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❙❦✐❧❧✲❇✐❛s❡❞ ■♠♣♦rts✱ ❍✉♠❛♥ ❈❛♣✐t❛❧ ❆❝❝✉♠✉❧❛t✐♦♥✱ ❛♥❞ t❤❡

❆❧❧♦❝❛t✐♦♥ ♦❢ ❚❛❧❡♥t∗

▲❡✐ ▲✐
†

❏✉♥❡ ✷✵✷✵

❆❜str❛❝t

❚❤✐s ♣❛♣❡r ♣r♦♣♦s❡s t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✱ ✇❤✐❝❤ ❡♠❜♦❞② s❦✐❧❧✲❝♦♠♣❧❡♠❡♥t❛r② t❡❝❤♥♦❧♦✲

❣✐❡s✱ ❝❛♥ ❧❡❛❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ s✉♣♣❧② ♦❢ s❦✐❧❧ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ❧✐❦❡ ❈❤✐♥❛✳ ❇② ❡①♣❧♦✐t✐♥❣

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

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

■ ✐♥str✉♠❡♥t ❛ ♣r❡❢❡❝t✉r❡✬s ✐♠♣♦rt ❣r♦✇t❤ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✇✐t❤ t❤❛t ✐♥ ♦t❤❡r r❡❣✐♦♥s✳ ❚❤❡r❡

❛r❡ t❤r❡❡ ♠❛✐♥ ✜♥❞✐♥❣s✳ ❋✐rst❧②✱ t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❝❛♥ ❡①♣❧❛✐♥

✷✼ ♣❡r❝❡♥t ♦❢ t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✳ ❆ ♣r❡❢❡❝t✉r❡ ✇✐t❤

❛ ✩✶✵✵ ✐♥❝r❡❛s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ❤❛❞ ❛ ✶✳✹ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥❝r❡❛s❡ ✐♥

❝♦❧❧❡❣❡ s❤❛r❡✳ ❙❡❝♦♥❞❧②✱ t❤✐s ♣❛♣❡r q✉❛♥t✐✜❡s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ t❤r❡❡ ❝❤❛♥♥❡❧s✱ ♥❛♠❡❧② s❦✐❧❧

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

t❤r♦✉❣❤ ✇❤✐❝❤ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡ ❝♦❧❧❡❣❡ s❤❛r❡✳ ■ ✜♥❞ t❤❛t t❤❡ ✜rst ❝❤❛♥♥❡❧ ✐s t❤❡

♠♦st ✐♠♣♦rt❛♥t✳ ❚❤✐r❞❧②✱ ■ tr❛❝❡ ♦✉t t❤❡ r❡s♣♦♥s❡s ♦❢ s❦✐❧❧ s✉♣♣❧② t♦ t❤❡ ❞❡♠❛♥❞ s❤✐❢t✳ ■ ✜♥❞

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

✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ✐♥ s❦✐❧❧ s✉♣♣❧②✳

❏❊▲ ❈❧❛ss✐✜❝❛t✐♦♥s✿ ❋✶✹✱ ❋✶✻✱ ❋✻✻✱ ❏✷✹✱ ❏✻✶

❑❡②✇♦r❞s✿ ■♠♣♦rt❡❞ ❈❛♣✐t❛❧ ●♦♦❞s✱ ❉❡♠❛♥❞ ❢♦r ❙❦✐❧❧✱ ❙✉♣♣❧② ♦❢ ❙❦✐❧❧✱ ❍✉♠❛♥ ❈❛♣✐t❛❧ ❆❝❝✉✲

♠✉❧❛t✐♦♥✱ ▼✐❣r❛t✐♦♥

∗■ ❛♠ ❣r❛t❡❢✉❧ t♦ ❉❛✈✐❞ ❉♦r♥✱ ❉❛✈✐❞ ❆✉t♦r✱ P✐❡tr♦ ❇✐r♦❧✐✱ ▲♦r❡♥③♦ ❈❛s❛❜✉r✐✱ ●r❡❣♦r② ❈r❛✇❢♦r❞✱ ▲❛❝❤❧❛♥ ❉❡❡r✱
P❡t❡r ❊❣❣❡r✱ ❍❛r❛❧❞ ❋❛❞✐♥❣❡r✱ ●♦r❞♦♥ ❍❛♥s♦♥✱ ▲✐②❛♥ ❍❛♥✱ ❉❛✈✐❞ ❍é♠♦✉s✱ ◆✐r ❏❛✐♠♦✈✐❝❤✱ ●✉✐❧❤❡r♠❡ ▲✐❝❤❛♥❞✱ ❱♦❧❦❡r
◆♦❝❦❡✱ ❘❛❧♣❤ ❖ss❛✱ ❉✐♥❛ P♦♠❡r❛♥③✱ ❍❛♥♥❡s ❙❝❤✇❛♥❞t✱ ❑❥❡t✐❧ ❙t♦r❡s❧❡tt❡♥✱ ❯✇❡ ❚❤ü♠♠❡❧✱ ❚♦♥❣ ❩❤❛♥❣✱ ❋❛❜r✐③✐♦
❩✐❧✐❜♦tt✐✱ ❯❧❢ ❩ö❧✐t③✱ ❛♥❞ s❡♠✐♥❛r ❛♥❞ ✇♦r❦s❤♦♣ ♣❛rt✐❝✐♣❛♥ts ❢♦r t❤❡✐r ❡①t❡♥s✐✈❡ ❞✐s❝✉ss✐♦♥s ❛♥❞ ✐♥✲❞❡♣t❤ ❝♦♠♠❡♥ts ♦♥
t❤✐s ♣❛♣❡r✳ ❋✉♥❞✐♥❣ ❜② t❤❡ ●❡r♠❛♥ ❘❡s❡❛r❝❤ ❋♦✉♥❞❛t✐♦♥ ✭❉❋●✮ t❤r♦✉❣❤ ❈❘❈ ❚❘ ✷✷✹ ✭Pr♦❥❡❝t ❇✵✻✮ ✐s ❣r❛t❡❢✉❧❧②
❛❝❦♥♦✇❧❡❞❣❡❞✳

†❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ❯♥✐✈❡rs✐t② ♦❢ ▼❛♥♥❤❡✐♠✱ ▲✼✱ ✸✲✺✱ ✻✽✶✻✶✱ ▼❛♥♥❤❡✐♠✱ ●❡r♠❛♥②✳ ❊✲♠❛✐❧✿ ❧❡✐✳❧✐❅✉♥✐✲
♠❛♥♥❤❡✐♠✳❞❡✳



✶ ■♥tr♦❞✉❝t✐♦♥

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

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

❝♦✉♥tr✐❡s ✐♠♣♦rt ❛ ❧❛r❣❡ s❤❛r❡ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s✱ s✉❝❤ ❛s ♠♦❞❡r♥ ♣r♦❞✉❝t✐♦♥ ♠❛❝❤✐♥❡r② ❛♥❞ ❝♦♠♣✉t❡rs✱

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

✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳

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

♠✐❣r❛t✐♦♥ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ❧✐❦❡ ❈❤✐♥❛✳ ❚❤❡ ❧♦❣✐❝ ❣♦❡s ❛s ❢♦❧❧♦✇s✿ ❢♦r ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✱

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

❜♦❞✐❡❞ ✐♥ ❝❛♣✐t❛❧ ❣♦♦❞s✱ r❛t❤❡r t❤❛♥ ❞♦♠❡st✐❝ ✐♥♥♦✈❛t✐♦♥✳✶ ❇❡❝❛✉s❡ ♦❢ ❝❛♣✐t❛❧✲s❦✐❧❧ ❝♦♠♣❧❡♠❡♥t❛r✐t②

✭❡✳❣✳✱ ❑r✉s❡❧❧ ❡t ❛❧✳ ✷✵✵✵✮✱ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞r✐✈❡ ✉♣ t❤❡ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✱ ✇❤✐❝❤✱ ❝♦♥s❡q✉❡♥t❧②✱

❞r✐✈❡s ✉♣ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠ ✭❡✳❣✳✱ ❇✉rst❡✐♥✱ ❈r❛✈✐♥♦ ❛♥❞ ❱♦❣❡❧ ✷✵✶✸❀ P❛rr♦ ✷✵✶✸❀ ❘❛✈❡❤ ❛♥❞ ❘❡s❤❡❢

✷✵✶✻❀ ❋❛♥ ✷✵✶✾❀ ❑♦r❡♥ ❛♥❞ ❈s✐❧❧❛❣ ✷✵✶✾✮✳✷ ❚❤✐s ♣❛♣❡r ❣♦❡s ♦♥❡ st❡♣ ❢✉rt❤❡r ❛♥❞ q✉❛♥t✐✜❡s t❤❡

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

❚❤❡ ✜rst ✐s s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥✱ t❤❡ s❡❝♦♥❞ ✐s ♠♦r❡ ✐♠♠✐❣r❛t✐♦♥ ♦❢ s❦✐❧❧❡❞ ✇♦r❦❡rs✱ ❛♥❞ t❤❡ t❤✐r❞ ✐s ❧❡ss

❡♠✐❣r❛t✐♦♥ ♦❢ s❦✐❧❧❡❞ ✇♦r❦❡rs✳

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

❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥ ❛♥❞ ♠✐❣r❛t✐♦♥✳ ❚♦ ❜❡ ♠♦r❡ s♣❡❝✐✜❝✱ ■ s❡❡❦ t♦ ❛❞❞r❡ss t❤r❡❡ q✉❡st✐♦♥s✳ ❋✐rst✱

❤♦✇ ✐♠♣♦rt❛♥t ❛r❡ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥ ❡①♣❧❛✐♥✐♥❣ t❤❡ r✐s❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡❄ ❙❡❝♦♥❞✱ ❤♦✇

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

✇❤✐❝❤ ✐♠♣♦rt✐♥❣ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡s ❝♦❧❧❡❣❡ s❤❛r❡❄ ❚❤✐r❞✱ ✇❤❛t ❛r❡ t❤❡ s❤♦rt✲r✉♥ ❛♥❞ ❧♦♥❣✲r✉♥

❡✛❡❝ts ♦❢ ✐♠♣♦rt✐♥❣ ❝❛♣✐t❛❧ ❣♦♦❞s ♦♥ ✇❛❣❡ str✉❝t✉r❡❄

❈❤✐♥❛ ♣r♦✈✐❞❡s ❛ ♣❡r❢❡❝t s❡tt✐♥❣ t♦ ❛♥s✇❡r t❤❡ ❛❜♦✈❡ q✉❡st✐♦♥s✳ ❆❢t❡r s❡✈❡r❛❧ r♦✉♥❞s ♦❢ r❛❞✐❝❛❧

t❛r✐✛ r❡❞✉❝t✐♦♥s s✐♥❝❡ ✶✾✾✷✱ ❈❤✐♥❛ ❡①♣❡r✐❡♥❝❡❞ ❛ s✉r❣❡ ✐♥ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts✳ ❋r♦♠ ✶✾✾✷ t♦

✷✵✶✵✱ ❈❤✐♥❛✬s ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡❞ r❛♣✐❞❧② ❢r♦♠ ✷✼ ❜✐❧❧✐♦♥ ❯✳❙✳ ❞♦❧❧❛rs t♦ ✺✺✶ ❜✐❧❧✐♦♥

❯✳❙✳ ❞♦❧❧❛rs✱ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ❛♥♥✉❛❧ ❣r♦✇t❤ r❛t❡ ♦❢ ✷✵ ♣❡r❝❡♥t ✭❋✐❣✉r❡ ✶✮✳ ❆❝❝♦♠♣❛♥✐❡❞ ❜② t❤❡

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

❝♦❧❧❡❣❡ ❣r❛❞✉❛t❡s✳ ❚❤❡ ❝♦❧❧❡❣❡ ✇❛❣❡ ♣r❡♠✐✉♠ ❢♦r ❝♦❧❧❡❣❡✲❡❞✉❝❛t❡❞ ✇♦r❦❡rs r♦s❡ ❢r♦♠ ✶✹✳✸ ♣❡r❝❡♥t

✶❇❡❝❛✉s❡ t❡❝❤♥♦❧♦❣② ❛❞✈❛♥❝❡s ❛r❡ ❤✐❣❤❧② ❝♦♥❝❡♥tr❛t❡❞ ✐♥ s❡✈❡r❛❧ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡s ✭❊❛t♦♥ ❛♥❞ ❑♦rt✉♠✱ ✷✵✵✶✮✱
✐♥t❡r♥❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣② ❞✐✛✉s✐♦♥ ♣❧❛②s ❛ ♠❛❥♦r r♦❧❡ ✐♥ s❤❛♣✐♥❣ ❞♦♠❡st✐❝ t❡❝❤♥♦❧♦❣② ❛❞✈❛♥❝❡♠❡♥t ✐♥ ♠♦st ❝♦✉♥tr✐❡s
✭●r♦ss♠❛♥ ❛♥❞ ❍❡❧♣♠❛♥✱ ✶✾✾✶❀ ❈♦❡ ❛♥❞ ❍❡❧♣♠❛♥✱ ✶✾✾✺❀ ❆❝❡♠♦❣❧✉ ❛♥❞ ❩✐❧✐❜♦tt✐✱ ✷✵✵✶❀ ❇✉rst❡✐♥✱ ❈r❛✈✐♥♦ ❛♥❞ ❱♦❣❡❧✱
✷✵✶✸✮✳ ❋♦r ♠♦st ❝♦✉♥tr✐❡s✱ ❛❜♦✉t ✾✵ ♣❡r❝❡♥t ♦❢ ❞♦♠❡st✐❝ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ♠❛② ❜❡ ❛ttr✐❜✉t❡❞ t♦ ✐♥t❡r♥❛t✐♦♥❛❧
t❡❝❤♥♦❧♦❣② ❞✐✛✉s✐♦♥ ✭❑❡❧❧❡r✱ ✷✵✵✹✮✳

✷■♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s s✉❝❤ ❛s t❤❡ ❯✳❙✳✱ s❦✐❧❧✲❜✐❛s❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡ ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈✐♥❣
❢♦r❝❡s ❢♦r t❤❡ r✐s✐♥❣ s❦✐❧❧ ♣r❡♠✐✉♠ ✭❇♦✉♥❞ ❛♥❞ ❏♦❤♥s♦♥✱ ✶✾✾✷❀ ❑❛t③ ❛♥❞ ▼✉r♣❤②✱ ✶✾✾✷❀ ❇❡r♠❛♥✱ ❇♦✉♥❞ ❛♥❞ ●r✐❧✐❝❤❡s✱
✶✾✾✹❀ ●♦❧❞✐♥ ❛♥❞ ❑❛t③✱ ✶✾✾✽❀ ❑❛t③ ❛♥❞ ❆✉t♦r✱ ✶✾✾✾❀ ❑r✉s❡❧❧ ❡t ❛❧✳✱ ✷✵✵✵❀ ❆❝❡♠♦❣❧✉ ❛♥❞ ❆✉t♦r✱ ✷✵✶✶✱ ✷✵✶✷✮✳

✶



✐♥ ✶✾✾✷ t♦ ✹✹✳✹ ♣❡r❝❡♥t ✐♥ ✷✵✵✾✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳ ▼❡❛♥✇❤✐❧❡✱ t❤❡ s❤❛r❡ ♦❢ ❝♦❧❧❡❣❡ ✇♦r❦❡rs ✐♥

❈❤✐♥❛ q✉❛❞r✉♣❧❡❞ ❢r♦♠ ✶✳✾ ♣❡r❝❡♥t ✐♥ ✶✾✾✵ t♦ ✽✳✷ ♣❡r❝❡♥t ✐♥ ✷✵✵✾✳ ❚❤❡s❡ ❢❛❝ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤

♠② st♦r②✳ ❇❡s✐❞❡s✱ t❤❡ ✐♠♣♦rt ❡①♣♦s✉r❡ ❞✐✛❡rs s✐❣♥✐✜❝❛♥t❧② ❛❝r♦ss ❈❤✐♥❡s❡ ♣r❡❢❡❝t✉r❡s✱ ♣r♦✈✐❞✐♥❣

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

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

r✐s✐♥❣ ❝♦❧❧❡❣❡ s❤❛r❡ ❜② ♠✐❣r❛t✐♦♥ st❛t✉s ❛♥❞ ❛❧❧♦✇s ♠❡ t♦ tr❛❝❡ ♦✉t t❤❡ s❤♦rt✲r✉♥ ❛♥❞ ❧♦♥❣✲r✉♥ ❡✛❡❝ts

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

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✶ ✫ ✷❪

❉r❛✇✐♥❣ ♦♥ ❛ r✐❝❤ ❞❛t❛ s❡t ■ ❛ss❡♠❜❧❡❞ ♦♥ ❈❤✐♥❛✬s r❡❣✐♦♥❛❧ ❡❝♦♥♦♠② ❛♥❞ ❡①♣❧♦✐t✐♥❣ r❡❣✐♦♥❛❧

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

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

♦❢ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡✳ ❚♦ t❛❝❦❧❡ ❝❛✉s❛❧✐t②✱ ■ ❛❞♦♣t ❛♥ ✐♥str✉♠❡♥t❛❧✲✈❛r✐❛❜❧❡ str❛t❡❣②

t♦ ❛❧❧❡✈✐❛t❡ t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝t♦rs✳ ■ ❝♦♥str✉❝t ❛ s❤✐❢t✲s❤❛r❡ ✐♥str✉♠❡♥t ✭❇❛rt✐❦✱

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

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

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

❚❤❡r❡ ❛r❡ t❤r❡❡ ♠❛✐♥ ✜♥❞✐♥❣s✳ ❋✐rst❧②✱ ■ ✜♥❞ t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛r❡ ✐♥❞❡❡❞ ❛ ❦❡② ❞r✐✈✐♥❣

❢♦r❝❡ ❢♦r t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❤✉♠❛♥ ❝❛♣✐t❛❧ st♦❝❦ ✐♥ ❈❤✐♥❛✳ ❇❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱ ❛ r❡❣✐♦♥

✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ❜② ✶✵✵ ❯✳❙✳ ❞♦❧❧❛rs ❤❛❞ ❛ ❤✐❣❤❡r ❝♦❧❧❡❣❡ s❤❛r❡

❜② ✶✳✹ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❚❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❝❛♥ ❡①♣❧❛✐♥ ✷✼ ♣❡r❝❡♥t

♦❢ t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡✳ ❘❛t❤❡r t❤❛♥ s♦❧❡❧② r❡❧②✐♥❣ ♦♥ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✈❛r✐❛t✐♦♥✱

■ ❛❧s♦ ❡①♣❧♦✐t t❤❡ ❞✐✛❡r❡♥t✐❛❧ r❡s♣♦♥s❡s ❛❝r♦ss ❝♦❤♦rts ✇✐t❤✐♥ t❤❡ s❛♠❡ ♣r❡❢❡❝t✉r❡✳ ❚❤❡ ❜②✲❝♦❤♦rt

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

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

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

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

❙❡❝♦♥❞❧②✱ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ ♠② ❞❛t❛ ❛❧❧♦✇s ♠❡ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛♥✐s♠s ❢♦r t❤❡

r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ✐♥ ❛ r❡❣✐♦♥ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞

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

♦♥ ♣❡♦♣❧❡✬s ♠✐❣r❛t✐♦♥ ❤✐st♦r②✱ ■ ❞❡❝♦♠♣♦s❡ t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡ ✐♥t♦ t❤❡ t❤r❡❡

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

❛ s✉❜st❛♥t✐❛❧ ✐♠♣❛❝t ♦♥ ❧♦❝❛❧ ♣❡♦♣❧❡✬s ❤✉♠❛♥ ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥ ❜✉t ♦♥❧② ❛ ♠♦❞❡st ✐♠♣❛❝t ♦♥

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

✷



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

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

❜❡t✇❡❡♥ ✶✾✽✻ ❛♥❞ ✶✾✽✾ ❛s ❛♥ ❡①❛♠♣❧❡✳ ❆ ✩✶✵✵ r✐s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ✐♥❝r❡❛s❡s

t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ❜② ✶✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✱ ❛♥❞ ✽✽✪ ♦❢ t❤❡ ✐♥❝r❡❛s❡ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❤✉♠❛♥

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

✶✾✼✹ ❛♥❞ ✶✾✼✼ ❛s ❛♥ ❡①❛♠♣❧❡✳ ❆ ✩✶✵✵ r✐s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ✐♥❝r❡❛s❡s t❤❡ ❝♦❧❧❡❣❡

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

t♦ ❣♦ t♦ ❝♦❧❧❡❣❡ ❛♥❞✴♦r ♠✐❣r❛t❡✳

■ ❛❞❞r❡ss s❡✈❡r❛❧ ✐ss✉❡s t❤❛t ♠❛② ❝♦♥t❛♠✐♥❛t❡ t❤❡ r❡s✉❧ts✳ ❋✐rst❧②✱ ♦♥❡ ♠❛② ❜❡ ❝♦♥❝❡r♥❡❞ t❤❛t

❈❤✐♥❛✬s ❝♦❧❧❡❣❡ ❡①♣❛♥s✐♦♥ tr✐❣❣❡rs ❛♥ ✐♥❝r❡❛s❡ ✐♥ s❦✐❧❧ s✉♣♣❧②✳ ❚♦ ❛❞❞r❡ss t❤✐s ❝♦♥❝❡r♥✱ ■ ❝❛♣t✉r❡ t❤❡

❡①♦❣❡♥♦✉s ❝♦♠♣♦♥❡♥t ♦❢ ❝❤❛♥❣❡s ✐♥ ❝♦❧❧❡❣❡ s✉♣♣❧② ❛t ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ❜② ✉t✐❧✐③✐♥❣ ❛ q✉❛s✐✲❡①♣❡r✐♠❡♥t

♦❢ ❝♦❧❧❡❣❡ r❡❛❧❧♦❝❛t✐♦♥ ✐♥ t❤❡ ❡❛r❧② ✶✾✺✵s✳ ❙❡❝♦♥❞❧②✱ ♦♥❡ ♠❛② ❜❡ ❝♦♥❝❡r♥❡❞ t❤❛t t❤❡ r✐s✐♥❣ ❞❡♠❛♥❞

❢♦r s❦✐❧❧ ✐s tr✐❣❣❡r❡❞ ❜② ♦t❤❡r tr❛❞❡ s❤♦❝❦s✳ ■ ❛❞❞r❡ss t❤✐s ❝♦♥❝❡r♥ ❜② ✐♥❝❧✉❞✐♥❣ t❤❡ ✐♥✐t✐❛❧ ✐♥❞✉str②

str✉❝t✉r❡ ❛♥❞ ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ❡①♦❣❡♥♦✉s ❝♦♠♣♦♥❡♥t ♦❢ ❡①♣♦rt ❣r♦✇t❤ ✐♥t♦ t❤❡ r❡❣r❡ss✐♦♥✳ ■ s❤♦✇

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

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

❛r❡ ❧✐❦❡❧② t♦ ❜❡ s✉❜❥❡❝t t♦ ♦✈❡r✲r❡♣♦rt ✐ss✉❡✳ ❋♦✉rt❤❧②✱ ■ ❛❞❞r❡ss t❤❡ ❝♦♥❝❡r♥ ♦❢ t❤❡ s♣✐❧❧♦✈❡r ❡✛❡❝t✱

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

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

♦t❤❡r ♥❡✐❣❤❜♦r✐♥❣ r❡❣✐♦♥s✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ✐♠♣♦rt ❣r♦✇t❤ ✐♥ ♦t❤❡r r❡❣✐♦♥s ✐♥❞❡❡❞ ❡①❡rts

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

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

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

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

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

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

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

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

t❤❡ ✜r♠✲❧❡✈❡❧ ❛♥❛❧②s✐s✱ ■ ✜♥❞ t❤❛t ✜r♠s t❤❛t ✐♠♣♦rt ♠♦r❡ ❝❛♣✐t❛❧ ❣♦♦❞s ❤✐r❡ ♠♦r❡ s❦✐❧❧❡❞ ✇♦r❦❡rs✱ ♣❛②

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

r❡❣✐♦♥❛❧ ❛♥❞ ✜r♠✲❧❡✈❡❧ ❡✈✐❞❡♥❝❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ st♦r② t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞r✐✈❡ ✉♣

❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳

❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s ♣❛♣❡r t♦ t❤❡ ❧✐t❡r❛t✉r❡ ✐s t✇♦❢♦❧❞✳ ❋✐rst✱ t❤✐s ♣❛♣❡r ✐s t❤❡ ✜rst t♦ st✉❞②

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

✸



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

❛❝❝✉♠✉❧❛t✐♦♥✳ ❙❡❝♦♥❞✱ t❤✐s ♣❛♣❡r ✐s ❛❧s♦ t❤❡ ✜rst t♦ ❡♠♣✐r✐❝❛❧❧② q✉❛♥t✐❢② t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞

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

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

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

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

❛❝q✉✐s✐t✐♦♥ ♦❢ ❧♦❝❛❧ st❛②❡rs r❛t❤❡r t❤❛♥ ♠✐❣r❛t✐♦♥✳

❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ r❡✈✐❡✇s t❤❡ ❧✐t❡r❛t✉r❡✳ ❙❡❝t✐♦♥ ✸ ✐♥tr♦❞✉❝❡s

t❤❡ ❜❛❝❦❣r♦✉♥❞✱ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛✱ ❛♥❞ ❤✐❣❤❧✐❣❤ts t❤❡ ❦❡② ❢❡❛t✉r❡s ✐♥ t❤❡ ❞❛t❛✳ ❙❡❝t✐♦♥ ✹ ✐❧❧✉str❛t❡s

t❤❡ ❡♠♣✐r✐❝❛❧ ❛♣♣r♦❛❝❤ ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ❙❡❝t✐♦♥ ✺ ❛♥❞ ✻ ♣r❡s❡♥t t❤❡ ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣s ♦❢

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

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

✷ ▲✐t❡r❛t✉r❡ ❘❡✈✐❡✇

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

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

❞r✐✈✐♥❣ ❢♦r❝❡s ❢♦r t❤❡ r✐s✐♥❣ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧ ✭❑❛t③ ❛♥❞ ▼✉r♣❤②✱ ✶✾✾✷❀ ❇❡r♠❛♥✱ ❇♦✉♥❞ ❛♥❞ ●r✐❧✐❝❤❡s✱

✶✾✾✹❀ ❆✉t♦r✱ ❑❛t③ ❛♥❞ ❑r✉❡❣❡r✱ ✶✾✾✽❀ ❇❡❦♠❛♥✱ ❇♦✉♥❞ ❛♥❞ ▼❛❝❤✐♥✱ ✶✾✾✽❀ ●♦❧❞✐♥ ❛♥❞ ❑❛t③✱ ✶✾✾✽❀

❑❛t③ ❛♥❞ ❆✉t♦r✱ ✶✾✾✾❀ ❆✉t♦r✱ ▲❡✈② ❛♥❞ ▼✉r♥❛♥❡✱ ✷✵✵✸❀ ❆❝❡♠♦❣❧✉ ❛♥❞ ❆✉t♦r✱ ✷✵✶✶✮✱ ❧❡ss ✐s ❦♥♦✇♥

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

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

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

❚❤✐s ♣❛♣❡r ❛❧s♦ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝t ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ✐♥

❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ✭●♦❧❞❜❡r❣ ❛♥❞ P❛✈❝♥✐❦✱ ✷✵✵✼❀ P❛✈❝♥✐❦✱ ✷✵✶✼✮✳ ❚♦ ✉♥❞❡rst❛♥❞ t❤❡ ❧❛❜♦r ♠❛r❦❡t

❝♦♥s❡q✉❡♥❝❡s ♦❢ tr❛❞❡✱ s❡✈❡r❛❧ ❡①♣❧❛♥❛t✐♦♥s ❛r❡ ♣r♦♣♦s❡❞ ✭❋❡❡♥str❛ ❛♥❞ ❍❛♥s♦♥✱ ✶✾✾✻✱ ✶✾✾✾❀ ❨❡❛♣❧❡✱

✷✵✵✺❀ ❇❡r♥❛r❞✱ ❏❡♥s❡♥ ❛♥❞ ❘❡❞❞✐♥❣✱ ✷✵✵✼❀ ❱❡r❤♦♦❣❡♥✱ ✷✵✵✽❀ ❇✉st♦s✱ ✷✵✶✶❜✮✳✸ ❚❤✐s ♣❛♣❡r ✐s ♠♦st❧②

r❡❧❛t❡❞ t♦ t❤❡ str❛♥❞ ♦❢ ❧✐t❡r❛t✉r❡ ♦♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳ ❇✉rst❡✐♥✱ ❈r❛✈✐♥♦ ❛♥❞ ❱♦❣❡❧ ✭✷✵✶✸✮✱

P❛rr♦ ✭✷✵✶✸✮✱ ❛♥❞ ❋❛♥ ✭✷✵✶✾✮ ✐♥❝♦r♣♦r❛t❡ ❝❛♣✐t❛❧✲s❦✐❧❧ ❝♦♠♣❧❡♠❡♥t❛r✐t② t♦ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ tr❛❞❡

✸❆❧♦♥❣ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ tr❛❞❡ ❛♥❞ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✱ ♦♥❡ ❡①♣❧❛♥❛t✐♦♥ ✐s ♦✛s❤♦r✐♥❣ ✭❋❡❡♥str❛
❛♥❞ ❍❛♥s♦♥✱ ✶✾✾✻✱ ✶✾✾✾❀ ❙❤❡♥❣ ❛♥❞ ❨❛♥❣✱ ✷✵✶✼✮✳ ❚❤✐s ❧✐t❡r❛t✉r❡ ✐♥❝♦r♣♦r❛t❡s ✐♥t❡r♠❡❞✐❛t❡ ✐♥♣✉ts ✐♥t♦ t❤❡ ♣r♦❞✉❝t✐♦♥
❢✉♥❝t✐♦♥ ❛♥❞ r❡❧❛①❡s t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ♦♥❧② ✜♥❛❧ ❣♦♦❞s ❝❛♥ ❜❡ tr❛❞❡❞✳ ❇❡❝❛✉s❡ t❤❡ ♦✛s❤♦r❡❞ t❛s❦s ❛r❡ ♠♦r❡
s❦✐❧❧✲✐♥t❡♥s✐✈❡ ❢♦r t❤❡ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✱ ♦✛s❤♦r✐♥❣ ✐♥❝r❡❛s❡s t❤❡ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧ ✐♥ r❡❝✐♣✐❡♥t ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳
❆♥♦t❤❡r ✇❡❧❧✲st✉❞✐❡❞ ❝❤❛♥♥❡❧ ✐s tr❛❞❡✲✐♥❞✉❝❡❞ t❡❝❤♥♦❧♦❣② ✉♣❣r❛❞✐♥❣✳ ❊①♣♦rt✐♥❣ t♦ ❧❛r❣❡r ♠❛r❦❡ts ✭❇✉st♦s✱ ✷✵✶✶❜✮
♦r ❡①♣♦rt✐♥❣ t♦ r✐❝❤❡r ❝♦✉♥tr✐❡s ♠❛❦❡s t❡❝❤♥♦❧♦❣✐❝❛❧ ❛❞♦♣t✐♦♥ ♠♦r❡ ♣r♦✜t❛❜❧❡ ❞✉❡ t♦ ♣r♦❞✉❝t q✉❛❧✐t② ❝♦♥s✐❞❡r❛t✐♦♥s
✭❱❡r❤♦♦❣❡♥✱ ✷✵✵✽✮✳ ❇❡❝❛✉s❡ t❤❡ ❛❞♦♣t✐♦♥ ❛♥❞ ♦♣❡r❛t✐♦♥ ♦❢ ♥❡✇ t❡❝❤♥♦❧♦❣② r❡q✉✐r❡s s❦✐❧❧ ✭❇✉st♦s✱ ✷✵✶✶❛✮✱ ❡①♣♦rt✐♥❣
♠❛② ✐♥❝r❡❛s❡ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳

✹



♦♥ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠✳ ❘❛✈❡❤ ❛♥❞ ❘❡s❤❡❢ ✭✷✵✶✻✮✱ ▲✐✱ ▲✐ ❛♥❞ ▼❛ ✭✷✵✶✽✮✱ ❑♦r❡♥ ❛♥❞ ❈s✐❧❧❛❣ ✭✷✵✶✾✮

✉s❡ ❞❡t❛✐❧❡❞ ❝♦✉♥tr②✱ ❝✐t②✱ ❛♥❞ ♣❧❛♥t✲❧❡✈❡❧ ❞❛t❛ t♦ ♣r♦✈✐❞❡ ❡♠♣✐r✐❝❛❧ s✉♣♣♦rt ❢♦r t❤❡ ❤②♣♦t❤❡s✐s t❤❛t

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

t❤✐s ♣❛♣❡r r❡❧❛①❡s t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t s❦✐❧❧ s✉♣♣❧② ✐s ❡①♦❣❡♥♦✉s❧② ❣✐✈❡♥ ❛♥❞ ✐s t❤❡ ✜rst ♣❛♣❡r t♦

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

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

❤✉♠❛♥ ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥✳ ❋✐♥❞❧❛② ❛♥❞ ❑✐❡r③❦♦✇s❦✐ ✭✶✾✽✸✮ ❡♥❞♦❣❡♥✐③❡ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❢♦r♠❛t✐♦♥

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

✈✐❛ ✐ts ✐♠♣❛❝t ♦♥ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❙❡✈❡r❛❧ ❡♠♣✐r✐❝❛❧ ♣❛♣❡rs t❤❛t ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢

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

✭❆t❦✐♥✱ ✷✵✶✻❀ ❇❧❛♥❝❤❛r❞ ❛♥❞ ❖❧♥❡②✱ ✷✵✶✼❀ ▲✐✱ ✷✵✶✽✮✳✹ ■♥ t❤✐s ♣❛♣❡r✱ ■ q✉❛♥t✐❢② t❤❡ ✐♠♣❛❝t ♦❢ ❛ ♥❡✇

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

❝❛♣✐t❛❧ ❣♦♦❞s ❛r❡ s❦✐❧❧✲❝♦♠♣❧❡♠❡♥t❛r② ❛♥❞ ❝❛♥ ❡♥❝♦✉r❛❣❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥✳

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

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

♠✐❣r❛t✐♦♥ ❛r❡ ❧✐♠✐t❡❞ ✭❚♦♣❛❧♦✈❛✱ ✷✵✶✵❀ ❑♦✈❛❦✱ ✷✵✶✸✮ ❛s s✉♠♠❛r✐③❡❞ ❜② P❛✈❝♥✐❦ ✭✷✵✶✼✮✱ t❤❡r❡ ✐s ❛

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

♠❡♥ts ✐♥ r❡s♣♦♥s❡ t♦ ♣♦s✐t✐✈❡ tr❛❞❡ s❤♦❝❦s ✐♥ ❈❤✐♥❛✳ ❚❤❡ r❡❞✉❝❡❞ tr❛❞❡ ✉♥❝❡rt❛✐♥t② ✭P♦t❧♦❣❡❛ ❛♥❞

❈❤❡♥❣✱ ✷✵✶✼❀ ❋❛❝❝❤✐♥✐ ❡t ❛❧✳✱ ✷✵✶✽✮ ❛♥❞ r❡❞✉❝❡❞ t❛r✐✛s ✭❩✐✱ ✷✵✶✼✮ ❜♦t❤ ❝♦♥tr✐❜✉t❡ t♦ ❣r❡❛t❡r ✐♥t❡r♥❛❧

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

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

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

❝❛♣✐t❛❧ ❣♦♦❞s ♦♥ ♣♦♣✉❧❛t✐♦♥ ✐♥✢♦✇s ❜✉t ♣♦♣✉❧❛t✐♦♥ ♦✉t✢♦✇s ❛s ✇❡❧❧✳ ■♥ ❝♦♠♣❛r✐s♦♥✱ ❞❛t❛ ❧✐♠✐t❛t✐♦♥

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

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

✹❆t❦✐♥ ✭✷✵✶✻✮ ✜♥❞s t❤❛t ❡①♣♦rt ❡①♣❛♥s✐♦♥ ✐♥ ▼❡①✐❝♦ ✐♥❝r❡❛s❡❞ t❤❡ ❞❡♠❛♥❞ ❢♦r ❧♦✇ s❦✐❧❧❡❞ ❡①♣♦rt✲♠❛♥✉❢❛❝t✉r✐♥❣
❥♦❜s ❛♥❞ t❤✉s r❡❞✉❝❡❞ s❝❤♦♦❧ ❛tt❛✐♥♠❡♥t✳ ■♥ t❤❛t ❝❛s❡✱ t❤❡ ❡✛❡❝t ♦❢ r✐s✐♥❣ ♦♣♣♦rt✉♥✐t② ❝♦sts ♦❢ s❝❤♦♦❧✐♥❣ ❞♦♠✐♥❛t❡❞
t❤❡ ✐♥❝♦♠❡ ❡✛❡❝t✳ ❇❧❛♥❝❤❛r❞ ❛♥❞ ❖❧♥❡② ✭✷✵✶✼✮ ❢✉rt❤❡r ❞❡❝♦♠♣♦s❡ ❡①♣♦rts ❛♥❞ ♣r♦✈✐❞❡ ❝r♦ss✲❝♦✉♥tr② ❡✈✐❞❡♥❝❡ s❤♦✇✐♥❣
t❤❛t ❧♦✇ s❦✐❧❧✲✐♥t❡♥s✐✈❡ ❡①♣♦rts ❞❡♣r❡ss❡❞ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❛♥❞ s❦✐❧❧✲✐♥t❡♥s✐✈❡ ❡①♣♦rts ✐♥❝r❡❛s❡❞ s❝❤♦♦❧✐♥❣✳ ▲✐
✭✷✵✶✽✮ ❛❧s♦ r❡♣♦rts s✐♠✐❧❛r ✜♥❞✐♥❣s ✐♥ ❈❤✐♥❛ t❤❛t ❧♦✇✲s❦✐❧❧ ❡①♣♦rts r❡❞✉❝❡❞ ❤✐❣❤ s❝❤♦♦❧ ❛♥❞ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t✱ ❛♥❞
❤✐❣❤✲s❦✐❧❧ ❡①♣♦rts ✐♥❝r❡❛s❡❞ ❜♦t❤✳ ❚❤❡ ♥❡t ✐♠♣❛❝t ♦❢ ❡①♣♦rts ✐s ♥❡❣❛t✐✈❡✳ ❆♣❛rt ❢r♦♠ ❡①♣♦rts✱ ❚♦♣❛❧♦✈❛ ✭✷✵✶✵✮ ✜♥❞s
t❤❛t ✐♥t❡♥s✐✜❡❞ ✐♠♣♦rt ❝♦♠♣❡t✐t✐♦♥ r❡❞✉❝❡❞ ❥♦❜ ♦♣♣♦rt✉♥✐t✐❡s ❛♥❞ ✐♥❝r❡❛s❡❞ t❤❡ ♣♦✈❡rt② r❛t❡✳ ❆s ❛ r❡s✉❧t✱ t❤❡r❡ ✇❛s
❛ ❞❡❝r❡❛s❡ ✐♥ ❝❤✐❧❞r❡♥✬s s❝❤♦♦❧✐♥❣ ✐♥ ■♥❞✐❛ ✭❊❞♠♦♥❞s✱ ❚♦♣❛❧♦✈❛ ❛♥❞ P❛✈❝♥✐❦✱ ✷✵✵✾❀ ❊❞♠♦♥❞s✱ P❛✈❝♥✐❦ ❛♥❞ ❚♦♣❛❧♦✈❛✱
✷✵✶✵✮✱ ✇❤✐❝❤ ✐s ❧✐❦❡❧② ❞✉❡ t♦ t❤❡ ♥❡❣❛t✐✈❡ ✐♥❝♦♠❡ ❡✛❡❝t ❛♥❞ t❤❡ ❞❡t❡r✐♦r❛t✐♥❣ ❡❝♦♥♦♠✐❝ ♦♣♣♦rt✉♥✐t✐❡s ♦❢ ❝❤✐❧❞r❡♥✳

✺



✸ ❈❤✐♥❛✬s ❚r❛❞❡ ▲✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❍✉♠❛♥ ❈❛♣✐t❛❧ ❆❝❝✉♠✉❧❛t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥✱ ■ ❞♦❝✉♠❡♥t t❤❡ ❤✐st♦r② ♦❢ ❈❤✐♥❛✬s tr❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❤✐❣❤❡r ❡❞✉❝❛t✐♦♥ r❡❢♦r♠✱

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

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

✉♥s❦✐❧❧❡❞ ✇♦r❦❡rs ✐♥ ❈❤✐♥❛✳

✸✳✶ ❊♠♣✐r✐❝❛❧ ❝♦♥t❡①t

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

❖♥❡ r❡♠❛r❦❛❜❧❡ ❢❡❛t✉r❡ ♦❢ ❈❤✐♥❛✬s tr❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥ ✐s t❤❡ s✉r❣❡ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s

✭❋✐❣✉r❡ ✶✮✳✺ ❆s t❡❝❤♥♦❧♦❣② ❛❞✈❛♥❝❡s ❛r❡ ❤✐❣❤❧② ❝♦♥❝❡♥tr❛t❡❞ ✐♥ ❛ ❤❛♥❞❢✉❧ ♦❢ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡s

✭❊❛t♦♥ ❛♥❞ ❑♦rt✉♠✱ ✷✵✵✶✮✱ ✐♥t❡r♥❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣② ❞✐✛✉s✐♦♥ ❤❛s ❜❡❡♥ ❛♥ ✐♠♣♦rt❛♥t ❝❤❛♥♥❡❧ ♦❢

❦♥♦✇❧❡❞❣❡ tr❛♥s❢❡r ❛♠♦♥❣ ♠♦st ❝♦✉♥tr✐❡s ✭❑❡❧❧❡r✱ ✷✵✵✹✮✳ ❈❤✐♥❛ ❤❛❞ ❜❡❡♥ ✐s♦❧❛t❡❞ ❢r♦♠ t❤❡ r❡st ♦❢

t❤❡ ✇♦r❧❞ s✐♥❝❡ ✶✾✹✾✱ ❛♥❞ ✐ts t❡❝❤♥♦❧♦❣② ❧❡✈❡❧ ✇❛s ❢❛r ❢r♦♠ t❤❡ ✇♦r❧❞ ❢r♦♥t✐❡r✳ ●✐✈❡♥ t❤❡ str♦♥❣ ❞❡✲

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

♦❜❥❡❝t✐✈❡s ♦❢ t❤❡ ✏r❡❢♦r♠ ❛♥❞ ♦♣❡♥✐♥❣✑ ✐♥ ✶✾✼✽✳ ❆♠♦♥❣ ♦t❤❡r ❢♦r♠s ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣②

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

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

r❡❢♦r♠s✱ ✐♥❝❧✉❞✐♥❣ ✈♦❧✉♥t❛r② t❛r✐✛ ❝✉ts✱ r❡❞✉❝✐♥❣ ♦r ❡❧✐♠✐♥❛t✐♥❣ s♣❡❝✐❛❧ ✐♠♣♦rt ❛rr❛♥❣❡♠❡♥ts ❛♥❞

tr❛❞❡ ❧✐❝❡♥s❡s✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✱ ❈❤✐♥❛✬s ✐♠♣♦rts ✐♥ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡❞ r❛♣✐❞❧②✱ ✇✐t❤ ❛♥

❛✈❡r❛❣❡ ❛♥♥✉❛❧ ❣r♦✇t❤ r❛t❡ ♦❢ ✷✵ ♣❡r❝❡♥t ❛❢t❡r ❈❤✐♥❛ ❡♥t❡r❡❞ t❤❡ ❲♦r❧❞ ❚r❛❞❡ ❖r❣❛♥✐③❛t✐♦♥ ✭❲❚❖✮✳

❚❤❡ ✐♠♣♦rt ❣r♦✇t❤ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✇❛s s❧♦✇❡r ✐♥ t❤❡ ✶✾✾✵s✳ ❚❤❡s❡ ✐♠♣♦rts r♦s❡ ❢r♦♠ ✷✼ ❜✐❧❧✐♦♥ ❯✳❙✳

❞♦❧❧❛rs ✐♥ ✶✾✾✷✱ t❤❡ ❡❛r❧✐❡st ②❡❛r ✇❤❡♥ t❤❡ tr❛❞❡ ❞❛t❛ ✐s ❛✈❛✐❧❛❜❧❡✱ t♦ ✽✾ ❜✐❧❧✐♦♥ ❯✳❙✳ ❞♦❧❧❛rs ✐♥ ✷✵✵✵✱

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛♥ ❛♥♥✉❛❧ ❣r♦✇t❤ r❛t❡ ♦❢ ✶✻ ♣❡r❝❡♥t✳ ■♥ ✷✵✶✵✱ ❈❤✐♥❛✬s ✐♠♣♦rt ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✇❛s

❛s ♠✉❝❤ ❛s ✺✺✶ ❜✐❧❧✐♦♥ ❯✳❙✳ ❞♦❧❧❛rs✳

❍✐❣❤❡r ❡❞✉❝❛t✐♦♥ ✐♥ ❈❤✐♥❛

❚❤❡ ♦✈❡r❛❧❧ ❡❞✉❝❛t✐♦♥ ❧❡✈❡❧ ✐♥ ❈❤✐♥❛ ✇❛s ❧♦✇ ❜❡❢♦r❡ t❤❡ ✏r❡❢♦r♠ ❛♥❞ ♦♣❡♥✐♥❣✑ ✐♥ ✶✾✼✽✳ ❆❝❝♦r❞✐♥❣

t♦ t❤❡ ❲♦r❧❞ ❇❛♥❦✱ ❈❤✐♥❛✬s ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t ✇❛s ❛s ❧♦✇ ❛s ✵✳✶ ♣❡r❝❡♥t ✐♥ ✶✾✼✵✱ ✇❤✐❧❡ t❤❡ ✇♦r❧❞✬s

❛✈❡r❛❣❡ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t r❛t❡ ✇❛s ✶✵✳✶ ♣❡r❝❡♥t✳ ❉❡s♣✐t❡ t❤❡ ❧♦✇ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛t✐♦♥✱ ❈❤✐♥❛✬s ❤✐❣❤❡r

❡❞✉❝❛t✐♦♥ s②st❡♠ ❡①♣❡r✐❡♥❝❡❞ s❡✈❡r❛❧ str✉❝t✉r❛❧ ❝❤❛♥❣❡s✳ ❖♥❡ ✐♠♣♦rt❛♥t r❡❢♦r♠ ✇❛s t❤❡ ❝♦❧❧❡❣❡

✺❈❛♣✐t❛❧ ❣♦♦❞s ❛r❡ ❞❡✜♥❡❞ ❛s ❜❛s❡❞ ♦♥ ■❙■❈ ❘❡✈✳ ✸ ❛♥❞ ❇r♦❛❞ ❊❝♦♥♦♠✐❝ ❈❧❛ss✐✜❝❛t✐♦♥ ✭❇❊❈✮✱ ✐♥❝❧✉❞✐♥❣ ❣♦♦❞s
t❤❛t ❢❛❧❧ ✐♥t♦ t❤❡ ❝❛t❡❣♦r✐❡s ♦❢ ■❙■❈ ❘❡✈✳ ✸ ❝♦❞❡s ✷✾✲✸✸✱ ❡①❝❧✉❞✐♥❣ t❤♦s❡ t❤❛t ❛r❡ ♥♦t ❜❡❧♦♥❣ t♦ ❇❊❈ ✐♥❞✉str② ✹✶
✭❝❛♣✐t❛❧ ❣♦♦❞s✮ ❛♥❞ ❇❊❈ ✐♥❞✉str② ✹✷ ✭P❛rts ❛♥❞ ❛❝❝❡ss♦r✐❡s ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s✮ ❛♥❞ ❛❞❞✐♥❣ t❤♦s❡ t❤❛t ❜❡❧♦♥❣ t♦ ❇❊❈
✐♥❞✉str② ✺✷✶ ✭tr❛♥s♣♦rt❛t✐♦♥ ❡q✉✐♣♠❡♥t ✉s❡❞ ❢♦r ✐♥❞✉str②✮✳

✻



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

❡❞✉❝❛t✐♦♥ r❡❢♦r♠ t♦ ❡st❛❜❧✐s❤ ❛ ❤✐❣❤❧② s♣❡❝✐❛❧✐③❡❞ ❤✐❣❤❡r ❡❞✉❝❛t✐♦♥ s②st❡♠ ✐♥ t❤❡ ✶✾✺✵s ✭●❧❛❡s❡r

❛♥❞ ▲✉✱ ✷✵✶✽✮✳ ❉✉r✐♥❣ t❤❡ r❡❢♦r♠✱ ❝♦♠♣r❡❤❡♥s✐✈❡ ✉♥✐✈❡rs✐t✐❡s ✇❡r❡ r❡♣❧❛❝❡❞ ❜② ❞✐s❝✐♣❧✐♥❡ ❝♦❧❧❡❣❡s

♦❢ s❝✐❡♥❝❡ ♦r ❧✐❜❡r❛❧ ❛rts ♦r ♠✉❧t✐✲❞✐s❝✐♣❧✐♥❛r② ✉♥✐✈❡rs✐t✐❡s ♦❢ s❝✐❡♥❝❡ ❛♥❞ t❡❝❤♥♦❧♦❣②✳ ❖❢ t❤❡ ✺✵✷

❞❡♣❛rt♠❡♥ts t❤❛t ✇❡r❡ ♠♦✈❡❞ ♦✉t ♦❢ ❝♦❧❧❡❣❡s✱ ✷✽✷ ❞❡♣❛rt♠❡♥ts ✇❡r❡ ♠♦✈❡❞ t♦ ♦t❤❡r ♣r❡❢❡❝t✉r❡s✳

❖❢ t❤❡ ✻✷✸ ❞❡♣❛rt♠❡♥ts t❤❛t ✇❡r❡ ♠♦✈❡❞ ✐♥✱ ✸✸✸ ❝❛♠❡ ❢r♦♠ ♦t❤❡r ♣r❡❢❡❝t✉r❡s✳ ■♥ t❤❡ ✉♣❝♦♠✐♥❣

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

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

❈❤✐♥❛ s❛✇ ❛ ♠♦❞❡st ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦❧❧❡❣❡ st✉❞❡♥ts ❜❡t✇❡❡♥ ✶✾✼✽ ❛♥❞ ✶✾✾✾✳ ❚❤❡

♥✉♠❜❡r ♦❢ ❝♦❧❧❡❣❡ ❛❞♠✐ss✐♦♥s r♦s❡ ❢r♦♠ ✵✳✹ ♠✐❧❧✐♦♥ ✐♥ ✶✾✼✽ t♦ ✶ ♠✐❧❧✐♦♥ ✐♥ ✶✾✾✽✱ ✇✐t❤ ❛♥ ❛♥♥✉❛❧

❣r♦✇t❤ r❛t❡ ♦❢ ✺✳✶ ♣❡r❝❡♥t✳ ❙✐♥❝❡ ✶✾✾✾✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t ❤❛s ❛❝❝❡❧❡r❛t❡❞✳ ❚❤❡

♥✉♠❜❡r ♦❢ ❝♦❧❧❡❣❡ ❛❞♠✐ss✐♦♥s r♦s❡ ❢r♦♠ ✶ ♠✐❧❧✐♦♥ ✐♥ ✶✾✾✽ t♦ ✼ ♠✐❧❧✐♦♥ ✐♥ ✷✵✶✼✱ ✇✐t❤ ❛♥ ❛♥♥✉❛❧ ❣r♦✇t❤

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

✶✾✾✵s t❤❛♥ ✐♥ t❤❡ ✷✵✵✵s ✭✷✳✼ ♣❡r❝❡♥t ✈s✳ ✸✳✻ ♣❡r❝❡♥t✮✳ ❚❤♦✉❣❤ t❤❡ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t q✉♦t❛ ❤❛s

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

✸✳✷ ❉❛t❛

❚r❛❞❡ ❞❛t❛

❚❤❡ tr❛❞❡ ❞❛t❛ ❛r❡ ❢r♦♠ t❤❡ ❯◆ ❈♦♠tr❛❞❡ ❞❛t❛❜❛s❡ ❛♥❞ ❈❤✐♥❛✬s ❈✉st♦♠s ❇✉r❡❛✉✳ ❚❤❡ ❧❛tt❡r

♣r♦✈✐❞❡s ❞❡t❛✐❧❡❞ ❞❛t❛ ♦♥ ✐♠♣♦rt ❛♥❞ ❡①♣♦rt ❛❝t✐✈✐t✐❡s ❜② ❍❙ ✻✲❞✐❣✐t ♣r♦❞✉❝t ❛♥❞ ❝✉st♦♠s✲❞✐str✐❝t

✭✇❤✐❝❤ ✐s r♦✉❣❤❧② ❤❛❧❢ ❛s ❧❛r❣❡ ❛s ❛ ♣r❡❢❡❝t✉r❡ ♦♥ ❛✈❡r❛❣❡✮ ✐♥ t❤❡ ②❡❛rs ✶✾✾✼✱ ✷✵✵✵✱ ✷✵✵✺✱ ❛♥❞ ✷✵✶✵✳

■ ❢♦❝✉s ♦♥ t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱ ❞✉r✐♥❣ ✇❤✐❝❤ ❈❤✐♥❛ ❤❛s ❡①♣❡r✐❡♥❝❡❞ r❛♣✐❞ ✐♠♣♦rt

❣r♦✇t❤✳ Pr❡❢❡❝t✉r❡✲❧❡✈❡❧ tr❛❞❡ ❞❛t❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❛s ♦❢ ✶✾✾✼✱ ❛♥❞ ■ ✉s❡ t❤❛t ②❡❛r t♦ ❝♦♥str✉❝t t❤❡

s❤✐❢t✲s❤❛r❡ ✐♥str✉♠❡♥t✳

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

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

✐♠♣♦rts ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥ ❝♦❛st❛❧ ❛♥❞ ✐♥❧❛♥❞ ❈❤✐♥❛✳ ❆s s✉❣❣❡st❡❞ ✐♥ P❛♥❡❧ ❆ ♦❢ ❋✐❣✉r❡ ✸✱ ❝♦❛st❛❧

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

s❤❛r❡✱ ♠❡❛s✉r❡❞ ❛s ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♦✈❡r t♦t❛❧ ✐♠♣♦rts✱ ✐♥❝r❡❛s❡❞ ❜❡t✇❡❡♥ ✶✾✾✼ ❛♥❞ ✷✵✵✾✱

✇❤✐❧❡ ✐♥❧❛♥❞ r❡❣✐♦♥s ❡①♣❡r✐❡♥❝❡❞ ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ✐♠♣♦rt s❤❛r❡ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✭❋✐❣✉r❡ ✸ P❛♥❡❧ ❇✮✳

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

❣♦♦❞s ♣❡r ❝❛♣✐t❛ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵ ✭❋✐❣✉r❡ ✹✮✳ ❚❛❜❧❡ ✶ ❢✉rt❤❡r ♣r❡s❡♥ts t❤❡ s✉♠♠❛r② st❛t✐st✐❝s

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

✼



✇❛s ✵✳✼ ✭♠❡❛s✉r❡❞ ✐♥ ✉♥✐ts ♦❢ ✶✵✵ ❯✳❙✳ ❞♦❧❧❛rs✱ ❛♥❞ t❤✉s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✩✼✵ ♣❡r ❝❛♣✐t❛✮✱ ✇✐t❤ ❛♥

✐♥t❡r✲q✉❛rt✐❧❡ r❛♥❣❡ ♦❢ ✵ t♦ ✵✳✸✱ ✐♠♣❧②✐♥❣ s✉❜st❛♥t✐❛❧ s❦❡✇♥❡ss✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✸✱ ❋✐❣✉r❡ ✹ ❛♥❞ ❚❛❜❧❡ ✶❪

P♦♣✉❧❛t✐♦♥ s✉r✈❡② ❞❛t❛

❚♦ st✉❞② t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❤✉♠❛♥ ❝❛♣✐t❛❧✱ ■ ✉s❡ t❤❡ ❞❛t❛ ❢r♦♠ ❈❤✐♥❛✬s ◆❛t✐♦♥❛❧ P♦♣✉✲

❧❛t✐♦♥ ❈❡♥s✉s ✐♥ t❤❡ ②❡❛r ✷✵✵✵ ❛♥❞ ✷✵✶✵ ❛♥❞ t❤❡ ✶✪ ❈❤✐♥❛✬s ◆❛t✐♦♥❛❧ P♦♣✉❧❛t✐♦♥ ❙❛♠♣❧❡ ❙✉r✈❡②

✐♥ t❤❡ ②❡❛r ✷✵✵✺✳ ❚❤❡ ❝❡♥s✉s ❞❛t❛ ❝♦✈❡r❡❞ ❛❧❧ t❤❡ ❈❤✐♥❡s❡ ❝✐t✐③❡♥s✱ ❛♥❞ t❤❡ ✶✪ ◆❛t✐♦♥❛❧ P♦♣✉❧❛✲

t✐♦♥ ❙❛♠♣❧❡ ❙✉r✈❡②✱ ❛❧s♦ ❦♥♦✇♥ ❛s t❤❡ ▼✐♥✐✲❈❡♥s✉s✱ ❝♦✈❡r❡❞ ✶✪ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ✐♥ ❈❤✐♥❛✳ ❚❤❡

❞❛t❛ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❙t❛t✐st✐❝s ♦❢ ❈❤✐♥❛ ✭◆❇❙❈✮✱ ❛♥❞ t❤❡② ❛r❡ t❤❡ ♠♦st

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

♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✇✐t❤ t❤❡ ❡❝♦♥♦♠②✲✇✐❞❡ ❞❛t❛✳✻ ❚❤❡ s❛♠♣❧❡ ❛✈❛✐❧❛❜❧❡ t♦ ♠❡ ❝♦✈❡rs ✵✳✶

♣❡r❝❡♥t✱ ✵✳✷ ♣❡r❝❡♥t✱ ❛♥❞ ✵✳✸ ♣❡r❝❡♥t ♦❢ t❤❡ ❈❤✐♥❡s❡ ♣♦♣✉❧❛t✐♦♥ ✐♥ t❤❡ t❤r❡❡ ②❡❛rs✱ r❡s♣❡❝t✐✈❡❧②✳ ❚♦

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

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

♦❢ t❤❡ ♥❛t✐♦♥❛❧ ♣♦♣✉❧❛t✐♦♥ ❝❡♥s✉s r❡♣♦rt❡❞ ❜② t❤❡ ◆❇❙❈✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t s❛♠♣❧❡s ❛r❡ r❡♣✲

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

t✇✐❝❡ ❛s ❧❛r❣❡ ❛s ❛ ❝♦♠♠✉♥✐♥❣ ③♦♥❡ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ■♥ t❤❡ s✉❜s❛♠♣❧❡ ♦❢ t❤❡ ✷✵✶✵ ❝❡♥s✉s✱ s❡✈❡♥

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

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

❚❤❡r❡ ❤❛s ❜❡❡♥ ❛ ✇✐❞❡♥✐♥❣ r❡❣✐♦♥❛❧ ❞✐s♣❛r✐t②✳ ❆s s❤♦✇♥ ✐♥ ❆♣♣❡♥❞✐① ❋✐❣✉r❡ ❆✶✱ ❝♦❧❧❡❣❡ ❡♥r♦❧❧✲

♠❡♥t r❛t❡s ❞✐✛❡r❡❞ ❛❝r♦ss r❡❣✐♦♥s ❛♥❞ ✇❡r❡ ❤✐❣❤❡r ❢♦r ❝♦❛st❛❧ r❡❣✐♦♥s ❝♦♠♣❛r❡❞ ✇✐t❤ ✐♥❧❛♥❞ r❡❣✐♦♥s✳✽

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

✇✐t❤ t❤❡ ✐♥❝r❡❛s✐♥❣ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt ❣r♦✇t❤✳ ❇❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱ t❤❡

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

✐♥❧❛♥❞ r❡❣✐♦♥s ✐♥❝r❡❛s❡❞ ❢r♦♠ ✶✳✸ t♦ ✸✳✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳

❲❛❣❡ ❞❛t❛

✻❈❤✐♥❛✬s ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❙t❛t✐st✐❝s ❝♦♥❞✉❝t❡❞ ♣♦♣✉❧❛t✐♦♥ s✉r✈❡②s ❢♦r t❤❡ ❡♥t✐r❡ ♣♦♣✉❧❛t✐♦♥ ✐♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱
❛♥❞ ❛ s✉r✈❡② ♦❢ ✷✵ ♣❡r❝❡♥t ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ✐♥ ✷✵✵✺✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ❛❧t❡r♥❛t✐✈❡ ♦❢ ✉s✐♥❣ ♠❛♥✉❢❛❝t✉r✐♥❣ ✜r♠ ❞❛t❛✱
t❤✐s ❛♣♣r♦❛❝❤ ❛❧❧❡✈✐❛t❡s t❤❡ ❝♦♥❝❡r♥ ♦❢ s❛♠♣❧❡ r❡♣r❡s❡♥t❛t✐✈❡♥❡ss ❛♥❞ s❡❧❡❝t✐♦♥ ♣r♦❜❧❡♠s ❛s ✇❡❧❧✲❡❞✉❝❛t❡❞ ♣❡♦♣❧❡ ♠❛②
❜❡ ♠♦r❡ ❧✐❦❡❧② t♦ ❜❡ ❡♠♣❧♦②❡❞ ✐♥ ❢♦r♠❛❧ ♠❛♥✉❢❛❝t✉r✐♥❣ ✜r♠s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ✭●♦❧❞❜❡r❣ ❛♥❞ P❛✈❝♥✐❦✱ ✷✵✵✸❀
▼❝❈❛✐❣ ❛♥❞ P❛✈❝♥✐❦✱ ✷✵✶✺✮✳

✼❚❤❡ s❡✈❡♥ ❝✐t✐❡s ✐♥❝❧✉❞❡ ❈❛♥❣③❤♦✉✱ ❍❡♥❣s❤✉✐✱ ❍❡③❡✱ ▲❛♥❣❢❛♥❣✱ ▲✐❛♥❣s❤❛♥✱ ❩❤♦✉❦♦✉ ❛♥❞ ❩❤✉♠❛❞✐❛♥✳
✽❆ ❢❡✇ ❡①❝❡♣t✐♦♥s ❛r❡ t❤❡ r❡❣✐♦♥s ✇✐t❤ ❤✐❣❤ ♠✐♥♦r✐t② s❤❛r❡s✱ s✉❝❤ ❛s ❚✐❜❡t ❛♥❞ ❳✐♥❥✐❛♥❣✳ ❚♦ r❡❞✉❝❡ t❤❡ r❡❣✐♦♥❛❧

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

✽



■ ❝❛❧❝✉❧❛t❡ t❤❡ ♥❛t✐♦♥❛❧ s❦✐❧❧ ♣r❡♠✐✉♠ ✭✶✾✾✷✲✷✵✵✾✮ ❛♥❞ t❤❡ r❡❣✐♦♥❛❧ s❦✐❧❧ ♣r❡♠✐✉♠ ✭✷✵✵✵✱ ✷✵✵✺ ❛♥❞

✷✵✵✾✮ ✉s✐♥❣ t❤❡ ❯r❜❛♥ ❍♦✉s❡❤♦❧❞ ❙✉r✈❡② ✭❯❍❙✱ ✶✾✾✷✲✷✵✵✾✮✱ ✇❤✐❝❤ ✐s ❛❧s♦ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ◆❛t✐♦♥❛❧

❇✉r❡❛✉ ♦❢ ❙t❛t✐st✐❝s ♦❢ ❈❤✐♥❛ ✭◆❇❙❈✮✳ ❚❤❡ ♥❛t✐♦♥❛❧ s✉r✈❡② ♦✛❡rs t❤❡ ♠♦st✲❝♦♠♣r❡❤❡♥s✐✈❡ ❤♦✉s❡❤♦❧❞

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

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

✐♥ t❤❡ ♥❛t✐♦♥❛❧ st❛t✐st✐❝❛❧ ②❡❛r❜♦♦❦s✳ ❚❤❡ ✜rst ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❯❍❙ ❞❛t❛ ✐s r❡♣r❡s❡♥t❛t✐✈❡♥❡ss✳

❲❤❡♥ s❡❧❡❝t✐♥❣ ❤♦✉s❡❤♦❧❞s✱ t❤❡ ◆❇❙❈ ❤❛s ❛❞♦♣t❡❞ ❛ ♣r♦❜❛❜✐❧✐st✐❝ ❛♥❞ str❛t✐✜❡❞ ♠✉❧t✐st❛❣❡ s❛♠♣❧✐♥❣

♠❡t❤♦❞✳ ❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❯❍❙ ❞❛t❛ ✐s ❝♦♠♣❛r❛❜✐❧✐t②✳ ❇❡❝❛✉s❡ t❤❡ ◆❇❙❈ ✉s❡s s✐♠✐❧❛r

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

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

❈❤✐♥❛✳ ❚❤❡ ❞❛t❛ ❝♦✈❡r ✸✶ ♣r♦✈✐♥❝❡s ✐♥ ❈❤✐♥❛❀ ■ ❤❛✈❡ ❛❝❝❡ss t♦ ❞❛t❛ ❝♦✈❡r✐♥❣ ✶✽ ♣r♦✈✐♥❝❡s✱ ✇❤✐❝❤ ❛r❡

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

❢♦❝✉s❡s ♦♥ ❡❞✉❝❛t✐♦♥ ❛tt❛✐♥♠❡♥t ❛♥❞ ♠✐❣r❛t✐♦♥✱ ■ ❢♦❝✉s ♦♥ ♣❡♦♣❧❡ ❛❣❡❞ ❜❡t✇❡❡♥ ✶✻ ❛♥❞ ✻✵ ❛♥❞

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

t❤❡ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ s❦✐❧❧ ♣r❡♠✐✉♠✱ ■ s❡♣❛r❛t❡❧② ❡st✐♠❛t❡ ❛ ▼✐♥❝❡r✐❛♥ ✇❛❣❡ r❡❣r❡ss✐♦♥ ✭▼✐♥❝❡r✱ ✶✾✼✹✮

❢♦r ❡❛❝❤ ♣r❡❢❡❝t✉r❡ ✐♥ ❡❛❝❤ ②❡❛r✳

❖✈❡r t❤❡ ♣❛st s❡✈❡r❛❧ ②❡❛rs✱ ❈❤✐♥❛ ❤❛s ❡①♣❡r✐❡♥❝❡❞ ❛ ❢❛st r✐s❡ ✐♥ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠ ✭▲✐ ❡t ❛❧✳✱

✷✵✶✷✮✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✱ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠✱ ♦r t❤❡ ✇❛❣❡ ❣❛♣ ❜❡t✇❡❡♥ ✇♦r❦❡rs ✇✐t❤ ❛ ❝♦❧❧❡❣❡

❞❡❣r❡❡ ❛♥❞ t❤♦s❡ ✇✐t❤♦✉t ✇✐❞❡♥❡❞ ❜❡t✇❡❡♥ ✶✾✾✷ ❛♥❞ ✷✵✵✾✳ ■♥ ✶✾✾✷✱ s❦✐❧❧❡❞ ✇♦r❦❡rs ❡❛r♥❡❞ ✶✹ ♣❡r❝❡♥t

♠♦r❡ t❤❛♥ ✉♥s❦✐❧❧❡❞ ✇♦r❦❡rs✳ ❚❤❡ ✇❛❣❡ ❣❛♣ ❤❛s ✇✐❞❡♥❡❞ s✐♥❝❡ ❈❤✐♥❛ ❡♥t❡r❡❞ t❤❡ ❲❚❖ ✐♥ ✷✵✵✶✱

r✐s✐♥❣ t♦ ✹✹ ♣❡r❝❡♥t ✐♥ ✷✵✵✾✳

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

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

❢r♦♠ ✺✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✷✵✵✵ t♦ ✶✶✳✻ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✷✵✶✵✳ ❆❝❝♦♠♣❛♥②✐♥❣ t❤❡ ✇✐❞❡♥✐♥❣

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

✇❤✐❝❤ ✐♥❝r❡❛s❡❞ ❢r♦♠ ✶✳✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✷✵✵✵ t♦ ✸✳✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✷✵✶✵✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✺❪

❙✉♣♣❧❡♠❡♥t❛r② ❞❛t❛

❚♦ ♣r♦✈✐❞❡ ❛❞❞✐t✐♦♥❛❧ ❡✈✐❞❡♥❝❡ ❢♦r ❝❛♣✐t❛❧✲s❦✐❧❧ ❝♦♠♣❧❡♠❡♥t❛r✐t②✱ ■ ✉s❡ t❤❡ ❆♥♥✉❛❧ ❙✉r✈❡② ♦❢ ■♥✲

❞✉str✐❛❧ Pr♦❞✉❝t✐♦♥ ✭❆❙■P✮ ❞❛t❛✱ ✇❤✐❝❤ ✐s ❛❧s♦ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❙t❛t✐st✐❝s ♦❢

❈❤✐♥❛ ✭◆❇❙❈✮✳ ❆❧❧ st❛t❡✲♦✇♥❡❞ ❡♥t❡r♣r✐s❡s ✭❙❖❊s✮ ❛♥❞ ❛❧❧ ♥♦♥✲st❛t❡ ✜r♠s ✇✐t❤ ❛♥♥✉❛❧ s❛❧❡s ❛❜♦✈❡

✾❚❤❡ ✶✽ ♣r♦✈✐♥❝❡s ✐♥❝❧✉❞❡ ❝♦❛st❛❧ ♣r♦✈✐♥❝❡s ✭❇❡✐❥✐♥❣✱ ●✉❛♥❣❞♦♥❣✱ ❏✐❛♥❣s✉✱ ▲✐❛♦♥✐♥❣✱ ❙❤❛♥❞♦♥❣✱ ❙❤❛♥❣❤❛✐✱ ❛♥❞
❩❤❡❥✐❛♥❣✮✱ ❛♥❞ ✐♥❧❛♥❞ ♣r♦✈✐♥❝❡s ✭❆♥❤✉✐✱ ❈❤♦♥❣q✐♥❣✱ ●❛♥s✉✱ ❍❡✐❧♦♥❣❥✐❛♥❣✱ ❍❡♥❛♥✱ ❍✉❜❡✐✱ ❏✐❛♥❣①✐✱ ❙✐❝❤✉❛♥✱ ❙❤❛❛♥①✐✱
❙❤❛♥①✐✱ ❛♥❞ ❨✉♥♥❛♥✮✳

✾



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

❚❤✐s ✜r♠✲❧❡✈❡❧ ❞❛t❛ ❝♦♥t❛✐♥s ❜❛❧❛♥❝❡ s❤❡❡t ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ♣r♦❞✉❝t✐♦♥ ✐♥❢♦r♠❛t✐♦♥✳✶✵ ■♥ ❛❞❞✐t✐♦♥✱

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

✐s ❛✈❛✐❧❛❜❧❡✱ ❛s ✷✵✵✹ ✇❛s t❤❡ ✐♥❞✉str✐❛❧ ❝❡♥s✉s ②❡❛r✳ ❉❛t❛ ♦♥ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t ❝♦♠❡ ❢r♦♠ t❤❡ ❈❤✐♥❛

❊❞✉❝❛t✐♦♥ ❙t❛t✐st✐❝❛❧ ❨❡❛r❜♦♦❦s✳ ❖t❤❡r s♦❝✐♦❡❝♦♥♦♠✐❝ ✈❛r✐❛❜❧❡s ❛t t❤❡ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ❝♦♠❡ ❢r♦♠

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

❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❈❤✐♥❛ ❉❛t❛ ❖♥❧✐♥❡✳✶✶

✹ ❊♠♣✐r✐❝❛❧ ❆♣♣r♦❛❝❤

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

♠❛r❦❡t ❛♣♣r♦❛❝❤ ❢♦❧❧♦✇✐♥❣ ❚♦♣❛❧♦✈❛ ✭✷✵✶✵✮✱ ❆✉t♦r✱ ❉♦r♥ ❛♥❞ ❍❛♥s♦♥ ✭✷✵✶✸✮✱ ❛♥❞ ❑♦✈❛❦ ✭✷✵✶✸✮ ❛♥❞

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

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

❤♦✇ ■ ❞❡❛❧ ✇✐t❤ t❤❡ ❡♥❞♦❣❡♥❡✐t② ♣r♦❜❧❡♠s✳

✹✳✶ ❉❡✜♥✐♥❣ ❧♦❝❛❧ ❧❛❜♦r ♠❛r❦❡ts

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

✭❡✳❣✳✱ ❩✐✱ ✷✵✶✼❀ ❆✉t♦r ❡t ❛❧✳✱ ✷✵✶✽❀ ▲✐✱ ✷✵✶✽❀✮✳ ❆ ♣r❡❢❡❝t✉r❡ ✐♥ ❈❤✐♥❛ ✐s ❛♥ ❛❞♠✐♥✐str❛t✐✈❡ ✉♥✐t s♠❛❧❧❡r

t❤❛♥ ❛ ♣r♦✈✐♥❝❡ ❛♥❞ ❜✐❣❣❡r t❤❛♥ ❛ ❝♦✉♥t②✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❝❤❛♥❣❡s ✐♥ ♣r❡❢❡❝t✉r❡ ❜♦✉♥❞❛r✐❡s✱ ■

❝♦♥str✉❝t t✐♠❡✲❝♦♥s✐st❡♥t ❝♦✉♥t② ❣r♦✉♣s ❛♥❞ ♠❛t❝❤ ♣r❡❢❡❝t✉r❡s ❛❝r♦ss ❝❡♥s✉s ②❡❛rs ❜❛s❡❞ ♦♥ ❈❤✐♥❛✬s

❛❞♠✐♥✐str❛t✐♦♥ ❞✐✈✐s✐♦♥ ✐♥ ✷✵✵✵✳✶✷ ❆❝❝♦r❞✐♥❣ t♦ ❈❤✐♥❛✬s ▼✐♥✐str② ♦❢ ❈✐✈✐❧ ❆✛❛✐rs✱ t❤❡r❡ ✇❡r❡ ✸✸✼

♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ❛❞♠✐♥✐str❛t✐✈❡ ✉♥✐ts ✐♥ t❤❡ ✸✶ ♣r♦✈✐♥❝❡s ♦❢ ♠❛✐♥❧❛♥❞ ❈❤✐♥❛ ✐♥ ✷✵✵✵✱ ✐♥❝❧✉❞✐♥❣ ✹

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

r❡❣✐♦♥s ✇❤✐❝❤ ❛r❡ ✉s✉❛❧❧② r❡❢❡rr❡❞ t♦ ❛s ❝✐t✐❡s✳✶✸ Pr❡❢❡❝t✉r❡s ✐♥ ❈❤✐♥❛ ❛r❡✱ ♦♥ ❛✈❡r❛❣❡✱ t✇✐❝❡ t❤❡ s✐③❡

♦❢ ❝♦♠♠✉t✐♥❣ ③♦♥❡s ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ■ ❞❡✜♥❡ ❧♦❝❛❧ ❧❛❜♦r ♠❛r❦❡ts ❜② ♣r❡❢❡❝t✉r❡s ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣

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

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

✶✵❆s ❞♦❝✉♠❡♥t❡❞ ✐♥ ❇r❛♥❞t ❡t ❛❧✳ ✭✷✵✶✷✮✱ ✜r♠s ✐♥ t❤❡ ❆❙■P ❞❛t❛ s❡t ❛❝❝♦✉♥t ❢♦r ✾✵ ♣❡r❝❡♥t✱ ✾✶ ♣❡r❝❡♥t✱ ✾✼ ♣❡r❝❡♥t✱
❛♥❞ ✼✵ ♣❡r❝❡♥t ♦❢ t❤❡ ❣r♦ss ❛ss❡ts✱ s❛❧❡s✱ ❡①♣♦rts✱ ❛♥❞ ❡♠♣❧♦②♠❡♥t r❡s♣❡❝t✐✈❡❧② ✐♥ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r✳

✶✶❤tt♣✿✴✴❝❤✐♥❛❞❛t❛♦♥❧✐♥❡✳♦r❣✴
✶✷❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❝♦✉♥t②✲❧❡✈❡❧ ❝r♦ss✇❛❧❦ ✐s ❜❛s❡❞ ♦♥ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞✐✈✐s✐♦♥ ❝❤❛♥❣❡s ♣✉❜✲

❧✐s❤❡❞ ❜② t❤❡ ▼✐♥✐str② ♦❢ ❈✐✈✐❧ ❆✛❛✐rs ✭✇✇✇✳♠❝❛✳❣♦✈✳❝♥✴❛rt✐❝❧❡✴s❥✴①③q❤✴✴✶✾✽✵✴✮✳ ❚❤❡ ❆♣♣❡♥❞✐① ♣r♦✈✐❞❡s ❛❞❞✐t✐♦♥❛❧
❞❡t❛✐❧s ♦♥ t❤✐s ♣r♦❝❡ss✳

✶✸❚❤❡ ♣r♦✈✐♥❝❡✲❝♦♥tr♦❧❧✐♥❣ ❝♦✉♥t✐❡s ✭❛❝❝♦✉♥t✐♥❣ ❢♦r ✶ ♣❡r❝❡♥t ♦❢ ❈❤✐♥❛✬s ♣♦♣✉❧❛t✐♦♥ ✐♥ ✷✵✵✵✮ ✐♥ ✇❤✐❝❤ t❤❡ ♣r♦✈✐♥❝✐❛❧
❣♦✈❡r♥♠❡♥t ❝♦✉❧❞ ❜②✲♣❛ss t❤❡ ♣r❡❢❡❝t✉r❡ ❣♦✈❡r♥♠❡♥t t♦ ❣❛✐♥ ❞✐r❡❝t ❝♦♥tr♦❧✱ ❛r❡ ♠❡r❣❡❞ ✐♥t♦ ♣r❡❢❡❝t✉r❡s t❤❛t ✉s❡❞ t♦
❣♦✈❡r♥ t❤❡ ❝♦✉♥t✐❡s✳

✶✵



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

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

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

♦r ♦❢ ♣♦♦r q✉❛❧✐t②✳

✹✳✷ ❊❝♦♥♦♠❡tr✐❝ s♣❡❝✐✜❝❛t✐♦♥

■ ❡✈❛❧✉❛t❡ t❤❡ ✐♠♣❛❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❜② ❡st✐♠❛t✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿

∆Yit = β1∆KIPit + αpt +X ✬

itδ + ǫit, ✭✶✮

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

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

❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ✐♥ ♣r❡❢❡❝t✉r❡ i ❜❡t✇❡❡♥ t− 1 ❛♥❞ t✳ ❲❤❡♥ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✶✮ ❢♦r t❤❡

❧♦♥❣ ✐♥t❡r✈❛❧ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱ ■ st❛❝❦ t❤❡ ✺✲②❡❛r ❡q✉✐✈❛❧❡♥t ✜rst ❞✐✛❡r❡♥❝❡s ❢♦r t✇♦ ♣❡r✐♦❞s✱

✷✵✵✵ t♦ ✷✵✵✺✱ ❛♥❞ ✷✵✵✺ t♦ ✷✵✶✵✳ ❚❤❡ st❛❝❦❡❞ ✜rst ❞✐✛❡r❡♥❝❡ r❡❣r❡ss✐♦♥✱ ✇❤✐❝❤ r❡♠♦✈❡s t❤❡ t✐♠❡✲

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

♠♦❞❡❧✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ t✐♠❡✲✈❛r✐❛♥t s❤♦❝❦s ✐♥ ❡❛❝❤ ♣r♦✈✐♥❝❡ ✇❤❡r❡ ♣r❡❢❡❝t✉r❡ i ✐s ❧♦❝❛t❡❞✱ ■

✐♥❝❧✉❞❡ ♣r♦✈✐♥❝❡ × ②❡❛r ❞✉♠♠✐❡s ✭αpt✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ■ ❛❧s♦ ✐♥❝❧✉❞❡ ❛ r✐❝❤ s❡t ♦❢ st❛rt✲♦❢✲♣❡r✐♦❞

❝♦♥tr♦❧s ✭X ✬
it✮ t❤❛t ♠❛② ❡①❡rt ✐♥❞❡♣❡♥❞❡♥t ✐♠♣❛❝ts ♦♥ ❡❞✉❝❛t✐♦♥❛❧ ♦✉t❝♦♠❡s✳ ■♥ ❛❧❧ r❡❣r❡ss✐♦♥s✱ ❡❛❝❤

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

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

♣r♦✈✐♥❝❡✳✶✹

✹✳✸ ❈❤❛♥❣❡s ✐♥ ❝♦❧❧❡❣❡ ❛tt❛✐♥♠❡♥t

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

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

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

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

❚❤✐s ❝❡♥s✉s ❞❡✜♥✐t✐♦♥ ✐s ❜r♦❛❞❡r t❤❛♥ t❤❡ ❞❡✜♥✐t✐♦♥ ✐♥ ✇❤✐❝❤ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ✐s ♠❡❛s✉r❡❞

❜② t❤❡ ❤✐❣❤❡st ❞✐♣❧♦♠❛ t❤❛t ❛ ♣❡rs♦♥ ❤❛s r❡❝❡✐✈❡❞✳✶✺ ❯♥❞❡r t❤❡ ❛❜♦✈❡ ❞❡✜♥✐t✐♦♥✱ ■ ❝♦♥str✉❝t t❤❡ ❦❡②

✶✹❋♦r r❡❣r❡ss✐♦♥s r✉♥ ❢♦r ❡❛❝❤ ❛❣❡✴❝♦❤♦rt ❣r♦✉♣ s❡♣❛r❛t❡❧②✱ t❤❡ ✇❡✐❣❤ts ✉s❡❞ ❛r❡ t❤❡ st❛rt✲♦❢✲♣❡r✐♦❞ ♣♦♣✉❧❛t✐♦♥
s❤❛r❡s ❜② ❛❣❡✴❝♦❤♦rt ❣r♦✉♣✳

✶✺❋♦❧❧♦✇✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥ ✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥ s✉r✈❡②✱ t❤❡ ❞❡✜♥✐t✐♦♥ ✐♠♣❧✐❡s t❤❛t ♣❡♦♣❧❡ ✇❤♦ ✇❡r❡ ✐♥ ❝♦❧❧❡❣❡ ❞✉r✐♥❣ t❤❡
s✉r✈❡② ❛r❡ ❛❧s♦ ❝♦♥s✐❞❡r❡❞ s❦✐❧❧❡❞ ❧❛❜♦r❡rs ✐♥ t❤❡ ❛♥❛❧②s✐s✱ ✇❤✐❝❤ ❛❧❧♦✇s ♠❡ t♦ st✉❞② t❤❡ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ ❝♦❧❧❡❣❡
❛tt❛✐♥♠❡♥t✳

✶✶



♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡ ❛s ❢♦❧❧♦✇s✿

∆Y g
it =

Skillgit
P g
it

−

Skillgit−1

P g
it−1

✭✷✮

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

✭❝❡rt❛✐♥ ❜✐rt❤ ❝♦❤♦rt✮ ✐♥ ♣r❡❢❡❝t✉r❡ i ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✺ ♦r ❜❡t✇❡❡♥ ✷✵✵✺ ❛♥❞ ✷✵✶✵✱ Skill ✐s t❤❡

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

r❡s✐❞❡♥❝❡✲❜❛s❡❞ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❣r♦✉♣ g ✐♥ ♣r❡❢❡❝t✉r❡ i ✐♥ ②❡❛r t✳✶✻ ❋♦r ♣❡♦♣❧❡ ✇❤♦ ❤❛✈❡ ♥♦t r❡❛❝❤❡❞

❝♦❧❧❡❣❡ ❛❣❡ ✐♥ t− 1✱ ∆Y g
it ❝❛♣t✉r❡s t❤❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ❡✛❡❝t✳ ❋♦r ♦❧❞❡r ❝♦❤♦rts✱ ∆Y g

it ❝❛♣t✉r❡s t❤❡

r❡❧♦❝❛t✐♦♥ ❡✛❡❝t✳

✹✳✹ ■♠♣♦rt ❞❡♠❛♥❞ s❤♦❝❦s

❚❤❡ ❜❛s❡❧✐♥❡ ♠❡❛s✉r❡ ♦❢ ✐♠♣♦rt ❡①♣♦s✉r❡ ✐♥ ❊q✉❛t✐♦♥ ✭✶✮ ✐s t❤❡ ❣r♦✇t❤ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s

♣❡r ❝❛♣✐t❛ ✐♥ ❛ r❡❣✐♦♥✿

∆KIPit =
Mit −Mit−1

Pit−1
=

∆Mit

Pit−1
, ✭✸✮

✇❤❡r❡ ∆Mit ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥ r❡❣✐♦♥ i ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✺ ♦r ❜❡t✇❡❡♥

✷✵✵✺ ❛♥❞ ✷✵✶✵✱ ❛♥❞ Pit−1 ✐s t❤❡ r❡s✐❞❡♥❝❡✲❜❛s❡❞ ♣♦♣✉❧❛t✐♦♥ ✐♥ r❡❣✐♦♥ i ✐♥ ②❡❛r t − 1✳✶✼ ❚❤❡ ❛❜♦✈❡

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

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

❚❤❡ ❧❛tt❡r ✐s ♥♦t t❤❡ ♣r✐♠❛r② s♦✉r❝❡ ♦❢ ✈❛r✐❛t✐♦♥✱ ❛s t❤❡ ❣r♦✇t❤ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛♥❞ t❤❡

♣♦♣✉❧❛t✐♦♥ ✐♥ ❈❤✐♥❛ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵ ✇❡r❡ ✺✷✵ ♣❡r❝❡♥t ❛♥❞ ✺✳✽ ♣❡r❝❡♥t✱ r❡s♣❡❝t✐✈❡❧②✳

✹✳✺ ❚❤r❡❛ts t♦ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ ✐♥str✉♠❡♥t❛t✐♦♥ str❛t❡❣②

■♥ t❤✐s s❡❝t✐♦♥✱ ■ ❛❞❞r❡ss t❤r❡❡ t❤r❡❛ts t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥✿ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡s✱ r❡✈❡rs❡ ❝❛✉s❛❧✐t②✱

❛♥❞ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❖♠✐tt❡❞ ✈❛r✐❛❜❧❡s ✇✐❧❧ ❜✐❛s t❤❡ ❡st✐♠❛t✐♦♥ ✐❢ ❛ t❤✐r❞ ❢❛❝t♦r ❛✛❡❝ts ❜♦t❤ ❛

♣r❡❢❡❝t✉r❡✬s s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇✐t❤ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ❛♥❞ ✐ts ✐♠♣♦rts ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s✳ ■ ❛❞❞r❡ss t❤❡

t✐♠❡✲✐♥✈❛r✐❛♥t ❢❛❝t♦rs ✐♥ t❤r❡❡ ✇❛②s✳ ❋✐rst✱ t❤❡ ✜rst✲❞✐✛❡r❡♥❝❡ ❛♣♣r♦❛❝❤ s✇❡❡♣s ♦✉t t✐♠❡✲✐♥✈❛r✐❛♥t

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

✶✻❈♦♠♣❛r❡❞ ✇✐t❤ ❤✉❦♦✉✲❜❛s❡❞ ♣♦♣✉❧❛t✐♦♥ ❞❛t❛✱ ✇❤✐❝❤ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ❡❛❝❤ ②❡❛r✱ r❡s✐❞❡♥❝❡✲❜❛s❡❞ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧
♣♦♣✉❧❛t✐♦♥ ❞❛t❛ ❛r❡ ♦♥❧② ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❝❡♥s✉s ②❡❛r s✉❝❤ ❛s ✶✾✾✵✱ ✷✵✵✵✱ ❛♥❞ ✷✵✶✵✳ ❊❛❝❤ ♣r❡❢❡❝t✉r❡✬s ♣♦♣✉❧❛t✐♦♥ ✐♥
✷✵✵✺ ✐s ❡st✐♠❛t❡❞ ❛s t❤❡ ❣❡♦♠❡tr✐❝ ♠❡❛♥ ♦❢ ♣♦♣✉❧❛t✐♦♥ ✐♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✳

✶✼❙❝❛❧✐♥❣ ✐♠♣♦rt ❣r♦✇t❤ ❜② t❤❡ s✐③❡ ♦❢ t❤❡ ❧♦❝❛❧ ❡❝♦♥♦♠② ✐s ❛ ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ ❛♣♣r♦❛❝❤ t❤❛♥ ✉s✐♥❣ t❤❡ ❝❤❛♥❣❡
✐♥ ❧♦❣ ✐♠♣♦rts ❣✐✈❡♥ t❤❛t s♦♠❡ r❡❣✐♦♥s ❜❡❣❛♥ ✇✐t❤ r❡❧❛t✐✈❡❧② ❧♦✇ ❧❡✈❡❧s ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳ ■♥ t❤✐s ♣❛♣❡r✱ ❛
❧♦❝❛❧ ❡❝♦♥♦♠② ✐s ❛ ♣r❡❢❡❝t✉r❡✱ ❛♥❞ ■ ✇✐❧❧ ✐♥tr♦❞✉❝❡ t❤❡ r❡❧❛t❡❞ ❜❛❝❦❣r♦✉♥❞ ✐♥❢♦r♠❛t✐♦♥ ❧❛t❡r✳ ❯s✐♥❣ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧
♣♦♣✉❧❛t✐♦♥ ❛❣❣r❡❣❛t❡❞ ❢r♦♠ ❝♦✉♥t②✲❧❡✈❡❧ ❞❛t❛ t♦ s❝❛❧❡ ✐♠♣♦rt ❣r♦✇t❤ ✐s ❛ ❜❡tt❡r ✇❛② ❝♦♠♣❛r❡❞ t♦ ✉s✐♥❣ ♦✉t♣✉t ❞❛t❛
❜❡❝❛✉s❡ ♥♦t ❛❧❧ ❝♦✉♥t✐❡s r❡♣♦rt ♦✉t♣✉t ❞❛t❛ ❛♥❞ s♦♠❡ ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ❛r❡ s✉❜❥❡❝t t♦ ♠❡❛s✉r❡♠❡♥t ❡rr♦r ♣r♦❜❧❡♠s✱
❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❆✉t♦r ❡t ❛❧✳✱ ✷✵✶✽✳

✶✷



♦✈❡r t✐♠❡ ✇✐t❤✐♥ t❤❡ ✸✶ ♣r♦✈✐♥❝❡s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t q✉♦t❛✳ ❚❤✐r❞✱ ❛ s❡t ♦❢

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

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

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

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

❝❤❛♥❣❡s ✐♥ ❝♦❧❧❡❣❡ s✉♣♣❧② ❛t t❤❡ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ❜② ✉t✐❧✐③✐♥❣ ❛ q✉❛s✐✲❡①♣❡r✐♠❡♥t ♦❢ ❝♦❧❧❡❣❡ r❡❛❧❧♦❝❛t✐♦♥

✐♥ t❤❡ ❡❛r❧② ✶✾✺✵s✳ ❙❡❝♦♥❞✱ r❡❣✐♦♥s t❤❛t ✐♠♣♦rt ♠♦r❡ ❝❛♣✐t❛❧ ❣♦♦❞s ♠❛② ❛❧s♦ ❡①♣❡r✐❡♥❝❡ ♣♦s✐t✐✈❡

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

t❤❡ ❡①♦❣❡♥♦✉s ❝♦♠♣♦♥❡♥t ♦❢ ❡①♣♦rt ❣r♦✇t❤ ✐♥t♦ t❤❡ r❡❣r❡ss✐♦♥✳ ■ ✜♥❞ t❤❛t t❤❡ ❡✛❡❝t ♦❢ ✐♠♣♦rt❡❞

❝❛♣✐t❛❧ ❣♦♦❞s r❡♠❛✐♥s st❛❜❧❡✳

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

❢❛❝t♦rs✱ ❛s ✇❡❧❧ ❛s t❤❡ r❡✈❡rs❡ ❝❛✉s❛❧✐t② ♣r♦❜❧❡♠✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❛❜♦✈❡ ❝♦♥❝❡r♥s✱ ■ ❡♠♣❧♦② ❛♥

✐♥str✉♠❡♥t❛❧✲✈❛r✐❛❜❧❡ str❛t❡❣② ❜② ❛❞♦♣t✐♥❣ t❤❡ s❤✐❢t✲s❤❛r❡ ❛♣♣r♦❛❝❤ ✭❇❛rt✐❦✱ ✶✾✾✶✮✳

∆KIPBartik
it =





∑

j

Mijt0

Mit0

(

M−i
jt −M−i

jt−1

M−i
jt−1

)





Mit0

Pit0

, ✭✹✮

✇❤❡r❡ M−i
jt ✐s ❈❤✐♥❛✬s ✐♠♣♦rts ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥ ♣r♦❞✉❝t j ❛♥❞ ②❡❛r t ❜② ❡①❝❧✉❞✐♥❣ t❤❡ ♣r♦✈✐♥❝❡

✇❤❡r❡ r❡❣✐♦♥ i ❧♦❝❛t❡s✱ Mijt0/Mit0 ✐s t❤❡ ②❡❛r ✶✾✾✼✬s s❤❛r❡ ♦❢ ♣r♦❞✉❝t j ✐♥ r❡❣✐♦♥ i✬s ✐♠♣♦rts ✇❤✐❝❤

❝❛♣t✉r❡s ❛ r❡❣✐♦♥✬s r❡❧✐❛♥❝❡ ♦♥ ❛ ❝❡rt❛✐♥ t②♣❡ ♦❢ ❝❛♣✐t❛❧ ❡q✉✐♣♠❡♥t✱ ❛♥❞ Mijt0/Pit0 ✐s ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧

❣♦♦❞s ♣❡r ❝❛♣✐t❛ ♦❢ r❡❣✐♦♥ i ✐♥ t❤❡ ②❡❛r ✶✾✾✼✳ ❚♦ ❛✈♦✐❞ ✐♥tr♦❞✉❝✐♥❣ ❛ ❝♦♠♠♦♥ s♦✉r❝❡ ♦❢ ♠❡❛s✉r❡✲

♠❡♥t ❡rr♦r ♦♥ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ❡q✉❛t✐♦♥✱ ■ ♠❡❛s✉r❡ t❤❡ ✇❡✐❣❤t Mijt0/Mit0 ❛♥❞ t❤❡ s❝❛❧✐♥❣ ✈❛r✐❛❜❧❡

Mit0/Pit0 ✱ ✉s✐♥❣ ✈❛❧✉❡s ✐♥ ✶✾✾✼✱ t❤❡ ♣r❡✲s❛♠♣❧❡ ②❡❛r✳ ■ ❝❤♦♦s❡ ✶✾✾✼ ✐♥st❡❛❞ ♦❢ ✶✾✾✺ ❛s t❤❡ ♣r❡✲s❛♠♣❧❡

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

tr❛❞❡ ❞❛t❛ ✐s ❛✈❛✐❧❛❜❧❡✳ ❇❡❝❛✉s❡ r❡s✐❞❡♥❝❡✲❜❛s❡❞ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ♣♦♣✉❧❛t✐♦♥ ❞❛t❛ ✐s ♦♥❧② ❛✈❛✐❧❛❜❧❡ ✐♥

t❤❡ ❝❡♥s✉s ②❡❛rs s✉❝❤ ❛s ✶✾✾✵✱ ✷✵✵✵✱ ❛♥❞ ✷✵✶✵✱ ■ ❡st✐♠❛t❡ t❤❡ ✶✾✾✼ ♣♦♣✉❧❛t✐♦♥ ❞❛t❛ ❜❛s❡❞ ♦♥ ❞❛t❛ ✐♥

✶✾✾✵ ❛♥❞ ✷✵✵✵ ❛♥❞ ❛ss✉♠❡ t❤❛t ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ✐s ❝♦♥st❛♥t ♦✈❡r t✐♠❡✳ ■♥ ❊q✉❛t✐♦♥ ✭✹✮✱ ♣r♦❞✉❝t j

✐s ❞❡✜♥❡❞ ❛t t❤❡ ❍❙ ✷✲❞✐❣✐t ♣r♦❞✉❝t ❧❡✈❡❧✳ ❚❤❡ ❛♣♣r♦❛❝❤ ✐♥ ❊q✉❛t✐♦♥ ✭✹✮ ♣r❡❞✐❝ts ❛ r❡❣✐♦♥✬s ✐♠♣♦rt

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

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

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

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

■ s❤♦✇ t❤❛t t❤✐s ❡①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥ ✐s ♣❧❛✉s✐❜❧② s❛t✐s✜❡❞✳ ❆s s❤♦✇♥ ✐♥ ❇♦r✉s②❛❦✱ ❍✉❧❧ ❛♥❞ ❏❛r✲

❛✈❡❧ ✭✷✵✶✽✮✱ ♦♥❡ ❝r✐t✐❝❛❧ ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ❡①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥ t♦ ❜❡ s❛t✐s✜❡❞ ✐s t❤❡ ❡①♦❣❡♥❡✐t② ♦❢ t❤❡

✶✸



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

♥❛t✐♦♥❛❧ ✐♠♣♦rt ❣r♦✇t❤✱ ✇❤✐❝❤ ❡①❝❧✉❞❡s t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ ❧♦❝❛❧ ❞❡♠❛♥❞ ❢♦r ♠❛❝❤✐♥❡r② ❛♥❞ ❡q✉✐♣✲

♠❡♥t✳ ❚♦ ❛❧❧❡✈✐❛t❡ t❤❡ ❝♦♥❝❡r♥ ❢♦r t❤❡ ❡♥❞♦❣❡♥❡✐t② ♦❢ t❤❡ ✐♠♣♦rt str✉❝t✉r❡ ✭●♦❧❞s♠✐t❤✲P✐♥❦❤❛♠✱

❙♦r❦✐♥ ❛♥❞ ❙✇✐❢t✱ ✷✵✶✽✮✱ ■ ✉s❡ t❤❡ ♣r❡✲s❛♠♣❧❡ ②❡❛r✬s ✐♠♣♦rt ❞❛t❛ t♦ ❝♦♥str✉❝t t❤❡ ✐♠♣♦rt s❤❛r❡ ❢♦r

❡❛❝❤ ♣r❡❢❡❝t✉r❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ■ t❡st t❤❡ ❡①♦❣❡♥❡✐t② ♦❢ t❤❡ s❤✐❢t✲s❤❛r❡ ✐♥str✉♠❡♥ts ❜② ✐♥❝❧✉❞✐♥❣ ✐♥✐t✐❛❧

✐♥❞✉str② str✉❝t✉r❡s ✭●♦❧❞s♠✐t❤✲P✐♥❦❤❛♠✱ ❙♦r❦✐♥ ❛♥❞ ❙✇✐❢t✱ ✷✵✶✽✮✱ ❛♥❞ t❤❡ r❡s✉❧ts r❡♠❛✐♥ r♦❜✉st✳

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

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

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

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

■ ❛❧s♦ s❤♦✇ t❤❛t t❤❡ r❡q✉✐r❡♠❡♥t ❢♦r r❡❧❡✈❛♥❝❡ ❛♥❞ ♠♦♥♦t♦♥✐❝✐t② ♦❢ t❤❡ ✐♥str✉♠❡♥t ❛r❡ s❛t✐s✜❡❞✳

■ ♣❧♦t t❤❡ ✐♥str✉♠❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❊q✉❛t✐♦♥ ✭✹✮ ❛❣❛✐♥st ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛

✐♥ ❊q✉❛t✐♦♥ ✭✸✮✳ ❚❤❡ ✜❣✉r❡ r❡✈❡❛❧s ❛ s✉❜st❛♥t✐❛❧ ♣r❡❞✐❝t✐✈❡ ♣♦✇❡r ♦❢ t❤❡ ❇❛rt✐❦ ✐♥str✉♠❡♥t ❢♦r t❤❡

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

✐s ❧✐♥❡❛r✳

❆♥♦t❤❡r t❤r❡❛t t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❚❤❡ ✜rst t②♣❡ ♦❢ ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✐s

t❤❡ ❝❧❛ss✐❝❛❧ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ r❡♣♦rt ♦❢ r❡❣✐♦♥❛❧ ✐♠♣♦rt ✢♦✇s ♠✐❣❤t ❜❡ s✉❜❥❡❝t

t♦ r❛♥❞♦♠ ❡rr♦rs✳ ❙✉❝❤ ♠❡❛s✉r❡♠❡♥t ❡rr♦r ❛tt❡♥✉❛t❡s β1 ❛♥❞ ❝♦✉❧❞ ❜✐❛s t❤❡ ❡st✐♠❛t✐♦♥ t♦✇❛r❞s ③❡r♦✳

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

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

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

❡rr♦r t❤❛t t❤❡ ✐♠♣♦rt❡❞ ❣♦♦❞s ❜② ✐♥❧❛♥❞ r❡❣✐♦♥s ❛r❡ r❡❝♦r❞❡❞ ❛s ✐♠♣♦rts ❜② t❤❡ ❡♥tr❡♣♦ts✳ ❚❤❡

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

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

❜❡t✇❡❡♥ ✜r♠s ❧♦❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t r❡❣✐♦♥s✳ ❚r❛♥s✐t tr❛❞❡ ❛♥❞ ✇❤♦❧❡s❛❧❡s ❛❝r♦ss r❡❣✐♦♥s ❜♦t❤ r❛✐s❡

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

r❡♣♦rt❡❞ ❜② t❤❡ ❈✉st♦♠s✳ ❚♦ ❡①❛♠✐♥❡ ❤♦✇ s❡✈❡r❡ t❤✐s ♠❡❛s✉r❡♠❡♥t ❡rr♦r ♣r♦❜❧❡♠ ✐s✱ ■ ♠❡r❣❡ t❤❡

✜r♠✲❧❡✈❡❧ tr❛❞❡ ❞❛t❛ ✇✐t❤ t❤❡ ✜r♠✲❧❡✈❡❧ ♣r♦❞✉❝t✐♦♥ ❞❛t❛✳ ■ ❝♦♥str✉❝t ❛♥ ✐♥❞❡①✱ ♥❛♠❡❧② t❤❡ t♦t❛❧

✐♠♣♦rts ❛s ❛ s❤❛r❡ ♦❢ t♦t❛❧ ✐♥♣✉ts✱ ✇❤✐❝❤ t❡❧❧s ✇❤❡t❤❡r ❛ ✜r♠ ✐♠♣♦rts ♠♦r❡ t❤❛♥ ✐ts ❛❝t✉❛❧ ♥❡❡❞✳ ■

✜♥❞ t❤❛t ♦♥❧② ✶ ♣❡r❝❡♥t ♦❢ t❤❡ ✜r♠s ✐♠♣♦rt❡❞ ♠♦r❡ ♣r♦❞✉❝ts t❤❛♥ t❤❡ ✐♥♣✉ts ✉s❡❞ ✐♥ ♣r♦❞✉❝t✐♦♥✳

❋✉rt❤❡r♠♦r❡✱ ♠♦st ♦❢ t❤❡s❡ ✜r♠s ❛r❡ ❧♦❝❛t❡❞ ✐♥ ❝♦❛st❛❧ r❡❣✐♦♥s✳✶✽ ❚♦ ❛❞❞r❡ss t❤❡ ♠❡❛s✉r❡♠❡♥t

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

✶✽▼♦st ♦❢ t❤❡ ✜r♠s ✇✐t❤ ❤✐❣❤ ✐♠♣♦rt t♦ ✐♥♣✉t r❛t✐♦ ❛r❡ ❧♦❝❛t❡❞ ✐♥ ❉♦♥❣❣✉❛♥✱ ●✉❛♥❣③❤♦✉✱ ◗✐♥❣❞❛♦✱ ❙❤❛♥❣❤❛✐✱
❙❤❡♥③❤❡♥✱ ❛♥❞ ❙✉③❤♦✉✳

✶✹



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

✐♥ ♣r♦❞✉❝t✐♦♥✳ ❚❤❡s❡ ❝✐t✐❡s ❛r❡ ❉♦♥❣❣✉❛♥✱ ●✉❛♥❣③❤♦✉✱ ❍❛✐❦♦✉✱ ❙❤❡♥③❤❡♥✱ ❙✉③❤♦✉✱ ❳✐❛♠❡♥✱ ❛♥❞

❩❤✉❤❛✐✳ ❋♦✉r ♦❢ t❤❡ ❝✐t✐❡s✱ ✇❤✐❝❤ ❧✐❡ ❝❧♦s❡ t♦ ❍♦♥❣ ❑♦♥❣ ♦r ▼❛❝❛♦✱ ❛r❡ ✐♥ t❤❡ ●✉❛♥❣❞♦♥❣ ♣r♦✈✐♥❝❡❀

❍❛✐❦♦✉ ✐s ♦♥ t❤❡ ♥♦rt❤❡r♥ ❝♦❛st ♦❢ t❤❡ ❍❛✐♥❛♥ ♣r♦✈✐♥❝❡ ❛♥❞ ❜② t❤❡ ♠♦✉t❤ ♦❢ t❤❡ ◆❛♥❞✉ r✐✈❡r❀

❙✉③❤♦✉ ✐s ❛ ♣r❡❢❡❝t✉r❡ t❤❛t ❜♦r❞❡rs ❙❤❛♥❣❤❛✐✱ ❛♥❞ ❳✐❛♠❡♥ ✐s ❛ ♣r❡❢❡❝t✉r❡ ❜❡s✐❞❡ t❤❡ ❚❛✐✇❛♥ ❙tr❛✐t✳

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

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

❙❤❛♦ ❛♥❞ ❩✐❧✐❜♦tt✐✱ ✷✵✶✻✮✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥✱ ■ ✇✐❧❧ ❛❞❞r❡ss t❤✐s ❝♦♥❝❡r♥ ❜② ❝♦♥tr♦❧❧✐♥❣ ❢♦r t❤❡

❞✉♠♠✐❡s ❢♦r ♠❛❥♦r ♣♦rts ❛♥❞ t❤❡✐r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t✐♠❡✳

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

❞✉❡ t♦ t❤❡ s❡r✐❛❧ ❝♦rr❡❧❛t✐♦♥ ✐♥ t❤❡ ❡rr♦r t❡r♠ ❛❝r♦ss ♣❡r✐♦❞s ✇✐t❤✐♥ ❛ ♣r❡❢❡❝t✉r❡ ✭❇❡rtr❛♥❞✱ ❉✉✢♦

❛♥❞ ▼✉❧❧❛✐♥❛t❤❛♥✱ ✷✵✵✹✮✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣r❡❢❡❝t✉r❡s ✐s ✸✸✵✱ ✇❤✐❝❤ ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ♠✐t✐❣❛t❡ t❤❡

s♣✉r✐♦✉s ❝♦rr❡❧❛t✐♦♥ ❝♦♥❝❡r♥✳

✺ ■♠♣♦rt❡❞ ❈❛♣✐t❛❧ ●♦♦❞s ❛♥❞ ❈♦❧❧❡❣❡ ❙❤❛r❡

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

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

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

✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳

✺✳✶ ❋✐rst st❛❣❡ r❡s✉❧ts

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

❝❛♣✐t❛❧ ❣♦♦❞s ❢r♦♠ ♦t❤❡r ❢❛❝t♦rs t❤❛t ♠❛② ❛❧s♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✐♠♣♦rt ❣r♦✇t❤ ♦❢ ❝❛♣✐t❛❧

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

♦♥ t❤❡✐r ✐♥✐t✐❛❧ ✐♠♣♦rt str✉❝t✉r❡✳ ❚❤❡ ❧♦❣✐❝ ❜❡❤✐♥❞ t❤❡ ❡①♣r❡ss✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✮ ❛s ❛ ❞❡t❡r♠✐♥❛♥t

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

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

❚♦ ❣✐✈❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❞❛t❛✱ ❋✐❣✉r❡s ✻ ♣❧♦ts t❤❡ ✐♥str✉♠❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❊q✉❛t✐♦♥ ✭✹✮ ❛❣❛✐♥st

✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ✐♥ ❊q✉❛t✐♦♥ ✭✸✮✳ ■t r❡✈❡❛❧s t❤❡ s✉❜st❛♥t✐❛❧ ♣r❡❞✐❝t✐✈❡

♣♦✇❡r ♦❢ t❤❡ ❇❛rt✐❦ ✐♥str✉♠❡♥t ♦♥ t❤❡ ❝❤❛♥❣❡s ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛✳ ❆ ✩✶✵✵

♣r❡❞✐❝t❡❞ ✐♥❝r❡❛s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ❝♦rr❡s♣♦♥❞s t♦ ❛ ✩✶✺✻ ✐♥❝r❡❛s❡ ✐♥ ❛❝t✉❛❧

✐♠♣♦rt ❡①♣♦s✉r❡✱ ❛♥❞ t❤❡ ❘✲sq✉❛r❡ ✐s ❛s ❧❛r❣❡ ❛s ✵✳✺✾✳ ❈♦❧✉♠♥ ✭✶✮ ♦❢ ❚❛❜❧❡ ✷ P❛♥❡❧ ❇ s❤♦✇s t❤❡

r❡s✉❧t ♦❢ t❤❡ ❧✐♥❡❛r r❡❣r❡ss✐♦♥ ❜② ✐♥❝❧✉❞✐♥❣ ❛ ♣❡r✐♦❞ ❞✉♠♠②✳ ■♥ ❝♦❧✉♠♥ ✭✷✮ ❛♥❞ ✭✸✮ ♦❢ ❚❛❜❧❡ ✷✱ ■ ❢✉rt❤❡r

✶✺



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

♠♦❞❡st❧② ❛♥❞ r❛♥❣❡ ❢r♦♠ ✶✳✻✵ t♦ ✶✳✽✹✳ ❚❤❛t t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❛r❡ s✐♠✐❧❛r ✐♥ ♠❛❣♥✐t✉❞❡ ✐♥ ❛❧❧

t❤❡ ♠♦❞❡❧s ✉♥❞❡rs❝♦r❡s t❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ st❛t✐st✐❝❛❧ r❡❧❛t✐♦♥s❤✐♣s✳ ❆ t❤r❡❛t t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s

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

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

t✐♠❡ ❞✉♠♠②✳✶✾ ❆s s❤♦✇♥ ✐♥ ❝♦❧✉♠♥ ✭✹✮✱ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ✐♠♣♦rt❡❞

❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ❞r♦♣s t♦ ✶✳✷✺ ❜✉t r❡♠❛✐♥s str♦♥❣❧② ♣♦s✐t✐✈❡✳ ▼❡❛♥✇❤✐❧❡✱ t❤❡ ❡①♣❧❛♥❛t♦r②

♣♦✇❡r ✐♥❝r❡❛s❡s✱ ✇✐t❤ t❤❡ ❘✲sq✉❛r❡ r✐s✐♥❣ t♦ ✵✳✾✺✳ ■ ❢✉rt❤❡r ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡

t✇♦ ♣❡r✐♦❞s s❡♣❛r❛t❡❧② ✐♥ ❆♣♣❡♥❞✐① ❋✐❣✉r❡ ❆✷✳ ❚❤❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥s ❛r❡ r♦❜✉st ❛❝r♦ss ❞✐✛❡r❡♥t

♣❡r✐♦❞s✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✻ ✫ ❚❛❜❧❡ ✷❪

✺✳✷ ❇❛s❡❧✐♥❡ r❡s✉❧ts

❚❛❜❧❡ ✷ P❛♥❡❧ ❆ ♣r❡s❡♥ts t❤❡ ✐♥✐t✐❛❧ ❡st✐♠❛t❡s ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝❤❛♥❣❡s ✐♥ ✐♠♣♦rt❡❞

❝❛♣✐t❛❧ ❣♦♦❞s ❛♥❞ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❜❛s❡❞ ♦♥ t❤❡ ❡❝♦♥♦♠❡tr✐❝ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✭✶✮✳

❆❧❧ r❡❣r❡ss✐♦♥s ❛r❡ ✇❡✐❣❤t❡❞ ❜② t❤❡ r❡s✐❞❡♥❝❡✲❜❛s❡❞ ♣♦♣✉❧❛t✐♦♥ ✐♥ ✷✵✵✵✳ ❙t❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞

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

✇✐t❤✐♥ t❤❡ s❛♠❡ ♣r♦✈✐♥❝❡✳ ❈♦❧✉♠♥ ✭✶✮ ♣r♦✈✐❞❡s st❛❝❦❡❞ ✜rst ❞✐✛❡r❡♥❝❡s ❡st✐♠❛t❡s ♦❢ ❊q✉❛t✐♦♥ ✶✳

❚❤❡r❡ ✐s ❛ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ❖▲❙ ❡st✐♠❛t✐♦♥✳ ❋✐❣✉r❡ ✼ ♣❧♦ts

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

♣❡♦♣❧❡ ✇✐t❤ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ❛♥❞ t❤❡ ❝❤❛♥❣❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ✐s ✵✳✸✷✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✼❪

■♥ ❝♦❧✉♠♥ ✭✷✮✲✭✼✮✱ ■ ♣r❡s❡♥t t❤❡ ✷❙▲❙ ❡st✐♠❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ♣❡r✐♦❞ ♦❢ ✷✵✵✵✖✷✵✶✵✳ ❈♦❧✉♠♥

✭✼✮ ❞✐s♣❧❛②s t❤❡ ♣r❡❢❡rr❡❞ s♣❡❝✐✜❝❛t✐♦♥✱ ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ ✶✳✸✾ s✉❣❣❡sts t❤❛t ❛ ✩✶✵✵ r✐s❡ ✐♥ ❛

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

❛♠♦♥❣ ❢♦r ✇♦r❦✐♥❣✲❛❣❡ ♣♦♣✉❧❛t✐♦♥ ❜② ✶✳✹ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳

❈♦♠♣❛r✐♥❣ t❤❡ ❖▲❙ ❡st✐♠❛t✐♦♥ ✐♥ ❝♦❧✉♠♥ ✭✶✮ ✇✐t❤ t❤❡ ■❱ ❡st✐♠❛t✐♦♥ ✐♥ ❝♦❧✉♠♥ ✭✷✮✱ ■ ✜♥❞

t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ■❱ ❡st✐♠❛t✐♦♥ ✐s s❧✐❣❤t❧② ❧❛r❣❡r t❤❛♥ t❤❛t ✐♥ t❤❡ ❖▲❙ ❡st✐♠❛t✐♦♥✳ ❚❤✐s

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

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

✶✾❆ ♣r❡❢❡❝t✉r❡ ✐s ❞❡✜♥❡❞ ❛s ❛ ♠❛❥♦r ♣♦rt ♦❢ ✐♠♣♦rt✐♥❣ ❝❛♣✐t❛❧ ❣♦♦❞s ✐❢ ✐ts r❡❛❧✐③❡❞ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛r❡ ♠♦r❡
t❤❛♥ ✐ts ♣r❡❞✐❝t❡❞ ✐♠♣♦rts✳ ❇❛s❡❞ ♦♥ t❤✐s st❛♥❞❛r❞✱ ❉♦♥❣❣✉❛♥✱ ●✉❛♥❣③❤♦✉✱ ❍❛✐❦♦✉✱ ❏✐❛②✉❣✉❛♥✱ ❙❤❡♥③❤❡♥✱ ❙✉③❤♦✉✱
❳✐❛♠❡♥ ❛♥❞✱ ❩❤✉❤❛✐ ❛r❡ ❞❡✜♥❡❞ ❛s ♠❛❥♦r ♣♦rts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳

✶✻



❣r❡❛t❡r ❣r♦✇t❤ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞✉❡ t♦ ♣r❡❢❡❝t✉r❡✲s♣❡❝✐✜❝ s❤♦❝❦s✳ ❆ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥

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

❛♥❞ ♠♦❜✐❧✐t② ❝❤♦✐❝❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✉♥♦❜s❡r✈❡❞ ❧♦❝❛❧ ❣♦✈❡r♥♠❡♥t ✐♥❞✉str✐❛❧ ♣♦❧✐❝✐❡s t❤❛t ❡♥❝♦✉r❛❣❡

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

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

❝♦❡✣❝✐❡♥t t♦✇❛r❞s ③❡r♦✳

❋r♦♠ ❈♦❧✉♠♥ ✭✸✮ t♦ ✭✼✮✱ ■ ❛✉❣♠❡♥t t❤❡ ✜rst✲❞✐✛❡r❡♥❝❡ ♠♦❞❡❧ ✇✐t❤ ❛ s❡t ♦❢ ♠❡❛s✉r❡s t❤❛t t❡st t❤❡

r♦❜✉st♥❡ss ❛♥❞ ❡❧✐♠✐♥❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝t♦rs✳ ❈♦❧✉♠♥ ✭✸✮ ❛✉❣♠❡♥ts t❤❡ r❡❣r❡ss✐♦♥

♠♦❞❡❧ ❜② ❝♦♥tr♦❧❧✐♥❣ ❢♦r ♣r♦✈✐♥❝❡✲②❡❛r ✜①❡❞ ❡✛❡❝ts t❤❛t ❛❜s♦r❜ r❡❣✐♦♥✲②❡❛r✲s♣❡❝✐✜❝ tr❡♥❞s ✐♥ t❤❡

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

♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳ ■♥ ❝♦❧✉♠♥ ✭✹✮✱ ■ ❛❞❞r❡ss t❤❡ ♥♦♥✲❝❧❛ss✐❝❛❧ ♠❡❛s✉r❡♠❡♥t ❡rr♦r ♣r♦❜❧❡♠

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

✐♥ t❤❡ ❖▲❙ ❡st✐♠❛t✐♦♥✳ ■♥❞❡❡❞✱ t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡❞ ❛❢t❡r ■ ❝♦♥tr♦❧ ❢♦r

t❤❡ ❞✉♠♠✐❡s ♦❢ ♠❛❥♦r ♣♦rts ❛♥❞ t❤❡✐r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ②❡❛r ❞✉♠♠②✳ ❚❤❡s❡ ♣r❡❢❡❝t✉r❡s ❛r❡ t❤❡

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

■♥ ❝♦❧✉♠♥ ✭✺✮✱ ■ ❛❞❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣❡♦♣❧❡ ✐♥ ❡❛❝❤ ❝♦❤♦rt ❛s ❛ s❤❛r❡ ♦❢ t❤❡ t♦t❛❧ ♣♦♣✉❧❛t✐♦♥ ❛t

t❤❡ st❛rt✲♦❢✲♣❡r✐♦❞ t♦ ❛❜s♦r❜ ♣r❡❢❡❝t✉r❡✲❝♦❤♦rt✲s♣❡❝✐✜❝ tr❡♥❞s✳ ■ ❛❧s♦ ❛❞❞ t❤❡ s❤❛r❡ ♦❢ ♠✐♥♦r✐t✐❡s ❛t

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

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

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

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

r❡♠❛✐♥s ❡❝♦♥♦♠✐❝❛❧❧② ❧❛r❣❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳

❚❤❡r❡ ❛r❡ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ t❤r❡❛ts t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥✳ ❚❤❡ ✜rst ♦♥❡ ✐s ❈❤✐♥❛✬s ❡❞✉❝❛t✐♦♥ ♣♦❧✐❝②✳

❆ ♣r❡❢❡❝t✉r❡✬s ✐♥✐t✐❛❧ ✐♠♣♦rt str✉❝t✉r❡ ♠❛② ❜❡ ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❡❞✉❝❛t✐♦♥ ♣♦❧✐❝②✱ ✇❤✐❝❤ ❛✛❡❝ts

s❦✐❧❧ s✉♣♣❧②✳✷✶ ❚❤✐s ❝♦♥❝❡r♥ ❝❛♥ ❜❡ ❛❞❞r❡ss❡❞ ❜② ❝♦♥tr♦❧❧✐♥❣ ❢♦r t❤❡ ♣r♦✈✐♥❝❡✲②❡❛r ✜①❡❞ ❡✛❡❝ts✳ ■♥

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

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

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

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

✷✵P❡♦♣❧❡ ✇❤♦ ❛r❡ ❝❧❛ss✐✜❡❞ ❛s ❜❡✐♥❣ ✐♥ t❤❡ s❛♠❡ ❝♦❤♦rt ❛r❡ t❤♦s❡ ✇❤♦ ✇❡r❡ ❜♦r♥ ✐♥ t❤❡ s❛♠❡ ❞❡❝❛❞❡✳
✷✶❚❤❡ ❡①✐st✐♥❣ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t ❈❤✐♥❛✬s ❝♦❧❧❡❣❡ ❡①♣❛♥s✐♦♥ ✐s t❤❡ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ r✐s✐♥❣ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧

✭▲✐ ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❋✐rst❧②✱ t❤❡ r❡t✉r♥ t♦ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ✐♥ ❈❤✐♥❛ ❤❛s ❝♦♥t✐♥✉❡❞ t♦ ✐♥❝r❡❛s❡ r❛♣✐❞❧② ❞❡s♣✐t❡ t❤❡
✉♥♣r❡❝❡❞❡♥t❡❞ ✐♥❝r❡❛s❡ ✐♥ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t ✭❋✐❣✉r❡ ✷✮✱ ✐♠♣❧②✐♥❣ ❛ str♦♥❣ ❞❡♠❛♥❞✲s✐❞❡ ❢♦r❝❡✳ ▼♦r❡♦✈❡r✱ ✐♥t❡r♥❛t✐♦♥❛❧
❡✈✐❞❡♥❝❡ s❤♦✇s t❤❛t t❤❡ ❞❡♠❛♥❞✲s✐❞❡ ❢♦r❝❡ ❛❧s♦ ♣❧❛②s ❛♥ ❡ss❡♥t✐❛❧ r♦❧❡ ✐♥ ♦t❤❡r ♥❡✇❧② ✐♥❞✉str✐❛❧✐③❡❞ ❡❝♦♥♦♠✐❡s✳ ▲✐✱
▲✐❛♥❣ ❛♥❞ ❲✉ ✭✷✵✶✻✮ s❤♦✇ t❤❛t ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t ❛❧s♦ ✐♥❝r❡❛s❡❞ q✉✐❝❦❧② ❞✉r✐♥❣ t❤❡ ❡❝♦♥♦♠✐❝ t❛❦❡✲♦✛s ♦❢ ♦t❤❡r
❢❛st✲❣r♦✇✐♥❣ ❡❝♦♥♦♠✐❡s✱ ✇❤✐❝❤ ❞♦ ♥♦t ❤❛✈❡ ❛ ❝❡♥tr❛❧❧②✲♣❧❛♥♥❡❞ ❛❧❧♦❝❛t✐♦♥ s②st❡♠✳ ❚❤❡ ❛❜♦✈❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t
❈❤✐♥❛✬s ❝♦❧❧❡❣❡ ❡①♣❛♥s✐♦♥ ✐s ❛♥ ❡♥❞♦❣❡♥♦✉s r❡s♣♦♥s❡ t♦ t❤❡ r✐s✐♥❣ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳

✶✼



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

✐s t❤❡ ♣r❡❢❡❝t✉r❡✱ ❡❞✉❝❛t✐♦♥ ♣♦❧✐❝✐❡s✱ s✉❝❤ ❛s q✉♦t❛ ❛❧❧♦❝❛t✐♦♥ ♣♦❧✐❝②✱ s❤♦✉❧❞ ♥♦t ❛✛❡❝t s❦✐❧❧ s✉♣♣❧②

♦♥❝❡ ■ ❝♦♥tr♦❧ ❢♦r t❤❡ ♣r♦✈✐♥❝❡✲②❡❛r ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥ ✸✮✳

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

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

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

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

▲✉ ✭✷✵✶✽✮✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ s❡❝t✐♦♥✱ t❤❡r❡ ✇❛s ❛ r❛❞✐❝❛❧ ❝♦❧❧❡❣❡ r❡❛❧❧♦❝❛t✐♦♥ ✐♥ ❈❤✐♥❛

✐♥ t❤❡ ❡❛r❧② ✶✾✺✵s✳ ❇② ✉t✐❧✐③✐♥❣ t❤✐s q✉❛s✐✲❡①♣❡r✐♠❡♥t✱ ■ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ ❞❡♣❛rt♠❡♥t r❡❛❧❧♦❝❛t✐♦♥

♣♦❧✐❝② ✐♥ t❤❡ ✶✾✺✵s ♦♥ t❤❡ ❝❤❛♥❣❡s ✐♥ s❦✐❧❧ s✉♣♣❧② ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵ ✐♥ ❝♦❧✉♠♥ ✭✻✮✳ ■ ✜♥❞

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

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

❞✐str✐❜✉t✐♦♥ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ✐♥ ❋✐❣✉r❡ ✹ ❛♥❞ ❝♦❧❧❡❣❡ ❛❞♠✐ss✐♦♥ ✐♥ ❋✐❣✉r❡ ❆✶ ✐♥ t❤❡

❛♣♣❡♥❞✐①✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ t✇♦ ✜❣✉r❡s✱ ■ ✜♥❞ t❤❛t r❡❣✐♦♥s t❤❛t ❤❛❞ ♠♦r❡ ❝♦❧❧❡❣❡ ❛❞♠✐ss✐♦♥s ✇❡r❡

♥♦t ❛❧✇❛②s r❡❣✐♦♥s ✇✐t❤ ❤✐❣❤❡r ✐♠♣♦rt ❣r♦✇t❤✳

❚❤❡ s❡❝♦♥❞ ♣♦t❡♥t✐❛❧ t❤r❡❛t t♦ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s t❤❛t ❛ ♣r❡❢❡❝t✉r❡✬s ✐♥✐t✐❛❧ ✐♠♣♦rt str✉❝t✉r❡ ♠❛②

❝♦rr❡❧❛t❡ ✇✐t❤ t❤❡ ❧♦❝❛❧ ✉♥♦❜s❡r✈❡❞ t✐♠❡✲✈❛r②✐♥❣ ❞❡♠❛♥❞✲s✐❞❡ ❢♦r❝❡s ✭●♦❧❞s♠✐t❤✲P✐♥❦❤❛♠✱ ❙♦r❦✐♥

❛♥❞ ❙✇✐❢t✱ ✷✵✶✽✮✳ ❚♦ ❛❞❞r❡ss t❤✐s ❝♦♥❝❡r♥✱ ■ ❛✉❣♠❡♥t t❤❡ ♠♦❞❡❧ ❜② ✐♥❝❧✉❞✐♥❣ t❤❡ st❛rt✲♦❢✲♣❡r✐♦❞

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

❝❤✐♥❡r② ✐♥t♦ t❤❡ r❡❣r❡ss✐♦♥ ✐♥ ❚❛❜❧❡ ✷ ❝♦❧✉♠♥ ✭✼✮✳ ❆s t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r ❤❛s ❛ ❤✉❣❡ ❞❡♠❛♥❞

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

t❤❛t ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r✳ ❚❤❡ t❡①t✐❧❡ s❡❝t♦r ❛♥❞ ❡❧❡❝tr♦♥✐❝s ❛♥❞ ♠❛❝❤✐♥❡r② s❡❝t♦r

❛r❡ ❈❤✐♥❛✬s ♠❛❥♦r ❡①♣♦rt✐♥❣ s❡❝t♦rs✳ ❈♦♥tr♦❧❧✐♥❣ ❢♦r t❤❡ st❛rt✲♦❢✲♣❡r✐♦❞ ❡①♣♦rt str✉❝t✉r❡s ❛❞❞r❡ss❡s

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

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

✇✐t❤ ❛ ✩✶✵✵ r✐s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ❛t t❤❡ st❛rt ♦❢ t❤❡ ♣❡r✐♦❞ ❤❛❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢

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

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

t❡r✈❛❧ ✷✵✵✵ t❤r♦✉❣❤ ✷✵✶✵ ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ✩✼✵ ♣❡r ❝❛♣✐t❛✳ ❚❤❡ ♣♦✐♥t ❡st✐♠❛t❡ s✉❣❣❡sts t❤❛t t❤❡

✷✷■t ✐s ♣♦ss✐❜❧❡ t❤❛t ✉s✐♥❣ t❤❡ ❞❡♣❛rt♠❡♥t r❡❛❧❧♦❝❛t✐♦♥ ♣♦❧✐❝② t♦ ❝♦♥tr♦❧ ❢♦r s❦✐❧❧ s✉♣♣❧② ✐s ♥♦t s✉✣❝✐❡♥t✳ ■♥ ❧✐❣❤t
♦❢ t❤✐s✱ ■ ❛❧s♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❡❛❧❧♦❝❛t✐♦♥ ♣♦❧✐❝② ❛♥❞ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✳ ■ ✜♥❞ t❤❛t t❤❡
r❡❛❧❧♦❝❛t✐♦♥ ♣♦❧✐❝② ❞♦❡s♥✬t ❛✛❡❝t ❝❛♣✐t❛❧ ✐♠♣♦rts ❛t t❤❡ ♣r❡❢❡❝t✉r❡ ❧❡✈❡❧✳ ❚❤✐s ❢❛❧s✐✜❝❛t✐♦♥ ❡①❡r❝✐s❡ s✉❣❣❡sts t❤❛t
❡❞✉❝❛t✐♦♥ s✉♣♣❧② ❞r✐✈❡s ❝❛♣✐t❛❧ ✐♠♣♦rts ❛♥❞ ♥♦t ✈✐❝❡ ✈❡rs❛✳

✷✸❚♦ ❛❞❞r❡ss t❤❡ ❝♦♥❝❡r♥ t❤❛t t❤❡ ❡st✐♠❛t❡❞ ✐♠♣❛❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞♦ ♥♦t ♣✐❝❦ ✉♣ t❤❡ ❡✛❡❝ts ♦❢ ♦t❤❡r
tr❛❞❡ ✢♦✇s✱ ■ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ❛♥❞ ❡①♣♦rt ♦♥ t❤❡ s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇✐t❤ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥
✐♥ t❤❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✹✳ ❚❤❡ ❡✛❡❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s r❡♠❛✐♥s t♦ ❜❡ r♦❜✉st✳ ❙✐♥❝❡ ❡①♣♦rt ❛♥❞ ✐♠♣♦rt ❛r❡
❤✐❣❤ ❝♦rr❡❧❛t❡❞✱ t❤❡ ♣♦s✐t✐✈❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐s ♥♦✐s✐❧② ❡st✐♠❛t❡❞✳

✶✽



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

t❤❡ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ✷✼✪ ♦❢ t❤❡ ❣r♦✇t❤

✐♥ s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇✐t❤ s♦♠❡ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ✐♠♣♦rt✐♥❣ ❝❛♣✐t❛❧ ❣♦♦❞s✳✷✹ ■♥

❛❞❞✐t✐♦♥✱ ■ ❛❧s♦ ❝♦♥str✉❝t t❤❡ tr❛❞❡ ♣♦❧✐❝② ✉♥❝❡rt❛✐♥t② ✐♥❞❡① ❛t t❤❡ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ❢♦❧❧♦✇✐♥❣ P✐❡r❝❡

❛♥❞ ❙❝❤♦tt ✭✷✵✶✺✮❀ ❍❛♥❞❧❡② ❛♥❞ ▲✐♠ã♦ ✭✷✵✶✼✮❀ ❆✉t♦r ❡t ❛❧✳ ✭✷✵✶✽✮✱ ✇❤✐❝❤ ❝❛♣t✉r❡s t❤❡ ❡①♦❣❡♥♦✉s

❝♦♠♣♦♥❡♥t ♦❢ r❡❣✐♦♥❛❧ ❡①♣♦rt ❣r♦✇t❤✳ ■ ✜♥❞ t❤❛t t❤❡ ❡✛❡❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s r❡♠❛✐♥s r♦❜✉st

❛❢t❡r t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ t❤❡ tr❛❞❡ ♣♦❧✐❝② ✉♥❝❡rt❛✐♥t② ✐♥❞❡①✱ ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹ ❈♦❧✉♠♥ ✭✹✮✳ ✷✺

✺✳✸ ❆♥❛❧②s✐s ❜② ❝♦❤♦rt

❚❤✐s s❡❝t✐♦♥ ❡①❛♠✐♥❡s t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ✐♠♣❛❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛❝r♦ss ❞✐✛❡r❡♥t ❝♦❤♦rts✳

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

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

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

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

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

✇✐t❤ ♦❧❞❡r ❝♦❤♦rts✳ ▼♦r❡♦✈❡r✱ t❤❡ ❛♥❛❧②s✐s ❢♦r t❤❡ ♦❧❞❡r ❝♦❤♦rts ❛❧s♦ s❡r✈❡s ❛s ❛ ❢❛❧s✐✜❝❛t✐♦♥ ❡①❡r❝✐s❡✱

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

■♥ ❚❛❜❧❡ ✸✱ ■ s❤♦✇ t❤❡ ❜②✲❝♦❤♦rt ❛♥❛❧②s✐s ✉s✐♥❣ t❤❡ s❛♠❡ ❡❝♦♥♦♠❡tr✐❝ s♣❡❝✐✜❝❛t✐♦♥ ❛s t❤❛t ✐♥

❚❛❜❧❡ ✷ ❝♦❧✉♠♥ ✭✼✮ ❛♥❞ ❋✐❣✉r❡ ✽✳ ❈♦♥s✐st❡♥t ✇✐t❤ ❋✐❣✉r❡ ✽✱ t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s

❛r❡ ❝♦♥❝❡♥tr❛t❡❞ ❛♠♦♥❣ ②♦✉♥❣❡r ❝♦❤♦rts ❛♥❞ ❞❡❝❛②s ❢♦r ♦❧❞❡r ❝♦❤♦rts✳ ❋♦r ♣❡♦♣❧❡ ❜♦r♥ ❜❡t✇❡❡♥

✶✾✽✻ ❛♥❞ ✶✾✽✾✱ t❤❡ ♣♦✐♥t ❡st✐♠❛t❡ ✐♥❞✐❝❛t❡s t❤❛t ❛ ✩✶✵✵ r✐s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❡①♣♦s✉r❡ ♣❡r

✷✹■♥ t❤❡ ❆♣♣❡♥❞✐① ❚❛❜❧❡ ❆✶✱ ■ ❛❧s♦ s❤♦✇ t❤❡ r❡s✉❧ts ❜② ❞✐r❡❝t❧② ✐♥❝❧✉❞✐♥❣ ❡①♣♦rt ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛✳ P❛♥❡❧ ❆ ❞✐s♣❧❛②s
t❤❡ ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ❛♥❞ ❡①♣♦rt ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛✳ ❚❤❡ t✇♦ ✈❛r✐❛❜❧❡s ❛r❡
❤✐❣❤❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ❛ ❝♦rr❡❧❛t✐♦♥ ♦❢ ✵✳✽✹✳ P❛♥❡❧ ❇ ❞✐s♣❧❛②s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡❝♦♥❞✲st❛❣❡ r❡s✉❧ts ✇❤❡r❡ ❜♦t❤ ❝❛♣✐t❛❧
❣♦♦❞s ✐♠♣♦rt ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ❛♥❞ ❡①♣♦rt ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ❛r❡ ✐♥str✉♠❡♥t❡❞ ✇✐t❤ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ s❤✐❢t✲s❤❛r❡
✐♥str✉♠❡♥ts✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❡①♣♦rt r❡❞✉❝❡s s❦✐❧❧ s❤❛r❡ ❞✉r✐♥❣ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚❤✐s r❡s✉❧ts ✐s ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ♣r❡✈✐♦✉s ✜♥❞✐♥❣s ✭❆t❦✐♥✱ ✷✵✶✻❀ ❇❧❛♥❝❤❛r❞ ❛♥❞ ❖❧♥❡②✱ ✷✵✶✼❀ ▲✐✱ ✷✵✶✽✮ t❤❛t ❧❛❜♦r✲✐♥t❡♥s✐✈❡ ❡①♣♦rt ❞❡♠❛♥❞
s❤♦❝❦s r❛✐s❡ t❤❡ ♦♣♣♦rt✉♥✐t② ❝♦st ♦❢ s❝❤♦♦❧✐♥❣ ❛♥❞ t❤✉s r❡❞✉❝❡ s❝❤♦♦❧ ❛tt❛✐♥♠❡♥t✳ ❇❡❝❛✉s❡ ♦❢ ♠✉❧t✐✲❝♦❧❧✐♥❡❛r✐t②✱ t❤❡
❝♦❡✣❝✐❡♥ts ❛r❡ ❧❛r❣❡r ✐♥ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❛r❡ ♥♦✐s✐❧② ❡st✐♠❛t❡❞✳

✷✺❚❤❡r❡ ✐s ❛❧s♦ ❛ ❝♦♥❝❡r♥ t❤❛t t❤❡ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♠❛② ♣❛rt❧② ❝❛♣t✉r❡ t❤❡ ✐♠♣❛❝ts ♦❢ ♦t❤❡r ✐♠♣♦rt❡❞
♣r♦❞✉❝ts✳ ❚♦ ✈❡r✐❢② t❤❛t t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐s ♥♦t ❞r✐✈❡♥ ❜② t❤❡ ✐♠♣♦rts ♦❢ ♦t❤❡r ♣r♦❞✉❝ts✱ ■
❢✉rt❤❡r ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ♦♥ s❦✐❧❧ s❤❛r❡ ✐♥ t❤❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✶✳ P❛♥❡❧ ❆ ❞✐s♣❧❛②s
t❤❡ ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛♥❞ ♦t❤❡r tr❛❞❡ ✢♦✇s✳ P❛♥❡❧ ❇ ❞✐s♣❧❛②s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡❝♦♥❞✲
st❛❣❡ r❡s✉❧ts✳ ■♥ ❝♦❧✉♠♥ ✭✶✮✱ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✜♥❞s ❛ ❧❛r❣❡r ❡✛❡❝t ♦❢ ❝❤❛♥❣❡s ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r ❝❛♣✐t❛ ✇❤❡♥
✐♥❝❧✉❞✐♥❣ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts❀ t❤✐s ❝♦✉❧❞ r❡s✉❧t ❢r♦♠ t❤❡ ♠✉❧t✐✲❝♦❧❧✐♥❡❛r✐t② ♣r♦❜❧❡♠ ❣✐✈❡♥ t❤❛t t❤❡ ❝♦rr❡❧❛t✐♦♥
❜❡t✇❡❡♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛♥❞ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ✐s q✉✐t❡ ❤✐❣❤ ❛s s❤♦✇♥ ✐♥ P❛♥❡❧ ❆✳ ❋✉rt❤❡r♠♦r❡✱ ■ ❛❧s♦
❜r❡❛❦ ❞♦✇♥ t❤❡ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ✐♥t♦ ❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞s ✐♠♣♦rts ❛♥❞ ✐♥♣✉t ❛♥❞ r❛✇ ♠❛t❡r✐❛❧ ✐♠♣♦rts✳ ■❢
✐♠♣♦rt❡❞ ✐♥t❡r♠❡❞✐❛t❡ ✐♥♣✉ts ❛r❡ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ t♦ ✇♦r❦ ✇✐t❤✱ ❢❛❝t♦r✐❡s ♠❛② ♥❡❡❞ s❦✐❧❧❡❞ ✇♦r❦❡rs t♦ ✇♦r❦ ✇✐t❤
t❤❡♠❀ t❤❡r❡❢♦r❡✱ ✐♠♣♦rt❡❞ ✐♥t❡r♠❡❞✐❛t❡ ❣♦♦❞s ♠❛② ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st
t❤❛t t❤❡ ✈❛r✐♦✉s ❦✐♥❞s ♦❢ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts✱ ✐♥❝❧✉❞✐♥❣ ✐♠♣♦rt❡❞ ✐♥t❡r♠❡❞✐❛t❡ ✐♥♣✉ts✱ ❤❛✈❡ ❡✐t❤❡r ♥♦ ❡✛❡❝t ♦r
❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ s❦✐❧❧ s❤❛r❡s✳ ❚❤❡ ♥❡❣❛t✐✈❡ ✐♠♣❛❝ts ♦❢ ♥♦♥✲❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ❛♥❞ ❡①♣♦rts ❛r❡ ❛❧s♦ ♥❡❣❛t✐✈❡ ✐♥
t❤❡ ❜②✲❝♦❤♦rt ❛♥❛❧②s✐s✳

✶✾



❝❛♣✐t❛ ✐♥❝r❡❛s❡❞ t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ❜② ❛❜♦✉t ✶✽✳✻ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ◆♦t❡ t❤❛t t❤❡ ✐♥t❡rq✉❛rt✐❧❡ r❛♥❣❡

✐♥ ♣r❡❢❡❝t✉r❡✲❧❡✈❡❧ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❡①♣♦s✉r❡❢r♦♠ ✷✵✵✵ t♦ ✷✵✶✵ ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ✩✸✵ ♣❡r

❝❛♣✐t❛✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ♦❢ ❛ ♣r❡❢❡❝t✉r❡ ❛t t❤❡ ✼✺t❤ ♣❡r❝❡♥t✐❧❡ ♦❢ ✐♠♣♦rt ❡①♣♦s✉r❡

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

❛♥❞ ✷✵✶✵✳ ❆s ❛ ❝♦♠♣❛r✐s♦♥✱ ▲✐ ✭✷✵✶✽✮ ✜♥❞s t❤❛t ❛♥ ✐♥t❡rq✉❛rt✐❧❡ r❛♥❣❡ ✐♥❝r❡❛s❡ ✐♥ ❤✐❣❤✲s❦✐❧❧ ✭❧♦✇✲

s❦✐❧❧✮ ❡①♣♦rt r❛✐s❡s ✭r❡❞✉❝❡s✮ t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ❛❣❡❞ ✶✾✲✷✷ ❜② ✶✳✶ ✭✷✳✶✮ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts

❜❡t✇❡❡♥ ✶✾✾✵ ❛♥❞ ✷✵✵✺✳ ❚❤❡ ❡✛❡❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞❡❝❛② ❢♦r ♦❧❞❡r ❝♦❤♦rts✳ ❋♦r ♣❡♦♣❧❡

❜♦r♥ ❜❡t✇❡❡♥ ✶✾✺✵ ❛♥❞ ✶✾✺✾✱ t❤❡ ❡✛❡❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♦♥ t❤❡♠ ✐s ❛❜♦✉t ✻✪ ❛s t❤❛t ♦❢

t❤❡ ✶✾✽✻✲✶✾✽✾ ❝♦❤♦rt✳ ❚❤✐s r❡s✉❧t ✐s q✉✐t❡ ✐♥t✉✐t✐✈❡✱ ❛s ✐t ✐s ♠♦r❡ ❝♦st❧② ❢♦r ♦❧❞❡r ❝♦❤♦rts t♦ r❡s♣♦♥❞

t♦ t❤❡ tr❛❞❡ s❤♦❝❦s ❜② ♦❜t❛✐♥✐♥❣ ♠♦r❡ ❡❞✉❝❛t✐♦♥ ♦r ♠✐❣r❛t✐♥❣ t♦ ♠♦r❡ tr❛❞❡✲❡①♣♦s❡❞ r❡❣✐♦♥s✳ ■♥

❛❞❞✐t✐♦♥✱ t❤❡ ❜②✲❝♦❤♦rt ❛♥❛❧②s✐s s✉❣❣❡sts t❤❛t t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✐s r❡❧✐❛❜❧❡✳ ❇❡❝❛✉s❡ ♥♦t

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

❝❛✉s❛❧✐t② ❛♥❞ s♦♠❡ ♦♠✐tt❡❞ ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝t♦rs✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✽ ✫ ❚❛❜❧❡ ✸❪

■♥ ❚❛❜❧❡ ✹✱ ■ ❢✉rt❤❡r ❝♦♥❞✉❝t s❡✈❡r❛❧ r♦❜✉st♥❡ss ❝❤❡❝❦s✳ ❈♦❧✉♠♥ ✭✶✮ r❡♣❡❛ts t❤❡ r❡s✉❧t ❢♦r t❤❡ ❝♦✲

❤♦rt ✶✾✽✻✲✶✾✽✾ ✐♥ ❚❛❜❧❡ ✸ ❝♦❧✉♠♥ ✭✶✮✳ ■ tr② t✇♦ ❛❧t❡r♥❛t✐✈❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r s❦✐❧❧ s✉♣♣❧② ❜② ♣✉tt✐♥❣

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

✸✮ ✐♥t♦ t❤❡ r❡❣r❡ss✐♦♥✳ ❘❡❣✐♦♥s ✇✐t❤ ❤✐❣❤❡r ✐♥✐t✐❛❧ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❛♥❞ ❤✐❣❤❡r ✉r❜❛♥✐③❛t✐♦♥

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

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

♣♦❧✐❝② ✉♥❝❡rt❛✐♥t② ❢♦❧❧♦✇✐♥❣ P✐❡r❝❡ ❛♥❞ ❙❝❤♦tt ✭✷✵✶✺✮❀ ❍❛♥❞❧❡② ❛♥❞ ▲✐♠ã♦ ✭✷✵✶✼✮❀ ❆✉t♦r ❡t ❛❧✳

✭✷✵✶✽✮✳ ❆❣❛✐♥✱ t❤❡ r❡❣r❡ss✐♦♥ r❡s✉❧t r❡♠❛✐♥s st❛❜❧❡✳ ❈♦❧✉♠♥ ✭✺✮ ❛✉❣♠❡♥ts t❤❡ r❡❣r❡ss✐♦♥ ♠♦❞❡❧

✇✐t❤ t❤❡ ❡♠♣❧♦②♠❡♥t s❤❛r❡ ♦❢ st❛t❡✲♦✇♥❡❞ ❡♥t❡r♣r✐s❡s ✭❙❖❊✮ ❛♥❞ ❢♦r❡✐❣♥✲♦✇♥❡❞ ❡♥t❡r♣r✐s❡s ✭❋❖❊✮✳

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

s❤❛r❡ ❤❛✈❡ ❧♦✇❡r ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳ ❈♦❧✉♠♥ ✭✻✮ ✐♥❝❧✉❞❡s ❛❧❧ t❤❡ ❝♦♥tr♦❧s ✐♥ ♣r❡✈✐♦✉s ❝♦❧✉♠♥s✱ ❛♥❞

t❤❡ ❡st✐♠❛t❡s ❛r❡ ✐♥s❡♥s✐t✐✈❡ t♦ t❤❡s❡ ❝♦♥tr♦❧s✳ ❚❤❡ r♦❜✉st♥❡ss ❝❤❡❝❦s ❢♦r ♦t❤❡r ❝♦❤♦rts ❤❛✈❡ s✐♠✐❧❛r

♣❛tt❡r♥s✳

❬■◆❙❊❘❚ ❚❛❜❧❡ ✹❪

✺✳✹ ❉❡❝♦♠♣♦s✐t✐♦♥✿ ❡❞✉❝❛t✐♦♥ ✈s✳ ♠✐❣r❛t✐♦♥

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

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

✷✵



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

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

❛s ✇❡❧❧ ❛s ✜✈❡ ②❡❛rs ♣r✐♦r✱ ❛♥❞ ✐♠♠✐❣r❛♥ts✱ ✐✳❡✳✱ ♣❡♦♣❧❡ ✇❤♦ ✇❡r❡ ❧✐✈✐♥❣ ✐♥ ❝✉rr❡♥t ♣r❡❢❡❝t✉r❡ i

❞✉r✐♥❣ t❤❡ s✉r✈❡② ❜✉t ✇❡r❡ ❧✐✈✐♥❣ ✐♥ ❛ ❞✐✛❡r❡♥t ♣r❡❢❡❝t✉r❡ j ✜✈❡ ②❡❛rs ❛❣♦✳ ▼♦r❡♦✈❡r✱ ■ ❝❛♥ ✐❞❡♥t✐❢②

❡♠✐❣r❛♥ts ✇❤♦ ❧✐✈❡❞ ✐♥ ♣r❡❢❡❝t✉r❡ i ✜✈❡ ②❡❛rs ❛❣♦ ❜✉t ❤❛❞ ♠♦✈❡❞ t♦ ❛♥♦t❤❡r ♣r❡❢❡❝t✉r❡ j ❜② t❤❡

s✉r✈❡② ②❡❛r✳ ■♥st❡❛❞ ♦❢ ✉s✐♥❣ t❤❡ ❝❤❛♥❣❡s ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡ ✐♥ ❊q✉❛t✐♦♥ ✭✷✮ ❛s t❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡✱

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

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

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

∆Y ′g
it =

Skillgit − Skillgit−1

P g
it−1

=
Skill (Unskillit−1)

g
it − Skill (Dead)git

P g
it−1

+
Skill (IM)git

P g
it−1

−

Skill (EM)git
P g
it−1

✭✺✮

✇❤❡r❡ ∆Y ′g
it ✐s t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣❡♦♣❧❡ ✇✐t❤ s♦♠❡ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ♦r ❛❜♦✈❡ ♦❢ ❣r♦✉♣

g ✭❝❡rt❛✐♥ ❜✐rt❤ ❝♦❤♦rt✮ ❛s ❛ s❤❛r❡ ♦❢ t❤❡ t♦t❛❧ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❣r♦✉♣ g ❧✐✈✐♥❣ ✐♥ ♣r❡❢❡❝t✉r❡ i ❜❡✲

t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✺ ♦r ❜❡t✇❡❡♥ ✷✵✵✺ ❛♥❞ ✷✵✶✵✱ Skillgit ❛♥❞ P g
it ❛r❡ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✷✮✱

Skill (Unskillit−1)
g
it ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣❡♦♣❧❡ ♦❢ ❣r♦✉♣ g ❧✐✈✐♥❣ ✐♥ ♣r❡❢❡❝t✉r❡ i ✇❤♦ ❞✐❞ ♥♦t ❛tt❡♥❞❡❞

❝♦❧❧❡❣❡ ✐♥ ②❡❛r t−1 ❜✉t ❤❛✈❡ r❡❝❡✐✈❡❞ s♦♠❡ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ♦r ❛❜♦✈❡ ✐♥ ②❡❛r t✱ Skill (Dead)git ✐s t❤❡

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

❛♥❞ ❛r❡ ❞❡❛❞ ♦r ❤❛✈❡ ♠✐ss✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ②❡❛r t✱ Skill (IM)git ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣❡♦♣❧❡ ♦❢ ❣r♦✉♣ g

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

t♦ ♣r❡❢❡❝t✉r❡ i ✐♥ ②❡❛r t✱ Skill (EM)git ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣❡♦♣❧❡ ♦❢ ❣r♦✉♣ g ✇❤♦ r❡❝❡✐✈❡❞ s♦♠❡ ❝♦❧❧❡❣❡

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

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

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

♣r♦✈✐♥❝❡ ✺ ②❡❛rs ♣r✐♦r✳ ❚❤❡ ✜rst ❝♦♠♣♦♥❡♥t✱
Skill(Unskillit−1)

g

it
−Skill(Dead)g

it

P
g

it−1

✱ ✐s t❤❡ ❝♦♠❜✐♥❡❞ ❡✛❡❝t ♦❢

t❤❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ♦❢ ❧♦❝❛❧ ✉♥s❦✐❧❧❡❞ ✇♦r❦❡rs ❛♥❞ t❤❡ ❞❡❛t❤ ♦❢ ❧♦❝❛❧ s❦✐❧❧❡❞ ✇♦r❦❡rs✳ ❉✉❡ t♦ ❞❛t❛

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

r❡❛❝❤ t❤❡ ♥♦r♠❛❧ ❛❣❡ ❢♦r ❝♦❧❧❡❣❡ ✐♥ t✱ t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ✐s t❤❡ ❝♦❧❧❡❣❡ ❡♥r♦❧❧♠❡♥t r❛t❡✳ ❚❤❡ ❛❜♦✈❡

❜r❡❛❦❞♦✇♥ t❡❧❧s ✉s ❤♦✇ ♠✉❝❤ t❤❡ r✐s❡ ✐♥ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ♦❢

❧♦❝❛❧ st❛②❡rs✱ ❤♦✇ ♠✉❝❤ t♦ t❤❡ ✐♠♠✐❣r❛♥ts✱ ❛♥❞ ❤♦✇ ♠✉❝❤ t♦ t❤❡ ❡♠✐❣r❛♥ts✳ ❋♦r s❦✐❧❧❡❞ ✐♠♠✐❣r❛♥ts

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

❛♥❞ t❤✉s ■ ❞♦ ♥♦t ❦♥♦✇ ✇❤❡t❤❡r t❤❡ ❡✛❡❝t ✐s ❞✉❡ t♦ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ♦r ♠✐❣r❛t✐♦♥✳ ❋♦r ♦❧❞❡r ❝♦❤♦rts✱
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t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ♠❛✐♥❧② r❡✢❡❝ts t❤❡ ♠✐❣r❛t✐♦♥ ♦❢ ✐♥❝✉♠❜❡♥t s❦✐❧❧❡❞ ❧❛❜♦r❡rs ❛❝r♦ss r❡❣✐♦♥s✳ ❚❤❡

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

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

❡♠✐❣r❛t✐♦♥ ♦❢ ❧♦❝❛❧ s❦✐❧❧❡❞ ❧❛❜♦r❡rs✳

❘❡❣✐♦♥s ✇✐t❤ ❢❛st❡r ❣r♦✇t❤ ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❡♥❥♦② ❢❛st❡r ❣r♦✇t❤ ♦❢ t❤❡ s❤❛r❡ ♦❢ ♣❡♦♣❧❡

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

t❤❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ♦❢ ❧♦❝❛❧ st❛②❡rs✳ ❆s s❤♦✇♥ ✐♥ P❛♥❡❧ ❆ ✐♥ ❚❛❜❧❡ ✺✱ ❛ ♣r❡❢❡❝t✉r❡ ✇✐t❤ ❛ ❤✉♥❞r❡❞

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

♦❢ ✶✸✳✽ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ❝♦❧❧❡❣❡ s❤❛r❡ ❢♦r ♣❡♦♣❧❡ ❜♦r♥ ❜❡t✇❡❡♥ ✶✾✽✻ ❛♥❞ ✶✾✽✾ ✐♥ t❤❡ s✉❜s❡q✉❡♥t

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

❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥ ✐s ❞✉❡ t♦ t❤❡ s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ ♦❢ ❧♦❝❛❧ st❛②❡rs✳ ❆s ❢♦r ♦❧❞❡r ❝♦❤♦rts✱ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧

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

t❤r♦✉❣❤ ♠✐❣r❛t✐♦♥✳

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✾ ✫ ❚❛❜❧❡ ✺❪

✺✳✺ ❙♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts

❚❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② r❡❧✐❡s ♦♥ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ♣r❡❢❡❝t✉r❡ i ✬s s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇✐t❤ s♦♠❡

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

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

❞❡❝✐s✐♦♥s✳ ❚♦ q✉❛♥t✐❢② t❤❡ s♣✐❧❧♦✈❡r ❡✛❡❝ts ❛♥❞ ❡st✐♠❛t❡ t❤❡ ✏t♦t❛❧✑ ✐♠♣❛❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧

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

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

♦❢ ❛❧❧ t❤❡ ♦t❤❡r ♣r❡❢❡❝t✉r❡s✳ ❇❡❝❛✉s❡ ✐t ✐s ❞✐✣❝✉❧t t♦ ❡st✐♠❛t❡ t❤❡ ❢✉♥❝t✐♦♥s ♣r❡❝✐s❡❧②✱ ■ ❛❞♦♣t t❤r❡❡

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

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

t❤❡ ♥❡✐❣❤❜♦r✐♥❣ ♣r❡❢❡❝t✉r❡s ✇❤✐❝❤ s❤❛r❡ ❜♦r❞❡rs ✇✐t❤ ♣r❡❢❡❝t✉r❡ i ✭▲✐✱ ✷✵✶✽✮✳

∆KIPS1
it =

∑

j

Employmentj
∑

j∈neighbori
Employmentj

∆KIPjt ✭✻✮

✇❤❡r❡ Employmentj ✐s t❤❡ ❡♠♣❧♦②♠❡♥t ♦❢ ♣r❡❢❡❝t✉r❡ j✱ ∆KIPjt ✐s t❤❡ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s

❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ✐♥ ♣r❡❢❡❝t✉r❡ j ❜❡t✇❡❡♥ t− 1 ❛♥❞ t✱ ❛♥❞ ∆KIPS1
it ✐s ♠② ✜rst ♠❡❛s✉r❡♠❡♥t ❢♦r t❤❡

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

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

✷✷



t❤❡ s✉♠ ♦❢ t❤❡ ✐♥✈❡rs❡ ❞✐st❛♥❝❡ t♦ ✶✱ ✉s❡ t❤❡ ♥♦r♠❛❧✐③❡❞ ✐♥✈❡rs❡ ❞✐st❛♥❝❡ t♦ ✇❡✐❣❤t ♣r❡❢❡❝t✉r❡ j✬s

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

∆KIPS2
it =

∑

j

1
Dij

∑

j 6=i
1

Dij

∆KIPjt ✭✼✮

✇❤❡r❡ Dij ✐s t❤❡ s♣❛t✐❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♣r❡❢❡❝t✉r❡ i ❛♥❞ ♣r❡❢❡❝t✉r❡ j✱ ∆KIPjt ✐s t❤❡ ✐♠♣♦rt❡❞

❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ ✐♥ ♣r❡❢❡❝t✉r❡ j ❜❡t✇❡❡♥ t − 1 ❛♥❞ t✱ ❛♥❞ ∆KIPS2
it ✐s ♠② s❡❝♦♥❞

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

❚❤✐r❞✱ ■ ❝♦♥str✉❝t ♣r❡❢❡❝t✉r❡ i ✬s s❤❛r❡ ♦❢ ♥❡✐❣❤❜♦r✐♥❣ ♣r❡❢❡❝t✉r❡s ✇✐t❤ ♠♦r❡ s✉❜st❛♥t✐❛❧ ✐♠♣♦rt❡❞

❝❛♣✐t❛❧ ❣♦♦❞s ❣r♦✇t❤ ♣❡r ❝❛♣✐t❛ t❤❛♥ ♣r❡❢❡❝t✉r❡ i ❢♦❧❧♦✇✐♥❣ ▼✉r❛❧✐❞❤❛r❛♥✱ ◆✐❡❤❛✉s ❛♥❞ ❙✉❦❤t❛♥❦❛r

✭✷✵✶✽✮✳ ❍❡r❡ ♥❡✐❣❤❜♦r✐♥❣ ♣r❡❢❡❝t✉r❡s r❡❢❡r t♦ ♣r❡❢❡❝t✉r❡s ❧②✐♥❣ ✇✐t❤ t❤❡ ❝❤♦s❡♥ r❛❞✐✐✳ ■♥ t❤❡ ❛♥❛❧②s✐s✱

t❤❡ r❛❞✐✐ ✐s s❡t ❛s ✷✵✵ km✳✷✻ ❚♦ t❡st t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ r❡s✉❧ts t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ♥❡✐❣❤❜♦r❤♦♦❞s✱

■ ❛❧s♦ tr② ✈❛r✐♦✉s r❛❞✐✐✱ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ r♦❜✉st✳

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

t❤❡ ✜rst ❛♣♣r♦❛❝❤✳ ❚❤❡ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt ❣r♦✇t❤ ✐♥ ♥❡✐❣❤❜♦r✐♥❣ ♣r❡❢❡❝t✉r❡s ✐♥❞❡❡❞ ❡①❡rts ❛

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

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

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

♦❢ ✐♥t❡r❡st✱ ♦♥ t❤❡ ❧♦❝❛❧ s❦✐❧❧ s❤❛r❡ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ t❤❡ s♣✐❧❧♦✈❡r ❡✛❡❝t✳ ■ t❤❡♥ t❡st

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

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

❬■◆❙❊❘❚ ❚❛❜❧❡ ✻❪

✻ ■♠♣♦rt❡❞ ❈❛♣✐t❛❧ ●♦♦❞s ❛♥❞ ❲❛❣❡ ❙tr✉❝t✉r❡

✻✳✶ ❘❡❣✐♦♥✲❧❡✈❡❧ ❡✈✐❞❡♥❝❡

❙❡❝t✐♦♥ ✺ ❡st✐♠❛t❡s t❤❡ ❡✛❡❝t ♦❢ ❝❛♣✐t❛❧ ✐♠♣♦rts ♦♥ t❤❡ ❝♦❧❧❡❣❡ s❤❛r❡ ♦♥ t❤❡ ✐❞❡❛ t❤❛t ❡♠❜♦❞✐❡❞

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

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

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

✷✻❚❤❡ r❛❞✐✐ ✐s s❡t ❜❛s❡❞ ♦♥ t❤❡ ❛✈❡r❛❣❡ s✐③❡ ♦❢ ♣r♦✈✐♥❝❡s ❛♥❞ ♣r❡❢❡❝t✉r❡s ✐♥ ❈❤✐♥❛✳ ❈❤✐♥❛ ❝♦✈❡rs r♦✉❣❤❧② ✾✱✻✵✵✱✵✵✵
km

2✳ ❚❤❡r❡ ❛r❡ ✸✶ ♣r♦✈✐♥❝❡s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ r❛❞✐✐ ✐s ❛❜♦✉t ✸✶✹ ❦♠ ✭✭✾✻✵✵✵✵✵✴✸✶✴✸✳✶✹✮❫✭✵✳✺✮✮✳ ❚❤❡r❡ ❛r❡ ✸✸✼
♣r❡❢❡❝t✉r❡s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ r❛❞✐✐ ✐s ❛❜♦✉t ✾✺ ❦♠ ✭✭✾✻✵✵✵✵✵✴✸✸✼✴✸✳✶✹✮❫✭✵✳✺✮✮✳

✷✸



✇♦r❦❡rs✱ ❛♥❞ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠✳ ■ ✜♥❞ t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♥❝r❡❛s❡ t❤❡ ❝♦❧❧❡❣❡ ♣r❡♠✐✉♠✱

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

❋♦❧❧♦✇✐♥❣ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❚❛❜❧❡ ✷ ❝♦❧✉♠♥ ✭✼✮✱ ■ ♣r❡s❡♥t t❤❡ ❜❡♥❝❤♠❛r❦ r❡s✉❧ts ♦❢ t❤❡ ✷❙▲❙

r❡❣r❡ss✐♦♥s ✐♥ ❚❛❜❧❡ ✼✳ ■♥ ❝♦❧✉♠♥ ✭✶✮✱ ■ r❡❣r❡ss t❤❡ ❧♦❣ ❝❤❛♥❣❡ ✐♥ ❛✈❡r❛❣❡ ✇❛❣❡ ♦♥ t❤❡ ❧♦❣ ❝❤❛♥❣❡

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

❝♦♥tr♦❧s✳ ■ ✜♥❞ t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❞♦ ♥♦t ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ ❛✈❡r❛❣❡ ✇❛❣❡✳

■♥ ❝♦❧✉♠♥ ✭✷✮ ❛♥❞ ✭✸✮✱ ■ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝ts ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♦♥ t❤❡ ✇❛❣❡s ❜② ❞✐✛❡r❡♥t

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

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

♦♥❡✲②❡❛r ✜rst ❞✐✛❡r❡♥❝❡ ✭P❛♥❡❧ ❆✮✱ ■ ✜♥❞ t❤❛t ❛ ✶✵ ♣❡r❝❡♥t ✐♥❝r❡❛s❡ ✐♥ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ♣❡r

❝❛♣✐t❛ ✐♥❝r❡❛s❡s t❤❡ ❛✈❡r❛❣❡ ✇❛❣❡ ♦❢ s❦✐❧❧❡❞ ✇♦r❦❡rs ❜② ✵✳✻ ♣❡r❝❡♥t✳ ❚❤❡ s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❡✛❡❝ts✱

❤♦✇❡✈❡r✱ ❛tt❡♥✉❛t❡s ♦✈❡r t✐♠❡✳ ❲❤❡♥ t❛❦✐♥❣ t❤❡ s❡✈❡♥✲②❡❛r ✜rst ❞✐✛❡r❡♥❝❡ ✭P❛♥❡❧ ❈✮✱ ■ ✜♥❞ t❤❛t

t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ✐s ♥♦ ❧♦♥❣❡r s✐❣♥✐✜❝❛♥t ❛♥②♠♦r❡✳✷✼

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

✐t ❛tt❡♥✉❛t❡s ♦✈❡r t✐♠❡✳ ■ ❝❛❧❝✉❧❛t❡ t❤❡ s❦✐❧❧ ♣r❡♠✐✉♠ ✉s✐♥❣ t✇♦ ♠❡t❤♦❞s✳ ❚❤❡ ✜rst ♠❡t❤♦❞ ✐s t♦

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

♦❢ ✉♥s❦✐❧❧❡❞ ✇♦r❦❡rs ✭❝♦❧✉♠♥ ✹✮✳ ❚❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✐s t♦ ❡st✐♠❛t❡ t❤❡ ▼✐♥❝❡r✲st②❧❡ ❖▲❙ r❡❣r❡ss✐♦♥

❛❢t❡r ■ ❝♦♥tr♦❧ ❢♦r ❣❡♥❞❡r✱ ✇♦r❦✐♥❣ ❡①♣❡r✐❡♥❝❡✱ ❛♥❞ ✐ts sq✉❛r❡ t❡r♠✱ ❡♠♣❧♦②❡r ♦✇♥❡rs❤✐♣ t②♣❡✱ ❛♥❞

✐♥❞✉str② ❞✉♠♠✐❡s ✭❝♦❧✉♠♥ ✺✮✳ ❲❤❡♥ t❛❦✐♥❣ t❤❡ ♦♥❡✲②❡❛r ✜rst ❞✐✛❡r❡♥❝❡✱ ■ ✜♥❞ t❤❛t ❛ ✶✵ ♣❡r❝❡♥t

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

✇♦r❦❡rs ❜② ✷ ♣❡r❝❡♥t✳ ❚❤❡ ❡✛❡❝ts ❜❡❝♦♠❡ s❧✐❣❤t❧② ❧❛r❣❡r ✇❤❡♥ ■ t❛❦❡ t❤❡ t❤r❡❡✲②❡❛r ❞✐✛❡r❡♥❝❡✱ ❛s

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

s❡✈❡♥✲②❡❛r ❞✐✛❡r❡♥❝❡✳ ❚❤❡ ❡q✉❛❧✐③❛t✐♦♥ ♦❢ s❦✐❧❧ ♣r❡♠✐✉♠ ❛❝r♦ss r❡❣✐♦♥s ✐s ❧✐❦❡❧② ❞✉❡ t♦ t❤❡ ❢❛st❡r

✐♥❝r❡❛s❡ ✐♥ s❦✐❧❧ s✉♣♣❧② ✐♥ ♠♦r❡ tr❛❞❡✲❡①♣♦s❡❞ r❡❣✐♦♥s✳ ❈♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ✜♥❞✐♥❣s ✐♥ t❤❡ ♣r❡✈✐♦✉s

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

❬■◆❙❊❘❚ ❚❛❜❧❡ ✼❪

✻✳✷ ❋✐r♠✲❧❡✈❡❧ ❡✈✐❞❡♥❝❡

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

❤♦✇ ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❛✛❡❝ts ❛ ✜r♠✬s ❞❡♠❛♥❞ ❢♦r s❦✐❧❧✳ ■ ✉t✐❧✐③❡ t❤❡ ❆♥♥✉❛❧ ❙✉r✈❡② ♦❢ ■♥❞✉str✐❛❧

❋✐r♠s ✭❆❙■❋✮✱ ❛ ♥❛t✐♦♥❛❧ r❡♣r❡s❡♥t❛t✐✈❡ ✜r♠ s✉r✈❡②✳ ❚❤❡ ❆❙■P ❞❛t❛ ❝♦✈❡rs ❛ ❧♦♥❣ t✐♠❡ s♣❛♥ ❛♥❞

✷✼■♥ t❤❡ ❯❍❙ ❞❛t❛✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝✐t✐❡s s✉r✈❡②❡❞ ❛❢t❡r ✷✵✵✷ ✐s t✇✐❝❡ ❛s ♠❛♥② ❛s t❤❡ t❤❛t ❜❡❢♦r❡ ✷✵✵✷✳ ❚♦ ❣✉❛r❛♥t❡❡
t❤❛t t❤❡ s❛♠♣❧❡ s✐③❡ ✐s ♥♦t t♦♦ s♠❛❧❧✱ ■ ❝❛♥♥♦t ✉s❡ ❞❛t❛ ❜❡❢♦r❡ ✷✵✵✷ ✇❤❡♥ ♠❛❦✐♥❣ t❤❡ ❧♦♥❣✲r✉♥ ❛♥❛❧②s✐s✳

✷✹



❛❧❧♦✇s ♠❡ t♦ ❝♦♥tr♦❧ ❢♦r t✐♠❡✲✐♥✈❛r✐❛♥t ✜r♠ ✜①❡❞ ❡✛❡❝ts✳✷✽ ❚❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✿

yit = β1Kit +Xitδ + µi + γt + εit ✭✽✮

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

❣♦♦❞s ♦✈❡r ✐ts t♦t❛❧ ✐♠♣♦rts✱ Xit ✐s ❛ s❡t ♦❢ ✜r♠✲❧❡✈❡❧ ❝♦♥tr♦❧s✱ µi ❛♥❞ γt ❛r❡ ✜r♠ ✜①❡❞ ❡✛❡❝ts ❛♥❞

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

✷✵✵✹✱ t❤❡ ❝❡♥s✉s ②❡❛r✱ ■ ❝♦♥tr♦❧ ❢♦r ♣r❡❢❡❝t✉r❡✲✐♥❞✉str② ✜①❡❞ ❡✛❡❝ts ✐♥st❡❛❞ ✭❚❛❜❧❡ ✽ ❝♦❧✉♠♥s ✸✲✻✮✳

❈♦❧✉♠♥ ✭✶✮ ♦❢ ❚❛❜❧❡ ✽ s❤♦✇s t❤❛t ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt❡rs ♣❛② ❤✐❣❤❡r ✇❛❣❡s✳ ❋r♦♠ ✷✵✵✵ t♦

✷✵✵✼✱ ❛ ♦♥❡ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt ✐♥t❡♥s✐t②✱ ♦♥ ❛✈❡r❛❣❡✱ ✐s ❛ss♦❝✐❛t❡❞

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

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

♣r❡♠✐✉♠✳

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

❞✉❝t✐✈✐t②✱ ❡♠♣❧♦②♠❡♥t str✉❝t✉r❡✱ ❝♦♠♣✉t❡r ✉s❛❣❡✱ ❛♥❞ ♣r♦✜t r❛t❡✳ ❆s s❤♦✇♥ ✐♥ ❝♦❧✉♠♥ ✭✷✮✱ ❝❛♣✐t❛❧

❣♦♦❞s ✐♠♣♦rt❡rs ❤❛✈❡ ❤✐❣❤❡r ❧❛❜♦r ♣r♦❞✉❝t✐✈✐t②✳ ■♥ ❝♦❧✉♠♥ ✭✸✮✱ ■ ❢✉rt❤❡r ❡①♣❧♦r❡ t❤❡ ❡♠♣❧♦②♠❡♥t

str✉❝t✉r❡ ✉s✐♥❣ t❤❡ ✷✵✵✹ ❝❡♥s✉s ❞❛t❛✳ ❇❡❝❛✉s❡ ■ ❝❛♥ ♥♦t ❝♦♥tr♦❧ ❢♦r ✜r♠ ✜①❡❞ ❡✛❡❝ts✱ ■ ❝♦♥tr♦❧ ❢♦r

t❤❡ ❝✐t②✲ ❛♥❞ ✐♥❞✉str②✲s♣❡❝✐✜❝ ❢❛❝t♦rs✱ t♦t❛❧ ❡♠♣❧♦②♠❡♥t✱ ✜r♠ ♦✇♥❡rs❤✐♣ ❞✉♠♠✐❡s ✐♥st❡❛❞✳ ❋✐r♠s

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

✇♦r❦❡rs ✇✐t❤ ❛ ❝♦❧❧❡❣❡ ❞❡❣r❡❡ ♦r ❛❜♦✈❡✮✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✜♥❞✐♥❣s ❜② ❇❡r♥❛r❞ ❛♥❞ ❏❡♥s❡♥

✭✶✾✾✼✮✱ ✇❤♦ s❤♦✇ t❤❛t ♠♦r❡ ❝❛♣✐t❛❧✲✐♥t❡♥s✐✈❡ ♣❧❛♥ts ❤✐r❡ ❛ ❤✐❣❤❡r ♣r♦♣♦rt✐♦♥ ♦❢ s❦✐❧❧❡❞ ✇♦r❦❡rs ❛♥❞

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

♣✉ts ❛r❡ ♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❧❛❜♦r ♣r♦❞✉❝t✐✈✐t② ❛❢t❡r ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✜r♠ ✜①❡❞ ❡✛❡❝ts✳ ❚❤❡

❛❜♦✈❡ ✜♥❞✐♥❣s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✜♥❞✐♥❣s ❜② ❉❛✐✱ ▼❛✐tr❛ ❛♥❞ ❨✉ ✭✷✵✶✻✮✳ ❈♦❧✉♠♥ ✭✹✮ s❤♦✇s

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

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

❛s r❡✢❡❝t✐♥❣ s❦✐❧❧✲❜✐❛s❡❞ t❡❝❤♥♦❧♦❣② ❝❤❛♥❣❡ ✭❇❡r♠❛♥✱ ❇♦✉♥❞ ❛♥❞ ●r✐❧✐❝❤❡s✱ ✶✾✾✹❀ ❆✉t♦r✱ ▲❡✈② ❛♥❞

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

s❤♦✇♥ ✐♥ ❝♦❧✉♠♥ ✭✹✮✱ ✐♥❝r❡❛s✐♥❣ ❝❛♣✐t❛❧ ✐♠♣♦rt ✐♥t❡♥s✐t② ❜② ✶✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤

❛♥ ✐♥❝r❡❛s❡ ♦❢ ✵✳✻ ❝♦♠♣✉t❡rs ♣❡r ❤✉♥❞r❡❞ ✇♦r❦❡rs✳ ■♥ ❝♦❧✉♠♥ ✭✺✮ ❛♥❞ ✭✻✮✱ ■ ✉s❡ t✇♦ ❞✐✛❡r❡♥t ✇❛②s

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

r❛t❡s✳ ❆❧t❤♦✉❣❤ ■ ❝❛♥♥♦t r✉❧❡ ♦✉t t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡♥❞♦❣❡♥❡✐t② ✐♥ t❤❡ ❖▲❙ r❡❣r❡ss✐♦♥s✱ t❤❡ r❡s✉❧ts

✷✽▼♦st ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ❛r❡ r❡♣♦rt❡❞ ❜② ✜r♠s ❛♥♥✉❛❧❧② ❡①❝❡♣t ❢♦r ❡♠♣❧♦②♠❡♥t str✉❝t✉r❡ ❛♥❞ ❝♦♠♣✉t❡r ✉s❛❣❡✱ ✇❤✐❝❤
❛r❡ ♦♥❧② r❡♣♦rt❡❞ ✐♥ t❤❡ ❝❡♥s✉s ②❡❛r ✭✷✵✵✹✮✳

✷✺



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

❬■◆❙❊❘❚ ❚❛❜❧❡ ✽❪

✼ ❉✐s❝✉ss✐♦♥s

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

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

❛❧❧ t❤❡ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ■ tr② t♦ ❡①♣❧♦r❡ t❤✐s t♦♣✐❝ ❜② ♣r♦✈✐❞✐♥❣ s♦♠❡ ❞❡s❝r✐♣t✐✈❡ ❡✈✐❞❡♥❝❡✳

■♥ ❋✐❣✉r❡ ✶✵✱ ■ s❤♦✇ t❤❡ ✐♠♣♦rt s❤❛r❡s ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ♦❢ ❈❤✐♥❛✱ s❡✈❡♥ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s✱ ♥❡✇❧②

✐♥❞✉str✐❛❧✐③❡❞ ❝♦✉♥tr✐❡s ✇✐t❤ ❤✐❣❤ ♠❛♥✉❢❛❝t✉r✐♥❣ s❤❛r❡s✱ ❛♥❞ ♥❡✇❧② ✐♥❞✉str✐❛❧✐③❡❞ ❝♦✉♥tr✐❡s ✇✐t❤ ❧♦✇

♠❛♥✉❢❛❝t✉r✐♥❣ s❤❛r❡s✳ ❈❤✐♥❛✬s ✐♠♣♦rt s❤❛r❡ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s r♦s❡ ❢r♦♠ ✸✾ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✶✾✾✽

t♦ ✹✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✷✵✵✻ ❛♥❞ ❞r♦♣♣❡❞ ❜❛❝❦ t♦ ✹✶ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❞✉❡ t♦ t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧

❝r✐s✐s✳ ❍♦✇❡✈❡r✱ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt s❤❛r❡ ✇❛s ♠✉❝❤ ❧♦✇❡r ❢♦r t❤❡ ♥❡✇❧② ✐♥❞✉str✐❛❧✐③❡❞ ❝♦✉♥tr✐❡s

✇✐t❤ ❧♦✇ ♠❛♥✉❢❛❝t✉r✐♥❣ s❤❛r❡s ❛♥❞ t❤❡ ●✼ ❝♦✉♥tr✐❡s✳✷✾ ❋♦r t❤❡ ●✼✱ t❤❡ ✐♠♣♦rt s❤❛r❡ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s

✇❛s ✷✾ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ✶✾✾✽✱ ✇❤✐❝❤ ✇❛s ✶✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts s♠❛❧❧❡r t❤❛♥ ❈❤✐♥❛✳ ❙✐♥❝❡ t❤❡♥✱ ✐t

❤❛s ❦❡♣t ❞❡❝❧✐♥✐♥❣✳ ■♥ ✷✵✵✾✱ t❤❡ ✐♠♣♦rt s❤❛r❡ ♦❢ ❝❛♣✐t❛❧ ❣♦♦❞s ♦❢ t❤❡ s❡✈❡♥ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s ✇❛s

♦♥❧② ✷✷ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✱ ✷✷ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts s♠❛❧❧❡r t❤❛♥ ❈❤✐♥❛✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❝♦♠♣❛r✐s♦♥

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

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

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

❣♦♦❞s ♦♥ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥ ❛♥❞ ♠✐❣r❛t✐♦♥ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭❆❝❡♠♦❣❧✉ ❛♥❞ ❩✐❧✐❜♦tt✐✱ ✷✵✵✶✮✳

❆ r❡❧❛t❡❞ ❡♠♣✐r✐❝❛❧ ♣❛♣❡r ✐s ❘❛✈❡❤ ❛♥❞ ❘❡s❤❡❢ ✭✷✵✶✻✮✱ ✇❤♦ ♣r♦✈✐❞❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡

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

❬■◆❙❊❘❚ ❋✐❣✉r❡ ✶✵❪

❆♥♦t❤❡r r❡❧❛t❡❞ q✉❡st✐♦♥ ✐s ✇❤❡t❤❡r ❈❤✐♥❛ ❝❛♥ ❝♦♥t✐♥✉♦✉s❧② r❡❧② ♦♥ t❤❡ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rt

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

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

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

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

t❤❡ r❡str✐❝t✐♦♥s ♦♥ ✐♥t❡r♥❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣② tr❛♥s❢❡r ❤❛✈❡ ❛❧s♦ r✐s❡♥✱ ❛s ❈❤✐♥❡s❡ ✜r♠s ❤❛✈❡ ❜❡❝♦♠❡

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

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

✷✾❚❤❡ s❡✈❡♥ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s ✐♥❝❧✉❞❡ ❈❛♥❛❞❛✱ ❋r❛♥❝❡✱ ●❡r♠❛♥②✱ ❏❛♣❛♥✱ ■t❛❧②✱ t❤❡ ❯♥✐t❡❞ ❑✐♥❣❞♦♠✱ ❛♥❞ t❤❡
❯♥✐t❡❞ ❙t❛t❡s✳

✷✻



✽ ❈♦♥❝❧✉s✐♦♥

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

✉♥❞❡rst❛♥❞ ❤♦✇ tr❛❞❡ ❛✛❡❝ts ❤✉♠❛♥ ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥ ❛s ❝♦✉♥tr✐❡s ❛r❡ ❜❡❝♦♠✐♥❣ ♠♦r❡ ❣❧♦❜❛❧✐③❡❞✳

❚❤✐s ♣❛♣❡r s❤♦✇s t❤❛t ✐♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s ❝❛♥ ✐♥❝r❡❛s❡ ❝♦❧❧❡❣❡ s❤❛r❡✳ ■♠♣♦rt❡❞ ❝❛♣✐t❛❧ ❣♦♦❞s✱

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

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

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

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

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

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

♦♥ ❝♦❧❧❡❣❡ ✇❛❣❡ ♣r❡♠✐✉♠✳ ❚♦ t❛❝❦❧❡ ❝❛✉s❛❧✐t②✱ ■ ❝♦♥str✉❝t ❛ s❤✐❢t✲s❤❛r❡ ✐♥str✉♠❡♥t ❢♦r t❤❡ ❝❤❛♥❣❡s

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

t❤❡ ❡①♣♦s✉r❡ ♦❢ ❛ ♣r❡❢❡❝t✉r❡ t♦ ♥❛t✐♦♥❛❧ ✐♠♣♦rt ❣r♦✇t❤✳ ■ ✜♥❞ t❤❛t ♣r❡❢❡❝t✉r❡s ✇✐t❤ ❛ ✩✶✵✵ ✐♥❝r❡❛s❡

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

✇♦r❦❡rs ❜② ✶✳✹ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❚❤❡ ❡✛❡❝ts ❛r❡ ♠❛✐♥❧② ❝♦♥❝❡♥tr❛t❡❞ ❛♠♦♥❣ ②♦✉♥❣ ♣❡♦♣❧❡✱ ✇❤♦

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

t❤❡ s❤❛r❡ ♦❢ ❝♦❧❧❡❣❡ ✇♦r❦❡rs✱ ■ s❤♦✇ t❤❛t s❦✐❧❧ ❛❝q✉✐s✐t✐♦♥ r❛t❤❡r t❤❛♥ ♠✐❣r❛t✐♦♥ ✐s t❤❡ ♠❛❥♦r ❝❛✉s❡

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

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

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

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

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

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

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

❣♦♦❞s✳ ❋✐rst✱ ❜❡❝❛✉s❡ ♦❢ t❡❝❤♥♦❧♦❣②✲s❦✐❧❧ ❝♦♠♣❧❡♠❡♥t❛r✐t②✱ ❡♥❝♦✉r❛❣✐♥❣ ❝❛♣✐t❛❧ ❣♦♦❞s ✐♠♣♦rts ❝❛♥

✐♥❝r❡❛s❡ ❞❡♠❛♥❞ ❢♦r s❦✐❧❧ ❛♥❞ t❤✉s ✐♥❝❡♥t✐✈✐③❡ ♣❡♦♣❧❡ t♦ ❛❝q✉✐r❡ ♠♦r❡ ❡❞✉❝❛t✐♦♥✳ ❚❤❡ ✐♠♣❛❝t ♦❢

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

❛❞♦♣t t❤❡ ❡①✐st✐♥❣ ♠❛t✉r❡ t❡❝❤♥♦❧♦❣② t❤❛♥ ❝♦♥❞✉❝t✐♥❣ ❘✫❉✳ ❙❡❝♦♥❞✱ r❡❣✐♦♥❛❧ ❞✐✛❡r❡♥❝❡s ✐♥ ✐♠♣♦rt❡❞

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

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

✐♠♣❛❝ts ♦♥ t❤❡ r❡❣✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ✐♥ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐♥ t❤❡ ❧♦♥❣ r✉♥✳ ❚❤✐r❞✱ ♠✐❣r❛t✐♦♥

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

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

❆❝❡♠♦❣❧✉✱ ❉❛r♦♥✱ ❛♥❞ ❉❛✈✐❞ ❆✉t♦r✳ ✷✵✶✶✳ ✏❙❦✐❧❧s✱ t❛s❦s ❛♥❞ t❡❝❤♥♦❧♦❣✐❡s✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r

❡♠♣❧♦②♠❡♥t ❛♥❞ ❡❛r♥✐♥❣s✳✑ ❍❛♥❞❜♦♦❦ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱ ✹✭P❆❘❚ ❇✮✿ ✶✵✹✸✕✶✶✼✶✳

❆❝❡♠♦❣❧✉✱ ❉❛r♦♥✱ ❛♥❞ ❉❛✈✐❞ ❆✉t♦r✳ ✷✵✶✷✳ ✏❲❤❛t ❉♦❡s ❍✉♠❛♥ ❈❛♣✐t❛❧ ❉♦❄ ❆ ❘❡✈✐❡✇ ♦❢

●♦❧❞✐♥ ❛♥❞ ❑❛t③✬s ❚❤❡ ❘❛❝❡ ❜❡t✇❡❡♥ ❊❞✉❝❛t✐♦♥ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✳✑ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐t❡r❛t✉r❡✱

✺✵✭✷✮✿ ✹✷✻✕✹✻✸✳

❆❝❡♠♦❣❧✉✱ ❉❛r♦♥✱ ❛♥❞ ❋❛❜r✐③✐♦ ❩✐❧✐❜♦tt✐✳ ✷✵✵✶✳ ✏Pr♦❞✉❝t✐✈✐t② ❞✐✛❡r❡♥❝❡s✳✑ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r✲

♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✻✭✷✮✿ ✺✻✸✕✻✵✻✳

❆❧❞❡r✱ ❙✐♠♦♥✱ ▲✐♥ ❙❤❛♦✱ ❛♥❞ ❋❛❜r✐③✐♦ ❩✐❧✐❜♦tt✐✳ ✷✵✶✻✳ ✏❊❝♦♥♦♠✐❝ ❘❡❢♦r♠s ❛♥❞ ■♥❞✉str✐❛❧

P♦❧✐❝② ✐♥ ❛ P❛♥❡❧ ♦❢ ❈❤✐♥❡s❡ ❈✐t✐❡s✳✑ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✱ ✷✶✭✹✮✿ ✸✵✺✕✸✹✾✳

❆t❦✐♥✱ ❉❛✈✐❞✳ ✷✵✶✻✳ ✏❊♥❞♦❣❡♥♦✉s ❙❦✐❧❧ ❆❝q✉✐s✐t✐♦♥ ❛♥❞ ❊①♣♦rt ▼❛♥✉❢❛❝t✉r✐♥❣ ✐♥ ▼❡①✐❝♦✳✑ ❆♠❡r✲

✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✻✭✽✮✿ ✷✵✹✻✕✷✵✽✺✳

❆✉t♦r✱ ❉❛✈✐❞ ❍✳✱ ❉❛✈✐❞ ❉♦r♥✱ ❛♥❞ ●♦r❞♦♥ ❍✳ ❍❛♥s♦♥✳ ✷✵✶✸✳ ✏❚❤❡ ❈❤✐♥❛ ❙②♥❞r♦♠❡✿ ▲♦❝❛❧

▲❛❜♦r ▼❛r❦❡t ❊✛❡❝ts ♦❢ ■♠♣♦rt ❈♦♠♣❡t✐t✐♦♥ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱

✶✵✸✭✻✮✿ ✷✶✷✶✕✷✶✻✽✳

❆✉t♦r✱ ❉❛✈✐❞ ❍✱ ❉❛✈✐❞ ❉♦r♥✱ ●♦r❞♦♥ ❍ ❍❛♥s♦♥✱ ❛♥❞ ▲❡✐ ▲✐✳ ✷✵✶✽✳ ✏❯♥❞❡rst❛♥❞✐♥❣ ❘❡❣✐♦♥❛❧

❊①♣♦rt ●r♦✇t❤ ✐♥ ❈❤✐♥❛✳✑ ❲♦r❦✐♥❣ P❛♣❡r✳

❆✉t♦r✱ ❉❛✈✐❞ ❍✱ ❋✳ ▲❡✈②✱ ❛♥❞ ❘✳❏✳ ❏ ▼✉r♥❛♥❡✳ ✷✵✵✸✳ ✏❚❤❡ ❙❦✐❧❧ ❈♦♥t❡♥t ♦❢ ❘❡❝❡♥t ❚❡❝❤♥♦✲

❧♦❣✐❝❛❧ ❈❤❛♥❣❡✿ ❆♥ ❡♠♣✐r✐❝❛❧ ❡①♣❧♦r❛t✐♦♥✳✑ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✽✭✹✮✿ ✶✷✼✾✕✶✸✸✸✳

❆✉t♦r✱ ❉❛✈✐❞ ❍✱ ▲❛✇r❡♥❝❡ ❋ ❑❛t③✱ ❛♥❞ ❆❧❛♥ ❇ ❑r✉❡❣❡r✳ ✶✾✾✽✳ ✏❈♦♠♣✉t✐♥❣ ■♥❡q✉❛❧✐t②✿ ❍❛✈❡

❈♦♠♣✉t❡rs ❈❤❛♥❣❡❞ t❤❡ ▲❛❜♦r ▼❛r❦❡t❄✑ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✸✭✹✮✿ ✶✶✻✾✕✶✷✶✸✳

❇❛rt✐❦✱ ❚✐♠♦t❤② ❏✳ ✶✾✾✶✳ ✏❲❤♦ ❇❡♥❡✜ts ❢r♦♠ ❙t❛t❡ ❛♥❞ ▲♦❝❛❧ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t P♦❧✐❝✐❡s❄✑

◆❛t✐♦♥❛❧ ❚❛① ❏♦✉r♥❛❧✱ ✹✺✭✹✮✳

❇❡❦♠❛♥✱ ❊❧✐✱ ❏♦❤♥ ❇♦✉♥❞✱ ❛♥❞ ❙t❡♣❤❡♥ ▼❛❝❤✐♥✳ ✶✾✾✽✳ ✏■♠♣❧✐❝❛t✐♦♥s ♦❢ ❙❦✐❧❧✲❜✐❛s❡❞ ❚❡❝❤♥♦✲

❧♦❣✐❝❛❧ ❈❤❛♥❣❡✿ ■♥t❡r♥❛t✐♦♥❛❧ ❊✈✐❞❡♥❝❡✳✑ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✸✭✹✮✿ ✶✷✹✺✕✶✷✼✾✳

❇❡r♠❛♥✱ ❊❧✐✱ ❏♦❤♥ ❇♦✉♥❞✱ ❛♥❞ ❩✈✐ ●r✐❧✐❝❤❡s✳ ✶✾✾✹✳ ✏❈❤❛♥❣❡s ✐♥ t❤❡ ❉❡♠❛♥❞ ❢♦r ❙❦✐❧❧❡❞ ▲❛❜♦r

✇✐t❤✐♥ ❯❙ ▼❛♥✉❢❛❝t✉r✐♥❣✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ❆♥♥✉❛❧ ❙✉r✈❡② ♦❢ ▼❛♥✉❢❛❝t✉r❡s✳✑ ❚❤❡ ◗✉❛rt❡r❧②

❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✵✾✭✷✮✿ ✸✻✼✕✸✾✼✳
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❇❡r♥❛r❞✱ ❆❇✱ ❏❇ ❏❡♥s❡♥✱ ❛♥❞ ❙❏ ❘❡❞❞✐♥❣✳ ✷✵✵✼✳ ✏❋✐r♠s ✐♥ ■♥t❡r♥❛t✐♦♥❛❧ ❚r❛❞❡✳✑ ❏♦✉r♥❛❧ ♦❢

❊❝♦♥♦♠✐❝ P❡rs♣❡❝t✐✈❡s✱ ✷✶✭✸✮✿ ✶✵✺✕✶✸✵✳

❇❡r♥❛r❞✱ ❆♥❞r❡✇ ❇✳✱ ❛♥❞ ❏✳❇r❛❞❢♦r❞ ❏❡♥s❡♥✳ ✶✾✾✼✳ ✏❊①♣♦rt❡rs✱ ❙❦✐❧❧ ❯♣❣r❛❞✐♥❣✱ ❛♥❞ t❤❡

❲❛❣❡ ●❛♣✳✑ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✹✷✭✶✲✷✮✿ ✸✕✸✶✳

❇❡rtr❛♥❞✱ ▼❛r✐❛♥♥❡✱ ❊st❤❡r ❉✉✢♦✱ ❛♥❞ ❙❡♥❞❤✐❧ ▼✉❧❧❛✐♥❛t❤❛♥✳ ✷✵✵✹✳ ✏❍♦✇ ♠✉❝❤ s❤♦✉❧❞ ✇❡

tr✉st ❞✐✛❡r❡♥❝❡s✲✐♥✲❞✐✛❡r❡♥❝❡s ❡st✐♠❛t❡s❄✑ ❚❤❡ ◗✉❛rt❡r❧② ❥♦✉r♥❛❧ ♦❢ ❡❝♦♥♦♠✐❝s✱ ✶✶✾✭✶✮✿ ✷✹✾✕✷✼✺✳

❇❧❛♥❝❤❛r❞✱ ❊♠✐❧② ❏✱ ❛♥❞ ❲✐❧❧✐❛♠ ❲ ❖❧♥❡②✳ ✷✵✶✼✳ ✏●❧♦❜❛❧✐③❛t✐♦♥ ❛♥❞ ❍✉♠❛♥ ❈❛♣✐t❛❧ ■♥✈❡st✲

♠❡♥t✿ ❊①♣♦rt ❈♦♠♣♦s✐t✐♦♥ ❉r✐✈❡s ❊❞✉❝❛t✐♦♥❛❧ ❆tt❛✐♥♠❡♥t✳✑ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱

✶✵✻✿ ✶✻✺✕✶✽✸✳

❇♦r✉s②❛❦✱ ❑✐r✐❧❧✱ P❡t❡r ❍✉❧❧✱ ❛♥❞ ❳❛✈✐❡r ❏❛r❛✈❡❧✳ ✷✵✶✽✳ ✏◗✉❛s✐✲❡①♣❡r✐♠❡♥t❛❧ s❤✐❢t✲s❤❛r❡ r❡✲

s❡❛r❝❤ ❞❡s✐❣♥s✳✑ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❇♦✉♥❞✱ ❏♦❤♥✱ ❛♥❞ ● ❏♦❤♥s♦♥✳ ✶✾✾✷✳ ✏❈❤❛♥❣❡s ✐♥ t❤❡ str✉❝t✉r❡ ♦❢ ✇❛❣❡s ✐♥ t❤ ✶✾✽✵✬s✿ ❆♥

❡✈❛❧✉❛t✐♦♥ ✐♥ ♠❡❛♥s✲t❡st❡❞ ❡♥t✐t❧❡♠❡♥t ♣r♦❣r❛♠s✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✽✷✿ ✸✼✶✕✸✾✷✳

❇✉rst❡✐♥✱ ❆r✐❡❧✱ ❏❛✈✐❡r ❈r❛✈✐♥♦✱ ❛♥❞ ❏♦♥❛t❤❛♥ ❱♦❣❡❧✳ ✷✵✶✸✳ ✏■♠♣♦rt✐♥❣ ❙❦✐❧❧✲❜✐❛s❡❞ ❚❡❝❤♥♦❧✲

♦❣②✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱ ✺✭✷✮✿ ✸✷✕✼✶✳

❇✉st♦s✱ P❛✉❧❛✳ ✷✵✶✶❛✳ ✏❚❤❡ ■♠♣❛❝t ♦❢ ❚r❛❞❡ ▲✐❜❡r❛❧✐③❛t✐♦♥ ♦♥ ❙❦✐❧❧ ❯♣❣r❛❞✐♥❣✿ ❊✈✐❞❡♥❝❡ ❢r♦♠

❆r❣❡♥t✐♥❛✳✑

❇✉st♦s✱ P❛✉❧❛✳ ✷✵✶✶❜✳ ✏❚r❛❞❡ ▲✐❜❡r❛❧✐③❛t✐♦♥✱ ❊①♣♦rts✱ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ❯♣❣r❛❞✐♥❣✿ ❊✈✐❞❡♥❝❡ ♦♥

t❤❡ ■♠♣❛❝t ♦❢ ▼❊❘❈❖❙❯❘ ♦♥ ❆r❣❡♥t✐♥✐❛♥ ❋✐r♠s✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✶✭✶✮✿ ✸✵✹✕✸✹✵✳

❈♦❡✱ ❉❛✈✐❞ ❚✳✱ ❛♥❞ ❊❧❤❛♥❛♥ ❍❡❧♣♠❛♥✳ ✶✾✾✺✳ ✏■♥t❡r♥❛t✐♦♥❛❧ ❘✫❉ ❙♣✐❧❧♦✈❡rs✳✑ ❊✉r♦♣❡❛♥ ❊❝♦✲

♥♦♠✐❝ ❘❡✈✐❡✇✱ ✸✾✭✺✮✿ ✽✺✾✕✽✽✼✳

❉❛✐✱ ▼✐✱ ▼❛❞❤✉r❛ ▼❛✐tr❛✱ ❛♥❞ ▼✐❛♦❥✐❡ ❨✉✳ ✷✵✶✻✳ ✏❯♥❡①❝❡♣t✐♦♥❛❧ ❊①♣♦rt❡r P❡r❢♦r♠❛♥❝❡ ✐♥

❈❤✐♥❛❄ ❚❤❡ ❘♦❧❡ ♦❢ Pr♦❝❡ss✐♥❣ ❚r❛❞❡✳✑ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✶✷✶✿ ✶✼✼✕✶✽✾✳

❊❛t♦♥✱ ❏♦♥❛t❤❛♥✱ ❛♥❞ ❙❛♠✉❡❧ ❑♦rt✉♠✳ ✷✵✵✶✳ ✏❚r❛❞❡ ✐♥ ❈❛♣✐t❛❧ ●♦♦❞s✳✑ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝

❘❡✈✐❡✇✱ ✹✺✭✼✮✿ ✶✶✾✺✕✶✷✸✺✳

❊❞♠♦♥❞s✱ ❊r✐❝ ❱✱ ◆✐♥❛ P❛✈❝♥✐❦✱ ❛♥❞ P❡t✐❛ ❚♦♣❛❧♦✈❛✳ ✷✵✶✵✳ ✏❚r❛❞❡ ❆❞❥✉st♠❡♥t ❛♥❞ ❍✉♠❛♥

❈❛♣✐t❛❧ ■♥✈❡st♠❡♥ts✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ■♥❞✐❛♥ ❚❛r✐✛ ❘❡❢♦r♠✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ❆♣♣❧✐❡❞

❊❝♦♥♦♠✐❝s✱ ✷✭✹✮✿ ✹✷✕✼✺✳

✷✾



❊❞♠♦♥❞s✱ ❊r✐❝ ❱✱ P❡t✐❛ ❚♦♣❛❧♦✈❛✱ ❛♥❞ ◆✐♥❛ P❛✈❝♥✐❦✳ ✷✵✵✾✳ ✏❈❤✐❧❞ ▲❛❜♦r ❛♥❞ ❙❝❤♦♦❧✐♥❣

✐♥ ❛ ●❧♦❜❛❧✐③✐♥❣ ❲♦r❧❞✿ ❙♦♠❡ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❯r❜❛♥ ■♥❞✐❛✳✑ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝

❆ss♦❝✐❛t✐♦♥✱ ✼✭✷✲✸✮✿ ✹✾✽✕✺✵✼✳

❋❛❝❝❤✐♥✐✱ ●✐♦✈❛♥♥✐✱ ▼❛❣❣✐❡ ❨ ▲✐✉✱ ❆♥♥❛ ▼❛r✐❛ ▼❛②❞❛✱ ❛♥❞ ▼✐♥❣❤❛✐ ❩❤♦✉✳ ✷✵✶✽✳ ✏❈❤✐♥❛✬s✬

●r❡❛t ▼✐❣r❛t✐♦♥✬✿ t❤❡ ■♠♣❛❝t ♦❢ t❤❡ ❘❡❞✉❝t✐♦♥ ✐♥ ❚r❛❞❡ P♦❧✐❝② ❯♥❝❡rt❛✐♥t②✳✑

❋❛♥✱ ❏✐♥❣t✐♥❣✳ ✷✵✶✾✳ ✏■♥t❡r♥❛❧ ❣❡♦❣r❛♣❤②✱ ❧❛❜♦r ♠♦❜✐❧✐t②✱ ❛♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥❛❧ ✐♠♣❛❝ts ♦❢ tr❛❞❡✳✑

❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼❛❝r♦❡❝♦♥♦♠✐❝s✱ ✶✶✭✸✮✿ ✷✺✷✕✷✽✽✳

❋❡❡♥str❛✱ ❘♦❜❡rt ❈✱ ❛♥❞ ●♦r❞♦♥ ❍ ❍❛♥s♦♥✳ ✶✾✾✻✳ ✏●❧♦❜❛❧✐③❛t✐♦♥✱ ❖✉ts♦✉r❝✐♥❣✱ ❛♥❞ ❲❛❣❡

■♥❡q✉❛❧✐t②✳✑ ❚❤❡ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✽✻✭✷✮✿ ✷✹✵✕✷✹✺✳

❋❡❡♥str❛✱ ❘♦❜❡rt ❈✳✱ ❛♥❞ ●♦r❞♦♥ ❍✳ ❍❛♥s♦♥✳ ✶✾✾✾✳ ✏❚❤❡ ■♠♣❛❝t ♦❢ ❖✉ts♦✉r❝✐♥❣ ❛♥❞ ❍✐❣❤✲

t❡❝❤♥♦❧♦❣② ❈❛♣✐t❛❧ ♦♥ ❲❛❣❡s✿ ❊st✐♠❛t❡s ❢♦r t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✱ ✶✾✼✾✲✶✾✾✵✳✑ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢

❊❝♦♥♦♠✐❝s✱ ✶✶✹✭✸✮✿ ✾✵✼✕✾✹✵✳

❋✐♥❞❧❛②✱ ❘♦♥❛❧❞✱ ❛♥❞ ❍❡♥r②❦ ❑✐❡r③❦♦✇s❦✐✳ ✶✾✽✸✳ ✏■♥t❡r♥❛t✐♦♥❛❧ ❚r❛❞❡ ❛♥❞ ❍✉♠❛♥ ❈❛♣✐t❛❧✿ ❆

❙✐♠♣❧❡ ●❡♥❡r❛❧ ❊q✉✐❧✐❜r✐✉♠ ▼♦❞❡❧✳✑ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✾✶✭✻✮✿ ✾✺✼✕✾✼✽✳

●❧❛❡s❡r✱ ❊❞✇❛r❞ ▲✱ ❛♥❞ ▼✐♥❣ ▲✉✳ ✷✵✶✽✳ ✏❍✉♠❛♥✲❈❛♣✐t❛❧ ❊①t❡r♥❛❧✐t✐❡s ✐♥ ❈❤✐♥❛✳✑ ◆❛t✐♦♥❛❧

❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

●♦❧❞❜❡r❣✱ P✐♥❡❧♦♣✐ ❑♦✉❥✐❛♥♦✉✱ ❛♥❞ ◆✐♥❛ P❛✈❝♥✐❦✳ ✷✵✵✸✳ ✏❚❤❡ ❘❡s♣♦♥s❡ ♦❢ t❤❡ ■♥❢♦r♠❛❧ ❙❡❝t♦r

t♦ ❚r❛❞❡ ▲✐❜❡r❛❧✐③❛t✐♦♥✳✑ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✼✷✭✷✮✿ ✹✻✸✕✹✾✻✳

●♦❧❞❜❡r❣✱ P✐♥❡❧♦♣✐ ❑♦✉❥✐❛♥♦✉✱ ❛♥❞ ◆✐♥❛ P❛✈❝♥✐❦✳ ✷✵✵✼✳ ✏❉✐str✐❜✉t✐♦♥❛❧ ❊✛❡❝ts ♦❢ ●❧♦❜❛❧✐③❛✲

t✐♦♥ ✐♥ ❉❡✈❡❧♦♣✐♥❣ ❈♦✉♥tr✐❡s✳✑ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐t❡r❛t✉r❡✱ ✹✺✭✶✮✿ ✸✾✕✽✷✳

●♦❧❞✐♥✱ ❈❧❛✉❞✐❛✱ ❛♥❞ ▲❛✇r❡♥❝❡ ❋ ❑❛t③✳ ✶✾✾✽✳ ✏❚❤❡ ❖r✐❣✐♥s ♦❢ ❚❡❝❤♥♦❧♦❣②✲❙❦✐❧❧ ❈♦♠♣❧❡♠❡♥✲

t❛r✐t②✳✑ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✶✸✭✸✮✿ ✻✾✸✕✼✸✷✳

●♦❧❞s♠✐t❤✲P✐♥❦❤❛♠✱ P❛✉❧✱ ■s❛❛❝ ❙♦r❦✐♥✱ ❛♥❞ ❍❡♥r② ❙✇✐❢t✳ ✷✵✶✽✳ ✏❇❛rt✐❦ ✐♥str✉♠❡♥ts✿ ❲❤❛t✱

✇❤❡♥✱ ✇❤②✱ ❛♥❞ ❤♦✇✳✑ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

●r♦ss♠❛♥✱ ●❡♥❡ ▼✱ ❛♥❞ ❊❧❤❛♥❛♥ ❍❡❧♣♠❛♥✳ ✶✾✾✶✳ ✏❚r❛❞❡✱ ❑♥♦✇❧❡❞❣❡ ❙♣✐❧❧♦✈❡rs✱ ❛♥❞ ●r♦✇t❤✳✑

❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✸✺✭✷✲✸✮✿ ✺✶✼✕✺✷✻✳

❍❛♥❞❧❡②✱ ❑②❧❡✱ ❛♥❞ ◆✉♥♦ ▲✐♠ã♦✳ ✷✵✶✼✳ ✏P♦❧✐❝② ✉♥❝❡rt❛✐♥t②✱ tr❛❞❡✱ ❛♥❞ ✇❡❧❢❛r❡✿ ❚❤❡♦r② ❛♥❞

❡✈✐❞❡♥❝❡ ❢♦r ❝❤✐♥❛ ❛♥❞ t❤❡ ✉♥✐t❡❞ st❛t❡s✳✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✼✭✾✮✿ ✷✼✸✶✕✷✼✽✸✳

✸✵



❑❛t③✱ ▲❛✇r❡♥❝❡✱ ❛♥❞ ❉❛✈✐❞ ❆✉t♦r✳ ✶✾✾✾✳ ✏❈❤❛♥❣❡s ✐♥ t❤❡ ❲❛❣❡ ❙tr✉❝t✉r❡ ❛♥❞ ❊❛r♥✐♥❣s ■♥✲

❡q✉❛❧✐t②✳✑ ❍❛♥❞❜♦♦❦ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱ ✸✿ ✶✹✻✸✕✶✺✺✺✳

❑❛t③✱ ▲❛✇r❡♥❝❡ ❋✳✱ ❛♥❞ ❑❡✈✐♥ ▼✳ ▼✉r♣❤②✳ ✶✾✾✷✳ ✏❈❤❛♥❣❡s ✐♥ ❘❡❧❛t✐✈❡ ❲❛❣❡s✱ ✶✾✻✸✲✶✾✽✼✿

❙✉♣♣❧② ❛♥❞ ❉❡♠❛♥❞ ❋❛❝t♦rs✳✑ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✵✼✭✶✮✿ ✸✺✕✼✽✳

❑❡❧❧❡r✱ ❲♦❧❢❣❛♥❣✳ ✷✵✵✹✳ ✏■♥t❡r♥❛t✐♦♥❛❧ ❚❡❝❤♥♦❧♦❣② ❉✐✛✉s✐♦♥✳✑ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐t❡r❛t✉r❡✱

✹✷✭✸✮✿ ✼✺✷✕✼✽✷✳
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Figure 1 Capital Goods Imports 

Data: UN Comtrade Database, 1992-2017 

Note: These figures show the pattern of Chinese total imported capital goods (unit: 1 billion US$). I define 

capital goods to be the sum of ISIC Rev. 3 codes 29-33, excluding those that are not belong to Broad 

Economic Classification (BEC) industry 41 (capital goods) and BEC industry 42 (Parts and accessories of 

capital goods) and adding those that belong to BEC industry 521 (transportation equipment used for industry). 
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Figure 2 China’s Rising College Share and College Wage Premium  

 

Data: China Statistical Year Books (1990-2010) and Household Survey (1992-2009) 

Note: The college share is defined as the number of people with at least some college education or above as 

a share of people aged above 15 years old. The skill premium is the wage gap between people with at least 

some college education and those without. It is estimated based on the Mincer-style OLS regression after I 

control for gender, working experience and its square term, employer ownership type, and industry dummies. 

Due to data limitation, I am unable to calculate the skill premium before 1992 or after 2009. In later sections, 

I will use the terms skill premium and college premium interchangeably. 
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Figure 3 Capital Goods Imports and Import Share of Capital Goods by Region  

 

  

Data: China General Administration of Customs, 1997-2009 

Note: I define capital goods to be the sum of ISIC Rev. 3 codes 29-33, excluding those that are not belong to 

Broad Economic Classification (BEC) industry 41 (capital goods) and BEC industry 42 (Parts and accessories 

of capital goods) and adding those that belong to BEC industry 521 (transportation equipment used for 

industry).  
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Figure 4 Spatial Distribution of Changes in Capital Goods Import per Capita 

between 2000 and 2010  

   

Data: China General Administration of Customs, 2000 and 2010 

Note: I define capital goods to be the sum of ISIC Rev. 3 codes 29-33, excluding those that are not belong to 

Broad Economic Classification (BEC) industry 41 (capital goods) and BEC industry 42 (Parts and accessories 

of capital goods) and adding those that belong to BEC industry 521 (transportation equipment used for 

industry). Growth in capital goods imports per capita is measured in 1,000 U.S. dollars.
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Figure 5 The Widening Regional Differences in College Share and College Wage 

Premium  

 

 

Data: China Statistical Year Books (1990-2010) and   Household Survey (1992-2009). 

Note: The share of skilled workers is defined as the number of people with some college education or above 

as a share of the total population. Skill premium is estimated based on Mincer-style OLS regression after I 

control for gender, working experience and its square term, employer ownership type, and industry dummies. 

The   Household Survey data covers 18 provinces in China. Following the regional classification by 

China’s National Bureau of Statistics, coastal regions include Beijing, Guangdong, Jiangsu, Liaoning, 

Shandong, Shanghai, and Zhejiang, and inland regions include central China (Anhui, Heilongjiang, Henan, 

Hubei, Jiangxi, and Shanxi) and western China (Chongqing, Gansu, Sichuan, Yunnan, and Shaanxi). 
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Figure 6 First Stage 

 

 

Note: The scatter plots display the relationships between the predicted capital goods imports growth 
per capita (the instrument) and capital goods imports growth per capita.

-1
0

0
1
0

2
0

3
0

0 5 10 15
Predicted Capital Goods Imports Growth (in 100 US$)

n = 660    RMSE =  1.189633

Whole sample

0
5

1
0

0 2 4 6
Predicted import_K_ Growth (in 100 US$)

n = 642    RMSE =  .5637655

Dropping outliers



39 
 

Figure 7 Second Stage: the Change in Capital Goods Imports per Capita and the 

Change in College Share   

 
Note: The binned scatter plots display the relationships between the capital goods imports growth per capita 
and changes in skillshare.
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Figure 8 Imported Capital Goods and Allocation of Skilled Labors: by Birth Year 

 

Note: I regress the changes in college share for each cohort on capital goods import growth per capita. Each 

cohort group includes people born in two adjacent years.



41 
 

Figure 9 Decomposition of Changes in College Share: by Birth Year
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Note: I first decompose the changes in college share for each cohort into three components, namely 

immigration component, emigration component, and skill acquisition component. Then I regress 

the three components on capital goods import growth per capita. 
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Figure 10 Import Share of Capital Goods: International Comparison  

 

 

Data: UN Comtrade Database 

Note: Capital goods are defined as the sum of ISIC Rev. 3 codes 29-33, excluding those that are not belong 

to Broad Economic Classification (BEC) industry 41 (capital goods) and BEC industry 42 (Parts and 

accessories of capital goods) and adding those that belong to BEC industry 521 (transportation equipment 

used for industry). The seven developed countries include Canada (CAN), France (FRA), Germany (DEU), 

Italy (ITA), Japan (JPN), the United Kingdom (GBR), and the United States (USA). The four developing 

countries with high manufacturing shares include Indonesia (IDN), Malaysia (MYS), Philippine (MEXPHL, 

and Thailand (THA). The five developing countries with high manufacturing shares include Brazil (BRA), 

India (IND), Mexico (MEX), Turkey (TUR), and South Africa (RUS).



44 
 

Table 1 Summary Statistics  

 

 

 

 

 

 

 

 

  

 

 

Note: The statistics are weighted by prefecture-level residence-based population in 2000. 

 

 

 

 

 

 

 

 

 
mean std 10th  25th  50th  75th  90th  N 

Panel A: College share and college premium (%)         
College share, 2000 4.33 3.38 1.65 2.24 3.09 5.06 9.58 330 △College share, 00-05 2.20 1.88 0.43 0.98 1.76 2.97 4.59 330 △College share, 05-10 5.01 3.12 2.07 3.17 4.17 6.11 8.92 330 △College share, 00-10 3.61 2.93 0.70 1.54 3.05 4.72 7.24 660 

(△College)/population, 00-10 3.90 3.82 0.56 1.42 2.84 4.88 8.93 660 △College premium, 00-10 2.12 14.21 -12.30 -7.28 0.11 10.84 21.88 341 
         
Panel B: Capital goods imports (100 U.S. dollars)         △Imported capital goods per capita (△K), 2000 0.32 0.89 0.00 0.00 0.03 0.15 0.92 330 △Imported capital goods per capita (△K), 00-05 0.74 2.66 0.00 0.01 0.04 0.23 1.28 330 △Imported capital goods per capita (△K), 05-10 0.66 1.91 -0.03 0.00 0.06 0.33 1.73 330 △Imported capital goods per capita (△K), 00-10 0.70 2.31 -0.02 0.00 0.05 0.30 1.46 660 △Predicted imported capital goods per capita (△IV) 0.39 1.14 0.00 0.00 0.04 0.20 0.94 660 
         
Panel C: Start-of-period controls         
Minority share, (%) 0.09 0.18 0.00 0.00 0.01 0.06 0.30 660 
Manufacturing employment share, (%) 0.12 0.11 0.03 0.05 0.08 0.15 0.28 660 
Textile and electronics’ export share, (%) 0.40 0.25 0.02 0.16 0.43 0.61 0.71 660 
No. of reallocated departments -0.99 6.04 -3.00 0.00 0.00 0.00 0.00 660 
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Table 2 Growth in Imported Capital Goods and Change of College Share  
Dependent Variable: 100 × △(college share) (in % pts) 

Panel A: 2000-2010 Stacked First Differences 

 (1) (2) (3) (4) (5) (6) (7) 
 OLS IV IV IV IV IV IV 

        △Capital goods import per capita 0.32*** 0.47** 0.33*** 1.97*** 1.44*** 1.57*** 1.39*** 
 (0.10) (0.21) (0.10) (0.49) (0.43) (0.49) (0.49) 
        
Dummy for period 2000-2005 √ √ √ √ √ √ √ 
Province-year fixed effects   √ √ √ √ √ 
Dummies for large ports and their interactions 
with time 

   √ √ √ √ 

Demographic features     √ √ √ △College departments in 1952      √ √ 
Industry structure & export structure       √ 
        
Panel B: 2SLS First Stage Estimates △Predicted imported capital goods per capita   1.60*** 1.84*** 1.25*** 1.02*** 0.98*** 0.80** 
  (0.21) (0.29) (0.33) (0.32) (0.34) (0.31) 
        
R-squared  0.57 0.69 0.95 0.95 0.95 0.95 

Note: N=660. The control variables are values at the start of each period (2000-2005 or 2005-2010). Demographic features include the 

initial population share of minority and the population shares of each cohort (e.g., people born before 1940, 1941-1950, 1951-1960, 1961-

1970). Industry structures include the employment share of manufacturing, export share of textile, and export share of electronic & 

machinery. Major port cities include Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai. Models are 

weighted by prefecture-level residence-based population in 2000. Robust standard errors clustered at province are shown in parentheses, 

*** p<0.01, ** p<0.05, * p<0.1 
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Table 3 By-Cohort Analysis 
Dependent Variable: 100 × △ (no. people with some college or above)/population (in % pts) 

 
 

(1) (2) (3) (4) (5) (6) (7) 
Born Born Born Born Born Born Born 
1986- 
1989 

1982-
1985 

1978-
1981 

1974-
1977 

1970-
1973 

1960-
1969 

1950-
1959 

 △Capital goods import per capita 18.64*** 13.09*** -2.44 2.95*** 1.77** 2.02*** 1.05* 
 (5.30) (4.80) (1.53) (0.98) (0.83) (0.63) (0.61) 
        
Mean(Y) 2.06 7.87 11.28 9.40 7.68 6.17 3.69 
Mean(△Y) 14.55 11.09 4.28 3.09 1.85 0.87 0.29 

Note: N=660. The start-of-period minority share, the share of people by cohorts, and province-year fixed effects are controlled. Dummies for major port 

cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year are controlled. Regressions 

are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-level residence-based 

population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1 



47 
 

Table 4 Growth in Imported Capital Goods and Change of College Share  
Dependent Variable: 100 × △ (no. people with some college or above)/population (in % pts) 

Born between 1986 and 1989 (1) (2) (3) (4) (5) (6) 

       △Capital goods import per capita 18.64*** 14.20*** 14.54*** 18.63*** 21.70** 15.16** 
 (5.30) (4.94) (4.91) (5.29) (8.44) (6.96) 
Years of schooling  7.94***    4.71*** 
  (1.38)    (1.50) 
Share of people with urban hukou   45.99***   28.03*** 
   (7.20)   (7.57) 
Trade policy uncertainty    2.62  1.87 
    (3.45)  (3.53) 
Employment share of State-owned enterprises     9.31** 3.84 
     (4.37) (3.80) 
Employment share of Foreign-owned enterprises     -17.68 -10.10 
     (22.30) (16.08) 
       
N 660 660 660 660 612 612 
Dummy for period 2000-2005 √ √ √ √ √ √ 
Province-year fixed effects √ √ √ √ √ √ 
Dummies for large ports and their interactions with time √ √ √ √ √ √ 
Demographic features √ √ √ √ √ √ 
Industry structure & export structure √ √ √ √ √ √ △College departments in 1952 √ √ √ √ √ √ 

Note: N=660. The control variables are values at the start of each period (2000-2005 or 2005-2010). Demographic features include the 

initial population share of minority and the population shares of each cohort (e.g., people born before 1940, 1941-1950, 1951-1960, 1961-

1970). Industry structures include the employment share of manufacturing, export share of textile, and export share of electronic & 

machinery. Major port cities include Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai. Models are 

weighted by prefecture-level residence-based population in 2000. Robust standard errors clustered at province are shown in parentheses, 

*** p<0.01, ** p<0.05, * p<0.1 



48 
 

Table 5 Decomposition 

 (1)  (2)  (3)  (4) 
(1)=(2)+(3)-(4) Y=100×(△no. people 

with some college or 
above)/population  

= Local + Immigration  - Emigration  

Panel A. 1986-1989 △Capital goods import per capita 18.64***  15.76***  1.76  -1.11** 
 (5.30)  (5.01)  (1.21)  (0.54) 

Panel B. 1982-1985 △Capital goods import per capita 13.09***  9.52**  3.33***  -0.24 
 (4.80)  (3.84)  (0.91)  (0.57) 

Panel C. 1978-1981 △Capital goods import per capita -2.44  -4.31***  1.73***  -0.13 
 (1.53)  (1.56)  (0.43)  (0.22) 

Panel D. 1974-1977        △Capital goods import per capita 2.95***  1.76**  1.29**  0.10 

 (0.98)  (0.90)  (0.60)  (0.20) 

Note: N=660. The start-of-period minority share, urban share, industry structure, college reallocation, average years of schooling, and province-year fixed 

effect are controlled. Dummies for major port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their 

interactions with year are controlled. Regressions are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are 

weighted by prefecture-level residence-based population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, 

* p<0.1 
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Table 6 Spillover Effects 

 (1)  (2)  (3)  (4) 
(1)=(2)+(3)-(4) Y=100×(△no. people 

with some college or 
above)/population  

= Local + Immigration  - Emigration  

Panel A. 1986-1989 △Capital goods import per capita 15.01***  13.26***  0.43  -1.33** 
 (4.68)  (4.47)  (1.42)  (0.58) 
Spillover of neighboring prefectures -1.39**  -0.75  -0.43*  0.21*** 
 (0.64)  (0.67)  (0.22)  (0.04) 

Panel B. 1982-1985 △Capital goods import per capita 10.11***  7.12**  2.31**  -0.68** 
 (3.88)  (3.17)  (1.01)  (0.28) 
Spillover of neighboring prefectures -0.37  -0.05  -0.15***  0.17*** 
 (0.55)  (0.59)  (0.06)  (0.06) 

Panel C. 1978-1981 △Capital goods import per capita 5.21**  3.46  1.21**  -0.54 
 (2.34)  (2.21)  (0.47)  (0.36) 
Spillover of neighboring prefectures -0.21  -0.11  -0.10***  -0.00 
 (0.40)  (0.43)  (0.02)  (0.05) 

Panel D. 1974-1977        △Capital goods import per capita 2.97**  1.89  0.91***  -0.17 

 (1.24)  (1.18)  (0.27)  (0.23) 
Spillover of neighboring prefectures -0.34*  -0.29  -0.03  0.02 
 (0.18)  (0.18)  (0.03)  (0.03) 

Note: N=660. The start-of-period minority share, industry structure, college reallocation, and province-year fixed 

effect are controlled. Dummies for major port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, 

and Xiamen and Zhuhai) and their interactions with year are controlled. Regressions are weighted by the residence-

based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-level residence-based 

population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1
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Table 7 Growth in Imported Capital Goods and Growth in Wage 

 

 (1) (2) (3) (4) （5） 

 △log(Wage) 
 

△log (Wage: 
skill workers) 

△log (Wage: 
low skilled 
workers) 

100*△log 
(Skill 

premium) 

100*△log (Skill 
premium): 

controlling for 

individual features 

Panel A: one-year difference     △log(Capital goods import) 0.00 0.06** -0.01 0.23*** 0.20** 
 (0.02) (0.03) (0.02) (0.07) (0.08) 
N 1617 1617 1617 1605 1564 

Panel B: three-year difference     △log(Capital goods import) 0.02 0.07* 0.01 0.24** 0.33*** 

 (0.02) (0.04) (0.03) (0.09) (0.06) 

N 507 507 507 501 492 

Panel C: seven-year difference     △log(Capital goods import) 0.05 0.07 -0.00 0.14** 0.09 
 (0.04) (0.04) (0.04) (0.06) (0.11) 
N 169 169 169 168 167 

Note: In the analysis, I use wage information in the Urban Household Survey. Panel A uses data from 1997 to 2009. 

Panel B uses data in 1997, 2000, 2003, 2006, and 2009. Panel C uses data in 2002 and 2009. The province-year fixed 

effects are controlled for Panel A and B. Wages are measured in yuan and deflated to the 1992 level. Regressions are 

weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by 

prefecture-level residence-based population in 2000. Standard errors clustered at province are shown in parentheses, 

*** p<0.01, ** p<0.05, * p<0.1 
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Table 8 Imported Capital Goods and Firm Characteristics 

 (1) (2) (3) (4) (5) (6) 
Dependent Variable 100*Ln 

(Wage)  
100*Ln(Val

ue-added 
per Worker) 

100*Share of 
Workers with 

College Degree  

100*Computer 
per Worker 

100*Profit/
Sales 

100*Operation 
Profit/Sales 

 2000-2007 2000-2007 2004 2004 2004 2004 

       
Imported Capital Goods/Imports 2.47*** 6.25*** 5.31*** 6.28*** 1.03*** 0.93*** 
 (0.36) (0.56) (0.24) (0.25) (0.28) (0.24) 
Export/Sales  3.04*** 1.41*** -1.89*** -0.75*** -0.63** -0.56** 
 (0.34) (0.52) (0.11) (0.10) (0.26) (0.24) 
Import/Inputs 4.66*** 14.79*** 3.07*** 5.01*** 0.12 0.21 
 (0.86) (1.39) (0.37) (0.37) (0.74) (0.67) 
Foreign-owned firm indicator 2.66*** 0.98* 4.18*** 4.12*** 0.46*** 0.67*** 
 (0.39) (0.59) (0.11) (0.10) (0.13) (0.12) 
State-owned firm indicator -1.59*** -5.63*** 3.49*** 1.29*** -4.32*** -4.62*** 
 (0.51) (0.76) (0.23) (0.17) (0.35) (0.32) 
Ln(Employment) -14.79*** -42.33*** -0.88*** -1.56*** 0.20*** 0.11** 
 (0.19) (0.27) (0.04) (0.03) (0.05) (0.04) 
       
City-Industry(4-digit) Fixed 
Effects 

  √ √ √ √ 

Firm Fixed Effects √ √ 
  

  
Year Fixed Effects √ √ 

  
  

Mean: Imported Capital 
Goods/Imports 

0.03 0.03 0.03 0.03 0.03 0.03 

Mean: Dependent Variable 246.90 401.29 11.48 7.48 3.48 3.34 
Observations 1,482,241 1,482,241 216,932 216,932 216,995 216,995 

Note: I use the data from the Survey of Industrial Production and the China General Administration of Customs. A skilled worker is defined as someone 

with a college degree or above. Imported capital goods intensity is defined as the share of imported capital goods out of capital stock. Reported standard 

errors are robust and are clustered at firm level. *** p<0.01, ** p<0.05, * p<0.1. 
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Appendix 

 

Figure A1 Spatial Distribution of College Admission Rate in 2007  

 

Data: China’s Statistical Yearbook. 

Note: The college admission rate in mainland China is at the province level.  Due to data limitations, the 

data in 2007 is the latest data available.
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Figure A2 First Stage by Period 

       

Note: the figure on the top shows the first stage between 2000 and 2005, and the figure on the bottom 

shows the first stage between 2005 and 2010.
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Table A1 Robustness: Non-Capital Goods Imports and Exports 

 (1) (2) (3) (4) 
 (1)=(2)+(3) Export All 

Non-K 
Consumption 

goods & 
others 

Inputs 
& Raw 

Material 

Panel A Correlation     △Imported capital goods per capita vs. △Other imported 
or exported goods per capita 

0.84 0.69 0.42 0.67 

Panel B Second Stage     △Y=100×△College Share     △Imported Capital goods per capita 2.43 1.15 2.45 1.04 
 (2.57) (1.43) (3.39) (1.30) △Other imported or export goods per capita -0.31 -0.10 -4.38 -0.09 
 (0.31) (0.14) (6.58) (0.13) 

Note: N=660. The start-of-period cohort dummies, minority share, industry structure, college reallocation, and province-year fixed effect are controlled. 

Dummies for major port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year 

are controlled. Regressions are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-

level residence-based population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1 



55 
 

Table A2 FDI and SOE Reform 
Dependent Variable: 100 × △ (no. people with some college or above)/population (in % pts) 

 
 

(1) (2) (3) (4) (5) (6) (7) 
Born Born Born Born Born Born Born 
1986- 
1989 

1982-
1985 

1978-
1981 

1974-
1977 

1970-
1973 

1960-
1969 

1950-
1959 

 △Capital goods import per capita 15.56** 13.45* -2.12 3.07* 1.89* 2.86** 1.76* 
 (6.77) (7.29) (1.68) (1.62) (1.06) (1.24) (1.03) 
Employment share of state-owned firms 3.95 -2.92 1.73 1.13 0.50 -0.31 -0.77* 
 (3.53) (3.14) (1.52) (1.26) (0.69) (0.54) (0.45) 
Employment share of foreign-owned firms -9.51 -14.61 10.01* -1.88 -2.67 -5.72* -3.41 
 (16.10) (15.34) (5.67) (3.67) (2.29) (3.14) (2.24) 

Mean(Y) 2.13 8.09 11.58 9.58 7.81 6.25 3.76 
Mean(△Y) 14.96 11.35 4.31 3.12 1.86 0.87 0.29 

Note: N=612. There are 48 cities whose employment shares by ownership have missing values. The start-of-period urban share, minority share, average 

years of schooling, college share, senior high school share, the number of moved-in departments in 1952, the share of people by cohorts, manufacturing 

share, export share of textile, export share of electronic and machinery, and province-year fixed effect are controlled. Dummies for major port cities 

(Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year are controlled. Regressions are 

weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-level residence-based 

population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1 
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Table A3 Spillover Effect: by-cohort Analysis 
Dependent Variable: 100 × △ (no. people with some college or above)/population (in % pts) 

 (1) (2) (3) (4) (5) (6) (7) 
Born Born Born Born Born Born Born 

1986-

1989 

1982-

1985 
1978-

1981 
1974-

1977 
1970-

1973 

1960-

1969 

1950-

1959 

Panel A. Baseline    △Capital goods import per capita 13.85*** 9.25*** 4.77** 2.76** 0.07 0.63 -0.02 
 (4.49) (3.46) (2.09) (1.20) (0.62) (0.42) (0.25) 

Panel B. Inverse distance weighted △capital goods import per capita of all the rest prefectures △Capital goods import per capita 15.20*** 10.01*** 5.12** 3.05*** 0.07 0.82* 0.08 
 (4.55) (3.69) (2.09) (1.14) (0.69) (0.42) (0.25) △Capital goods import in other prefectures per capita -15.94** -8.94 -4.15 -3.39** 0.06 -2.25*** -1.14** 

 (7.90) (6.09) (4.27) (1.38) (1.10) (0.74) (0.53) 

Panel B. Inverse distance weighted △capital goods import per capita of all the neighboring prefectures  △Capital goods import per capita 14.19*** 9.37*** 4.80** 2.84** 0.09 0.67* 0.00 
 (4.24) (3.43) (2.05) (1.11) (0.63) (0.40) (0.24) △Capital goods import in neighboring prefectures per 
capita 

-1.19* -0.40 -0.11 -0.28* -0.06 -0.16*** -0.07** 

 (0.66) (0.58) (0.41) (0.16) (0.11) (0.05) (0.03) 

Panel C. Share of neighboring cities with more △capital goods import per capita    △Capital goods import per capita 14.47*** 9.44** 4.84** 2.74** -0.03 0.60 -0.04 
 (4.89) (3.82) (2.29) (1.31) (0.71) (0.45) (0.27) 
Spillover effect (R=200km) 4.07 1.21 0.49 -0.12 -0.67 -0.16 -0.15 
 (3.00) (2.68) (1.70) (1.04) (0.51) (0.34) (0.18) 
Mean of Y 14.63 12.19 9.65 5.39 2.18 1.07 0.40 

Note: N=660. The start-of-period minority share, industry structure, college reallocation, and province-year fixed effect are controlled. Dummies for major 

port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year are controlled. 

Regressions are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-level residence-

based population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1 
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Table A4 Spillover Effects and Decomposition 

 (1)  (2)  (3)  (4) 
(1)=(2)+(3)-(4) Y=100×(△no. people 

with some college or 
above)/population  

= Local + Immigration  - Emigration  

Panel A. Inverse distance weighted △capital goods import per capita of all the rest prefectures △Capital goods import per capita  1.77**  1.31***  0.38  -0.07 
 (0.79)  (0.47)  (0.41)  (0.13) △Capital goods import in neighboring -0.12  -0.22***  0.08  -0.03** 

prefectures per capita (0.12)  (0.08)  (0.05)  (0.01) 

Panel B. Employment share weighted △capital goods import per capita of neighboring prefectures △Capital goods import per capita  1.88**  1.49***  0.34  -0.06 
 (0.84)  (0.51)  (0.40)  (0.12) △Capital goods import in other -1.63  -2.71***  0.78  -0.30* 

prefectures per capita (1.22)  (0.85)  (0.66)  (0.17) 

Panel C. Share of neighboring cities with more △capital goods import per capita △Capital goods import per capita 1.67*  1.19**  0.39  -0.09 
 (0.87)  (0.57)  (0.42)  (0.13) 
Share of neighboring cities with larger -0.35  -0.17  -0.24  -0.06 

imports (R=200km) (0.59)  (0.43)  (0.27)  (0.12) 

Note: N=660. The start-of-period cohort dummies, minority share, industry structure, college reallocation, and province-year fixed effect are controlled. 

Dummies for major port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year 

are controlled. Regressions are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-

level residence-based population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1
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Table A5 Spillover Effects and Decomposition: by-cohort Analysis 

 (1)  (2)  (3)  (4) 
(1)=(2)+(3)-(4) Y=100×(△no. people 

with some college or 
above)/population  

= Local + Immigration  - Emigration  

Panel A. 1986-1989 △Capital goods import per capita 15.20***  14.30***  -0.43  -1.33** 
 (4.55)  (4.40)  (1.35)  (0.63) △Capital goods import in other -15.94**  -19.58***  5.10*  1.46 

prefectures per capita (7.90)  (7.25)  (2.83)  (1.06) 
Panel B. 1982-1985 △Capital goods import per capita 10.01***  7.55***  1.83  -0.64** 
 (3.69)  (2.91)  (1.15)  (0.30) △Capital goods import in other -8.94  -9.17*  0.96  0.73 

prefectures per capita (6.09)  (5.51)  (1.05)  (1.02) 
Panel C. 1978-1981 △Capital goods import per capita 5.12**  3.38*  1.06**  -0.68* 
 (2.09)  (1.87)  (0.50)  (0.37) △Capital goods import in other -4.15  -3.38  -0.29  0.48 

prefectures per capita (4.27)  (4.57)  (0.49)  (0.86) 

Note: N=660. The start-of-period cohort dummies, minority share, industry structure, college reallocation, and province-year fixed effect are controlled. 

Dummies for major port cities (Dongguan, Guangzhou, Haikou, Jiayuguan, Shenzhen, Suzhou, and Xiamen and Zhuhai) and their interactions with year 

are controlled. Regressions are weighted by the residence-based population in 2000 using the tabulated city-level data. Models are weighted by prefecture-

level residence-based population in 2000. Standard errors clustered at province are shown in parentheses, *** p<0.01, ** p<0.05, * p<0.1 
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Table A6 Correlation 

Whole sample △Capital goods 

import per 
capita 

△Export 

per capita 

Average years 
of schooling 

College 
share 

Senior 
high share 

Mfg. 
share 

Textile Electronic 

△Capital goods import per capita 1.00        

△Export per capita 0.84 1.00       

Average years of schooling 0.21 0.25 1.00      
College share 0.25 0.23 0.72 1.00     
Senior high school share 0.28 0.31 0.85 0.70 1.00    
Manufacturing employment share 0.49 0.69 0.40 0.29 0.47 1.00   
Export share of textile -0.01 0.04 0.04 0.03 0.06 0.11 1.00  
Export share of electronic and 
machinery  

0.41 0.48 0.27 0.23 0.27 0.49 -0.03 1.00 

 

Dropping outliers △Capital goods 

import per 
capita 

△Export 

per capita 

Average years 
of schooling 

College 
share 

Senior 
high share 

Mfg. 
share 

Textile Electronic 

△Capital goods import per capita 1.00        

△Export per capita 0.68 1.00       

Average years of schooling 0.25 0.24 1.00      
College share 0.31 0.20 0.71 1.00     
Senior high school share 0.32 0.29 0.85 0.70 1.00    
Manufacturing employment share 0.49 0.74 0.38 0.27 0.45 1.00   
Export share of textile 0.04 0.11 0.04 0.03 0.08 0.14 1.00  
Export share of electronic and 
machinery  

0.33 0.37 0.24 0.20 0.23 0.41 -0.02 1.00 
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