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❆♥ ❊①♣❡r✐♠❡♥t❛❧ ❆♥❛❧②s✐s∗

❙❛s❝❤❛ ❇❛❣❤❡st❛♥✐❛♥†✱ P❛✉❧ ●♦rt♥❡r‡ ❛♥❞ ❇❛♣t✐st❡ ▼❛ss❡♥♦t§

✷✽t❤ ❏❛♥✉❛r② ✷✵✶✻

❆❜str❛❝t

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

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

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

❤♦✇ ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t✳ ▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ♠❛❦❡s tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t

♠♦r❡ t❤❛♥ ✐♥✈❡st♦rs✳ ❚♦ ❧✐♠✐t ❧♦ss❡s✱ ✐♥✈❡st♦rs s❤♦✉❧❞ t❤✉s r❡str✐❝t ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ t♦ ❢♦r❝❡

tr❛❞❡rs t♦ tr❛❞❡ ❛t ❛ ❧♦✇❡r ♣r✐❝❡✳ ❇② ❝♦♥tr❛st✱ ❜♦♥✉s ❝❛♣s ♠❛❦❡ tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t ❧❡ss

t❤❛♥ ✐♥✈❡st♦rs✳ ❚❤✐s s❤♦✉❧❞ ❡♥❝♦✉r❛❣❡ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞ ✐♥❝r❡❛s❡ ♣r✐❝❡s✳ ■♥ ❝♦♥tr❛st t♦

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

❛♥❞ ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡s ❛r❡ ❧❛r❣❡r✳ ❇♦♥✉s ❝❛♣s ❤❛✈❡ ♥♦ ❝❧❡❛r ❡✛❡❝t ♦♥ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞

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

❑❡②✇♦r❞s✿ ❝♦♠♣❡♥s❛t✐♦♥✱ ❧✐q✉✐❞✐t②✱ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts✱ ❜✉❜❜❧❡s

❏❊▲ ❈❧❛ss✐❢✐❝❛t✐♦♥s✿ ❈✾✵✱ ❈✾✶✱ ❉✵✸✱ ●✵✷✱ ●✶✷

∗❲❡ ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡ r❡s❡❛r❝❤ s✉♣♣♦rt ❢r♦♠ t❤❡ ❘❡s❡❛r❝❤ ❈❡♥t❡r ❙❆❋❊✱ ❢✉♥❞❡❞ ❜② t❤❡ ❙t❛t❡ ♦❢ ❍❡ss❡♥

✐♥✐t✐❛t✐✈❡ ❢♦r r❡s❡❛r❝❤ ▲❖❊❲❊✳
†❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ●♦❡t❤❡ ❯♥✐✈❡rs✐t②✱ ❍♦✉s❡ ♦❢ ❋✐♥❛♥❝❡✱ ●rü♥❡❜✉r❣♣❧❛t③ ✶✱ ❘♠ ✹✳✶✷✱

✻✵✸✷✸ ❋r❛♥❦❢✉rt✱ ●❡r♠❛♥②❀ ❡✲♠❛✐❧✿❜❛❣❤❡st❛♥✐❛♥❅❡❝♦♥✳✉♥✐✲❢r❛♥❦❢✉rt✳❞❡
‡❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ●♦❡t❤❡ ❯♥✐✈❡rs✐t②✱ ❍♦✉s❡ ♦❢ ❋✐♥❛♥❝❡✱ ●rü♥❡❜✉r❣♣❧❛t③ ✶✱ ❘♠ ✷✳✵✺✱

✻✵✸✷✸ ❋r❛♥❦❢✉rt✱ ●❡r♠❛♥②❀ ❡✲♠❛✐❧✿ ♣❛✉❧❣♦rt♥❡r❅❣♠①✳❞❡
§❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ●♦❡t❤❡ ❯♥✐✈❡rs✐t②✱ ❍♦✉s❡ ♦❢ ❋✐♥❛♥❝❡✱ ●rü♥❡❜✉r❣♣❧❛t③ ✶✱ ❘♠ ✹✳✵✷✱

✻✵✸✷✸ ❋r❛♥❦❢✉rt✱ ●❡r♠❛♥②❀ ❡✲♠❛✐❧✿ ❜❛♣t✐st❡♠❛ss❡♥♦t❅❣♠❛✐❧✳❝♦♠



✶ ■♥tr♦❞✉❝t✐♦♥

❊①❝❡ss✐✈❡ ❜♦♥✉s❡s ✐♥ t❤❡ ✜♥❛♥❝✐❛❧ ✐♥❞✉str② ♠✐❣❤t ❤❛✈❡ ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ r❡❝❡♥t ✜♥❛♥❝✐❛❧ ❝r✐s✐s

❜② ❡♥❝♦✉r❛❣✐♥❣ ❡①❝❡ss✐✈❡ r✐s❦✲t❛❦✐♥❣ ❬❘❛❥❛♥✱ ✷✵✵✻✱ ❇❡❜❝❤✉❦ ✉♥❞ ❙♣❛♠❛♥♥✱ ✷✵✵✾❪✳ ❚♦ ❢♦st❡r

✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✱ ❛ ♥✉♠❜❡r ♦❢ r❡❢♦r♠s ❤❛✈❡ ❜❡❡♥ ❞✐s❝✉ss❡❞✳ ❇♦♥✉s ❝❛♣s ❤❛✈❡ r❡❝❡✐✈❡❞ t❤❡ ♠♦st

❛tt❡♥t✐♦♥ ❛♥❞ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ ✭❞✐r❡❝t✐✈❡ ✷✵✶✸✴✸✻✴❊❯✮✳

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

❧♦ss❡s✳

❲❡ ✐♥✈❡st✐❣❛t❡ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❞✐✛❡r❡♥t ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ♦♥ ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t② ✐♥ ❛

❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥t✳ ■♥✈❡st♦rs ❝❛♥ ❡♥tr✉st t❤❡✐r ♠♦♥❡② t♦ tr❛❞❡rs ✇❤♦s❡ ❥♦❜ ✐s t♦ ❜✉② ♦r s❡❧❧

❛ss❡ts✳ ❲✐t❤✐♥ t❤✐s s❡t✉♣✱ t✇♦ ♦✉t❝♦♠❡s t❤❛t ❛✛❡❝t ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t② ❛r❡ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞

❛ss❡t ♣r✐❝❡s✳ ❆ ❧♦✇ ❧❡✈❡❧ ♦❢ ❧✐q✉✐❞✐t② ♠❛② ♣r❡✈❡♥t ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❢r♦♠ ♦♣❡r❛t✐♥❣ ❡✣❝✐❡♥t❧②✳ ❆t

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

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

❧❛r❣❡ ❝❛♣✐t❛❧ ❧♦ss❡s✳

❈♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ❝❛♥ ❤❛✈❡ ❝♦♥s❡q✉❡♥❝❡s ♦♥ ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t② ✇✐t❤✐♥ t❤✐s ❢r❛♠❡✇♦r❦

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

❢♦✉r s❝❤❡♠❡s✿ ✉♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✱ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✱ ❡❛❝❤ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❝❛♣♣✐♥❣ ❜♦♥✉s❡s✳ ❲❤❡♥

tr❛❞❡rs ❛r❡ ♥♦t ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s✱ t❤❡② ✈❛❧✉❡ t❤❡ ❛ss❡t ♠♦r❡ t❤❛♥ ✐♥✈❡st♦rs✳ ❚r❛❞❡rs ✐♥❞❡❡❞ ❢❛❝❡

♥♦ ❞♦✇♥s✐❞❡ r✐s❦ ✇❤✐❧❡ ✐♥✈❡st♦rs s✉✛❡r t❤❡ ❢✉❧❧ ❧♦ss❡s ❛♥❞ st✐❧❧ s❤❛r❡ t❤❡ ❣❛✐♥s✳ Pr♦✈✐❞❡❞ ✇✐t❤

❡♥♦✉❣❤ ❧✐q✉✐❞✐t②✱ tr❛❞❡rs ❛r❡ ✇✐❧❧✐♥❣ t♦ ♣❛② ❤✐❣❤ ♣r✐❝❡s ♣♦ss✐❜❧② ❧❡❛❞✐♥❣ t♦ ❛♥ ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡✳

■❢ ✐♥✈❡st♦rs ❛♥t✐❝✐♣❛t❡ t❤✐s✱ t❤❡② ♠✐❣❤t ✇❛♥t t♦ r❡str✐❝t ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ t♦ ♣r❡✈❡♥t tr❛❞❡rs ❢r♦♠

♦✈❡r♣❛②✐♥❣✱ ♣♦t❡♥t✐❛❧❧② ❧❡❛❞✐♥❣ t♦ ✐♥s✉✣❝✐❡♥t ❧✐q✉✐❞✐t②✳

❇② ❝♦♥tr❛st✱ ❝❛♣♣✐♥❣ ❜♦♥✉s❡s ♠❛❦❡s t❤❡ ❛ss❡t ♠♦r❡ ✈❛❧✉❛❜❧❡ t♦ t❤❡ ✐♥✈❡st♦r✳ ■♥❞❡❡❞✱ ✐t

r❡❞✉❝❡s t❤❡ ♣♦t❡♥t✐❛❧ ❣❛✐♥s ♦❢ t❤❡ tr❛❞❡r ❛♥❞ ✐♥❝r❡❛s❡s t❤♦s❡ ♦❢ t❤❡ ✐♥✈❡st♦r✳ ❚r❛❞❡rs ❛r❡ t❤✉s

✇✐❧❧✐♥❣ t♦ tr❛❞❡ ❛t ❧♦✇❡r ♣r✐❝❡s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ✐♥✈❡st♦rs ❛r❡ ✇✐❧❧✐♥❣ t♦ ♣r♦✈✐❞❡ ♠♦r❡ ❧✐q✉✐❞✐t②

s✐♥❝❡ t❤❡r❡ ✐s ♥♦ r✐s❦ t❤❛t tr❛❞❡rs ✇✐❧❧ ♦✈❡r♣❛② ❢♦r t❤❡ ❛ss❡t✳ ❲❤✐❧❡ ❝❛♣s ❝❛♥ ❤❛✈❡ t❤❡ ❞❡s✐r❡❞

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

♣r❡ss✉r❡ ♦♥ ♣r✐❝❡s✳

◆❡①t✱ ✇❡ ❝♦♠♣❛r❡ t❤❡s❡ ♣r❡❞✐❝t✐♦♥s t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❡✈✐❞❡♥❝❡✳ ▲✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s

❧♦✇❡r ✇❤❡♥ tr❛❞❡rs ❛r❡ ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s t❤❛♥ ✇❤❡♥ t❤❡② ❛r❡ ♥♦t✳ ❚❤✐s ✐s t❤❡ ♦♣♣♦s✐t❡ ♦❢ ✇❤❛t ✇❡

❡①♣❡❝t❡❞ s✐♥❝❡ t❤❡r❡ ❛r❡ ♥♦ ❝♦♥✢✐❝ts ♦❢ ✐♥t❡r❡st ✇❤❡♥ tr❛❞❡rs ❛r❡ ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s ❛♥❞ t❤✐s s❤♦✉❧❞

❡♥❝♦✉r❛❣❡ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❲❡ ❛❧s♦ ✜♥❞ t❤❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ❝❛♣ ❤❛s ♥♦ ❝❧❡❛r ❡✛❡❝t✳ ■t

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

❝❛s❡ ♦❢ ✉♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✳

❲❡ ♦❜s❡r✈❡ ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ ❛❧❧ tr❡❛t♠❡♥ts✳ ❍♦✇❡✈❡r✱ ❛ss❡ts tr❛❞❡ ❝❧♦s❡r t♦ t❤❡ ❢✉♥❞❛✲

♠❡♥t❛❧ ✈❛❧✉❡ ✇❤❡♥ tr❛❞❡rs ❛r❡ ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s t❤❛♥ ✇❤❡♥ t❤❡② ❛r❡ ♥♦t✳ ❚❤✐s s✉❣❣❡sts t❤❛t✱ ❛s

❡①♣❡❝t❡❞✱ tr❛❞❡rs t❛❦❡ ♠♦r❡ r✐s❦ ✇❤❡♥ t❤❡② ❢❛❝❡ ❧❡ss ❞♦✇♥s✐❞❡ r✐s❦✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡ ✜♥❞ t❤❛t

❛♥ ✐♥✢♦✇ ♦❢ ❧✐q✉✐❞✐t② ✐s ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ s✉❜s❡q✉❡♥t ❛ss❡t ♣r✐❝❡s✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡

✶



❤✐❣❤❡r ❧✐q✉✐❞✐t② ❡♥tr✉st❡❞ t♦ tr❛❞❡rs ✉♥❞❡r ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❤✐❣❤❡r ♣r✐❝❡s✳ ❚❤❡

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

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

✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✳ ▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ❢✉❡❧s ❜✉❜❜❧❡s✳ ❲❤✐❧❡ t❤✐s ❝♦✉❧❞ ❜❡ ❝♦♥t❛✐♥❡❞ ✐❢ ✐♥✈❡st♦rs

❧✐♠✐t❡❞ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ♦♣♣♦s✐t❡ ❤❛♣♣❡♥s✳ ■♥✈❡st♦rs ♣r♦✈✐❞❡ ♠♦r❡ ❧✐q✉✐❞✐t②

✇❤❡♥ tr❛❞❡rs ❛r❡ ♥♦t ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s✳

❆ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ✐s t❤❛t ✐♥✈❡st♦rs ✇❛♥t t❤❡✐r tr❛❞❡r t♦ s♣❡❝✉❧❛t❡✱ t❤❛t ✐s✱ t♦ ❜✉② t❤❡ ❛ss❡t

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

♠♦r❡ ❧✐q✉✐❞✐t② t♦ t❤❡✐r tr❛❞❡r ✇❤❡♥ t❤❡ ❜✉❜❜❧❡ ❢♦r♠s✳ ❲❤② ✇♦✉❧❞ ✐♥✈❡st♦rs ❜❡ ♠♦r❡ ✇✐❧❧✐♥❣

t♦ ❡♥❝♦✉r❛❣❡ s♣❡❝✉❧❛t✐♦♥ ✐♥ ❝❛s❡ ♦❢ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②❄ ❆ ❝♦♠♠♦♥ r❛t✐♦♥❛❧❡ ❢♦r s♣❡❝✉❧❛t✐♦♥ ✐s

♠♦♠❡♥t✉♠ tr❛❞✐♥❣ ❬❞❡ ▲♦♥❣ ❡t ❛❧✳✱ ✶✾✾✵❪✳ ❋♦❧❧♦✇✐♥❣ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣r✐❝❡s✱ tr❛❞❡rs ❜❡❧✐❡✈❡ t❤❛t

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

t❤❡ ♠♦r❡ ❧✐q✉✐❞✐t② ✐♥✈❡st♦rs s❤♦✉❧❞ ♣r♦✈✐❞❡✳ ❲❡ ✐♥❞❡❡❞ ♦❜s❡r✈❡ t❤❛t ❜♦♦♠s ❛r❡ st❡❡♣❡r ✐♥ t❤❡

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

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

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

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

✜♥❛♥❝✐❛❧ ✐♥❞✉str②✳ ❇♦♥✉s ❝❛♣s ❞♦ ♥♦t s❡❡♠ t♦ ❤❛✈❡ ❛ ❝❧❡❛r❝✉t ✐♠♣❛❝t ♦♥ ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✳ ❇②

❝♦♥tr❛st✱ ♠❛❦✐♥❣ tr❛❞❡rs ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s s❡❡♠s ♠♦r❡ ❡✛❡❝t✐✈❡ ✐♥ r❡❞✉❝✐♥❣ ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡s✳

▲✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s ❛❧s♦ ❧♦✇❡r ❜✉t t❤✐s ❛❝t✉❛❧❧② ❤❛s ❛ st❛❜✐❧✐③✐♥❣ ❡✛❡❝t s✐♥❝❡ ✐t ❞♦❡s ♥♦t s❡❡♠

t♦ ♣r❡✈❡♥t ❛ss❡t ♠❛r❦❡ts ❢r♦♠ ❢✉♥❝t✐♦♥✐♥❣ s♠♦♦t❤❧②✳ ❲❤✐❧❡ t❤❡s❡ r❡s✉❧ts st❛♥❞ ✐♥ st❛r❦ ❝♦♥tr❛st

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

❝♦♥❝❡r♥s ♦❢ ❡①t❡r♥❛❧ ✈❛❧✐❞✐t② ❛♣♣❧② ✐♥ s✉❝❤ ❛ ❤✐❣❤❧② st②❧✐③❡❞ ❡♥✈✐r♦♥♠❡♥t✳

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

✢✐❝ts ♦❢ ✐♥t❡r❡st ❬❏❡♥s❡♥ ✉♥❞ ▼❡❝❦❧✐♥❣✱ ✶✾✼✻❪✳ ❆♥ ✐♠♣♦rt❛♥t r❡s✉❧t ♦❢ t❤✐s ❧✐t❡r❛t✉r❡ ✐s t❤❛t

❛❣❡♥❝② ❝♦sts ❝❛♥ ❜❡ r❡❞✉❝❡❞ ✇❤❡♥ t❤❡ ✐♥t❡r❡sts ♦❢ t❤❡ ❛❣❡♥t ❛♥❞ ♦❢ t❤❡ ♣r✐♥❝✐♣❛❧ ❛r❡ ❜❡tt❡r

❛❧✐❣♥❡❞✳ ❆ ❧❛r❣❡ ❧✐t❡r❛t✉r❡ t❡sts ❛♥❞ t②♣✐❝❛❧❧② ✜♥❞s s✉♣♣♦rt ❢♦r t❤✐s ❤②♣♦t❤❡s✐s ❜② ❝♦♠♣❛r✐♥❣ t❤❡

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

❋♦r ❡①❛♠♣❧❡✱ ❊❧t♦♥ ❡t ❛❧✳ ❬✷✵✵✸❪ ✜♥❞ t❤❛t ✐♥❝❡♥t✐✈❡✲❢❡❡ ♠✉t✉❛❧ ❢✉♥❞s ❛r❡ ❜❡tt❡r ❛t ♣✐❝❦✐♥❣ st♦❝❦s✱

t❛❦❡ ♠♦r❡ r✐s❦ ❛♥❞ ❛❧s♦ ❤❛✈❡ ❧❛r❣❡r ✐♥✢♦✇s t❤❛♥ ♥♦♥✲✐♥❝❡♥t✐✈❡✲❢❡❡ ❢✉♥❞s ❛♥❞ ❆❣❛r✇❛❧ ❡t ❛❧✳ ❬✷✵✵✾❪

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

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

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

s❝❤❡♠❡ ♦♥ ♠❛❝r♦✲✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✳

❖✉r ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥ ❡①t❡♥❞s t❤❡ st❛♥❞❛r❞ ❛ss❡t ♠❛r❦❡t ❡①♣❡r✐♠❡♥t ❬❙♠✐t❤ ❡t ❛❧✳✱ ✶✾✽✽❪

❜② ❡♥❞♦❣❡♥✐③✐♥❣ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ t♦ ❛❧❧♦✇ ❢♦r t❤❡ ❥♦✐♥t st✉❞② ♦❢ ❛ ♣r✐♥❝✐♣❛❧✲❛❣❡♥t r❡❧❛t✐♦♥s❤✐♣

❛♥❞ ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✳ ❊❛r❧✐❡r ✇♦r❦ ❤❛s ✈❛r✐❡❞ t❤❡ ❧❡✈❡❧ ♦❢ ❡①♦❣❡♥♦✉s ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❜②

st✉❞②✐♥❣ ❡♥✈✐r♦♥♠❡♥ts ✇✐t❤ ❞✐✛❡r❡♥t ✐♥✐t✐❛❧ ❝❛s❤✲t♦✲❛ss❡t r❛t✐♦s ❬❈❛❣✐♥❛❧♣ ❡t ❛❧✳✱ ✶✾✾✽❪ ❛♥❞ ❢♦✉♥❞

✷



t❤❛t ♠♦r❡ ❧✐q✉✐❞✐t② ❧❡❛❞s t♦ ❧❛r❣❡r ❜✉❜❜❧❡s✳ ❈♦♥s✐st❡♥t ✇✐t❤ t❤✐s r❡s✉❧t✱ ✇❡ ✜♥❞ t❤❛t ❛ss❡t ♣r✐❝❡s

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

❞♦❡s ♥♦t ❛❧❧♦✇ ✉s t♦ ❡st❛❜❧✐s❤ ❝❛✉s❛❧✐t②✳

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

♠❛r❦❡t ❡①♣❡r✐♠❡♥ts✳ ❏❛♠❡s ✉♥❞ ■s❛❛❝ ❬✷✵✵✵❪ ❛♥❞ ■s❛❛❝ ✉♥❞ ❏❛♠❡s ❬✷✵✵✸❪ ✐♥✈❡st✐❣❛t❡ t❤❡ ❛♠♣✲

❧✐❢②✐♥❣ ❡✛❡❝ts ♦❢ t♦✉r♥❛♠❡♥t ✐♥❝❡♥t✐✈❡s ♦♥ ❛ss❡t ♣r✐❝❡s✳ ❘♦❜✐♥ ❡t ❛❧✳ ❬✷✵✶✷❪ ✈❛r② ❤♦✇ ❢r❡q✉❡♥t❧②

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

❧❡❛❞ t♦ ❧❡ss s❡✈❡r❡ ♣r✐❝❡ ❞✐st♦rt✐♦♥s t❤❛♥ ♠❛r❦❡ts ✇✐t❤ s❤♦rt✲t❡r♠ ❝♦♥tr❛❝ts ✐❢ t❤♦s❡ ♠❛r❦❡ts ❤❛✈❡

❛ ❧❛r❣❡r s❤❛r❡ ♦❢ ♠❛❧❡ tr❛❞❡rs✳ ❍♦❧♠❡♥ ❡t ❛❧✳ ❬✷✵✶✹❪ r❡♣♦rt t❤❛t ♦♣t✐♦♥✲❧✐❦❡ ✐♥❝❡♥t✐✈❡ s❝❤❡♠❡s

✐♥❞✉❝❡ ❤✐❣❤❡r ❛ss❡t ♣r✐❝❡s t❤❛♥ ❧✐♥❡❛r ✐♥❝❡♥t✐✈❡ s❝❤❡♠❡s✳ ▲✐❦❡ ✉s✱ ❑❧❡✐♥❧❡r❝❤❡r ❡t ❛❧✳ ❬✷✵✶✹❪ ✜♥❞

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

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

❲❡ ❡①t❡♥❞ t❤❡s❡ r❡s✉❧ts t♦ ❛ s❡tt✐♥❣ ✐♥ ✇❤✐❝❤ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s ❛ ❝❤♦✐❝❡ ✈❛r✐❛❜❧❡ ♦❢ ✐♥✲

✈❡st♦rs ✇❤♦s❡ ♦❜❥❡❝t✐✈❡s ♠✐❣❤t ❞✐✛❡r ❢r♦♠ t❤♦s❡ ♦❢ tr❛❞❡rs✳ ❖✉r t❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦ s❤♦✇s

t❤❛t t❤❡ ❜❡❤❛✈✐♦r ♦❢ ✐♥✈❡st♦rs ❝❛♥ ❤❛✈❡ ✐♠♣♦rt❛♥t ❡✛❡❝ts ♦♥ ❛ss❡t ♣r✐❝❡s✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡

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

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

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

■♥ ❝♦♥tr❛st t♦ ❝♦♥✈❡♥t✐♦♥❛❧ ✇✐s❞♦♠✱ ✇❡ ❞♦ ♥♦t ✜♥❞ t❤❛t ❝❛♣s ❛r❡ ❡✛❡❝t✐✈❡ ❛t r❡❞✉❝✐♥❣ ❜✉❜❜❧❡s✳

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

✐s ❡♥❞♦❣❡♥♦✉s✳

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

✸ ✐♥tr♦❞✉❝❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥✳ ❙❡❝t✐♦♥ ✹ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❛♥❞ s❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳

✷ ❚❤❡♦r❡t✐❝❛❧ ❋r❛♠❡✇♦r❦

❲❡ ❝♦♥s✐❞❡r ❛♥ ❡♥✈✐r♦♥♠❡♥t ✇✐t❤ ❛ ❝♦♥t✐♥✉✉♠ ♦❢ ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs ❡❛❝❤ ♦❢ ♠❛ss ✶✳ ❊❛❝❤

✐♥✈❡st♦r ✐s ♣❛✐r❡❞ t♦ ❛ tr❛❞❡r ❢♦r t❤r❡❡ ♣❡r✐♦❞s✳ ■♥✈❡st♦rs ❛r❡ ✐♥✐t✐❛❧❧② ❡♥❞♦✇❡❞ ✇✐t❤ ✇❡❛❧t❤ W

❛♥❞ ❞❡❝✐❞❡ t♦ ♣r♦✈✐❞❡ ❧✐q✉✐❞✐t② L ≤ W t♦ t❤❡✐r tr❛❞❡r ✐♥ ♣❡r✐♦❞ ✶✳ ❚r❛❞❡rs ✉s❡ t❤✐s ❧✐q✉✐❞✐t②

t♦ tr❛❞❡ ❛ss❡ts ✐♥ ❛ ♠❛r❦❡t ✐♥ ♣❡r✐♦❞ ✷✳ ❚❤❡ s✐♥❣❧❡ ❛ss❡t ✭♣❡r❢❡❝t❧② ❞✐✈✐s✐❜❧❡✮ ♣❛②s ❞✐✈✐❞❡♥❞s D

✇✐t❤ ♣r♦❜❛❜✐❧✐t② γ ❛♥❞ 0 ♦t❤❡r✇✐s❡ ✐♥ ♣❡r✐♦❞ ✸✳ ❲❡ ❛ss✉♠❡ t❤❛t W > D t♦ ❡♥s✉r❡ t❤❛t ✇❡❛❧t❤

✐s s✉✣❝✐❡♥t t♦ ❜✉② t❤❡ ❛ss❡t ❛t t❤❡ ❤✐❣❤❡st ❝♦♥❝❡✐✈❛❜❧❡ ♣r✐❝❡ D✳ ❚❤❡ ♠❛①✐♠✉♠ tr❛❞❡rs ❝❛♥ ❜✉②

✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡✐r ❧✐q✉✐❞✐t② ❝♦♥str❛✐♥t

pN ≤ L, ✭✶✮

✇❤❡r❡ p r❡❢❡rs t♦ t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ❛ss❡t ❛♥❞ N t♦ t❤❡ q✉❛♥t✐t② ♦❢ ❛ss❡ts ❜♦✉❣❤t✳

❲❡ s♦❧✈❡ t❤❡ ❣❛♠❡ ❜② ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥✳ ❋✐rst✱ ✇❡ ❛♥❛❧②③❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ tr❛❞❡r ✐♥

♣❡r✐♦❞ ✷✳ ❚❤❡ tr❛❞❡r ❞❡❝✐❞❡s ❤♦✇ ♠❛♥② ❛ss❡ts ❤❡ ✇❛♥ts t♦ ❜✉② ❛♥❞ ❛t ✇❤❛t ♣r✐❝❡ ❣✐✈❡♥ ❤✐s

✸



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

♣r♦✈✐❞❡ ✐♥ ♣❡r✐♦❞ ✶✳ ❲❡ ❧♦♦❦ ❛t ❢♦✉r ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ♦❢ t❤❡ tr❛❞❡r✳ ❯♥❞❡r ✉♥❧✐♠✐t❡❞

❧✐❛❜✐❧✐t② ✭❯▲✮✱ tr❛❞❡rs ❛♥❞ ✐♥✈❡st♦rs s❤❛r❡ ❜♦t❤ ❧♦ss❡s ❛♥❞ ❣❛✐♥s✳ ❯♥❞❡r ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭▲▲✮✱

tr❛❞❡rs ❛♥❞ ✐♥✈❡st♦rs ❛❧s♦ s❤❛r❡ t❤❡ ❣❛✐♥s ❜✉t tr❛❞❡rs ❛r❡ ♥♦t ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s✳ ❋✐♥❛❧❧②✱ ✇❡

✐♥tr♦❞✉❝❡ ❛ ❝❛♣ C > 0 t❤❛t ❧✐♠✐ts t❤❡ ♣♦ss✐❜❧❡ ❣❛✐♥s ♦❢ t❤❡ tr❛❞❡r ❜♦t❤ ✇✐t❤ ✉♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②

✭❯▲❈✮ ❛♥❞ ✇✐t❤ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭▲▲❈✮✳

❲❡ ✜rst ❧♦♦❦ ❛t t❤❡ ❯▲ ❝❛s❡✳ ❆ ♣r♦♣♦rt✐♦♥ α ♦❢ t❤❡ ♣❡r✐♦❞✲✸ ❣❛✐♥s ♦r ❧♦ss❡s ❣♦❡s t♦ t❤❡ tr❛❞❡r

❛♥❞ t❤❡ r❡st ❣♦❡s t♦ t❤❡ ✐♥✈❡st♦r✳ ❲❡ ✜rst ❛♥❛❧②③❡ t❤❡ ❞❡❝✐s✐♦♥ ♦❢ t❤❡ tr❛❞❡r ✐♥ ♣❡r✐♦❞ ✷✳ ❲✐t❤

♣r♦❜❛❜✐❧✐t② γ✱ t❤❡ ❛ss❡t ♣❛②s ❛ ❞✐✈✐❞❡♥❞ D ❛♥❞ t❤❡ tr❛❞❡r r❡❝❡✐✈❡s α(D− p)N ✳ ❲✐t❤ ♣r♦❜❛❜✐❧✐t②

1− γ✱ t❤❡ ❛ss❡t ❞♦❡s ♥♦t ♣❛② ❛ ❞✐✈✐❞❡♥❞ ❛♥❞ t❤❡ tr❛❞❡r ❧♦s❡s −αpN ✳ ❚❤❡ ✉t✐❧✐t② ♦❢ t❤❡ tr❛❞❡r ✐s✿

UT
UL = αN{γ(D − p)− (1− γ)p} = αN(γD − p).

❚❤❡ tr❛❞❡r ❝❤♦♦s❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛ss❡ts N t❤❛t ♠❛①✐♠✐③❡s ❤✐s ❡①♣❡❝t❡❞ ♣r♦✜t ❢♦r ❛ ❣✐✈❡♥ ❛ss❡t

♣r✐❝❡ p ✉♥❞❡r t❤❡ ❧✐q✉✐❞✐t② ❝♦♥str❛✐♥t ✭✶✮✳ ❆s ❧♦♥❣ ❛s t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ✐s s❧❛❝❦✱ t❤❡ tr❛❞❡r ✐s

✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = γD ❢♦r t❤❡ ❛ss❡t✳ ❲❤❡♥ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣✱ t❤❡ ♠❛①✐♠✉♠

q✉❛♥t✐t② ♦❢ ❛ss❡ts t❤❡ tr❛❞❡r ❝❛♥ ❜✉② ✐s N = L/p✳

■♥ ♣❡r✐♦❞ ✶✱ t❤❡ ✐♥✈❡st♦r ❛♥t✐❝✐♣❛t❡s t❤❡ ❛❝t✐♦♥s ♦❢ t❤❡ tr❛❞❡r ❛♥❞ ♠❛①✐♠✐③❡s ❤✐s ✉t✐❧✐t②✿

U I
UL = (1− α)N{γ(D − p)− (1− γ)p} = (1− α)N(γD − p).

❚❤❡ ✐♥t❡r❡sts ♦❢ t❤❡ ✐♥✈❡st♦r ❛r❡ ♣❡r❢❡❝t❧② ❛❧✐❣♥❡❞ ✇✐t❤ t❤♦s❡ ♦❢ t❤❡ tr❛❞❡r s✐♥❝❡ t❤❡ ✐♥✈❡st♦r

✇♦✉❧❞ ❛❧s♦ ❜❡ ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = γD✳ ❚❤✉s✱ t❤❡ ✐♥✈❡st♦r ✐s ✇✐❧❧✐♥❣ t♦ ❣✐✈❡ ❛t ❧❡❛st L ≥ γD

t♦ t❤❡ tr❛❞❡r✳ ❙✐♥❝❡ W > D✱ t❤❡ tr❛❞❡r ❝❛♥ ❜✉② t❤❡ s✐♥❣❧❡ ❛ss❡t ❛t ❤✐s ♠❛①✐♠✉♠ ♣r✐❝❡ γD✳ ❚❤❡

❡q✉✐❧✐❜r✐✉♠ ✇✐t❤ ❯▲ ✐s t❤✉s L∗
UL ∈ [γD,W ]✱ p∗UL = γD ❛♥❞ N∗

UL = 1✳

❲❡ ♥♦✇ ❧♦♦❦ ❛t t❤❡ ▲▲ ❝❛s❡✳ ❲✐t❤ ♣r♦❜❛❜✐❧✐t② γ✱ t❤❡ ❛ss❡t ♣❛②s ❛ ❞✐✈✐❞❡♥❞ D✱ ②✐❡❧❞✐♥❣ ❛

♣r♦✜t α(D− p)N t♦ t❤❡ tr❛❞❡r✳ ❲✐t❤ ♣r♦❜❛❜✐❧✐t② 1− γ✱ t❤❡ ❛ss❡t ②✐❡❧❞s ♥♦ ❞✐✈✐❞❡♥❞s ❣❡♥❡r❛t✐♥❣

❛ t♦t❛❧ ❧♦ss −pN ✳ ❙✐♥❝❡ t❤❡ tr❛❞❡r ❤❛s ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✱ ❤✐s ♣❛②♦✛ ✐s 0 ❛♥❞ t❤❡ ✐♥✈❡st♦r s✉✛❡rs

t❤❡ ❢✉❧❧ ❧♦ss✳ ❚❤❡ ✉t✐❧✐t② ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❞❡r ❜❡❝♦♠❡s✿

UT
LL = γα(D − p)N.

❆s ❧♦♥❣ ❛s t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ✐s s❧❛❝❦✱ t❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = D ❢♦r t❤❡ ❛ss❡t✳

❲❤❡♥ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣✱ t❤❡ ♠❛①✐♠✉♠ q✉❛♥t✐t② ♦❢ ❛ss❡ts t❤❡ tr❛❞❡r ❝❛♥ ❜✉② ✐s

N = L/p✳ ❈♦♠♣❛r❡❞ t♦ ❯▲✱ t❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ❛ ❤✐❣❤❡r ♣r✐❝❡ ❢♦r t❤❡ ❛ss❡t✳ ❚❤❡ r❡❛s♦♥✱

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

❚❤❡ ✉t✐❧✐t② ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥✈❡st♦r ❜❡❝♦♠❡s✿

U I
LL = γ(1− α)(D − p)N − (1− γ)pN = (1− α)γDN − [(1− α)γ + 1− γ]pN.

✹



❚❤❡ ✐♥✈❡st♦r ✐s ♦♥❧② ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = βD✱ ✇❤❡r❡ β = γ(1−α)
1−αγ

< γ✳ ❚❤❡ ✐♥✈❡st♦r ✐s ✇✐❧❧✐♥❣

t♦ ♣❛② ❛ ❧♦✇❡r ♣r✐❝❡ t❤❛♥ ✐♥ ❯▲ ❜❡❝❛✉s❡ ❤❡ ♥♦✇ ❢❛❝❡s t❤❡ ❢✉❧❧ ❞♦✇♥s✐❞❡ r✐s❦✱ ✇❤✐❝❤ ❞❡❝r❡❛s❡s

❤✐s ❡①♣❡❝t❡❞ ✈❛❧✉❡ ❢r♦♠ t❤❡ ❛ss❡t✳ ❚❤❡ ✐♥t❡r❡sts ♦❢ tr❛❞❡rs ❛♥❞ ✐♥✈❡st♦rs ❛r❡ ♥♦ ❧♦♥❣❡r ❛❧✐❣♥❡❞

s✐♥❝❡ t❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ❛ ❤✐❣❤❡r ♣r✐❝❡ t❤❛♥ t❤❡ ✐♥✈❡st♦r✳ ■❢ p = D✱ ❡✈❡r② ✉♥✐t t❤❛t t❤❡

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

r❡str✐❝t✐♥❣ ❧✐q✉✐❞✐t② t♦ ❡♥s✉r❡ p = βD✳ ❙✐♥❝❡ t❤❡r❡ ✐s ♦♥❧② ♦♥❡ ✉♥✐t t♦ ❜✉②✱ t❤✐s ❡q✉✐❧✐❜r✐✉♠ ❝❛♥

❜❡ ❛❝❤✐❡✈❡❞ ❜② s❡tt✐♥❣ L = βD✳

❚❤❡ ❡q✉✐❧✐❜r✐✉♠ ✇✐t❤ ▲▲ ✐s ❣✐✈❡♥ ❜② L∗
UL = βD✱ p∗LL = βD ❛♥❞ N∗

LL = 1✳ ❈♦♠♣❛r❡❞ t♦

❯▲✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣r✐❝❡ ✐s ❧♦✇❡r t♦ r❡✢❡❝t t❤❡ ❢❛❝t t❤❛t t❤❡ ✐♥✈❡st♦r s✉✛❡rs ❛❧❧ t❤❡ ❧♦ss❡s ❛♥❞

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

❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ t♦ r❡str❛✐♥ t❤❡ ❜✉②✐♥❣ ♣♦✇❡r ♦❢ t❤❡ tr❛❞❡r✳

❲❡ ♥♦✇ ❧♦♦❦ ❛t t❤❡ ▲▲❈ ❝❛s❡✳ ❚❤❡ ✉t✐❧✐t② r❡♠❛✐♥s t❤❡ s❛♠❡ ❛s ✐♥ ▲▲ ❛s ❧♦♥❣ ❛s t❤❡ ❝❛♣ ✐s ♥♦t

❜✐♥❞✐♥❣✱ t❤❛t ✐s✱ ✐❢ C > α(D− p)N ✳ ❲❤❡♥ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱ t❤❡ tr❛❞❡r r❡❝❡✐✈❡s ❛ ✢❛t ♣❛②♠❡♥t

❡q✉❛❧ t♦ C✳ ❍✐s ✉t✐❧✐t② ❜❡❝♦♠❡s✿

UT
LLC = γmin {α(D − p)N,C}

❚❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = D ❛s ✐♥ ▲▲ ❛s ❧♦♥❣ ❛s ♥❡✐t❤❡r t❤❡ ❝❛♣ ♥♦r t❤❡ ❧✐q✉✐❞✐t②

❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣✳ ■❢ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱ t❤❡ tr❛❞❡r r❡❝❡✐✈❡s ❛ ❝♦♥st❛♥t ♣❛②♠❡♥t C ❛♥❞ ❤✐s

✉t✐❧✐t② ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ q✉❛♥t✐t② ♦❢ ❛ss❡ts N ✳ ❚❤❡ tr❛❞❡r ✐s t❤✉s ✐♥❞✐✛❡r❡♥t ❜❡t✇❡❡♥ ❛♥②

❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♣r✐❝❡ ❛♥❞ q✉❛♥t✐t② t❤❛t ♠❛❦❡s t❤❡ ❝❛♣ ❜✐♥❞✳ ❋✐❣✉r❡ ✶ r❡♣r❡s❡♥ts t❤❡ ❞❡♠❛♥❞ ❢♦r

❛ss❡ts ❛♥❞ t❤❡ ❝❛♣ ❝♦♥str❛✐♥t ♦♥ ❛♥ ◆✲♣ ♣❧❛♥❡✳ ❚❤❡ ❝❛♣ ❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣ ✇❤❡♥ p = D− C
αN

✳

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

❛♥❞ ❧❡❛✈❡ t❤❡ tr❛❞❡r ✐♥❞✐✛❡r❡♥t✳ ❚❤❡② ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② t❤❡ t❤✐❝❦ ❧✐♥❡✳

❚❤❡ ✉t✐❧✐t② ♦❢ t❤❡ ✐♥✈❡st♦r ✐s t❤❡ s❛♠❡ ❛s ✐♥ ▲▲ ✇❤❡♥ t❤❡ ❝❛♣ ✐s ♥♦t ❜✐♥❞✐♥❣✳ ❲❤❡♥ t❤❡ ❝❛♣

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

♦❢ t❤❡ ✐♥✈❡st♦r ✐s✿

U I
LLC = γmax{(1− α)(D − p)N, (D − p)N − C} − (1− γ)pN.

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

❜✐♥❞✐♥❣✳ ❚❤❡ ✐♥✈❡st♦r ✐s st✐❧❧ ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = βD ✇❤✐❧❡ t❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣

t♦ p = D✳ ❲❤❡♥ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱ ❤♦✇❡✈❡r✱ t❤❡ ✐♥✈❡st♦r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ❛ ❤✐❣❤❡r ♣r✐❝❡✱ ✉♣ t♦

p = γD✳ ❇② ❝♦♥tr❛st✱ t❤❡ tr❛❞❡r ✐s ✐♥❞✐✛❡r❡♥t ❜❡t✇❡❡♥ ❛♥② ♣r✐❝❡✳

❆s ❧♦♥❣ ❛s t❤❡ ❝❛♣ ✐s ♥♦t ❜✐♥❞✐♥❣✱ t❤❡ ✐♥✈❡st♦r ❝❛♥ r❡str✐❝t t❤❡ ❧✐q✉✐❞✐t② t♦ t❤❡ tr❛❞❡r t♦ ♠❛❦❡

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

❢♦r ❛ss❡ts ❝✉r✈❡ s❤✐❢t t♦ t❤❡ ❧❡❢t✳ ▲❡t ✉s ✜rst ❝♦♥s✐❞❡r ❛ ❝❛s❡ ✐♥ ✇❤✐❝❤ t❤❡ ❝❛♣ ✐s ♥♦t t♦♦ ❧❛r❣❡

s✉❝❤ t❤❛t t❤❡ ❝❛♣ ❝♦♥str❛✐♥t ❝✉r✈❡ ✜rst ✐♥t❡rs❡❝ts ✇✐t❤ t❤❡ ❞❡♠❛♥❞ ❢♦r ❛ss❡ts ❝✉r✈❡✳ ❚❤✐s ✐s t❤❡

❝❛s❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ✜❣✉r❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✇✐❧❧ ❜❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❜✐♥❞✐♥❣

✺



❝❛♣ ❝♦♥str❛✐♥t✳ ❚❤❡ ❡q✉✐❧✐❜r✐✉♠ ❝♦✉❧❞ ❜❡ ❛♥②✇❤❡r❡ ♦♥ t❤❡ t❤✐❝❦ ❧✐♥❡✳ ❚❤❡ ✐♥✈❡st♦r r❡str✐❝ts t❤❡

❧✐q✉✐❞✐t② t♦ t❤❡ tr❛❞❡r s✉❝❤ t❤❛t p∗LLC = γD ❛♥❞ N∗
LLC ∈ { C

α(1−γ)D , 1}✳ ❈♦♠♣❛r❡❞ t♦ ▲▲✱ t❤❡

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

♠❛r❦❡t ❝❛♥ ❤❛✈❡ ❡①❝❡ss s✉♣♣❧②✳ ❆❧t❤♦✉❣❤ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s r❡str✐❝t❡❞✱ ✐t ❝♦✉❧❞ ❜❡ ❤✐❣❤❡r t❤❛♥

✐♥ ▲▲ ✐❢ ❡①❝❡ss s✉♣♣❧② ✐s ❧✐♠✐t❡❞✳ ■❢ t❤❡ ❝❛♣ ✐s s✉✣❝✐❡♥t❧② ❧❛r❣❡✱ t❤❡♥ ✇❡ ❛r❡ ❜❛❝❦ t♦ t❤❡ ▲▲ ❝❛s❡✳

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

s✉♣♣❧② ♦❢ ❛ss❡ts✳

❋✐♥❛❧❧②✱ ✇❡ ❧♦♦❦ ❛t t❤❡ ❯▲❈ ❝❛s❡✳ ❚❤❡ ✉t✐❧✐t② r❡♠❛✐♥s t❤❡ s❛♠❡ ❛s ✐♥ ❯▲ ❛s ❧♦♥❣ ❛s t❤❡ ❝❛♣

✐s ♥♦t ❜✐♥❞✐♥❣✳ ❲❤❡♥ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱ t❤❡ tr❛❞❡r r❡❝❡✐✈❡s ❛ ✢❛t ♣❛②♠❡♥t ❡q✉❛❧ t♦ C✳ ❍✐s

❡①♣❡❝t❡❞ ✉t✐❧✐t② ❜❡❝♦♠❡s✿

UT
ULC = γmin {α(D − p)N,C} − (1− γ)αpN

❚❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = γD ❛s ✐♥ ❯▲ ❛s ❧♦♥❣ ❛s ♥❡✐t❤❡r t❤❡ ❝❛♣ ♥♦r t❤❡ ❧✐q✉✐❞✐t②

❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣✳ ■❢ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱ t❤❡ ✉t✐❧✐t② ❢✉♥❝t✐♦♥ ♦❢ tr❛❞❡rs ❞❡♣❡♥❞s ♥❡❣❛t✐✈❡❧② ♦♥

t❤❡ ♥✉♠❜❡r ♦❢ ❛ss❡ts✳ ❚❤❡② ❛r❡ t❤✉s ✇✐❧❧✐♥❣ t♦ ❜✉② ✵ ❛ss❡ts ❛t ❛♥② ♣r✐❝❡✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦

▲▲❈ ✇❤❡r❡ tr❛❞❡rs ❜❡❝♦♠❡ ✐♥❞✐✛❡r❡♥t ♦♥❝❡ t❤❡ ❝❛♣ ❜✐♥❞s✳

❚❤❡ ✉t✐❧✐t② ♦❢ t❤❡ ✐♥✈❡st♦r ✐s t❤❡ s❛♠❡ ❛s ✐♥ ❯▲ ✇❤❡♥ t❤❡ ❝❛♣ ✐s ♥♦t ❜✐♥❞✐♥❣✳ ❲❤❡♥ t❤❡ ❝❛♣

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

♦❢ t❤❡ ✐♥✈❡st♦r ✐s t❤✉s✿

U I
ULC = γmax{(1− α)(D − p)N, (D − p)N − C} − (1− γ)(1− α)pN.

❆s ✐♥ ❯▲✱ t❤❡ ✐♥❝❡♥t✐✈❡s ♦❢ ❜♦t❤ t❤❡ tr❛❞❡r ❛♥❞ t❤❡ ✐♥✈❡st♦r ❛r❡ ♣❡r❢❡❝t❧② ❛❧✐❣♥❡❞ ❛s ❧♦♥❣ ❛s t❤❡

❝❛♣ ✐s ♥♦t ❜✐♥❞✐♥❣ s✐♥❝❡ t❤❡ ✐♥✈❡st♦r ✐s st✐❧❧ ✇✐❧❧✐♥❣ t♦ ♣❛② ✉♣ t♦ p = γD✳ ❲❤❡♥ t❤❡ ❝❛♣ ✐s ❜✐♥❞✐♥❣✱

❤♦✇❡✈❡r✱ t❤❡ ✐♥✈❡st♦r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ❛ ❤✐❣❤❡r ♣r✐❝❡✱ ✉♣ t♦ p = δD✱ ✇❤❡r❡ δ = γ
γ+(1−γ)(1−α) > γ✳

❇② ❝♦♥tr❛st✱ t❤❡ tr❛❞❡r ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② p = 0 ✇❤❡♥ t❤❡ ❝❛♣ ❜✐♥❞s✳ ❚♦ s✉♠♠❛r✐③❡✱ ✐♥t❡r❡sts ❛r❡

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

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

❛♠♦✉♥t ♦❢ ❧✐q✉✐❞✐t② t♦ t❤❡ tr❛❞❡r✳

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

❝♦♥str❛✐♥t ✐s ❜✐♥❞✐♥❣ ✇❤❡♥ p = D− C
αN

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

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

t❤✉s✱ ❝❛♥♥♦t ❧✐❡ ✐♥ t❤✐s r❡❣✐♦♥✳ ▲❡t ✉s ✜rst ❝♦♥s✐❞❡r ❛ ❝❛s❡ ✐♥ ✇❤✐❝❤ t❤❡ ❝❛♣ ✐s ♥♦t t♦♦ ❧❛r❣❡ s✉❝❤

t❤❛t t❤❡ ❝❛♣ ❝♦♥str❛✐♥t ❝✉r✈❡ ✜rst ✐♥t❡rs❡❝ts ✇✐t❤ t❤❡ ✢❛t ♣❛rt ♦❢ t❤❡ ❞❡♠❛♥❞ ❢♦r ❛ss❡ts ❝✉r✈❡✳

❚❤✐s ✐s t❤❡ ❝❛s❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ✜❣✉r❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✐s ❣✐✈❡♥ ❜② p∗ULC = γD

❛♥❞ N∗
ULC = C

α(1−γ)D ✳ ❲❤✐❧❡ t❤❡ ♣r✐❝❡ ✐s t❤❡ s❛♠❡ ❛s ✐♥ ❯▲✱ t❤❡ ♠❛r❦❡t ❤❛s ❡①❝❡ss s✉♣♣❧②✳ ■❢ t❤❡

❝❛♣ ✐s s✉✣❝✐❡♥t❧② ❧❛r❣❡✱ t❤❡♥ ✇❡ ❛r❡ ❜❛❝❦ t♦ t❤❡ ❯▲ ❝❛s❡ ❛♥❞ t❤❡ ♠❛r❦❡t ❝❧❡❛rs✳ ■♥ t❤❡ ✜❣✉r❡✱

t❤❡ ❝❛♣ ❝♦♥str❛✐♥t ✇♦✉❧❞ s❤✐❢t t♦ t❤❡ r✐❣❤t ❛♥❞ ✐t ✇♦✉❧❞ ✜rst ✐♥t❡rs❡❝t ✇✐t❤ t❤❡ s✉♣♣❧② ♦❢ ❛ss❡ts✳

✻



■♥ ❯▲✱ ✐♥❝❡♥t✐✈❡s ❛r❡ ♣❡r❢❡❝t❧② ❛❧✐❣♥❡❞ ❛♥❞ t❤❡r❡ ✐s ♥♦ ❡①❝❡ss✐✈❡ r✐s❦ t❛❦✐♥❣ ❢r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡

♦❢ t❤❡ ✐♥✈❡st♦r✳ ❚❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ❝❛♣ ✐s t❤✉s ✉♥♥❡❝❡ss❛r② ❛♥❞ ♦♥❧② ❧❡❛❞s t♦ ❛ ♠❛r❦❡t ❢❛✐❧✉r❡✳

❚♦ s✉♠♠❛r✐③❡✱ t❤❡ ♠❛✐♥ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ♠❛❦✐♥❣ tr❛❞❡rs ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s ❛r❡✿

✶✳ ❚r❛❞❡rs ❤❛✈❡ ❛ ❧♦✇❡r ✇✐❧❧✐♥❣♥❡ss t♦ ♣❛② ❢♦r t❤❡ ❛ss❡t✳ ■❢ t❤❡② ❛r❡ ♥♦t ❧✐q✉✐❞✐t② ❝♦♥str❛✐♥❡❞✱

❛ss❡t ♣r✐❝❡s s❤♦✉❧❞ t❤✉s ❜❡ ❧♦✇❡r✳

✷✳ ❚❤❡ ✐♥t❡r❡sts ♦❢ ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs ❜❡❝♦♠❡ ❜❡tt❡r ❛❧✐❣♥❡❞✳ ❚❤✐s ✐♥❝r❡❛s❡s ❧✐q✉✐❞✐t②

♣r♦✈✐s✐♦♥✳

❚❤❡ ♠❛✐♥ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❝❛♣♣✐♥❣ ❜♦♥✉s❡s ❛r❡✿

✶✳ ❚r❛❞❡rs ❤❛✈❡ ❛ ❧♦✇❡r ✇✐❧❧✐♥❣♥❡ss t♦ tr❛❞❡ ❢♦r t❤❡ ❛ss❡t ✇❤❡♥ t❤❡ ❝❛♣ ❜✐♥❞s✳ ❆s ❛ r❡s✉❧t✱ t❤❡

♠❛r❦❡t ♠❛② ❤❛✈❡ ❡①❝❡ss s✉♣♣❧②✳

✷✳ ■♥✈❡st♦rs ✈❛❧✉❡ t❤❡ ❛ss❡t ♠♦r❡ s✐♥❝❡ t❤❡② ❣❡t ♠♦r❡ ✉♣s✐❞❡ r✐s❦✳ ❆s ❛ r❡s✉❧t✱ t❤❡② ✐♥❝r❡❛s❡

❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳

p

D

N

✻

✲❉❡♠❛♥❞ ❢♦r ❛ss❡ts

❈❛♣ ❝♦♥str❛✐♥t

1L
D

C
αD

❋✐❣✉r❡ ✶✿ ❊q✉✐❧✐❜r✐✉♠ ✐♥ ▲▲❈

✸ ❊①♣❡r✐♠❡♥t❛❧ ❉❡s✐❣♥

❲❡ ❞❡s✐❣♥ ❛ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥t ✐♥ ✇❤✐❝❤ ✐♥✈❡st♦rs ❝❛♥ ❡♥tr✉st ♠♦♥❡② t♦ tr❛❞❡rs ✇❤♦ tr❛❞❡

✐♥ ❛♥ ❛ss❡t ♠❛r❦❡t✳ ❲❡ t❤❡♥ ❝♦♠♣❛r❡ ❤♦✇ ❞✐✛❡r❡♥t ❝♦♠♣❡♥s❛t✐♦♥s s❝❤❡♠❡s ♦❢ tr❛❞❡rs ❛✛❡❝t

❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞ ❛ss❡t ♣r✐❝❡s✳

✼



p

γD

N

✻

✲❉❡♠❛♥❞ ❢♦r ❛ss❡ts

❈❛♣ ❝♦♥str❛✐♥t

1 L
γD

N∗C
αD

❋✐❣✉r❡ ✷✿ ❊q✉✐❧✐❜r✐✉♠ ✐♥ ❯▲❈

●❡♥❡r❛❧ ❙❡t✉♣✳ ❙✉❜❥❡❝ts ✇❡r❡ r❛♥❞♦♠❧② ❛ss✐❣♥❡❞ t❤❡ r♦❧❡s ♦❢ tr❛❞❡rs ❛♥❞ ✐♥✈❡st♦rs✳ ■♥ ❛ t②♣✲

✐❝❛❧ s❡ss✐♦♥ ✶✷ s✉❜❥❡❝ts ♣❛rt✐❝✐♣❛t❡❞✱ ✇✐t❤ ❤❛❧❢ ♦❢ t❤❡♠ ❜❡✐♥❣ ❛ss✐❣♥❡❞ t❤❡ r♦❧❡ ♦❢ tr❛❞❡rs ❛♥❞ t❤❡

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

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

❧❛st❡❞ ✶✺ ♣❡r✐♦❞s✳ P❛②♦✛s ✇❡r❡ ❞❡♥♦t❡❞ ✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❝✉rr❡♥❝② ✉♥✐ts ✭❚❛❧❡r✮✱ ✇❤❡r❡ ✷✵✵ ❚❛❧❡r

= ✶ ❊✉r♦✳ ■♥✈❡st♦rs ✇❡r❡ ✐♥✐t✐❛❧❧② ❡♥❞♦✇❡❞ ✇✐t❤ ✷✵✵✵ ❚❛❧❡r✳ ❚r❛❞❡rs st❛rt❡❞ ✇✐t❤♦✉t ❝❛s❤ ♦r

❛ss❡ts ❛♥❞ r❡❝❡✐✈❡❞ ❛ ✜①❡❞ ✇❛❣❡ ♦❢ ✷✵✵✵ ❚❛❧❡r ❛t t❤❡ ❡♥❞✳

❊❛❝❤ ❛ss❡t ✇❛s ❦♥♦✇♥ t♦ ♣❛② ❞✐✈✐❞❡♥❞s ♦❢ ❡✐t❤❡r ✵✱ ✽✱ ✷✽ ♦r ✻✵ ❚❛❧❡r✱ ✇✐t❤ ❡q✉❛❧ ♣r♦❜❛❜✐❧✐t②✱

❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ♦❢ t❤❡ ✶✺ tr❛❞✐♥❣ ♣❡r✐♦❞s✳ ❍❡♥❝❡ t❤❡ ❛ss❡t ❤❛❞ ❛ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✭❋❱✮

✕t❤❡ s✉♠ ♦❢ t❤❡ ❡①♣❡❝t❡❞ str❡❛♠ ♦❢ ❞✐✈✐❞❡♥❞s ♣❡r ♣❡r✐♦❞✕ ♦❢ ✸✻✵ ❚❛❧❡r ✐♥ t❤❡ ✜rst ♣❡r✐♦❞✳ ❚❤❡

❋❱ t❤❡♥ ❞❡❝r❡❛s❡❞ ❜② ✷✹ ❚❛❧❡r ❡✈❡r② ♣❡r✐♦❞✳ ❚❤❡ ♠❛①✐♠✉♠ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✭♠❛①❋❱✮ ✐s t❤❡

❤✐❣❤❡st ♣♦ss✐❜❧❡ s✉♠ ♦❢ t❤❡ ❡①♣❡❝t❡❞ str❡❛♠ ♦❢ ❞✐✈✐❞❡♥❞s ✐♥ ❡✈❡r② ♣❡r✐♦❞✳ ■t ✇❛s ❡q✉❛❧ t♦ ✾✵✵ ✐♥

t❤❡ ✜rst ♣❡r✐♦❞ ❛♥❞ ❞❡❝r❡❛s❡❞ ❜② ✻✵ ❚❛❧❡r ✐♥ ❡✈❡r② ♣❡r✐♦❞✳

■♥ t❤❡ ✜rst ♣❡r✐♦❞✱ ✐♥✈❡st♦rs ❞❡❝✐❞❡❞ ❤♦✇ ♠✉❝❤ ❧✐q✉✐❞✐t② t♦ ♣r♦✈✐❞❡ t♦ t❤❡✐r tr❛❞❡r✳ ❆❢t❡r

r❡❝❡✐✈✐♥❣ t❤✐s ✐♥✐t✐❛❧ tr❛♥s❢❡r✱ tr❛❞❡rs t❤❡♥ ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ❛♥ ✐♥✐t✐❛❧ ♣✉❜❧✐❝ ♦✛❡r✐♥❣ ✭■P❖✮ ❞✉r✐♥❣

✇❤✐❝❤ t❤❡ ✐♥✐t✐❛❧ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❛ss❡ts ✇❛s ❞❡t❡r♠✐♥❡❞✳ ❚r❛❞❡rs ♣r✐✈❛t❡❧② ❛♥❞ s✐♠✉❧t❛♥❡♦✉s❧② st❛t❡❞

t❤❡✐r ❞❡s✐r❡❞ ♥✉♠❜❡r ♦❢ ❛ss❡ts ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ♣r✐❝❡ t❤❡② ✇❡r❡ ✇✐❧❧✐♥❣ t♦ ♣❛②✳ ❚❤❡s❡ ♦✛❡rs

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

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

❞❡t❡r♠✐♥❡ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❛ss❡t ♣r✐❝❡✳

❚❤❡ ❆ss❡t ▼❛r❦❡t✳ ❆❢t❡r t❤❡ ■P❖✱ tr❛❞❡rs ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ❡✈❡r② ♣❡r✐♦❞ ✐♥ st❛♥❞❛r❞ ♦♣❡♥ ❜♦♦❦

♠✉❧t✐✲✉♥✐t ❞♦✉❜❧❡ ❛✉❝t✐♦♥ ♠❛r❦❡ts✳ ❊❛❝❤ tr❛❞✐♥❣ ♣❡r✐♦❞ ❧❛st❡❞ ❢♦r ✾✵ s❡❝♦♥❞s✳ ❇♦t❤ tr❛❞❡rs ❛♥❞

✐♥✈❡st♦rs ❝♦✉❧❞ ♦❜s❡r✈❡ ❛❧❧ t❤❡ ♣♦st❡❞ ❜✐❞s ❛♥❞ ❛s❦s ❛♥❞ ❛ ❝❤❛rt ✇✐t❤ r❡❛❧✐③❡❞ tr❛♥s❛❝t✐♦♥ ♣r✐❝❡s✳

✽



■♥✈❡st♦rs ❝♦✉❧❞ ♥♦t tr❛❞❡ t❤❡♠s❡❧✈❡s✱ ❝♦✉❧❞ ♥♦t ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡✐r tr❛❞❡r ❛♥❞ ❞✐❞ ♥♦t

❦♥♦✇ t❤❡ ❜✐❞s ❛♥❞ ❛s❦s ♦❢ t❤❡✐r ♦✇♥ tr❛❞❡r✳ ❚❤❡② ♦♥❧② ♦❜s❡r✈❡❞ t❤❡✐r ♣♦rt❢♦❧✐♦ ✭✉♥✐ts ❛♥❞ ❝❛s❤

❤♦❧❞✐♥❣s✮ ❛♥❞ ✐ts ❝❤❛♥❣❡s ♦♥ ❛ ❝♦♥t✐♥✉♦✉s ❜❛s✐s✳ ❚❤❡ tr❛❞✐♥❣ s❝r❡❡♥s ♦❜s❡r✈❡❞ ❜② ♣❛rt✐❝✐♣❛♥ts

❛r❡ ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ✐♥str✉❝t✐♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❆♣♣❡♥❞✐①✳✶

❆t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ♣❡r✐♦❞✱ ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs ❧❡❛r♥❡❞ ❛❜♦✉t t❤❡ ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥ ❛♥❞

✇❡r❡ ♣r♦✈✐❞❡❞ t❤❡ ❤②♣♦t❤❡t✐❝❛❧ ♠❛r❦❡t ✈❛❧✉❡ ✭MV ✮ ♦❢ t❤❡✐r ♣♦rt❢♦❧✐♦✱ ✇❤✐❝❤ ❡q✉❛❧❡❞ t❤❡✐r ❝❛s❤

❤♦❧❞✐♥❣s ✭❈❛s❤✮ ♣❧✉s t❤❡ st♦❝❦s t❤❡② ❤❡❧❞ ✭❙✮ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♣❡r✐♦❞✬s ❛✈❡r❛❣❡ tr❛♥s❛❝t✐♦♥ ♣r✐❝❡

✭pt✮✳ ❍❡♥❝❡ MVt = Casht + Stpt✳ ❚❤❡ ♠❛r❦❡t ✈❛❧✉❡ ♦❢ t❤❡ ♣♦rt❢♦❧✐♦ t❤✉s ♣r♦✈✐❞❡❞ ❛♥ ❡st✐♠❛t❡

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

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

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

t❛❜❧❡ ❛❧s♦ s✉♠♠❛r✐③❡❞ t❤❡ ❤✐st♦r② ♦❢ ❛✈❡r❛❣❡ ♣r✐❝❡s✱ ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥s✱ st♦❝❦ ❤♦❧❞✐♥❣s✱ ❝❛s❤

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

❚❤❡♥✱ ✐♥✈❡st♦rs ❞❡❝✐❞❡❞ ❡❛❝❤ ♣❡r✐♦❞ ✇❤❡t❤❡r t❤❡② ✇❛♥t❡❞ t♦ ♣r♦✈✐❞❡ ❛❞❞✐t✐♦♥❛❧ ❧✐q✉✐❞✐t② t♦

t❤❡✐r tr❛❞❡r ♦r ✐♥st❡❛❞ ✇✐t❤❞r❛✇ ♠♦♥❡②✳ ❆❞❞✐t✐♦♥❛❧ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✇❛s tr❛♥s❢❡rr❡❞ ✐♠♠❡✲

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

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

✇✐t❤❞r❛✇❛❧ ✇❛s ♦♥❧② ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ♣❡r✐♦❞ t♦ ❣✐✈❡ ❧✐q✉✐❞✐t②✲❝♦♥str❛✐♥❡❞ tr❛❞❡rs

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

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

❋✐❣✉r❡ ✸ s✉♠♠❛r✐③❡s t❤❡ s❡q✉❡♥❝❡ ♦❢ st❛❣❡s ✐♥ ❛ tr❛❞✐♥❣ ♣❡r✐♦❞✳

❇❡❣✐♥♥✐♥❣ ♦❢ ❛ ♣❡r✐♦❞✿
■♥✈❡st♦r ❞❡❝✐❞❡s

✭❲✐t❤❞r❛✇ ♦r ■♥✈❡st✮

❚r❛❞❡r ❧❡❛r♥s ❛❜♦✉t
✐♥✈❡st♦r ❞❡❝✐s✐♦♥

❉♦✉❜❧❡ ❛✉❝t✐♦♥
♣❤❛s❡

❉✐✈✐❞❡♥❞s ✫
❋✐♥❛♥❝✐❛❧ ♦✈❡r✈✐❡✇

▲✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥
❢r♦♠ tr❛❞❡r t♦ ✐♥✈❡st♦r

✭✐❢ ❞❡♠❛♥❞❡❞✮

◆❡✇ P❡r✐♦❞
✳✳✳✳✳✳

❋✐❣✉r❡ ✸✿ ❚✐♠❡❧✐♥❡ ♦❢ ❛ t②♣✐❝❛❧ ♣❡r✐♦❞✱ ♦t❤❡r t❤❛♥ t❤❡ ✜rst ✭■P❖✮✿ ❚❤❡ ♣❡r✐♦❞ st❛rts ✇✐t❤
❛♥ ✐♥✈❡st♠❡♥t ♦r ✇✐t❤❞r❛✇❛❧ ❞❡❝✐s✐♦♥ ♦❢ t❤❡ ✐♥✈❡st♦r ❛♥❞ ✐s ❢♦❧❧♦✇❡❞ ❜② ❛ tr❛❞✐♥❣ st❛❣❡✳ ❉✐✈✐❞❡♥❞s
❛r❡ t❤❡♥ r❡❛❧✐③❡❞ ❛♥❞ ♣❛rt✐❝✐♣❛♥ts ❛r❡ ✐♥❢♦r♠❡❞ ❛❜♦✉t t❤❡✐r ✜♥❛♥❝✐❛❧ s✐t✉❛t✐♦♥✳ ❋✐♥❛❧❧②✱ tr❛♥s❢❡rs
t❛❦❡ ♣❧❛❝❡ ✐❢ ❛♣♣❧✐❝❛❜❧❡✳

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

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

❯♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭❯▲✮✳ ■♥ ❝❛s❡ ♦❢ ❣❛✐♥s✱ t❤❛t ✐s✱ ✐❢ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ❢♦r ❛ tr❛❞❡r✲✐♥✈❡st♦r

♣❛✐r ❡①❝❡❡❞❡❞ ✷✵✵✵ ❚❛❧❡r ✭t❤❡ ✐♥✐t✐❛❧ ❡♥❞♦✇♠❡♥t ♦❢ ✐♥✈❡st♦rs✮✱ t❤❡ ✐♥✈❡st♦r ✜rst r❡❝❡✐✈❡❞

❤✐s ✷✵✵✵ ❚❛❧❡r ❛♥❞ ❤❛❧❢ ♦❢ t❤❡ ❣❛✐♥s ❛❝❝r✉❡❞ ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ✶✺ ♣❡r✐♦❞s✳ ❚❤❡ tr❛❞❡r

✶❚❤❡② ❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ✈✐❛ ❤tt♣✿✴✴✇✇✇✳❛✉str✐❛♥❡❝♦♥♦♠✐st✳❝♦♠✴✐♥str✉❝t✐♦♥s❝♦♠♣❡♥s❛t✐♦♥✳♣❞❢✳

✾
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r❡❝❡✐✈❡❞ ❤✐s ✜①❡❞ ✇❛❣❡ ♦❢ ✷✵✵✵ ❚❛❧❡r ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❡r ❛♥❞ ❛❧s♦ r❡❝❡✐✈❡❞ t❤❡ ♦t❤❡r ❤❛❧❢

♦❢ t❤❡ ❣❛✐♥s✳ ■♥ ❝❛s❡ ♦❢ ❧♦ss❡s✱ t❤❛t ✐s✱ ✐❢ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ❢❡❧❧ ❜❡❧♦✇ ✷✵✵✵ ❚❛❧❡r✱ t❤❡

✐♥✈❡st♦r r❡❝❡✐✈❡❞ ❛❧❧ t❤❡ r❡♠❛✐♥✐♥❣ ❝❛s❤ ❛♥❞ ❤❛❧❢ ♦❢ t❤❡ ❧♦ss❡s ✇❡r❡ ❞❡❞✉❝t❡❞ ❢r♦♠ t❤❡ ✜①❡❞

✇❛❣❡ ♦❢ t❤❡ tr❛❞❡r ❛♥❞ tr❛♥s❢❡rr❡❞ t♦ t❤❡ ✐♥✈❡st♦r✳ ❊①❛♠♣❧❡✿ ■❢ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡

✸✵✵✵ ❚❛❧❡r✱ t❤❡ ✐♥✈❡st♦r ❛♥❞ t❤❡ tr❛❞❡r ❡❛❝❤ r❡❝❡✐✈❡❞ ✷✺✵✵ ❚❛❧❡r✳ ■❢✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡

✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✶✵✵✵✱ t❤❡ ✐♥✈❡st♦r ❛♥❞ t❤❡ tr❛❞❡r ❡❛❝❤ r❡❝❡✐✈❡❞ ✶✺✵✵ ❚❛❧❡r✳

▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭▲▲✮✳ ❖♥❧② ✐♥✈❡st♦rs ❛r❡ ♥♦✇ ❧✐❛❜❧❡ ❢♦r ❧♦ss❡s✳ ■♥ ❝❛s❡ ♦❢ ❣❛✐♥s t❤❡ s❛♠❡

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

✐♥✈❡st♦rs✳ ■♥ ❝❛s❡ ♦❢ ❧♦ss❡s✱ t❤❡ ✐♥✈❡st♦r r❡❝❡✐✈❡❞ ❛❧❧ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s✳ ❚❤❡ tr❛❞❡r ♦♥❧②

r❡❝❡✐✈❡❞ ❤✐s ✜①❡❞ ✇❛❣❡✳ ❊①❛♠♣❧❡✿ ■❢ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✸✵✵✵ ❚❛❧❡r✱ t❤❡ ✐♥✈❡st♦r

❛♥❞ t❤❡ tr❛❞❡r ❡❛❝❤ r❡❝❡✐✈❡❞ ✷✺✵✵ ❚❛❧❡r✳ ■❢✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡

✶✵✵✵ t❤❡ ✐♥✈❡st♦r r❡❝❡✐✈❡❞ ✶✵✵✵ ❚❛❧❡r ❛♥❞ t❤❡ tr❛❞❡r r❡❝❡✐✈❡❞ ❤✐s ✜①❡❞ ✇❛❣❡✱ ✷✵✵✵ ❚❛❧❡r✳

❯♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ❛♥❞ ❝❛♣ ✭❯▲❈✮✳ ■♥ ❝❛s❡ ♦❢ ❣❛✐♥s ❧♦✇❡r t❤❛♥ ✻✵✵ ❚❛❧❡r ✭✸✵✪ ♦❢ t❤❡ ✐♥✐t✐❛❧

❡♥❞♦✇♠❡♥t✮✱ t❤❡ s❛♠❡ ♣r♦❝❡❞✉r❡s ✇❡r❡ ❡♠♣❧♦②❡❞ ❛s ✐♥ ❯▲✱ t❤❛t ✐s✱ ❣❛✐♥s ✇❡r❡ ❡q✉❛❧❧②

s❤❛r❡❞ ❜❡t✇❡❡♥ tr❛❞❡rs ❛♥❞ ✐♥✈❡st♦rs✳ ■❢ t❤❡ ❣❛✐♥s ❡①❝❡❡❞❡❞ ✻✵✵✱ t❤❡ tr❛❞❡r r❡❝❡✐✈❡❞ ✸✵✵

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

❣❛✐♥s✳ P✉t ❞✐✛❡r❡♥t❧②✱ t❤❡ ❜♦♥✉s ♦❢ tr❛❞❡rs ✇❛s ❝❛♣♣❡❞ ❛t ✸✵✵✳ ■♥ ❝❛s❡ ♦❢ ❧♦ss❡s✱ t❤❡ s❛♠❡

♣r♦❝❡❞✉r❡s ✇❡r❡ ❡♠♣❧♦②❡❞ ❛s ✐♥ ❯▲✱ t❤❛t ✐s✱ ❧♦ss❡s ✇❡r❡ s❤❛r❡❞ ❡q✉❛❧❧②✳ ❊①❛♠♣❧❡✿ ■❢ t❤❡

✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✸✵✵✵ ❚❛❧❡r✱ t❤❡ ✐♥✈❡st♦r r❡❝❡✐✈❡❞ ✷✼✵✵ ❚❛❧❡r ❛♥❞ t❤❡ tr❛❞❡r r❡❝❡✐✈❡❞

✷✸✵✵ ❚❛❧❡r✳ ■❢✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✶✵✵✵ ❚❛❧❡r✱ t❤❡ ✐♥✈❡st♦r ❛♥❞

t❤❡ tr❛❞❡r ❡❛❝❤ r❡❝❡✐✈❡❞ ✶✺✵✵ ❚❛❧❡r✳

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

❯▲❈✳ ■♥ ❝❛s❡ ♦❢ ❧♦ss❡s✱ t❤❡ s❛♠❡ ♣r♦❝❡❞✉r❡s ✇❡r❡ ❡♠♣❧♦②❡❞ ❛s ✐♥ ▲▲✳ ❊①❛♠♣❧❡✿ ■❢ t❤❡ ✜♥❛❧

❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✸✵✵✵ ❚❛❧❡r✱ t❤❡ ✐♥✈❡st♦r r❡❝❡✐✈❡❞ ✷✼✵✵ ❚❛❧❡r ❛♥❞ t❤❡ tr❛❞❡r r❡❝❡✐✈❡❞

✷✸✵✵ ❚❛❧❡r✳ ■❢✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ✜♥❛❧ ❝❛s❤ ❤♦❧❞✐♥❣s ✇❡r❡ ✶✵✵✵ t❤❡ ✐♥✈❡st♦r r❡❝❡✐✈❡❞

✶✵✵✵ ❚❛❧❡r ❛♥❞ t❤❡ tr❛❞❡r r❡❝❡✐✈❡❞ ❤✐s ✜①❡❞ ✇❛❣❡✱ ✷✵✵✵ ❚❛❧❡r✳

❊❧✐❝✐t❛t✐♦♥ ♦❢ ♣r❡❢❡r❡♥❝❡s ❛♥❞ ❞❡♠♦❣r❛♣❤✐❝ ✐♥❢♦r♠❛t✐♦♥✳ ❲❡ ❡❧✐❝✐t❡❞ t❤❡ r✐s❦ ❛♥❞ s♦❝✐❛❧

♣r❡❢❡r❡♥❝❡s ♦❢ ♣❛rt✐❝✐♣❛♥ts ❛❢t❡r ♠❛r❦❡t tr❛❞✐♥❣ ✇❛s ❝♦♥❝❧✉❞❡❞✱ ❜✉t ❜❡❢♦r❡ ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs

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

❡♥❝❡s ❝♦✉❧❞ ❛✛❡❝t t❤❡ ✐♥✈❡st♠❡♥t ❛♥❞ tr❛❞✐♥❣ ❜❡❤❛✈✐♦r✱ ❛s ✇❡❧❧ ❛s ❛ss❡t ♣r✐❝❡s✳ ❋✉rt❤❡r♠♦r❡✱

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

t♦ ✇❤✐❝❤ tr❛❞❡rs ❜❡❤❛✈❡ ✐♥ t❤❡ ✐♥t❡r❡st ♦❢ ✐♥✈❡st♦rs✳

❘✐s❦ ♣r❡❢❡r❡♥❝❡s✳ ❲❡ ♠❡❛s✉r❡❞ r✐s❦ ♣r❡❢❡r❡♥❝❡s ✉s✐♥❣ t❤❡ ❜♦♠❜ r✐s❦ ❡❧✐❝✐t❛t✐♦♥ t❛s❦ ✭❇❘❊❚✮

❞❡✈❡❧♦♣❡❞ ❜② ❈r♦s❡tt♦ ✉♥❞ ❋✐❧✐♣♣✐♥ ❬✷✵✶✸❪✳ ❙✉❜❥❡❝ts ❤❛❞ t♦ ❝❤♦♦s❡ ❤♦✇ ♠❛♥② ❜♦①❡s t♦

❝♦❧❧❡❝t ❢r♦♠ ❛ ♣✐❧❡ ♦❢ ✸✻ ❜♦①❡s✳ ❋♦r ❡❛❝❤ ❝♦❧❧❡❝t❡❞ ❜♦① t❤❡ s✉❜❥❡❝ts ❡❛r♥❡❞ ❛ ♠♦♥❡t❛r②

✶✵



♣❛②♠❡♥t ♦❢ ✶✵ ❚❛❧❡r✳ ❖♥❡ r❛♥❞♦♠❧② ❝❤♦s❡♥ ❜♦①✱ ❢♦r ❡❛❝❤ s✉❜❥❡❝t✱ ❝♦♥t❛✐♥❡❞ ❛ ❜♦♠❜✳ ❚❤❡

♣❛rt✐❝✐♣❛♥t ❞✐❞♥✬t ❦♥♦✇ ✐♥ ✇❤✐❝❤ ❜♦① t❤❡ ❜♦♠❜ ✇❛s ❧♦❝❛t❡❞✱ ❛♥❞ ✐❢ ❤❡ ❝♦❧❧❡❝t❡❞ ✐t✱ ❤❡

❡❛r♥❡❞ ♥♦t❤✐♥❣✳ ❈r♦s❡tt♦ ✉♥❞ ❋✐❧✐♣♣✐♥ ❬✷✵✶✸❪ s❤♦✇ t❤❛t ❛ s✉❜❥❡❝ts✬ ❞❡❝✐s✐♦♥ ✇❤❡♥ t♦ st♦♣

❝♦❧❧❡❝t✐♥❣ ✐s ❛ ❣♦♦❞ ♣r♦①② ❢♦r s✉❜❥❡❝ts✬ r✐s❦ ♣r❡❢❡r❡♥❝❡s✳ ❆♥♦t❤❡r r❡❛s♦♥ t♦ ❝❤♦♦s❡ t❤✐s t❛s❦

✐s t❤❛t ✐t ✐s ❡❛s② t♦ ❡①♣❧❛✐♥ t♦ s✉❜❥❡❝ts✳

❙♦❝✐❛❧ ❱❛❧✉❡ ❖r✐❡♥t❛t✐♦♥✳ ❚♦ ♠❡❛s✉r❡ s♦❝✐❛❧ ♣r❡❢❡r❡♥❝❡s✱ ✇❡ ❝♦♥❞✉❝t❡❞ ❛ ✈❡rs✐♦♥ ♦❢ t❤❡ s♦❝✐❛❧

✈❛❧✉❡ ♦r✐❡♥t❛t✐♦♥ t❛s❦ ✭❙❱❖❚✱ ❛❧s♦ ❦♥♦✇♥ ❛s t❤❡ r✐♥❣ t❡st✮ ❞❡✈❡❧♦♣❡❞ ❜② ▼✉r♣❤② ❡t ❛❧✳

❬✷✵✶✶❪✳ ❙✉❜❥❡❝ts ❤❛❞ t♦ ❝❤♦♦s❡ ❛♥ ❛❧❧♦❝❛t✐♦♥ ♦❢ ♠♦♥❡② ❜❡t✇❡❡♥ t❤❡♠s❡❧✈❡s ❛♥❞ ❛ r❛♥✲

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

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

t♦ ❝♦♠♣✉t❡ t❤❡ ✏❙❱❖✲❛♥❣❧❡✧✱ ❛ ♠❡❛s✉r❡ ❢♦r t❤❡ s♦❝✐❛❧ ❛tt✐t✉❞❡ ♦❢ t❤❡ ♣❛rt✐❝✐♣❛♥t✳ ❚❤❡

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

t②♣❡s✳ ❚❤❡ ❙♣❡❛r♠❛♥✲❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❙❱❖ ❛♥❞ r✐s❦ ♣r❡❢❡r❡♥❝❡s ✐s s♠❛❧❧ ρ = −0.059

❛♥❞ ✐♥s✐❣♥✐✜❝❛♥t p = 0.398✳

Pr♦❝❡❞✉r❡s✳ ❆❧❧ s❡ss✐♦♥s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t t❤❡ ❋r❛♥❦❢✉rt ▲❛❜♦r❛t♦r② ♦❢ ❊①♣❡r✐♠❡♥t❛❧ ❊❝♦✲

♥♦♠✐❝s ❛t t❤❡ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❋r❛♥❦❢✉rt ✐♥ t❤❡ ✇✐♥t❡r ♦❢ ✷✵✶✹✳ ❙✉❜❥❡❝ts ✇❡r❡ r❡❝r✉✐t❡❞ ✉s✐♥❣

❖❘❙❊❊ ❬●r❡✐♥❡r✱ ✷✵✵✸❪✳ ❋♦r ❡❛❝❤ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡✱ ✇❡ r❛♥ ✺ s❡ss✐♦♥s ✇✐t❤ ✶✵✲✶✷ ♣❛rt✐✲

❝✐♣❛♥ts ❡❛❝❤ ✭s✐①t❡❡♥ s❡ss✐♦♥s ✇✐t❤ ✶✷ s✉❜❥❡❝ts ❛♥❞ ❢♦✉r ✇✐t❤ ✶✵ s✉❜❥❡❝ts✮✳ ❊❛❝❤ s❡ss✐♦♥ ❧❛st❡❞

❛♣♣r♦①✐♠❛t❡❧② ✶✶✵ ♠✐♥✉t❡s✳ ❆✈❡r❛❣❡ ❡❛r♥✐♥❣s ✇❡r❡ 20.25 ❡✉r♦s✱ ✐♥❝❧✉❞✐♥❣ ❛ ✺ ❊✉r♦ s❤♦✇✲✉♣ ❢❡❡✳

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

s✉❜❥❡❝ts ❛♥s✇❡r❡❞ ❛ ♥✉♠❜❡r ♦❢ ❝♦♥tr♦❧ q✉❡st✐♦♥s t♦ t❡st ✉♥❞❡rst❛♥❞✐♥❣ ❛♥❞ ♣❧❛②❡❞ t✇♦ ♣r❛❝t✐❝❡

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

♦♥❡ ♣r❛❝t✐❝❡ ■P❖✲r♦✉♥❞ t♦ ❢❛♠✐❧✐❛r✐③❡ t❤❡♠ ✇✐t❤ t❤❡ ❝❛❧❧ ♠❛r❦❡t str✉❝t✉r❡✳ ❉✉r✐♥❣ t❤❡ ♣r❛❝t✐❝❡

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

■♥str✉❝t✐♦♥s ❢♦r t❤❡ ❡❧✐❝✐t❛t✐♦♥ ♦❢ r✐s❦ ❛♥❞ s♦❝✐❛❧ ♣r❡❢❡r❡♥❝❡s ✇❡r❡ ♣r♦✈✐❞❡❞ ♦♥ s❝r❡❡♥✳ Pr♦✲

❣r❛♠♠✐♥❣ ✇❛s ❞♦♥❡ ✐♥ ③✲❚r❡❡ ❬❋✐s❝❤❜❛❝❤❡r✱ ✷✵✵✼❪✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ s✉❜❥❡❝ts ✇❡r❡

❝❛❧❧❡❞ ❢♦r✇❛r❞ ♦♥❡ ❜② ♦♥❡ ❛♥❞ ♣❛✐❞ ♣r✐✈❛t❡❧②✳

✹ ❘❡s✉❧ts

❲❡ ❛♥❛❧②③❡ t❤❡ ❞❡t❡r♠✐♥❛♥ts ♦❢✱ ✜rst✱ t❤❡ ❛❣❣r❡❣❛t❡ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞✱

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

✹✳✶ ▲✐q✉✐❞✐t② Pr♦✈✐s✐♦♥

❖♥ ❛✈❡r❛❣❡ ✐♥✈❡st♦rs ♣r♦✈✐❞❡❞ ❛❜♦✉t ✻✷✪ ♦❢ t❤❡✐r ✐♥✐t✐❛❧ ❝❛s❤ ❡♥❞♦✇♠❡♥ts t♦ t❤❡✐r tr❛❞❡r ✐♥ t❤❡

✜rst ♣❡r✐♦❞✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ✶✷✸✸✳✺ ❚❛❧❡r✳ ❚❛❜❧❡ ✶ s❤♦✇s t❤❛t t❤❡ ✐♥✐t✐❛❧ ❛✈❡r❛❣❡ ❧✐q✉✐❞✐t②

♣r♦✈✐s✐♦♥ ❢♦r ❡❛❝❤ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡ ❛r❡✿ ✶✷✾✽✳✸ ✭▲▲✮✱ ✶✷✻✷✳✶ ✭▲▲❈✮✱ ✶✵✼✻✳✶ ✭❯▲✮✱ ✶✷✽✾✳✼

✶✶



✭❯▲❈✮✳ ❚❛❜❧❡ ✷ s❤♦✇s t❤❛t ✐♥✈❡st♦rs ♣r♦✈✐❞❡ ♦♥ ❛✈❡r❛❣❡ s✐❣♥✐✜❝❛♥t❧② ❧❡ss ❧✐q✉✐❞✐t② ✐♥ ❯▲ t❤❛♥ ✐♥

▲▲✱ ❯▲❈ ❛♥❞ ▲▲❈ ❛♥❞ ✐♥ ▲▲❈ t❤❛♥ ✐♥ ❯▲❈✳

■♥✈❡st♦rs ❝❛♥ ♣r♦✈✐❞❡ ♦r ✇✐t❤❞r❛✇ ❧✐q✉✐❞✐t② ❢r♦♠ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ tr❛❞❡r ✐♥ ❛❧❧ t❤❡ s✉❜✲

s❡q✉❡♥t ♣❡r✐♦❞s✳ ❋✐❣✉r❡ ✹ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❛✈❡r❛❣❡ st♦❝❦ ♦❢ ❧✐q✉✐❞✐t② ❢♦r ❡❛❝❤ s❡ss✐♦♥

❛♥❞ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡✳ ❲❡ ❛❧s♦ ♦❜s❡r✈❡ t❤❛t ❛❣❣r❡❣❛t❡ ❧✐q✉✐❞✐t② ✐s r❛t❤❡r st❛❜❧❡ ✐♥ t❤❡ ✜rst

❤❛❧❢ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ♦♥❧② st❛rts ❞❡❝r❡❛s✐♥❣ t♦✇❛r❞s t❤❡ ❡♥❞✳ ■♥✈❡st♦rs ❛s❦❡❞ s♦♠❡ ♠♦♥❡②

❜❛❝❦ ✐♥ ✻✹✾ ♦✉t ♦❢ ✶✻✷✹ ♣♦ss✐❜❧❡ ❝❛s❡s✳ ■♥ ✶✺✵ ♦❢ t❤❡s❡ ❝❛s❡s✱ t❤❡ tr❛❞❡r ❞✐❞ ♥♦t r❡t✉r♥ t❤❡ ❢✉❧❧

❛♠♦✉♥t✳ ❚❤♦s❡ ✐❧❧✐q✉✐❞ tr❛❞❡rs r❡t✉r♥❡❞ ♦♥ ❛✈❡r❛❣❡ ✹✶✪ ♦❢ t❤❡ ❛♠♦✉♥t ❞❡♠❛♥❞❡❞✳
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✭❛✮ ▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭▲▲✮✳
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✭❜✮ ▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✫ ❈❛♣ ✭▲▲❈✮✳
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✭❝✮ ❯♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭❯▲✮✳
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✭❞✮ ❯♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✫ ❈❛♣ ✭❯▲❈✮✳

❋✐❣✉r❡ ✹✿ ▲✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❚❤❡ ✜❣✉r❡ s❤♦✇s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ s❡ss✐♦♥✲❛✈❡r❛❣❡ ❝✉♠✉❧❛t✐✈❡ ❧✐q✉✐❞✐t②
♣r♦✈✐❞❡❞ ❜② ❛♥ ✐♥✈❡st♦r ❢♦r ❡❛❝❤ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡✳

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

♦❢ ✐♥✈❡st♦rs ❝❛♥ ❡①♣❧❛✐♥ ✐♥✈❡st♠❡♥t ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✳ ❚♦ t❤✐s ❡♥❞✱ ✇❡ r✉♥ r❡❣r❡ss✐♦♥s ♦❢

❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ❜② ❡❛❝❤ ✐♥✈❡st♦r ❡✐t❤❡r ❞✉r✐♥❣ t❤❡ ✜rst ♣❡r✐♦❞ ♦r ❛❣❣r❡❣❛t❡❞ ♦✈❡r t❤❡ ✇❤♦❧❡

✶✷



❋✐rst P❡r✐♦❞ ▲✐q✉✐❞✐t② ❆✈❡r❛❣❡ ▲✐q✉✐❞✐t②
❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲ ❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲❈
❙❡ss✐♦♥ ↓ ❙❡ss✐♦♥ ↓

❙❡ss✐♦♥ ✶ ✶✻✶✻✳✼ ✶✸✵✵ ✶✸✺✹ ✶✸✺✵✳✷ ❙❡ss✐♦♥ ✶ ✶✶✽✸✳✺✽ ✶✵✹✺✳✺✸ ✸✺✵✳✻✶ ✾✶✼✳✶✾
❙❡ss✐♦♥ ✷ ✶✵✶✻✳✼ ✽✾✶✳✼ ✶✶✷✵ ✶✹✶✻✳✼ ❙❡ss✐♦♥ ✷ ✶✶✶✼✳✷✶ ✻✷✺✳✽✹ ✾✼✽✳✻ ✶✶✹✽✳✼✸
❙❡ss✐♦♥ ✸ ✶✵✺✵ ✶✶✻✻✳✼ ✶✵✹✸✳✸ ✶✷✺✵ ❙❡ss✐♦♥ ✸ ✾✸✾✳✵✻ ✾✵✸✳✺✼ ✼✹✾✳✸✷ ✾✼✻✳✵✾
❙❡ss✐♦♥ ✹ ✶✹✼✺ ✶✺✻✻✳✼ ✾✹✶✳✼ ✶✶✻✵✳✷ ❙❡ss✐♦♥ ✹ ✽✼✼✳✵✾ ✶✵✷✵✳✹✽ ✶✵✵✹✳✻✻ ✶✶✽✷✳✼✾
❙❡ss✐♦♥ ✺ ✶✸✸✸✳✸ ✶✸✾✶✳✼ ✾✼✺ ✶✷✺✵ ❙❡ss✐♦♥ ✺ ✶✵✽✽✳✵✾ ✶✵✹✶✳✽✻ ✽✸✻✳✹✼ ✶✷✼✽✳✾✷
❆✈❡r❛❣❡ ✶✷✾✽✳✸ ✶✷✻✷✳✼ ✶✵✼✻✳✶ ✶✷✽✾✳✼ ❆✈❡r❛❣❡ ✶✵✽✽✳✶ ✾✻✻✳✹ ✽✸✻✳✺ ✶✵✾✼✳✾

❚❛❜❧❡ ✶✿ ▲✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ♣❡r✐♦❞ ❛♥❞ ❛✈❡r❛❣❡ ❧✐q✉✐❞✐t② ♦✈❡r ❛❧❧ ♣❡r✐♦❞s ❢♦r ❡❛❝❤

s❡ss✐♦♥ ❛♥❞ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡✳

✶st P✳ ▲✐q✳ ❆✈❣✳ ▲✐q✳

▲▲ ✈s✳ ❯▲ ◆ ❂ ✺✽
♣✲✈❛❧✉❡ ✵✳✵✼✾ ✵✳✵✵✶

▲▲ ✈s✳ ▲▲❈ ◆ ❂ ✺✾
♣✲✈❛❧✉❡ ✵✳✽✹✽ ✵✳✵✻✶

▲▲ ✈s✳ ❯▲❈ ◆ ❂ ✺✾
♣✲✈❛❧✉❡ ✵✳✾✶✻ ✵✳✽✶✾

❯▲ ✈s✳ ▲▲❈ ◆ ❂ ✺✼
♣✲✈❛❧✉❡ ✵✳✾✶✻ ✵✳✵✸✼

❯▲ ✈s✳ ❯▲❈ ◆ ❂ ✺✼
♣✲✈❛❧✉❡ ✵✳✶✷✵ ✵✳✵✵✶

▲▲❈ ✈s✳ ❯▲❈ ◆ ❂ ✺✽
♣✲✈❛❧✉❡ ✵✳✶✶✷ ✵✳✵✶✾

✭▲▲❈ ✫ ▲▲✮ ✈s✳ ✭❯▲❈ ✫ ❯▲✮ ◆ ❂✶✶✻
♣✲✈❛❧✉❡ ✵✳✷✹✻ ✵✳✸✶✽

✭▲▲ ✫ ❯▲✮ ✈s✳ ✭▲▲❈ ✫ ❯▲❈✮ ◆ ❂ ✶✶✻
♣✲✈❛❧✉❡ ✵✳✸✸✵ ✵✳✷✶✻

❚❛❜❧❡ ✷✿ ▼❛♥♥✲❲❤✐t♥❡② t❡sts✳ ❚❤❡ ❚❛❜❧❡ s❤♦✇s ♣✲✈❛❧✉❡s ❢♦r ♣❛✐r✇✐s❡ ▼❛♥♥✲❲❤✐t♥❡② t❡sts t♦ ❝♦♠♣❛r❡ t❤❡
❧✐q✉✐❞✐t② ♠❡❛s✉r❡s ❢r♦♠ ❚❛❜❧❡ ✶✳ ❇♦❧❞ ❡♥tr✐❡s ✐♥❞✐❝❛t❡ s✐❣♥✐✜❝❛♥❝❡ ❛t ❛ ✺✪ ❧❡✈❡❧✳

s❡ss✐♦♥ ♦♥ tr❡❛t♠❡♥t ❞✉♠♠✐❡s✱ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ✐♥✈❡st♦rs s✉❝❤ ❛s ❣❡♥❞❡r✱ ❙❱❖✱

❛♥❞ r✐s❦ ❛✈❡rs✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ❝♦♥tr♦❧ ❢♦r ❡①♦❣❡♥♦✉s ✐♥✢♦✇s ♦❢ ❧✐q✉✐❞✐t② ❜② ✐♥❝❧✉❞✐♥❣ t❤❡

❛✈❡r❛❣❡ ❞✐✈✐❞❡♥❞ ♣❛✐❞ ♦✉t ❜② ♦♥❡ ✉♥✐t ♦❢ t❤❡ ❛ss❡t✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳ ❚❤✐s

❛♥❛❧②s✐s ❝♦♥✜r♠s t❤❛t ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s ❧♦✇❡r ✐♥ ❯▲ t❤❛♥ ✐♥ ▲▲✳ ❚❤❡ ♦t❤❡r tr❡❛t♠❡♥t ❡✛❡❝ts

❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❢r♦♠ ✵ ❛♥❞ ♥❡✐t❤❡r ❛r❡ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ✐♥✈❡st♦rs✳

❲❡ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡ t❤❡ ❞②♥❛♠✐❝s ♦❢ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧ ✉s✐♥❣ ✜①❡❞✲

❡✛❡❝t r❡❣r❡ss✐♦♥s✳ ❲❡ ✐♥❝❧✉❞❡ ♣❛st ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥s ✐♥ t❤❡ r❡❣r❡ss✐♦♥s t♦ ❝♦♥tr♦❧ ❢♦r t❤❡

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

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

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

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

✶✸



✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮

❆✈❣✳ ▲✐q✳ ❆✈❣✳ ▲✐q✳ ✶ st P❡r✳ ▲✐q✳ ✶ st P❡r✳ ▲✐q✳

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

❯▲ ✲✶✺✶✳✶✯✯ ✲✶✸✾✳✶✯ ✲✷✷✷✳✸✯ ✲✶✹✼✳✸
✭✵✳✵✹✸✮ ✭✵✳✵✼✽✮ ✭✵✳✵✻✹✮ ✭✵✳✷✽✽✮

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

❆✈❣✳ ❉✐✈✐❞❡♥❞ ✲✼✳✺✽✺✯ ✲✽✳✶✽✸
✭✵✳✵✼✾✮ ✭✵✳✷✸✽✮

●❡♥❞❡r■♥✈❡st♦r ✹✳✾✾✹ ✲✷✶✶✳✵
✭✵✳✾✹✷✮ ✭✵✳✷✻✸✮

❙❱❖■♥✈❡st♦r ✶✳✶✹✼ ✸✳✽✽✻
✭✵✳✽✷✻✮ ✭✵✳✻✷✾✮

❘✐s❦❙❡❡❦✐♥❣■♥✈❡st♦r ✲✺✳✾✾✵ ✲✵✳✽✼✵
✭✵✳✺✹✶✮ ✭✵✳✾✻✸✮

❈♦♥st❛♥t ✼✺✺✳✷✯✯✯ ✽✷✹✳✸✯✯✯ ✶✷✾✽✳✸✯✯✯ ✶✷✽✸✳✽✯✯✯
✭✵✳✵✵✵✮ ✭✵✳✵✵✵✮ ✭✵✳✵✵✵✮ ✭✵✳✵✵✵✮

❖❜s❡r✈❛t✐♦♥s ✶✶✻ ✶✶✻ ✶✶✻ ✶✶✻

R2 ✵✳✸✻✵ ✵✳✸✼✻ ✵✳✵✸✼ ✵✳✵✹✽

♣✲✈❛❧✉❡s ✐♥ ♣❛r❡♥t❤❡s❡s
❙t❛♥❞❛r❞ ❡rr♦rs ✭✶✮ ❛♥❞ ✭✷✮ ❝❧✉st❡r❡❞ ♦♥ s❡ss✐♦♥ ❧❡✈❡❧✱
✭✸✮ ❛♥❞ ✭✹✮ ❤❡t❡r♦s❦❡❞❛st✐❝✐t② ❝♦rr❡❝t❡❞✳
✯ ♣<✵✳✶✵✱ ✯✯ ♣<✵✳✵✺✱ ✯✯✯ ♣<✵✳✵✶

❚❛❜❧❡ ✸✿ ▲✐q✉✐❞✐t② r❡❣r❡ss✐♦♥s✳ ■♥ ❝♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ♣r✐♦r t♦
t❤❡ ■P❖✳ ■♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ❛✈❡r❛❣❡ ❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ♦✈❡r ❛❧❧ ✶✺ ♣❡r✐♦❞s✳ ▲▲❈✱
❯▲ ❛♥❞ ❯▲❈ ❝♦rr❡s♣♦♥❞ t♦ tr❡❛t♠❡♥t s♣❡❝✐✜❝ ❞✉♠♠② ✈❛r✐❛❜❧❡s✳ ❆✈❣✳ ❞✐✈✐❞❡♥❞ ✐s t❤❡ ❛✈❡r❛❣❡ ❞✐✈✐❞❡♥❞ ♣❛✐❞ ♦✉t
❜② ♦♥❡ st♦❝❦ ❢♦r ❛ ❣✐✈❡♥ s❡ss✐♦♥✳ ❘✐s❦❙❡❡❦✐♥❣■♥✈❡st♦r ♠❡❛s✉r❡s t❤❡ r✐s❦✲s❡❡❦✐♥❣♥❡ss ♦❢ ✐♥✈❡st♦rs ✭❇❘❊❚✲❝❤♦✐❝❡✮✳
❙❱❖■♥✈❡st♦r ♠❡❛s✉r❡s t❤❡ s♦❝✐❛❧ ✈❛❧✉❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ ✐♥✈❡st♦rs✳ ●❡♥❞❡r■♥✈❡st♦r ✐s ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✶ ✐❢
t❤❡ ✐♥✈❡st♦r ✐s ❛ ♠❛❧❡✳

✐♥❝❧✉❞❡❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳

❚❤❡ r❡❣r❡ss✐♦♥s ❝♦♥✜r♠ t❤❛t t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ❞♦✇♥✇❛r❞ tr❡♥❞ ✐♥ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❲❡

❛❧s♦ ♦❜s❡r✈❡ t❤❛t ❧❛❣❣❡❞ ♣r✐❝❡ ❝❤❛♥❣❡s ✕ ❛ ♣r♦①② ❢♦r t❤❡ ♦✈❡r❛❧❧ ❝❤❛♥❣❡ ✐♥ ❛ ♣♦rt❢♦❧✐♦✬s ✈❛❧✉❡ ✕

❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❛♥❞ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ ❧✐q✉✐❞✐t② ❛t ❛ ✺✪ t♦ ✶✵✪ ❧❡✈❡❧✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦♥ t❤❡

tr❛❞❡r✬s ❝❛s❤ ❜❛❧❛♥❝❡ ✐s s✐❣♥✐✜❝❛♥t ❛♥❞ ♥❡❣❛t✐✈❡✱ s♦ t❤❛t ✐♥✈❡st♦rs t❡♥❞ t♦ ✇✐t❤❞r❛✇ ♠♦r❡ ♠♦♥❡②

❢r♦♠ tr❛❞❡rs ✇❤♦ ❤❛✈❡ ♠♦r❡ ❧✐q✉✐❞✐t②✳ ■♥ ❝❛s❡ ♦❢ ❛♥ ✐❧❧✐q✉✐❞ tr❛❞❡r✱ ✐♥✈❡st♦rs ❢✉rt❤❡r ✇✐t❤❞r❛✇

♠♦♥❡②✱ s♦ t❤❛t t❤❡ tr❛❞❡r ❤❛s t♦ ❧✐q✉✐❞❛t❡ ❤✐s ❛ss❡ts ✐❢ ❤❡ ✇❛♥ts t♦ ♠❡❡t t❤❡ ✐♥✈❡st♦r✬s ❞❡♠❛♥❞s✳

❙✐♥❝❡ ❝♦♥✢✐❝ts ♦❢ ✐♥t❡r❡st ❛r❡ ❧❛r❣❡st ✇✐t❤ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✱ ✐♥✈❡st♦rs s❤♦✉❧❞ ♣r♦✈✐❞❡ ❧❡ss ❧✐q✉✐❞✲

✐t② t❤❛♥ ✇✐t❤ ✉♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✳ ❲❡ ❛❝t✉❛❧❧② ♦❜s❡r✈❡ t❤❡ ♦♣♣♦s✐t❡✳ ❚❤✐s s✉❣❣❡sts t❤❛t ✐♥✈❡st♦rs

❞♦ ♥♦t tr② t♦ ❝♦♥str❛✐♥ ♦r ❞✐s❝✐♣❧✐♥❡ t❤❡✐r tr❛❞❡r ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧✳ ❚❤❡ ♣♦s✐t✐✈❡ ❝♦❡✣✲

❝✐❡♥t ♦♥ ♣❛st ♣r✐❝❡ ❝❤❛♥❣❡s r❛t❤❡r s✉❣❣❡sts t❤❛t ✐♥✈❡st♦rs ♣r♦✈✐❞❡ ♠♦r❡ ❧✐q✉✐❞✐t② ❛s t❤❡ ♠❛r❦❡t

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

✇✐t❤ t❤❡ tr❛❞❡r✳

✹✳✷ ❚r❛❞✐♥❣

❚❤❡ ■P❖✳ ❲❡ ❞❡♣✐❝t t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ■P❖ ♣r✐❝❡s ❛♥❞ ✐♥✐t✐❛❧ st♦❝❦ ❞✐str✐❜✉t✐♦♥s ✐♥ ❋✐❣✉r❡

✺✳ ❋✐rst✱ ♣r✐❝❡s ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❡ ❛ss❡t✬s ❋❱ ❛t t❤❡ ✶✵✪ ❧❡✈❡❧ ✐♥ ❛❧❧ tr❡❛t♠❡♥ts ❜✉t

✶✹



✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮
∆▲✐qt ∆▲✐qt ∆▲✐qt ∆▲✐qt ∆▲✐qt

P❡r✐♦❞ ✲✽✳✺✷✵✯ ✲✷✳✾✺✵ ✲✶✾✳✷✸✯ ✲✷✵✳✼✶✯ ✲✷✶✳✽✾✯
✭✵✳✵✽✸✮ ✭✵✳✼✵✺✮ ✭✵✳✵✼✺✮ ✭✵✳✵✼✵✮ ✭✵✳✵✻✼✮

❙✉♠ ❉✐✈✐❞❡♥❞ ✲✵✳✶✵✽ ✲✵✳✶✾✹ ✲✵✳✸✸✸ ✲✵✳✵✵✷✵✷ ✲✵✳✵✼✺✸
✭✵✳✺✻✸✮ ✭✵✳✻✸✸✮ ✭✵✳✺✷✵✮ ✭✵✳✾✾✼✮ ✭✵✳✾✵✵✮

∆pt−1 ✵✳✸✻✶✯ ✵✳✷✾✶✯ ✵✳✷✽✸✯ ✵✳✷✽✷✯
✭✵✳✵✺✹✮ ✭✵✳✵✽✺✮ ✭✵✳✵✾✷✮ ✭✵✳✵✾✵✮

❈❛s❤ ✵✳✷✾✷✯✯✯ ✵✳✶✹✽✯✯ ✵✳✶✸✷✯✯
✭✵✳✵✵✵✮ ✭✵✳✵✸✹✮ ✭✵✳✵✹✶✮

❈❛s❤❚r❛❞❡r ✲✵✳✶✼✹✯✯✯ ✲✵✳✶✺✽✯✯✯
✭✵✳✵✵✺✮ ✭✵✳✵✵✾✮

❙t♦❝❦❚r❛❞❡r ✲✸✵✳✺✷ ✲✷✽✳✶✷
✭✵✳✶✺✷✮ ✭✵✳✷✵✽✮

■❧❧✐q✉✐❞ ❚r❛❞❡r ✲✶✻✶✳✶✯✯
✭✵✳✵✶✽✮

❇✐♥❞✳ ❈❛♣ ❚r❛❞❡r ✶✸✼✳✸
✭✵✳✹✷✸✮

❈♦♥st❛♥t ✸✺✳✾✺✯ ✼✳✶✸✹ ✲✾✷✳✵✾✯✯ ✷✶✵✳✹✯ ✸✼✶✳✻✯✯✯
✭✵✳✵✽✹✮ ✭✵✳✼✼✹✮ ✭✵✳✵✷✻✮ ✭✵✳✵✽✻✮ ✭✵✳✵✵✹✮

❖❜s❡r✈❛t✐♦♥s ✶✻✷✹ ✾✾✽ ✾✾✽ ✾✾✽ ✾✾✽

R2 ✵✳✵✶✸ ✵✳✵✶✷ ✵✳✶✸✼ ✵✳✶✺✶ ✵✳✶✻✶

♣✲✈❛❧✉❡s ✐♥ ✐♥ ♣❛r❡♥t❤❡s❡s
❙t❛♥❞❛r❞ ❡rr♦rs ❝❧✉st❡r❡❞ ♦♥ s❡ss✐♦♥ ❧❡✈❡❧✳
✯ ♣ <✵✳✶✵✱ ✯✯ ♣<✵✳✵✺✱ ✯✯✯ ♣<✵✳✵✶

❚❛❜❧❡ ✹✿ ▲✐q✉✐❞✐t② ❞②♥❛♠✐❝s r❡❣r❡ss✐♦♥s✳ ❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ ❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ❜❡t✇❡❡♥
♣❡r✐♦❞ t ❛♥❞ t − 1✳ ▲▲❈✱ ❯▲ ❛♥❞ ❯▲❈ ❝♦rr❡s♣♦♥❞ t♦ tr❡❛t♠❡♥t s♣❡❝✐✜❝ ❞✉♠♠② ✈❛r✐❛❜❧❡s ❛♥❞ P❡r✐♦❞ t♦ ❛ t✐♠❡
tr❡♥❞✳ ❙✉♠ ❉✐✈✐❞❡♥❞ ✐s t❤❡ s✉♠ ♦❢ ❛❧❧ ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥s ❢♦r ❛ s✐♥❣❧❡ ❛ss❡t ✐♥ ❛ ❣✐✈❡♥ s❡ss✐♦♥✳ ∆pt−1 ✐s t❤❡
❧❛❣❣❡❞ ❞✐✛❡r❡♥❝❡ ♦❢ s❡ss✐♦♥ s♣❡❝✐✜❝ ♣r✐❝❡s✳ ■♥✈❡st♦r❈❛s❤ ✐s t❤❡ ❝❛s❤ ❜❛❧❛♥❝❡ ♦❢ t❤❡ ✐♥✈❡st♦r✱ ❙t♦❝❦❚r❛❞❡r ✐s t❤❡
tr❛❞❡r✬s st♦❝❦✱ ❛♥❞ ❈❛s❤❚r❛❞❡r ✐s t❤❡ tr❛❞❡r✬s ❝❛s❤ ❜❛❧❛♥❝❡✳ ■❧❧✐q✉✐❞❚r❛❞❡r ✐s ❛ ❞✉♠♠②✱ t❤❛t ✐s ♦♥❡ ✐❢ t❤❡ tr❛❞❡r✬s
❝❛s❤ ❜❛❧❛♥❝❡ ❢❡❧❧ t♦ ③❡r♦ ✐♥ t❤❡ ♣r✐♦r ♣❡r✐♦❞✳ ❇✐♥❞❈❛♣❚r❛❞❡r ✐s ♦♥❡ ✐❢ ✐♥ ❡✐t❤❡r ▲▲❈ ♦r ❯▲❈ t❤❡ tr❛❞❡r ❤❛s r❡❛❝❤❡❞
t❤❡ ❝♦♠♣❡♥s❛t✐♦♥ ❝❛♣ ✐♥ t❤❡ ❧❛st ♣❡r✐♦❞✳

✶✺



▲▲✳✷ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❛✈❡r❛❣❡ ■P❖ ♣r✐❝❡s ❞♦ ♥♦t ❞✐✛❡r s✐❣♥✐✜❝❛♥t❧② ❛❝r♦ss tr❡❛t♠❡♥ts✳✸ ■♥ t❡r♠s

♦❢ ✐♥✐t✐❛❧ st♦❝❦ ❞✐str✐❜✉t✐♦♥s ✇❡ ♦❜s❡r✈❡ t❤❛t ✐♥ ❛❧❧ ❜✉t ♦♥❡ s❡ss✐♦♥s ❛❧❧ ✶✷ ✉♥✐ts ✇❡r❡ ❞✐str✐❜✉t❡❞

❛♠♦♥❣st tr❛❞❡rs✳ ❖♥❧② ✶✶ ❛ss❡ts ✇❡r❡ ❛❧❧♦❝❛t❡❞ ✐♥ t❤❡ r❡♠❛✐♥✐♥❣ s❡ss✐♦♥✳ ❲❡ ♦❜s❡r✈❡ s❧✐❣❤t

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

❝♦♥❝❡♥tr❛t❡❞ ✐♥ ▲▲ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r tr❡❛t♠❡♥ts✳ ❍♦✇❡✈❡r✱ ❛ ❑r✉s❦❛❧❧✲❲❛❧❧✐s t❡st s✉❣❣❡sts

t❤❛t t❤❡s❡ ❞✐✛❡r❡♥❝❡s ❛r❡ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭♣✲✈❛❧✉❡✿ ✵✳✽✾✮✳
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✭❜✮ ❇♦① ♣❧♦t ♦❢ ■P❖ ♣r✐❝❡s ❛❝r♦ss tr❡❛t♠❡♥ts✳

❋✐❣✉r❡ ✺✿ ■P❖ r❡s✉❧ts✳ ◆❡✐t❤❡r✱ t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ st♦❝❦s ❛❢t❡r t❤❡ ■P❖ ♥♦r t❤❡ ■P❖ ♣r✐❝❡s t❤❡♠s❡❧✈❡s
❞✐✛❡r s✐❣♥✐✜❝❛♥t❧② ❛❝r♦ss tr❡❛t♠❡♥ts ❛t ✶✵✪ ❧❡✈❡❧s ✉s✐♥❣ ❑r✉s❦❛❧✲❲❛❧❧✐s t❡sts✳ ❚❤❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❡ ✐♥ ♣❛♥❡❧ ✭❜✮
❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❋❱ ♦❢ t❤❡ ❛ss❡t ✭✸✻✵ ❚❛❧❡r✮✳

❆ss❡t ♣r✐❝❡s✳ ❲❡ ❝♦♠♣✉t❡ t❤❡ ✈♦❧✉♠❡✲✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♣r✐❝❡s ♣❡r s❡ss✐♦♥ ❛♥❞ tr❡❛t♠❡♥t✳

❚❤❡ r❡s✉❧t✐♥❣ ♣r✐❝❡s ❢♦r ❡❛❝❤ tr❡❛t♠❡♥t✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❛ss❡t✬s ❋❱ ❛♥❞ t❤❡ ♠❛①❋❱ ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✻✳ ❆ss❡t ♣r✐❝❡s ❛❧♠♦st ❛❧✇❛②s ❡①❝❡❡❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❛ss❡t ❛♥❞ ❞✐s♣❧❛②

t❤❡ t②♣✐❝❛❧ ❜✉❜❜❧❡✲❝r❛s❤ ♣❛tt❡r♥ ❢♦✉♥❞ ✐♥ st❛♥❞❛r❞ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts✳ ❲❡ ♦❜s❡r✈❡

t❤❛t ✉♥❞❡r ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭▲▲ ❛♥❞ ▲▲❈✮ ♣r✐❝❡s ❛r❡ ❤✐❣❤❡r t❤❛♥ ✇✐t❤ ✉♥❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✭❯▲

❛♥❞ ❯▲❈✮✳ ■♥ s✐① ♦✉t ♦❢ t❤❡ t❡♥ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② s❡ss✐♦♥s ♣r✐❝❡s r❡♠❛✐♥❡❞ ❝❧♦s❡ t♦ ♦r ❡①❝❡❡❞❡❞

t❤❡ ❤✐❣❤❡st ♣♦ss✐❜❧❡ ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥ ❡✈❡♥ ✐♥ t❤❡ ❧❛st ♣❡r✐♦❞✳ ❈❛♣s ❞♦ ♥♦t s❡❡♠ t♦ ❤❛✈❡ ❛

s✉❜st❛♥t✐❛❧ ❡✛❡❝t ♦♥ ♣r✐❝❡s✳

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

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

✭❘❆❉✮✱ t♦ ♠❡❛s✉r❡ ♠✐s✲♣r✐❝✐♥❣✱ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ❞❡✈✐❛t✐♦♥ ✭❘❉✮✱ t♦ ♠❡❛s✉r❡ ♦✈❡r✲✈❛❧✉❛t✐♦♥

✭❙tö❝❦❧ ❡t ❛❧✳ ❬✷✵✶✵❪✮✳ ❲❡ ❢✉rt❤❡r ✉s❡ t❤❡ ❣❡♦♠❡tr✐❝ ❛✈❡r❛❣❡ ❞❡✈✐❛t✐♦♥ ✭●❆❉✮✱ s✉❣❣❡st❡❞ ✐♥

✷❲✐❧❝♦①♦♥ s✐❣♥❡❞ r❛♥❦ t❡sts ❣❡♥❡r❛t❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣✲✈❛❧✉❡s✿ ✵✳✵✻ ✭▲▲❈✮✱ ✵✳✵✹ ✭❯▲✮✱ ✵✳✵✽ ✭❯▲❈✮✮✱ ✵✳✷✸ ✭▲▲✮✳
✸P❛✐r✇✐s❡ ▼❛♥♥✲❲❤✐t♥❡② t❡sts ❝❛♥♥♦t r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ ❡q✉❛❧ ♠❡❞✐❛♥ ■P❖ ♣r✐❝❡s ❛t ❛♥② r❡❛s♦♥❛❜❧❡

s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧s✳ ❚❤❡ ♣❛✐r✇✐s❡ ♣✲✈❛❧✉❡s ❛r❡ ❛s ❢♦❧❧♦✇s✿ ▲▲ ✈s ▲▲❈✿ ✵✳✺✸✱ ▲▲ ✈s ❯▲✿ ✵✳✷✵✱ ▲▲ ✈s ❯▲❈✿ ✵✳✹✵✱ ▲▲❈
✈s ❯▲✿ ✵✳✸✽✱ ▲▲❈ ✈s ❯▲❈✿ ✵✳✻✼✱ ❯▲ ✈s ❯▲❈✿ ✵✳✾✶✳ ❆ s✐♠✐❧❛r ♣✐❝t✉r❡ ♦❢ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❛r✐s❡s ✐❢ ✇❡ ❢♦❝✉s
♦♥ ♣♦st❡❞ ❜✐❞s✱ r❛t❤❡r t❤❛♥ ❡q✉✐❧✐❜r✐✉♠ ♣r✐❝❡s✳
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❋✐❣✉r❡ ✻✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❛ss❡t ♣r✐❝❡s✳ ❚❤❡ ✜❣✉r❡ s❤♦✇s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ s❡ss✐♦♥✲❛✈❡r❛❣❡ ❛ss❡t ♣r✐❝❡s ❢♦r ❡❛❝❤
❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✭❋❱✮ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✭♠❛①❋❱✮✳
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P♦✇❡❧❧ ❬✷✵✶✺❪✱ t❤❛t ♠❡❛s✉r❡s ♠✐s♣r✐❝✐♥❣ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♥✉♠❡r❛✐r❡✳ ❲❡ t❤❡♥ ❝♦♠♣✉t❡ t❤❡

❛✈❡r❛❣❡ ●❆❉ ♦✈❡r ❛❧❧ ✶✺ ♣❡r✐♦❞s ❢♦r ❛ ❣✐✈❡♥ s❡ss✐♦♥✳ ▲❛st❧②✱ ✇❡ ❝♦♠♣✉t❡ t❤❡ t✉r♥♦✈❡r ♣❡r s❡ss✐♦♥

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

❜✉❜❜❧❡ ♠❡❛s✉r❡s✱ ❢♦r ❡❛❝❤ s❡ss✐♦♥ ❛♥❞ tr❡❛t♠❡♥t✱ ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✺✳ ❲❡ t❤❡♥ r✉♥ ♣❛✐r✇✐s❡

▼❛♥♥✲❲❤✐t♥❡② t❡sts t♦ ❝♦♠♣❛r❡ t❤❡ tr❡❛t♠❡♥ts✳ ❚❤❡ r❡s✉❧t✐♥❣ ♣✲✈❛❧✉❡s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡

✻✳ ❚❤❡ ❜✐♥❛r② ❝♦♠♣❛r✐s♦♥s s✉❣❣❡st s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ▲▲ ❛♥❞ ❯▲ ❛s ✇❡❧❧ ❛s ❜❡t✇❡❡♥

▲▲ ❛♥❞ ❯▲❈ ❛t ❛ ✺✪ ❧❡✈❡❧✳ ❚❤❡ ♦t❤❡r tr❡❛t♠❡♥t ❞✐✛❡r❡♥❝❡s ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t✳✹

▼❡❛s✉r❡✿ ❘❆❉✱ RAD = 1
15

∑
t

|Pt−FVt|
mean(FVt)

▼❡❛s✉r❡✿ ❘❉✱ RD = 1
15

∑
t

Pt−FVt

mean(FVt)

❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲❈ ❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲❈
❙❡ss✐♦♥ ↓ ❙❡ss✐♦♥ ↓
❙❡ss✐♦♥ ✶ ✵✳✼✸ ✵✳✷✶ ✵✳✶✷ ✵✳✵✻ ❙❡ss✐♦♥ ✶ ✵✳✼✷ ✵✳✶✾ ✵✳✶✷ ✵✳✵✻
❙❡ss✐♦♥ ✷ ✶✳✶✹ ✵✳✼✹ ✵✳✸✶ ✵✳✻✷ ❙❡ss✐♦♥ ✷ ✶✳✶✹ ✵✳✼✸ ✵✳✸✶ ✵✳✸✺
❙❡ss✐♦♥ ✸ ✶✳✷✽ ✶✳✷✺ ✵✳✹✷ ✵✳✼✻ ❙❡ss✐♦♥ ✸ ✶✳✷✸ ✶✳✶✽ ✵✳✸✹ ✵✳✼✺
❙❡ss✐♦♥ ✹ ✶✳✸✷ ✶✳✹✵ ✵✳✻✾ ✵✳✽✺ ❙❡ss✐♦♥ ✹ ✶✳✸✵ ✶✳✹✵ ✵✳✻✽ ✵✳✽✹
❙❡ss✐♦♥ ✺ ✶✳✹✼ ✶✳✹✻ ✵✳✽✹ ✶✳✵✶ ❙❡ss✐♦♥ ✺ ✶✳✹✼ ✶✳✹✷ ✵✳✽✷ ✶✳✵✶
❆✈❡r❛❣❡ ✶✳✶✾ ✶✳✵✶ ✵✳✹✽ ✵✳✻✻ ❆✈❡r❛❣❡ ✶✳✶✼ ✵✳✾✽ ✵✳✹✺ ✵✳✻✵

▼❡❛s✉r❡✿ ●❆❉✱ GAD = exp
(

1

15

∑

t
| ln

(

Pt

FVt

)

|
)

− 1 ▼❡❛s✉r❡✿ ❚✉r♥♦✈❡r✱ Turnover = 1
TSU

∑
tQt

❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲❈ ❚r❡❛t♠❡♥t → ▲▲ ▲▲❈ ❯▲ ❯▲❈
❙❡ss✐♦♥ ↓ ❙❡ss✐♦♥ ↓
❙❡ss✐♦♥ ✶ ✶✳✵✺ ✶✳✼✷ ✵✳✻✶ ✵✳✺✾ ❙❡ss✐♦♥ ✶ ✶✳✷✷ ✷✳✶✺ ✶✳✻✼ ✶✳✻✷
❙❡ss✐♦♥ ✷ ✶✳✸✷ ✶✳✺✽ ✶✳✸✷ ✵✳✻✶ ❙❡ss✐♦♥ ✷ ✶✳✼✼ ✷✳✸✶ ✷✳✸✵ ✶✳✾✶
❙❡ss✐♦♥ ✸ ✶✳✷✼ ✵✳✻✵ ✵✳✸✺ ✵✳✼✺ ❙❡ss✐♦♥ ✸ ✸✳✵✼ ✷✳✹✷ ✷✳✹✷ ✷✳✻✼
❙❡ss✐♦♥ ✹ ✵✳✾✾ ✵✳✷✻ ✶✳✵✶ ✶✳✶✷ ❙❡ss✐♦♥ ✹ ✸✳✼✾ ✸✳✵✽ ✸✳✸✾ ✸✳✶✸
❙❡ss✐♦♥ ✺ ✶✳✹✷ ✷✳✷✻ ✵✳✶✸ ✵✳✵✻ ❙❡ss✐♦♥ ✺ ✹✳✸✸ ✸✳✶✹ ✸✳✻✷ ✸✳✶✼
❆✈❡r❛❣❡ ✶✳✷✶ ✶✳✷✽ ✵✳✻✽ ✵✳✻✸ ❆✈❡r❛❣❡ ✷✳✽✸ ✷✳✻✵ ✷✳✻✻ ✷✳✹✽

❚❛❜❧❡ ✺✿ ❇✉❜❜❧❡ ♠❡❛s✉r❡s✳ Pt ✐s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡ss✐♦♥ ♣r✐❝❡ ✐♥ ♣❡r✐♦❞ t✱ Qt ✐s t❤❡ ♦✈❡r❛❧❧ q✉❛♥t✐t② tr❛❞❡❞
✐♥ ♣❡r✐♦❞ t✱ TSU ✐s t❤❡ t♦t❛❧ s✉♠ ♦❢ ✉♥✐ts✳

◆❡①t✱ ✇❡ r✉♥ ❖▲❙ r❡❣r❡ss✐♦♥s ✉s✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❜✉❜❜❧❡ ♠❡❛s✉r❡s ❛s ❞❡♣❡♥❞❡♥t ✈❛r✐✲

❛❜❧❡s✱ t♦ ❢✉rt❤❡r ❝♦♥tr♦❧ ❢♦r s❡ss✐♦♥✲s♣❡❝✐✜❝ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼✳

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

❧❛r❣❡r ✐♥ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② tr❡❛t♠❡♥ts✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❡①t❡♥t ♦❢ ❜✉❜❜❧❡s ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥

✹❲❡ ❛❧s♦ r✉♥ ❛♥♦t❤❡r s❡r✐❡s ♦❢ ▼❛♥♥✲❲❤✐t♥❡② t❡sts✱ ♣♦♦❧✐♥❣ ♦❜s❡r✈❛t✐♦♥s ❢r♦♠ t❤❡ ✉♥❧✐♠✐t❡❞ ❛♥❞ ❧✐♠✐t❡❞
❧✐❛❜✐❧✐t② tr❡❛t♠❡♥ts✱ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ❝❛♣✳ ❚❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❡r♠s ♦❢ ❘❆❉✱ ❘❉ ❛♥❞ ●❆❉ ❛r❡ s✐❣♥✐✜❝❛♥t
❛t ❛ ✺✪ ❧❡✈❡❧✳ ◆❡①t✱ ✇❡ ♣♦♦❧ ♦❜s❡r✈❛t✐♦♥s ❢r♦♠ t❤❡ ❝❛♣ ❛♥❞ ♥♦✲❝❛♣ tr❡❛t♠❡♥ts✱ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ❧✐❛❜✐❧✐t②
str✉❝t✉r❡✱ ❛♥❞ r✉♥ ❛ ❧❛st s❡r✐❡s ♦❢ ▼❛♥♥✲❲❤✐t♥❡② t❡sts✳ ❚❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❜✉❜❜❧❡ ♠❡❛s✉r❡s ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t
❛♥② r❡❛s♦♥❛❜❧❡ ❧❡✈❡❧✳ ❍❡♥❝❡✱ ♣r✐❝❡s ❞✐✛❡r ❛❧♦♥❣ t❤❡ ❧✐❛❜✐❧✐t② ❜✉t ♥♦t ❛❧♦♥❣ t❤❡ ❝❛♣ ❞✐♠❡♥s✐♦♥✳ ❋✐♥❛❧❧②✱ ✇❡ ♦❜s❡r✈❡
♥♦ ❞✐✛❡r❡♥❝❡s ✐♥ t✉r♥♦✈❡r ✐♥ ❛♥② ♦❢ t❤❡ ♣❛✐r✇✐s❡ ❝♦♠♣❛r✐s♦♥s✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡ tr❡❛t♠❡♥t ❡✛❡❝ts ♦♥ ♣r✐❝❡s ❛r❡
♥♦t ❞r✐✈❡♥ ❜② ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ q✉❛♥t✐t✐❡s tr❛❞❡❞✳
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▲▲❈ ✈s✳ ❯▲❈ ◆ ✶✵ ✶✵ ✶✵ ✶✵
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❚❛❜❧❡ ✻✿ ▼❛♥♥✲❲❤✐t♥❡② t❡sts✳ ❚❤❡ ❚❛❜❧❡ s❤♦✇s ♣✲✈❛❧✉❡s ❢♦r ♣❛✐r✇✐s❡ ▼❛♥♥✲❲❤✐t♥❡② t❡sts t♦ ❝♦♠♣❛r❡ t❤❡
❜✉❜❜❧❡ ♠❡❛s✉r❡s ❢r♦♠ ❚❛❜❧❡ ✶✳ ❇♦❧❞ ❡♥tr✐❡s ✐♥❞✐❝❛t❡ s✐❣♥✐✜❝❛♥❝❡ ❛t ❛ ✺✪ ❧❡✈❡❧✳

t❤❡ ❛✈❡r❛❣❡ r✐s❦ ❛✈❡rs✐♦♥ ♦❢ tr❛❞❡rs ♦r ✐♥✈❡st♦rs ♦r t❤❡✐r ❛✈❡r❛❣❡ ❙❱❖✳ ❲❡ ❛❧s♦ ❝♦♥tr♦❧ ❢♦r t❤❡

✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♠❛r❦❡t ♣♦✇❡r✱ t❤❛t ✐s✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❛ss❡ts ❛♥❞ ❝❛s❤ ❛❢t❡r t❤❡ ■P❖

✇❡✐❣❤t❡❞ ❜② r✐s❦ ♣r❡❢❡r❡♥❝❡s ❬❇r❡❛❜❛♥ ✉♥❞ ◆♦✉ss❛✐r✱ ✷✵✶✺❪✳ ▼❛r❦❡t ♣♦✇❡r ✐♥ t❤❡ ❤❛♥❞s ♦❢ r✐s❦

❛✈❡rs❡ tr❛❞❡rs ❝♦✉❧❞ ✐♥ ♣r✐♥❝✐♣❧❡ ❧❡❛❞ t♦ ❞✐✛❡r❡♥t ♣r✐❝❡ tr❛❥❡❝t♦r✐❡s t❤❛♥ ♠❛r❦❡t ♣♦✇❡r ✐♥ t❤❡

❤❛♥❞ ♦❢ r✐s❦ s❡❡❦✐♥❣ tr❛❞❡rs✳ ❚❤✐s ♠❡❛s✉r❡✱ ❤♦✇❡✈❡r✱ ❤❛s ♥♦ ❡✛❡❝t ♦♥ ❜✉❜❜❧❡s✳ ❚❤❡ ❢r❛❝t✐♦♥ ♦❢

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

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

❢❛✐❧ t♦ ❝♦♥str❛✐♥ tr❛❞❡rs ❜② ❧✐♠✐t✐♥❣ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❚❤✐s ✐s ♣♦ss✐❜❧❡ s✐♥❝❡ ❛s s❤♦✇♥ ✐♥ t❤❡

♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐s ❤✐❣❤❡r ✉♥❞❡r ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✳ ❇❡❝❛✉s❡ tr❛❞❡rs ♦♥❧② ❤♦❧❞

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

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

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

❚❛❜❧❡ ✽✳

❆♥ ✐♥✢♦✇ ♦❢ ❧✐q✉✐❞✐t② ❤❛s ❛ s✐❣♥✐✜❝❛♥t ❛♥❞ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ s✉❜s❡q✉❡♥t ♣r✐❝❡s✳ ❚❤✐s s✉❣❣❡sts

t❤❛t ✐♥✈❡st♦rs ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❜✉❜❜❧❡s ❜② ✐♥❝r❡❛s✐♥❣ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐♥ ▲▲✳ ❚❤✐s

✜♥❞✐♥❣ ✐s ❛❧s♦ ❝♦♥s✐st❡♥t ✇✐t❤ ❈❛❣✐♥❛❧♣ ❡t ❛❧✳ ❬✶✾✾✽❪ ❛♥❞ ✈❛r✐♦✉s ❢♦❧❧♦✇✲✉♣ st✉❞✐❡s✱ ✇❤✐❝❤ s❤♦✇

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

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

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

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

t❤❡ ❞❡♠❛♥❞ ♦❢ t❤❡✐r ✐♥✈❡st♦rs✳ ❲❡ ❛❧s♦ ♦❜s❡r✈❡ t❤❛t ❡①♦❣❡♥♦✉s ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✱ ❞✉❡ t♦ ♣❛st
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✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮
❘❆❉ ❘❆❉ ❘❉ ❘❉ ●❆❉ ●❆❉ ❚✉r♥♦✈❡r ❚✉r♥♦✈❡r

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

❯▲ ✲✵✳✼✶✸✯✯✯ ✲✵✳✺✺✽✯✯ ✲✵✳✼✶✾✯✯✯ ✲✵✳✺✺✷✯✯ ✲✵✳✸✵✺✯✯ ✲✵✳✶✼✸ ✲✵✳✶✺✾ ✲✵✳✻✶✺
✭✵✳✶✽✶✮ ✭✵✳✷✶✵✮ ✭✵✳✶✼✾✮ ✭✵✳✷✶✾✮ ✭✵✳✶✸✻✮ ✭✵✳✶✸✽✮ ✭✵✳✻✾✶✮ ✭✶✳✶✾✶✮

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

❲❡✐❣❤t❡❞ ▼P ✲✵✳✶✹✸ ✲✵✳✸✵✹ ✲✵✳✸✸✺ ✸✳✻✵✻
✭✵✳✾✻✼✮ ✭✵✳✾✼✽✮ ✭✵✳✻✽✻✮ ✭✷✳✷✹✷✮

●❡♥❞❡r❚r❛❞❡r ✲✶✳✵✸✽✯ ✲✶✳✶✸✹✯✯ ✲✵✳✻✶✾✯ ✵✳✽✾✹
✭✵✳✺✵✷✮ ✭✵✳✹✾✽✮ ✭✵✳✸✸✷✮ ✭✶✳✷✾✺✮

●❡♥❞❡r■♥✈❡st♦r ✶✳✶✼✺✯✯ ✶✳✶✹✺✯✯ ✵✳✼✻✽✯✯ ✲✶✳✼✵✸
✭✵✳✹✶✷✮ ✭✵✳✹✹✵✮ ✭✵✳✷✼✶✮ ✭✶✳✹✾✷✮

❙❱❖❚r❛❞❡r ✲✵✳✵✶✼✵ ✲✵✳✵✶✼✼ ✵✳✵✷✹✺ ✲✵✳✵✷✺✼
✭✵✳✵✸✸✹✮ ✭✵✳✵✸✷✷✮ ✭✵✳✵✷✻✷✮ ✭✵✳✶✸✼✮

❙❱❖■♥✈❡st♦r ✵✳✵✶✸✹ ✵✳✵✶✷✵ ✲✵✳✵✵✶✻✽ ✲✵✳✵✶✹✶
✭✵✳✵✶✷✸✮ ✭✵✳✵✶✷✾✮ ✭✵✳✵✵✾✶✸✮ ✭✵✳✵✻✺✷✮

❘✐s❦❙❡❡❦✐♥❣❚r❛❞❡r ✵✳✵✻✶✾ ✵✳✵✽✸✼ ✵✳✵✹✸✵ ✲✵✳✺✶✻✯
✭✵✳✶✷✻✮ ✭✵✳✶✷✽✮ ✭✵✳✵✽✻✽✮ ✭✵✳✷✺✶✮

❘✐s❦❙❡❡❦✐♥❣■♥✈❡st♦r ✵✳✵✵✸✶✶ ✵✳✵✵✽✶✼ ✲✵✳✵✹✸✾ ✵✳✶✻✹
✭✵✳✵✼✶✽✮ ✭✵✳✵✼✵✾✮ ✭✵✳✵✺✷✸✮ ✭✵✳✶✺✵✮

❈♦♥st❛♥t ✶✳✶✽✽✯✯✯ ✵✳✹✷✸ ✶✳✶✼✷✯✯✯ ✵✳✸✷✶ ✵✳✼✾✶✯✯✯ ✵✳✻✶✼ ✷✳✽✸✺✯✯✯ ✹✳✽✼✵✯✯
✭✵✳✶✷✻✮ ✭✵✳✺✺✺✮ ✭✵✳✶✷✺✮ ✭✵✳✻✵✾✮ ✭✵✳✵✸✼✷✮ ✭✵✳✹✸✷✮ ✭✵✳✺✽✾✮ ✭✶✳✼✻✻✮

❖❜s❡r✈❛t✐♦♥s ✷✵ ✷✵ ✷✵ ✷✵ ✷✵ ✷✵ ✷✵ ✷✵

R2 ✵✳✹✵✽ ✵✳✻✽✵ ✵✳✹✶✹ ✵✳✻✽✼ ✵✳✷✻✾ ✵✳✻✼✺ ✵✳✵✷✸ ✵✳✸✻✶

❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❝♦rr❡❝t❡❞ st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱
❝❧✉st❡r❡❞ ♦♥ ❛ s❡ss✐♦♥ ❧❡✈❡❧ ∗ p < 0.10✱ ∗∗ p < 0.05

❚❛❜❧❡ ✼✿ ❇✉❜❜❧❡ ♠❡❛s✉r❡ r❡❣r❡ss✐♦♥s✳ ❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s r❡❧❛t✐✈❡ ❛❜s♦❧✉t❡ ❞❡✈✐❛t✐♦♥ ✭❘❆❉✮ ✐♥
❝♦❧✉♠♥s ✭✶✮ ✲ ✭✷✮✱ r❡❧❛t✐✈❡ ❞❡✈✐❛t✐♦♥ ✭❘❉✮ ✐♥ ❝♦❧✉♠♥s ✭✸✮ ✲ ✭✹✮✱ ❣❡♦♠❡tr✐❝ ❛✈❡r❛❣❡ ❞❡✈✐❛t✐♦♥ ✭●❆❉✮ ✐♥ ❝♦❧✉♠♥s ✭✺✮
✲ ✭✻✮✱ ❛♥❞ t✉r♥♦✈❡r ✐♥ ❝♦❧✉♠♥s ✭✼✮ ✲ ✭✽✮✳ ▲▲❈✱ ❯▲ ❛♥❞ ❯▲❈ ❝♦rr❡s♣♦♥❞ t♦ tr❡❛t♠❡♥t s♣❡❝✐✜❝ ❞✉♠♠② ✈❛r✐❛❜❧❡s✳
❲❡✐❣❤t❡❞ ▼P ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✇❡✐❣❤t❡❞ ♠❛r❦❡t ♣♦✇❡r ♦❢ tr❛❞❡rs ❛❢t❡r t❤❡ ■P❖✳ ●❡♥❞❡r❳ ♠❡❛s✉r❡s t❤❡ ❢r❛❝t✐♦♥
♦❢ ♠❛❧❡ tr❛❞❡rs✴✐♥✈❡st♦rs ♣❡r s❡ss✐♦♥✳ ❘✐s❦❙❡❡❦✐♥❣❳ ♠❡❛s✉r❡s t❤❡ ❛✈❡r❛❣❡ r✐s❦✲s❡❡❦✐♥❣♥❡ss ♦❢ tr❛❞❡rs✴✐♥✈❡st♦rs
✭❇❘❊❚✲❝❤♦✐❝❡✮✳ ❙❱❖❳ ♠❡❛s✉r❡s t❤❡ ❛✈❡r❛❣❡ s♦❝✐❛❧ ✈❛❧✉❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ tr❛❞❡rs✴✐♥✈❡st♦rs✳
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♣♦s✐t✐✈❡ ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥s ❝♦♥tr✐❜✉t❡s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣r✐❝❡s✳

✭✶✮ ✭✷✮ ✭✸✮
∆ ♣t ∆ ♣t ∆ ♣t

∆ ▲✐q✉✐❞✐t②t ✵✳✵✸✼✶✯✯✯ ✵✳✵✷✽✾✯✯ ✵✳✵✷✽✾✯✯
✭✵✳✵✶✵✽✮ ✭✵✳✵✶✵✽✮ ✭✵✳✵✶✵✼✮

❉❡s✐r❡❞▼♦♥❡②t ✲✵✳✶✵✸✯✯✯ ✲✵✳✶✵✶✯✯✯
✭✵✳✵✸✸✾✮ ✭✵✳✵✸✹✻✮

❉✐✈✐❞❡♥❞t−1 ✵✳✹✼✸✯✯
✭✵✳✷✷✷✮

❈♦♥st❛♥t ✲✷✷✳✾✸✯✯✯ ✲✶✳✽✽✷ ✲✶✹✳✶✸✯
✭✵✳✽✹✵✮ ✭✻✳✼✻✼✮ ✭✼✳✼✶✹✮

❖❜s❡r✈❛t✐♦♥s ✶✾✻ ✶✾✻ ✶✾✻

R2 ✵✳✵✸✹ ✵✳✵✾✻ ✵✳✶✶✾

❙t❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s
✯ ♣❁✵✳✶✵✱ ✯✯ ♣❁✵✳✵✺✱ ✯✯✯ ♣❁✵✳✵✶

❚❛❜❧❡ ✽✿ Pr✐❝❡ ❝❤❛♥❣❡ r❡❣r❡ss✐♦♥s✳ ❲❡ ✉s❡ ♣r✐❝❡ ❝❤❛♥❣❡s ❛s ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳ ∆▲✐q✉✐❞✐t②t ✐s t❤❡ ❛✈❡r❛❣❡
❛❞❞✐t✐♦♥❛❧ ♥❡t ❛♠♦✉♥t ♦❢ ♠♦♥❡② ✐♥✈❡st❡❞ ❜② ✐♥✈❡st♦rs ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♣❡r✐♦❞✳ ❉❡s✐r❡❞▼♦♥❡②t ✐s t❤❡
❛✈❡r❛❣❡ ❞❡s✐r❡❞ ❛♠♦✉♥t ♦❢ ♠♦♥❡② r❡q✉❡st❡❞ ❜② ✐♥✈❡st♦rs ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♣❡r✐♦❞✳ ❉✐✈✐❞❡♥❞t−1 ✐s t❤❡ ❛ss❡t✬s
❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥ ✐♥ ♣❡r✐♦❞ t− 1✳

❚r❛❞❡rs✬ ❜❡❤❛✈✐♦r✳ ❚❤❡ ❤✐❣❤❡r ♣r✐❝❡s ♦❜s❡r✈❡❞ ✉♥❞❡r ▲▲ r❡❧❛t✐✈❡ t♦ ❯▲ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜②

t❤❡ ❞✐✛❡r❡♥t ♣❛tt❡r♥s ♦❢ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ❞♦❡s ♥♦t s❡❡♠ t♦ ❜❡ t❤❡ ✇❤♦❧❡ st♦r②✳ ■♥

♣❛rt✐❝✉❧❛r✱ t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ✐♥ ❛❣❣r❡❣❛t❡ ❧✐q✉✐❞✐t② ❜❡t✇❡❡♥ ▲▲ ❛♥❞ ❯▲❈✳ ❇✉❜❜❧❡s✱

❜② ❝♦♥tr❛st✱ ❛r❡ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✐♥ ▲▲ t❤❛♥ ✐♥ ❯▲❈✳ ❙✐♠✐❧❛r❧②✱ t❤❡r❡ ❛r❡ ✇❡❛❦❧②

s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❜❡t✇❡❡♥ ▲▲❈ ❛♥❞ ▲▲ ❜✉t t❤❡r❡ ❛r❡ ♥♦ s✐❣♥✐✜❝❛♥t

❞✐✛❡r❡♥❝❡s ✐♥ ♣r✐❝❡s ❛❝r♦ss t❤♦s❡ tr❡❛t♠❡♥ts✳ ❲❡ ♥♦✇ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡ ❜❡❤❛✈✐♦r ♦❢ tr❛❞❡rs

❝❛♥ ❡①♣❧❛✐♥ t❤❡s❡ ❛❞❞✐t✐♦♥❛❧ ❞✐✛❡r❡♥❝❡s✳

❲❡ ❡①♣❧♦r❡ ✇❤❡t❤❡r ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ❛✛❡❝t t❤❡ ❜❡❤❛✈✐♦r ♦❢ tr❛❞❡rs✳ ❲❡ ✉s❡ t✇♦ ✈❛r✐✲

❛❜❧❡s ❜❛s❡❞ ♦♥ ♣♦st❡❞ ❜✐❞s ❛♥❞ ❛s❦s t♦ ♠❡❛s✉r❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ tr❛❞❡rs✳ ❲❡ ❞❡✜♥❡ ❛ ♠❡❛s✉r❡ ♦❢

❝❛r❡❧❡ss♥❡ss ❛♥❞ ❛ ♠❡❛s✉r❡ ♦❢ ❝♦♥s❡r✈❛t✐s♠ ❛❧♦♥❣ t❤❡ ❧✐♥❡s ♦❢ ●r♦ÿ❡r ✉♥❞ ❘❡✉❜❡♥ ❬✷✵✶✸❪✳ ❈❛r❡✲

❧❡ss♥❡ss ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❛✈❡r❛❣❡ ❜❡t✇❡❡♥ t❤❡ s❡♣❛r❛t❡ ✈♦❧❛t✐❧✐t✐❡s ♦❢ ❜✐❞s ❛♥❞ ❛s❦s ♣❡r tr❛❞❡r

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

❈♦♥s❡r✈❛t✐s♠ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❜✐❞s ❜❡❧♦✇✲ ❛♥❞ ❛s❦s ❛❜♦✈❡ t❤❡ ❋❱✱ ♦✉t ♦❢ t❤❡ t♦t❛❧

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

tr❛❞❡r ♦♥❧② ✇❛♥ts t♦ ❜✉② t❤❡ ❛ss❡t ❛t ♣r✐❝❡s ❜❡❧♦✇ t❤❡ ❋❱ ❛♥❞ s❡❧❧ ✐t ❛t ♣r✐❝❡s ❛❜♦✈❡ t❤❡ ❋❱✳

❲❡ ❡①♣❡❝t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❛✈❡r❛❣❡ ❝❛r❡❧❡ss♥❡ss ❛♥❞ ❛ ❞❡❝r❡❛s❡ ✐♥ ❛✈❡r❛❣❡ ❝♦♥s❡r✈❛t✐s♠ t♦ ✐♥❝r❡❛s❡

❛ss❡t ♣r✐❝❡s✳

❲❡ r✉♥ ❖▲❙ r❡❣r❡ss✐♦♥s ✉s✐♥❣ ❝❛r❡❧❡ss♥❡ss ❛♥❞ ❝♦♥s❡r✈❛t✐s♠ ❛s ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳ ■♥

❛❞❞✐t✐♦♥ t♦ tr❡❛t♠❡♥t ❞✉♠♠✐❡s✱ ✇❡ ❝♦♥tr♦❧ ❢♦r r✐s❦ ❛✈❡rs✐♦♥ ❛♥❞ ❙❱❖ ♦❢ t❤❡ tr❛❞❡r✱ ❣❡♥❞❡r✱ ❛s

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

✐♥✐t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ st♦❝❦s✱ ✇❡ ✐♥❝❧✉❞❡ ✇❡✐❣❤t❡❞ ♠❛r❦❡t ♣♦✇❡r ❛❢t❡r t❤❡ ■P❖✳ ❚❤❡ r❡s✉❧ts ❛r❡

s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✾✳

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

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

✷✶



✇✐t❤♦✉t✳ ■t ❝❛♥ ❛❧s♦ ❡①♣❧❛✐♥ ✇❤② ❜✉❜❜❧❡s ❛r❡ ❧❛r❣❡r ✐♥ ▲▲ t❤❛♥ ✐♥ ❯▲❈✳

❚r❛❞❡rs ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❝♦♥s❡r✈❛t✐✈❡ ✐♥ ❯▲❈ t❤❛♥ ✐♥ ▲▲✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❝♦♥✲

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

♦t❤❡r tr❡❛t♠❡♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❝♦♥s❡r✈❛t✐s♠✳ ■t ✐s ❧❛r❣❡r ✐♥ ❯▲ t❤❛♥ ✐♥ ▲▲✱ ✇❤✐❝❤ ❝♦✉❧❞ ❝♦♥tr✐❜✉t❡

t♦ t❤❡ s♠❛❧❧❡r ❜✉❜❜❧❡s ♦❜s❡r✈❡❞ ✐♥ ❯▲✳ ■t ✐s ❛❧s♦ ❧♦✇❡r ✐♥ ▲▲❈ t❤❛♥ ✐♥ ▲▲✳ ❙✐♥❝❡ t❤❡ ❝♦❡✣❝✐❡♥t

✐s ❛❧s♦ ❧♦✇❡r ✐♥ ❯▲❈ t❤❛♥ ✐♥ ❯▲✱ t❤✐s s✉❣❣❡sts t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❝❛♣ ♠❛❦❡s tr❛❞❡rs ❧❡ss

❝♦♥s❡r✈❛t✐✈❡✳ ❚❤❡ ❡❛r❧✐❡r ❛♥❛❧②s✐s✱ ❤♦✇❡✈❡r✱ s✉❣❣❡sts t❤❛t t❤✐s ❞✐✛❡r❡♥❝❡ ✐s ♥♦t str♦♥❣ ❡♥♦✉❣❤ t♦

tr❛♥s❧❛t❡ ✐♥t♦ s✐❣♥✐✜❝❛♥t ♣r✐❝❡ ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t ❝❛♣s ♠❛❦❡ tr❛❞❡rs ❧❡ss ❝♦♥s❡r✲

✈❛t✐✈❡ ♠✐❣❤t ❛❧s♦ ❡①♣❧❛✐♥ ✇❤② t❤❡ ❧♦✇❡r ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ✐♥ ▲▲❈ r❡❧❛t✐✈❡ t♦ ▲▲ ❞♦❡s ♥♦t r❡s✉❧t

✐♥ ❧♦✇❡r ♣r✐❝❡ ❧❡✈❡❧s✳

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

tr❛❞❡rs ✇❤♦ ❛r❡ ♦✉t ♦❢ t❤❡ ♠♦♥❡②✳ ■♥ tr❡❛t♠❡♥ts ✇❤❡r❡ tr❛❞❡rs ❛r❡ ♣r♦t❡❝t❡❞ ❜② ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t②✱

t❤❡✐r ♣❛②♦✛ ❝❛♥♥♦t ❞❡❝r❡❛s❡ ❢✉rt❤❡r ✐❢ t❤❡② ❛❧r❡❛❞② ✐♥❝✉rr❡❞ ❧♦ss❡s✱ s♦ t❤❡② ♠✐❣❤t tr② t♦ ❣❛♠❜❧❡

❢♦r r❡s✉rr❡❝t✐♦♥✳ ❚❤❡② ❝♦✉❧❞ ❞♦ s♦ ❢♦❧❧♦✇✐♥❣ t✇♦ str❛t❡❣✐❡s✳ ❊✐t❤❡r✱ ❜✉② ❛ss❡ts ❜❡❧♦✇ t❤❡ ♠❛①✐♠❛❧

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

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

✐♥❝r❡❛s❡ t❤❡✐r st♦❝❦ ❤♦❧❞✐♥❣s✳ ❲❡ r✉♥ ❛ ✜①❡❞ ❡✛❡❝t r❡❣r❡ss✐♦♥ t♦ ❡✈❛❧✉❛t❡ t❤✐s ❤②♣♦t❤❡s✐s✳ ❚❤❡

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

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

✭✶✮✳ ❈♦♥s✐st❡♥t ✇✐t❤ ❣❛♠❜❧✐♥❣ ❢♦r r❡s✉rr❡❝t✐♦♥✱ tr❛❞❡rs ✇❤♦ ❛r❡ ♦✉t ♦❢ t❤❡ ♠♦♥❡② ♦♥ ❛✈❡r❛❣❡

❜✉② ✵✳✻ ✉♥✐ts ♦❢ st♦❝❦ ♣❡r ♣❡r✐♦❞ ❛♥❞ t❤❡ ❡✛❡❝t ✐s ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t✳ ❙✉❝❤ ❛ ❜❡❤❛✈✐♦r ❝❛♥ ❢✉rt❤❡r

❢✉❡❧ ❜✉❜❜❧❡s ✐♥ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② tr❡❛t♠❡♥ts✳ ■♥✈❡st♦rs ✐♥ t✉r♥ ♠✐❣❤t ✇❛♥t t♦ ❝✉t ❧✐q✉✐❞✐t② ✉♣♦♥

♥♦t✐❝✐♥❣ t❤❛t t❤❡✐r tr❛❞❡rs ❤❛✈❡ ♥♦t❤✐♥❣ t♦ ❧♦s❡✳ ❲❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡② ❞♦✱ ❛❣❛✐♥ ✇✐t❤ ❛

❋❊ r❡❣r❡ss✐♦♥✳ ❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ ❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞✱ ✇❤✐❧❡ t❤❡ ❝♦❡✣❝✐❡♥t

♦❢ ✐♥t❡r❡st ✐s ♦♥ t❤❡ ♦✉t ♦❢ ♠♦♥❡② ❞✉♠♠②✳ ❈♦❧✉♠♥ ✭✷✮ s❤♦✇s t❤❛t ✐♥✈❡st♦rs ❞♦ ♥♦t ✇✐t❤❞r❛✇

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

❢♦r r❡s✉rr❡❝t✐♦♥✳

✺ ❈♦♥❝❧✉s✐♦♥

■♥ ❛♥ ❡①♣❡r✐♠❡♥t❛❧ s❡tt✐♥❣ ✐♥ ✇❤✐❝❤ ✐♥✈❡st♦rs ❝❛♥ ❡♥tr✉st t❤❡✐r ♠♦♥❡② t♦ tr❛❞❡rs✱ ✇❡ ✐♥✈❡st✐❣❛t❡

❤♦✇ ❝♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ❛✛❡❝t ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞ ❛ss❡t ♣r✐❝❡s✱ t✇♦ ♦✉t❝♦♠❡s t❤❛t ❛r❡

✐♠♣♦rt❛♥t ❢♦r ✜♥❛♥❝✐❛❧ st❛❜✐❧✐t②✳ ❈♦♠♣❡♥s❛t✐♦♥ s❝❤❡♠❡s ❝❛♥ ❞r✐✈❡ ❛ ✇❡❞❣❡ ❜❡t✇❡❡♥ ❤♦✇ ✐♥✈❡st♦rs

❛♥❞ tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t✳ ▲✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ♠❛❦❡s tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t ♠♦r❡ t❤❛♥ ✐♥✈❡st♦rs✳

❚♦ ❧✐♠✐t ❧♦ss❡s✱ ✐♥✈❡st♦rs s❤♦✉❧❞ t❤✉s r❡str✐❝t ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ t♦ ❢♦r❝❡ tr❛❞❡rs t♦ tr❛❞❡ ❛t ❛

❧♦✇❡r ♣r✐❝❡✳ ❇② ❝♦♥tr❛st✱ ❜♦♥✉s ❝❛♣s ♠❛❦❡ tr❛❞❡rs ✈❛❧✉❡ t❤❡ ❛ss❡t ❧❡ss t❤❛♥ ✐♥✈❡st♦rs✳ ❚❤✐s

s❤♦✉❧❞ ❡♥❝♦✉r❛❣❡ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛♥❞ ✐♥❝r❡❛s❡ ♣r✐❝❡s✳

■♥ ❝♦♥tr❛st t♦ t❤❡s❡ ♣r❡❞✐❝t✐♦♥s✱ ✇❡ ✜♥❞ t❤❛t ✉♥❞❡r ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② ✐♥✈❡st♦rs ✐♥❝r❡❛s❡ ❧✐q✉✐❞✐t②

✷✷



✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮
❝❛r❡ ❝❛r❡ ❝♦♥s ❝♦♥s

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

❯▲ ✲✹✹✳✶✺✯✯✯ ✲✺✵✳✵✺✯✯✯ ✵✳✶✵✻✯ ✵✳✶✵✹
✭✶✺✳✹✸✮ ✭✶✼✳✸✶✮ ✭✵✳✵✺✽✶✮ ✭✵✳✵✻✹✵✮

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

P❡r✐♦❞ ✲✹✳✶✾✸✯✯✯ ✲✹✳✸✼✸✯✯✯ ✲✵✳✵✹✹✵✯✯✯ ✲✵✳✵✹✺✽✯✯✯
✭✵✳✼✵✺✮ ✭✵✳✼✻✷✮ ✭✵✳✵✵✷✶✼✮ ✭✵✳✵✵✷✺✵✮

❇✐♥❞✐♥❣❈❛♣t−1 ✲✶✾✳✵✵ ✲✵✳✵✼✸✽
✭✷✵✳✹✾✮ ✭✵✳✵✼✶✶✮

❲❡✐❣❤t❡❞ ▼P ✸✳✷✸✾✯ ✲✵✳✵✶✻✻✯✯
✭✶✳✽✽✺✮ ✭✵✳✵✵✼✼✹✮

●❡♥❞❡r❚r❛❞❡r ✻✳✶✶✾ ✵✳✵✶✻✻
✭✽✳✹✽✸✮ ✭✵✳✵✷✸✼✮

❙❱❖❚r❛❞❡r ✲✵✳✶✷✷ ✲✵✳✵✵✵✸✹✻
✭✵✳✷✺✻✮ ✭✵✳✵✵✵✼✹✹✮

❘✐s❦❙❡❡❦✐♥❣❚r❛❞❡r ✵✳✵✸✻✽ ✲✵✳✵✵✵✻✸✻
✭✵✳✻✶✵✮ ✭✵✳✵✵✶✽✺✮

❈♦♥st❛♥t ✶✶✻✳✶✯✯✯ ✶✵✽✳✾✯✯✯ ✶✳✵✸✷✯✯✯ ✶✳✵✾✾✯✯✯
✭✶✹✳✽✼✮ ✭✷✷✳✵✻✮ ✭✵✳✵✹✸✶✮ ✭✵✳✵✻✵✾✮

❖❜s❡r✈❛t✐♦♥s ✻✵✶ ✺✼✶ ✶✸✾✻ ✶✷✾✼

R2 ✵✳✶✸✸ ✵✳✶✹✼ ✵✳✷✻✻ ✵✳✷✻✸

❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❝♦rr❡❝t❡❞ st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱
❝❧✉st❡r❡❞ ♦♥ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✳ ∗ p < 0.10✱ ∗∗ p < 0.05✱ ∗∗∗ p < 0.01

❚❛❜❧❡ ✾✿ ❈♦♥s❡r✈❛t✐s♠ ❛♥❞ ❝❛r❡❧❡ss♥❡ss r❡❣r❡ss✐♦♥s✳ ❈❛r❡❧❡ss♥❡ss ✭❝❛r❡✮ ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥
❝♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮✳ ■t ✐s ❞❡✜♥❡❞ ❛s t❤❡ s✉♠ ♦❢ t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❜✐❞s ❛♥❞ t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❛s❦s t✐♠❡s ✵✳✺✳
❈♦♥s❡r✈❛t✐s♠ ✭❝♦♥s✮ ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮✳ ■t ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❜✐❞s ❜❡❧♦✇
❛♥❞ ❛s❦s ❛❜♦✈❡ t❤❡ ❋❱ ♦✉t ♦❢ t❤❡ t♦t❛❧ ❜✐❞s ❛♥❞ ❛s❦s ❢♦r ❛ ❣✐✈❡♥ ♣❡r✐♦❞ ❛♥❞ ✐♥✈❡st♦r✳ ▲▲❈✱ ❯▲ ❛♥❞ ❯▲❈
❝♦rr❡s♣♦♥❞ t♦ tr❡❛t♠❡♥t s♣❡❝✐✜❝ ❞✉♠♠② ✈❛r✐❛❜❧❡s✳ ❇✐♥❞✐♥❣❈❛♣ ✐s ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ ✇❤✐❝❤ t❛❦❡s ❛ ✈❛❧✉❡ ♦❢ ♦♥❡ ✐♥
▲▲❈ ❛♥❞ ❯▲❈ tr❡❛t♠❡♥ts✱ ✇❤❡♥❡✈❡r t❤❡ ❝❛♣ ✇❛s ❜✐♥❞✐♥❣ ❢♦r ❛ tr❛❞❡r✳ ●❡♥❞❡r❚r❛❞❡r ✐s ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ ✇❤✐❝❤
t❛❦❡s ❛ ✈❛❧✉❡ ♦❢ ♦♥❡ ❢♦r ♠❛❧❡ tr❛❞❡rs✳ ❘✐s❦❙❡❡❦✐♥❣❚r❛❞❡r ♠❡❛s✉r❡s t❤❡ r✐s❦✲s❡❡❦✐♥❣♥❡ss ♦❢ tr❛❞❡rs ✭❇❘❊❚✲❝❤♦✐❝❡✮✳
❙❱❖❚r❛❞❡r ♠❡❛s✉r❡s t❤❡ s♦❝✐❛❧ ✈❛❧✉❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ tr❛❞❡rs✳ ❲❡✐❣❤t❡❞ ▼P ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✇❡✐❣❤t❡❞ ♠❛r❦❡t
♣♦✇❡r ♦❢ tr❛❞❡rs ❛❢t❡r t❤❡ ■P❖✳

✭✶✮ ✭✷✮
∆ ❙t♦❝❦ ∆ ▲✐q✳

❖✉t♦❢▼♦♥❡② ✵✳✻✵✵✯✯✯ ✸✾✳✶✸
✭✵✳✶✵✽✮ ✭✷✼✳✾✽✮

❈♦♥st❛♥t ✲✵✳✶✽✶✯✯✯ ✶✼✳✷✸
✭✵✳✵✸✷✹✮ ✭✸✶✳✶✽✮

❋✉rt❤❡r ❈♦♥tr♦❧s ◆♦ ❨❡s

❖❜s❡r✈❛t✐♦♥s ✽✷✻ ✽✷✻

R2 ✵✳✵✺✻ ✵✳✵✶✹

❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❝♦rr❡❝t❡❞ st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱
❝❧✉st❡r❡❞ ♦♥ s❡ss✐♦♥ ❧❡✈❡❧✳ ✯ ♣<✵✳✶✵✱ ✯✯ ♣<✵✳✵✺✱ ✯✯✯ ♣<✵✳✵✶

❚❛❜❧❡ ✶✵✿ ❖✉t ♦❢ t❤❡ ♠♦♥❡② tr❛❞❡rs✳ ■♥ ❝♦❧✉♠♥ ✭✶✮ t❤❡ ❝❤❛♥❣❡ ♦❢ ❛ tr❛❞❡r✬s st♦❝❦ ❤♦❧❞✐♥❣ ❜❡t✇❡❡♥ t✇♦
♣❡r✐♦❞s ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳ ■♥ ❝♦❧✉♠♥ ✭✷✮ ❧✐q✉✐❞✐t② ♣r♦✈✐❞❡❞ ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳ ❖✉t♦❢▼♦♥❡② ✐s ❛
❞✉♠♠② t❤❛t t❛❦❡s ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ ♦♥❡ ❢♦r tr❛❞❡rs ✐♥ ❧✐♠✐t❡❞ ❧✐❛❜✐❧✐t② tr❡❛t♠❡♥ts ✇❤♦ ❛r❡ ♦✉t ♦❢ t❤❡ ♠♦♥❡②✳ ❋✉rt❤❡r
❝♦♥tr♦❧s ✐♥ ❝♦❧✉♠♥ ✭✷✮ ❛r❡ ♣❛st ❞✐✈✐❞❡♥❞ r❡❛❧✐③❛t✐♦♥s ❛♥❞ ❛ t✐♠❡ tr❡♥❞✳ ❖♥❧② ♦❜s❡r✈❛t✐♦♥s ❢r♦♠ ▲▲ ❛♥❞ ▲▲❈ ❛r❡
✐♥❝❧✉❞❡❞✳

✷✸



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

r✐s❦✲t❛❦✐♥❣ ❜② tr❛❞❡rs ❛s t❤❡ ♠❛✐♥ ❞r✐✈✐♥❣ ❢♦r❝❡ ♦❢ ❤✐❣❤❡r ❛ss❡t ♣r✐❝❡s ❬❍♦❧♠❡♥ ❡t ❛❧✳✱ ✷✵✶✹✱

❑❧❡✐♥❧❡r❝❤❡r ❡t ❛❧✳✱ ✷✵✶✹❪✱ ♦✉r ✇♦r❦ s❤♦✇s t❤❛t t❤✐s r❡s✉❧t ✐s ❛♠♣❧✐✜❡❞ ♦♥❝❡ ❧✐q✉✐❞✐t② ✐s ❡♥❞♦❣❡♥♦✉s✳

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

❜② ❝✉tt✐♥❣ ♦♥ ❧✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ✐♥✈❡st♦rs ❛❧s♦ ✇❛♥t t♦ r✐❞❡ t❤❡ ❜✉❜❜❧❡

❛♥❞ t❤✉s ♣r♦✈✐❞❡ ♠♦r❡ ❧✐q✉✐❞✐t②✳

❇♦♥✉s ❝❛♣s ❤❛✈❡ r❡❝❡✐✈❡❞ ❛ ❧♦t ♦❢ ❛tt❡♥t✐♦♥ r❡❝❡♥t❧② ❛s ❛ ♣♦t❡♥t✐❛❧ ❝✉r❡ ❢♦r ❡①❝❡ss✐✈❡ r✐s❦✲

t❛❦✐♥❣ ✐♥ t❤❡ ✜♥❛♥❝✐❛❧ ✐♥❞✉str② ❛♥❞ ❤❛✈❡ ❡✈❡♥ ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✳ ❖✉r

r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡② ❛r❡ ♥♦t ✈❡r② ❡✛❡❝t✐✈❡ ❛t ❝♦♥t❛✐♥✐♥❣ ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡s✳ ❖✉r ♠❛✐♥

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

✇✐t❤ ✐♥✈❡st♦rs ❧❡❛❞s t♦ t❤❡ ❧♦✇❡st ❛ss❡t ♣r✐❝❡ ❜✉❜❜❧❡s✳ ▲✐q✉✐❞✐t② ♣r♦✈✐s✐♦♥ ❛❧s♦ ❜❡❝♦♠❡s ❧♦✇❡r✱

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