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

s❛❧❛r②✱ ❞❡s♣✐t❡ t❤❡✐r ♦♣♣♦rt✉♥✐t② ❝♦sts ❜❡✐♥❣ ✈❡r② s✐♠✐❧❛r✳ ❊✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t s❛❧❛r✐❡s

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

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

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

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

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

❡①❛♠♣❧❡✱ ❞✉r✐♥❣ t❤✐s t✐♠❡ t❤❡r❡ ✇❡r❡ t✇♦ ✇♦r❧❞ ✇❛rs ❛♥❞ ❛ ●r❡❛t ❉❡♣r❡ss✐♦♥ t❤❛t ✐♠♣❛❝t❡❞

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

❝❛♥ ❝❤❛♥❣❡ t❤❡ s✉❜t❧❡ ❢♦r❝❡s t❤❛t ✐♥✢✉❡♥❝❡ ♣❧❛②❡rs✬✱ ❛❧❜❡✐t ❧✐♠✐t❡❞✱ ♥❡❣♦t✐❛t✐♥❣ ♣♦✇❡r✳ ■t✬s

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

✶❙❡❡ ❍❛✉♣❡rt ✭✷✵✵✾✮ ❢♦r ❛ ❞✐s❝✉ss✐♦♥ ♦❢ ▼▲❇ ✇❛❣❡s ❞✉r✐♥❣ ❞✐✛❡r❡♥t ❧❛❜♦r r❡❣✐♠❡s✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✷

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

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

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

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

s❛❧❛r② ❛♥❞ ♣r♦❞✉❝t✐✈✐t② ✭♣❡r❢♦r♠❛♥❝❡ st❛t✐st✐❝s✮ ❢♦r ♦✈❡r ✹✵✵ ♣❧❛②❡rs ❢♦r ♦✈❡r ✻✵ ②❡❛rs ✭✶✾✶✶

t❤r♦✉❣❤ ✶✾✼✸✮✳ ❆❧❧ t❤❡ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ❝♦♥❝❡r♥✐♥❣ ❜❛s❡❜❛❧❧ s❛❧❛r✐❡s ❤❛s ❜❡❡♥ ❧✐♠✐t❡❞ t♦

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

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

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

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

✐♠♣♦ss✐❜❧❡ t♦ ❛❞❞r❡ss✿ ❈❛♥ ❝❤❛♥❣❡s ✐♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ s❛❧❛r② ❜❡

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

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

❚♦ ❛♥s✇❡r t❤✐s q✉❡st✐♦♥ ✇❡ ❡♠♣❧♦② ❛ ▼❛r❦♦✈✲r❡❣✐♠❡✲s✇✐t❝❤✐♥❣ r❡❣r❡ss✐♦♥ ♣r♦❝❡❞✉r❡✱

✇❤❡r❡ ❡❛❝❤ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥t ❝❛♥ s✇✐t❝❤ ❜❡t✇❡❡♥ t✇♦ ♦r ♠♦r❡ ✈❛❧✉❡s ✭✐✳❡✳ s✇✐t❝❤ r❡❣✐♠❡s✮

❛s t✐♠❡ ♣r♦❣r❡ss❡s✳✸ ❆ r❡❣✐♠❡ ✐s ❞❡✜♥❡❞ ❜② ❛ ♣❛rt✐❝✉❧❛r s❡t ♦❢ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥ts✱ s♦ t❤❡

r❡❣r❡ss✐♦♥ ❧✐♥❡ t❤❛t ❡①♣❧❛✐♥s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❞❡♣❡♥❞❡♥t ❛♥❞ ❡①♣❧❛♥❛t♦r② ✈❛r✐✲

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

❜✉t ❤❛s t❤❡ ✢❡①✐❜✐❧✐t② t♦ ❛❧❧♦✇ ❛♥② ♥✉♠❜❡r ♦❢ s✇✐t❝❤❡s ❜❡t✇❡❡♥ t❤❡ r❡❣✐♠❡s✳ ❆ r❡❣✐♠❡ ❝❤❛♥❣❡

❛✛❡❝ts ❛❧❧ ♣❧❛②❡rs ❛t t❤❡ s❛♠❡ t✐♠❡✱ s♦ ❛ ❝❤❛♥❣❡ ✐♥ ❛ ❝♦❡✣❝✐❡♥t ♦♥ ❛ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡

✭✇❤❡r❡ s❛❧❛r② ✐s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✮ ✇♦✉❧❞ ✐♥❞✐❝❛t❡ ♦✇♥❡rs ♣✉t ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♦♥ ♣❡r✲

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

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

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

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

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

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

✷❙❡❝t✐♦♥ ✸ ❤❛s ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❞✐s❝✉ss✐♦♥ ♦❢ t❤✐s ❧✐t❡r❛t✉r❡✳
✸❆ t✐♠❡✲✜①❡❞✲❡✛❡❝ts ♣❛♥❡❧ r❡❣r❡ss✐♦♥ ❝❛♥ ❛❧s♦ ✐❞❡♥t✐❢② t✐♠❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❛✈❡r❛❣❡ s❛❧❛r② ✇❤✐❧❡ ❛❝✲

❝♦✉♥t✐♥❣ ❢♦r ♦t❤❡r ❡①♣❧❛♥t♦r② ✈❛r✐❛❜❧❡s✱ ❜✉t t❤✐s ♠❡t❤♦❞ ❞♦❡s ♥♦t ♦t❤❡r✇✐s❡ ❛❧❧♦✇ str✉❝t✉r❡ ♦❢ t❤❡ r❡❣r❡ss✐♦♥
r❡❧❛t✐♦♥s❤✐♣ t♦ ❝❤❛♥❣❡✳ ❲❡ ❝❤♦s❡ ❛ r❡❣✐♠❡ s✇✐t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ✐♥st❡❛❞ t♦ s♣❡❝✐✜❝❛❧❧② ❝❛♣t✉r❡ ❝❤❛♥❣❡s ✐♥ t❤❡
r❡❧❛t✐♦♥s❤✐♣ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✭s❛❧❛r②✮ ❛♥❞ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✭♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡✮
♦✈❡r t✐♠❡✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✸

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

❜❛r❣❛✐♥✐♥❣ ♣♦✇❡r✳ ❲❡ ✐❞❡♥t✐❢② t❤❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ t❤❡ ●r❡❛t ❉❡♣r❡ss✐♦♥ ❛♥❞ t❤❡ ❡♥❞ ♦❢

❲♦r❧❞ ❲❛r ■■ ❛s ❛ ♣❡r✐♦❞ ✐♥ ✇❤✐❝❤ ♣❧❛②❡rs ❤❛❞ ❛ ❤✐❣❤❡r ❛✈❡r❛❣❡ ♣❛② ❛♥❞ ✇❡r❡ ♠♦r❡ ❤✐❣❤❧②

♣❛✐❞ ❢♦r ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡✳

✷ ❍✐st♦r✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

❋r♦♠ ✐ts ❡❛r❧✐❡st ❞❛②s✱ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ❤❛s ❜❡❡♥ ❛ ♠♦♥♦♣s♦♥✐st✐❝ ❡♠♣❧♦②❡r✳ ❇❡❣✐♥♥✐♥❣

✐♥ ✶✽✼✻ ✇✐t❤ t❤❡ ❢♦✉♥❞✐♥❣ ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ▲❡❛❣✉❡ ♦❢ Pr♦❢❡ss✐♦♥❛❧ ❇❛s❡ ❇❛❧❧ ❈❧✉❜s ✭◆▲✮ t❤❡

✐♥❞✉str② ✇❛s ❞❡s✐❣♥❡❞ s✉❝❤ t❤❛t ❡♠♣❧♦②❡rs ✭t❡❛♠ ♦✇♥❡rs✮ ♠✐♥✐♠✐③❡❞ t❤❡ ❛❜✐❧✐t② ♦❢ ❡♠♣❧♦②❡❡s

✭♣❧❛②❡rs✮ t♦ s❡❧❧ t❤❡✐r s❡r✈✐❝❡s ❝♦♠♣❡t✐t✐✈❡❧②✳ ❚❤❡ ♥❛♠❡ ❝❤♦s❡♥ ❢♦r t❤✐s ♥❡✇ ❧❡❛❣✉❡ ✇❛s

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

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

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

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

❢♦r r❡♥♦✇♥ ❛♥❞ r❡❝❡✐♣ts✱ ❜✉t ♦♥❧② ✇✐t❤✐♥ t❤❡ ❝♦♥✜♥❡s ♦❢ ❛ ♣r❡s❝r✐❜❡❞ ♣❛tt❡r♥✳✑✹ ❯❧t✐♠❛t❡❧②

❜♦t❤ st❛❜✐❧✐t② ❛♥❞ t❤❡ ❞✐sr✉♣t✐♦♥ ♦❢ ❜✐tt❡r ❧❛❜♦r ❞✐s♣✉t❡s ✇♦✉❧❞ r❡s✉❧t ❢r♦♠ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢

t❤❡ ◆❛t✐♦♥❛❧ ▲❡❛❣✉❡✳ ❙t❛❜✐❧✐t② ✇♦✉❧❞ ❜r✐♥❣ ❛❜♦✉t ❛ s✉♣❡r✐♦r ❜r❛♥❞ ♦❢ ❜❛s❡❜❛❧❧✱ ❝♦♥s✐❞❡r❡❞

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

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

▲❡❛❣✉❡ t♦ ❢♦r♠ ✇❤❛t ✐s t♦ t♦❞❛② ❦♥♦✇♥ ❛s ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧✳

❋♦r ♠✉❝❤ ♦❢ t❤❡ ✜rst ❝❡♥t✉r② ❛❢t❡r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ▲❡❛❣✉❡ t❤❡ ♣❧❛②❡rs ❤❛❞

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

♦❢ t❤❡ ▲❡❛❣✉❡✳ ❈❧✉❜ ❡①❡❝✉t✐✈❡s s✐♠♣❧② ♣r❡s❡♥t❡❞ ❝♦♥tr❛❝ts t♦ t❤❡✐r ♣❧❛②❡rs ❛♥❞ r❡❢✉s❡❞

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

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

♦r ✐♥s✉❜♦r❞✐♥❛t✐♦♥✳ ■❢ ❛ ♣❧❛②❡r ✈✐♦❧❛t❡❞ ❛♥② ❝❧✉❜ ❞✐r❡❝t✐✈❡s✱ ❤❡ ❝♦✉❧❞ ❡✈❡♥ ❜❡ ✏❜❧❛❝❦❧✐st❡❞✑

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

✹❙❡②♠♦✉r ✭✶✾✻✵✮✱ ♣❛❣❡ ✽✺✳
✺❋❛✐❧❡❞ ❝♦♠♣❡t✐t♦rs ❛♥❞ t❤❡✐r ②❡❛rs ♦❢ ♦♣❡r❛t✐♦♥✿ ❯♥✐♦♥ ❆ss♦❝✐❛t✐♦♥ ✶✽✽✹✱ ❆♠❡r✐❝❛♥ ❆ss♦❝✐❛t✐♦♥ ✶✽✽✷✲✾✶✱

P❧❛②❡rs ▲❡❛❣✉❡ ✶✽✾✵✱ ❋❡❞❡r❛❧ ▲❡❛❣✉❡ ✶✾✶✹✲✶✺✳ ❚❤❡ ❆♠❡r✐❝❛♥ ▲❡❛❣✉❡ ✇❛s ❢♦r♠❡❞ ❛s ❛ ❝♦♠♣❡t✐♥❣ ❧❡❛❣✉❡ ✐♥
✶✾✵✶ ❛♥❞ ♠❡r❣❡❞ ✇✐t❤ t❤❡ ◆❛t✐♦♥❛❧ ▲❡❛❣✉❡ ✐♥ ✶✾✵✸✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✹

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

❝❧❛✉s❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ✶✽✼✾ s❡❛s♦♥✳ ❖✇♥❡rs ❛❣r❡❡❞ t❤❛t ❡❛❝❤ ♦❢ t❤❡♠ ✇♦✉❧❞ ✏r❡s❡r✈❡✱✑ ♦r

❦❡❡♣ ♦✛ t❤❡ ♠❛r❦❡t✱ ✜✈❡ ♣❧❛②❡rs ♦❢ t❤❡✐r ❡❧❡✈❡♥ ♠❛♥ r♦st❡rs ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛r✳ ❚❤❡

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

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

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

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

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

❇❡❣✐♥♥✐♥❣ ✐♥ ✶✽✽✼ t❤❡ ❧✐st ❜❡❝❛♠❡ ❛ ❝❧❛✉s❡ ✐♥ t❤❡ st❛♥❞❛r❞ ♣❧❛②❡r ❝♦♥tr❛❝t✳ ❚❤❡ r❡s❡r✈❡

❝❧❛✉s❡ r❡♠❛✐♥❡❞ ✐♥t❛❝t ❢♦r ♥❡❛r❧② ❛ ❝❡♥t✉r②✱ t✉r♥✐♥❣ t❤❡ ❜❛s❡❜❛❧❧ ❧❛❜♦r ♠❛r❦❡t ✐♥t♦ ❛ t✐❣❤t❧②

❝♦♥tr♦❧❧❡❞ ♠♦♥♦♣s♦♥②✳

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

❧❛❜♦r ♠❛r❦❡t ❢♦r ❜❛❧❧♣❧❛②❡rs ✇❛s ❛ ❝❧❛ss✐❝ ♠♦♥♦♣s♦♥②✳ P❧❛②❡rs ✇❡r❡ ❢r❡❡ t♦ ♥❡❣♦t✐❛t❡ ✇✐t❤

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

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

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

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

❧✐tt❧❡ t♦ t❤❡ ❜❛❧❧♣❧❛②❡r ✐♥ t❤❡ ✇❛② ♦❢ ❜❛r❣❛✐♥✐♥❣ ❧❡✈❡r❛❣❡✳ ❚❤✐s ❜❡❣❛♥ t♦ ❝❤❛♥❣❡ ❛❢t❡r ❲♦r❧❞

❲❛r ■■ ✇❤❡♥ t❤❡ r✉❧❡s r❡❣❛r❞✐♥❣ ❜♦♥✉s ♣❛②♠❡♥ts ✇❡r❡ ❧✐❜❡r❛❧✐③❡❞✱ ❛❧❧♦✇✐♥❣ s♦♠❡ ②♦✉♥❣

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

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

❖♥❝❡ s✐❣♥❡❞ t♦ ❛ ♣r♦❢❡ss✐♦♥❛❧ ❝♦♥tr❛❝t✱ ♣❧❛②❡rs ❧♦st ❝♦♥tr♦❧ ♦❢ t❤❡✐r ❢❛t❡ ❛s ❛ ♣r♦❢❡ss✐♦♥❛❧

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

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

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

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

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

♦r ❧♦♦❦ ❢♦r ❛ ❥♦❜ ✐♥ ❛ ❞✐✛❡r❡♥t ❧✐♥❡ ♦❢ ✇♦r❦✳

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

♦✉t ❤✐s s❡r✈✐❝❡s✳ ❋♦r ♠♦st ♣❧❛②❡rs t❤✐s ✇❛s ♥♦t ❛ r❡❛❧✐st✐❝ ❛❞✈❛♥t❛❣❡✱ ❛s t❤❡ ♠♦♥♦♣s♦♥② ▼▲❇

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✺

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

❝♦✉♥tr② ✇❤♦ ✇❡r❡ ✈✐❛❜❧❡ s✉❜st✐t✉t❡s ❢♦r t❤❡ ♣❧❛②❡r ✇❤♦ ❤❡❧❞ ♦✉t ❤✐s s❡r✈✐❝❡s✳ ❆ ❤♦❧❞♦✉t

str❛t❡❣② ✇❛s ♦♥❧② ♣♦ss✐❜❧❡ ❢♦r t❤❡ ❤✐❣❤❡st q✉❛❧✐t② ♣❧❛②❡rs ❛t t❤❡ ♣❡❛❦ ♦❢ t❤❡✐r ❝❛r❡❡r✱ ❢♦r

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

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

❏♦❡ ❉✐▼❛❣❣✐♦✱ ❢♦r ❡①❛♠♣❧❡✱ st❛❣❡❞ ❛ ❤♦❧❞✲♦✉t ✐♥ t❤❡ s♣r✐♥❣ ♦❢ ✶✾✸✽✳ ❆t t❤❡ t✐♠❡ ❤❡ ✇❛s

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

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

✐t ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❏♦❡ ❉✐▼❛❣❣✐♦ ✐♥ ✶✾✸✽✳ ❚❤❡ ❨❛♥❦❡❡s ✇❡r❡ ❝♦♠✐♥❣ ♦✛ ❜❛❝❦✲t♦✲❜❛❝❦ ❲♦r❧❞

❙❡r✐❡s ❝❤❛♠♣✐♦♥s❤✐♣s ❛♥❞ t❤❡✐r ❤✐❣❤❡st ❛tt❡♥❞❛♥❝❡ ✐♥ s❡✈❡♥ ②❡❛rs✳ ◆♦t s✐♥❝❡ ❇❛❜❡ ❘✉t❤

r❡t✐r❡❞ ❤❛❞ t❤❡ t❡❛♠ ❞♦♥❡ s♦ ✇❡❧❧ ♦♥ ♦r ♦✛ t❤❡ ✜❡❧❞✳ ❋♦r ❤✐s ❝♦♥tr✐❜✉t✐♦♥✱ ❉✐▼❛❣❣✐♦ ❤❛❞ ❥✉st

♣✉t t♦❣❡t❤❡r t✇♦ ♦❢ t❤❡ ✜♥❡st s❡❛s♦♥s ✐♥ ❜❛s❡❜❛❧❧ ❤✐st♦r②✱ ❛♥❞ t❤❡ ❢❛❝t t❤❛t t❤❡② ✇❡r❡ ❤✐s ✜rst

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

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

❞r❛✇✐♥❣ ❝❛r❞ ✐♥ t❤❡ ❣❛♠❡✳ ❉✐▼❛❣❣✐♦ ✇❛s ❛ ❢✉❧❧✲✢❡❞❣❡❞ s✉♣❡rst❛r✳

❲❤❡♥ ❤❡ ❛s❦❡❞ ❢♦r ❛ r❛✐s❡ ❢r♦♠ ✩✶✺✱✵✵✵ t♦ ✩✹✵✱✵✵✵ ✐t s❡❡♠❡❞ t♦ ❤✐♠ ❧✐❦❡ ❛ r❡❛s♦♥❛❜❧❡

r❡q✉❡st✳ ■♥ ❢❛❝t✱ ❤✐s ♠❛r❣✐♥❛❧ r❡✈❡♥✉❡ ♣r♦❞✉❝t ✭▼❘P✮ t❤❛t ②❡❛r ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ✩✹✵✵✱✵✵✵✱

s♦ ❡✈❡♥ ❛t ✩✹✵✱✵✵✵ t❤❡ ❝❧✉❜ ✇♦✉❧❞ ❜❡ ❣❡tt✐♥❣ ❛ st❡❛❧✳✻ ❍♦✇❡✈❡r✱ ❉✐▼❛❣❣✐♦ ❞✐s❝♦✈❡r❡❞ t❤❛t

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

❜✉t s♦ ✇❛s t❤❡ ♣r❡ss✱ ❛♥❞ ❛s ❛ r❡s✉❧t✱ t❤❡ ❢❛♥s✳

❉✐▼❛❣❣✐♦ t❤r❡❛t❡♥❡❞ t♦ st❛❣❡ ❛♥ ✐♥❞❡✜♥✐t❡ ❤♦❧❞♦✉t✱ ❜✉t t❤r❡❡ ❞❛②s ❛❢t❡r t❤❡ s❡❛s♦♥

st❛rt❡❞✱ ❤❡ ❝❛✈❡❞ ✐♥✳ ❨❛♥❦❡❡ ♦✇♥❡r ❏❛❝♦❜ ❘✉♣♣❡rt tr✐✉♠♣❤❛♥t❧② s❤❛r❡❞ ❤✐s t❡❧❡❣r❛♠ ✇✐t❤

t❤❡ ♣r❡ss✿ ✏❨♦✉r t❡r♠s ❛❝❝❡♣t❡❞✱✑ ❛❞❞✐♥❣ t❤❛t ❉✐▼❛❣❣✐♦✬s s❛❧❛r② ✇♦✉❧❞ ❜❡ ❞♦❝❦❡❞ ❡❛❝❤ ❞❛②

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

❛❧♠♦st ✩✶✺✵✵ ✐♥t♦ t❤❡ s❡❛s♦♥✳ P❡r❤❛♣s ✇♦rs❡ t❤❛♥ t❤❡ ❧♦st s❛❧❛r② ✇❛s t❤❡ ❧♦st ❛❞✉❧❛t✐♦♥ ♦❢

t❤❡ ❢❛♥s✱ ✇❤♦ ❤❛❞ ❜❡❡♥ t✉r♥❡❞ ❛❣❛✐♥st ❉✐▼❛❣❣✐♦✳

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

❤♦❧❞♦✉t✱ t❤❡ t❡❛♠s ❝♦✉❧❞ r❡❧② ♦♥ t❤❡✐r ♠♦♥♦♣♦❧② ❝♦♥tr♦❧ ♦❢ t❤❡ ✐♥❞✉str② t♦ ❛❧✇❛②s ❤❛✈❡ ❛

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

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

✻❙❡❡ ❍❛✉♣❡rt ✭✷✵✵✾✮✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✻

♣r♦❝❡❡❞ ✇✐t❤ ❜❛❝❦✉♣ ▼②r✐❧ ❍♦❛❣ ✐♥ ❤✐s ♣❧❛❝❡✳ ❚❤r♦✉❣❤♦✉t t❤❡ s♣r✐♥❣ ❍♦❛❣ ❜❛tt❡❞ ✳✸✺✷✱

❧❡♥❞✐♥❣ ❝r❡❞❡♥❝❡ t♦ t❤❛t t❤r❡❛t✳

❚❤✐s t②♣❡ ♦❢ ♠❛r❦❡t str✉❝t✉r❡ ❝❤❛♥❣❡❞ ❞r❛♠❛t✐❝❛❧❧② ✐♥ ✶✾✼✺ ✇✐t❤ t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢

t❤❡ r❡s❡r✈❡ ❝❧❛✉s❡✳ ❚❤❡ ❣r♦✇✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ P❧❛②❡rs ❆ss♦❝✐❛t✐♦♥

✭▼▲❇P❆✮✱ ❢♦r♠❡❞ ✐♥ ✶✾✺✷✱ ❧❡❞ t♦ ❛ ❝♦❧❧❡❝t✐✈❡ ❜❛r❣❛✐♥✐♥❣ ❛❣r❡❡♠❡♥t ✐♥ ✶✾✻✽✱ ❛♥❞ t❤❡ ✶✾✼✵

r✉❧✐♥❣ ❜② t❤❡ ◆❛t✐♦♥❛❧ ▲❛❜♦r ❘❡❧❛t✐♦♥s ❇♦❛r❞ t❤❛t ▼▲❇ ❛♥❞ t❤❡ ▼▲❇P❆ ✉s❡ ♦✉ts✐❞❡ ❛r❜✐✲

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

✐♥ ✶✾✼✺ t❤❛t t❤❡ r❡s❡r✈❡ ❝❧❛✉s❡ ✇❛s ♥♦t ✐♥❞❡✜♥✐t❡✱ ❝r❡❛t✐♥❣ t❤❡ ✜rst tr✉❡ ❢r❡❡ ❛❣❡♥ts ✐♥ ✶✾✼✻✳

❚❤❡ ♣❧❛②❡rs ❛♥❞ ♦✇♥❡rs ♥❡❣♦t✐❛t❡❞ t❤❡ ♣r❡s❡♥t s②st❡♠ ♦❢ r❡str✐❝t❡❞ ❢r❡❡ ❛❣❡♥❝②✱ ✇❤✐❝❤ ❣✐✈❡s

♦✇♥❡rs t❤❡ ❡①❝❧✉s✐✈❡ r✐❣❤t t♦ ❜❛r❣❛✐♥ ✇✐t❤ ❛ ♣❧❛②❡r ❢♦r t❤❡ ✜rst s✐① ②❡❛rs ♦❢ ❤✐s ❝♦♥tr❛❝t✳✼

❚❤❡r❡❛❢t❡r✱ ❛ ♣❧❛②❡r ✐s ❢r❡❡ t♦ ♥❡❣♦t✐❛t❡ ✇✐t❤ ❛♥② t❡❛♠✳ ■♥ ✐ts ♦r✐❣✐♥❛❧ ✐t❡r❛t✐♦♥ ♣❧❛②❡rs ✇❡r❡

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

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

❜✐❞❞❡r✳ P❧❛②❡rs ❛r❡ st✐❧❧ ❜♦✉♥❞ t♦ t❤❡✐r t❡❛♠s ❢♦r t❤❡ ✜rst s✐① ②❡❛rs ♦❢ t❤❡✐r ❝♦♥tr❛❝t ❜❡❢♦r❡

❜❡❝♦♠✐♥❣ ❡❧✐❣✐❜❧❡ ❢♦r ❢r❡❡ ❛❣❡♥❝②✳ ❍♦✇❡✈❡r✱ ❛❢t❡r t✇♦ ②❡❛rs t❤❡② ❛r❡ ❡❧✐❣✐❜❧❡ ❢♦r s❛❧❛r② ❛r❜✐✲

tr❛t✐♦♥✳ Pr✐♦r t♦ t❤✐s ❡❧✐❣✐❜✐❧✐t② ❢♦r ❛r❜✐tr❛t✐♦♥✱ ♣❧❛②❡rs ❛r❡ s✉❜❥❡❝t t♦ t❤❡ s❛❧❛r② ❞✐❝t❛t❡s ♦❢

t❤❡✐r t❡❛♠s✱ t❤♦✉❣❤ t❤❡r❡ ✐s ❛ ♠✐♥✐♠✉♠ s❛❧❛r② ❛♥❞ ❛ ♠❛①✐♠✉♠ ❛❧❧♦✇❛❜❧❡ s❛❧❛r② r❡❞✉❝t✐♦♥

❢r♦♠ ②❡❛r t♦ ②❡❛r✳

✸ ▲✐t❡r❛t✉r❡

❚❤❡ s❡♠✐♥❛❧ ✇♦r❦ ✐♥ t❤❡ ❛r❡❛ ♦❢ ❜❛❧❧♣❧❛②❡r ✇❛❣❡s ✐s ❙❝✉❧❧② ✭✶✾✼✹✮✱ ✇❤♦ ✜rst ❛tt❡♠♣t❡❞ t♦

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

✉s❡❞ ❧✐♠✐t❡❞ s❛❧❛r② ❞❛t❛ ❢r♦♠ t❤❡ ✶✾✻✽ ❛♥❞ ✶✾✻✾ s❡❛s♦♥s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ▼❘P ♦❢ ♣❧❛②❡rs

❛♥❞ ❝♦♠♣❛r❡ t❤❛t t♦ ❛❝t✉❛❧ s❛❧❛r✐❡s✳ ❚♦ ❛♥❛❧②③❡ ♣✐t❝❤❡rs✱ ❤❡ r❡❣r❡ss❡❞ t❤❡ ❧♦❣ ♦❢ s❛❧❛r② ♦♥

❧✐❢❡t✐♠❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ✐♥♥✐♥❣s ♣✐t❝❤❡❞ ✭■P✪✮✱ t❤❡ r❛t✐♦ ♦❢ str✐❦❡♦✉ts t♦ ✇❛❧❦s ✭❑✴❇❇✮✱ ❛♥❞ ❛

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

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

❡✛❡❝t ♦r ❛♥♦t❤❡r ❞♦❡s ♥♦t ❛♣♣❡❛r ✐♥ t❤❡ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥s r❡♣♦rt❡❞ ❤❡r❡ ❞♦❡s ♥♦t ♠❡❛♥

✼❋♦r ❛ ❝♦♠♣❡❧❧✐♥❣ ❤✐st♦r② ♦❢ t❤❡s❡ ♥❡❣♦t✐❛t✐♦♥s✱ s❡❡ ▼✐❧❧❡r ✭✶✾✾✶✮✳
✽P❛❣❡ ✾✶✺✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✼

t❤❛t t❤❡ ♠❡❛s✉r❡ ♦r t❤❡ ❡✛❡❝t ✇❛s ♥♦t ❛ss♦❝✐❛t❡❞ ✇✐t❤ s❛❧❛r② ✈❛r✐❛t✐♦♥s✳✑✾ ■♥ ❢❛❝t✱ ♠♦st ♦❢

t❤❡ ✈❛r✐❛❜❧❡s ❤❡ ❝♦♥s✐❞❡r❡❞ ✇❡r❡ ❤✐❣❤❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ♣❧❛②❡rs✬ s❛❧❛r✐❡s✱ ❜✉t t❤❡✐r ✉♥✐q✉❡

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

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

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

♦♥❧② ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡ ❤❡ ❝♦✉❧❞ ♥♦t ✜♥❞ s✐❣♥✐✜❝❛♥t ✇❛s ❊❛r♥❡❞ ❘✉♥ ❆✈❡r❛❣❡ ✭❊❘❆✮✳ ■♥

❛ ❧❛t❡r st✉❞②✱ ❙❝✉❧❧② ✭✶✾✽✾✮ ✐♥❝♦r♣♦r❛t❡❞ ❢r❡❡ ❛❣❡♥❝② ✐♥t♦ ❤✐s ❧✐❢❡t✐♠❡ ❑✴❇❇ ❛♥❞ ❧✐❢❡t✐♠❡

■P✪ ✈❛r✐❛❜❧❡s✳ ❍❡ ❢♦✉♥❞ ❧✐❢❡t✐♠❡ ❑✴❇❇ r❛t✐♦ t♦ ❜❡ t❤❡ s✐♥❣❧❡ ❜❡st ♠❡❛s✉r❡ ♦❢ ♣✐t❝❤✐♥❣

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

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

t❤❛t ❛r❡ ♠♦st ✐♠♣♦rt❛♥t ✐♥ ❞❡t❡r♠✐♥✐♥❣ s❛❧❛r②✿ ♣❧❛②❡r ♣❡r❢♦r♠❛♥❝❡✱ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ♣❧❛②❡r✬s

❝♦♥tr✐❜✉t✐♦♥s t♦ t❡❛♠ ♣❡r❢♦r♠❛♥❝❡✱ ②❡❛rs ♦❢ ▼▲❇ ❡①♣❡r✐❡♥❝❡✱ ❛♥❞ t❤❡ ❡♥❤❛♥❝❡❞ ❜❛r❣❛✐♥✐♥❣

♣♦✇❡r ♦❢ ❜❡✐♥❣ ❛ s✉♣❡rst❛r✳

❙❝❤♦❧❛rs ❢♦❧❧♦✇✐♥❣ ❙❝✉❧❧② t✇❡❛❦❡❞ ❤✐s ▼❘P ♦r t❡❛♠ r❡✈❡♥✉❡ ❡q✉❛t✐♦♥s✱ ❞❡✈❡❧♦♣❡❞ ❛❞❞✐✲

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

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

♣❧❛②❡r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ s❛❧❛r②✳

■♥ ❛ ♠♦r❡ ❣❡♥❡r❛❧ st✉❞② ♦❢ ✇❤❡t❤❡r ✇♦r❦❡rs ❛r❡ ♣❛✐❞ t❤❡✐r ▼❘P✱ ❋r❛♥❦ ✭✶✾✽✹✮ ✜♥❞s t❤❛t

✇✐t❤✐♥ ✜r♠s✱ ✇❛❣❡ r❛t❡s ✈❛r② s✉❜st❛♥t✐❛❧❧② ❧❡ss t❤❛♥ ❞♦ ✐♥❞✐✈✐❞✉❛❧ ♣r♦❞✉❝t✐✈✐t② ✈❛❧✉❡s✳✶✵

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

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

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

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

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

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

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

❋r❛♥❦ ♥♦t❡s t❤❛t ✏✐t ✐s ♦❢t❡♥ s✉❣❣❡st❡❞ t❤❛t ✬❡q✉✐t② ❝♦♥s✐❞❡r❛t✐♦♥s✬ ❛❝❝♦✉♥t ❢♦r ✇❤② ✐♥t❡r✲

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

♣r♦❞✉❝t✐✈✐t② t❤❡♦r② ♦❢ ✇❛❣❡s✳✳✳ ❜✉t ✐t r❛✐s❡s t❤❡ q✉❡st✐♦♥ ♦❢ ✇❤②✱ ✐❢ ❡q✉✐t② ✐s tr✉❧② ✇❤❛t t❤❡②

✾❙❝✉❧❧② ✭✶✾✼✹✮✱ ♣❛❣❡ ✾✸✹ ❢♦♦t♥♦t❡✳
✶✵P❛❣❡ ✺✹✾✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✽

s❡❡❦✱ ❞♦ t❤❡ ❜❡st ✇♦r❦❡rs ✐♥ ❡①✐st✐♥❣ ✜r♠s ♥♦t ❥♦✐♥ ♥❡✇ ✜r♠s ✇✐t❤ ♦t❤❡r ✇♦r❦❡rs ✇❤♦ ❛r❡ ❥✉st

❛s ♣r♦❞✉❝t✐✈❡ ❛s t❤❡♠s❡❧✈❡s❄✑✶✶ ❚❤❡ ❡①♣❧❛♥❛t✐♦♥ ✐♥ ❜❛s❡❜❛❧❧ ✐s q✉✐t❡ s✐♠♣❧❡✿ ✉♥t✐❧ ✶✾✼✻✱ t❤❡

r❡s❡r✈❡ ❝❧❛✉s❡ ♣r❡✈❡♥t❡❞ t❤✐s✳ ❆♥❞ ❛❢t❡r ✶✾✼✻✱ ❛ ♣♦♣✉❧❛r ♦♣✐♥✐♦♥ ✐s t❤❛t t❤❡ r✐❝❤❡st t❡❛♠s ❞♦

❡①❛❝t❧② t❤✐s✿ ♣❛② t❤❡ ❤✐❣❤❡st s❛❧❛r✐❡s t♦ t❤❡ ❜❡st ♣❧❛②❡rs ✭r❡❛❞ ◆❡✇ ❨♦r❦ ❨❛♥❦❡❡s✮✳

❩✐♠❜❛❧✐st ✭✶✾✾✷❜✮ ✜♥❞s ❡✈✐❞❡♥❝❡ ❢♦r t❤✐s ❤②♣♦t❤❡s✐s ✐♥ ▼▲❇ ❜② ❜r❡❛❦✐♥❣ ❤✐s s❛♠♣❧❡ ✐♥t♦

❡①♣❡r✐❡♥❝❡ ❝❛t❡❣♦r✐❡s ❝♦♥s✐st❡♥t ✇✐t❤ ♣❧❛②❡r ❜❛r❣❛✐♥✐♥❣ ❧❡✈❡r❛❣❡✳ P❧❛②❡rs ✇✐t❤ ❧❡ss t❤❛♥ t❤r❡❡

②❡❛rs ❡①♣❡r✐❡♥❝❡✱ ✇❤♦ ✇❡r❡ ♥♦t ❡❧✐❣✐❜❧❡ ❢♦r ❛r❜✐tr❛t✐♦♥ ♦r ❢r❡❡ ❛❣❡♥❝②✱ ❝♦♠♣r✐s❡ t❤❡ ✜rst ❣r♦✉♣✳

❚❤❡ s❡❝♦♥❞ ❣r♦✉♣ ✇❡r❡ ♣❛②❡rs ✇✐t❤ ✸✲✺ ②❡❛rs ♦❢ ❡①♣❡r✐❡♥❝❡✱ t❤♦s❡ ✇❤♦ q✉❛❧✐✜❡❞ ❢♦r ❛r❜✐tr❛t✐♦♥

❜✉t ♥♦t ❢r❡❡ ❛❣❡♥❝②✳ ❚❤❡ ✜♥❛❧ ❣r♦✉♣ ❤❛❞ s✐① ♦r ♠♦r❡ ②❡❛rs ❡①♣❡r✐❡♥❝❡✱ t❤✉s q✉❛❧✐❢②✐♥❣ ❢♦r

❢r❡❡ ❛❣❡♥❝②✳ ❍❡ ❢♦✉♥❞ ❛ str♦♥❣ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ s❛❧❛r② ❛♥❞ ❜❛r❣❛✐♥✐♥❣ ♣♦✇❡r✱ ❛s

♠❡❛s✉r❡❞ ❜② ❡①♣❡r✐❡♥❝❡ ❧❡✈❡❧✳

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

❞❡t❡r♠✐♥✐♥❣ ♣❧❛②❡r s❛❧❛r✐❡s ❞✉r✐♥❣ t❤❡ ❋r❡❡ ❆❣❡♥❝② ❡r❛✱ ✐♥❝❧✉❞✐♥❣ ❑r❛✉t♠❛♥♥ ❛♥❞ ❖♣♣❡♥✲

❤❡✐♠❡r ✭✷✵✵✷✮✱ ❑❛❤♥ ✭✶✾✾✸✮ ❛♥❞ ▼❛❝❉♦♥❛❧❞ ❛♥❞ ❘❡②♥♦❧❞s ✭✶✾✾✹✮✳ ❚❤❡s❡ st✉❞✐❡s ✐♥❝♦r♣♦r❛t❡

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

♦❢ ❝♦♥tr❛❝t ❛♥❞ ❛r❜✐tr❛t✐♦♥ ❡❧✐❣✐❜❧❡✱ ❢r❡❡ ❛❣❡♥t ❡❧✐❣✐❜❧❡✱ ❛♥❞ ✜♥❛❧ ②❡❛r ♦❢ ❝♦♥tr❛❝t✳

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

♠♦st ✐♠♣♦rt❛♥t ❢♦r s❛❧❛r② ❞❡t❡r♠✐♥❛t✐♦♥✱ ❛♥❞ t❤❡ ❛♣♣r♦♣r✐❛t❡ str✉❝t✉r❛❧ ❢♦r♠ ❢♦r t❤❡s❡

✈❛r✐❛❜❧❡s ✐♥ ❛ r❡❣r❡ss✐♦♥ r❡❧❛t✐♦♥s❤✐♣✳ ❋♦r ❡①❛♠♣❧❡✱ ▼❛❝❉♦♥❛❧❞ ❛♥❞ ❘❡②♥♦❧❞s ✭✶✾✾✹✮ ✉s❡

r✉♥s s❝♦r❡❞ ❛♥❞ ❊❘❆ ✐♥st❡❛❞ ♦❢ t❤❡ s❧✉❣❣✐♥❣ ❛✈❡r❛❣❡ ❛♥❞ ✇❛❧❦s✲t♦✲str✐❦❡♦✉t r❛t✐♦ ♠❡❛s✉r❡s

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

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

❑r❛✉t♠❛♥♥ ✭✶✾✾✾✮ ✜♥❞s t❤❛t ❛ ♣❧❛②❡r✬s ❞❡❢❡♥s✐✈❡ ♣♦s✐t✐♦♥ ✐s ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐♥ ❞❡✲

t❡r♠✐♥✐♥❣ s❛❧❛r②✳ ❍❡ ✜♥❞s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❞✉♠♠② ✈❛r✐❛❜❧❡s t❤❛t s✉❣❣❡st✱ ❛❧❧ ❡❧s❡

r❡♠❛✐♥✐♥❣ ❡q✉❛❧✱ s❤♦rtst♦♣s ❛♥❞ ❝❛t❝❤❡rs r❡❝❡✐✈❡ ❤✐❣❤❡r s❛❧❛r✐❡s t❤❛♥ ♣❧❛②❡rs ❛t ♦t❤❡r ♣♦s✐✲

t✐♦♥s✳ ❑r❛✉t♠❛♥♥✱ ●✉st❛❢s♦♥✱ ❛♥❞ ❍❛❞❧❡② ✭✷✵✵✸✮ ❢✉rt❤❡r s❤♦✇ t❤❛t ❛ ♣✐t❝❤❡r✬s r♦❧❡ ✭st❛rt❡rs✱

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

s❛❧❛r✐❡s✳ ❲❤❡♥ s♣❧✐tt✐♥❣ t❤❡✐r s❛♠♣❧❡ ♦❢ ♣✐t❝❤❡rs ❛❧♦♥❣ t❤❡s❡ r♦❧❡s✱ t❤❡② ✜♥❞ ❊❘❆ ❛♥❞ ❑✴■P

✐♠♣♦rt❛♥t ❢♦r st❛rt✐♥❣ ♣✐t❝❤❡rs❀ ✇✐♥s✱ ❑✴■P✱ ❧❡❢t✲❤❛♥❞❡❞ ❞✉♠♠②✱ ❛♥❞ t❡❛♠ t♦t❛❧ r❡✈❡♥✉❡

✐♠♣♦rt❛♥t ❢♦r ❧♦♥❣ r❡❧✐❡✈❡rs❀ ❛♥❞ ❊❘❆✱ ❙❛✈❡s✱ ❛♥❞ ■P ✐♠♣♦rt❛♥t ❢♦r ❝❧♦s❡rs✳ ❚❤❡② s✉❣❣❡st

✶✶P❛❣❡ ✺✻✾✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✾

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

r❡✈❡♥✉❡✱ ❧❡❢t② ❞✉♠♠②✱ ❊❘❆✱ ✇✐♥s✱ s❛✈❡s✱ ■P✱ ❑✴■P✱ ❛♥❞ ❞✉♠♠✐❡s ❢♦r r❡❧✐❡✈❡rs ❛♥❞ st♦♣♣❡rs

❛❧❧ s✐❣♥✐✜❝❛♥t✳

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

✇✐t❤ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s✳ ❍♦❛❣❧✐♥ ❛♥❞ ❱❡❧❧❡♠❛♥ ✭✶✾✾✺✮ ✜♥❞ t❤❛t s❛❧❛r② ❞♦❡s ♥♦t ✐♥❝r❡❛s❡

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

♦r ❡✈❡♥ ❜❡tt❡r ❛s ❛ ♣✐❡❝❡✇✐s❡ ❧✐♥❡❛r ♣❛tt❡r♥✱ ✇❤❡r❡ s❛❧❛r② ❣r♦✇s ❧✐♥❡❛r❧② ❢♦r t❤❡ ✜rst s❡✈❡♥

②❡❛rs ♦❢ ❡①♣❡r✐❡♥❝❡ ❛♥❞ ❧❡✈❡❧s ♦✛ ❛❢t❡r t❤❛t✳ ❋♦rt ✭✶✾✾✷✮ ✜♥❞s t❤❛t ❡①♣❡r✐❡♥❝❡ ❛♥❞ ❛❣❡ ❛r❡

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

♦❜✈✐♦✉s ❝♦rr❡❧❛t✐♦♥✳ ❇♦t❤ ❛❣❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡ ❛✛❡❝t ♣❧❛②❡rs ♠♦st ❛t t❤❡ ❡❛r❧② ❛♥❞ ❧❛t❡r st❛❣❡s

♦❢ t❤❡✐r ❝❛r❡❡rs✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ❛♥ ❡①tr❛ ②❡❛r ♦❢ ❛❣❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡ ❛r❡ ♠♦r❡ s✐❣♥✐✜❝❛♥t t♦

②♦✉♥❣❡r ♣❧❛②❡rs ✭♣♦s✐t✐✈❡❧②✮ ❛♥❞ ♦❧❞❡r ♣❧❛②❡rs ✭♥❡❣❛t✐✈❡❧②✮✳ ❋♦rt ✭✶✾✾✷✮ ❛❧s♦ ✜♥❞s ❡✈✐❞❡♥❝❡

t❤❛t r❡❝❡♥t ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r s❛❧❛r② ❞❡t❡r♠✐♥❛t✐♦♥ t❤❛♥ ❝❛r❡❡r✲

t♦✲❞❛t❡ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s✳

❇✉r❣❡r ❛♥❞ ❲❛❧t❡rs ✭✷✵✵✸✮ ✜♥❞ ❡✈✐❞❡♥❝❡ t❤❛t ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈❛r✐❛❜❧❡s ❤❛✈❡ ❜❡❡♥ ✐♠✲

♣♦rt❛♥t ✐♥ ❞❡t❡r♠✐♥✐♥❣ s❛❧❛r② ✐♥ t❤❡ ❋r❡❡ ❆❣❡♥❝② ❡r❛✳ ❚❤❡② ✜♥❞ t❤❛t ♠❛r❦❡t s✐③❡ ❛♥❞ t❡❛♠

♣❡r❢♦r♠❛♥❝❡ ✐♥t❡r❛❝t t♦ ✐♥❝r❡❛s❡ t❤❡ ▼❘P ❛♥❞ t❤✉s t❤❡ s❛❧❛r② ♦❢ ♣❧❛②❡rs ♦♥ ✇✐♥♥✐♥❣ t❡❛♠s

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

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

t♦ ♣❛② ♠♦r❡ ❢♦r ❢r❡❡ ❛❣❡♥ts✳

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

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

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

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

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

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

✜✈❡ ②❡❛rs✳ ❋♦rt ✭✶✾✾✷✮ ✉s❡❞ ❛ t❡♥ ②❡❛r ♣❡r✐♦❞✳ ❍❛✉♣❡rt ✭✷✵✵✾✮✱ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ◆❡✇

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

✈❛r✐❛❜❧❡✱ ✇✐♥ s❤❛r❡s✳

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

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✵

t❤❛♥ ❛❧❧ ♣r❡✈✐♦✉s st✉❞✐❡s✱ ❜❡❣✐♥♥✐♥❣ ✐♥ ✶✾✶✶ ❛♥❞ ❣♦✐♥❣ t❤r♦✉❣❤ ✶✾✼✸ ✇❤❡♥ t❤❡ r❡s❡r✈❡ ❝❧❛✉s❡

❡r❛ ❡♥❞❡❞✱ ❛ ♣❡r✐♦❞ s♣❛♥♥✐♥❣ ♠❛❥♦r ❡✈❡♥ts s✉❝❤ ❛s t❤❡ ●r❡❛t ❉❡♣r❡ss✐♦♥ ❛♥❞ t✇♦ ✇♦r❧❞ ✇❛rs✳

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

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

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

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

✹ ▼❡t❤♦❞♦❧♦❣②

✹✳✶ ❉❛t❛

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

t❤❡ r❡s❡r✈❡ ❝❧❛✉s❡ ❡r❛✳ ❲❡ ❜❡❣✐♥ ✇✐t❤ ❛♥♥✉❛❧ s❛❧❛r② ❞❛t❛ ❢♦r ✹✵✸ ♣✐t❝❤❡rs s♣❛♥♥✐♥❣ ✻✸ ②❡❛rs

❢r♦♠ ✶✾✶✶ t❤r♦✉❣❤ ✶✾✼✸ ✭❢♦r ❛ t♦t❛❧ ♦❢ ✷✶✸✷ ♦❜s❡r✈❛t✐♦♥s✮✳ ❚❤❡ t♦♣ ♣❛♥❡❧ ♦❢ ❋✐❣✉r❡ ✶ s❤♦✇s

t❤❡ ❛✈❡r❛❣❡ ♥♦♠✐♥❛❧ s❛❧❛r② ❢♦r ❡❛❝❤ ②❡❛r ✐♥ t❤❡ s❛♠♣❧❡✳ ❙✐♥❝❡ s❛❧❛r✐❡s ❣r♦✇ ❡①♣♦♥❡♥t✐❛❧❧②✱

t❤❡ ♠✐❞❞❧❡ ♣❛♥❡❧ ♦❢ t❤❡ ✜❣✉r❡ s❤♦✇s t❤❡ ❧♦❣ ♦❢ t❤❡ ❛✈❡r❛❣❡ ♥♦♠✐♥❛❧ s❛❧❛r② ❛❧♦♥❣ ✇✐t❤ ❛ ❧✐♥❡❛r

tr❡♥❞ ❧✐♥❡✱ ❛♥❞ t❤❡ ❜♦tt♦♠ ♣❛♥❡❧ s❤♦✇s t❤❡ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ❧♦❣ s❛❧❛r② ❢r♦♠ t❤❡ tr❡♥❞✳

❆ ❝❛s✉❛❧ ❧♦♦❦ ❛t t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ ❧♦❣✲s❛❧❛r② ❢r♦♠ t❤❡ ❧✐♥❡❛r tr❡♥❞ r❡✈❡❛❧s t❤❛t t❤❡ ❛✈❡r❛❣❡

❣r♦✇t❤ ♦❢ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ♣❧❛②❡rs✬ s❛❧❛r✐❡s ✐s ♥♦t ❝♦♥st❛♥t ❞✉r✐♥❣ t❤❡ r❡s❡r✈❡ ❡r❛✱ ❛♥❞

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

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

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

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

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

s❤♦rt✲❧✐✈❡❞ ❞✐♣s ✐♥ s❛❧❛r② ♦❢ s✐♠✐❧❛r ♠❛❣♥✐t✉❞❡ ♦❝❝✉rr✐♥❣ ✐♥ t❤❡ ❡❛r❧② ✶✾✶✵s ❛♥❞ ❧❛t❡ ✶✾✺✵s✳

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

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

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

s❛❧❛r② ❛♥❞ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✳

❊①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✇❡ ❝♦♥s✐❞❡r ❛r❡ ❡①♣❡r✐❡♥❝❡ ✭♠❡❛s✉r❡❞ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ②❡❛rs ✐♥

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✶

♦❢ ❣❛♠❡s ♣❧❛②❡❞ ✭❲✴●✮✱ ❡❛r♥❡❞ r✉♥ ❛✈❡r❛❣❡ ✭❊❘❆✮✱ ❛♥❞ t❤❡ r❛t✐♦ ♦❢ str✐❦❡♦✉ts t♦ ✐♥♥✐♥❣s

♣✐t❝❤❡❞ ✭❑✴■P✮✳ ❚❤❡r❡ ❛r❡ ♠❛♥② ♦t❤❡r ♣❡r❢♦r♠❛♥❝❡ st❛t✐st✐❝s ♦♥❡ ❝♦✉❧❞ ✐♥❝❧✉❞❡✱ s✉❝❤ ❛s

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

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

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

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

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

♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ ❙❝✉❧❧② ✭✶✾✼✹✮ r❡♣♦rts s✐♠✐❧❛r ♠✉❧t✐❝♦❧✐♥❡❛r✐t② ♣r♦❜❧❡♠s ✐♥ ❤✐s ❛♥❛❧②s✐s✳

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

♠❡❛s✉r❡s ❜❡st ❡①♣❧❛✐♥ s❛❧❛r②✱ ❜✉t ❥✉st t♦ s❡❡ t❤❡ ✐♠♣❛❝t ♦♥ s❛❧❛r② ♦❢ ♣❡r❢♦r♠❛♥❝❡ ❛s ❛ ✇❤♦❧❡

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

✹✳✷ ▼♦❞❡❧

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

❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s t♦ ❡✈♦❧✈❡ ♦✈❡r t✐♠❡✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ ♠♦❞❡❧ ❛❧❧♦✇s ❢♦r ♠♦r❡ t❤❛♥ ♦♥❡

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

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

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

❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❜❡✐♥❣ r❡❧❛t❡❞ t♦ ❡❛❝❤ ♦t❤❡r ✇✐t❤ ❛ s♣❡❝✐✜❝ r❡❣r❡ss✐♦♥ ❧✐♥❡✳ ❊①♦❣❡♥♦✉s

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

❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✈❛r✐❡s ♦✈❡r t✐♠❡ ❢♦r r❡❛s♦♥s t❤❛t ❛r❡ ❡✐t❤❡r ✉♥♠❡❛s✉r❛❜❧❡ ♦r ✉♥❦♥♦✇♥✱

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

♠❡t❤♦❞s ❛r❡ ♣r❡❢❡r❛❜❧❡ t♦ ♦t❤❡r t✐♠❡✲✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥t ♠❡t❤♦❞s✶✷ ✇❤❡♥ ❝❤❛♥❣❡s ♠❛② ♥♦t

❜❡ ❝♦♥t✐♥✉♦✉s ♦r ❣r❛❞✉❛❧✱ ❜✉t ♦❝❝✉r s✉❞❞❡♥❧② ❛♥❞ ❛r❡ ♣♦ss✐❜❧② ❧♦♥❣ ❧❛st✐♥❣✳

❲❡ ❡♠♣❧♦② ❛ ▼❛r❦♦✈✲s✇✐t❝❤✐♥❣ r❡❣✐♠❡ ❛♣♣r♦❛❝❤ t❤❛t ✐s ♣♦♣✉❧❛r ✐♥ t❤❡ ♠❛❝r♦❡❝♦♥♦♠✐❝s

❧✐t❡r❛t✉r❡✱ ❞❡s❝r✐❜❡❞ ❜② ❑✐♠ ✭✶✾✾✹✮ ❛♥❞ ✐♥ ❞❡♣t❤ ❜② ❑✐♠ ❛♥❞ ◆❡❧s♦♥ ✭✶✾✾✾❜✮✳✶✸ ❚❤❡ ♠❡t❤♦❞

✶✷❲✐t❤ t✐♠❡ s❡r✐❡s ❞❛t❛✱ ❛ ❑❛❧♠❛♥ ✜❧t❡r ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ ❛ ♠♦❞❡❧ ✇✐t❤ t✐♠❡✲✈❛r②✐♥❣ r❡❣r❡ss✐♦♥
❝♦❡✣❝✐❡♥ts✱ ✇❤❡r❡ t❤❡ ❝♦❡✣❝✐❡♥ts ♠❛② ❡✈♦❧✈❡ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ♦✇♥ ❛✉t♦r❡❣r❡ss✐✈❡ ♣r♦❝❡ss ❛♥❞✴♦r ❞❡♣❡♥❞
♦♥ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✳ ❙❡❡ ❍❛♠✐❧t♦♥ ✭✶✾✽✾✮✱ ❈❤❛♣t❡r ✶✸ ❢♦r ❛ ❢♦✉♥❞❛t✐♦♥ ❢♦r str✉❝t✉r✐♥❣ ❛♥❞ ❡st✐♠❛t✐♥❣
s✉❝❤ ♠♦❞❡❧s✳

✶✸❑✐♠ ❛♥❞ ◆❡❧s♦♥ ✭✶✾✾✾❛✮ ✉s❡ t❤❡ ♠❡t❤♦❞ t♦ ✜♥❞ r❡❣✐♠❡ s✇✐t❝❤❡s ✐♥ t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ s❤♦❝❦s t❤❛t ❞r✐✈❡
t❤❡ ❜✉s✐♥❡ss ❝②❝❧❡✳ ▼❛♥② ❛✉t❤♦rs ❛❢t❡r ❤✐♠ ❤❛✈❡ ✉s❡❞ ✐t t♦ ❞❡t❡❝t ❝❤❛♥❣❡s ✐♥ ♠♦♥❡t❛r② ♣♦❧✐❝② ❛♥❞✴♦r
♠❛❝r♦❡❝♦♥♦♠✐❝ ✈♦❧❛t✐❧✐t②✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✷

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

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

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

❧♦♥❣✲❧❛st✐♥❣ r❡❣✐♠❡s✱ ❛❧❧♦✇✐♥❣ ❢♦r ❛ q✉✐t❡ ✢❡①✐❜❧❡ ✜t t♦ t❤❡ ❞❛t❛✳ ■t ✐s ❢♦r t❤✐s r❡❛s♦♥ t❤❡

▼❛r❦♦✈✲s✇✐t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ✇❛s ❝❤♦s❡♥ ♦✈❡r ❝♦♠♣❡t✐♥❣ ♠❡t❤♦❞s s✉❝❤ ❛s ❇❛✐ ❛♥❞ P❡rr♦♥

✭✶✾✾✽✮✱ ✇❤✐❝❤ r❡str✐❝ts t❤❡ ♥✉♠❜❡r ♦❢ r❡❣✐♠❡ ❝❤❛♥❣❡s ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ ✉♥✐q✉❡

r❡❣✐♠❡s ❛❧❧♦✇❡❞✳

❈♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ st❛♥❞❛r❞ ✭♥♦ s✇✐t❝❤✐♥❣✮ ♣♦♦❧❡❞ ♣❛♥❡❧ r❡❣r❡ss✐♦♥ ♠♦❞❡❧✱

yi,t = x′

i,tβ + ei,t, ei,t ∼ N (0, σ2), ✭✶✮

✇❤❡r❡ s✉❜s❝r✐♣t i ❞❡♥♦t❡s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ▼▲❇ ♣✐t❝❤❡r✱ s✉❜s❝r✐♣t t ❞❡♥♦t❡s ❛ ❣✐✈❡♥ t✐♠❡ ♣❡r✐♦❞✱

yi,t ✐s t❤❡ ♦❜s❡r✈❡❞ ✈❛❧✉❡ ❢♦r t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❢♦r ✐♥❞✐✈✐❞✉❛❧ i ❛t t✐♠❡ t✱ xi,t ✐s ❛ ✈❡❝t♦r

♦❢ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s t❤❛t ❝❛♥ ✐♥❝❧✉❞❡ ❛ ❝♦♥st❛♥t ❢♦r ✐♥❞✐✈✐❞✉❛❧ i ❛t t✐♠❡ t✱ β ✐s ❛ ✈❡❝t♦r

♦❢ ❝♦❡✣❝✐❡♥ts✱ ❛♥❞ ei,t ✐s ❛♥ ✐♥❞❡♣❡♥❞❡♥t❧② ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞ ❡rr♦r t❡r♠ ✇✐t❤ ✈❛r✐❛♥❝❡

❣✐✈❡♥ ❜② σ2✳✶✹ ❋♦r ♦✉r ❛♣♣❧✐❝❛t✐♦♥✱ yi,t ❞❡♥♦t❡s t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ s❛❧❛r②❀ ❛♥❞ xi,t ✐♥❝❧✉❞❡s

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

♣❧❛②❡rs✬ ❛❣❡✱ ❛❣❡ sq✉❛r❡❞✱ ♣❧❛②❡rs✬ ②❡❛rs ♦❢ ❡①♣❡r✐❡♥❝❡✱ ❡①♣❡r✐❡♥❝❡ sq✉❛r❡❞✱ ❛♥❞ ♦♥❡ ②❡❛r

❧❛❣❣❡❞ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s✿ ❲✴●✱ ❊❘❆✱ ❛♥❞ ❑✴■P✳

❆ s✐♥❣❧❡ r❡❣r❡ss✐♦♥ ❧✐♥❡✱ t❤❛t ✐s ❛ s✐♥❣❧❡ s❡t ♦❢ ❡st✐♠❛t❡s ❢♦r t❤❡ ❝♦❡✣❝✐❡♥ts ✐♥ β ❛♥❞ t❤❡

✈❛r✐❛♥❝❡ σ2✱ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ ♦r❞✐♥❛r② ❧❡❛st sq✉❛r❡s ✭❖▲❙✮✳ ❲❡ ❡①t❡♥❞ t❤✐s ♠♦❞❡❧ ❜②

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

yi,t = x′

i,tβ(st) + ei,t, ei,t ∼ N (0, σ2(st)), ✭✷✮

✇❤❡r❡ st ∈ {1, 2, .., S} ❞❡♥♦t❡s ✇❤✐❝❤ st❛t❡✱ ♦r r❡❣✐♠❡✱ t❤❡ r❡❣r❡ss✐♦♥ r❡❧❛t✐♦♥s❤✐♣ ✐s ✐♥ ❛t

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

β(st) = βk ✐❢ ❛♥❞ ♦♥❧② ✐❢ st = k❀ ❛♥❞ t❤❡ ✈❛r✐❛♥❝❡ ✐s ❣✐✈❡♥ ❜② σ2(st) = σ2
k ✐❢ ❛♥❞ ♦♥❧② ✐❢ st = k✳

❲❡ ❝♦♥s✐❞❡r ❛ ♠♦❞❡❧ ✇✐t❤ ♦♥❧② t✇♦ r❡❣✐♠❡s ✭S = 2✮✳ ❲❤❡♥ t❤❡ ❧❡❛❣✉❡ ✐s ✐♥ ❘❡❣✐♠❡

✶✹❋♦r t❤❡ st❛♥❞❛r❞ ♣♦♦❧❡❞ ♣❛♥❡❧ r❡❣r❡ss✐♦♥ ♠♦❞❡❧✱ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ❡rr♦r t❡r♠ ✐s ♥♦r♠❛❧❧② ❞✐s✲
tr✐❜✉t❡❞ ✐s ♥♦t ♥❡❝❡ss❛r②✳ ❲❡ ♠❛❦❡ t❤✐s ❛ss✉♠♣t✐♦♥ ❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ❜❡❝❛✉s❡ ✐t ✇✐❧❧ ❜❡
♥❡❝❡ss❛r② ✐♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ t❤❡ r❡❣✐♠❡ s✇✐t❝❤✐♥❣ ♣❛♥❡❧ ♠♦❞❡❧ ❜② ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✸

✶✱ t❤❡ r❡❣r❡ss✐♦♥ r❡❧❛t✐♦♥s❤✐♣ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ♣❛r❛♠❡t❡rs β1 ❛♥❞ σ2
1❀ ✇❤❡♥ t❤❡ ❧❡❛❣✉❡

✐s ✐♥ ❘❡❣✐♠❡ ✷✱ t❤❡ r❡❣r❡ss✐♦♥ r❡❧❛t✐♦♥s❤✐♣ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ♣❛r❛♠❡t❡rs β2 ❛♥❞ σ2
2✳ ❚❤❡

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

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

t❤❡ ♣r❡✈✐♦✉s t✐♠❡ ♣❡r✐♦❞✳ ▲❡t t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❡ ❧❡❛❣✉❡ ✐s ✐♥ ❘❡❣✐♠❡ ✶✱ ❣✐✈❡♥ ✐t ✇❛s ✐♥

❘❡❣✐♠❡ ✶ ✐♥ t❤❡ ♣r❡✈✐♦✉s ♣❡r✐♦❞✱ ❜❡ ❣✐✈❡♥ ❜② p ∈ (0, 1)❀ ❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❡ ❧❡❛❣✉❡ ✐s ✐♥

❘❡❣✐♠❡ ✷✱ ❣✐✈❡♥ ✐t ✇❛s ✐♥ ❘❡❣✐♠❡ ✷ ✐♥ t❤❡ ♣r❡✈✐♦✉s ♣❡r✐♦❞✱ ❜❡ ❣✐✈❡♥ ❜② q ∈ (0, 1)✳ ❚❤❡s❡

tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s ❛r❡ ❡st✐♠❛t❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥ts ❛♥❞ ❡rr♦r t❡r♠

✈❛r✐❛♥❝❡ ❢♦r ❡❛❝❤ r❡❣✐♠❡✳

▲❡t Etst = [P (st = 1) P (st = 2)]′ ❞❡♥♦t❡ t❤❡ t✐♠❡ t ❡①♣❡❝t❡❞ st❛t❡✱ t❤❛t ✐s t❤❡ ❡①♣❡❝t❡❞

♣r♦❜❛❜✐❧✐t② t❤❛t t❤❡ ❧❛❜♦r ♠❛r❦❡t ✐s ✐♥ ❡❛❝❤ ♣♦ss✐❜❧❡ r❡❣✐♠❡✱ ✇❤❡r❡ P (st = 1)+P (st = 2) = 1✳

●✐✈❡♥ t❤❡ ▼❛r❦♦✈ tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s p ❛♥❞ q✱ t❤❡ ❡①♣❡❝t❡❞ st❛t❡ ❡✈♦❧✈❡s ❛❝❝♦r❞✐♥❣ t♦✱

Etst =







p (1− p)

(1− q) q






Etst−1

◆♦t❡ ✇❡ ✐♠♣♦s❡ t❤❡ str✉❝t✉r❡ t❤❛t st ❤❛s ♥♦ i s✉❜s❝r✐♣t✳ ❚❤✐s ✐♠♣❧✐❡s ❛❧❧ ♣❧❛②❡rs ✐♥

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

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

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

✐♥ ♣❧❛②❡rs ❜❛r❣❛✐♥✐♥❣ ♣♦✇❡r ❝❛♥ ✐♥✢✉❡♥❝❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s✳ ❋✐♥❛❧❧②✱

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

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

♦❝❝✉rr❡❞✳ ❚❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ▼❛r❦♦✈ s✇✐t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ❛❧❧♦✇s ✉s t♦ ❞❡t❡❝t ✇❤❡t❤❡r ❛♥❞

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

✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳

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

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

❤❛❞ r❡❧❛t✐✈❡❧② ❧♦✇ ✈❛❧✉❡✳ ❆❞♠✐tt❡❞❧②✱ ❝♦♥s✐❞❡r✐♥❣ ♦♥❧② t✇♦ r❡❣✐♠❡s ✐s ❛ s✐♠♣❧✐✜❝❛t✐♦♥ t♦ ❛❝✲

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

t❤♦✉❣❤ t❤❡ ❡♥❞ ♦❢ ❲♦r❧❞ ❲❛r ■■ ♠❛② ❜❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ♦♥❡ r❡❣✐♠❡✱ ✐t s❡❡♠s ✉♥❧✐❦❡❧② t❤❛t



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✹

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

✐❞❡♥t✐❝❛❧✳ ❚❤❛t ✐s✱ ✐t ✐s ✉♥❧✐❦❡❧② t❤❡ s❛♠❡ s❡t ♦❢ ❝♦❡✣❝✐❡♥ts s❤♦✉❧❞ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♣❡r✐♦❞

♣r✐♦r t♦ ✶✾✸✸ ❛♥❞ t❤❡ ♣❡r✐♦❞ ❛❢t❡r ✶✾✹✻✱ s✐♠♣❧② ❜❡❝❛✉s❡ t❤❡ ♣❡r✐♦❞ ❢r♦♠ ✶✾✸✸✲✶✾✹✻ ♠❛② ❜❡

❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ✉♥✐q✉❡ s❡t ♦❢ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥ts✳ ❆ t✇♦✲r❡❣✐♠❡ ♠♦❞❡❧ ♠❛❦❡s t❤❡ ❡st✐✲

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

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

❜❡ ❛ s✐❣♥✐✜❝❛♥t ❞❡❣r❡❡ ♦❢ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥ts ❢r♦♠ ❞✐✛❡r❡♥t r❡❣✐♠❡s✳

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

t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s t♦ ❡st✐♠❛t❡✳ ❚❤❡ t✇♦✲r❡❣✐♠❡ ♠♦❞❡❧ ✐s s✉✣❝✐❡♥t t♦ ❛❞❞r❡ss ♦✉r q✉❛❧✐t❛t✐✈❡

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

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

s✉✣❝✐❡♥t t♦ ♣r❡❝✐s❡❧② q✉❛♥t✐❢② t❤❡ ✐♠♣❛❝t ♦❢ ❡❛❝❤ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ♦♥ s❛❧❛r② ♦✈❡r s✉❝❤ ❛

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

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

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

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

❍❛♠✐❧t♦♥ ✭✶✾✽✾✮ ❞❡s❝r✐❜❡s ❛ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ♣r♦❝❡❞✉r❡ ❢♦r ❡st✐♠❛t✐♥❣ ❛ r❡❣✐♠❡ s✇✐t❝❤✐♥❣

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

✐♥ ❆♣♣❡♥❞✐① ❆✳

✺ ❘❡s✉❧ts

❚❛❜❧❡ ✶ s❤♦✇s t❤❡ r❡❣✐♠❡ s✇✐t❝❤✐♥❣ r❡❣r❡ss✐♦♥ ❛♥❞ ❖▲❙ r❡❣r❡ss✐♦♥ ✭s✐♥❣❧❡ r❡❣r❡ss✐♦♥ ❧✐♥❡✱ ♥♦

r❡❣✐♠❡ s✇✐t❝❤✐♥❣✮ r❡s✉❧ts ❢♦r ❝♦♠♣❛r✐s♦♥✳ ❚❤❡ ❖▲❙ r❡s✉❧ts ✐♥❞✐❝❛t❡ ❛❧❧ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s

s✐❣♥✐✜❝❛♥t❧② ❡①♣❧❛✐♥ ▼❛❥♦r ▲❡❛❣✉❡ s❛❧❛r✐❡s✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s ❤❛✈❡ t❤❡ ❡①♣❡❝t❡❞

s✐❣♥s✿ ❊❘❆ ✐s ♥❡❣❛t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✱ ❛♥❞ ❑✴■P ❛♥❞ ❲✴● ❛r❡ ♣♦s✐t✐✈❡ ❛♥❞

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

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

s♦♥② ♣♦✇❡r ♦❢ ▼▲❇ t❡❛♠ ♦✇♥❡rs✳

❚❤❡ ♦t❤❡r ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ♦✛❡r ❛❞❞✐t✐♦♥❛❧ ✐♥s✐❣❤t ✐♥t♦ ❤♦✇ ♣❧❛②❡rs✬ s❛❧❛r✐❡s ❡✈♦❧✈❡✳

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✺

❚❤❡ ♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥t ♦♥ ❛❣❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ ❝♦❡✣❝✐❡♥t ♦♥ ❛❣❡ sq✉❛r❡❞ ❛♥❞

❡①♣❡r✐❡♥❝❡ sq✉❛r❡❞ ✐♥❞✐❝❛t❡ t❤❡r❡ ✐s str♦♥❣ ❡✈✐❞❡♥❝❡ t❤❛t ❛❣❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡ ❡❛❝❤ ❤❛✈❡ t❤❡✐r

♦✇♥ r♦❧❡ ✐♥ ❞❡t❡r♠✐♥✐♥❣ s❛❧❛r②✱ ❞❡s♣✐t❡ t❤❡ ♦❜✈✐♦✉s ❧❛r❣❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥✳ ❚❤❡ r❡❣r❡ss✐♦♥

❝♦❡✣❝✐❡♥ts ♦♥ ❛❣❡ ❛♥❞ ❛❣❡ sq✉❛r❡❞ s✉❣❣❡st t❤❛t ♣❧❛②❡rs s❛❧❛r✐❡s ❣r♦✇ ✇✐t❤ ❛❣❡ ✉♥t✐❧ t❤❡②

r❡❛❝❤ ❛❣❡ ✷✾✳✽ ❛♥❞ t❤❡♥ ❜❡❣✐♥ t♦ ❞❡❝❧✐♥❡✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦♥ ❡①♣❡r✐❡♥❝❡ ❛♥❞ ❡①♣❡r✐❡♥❝❡

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

r❛t❡ ❛♥❞ ❜❡❣✐♥s t♦ ❞❡❝❧✐♥❡ ♦♥❧② ❛❢t❡r ✷✷✳✵ ②❡❛rs ♦❢ ❡①♣❡r✐❡♥❝❡✳

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

s❛♠♣❧❡✳ ❚❤❡ ❝♦❧✉♠♥s ✬❘❡❣✐♠❡ ✶✬ ❛♥❞ ✬❘❡❣✐♠❡ ✷✬ r❡♣♦rt t❤❡ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥ts ✐♥ ❡❛❝❤

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

st❛♥❞❛r❞ ❡rr♦rs ❛♥❞ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡✳ ❚❤❡r❡ ✐s ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ r❡❣✐♠❡s ✐♥ t❤❡ ✐♠♣❛❝t ♦❢ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡s ❑✴■P ❛♥❞ ❊❘❆✱

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

✷ ♣❧❛②❡rs s❛❧❛r✐❡s ♠♦r❡ ❤❡❛✈✐❧② ❞❡♣❡♥❞ ♦♥ r❡❝❡♥t ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦♥ ❊❘❆ ✐s

✲✵✳✵✵✷✸ ✐♥ ❘❡❣✐♠❡ ✶ ✈❡rs✉s ✲✵✳✵✶✵✶ ✐♥ ❘❡❣✐♠❡ ✷✱ ✇❤✐❝❤ ✐s ♠♦r❡ t❤❛♥ ❢♦✉r t✐♠❡s ❧❛r❣❡r ✐♥

♠❛❣♥✐t✉❞❡ ✐♥ ❘❡❣✐♠❡ ✷ t❤❛♥ ❘❡❣✐♠❡ ✶✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦♥ ❑✴■P ❛❧s♦ ✐♥❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧②

✐♥ ♠❛❣♥✐t✉❞❡✱ ♠♦r❡ t❤❛♥ ❞♦✉❜❧✐♥❣ ❢r♦♠ ✵✳✶✽✻✻ ✐♥ ❘❡❣✐♠❡ ✶ t♦ ✵✳✹✹✻✶ ✐♥ ❘❡❣✐♠❡ ✷✳ ❚❤❡

✐♠♣❛❝t ♦❢ t❤❡ ✜♥❛❧ ♣❡r❢♦r♠❛♥❝❡ ✈❛r✐❛❜❧❡✱ ❲✴●✱ ❞♦❡s ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② ❜❡t✇❡❡♥ t❤❡ t✇♦

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

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

❢❛❝t♦r ❜❡❤✐♥❞ s❛❧❛r② ✐♥ ❘❡❣✐♠❡ ✷✳

❚❤❡ ❝♦❡✣❝✐❡♥ts ♦♥ ❛❣❡ ❛♥❞ ❛❣❡ sq✉❛r❡❞ s✉❣❣❡st t❤❡ ✐♠♣❛❝t ♦❢ ❛❣❡ ♦♥ s❛❧❛r② ✐s ❧❡ss

✐♠♣♦rt❛♥t ✐♥ ❘❡❣✐♠❡ ✷✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ✐♠♣❧② ♣❧❛②❡rs s❛❧❛r✐❡s ❜❡❣✐♥ t♦ ❞❡❝❧✐♥❡ ✇✐t❤ ❛❣❡ ❛t

❛❣❡ ✸✶✳✺ ✐♥ ❘❡❣✐♠❡ ✶ ❛♥❞ ❛❣❡ ✷✾✳✹ ✐♥ ❘❡❣✐♠❡ ✷✳ ❚❤❡ s♠❛❧❧❡r sq✉❛r❡❞ t❡r♠ ✐♥ ❘❡❣✐♠❡ ✷

❛❧s♦ ✐♥❞✐❝❛t❡s ❛ s♠❛❧❧❡r ❛s❝❡♥t ♦❢ s❛❧❛r② ✉♣ t♦ ❛❣❡ ✷✾✳✹ ❛♥❞ ❛ s♠❛❧❧❡r ❞❡s❝❡♥t ❛❢t❡r t❤✐s ❛❣❡✳

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

✐♠♣♦rt❛♥t✳

❋✐♥❛❧❧②✱ t❤❡ ❝♦♥st❛♥t t❡r♠ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ✐♥ ❘❡❣✐♠❡ ✷ ✇❤✐❝❤ ♠❡❛♥s

❛❝❝♦✉♥t✐♥❣ ❢♦r ❛❧❧ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✱ t❤❡ r❡❧❛t✐✈❡❧② ❣r❡❛t❡r ✐♠♣♦rt❛♥❝❡ ❢♦r ✐♥❞✐✈✐❞✉❛❧

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

✐♥ ❘❡❣✐♠❡ ✷✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✻

❚❤❡ ❘✲sq✉❛r❡❞ ✈❛❧✉❡s ❛t t❤❡ ❜♦tt♦♠ ♦❢ ❚❛❜❧❡ ✶ s❤♦✇ ❛ ❤✐❣❤ ❞❡❣r❡❡ ♦❢ ❡①♣❧❛♥❛t♦r② ♣♦✇❡r

❢♦r ❜♦t❤ t❤❡ ❖▲❙ ❛♥❞ r❡❣✐♠❡ s✇✐t❝❤✐♥❣ r❡❣r❡ss✐♦♥s✳ ❲❡ ❛❧s♦ ❝♦♠♣✉t❡ ❛ ♣s❡✉❞♦ ❘✲sq✉❛r❡❞

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

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

✈❛❧✉❡ ✐s ❣✐✈❡♥ ❜②✱

Ps❡✉❞♦ R2

RS/OLS =
SSEOLS − SSERS

SSEOLS

, ✭✸✮

✇❤❡r❡ SSEOLS ❛♥❞ SSERS ❛r❡ t❤❡ s✉♠ ♦❢ sq✉❛r❡❞ ❡rr♦r ♠❡❛s✉r❡s ❢♦r t❤❡ ❖▲❙ ❛♥❞ r❡❣✐♠❡

s✇✐t❝❤✐♥❣ r❡❣r❡ss✐♦♥ ♠♦❞❡❧s✱ r❡s♣❡❝t✐✈❡❧②✳ ❙✐♥❝❡ t❤❡ s✐♥❣❧❡ r❡❣✐♠❡ ♠♦❞❡❧ ✭❖▲❙✮ ✐s ❛ s♣❡❝✐❛❧

❝❛s❡ ♦❢ t❤❡ ♠♦r❡ ❣❡♥❡r❛❧ t✇♦✲r❡❣✐♠❡ s✇✐t❝❤✐♥❣ ♠♦❞❡❧ ✭❘❙✮✱ ✐t ❢♦❧❧♦✇s t❤❛t SSEOLS ≥ SSERS

❛♥❞ t❤❡s❡ ✇✐❧❧ ❜❡ ❡q✉❛❧ ♦♥❧② ✇❤❡♥ t❤❡ r❡❣✐♠❡ s✇✐t❝❤✐♥❣ str✉❝t✉r❡ ❛❞❞s ③❡r♦ ❡①♣❧❛♥❛t♦r②

♣♦✇❡r✳ ❚❤❡ ✈❛❧✉❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✶ ✐♥❞✐❝❛t❡s ❛❜♦✉t ✶✹✪ ♦❢ t❤❡ ✉♥❡①♣❧❛✐♥❡❞ ✈❛r✐❛❜✐❧✐t② ✐♥

t❤❡ st❛♥❞❛r❞ ❖▲❙ r❡❣r❡ss✐♦♥ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ t✇♦✲r❡❣✐♠❡ ♠♦❞❡❧✳

❍❛♠✐❧t♦♥ ✭✶✾✽✾✮ ❞❡s❝r✐❜❡s ❛ s♠♦♦t❤✐♥❣ ♠❡t❤♦❞ ❢♦r ❡st✐♠❛t✐♥❣ t❤❡ t✐♠✐♥❣ ♦❢ r❡❣✐♠❡

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

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

✐♥ ❆♣♣❡♥❞✐① ❇✳ ❋✐❣✉r❡ ✷ s❤♦✇s ❛ ♣❧♦t ♦❢ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❡ ❧❛❜♦r ♠❛r❦❡t ✐s ✐♥ ❘❡❣✐♠❡ ✷ ♦✈❡r

t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚❤❡ ❡st✐♠❛t❡❞ ♣r♦❜❛❜✐❧✐t✐❡s ❛r❡ ❛❧✇❛②s ✈❡r② ❝❧♦s❡ t♦ ✵✳✵ ✭❤✐❣❤ ❧✐❦❡❧✐❤♦♦❞

✐♥ ❘❡❣✐♠❡ ✶✮ ♦r ✈❡r② ❝❧♦s❡ t♦ ✶✳✵ ✭❤✐❣❤ ❧✐❦❡❧✐❤♦♦❞ ✐♥ ❘❡❣✐♠❡ ✷✮✱ ✐♥❞✐❝❛t✐♥❣ ❢♦r ❡✈❡r② ♣❡r✐♦❞

t❤❡r❡ ✐s ✈❡r② str♦♥❣ ❡✈✐❞❡♥❝❡ t❤❡ ❧❛❜♦r ♠❛r❦❡t ✐s ✐♥ t❤❡ ❣✐✈❡♥ r❡❣✐♠❡✳ ❚❛❜❧❡ ✷ s♣❡❧❧s ♦✉t

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

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

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

t✇♦ ②❡❛r r❡❝❡ss✐♦♥ ❢r♦♠ ❏❛♥✉❛r② ✶✾✶✸ ✲ ❉❡❝❡♠❜❡r ✶✾✶✹✳ ❚❤❡ ♠❛r❦❡t r❡t✉r♥s t♦ ❘❡❣✐♠❡ ✷ ✐♥

✶✾✶✼✱ ❜✉t ❛❣❛✐♥ s✇✐t❝❤❡s t♦ ❘❡❣✐♠❡ ✶ ✐♥ ✶✾✷✵ ✇❤❡♥ t❤❡ ❡❝♦♥♦♠② ❛❣❛✐♥ ❢❛❧❧s ✐♥t♦ r❡❝❡ss✐♦♥

✐♥ ❏❛♥✉❛r② ✶✾✷✵✳ ❚❤❡ ♠❛r❦❡t r❡♠❛✐♥❡❞ ✐♥ ❘❡❣✐♠❡ ✶ ❢r♦♠ ✶✾✷✵ t❤r♦✉❣❤ ✶✾✸✷✱ t❤r♦✉❣❤ t❤r❡❡

r❡❝❡ss✐♦♥s ❛♥❞ t❤❡ ♦♥s❡t ♦❢ t❤❡ ●r❡❛t ❉❡♣r❡ss✐♦♥✳

❆ ❝❤❛♥❣❡ t♦ ❘❡❣✐♠❡ ✷ ♦❝❝✉rs ✐♥ ✶✾✸✸ ❛♥❞ t❤❡ ❧❛❜♦r ♠❛r❦❡t r❡♠❛✐♥s ❤❡r❡ t❤r♦✉❣❤ t✇♦

♠♦r❡ r❡❝❡ss✐♦♥s ❛♥❞ t❤r♦✉❣❤ t❤❡ ❙❡❝♦♥❞ ❲♦r❧❞ ❲❛r ❛♥❞ ✉♥t✐❧ ✶✾✹✼✳ ❲❡ s❛✇ ❡❛r❧✐❡r t❤❛t

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

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✼

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

▼♦r❡♦✈❡r✱ ❛ ❤✐❣❤❡r ❝♦♥st❛♥t t❡r♠ ✐♥ ❘❡❣✐♠❡ ✷ ✐♥❞✐❝❛t❡s t❤❛t ❡✈❡♥ t❤♦✉❣❤ ❛♥ ❡①❝❧✉s✐✈❡ ❧♦♦❦ ❛t

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

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

❜❛s❡ ♣❛② ✇❛s ❛❝t✉❛❧❧② ❤✐❣❤❡r✳ ❆❢t❡r ✶✾✹✼ ❛♥❞ t❤r♦✉❣❤ t❤❡ ❡♥❞ ♦❢ t❤❡ r❡s❡r✈❡ ❝❧❛✉s❡✱ t❤❡

❧❛❜♦r ♠❛r❦❡t r❡t✉r♥❡❞ t♦ ❘❡❣✐♠❡ ✶ ❛♥❞ r❡♠❛✐♥❡❞ t❤❡r❡✱ ✇❤❡r❡ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ♣❛② ❛♥❞

♣❡r❢♦r♠❛♥❝❡ ✇❛s r❡❧❛t✐✈❡❧② s♠❛❧❧❡r✳

✻ ❈♦♥❝❧✉s✐♦♥

❚❤❡ r❡s❡r✈❡ ❝❧❛✉s❡ ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ❜♦✉♥❞ ♣❧❛②❡rs t♦ t❤❡✐r ♦r✐❣✐♥❛❧ ❡♠♣❧♦②❡r ❢♦r

t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡✐r ❜❛s❡❜❛❧❧ ❝❛r❡❡rs✳ ❚❤❡ ♦♣♣♦rt✉♥✐t② ❝♦st ❢♦r ♣❧❛②❡rs t♦ ♣❧❛② ✐♥ t❤❡ ▼❛❥♦r

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

❡✛❡❝t✐✈❡❧② ❜❛r❣❛✐♥ ❢♦r ❤✐❣❤❡r s❛❧❛r②✳ ❉❡s♣✐t❡ t❤❡ ❝♦♠♣❧❡t❡ ❡①♣❧✐❝✐t ❝♦♥tr♦❧ ♦✇♥❡rs ❤❛❞ ♦✈❡r

s❛❧❛r② ♥❡❣♦t✐❛t✐♦♥s✱ ✇❡ ✜♥❞ t❤❛t s❛❧❛r✐❡s ❞✐❞ ✐♥❞❡❡❞ ❞❡♣❡♥❞ ♦♥ ✐♥❞✐✈✐❞✉❛❧ ♣❧❛②❡rs✬ r❡❝❡♥t

♣❡r❢♦r♠❛♥❝❡✱ ❜✉t t❤❡r❡ ✇❡r❡ ❛ ♥✉♠❜❡r ♦❢ ❛❜r✉♣t ❝❤❛♥❣❡s ✐♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ s❛❧❛r②

❛♥❞ ✐ts ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❲❡ ❡♠♣❧♦② ❛ ✉♥✐q✉❡ ❛♥❞ ❡①t❡♥s✐✈❡

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

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

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

s✐❣♥✐✜❝❛♥t ❡✈✐❞❡♥❝❡ ❢♦r r❡❣✐♠❡ s✇✐t❝❤✐♥❣ ❛♥❞ ❛ ♠♦❞❡r❛t❡ ✐♥❝r❡❛s❡ ✐♥ ❡①♣❧❛♥❛t♦r② ♣♦✇❡r ✇❤❡♥

❡①t❡♥❞✐♥❣ ❛ st❛♥❞❛r❞ ✭s✐♥❣❧❡✲r❡❣✐♠❡✮ r❡❣r❡ss✐♦♥ ♠♦❞❡❧ t♦ ♦♥❡ t❤❛t ❛❧❧♦✇s ❢♦r t✇♦ r❡❣✐♠❡s✳

▼♦st ♥♦t❛❜❧②✱ ✇❡ ✜♥❞ ❛ ❧♦♥❣✲❧❛st✐♥❣ ♣❡r✐♦❞ ❢r♦♠ ✶✾✸✸✲✶✾✹✼ ✇❤❡♥ s❛❧❛r✐❡s ✇❡r❡ ♠♦r❡ ❤✐❣❤❧②

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

❤✐❣❤❡r ✇❤❡♥ ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❛♥❞ ✐ts ❝❤❛♥❣✐♥❣ ♥❛t✉r❡ ❛❝r♦ss r❡❣✐♠❡s✳

❆ ❋✐❧t❡r✐♥❣ Pr♦❝❡❞✉r❡

❍❛♠✐❧t♦♥ ✭✶✾✽✾✮ ❞❡s❝r✐❜❡s ❛♥ ✐t❡r❛t✐✈❡ ♣r♦❝❡❞✉r❡ t♦ ❡✈❛❧✉❛t❡ ❛ ❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥ ❢♦r ▼❛r❦♦✈

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

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



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✽

✇✐t❤ r❡❣✐♠❡ s✇✐t❝❤✐♥❣✱

yi,t = x′

i,tβ(st) + ei,t, ✭❆✶✮

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

✐s ❛ ✈❡❝t♦r ♦❢ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s t❤❛t ♠❛② ✐♥❝❧✉❞❡ ❜♦t❤ ✈❛r✐❛❜❧❡s t❤❛t ✈❛r② ❛❝r♦ss t✐♠❡

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

❜② st ∈ {1, .., S} ✇❤❡r❡ S ✐s t❤❡ ♥✉♠❜❡r ♦❢ r❡❣✐♠❡s✳ ❚❤❡ ✈❡❝t♦r ♦❢ ❝♦❡✣❝✐❡♥ts ✐s ❣✐✈❡♥ ❜②

β(st) = βk ✐❢ st = k✱ ❛♥❞ t❤❡ ❡rr♦r t❡r♠ ✐s ✐♥❞❡♣❡♥❞❡♥t❧② ❛♥❞ ✐❞❡♥t✐❝❛❧❧② ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞✱

ei,t ∼ N [0, σ(st)]✱ ✇❤❡r❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐s ❣✐✈❡♥ ❜② σ(st) = σk ✐❢ st = k✳ ❚❤❡ r❡❣✐♠❡

st❛t❡✱ st✱ ❡✈♦❧✈❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ▼❛r❦♦✈ ❝❤❛✐♥✱ P (st = k | st−1 = j,Ψt−1) = pjk✱ ✇❤❡r❡ pjk

❞❡♥♦t❡s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❡ ❡❝♦♥♦♠② s✇✐t❝❤❡s ❢r♦♠ st❛t❡ j t♦ st❛t❡ k ❛s t✐♠❡ ❡♥t❡rs ♣❡r✐♦❞

t ❛♥❞ ✐s ❛♥♦t❤❡r ♣❛r❛♠❡t❡r t♦ ❜❡ ❡st✐♠❛t❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♦t❤❡r r❡❣r❡ss✐♦♥ ♣❛r❛♠❡t❡rs✱ ❛♥❞

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

●✐✈❡♥ t❤❡ ❡rr♦r t❡r♠ ei,t ✐s ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞✱ ✐❢ st = k ✇❛s ❦♥♦✇♥✱ t❤❡ ♣r♦❜❛❜✐❧✐t②

❞❡♥s✐t② ❢✉♥❝t✐♦♥ ❢♦r yi,t ✐s ❣✐✈❡♥ ❜②✱

f(yi,t | st = k,Ψt−1) =
1

√

2πσ2
k

exp











−

(

yi,t − x′

i,tβk

)2

2σ2
k











. ✭❆✷✮

▲❡t f(yt | Ψt−1) ❞❡♥♦t❡ t❤❡ ❥♦✐♥t ✉♥❝♦♥❞✐t✐♦♥❛❧ ❞❡♥s✐t② ❢✉♥❝t✐♦♥ ❢♦r ❛❧❧ ♦❜s❡r✈❛t✐♦♥s ♦❢ t❤❡

❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ t✐♠❡ t✱ ✇❤❡r❡ yt ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ♦❜s❡r✈❛t✐♦♥s ❢♦r ❡✈❡r② ✐♥❞✐✈✐❞✉❛❧ ❛t

♣❡r✐♦❞ t✱ yt ≡ {y1,t, y2,t, ..., ynt,t}✱ ❛♥❞ nt ✐s t❤❡ ♥✉♠❜❡r ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❢♦r ✇❤✐❝❤ ❞❛t❛ ✐s ❛✈❛✐❧❛❜❧❡

❛t t✐♠❡ t✳ ❊❛❝❤ ✐t❡r❛t✐♦♥ ❜❡❣✐♥s ✇✐t❤ t❤❡ ✐♥♣✉t P (St−1 = j|Ψt−1) ❢♦r ❡✈❡r② j ∈ {1, ..., S} ❛♥❞

❤❛s t❤❡ ♦✉t♣✉t P (St = k|Ψt) ❛♥❞ t❤❡ ♣r♦❝❡ss r❡q✉✐r❡s ❛♥ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥ ❢♦r P (S0 = j)✳

❚❤❡ ✜❧t❡r✐♥❣ ♣r♦❝❡❞✉r❡ t❛❦❡s ❛s ❣✐✈❡♥ t❤❡ ♣❛r❛♠❡t❡rs βk✱ σk✱ ❛♥❞ pjk ❢♦r ❛❧❧ j, k✳ ▼❛①✐♠✉♠

❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ❢♦r t❤❡s❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ♠❛①✐♠✐③✐♥❣ t❤❡ ❥♦✐♥t ❞❡♥s✐t②

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

♣❛r❛♠❡t❡rs✳ ❚❤❡ ✜❧t❡r✐♥❣ ❛❧❣♦r✐t❤♠ ❢♦❧❧♦✇s t❤❡s❡ st❡♣s✿

• ❙t❡♣ ✶✿ ❋✐♥❞ ♣r♦❜❛❜✐❧✐t✐❡s ❢♦r ❜❡✐♥❣ ✐♥ ❡❛❝❤ r❡❣✐♠❡ ✐♥ t✐♠❡ t✱ ❣✐✈❡♥ ✐♥❢♦r♠❛t✐♦♥ ✉♣



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✶✾

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

P (st = k | Ψt−1) =
S
∑

j=0

P (st = k|st−1 = j)P (st−1 = j|Ψt−1),

✇❤❡r❡ P (st = k|st−1 = j) ≡ pjk ✐s t❤❡ ▼❛r❦♦✈ s✇✐t❝❤✐♥❣ ♣❛r❛♠❡t❡r✱ ❛♥❞ P (st−1 =

j|Ψt−1) ✐s ❦♥♦✇♥ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ✐t❡r❛t✐♦♥ ✭♦r ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥✮✳

• ❙t❡♣ ✷✿ ❊✈❛❧✉❛t❡ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❥♦✐♥t ❞❡♥s✐t② ❢✉♥❝t✐♦♥ f(yt | Ψt−1) ✇❤✐❝❤ ✐s ❝♦♠♣✉t❡❞

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

f(yt | st = k,Ψt−1) =
nt
∏

i=1

f(yi,t | st = k,Ψt−1),

f(yt | Ψt−1) =
S
∑

k=1

f(yt | st = k,Ψt−1)P (st = k | Ψt−1).

❚❤❡ ✜rst ❡q✉❛t✐♦♥ ✐s ✈❛❧✐❞ s✐♥❝❡ ei,t ❛♥❞ ei′,t ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ❢♦r i 6= i′✱ ❛♥❞ t❤❡ ❞❡♥s✐t②

f(yi,t | st = k,Ψt−1) ✐s ❣✐✈❡♥ ✐♥ ❡q✉❛t✐♦♥ ✭❆✷✮✳ ■♥ t❤❡ s❡❝♦♥❞ ❡q✉❛t✐♦♥ P (st = k | Ψt−1)

✐s ❣✐✈❡♥ ❢r♦♠ st❡♣ ✶✳

• ❙t❡♣ ✸✿ ❊✈❛❧✉❛t❡ t❤❡ ✉♣❞❛t❡❞ ♣r♦❜❛❜✐❧✐t② ❢♦r ❜❡✐♥❣ ✐♥ ❡❛❝❤ r❡❣✐♠❡ ✐♥ t✐♠❡ t✱ ❣✐✈❡♥

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

P (st = k | Ψt) = P (st = k | yt,Ψt−1) =
f(yt, st = k|Ψt−1)

f(yt|Ψt−1)

=
f(yt | st = k,Ψt−1)P (st = k|Ψt−1)

f(yt|Ψt−1)
,

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

✶ ❛♥❞ ✷✳

• ❙t❡♣ ✹✿ ❘❡t✉r♥ t♦ st❡♣ ✶ ✉♥t✐❧ t = T ✱ ✇❤❡r❡ T ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣❡r✐♦❞s ✐♥ t❤❡ s❛♠♣❧❡✳

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

f(yT |ΨT−1) =
T
∏

t=1

f(yt | Ψt−1), ✭❆✸✮

✇❤❡r❡ f(yt | Ψt−1) ✐s ❣✐✈❡♥ ❢r♦♠ st❡♣ ✷✳ ❚❛❦✐♥❣ ❧♦❣s✱ t❤✐s ❝❛♥ ❜❡ tr❛♥s❢♦r♠❡❞ t♦ t❤❡ ❧♦❣✲



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✷✵

❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥✱

l(yT ) =
T
∑

t=1

log (f(yt | Ψt−1)) . ✭❆✹✮

◆✉♠❡r✐❝❛❧ ♠❛①✐♠✐③❛t✐♦♥ ♠❡t❤♦❞s ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠❛①✐♠✐③❡ ❡q✉❛t✐♦♥ ✭❆✹✮ t♦ ♦❜t❛✐♥ ♠❛①✐✲

♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ❢♦r β(st) ❛♥❞ σ2(st) ❛♥❞ tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s pj,k✳

❇ ❙♠♦♦t❤✐♥❣ Pr♦❝❡❞✉r❡

❖♥❝❡ ❡st✐♠❛t❡s ❢♦r β(st)✱ σ
2(st) ❛♥❞ ❛❧❧ t❤❡ tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s ❛r❡ ♦❜t❛✐♥❡❞✱ ♦♥❡ ♠❛②

✉s❡ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ✜❧t❡r✐♥❣ ♠❡t❤♦❞ t♦ ♦❜t❛✐♥ s♠♦♦t❤❡❞ ❡st✐♠❛t❡s ❢♦r P (st = j|ΨT )✱

t❤❡ ❡①♣❡❝t❡❞ ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ ✐♥ ❡❛❝❤ st❛t❡ ❢♦r ❡✈❡r② ♣❡r✐♦❞ ✐♥ t❤❡ s❛♠♣❧❡✱ ✉s✐♥❣ ❛❧❧ t❤❡

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

❍❛♠✐❧t♦♥ ✭✶✾✽✾✮ ❛♥❞ ✐s ❞❡s❝r✐❜❡❞ ❛❣❛✐♥ ❤❡r❡ ❢♦r ❝♦♥✈❡♥✐❡♥❝❡✳

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

❝♦♠♣✉t❡s P (st = k|ΨT ) ❛s ✐ts ♦✉t♣✉t ❢r♦♠ ♣❡r✐♦❞ t = T − 1 t♦ t = 1✱ t❛❦✐♥❣ t❤❡ ♦✉t♣✉t ♦❢

t❤❡ ♣r❡✈✐♦✉s ✐t❡r❛t✐♦♥✱ P (st+1 = l|ΨT )✱ ❛s ❛♥ ✐♥♣✉t✳ ❚❤❡ st❛rt✐♥❣ ✈❛❧✉❡✱ P (sT = k|ΨT ) ✐s

❣✐✈❡♥ ❢r♦♠ t❤❡ ♦✉t♣✉t ♦❢ ❙t❡♣ ✸ ✐♥ t❤❡ ✜❧t❡r✐♥❣ ♣r♦❝❡❞✉r❡ ❛❜♦✈❡ ❢♦r t✐♠❡ t = T ✳

• ❙t❡♣ ✶✿ ❈♦♠♣✉t❡ ❝♦♥❞✐t✐♦♥❛❧ ❞❡♥s✐t② P (st = k|st+1 = l,Ψt) ❜❛s❡❞ ♦♥ ♦✉t♣✉t ❢r♦♠ t❤❡

✜❧t❡r✐♥❣ ♣r♦❝❡❞✉r❡✿

P (st = k|st+1 = l,Ψt) =
P (st = k, st+1 = l|Ψt)

P (st+1 = l|Ψt)
=

P (st = k, |Ψt)P (st+1 = l|st = k)

P (st+1 = l|Ψt)
.

❇♦t❤ P (st+1 = l|Ψt) ❛♥❞ P (st = k|Ψt) ✐♥ t❤❡ ❧❛st ❡①♣r❡ss✐♦♥ ❛r❡ ❦♥♦✇♥ ❢r♦♠ ❙t❡♣

✶ ♦❢ t❤❡ ✜❧t❡r✐♥❣ ♣r♦❝❡❞✉r❡ ❛♥❞ P (st+1 = l|st = k) ✐s t❤❡ ❦♥♦✇♥ ▼❛r❦♦✈ tr❛♥s✐t✐♦♥

♣r♦❜❛❜✐❧✐t②✳

• ❙t❡♣ ✷✿ ❆♣♣r♦①✐♠❛t❡ t❤❡ ❢✉❧❧ ✐♥❢♦r♠❛t✐♦♥ ❥♦✐♥t ❞❡♥s✐t② P (st = k, st+1 = l|ΨT ) ❛❝❝♦r❞✐♥❣

t♦✱

P (st = k, st+1 = l|ΨT ) = P (st+1 = l|ΨT )P (st = k|st+1 = l,ΨT )

≈ P (st+1 = l|ΨT )P (st = k|st+1 = l,Ψt).

■♥ t❤❡ s❡❝♦♥❞ ❡①♣r❡ss✐♦♥✱ P (st+1 = l|ΨT ) ✐s ❦♥♦✇♥ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ✐t❡r❛t✐♦♥ ♦❢ t❤❡



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✷✶

❧♦♦♣ ✭♦r t❤❡ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥✮ ❛♥❞ P (st = k|st+1 = l,Ψt) ✐s t❤❡ ♦✉t♣✉t ❢r♦♠ ❙t❡♣ ✶✳

• ❙t❡♣ ✸✿ ❚❤❡ ✉♥❝♦♥❞✐t✐♦♥❛❧ ❞❡♥s✐t② P (st = k|ΨT ) ✐s ❣✐✈❡♥ ❜②✱

P (st = k|ΨT ) =
S
∑

l=1

P (st = k, st+1 = l|ΨT ).

• ❙t❡♣ ✹✿ ❘❡t✉r♥ t♦ ❙t❡♣ ✶ ✉♥t✐❧ t❂✶✳



❘❡❣✐♠❡ ❙✇✐t❝❤✐♥❣ ❛♥❞ ❲❛❣❡s ✐♥ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧ ✷✷

❘❡❢❡r❡♥❝❡s

❇❛✐✱ ❏✳✱ ❛♥❞ P✳ P❡rr♦♥ ✭✶✾✾✽✮✿ ✏❊st✐♠❛t✐♥❣ ❛♥❞ ❚❡st✐♥❣ ▲✐♥❡❛r ▼♦❞❡❧s ✇✐t❤ ▼✉❧t✐♣❧❡

❙tr✉❝t✉r❛❧ ❈❤❛♥❣❡s✱✑ ❊❝♦♥♦♠❡tr✐❝❛✱ ✻✻✱ ✹✼✕✼✽✳

❇❛s❡❜❛❧❧✲❘❡❢❡r❡♥❝❡✳❝♦♠ ✭❆❝❝❡ss❡❞ ❏❛♥✉❛r② ✷✵✶✵✮✿

❤tt♣✿✴✴✇✇✇✳❜❛s❡❜❛❧❧✲r❡❢❡r❡♥❝❡✳❝♦♠✳

❇✉r❣❡r✱ ❏✳ ❉✳✱ ❛♥❞ ❙✳ ❏✳ ❑✳ ❲❛❧t❡rs ✭✷✵✵✸✮✿ ✏▼❛r❦❡t ❙✐③❡✱ P❛②✱ ❛♥❞ P❡r❢♦r♠❛♥❝❡✿ ❆

●❡♥❡r❛❧ ▼♦❞❡❧ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥ t♦ ▼❛❥♦r ▲❡❛❣✉❡ ❇❛s❡❜❛❧❧✱✑ ❏♦✉r♥❛❧ ♦❢ ❙♣♦rts

❊❝♦♥♦♠✐❝s✱ ✹✱ ✶✵✽✕✷✷✺✳

❋♦rt✱ ❘✳ ✭✶✾✾✷✮✿ ✏P❛② ❛♥❞ P❡r❢♦r♠❛♥❝❡✿ ■s t❤❡ ❋✐❡❧❞ ♦❢ ❉r❡❛♠s ❇❛rr❡♥❄✱✑ ✐♥ ❉✐❛♠♦♥❞s

❆r❡ ❋♦r❡✈❡r✿ ❚❤❡ ❇✉s✐♥❡ss ♦❢ ❇❛s❡❜❛❧❧✱ ❡❞✳ ❜② P✳ ▼✳ ❙♦♠♠❡rs✱ ♣♣✳ ✶✸✹✕✶✻✷✳ ❲❛s❤✐♥❣t♦♥

❉✳❈✳✿ ❇r♦♦❦✐♥❣s✳

❋r❛♥❦✱ ❘✳ ❍✳ ✭✶✾✽✹✮✿ ✏❆r❡ ❲♦r❦❡rs P❛✐❞ ❚❤❡✐r ▼❛r❣✐♥❛❧ Pr♦❞✉❝ts❄✱✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝
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1❆ t✐♠❡ ♣❡r✐♦❞ ✐s ✐❞❡♥t✐✜❡❞ ✐♥ ❛
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