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

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

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

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

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

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

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

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

♠♦st s✐❣♥✐✜❝❛♥t ♣✉❜❧✐❝ ❤❡❛❧t❤ ❝❤❛❧❧❡♥❣❡s ♦❢ t❤❡ t✇❡♥t② ✜rst ❝❡♥t✉r②✳ ❋♦r ❡①❛♠♣❧❡

t❤❡ ♣r❡✈❛❧❡♥❝❡ ♦❢ ♦✈❡r✇❡✐❣❤t ❛♥❞ ♦❜❡s✐t② ❤❛s ❣r♦✇♥ r❛♣✐❞❧② s✐♥❝❡ t❤❡ ✶✾✽✵s ❛♥❞✱

❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❍❡❛❧t❤ ❙✉r✈❡② ❢♦r ❊♥❣❧❛♥❞✱ ✐♥ ✷✵✵✹ ✻✸✪ ♦❢ t❤❡ ❛❞✉❧t ♣♦♣✉❧❛✲

t✐♦♥ ❤❛❞ ❛ ❇▼■ ❣r❡❛t❡r t❤❛♥ ✷✺ ✇❤✐❧❡ ✷✹✪ ✇❡r❡ ♦❜❡s❡ ✭❇▼■ ❣r❡❛t❡r t❤❛♥ ✸✵✮✳ ■♥

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

♣r❡✈❡♥t✐♦♥ ♦❢ ❝❛♥❝❡r ❛❧s♦ ❝♦♠♠❛♥❞s ❛tt❡♥t✐♦♥ ❛s ❞♦ t❤❡ ✐♠♣❛❝ts ♦❢ ❞✐❡t❛r② ❢❛t

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

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

❛r❡ ♥♦t ❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ✐♥ s♦❝✐❡t②✿ ❉r❡✇♥♦✇s❦✐ ✭✷✵✵✹✮ ♥♦t❡s t❤❛t ✐♥ t❤❡ ❯♥✐t❡❞

❙t❛t❡s ♦❜❡s✐t② ❛♥❞ t②♣❡ ✷ ❞✐❛❜❡t❡s ❢♦❧❧♦✇ ❛ s♦❝✐♦❡❝♦♥♦♠✐❝ ❣r❛❞✐❡♥t ✇✐t❤ t❤❡ ❤✐❣❤✲

❡st r❛t❡s ♦❢ ❞✐s❡❛s❡ ♦❜s❡r✈❡❞ ❛♠♦♥❣ ❣r♦✉♣s ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣♦✈❡rt② r❛t❡s ❛♥❞ t❤❡

❧❡❛st ❡❞✉❝❛t✐♦♥✳ ❉♦✇❧❡r ✭✷✵✵✸✮ ❝♦♥s✐❞❡rs t❤❡ ❝♦♥❝❡♣t ♦❢ ✧❢♦♦❞ ♣♦✈❡rt②✧✱ ♥♦t✐♥❣

t❤❛t ✐t ✐s ❛ t❡r♠ ✇❤✐❝❤ ✐s ❣❛✐♥✐♥❣ ❝✉rr❡♥❝② ✐♥ t❤❡ ❯❑✳ ❙❤❡ ❛r❣✉❡s t❤❛t t❤❡ ❝♦♥❝❡♣t

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

st❛♥❞❛r❞s t♦✇❛r❞s ❛ ❞❡✜♥✐t✐♦♥ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❛s♣❡❝ts ♦❢ s♦❝✐❛❧ ❛♥❞ ❝✉❧t✉r❛❧ ♣❛rt✐❝✲

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

✐♥ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s ❛ ♣❛tt❡r♥ ❡①✐sts ✇❤❡r❡❜② t❤♦s❡ ❧✐✈✐♥❣ ♦♥ ❧♦✇ ✇❛❣❡s✱ ♦r ✐♥
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❛r❡❛s ♦❢ ❞❡♣r✐✈❛t✐♦♥ ❤❛✈❡ ❧♦✇❡r ♥✉tr✐❡♥t ✐♥t❛❦❡s ❛♥❞ ✇♦rs❡ ❞✐❡t❛r② ♣❛tt❡r♥s t❤❛♥

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

♣♦✈❡rt② ✐s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ✜♥❛♥❝✐❛❧ ♣♦✈❡rt② ♦r ♦❢ ♣r❡❢❡r❡♥❝❡ ❤❡t❡r♦❣❡♥❡✐t② ✐s ❛♥

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

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

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

❡♥t❛♥❣❧❡ ✇❤❡t❤❡r ♣♦♦r ❞✐❡ts ❛r❡ ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ❡❝♦♥♦♠✐❝ ♣♦✈❡rt② ♦r ♣r❡❢❡r❡♥❝❡

❤❡t❡r♦❣❡♥❡✐t② ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❤♦✉s❡❤♦❧❞ t②♣❡s✳

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

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

❝♦♠♠♦❞✐t✐❡s ❛✈❛✐❧❛❜❧❡ t♦ t❤❡♠✳ ❲❛❧❡s ✫ ❲♦♦❞❧❛♥❞ ✭✶✾✽✸✮ ✐♥tr♦❞✉❝❡ t✇♦ ❡❝♦♥♦✲

♠❡tr✐❝ ♠♦❞❡❧s ❢♦r ❝❡♥s♦r❡❞ ❞❡♠❛♥❞ s②st❡♠s✳ ❚❤❡② r❡❢❡r t♦ t❤❡ ✜rst ♠♦❞❡❧ ❛s

t❤❡ ❑✉❤♥✲❚✉❝❦❡r ❛♣♣r♦❛❝❤✳ ❆s ✐ts ♥❛♠❡ ✐♠♣❧✐❡s✱ ✐t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❑✉❤♥✲❚✉❝❦❡r

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

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

❑✉❤♥✲❚✉❝❦❡r ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❝♦♥❞✐t✐♦♥s ❤♦❧❞ ❛s ❛♥ ❡q✉❛❧✐t② ✇❤❡♥ ❛♥ ✐♥t❡r✐♦r s♦✲

❧✉t✐♦♥ r❡s✉❧ts ❛♥❞ ❛s ❛♥ ✐♥❡q✉❛❧✐t② ✇❤❡♥ t❤❡r❡ ✐s ❛ ❝♦r♥❡r s♦❧✉t✐♦♥✳ ❆s ❛ r❡s✉❧t t❤❡

❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥ ✐s ♦❢ ❛ ♠✐①❡❞ ❞✐s❝r❡t❡✲❝♦♥t✐♥✉♦✉s ❢♦r♠ ✭P✉❞♥❡② ✭✶✾✽✾✱ ♣✶✻✸✮✮

❛♥❞ ✐s ❞✐✣❝✉❧t t♦ ♠❛①✐♠✐s❡ ❢♦r ❛❧❧ ❜✉t r❡❧❛t✐✈❡❧② s♠❛❧❧ ❞❡♠❛♥❞ s②st❡♠s ❜❡❝❛✉s❡

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

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

♠❡♥t❛t✐♦♥ t❤❡ ❑✉❤♥✲❚✉❝❦❡r ❛♣♣r♦❛❝❤✱ ♦♥❡ ❡①❛♠♣❧❡ ✐s P❤❛♥❡✉❢✱ ❑❧✐♥❣ ✫ ❍❡rr✐❣❡s

✭✷✵✵✵✮✳ ❇② ❝♦♥tr❛st✱ t❤❡ s❡❝♦♥❞ ♠♦❞❡❧ ♣r♦♣♦s❡❞ ❜② ❲❛❧❡s ✫ ❲♦♦❞❧❛♥❞ ✭✶✾✽✸✮✱

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

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

✸



❚♦❜✐t ♠♦❞❡❧ ✭❚♦❜✐♥ ✭✶✾✺✽✮✮ ❛s ❡①t❡♥❞❡❞ ❜② ❆♠❡♠✐②❛ ✭✶✾✼✹✮ t♦ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❛

s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤ t❤❡ ❞❡♠❛♥❞ ♠♦❞❡❧ ✐s ❞❡r✐✈❡❞ ✇✐t❤♦✉t ❡①♣❧✐❝✲

✐t❧② ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ♥♦♥✲♥❡❣❛t✐✈✐t② ❝♦♥❞✐t✐♦♥s✳ ■♥st❡❛❞ t❤❡s❡ ❛r❡ ❛❞❞❡❞ t♦ t❤❡

❡st✐♠❛t❡❞ ♠♦❞❡❧ ❜② tr✉♥❝❛t✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ st♦❝❤❛st✐❝ ❞❡♠❛♥❞ ❝❤♦✐❝❡s

t♦ ❛❧❧♦✇ ❢♦r ❛ ❞✐s❝r❡t❡ ♣r♦❜❛❜✐❧✐t② ♠❛ss ❛t ③❡r♦✳ ❆ ♥✉♠❜❡r ♦❢ str❛t❡❣✐❡s ❤❛✈❡ ❜❡❡♥

❛❞♦♣t❡❞ t♦ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❑✉❤♥✲❚✉❝❦❡r ♠♦❞❡❧✳ ❚❤❡ ❞✐r❡❝t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡

s②st❡♠ ❜② ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❤❛s ❜❡❡♥ ♣r♦❜❧❡♠❛t✐❝ ❢♦r r❡❛s♦♥s ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧

❝♦♠♣❧❡①✐t②✳ ❊❛r❧✐❡r ❛tt❡♠♣ts ❛t t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❆♠❡♠✐②❛✲❚♦❜✐♥ ♠♦❞❡❧ ❛r❡

t❤❡r❡❢♦r❡ ❜❛s❡❞ ♦♥ t❤❡ t✇♦ st❛❣❡ ❛♣♣r♦❛❝❤ ♣r♦♣♦s❡❞ ❜② ❍❡✐❡♥ ✫ ❲❡ss❡❧❧s ✭✶✾✾✵✮

❛♥❞ ❞❡✈❡❧♦♣❡❞ ❜② ❙❤♦♥❦✇✐❧❡r ✫ ❨❡♥ ✭✶✾✾✾✮ ✇❤✐❝❤ ✐s ✐ts❡❧❢ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡

❍❡❝❦♠❛♥ ✭✶✾✼✾✮ ♠❡t❤♦❞✳ ❚❤❡ t✇♦ st❡♣ ❛♣♣r♦❛❝❤ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ ❣❡♥❡r❛❧✐s❛✲

t✐♦♥ ♦❢ t❤❡ ❆♠❡♠✐②❛✲❚♦❜✐♥ ❛♣♣r♦❛❝❤ ❜❡❝❛✉s❡ ✐t ❝♦♠♣r✐s❡s t✇♦ s❡ts ♦❢ ❡q✉❛t✐♦♥s✿

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

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

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

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

❣♦♦❞ ❜② ❇❧✉♥❞❡❧❧ ✫ ▼❡❣❤✐r ✭✶✾✽✼✮ ✇❤♦ r❡❢❡r t♦ t❤❡ ♠♦❞❡❧ ✐♥ ✇❤✐❝❤ t❤❡ s❛♠✲

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

♠♦❞❡❧✱ ❛ ♠♦❞❡❧ ✐♥tr♦❞✉❝❡❞ ♦r✐❣✐♥❛❧❧② ❜② ❈r❛❣❣ ✭✶✾✼✶✮✳ ❚❤❡ ❞♦✉❜❧❡ ❤✉r❞❧❡ ♠♦❞❡❧

✐s ❛❞❛♣t❡❞ ❜② ❇❧✉♥❞❡❧❧ ✫ ▼❡❣❤✐r ✭✶✾✽✼✮ t♦ ❢♦r♠ ❛♥ ✐♥❢r❡q✉❡♥❝② ♦❢ ♣✉r❝❤❛s❡ ♠♦❞❡❧

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

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

▲✐♥ ✫ ❙♠❛❧❧✇♦♦❞ ✭✷✵✵✸✮ ♥♦t❡ t❤❛t t✇♦ st❡♣ ❡st✐♠❛t✐♦♥ ✐s ❝♦♥s✐st❡♥t ❜✉t ✐♥❡✣❝✐❡♥t

❛♥❞ t❤❡② r❡t✉r♥ t♦ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❆♠❡♠✐②❛✲❚♦❜✐♥

♠♦❞❡❧ ✉s✐♥❣ s✐♠✉❧❛t❡❞ ❛♥❞ q✉❛s✐ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ♠❡t❤♦❞s✳ ❚❤❡s❡ ♠❡t❤♦❞s

✹



❛r❡ ❣❡♥❡r❛❧✐s❡❞ ✐♥ ❙t❡✇❛rt ✫ ❨❡♥ ✭✷✵✵✹✮ ❛♥❞ ❨❡♥ ✭✷✵✵✺✮ ✐♥ ❛♥ ❛♥❛❧♦❣♦✉s ✇❛② t♦

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

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

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

♣♦s❡❞ ❜② ❈r❛❣❣ ✭✶✾✼✶✮✳ ❚❤❡✐r ♠♦❞❡❧s ❛r❡ ❡st✐♠❛t❡❞ ❜② ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❛♥❞

❛r❡ t❤✉s ❡✣❝✐❡♥t✳

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

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

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

❤✐t❤❡rt♦ t♦ t❤❡ ✐♥❢r❡q✉❡♥❝② ♦❢ ♣✉r❝❤❛s❡ ♠♦❞❡❧ ❛♥❞ ✇❡ ✐♥❝♦r♣♦r❛t❡ t❤❡ ❲❛❧❡s ✫

❲♦♦❞❧❛♥❞ ✭✶✾✽✸✱ ♣✳ ✷✼✸✮ ❛♣♣r♦❛❝❤ t♦ t❤❡ ✐♠♣♦s✐t✐♦♥ ♦❢ ❛❞❞✐♥❣✲✉♣ ✇❤✐❝❤✱ ❛s P✉❞✲

♥❡② ✭✶✾✽✾✱ ♣✶✺✼✮ ♥♦t❡s✱ ❤❛s ❜❡❡♥ ♣r♦❜❧❡♠❛t✐❝ ✐♥ ❛ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❝♦♥t❡①t✳

✷ ❚❤❡ ▲✐♥❡❛r✐s❡❞ ❆■❉❙ ■P▼

❚❤❡ ❛❧♠♦st ✐❞❡❛❧ ❞❡♠❛♥❞ s②st❡♠ ✭❆■❉❙✮ ✐s ✇r✐tt❡♥✿

s∗it = αi +
m+1∑

j=1

γij ln pjt + ωi ln

(
et

Pt

)
+ ψ′

iht + uit ✭✶✮

i = 1, . . . ,m+ 1 ❛♥❞ t = 1, ......T ✭✷✮

(u1t, . . . umt)
′ ∼ N (0,Σ) ✭✸✮

✇❤❡r❡✱ pjt ✐s t❤❡ ♣r✐❝❡ ♦❢ t❤❡ j
th ❣♦♦❞ t♦ t❤❡ tth ❤♦✉s❡❤♦❧❞ et ✐s t♦t❛❧ ❡①♣❡♥❞✐t✉r❡✱

Pt =
∏

j p
sjt

jt ✐s ❙t♦♥❡✬s ♣r✐❝❡ ✐♥❞❡① ❛♥❞ ht ✐s ❛ ✈❡❝t♦r ♦❢ ✈❛r✐❛❜❧❡s t❤❛t ❞❡s❝r✐❜❡s t❤❡

tth ❤♦✉s❡❤♦❧❞✳ ◆♦t❡ t❤❛t t❤❡ ✈❡❝t♦r (u1t, . . . umt) ❡①❝❧✉❞❡s t❤❡ (m + 1)th ❡q✉❛t✐♦♥

s♦ t❤❛t Σ ✐s ♣♦s✐t✐✈❡ ❞❡✜♥✐t❡✳ s∗it ✐s ❛ ❧❛t❡♥t s❤❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s t♦ ❛❝❝♦✉♥t ❢♦r

✺



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

s∗it =
pitq

∗

it∑m
i=1 pitq

∗

it

✭✹✮

✇❤❡r❡ q∗it ✐s ❛ ❧❛t❡♥t ✈❛r✐❛❜❧❡ ❞❡✜♥❡❞ ❛s✿

q∗it =





q∗it : q∗it ≤ 0

qitΦit : q∗it > 0,

✭✺✮

qit ✐s t❤❡ q✉❛♥t✐t② ♦❢ ❣♦♦❞ i ♣✉r❝❤❛s❡❞ ❜② t❤❡ tth ❤♦✉s❡❤♦❧❞ ❛♥❞ Φit ✐s t❤❡ ♣r♦❜❛❜✐❧✐t②

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

s❤❛r❡ s∗∗it ✇❤✐❝❤ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❡♥s♦r✐♥❣ r✉❧❡✿

s∗∗it = yitmax (s∗it, 0) ✭✻✮

✇❤❡r❡ yit ✐s ❛ ❜✐♥❛r② ✈❛r✐❛❜❧❡ ✇❤✐❝❤ ❤❛s t❤❡ ✈❛❧✉❡ ♦♥❡ ✇❤❡♥ t❤❡ ith ❣♦♦❞ ✐s ❜♦✉❣❤t

❜② t❤❡ tth ❤♦✉s❡❤♦❧❞✳ ◆♦t❡ t❤❛t t❤❡ ❧❛t❡♥t s❤❛r❡s ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✹ s✉♠ t♦ ♦♥❡

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

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

✐s t❤❡r❡❢♦r❡ q✉❡st✐♦♥❛❜❧❡✳ ■♥ ♦r❞❡r t♦ ❛❞❞r❡ss t❤✐s ❲❛❧❡s ✫ ❲♦♦❞❧❛♥❞ ✭✶✾✽✸✱ ♣✷✼✵✮

♣r♦♣♦s❡ t❤❛t sit
it ❛r❡ tr❡❛t❡❞ ❛s ❧❛t❡♥t ✈❛r✐❛❜❧❡s ✇❤✐❝❤ ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ✏♦❜s❡r✈❡❞✑

s❤❛r❡s sit ❛s ❢♦❧❧♦✇s✿
✶

sit =
pitq

∗

it∑
i∈C pitq

∗

it

=
s∗∗it∑m+1

i=1 s∗∗it
✭✼✮

✶❲❡ r❡❢❡r t♦ t❤❡s❡ ❛s ♦❜s❡r✈❡❞ s❤❛r❡s ❢♦r ❝♦♥s✐st❡♥❝② ✇✐t❤ ❲❛❧❡s ✫ ❲♦♦❞❧❛♥❞ ✭✶✾✽✸✱ ♣✷✼✵✮✱
t❤❡② ❛r❡ ❤♦✇❡✈❡r ❧❛t❡♥t ✐♥ ❛ s❡♥s❡ ❜❡❝❛✉s❡ t❤❡② ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ✉♥♦❜s❡r✈❡❞ ❝♦♥s✉♠♣t✐♦♥ ❧❡✈❡❧s✳

✻



✇❤❡r❡✿

C = {i : s∗∗it > 0} . ✭✽✮

◆♦t❡ t❤❛t t❤❡ s❡❝♦♥❞ ❡q✉❛❧✐t② ✐♥ ❡q✉❛t✐♦♥ ✼ ❡♥s✉r❡s t❤❛t ❛❞❞✐♥❣✲✉♣ ✐s s❛t✐s✜❡❞✳

❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐♥ ❡q✉❛t✐♦♥ ✼ ❡♥❛❜❧❡s ✉s t♦ ✇♦r❦ ❜❛❝❦ t♦ ♦❜t❛✐♥ t❤❡ ✉♥♦❜s❡r✈❡❞

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

✉s✐♥❣ ❡q✉❛t✐♦♥ ✹ ❜② ❛♣♣❧②✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛✿

s∗i = si

(
1 −

∑

i/∈I

s∗i

)
∀i ∈ C ✭✾✮

■♥ ❝♦♠♣❛❝t ❢♦r♠✱ t❤❡ ❢✉❧❧ ❆■❉❙ ✐s ✇r✐tt❡♥✿

s∗ = X2Λ + v ✭✶✵✮

✇❤❡r❡✿

X2=Im ⊗ x2, ✭✶✶✮

x2= (x21 . . . ,x2T )′ , ✭✶✷✮

x2t =

(
1, ln p1,t, · · · , ln pm+1,t, ln

(
et

Pt

)
, h′t

)
′

, ✭✶✸✮

s∗ = (s∗1,1, · · · , s
∗

1,T , s
∗

2,1, . . . , s
∗

2,T , . . . , s
∗

m,1, . . . s
∗

m,T )′, ✭✶✹✮

Λ=
(
α1, γ11, . . . γ1,m+1, ω1, ψ

′

1, . . . , αm, γm1, . . . γm,m+1, ωm, ψ
′

m,

)
′

, ✭✶✺✮

❛♥❞✿

v=(v1,1, · · · , v1,T , v2,1, . . . , v2,T , . . . , vm,1, . . . vm,T )′ ✭✶✻✮

✼



❚❤❡ ✉♥❞❡r❧②✐♥❣ t❤❡♦r② r❡q✉✐r❡s t❤❛t t❤❡ ♠♦❞❡❧ s❛t✐s✜❡s s②♠♠❡tr②

γij = γji ❢♦r ❛❧❧ ✐✱❥✱ ✭✶✼✮

❤♦♠♦❣❡♥❡✐t②
∑

j

γij = 0 ❢♦r ❛❧❧ j ✭✶✽✮

❛♥❞ ❝♦♥❝❛✈✐t②✳ ❈♦♥❝❛✈✐t② ✐♠♣❧✐❡s t❤❛t t❤❡ ❙❧✉ts❦② ♠❛tr✐① ✭M✮ ✇❤✐❝❤ ❤❛s t❤❡

❡❧❡♠❡♥ts✿

Mij = γij + ωiωj ln
( e
P

)
− siδij + sisj ✭✶✾✮

δii = 1, δij = 0 : i 6= j ✭✷✵✮

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

❛♣♣❧✐❝❛t✐♦♥✳✷

❚♦ ❝♦♠♣❧❡t❡ t❤❡ ■P▼✱ t❤❡ ❞❡♠❛♥❞ ❡q✉❛t✐♦♥s ✐♥ ✶✵ ❛r❡ ❛✉❣♠❡♥t❡❞ ✇✐t❤m ♣r♦❜✐t

❡q✉❛t✐♦♥s t♦ ❣✐✈❡ t❤❡ ❝♦♠♣❧❡t❡ ♠♦❞❡❧✿

y∗ = X1β1 + u ✭✷✶✮

s∗ = X2Λ + v ✭✷✷✮

✇❤❡r❡ y∗

1 ✐s ❛♥ mT × 1 ✈❡❝t♦r ♦❢ ❧❛t❡♥t ✈❛r✐❛❜❧❡s str✉❝t✉r❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s s∗

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

✽



✭s❡❡ ❡q✉❛t✐♦♥ ✶✹✮ ❛♥❞ ❜❛s❡❞ ♦♥ t❤❡ ❜✐♥❛r② ✈❛r✐❛❜❧❡ yit ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✷✸✿

y∗it





> 0

≤ 0

yit = 1

yit = 0
✭✷✸✮

❛♥❞

X1 = Im⊗x1 ✭✷✹✮

x1 = (x11 . . . ,x1T ) ✭✷✺✮

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

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

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

✐♥ t❤✐s r❡s♣❡❝t ❛♥❞ st♦❝❦s ❛r❡ ❡①❤❛✉st❡❞ ✐♥ ❛ ♣✉r❡❧② r❛♥❞♦♠ ♠❛♥♥❡r ❛♥❞ x1 ✐s ❛

t❤❡r❡❢♦r❡ ❛ ✈❡❝t♦r ♦❢ ❝♦♥st❛♥ts✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t✿

e =




u

v


 ∼ N(0,Σ), ✭✷✻✮

❲❡ ❡st✐♠❛t❡ t❤❡ ♠♦❞❡❧ ✉s✐♥❣ t❤❡ ▼❛r❦♦✈ ❝❤❛✐♥ ▼♦♥t❡✲❈❛r❧♦ ♠❡t❤♦❞s✳ ❚❤❡s❡

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

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

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

♣♦st❡r✐♦r ❞✐str✐❜✉t✐♦♥s✳ ■❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✐♥ ✷✶ ❛♥❞ ✷✷ ✇❡r❡ ♦❜s❡r✈❛❜❧❡✱ t❤❡

❢✉❧❧ s②st❡♠ ❝♦♠♣r✐s✐♥❣ ❜♦t❤ s❡ts ♦❢ ❡q✉❛t✐♦♥ ❝♦✉❧❞ ❜❡ tr❡❛t❡❞ ❛s ❛ s❡t ♦❢ s❡❡♠✐♥❣❧②

✉♥r❡❧❛t❡❞ ❡q✉❛t✐♦♥s ✭❙❯❘✮ ❛♥❞ ❡st✐♠❛t✐♦♥ ✇♦✉❧❞ ❜❡ str❛✐❣❤t❢♦r✇❛r❞✳ ❲r✐t✐♥❣ t❤❡

✾



❝♦♠♣❧❡t❡ s②st❡♠ ✐♥ ✷✶ ❛♥❞ ✷✷ ❛s✿

y∗ = Xβ + e ✭✷✼✮

✇❤❡r❡✿

y∗ = (y∗, s∗)′ ,X=




X1 0

0 W


 , β=

(
β

′

1,Θ
′

)
′

, e= (u′,v′)
′

✭✷✽✮

t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❞✐str✐❜✉t✐♦♥s ❛r❡✿

p (β|y,X,Σ) ∼MVN
((

Σ−1 ⊗ X′X
)
−1 (

Σ−1 ⊗ X′
)
y∗,Σ−1 ⊗ X′X

)
✭✷✾✮

p (Σ|y,X,Θ) ∼ IW (ẽ′ẽ,T ) ✭✸✵✮

✇❤❡r❡✿

ẽ =




u1,1 . . . um,1 e1,1 . . . em,1

✳✳✳
✳✳✳

✳✳✳
✳✳✳

u1,T . . . um,T e1,T . . . em,T




✭✸✶✮

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

❲♦♥❣ ✭✶✾✽✼✮✮ t♦ ❡st✐♠❛t❡ t❤❡ ♠♦❞❡❧✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ♣❞❢s ♦❢

t❤❡ ❧❛t❡♥t ❞❛t❛ ❛r❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ♠✐ss✐♥❣ ❞❛t❛✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❞❛t❛ t❤❡♥

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

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

✜tt❡❞ ✈❛❧✉❡ ❞❡✜♥❡❞ ❛s ŷt✳ ❉❡✜♥✐♥❣ t❤❡ ♣r❡❝✐s✐♦♥ ♠❛tr✐① H = Σ−1✱ t❤❡ ❝♦♥❞✐t✐♦♥❛❧

♠❡❛♥ (µit) ❛♥❞ ✈❛r✐❛♥❝❡ (Vi) ♦❢ t❤❡ ❧❛t❡♥t ✈❛r✐❛❜❧❡s ❛r❡ ✭●❡✇❡❦❡ ✭✷✵✵✺✱ ❚❤❡♦r❡♠

✶✵



✺✳✸✳✶✮✮✿

µit = ŷit + ΣiΣ
−1
−i (y−i,t − ŷ−i,t) = ŷit −H−1

ii H−i (y−i,t − ŷ−i,t) ✭✸✷✮

Vi = Σii − ΣiΣ
−1
−i Σ

′

i = H−1
−i ✭✸✸✮

✇❤❡r❡ Σii ✐s t❤❡ i
th ♦♥✲❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥t ♦❢ Σ✱ Σi ✐s t❤❡ i

th r♦✇ ♦❢ Σ ❡①❝❧✉❞✐♥❣ Σii✱

❛♥❞ Σ−i ✐s t❤❡ ♠❛tr✐① ✇✐t❤✐♥ Σ ❡①❝❧✉❞✐♥❣ ❜♦t❤ t❤❡ ith ❝♦❧✉♠♥ ❛♥❞ ith r♦✇✳ Hii

❛♥❞ Hi ❛r❡ s✐♠✐❧❛r❧② ❞❡✜♥❡❞✳ ŷit ✐s t❤❡ ✜tt❡❞ ✈❛❧✉❡ ♦❢ yit ❢♦r t❤❡ t
th ❤♦✉s❡❤♦❧❞ ❛♥❞

ŷ−i,t ❛♥❞ y−i,t ❛r❡ ✈❡❝t♦rs ✇✐t❤✐♥ ŷt ❛♥❞ yt r❡s♣❡❝t✐✈❡❧②✱ ✇✐t❤ t❤❡✐r ith ❡❧❡♠❡♥ts

r❡♠♦✈❡❞✳ ❚❤❡ ❧❛t❡♥t ❞❛t❛ ✐♥ t❤❡ ♣r♦❜✐t ❡q✉❛t✐♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡ r✉❧❡s✿

yit = 0 : y∗it|y
∗

−i,t,Θ,X,Σ ∼ N (µit, Vi) I[−∞,0] ✭✸✹✮

yit = 1 : y∗it|y
∗

−i,t,Θ,X,Σ ∼ N (µit, Vi) I[0,∞] ✭✸✺✮

❛♥❞ ✐♥ t❤❡ s❤❛r❡ ❡q✉❛t✐♦♥s ❜②✿

sit = 0 : s∗it|y
∗

−i,t,Θ,X,Σ ∼ N (µit, Vi) ✭✸✻✮

✇❤❡r❡ I[−∞,0] ✐s ❛♥ ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ t❤❛t ✐s ♦♥❡ ✐❢ yit ∈ [−∞, 0] ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡✳

❋✐♥❛❧❧②✱ ❜❡❝❛✉s❡ ✇❡ ❡♠♣❧♦② t❤❡ ❲❛❧❡s ✫❲♦♦❞❧❛♥❞ ✭✶✾✽✸✱ ♣✷✼✵✮ ❛♣♣r♦❛❝❤ t♦ ❡♥s✉r❡

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

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

s∗i = si

(
1 −

∑

i/∈I

s∗i

)
∀i ∈ C ✭✸✼✮

✇❤❡r❡ C ✐s ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✽✳

✶✶



❚❤❡ ✜♥❛❧ ✐ss✉❡ ✇❤✐❝❤ ❤❛s t♦ ❜❡ ❛❞❞r❡ss❡❞ ✐s t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜✐t

❡q✉❛t✐♦♥s✳ ❚♦ ❛❝❤✐❡✈❡ t❤✐s ✐t ✐s ♥❡❝❡ss❛r② t♦ r❡str✐❝t t❤❡ ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①✿

Σ =




Σuu Σuv

Σvu Σvv


 . ✭✸✽✮

❲❡ ✐♠♣♦s❡ t❤❡ r❡str✐❝t✐♦♥ t❤❛t Σuu = I✳ ❙t❛♥❞❛r❞ r❡s✉❧ts ❣✐✈❡✿

u ∼ (0,Σuu) ✭✸✾✮

v|u ∼ N
(
ΣuvΣ

−1
uuu, Σvv − ΣuvΣ

−1
uuΣuv

)
. ✭✹✵✮

■♥ t❤❡ r❡❣r❡ss✐♦♥✿

ṽ = ũδ + ε, ✭✹✶✮

✇❤❡r❡ ṽ✱ ũ ❛♥❞ ε ❛r❡ T ×m ♠❛tr✐❝❡s✿

ũ =




v11 v21 · · · vm1

✳✳✳
✳✳✳

✳✳✳

v1T v2T · · · vmT




✭✹✷✮

ũ =




u11 u21 · · · um1

✳✳✳
✳✳✳

✳✳✳

u1T u2T · · · umT




✭✹✸✮

❛♥❞ δ ✐s M ×M ✱ ✇❡ ❝❛♥ ✇r✐t❡✿

δ = (ũ′ũ)
−1

ũ′ṽ. ✭✹✹✮

✶✷



❍❡♥❝❡✿

δ = Σ−1
uuΣuv, ✭✹✺✮

❛♥❞✿

Σuv = Σuuδ. ✭✹✻✮

▼♦r❡♦✈❡r✿

Σε = ❝♦✈(v|u) ✭✹✼✮

= Σvv−ΣuvΣ
−1
uuΣuv. ✭✹✽✮

❍❡♥❝❡✿

Σvv = Σε + ΣuvΣ
−1
uuΣuv. ✭✹✾✮

❚❤❡r❡❢♦r❡✱ ✉♥❞❡r ❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t Σuu = I✱ ✇❡ ❝❛♥ r❡❝♦✈❡r t❤❡ ♦t❤❡r ♣❛rts ♦❢

Σ ❛s ❢♦❧❧♦✇s✿

Σuv = δ, ✭✺✵✮

Σvv = Σε + ΣuvΣuv. ✭✺✶✮

❋r♦♠ t❤❡ r❡❣r❡ss✐♦♥ ✐♥ ❡q✉❛t✐♦♥ ✭✹✶✮✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❞✐str✐❜✉✲

t✐♦♥s ❢♦r δ ❛♥❞ Σε ❛r❡ ♥♦r♠❛❧ (N) ❛♥❞ ✐♥✈❡rt❡❞ ❲✐s❤❛rt (IW ) r❡s♣❡❝t✐✈❡❧②✿

δ|Σε ∼ N
[(

ũ′Σ−1
ε ũ
)
−1

ũ′ṽ ,
(
ũ′Σ−1

ε ũ
)
−1
]

✭✺✷✮

Σε|δ ∼ IW (ε′ε, T ) ✭✺✸✮

■♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢② t❤❡ ♣r♦❜✐t ❡q✉❛t✐♦♥s ✇❡ ✐♠♣♦s❡ t❤❡ r❡str✐❝t✐♦♥ Σuu = I ❛♥❞

✶✸



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

♦♥ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❞✐str✐❜✉t✐♦♥s ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥s ✐♥ ✺✷ ❛♥❞ ✺✸ ❛♥❞ ♦❜t❛✐♥ t❤❡

✉♥r❡str✐❝t❡❞ ❜❧♦❝❦s ♦❢ Σ ✉s✐♥❣ ✺✵ ❛♥❞ ✺✶✳

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

✶✳ ❉r❛✇ t❤❡ ♣❛r❛♠❡t❡r ✈❡❝t♦r Λ ❢r♦♠ t❤❡ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ✐♥ ❡q✉❛t✐♦♥ ✷✾✳

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

❞✐str✐❜✉t✐♦♥s ✐♥ ❡q✉❛t✐♦♥s ✸✹ ❛♥❞ ✸✺✳

✸✳ ❖❜t❛✐♥ t❤❡ ❧❛t❡♥t ❞❛t❛ ❢♦r t❤❡ s❤❛r❡ ❡q✉❛t✐♦♥s✿

✭❛✮ ❲❤❡r❡ t❤❡ s❤❛r❡ ✐s ❝❡♥s♦r❡❞ ♠❛❦❡ ❛ ❞r❛✇ ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ✐♥ ❡q✉❛t✐♦♥

✸✻✳

✭❜✮ ❲❤❡r❡ ❛ ♣✉r❝❤❛s❡ ✐s ♦❜s❡r✈❡❞✿

✐✳ ❝♦♠♣✉t❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛ ♣✉r❝❤❛s❡✿

Φit = p(y1it = 1) = Φ (vit > −x1tβ1) = Φ (x1tβ1i)

❛♥❞ ✉s❡ t❤✐s t♦ ❝♦♠♣✉t❡✿

sit =
pitq

∗

it∑
i∈I pitq

∗

it

✐✐✳ ❈♦♠♣✉t❡ t❤❡ ❧❛t❡♥t s❤❛r❡ ❛❝❝♦r❞✐♥❣ t♦ ❡q✉❛t✐♦♥ ✸✼✳

✹✳ ❉r❛✇ t❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① Σ✿

✭❛✮ ❉r❛✇ δ ❢r♦♠ t❤❡ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ✐♥ ✺✷✳

✶✹



✭❜✮ ❉r❛✇ Σε ❢r♦♠ t❤❡ ✐♥✈❡rs❡ ❲✐s❤❛rt ❞✐str✐❜✉t✐♦♥ ✐♥ ✺✸✳

✭❝✮ ❈♦♥str✉❝t t❤❡ ❝♦♠♣❧❡t❡ ♠❛tr✐① ✉s✐♥❣ ❡q✉❛t✐♦♥s ✺✵ ❛♥❞ ✺✶✳

✺✳ ❘❡t✉r♥ t♦ st❡♣ ✶✳

✸ ❉❛t❛ ❛♥❞ ❛❣❣r❡❣❛t✐♦♥

❲❡ ✉s❡ t❤❡ ❯❑ ❣♦✈❡r♥♠❡♥t✬s ❡①♣❡♥❞✐t✉r❡ ❛♥❞ ❢♦♦❞ s✉r✈❡② ✭❊❋❙✮ ❢♦r ✷✵✵✸✲✹✳ P❛r✲

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

❢♦r ❛ t✇♦ ✇❡❡❦ ♣❡r✐♦❞ ✉s✐♥❣ ❛ ❢♦♦❞ ❞✐❛r②✳ ❚❤❡ s❛♠♣❧❡ ✐s ❜❛s❡❞ ♦♥ ✼✱✵✶✹ ❤♦✉s❡❤♦❧❞s

✐♥ ✻✼✷ ♣♦st❝♦❞❡ s❡❝t♦rs str❛t✐✜❡❞ ❜② ●♦✈❡r♥♠❡♥t ❖✣❝❡ ❘❡❣✐♦♥✱ s♦❝✐♦❡❝♦♥♦♠✐❝

❣r♦✉♣ ❛♥❞ ❝❛r ♦✇♥❡rs❤✐♣✳ ■t ✐s ❝❛rr✐❡❞ ♦✉t t❤r♦✉❣❤♦✉t t❤❡ ❯❑ ❛♥❞ t❤r♦✉❣❤♦✉t t❤❡

②❡❛r ✐♥ ♦r❞❡r t♦ ❝❛♣t✉r❡ s❡❛s♦♥❛❧ ✈❛r✐❛t✐♦♥s✳

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

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

♣♦❧✐❝②✳ ❚❤❡ t❤r❡❡ ❣r♦✉♣s ❛r❡ r❡s♣❡❝t✐✈❡❧②✿ t❤❡ ❇❛❧❛♥❝❡ ♦❢ ●♦♦❞ ❍❡❛❧t❤❀ ❋✐s❤ ❛♥❞

❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡s✳ ■♥ ❛❧❧ ❝❛s❡s ♦❜s❡r✈❛t✐♦♥s ❛r❡ ❡①❝❧✉❞❡❞ ✇❤❡r❡ ♥♦♥❡ ♦❢ t❤❡ ❢♦♦❞

❣r♦✉♣s ✐♥ t❤❡ ♠♦❞❡❧ ❛r❡ ❝♦♥s✉♠❡❞✳ ❚❤✐s ❧❡❛✈❡s ✼✱✵✶✹✱ ✹✱✾✶✹ ❛♥❞ ✻✱✽✵✵ ♦❜s❡r✈❛t✐♦♥s

r❡s♣❡❝t✐✈❡❧② ❢♦r t❤❡ ❇❛❧❛♥❝❡ ♦❢ ●♦♦❞ ❍❡❛❧t❤✱ ❋✐s❤ ❛♥❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ♠♦❞❡❧s

r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❇❛❧❛♥❝❡ ♦❢ ●♦♦❞ ❍❡❛❧t❤ ♠♦❞❡❧ ❝♦♠♣r✐s❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❣r♦✉♣s✿

▼✐❧❦ ❛♥❞ ❉❛✐r②❀ ▼❡❛t ❋✐s❤ ❛♥❞ ❆❧t❡r♥❛t✐✈❡s❀ ❇r❡❛❞✱ ❈❡r❡❛❧s ❛♥❞ P♦t❛t♦❡s❀ ❋❛ts

❛♥❞ ❙✉❣❛r ❛♥❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡s✳ ❚❤❡s❡ ❛r❡ ❝❤♦s❡♥ ❜❡❝❛✉s❡ t❤❡② ❝♦rr❡s♣♦♥❞

t♦ ❣r♦✉♣s ✉s❡❞ ❜② t❤❡ ❯❑ ❋♦♦❞ ❙t❛♥❞❛r❞s ❆❣❡♥❝② ✭❋❙❆✮ ✐♥ r❡❝♦♠♠❡♥❞❛t✐♦♥s

r❡❣❛r❞✐♥❣ ✇❤❛t r❡♣r❡s❡♥ts ❛ ❜❛❧❛♥❝❡❞ ❞✐❡t✳ ■♥ t❤✐s ♠♦❞❡❧✱ ❧❡✈❡❧s ♦❢ ❝❡♥s♦r✐♥❣ ✈❛r②

❢r♦♠ ✵✳✺✹✪ ❢♦r t❤❡ ❝❡r❡❛❧s ❛♥❞ ♣♦t❛t♦❡s ❣r♦✉♣ t♦ ✸✳✸✻✪ ❢♦r ❢r✉✐t ❛♥❞ ✈❡❣❡t❛❜❧❡s✳

✶✺



■♥ t❤❡ ❋✐s❤ ♠♦❞❡❧ ✇❡ ❡st✐♠❛t❡ ❞❡♠❛♥❞ ❡q✉❛t✐♦♥s ❢♦r✿ ❲❤✐t❡ ❋✐s❤❀ ❙❛❧♠♦♥❀ ❇❧✉❡

❋✐s❤❀ ❙❤❡❧❧✜s❤ ❛♥❞ ❖t❤❡r ❋✐s❤✳ ❚❤✐s ♠♦❞❡❧ ✇❛s ❝❤♦s❡♥ ♦✐❧② ✜s❤ ❤❛s ❜❡❡♥ s❤♦✇♥ t♦

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

♦❢ ❝♦♥s✉♠♣t✐♦♥ ✐♥ s♦♠❡ ❣r♦✉♣s✳ ❍❡r❡ t❤❡ ❧❡✈❡❧s ♦❢ ❝❡♥s♦r✐♥❣ ✷✷✳✻✷✪ ❢♦r ♦t❤❡r ✜s❤

t♦ ✽✺✳✼✵✪ ❢♦r s❤❡❧❧✜s❤✳ ❋✐♥❛❧❧②✱ t❤❡ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ♠♦❞❡❧ ❝♦♠♣r✐s❡s ❞❡♠❛♥❞

❡q✉❛t✐♦♥s ❢♦r✿ ❋r❡s❤ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡❀ ❋r♦③❡♥ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡❀ ❚✐♥♥❡❞

❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡❀ Pr❡♣❛r❡❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❛♥❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❜❛s❡❞

r❡❛❞② ♠❡❛❧s✳ ❚❤❡ ❧❡✈❡❧s ♦❢ ❝❡♥s♦r✐♥❣ ✐♥ t❤✐s ♠♦❞❡❧ r❛♥❣❡ ❢r♦♠ ✸✳✻✪ ❢♦r ❢r❡s❤

❢r✉✐t ❛♥❞ ✈❡❣❡t❛❜❧❡s t♦ ✼✵✳✻✾✪ ❢♦r ❢r♦③❡♥ ❢r✉✐t ❛♥❞ ✈❡❣❡t❛❜❧❡s✳ ❚❤✐s ❛❣❣r❡❣❛t✐♦♥

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

✈❡❣❡t❛❜❧❡s✳✸ Pr✐❝❡s ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❊❋❙ ❛♥❞ ✇❡ t❤❡r❡❢♦r❡ ❢♦❧❧♦✇ ✇❤❛t

❤❛s ❜❡❝♦♠❡ ❝♦♠♠♦♥ ♣r❛❝t✐❝❡ ✭❨❡♥ ❡t ❛❧✳ ✭✷✵✵✸✮ ❛♥❞ ❨❡♥ ✫ ▲✐♥ ✭✷✵✵✻✮✮ ✐♥ ✉s✐♥❣

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

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

❛♣♣r♦❛❝❤ ❡①✐st✱ ❢♦r ❡①❛♠♣❧❡ ❉❡❛t♦♥ ✭✶✾✽✽✮ ❛♥❞ ❉❡❛t♦♥ ✭✶✾✾✵✮ ❛❞❞r❡ss t❤❡ ♣r♦❜❧❡♠s

❛ss♦❝✐❛t❡❞ ✇✐t❤ ✉s✐♥❣ ✉♥✐t ✈❛❧✉❡s ❛s ♦♣♣♦s❡❞ t♦ ♣r✐❝❡s ❛♥❞ ❛s ❨❡♥ ❡t ❛❧✳ ✭✷✵✵✸✮ ♥♦t❡✱

❘✉❜✐♥ ✭✶✾✾✻✮ ♦✛❡rs ❛ ♠♦r❡ r♦❜✉st ♠❡t❤♦❞s ❢♦r ✐♠♣✉t❛t✐♦♥✳ ❲❡ ❛r❣✉❡ ❤♦✇❡✈❡r t❤❛t

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

❉❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❞❡♠❛♥❞ s②st❡♠ ❜② ❛✉❣♠❡♥t✲

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

❝❤❛r❛❝t❡r✐st✐❝s ❧✐st❡❞ ✐♥ t❛❜❧❡ ✶✳

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

✶✻



❍♦✉s❡❤♦❧❞ ❈♦♠♣♦s✐t✐♦♥ ❆❞✉❧ts ♦♥❧②

❙✐♥❣❧❡ ♣❛r❡♥ts

❋❛♠✐❧② ✇✐t❤ ❝❤✐❧❞r❡♥

❋❛♠✐❧② ✇✐t❤ ❝❤✐❧❞r❡♥ ✫ ♠♦r❡ t❤❛♥ ✷ ❛❞✉❧ts

❋❛♠✐❧② ✇✐t❤♦✉t ❝❤✐❧❞r❡♥ ✫ ♠♦r❡ t❤❛♥ ✷ ❛❞✉❧ts✯

❙♦❝✐♦✲❡❝♦♥♦♠✐❝ ●r♦✉♣† ❍✐❣❤ ♠❛♥❛❣❡r✐❛❧

▲♦✇ ♠❛♥❛❣❡r✐❛❧

❲♦r❦❡rs✲t❡❝❤♥✐❝❛❧

◆❡✈❡r ✇♦r❦✲✉♥❡♠♣❧♦②❡❞

❙t✉❞❡♥ts

❖t❤❡r✯

❆❣❡† < 30

30 ≤ age < 45

45 ≤ age < 60

≥ 60✯

●❖❘‡ ◆♦rt❤ ❊❛st ✕ ◆♦rt❤ ❲❡st ✫ ▼❡rs❡②s✐❞❡ ✕ ❨♦r❦s

✫ ❍✉♠❜❡r ✕ ❊❛st ▼✐❞❧❛♥❞s ✕ ❲❡st ▼✐❞❧❛♥❞s ✕

❊❛st❡r♥ ✕ ▲♦♥❞♦♥ ✕ ❙♦✉t❤ ❊❛st ✕ ❙♦✉t❤ ❲❡st ✕

❲❛❧❡s ✕ ❙❝♦t❧❛♥❞ ✕ ◆♦rt❤❡r♥ ■r❡❧❛♥❞✯

❊t❤♥✐❝ ❖r✐❣✐♥† ❲❤✐t❡ ✕ ▼✐①❡❞ r❛❝❡ ✕ ❆s✐❛♥ ✕ ❇❧❛❝❦ ✕ ❖t❤❡r✯

●❡♥❞❡r† ▼❛❧❡ ✕ ❋❡♠❛❧❡✯

† ❘❡❧❛t✐♥❣ t♦ t❤❡ ❤♦✉s❡❤♦❧❞ r❡❢❡r❡♥❝❡ ♣❡rs♦♥ ✭❍❘P✮

‡ ●♦✈❡r♥♠❡♥t ❖✣❝❡ ❘❡❣✐♦♥

✯ ✐♥❞✐❝❛t❡s t❤❡ ♦♠♠✐tt❡❞ ❞✉♠♠② ✈❛r✐❛❜❧❡ ✐♥ ❡❛❝❤ ❝❛t❡❣♦r②✱ t❤❡r❡❜② ❞❡✜♥✐♥❣

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

❚❛❜❧❡ ✶✿ ❉❡♠♦❣r❛♣❤✐❝ ✈❛r✐❛❜❧❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s❤❛r❡ ❡q✉❛t✐♦♥s
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Pr✐❝❡
◗✉❛♥t✐t② ❉❛✐r② ▼❡❛t ❋❛ts ❈❡r❡❛❧s ❋ ❛♥❞ ❱ ❊①♣❡♥❞✐t✉r❡
▼✐❧❦ ❛♥❞ ❉❛✐r② ✲✵✳✷✵✷ ✲✵✳✵✽✾ ✲✵✳✵✾✸ ✲✵✳✶✼✷ ✲✵✳✶✺✻ ✵✳✼✶✽
✷✳✺✪ ✲✵✳✸✶✺ ✲✵✳✶✼✸ ✲✵✳✶✺✺ ✲✵✳✷✹✻ ✲✵✳✷✶✽ ✵✳✻✾✷
✾✼✳✺✪ ✲✵✳✶✸✻ ✲✵✳✵✵✶ ✲✵✳✵✸✻ ✲✵✳✵✾✺ ✲✵✳✵✾✷ ✵✳✼✹✷
▼❡❛t✱ ❋✐s❤ ❡t❝✳ ✲✵✳✵✾✷ ✲✵✳✽✺✾ ✲✵✳✶✵✺ ✲✵✳✵✾✸ ✲✵✳✵✶✽ ✶✳✶✻✸
✷✳✺✪ ✲✵✳✶✷✸ ✲✵✳✾✶✽ ✲✵✳✶✸✼ ✲✵✳✶✸✵ ✲✵✳✵✺✵ ✶✳✶✹✼
✾✼✳✺✪ ✲✵✳✵✺✾ ✲✵✳✽✵✵ ✲✵✳✵✼✹ ✲✵✳✵✺✻ ✵✳✵✶✸ ✶✳✶✽✵
❋❛ts ✲✵✳✶✵✽ ✲✵✳✶✻✶ ✲✵✳✺✷✺ ✲✵✳✶✶✵ ✲✵✳✵✷✻ ✵✳✾✸✵
✷✳✺✪ ✲✵✳✶✻✶ ✲✵✳✷✸✺ ✲✵✳✺✾✼ ✲✵✳✶✼✶ ✲✵✳✵✽✶ ✵✳✾✵✻
✾✼✳✺✪ ✲✵✳✵✺✾ ✲✵✳✶✵✶ ✲✵✳✹✺✻ ✲✵✳✵✺✵ ✵✳✵✷✾ ✵✳✾✺✺
❇r❡❛❞✱ ❈❡r❡❛❧s✱ P♦ts ✲✵✳✶✸✻ ✲✵✳✵✼✸ ✲✵✳✵✽✵ ✲✵✳✺✷✹ ✲✵✳✶✵✻ ✵✳✾✷✵
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✹ ❘❡s✉❧ts

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

ǫij = −δij +
γ̄ij

w̄i

− ω̄i
s̄j

s̄i

, ✭✺✹✮

✇❤❡r❡ γ̄ij ❛♥❞ β̄i ❛r❡ t❤❡ ♠❡❛♥s ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❞r❛✇s ✐♥ t❤❡ ▼❈▼❈ s❛♠♣❧❡

❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♣❛r❛♠❡t❡rs ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✶✳ s̄i ✐s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡

ith s❤❛r❡ ❛❝r♦ss ❛❧❧ ♦❜s❡r✈❛t✐♦♥s ✐♥ t❤❡ ❞❛t❛ s❡t ❛♥❞✿





δii = 1

δij = 0
i 6= j. ✭✺✺✮

✶✾



❚❤❡ ❡①♣❡♥❞✐t✉r❡ ❡❧❛st✐❝✐t✐❡s ✐♥ t❛❜❧❡s ✷ t♦ ✹ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s✿

ǫi = 1 +
βi

si

. ✭✺✻✮

❲❡ ❛❧s♦ r❡♣♦rt t❤❡ ❤✐❣❤❡st ♣♦st❡r✐♦r ❞❡♥s✐t② ✐♥t❡r✈❛❧s ❜❛s❡❞ ♦♥ t❤❡ ✷✳✺ ❛♥❞ ✾✼✳✺

❝❡♥t✐❧❡s ✐♥ t❤❡ ▼❈▼❈ s❛♠♣❧❡ ❛♥❞ t❤❡s❡ s❤♦✇ t❤❛t ❛ ✈❡r② ❤✐❣❤ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡

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

③❡r♦✳

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

✷ s❤♦✇ t❤❛t ❛❧❧ ♦❢ t❤❡ ❢♦♦❞s ❛r❡ ♦✇♥ ♣r✐❝❡ ✐♥❡❧❛st✐❝ ✇✐t❤ ♠✐❧❦ ❛♥❞ ❞❛✐r② t❤❡ ❧❡❛st

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

♣r✐❝❡ ❡✛❡❝ts s❤♦✇ t❤❡ ❣♦♦❞s t♦ ❜❡ ❝♦♠♣❧❡♠❡♥t❛r② ❡♠♣❤❛s✐s✐♥❣ t❤❡ ✐♠♣♦rt❛♥❝❡

♦❢ t❤❡ ✐♥❝♦♠❡ ❡✛❡❝t ✐♥ ❞❡t❡r♠✐♥✐♥❣ ❝r♦ss ♣r✐❝❡ r❡s♣♦♥s✐✈❡♥❡ss✳ ❚❤✐s ✐s ❛ ♣❛tt❡r♥

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

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

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

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

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

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

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

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

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

s✇❡❡ts✱ ❛♥❞ ♠❡❛ts✱ ✜s❤ ❡t❝✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❛ ✏❢❛t t❛①✑ ♠② ❛❧s♦ ❤❛✈❡ ❛ ❜❡♥❡✜❝✐❛❧

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

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

✷✵



❣♦♦❞s ♦❢ ❝❤❛♥❣❡s ✐♥ ❡①♣❡♥❞✐t✉r❡ ♦♥ ❛❧❧ ❢♦♦❞s ✇✐t❤✐♥ t❤❡ s②st❡♠ ✐♥ q✉❡st✐♦♥✳ ❚❤❡s❡

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

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

♦❢ ❞❡♠❛♥❞ t♦ ❜❡ s♠❛❧❧❡r t❤❛♥ t❤❡s❡ ❡①♣❡♥❞✐t✉r❡ ❡❧❛st✐❝✐t✐❡s✳ ▼✐❧❦ ❛♥❞ ❞❛✐r②✱ ❢❛ts

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

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

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

❛♥❞ ✈❡❣❡t❛❜❧❡s✳

■♥ t❛❜❧❡ ✸ ✇❡ s❡❡ t❤❛t ❛❧❧ ✜s❤ ❡①❝❡♣t ❢♦r s❤❡❧❧✜s❤ ❛r❡ ♦✇♥ ♣r✐❝❡ ✐♥❡❧❛st✐❝✳ ❚❤❡

t❛❜❧❡ ❛❧s♦ s❤♦✇s t❤❛t ❛❧❧ ✜s❤ ❡①❝❡♣t s❤❡❧❧✜s❤ ❛r❡ ✐♥❝♦♠❡ ✐♥❡❧❛st✐❝✳ ❇❧✉❡ ✜s❤ ❛♥❞

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

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

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

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

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

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

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

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

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

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

t❤❡ ❢r❡s❤ ♣r♦❞✉❝ts✳

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

t❤❡ ❢♦♦❞ ❣r♦✉♣s ✐♥ ❡❛❝❤ ♦❢ t❤❡ t❤r❡❡ ❞❡♠❛♥❞ s②st❡♠s t❤❛t ❛r❡ ❡st✐♠❛t❡❞✳ ❚❤❡s❡

❛r❡ ❡st✐♠❛t❡❞ ❛s t❤❡ ❝♦❡✣❝✐❡♥ts ♦♥ ❞✉♠♠② ✈❛r✐❛❜❧❡s ✐♥ t❤❡ s❤❛r❡ ❡q✉❛t✐♦♥s ❛♥❞

❝♦♥✈❡rt❡❞ s♦ t❤❛t t❤❡② ♠❡❛s✉r❡ t❤❡ ♠❛r❣✐♥❛❧ ❡✛❡❝t ✐♥ ♥❛t✉r❛❧ ✉♥✐ts ❛t t❤❡ ♠❡❛♥

✷✶



❋✐❣✉r❡ ✶✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ▼✐❧❦ ❛♥❞ ❉❛✐r② ❈♦♥s✉♠♣t✐♦♥ ✭❇❛❧❛♥❝❡ ♦❢
●♦♦❞ ❍❡❛❧t❤ ▼♦❞❡❧✱ ♠✐❧✐❧✐tr❡s✮

❋✐❣✉r❡ ✷✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ▼❡❛t ❈♦♥s✉♠♣t✐♦♥ ✭❇❛❧❛♥❝❡ ♦❢ ●♦♦❞ ❍❡❛❧t❤
▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✷✷



❋✐❣✉r❡ ✸✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❋❛ts ❛♥❞ ❙✉❣❛r ❈♦♥s✉♠♣t✐♦♥ ✭❇❛❧❛♥❝❡ ♦❢
●♦♦❞ ❍❡❛❧t❤ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

❋✐❣✉r❡ ✹✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❈❡r❡❛❧s ❛♥❞ P♦t❛t♦ ❈♦♥s✉♠♣t✐♦♥ ✭❇❛❧❛♥❝❡
♦❢ ●♦♦❞ ❍❡❛❧t❤ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✷✸



❋✐❣✉r❡ ✺✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❈♦♥s✉♠♣t✐♦♥ ✭❇❛❧❛♥❝❡
♦❢ ●♦♦❞ ❍❡❛❧t❤ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

s❤❛r❡s ❛♥❞ ♣r✐❝❡s ❛❝r♦ss ❛❧❧ ❤♦✉s❡❤♦❧❞s✳ ❆❧❧ ♦❢ t❤❡ r❡s✉❧ts s❤♦✇ t❤❡ ❡✛❡❝t r❡❧❛t✐✈❡

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

♦❢ t❤❡ ♣❛r❛♠❡t❡rs ✐♥ t❤❡ ●✐❜❜s s❛♠♣❧❡✳ ❲❡ ❛❧s♦ s❤♦✇ ❤✐❣❤❡st ♣♦st❡r✐♦r ❞❡♥s✐t②

✐♥t❡r✈❛❧s ❢♦r t❤❡ ❝♦❡✜❝✐❡♥ts ❜❛s❡❞ ♦♥ t❤❡ ✷✳✺ ❛♥❞ ✾✼✳✺ ❝❡♥t✐❧❡s ✐♥ t❤❡ s❛♠♣❧❡✳ ■♥

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

s❡♥s❡ t❤❛t t❤❡s❡ ✐♥t❡r✈❛❧s ❞♦ ♥♦t s♣❛♥ ③❡r♦✳

❋✐❣✉r❡s ✶ t♦ ✺ s❤♦✇ t❤❡ r❡s✉❧ts ❢♦r t❤❡ ❜❛❧❛♥❝❡ ♦❢ ❣♦♦❞ ❤❡❛❧t❤ ♠♦❞❡❧✳ ■♥ ✜❣✉r❡

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

❧❡ss ♠✐❧❦ ❛♥❞ ❞❛✐r② ♣r♦❞✉❝ts ✇❤✐❧st ❢❛♠✐❧✐❡s ✇✐t❤ ❝❤✐❧❞r❡♥ ❛♥❞ ✷ ❛❞✉❧ts ❝♦♥s✉♠❡

s✐❣♥✐✜❝❛♥t❧② ♠♦r❡✳ ❖t❤❡r ❢❛♠✐❧② t②♣❡s ✇✐t❤ ❝❤✐❧❞r❡♥ ❝♦♥s✉♠❡ ♠♦r❡ ❜✉t t❤❡ ❡✛❡❝t

✐s ♥♦t s✐❣♥✐✜❝❛♥t✳ ❚❤❡r❡ ✐s ❛ r❡❣✐♦♥❛❧ ❡✛❡❝t ✐♥ ❙♦✉t❤ ❊❛st ❛♥❞ ❙♦✉t❤ ❲❡st ❊♥❣❧❛♥❞

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

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

✷✹



♠♦r❡ ♦❢ t❤✐s ❣r♦✉♣ ❜✉t ✐♥ ❜♦t❤ ❝❛s❡s t❤❡ ❡✛❡❝t ✐s ❜❛r❡❧② s✐❣♥✐✜❝❛♥t✳ ❋✐❣✉r❡ ✷ s❤♦✇s

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

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

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

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

s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r ❧❡✈❡❧s ♦❢ ♠❡❛t ❝♦♥s✉♠♣t✐♦♥✳ ❋✐❣✉r❡ ✸ s❤♦✇s t❤❡ ✐♠♣❛❝ts ♦♥ ❢❛ts

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

❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ r❡❢❡r❡♥❝❡ ✏♦t❤❡r✑ ❣r♦✉♣✳ ❆❣❡ ❤❛s ❛ ♠❛r❦❡❞ ❛♥❞ s✐❣♥✐✜❝❛♥t

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

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

❢♦r t❤❡ ❇r❡❛❞ ❈❡r❡❛❧s ❛♥❞ P♦t❛t♦❡s ❣r♦✉♣✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛❞✉❧ts ♦♥❧② ❤♦✉s❡✲

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

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

❣r♦✉♣ ❛♥❞ ❛❧❧ ❡t❤♥✐❝ ❣r♦✉♣s ❛♣❛rt ❢r♦♠ t❤❡ r❡❢❡r❡♥❝❡ ✏♦t❤❡r✑ ❝❛t❡❣♦r② ❛❧❧ ❤❛✈❡ ❡❧❡✲

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

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

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

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

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

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

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

▲♦♥❞♦♥ ❛♥❞ t❤❡ ❙♦✉t❤ ✐♥ ♣❛rt✐❝✉❧❛r ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ◆♦rt❤ ❊❛st✱ ❙❝♦t❧❛♥❞ ❛♥❞

◆♦rt❤❡r♥ ■r❡❧❛♥❞✳ ❈♦♥s✉♠♣t✐♦♥ ✐s ❛❧s♦ r❡❞✉❝❡❞ ✐♥ ❤♦✉s❡❤♦❧❞s ♦❢ ✇❤✐t❡ ❡t❤♥✐❝✐t②✳

❋✐❣✉r❡s ✻ t♦ ✶✵ s❤♦✇ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ ❞❡♠❛♥❞

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

✷✺



❋✐❣✉r❡ ✻✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❲❤✐t❡ ❋✐s❤ ❈♦♥s✉♠♣t✐♦♥ ✭❋✐s❤ ▼♦❞❡❧✱
❣r❛♠♠❡s✮

❋✐❣✉r❡ ✼✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❙❛❧♠♦♥ ❈♦♥s✉♠♣t✐♦♥ ✭❋✐s❤ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✷✻



❋✐❣✉r❡ ✽✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❇❧✉❡ ❋✐s❤ ❈♦♥s✉♠♣t✐♦♥ ✭❋✐s❤ ▼♦❞❡❧✱
❣r❛♠♠❡s✮

❋✐❣✉r❡ ✾✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❙❤❡❧❧✜s❤ ❈♦♥s✉♠♣t✐♦♥ ✭❋✐s❤ ▼♦❞❡❧✱
❣r❛♠♠❡s✮

✷✼



❋✐❣✉r❡ ✶✵✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❖t❤❡r ❋✐s❤ ❈♦♥s✉♠♣t✐♦♥ ✭❋✐s❤ ▼♦❞❡❧✱
❣r❛♠♠❡s✮

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

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

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

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

❙❛❧♠♦♥✳ ■♥ ✜❣✉r❡ ✽ ✇❡ s❡❡ t❤❛t t❤❡ ♦♥❧② s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦♥ ❜❧✉❡ ✜s❤ ❝♦♥s✉♠♣✲

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

❲❡st ▼✐❞❧❛♥❞s ❢❛✈♦✉r✐♥❣ t❤✐s ❝❛t❡❣♦r②✳ ❚✉r♥✐♥❣ t♦ t❤❡ ❡✛❡❝ts ♦♥ ❞❡♠❛♥❞ ❢♦r s❤❡❧❧✲

✜s❤ ❛s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✉r❡ ✾ ✇❡ s❡❡ t❤❛t ❛❞✉❧t ♦♥❧② ❛♥❞ ❤♦✉s❡❤♦❧❞s ✇✐t❤ ✷ ❛❞✉❧ts

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

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

✇✐t❤ ❤♦✉s❡❤♦❧❞s ✐♥ t❤❡ ◆♦rt❤ ❲❡st ❛♥❞ ▼❡rs❡②s✐❞❡✱ t❤❡ ❊❛st ❛♥❞ ❲❡st ▼✐❞❧❛♥❞s✱

▲♦♥❞♦♥ ❛♥❞ t❤❡ ❙♦✉t❤ ❊❛st ❛♥❞ ❙❝♦t❧❛♥❞ ❤❛✈✐♥❣ ❛♥ ❡❧❡✈❛t❡❞ ♣r❡❢❡r❡♥❝❡ ❢♦r s❤❡❧❧✲

✷✽



❋✐❣✉r❡ ✶✶✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❱❡❣❡t❛❜❧❡ ❇❛s❡❞ ❘❡❛❞② ▼❡❛❧ ❈♦♥s✉♠♣t✐♦♥
✭❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✜s❤✳ ❋✐❣✉r❡ ✶✵ s❤♦✇s t❤❛t t❤❡ ♦t❤❡r ✜s❤ ❝❛t❡❣♦r② ✐s t❤❡ ♦♥❡ ✇❤✐❝❤ s❤♦✇s t❤❡

♠♦st s✐❣♥✐✜❝❛♥t ❞❡♠♦❣r❛♣❤✐❝ ✐♠♣❛❝ts ♦♥ ❞❡♠❛♥❞✳ ❚❤✐s ❝❛t❡❣♦r② ✐♥❝❧✉❞❡s t❛❦❡✲

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

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

❚❤❡ ❧❛r❣❡st ❡✛❡❝ts ❛r❡ s❡❡♥ ✐♥ t❤❡ ◆♦rt❤ ❲❡st ❛♥❞ ▼❡rs❡②s✐❞❡✱ t❤❡ ❲❡st ▼✐❞❧❛♥❞s

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

✇❤❡r❡ t❤♦s❡ ❜❡t✇❡❡♥ ✸✵ ❛♥❞ ✻✵ ❤❛✈❡ ❛ ❞❡♣r❡ss❡❞ ❞❡♠❛♥❞ ❛♥❞ ❢♦r ❡t❤♥✐❝✐t② ✇✐t❤

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

❋✐❣✉r❡s ✶✶ t♦ ✶✺ s❤♦✇ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ ✐♠♣❛❝ts ♦♥ ❞❡♠❛♥❞ ❢♦r ❢♦♦❞s ✐♥ t❤❡ ❢r✉✐t

❛♥❞ ✈❡❣❡t❛❜❧❡ ❝❛t❡❣♦r②✳ ❋✐❣✉r❡ ✶✶ s❤♦✇s t❤❛t t❤❡ ♦♥❧② s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡

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

✹✺ ❤❛✈❡ ❛♥ ❡❧❡✈❛t❡❞ ❞❡♠❛♥❞✳ ❙✐♠✐❧❛r❧②✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✶✷ ❛❣❡ ✐s t❤❡ ♦♥❧②

✷✾



❋✐❣✉r❡ ✶✷✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ Pr❡♣❛r❡❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❈♦♥s✉♠♣t✐♦♥
✭❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

❋✐❣✉r❡ ✶✸✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❚✐♥♥❡❞ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❈♦♥s✉♠♣t✐♦♥
✭❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✸✵



❋✐❣✉r❡ ✶✹✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❋r❡s❤ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❈♦♥s✉♠♣t✐♦♥
✭❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

❋✐❣✉r❡ ✶✺✿ ❊✛❡❝ts ♦❢ ❉❡♠♦❣r❛♣❤✐❝s ♦♥ ❋r♦③❡♥ ❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ❈♦♥s✉♠♣t✐♦♥
✭❋r✉✐t ❛♥❞ ❱❡❣❡t❛❜❧❡ ▼♦❞❡❧✱ ❣r❛♠♠❡s✮

✸✶



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

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

❡✛❡❝t ♦♥ t❤❡ ❞❡♠❛♥❞ ❢♦r t✐♥♥❡❞ ✈❡❣❡t❛❜❧❡s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✸ ✐s ✐♥ ▲♦♥❞♦♥ ✇❤❡r❡

❞❡♠❛♥❞ ✐s ❡❧❡✈❛t❡❞✳ ❚❤❡ ❝♦r♦❧❧❛r② ♦❢ t❤❡ ❛❣❡ ❡✛❡❝ts ✐♥ r❡❛❞② ♠❡❛❧s ❛♥❞ ♣r❡♣❛r❡❞

✈❡❣❡t❛❜❧❡s ✐s s❡❡♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❢r❡s❤ ✈❡❣❡t❛❜❧❡s ✭✜❣✉r❡ ✶✹✮ ✇❤❡r❡ ❤♦✉s❡❤♦❧❞s ✉♥❞❡r

t❤❡ ❛❣❡ ♦❢ ✻✵ ❤❛✈❡ ❛ ❞❡♣r❡ss❡❞ ♣r❡❢❡r❡♥❝❡✳ ❋✐❣✉r❡ ✶✺ s❤♦✇s t❤❛t ❤♦✉s❡❤♦❧❞s ✐♥ t❤❡

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

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

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

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

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

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

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

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

✺ ❈♦♥❝❧✉s✐♦♥

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

❢♦r ❛ s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ✉s✐♥❣ ▼♦♥t❡ ❈❛r❧♦ ▼❛r❦♦✈ ❝❤❛✐♥ ♠❡t❤♦❞s✳ ❚❤❡ ♠❡t❤♦❞

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

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

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

❲❛❧❡s✳

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

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

✸✷



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

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

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

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

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

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

♣r❡♣❛r❡❞ ❢r✉✐t ❛♥❞ ✈❡❣❡t❛❜❧❡s✳

❘❡❢❡r❡♥❝❡s

❆♠❡♠✐②❛✱ ❚✳ ✭✶✾✼✹✮✳ ▼✉❧t✐✈❛r✐❛t❡ r❡❣r❡ss✐♦♥ ❛♥❞ s✐♠✉❧t❛♥❡♦✉s ❡q✉❛t✐♦♥ ♠♦❞❡❧s

✇❤❡♥ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ❛r❡ tr✉♥❝❛t❡❞ ♥♦r♠❛❧✱ ❊❝♦♥♦♠❡tr✐❝❛ ✹✷✭✻✮✿ ✾✾✾ ✕

✶✵✶✷✳

❇❧✉♥❞❡❧❧✱ ❘✳ ✫ ▼❡❣❤✐r✱ ❈✳ ✭✶✾✽✼✮✳ ❇✐✈❛r✐❛t❡ ❛❧t❡r♥❛t✐✈❡s t♦ t❤❡ t♦❜✐t✲♠♦❞❡❧✱ ❏♦✉r✲

♥❛❧ ♦❢ ❊❝♦♥♦♠❡tr✐❝s ✸✹✭✶✲✷✮✿ ✶✼✾ ✕ ✷✵✵✳

❈r❛❣❣✱ ❏✳ ✭✶✾✼✶✮✳ ❙♦♠❡ st❛t✐st✐❝❛❧ ♠♦❞❡❧s ❢♦r ❧✐♠✐t❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✇✐t❤

❛♣♣❧✐❝❛t✐♦♥ t♦ ❞❡♠❛♥❞ ❢♦r ❞✉r❛❜❧❡ ❣♦♦❞s✱ ✸✾✭✺✮✿ ✽✷✾ ✕ ✽✹✹✳

❉❡❛t♦♥✱ ❆✳ ✭✶✾✽✽✮✳ ◗✉❛❧✐t②✱ q✉❛♥t✐t② ❛♥❞ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥ ♦❢ ♣r✐❝❡✱ ❆♠❡r✐❝❛♥

❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✼✽✭✸✮✿ ✹✶✽✕✹✸✵✳

❉❡❛t♦♥✱ ❆✳ ✭✶✾✾✵✮✳ Pr✐❝❡ ❡❧❛st✐❝✐t✐❡s ❢r♦♠ s✉r✈❡② ❞❛t❛✿ ❊①t❡♥s✐♦♥s ❛♥❞ ✐♥❞♦♥❡s✐❛♥

r❡s✉❧ts✱ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠❡tr✐❝s ✹✹✿ ✷✽✶✕✸✵✾✳

❉♦✇❧❡r✱ ❊✳ ✭✷✵✵✸✮✳ ❋♦♦❞ ❛♥❞ ♣♦✈❡rt②✱ ❉❡✈❡❧♦♣♠❡♥t P♦❧✐❝② ❘❡✈✐❡✇ ✷✶✭✺✲✻✮✿ ✺✻✾✕

✺✽✵✳

✸✸
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