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❆❜str❛❝t

❲❡ ✐♥tr♦❞✉❝❡ t❤❡ s♣❡❝✉❧❛t✐♦♥ ❡❧✐❝✐t❛t✐♦♥ t❛s❦ ✭❙❊❚✮ t♦ ♠❡❛s✉r❡ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s
♦❢ ✐♥❞✐✈✐❞✉❛❧s✳ ❚❤❡ r❡s✉❧t✐♥❣ ❙❊❚✲s❝♦r❡ ❛❧❧♦✇s ✉s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ r♦❧❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧ s♣❡❝✲
✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r ♦♥ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡t ❜✉❜❜❧❡s✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts s❤♦✇ t❤❛t
♦✈❡r♣r✐❝✐♥❣ ✐♥ ❛ss❡t ♠❛r❦❡ts ❝♦♠♣♦s❡❞ ♦❢ s✉❜❥❡❝ts ✇✐t❤ ❛ ❤✐❣❤ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ✭❤✐❣❤
❙❊❚✲s❝♦r❡✮ ✐s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ ✐♥ ♠❛r❦❡ts ❝♦♠♣♦s❡❞ ♦❢ s✉❜❥❡❝ts ✇✐t❤ ❛ ❧♦✇ ♣r♦♣❡♥✲
s✐t② t♦ s♣❡❝✉❧❛t❡ ✭❧♦✇ ❙❊❚✲s❝♦r❡✮✳ ❲❡ ❝♦♥❝❧✉❞❡ t❤❛t s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ❛r❡ ❛♥ ✐♠♣♦rt❛♥t
❞r✐✈❡r ♦❢ ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts✳

❑❡②✇♦r❞s✿ ❙♣❡❝✉❧❛t✐♦♥✱ ❊①♣❡r✐♠❡♥t❛❧ ❆ss❡t ▼❛r❦❡ts✱ ❋✐♥❛♥❝❡
❏❊▲✿ ❈✾✵✱ ❉✹✵✱ ❉✽✹✱ ●✶✵

❙✐♠✐❧❛r t♦ ◆✐❈❊ ❲♦r❦✐♥❣ P❛♣❡r ◆✐❈❊✶✺✲✵✷✱ ✇✇✇✳r✉✳♥❧✴♣✉❜❧✐s❤✴♣❛❣❡s✴✻✻✵✼✷✻✴♥✐❝❡✶✺✲✵✷✳♣❞❢



✶ ■♥tr♦❞✉❝t✐♦♥

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

❆ r✐❝❤ ❤✐st♦r② ♦❢ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧s ✐♥ t❤❡ ✜♥❛♥❝✐❛❧ ❧✐t❡r❛t✉r❡ s❤♦✇ t❤❛t s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s
♦❢ ✐♥✈❡st♦rs ❝❛♥ ❢✉❡❧ ❛ss❡t ❜✉❜❜❧❡s✳✶ ❊♠♣✐r✐❝❛❧❧②✱ ❤♦✇❡✈❡r✱ ✐t r❡♠❛✐♥s ❛ ❝❤❛❧❧❡♥❣❡ t♦ ✐❞❡♥t✐❢②
❛♥❞ t❡st t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s♣❡❝✉❧❛t♦rs✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ♦❢ ❛ss❡ts ❝❛♥♥♦t ❜❡
♦❜s❡r✈❡❞ ❞✐r❡❝t❧②✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✜♥❛♥❝❡ ❧✐t❡r❛t✉r❡ s♦❧✈❡s t❤✐s ♣r♦❜❧❡♠ ❜② ❦❡❡♣✐♥❣ ❜♦t❤ t❤❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ❛♥❞ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✢♦✇ ✉♥❞❡r ❞✐r❡❝t ❝♦♥tr♦❧ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❡r ✭❇❧♦♦♠✜❡❧❞
❛♥❞ ❆♥❞❡rs♦♥✱ ✷✵✶✵✮✳ ❇✉t ❡✈❡♥ ✐♥ ❝♦♥tr♦❧❧❡❞ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts ✐t r❡♠❛✐♥s ❛ ❝❤❛❧❧❡♥❣❡
t♦ ♦❜t❛✐♥ ❞❛t❛ ♦♥ s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r ❛♥❞ ✐ts ❡✛❡❝t ♦♥ ❛ss❡t ♠❛r❦❡t ♣r✐❝❡s✳ ❖♥❡ r❡❛s♦♥ ✐s t❤❛t
t❤❡ ♣r✐❝❡ ❢♦r♠❛t✐♦♥ ♣r♦❝❡ss ✐♥ ♠✉❧t✐✲♣❡r✐♦❞ ❝♦♥t✐♥✉♦✉s ❞♦✉❜❧❡ ❛✉❝t✐♦♥ ♠❛r❦❡ts ✐s ❞②♥❛♠✐❝ ❛♥❞
❡♥❞♦❣❡♥♦✉s✳ ❚❤✐s ❝♦♠♣❧✐❝❛t❡s t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✳

❉❡s♣✐t❡ ❛tt❡♠♣ts t♦ ✐❞❡♥t✐❢② s♣❡❝✉❧❛t♦rs ❡① ♣♦st ❞✉❡ t♦ t❤❡✐r tr❛❞✐♥❣ ❜❡❤❛✈✐♦r ✭s❡❡ ❢✉rt❤❡r
❜❡❧♦✇✮✱ t❤❡r❡ ✐s ♥♦ ❞✐r❡❝t ❡❧✐❝✐t❛t✐♦♥ ♠❡t❤♦❞ t♦ ♠❡❛s✉r❡ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ✐♥ ✐♥❞✐✈✐❞✉❛❧s✳
■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ♦✛❡r s✉❝❤ ❛ t❡st✱ t❤❡ ❙♣❡❝✉❧❛t✐♦♥ ❊❧✐❝✐t❛t✐♦♥ ❚❛s❦ ✭❙❊❚✮✳ ❚❤❡ ❙❊❚ ♠❡❛s✉r❡s
s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ✐♥ ❛ ♦♥❡ s❤♦t ❛ss❡t ♠❛r❦❡t s❡tt✐♥❣✱ ❜✉t ✇✐t❤♦✉t ♠❛r❦❡t ❢❡❡❞❜❛❝❦ t❤❛t
♠❛② ❝♦♥❢♦✉♥❞ ♣r✐❝❡ ❢♦r♠❛t✐♦♥✳ ❲❡ t❤❡♥ ✉s❡ t❤❡ r❡s✉❧t✐♥❣ ❙❊❚✲s❝♦r❡ t♦ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝t ♦❢
✐♥❞✐✈✐❞✉❛❧✬s s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ♦♥ ❜✉❜❜❧❡ ❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ❙♠✐t❤ ❡t ❛❧✳ ✭✶✾✽✽✮ ❛ss❡t ♠❛r❦❡t
❞❡s✐❣♥✳

❚❤❡ ❙❊❚ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ✐♥tr♦❞✉❝❡❞ ❜② ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮✳ ■t ✐♥✈♦❧✈❡s
❛♥ ❛ss❡t ❝♦♠♠♦♥❧② ❦♥♦✇♥ t♦ ❤❛✈❡ ③❡r♦ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ tr❛❞❡❞ ✐♥ ❛ s❡q✉❡♥t✐❛❧ ♠❛r❦❡t ✇✐t❤
t❤r❡❡ tr❛❞❡rs✳ ❆t ❡❛❝❤ ♣♦✐♥t ✐♥ t❤❡ s❡q✉❡♥❝❡✱ ❛♥ ✐♥❝♦♠✐♥❣ tr❛❞❡r ❝❤♦♦s❡s ❜❡t✇❡❡♥ ❡✐t❤❡r ✭✐✮
❛❝❝❡♣t✐♥❣ ❛ ❜✉② ♦✛❡r ❛♥❞ ♦✛❡r✐♥❣ ✐t t♦ t❤❡ ♥❡①t tr❛❞❡r ✐♥ ❧✐♥❡ ❛t ❛ ❤✐❣❤❡r ♣r✐❝❡✱ ♦r ✭✐✐✮ r❡❥❡❝t✐♥❣
t❤❡ ❜✉② ♦✛❡r✱ ❡✛❡❝t✐✈❡❧② ❧❡❛✈✐♥❣ t❤❡ ❝✉rr❡♥t ♦✇♥❡r st✉❝❦ ✇✐t❤ ❛ ✇♦rt❤❧❡ss ❛ss❡t✳ ❚❤❡ ❧❛st tr❛❞❡r
✐♥ t❤❡ s❡q✉❡♥❝❡ ❝❛♥♥♦t s❡❧❧ t❤❡ ❛ss❡t ❛♥②♠♦r❡✳ ❚❤✉s✱ ✇❤❡♥ ❜✉②✐♥❣ t❤❡ ❛ss❡t✱ tr❛❞❡rs s♣❡❝✉❧❛t❡
♦♥ ♥♦t ❜❡✐♥❣ ❧❛st ❛♥❞ ♦♥ ❜❡✐♥❣ ❛❜❧❡ t♦ s❡❧❧ ✐t t♦ t❤❡ ♥❡①t tr❛❞❡r ❛t ❛ ❤✐❣❤❡r ♣r✐❝❡✳ ❚r❛❞❡rs ❞♦
♥♦t ❦♥♦✇ t❤❡✐r ♣♦s✐t✐♦♥ ✐♥ t❤❡ ♠❛r❦❡t s❡q✉❡♥❝❡✱ ❜✉t t❤❡② r❡❝❡✐✈❡ ❛ s✐❣♥❛❧ ♦♥ t❤❡✐r ♣♦s✐t✐♦♥ ✐♥ t❤❡
❢♦r♠ ♦❢ t❤❡ ♣r✐❝❡ ♦✛❡r❡❞ t♦ t❤❡♠✿ t❤❡ ❤✐❣❤❡r t❤❡ ♣r✐❝❡✱ t❤❡ ❤✐❣❤❡r t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ ❧❛st
✐♥ t❤❡ s❡q✉❡♥❝❡✳ ❚❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ✐s ❛ s✐♠✐❧❛r ❣❛♠❡✲t❤❡♦r❡t✐❝ s♦❧✉t✐♦♥ ❛s t❤❡ ❝❡♥t✐♣❡❞❡ ❣❛♠❡✳
❉✉❡ t♦ ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥ ♥❡✐t❤❡r tr❛❞❡r ❜✉②s t❤❡ ❛ss❡t ❛♥❞ ❛ ♣r✐❝❡ ❜✉❜❜❧❡ ✐s ♥♦t ❛❜❧❡ t♦ ❢♦r♠✳

■♥ t❤❡✐r ❡①♣❡r✐♠❡♥ts✱ ❤♦✇❡✈❡r✱ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ✜♥❞ s✉❜st❛♥t✐❛❧ tr❛❞✐♥❣ ❛♥❞ ❛
✬s♥♦✇❜❛❧❧ ❡✛❡❝t✬✱ ✇❤❡r❡ t❤❡ ♣r♦♣❡♥s✐t② t♦ ❡♥t❡r ❜✉❜❜❧❡s ✐♥❝r❡❛s❡s ✐♥ t❤❡ r❡q✉✐r❡❞ ♥✉♠❜❡r ♦❢
r❡❛s♦♥✐♥❣ st❡♣s ❛♥❞ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♥♦t t♦ ❜❡ ❧❛st✳ ❚❤❡ ❛✉t❤♦rs ✐♥t❡r♣r❡t t❤❡ ❧❛tt❡r r❡s✉❧t
❛s ❡✈✐❞❡♥❝❡ ❢♦r s♦♠❡ ❡❧❡♠❡♥t ♦❢ r❛t✐♦♥❛❧✐t② ✐♥ s✉❜❥❡❝ts✬ ❞❡❝✐s✐♦♥ t♦ s♣❡❝✉❧❛t❡ ♦♥ ❤✐❣❤❡r ♣r✐❝❡s✳
▼♦r❡♦✈❡r✱ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ s❤♦✇ t❤❛t ❜✉②✐♥❣ ✐♥ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ❝❛♥ s♦❧✈❡ ❛♥ ✐♥❞✐✈✐❞✉❛❧
r❛t✐♦♥❛❧✐t② ❝♦♥❞✐t✐♦♥ ✭■❘❈✮✱ ✐✳❡✳✱ t❤❡ ✉t✐❧✐t② ♦❢ ❜✉②✐♥❣ ✐s ❧❛r❣❡r ♦r ❡q✉❛❧ t♦ t❤❡ ✉t✐❧✐t② ♦❢ ♥♦t ❜✉②✐♥❣✱
❛s ❧♦♥❣ ❛s t❤❡ ❜❡❧✐❡✈❡❞ ♣r♦❜❛❜✐❧✐t② ♦❢ s♦♠❡♦♥❡ ♥❡①t ✐♥ ❧✐♥❡ ❜✉②✐♥❣ ✐s ❧❛r❣❡ ❡♥♦✉❣❤✳ ❚❤✐s r❡❛s♦♥✐♥❣
✐s ❝❛♣t✉r❡❞ ❜② t❤❡ ◗✉❛♥t❛❧ ❘❡s♣♦♥s❡ ❊q✉✐❧✐❜r✐✉♠ ✭◗❘❊✮ ♠♦❞❡❧ ♦❢ ❘♦❣❡rs ❡t ❛❧✳ ✭✷✵✵✾✮ ✐♥ ✇❤✐❝❤
tr❛❞❡rs ❞❡♣❛rt ❢r♦♠ t❤❡ ♥♦✲❜✉❜❜❧❡ ◆❛s❤ ❡q✉✐❧✐❜r✐✉♠ ❞✉❡ t♦ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ❧❡ss t❤❛♥ ♣❡r❢❡❝t
♣❛②♦✛ r❡s♣♦♥s✐✈❡♥❡ss ♦❢ ♦t❤❡rs tr❛❞❡rs ❛♥❞ t❤❡ ✉♥❝❡rt❛✐♥t② ❝♦♥❝❡r♥✐♥❣ t❤✐s r❡s♣♦♥s✐✈❡♥❡ss✳ ❚❤✐s
♠❡❛♥s t❤❛t ❡✈❡♥ ❛t t❤♦s❡ ♣r✐❝❡s ❛t ✇❤✐❝❤ ❛ tr❛❞❡r ✐s s✉r❡ t♦ ❜❡ ❧❛st✱ ❤❡ ✐s st✐❧❧ ❜❡❧✐❡✈❡❞ t♦ ❜✉②
✇✐t❤ ❛ ❝❡rt❛✐♥ ♣r♦❜❛❜✐❧✐t②✳ ❙✐♥❝❡ t❤✐s ♣r♦❜❛❜✐❧✐t② ✐♥❝r❡❛s❡s ✐♥ t❤❡ ♦✛❡r❡❞ ♣r✐❝❡✱ t❤❡ ◗❘❊ ♣r❡❞✐❝ts
t❤❡ s♥♦✇❜❛❧❧ ❡✛❡❝t ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ✜♥❞ t❤❛t t❤❡ ◗❘❊ ♣r♦✈✐❞❡s t❤❡

✶❊❛r❧② ♣❛♣❡rs ❛ss✉♠✐♥❣ r❛t✐♦♥❛❧ ❡①♣❡❝t❛t✐♦♥s ❛♥❞ ❢✉❧❧ ✐♥❢♦r♠❛t✐♦♥ s✉❣❣❡st t❤❛t ✐♥✈❡st✐♥❣ ✐♥ ❛ ❣r♦✇✐♥❣ ❜✉❜❜❧❡
❝❛♥ ❜❡ r❛t✐♦♥❛❧ ✐❢ ❛ ♥✉♠❜❡r ♦❢ r❡str✐❝t✐♦♥s ♦♥ t❤❡ ❛ss❡t ❛♥❞ tr❛❞✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❛r❡ ♠❡t ✭s❡❡✱ ❡✳❣✳✱ ❇❧❛♥❝❤❛r❞
❛♥❞ ❲❛ts♦♥✱ ✶✾✽✸✮✳ ❙✉❜s❡q✉❡♥t ❤❡t❡r♦❣❡♥❡♦✉s ❛❣❡♥ts ♠♦❞❡❧s ✭❍❆▼✮✱ ✇❤✐❝❤ ❛❧❧♦✇ ❢♦r tr❛❞❡r ❤❡t❡r♦❣❡♥❡✐t② ✐♥
r❛t✐♦♥❛❧✐t② ❛♥❞✴♦r ✐♥❢♦r♠❛t✐♦♥✱ ❡❝❤♦ t❤✐s ❝♦♥❝❧✉s✐♦♥ ✭❋r♦♦t ❡t ❛❧✳✱ ✶✾✾✷❀ ▼❛❞r✐❣❛❧✱ ✶✾✾✻❀ ❍♦♥❣ ❛♥❞ ❙t❡✐♥✱ ✶✾✾✾✮✳
❍❡r❡✱ ❛ ❝❡♥tr❛❧ ✐❞❡❛ ✐s t❤❡ ✧❣r❡❛t❡r ❢♦♦❧ t❤❡♦r②✧ ✇❤❡r❡ ❛ss❡t ♣r✐❝❡s t❤❛t ❞❡✈✐❛t❡ ❢r♦♠ t❤❡✐r ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ❝❛♥
❜❡ ❥✉st✐✜❡❞ r❛t✐♦♥❛❧❧② ✉♥❞❡r t❤❡ ❜❡❧✐❡❢ t❤❛t ❛♥♦t❤❡r ♣❛rt② ✭❛ ❵❣r❡❛t❡r ❢♦♦❧✬ ♦r ❵♥♦✐s❡ tr❛❞❡r✬✮ ✐s ✇✐❧❧✐♥❣ t♦ ♣❛② ❛♥
❡✈❡♥ ❤✐❣❤❡r ♣r✐❝❡ ✭❉❡ ▲♦♥❣ ❡t ❛❧✳✱ ✶✾✾✵✮✳

✶



❜❡st ❡①♣❧❛✐♥❛t✐♦♥ ❢♦r t❤❡ ❜✉②✐♥❣ ❜❡❤❛✈✐♦r ✐♥ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t tr❛❞❡rs ❜❡❧✐❡✈❡
t❤❡✐r ❢❡❧❧♦✇ tr❛❞❡rs t♦ ♠❛❦❡ ♠✐st❛❦❡s✳✷ ❚❤✐s ✜♥❞✐♥❣ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ✬❣r❡❛t❡r ❢♦♦❧ t❤❡♦r②✬ ❜②
❉❡ ▲♦♥❣ ❡t ❛❧✳ ✭✶✾✾✵✮ ❛♥❞ ❛❧s♦ ❛♣♣❧✐❡s t♦ ♦✉r ❞❡✜♥✐t✐♦♥ ♦❢ s♣❡❝✉❧❛t✐♦♥ ✇❤❡r❡ ❛ tr❛❞❡r ❜✉②s ❛
✇♦rt❤❧❡ss ❛ss❡t ❜❛s❡❞ ♦♥ t❤❡ ❡①♣❡❝t❛t✐♦♥ t❤❛t ❛♥♦t❤❡r ✭♥♦✐s❡✮ tr❛❞❡r ❞♦✇♥ t❤❡ ❧✐♥❡ ♠✐st❛❦❡♥❧②
❜✉②s ❛t ❛♥ ❡✈❡♥ ❤✐❣❤❡r ♣r✐❝❡✳

❚♦ ♦❜t❛✐♥ t❤❡ ❙❊❚✲s❝♦r❡ ❢r♦♠ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡✱ ✇❡ ❡①♣❧♦✐t t❤❡ ❜✉❜❜❧❡ ❣❛♠❡✬s ♣r♦♣❡rt② ♦❢
♠♦♥♦t♦♥♦✉s❧② ❞❡❝r❡❛s✐♥❣ ♣r♦❜❛❜✐❧✐t✐❡s ♥♦t t♦ ❜❡ ❧❛st ❜② tr❛♥s❧❛t✐♥❣ t❤❡ s❡t ♦❢ ❜✉② ♦✛❡rs ✐♥t♦ ❛
s❝❛❧❡ ♠❡❛s✉r❡ ♦❢ t❤❡ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡✳✸ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥ ♦❢ ▼♦✐♥❛s
❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ✐♥ ✇❤✐❝❤ s✉❜❥❡❝ts ❞❡❝✐❞❡ ♦♥ ♦♥❧② ♦♥❡ ♣r✐❝❡✱ ✇❡ ❡❧✐❝✐t ❜✉② ♦r❞❡rs ❢♦r ❡✈❡r②
♣♦ss✐❜❧❡ ♣r✐❝❡✳ ■❢ s✉❜❥❡❝ts ❤❛✈❡ ❛ ❤✐❣❤ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ t❤❡② ❜✉② t❤❡ ❛ss❡t✱ ❡✈❡♥ ❛t ❛ ❤✐❣❤
♣r✐❝❡✳ ■❢ s✉❜❥❡❝ts ❤❛✈❡ ♥♦ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ t❤❡② ♥❡✈❡r ❜✉②✱ ♥♦t ❡✈❡♥ ❛t t❤❡ ❧♦✇❡st ♣r✐❝❡✳ ■♥
♦✉r ❡①♣❡r✐♠❡♥t❛❧ s❡tt✐♥❣✱ ❡❛❝❤ s✉❜❥❡❝t ❣♦❡s t❤r♦✉❣❤ ❛ ❧✐st ♦❢ ♣♦t❡♥t✐❛❧ ♣r✐❝❡s ❛♥❞ ❞❡❝✐❞❡s ✇❤❡t❤❡r
t♦ ❜✉② ♦r ♥♦t✳ ❙✉❜❥❡❝ts st❛rt ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣r✐❝❡ t♦ ♠❛❦❡ ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥ ♠♦r❡ s❛❧✐❡♥t✳
▼♦✈✐♥❣ ❞♦✇♥ t❤❡ ❧✐st✱ t❤❡ ✜rst ♣r✐❝❡ ❛t ✇❤✐❝❤ ❛ s✉❜❥❡❝t ✐s ✇✐❧❧✐♥❣ t♦ ❜✉② t❤❡ ❛ss❡t ❞❡t❡r♠✐♥❡s t❤❡
❙❊❚✲s❝♦r❡❀ ❛ ♠❡❛s✉r❡ ❢♦r t❤❡ s✉❜❥❡❝t✬s ♠❛①✐♠✉♠ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❧♦❣✐❝ ♦❢
t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ◗❘❊✱ ♣❡♦♣❧❡ ✇✐t❤ ❤✐❣❤ ❙❊❚✲s❝♦r❡s s❤♦✉❧❞ ❡①♣❡❝t ❤✐❣❤❡r ❡rr♦r r❛t❡s ❛♠♦♥❣st
t❤❡✐r ❢❡❧❧♦✇ ♣❛rt✐❝✐♣❛♥ts t❤❛♥ tr❛❞❡rs ✇✐t❤ ❧♦✇❡r ❙❊❚✲s❝♦r❡s✳ ❚❤✐s ❢♦❧❧♦✇s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ♦♥❧②
t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❤✐❣❤❡r ❡rr♦r r❛t❡s ♦❢ ♦t❤❡rs s❛t✐s✜❡s ❛ tr❛❞❡r✬s ■❘❈ ❢♦r ❜✉②✐♥❣ ❛t ❤✐❣❤ ♣r✐❝❡s✳

❚♦ t❡st ✇❤❡t❤❡r ❛♥❞ ❤♦✇ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ✐♠♣❛❝ts t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♣r✐❝❡
❜✉❜❜❧❡s ✐♥ ❛ss❡t ♠❛r❦❡ts✱ ✇❡ s♣❧✐t t❤❡ s✉❜❥❡❝t ♣♦♣✉❧❛t✐♦♥ ✐♥ ❙❊❚✲s❝♦r❡ t❡rt✐❧❡s ❛♥❞ ❛ss✐❣♥ ❡❛❝❤
t❡rt✐❧❡ t♦ ♦♥❡ ♦❢ t❤r❡❡ ✐♥❞❡♣❡♥❞❡♥t ❜✉t ♦t❤❡r✇✐s❡ s✐♠✐❧❛r ❙❙❲ ♠❛r❦❡ts✳✹ ❲❡ ❤②♣♦t❤❡s✐③❡ t❤❛t✱ ✐❢
s♣❡❝✉❧❛t✐♦♥ ♣❧❛②s ❛ r♦❧❡ ✐♥ ❞r✐✈✐♥❣ ❜✉❜❜❧❡s✱ ✇❡ s❤♦✉❧❞ ♦❜s❡r✈❡ s②st❡♠❛t✐❝❛❧❧② ❤✐❣❤❡r ♦✈❡r♣r✐❝✐♥❣
✐♥ ♠❛r❦❡ts ✇✐t❤ ❤✐❣❤ ❙❊❚✲s❝♦r❡s t❤❛♥ ✐♥ ♠❛r❦❡ts ✇✐t❤ ❧♦✇ ❙❊❚✲s❝♦r❡s✳ ❚❤❡ r❛t✐♦♥❛❧❡ ❜❡❤✐♥❞
t❤✐s ❤②♣♦t❤❡s✐s ♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤❡ ❙❊❚ ❛♥❞ t❤❡ ❙❙❲ ♠❛r❦❡t ❛r❡ ✈❡r② ♠✉❝❤ r❡❧❛t❡❞
✐♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥❛❧ ❛s♣❡❝ts✱ t❤❡ r❛t✐♦♥❛❧ ♦✉t❝♦♠❡ ❛s ✇❡❧❧ ❛s t❤❡ t❤♦✉❣❤t ♣r♦❝❡ss ♥❡❡❞❡❞ t♦ ❢♦r♠
s♣❡❝✉❧❛t✐✈❡ ❜✉❜❜❧❡s✿ ✐♥ ❜♦t❤ s❡tt✐♥❣s ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥ ❝♦✉♣❧❡❞ ✇✐t❤ ❢✉❧❧ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ❧❡❛❞s t♦ ❛ ♥♦✲❜✉❜❜❧❡ ◆❛s❤ ❡q✉✐❧✐❜r✐✉♠✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❧♦❣✐❝ ❜❡❤✐♥❞ t❤❡
◗❘❊ ❝❛♥ ♥♦t ♦♥❧② ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡✴❙❊❚ ❜✉t ❛❧s♦ t♦ ❜✉②✐♥❣ ❜❡❤❛✈✐♦r ✐♥ t❤❡ ❙❙❲✳

❙♣❡❝✐✜❝❛❧❧②✱ ❛s ✇✐t❤ t❤❡ ❙❊❚✱ ❜✉②✐♥❣ ❛♥ ❛ss❡t ❛❜♦✈❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✐♥ t❤❡ ❙❙❲
s❤♦✉❧❞ ♦♥❧② ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ t❤❡ ❛ss✉♠❡❞ ♣r♦❜❛❜✐❧✐t② ♦❢ r❡s❡❧❧✐♥❣ ❢♦r ❛ ❤✐❣❤❡r ♣r✐❝❡ ✐♥ ♦♥❡ ♦❢
t❤❡ s✉❜s❡q✉❡♥t ♣❡r✐♦❞s ✐s ❤✐❣❤ ❡♥♦✉❣❤ t♦ s❛t✐s❢② ❛ tr❛❞❡r✬s ■❘❈✳ ●✐✈❡♥ t❤❛t tr❛❞❡rs ✇✐t❤ ❤✐❣❤
❙❊❚✲s❝♦r❡s s❤♦✉❧❞ t❤❡♦r❡t✐❝❛❧❧② ❛ss✉♠❡ ❤✐❣❤❡r ❡rr♦r r❛t❡s ❛♠♦♥❣st t❤❡✐r ❢❡❧❧♦✇ ♣❛rt✐❝✐♣❛♥ts✱ t❤❡②
s❤♦✉❧❞ ❛❧s♦ ❜❡ ♠♦r❡ ✇✐❧❧✐♥❣ t♦ s♣❡❝✉❧❛t❡ ❛♥❞ ❜✉② ❛t ❤✐❣❤❡r ♣r✐❝❡s ✐♥ t❤❡ ❙❙❲✳ ❲❡ t❤❡r❡❢♦r❡ ❡①♣❡❝t
t♦ s❡❡ ❧❛r❣❡r ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ ❙❙❲ ♠❛r❦❡ts ♣♦♣✉❧❛t❡❞ ❜② ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤ ❤✐❣❤ ❙❊❚✲s❝♦r❡s t❤❛♥
✐♥ ♠❛r❦❡ts ♣♦♣✉❧❛t❡❞ ❜② ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤ ❧♦✇ ❙❊❚✲s❝♦r❡s✳✺

❖✉r r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ✈❛st ♠❛❥♦r✐t② ♦❢ s✉❜❥❡❝ts ✐s ✇✐❧❧✐♥❣ t♦ s♣❡❝✉❧❛t❡ ❢♦❧❧♦✇✐♥❣ t❤❡
❜❛❝❦✇❛r❞ s♥♦✇❜❛❧❧ ❡✛❡❝t ❞❡s❝r✐❜❡❞ ✐♥ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ❛ss❡t
♠❛r❦❡t ❡①♣❡r✐♠❡♥ts s❤♦✇ t❤❛t ❤✐❣❤ ❙❊❚ tr❛❞❡rs ❞r✐✈❡ ❛ss❡t ♠❛r❦❡t ❜✉❜❜❧❡s ❛s ♣r✐❝❡ ❞❡✈✐❛t✐♦♥s
❢r♦♠ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✐♥ t❤❡ ❤✐❣❤ ❙❊❚✲s❝♦r❡ ♠❛r❦❡ts ❛r❡ st❛t✐st✐❝❛❧❧② ❛♥❞ ❡❝♦♥♦♠✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ ✐♥ ❧♦✇ ❙❊❚✲s❝♦r❡ ♠❛r❦❡ts✳ ❚❤❡s❡ ✜♥❞✐♥❣s ✐♥❞✐❝❛t❡ ❛ str♦♥❣ ❧✐♥❦ ❜❡t✇❡❡♥

✷▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ❛❧s♦ ❛♣♣❧② ❛ ♥✉♠❜❡r ♦❢ ♦t❤❡r ❜❡❤❛✈✐♦r❛❧ ♠♦❞❡❧s t♦ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ❞❛t❛✱ ♥♦t❛❜❧②
t❤❡ t❤❡ ❆♥❛❧♦❣②✲❇❛s❡❞ ❊①♣❡❝t❛t✐♦♥ ❊q✉✐❧✐❜r✐✉♠ ♦❢ ❏❡❤✐❡❧ ✭✷✵✵✺✮ ❛♥❞ t❤❡ ❈♦❣♥✐t✐✈❡ ❍✐❡r❛r❝❤② ♠♦❞❡❧ ♦❢ ❈❛♠❡r❡r
❡t ❛❧✳ ✭✷✵✵✹✮✳ ❚❤❡s❡ ♠♦❞❡❧s ❛r❡ ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ t❤❡ ◗❘❊ ✐♥ s♣✐r✐t✱ ❜✉t ♣❡r❢♦r♠ ✇♦rs❡ ✐♥ ✜tt✐♥❣ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡
❞❛t❛✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ t❤❡r❡❢♦r❡ ❢♦❝✉s ♦♥ t❤❡ ◗❘❊ ♠♦❞❡❧✳

✸◆♦t❡ t❤❛t t❤✐s ✐s ♥♦t ♣♦ss✐❜❧❡ ✐♥ t❤❡ ❝❡♥t✐♣❡❞❡ ❣❛♠❡✱ ✇❤❡r❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♥♦t t♦ ❜❡ ❧❛st ✐s ❡q✉❛❧ t♦ ✶ ❢♦r
❡❛❝❤ ♥♦❞❡ ❡①❝❡♣t ❢♦r t❤❡ ❧❛st ♥♦❞❡ ✇❤❡r❡ ✐t ✐s ✵✳

✹❇② ❛ss✐❣♥✐♥❣ s✉❜❥❡❝ts t♦ ♠❛r❦❡ts ❜❛s❡❞ ♦♥ t❤❡✐r ❙❊❚✲s❝♦r❡ ✇❡ ❢♦❧❧♦✇ ❡❛r❧✐❡r st✉❞✐❡s t❤❛t ❝♦♠♣♦s❡❞ ♠❛r❦❡ts
❛❝❝♦r❞✐♥❣ t♦ tr❛❞❡r ❝❤❛r❛❝t❡r✐st✐❝s t♦ st✉❞② ❜✉❜❜❧❡ ❢♦r♠❛t✐♦♥✱ s✉❝❤ ❛s ♣r✐♦r ♠❛r❦❡t ❡①♣❡r✐❡♥❝❡ ✭❉✉❢✇❡♥❜❡r❣ ❡t ❛❧✳✱
✷✵✵✺✮ ♦r ❣❡♥❞❡r ✭❊❝❦❡❧ ❛♥❞ ❋ü❧❧❜r✉♥♥✱ ✷✵✶✺✮✳

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

✷



t❤❡ ❛✈❡r❛❣❡ ✐♥❞✐✈✐❞✉❛❧ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ✭❛✈❡r❛❣❡ ❙❊❚✲s❝♦r❡ ♦❢ tr❛❞❡rs✮ ❛♥❞ t❤❡ ❢♦r♠❛t✐♦♥
♦❢ ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ ❛ss❡t ♠❛r❦❡ts✳

❚❤✐s ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ ❛♥❞ ❝♦♠♣❧❡♠❡♥ts r❡❝❡♥t st✉❞✐❡s t❤❛t ❛tt❡♠♣t t♦ ✐❞❡♥t✐❢② tr❛❞❡r
t②♣❡s ❛♥❞ t❤❡✐r r♦❧❡ ✐♥ ❜✉❜❜❧❡s ✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts ❜② ❛♣♣❧②✐♥❣ s✐♠✉❧❛t✐♦♥s ♦r ❛ s❝♦r✐♥❣
♠❡t❤♦❞ t♦ ❙❙❲ tr❛❞✐♥❣ ❞❛t❛ ❡① ♣♦st ✭❍❛r✉✈② ❛♥❞ ◆♦✉ss❛✐r✱ ✷✵✵✻❀ ❇❛❣❤❡st❛♥✐❛♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❆❧t❤♦✉❣❤ t❤❡s❡ ❛♣♣r♦❛❝❤❡s ❛r❡ ✐♥t✉✐t✐✈❡✱ ✐t ✐s ✈❡r② ❞✐✣❝✉❧t t♦ ❞❡t❡❝t s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r ❡① ♣♦st
✐♥ ❙❙❲ ♠❛r❦❡ts✳ ❋✐rst✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❝♦♥tr♦❧ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ s♣❡❝✉❧❛t✐✈❡ tr❛❞❡rs ✐♥ t❤❡
♠❛r❦❡ts ❛s t❤✐s ♣r♦♣♦rt✐♦♥ ❝❛♥ ♦♥❧② ❜❡ ❞❡t❡❝t❡❞ ❛❢t❡r t❤❡ ❢❛❝t✳ ❙♣❡❝✉❧❛t✐✈❡ tr❛❞❡rs✱ ❤♦✇❡✈❡r✱
❝❛♥ ❜❡❤❛✈❡ ✈❡r② ❞✐✛❡r❡♥t❧②✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠❛r❦❡t✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❤❡♥
r❛♥❞♦♠❧② ♠❛t❝❤❡❞ ✇✐t❤ ♠❛♥② ❢✉♥❞❛♠❡♥t❛❧ tr❛❞❡rs✱ ❛ s♣❡❝✉❧❛t♦r ♠❛② ♥♦t ❤❛✈❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦
❡①❤✐❜✐t s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r✳ ❲❤❡♥ ✉s✐♥❣ ❛♥ ❡① ❛♥t❡ ❛♣♣r♦❛❝❤✱ ❛s ✐♥ t❤✐s ♣❛♣❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦
❝♦♥tr♦❧ ♠❛r❦❡t ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ ❛❝t✐✈❡❧② ❝r❡❛t❡ t❤❡ ♣♦ss✐❜✐❧✐t② ❢♦r s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r✳
❙❡❝♦♥❞✱ ❛♥ ❡① ♣♦st ❛♥❛❧②s✐s ♦❢ tr❛❞❡r t②♣❡s r❡q✉✐r❡s ✭❢r❡q✉❡♥t✮ tr❛❞✐♥❣ ✐♥ ❛ ♠✉❧t✐✲♣❡r✐♦❞ ❛ss❡t
♠❛r❦❡t ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❡♥♦✉❣❤ ❞❛t❛ ❢♦r t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♣r♦❝❡ss✳ ❆s tr❛❞✐♥❣ ❜❡❤❛✈✐♦r ✐♥ s✉❝❤
❛ss❡t ♠❛r❦❡t s❡t✉♣s ✐s ❤✐❣❤❧② ❡♥❞♦❣❡♥♦✉s✱ ♦❜s❡r✈❡❞ s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r ♠❛② ❝❤❛♥❣❡ ♦✈❡r ♣❡r✐♦❞s✳
❚❤✐s ❞②♥❛♠✐❝ ❝♦♠♣❧✐❝❛t❡s t❤❡ ❡① ♣♦st ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ s♣❡❝✉❧❛t✐✈❡ tr❛❞❡rs
✭❇❛❣❤❡st❛♥✐❛♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤❡ ❙❊❚✱ ✐♥ ❝♦♥tr❛st✱ ❛❧❧♦✇s t♦ ♠❡❛s✉r❡ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ✐♥ ❛
♦♥❡ s❤♦t s❡tt✐♥❣✱ ✇✐t❤♦✉t ❛♥② ❢❡❡❞❜❛❝❦ ❢r♦♠ ♦t❤❡r tr❛❞❡rs✳ ❚❤✐r❞✱ ✐t ✐s ❞✐✣❝✉❧t t♦ t❡st t❤❡ ✈❛❧✐❞✐t②
♦❢ ❡① ♣♦st tr❛❞❡r ❝❧❛ss✐✜❝❛t✐♦♥ ❢r♦♠ ❛ss❡t ♠❛r❦❡t ❜❡❤❛✈✐♦r ❛s t❤✐s r❡q✉✐r❡s r✉♥♥✐♥❣ ❛ s❡❝♦♥❞
❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡t ❛❢t❡r t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❤❛s t❛❦❡♥ ♣❧❛❝❡ ✐♥ ❛ ✜rst ♠❛r❦❡t✳ ❉♦✐♥❣ s♦✱
♦♥❡ ✇✐❧❧ ✐♥❤❡r❡♥t❧② r✉♥ ✐♥t♦ ♣r♦❜❧❡♠s ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡♣❡t✐t✐♦♥ ❡✛❡❝ts ♦❢ t❤❡ s❛♠❡ t❛s❦ ✭❍❛r✉✈②
❡t ❛❧✳✱ ✷✵✵✼✮✳ ❇❡❝❛✉s❡ ♦❢ t❤❡s❡ ❧✐♠✐t❛t✐♦♥s✱ t❤❡ q✉❡st✐♦♥ ✐❢ ❛♥❞ t♦ ✇❤❛t ❡①t❡♥❞ s♣❡❝✉❧❛t♦rs ❝❛✉s❡
❜✉❜❜❧❡s ❤❛s ♥♦t ②❡t ❜❡❡♥ ❛♥s✇❡r❡❞ ❝♦♥❝❧✉s✐✈❡❧②✳ ❲❡ ❛❞❞ t♦ t❤❡ ❝✉rr❡♥t ❧✐t❡r❛t✉r❡ ❜② ♣r♦✈✐❞✐♥❣
❞✐r❡❝t ❡①♣❡r✐♠❡♥t❛❧ ❡✈✐❞❡♥❝❡ t❤❛t ✐♥❞✐✈✐❞✉❛❧ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ✐♥❞❡❡❞ ✐♥❝r❡❛s❡ t❤❡ ❧✐❦❡❧✐❤♦♦❞
❢♦r tr❛❞✐♥❣ ❜❡❤❛✈✐♦r t❤❛t s✉♣♣♦rts ♣r✐❝❡ ❜✉❜❜❧❡s✳ ❲✐t❤ t❤❡ ❙❊❚ ✇❡ ❢✉rt❤❡r ♦✛❡r ❛ ♥❡✇ ❛♥❞ ❡❛s②✲
t♦✲✐♠♣❧❡♠❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❛s❦ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠❡❛s✉r❡ s✉❜❥❡❝ts✬ ✐♥❞✐✈✐❞✉❛❧ ♣r♦♣❡♥s✐t② t♦
s♣❡❝✉❧❛t❡✳

❚❤❡ ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✳ ■♥ s❡❝t✐♦♥ ✷ ✇❡ ♣r♦✈✐❞❡ ♦✉r ❣❡♥❡r❛❧ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣
❛♥❞ ♣r♦❝❡❞✉r❡s✳ ■♥ s❡❝t✐♦♥ ✸✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ❙❊❚✲❞❡s✐❣♥✱t❤❡ ❙❊❚✲s❝♦r❡✱ ❛♥❞ r❡♣♦rt t❤❡ ❡①♣❡r✲
✐♠❡♥t❛❧ r❡s✉❧ts✳ ■♥ s❡❝t✐♦♥ ✹✱ ✇❡ ❛ss✐❣♥ s✉❜❥❡❝ts✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡✐r ❙❊❚✲s❝♦r❡✱ t♦ t❤r❡❡ ❙❙❲
♠❛r❦❡ts ❛♥❞ ❞✐s❝✉ss t❤❡ r❡s✉❧ts✳ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳

✷ ●❡♥❡r❛❧ ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❡①♣❡r✐♠❡♥ts

❖✉r ❡①♣❡r✐♠❡♥t❛❧ s❡ss✐♦♥s ❝♦♥s✐st❡❞ ♦❢ t❤r❡❡ ♣❛rts t♦ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ❜❡❧♦✇✳ ■♥ ♣❛rt
♦♥❡✱ ✇❡ ❡❧✐❝✐t❡❞ t❤❡ ❙❊❚✲s❝♦r❡ ❛s ✇❡❧❧ ❛s s✉❜❥❡❝ts✬ ❜❡❧✐❡❢s ❝♦♥❝❡r♥✐♥❣ t❤❡ ❙❊❚✲s❝♦r❡s ♦❢ t❤❡ ♦t❤❡r
♣❛rt✐❝✐♣❛♥ts✳ ■♥ ♣❛rt t✇♦✱ s✉❜❥❡❝ts ✇✐t❤ ❤✐❣❤✱ ♠❡❞✐✉♠ ❛♥❞ ❧♦✇ ❙❊❚✲s❝♦r❡s tr❛❞❡❞ ✐♥ ❙❙❲ ❛ss❡t
♠❛r❦❡ts✳ ■♥ ♣❛rt t❤r❡❡✱ ✇❡ ❛❞♠✐♥✐st❡r❡❞ t❤❡ ❝♦❣♥✐t✐✈❡ r❡✢❡❝t✐♦♥ t❡st ✭❋r❡❞❡r✐❝❦✱ ✷✵✵✺✮ ✭❈❘❚✮✱ ❛
❧♦tt❡r② ❝❤♦✐❝❡ ❧✐st ✭❍♦❧t ❛♥❞ ▲❛✉r②✱ ✷✵✵✷✮✱ ❛ q✉❡st✐♦♥♥❛✐r❡ ✇✐t❤ ❝♦♥t❡①t ❞❡♣❡♥❞❡♥t r✐s❦ r❡❧❛t❡❞
q✉❡st✐♦♥s ✭❇♦♥✐♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ❛♥❞ q✉❡st✐♦♥s ♦♥ ❞❡♠♦❣r❛♣❤✐❝s✳ P❛rt ♦♥❡ ❛♥❞ t✇♦ ✇❡r❡ ❢✉❧❧②
✐♥❝❡♥t✐✈✐③❡❞✳ ■♥ ♣❛rt t❤r❡❡✱ t❤❡ r✐s❦ ❡❧✐❝✐t❛t✐♦♥ ❛♥❞ t❤❡ ❈❘❚ ✇❡r❡ ✐♥❝❡♥t✐✈✐s❡❞✳✻

❆ t♦t❛❧ ♦❢ ✶✶✼ st✉❞❡♥ts ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ✹ s❡ss✐♦♥s✱ ✇✐t❤ ✷✼ s✉❜❥❡❝ts ✐♥ s❡ss✐♦♥ ✶ ❛♥❞ ✸✵ s✉❜❥❡❝ts
❡❛❝❤ ✐♥ s❡ss✐♦♥s ✷✲✹✳ ❊❛❝❤ s❡ss✐♦♥ ❧❛st❡❞ ❛❜♦✉t ✶ ❤♦✉r ❛♥❞ ✹✺ ♠✐♥✉t❡s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ❡❛r♥✐♥❣s
♣❡r s✉❜❥❡❝t ✇❡r❡ ✷✷✳✺✵ ❡✉r♦s✳ ❆❧❧ ♣❛②♠❡♥ts ✇❡r❡ ♠❛❞❡ ✐♥ ❝❛s❤ ❛♥❞ ✐♥ ♣r✐✈❛t❡ ❛t t❤❡ ✈❡r② ❡♥❞ ♦❢
t❤❡ ❡①♣❡r✐♠❡♥t✳ ❆❧❧ t❛s❦s ✇❡r❡ ❝♦♠♣✉t❡r✐③❡❞ ✉s✐♥❣ ③✲❚r❡❡ ✭❋✐s❝❤❜❛❝❤❡r✱ ✷✵✵✼✮ ❛♥❞ s✉❜❥❡❝ts ✇❡r❡
r❡❝r✉✐t❡❞ ✉s✐♥❣ ❖❘❙❊❊ ✭●r❡✐♥❡r✱ ✷✵✵✹✮✳ ❚❤❡ s❡ss✐♦♥s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ ♣❡r✐♦❞ ❢r♦♠ ▼❛r❝❤

✻❋✐♥❞ t❤❡ ✐♥str✉❝t✐♦♥s ✐♥ s❡❝t✐♦♥ ❆ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳

✸



t♦ ▼❛② ✷✵✶✹ ❛t t❤❡ ◆❙▼ ❉❡❝✐s✐♦♥ ▲❛❜ ❛t t❤❡ ❘❛❞❜♦✉❞ ❯♥✐✈❡rs✐t② ◆✐❥♠❡❣❡♥✱ ❚❤❡ ◆❡t❤❡r❧❛♥❞s✳
❚❛❜❧❡ ❆✳✶ ✐♥ ❛♣♣❡♥❞✐① ❉ ♣r♦✈✐❞❡s ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ♦❢ t❤❡ s✉❜❥❡❝ts ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t✳

✸ ❚❤❡ ❙❊❚

✸✳✶ ❉❡s✐❣♥

❚❤❡ ❙❊❚ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ❜② ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ✇❤✐❝❤ ❝♦♥s✐sts ♦❢ ❛ s❡q✉❡♥❝❡
♦❢ t❤r❡❡ tr❛❞❡rs ✇❤♦ ❝❛♥ ❡✐t❤❡r ❛❝❝❡♣t ♦r r❡❥❡❝t t♦ ❜✉② ❛♥ ❛ss❡t ✇✐t❤ ❛ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ❡q✉❛❧
t♦ ③❡r♦ ❢♦r ❛ ❝❡rt❛✐♥ ♣r✐❝❡✳ ❇✉②✐♥❣ t❤❡ ❛ss❡t ❢♦r t❤❡ ♦✛❡r❡❞ ♣r✐❝❡ ♠❡❛♥s ✐♥✈❡st✐♥❣ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧
❝❛♣✐t❛❧ ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ♦✛❡r✐♥❣ ✐t t♦ t❤❡ ♥❡①t tr❛❞❡r ✐♥ t❤❡ s❡q✉❡♥❝❡✳ ❚❤❡ ♣❛②♦✛ ✐s ❡✐t❤❡r t❡♥
❡✉r♦s ✐❢ t❤❡ ♥❡①t tr❛❞❡r ❞❡❝✐❞❡s t♦ ❜✉②✱ ♦r ③❡r♦ ✐❢ t❤❡ ♥❡①t tr❛❞❡r r❡❥❡❝ts t♦ ❜✉② ♦r ✐❢ ♥♦ ♥❡①t
tr❛❞❡r ❡①✐sts✳ ◆♦t ❜✉②✐♥❣ t❤❡ ❛ss❡t ♠❡❛♥s ❦❡❡♣✐♥❣ t❤❡ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧ ❝❛♣✐t❛❧✳ ❚❤❡ ❞❡s✐❣♥ ✐s
s✉♠♠❛r✐③❡❞ ✐♥ ✜❣✉r❡ ✶✳ ■❢ tr❛❞❡r t❤r❡❡ ❦♥♦✇s ❤✐s ♣♦s✐t✐♦♥ ✐♥ t❤❡ s❡q✉❡♥❝❡✱ ✐t ✐s str❛✐❣❤t ❢♦r✇❛r❞
t❤❛t ❤❡ ✇✐❧❧ r❡❥❡❝t t♦ ❜✉② ❞✉❡ t♦ ❛♥ ✐♠♠❡❞✐❛t❡ ❧♦ss✳ ❑♥♦✇✐♥❣ t❤✐s✱ tr❛❞❡r t✇♦ ✇✐❧❧ r❡❥❡❝t t♦ ❜✉②
❛s ✇❡❧❧✱ ❛♥❞ s♦ ❞♦❡s tr❛❞❡r ♦♥❡✳ ❍❡♥❝❡✱ ♥♦ ♦♥❡ ❛❝❝❡♣ts ❛♥ ♦✛❡r t♦ ❜✉② ✐♥ t❤❡ ♥♦✲❜✉❜❜❧❡ ◆❛s❤
❡q✉✐❧✐❜r✐✉♠✳

❋✐❣✉r❡ ✶✿ ❙❡q✉❡♥❝❡ ♦❢ t❤❡ ❙❊❚

◆♦t❡s✿ ❚❤❡ ✜rst tr❛❞❡r ✐♥ ❧✐♥❡ ✐s ♦✛❡r❡❞ t♦ ❜✉② t❤❡ ❛ss❡t ❛t ❛ r❛♥❞♦♠❧② ❞r❛✇♥ ♣r✐❝❡ P1 ∈ {100, 101, 102, 103, 104}✳

❲❤❡♥ t❤❡ ✜rst tr❛❞❡r r❡❥❡❝ts✱ t❤❡ ❣❛♠❡ ❡♥❞s ❛♥❞ ❛❧❧ tr❛❞❡rs ❡❛r♥ t❤❡✐r ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧ ❝❛♣✐t❛❧✳ ❲❤❡♥ t❤❡

✜rst tr❛❞❡r ❛❝❝❡♣ts✱ t❤❡ ❛ss❡t ✐s ♦✛❡r❡❞ t♦ t❤❡ s❡❝♦♥❞ tr❛❞❡r ✐♥ t❤❡ s❡q✉❡♥❝❡ ❛t ❛ ♣r✐❝❡ P2 = 10 × P1✱ ✐✳❡✳✱

P2 ∈ {101, 102, 103, 104, 105}✳ ❲❤❡♥ t❤❡ s❡❝♦♥❞ tr❛❞❡r r❡❥❡❝ts✱ t❤❡ ❣❛♠❡ ❡♥❞s✱ t❤❡ ✜rst tr❛❞❡r ❡❛r♥s ③❡r♦✱ ❛♥❞ t❤❡

s❡❝♦♥❞ ❛♥❞ t❤❡ t❤✐r❞ tr❛❞❡r ❡❛r♥ t❤❡ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧ ❝❛♣✐t❛❧✳ ❲❤❡♥ t❤❡ s❡❝♦♥❞ tr❛❞❡r ❛❝❝❡♣ts✱ t❤❡ ✜rst tr❛❞❡r s❡❧❧s

t❤❡ ❛ss❡t ❛♥❞ ❡❛r♥s t❡♥ ❡✉r♦s✳ ❚❤❡ ❛ss❡t ✐s t❤❡♥ ♦✛❡r❡❞ t♦ t❤❡ t❤✐r❞ tr❛❞❡r ✐♥ t❤❡ s❡q✉❡♥❝❡ ❛t ❛ ♣r✐❝❡ P3 = 10×P2✱

✐✳❡✳✱ P3 ∈ {102, 103, 104, 105, 106}✳ ❲❤❡♥ t❤❡ t❤✐r❞ tr❛❞❡r r❡❥❡❝ts✱ t❤❡ ❣❛♠❡ ❡♥❞s✱ t❤❡ s❡❝♦♥❞ tr❛❞❡r ❡❛r♥s ③❡r♦✱

❛♥❞ t❤❡ t❤✐r❞ tr❛❞❡r ❡❛r♥s t❤❡ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧ ❝❛♣✐t❛❧✳ ❲❤❡♥ t❤❡ t❤✐r❞ tr❛❞❡r ❛❝❝❡♣ts✱ t❤❡ s❡❝♦♥❞ tr❛❞❡r s❡❧❧s t❤❡

❛ss❡t ❛♥❞ ❡❛r♥s t❡♥ ❡✉r♦s✳ ❚❤❡ t❤✐r❞ tr❛❞❡r ❜✉②s t❤❡ ❛ss❡t ❡✈❡♥ t❤♦✉❣❤ ❜❡✐♥❣ ❧❛st ✐♥ t❤❡ s❡q✉❡♥❝❡ ❛♥❞ ✐s ✉♥❛❜❧❡

t♦ r❡s❡❧❧✳ ❚❤✉s✱ t❤❡ t❤✐r❞ tr❛❞❡r ❧♦s❡s t❤❡ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧ ❝❛♣✐t❛❧ ❛♥❞ ❡❛r♥s ③❡r♦✳

❚r❛❞❡rs ❤❛✈❡ ♥♦ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡✐r ♣♦s✐t✐♦♥ ✐♥ t❤❡ s❡q✉❡♥❝❡✱ ✐✳❡✳✱ ❡❛❝❤ tr❛❞❡r ❤❛s ❛♥
❡q✉❛❧ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ❡✐t❤❡r ✜rst✱ s❡❝♦♥❞ ♦r t❤✐r❞ ✐♥ t❤❡ s❡q✉❡♥❝❡✳ ❍♦✇❡✈❡r✱ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t
❛ tr❛❞❡r✬s ♣♦s✐t✐♦♥ ✐♥ t❤❡ s❡q✉❡♥❝❡ ❝❛♥ ❜❡ ✐♥❢❡rr❡❞ ❛❢t❡r t❤❡ ♣r✐❝❡ ✐s r❡✈❡❛❧❡❞✳ ❚❤❡ ♣r✐❝❡ ♦✛❡r❡❞
t♦ t❤❡ tr❛❞❡r ✐♥ t❤❡ ✜rst ♣♦s✐t✐♦♥ ✐s r❛♥❞♦♠❧② ❞r❛✇♥ ❢r♦♠ ❛ s❡t P1 ∈ {100, 101, 102, 103, 104}
✇✐t❤ ❛ ❦♥♦✇♥ tr✐❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥✳✼ ❚❤❡ ♣r✐❝❡ ♦✛❡r❡❞ t♦ t❤❡ s❡❝♦♥❞ tr❛❞❡r ✐♥ t❤❡ s❡q✉❡♥❝❡ ✐s
t❤❡♥ P2 = P1 × 10✱ ❛♥❞ t❤❡ ♣r✐❝❡ ♦✛❡r❡❞ t♦ t❤❡ t❤✐r❞ tr❛❞❡r ✐s P3 = P2 × 10 = P1 × 100✳ ❚❤✉s✱

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

✹



❢♦r ❛♥② ♣r✐❝❡ ♦✛❡r❡❞✱ ❇❛②❡s✬ r✉❧❡ ♣r♦✈✐❞❡s t❤❡ ♣r♦❜❛❜✐❧✐t✐❡s ♦❢ ❜❡✐♥❣ ✜rst✱ s❡❝♦♥❞ ♦r t❤✐r❞ ✐♥ t❤❡
tr❛❞✐♥❣ s❡q✉❡♥❝❡✳ ◆♦t❡ t❤❛t ❢♦r ❛♥ ♦✛❡r P = 106 t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ ❧❛st ✐s ❡q✉❛❧ t♦ ♦♥❡✳
❆s P1 ✐s ❝❛♣♣❡❞✱ ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥ r✉❧❡s ♦✉t ❛ ❜✉❜❜❧❡ ◆❛s❤ ❡q✉✐❧✐❜r✐✉♠ ❣✐✈❡♥ ❛❧❧ tr❛❞❡rs ❛r❡
r❛t✐♦♥❛❧ ❛♥❞ t❤✐s r❛t✐♦♥❛❧✐t② ✐s ❝♦♠♠♦♥ ❦♥♦✇❧❡❞❣❡✳ ❍❡♥❝❡✱ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✇❤❡t❤❡r t❤❡ tr❛❞❡rs
❦♥♦✇ t❤❡✐r ♣♦s✐t✐♦♥ ✐♥ t❤❡ s❡q✉❡♥❝❡✱ ♥❡✐t❤❡r tr❛❞❡r ❛❝❝❡♣ts ❛♥ ♦✛❡r t♦ ❜✉② ✐♥ t❤❡ ♥♦✲❜✉❜❜❧❡ ◆❛s❤
❡q✉✐❧✐❜r✐✉♠✳ ❇✉② ❞❡❝✐s✐♦♥s ❛r❡ ♠❛❞❡ s✐♠✉❧t❛♥❡♦✉s❧② ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t❧② ♠❡❛♥✐♥❣ t❤❛t s✉❜❥❡❝ts
❤❛✈❡ ♥♦ ❢✉rt❤❡r ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❛❝t✐♦♥s ♦❢ ♦t❤❡r tr❛❞❡rs ✐♥ t❤❡✐r s❡q✉❡♥❝❡✳

❚♦ ❞❡✈❡❧♦♣ t❤❡ ❙❊❚✲s❝♦r❡✱ ✇❡ ♠♦❞✐✜❡❞ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥ ♦❢ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮
✐♥ t✇♦ ✇❛②s✳ ❋✐rst✱ ✐♥st❡❛❞ ♦❢ ♣r❡s❡♥t✐♥❣ t❤❡ s✉❜❥❡❝ts ✇✐t❤ ❥✉st ♦♥❡ ❜✉② ❞❡❝✐s✐♦♥ ❛t ❛ ♣❛rt✐❝✉❧❛r
♣r✐❝❡✱ ✇❡ ❡❧✐❝✐t❡❞ s✉❜❥❡❝ts✬ ❜✉② ❞❡❝✐s✐♦♥s ❢♦r ❡❛❝❤ ♣r✐❝❡ ♣♦ss✐❜❧❡ ❣✐✈❡♥ t❤❡ s❡t ♦❢ ✐♥✐t✐❛❧ ♣r✐❝❡s✳ ❲❡
❛s❦❡❞ ❡❛❝❤ s✉❜❥❡❝t ✏❉♦ ②♦✉ ✇❛♥t t♦ ❜✉② t❤❡ ❛ss❡t ❛t 1, 000, 000❄✑✱ ✏❉♦ ②♦✉ ✇❛♥t t♦ ❜✉② t❤❡ ❛ss❡t
❛t 100, 000❄✑✱✳✳✳✱ ✏❉♦ ②♦✉ ✇❛♥t t♦ ❜✉② t❤❡ ❛ss❡t ❛t 1❄✑✳✽ ◆♦t❡ t❤❛t ✇❡ st❛rt❡❞ ✇✐t❤ t❤❡ ❤✐❣❤❡st
♣♦ss✐❜❧❡ ♣r✐❝❡ ✇❤❡r❡ ❛ ❜✉② ❞❡❝✐s✐♦♥ ✐♠♠❡❞✐❛t❡❧② ❧❡❛❞s t♦ ③❡r♦ ♣❛②♦✛✳ ❲❡ ✉s❡❞ t❤✐s ♣r♦❝❡❞✉r❡ t♦
❢❛❝✐❧✐t❛t❡ ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥✳ ❚❤❡ ❙❊❚ ♣r♦✈✐❞❡s ❛ ❝❧❡❛r s✇✐t❝❤✐♥❣ ♣r✐❝❡ PS ❢♦r ✇❤✐❝❤ ❛ s✉❜❥❡❝t
r❡❥❡❝ts t♦ ❜✉② ❛t ♣r✐❝❡s P > PS ❛♥❞ ❛❝❝❡♣ts t♦ ❜✉② ❛t ♣r✐❝❡s P ≤ PS ✳ ❚♦ ♣r♦✈✐❞❡ ❛ s❝♦r❡✱ ✇❡ r❛♥❦
t❤❡ ❞❡❝✐s✐♦♥s t♦ ❜✉② ❢r♦♠ ✵ ✭♥❡✈❡r ❜✉②✮ t♦ ✼ ✭❛❧✇❛②s ❜✉②✮✳ ❖✉r ❙❊❚✲s❝♦r❡ ✐s t❤❡♥ ❞❡✜♥❡❞ ❜② t❤❡
r❛♥❦ ♦❢ t❤❡ s✇✐t❝❤✐♥❣ ♣r✐❝❡ PS ✱ s❡❡ t❛❜❧❡ ✶✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ s✇✐t❝❤✐♥❣ ♣r✐❝❡ PS = 100 r❡❢❡rs t♦
❛ ❙❊❚✲s❝♦r❡ ♦❢ ✸✳ ❆ ❧♦✇ ❙❊❚✲s❝♦r❡ r❡✢❡❝ts ❛ ❧♦✇ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ✇❤✐❧❡ ❛ ❤✐❣❤ ❙❊❚✲s❝♦r❡
✐♥❞✐❝❛t❡s ❛ ❤✐❣❤ ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡✳ ❆♥ ✐♥❝r❡❛s✐♥❣ ❙❊❚✲s❝♦r❡ ✐♠♣❧✐❡s t❤❛t s✉❜❥❡❝ts tr② t♦
s❡❧❧ t♦ ❛ ❣r❡❛t❡r ❢♦♦❧ ✇❤♦ ✐s ♣r❡s❡♥t ✇✐t❤ ❛ ❞❡❝r❡❛s✐♥❣ ♣r♦❜❛❜✐❧✐t②✳

❚❛❜❧❡ ✶✿ ❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❙❊❚✲s❝♦r❡

❇✉② ❛t ♦r ❜❡❧♦✇ ♣r✐❝❡ ◆❡✈❡r 100 101 102 103 104 105 106

Pr♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ ❧❛st ✭✪✮ ✵ ✵ ✵ ✷✸✳✵✽ ✷✽✳✺✼ ✹✻✳✶✺ ✺✼✳✶✹ ✶✵✵
❙❊❚✲s❝♦r❡ ✵ ✶ ✷ ✸ ✹ ✺ ✻ ✼

◆♦t❡s✿ ❚❤❡ ♣r♦❜❛❜✐❧✐t✐❡s ♦❢ ❜❡✐♥❣ ✜rst✱ s❡❝♦♥❞ ♦r t❤✐r❞ ✐♥ ❧✐♥❡ ✇❡r❡ r♦✉♥❞❡❞ t♦ ✐♥t❡❣❡rs ✐♥ t❤❡ ✐♥str✉❝t✐♦♥s✳

❋✐♥❡r ❙❊❚✲s❝♦r❡ s❝❛❧❡s ❝❛♥ ❡❛s✐❧② ❜❡ ❝r❡❛t❡❞ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❝❛♣ ♦♥ P1✱ ❜✉t ❞♦✐♥❣ s♦ ✐s ❛
t✇♦✲❡❞❣❡❞ s✇♦r❞✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ♠♦r❡ ❧❡✈❡❧s ❛❧❧♦✇ ❢♦r ❛ ♠♦r❡ ❡❧❛❜♦r❛t❡ s❝❛❧❡ ❛s ♠♦r❡ ❞❡❝✐s✐♦♥s
❛r❡ ♠❛❞❡ ❛♥❞ ♠♦r❡ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ s♣❡❝✉❧❛t✐♦♥ ❜❡❝♦♠❡s ♣♦ss✐❜❧❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛ ❞❡s✐❣♥
✇✐t❤ ♠❛♥② ❧❡✈❡❧s ♠✐❣❤t ✐♥❝❧✉❞❡ s✉♣❡r✢✉♦✉s ❞❡❝✐s✐♦♥s ❛♥❞ ❝♦✉❧❞ t❛❦❡ ✉♣ t♦♦ ♠✉❝❤ t✐♠❡✳ ❆ s❡❝♦♥❞
❝❤❛♥❣❡ ✇❡ ♠❛❞❡ t♦ t❤❡ ♦r✐❣✐♥❛❧ ❞❡s✐❣♥ ♦❢ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ✇❛s tr✐♣❧✐♥❣ t❤❡ ♦♣♣♦rt✉♥✐t②
❝♦sts ❢♦r s♣❡❝✉❧❛t✐♦♥✳ ❚❤✐s ✐♥❝r❡❛s❡ ✇❛s ❛♣♣❧✐❡❞ ❛❢t❡r r✉♥♥✐♥❣ ♣✐❧♦ts ✉s✐♥❣ ❛ ♦♥❡ ❡✉r♦ ✐♥✐t✐❛❧
❝❛♣✐t❛❧✳ ❲❡ ❢♦✉♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❙❊❚✲s❝♦r❡s r❡s✉❧t✐♥❣ ❢r♦♠ t❤✐s s❡t✉♣ t♦ ❜❡ ❤❡❛✈✐❧② s❦❡✇❡❞
t♦✇❛r❞s t❤❡ ❤✐❣❤❡r ❙❊❚ s❝♦r❡s ✐♥❞✐❝❛t✐♥❣ ❛ ❤✐❣❤❡r ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡✳ ❙✉❜❥❡❝ts ♦♥❧② ♥❡❡❞❡❞
t♦ ♣r❡s✉♠❡ ❛ s♠❛❧❧ ✇✐♥♥✐♥❣ ♣r♦❜❛❜✐❧✐t② ✭❛t ❧❡❛st ✶✴✶✵✮ t♦ ❧❡t t❤❡ ❡①♣❡❝t❡❞ ❡❛r♥✐♥❣s ❢r♦♠ ❜✉②✐♥❣
❡①❝❡❡❞ ♦♥❡ ❡✉r♦✳ ❲✐t❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ t♦ t❤r❡❡ ❡✉r♦✱ s✉❜❥❡❝ts ❤❛✈❡ t♦ ♣r❡s✉♠❡ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛t
❧❡❛st ✸✴✶✵✱ ✇❤✐❝❤ ❛❧❧♦✇s ✉s t♦ ❜❡tt❡r ❞✐✛❡r❡♥t✐❛t❡ ❜❡t✇❡❡♥ s♣❡❝✉❧❛t✐♦♥ t②♣❡s ✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥✳✾

❆❢t❡r t❤❡ ❙❊❚✱ s✉❜❥❡❝ts ✇❡r❡ ❛s❦❡❞ t♦ st❛t❡ t❤❡✐r ❜❡❧✐❡❢s r❡❣❛r❞✐♥❣ t❤❡ ❙❊❚✲s❝♦r❡s ♦❢ t❤❡ ♦t❤❡r
s❡ss✐♦♥ ♣❛rt✐❝✐♣❛♥ts✳ ❋♦r ❡❛❝❤ ♣♦ss✐❜❧❡ ❜✉②✐♥❣ ♣r✐❝❡✱ s✉❜❥❡❝ts ❤❛❞ t♦ st❛t❡ t❤❡✐r ❜❡❧✐❡❢ ❛❜♦✉t ❤♦✇
♠❛♥② ♦❢ t❤❡✐r ❢❡❧❧♦✇ s✉❜❥❡❝ts ✐♥ t❤❡ s❛♠❡ s❡ss✐♦♥ st❛rt❡❞ ❜✉②✐♥❣ ❛t t❤❛t ♣♦✐♥t✳ ❆❝❝✉r❛❝② ♦❢
❜❡❧✐❡❢s ✇❛s ✐♥❝❡♥t✐✈✐s❡❞ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ✐♥str✉❝t✐♦♥s ✐♥ s❡❝t✐♦♥ ❆✳✹ ✐♥ t❤❡ ❛♣♣❡♥❞✐① ✭✐♥❝❧✳ ❛
s❝r❡❡♥s❤♦t✮✳

✐♥✈❡st♦r ❛♥❞ t❤❡ ♣❛rt✐❝✐♣❛♥t s✉❝❤ t❤❛t t❤❡ ♣❛rt✐❝✐♣❛♥t ❛❧✇❛②s ❡❛r♥ ✶✵ ❡✉r♦✳ ❙❡❡ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ ❢♦r
❞❡t❛✐❧s✳

✽P❧❡❛s❡ s❡❡ t❤❡ s❝r❡❡♥ s❤♦t ❛♥❞ ❛❞❞✐t✐♦♥❛❧ ❡①♣❧❛♥❛t✐♦♥s ✐♥ t❤❡ ❛♣♣❡♥❞✐① ❆✳
✾■♥ ❢❛❝t✱ ✇✐t❤ ❛ st❛rt✐♥❣ ❝❛♣✐t❛❧ ♦❢ t❤r❡❡ ❡✉r♦ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❙❊❚✲s❝♦r❡s s❤✐❢t❡❞ ♠♦r❡ t♦✇❛r❞s t❤❡ ❝❡♥t❡r✱

♠❡❛♥✐♥❣ t❤❛t s✉❜❥❡❝ts ✇❡r❡ r❡s♣♦♥s✐✈❡ ✭✐♥ t❤❡ ❡①♣❡❝t❡❞ ❞✐r❡❝t✐♦♥✮ t♦ ✐♥❝r❡❛s❡❞ ♦♣♣♦rt✉♥✐t② ❝♦sts✳ ❚❤❡ r❡s✉❧ts
❢r♦♠ t❤❡ ♣✐❧♦t ✇✐t❤ ♦♥❡ ❡✉r♦ st❛rt✐♥❣ ❝❛♣✐t❛❧ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳

✺



✸✳✷ ■♠♣❧❡♠❡♥t❛t✐♦♥

❆❢t❡r s✉❜❥❡❝ts ❡♥t❡r❡❞ t❤❡ ❧❛❜✱ ✐♥str✉❝t✐♦♥s ♦♥ t❤❡ ❜✉❜❜❧❡ ❣❛♠❡ ✭t❤❡ ❜❛s✐❝s ♦❢ t❤❡ ❙❊❚✮ ✇❡r❡
r❡❛❞ ❛❧♦✉❞ ✭s❡❡ s❡❝t✐♦♥ ❆✳✶✮✱ ❢♦❧❧♦✇❡❞ ❜② ♦♥✲s❝r❡❡♥ ❝♦♠♣r❡❤❡♥s✐♦♥ q✉❡st✐♦♥s ✭s❡❡ ❛♣♣❡♥❞✐① ❆✳✷✮✳
❙✉❜❥❡❝t ✇❡r❡ ❣✐✈❡♥ t✐♠❡ t♦ ❝♦♠♣❧❡t❡ s❡✈❡♥ ❝♦♠♣r❡❤❡♥s✐♦♥ q✉❡st✐♦♥s✳ ❲❡ ❛❧❧♦✇❡❞ s❡✈❡r❛❧ ❛tt❡♠♣ts
t♦ ❛♥s✇❡r✱ ❜✉t ❛ s✉❜❥❡❝t ❝♦✉❧❞ ♦♥❧② ♠♦✈❡ ♦♥ t♦ t❤❡ ♥❡①t q✉❡st✐♦♥ ♦♥❝❡ t❤❡ ❝✉rr❡♥t q✉❡st✐♦♥
❤❛❞ ❜❡❡♥ ❛♥s✇❡r❡❞ ❝♦rr❡❝t❧②✳ ❚❤❡♥ t❤❡ ❝♦rr❡❝t ❛♥s✇❡rs ✇❡r❡ ♣✉❜❧✐❝❧② ❛♥♥♦✉♥❝❡❞ ❛♥❞ t❤♦r♦✉❣❤❧②
❡①♣❧❛✐♥❡❞✳ ❆❢t❡r ❤❛✈✐♥❣ ❡①♣❧❛✐♥❡❞ t❤❡ ❜❛s✐❝s ♦❢ t❤❡ ❙❊❚✱ ✇❡ ♣r♦✈✐❞❡❞ t❤❡ ♣r♦❝❡❞✉r❛❧ ✐♥str✉❝t✐♦♥s
♦♥ t❤❡ s✉❜❥❡❝ts✬ s❝r❡❡♥ ✭s❡❡ ❛♣♣❡♥❞✐① ❆✮✳ ❚❤❡s❡ ✐♥str✉❝t✐♦♥s ♠❛❞❡ ❝❧❡❛r t❤❛t t❤❡ ❜✉❜❜❧❡ ❣❛♠❡
❤❛s t♦ ❜❡ ♣❧❛②❡❞ ♥♦t ❢♦r ♦♥❡ ❜✉t ❢♦r ❛❧❧ ♣♦ss✐❜❧❡ ♣r✐❝❡s✱ ❛♥❞ t❤❛t ♦♥❡ ♣r✐❝❡ ✇♦✉❧❞ ❜❡ r❛♥❞♦♠❧②
❝❤♦s❡♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡✐r ❡❛r♥✐♥❣s✳ ❲❡ ❝❧❡❛r❧② ✐♥❞✐❝❛t❡❞ t❤❛t t❤❡s❡ ♦♥✲s❝r❡❡♥ ✐♥str✉❝t✐♦♥s ✇❡r❡
t❤❡ s❛♠❡ ❢♦r ❛❧❧ ♣❛rt✐❝✐♣❛♥ts✳ ❚♦ ❣❡t ❛ ❝♦♥s✐st❡♥t ❜✉② ❞❡❝✐s✐♦♥ ❢♦r t❤❡ ✇❤♦❧❡ ❧✐st ♦❢ ♣r✐❝❡s✱ ✇❡
❝❧❡❛r❧② ❝♦♠♠✉♥✐❝❛t❡❞ t❤❛t ✐❢ s✉❜❥❡❝ts ❞❡❝✐❞❡ t♦ ❜✉② ❛t ❛ ❝❡rt❛✐♥ ♣r✐❝❡ PS ✱ t❤❡② ❛r❡ ❛ss✉♠❡❞ t♦
❛❧s♦ ❜✉② ❢♦r ❡❛❝❤ ♣r✐❝❡ ❜❡❧♦✇ P ✳ ❲❡ ❛❧❧♦✇❡❞ s✉❜❥❡❝ts t♦ ❝❤❡❝❦ ❛♥❞ r❡✈✐s❡ t❤❡✐r ❞❡❝✐s✐♦♥s ❜❡❢♦r❡
❝♦♥✜r♠✐♥❣ t❤❡✐r ✜♥❛❧ ❞❡❝✐s✐♦♥✳ ❚❤❡ ✜♥❛❧ ♣❛②♦✛ ✭♣❛✐❞ ♦✉t ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✮ ❢♦r ❛
s✉❜❥❡❝t i ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛s ❢♦❧❧♦✇s✳ ❋✐rst✱ ♦♥❡ ♦❢ t❤❡ s❡✈❡♥ ♣r✐❝❡s ✇❛s r❛♥❞♦♠❧② ❞r❛✇♥ ✇✐t❤ ❡q✉❛❧
♣r♦❜❛❜✐❧✐t② t♦ ❜❡ t❤❡ ♣r✐❝❡ t❤❡ tr❛❞❡r ❢❛❝❡❞✳ ❙❡❝♦♥❞✱ s✉❜❥❡❝t i✬s ♣♦s✐t✐♦♥ ✇❛s r❛♥❞♦♠❧② ❞r❛✇♥✳
❚❤✐r❞✱ t❤❡ r❡♠❛✐♥✐♥❣ t✇♦ ♣♦s✐t✐♦♥s ✇❡r❡ ✜❧❧❡❞ ✇✐t❤ t✇♦ r❛♥❞♦♠❧② ❞r❛✇♥ s✉❜❥❡❝ts j ❛♥❞ k ❢r♦♠
t❤❡ s✉❜❥❡❝ts ✐♥ t❤❡ r♦♦♠✳ ❋✐♥❛❧❧②✱ s✉❜❥❡❝t i✬s ♣❛②♦✛ ✇❛s ❝❛❧❝✉❧❛t❡❞ ♦♥ t❤❡ ❜❛s✐s ♦❢ ❛❧❧ t❤❡ t❤r❡❡
s✉❜❥❡❝ts✬ ❞❡❝✐s✐♦♥s✳✶✵

✸✳✸ ❘❡s✉❧ts

❋✐❣✉r❡ ✷ s❤♦✇s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❙❊❚✲s❝♦r❡s ❢♦r ❛❧❧ ✶✶✼ s✉❜❥❡❝ts✳ ▲❡ss t❤❛♥ t❤r❡❡ ♣❡r❝❡♥t ❝❤♦s❡
♥♦t t♦ ❜✉② ❛t ❛❧❧ ✇❤✐❧❡ ✾✼ ♣❡r❝❡♥t ♦❢ ♣❛rt✐❝✐♣❛♥ts ❞✐❞ s♣❡❝✉❧❛t❡ ✐♥ t❤❡ ❙❊❚ ❛♥❞ ✇❡r❡ ✇✐❧❧✐♥❣ t♦
❜✉② t❤❡ ✐♥tr✐♥s✐❝❛❧❧② ✇♦rt❤❧❡ss ❛ss❡t✳ ▼♦st s✉❜❥❡❝ts ❝❤♦s❡ t♦ ❜✉② ❛t ♣r✐❝❡s ❛t ♦r ❜❡❧♦✇ ✶✱✵✵✵
②✐❡❧❞✐♥❣ ❛♥ ❛✈❡r❛❣❡ ❙❊❚✲s❝♦r❡ ♦❢ ✸✳✹✷✳ ◆♦t❡ t❤❛t ♥♦♥❡ ♦❢ t❤❡ s✉❜❥❡❝ts ❝❤♦s❡ t♦ ❜✉② ❛t P = 106

✭♠❛①✐♠✉♠ ❙❊❚✲s❝♦r❡ ♦❢ ✼✮✱ ✇❤❡r❡ t❤❡ ♣r♦❜❛❜✐❧✐t② t♦ ❜❡ ❧❛st ✇❛s ❡q✉❛❧ t♦ ♦♥❡✱ s✉❣❣❡st✐♥❣ t❤❛t
s✉❜❥❡❝ts ✉♥❞❡rst♦♦❞ t❤❡ ❣❛♠❡ q✉✐t❡ ✇❡❧❧✳✶✶ ❚❤❡ ❧❛tt❡r ✐s ❛❧s♦ s✉♣♣♦rt❡❞ ❜② t❤❡ ❢❛❝t t❤❛t ❛❧❧
s✉❜❥❡❝ts ♣r♦✈✐❞❡❞ t❤❡ r✐❣❤t ❛♥s✇❡rs t♦ t❤❡ s❡✈❡♥ ❝♦♠♣r❡❤❡♥s✐♦♥ q✉❡st✐♦♥s ✇✐t❤✐♥ t❤❡ t✐♠❡ ❧✐♠✐t✳
❲❡ ❢✉rt❤❡r♠♦r❡ ✜♥❞ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛tt❡♠♣ts ❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤
t❤❡ ❧♦✇❡st✱ ♠✐❞❞❧❡ ❛♥❞ ❤✐❣❤❡st t❡rt✐❧❡ ♦❢ ❙❊❚✲s❝♦r❡s ✭s❡❡ s❡❝t✐♦♥ ✹✳✶ ❢♦r ❢✉rt❤❡r ❞❡t❛✐❧s ♦♥ t❤✐s
❣r♦✉♣✐♥❣✮ ✉s✐♥❣ ❛ ♦♥❡✲s✐❞❡❞ ❏♦♥❝❦❤❡❡r❡ ❚❡r♣str❛ t❡st ✭P = 0.124✮✳

✶✵❊①❛♠♣❧❡✿ ❙✉♣♣♦s❡ P = 1, 000 ✇❛s ❞r❛✇♥ ❢♦r s✉❜❥❡❝t ✐ ✭s✉♣♣♦s❡ i ❝❤♦s❡ t♦ ❜✉②✮✱ ❛♥❞ s✉♣♣♦s❡ ✐ ✐s ❞r❛✇♥ t♦ ❜❡
♥✉♠❜❡r ✷ ✐♥ ❧✐♥❡✳ ❚❤❡♥ ✇❡ ❧♦♦❦ ❛t t❤❡ ❞❡❝✐s✐♦♥ ♦❢ s✉❜❥❡❝t j ❢♦r P = 100 ✭s✉♣♣♦s❡ j ❝❤♦s❡ t♦ ❜✉②✮ ❛♥❞ ♦❢ s✉❜❥❡❝t
k ❢♦r P = 10, 000 ✭s✉♣♣♦s❡ k ❝❤♦s❡ ♥♦t t♦ ❜✉②✮✳ ◆♦✇ t❤❡ ♣❛②♦✛ ❢♦r s✉❜❥❡❝t i ✐s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t❤❡ ❞❡❝✐s✐♦♥s
♦❢ ❛❧❧ t❤r❡❡ ✭✇❤✐❝❤ ✐s ③❡r♦ ❛s k r❡❥❡❝t❡❞ t♦ ❜✉② ❛♥❞ i ♣✉r❝❤❛s❡❞ ❢r♦♠ j✮✳

✶✶❆❧s♦✱ ♦♥❧② ♦♥❡ s✉❜❥❡❝t ✭❧❡ss t❤❛♥ ♦♥❡ ♣❡r❝❡♥t ♦❢ ❛❧❧ s✉❜❥❡❝ts✮ ❜♦✉❣❤t ❛t ❛ ❙❊❚✲s❝♦r❡ ♦❢ ✻ ✭s❡❝♦♥❞ ❤✐❣❤❡st
♣r✐❝❡✮✳

✻
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❋✐❣✉r❡ ✷✿ ❙❊❚✲ s❝♦r❡ ❞✐str✐❜✉t✐♦♥

❚♦ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ✐♥❞✐✈✐❞✉❛❧ ♠❡❛s✉r❡s ❡①♣❧❛✐♥ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ✐♥ t❤❡ ❙❊❚✱ ✇❡ r❛♥
❛♥ ❖▲❙ r❡❣r❡ss✐♦♥ ✇✐t❤ t❤❡ ❙❊❚✲s❝♦r❡s ❛s ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ❛❧❧ ❞❡♠♦❣r❛♣❤✐❝ ✈❛r✐❛❜❧❡s ❛♥❞
♦t❤❡r ♠❡❛s✉r❡s ❡❧✐❝✐t❡❞ ✐♥ ♣❛rt t❤r❡❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛s ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳ ❆s t❤❡ r❡s✉❧ts
✐♥ ❚❛❜❧❡ ✷ s❤♦✇✱ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ ❛s ✇❡❧❧ ❛s t❤❡ ❈❘❚ ❛♥❞ t❤❡ r✐s❦ ❛tt✐t✉❞❡
♠❡❛s✉r❡s ❢r♦♠ ❍♦❧t ❛♥❞ ▲❛✉r② ✭✷✵✵✷✮ ❛♥❞ ❇♦♥✐♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ❛r❡ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳ ❆
s✉❜❥❡❝t✬s ❜❡❧✐❡❢ ❛❜♦✉t t❤❡ ♦t❤❡rs✬ ❙❊❚✲s❝♦r❡✱ ❤♦✇❡✈❡r✱ ✐s s✐❣♥✐✜❝❛♥t❧② ❛♥❞ ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞
✇✐t❤ ❛ s✉❜❥❡❝t✬s ♦✇♥ ❙❊❚✲s❝♦r❡✳ ❍❡♥❝❡✱ ♦♥ ❛✈❡r❛❣❡✱ ❛♥❞ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❣r❡❛t❡r ❢♦♦❧
t❤❡♦r②✱ s✉❜❥❡❝ts ✇❤♦ ❜❡❧✐❡✈❡ t❤❛t ♦t❤❡rs ❝❤♦♦s❡ ❛ ❤✐❣❤❡r PS ❛❧s♦ ❝❤♦♦s❡ ❛ ❤✐❣❤❡r PS t❤❡♠s❡❧✈❡s✳
●✐✈❡♥ t❤❡ str♦♥❣ ♣r❡❞✐❝t✐✈❡ ♣♦✇❡r✱ ✇❡ t❛❦❡ ❛ ❝❧♦s❡r ❧♦♦❦ ❛t s✉❜❥❡❝ts✬ ❜❡❧✐❡❢s ❛❜♦✉t ♦t❤❡rs✬ ❙❊❚✲
s❝♦r❡✳ ▲♦♦❦✐♥❣ ❛t t❤❡ ❝❤♦s❡♥ s✇✐t❝❤✐♥❣ ♣r✐❝❡✱ ✇❡ ♦❜s❡r✈❡ t❤❛t✱ ❣✐✈❡♥ t❤❡✐r ❜❡❧✐❡❢s r❡❣❛r❞✐♥❣ t❤❡
s✇✐t❝❤✐♥❣ ♣♦✐♥ts ♦❢ t❤❡ ♦t❤❡rs✱ ✽✹✳✻ ♣❡r❝❡♥t ♦❢ ❛❧❧ s✉❜❥❡❝ts ❛r❡ ✇✐t❤✐♥ ♦♥❡ st❡♣ ♦❢ t❤❡✐r ♦♣t✐♠❛❧
❞❡❝✐s✐♦♥ ✉♥❞❡r t❤❡ ❡①♣❡❝t❡❞ ✉t✐❧✐t② ❢r❛♠❡✇♦r❦ ❛ss✉♠✐♥❣ r✐s❦ ♥❡✉tr❛❧✐t②✳✶✷ ❲❡ ❢✉rt❤❡r♠♦r❡ ✜♥❞
t❤❛t ♠♦r❡ t❤❛♥ ✾✷ ♣❡r❝❡♥t ♦❢ s✉❜❥❡❝ts ♦❜t❛✐♥ ❛ ♣♦s✐t✐✈❡ ❡①♣❡❝t❡❞ s✉r♣❧✉s ✭❞❡✜♥❡❞ ❛s t❤❡ ❡①♣❡❝t❡❞
❣❛✐♥ ♦❢ ❜✉②✐♥❣ ♠✐♥✉s t❤❡ t❤r❡❡ ❡✉r♦s ♦❜t❛✐♥❡❞ ❜② ❞❡❝✐❞✐♥❣ ♥♦t t♦ ❜✉② ❛t ❛❧❧✮ ♦❢✱ ♦♥ ❛✈❡r❛❣❡✱ ✶✳✻✸
❡✉r♦s✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❛t s✉❜❥❡❝ts ✐♥❞❡❡❞ ❜❡❤❛✈❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡✐r ❜❡❧✐❡❢s ❛♥❞ s❡❡♠
t♦ ❡①♣❡❝t t❤❛t✱ ♦♥ ❛✈❡r❛❣❡✱ ❛ ❣r❡❛t❡r ❢♦♦❧ ♥❡①t ✐♥ ❧✐♥❡ ✇✐❧❧ ❜✉② t❤❡ ❛ss❡t ❢r♦♠ t❤❡♠✳

✶✷●♦✐♥❣ ❢r♦♠ ❛ ♣r✐❝❡ ♦❢ ✶ t♦ ❛ ♣r✐❝❡ ♦❢ ✶✵ ❝♦✉♥ts ❛s ✶ st❡♣✱ ❣♦✐♥❣ ❢r♦♠ ❛ ♣r✐❝❡ ✶ t♦ ❛ ♣r✐❝❡ ♦❢ ✶✵✵ ❝♦✉♥ts ❛s ✷
st❡♣s ❡t❝✳✳ P❧❡❛s❡ s❡❡ ❛♣♣❡♥❞✐① ❋ ❢♦r ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠❛❧ ❜✉② ♣r✐❝❡s✳

✼



❚❛❜❧❡ ✷✿ ❘❡❣r❡ss✐♦♥ r❡s✉❧ts ♦♥ t❤❡ ❙❊❚✲s❝♦r❡✳

✭✶✮ ✭✷✮
❉❡♣❡♥❞❡♥t ❙❊❚ s❝♦r❡ ❙❊❚ s❝♦r❡

❙❡ss✐♦♥ ✷ ✲✵✳✸✽✽✯ ✲✵✳✷✼✶
✭✵✳✷✷✻✮ ✭✵✳✷✹✸✮

❙❡ss✐♦♥ ✸ ✲✵✳✷✻✸ ✲✵✳✶✸✼
✭✵✳✷✺✷✮ ✭✵✳✷✻✹✮

❙❡ss✐♦♥ ✹ ✲✵✳✶✻✼ ✵✳✵✶✾
✭✵✳✷✹✵✮ ✭✵✳✷✹✼✮

❇❡❧✐❡❢ ❙❊❚ ✵✳✺✽✶✯✯✯ ✵✳✺✻✸✯✯✯
✭✵✳✶✵✻✮ ✭✵✳✶✵✽✮

❈❘❚ ✲✵✳✶✵✵
✭✵✳✵✻✶✮

❍♦❧t ▲❛✉r② ✲✵✳✵✶✾
✭✵✳✵✹✻✮

●❡♥❡r❛❧ ❘✐s❦ ✵✳✵✼✻
✭✵✳✵✺✷✮

❆❣❡ ✵✳✵✶✽
✭✵✳✵✸✽✮

❋❡♠❛❧❡ ✵✳✷✶✵
✭✵✳✶✼✷✮

❋♦r❡✐❣♥ ✵✳✶✽✺
✭✵✳✷✸✹✮

❊❝♦♥ ✲✵✳✵✹✷
✭✵✳✹✼✷✮

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

❖❜s❡r✈❛t✐♦♥s ✶✶✼ ✶✶✼
❘✲sq✉❛r❡❞ ✵✳✸✶✽ ✵✳✸✼✺
Pr♦❜ ❃ ❋ ✵✳✵✵✵ ✵✳✵✵✵

◆♦t❡s✿ ❇❡❧✐❡❢ ❙❊❚ ✐s t❤❡ ❛✈❡r❛❣❡ ❜❡❧✐❡✈❡❞ ❙❊❚ s❝♦r❡ ♦❢ ♦t❤❡rs ❡❧✐❝✐t❡❞ ❛t t❤❡ ❡♥❞ ♦❢ ♣❛rt ✶ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳

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

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

❍❡t❡r♦s❦❡❞❛st✐❝✐t②✲❝♦♥s✐st❡♥t st❛♥❞❛r❞ ❡rr♦rs ✐♥ ❜r❛❝❦❡ts✳ ✯✯✯p < 0.01✱✯✯p < 0.05✱ ✯p < 0.1✳

✹ ❙❙❲ ▼❛r❦❡ts

✹✳✶ ▼❛r❦❡t ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥

❚♦ ❝♦♥s✐❞❡r t❤❡ ❡✛❡❝t ♦❢ s♣❡❝✉❧❛t✐♦♥ ♦♥ ♣r✐❝❡ ❜✉❜❜❧❡s✱ ✇❡ ❝♦♠♣❛r❡ tr❛❞✐♥❣ ❜❡❤❛✈✐♦r ✐♥ ❙❙❲
♠❛r❦❡ts ❝♦♠♣♦s❡❞ ♦❢ s✉❜❥❡❝ts ✇❤♦ s❝♦r❡❞ ❤✐❣❤ ✐♥ t❤❡ ❙❊❚ t♦ tr❛❞✐♥❣ ❜❡❤❛✈✐♦r ✐♥ ♠❛r❦❡ts ❝♦♠✲
♣♦s❡❞ ♦❢ s✉❜❥❡❝ts ✇❤♦ s❝♦r❡❞ ❧♦✇ ✐♥ t❤❡ ❙❊❚✳ ■♥ ❡❛❝❤ s❡ss✐♦♥ ✭N = 30 ♦r N = 27✮✱ ✇❡ r❛♥❦❡❞
t❤❡ ❡❧✐❝✐t❡❞ ❙❊❚✲s❝♦r❡s ❢r♦♠ ♣❛rt ♦♥❡ ❛♥❞ s♣❧✐t t❤❡♠ ✐♥t♦ t❡rt✐❧❡s✳ ❚❤❡ N/3 s✉❜❥❡❝ts ✇✐t❤ t❤❡
❤✐❣❤❡st ❙❊❚✲s❝♦r❡s✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ t❡rt✐❧❡ ♦❢ t❤❡ s❡ss✐♦♥ ♣♦♣✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣r♦♣❡♥s✐t②
t♦ s♣❡❝✉❧❛t❡✱ ✇❡r❡ ❛ss✐❣♥❡❞ t♦ ♦♥❡ ♠❛r❦❡t✱ ❤❡♥❝❡❢♦rt❤ ✏❍✲♠❛r❦❡t✑✳ ❚❤❡ N/3 s✉❜❥❡❝ts ✇✐t❤ t❤❡
❧♦✇❡st ❙❊❚✲s❝♦r❡s✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ t❡rt✐❧❡ ♦❢ t❤❡ s❡ss✐♦♥ ♣♦♣✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ❧♦✇❡st ♣r♦♣❡♥s✐t②
t♦ s♣❡❝✉❧❛t❡✱ ✇❡r❡ ❛ss✐❣♥❡❞ t♦ ❛♥♦t❤❡r ♠❛r❦❡t✱ ❤❡♥❝❡❢♦rt❤ ✏▲✲♠❛r❦❡t✑✳ ❚❤❡ r❡♠❛✐♥✐♥❣ s✉❜❥❡❝ts
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✇❡r❡ ❛ss✐❣♥❡❞ t♦ ❛ t❤✐r❞ ♠❛r❦❡t ✇✐t❤ ♠❡❞✐✉♠ ❙❊❚✲s❝♦r❡s✱ ❤❡♥❝❡❢♦rt❤ ✏▼✲♠❛r❦❡t✑✳ ■♥ ❝❛s❡ ♦❢
t✐❡s✱ s✉❜❥❡❝ts ✇❡r❡ r❛♥❞♦♠❧② ❛ss✐❣♥❡❞ t♦ ♦♥❡ ♦❢ ❡✐t❤❡r ♠❛r❦❡ts✳ ❙✉❜❥❡❝ts ❦♥❡✇ t❤❛t t❤❡② ✇❡r❡
❛ss✐❣♥❡❞ t♦ t❤r❡❡ s❡♣❛r❛t❡ ♠❛r❦❡ts ♦❢ ❡q✉❛❧ s✐③❡✱ ❜✉t ✇❡r❡ ♥♦t ❛✇❛r❡ ♦❢ t❤❡ ❢❛❝t t❤❛t ♠❛r❦❡ts ❛r❡
❝♦♠♣♦s❡❞ ✐♥ ❛ ❝❡rt❛✐♥ ✇❛②✳✶✸ ❍❡♥❝❡✱ ✇❡ ❛r❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤r❡❡ ❙❙❲ ♠❛r✲
❦❡ts✱ ❞✐✛❡r❡♥t✐❛t❡❞ ❜② t❤❡ ♣♦♣✉❧❛t✐♦♥✬s ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ✐♥t♦ ▲✲✴▼✲✴❍✲♠❛r❦❡ts✱ ❧❡❛✈✐♥❣
❛❧❧ ♦t❤❡r ♣❛r❛♠❡t❡rs ❝♦♥st❛♥t ✭❡✈❡♥ t❤❡ str❡❛♠ ♦❢ ❞✐✈✐❞❡♥❞ ♣❛②♠❡♥ts✮✳

❆s s❤♦✇♥ ✐♥ t❛❜❧❡ ✸✱ t❤❡ ❛✈❡r❛❣❡ ❙❊❚✲s❝♦r❡ ✐♥ ♠❛r❦❡ts ▲✱ ▼✱ ❛♥❞ ❍ ✐s ✷✳✸✽✱ ✸✳✻✸✱ ❛♥❞ ✹✳✸✷✱
r❡s♣❡❝t✐✈❡❧②✳ ❚♦ t❡st ✇❤❡t❤❡r ❙❊❚✲s❝♦r❡s ❛r❡ ✐♥❞❡❡❞ ✐♥❝r❡❛s✐♥❣ ❢r♦♠ ♠❛r❦❡ts ▲ t♦ ❍✱ ✇❡ ✉s❡ ❛
♦♥❡✲s✐❞❡❞ ❏♦♥❝❦❤❡❡r❡ ❚❡r♣str❛ t❡st ✐♥ ❡❛❝❤ s❡ss✐♦♥ ❛s ❙❊❚✲s❝♦r❡s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ❛❝r♦ss ♠❛r❦❡ts✳
❲❡ ❝❛♥ r❡❥❡❝t t❤❡ ◆✉❧❧ t❤❛t ♥♦ tr❡♥❞ ❢r♦♠ ▲ t♦ ❍ ❡①✐st ✐♥ ❡❛❝❤ s❡ss✐♦♥ ✐♥ ❢❛✈♦r ♦❢ t❤❡ ❛❧t❡r♥❛t✐✈❡
t❤❛t ❙❊❚✲s❝♦r❡s ✐♥❝r❡❛s❡s ❢r♦♠ ▲ t♦ ❍ ✭p < 0.001✮✳ ❈♦♠♣❛r✐♥❣ ♦♥❧② t❤❡ ▲✲♠❛r❦❡ts t♦ t❤❡ ❍✲
♠❛r❦❡ts✱ ❛ ▼❛♥♥ ❲❤✐t♥❡② ❯ t❡st ❝♦♥✜r♠s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❙❊❚✲s❝♦r❡s ❢♦r
❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ s❡ss✐♦♥ ❛s ✇❡❧❧ ✭p < 0.001 ✐♥ ❡❛❝❤ s❡ss✐♦♥✮✳

❚❛❜❧❡ ✸✿ ❙❊❚✲s❝♦r❡ ❞❡s❝r✐♣t✐✈❡s✳

▼❆❘❑❊❚ ❙❊❚✲❙❝♦r❡ ▼❛♥♥ ❲❤✐t♥❡② ❯ t❡st

❆✈❣✿ ▲ ✈s✳ ▼ ✷✳✸✽ ✈s✳ ✸✳✻✸ ✵✳✵✵✵

❆✈❣✿ ▼ ✈s✳ ❍ ✸✳✻✸ ✈s✳ ✹✳✸✷ ✵✳✵✵✵

❆✈❣✿ ❍ ✈s✳ ▲ ✹✳✸✷ ✈s✳ ✷✳✸✽ ✵✳✵✵✵

❙✶✿ ▲ ✈s✳ ▼ ✷✳✺ ✈s✳ ✹ ✵✳✵✵✶

❙✶✿ ▼ ✈s✳ ❍ ✹ ✈s✳ ✹✳✻✼ ✵✳✵✺✾

❙✶✿ ❍ ✈s✳ ▲ ✹✳✻✼ ✈s✳ ✷✳✺ ✵✳✵✵✵

❙✷✿ ▲ ✈s✳ ▼ ✷✳✺ ✈s✳ ✸ ✵✳✵✻✸

❙✷✿ ▼ ✈s✳ ❍ ✸ ✈s✳ ✹✳✷ ✵✳✵✵✵

❙✷✿ ❍ ✈s✳ ▲ ✹✳✷ ✈s✳ ✷✳✺ ✵✳✵✵✵

❙✸✿ ▲ ✈s✳ ▼ ✷ ✈s✳ ✸✳✼ ✵✳✵✵✵

❙✸✿ ▼ ✈s✳ ❍ ✸✳✼ ✈s✳ ✹✳✷ ✵✳✶✵✺

❙✸✿ ❍ ✈s✳ ▲ ✹✳✷ ✈s✳ ✷ ✵✳✵✵✵

❙✹✿ ▲ ✈s✳ ▼ ✷✳✺ ✈s✳ ✸✳✽ ✵✳✵✵✵

❙✹✿ ▼ ✈s✳ ❍ ✸✳✽ ✈s✳ ✹✳✷ ✵✳✵✺✶

❙✹✿ ❍ ✈s✳ ▲ ✹✳✷ ✈s✳ ✷✳✺ ✵✳✵✵✵

◆♦t❡s✿ ◆❂✶✶✼✳ ✬❆✈❣✬ ✐♥❞✐❝❛t❡s ❛✈❡r❛❣❡ ♣❡r ♠❛r❦❡t t②♣❡ ✭▲✱ ▼✱ ❍✮ ❛❝r♦ss ❛❧❧ s❡ss✐♦♥s ✭❙✮✳ ✬❙✶✲▲✬ st❛♥❞s ❢♦r s❡ss✐♦♥

✶✱ ♠❛r❦❡t ✬▲✬✳ ❊❛❝❤ s❡♣❛r❛t❡ ♠❛r❦❡t ❝♦♥s✐st❡❞ ♦❢ ✶✵ ♣❛rt✐❝✐♣❛♥ts ✭s❡ss✐♦♥ ♦♥❡ ❤❛❞ ✶✵✱ ✾✱ ❛♥❞ ✽ ❞✉❡ t♦ ♥♦✲s❤♦✇s✮✳

❇❡❢♦r❡ tr❛❞✐♥❣ ✐♥ t❤❡ ❙❙❲ ♠❛r❦❡t✱ s✉❜❥❡❝ts ❤❛❞ ❛ ♥❡✉tr❛❧ tr✐❛❧ ♣❡r✐♦❞ ♦❢ ✺ ♠✐♥✉t❡s t♦ ❣❡t
✉s❡❞ t♦ t❤❡ tr❛❞✐♥❣ ♣❧❛t❢♦r♠✳✶✹ ❆❢t❡r t❤❡ tr✐❛❧ t❤❡ tr❛❞❡rs ❡♥t❡r❡❞ t❤❡ ❙❙❲ ♠❛r❦❡t ✇❤✐❝❤ ✇❡
✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ st❛♥❞❛r❞ ❧✐t❡r❛t✉r❡ ✭s❡❡ P❛❧❛♥✱ ✷✵✶✸✮✳ ❚r❛❞❡rs ✇❡r❡ ❛❜❧❡ t♦ ❜✉② ❛♥❞
s❡❧❧ s❤❛r❡s ❞✉r✐♥❣ ❛ s❡q✉❡♥❝❡ ♦❢ ✶✺ ❞♦✉❜❧❡✲❛✉❝t✐♦♥ tr❛❞✐♥❣ ♣❡r✐♦❞s✱ ❡❛❝❤ ❧❛st✐♥❣ t❤r❡❡ ♠✐♥✉t❡s✳ ❆t
t❤❡ ❡♥❞ ♦❢ ❡✈❡r② ♣❡r✐♦❞✱ ❡❛❝❤ s❤❛r❡ ♣❛✐❞ ❛ ❞✐✈✐❞❡♥❞ ♦❢ ✵✱ ✽✱ ✷✽✱ ♦r ✻✵ ❢r❛♥❝s ✇✐t❤ ❡q✉❛❧ ♣r♦❜❛❜✐❧✐t②✳
◆♦t❡ t❤❛t t❤❡ r❛♥❞♦♠ ❞r❛✇ ❢♦r t❤❡ ❞✐✈✐❞❡♥❞ ♣❛②♠❡♥t ❛♣♣❧✐❡❞ t♦ ❛❧❧ t❤r❡❡ ♠❛r❦❡ts r❡s✉❧t✐♥❣ ✐♥
✐❞❡♥t✐❝❛❧ ❞✐✈✐❞❡♥❞s ❛❝r♦ss ❛❧❧ t❤r❡❡ ♠❛r❦❡ts ✇✐t❤✐♥ ❛ s❡ss✐♦♥✳ ❙✐♥❝❡ t❤❡ ❡①♣❡❝t❡❞ ❞✐✈✐❞❡♥❞ ❡q✉❛❧s
✷✹ ❢r❛♥❝s ✐♥ ❡✈❡r② ♣❡r✐♦❞✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✐♥ ♣❡r✐♦❞ t ❡q✉❛❧s 24 × (16✕t)✱ ✐✳❡✳ ✸✻✵ ❢r❛♥❝s
✐♥ ♣❡r✐♦❞ ✶✱ ✸✸✻ ❢r❛♥❝s ✐♥ ♣❡r✐♦❞ ✷✱ ✳✳✳ ❛♥❞ ✷✹ ❢r❛♥❝s ✐♥ ♣❡r✐♦❞ ✶✺✳ ❚❤❡ ✐♥✐t✐❛❧ ❡♥❞♦✇♠❡♥ts ✇❡r❡

✶✸■♥ ❧✐♥❡ ✇✐t❤ ♣r❡✈✐♦✉s st✉❞✐❡s✱ ❡✳❣✳ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✹✮❀ ▲❡✈✐♥❡ ❡t ❛❧✳ ✭✷✵✶✹✮✱ s✉❜❣r♦✉♣s ❛r❡ ❝♦♠♣♦s❡❞ ✇✐t❤♦✉t
♣✉❜❧✐❝ ❦♥♦✇❧❡❞❣❡ ♦♥ t❤❡ ❞❡t❡r♠✐♥❛♥ts ♦❢ s❡❧❡❝t✐♦♥✳ ❚❤✐s ❡♥s✉r❡s t❤❛t ♦✉r tr❡❛t♠❡♥t ✈❛r✐❛❜❧❡✱ t❤❡ ❞❡❣r❡❡ ♦❢
s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝② ✭❛✈❡r❛❣❡ ❙❊❚✲s❝♦r❡✮✱ ❝♦♥st✐t✉t❡s t❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♠❛r❦❡ts✳

✶✹❋♦r ✐♥str✉❝t✐♦♥s s❡❡ ❛♣♣❡♥❞✐① ❇✳

✾



❡q✉❛❧ ❢♦r ❛❧❧ s✉❜❥❡❝ts ❛♥❞ ❛♠♦✉♥t❡❞ t♦ ❛♥ ✐♥✐t✐❛❧ ❝❛s❤ ❜❛❧❛♥❝❡ ♦❢ ✷✵✵✵ ❢r❛♥❝s ❛♥❞ t✇♦ s❤❛r❡s✳✶✺

❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✉s❡❞ ✇❛s ✸✵✵ ❢r❛♥❝s ❢♦r ✶ ❡✉r♦✳

✹✳✷ ❘❡s✉❧ts

❋✐❣✉r❡ ✸ s❤♦✇s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡❞✐❛♥ ♣r✐❝❡ ♣❛t❤ ❛♥❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡✱ ❛✈❡r❛❣❡❞
♦✈❡r ❛❧❧ ❢♦✉r s❡ss✐♦♥s ❢♦r ♠❛r❦❡ts ▲✱ ▼✱ ❛♥❞ ❍✳✶✻ ❚❤❡ ✜❣✉r❡ ❝❧❡❛r❧② s❤♦✇s ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡
✐♥ ♣r✐❝❡ ❜✉❜❜❧❡s ❜❡t✇❡❡♥ t❤❡ ▲✲♠❛r❦❡ts ❛♥❞ t❤❡ ❍✲♠❛r❦❡ts✿ t❤❡ ❛✈❡r❛❣❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ st❛②s ✇❡❧❧ ❜❡❧♦✇ ✶✵✵ ❢r❛♥❝s ✐♥ t❤❡ ▲✲♠❛r❦❡ts✱ ✇❤✐❧❡ t❤❡ ❛✈❡r❛❣❡ ♣r✐❝❡ ✐♥ t❤❡
❍✲♠❛r❦❡ts st❛rts ❛t ✶✵✵ ❢r❛♥❝s ❞❡✈✐❛t✐♦♥ ❛♥❞ t❤❡♥ ❝❧❡❛r❧② ❜✉❜❜❧❡s t♦ ♠♦r❡ t❤❛♥ ✷✺✵ ❢r❛♥❝s ❛❜♦✈❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡✳ ❚❤❡ ▼✲♠❛r❦❡ts ❛❧s♦ ❜✉❜❜❧❡✱ ❜✉t ❧❡ss t❤❛♥ t❤❡ ❍✲♠❛r❦❡ts ❛♥❞ ✇✐t❤ ❛ ❧♦✇❡r
♣❡❛❦✿ t❤❡ ❛✈❡r❛❣❡ ▼✲♣r✐❝❡s st❛② ❜❡t✇❡❡♥ ▲ ❛♥❞ ❍ ❢♦r t❤❡ ✜rst ✶✷ ♦✉t ♦❢ ✶✺ ♣❡r✐♦❞s✳ ■♥ t❤❡ ❧❛st
t❤r❡❡ ♣❡r✐♦❞s✱ t❤❡ ▼✲ ❛♥❞ t❤❡ ❍✲♠❛r❦❡ts ❢♦❧❧♦✇ ❛ ✈❡r② s✐♠✐❧❛r ♣r✐❝❡ ♣❛t❤ ❛s t❤❡② ❝♦♥✈❡r❣❡ t♦ t❤❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ❛❢t❡r t❤❡✐r ❜✉❜❜❧❡s ❜✉rst✳✶✼

❋✐❣✉r❡ ✸✿ ❚✐♠❡ s❡r✐❡s ♦❢ tr❛♥s❛❝t✐♦♥ ♣r✐❝❡ ❞✐✛❡r❡♥❝❡s t♦ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡

◆♦t❡s✿ ❚❤❡ ✜❣✉r❡ s❤♦✇s t❤❡ ❛✈❡r❛❣❡ ♦❢ ♠❡❞✐❛♥ s❡ss✐♦♥ ♣r✐❝❡s ♦❢ ♠❛r❦❡ts ▲✱ ▼✱ ❛♥❞ ❍ ❛♥❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡

✭❛s s♦❧✐❞ ❤♦r✐③♦♥t❛❧ ❧✐♥❡✮✳

❚♦ ♠❡❛s✉r❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ♣r✐❝❡ ❜✉❜❜❧❡s ✇❡ ❢♦❧❧♦✇ t❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞ ❝♦♠♣✉t❡ t✇♦ ❜✉❜❜❧❡
♠❡❛s✉r❡s ♣r♦✈✐❞❡❞ ❜② ❙tö❝❦❧ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❚❤❡ r❡❧❛t✐✈❡ ❛❜s♦❧✉t❡ ❞❡✈✐❛t✐♦♥ ✭❘❆❉✮ ♠❡❛s✉r❡s
♠✐s♣r✐❝✐♥❣ ❛s t❤❡ ❛✈❡r❛❣❡ ❛❜s♦❧✉t❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ❛✈❡r❛❣❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡✱ ❛♥❞ t❤❡ r❡❧❛t✐✈❡

❞❡✈✐❛t✐♦♥ ✭❘❉✮ ♠❡❛s✉r❡s ♦✈❡r♣r✐❝✐♥❣ ❛s t❤❡ ❛✈❡r❛❣❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ❛✈❡r❛❣❡ ❢✉♥❞❛♠❡♥t❛❧
✈❛❧✉❡✳✶✽ ❚❛❜❧❡ ✹ r❡♣♦rts t❤❡ ❘❆❉ ❛♥❞ ❘❉ ❜② ♠❛r❦❡t ❛♥❞ ❜② s❡ss✐♦♥✱ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ♦✈❡r ❛❧❧

✶✺❉❡✈✐❛t✐♥❣ ❢r♦♠ t❤❡ ✬❉❡s✐❣♥ ✹✬ ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ✇❡ ✐♥❝r❡❛s❡❞ t❤❡ ❝❛s❤✲t♦✲❛ss❡t r❛t✐♦ t♦ ❛❧❧♦✇
❢♦r ❤✐❣❤❡r ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ t❤❡ ♠❛r❦❡ts ✭s❡❡✱ ❡✳❣✳✱ ❍❛r✉✈② ❛♥❞ ◆♦✉ss❛✐r✱ ✷✵✵✻✮✳

✶✻❙❡❡ ❛♣♣❡♥❞✐① ❈ ❢♦r s❡ss✐♦♥✲s♣❡❝✐✜❝ ♣r✐❝❡ ♣❛t❤s✳
✶✼◆♦t❡ t❤❛t ✐♥ ❝♦♥tr❛st t♦ ❡❛r❧✐❡r ❡①♣❡r✐♠❡♥ts ♣r✐❝❡ ❞❡✈✐❛t✐♦♥s ❛r❡ ♣♦s✐t✐✈❡ ❢r♦♠ t❤❡ st❛rt ❛s s✉✣❝✐❡♥t ❝❛s❤ ✇❛s

❛✈❛✐❧❛❜❧❡ r✐❣❤t ❢r♦♠ t❤❡ ❜❡❣✐♥♥✐♥❣✳
✶✽❚❤❡ ❘❆❉ ✐s ❞❡✜♥❡❞ ❛s 1

T

∑T

t=1

|Pt−FVt|

F̄V
✇❤✐❧❡ t❤❡ ❘❉ ✐s ❞❡✜♥❡❞ ❛s 1

T

∑T

t=1
Pt−FVt

F̄V
✳

✶✵



s❡ss✐♦♥s✳✶✾ ❘❆❉ ❛♥❞ ❘❉ ❤❛✈❡ ❛❧♠♦st ❡q✉❛❧ ✈❛❧✉❡s ✐♥❞✐❝❛t✐♥❣ t❤❛t ♣r✐❝❡s ❛r❡ ✐♥ ❣❡♥❡r❛❧ ❛❜♦✈❡ t❤❡
❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❡ t❤❡r❡❢♦r❡ ❢♦❝✉s ♦♥ t❤❡ ❘❉✳✷✵ ■♥ ❡❛❝❤ s❡ss✐♦♥✱ ♦✈❡r♣r✐❝✐♥❣
✐s ❧♦✇❡r ✐♥ ▲✲♠❛r❦❡ts t❤❛♥ ✐♥ ❍✲♠❛r❦❡ts✳ ❖♥ ❛✈❡r❛❣❡✱ ▲✲♠❛r❦❡ts ❛r❡ ♦✈❡r♣r✐❝❡❞ ❜② ✷✸ ♣❡r❝❡♥t✱
✇❤✐❧❡ ✐♥ ❍✲♠❛r❦❡ts t❤❡ ❛✈❡r❛❣❡ ♦✈❡r♣r✐❝✐♥❣ ✐s ❝❧♦s❡ t♦ ✼✽ ♣❡r❝❡♥t✳ ❚❤✉s✱ ♦✈❡r♣r✐❝✐♥❣ ✐s ♠♦r❡
t❤❛♥ t❤r❡❡ t✐♠❡s ❤✐❣❤❡r ✐♥ ❍✲♠❛r❦❡ts t❤❛♥ ✐♥ ▲✲♠❛r❦❡ts✳ ❚♦ ❝♦♠♣❛r❡ t❤❡ t✇♦ ♠❛r❦❡ts✱ ✇❡ ✉s❡
❛ t❡st ♣r♦♣♦s❡❞ ❜② ❍❛r✉✈② ❛♥❞ ◆♦✉ss❛✐r ✭✷✵✵✻✮✳ ❲❡ tr❡❛t t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛✈❡r❛❣❡
♣r✐❝❡ ❛♥❞ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡ ✐♥ ❡❛❝❤ ♣❡r✐♦❞ ♦❢ ❡❛❝❤ s❡ss✐♦♥ ❛s t❤❡ r❡❧❡✈❛♥t ✉♥✐t ♦❢ ♦❜s❡r✈❛t✐♦♥
②✐❡❧❞✐♥❣ ✶✺ ♦❜s❡r✈❛t✐♦♥s ✭t❤✐s ❛ss✉♠❡s t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♣r✐❝❡ ❛♥❞ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡
✐s ✐♥❞❡♣❡♥❞❡♥t ♦✈❡r ♣❡r✐♦❞s ❛♥❞ r❡s✉❧ts ✐♥ ❣✐✈✐♥❣ ❡q✉❛❧ ✇❡✐❣❤t t♦ ❛❧❧ ♣❡r✐♦❞s ✐♥ ❛❧❧ s❡ss✐♦♥s✮✳ ❲❡
t❤❡♥ ❡✈❛❧✉❛t❡ t❤❡ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ▲✲♠❛r❦❡ts ✐s ❡q✉❛❧ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥
t❤❡ ❍✲♠❛r❦❡ts ✉s✐♥❣ ❛ ❲✐❧❝♦①♦♥ s✐❣♥❡❞ r❛♥❦ t❡st✳✷✶ ❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ❆✳✸ s❤♦✇ t❤❛t ✇❡ ❝❛♥
r❡❥❡❝t t❤❡ ◆✉❧❧ ❢♦r ❡❛❝❤ s❡ss✐♦♥ ❛♥❞ ❢♦r t❤❡ ❛✈❡r❛❣❡ ♦❢ ❛❧❧ s❡ss✐♦♥s ✭p = 0.011 ❢♦r s❡ss✐♦♥ t✇♦ ❛♥❞
p ≤ 0.001 ❢♦r ❛❧❧ ♦t❤❡r t❡sts✮✳✷✷ ❍❡♥❝❡ ♦✈❡r♣r✐❝✐♥❣ ✐s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ✐♥ ❍✲♠❛r❦❡ts t❤❛♥ ✐♥
▲✲♠❛r❦❡ts✳

❲❤✐❧❡ t❛❜❧❡ ✹ s❤♦✇s ❛ ❝❧❡❛r tr❡♥❞ ✐♥ ❘❉ ✐♥ s❡ss✐♦♥ t❤r❡❡ ❛♥❞ ❢♦✉r✱ t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ❢♦r
s❡ss✐♦♥s ♦♥❡ ❛♥❞ t✇♦✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❞✐✛❡r❡♥❝❡s ✐♥ ❙❊❚✲s❝♦r❡s ❜❡t✇❡❡♥ ♠❛r❦❡ts ✐♥
t❤❡ ✜rst t✇♦ s❡ss✐♦♥s ❛r❡ ❧❡ss ♣r♦♥♦✉♥❝❡❞✱ ❛s s❤♦✇♥ ✐♥ t❛❜❧❡ ❆✳✸✳ ■♥ s❡ss✐♦♥ ♦♥❡✱ t❤❡ ❙❊❚✲s❝♦r❡s
❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❜❡t✇❡❡♥ ♠❛r❦❡ts ▼ ❛♥❞ ❍ ❛t ❛ ✺ ♣❡r❝❡♥t ❧❡✈❡❧✳ ❚❤✐s ♠❛② ❡①♣❧❛✐♥ t❤❡
❧♦✇❡r ❘❉ ✐♥ t❤❡ ❍✲♠❛r❦❡t✳ ■♥ s❡ss✐♦♥ t✇♦✱ t❤❡ ❙❊❚✲s❝♦r❡s ✐♥ t❤❡ ▲✲ ❛♥❞ ▼✲♠❛r❦❡t ❛r❡ st❛t✐st✐❝❛❧❧②
♥♦t ❞✐✛❡r❡♥t✱ ✇❤✐❝❤ ♠❛② ❡①♣❧❛✐♥ t❤❡ ❤✐❣❤❡r ❘❉ ✐♥ t❤❡ ▲✲♠❛r❦❡t✳ ❚♦ t❡st ❢♦r ❛ tr❡♥❞✱ ✇❡ ❡✈❛❧✉❛t❡
t❤❡ ◆✉❧❧ t❤❛t RDL = RDM = RDH ❛❣❛✐♥st t❤❡ ❛❧t❡r♥❛t✐✈❡ t❤❛t RDL < RDM < RDH ✳ ❆s
♦❜s❡r✈❛t✐♦♥s ❛r❡ ♥♦t ✐♥❞❡♣❡♥❞❡♥t ✇✐t❤✐♥ ❛ s❡ss✐♦♥✱ ✇❡ ♠❛❦❡ ✉s❡ ♦❢ P❛❣❡✬s ❚r❡♥❞ ❚❡st ✭P❛❣❡✱ ✶✾✻✸✮
✇✐t❤ m = 4 ❛♥❞ n = 3✳ ❲❡ ❝❛♥ r❡❥❡❝t t❤❡ ◆✉❧❧ ❛t ❛ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢ ✺ ♣❡r❝❡♥t ✐♥❞✐❝❛t✐♥❣ ❛
s✐❣♥✐✜❝❛♥t tr❡♥❞ ♦❢ ✐♥❝r❡❛s✐♥❣ ♦✈❡r♣r✐❝✐♥❣ ❛s ✇❡ ♠♦✈❡ ❢r♦♠ ▲ t♦ ▼ t♦ ❍✳✷✸ ❚❤✉s✱ ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡
t❤❛t ♦✈❡r♣r✐❝✐♥❣ s✐❣♥✐✜❝❛♥t❧② ✐♥❝r❡❛s❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ❙❊❚✲s❝♦r❡ ♦❢ t❤❡ ♠❛r❦❡t✳

❚❛❜❧❡ ✹✿ ❇✉❜❜❧❡ ♠❡❛s✉r❡s✳

❘❆❉ ❘❉

❙❡ss✐♦♥❭▼❛r❦❡t ▲ ▼ ❍ ▲ ▼ ❍

✶ ✽✪ ✺✺✪ ✹✺✪ ✽✪ ✺✸✪ ✹✺✪

✷ ✷✺✪ ✶✺✪ ✼✶✪ ✶✾✪ ✶✶✪ ✻✾✪

✸ ✺✵✪ ✽✶✪ ✾✹✪ ✺✵✪ ✽✶✪ ✾✹✪

✹ ✶✼✪ ✽✽✪ ✶✵✻✪ ✶✼✪ ✽✽✪ ✶✵✻✪

❆✈❡r❛❣❡ ✷✺✪ ✻✵✪ ✼✾✪ ✷✸✪ ✺✽✪ ✼✽✪

◆♦t❡s✿ ◆❂✶✶✼✳ ❘❡❧❛t✐✈❡ ❛❜s♦❧✉t❡ ❞❡✈✐❛t✐♦♥ ✐s ♠❡❛s✉r❡❞ ❛s RAD = 1
15

∑15

t=1

|Pt−FVt|
Mean(FV )

✱ ❛♥❞ ✭t❤❡ ❛✈❡r❛❣❡ ♦❢✮

t❤❡ r❡❧❛t✐✈❡ ❞❡✈✐❛t✐♦♥ ✐s ♠❡❛s✉r❡❞ ❛s RD = 1
15

∑15

t=1
Pt−FVt

mean(FV )
✳ ❊❛❝❤ s❡♣❛r❛t❡ ♠❛r❦❡t ❝♦♥s✐st❡❞ ♦❢✱ ♦♥ ❛✈❡r❛❣❡✱

✶✵ ♣❛rt✐❝✐♣❛♥ts✳

✶✾❚❛❜❧❡ ❆✳✷ ✐♥ ❛♣♣❡♥❞✐① ❉ ♣r♦✈✐❞❡s ❢✉rt❤❡r ❜✉❜❜❧❡ ♠❡❛s✉r❡s ✉s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳
✷✵❚❤❡ r❡♣♦rt❡❞ st❛t✐st✐❝❛❧ t❡sts ②✐❡❧❞ q✉❛❧✐t❛t✐✈❡❧② ✐❞❡♥t✐❝❛❧ r❡s✉❧ts ❢♦r t❤❡ ❘❆❉✳
✷✶❚❤✉s✱ ❢♦r ❡❛❝❤ s❡ss✐♦♥ ✇❡ ❡✈❛❧✉❛t❡❞ t❤❡ ◆✉❧❧ t❤❛t (PH

t − FVt) − (PL
t − FVt) = 0✱ ❛♥❞ ❛❝r♦ss s❡ss✐♦♥s ✇❡

❡✈❛❧✉❛t❡❞ t❤❡ ◆✉❧❧ t❤❛t 1
4

∑4

i=1
(PH

t,i
− FVt)−

1
4

∑4

i=1
(PL

t,i
− FVt) = 0 ✇✐t❤ i ❜❡✐♥❣ t❤❡ s❡ss✐♦♥ ■❉✳

✷✷❯s✐♥❣ ❛ ❲✐❧❝♦①♦♥ s✐❣♥❡❞ r❛♥❦ t❡st ♦♥ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❘❉ ✇✐t❤ ♦♥❧② ❢♦✉r ♦❜s❡r✈❛t✐♦♥s✱ ✇❡ ✜♥❞ t❤❡ ❞✐✛❡r❡♥❝❡
t♦ ❜❡ ✇❡❛❦❧② s✐❣♥✐✜❝❛♥t ✭♣❂✵✳✵✻✽✮✳

✷✸◆♦t❡ t❤❛t ♠❛r❦❡ts ✐♥ ❛ s❡ss✐♦♥ ♠❛② ♥♦t ❜❡ ❝♦♠♣❧❡t❡❧② ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❡❛❝❤ ♦t❤❡r✱ ❞✉❡ t♦ ❡q✉❛❧ ❞✐✈✐❞❡♥❞ ❞r❛✇s
❛❝r♦ss ♠❛r❦❡ts ❛♥❞ ♦t❤❡r s❤❛r❡❞ s❡ss✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❧✐❦❡ t❤❡ ✇❡❛t❤❡r✱ t❤❡ ❞❛② ♦❢ t❤❡ ✇❡❡❦✱ ♦r t❤❡ t✐♠❡ ♦❢ t❤❡
❞❛②✳ ❆s ♠❛r❦❡ts ♠❛② ❜❡ ❧❡ss ✐♥❞❡♣❡♥❞❡♥t ✇✐t❤✐♥ ❛ s❡ss✐♦♥ t❤❛♥ ❛❝r♦ss s❡ss✐♦♥s ✇❡ ❛♣♣❧② P❛❣❡✬s tr❡♥❞ t❡st t♦
❝♦♠♣❛r❡ ♠❛r❦❡ts✳ ❯s✐♥❣ ❈✉③✐❝❦✬s ❚❡st ②✐❡❧❞s ❛ ♣✲✈❛❧✉❡ ♦❢ ✵✳✵✸✶ ❛♥❞ ❛ ♦♥❡✲s✐❞❡❞ ❏♦♥❝❦❤❡❡r❡✲❚❡r♣str❛ ❚❡st ②✐❡❧❞s
❛ ♣✲✈❛❧✉❡ ♦❢ ✵✳✵✶✹✳

✶✶



✺ ❈♦♥❝❧✉s✐♦♥

■♥ t❤✐s ♣❛♣❡r ✇❡ ❤❛✈❡ ✐♥tr♦❞✉❝❡❞ t❤❡ s♣❡❝✉❧❛t✐♦♥ ❡❧✐❝✐t❛t✐♦♥ t❛s❦ ✭❙❊❚✮ ❞❡s✐❣♥❡❞ t♦ ♠❡❛s✉r❡
✐♥❞✐✈✐❞✉❛❧ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s✳ ❲❡ ❝♦♥✜r♠ r❡s✉❧ts ❢r♦♠ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮ t❤❛t✱ ❡✈❡♥
t❤♦✉❣❤ ❛ss❡ts ❤❛✈❡ ③❡r♦ ❢✉♥❞❛♠❡♥t❛❧ ✈❛❧✉❡✱ s✉❜❥❡❝ts ❛r❡ ✇✐❧❧✐♥❣ t♦ ❜✉② t❤❡s❡ ❛ss❡t ❛t ♣♦s✐t✐✈❡
♣r✐❝❡s✳ ❚❤❡ ❙❊❚ ❞♦❡s ♥♦t ♦♥❧② ❡❧✐❝✐t ❞❡❝✐s✐♦♥s ❢♦r ♦♥❡ ♣r✐❝❡✱ ❛s ✐♥ ▼♦✐♥❛s ❛♥❞ P♦✉❣❡t ✭✷✵✶✸✮✱
❜✉t ❢♦r ❛ r❛♥❣❡ ♦❢ ♣r✐❝❡s✳ ❲❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ❤✐❣❤❡r ❛ tr❛❞❡r✬s ♠❛①✐♠✉♠ ✇✐❧❧✐♥❣♥❡ss t♦ ❜✉②✱
❛s ❡①♣r❡ss❡❞ ❜② t❤❡ ❙❊❚✲s❝♦r❡✱ t❤❡ ❤✐❣❤❡r ❛ tr❛❞❡r✬s ♣r♦♣❡♥s✐t② t♦ s♣❡❝✉❧❛t❡ ♦♥ ❛ ✬❣r❡❛t❡r ❢♦♦❧✬✱
✇❤♦ ✇✐❧❧ ❜✉② ❛t ❡✈❡♥ ❤✐❣❤❡r ♣r✐❝❡s✳

❲❡ ❛♣♣❧✐❡❞ t❤❡ ❙❊❚✲s❝♦r❡ ✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡t s❡tt✐♥❣s ❜② ❝♦♠♣♦s✐♥❣ s❡♣❛r❛t❡ ♠❛r✲
❦❡ts ✇✐t❤ ❤♦♠♦❣❡♥❡♦✉s tr❛❞❡r t②♣❡s ❤❛✈✐♥❣ s✐♠✐❧❛r ❧♦✇✱ ♠❡❞✐✉♠✱ ♦r ❤✐❣❤ ❙❊❚✲s❝♦r❡s✳ ❆s ❡①✲
♣❡❝t❡❞✱ ✇❡ ♦❜s❡r✈❡ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ♦✈❡r♣r✐❝✐♥❣ ❛♥❞ ❜✉❜❜❧❡ ❢♦r♠❛t✐♦♥ ✐♥ ❤✐❣❤ ❙❊❚✲s❝♦r❡ ♠❛r✲
❦❡ts t❤❛♥ ✐♥ ❧♦✇ ❙❊❚✲s❝♦r❡ ♠❛r❦❡ts ✐♥ ❛❧❧ s❡ss✐♦♥s✳ ■♥ ❢❛❝t✱ ✇❡ ✜♥❞ t❤❛t ♦✈❡r♣r✐❝✐♥❣ ✐♥ t❤❡
❍✲♠❛r❦❡ts ✐s ♠♦r❡ t❤❛♥ t❤r❡❡ t✐♠❡s ❤✐❣❤❡r t❤❛♥ ✐♥ t❤❡ ▲✲♠❛r❦❡ts✳ ❖✉r r❡s✉❧ts ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡
t❤❛t ♣r✐❝❡ ❜✉❜❜❧❡s ✐♥ ❙❙❲ ♠❛r❦❡t ❞❡s✐❣♥s ❛r❡ ❛t ❧❡❛st ♣❛rt❧② ❞r✐✈❡♥ ❜② s♣❡❝✉❧❛t✐✈❡ ❜❡❤❛✈✐♦r✳

❖✈❡r❛❧❧✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ❙❊❚ ✐s ❛❜❧❡ t♦ ❡❧✐❝✐t ❛♥❞ ♠❡❛s✉r❡ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ♦❢ ✐♥❞✐✲
✈✐❞✉❛❧s✳ ❖✉r ❛♣♣r♦❛❝❤ ✐s ❞✐st✐♥❝t❧② ❞✐✛❡r❡♥t ❢r♦♠ ❡① ♣♦st ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ s♣❡❝✉❧❛t✐✈❡ tr❛❞✐♥❣
❜❡❤❛✈✐♦r ✐♥ ❙❙❲ ♠❛r❦❡ts ✭❍❛r✉✈② ❛♥❞ ◆♦✉ss❛✐r✱ ✷✵✵✻❀ ❇❛❣❤❡st❛♥✐❛♥ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛s t❤❡ ❙❊❚✲
s❝♦r❡ ♠❡❛s✉r❡s s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s ♦❢ ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤♦✉t ♠❛r❦❡t ❢❡❡❞❜❛❝❦ ❛♥❞ ❞②♥❛♠✐❝s t❤❛t
♠❛② ❝♦♥❢♦✉♥❞ ♣r✐❝❡ ❢♦r♠❛t✐♦♥✳

❚❤❡ ❙❊❚ ✐s ❡❛s✐❧② ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❛♥❞ t❤❡ ♣r♦❝❡❞✉r❡ ♦♥❧② t❛❦❡s ❛❜♦✉t ✷✵
♠✐♥✉t❡s✳ ❚❤❡ ❙❊❚ ♣r♦✈✐❞❡s ✉s ✇✐t❤ t❤❡ ❙❊❚✲s❝♦r❡❀ ❛♥ ❡❛s②✲t♦✲✐♥t❡r♣r❡t s♣❡❝✉❧❛t✐♦♥ ♠❡❛s✉r❡♠❡♥t
❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧ t❤❛t ❡♥❛❜❧❡s ✉s t♦ ❡①♣❧♦r❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ tr❛❞❡rs✬ s♣❡❝✉❧❛t✐✈❡ t❡♥❞❡♥❝✐❡s
♦♥ ❜✉❜❜❧❡ ❢♦r♠❛t✐♦♥ ❛♥❞ ❝r❛s❤❡s✳ ❋✉t✉r❡ st✉❞✐❡s ♠❛② ✇❛♥t t♦ ✉s❡ t❤❡ ❙❊❚✲s❝♦r❡ ❛s ❛ tr❡❛t♠❡♥t
✈❛r✐❛❜❧❡ ✭❢♦r ❡①❛♠♣❧❡✱ t♦ ❡①♣❧♦r❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s♣❡❝✉❧❛t♦rs ♦♥ ❞✐✛❡r❡♥t ♠❛r❦❡t ♣❤❡♥♦♠❡♥❛✮ ♦r
❛s ❛♥ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ❢♦r tr❛❞❡r ❛♥❞ ♠❛r❦❡t ❝❤❛r❛❝t❡r✐st✐❝s✳

❘❡❢❡r❡♥❝❡s

❇❛❣❤❡st❛♥✐❛♥✱ ❙✳✱ ▲✉❣♦✈s❦②②✱ ❱✳✱ P✉③③❡❧❧♦✱ ❉✳✱ ✷✵✶✷✳ ■♥❞✐✈✐❞✉❛❧ ❜❡❤❛✈✐♦r ✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t
♠❛r❦❡ts✿ t❤❡♦r② ❛♥❞ ❡✈✐❞❡♥❝❡✳ ❚❡❝❤✳ r❡♣✳✱ ❲♦r❦✐♥❣ P❛♣❡r✱ ❯♥✐✈❡rs✐t② ♦❢ ■♥❞✐❛♥❛✳

❇❧❛♥❝❤❛r❞✱ ❖✳ ❏✳✱ ❲❛ts♦♥✱ ▼✳ ❲✳✱ ✶✾✽✸✳ ❇✉❜❜❧❡s✱ r❛t✐♦♥❛❧ ❡①♣❡❝t❛t✐♦♥s ❛♥❞ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✳
◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❡❝♦♥♦♠✐❝ r❡s❡❛r❝❤ ❈❛♠❜r✐❞❣❡✱ ▼❛ss✳✱ ❯❙❆✳

❇❧♦♦♠✜❡❧❞✱ ❘✳✱ ❆♥❞❡rs♦♥✱ ❆✳✱ ✷✵✶✵✳ ❇❡❤❛✈✐♦r❛❧ ❋✐♥❛♥❝❡✿ ■♥✈❡st♦rs✱ ❈♦r♣♦r❛t✐♦♥s✱ ❛♥❞ ▼❛r❦❡ts✳
❏♦❤♥ ❲✐❧❡② ✫ ❙♦♥s✱ ❈❤✳ ❊①♣❡r✐♠❡♥t❛❧ ❋✐♥❛♥❝❡✳

❇♦♥✐♥✱ ❍✳✱ ❉♦❤♠❡♥✱ ❚✳✱ ❋❛❧❦✱ ❆✳✱ ❍✉✛♠❛♥✱ ❉✳✱ ❙✉♥❞❡✱ ❯✳✱ ✷✵✵✼✳ ❈r♦ss✲s❡❝t✐♦♥❛❧ ❡❛r♥✐♥❣s r✐s❦
❛♥❞ ♦❝❝✉♣❛t✐♦♥❛❧ s♦rt✐♥❣✿ ❚❤❡ r♦❧❡ ♦❢ r✐s❦ ❛tt✐t✉❞❡s✳ ▲❛❜♦✉r ❊❝♦♥♦♠✐❝s ✶✹ ✭✻✮✱ ✾✷✻✕✾✸✼✳

❈❤❡✉♥❣✱ ❙✳ ▲✳✱ ❍❡❞❡❣❛❛r❞✱ ▼✳✱ P❛❧❛♥✱ ❙✳✱ ✷✵✶✹✳ ❚♦ s❡❡ ✐s t♦ ❜❡❧✐❡✈❡✿ ❈♦♠♠♦♥ ❡①♣❡❝t❛t✐♦♥s ✐♥
❡①♣❡r✐♠❡♥t❛❧ ❛ss❡t ♠❛r❦❡ts✳ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✻✻✱ ✽✹✕✾✻✳

❉❡ ▲♦♥❣✱ ❏✳ ❇✳✱ ❙❤❧❡✐❢❡r✱ ❆✳✱ ❙✉♠♠❡rs✱ ▲✳ ❍✳✱ ❲❛❧❞♠❛♥♥✱ ❘✳ ❏✳✱ ✶✾✾✵✳ ◆♦✐s❡ tr❛❞❡r r✐s❦ ✐♥ ✜♥❛♥❝✐❛❧
♠❛r❦❡ts✳ ❏♦✉r♥❛❧ ♦❢ ♣♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✼✵✸✕✼✸✽✳

❉✉❢✇❡♥❜❡r❣✱ ▼✳✱ ▲✐♥❞q✈✐st✱ ❚✳✱ ▼♦♦r❡✱ ❊✳✱ ✷✵✵✺✳ ❇✉❜❜❧❡s ❛♥❞ ❡①♣❡r✐❡♥❝❡✿ ❆♥ ❡①♣❡r✐♠❡♥t✳ ❆♠❡r✲
✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✼✸✶✕✶✼✸✼✳
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●r❡✐♥❡r✱ ❇✳✱ ✷✵✵✹✳ ❚❤❡ ♦♥❧✐♥❡ r❡❝r✉✐t♠❡♥t s②st❡♠ ♦rs❡❡ ✷✳✵✲❛ ❣✉✐❞❡ ❢♦r t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❡①✲
♣❡r✐♠❡♥ts ✐♥ ❡❝♦♥♦♠✐❝s✳ ❯♥✐✈❡rs✐t② ♦❢ ❈♦❧♦❣♥❡✱ ❲♦r❦✐♥❣ ♣❛♣❡r s❡r✐❡s ✐♥ ❡❝♦♥♦♠✐❝s ✶✵ ✭✷✸✮✱
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♠❡♥t❛❧ s♣♦t ❛ss❡t ♠❛r❦❡ts✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝❡ ✻✶ ✭✸✮✱ ✶✶✶✾✕✶✶✺✼✳
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❛❝t✐♦♥ ✐♥ ❛ss❡t ♠❛r❦❡ts✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝❡ ✺✹ ✭✻✮✱ ✷✶✹✸✕✷✶✽✹✳
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❞✐✈❡rs✐t② ❞❡✢❛t❡s ♣r✐❝❡ ❜✉❜❜❧❡s✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ✶✶✶ ✭✺✷✮✱
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❆ ■♥str✉❝t✐♦♥s✿ ❙❊❚ ✫ ❈♦♠♣r❡❤❡♥s✐♦♥ ◗✉❡st✐♦♥♥❛✐r❡

❆✳✶ ❙❊❚ ✐♥str✉❝t✐♦♥s
✶✳ ❚❤❡ ❊①❝❤❛♥❣❡ Pr♦❝❡ss
❚♦ ♣❧❛② t❤✐s ❣❛♠❡✱ t❤❡ ❝♦♠♣✉t❡r ❝r❡❛t❡s ❣r♦✉♣s ♦❢ t❤r❡❡ tr❛❞❡rs✳ ❊❛❝❤ tr❛❞❡r ✐s ❡♥❞♦✇❡❞ ✇✐t❤ ♦♥❡ ❡✉r♦ ✇❤✐❝❤ ❝❛♥ ❜❡
✉s❡❞ t♦ ❜✉② ❛♥ ❛ss❡t✳ ❨♦✉r t❛s❦ ❞✉r✐♥❣ t❤❡ ❣❛♠❡ ✐s t❤✉s t♦ ❝❤♦♦s❡ ✇❤❡t❤❡r ②♦✉ ✇❛♥t t♦ ❜✉② ♦r ♥♦t t❤❡ ❛ss❡t✳ ❚❤✐s ❛ss❡t
❞♦❡s ♥♦t ❣❡♥❡r❛t❡ ❛♥② ❞✐✈✐❞❡♥❞✳ ■❢ t❤❡ ❛ss❡t ♣r✐❝❡ ❡①❝❡❡❞s ♦♥❡ ❡✉r♦✱ ②♦✉ ❝❛♥ st✐❧❧ ❜✉② t❤❡ ❛ss❡t✳ ❲❡ ✐♥❞❡❡❞ ❝♦♥s✐❞❡r t❤❛t
❛ ✜♥❛♥❝✐❛❧ ♣❛rt♥❡r ✭✇❤♦ ✐s ♥♦t ♣❛rt ♦❢ t❤❡ ❣❛♠❡✮ ♣r♦✈✐❞❡s ②♦✉ ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝❛♣✐t❛❧ ❛♥❞ s❤❛r❡s ♣r♦✜ts ✇✐t❤ ②♦✉
❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❝❛♣✐t❛❧ ✐♥✈❡st❡❞✳ ❚❤❡ ♠❛r❦❡t ♣r♦❝❡❡❞s s❡q✉❡♥t✐❛❧❧②✳ ❚❤❡ ✜rst tr❛❞❡r ✐s ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛
♣r✐❝❡ P✶✳ ■❢ ❤❡ ❜✉②s✱ ❤❡ ♣r♦♣♦s❡s t♦ s❡❧❧ t❤❡ ❛ss❡t t♦ t❤❡ s❡❝♦♥❞ tr❛❞❡r ❛t ❛ ♣r✐❝❡ ✇❤✐❝❤ ✐s t❡♥ t✐♠❡s ❤✐❣❤❡r✱ P✷ ❂ ✶✵P✶✳
■❢ t❤❡ s❡❝♦♥❞ tr❛❞❡r ❛❝❝❡♣ts t♦ ❜✉②✱ t❤❡ ✜rst tr❛❞❡r ❡♥❞s ✉♣ t❤❡ ❣❛♠❡ ✇✐t❤ ✶✵ ❡✉r♦s✳ ❚❤❡ s❡❝♦♥❞ tr❛❞❡r t❤❡♥ ♣r♦♣♦s❡s t♦
s❡❧❧ t❤❡ ❛ss❡t t♦ t❤❡ t❤✐r❞ tr❛❞❡r ❛t ❛ ♣r✐❝❡ P✸ ❂ ✶✵✯P✷ ❂ ✶✵✵✯P✶✳ ■❢ t❤❡ t❤✐r❞ tr❛❞❡r ❜✉②s t❤❡ ❛ss❡t✱ t❤❡ s❡❝♦♥❞ tr❛❞❡r
❡♥❞s ✉♣ t❤❡ ❣❛♠❡ ✇✐t❤ ✶✵ ❡✉r♦s✳ ❚❤❡ t❤✐r❞ tr❛❞❡r ❞♦❡s ♥♦t ✜♥❞ ❛♥②❜♦❞② t♦ ✇❤♦♠ ❤❡ ❝❛♥ s❡❧❧ t❤❡ ❛ss❡t ❛s ❤❡ ✐s ❧❛st✳
❙✐♥❝❡ t❤✐s ❛ss❡t ❞♦❡s ♥♦t ❣❡♥❡r❛t❡ ❛♥② ❞✐✈✐❞❡♥❞✱ ❤❡ ❡♥❞s ✉♣ t❤❡ ❣❛♠❡ ✇✐t❤ ✵ ❡✉r♦✳ ■❢ ②♦✉ ❞♦ ♥♦t ♦r ❝❛♥♥♦t ❜✉② t❤❡ ❛ss❡t
✕ r❡s♣❡❝t✐✈❡❧② ❜❡❝❛✉s❡ ②♦✉ ❝❤♦♦s❡ ♥♦t t♦ ❜✉② ♦r ❜❡❝❛✉s❡ t❤❡ ♣❡rs♦♥ ❜❡❢♦r❡ ②♦✉ ✐♥ ❧✐♥❡ ❞♦❡s ♥♦t ♦✛❡r ②♦✉ t❤❡ ❛ss❡t ✕ ②♦✉
❡♥❞ t❤❡ ❣❛♠❡ ✇✐t❤ ✸ ❡✉r♦s✳ ❚❤✐s ❣❛♠❡ ✐s s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✜❣✉r❡✿

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

✷✳ Pr♦♣♦s❡❞ ♣r✐❝❡s
❚❤❡ ♣r✐❝❡ P✶ t❤❛t ✐s ♣r♦♣♦s❡❞ t♦ t❤❡ ✜rst tr❛❞❡r ✐s r❛♥❞♦♠✳ ❚❤✐s ♣r✐❝❡ ✐s ❛ ♣♦✇❡r ♦❢ ✶✵ ❛♥❞ ✐s ❞❡t❡r♠✐♥❡❞ ❛s ❢♦❧❧♦✇s✿

P✶ Pr♦❜❛❜✐❧✐t② t❤❛t t❤✐s P✶ ✐s r❡❛❧✐③❡❞

✶ ✶✺ ✪

✶✵ ✷✵ ✪

✶✵✵ ✸✵ ✪

✶✳✵✵✵ ✷✵ ✪

✶✵✳✵✵✵ ✶✺ ✪

tr❛❞❡rs ❞❡❝✐s✐♦♥s ❛r❡ ♠❛❞❡ s✐♠✉❧t❛♥❡♦✉s❧② ❛♥❞ ♣r✐✈❛t❡❧②✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ✜rst ♣r✐❝❡ P1 ❂ ✶ ❤❛s ❜❡❡♥ ❞r❛✇♥✱ t❤❡ ♣r✐❝❡s
t❤❛t ❛r❡ s✐♠✉❧t❛♥❡♦✉s❧② ♣r♦♣♦s❡❞ t♦ t❤❡ t❤r❡❡ tr❛❞❡rs ❛r❡✿ P1❂ ✶ ❢♦r t❤❡ ✜rst tr❛❞❡r✱ P2❂ ✶✵ ❢♦r t❤❡ s❡❝♦♥❞ tr❛❞❡r✱ ❛♥❞P3

✶✹



❂ ✶✵✵ ❢♦r t❤❡ t❤✐r❞ tr❛❞❡r✳ ■❞❡♥t✐❝❛❧❧②✱ ✐❢ t❤❡ ✜rst ♣r✐❝❡ P1 ❂ ✶✵✳✵✵✵ ❤❛s ❜❡❡♥ ❞r❛✇♥✱ t❤❡ ♣r✐❝❡s t❤❛t ❛r❡ s✐♠✉❧t❛♥❡♦✉s❧②
♣r♦♣♦s❡❞ t♦ t❤❡ t❤r❡❡ tr❛❞❡rs ❛r❡✿ P1❂ ✶✵✳✵✵✵ ❢♦r t❤❡ ✜rst tr❛❞❡r✱ P2❂ ✶✵✵✳ ✵✵✵ ❢♦r t❤❡ s❡❝♦♥❞ tr❛❞❡r✱ ❛♥❞ P3❂ ✶✳✵✵✵✳✵✵✵
❢♦r t❤❡ t❤✐r❞ tr❛❞❡r✳ ❚❤❡ ♣r✐❝❡s t❤❛t ❛r❡ ❜❡✐♥❣ ♣r♦♣♦s❡❞ t♦ ②♦✉ ❝❛♥ ❣✐✈❡ ②♦✉ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥❢♦r♠❛t✐♦♥ r❡❣❛r❞✐♥❣ ②♦✉r
♣♦s✐t✐♦♥ ✐♥ t❤❡ ♠❛r❦❡t s❡q✉❡♥❝❡✿

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✱ ②♦✉ ❛r❡ s✉r❡ t♦ ❜❡ ✜rst❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✵✱ ②♦✉ ❤❛✈❡ ❛ ✻✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✜rst✱ ❛♥❞ ❛ ✹✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣
s❡❝♦♥❞ ✐♥ t❤❡ s❡q✉❡♥❝❡❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✵✵✱ ②♦✉ ❤❛✈❡ ❛ ✺✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✜rst✱ ❛ ✸✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ s❡❝♦♥❞
❛♥❞ ❛ ✷✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ❧❛st ✐♥ t❤❡ s❡q✉❡♥❝❡❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✳✵✵✵✱ ②♦✉ ❤❛✈❡ ❛ ✸✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✜rst✱ ❛ ✹✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣
s❡❝♦♥❞ ❛♥❞ ❛ ✸✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ❧❛st❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✵✳✵✵✵✱ ②♦✉ ❤❛✈❡ ❛ ✷✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✜rst✱ ❛ ✸✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣
s❡❝♦♥❞ ❛♥❞ ❛ ✺✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ❧❛st ✐♥ t❤❡ s❡q✉❡♥❝❡❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✵✵✳✵✵✵✱ ②♦✉ ❤❛✈❡ ❛ ✹✴✶✵ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ s❡❝♦♥❞ ❛♥❞ ❛ ✻✴✶✵ ❝❤❛♥❝❡ ♦❢
❜❡✐♥❣ ❧❛st ✐♥ t❤❡ s❡q✉❡♥❝❡❀

❼ ■❢ ②♦✉ ❛r❡ ♣r♦♣♦s❡❞ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦❢ ✶✳✵✵✵✳✵✵✵✱ ②♦✉ ❛r❡ s✉r❡ t♦ ❜❡ ❧❛st ✐♥ t❤❡ s❡q✉❡♥❝❡✳

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

❆r❡ t❤❡r❡ ❛♥② q✉❡st✐♦♥s❄

❆✳✷ ❙❊❚ t❡st q✉❡st✐♦♥s

✶✮ ❲❤❛t ✐s ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ t❤✐r❞ ✐♥ ❧✐♥❡ ✇❤❡♥ ②♦✉ ❤❛✈❡ ♥♦t ❜❡❡♥ ♦✛❡r❡❞ ❛ ♣r✐❝❡ ②❡t❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✶✵✵✪✱ ✼✺✪✱ ✶✵✪✱ ✸✸✳✸✸✪

✷✮ ❲❤❛t ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ✜rst ♣r✐❝❡ ✭P1✮ ❜❡✐♥❣ ✶✳✵✵✵❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✵✪✱ ✶✺✪✱ ✷✵✪✱ ✸✵✪

✸✮ ❲❤❛t ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ✜rst ♣r✐❝❡ ✭P1✮ ❜❡✐♥❣ ✶✵✵✳✵✵✵❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✵✪✱ ✶✺✪✱ ✷✵✪✱ ✸✵✪

✹✮ ■❢ ②♦✉ ❛r❡ ♦✛❡r❡❞ ❛ ♣r✐❝❡ ♦❢ ✶✳✵✵✵✱ ✇❤❛t ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ♥♦t ❜❡✐♥❣ ❧❛st ✐♥ ❧✐♥❡❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✼✵✪✱ ✹✵✪✱ ✶✵✪✱ ✸✵✪

✺✮ ❲❤❛t ✐s ②♦✉r ♣r♦✜t ✇❤❡♥ ②♦✉ ❛r❡ ✜rst ✐♥ ❧✐♥❡ ❛♥❞ ❜✉② ❜✉t t❤❡ ♣❡rs♦♥ ♥❡①t ✐♥ ❧✐♥❡ ❞♦❡s ♥♦t ❜✉②❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✵➾✱ ✸➾✱ ✶✵➾

✻✮ ❲❤❛t ✐s ②♦✉r ♣r♦✜t ✐❢ ②♦✉ ❛r❡ s❡❝♦♥❞ ✐♥ ❧✐♥❡ ❛♥❞ t❤❡ ♣❡rs♦♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ②♦✉ ✐♥ ❧✐♥❡ ❜✉②✱ ❜✉t ②♦✉ ❞♦ ♥♦t ❜✉②❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✵➾✱ ✸➾✱ ✶✵➾

✼✮ ❲❤❛t ✐s ②♦✉r ♣r♦✜t ✇❤❡♥ ②♦✉ ❛r❡ ✜rst ✐♥ ❧✐♥❡✱ ②♦✉ ❞❡❝✐❞❡ t♦ ❜✉② ❛♥❞ t❤❡ tr❛❞❡r ♥❡①t ✐♥ ❧✐♥❡ ❛❧s♦ ❜✉②s❄

✲ ❖♣t✐♦♥s✿ ✭✇✐t❤ ❝♦rr❡❝t ♦♣t✐♦♥ ✐♥ ❜♦❧❞✮✿ ✵➾✱ ✸➾✱ ✶✵➾

✶✺



❆✳✸ ❋✉rt❤❡r ❙❊❚ ✐♥str✉❝t✐♦♥s ✭s❤♦✇♥ ♦♥ s❝r❡❡♥✮

■♥ t❤✐s ❡①♣❡r✐♠❡♥t ✇❡ ✇✐❧❧ ❛s❦ ②♦✉ ❢♦r ❡✈❡r② ♣♦ss✐❜❧❡ ♣r✐❝❡ ✭✶✱ ✶✵✱ ✶✵✵✱ ✶✳✵✵✵✱ ✶✵✳✵✵✵✱ ✶✵✵✳✵✵✵✱ ✶✳✵✵✵✳✵✵✵✮ ✇❤❡t❤❡r ②♦✉
✇♦✉❧❞ ✇❛♥t t♦ ❜✉② ♦r ♥♦t t❤❡ ❛ss❡t ✐❢ t❤✐s ♣r✐❝❡ ✇❡r❡ ♦✛❡r❡❞ t♦ ②♦✉ ✐♥ t❤❡ ❣❛♠❡ t❤❛t ✇❛s ❥✉st ❡①♣❧❛✐♥❡❞✳ ❨♦✉ t❤✉s
❜❛s✐❝❛❧❧② ♣❧❛② t❤❡ ❣❛♠❡ ♥♦t ♦♥❝❡✱ ❜✉t ❢♦r ❡✈❡r② ♣♦ss✐❜❧❡ ♣r✐❝❡✳ ❆❢t❡r ②♦✉ ❤❛✈❡ ♠❛❞❡ ❛ ❞❡❝✐s✐♦♥ ✭❜✉② ♦r ♥♦t ❜✉②✮ ❢♦r ❡✈❡r②
♣♦ss✐❜❧❡ ♣r✐❝❡✱ t❤❡r❡ ❛r❡ t❤r❡❡ ❢✉rt❤❡r st❡♣s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❝♦♠♣✉t❡r t♦ ❞❡t❡r♠✐♥❡ ②♦✉r ✜♥❛❧ ♣r♦✜t ❢r♦♠ t❤✐s ❣❛♠❡✿

❼ ❚❤❡ ❝♦♠♣✉t❡r ✇✐❧❧ r❛♥❞♦♠❧② ♣✐❝❦ ♦♥❡ ♦❢ t❤❡ ✼ ♣♦ss✐❜❧❡ ♣r✐❝❡s✱ ❡❛❝❤ ♦♥❡ ✐s ❡q✉❛❧❧② ❧✐❦❡❧②✳ ❨♦✉r ❝❤♦✐❝❡ ✭❜✉② ♦r ♥♦t
❜✉②✮ ❛t t❤✐s ♣r✐❝❡ ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ②♦✉r ♣r♦✜t✳

❼ ❚❤❡♥ t❤❡ ❝♦♠♣✉t❡r ✇✐❧❧ ❣✐✈❡ ②♦✉ ❛ ♣❧❛❝❡ ✐♥ ❧✐♥❡✱ ❡✐t❤❡r ✜rst✱ s❡❝♦♥❞ ♦r t❤✐r❞ ❜② ✉s✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐t✐❡s ♦❢ ❜❡✐♥❣
✜rst✱ s❡❝♦♥❞ ♦r t❤✐r❞ ✐♥ ❧✐♥❡ ❛t t❤❡ ❝❤♦s❡♥ ♣r✐❝❡ ❢r♦♠ st❡♣ ✶✳ ❨♦✉ ❝❛♥ ✜♥❞ t❤❡s❡ ♣r♦❜❛❜✐❧✐t✐❡s ❢♦r ❛❧❧ ♣♦ss✐❜❧❡ ♣r✐❝❡s
✐♥ t❤❡ ✐♥str✉❝t✐♦♥s✳

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

P❧❡❛s❡ ♥♦t❡✿ ■❢ ②♦✉ ❞❡❝✐❞❡ t♦ ❜✉② ❢♦r ❛ ♣r✐❝❡✱ ✇❡ ❛✉t♦♠❛t✐❝❛❧❧② ❛ss✉♠❡ ②♦✉ ✇♦✉❧❞ ❛❧s♦ ✇❛♥t t♦ ❜✉② ❢♦r ❛❧❧ ❧♦✇❡r ♣r✐❝❡s ❛s
t❤❡s❡ ❛r❡ ✐♥ ❢❛❝t ❧❡ss r✐s❦②✳ ❇❡❝❛✉s❡ ♦❢ t❤✐s ②♦✉ ✇✐❧❧ s❡❡ ❛ s❝r❡❡♥ ❛❢t❡r ②♦✉ ❤❛✈❡ ❞❡❝✐❞❡❞ t♦ ❜✉② ♦♥ ✇❤✐❝❤ ✇❡ t❡❧❧ ②♦✉ t❤❛t
✇❡ ❛ss✉♠❡ ②♦✉ ❛✉t♦♠❛t✐❝❛❧❧② ❛❧s♦ ✇❛♥t t♦ ❜✉② ❢♦r ❛❧❧ ❧♦✇❡r ♣r✐❝❡s✳ ■❢ t❤✐s ✐s ✐♥❞❡❡❞ t❤❡ ❝❛s❡✱ s✐♠♣❧② ❝❧✐❝❦ ♦♥ ✧❝♦♥t✐♥✉❡✧✳
❍♦✇❡✈❡r ✐❢ ②♦✉ ✇❛♥t t♦ ❝❤❛♥❣❡ ②♦✉r ♣r❡✈✐♦✉s ❞❡❝✐s✐♦♥ ②♦✉ ❝❛♥ ❛❧✇❛②s ❣♦ ❜❛❝❦ t♦ t❤❛t ❞❡❝✐s✐♦♥ ❜② ❝❧✐❝❦✐♥❣ ♦♥ ✧❝❤❛♥❣❡✧✳

❋✐❣✉r❡ ❆✳✶✿ ❙❝r❡❡♥s❤♦t ♦❢ t❤❡ ❙❊❚ ❞❡❝✐s✐♦♥ ❡♥✈✐r♦♥♠❡♥t✳

❆✳✹ ❇❡❧✐❡❢ ❡❧✐❝✐t❛t✐♦♥ t❛s❦ ✐♥str✉❝t✐♦♥s ✭s❤♦✇♥ ♦♥ s❝r❡❡♥✮
❨♦✉ ❤❛✈❡ ❥✉st ♣❧❛②❡❞ ❛ ❣❛♠❡ ✇❤❡r❡ ②♦✉ ❤❛❞ t♦ ❞❡❝✐❞❡ ❢♦r ✼ ❞✐✛❡r❡♥t ♣r✐❝❡s ✇❤❡t❤❡r ♦r ♥♦t ②♦✉ ✇❛♥t❡❞ t♦ ❜✉② t❤❡ ❛ss❡t✳
❈♦✉❧❞ ②♦✉ ✐♥❞✐❝❛t❡ ❜❡❧♦✇ ❢♦r ✇❤✐❝❤ ♣r✐❝❡ ②♦✉ t❤✐♥❦ t❤❡ ♦t❤❡r ♣❛rt✐❝✐♣❛♥ts ❙❚❆❘❚❊❉ t♦ ❜✉②❄ P❧❡❛s❡ ❞♦ s♦ ❜② ❛ss✐❣♥✐♥❣
t❤❡ ♥✉♠❜❡r ♦❢ ♣❛rt✐❝✐♣❛♥ts ✇❤♦ ②♦✉ t❤✐♥❦ ❙❚❆❘❚❊❉ ❜✉②✐♥❣ ❛t ❛ ♣❛rt✐❝✉❧❛r ♣r✐❝❡ ❛♥❞ t❤❡♥ ♣r❡ss✐♥❣ t❤❡ ✧❛ss✐❣♥✧ ❜✉tt♦♥✳
❋♦r ❡①❛♠♣❧❡✿ ✐❢ ②♦✉ t❤✐♥❦ ✶✷ ♣❛rt✐❝✐♣❛♥ts st❛rt❡❞ ❜✉②✐♥❣ ❛t ❛ ♣r✐❝❡ ♦❢ ✶✵✵✵ ✭✇❤✐❝❤ ♦❢ ❝♦✉rs❡ ♠❡❛♥s t❤❡② ❛❧s♦ ❜♦✉❣❤t ❢♦r
❛❧❧ ❧♦✇❡r ♣r✐❝❡s✮ ②♦✉ ✜❧❧ ✐♥ ✶✷ ♥❡①t t❤❡ t❤❡ ♣r✐❝❡ ♦❢ ✶✵✵✵ ❛♥❞ ♣r❡ss ❛ss✐❣♥✳ ■❢ ②♦✉ t❤✐♥❦ s♦♠❡ ♣❡♦♣❧❡ ♥❡✈❡r ❜♦✉❣❤t t❤❡
❛ss❡t✱ ②♦✉ s❤♦✉❧❞ ❛ss✐❣♥ t❤❡♠ t♦ t❤❡ ✧♥❡✈❡r✧ ❝❛t❡❣♦r②✳ ▼❛❦❡ s✉r❡ ②♦✉ ❛ss✐❣♥ ❆▲▲ ♦t❤❡r ♣❛rt✐❝✐♣❛♥ts t♦ ❛ ❝❛t❡❣♦r② ✭②♦✉
❝❛♥ ❝❤❡❝❦ t❤✐s ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ ②♦✉r s❝r❡❡♥✮✳ ❨♦✉ ❝❛♥ ❛❧✇❛②s ❝❤❛♥❣❡ ②♦✉r ❝❤♦✐❝❡s ❜② t②♣✐♥❣ ❛ ❞✐✛❡r❡♥t ♥✉♠❜❡r ❛♥❞
♣r❡ss✐♥❣ ♦♥ t❤❡ ✧❛ss✐❣♥✧ ❜✉tt♦♥ ♦♥❝❡ ♠♦r❡✳ ❖♥❝❡ ②♦✉ ❤❛✈❡ ❛ss✐❣♥❡❞ ❛❧❧ t❤❡ ♦t❤❡r ♣❛rt✐❝✐♣❛♥ts✱ ♣❧❡❛s❡ ❝❧✐❝❦ t❤❡ ✧❝♦♥t✐♥✉❡✧
❜✉tt♦♥✳❨♦✉ ✇✐❧❧ ❡❛r♥ ✸ ❡✉r♦s ✐❢ ②♦✉ ♣r❡❞✐❝t t❤❡ ♣r✐❝❡s ❛t ✇❤✐❝❤ t❤❡ ♦t❤❡rs ❙❚❆❘❚❊❉ ❜✉②✐♥❣ ❝♦rr❡❝t❧② ❢♦r ♠♦r❡ t❤❛♥
✾✵✪ ♦❢ t❤❡ ♣❛rt✐❝✐♣❛♥ts✱ ✷ ❡✉r♦s ✐❢ ②♦✉ ♣r❡❞✐❝t t❤❡♠ ❝♦rr❡❝t❧② ❢♦r ❜❡t✇❡❡♥ ✼✺✪✲✾✵✪ ♦❢ t❤❡ ♣❛rt✐❝✐♣❛♥ts ❛♥❞ ✶ ❡✉r♦ ✐❢ ②♦✉
♣r❡❞✐❝t t❤❡♠ ❝♦rr❡❝t❧② ❢♦r ❜❡t✇❡❡♥ ✺✵✪✲✼✺✪ ♦❢ t❤❡ ♣❛rt✐❝✐♣❛♥ts✳ ❘❊▼■◆❉❊❘✿ ❨♦✉ ②♦✉rs❡❧❢ st❛rt❡❞ ❜✉②✐♥❣ ❛t ❛ ♣r✐❝❡ ♦❢
✿ ❁✐♥s❡rt ♣r✐❝❡ ❛t ✇❤✐❝❤ ❛ s✉❜❥❡❝t st❛rt❡❞ ❜✉②✐♥❣ ✐♥ t❤❡ ❙❊❚❃

✶✻



❋✐❣✉r❡ ❆✳✷✿ ❙❝r❡❡♥s❤♦t ♦❢ t❤❡ ❜❡❧✐❡❢ ❡❧✐❝✐t❛t✐♦♥ t❛s❦ ❛❢t❡r t❤❡ ❙❊❚✳

❇ ■♥str✉❝t✐♦♥s✿ ❙❙❲ ❆ss❡t ▼❛r❦❡t

✶✳ ●❡♥❡r❛❧ ✐♥str✉❝t✐♦♥s
❚❤✐s ✐s ❛♥ ❡①♣❡r✐♠❡♥t ✐♥ t❤❡ ❡❝♦♥♦♠✐❝s ♦❢ ♠❛r❦❡t ❞❡❝✐s✐♦♥ ♠❛❦✐♥❣✳ ■❢ ②♦✉ ❢♦❧❧♦✇ t❤❡ ✐♥str✉❝t✐♦♥s ❛♥❞ ♠❛❦❡ ❣♦♦❞ ❞❡❝✐s✐♦♥s✱
②♦✉ ♠✐❣❤t ❡❛r♥ ❛ ❝♦♥s✐❞❡r❛❜❧❡ ❛♠♦✉♥t ♦❢ ♠♦♥❡②✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ♣❛✐❞ t♦ ②♦✉ ✐♥ ❝❛s❤ ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡
❡①♣❡r✐♠❡♥t ✇✐❧❧ ❝♦♥s✐st ♦❢ ❛ s❡q✉❡♥❝❡ ♦❢ tr❛❞✐♥❣ ♣❡r✐♦❞s ✐♥ ✇❤✐❝❤ ②♦✉ ✇✐❧❧ ❤❛✈❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ❜✉② ❛♥❞ s❡❧❧ s❤❛r❡s✳
▼♦♥❡② ✐♥ t❤✐s ❡①♣❡r✐♠❡♥t ✐s ❡①♣r❡ss❡❞ ✐♥ ❢r❛♥❝s ✭✸✵✵ ❢r❛♥❝s ❂ ✶ ❡✉r♦✮✳

✷✳ ❍♦✇ t♦ ✉s❡ t❤❡ ❝♦♠♣✉t❡r✐③❡❞ ♠❛r❦❡t
❚❤❡ ❣♦♦❞s t❤❛t ❝❛♥ ❜❡ ❜♦✉❣❤t ❛♥❞ s♦❧❞ ✐♥ t❤❡ ♠❛r❦❡t ❛r❡ ❝❛❧❧❡❞ ❙❤❛r❡s✳ ❖♥ t❤❡ t♦♣ ♣❛♥❡❧ ♦❢ ②♦✉r ❝♦♠♣✉t❡r s❝r❡❡♥ ②♦✉
❝❛♥ s❡❡ t❤❡ ▼♦♥❡② ②♦✉ ❤❛✈❡ ❛✈❛✐❧❛❜❧❡ t♦ ❜✉② s❤❛r❡s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ s❤❛r❡s ②♦✉ ❝✉rr❡♥t❧② ❤❛✈❡✳

■❢ ②♦✉ ✇♦✉❧❞ ❧✐❦❡ t♦ ♦✛❡r t♦ s❡❧❧ ❛ s❤❛r❡✱ ✉s❡ t❤❡ t❡①t ❛r❡❛ ❡♥t✐t❧❡❞ ✏❊♥t❡r ❙❡❧❧ ♣r✐❝❡✑✳ ■♥ t❤❛t t❡①t ❛r❡❛ ②♦✉ ❝❛♥ ❡♥t❡r
t❤❡ ♣r✐❝❡ ❛t ✇❤✐❝❤ ②♦✉ ❛r❡ ♦✛❡r✐♥❣ t♦ s❡❧❧ ❛ s❤❛r❡✱ ❛♥❞ t❤❡♥ s❡❧❡❝t ✏❙✉❜♠✐t ❙❡❧❧ Pr✐❝❡✑✳ P❧❡❛s❡ ❞♦ s♦ ♥♦✇✳ ❨♦✉ ✇✐❧❧ ♥♦t✐❝❡
t❤❛t ❛r♦✉♥❞ ✸✵ ♥✉♠❜❡rs✱ ♦♥❡ s✉❜♠✐tt❡❞ ❜② ❡❛❝❤ ♣❛rt✐❝✐♣❛♥t✱ ♥♦✇ ❛♣♣❡❛r ✐♥ t❤❡ ❝♦❧✉♠♥ ❡♥t✐t❧❡❞ ✏❙❡❧❧ Pr✐❝❡✑✳ ❚❤❡ ❧♦✇❡st
s❡❧❧ ♣r✐❝❡ ✇✐❧❧ ❛❧✇❛②s ❜❡ ♦♥ t❤❡ t♦♣ ♦❢ t❤❛t ❧✐st ❛♥❞ ✇✐❧❧ ❜❡ ❤✐❣❤❧✐❣❤t❡❞✳ ■❢ ②♦✉ ♣r❡ss ✏❇❯❨✑✱ ②♦✉ ✇✐❧❧ ❜✉② ♦♥❡ s❤❛r❡ ❢♦r
t❤❡ ❧♦✇❡st ❝✉rr❡♥t s❡❧❧ ♣r✐❝❡✳ ❨♦✉ ❝❛♥ ❛❧s♦ ❤✐❣❤❧✐❣❤t ♦♥❡ ♦❢ t❤❡ ♦t❤❡r ♣r✐❝❡s ✐❢ ②♦✉ ✇✐s❤ t♦ ❜✉② ❛t ❛ ♣r✐❝❡ ♦t❤❡r t❤❛♥ t❤❡
❧♦✇❡st✳ P❧❡❛s❡ tr② t♦ ♣✉r❝❤❛s❡ ❛ s❤❛r❡ ♥♦✇ ❜② ❤✐❣❤❧✐❣❤t✐♥❣ ❛ ♣r✐❝❡ ❛♥❞ s❡❧❡❝t✐♥❣ ✏❇❯❨✑✳ ❙✐♥❝❡ ❡❛❝❤ ♦❢ ②♦✉ ❤❛❞ ♣✉t ❛
s❤❛r❡ ❢♦r s❛❧❡ ❛♥❞ ❛tt❡♠♣t❡❞ t♦ ❜✉② ❛ s❤❛r❡✱ ✐❢ ❛❧❧ ✇❡r❡ s✉❝❝❡ss❢✉❧✱ ②♦✉ ❛❧❧ ❤❛✈❡ t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ s❤❛r❡s ②♦✉ st❛rt❡❞
♦✉t ✇✐t❤✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ②♦✉ ❜♦✉❣❤t ♦♥❡ s❤❛r❡ ❛♥❞ ②♦✉ s♦❧❞ ♦♥❡ s❤❛r❡✳

■❢ ②♦✉ ✇♦✉❧❞ ❧✐❦❡ t♦ ♦✛❡r t♦ ❜✉② ❛ s❤❛r❡✱ ✉s❡ t❤❡ t❡①t ❛r❡❛ ❡♥t✐t❧❡❞ ✏❊♥t❡r ❇✉② ♣r✐❝❡✑✳ ■♥ t❤❛t t❡①t ❛r❡❛ ②♦✉ ❝❛♥ ❡♥t❡r
t❤❡ ♣r✐❝❡ ❛t ✇❤✐❝❤ ②♦✉ ❛r❡ ♦✛❡r✐♥❣ t♦ ❜✉② ❛ s❤❛r❡✱ ❛♥❞ t❤❡♥ s❡❧❡❝t ✏❙✉❜♠✐t ❇✉② Pr✐❝❡✑✳ P❧❡❛s❡ ❞♦ s♦ ♥♦✇✳ ❨♦✉ ✇✐❧❧ ♥♦t✐❝❡
t❤❛t ❛❣❛✐♥ ❛r♦✉♥❞ ✸✵ ♥✉♠❜❡rs✱ ♦♥❡ s✉❜♠✐tt❡❞ ❜② ❡❛❝❤ ♣❛rt✐❝✐♣❛♥t✱ ♥♦✇ ❛♣♣❡❛r ✐♥ t❤❡ ❝♦❧✉♠♥ ❡♥t✐t❧❡❞ ✏❇✉② Pr✐❝❡✑✳ ❚❤❡
❤✐❣❤❡st ♣r✐❝❡ ✇✐❧❧ ❛❧✇❛②s ❜❡ ♦♥ t❤❡ t♦♣ ♦❢ t❤❛t ❧✐st ❛♥❞ ✇✐❧❧ ❜❡ ❤✐❣❤❧✐❣❤t❡❞✳ ■❢ ②♦✉ ♣r❡ss ✏❙❊▲▲✑✱ ②♦✉ ✇✐❧❧ s❡❧❧ ♦♥❡ s❤❛r❡
❢♦r t❤❡ ❤✐❣❤❡st ❝✉rr❡♥t ❜✉② ♣r✐❝❡✳ ❨♦✉ ❝❛♥ ❛❧s♦ ❤✐❣❤❧✐❣❤t ♦♥❡ ♦❢ t❤❡ ♦t❤❡r ♣r✐❝❡s ✐❢ ②♦✉ ✇✐s❤ t♦ s❡❧❧ ❛t ❛ ♣r✐❝❡ ♦t❤❡r t❤❛♥
t❤❡ ❤✐❣❤❡st✳ P❧❡❛s❡ s❡❧❧ ❛ s❤❛r❡ ♥♦✇ ❜② ❤✐❣❤❧✐❣❤t✐♥❣ ❛ ♣r✐❝❡ ❛♥❞ s❡❧❡❝t✐♥❣ ✏❙❊▲▲✑✳ ❙✐♥❝❡ ❡❛❝❤ ♦❢ ②♦✉ ❤❛❞ ♣✉t ❛ s❤❛r❡ ❢♦r
♣✉r❝❤❛s❡ ❛♥❞ ❛tt❡♠♣t❡❞ t♦ s❡❧❧ ❛ s❤❛r❡✱ ✐❢ ❛❧❧ ✇❡r❡ s✉❝❝❡ss❢✉❧✱ ②♦✉ ❛❧❧ ❤❛✈❡ t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ s❤❛r❡s ②♦✉ st❛rt❡❞ ♦✉t
✇✐t❤✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ②♦✉ s♦❧❞ ♦♥❡ s❤❛r❡ ❛♥❞ ②♦✉ ❜♦✉❣❤t ♦♥❡ s❤❛r❡✳

❚❤❡r❡ ❛r❡ ✷ ✇❛②s t♦ s❡❧❧ ❛ s❤❛r❡✿ ❈❤♦♦s❡ ❛ ❜✉② ♣r✐❝❡ ❛♥❞ ♣r❡ss ✏❙❊▲▲✑ ♦r s✉❜♠✐t ❛ ❙❡❧❧ ♦✛❡r ②♦✉rs❡❧❢✳
❚❤❡r❡ ❛r❡ ✷ ✇❛②s t♦ ❜✉② ❛ s❤❛r❡✿ ❈❤♦♦s❡ ❛ s❡❧❧ ♣r✐❝❡ ❛♥❞ ♣r❡ss ✏❇❯❨✑ ♦r s✉❜♠✐t ❛ ❜✉② ♦✛❡r ②♦✉rs❡❧❢✳

❲❤❡♥ ②♦✉ ❜✉② ❛ s❤❛r❡✱ ②♦✉r ▼♦♥❡② ❞❡❝r❡❛s❡s ❜② t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ♣✉r❝❤❛s❡✱ ❜✉t ②♦✉r ♥✉♠❜❡r ♦❢ s❤❛r❡s ✐♥❝r❡❛s❡ ❜②
♦♥❡✳ ❲❤❡♥ ②♦✉ s❡❧❧ ❛ s❤❛r❡✱ ②♦✉r ▼♦♥❡② ✐♥❝r❡❛s❡s ❜② t❤❡ ♣r✐❝❡ ♦❢ t❤❡ s❛❧❡✱ ❜✉t ②♦✉r ♥✉♠❜❡r ♦❢ s❤❛r❡s ❞❡❝r❡❛s❡ ❜② ♦♥❡✳
P✉r❝❤❛s❡ ♣r✐❝❡s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ s❡❝t✐♦♥ ♦❢ ②♦✉r s❝r❡❡♥ ❛♥❞ ❛r❡ r❛♥❦❡❞ ❜② ♣r✐❝❡✳ ❨♦✉ ✇✐❧❧ ♥♦✇ ❤❛✈❡ ❛ ♣r❛❝t✐❝❡
♣❡r✐♦❞✳ ❨♦✉r ❛❝t✐♦♥s ✐♥ t❤❡ ♣r❛❝t✐❝❡ ♣❡r✐♦❞ ❞♦ ♥♦t ❝♦✉♥t t♦✇❛r❞ ②♦✉r ❡❛r♥✐♥❣s ❛♥❞ ❞♦ ♥♦t ✐♥✢✉❡♥❝❡ ②♦✉r ♣♦s✐t✐♦♥ ❧❛t❡r
✐♥ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ❣♦❛❧ ♦❢ t❤❡ ♣r❛❝t✐❝❡ ♣❡r✐♦❞ ✐s ♦♥❧② t♦ ♠❛st❡r t❤❡ ✉s❡ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡✳ P❧❡❛s❡ ❜❡ s✉r❡ t❤❛t ②♦✉
❤❛✈❡ s✉❝❝❡ss❢✉❧❧② s✉❜♠✐tt❡❞ ❜✉② ♣r✐❝❡s ❛♥❞ s❡❧❧ ♣r✐❝❡s✳ ❆❧s♦ ❜❡ s✉r❡ t❤❛t ②♦✉ ❤❛✈❡ ❛❝❝❡♣t❡❞ ❜♦t❤ ❜✉② ❛♥❞ s❡❧❧ ♣r✐❝❡s✳
❨♦✉ ❛r❡ ❢r❡❡ t♦ ❛s❦ q✉❡st✐♦♥s✱ ❜② r❛✐s✐♥❣ ②♦✉r ❤❛♥❞ ❞✉r✐♥❣ t❤❡ ♣r❛❝t✐❝❡ ♣❡r✐♦❞✳
✸✳ ❙♣❡❝✐✜❝ ✐♥str✉❝t✐♦♥s ❢♦r t❤✐s ❡①♣❡r✐♠❡♥t
❚❤❡ ❡①♣❡r✐♠❡♥t ✇✐❧❧ ❝♦♥s✐st ♦❢ ✶✺ tr❛❞✐♥❣ ♣❡r✐♦❞s✱ ②♦✉ ✇✐❧❧ r❡❝❡✐✈❡ ✷✺✵✵ ❢r❛♥❝s ✐♥ ♠♦♥❡② ❛s ✇❡❧❧ ❛s t✇♦ s❤❛r❡s ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ■♥ ❡❛❝❤ ♣❡r✐♦❞✳ ❊❛❝❤ ♣❡r✐♦❞ ❧❛sts ❢♦r ✶✽✵ s❡❝♦♥❞s✱ ✐♥ ✇❤✐❝❤ ②♦✉ ♠❛② ❜✉② ❛♥❞ s❡❧❧ s❤❛r❡s✳
❙❤❛r❡s ❛r❡ ❛ss❡ts ✇✐t❤ ❛ ❧✐❢❡ ♦❢ ✶✺ ♣❡r✐♦❞s✱ ❛♥❞ ②♦✉r ✐♥✈❡♥t♦r② ♦❢ s❤❛r❡s ❝❛rr✐❡s ♦✈❡r ❢r♦♠ ♦♥❡ tr❛❞✐♥❣ ♣❡r✐♦❞ t♦ t❤❡ ♥❡①t✳
❨♦✉ ♠❛② r❡❝❡✐✈❡ ❞✐✈✐❞❡♥❞s ❢♦r ❡❛❝❤ s❤❛r❡ ✐♥ ②♦✉r ✐♥✈❡♥t♦r② ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ♦❢ t❤❡ ✶✺ tr❛❞✐♥❣ ♣❡r✐♦❞s✳

✶✼



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

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

❼ ❡❛r♥s ②♦✉ ❛ ❞✐✈✐❞❡♥❞ ♦❢ ✵ ❢r❛♥❝s ✇✐t❤ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ✷✺✪

❼ ❡❛r♥s ②♦✉ ❛ ❞✐✈✐❞❡♥❞ ♦❢ ✽ ❢r❛♥❝s ✇✐t❤ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ✷✺✪

❼ ❡❛r♥s ②♦✉ ❛ ❞✐✈✐❞❡♥❞ ♦❢ ✷✽ ❢r❛♥❝s ✇✐t❤ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ✷✺✪

❼ ❡❛r♥s ②♦✉ ❛ ❞✐✈✐❞❡♥❞ ♦❢ ✻✵ ❢r❛♥❝s ✇✐t❤ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ✷✺✪

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

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

✹✳ ❆✈❡r❛❣❡ ❍♦❧❞✐♥❣ ❱❛❧✉❡ ❚❛❜❧❡
❨♦✉ ❝❛♥ ✉s❡ t❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ t♦ ❤❡❧♣ ②♦✉ ♠❛❦❡ ❞❡❝✐s✐♦♥s✿

❊♥❞✐♥❣ ❈✉rr❡♥t ◆✉♠❜❡r ♦❢
Ö

❆✈❡r❛❣❡ ❉✐✈✐❞❡♥❞
❂

❆✈❡r❛❣❡ ❱❛❧✉❡ ♣❡r

P❡r✐♦❞ P❡r✐♦❞ ❍♦❧❞✐♥❣ P❡r✐♦❞s ♣❡r P❡r✐♦❞ ❙❤❛r❡ ✐♥ ■♥✈❡♥t♦r②

✶✺ ✶ ✶✺ Ö ✷✹ ❂ ✸✻✵

✶✺ ✷ ✶✹ Ö ✷✹ ❂ ✸✸✻

✶✺ ✸ ✶✸ Ö ✷✹ ❂ ✸✶✷

✶✺ ✹ ✶✷ Ö ✷✹ ❂ ✷✽✽

✶✺ ✺ ✶✶ Ö ✷✹ ❂ ✷✻✹

✶✺ ✻ ✶✵ Ö ✷✹ ❂ ✷✹✵

✶✺ ✼ ✾ Ö ✷✹ ❂ ✷✶✻

✶✺ ✽ ✽ Ö ✷✹ ❂ ✶✾✷

✶✺ ✾ ✼ Ö ✷✹ ❂ ✶✻✽

✶✺ ✶✵ ✻ Ö ✷✹ ❂ ✶✹✹

✶✺ ✶✶ ✺ Ö ✷✹ ❂ ✶✷✵

✶✺ ✶✷ ✹ Ö ✷✹ ❂ ✾✻

✶✺ ✶✸ ✸ Ö ✷✹ ❂ ✼✷

✶✺ ✶✹ ✷ Ö ✷✹ ❂ ✹✽

✶✺ ✶✺ ✶ Ö ✷✹ ❂ ✷✹

❚❤❡r❡ ❛r❡ ✺ ❝♦❧✉♠♥s ✐♥ t❤❡ t❛❜❧❡✳ ❚❤❡ ✜rst ❝♦❧✉♠♥✱ ❧❛❜❡❧❡❞ ❊♥❞✐♥❣ P❡r✐♦❞✱ ✐♥❞✐❝❛t❡s t❤❡ ❧❛st tr❛❞✐♥❣ ♣❡r✐♦❞ ♦❢ t❤❡
❡①♣❡r✐♠❡♥t✳ ❚❤❡ s❡❝♦♥❞ ❝♦❧✉♠♥✱ ❧❛❜❡❧❡❞ ❈✉rr❡♥t P❡r✐♦❞✱ ✐♥❞✐❝❛t❡s t❤❡ ♣❡r✐♦❞ ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ ❛✈❡r❛❣❡ ❤♦❧❞✐♥❣ ✈❛❧✉❡
✐s ❜❡✐♥❣ ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ t❤✐r❞ ❝♦❧✉♠♥ ❣✐✈❡s t❤❡ ♥✉♠❜❡r ♦❢ ❤♦❧❞✐♥❣ ♣❡r✐♦❞s ❢r♦♠ t❤❡ ♣❡r✐♦❞ ✐♥ t❤❡ s❡❝♦♥❞ ❝♦❧✉♠♥ ✉♥t✐❧
t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ❢♦✉rt❤ ❝♦❧✉♠♥✱ ❧❛❜❡❧❡❞ ❆✈❡r❛❣❡ ❉✐✈✐❞❡♥❞ ♣❡r P❡r✐♦❞✱ ❣✐✈❡s t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥t t❤❛t t❤❡
❞✐✈✐❞❡♥❞ ✇✐❧❧ ❜❡ ✐♥ ❡❛❝❤ ♣❡r✐♦❞ ❢♦r ❡❛❝❤ ✉♥✐t ❤❡❧❞ ✐♥ ②♦✉r ✐♥✈❡♥t♦r②✳ ❚❤❡ ✜❢t❤ ❝♦❧✉♠♥✱ ❧❛❜❡❧❡❞ ❆✈❡r❛❣❡ ❍♦❧❞✐♥❣ ❱❛❧✉❡ P❡r
❯♥✐t ♦❢ ■♥✈❡♥t♦r②✱ ❣✐✈❡s t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ❢♦r ❡❛❝❤ ✉♥✐t ❤❡❧❞ ✐♥ ②♦✉r ✐♥✈❡♥t♦r② ❢r♦♠ ♥♦✇ ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳
❚❤❛t ✐s✱ ❢♦r ❡❛❝❤ ✉♥✐t ②♦✉ ❤♦❧❞ ✐♥ ②♦✉r ✐♥✈❡♥t♦r② ❢♦r t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ ②♦✉ ✇✐❧❧ ❡❛r♥ ♦♥ ❛✈❡r❛❣❡ t❤❡
❛♠♦✉♥t ❧✐st❡❞ ✐♥ ❝♦❧✉♠♥ ✺✳
❙✉♣♣♦s❡ ❢♦r ❡①❛♠♣❧❡ t❤❛t t❤❡r❡ ❛r❡ ✼ ♣❡r✐♦❞s r❡♠❛✐♥✐♥❣✳ ❙✐♥❝❡ t❤❡ ❞✐✈✐❞❡♥❞ ♦♥ ❛ ❙❤❛r❡ ❤❛s ❛ ✷✺✪ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✵✱ ❛

✷✺✪ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✽✱ ❛ ✷✺✪ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✷✽ ❛♥❞ ❛ ✷✺✪ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✻✵ ✐♥ ❛♥② ♣❡r✐♦❞✱ t❤❡ ❞✐✈✐❞❡♥❞ ✐s ♦♥ ❛✈❡r❛❣❡
✷✹ ♣❡r ♣❡r✐♦❞ ❢♦r ❡❛❝❤ ❙❤❛r❡✳ ■❢ ②♦✉ ❤♦❧❞ ❛ ❙❤❛r❡ ❢♦r ✼ ♣❡r✐♦❞s✱ t❤❡ t♦t❛❧ ❞✐✈✐❞❡♥❞ ❢♦r t❤❡ ❙❤❛r❡ ♦✈❡r t❤❡ ✼ ♣❡r✐♦❞s ✐s ♦♥
❛✈❡r❛❣❡ ✼✯✷✹ ❂ ✶✻✽✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧ ✈❛❧✉❡ ♦❢ ❤♦❧❞✐♥❣ ❛ ❙❤❛r❡ ♦✈❡r t❤❡ ✼ ♣❡r✐♦❞s ✐s ♦♥ ❛✈❡r❛❣❡ ✶✻✽✳

✺✳ ▼❛❦✐♥❣ ♣r❡❞✐❝t✐♦♥s
■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ♠♦♥❡② ②♦✉ ❡❛r♥ ❢r♦♠ ❞✐✈✐❞❡♥❞s ❛♥❞ tr❛❞✐♥❣✱ ②♦✉ ❝❛♥ ♠❛❦❡ ♠♦♥❡② ❜② ❛❝❝✉r❛t❡❧② ❢♦r❡❝❛st✐♥❣ t❤❡ ❛✈❡r❛❣❡
tr❛❞✐♥❣ ♣r✐❝❡ ❢♦r t❤❡ ♥❡①t ♣❡r✐♦❞✳ ❨♦✉ ✇✐❧❧ ✐♥❞✐❝❛t❡ ②♦✉r ❢♦r❡❝❛sts ❜❡❢♦r❡ ❡❛❝❤ ♣❡r✐♦❞ ❜❡❣✐♥s ♦♥ t❤❡ ❝♦♠♣✉t❡r s❝r❡❡♥✳
❚❤❡ ♠♦♥❡② ②♦✉ r❡❝❡✐✈❡ ❢r♦♠ ②♦✉r ❢♦r❡❝❛sts ✇✐❧❧ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛♥♥❡r ✿

✶✽



❆❝❝✉r❛❝② ❨♦✉r ❊❛r♥✐♥❣s

❲✐t❤✐♥ ✶✵✪ ♦❢ ❛❝t✉❛❧ ❛✈❡r❛❣❡ ♣r✐❝❡ ✺✵ ❢r❛♥❝s

❲✐t❤✐♥ ✷✺✪ ♦❢ ❛❝t✉❛❧ ❛✈❡r❛❣❡ ♣r✐❝❡ ✷✵ ❢r❛♥❝s

❲✐t❤✐♥ ✺✵✪ ♦❢ ❛❝t✉❛❧ ❛✈❡r❛❣❡ ♣r✐❝❡ ✶✵ ❢r❛♥❝s

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

▼♦♥❡② ②♦✉ ❤❛✈❡ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ✰ ❉✐✈✐❞❡♥❞s ②♦✉ r❡❝❡✐✈❡ ✰ ▼♦♥❡② r❡❝❡✐✈❡❞ ❢r♦♠ s❛❧❡s ♦❢ s❤❛r❡s ✲
▼♦♥❡② s♣❡♥t ♦♥ ♣✉r❝❤❛s❡s ♦❢ s❤❛r❡s ✰ ❊❛r♥✐♥❣s ❢r♦♠ ❛❧❧ ♣r✐❝❡ ♣r❡❞✐❝t✐♦♥s

✶✾



❈ ❆❞❞✐t✐♦♥❛❧ ✜❣✉r❡s

✭❛✮ Pr✐❝❡ ♣❛t❤s ❢♦r s❡ss✐♦♥ ✶✳ ✭❜✮ Pr✐❝❡ ♣❛t❤s ❢♦r s❡ss✐♦♥ ✷✳

✭❝✮ Pr✐❝❡ ♣❛t❤s ❢♦r s❡ss✐♦♥ ✸✳ ✭❞✮ Pr✐❝❡ ♣❛t❤s ❢♦r s❡ss✐♦♥ ✹✳

❋✐❣✉r❡ ❆✳✸✿ Pr✐❝❡ ♣❛t❤s

✷✵



❉ ❆❞❞✐t✐♦♥❛❧ t❛❜❧❡s

❚❛❜❧❡ ❆✳✶✿ ❙✉❜❥❡❝t ♣♦♦❧ ❞❡s❝r✐♣t✐✈❡s✳

❱❛r✐❛❜❧❡ ▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥ ▼❛① ❙t❞✳ ❞❡✈✳
❆❣❡ ✷✵✳✽✺ ✷✵ ✶✽ ✷✽ ✷✳✷✹
❋❡♠❛❧❡ ✹✻✳✻✶✪ ✲ ✲ ✲ ✲
❋♦r❡✐❣♥ ✶✶✳✾✼✪ ✲ ✲ ✲ ✲
❊❝♦♥♦♠✐❝s ✾✸✳✶✻✪ ✲ ✲ ✲ ✲
❘✐s❦ ❛tt✐t✉❞❡ ✭❍♦❧t ✫ ▲❛✉r②✮ ✺✳✼✸ ✻ ✸ ✶✵ ✶✳✺✺
●❡♥❡r❛❧ ❘✐s❦ ✻✳✹✾ ✼ ✶ ✶✶ ✶✳✾✽
❈❘❚✲s❝♦r❡ ✶✳✻✻ ✷ ✵ ✸ ✶✳✵✻

◆♦t❡s✿ ◆❂✶✶✼✳ ✬❊❝♦♥♦♠✐❝s✬ st❛♥❞s ❢♦r t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❡❝♦♥♦♠✐❝s st✉❞❡♥ts ✐♥ ♦✉r ♣♦♣✉❧❛t✐♦♥✳ ✬❘✐s❦ ❛tt✐t✉❞❡

✭❍♦❧t ✫ ▲❛✉r②✮✬ r❡♣r❡s❡♥ts t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ r♦✇ ✇❤❡r❡ ❛ s✉❜❥❡❝t ✜rst s✇✐t❝❤❡❞ ❢r♦♠ ❧♦tt❡r② ❆ t♦ ❧♦tt❡r② ❇ ✭s❡❡

❛♣♣❡♥❞✐① s❡❝t✐♦♥ ❊✮✳ ✬●❡♥❡r❛❧ r✐s❦✬ ✐♥❞✐❝❛t❡s t❤❡ ❛♥s✇❡r ♦♥ ❛ ▲✐❦❡rt s❝❛❧❡ ❢r♦♠ ✶ t♦ ✶✶ ❣✐✈❡♥ t♦ t❤❡ q✉❡st✐♦♥ ✧■♥

❣❡♥❡r❛❧✱ ❛r❡ ②♦✉ ✇✐❧❧✐♥❣ t♦ t❛❦❡ r✐s❦s❄✧ ❢r♦♠ ❇♦♥✐♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ✭t❤❡ ❤✐❣❤❡r t❤❡ s❝♦r❡ t❤❡ ❤✐❣❤❡r t❤❡ ✇✐❧❧✐♥❣♥❡ss

t♦ t❛❦❡ r✐s❦s✮✳ ✬❈❘❚ s❝♦r❡✬ ✐♥❞✐❝❛t❡s t❤❡ ♥✉♠❜❡r ♦❢ q✉❡st✐♦♥s ❝♦rr❡❝t❧② ❛♥s✇❡r❡❞ ✐♥ t❤❡ ❈❘❚ t❡st ❢r♦♠ ❋r❡❞❡r✐❝❦

✭✷✵✵✺✮✳

✷✶



❚❛❜❧❡ ❆✳✷✿ ❇✉❜❜❧❡ ♠❡❛s✉r❡s ❢♦r ❛❧❧ ♠❛r❦❡ts✳ ❙✶✲▲ st❛♥❞s ❢♦r s❡ss✐♦♥ ✶ ♠❛r❦❡t ▲✳

▼❆❘❑❊❚ ❙❊❚✲❙❝♦r❡ ❚✉r♥♦✈❡r ❆♠♣❧✐t✉❞❡ ◆♦r♠✳ ❞❡✈✳ ❚♦t✳ ❞✐s♣✳ ❆✈❣✳ ❜✐❛s ❆P❉ P❉ ❘❆❉ ❘❉ ❘P❆❉

❙✶✲▲ ✷✳✺✵ ✸✳✾ ✵✳✶✵✼ ✻✼✳✷ ✷✸✺✳✺ ✶✺✳✻ ✶✶✳✽ ✶✶✳✼ ✵✳✵✽✷ ✵✳✵✽✶ ✵✳✵✽✽

❙✶✲▼ ✹✳✵✵ ✻✳✶ ✶✳✹✹✷ ✹✼✶✳✽ ✶✺✼✼✳✺ ✶✵✷✳✷ ✾✽✳✻ ✾✺✳✽ ✵✳✺✹✽ ✵✳✺✸✷ ✵✳✼✵✷

❙✶✲❍ ✹✳✻✼ ✻✳✵ ✵✳✺✵✽ ✹✽✺✳✺ ✶✷✾✺✳✺ ✽✺✳✽ ✻✹✳✽ ✻✹✳✹ ✵✳✹✺✵ ✵✳✹✹✼ ✵✳✺✼✼

❙✷✲▲ ✷✳✺✵ ✸✳✺ ✵✳✺✵✸ ✷✷✼✳✺ ✼✶✷✳✺ ✸✻✳✼ ✸✺✳✻ ✷✼✳✺ ✵✳✷✹✼ ✵✳✶✾✶ ✵✳✷✷✷

❙✷✲▼ ✸✳✵✵ ✷✳✽ ✵✳✸✵✻ ✽✺✳✷ ✹✸✸✳✺ ✷✵✳✷ ✷✶✳✼ ✶✺✳✶ ✵✳✶✺✶ ✵✳✶✵✺ ✵✳✶✺✶

❙✷✲❍ ✹✳✷✵ ✶✵✳✼ ✵✳✼✻✶ ✶✺✵✸✳✸ ✷✵✹✵✳✵ ✶✸✷✳✸ ✶✵✷✳✵ ✾✾✳✷ ✵✳✼✵✽ ✵✳✻✽✾ ✵✳✽✹✶

❙✸✲▲ ✷✳✵✵ ✸✳✹ ✵✳✻✶✶ ✷✵✾✳✾ ✶✹✹✷✳✵ ✾✺✳✶ ✼✷✳✶ ✼✶✳✸ ✵✳✺✵✶ ✵✳✹✾✺ ✵✳✺✽✸

❙✸✲▼ ✸✳✼✵ ✼✳✹ ✵✳✼✻✵ ✶✶✷✾✳✷ ✷✸✹✻✳✵ ✶✺✺✳✹ ✶✶✼✳✸ ✶✶✻✳✻ ✵✳✽✶✺ ✵✳✽✵✾ ✵✳✽✹✽

❙✸✲❍ ✹✳✷✵ ✶✶✳✷ ✵✳✼✺✻ ✷✶✺✸✳✶ ✷✼✶✵✳✺ ✶✽✵✳✼ ✶✸✺✳✺ ✶✸✺✳✺ ✵✳✾✹✶ ✵✳✾✹✶ ✵✳✾✺✽

❙✹✲▲ ✷✳✺✵ ✻✳✹ ✵✳✶✾✷ ✶✾✹✳✻ ✹✽✻✳✵ ✸✷✳✹ ✷✹✳✸ ✷✹✳✸ ✵✳✶✻✾ ✵✳✶✻✾ ✵✳✶✼✷

❙✹✲▼ ✸✳✽✵ ✹✳✺ ✵✳✽✶✼ ✼✸✻✳✾ ✷✺✸✼✳✵ ✶✻✾✳✶ ✶✷✻✳✾ ✶✷✻✳✾ ✵✳✽✽✶ ✵✳✽✽✶ ✶✳✶✻✾

❙✹✲❍ ✹✳✷✵ ✽✳✹ ✶✳✵✸✺ ✶✼✵✵✳✵ ✸✵✺✸✳✺ ✷✵✸✳✶ ✶✺✷✳✼ ✶✺✷✳✸ ✶✳✵✻✵ ✶✳✵✺✽ ✶✳✷✼✾

❆✈❣✳✲▲ ✷✳✸✽ ✹✳✸ ✵✳✷✼✷ ✷✷✶✳✵ ✼✻✶✳✼ ✹✽✳✷ ✸✽✳✶ ✸✻✳✷ ✵✳✷✾✺ ✵✳✷✺✶ ✵✳✷✽✶

❆✈❣✳✲▼ ✸✳✻✸ ✻✳✶ ✵✳✹✶✻ ✹✷✵✳✶ ✶✷✽✷✳✵ ✽✹✳✼ ✻✹✳✶ ✻✸✳✺ ✵✳✹✹✺ ✵✳✹✹✶ ✵✳✹✽✶

❆✈❣✳✲❍ ✹✳✸✷ ✾✳✶ ✵✳✻✸✸ ✶✷✺✷✳✻ ✷✵✶✷✳✵ ✶✸✷✳✾ ✶✵✵✳✻ ✾✾✳✼ ✵✳✻✾✾ ✵✳✻✾✷ ✵✳✼✽✻

◆♦t❡s✿ ◆❂✶✶✼✳ ❚❤❡ ❜✉❜❜❧❡ ♠❡❛s✉r❡s ❞❡✜♥❡❞ ❛r❡ ❛s✿ Turnover =
∑15

t=1
# of Tradest

TSU
❀ Amplitude =

maxt (Pt−FVt)
FV1

−
mint (Pt−FVt)

FV1
❀ Normalized deviation =

∑15

t=1

(|Pt−FVt|)(# of Tradest)
TSU

❀ TotalDispersion =
∑15

t=1
| median (Pt) − FVt |❀ AverageBias = 1

15

∑15

t=1
(median (Pt)− FVt) ❀ APD = 1

TSU

∑15

t=1
|

Pt −FVt |❀ PD = 1
TSU

∑15

t=1
(Pt − FVt) ❀ RAD = 1

15

∑15

t=1

|Pt−FVt|
mean (FV )

❀ RD = 1
T

∑15

t=1

(Pt−FVt)
mean (FV )

❀ RPAD = 1
15

∑15

t=1

|Pt−FVt|
FVt

✳ ❚♦t❛❧ st♦❝❦ ♦❢ ✉♥✐ts ✭❚❙❯✮

✐s ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ st♦❝❦ ♣❡r s✉❜❥❡❝t t✐♠❡s t❤❡ ♥✉♠❜❡r ♦❢ s✉❜❥❡❝t ✐♥ ❛ ♠❛r❦❡t✳ ❊❛❝❤ s❡♣❛r❛t❡ ♠❛r❦❡t ❝♦♥s✐st❡❞ ♦❢ ♦♥ ❛✈❡r❛❣❡ ✶✵ ♣❛rt✐❝✐♣❛♥ts✳

✷✷



❚❛❜❧❡ ❆✳✸✿ ❘❡s✉❧ts ♦❢ t❤❡ ▼❛♥♥ ❲❤✐t♥❡② ❯ t❡st ❢♦r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❙❊❚ s❝♦r❡s ❛♥❞ t❤❡ ❲✐❧❝♦①♦♥
t❡st ❢♦r ❜♦t❤ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❘❆❉ ❛♥❞ ❘❉ ✈❛❧✉❡s ❢♦r s❡❧❡❝t❡❞ ♠❛r❦❡ts✳

▼❆❘❑❊❚ ❙❊❚✲s❝♦r❡ ❘❆❉ ❘❉

❙✶✿ ▲ ✈s✳ ▼ ✵✳✵✵✶ ✵✳✵✵✷ ✵✳✵✵✻

❙✶✿ ▼ ✈s✳ ❍ ✵✳✵✺✾ ✵✳✻✹✽ ✵✳✷✸✶

❙✶✿ ❍ ✈s✳ ▲ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✷

❙✷✿ ▲ ✈s✳ ▼ ✵✳✵✻✸ ✵✳✶✶✼ ✵✳✼✺✸

❙✷✿ ▼ ✈s✳ ❍ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✶

❙✷✿ ❍ ✈s✳ ▲ ✵✳✵✵✵ ✵✳✵✵✾ ✵✳✵✶✶

❙✸✿ ▲ ✈s✳ ▼ ✵✳✵✵✵ ✵✳✵✵✻ ✵✳✵✵✺

❙✸✿ ▼ ✈s✳ ❍ ✵✳✶✵✺ ✵✳✷✷✶ ✵✳✶✼✸

❙✸✿ ❍ ✈s✳ ▲ ✵✳✵✵✵ ✵✳✵✵✷ ✵✳✵✵✶

❙✹✿ ▲ ✈s✳ ▼ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✶

❙✹✿ ▼ ✈s✳ ❍ ✵✳✵✺✶ ✵✳✵✸✵ ✵✳✵✸✺

❙✹✿ ❍ ✈s✳ ▲ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✶

❆✈❣✿ ▲ ✈s✳ ▼ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✶

❆✈❣✿ ▼ ✈s✳ ❍ ✵✳✵✵✵ ✵✳✵✵✷ ✵✳✵✵✷

❆✈❣✿ ❍ ✈s✳ ▲ ✵✳✵✵✵ ✵✳✵✵✶ ✵✳✵✵✶

◆♦t❡s✿ ◆❂✶✶✼✳ ❙✶✲▲ st❛♥❞s ❢♦r s❡ss✐♦♥ ✶ ♠❛r❦❡t ▲✳ ❊❛❝❤ s❡♣❛r❛t❡ ♠❛r❦❡t ❝♦♥s✐st❡❞ ♦❢✱ ♦♥ ❛✈❡r❛❣❡✱ ✶✵ ♣❛rt✐❝✐✲

♣❛♥ts✳

✷✸



❊ ❘✐s❦ ❛tt✐t✉❞❡s ❛♥❞ ❈❘❚

❘✐s❦ ❛tt✐t✉❞❡ ❡❧✐❝✐t❛t✐♦♥ ✐♥str✉❝t✐♦♥s ✭❜❛s❡❞ ♦♥ ❍♦❧t ❛♥❞ ▲❛✉r②✱ ✷✵✵✷✮

❖♥ t❤❡ ❧❡❢t s✐❞❡ ♦❢ t❤❡ s❝r❡❡♥ ②♦✉ s❡❡ ✶✵ ❧✐♥❡s ✇✐t❤ t✇♦ ❧♦tt❡r✐❡s ♣❡r ❧✐♥❡✿ ✧▲♦tt❡r② ❆✧ ❛♥❞ ✧▲♦tt❡r② ❇✧✳

❇♦t❤ ❧♦tt❡r✐❡s ❤❛✈❡ t✇♦ ♣♦t❡♥t✐❛❧ ♦✉t❝♦♠❡s✳ ❋♦r ❡✈❡r② ♦♥❡ ♦❢ t❤❡ ✶✵ ❧✐♥❡s✱ ❡✐t❤❡r ❝❤♦♦s❡ ❧♦tt❡r② ❆ ♦r

❧♦tt❡r② ❇✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤✐❝❤ ❧♦tt❡r② ②♦✉ ✇♦✉❧❞ r❛t❤❡r ♣❛rt✐❝✐♣❛t❡ ✐♥✳ ❖♥❝❡ ②♦✉ ❤❛✈❡ ✜❧❧❡❞ ✐♥ ②♦✉

❝❤♦✐❝❡ ❢♦r ❛❧❧ ✶✵ ❧✐♥❡s✱ ♣❧❡❛s❡ ❝❧✐❝❦ ♦♥ t❤❡ ✧❈♦♥t✐♥✉❡✧ ❜✉tt♦♥✳ ❖✉t ♦❢ t❤❡ ❧✐♥❡s ✇✐❧❧ ❜❡ ❝❤♦s❡♥ ❛t r❛♥❞♦♠

❛♥❞ ②♦✉ ✇✐❧❧ ♣❛rt✐❝✐♣❛t❡ ❛✉t♦♠❛t✐❝❛❧❧② ✐♥ t❤❡ ❧♦tt❡r② ②♦✉ ❝❤♦s❡ ❛t t❤❛t ❧✐♥❡ ✭❡✐t❤❡r ❆ ♦r ❇✮✳ ❨♦✉ ✇✐❧❧

r❡❝❡✐✈❡ t❤❡ ❛♠♦✉♥t ♦❢ ♠♦♥❡② t❤❛t ✇✐❧❧ ❢♦❧❧♦✇ ❢r♦♠ t❤❡ ♦✉t❝♦♠❡ ♦❢ ②♦✉r ❝❤♦s❡♥ ❧♦tt❡r②✳

❋✐❣✉r❡ ❆✳✹✿ ❙❝r❡❡♥s❤♦t ♦❢ t❤❡ ❍♦❧t ✫ ▲❛✉r② t❛s❦✳

❈❘❚ ✐♥str✉❝t✐♦♥s ✭❋r❡❞❡r✐❝❦✱ ✷✵✵✺✮

P❧❡❛s❡ ❛♥s✇❡r t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ q✉❡st✐♦♥s✳ ❨♦✉ ✇✐❧❧ r❡❝❡✐✈❡ ✶✳✺ ❡✉r♦ ♣❡r ❝♦rr❡❝t ❛♥s✇❡r ❛♥❞ ②♦✉ ❤❛✈❡

✸ ♠✐♥✉t❡s t♦ ❛♥s✇❡r t❤❡ q✉❡st✐♦♥s✳

❼ ❆ ❜❛t ❛♥❞ ❛ ❜❛❧❧ ❝♦st ✩✶✳✶✵ ✐♥ t♦t❛❧✳ ❚❤❡ ❜❛t ❝♦sts ✩✶ ♠♦r❡ t❤❛♥ t❤❡ ❜❛❧❧✳ ❍♦✇ ♠✉❝❤ ✭✐♥ ✇❤♦❧❡
❝❡♥ts✮ ❞♦❡s t❤❡ ❜❛❧❧ ❝♦st❄

❼ ■❢ ✐t t❛❦❡s ✜✈❡ ♠❛❝❤✐♥❡s ✜✈❡ ♠✐♥✉t❡s t♦ ♠❛❦❡ ✜✈❡ ❜♦tt❧❡s✱ ❤♦✇ ❧♦♥❣ ✭✐♥ ♠✐♥✉t❡s✮ ✇♦✉❧❞ ✐t t❛❦❡ ✶✵✵
♠❛❝❤✐♥❡s t♦ ♠❛❦❡ ✶✵✵ ❜♦tt❧❡s❄

❼ ■♥ ❛ ❧❛❦❡✱ t❤❡r❡ ✐s ❛♥ ♦✐❧ st❛✐♥✳ ❊✈❡r② ❞❛②✱ t❤❡ st❛✐♥ ❞♦✉❜❧❡s ✐♥ s✐③❡✳ ■❢ ✐t t❛❦❡s ✹✽ ❞❛②s ❢♦r t❤❡ st❛✐♥
t♦ ❝♦✈❡r t❤❡ ❡♥t✐r❡ ❧❛❦❡✱ ❤♦✇ ❧♦♥❣ ✭✐♥ ❞❛②s✮ ✇♦✉❧❞ ✐t t❛❦❡ ❢♦r t❤❡ st❛✐♥ t♦ ❝♦✈❡r ❤❛❧❢ t❤❡ ❧❛❦❡❄

✷✹



❋ ❇❡❧✐❡❢s ❛♥❞ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♦♣t✐♠❛❧ ♣r✐❝❡s

✶✳ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡s

❲❡ ❛ss✉♠❡ ❛♥ ❡①♣❡❝t❡❞ ✉t✐❧✐t② ❢r❛♠❡✇♦r❦ ✇✐t❤ r✐s❦ ♥❡✉tr❛❧✐t②✱ ✇❤✐❝❤ ✐s ❛ ❝♦♥s❡r✈❛t✐✈❡
❛ss✉♠♣t✐♦♥ ✐♥ ♦✉r s❡tt✐♥❣ ✭s❡❡ ❢✉rt❤❡r ❜❡❧♦✇✮✱ ❛♥❞ ❝♦♠♣✉t❡ t❤❡ ✐♥❞✐✈✐❞✉❛❧❧② ♦♣t✐♠❛❧ ❜✉②✐♥❣
♣r✐❝❡ ❛s ❢♦❧❧♦✇s✳ ❋♦r ❡❛❝❤ s✉❜❥❡❝t ✇❡ ✜rst ❞❡t❡r♠✐♥❡ ❢♦r ❡❛❝❤ ♣♦ss✐❜❧❡ ❜✉②✐♥❣ ♣r✐❝❡ i
✭with i = 1, denoting P = 1, i = 2, denoting P = 10, ....i = 7 denoting P = 1, 000, 000✮ t❤❡
♣r♦❜❛❜✐❧✐t② ♦❢ s♦♠❡♦♥❡ ❜✉②✐♥❣ ❜♦t❤ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛ s✉❜❥❡❝t n✱ ❞❡♥♦t❡❞ ❜② Pr(bi,n) ❛♥❞
Pr(ai,n) r❡s♣❡❝t✐✈❡❧②✱ ❣✐✈❡♥ t❤❛t s✉❜❥❡❝t✬s ❜❡❧✐❡❢s ❛❜♦✉t t❤❡ ❜✉②✐♥❣ ❞❡❝✐s✐♦♥s ♦❢ ❤✐s N − 1 ❢❡❧❧♦✇
♣❛rt✐❝✐♣❛♥ts ✐♥ ❛ s❡ss✐♦♥ ✭t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♣r♦❜❛❜✐❧✐t✐❡s ♦❢ ❜❡✐♥❣ ✶st✱ ✷♥❞ ❛♥❞ ✸r❞ ❛t t❤❛t
♣❛rt✐❝✉❧❛r ♣r✐❝❡✮✳ ❋♦r ✐♥st❛♥❝❡✱ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ s♦♠❡♦♥❡ ❜✉②✐♥❣ ❛❢t❡r s✉❜❥❡❝t n
❛t ❛ ♣r✐❝❡ ♦❢ P = 100✱ ✇❡ ✜rst ❞✐✈✐❞❡ t❤❡ ❛♠♦✉♥t ♦❢ tr❛❞❡rs ❜❡❧✐❡✈❡❞ ❜② s✉❜❥❡❝t n t♦ ❜✉② ❛t
♣r✐❝❡s ❤✐❣❤❡r t❤❛♥ P = 100 ❜② N ❛♥❞ s✉❜s❡q✉❡♥t❧② ♠✉❧t✐♣❧② t❤✐s ♥✉♠❜❡r ✇✐t❤ t❤❡ ♣r♦❜❛❜✐❧✐t②
♥♦t t♦ ❜❡ ❧❛st ❛t t❤✐s ♣r✐❝❡ ✭✇❤✐❝❤ ❡q✉❛❧s 0.8 ❛t P = 100✮✳ ❲❡ t❤❡♥ ❝❛❧❝✉❧❛t❡ t❤❡ ❡①♣❡❝t❡❞
❡❛r♥✐♥❣s ❢r♦♠ ❜✉②✐♥❣ ❛t ♣r✐❝❡ i ❢♦r s✉❜❥❡❝t n✱ E(Ei,n)✱ ❛s✿
E(Ei,n) = 10Pr(bi,n)Pr(ai,n) + 3(1− Pr(bi,n))✳ ❚❤❡ ❡❛r♥✐♥❣s ❛t ❡❛❝❤ ♣♦ss✐❜❧❡ ❜✉②✐♥❣ ♣r✐❝❡ i
❛r❡ ❡q✉❛❧ t♦ E(Ei,n) ✇❤❡♥ s✉❜❥❡❝t n ❜✉②s ❛♥❞ ❡q✉❛❧ t♦ ✸ ✇❤❡♥ t❤❡ s✉❜❥❡❝t ❞♦❡s ♥♦t ❜✉②✳
❋✐♥❛❧❧②✱ ❜❡❝❛✉s❡ ❜✉②✐♥❣ ❛t s♦♠❡ ♣r✐❝❡ i ❛✉t♦♠❛t✐❝❛❧❧② ✐♠♣❧✐❡s ❜✉②✐♥❣ ❛t ❛❧❧ ♣r✐❝❡s< i✱ t❤❡ t♦t❛❧
❡①♣❡❝t❡❞ ❡❛r♥✐♥❣s ❢♦r s✉❜❥❡❝t n, ❞❡♥♦t❡❞ E(TEi,n)✱ ✇❤❡♥ st❛rt✐♥❣ t♦ ❜✉② ❛t s♦♠❡ ♣r✐❝❡ i ❛r❡

❡q✉❛❧ t♦✿ E(TEi,n) =
∑i

1
1

7
E(Ei,n) +

∑7

i+1
3

7
. ❚❤❡ ♣r✐❝❡ i ❛t ✇❤✐❝❤ E(TEi,n) r❡❛❝❤❡s ✐ts

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

✷✳ ❖♣t✐♠❛❧ ✈s✳ ❛❝t✉❛❧ ❜✉②✐♥❣ ♣r✐❝❡

❚❛❜❧❡ ❆✳✹ s❤♦✇s t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ s✉❜❥❡❝ts t❤❛t ❜♦✉❣❤t ❛t ❛ ♣❛rt✐❝✉❧❛r ♥✉♠❜❡r ♦❢ st❡♣s t♦♦
❡❛r❧②✴❧❛t❡ ❝♦♠♣❛r❡❞ t♦ t❤❡✐r ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡ ✭❛s ❝❛❧❝✉❧❛t❡❞ ❛❜♦✈❡✮ ❛s ✇❡❧❧ ❛s t❤❡ ❛✈❡r❛❣❡
r❛t✐♦ ♦❢ ❡❛r♥✐♥❣s t♦ ♦♣t✐♠❛❧ ❡❛r♥✐♥❣s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ❜✉② ♣r❡♠✐✉♠ ✭❞❡✜♥❡❞ ❛s t❤❡ ❛❝t✉❛❧
❡❛r♥✐♥❣s ♠✐♥✉s ✸ ❡✉r♦s✮ ❢♦r t❤♦s❡ s✉❜❥❡❝ts✳ ✽✹✳✻ ♣❡r❝❡♥t ♦❢ s✉❜❥❡❝ts ❜✉② ❛t ♠♦st ♦♥❡ st❡♣ ❛✇❛②
❢r♦♠ t❤❡✐r ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡✱ ✇✐t❤ t❤❡ r❛t✐♦ ♦❢ ❛❝t✉❛❧ ❡❛r♥✐♥❣s t♦ ♦♣t✐♠❛❧ ❡❛r♥✐♥❣s ❝❧♦s❡ t♦ ✶
❢♦r ❛❧❧ s✉❜❥❡❝ts✱ s❤♦✇✐♥❣ ❛ ❞❡❝r❡❛s✐♥❣ tr❡♥❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ st❡♣s ❛ s✉❜❥❡❝ts ✐s ❞❡✈✐❛t✐♥❣
❢r♦♠ t❤❡ ♦♣t✐♠❛❧ ❜✉② ♣r✐❝❡✳ ❚❤❡ ❛✈❡r❛❣❡ ❜✉② ♣r❡♠✐✉♠ s❤♦✇s t❤❡ s❛♠❡ tr❡♥❞✱ ✇❤✐❝❤ ✐s ❡✈❡♥
♠♦r❡ ♣r♦♥♦✉♥❝❡❞✳ ◆♦t❡ t❤❛t ❛❧❧ ❝❛❧❝✉❧❛t✐♦♥s r❡❣❛r❞✐♥❣ t❤❡ ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡ ✇❡r❡ ♠❛❞❡
✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ r✐s❦ ♥❡✉tr❛❧✐t② ❛♥❞ ❛r❡ t❤✉s r❡❧❛t✐✈❡❧② ❝♦♥s❡r✈❛t✐✈❡ ❝♦♠♣❛r❡❞ t♦
♠❡t❤♦❞s ✉s✐♥❣ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t✐♥❣ s✉❝❤ ❛s ❝✉♠✉❧❛t✐✈❡ ♣r♦s♣❡❝t t❤❡♦r② ❚✈❡rs❦② ❛♥❞
❑❛❤♥❡♠❛♥ ✭✶✾✾✷✮✳ ❆s ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t✐♥❣ ✇♦✉❧❞ ✐♥❝r❡❛s❡ ❡s♣❡❝✐❛❧❧② ❧♦✇ ♣r♦❜❛❜✐❧✐t✐❡s Pr(bi,n)
❛♥❞ Pr(ai,n) ❛t ✇❤✐❝❤ E(Ei,n) ✐s ♥♦t ❤✐❣❤ ❡♥♦✉❣❤ t♦ s❛t✐s❢② ❛ tr❛❞❡r✬s ■❘❈✱ ♣r♦❜❛❜✐❧✐t②
✇❡✐❣❤t✐♥❣ ✇♦✉❧❞ ✐♥❝r❡❛s❡ E(Ei,n) t♦ t❤❡ ♣♦✐♥t ✇❤❡r❡ t❤❡ ■❘❈ ✐s s❛t✐s✜❡❞✱ ✐♥❝r❡❛s✐♥❣ t❤❡
♣❡r❝❡♥t❛❣❡ ♦❢ ♦♣t✐♠❛❧ ❞❡❝✐s✐♦♥s✳

✷✺



❚❛❜❧❡ ❆✳✹✿ ❖♣t✐♠❛❧ ✈s✳ ❛❝t✉❛❧ ❜✉② ♣r✐❝❡✳

★ ♦❢ st❡♣s ❢r♦♠ ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡ ✲✶ ✵ ✶ ✷ ✸ ✹

s✉❜❥❡❝ts ✭✪✮ ✺✳✶✷ ✷✸✳✾✸ ✺✺✳✺✻ ✾✳✹✵ ✺✳✶✸ ✵✳✽✺
❆✈❣✳ ❡❛r♥✐♥❣s✴♦♣t✐♠❛❧ ❡❛r♥✐♥❣s ✵✳✾✸ ✶ ✵✳✾✻ ✵✳✾✶ ✵✳✽✺ ✵✳✽✻

❆✈❣✳ ❜✉② ♣r❡♠✐✉♠ ✭➾✮ ✶✳✵✺ ✶✳✼✶ ✶✳✻✽ ✵✳✽✷ ✵✳✵✹ ✲✵✳✵✹

◆♦t❡s✿ ◆❂✶✶✼✳ ❚❤❡ ♥✉♠❜❡r ♦❢ st❡♣s ❢r♦♠ t❤❡ ♦♣t✐♠✉♠ ✐♥ t❤❡ ❛❜♦✈❡ t❛❜❧❡ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ♥✉♠❜❡r ♦❢ st❡♣s t❤❛t

❛ s✉❜❥❡❝t✬s ❜✉② ♣r✐❝❡ ❞❡✈✐❛t❡s ❢r♦♠ t❤❡ ♦♣t✐♠❛❧ ❜✉②✐♥❣ ♣r✐❝❡✱ ✐✳❡✳ t❤❡ ❛❝t✉❛❧ ❙❊❚✲s❝♦r❡ ♠✐♥✉s t❤❡ ♦♣t✐♠❛❧ ❙❊❚

s❝♦r❡✳ ❆❧❧ ❡❛r♥✐♥❣s ✭❜♦t❤ ❛t t❤❡ ♦♣t✐♠❛❧ ❛♥❞ ❛t t❤❡ ❛❝t✉❛❧ ❜✉② ♣r✐❝❡✮ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤✐s ❛♣♣❡♥❞✐①✳

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

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