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❞❡✜❝✐t ✈❛❧✉❡s✳ ❚❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡ ♦❢ t❤❡ ❝r✐s✐s ✇❛s ❞♦♠✐♥❛t❡❞ ❜② ●r❡❡❝❡✬s ❧❛❝❦ ♦❢ ❜✉❞❣❡t❛r② ❞✐s❝✐♣❧✐♥❡ ✭▲❛♥❡✱

✷✵✶✷✮✳ ❚❤❡s❡ ❜✉❞❣❡t❛r② ♣r♦❜❧❡♠s✱ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ✈❡r② ❧♦♦s❡ ✜♥❛♥❝✐❛❧ ❝♦♥❞✐t✐♦♥s ❛♥❞ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛♥❞

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

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

t❤❡ ♦❜❥❡❝t✐✈❡ t♦ str✐✈❡ ❢♦r ❛ ❜❛❧❛♥❝❡❞ ❜✉❞❣❡t ✐♥ t❤❡ ♠❡❞✐✉♠ t❡r♠✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ❙t❛❜✐❧✐t②

Pr♦❣r❛♠s ✇❛s ♥♦t s✉✣❝✐❡♥t✱ ❛♥❞ t❤❡ ❝♦r❡ ❊✉r♦♣❡❛♥ ❡❝♦♥♦♠✐❡s ❞✐❞ ♥♦t ♣❡r❢♦r♠ ♠✉❝❤ ❜❡tt❡r ✐♥ t❡r♠s ♦❢ ❞❡✜❝✐t✳

●r❡❡❝❡ ❡①❡rt❡❞ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s♦✈❡r❡✐❣♥ ❜♦♥❞ ②✐❡❧❞s ♦❢ ♦t❤❡r ❤✐❣❤❧② ✐♥❞❡❜t❡❞ ❝♦✉♥tr✐❡s ✐♥ t❤❡ ❊❝♦♥♦♠✐❝ ❛♥❞

▼♦♥❡t❛r② ❯♥✐♦♥ ✭❊▼❯✮ ♣❡r✐♣❤❡r②✳ ❚❤✐s ❛❞❤❡r❡s t♦ t❤❡ s♦✲❝❛❧❧❡❞ ✧✇❛❦❡✲✉♣ ❝❛❧❧✧ ✈✐❡✇ ✭▼✐♥❦ ❛♥❞ ❞❡ ❍❛❛♥✱

✷✵✶✸✮✳ ❖♥ ✶✵t❤ ▼❛② ✷✵✶✵✱ t❤❡ t❡♥✲②❡❛r ②✐❡❧❞ s♣r❡❛❞ ❜❡t✇❡❡♥ ●r❡❡❦ ❛♥❞ ●❡r♠❛♥ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s r❡❛❝❤❡❞

❛❜♦✉t ✶✱✵✵✵ ❜❛s✐s ♣♦✐♥ts✳ ❚❤✐s ✇❛s t❤❡ st❛rt ♦❢ t❤❡ ❝r✐s✐s ❢♦r ■r❡❧❛♥❞✱ P♦rt✉❣❛❧✱ ❛♥❞✱ ❧❛t❡r✱ ❙♣❛✐♥ ❛♥❞ ■t❛❧②✳

❚❤❡ ✐♥t❡r❡st s♣r❡❛❞s ♦♥ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ♦❢ ❝♦✉♥tr✐❡s t❤❛t ❝❛♠❡ t♦ ❜❡ ❦♥♦✇♥ ❛s ●■■P❙ ❞✐❞ ♥♦t ♦♥❧② r❡✢❡❝t

✐♥❝r❡❛s❡❞ ❝r❡❞✐t r✐s❦ ❜✉t ❛❧s♦ ❞♦✉❜ts ❛❜♦✉t t❤❡ s✉st❛✐♥❛❜✐❧✐t② ♦❢ t❤❡ ❊▼❯✳ ❲❤❡♥ t❤❡ ❊✉r♦ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s

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

t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ s✉❝❤ ❛ ❝r✐s✐s✳

❙✐♥❝❡ t❤❡ ❊✉r♦♣❡❛♥ ❝r✐s✐s st❛rt❡❞✱ t❤❡ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦✬s ✭❊❈❇✮ ❛❝t✐♦♥s ❤❛✈❡ ❝❤❛♥❣❡❞ ❛ ❧♦t✳ P❛rt ♦❢

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

r❛t❡s ❢♦r ❛♥ ❡①t❡♥❞❡❞ ♣❡r✐♦❞ ♦❢ t✐♠❡ ✭❚❛②❧♦r✱ ✷✵✵✾✮✱ ✇❤✐❝❤ ❢✉❡❧❡❞ ❛♥ ❛ss❡t ♣r✐❝❡ ❜♦♦♠ ❛♥❞ s♣✉rr❡❞ ✜♥❛♥❝✐❛❧

✐♥t❡r♠❡❞✐❛r✐❡s t♦ ✐♥❝r❡❛s❡ ❧❡✈❡r❛❣❡ ❛♥❞ t❛❦❡ ♦♥ ❡①❝❡ss✐✈❡ r✐s❦s ✭❇♦r✐♦ ❛♥❞ ❩❤✉✱ ✷✵✵✽✮✳ ❆s t❤❡ ✜♥❛♥❝✐❛❧

❝r✐s✐s ❞❡❡♣❡♥❡❞✱ t❤❡ ✜rst r❡❛❝t✐♦♥s ♦❢ ❝❡♥tr❛❧ ❜❛♥❦s ✇❡r❡✱ ❛s ❡①♣❡❝t❡❞✱ t♦ ❝✉t ✐♥t❡r❡st r❛t❡s✳ ❆❢t❡r t❤❡s❡

✶❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❇❛♥❦ ♦❢ ●r❡❡❝❡✬s ❜❛❧❛♥❝❡ ♦❢ ♣❛②♠❡♥ts✱ t❤❡ ❞❡✜❝✐t ❢r♦♠ ➾✶✵✳✻❜♥ ✭✼✳✽✪ ♦❢ ●❉P✮ ✐♥ ✷✵✵✵ r❡❛❝❤❡❞ ❛ r❡❝♦r❞
❤✐❣❤ ♦❢ ➾✸✹✳✽❜♥ ✭✶✹✳✾✪ ♦❢ ●❉P✮ ✐♥ ✷✵✵✽✱ t✉r♥✐♥❣ ✐♥t♦ ❛ s✉r♣❧✉s ♦❢ ➾✶✳✷❜♥ ✭✵✳✼✪ ♦❢ ●❉P✮ ✐♥ ✷✵✶✸✳

✷❆ ❞❡t❛✐❧❡❞ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ●r❡❡❦ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥✱ ❡✳❣✳✱ ●✐❜s♦♥ ❡t ❛❧✳ ✭✷✵✶✷✮✳

✷



r❡❛❝t✐♦♥s✱ q✉❛♥t✐t❛t✐✈❡ ❡❛s✐♥❣ ✭◗❊✮✱ ❢♦r✇❛r❞ ❣✉✐❞❛♥❝❡✱ ❛♥❞ ♠❛❝r♦✲♣r✉❞❡♥t✐❛❧ ♠❡❛s✉r❡s ❢♦❧❧♦✇❡❞✱ ❛s ❛ st❡♣

❢✉rt❤❡r✳ ❇❧✐♥❞❡r ❡t ❛❧✳ ✭✷✵✶✼✮ ❢♦✉♥❞ t❤❛t s✐♥❝❡ t❤❡ ❊✉r♦♣❡❛♥ ❞❡❜t ❝r✐s✐s✱ ❝❡♥tr❛❧ ❜❛♥❦❡rs ❤❛✈❡ ❜❡❡♥ ❣❡♥❡r❛❧❧②

❧❡ss ❡❛❣❡r t❤❛♥ ❛❝❛❞❡♠✐❝s t♦ ♣❡r♠❛♥❡♥t❧② ❛❞♦♣t ❝❤❛♥❣❡s ✐♥ ♠♦♥❡t❛r② ♣♦❧✐❝② ❛s ❛ r❡s♣♦♥s❡ t♦ t❤❡ r❡❝❡♥t ❞❡❜t

❝r✐s✐s✳ ❚❤❡ ❝❡♥tr❛❧ ❜❛♥❦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❤❛s ❛❧s♦ ❜❡❡♥ ❛❧t❡r❡❞ ❢♦r t❤❡ ❊❈❇✳ ■t ❤❛s ❜❡❝♦♠❡ ♠♦r❡ ❢r❡q✉❡♥t

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

❝♦♠♠✉♥✐❝❛t✐♦♥ t♦♦❧✳ ■♥ t❡r♠s ♦❢ q✉❛❧✐t②✱ t❤❡ ❊❈❇ ♥❡❡❞❡❞ t♦ ❡①♣❧❛✐♥ ✐ts ♥♦✈❡❧ ♣♦❧✐❝✐❡s ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡❧②

t❤❛♥ ❡✈❡r ❜❡❢♦r❡✳ ❚❤❡ ❝r✐s✐s✱ t❤❡ ❞❡♣❧♦②♠❡♥t ♦❢ ✉♥❝♦♥✈❡♥t✐♦♥❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝✐❡s✱ ❛♥❞ t❤❡ ❜r♦❛❞❡r ✭s♦♠❡t✐♠❡s

t❛❝✐t✮ ♠❛♥❞❛t❡s ♠❛❞❡ ❞✐s❝✉ss✐♦♥s s✉rr♦✉♥❞✐♥❣ t❤❡ ❛❝t✐♦♥s ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝② ❝♦♠♠✐tt❡❡s ♠♦r❡ ❝♦♥tr♦✈❡rs✐❛❧

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

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

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

♠♦♥❡t❛r② ♣♦❧✐❝② ❞✐s❝✉ss✐♦♥s ❢r♦♠ ❏❛♥✉❛r② ✷✵✶✺✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✐♥❢r❡q✉❡♥t ♦♥❡✲✈♦✐❝❡ st❛t❡♠❡♥ts✳

❆❧t❤♦✉❣❤ ✐t ✐s ❡❝♦♥♦♠✐❡s t❤❛t ❛r❡ ♠♦r❡ ❞✐r❡❝t❧② ❛✛❡❝t❡❞ ❜② ♣♦❧✐❝② ❛❝t✐♦♥s✸✱ ❊❈❇ ♠♦♥❡t❛r② ♣♦❧✐❝② ❛❝t✐♦♥s

❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❤❛✈❡ ❛✛❡❝t❡❞ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛s ✇❡❧❧✳ ❙♣❡❝✐✜❝❛❧❧②✱ ❊❈❇✬s ◗❊ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r❡❞

②✐❡❧❞s ✭❆❧t❛✈✐❧❧❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ❡✛❡❝t ♦❢ s✉❝❤ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✐♥ ✜♥❛♥❝✐❛❧

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

❛♥♥♦✉♥❝❡♠❡♥ts ❛❜♦✉t t❤❡ ❊❈❇✬s ❙❡❝✉r✐t✐❡s ▼❛r❦❡t Pr♦❣r❛♠ ✭❙▼P✮ ✐♥ ✷✵✶✵ ❛✛❡❝t❡❞ ②✐❡❧❞s ♦❢ t❤❡ ✜✈❡ t❛r❣❡t❡❞

❊✉r♦ ❛r❡❛ ❝♦✉♥tr✐❡s ✭❊s❡r ❛♥❞ ❙❝❤✇❛❛❜✱ ✷✵✶✻✮✳ ■♥ ❏✉❧② ✷✵✶✷✱ ❊❈❇ Pr❡s✐❞❡♥t ▼❛r✐♦ ❉r❛❣❤✐✬s str♦♥❣ st❛t❡♠❡♥t

❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ❛♥♥♦✉♥❝❡♠❡♥t ♦❢ t❤❡ ❊❈❇✬s ❖✉tr✐❣❤t ▼♦♥❡t❛r② ❚r❛♥s❛❝t✐♦♥s ✭❖▼❚✮ Pr♦❣r❛♠ ❝❛❧♠❡❞

✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ✇✐t❤♦✉t ❛♥② ❢✉♥❞✐♥❣ ❜❡✐♥❣ ♥❡❝❡ss❛r②✳ ▼♦r❡♦✈❡r✱ t❤❡ ❛♥♥♦✉♥❝❡♠❡♥t ♦❢ t❤❡ ❊❈❇✬s ♣✉r❝❤❛s❡s

♣r♦❣r❛♠ ✐♥ ✷✵✶✹ r❡❞✉❝❡❞ s♦✈❡r❡✐❣♥ ②✐❡❧❞s ♦♥ ❧♦♥❣✲t❡r♠ ❜♦♥❞s ✇❤✐❧❡ ❛❧s♦ r❛✐s✐♥❣ s❤❛r❡ ♣r✐❝❡s ♦❢ ❜❛♥❦s ✭❆♥❞r❛❞❡

❡t ❛❧✳✱ ✷✵✶✻✮✳

❚❤❡ ●r❡❡❦ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s ❛♥❞ ❊❈❇ ♠♦♥❡t❛r② ♣♦❧✐❝② ❤❛✈❡ ❜❡❡♥ ✇✐❞❡❧② ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳✹

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

❛♥❞ ❛s t❤❡ ❊❈❇ ❢❛✐❧❡❞ t♦ ♣r♦♠♣t❧② s✐❣♥❛❧ t♦ t❤❡ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts t❤❛t t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❞❡❜t ✇♦✉❧❞

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

✇❤❛t ❡①t❡♥t ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ❛✛❡❝t ♦t❤❡r ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡

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

st❛rt❡❞ r❡❢♦r♠✐♥❣ t❤❡ ❊✉r♦③♦♥❡✬s ✐♥st✐t✉t✐♦♥❛❧ ✐♥❢r❛str✉❝t✉r❡ ❛❢t❡r t❤❡ ●r❡❡❦ ❞❡❜t ❝r✐s✐s st❛rt❡❞ ✭✐♥ ▼❛② ✷✵✶✵✮✳

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

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

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

❊✉r♦③♦♥❡ ❡❝♦♥♦♠✐❡s✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤✐s st✉❞② ❡①❛♠✐♥❡s ✇❤❡t❤❡r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts

❛✛❡❝t✐♥❣ t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ❛❧s♦ ❛✛❡❝t t❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ t❤❡ ✷✲✱ ✺✲✱ ❛♥❞ ✶✵✲

✸■♥❞❡❡❞✱ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡ ✜rst r♦✉♥❞ ♦❢ ◗❊✱ r❡❛❧ ●❉P ❛♥❞ ❝♦r❡ ❈P■ ✐♥ t❤❡ ❊✉r♦ ❛r❡❛ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ✶✳✸✪ ❛♥❞ ✵✳✾✪✱
r❡s♣❡❝t✐✈❡❧②✱ ❧♦✇❡r ✭❲✐❡❧❛❞❡❦ ❛♥❞ P❛s❝✉❛❧✱ ✷✵✶✻✮✳

✹❙❡❡✱ ❡✳❣✳✱ ❑❛ts✐♠✐ ❛♥❞ ▼♦✉t♦s ✭✷✵✶✵✮✱ ●✐❜s♦♥ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❈✉❦✐❡r♠❛♥ ✭✷✵✶✸✮✱ ▼✐♥❦ ❛♥❞ ❞❡ ❍❛❛♥ ✭✷✵✶✸✮✱ ❇❤❛♥♦t ❡t ❛❧✳
✭✷✵✶✹✮✱ ❘✐❝❝✐ ✭✷✵✶✺✮✱ ❑♦s♠✐❞♦✉ ❡t ❛❧✳ ✭✷✵✶✺✮✱ ❛♥❞ ❑♦✉s❡♥✐❞✐s ✭✷✵✶✼✮✱ ❛♠♦♥❣ ♦t❤❡rs✳

✸



②❡❛r ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ ❈❉❙✱ ❛♥❞ st♦❝❦ ✐♥❞✐❝❡s ♦❢ s❡✈❡♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ s♦♠❡ ♦❢ ✇❤✐❝❤ ❢❛❝❡❞ s✐❣♥✐✜❝❛♥t

✜s❝❛❧ ✐♥st❛❜✐❧✐t② ❞✉r✐♥❣ t❤❡ ❊✉r♦♣❡❛♥ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s✳✺ ❲❡ t❤❡r❡❢♦r❡ ❛✐♠ t♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❧✐t❡r❛t✉r❡

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

❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡ ✜rst st✉❞② t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s r❡❧❛t❡❞

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

❤♦♠♦❣❡♥❡✐t② ♦❢ ❊✉r♦③♦♥❡ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✐s ❛❧s♦ ❛ss❡ss❡❞✳

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

❥✉♠♣s ✐s ♥❡❣❛t✐✈❡✳ Pr❛❝t✐❝❛❧❧②✱ t❤✐s ♠❡❛♥s t❤❛t t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts r❡❞✉❝❡❞ t❤❡ ❤♦♠♦✲

❣❡♥❡✐t② ❛♠♦♥❣ ♠❡♠❜❡r st❛t❡s ✐♥ t❤❡ ❊✉r♦③♦♥❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❢♦r ♠♦st ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❝♦♥s✐❞❡r❡❞

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

●r❡❡❦ ❛♥❞ ❊✉r♦♣❡❛♥ s♦✉r❝❡s✳ ❖✉r ✜♥❞✐♥❣s ♣r♦✈✐❞❡ ✐♠♣r♦✈❡❞ ✐♥s✐❣❤ts ✐♥t♦ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ●r❡❡❦ ✐♥st❛❜✐❧✐t②

❡✈❡♥ts ❛♥❞ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛♥❞✱ ❤❡♥❝❡✱ ✐♠♣r♦✈❡ ♦✉r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❝♦♥t❛❣✐♦♥ ❞✉r✐♥❣ t❤❡

❊✉r♦♣❡❛♥ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s✳

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

❞✐s❝✉ss❡s t❤❡ ❞❛t❛ ✉s❡❞ ✐♥ t❤✐s st✉❞②✳ ■♥ ❙❡❝t✐♦♥ ✹✱ t❤❡ ❡♠♣❧♦②❡❞ ♠❡t❤♦❞♦❧♦❣✐❡s ❛r❡ ❞❡♣❧♦②❡❞✳ ■♥ ❙❡❝t✐♦♥

✺✱ ♦✉r ❡♠♣✐r✐❝❛❧ r❡s✉❧ts ❛r❡ ❞✐s❝✉ss❡❞✳ ❋✐♥❛❧❧②✱ ✐♥ ❙❡❝t✐♦♥ ✻✱ t❤❡ ❝♦♥❝❧✉❞✐♥❣ r❡♠❛r❦s ❛♥❞ t❤❡ ♠❛❥♦r ♣♦❧✐❝②

✐♠♣❧✐❝❛t✐♦♥s ❛r❡ ♦✉t❧✐♥❡❞✳

✷ ❘❡❧❛t❡❞ st✉❞✐❡s

❚❤✐s s❡❝t✐♦♥ r❡✈✐❡✇s r❡❧❡✈❛♥t ❧✐t❡r❛t✉r❡✳ ❲❡ ✜rst r❡✈✐❡✇ st✉❞✐❡s ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ❡❝♦♥♦♠✐❝ ♥❡✇s ✐♥ ✜♥❛♥❝✐❛❧

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

r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❧✐t❡r❛t✉r❡ ❢♦r ❛♥❛❧②③✐♥❣ ❝♦♥t❛❣✐♦♥ ✐♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✳

✷✳✶ ❊❝♦♥♦♠✐❝ ♥❡✇s ❛♥❞ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts

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

♠✉❝❤ ❛tt❡♥t✐♦♥ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ■♥ ❛♥ ❡❛r❧② st✉❞②✱ ❋❛♠❛ ❡t ❛❧✳ ✭✶✾✻✾✮ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ♣r♦❝❡ss ❜② ✇❤✐❝❤

st♦❝❦ ♣r✐❝❡s ❛❞❥✉st t♦ ✐♥❢♦r♠❛t✐♦♥✳ ▲❛t❡r✱ P❡❛r❝❡ ❛♥❞ ❘♦❧❡② ✭✶✾✽✸✱ ✶✾✽✺✮✱ ❇♦②❞ ❡t ❛❧✳ ✭✷✵✵✺✮✱ ◆✐❦❦✐♥❡♥ ❡t ❛❧✳

✭✷✵✵✻✮✱ ❈❤✉❧✐❛ ❡t ❛❧✳ ✭✷✵✶✵✮✱ ❛♥❞ ❚❛♥❣ ❡t ❛❧✳ ✭✷✵✶✸✮ ❡①❛♠✐♥❡❞ st♦❝❦ ♠❛r❦❡ts✬ r❡❛❝t✐♦♥ t♦ ❡❝♦♥♦♠✐❝ ♥❡✇s✱ ✇❤✐❧❡

❇❛❧❞✉③③✐ ❡t ❛❧✳ ✭✷✵✵✶✮✱ ●r❡❡♥ ✭✷✵✵✹✮✱ ❛♥❞ ❈❤r✐st✐❛♥s❡♥ ❛♥❞ ❘❛♥❛❧❞♦ ✭✷✵✵✼✮ st✉❞✐❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ❡❝♦♥♦♠✐❝

♥❡✇s ♦♥ ❜♦♥❞ ♣r✐❝❡s✳ ▼♦r❡ r❡❝❡♥t❧②✱ ▲✐✉ ❡t ❛❧✳ ✭✷✵✶✼✮ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝t ♦❢ ❡❝♦♥♦♠✐❝ ♣♦❧✐❝② ✉♥❝❡rt❛✐♥t②

✐♥ ❢✉t✉r❡ ✈♦❧❛t✐❧✐t②✳

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

❢♦❧❧♦✇✐♥❣ t❤❡ r❡❝❡♥t ✜♥❛♥❝✐❛❧ ❝r✐s✐s✳ ❋♦r ❡①❛♠♣❧❡✱ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✾✮ st✉❞✐❡❞ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝ts

✺❙✐♠✐❧❛r t♦ ❇❡❡ts♠❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❛♥❞ ❇r❛t✐s ❡t ❛❧✳ ✭✷✵✶✼✮✱ t❤❡ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s st✉❞② ✐♥❝❧✉❞❡ ❜♦t❤
♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ ♥❛♠❡❧② ❋r❛♥❝❡ ❛♥❞ ●❡r♠❛♥②✱ ❛♥❞ t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ ✐✳❡✳ ●r❡❡❝❡✱
■r❡❧❛♥❞✱ ■t❛❧②✱ P♦rt✉❣❛❧✱ ❛♥❞ ❙♣❛✐♥✳

✹



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

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

♥❡❛r✲✐rr❡❧❡✈❛♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ❤❛s ❜❡❡♥ ❛ ♣❛rt✐❝✉❧❛r ❢♦❝✉s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱

s✐♥❝❡ t❤❡ r❡❝❡♥t ❝r✐s✐s ❤❛s r❡s✉❧t❡❞ ✐♥ ❧❛r❣❡ ♠♦✈❡♠❡♥ts ✐♥ t❤❡ s♦✈❡r❡✐❣♥ ❜♦♥❞ ②✐❡❧❞s ♦❢ ❊✉r♦③♦♥❡ ❝♦✉♥tr✐❡s

✭❇❡❡ts♠❛ ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❋♦r ✐♥st❛♥❝❡✱ ❆♣❡r❣✐s ❡t ❛❧✳ ✭✷✵✶✻✮ ❡①♣❧♦r❡❞ ❤♦✇ ♥❡✇s✇✐r❡ ♠❡ss❛❣❡s✱ r❡✈❡❛❧❡❞ ❜②

st❛t❡♠❡♥ts r❡❝♦r❞❡❞ ❜② ♥❡✇s♣❛♣❡r ❛rt✐❝❧❡s✱ ✐♠♣❛❝t❡❞ ❈❉❙ s♣✐❧❧♦✈❡rs ❛❝r♦ss ●r❡❡❝❡✱ ■r❡❧❛♥❞✱ ■t❛❧②✱ P♦rt✉❣❛❧✱

❛♥❞ ❙♣❛✐♥ ✭●■■P❙✮ ❞✉r✐♥❣ t❤❡ ❊✉r♦♣❡❛♥ ❞❡❜t ❝r✐s✐s ❛♥❞ s❤♦✇❡❞ t❤❛t ♥❡✇s ❝r❡❛t❡❞ s✐❣♥✐✜❝❛♥t s♣✐❧❧♦✈❡r ❡✛❡❝ts

❛❝r♦ss t❤❡ ✉♥❞❡r❧✐♥❡❞ ❈❉❙ ♠❛r❦❡ts✱ ✇❤✐❧❡ ❋❛❧❛❣✐❛r❞❛ ❛♥❞ ❘❡✐t③ ✭✷✵✶✺✮ st✉❞✐❡❞ t❤❡ ❡✛❡❝ts ♦❢ ❊❈❇ ♥❡✇s ❛❜♦✉t

✉♥❝♦♥✈❡♥t✐♦♥❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ♦♣❡r❛t✐♦♥s ✐♥ t❤❡ s♦✈❡r❡✐❣♥ s♣r❡❛❞s ♦❢ ●■■P❙ r❡❧❛t✐✈❡ t♦ ●❡r♠❛♥② ❛♥❞ ❢♦✉♥❞

t❤❛t t❤❡ ❊❈❇ ❛♥♥♦✉♥❝❡♠❡♥ts ❛❜♦✉t ✉♥❝♦♥✈❡♥t✐♦♥❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝✐❡s ❞❡❝r❡❛s❡❞ ❧♦♥❣✲t❡r♠ ❣♦✈❡r♥♠❡♥t ❜♦♥❞

②✐❡❧❞ s♣r❡❛❞s r❡❧❛t✐✈❡ t♦ ●❡r♠❛♥ ❝♦✉♥t❡r♣❛rts ✐♥ ❛❧❧ ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝♦✉♥tr✐❡s✱ ❛♣❛rt ❢r♦♠ ●r❡❡❝❡✳

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

❡s♣❡❝✐❛❧❧② ❜❡t✇❡❡♥ ♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❛♥❞ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s ✐♥ ❊✉r♦♣❡✱ ✐♥❝❧✉❞✐♥❣

●■■P❙ ✭❇❡❡ts♠❛ ❡t ❛❧✳✱ ✷✵✶✼✮✱ s♦♠❡ st✉❞✐❡s ❤❛✈❡ ❝♦♥s✐❞❡r❡❞ ❜♦t❤ ♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❛♥❞ ❊✉r♦♣❡❛♥

✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s ✐♥ t❤❡✐r ❛♥❛❧②s❡s ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts✳ ❋♦r ✐♥st❛♥❝❡✱ ❈❛♣♦r❛❧❡ ❡t ❛❧✳ ✭✷✵✶✻✮

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

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

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

❛❧✳ ✭✷✵✶✼✮ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❊▼❯✬s ❛♥♥♦✉♥❝❡♠❡♥t ♦❢ ❛ ❋✐♥❛♥❝✐❛❧ ❚r❛♥s❛❝t✐♦♥s t❛① ♦♥ ❜♦♥❞

❛♥❞ ❡q✉✐t② ✈♦❧❛t✐❧✐t✐❡s ❢♦r ❋r❛♥❝❡ ❛♥❞ ●❡r♠❛♥②✱ ❞❡✜♥❡❞ ❛s ❝♦r❡ ❊▼❯ ❝♦✉♥tr✐❡s✱ ❛s ✇❡❧❧ ❛s ●■■P❙✱ ❞❡✜♥❡❞ ❛s

♣❡r✐♣❤❡r② ❊▼❯ ❝♦✉♥tr✐❡s✱ ❛♥❞ ❢♦✉♥❞ t❤❛t t❤❡ ❛♥♥♦✉♥❝❡♠❡♥t ❡✛❡❝t ♦❢ t❤❡ ❋✐♥❛♥❝✐❛❧ ❚r❛♥s❛❝t✐♦♥s t❛① ✐♥❝r❡❛s❡❞

t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❜♦t❤ ❝♦r❡ ❊▼❯✬s ❡q✉✐t② ♣♦rt❢♦❧✐♦ ❛♥❞ ♣❡r✐♣❤❡r② ❊▼❯✬s ❜♦♥❞ ♣♦rt❢♦❧✐♦✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

❇❡❡ts♠❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❢♦✉♥❞ t❤❛t ♠♦r❡ ♥❡✇s t❡♥❞s t♦ ✐♥❝r❡❛s❡ t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ②✐❡❧❞s ♦❢ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞

❝♦✉♥tr✐❡s ❜✉t t♦ ❧♦✇❡r t❤❡ ❝♦✈❛r✐❛♥❝❡ ♦❢ ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✬ ②✐❡❧❞s ✇✐t❤ ●❡r♠❛♥ ❜♦♥❞ ②✐❡❧❞s✳

❋✉rt❤❡r♠♦r❡✱ ❑♦s♠✐❞♦✉ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♥❞ ❑♦✉s❡♥✐❞✐s ✭✷✵✶✼✮ ❡①❛♠✐♥❡❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥

✭❊❯✮✱ ❊❈❇✱ ❛♥❞ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞ ✭■▼❋✮ ♥❡✇s ♦♥ t❤❡ ●r❡❡❦ st♦❝❦ ♠❛r❦❡t ❛♥❞ ♦♥ ❝r✐s✐s✲❛✛❡❝t❡❞

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

❑♦s♠✐❞♦✉ ❡t ❛❧✳ ✭✷✵✶✺✮ st✉❞✐❡❞ t❤❡ ❡✛❡❝t ♦❢ ●r❡❡❦ ❡❝♦♥♦♠✐❝ ♥❡✇s r❡❧❡❛s❡s ✐♥ t❤❡ r❡t✉r♥ ❛♥❞ r✐s❦ ♦❢ t❤❡ ●r❡❡❦

st♦❝❦ ♠❛r❦❡t✱ ✇❤❡r❡❛s ❇❤❛♥♦t ❡t ❛❧✳ ✭✷✵✶✹✮ st✉❞✐❡❞ t❤❡ ❡✛❡❝t ♦❢ ❝❤❛♥❣❡s ✐♥ ●r❡❡❦ s♦✈❡r❡✐❣♥ ②✐❡❧❞ s♣r❡❛❞s ✐♥

❛❜♥♦r♠❛❧ r❡t✉r♥s ♦❢ ✜♥❛♥❝✐❛❧ s❡❝t♦r st♦❝❦s ❢♦r s♣❡❝✐✜❝ ❊✉r♦③♦♥❡ ❝♦✉♥tr✐❡s ❛♥❞ ❢♦✉♥❞ t❤❛t ❞✉r✐♥❣ t❤❡ ●r❡❡❦

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

❙♣❛✐♥✱ ❛♥❞ t❤❡ ◆❡t❤❡r❧❛♥❞s✳ ❍♦✇❡✈❡r✱ ♥♦ ♣r❡✈✐♦✉s st✉❞② ❤❛s ❡①♣❧♦r❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t

❝r✐s✐s r❡❧❛t❡❞ ❡✈❡♥ts ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ♦r ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❜❡t✇❡❡♥ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✳

✺



✷✳✷ ❘❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❛♥❛❧②s✐s ♦❢ ❝♦♥t❛❣✐♦♥

❚✉r♥✐♥❣ ♦✉r ❛tt❡♥t✐♦♥ t♦ ❝♦♥t❛❣✐♦♥✱ ✐t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ✐t ✐s ❛ ❦❡② ❢❛❝t♦r ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ tr❛♥s♠✐ss✐♦♥

❝❤❛♥♥❡❧s ♦❢ ❛ ❝r✐s✐s ✭●❦✐❧❧❛s ❡t ❛❧✳✱ ✷✵✶✾✮✳ ❍♦✇❡✈❡r✱ ❝♦♥t❛❣✐♦♥ ❤❛s ❛ ❜r♦❛❞ ♠❡❛♥✐♥❣ ✈❛r②✐♥❣ ✇✐t❤ r❡❣❛r❞ t♦ ✐ts

❞❡✜♥✐t✐♦♥ ✭s❡❡ P❡r✐♦❝♦❧✐ ❛♥❞ ❙❜r❛❝✐❛✱ ✷✵✵✸✮✳ ❆s ❛ r❡s✉❧t✱ ✐♥ t❤❡ ❡①✐st✐♥❣ ❧✐t❡r❛t✉r❡✱ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s

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

♦r ♥♦♥✲♣❛r❛♠❡tr✐❝❛❧❧②✳ ❚❤❡ ❜❡st ♣❛r❛♠❡tr✐❝ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞ ♦❢ ❝♦rr❡❧❛t✐♦♥s ✐s t❤❡ ❉❈❈✲●❆❘❈❍ ♠♦❞❡❧✳

◆❡✈❡rt❤❡❧❡ss✱ ❛s ♥♦t❡❞ ❜② ▼❝❆❧❡❡r ✭✷✵✶✾✮✱ t❤❡r❡ ✐s str♦♥❣ ❝r✐t✐❝✐s♠ ♦❢ t❤❡ ❉❈❈ ♠♦❞❡❧ ✐♥✈♦❧✈✐♥❣ ❛❧❣❡❜r❛✐❝

♥♦♥✲❡①✐st❡♥❝❡✱ ♠❛t❤❡♠❛t✐❝❛❧ ✐rr❡❣✉❧❛r✐t②✱ ❛♥❞ ♥♦♥✲❛s②♠♣t♦t✐❝ ♣r♦♣❡rt✐❡s ✭s❡❡ ❛❧s♦ ❇♦✉r✐ ❡t ❛❧✳✱ ✷✵✷✵✮✳ ❖♥

t❤❡ ♦t❤❡r ❤❛♥❞✱ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ♠❡❛s✉r✐♥❣✱ ❛ ♥♦♥✲♣❛r❛♠❡tr✐❝ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞✱ ❝♦♥st✐t✉t❡s ♦♥❡ ♦❢ t❤❡

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

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

❛♥❞ ❝♦rr❡❧❛t✐♦♥s s✐♥❝❡ ❆♥❞❡rs❡♥ ❡t ❛❧✳ ✭✷✵✵✶❛✮ ❛♥❞ ❆♥❞❡rs❡♥ ❡t ❛❧✳ ✭✷✵✵✶❜✮ ❡st❛❜❧✐s❤❡❞ t❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛✲

t✐♦♥ ♠❡❛s✉r❡✳ ❘❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s ✉♥❝♦♥❞✐t✐♦♥❛❧✱ ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥s✱ ♠❡❛s✉r❡s ♦❢

❧❛t❡♥t ❝♦rr❡❧❛t✐♦♥s ✭s❡❡ ●❦✐❧❧❛s ❡t ❛❧✳✱ ✷✵✶✽✮✱ ✇✐t❤ t❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❛♣♣r♦①✐♠❛t✐♥❣ ❞✐r❡❝t❧②

t❤❡ ❛s②♠♣t♦t✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✭❇❛r♥❞♦r✛−◆✐❡❧s❡♥ ❛♥❞ ❙❤❡♣❤❛r❞✱ ✷✵✵✹✮✳ ▼♦r❡♦✈❡r✱ r❡❛❧✐③❡❞

❝♦rr❡❧❛t✐♦♥s ❛r❡ ❝♦♥str✉❝t❡❞ ❛s q✉♦t✐❡♥ts ❜❡t✇❡❡♥ r❡❛❧✐③❡❞ ❝♦✈❛r✐❛♥❝❡s ❛♥❞ ♣r♦❞✉❝ts ♦❢ r❡❛❧✐③❡❞ st❛♥❞❛r❞ ❞❡✲

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

✭❆✉❞r✐♥♦ ❛♥❞ ❈♦rs✐✱ ✷✵✶✵✮✳ ❆❢t❡r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s✱ ❧♦✇✲♣❛r❛♠❡t❡r✐③❡❞ ❛♥❞ ♠♦st❧② ❧✐♥❡❛r

♠♦❞❡❧s ❝❛♥ ♣r❡❞✐❝t r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❜♦t❤ ✐♥✲s❛♠♣❧❡ ❛♥❞ ♦✉t✲♦❢✲s❛♠♣❧❡✳✻

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

♦r ♥♦t✳ ❚❤❡ ❧✐t❡r❛t✉r❡ s❤♦✉❧❞ ♣❧❛❝❡ ♠♦r❡ ❡♠♣❤❛s✐s ♦♥ ❥✉♠♣s ✭❛s ❜r❡❛❦s ♦r ❞✐s❝♦♥t✐♥✉✐t✐❡s✮ ✐♥ s✉❝❤ s❡q✉❡♥t✐❛❧

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

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

♠❛♥❛❣❡♠❡♥t✱ ❞✐✈❡rs✐✜❝❛t✐♦♥ ❜❡♥❡✜ts✱ ❛♥❞ ❛ss❡t ❛❧❧♦❝❛t✐♦♥✳ ❨❡t✱ ❇✉t❧❡r ❛♥❞ ❏♦❛q✉✐♥ ✭✷✵✵✷✮ ❤✐❣❤❧✐❣❤t❡❞ t❤❛t

❝♦♥t❛❣✐♦♥✱ ❛s ❛ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ ❝♦rr❡❧❛t✐♦♥ ♣r♦♣❡rt✐❡s ✭✐✳❡✳ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✮✱ ❞✐✛❡rs ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

❞✐r❡❝t✐♦♥ ♦❢ s❤♦❝❦s✳

❍♦✇❡✈❡r✱ t❤❡ ❡✛❡❝t ♦❢ ♥❡✇s r❡❧❡❛s❡s ✐♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❤❛s ❜❡❡♥ r❛t❤❡r ✉♥❞❡r✲

❡①♣❧♦r❡❞ ✐♥ t❤❡ ❡①✐st✐♥❣ ❧✐t❡r❛t✉r❡✳ ❙t✉❞✐❡s t❤❛t ❤❛✈❡ ✉s❡❞ r❡❛❧✐③❡❞ ✈♦❧❛t✐❧✐t② ❛♥❞ ❝♦rr❡❧❛t✐♦♥s t♦ ❛ss❡ss t❤❡

✐♠♣❛❝t ♦❢ ❡❝♦♥♦♠✐❝ ❛♥♥♦✉♥❝❡♠❡♥ts ♦♥ ❡❝♦♥♦♠✐❝ ❛♥❞ ✜♥❛♥❝✐❛❧ ✐♥❞✐❝❛t♦rs ✐♥❝❧✉❞❡ t❤♦s❡ ♦❢ ❲❛♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮

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

r❡❛❧✐③❡❞ ✈❛r✐❛♥❝❡s ❛♥❞ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ♦❢ ❜♦♥❞ ❛♥❞ st♦❝❦ r❡t✉r♥s ❛♥❞ ❈❤❛tr❛t❤ ❡t ❛❧✳ ✭✷✵✶✹✮ ✐♥✈❡st✐❣❛t❡❞

t❤❡ ✐♠♣❛❝t ♦❢ ♠❛❝r♦ ♥❡✇s ♦♥ ❝✉rr❡♥❝② ❥✉♠♣s ❛♥❞ ❝♦✲❥✉♠♣s✽✳ ❋✉rt❤❡r♠♦r❡✱ ❇❡❡ts♠❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❡①❛♠✐♥❡❞

✻■♥ ❝♦♥tr❛st✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣❛r❛♠❡tr✐❝ ♦r s❡♠✐✲♣❛r❛♠❡tr✐❝ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t✐♦♥✱ ❤❡❛✈✐❧② ♣❛r❛♠❡t❡r✐③❡❞ ♠♦❞❡❧s s✉❝❤ ❛s
t❤❡ ❉❈❈✲●❆❘❈❍ ✭s❡❡ ▼✐ss✐♦ ❛♥❞ ❲❛t③❦❛✱ ✷✵✶✶❀ ❆✐❡❧❧✐✱ ✷✵✶✸✮✱ ❇❊❑❑ ✭❊♥❣❧❡ ❛♥❞ ❑❡❧❧②✱ ✷✵✶✷✮✱ ❛♥❞ ▼❛r❦♦✈✲❙✇✐t❝❤✐♥❣ ❱❡❝t♦r
❆✉t♦r❡❣r❡ss✐✈❡ ✭❱❆❘✮ ♠♦❞❡❧s ✭s❡❡✱ ❡✳❣✳✱ ❈❛s❛r✐♥ ❡t ❛❧✳✱ ✷✵✶✽✮ ❛r❡ ✉s❡❢✉❧ ❢♦r ♣r❡❞✐❝t✐♦♥ ❜✉t ♥♦t ❢♦r ❡st✐♠❛t✐♦♥ ♣✉r♣♦s❡s✳

✼❚❤✐s ✐s ❡♥❢♦r❝❡❞ ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❛t ♠♦st ♦❢ s✉❝❤ ♠♦❞❡❧s ❛ss✉♠❡ ●❛✉ss✐❛♥ ❝♦♥❞✐t✐♦♥❛❧ ❞✐str✐❜✉t✐♦♥s✳
✽■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t✱ ❛❧t❤♦✉❣❤ ❜♦t❤ ❥✉♠♣s ❛♥❞ ❝♦✲❥✉♠♣s t❛r❣❡t ❛t r❡✈❡❛❧✐♥❣ t❤❡ ❜r❡❛❦s ✐♥ t❤❡ r❡❧❛t✐♦♥ ♦❢ t✇♦ ❛ss❡ts✬

✈♦❧❛t✐❧✐t✐❡s✱ t❤❡ t✇♦ ❛r❡ ❞✐✛❡r❡♥t✳ ❈♦✲❥✉♠♣s r❡❢❡r t♦ t❤❡ s②♥❝❤r♦♥♦✉s ❥✉♠♣s ✐♥ t❤❡ ✈♦❧❛t✐❧✐t② s❡r✐❡s ♦❢ t✇♦ ❛ss❡ts✳ ❚❤❡ ♥♦t✐♦♥✱
❧✐♠✐t✐♥❣ t❤❡♦r②✱ ❛♥❞ ❞✐s❝r❡t❡ s❛♠♣❧❡ ♣r♦♣❡rt✐❡s ♦❢ ❝♦✲❥✉♠♣s ✇❡r❡ ✜rst r❡s❡❛r❝❤❡❞ ❜② ◆♦✈♦t♥② ❛♥❞ ❯r❣❛ ✭✷✵✶✽✮✳

✻



t❤❡ ✐♠♣❛❝t ♦❢ ♥❡✇s ❛♥❞ t❤❡ ❙❡❝✉r✐t✐❡s ▼❛r❦❡ts Pr♦❣r❛♠♠❡ ✐♥ t❤❡ ❊✉r♦③♦♥❡ ♦♥ r❡❛❧✐③❡❞ ✈❛r✐❛♥❝❡s ❞✉r✐♥❣ t❤❡

❊✉r♦♣❡❛♥ ❞❡❜t ❝r✐s✐s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❆✐t✲❙❛❤❛❧✐❛ ❛♥❞ ❳✐✉ ✭✷✵✶✻✮ st✉❞✐❡❞ t❤❡ ✐♥❢♦r♠❛t✐♦♥❛❧ ❝♦♥t❡♥t ♦❢

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

❚❤✐s ✇❛s ❛ ❢✉rt❤❡r str♦♥❣ ♠♦t✐✈❡ ❢♦r ♦✉r st✉❞② t♦ r❡s❡❛r❝❤ t❤❡ ✐♠♣❛❝t ♦❢ ♥❡✇s✴❡✈❡♥ts ♦❢ t❤❡ ●r❡❡❦ s♦✈❡r❡✐❣♥

❞❡❜t ❝r✐s✐s ♦♥ ❊✉r♦③♦♥❡ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✬ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✳

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

❝♦rr❡❧❛t✐♦♥ ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❜❡t✇❡❡♥ t❤❡s❡ s❡r✐❡s✳ ❆ s✐❣♥✐✜❝❛♥t ❥✉♠♣ ❢♦✉♥❞ ✐♥ ❛ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s

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

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

✭✷✵✶✹✮ ❢♦r ✈♦❧❛t✐❧✐t②✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡ ✜rst s❝❤❡♠❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ r❡❛❧✐③❡❞ t❤r❡s❤♦❧❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥

❝♦rr❡❧❛t✐♦♥ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ♠❡❞✐❛♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥✳ ❲❡ ❡♠♣❧♦② t❤❡ r❛♥❣❡✲❜❛s❡❞ r❡❛❧✐③❡❞

❝♦rr❡❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦✲r❛♥❣❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ❝♦✈❛r✐❛♥❝❡ ✭❛s ✐♥tr♦❞✉❝❡❞ ❜② ❇❛♥♥♦✉❤ ❡t ❛❧✳✱ ✷✵✵✾✮✳

▼♦r❡♦✈❡r✱ ❛❧t❤♦✉❣❤ ▲❛❤❛②❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ✉s❡❞ ❚♦❜✐t✲●❆❘❈❍ ❛♥❞ Pr♦❜✐t ♠♦❞❡❧s t♦ ❡①♣❧♦r❡ t❤❡ ✐♠♣❛❝t ♦❢ ❯❙

♠❛❝r♦❡❝♦♥♦♠✐❝ ❛♥♥♦✉♥❝❡♠❡♥ts ♦♥ ❥✉♠♣s ❛♥❞ ❝♦✲❥✉♠♣s ✐♥ ❡q✉✐t②✱ ❜♦♥❞✱ ❛♥❞ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡ ♠❛r❦❡ts✱ ✇❤❡r❡

❥✉♠♣s ✇❡r❡ ❞❡t❡❝t❡❞ ✈✐❛ t❤❡ ▲❡❡ ❛♥❞ ▼②❦❧❛♥❞ ✭✷✵✵✽✮ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡✱ ✐♥ ♦✉r st✉❞② ✇❡ ❡①t❡♥❞ t❤❡ ♠♦❞❡❧

♦❢ ▲❛❤❛②❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ❜② ✉s✐♥❣ t❤❡ ❚♦❜✐t✲❘❈ ❛♥❞ ❚♦❜✐t✲❘❈❏ ♠♦❞❡❧s ❢♦r ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱

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

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

❛♥♥♦✉♥❝❡♠❡♥ts ♦❝❝✉r ✇✐t❤✐♥ t❤❡ s❛♠❡ t✐♠❡ ✐♥t❡r✈❛❧ ✭s❡❡ ❍❛r❞♦✉✈❡❧✐s✱ ✶✾✽✽✮✳

✸ ❉❛t❛

■♥ ♦✉r st✉❞②✱ t❤❡ ❡✛❡❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ✐♥ ❊▼❯ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥

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

t❤r❡❡ ❝❛t❡❣♦r✐❡s ❜❛s❡❞ ♦♥ t❤❡ ♦✣❝✐❛❧ s♦✉r❝❡s ❢r♦♠ ✇❤✐❝❤ ♥❡✇s ✇❛s ❞❡r✐✈❡❞✳ ❚❤❡ ✜rst ❝❛t❡❣♦r② r❡❢❡rs t♦ ♥❡✇s

❝♦♠✐♥❣ ❢r♦♠ ●r❡❡❝❡✱ ❡✳❣✳✱ ❢r♦♠ t❤❡ ●r❡❡❦ Pr✐♠❡ ▼✐♥✐st❡r✱ ▼✐♥✐st❡r ♦❢ ❋✐♥❛♥❝❡✱ ❇❛♥❦ ♦❢ ●r❡❡❝❡✱ ❍❡❧❧❡♥✐❝

❙t❛t✐st✐❝❛❧ ❙②st❡♠ ❛♥❞ ❍❡❧❧❡♥✐❝ ❙t❛t✐st✐❝❛❧ ❆✉t❤♦r✐t②✱ ●r❡❡❦ P❛r❧✐❛♠❡♥t✱ ❆t❤❡♥s ❊①❝❤❛♥❣❡s ●r♦✉♣✱ ❡t❝✳ ❚❤❡

s❡❝♦♥❞ ❝❛t❡❣♦r② r❡❢❡rs t♦ ♥❡✇s ❝♦♠✐♥❣ ❢r♦♠ ❊✉r♦♣❡✱ ❡✳❣✳✱ ❢r♦♠ t❤❡ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦✱ ❊❝♦✜♥✱ ❊✉r♦♣❡❛♥

❈♦♠♠✐ss✐♦♥✱ ❛❧❧ ♦r❣❛♥✐③❛t✐♦♥s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ ✭s✉❝❤ ❛s t❤❡ ❊▼❯✮✱ ❊✉r♦st❛t✱ ❛♥❞ ❊✉r♦♣❡❛♥ ❍❡❛❞s ♦❢

❝♦✉♥tr✐❡s ✭❧✐❦❡ ▼❡r❦❡❧✱ ❚r✐s❝❤❡✱ ❙❤❛❡✉❜❧❡✱ ❛♥❞ ❙tr❛✉ss✲❑❛❤♥✮✳ ❚❤❡ t❤✐r❞ ❝❛t❡❣♦r② ✐♥❝❧✉❞❡s ♥❡✇s ❝♦♠✐♥❣ ❢r♦♠

✐♥t❡r♥❛t✐♦♥❛❧ s♦✉r❝❡s✱ ❡✳❣✳✱ ❢r♦♠ ❋✐t❝❤✱ ❙t❛♥❞❛r❞ ✫ P♦♦rs✱ ▼♦♦❞②s✬s✱ ♥♦♥✲❊✉r♦♣❡❛♥ ❍❡❛❞s ♦❢ ❝♦✉♥tr✐❡s✱ ❛♥❞

t❤❡ ■▼❋✳ ❊✈❡♥ts ❛r❡ t❤✉s ❝❧❛ss✐✜❡❞ ❜❛s❡❞ ♦♥ t❤❡ r❡❣✐♦♥ ❢r♦♠ ✇❤✐❝❤ t❤❡ ❡✈❡♥t r❡❧❡❛s❡s t❤❛t ❛✛❡❝t t❤❡ ●r❡❡❦

❡❝♦♥♦♠② ♦r✐❣✐♥❛t❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✜rst ❝❛t❡❣♦r② ✐♥❝❧✉❞❡s ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts t❤❛t ❛✛❡❝t t❤❡

●r❡❡❦ ❡❝♦♥♦♠② ❝♦♠✐♥❣ ❢r♦♠ ●r❡❡❝❡ ✐ts❡❧❢✳ ❚❤❡ s❡❝♦♥❞ ❝❛t❡❣♦r② ❝♦♥❝❡r♥s ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts

t❤❛t ❛✛❡❝t t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❊✉r♦③♦♥❡✳ ❚❤❡ t❤✐r❞ ❝❛t❡❣♦r② ✐♥❝❧✉❞❡s ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t

❝r✐s✐s ❡✈❡♥ts t❤❛t ❛✛❡❝t t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ❝♦♠✐♥❣ ❢r♦♠ ✐♥t❡r♥❛t✐♦♥❛❧ ✐♥st✐t✉t✐♦♥s✳ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ●r❡❡❦

✼



❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ❛✛❡❝t✐♥❣ t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ✐s ❜❛s❡❞ ♦♥ t❤❡ r❡❧❛t❡❞ ❧✐t❡r❛t✉r❡✾✳ ▼♦r❡♦✈❡r✱ ❛

❢♦✉rt❤ ❝❛t❡❣♦r② ✐♥❝❧✉❞❡s ❛❧❧ ♦❢ t❤❡♠✳ ❋♦r t❤❡ ❧❛tt❡r ❛ss❡ss♠❡♥t✱ ❡✈❡♥ts ❛r❡ s♣❧✐t ✐♥t♦ ❢♦✉r ❝❛t❡❣♦r✐❡s ❜❛s❡❞ ♦♥

t❤❡ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✶✵✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✷✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ❛♥❞ ●r❡❡❦ ❈❉❙s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✇❡

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

t♦ ❛♥② ♦❢ t❤❡ ✶✵✲②❡❛r✱ ✺✲②❡❛r✱ ♦r ✷✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ♦r ●r❡❡❦ ❈❉❙s s✉❝❤ t❤❛t ❡❛❝❤ ❡✈❡♥t✴♥❡✇s

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

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

❢r♦♠ t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ❛✛❡❝t✐♥❣ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❜❡t✇❡❡♥ ❊✉r♦♣❡❛♥

✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✐s t❤❡r❡❢♦r❡ r❡✈❡❛❧❡❞ t❤r♦✉❣❤ ❡✐t❤❡r ❞✉♠♠② ✈❛r✐❛❜❧❡s ✭D1✱ D2✱ D3✱ ❛♥❞ D4✮ ♦♥ ✐♠♣♦rt❛♥t

❞❛t❡s ♦r ♥❡✇s s✉r♣r✐s❡ ✈❛r✐❛❜❧❡s ✭SUR2Y ✱ SUR5Y ✱ SUR10Y ✱ ❛♥❞ SURCDS✮✳ ❚❤❡ ✜rst t❤r❡❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s

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

✈❛r✐❛❜❧❡s r❡❢❡r t♦ t❤❡ s✇✐❢ts ♦❢ t❤❡ ●r❡❡❦ ❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ❛s ✇❡❧❧ ❛s t♦ ❈❉❙✳ ◆❡✇s s✉r♣r✐s❡s (SURi,t)

❛r❡ ❞❡♣❧♦②❡❞ ❛s ✐♥ ❇❛❧❞✉③③✐ ❡t ❛❧✳ ✭✷✵✵✶✮✱ ❑✉r♦✈ ✭✷✵✶✵✮✱ ❘❛♥❣❡❧ ✭✷✵✶✶✮✱ ❛♥❞ ❑❛♣❡t❛♥✐♦s ❡t ❛❧✳ ✭✷✵✶✹✮✱ ❛♠♦♥❣

♦t❤❡rs✱ ❛♥❞ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s✿

SURi,t=
Ai,t − Ei,t

σi
✭✶✮

✇❤❡r❡ Ai,t ❞❡♥♦t❡s t❤❡ i
th ❡✈❡♥t ✐t❡♠✬s ❛❝t✉❛❧ ✜❣✉r❡ ✭✷✲②❡❛r✱ ✺✲②❡❛r✱ ✶✵✲②❡❛r✱ ♦r ❈❉❙ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞

②✐❡❧❞✮ r❡❧❡❛s❡❞ ❛t t✐♠❡ t✱ Ei,t ✐s t❤❡ ❡①♣❡❝t❡❞ ✈❛❧✉❡ ♦❢ ✐♥❞✐❝❛t♦r i ❜❛s❡❞ ♦♥ t❤❡ ❇❧♦♦♠❜❡r❣ ♠❡❞✐❛♥ ❢♦r❡❝❛st✱

❛♥❞ σi ✐s t❤❡ s❛♠♣❧❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ s✉r♣r✐s❡ ❝♦♠♣♦♥❡♥t ❢♦r t❤❡ ith ❡✈❡♥t ✐t❡♠✳ ❙t❛♥❞❛r❞✐③❛t✐♦♥

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

t❤❡ ❡✈❡♥ts✬ ❞✐r❡❝t✐♦♥ ✐♥ t❤❡ ❛♥❛❧②s✐s✳

❚❤❡ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s st✉❞② ✐♥❝❧✉❞❡ ❜♦t❤ ♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ ♥❛♠❡❧② ❋r❛♥❝❡

❛♥❞ ●❡r♠❛♥②✱ ❛♥❞ t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ ✐✳❡✳ ●r❡❡❝❡✱ ■r❡❧❛♥❞✱ ■t❛❧②✱ P♦rt✉❣❛❧✱

❛♥❞ ❙♣❛✐♥✳ ❚❤❡ s❡❧❡❝t✐♦♥ ♦❢ t❤❡s❡ ❝♦✉♥tr✐❡s ✐s ❜❛s❡❞ ♦♥ t❤❡ ❢❛❝t t❤❛t ●❡r♠❛♥②✱ ❋r❛♥❝❡✱ ■t❛❧②✱ ❛♥❞ ❙♣❛✐♥ ❛r❡ t❤❡

❢♦✉r ❧❛r❣❡st ♠❡♠❜❡r ❡❝♦♥♦♠✐❡s✱ ✇❤❡r❡❛s ✐♥ ❊✉r♦♣❡✬s ❣❡♦❣r❛♣❤✐❝❛❧ ♣❡r✐♣❤❡r②✱ ●r❡❡❝❡✱ ■r❡❧❛♥❞✱ ❛♥❞ P♦rt✉❣❛❧

❤❛✈❡ ❜❡❡♥ ❝❤❛r❛❝t❡r✐③❡❞ ❛s ✜s❝❛❧❧② ✈✉❧♥❡r❛❜❧❡✳ ■♥❞❡❡❞✱ t❤❡ ❝♦r❡ ❊✉r♦ ❛r❡❛ ❝♦✉♥tr✐❡s✱ ❧✐❦❡ ❋r❛♥❝❡✱ ●❡r♠❛♥②✱

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

♦t❤❡r ❊✉r♦③♦♥❡ ❝♦✉♥tr✐❡s✱ ✇❤❡r❡❛s ❝♦✉♥tr✐❡s ❧✐❦❡ ●r❡❡❝❡ ❛♥❞ P♦rt✉❣❛❧✱ ❤❛❞ ✇✐❞❡♥❡❞ ❝✉rr❡♥t ❛❝❝♦✉♥t ❞❡✜❝✐ts✳✶✵

❚❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ st❛rts ♦♥ ✶st ❏✉❧② ✷✵✵✾ ✇❤❡♥ t❤❡ ❇❛♥❦ ♦❢ ●r❡❡❝❡✬s st❛t✐st✐❝❛❧ ❜✉❧❧❡t✐♥ s❤♦✇❡❞ t❤❛t t❤❡

❝❡♥tr❛❧ ❣♦✈❡r♥♠❡♥t ❞❡✜❝✐t ❢♦r t❤❡ ✻ ♠♦♥t❤s ✇❛s ❤✐❣❤ ❡♥♦✉❣❤ ❛t ✼✳✺✪ ♦❢ ●❉P ✭✩✶✼✳✾ ❜♥✮✱ ❛♥❞ ❡♥❞s ♦♥ ✶st

✾P❛♣❡rs ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ❛s ✇❡❧❧ ❛s ❏✐❛♥❣ ❡t ❛❧✳ ✭✷✵✶✷✮ ❛♥❞ ❑✉t❛♥ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❛♠♦♥❣ ♦t❤❡rs✳
✶✵■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ✐♥ t❤❡ t✉r♥ ♦❢ ✷✵✵✽✱ t❤❡ ❝✉rr❡♥t ❛❝❝♦✉♥t ❞❡✜❝✐ts✴s✉r♣❧✉s❡s ✇❡r❡✿ ✲✶✹✳✾✪ ✭●r❡❡❝❡✮✱ ✲✶✷✳✻✪ ✭P♦rt✉❣❛❧✮✱

✲✾✳✻✪ ✭❙♣❛✐♥✮✱ ✲✸✳✸✪ ✭❋r❛♥❝❡✮✱ ✲✷✳✾✪ ✭■t❛❧②✮✱ ❛♥❞ ✰✻✳✷✪ ✭●❡r♠❛♥②✮✳ ❚❤❡ ❞✐✣❝✉❧t✐❡s ✐♥ r❡❞✉❝✐♥❣ ❧❛r❣❡ ❞❡✜❝✐ts✱ ✐♥ ❛ ❧♦✇ ❣r♦✇t❤
❛♥❞ ✐♥✢❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✱ ❝❤❛❧❧❡♥❣❡❞ t❤❡ s♦✉♥❞♥❡ss ♦❢ ❊✉r♦♣❡❛♥ st❛t❡s✬ ❜❛❧❛♥❝❡ s❤❡❡ts✳ ▼♦r❡♦✈❡r✱ t❤❡ ❧♦✇ s♣r❡❛❞s ♦♥ s♦✈❡r❡✐❣♥
❞❡❜t ✐♥❞✐❝❛t❡❞ t❤❛t ♠❛r❦❡ts ❞✐❞ ♥♦t ❡①♣❡❝t s✉❜st❛♥t✐❛❧ ❞❡❢❛✉❧t r✐s❦ ❛♥❞ ❝❡rt❛✐♥❧② ♥♦t ❛ ✜s❝❛❧ ❝r✐s✐s ♦❢ t❤❡ s❝❛❧❡ t❤❛t ❝♦✉❧❞ ❡♥❣✉❧❢
t❤❡ ❊✉r♦ s②st❡♠ ❛s ❛ ✇❤♦❧❡✳ ❋♦r t❤❡ ❊✉r♦ ♣❡r✐♣❤❡r②✱ t❤❡ ✷✵✵✽ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s tr✐❣❣❡r❡❞ ❛ ♠❛❥♦r r❡❛ss❡ss♠❡♥t ❛♠♦♥❣
✐♥✈❡st♦rs ♦❢ t❤❡ s✉st❛✐♥❛❜✐❧✐t② ♦❢ r❛♣✐❞ ❝r❡❞✐t ❣r♦✇t❤ ❛♥❞ ❧❛r❣❡ ✭♣❛rt✐❝✉❧❛r❧② ♣r✐✈❛t❡ s❡❝t♦r ❝❛♣✐t❛❧✮ ❡①t❡r♥❛❧ ❞❡✜❝✐ts ❛♥❞ t❤❡
t✐❣❤t❡♥✐♥❣ ♦❢ ❝r❡❞✐t ❝♦♥❞✐t✐♦♥s✱ ✇✐t❤ ♥❛t✐♦♥❛❧ ❜❛♥❦✐♥❣ s②st❡♠s ❣r❛♣♣❧✐♥❣ ✇✐t❤ t❤❡ t✇✐♥ ♣r♦❜❧❡♠s ♦❢ r✐s✐♥❣ ❡st✐♠❛t❡s ♦❢ ❧♦❛♥ ❧♦ss❡s
❛♥❞ ❛ ❧✐q✉✐❞✐t② sq✉❡❡③❡ ✐♥ ❢✉♥❞✐♥❣ ♠❛r❦❡ts✳ ❚❤❡ ❝♦♠❜✐♥❡❞ ✐♠♣❛❝t ♦❢ ❞♦♠❡st✐❝ r❡❝❡ss✐♦♥s✱ ❜❛♥❦✐♥❣✲s❡❝t♦r ❞✐str❡ss✱ ❛♥❞ t❤❡ ❞❡❝❧✐♥❡
✐♥ r✐s❦ ❛♣♣❡t✐t❡ ❛♠♦♥❣ ✐♥t❡r♥❛t✐♦♥❛❧ ✐♥✈❡st♦rs ❢✉❡❧❡❞ t❤❡ ❝♦♥❞✐t✐♦♥s ❢♦r ❛ ❊✉r♦♣❡❛♥ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤✐s
❝r✐s✐s ✐s ❡✈✐❞❡♥t ❜② t❤❡ ✐♠♠❡❞✐❛t❡ ❛❝t ♦❢ t❤❡ ❊▼❯ ❛✉t❤♦r✐t✐❡s✱ r❡❢♦r♠✐♥❣ t❤❡ ❊✉r♦③♦♥❡✬s ✐♥st✐t✉t✐♦♥❛❧ ✐♥❢r❛str✉❝t✉r❡✳

✽



❏✉♥❡ ✷✵✶✺✱ ✐✳❡✳ ❜❡❢♦r❡ t❤❡ ✐♠♣♦s✐t✐♦♥ ♦❢ ❝❛♣✐t❛❧ ❝♦♥tr♦❧s ♦♥ ❜❛♥❦✐♥❣ ♦✉t✢♦✇s ❢✉♥❞s ✐♥ ●r❡❡❝❡ ✭s❡❡ ●❦✐❧❧❛s ❡t

❛❧✳✱ ✷✵✶✻✮✳ ❆t ✜rst✱ ✇❡ ❡♠♣❧♦② ✐♥tr❛✲❞❛② ❞❛t❛ t♦ ❡st✐♠❛t❡ ❞❛✐❧② r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥✳ ❚❤❡♥✱ ✇❡ ❡♠♣❧♦② ❞❛✐❧②

❞❛t❛ t♦ ❡st✐♠❛t❡ ♠♦♥t❤❧② r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✳

❚❛❜❧❡ ✶ r❡♣♦rts t❤❡ ❞❛t❛ ❡♠♣❧♦②❡❞ ✐♥ t❤✐s st✉❞② ✐♥ ❞❡t❛✐❧✳ P❛♥❡❧ ❆ ❞❡♣✐❝ts t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ❡①❛♠✐♥❡❞

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

♣❡r✐♦❞ ♦❢ t❤❡ ❛♥❛❧②s✐s✳ ❖✉t ♦❢ t❤❡s❡ ❡✈❡♥ts✱ t❤❡ ♦♥❡ ❤✉♥❞r❡❞ t❤✐rt②✲t✇♦ ✭✶✸✷✮ ♠♦st ✐♥✢✉❡♥t✐❛❧ ♦♥❡s t♦ t❤❡

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

s✇✐❢t ♦❢ ❜♦♥❞ ②✐❡❧❞✮ ♦❢ t❤❡✐r ❞✐r❡❝t ❡✛❡❝t✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥t s❡❧❡❝t✐♦♥

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

❡❝♦♥♦♠②✳ ❊✈❡♥ts ❝♦♠✐♥❣ ❢r♦♠ ♦t❤❡r ❊✉r♦③♦♥❡ ❝♦✉♥tr✐❡s ♦r ✐♥t❡r♥❛t✐♦♥❛❧ ✐♥st✐t✉t✐♦♥s t❤❛t ❛✛❡❝t❡❞ t❤❡ ●r❡❡❦

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

t♦ ❥✉♥❦ st❛t✉s ❜② ✐♥t❡r♥❛t✐♦♥❛❧ ❝r❡❞✐t r❛t✐♥❣ ❛❣❡♥❝✐❡s ❞✉r✐♥❣ t❤❡ ❝r✐s✐s✱ ✇♦rs❡♥✐♥❣ ✐♥✈❡st♦r ❢❡❛rs✳ P❛♥❡❧s ❇✱

❈✱ ❛♥❞ ❉ ♦❢ ❚❛❜❧❡ ✶ ❞❡♣✐❝t t❤❡ s②♠❜♦❧s ❛♥❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❞❛t❛ s❡r✐❡s ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝♦✉♥tr✐❡s ❢♦r t❤❡

✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ❛s ✇❡❧❧ ❛s st♦❝❦ ✐♥❞✐❝❡s ❛♥❞ ❈❉❙✱ ❛❝❝♦r❞✐♥❣❧②✳ ❚❤❡ ❞❛t❛

❢♦r t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✇❡r❡ ❛❝q✉✐r❡❞ ❢r♦♠ ❉❛t❛str❡❛♠✳

✹ ▼❡t❤♦❞♦❧♦❣②

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

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

❡❝♦♥♦♠②✳ ❈♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♠✉st ❜❡ ❛❝❝✉r❛t❡❧② ❡st✐♠❛t❡❞✳ Pr❡✈✐♦✉s st✉❞✐❡s ♦♥ ❡❝♦♥♦♠✐❝

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

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

✭❡✈❡♥ t❤❡ s✐♠♣❧❡ r❛♥❣❡✮ ❛r❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦rs ❜❡❝❛✉s❡ t❤❡② ✉s❡ ❞❛t❛ ❢r♦♠ ❛

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

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

✈♦❧❛t✐❧✐t② ❡st✐♠❛t♦rs✳

✹✳✶ ❘❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥

❚❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦r ✉s❡❞ ✐♥ t❤✐s st✉❞② ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦✲r❛♥❣❡ ❡st✐♠❛t❡ ♦❢ ❝♦✈❛r✐❛♥❝❡✱ ❛s

✐♥tr♦❞✉❝❡❞ ❜② ❇❛♥♥♦✉❤ ❡t ❛❧✳ ✭✷✵✵✾✮✳ ❚❤✐s ❝❛♥ ❜❡ ❡♥t✐t❧❡❞ ❛s r❛♥❣❡✲❜❛s❡❞ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ (RBRCt,AB)

❛♥❞ ✐s ❡q✉❛❧ t♦ t❤❡ r❡❛❧✐③❡❞ ❝♦✲r❛♥❣❡ ❡st✐♠❛t♦r ♦❢ ❝♦✈❛r✐❛♥❝❡ (CRt,AB) ❞✐✈✐❞❡❞ ❜② t❤❡ sq✉❛r❡ r♦♦t ♦❢ t❤❡

P❛r❦✐♥s♦♥ r❛♥❣❡ ❡st✐♠❛t♦r ♦❢ t❤❡ t✇♦ ❛ss❡ts ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ (Rat,A, Rat,B)
✶✷✱ ❛s ❢♦❧❧♦✇s✿

✶✶❲❡ ♣r♦✈✐❞❡ t❤❡s❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ❛s s✉♣♣❧❡♠❡♥t❛r② ♠❛t❡r✐❛❧ ♦❢ t❤✐s st✉❞②✳
✶✷❲❤❡r❡ t❤❡ r❡❛❧✐③❡❞ r❛♥❣❡ ❡st✐♠❛t♦r ✐s ❞❡✜♥❡❞ ✇✐t❤ t❤❡ ✉s❡ ♦❢ t❤❡ ❞❛✐❧② ❤✐❣❤ ❛♥❞ ❧♦✇ ♣r✐❝❡s ❛s Rat=

1

4ln2

[

ln
(

ph
t
/pl

t

)]2
✱ ✇❤❡r❡

ph
t
✐s t❤❡ ❤✐❣❤❡st ♣r✐❝❡ ❛♥❞ pl

t
✐s t❤❡ ❧♦✇❡st ♣r✐❝❡ ✇✐t❤✐♥ ❞❛② t✳

✾



RBRCt,AB=
CRt,AB

√

Rat,A, Rat,B
=

1
2λAλB

(

Rat,P − λ2
ARat,A − λ2

BRat,B
)

√

(

1
4ln2

[

ln
(

pht,A/p
l
t,A

)]2
)(

1
4ln2

[

ln
(

pht,B/p
l
t,B

)]2
)

✭✷✮

✇❤❡r❡ CRt,AB ✐s t❤❡ r❡❛❧✐③❡❞ ❝♦✲r❛♥❣❡ ❡st✐♠❛t♦r ♦❢ ❝♦✈❛r✐❛♥❝❡✱ Rat,A✱ Rat,B ✱ ❛♥❞ Rat,P ❛r❡ t❤❡ r❛♥❣❡ ❡st✐♠❛t❡s

♦❢ ❛ss❡t ❆✱ ❛ss❡t ❇✱ ❛♥❞ t❤❡ ♣♦rt❢♦❧✐♦✱ r❡s♣❡❝t✐✈❡❧②✱ ✇❤❡r❡❛s pht,A ❛♥❞ pht,B ❛r❡ t❤❡ ❤✐❣❤❡st ❞❛✐❧② ♣r✐❝❡s ❛♥❞ plt,A

❛♥❞ plt,B ❛r❡ t❤❡ ❧♦✇❡st ❞❛✐❧② ♣r✐❝❡s ✇✐t❤✐♥ ❞❛② t ❢♦r ❛ss❡ts ❆ ❛♥❞ ❇✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❝❝♦r❞✐♥❣ t♦ ❇r❛♥❞t ❛♥❞

❉✐❡❜♦❧❞ ✭✷✵✵✻✮✱ λA ❛♥❞ λB ❛r❡ t❤❡ ✇❡✐❣❤ts ♦❢ t❤❡ t✇♦ ❛ss❡ts ✐♥ t❤❡ ♣♦rt❢♦❧✐♦ ✭❛ ❞❡❢❛✉❧t ❝❤♦✐❝❡ ✐s ✺✵✪ ✐♥ ❆

❛♥❞ ✺✵✪ ✐♥ ❇✮✳

✹✳✷ ❈♦rr❡❧❛t✐♦♥ ❥✉♠♣s

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

❝♦rr❡❧❛t✐♦♥ s❡r✐❡s ❜✉t ❛❧s♦ ♦♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❥✉♠♣s✱ r❡✈❡❛❧✐♥❣ t❤❡ r❡❛❧✐③❡❞ ❜r❡❛❦s ✭❥✉♠♣s✮✶✸ ✐♥ ❝♦rr❡❧❛t✐♦♥

s❡r✐❡s✱ ❛s ❞❡t❡❝t❡❞ ❞✐r❡❝t❧② ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s✳ ■♥ ♦✉r st✉❞②✱ t✇♦ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡s ❛r❡

❡♠♣❧♦②❡❞✳ ❚❤❡ ✜rst s❝❤❡♠❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ r❡❛❧✐③❡❞ t❤r❡s❤♦❧❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❛♥❞ t❤❡ s❡❝♦♥❞

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

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

s❛♠♣❧❡ ❜✐❛s t❤❛t t❤❡ st❛♥❞❛r❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥ ❡①❤✐❜✐ts✳ ❚❤❡ s✉❣❣❡st❡❞ ✈♦❧❛t✐❧✐t②✲❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡

❜❛s❡❞ ♦♥ t❤r❡s❤♦❧❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥ ✭❛s ✉s❡❞ ✐♥ ❇❡❦❛❡rt ❛♥❞ ❍♦❡r♦✈❛✱ ✷✵✶✹✮ ✐s t❤❡r❡❢♦r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❞❡✲

t❡❝t✐♦♥ ♦❢ ❥✉♠♣s ✐♥ ❝♦rr❡❧❛t✐♦♥s✳ ❚❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦r ✉s❡❞ ❛s ❛ ❢r❡❡✲♦❢✲❥✉♠♣s r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥

❝❛♥ ❜❡ ❡♥t✐t❧❡❞ ❛s r❡❛❧✐③❡❞ t❤r❡s❤♦❧❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ (RTBPV Ct,AB) ❛♥❞ ✐s ❡q✉❛❧ t♦ RBRCt,AB

❞✐✈✐❞❡❞ ❜② t❤❡ sq✉❛r❡ r♦♦t ♦❢ t❤❡ t❤r❡s❤♦❧❞ ❜✐✲♣♦✇❡r ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ t✇♦ ❛ss❡ts (TBPVt,A, TBPVt,B)
✶✹✱ ❛s

❢♦❧❧♦✇s✿

RTBPV Ct,AB=
RBRCt,AB

√

TBPVt,A, TBPVt,B

✭✸✮

❚❤❡ ❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡ ❜❛s❡❞ ♦♥ TBPVt(ZCJ
(RTBPV C)
t ) ❛s s❡tt❧❡❞ ❜② ❆♥❞❡rs❡♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ✐s ❛❧s♦

❡♠♣❧♦②❡❞ t♦ ❞❡t❡❝t ❥✉♠♣s ✐♥ ❝♦rr❡❧❛t✐♦♥s✱ ❛s ❢♦❧❧♦✇s✿

ZCJ
(RTBPV C)
t =

√
N · (RBRCt −RTBPV Ct)RC−1

t
((

ξ−4
1 + 2ξ−2

1 − 5
)

max
{

1, TQtRTBPV C−2
t

})1/2
✭✹✮

✇❤❡r❡ TQt ✐s t❤❡ r❡❛❧✐③❡❞ tr✐✲♣♦✇❡r q✉❛rt✐❝✐t②✱ TQt = N · ξ−3
4/3 ·

(N − 2)

∑

i = 1

|Rt,i|4/3|Rt,i+1|4/3|Rt,i+2|4/3✱ ❛♥❞

❝♦♥✈❡r❣❡s ✐♥ ♣r♦❜❛❜✐❧✐t② t♦ ✐♥t❡❣r❛t❡❞ q✉❛rt✐❝✐t②✳ ❚❤❡ ZCJ
(RTBPV C)
t st❛t✐st✐❝ ❢♦❧❧♦✇s t❤❡ st❛♥❞❛r❞ ♥♦r♠❛❧

❞✐str✐❜✉t✐♦♥✳ ❆ ❥✉♠♣ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ s✐❣♥✐✜❝❛♥t ✐❢ t❤❡ t❡st st❛t✐st✐❝ ❡①❝❡❡❞s t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝r✐t✐❝❛❧ ✈❛❧✉❡

✶✸❚❤❡ ❥✉♠♣s ❛r❡ r❡❛❧✐③❡❞ ❛s t❤❡② ❛r❡ ❡st✐♠❛t❡❞ ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥s✳
✶✹❆s ❞❡✜♥❡❞ ❛❜♦✈❡ ❛♥❞ ❛s ❡①❛♠✐♥❡❞ ✐♥ ❙❡✈✐ ✭✷✵✶✹✮✳

✶✵



♦❢ t❤❡ st❛♥❞❛r❞ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥✱ ❞❡♥♦t❡❞ ❜② Φα✱ ❛t t❤❡ α ❧❡✈❡❧ ♦❢ s✐❣♥✐✜❝❛♥❝❡✳ ❆ ✺✪ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✐s

❡♠♣❧♦②❡❞ ✐♥ t❤✐s st✉❞②✳✶✺ ❚❤❡ ❥✉♠♣ ❝♦♠♣♦♥❡♥t (CJ
(RTBPV C)
t ) ❝❛♥ ❜❡ ❢♦✉♥❞ ❛s✿

CJ
(RTBPV C)
t = [RBRCt −RTBPV Ct]× I

[

ZCJ
(RTBPV C)
t > Φa

]

✭✺✮

✇❤❡r❡ I [·] ✐s t❤❡ ✐♥❞✐❝❛t♦r ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ZCJ
(RTBPV C)
t st❛t✐st✐❝ ✐♥ ❡①❝❡ss ♦❢ ❛ ❣✐✈❡♥ ❝r✐t✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤❡

●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ Φa✳

❚❤❡ s❡❝♦♥❞ ❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ♠❡❞✐❛♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥✳ ❆♥❞❡rs❡♥ ❡t ❛❧✳ ✭✷✵✶✷✮

s✉❣❣❡st t❤❡ ♠❡❞✐❛♥ r❡❛❧✐③❡❞ ✈❛r✐❛♥❝❡ (MedRVt) ❛s ♦♥❡ ♦❢ t❤❡ ❜❡st ❛❧t❡r♥❛t✐✈❡ ❥✉♠♣✲r♦❜✉st ❡st✐♠❛t♦rs ♦❢

r❡❛❧✐③❡❞ ✈❛r✐❛♥❝❡✳ ❚❤✐s ❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡ ❝❛♥ ❛❧s♦ ❜❡ ❡♠♣❧♦②❡❞ ❢♦r ❞❡t❡❝t✐♥❣ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✳ ❚❤❡

r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦r ✉s❡❞ ❛s ❛ ❢r❡❡✲♦❢✲❥✉♠♣s ♠❡❞✐❛♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥ (MedRCt,AB) ✐s t❤❡ s✐♠♣❧❡

r❡❛❧✐③❡❞ ❝♦✈❛r✐❛♥❝❡ (RBRCt,AB) ❞✐✈✐❞❡❞ ❜② t❤❡ sq✉❛r❡ r♦♦t ♦❢ t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ♠❡❞✐❛♥ r❡❛❧✐③❡❞ ✈❛r✐❛♥❝❡s

♦❢ t❤❡ t✇♦ ❛ss❡ts (MedRVt,A,MedRVt,B)✱ ❛s✿

MedRCt,AB=
RBRCt,AB

√

MedRVt,A,MedRVt,B

✭✻✮

❆❝❝♦r❞✐♥❣ t♦ ❆♥❞❡rs❡♥ ❡t ❛❧✳ ✭✷✵✶✷✮✱ t❤❡ t❡st st❛t✐st✐❝ ❜❡❝♦♠❡s✿

ZCJ
(MedRC)
t =

√
N · (RBRCt −MedRCt)RBRC−1

t
(

0.96 ·max
{

1,MedRQtMedRC−2
t

})1/2
✭✼✮

✇✐t❤ MedRQt ❜❡✐♥❣ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ q✉❛rt✐❝✐t② ❜❛s❡❞ ♦♥ MedRCt ✭MedRQt = 3π
9π+72−52

√
3
·

(

N
(N−2)

)

·
(N − 1)

∑

i = 2

med (|Rt,i−1|, |Rt,i|, |Rt,i+1|)4✮✳ ❲❤❡♥ ZCJ
(MedRC)
t ✐s s✐❣♥✐✜❝❛♥t✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥

RBRCt ❛♥❞ MedRCt ✐s t♦♦ ❧❛r❣❡ ❛♥❞ s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❥✉♠♣✳ ❚❤❡ ❥✉♠♣ ❝♦♠♣♦♥❡♥t ♥♦✇ ✐s✿

CJ
(MedRC)
t = [RBRCt −MedRCt]× I

[

ZCJ
(MedRC)
t > Φa

]

✭✽✮

✇❤❡r❡ I [·] ✐s t❤❡ ✐♥❞✐❝❛t♦r ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ZCJ
(MedRC)
t st❛t✐st✐❝ ✐♥ ❡①❝❡ss ♦❢ ❛ ❣✐✈❡♥ ❝r✐t✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤❡

●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ Φa✱ ✇✐t❤ ❛ ✺✪ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❜❡✐♥❣ ❡♠♣❧♦②❡❞ ✐♥ ♦✉r st✉❞②✳

✹✳✸ ❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts

❋♦❧❧♦✇✐♥❣ ▲❛❤❛②❡ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ✇❡ ✉s❡ ❚♦❜✐t ♠♦❞❡❧s ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t

❝r✐s✐s ❡✈❡♥ts ❡①♣❧❛✐♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ❛s ❢♦❧❧♦✇s✿

C∗
t,i=µ+ µt,i + ǫt,i ✭✾✮

✶✺❚❤❡ ✐♥t❡♥s✐t② ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❞♦❡s ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② ✇❤❡♥ ❛ ✶✪ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✐s ❡♠♣❧♦②❡❞✳

✶✶



✇❤❡r❡ ǫt,i ✐s NID (0, 1)✱ ❛♥❞ C∗
t,i = RBRCt,AB ♦r CJ

(MedRV )
t,i = CJ∗

t,i ✐❢ SCt,i > S̄Ct,i ❛♥❞ CJ
(TBPV )
t,i = CJ∗

t,i

✐❢ SCt,i ≤ S̄Ct,i✳ CJ
(MedRV )
t ✐s t❤❡ s✐❣♥✐✜❝❛♥t ❥✉♠♣ s❡r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣ ❞❡t❡❝t✐♦♥

s❝❤❡♠❡ ❜❛s❡❞ ♦♥ MedRVt ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦r✱ ❛♥❞ CJ
(TBPV )
t ✐s t❤❡ s✐❣♥✐✜❝❛♥t ❥✉♠♣ s❡r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡

❝♦rr❡❧❛t✐♦♥ ❥✉♠♣ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡ ❜❛s❡❞ ♦♥ t❤❡ TBPVt ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t♦r✱ ✇❤❡r❡❛s

SCt,i=
|RBRCt,i|

√

√

√

√

√

√

√

√

√

1
6

7

∑

i = 1

(

|RVi| − |R̄V i|
)2

✭✶✵✮

❚❤❡ ❝r✐t❡r✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ r❡❧❛t✐✈❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❡❛❝❤ ❝♦✉♥tr②✬s ❛❜s♦❧✉t❡ ❝♦rr❡❧❛t✐♦♥ ❛❣❣r❡❣❛t❡❧② st❛♥✲

❞❛r❞✐③❡❞ ♦♥ t❤❡ r❡s♣❡❝t✐✈❡ ❛❜s♦❧✉t❡ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s ❛❝r♦ss ❛❧❧ s❡✈❡♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✳

✺ ❊♠♣✐r✐❝❛❧ r❡s✉❧ts

❚❤✐s s❡❝t✐♦♥ ❞✐s❝✉ss❡s t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s

♦❢ ✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ ❛s ✇❡❧❧ ❛s ♦♥ ❈❉❙ ❛♥❞ st♦❝❦ ✐♥❞✐❝❡s✳ ❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡

●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✐s r❡✈❡❛❧❡❞ ✈✐❛ ❢♦✉r ❞✉♠♠② ✈❛r✐❛❜❧❡s ✭D1✱

D2✱ D3✱ ❛♥❞ D4✮ ❛♥❞ ❢♦✉r s❡r✐❡s ♦❢ ♥❡✇s s✉r♣r✐s❡s ♦♥ ❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ✭SUR2Y ✱ SUR5Y ✱ SUR10Y ✱

❛♥❞ SURCDS✮✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❣❡♥❡r✐❝

❣♦✈❡r♥♠❡♥t ❜♦♥❞✱ ❈❉❙✱ ❛♥❞ st♦❝❦ ♠❛r❦❡ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡s ✷ ❛♥❞ ✸✳ ■♥ ❡❛❝❤ t❛❜❧❡✱ t❤❡ ✐♠♣❛❝ts ❛r❡

❞✐✈✐❞❡❞ ✐♥t♦ ✐♠♣❛❝ts ♦♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ✐♠♣❛❝ts ♦♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✳

▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ❚❛❜❧❡ ✷ r❡♣♦rts t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s

❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✭✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ❜♦♥❞s✱ st♦❝❦✱

❛♥❞ ❈❉❙✮ ✈✐❛ t❤r❡❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s ✭D1✱ D2✱ ❛♥❞ D3✮ r❡♣r❡s❡♥t✐♥❣ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ♥❡✇s ❢r♦♠ ●r❡❡❦✱

❊✉r♦♣❡❛♥✱ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s✱ r❡s♣❡❝t✐✈❡❧②✱ ✇❤✐❧❡ t❤❡ ❢♦✉rt❤ ❞✉♠♠② ✭D4✮ ❝♦rr❡s♣♦♥❞s t♦ ❛❧❧

♥❡✇s ✐♥❝❧✉s✐✈❡❧②✳ ❚❤❡ r❡s✉❧ts r❡✈❡❛❧ t❤❛t ♠♦st ✐♠♣❛❝ts ❛r❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺✪ ❧❡✈❡❧✳ ❲✐t❤ r❡❣❛r❞

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

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

t❤r❡❡ ❝❛t❡❣♦r✐❡s ♦❢ s♦✉r❝❡s ♦❢ ♥❡✇s ✭D1✱ D2✱ ❛♥❞ D3✮✱ ♥❡✇s ❢r♦♠ ●r❡❡❦ ♦✣❝✐❛❧ s♦✉r❝❡s ✭D1✮ ❤❛s t❤❡ ❤✐❣❤❡st

❡✛❡❝ts ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s ♦❢ ❊✉r♦♣❡❛♥ st♦❝❦ ❛♥❞ ❈❉❙ ♠❛r❦❡ts✱ s✉❣❣❡st✐♥❣ t❤❛t ♥❡✇s ❢r♦♠ ●r❡❡❦ ♦✣❝✐❛❧

s♦✉r❝❡s ✐s ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ ♥❡✇s ❢r♦♠ ❊✉r♦♣❡❛♥ ♦r ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s ❢♦r ❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡s❡

♠❛r❦❡ts✳ ❚❤✐s r❡s✉❧t ✐s ✐♠♣♦rt❛♥t ❛s ♥❡✇s ❢r♦♠ t❤❡ ♦✣❝✐❛❧ s♦✉r❝❡s ♦❢ ❛ ♠❡♠❜❡r st❛t❡ ♦❢ t❤❡ ❊❯ ✭✐✳❡✳✱ ●r❡❡❝❡✮

❛✛❡❝ts s✐❣♥✐✜❝❛♥t❧② t❤❡ ❝♦✲♠♦✈❡♠❡♥ts ✭❛♥❞ ❝♦❤❡r❡♥❝❡✮ ♦❢ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ r♦❧❡

♦❢ t❤❡ ●r❡❡❦ ♦✣❝✐❛❧ s♦✉r❝❡s s❤♦✉❧❞ ♥♦t ❜❡ ✉♥❞❡r❡st✐♠❛t❡❞ ❛t t❤❡ ❊✉r♦♣❡❛♥ ❧❡✈❡❧✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♥❡✇s

❢r♦♠ ❊✉r♦♣❡❛♥ s♦✉r❝❡s ✭D2✮ ❤❛s t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❛❜s♦❧✉t❡ t❡r♠s ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s ♦❢ ❊✉r♦♣❡❛♥

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

✶✷



♦♥ t❤❡ ❝♦✉♥tr②✳ ❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ❜② ❝♦✉♥tr②✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥s ❛❝r♦ss ❛❧❧ ❝❛t❡❣♦r✐❡s

♦❢ ♥❡✇s ❛r❡ ❢♦✉♥❞ ❢♦r ●❡r♠❛♥②✱ ❢♦❧❧♦✇❡❞ ❜② ❋r❛♥❝❡✱ ❢♦r ❛❧❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❡①❝❡♣t ❢♦r t❤❡ ❈❉❙ ♠❛r❦❡t✱ ❢♦r

✇❤✐❝❤ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ❛r❡ ♦❜s❡r✈❡❞ ❢♦r ■r❡❧❛♥❞✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ❆♣❡r❣✐s ❡t ❛❧✳ ✭✷✵✶✻✮ ❛❧s♦ s❤♦✇❡❞

t❤❛t ♥❡✇s ❝r❡❛t❡❞ s✐❣♥✐✜❝❛♥t s♣✐❧❧♦✈❡r ❡✛❡❝ts ❛❝r♦ss ❊✉r♦♣❡❛♥ ❈❉❙ ♠❛r❦❡ts ❞✉r✐♥❣ t❤❡ ❊✉r♦♣❡❛♥ ❞❡❜t ❝r✐s✐s✳

◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s ♦♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ ❊✉r♦♣❡❛♥ ♠❛r❦❡ts ❛r❡ r❛t❤❡r

♠✐①❡❞✱ ♣♦✐♥t✐♥❣ t♦ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ✭✐✳❡✳✱ ●❡r♠❛♥② ❛♥❞ ❋r❛♥❝❡✮ ❛♥❞ t❤❡ ♠♦r❡

✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ✭✐✳❡✳ ●r❡❡❝❡✱ ■r❡❧❛♥❞✱ ■t❛❧②✱ P♦rt✉❣❛❧✱ ❛♥❞ ❙♣❛✐♥✮✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✇❡

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

♥❡✇s ❢r♦♠ ●r❡❡❦ ♦✣❝✐❛❧ s♦✉r❝❡s ✭D1✮ ❝♦♥st✐t✉t❡s t❤❡ ❝❛t❡❣♦r② ♦❢ ♥❡✇s ✇✐t❤ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❣♦✈❡r♥♠❡♥t✲

❜♦♥❞s✬ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ❛♥❞ ♥❡✇s ❢r♦♠ ❊✉r♦♣❡❛♥ ♦✣❝✐❛❧ s♦✉r❝❡s ✭D2✮ r❡♣r❡s❡♥ts t❤❡ ❝❛t❡❣♦r② ♦❢ ♥❡✇s

✇✐t❤ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ st♦❝❦ ♠❛r❦❡ts✬ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ✇❤❡r❡❛s t❤❡ s♦✉r❝❡s ♦❢ ♥❡✇s ✇✐t❤ t❤❡ ❤✐❣❤❡st

❡✛❡❝ts ✐♥ ❈❉❙ ♠❛r❦❡ts✬ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❛r❡ ❊✉r♦♣❡❛♥ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s ✭D2 ❛♥❞ D3✮✳ ❖♥

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

❢r♦♠ ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s ✭D3✮ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❛❧❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❡①❝❡♣t ❢♦r t❤❡ ✶✵✲②❡❛r

❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ ❢♦r ✇❤✐❝❤ ♥❡✇s ❢r♦♠ ❊✉r♦♣❡❛♥ s♦✉r❝❡s ✭D2✮ ❤❛s t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ t❤❡✐r ❝♦rr❡❧❛t✐♦♥

❥✉♠♣s✳ ❋✉rt❤❡r♠♦r❡✱ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ❜② ❝♦✉♥tr②✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❛❝r♦ss

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

t❤❡ ✷✲②❡❛r ❣♦✈❡r♥♠❡♥t✲❜♦♥❞ ❛♥❞ ❈❉❙ ♠❛r❦❡ts✮✱ ❛♥❞ ❙♣❛✐♥ ✭❢♦r t❤❡ ✶✵✲②❡❛r ❣♦✈❡r♥♠❡♥t✲❜♦♥❞s✮✳

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

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

❡❝♦♥♦♠② s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t ❜♦t❤ ❝♦rr❡❧❛t✐♦♥ ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣ s❡r✐❡s✳ ❇✉t ♠♦r❡ ✐♠♣♦rt❛♥t❧②✱ ♦✉r ✜♥❞✐♥❣s

s❤♦✇ t❤❛t t❤❡ ●r❡❡❦ ❡✈❡♥ts ❞♦ ♥♦t ❛✛❡❝t ❛❧❧ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✐♥ t❤❡ s❛♠❡ ✇❛② ❛♥❞✴♦r t❤❛t t❤❡

tr❛♥s♠✐ss✐♦♥ ♦❢ t✉r❜✉❧❡♥❝❡ ♠❛② ❞✐✛❡r ✭✐✳❡✳✱ t❤r♦✉❣❤ t❤❡ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ♦r t❤r♦✉❣❤ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✮✳

❖✉r ✜♥❞✐♥❣s ❢✉rt❤❡r ✐♠♣❧② t❤❛t t♦ s♦♠❡ ❡①t❡♥t✱ t❤❡ ●r❡❡❦ ❝r✐s✐s ❡✈❡♥ts ❛r❡ ✐♥❝r❡❛s✐♥❣ t❤❡ ❧❡✈❡❧ ♦❢ ❝♦♥t❛❣✐♦♥

✐♥ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ②❡t ❛❢t❡r ❛ ♣♦✐♥t ✭✐✳❡✳✱ ✇❤❡♥ ❛ s✐❣♥✐✜❝❛♥t ❥✉♠♣ ♦❝❝✉rs✮ ✇❡ ❤❛✈❡ ❛ ✉♥✐❧❛t❡r❛❧

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

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

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

❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ✇❤✐❝❤ ✇❡r❡ ❢♦✉♥❞ ❢♦r t❤❡ st♦❝❦ ❛♥❞ ❈❉❙ ♠❛r❦❡ts ✐♥ ♣❛rt✐❝✉❧❛r✳ ❚❤✐s ✜♥❞✐♥❣ ✐s ❝♦♥s✐st❡♥t

✇✐t❤ t❤❡ r❡❧❡✈❛♥t ❧✐t❡r❛t✉r❡ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ❞✐✛❡r❡♥t ♣❛tt❡r♥s ♦❢ s❤♦❝❦ tr❛♥s♠✐ss✐♦♥s ✐♥ t❤❡ ❊✉r♦ ❛r❡❛ ❝❛✉s❡❞

❜② t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ❡♠❡r❣✐♥❣ ❢r♦♠ ❜❛❧❛♥❝❡ ✐♥❡q✉❛❧✐t✐❡s ❛♠♦♥❣ t❤❡ ♠❡♠❜❡r st❛t❡s ✭s❡❡ ❋❡r♥á♥❞❡③✲❘♦❞rí❣✉❡③

❡t ❛❧✳✱ ✷✵✶✺❀ ●❛r❝✐❛✲❞❡✲❆♥❞♦❛✐♥ ❛♥❞ ❑r❡♠❡✱ ✷✵✶✼❀ ▼❡t✐✉✱ ✷✵✶✼❀ ●❦✐❧❧❛s ❡t ❛❧✳✱ ✷✵✷✵✮✳

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

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

✶✻❆❧❧ ♥❡✇s ✐♥ t❤❡ s❛♠♣❧❡ ✭❢r♦♠ ❡❛❝❤ ❛♥❞ ❛❧❧ ♦❢ t❤❡ t❤r❡❡ s♦✉r❝❡s ♦❢ ♥❡✇s✱ ✐✳❡✳ ●r❡❡❦✱ ❊✉r♦♣❡❛♥✱ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧
s♦✉r❝❡s✮ ❝♦♥❝❡r♥ ❞❡t❡r✐♦r❛t✐♦♥ ♦❢ t❤❡ ●r❡❡❦ ❡❝♦♥♦♠②✱ ❛♥❞ ✐♥ ♣❛rt✐❝✉❧❛r ❞❡t❡r✐♦r❛t✐♦♥ ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ✭✷✲②❡❛r✱ ✺✲②❡❛r✱
✶✵✲②❡❛r✱ ❈❉❙✮✳

✶✸



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

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

✐♥ t❤❡ ✐♠♣❛❝ts ♦♥ ❝♦rr❡❧❛t✐♦♥s✳ ■♥ ❛ s✐♠✐❧❛r ✈❡✐♥✱ ❇❡❡ts♠❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❢♦✉♥❞ t❤❛t ♠♦r❡ ♥❡✇s t❡♥❞s t♦ ❧♦✇❡r

t❤❡ ❝♦✈❛r✐❛♥❝❡ ♦❢ ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✬ ②✐❡❧❞s ✇✐t❤ ●❡r♠❛♥ ❜♦♥❞ ②✐❡❧❞s✳ ▼♦r❡♦✈❡r✱ ❈❛♣♦r❛❧❡ ❡t ❛❧✳ ✭✷✵✶✻✮ ❢♦✉♥❞

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

❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✳ ❚❤❡ ❡✛❡❝ts ✐♥ ❥✉♠♣s ✐♥ ❊✉r♦♣❡❛♥ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♠♦r❡

✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✱ ❛r❡ ❛❧s♦ ❢♦✉♥❞ t♦ ❜❡ ♥❡❣❛t✐✈❡✱ s✉❣❣❡st✐♥❣ t❤❛t ♥❡❣❛t✐✈❡ ♥❡✇s ❢✉rt❤❡r ❛✛❡❝ts

t❤❡ ❜r❡❛❦s ✭✐✳❡✳✱ ❥✉♠♣s✮ ♦❢ ❝♦rr❡❧❛t✐♦♥s ♥❡❣❛t✐✈❡❧②✳ ❚❤✐s r❡s✉❧t ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ ❛❣❛✐♥ t♦ t❤❡ ♥❛t✉r❡ ♦❢ ❡✈❡♥ts✳

❊❛❝❤ ❛♥❞ ❛❧❧ s♦✉r❝❡s ♦❢ ♥❡✇s t♦❣❡t❤❡r ✭●r❡❡❦✲D1✱ ❊✉r♦♣❡❛♥✲D2✱ ✐♥t❡r♥❛t✐♦♥❛❧✲D3✱ ❛♥❞ ❛❧❧ t♦❣❡t❤❡r✲D4 ♦✣❝✐❛❧

s♦✉r❝❡s✮ ❢♦r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ❤❛✈❡ ❛ s✐♠✐❧❛r ❡✛❡❝t ✐♥ t❡r♠s ♦❢ ❜r❡❛❦s ✐♥ ❝♦rr❡❧❛t✐♦♥s✱ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r

t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✳ ❚❤✐s r❡s✉❧t ✐♥❞✐❝❛t❡s t❤❛t ♥❡✇s ❢r♦♠ ♦✣❝✐❛❧ s♦✉r❝❡s ❤❛s ❛ ♥❡❣❛t✐✈❡

✭❛❞✈❡rs❡✮ ❡✛❡❝t ✐♥ ❛♥ ❛❞✈❡rs❡ ✭♥❡❣❛t✐✈❡✮✲✐♥✲♥❛t✉r❡ ❞✐s❝♦♥t✐♥✉✐t② ✭✐✳❡✳✱ ❥✉♠♣✮ ♦❢ ❝♦rr❡❧❛t✐♦♥s✳ ❚❤✐s ✐♥ t✉r♥

r❡✈❡❛❧s t❤❛t ♥❡✇s ❢r♦♠ ❛❧❧ ●r❡❡❦✱ ❊✉r♦♣❡❛♥✱ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s ❛❞✈❡rs❡❧② ❛✛❡❝t ❛♥② ❛s♣❡❝t ♦❢

✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ❡s♣❡❝✐❛❧❧② ♦❢ t❤❡ ♣❡r✐♣❤❡r② ❊▼❯ ❝♦✉♥tr✐❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✜♥❞✐♥❣ t❤❛t ❛❝r♦ss ❛❧❧ ❝❛t❡❣♦r✐❡s

♦❢ ♥❡✇s✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥s ❛r❡ ❢♦✉♥❞ ❢♦r ●❡r♠❛♥② ❛♥❞ ❋r❛♥❝❡✱ ❛♥❞ ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❢♦r

■r❡❧❛♥❞✱ ■t❛❧②✱ ❛♥❞ ❙♣❛✐♥ s❤♦✇s t❤❛t t❤❡ ●r❡❡❦ ♥❡✇s ❞♦ ♥♦t ❛✛❡❝t ❛❧❧ t❤❡ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❝♦♥s✐❞❡r❡❞ ✐♥ ♦✉r

st✉❞② ✐♥ t❤❡ s❛♠❡ ✇❛②✳ ❚❤✐s r❡s✉❧t ✐♥❞✐❝❛t❡s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ●r❡❡❦ ♥❡✇s r❡✈❡❛❧✐♥❣ ❜♦t❤ ❛ str♦♥❣ s②st❡♠✐❝

r❡❧❛t✐♦♥ ♦❢ ●❡r♠❛♥② ❛♥❞ ❋r❛♥❝❡ ✭❛s ❝♦r❡ ❊▼❯ ❡❝♦♥♦♠✐❡s✮ ❛♥❞ ❛ str♦♥❣ ✉♥✲s②st❡♠✐❝ r❡❧❛t✐♦♥ ♦❢ ■r❡❧❛♥❞✱ ■t❛❧②✱

❛♥❞ ❙♣❛✐♥ ✭❛s ♣❡r✐♣❤❡r② ❊▼❯ ❡❝♦♥♦♠✐❡s✮ ✇✐t❤ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✭s❡❡✱ ❡✳❣✳✱ ❆❝❤❛r②❛ ❡t ❛❧✳✱ ✷✵✶✷❀

❆❧❜r✐③✐♦ ❡t ❛❧✳✱ ✷✵✷✵✮✳ ❙✉❝❤ ❡✈✐❞❡♥❝❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈❛❧❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇ t❤❛t s❤♦❝❦s ❢r♦♠ ♣❡r✐♣❤❡r❛❧

❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❛r❡ s♦✉r❝❡s ♦❢ s❤♦❝❦s t♦ ❜♦t❤ ❊✉r♦♣❡❛♥ ❛♥❞ ♥♦♥✲❊✉r♦♣❡❛♥ r❡❣✐♦♥s ✭s❡❡ ❡✳❣✳ ❆♥t♦♥❛❦❛❦✐s

❛♥❞ ❱❡r❣♦s✱ ✷✵✶✸❀ ❋❡r♥á♥❞❡③✲❘♦❞rí❣✉❡③ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ r❡s✉❧ts ❡♥❛❜❧❡ ✉s t♦ ✉♥❞❡rst❛♥❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢

t❤❡ ●r❡❡❦ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s ✭✈✐❛ r❡❧❛t❡❞ ♥❡✇s✮ t♦ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛♥❞ ♠♦st ✐♠♣♦rt❛♥t❧② t♦ t❤❡

❊✉r♦♣❡❛♥ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s✳ ❆s ❛r❣✉❡❞ ❜② ❋❡r♥á♥❞❡③✲❘♦❞rí❣✉❡③ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♥❞ ❆✐③❡♥♠❛♥ ❡t ❛❧✳ ✭✷✵✶✸✮✱

♦✈❡r t❤❡ ✜rst t❡♥ ②❡❛rs ♦❢ t❤❡ ❊▼❯✱ ♣❡r✐♣❤❡r❛❧ ❝♦✉♥tr✐❡s ✐♠♣♦rt❡❞ ❝r❡❞✐❜✐❧✐t② ❢r♦♠ t❤❡ ❝♦r❡✱ ✇❤✐❧❡ ❛s t❤❡ ❝r✐s✐s

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

♦❢ ❡❛❝❤ ❝♦✉♥tr②✳ ❨❡t✱ t❤❡ ♣♦t❡♥t✐❛❧ ●r❡❡❦ ✇✐t❤❞r❛✇❛❧ ❢r♦♠ t❤❡ ❊✉r♦③♦♥❡ ✭●r❡①✐t✮ ❛❧♦♥❣ ✇✐t❤ ●r❡①✐t r❡❧❛t❡❞

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

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❡✛❡❝ts ♦❢ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱

❛♥❞ ❈❉❙ ✭SUR2Y ✱ SUR5Y ✱ SUR10Y ✱ ❛♥❞ SURCDS ✱ r❡s♣❡❝t✐✈❡❧②✮ ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢

t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✭❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ st♦❝❦✱ ❛♥❞ ❈❉❙✮ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❚❛❜❧❡ ✸✳ ❖♥❝❡

❛❣❛✐♥✱ ♠♦st ✐♠♣❛❝ts ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❛r❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺✪ ❧❡✈❡❧✳

▼♦r❡♦✈❡r✱ ❛s ❝♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❡①♣❡❝t❡❞✱ ♠♦st ♦❢ t❤❡ ✐♠♣❛❝ts ♦❢ ♥❡✇s s✉r♣r✐s❡s ♦♥ ❝♦rr❡❧❛t✐♦♥s ♦❢ ❊✉r♦♣❡❛♥

✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛r❡ ♥❡❣❛t✐✈❡✳ ❍♦✇❡✈❡r✱ ✇❤✐❧❡ t❤❡ ✐♠♣❛❝ts ♦❢ ♥❡✇s s✉r♣r✐s❡s ♦♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ t❤❡ ●r❡❡❦

✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛r❡ ❛❧❧ ❢♦✉♥❞ ♣♦s✐t✐✈❡✱ t❤❡ ❡✛❡❝ts ♦❢ ♥❡✇s s✉r♣r✐s❡s ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ ♦t❤❡r ❊✉r♦♣❡❛♥

♠❛r❦❡ts ❛r❡ r❛t❤❡r ♠✐①❡❞✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ❜♦♥❞s✱ ❛♥❞ ❈❉❙ ❛r❡

✶✹



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

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

❝♦rr❡❧❛t✐♦♥s ❛♥❞ ♠♦st❧② ♣♦s✐t✐✈❡❧② ❢♦r ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ❛s ❡①♣❡❝t❡❞✳

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

♠❛r❦❡ts ❛r❡ ♦❜s❡r✈❡❞ ❢♦r ♥❡✇s s✉r♣r✐s❡s ♦♥ t❤❡ ✷✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ✭SUR2Y ✮✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡

❝♦✉♥tr② ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ◆❡✇s ❛❜♦✉t t❤❡ s❤♦rt❡st ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ✐s t❤❡r❡❢♦r❡ ♠♦r❡ ✐♠♣♦rt❛♥t

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

❜♦♥❞ ♠❛r❦❡ts✱ ✇❤❡r❡ t❤❡ ❧♦♥❣❡r t❤❡ t❡r♠ t♦ ♠❛t✉r✐t② ✐s✱ t❤❡ ❤✐❣❤❡r t❤❡ ✐♥t❡r❡st r❛t❡ ♦♥ t❤❡ ❜♦♥❞ ✇✐❧❧ ❜❡ ❛♥❞

t❤❡ ❧❡ss ✈♦❧❛t✐❧❡ ✐ts ♣r✐❝❡ ✇✐❧❧ ❜❡ ♦♥ t❤❡ s❡❝♦♥❞❛r② ❜♦♥❞ ♠❛r❦❡t✳ ❚❤✐s ✐s t❤❡ r❡❛s♦♥ ✇❤② s❤♦rt✲t❡r♠ ❜♦♥❞s ❛r❡

❡①♣❡❝t❡❞ t♦ ❜❡ ❛✛❡❝t❡❞ t♦ ❛ ❣r❡❛t❡r ❡①t❡♥t ❜② ♥❡✇s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❧♦✇❡st ♥❡❣❛t✐✈❡ ❡✛❡❝ts ❝♦♠❡ ❢r♦♠

♥❡✇s s✉r♣r✐s❡s ♦♥ ●r❡❡❦ ❈❉❙✳

❙✐♠✐❧❛r❧②✱ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✷✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ✭SUR2Y ✮ ❛❧s♦ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥

❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦✈❡r❛❧❧ ❛♠♦♥❣ ❛❧❧ ❜♦♥❞✲r❡❧❛t❡❞ ♥❡✇s s✉r♣r✐s❡s✳ ❆❣❛✐♥✱ ♥❡✇s ❛❜♦✉t t❤❡ s❤♦rt❡st ●r❡❡❦

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

✇✐t❤ t❤❡ ❡❝♦♥♦♠✐❝ t❤❡♦r② ❛❜♦✉t ❜♦♥❞s✱ s✐♠✐❧❛r t♦ t❤❡ r❡s✉❧ts ❢♦✉♥❞ ❢♦r ❝♦rr❡❧❛t✐♦♥s✳ ❋✉rt❤❡r✱ ♥❡✇s s✉r♣r✐s❡s

♦♥ ●r❡❡❦ ❈❉❙ ❡①❤✐❜✐t t❤❡ ❧♦✇❡st ❡✛❡❝t✱ ❛❝❝♦r❞✐♥❣❧②✳ ❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ❜② ❝♦✉♥tr②✱ t❤❡ ❤✐❣❤❡st

❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❛r❡ ❢♦✉♥❞ ❢♦r ●r❡❡❝❡ ❛❝r♦ss ❛❧❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❡①❝❡♣t ❢♦r t❤❡ st♦❝❦ ♠❛r❦❡t✱ ❢♦r

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

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

❥✉♠♣s✮ ✐♥ ❝♦rr❡❧❛t✐♦♥s✱ ❛♥❞ t❤✉s ✐♥ ❝♦✲♠♦✈❡♠❡♥ts✱ ✇✐t❤ ♦t❤❡r ❊✉r♦♣❡❛♥ ♠❛r❦❡ts✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ✜♥❛♥❝✐❛❧❧②

❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✳

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

♥♦rt❤❡r♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❛♥❞ t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❝♦✉♥tr✐❡s✱ ✐♥ ♣❛rt✐❝✉❧❛r ✐♥ t❤❡ s✐❣♥s ♦❢ t❤❡

❡✛❡❝ts ✐♥ t❤❡✐r ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ r❡✈❡❛❧✐♥❣ t❤❛t ❜r❡❛❦s ✐♥ t❤❡ ❝♦✲♠♦✈❡♠❡♥ts ♦❢ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts

❞r✐✈❡ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❝♦r❡ ❛♥❞ ♣❡r✐♣❤❡r② ❊▼❯ ❝♦✉♥tr✐❡s✳ ❍♦✇❡✈❡r✱ ✇❡ ✜♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts

✐♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♥♦t ♦♥❧② ♦❢ ♣❡r✐♣❤❡r② ❊▼❯ ❝♦✉♥tr✐❡s ❜✉t ❛❧s♦ ♦❢ ❝♦r❡ ❊▼❯

❝♦✉♥tr✐❡s✳ ❚❤❡ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ✐♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ ●❡r♠❛♥② ✐♥ ♣❛rt✐❝✉❧❛r

r❡✐♥❢♦r❝❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ●❡r♠❛♥ ❝♦✲♠♦✈❡♠❡♥ts ✇✐t❤ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✐♥ t❡r♠s ♦❢ ♥❡✇s ❢r♦♠

♦✣❝✐❛❧ s♦✉r❝❡s ✭s❡❡ ❛❧s♦ ●❛r❝✐❛✲❞❡✲❆♥❞♦❛✐♥ ❛♥❞ ❑r❡♠❡r✱ ✷✵✶✼❀ ❊❤r♠❛♥♥ ❛♥❞ ❋r❛t③s❝❤❡r✱ ✷✵✶✼✮✳ ❚❤❡ r❡❛❧✐③❡❞

❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ ❋r❛♥❝❡ ✇✐t❤ ♦t❤❡r ❊✉r♦♣❡❛♥ st♦❝❦ ♠❛r❦❡ts ❛r❡ ❛❧s♦ ❤❡❛✈✐❧② ❛✛❡❝t❡❞ ❜②

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

✜♥❛♥❝❡s ✇✐t❤ ❊✉r♦♥❡①t✳

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

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

❛✛❡❝t ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ❝♦✲♠♦✈❡♠❡♥ts ✭✐✳❡✳✱ ✇❤❡t❤❡r t❤❡ ❜♦♥❞ ✐s ✷✲②❡❛r✱ ✺✲②❡❛r✱ ✶✵✲②❡❛r✱ ♦r ❈❉❙✮ ❜✉t t❤❡

❣r♦✉♣ ♦❢ ♦✣❝✐❛❧ s♦✉r❝❡s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✭●r❡❡❦✱ ❊✉r♦♣❡❛♥✱ ♦r ✐♥t❡r♥❛t✐♦♥❛❧✮ t❤❛t ♠♦st❧② ❛✛❡❝ts ❝♦rr❡❧❛t✐♦♥s

✶✺



❛♥❞ ♣❛rt✐❝✉❧❛r❧② ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝❛t❡❣♦r✐❡s ♦❢ ♦✣❝✐❛❧ s♦✉r❝❡s ♦❢ ♥❡✇s r❡✈❡❛❧

s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ✐♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ♦❢ ●❡r♠❛♥②✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t ❛❧❧ ♦✣❝✐❛❧ s♦✉r❝❡s ♦❢ ♥❡✇s r❡❧❛t❡❞

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

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

●❡r♠❛♥② ✐s ❛❧s♦ ❛✛❡❝t❡❞ ❜② ♥❡✇s s✉r♣r✐s❡s s✐♠✐❧❛r t♦ t❤❡ ♦t❤❡r ❝♦♥s✐❞❡r❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✬ ✜♥❛♥❝✐❛❧

♠❛r❦❡ts✳ ●❛r❝✐❛✲❞❡✲❆♥❞♦❛✐♥ ❛♥❞ ❑r❡♠❡r ✭✷✵✶✼✮ ♥♦t❡❞ t❤❛t ●❡r♠❛♥② st❛♥❞s ❛s ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r s♦✈❡r❡✐❣♥

str❡ss tr❛♥s♠✐tt❡rs t♦ ♠♦st ❝♦✉♥tr✐❡s ♦❢ t❤❡ ❊✉r♦ ❛r❡❛✱ ②❡t ♠♦r❡ ✐♥t❡r❡st✐♥❣❧②✱ ✐♥ ♦✉r ❛♥❛❧②s✐s ✇❡ s❤♦✇ t❤❛t

✐ts r❡❧❛t✐♦♥s❤✐♣s ✇✐t❤ ♦t❤❡r ❊✉r♦♣❡❛♥ ♠❛r❦❡ts ❛r❡ ❤❡❛✈✐❧② ❛✛❡❝t❡❞ ❜② ●r❡❡❦ ♥❡✇s✳ ❙✉❝❤ ❡✈✐❞❡♥❝❡ s❤❡❞s ♠♦r❡

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

●r❡❡❝❡ ❛♥❞ ♣❛ss❡❞ t♦ t❤❡ r❡❛❝t✐♦♥s ♦❢ ❝♦r❡ ❊▼❯ ❝♦✉♥tr✐❡s✳ ❚❤❡ r❡s✉❧ts ♦❢ ❜♦t❤ ♦✣❝✐❛❧ s♦✉r❝❡s ❛♥❞ ♥❡✇s

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

t❤❡ ❝♦✉♥tr② t❤❛t ✐s ✐♠♣❛❝t❡❞ t❤❡ ♠♦st ❜② ♥❡✇s s✉r♣r✐s❡s ✐♥ ✐ts ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ❛s ❡①♣❡❝t❡❞✳

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

t❤❡ ❝♦❤❡r❡♥❝❡ ❛♥❞ ✉♥✐t② ♦❢ t❤❡ ❊▼❯✳ ❚❤❡ ❢❛❝t t❤❛t ♥❡✇s s❡✈❡r❡❧② ❛❧s♦ ❛✛❡❝ts t❤❡ ❜r❡❛❦s ✭✐✳❡✳✱ ❞✐s❝♦♥t✐♥✉✐t②✮

♦❢ t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ❝♦✲♠♦✈❡♠❡♥ts ❢✉rt❤❡r ❤✐❣❤❧✐❣❤ts t❤❛t ✐♥✈❡st♦rs ✐♥ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts r❡❛❝t

♠♦r❡ ✈✐❣♦r♦✉s❧② t♦ ❝r✐s✐s ❡✈❡♥ts✱ t❛❦✐♥❣ t❤❡ ❤❡t❡r♦❣❡♥❡✐t② t❤❛t ❡①✐sts ❛♠♦♥❣ t❤❡ ♠❡♠❜❡r st❛t❡s ✐♥t♦ ❛❝❝♦✉♥t✳

❖✉r r❡s✉❧ts ❢✉rt❤❡r r❡✈❡❛❧ t❤❛t t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❤❛✈❡ st❛rt❡❞ t♦ ❞✐✛❡r ✭❜② ❤❛✈✐♥❣ ❞✐✛❡r❡♥t

❞✐str✐❜✉t✐♦♥❛❧ ♣r♦♣❡rt✐❡s ♦❢ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛s ✇❡❧❧ ❛s ❞✐✛❡r❡♥t r❡❛❝t✐♦♥s t♦ ❝r✐s✐s ❡✈❡♥ts✮✱ ✇✐t❤ t❤❡ ❊✉✲

r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❤❛✈✐♥❣ ❜❡❡♥ ✐♥❞❡❡❞ ❞✐✛❡r❡♥t✐❛t❡❞ ❜❡t✇❡❡♥ ❝♦r❡ ❛♥❞ ♣❡r✐♣❤❡r② ❝♦✉♥tr✐❡s✱ s❡tt✐♥❣ t❤❡

❊▼❯ ✉♥✐t② ❛♥❞ ❊▼❯ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✬ ❡✣❝✐❡♥❝② ✐♥ ❞❛♥❣❡r✳ ❨❡t✱ ♦✉r r❡s✉❧ts ❝♦♥✜r♠ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡

r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ●r❡❡❝❡ ❛♥❞ ❝♦r❡ ❊▼❯ ❝♦✉♥tr✐❡s✱ s✉❝❤ ❛s ●❡r♠❛♥②✳

❋✐♥❛❧❧②✱ ❚❛❜❧❡ ✹ r❡♣♦rts t❤❡ s✉♠♠❛r✐③❡❞ r❡s✉❧ts ♦❢ t❤❡ ✐♠♣❛❝ts ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts

❛✛❡❝t✐♥❣ t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❥✉♠♣s ♦❢ ❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts

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

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

✻ ❈♦♥❝❧✉❞✐♥❣ r❡♠❛r❦s

❚❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❢♦❧❧♦✇✐♥❣ t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ♦❢ ✷✵✵✽ ❧❡❞ t♦ t❤❡ ✉s❡ ♦❢ ❛ ✜♥❛♥❝✐❛❧

s✉♣♣♦rt r❡s❝✉❡ ♠❡❝❤❛♥✐s♠ ❜② t❤❡ ❊▼❯ ❛♥❞ t❤❡ ■▼❋✳ P♦❧✐t✐❝❛❧ ✉♥❝❡rt❛✐♥t② ✐♥ ❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ ✜s❝❛❧ ♣r♦❜❧❡♠s

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

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

●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts✱ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ ✐♥st❛❜✐❧✐t② ❡✈❡♥ts✱ ♦♥ ✐♥t❡r✲r❡❧❛t✐♦♥s ♦❢ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧

♠❛r❦❡ts✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ ✐♠♣❛❝t ♦❢ t❤r❡❡ ❝❛t❡❣♦r✐❡s ♦❢ ❡✈❡♥ts ♦♥ r❡❛❧✐③❡❞ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s

♦❢ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ ❈❉❙✱ ❛♥❞ st♦❝❦ ✐♥❞✐❝❡s ♦❢ s❡✈❡♥ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ✇❛s ❡①❛♠✐♥❡❞ ✈✐❛ t❤❡ r❡s♣❡❝t✐✈❡

❞✉♠♠② ✈❛r✐❛❜❧❡s ❛♥❞ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✷✲②❡❛r✱ ✺✲②❡❛r✱ ❛♥❞ ✶✵✲②❡❛r ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ ❛♥❞ ❈❉❙✱ ✇✐t❤✐♥ ❛

✶✻



❚♦❜✐t r❡❣r❡ss✐♦♥ ❢r❛♠❡✇♦r❦✳

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

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

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

❋✉rt❤❡r♠♦r❡✱ ❢♦r t❤❡ st♦❝❦ ❛♥❞ ❈❉❙ ♠❛r❦❡ts✱ t❤❡ ❤✐❣❤❡st ✐♠♣❛❝ts ♦❢ ♥❡✇s ♦♥ ❝♦rr❡❧❛t✐♦♥ s❡r✐❡s r❡s✉❧t❡❞ ❢r♦♠

♥❡✇s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ●r❡❡❦ ♦✣❝✐❛❧ s♦✉r❝❡s✱ ✇❤❡r❡❛s ❢♦r t❤❡ ✺✲②❡❛r ❛♥❞ ✶✵✲②❡❛r ❜♦♥❞s t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥

❝♦rr❡❧❛t✐♦♥s r❡s✉❧t❡❞ ❢r♦♠ ♥❡✇s ❢r♦♠ ❊✉r♦♣❡❛♥ s♦✉r❝❡s✳ ■♥ t❡r♠s ♦❢ ✐♠♣❛❝ts ♦♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s✱ ✐t ✇❛s

s❤♦✇♥ t❤❛t ✐♥ t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧② ❞✐str❡ss❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ♦❢ ♥❡✇s ✐♥ ❝♦rr❡❧❛t✐♦♥

❥✉♠♣s ♦❢ ❜♦♥❞ ❛♥❞ st♦❝❦ ♠❛r❦❡ts r❡s✉❧t❡❞ ❢r♦♠ ♥❡✇s ❢r♦♠ ●r❡❡❦ ❛♥❞ ❊✉r♦♣❡❛♥ ♦✣❝✐❛❧ s♦✉r❝❡s✱ r❡s♣❡❝t✐✈❡❧②✱

✇❤❡r❡❛s t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ♦❢ ❈❉❙ ♠❛r❦❡ts r❡s✉❧t❡❞ ❢r♦♠ ♥❡✇s ❢r♦♠ ❊✉r♦♣❡❛♥ ❛♥❞

✐♥t❡r♥❛t✐♦♥❛❧ ♦✣❝✐❛❧ s♦✉r❝❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢♦r t❤❡ ♥♦rt❤❡r♥ ❝♦✉♥tr✐❡s✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥

❥✉♠♣s ✐♥ ❛❧❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❡①❝❡♣t ❢♦r t❤❡ ✶✵✲②❡❛r ❣♦✈❡r♥♠❡♥t ❜♦♥❞ r❡s✉❧t❡❞ ❢r♦♠ ♥❡✇s ❢r♦♠ ✐♥t❡r♥❛t✐♦♥❛❧

s♦✉r❝❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ♥❡✇s s✉r♣r✐s❡s ♦♥ ✷✲②❡❛r ●r❡❡❦ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s ❛♥❞ ●r❡❡❦ ❈❉❙ ✇❡r❡ ❢♦✉♥❞ t♦ ❤❛✈❡

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

❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ❜② ❝♦✉♥tr②✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ♦❢ ♥❡✇s ✐♥ ❝♦rr❡❧❛t✐♦♥s ❛❝r♦ss ❛❧❧ ❝❛t❡❣♦r✐❡s ♦❢

♥❡✇s ✇❡r❡ ❢♦✉♥❞ ❢♦r ●❡r♠❛♥②✱ ❢♦❧❧♦✇❡❞ ❜② ❋r❛♥❝❡✱ ❢♦r ❛❧❧ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❡①❝❡♣t ❢♦r t❤❡ ❈❉❙✳ ❖♥ t❤❡ ♦t❤❡r

❤❛♥❞✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝ts ✐♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ❛❝r♦ss ❛❧❧ ❝❛t❡❣♦r✐❡s ♦❢ ♥❡✇s ✇❡r❡ ❢♦✉♥❞ ❢♦r t❤❡ ♠♦r❡ ✜♥❛♥❝✐❛❧❧②

❞✐str❡ss❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✳ ❋✐♥❛❧❧②✱ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ♠♦st ♦❢ t❤❡ ✐♠♣❛❝ts ♦❢ ♥❡✇s ♦♥ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ✇❛s

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

♣♦✐♥t✐♥❣ t♦ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❝♦r❡ ❛♥❞ ♣❡r✐♣❤❡r② ❊▼❯ ❝♦✉♥tr✐❡s✳

❖✉r st✉❞② ❡①t❡♥❞s t❤❡ ✜♥❞✐♥❣s ♦❢ ❑♦s♠✐❞♦✉ ❡t ❛❧✳ ✭✷✵✶✺✮ ✇❤♦ ♣r♦✈✐❞❡❞ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢ ♥❡✇s

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

t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ♥❡✇s ✐♥ t❤❡ ✐♥t❡r❝♦♥♥❡❝t❡❞♥❡ss ♦❢ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✳ ❖✉r r❡s✉❧ts ❛❧s♦ s✉♣♣♦rt

t❤❡ ✜♥❞✐♥❣s ♦❢ ❙❛♠❛r❛❦♦♦♥ ✭✷✵✶✼✮ ✇❤♦ ❢♦✉♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ♥❡❣❛t✐✈❡ ❝♦♥t❛❣✐♦♥ ❢r♦♠ ❝r✐s✐s ❝♦✉♥tr✐❡s✱ ✇❤✐❝❤ ✇❡r❡

✉s❡❞ ❛s ♣r♦①✐❡s ❢♦r t❤❡ ❊✉r♦③♦♥❡ ❞❡❜t ❝r✐s✐s✱ t♦ ♦t❤❡r st♦❝❦ ♠❛r❦❡ts✳ ◆❡✈❡rt❤❡❧❡ss✱ ♦✉r r❡s✉❧ts ❛r❡ ♥♦t ✐♥

❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ st✉❞② ♦❢ ❙❛♠✐t❛s ❛♥❞ ❚s❛❦❛❧♦s ✭✷✵✶✸✮ ✇❤✐❝❤ ❞✐❞ ♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ❝♦♥t❛❣✐♦♥ ❡✛❡❝ts

❞✉r✐♥❣ t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s✳

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

❛♥❞ t❤❡ ●r❡❡❦ ●♦✈❡r♥♠❡♥t✮ ❜✉t ❛❧s♦ ❢♦r ✜♥❛♥❝✐❛❧ s❡❝t♦r r❡❣✉❧❛t♦rs✱ ❛s t❤❡ ❛❜♦✈❡ r❡s✉❧ts ✐♠♣r♦✈❡ ♦✉r ✉♥❞❡r✲

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

t❤❡ ❝♦♥t❛❣✐♦♥ ❞✉r✐♥❣ t❤❡ ●r❡❡❦ s♦✈❡r❡✐❣♥ ❞❡❜t ❝r✐s✐s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ♥❡❣❛t✐✈❡ ✐♠♣❛❝ts ♦♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞

❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s t❤❛t ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ s✉❣❣❡st t❤❛t t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts r❡❞✉❝❡❞ t❤❡

❤♦♠♦❣❡♥❡✐t② ❛♠♦♥❣ ♠❡♠❜❡r st❛t❡s ✐♥ t❤❡ ❊✉r♦③♦♥❡✳ ❙✉❝❤ ❡✈❡♥ts ✐♥tr♦❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥s ✐♥ t❤❡ ♠❛r❦❡ts ❛♥❞

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

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

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

✶✼



✉♥❞❡rst❛♥❞ t❤❡ ✐♥❡q✉❛❧✐t✐❡s ❜❡t✇❡❡♥ t❤❡ ♣❡r✐♣❤❡r② ❛♥❞ ❝♦r❡ ❊▼❯ ❝♦✉♥tr✐❡s✳ ❇✉t ♠♦r❡ ✐♠♣♦rt❛♥t❧②✱ ❛❧t❤♦✉❣❤

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

s❛♠❡ ✇❛②✱ ♦✉r ✜♥❞✐♥❣s r❡✈❡❛❧ t❤❛t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ ●r❡❡❦ ❝r✐s✐s ❡✈❡♥ts ✐♥ t❤❡ ❊✉r♦③♦♥❡ st❛♥❞s ❛s ❛ ❝❧❡❛r

s✐❣♥❛❧ ♦❢ t❤❡ s♦✲❝❛❧❧❡❞ ✧✇❛❦❡✲✉♣ ❝❛❧❧✧ ✈✐❡✇✱ ❛s ✜rst ♥♦t❡❞ ❜② ▼✐♥❦ ❛♥❞ ❞❡ ❍❛❛♥ ✭✷✵✶✸✮✳

✼ ❉❛t❛ ❛✈❛✐❧❛❜✐❧✐t② st❛t❡♠❡♥t

❉❛t❛ ❛✈❛✐❧❛❜❧❡ ♦♥ r❡q✉❡st ❞✉❡ t♦ ♣r✐✈❛❝②✴❡t❤✐❝❛❧ r❡str✐❝t✐♦♥s✳
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❞❡❢❛✉❧ts❄ ❋✐s❝❛❧ s♣❛❝❡✱ ❈❉❙ s♣r❡❛❞s ❛♥❞ ♠❛r❦❡t ♣r✐❝✐♥❣ ♦❢ r✐s❦✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡② ❛♥❞

❋✐♥❛♥❝❡✱ ✸✹✱ ✸✼✲✺✾✳

❬✸❪ ❆✐t✲❙❛❤❛❧✐❛✱ ❨✳✱ ❛♥❞ ❳✐✉✱ ❉✳ ✭✷✵✶✻✮✳ ■♥❝r❡❛s❡❞ ❝♦rr❡❧❛t✐♦♥ ❛♠♦♥❣ ❛ss❡t ❝❧❛ss❡s✿ ❆r❡ ✈♦❧❛t✐❧✐t② ♦r ❥✉♠♣s

t♦ ❜❧❛♠❡✱ ♦r ❜♦t❤❄ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠❡tr✐❝s✱ ✶✾✹✱ ✷✵✺✲✷✶✾✳

❬✹❪ ❆♥❞❡rs❡♥✱ ❚✳●✳✱ ❇♦❧❧❡rs❧❡✈✱ ❚✳✱ ❉✐❡❜♦❧❞✱ ❋✳❳✳✱ ❊❜❡♥s✱ ❍✳ ✭✷✵✵✶❛✮✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ r❡❛❧✐③❡❞ st♦❝❦

r❡t✉r♥ ✈♦❧❛t✐❧✐t②✳ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ❊❝♦♥♦♠✐❝s ✻✶✱ ✹✸✲✼✻✳

❬✺❪ ❆♥❞❡rs❡♥✱ ❚✳ ●✳✱ ❇♦❧❧❡rs❧❡✈✱ ❚✳✱ ❉✐❡❜♦❧❞✱ ❋✳ ❳✳✱ ❛♥❞ ▲❛❜②s✱ P✳ ✭✷✵✵✶❜✮✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡

✈♦❧❛t✐❧✐t②✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙t❛t✐st✐❝❛❧ ❆ss♦❝✐❛t✐♦♥✱ ✾✻✭✹✺✸✮✱ ✹✷✲✺✺✳

❬✻❪ ❆♥❞❡rs❡♥✱ ❚✳●✳✱ ❇♦❧❧❡rs❧❡✈✱ ❚✳ ❛♥❞ ❉✐❡❜♦❧❞✱ ❋✳❳✳ ✭✷✵✵✻✮✳ ❘♦✉❣❤✐♥❣ ■t ❯♣✿ ■♥❝❧✉❞✐♥❣ ❏✉♠♣ ❈♦♠♣♦♥❡♥ts

✐♥ t❤❡ ▼❡❛s✉r❡♠❡♥t✱ ▼♦❞❡❧✐♥❣✱ ❛♥❞ ❋♦r❡❝❛st✐♥❣ ♦❢ ❘❡t✉r♥ ❱♦❧❛t✐❧✐t②✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱
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❝♦♥t❛❣✐♦♥ ♣❤❡♥♦♠❡♥♦♥✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❋✐♥❛♥❝✐❛❧ ▼❛r❦❡ts✱ ■♥st✐t✉t✐♦♥s ❛♥❞ ▼♦♥❡②✱ ✷✺✱ ✶✽✲✸✷✳

❬✼✺❪ ❙❡✈✐✱ ❇✳ ✭✷✵✶✹✮✳ ❋♦r❡❝❛st✐♥❣ t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❝r✉❞❡ ♦✐❧ ❢✉t✉r❡s ✉s✐♥❣ ✐♥tr❛✲❞❛② ❞❛t❛✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢

❖♣❡r❛t✐♦♥❛❧ ❘❡s❡❛r❝❤✱ ✷✸✺✭✸✮✱ ✻✹✸✲✻✺✾✳

❬✼✻❪ ❚❛♥❣✱ ❨✳✱ ▲✉♦✱ ❨✳✱ ❳✐♦♥❣✱ ❏✳✱ ❩❤❛♦✱ ❋✳ ❛♥❞ ❩❤❛♥❣✱ ❨✳❈✳ ✭✷✵✶✸✮✳ ■♠♣❛❝t ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝② ❝❤❛♥❣❡s ♦♥

t❤❡ ❈❤✐♥❡s❡ ♠♦♥❡t❛r② ❛♥❞ st♦❝❦ ♠❛r❦❡ts✳ P❤②s✐❝❛ ❆✿ ❙t❛t✐st✐❝❛❧ ▼❡❝❤❛♥✐❝s ❛♥❞ ✐ts ❆♣♣❧✐❝❛t✐♦♥s✱ ✸✾✷✭✶✾✮✱

✹✹✸✺✲✹✹✹✾✳

❬✼✼❪ ❚❛②❧♦r✱ ❏✳ ❇✳ ✭✷✵✶✸✮✳ ●❡tt✐♥❣ ♦✛ tr❛❝❦✿ ❍♦✇ ❣♦✈❡r♥♠❡♥t ❛❝t✐♦♥s ❛♥❞ ✐♥t❡r✈❡♥t✐♦♥s ❝❛✉s❡❞✱ ♣r♦❧♦♥❣❡❞✱

❛♥❞ ✇♦rs❡♥❡❞ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s✳ ❍♦♦✈❡r Pr❡ss✳

❬✼✽❪ ❱♦rt❡❧✐♥♦s✱ ❉✳ ■✳✱ ●❦✐❧❧❛s ✭●✐❧❧❛s✮✱ ❑✳ ❛♥❞ ❋❧♦r♦s ❈✳ ✭✷✵✶✼✮✳ ❚❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❊❝♦♥♦♠✐❝ ◆❡✇s ♦♥

❊✉r♦♣❡❛♥ ❋✐♥❛♥❝✐❛❧ ▼❛r❦❡ts✳ ❊✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ❊✉r♦♣❡❛♥ ❙♦✈❡r❡✐❣♥ ❉❡❜t ❈r✐s✐s✳ ❚❤❡ ●r❡❡❦ ❉❡❜t ❈r✐s✐s✿

■♥ q✉❡st ♦❢ ●r♦✇t❤ ✐♥ ❚✐♠❡s ♦❢ ❆✉st❡r✐t② ❊❞✐t✐❡❞ ❜② ❈❤r✐st♦s ❋❧♦r♦s ❛♥❞ ■♦❛♥♥✐s ❈❤❛t③✐❛♥t♦♥✐♦✉✳ P❛❧❣r❛✈❡

▼❛❝♠✐❧❧❛♥✱ ❈❤❛♠✱ ❙✇✐t③❡r❧❛♥❞✳ ✷✶✾✲✷✽✸✳

❬✼✾❪ ❲❛♥❣✱ ❚✳✱ ❲✉✱ ❏✳ ❛♥❞ ❨❛♥❣✱ ❏✳ ✭✷✵✵✽✮✳ ❘❡❛❧✐③❡❞ ✈♦❧❛t✐❧✐t② ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ✐♥ ❡♥❡r❣② ❢✉t✉r❡s ♠❛r❦❡ts✳

❏♦✉r♥❛❧ ♦❢ ❋✉t✉r❡s ▼❛r❦❡ts✱ ✷✽✭✶✵✮✱ ✾✾✸✲✶✵✶✶✳

❬✽✵❪ ❲✐❡❧❛❞❡❦✱ ❚✳✱ ❛♥❞ ●❛r❝✐❛ P❛s❝✉❛❧✱ ❆✳ ■✳ ✭✷✵✶✻✮✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦✬s ◗❊✿ ❆ ◆❡✇ ❍♦♣❡✳

✷✹



❚❛❜❧❡s

❚❛❜❧❡ ✶✳ ❉❛t❛

P❛♥❡❧ ❆✳ ❊✈❡♥ts P❛♥❡❧ ❇✳ ●❡♥❡r✐❝ ●♦✈❡r♥♠❡♥t ❇♦♥❞s P❛♥❡❧ ❈✳ ❙t♦❝❦ ✐♥❞✐❝❡s P❛♥❡❧ ❉✳ ❈r❡❞✐t ❉❡❢❛✉❧t ❙✇❛♣s ✭❈❉❙s✮

❙②♠❜♦❧ ❉❛②s ▼♦♥t❤s ❙②♠❜♦❧ ❉❡s❝r✐♣t✐♦♥ ❙②♠❜♦❧ ❉❡s❝r✐♣t✐♦♥ ❙②♠❜♦❧ ❉❡s❝r✐♣t✐♦♥

D1 ✺✾ ✷✻ GR10Y ●r❡❡❝❡ ✶✵✲❨❡❛r GRStock ●r❡❡❝❡ ❆❙❊ ✐♥❞❡① GRCDS ●❘❊❊❈❊ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❈❇■◆ ❈♦r♣

D2 ✸✹ ✷✸ GR5Y ●r❡❡❝❡ ✺✲❨❡❛r ESPStock ❙♣❛✐♥ ■❇❊❳ ✐♥❞❡① ESPCDS ❙P❆■◆ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

D3 ✸✾ ✶✹ GR2Y ●r❡❡❝❡ ✷✲❨❡❛r PStock P♦rt✉❣❛❧ ❇❱▲❳ ✐♥❞❡① PCDS P❖❘❚❯● ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

D4 ✶✸✷ ✻✸ ESP 10Y ❙♣❛✐♥ ✶✵✲❨❡❛r IRLStock ■r❡❧❛♥❞ ■❙❊◗ ✐♥❞❡① IRLCDS ■❘❊▲◆❉ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

ESP 5Y ❙♣❛✐♥ ✺✲❨❡❛r IStock ■t❛❧② ❋❚❙❊▼■❇ ✐♥❞❡① ICDS ■❚❆▲❨ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

ESP 2Y ❙♣❛✐♥ ✷✲❨❡❛r DEStock ●❡r♠❛♥② ❉❆❳ ✐♥❞❡① DECDS ●❊❘▼❆◆ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

P 10Y P♦rt✉❣❛❧ ✶✵✲❨❡❛r FStock ❋r❛♥❝❡ ❈❆❈ ✐♥❞❡① FCDS ❋❘❆◆❈❊ ❈❉❙ ❯❙❉ ❙❘ ✺❨ ❝❜✐♥ ❈♦r♣

P 5Y P♦rt✉❣❛❧ ✺✲❨❡❛r

P 2Y P♦rt✉❣❛❧ ✷✲❨❡❛r

IRL10Y ■r❡❧❛♥❞ ✶✵✲❨❡❛r

IRL5Y ■r❡❧❛♥❞ ✺✲❨❡❛r

IRL2Y ■r❡❧❛♥❞ ✷✲❨❡❛r

I10Y ■t❛❧② ✶✵✲❨❡❛r

I5Y ■t❛❧② ✺✲❨❡❛r

I2Y ■t❛❧② ✷✲❨❡❛r

DE10Y ●❡r♠❛♥② ✶✵✲❨❡❛r

DE5Y ●❡r♠❛♥② ✺✲❨❡❛r

DE2Y ●❡r♠❛♥② ✷✲❨❡❛r

F 10Y ❋r❛♥❝❡ ✶✵✲❨❡❛r

F 5Y ❋r❛♥❝❡ ✺✲❨❡❛r

F 2Y ❋r❛♥❝❡ ✷✲❨❡❛r

◆♦t❡s✳ ❚❛❜❧❡ ✶ r❡♣♦rts t❤❡ ❞❛t❛ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ♣❛♣❡r✳ P❛♥❡❧ ❆ ❞❡♣✐❝ts t❤❡ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s

❡✈❡♥ts ❡①❛♠✐♥❡❞ ✐♥ t❤❡ ♣❛♣❡r✳ ❊✈❡♥ts t❤❛t ❞✐r❡❝t❧② ❛✛❡❝t❡❞ t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ❛r❡ s♣❧✐t ✐♥t♦ t❤r❡❡ ❝❛t❡❣♦r✐❡s

✭D1✱ D2✱ ❛♥❞ D3✮ ❛♥❞ ❛❧❧ t♦❣❡t❤❡r ✭D4✮✳ ❚❤❡ t❤r❡❡ ❝❛t❡❣♦r✐❡s ❝♦♥❝❡r♥ ❡✈❡♥ts ❝♦♠✐♥❣ ❢r♦♠✿ ✭✐✮ ●r❡❡❝❡✱ ✭✐✐✮

❊✉r♦③♦♥❡✱ ❛♥❞ ✭✐✐✐✮ ✐♥t❡r♥❛t✐♦♥❛❧ ❡♥t✐t✐❡s✱ r❡s♣❡❝t✐✈❡❧②✳ P❛♥❡❧s ❇✱ ❈ ❛♥❞ ❉ ❞❡♣✐❝t t❤❡ s②♠❜♦❧s ❛♥❞ ❞❡s❝r✐♣t✐♦♥

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

❜♦♥❞s✱ st♦❝❦ ✐♥❞✐❝❡s✶✼ ❛♥❞ ❈❉❙s✱ ❛❝❝♦r❞✐♥❣❧②✳

✶✼❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❊✉r♦ ❆r❡❛ ❙❳✺❊ ✐♥❞❡① ✐s ✐♥❝❧✉❞❡❞✱ ❝♦♥❝❡r♥✐♥❣ t❤❡ ❊✉r♦ ❆r❡❛✳

✷✺



❚❛❜❧❡ ✷✳ ■♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ✲ ❉✉♠♠② ✈❛r✐❛❜❧❡s

❈♦rr❡❧❛t✐♦♥s ❈♦rr❡❧❛t✐♦♥ ❏✉♠♣s

✶✵✲❨❡❛r ✺✲❨❡❛r ✷✲❨❡❛r ❙t♦❝❦ ❈❉❙ ✶✵✲❨❡❛r ✺✲❨❡❛r ✷✲❨❡❛r ❙t♦❝❦ ❈❉❙

GR ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✽✺✳✼✵✪ ✵ ✹✷✳✾✵✪ ✺✼✳✶✹✪ ✺✼✳✶✹✪ ✼✶✳✹✸✪ ✷✽✳✺✼✪ ✶

D1 ✲✵✳✵✶✼✺✯ ✲✵✳✵✸✼✹✯ ✲✵✳✵✶✷✹✯ ✵✳✵✾✾✽✯ ✵✳✵✾✼✷✯ ✲✵✳✵✵✼✷✯ ✲✵✳✵✷✽✽✯ ✲✵✳✵✻✽✾✯ ✵✳✵✸✹✸✯ ✲✵✳✵✻✵✾✯

D2 ✲✵✳✵✽✶✺✯ ✲✵✳✵✹✹✽✯ ✲✵✳✵✸✶✺✯ ✵✳✵✷✸✽✯ ✲✵✳✵✺✽✷✯ ✵✳✵✵✻✻✯ ✵✳✵✸✾✵✯ ✵✳✵✹✷✽✯ ✲✵✳✵✹✵✸✯ ✲✵✳✵✶✻✼✯

D3 ✲✵✳✵✺✹✽✯ ✲✵✳✵✽✹✹✯ ✲✵✳✵✺✼✵✯ ✵✳✵✺✼✽✯ ✵✳✵✸✼✷✯ ✲✵✳✵✶✽✽ ✲✵✳✵✶✺✹✯ ✲✵✳✵✸✼✽✯ ✵✳✵✷✾✷✯ ✲✵✳✵✻✾✾✯

D4 ✲✵✳✵✼✼✷✯ ✲✵✳✶✶✶✸✯ ✲✵✳✵✼✹✵✯ ✵✳✵✻✵✹✯ ✵✳✵✸✶✼✯ ✲✵✳✵✵✾✷✯ ✵✳✵✵✶✺✯ ✲✵✳✵✸✻✷✯ ✵✳✵✶✺✻✯ ✲✵✳✵✻✹✹✯

ESP ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✼✶✳✹✵✪ ✹✷✳✾✵✪ ✷✽✳✻✵✪ ✶✹✳✸✵✪ ✶ ✺✼✳✶✹✪ ✹✷✳✽✻✪ ✺✼✳✶✹✪ ✹✷✳✽✻✪

D1 ✲✵✳✵✷✽✵✯ ✵✳✵✵✶✾ ✲✵✳✵✷✹✷✯ ✵✳✵✻✷✶✯ ✵✳✶✶✶✼✯ ✲✵✳✵✼✹✼✯ ✲✵✳✵✺✻✺✯ ✲✵✳✵✺✻✼✯ ✵✳✵✶✹✻✯ ✵✳✵✶✵✼✯

D2 ✲✵✳✵✾✶✾✯ ✲✵✳✵✸✾✸✯ ✵✳✵✵✺✾✯ ✲✵✳✵✵✻✵✯ ✵✳✵✷✼✻✯ ✲✵✳✵✷✶✵✯ ✵✳✵✷✵✼✯ ✵✳✵✹✹✼✯ ✲✵✳✵✼✷✵✯ ✵✳✵✸✸✻✯

D3 ✲✵✳✵✹✾✵✯ ✲✵✳✵✶✺✾✯ ✵✳✵✵✶✽ ✵✳✵✵✼✼✯ ✵✳✵✹✼✺✯ ✲✵✳✵✹✶✵✯ ✲✵✳✵✶✸✻✯ ✵✳✵✶✸✺✯ ✲✵✳✵✷✷✾✯ ✲✵✳✵✶✶✻✯

D4 ✲✵✳✶✶✸✸✯ ✲✵✳✵✺✼✶✯ ✲✵✳✵✸✶✼✯ ✵✳✵✺✾✶✯ ✵✳✵✼✽✾✯ ✲✵✳✵✼✺✾✯ ✲✵✳✵✷✽✶✯ ✲✵✳✵✵✹✶ ✵✳✵✵✸✺✯ ✲✵✳✵✷✼✷✯

P ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✶ ✷✽✳✻✵✪ ✵ ✽✺✳✼✶✪ ✽✺✳✼✶✪ ✺✼✳✶✹✪ ✽✺✳✼✶✪ ✼✶✳✹✸✪

D1 ✲✵✳✵✹✻✼✯ ✲✵✳✵✻✵✷✯ ✲✵✳✵✷✽✾✯ ✵✳✵✼✹✾✯ ✵✳✵✻✷✶✯ ✲✵✳✵✻✷✺✯ ✲✵✳✵✺✻✼✯ ✲✵✳✵✼✻✻✯ ✲✵✳✵✶✸✵✯ ✲✵✳✵✺✺✾✯

D2 ✲✵✳✶✽✾✷✯ ✲✵✳✶✷✻✸✯ ✲✵✳✵✼✹✺✯ ✵✳✵✷✹✺✯ ✵✳✵✺✽✷✯ ✲✵✳✵✹✸✵✯ ✲✵✳✵✵✷✷ ✵✳✵✵✾✽ ✲✵✳✵✼✸✸✯ ✵✳✵✺✻✸✯

D3 ✲✵✳✵✺✻✼✯ ✲✵✳✵✻✾✵✯ ✲✵✳✵✻✹✾✯ ✲✵✳✵✵✺✻ ✵✳✵✻✾✼✯ ✲✵✳✵✷✷✵✯ ✲✵✳✵✶✽✺✯ ✲✵✳✵✵✶✾ ✲✵✳✵✺✸✸✯ ✲✵✳✵✷✺✺✯

D4 ✲✵✳✶✻✽✾✯ ✲✵✳✶✻✵✾✯ ✲✵✳✶✵✺✷✯ ✵✳✵✼✸✽✯ ✵✳✵✺✷✵✯ ✲✵✳✵✼✵✼✯ ✲✵✳✵✺✷✻✯ ✲✵✳✵✹✷✺✯ ✲✵✳✵✶✾✼✯ ✲✵✳✵✺✷✻✯

IRL ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✷✽✳✻✵✪ ✵ ✵ ✶ ✹✷✳✽✻✪ ✼✶✳✹✸✪ ✷✽✳✺✼✪ ✹✷✳✽✻✪

D1 ✲✵✳✵✸✾✶✯ ✲✵✳✵✻✶✻✯ ✲✵✳✵✷✾✾✯ ✵✳✶✶✻✹✯ ✵✳✵✼✸✻✯ ✲✵✳✵✹✵✵✯ ✲✵✳✵✵✽✼✯ ✲✵✳✵✾✺✸✯ ✵✳✵✵✻✽✯ ✲✵✳✵✸✽✻✯

D2 ✲✵✳✶✻✷✾✯ ✲✵✳✵✽✻✹✯ ✵✳✵✶✽✺✯ ✵✳✵✸✹✺✯ ✵✳✶✷✺✺✯ ✲✵✳✵✶✶✽✯ ✵✳✵✷✻✹✯ ✵✳✵✽✼✹✯ ✲✵✳✵✵✾✺✯ ✵✳✵✽✽✺✯

D3 ✲✵✳✵✽✸✽ ✲✵✳✵✺✼✷✯ ✵✳✵✶✼✹✯ ✵✳✵✼✶✾✯ ✵✳✵✽✹✵✯ ✲✵✳✵✹✹✵✯ ✵✳✵✵✾✷✯ ✲✵✳✵✹✶✵✯ ✵✳✵✵✺✹ ✵✳✵✶✷✶✯

D4 ✲✵✳✶✸✼✻✯ ✲✵✳✵✾✻✽✯ ✾✳✺✺❊✲✵✹ ✵✳✶✸✼✺✯ ✵✳✶✶✻✵✯ ✲✵✳✵✹✻✷✯ ✲✵✳✵✵✷✶✯ ✲✵✳✵✸✼✻✯ ✵✳✵✹✵✺✯ ✲✵✳✵✷✵✶✯

I ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✶ ✺✼✳✶✵✪ ✹✷✳✽✻✪ ✼✶✳✹✸✪ ✺✼✳✶✹✪ ✼✶✳✹✸✪ ✼✶✳✹✸✪ ✺✼✳✶✹✪

D1 ✲✵✳✵✹✾✽✯ ✲✵✳✵✽✽✺✯ ✲✵✳✵✼✷✺✯ ✵✳✵✾✶✻✯ ✵✳✵✾✺✼✯ ✲✵✳✵✸✵✼✯ ✲✵✳✵✻✹✺✯ ✲✵✳✵✽✹✸✯ ✵✳✵✸✼✸✯ ✲✵✳✵✶✹✺✯

D2 ✲✵✳✶✽✹✹✯ ✲✵✳✶✸✽✶✯ ✲✵✳✵✼✹✹✯ ✲✵✳✵✸✼✼✯ ✲✵✳✵✷✼✸✯ ✲✵✳✵✸✼✼✯ ✵✳✵✶✵✽✯ ✵✳✵✷✻✽✯ ✲✵✳✶✵✻✵✯ ✵✳✵✶✶✵✯

D3 ✲✵✳✵✽✶✷✯ ✲✵✳✵✽✵✽✯ ✲✵✳✵✽✸✶✯ ✲✵✳✵✸✶✹✯ ✵✳✵✷✻✺✯ ✵✳✵✵✺✽ ✲✵✳✵✶✸✻✯ ✲✵✳✵✸✽✹✯ ✲✵✳✵✽✶✽✯ ✲✵✳✵✺✸✶✯

D4 ✲✵✳✶✻✸✾✯ ✲✵✳✶✽✻✽✯ ✲✵✳✶✷✶✼✯ ✵✳✵✼✵✾✯ ✵✳✵✸✶✾✯ ✲✵✳✵✸✻✺✯ ✲✵✳✵✺✷✽✯ ✲✵✳✵✹✺✵✯ ✲✵✳✵✷✹✶✯ ✲✵✳✵✺✹✼✯

DE ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✶ ✷✽✳✺✼✪ ✵ ✷✽✳✺✼✪ ✹✷✳✽✻✪ ✷✽✳✺✼✪ ✷✽✳✺✼✪ ✼✶✳✹✸✪

D1 ✲✵✳✶✵✹✽✯ ✲✵✳✶✷✻✶✯ ✲✵✳✶✹✶✶✯ ✵✳✶✸✷✾✯ ✵✳✵✾✺✾✯ ✲✵✳✵✵✺✽✯ ✲✵✳✵✷✷✺✯ ✲✵✳✵✶✷✼✯ ✵✳✵✸✾✵✯ ✲✵✳✵✸✸✾✯

D2 ✲✵✳✶✸✹✾✯ ✲✵✳✶✺✻✾✯ ✲✵✳✶✶✽✼✯ ✵✳✵✾✸✾✯ ✵✳✵✸✸✹✯ ✵✳✵✹✵✾✯ ✵✳✵✶✸✾✯ ✵✳✵✵✼✺ ✵✳✵✵✹✹ ✵✳✵✶✷✾✯

D3 ✲✵✳✶✵✺✺ ✲✵✳✶✵✾✸✯ ✲✵✳✵✽✹✵✯ ✲✵✳✵✷✹✸ ✵✳✵✾✺✵✯ ✵✳✵✷✺✺✯ ✵✳✵✷✷✻✯ ✵✳✵✹✸✽✯ ✲✵✳✵✹✺✾✯ ✲✵✳✵✺✹✻✯

D4 ✲✵✳✷✸✷✸✯ ✲✵✳✷✷✼✻✯ ✲✵✳✶✽✵✷✯ ✵✳✶✸✾✾✯ ✵✳✶✵✵✶✯ ✵✳✵✵✽✺✯ ✲✵✳✵✵✶✺ ✵✳✵✶✷✽✯ ✵✳✵✻✷✹✯ ✲✵✳✵✻✶✻✯

F ✪ ♥❡❣✳ ❝♦❡✛✳ ✶ ✶ ✽✺✳✼✵✪ ✷✽✳✻✵✪ ✷✽✳✺✼✪ ✵ ✼✶✳✹✸✪ ✹✷✳✽✻✪ ✺✼✳✶✹✪ ✹✷✳✽✻✪

D1 ✲✵✳✵✺✼✼✯ ✲✵✳✶✶✷✻✯ ✲✵✳✵✾✺✹✯ ✵✳✶✷✷✻✯ ✵✳✶✶✸✺✯ ✵✳✵✵✻✸ ✲✵✳✵✶✻✺✯ ✵✳✵✵✾✺ ✵✳✵✷✻✾✯ ✵✳✵✵✾✵

D2 ✲✵✳✶✸✵✽✯ ✲✵✳✶✺✻✷✯ ✲✵✳✶✶✵✹✯ ✵✳✵✵✸✾ ✲✵✳✵✹✹✶✯ ✵✳✵✷✷✶✯ ✲✾✳✵✻❡✲✹✯ ✲✵✳✵✵✽✾ ✲✵✳✵✼✹✵✯ ✵✳✵✵✾✽

D3 ✲✵✳✶✵✵✽✯ ✲✵✳✶✵✵✽✯ ✲✵✳✵✸✶✾ ✲✵✳✵✸✷✶✯ ✵✳✵✼✵✼✯ ✵✳✵✶✸✶✯ ✵✳✵✷✷✺✯ ✵✳✵✺✺✶✯ ✲✵✳✵✼✾✾✯ ✲✵✳✵✸✺✼✯

D4 ✲✵✳✶✻✹✺✯ ✲✵✳✶✾✸✽✯ ✲✵✳✶✷✻✼✯ ✵✳✶✵✽✸✯ ✵✳✵✹✻✷✯ ✵✳✵✶✻✼✯ ✲✵✳✵✵✻✷ ✵✳✵✶✶✾✯ ✵✳✵✶✵✽✯ ✲✵✳✵✻✹✹✯

◆♦t❡s✳ ❚❛❜❧❡ ✷ r❡♣♦rts t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❥✉♠♣s

✷✻



♦❢ ❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✭❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ st♦❝❦ ❛♥❞ ❈❉❙✮ ✈✐❛ ❞✉♠♠②

✈❛r✐❛❜❧❡s✳ ✪ ♥❡❣✳ ❝♦❡✛✳ ✐s t❤❡ ♣❡r❝❡♥t❛❣❡ ✭✪✮ ♦❢ ♥❡❣❛t✐✈❡ ❝♦❡✣❝✐❡♥ts ❛❝r♦ss ❛❧❧ s✉r♣r✐s❡s ✈❛r✐❛❜❧❡s✳ ❚❤❡

D1✱ D2✱ D3 ❛♥❞ D4 r❡❢❡r t♦ t❤❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳ ❊❛❝❤ r❡♣♦rt❡❞ ✈❛❧✉❡ ❝♦♥❝❡r♥s

t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ❛❝r♦ss t❤❡ ✐♠♣❛❝ts ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥s ✭♦r t❤❡ ❥✉♠♣s ♦❢ ❝♦rr❡❧❛t✐♦♥s✮ ❛♠♦♥❣ t❤❡ r❡s♣❡❝t✐✈❡

r❡♣♦rt❡❞ ✜♥❛♥❝✐❛❧ ❛ss❡t ❛♥❞ ❛❧❧ t❤❡ r❡♠❛✐♥✐♥❣✳ ✯ ✐♥❞✐❝❛t❡s s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡ ❛t ❛ ✺✪ ❧❡✈❡❧ ♦❢

s✐❣♥✐✜❝❛♥❝❡✳✶✽

✶✽❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❛♥❞ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❝♦♥s✐st❡♥t ✭◆❡✇❡②✲❲❡st✮ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦r✲
r❡s♣♦♥❞✐♥❣ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳

✷✼



❚❛❜❧❡ ✸✳ ■♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ❥✉♠♣s ✲ ❙✉r♣r✐s❡s
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◆♦t❡s✳ ❚❛❜❧❡ ✸ r❡♣♦rts t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ ❥✉♠♣s ♦❢

✷✽



❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ✭❣❡♥❡r✐❝ ❣♦✈❡r♥♠❡♥t ❜♦♥❞s✱ st♦❝❦ ❛♥❞ ❈❉❙✮ ✈✐❛ s✉r♣r✐s❡s✳ ✪

♥❡❣✳ ❝♦❡✛✳ ✐s t❤❡ ♣❡r❝❡♥t❛❣❡ ✭✪✮ ♦❢ ♥❡❣❛t✐✈❡ ❝♦❡✣❝✐❡♥ts ❛❝r♦ss ❛❧❧ s✉r♣r✐s❡s ✈❛r✐❛❜❧❡s✳ ❚❤❡ SUR10Y ✱ SUR5Y ✱

SUR2Y ❛♥❞ SURCDS r❡❢❡r t♦ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❡q✉❛t✐♦♥s✳ ❊❛❝❤ r❡♣♦rt❡❞ ✈❛❧✉❡ ❝♦♥❝❡r♥s t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡

❛❝r♦ss t❤❡ ✐♠♣❛❝ts ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥s ✭♦r t❤❡ ❥✉♠♣s ♦❢ ❝♦rr❡❧❛t✐♦♥s✮ ❛♠♦♥❣ t❤❡ r❡s♣❡❝t✐✈❡ r❡♣♦rt❡❞ ✜♥❛♥❝✐❛❧

❛ss❡t ❛♥❞ ❛❧❧ t❤❡ r❡♠❛✐♥✐♥❣✳ ✯ ✐♥❞✐❝❛t❡s s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡ ❛t ❛ ✺✪ ❧❡✈❡❧ ♦❢ s✐❣♥✐✜❝❛♥❝❡✳✶✾

✶✾❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❛♥❞ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❝♦♥s✐st❡♥t ✭◆❡✇❡②✲❲❡st✮ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦r✲
r❡s♣♦♥❞✐♥❣ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳

✷✾



❚❛❜❧❡ ✹✳ ❙✉♠♠❛r✐③❡❞ r❡s✉❧ts

❈♦rr❡❧❛t✐♦♥s ❈♦rr❡❧❛t✐♦♥ ❏✉♠♣s

❉✉♠♠✐❡s ❙✉r♣r✐s❡s ❉✉♠♠✐❡s ❙✉r♣r✐s❡s

❙✐❣♥ ◆❡✇s ❙✐❣♥ ◆❡✇s ✲❙✐❣♥ ◆❡✇s ❙✐❣♥ ◆❡✇s

GR ✲ Greek❴fin❴sources ✲ ✷❨ ✲ Greek❴fin❴sources ✰ ✷❨

ESP ✰ Greek❴fin❴sources ✲ ✷❨ ✲ Greek❴fin❴sources ✰ ✷❨

P ✲ European❴fin❴sources ✲ ✷❨ ✲ Greek❴fin❴sources ✰ ✷❨

IRL ✰ European❴fin❴sources ✲ ✷❨ ✰ European❴fin❴sources ✰ ✷❨❄

I ✲ Greek❴fin❴sources ✲ ✷❨ ✲ Greek❴fin❴sources ✰ ✷❄

DE ✲ Greek❴fin❴sources ✲ ✷❨ ✰ International❴fin❴sources ✰ ✷❨

F ✲ European❴fin❴sources ✲ ✷❨ ✰ International❴fin❴sources ✲ ✷❨

E?U ✲ Greek❴fin❴sources ✲ ✷❨ ✲ Greek❴fin❴sources ✰ ✷❨

◆♦t❡s✳ ❚❛❜❧❡ ✹ r❡♣♦rts t❤❡ s✉♠♠❛r✐③❡❞ r❡s✉❧ts ♦❢ t❤❡ ✐♠♣❛❝t ♦❢ ●r❡❡❦ ❣♦✈❡r♥♠❡♥t✲❞❡❜t ❝r✐s✐s ❡✈❡♥ts ❛✛❡❝t✐♥❣

t❤❡ ●r❡❡❦ ❡❝♦♥♦♠② ♦♥ t❤❡ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ t❤❡ ❥✉♠♣s ♦❢ ❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts

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

t❤❡ ❝❛t❡❣♦r② ♦❢ ♥❡✇s r❡❧❡❛s❡s ✇✐t❤ t❤❡ ❤✐❣❤❡st ✐♠♣❛❝t ❛r❡ r❡♣♦rt❡❞✳✷✵

✷✵❍❡t❡r♦s❝❡❞❛st✐❝✐t② ❛♥❞ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❝♦♥s✐st❡♥t ✭◆❡✇❡②✲❲❡st✮ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦r✲
r❡s♣♦♥❞✐♥❣ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳
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