❤❛t ❙❖❊s ♦✉t♣✉t ✈♦❧❛t✐❧✐t② ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡s ❛s ✐t ✐s

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

♦✉t♣✉t ❣r♦✇t❤ ❛♥❞ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ ✐♥✢❛t✐♦♥ ✐♥ ▼♦r♦❝❝♦✱ t❤❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥s ❛r❡

❝♦♥✜r♠❡❞ ❜② ❜♦t❤ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts✳ ❆❧t❤♦✉❣❤ t❤❡ ♠♦❞❡❧ ❝❧♦s❡❧② ♠✐♠✐❝❦❡❞ t❤❡

∆ log y ∆ log c ∆ log i ∆ logBGH R Πcpi Πs ∆ logΨ Πpp

❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ✭σj✮

❉❛t❛ ✶✳✻✽✸✾ ✷✳✼✶✽✻ ✻✳✺✵✽✸ ✹✳✻✻✶✷ ✵✳✷✺✹✷ ✵✳✻✸✻✺ ✶✳✹✾✶✺ ✷✳✷✷✾✵ ✷✵✳✾✻✻✵
▼♦❞❡❧ ✷✳✼✾✹✸ ✸✳✸✸✾✼ ✻✳✶✽✶✽ ✺✳✻✽✹✷ ✶✳✶✻✼✸ ✶✳✶✼✼✼ ✷✳✾✶✾✸ ✸✳✽✺✼✸ ✶✹✳✻✶✽✼

❘❡❧❛t✐✈❡ ❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥ ✇✐t❤ ❖✉t♣✉t ✭
σj

σy
✮

❉❛t❛ ✶✳✵✵✵✵ ✶✳✻✶✹✺ ✸✳✽✻✺✶ ✷✳✼✻✽✶ ✵✳✶✺✶✵ ✵✳✸✼✽✵ ✵✳✽✽✺✽ ✶✳✸✷✸✼ ✶✷✳✹✺✶✵
▼♦❞❡❧ ✶✳✵✵✵✵ ✶✳✶✾✺✷ ✷✳✷✶✷✸ ✷✳✵✸✹✷ ✵✳✹✶✼✼ ✵✳✹✷✶✺ ✶✳✵✹✹✼ ✶✳✸✽✵✹ ✺✳✷✸✶✼

❈r♦ss✲❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❖✉t♣✉t ✭ρ(j,∆ log y)✮

❉❛t❛ ✶✳✵✵✵✵ ✵✳✵✹✹✵ ✵✳✺✼✺✾ ✵✳✸✺✾✼ ✲✵✳✵✼✺✸ ✲✵✳✸✺✸✾ ✲✵✳✵✽✽✶ ✲✵✳✵✷✹✺ ✵✳✵✽✾✺
▼♦❞❡❧ ✶✳✵✵✵✵ ✵✳✵✽✺✶ ✵✳✵✼✷✵ ✵✳✶✻✹✻ ✲✵✳✵✽✵✼ ✲✵✳✶✸✹✷ ✵✳✵✽✹✹ ✵✳✷✽✸✼ ✵✳✸✵✵✹

❆✉t♦❝♦rr❡❧❛t✐♦♥s ♦❢ ♦r❞❡r ✶ ✭ρj✮

❉❛t❛ ✵✳✹✷✺✶ ✵✳✵✺✶✻ ✵✳✷✶✶✻ ✵✳✻✽✺✽ ✵✳✽✾✸✺ ✵✳✻✹✽✵ ✵✳✼✵✸✻ ✵✳✽✺✶✻ ✵✳✽✵✶✷
▼♦❞❡❧ ✵✳✶✹✹✷ ✵✳✵✸✹✵ ✵✳✵✹✾✷ ✲✵✳✶✺✸✶ ✵✳✶✼✹✾ ✵✳✻✼✷✹ ✵✳✸✶✼✹ ✵✳✵✼✾✸ ✵✳✸✽✻✻

❚❛❜❧❡ ✸✳✼✿ ❇✉s✐♥❡ss ❝②❝❧❡ st❛t✐st✐❝s ♦❢ r❡❛❧ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts ❢♦r t❤❡ ❙❖❊ ♠♦❞❡❧

❜✉s✐♥❡ss ❝②❝❧❡ st❛t✐st✐❝s ♦❢ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✱ ✐♥❝❧✉❞✐♥❣ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥s✱ t❤❡r❡

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

t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ✐♥t❡r❡st r❛t❡s ❛♥❞ ✐♥✢❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛❝t✉❛❧ ❞❛t❛✳ ❙❡❝♦♥❞❧②✱

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

✐s ❛ str✐❦✐♥❣ r❡s✉❧t t❤❛t s❡❡♠s ♣✉③③❧✐♥❣ ❢♦r t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ❖♥❡ ♣♦ss✐❜❧❡ ❡①✲

♣❧❛♥❛t✐♦♥ ❢♦r t❤✐s ✐s t❤❛t ▼♦r♦❝❝♦✬s ❡❝♦♥♦♠② ✐s ❤❡❛✈✐❧② ❞❡♣❡♥❞❡♥t ♦♥ ❡①t❡r♥❛❧ ❢❛❝t♦rs

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

❛s ♦✐❧✮✱ ♦r r❡♠✐tt❛♥❝❡s ❢r♦♠ ▼♦r♦❝❝❛♥s ❧✐✈✐♥❣ ❛❜r♦❛❞✳ ❆s ❛ r❡s✉❧t✱ ❝❤❛♥❣❡s ✐♥ t❤❡s❡

❡①t❡r♥❛❧ ❢❛❝t♦rs ❝♦✉❧❞ ✇❡❛❦❡♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ●❉P ❣r♦✇t❤ ❛♥❞ ❞♦♠❡st✐❝

❝♦♥s✉♠♣t✐♦♥✴✐♥✈❡st♠❡♥t✳

✾✻



✸✳✹✳✷ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ❋✉♥❝t✐♦♥s

❘❡s♣♦♥s❡s ♦❢ s❡❧❡❝t❡❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛❣❣r❡❣❛t❡s t♦ s❡❧❡❝t❡❞ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧

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

❢♦✉♥❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳✽✳ ❚❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛❣❣r❡❣❛t❡s ✐♥ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②

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

❛❧❧ ♦❢ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❞❡♠❛♥❞ s✐❞❡ ❞♦♠❡st✐❝ s❤♦❝❦s s✉❝❤ ❛s

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

❞✐r❡❝t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♦✉t♣✉t ❛♥❞ ✐♥✢❛t✐♦♥ r❡s♣♦♥❞ ✐♥ ❛♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥

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

♠❛r❣✐♥❛❧ ❡✣❝✐❡♥❝② ♦❢ ✐♥✈❡st♠❡♥t s❤♦❝❦s✳

❚❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❘♦❚ ❤♦✉s❡❤♦❧❞s ✐s ❢♦✉♥❞ t♦ ❜❡ ❛ ✈✐❛❜❧❡ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ t♦

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

■♥ t❤✐s r❡❣❛r❞✱ t❤❡ r❡s✉❧ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡ ❛s ✐♥ ●❛❧í ❡t ❛❧✳ ✭✷✵✵✼✮

✭r❡❢❡r t♦ ❋✐❣✉r❡ ❇✳✶✮✳ ❚❤❡ r❡s♣♦♥s❡s ❛❧s♦ s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t ❞✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts

♦❢ s❤♦❝❦s ❜❡t✇❡❡♥ ❘♦❚ ❛♥❞ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s✳ ❚♦ ✐❧❧✉str❛t❡ t❤❡ ❞✐str✐❜✉t✐♦♥❛❧

❡✛❡❝ts✱ ❛ ✇❡❧❢❛r❡ ✐♥❞✐❝❛t♦r ✉s✐♥❣ ❝♦♥s✉♠♣t✐♦♥ ❡q✉✐✈❛❧❡♥❝❡ ✐s ❝♦♠♣✉t❡❞ ❢♦r ❘♦❚ ❛♥❞

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

❧❡ss ♦❢ t❤❡ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s ✐s ✉s❡❞ ❛s ❛ ✇❡❧❢❛r❡ ❣❛♣ ✐♥❞✐❝❛t♦r✶✶✳ ❋✉rt❤❡r♠♦r❡✱

t❤❡ r❡s♣♦♥s❡s ❛r❡ t❡♠♣♦r❛r② ❛s ♠♦st ♦❢ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛❣❣r❡❣❛t❡s r❡t✉r♥ t♦ t❤❡✐r

st❡❛❞② st❛t❡ ❢❛✐r❧② q✉✐❝❦❧② ❡①❝❡♣t ❢♦r ✐♥t❡r❡st r❛t❡ ✇❤✐❝❤ ❡①♣❡r✐❡♥❝❡s ❛ ♠♦r❡ ♣❡rs✐st❡♥t

❡✛❡❝t ✐♥ r❡s♣♦♥s❡ t♦ ♠♦st s❤♦❝❦s✳

✶✶❚♦ ✐❧❧✉str❛t❡ t❤❡ ✇❡❧❢❛r❡ ❣❛✐♥ ♦r ❧♦ss ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ♦♥❡ ♣❡r❝❡♥t ❝❤❛♥❣❡ ✐♥ ❝♦♥s✉♠♣✲
t✐♦♥✱ ❝♦♥s✉♠♣t✐♦♥ ❡q✉✐✈❛❧❡♥❝❡ ❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ❤♦✉s❡❤♦❧❞s ✐s ❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇s✿ CEt =
Ut(1.01Ct,Nt)−Ut(Ct,Nt)

1−β
) ✭s❡❡ ▼✐r❢❛t❛❤ ❡t ❛❧✳✱ ✷✵✷✶✱ ❢♦r ❞❡t❛✐❧s✮✳ ❆❝❝♦r❞✐♥❣❧②✱ ❢♦r ❛ ❝♦♥✈❡♥✐❡♥t ❞✐✲

r❡❝t ❞✐str✐❜✉t✐♦♥❛❧ ❝♦♠♣❛r✐s♦♥ ❢♦❧❧♦✇✐♥❣ t❤❡ ❝♦♥s✐❞❡r❡❞ str✉❝t✉r❛❧ s❤♦❝❦s✱ t❤❡ ✇❡❧❢❛r❡ ❣❛♣ ❜❡t✇❡❡♥
❘♦❚ ❛♥❞ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s ✐s ❝♦♠♣✉t❡❞ ❛s CERoT

t − CER
t ✳

✾✼



✸✳✹✳✷✳✶ ❆ ❞♦♠❡st✐❝ t❡❝❤♥♦❧♦❣② s❤♦❝❦

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

t♦r ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦ r❡s✉❧ts ✐♥ ❛♥ ❡①♣❛♥s✐♦♥ t♦ ♦✉t♣✉t✱ ❡①♣♦rt✱ ❛♥❞ ❝♦♥s✉♠♣t✐♦♥ t♦

❜♦t❤ ❘♦❚ ❛♥❞ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s✳ ■♥ ❋✐❣✉r❡ ✸✳✶✱ ✐♥✢❛t✐♦♥ r❡s♣♦♥❞s ♥❡❣❛t✐✈❡❧② ❞✉❡

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

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

♦❢ ❧❛❜♦✉r✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❞❡♠❛♥❞ ❢♦r ❧❛❜♦✉r ❢❛❧❧s ✇❤✐❝❤ ❝r❡❛t❡s ❛♥ ❡①❝❡ss ❧❛❜♦✉r

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

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

t♦ ❛ ❧❡ss❡r ❡①♣❛♥s✐♦♥ ♦❢ ♦✉t♣✉t ❝♦♠♣❛r❡❞ t♦ t❤❡ ✢❡①✐❜❧❡ ♣r✐❝❡ ❝❛s❡✳

❋✐❣✉r❡ ✸✳✶✿ ❘❡s♣♦♥s❡s t♦ ❛ ♣♦s✐t✐✈❡ ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦

❚❤❡ ❞❡❝❧✐♥❡ ✐♥ r❡❛❧ ✇❛❣❡ ❧❡❛❞s t♦ ❛ ❝♦♥tr❛❝t✐♦♥ ✐♥ ❛❣❣r❡❣❛t❡ ❤♦✉rs ♦❢ ✇♦r❦ ✇❤✐❝❤

❝♦♥✜r♠s t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❘♦❚ ❤♦✉s❡❤♦❧❞s ♣r♦❞✉❝❡ ❛ r❡s✉❧t ✐♥ ❧✐♥❡ ✇✐t❤ ❡♠♣✐r✐❝❛❧

❡✈✐❞❡♥❝❡ ❛s ✐♥ ❋r❛♥❝✐s ❛♥❞ ❘❛♠❡② ✭✷✵✵✺✮✱ ❋✉r❧❛♥❡tt♦ ❛♥❞ ❙❡♥❡❝❛ ✭✷✵✶✷✮ ❛♥❞ ❚❤♦♠❡t

❛♥❞ ❲❡❣♠✉❡❧❧❡r ✭✷✵✷✶✮✳ ❚❤♦✉❣❤ ❝♦♥s✉♠♣t✐♦♥ ✐♥❝r❡❛s❡s ❢♦r ❜♦t❤ ❘♦❚ ❛♥❞ ❘✐❝❛r❞✐❛♥

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

✾✽



✐♥ ♣r❡❢❡r❡♥❝❡s✱ ❛s ✐s ✐♥ ❉❡ ❲❛❧q✉❡ ❡t ❛❧✳ ✭✷✵✵✺✮✳ ■♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡ ✇✐t❤ ❘♦❚

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

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

♦✉t ♦❢ t❤❡✐r ✇❛❣❡ (Cr
t = wt(1 − τwt )N

r
t + (1 − τ p)Ωt

P ∗

p,t

P ∗

t
Y p
t − Tt) ✇❤✐❧❡ t❤❡② ❤❛✈❡ ♥♦

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

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

❤♦✉rs ♦❢ ✇♦r❦ s❤r✐♥❦s s✐♥❝❡ t❤❡ s✐③❡ ♦❢ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s ✐s ❤✐❣❤❡r t❤❛♥ ❘♦❚✬s✳

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

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

❧✐♠✐t❡❞ ❡①♣❛♥s✐♦♥ t♦ ♦✉t♣✉t✳ ❚❤❡ ❧♦✇❡r ✐♥t❡r❡st r❛t❡ s❡t ❜② t❤❡ ♠♦♥❡t❛r② ❛✉t❤♦r✐t✐❡s

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

tr❛❞❡ ❛♥❞ ❡①♣♦rt ❢♦r ▼♦r♦❝❝♦✳ ❆t t❤✐s ♣♦✐♥t✱ t❤❡ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② r❡s✉❧ts ❞✐✛❡r

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

❡①♣♦rt s❡❝t♦r ❝r❡❛t❡s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❤❛♥♥❡❧ ❢♦r ❡①♣❛♥s✐♦♥ ✐♥ ♦✉t♣✉t✳

❆s ❛ r❡s✉❧t ♦❢ ▼♦r♦❝❝♦✬s ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞✱ ❛ ❞❡♣r❡❝✐❛t✐♦♥ ♦❢

❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❝r❡❛t❡s t✇♦ ♣♦ss✐❜❧❡ ❡✛❡❝ts✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ❡①♣♦rt ❞❡♠❛♥❞ r✐s❡s

s✐♥❝❡ ❡①♣♦rts ❛r❡ r❡❧❛t✐✈❡❧② ❝❤❡❛♣❡r✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❞❡♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ❞♦♠❡st✐❝

❝✉rr❡♥❝② ❧❡❛❞s t♦ ❛ ❞❡❝❧✐♥❡ ✐♥ ✐♠♣♦rts s✐♥❝❡ ✐♠♣♦rts ❛r❡ ❡①♣❡♥s✐✈❡ ❛♥❞ ❤❡♥❝❡ ❛ s❤✐❢t

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

❢✉rt❤❡r ❡①♣❛♥s✐♦♥ ♦❢ ♦✉t♣✉t✳ ❚❤❡r❡❢♦r❡✱ t❤♦✉❣❤ t❤❡ ♦✉t♣✉t ❡①♣❛♥s✐♦♥ t❤r♦✉❣❤ t❤❡

♦r✐❣✐♥❛❧ t❡❝❤♥♦❧♦❣② s❤♦❝❦ ✐s ❧✐♠✐t❡❞ ❜② ♣r✐❝❡ r✐❣✐❞✐t②✱ t❤❡ ❡①♣♦rt s❡❝t♦r ❝❤❛♥♥❡❧ r❡s✉❧ts

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

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

t❤❡ t❡r♠s ♦❢ tr❛❞❡ ✭♣♦s✐t✐✈❡ t❡r♠s ♦❢ tr❛❞❡ r❡s♣♦♥s❡✮ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣r✐❝❡ ♦❢

✐♠♣♦rts✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♦✉t♣✉t✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❡①♣❛♥s✐♦♥ t♦ ♦✉t♣✉t

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

✾✾



❆❜♦✉t t❤❡ ❞✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts ♦❢ ❛ ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦✱ t❤♦✉❣❤ ✐t ❝♦♠❡s ❛s ❛ ✇❡❧✲

❢❛r❡ ❜♦♦st t♦ ❜♦t❤ ❘♦❚ ❛♥❞ ❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s✱ t❤❡ ✇❡❧❢❛r❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ t✇♦

❤♦✉s❡❤♦❧❞s ❞❡❝❧✐♥❡s ✐♠♣❧②✐♥❣ t❤❡ t❡❝❤♥♦❧♦❣② ✐♠♣r♦✈❡♠❡♥t ❜❡♥❡✜t✐♥❣ ❘♦❚ ❤♦✉s❡❤♦❧❞s

♠♦r❡✳

✸✳✹✳✷✳✷ ❆ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦

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

s✉♣♣❧②✲s✐❞❡ s❤♦❝❦ t♦ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ❚❤❡ r❡s✉❧ts s❤❛r❡ ❝❡rt❛✐♥ s✐♠✐❧❛r ❢❡❛t✉r❡s

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

✐♥✢❛t✐♦♥ ✐♥ ❛♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ❛ r✐s❡ ✐♥ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ r❡s✉❧ts

✐♥ ❛♥ ❡①♣❛♥s✐♦♥ ♦❢ ♦✉t♣✉t ❛♥❞ ❝♦♥s✉♠♣t✐♦♥ ✇❤✐❧❡ ✐t ❧❡❛❞s t♦ ❛ ❞❡❝❧✐♥❡ ✐♥ ✐♥✢❛t✐♦♥

✭s❡❡ ❋✐❣✉r❡ ✸✳✷✮✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ♣♦s✐t✐✈❡ s❤♦❝❦ t♦ ♣❤♦s♣❤❛t❡ ♣r✐❝❡s ✐♥❞✉❝❡s ❛ ❤✐❣❤❡r

tr❛♥s❢❡r ✐♥❝♦♠❡ t♦ ❘♦❚ ❤♦✉s❡❤♦❧❞s ❛♥❞ ❤❡♥❝❡ ❛ r✐s❡ ✐♥ t❤❡✐r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❢❡✇❡r

❤♦✉rs ♦❢ ✇♦r❦✳

❋✐❣✉r❡ ✸✳✷✿ ❘❡s♣♦♥s❡s t♦ ❛ ♣♦s✐t✐✈❡ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦

❋♦❧❧♦✇✐♥❣ t❤❡ ❛❞❞❡❞ ✢♦✇ ♦❢ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ t♦ t❤❡ ❞♦♠❡st✐❝ ❡❝♦♥♦♠② ❜❡❝❛✉s❡ ♦❢ ❛

✶✵✵



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

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

✐♠♣❧✐❡s ❛ ❝❤❡❛♣ ✐♠♣♦rt ♣r✐❝❡ ❛♥❞ ❤❡♥❝❡ ❛ ❞♦✇♥✇❛r❞ ♣✉s❤ t♦ ❛❣❣r❡❣❛t❡ ✐♥✢❛t✐♦♥✳ ❚❤❡

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

❡①♣♦rt✳ ❍♦✇❡✈❡r✱ t❤❡ ❡①♣❛♥s✐♦♥ ✐♥ ♦✉t♣✉t ✐♥❞✉❝❡s ❛♥ ❡①❝❡ss ❞❡♠❛♥❞ ❢♦r ❧❛❜♦✉r t❤❛t

❧❡❛❞s t♦ ❛ r✐s❡ ✐♥ r❡❛❧ ✇❛❣❡s✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❤♦✉rs ♦❢ ✇♦r❦ ❢♦r ❘♦❚✬s s❤r✐♥❦s ✇❤✐❧❡

❘✐❝❛r❞✐❛♥ ❤♦✉s❡❤♦❧❞s s✉♣♣❧② ♠♦r❡ ❤♦✉rs ♦❢ ✇♦r❦✳ ❋✐♥❛❧❧②✱ ❛ ♣♦s✐t✐✈❡ ♣❤♦s♣❤❛t❡ ♣r✐❝❡

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

❛♥❞ t❤❡ r❡s✉❧t ✐s ♣❡rs✐st❡♥t✳

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

❢❛❝t♦rs✳ ❋✐rst✱ t❤❡ ❛♣♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ❞♦♠❡st✐❝ ❝✉rr❡♥❝② ♠❛❦❡s t❤❡ ❙❖❊✬s ❡①♣♦rts ❧❡ss

❝♦♠♣❡t✐t✐✈❡✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❝❛♥ ❧❡❛❞ t♦ ❛ ❝♦♥tr❛❝t✐♦♥ ✐♥ ♦✉t♣✉t✳ ❙❡❝♦♥❞✱ t❤❡ ❤✐❣❤❡r

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

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

t✐♠❡✳

✸✳✹✳✷✳✸ ❆ ❘♦❲ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦

❚♦ ✐❧❧✉str❛t❡ t❤❡ ♠♦♥❡t❛r② ♣♦❧✐❝② s♣✐❧❧♦✈❡r ❡✛❡❝ts ❢r♦♠ t❤❡ ❡①t❡r♥❛❧ ❡❝♦♥♦♠②✱ ❛ r❡s✉❧t

♦❢ r❡s♣♦♥s❡s t♦ ❛ ❢♦r❡✐❣♥ ✭❊❯✮ ♠♦♥❡t❛r② t✐❣❤t❡♥✐♥❣ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✸✳ ❚❤❡

❙❖❊s ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈❛r✐❛❜❧❡s r❡s♣♦♥❞ t♦ ❛♥ ❡st✐♠❛t❡❞ ❝♦♥tr❛❝t✐♦♥❛r② ♠♦♥❡t❛r②

♣♦❧✐❝② s❤♦❝❦ ❢r♦♠ t❤❡ ❘♦❲ ❡❝♦♥♦♠②✳ ❆❝❝♦r❞✐♥❣❧②✱ ❛ r✐s❡ ✐♥ t❤❡ ❢♦r❡✐❣♥ ✐♥t❡r❡st r❛t❡

r❡s✉❧ts ✐♥ t❤❡ ❞❡♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❛♥❞ ❛ r✐s❡ ✐♥ t❡r♠s ♦❢ tr❛❞❡✳ ❆s ❛

r❡s✉❧t✱ ❡①♣♦rts ♦❢ t❤❡ ❙❖❊ t✉r♥ ♦✉t t♦ ❜❡ ❝❤❡❛♣❡r ❛♥❞ ❤❡♥❝❡ ❛♥ ❡①♣❛♥s✐♦♥ ♦❢ ❡①♣♦rt✳

❉❡♣r❡❝✐❛t✐♦♥ ♦❢ ❞♦♠❡st✐❝ ❝✉rr❡♥❝② ✐♥❞✉❝❡s ❛ ❤✐❣❤❡r ✐♠♣♦rt❡❞ ✐♥✢❛t✐♦♥ ❢♦r t❤❡ ❙❖❊

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

r❛t❡✳ ❚❤❡ r❡s✉❧ts ❛❧s♦ ♣r♦❞✉❝❡ s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t r❡s♣♦♥s❡s ♦❢ ❤♦✉rs ♦❢ ✇♦r❦ ❢♦r

✶✵✶



❋✐❣✉r❡ ✸✳✸✿ ❘❡s♣♦♥s❡s t♦ ❛ ❝♦♥tr❛❝t✐♦♥❛r② ❘♦❲ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦

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

❤♦✉s❡❤♦❧❞s✳ ❆❧❧ ✐♥ ❛❧❧✱ ❛♥ ❡❝♦♥♦♠✐❝❛❧❧② ✈✐❛❜❧❡ s♣✐❧❧♦✈❡r tr❛♥s♠✐ss✐♦♥ ♦❢ t❤❡ ❘♦❲✬s

♠♦♥❡t❛r② ♣♦❧✐❝② ✐s r❡✢❡❝t❡❞ ❜② t❤❡ r❡s✉❧ts✳

✸✳✹✳✸ ❍✐st♦r✐❝❛❧ ❉❡❝♦♠♣♦s✐t✐♦♥

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

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

♦❢ s❡❧❡❝t❡❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛❣❣r❡❣❛t❡s ❢♦r t❤❡ ♣❡r✐♦❞ ✶✾✾✾✿ ◗■ ✲ ✷✵✶✾✿ ◗■❱✳ ❆s ♦♥❡

♦❢ t❤❡ ✉s❡❢✉❧ t♦♦❧s ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ r♦❧❡ ♦❢ ✈❛r✐♦✉s str✉❝t✉r❛❧ s❤♦❝❦s✱ ❤✐st♦r✐❝❛❧

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

t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛❧❧ s❤♦❝❦s✳ ❆s ❛ r❡s✉❧t✱ ❤♦✇ t❤❡ ❞❛t❛ ✇♦✉❧❞ ❤❛✈❡ ❡✈♦❧✈❡❞ ✐❢ ❛ s❤♦❝❦

♦r ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ s❤♦❝❦s ✇❡r❡ s❤✉t ❞♦✇♥ ✐s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳

❙✐♥❝❡ s❡✈❡r❛❧ str✉❝t✉r❛❧ s❤♦❝❦s ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ ♦r✐❣✐♥ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡

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

✶✵✷



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

✐♥❝❧✉❞✐♥❣ ♣r❡❢❡r❡♥❝❡✱ ✐♥✈❡st♠❡♥t✲s♣❡❝✐✜❝ t❡❝❤♥♦❧♦❣②✱ ♠❛r❦✉♣✱ ♣r♦❞✉❝t✐✈✐t②✱ ♠♦♥❡t❛r②

♣♦❧✐❝②✱ ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝② s❤♦❝❦s✳ ❉♦♠❡st✐❝ ♣r♦❞✉❝t✐✈✐t②✱ ✐♥✈❡st♠❡♥t✲s♣❡❝✐✜❝ t❡❝❤♥♦❧✲

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

❙✐♠✐❧❛r❧②✱ ♠♦♥❡t❛r② ♣♦❧✐❝②✱ ✜s❝❛❧ ♣♦❧✐❝②✱ ❛♥❞ ♣r❡❢❡r❡♥❝❡ s❤♦❝❦s ♦❢ ❞♦♠❡st✐❝ ♦r✐❣✐♥ ❛r❡

❣r♦✉♣❡❞ t♦ ❝♦♠♣♦s❡ ❛ ❞♦♠❡st✐❝ ❞❡♠❛♥❞ s❤♦❝❦✳ ❆ s❤♦❝❦ t♦ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ ✐s ♣r❡✲

s❡♥t❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② t♦ ❤✐❣❤❧✐❣❤t ✐ts ❝♦♥tr✐❜✉t✐♦♥ ✐♥ ✐s♦❧❛t✐♦♥✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❣r❛②

s❤❛❞❡❞ ❛r❡❛ r❡♣r❡s❡♥ts r❡❝❡ss✐♦♥ ♣❡r✐♦❞s ♦❢ t❤❡ ❊❯ ❡❝♦♥♦♠② ✇❤✐❧❡ t❤❡ ❜❧❛❝❦ ❧✐♥❡ ✐s t❤❡

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

✐ts st❡❛❞②✲st❛t❡ ❧❡✈❡❧ ❢♦r ▼♦r♦❝❝♦✳

❚❤❡ r♦❧❡ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠② ✐s ❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ r❡❧❡✈❛♥t ❢♦r

♥♦♠✐♥❛❧ ✈❛r✐❛❜❧❡s ✭✐♥✢❛t✐♦♥ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡✮ t❤❛♥ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ r❡❛❧ ♦✉t♣✉t

❣r♦✇t❤✳ ❍♦✇❡✈❡r✱ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦ ❤❛s ❛ ♣r♦❢♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥ t♦ ▼♦r♦❝❝♦✬s

r❡❛❧ ♦✉t♣✉t ❣r♦✇t❤ ✢✉❝t✉❛t✐♦♥✳

✸✳✹✳✸✳✶ ❖✉t♣✉t ●r♦✇t❤

❋✐❣✉r❡ ✸✳✹ ♣r❡s❡♥ts t❤❡ ❤✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ str✉❝t✉r❛❧ s❤♦❝❦s t♦ t❤❡ ✢✉❝t✉❛✲

t✐♦♥s ♦❢ ♦✉t♣✉t ❢♦r t❤❡ ♣❡r✐♦❞ ✶✾✾✾✿◗■ ✲ ✷✵✶✾✿◗■❱✳ ❚❤♦✉❣❤ ▼♦r♦❝❝♦✬s r❡❛❧ ●❉P ❤❛s

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

❤❛s ♥♦t ❜❡❡♥ ♣✉s❤❡❞ ✐♥t♦ ❛ r❡❝❡ss✐♦♥ s✐♥❝❡ ✶✾✾✺✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ t❤❡ ✷✵✵✼ ❣❧♦❜❛❧

✜♥❛♥❝✐❛❧ ❝r✐s✐s ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❝✉t✲♦✛ ♣♦✐♥t ❛s t❤❡ r❡❛❧ ●❉P ❣r♦✇t❤ ❤❛s ❡①✲

♣❡r✐❡♥❝❡❞ ♠♦r❡ s❧♦✇❞♦✇♥s ✐♥ t❤❡ ❛❢t❡r♠❛t❤ ♦❢ t❤❡ ❝r✐s✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣r❡✲✷✵✵✼

r❡❝❡ss✐♦♥ ♣❡r✐♦❞s✳

❖✈❡r t❤❡ ②❡❛rs✱ ▼♦r♦❝❝♦✬s ❡❝♦♥♦♠② ❤❛s ❜❡❡♥ ❤✐t ❜② s❡✈❡r❛❧ s❤♦❝❦s t❤❛t ❧❡❞ t♦ s♦♠❡

♣❡r✐♦❞s ♦❢ ❜♦♦♠s ❛♥❞ s❧✉♠♣s✳ ❆♠♦♥❣ t❤❡ ❢❡✇ s✐❣♥✐✜❝❛♥t s♣✐❦❡s ✐♥ ▼♦r♦❝❝♦✬s r❡❛❧

●❉P ❣r♦✇t❤✱ t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✷✵✵✽ ❛♥❞ ✷✵✶✵ ✐s ♠❛r❦❡❞ ❜② t❤❡ str♦♥❣ ❝♦♥tr✐❜✉t✐♦♥

✶✵✸



❋✐❣✉r❡ ✸✳✹✿ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ r❡❛❧ ♦✉t♣✉t ❣r♦✇t❤✱ ✶✾✾✾✿◗■ ✲ ✷✵✶✾✿◗■❱✳

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

✈♦❧❛t✐❧❡ ❜❡t✇❡❡♥ t❤♦s❡ ♣❡r✐♦❞s ✇❤❡r❡ ♣♦s✐t✐✈❡ s❤♦❝❦s ❧✐❢t❡❞ r❡❛❧ ●❉P ✇❤✐❧❡ ♥❡❣❛t✐✈❡

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

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

t❤❡ s✉❜s❡q✉❡♥t s❡♥s✐t✐✈✐t② ♦❢ ▼♦r♦❝❝♦✬s ❡❝♦♥♦♠② t♦ t❤❡s❡ s❤♦❝❦s✳ ❙✉♣♣❧②✲s✐❞❡ s❤♦❝❦s✱

✇❤✐❧❡ t❛❦✐♥❣ t❤❡ ❧✐♦♥✬s s❤❛r❡ ♦❢ ❡①♣❧❛✐♥✐♥❣ r❡❛❧ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥s✱ ❝♦♥tr✐❜✉t❡❞ t♦

♠♦st ♦❢ t❤❡ ♣r❡✲✷✵✵✼ ❜♦♦♠s ❛♥❞ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ ❤❛s ❜❡❡♥ ♠✐①❡❞ ❜❡t✇❡❡♥ ❜♦♦♠s ❛♥❞

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

s❤♦❝❦s ❤❛✈❡ ❛ s✐③❡❛❜❧❡ ❝♦♥tr✐❜✉t✐♦♥ t♦ r❡❛❧ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥✳ ❖✈❡r❛❧❧✱ ❡①❝❡♣t ❢♦r

t❤❡ ♣❤♦s♣❤❛t❡ ♣r✐❝❡ s❤♦❝❦✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ♦t❤❡r ❡①t❡r♥❛❧ s❤♦❝❦s t♦ ▼♦r♦❝❝♦✬s

♦✉t♣✉t ✢✉❝t✉❛t✐♦♥s ✐s ♠✐♥✐♠❛❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ t❤❡♦r② ♦♥ ❡♠❡r❣✐♥❣

s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠✐❡s✱ ❞♦♠❡st✐❝ s✉♣♣❧② ❢❛❝t♦rs ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ ❞❡♠❛♥❞

s❤♦❝❦s t♦ ♦✉t♣✉t ✢✉❝t✉❛t✐♦♥✳

✸✳✹✳✸✳✷ ❈P■ ■♥✢❛t✐♦♥

❲✐t❤ t❤❡ ❡①❝❡♣t✐♦♥s ♦❢ ❢❡✇ s♣✐❦❡s ❞✉r✐♥❣ t❤❡ ❡❛r❧② ✷✵✵✵s ❛♥❞ ❧❛t❡ ✷✵✵✼✱ ▼♦r♦❝❝♦✬s

✐♥✢❛t✐♦♥ ❤❛s ❜❡❡♥ ❢❛✐r❧② ✢✉❝t✉❛t✐♥❣ ❛r♦✉♥❞ ✐ts st❡❛❞② st❛t❡ ✭s❡❡ ❋✐❣✉r❡ ✸✳✺✮✳ ❱❛r✐♦✉s

✶✵✹



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

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

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

❉✉r✐♥❣ t❤❡ ♣❡r✐♦❞s ❜❡t✇❡❡♥ ✷✵✵✺ ❛♥❞ ✷✵✶✷✱ ❡①t❡r♥❛❧ s❤♦❝❦s t♦❣❡t❤❡r ❡①♣❧❛✐♥❡❞ ❛ t❤✐r❞

♦❢ ✐♥✢❛t✐♦♥✬s ✢✉❝t✉❛t✐♦♥✳ ❉♦♠❡st✐❝ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② s❤♦❝❦s ❛r❡ ❛❧s♦ ✐♠♣♦rt❛♥t ❛s

t❤❡✐r ❞✐r❡❝t✐♦♥ ♦❢ ❝♦♥tr✐❜✉t✐♦♥ ✐s r❡✈❡rs❡❞ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✷✵✵✼✳ ❚❤❡ ♣r❡✲✷✵✵✼ ♣❡r✐♦❞s

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

✐t ❞♦✇♥✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ✷✵✵✼ ✜♥❛♥❝✐❛❧ ❝r✐s✐s✱ ❞♦♠❡st✐❝ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② s❤♦❝❦s

r❡✈❡rs❡❞ ❞✐r❡❝t✐♦♥s ❛♥❞ r❡♠❛✐♥❡❞ ❛s ✐♠♣♦rt❛♥t ❢❛❝t♦rs ❡①♣❧❛✐♥✐♥❣ ✐♥✢❛t✐♦♥ ❞②♥❛♠✐❝s✳

❋✐❣✉r❡ ✸✳✺✿ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ ✐♥✢❛t✐♦♥✱ ✶✾✾✾✿◗■ ✲ ✷✵✶✾✿◗■❱✳

✸✳✹✳✸✳✸ ◆♦♠✐♥❛❧ ❊①❝❤❛♥❣❡ ❘❛t❡

❆s r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✻✱ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥ ✐s ❛♠♦♥❣ t❤❡ ♣r❡✈❛❧❡♥t ❢❡❛t✉r❡s ♦❢

▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ❆s s✉❝❤✱ s❡✈❡r❛❧ s❤♦❝❦s ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ❡①t❡r♥❛❧ ♦r✐❣✐♥ ❛❝❝♦✉♥t❡❞

❢♦r ✐ts ✢✉❝t✉❛t✐♦♥ ♦✈❡r t❤❡ ②❡❛rs✳ ❆♠♦♥❣ t❤❡ ❞♦♠❡st✐❝ s❤♦❝❦s✱ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦s

❛r❡ t❤❡ ♠❛✐♥ ❞r✐✈❡rs ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ✐♥ ▼♦r♦❝❝♦✳ ❚❤♦✉❣❤ ❞♦♠❡st✐❝

✶✵✺



❋✐❣✉r❡ ✸✳✻✿ ❍✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡✱ ✶✾✾✾✿◗■ ✲ ✷✵✶✾✿◗■❱✳

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

❝♦♥tr✐❜✉t✐♦♥ t♦ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥✱ t❤❡✐r r♦❧❡ ❤❛s ❜❡❡♥ ❝♦♥s✐st❡♥t❧② r❡✈❡rs❡❞

♦✈❡r t❤❡ ♣❡r✐♦❞s✳ ▲✐❦❡ t❤❡ ❞②♥❛♠✐❝s ♦❢ ✐♥✢❛t✐♦♥✱ t❤❡ ♠❛✐♥ ❞r✐✈❡rs ♦❢ ❡①❝❤❛♥❣❡ r❛t❡

✢✉❝t✉❛t✐♦♥ ✭r❛♥❣✐♥❣ ❜❡t✇❡❡♥ ✷✵ ✲ ✺✵ ♣❡r❝❡♥t✮ ❛r❡ ❡①t❡r♥❛❧ s❤♦❝❦s✳ ❊①t❡r♥❛❧ s❤♦❝❦s

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

t❤❡ ❞❡♣r❡❝✐❛t✐♦♥ ♦❢ ▼♦r♦❝❝♦✬s ❞♦♠❡st✐❝ ❝✉rr❡♥❝②✱ ❉✐r❤❛♠✳

✸✳✺ ❙❡♥s✐t✐✈✐t② ❆♥❛❧②s✐s

❋r❡q✉❡♥t s✇✐♥❣s ✐♥ ❡①❝❤❛♥❣❡ r❛t❡s ❛r❡ ❛♠♦♥❣ t❤❡ ❡❝♦♥♦♠✐❝ ❤✉r❞❧❡s ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s

♠✉st ❞❡❛❧ ✇✐t❤✳ ❆♥ ❡①❝❤❛♥❣❡ r❛t❡ ❞❡♣r❡❝✐❛t✐♦♥ ❢♦r ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ♥♦t ♦♥❧② s✉❜✲

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

✐♥❞✉❝❡ ✐♥✢❛t✐♦♥❛r② ♣r❡ss✉r❡ t❤r♦✉❣❤ ❤✐❣❤ ♣r✐❝❡s ♦❢ ✐♠♣♦rt✳ ■t ❝❛♥ ❛❧s♦ ❜❡ ❛ s♦✉r❝❡ ❢♦r

❛ r✐s❡ ✐♥ ❢♦r❡✐❣♥ ❝✉rr❡♥❝②✲❞❡♥♦♠✐♥❛t❡❞ ❧✐❛❜✐❧✐t✐❡s ♦❢ ❙❖❊ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳

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

❝♦r❡ ❞❡t❡r♠✐♥❛♥t ♦❢ t❤❡ ♥♦♠✐♥❛❧ ❛♥❝❤♦r ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❛♥❞ ✐t ✐s ❝❡♥tr❛❧ t♦

✶✵✻



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

❈♦❣♥✐③❛♥t ♦❢ t❤✐s ✉♥❞❡rst❛♥❞✐♥❣✱ t❤❡ ❚❛②❧♦r r✉❧❡ ♠♦♥❡t❛r② ♣♦❧✐❝② ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦

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

✐♥✢❛t✐♦♥ ❛♥❞ ♦✉t♣✉t ❣❛♣ ♠♦✈❡♠❡♥ts ❜✉t ❛❧s♦ t♦ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts✳ ❍♦✇❡✈❡r✱

t❤❡ q✉❡st✐♦♥ ♦❢ ✇❤② ❝❡♥tr❛❧ ❜❛♥❦s ✐♥ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❝❛r❡ s♦ ♠✉❝❤ ❛❜♦✉t ❡①❝❤❛♥❣❡

r❛t❡s ✐s ♥♦t ❢✉❧❧② ♦✉t ♦❢ s✐❣❤t✱ ❡s♣❡❝✐❛❧❧② ❜② ✢❡①✐❜❧❡ ❡①❝❤❛♥❣❡ r❛t❡ ♣r♦♣♦♥❡♥ts✳ ❆

st❛♥❞❛r❞ ❚❛②❧♦r r✉❧❡ ♠♦♥❡t❛r② ♣♦❧✐❝② ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t✐♥❣ ✐s

❝♦♠♣❛r❡❞ t♦ ✐❧❧✉str❛t❡ ✇❤❡t❤❡r ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t✐♥❣ ♦❢ ❇❛♥❦ ❆❧✲▼❛❣❤r✐❜ ✭❇❆▼✮✬s

♠♦♥❡t❛r② ♣♦❧✐❝② ❤❛s ❡❝♦♥♦♠✐❝ ♠❡r✐t ♦r ♥♦t✳

❯♥❞❡r t❤❡ ❛❧t❡r♥❛t✐✈❡ s❝❡♥❛r✐♦✱ t❤❡ ♠♦♥❡t❛r② ❛✉t❤♦r✐t✐❡s ❞♦ ♥♦t t❛r❣❡t ❡①❝❤❛♥❣❡ r❛t❡

✢✉❝t✉❛t✐♦♥s ❛♥❞ ❤❡♥❝❡ t❤❡ st❛♥❞❛r❞ ❚❛②❧♦r r✉❧❡ ✐s ❣✐✈❡♥ ❜②✿

log

(

Rt

R

)

= ρr log

(

Rt−1

R

)

+ (1− ρr)

[

θr,Π log

(

Πt−1

Π

)

+ θr,y log

(

Yt

Y

)

]

+ ϵr,t

✭✸✳✺✳✶✮

❚♦ ❝♦♠♣❛r❡ t❤❡ t✇♦ ❝❛s❡s✱ t❤❡ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧✬s ❡st✐♠❛t❡❞ ♣❛r❛♠❡t❡rs ♣♦st❡r✐♦rs

❛r❡ ✉s❡❞ t♦ r✉♥ s✐♠✉❧❛t✐♦♥s ✇✐t❤♦✉t ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t✐♥❣ ♠♦♥❡t❛r② ♣♦❧✐❝②✳

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

✭❡①t❡r♥❛❧ ♠♦♥❡t❛r② t✐❣❤t❡♥✐♥❣✮ ❛r❡ ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ❢♦r t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳

❆s t❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✸✳✼ ❝❛♥ ❛tt❡st✱ t❤❡ r❡s♣♦♥s❡ ♦❢ ♦✉t♣✉t✱ ❝♦♥s✉♠♣t✐♦♥✱ ✐♥✢❛t✐♦♥✱

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

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

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s ❝❛♥ ✉t✐❧✐③❡ ❡①❝❤❛♥❣❡ r❛t❡✲t❛r❣❡t✐♥❣ ♠♦♥❡t❛r② ♣♦❧✐❝② t♦ ♣❛rt✐❛❧❧②

♦✛s❡t t❤❡ ✉♥❞❡s✐r❛❜❧❡ ❡✛❡❝ts ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ❛♥❞ st❛❜✐❧✐③❡ t❤❡✐r ❡❝♦♥♦♠②✳

✶✵✼



❋✐❣✉r❡ ✸✳✼✿ ❘❡s♣♦♥s❡s t♦ ❛ ❢♦r❡✐❣♥ ♠♦♥❡t❛r② t✐❣❤t❡♥✐♥❣ ✲ ❋❳ t❛r❣❡t ❱s ◆♦ ❋❳
❚❛r❣❡t

✸✳✺✳✶ ❲❡❧❢❛r❡ ■♠♣❧✐❝❛t✐♦♥s ♦❢ ❊①❝❤❛♥❣❡ ❘❛t❡ ❚❛r❣❡t✐♥❣

❆s ♣❡r t❤❡ r❡s✉❧ts ✐♥ ❙❡❝t✐♦♥ ✸✳✺✱ ♠♦♥❡t❛r② ♣♦❧✐❝② ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t✐♥❣ ✐s ♣r♦✈❡♥ t♦

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

❍♦✇❡✈❡r✱ t❤❡ ❢♦❧❧♦✇✲✉♣ q✉❡st✐♦♥ ✐s ✇❤❡t❤❡r t❤✐s ♣❛rt✐❛❧❧② s❤✐❡❧❞✐♥❣ ♠♦♥❡t❛r② ♣♦❧✐❝②

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

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

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠②✬s ❡①❝❤❛♥❣❡ r❛t❡ t❛r❣❡t✐♥❣ ✐♥ t❤❡✐r ♠♦♥❡t❛r② ♣♦❧✐❝② ♦♣❡r❛t✐♦♥s✳

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

❛❧t❡r♥❛t✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② r❡❣✐♠❡s ❛❧♦♥❣ t❤❡ ❞✐✛❡r❡♥t ♠♦♥❡t❛r② ♣♦❧✐❝② ❡①❝❤❛♥❣❡ r❛t❡

❢❡❡❞❜❛❝❦ ♣❛r❛♠❡t❡r s♣❛❝❡ (θr,Πs) ❛r❡ ✉♥❞❡rt❛❦❡♥ t♦ ✐❧❧✉str❛t❡ ❛ ✇❡❧❢❛r❡ ❝♦♠♣❛r✐s♦♥✳

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

❛♣♣r♦❛❝❤ ✐♥ ❈❛r❧str♦♠ ❡t ❛❧✳ ✭✷✵✶✼✮ ❛♥❞ ❇♦r♥ ❛♥❞ P❢❡✐❢❡r ✭✷✵✷✵✮✳ ❚❤❡ r❡❝✉rs✐✈❡

st❡❛❞②✲st❛t❡ ✉t✐❧✐t② (U) ❢✉♥❝t✐♦♥ t❤❛t ✐♥✈♦❧✈❡s ❡✈❛❧✉❛t✐♥❣ ✇❡❧❢❛r❡ ❛t ❛ ♣❛rt✐❝✉❧❛r ♣♦✐♥t

✐♥ t❤❡ st❛t❡ s♣❛❝❡ ♣r♦❞✉❝❡s t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ✇❡❧❢❛r❡ (V = 1
1−β

U) ✇❤✐❧❡ ✉♥❝♦♥❞✐t✐♦♥❛❧

✶✵✽



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

❈♦♥s✉♠♣t✐♦♥ ❊q✉✐✈❛❧❡♥❝❡ ✭❈❊✮ ✈❛❧✉❡✱ CEss = 1.172✱ ✐s ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ✇❡❧❢❛r❡

❣❛✐♥ ♦r ❧♦ss ❜❛s❡❞ ♦♥ ❈♦♥s✉♠♣t✐♦♥ ❊q✉✐✈❛❧❡♥❝t ❱❛r✐❛t✐♦♥ ✭❈❊❱✮ ❛❝r♦ss t❤❡ θr,Πs

♣❛r❛♠❡t❡r s♣❛❝❡ ❛s ❢♦❧❧♦✇s✿

CEV =
VΠs,Π,Y − VΠ,Y

CEss

✭✸✳✺✳✷✮

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

♦❢ θr,Πs ✳ ❇❛s❡❞ ♦♥ t❤✐s ❝♦✉♥t❡r❢❛❝t✉❛❧ ❡①❡r❝✐s❡✱ t❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ❜❡❧♦✇✳

❋✐❣✉r❡ ✸✳✽✿ ❲❡❧❢❛r❡ ❣❛✐♥ ✭❧♦ss✮ ♦❢ ❛❧t❡r♥❛t✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② r❡❣✐♠❡

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

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

❛♥❞ ❝♦♥❞✐t✐♦♥❛❧ ✇❡❧❢❛r❡ ❜❛s❡❞ ❈❊❱ ✭❋✐❣✉r❡ ✸✳✽✮ ❝❧❡❛r❧② s❤♦✇s ❤♦✇ t❤❡ ✇❡❧❢❛r❡ ❣❛✐♥ ✐s

❛ ♣♦s✐t✐✈❡ ❢✉♥❝t✐♦♥ ♦❢ θr,Πs ✇❤✐❝❤ s✉♣♣♦rts t❤❡ ❛r❣✉♠❡♥t ❢♦r ❇❆▼✬s ♠♦♥❡t❛r② ♣♦❧✐❝②

t❛r❣❡t✐♥❣ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥✳ ❚❤✐s ❝♦✉♥t❡r❢❛❝t✉❛❧ ❡①❡r❝✐s❡ ❤✐❣❤❧✐❣❤ts t❤❡ ✐♠✲

♣♦rt❛♥❝❡ ♦❢ ♠♦♥❡t❛r② ❛✉t❤♦r✐t✐❡s ✐♥ ❙❖❊s t♦ t❛r❣❡t ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥s ❛s ♣❛rt

✶✷❯s✐♥❣ ✉♥❝♦♥❞✐t✐♦♥❛❧ ✇❡❧❢❛r❡ ❝r✐t❡r✐♦♥ ✐s ❝r✐t✐❝✐③❡❞ s✐♥❝❡ ✐t ♠❛② ♥❡❣❧❡❝t t❤❡ ✇❡❧❢❛r❡ ❡✛❡❝ts ❞✉r✐♥❣
t❤❡ tr❛♥s✐t✐♦♥ ♣❡r✐♦❞ ❢r♦♠ ♦♥❡ st❡❛❞② st❛t❡ t♦ ❛♥♦t❤❡r ✭❇♦r♥ ❛♥❞ P❢❡✐❢❡r✱ ✷✵✷✵❀ ❑✐♠ ❛♥❞ ❑✐♠✱ ✷✵✶✽❀
▲♦♠❜❛r❞♦ ❛♥❞ ❱❡st✐♥✱ ✷✵✵✽❀ ❲♦♦❞❢♦r❞✱ ✷✵✵✷✮
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♦❢ t❤❡✐r ♠♦♥❡t❛r② ♣♦❧✐❝② ♦♣❡r❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ t❛r❣❡t✐♥❣ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥s

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

❡❝♦♥♦♠②✳

✸✳✻ ❈♦♥❝❧✉s✐♦♥

❯s✐♥❣ ❆❞♦❧❢s♦♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ❛♥❞ ▼✐r❢❛t❛❤ ❡t ❛❧✳ ✭✷✵✷✶✮ ❛s ❛ ❜❡♥❝❤♠❛r❦✱ ❛ s♠❛❧❧ ♦♣❡♥

❡❝♦♥♦♠② ❉❙●❊ ♠♦❞❡❧ ✐s ❡st✐♠❛t❡❞ ❢♦r t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❊❯

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

❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r t♦ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✱ t❤❡ ♠♦❞❡❧ ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣

t❤❡ ❇❛②❡s✐❛♥ ❡st✐♠❛t✐♦♥ ♣r♦❝❡❞✉r❡✳ ❆❝❝♦r❞✐♥❣❧②✱ ♦❜s❡r✈❡❞ ❞❛t❛ ♦♥ r❡❛❧ ●❉P✱ ♣r✐❝❡ ♦❢

♣❤♦s♣❤❛t❡✱ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡✱ ✐♥✢❛t✐♦♥✱ r❡❛❧ ❣♦✈❡r♥♠❡♥t ❞❡❜t✱ r❡❛❧ ✐♥✈❡st♠❡♥t✱ r❡❛❧

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

❛r❡ ✉s❡❞ ❢♦r ❡st✐♠❛t✐♦♥✳ ❙✐♠✐❧❛r❧②✱ ❊❯ ❡❝♦♥♦♠② ♦❜s❡r✈❡❞ ❞❛t❛ ♦♥ r❡❛❧ ●❉P✱ ✐♥✢❛t✐♦♥✱

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

✇❛❣❡ ❛r❡ ❡♠♣❧♦②❡❞ t♦ ❡st✐♠❛t❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❊❯ ❡❝♦♥♦♠②✳ ■♥ ❞♦✐♥❣ s♦✱ t❤❡

st✉❞② s❤♦✇s t❤❛t ✐♥ ❛❞❞✐t✐♦♥ t♦ ♦t❤❡r ❡①t❡r♥❛❧ ❛♥❞ ❞♦♠❡st✐❝ str✉❝t✉r❛❧ s❤♦❝❦s✱ ❛

s❤♦❝❦ t♦ t❤❡ ♣r✐❝❡ ♦❢ ▼♦r♦❝❝♦✬s ♠❛✐♥ ❡①♣♦rt ❝♦♠♠♦❞✐t② ✭♣❤♦s♣❤❛t❡✮ ✐s ❛♥ ✐♠♣♦rt❛♥t

tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧ ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s t♦ t❤❡ ▼♦r♦❝❝❛♥ ❡❝♦♥♦♠②✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱

❞✐st✉r❜❛♥❝❡s t♦ t❤❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r✬s ♣r✐❝❡ ❤❛✈❡ ❛ str♦♥❣ ❡❝♦♥♦♠✐❝ ❡✛❡❝t ♦♥

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

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

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

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

✐♦✉s ♣♦ss✐❜❧❡ ✇❛②s t❤✐s r❡s❡❛r❝❤ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞✳ ❋✐rst✱ t❤❡ ❚❆◆❑ ♠♦❞❡❧ ❡♠♣❧♦②❡❞

✇✐t❤ ❘♦❚ ❤♦✉s❡❤♦❧❞s ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ ✐♥t♦ ❛ ❢✉❧❧✲✢❡❞❣❡❞ ❑❛♣❧❛♥ ❡t ❛❧✳ ✭✷✵✶✽✮ ❍❡t✲

r♦❣❡♥♦✉s ❆❣❡♥t ◆❡✇ ❑❡②♥❡s✐❛♥ ✭❍❆◆❑✮ ♠♦❞❡❧ ❛♥❞ r❡s✉❧ts ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ ❛❣❛✐♥st

✶✶✵



❛ r❡♣r❡s❡♥t❛t✐✈❡ ❛❣❡♥t✲❜❛s❡❞ ♠♦❞❡❧✳ ❙❡❝♦♥❞✱ t❤♦✉❣❤ ❛ ♠✐♥❡r❛❧ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝✲

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

❡❝♦♥♦♠✐❡s ✇✐t❤ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② s❡❝t♦r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ s✐♠♣❧❡

❡♥❞♦✇♠❡♥t✲❜❛s❡❞ ❝♦♠♠♦❞✐t② s❡❝t♦r ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s st✉❞② ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ ✐♥t♦

♦t❤❡r ❢✉♥❝t✐♦♥❛❧ ❢♦r♠s s✉❝❤ ❛s s❡❛r❝❤ ❛♥❞ ❡①tr❛❝t✐♦♥ ❢✉♥❝t✐♦♥❛❧ ❢♦r♠s✳

❚❤✐r❞✱ t❤♦✉❣❤ t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ ❉❙●❊ ♠♦❞❡❧s ❤❛✈❡ ❝♦♠❡ ❛ ❧♦♥❣ ✇❛② ❛♥❞ ♣r♦✲

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

str✉❝t✉r❛❧ ❢❡❛t✉r❡s t❤❛t ♥❡❡❞ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡s❡ ♠♦❞❡❧s✬ ❛♣♣❧✐❝❛❜✐❧✐t② t♦ ❡♠❡r❣✲

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

♦♥ r❡♠✐tt❛♥❝❡s✱ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ❝♦♥str❛✐♥t✱ ✐♠♣❡r❢❡❝t ❛❝❝❡ss t♦ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ✜✲

♥❛♥❝✐❛❧ ♠❛r❦❡t✱ ❛♥❞ ❧❛❜♦✉r ♠❛r❦❡t ✐♥❢♦r♠❛❧✐t✐❡s ❛s ✐❞❡♥t✐✜❡❞ ✐♥ ❙❡♥❜❡t❛ ✭✷✵✶✶✮ ❝❛♥

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

♦t❤❡r ❛❧t❡r♥❛t✐✈❡ ❚❛②❧♦r r✉❧❡ ✜s❝❛❧ ❛♥❞ ♠♦♥❡t❛r② ♣♦❧✐❝② t❛r❣❡t✐♥❣ r✉❧❡s✳

✶✶✶



❘❡❢❡r❡♥❝❡s

❆❞❥❡♠✐❛♥✱ ❙✳✱ ❇❛st❛♥✐✱ ❍✳✱ ❏✉✐❧❧❛r❞✱ ▼✳✱ ▼✐❤♦✉❜✐✱ ❋✳✱ P❡r❡♥❞✐❛✱ ●✳✱ ❘❛tt♦✱ ▼✳✱ ❛♥❞

❱✐❧❧❡♠♦t✱ ❙✳ ✭✷✵✶✶✮✳ ❉②♥❛r❡✿ ❘❡❢❡r❡♥❝❡ ♠❛♥✉❛❧✱ ✈❡rs✐♦♥ ✹✳

❆❞❧❡r✱ ●✳✱ ▲❛♠❛✱ ▼✳ ❘✳✱ ❛♥❞ ●✉③♠❛♥✱ ❏✳ P✳ ▼✳ ✭✷✵✶✻✮✳ ❋♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ✐♥t❡r✈❡♥t✐♦♥

✉♥❞❡r ♣♦❧✐❝② ✉♥❝❡rt❛✐♥t②✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✳

❆❞♦❧❢s♦♥✱ ▼✳✱ ▲❛sé❡♥✱ ❙✳✱ ▲✐♥❞é✱ ❏✳✱ ❛♥❞ ❱✐❧❧❛♥✐✱ ▼✳ ✭✷✵✵✼✮✳ ❇❛②❡s✐❛♥ ❡st✐♠❛t✐♦♥ ♦❢ ❛♥

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

❊❝♦♥♦♠✐❝s✱ ✼✷✭✷✮✿✹✽✶✕✺✶✶✳

❇❛s✉✱ ❙✳ ❛♥❞ ❇✉♥❞✐❝❦✱ ❇✳ ✭✷✵✶✼✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s ✐♥ ❛ ♠♦❞❡❧ ♦❢ ❡✛❡❝t✐✈❡ ❞❡♠❛♥❞✳

❊❝♦♥♦♠❡tr✐❝❛✱ ✽✺✭✸✮✿✾✸✼✕✾✺✽✳

❇❛t✐♥✐✱ ◆✳✱ ❈❛♥t❡❧♠♦✱ ❆✳✱ ▼❡❧✐♥❛✱ ●✳✱ ❛♥❞ ❱✐❧❧❛✱ ❙✳ ✭✷✵✷✶✮✳ ❍♦✇ ❧♦♦s❡✱ ❤♦✇ t✐❣❤t❄ ❛

♠❡❛s✉r❡ ♦❢ ♠♦♥❡t❛r② ❛♥❞ ✜s❝❛❧ st❛♥❝❡ ❢♦r t❤❡ ❡✉r♦ ❛r❡❛✳ ❖①❢♦r❞ ❊❝♦♥♦♠✐❝ P❛♣❡rs✱

✼✸✭✹✮✿✶✺✸✻✕✶✺✺✻✳

❇❡✐❞❛s✲❙tr♦♠✱ ❙✳ ❛♥❞ P♦❣❤♦s②❛♥✱ ▼✳ ❚✳ ✭✷✵✶✶✮✳ ❆♥ ❡st✐♠❛t❡❞ ❞②♥❛♠✐❝ st♦❝❤❛st✐❝

❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧ ♦❢ t❤❡ ❏♦r❞❛♥✐❛♥ ❡❝♦♥♦♠②✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✳

❇♦♥❝✐❛♥✐✱ ❉✳ ❛♥❞ ❱❛♥ ❘♦②❡✱ ❇✳ ✭✷✵✶✻✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s✱ ❜❛♥❦✐♥❣ ❢r✐❝t✐♦♥s ❛♥❞

❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s ❛♥❞ ❈♦♥tr♦❧✱ ✼✸✿✷✵✵✕✷✶✾✳

❇♦r♥✱ ❇✳ ❛♥❞ P❢❡✐❢❡r✱ ❏✳ ✭✷✵✷✵✮✳ ❚❤❡ ♥❡✇ ❦❡②♥❡s✐❛♥ ✇❛❣❡ ♣❤✐❧❧✐♣s ❝✉r✈❡✿ ❈❛❧✈♦ ✈s✳

r♦t❡♠❜❡r❣✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✹✭✺✮✿✶✵✶✼✕✶✵✹✶✳

❈❛♥t♦r❡✱ ❈✳✱ ▲❡✈✐♥❡✱ P✳✱ ▼❡❧✐♥❛✱ ●✳✱ ❛♥❞ P❡❛r❧♠❛♥✱ ❏✳ ✭✷✵✶✾✮✳ ❖♣t✐♠❛❧ ✜s❝❛❧ ❛♥❞ ♠♦♥✲

❡t❛r② ♣♦❧✐❝②✱ ❞❡❜t ❝r✐s✐s✱ ❛♥❞ ♠❛♥❛❣❡♠❡♥t✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✸✭✸✮✿✶✶✻✻✕

✶✷✵✹✳

❈❛r❧str♦♠✱ ❈✳ ❚✳✱ ❋✉❡rst✱ ❚✳ ❙✳✱ ❛♥❞ P❛✉st✐❛♥✱ ▼✳ ✭✷✵✶✼✮✳ ❚❛r❣❡t✐♥❣ ❧♦♥❣ r❛t❡s ✐♥

✶✶✷



❛ ♠♦❞❡❧ ✇✐t❤ s❡❣♠❡♥t❡❞ ♠❛r❦❡ts✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱

✾✭✶✮✿✷✵✺✕✷✹✷✳

❈♦♦♣❡r✱ ❘✳ ❲✳ ❛♥❞ ❍❛❧t✐✇❛♥❣❡r✱ ❏✳ ❈✳ ✭✷✵✵✻✮✳ ❖♥ t❤❡ ♥❛t✉r❡ ♦❢ ❝❛♣✐t❛❧ ❛❞❥✉st♠❡♥t

❝♦sts✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✼✸✭✸✮✿✻✶✶✕✻✸✸✳

❉❡ ❲❛❧q✉❡✱ ●✳✱ ❙♠❡ts✱ ❋✳✱ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✺✮✳ ❆♥ ❡st✐♠❛t❡❞ t✇♦✲❝♦✉♥tr② ❞s❣❡

♠♦❞❡❧ ❢♦r t❤❡ ❡✉r♦ ❛r❡❛ ❛♥❞ t❤❡ ✉s ❡❝♦♥♦♠②✳ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦✱ ♠✐♠❡♦✳

❋✐s❤❡r✱ ❏✳ ❉✳ ✭✷✵✵✻✮✳ ❚❤❡ ❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ ♥❡✉tr❛❧ ❛♥❞ ✐♥✈❡st♠❡♥t✲s♣❡❝✐✜❝ t❡❝❤♥♦❧♦❣②

s❤♦❝❦s✳ ❏♦✉r♥❛❧ ♦❢ ♣♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✶✶✹✭✸✮✿✹✶✸✕✹✺✶✳

❋r❛♥❝✐s✱ ◆✳ ❛♥❞ ❘❛♠❡②✱ ❱✳ ❆✳ ✭✷✵✵✺✮✳ ■s t❤❡ t❡❝❤♥♦❧♦❣②✲❞r✐✈❡♥ r❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡

❤②♣♦t❤❡s✐s ❞❡❛❞❄ s❤♦❝❦s ❛♥❞ ❛❣❣r❡❣❛t❡ ✢✉❝t✉❛t✐♦♥s r❡✈✐s✐t❡❞✳ ❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r②

❊❝♦♥♦♠✐❝s✱ ✺✷✭✽✮✿✶✸✼✾✕✶✸✾✾✳

❋✉r❧❛♥❡tt♦✱ ❋✳ ❛♥❞ ❙❡♥❡❝❛✱ ▼✳ ✭✷✵✶✷✮✳ ❘✉❧❡✲♦❢✲t❤✉♠❜ ❝♦♥s✉♠❡rs✱ ♣r♦❞✉❝t✐✈✐t②✱ ❛♥❞

❤♦✉rs✳ ❚❤❡ ❙❝❛♥❞✐♥❛✈✐❛♥ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✹✭✷✮✿✻✺✽✕✻✼✾✳

●❛❧í✱ ❏✳✱ ▲ó♣❡③✲❙❛❧✐❞♦✱ ❏✳ ❉✳✱ ❛♥❞ ❱❛❧❧és✱ ❏✳ ✭✷✵✵✼✮✳ ❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ❊✛❡❝ts ♦❢

●♦✈❡r♥♠❡♥t ❙♣❡♥❞✐♥❣ ♦♥ ❈♦♥s✉♠♣t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❆ss♦✲

❝✐❛t✐♦♥✱ ✺✭✶✮✿✷✷✼✕✷✼✵✳

●r❡❡♥✇♦♦❞✱ ❏✳✱ ❍❡r❝♦✇✐t③✱ ❩✳✱ ❛♥❞ ❍✉✛♠❛♥✱ ●✳ ❲✳ ✭✶✾✽✽✮✳ ■♥✈❡st♠❡♥t✱ ❝❛♣❛❝✐t②

✉t✐❧✐③❛t✐♦♥✱ ❛♥❞ t❤❡ r❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ♣❛❣❡s

✹✵✷✕✹✶✼✳

❑❛♣❧❛♥✱ ●✳✱ ▼♦❧❧✱ ❇✳✱ ❛♥❞ ❱✐♦❧❛♥t❡✱ ●✳ ▲✳ ✭✷✵✶✽✮✳ ▼♦♥❡t❛r② ♣♦❧✐❝② ❛❝❝♦r❞✐♥❣ t♦

❍❆◆❑✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✽✭✸✮✿✻✾✼✕✼✹✸✳ ❤tt♣s✿✴✴✇✇✇✳❛❡❛✇❡❜✳♦r❣✴

❛rt✐❝❧❡s❄✐❞❂✶✵✳✶✷✺✼✴❛❡r✳✷✵✶✻✵✵✹✷✳

❑❛t❛②❛♠❛✱ ▼✳ ❛♥❞ ❑✐♠✱ ❑✳ ❍✳ ✭✷✵✶✽✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢

✶✶✸



✐♥✈❡st♠❡♥t ❣♦♦❞s✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✸✵✿✶✻✸✕✶✼✽✳

❑✐♠✱ ❏✳ ❛♥❞ ❑✐♠✱ ❙✳ ✭✷✵✶✽✮✳ ❈♦♥❞✐t✐♦♥❛❧ ✈❡rs✉s ✉♥❝♦♥❞✐t✐♦♥❛❧ ✉t✐❧✐t② ❛s ✇❡❧❢❛r❡

❝r✐t❡r✐♦♥✿ ❚✇♦ ❡①❛♠♣❧❡s✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✺✶✿✼✶✾✕✼✸✵✳

❑✐♠❜❛❧❧✱ ▼✳ ❙✳ ✭✶✾✾✺✮✳ ❚❤❡ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②t✐❝s ♦❢ t❤❡ ❜❛s✐❝ ♥❡♦♠♦♥❡t❛r✐st ♠♦❞❡❧✳

❑✐♥❣✱ ❘✳ ●✳✱ P❧♦ss❡r✱ ❈✳ ■✳✱ ❛♥❞ ❘❡❜❡❧♦✱ ❙✳ ❚✳ ✭✶✾✽✽✮✳ Pr♦❞✉❝t✐♦♥✱ ❣r♦✇t❤ ❛♥❞ ❜✉s✐♥❡ss

❝②❝❧❡s✿ ■✳ t❤❡ ❜❛s✐❝ ♥❡♦❝❧❛ss✐❝❛❧ ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❊❝♦♥♦♠✐❝s✱ ✷✶✭✷✲

✸✮✿✶✾✺✕✷✸✷✳

❑♦♥❡❜❛②❡✈✱ ❊✳ ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❊st✐♠❛t✐♦♥ ♦❢ ❛ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ❞s❣❡ ♠♦❞❡❧ ❢♦r

❦❛③❛❦❤st❛♥✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❆❈ ❆♥❛❧②t✐❝❛✱ ◆❛③❛r❜❛②❡✈ ❯♥✐✈❡rs✐t②✳

▲❛❤❝❡♥✱ ▼✳ ❆✳ ✭✷✵✶✹✮✳ ❉s❣❡ ♠♦❞❡❧s ❢♦r ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡s✿ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ t♦

♠♦r♦❝❝♦✳

▲❡❞✉❝✱ ❙✳ ❛♥❞ ▲✐✉✱ ❩✳ ✭✷✵✶✻✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s ❛r❡ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ s❤♦❝❦s✳

❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r② ❊❝♦♥♦♠✐❝s✱ ✽✷✿✷✵✕✸✺✳

▲♦♠❜❛r❞♦✱ ●✳ ❛♥❞ ❱❡st✐♥✱ ❉✳ ✭✷✵✵✽✮✳ ❲❡❧❢❛r❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❝❛❧✈♦ ✈s✳ r♦t❡♠❜❡r❣✲

♣r✐❝✐♥❣ ❛ss✉♠♣t✐♦♥s✳ ❊❝♦♥♦♠✐❝s ▲❡tt❡rs✱ ✶✵✵✭✷✮✿✷✼✺✕✷✼✾✳

▼✐r❢❛t❛❤✱ ▼✳✱ ●❛❜r✐❡❧✱ ❱✳ ❏✳✱ ▲❡✈✐♥❡✱ P✳✱ ❡t ❛❧✳ ✭✷✵✷✶✮✳ ■♠♣❡r❢❡❝t ❡①❝❤❛♥❣❡ r❛t❡

♣❛ss✲t❤r♦✉❣❤✿ ❊♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❛♥❞ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♠♣❧✐❝❛t✐♦♥s✳ ❙❝❤♦♦❧ ♦❢

❊❝♦♥♦♠✐❝s ❉✐s❝✉ss✐♦♥ P❛♣❡rs✱ ✸✷✶✳

▼♦ss❛❞❛❦✱ ❆✳ ✭✷✵✶✸✮✳ ▼♦♥❡t❛r② ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝② ✐♥ ❛♥ ❡st✐♠❛t❡❞ ❞s❣❡ ♠♦❞❡❧ ❢♦r

♠♦r♦❝❝♦✳

◆❣✉②❡♥✱ P✳ ❱✳ ✭✷✵✷✵✮✳ ❚❤❡ ✈✐❡t♥❛♠❡s❡ ❜✉s✐♥❡ss ❝②❝❧❡ ✐♥ ❛♥ ❡st✐♠❛t❡❞ s♠❛❧❧ ♦♣❡♥

❡❝♦♥♦♠② ♥❡✇ ❦❡②♥❡s✐❛♥ ❞s❣❡ ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✳

✶✶✹



Pr❛s❛❞✱ ❊✳ ❛♥❞ ❩❤❛♥❣✱ ❇✳ ✭✷✵✶✺✮✳ ❉✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ ❡♠❡r❣✐♥❣

♠❛r❦❡t ❡❝♦♥♦♠✐❡s✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❘♦t❡♠❜❡r❣✱ ❏✳ ❏✳ ✭✶✾✽✷✮✳ ▼♦♥♦♣♦❧✐st✐❝ ♣r✐❝❡ ❛❞❥✉st♠❡♥t ❛♥❞ ❛❣❣r❡❣❛t❡ ♦✉t♣✉t✳ ❚❤❡

❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✹✾✭✹✮✿✺✶✼✕✺✸✶✳

❙❝❤♠✐tt✲●r♦❤é✱ ❙✳ ❛♥❞ ❯r✐❜❡✱ ▼✳ ✭✷✵✵✸✮✳ ❈❧♦s✐♥❣ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ♠♦❞❡❧s✳ ❏♦✉r♥❛❧

♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✻✶✭✶✮✿✶✻✸✕✶✽✺✳

❙❡♥❜❡t❛✱ ❙✳ ✭✷✵✶✶✮✳ ❍♦✇ ❛♣♣❧✐❝❛❜❧❡ ❛r❡ t❤❡ ♥❡✇ ❦❡②♥❡s✐❛♥ ❞s❣❡ ♠♦❞❡❧s t♦ ❛ t②♣✐❝❛❧

❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠②❄

❙♠❡ts✱ ❋✳ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✼❛✮✳ ❙❤♦❝❦s ❛♥❞ ❢r✐❝t✐♦♥s ✐♥ ✉s ❜✉s✐♥❡ss ❝②❝❧❡s✿ ❆

❜❛②❡s✐❛♥ ❞s❣❡ ❛♣♣r♦❛❝❤✳ ❆♠❡r✐❝❛♥ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✾✼✭✸✮✿✺✽✻✕✻✵✻✳

❙♠❡ts✱ ❋✳ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✼❜✮✳ ❲❖ ❘ ❑ ■ ◆ ● P❆ P ❊ ❘ ❙ ❊ ❘ ■ ❊ ❙ ◆ ❖

✼ ✷ ✷ ✴ ❋ ❊ ❇ ❘ ❯❆ ❘❨ ✷ ✵ ✵ ✼ ❙❍❖❈❑❙ ❆◆❉ ❋❘■❈❚■❖◆❙ ■◆ ❯❙ ❇❯❙■◆❊❙❙

❈❨❈▲❊❙ ❆ ❇❆❨❊❙■❆◆ ❉❙●❊ ❆PP❘❖❆❈❍✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✳

❚❤♦♠❡t✱ ❏✳ ❛♥❞ ❲❡❣♠✉❡❧❧❡r✱ P✳ ✭✷✵✷✶✮✳ ❚❡❝❤♥♦❧♦❣② s❤♦❝❦s ❛♥❞ ❤♦✉rs ✇♦r❦❡❞✿ ❛

❝r♦ss✲❝♦✉♥tr② ❛♥❛❧②s✐s✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✺✭✹✮✿✶✵✷✵✕✶✵✺✷✳

❲♦♦❞❢♦r❞✱ ▼✳ ✭✷✵✵✷✮✳ ■♥✢❛t✐♦♥ st❛❜✐❧✐③❛t✐♦♥ ❛♥❞ ✇❡❧❢❛r❡✳ ❈♦♥tr✐❜✉t✐♦♥s t♦ ♠❛❝r♦❡❝♦✲

♥♦♠✐❝s✱ ✷✭✶✮✿✶✵✵✾✳
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❆❜❛✐❞♦♦✱ ❘✳ ❛♥❞ ❆❣②❛♣♦♥❣✱ ❊✳ ❆✳ ✭✷✵✷✶✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ ✢✉❝t✉❛t✐♦♥s ❛♥❞ ❞❡✲
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♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛♥❞ t❤❡✐r ❡✛❡❝t ♦♥ ❣r♦✇t❤ ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢
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❡①t❡r♥❛❧ ✈✉❧♥❡r❛❜✐❧✐t② ♦❢ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱
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♠❡❛s✉r❡ ♦❢ ♠♦♥❡t❛r② ❛♥❞ ✜s❝❛❧ st❛♥❝❡ ❢♦r t❤❡ ❡✉r♦ ❛r❡❛✳ ❖①❢♦r❞ ❊❝♦♥♦♠✐❝ P❛♣❡rs✱
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❇❡✐❞❛s✲❙tr♦♠✱ ❙✳ ❛♥❞ P♦❣❤♦s②❛♥✱ ▼✳ ❚✳ ✭✷✵✶✶✮✳ ❆♥ ❡st✐♠❛t❡❞ ❞②♥❛♠✐❝ st♦❝❤❛st✐❝

❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧ ♦❢ t❤❡ ❏♦r❞❛♥✐❛♥ ❡❝♦♥♦♠②✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✳

❇❧❛tt♠❛♥✱ ❈✳✱ ❍✇❛♥❣✱ ❏✳✱ ❛♥❞ ❲✐❧❧✐❛♠s♦♥✱ ❏✳ ●✳ ✭✷✵✵✼✮✳ ❲✐♥♥❡rs ❛♥❞ ❧♦s❡rs ✐♥ t❤❡

❝♦♠♠♦❞✐t② ❧♦tt❡r②✿ ❚❤❡ ✐♠♣❛❝t ♦❢ t❡r♠s ♦❢ tr❛❞❡ ❣r♦✇t❤ ❛♥❞ ✈♦❧❛t✐❧✐t② ✐♥ t❤❡

♣❡r✐♣❤❡r② ✶✽✼✵✕✶✾✸✾✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❡❝♦♥♦♠✐❝s✱ ✽✷✭✶✮✿✶✺✻✕✶✼✾✳

❇♦♥❝✐❛♥✐✱ ❉✳ ❛♥❞ ❱❛♥ ❘♦②❡✱ ❇✳ ✭✷✵✶✻✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s✱ ❜❛♥❦✐♥❣ ❢r✐❝t✐♦♥s ❛♥❞

❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s ❛♥❞ ❈♦♥tr♦❧✱ ✼✸✿✷✵✵✕✷✶✾✳

❇♦r♥✱ ❇✳ ❛♥❞ P❢❡✐❢❡r✱ ❏✳ ✭✷✵✷✵✮✳ ❚❤❡ ♥❡✇ ❦❡②♥❡s✐❛♥ ✇❛❣❡ ♣❤✐❧❧✐♣s ❝✉r✈❡✿ ❈❛❧✈♦ ✈s✳

r♦t❡♠❜❡r❣✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✹✭✺✮✿✶✵✶✼✕✶✵✹✶✳

❇r❛♠❜✐❧❛✲▼❛❝✐❛s✱ ❏✳ ❛♥❞ ▼❛ss❛✱ ■✳ ✭✷✵✶✵✮✳ ❚❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ s✉❜✲s❛❤❛r❛♥

❛❢r✐❝❛✿ t❤❡ ❡✛❡❝ts ♦❢ s❧♦✇✐♥❣ ♣r✐✈❛t❡ ❝❛♣✐t❛❧ ✐♥✢♦✇s ♦♥ ❣r♦✇t❤✳ ❆❢r✐❝❛♥ ❉❡✈❡❧♦♣♠❡♥t

❘❡✈✐❡✇✱ ✷✷✭✸✮✿✸✻✻✕✸✼✼✳

❈❛♥♦✈❛✱ ❋✳ ✭✷✵✵✺✮✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ✉s s❤♦❝❦s t♦ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞

❡❝♦♥♦♠❡tr✐❝s✱ ✷✵✭✷✮✿✷✷✾✕✷✺✶✳

❈❛♥t♦r❡✱ ❈✳✱ ▲❡✈✐♥❡✱ P✳✱ ▼❡❧✐♥❛✱ ●✳✱ ❛♥❞ P❡❛r❧♠❛♥✱ ❏✳ ✭✷✵✶✾✮✳ ❖♣t✐♠❛❧ ✜s❝❛❧ ❛♥❞ ♠♦♥✲

❡t❛r② ♣♦❧✐❝②✱ ❞❡❜t ❝r✐s✐s✱ ❛♥❞ ♠❛♥❛❣❡♠❡♥t✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✸✭✸✮✿✶✶✻✻✕

✶✷✵✹✳

❈❛r❧str♦♠✱ ❈✳ ❚✳✱ ❋✉❡rst✱ ❚✳ ❙✳✱ ❛♥❞ P❛✉st✐❛♥✱ ▼✳ ✭✷✵✶✼✮✳ ❚❛r❣❡t✐♥❣ ❧♦♥❣ r❛t❡s ✐♥

❛ ♠♦❞❡❧ ✇✐t❤ s❡❣♠❡♥t❡❞ ♠❛r❦❡ts✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱

✶✶✽



✾✭✶✮✿✷✵✺✕✷✹✷✳

❈❤✐t♦♥❣❡✱ ❍✳ ✭✷✵✶✺✮✳ ❊❝♦♥♦♠✐❝ ●r♦✇t❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t ✐♥ ❆❢r✐❝❛✿ ❯♥❞❡rst❛♥❞✐♥❣

tr❡♥❞s ❛♥❞ ♣r♦s♣❡❝ts✳ ❘♦✉t❧❡❞❣❡✳

❈♦❧❧✐❡r✱ P✳ ❛♥❞ ●♦❞❡r✐s✱ ❇✳ ✭✷✵✵✽✮✳ ❙tr✉❝t✉r❛❧ ♣♦❧✐❝✐❡s ❢♦r s❤♦❝❦✲♣r♦♥❡ ❝♦♠♠♦❞✐t②

❡①♣♦rt❡rs✳ ❖①❢♦r❞ ❈❡♥tr❡ ❢♦r t❤❡ ❆♥❛❧②s✐s ♦❢ ❘❡s♦✉r❝❡ ❘✐❝❤ ❊❝♦♥♦♠✐❡s✳

❈♦♦♣❡r✱ ❘✳ ❲✳ ❛♥❞ ❍❛❧t✐✇❛♥❣❡r✱ ❏✳ ❈✳ ✭✷✵✵✻✮✳ ❖♥ t❤❡ ♥❛t✉r❡ ♦❢ ❝❛♣✐t❛❧ ❛❞❥✉st♠❡♥t

❝♦sts✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✼✸✭✸✮✿✻✶✶✕✻✸✸✳

❉❡ ❲❛❧q✉❡✱ ●✳✱ ❙♠❡ts✱ ❋✳✱ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✺✮✳ ❆♥ ❡st✐♠❛t❡❞ t✇♦✲❝♦✉♥tr② ❞s❣❡

♠♦❞❡❧ ❢♦r t❤❡ ❡✉r♦ ❛r❡❛ ❛♥❞ t❤❡ ✉s ❡❝♦♥♦♠②✳ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦✱ ♠✐♠❡♦✳

❉r❡❝❤s❡❧✱ ❚✳ ❛♥❞ ❚❡♥r❡②r♦✱ ❙✳ ✭✷✵✶✽✮✳ ❈♦♠♠♦❞✐t② ❜♦♦♠s ❛♥❞ ❜✉sts ✐♥ ❡♠❡r❣✐♥❣

❡❝♦♥♦♠✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✶✶✷✿✷✵✵✕✷✶✽✳

❉r✉♠♠♦♥❞✱ P✳ ❋✳ ◆✳ ❛♥❞ ❘❛♠✐r❡③✱ ●✳ ✭✷✵✵✾✮✳ ❙♣✐❧❧♦✈❡rs ❢r♦♠ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞ ✐♥t♦

❙✉❜✲❙❛❤❛r❛♥ ❆❢r✐❝❛♥ ❝♦✉♥tr✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ♠♦♥❡t❛r② ❢✉♥❞✱ ❆❢r✐❝❛♥ ❉❡♣❛rt♠❡♥t✳

❊❣❣♦❤✱ ❏✳✱ ❇❛♥❣❛❦❡✱ ❈✳✱ ❛♥❞ ❙❡♠❡❞♦✱ ●✳ ✭✷✵✶✾✮✳ ❉♦ r❡♠✐tt❛♥❝❡s s♣✉r ❡❝♦♥♦♠✐❝

❣r♦✇t❤❄ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❚r❛❞❡

✫ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✷✽✭✹✮✿✸✾✶✕✹✶✽✳

❊✐❝❤❡♥❣r❡❡♥✱ ❇✳✱ ❍❛✉s♠❛♥♥✱ ❘✳✱ ❛♥❞ P❛♥✐③③❛✱ ❯✳ ✭✷✵✵✺✮✳ ❚❤❡ ♣❛✐♥ ♦❢ ♦r✐❣✐♥❛❧ s✐♥✳

❖t❤❡r ♣❡♦♣❧❡✬s ♠♦♥❡②✿ ❉❡❜t ❞❡♥♦♠✐♥❛t✐♦♥ ❛♥❞ ✜♥❛♥❝✐❛❧ ✐♥st❛❜✐❧✐t② ✐♥ ❡♠❡r❣✐♥❣

♠❛r❦❡t ❡❝♦♥♦♠✐❡s✱ ♣❛❣❡s ✶✸✕✹✼✳

❊♥❣❧❡❜❡rt✱ P✳ ✭✷✵✵✵✮✳ Pr❡✲❝♦❧♦♥✐❛❧ ✐♥st✐t✉t✐♦♥s✱ ♣♦st✲❝♦❧♦♥✐❛❧ st❛t❡s✱ ❛♥❞ ❡❝♦♥♦♠✐❝

❞❡✈❡❧♦♣♠❡♥t ✐♥ tr♦♣✐❝❛❧ ❛❢r✐❝❛✳ P♦❧✐t✐❝❛❧ r❡s❡❛r❝❤ q✉❛rt❡r❧②✱ ✺✸✭✶✮✿✼✕✸✻✳

❋❡rr❡✐r❛✱ ❏✳ ❏✳✱ ●♦♠❡s✱ ❙✳✱ ▲♦♣❡s✱ ❏✳ ▼✳✱ ❛♥❞ ❩❤❛♥❣✱ ❏✳ ❩✳ ✭✷✵✷✸✮✳ ❚✐❝❦✐♥❣ t✐♠❡ ❜♦♠❜s✿

❚❤❡ ♠❡♥❛ ❛♥❞ ss❛ r❡❣✐♦♥s✬ ❣❡♦♣♦❧✐t✐❝❛❧ r✐s❦s✳ ❘❡s♦✉r❝❡s P♦❧✐❝②✱ ✽✺✿✶✵✸✾✸✽✳

✶✶✾



❋❡rr♦♥✐✱ ❋✳ ❛♥❞ ❈❛♥♦✈❛✱ ❋✳ ✭✷✵✷✶✮✳ ❆ ❤✐t❝❤❤✐❦❡r✬s ❣✉✐❞❡ t♦ ❡♠♣✐r✐❝❛❧ ♠❛❝r♦ ♠♦❞❡❧s✳

❋✐s❤❡r✱ ❏✳ ❉✳ ✭✷✵✵✻✮✳ ❚❤❡ ❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ ♥❡✉tr❛❧ ❛♥❞ ✐♥✈❡st♠❡♥t✲s♣❡❝✐✜❝ t❡❝❤♥♦❧♦❣②

s❤♦❝❦s✳ ❏♦✉r♥❛❧ ♦❢ ♣♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✶✶✹✭✸✮✿✹✶✸✕✹✺✶✳

❋r❛♥❝✐s✱ ◆✳ ❛♥❞ ❘❛♠❡②✱ ❱✳ ❆✳ ✭✷✵✵✺✮✳ ■s t❤❡ t❡❝❤♥♦❧♦❣②✲❞r✐✈❡♥ r❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡

❤②♣♦t❤❡s✐s ❞❡❛❞❄ s❤♦❝❦s ❛♥❞ ❛❣❣r❡❣❛t❡ ✢✉❝t✉❛t✐♦♥s r❡✈✐s✐t❡❞✳ ❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r②

❊❝♦♥♦♠✐❝s✱ ✺✷✭✽✮✿✶✸✼✾✕✶✸✾✾✳

❋r❛♥❦❡♠❛✱ ❊✳ ❛♥❞ ❱❛♥ ❲❛✐❥❡♥❜✉r❣✱ ▼✳ ✭✷✵✶✽✮✳ ❆❢r✐❝❛ r✐s✐♥❣❄ ❛ ❤✐st♦r✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✳

❆❢r✐❝❛♥ ❆✛❛✐rs✱ ✶✶✼✭✹✻✾✮✿✺✹✸✕✺✻✽✳

❋✉r❧❛♥❡tt♦✱ ❋✳ ❛♥❞ ❙❡♥❡❝❛✱ ▼✳ ✭✷✵✶✷✮✳ ❘✉❧❡✲♦❢✲t❤✉♠❜ ❝♦♥s✉♠❡rs✱ ♣r♦❞✉❝t✐✈✐t②✱ ❛♥❞

❤♦✉rs✳ ❚❤❡ ❙❝❛♥❞✐♥❛✈✐❛♥ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✹✭✷✮✿✻✺✽✕✻✼✾✳

●❛❧í✱ ❏✳✱ ▲ó♣❡③✲❙❛❧✐❞♦✱ ❏✳ ❉✳✱ ❛♥❞ ❱❛❧❧és✱ ❏✳ ✭✷✵✵✼✮✳ ❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ❊✛❡❝ts ♦❢

●♦✈❡r♥♠❡♥t ❙♣❡♥❞✐♥❣ ♦♥ ❈♦♥s✉♠♣t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❆ss♦✲

❝✐❛t✐♦♥✱ ✺✭✶✮✿✷✷✼✕✷✼✵✳

●❡♦r❣❡✱ ❊✳ ■✳ ❛♥❞ ▼❝❈✉❧❧♦❝❤✱ ❘✳ ❊✳ ✭✶✾✾✸✮✳ ❱❛r✐❛❜❧❡ s❡❧❡❝t✐♦♥ ✈✐❛ ❣✐❜❜s s❛♠♣❧✐♥❣✳

❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙t❛t✐st✐❝❛❧ ❆ss♦❝✐❛t✐♦♥✱ ✽✽✭✹✷✸✮✿✽✽✶✕✽✽✾✳

●❤♦s❤r❛②✱ ❆✳ ✭✷✵✶✶✮✳ ❆ r❡❡①❛♠✐♥❛t✐♦♥ ♦❢ tr❡♥❞s ✐♥ ♣r✐♠❛r② ❝♦♠♠♦❞✐t② ♣r✐❝❡s✳ ❏♦✉r♥❛❧

♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✾✺✭✷✮✿✷✹✷✕✷✺✶✳

●❤♦s❤r❛②✱ ❆✳✱ ❑❡❥r✐✇❛❧✱ ▼✳✱ ❛♥❞ ❲♦❤❛r✱ ▼✳ ✭✷✵✶✹✮✳ ❇r❡❛❦s✱ tr❡♥❞s ❛♥❞ ✉♥✐t r♦♦ts

✐♥ ❝♦♠♠♦❞✐t② ♣r✐❝❡s✿ ❛ r♦❜✉st ✐♥✈❡st✐❣❛t✐♦♥✳ ❙t✉❞✐❡s ✐♥ ◆♦♥❧✐♥❡❛r ❉②♥❛♠✐❝s ❛♥❞

❊❝♦♥♦♠❡tr✐❝s✱ ✶✽✭✶✮✿✷✸✕✹✵✳

●r❡❡♥✇♦♦❞✱ ❏✳✱ ❍❡r❝♦✇✐t③✱ ❩✳✱ ❛♥❞ ❍✉✛♠❛♥✱ ●✳ ❲✳ ✭✶✾✽✽✮✳ ■♥✈❡st♠❡♥t✱ ❝❛♣❛❝✐t②

✉t✐❧✐③❛t✐♦♥✱ ❛♥❞ t❤❡ r❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ♣❛❣❡s

✹✵✷✕✹✶✼✳

✶✷✵



❍❛✐❞❡r✱ ❙✳✱ ◆❛③✐r✱ ▼✳ ❙✳✱ ❏✐♠é♥❡③✱ ❆✳✱ ❛♥❞ ❏✐❜r❛♥ ◗❛♠❛r✱ ▼✳ ❆✳ ✭✷✵✷✸✮✳ ❈♦♠♠♦❞✐t②

♣r✐❝❡s ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡s✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❝♦♠♠♦❞✐t②✲❞❡♣❡♥❞❡♥t ❞❡✈❡❧♦♣❡❞ ❛♥❞

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❊♠❡r❣✐♥❣ ▼❛r❦❡ts✱ ✶✽✭✶✮✿✷✹✶✕✷✼✶✳

❍✐rs❝❤✱ ❆✳ ❛♥❞ ▲♦♣❡s✱ ❈✳ ✭✷✵✷✵✮✳ P♦st✲❝♦❧♦♥✐❛❧ ❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐♥

❤✐st♦r✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✳ ❆❢r✐❝❛ ❉❡✈❡❧♦♣♠❡♥t✴❆❢r✐q✉❡ ❡t ❉é✈❡❧♦♣♣❡♠❡♥t✱ ✹✺✭✶✮✿✸✶✕

✹✻✳

❍♦✛♠❛✐st❡r✱ ❆✳ ❲✳ ❛♥❞ ❘♦❧❞♦s✱ ❏✳ ❊✳ ✭✷✵✵✶✮✳ ❚❤❡ s♦✉r❝❡s ♦❢ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝✲

t✉❛t✐♦♥s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❇r❛③✐❧ ❛♥❞ ❦♦r❡❛✳ ❏♦✉r♥❛❧ ♦❢ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱

✷✸✭✷✮✿✷✶✸✕✷✸✾✳

■♠❛♠✱ P✳ ❛♥❞ ❙❛❧✐♥❛s✱ ●✳ ✭✷✵✶✺✮✳ ❊①♣❧❛✐♥✐♥❣ ❡♣✐s♦❞❡s ♦❢ ❣r♦✇t❤ ❛❝❝❡❧❡r❛t✐♦♥s✱ ❞❡✲

❝❡❧❡r❛t✐♦♥s✱ ❛♥❞ ❝♦❧❧❛♣s❡s ✐♥ ✇❡st❡r♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠❡r❝❡✱

❊❝♦♥♦♠✐❝s ❛♥❞ P♦❧✐❝②✱ ✻✭✵✶✮✿✶✺✺✵✵✵✸✳

■▼❋ ✭✷✵✷✵✮✳ ❚❤❡ ❥♦✐♥t ✇♦r❧❞ ❜❛♥❦✲✐♠❢ ❞❡❜t s✉st❛✐♥❛❜✐❧✐t② ❢r❛♠❡✇♦r❦ ✭❞s❢✮ ❢♦r ❧♦✇✲

✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞ ❋❛❝ts❤❡❡t✳

❏✉s❡❧✐✉s✱ ❑✳✱ ▼ø❧❧❡r✱ ◆✳ ❋✳✱ ❛♥❞ ❚❛r♣✱ ❋✳ ✭✷✵✶✹✮✳ ❚❤❡ ❧♦♥❣✲r✉♥ ✐♠♣❛❝t ♦❢ ❢♦r❡✐❣♥

❛✐❞ ✐♥ ✸✻ ❛❢r✐❝❛♥ ❝♦✉♥tr✐❡s✿ ■♥s✐❣❤ts ❢r♦♠ ♠✉❧t✐✈❛r✐❛t❡ t✐♠❡ s❡r✐❡s ❛♥❛❧②s✐s✳ ❖①❢♦r❞

❇✉❧❧❡t✐♥ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱ ✼✻✭✷✮✿✶✺✸✕✶✽✹✳

❑❛♣❧❛♥✱ ●✳✱ ▼♦❧❧✱ ❇✳✱ ❛♥❞ ❱✐♦❧❛♥t❡✱ ●✳ ▲✳ ✭✷✵✶✽✮✳ ▼♦♥❡t❛r② ♣♦❧✐❝② ❛❝❝♦r❞✐♥❣ t♦

❍❆◆❑✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✽✭✸✮✿✻✾✼✕✼✹✸✳ ❤tt♣s✿✴✴✇✇✇✳❛❡❛✇❡❜✳♦r❣✴

❛rt✐❝❧❡s❄✐❞❂✶✵✳✶✷✺✼✴❛❡r✳✷✵✶✻✵✵✹✷✳

❑❛t❛②❛♠❛✱ ▼✳ ❛♥❞ ❑✐♠✱ ❑✳ ❍✳ ✭✷✵✶✽✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢

✐♥✈❡st♠❡♥t ❣♦♦❞s✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✸✵✿✶✻✸✕✶✼✽✳

❑❡❧❧❛r❞✱ ◆✳ ❛♥❞ ❲♦❤❛r✱ ▼✳ ❊✳ ✭✷✵✵✻✮✳ ❖♥ t❤❡ ♣r❡✈❛❧❡♥❝❡ ♦❢ tr❡♥❞s ✐♥ ♣r✐♠❛r② ❝♦♠✲

♠♦❞✐t② ♣r✐❝❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✼✾✭✶✮✿✶✹✻✕✶✻✼✳

✶✷✶



❑✐♠✱ ❏✳ ❛♥❞ ❑✐♠✱ ❙✳ ✭✷✵✶✽✮✳ ❈♦♥❞✐t✐♦♥❛❧ ✈❡rs✉s ✉♥❝♦♥❞✐t✐♦♥❛❧ ✉t✐❧✐t② ❛s ✇❡❧❢❛r❡

❝r✐t❡r✐♦♥✿ ❚✇♦ ❡①❛♠♣❧❡s✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✺✶✿✼✶✾✕✼✸✵✳

❑✐♠❜❛❧❧✱ ▼✳ ❙✳ ✭✶✾✾✺✮✳ ❚❤❡ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②t✐❝s ♦❢ t❤❡ ❜❛s✐❝ ♥❡♦♠♦♥❡t❛r✐st ♠♦❞❡❧✳

❑✐♥❣✱ ❘✳ ●✳✱ P❧♦ss❡r✱ ❈✳ ■✳✱ ❛♥❞ ❘❡❜❡❧♦✱ ❙✳ ❚✳ ✭✶✾✽✽✮✳ Pr♦❞✉❝t✐♦♥✱ ❣r♦✇t❤ ❛♥❞ ❜✉s✐♥❡ss

❝②❝❧❡s✿ ■✳ t❤❡ ❜❛s✐❝ ♥❡♦❝❧❛ss✐❝❛❧ ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❊❝♦♥♦♠✐❝s✱ ✷✶✭✷✲

✸✮✿✶✾✺✕✷✸✷✳

❑♦♥❡❜❛②❡✈✱ ❊✳ ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❊st✐♠❛t✐♦♥ ♦❢ ❛ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ❞s❣❡ ♠♦❞❡❧ ❢♦r

❦❛③❛❦❤st❛♥✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❆❈ ❆♥❛❧②t✐❝❛✱ ◆❛③❛r❜❛②❡✈ ❯♥✐✈❡rs✐t②✳

❑♦♦♣✱ ●✳✱ ❑♦r♦❜✐❧✐s✱ ❉✳✱ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❇❛②❡s✐❛♥ ♠✉❧t✐✈❛r✐❛t❡ t✐♠❡ s❡r✐❡s ♠❡t❤♦❞s ❢♦r

❡♠♣✐r✐❝❛❧ ♠❛❝r♦❡❝♦♥♦♠✐❝s✳ ❋♦✉♥❞❛t✐♦♥s ❛♥❞ ❚r❡♥❞s➤ ✐♥ ❊❝♦♥♦♠❡tr✐❝s✱ ✸✭✹✮✿✷✻✼✕

✸✺✽✳

❑♦s❡✱ ▼✳ ❆✳ ❛♥❞ ❘✐❡③♠❛♥✱ ❘✳ ✭✷✵✵✶✮✳ ❚r❛❞❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s

✐♥ ❛❢r✐❝❛✳ ❏♦✉r♥❛❧ ♦❢ ❞❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✻✺✭✶✮✿✺✺✕✽✵✳

▲❛❤❝❡♥✱ ▼✳ ❆✳ ✭✷✵✶✹✮✳ ❉s❣❡ ♠♦❞❡❧s ❢♦r ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡s✿ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ t♦

♠♦r♦❝❝♦✳

▲❡❞✉❝✱ ❙✳ ❛♥❞ ▲✐✉✱ ❩✳ ✭✷✵✶✻✮✳ ❯♥❝❡rt❛✐♥t② s❤♦❝❦s ❛r❡ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ s❤♦❝❦s✳

❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r② ❊❝♦♥♦♠✐❝s✱ ✽✷✿✷✵✕✸✺✳

▲❡s❤♦r♦✱ ❚✳ ✭✷✵✶✸✮✳ ❋♦r❡✐❣♥ ❛✐❞ ❛♥❞ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤ ✐♥ s♦✉t❤ ❛❢r✐❝❛✿ ❆♥ ❡♠♣✐r✐✲

❝❛❧ ❛♥❛❧②s✐s ✉s✐♥❣ ❜♦✉♥❞s t❡st✐♥❣✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❛♥❞ ❋✐♥❛♥❝✐❛❧ ❙❝✐❡♥❝❡s✱

✻✭✶✮✿✺✺✕✻✻✳

▲♦♠❜❛r❞♦✱ ●✳ ❛♥❞ ❱❡st✐♥✱ ❉✳ ✭✷✵✵✽✮✳ ❲❡❧❢❛r❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❝❛❧✈♦ ✈s✳ r♦t❡♠❜❡r❣✲

♣r✐❝✐♥❣ ❛ss✉♠♣t✐♦♥s✳ ❊❝♦♥♦♠✐❝s ▲❡tt❡rs✱ ✶✵✵✭✷✮✿✷✼✺✕✷✼✾✳

▲✉❝❝❤❡tt✐✱ ❘✳ ✭✷✵✵✻✮✳ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❝♦✈❛r✐❛♥❝❡ str✉❝t✉r❡s✳ ❊❝♦♥♦♠❡tr✐❝ ❚❤❡♦r②✱

✶✷✷



✷✷✭✷✮✿✷✸✺✕✷✺✼✳

▼❛➣❦♦✇✐❛❦✱ ❇✳ ✭✷✵✵✼✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s✱ ✉s ♠♦♥❡t❛r② ♣♦❧✐❝② ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ ❡♠❡r❣✐♥❣ ♠❛r❦❡ts✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❡❝♦♥♦♠✐❝s✱ ✺✹✭✽✮✿✷✺✶✷✕

✷✺✷✵✳

▼❝●r❡❣♦r✱ ❚✳ ✭✷✵✶✼✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s✱ ❣r♦✇t❤ ❛♥❞ str✉❝t✉r❛❧ tr❛♥s❢♦r♠❛t✐♦♥

✐♥ ❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ❚❤❡ ◗✉❛rt❡r❧② ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❋✐♥❛♥❝❡✱ ✻✺✿✷✽✺✕

✸✵✸✳

▼❡❞✐♥❛✱ ▲✳ ✭✷✵✶✵✮✳ ❆ ❝♦♠♠♦❞✐t② ❝✉rs❡❄ t❤❡ ❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ ❝♦♠♠♦❞✐t② ♣r✐❝❡s ♦♥

✜s❝❛❧ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ❚❤❡ ❉②♥❛♠✐❝ ❊✛❡❝ts ♦❢ ❈♦♠♠♦❞✐t② Pr✐❝❡s ♦♥

❋✐s❝❛❧ P❡r❢♦r♠❛♥❝❡ ✐♥ ▲❛t✐♥ ❆♠❡r✐❝❛ ✭▼❛r❝❤ ✶✱ ✷✵✶✵✮✳

▼❡♥❞♦③❛✱ ❊✳ ●✳ ✭✶✾✾✶✮✳ ❘❡❛❧ ❜✉s✐♥❡ss ❝②❝❧❡s ✐♥ ❛ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠②✳ ❚❤❡ ❆♠❡r✐❝❛♥

❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ♣❛❣❡s ✼✾✼✕✽✶✽✳

▼✐r❢❛t❛❤✱ ▼✳✱ ●❛❜r✐❡❧✱ ❱✳ ❏✳✱ ▲❡✈✐♥❡✱ P✳✱ ❡t ❛❧✳ ✭✷✵✷✶✮✳ ■♠♣❡r❢❡❝t ❡①❝❤❛♥❣❡ r❛t❡

♣❛ss✲t❤r♦✉❣❤✿ ❊♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❛♥❞ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♠♣❧✐❝❛t✐♦♥s✳ ❙❝❤♦♦❧ ♦❢

❊❝♦♥♦♠✐❝s ❉✐s❝✉ss✐♦♥ P❛♣❡rs✱ ✸✷✶✳

▼♦ss❛❞❛❦✱ ❆✳ ✭✷✵✶✸✮✳ ▼♦♥❡t❛r② ❛♥❞ ✜s❝❛❧ ♣♦❧✐❝② ✐♥ ❛♥ ❡st✐♠❛t❡❞ ❞s❣❡ ♠♦❞❡❧ ❢♦r

♠♦r♦❝❝♦✳

◆❝✉❜❡✱ ▼✳ ✭✷✵✶✺✮✳ ■♥❝❧✉s✐✈❡ ❣r♦✇t❤ ✐♥ ❛❢r✐❝❛✳ ❚❤❡ ❖①❢♦r❞ ❤❛♥❞❜♦♦❦ ♦❢ ❆❢r✐❝❛ ❛♥❞

❡❝♦♥♦♠✐❝s✱ ✶✿✶✺✹✕✶✼✹✳

◆❣✉②❡♥✱ P✳ ❱✳ ✭✷✵✷✵✮✳ ❚❤❡ ✈✐❡t♥❛♠❡s❡ ❜✉s✐♥❡ss ❝②❝❧❡ ✐♥ ❛♥ ❡st✐♠❛t❡❞ s♠❛❧❧ ♦♣❡♥

❡❝♦♥♦♠② ♥❡✇ ❦❡②♥❡s✐❛♥ ❞s❣❡ ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✳

◆✉r✉✱ ◆✳ ❨✳ ❛♥❞ ●❡r❡③✐❤❡r✱ ❍✳ ❨✳ ✭✷✵✷✷✮✳ ❍♦✇ ❝♦✛❡❡ ♣r✐❝❡ s❤♦❝❦ tr❛♥s♠✐ts ✐♥t♦ t❤❡

❡❝♦♥♦♠②❄✿ ❊♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❡t❤✐♦♣✐❛✳ ■♥ ❙♦❝✐♦❡❝♦♥♦♠✐❝ ❙❤♦❝❦s ❛♥❞ ❆❢r✐❝❛✬s

✶✷✸



❉❡✈❡❧♦♣♠❡♥t ❆❣❡♥❞❛✱ ♣❛❣❡s ✷✼✕✹✵✳ ❘♦✉t❧❡❞❣❡✳

❖❤✱ ❏✳ ✭✷✵✶✾✮✳ ❚❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ✉♥❝❡rt❛✐♥t② s❤♦❝❦s✿ ❘♦t❡♠❜❡r❣ ✈s✳ ❚❡❝❤♥✐❝❛❧

r❡♣♦rt✱ ❈❛❧✈♦✳ ♠✐♠❡♦✳

❖❧❛②✉♥❣❜♦✱ ❉✳ ❖✳ ❛♥❞ ◗✉❛❞r✐✱ ❆✳ ✭✷✵✶✾✮✳ ❘❡♠✐tt❛♥❝❡s✱ ✜♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞

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

♣r♦❛❝❤✳ ❋✐♥❛♥❝✐❛❧ ■♥♥♦✈❛t✐♦♥✱ ✺✭✶✮✿✾✳

❖❧♦♠♦❧❛✱ P✳ ❆✳ ✭✷✵✵✻✮✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦ ❛♥❞ ❛❣❣r❡❣❛t❡ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ✐♥ ♥✐❣❡r✐❛✳

❆❢r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❛♥❞ ❇✉s✐♥❡ss ❘❡✈✐❡✇✱ ✹✭✷✮✿✹✽✕✻✶✳

Öst❡r❤♦❧♠✱ P✳ ❛♥❞ ❩❡tt❡❧♠❡②❡r✱ ❏✳ ✭✷✵✵✽✮✳ ❚❤❡ ❡✛❡❝t ♦❢ ❡①t❡r♥❛❧ ❝♦♥❞✐t✐♦♥s ♦♥ ❣r♦✇t❤

✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳ ■▼❋ ❙t❛✛ P❛♣❡rs✱ ✺✺✭✹✮✿✺✾✺✕✻✷✸✳

❖✉❧✐❛r✐s✱ ❙✳✱ P❛❣❛♥✱ ❆✳✱ ❛♥❞ ❘❡str❡♣♦✱ ❏✳ ✭✷✵✶✻✮✳ ◗✉❛♥t✐t❛t✐✈❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♠♦❞❡❧✲

✐♥❣ ✇✐t❤ str✉❝t✉r❛❧ ✈❡❝t♦r ❛✉t♦r❡❣r❡ss✐♦♥s✕❛♥ ❡✈✐❡✇s ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ■❍❙ ●❧♦❜❛❧✱

✶✸✳

❖②❡②❡♠✐✱ ❆✳ ▼✳ ✭✷✵✶✸✮✳ ❚❤❡ ❣r♦✇t❤ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦ ✐♥ ♥✐❣❡r✐❛✳ ❏♦✉r♥❛❧

♦❢ ❊♠❡r❣✐♥❣ ❚r❡♥❞s ✐♥ ❊❝♦♥♦♠✐❝s ❛♥❞ ▼❛♥❛❣❡♠❡♥t ❙❝✐❡♥❝❡s✱ ✹✭✸✮✿✸✹✸✕✸✹✾✳

P❡r❡③✲❙❛✐③✱ ❍✳✱ ❉r✐❞✐✱ ▼✳ ❏✳✱ ●✉rs♦②✱ ❚✳✱ ❛♥❞ ❇❛r✐✱ ▼✳ ✭✷✵✶✾✮✳ ❚❤❡ ✐♠♣❛❝t ♦❢ r❡✲

♠✐tt❛♥❝❡s ♦♥ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✿ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s❡❝t♦r❛❧ ❧✐♥❦❛❣❡s✳ ■♥t❡r♥❛t✐♦♥❛❧

▼♦♥❡t❛r② ❋✉♥❞✳

P♦rt❡r✱ ❘✳ ❈✳ ❛♥❞ ❘❛♥♥❡②✱ ❙✳ ■✳ ✭✶✾✽✷✮✳ ❆♥ ❡❝❧❡❝t✐❝ ♠♦❞❡❧ ♦❢ r❡❝❡♥t ❧❞❝ ♠❛❝r♦❡❝♦♥♦♠✐❝

♣♦❧✐❝② ❛♥❛❧②s❡s✳ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t✱ ✶✵✭✾✮✿✼✺✶✕✼✻✺✳

Pr❛s❛❞✱ ❊✳ ❛♥❞ ❩❤❛♥❣✱ ❇✳ ✭✷✵✶✺✮✳ ❉✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ ❡♠❡r❣✐♥❣

♠❛r❦❡t ❡❝♦♥♦♠✐❡s✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✼✮✳ ❆r❡ ❡①t❡r♥❛❧ s❤♦❝❦s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✐♥st❛❜✐❧✐t② ♦❢ ♦✉t♣✉t ✐♥

✶✷✹



❧♦✇✲✐♥❝♦♠❡ ❝♦✉♥tr✐❡s❄ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✽✹✭✶✮✿✶✺✺✕✶✽✼✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✽❛✮✳ ❊①t❡r♥❛❧ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈♦❧❛t✐❧✐t② ✐♥ ❧❛t✐♥ ❛♠❡r✐❝❛✳

❲♦r❧❞ ❇❛♥❦ P♦❧✐❝② ❘❡s❡❛r❝❤ ❲♦r❦✐♥❣ P❛♣❡r✱ ✹✸✹✺✳

❘❛❞❞❛t③✱ ❈✳ ✭✷✵✵✽❜✮✳ ❍❛✈❡ ❡①t❡r♥❛❧ s❤♦❝❦s ❜❡❝♦♠❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ♦✉t♣✉t ✢✉❝✲

t✉❛t✐♦♥s ✐♥ ❛❢r✐❝❛♥ ❝♦✉♥tr✐❡s❄ ❆❢r✐❝❛ ❛t ❛ t✉r♥✐♥❣ ♣♦✐♥t❄ ●r♦✇t❤✱ ❛✐❞✱ ❛♥❞ ❡①t❡r♥❛❧

s❤♦❝❦s✳

❘❛s❛❦✐✱ ▼✳ ●✳ ❛♥❞ ▼❛❧✐❦❛♥❡✱ ❈✳ ✭✷✵✶✺✮✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ s❤♦❝❦s ❛♥❞ ✢✉❝t✉❛t✐♦♥s ✐♥

❛❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s✳ ❊❝♦♥♦♠✐❝ ❙②st❡♠s✱ ✸✾✭✹✮✿✻✼✺✕✻✾✻✳

❘♦❞rí❣✉❡③✱ ●✳✱ ❱❛ss❛❧❧♦✱ ❘✳✱ ❛♥❞ ❈❛st✐❧❧♦✱ P✳ ✭✷✵✷✸✮✳ ❊✛❡❝ts ♦❢ ❡①t❡r♥❛❧ s❤♦❝❦s ♦♥

♠❛❝r♦❡❝♦♥♦♠✐❝ ✢✉❝t✉❛t✐♦♥s ✐♥ ♣❛❝✐✜❝ ❛❧❧✐❛♥❝❡ ❝♦✉♥tr✐❡s✳ ❊❝♦♥♦♠✐❝ ▼♦❞❡❧❧✐♥❣✱

✶✷✹✿✶✵✻✸✵✷✳

❘♦t❡♠❜❡r❣✱ ❏✳ ❏✳ ✭✶✾✽✷✮✳ ▼♦♥♦♣♦❧✐st✐❝ ♣r✐❝❡ ❛❞❥✉st♠❡♥t ❛♥❞ ❛❣❣r❡❣❛t❡ ♦✉t♣✉t✳ ❚❤❡

❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✹✾✭✹✮✿✺✶✼✕✺✸✶✳

❙❛❧❛✲✐ ▼❛rt✐♥✱ ❳✳✱ ❉♦♣♣❡❧❤♦❢❡r✱ ●✳✱ ❛♥❞ ▼✐❧❧❡r✱ ❘✳ ■✳ ✭✷✵✵✹✮✳ ❉❡t❡r♠✐♥❛♥ts ♦❢ ❧♦♥❣✲

t❡r♠ ❣r♦✇t❤✿ ❆ ❜❛②❡s✐❛♥ ❛✈❡r❛❣✐♥❣ ♦❢ ❝❧❛ss✐❝❛❧ ❡st✐♠❛t❡s ✭❜❛❝❡✮ ❛♣♣r♦❛❝❤✳ ❆♠❡r✐✲

❝❛♥ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✾✹✭✹✮✿✽✶✸✕✽✸✺✳

❙❛♥②❛✱ ❖✳ ✭✷✵✷✵✮✳ ❈♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ✐♥ s✉❜✲

s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❆r❝❤✐✈❡s ♦❢ ❇✉s✐♥❡ss ❘❡✈✐❡✇✕❱♦❧✱ ✽✭✺✮✳

❙❝❤♠✐tt✲●r♦❤é✱ ❙✳ ❛♥❞ ❯r✐❜❡✱ ▼✳ ✭✷✵✵✸✮✳ ❈❧♦s✐♥❣ s♠❛❧❧ ♦♣❡♥ ❡❝♦♥♦♠② ♠♦❞❡❧s✳ ❏♦✉r♥❛❧

♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✻✶✭✶✮✿✶✻✸✕✶✽✺✳

❙❡♥❜❡t❛✱ ❙✳ ❘✳ ✭✷✵✶✶✮✳ ❍♦✇ ❛♣♣❧✐❝❛❜❧❡ ❛r❡ t❤❡ ♥❡✇ ❦❡②♥❡s✐❛♥ ❞s❣❡ ♠♦❞❡❧s t♦ ❛ t②♣✐❝❛❧

❧♦✇✲✐♥❝♦♠❡ ❡❝♦♥♦♠②❄

❙❡♥❜❡t❛✱ ❙✳ ❘✳ ✭✷✵✶✷✮✳ ❍♦✇ ✐♠♣♦rt❛♥t ❛r❡ ❡①t❡r♥❛❧ s❤♦❝❦s ✐♥ ❡①♣❧❛✐♥✐♥❣ ❣r♦✇t❤ ✐♥ s✉❜✲

✶✷✺



s❛❤❛r❛♥ ❛❢r✐❝❛❄ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❛ ❜❛②❡s✐❛♥ ✈❛r✳ ■♥ ❘❡s❡❛r❝❤ ♣❛♣❡r✴❯❋❙■❆✳ ❋❛❝✉❧t②

♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝s❀ ❯❋❙■❆✳ ❋❛❝✉❧t❡✐t ❚♦❡❣❡♣❛st❡ ❊❝♦♥♦♠✐s❝❤❡ ❲❡t❡♥s❝❤❛♣♣❡♥✳✲

❆♥t✇❡r♣✳

❙✐ss♦❦♦✱ ❨✳ ❛♥❞ ❉✐❜♦♦❣❧✉✱ ❙✳ ✭✷✵✵✻✮✳ ❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ s②st❡♠ ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ s✉❜✲s❛❤❛r❛♥ ❛❢r✐❝❛✳ ❊❝♦♥♦♠✐❝ ❙②st❡♠s✱ ✸✵✭✷✮✿✶✹✶✕✶✺✻✳

❙♠❡ts✱ ❋✳ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✼❛✮✳ ❙❤♦❝❦s ❛♥❞ ❢r✐❝t✐♦♥s ✐♥ ✉s ❜✉s✐♥❡ss ❝②❝❧❡s✿ ❆

❜❛②❡s✐❛♥ ❞s❣❡ ❛♣♣r♦❛❝❤✳ ❆♠❡r✐❝❛♥ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✾✼✭✸✮✿✺✽✻✕✻✵✻✳

❙♠❡ts✱ ❋✳ ❛♥❞ ❲♦✉t❡rs✱ ❘✳ ✭✷✵✵✼❜✮✳ ❲❖ ❘ ❑ ■ ◆ ● P❆ P ❊ ❘ ❙ ❊ ❘ ■ ❊ ❙ ◆ ❖

✼ ✷ ✷ ✴ ❋ ❊ ❇ ❘ ❯❆ ❘❨ ✷ ✵ ✵ ✼ ❙❍❖❈❑❙ ❆◆❉ ❋❘■❈❚■❖◆❙ ■◆ ❯❙ ❇❯❙■◆❊❙❙

❈❨❈▲❊❙ ❆ ❇❆❨❊❙■❆◆ ❉❙●❊ ❆PP❘❖❆❈❍✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✳

❙♦❜✐❡❝❤✱ ■✳ ✭✷✵✶✾✮✳ ❘❡♠✐tt❛♥❝❡s✱ ✜♥❛♥❝❡ ❛♥❞ ❣r♦✇t❤✿ ❉♦❡s ✜♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥t

❢♦st❡r t❤❡ ✐♠♣❛❝t ♦❢ r❡♠✐tt❛♥❝❡s ♦♥ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤❄ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t✱ ✶✶✸✿✹✹✕

✺✾✳

❙♦❧✉❞♦✱ ❈✳ ❈✳ ✭✶✾✾✸✮✳ ●r♦✇t❤ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❆❢r✐❝❛✿ ❢✉rt❤❡r ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❡①t❡r♥❛❧

s❤♦❝❦s ✈❡rs✉s ❞♦♠❡st✐❝ ♣♦❧✐❝② ❞❡❜❛t❡✳ ❯♥✐t❡❞ ◆❛t✐♦♥s ❊❝♦♥♦♠✐❝ ❈♦♠♠✐ss✐♦♥ ❢♦r

❆❢r✐❝❛✱ ❙♦❝✐♦✲❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤ ❛♥❞ ✳ ✳ ✳ ✳

❙t✐❣❧✐t③✱ ❏✳✱ ❖❝❛♠♣♦✱ ❏✳ ❆✳✱ ❙♣✐❡❣❡❧✱ ❙✳✱ ❋❢r❡♥❝❤✲❉❛✈✐s✱ ❘✳✱ ❛♥❞ ◆❛②②❛r✱ ❉✳ ✭✷✵✵✻✮✳

❙t❛❜✐❧✐t② ✇✐t❤ ❣r♦✇t❤✿ ♠❛❝r♦❡❝♦♥♦♠✐❝s✱ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✳ ❖❯P ❖①✲

❢♦r❞✳

❙t♦❝❦✱ ❏✳ ❍✳ ❛♥❞ ❲❛ts♦♥✱ ▼✳ ❲✳ ✭✷✵✵✶✮✳ ❱❡❝t♦r ❛✉t♦r❡❣r❡ss✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝

♣❡rs♣❡❝t✐✈❡s✱ ✶✺✭✹✮✿✶✵✶✕✶✶✺✳

❙②❧✇❡st❡r✱ ❑✳ ✭✷✵✵✺✮✳ ❉❡❝♦❧♦♥✐③❛t✐♦♥ ❆♥❞ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✿ ❚❤❡ ❈❛s❡ ❖❢ ❆❢r✐❝❛✳

❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t✱ ✸✵✭✷✮✿✽✼✕✶✵✷✳

✶✷✻



❚❤♦♠❡t✱ ❏✳ ❛♥❞ ❲❡❣♠✉❡❧❧❡r✱ P✳ ✭✷✵✷✶✮✳ ❚❡❝❤♥♦❧♦❣② s❤♦❝❦s ❛♥❞ ❤♦✉rs ✇♦r❦❡❞✿ ❛

❝r♦ss✲❝♦✉♥tr② ❛♥❛❧②s✐s✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❉②♥❛♠✐❝s✱ ✷✺✭✹✮✿✶✵✷✵✕✶✵✺✷✳

✈❛♥ ◆✐❡❦❡r❦✱ ❆✳ ❏✳ ✭✷✵✷✵✮✳ ❚♦✇❛r❞s ✐♥❝❧✉s✐✈❡ ❣r♦✇t❤ ✐♥ ❛❢r✐❝❛✳ ❉❡✈❡❧♦♣♠❡♥t ❙♦✉t❤❡r♥

❆❢r✐❝❛✱ ✸✼✭✸✮✿✺✶✾✕✺✸✸✳

❲♦♦❞❢♦r❞✱ ▼✳ ✭✷✵✵✷✮✳ ■♥✢❛t✐♦♥ st❛❜✐❧✐③❛t✐♦♥ ❛♥❞ ✇❡❧❢❛r❡✳ ❈♦♥tr✐❜✉t✐♦♥s t♦ ♠❛❝r♦❡❝♦✲

♥♦♠✐❝s✱ ✷✭✶✮✿✶✵✵✾✳

❲✉✱ ❏✳ ❈✳ ❛♥❞ ❳✐❛✱ ❋✳ ❉✳ ✭✷✵✶✼✮✳ ❚✐♠❡✲✈❛r②✐♥❣ ❧♦✇❡r ❜♦✉♥❞ ♦❢ ✐♥t❡r❡st r❛t❡s ✐♥ ❡✉r♦♣❡✳

❈❤✐❝❛❣♦ ❇♦♦t❤ ❘❡s❡❛r❝❤ P❛♣❡r✱ ✭✶✼✲✵✻✮✳

❲✉✱ ❏✳ ❈✳ ❛♥❞ ❳✐❛✱ ❋✳ ❉✳ ✭✷✵✷✵✮✳ ◆❡❣❛t✐✈❡ ✐♥t❡r❡st r❛t❡ ♣♦❧✐❝② ❛♥❞ t❤❡ ②✐❡❧❞ ❝✉r✈❡✳

❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠❡tr✐❝s✱ ✸✺✭✻✮✿✻✺✸✕✻✼✷✳

❨✐❧❞✐r✐♠✱ ❩✳ ❛♥❞ ❆r✐✢✐✱ ❆✳ ✭✷✵✷✶✮✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s✱ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝

✢✉❝t✉❛t✐♦♥s ✐♥ ❛ s♠❛❧❧ ♦✐❧✲❡①♣♦rt✐♥❣ ❡❝♦♥♦♠②✳ ❊♥❡r❣②✱ ✷✶✾✿✶✶✾✺✷✼✳

❩❣❛♠❜♦✱ P✳ ❛♥❞ ❋✉♥②✐♥❛✱ ❚✳ ❑✳ ✭✷✵✷✷✮✳ ❊♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ❡①t❡r♥❛❧

s❤♦❝❦s ♦♥ s❡❧❡❝t❡❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈❛r✐❛❜❧❡s✿ ❚❤❡ ❝❛s❡ ♦❢ ③❛♠❜✐❛✳

✶✷✼



❆PP❊◆❉■❳ ❆

❚❍❊ ❘❖▲❊ ❖❋ ❊❳❚❊❘◆❆▲ ❙❍❖❈❑❙ ❚❖

▼❆❈❘❖❊❈❖◆❖▼■❈ ❋▲❯❈❚❯❆❚■❖◆❙ ❖❢

❊▼❊❘●■◆● ❊❈❖◆❖▼■❊❙✿ ❊❳P▲❖❘■◆● ❚❍❊

❊❳P❖❘❚ ❈❖▼▼❖❉■❚❨ P❘■❈❊ ❈❍❆◆◆❊▲

✶✷✽



❆✳✶ ■♠♣✉❧s❡ r❡s♣♦♥s❡s ✉♥❞❡r ❛♥ ❛❧t❡r♥❛t✐✈❡ ♣r✐♦r

s♣❡❝✐✜❝❛t✐♦♥

❋✐❣✉r❡ ❆✳✶✿ ❘❡s♣♦♥s❡s t♦ ❛ ✶✵ ♣❡r❝❡♥t ♣♦s✐t✐✈❡ ❡①♣♦rt ❝♦♠♠♦❞✐t② ♣r✐❝❡ s❤♦❝❦

✶✷✾



❆✳✷ ❊❝♦♥♦♠✐❡s s❡❧❡❝t❡❞ ❢♦r t❤❡ st✉❞②

❊t❤✐♦♣✐❛ ▼♦r♦❝❝♦ ◆✐❣❡r✐❛ ❙♦✉t❤ ❆❢r✐❝❛

❘❡❧❛t✐✈❡ ●❉P
✭✪ ♦❢ ❆❢r✐❝❛✬s ●❉P✮

✺✳✸✷ ✼✳✶✺ ✷✹✳✽✺ ✷✶✳✺✹

▼❛✐♥ ❊①♣♦rt
✭✪ ♦❢ t♦t❛❧ ❡①♣♦rt✮

❈♦✛❡❡
✭✸✼✳✸✼✮

P❤♦s♣❤❛t❡
✭✷✸✳✺✺✮

❈r✉❞❡ ❖✐❧
✭✾✷✳✼✽✮

Pr❡❝✐♦✉s
▼❡t❛❧ ✭✸✷✳✺✶✮

❊①♣♦rt t♦ ❊❯
✭✪ ♦❢ t♦t❛❧ ❡①♣♦rt✮

✸✼✳✵✷ ✼✺✳✹✶ ✸✹✳✸✷ ✸✽✳✷✹

❚r❛❞❡ ♦♣❡♥♥❡ss
✭✪ ♦❢ ●❉P✮

✹✶✳✾✹ ✻✵✳✻✾ ✸✼✳✹✵ ✺✷✳✺✼

❘❡♠✐tt❛♥❝❡s r❡❝❡✐✈❡❞
✭✪ ♦❢ ●❉P✮

✶✳✶✵ ✻✳✶✶ ✹✳✷✵ ✵✳✷✸

❙♦✉r❝❡✿ ❆✉t❤♦r✬s ❝♦♠♣✉t❛t✐♦♥ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❲❇ ✲ ❲■❚❙ ✭✷✵✷✷✮ ❛♥❞ ❲❉■ ✭✷✵✷✷✮✳

❚❛❜❧❡ ❆✳✶✿ ❑❡② ❢❡❛t✉r❡s ♦❢ ❢♦✉r ❆❢r✐❝❛♥ ❡❝♦♥♦♠✐❡s s❡❧❡❝t❡❞ ❢♦r t❤❡ st✉❞② ♦✈❡r t❤❡
♣❡r✐♦❞✱ ✶✾✾✽ ✲ ✷✵✶✾✳

✶✸✵



❆✳✸ ▼❡❛s✉r❡♠❡♥t ♦❢ ✈❛r✐❛❜❧❡s ❛♥❞ ❞❛t❛ s♦✉r❝❡

❱❛r✐❛❜❧❡s
❉❡s❝r✐♣t✐♦♥ ♦❢

❱❛r✐❛❜❧❡s
▼❡❛s✉r❡♠❡♥t ♦❢

❱❛r✐❛❜❧❡s
❉❛t❛
❙♦✉r❝❡

Y ∗

❘❡❛❧ ❣r♦ss ❞♦♠❡st✐❝ ♣r♦❞✉❝t
✭●❉P✮ ♦❢ t❤❡

❊❯

100 ∗ log ♦❢ q✉❛rt❡r❧②
❊❯ ●❉P

❞❡✢❛t❡❞ ❜② ❊❯ ❈P■

❊✉r♦st❛t
❞❛t❛❜❛s❡

PIc

Pr✐❝❡ ♦❢ ❡①♣♦rt
❝♦♠♠♦❞✐t② ✭❈♦✛❡❡✱
P❤♦s♣❤❛t❡ ❢❡rt✐❧✐③❡r✱

❖✐❧ ❛♥❞ Pr❡❝✐♦✉s ♠❡t❛❧✮

100 ∗ log ♦❢ q✉❛rt❡r❧②
♣r✐❝❡ ♦❢ ❡❛❝❤ ❝♦♠♠♦❞✐t②
❞❡✢❛t❡❞ ❜② ❊❯ ❈P■

❋❡❞❡r❛❧ ❘❡s❡r✈❡
❊❝♦♥♦♠✐❝ ❉❛t❛
✭❋❘❊❉✮ ❞❛t❛❜❛s❡

R∗

◆♦♠✐♥❛❧ ✐♥t❡r❡st
r❛t❡ ♦❢ t❤❡

❊❯

100 ∗ log ♦❢ q✉❛rt❡r❧②
s❤❛❞♦✇ r❛t❡ ♦❢

t❤❡ ❊❯

❲✉ ❛♥❞ ❳✐❛ ✭✷✵✷✵✮
❛♥❞ ❊✉r♦st❛t
❞❛t❛❜❛s❡

A∗

❘❡❛❧ ❛✐❞ t♦ ●❉P
r❛t✐♦ ♦❢ ❡❛❝❤

s❡❧❡❝t❡❞ ❡❝♦♥♦♠②

100 ∗ log ♦❢ q✉❛rt❡r❧②
s❤❛r❡ ♦❢

r❡❛❧ ❛✐❞ t♦ ●❉P

◆❛t✐♦♥❛❧ ❇❛♥❦s
❛♥❞ ❙t❛t✐st✐❝❛❧ ❆❣❡♥❝②

❞❛t❛❜❛s❡s

Y
❘❡❛❧ ●❉P ♦❢
❡❛❝❤ s❡❧❡❝t❡❞
❡❝♦♥♦♠②

100 ∗ log ♦❢ q✉❛rt❡r❧②
r❡❛❧ ●❉P ❢♦r
❡❛❝❤ ❡❝♦♥♦♠②

◆❛t✐♦♥❛❧ ❇❛♥❦s
❛♥❞ ❙t❛t✐st✐❝❛❧ ❆❣❡♥❝②

❞❛t❛❜❛s❡s

CPI
❈♦♥s✉♠❡r ♣r✐❝❡

✐♥❞❡① ♦❢
❡❛❝❤ ❡❝♦♥♦♠②

100 ∗ log ♦❢ q✉❛rt❡r❧②
❈P■ ❢♦r

❡❛❝❤ ❡❝♦♥♦♠②

◆❛t✐♦♥❛❧ ❇❛♥❦s
❛♥❞ ❙t❛t✐st✐❝❛❧ ❆❣❡♥❝②

❞❛t❛❜❛s❡s

E
❊①❝❤❛♥❣❡ r❛t❡ ♦❢

❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❢♦r
❡❛❝❤ ❡❝♦♥♦♠②

100 ∗ log ♦❢ q✉❛rt❡r❧②
❡①❝❤❛♥❣❡ r❛t❡✴❡✉r♦

◆❛t✐♦♥❛❧ ❇❛♥❦s
❛♥❞ ❙t❛t✐st✐❝❛❧ ❆❣❡♥❝②

❞❛t❛❜❛s❡s

R
◆♦♠✐♥❛❧ ✐♥t❡r❡st

r❛t❡ ♦❢
❡❛❝❤ ❡❝♦♥♦♠②

100 ∗ log ♦❢ q✉❛rt❡r❧②
✐♥t❡r❡st r❛t❡

♦❢ ❝❡♥tr❛❧ ❜❛♥❦s

◆❛t✐♦♥❛❧ ❇❛♥❦s
❛♥❞ ❙t❛t✐st✐❝❛❧ ❆❣❡♥❝②

❞❛t❛❜❛s❡s

◆♦t❡✿ ❲❤❡♥❡✈❡r ❞❛t❛ ✐s ❢♦✉♥❞ t♦ ❜❡ ♥♦t s❡❛s♦♥❛❧❧② ❛❞❥✉st❡❞ ❢r♦♠ t❤❡ s♦✉r❝❡✱ s❡❛s♦♥❛❧ ❛❞❥✉st♠❡♥ts

❛r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❊✈✐❡✇s✬ ❳✲✶✸ ✜❧t❡r✳

❚❛❜❧❡ ❆✳✷✿ ❉❡s❝r✐♣t✐♦♥✱ ♠❡❛s✉r❡♠❡♥t ♦❢ ✈❛r✐❛❜❧❡s ❛♥❞ ❞❛t❛ s♦✉r❝❡

✶✸✶



❆PP❊◆❉■❳ ❇

❊❳❚❊❘◆❆▲ ❙❍❖❈❑❙✱ ▼❆❈❘❖❊❈❖◆❖▼■❈

❋▲❯❈❚❯❆❚■❖◆❙ ❆◆❉ ❲❊▲❋❆❘❊

■▼P▲■❈❆❚■❖◆❙✿ ❆ ❙▼❆▲▲ ❖P❊◆ ❊❈❖◆❖▼❨

◆❊❲ ❑❊❨◆❊❙■❆◆ ❉❙●❊ ▼❖❉❊▲ ❲■❚❍ ❆◆

❊❳P❖❘❚ ❈❖▼▼❖❉■❚❨ ❙❊❈❚❖❘

✶✸✷



❇✳✶ ❖♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥s ❢♦r ✜r♠s

❇✳✶✳✶ ❋✐♥❛❧ ❣♦♦❞ ♣r♦❞✉❝✐♥❣ ✜r♠s

Pr♦✜t ♠❛①✐♠✐③❛t✐♦♥ ♦❢ ❛ ✜♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡r ✜r♠ ❢♦❧❧♦✇s✿

PH,t =

(∫ 1

0

PH,t(j)
1−εdj

)

1
1−ε

✭❇✳✶✳✶✮max
Yt(j)

ΠH,t = PH,tYt −

∫ 1

0

PH,t(j)Yt(j)dj s.t Equation 3.2.35

= PH,t

(∫ 1

0

Yt(j)
ε−1
ε dj

)

ε
ε−1

−

∫ 1

0

PH,t(j)Yt(j)dj

❙✐♠♣❧✐❢②✐♥❣ t❤❡ ♦♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥s r❡s✉❧ts ✐♥ ❛♥ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ❛❣❣r❡❣❛t❡ ♣r✐❝❡

❧❡✈❡❧ ❢♦r ❤♦♠❡ ♣r♦❞✉❝❡❞ ❣♦♦❞s✳

PH,t =

(∫ 1

0

PH,t(j)
1−εdj

)

1
1−ε

✶✸✸



❇✳✷ Pr✐❝❡ ❛♥❞ t❡r♠s ♦❢ tr❛❞❡ r❛t✐♦s

Ψttott
Ψt−1tott−1

=
ΠF,t

ΠH,t

Pt

PH,t

=
(

wC + (1− wC)Ψ
1−µC

t

)
1

1−µC ⇒
PH,t

Pt

= 1

/

(

wC + (1− wC)Ψ
1−µC

t

)
1

1−µC

Pt

PF,t

=
(

wCΨ
µC−1
t + (1− wC)

)
1

1−µC ⇒
PF,t

Pt

= 1

/

(

wCΨ
µC−1
t + (1− wC)

)
1

1−µC

P I
t

PH,t

=
(

wI + (1− wI)Ψ
1−µI

t

)
1

1−µI ⇒
PH,t

P I
t

= 1

/

(

wI + (1− wI)Ψ
1−µI

t

)
1

1−µI

P I
t

PF,t

=
(

wIΨ
µI−1
t + (1− wI)

)
1

1−µI ⇒
PF,t

P I
t

= 1

/

(

wIΨ
µI−1
t + (1− wI)

)
1

1−µI

PG
t

PH,t

=
(

wG + (1− wG)Ψ
1−µG

t

)
1

1−µG ⇒
PH,t

PG
t

= 1

/

(

wG + (1− wI)Ψ
1−µI

t

)
1

1−µI

PG
t

PF,t

=
(

wGΨ
µG−1
t + (1− wG)

)
1

1−µG ⇒
PF,t

PG
t

= 1

/

(

wGΨ
µI−1
t + (1− wG)

)
1

1−µG

P I
t

Pt

≡
P I
t

PH,t

/

Pt

PH,t

≡
1

PH,t

P I
t

/

1
PH,t

Pt

≡
PH,t

Pt

/

PH,t

P I
t

PG
t

Pt

≡
PG
t

PH,t

/

Pt

PH,t

≡
1

PH,t

PG
t

/

1
PH,t

Pt

≡
PH,t

Pt

/

PH,t

PG
t

❇✳✷✳✶ Pr✐❝❡ s❡tt✐♥❣

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

q✉❛❞r❛t✐❝ ❛❞❥✉st♠❡♥t ❝♦st ❛s ✐♥ ❘♦t❡♠❜❡r❣ ✭✶✾✽✷✮✳ ❋✐r♠ ❥ ♠❛①✐♠✐③❡s t❤❡ ❞✐s❝♦✉♥t❡❞

♣r❡s❡♥t ✈❛❧✉❡ ♦❢ r❡❛❧ ♣r♦✜t (Ξ) s✉❜❥❡❝t t♦ ✜♥❛❧ ❣♦♦❞ ♣r♦❞✉❝❡r✬s ❞❡♠❛♥❞ ❢♦r ❛♥ ✐♥t❡r✲

♠❡❞✐❛t❡ ❣♦♦❞✳

max
{PH,t(j)}∞

0

Et

∞
∑

s =0

Λs
t+sΞt+s

max
{PH,t(j)}∞

0

Et

∞
∑

s =0

Λs
t+s

{

(PH,t+s(j)

PH,t+s

−mct+sMt+s

)

Yt+s(j)−
γp
2

( PH,t+s(j)

PH,t+s−1(j)
−1
)2

Yt+s

}

✭❇✳✷✳✶✮

s✳t

✶✸✹



Yt+s(j) =

(

PH,t+s(j)

PH,t+s

)−ε

Yt+s ✭❇✳✷✳✷✮

Λs
t+s ≡ β

Us
C,t+s

Us
C,t+s−1

✐s t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r ✶✸ ❛♥❞ Mt ✐s ❛♥ ❡①♦❣❡♥♦✉s ❆❘✭✶✮

♣r♦❝❡ss ♠❛r❦✉♣ s❤♦❝❦ s✐♠✐❧❛r t♦ ❖❤ ✭✷✵✶✾✮ ❛♥❞ PH,t

mct
✐s t❤❡ ❛✈❡r❛❣❡ ♠❛r❦✉♣✳ ❙✉❜st✐✲

t✉t✐♥❣ ❊q✉❛t✐♦♥ ❇✳✷✳✷ ✐♥t♦ s✉❜s❡❝t✐♦♥ ❇✳✷✳✶✱ t❤❡ ❞✐s❝♦✉♥t❡❞ ♣r✐❝✐♥❣ ♣r♦❜❧❡♠ ❝❛♥ ❜❡

❡①♣r❡ss❡❞ ❛s✿

Ξ =
(PH,t(j)

PH,t

)1−ε

Yt −mctMt

(PH,t(j)

PH,t

)−ε

Yt −
γp
2

( PH,t(j)

PH,t−1(j)
− 1
)2

Yt

+ max
{PH,t(j)}

∞

1

Et

∞
∑

s=1

Λs
t+sΞt+s ✭❇✳✷✳✸✮

❊❛❝❤ ♣❡r✐♦❞✱ ✜r♠s ❝❤♦♦s❡ t❤❡ ♣r✐❝❡ ❧❡✈❡❧ t♦ ♠❛①✐♠✐③❡ t❤❡ ❞✐s❝♦✉♥t❡❞ ✢♦✇ ♦❢ ♣r♦✜t✳

❚❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

(1− ε)
(PH,t(j)

PH,t

)

−ε Yt

PH,t

+ (ε)mctMt

(PH,t(j)

PH,t

)

−(1+ε) Yt

PH,t

− γp

( PH,t(j)

PH,t−1(j)
− 1
) Yt

PH,t−1(j)

+γpEt

[

Λs
t+1

(PH,t+1(j)

PH,t(j)
− 1
)

(

PH,t+1(j)

(PH,t(j))
2

)

Yt+1

]

= 0

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

❛♥❞ ❤❡♥❝❡ t❤❡② ✇✐❧❧ ❝❤❛r❣❡ t❤❡ s❛♠❡ ♣r✐❝❡ ❛♥❞ ♣r♦❞✉❝❡ t❤❡ s❛♠❡ ♦✉t♣✉t ✐✳❡✳✱ PHt
(j) =

PH,t ❛♥❞ Yt(j) = Yt✳ ❖♥❝❡ ✇❡ ✐♠♣♦s❡ t❤✐s s②♠♠❡tr② ❝♦♥❞✐t✐♦♥ ❛♥❞ ♠✉❧t✐♣❧② ❜♦t❤ s✐❞❡s

❜② PH,t

Yt
✱ t❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ t❛❦❡s t❤❡ ❢♦r♠✿

(1− ε) + (ε)mctMt − γp

( PH,t

PH,t−1
− 1
) PH,t

PH,t−1
+ γpEt

[

Λs
t+1

(PH,t+1

PH,t

− 1
)PH,t+1

PH,t

Yt+1

Yt

]

= 0

❉❡✜♥❡ ΠH,t ≡ PH,t/PH,t−1 ❛s ❞♦♠❡st✐❝ ❣r♦ss ✐♥✢❛t✐♦♥✳ ❙✉❜st✐t✉t✐♥❣ t❤✐s ❞❡✜♥✐t✐♦♥

❛❜♦✈❡ ♣r♦✈✐❞❡s t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧❧✐♣s ❝✉r✈❡✿

ΠH,t(ΠH,t − 1) =
ε

γp

(

mctMt +
1− ε

ε

)

+ Et

[

Λs
t+1

Yt+1

Yt

(ΠH,t+1 − 1)ΠH,t+1

]

✭❇✳✷✳✹✮

✶✸❚❤✐s ♣❛rt✐❝✉❧❛r st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r ✐s ✉s❡❞ s✐♥❝❡ t❤❡ ✇❤♦❧❡s❛❧❡ s❡❝t♦r ✐♥t❡r♠❡❞✐❛t❡ ❣♦♦❞
♣r♦❞✉❝✐♥❣ ✜r♠s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ♦✇♥❡❞ ❜② ♣❛t✐❡♥t ❤♦✉s❡❤♦❧❞s ✭s❡❡ ●❛❧í ❡t ❛❧✳✱ ✷✵✵✼✱ ❢♦r ❞❡t❛✐❧s✮

✶✸✺



❇✳✸ ▼♦❞❡❧ s♦❧✉t✐♦♥s ❛♥❞ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s ✲ ▼♦r♦❝❝❛♥

❡❝♦♥♦♠②

❇✳✸✳✶ ❍♦✉s❡❤♦❧❞s

U s
t =

(

Cs
t − χCs

t−1

)1−σs

1− σs

exp

(

(σs − 1)
N

s(1+ϕs)
t

1 + φs

)

✭❇✳✸✳✶✮

U r
t =

(

Cr
t − χCr

t−1

)1−σr

1− σr

exp

(

(σr − 1)
N

r(1+ϕr)
t

1 + φr

)

✭❇✳✸✳✷✮

V s
t = Et

[

∞
∑

i=0

βt+iU s
t+i

]

= U s
t + βEtU

s
t+1 ✭❇✳✸✳✸✮

V r
t = Et

[

∞
∑

i=0

βt+iU s
t+i

]

= U r
t + βEtU

r
t+1 ✭❇✳✸✳✹✮

Ut = λU r
t + (1− λ)U s

t ✭❇✳✸✳✺✮

Vt = λV r
t + (1− λ)V s

t ✭❇✳✸✳✻✮

CEr
t = (1.01(1−σr) − 1)U r

t + βCEr
(t+1); ✭❇✳✸✳✼✮

CEs
t = (1.01(1−σs) − 1)U s

t + βCEs
(t+1); ✭❇✳✸✳✽✮

CEt = λCEr
t + (1− λ)CEs

t ; ✭❇✳✸✳✾✮

✶✸✻



wt(1− τwt ) =
(Cs

t − χCs
t−1)(N

s
t )

ϕs

1− βχ
Us
t+1

Us
t

Cs
t−χCs

t−1

Cs
t+1−χCs

t

✭❇✳✸✳✶✵✮

1 = Et

[Λs
t+1

Πt+1

]

Rt ✭❇✳✸✳✶✶✮

1 = Et

[

Λs
t+1

ΠS
t+1

Πt+1

]

Φt(.)R
∗
t ✭❇✳✸✳✶✷✮

Λs
t+1 ≡ β

U s
C,t+1

U s
C,t

✭❇✳✸✳✶✸✮

U s
C,t =

(

Cs
t − χCs

t−1

)−σs
exp

(

(σs − 1)
N

s(1+ϕs)
t

1 + φs

)

✭❇✳✸✳✶✹✮

Et

[

Λt+1

Πt+1

]

Rt = R∗
tΦt(.)Et

[

Λt+1

ΠS
t+1

Πt+1

]

✭❇✳✸✳✶✺✮

Cr
t = wt(1− τwt )N

r
t + (1− τ p)Ωt

P ∗
p,t

P ∗
t

Y p
t − Tt ✭❇✳✸✳✶✻✮

wt(1− τwt ) =
(Cr

t − χCr
t−1)(N

r
t )

ϕr

1− βχ
Ur
t+1

Ur
t

Cr
t −χCr

t−1

Cr
t+1−χCr

t

✭❇✳✸✳✶✼✮

Ct = λCr
t + (1− λ)Cs

t ✭❇✳✸✳✶✽✮

Nt = λN r
t + (1− λ)N s

t ✭❇✳✸✳✶✾✮

✶✸✼



CH,t = wC

(

PH,t

Pt

)−µC

Ct ✭❇✳✸✳✷✵✮

CF,t = (1− wC)

(

PF,t

Pt

)−µC

Ct ✭❇✳✸✳✷✶✮

IH,t = wI

(

PH,t

P I
t

)−µI

It ✭❇✳✸✳✷✷✮

IF,t = (1− wI)

(

PF,t

P I
t

)−µI

It ✭❇✳✸✳✷✸✮

GH,t = wG

(

PH,t

PG
t

)−µG

Gt ✭❇✳✸✳✷✹✮

GF,t = (1− wG)

(

PF,t

PG
t

)−µG

Gt ✭❇✳✸✳✷✺✮

❇✳✸✳✷ ❋✐r♠s

Yt = Kα
t−1 (ZtNt)

1−α ✭❇✳✸✳✷✻✮

rkt ≡
Rk

t

Pt

= α
Yt

Kt−1

mct
PH,t

Pt

✭❇✳✸✳✷✼✮

wt ≡
Wt

Pt

= (1− α)
Yt

Nt

mct
PH,t

Pt

✭❇✳✸✳✷✽✮

mct =
1

PH,t

Pt

(

rkt
α

)α(
wt

(1− α)Zt

)1−α

✭❇✳✸✳✷✾✮

ΠH,t(ΠH,t − 1) =
ε

γp

(

mctMt +
1− ε

ε

)

+ Et

[

Λs
t+1

Yt+1

Yt

(ΠH,t+1 − 1)ΠH,t+1

]

✭❇✳✸✳✸✵✮

✶✸✽



Γ =
γp
2

(

PH,t

PH,t−1

− 1

)2

Yt ✭❇✳✸✳✸✶✮

dt ≡
Dt

Pt

=
PH,t

Pt

(

1−mct −
γp
2

(

PH,t

PH,t−1

− 1

)2
)

Yt ✭❇✳✸✳✸✷✮

Kt = (1− δ)Kt−1 + ηt

(

1− S

(

It
It−1

))

It ✭❇✳✸✳✸✸✮

✭❇✳✸✳✸✹✮It =
[

(wI)
1
µI (IH,t)

µI−1

µI + (1− wI)
1
µI (IF,t)

µI−1

µI

]

µI
µI−1

ηtqt

(

1− S

(

It
It−1

)

−
It
It−1

Xt

)

+ Et

(

Λs
t+1ηt+1qt+1Xt+1

I2t+1

I2t

)

=
P I
t

Pt

✭❇✳✸✳✸✺✮

SXt(.) =
ϕI

2

(

It
It−1

− 1

)2

✭❇✳✸✳✸✻✮

Xt = ϕI

(

It
It−1

− 1

)

✭❇✳✸✳✸✼✮

rrkt =
(1− τ kt )r

k
t + (1− δ)qt
qt−1

✭❇✳✸✳✸✽✮

Et(Λ
s
t+1rr

k
t+1) = Et

(

Λs
t+1

Πt+1

)

Rt = 1 ✭❇✳✸✳✸✾✮

Y P
t = κpYt ✭❇✳✸✳✹✵✮

✶✸✾



GDPt = Ωt
1

PH,t

Pt

P ∗
P,t

P ∗
t

Y P
t + Yt ✭❇✳✸✳✹✶✮

PH,t = StP
∗
H,t and PF,t = StP

∗
F,t ✭❇✳✸✳✹✷✮

Ωt =
StP

∗
t

Pt

≡
PF,t

Pt

✭❇✳✸✳✹✸✮

Ψt =
PF,t

PH,t

≡
StP

∗
F,t

PH,t

✭❇✳✸✳✹✹✮

Ψt =
PF,t

PH,t

=
StP

∗
F,t

StP ∗
H,t

=
P ∗
H,t

P ∗
F,t

=
1

Ψ∗
t

✭❇✳✸✳✹✺✮

❇✳✸✳✸ ■♥✢❛t✐♦♥ ❛♥❞ r❡❧❛t✐✈❡ ♣r✐❝❡s

Πt =
Pt

Pt−1

✭❇✳✸✳✹✻✮

ΠH,t =
PH,t

PH,t−1

✭❇✳✸✳✹✼✮

ΠF,t =
PF,t

PF,t−1

✭❇✳✸✳✹✽✮

Πt =

[

wC

(

ΠH,t
PH,t−1

Pt−1

)1−µC

+ (1− wC)

(

ΠF,t
PF,t−1

Pt−1

)1−µC

] 1
1−µC

✭❇✳✸✳✹✾✮

✶✹✵



Ψttott
Ψt−1tott−1

=
ΠF,t

ΠH,t

Pt

PH,t

=
(

wC + (1− wC)Ψ
1−µC

t

)
1

1−µC ⇒
PH,t

Pt

= 1

/

(

wC + (1− wC)Ψ
1−µC

t

)
1

1−µC

Pt

PF,t

=
(

wCΨ
µC−1
t + (1− wC)

)
1

1−µC ⇒
PF,t

Pt

= 1

/

(

wCΨ
µC−1
t + (1− wC)

)
1

1−µC

P I
t

PH,t

=
(

wI + (1− wI)Ψ
1−µI

t

)
1

1−µI ⇒
PH,t

P I
t

= 1

/

(

wI + (1− wI)Ψ
1−µI

t

)
1

1−µI

P I
t

PF,t

=
(

wIΨ
µI−1
t + (1− wI)

)
1

1−µI ⇒
PF,t

P I
t

= 1

/

(

wIΨ
µI−1
t + (1− wI)

)
1

1−µI

PG
t

PH,t

=
(

wG + (1− wG)Ψ
1−µG

t

)
1

1−µG ⇒
PH,t

PG
t

= 1

/

(

wG + (1− wI)Ψ
1−µI

t

)
1

1−µI

PG
t

PF,t

=
(

wGΨ
µG−1
t + (1− wG)

)
1

1−µG ⇒
PF,t

PG
t

= 1

/

(

wGΨ
µI−1
t + (1− wG)

)
1

1−µG

P I
t

Pt

≡
P I
t

PH,t

/

Pt

PH,t

≡
1

PH,t

P I
t

/

1
PH,t

Pt

≡
PH,t

Pt

/

PH,t

P I
t

PG
t

Pt

≡
PG
t

PH,t

/

Pt

PH,t

≡
1

PH,t

PG
t

/

1
PH,t

Pt

≡
PH,t

Pt

/

PH,t

PG
t

❇✳✸✳✹ ❊①t❡r♥❛❧ s❡❝t♦r

C∗
H,t = (1− w∗

C)

(

1

Ψt

)−µ∗

C

Ct ✭❇✳✸✳✺✵✮

I∗H,t = (1− w∗
I )

(

PH,t

P I
t

)−µ∗

I

I∗t ✭❇✳✸✳✺✶✮

G∗
H,t = (1− w∗

G)

(

PH,t

PG
t

)−µ∗

G

G∗
t ✭❇✳✸✳✺✷✮

✭❇✳✸✳✺✸✮

EXt =

(

csex + isex + gsex +
1

PH,t

Pt

Ωt

P ∗
P,t

P ∗
t

Y P
t

Yt

)

Yt ✭❇✳✸✳✺✹✮

✶✹✶



Φt(.) = exp

(

−ϕB

(

BF,t

PH,t

Pt
Yt

))

✭❇✳✸✳✺✺✮

BF,t =
Πs

t

Πt

BF,t−1 + TBt ✭❇✳✸✳✺✻✮

TBt = Ωt

P ∗
P,t

P ∗
t

Y P
t +

PH,t

Pt

Yt − Ct −
P I
t

Pt

It −
PG
t

Pt

Gt ✭❇✳✸✳✺✼✮

❇✳✸✳✺ ▼❛r❦❡t ❝❧❡❛r✐♥❣ ❝♦♥❞✐t✐♦♥

Yt = CH,t + C∗
H,t + IH,t + I∗H,t +GH,t +G∗

H,t +
γp
2
(ΠH − 1)2 Yt ✭❇✳✸✳✺✽✮

❇✳✹ ▼♦♥❡t❛r② ♣♦❧✐❝②

log

(

Rt

R

)

= ρr log

(

Rt−1

R

)

+(1− ρr)

[

θr,Π log

(

Πt−1

Π

)

+ θr,s log

(

Πs,t−1

Πs

)

+θr,y log

(

Yt

Y

)

]

+ ϵr,t ✭❇✳✹✳✶✮

❇✳✹✳✶ ❋✐s❝❛❧ ♣♦❧✐❝②

PG
t

Pt
Gt +

Rt−1

Πt

BGH,t−1 = Tt +BGH,t + wtNtτ
w
t + (rkt − δqt)Kt−1 + dt)τ

k
t + τ pt Ωt

P ∗
p,t

P ∗
t

Y p
t

τwt = τtτ
w
ss, τ kt = τtτ

k
ss, Tt = gtTss, Gt = gtGss

✶✹✷



log

(

τt
τss

)

= ρτ log

(

τt−1

τss

)

+ θτ,y log

(

Yt−1

Yss

)

+ θτ,bg log

(

BGt−1

BGss

)

+ ϵτ,t

log

(

gt
gss

)

= ρg log

(

gt−1

gss

)

− θg,y log

(

Yt−1

Yss

)

− θg,bg log

(

BGt−1

BGss

)

+ ϵg,t

❇✳✹✳✷ ❊①♦❣❡♥♦✉s ♣r♦❝❡ss

log bt − log b = ρz(log bt−1 − log b) + ϵb,t ✭❇✳✹✳✷✮

logZt − logZ = ρz(logZt−1 − logZ) + ϵz,t ✭❇✳✹✳✸✮

log ηt − log η = ρη(log ηt−1 − log η) + ϵη,t ✭❇✳✹✳✹✮

logMt − logM = ρM(logMt−1 − logM) + ϵm,t ✭❇✳✹✳✺✮

log tott − log Ψ = ρtot(log tott−1 − log tot) + ϵtot,t ✭❇✳✹✳✻✮

logP ∗
P,t − logP ∗

P = ρP ∗

M
(logP ∗

P,t−1 − logP ∗
P ) + ϵP ∗

p,t
✭❇✳✹✳✼✮

✶✹✸



❇✳✺ ❉❡t❡r♠✐♥✐st✐❝ ③❡r♦ ❣r♦✇t❤✱ ♥♦♥✲③❡r♦ ♥❡t ✐♥✢❛t✐♦♥ st❡❛❞②

st❛t❡ ✲ ❙❖❊

❆t t❤❡ st❡❛❞② st❛t❡✱ ❛❧❧ ❡①♣❡❝t❛t✐♦♥ ♦♣❡r❛t♦rs ❛♥❞ ✐t ✐s tr✉❡ t❤❛t Xt = Xt+1 = X ❛♥❞

❛❧❧ t❤❡ st♦❝❤❛st✐❝ s❤♦❝❦s ❞♦ ♥♦t ❡①✐st✳ ❚❤❡ ♣r♦❞✉❝t✐✈✐t② ❣❛♣ ✭ϖ = Y ∗

Y
Ω

✮ ❜❡t✇❡❡♥ t❤❡

❙❖❊ ❛♥❞ t❤❡ ❘♦❲ ♠♦❞❡❧ ✐s ✉s❡❞ t♦ ❝♦♠♣✉t❡ Z∗✳ ϖ ✐s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ r❡❛❧ ●❉P ♣❡r

❝❛♣✐t❛ ♦❢ t❤❡ ❙❖❊ ❛♥❞ t❤❡ ❘♦❲✳ ❆ ♥♦♥✲③❡r♦ ❝♦♥st❛♥t ♥❡t st❡❛❞② st❛t❡ ❣r♦ss ✐♥✢❛t✐♦♥

r❛t❡ ✐s s❡t ❛t Π = Π̄✳ ❘❡❧❛t✐✈❡ ♣r✐❝❡s ❛r❡ s❡t t♦ ✶ ❛♥❞ ❤❡♥❝❡ ❛♥❞ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✱

Ω = 1✳ ❚❤❡ ❧❛❜♦✉r s✉♣♣❧② ❡q✉❛t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ st❡❛❞② st❛t❡ ❤♦✉rs ♦❢

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

❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇s r❡❝✉rs✐✈❡❧②✳

Ω = 1 ✭❇✳✺✳✶✮

Z = 1 ✭❇✳✺✳✷✮

M = 1 ✭❇✳✺✳✸✮

q = 1 ✭❇✳✺✳✹✮

η = 1 ✭❇✳✺✳✺✮

Π̄ = 1.021/4 ✭❇✳✺✳✻✮

Π = Π∗ = ΠF = ΠH = Π̄ = Π̄ ✭❇✳✺✳✼✮

Πs = 1 ✭❇✳✺✳✽✮

Λ = β ✭❇✳✺✳✾✮

Ψ = 1 ✭❇✳✺✳✶✵✮

τk = 0.28 ✭❇✳✺✳✶✶✮

τw = 0.30 ✭❇✳✺✳✶✷✮

τ = 1 ✭❇✳✺✳✶✸✮

✶✹✹



tot = 1 ✭❇✳✺✳✶✹✮

SX(.) = 0 ✭❇✳✺✳✶✺✮

X = 0 ✭❇✳✺✳✶✻✮

R =
Π̄

β
✭❇✳✺✳✶✼✮

rrk =
R

Π
✭❇✳✺✳✶✽✮

mc =
ε− 1

ε
✭❇✳✺✳✶✾✮

Y

K
=

rk

αmc
✭❇✳✺✳✷✵✮

K =
Z
Y
K

1
1−α

✭❇✳✺✳✷✶✮

Y = Kα(ZN)1−α ✭❇✳✺✳✷✷✮

Yp = κpY ✭❇✳✺✳✷✸✮

GDP = Y p + Y ✭❇✳✺✳✷✹✮

w = (1− α)mc
Y

N
✭❇✳✺✳✷✺✮

I = δK ✭❇✳✺✳✷✻✮

IH = wII ✭❇✳✺✳✷✼✮

IF = (1− wI)I ✭❇✳✺✳✷✽✮

Γ = 0 ✭❇✳✺✳✷✾✮

d =
PH

P
(1−mc)Y − Γ ✭❇✳✺✳✸✵✮

BGF = 4bgGDP ✭❇✳✺✳✸✶✮

G = gyGDP ✭❇✳✺✳✸✷✮

GH = wGG ✭❇✳✺✳✸✸✮

✶✹✺



GF = (1− wG)G ✭❇✳✺✳✸✹✮

Φ =
1

Λ

1

R∗

Π

Πs
✭❇✳✺✳✸✺✮

BF =
Y log(Φ)

−ϕB

✭❇✳✺✳✸✻✮

TB = BF (1−R∗Φ
Πs

Π
) ✭❇✳✺✳✸✼✮

T = G+BGH(
R

Π
− 1)− wNτw − ((rk − δq)K + d)τ k − τ pY p ✭❇✳✺✳✸✽✮

C = Y p + Y − I −G− TB ✭❇✳✺✳✸✾✮

N r =
1

λ
(N − (1− λ)N s) ✭❇✳✺✳✹✵✮

Cr = N rw(1− τw) + (1− τ p)Y p − T ✭❇✳✺✳✹✶✮

Cs =
C

(1− λ)
− Cr λ

(1− λ)
✭❇✳✺✳✹✷✮

CH = wCC ✭❇✳✺✳✹✸✮

CF = (1− wC)C ✭❇✳✺✳✹✹✮

EX = GDP − I −G− C + CF + IF +GF + Γ ✭❇✳✺✳✹✺✮

csex =
EX

Y
− isex − gsex −

Y p

Y
✭❇✳✺✳✹✻✮

U s = U s(Cs, N s) ✭❇✳✺✳✹✼✮

U r = U r(Cr, N r) ✭❇✳✺✳✹✽✮

U = λU r + (1− λ)U s ✭❇✳✺✳✹✾✮

CEs =
U s(1.011−σs − 1)

(1− β)
✭❇✳✺✳✺✵✮

CEr =
U r(1.011−σr − 1)

(1− β)
✭❇✳✺✳✺✶✮

CE = λCEr + (1− λ)CEs ✭❇✳✺✳✺✷✮

✶✹✻



❇✳✻ ▼♦❞❡❧ s♦❧✉t✐♦♥s ❛♥❞ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s ✲ ❘♦❲

❇✳✻✳✶ ❍♦✉s❡❤♦❧❞s

U∗s
t =

(

C∗s
t − χC∗s

t−1

)1−σ∗

s

1− σ∗
s

exp

(

∗(σ∗
s − 1)

N
∗s(1+ϕ∗

s)
t

1 + φ∗
s

)

✭❇✳✻✳✶✮

U∗r
t =

(

C∗c
t − χC∗c

t−1

)1−σ∗

r

1− σ∗
r

exp

(

(σ∗
r − 1)

N
∗r(1+ϕ∗

r)
t

1 + φ∗
r

)

✭❇✳✻✳✷✮

U∗
t = λ∗U∗r

t + (1− λ∗)U∗s
t ✭❇✳✻✳✸✮

V ∗s
t = Et

[

∞
∑

i=0

β∗(t+i)U∗s
t+i

]

= U∗s
t + β∗EtU

∗s
t+1 ✭❇✳✻✳✹✮

V ∗r
t = Et

[

∞
∑

i=0

β∗(t+i)U∗r
t+i

]

= U∗r
t + β∗EtU

∗r
t+1 ✭❇✳✻✳✺✮

V ∗
t = λ∗V ∗r

t + (1− λ∗)V ∗s
t ✭❇✳✻✳✻✮

CE∗r
t = (1.01(1−σ∗

r ) − 1)U∗r
t + β∗CE∗r

(t+1); ✭❇✳✻✳✼✮

CE∗s
t = (1.01(1−σ∗

s ) − 1)U∗s
t + β∗CE∗s

(t+1); ✭❇✳✻✳✽✮

CE∗
t = λ∗CE∗r

t + (1− λ∗)CE∗s
t ; ✭❇✳✻✳✾✮

✶✹✼



w∗
t (1− τ ∗wt ) =

(C∗s
t − χC∗s

t−1)(N
∗s
t )ϕ

∗

s

1− β∗χ∗U
∗s
t+1

U∗s
t

C∗s
t −χ∗C∗s

t−1

C∗

t+1−χ∗C∗s
t

✭❇✳✻✳✶✵✮

1 = Et

[Λ∗s
t+1

Π∗
t+1

]

R∗
t ✭❇✳✻✳✶✶✮

Λ∗s
t+1 = β∗

U∗s
C,t+1

U∗s
C,t

✭❇✳✻✳✶✷✮

U∗s
C,t =

(

C∗s
t − χC∗s

t−1

)−σ∗

s exp

(

(σ∗
s − 1)

N
∗s(1+ϕ∗

s)
t

1 + φ∗
s

)

✭❇✳✻✳✶✸✮

C∗r
t = wr

t (1− τ ∗wt )N∗r
t − T ∗

t ✭❇✳✻✳✶✹✮

w∗
t (1− τ ∗wt ) =

(C∗r
t − χC∗r

t−1)(N
∗r
t )ϕ

∗

r

1− β∗χ∗U
∗r
t+1

U∗r
t

C∗r
t −χ∗C∗r

t−1

C∗

t+1−χ∗C∗r
t

✭❇✳✻✳✶✺✮

C∗
t = λ∗C∗r

t + (1− λ∗)C∗s
t ✭❇✳✻✳✶✻✮

N∗
t = λ∗N∗r

t + (1− λ∗)N∗s
t ✭❇✳✻✳✶✼✮

C∗
F,t = w∗

C

(

P ∗
H,t

P ∗
t

)−µ∗

C

C∗
t ✭❇✳✻✳✶✽✮

C∗
H,t = (1− w∗

C)

(

P ∗
F,t

P ∗
t

)−µ∗

C

C∗
t ✭❇✳✻✳✶✾✮

✶✹✽



I∗F,t = w∗
I

(

P ∗
H,t

P ∗I
t

)−µ∗

I

I∗t ✭❇✳✻✳✷✵✮

I∗H,t = (1− w∗
I )

(

P ∗
H,t

P ∗I
t

)−µ∗

I

I∗t ✭❇✳✻✳✷✶✮

G∗
F,t = w∗

G

(

P ∗
F,t

P ∗G
t

)−µ∗

G

G∗
t = w∗

G

(

PF,t

PG
t

)−µ∗

G

G∗
t ✭❇✳✻✳✷✷✮

G∗
H,t = (1− w∗

G)

(

P ∗
H,t

P ∗G
t

)−µ∗

G

G∗
t = (1− w∗

G)

(

PH,t

PG
t

)−µ∗

G

G∗
t ✭❇✳✻✳✷✸✮

❇✳✻✳✷ ❋✐r♠s

Y ∗
t = K∗α∗

t−1 (Z
∗
t N

∗
t )

1−α∗

✭❇✳✻✳✷✹✮

r∗kt = α∗ Y ∗
t

K∗
t−1

mc∗t
P ∗
F,t

P ∗
t

✭❇✳✻✳✷✺✮

w∗
t = (1− α∗)

Y ∗
t

N∗
t

mc∗t
P ∗
F,t

P ∗
t

✭❇✳✻✳✷✻✮

mc∗t =
1

P ∗

F,t

P ∗

t

(

r∗kt
α∗

)α∗
(

w∗
t

(1− α∗)Z∗
t

)1−α∗

✭❇✳✻✳✷✼✮

Π∗
F,t(Π

∗
F,t − 1) =

ε∗

γ∗
p

(

mc∗tM
∗
t +

1− ε∗

ε∗

)

+ Et

[

Λ∗s
t+1

Y ∗
t+1

Y ∗
t

(Π∗
F,t+1 − 1)Π∗

F,t+1

]

✭❇✳✻✳✷✽✮

Γ∗ =
γ∗
p

2

(

P ∗
F,t

P ∗
F,t−1

− 1

)2

Y ∗
t ✭❇✳✻✳✷✾✮

✶✹✾



d∗t =
P ∗
F,t

P ∗
t



1−mc∗t −
γ∗
p

2

(

P ∗
F,t

P ∗
F,t−1

− 1

)2


Y ∗
t ✭❇✳✻✳✸✵✮

K∗
t = (1− δ∗)K∗

t−1 + η∗t

(

1− S∗

(

I∗t
I∗t−1

))

I∗t ✭❇✳✻✳✸✶✮

η∗t q
∗
t

(

1− S∗

(

I∗t
I∗t−1

)

−
I∗t
I∗t−1

X∗
t

)

+ Et

(

Λ∗s
t+1η

∗
t+1q

∗
t+1X

∗
t+1

I∗2t+1

I∗2t

)

=
P ∗I
t

P ∗
t

✭❇✳✻✳✸✷✮

SX∗
t (.) =

ϕ∗
I

2

(

I∗t
I∗t−1

− 1

)2

✭❇✳✻✳✸✸✮

X∗
t = ϕ∗

I

(

I∗t
I∗t−1

− 1

)

✭❇✳✻✳✸✹✮

rr∗kt =
(1− τ ∗kt )r∗kt + (1− δ∗)q∗t

q∗t−1

✭❇✳✻✳✸✺✮

Et(Λ
∗s
t+1rr

∗k
t+1) = Et

(

Λ∗s
t+1

Π∗
F,t+1

)

R∗
t = 1 ✭❇✳✻✳✸✻✮

✶✺✵



❇✳✻✳✸ ■♥✢❛t✐♦♥ ❛♥❞ r❡❧❛t✐✈❡ ♣r✐❝❡s

Π∗
t =

P ∗
t

P ∗
t−1

✭❇✳✻✳✸✼✮

Π∗
F,t =

P ∗
F,t

P ∗
F,t−1

✭❇✳✻✳✸✽✮

Π∗
H,t =

P ∗
H,t

P ∗
H,t−1

✭❇✳✻✳✸✾✮

Π∗
t =

[

w∗
C

(

Π∗
F,t

P ∗
F,t−1

P ∗
t−1

)1−µ∗

C

+ (1− w∗
C)

(

Π∗
H,t

P ∗
H,t−1

P ∗
t−1

)1−µ∗

C

] 1
1−µ∗

C

✭❇✳✻✳✹✵✮

✶✺✶



Ψ∗
t

Ψ∗
t−1

=
Π∗

H,t

Π∗
F,t

✭❇✳✻✳✹✶✮

P ∗
t

P ∗
H,t

=
(

w∗
CΨ

∗µ∗

C−1
t + (1− w∗

C)
) 1

1−µ∗

C ⇒
P ∗
H,t

P ∗
t

= 1

/

(

w∗
CΨ

∗µ∗

C−1
t + (1− w∗

C)
) 1

1−µ∗
C

✭❇✳✻✳✹✷✮

P ∗
t

P ∗
F,t

=
(

w∗
C + (1− w∗

C)Ψ
∗µ∗

C−1
t

) 1
1−µ∗

C ⇒
P ∗
F,t

P ∗
t

= 1

/

(

w∗
C + (1− w∗

C)Ψ
∗1−µ∗

C
t

) 1
1−µ∗

C

✭❇✳✻✳✹✸✮

P ∗I
t

P ∗
H,t

=
(

w∗
IΨ

∗µ∗

I−1
t + (1− w∗

I )
) 1

1−µ∗

I ⇒
P ∗
H,t

P ∗I
t

= 1

/

(

w∗
IΨ

∗µ∗

I−1
t + (1− w∗

I )
) 1

1−µ∗
I

✭❇✳✻✳✹✹✮

P ∗I
t

P ∗
F,t

=
(

w∗
I + (1− w∗

I )Ψ
∗1−µ∗

I
t

) 1
1−µ∗

I ⇒
P ∗
F,t

P ∗I
t

= 1

/

(

w∗
I + (1− w∗

I )Ψ
∗1−µ∗

I
t

) 1
1−µ∗

I

✭❇✳✻✳✹✺✮

P ∗G
t

P ∗
H,t

=
(

w∗
GΨ

∗µ∗

G−1
t + (1− w∗

G)
) 1

1−µ∗

G ⇒
P ∗
H,t

P ∗G
t

= 1

/

(

w∗
GΨ

∗µ∗

G−1
t + (1− w∗

G)
) 1

1−µ∗
G

✭❇✳✻✳✹✻✮

P ∗G
t

P ∗
F,t

=
(

w∗
G + (1− w∗

G)Ψ
∗1−µ∗

G
t

) 1
1−µ∗

G ⇒
P ∗
F,t

P ∗G
t

= 1

/

(

w∗
G + (1− w∗

G)Ψ
∗1−µ∗

G
t

) 1
1−µ∗

G

✭❇✳✻✳✹✼✮

P ∗I
t

P ∗
t

≡
P ∗I
t

P ∗
F,t

/

P ∗
t

P ∗
F,t

=
1

P ∗

F,t

P ∗I
t

/

1
P ∗

F,t

P ∗

t

=
P ∗
H,t

P ∗
t

/

P ∗
H,t

P ∗I
t

✭❇✳✻✳✹✽✮

P ∗G
t

P ∗
t

≡
P ∗G
t

P ∗
F,t

/

P ∗
t

P ∗
F,t

=
1

P ∗

F,t

P ∗G
t

/

1
P ∗

F,t

P ∗

t

=
P ∗
F,t

P ∗
t

/

P ∗
F,t

P ∗G
t

✭❇✳✻✳✹✾✮

❇✳✻✳✹ ❊①t❡r♥❛❧ s❡❝t♦r

EX∗
t = 0 ✭❇✳✻✳✺✵✮

TBt = 0 ✭❇✳✻✳✺✶✮

✶✺✷



❇✳✻✳✺ ▼❛r❦❡t ❝❧❡❛r✐♥❣ ❝♦♥❞✐t✐♦♥

Y ∗
t = C∗

F,t + I∗F,t +G∗
F,t +

γ∗
p

2
(Π∗

F − 1)2 Y ∗
t ✭❇✳✻✳✺✷✮

❇✳✻✳✻ ▼♦♥❡t❛r② ♣♦❧✐❝②

log

(

R∗
t

R∗

)

= ρ∗r log

(

R∗
t−1

R∗

)

+ (1− ρ∗r)

[

θ∗r,π log

(

Π∗
t−1

Π∗

)

+ θ∗r,y log

(

Y ∗
t

Y ∗

)

]

+ ϵ∗ms,t

❇✳✻✳✼ ❋✐s❝❛❧ ♣♦❧✐❝②

P ∗G
t

P ∗
t

G∗
t +

R∗
t−1

Π∗
t

B∗
GF,t−1 = T ∗

t +B∗
GF,t + w∗

tN
∗
t τ

∗w
t + (r∗kt − δ∗q∗t )K

∗
t−1 + d∗t )τ

∗k
t

τ ∗wt = τ ∗t τ
∗w
ss , τ ∗kt = τ ∗t τ

∗k
ss , T ∗

t = g∗t T
∗
ss, G∗

t = g∗tG
∗
ss

log

(

τ ∗t
τ ∗ss

)

= ρ∗τ log

(

τ ∗t−1

τ ∗ss

)

+ θ∗τ,y log

(

Y ∗
t−1

Y ∗
ss

)

+ θ∗τ,bg log

(

B∗
GF,t−1

B∗
GF,ss

)

+ ϵ∗τ,t

log

(

g∗t
g∗ss

)

= ρ∗g log

(

g∗t−1

g∗ss

)

− θ∗g,y log

(

Y ∗
t−1

Y ∗
ss

)

− θ∗g,bg log

(

B∗
GF,t−1

B∗
GF,ss

)

+ ϵ∗g,t

✶✺✸



❇✳✻✳✽ ❊①♦❣❡♥♦✉s ♣r♦❝❡ss

log b∗t − log b∗ = ρz(log b
∗
t−1 − log b∗) + ϵ∗b,t ✭❇✳✻✳✺✸✮

logZ∗
t − logZ∗ = ρz(logZ

∗
t−1 − logZ∗) + ϵ∗z,t ✭❇✳✻✳✺✹✮

log η∗t − log η∗ = ρ∗η(log η
∗
t−1 − log η∗) + ϵ∗η,t ✭❇✳✻✳✺✺✮

logM∗
t − logM∗ = ρ∗M(logM∗

t−1 − logM∗) + ϵ∗m,t ✭❇✳✻✳✺✻✮

✭❇✳✻✳✺✼✮

✶✺✹



❇✳✼ ❉❡t❡r♠✐♥✐st✐❝ ③❡r♦ ❣r♦✇t❤✱ ♥♦♥✲③❡r♦ ♥❡t ✐♥✢❛t✐♦♥ st❡❛❞②

st❛t❡ ✲ ❘♦❲

❆ ♥♦♥✲③❡r♦ ❝♦♥st❛♥t ♥❡t st❡❛❞② st❛t❡ ❣r♦ss ✐♥✢❛t✐♦♥ r❛t❡ ✐s s❡t ❛t Π = Π̄✳ ❘❡❧❛t✐✈❡
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