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❚❤✐s ♣❛♣❡r q✉❛♥t✐✜❡s t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❙✇❡❞✐s❤ ❣r❡❡♥ ❝❛r r❡❜❛t❡ ✭●❈❘✮✱ ❛ ♣r♦❣r❛♠ t♦
r❡❞✉❝❡ ♦✐❧ ❞❡♣❡♥❞❡♥❝❡ ❛♥❞ ❣r❡❡♥❤♦✉s❡ ❣❛s ❡♠✐ss✐♦♥s ✐♥ t❤❡ ❛✉t♦♠♦❜✐❧❡ ✐♥❞✉str②✳ ❲❡ ❡st✐♠❛t❡
t❤❡ ❞❡♠❛♥❞ ❢♦r ❛✉t♦♠♦❜✐❧❡s ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ❛♥❞ s✐♠✉❧❛t❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♣♦❧✐❝✐❡s t♦
❛ss❡ss ❞✐✛❡r❡♥t ♣r♦❣r❛♠ ❞✐♠❡♥s✐♦♥s✳ ❖✉r ♠♦st ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡s ✜♥❞ t❤❡ ●❈❘ t♦ ❤❛✈❡
✐♥❝r❡❛s❡❞ t❤❡ ♠❛r❦❡t s❤❛r❡s ♦❢ ✏❣r❡❡♥ ❝❛rs✑ ❜② ✺✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❛♥❞ ✐ts ❝♦st t♦ ❜❡ ❛❜♦✉t
✩✶✵✾✴t♦♥❈❖✷ s❛✈❡❞✱ t❤✉s ✺ t✐♠❡s t❤❡ ♣r✐❝❡ ♦❢ ❛♥ ❡♠✐ss✐♦♥ ♣❡r♠✐t✳ ❙✐♥❝❡ t❤❡ ♠❛✐♥ ❣r❡❡♥
❝❛rs ✐♥ ❙✇❡❞❡♥ ❛r❡ ❋❋❱s ✭✢❡①✐❜❧❡✲❢✉❡❧ ✈❡❤✐❝❧❡s✮✱ ✇❤✐❝❤ ❝❛♥ s❡❛♠❧❡ss❧② s✇✐t❝❤ ❜❡t✇❡❡♥ ✭❤✐❣❤✲
❈❖✷ ❡♠✐ss✐♦♥s✮ ❣❛s♦❧✐♥❡ ❛♥❞ ✭❧♦✇✲❈❖✷ ❡♠✐ss✐♦♥s✮ ❡t❤❛♥♦❧✱ ❢✉❡❧ ❝❤♦✐❝❡ ✐s ❛♥♦t❤❡r ❞✐♠❡♥s✐♦♥
♣♦❧✐❝②♠❛❦❡rs ♥❡❡❞ t♦ ❝♦♥s✐❞❡r ✕ ♦♥❝❡ ❢✉❡❧ ❛r❜✐tr❛❣❡ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r✱ t❤❡ ❝♦st ♦❢ ❈❖✷ s❛✈✐♥❣s
✐♥❝r❡❛s❡s ❜② ♦✈❡r ✶✻ ♣❡r❝❡♥t ✐❢ ✺✵ ♣❡r❝❡♥t ♦❢ ❋❋❱ ♦✇♥❡rs ❞r✐✈❡ ♦♥ ❣❛s♦❧✐♥❡ ✐♥st❡❛❞ ♦❢ ❡t❤❛♥♦❧✳
▼♦r❡♦✈❡r✱ t❤❡ ●❈❘ ❞❡s✐❣♥ ✇❛s ❞❡tr✐♠❡♥t❛❧ t♦ ❙✇❡❞✐s❤ ❝❛r♠❛❦❡rs✱ ✇❤✐❝❤ ❧♦st s✉❜st❛♥t✐❛❧
♠❛r❦❡t s❤❛r❡ ❞✉❡ t♦ t❤❡ ♣♦❧✐❝②✳ ❆s t❤❡ ●❈❘ ❣✐✈❡s ✈❡❤✐❝❧❡s ❛❜❧❡ t♦ ♦♣❡r❛t❡ ♦♥ ❛❧t❡r♥❛t✐✈❡
✭r❡♥❡✇❛❜❧❡✮ ❢✉❡❧s ❛ ❢❛✈♦r❛❜❧❡ tr❡❛t♠❡♥t ❛s ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ♦♣❡r❛t✐♥❣ ♦♥❧② ♦♥ r❡❣✉❧❛r ✭❢♦ss✐❧✮
♦♥❡s✱ ✇❡ ❛❧s♦ ❝♦♥s✐❞❡r ❛ ❝♦✉♥t❡r❢❛❝t✉❛❧ ✐♥ ✇❤✐❝❤ t❤❡② ❛r❡ tr❡❛t❡❞ ❡q✉❛❧❧②✳ ❖✉r ✜♥❞✐♥❣s s✉❣❣❡st
t❤❛t ❝♦♥s✉♠❡rs ✇♦✉❧❞ ❤❛✈❡ s✇✐t❝❤❡❞ t♦ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❡✈❡♥ ✇✐t❤♦✉t t❤❡ r❡❜❛t❡✳

❏❊▲ ❈❧❛ss✐✜❝❛t✐♦♥✿ ❍✷✸✱ ❍✷✺✱ ▲✶✶✱ ▲✻✷✱ ▲✼✶✱ ▲✾✽✱ ◗✹✷✱ ◗✹✽✳
❑❡②✇♦r❞s✿ ❈❖✷ ❡♠✐ss✐♦♥s❀ ❊t❤❛♥♦❧❀ ❊♥✈✐r♦♥♠❡♥t❛❧ ♣♦❧✐❝②❀ ❋❧❡①✐❜❧❡✲❢✉❡❧ ✈❡❤✐❝❧❡s❀ ❋✉❡❧ ❡❝♦♥✲

♦♠②❀ ●r❡❡♥ ❈❛r❀ ●♦✈❡r♥♠❡♥t❛❧ ♣♦❧✐❝②❀ ●r❡❡♥❤♦✉s❡ ❣❛s❡s❀ ❘❡♥❡✇❛❜❧❡ ❢✉❡❧s✳

∗❲❡ t❤❛♥❦ ❚♦❜✐❛s ❖❧ss♦♥ ❢♦r ♠❛❦✐♥❣ ❞❛t❛ ❛✈❛✐❧❛❜❧❡✱ ❆❧❡①❛♥❞r❛ ▲✐♥❞❢♦rs ❛♥❞ ▼❛rt✐♥ ❘♦①❧❛♥❞ ❢♦r r❡s❡❛r❝❤ ❛ss✐s✲
t❛♥❝❡✱ ❛♥❞ ♣❛rt✐❝✐♣❛♥ts ❛t t❤❡ ❙❇❊ ▼❡❡t✐♥❣✱ t❤❡ ❙❙❊ ❊♠♣✐r✐❝❛❧ ▼✐❝r♦ ❛♥❞ ❘❊❆P✲▼❖■❚❆ ✇♦r❦s❤♦♣s ❢♦r ❢❡❡❞❜❛❝❦✳
❲❡ ❛r❡ ❛❧s♦ ✐♥❞❡❜t❡❞ t♦ ◆✐❦✐t❛ ❑♦♣t②✉❣✱ ❍❡♥r✐q✉❡ P❛❝✐♥✐ ❛♥❞ ❍❡❧❡♥♦ P✐♦♥❡r ✭❘❊❆P✲▼❖■❚❆ ❞✐s❝✉ss❛♥t✮ ❢♦r ❝♦♠✲
♠❡♥ts✳ ❚❤❡ ✉s✉❛❧ ❞✐s❝❧❛✐♠❡r ❛♣♣❧✐❡s✳

†❙t♦❝❦❤♦❧♠ ❙❝❤♦♦❧ ♦❢ ❊❝♦♥♦♠✐❝s✳ ❊♠❛✐❧ ❛❞❞r❡ss✿ ❝r✐st✐❛♥✳❤✉s❡❅ss❡✳❡❞✉✳ ❲❡❜✿ ❤tt♣✿✴✴❝r✐st✐❛♥❤✉s❡✳✇❡❜s✳❝♦♠✳
❈♦rr❡s♣♦♥❞❡♥❝❡ ❛❞❞r❡ss✿ ❙t♦❝❦❤♦❧♠ ❙❝❤♦♦❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ❇♦① ✻✺✵✶✱ ✶✶✸ ✽✸ ❙t♦❝❦❤♦❧♠✱ ❙✇❡❞❡♥✳ P❤♦♥❡✿ ✰ ✹✻ ✽✼✸✻
✾✶✻✼✳

‡❯♥✐✈❡rs✐t② ♦❢ ❙ã♦ P❛✉❧♦ ✭❋❊❆✲❘P✮✳ ❊♠❛✐❧ ❛❞❞r❡ss✿ ❝❧❛✉❞✐♦❧✉❝✐♥❞❛❅❢❡❛r♣✳✉s♣✳❜r✳ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❛❞❞r❡ss✿ ❆✈✳
❇❛♥❞❡✐r❛♥t❡s✱ ✸✾✵✵✱ ▼♦♥t❡ ❆❧❡❣r❡✱ ✶✹✵✹✵✲✾✵✵✱ ❘✐❜❡✐rã♦ Pr❡t♦✲❙P✱ ❇r❛③✐❧✳ P❤♦♥❡✿ ✰ ✺✺ ✶✻ ✸✻✵✷ ✹✾✼✶✳

✶



✶ ■♥tr♦❞✉❝t✐♦♥

❘♦❛❞ tr❛♥s♣♦rt❛t✐♦♥ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ✷✵ ♣❡r❝❡♥t ♦❢ t❤❡ ❈❖✷ ❡♠✐ss✐♦♥s ❣❡♥❡r❛t❡❞ ❜② ❢✉❡❧
❝♦♥s✉♠♣t✐♦♥ ✇♦r❧❞✇✐❞❡✳ ❲✐t❤ t❤❡ ❣r♦✇t❤ ♦❢ ❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✱ ❢✉❡❧ ❞❡♠❛♥❞ ❢♦r tr❛♥s♣♦rt❛t✐♦♥
♥❡❡❞s ✐s s❡t t♦ ❣r♦✇ ❜② ✹✵ ♣❡r❝❡♥t ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛ss❡♥❣❡r ❝❛rs ✇♦r❧❞✇✐❞❡ ✐s s❡t t♦ ❞♦✉❜❧❡ t♦
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r❡s♣♦♥s✐❜❧❡ ❢♦r ❛❜♦✉t ✶✷ ♣❡r❝❡♥t ♦❢ t❤❡ ♦✈❡r❛❧❧ ❡♠✐ss✐♦♥s✳ ❚❤✐s s❤❛r❡ ✐s ❛ ♠✉❝❤ ❤✐❣❤❡r ✶✾ ♣❡r❝❡♥t ✐♥
❙✇❡❞❡♥✱ ❛♥❞ ❝❧♦s❡ t♦ t❤❡ ✷✵ ♣❡r❝❡♥t ❡st✐♠❛t❡❞ t♦ ❤♦❧❞ ❢♦r t❤❡ ❯❙ ♠❛r❦❡t✱ ❛s t❤❡ ❝♦✉♥tr② ❤❛s ♦♥❡
♦❢ t❤❡ ♠♦st ❢✉❡❧✲❞❡✈♦✉r✐♥❣ ❝❛r ✢❡❡ts ♦♥ t❤❡ ❝♦♥t✐♥❡♥t ✭❈♦♠♠✐ss✐♦♥ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✉♥✐t✐❡s
✷✵✵✼✮✳ ❘❡❞✉❝✐♥❣ ❡♠✐ss✐♦♥s ❢r♦♠ ♣❛ss❡♥❣❡r ❝❛rs ✐s t❤✉s ❡ss❡♥t✐❛❧ ❢♦r ❙✇❡❞❡♥ t♦ ♠❡❡t ❊❯✲✇✐❞❡
❡♥✈✐r♦♥♠❡♥t❛❧ ❣♦❛❧s✳✶ ■♥ ♣r❛❝t✐❝❡ ✕ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ ❣❛s♦❧✐♥❡ t❛①❡s ❛r❡ ❞✐✣❝✉❧t t♦ s✉st❛✐♥ ♦♥
♣♦❧✐t✐❝❛❧ ❣r♦✉♥❞s ✕ t❤✐s ❡ss❡♥t✐❛❧❧② ✐♥✈♦❧✈❡s ✐♥❝r❡❛s✐♥❣ ❢✉❡❧ ❡❝♦♥♦♠② st❛♥❞❛r❞s ♦❢ t❤❡ ♠❡❛♥s ♦❢
tr❛♥s♣♦rt ❛♥❞✴♦r ✐♥✈❡st✐♥❣ ✐♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s ❛♥❞ tr❛♥s♣♦rt❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s ✭P❛rr②✱ ❲❛❧❧s ❛♥❞
❍❛rr✐♥❣t♦♥ ✷✵✵✼✮✳

❚❤✐s ♣❛♣❡r ❡①❛♠✐♥❡s t❤❡ ❡✛❡❝t ♦❢ r❡❣✉❧❛t✐♦♥ ♦♥ t❤❡ ❙✇❡❞✐s❤ ♥❡✇ ♣❛ss❡♥❣❡r ❝❛r ♠❛r❦❡t✳ ❙♣❡❝✐❢✲
✐❝❛❧❧②✱ ✐t ❡✈❛❧✉❛t❡s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❙✇❡❞✐s❤ ●r❡❡♥ ❈❛r ❘❡❜❛t❡ ✭●❈❘✮ ♦♥ ❈❖✷ ❡♠✐ss✐♦♥s s❛✈✐♥❣s✱
t❤❡✐r ❝♦sts ✭❜♦t❤ t♦t❛❧ ❝♦sts ❛♥❞ ❝♦st ♣❡r t♦♥ ♦❢ s❛✈❡❞ ❈❖✷✮ ❛s ✇❡❧❧ ❛s t❤❡ ♠❛r❦❡t s❤❛r❡s ♦❢ t❤❡
❞✐✛❡r❡♥t ❜r❛♥❞s ♦♣❡r❛t✐♥❣ ✐♥ t❤✐s ♠❛r❦❡t✳ ❚❤❡ ❙✇❡❞✐s❤ ❛✉t♦♠♦❜✐❧❡ ✐♥❞✉str② ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r
s✉❜st❛♥t✐❛❧ ❛♠♦✉♥ts ♦❢ ❡♠♣❧♦②♠❡♥t✱ ✐♥✈❡st♠❡♥t✱ ❡①♣♦rts ❛♥❞ ❘✫❉ ✐♥ t❤❡ ❝♦✉♥tr②✳ ✷ ❆s ❛ r❡s✉❧t✱
♦♥❡ ♠❛② ❛r❣✉❡ t❤❛t ✕♦♥ t♦♣ ♦❢ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥❝❡r♥s✕ ❛ ♣♦❧✐❝② s✉❝❤ ❛s t❤❡ ●❈❘ ❝♦✉❧❞ ❤❛✈❡ ❜❡❡♥
t❛✐❧♦r❡❞ t♦ ❜❡♥❡✜t ❞♦♠❡st✐❝ ♣r♦❞✉❝❡rs✱ ❡✐t❤❡r ❜❡❝❛✉s❡ ♦❢ t❤❡ ❡❝♦♥♦♠✐❝ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ✐♥❞✉str②
♦r ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t r❡❣✉❧❛t♦rs ❛r❡ ❧✐❦❡❧② t♦ ❜❡ ❝❛♣t✉r❡❞ ❜② ❜✉s✐♥❡ss❡s ❞✉r✐♥❣ r❡❣✉❧❛t♦r② ❞❡s✐❣♥
✭▲❛✛♦♥t ❛♥❞ ❚✐r♦❧❡ ✶✾✾✶✱ ❇♦②❡r ❛♥❞ ▲❛✛♦♥t ✶✾✾✾✮✳ ❚❤✉s✱ t❤✐s ♣❛♣❡r ❛❧s♦ ❡①❛♠✐♥❡s t♦ ✇❤✐❝❤ ❡①t❡♥t
❞♦♠❡st✐❝ ❝❛r♠❛❦❡rs ❜❡♥❡✜t❡❞ ❢r♦♠ ✐ts ❞❡s✐❣♥✱ ✐❢ ❛t ❛❧❧✳

❚❤❡ ❙✇❡❞✐s❤ ●r❡❡♥ ❈❛r ❘❡❜❛t❡ ❚❤❡ ❙✇❡❞✐s❤ ●r❡❡♥ ❈❛r ❘❡❜❛t❡ ✭●❈❘✮ ✐s ♦♥❡ ❛♠♦♥❣ ❛
♥✉♠❜❡r ♦❢ ♣♦❧✐❝✐❡s ❞❡s✐❣♥❡❞ t♦ ✐♥❝❡♥t✐✈✐③❡ t❤❡ ♣✉r❝❤❛s❡ ♦❢ ❢✉❡❧✲❡✣❝✐❡♥t ✈❡❤✐❝❧❡s ✇♦r❧❞✇✐❞❡ ❛♠✐❞
t❤❡ ❡✈❡r ❣r♦✇✐♥❣ ❝♦♥❝❡r♥ ✇✐t❤ ●❍● ❛♥❞ t❤❡ q✉❡st ❢♦r ♦✐❧ ✐♥❞❡♣❡♥❞❡♥❝❡✳✸ ❚❤❡ ●❈❘✱ ✇❤✐❝❤ ❝♦♥s✐st❡❞
♦❢ ❛ ✶✵✱✵✵✵ ❙❊❑ r❡❜❛t❡ ♣❛✐❞ t♦ ♣r✐✈❛t❡ ✐♥❞✐✈✐❞✉❛❧s ♣✉r❝❤❛s✐♥❣ ♥❡✇ ❡♥✈✐r♦♥♠❡♥t❛❧❧② ❢r✐❡♥❞❧② ✕ ♦r
❣r❡❡♥ ✕ ❝❛rs✳✹ ❚✇♦ ❢❡❛t✉r❡s ❞✐st✐♥❣✉✐s❤ t❤❡ ●❈❘ ❢r♦♠ s✐♠✐❧❛r ♣♦❧✐❝✐❡s ❡❧s❡✇❤❡r❡✳ ❋✐rst✱ ✐♥ ❝♦♥tr❛st
✇✐t❤ r❡❧❛t❡❞ ♣♦❧✐❝✐❡s ❡❧s❡✇❤❡r❡ ✇❤✐❝❤ ❤❛✈❡ t②♣✐❝❛❧❧② ♥♦t ❜❡❡♥ ❛♣♣❧✐❡❞ ✇✐❞❡❧② ❡♥♦✉❣❤ t♦ ❛✛❡❝t ❛
❧❛r❣❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♥❡✇ ✈❡❤✐❝❧❡ ♠❛r❦❡t ✭❙❛❧❧❡❡ ✷✵✶✶❛✮✱ t❤❡ ●❈❘ ✇❛s ❜r♦❛❞ ✐♥ t❤❛t ❣r❡❡♥ ❝❛rs
❝♦♠♠❛♥❞❡❞ ❛ ✷✺ ♣❡r❝❡♥t ♠❛r❦❡t s❤❛r❡ ❛♠♦♥❣ ♥❡✇❧②✲r❡❣✐st❡r❡❞ ❝❛rs ❛❧r❡❛❞② ✐♥ ✷✵✵✽✱ ❛s ❝♦♠♣❛r❡❞
t♦ t❤❡ ✷✳✶✺ ♣❡r❝❡♥t ❝♦♠♠❛♥❞❡❞ ❜② ❍❊❱s ✐♥ t❤❡ ❯❙ ❛❢t❡r ❛ s✐♠✐❧❛r ♣♦❧✐❝② ✭❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✷✵✶✶✮✳

✶❚❤❡ ✶✾✾✹ ❊❊❆ ❚r❡❛t② ♦r✐❣✐♥❛❧❧② s❡t ❛ t❛r❣❡t ♦❢ ✶✷✵ ❣❈❖✷✴❦♠ ❜② ✷✵✵✺ ✭❧❛t❡r r❡❧❛①❡❞ t♦ ✶✸✵ ❣❈❖✷✴❦♠ ❜② ✷✵✶✷✮
❛♥❞ ❛✐♠❡❞ ❛t ❝✉tt✐♥❣ ❝❛r❜♦♥ ❡♠✐ss✐♦♥s ❜② ✷✵ ♣❡r❝❡♥t ❜② ✷✵✷✵ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❧❡✈❡❧s ♦❢ ✶✾✾✵✳ ❋♦r ♣❡rs♣❡❝t✐✈❡✱
❙✇❡❞❡♥✬s ✢❡❡t ❞♦❡s ❧❛❣ ❜❡❤✐♥❞ ♠♦st ❊❯ ✷✺ ❝♦✉♥tr✐❡s ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❛✈❡r❛❣❡ ❈❖✷ ❡♠✐ss✐♦♥s❀ t❤❡s❡ ❛r❡ ❧♦✇❡r ♦♥❧②
t❤❛♥ t❤♦s❡ ♦❢ ❊st♦♥✐❛ ❛♥❞ ▲❛t✈✐❛ ✭❊❋❚❊ ✷✵✵✾✮✳

✷❍❛✈✐♥❣ ♦r✐❣✐♥❛t❡❞ ✐♥ ❙✇❡❞❡♥✱ ❱♦❧✈♦ ❛♥❞ ❙❛❛❜ ✇❡r❡ t❛❦❡♥ ♦✈❡r ❜② ❯❙ ❝❛r♠❛❦❡rs✱ t❤✉s ❜❡❝♦♠✐♥❣ ❜r❛♥❞s ✇✐t❤✐♥
❝♦♥❣❧♦♠❡r❛t❡s ❋♦r❞ ❛♥❞ ●▼✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ ❝♦r♣♦r❛t❡ ❝♦♥tr♦❧ ❞✐❞ ♥♦t ❝❤❛♥❣❡ t❤❡ ❢❛❝t t❤❛t t❤❡ ❜✉❧❦ ♦❢
❛❝t✐✈✐t✐❡s s✉❝❤ ❛s ❞❡s✐❣♥✱ ❡♥❣✐♥❡❡r✐♥❣ ❛♥❞ ♠❛♥✉❢❛❝t✉r✐♥❣ ✇❛s st✐❧❧ ♣❡r❢♦r♠❡❞ ✐♥ ❙✇❡❞❡♥✱ s♦ ♠✉❝❤ s♦ t❤❛t ❜♦t❤ ❛r❡
st✐❧❧ ❝♦♥s✐❞❡r❡❞ ❧♦❝❛❧ ❜r❛♥❞s ❜② ❙✇❡❞✐s❤ ❝♦♥s✉♠❡rs✳ ❖✉t ♦❢ ❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ✾ ♠✐❧❧✐♦♥✱ s♦♠❡ ✶✷✵✱✵✵✵ ❛r❡ ❡♠♣❧♦②❡❞
❜② t❤❡ ❛✉t♦♠♦❜✐❧❡ ✐♥❞✉str②✱ ✇❤✐❝❤ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ♦✈❡r ✶✵ ♣❡r❝❡♥t ♦❢ ❙✇❡❞✐s❤ ❡①♣♦rts ✭❇■▲ ❙✇❡❞❡♥ ✷✵✶✵✮✳

✸❙✉❜s✐❞✐❡s ✇❡r❡ ❛✇❛r❞❡❞ t♦ ❤②❜r✐❞ ❛♥❞ ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s ✐♥ t❤❡ ❯❙ ❛♥❞ ❈❛♥❛❞❛❀ ❈❤✐♥❛ ❛♥❞ ❇r❛③✐❧ r❡❞✉❝❡❞ s❛❧❡s
t❛①❀ s❝r❛♣♣❛❣❡ ♣r♦❣r❛♠s ✇❡r❡ ❧❛✉♥❝❤❡❞ ✐♥ t❤❡ ❯❙ ❛♥❞ ❛ ♥✉♠❜❡r ♦❢ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ✐♥ ✷✵✵✽ ❛♥❞ ✷✵✵✾✳ ●✐✈❡♥ ✐ts
❞❡s✐❣♥✱ t❤❡ ♣♦❧✐❝② ✇❡ st✉❞② ✐s ❝❧♦s❡r ✐♥ s♣✐r✐t t♦ t❤❡ ❯❙ ❤②❜r✐❞ s✉❜s✐❞②✳

✹❚❤❡ r❡❜❛t❡ ❛♠♦✉♥ts t♦ ✻ ♣❡r❝❡♥t ♦✛ ♦❢ t❤❡ ♣r✐❝❡ ♦❢ ❛ ♥❡✇ ❱❲ ●♦❧❢ ✶✳✻✱ ❜❡✐♥❣ ✐♥ t❤❡ r❛♥❣❡ ✩✶✱✸✵✵✲✶✱✺✵✵✳ ■♥
✇❤❛t ❢♦❧❧♦✇s ✇❡ ✉s❡ ❛ ❙❊❑✴✩ ❡①❝❤❛♥❣❡ r❛t❡ ♦❢ ✼ ✉♥❧❡ss ♠❡♥t✐♦♥❡❞ ♦t❤❡r✇✐s❡✳

✷



❖♥ t❤❡ s✉♣♣❧② s✐❞❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❣r❡❡♥ ❝❛r ♠♦❞❡❧s ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ✐♥❝r❡❛s❡❞
❢r♦♠ ✼✸ t♦ ✶✷✵ ❛❧r❡❛❞② ✐♥ ✷✵✵✽ ✕ ❢♦r ♣❡rs♣❡❝t✐✈❡✱ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮ ❞♦❝✉♠❡♥t ✶✺ ❤②❜r✐❞
♠♦❞❡❧s ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ❯❙ ♠❛r❦❡t ✐♥ ✷✵✵✼✳✺

❙❡❝♦♥❞✱ t❤❡ ●❈❘ r❡❧✐❡s ♦♥ ❛❧t❡r♥❛t✐✈❡ ✭r❡♥❡✇❛❜❧❡✮ ❢✉❡❧s t♦ ❛❝❤✐❡✈❡ ✐ts ❛✐♠s✳ ❆♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡
s✉❣❣❡sts t❤❛t t❤❡ s❦❡✇ t♦✇❛r❞s r❡♥❡✇❛❜❧❡s ✇❛s ✐♥s♣✐r❡❞ ❜② ❇r❛③✐❧✱ ✇❤♦s❡ ❈❖✷ ❡♠✐ss✐♦♥s ♣❡r ✉♥✐t
♦❢ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✐♥ r♦❛❞ tr❛✣❝ ❛r❡ ✷✵ ♣❡r❝❡♥t ❜❡❧♦✇ t❤❡ ✇♦r❧❞ ❛✈❡r❛❣❡ ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ❡t❤❛♥♦❧
✭■❊❆ ✷✵✶✶❛✮✱ ❛❧t❤♦✉❣❤ ❣❡tt✐♥❣ t❤❡ s✉♣♣♦rt ♦❢ t❤❡ ❙✇❡❞✐s❤ ●r❡❡♥ P❛rt② ✐s s♦♠❡t✐♠❡s ❛❧s♦ ♠❡♥t✐♦♥❡❞
❛s ❛♥ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤✐s ♣♦❧✐❝② ❢❡❛t✉r❡✳✻ ❚❤❡ ●❈❘ ❞❡✜♥❡❞ ❛ ❣r❡❡♥ ❝❛r ❛❝❝♦r❞✐♥❣ t♦ ✇❤✐❝❤ ❢✉❡❧s ✐t
✐s ❛❜❧❡ t♦ ♦♣❡r❛t❡ ♦♥ ❛♥❞ ♦♥ ❤♦✇ ♠✉❝❤ ❈❖✷ ✐t ❡♠✐ts✿ ✇❤✐❧❡ ❝❛rs ❛❜❧❡ t♦ r✉♥ ♦♥❧② ♦♥ r❡❣✉❧❛r ✭❢♦ss✐❧✮
❢✉❡❧s ✭s✉❝❤ ❛s ❣❛s♦❧✐♥❡ ❛♥❞ ❞✐❡s❡❧✮ ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❣r❡❡♥ ❝❛rs ♣r♦✈✐❞❡❞ t❤❡② ❡♠✐tt❡❞ ♥♦ ♠♦r❡ t❤❛♥
✶✷✵ ❣❈❖✷✴❦♠✱ t❤♦s❡ ❛❜❧❡ t♦ r✉♥ ♦♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s ✭❡t❤❛♥♦❧✱ ❡❧❡❝tr✐❝✐t②✱ ❛♥❞ ❣❛s ✕ ✇❤✐❝❤ ✇❡ ❝❛❧❧
❈◆● ❤❡r❡❛❢t❡r✮ ✇❡r❡ ❣✐✈❡♥ ❛ ♠♦r❡ ❧❡♥✐❡♥t tr❡❛t♠❡♥t r♦✉❣❤❧② ❡q✉✐✈❛❧❡♥t t♦ ✷✷✵ ❣❈❖✷✴❦♠✳ ❆s ❛
r❡s✉❧t✱ ✺✹ ❛♠♦♥❣ t❤❡ ✶✷✵ ❣r❡❡♥ ❝❛rs ♠❛r❦❡t❡❞ ✐♥ ✷✵✵✽ ✇❡r❡ ❛❧t❡r♥❛t✐✈❡ ♦♥❡s ❛♥❞ t✇♦✲t❤✐r❞s ♦❢ t❤❡
♥❡✇ ❣r❡❡♥ ❝❛rs r❡❣✐st❡r❡❞ ✐♥ ✷✵✵✽ ✇❡r❡ ❛❜❧❡ t♦ ♦♣❡r❛t❡ ✉s✐♥❣ r❡♥❡✇❛❜❧❡ ❢✉❡❧s✳ ❆♠♦♥❣ t❤❡s❡✱ t❤❡
❞♦♠✐♥❛♥t ♦♥❡s ❛r❡ ❋❋❱s ✭✢❡①✐❜❧❡ ❢✉❡❧ ✈❡❤✐❝❧❡s✮✱ ✇❤✐❝❤ s❡❛♠❧❡ss❧② ♦♣❡r❛t❡ ✉s✐♥❣ ❛♥② ❝♦♠❜✐♥❛t✐♦♥
♦❢ ❡t❤❛♥♦❧ ❛♥❞ ❣❛s♦❧✐♥❡✳ ❲❤✐❧❡ t❤❡ ✜rst ❋❋❱ ❞❛t❡s ❜❛❝❦ t♦ t❤❡ ❡❛r❧② ✶✾✵✵s ✕ t❤❡ ❋♦r❞ ▼♦❞❡❧ ❚
✇❛s ❛❜❧❡ t♦ ♦♣❡r❛t❡ ♦♥ ❣❛s♦❧✐♥❡✱ ❦❡r♦s❡♥❡ ❛♥❞ ❡t❤❛♥♦❧✕ ✐t ✇❛s ♦♥❧② ✐♥ t❤❡ ✶✾✽✵s t❤❛t ✈❡❤✐❝❧❡s ❛❜❧❡
t♦ ♦♣❡r❛t❡ ✉s✐♥❣ r❡♥❡✇❛❜❧❡ ❢✉❡❧s t♦♦❦ ❝❡♥t❡r st❛❣❡✱ ✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ♠❛r❦❡t✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡
t❡❝❤♥♦❧♦❣② ✇❛s ❜❛s❡❞ ♦♥ ❝❛♣t✐✈❡ ❡t❤❛♥♦❧ ✈❡❤✐❝❧❡s✱ ❝♦♥s✉♠❡rs ✇❡r❡ ❡✛❡❝t✐✈❡❧② ❧♦❝❦❡❞✲✐♥ ❛♥❞ s✉✛❡r❡❞
❞✉❡ t♦ ❢✉❡❧ s❤♦rt❛❣❡s✱ ✇❤✐❝❤ ❡✈❡♥t✉❛❧❧② r❡s✉❧t❡❞ ✐♥ t❤❡ ❞❡♠✐s❡ ♦❢ t❤❡ ❝❛♣t✐✈❡ ❡t❤❛♥♦❧ t❡❝❤♥♦❧♦❣② ✐♥
t❤❡ ❝♦✉♥tr②✳✼ ❚❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❝✉rr❡♥t❧② ✐♥ ♦♣❡r❛t✐♦♥ ✇❛s ✐♥tr♦❞✉❝❡❞ s♦♠❡ ✶✺ ②❡❛rs ❛❣♦ ❛♥❞
✐s ❛✈❛✐❧❛❜❧❡ ♠♦st❧② ✐♥ ❇r❛③✐❧✱ t❤❡ ❯❙ ❛♥❞ ❙✇❡❞❡♥✳

❊♠♣✐r✐❝❛❧ ❙tr❛t❡❣② ❲❡ q✉❛♥t✐❢② t❤❡ ✐♠♣❛❝ts ♦❢ t❤❡ ❙✇❡❞✐s❤ ●❈❘ ❜② ❡st✐♠❛t✐♥❣ ❛ str✉❝t✉r❛❧
♠♦❞❡❧ ❢♦r t❤❡ ❙✇❡❞✐s❤ ❝❛r ♠❛r❦❡t ❛♥❞ ❡①❛♠✐♥✐♥❣ ❛ ♥✉♠❜❡r ♦❢ ❝♦✉♥t❡r❢❛❝t✉❛❧s t♦ t❤❡ ❛❝t✉❛❧ ♣♦❧✐❝②✳
❚♦ ❞♦ s♦ ✇❡ ✉s❡ ❛ ✉♥✐q✉❡ r❡❣✐str❛t✐♦♥✲❜❛s❡❞ ❞❛t❛ s❡t ❢♦r t❤❡ ❙✇❡❞✐s❤ ❝❛r ♠❛r❦❡t ✇✐t❤ ❝❛r ♠♦❞❡❧s
❞✐s❛❣❣r❡❣❛t❡❞ ❛t t❤❡ ❢✉❡❧ s❡❣♠❡♥t ❧❡✈❡❧ ✇❤✐❝❤ ✇❡ ❝♦♠❜✐♥❡ ✇✐t❤ ♣r♦❞✉❝t ❝❤❛r❛❝t❡r✐st✐❝s✱ ❢✉❡❧ ❛♥❞
♠✐❧❡❛❣❡ ❞❛t❛✳

■♥ ♦✉r ❛♥❛❧②s✐s✱ ✇❡ ❢♦❝✉s ♦♥ ❜♦t❤ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛♥❞ ♠❛r❦❡t ❡✛❡❝ts ♦❢ ❛❧t❡r♥❛t✐✈❡ ♣♦❧✐❝✐❡s✳ ❖♥
t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ s✐❞❡ ✇❡ q✉❛♥t✐❢② ❈❖✷ ❡♠✐ss✐♦♥ s❛✈✐♥❣s ❛s ✇❡❧❧ ❛s t❤❡✐r ❝♦st✳ ❖♥ t❤❡ ♠❛r❦❡t
s✐❞❡✱ ✇❡ ❢♦❝✉s ♦♥ ♠❛r❦❡t s❤❛r❡s ♦❢ ❞✐✛❡r❡♥t ❢✉❡❧ s❡❣♠❡♥ts ❛♥❞ ❜r❛♥❞ ♠❛r❦❡t s❤❛r❡s✳ ❚❤✐s ❛❧❧♦✇s
t♦ ❡✈❛❧✉❛t❡ t❤❡ r♦❧❡ ♦❢ t❤❡ s❦❡✇ t♦✇❛r❞s r❡♥❡✇❛❜❧❡s ❛♥❞ ❤♦✇ t❤❡ ♣r♦❣r❛♠ ❛✛❡❝t❡❞ ❞✐✛❡r❡♥t ❝❛r
♠❛♥✉❢❛❝t✉r❡rs✳

❲❡ ❝♦♥s✐❞❡r t❤r❡❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s✳ ❋✐rst✱ ✇❡ ❛ss❡ss t❤❡ ♦✈❡r❛❧❧ ✐♠♣❛❝t ♦❢ t❤❡ ●❈❘ ❜② ❝♦♥s✐❞❡r✐♥❣
❛ s❝❡♥❛r✐♦ ✇✐t❤ ♥♦ ❡♥✈✐r♦♥♠❡♥t❛❧ ♣♦❧✐❝②✳ ◆❡①t✱ ✇❡ ❛❞❞r❡ss ❛ ❦❡② ❢❡❛t✉r❡ ♦❢ t❤❡ ●❈❘✱ ♥❛♠❡❧② t❤❡
❛s②♠♠❡tr✐❝ tr❡❛t♠❡♥t ♦❢ ✈❡❤✐❝❧❡s r✉♥♥✐♥❣ ♦♥ r❡❣✉❧❛r ❛s ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ r✉♥♥✐♥❣ ♦♥ ❛❧t❡r♥❛t✐✈❡
❢✉❡❧s✳ ❚❤❛t ✐s✱ ✇❡ ❛ss❡ss ✇❤❛t ✇♦✉❧❞ ❤❛✈❡ ❤❛♣♣❡♥❡❞ ❤❛❞ ♦♥❡ tr❡❛t❡❞ r❡❣✉❧❛r ❛♥❞ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s
✐♥ ❛ s✐♠✐❧❛r ✇❛② ❜② ❧❡tt✐♥❣ ♦♥❧② ✈❡❤✐❝❧❡s ❡♠✐tt✐♥❣ ♥♦ ♠♦r❡ t❤❛♥ ✶✷✵ ❣❈❖✷✴❦♠ ❜❡ ❝❧❛ss✐✜❡❞ ❛s

✺■♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t✱ ♣r♦❞✉❝t ✐♥tr♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❋❋❱ ❛♥❞ ❧♦✇✲❡♠✐ss✐♦♥ s❡❣♠❡♥ts t②♣✐❝❛❧❧② ♦❝❝✉rs ✈✐❛ t❤❡
✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♥❡✇ ✈❛r✐❛♥ts ✭✈❡rs✐♦♥s✮ ♦❢ ❡①✐st✐♥❣ ♠♦❞❡❧s✳

✻❲❤✐❧❡ ❝♦✉♥tr✐❡s s✉❝❤ ❛s ❋r❛♥❝❡ ❛♥❞ ●❡r♠❛♥② ❡st❛❜❧✐s❤❡❞ ❛♥ ❡♠✐ss✐♦♥ ❝❡✐❧✐♥❣ ✐♥ t❤❡✐r ♣r♦❣r❛♠s✱ t❤❡ ❯❙ ❤❛s
♣✉t ❢♦rt❤ ❛ s❝r❛♣♣❛❣❡ s❝❤❡♠❡❀ ❙✇❡❞❡♥ ❝♦♠❜✐♥❡❞ ❛♥ ❡♠✐ss✐♦♥ t❤r❡s❤♦❧❞ ✇✐t❤ r❡♥❡✇❛❜❧❡ ❢✉❡❧ r❡q✉✐r❡♠❡♥ts✳ ❙❡❡
❤tt♣✿✴✴❡❝✳❡✉r♦♣❛✳❡✉✴❡♥✈✐r♦♥♠❡♥t✴❛✐r✴tr❛♥s♣♦rt✴r♦❛❞✳❤t♠ ❢♦r ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❢r❛♠❡✇♦r❦✳ ◆♦t❡ ❛❧s♦
t❤❛t ✐♥ t❤❡ ❯❙ t❤❡ ❡♠✐ss✐♦♥ r❡q✉✐r❡♠❡♥t ✐s r❡♣❧❛❝❡❞ ✇✐t❤ ❛ ✭r♦✉❣❤❧② ❡q✉✐✈❛❧❡♥t✮ ❢✉❡❧ ❡❝♦♥♦♠② ♦♥❡✳

✼❚❤❡ ◆❡✇ ❨♦r❦ ❚✐♠❡s ✭✶✾✽✾✮ r❡♣♦rts ✐♥ ❧❛t❡ ✶✾✽✾ ❤♦✇ ✧t❛①✐ ✢❡❡ts ❤❛✈❡ st❛rt❡❞ t♦ ❣❧✐❞❡ t♦ ❛ ❤❛❧t✱ ❛s ♠❛♥② ❛s
t✇♦✲t❤✐r❞s ♦❢ ❘✐♦✬s s❡r✈✐❝❡ st❛t✐♦♥s ❤❛✈❡ ❝❧♦s❡❞ t❤❡✐r ❛❧❝♦❤♦❧ ❬❡t❤❛♥♦❧❪ ♣✉♠♣s✱ ✭✳✳✳✮ ❛ ✹✵✵✲❝❛r ❛❧❝♦❤♦❧ ❧✐♥❡ ❜❧♦❝❦❡❞
tr❛✣❝ ♦♥ t❤❡ ❘✐♦✲❙❛♦ P❛✉❧♦ ❤✐❣❤✇❛②✧ ❛♥❞ ♠❡♥t✐♦♥s ❛ ✹✵ ♣❡r❝❡♥t s❤♦rt❢❛❧❧ ✐♥ ❡t❤❛♥♦❧ s✉♣♣❧✐❡s ❡①♣❡❝t❡❞ ❢♦r ❡❛r❧②
✶✾✾✵✳

✸



❣r❡❡♥ ❝❛rs ❛♥❞ t❤✉s q✉❛❧✐❢② ❢♦r t❤❡ r❡❜❛t❡✳ ❋✐♥❛❧❧②✱ ✇❡ ❡①❛♠✐♥❡ ✇❤❛t ✇♦✉❧❞ ❤❛✈❡ ❤❛♣♣❡♥❡❞ ❤❛❞ ❛❧❧
❝❛r♠❛❦❡rs ❞❡❝✐❞❡❞ t♦ t✉r♥ t❤❡✐r ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ❝❛rs ✐♥t♦ ❋❋❱s t♦ ❜❡♥❡✜t ❢r♦♠ t❤❡ ♣r♦❣r❛♠✳ ❚❤✐s
✐s ❛ s❝❡♥❛r✐♦ ❝♦♥s✐st❡♥t ✇✐t❤ ✇❤❛t ❤❛s ❤❛♣♣❡♥❡❞ ✐♥ t❤❡ ♠✐❞✲✷✵✵✵s ✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ♠❛r❦❡t✱ ✇❤❡r❡
❛❧❧ ♠❛❥♦r ❝❛r♠❛❦❡rs ♣r♦❞✉❝✐♥❣ ✐♥ t❤❡ ❝♦✉♥tr② ❞❡❝✐❞❡❞ t♦ ♣❤❛s❡ ♦✉t ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s ✐♥
❢❛✈♦r ♦❢ ❋❋❱s✳ ❙✐♥❝❡ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ♣✐❣❣②❜❛❝❦s ♦♥ t❤❡ ❣❛s♦❧✐♥❡ ♦♥❡✱ ❛♥❞ t❤❡ ❡st✐♠❛t❡❞ ❝♦st
t♦ t✉r♥ ❛ ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ❝❛r ✐♥t♦ ❛ ❋❋❱ ✐s ✩✶✵✵✲✷✵✵ ✭❛♥❞ ❞❡❝r❡❛s✐♥❣✱ t❤❛♥❦s t♦ t❤❡ ❞♦✇♥✇❛r❞
tr❡♥❞ ✐♥ t❤❡ ♣r✐❝❡s ♦❢ ❡❧❡❝tr♦♥✐❝s✱ s❡❡ ❆♥❞❡rs♦♥ ❛♥❞ ❙❛❧❧❡❡ ✷✵✶✶✮✱ t❤✐s s❝❡♥❛r✐♦ ✐s ❛r❣✉❛❜❧② ❧❡ss
❡①tr❡♠❡ t❤❛♥ ✐t ❧♦♦❦s ❛t ✜rst ❣❧❛♥❝❡✳

▼❛✐♥ ❋✐♥❞✐♥❣s ❖♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❢r♦♥t✱ t❤❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ●❈❘ r❡s✉❧t❡❞ ✐♥ ❛
❞❡❝r❡❛s❡ ✐♥ ❧✐❢❡t✐♠❡ ❈❖✷ ❡♠✐ss✐♦♥s ♦❢ ❛❜♦✉t ✹✾✸✳✷ t❤♦✉s❛♥❞ t♦♥❈❖✷ ❢♦r t❤❡ ✈❡❤✐❝❧❡s s♦❧❞ ❞✉r✐♥❣
t❤❡ ♣❡r✐♦❞ ✐♥ ✇❤✐❝❤ t❤❡ ♣♦❧✐❝② ✇❛s ✐♥ ♣❧❛❝❡✳ ❚❤✐s ✐♠♣❧✐❡s ❛ ❝♦st ♦❢ ✼✻✵ ❙❊❑✴t♦♥❈❖✷ ✭♦r ✩✶✵✾✮✱
t❤✉s ❧♦✇❡r t❤❛♥ t❤❡ ✩✶✼✼ ♦❜t❛✐♥❡❞ ❜② ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮ ❛♥❞ ❛t t❤❡ ❧♦✇❡r ❡♥❞ ♦❢ r❡s✉❧ts ✐♥
t❤❡ r❛♥❣❡ ✩✾✶✲✷✽✽ ♦❜t❛✐♥❡❞ ❜② ▲✐✱ ▲✐♥♥ ❛♥❞ ❙♣✐❧❧❡r ✭✷✵✶✶✮ ❢♦r t❤❡ ❯❙ ♠❛r❦❡t✳✽

❆❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ❢❛❝t t❤❛t ❛ s✉❜st❛♥t✐❛❧ s❤❛r❡ ♦❢ ❋❋❱ ♦✇♥❡rs s✇✐t❝❤❡s t♦ t❤❡ ❝❤❡❛♣❡st ❜❡t✇❡❡♥
❣❛s♦❧✐♥❡ ❛♥❞ ❡t❤❛♥♦❧ r❡s✉❧ts ✐♥ ♥♦♥✲tr✐✈✐❛❧ ❝♦st ✐♥❝r❡❛s❡s✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡ ❛♠♦♥❣
❋❋❱ ♦✇♥❡rs ✐s ✺✵ ♣❡r❝❡♥t✱ ❈❖✷ s❛✈✐♥❣s ❞❡❝r❡❛s❡ ❜② ✶✹ ♣❡r❝❡♥t ❛♥❞ t❤❡✐r ❝♦sts ❜② ✶✻ ♣❡r❝❡♥t ❛s
❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡♥❝❤♠❛r❦✱ r❡❛❝❤✐♥❣ ✽✽✸ ❙❊❑ ♦r ✩✶✷✻✳ ❚❤❛t ✐s✱ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ♠❛❦❡s ❢✉❡❧
❝❤♦✐❝❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❞✐♠❡♥s✐♦♥ r❡❣✉❧❛t♦rs ❤❛✈❡ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ♣♦❧✐❝②✳

❘❡♠♦✈✐♥❣ t❤❡ ❛s②♠♠❡tr② ♦❢ t❤❡ ●❈❘ ✇♦✉❧❞ r❡s✉❧t ✐♥ ❧♦✇❡r ❈❖✷ s❛✈✐♥❣s ❜✉t ❛❧s♦ ❛ ❧♦✇❡r ❝♦st✱
✐♥ ❜♦t❤ ❛❜s♦❧✉t❡ ❛♥❞ r❡❧❛t✐✈❡ t❡r♠s✳ ■♠♣♦rt❛♥t❧②✱ s✐♥❝❡ s✉❝❤ ❛ ♣♦❧✐❝② ✇♦✉❧❞ ♥♦t ❝♦♥t❡♠♣❧❛t❡ ❋❋❱s✱
❢✉❡❧ ❛r❜✐tr❛❣❡ ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ ❝♦st ♦❢ t❤❡ ♣♦❧✐❝②✳

❋✐♥❛❧❧②✱ ✐♥ ❛ s❝❡♥❛r✐♦ ✇❤❡r❡ ❝❛r♠❛❦❡rs ✇❡r❡ t♦ ❢✉❧❧② r❡♣❧❛❝❡ t❤❡✐r ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ♠♦❞❡❧s
✇✐t❤ ❋❋❱s✱ ❈❖✷ s❛✈✐♥❣s ✇♦✉❧❞ ✐♥❝r❡❛s❡ s✉❜st❛♥t✐❛❧❧②✱ ❜✉t ❛t ❛ ❤✐❣❤ t♦t❛❧ ❝♦st ❢♦r t❤❡ t❛①♣❛②❡r✿
t❤✐s ❛❧t❡r♥❛t✐✈❡ ♣♦❧✐❝② ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ r♦✉❣❤❧② ✜✈❡❢♦❧❞ ❝♦st ✐♥❝r❡❛s❡ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ●❈❘✳
❍♦✇❡✈❡r✱ t❤❡ ❤✐❣❤ s❤❛r❡ ♦❢ ❋❋❱s ❝♦♠♣♦✉♥❞❡❞ ✇✐t❤ ❢✉❡❧ s✇✐t❝❤✐♥❣ ✇♦✉❧❞ ❡❛s✐❧② ♠❛❦❡ t❤❡ ♣r♦❣r❛♠
✈❡r② ❡①♣❡♥s✐✈❡ ❛❧s♦ ✐♥ r❡❧❛t✐✈❡ t❡r♠s✱ ❡✳❣✳ ✐❢ ✺✵ ♣❡r❝❡♥t ♦❢ ❋❋❱ ♦✇♥❡rs ❛r❜✐tr❛❣❡ ❛❝r♦ss ❢✉❡❧s✱ t❤❡
❝♦st ♦❢ t❤❡ ♣r♦❣r❛♠ ✇♦✉❧❞ ❜❡ ✸✻ ♣❡r❝❡♥t ❛❜♦✈❡ t❤♦s❡ ♦❢ t❤❡ ❛❝t✉❛❧ ●❈❘✳

❖♥ t❤❡ ♠❛r❦❡t ❢r♦♥t✱ t❤❡ ✜rst ❝♦✉♥t❡r❢❛❝t✉❛❧ ❤✐❣❤❧✐❣❤ts t❤❛t ❤✐❣❤✲❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s✱ ❡s♣❡❝✐❛❧❧②
t❤♦s❡ r✉♥♥✐♥❣ ♦♥ ❣❛s♦❧✐♥❡✱ s✉✛❡r❡❞ ❛♥ ❡✈❡r ✐♥❝r❡❛s✐♥❣ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ❢✉❡❧ s❡❣♠❡♥ts ❜❡♥❡✜t✐♥❣
❢r♦♠ t❤❡ ●❈❘❀ t❤❡s❡ ✐♥❝❧✉❞❡ ❧♦✇✲❡♠✐ss✐♦♥ r❡❣✉❧❛r ✈❡❤✐❝❧❡s ❛♥❞ ✭❤✐❣❤✲❡♠✐ss✐♦♥✮ ❋❋❱s✱ ❛❧❧ ♦❢ ✇❤✐❝❤
✇❡r❡ ❡❧✐❣✐❜❧❡ ❢♦r t❤❡ r❡❜❛t❡ ❛♥❞ ❥♦✐♥t❧② ❡①♣❡r✐❡♥❝❡❞ ❛ ✺✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ ♠❛r❦❡t s❤❛r❡s
❞✉❡ t♦ t❤❡ ♣♦❧✐❝②✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ♠❛✐♥ ❜r❛♥❞s ❧♦s✐♥❣ ♦✉t ❢r♦♠ t❤❡ ♣♦❧✐❝② ✇❡r❡ ❙✇❡❞✐s❤ ❝❛r♠❛❦❡rs
❱♦❧✈♦ ❛♥❞ ❙❛❛❜ ❛s ✇❡❧❧ ❛s ✭❤✐❣❤✲❡♥❞✮ ●❡r♠❛♥ ❝❛r♠❛❦❡rs ❆✉❞✐✱ ❇▼❲ ❛♥❞ ▼❡r❝❡❞❡s✱ ❛❧❧ ✇✐t❤ ❛
str♦♥❣ ♣r❡s❡♥❝❡ ✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ s❡❣♠❡♥t✳✾

❆ s②♠♠❡tr✐❝ ✈❡rs✐♦♥ ♦❢ t❤❡ ●❈❘ ✇♦✉❧❞ ♠❛❦❡ ❙❛❛❜ ❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ❜❡tt❡r ♦✛
❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛❝t✉❛❧ ♣♦❧✐❝②✳ ❚❤❡ r❡❛s♦♥ ✇❤② ❱♦❧✈♦ ✇♦✉❧❞ ❜❡ ❛t t❤❡ ❧♦s✐♥❣ ❡♥❞ ✉♥❞❡r s✉❝❤

✽❚❤❡s❡ ✜❣✉r❡s ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦st ♦❢ s✐♠✐❧❛r ♣r♦❣r❛♠s ✐♥ t❤❡ ❯❙✱ t♦ t❤❡ ♣r✐❝❡ ♦❢ ❊✉r♦♣❡❛♥ ❡♠✐ss✐♦♥
♣❡r♠✐ts ❛♥❞ t♦ t❤❡ s♦❝✐❛❧ ❝♦st ♦❢ ❝❛r❜♦♥ ✭❙❈❈✮✳ ❊♠✐ss✐♦♥ r✐❣❤ts ✇❡r❡ ✐❧❧✐q✉✐❞ ✐♥str✉♠❡♥ts ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ t❤❡
●❈❘ ✇❛s ✐♥ ♣❧❛❝❡✳ ❙♣♦t ♣r✐❝❡s ✇❡r❡ ✐♥ t❤❡ r❛♥❣❡ ✶✶✽✲✶✹✷ ❙❊❑✴t♦♥❈❖✷ ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ q✉❛rt❡r ✐♥ ✷✵✵✾ ❛t t❤❡
t❤❡♥ ♣r❡✈❛✐❧✐♥❣ ❡①❝❤❛♥❣❡ r❛t❡s✳ ❚❤❡ ❙❈❈ ✐s ❡st✐♠❛t❡❞ t♦ ❜❡ ❊❯❘ ✶✺ ✭✶✺✵ ❙❊❑✮ ♣❡r t♦♥❈❖✷ ✭❆❧❞②✱ ❑r✉♣♥✐❝❦✱
◆❡✇❡❧❧✱ P❛rr② ❛♥❞ P✐③❡r ✷✵✶✵✮✳ ■♥ ❙✇❡❞❡♥✱ ♣♦❧✐❝②♠❛❦❡rs ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ tr❛❞❡❞ ❛♥❞ ♥♦♥✲tr❛❞❡❞ ❣♦♦❞s❀ t❤✉s✱
t❤❡② ♣r✐❝❡ ❈❖✷ ❡♠✐ss✐♦♥s ❢r♦♠ ❢✉❡❧ ❛t ✶✵✻✵ ❙❊❑✴t♦♥❈❖✷✱ s❡❡ ▼❛♥❞❡❧❧ ✭✷✵✶✶✮ ❢♦r ❛ ❞✐s❝✉ss✐♦♥✳ ❲❡ t❤❛♥❦ ❏❛♥✲❊r✐❝
◆✐❧ss♦♥ ❢♦r ❜r✐♥❣✐♥❣ ✉♣ t❤✐s ♣♦✐♥t✳

✾■♥ ❙✇❡❞❡♥✱ ❍✉s❡ ❛♥❞ ❑♦♣t②✉❣ ✭✷✵✶✷✮ ❞♦❝✉♠❡♥t t❤❛t t❤❡ ✷✵✵✼✲✷✵✵✽ ♠❛r❦❡t s❤❛r❡s ♦❢ ❱♦❧✈♦ ❛♥❞ ❙❛❛❜ ❞❡❝r❡❛s❡❞
❢r♦♠ ✶✼✳✹✷ t♦ ✶✷✳✹✹ ♣❡r❝❡♥t ❛♥❞ ❢r♦♠ ✹✳✶✶ t♦ ✸✳✼✹ ♣❡r❝❡♥t✱ r❡s♣❡❝t✐✈❡❧②✱ ❞❡s♣✐t❡ t❤❡ ●❈❘✳ ❙✐♥❝❡ t❤❡ ●❈❘ ✐s ♥♦t
st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ❡①♣❧❛✐♥✐♥❣ t♦t❛❧ s❛❧❡s ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ✭s❡❡ t❤❡ ❆♣♣❡♥❞✐① ❢♦r ❞❡t❛✐❧s✮✱ t❤✐s s✉❣❣❡sts
t❤❛t ❜♦t❤ ❝❛r♠❛❦❡rs ❞✐❞ ❧♦s❡ ❣r♦✉♥❞ ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞✳

✹



❝♦✉♥t❡r❢❛❝t✉❛❧ ✐s ✐ts ❢♦❝✉s ♦♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❢✉❡❧ s❡❣♠❡♥ts✱ ❜✉t s✉❝❤ ❧♦ss❡s ✇♦✉❧❞ ❜❡ ♠✐❧❞✱
❛♠♦✉♥t✐♥❣ t♦ ❧❡ss t❤❛♥ ❤❛❧❢ ❛ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t✳ ■♠♣♦rt❛♥t❧②✱ t❤❡ ♠❛r❦❡t s❤❛r❡ ♦❢ ❋❋❱s ✇♦✉❧❞
❞❡❝r❡❛s❡ ❜② ❧❡ss t❤❛♥ ✵✳✹ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✭❢r♦♠ ✶✹✳✶ t♦ ✶✸✳✼ ♣❡r❝❡♥t✮ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ●❈❘✱
✇❤✐❝❤ s✉❣❣❡sts t❤❛t ❝♦♥s✉♠❡rs ✇♦✉❧❞ ❤❛✈❡ ♣✉r❝❤❛s❡❞ ❋❋❱s r❡❣❛r❞❧❡ss ♦❢ t❤❡ ♣♦❧✐❝②✳

❋✐♥❛❧❧②✱ ❢✉❧❧ ❝♦♥✈❡rs✐♦♥ t♦ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ✇♦✉❧❞ r❡s✉❧t ✐♥ ❤✐❣❤❡r ♠❛r❦❡t s❤❛r❡s ❢♦r ❙✇❡❞✐s❤
❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛❝t✉❛❧ ●❈❘✱ ❛t ❧❡❛st ♣❛rt✐❛❧❧② r❡st♦r✐♥❣ ♠❛r❦❡t
s❤❛r❡s ❧♦st ✉♥❞❡r t❤❡ ●❈❘✳ ❚❤✐s ✜♥❞✐♥❣ ♦♥❝❡ ❛❣❛✐♥ s❤♦✇s ❤♦✇ t❤❡ ❋❋❱ s❡❣♠❡♥t ❝❛r✈❡❞ ♠❛r❦❡t
s❤❛r❡ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❤✐❣❤✲❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s✳

❈♦♥tr✐❜✉t✐♦♥ ❛♥❞ ❘❡❧❛t❡❞ ▲✐t❡r❛t✉r❡ ❲❡ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❜✉r❣❡♦♥✐♥❣ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡
✐♠♣❛❝t ♦❢ ♣♦❧✐❝✐❡s t❛r❣❡t❡❞ ❛t t❤❡ tr❛♥s♣♦rt❛t✐♦♥ s❡❝t♦r✱ ♥♦t❛❜❧② t❤❡ ❛✉t♦♠♦❜✐❧❡ ♠❛r❦❡t✱ t♦ ♣r♦♠♦t❡
t❤❡ ❛❞♦♣t✐♦♥ ♦❢ ❢✉❡❧✲❡✣❝✐❡♥t t❡❝❤♥♦❧♦❣✐❡s✳ ❚♦ ♦✉r ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡ ✜rst ❛tt❡♠♣t t♦ str✉❝t✉r❛❧❧②
✐♥✈❡st✐❣❛t❡ ❛ ❣r❡❡♥ ❝❛r ♣♦❧✐❝② ✇✐t❤ ❛ ❜r♦❛❞ ✐♠♣❛❝t ♦♥ t❤❡ ❛✉t♦♠♦❜✐❧❡ ♠❛r❦❡t ❛♥❞ s❦❡✇❡❞ t♦✇❛r❞s
r❡♥❡✇❛❜❧❡s✳ ❚❤❡ ✉s❡ ♦❢ ❛ str✉❝t✉r❛❧ ♠♦❞❡❧ ❛❧❧♦✇s t♦ ❛ss❡ss ❞✐✛❡r❡♥t ❛s♣❡❝ts ♦❢ t❤❡ ♣♦❧✐❝② ❜②
♣❡r❢♦r♠✐♥❣ ❝♦✉♥t❡r❢❛❝t✉❛❧s✳

❚❤❡ ♣❛♣❡rs ♠♦st ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ ♦✉rs ❛r❡ ❈❤❛♥❞r❛✱ ●✉❧❛t✐ ❛♥❞ ❑❛♥❞❧✐❦❛r ✭✷✵✶✵✮ ❛♥❞ ❇❡r❡st❡❛♥✉
❛♥❞ ▲✐ ✭✷✵✶✶✮✱ ✇❤✐❝❤ ❧♦♦❦ ❛t ♣♦❧✐❝✐❡s ❞❡s✐❣♥❡❞ t♦ ♣r♦♠♦t❡ t❤❡ ❛❞♦♣t✐♦♥ ♦❢ ❤②❜r✐❞ ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s
✭❍❊❱s✮ ✐♥ ❈❛♥❛❞❛ ❛♥❞ t❤❡ ❯❙✱ r❡s♣❡❝t✐✈❡❧②✱ ❜♦t❤ ♦❢ ✇❤✐❝❤ ❛r❡ ❝❧♦s❡ ✐♥ s♣✐r✐t t♦ t❤❡ ●❈❘✳ ❚②♣✐❝❛❧❧②✱
t❤❡ ❧✐t❡r❛t✉r❡ ❞♦❝✉♠❡♥ts t❤❛t ❛❧t❤♦✉❣❤ t❤❡s❡ ♣r♦❣r❛♠s t❡♥❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ♠❛r❦❡t s❤❛r❡ ♦❢ t❤❡
♠❛r❦❡t s❡❣♠❡♥t t❤❡② ♣r♦♠♦t❡ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ♦t❤❡r ♦♥❡s✱ t❤❡✐r ❝♦st ✐s s✉❜st❛♥t✐❛❧✳ ✶✵ ❚❤✐s ✜♥❞✐♥❣
✐s ❧✐❦❡❧② t♦ ❤♦❧❞ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡s❡ ♣r♦❣r❛♠s t②♣✐❝❛❧❧② t❛r❣❡t ❛ s♠❛❧❧ s❤❛r❡ ♦❢ t❤❡ ♠❛r❦❡t✳
▼♦r❡ ❣❡♥❡r❛❧❧②✱ t❤❡ ♣❛♣❡r r❡❧❛t❡s t♦ ❡❛r❧② ✇♦r❦ ❜② ❇❡rr②✱ ❑♦rt✉♠ ❛♥❞ P❛❦❡s ✭✶✾✾✻✮ q✉❛♥t✐❢②✐♥❣
t❤❡ ✐♠♣❛❝t ♦❢ ♣♦❧✐❝② ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝❤❛♥❣❡s ♦♥ t❤❡ ❯❙ ❝❛r ♠❛r❦❡t✳

❚❤❡ ♣❛♣❡r ❛❧s♦ r❡❧❛t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ❝♦st ♦❢ ✭❡♥✈✐r♦♥♠❡♥t❛❧✮ r❡❣✉❧❛t✐♦♥✳ ❋♦r
✐♥st❛♥❝❡✱ ●♦❧❧♦♣ ❛♥❞ ❘♦❜❡rts ✭✶✾✽✸✮ ❡st✐♠❛t❡ t❤❡ ❡❝♦♥♦♠✐❝ ❝♦sts ♦❢ s✉❧❢✉r ❞✐♦①✐❞❡ ✭❙❖✷✮ r❡❣✉❧❛t✐♦♥
✐♥ t❤❡ ❯❙ ✉t✐❧✐t② s❡❝t♦r ❞✉r✐♥❣ t❤❡ ✶✾✼✵s ✇❤❡r❡❛s ❘②❛♥ ✭✷✵✶✶✮ ❡st✐♠❛t❡s t❤❡ ❝♦st ♦❢ t❤❡ ✶✾✾✵ ❈❧❡❛♥
❆✐r ❆❝t ❆♠❡♥❞♠❡♥ts ✐♥ t❤❡ P♦rt❧❛♥❞ ❝❡♠❡♥t ✐♥❞✉str②✳

❚❤❡ ❢♦❝✉s ♦♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s ❝♦♥♥❡❝ts t❤❡ ♣❛♣❡r ❜♦t❤ t♦ t❤❡ ❧✐t❡r❛t✉r❡ st✉❞②✐♥❣ t❤❡ ✐♥t❡r❛❝t✐♦♥
❜❡t✇❡❡♥ ❢✉❡❧ ❛♥❞ ❝❛r ♠❛r❦❡ts ❛♥❞ t♦ t❤❡ ♦♥❡ ❢♦❝✉s✐♥❣ ♦♥ r❡♥❡✇❛❜❧❡ ❢✉❡❧s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❢♦r♠❡r✱
t❤❡ ❡✈✐❞❡♥❝❡ ✐s t❤❛t ❝♦♥s✉♠❡r r❡❛❝t✐♦♥s ❛r❡ s✉r♣r✐s✐♥❣❧② s❧♦✇ ✭❇♦r❡♥st❡✐♥ ✶✾✾✸✮✱ ❛ ✜♥❞✐♥❣ t❤❛t ❝❛♥
❜❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ❞♦♠✐♥❛♥t ❛✉t♦♠♦❜✐❧❡ ❡♥❣✐♥❡ ✐s t②♣✐❝❛❧❧② ❝❛♣t✐✈❡ ❛♥❞✴♦r t❤❡r❡ ✐s
♥♦ ❢✉❡❧✐♥❣ ✐♥❢r❛str✉❝t✉r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s✳ ❆s ♦♣♣♦s❡❞ t♦ ✇❤❛t ❤❛♣♣❡♥s ✐♥ ♠❛r❦❡ts
s✉❝❤ ❛s t❤❡ ❯❙✱ ❙✇❡❞❡♥ ❤❛s ❛ ✇❡❧❧✲❞❡✈❡❧♦♣❡❞ ♥❡t✇♦r❦ ♦❢ ❢✉❡❧✐♥❣ st❛t✐♦♥s ✇❤❡r❡ ❡t❤❛♥♦❧ ✐s r❡❛❞✐❧②
❛✈❛✐❧❛❜❧❡✳ ❚❤✉s✱ t❤❡ ♠❛❥♦r✐t② ♦❢ ❋❋❱ ♦✇♥❡rs t❡♥❞s t♦ r❡❛❝t t♦ ❢✉❡❧ ♣r✐❝❡s✱ ❡✛❡❝t✐✈❡❧② ❛r❜✐tr❛❣✐♥❣
❛❝r♦ss ❢✉❡❧s ✭❣❛s♦❧✐♥❡ ❛♥❞ ❡t❤❛♥♦❧✮ ♠❛❦✐♥❣ ❢✉❡❧ ❝❤♦✐❝❡ ❛♥♦t❤❡r ❞✐♠❡♥s✐♦♥ ♣♦❧✐❝②♠❛❦❡rs s❤♦✉❧❞ t❛❦❡
✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ♣♦❧✐❝✐❡s ✭❆♥❞❡rs♦♥ ✷✵✶✷✱ ❙❛❧✈♦ ❛♥❞ ❍✉s❡ ✷✵✶✸✮✳

✷ ■♥st✐t✉t✐♦♥❛❧ ❇❛❝❦❣r♦✉♥❞

❉❡s♣✐t❡ ❜❡✐♥❣ s♠❛❧❧❡r t❤❛♥ ♠❛r❦❡ts s✉❝❤ ❛s t❤❡ ❋r❡♥❝❤ ❛♥❞ ●❡r♠❛♥✱ t❤❡ ❙✇❡❞✐s❤ ❝❛r ♠❛r❦❡t ✐s
❝♦♠♣❛r❛❜❧❡ t♦ ❧❛r❣❡r ❊✉r♦♣❡❛♥ ♦♥❡s ✇❤❡♥ ❧♦♦❦✐♥❣ ❛t ♦✇♥❡rs❤✐♣ ♦♥ ❛ ♣❡r ❝❛♣✐t❛ ❜❛s✐s ❛♥❞ ♦✇♥❡rs❤✐♣
♣❡r ❤♦✉s❡❤♦❧❞✱ ❛s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✶✳✶✶ ❆t ✾✳✺ ②❡❛rs ♦❢ ❛❣❡✱ t❤❡ ❛✈❡r❛❣❡ ❙✇❡❞✐s❤ ❝❛r ✐s ❤♦✇❡✈❡r
♦❧❞❡r ❛♥❞ ✐ts ❡♥❣✐♥❡ ❧❛r❣❡r t❤❛♥ ✐ts ❋r❡♥❝❤ ♦r ●❡r♠❛♥ ❝♦✉♥t❡r♣❛rts✳ ❲❤❛t ✐s ♠♦r❡✱ ❛♠♦♥❣ t❤❡

✶✵❚❤❡ ♠♦st ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡ ❛♠♦♥❣ t❤❡ ❛❜♦✈❡ ♣❛♣❡rs✱ ❜② ▲✐ ❡t ❛❧ ✭✷✵✶✶✮✱ ✐s t❤❛t t❤❡ t♦♥ ♦❢ ❈❖✷ s❛✈❡❞ ❝♦st
✩✾✶✳ ❆t t❤❡ ♦t❤❡r ❡♥❞ ♦❢ t❤❡ s♣❡❝tr✉♠✱ ▼❡t❝❛❧❢ ✭✷✵✵✽✮ ❡st✐♠❛t❡s t❤✐s ❝♦st t♦ ❜❡ ✩✶✼✵✵ ❢♦r t❤❡ ❯❙ ❡t❤❛♥♦❧ ♣r♦❣r❛♠✳

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

✺



❊❯ ✶✽ ❝♦✉♥tr✐❡s ✭t❤❡ ♦r✐❣✐♥❛❧ ❊❯ ✶✺ ❝♦✉♥tr✐❡s ♣❧✉s ❍✉♥❣❛r②✱ ▲✐t❤✉❛♥✐❛ ❛♥❞ ❙❧♦✈❡♥✐❛✮ ❙✇❡❞❡♥
❝♦♥s✐st❡♥t❧② ❛♣♣❡❛r❡❞ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❈❖✷ ❡♠✐ss✐♦♥s r❛♥❦✐♥❣ ❢♦r ②❡❛rs ✷✵✵✻✲✷✵✵✽ ✭❊❋❚❊
✷✵✵✾✮✳ ■♥ ✇❤❛t ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❛♥ ❡❛r❧② r❡s✉❧t ♦❢ t❤❡ ●❈❘✱ t❤❡ ♠❛r❦❡t s❤❛r❡ ❝♦♠♠❛♥❞❡❞ ❜②
❝❛rs ❛❜❧❡ t♦ r✉♥ ♦♥ r❡♥❡✇❛❜❧❡ ❢✉❡❧s ❛s ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ✢❡❡t ✐s t❤❡ ❧❛r❣❡st ✐♥ ❊✉r♦♣❡ ❛t ❛❧♠♦st ✹
♣❡r❝❡♥t ❛s ♦❢ ✷✵✵✽ ✭❆◆❋❆❈ ✷✵✶✵✮✳

❚❆❇▲❊ ✶ ❆❇❖❯❚ ❍❊❘❊

❚❤❡ ●r❡❡♥ ❈❛r ❘❡❜❛t❡ ❚❤❡ ❙✇❡❞✐s❤ ●r❡❡♥ ❈❛r ❘❡❜❛t❡ ✭●❈❘✮✱ ✇❤✐❝❤ ✇❛s ♣❛ss❡❞ ✐♥ P❛r❧✐❛✲
♠❡♥t ❛♥❞ ❛♥♥♦✉♥❝❡❞ t♦ t❤❡ ♣✉❜❧✐❝ ✐♥ ▼❛r❝❤ ✷✵✵✼ ❛♥❞ ❡✛❡❝t✐✈❡❧② st❛rt✐♥❣ ✐♥ ❆♣r✐❧ ✷✵✵✼✱ ❝♦♥s✐st❡❞
♦❢ ❛ ✶✵✱✵✵✵ ❙❊❑ ✭❛❜♦✉t ✩✶✺✵✵ ✉s✐♥❣ t❤❡ ❛✈❡r❛❣❡ ❙❊❑✴✩ ❡①❝❤❛♥❣❡ r❛t❡ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞✮ tr❛♥s❢❡r
t♦ ❛❧❧ ♣r✐✈❛t❡ ✐♥❞✐✈✐❞✉❛❧s ♣✉r❝❤❛s✐♥❣ ❛ ❝❛r ❝❧❛ss✐✜❡❞ ❛s ❡♥✈✐r♦♥♠❡♥t❛❧❧② ❢r✐❡♥❞❧②✱ ♦r ❣r❡❡♥✳

❈❛r♠❛❦❡rs ✇❡r❡ ❝❛✉❣❤t ❜② s✉r♣r✐s❡ ❜② t❤❡ ♣♦❧✐❝②✿ ♣r♦❞✉❝t ❧✐♥❡s ❛r❡ t②♣✐❝❛❧❧② ❧❛✉♥❝❤❡❞ ♦♥❝❡ ❛
②❡❛r ❛♥❞ r❡q✉✐r❡ ❝❛r♠❛❦❡rs t♦ ♣❧❛♥ t❤❡✐r ♦✈❡r❛❧❧ str❛t❡❣② ✇❡❧❧ ✐♥ ❛❞✈❛♥❝❡✳ ■♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t✱
✇❤❡r❡ t❤✐s ❤❛♣♣❡♥s ❧❛t❡ ✐♥ t❤❡ ❢❛❧❧✱ t❤❡ ♣r♦❞✉❝t ❧✐♥❡s ❢♦r ♠♦❞❡❧✲②❡❛r ✷✵✵✼ ❤❛❞ ❜❡❡♥ ❧❛✉♥❝❤❡❞ ❛♥❞
✇❡r❡ ❛❧r❡❛❞② ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡✐r ♣r♦❞✉❝t✐♦♥ ❝②❝❧❡✳ ❆s ❛ r❡s✉❧t✱ ❝❛r♠❛❦❡rs ✇❡r❡ ♦♥❧② ❛❜❧❡ t♦
❛❞❥✉st t❤❡✐r ♣r♦❞✉❝t ❧✐♥❡s t♦ t❤❡ r❡❜❛t❡✱ ✐✳❡✳ r❡✲❡♥❣✐♥❡❡r t❤❡✐r ✈❡❤✐❝❧❡s✱ ❢r♦♠ ♠♦❞❡❧✲②❡❛r ✷✵✵✽✳

❚♦ q✉❛❧✐❢② ❛s ❛ ❣r❡❡♥ ❝❛r ❛♥❞ ❜❡ ❡❧✐❣✐❜❧❡ ❢♦r t❤❡ r❡❜❛t❡✱ ❛ ❝❛r ✐s t♦ ❜❡❧♦♥❣ t♦ t❤❡ ❛♣♣r♦♣r✐❛t❡
❡♥✈✐r♦♥♠❡♥t❛❧ ❝❧❛ss ❛♥❞ ❤❛s t♦ ❝♦♠♣❧② ✇✐t❤ ❝❡rt❛✐♥ ❡♠✐ss✐♦♥ ❝r✐t❡r✐❛ ✭❙❋❙ ✷✵✵✼✮✳ ❈❛rs ❛r❡ ❞✐✈✐❞❡❞
✐♥t♦ t✇♦ ❝❛t❡❣♦r✐❡s✿ r❡❣✉❧❛r ❛♥❞ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧❡❞ ❝❛rs✳ ❈❛rs r✉♥♥✐♥❣ ♦♥ ❢♦ss✐❧ ❢✉❡❧s ✭♦r r❡❣✉❧❛r
❢✉❡❧s✮ q✉❛❧✐❢② ❛s ❣r❡❡♥ ❝❛rs ✐❢ t❤❡✐r ❈❖✷ ❡♠✐ss✐♦♥s ❛r❡ ♥♦ ❣r❡❛t❡r t❤❛♥ ✶✷✵ ❣✴❦♠✳✶✷✶✸ ❈❛rs ❛❜❧❡
t♦ r✉♥ ♦♥ ❢✉❡❧s ♦t❤❡r t❤❛♥ ❣❛s♦❧✐♥❡ ❛♥❞ ❞✐❡s❡❧ ✭♦r ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s✮ q✉❛❧✐❢② ❛s ❣r❡❡♥ ❝❛rs ✐❢ t❤❡✐r
❝♦♥s✉♠♣t✐♦♥ ✐s ❧♦✇❡r t❤❛♥ t❤❡ ❡q✉✐✈❛❧❡♥t ♦❢ ✾✳✷ ❧✐t❡rs✴✶✵✵ ❦♠ ✉s✐♥❣ ❣❛s♦❧✐♥❡ ♦r ✾✳✼ ♠✸✴✶✵✵ ❦♠
✉s✐♥❣ ❣❛s ✭t②♣✐❝❛❧❧② ❈◆●✱ ❝♦♠♣r❡ss❡❞ ♥❛t✉r❛❧ ❣❛s✮❀ ❡❧❡❝tr✐❝ ❝❛rs ❛r❡ ❝♦♥s✐❞❡r❡❞ ❣r❡❡♥ ✐❢ t❤❡✐r
❝♦♥s✉♠♣t✐♦♥ ✐s ♥♦ ❣r❡❛t❡r t❤❛♥ ✸✼ ❦❲❤✴✶✵✵ ❦♠✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ tr❡❛t♠❡♥t ❞✐s♣❡♥s❡❞ t♦ r❡❣✉❧❛r
❛♥❞ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s ❜❡❝♦♠❡s ❡✈✐❞❡♥t ✐❢ t❤❡s❡ ✜❣✉r❡s ❛r❡ ❝♦♥✈❡rt❡❞ t♦ ❡♠✐ss✐♦♥ ❧❡✈❡❧s✿ t❤❡ t❤r❡s❤♦❧❞
❢♦r ❛♥ ❛❧t❡r♥❛t✐✈❡ ✈❡❤✐❝❧❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ ❣r❡❡♥ ❝❛r ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛❜♦✉t ✷✷✵ ❣❈❖✷✴❦♠ r✉♥♥✐♥❣
♦♥ ❣❛s♦❧✐♥❡✳✶✹

❚❤❡ ❙✇❡❞✐s❤ P❛ss❡♥❣❡r ❈❛r ▼❛r❦❡t ❚❤❡ ♦✈❡r❛❧❧ ♥✉♠❜❡r ♦❢ ❜r❛♥❞s ❛♥❞ ♠♦❞❡❧s ♦♥ t❤❡
❙✇❡❞✐s❤ ♠❛r❦❡t ✐♥❝r❡❛s❡❞ ❞✉r✐♥❣ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✱ ❡s♣❡❝✐❛❧❧② ❢♦❧❧♦✇✐♥❣ t❤❡ ✐♥❝❡♣t✐♦♥ ♦❢ t❤❡ ●❈❘✳
■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❧♦✇ ❡♠✐ss✐♦♥ ♠♦❞❡❧s ✭t❤♦s❡ ❡♠✐tt✐♥❣ ❧❡ss t❤❛♥ ✶✷✵
❣❈❖✷✴❦♠✮ ♠❛r❦❡t❡❞ ✇❡r❡ ♥♦♥✲tr✐✈✐❛❧✱ ✐♥❝r❡❛s✐♥❣ ❢r♦♠ ✹✻ ✐♥ ✷✵✵✼ t♦ ✻✾ ✐♥ ✷✵✵✽ ❛♥❞ ✽✾ ✐♥ ✷✵✵✾✱ s❡❡
❚❛❜❧❡ ✷✳ ❚❤❡s❡ ♥✉♠❜❡rs s✉❣❣❡st ❝❛r♠❛❦❡rs ❞✐❞ r❡❛❝t s✇✐❢t❧② ❞✉❡✱ ❛t ❧❡❛st ✐♥ ♣❛rt✱ t♦ t❤❡ ●❈❘✳

❚❆❇▲❊ ✷ ❆❇❖❯❚ ❍❊❘❊

✶✷■♥ ❝♦♥tr❛st t♦ t❤❡ ❯❙ ♠❛r❦❡t✱ ❡♠✐ss✐♦♥ t❤r❡s❤♦❧❞s ✐♥ ❙✇❡❞❡♥ ❛♣♣❧② t♦ ✐♥❞✐✈✐❞✉❛❧ ❝❛rs r❛t❤❡r t❤❛♥ t♦ ❛ ❜r❛♥❞✲
❧❡✈❡❧ s❛❧❡s✲✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡✳ ❆t t❤❡ ❡q✉✐✈❛❧❡♥t ♦❢ ❛❜♦✉t ✶✾✸ ❣❈❖✷✴♠✐❧❡✱ t❤✐s ❡♠✐ss✐♦♥ t❤r❡s❤♦❧❞ ✐s ❛❧r❡❛❞② ♠♦r❡
str✐♥❣❡♥t t❤❛♥ t❤❡ ✷✺✵ ❣❈❖✷✴♠✐❧❡ ❈❆❋❊ st❛♥❞❛r❞ t♦ t❛❦❡ ❡✛❡❝t ❢r♦♠ ✷✵✶✻ ✐♥ t❤❡ ❯❙✳

✶✸❊♠✐ss✐♦♥s ♦❢ ✶✷✵ ❣❈❖✷✴❦♠ ❝♦rr❡s♣♦♥❞ t♦ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛❜♦✉t ✺ ❧✐t❡rs ♦❢ ❣❛s♦❧✐♥❡ ♦r ✹✳✺ ❧✐t❡rs ♦❢ ❞✐❡s❡❧
♣❡r ✶✵✵ ❦♠ ✭✼✺✳✼ ❛♥❞ ✽✹✳✶ ♠♣❣✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❉✐❡s❡❧ ❝❛rs ♠✉st ❛❧s♦ ❤❛✈❡ ♣❛rt✐❝❧❡ ❡♠✐ss✐♦♥s ♦❢ ❧❡ss t❤❛♥ ✺ ♠❣✴❦♠✱
♠❡❛♥✐♥❣ t❤❛t t❤❡② ♥❡❡❞ t♦ ❤❛✈❡ ❛ ♣❛rt✐❝❧❡ ✜❧t❡r✳

✶✹❆❧t❤♦✉❣❤ ❡①♣r❡ss❡❞ ✐♥ ❞✐✛❡r❡♥t ✉♥✐ts ✭❣❈❖✷✴❦♠ ❛♥❞ ❧✴✶✵✵❦♠✮ t❤❡ ❈❖✷ ❡♠✐ss✐♦♥s ❛♥❞ ❢✉❡❧ ❡✣❝✐❡♥❝② ♠❡❛s✉r❡s
❛r❡ ♥❡❛r❧② ❡q✉✐✈❛❧❡♥t❀ ❢♦r ✈❡❤✐❝❧❡s ♠❛r❦❡t❡❞ ✐♥ ❙✇❡❞❡♥✱ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❈❖✷ ❡♠✐ss✐♦♥s ❛♥❞ ♠♣❣ ✐s ✲✵✳✾✵✱
❛♥❞ t❤❡ t❤r❡s❤♦❧❞ ❢♦r ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛❜♦✉t ✷✷✵ ❣❈❖✷✴❦♠ ✭❢♦r ♣❡rs♣❡❝t✐✈❡✱ t❤❡ ✷✵✶✷ P♦rs❝❤❡ ✾✶✶
❈❛rr❡r❛ ❡♠✐ts ✷✵✺ ❣❈❖✷✴❦♠✮✳ ❙❡❡ ❆♥❞❡rs♦♥✱ P❛rr②✱ ❙❛❧❧❡❡ ❛♥❞ ❋✐s❝❤❡r ✭✷✵✶✶✮ ❛♥❞ ❍✉s❡ ✭✷✵✶✷✮ ❢♦r ❞❡t❛✐❧s✳ ■♥ ✇❤❛t
❢♦❧❧♦✇s ✇❡ ✉s❡ ♠♦st❧② ✉♥✐ts ❜❛s❡❞ ♦♥ t❤❡ ♠❡tr✐❝ s②st❡♠✳ ❚❤❛t ✐s✱ ♦♥❡ ❦♣❧ ❛♠♦✉♥ts t♦ ❛♣♣r♦①✐♠❛t❡❧② ✷✳✸✺ ♠♣❣ s✐♥❝❡
✶ ♠✐❧❡ ❡q✉❛❧s ✶✳✻✵✾ ❦♠ ❛♥❞ ✶ ❣❛❧❧♦♥ ❡q✉❛❧s ✸✳✼✽ ❧✐t❡rs❀ ✾✳✷ ❧✐t❡rs✴✶✵✵❦♠ ❝♦rr❡s♣♦♥❞s t♦ ✶✵✳✽✼ ❦♣❧ ♦r ✷✺✳✺✹ ♠♣❣ ✳

✻



❚❤❡ ♠❛✐♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧ ✐♥ ❙✇❡❞❡♥ ✐s ❡t❤❛♥♦❧ ✭❊✽✺✮✱ ❛ ❢✉❡❧ ❛✈❛✐❧❛❜❧❡ ✐♥ ♦✈❡r ❤❛❧❢ ♦❢ ❛❧❧ ❢✉❡❧✐♥❣
st❛t✐♦♥s ✐♥ t❤❡ ❝♦✉♥tr②✳ ■t ✐s ❛ ♠✐①t✉r❡ ♦❢ ✽✺ ♣❡r❝❡♥t ❡t❤❛♥♦❧ ❛♥❞ ✶✺ ♣❡r❝❡♥t ❣❛s♦❧✐♥❡ ✐♥ ✇❤✐❝❤
t❤❡ ❣❛s♦❧✐♥❡ ✇♦r❦s ❛s ❛ ❧✉❜r✐❝❛♥t ❛♥❞ ❤❡❧♣s st❛rt t❤❡ ❡♥❣✐♥❡✳ ❖♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t✱ ❝❛rs ❛❜❧❡
t♦ ♦♣❡r❛t❡ ♦♥ ❡t❤❛♥♦❧ ❛❧s♦ ❞♦ s♦ ♦♥ ❣❛s♦❧✐♥❡✱ t❤✉s ❜❡✐♥❣ ❝❛❧❧❡❞ ❋❋❱s ✭✢❡①✐❜❧❡✲❢✉❡❧ ✈❡❤✐❝❧❡s✮✳ ❚❤❡
♣r✐❝❡ ♦❢ ❛♥ ❋❋❱ ✐s s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ ❛ ❝♦♠♣❛r❛❜❧❡ ❣❛s♦❧✐♥❡ ♠♦❞❡❧✱ ✇✐t❤ s❡❝♦♥❞✲❤❛♥❞
✈❛❧✉❡s ❜❡✐♥❣ r♦✉❣❤❧② ❡q✉✐✈❛❧❡♥t✳ ❋❋❱ ❡♥❣✐♥❡s ❡ss❡♥t✐❛❧❧② ♣✐❣❣②✲❜❛❝❦ ♦♥ t❤❡ st❛♥❞❛r❞ ✭❖tt♦ ❝②❝❧❡✮
❣❛s♦❧✐♥❡ t❡❝❤♥♦❧♦❣② ❛♥❞ ♦✛❡r t❤❡ ♣♦ss✐❜✐❧✐t② t♦ s❡❛♠❧❡ss❧② s✇✐t❝❤ ❜❡t✇❡❡♥ ❣❛s♦❧✐♥❡ ❛♥❞ ❡t❤❛♥♦❧
♠❛② ❡①♣❧❛✐♥ t❤❡ s✇✐❢t ❛❞♦♣t✐♦♥ ♦❢ ❋❋❱s✳

❚❛❜❧❡ ✷ ❛❧s♦ r❡♣♦rts t❤❛t✱ st❛rt✐♥❣ ❢r♦♠ ✷ ♠♦❞❡❧s ♠❛r❦❡t❡❞ ✐♥ ✷✵✵✹ ✭t✇♦ ✈❡rs✐♦♥s ♦❢ t❤❡ ❋♦r❞
❋♦❝✉s✮✱ t❤❡ ♥✉♠❜❡r ♦❢ ❋❋❱ ♠♦❞❡❧s ✐♥❝r❡❛s❡❞ t♦ ✶✽ ✐♥ ✷✵✵✼✱ ✹✹ ✐♥ ✷✵✵✽ ❛♥❞ ✻✻ ✐♥ ✷✵✵✾✱ t②♣✐❝❛❧❧②
✈✐❛ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ✈❛r✐❛♥ts ♦❢ ❡①✐st✐♥❣ ♠♦❞❡❧s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❜r❛♥❞s ♦✛❡r✐♥❣ ❋❋❱s ❛❧s♦
✐♥❝r❡❛s❡❞ s✉❜st❛♥t✐❛❧❧②✱ ❢r♦♠ ✶ ✐♥ ✷✵✵✹ t♦ ✸ ✐♥ ✷✵✵✼✱ ✶✵ ✐♥ ✷✵✵✽ ❛♥❞ ✶✷ ✐♥ ✷✵✵✾✳ ■♥t❡r❡st✐♥❣❧②✱ ♥♦
❋❋❱ ❡♠✐ts ❧❡ss t❤❛♥ ✶✷✵ ❣❈❖✷✴❦♠✳ ❚❤❡ ❡✛❡❝t ♦❢ t❤❡ ●❈❘ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❜r❛♥❞s ❛♥❞ ♠♦❞❡❧s
♦✛❡r✐♥❣ ❣❛s✲ ❛♥❞ ❡❧❡❝tr✐❝✲❜❛s❡❞ ✈❡❤✐❝❧❡s ✭✇❤✐❝❤ ✇❡ r❡❢❡r t♦ ❛s ❣❛s♦❧✐♥❡✴❈◆● ❛♥❞ ❣❛s♦❧✐♥❡✴❡❧❡❝tr✐❝
✈❡❤✐❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✮ ✇❛s ♠✉❝❤ ❧❡ss ❞r❛♠❛t✐❝ ✕ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❢♦r♠❡r✱ t❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞
❜② t❤❡ ❧✐♠✐t❡❞ ❈◆● r❡t❛✐❧ ♥❡t✇♦r❦✱ ❝♦♥❝❡♥tr❛t❡❞ ✐♥ t❤❡ s♦✉t❤❡r♥ ♣❛rt ♦❢ t❤❡ ❝♦✉♥tr②✱ ✇❤❡r❡❛s ✐♥
t❤❡ ❝❛s❡ ♦❢ t❤❡ ❧❛tt❡r✱ ❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ ♣♦♦r ✈❛❧✉❡
❢♦r ♠♦♥❡② ❜② ❙✇❡❞✐s❤ ❝♦♥s✉♠❡rs✳

❋■●❯❘❊ ✶ ❆❇❖❯❚ ❍❊❘❊

❋❋❱s ✇❡r❡ t❤❡ ♠❛✐♥ ❣❛✐♥❡rs ❢♦❧❧♦✇✐♥❣ t❤❡ ●❈❘ r❡❛❝❤✐♥❣ ❛❜♦✉t ✶✺ ♣❡r❝❡♥t ♦❢ r❡❣✐str❛t✐♦♥s ✐♥
✷✵✵✽✱ ✇❤✐❧❡ ❈◆● ❛♥❞ ❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s ♥❡✈❡r ❝♦♠♠❛♥❞❡❞ ♠♦r❡ t❤❛♥ ✶ ♣❡r❝❡♥t ♦❢ t❤❡ ♠❛r❦❡t✱ s❡❡
❋✐❣✉r❡ ✶✳ ❚❤❡ ❣r♦✇t❤ ✐♥ t❤❡ ❋❋❱ s❤❛r❡ ✇❛s✱ t♦ ❛ ❧❛r❣❡ ❡①t❡♥t✱ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❤✐❣❤✲❡♠✐ss✐♦♥
r❡❣✉❧❛r ✈❡❤✐❝❧❡s✱ ✇❤✐❝❤ ❝♦♠♠❛♥❞❡❞ ❛ ♠❛r❦❡t s❤❛r❡ ♦❢ ✼✼✳✼ ♣❡r❝❡♥t ✐♥ ✷✵✵✽ ❞♦✇♥ ❢r♦♠ ❛ ✾✹✳✼
♣❡r❝❡♥t ✐♥ ✷✵✵✻✳ ❆❧t❤♦✉❣❤ ❧♦✇✲❡♠✐ss✐♦♥ r❡❣✉❧❛r ✈❡❤✐❝❧❡s ❛❧s♦ ❣❛✐♥❡❞ ♠❛r❦❡t s❤❛r❡✱ t❤✐s ✇❛s ♠✉❝❤
❧♦✇❡r t❤❛♥ t❤❡ ❣❛✐♥ ❡①♣❡r✐❡♥❝❡❞ ❜② ❋❋❱s✳

P✉r❝❤❛s✐♥❣ ❛ ❈❛r ❚❤❡ r❡❣✐str❛t✐♦♥ ♦❢ ❛ ✈❡❤✐❝❧❡ ✇✐t❤ ❚❤❡ ❙✇❡❞✐s❤ ❚r❛♥s♣♦rt ❆❣❡♥❝② ✭❚r❛♥s✲
♣♦rtst②r❡❧s❡♥✮ ♠✉st t❛❦❡ ♣❧❛❝❡ ✇✐t❤✐♥ t❡♥ ✇♦r❦✐♥❣ ❞❛②s ♦❢ ❛ ❝❤❛♥❣❡ ✐♥ ✈❡❤✐❝❧❡ ♦✇♥❡rs❤✐♣✳ ❙✇❡❞❡♥
❜❡✐♥❣ ❛ s♠❛❧❧ ♠❛r❦❡t✱ ❝❛r ❞❡❛❧❡rs ❦❡❡♣ ❛ ✈❡r② ❧♦✇ ✐♥✈❡♥t♦r② ❧❡✈❡❧✱ s♦ ♠✉❝❤ s♦ t❤❛t t②♣✐❝❛❧❧② ♦♥❡
❤❛s t♦ ♦r❞❡r ❛ ❝❛r ❛ ❢❡✇ ♠♦♥t❤s ✐♥ ❛❞✈❛♥❝❡ ❛♥❞ ♠❛❦❡ ❛ ❞❡♣♦s✐t✳ ❚❤✐s r❡s✉❧ts ✐♥ ✈❡r② ❢❡✇ ❡♣✐s♦❞❡s
♦❢ s❛❧❡s ♦r r❡❜❛t❡s ❢r♦♠ t❤❡ ♣❛rt ♦❢ ❝❛r♠❛❦❡rs ❛♥❞✴♦r ❞❡❛❧❡rs✳ ❚❤✐s ❡✈✐❞❡♥❝❡ ✐s r❡❛ss✉r✐♥❣ ✐♥ ❧✐❣❤t
♦❢ t❤❡ ✉s❡ ♦❢ ❧✐st ♣r✐❝❡s ✇❤❡♥ ❡st✐♠❛t✐♥❣ ❞❡♠❛♥❞✳✶✺

✸ ❉❛t❛

❲❡ ❝♦♠❜✐♥❡ ❛ ♥✉♠❜❡r ♦❢ ❞❛t❛ s❡ts✱ ❢r♦♠ ❛❞♠✐♥✐str❛t✐✈❡✲❜❛s❡❞ r❡❣✐str❛t✐♦♥ ❞❛t❛ t♦ ❝❛r ❝❤❛r❛❝✲
t❡r✐st✐❝s✱ ♠✐❧❡❛❣❡ ❛♥❞ ❢✉❡❧ ❞❛t❛✳ ✭❙❡❡ t❤❡ ❆♣♣❡♥❞✐① ❢♦r ❞❡t❛✐❧s✳✮

❈❛r ❘❡❣✐str❛t✐♦♥s ❈❛r r❡❣✐str❛t✐♦♥ ❞❛t❛ ✐s ❢r♦♠ ❱r♦♦♠✱ ❛ ❝♦♥s✉❧t✐♥❣ ✜r♠✳ ❚❤❡ ❞❛t❛ ♦♥ ♣r✐✲
✈❛t❡❧② ♦✇♥❡❞ ✈❡❤✐❝❧❡s ✭✐✳❡✳✱ t❤♦s❡ ❡❧✐❣✐❜❧❡ ❢♦r t❤❡ r❡❜❛t❡✮ ✐s r❡❝♦r❞❡❞ ❛t t❤❡ ♠♦♥t❤❧② ❢r❡q✉❡♥❝② ❢r♦♠

✶✺▲✐st ♣r✐❝❡s✱ st✐❝❦❡r ♣r✐❝❡s ♦r ▼❙❘Ps ✭♠❛♥✉❢❛❝t✉r❡r✬s s✉❣❣❡st❡❞ r❡t❛✐❧ ♣r✐❝❡s✮ ❛r❡ s❡t ❜② ♠❛♥✉❢❛❝t✉r❡rs ❛♥❞ ❛r❡
t②♣✐❝❛❧❧② ❝♦♥st❛♥t ❛❝r♦ss ❣❡♦❣r❛♣❤✐❝ ♠❛r❦❡ts ✇✐t❤✐♥ ❛ ♠♦❞❡❧✲②❡❛r✳ ●✐✈❡♥ t❤❡ ❞✐✣❝✉❧t② ✐♥ ♦❜t❛✐♥✐♥❣ tr❛♥s❛❝t✐♦♥
♣r✐❝❡s✱ ▼❙❘Ps ❤❛✈❡ ❝♦♠♠♦♥❧② ❜❡❡♥ ✉s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ❡✳❣✳ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮ ❢♦r ❛ r❡❝❡♥t ❡①❛♠♣❧❡✳

✼



❏❛♥✉❛r② ✷✵✵✹ t♦ ❉❡❝❡♠❜❡r ✷✵✵✾✳ ❆♥ ♦❜s❡r✈❛t✐♦♥ ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♠♦♥t❤✱ ❜r❛♥❞✱ ♠♦❞❡❧ ❛♥❞
❢✉❡❧ t②♣❡✳

❈❛r ❈❤❛r❛❝t❡r✐st✐❝s Pr♦❞✉❝t ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❝♦♥s✉♠❡r ❣✉✐❞❡s ◆②❜✐❧s✲
❣✉✐❞❡♥ ✭◆❡✇ ❈❛r ●✉✐❞❡✮ ✐ss✉❡❞ ②❡❛r❧② ❜② ❚❤❡ ❙✇❡❞✐s❤ ❈♦♥s✉♠❡r ❆❣❡♥❝② ✭❑♦♥s✉♠❡♥t✈❡r❦❡t ✮✳ ❋♦r
❡✈❡r② ❝❛r ♠♦❞❡❧ ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐♥❝❧✉❞❡s ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s
❢✉❡❧ t②♣❡✱ ❡♥❣✐♥❡ ♣♦✇❡r ❛♥❞ s✐③❡✱ ♥✉♠❜❡r ♦❢ ❝②❧✐♥❞❡rs✱ ✇❡✐❣❤t✱ ❢✉❡❧ ❡❝♦♥♦♠② ✭❝✐t② ❞r✐✈✐♥❣✱ ❤✐❣❤✇❛②
❞r✐✈✐♥❣ ❛♥❞ ♠✐①❡❞ ❞r✐✈✐♥❣✱ ✇✐t❤ t❡st✐♥❣ ♠❛❞❡ ✉♥❞❡r ❊❯✲❞❡t❡r♠✐♥❡❞ ❞r✐✈✐♥❣ ❝②❝❧❡✮✱ ❈❖✷ ❡♠✐s✲
s✐♦♥s ✭♠❡❛s✉r❡❞ ✐♥ ❣❈❖✷✴❦♠ ✉♥❞❡r ❊❯✲❞❡t❡r♠✐♥❡❞ ❞r✐✈✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ ♠✐①❡❞ ❞r✐✈✐♥❣✮ ❛♥❞
❧✐st ♣r✐❝❡s✳ ❲❡ ❞❡✢❛t❡ t❤❡ ✈❡❤✐❝❧❡ t❛①✱ ❝❛r ❛♥❞ ❢✉❡❧ ♣r✐❝❡s ✉s✐♥❣ t❤❡ ❈♦♥s✉♠❡r Pr✐❝❡ ■♥❞❡① ❢r♦♠
❙t❛t✐st✐❝s ❙✇❡❞❡♥✳ ❋♦r ❝❛r ♣r✐❝❡s ❛♥❞ ✈❡❤✐❝❧❡ t❛① ✇❡ ✉s❡ t❤❡ ②❡❛r❧② ❛✈❡r❛❣❡ ✇✐t❤ ✷✵✵✾ ❛s t❤❡ ❜❛s❡
②❡❛r ❛♥❞ ❢♦r ❢✉❡❧ ♣r✐❝❡s t❤❡ ♠♦♥t❤❧② ❛✈❡r❛❣❡ ✇✐t❤ ❉❡❝❡♠❜❡r ✷✵✵✾ ❛s t❤❡ ❜❛s❡ ♠♦♥t❤✳

❋✉❡❧ ❉❛t❛ ❲❡ ✉s❡ ♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛ ❢♦r ❢✉❡❧s r❡❝♦r❞❡❞ ❛t t❤❡ ♠♦♥t❤❧② ❢r❡q✉❡♥❝② ❛t t❤❡ ♥❛t✐♦♥❛❧
❧❡✈❡❧✳ ❘❡❝♦♠♠❡♥❞❡❞ r❡t❛✐❧ ❢✉❡❧ ♣r✐❝❡s ❢♦r ❣❛s♦❧✐♥❡✱ ❞✐❡s❡❧ ❛♥❞ ❡t❤❛♥♦❧ ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❙✇❡❞✐s❤
P❡tr♦❧❡✉♠ ❛♥❞ ❇✐♦❢✉❡❧s ■♥st✐t✉t❡ ✭❙P❇■✮✳ ❚❤❡s❡ ♣r✐❝❡s ✇❡r❡ ❞❡✢❛t❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ ❈P■ ✉s❡❞ ❢♦r
❝❛r ❧✐st ♣r✐❝❡s✳

▼✐❧❡❛❣❡ ❉❛t❛ ❲❡ ✉s❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛ ❢r♦♠ t❤❡ ❙✇❡❞✐s❤ ▼♦t♦r ❱❡❤✐❝❧❡ ■♥s♣❡❝t✐♦♥ ❈♦♠♣❛♥②
✭❇✐❧♣rö✈♥✐♥❣❡♥✮ ♦♥ ②❡❛r❧② ❛✈❡r❛❣❡ ❞✐st❛♥❝❡s ❝♦✈❡r❡❞ ❜② ❙✇❡❞✐s❤ ♣❛ss❡♥❣❡r ❝❛rs✳ ❋♦r ❡✈❡r② ②❡❛r✱
✇❡ ♦❜s❡r✈❡ ❛✈❡r❛❣❡ ♦❞♦♠❡t❡r r❡❛❞✐♥❣s ❢♦r ❝❛rs ♦❢ ✸✱ ✺✱ ✼✱ ✽ ❛♥❞ ✶✵ ②❡❛rs ♦❢ ❛❣❡ ❞✐s❛❣❣r❡❣❛t❡❞ ❜②
❜r❛♥❞✱ ♠♦❞❡❧✱ ❢✉❡❧ t②♣❡ ❛♥❞ ❜♦❞② t②♣❡✳✶✻

❈♦♠❜✐♥✐♥❣ ❉❛t❛ s❡ts ❖♥❡ ✐♠♣♦rt❛♥t ✐ss✉❡ ❛r✐s✐♥❣ ✇❤❡♥ ♠❡r❣✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ r❡❣✐str❛✲
t✐♦♥ ❞❛t❛ s❡ts ✐s t❤❛t t❤❡ ❢♦r♠❡r ✐s ♦❜s❡r✈❡❞ ❛t ❛ ♠♦r❡ ❞✐s❛❣❣r❡❣❛t❡❞ ❧❡✈❡❧ t❤❛♥ t❤❡ ❧❛tt❡r✳ ❉❡s♣✐t❡
❜❡✐♥❣ ♠♦r❡ ❛❣❣r❡❣❛t❡❞ t❤❛♥ ❝❛r ❝❤❛r❛❝t❡r✐st✐❝s✱ t❤❡ ❧❡✈❡❧ ♦❢ ❛❣❣r❡❣❛t✐♦♥ ✐♥ r❡❣✐str❛t✐♦♥s ✐s st✐❧❧
♠♦r❡ r❡✜♥❡❞ t❤❛♥ st❛♥❞❛r❞ ♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛ s❡ts ✐♥ t❤❛t ✇❡ ♦❜s❡r✈❡ s❛❧❡s ❢♦r ❞✐✛❡r❡♥t ✈❡rs✐♦♥s
❛t t❤❡ ❢✉❡❧ ❧❡✈❡❧✳ ❋♦r ❡❛❝❤ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ②❡❛r✲❜r❛♥❞✲♠♦❞❡❧✲❢✉❡❧ ✇❡ ✉s❡ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ t❤❡
❜❛s❡❧✐♥❡ ✈❡rs✐♦♥✱ ✐✳❡✳ t❤❡ ❧♦✇❡st ♣r✐❝❡❞ ♠♦❞❡❧✳ ■♠♣♦rt❛♥t❧②✱ ❣✐✈❡♥ t❤❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ♥✉♠❜❡r ♦❢
❣r❡❡♥ ✈❡rs✐♦♥s ✭t②♣✐❝❛❧❧② ♦♥❡ ♦r t✇♦ ♣❡r ♠♦❞❡❧✮✱ ❛❣❣r❡❣❛t✐♦♥ ✐ss✉❡s ❢♦r t❤❡s❡ ♠♦❞❡❧s ❡ss❡♥t✐❛❧❧②
✈❛♥✐s❤✳

✹ ❊st✐♠❛t✐♦♥

✹✳✶ ❉❡♠❛♥❞

▼♦❞❡❧ ❙♣❡❝✐✜❝❛t✐♦♥ ❲❡ ❡st✐♠❛t❡ t❤❡ ❞❡♠❛♥❞ ❢♦r ❝❛rs ✉s✐♥❣ ❞✐s❝r❡t❡ ❝❤♦✐❝❡ ♠♦❞❡❧s ❢♦r
♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛✱ ❢♦❧❧♦✇✐♥❣ ❇❡rr② ✭✶✾✾✹✮ ❛♥❞ ❇❡rr②✱ ▲❡✈✐♥s♦❤♥ ❛♥❞ P❛❦❡s ✭✶✾✾✺✱ ❇▲P✮✳ ❚❤❡ st❛rt✲
✐♥❣ ♣♦✐♥t ✐s ❛ ♠✐❝r♦❡❝♦♥♦♠✐❝ ♠♦❞❡❧ ♦❢ r❛t✐♦♥❛❧ ❜❡❤❛✈✐♦r ❢♦r ✐♥❞✐✈✐❞✉❛❧ ❝♦♥s✉♠❡rs ✭♦r ❤♦✉s❡❤♦❧❞s✮
✇❤✐❝❤ ✐s t❤❡♥ ❛❣❣r❡❣❛t❡❞ t♦ ❣❡♥❡r❛t❡ ♠❛r❦❡t ❞❡♠❛♥❞s✳ ❈♦♥s✉♠❡rs ❜✉② ❛t ♠♦st ♦♥❡ ♦❢ t❤❡ ♣r♦❞✲
✉❝ts ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ♠❛r❦❡t ❛♥❞✱ ✐❢ s♦✱ t❤❡ ♦♥❡ ②✐❡❧❞✐♥❣ t❤❡ ❤✐❣❤❡st ✉t✐❧✐t② ❛♠♦♥❣ t❤❡ ❛✈❛✐❧❛❜❧❡
♣r♦❞✉❝ts✳ ❚❤❡ ❡❝♦♥♦♠❡tr✐❝✐❛♥ ❞♦❡s ♥♦t ♦❜s❡r✈❡ ✐♥❞✐✈✐❞✉❛❧ ❝❤♦✐❝❡s✱ ♦♥❧② ♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛✱ ✐✳❡✳
♣r✐❝❡s✱ q✉❛♥t✐t✐❡s ❛♥❞ ❛ s❡t ♦❢ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r ❡❛❝❤ ♦❢ t❤❡ J ♣r♦❞✉❝ts ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ♠❛r❦❡t ❢♦r

✶✻❚❤❛t ✐s✱ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ ♠✐❝r♦ ❧❡✈❡❧ ❞❛t❛ ♦♥ ♠✐❧❡❛❣❡✳ ❆s ❛ r❡s✉❧t✱ ✇❡ ❛r❡ ✉♥❛❜❧❡ t♦ ❡st✐♠❛t❡ ❛ ❥♦✐♥t ♠♦❞❡❧ ♦❢
✈❡❤✐❝❧❡ ❝❤♦✐❝❡ ❛♥❞ ✉t✐❧✐③❛t✐♦♥ ❛s ✐♥✱ ❡✳❣✳✱ ●♦❧❞❜❡r❣ ✭✶✾✾✽✮✳

✽



❛ ♥✉♠❜❡r ♦❢ ♣❡r✐♦❞s ✭✇❡ s✉♣♣r❡ss t❤❡ ✐♥❞❡① t ❜❡❧♦✇ t♦ ❛✈♦✐❞ ❝❧✉tt❡r✮✳ ❚❤❡s❡ ✏✐♥s✐❞❡✑ ♣r♦❞✉❝ts ❛r❡
✐♥❞❡①❡❞ ❜② j = 1, ..., J ✱ ❛♥❞ t❤❡ ♦✉ts✐❞❡ ❣♦♦❞✱ t❤❡ ♦♣t✐♦♥ t♦ ❜✉② ❛ ✉s❡❞ ❝❛r ♦r t♦ ♥♦t ❜✉② ❛ ❝❛r ❛t
❛❧❧ ✐s r❡♣r❡s❡♥t❡❞ ❜② j = 0✳ ❉❡✜♥❡ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ✐♥❞✐r❡❝t ✉t✐❧✐t② ♦❢ ✐♥❞✐✈✐❞✉❛❧ i ✇❤❡♥ ❝♦♥s✉♠✐♥❣
♣r♦❞✉❝t j ❛s

uij =
K∑

k=1

xjkβ
∗
ik + ξj + εij, i = 1, ..., I❀ j = 1, ..., J

✇❤❡r❡ xjk ❛r❡ ♦❜s❡r✈❡❞ ♣r♦❞✉❝t ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s ❤♦rs❡♣♦✇❡r ❛♥❞ ❡♥❣✐♥❡ s✐③❡ ✇❤✐❧❡ ξj ❛r❡
❝❤❛r❛❝t❡r✐st✐❝s ♦❜s❡r✈❡❞ ❜② t❤❡ ♠❛r❦❡t ♣❛rt✐❝✐♣❛♥ts ❜✉t ♥♦t t❤❡ ❡❝♦♥♦♠❡tr✐❝✐❛♥ ✭s✉❝❤ ❛s q✉❛❧✐t②✱
st②❧❡ ❡t❝✮✳ ❲❡ ❞❡❝♦♠♣♦s❡ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦❡✣❝✐❡♥ts ❛s β∗

ik = βk+σkvki✱ ✇❤❡r❡ βk ✐s ❝♦♠♠♦♥ ❛❝r♦ss
✐♥❞✐✈✐❞✉❛❧s✱ vki ✐s ❛♥ ✐♥❞✐✈✐❞✉❛❧✲s♣❡❝✐✜❝ r❛♥❞♦♠ ❞❡t❡r♠✐♥❛♥t ♦❢ t❤❡ t❛st❡ ❢♦r ❝❤❛r❛❝t❡r✐st✐❝ k✱ ✇❤✐❝❤
✇❡ ❛ss✉♠❡ t♦ ❜❡ ◆♦r♠❛❧❧② ❞✐str✐❜✉t❡❞✱ (v1i, ..., vKi)

′ ∼ N (0,Σ)✱ ❛♥❞ σk ♠❡❛s✉r❡s t❤❡ ✐♠♣❛❝t ♦❢
v ♦♥ ❝❤❛r❛❝t❡r✐st✐❝ k✳ ❋✐♥❛❧❧②✱ εij ✐s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❛♥❞ ♦♣t✐♦♥✲s♣❡❝✐✜❝ ✐❞✐♦s②♥❝r❛t✐❝ ❝♦♠♣♦♥❡♥t ♦❢
♣r❡❢❡r❡♥❝❡s✱ ❛ss✉♠❡❞ t♦ ❜❡ ❛ ♠❡❛♥ ③❡r♦ ❚②♣❡ ■ ❊①tr❡♠❡ ❱❛❧✉❡ r❛♥❞♦♠ ✈❛r✐❛❜❧❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢
❜♦t❤ ❝♦♥s✉♠❡r ❛ttr✐❜✉t❡s ❛♥❞ ♣r♦❞✉❝t ❝❤❛r❛❝t❡r✐st✐❝s✳ ❙✐♥❝❡ ❝♦♥s✉♠❡rs ♠❛② ❞❡❝✐❞❡ ♥♦t t♦ ❜✉②
❛ ♥❡✇ ❝❛r✱ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❞❡♠❛♥❞ s②st❡♠ ✐s ❝♦♠♣❧❡t❡❞ ✇✐t❤ ❛♥ ♦✉ts✐❞❡ ❣♦♦❞ ②✐❡❧❞✐♥❣
❝♦♥❞✐t✐♦♥❛❧ ✐♥❞✐r❡❝t ✉t✐❧✐t② ui0 = ξ0 + σ0vi + εi0✱ ✇❤❡r❡ εi0 ✐s ❛ ♠❡❛♥ ③❡r♦ ✐♥❞✐✈✐❞✉❛❧ ♠❛r❦❡t ❛♥❞
t✐♠❡ s♣❡❝✐✜❝ ✐❞✐♦s②♥❝r❛t✐❝ t❡r♠ ❛♥❞ vi ✐s ❛♥ ✐♥❞✐✈✐❞✉❛❧ s♣❡❝✐✜❝ ❝♦♠♣♦♥❡♥t r❡✢❡❝t✐♥❣ ❤❡t❡r♦❣❡♥❡✐t②
✐♥ t❛st❡s✳

❚❤❡ ❛❜♦✈❡ ❡st✐♠❛t✐♦♥ str❛t❡❣② ❛ss✉♠❡s ❛✇❛② ❛ ♥✉♠❜❡r ♦❢ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ✐♥ t❤❡ ❝❛r ♠❛r❦❡t✳
❋✐rst✱ ❣✐✈❡♥ t❤❡ ❝♦❡①✐st❡♥❝❡ ♦❢ ♣r✐♠❛r② ❛♥❞ s❡❝♦♥❞❛r② ❝❛r ♠❛r❦❡ts ✭♥❡✇ ❛♥❞ ✉s❡❞ ❝❛rs✮✱ ❝♦♥s✉♠❡r
❛♥❞ ✜r♠ ❡①♣❡❝t❛t✐♦♥s ❛❜♦✉t ❝❛r ❛♥❞ ❢✉❡❧ ♣r✐❝❡s ❛r❡ ✐♠♣♦rt❛♥t ❢❛❝t♦rs t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥
❝♦♥s✐❞❡r✐♥❣ t❤❡ ❝❛r ♠❛r❦❡t ✕ s❡❡ ❇❡♥t♦ ❡t ❛❧ ✭✷✵✵✾✮ ❛♥❞ ❙❝❤✐r❛❧❞✐ ✭✷✵✶✶✮ ❢♦r t❤❡ ❥♦✐♥t ♠♦❞❡❧✐♥❣ ♦❢
t❤❡s❡ ♠❛r❦❡ts✳ ❈❛rs ❛r❡ ♠♦r❡♦✈❡r ❞✉r❛❜❧❡ ♣r♦❞✉❝ts✱ s♦ ❝✉rr❡♥t ♦✇♥❡rs❤✐♣ ♦❢ ❛ ❝❛r ✐s ❧✐❦❡❧② t♦ ❛✛❡❝t
t❤❡ ❝✉rr❡♥t ❞❡♠❛♥❞ ❢♦r ❛✉t♦♠♦❜✐❧❡s✱ s❡❡ ❍❡♥❞❡❧ ❛♥❞ ◆❡✈♦ ✭✷✵✵✻✮ ❛♥❞ ●♦✇r✐s❛♥❦❛r❛♥ ❛♥❞ ❘②s♠❛♥
✭✷✵✶✶✮ ❢♦r ✇❛②s ♦❢ ♠♦❞❡❧✐♥❣ ✐♥t❡rt❡♠♣♦r❛❧ s✉❜st✐t✉t✐♦♥✳ ❖✉r ❡st✐♠❛t✐♦♥ ❛♣♣r♦❛❝❤✱ ✇❤✐❝❤ ✐s ❛❦✐♥ t♦
r❡❝❡♥t st✉❞✐❡s s✉❝❤ ❛s ❑❧✐❡r ❛♥❞ ▲✐♥♥ ✭✷✵✶✵✮ ❛♥❞ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮ t❤✉s ❝❧❡❛r❧② r❡♣r❡s❡♥ts
❛ ♣r❛❣♠❛t✐❝ ♠♦❞❡❧✐♥❣ ❛♣♣r♦①✐♠❛t✐♦♥ t♦ ❛❝t✉❛❧ ❝♦♥s✉♠❡r ❝❤♦✐❝❡ ❜❡❤❛✈✐♦r ✐♥ t❤❡ ✐♥❞✉str②✳

■❞❡♥t✐✜❝❛t✐♦♥ ❇❡s✐❞❡s t❤❡ ❡①♦❣❡♥♦✉s ❝❤❛r❛❝t❡r✐st✐❝s✱ ✇❡ ✉s❡ t❤❡ s❡t ♦❢ ✏❇❙❚ ✐♥str✉♠❡♥ts✑✱ ❢♦❧✲
❧♦✇✐♥❣ ❇r❡s♥❛❤❛♥✱ ❙t❡r♥ ❛♥❞ ❚r❛❥t❡♥❜❡r❣ ✭✶✾✾✼✮✳ ❚❤❛t ✐s✱ ✇❡ ✉s❡ ❛ s❡t ♦❢ ♣♦❧②♥♦♠✐❛❧ ❜❛s✐s ❢✉♥❝✲
t✐♦♥s ♦❢ ❡①♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s ✇✐t❤✐♥ ❛ ♠❛r❦❡t s❡❣♠❡♥t✳ ❇❙❚ ✐♥str✉♠❡♥ts ✐♠♣❧✐❝✐t❧② ❛ss✉♠❡ ❛ ❢♦r♠
♦❢ ❧♦❝❛❧✐③❡❞ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ ♣r♦❞✉❝ts✱ ❛♥❞ t❤✐s s❡❡♠s ❝♦♥s✐st❡♥t ✇✐t❤ ❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ ❢♦r
t❤❡ ❛✉t♦♠♦❜✐❧❡ ✐♥❞✉str②✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ♥✉♠❜❡r ♦❢ ♠❛r❦❡t ♥✐❝❤❡s ❛♥❞ ❤✐❣❤❧② ❞✐✛❡r❡♥t✐❛t❡❞
♣r♦❞✉❝ts✳

❊st✐♠❛t❡s ❲❡ ❝♦♥s✐❞❡r ❞❡♠❛♥❞ s♣❡❝✐✜❝❛t✐♦♥s ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s✿ ❡♥❣✐♥❡ ♣♦✇❡r
✭♠❡❛s✉r❡❞ ✐♥ ❤♦rs❡♣♦✇❡r✱ ❍P✮✱ ❡♥❣✐♥❡ s✐③❡ ✭♠❡❛s✉r❡❞ ✐♥ ❝✉❜✐❝ ❝❡♥t✐♠❡t❡rs✱ ❈❈✮✱ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥
✭❧✐t❡rs✴✶✵✵❦♠✱ ✉♥❞❡r ♠✐①❡❞ ❞r✐✈✐♥❣✮✱ ✈❡❤✐❝❧❡ t❛① ❛♥❞ ♣r✐❝❡✳ ❲❡ ❛❧s♦ ✐♥❝❧✉❞❡ t✐♠❡ ✭♠♦♥t❤✮✱ ❜r❛♥❞✱
♠❛r❦❡t s❡❣♠❡♥t✱ ❢✉❡❧ s❡❣♠❡♥t ✭❣❛s♦❧✐♥❡ ✇✐t❤ ❡♠✐ss✐♦♥s ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ ✶✷✵ ❣❈❖✷✴❦♠✱ ❞✐❡s❡❧ ✇✐t❤
❡♠✐ss✐♦♥s ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ ✶✷✵ ❣❈❖✷✴❦♠✱ ❋❋❱✱ ❣❛s♦❧✐♥❡✴❡❧❡❝tr✐❝ ❛♥❞ ❣❛s♦❧✐♥❡✴❈◆●✮ ✜①❡❞✲❡✛❡❝ts
❛♥❞ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❢✉❡❧ s❡❣♠❡♥t ✜①❡❞✲❡✛❡❝ts✳✶✼ ❈♦♥s✉♠❡r ❤❡t❡r♦❣❡♥❡✐t② ✐s
✐♥tr♦❞✉❝❡❞ ♦♥t♦ ♣r✐❝❡ ❝♦❡✣❝✐❡♥ts ✈✐❛ ✺✵✵ ❛♥t✐t❤❡t✐❝ ♣❛✐rs ♦❢ r❛♥❞♦♠ ❞r❛✇s ♦❢ t❤❡ st❛♥❞❛r❞ ◆♦r♠❛❧
❞✐str✐❜✉t✐♦♥✳ ✭❚❤❡ ❆♣♣❡♥❞✐① ❧✐sts ❛ ♥✉♠❜❡r ♦❢ ❛❧t❡r♥❛t✐✈❡ s♣❡❝✐✜❝❛t✐♦♥s ❛❧s♦ ❡①♣❡r✐♠❡♥t❡❞ ✇✐t❤✳✮

✶✼❲❡ ❤❛✈❡ ❛❧s♦ ❡①♣❡r✐♠❡♥t❡❞ ✇✐t❤ ♣r♦❞✉❝t ✜①❡❞✲❡✛❡❝ts✱ ✇✐t❤ ✉♥s❛t✐s❢❛❝t♦r② r❡s✉❧ts✳ ❚❤✐s ✐s ❧✐❦❡❧② t♦ ❜❡ ❞✉❡ t♦
t❤❡ ✉s❡ ♦❢ ❛ r❡❧❛t✐✈❡❧② s❤♦rt s❛♠♣❧❡ ♣❡r✐♦❞✱ ❢r❡q✉❡♥t ♥❛♠❡ ❝❤❛♥❣❡s ✐♥ ♣r♦❞✉❝ts ❛♥❞ ♠♦❞❡r❛t❡ ♣r♦❞✉❝t ❡♥tr② ❛♥❞
❡①✐t✳

✾



❚❆❇▲❊ ✸ ❆❇❖❯❚ ❍❊❘❊

❲❡ r❡♣♦rt ❛❧t❡r♥❛t✐✈❡ ❞❡♠❛♥❞ ❡st✐♠❛t❡s ✐♥ ❚❛❜❧❡ ✸✳ ❙♣❡❝✐✜❝❛t✐♦♥ ✶ ✭✏❖▲❙✑✮ r❡♣♦rts t❤❡ ❡st✐✲
♠❛t❡s ♦❜t❛✐♥❡❞ ✇❤❡♥ ♣r✐❝❡ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❡①♦❣❡♥♦✉s✱ ✐✳❡✳ ✐t ✐s ❛ st❛♥❞❛r❞ ❖▲❙ ❧♦❣✐t r❡❣r❡ss✐♦♥
✇✐t❤ ♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛✳ ❈♦❧✉♠♥s ✷ ❛♥❞ ✸ r❡♣♦rt ■❱ ❧♦❣✐t ❛♥❞ ❘❈ ❧♦❣✐t ❡st✐♠❛t❡s✱ r❡s♣❡❝t✐✈❡❧②✱
✉s✐♥❣ t❤❡ ✐♥str✉♠❡♥ts s✉❣❣❡st❡❞ ❜② ❇❙❚ ✭✶✾✾✼✮✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ t❛❦❡ ❝❤❛r❛❝t❡r✐st✐❝s ❢✉❡❧
❝♦♥s✉♠♣t✐♦♥ ❛♥❞ t❤❡ r❛t✐♦ ♦❢ ❡♥❣✐♥❡ ♣♦✇❡r ♦✈❡r ✇❡✐❣❤t ❛♥❞✱ ❢♦r ❡❛❝❤ ♠❛r❦❡t s❡❣♠❡♥t✱ ✇❡ ✉s❡
t❤❡ s✉♠ ♦❢ ❝❤❛r❛❝t❡r✐st✐❝s✱ t❤❡ s✉♠ ♦❢ t❤❡ sq✉❛r❡❞ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❛♥❞ t❤❡ ❝r♦ss ♣r♦❞✉❝t ♦❢ t❤❡s❡
❝❤❛r❛❝t❡r✐st✐❝s ❛❝r♦ss t❤❡ ♦t❤❡r ♣r♦❞✉❝ts ♣r♦❞✉❝❡❞ ❜② t❤❡ s❛♠❡ ✜r♠✳ ❚❤❡ ❋✲st❛t✐st✐❝ ♦❢ t❤❡ ❡①✲
❝❧✉❞❡❞ ✐♥str✉♠❡♥ts ♦❢ t❤❡ ✜rst✲st❛❣❡ r❡❣r❡ss✐♦♥ ♦❢ ♣r✐❝❡ ♦♥ t❤❡ ❡①♦❣❡♥♦✉s ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ t❤❡
✐♥str✉♠❡♥ts ✉s❡❞ ✐s ✸✶✳✹✽✱ t❤✉s s✉❣❣❡st✐♥❣ t❤❛t t❤❡ ✐♥str✉♠❡♥ts ❛r❡ ♥♦t ✇❡❛❦✳

❙♣❡❝✐✜❝❛t✐♦♥ ✶ ❢❡❛t✉r❡s ❛ ♥❡❣❛t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ♣r✐❝❡ ❝♦❡✣❝✐❡♥t ♦❢ ✲✵✳✵✵✷✻ ❛s ✇❡❧❧ ❛s ❛ ♣♦s✐t✐✈❡
❛♥❞ s✐❣♥✐✜❝❛♥t ❝♦❡✣❝✐❡♥t ❢♦r ❍P✱ s✉❣❣❡st✐♥❣ t❤❛t ❝♦♥s✉♠❡rs ✈❛❧✉❡ ✈❡❤✐❝❧❡s ✇✐t❤ ♣♦✇❡r❢✉❧ ❡♥❣✐♥❡s✳
❘♦❛❞ t❛① ❛♥❞ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ❝♦❡✣❝✐❡♥ts ❛r❡ ♥❡❣❛t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t✳ ❚❤❛t ✐s✱ ❝♦♥s✉♠❡rs s❡❡♠
t♦ s❤② ❛✇❛② ❢r♦♠ ❤✐❣❤ ♦♣❡r❛t✐♥❣ ❝♦sts✳ ❖✇♥✲♣r✐❝❡ ❡❧❛st✐❝✐t✐❡s ❛r❡ ❤♦✇❡✈❡r t②♣✐❝❛❧❧② ❧❡ss t❤❛♥ ♦♥❡
✐♥ ❛❜s♦❧✉t❡ ✈❛❧✉❡✱ ✇❤✐❝❤ ✐s ✐♥❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♣r♦✜t✲♠❛①✐♠✐③✐♥❣ ✜r♠s✳

❆❝❝♦✉♥t✐♥❣ ❢♦r ♣r✐❝❡ ❡♥❞♦❣❡♥❡✐t② ❛s ✐♥ ❙♣❡❝✐✜❝❛t✐♦♥ ✷ r❡s✉❧ts ✐♥ ❛ st❡❡♣❡r ❞❡♠❛♥❞ ❝✉r✈❡✱ ✐♥
t❤❛t t❤❡ ❡st✐♠❛t❡❞ ♣r✐❝❡ ❝♦❡✣❝✐❡♥t ✐♥❝r❡❛s❡s ❛ ✜✈❡❢♦❧❞ ❛s ❝♦♠♣❛r❡❞ t♦ ✐ts ❖▲❙ ❝♦✉♥t❡r♣❛rt✳ ❆♥
✐♠♠❡❞✐❛t❡ r❡s✉❧t ❢r♦♠ ❝♦♥tr♦❧❧✐♥❣ ❢♦r ♣r✐❝❡ ❡♥❞♦❣❡♥❡✐t② ✐s t❤❡ ✐♠♣r♦✈❡❞ ❡st✐♠❛t❡s ♦❢ ♦✇♥✲♣r✐❝❡
❡❧❛st✐❝✐t✐❡s✱ t❤❡ ✶✵t❤ ❛♥❞ ✾✵t❤ ♣❡r❝❡♥t✐❧❡s ❛r❡ ❣✐✈❡♥ ❜② ✹✳✷ ❛♥❞ ✶✳✹✱ r❡s♣❡❝t✐✈❡❧②✳ ❍P✱ r♦❛❞ t❛①
❛♥❞ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ❧♦❛❞ ✇✐t❤ t❤❡ s❛♠❡ s✐❣♥s ❛s ❜❡❢♦r❡✱ ❜✉t t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❍P ✐♥❝r❡❛s❡s ❜②
❛ t❤r❡❡❢♦❧❞✳ ❋✐♥❛❧❧②✱ ❈❈ ❤❛s ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡st✐♠❛t❡✱ s✉❣❣❡st✐♥❣ t❤❛t ❝♦♥s✉♠❡rs ❢❛✈♦r
❡♥❣✐♥❡ s✐③❡ ❛❜♦✈❡ ❛♥❞ ❜❡②♦♥❞ ❍P✳

■♥tr♦❞✉❝✐♥❣ ❝♦♥s✉♠❡r ❤❡t❡r♦❣❡♥❡✐t② r❡♥❞❡rs ❛ ♣r✐❝❡ ❝♦❡✣❝✐❡♥t βPrice ♦❢ ✲✵✳✵✷✶✽✱ t❤✉s ❛❜♦✉t ❡✐❣❤t
t✐♠❡s t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ✐ts ✉♥✐♥str✉♠❡♥t❡❞ ❝♦✉♥t❡r♣❛rt✱ ❛♥❞ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t r❛♥❞♦♠ ❝♦❡❢✲
✜❝✐❡♥t σPrice ♦❢ ✵✳✵✵✻✵✱ s❡❡ ❙♣❡❝✐✜❝❛t✐♦♥ ✸✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ✐♥tr♦❞✉❝✐♥❣ ❝♦♥s✉♠❡r ❤❡t❡r♦❣❡♥❡✐t②
s✉❜st❛♥t✐❛❧❧② ✐♠♣r♦✈❡s ♦✇♥✲♣r✐❝❡ ❡❧❛st✐❝✐t✐❡s✱ ✇✐t❤ t❤❡ ✶✵t❤ ❛♥❞ ✾✵t❤ ♣❡r❝❡♥t✐❧❡s ❣✐✈❡♥ ❜② ✺✳✸ ❛♥❞
✷✳✺✱ r❡s♣❡❝t✐✈❡❧②✳ ❙✉❝❤ ✈❛❧✉❡s ✐♠♣❧② ♠❛r❦✉♣s ✐♥ t❤❡ r❛♥❣❡ ✶✾✲✹✵ ♣❡r❝❡♥t ❛♥❞ ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤
st❛♥❞❛r❞ ❡st✐♠❛t❡s ❢♦r ❊✉r♦♣❡❛♥ ♠❛r❦❡ts ✉s✐♥❣ ♠❛r❦❡t ❧❡✈❡❧ ❞❛t❛✳ ❋♦r ✐♥st❛♥❝❡✱ ●♦❧❞❜❡r❣ ❛♥❞
❱❡r❜♦✈❡♥ ✭✷✵✵✶✮ r❡♣♦rt ❡❧❛st✐❝✐t✐❡s ✐♥ t❤❡ r❛♥❣❡ ✸✲✻ ✐♥ t❤❡✐r ❚❛❜❧❡ ✻✳

❚❤❡ r❡♠❛✐♥✐♥❣ ❡st✐♠❛t❡s ♦❢ ❙♣❡❝✐✜❝❛t✐♦♥ ✸ ❛r❡ ❜r♦❛❞❧② ✐♥ ❧✐♥❡ ✇✐t❤ ❡❝♦♥♦♠✐❝ t❤❡♦r② ❛♥❞ t❤❡
❧✐t❡r❛t✉r❡✳ ❚❤❛t ✐s✱ ❝♦♥s✉♠❡rs ✈❛❧✉❡ ❍P ✭❡♥❣✐♥❡ ♣♦✇❡r✮✱ ❡♥❣✐♥❡ s✐③❡ ❛♥❞ ❛ ❧♦✇ r♦❛❞ t❛①✱ ❜✉t ❢✉❡❧
❝♦♥s✉♠♣t✐♦♥ ❝❡❛s❡s t♦ ❜❡ s✐❣♥✐✜❝❛♥t ♦♥❝❡ t❤❡ r❛♥❞♦♠ ❝♦❡✣❝✐❡♥t ✐s ✐♥tr♦❞✉❝❡❞✳ ✶✽ ❚❤❡ ❡st✐♠❛t❡s
♥♦t r❡♣♦rt❡❞ ✐♥ t❤❡ ✐♥t❡r❡st ♦❢ s♣❛❝❡ ❡①❤✐❜✐t ❧❛r❣❡❧② ✐♥t✉✐t✐✈❡ ♣❛tt❡r♥s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❤✐❣❤❡st
❜r❛♥❞ ✜①❡❞✲❡✛❡❝t ✐s t❤❛t ♦❢ ▼❡r❝❡❞❡s ❇❡♥③ ✭✸✳✸✮✱ ❢♦❧❧♦✇❡❞ ❜② ❱♦❧✈♦ ❛♥❞ P♦rs❝❤❡ ✭✸✳✶✮✱ ❙❛❛❜ ✭✷✳✽✮
❛♥❞ ❆✉❞✐ ✭✷✳✹✮✱ s✉❣❣❡st✐♥❣ t❤❛t ❝♦♥s✉♠❡rs ♣r❡❢❡r ❙✇❡❞✐s❤ ❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s✳ ❋r❡♥❝❤
❜r❛♥❞s ❘❡♥❛✉❧t✱ P❡✉❣❡♦t ❛♥❞ ❈✐tr♦❡♥ ❤❛✈❡ ✐♥t❡r♠❡❞✐❛t❡ ❡st✐♠❛t❡s ✇❤❡r❡❛s ❜r❛♥❞s ❉❛❡✇♦♦✱ ❉♦❞❣❡
❛♥❞ ❘♦✈❡r ❤❛✈❡ t❤❡ ❧♦✇❡st ❡st✐♠❛t❡s✳ ▼♦r❡♦✈❡r✱ ✐♥ ❧✐♥❡ ✇✐t❤ ✇✐❧❧✐♥❣♥❡ss✲t♦✲♣❛② ❢♦r ✈❡❤✐❝❧❡ s✐③❡
❢♦✉♥❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s✱ ❧❛r❣❡r ♠❛r❦❡t s❡❣♠❡♥t ❛r❡ ♠♦♥♦t♦♥✐❝❛❧❧② ♣r❡❢❡rr❡❞ t♦ s♠❛❧❧❡r ♦♥❡s✳

✶✽■t ✐s ✇♦rt❤ str❡ss✐♥❣ t❤❛t ✇❡ ✉s❡ ❢✉❡❧ ✐♥ ❝♦♥s✉♠♣t✐♦♥ ✭✐♥ ❧✐t❡rs✴✶✵✵❦♠✮ ❛s ♦♣♣♦s❡❞ t♦ ♠♦♥❡t❛r② ♠❡❛s✉r❡s✱ ❡✳❣✳
♠✐❧❡s ♣❡r ❞♦❧❧❛r ❛s ✐♥ ❇▲P✱ ♦❜t❛✐♥❡❞ ❜② ❝♦♠❜✐♥✐♥❣ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✭♦r ❢✉❡❧ ❡❝♦♥♦♠② ✐♥ ♠♣❣✱ s❛②✮ ✇✐t❤ ❢✉❡❧ ♣r✐❝❡s✳
❖✉r ❝❤♦✐❝❡ st❡♠s ❢r♦♠ t✇♦ ❢❛❝t♦rs✳ ❋✐rst✱ t❤❡ ❧❛❝❦ ♦❢ ❢✉❡❧ ♣r✐❝❡ ❞❛t❛ ❢♦r ❡t❤❛♥♦❧ ❛♥❞ ❈◆● ✐♥ t❤❡ ❡❛r❧✐❡r ♣❛rt ♦❢ t❤❡
s❛♠♣❧❡✳ ❙❡❝♦♥❞✱ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t✱ ❢♦r ❋❋❱ ♦✇♥❡rs✱ t❤✐s ✈❛r✐❛❜❧❡ ✇♦✉❧❞ ❞❡♣❡♥❞ ♦♥ ❤♦✇ t❤❡② ❝❤♦♦s❡ ❜❡t✇❡❡♥
❣❛s♦❧✐♥❡ ❛♥❞ ❡t❤❛♥♦❧✱ ❡✳❣✳ ✇❤❡t❤❡r t❤❡② ❛r❜✐tr❛❣❡ ❛❝r♦ss ❢✉❡❧s✳

✶✵



✹✳✷ ❙✉♣♣❧②

❲❡ ❝♦♥s✐❞❡r ❛ st❛♥❞❛r❞ ❞✐✛❡r❡♥t✐❛t❡❞ ♣r♦❞✉❝t ❇❡rtr❛♥❞✲◆❛s❤ ♣r✐❝✐♥❣ ❣❛♠❡ ♦♥ t❤❡ s✉♣♣❧② s✐❞❡
♦❢ t❤❡ ♠❛r❦❡t✳ ❚❤❡r❡ ❛r❡ J ♣r♦❞✉❝ts ✭✐♥❞❡①❡❞ ❜② j = 1, ..., J✮ ✇❤✐❝❤ ❛r❡ ♣r♦❞✉❝❡❞ ❜② F ✜r♠s
✭✐♥❞❡①❡❞ ❜② f = 1, ..., F ✮✱ ❡❛❝❤ ♦❢ ✇❤✐❝❤ ♣r♦❞✉❝❡s ❛ s✉❜s❡t ♦❢ ♣r♦❞✉❝ts ℑf ⊂ {1, ..., J}✳✶✾ ❋✐r♠
f ❝❤♦♦s❡s t❤❡ ♣r✐❝❡s ♦❢ ✐ts ♣r♦❞✉❝ts t♦ ♠❛①✐♠✐③❡ ✐ts ♣r♦✜ts ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦✜t ♠❛①✐♠✐③❛t✐♦♥
♣r♦❜❧❡♠

max
{pj |j∈ℑf}

∑

j∈ℑf

(pj − cj)Dj(p)

✇❤❡r❡ cj ✐s t❤❡ ♠❛r❣✐♥❛❧ ❝♦st ♦❢ ♣r♦❞✉❝t j✱ ❛ss✉♠❡❞ ❝♦♥st❛♥t✳ Pr♦✈✐❞❡❞ ❡q✉✐❧✐❜r✐✉♠ ♣r✐❝❡s ♦❢
❛❧❧ ♣r♦❞✉❝ts ♦♥ t❤❡ ♠❛r❦❡t ❛r❡ ♣♦s✐t✐✈❡ ❛♥❞ ❛❧❧ ❣♦♦❞s ❛r❡ s♦❧❞ ✐♥ ♣♦s✐t✐✈❡ q✉❛♥t✐t✐❡s ✭❛♥❞ s♦ t❤❡
❝♦♥str❛✐♥ts ❢♦r t❤✐s ♣r♦❣r❛♠ ❞♦ ♥♦t ❜✐♥❞ ✐♥ ❡q✉✐❧✐❜r✐✉♠✱ ❛s ✐s t②♣✐❝❛❧❧② ❛ss✉♠❡❞ ✐♥ t❤❡ ❡♠♣✐r✐❝❛❧
❧✐t❡r❛t✉r❡✮✱ t❤❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s ❛r❡ ❣✐✈❡♥ ❜②

Dk(p) +
∑

j∈ℑf

∂Dj(p)

∂pk
(pj − cj) = 0

Pr♦❞✉❝t ♦✇♥❡rs❤✐♣ ✐s r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ✏♦✇♥❡rs❤✐♣ ♠❛tr✐①✑ ✇❤✐❝❤✱ t♦ ❡❛❝❤ ♣r♦❞✉❝t ✐♥ t❤❡
♠❛r❦❡t✱ ❛ss✐❣♥s t❤❡ ✜r♠ ♣r♦❞✉❝✐♥❣ ✐t✳ ❉❡✜♥❡ t❤❡ ♠❛tr✐① ∆ ♦❢ ❞✐♠❡♥s✐♦♥ J ❜② J ❛♥❞ t②♣✐❝❛❧
❡❧❡♠❡♥t

∆jk = 1{❜♦t❤ j ❛♥❞ k ♣r♦❞✉❝❡❞ ❜② t❤❡ s❛♠❡ ✜r♠✱ j, k = 1, ..., J⑥

✇❤❡r❡ 1{.} ✐s t❤❡ ✐♥❞✐❝❛t♦r ❢✉♥❝t✐♦♥✳ ❯s✐♥❣ t❤❡ ♦✇♥❡rs❤✐♣ ✐♥❞✐❝❛t♦rs✱ t❤❡ ✜r♠✬s ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥
♠❛② ❜❡ r❡✇r✐tt❡♥ ❛s✿

Dk(p) +
J∑

j=1

∆jk

∂Dj(p)

∂pk
(pj − cj) = 0, k = 1, ..., J

❚❤❡ ✭✐♠♣❧✐❝✐t✮ s♦❧✉t✐♦♥ t♦ t❤✐s s❡t ♦❢ ❡q✉❛t✐♦♥s✱ pNE = (pNE
1

, ..., pNE
J )✱ ♣r♦✈✐❞❡s t❤❡ ♣r✐❝❡s

❛t ✇❤✐❝❤ ❡❛❝❤ ✜r♠ ✐s ♠❛①✐♠✐③✐♥❣ ✐ts ♣r♦✜ts ❣✐✈❡♥ t❤❡ ♣r✐❝❡s ♦❢ ♦t❤❡rs✱ ❛♥❞ ❤❡♥❝❡ ✐s t❤❡ ◆❛s❤
❡q✉✐❧✐❜r✐✉♠ ♣r✐❝❡ t♦ t❤❡ ❣❛♠❡✳ ◆♦t✐❝❡ t❤❛t t❤❡r❡ ✐s ♦♥❡ ♦❢ t❤❡s❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s ❢r♦♠ ✜r♠
f ✬s ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ❢♦r ❡✈❡r② k ∈ ℑf ✳ ❚❤✉s✱ ✇❡ ♦❜t❛✐♥ ❛ t♦t❛❧ ♦❢ J ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s✱ ♦♥❡ ❢♦r
❡❛❝❤ ♣r♦❞✉❝t✳ ❚❤✐s s❡t ♦❢ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥s ✐s ❛❧s♦ r❡✲s♦❧✈❡❞ ✐♥ t❤❡ ✈❛r✐♦✉s ♣♦❧✐❝② ❡①♣❡r✐♠❡♥ts✱
❞✐s❝✉ss❡❞ ❜❡❧♦✇✳ ✭❙❡❡ t❤❡ ❆♣♣❡♥❞✐① ❢♦r ❞❡t❛✐❧s✳✮

✺ P♦❧✐❝② ❊①♣❡r✐♠❡♥ts

✺✳✶ ❖✈❡r✈✐❡✇

■♥ ✇❤❛t ❢♦❧❧♦✇s ✇❡ ❝♦♥s✐❞❡r t❤r❡❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s✳ ❈♦✉♥t❡r❢❛❝t✉❛❧ ■ ✭✏◆♦ ●❈❘✑✮ ❝♦♠♣❛r❡s t❤❡
❛❝t✉❛❧ ●❈❘ ❛♥❞ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦❢ ♥♦ ♣♦❧✐❝②✳ ❚❤✐s ❛❧❧♦✇s t♦ q✉❛♥t✐❢② t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝ts ♦❢ t❤❡

✶✾❆❧t❤♦✉❣❤ ♦♥❡ ❝♦✉❧❞ ❛r❣✉❡ t❤❛t t❤❡ ❞❡❝✐s✐♦♥✲♠❛❦❡rs ❛r❡ t❤❡ ❝♦♥❣❧♦♠❡r❛t❡s r❛t❤❡r t❤❛♥ t❤❡ ✜r♠s✴❜r❛♥❞s✱ ✐✳❡✳✱ ❋♦r❞
❛♥❞ ●▼ ✐♥st❡❛❞ ♦❢ ❱♦❧✈♦ ❛♥❞ ❙❛❛❜✱ ❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ ❢♦r t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t s✉❣❣❡sts t❤❛t t❤❡ ❧♦❝❛❧ ❜r❛♥❞s ❡♥❥♦②❡❞
❛ s✉❜st❛♥t✐❛❧ ❞❡❣r❡❡ ♦❢ ✐♥❞❡♣❡♥❞❡♥❝❡✱ ♣❡r❢♦r♠✐♥❣ ❘✫❉ ❛♥❞ ♣r♦❞✉❝t ❞❡s✐❣♥ ✐♥ ❙✇❡❞❡♥✳ ❖♥❡ ❡✈❡♥t ❝♦rr♦❜♦r❛t✐♥❣
t❤✐s ✈✐❡✇ ✐s t❤❛t s✐♥❝❡ ❙❛❛❜ ❛♥❞ ❱♦❧✈♦ ✇❡r❡ ♥♦t ❦❡❡♥ ♦♥ ❧❛✉♥❝❤✐♥❣ ❋❋❱s ✐♥ t❤❡ ❧❛t❡ ✶✾✾✵s✱ t❤❡ ❙✇❡❞✐s❤ ❣♦✈❡r♥♠❡♥t
❛♣♣r♦❛❝❤❡❞ ❋♦r❞ ✇✐t❤ t❤❡ ❣✉❛r❛♥t❡❡ t♦ ♣✉r❝❤❛s❡ ❛ ❣✐✈❡♥ ♥✉♠❜❡r ♦❢ ❋❋❱s ♣❡r ②❡❛r ✐❢ t❤❡② ✇❡r❡ ♣r♦❞✉❝❡❞✳ ❚❤✐s ✐s
♣r❡❝✐s❡❧② ❤♦✇ t❤❡ ❋❋❱ ✈❡rs✐♦♥ ♦❢ t❤❡ ❋♦r❞ ❋♦❝✉s ✇❛s ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t✳

✶✶



♣r♦❣r❛♠ ♦♥ ❜♦t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ t❤❡ ♠❛r❦❡t ❢r♦♥ts✳
❈♦✉♥t❡r❢❛❝t✉❛❧ ■■ ✭✏❙②♠♠❡tr✐❝ ●❈❘✑✮ ❝♦♥s✐❞❡rs t❤❡ ❡✛❡❝ts ♦❢ ❛ ❝♦♠♠♦♥ t❤r❡s❤♦❧❞ ♦❢ ✶✷✵

❣❈❖✷✴❦♠ ❛♣♣❧✐❡❞ t♦ r❡❣✉❧❛r ❛♥❞ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s✳ ❖♥❡ ✐♠♠❡❞✐❛t❡ ❡✛❡❝t ♦❢ s✉❝❤ ❛ s②♠♠❡tr✐❝
♣♦❧✐❝② ✐s t❤❛t s✐♥❝❡ ♥♦ s✐♥❣❧❡ ❋❋❱ ❡♠✐ts ❧❡ss t❤❛♥ ✶✷✵ ❣❈❖✷✴❦♠ ✭s❡❡ ❚❛❜❧❡ ✷✮✱ ♥♦ ❋❋❱ q✉❛❧✐✜❡s
❛s ❛ ❣r❡❡♥ ❝❛r✳✷✵

❋✐♥❛❧❧②✱ ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■■ ✭✏❋✉❧❧ ❆❞♦♣t✐♦♥ ♦❢ ❋❋❱ ❚❡❝❤♥♦❧♦❣②✑✮ ❛ss❡ss❡s ✇❤❛t ✇♦✉❧❞ ❤❛✈❡
❤❛♣♣❡♥❡❞ ❤❛❞ ❛❧❧ ❝❛r♠❛❦❡rs ✐♠♠❡❞✐❛t❡❧② ❞❡❝✐❞❡❞ t♦ t✉r♥ t❤❡✐r ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ❝❛rs ✐♥t♦ ❋❋❱s✳
❆❧t❤♦✉❣❤ ❛r❣✉❛❜❧② ❡①tr❡♠❡✱ t❤✐s s❝❡♥❛r✐♦ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ✇❤❛t ❤❛s ❤❛♣♣❡♥❡❞ ✐♥ t❤❡ ❇r❛③✐❧✐❛♥
♠❛r❦❡t ✐♥ t❤❡ ♠✐❞✲✷✵✵✵s✱ ✇❤❡r❡ ❛❧❧ ♠❛❥♦r ❝❛r♠❛❦❡rs ❞❡❝✐❞❡❞ t♦ ♣❤❛s❡ ♦✉t ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s ✐♥ ❢❛✈♦r
♦❢ ❋❋❱s✳ ❚❤❛t ✐s✱ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❜✉②✐♥❣ ❡✳❣✳ ❛♥② ❱♦❧❦s✇❛❣❡♥ ❝❛r ♠♦❞❡❧ ♣r♦❞✉❝❡❞ ✐♥ ❇r❛③✐❧ ❛s
♦❢ ✷✵✵✻✱ ❛ ❞r✐✈❡r ✇♦✉❧❞ ❛❝q✉✐r❡ ❛♥ ❋❋❱ ✭❙❛❧✈♦ ❛♥❞ ❍✉s❡ ✷✵✶✶✮✳ ■♥ t❤❡ ❯❙✱ ❝❛r♠❛❦❡rs ❤❛✈❡ ❛❧s♦
❜❡❣✉♥ ❡q✉✐♣♣✐♥❣ ♠♦❞❡❧s ✇✐t❤ ✢❡①✐❜❧❡ ❢✉❡❧ ❡♥❣✐♥❡s✳ ❲✐t❤ t❤❡ ❡✈❡r ❞❡❝r❡❛s✐♥❣ ♣r✐❝❡ ♦❢ ❡❧❡❝tr♦♥✐❝s✱
t❤❡ ❝♦st ♦❢ t✉r♥✐♥❣ ❛ ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ❝❛r ✐♥t♦ ❛ ❋❋❱ ✐s ✩✶✵✵✲✷✵✵ ✭t❤✉s ❧❡ss s✐❣♥✐✜❝❛♥t t❤❛♥ t❤♦s❡
✐♥ ❡✳❣✳ ❇❡rr②✱ ❑♦rt✉♠ ❛♥❞ P❛❦❡s ✶✾✾✻✮✳ ❚❤✐s s❝❡♥❛r✐♦ t❤✉s str❡ss❡s ❛ ♣♦t❡♥t✐❛❧❧② ♣❡r✈❡rs❡ ❡✛❡❝t ♦❢
t❤❡ ♣r♦❣r❛♠ ✇❤❡r❡❜② ✏t♦♦ ♠❛♥② ❋❋❱s✑ ✇♦✉❧❞ q✉❛❧✐❢② ❢♦r t❤❡ r❡❜❛t❡ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ t♦t❛❧ ❝♦st ♦❢
t❤❡ ♣r♦❣r❛♠✱ ✇✐t❤♦✉t ♥❡❝❡ss❛r✐❧② ✉s✐♥❣ ❡t❤❛♥♦❧✳✷✶

❲❡ ❛ss❡ss t❤❡ ❛❜♦✈❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s ♦♥ ❜♦t❤ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛♥❞ ♠❛r❦❡t ❛s♣❡❝ts✱ ♥❛♠❡❧② ✭✐✮
❈❖✷ ❡♠✐ss✐♦♥ s❛✈✐♥❣s ❛♥❞ t❤❡✐r ❛ss♦❝✐❛t❡❞ ❝♦sts ✭✐♥ ❙❊❑✴t♦♥❈❖✷ s❛✈❡❞✮❀ ✭✐✐✮ ▼❛r❦❡t s❤❛r❡s ❜②
❢✉❡❧ s❡❣♠❡♥t❀ ✭✐✐✐✮ ❇r❛♥❞ ♠❛r❦❡t s❤❛r❡s ❞✐s❛❣❣r❡❣❛t❡❞ ✉♣ t♦ ❢✉❡❧ s❡❣♠❡♥t✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❧✐t❡r❛t✉r❡✱
✇❡ ❛❧❧♦✇ ❝❛r♠❛❦❡rs t♦ ❝♦♠♣❡t❡ ✐♥ ♣r✐❝❡s à ❧❛ ❇❡rtr❛♥❞✲◆❛s❤ t❤r♦✉❣❤♦✉t t❤❡ ❛♥❛❧②s✐s✳ ■♥ ❞♦✐♥❣
s♦ ✇❡ ♥♦t❡ t❤❛t ♦✉rs ✐s ❡ss❡♥t✐❛❧❧② ❛ s❤♦rt r✉♥ ❛♥❛❧②s✐s ✐♥ t❤❛t ✇❡ ❞♦ ♥♦t ❛❝❝♦✉♥t ❢♦r ❡♥❞♦❣❡♥♦✉s
❝❤❛♥❣❡s ✐♥ ♣r♦❞✉❝t ❝❤❛r❛❝t❡r✐st✐❝s ✭s❡❡✱ ❡✳❣✳ ❑❧✐❡r ❛♥❞ ▲✐♥♥ ✷✵✶✵✱ ❢♦r ❛ st✉❞② ✐♥ s✉❝❤ ❞✐r❡❝t✐♦♥✮✳

❚♦ ❝❛❧❝✉❧❛t❡ ❈❖✷ ❡♠✐ss✐♦♥ s❛✈✐♥❣s✱ ✇❡ ❝♦♠❜✐♥❡ ♠✐❧❡❛❣❡ ❡st✐♠❛t❡s ❛♥❞ ❢✉❡❧ ❡❝♦♥♦♠② ❞❛t❛ ✇✐t❤
❝❛r s❛❧❡s ✐♥ ❡✈❡r② s❝❡♥❛r✐♦ ❝♦♥s✐❞❡r❡❞✱ ✇✐t❤ ❞❡t❛✐❧s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳ ❚❤❡ r❡s✉❧t✐♥❣ ❈❖✷
❡♠✐ss✐♦♥s ❛r❡ t❤❡♥ ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧ ❝♦st ♦❢ t❤❡ ●❈❘ t♦ ♦❜t❛✐♥ t❤❡ ❝♦st ♦❢ ❈❖✷ s❛✈✐♥❣s✳

❲❤✐❧❡ t❤❡ ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❡❛❝❤ ❡①♣❡r✐♠❡♥t ❝♦♥s✐❞❡rs ❛ s✐t✉❛t✐♦♥ ✐♥ ✇❤✐❝❤ ❋❋❱ ♦✇♥❡rs
❞♦ ♥♦t ❞r✐✈❡ ✉s✐♥❣ ❣❛s♦❧✐♥❡✱ ✇❡ ❞♦ ❛❧s♦ ❛❧❧♦✇ ❢♦r t❤❡ ❢❛❝t t❤❛t ❋❋❱s ❡♥❛❜❧❡ t❤❡✐r ♦✇♥❡rs t♦ ❛r❜✐tr❛❣❡
❛❝r♦ss ❢✉❡❧s✳ ❙✐♥❝❡ ❛ ♥♦♥✲♥❡❣❧✐❣✐❜❧❡ s❤❛r❡ ♦❢ ❋❋❱ ♦✇♥❡rs ✐♥ ❙✇❡❞❡♥ t❛❦❡s ❛❞✈❛♥t❛❣❡ ♦❢ ❢✉❡❧ ❛r❜✐tr❛❣❡
❛♥❞ ❣❛s♦❧✐♥❡ ❡♠✐ts ♠♦r❡ ❈❖✷ t❤❛♥ ❡t❤❛♥♦❧✱ ❢✉❡❧ s✇✐t❝❤✐♥❣ ✐♥❝r❡❛s❡s t❤❡ ❝♦st ♦❢ ❈❖✷ s❛✈✐♥❣s ❛♥❞
❢✉❡❧ ❝❤♦✐❝❡ ✐s ❛♥ ❛❞❞✐t✐♦♥❛❧ ♠❛r❣✐♥ ♣♦❧✐❝②♠❛❦❡rs ❤❛✈❡ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ t❤❡
❞❡s✐❣♥ ♦❢ ♣♦❧✐❝✐❡s✳✷✷ ❚❤✉s✱ ❜❡s✐❞❡s t❤❡ ❜❛s❡❧✐♥❡ ❝❛s❡ ✭✐✳❡✳✱ ♥♦ ❣❛s♦❧✐♥❡ ✉s❛❣❡ ❜② ❋❋❱ ♦✇♥❡rs✮ ✇❡
❛❧s♦ r❡♣♦rt r❡s✉❧ts ❢♦r ✷✺✱ ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t ♦❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡ t♦ ❣❛✉❣❡ t❤❡ ❝♦st✲❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡
♣r♦❣r❛♠✳

✷✵❆❧t❤♦✉❣❤ ✐♥ t❤✐s s❝❡♥❛r✐♦ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t ❝❛r♠❛❦❡rs t♦ ❡✈❡♥t✉❛❧❧② ❜r✐♥❣ t♦ ♠❛r❦❡t ❛ ♥✉♠❜❡r ♦❢ ❧♦✇✲❡♠✐ss✐♦♥
❋❋❱ ♠♦❞❡❧s✱ ✇❡ ❢♦❧❧♦✇ t❤❡ ❜✉❧❦ ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ s✐♥❝❡ ❛t ❧❡❛st P❛❦❡s✱ ❇❡rr② ❛♥❞ ▲❡✈✐♥s♦❤♥ ✭✶✾✾✸✮ ❛♥❞ ❢♦❝✉s ♦♥
s❤♦rt✲r✉♥ ❡✛❡❝ts ✕ ❛ t❤♦r♦✉❣❤ ❧♦♥❣✲r✉♥ ❛♥❛❧②s✐s ✇♦✉❧❞ ✐♥✈♦❧✈❡ s❡tt✐♥❣ ✉♣ ❛ ❞②♥❛♠✐❝ ♠♦❞❡❧ ♦❢ t❤❡ ✐♥❞✉str② ❛♥❞ ✐s
❧❡❢t ❢♦r ❢✉t✉r❡ r❡s❡❛r❝❤✳

✷✶■♥ t❤✐s s❝❡♥❛r✐♦ ✇❡ ❛ss✉♠❡ ❛✇❛② t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❡❝♦♥♦♠✐❡s ♦❢ s❝❛❧❡ ✐♥ t❤❡ ❛❞♦♣t✐♦♥ ♦❢ ❋❋❱s ✐♥ t❤❡ ❙✇❡❞✐s❤
♠❛r❦❡t✳ ❆s ✐❧❧✉str❛t❡❞ ✐♥ ❚❛❜❧❡ ✶✱ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ✐s s♠❛❧❧ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ❊✉r♦♣❡❛♥ ♦♥❡s✳ ❋♦r ✐♥st❛♥❝❡✱
♠❛r❦❡t ❧❡❛❞❡r ❱♦❧✈♦ ❤❛s ❝♦♥s✐st❡♥t❧② ❝♦♠♠❛♥❞❡❞ ❛ ♠❛r❦❡t s❤❛r❡ ❜❡❧♦✇ ✷✵ ♣❡r❝❡♥t ❛♥❞ t❤❡ s❛❧❡s ♦❢ ❋❋❱s ✐♥ t❤❡
✹✵✵✱✵✵✵✲str♦♥❣ ❙✇❡❞✐s❤ ♠❛r❦❡t ❛♠♦✉♥t t♦ ❧❡ss t❤❛♥ ✽✵✱✵✵✵✳ ❋♦r ♣❡rs♣❡❝t✐✈❡✱ ❍❛❧❧ ✭✷✵✵✵✮ ✜♥❞s ❛ ♠✐♥✐♠✉♠ ❡✣❝✐❡♥t
s❝❛❧❡ ♦❢ ❛❜♦✉t ✶✸✵✱✵✵✵ ✉♥✐ts✴②❡❛r ❢♦r ❛✉t♦♠♦❜✐❧❡ ♣❧❛♥ts ✐♥ t❤❡ ◆♦rt❤ ❆♠❡r✐❝❛♥ ♠❛r❦❡t✳

✷✷■♥ ✇❤❛t ❢♦❧❧♦✇s✱ ✇❡ ❛r❡ ♠♦st❧② ❛❣♥♦st✐❝ ❛❜♦✉t ✇❤❛t s❤❛r❡ ♦❢ ❋❋❱ ♦✇♥❡rs ❛❝t✉❛❧❧② ❛r❜✐tr❛❣❡s ❛❝r♦ss ❢✉❡❧s✱ s✐♠♣❧②
r❡♣♦rt✐♥❣ ✜❣✉r❡s ❢♦r s❤❛r❡s ♦❢ ✷✺✱ ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t✳ ❍✉s❡ ✭✷✵✶✷✮ ❞♦❝✉♠❡♥ts ❤♦✇ t❤❡ ❞r♦♣ ✐♥ ♦✐❧ ♣r✐❝❡s ❢♦❧❧♦✇✐♥❣
t❤❡ ✷✵✵✽ r❡❝❡ss✐♦♥✱ ✇❤✐❝❤ ✇❛s q✉✐❝❦❧② ♣❛ss❡❞ t❤r♦✉❣❤ t♦ ❞♦♠❡st✐❝ ❢✉❡❧ ♣r✐❝❡s✱ ❡✛❡❝t✐✈❡❧② ♠❛❦✐♥❣ ❣❛s♦❧✐♥❡ ❝❤❡❛♣❡r
t❤❛♥ ❡t❤❛♥♦❧ ✐♥ ❡♥❡r❣②✲❛❞❥✉st❡❞ t❡r♠s✱ ❧❡❞ t♦ ❛ ❞r♦♣ ♦❢ ✼✸ ♣❡r❝❡♥t ✐♥ t❤❡ ♠♦♥t❤❧② s❛❧❡s ♦❢ ❡t❤❛♥♦❧ ❛♥❞ ♣r♦♣♦s❡s
❛ st②❧✐③❡❞ str✉❝t✉r❛❧ ♠♦❞❡❧ ✇❤❡r❡❜② t❤❡ s❤❛r❡ ♦❢ ❢✉❡❧ s✇✐t❝❤❡rs ✭❛r❜✐tr❛❣❡✉rs✮ ❛♠♦♥❣ ❋❋❱ ♦✇♥❡rs ✐s ✐♥ t❤❡ r❛♥❣❡
✹✻✲✼✼ ♣❡r❝❡♥t✳

✶✷



✺✳✷ ❊♥✈✐r♦♥♠❡♥t❛❧ ❊✛❡❝ts

❈❖✷ ❙❛✈✐♥❣s ❛♥❞ t❤❡✐r ❈♦sts ❚❛❜❧❡ ✹ r❡♣♦rts ❡st✐♠❛t❡❞ ❈❖✷ s❛✈✐♥❣s ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞
❝♦sts ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts ❝♦♥s✐❞❡r❡❞✳✷✸ ❚❤❡ ✜rst ❝♦❧✉♠♥ r❡♣♦rts t❤❡ r❡s✉❧ts ❢♦r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■✱
✇❤✐❝❤ ❝♦♠♣❛r❡s t❤❡ ●❈❘ ✇✐t❤ t❤❡ ♥♦✲♣♦❧✐❝② ❝♦✉♥t❡r❢❛❝t✉❛❧✳ ❆ss✉♠✐♥❣ ❛❧❧ ❋❋❱ ♦✇♥❡rs ✉s❡ ♦♥❧②
❡t❤❛♥♦❧✱ t❤❡ ❈❖✷ ❡♠✐ss✐♦♥ s❛✈✐♥❣s ✐♥❞✉❝❡❞ ❜② t❤❡ ●❈❘ ❛r❡ ✹✾✸✳✷ t❤♦✉s❛♥❞ t♦♥❈❖✷✱ ❛s r❡♣♦rt❡❞
✐♥ P❛♥❡❧ ❆✳ ◆♦t❡✱ ❤♦✇❡✈❡r✱ t❤❛t t❤❡ s❛✈✐♥❣s ❞❡❝r❡❛s❡ ♦♥❝❡ ❢✉❡❧ s✇✐t❝❤✐♥❣ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r✱ ✐✳❡✳
❈❖✷ s❛✈✐♥❣s r❡❞✉❝❡ ❜② ✶✹ ❛♥❞ ✶✽ ♣❡r❝❡♥t t♦ ✹✷✹✳✻ ❛♥❞ ✹✵✻✳✼ t❤♦✉s❛♥❞ t♦♥❈❖✷ ✐❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡
✐♥❝r❡❛s❡s t♦ ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t✱ r❡s♣❡❝t✐✈❡❧②✳

▲♦✇❡r ❈❖✷ s❛✈✐♥❣s ✐♠♣❧② ❛♥ ✐♥❝r❡❛s❡❞ ❝♦st ♣❡r t♦♥❈❖✷ s❛✈❡❞✱ ❛♥❞ t❤✐s ✐s ✇❤❛t P❛♥❡❧ ❇ ✐♥
❚❛❜❧❡ ✹ r❡♣♦rts ❢♦r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■✳ ❲❤✐❧❡ ❛❜s❡♥❝❡ ♦❢ ❢✉❡❧ s✇✐t❝❤✐♥❣ r❡s✉❧ts ✐♥ ❛ ❝♦st ♦❢ ✼✻✵
❙❊❑✴t♦♥❈❖✷✱ ♦r ✩✶✵✾✱ ❛❝❝♦✉♥t✐♥❣ ❢♦r ❢✉❡❧ ❛r❜✐tr❛❣❡ r❡s✉❧ts ✐♥ ❛ s✐③❛❜❧❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝♦st ♦❢ ❈❖✷
s❛✈✐♥❣s✱ ❡✈❡♥ t❤♦✉❣❤ ❋❋❱s ❝♦♠♠❛♥❞ ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ s❤❛r❡ ♦❢ t❤❡ ♠❛r❦❡t✿ ✇❤✐❧❡ ❛♥ ✐♥❝r❡❛s❡ ❢r♦♠
③❡r♦ t♦ ✷✺ ♣❡r❝❡♥t ✐♥ t❤❡ ✉s❡ ♦❢ ❣❛s♦❧✐♥❡ r❡s✉❧ts ✐♥ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❛❜♦✉t ✶✷ ♣❡r❝❡♥t ✭❛❜♦✉t ✩✶✸✮ t♦
✽✺✵ ❙❊❑✴t♦♥❈❖✷✱ t❤❡ ❝♦st ❝❛♥ ✐♥❝r❡❛s❡ ❜② ✷✶ ♣❡r❝❡♥t t♦ ✾✷✶ ❙❊❑ ✭❛❜♦✉t ✩✶✸✷✮ ✐❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡
✐♥❝r❡❛s❡s t♦ ✼✺ ♣❡r❝❡♥t✳

❚❆❇▲❊ ✹ ❆❇❖❯❚ ❍❊❘❊

❈♦✉♥t❡r❢❛❝t✉❛❧ ■■ ❝♦♠♣✉t❡s ❈❖✷ s❛✈✐♥❣s ❛♥❞ ❝♦st ❡st✐♠❛t❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ s②♠♠❡tr✐❝ ✈❡rs✐♦♥
♦❢ t❤❡ ●❈❘✳ ❇② ♥♦t ❝♦♥t❡♠♣❧❛t✐♥❣ ❋❋❱s✱ ✐♥ t❤✐s ❝♦✉♥t❡r❢❛❝t✉❛❧ ❢✉❡❧ ❛r❜✐tr❛❣❡ ❞♦❡s ♥♦t ♣❧❛② ❛ r♦❧❡✱
✐✳❡✳ ❝♦st ❛♥❞ s❛✈✐♥❣s ❛r❡ ✢❛t ❛❝r♦ss ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡✳ ◆♦t❡ ❛❧s♦ t❤❛t ❈❖✷ s❛✈✐♥❣s
❛r❡ ❧♦✇❡r t❤❛♥ t❤♦s❡ ✐♥ t❤❡ ❛❝t✉❛❧ ●❈❘✿ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❢✉❡❧ s✇✐t❝❤✐♥❣✱ t❤❡s❡ s❛✈✐♥❣s ❛r❡ ✶✾✸✳✽
t❤♦✉s❛♥❞ t♦♥❈❖✷✱ ✇❤❡r❡❛s ✺✵ ♣❡r❝❡♥t ♦❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡ ✐♥❞✉❝❡s s❛✈✐♥❣s ♦❢ ✶✾✷✳✶ t❤♦✉s❛♥❞ t♦♥❈❖✷✳
◆♦t ♠❛❦✐♥❣ ❋❋❱s ❡❧✐❣✐❜❧❡ ❢♦r t❤❡ r❡❜❛t❡ r❡s✉❧ts ✐♥ ❛ t♦t❛❧ ❝♦st ♦❢ ❥✉st ✷✹ ♣❡r❝❡♥t ♦❢ t❤❡ ❛❝t✉❛❧ ●❈❘✳

❉✉❡ t♦ t❤❡ str♦♥❣ ♣r❡s❡♥❝❡ ♦❢ ❋❋❱s✱ ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■■ r❡s✉❧ts ✐♥ s✉❜st❛♥t✐❛❧ ❈❖✷ ❡♠✐ss✐♦♥
s❛✈✐♥❣s ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r ❡①♣❡r✐♠❡♥ts✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢✉❡❧ ❛r❜✐tr❛❣❡ ❜❡❝♦♠❡s ❛
❦❡② ♠❛r❣✐♥ t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥✳ ■♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❢✉❡❧ s✇✐t❝❤✐♥❣✱ t❤❡ ❡♠✐ss✐♦♥ s❛✈✐♥❣s
❛♠♦✉♥t t♦ ✸✱✶✺✾✳✽ t❤♦✉s❛♥❞ t♦♥❈❖✷✱ ✇❤❡r❡❛s ❛ ✺✵ ♣❡r❝❡♥t ♦❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡ r❡s✉❧ts ✐♥ s❛✈✐♥❣s ♦❢ ❛
st✐❧❧ s✐③❛❜❧❡ ✶✱✹✼✹ t❤♦✉s❛♥❞ t♦♥❈❖✷✳ ❆❧t❤♦✉❣❤ ❛t ✹✼✵✳✾ ♣❡r❝❡♥t ♦❢ t❤❡ ❝♦st ♦❢ t❤❡ ❛❝t✉❛❧ ●❈❘ t❤❡
t♦t❛❧ ❝♦st ♦❢ t❤❡ ♣r♦❣r❛♠ ✐s s✉❜st❛♥t✐❛❧✱ ❛t ✺✺✽ ❙❊❑✴t♦♥❈❖✷ ✐ts ❝♦st r❡❧❛t✐✈❡ t♦ ❡♠✐ss✐♦♥ s❛✈✐♥❣s
✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ●❈❘ ✐♥ t❤❡ ❝❛s❡ ♦❢ ♥♦ ❢✉❡❧ s✇✐t❝❤✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡ s✉❜st❛♥t✐❛❧ ♣r❡s❡♥❝❡ ♦❢
❋❋❱s ✐♥ t❤❡ ♥❡✇ ❝❛r ✢❡❡t ✐♥❞✉❝❡s ❛ ♥♦♥✲tr✐✈✐❛❧ ❝♦st ✐♥❝r❡❛s❡ ♦♥❝❡ ❢✉❡❧ ❛r❜✐tr❛❣❡ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r✿
t❤✐s ❝♦st ✐♥❝r❡❛s❡s t♦ ✶✶✾✼ ❛♥❞ ✶✼✵✹ ❙❊❑ ✉♥❞❡r ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t ♦❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✹ s❤♦✇ t❤❛t✱ ✇✐t❤♦✉t ❛❝❝♦✉♥t✐♥❣ ❢♦r ❢✉❡❧ ❛r❜✐tr❛❣❡✱ ❛t ❛❜♦✉t ✩✶✵✾ t❤❡ ❝♦st
❡st✐♠❛t❡s ♦❢ t❤❡ ♣r♦❣r❛♠ ❛r❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❧♦✇❡r ❡♥❞ ♦❢ t❤❡ ❡st✐♠❛t❡s ♦❢ ▲✐✱ ▲✐♥♥ ❛♥❞ ❙♣✐❧❧❡r
✭✷✵✶✶✮ ❢♦r t❤❡ ❯❙✱ ✇❤✐❝❤ ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ✩✾✶✲✷✽✽✱ ❛♥❞ r♦✉❣❤❧② ✹✵ ♣❡r❝❡♥t ❧♦✇❡r t❤❛♥ t❤♦s❡ ♦❢
❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮ ❢♦r t❤❡ ❯❙ ❍❊❱ ♣r♦❣r❛♠✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❝♦sts ✐♥❝r❡❛s❡ t♦ ❛❜♦✉t ✩✶✷✻
✭✩✶✸✷✮ ✐❢ ✺✵ ✭✼✺✮ ♣❡r❝❡♥t ♦❢ ❋❋❱ ♦✇♥❡rs ❛r❜✐tr❛❣❡ ❛❝r♦ss ❢✉❡❧s✳ ❆ s②♠♠❡tr✐❝ ✈❡rs✐♦♥ ♦❢ t❤❡ ●❈❘
r❡s✉❧ts ✐♥ ❜♦t❤ ❧♦✇❡r ❈❖✷ s❛✈✐♥❣s ❛♥❞ ❧♦✇❡r ❝♦sts ♣❡r t♦♥❈❖✷ s❛✈❡❞✳ ❚❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ s✉❝❤ ❛
♣r♦❣r❛♠ ✇♦✉❧❞ ❜❡ ♣r❡❢❡rr❡❞ t♦ t❤❡ ❛❝t✉❛❧ ●❈❘ ❞❡♣❡♥❞s ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❡❣✉❧❛t♦r✳
❋✐♥❛❧❧②✱ ❢✉❧❧ ❛❞♦♣t✐♦♥ ♦❢ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❜② ❝❛r♠❛❦❡rs ✇♦✉❧❞ ✐♥❞✉❝❡ s✉❜st❛♥t✐❛❧ ❈❖✷ s❛✈✐♥❣s
❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ●❈❘ ❜❡♥❝❤♠❛r❦✱ ❜✉t ❛❧s♦ s✉❜st❛♥t✐❛❧ ❝♦st ✐♥❝r❡❛s❡s ♣❡r t♦♥❈❖✷ s❛✈❡❞ ♦♥❝❡
❢✉❡❧ ❛r❜✐tr❛❣❡ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r✳

✷✸❲❤✐❧❡ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✹ ❛r❡ ♦❜t❛✐♥❡❞ ✉♥❞❡r t❤❡ ♠❛✐♥t❛✐♥❡❞ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ✶✺✲②❡❛r ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡ t♦ ♠❛❦❡
❡❛s✐❡r t♦ ❝♦♠♣❛r❡ t♦ t❤❡ ❧✐t❡r❛t✉r❡✱ ❡✳❣✳ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮✱ t❤❡ r❡s✉❧ts ✐♥ ❆♣♣❡♥❞✐① ❇ s❤♦✇ t❤❛t t❤❡s❡ r❡s✉❧ts
❛r❡ q✉❛❧✐t❛t✐✈❡❧② ✉♥❝❤❛♥❣❡❞ ✉♥❞❡r ❛♥ ❛ss✉♠♣t✐♦♥ ♦❢ ✷✺✲②❡❛r ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡✳

✶✸



✺✳✸ ▼❛r❦❡t ❊✛❡❝ts

❋✉❡❧ ❙❡❣♠❡♥t ▼❛r❦❡t ❙❤❛r❡s ❋✐❣✉r❡ ✷❛ r❡♣♦rts ♠❛r❦❡t s❤❛r❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t ❢✉❡❧ s❡❣✲
♠❡♥ts ✉♥❞❡r t❤❡ ●❈❘ ✐✳❡✳ t❤❡ ❛❝t✉❛❧ ♣♦❧✐❝②✳ ❍✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s ❝♦♠♠❛♥❞ ✺✵✳✼ ♣❡r❝❡♥t
♦❢ t❤❡ ♠❛r❦❡t✱ ✇❡❧❧ ❛❤❡❛❞ ♦❢ ❤✐❣❤ ❡♠✐ss✐♦♥ ❞✐❡s❡❧ ♦♥❡s✱ ✇✐t❤ ✷✹✳✼ ♣❡r❝❡♥t✳✷✹ ❆♠♦♥❣ t❤❡ ❢✉❡❧ s❡❣♠❡♥ts
❜❡♥❡✜t✐♥❣ ❢r♦♠ t❤❡ ●❈❘✱ t❤❡ ❧❡❛❞✐♥❣ ♦♥❡ ✐s t❤❡ ❋❋❱✱ ✇❤✐❝❤ ❝♦♠♠❛♥❞s ✶✹✳✶ ♣❡r❝❡♥t✱ ❢♦❧❧♦✇❡❞ ❜②
❧♦✇ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ❛♥❞ ❞✐❡s❡❧✱ ✇✐t❤ ✻✳✻✽ ❛♥❞ ✸✳✻✶ ♣❡r❝❡♥t✱ r❡s♣❡❝t✐✈❡❧②✳ ●❛s♦❧✐♥❡✴❡❧❡❝tr✐❝ ❛♥❞
❣❛s♦❧✐♥❡✴❈◆● ✈❡❤✐❝❧❡s ❜♦t❤ ❝♦♠♠❛♥❞ ❧❡ss t❤❛♥ ✶ ♣❡r❝❡♥t ♦❢ t❤❡ ♠❛r❦❡t ❛♥❞ ❢❛❝❡ ♥❡❣❧✐❣✐❜❧❡ ❝❤❛♥❣❡s
❛❝r♦ss ❝♦✉♥t❡r❢❛❝t✉❛❧s✳

❋✐❣✉r❡ ✷❜ ❡①❛♠✐♥❡s t❤❡ ❡✛❡❝t ♦❢ ❛❜♦❧✐s❤✐♥❣ t❤❡ ●❈❘ ♦♥ t❤❡ ❞✐✛❡r❡♥t ❢✉❡❧ s❡❣♠❡♥ts✳ ❉♦✐♥❣ s♦
❜❡♥❡✜ts ♠♦st❧② ❤✐❣❤ ❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s✱ ✇✐t❤ t❤❡ ♠❛r❦❡t s❤❛r❡ ❝♦♠♠❛♥❞❡❞ ❜② ❣❛s♦❧✐♥❡ ❛♥❞ ❞✐❡s❡❧
♦♥❡s ✐♥❝r❡❛s✐♥❣ ❜② ✹✳✽✾ ❛♥❞ ✵✳✻✵✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✭♣♣ ❤❡r❡❛❢t❡r✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♠❛r❦❡❞ ❞✐❢✲
❢❡r❡♥❝❡ ✐♥ t❤❡ ❝❤❛♥❣❡ ✐♥ ♠❛r❦❡t s❤❛r❡s ❝♦♠❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ❋❋❱s ❛r❡ ❝❧♦s❡r ❝♦♠♣❡t✐t♦rs t♦
❤✐❣❤✲❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ t❤❛♥ ❤✐❣❤✲❡♠✐ss✐♦♥ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s✿ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❡ss❡♥t✐❛❧❧② ♣✐❣❣②✲
❜❛❝❦s ♦♥ t❤❡ ❖tt♦ ❝②❝❧❡ t❡❝❤♥♦❧♦❣② ✉s❡❞ ❜② ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❜♦❧✐s❤✐♥❣ t❤❡
●❈❘ ✇♦✉❧❞ ❛❞✈❡rs❡❧② ❛✛❡❝t t❤❡ ♠❛r❦❡t s❤❛r❡s ♦❢ ❋❋❱s ❛♥❞ ❧♦✇✲❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s ✭❜♦t❤ ❣❛s♦❧✐♥❡
❛♥❞ ❞✐❡s❡❧✮✱ ✇✐t❤ ❞❡❝r❡❛s❡s ♦❢ ✶✳✾✺✱ ✶✳✾✶ ❛♥❞ ✶✳✻✹♣♣✱ r❡s♣❡❝t✐✈❡❧②✳ ❊q✉✐✈❛❧❡♥t❧②✱ t❤❡ ●❈❘ s❤✐❢t❡❞
❞❡♠❛♥❞ ❢r♦♠ ❤✐❣❤ ❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s ✕ ❡s♣❡❝✐❛❧❧② ❣❛s♦❧✐♥❡ ♦♥❡s ✕ t♦ ❋❋❱s ❛♥❞ ❧♦✇ ❡♠✐ss✐♦♥ ♦♥❡s✱
♣r❡❝✐s❡❧② t❤❡ s❡❣♠❡♥ts ❢❛✈♦r❡❞ ❜② t❤❡ ●❈❘✳

❋■●❯❘❊ ✷ ❆❇❖❯❚ ❍❊❘❊

❋✐❣✉r❡ ✷❝ ❡①❛♠✐♥❡s ✇❤❛t ✇♦✉❧❞ ❤❛✈❡ ❤❛♣♣❡♥❡❞ ❤❛❞ t❤❡ ●❈❘ tr❡❛t❡❞ r❡❣✉❧❛r ❛♥❞ ❛❧t❡r♥❛t✐✈❡
❢✉❡❧s s②♠♠❡tr✐❝❛❧❧②✳ ▲♦✇ ❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s ❛r❡ t❤❡ ♠❛✐♥ ❣❛✐♥❡rs ✐♥ t❤❛t t❤❡② ❡①♣❡r✐❡♥❝❡❞ ❛♥ ✐♥❝r❡❛s❡
♦❢ ✶✳✺✼ ❛♥❞ ✵✳✺✽✾♣♣ ❢♦r ❣❛s♦❧✐♥❡ ❛♥❞ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♠❛✐♥ t❛❦❡✲❛✇❛② ❢r♦♠ ❋✐❣✉r❡
✷❝ ✐s ❤♦✇❡✈❡r t❤❡ ❧♦✇ ✐♠♣❛❝t ♦❢ ❛ s②♠♠❡tr✐❝ ✈❡rs✐♦♥ ♦❢ t❤❡ ●❈❘ ♦♥ t❤❡ s❤❛r❡ ♦❢ ❋❋❱s✳ ❚❤✐s
✜♥❞✐♥❣ s✉❣❣❡sts t❤❛t ❛ s✉❜st❛♥t✐❛❧ s❤❛r❡ ♦❢ ❝♦♥s✉♠❡rs ✇♦✉❧❞ ❤❛✈❡ ♣✉r❝❤❛s❡❞ ❋❋❱s r❡❣❛r❞❧❡ss ♦❢
t❤❡ ●❈❘✱ ❧✐❦❡❧② ❞✉❡ t♦ t❤❡ ♣♦t❡♥t✐❛❧❧② ❧♦✇❡r ♦♣❡r❛t✐♥❣ ❝♦sts ♣r♦✈✐❞❡❞ ❜② s✉❝❤ t❡❝❤♥♦❧♦❣② ✭s❡❡ ❍✉s❡
❛♥❞ ❑♦♣t②✉❣ ✷✵✶✷❜ ❢♦r s✉❝❤ ❛♥ ❛♥❛❧②s✐s ❛t t❤❡ ♠✐❝r♦ ❧❡✈❡❧✮✳ ❆s ❢♦r ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ❛♥❞
❞✐❡s❡❧✱ t❤❡✐r ♠❛r❦❡t s❤❛r❡s ❞❡❝r❡❛s❡❞ ❜② ✶✳✸ ❛♥❞ ✵✳✺✷✶♣♣✱ r❡s♣❡❝t✐✈❡❧②✳

❍❛❞ ❝❛r♠❛❦❡rs ❞❡❝✐❞❡❞ t♦ r❡♣❧❛❝❡ ❛❧❧ t❤❡✐r ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ♠♦❞❡❧s ✇✐t❤ ❋❋❱ ✈❡rs✐♦♥s✱ t❤❡
❞♦♠✐♥❛♥t ❢✉❡❧ s❡❣♠❡♥t ✇♦✉❧❞ ❜❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❋❋❱s✱ ✇❤✐❝❤ ✇♦✉❧❞ ❝♦♠♠❛♥❞ ❛ ✻✺✳✶ ♣❡r❝❡♥t ♠❛r❦❡t
s❤❛r❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷❞✳✷✺ ❍✐❣❤ ❡♠✐ss✐♦♥ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s ✇♦✉❧❞ ❧♦s❡ ✻♣♣ ❛♥❞ ❝♦♠♠❛♥❞ ❛ ✶✽✳✼
♣❡r❝❡♥t ♠❛r❦❡t s❤❛r❡✱ ❢♦❧❧♦✇❡❞ ❜② ❧♦✇ ❡♠✐ss✐♦♥ ❋❋❱s✱ ✇✐t❤ ✶✸✳✻ ♣❡r❝❡♥t✱ ❛♥❞ ❧♦✇ ❡♠✐ss✐♦♥ ❞✐❡s❡❧
✈❡❤✐❝❧❡s✱ ✇✐t❤ ✷✳✹ ♣❡r❝❡♥t✳ ❲❤✐❧❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❋❋❱s ✇♦✉❧❞ ❡ss❡♥t✐❛❧❧② ❛❜s♦r❜ t❤❡ ♠❛r❦❡t s❤❛r❡s
♦❢ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ❛♥❞ ❋❋❱ ✈❡❤✐❝❧❡s ✭❛❧❧ ♦❢ ✇❤✐❝❤ ❛r❡ ❤✐❣❤ ❡♠✐ss✐♦♥✮ ✉♥❞❡r t❤❡ ●❈❘✱ t❤❡
♠❛✐♥ ❣❛✐♥❡rs ❛❝❝♦r❞✐♥❣ t♦ t❤✐s ❡①♣❡r✐♠❡♥t ✇♦✉❧❞ ❜❡ ❧♦✇ ❡♠✐ss✐♦♥ ❋❋❱s✱ ✇❤✐❝❤ ✇♦✉❧❞ ❝♦♠♠❛♥❞
✼♣♣ ❛❜♦✈❡ t❤❡ ♠❛r❦❡t s❤❛r❡ ♦❢ ❧♦✇ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ✈❡❤✐❝❧❡s ✉♥❞❡r t❤❡ ●❈❘✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
❛♥❞ ❛s ❡①♣❡❝t❡❞✱ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s ✇♦✉❧❞ ❧♦s❡ s✉❜st❛♥t✐❛❧ ♠❛r❦❡t s❤❛r❡✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥
s❡❣♠❡♥t✳

❚❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✷ s✉❣❣❡st t❤❛t t❤❡ ❛❝t✉❛❧ ●❈❘ ❤❛s s❤✐❢t❡❞ ❞❡♠❛♥❞ ❢r♦♠ ❤✐❣❤ ❡♠✐ss✐♦♥
✈❡❤✐❝❧❡s t♦ ❜♦t❤ ❋❋❱s ❛♥❞ ❧♦✇ ❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s✳ ❆ s②♠♠❡tr✐❝ ✈❡rs✐♦♥ ♦❢ t❤❡ ●❈❘ ✇♦✉❧❞ ❤❛✈❡

✷✹■♥ ✇❤❛t ❢♦❧❧♦✇s✱ ✇❡ r❡♣♦rt ✏✐♥s✐❞❡ s❤❛r❡s✑✱ ✐✳❡✳ ♠❛r❦❡t s❤❛r❡s s✉♠ t♦ ♦♥❡✱ ✐❣♥♦r✐♥❣ t❤❡ r♦❧❡ ♦❢ t❤❡ ♦✉ts✐❞❡ ❣♦♦❞
❢♦r t❤❡ s❛❦❡ ♦❢ ❝♦♠♣❛r❛❜✐❧✐t② ❛❝r♦ss s❝❡♥❛r✐♦s✳ ❆♣♣❡♥❞✐① ❇ ♣r♦✈✐❞❡s s✉♣♣♦rt✐♥❣ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ s❤❛r❡ ♦❢ t❤❡
♦✉ts✐❞❡ ❣♦♦❞ ✇❛s ✉♥❛✛❡❝t❡❞ ❜② t❤❡ ●❈❘✳

✷✺◆♦t❡ t❤❛t ❋✐❣✉r❡ ✷❞ ❞✐s♣❧❛②s ♠❛r❦❡t s❤❛r❡s ✐♥st❡❛❞ ♦❢ ❝❤❛♥❣❡s t❤❡r❡♦❢✳ ❚❤❡ r❡❛s♦♥ ❢♦r r❡♣♦rt✐♥❣ t❤✐s r❡s✉❧t ✐♥
❛ ❞✐✛❡r❡♥t ✇❛② ✐s t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❤✐❣❤✲ ❛♥❞ ❧♦✇✲ ❡♠✐ss✐♦♥ ❋❋❱s ❢✉❡❧ s❡❣♠❡♥ts✳

✶✹



❢✉rt❤❡r ✐♥❝r❡❛s❡❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❧♦✇ ❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s ❛♥❞ ❤❛r❞❧② ❛✛❡❝t❡❞ t❤❡ ♦♥❡ ♦❢ ❋❋❱s✱ s✉❣✲
❣❡st✐♥❣ t❤❛t t❤❡ s❦❡✇ t♦✇❛r❞s r❡♥❡✇❛❜❧❡s ✕ ✇❤✐❝❤ ✇❛s ❛♥ ❡ss❡♥t✐❛❧ ♣❛rt ♦❢ t❤❡ ●❈❘ ✕ ✇♦✉❧❞ ♥♦t
❤❛✈❡ ❜❡❡♥ ♥❡❝❡ss❛r②✱ ✐✳❡✳ ❝♦♥s✉♠❡rs ✇♦✉❧❞ ❤❛✈❡ ♣✉r❝❤❛s❡❞ ❋❋❱s r❡❣❛r❞❧❡ss✳ ❍♦✇❡✈❡r✱ ❤❛❞ ❝❛r✲
♠❛❦❡rs ❛❞♦♣t❡❞ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❡♥ ♠❛ss❡ ✱ t❤❡ ♠❛✐♥ ❣❛✐♥❡rs ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❧♦✇ ❡♠✐ss✐♦♥
❋❋❱s✱ ✇❤✐❝❤ ✇♦✉❧❞ ♠❛❦❡ s✉❜st❛♥t✐❛❧ ❣r♦✉♥❞ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s✱ ❜♦t❤ ❧♦✇ ❛♥❞ ❤✐❣❤
❡♠✐ss✐♦♥✳

❇r❛♥❞ ▼❛r❦❡t ❙❤❛r❡s ❋✐❣✉r❡ ✸❛ r❡♣♦rts t❤❡ ❡✛❡❝t ♦❢ t❤❡ ●❈❘ ♦♥ ❜r❛♥❞✲❧❡✈❡❧ ♠❛r❦❡t s❤❛r❡s✳
❚❤❡ ♠❛✐♥ ♣❧❛②❡rs ♦♣❡r❛t✐♥❣ ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t ❛r❡ ❱♦❧✈♦ ✭✶✺✳✾ ♣❡r❝❡♥t ♠❛r❦❡t s❤❛r❡✮✱ ❚♦②♦t❛
✭✶✵✳✶ ♣❡r❝❡♥t✮✱ P❡✉❣❡♦t ✭✽✳✸✹ ♣❡r❝❡♥t✮ ❛♥❞ ❱♦❧❦s✇❛❣❡♥ ✭❱❲✱ ✻✳✺ ♣❡r❝❡♥t✮✱ ✇✐t❤ ❜r❛♥❞s ❋♦r❞✱
❍②✉♥❞❛✐✱ ❙❦♦❞❛✱ ❈✐tr♦❡♥ ❛♥❞ ❆✉❞✐ ❛❧s♦ ❝♦♠♠❛♥❞✐♥❣ ♠❛r❦❡t s❤❛r❡s ❛❜♦✈❡ ✸ ♣❡r❝❡♥t✳ ❉❡s♣✐t❡
❜❡✐♥❣ ♠♦r❡ ♦❢ ❛ ♥✐❝❤❡ ♣❧❛②❡r✱ ❢♦r ❤❛✈✐♥❣ ❛ ♥❛rr♦✇ r❛♥❣❡ ♦❢ ♠♦❞❡❧s✱ ❙✇❡❞✐s❤ ❜r❛♥❞ ❙❛❛❜ ❤❛s
❤✐st♦r✐❝❛❧❧② ❜❡❡♥ ♣❧❛❝❡❞ ❛♠♦♥❣ t❤❡ t♦♣ ✶✵ ❜r❛♥❞s ✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ ✭s❡❡ ❍✉s❡ ❛♥❞ ❑♦♣t②✉❣
✷✵✶✷ ❢♦r ❞❡t❛✐❧s✮✳

❋✐❣✉r❡ ✸❜✱ ✇❤✐❝❤ r❡♣♦rts t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦❢ ♥♦ ●❈❘✱ s❤♦✇s t❤❛t ❜♦t❤ ❙✇❡❞✐s❤
❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ❛r❡ ❛t t❤❡ ❧♦s✐♥❣ ❡♥❞ ♦❢ t❤❡ ♣♦❧✐❝②✳ ❚❤❡ ♠❛✐♥ ❣❛✐♥❡r ✉♥❞❡r s✉❝❤
❝♦✉♥t❡r❢❛❝t✉❛❧ ✇♦✉❧❞ ❜❡ ▼❡r❝❡❞❡s✱ ✇✐t❤ ❛ ✷✳✺♣♣ ✐♥❝r❡❛s❡ ✐♥ ♠❛r❦❡t s❤❛r❡s✱ ❢♦❧❧♦✇❡❞ ❜② ❱♦❧✈♦
✭✷✳✷✽♣♣✮✱ ❆✉❞✐ ✭✶✳✻✷♣♣✮✱ ❇▼❲ ✭✶✳✷✻♣♣✮ ❛♥❞ ❙❛❛❜ ✭✶✳✷✹♣♣✮✳ ❙✇❡❞✐s❤ ❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s
❛r❡ ❝❧♦s❡ ❝♦♠♣❡t✐t♦rs ✐♥ t❤❡ ❙✇❡❞✐s❤ ♠❛r❦❡t✱ ❤❛✈✐♥❣ ❛ ♠❛r❦❡❞ ♣r❡s❡♥❝❡ ✐♥ t❤❡ ❤✐❣❤✲❡♥❞ ❣❛s♦❧✐♥❡
s❡❣♠❡♥t✳ ■t t❤❡♥ ❝♦♠❡s ❛s ♥♦ s✉r♣r✐s❡ t❤❡ ❢❛❝t t❤❛t t❤❡② s❤❛r❡ t❤❡ ❜✉r❞❡♥ ♦❢ t❤❡ ●❈❘✳ ❖♥ t❤❡
♦t❤❡r ❤❛♥❞✱ ❧♦✇❡r✲❡♥❞ ✭♦r ✈❛❧✉❡✮ ❜r❛♥❞s P❡✉❣❡♦t✱ ❑✐❛ ❛♥❞ ❙❦♦❞❛ ❞❡❝r❡❛s❡ t❤❡✐r ♠❛r❦❡t s❤❛r❡s ❜②
❛♠♦✉♥ts ✐♥ t❤❡ r❛♥❣❡ ✶✳✵✲✷✳✶✾♣♣ ✉♥❞❡r t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦❢ ♥♦ ●❈❘✳ ❆s ✇❡ ❞❡t❛✐❧ ❜❡❧♦✇✱ t❤❡s❡
❛r❡ ❜r❛♥❞s t②♣✐❝❛❧❧② ♦✛❡r✐♥❣ t❤❡ ❧♦✇✲❡♥❞ ♠♦❞❡❧s ✇✐t❤✐♥ t❤❡ ❤✐❣❤✲❡♠✐ss✐♦♥ ✭❣❛s♦❧✐♥❡ ♦r ❞✐❡s❡❧✮ ❢✉❡❧
s❡❣♠❡♥ts✳

❋✐❣✉r❡ ✸❝ s❤♦✇s t❤❡ ❡✛❡❝t ♦❢ t❤❡ s②♠♠❡tr✐❝ ●❈❘ ♦♥ t❤❡ ♦✈❡r❛❧❧ ♠❛r❦❡t s❤❛r❡s ♦❢ ❝❛r ♠❛♥✉✲
❢❛❝t✉r❡rs✳ ❚❤❡ ♠❛✐♥ ❜r❛♥❞s ❜❡♥❡✜t✐♥❣ ❢r♦♠ s✉❝❤ ❛ ♣♦❧✐❝② ✇♦✉❧❞ ❜❡ ❚♦②♦t❛✱ ❈✐tr♦❡♥ ❛♥❞ P❡✉❣❡♦t✱
❛❧❧ ♦❢ ✇❤✐❝❤ ❤❛✈❡ ❛ ♠❛r❦❡❞ ♣r❡s❡♥❝❡ ✐♥ ❧♦✇ ❡♠✐ss✐♦♥ s❡❣♠❡♥ts✱ ✇❤❡r❡❛s t❤❡ ♠❛✐♥ ❧♦s❡r ✇♦✉❧❞ ❜❡
❱♦❧✈♦✱ ✇❤✐❝❤ ❤❛s ❛ s✉❜st❛♥t✐❛❧ ♣r❡s❡♥❝❡ ✐♥ t❤❡ ❋❋❱ ❛♥❞ ❤✐❣❤✲❡♠✐ss✐♦♥ s❡❣♠❡♥ts✱ ♣r❡❝✐s❡❧② t❤❡ ♦♥❡s
❧♦s✐♥❣ ♦✉t ❢r♦♠ ❛ s②♠♠❡tr✐❝ ♣♦❧✐❝②✳

❋■●❯❘❊ ✸ ❆❇❖❯❚ ❍❊❘❊

❋✐❣✉r❡ ✸❞ s❤♦✇s t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❢✉❧❧ ❝♦♥✈❡rs✐♦♥ t♦ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ❜② ❛❧❧ ❝❛r♠❛❦❡rs✳ ❚❤❡
♠❛✐♥ ❣❛✐♥❡r ✐s ❚♦②♦t❛ ✭✷✳✺✼♣♣✮✱ ✇❤✐❝❤ ✐s ❢♦❧❧♦✇❡❞ ❜② ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ▼❡r❝❡❞❡s✱ ❆✉❞✐
❛♥❞ ❇▼❲ ✭✶✳✾✷✱ ✵✳✾✺✼ ❛♥❞ ✵✳✽✷✶♣♣✱ r❡s♣❡❝t✐✈❡❧②✮✱ ❛♥❞ ❙✇❡❞✐s❤ ❜r❛♥❞ ❙❛❛❜ ✭✶✳✶✺♣♣✮✳ ❊①❝❡♣t
❢♦r ❚♦②♦t❛✱ t❤❡s❡ ❛r❡ ❛♠♦♥❣ t❤❡ ❜r❛♥❞s ♠♦st ❛✛❡❝t❡❞ ❜② t❤❡ ●❈❘✱ ✇❤♦s❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡
✈❡❤✐❝❧❡s ✇♦✉❧❞ ❜❡❝♦♠❡ ❋❋❱s ❛♥❞ r❡❝♦✈❡r ♠❛r❦❡t s❤❛r❡✳ ■♠♣♦rt❛♥t❧②✱ ❱♦❧✈♦ ✇♦✉❧❞ ❡①♣❡r✐❡♥❝❡
❛ ♠✐❧❞ ✐♥❝r❡❛s❡ ♦❢ ❧❡ss t❤❛♥ ✵✳✺♣♣ ✐♥ ♠❛r❦❡t s❤❛r❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♠❛✐♥ ❧♦s❡rs ❢r♦♠
❈♦✉♥t❡r❢❛❝t✉❛❧ ■■■ ❛r❡ ❜r❛♥❞s s✉❝❤ ❛s ❱❲✱ ❙❦♦❞❛✱ ❑✐❛ ❛♥❞ ❖♣❡❧✱ ✇✐t❤ ❞❡❝r❡❛s❡s ✐♥ t❤❡ r❛♥❣❡
✶✳✶✲✶✳✻♣♣✳ ❆❣❛✐♥✱ t❤❡s❡ ❛r❡ ♠♦st❧② ❜r❛♥❞s ✇❤✐❝❤ ❤❛✈❡ ❜❡♥❡✜t❡❞ ❢r♦♠ t❤❡ ●❈❘ ❛♥❞ ✇♦✉❧❞ ❧♦s❡ ♦✉t
♦♥❝❡ ❛❧❧ ❧❛r❣❡r ❝❛rs ❛r❡ t✉r♥❡❞ ✐♥t♦ ❋❋❱s✳

❚❤❡ ✜♥❞✐♥❣s ✐♥ ❋✐❣✉r❡ ✸ t❤✉s ❤✐❣❤❧✐❣❤t t❤r❡❡ ♠❛✐♥ ❢❡❛t✉r❡s✳ ❋✐rst✱ t❤❡ ♠❛✐♥ ❧♦s❡rs ❢♦❧❧♦✇✐♥❣
t❤❡ ●❈❘ ✇❡r❡ ❧♦❝❛❧ ❜r❛♥❞s ❙❛❛❜ ❛♥❞ ❱♦❧✈♦✱ t♦❣❡t❤❡r ✇✐t❤ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ❆✉❞✐✱ ❇▼❲
❛♥❞ ▼❡r❝❡❞❡s✳ ❙❡❝♦♥❞✱ ❢♦r ♠♦st ♦❢ t❤❡s❡ ❜r❛♥❞s✱ t❤❡ ❛❝t✉❛❧ ●❈❘ ✐s t❤❡ ✇♦rst s❝❡♥❛r✐♦ ❛♠♦♥❣ t❤❡
❝♦✉♥t❡r❢❛❝t✉❛❧s ❝♦♥s✐❞❡r❡❞ ✭t❤❡ ❡①❝❡♣t✐♦♥ ✐s ❱♦❧✈♦ ✉♥❞❡r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■✮✳ ❋✐♥❛❧❧②✱ ♦♥❡ ✇❛② ❤♦✇
t❤❡s❡ ❜r❛♥❞s ❝♦✉❧❞ ❤❛✈❡ r❡❝♦✈❡r❡❞ ♠❛r❦❡t s❤❛r❡ ✇♦✉❧❞ ❜❡ t♦ ❢✉❧❧② ❝♦♥✈❡rt t❤❡✐r ❣❛s♦❧✐♥❡ ♠♦❞❡❧s t♦
t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣②✳

✶✺



❈♦♥❝❧✉s✐♦♥

❚❤✐s ♣❛♣❡r ❡st✐♠❛t❡s ❛ str✉❝t✉r❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❙✇❡❞✐s❤ ❝❛r ♠❛r❦❡t t♦ ❡①❛♠✐♥❡ ❡♥✈✐r♦♥♠❡♥t❛❧
❛♥❞ ♠❛r❦❡t ❡✛❡❝ts ♦❢ t❤❡ ❙✇❡❞✐s❤ ❣r❡❡♥ ❝❛r r❡❜❛t❡ ✭●❈❘✮✳ ✐ts ✜♥❞✐♥❣s ❝❛♥ ❜❡ s✉♠♠❛r✐③❡❞ ❛s
❢♦❧❧♦✇s✳ ❋✐rst✱ t❤❡ ❝♦st ♦❢ t❤❡ ♣r♦❣r❛♠ ✇❛s ❝♦♠♣❛r❛❜❧❡ t♦ t❤♦s❡ ♦❢ r❡❝❡♥t ❯❙ ❝♦✉♥t❡r♣❛rts✱ ✇✐t❤
❛♥ ❡st✐♠❛t❡❞ ❝♦st ♦❢ ❈❖✷ ❡♠✐ss✐♦♥ s❛✈✐♥❣s t♦ ❜❡ ✐♥ t❤❡ r❛♥❣❡ ✩✶✵✾✲✶✸✷✴t♦♥ ❈❖✷✳ ❚❤✐s ❛♠♦✉♥t ✐s
♦✈❡r ✜✈❡ t✐♠❡s t❤❡ ♣r✐❝❡ ♦❢ ❛♥ ❊❯ ❡♠✐ss✐♦♥ ♣❡r♠✐t ❛♥❞ ❛t t❤❡ ❧♦✇❡r ❡♥❞ ♦❢ ❡st✐♠❛t❡s ❢♦r t❤❡ ❯❙✱
❡✈❡♥ ✐❢ t❤❡ ❙✇❡❞✐s❤ ♣r♦❣r❛♠ ❛✛❡❝t❡❞ t❤❡ ♠❛r❦❡t ♠♦r❡ ✇✐❞❡❧② t❤❛♥ ❡❧s❡✇❤❡r❡✳

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

❚❤✐r❞✱ t❤❡ ✜♥❞✐♥❣ t❤❛t ❛ s②♠♠❡tr✐❝ ✈❡rs✐♦♥ ♦❢ t❤❡ ●❈❘ ❤❛s ♠✐❧❞ ❡✛❡❝ts ♦♥ t❤❡ ♠❛r❦❡t s❤❛r❡
♦❢ ❋❋❱s s✉❣❣❡sts t❤❛t t❤❡ ♣♦t❡♥t✐❛❧❧② ❧♦✇❡r ♦♣❡r❛t✐♥❣ ❝♦sts ♣r♦✈✐❞❡❞ ❜② t❤✐s t❡❝❤♥♦❧♦❣② ✇♦✉❧❞
❤❛✈❡ ❜❡❡♥ ❡♥♦✉❣❤ t♦ ❛ttr❛❝t ❝♦♥s✉♠❡rs t♦ t❤✐s ❢✉❡❧ s❡❣♠❡♥t✱ r❡♥❞❡r✐♥❣ t❤❡ ●❈❘ ✉♥♥❡❝❡ss❛r② t♦
s❤✐❢t ❞❡♠❛♥❞ t♦✇❛r❞s ✈❡❤✐❝❧❡s ❛❜❧❡ t♦ ♦♣❡r❛t❡ ♦♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s✳ P✉t ✐♥ ❛♥♦t❤❡r ✇❛②✱ t❤❡ ❋❋❱
t❡❝❤♥♦❧♦❣② ✇♦✉❧❞ ♥♦t ♥❡❡❞ t♦ ❜❡ s✉❜s✐❞✐③❡❞ t♦ ❛ttr❛❝t ❝♦♥s✉♠❡rs✳

❲✐t❤✐♥ ❛ ❝♦♥t❡①t ♦❢ ♥❡✇✱ ❤②❜r✐❞✱ t❡❝❤♥♦❧♦❣✐❡s s✉❝❤ ❛s t❤❡ ❋❋❱✱ ♦✉r ❢♦✉rt❤ ❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t
❢✉❡❧ ❝❤♦✐❝❡ ✐s ❛ ❦❡② ♠❛r❣✐♥ ♣♦❧✐❝②♠❛❦❡rs s❤♦✉❧❞ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ♣♦❧✐❝②✳ ❲❤✐❧❡
♦♥❡ ✉♣s✐❞❡ ♦❢ ✢❡①✐❜❧❡✲❢✉❡❧ ✭♦r ❤②❜r✐❞✮ t❡❝❤♥♦❧♦❣✐❡s ✐s t❤❡ ❛✈♦✐❞❛♥❝❡ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ❧♦❝❦✲✐♥✱ ❛♥
✐♠♠❡❞✐❛t❡ ❞♦✇♥s✐❞❡ ✐s t❤❛t ❛❞❞✐t✐♦♥❛❧ ❝♦sts ❛r❡ ✐♥❝✉rr❡❞ ✇❤❡♥ ❝♦♥s✉♠❡rs ❛r❜✐tr❛❣❡ ❛❝r♦ss ❢✉❡❧s✳

❋✐♥❛❧❧②✱ ❢✉❧❧ ❝♦♥✈❡rs✐♦♥ t♦ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣② ✇♦✉❧❞ ❤❛✈❡ r❡s✉❧t❡❞ ✐♥ ❡①tr❡♠❡❧② ❤✐❣❤ ❝♦sts ❢♦r
t❤❡ ♣r♦❣r❛♠ ❛♥❞ ❛♠♣❧✐❢② t❤❡ ♣❡r✈❡rs❡ ❡✛❡❝ts ♦❢ ❢✉❡❧ ❛r❜✐tr❛❣❡✱ ②❡t ❛❧❧♦✇✐♥❣ ❝❛r♠❛❦❡rs ♠♦st s❡✈❡r❡❧②
❛✛❡❝t❡❞ ❜② t❤❡ ❛❝t✉❛❧ ♣♦❧✐❝② t♦ r❡❝♦✈❡r ♠❛r❦❡t s❤❛r❡ ✈✐❛ t❤❡ ❛❞♦♣t✐♦♥ ♦❢ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣②✳ ❍❛❞
❝❛r♠❛❦❡rs ❞❡❝✐❞❡❞ t♦ s✇✐t❝❤ t❤❡✐r ❝❛♣t✐✈❡ ❣❛s♦❧✐♥❡ ❝❛rs t♦ t❤❡ ❋❋❱ t❡❝❤♥♦❧♦❣②✱ t❤❡ ❝♦st ♦❢ t❤❡ ●❈❘
✇♦✉❧❞ ❤❛✈❡ ✐♥❝r❡❛s❡❞ ❜② ❛ ✜✈❡❢♦❧❞✱ ❜✉t ✇✐t❤♦✉t ♦❜✈✐♦✉s ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❡r♠s ♦❢ ❈❖✷ s❛✈✐♥❣s ♦r
❝♦sts t❤❡r❡♦❢✳

■♥ ❛ss❡ss✐♥❣ ❛ ✉♥✐q✉❡ ♣♦❧✐❝② s❦❡✇❡❞ t♦✇❛r❞ r❡♥❡✇❛❜❧❡s ❛♥❞ ✇❤✐❝❤ ❛✛❡❝t❡❞ ❛ s✉❜st❛♥t✐❛❧ s❤❛r❡
♦❢ t❤❡ ♥❡✇ ❝❛r ♠❛r❦❡t✱ ♦✉r ✜♥❞✐♥❣s ❤✐❣❤❧✐❣❤t t❤❛t ♣♦❧✐❝②♠❛❦❡rs ♦✉❣❤t t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
t❡❝❤♥♦❧♦❣✐❡s ✐♥ ✉s❡ ✐♥ t❤❡ ♠❛r❦❡ts t❤❡② ❛r❡ r❡❣✉❧❛t✐♥❣✳ ❚❤✐s ✐ss✉❡ ✐s t♦ ❜❡❝♦♠❡ ❡✈❡r ♠♦r❡ ✐♠♣♦rt❛♥t
❛s ♠♦r❡ ❛❧t❡r♥❛t✐✈❡ t❡❝❤♥♦❧♦❣✐❡s✱ ❡✳❣✳ ❤②❜r✐❞✱ ♠✉❧t✐❢✉❡❧✱ ❛r❡ ❜r♦✉❣❤t t♦ ♠❛r❦❡t ✐♥ t❤❡ ❝♦♠✐♥❣ ②❡❛rs✳

✶✻



❘❡❢❡r❡♥❝❡s

❬✶❪ ❆❈❊❆ ✭✷✵✵✽✮✳ ❚❤❡ ❛✉t♦♠♦❜✐❧❡ ✐♥❞✉str② ♣♦❝❦❡t ❣✉✐❞❡✱ ❘❡tr✐❡✈❡❞ ❢r♦♠ ❤tt♣✿✴✴✇✇✇✳❛❝❡❛✳❜❡✳

❬✷❪ ❊♥✈✐r♦♥♠❡♥t❛❧ ❛♥❞ ❊❝♦♥♦♠✐❝ ❊✛❡❝ts ♦❢ ❈❖✷✲❜❛s❡❞ ❆✉t♦♠♦❜✐❧❡ ❚❛①❡s ✐♥ ●❡r♠❛♥②✳ ❲♦r❦✐♥❣
♣❛♣❡r✳

❬✸❪ ❆❧❞②✱ ❏✳✱ ❆✳ ❏✳ ❑r✉♣♥✐❝❦✱ ❘✳ ◆❡✇❡❧❧✱ ❲✳ ❍✳ P❛rr② ❛♥❞ ❲✳ ❆✳ P✐③❡r ✭✷✵✶✵✮✳ ✏❉❡s✐❣♥✐♥❣ ❈❧✐♠❛t❡
▼✐t✐❣❛t✐♦♥ P♦❧✐❝②✑✱ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐t❡r❛t✉r❡ ✹✽ ✭✹✮✱ ✾✵✸✲✾✸✹✳

❬✹❪ ❆♥❞❡rs♦♥✱ ❙✳ ❚✳ ✭✷✵✶✷✮✳ ✏❚❤❡ ❉❡♠❛♥❞ ❢♦r ❊t❤❛♥♦❧ ❛s ❛ ●❛s♦❧✐♥❡ ❙✉❜st✐t✉t❡✑✱ ❏♦✉r♥❛❧ ♦❢
❊♥✈✐r♦♥♠❡♥t❛❧ ❊❝♦♥♦♠✐❝s ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✻✸ ✭✷✮✱ ✶✺✶✲✶✻✽✳

❬✺❪ ❆♥❞❡rs♦♥✱ ❙✳✱ ■✳ P❛rr②✱ ❏✳ ▼✳ ❙❛❧❧❡❡✱ ❛♥❞ ❈✳ ❋✐s❝❤❡r ✭✷✵✶✶✮✳ ✏❆✉t♦♠♦❜✐❧❡ ❋✉❡❧ ❊❝♦♥♦♠② ❙t❛♥✲
❞❛r❞s✿ ■♠♣❛❝ts✱ ❊✣❝✐❡♥❝②✱ ❛♥❞ ❆❧t❡r♥❛t✐✈❡s✑✱ ❢♦rt❤❝♦♠✐♥❣ ❘❡✈✐❡✇ ♦❢ ❊♥✈✐r♦♥♠❡♥t❛❧ ❊❝♦✲
♥♦♠✐❝s ✳

❬✻❪ ❆♥❞❡rs♦♥✱ ❙✳✱ ❛♥❞ ❏✳ ❙❛❧❧❡❡ ✭✷✵✶✶✮✳ ❯s✐♥❣ ▲♦♦♣❤♦❧❡s t♦ ❘❡✈❡❛❧ t❤❡ ▼❛r❣✐♥❛❧ ❈♦st ♦❢ ❘❡❣✉❧❛t✐♦♥✿
❚❤❡ ❈❛s❡ ♦❢ ❋✉❡❧✲❊❝♦♥♦♠② ❙t❛♥❞❛r❞s✱ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✶✵✶✱ ✶✸✼✺✲✶✹✵✾✳
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❢r♦♠✿ ❤tt♣✿✴✴✇✇✇✳s♣✐✳s❡✴❢s❣✳❛s♣❄❝❜♦❋r♦♠❨r❂✷✵✵✾✫❝❜♦❚♦❨r❂✷✵✵✾✫❝❜♦❈♦♠♣❛♥②❂✫❧t❀❆❧❧❛✫❣t❀✫❝❜♦❈❛t❡❣♦r②❂✫❧t❀❆❧❧❛✫❣t❀

❬✺✻❪ ❚❤❡ ❙✇❡❞✐s❤ P❡tr♦❧❡✉♠ ■♥st✐t✉t❡ ✭✷✵✵✾❜✮✳ ▲❡✈❡r❛♥s❡r ❜rä♥s❧❡♥ ♣❡r ♠å♥❛❞✱ ❘❡tr✐❡✈❡❞ ♦♥ ▼❛②
✶✽✱ ✷✵✵✾ ❢r♦♠✿ ❤tt♣✿✴✴✇✇✇✳s♣✐✳s❡✴st❛t✐st✐❦✳❛s♣❄❛rt❂✾✾

❬✺✼❪ ❚❤❡ ❙✇❡❞✐s❤ ❚❛① ❆❣❡♥❝② ✭✷✵✵✾✮✳ ❋❆◗ ♦♥ ✈❡❤✐❝❧❡ t❛①✱ ❘❡tr✐❡✈❡❞ ❢r♦♠✿
❤tt♣✿✴✴✇✇✇✳s❦❛tt❡✈❡r❦❡t✳s❡✴❢✉♥❦t✐♦♥❡r✴s✈❛r♣❛✈❛♥❧✐❣❛❢r❛❣♦r✴♣r✐✈❛t✴❢♦r❞♦♥ss❦❛tt✴❛❧❧❛❢r❛❣♦r♦❝❤s✈❛r✳✹✳✺❝❜❞❜❜❛✽✶✶❝✾❛✼✻✽❢✵❝✽✵✵✵✺✻✷✻✳❤t♠❧
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❬✺✽❪ ❚r❛✜❦✈❡r❦❡t ✭✷✵✶✶✮✳ ❯♣♣❞❛t❡r❛❞❡ r❡❞✉❦t✐♦♥s✈är❞❡♥ ❢ör ❡t❛♥♦❧✲ ♦❝❤ ❣❛s❢♦r❞♦♥ t✐❧❧
❜✐❧✐♥❞❡①✳ ❘❡tr✐❡✈❡❞ ❢r♦♠ ❤tt♣✿✴✴✇✇✇✳tr❛✜❦✈❡r❦❡t✳s❡✴P❛❣❡❋✐❧❡s✴✷✺✹✸✺✴♥♦✈✶✵✴✵✹✲
✷✵✶✶❴P▼✪✷✵✉♣♣❞❛t❡r❛❞❡✪✷✵r❡❞✉❦t✐♦♥s✈✪❈✸✪❆✹r❞❡♥✶✶✵✸✵✽✳♣❞❢

❬✺✾❪ ❚r❛✐♥✱ ❑✳ ❛♥❞ ❲✐♥st♦♥✱ ❙✳ ✭✷✵✵✼✮✳ ✏❱❡❤✐❝❧❡ ❈❤♦✐❝❡ ❇❡❤❛✈✐♦r ❆♥❞ ❚❤❡ ❉❡❝❧✐♥✐♥❣ ▼❛r❦❡t ❙❤❛r❡
❖❢ ❯✳❙✳ ❆✉t♦♠❛❦❡rs✑✱ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✹✽✭✹✮✱ ✶✹✻✾✲✶✹✾✻✳

❚❊❈❍◆■❈❆▲ ❆PP❊◆❉■❳ ❚❖

❚❍❊ ▼❆❘❑❊❚ ■▼P❆❈❚ ❆◆❉ ❚❍❊ ❈❖❙❚ ❖❋ ❊◆❱■❘❖◆▼❊◆❚❆▲ P❖▲■❈❨✿

❊❱■❉❊◆❈❊ ❋❘❖▼ ❚❍❊ ❙❲❊❉■❙❍ ●❘❊❊◆ ❈❆❘ ❘❊❇❆❚❊

❈r✐st✐❛♥ ❍✉s❡ ❛♥❞ ❈❧❛✉❞✐♦ ▲✉❝✐♥❞❛

❆ ❉❛t❛

❙❛❧❡s ❞❛t❛ ❱r♦♦♠ ❤❛s ❛❞❥✉st❡❞ ♥❡✇ ❝❛r r❡❣✐str❛t✐♦♥ ❞❛t❛ t♦ ❜❡tt❡r r❡♣r❡s❡♥t t❤❡ ❝❛rs t❤❛t
❛r❡ ❛❝t✉❛❧❧② ✉s❡❞ ❜② ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❛♥❞ t❤❛t ❞♦ ♥♦t s❡r✈❡ ❛s ❞❡♠♦♥str❛t✐♦♥ ✉♥✐ts ♦r ❛❧✐❦❡✳ ❋♦r ❛
r❡❣✐str❛t✐♦♥ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❞❛t❛ s❡t✱ t❤❡ ✈❡❤✐❝❧❡ ❤❛s t♦ ❜❡ ❛❝q✉✐r❡❞ ❜② ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✇✐t❤✐♥
✸✵ ❞❛②s ♦❢ t❤❡ r❡❣✐str❛t✐♦♥✳ ❚❤❡ s❛❧❡s ❞❛t❛ ✐s ❛❣❣r❡❣❛t❡❞ ❛t t❤❡ ❜❛s❡ ♠♦❞❡❧ ❧❡✈❡❧ ❢♦r ❡❛❝❤ ❢✉❡❧ t②♣❡✱
✐✳❡✳ t❤❡ ✐t❡♠ ❆✉❞✐ ❆✸ ❣❛s♦❧✐♥❡ ❝♦♥t❛✐♥s ❛❧❧ ✈❡rs✐♦♥s ♦❢ t❤❡ ❆✸ t❤❛t ❛r❡ ♣r✐♠❛r✐❧② ❞r✐✈❡♥ ♦♥ ❣❛s♦❧✐♥❡✳
❲❡ ❝♦♥s✐❞❡r s❡✈❡♥ ❞✐✛❡r❡♥t ❢✉❡❧ s❡❣♠❡♥ts✿ ❤✐❣❤✲ ❛♥❞ ❧♦✇✲❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡❀ ❤✐❣❤✲ ❛♥❞ ❧♦✇✲❡♠✐ss✐♦♥
❞✐❡s❡❧❀ ❣❛s♦❧✐♥❡✴❡t❤❛♥♦❧ ✭❋❋❱s✮❀ ❣❛s♦❧✐♥❡✴❣❛s ✭❈◆●✮❀ ❛♥❞ ❡❧❡❝tr✐❝ ❤②❜r✐❞s✳

❱❡❤✐❝❧❡ ❝❤❛r❛❝t❡r✐st✐❝s ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ❞❛t❛ ✐s ♦♥ ❛ ♠♦r❡ ❞✐s❛❣❣r❡❣❛t❡❞ ❧❡✈❡❧ t❤❛♥ t❤❡ s❛❧❡s
❞❛t❛✱ ❡✳❣✳ t❤❡r❡ ❛r❡ ✶✽ ❞✐✛❡r❡♥t ❆✉❞✐ ❆✸ ❣❛s♦❧✐♥❡ ✈❡rs✐♦♥s✳ ❚♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠❜✐♥❡ ❝❤❛r❛❝t❡r✐st✐❝s
❛♥❞ s❛❧❡s ❞❛t❛✱ ✇❡ ❤❛✈❡ ❛❣❣r❡❣❛t❡❞ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦✈❡r s✉❜✲♠♦❞❡❧s ❜❛s❡❞ ♦♥ t❤❡ ❜❛s❡❧✐♥❡
♠♦❞❡❧✱ t❤✉s ❢♦❧❧♦✇✐♥❣ t❤❡ ❧✐t❡r❛t✉r❡✱ ❡✳❣✳ ❇▲P ✭✶✾✾✺✮✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❙✇❡❞✐s❤ ❈♦♥s✉♠❡r ❆❣❡♥❝②
❞❡✜♥✐t✐♦♥✱ ✇❡ ❞❡✜♥❡ ♠❛r❦❡t s❡❣♠❡♥ts ❛❝❝♦r❞✐♥❣ t♦ ✈❡❤✐❝❧❡ ✇❡✐❣❤t✱ ✇✐t❤ t❤❡ ✜✈❡ s❡❣♠❡♥ts ❞❡✜♥❡❞
❜② t❤❡ t❤r❡s❤♦❧❞s ✶✶✵✵✱ ✶✷✺✵✱ ✶✹✵✵ ❛♥❞ ✶✻✵✵ ❦❣✳

❈♦♠❜✐♥✐♥❣ s❛❧❡s ❞❛t❛ ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ❲❤❡♥ ❝♦♠❜✐♥✐♥❣ t❤❡ s❛❧❡s ❞❛t❛ ❛♥❞ t❤❡ ❝❤❛r❛❝✲
t❡r✐st✐❝s ❞❛t❛✱ ❛ s♠❛❧❧ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♦❜s❡r✈❛t✐♦♥s ❞✐❞ ♥♦t ❤❛✈❡ ❛ ♠❛t❝❤✳ ❲❡ t❤✉s ❡①♣❛♥❞❡❞ ♦✉r
s❡❛r❝❤ ❛s ❢♦❧❧♦✇s✱ ❝❤❡❝❦✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛♥✉❛❧❧②✳ ❋✐rst✱ ✇❡ ❝❤❡❝❦❡❞ ❢♦r t❤❡ s❛♠❡ ❜r❛♥❞✱ ♠♦❞❡❧
❛♥❞ ❢✉❡❧ t②♣❡ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛r✱ s✐♥❝❡ ♠♦❞❡❧s ❢♦r ❛ ❣✐✈❡♥ ②❡❛r ❛r❡ r❡❧❡❛s❡❞ ❧❛t❡ ✐♥ t❤❡ ♣r✐♦r ❢❛❧❧✳
❙❡❝♦♥❞✱ ✇❡ ❝❤❡❝❦❡❞ ❢♦r t❤❡ s❛♠❡ ❜r❛♥❞ ❛♥❞ ❢✉❡❧ t②♣❡ ❢♦r t❤❡ s❛♠❡ ②❡❛r✳ ❚❤✐r❞✱ ❢♦r t❤❡ s❛♠❡ ❜r❛♥❞
❛♥❞ ❢✉❡❧ t②♣❡ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛r✳ ❋✐♥❛❧❧②✱ ❢♦r t❤❡ s❛♠❡ ❢✉❡❧ t②♣❡ ❛♥❞ s❛♠❡ ②❡❛r ✭t❤❡ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ✐s ❧♦✇❡r ✇✐t❤✐♥ ❛ ♣♦♣✉❧❛t✐♦♥ ❝♦♥s✐st✐♥❣ ♦❢ ❝❛rs ♦❢ t❤❡ s❛♠❡ ❢✉❡❧ t②♣❡ ❜✉t ❞✐✛❡r❡♥t ❜r❛♥❞s
t❤❛♥ ✇✐t❤✐♥ ❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❛ ❝❡rt❛✐♥ ❜r❛♥❞ ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ❢✉❡❧ t②♣❡s✮✳
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❋✉❡❧ ❡❝♦♥♦♠② ❛♥❞ ❈❖✷ ❡♠✐ss✐♦♥s ■♥ t❤❡ ❝♦♥s✉♠❡r ❣✉✐❞❡s✱ t❤❡ ❡♠✐ss✐♦♥ ❞❛t❛ ❢♦r ❋❋❱s ✐s
s♦❧❡❧② ❜❛s❡❞ ♦♥ ❣❛s♦❧✐♥❡ ❞r✐✈✐♥❣✳ ❆❝❝♦r❞✐♥❣ t♦ ❚❤❡ ❙✇❡❞✐s❤ ❈♦♥s✉♠❡r ❆❣❡♥❝② ✭✷✵✵✽✮✱ t❤❡r❡ ❛r❡ ♥♦
♦✣❝✐❛❧ ❡♠✐ss✐♦♥ ✈❛❧✉❡s ❢♦r ❡t❤❛♥♦❧ ❞r✐✈✐♥❣✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡✐r r❡♣♦rt ♦♥ t❤❡ ❝❧✐♠❛t❡ ❡✛❡❝ts ♦❢ ♥❡✇
❝❛rs✱ t❤❡ ❙✇❡❞✐s❤ ❊♥✈✐r♦♥♠❡♥t❛❧ Pr♦t❡❝t✐♦♥ ❆❣❡♥❝② ✭✷✵✵✽❛✮ ❞❡✈❡❧♦♣s ❛ ✇❛② t♦ ❝❛❧❝✉❧❛t❡ ❡♠✐ss✐♦♥
r❡❞✉❝t✐♦♥s✳ ❋✐rst✱ ❞✉❡ t♦ ✐ts ❧♦✇❡r ❡♥❡r❣② ❝♦♥t❡♥t✱ ❊✽✺ ❝♦♥s✉♠♣t✐♦♥ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✸✺ ♣❡r❝❡♥t
❤✐❣❤❡r t❤❛♥ ❣❛s♦❧✐♥❡ ❝♦♥s✉♠♣t✐♦♥✳ ❙❡❝♦♥❞✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❡♠✐ss✐♦♥s ❢♦r ❊✽✺ ❛r❡ ✻✽✽✳✸ ❣✴❧✱ r❡❣❛r❞✲
❧❡ss ♦❢ ✇❤❡t❤❡r ✐t ♠❛❞❡ ♦❢ s✉❣❛r ❝❛♥❡ ❡t❤❛♥♦❧ ♦r s✉❧♣❤✐t❡ ♣✉❧♣ ❡t❤❛♥♦❧✳ ❯s✐♥❣ t❤✐s ❛♥❞ t❤❡ ❞❛t❛ ♦♥
❣❛s♦❧✐♥❡ ❝♦♥s✉♠♣t✐♦♥ ❢r♦♠ t❤❡ ❣✉✐❞❡s✱ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ ❡t❤❛♥♦❧ ❝♦♥s✉♠♣t✐♦♥ ✐♥ ❧✴✶✵✵❦♠ ✭❣❛s♦❧✐♥❡
❝♦♥s✉♠♣t✐♦♥✯✶✳✸✺✮ ❛♥❞ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❡♠✐ss✐♦♥s ✐♥ ❣✴❦♠ ✭❡t❤❛♥♦❧ ❝♦♥s✉♠♣t✐♦♥✯✻✽✽✳✸✴✶✵✵✮✳ ❚❤✉s✱
❝❛r❜♦♥ ❞✐♦①✐❞❡ ❡♠✐ss✐♦♥s ❢♦r ❊✽✺ ❝♦✉❧❞ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜② ♠✉❧t✐♣❧②✐♥❣ t❤❡ ❣❛s♦❧✐♥❡ ❝♦♥s✉♠♣t✐♦♥ ✐♥
❧✴✶✵✵❦♠ ❜② ✾✳✷✾✷✵✺ ✭ 1.35×688.3

100
✮✳ ❋♦r ✇✐♥t❡r ♠♦♥t❤s✱ t❤❡ ❡t❤❛♥♦❧ ❜❧❡♥❞ ✉s❡❞ ✐s ❊✼✺✱ ✇❤✐❝❤ ❤❛s ❛

❤✐❣❤❡r ❝♦♥s✉♠♣t✐♦♥ ✭❛♣♣r♦①✐♠❛t❡❧② ✹✷✪ ❤✐❣❤❡r✮✳ ❋♦r t❤❡s❡ ♠♦♥t❤s✱ t❤❡ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❡♠✐ss✐♦♥s

❛r❡ ♠✉❧t✐♣❧✐❡❞ ❜②
(
1.42×688.3

100

)
✳

❚♦ ❡st✐♠❛t❡ ❈❖✷ ❡♠✐ss✐♦♥s✱ ✇❡ ❡st✐♠❛t❡ ②❡❛r❧② ♠✐❧❡❛❣❡ ❞r✐✈❡♥ ✭✐♥ ❦♠✮✱ t♦❣❡t❤❡r ✇✐t❤ ❛ ♠❡❛s✉r❡
♦❢ ❈❖✷ ❡♠✐ss✐♦♥s ✭✐♥ ❣✴❦♠✮✳ ❋♦r ❝❛♣t✐✈❡ ❝❛rs✱ ♠✐❧❡❛❣❡ ❡st✐♠❛t❡s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ r❡s✉❧ts r❡♣♦rt❡❞
✐♥ ❆♣♣❡♥❞✐① ❈ ✇❤❡r❡❛s ❢♦r ❋❋❱s t❤❡② ❛❧s♦ ❞❡♣❡♥❞ ♦♥ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✈❡❤✐❝❧❡ ♦✇♥❡rs ✉s✐♥❣ ❡❛❝❤ ❢✉❡❧✳
❲❡ ❝♦♥s✐❞❡r ❢♦✉r ❝❛s❡s✱ ♥❛♠❡❧② ✵✱ ✷✺✱ ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t ❣❛s♦❧✐♥❡ ✉s❛❣❡✳ ❆❧t❤♦✉❣❤ ✇❡ ❞♦ ♥♦t t❛❦❡
❛ st❛♥❞ ♦♥ ✇❤✐❝❤ ❧❡✈❡❧ ❧♦♦❦s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡✱ ❍✉s❡ ✭✷✵✶✷✮ ❞♦❝✉♠❡♥ts ❛ ✼✸ ♣❡r❝❡♥t r❡❞✉❝t✐♦♥ ✐♥
♠♦♥t❤❧② ❡t❤❛♥♦❧ s❛❧❡s ❢♦❧❧♦✇✐♥❣ t❤❡ ✷✵✵✽ ♦✐❧ ♣r✐❝❡ ❞r♦♣✱ ✇❤✐❝❤ s✉❣❣❡st t❤❛t ❢✉❡❧ s✇✐t❝❤❡rs ❝♦rr❡s♣♦♥❞
t♦ ❛ ♥♦♥✲♥❡❣❧✐❣✐❜❧❡ s❤❛r❡ ♦❢ ❋❋❱ ♦✇♥❡rs✳

❚❤❡ ❡♠✐ss✐♦♥ ❞❛t❛ ❢♦r ❣❛s ✭❈◆●✮ ✐s ❜❛s❡❞ ♦♥ ✇❤❛t ✐s ❝❛❧❧❡❞ ❝❡rt✐✜❝❛t✐♦♥ ❣❛s✱ ✇❤✐❝❤ ✐s t❤❡
s❛♠❡ ❛s ❢♦ss✐❧ ❣❛s ✭❉✐♥ ❇✐❧ ❙t♦❝❦❤♦❧♠✴❍❛♠♠❛r❜②✱ ✷✵✵✽✮✳ ❈❛r❜♦♥ ❞✐♦①✐❞❡ ❡♠✐ss✐♦♥s ❢r♦♠ ❢♦ss✐❧ ❣❛s
❛r❡ ❡✈❛❧✉❛t❡❞ t♦ ❜❡ ✷✶✷✵ ❣✴♠✸ ✇❤❡r❡❛s ❢♦r ❜✐♦❣❛s t❤❡s❡ ❛r❡ ❡✈❛❧✉❛t❡❞ t♦ ✸✾✵ ❣✴♠✸✳ ❚❤❡ s✉♣♣❧②
♦❢ ✈❡❤✐❝❧❡ ❣❛s ✐♥ ❙✇❡❞❡♥ ❝♦♥s✐sts ♦❢ ❜♦t❤ ❢♦ss✐❧ ❣❛s ❛♥❞ ❜✐♦❣❛s✱ ❛s ✇❡❧❧ ❛s ❛ ♠✐①t✉r❡ ♦❢ t❤❡ t✇♦✳
❆❝❝♦r❞✐♥❣ t♦ ❉✐♥ ❇✐❧✱ t❤❡ s✉♣♣❧② ✐s ❡✈❡♥❧② s♣❧✐t✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ r❡♣♦rt ❜② t❤❡ ❙✇❡❞✐s❤
❊♥✈✐r♦♥♠❡♥t❛❧ Pr♦t❡❝t✐♦♥ ❆❣❡♥❝② ✭✷✵✵✽❛✮ ✇❤✐❝❤ st❛t❡s t❤❛t✱ ✐♥ ✷✵✵✼✱ ✺✸ ♣❡r❝❡♥t ♦❢ t❤❡ ✈❡❤✐❝❧❡ ❣❛s
s♦❧❞ ✇❛s ❜✐♦❣❛s ❛♥❞ ✹✼ ♣❡r❝❡♥t ✇❛s ❢♦ss✐❧ ❣❛s✳ ❚❤❡ ❡♠✐ss✐♦♥ ❞❛t❛ ❢♦r ❣❛s ❝❛rs ✐s ❤❡♥❝❡ ♥♦t ❝♦rr❡❝t
s✐♥❝❡ ✐t ❛ss✉♠❡s ❛❧❧ ❝❛rs ❛r❡ ❞r✐✈❡♥ ♦♥ ❢♦ss✐❧ ❣❛s✱ t❤✉s t❤❡ ❣❡♥❡r❛❧ ❡♠✐ss✐♦♥ ❧❡✈❡❧s ❢♦r ❣❛s ❝❛rs ❛r❡
❡①❛❣❣❡r❛t❡❞✳ ❲❡ t❤❡r❡❢♦r❡ r❡✲❡st✐♠❛t❡ t❤❡s❡ t♦ ❜❡ ❡q✉❛❧ t♦ ❣❛s ❝♦♥s✉♠♣t✐♦♥ ♣❡r ❦♠✯✭✷✶✷✵✯✵✳✹✼ ✰
✸✾✵✯✵✳✺✸✮✱ ❜❛s❡❞ ♦♥ t❤❡ ♥✉♠❜❡rs ❛❜♦✈❡✳

P♦t❡♥t✐❛❧ ♠❛r❦❡t ❚♦ ❣♦ ❢r♦♠ ♦❜s❡r✈❡❞ q✉❛♥t✐t✐❡s t♦ ♦❜s❡r✈❡❞ ♠❛r❦❡t s❤❛r❡s ✇❡ ♥❡❡❞ t♦ ❞❡✜♥❡
t❤❡ s✐③❡ ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ♠❛r❦❡t ❢♦r ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✳ ❖♥❡ ✇❛② t♦ ♦❜t❛✐♥ t❤❡ ♣♦t❡♥t✐❛❧ ♠❛r❦❡t
✈❛r✐❛❜❧❡s ✇♦✉❧❞ ❜❡ ❜② ❡st✐♠❛t✐♥❣ t❤❡♠✱ ❛s s✉❣❣❡st❡❞ ✐♥ ❘❡✐ss ❛♥❞ ❲♦❧❛❦ ✭✷✵✵✼✮✳ ❆❧t❡r♥❛t✐✈❡❧②✱ ♦♥❡
❝♦✉❧❞ ❢♦❧❧♦✇ t❤❡ ❝r✐t❡r✐♦♥ ✉s❡❞ ✐♥ ❇▲P ✭✶✾✾✺✮✱ ✇❤❡r❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❤♦✉s❡❤♦❧❞s ❝♦♥st✐t✉t❡s
t❤❡ ♣♦t❡♥t✐❛❧ ♠❛r❦❡t✳ ❆❝❝♦r❞✐♥❣ t♦ ❘❡✐ss ❛♥❞ ❲♦❧❛❦ ✭✷✵✵✼✮✱ t❤✐s ❞❡✜♥✐t✐♦♥ ❤❛s s♦♠❡ s❤♦rt❝♦♠✐♥❣s✳
❋✐rst✱ ♥♦t ❛❧❧ ❤♦✉s❡❤♦❧❞s ❝❛♥ ❛✛♦r❞ ❛ ♥❡✇ ❝❛r ❛♥❞ ♦t❤❡r ❡♥t✐t✐❡s t❤❛♥ ❤♦✉s❡❤♦❧❞s ❝❛♥ ♣✉r❝❤❛s❡ ❝❛rs✳
❙✐♥❝❡ ✇❡ ♦♥❧② ❡①❛♠✐♥❡ ❝❛r s❛❧❡s t♦ ✐♥❞✐✈✐❞✉❛❧s✱ ♦♥❧② t❤❡ ❢♦r♠❡r ♣♦s❡s ❛ ♣♦ss✐❜❧❡ ♣r♦❜❧❡♠✳ ■t ✐s ♥♦t
r❡❛❧✐st✐❝ t❤❛t ❛❧❧ ❤♦✉s❡❤♦❧❞s ❝❛♥ ❛✛♦r❞ t♦ ♣✉r❝❤❛s❡ ❛ ♥❡✇ ❝❛r✱ t❤❡r❡❢♦r❡ t❤✐s ✇♦✉❧❞ ♦✈❡r❡st✐♠❛t❡
t❤❡ ♣♦t❡♥t✐❛❧ ♠❛r❦❡t✳ ❚❤❡r❡❢♦r❡ ✇❡ ❞❡✜♥❡ t❤❡ ♠❛r❦❡t ❛s t❤❡ ♥✉♠❜❡r ♦❢ ✐♥❞✐✈✐❞✉❛❧s ✭✐♥st❡❛❞ ♦❢
❤♦✉s❡❤♦❧❞s✱ ❛s ❙✇❡❞❡♥ ❤❛s ❛ ❤✐❣❤ ♥✉♠❜❡r ♦❢ s✐♥❣❧❡ ♣❡rs♦♥ ❤♦✉s❡❤♦❧❞s✮ ❛❜♦✈❡ t❤❡ ❛❣❡ ♦❢ ✷✵ ✇✐t❤
❛ ②❡❛r❧② ✐♥❝♦♠❡ ♦❢ ✷✵✵✱✵✵✵ ❙❊❑ ✭❛❜♦✉t ✩✷✼✱✺✵✵✮ ♦r ♠♦r❡✳ ❚❤❡s❡ ❛r❡ t❤❡ ♣♦t❡♥t✐❛❧ ♣✉r❝❤❛s❡rs ♦❢ ❛
♥❡✇ ❝❛r✳ ■t ✐s ❤♦✇❡✈❡r ✉♥❧✐❦❡❧② t❤❛t t❤❡② ❝❛♥ ❝♦♥s✐❞❡r ❜✉②✐♥❣ ❛ ♥❡✇ ❝❛r ❡❛❝❤ ♠♦♥t❤✳ ❲❡ t❤❡r❡❢♦r❡
❛ss✉♠❡ t❤❛t ❝♦♥s✉♠❡rs ❣❡♥❡r❛❧❧② ❝♦♥s✐❞❡r ❜✉②✐♥❣ ❛ ♥❡✇ ❝❛r ❡✈❡r② ✜❢t❤ ②❡❛r✱ t❤❡r❡❜② ❞✐✈✐❞✐♥❣ t❤❡
♥✉♠❜❡rs ❜② ✻✵✳

✷✸



❇ ▼✐❧❡❛❣❡ ❘❡❣r❡ss✐♦♥s

❲❡ ✉s❡ ❞❛t❛ ❢r♦♠ t❤❡ ❙✇❡❞✐s❤ ▼♦t♦r ❱❡❤✐❝❧❡ ■♥s♣❡❝t✐♦♥ ❈♦♠♣❛♥② t♦ ❡st✐♠❛t❡ t❤❡ ❛✈❡r❛❣❡
②❡❛r❧② ❦✐❧♦♠❡t❡r❛❣❡ ♦❢ ❛ ✈❡❤✐❝❧❡ ✭♠❡❛s✉r❡❞ ✐♥ ❦✐❧♦♠❡t❡rs✱ ❦♠✮✳ ❊❛❝❤ ♦❜s❡r✈❛t✐♦♥ ✭❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢
❜r❛♥❞✲♠♦❞❡❧✲s❡❣♠❡♥t✲❢✉❡❧✲✈✐♥t❛❣❡✮ ✐s ✇❡✐❣❤t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥✉♠❜❡r ♦❢ s✉❜❥❡❝ts ✐♥s♣❡❝t❡❞✳ ❖✉r
♣r❡❢❡rr❡❞ s♣❡❝✐✜❝❛t✐♦♥ ✐s r❡♣♦rt❡❞ ✉♥❞❡r ❈♦❧✉♠♥ ✺ ✐♥ t❛❜❧❡ ❇✶ ❛♥❞ ❤❛s ❝♦♥tr♦❧s ❢♦r ❛❣❡✱ ❢✉❡❧ ✜①❡❞✲
❡✛❡❝ts✱ ❛❣❡✲❢✉❡❧ ✐♥t❡r❛❝t✐♦♥s✱ ❢✉❡❧✲②❡❛r ✐♥t❡r❛❝t✐♦♥s ✭✇❤✐❝❤ ❝❛♣t✉r❡s ❢✉❡❧ ♣r✐❝❡ ❧❡✈❡❧s ❛t t❤❡ ②❡❛r❧②
❢r❡q✉❡♥❝②✮ ❛♥❞ ✜①❡❞✲❡✛❡❝ts ❢♦r ❜r❛♥❞✲♠♦❞❡❧✲s❡❣♠❡♥t✱ ❛♥❞ ②❡❛r✳ ❇❛s❡❞ ♦♥ t❤✐s s♣❡❝✐✜❝❛t✐♦♥✱ ✇❡
t❤❡♥ ❡st✐♠❛t❡ t❤❡ ❧✐❢❡t✐♠❡ ❦✐❧♦♠❡t❡r❛❣❡ ♦❢ ❝❛rs ❞✐s❛❣❣r❡❣❛t❡❞ ❜② ❢✉❡❧✳

❚❆❇▲❊ ❇✶ ❆❇❖❯❚ ❍❊❘❊

❆ss♦❝✐❛t❡❞ ❦✐❧♦♠❡t❡r❛❣❡ ❡st✐♠❛t❡s ❢♦r ❈♦❧✉♠♥ ✺ ❛ss✉♠✐♥❣ ❛ ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡ ♦❢ ✶✺ ②❡❛rs ❛r❡
r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❇✷ ❛♥❞ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ s♦♠❡ st②❧✐③❡❞ ❢❛❝ts✳✷✻ ❋✐rst✱ ②❡❛r❧② ❦✐❧♦♠❡t❡r❛❣❡
❞❡❝r❡❛s❡s ✇✐t❤ ❛❣❡✳ ❙❡❝♦♥❞✱ ❞✐❡s❡❧ ✈❡❤✐❝❧❡s ❛r❡ t❤❡ ♠♦st ❤❡❛✈✐❧② ✉s❡❞ ✈❡❤✐❝❧❡s ✇❤❡r❡❛s ❣❛s♦❧✐♥❡
♦♥❡s ❛r❡ t❤❡ ❧❡❛st ❤❡❛✈✐❧② ✉s❡❞✳ ●❛s♦❧✐♥❡✴❈◆● ✈❡❤✐❝❧❡s ❛r❡ s❧✐❣❤t❧② ❧❡ss ✉s❡❞ t❤❛♥ ❞✐❡s❡❧ ♦♥❡s✱ ❜✉t
♠♦r❡ t❤❛♥ ❋❋❱s ❛♥❞ ❣❛s♦❧✐♥❡✴❡❧❡❝tr✐❝ ✈❡❤✐❝❧❡s✳

❚❆❇▲❊ ❇✷ ❆❇❖❯❚ ❍❊❘❊

✷✻❲❤✐❧❡ ❚❛❜❧❡ ❇✷ r❡♣♦rts ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ ❛ ✶✺✲②❡❛r ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡✱ ❆♣♣❡♥❞✐① ❇ ❝❛rr✐❡s ♦✉t t❤❡ s❛♠❡ ❛♥❛❧②s✐s
❛s ✐♥ t❤❡ t❡①t ✇✐t❤ ❛ ✷✺✲②❡❛r ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡✳ ❚❤❡ ❧✐❢❡s♣❛♥ ♦❢ ❛ ❝❛r ❝❛♥ ❛r❣✉❛❜❧② ❜❡ s✉❜st❛♥t✐❛❧❧② ❧♦♥❣❡r✱ ❜✉t
❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ ❢♦r ❙✇❡❞❡♥ s✉❣❣❡sts t❤❛t ♦❧❞❡r ❝❛rs ❛r❡ ❦❡♣t ✐♥ t❤❡ ✭❛✛♦r❞❛❜❧❡ ❛♥❞ ✇✐❞❡s♣r❡❛❞✮ ❝♦✉♥tr② ❤♦✉s❡s
♦❢ t❤❡ ❛✈❡r❛❣❡ ❙✇❡❞✐s❤ ❤♦✉s❡❤♦❧❞✳ ❇❡✐♥❣ ❜❛s❡❞ ♦♥ t❤❡ ✏❙✉♠♠❡r ❤♦✉s❡✑ ❡ss❡♥t✐❛❧❧② ✐♠♣❧✐❡s t❤❛t t❤❡s❡ ❝❛rs ✇✐❧❧ r✉♥
❢♦r ❢❡✇ ✇❡❡❦s ❞✉r✐♥❣ s✉♠♠❡r ❡✈❡r② ②❡❛r✳

✷✹



❈ ❈♦✉♥t❡r❢❛❝t✉❛❧s

■♠♣❛❝t ♦❢ t❤❡ r❡❜❛t❡ ♦♥ ❛❣❣r❡❣❛t❡ s❛❧❡s ❲❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s✱ ✇❡ ♥❡❡❞
❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ s❤❛r❡ ♦❢ t❤❡ ♦✉ts✐❞❡ ❣♦♦❞✳ ■♥ ♦r❞❡r ❢♦r ✉s t♦ ❜❡ ❛❜❧❡ t♦ ✉s❡ t❤❡ ♠❛r❦❡t s❤❛r❡s
❢♦r t❤❡ ♦✉ts✐❞❡ ❣♦♦❞ ❢r♦♠ t❤❡ ❛❝t✉❛❧ s❝❡♥❛r✐♦✱ ✐✳❡✳ ✇✐t❤ t❤❡ r❡❜❛t❡✱ ✇❡ ♠✉st ❡♥s✉r❡ t❤❛t t❤❡r❡ ✐s
♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ r❡❜❛t❡ ❛♥❞ t♦t❛❧ s❛❧❡s✳ ❲❡ ❢♦❧❧♦✇ ❈❤❛♥❞r❛ ❡t ❛❧ ✭✷✵✶✵✮ ❛♥❞ ❡①❛♠✐♥❡
t❤❡ ❡✛❡❝t ♦❢ t❤❡ r❡❜❛t❡ ♦♥ ❛❣❣r❡❣❛t❡ s❛❧❡s ❜② ❡st✐♠❛t✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥

ln(total−salest) = α + φ.1{GCRt}+ z′tβ + v

✇❤❡r❡ 1{GCRt} r❡♣r❡s❡♥ts t❤❡ r❡❜❛t❡ ❞✉♠♠②✱ zt ❝♦♥t❛✐♥s ♣♦t❡♥t✐❛❧ ♠❛r❦❡t ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤
❛s t❤❡ ❈P■ ❛♥❞ t❤❡ ■♥❞✉str✐❛❧ ♣r♦❞✉❝t✐♦♥ ✐♥❞❡① ❜② ❙t❛t✐st✐❝s ❙✇❡❞❡♥✳ ❚❤❡ r❡s✉❧ts ❛r❡ r❡♣♦rt❡❞
✐♥ ❚❛❜❧❡ ❈✶✳ ❚❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ ❛♥ ❡✛❡❝t ♦❢ t❤❡ r❡❜❛t❡ ♦♥ ❛❣❣r❡❣❛t❡ s❛❧❡s✳ ❚❤✉s ✇❡ ✉s❡ t❤❡
❛❝t✉❛❧ ♠❛r❦❡t s❤❛r❡s ❢♦r t❤❡ ♦✉ts✐❞❡ ❣♦♦❞ ✇❤❡♥ ❝♦♠♣✉t✐♥❣ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s✳

❚❆❇▲❊ ❈✶ ❆❇❖❯❚ ❍❊❘❊

■♠♣❛❝t ♦❢ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡ ♦♥ ❝♦sts ❛♥❞ ❈❖✷ s❛✈✐♥❣s ❋♦❧❧♦✇✐♥❣ t❤❡
❧✐t❡r❛t✉r❡✱ s❡❡ ❡✳❣✳ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮✱ ✐♥ t❤❡ ♠❛✐♥ t❡①t ✇❡ ♣❡r❢♦r♠❡❞ ♦✉r ❝❛❧❝✉❧❛t✐♦♥s ✉♥❞❡r
t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡ ✐s ✶✺ ②❡❛rs✳ ❚♦ ❣❛✉❣❡ t❤❡ ❡✛❡❝t ♦❢ t❤✐s ❛ss✉♠♣t✐♦♥s✱ ✇❡ r❡✲❞✐❞
♦✉r ❝❛❧❝✉❧❛t✐♦♥s ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥s ♦❢ ❛ ✷✺✲②❡❛r ❧✐❢❡t✐♠❡ ✕ t❤❡ r❡s✉❧ts ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❈✷✳

❚❆❇▲❊ ❈✷ ❆❇❖❯❚ ❍❊❘❊

❆❧t❤♦✉❣❤ t❤❡ r❡s✉❧ts ❞♦ ❝❤❛♥❣❡ ✐♥ q✉❛♥t✐t❛t✐✈❡ t❡r♠s✱ t❤❡② ❛r❡ s✐♠✐❧❛r ✐♥ q✉❛❧✐t❛t✐✈❡ t❡r♠s✳
❚❤❡ ❛❧t❡r♥❛t✐✈❡ ❡st✐♠❛t❡s ❢♦r ❈♦✉♥t❡r❢❛❝t✉❛❧s ■ ❛♥❞ ■■ r❡♣♦rt❡❞ ✐♥ P❛♥❡❧ ❆ ❛r❡ ♥♦t s✉r♣r✐s✐♥❣ ✐♥
t❤❛t t❤❡② s❤♦✇ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❈❖✷ s❛✈✐♥❣s ❞✉❡ t♦ t❤❡ ✐♥❝r❡❛s❡❞ ❧✐❢❡t✐♠❡ ♦❢ t❤❡ ✢❡❡t✳ ❋♦r ✐♥st❛♥❝❡✱
✐♥❝r❡❛s✐♥❣ ❧✐❢❡t✐♠❡ ❜② ✻✼ ♣❡r❝❡♥t ✭✷✺✴✶✺ ②❡❛rs✮ r❡s✉❧ts ✐♥ ❛♥ ✶✽ ♣❡r❝❡♥t ✐♥❝r❡❛s❡ ✐♥ ❈❖✷ s❛✈✐♥❣s✳
❚❤❡ r❡❛s♦♥ ✇❤② t❤❡ ✐♥❝r❡❛s❡ ✐♥ s❛✈✐♥❣s ✐s ❧❡ss t❤❛♥ ♣r♦♣♦rt✐♦♥❛❧ t❤❛♥ t❤❡ ♦♥❡ ✐♥ ❧✐❢❡t✐♠❡ ✐s t❤❡
❞❡❝r❡❛s✐♥❣ ②❡❛r❧② ❦✐❧♦♠❡t❡r❛❣❡ ♦❢ ♦❧❞❡r ✈❡❤✐❝❧❡s ✭s❡❡ ❚❛❜❧❡ ❇✷ ❢♦r t❤❡ ❝❛s❡ ✉♣ t♦ ✶✺ ②❡❛rs✮✳ ❍♦✇❡✈❡r✱
✇❤❡♥ ✐t ❝♦♠❡s t♦ ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■■✱ ♥♦t✐❝❡ t❤❛t ❈❖✷ s❛✈✐♥❣s ✐♥❝r❡❛s❡ ♦♥❧② ✐❢ ❛❧❧ ❋❋❱ ♦✇♥❡rs ❛r❡
❛ss✉♠❡❞ t♦ ❞r✐✈❡ ♦♥ ❣❛s♦❧✐♥❡ ✭✵✪ ❣❛s♦❧✐♥❡ ✉s❛❣❡✮ ✕ ❢✉❡❧ ❛r❜✐tr❛❣❡ ✐s s✉❝❤ t❤❛t ❈❖✷ s❛✈✐♥❣s ♠❛②
✐♥❞❡❡❞ ❞❡❝r❡❛s❡ ✉♥❞❡r ❛♥ ❡①t❡♥❞❡❞ ✈❡❤✐❝❧❡ ❧✐❢❡t✐♠❡✳ ❖♥ t❤❡ ❝♦st s✐❞❡✱ t❤❡ r❡s✉❧ts ♠✐rr♦r t❤♦s❡
r❡♣♦rt❡❞ ✐♥ t❤❡ t❡①t ✐♥ t❤❛t t❤❡ ❝♦st ♦❢ ❈❖✷ s❛✈✐♥❣s ❞❡❝r❡❛s❡s ✉♥❞❡r ❈♦✉♥t❡r❢❛❝t✉❛❧s ■ ❛♥❞ ■■ ❛♥❞
t②♣✐❝❛❧❧② ✐♥❝r❡❛s❡s ❢♦r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■■✳

❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡st✐♠❛t❡s ❛❜♦✈❡ ✇✐t❤ t❤♦s❡ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ s❤♦✇s t❤❛t t❤❡ ✜♥❞✐♥❣s ✐♥ t❤❡
t❡①t ❛r❡ r♦❜✉st t♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ❧✐❢❡t✐♠❡ ❛ss✉♠♣t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♥♦t✐❝❡ t❤❛t ❛t ✻✹✷ ❙❊❑ ✭♦r
✩✾✶✳✼✮✱ t❤❡ ❝♦st ♦❢ t❤❡ ♣r♦❣r❛♠ ✐♥ t❤❡ ❜❡♥❝❤♠❛r❦ ❝❛s❡ ✭❈❋ ■ ✇✐t❤ ✵✪ ❣❛s♦❧✐♥❡ ✉s❛❣❡✮ ✐s ❛❧♠♦st
✐❞❡♥t✐❝❛❧ t♦ t❤♦s❡ ✐♥ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮✱ ✇✐t❤ ❢✉❡❧ ❛r❜✐tr❛❣❡ ✐♥❝r❡❛s✐♥❣ s✉❝❤ ❝♦st ❜② ✉♣ t♦
✷✵ ♣❡r❝❡♥t ✐❢ ❣❛s♦❧✐♥❡ ✉s❛❣❡ r❡❛❝❤❡s ✼✺✪✳

❋✐♥❛❧❧②✱ t❤❡ r❡❧❛t✐✈❡ ❝♦sts ♦❢ ❈♦✉♥t❡r❢❛❝t✉❛❧s ■■ ❛♥❞ ■■ ❛s ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ♦❢ ❈♦✉♥t❡r❢❛❝t✉❛❧
■ ❛r❡ ❛❧s♦ q✉✐t❡ s✐♠✐❧❛r✱ ❜❡✐♥❣ ❤❛r❞❧② ❛✛❡❝t❡❞ ❜② t❤❡ ❧✐❢❡t✐♠❡ ❛ss✉♠♣t✐♦♥✳

❈♦♠♣✉t✐♥❣ ❝♦✉♥t❡r❢❛❝t✉❛❧s ■♥ ✇❤❛t ❢♦❧❧♦✇s ✇❡ ✐❧❧✉str❛t❡ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ❝♦✉♥t❡r❢❛❝t✉❛❧s✱
❛❧✇❛②s ❞r♦♣♣✐♥❣ t❤❡ s✉❜s❝r✐♣t t t♦ s❛✈❡ ♦♥ ♥♦t❛t✐♦♥✳ ❋✐rst✱ ❧❡t ℜ ❜❡ t❤❡ s❡t ♦❢ ✈❡❤✐❝❧❡s ❝♦♥t❡♠✲
♣❧❛t❡❞ ❜② t❤❡ r❡❜❛t❡✳ ■♥ t❤❡ ❛❝t✉❛❧ ●❈❘✱ t❤✐s ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ ✭✶✮ ✈❡❤✐❝❧❡s ❛❜❧❡ t♦ ♦♣❡r❛t❡

✷✺



♦♥ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s❀ ❛♥❞ ✭✷✮ ✈❡❤✐❝❧❡s ♦♣❡r❛t✐♥❣ ♦♥ r❡❣✉❧❛r ❢✉❡❧s ❛♥❞ ❡♠✐tt✐♥❣ ♥♦ ♠♦r❡ t❤❛♥ ✶✷✵
❣❈❖✷✴❦♠❀ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s②♠♠❡tr✐❝ ●❈❘ t❤✐s ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ ✈❡❤✐❝❧❡s ❡♠✐tt✐♥❣ ♥♦ ♠♦r❡
t❤❛♥ ✶✷✵ ❣❈❖✷✴❦♠✱ r❡❣❛r❞❧❡ss ♦❢ ❢✉❡❧✳ ◆❡①t✱ ❧❡t r ❜❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ r❡❜❛t❡ ✐♥ r❡❛❧ t❡r♠s✳ ❋✐♥❛❧❧②✱
❞❡✜♥❡ p̃j = pj − r.1{j ∈ ℜ} ❛s t❤❡ ♣r✐❝❡ ❢❛❝❡❞ ❜② ❝♦♥s✉♠❡rs ✐❢ ❛ ♣♦❧✐❝② ✐s ✐♥ ♣❧❛❝❡✳

❲✐t❤ t❤❡ ❛❜♦✈❡✱ ♠❛r❦❡t s❤❛r❡s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s sj(p̃j, xj, ξj; θ) ❛♥❞ t❤❡ ♠❛r❦❡t ❞❡♠❛♥❞ ❢♦r
♣r♦❞✉❝t j ✐s ❣✐✈❡♥ ❜② Dj(p̃j, xj, ξj; θ) = M.sj(p̃j, xj, ξj; θ) ✇❤❡r❡ M ❞❡♥♦t❡s t❤❡ ♣♦t❡♥t✐❛❧ ♠❛r❦❡t
s✐③❡✳ Pr♦✜ts ❢♦r ✜r♠ f ❛r❡ ❣✐✈❡♥ ❜②

πf =
∑

j∈ℑf

(pj − cj)Dj(p̃j, xj, ξj; θ)

✇❤❡r❡ ℑf ❞❡♥♦t❡s t❤❡ s❡ts ♦❢ ♣r♦❞✉❝ts ♣r♦❞✉❝❡❞ ❜② ✜r♠ f ✳ ◆♦t❡ t❤❡ ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ♣r✐❝❡s p̃j
❢❛❝❡❞ ❜② ❝♦♥s✉♠❡rs ❛♥❞ ♣r✐❝❡s pj ❢❛❝❡❞ ❜② ✜r♠s✿ t❤❡ ❢♦r♠❡r ❛♣♣❡❛r ♦♥❧② ❛s ❛♥ ❛r❣✉♠❡♥t ♦❢ t❤❡
❞❡♠❛♥❞ ❢✉♥❝t✐♦♥ s✐♥❝❡ t❤❡ ✜r♠s r❡❝❡✐✈❡ t❤❡ ❧❛tt❡r✱ ✐✳❡✳✳t❤❡ r❡❜❛t❡ ✐s ❛ tr❛♥s❢❡r ❢r♦♠ t❤❡ ❣♦✈❡r♥♠❡♥t
t♦ ❝♦♥s✉♠❡rs✳

❊st✐♠❛t✐♥❣ ❞❡♠❛♥❞ ❛♠♦✉♥ts t♦ ♦❜t❛✐♥✐♥❣ ❛♥ ❡st✐♠❛t❡ θ̂ ❢♦r t❤❡ ♣❛r❛♠❡t❡r ✈❡❝t♦r θ ✭❢r♦♠ ❛
r❛♥❞♦♠✲❝♦❡✣❝✐❡♥ts ❧♦❣✐t ♠♦❞❡❧✱ s❡❡ ❙♣❡❝✐✜❝❛t✐♦♥ ✸ ✐♥ ❚❛❜❧❡ ✸✮ ✇❤✐❝❤ ✐s ❦❡♣t ✜①❡❞ ✇❤❡♥ ❝❛❧❝✉❧❛t✐♥❣
t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧s✳ ❋♦r ❡❛❝❤ ❝♦✉♥t❡r❢❛❝t✉❛❧✱ ✇❡ r❡✲s♦❧✈❡ t❤❡ ♣r♦❜❧❡♠ ♦❢ t❤❡ ✜r♠s ❢♦❧❧♦✇✐♥❣ ❛ ❣✐✈❡♥
♣♦❧✐❝② ❜② ❝❤♦♦s✐♥❣ ♣r✐❝❡s pj t♦ ♠❛①✐♠✐③❡ t❤❡✐r ♣r♦✜ts✳ ❚❤✐s ✐s ❞♦♥❡ ❜② s♦❧✈✐♥❣ t❤❡ ♥♦♥✲❧✐♥❡❛r
s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ✐♠♣❧✐❡❞ ❜② t❤❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s ❢r♦♠ t❤❡ ♠❛①✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❛❜♦✈❡✳
❚❤❡ r❡s✉❧t✐♥❣ ♣r✐❝❡s ❛r❡ ✉s❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ❝❤❛r❛❝t❡r✐st✐❝s t♦ ♦❜t❛✐♥ ❡st✐♠❛t❡❞
s❤❛r❡s✳ ❚❤✐s r❡s✉❧ts ✐♥ t❤❡ ♠❛r❦❡t s❤❛r❡s ♣❡r ♣r♦❞✉❝t✱ ❜r❛♥❞ ❛♥❞ ❢✉❡❧ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♣❛♣❡r✳

❋♦r ❡❛❝❤ ✈❡❤✐❝❧❡ s♦❧❞✱ ✇❡ ❝♦♠❜✐♥❡ t❤❡ ❡st✐♠❛t❡❞ ❧✐❢❡t✐♠❡ ❦✐❧♦♠❡t❡r❛❣❡ ✭s❡❡ ❚❛❜❧❡ ❇✷ ✐♥ ❆♣♣❡♥❞✐①
❇ ❢♦r ❞❡t❛✐❧s✮ ✇✐t❤ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❡♠✐ss✐♦♥s ❛t t❤❡ ♠♦❞❡❧ ❧❡✈❡❧ t♦ ❝❛❧❝✉❧❛t❡ ❧✐❢❡t✐♠❡ ❈❖✷ ❡♠✐ss✐♦♥s✳
❚♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❣❛s♦❧✐♥❡ ❛♥❞ ❡t❤❛♥♦❧ ✉s❡ ♦❢ ❋❋❱s✱ ✇❡ ♣r♦❝❡❡❞ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆
t♦ ❛❝♦✉♥t ❢♦r t❤❡ ❞✐✛❡r❡♥t ❈❖✷ ❡♠✐ss✐♦♥s ♦❢ t❤❡s❡ ❢✉❡❧s✳ ▼♦r❡♦✈❡r✱ ✇❡ r❡✲❝❛❧❝✉❧❛t❡❞ ❈❖✷ ❡♠✐ss♦♥s
❛ss✉♠✐♥❣ ✷✺✱ ✺✵ ❛♥❞ ✼✺ ♣❡r❝❡♥t ♦❢ ❋❋❱ ♦✇♥❡rs ❛r❜✐tr❛❣❡ ❛❝r♦ss ❢✉❡❧s✳ ❋✐♥❛❧❧②✱ ✇❡ ♦❜t❛✐♥ t❤❡ ❝♦st
♦❢ t❤❡ ♣♦❧✐❝② ♣❡r t♦♥❈❖✷ ❜② ❞✐✈✐❞✐♥❣ t❤❡ t♦t❛❧ ❈❖✷ ❡♠✐ss✐♦♥s ♦❢ ❛❧❧ ✈❡❤✐❝❧❡s s♦❧❞ ❜② t❤❡ t♦t❛❧ ❝♦st
♦❢ t❤❡ ♣♦❧✐❝②✳
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❉ ❆❧t❡r♥❛t✐✈❡ ❉❡♠❛♥❞ ❙♣❡❝✐✜❝❛t✐♦♥s

❲❡ ❤❛✈❡ ❝♦♥❞✉❝t❡❞ t✇♦ s❡ts ♦❢ r♦❜✉st♥❡ss ❝❤❡❝❦s✳ ❋✐rst✱ ✇❡ ❝♦♠♣❛r❡❞ ♦✉r ❡st✐♠❛t❡s ❜❛s❡❞
♦♥ t❤❡ ♥❡st❡❞ ✜①❡❞✲♣♦✐♥t ❛❧❣♦r✐t❤♠ ✭◆❋P✮ ✇✐t❤ ❛❧t❡r♥❛t✐✈❡ ♦♥❡s ❜❛s❡❞ ♦♥ t❤❡ ▼P❊❈ ❛❧❣♦r✐t❤♠
✭❉✉❜é✱ ❋♦① ❛♥❞ ❙✉ ✷✵✶✶✮✳✷✼ ❚❤❡ r❡s✉❧ts ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸✳

❙❡❝♦♥❞✱ ✇❡ ❝♦♥s✐❞❡r❡❞ ❛❧t❡r♥❛t✐✈❡ s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ✐♥❞✐r❡❝t ✉t✐❧✐t② ❢✉♥❝t✐♦♥ ✉s❡❞
t♦ ❡st✐♠❛t❡ ❞❡♠❛♥❞✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❧t❡r♥❛t✐✈❡s ❢♦r t❤❡ ♣r✐❝❡ ❛♥❞✴♦r
❡♥❣✐♥❡ s✐③❡ ❝♦❡✣❝✐❡♥ts✿

✶✳ β∗
Price = βPrice + σyyi + σAGEAGEi✳ ❇♦t❤ yi ❛♥❞ AGEi ✇❡r❡ ❞r❛✇s ❢r♦♠ t❤❡ ✐♥❝♦♠❡ ❛♥❞ ❛❣❡

❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❙✇❡❞✐s❤ ♣♦♣✉❧❛t✐♦♥

✷✳ β∗
Price = βPrice + σyyi ❛♥❞ β∗

CC = β̄CC + σAGEAGEi✳ ■♥ t❤✐s ❛❧t❡r♥❛t✐✈❡✱ ✇❡ ❡①♣❡r✐♠❡♥t❡❞
✇✐t❤ ❤❡t❡r♦❣❡♥❡✐t② ❜❛s❡❞ ✐♥ ✐♥❝♦♠❡ ❢♦r t❤❡ ♣r✐❝❡ ❝♦❡✣❝✐❡♥t ❛♥❞ ❤❡t❡r♦❣❡♥❡✐t② ❜❛s❡❞ ♦♥ ❛❣❡
❢♦r t❤❡ ❡♥❣✐♥❡ s✐③❡ ❝♦❡✣❝✐❡♥t✳

✸✳ β∗
Price =

βPrice

yi
❛♥❞ β∗

CC = βCC + σvi✳ ❍❡r❡✱ vi ❛r❡ ❞r❛✇s ❢r♦♠ t❤❡ ❙t❛♥❞❛r❞ ◆♦r♠❛❧ ❞✐str✐❜✉✲

t✐♦♥ ✇❤❡r❡❛s yi ❛r❡ ❞r❛✇s ❢r♦♠ t❤❡ ✐♥❝♦♠❡ ❞✐str✐❜✉t✐♦♥ ✭t❤✐s ✐s ✐♥s♣✐r❡❞ ✐♥ ❇❡rr②✱ ▲❡✈✐♥s♦❤♥
❛♥❞ P❛❦❡s ✶✾✾✾ ❛♥❞ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✷✵✶✶✮✳

✹✳ β∗
Price =

βPrice

yi
+ σvi✳ ❚❤✐s ✐s ❛♥♦t❤❡r ❛❧t❡r♥❛t✐✈❡ s♣❡❝✐✜❝❛t✐♦♥ ✐♥s♣✐r❡❞ ❜② ❇❡rr②✱ ▲❡✈✐♥s♦❤♥

❛♥❞ P❛❦❡s ✭✶✾✾✾✮ ❛♥❞ ❇❡r❡st❡❛♥✉ ❛♥❞ ▲✐ ✭✷✵✶✶✮✳

◆♦ s♣❡❝✐✜❝❛t✐♦♥ ✇❛s ❛❜❧❡ t♦ ❞❡❧✐✈❡r r❡s✉❧ts ❜❡tt❡r t❤❛♥ t❤♦s❡ ♦❢ t❤❡ ♦♥❡s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸✳ ▼♦r❡
s♣❡❝✐✜❝❛❧❧②✱ t❤❡② ✇❡r❡ ♥♦t ❛❜❧❡ t♦ ❝❛♣t✉r❡ ❡♥♦✉❣❤ ❤❡t❡r♦❣❡♥❡✐t② t♦ ❡♥s✉r❡ t❤❡ ♠❛r❦✉♣s t♦ ❜❡ ♥♦t
♠♦♥♦t♦♥✐❝❛❧❧② ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ♣r♦❞✉❝t ♣r✐❝❡s✳ ❙✐♥❝❡ ♦✉r ♠❛r❦❡t s❤❛r❡s ❛r❡ q✉✐t❡ s♠❛❧❧✱ ❣✐✈❡♥ t❤❡
❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠♦❞❡❧s ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✱ ❧♦✇ ❤❡t❡r♦❣❡♥❡✐t② ✐♠♣❧✐❡❞ ♥♦t ♦♥❧② ❧♦✇❡r ♣❡r❝❡♥t❛❣❡
♠❛r❦✉♣s ❢♦r ❤✐❣❤❡r ♣r✐❝❡❞ ❝❛rs✱ ❜✉t ❛❧s♦ ❧♦✇❡r ❛❜s♦❧✉t❡ ♠❛r❦✉♣s ❢♦r s✉❝❤ ❛✉t♦♠♦❜✐❧❡s✱ ❝❧❡❛r❧② ❛t
♦❞❞s ✇✐t❤ ✇❤❛t ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t ✐♥ t❤✐s ♠❛r❦❡t✳

✷✼◆❋P s❡tt✐♥❣s ✐♥❝❧✉❞❡❞ ❛ ❝♦♥✈❡r❣❡♥❝❡ t♦❧❡r❛♥❝❡ ♦❢ ✶❡✲✶✸ ❢♦r t❤❡ ❝♦♥tr❛❝t✐♦♥ ❛♥❞ ✶❡✲✻ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✉s✐♥❣
t❤❡ ❑◆■❚❘❖ ♦♣t✐♠✐③❡r✳
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❊ ❇r❛♥❞ ▼❛r❦❡t ❙❤❛r❡s ✇✐t❤✐♥ ❋✉❡❧ ❙❡❣♠❡♥ts

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

✭✐✮ ❍✐❣❤ ❊♠✐ss✐♦♥ ●❛s♦❧✐♥❡ ❙❡❣♠❡♥t ▲❡❛❞✐♥❣ ❜r❛♥❞s ✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ s❡❣♠❡♥t
✉♥❞❡r t❤❡ ●❈❘ ❛r❡ ❚♦②♦t❛✱ ❱♦❧✈♦✱ ❱❲✱ P❡✉❣❡♦t ❛♥❞ ❙❦♦❞❛✱ ❡❛❝❤ ❝♦♠♠❛♥❞✐♥❣ ♠❛r❦❡t s❤❛r❡s ♦❢
❛t ❧❡❛st ✸✳✺ ♣❡r❝❡♥t ♦❢ t❤❡ t♦t❛❧ ♠❛r❦❡t✱ s❡❡ ❋✐❣✉r❡ ❊✶❛✳

❆s ❛❧r❡❛❞② s✉❣❣❡st❡❞ ✐♥ ❋✐❣✉r❡ ✷❜✱ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ ❢✉❡❧ s❡❣♠❡♥t ✇❛s ❤✐t ❤❛r❞ ❜② t❤❡
●❈❘✳ ❚❤❡ ❝❤❛♥❣❡s ✐♥ ♠❛r❦❡t s❤❛r❡s ❢♦r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■✱ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ❊✶❜✱ s❤♦✇ t❤❛t t❤✐s
✐s t❤❡ ❢✉❡❧ s❡❣♠❡♥t ✇❤❡r❡ ❙✇❡❞✐s❤ ❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s s❛✇ t❤❡✐r ❜✐❣❣❡st ❧♦ss❡s ✇❤❡r❡❛s
✈❛❧✉❡ ❜r❛♥❞s s❛✇ s✉❜st❛♥t✐❛❧ ❣❛✐♥s✿ ❛❜♦❧✐s❤✐♥❣ t❤❡ ●❈❘ ✇♦✉❧❞ ❤❛✈❡ r❡s✉❧t❡❞ ✐♥ ✐♥❝r❡❛s❡s ♦❢ ♦✈❡r
✷♣♣ ✐♥ t❤❡ ♠❛r❦❡t s❤❛r❡s ♦❢ ❱♦❧✈♦ ❛♥❞ ▼❡r❝❡❞❡s✱ ♦✈❡r ✶♣♣ ❢♦r ❇▼❲ ❛♥❞ ❆✉❞✐ ❛♥❞ ♥❡❛r❧② ✶♣♣ ❢♦r
❙❛❛❜✱ ❛s ✇❡❧❧ ❛s ❞❡❝r❡❛s❡s ♦❢ ❛t ❧❡❛st ✶♣♣ ❢♦r ❜r❛♥❞s s✉❝❤ ❛s ❙❦♦❞❛✱ P❡✉❣❡♦t ❛♥❞ ❚♦②♦t❛✳

❋■●❯❘❊ ❊✶ ❆❇❖❯❚ ❍❊❘❊

❋✐❣✉r❡ ❊✶❝ s❤♦✇s ❤♦✇ t❤❡ ❧♦ss❡s ✇✐t❤✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ s❡❣♠❡♥t✱ ✜rst ❞❡t❡❝t❡❞ ✐♥
❋✐❣✉r❡ ✷❝✱ ✇❡r❡ s❤❛r❡❞ ❛❝r♦ss ❜r❛♥❞s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ s②♠♠❡tr✐❝ ●❈❘✳ ❖✈❡r❛❧❧✱ s✉❝❤ ❧♦ss❡s ✇❡r❡
s♠❛❧❧ ❛♥❞ ❡✈❡♥❧② s♣r❡❛❞✱ ✇✐t❤ ♦♥❧② ❱♦❧✈♦ ❛♥❞ ❚♦②♦t❛ ❢❛❝✐♥❣ ❞❡❝r❡❛s❡s ♦❢ ♦✈❡r ✵✳✶♣♣✳

❆❧❧ ✐♥ ❛❧❧✱ ❝♦♠♣❛r✐♥❣ t❤❡ ❡✛❡❝ts r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡s ✸❜ ❛♥❞ ❊✶❜ ❧❡♥❞s ❢✉rt❤❡r s✉♣♣♦rt t♦ t❤❡
✈✐❡✇ t❤❛t ❙✇❡❞✐s❤ ❛♥❞ ❤✐❣❤✲❡♥❞ ●❡r♠❛♥ ❜r❛♥❞s ✇❡r❡ ❛t t❤❡ ❧♦s✐♥❣ ❡♥❞ ♦❢ t❤❡ ●❈❘✿ t❤❡s❡ ❧♦ss❡s
❝♦♠❡ ♠♦st❧② ❢r♦♠ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ s❡❣♠❡♥t✱ ♦❢ ✇❤✐❝❤ ❋❋❱ ♠♦❞❡❧s ✭❛❧❧ ♦❢ ✇❤✐❝❤ ❛r❡ ❤✐❣❤
❡♠✐ss✐♦♥ ✈❡❤✐❝❧❡s ✐♥ ♦✉r ❞❛t❛✮ ❛r❡ ❝❧♦s❡ s✉❜st✐t✉t❡s✳

✭✐✐✮ ❍✐❣❤ ❊♠✐ss✐♦♥ ❉✐❡s❡❧ ❙❡❣♠❡♥t ❱♦❧✈♦ ✐s t❤❡ ❧❡❛❞✐♥❣ ❜r❛♥❞ ✇✐t❤✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❞✐❡s❡❧
s❡❣♠❡♥t✱ ❝♦♠♠❛♥❞✐♥❣ ❛ ✻✳✷✹ ♣❡r❝❡♥t ♠❛r❦❡t s❤❛r❡✱ ❛♥❞ ❢♦❧❧♦✇❡❞ ❜② P❡✉❣❡♦t ❛♥❞ ❱❲✱ ❜♦t❤ ♦❢
✇❤✐❝❤ ❝♦♠♠❛♥❞ ❥✉st ♦✈❡r ✷ ♣❡r❝❡♥t✱ ❛♥❞ ❢❛r ❛❤❡❛❞ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ❜r❛♥❞s✱ s❡❡ ❋✐❣✉r❡ ❊✷❛✳

❋✐❣✉r❡ ❊✷❜ s❤♦✇s t❤❛t ✉♥❞❡r ♥♦ ♣♦❧✐❝②✱ t❤❡ ♠❛✐♥ ❣❛✐♥❡r ✇♦✉❧❞ ❜❡ ❚♦②♦t❛ ✭✶✳✹✾♣♣✮✱ ✇❡❧❧ ❛❤❡❛❞
♦❢ ❜r❛♥❞s ❆✉❞✐ ❛♥❞ ❙❛❛❜✱ ❜♦t❤ ♦❢ ✇❤✐❝❤ ❝♦♠♠❛♥❞ ❛❜♦✉t ✵✳✹♣♣✳ ❚❤❡ ♠❛✐♥ ❧♦s❡rs ❛r❡ ✈❛❧✉❡ ❜r❛♥❞s
P❡✉❣❡♦t✱ ❋✐❛t✱ ❍②✉♥❞❛✐ ❛♥❞ ❑✐❛✱ ❛❧❧ ♦❢ ✇❤✐❝❤ ✇♦✉❧❞ ❤❛✈❡ ❧♦st ❛❜♦✉t ❤❛❧❢ ❛ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❢r♦♠
t❤❡ ❛❜♦❧✐t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠✳

❋■●❯❘❊ ❊✷ ❆❇❖❯❚ ❍❊❘❊

❋✐❣✉r❡ ❊✷❝ s❤♦✇s t❤❛t t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❞✐❡s❡❧ s❡❣♠❡♥t ✐s ❤❛r❞❧② ❛✛❡❝t❡❞ ❜② t❤❡ s②♠♠❡tr✐❝
●❈❘ ❝♦✉♥t❡r❢❛❝t✉❛❧✿ t❤❡ ♦♥❧② ❜r❛♥❞ ❧♦s✐♥❣ ♦✈❡r ✵✳✶♣♣ ✐s ❱♦❧✈♦✳ ❋✐♥❛❧❧②✱ ❋✐❣✉r❡ ❊✷❞ s❤♦✇s ❤♦✇
t❤❡ ❧♦ss❡s ✐♥ t❤❡ ❤✐❣❤ ❡♠✐ss✐♦♥ ❞✐❡s❡❧ s❡❣♠❡♥t ❢r♦♠ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦❢ ❢✉❧❧ ❝♦♥✈❡rs✐♦♥ t♦ t❤❡
❋❋❱ t❡❝❤♥♦❧♦❣② r❡✢❡❝t❡❞ ♦♥ t❤❡ ❞✐✛❡r❡♥t ❜r❛♥❞s✳ ❚❤❡ ♠❛✐♥ ❧♦s❡r ✐s ❱♦❧✈♦ ✇✐t❤ ❛ ❧♦ss ♦❢ ✶✳✽✽♣♣✱
❢♦❧❧♦✇❡❞ ❜② P❡✉❣❡♦t ✭✵✳✾✻✻♣♣✮❀ ❜r❛♥❞s ❑✐❛✱ ❍②✉♥❞❛✐✱ ❱❲ ❛♥❞ ❋✐❛t ❛❧s♦ ✇✐t♥❡ss ❛ ❧♦ss ♦❢ ❛t ❧❡❛st
✵✳✻♣♣ ✐♥ t❤✐s s❝❡♥❛r✐♦✳

✭✐✐✐✮ ▲♦✇ ❊♠✐ss✐♦♥ ●❛s♦❧✐♥❡ ❙❡❣♠❡♥t ❚❤❡ ♠❛✐♥ ♣❧❛②❡rs ✐♥ t❤✐s s❡❣♠❡♥t ❛r❡ ❚♦②♦t❛✱ P❡✉❣❡♦t✱
❍②✉♥❞❛✐ ❛♥❞ ❈✐tr♦❡♥✱ ✇✐t❤ ♠❛r❦❡t s❤❛r❡s ✐♥ t❤❡ r❛♥❣❡ ✵✳✾✲✷✳✽✷ ♣❡r❝❡♥t ♦❢ t❤❡ ♠❛r❦❡t✳ ❋✐❣✉r❡ ❊✸❜

✷✽



s❤♦✇s t❤❛t ✉♥❞❡r t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦❢ ♥♦ ♣♦❧✐❝②✱ ❆s✐❛♥ ♠❛♥✉❢❛❝t✉r❡rs ❚♦②♦t❛ ❛♥❞ ❍②✉♥❞❛✐ ❛r❡
t❤❡ ♠❛✐♥ ❧♦s❡rs ✐♥ t❤✐s s❡❣♠❡♥t✱ ✱ ✇✐t❤ ❛ ❞❡❝r❡❛s❡ ♦❢ r♦✉❣❤❧② ✵✳✽♣♣ ✐♥ ♠❛r❦❡t s❤❛r❡s✳

❋■●❯❘❊ ❊✸ ❆❇❖❯❚ ❍❊❘❊

❆s ❛❧r❡❛❞② r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✷❝✱ t❤❡ ❧♦✇ ❡♠✐ss✐♦♥ ❣❛s♦❧✐♥❡ s❡❣♠❡♥t ✇✐t♥❡ss❡❞ ❛♥ ✐♥❝r❡❛s❡
✐♥ ♠❛r❦❡t s❤❛r❡ ✉♥❞❡r ❈♦✉♥t❡r❢❛❝t✉❛❧ ■■✳ ❋✐❣✉r❡ ❊✸❝ s❤♦✇s t❤❛t t❤❡ ♠❛✐♥ ❣❛✐♥❡r ✇❛s ❚♦②♦t❛
✭✵✳✻✹✾♣♣✮✱ ❢♦❧❧♦✇❡❞ ❜② P❡✉❣❡♦t ✭✵✳✸✶✷♣♣✮ ❛♥❞ ❈✐tr♦❡♥ ✭✵✳✷✸✶♣♣✮✳

✭✐✈✮ ▲♦✇ ❊♠✐ss✐♦♥ ❉✐❡s❡❧ ❙❡❣♠❡♥t ❚❤❡ ♠❛✐♥ ♣❧❛②❡r ✐♥ t❤❡ ❧♦✇ ❡♠✐ss✐♦♥ ❞✐❡s❡❧ s❡❣♠❡♥t ✉♥❞❡r
t❤❡ ●❈❘ ✐s ❈✐tr♦❡♥✱ ✇❤✐❝❤ ❝♦♠♠❛♥❞s ❛ ♠❛r❦❡t s❤❛r❡ ♦❢ ✶✳✹✹✱ ✇❡❧❧ ❛❤❡❛❞ ♦❢ ❱❲ ❛♥❞ ❖♣❡❧✱ ❜♦t❤
♦❢ ✇❤✐❝❤ ❝♦♠♠❛♥❞ ❛❜♦✉t ✵✳✺ ♣❡r❝❡♥t✱ s❡❡ ❋✐❣✉r❡ ❊✹❛✳ ❋✐❣✉r❡ ❊✹❜ s❤♦✇s t❤❛t t❤❡ ❧❡❛❞❡rs❤✐♣ ♦❢
❈✐tr♦❡♥ r❡s✉❧ts ❡ss❡♥t✐❛❧❧② ❢r♦♠ t❤❡ ●❈❘ ✕ ❛❜♦❧✐s❤✐♥❣ ✐t r❡s✉❧ts ✐♥ ❛ ❞❡❝r❡❛s❡ ♦❢ r♦✉❣❤❧② ✶♣♣ ❢♦r
t❤❡ ❋r❡♥❝❤ ❜r❛♥❞✳

❋■●❯❘❊ ❊✹ ❆❇❖❯❚ ❍❊❘❊

❋✐❣✉r❡ ❊✹❝ s❤♦✇s t❤❛t t❤❡ s②♠♠❡tr✐❝ ●❈❘ ❤❛s ❛ ♠✐❧❞ ❡✛❡❝t ❛❝r♦ss ❜r❛♥❞s ✇❤❡r❡❛s ❋✐❣✉r❡ ❊✹❞
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Tables and Figures for  
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TABLE 1 – Descriptive Statistics of Selected European Passenger Car Markets 

  

  
Sweden 

 
France 

 
Germany 

       Passenger car fleet, millions (2008) 
 

4.3 
 

30.9 
 

41.3 

       Passenger cars per 100 inhabitants (2008) 46.3 
 

49.5 
 

50.4 

       % Households with a vehicle (2006)     84.5 
 

82 
 

NA 

       Average car age, years (2008) 
 

9.5 
 

8.3 
 

8.2 

       Average engine of new cars, in cc (2007) 
 

1,964 
 

1,680 
 

1,863 

       Average power of new cars, in kw (2007) 
 

105 
 

80 
 

96 

       % Passenger cars able to run on fuels  

      other than gasoline and diesel (2008) 
 

3.8 
 

0 
 

0.9 

       Share of cars ≤ 5 years (2008) 
 

29.0% 
 

33.4% 
 

34.3% 

       Share of cars 5-10 years (2008) 
 

31.9% 
 

33.0% 
 

33.0% 

       Share of cars > 10 years (2008) 
 

39.1% 
 

33.6% 
 

33.6% 

              

 
Note: This table is constructed using data from ANFAC (2010). Engine sizes are reported in cc (cubic 
centimeters).  

 



TABLE 2 – Descriptive Statistics of Models Available on the Swedish Market, by Fuel Segment 

 

 
CO2 Emissions (gCO2/km) 

Fuel    2004 2005 2006 2007 2008 2009 
Total  Mean 210.8 210.4 205.5 197.7 198.8 191.4 
                  se(mean) 1.2 1.2 1.2 1.4 1.3 1.2 
                  Median 205 205 197 185 188 181 
                  1Q-3Q 175-239 172-239 167-233 159-223 161-225 155-217 

 
#brands 37 40 40 45 44 40 

 
#models 1854 1920 2101 1624 1946 2026 

Total ≤ 120g Mean 107.1 106.8 113.6 114.4 113.6 114.1 

 
se(mean) 3.1 2.9 0.9 1.1 0.9 0.7 

 
median 114.5 113 116 118 116 118 

 
1Q-3Q 90-118 90-116 109-119 109-119 109-116 109-119 

 
#brands 8 8 10 13 17 22 

                  #models 20 21 40 46 69 89 
Gasoline mean 218.0 218.4 215.4 210.5 212.4 205.9 
                  se(mean) 1.3 1.4 1.4 1.8 1.7 1.7 
                  median 213 211 207 194 198 193 
                  1Q-3Q 184-246 182-249 180-244 169-238 173-238 167-232 

 
#brands 37 40 40 45 43 39 

 
#models 1398 1417 1473 1081 1225 1195 

Gasoline ≤ 120g mean 116.3 115.3 112.1 111.1 112.1 113.1 

 
se(mean) 0.8 0.8 0.9 1.0 0.9 1.0 

 
median 116 116 111 109 109 112 

 
1Q-3Q 113-119 113-116 109-116 109-113 109-116 109-119 

 
#brands 3 2 4 5 7 12 

                  #models 10 8 14 10 18 36 
Diesel  mean 188.8 188.1 183.0 172.3 174.8 168.4 
                  se(mean) 2.1 2.0 1.8 1.8 1.6 1.3 
                  median 185.5 187 174 162 169 160.5 
                  1Q-3Q 153-215 153-216 154-210 145-189 148-193 146-184 

 
#brands 28 28 31 32 34 35 

 
#models 442 491 596 513 667 748 

Diesel ≤ 120g mean 97.1 101.3 114.8 115.8 114.4 115.2 

 
se(mean) 1.0 1.2 1.4 1.4 4.5 5.2 

 
median 90 100 118 119 119 119 

 
1Q-3Q 90-116 90-116 115-119 116-119 114.5-119 112-119 

 
#brands 5 6 6 11 14 19 

                  #models 9 12 23 33 48 51 
FFV mean 165.0 198.0 185.4 184.4 194.2 195.1 
                  se(mean) 0.0 12.2 6.8 4.6 3.7 3.1 
                  median 165 215 172 175.5 184.5 191.5 
                  1Q-3Q 165-165 150-228 169-179 169-206 174-213 177-214 

 
#brands 1 3 3 3 10 12 

 
#models 2 11 17 18 44 66 

FFV ≤ 120g #models 0 0 0 0 0 0 
Gasoline/CNG mean 199.5 198.0 164.4 150.4 147.6 156.9 
                  se(mean) 12.4 12.2 7.9 6.3 9.7 4.5 
                  median 213 228 164 157 155 157 
                  1Q-3Q 150-231 150-215 148-183 136.5-164 138-160 144-167 

 
#brands 5 5 5 5 4 3 

                  #models 11 11 11 8 5 11 
Gasoline/Electric mean 104.0 104.0 147.8 147.8 161.8 171.3 
                  se(mean) . . 23.9 23.9 23.3 21.3 
                  median 104 104 147.5 147.5 185 188.5 
                  1Q-3Q 104-104 104-104 106.5-189 106.5-189 109-192 109-219 

 
#brands 1 1 3 3 3 3 

                  #models 1 1 4 4 5 6 

Note: This table reports sample statistics of the distribution of engine CO2 emissions (measured in 
gCO2/km, running on gasoline or diesel) disaggregated by fuel and the number of brands and car models 
present in each fuel segment. 



TABLE 3 – Demand Estimates 
              

                         (1) 
 

(2) 
 

(3) 
                          

 

OLS 
 

IV 
 

RC Logit   
 

-0.0026 *** -0.0114 *** -0.0218 *** 

                         (0.00)     (0.00)     (0.00) 
  

 

 

      

 
0.0072 *** 0.0204 *** 0.0243 *** 

                         (0.00)     (0.00)     (0.00) 
  

 
 

      
 

0.0001     0.0003 *** 0.0002 * 

                         (0.00)     (0.00)     (0.03) 
  

 
 

      
 

-0.0003 *** -0.0004 *** -0.0003 *** 

                         (0.00)     (0.00)     (0.00) 
  

 

 

      

 
-0.2030 *** -0.1430 *** -0.0565 

 

 
(0.02)     (0.02)     (0.10) 

  

 
 

      
 

    
0.0060 *** 

     
(0.00) 

 

       Brand FEs Yes 
 

Yes 
 

Yes 
 

       Time FEs Yes 
 

Yes 
 

Yes 
 

       Market segment FEs Yes 
 

Yes 
 

Yes 
 

       Fuel segment FEs Yes 
 

Yes 
 

Yes 
 

       Fuel consumption-fuel segment 
interactions Yes 

 
Yes 

 
Yes 

   
 

  
 

  
 

  

N                        13962     13962     13962   

Percentiles Own-price elasticities 

p10 -1.0 
 

-4.2 
 

-5.3 
 p25 -0.7 

 
-3.1 

 
-4.6 

 p50 -0.6 
 

-2.4 
 

-3.9 
 p75 -0.4 

 
-1.8 

 
-3.1 

 p90 -0.3   -1.4   -2.5   

Note: Standard errors clustered by brand. * p<0.05, ** p<0.01, *** p<0.001. The value of the 

F-statistic of the first-stage regression is 31.48. With 5 and 13484 degrees of freedom, it is 
 significant at the 1 percent level. 

         



TABLE 4 – CO2 Savings and Costs of Alternative Policies 

 
    

 
CF I CF II CF III 

  "No GCR" "Symmetric GCR" "Full FFV Adoption" 

    Panel A: CO2 Savings (thousands tonCO2) 

Gasoline usage 
   0% 493.2 193.8 3,159.8 

25% 441.0 192.5 1,878.6 

50% 424.6 192.1 1,474.0 

75% 406.7 191.6 1,035.6 

        

    Panel B: Cost of CO2 Savings (SEK/tonCO2 saved) 
 Gasoline usage 

 0% 760 465 558 

25% 850 468 939 

50% 883 469 1197 

75% 921 470 1704 

 
   

 

Total Cost of Program as a Percentage of the GCR 

Percentage -- 24.0 470.9 

        

    Note: This table reports the total cost of the program in each scenario in Panel A, lifetime savings in tons of CO2 emissions induced by the 

different counterfactuals in Panel B and their associated costs in SEK/tonCO2 in Panel C. Results are reported for the assumption of 

Bertrand-Nash pricing as well as different levels of gasoline usage among FFV owners to illustrate the impact of fuel arbitrage on the 

program. All computations assume the lifetime of a vehicle to be 15 years. See Appendix A for details on the assumptions on gasoline 

usage, Appendix B for a robustness check using a 25-year lifetime assumption, and Appendix C for mileage regression results. 

 

 

 



FIGURE 1 – Market Shares by Fuel Segment 
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Note: This figure depicts market shares of passenger cars sold to private individuals in the Swedish car market at the monthly frequency 

disaggregated by fuel segments. Vehicles running on regular fuels are split into two groups, namely high- and low-emission regular vehicles 

depending on whether they emit more or less than 120 gCO2/km. Vehicles able to run on alternative fuels are split into FFVs 

(gasoline/ethanol, or FFVs), gasoline/CNG and gasoline/electric. The figure shows the decrease in the market shares of high-emission 

regular vehicles and the increase in those of low-emission regular vehicles and FFVs, the leading alternative vehicle, while showing that the 

market shares of gasoline/CNG and gasoline/electric vehicles were essentially flat during the GCR period. The figure also suggests the 

existence of anticipatory effects at the (publicly announced) and of the GCR in June 2009, but no compelling evidence thereof at its start in 

April 2007. 



FIGURE 2 – Effect of Alternative Policies on Fuel Segment Market Shares 
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Figure 2a – GCR market shares    Figure 2b – Counterfactual I: No GCR vs. GCR 
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Figure 2c – Counterfactual II: Symmetric GCR vs. GCR Figure 2d – Counterfactual III: Full Conversion to FFV vs. GCR 

 

Note: This figure displays market shares under the GCR and changes in market shares at the fuel segment induced by alternative policies. 

Figure 2a displays market shares under the GCR (actual policy); Figure 2b displays changes in market shares under the counterfactual of no 

policy (i.e., no GCR) as compared to the GCR; Figure 2c displays changes in market shares under the counterfactual of a symmetric GCR as 

compared to the GCR; Figure 2d displays market shares (instead of changes thereof) had all carmakers replaced their captive gasoline 

vehicles with FFVs (Note also the distinction between high- and low-emission FFVs when examining Counterfactual III). For the sake of 

clarity, the figure omits some brands for which (changes in) market shares were negligible. 



FIGURE 3 – Effect of Alternative Policies on Brand Market Shares 
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Figure 3a – GCR market shares    Figure 3b – Counterfactual I: No GCR vs. GCR 
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Figure 3c– Counterfactual II: Symmetric GCR vs GCR  Figure 3d – Counterfactual III: Full Conversion to FFV vs GCR 

 

Note: This figure displays brand market shares under the GCR and changes in market shares induced by alternative policies. Figure 3a 

displays market shares under the GCR (actual policy); Figure 3b displays changes in market shares under the counterfactual of no policy (i.e., 

no GCR) as compared to the GCR; Figure 3c displays changes in market shares under the counterfactual of a symmetric GCR as compared 

to the GCR; Figure 3d displays changes in market shares had all carmakers replaced their captive gasoline vehicles with FFVs as compared to 

the GCR. For the sake of clarity, the figure omits some brands for which changes in market shares were negligible. 



Tables and Figures from Appendix (Not for publication) 

 

Table B1 – Mileage Regressions 

 
---------------------------------------------------------------------------------------------------------- 

                                  (1)             (2)             (3)             (4)             (5)    

                                 Km/Year         Km/Year         Km/Year         Km/Year         Km/Year 

---------------------------------------------------------------------------------------------------------- 

 

Constant                      19200.7***      20000.5***      17665.2***      17153.2***      17152.1*** 

                              (220.88)         (19.39)         (22.35)        (1267.45)       (1057.17)    

 

Fuel FEs                          Yes              No              No             Yes             Yes    

 

Year FEs                           No              No              No             Yes             Yes    

 

Fuel-age FEs                       No             Yes             Yes             Yes             Yes    

 

Fuel-year FEs                      No              No              No             Yes             Yes    

 

Brand-model FEs                    No              No             Yes             Yes              No    

 

Brand-model-segment FEs            No              No              No              No             Yes    

 

---------------------------------------------------------------------------------------------------------- 

N                             2031000         2031000         2031000         2031000         2031000    

R-squared                       .4064           .3626           .8728            .905           .9383    

---------------------------------------------------------------------------------------------------------- 

Note: t-statistics in brackets, standard errors clustered by brand-fuel. * p<0.10, ** p<0.05, *** p<0.01.  

The full set of results is available from the authors upon request. 

 

 

 

Table B2 – Lifetime Mileage Estimates, by Fuel 

                                  

       
Age of Vehicle (years) 

     
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total 

Gasoline 16655 16158 15661 15165 14668 14171 13674 13177 12680 12183 11686 11189 10692 10196 9699 197,654 

Gasoline/electric 19473 18937 18401 17865 17329 16793 16257 15721 15185 14649 14113 13577 13041 12505 11969 235,809 

FFV 19621 19006 18392 17778 17163 16549 15934 15320 14706 14091 13477 12862 12248 11634 11019 229,800 

Gasoline/CNG 19545 19401 19257 19113 18969 18825 18681 18537 18393 18249 18105 17961 17817 17673 17529 278,057 

Diesel 25460 25068 24676 24284 23892 23501 23109 22717 22325 21933 21541 21149 20757 20365 19973 340,749 

 

Note: Mileage disaggregated at the fuel segment based on estimates from Specification 5 in Table C1. Figures are expressed in kilometers. 
 



Table C1 – Regression of Sales on Green Car Rebate and Market Characteristics 

 
  

      
OLS - Dep. var: ln(total sales) (1) 

      
GCR dummy      -0.0124          

                              (-0.20)          

ln(Potential Market)        0.705*** 
                                     (3.92)    
      ln(CPI) -3,744 
                                    (-1.65)    
      ln(Electricity Price)       -1.214*** 
                                    (-3.90)    
      ln(Industrial Production)        1.098*** 
                                     (5.83)    
      Constant -1,309 
                                    (-0.42)    
      

N                        73 
      

R2                              .7522    
      Note: t-statistics in brackets, standard errors clustered by brand-fuel. * p<0.10, ** p<0.05, *** p<0.01 

  



TABLE C2 – CO2 Savings and Costs of Alternative Policies 

 
    

 
CF I CF II CF III 

  "No GCR" "Symmetric GCR" "Full FFV Adoption" 

    Panel A: CO2 Savings (thousands tonCO2) 

Gasoline usage 
   0% 583.6 257.7 3,353.4 

25% 522.6 254.8 1,863.0 

50% 503.3 253.9 1,392.4 

75% 482.4 253.0 882.5 

        

    Panel B: Cost of CO2 Savings (SEK/tonCO2 saved) 
 Gasoline usage 

 0% 642 338 528 

25% 716 341 950 

50% 744 343 1271 

75% 776 344 2006 

 
   

 

Total Cost of Program as a Percentage of the GCR 

Percentage -- 22.9 464.6 

        

    Note: This table (to be compared to Table 4 in the text) reports the total cost of the program in each scenario in Panel A, lifetime savings 

in tons of CO2 emissions induced by the different counterfactuals in Panel B and their associated costs in SEK/tonCO2 in Panel C. 

Results are reported for the assumption of Bertrand-Nash pricing as well as different levels of gasoline usage among FFV owners to 

illustrate the impact of fuel arbitrage on the program. All computations assume the lifetime of a vehicle to be 25 years. See Appendix A for 

details on the assumptions on gasoline usage and Appendix C for mileage regression results. 



FIGURE E1 – Effect of Alternative Policies on Brand Market Shares within High Emission Gasoline Vehicles 
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Figure E1a – GCR market shares    Figure E1b – Counterfactual I: No GCR vs. GCR 
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Figure E1c– Counterfactual II: Symmetric GCR vs GCR   

 

Note: This figure displays brand market shares within the high emission gasoline segment under the GCR and changes in market shares 

induced by alternative policies. Figure E1a displays market shares under the GCR (actual policy); Figure E1b displays changes in market 

shares under the counterfactual of no policy (i.e., no GCR) as compared to the GCR; Figure E1c displays changes in market shares under the 

counterfactual of a symmetric GCR as compared to the GCR. For the sake of clarity, the figure omits some brands for which changes in 

market shares were negligible. 

 

 



FIGURE E2 – Effect of Alternative Policies on Brand Market Shares within High Emission Diesel Vehicles 
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Figure E2a – GCR market shares    Figure E2b – Counterfactual I: No GCR vs. GCR 
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Figure E2c– Counterfactual II: Symmetric GCR vs GCR Figure E2d – Counterfactual III: Full Conversion to FFV vs GCR 

 

Note: This figure displays brand market shares under the GCR and changes in market shares induced by alternative policies. Figure E2a 

displays market shares under the GCR (actual policy); Figure E2b displays changes in market shares under the counterfactual of no policy 

(i.e., no GCR) as compared to the GCR; Figure E2c displays changes in market shares under the counterfactual of a symmetric GCR as 

compared to the GCR; Figure E2d displays changes in market shares had all carmakers replaced their captive gasoline vehicles with FFVs as 

compared to the GCR. For the sake of clarity, the figure omits some brands for which changes in market shares were negligible. 

 

 

 



FIGURE E3 – Effect of Alternative Policies on Brand Market Shares within Low Emission Gasoline Vehicles 
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Figure E3a – GCR market shares    Figure E3b – Counterfactual I: No GCR vs. GCR 
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Figure E3c– Counterfactual II: Symmetric GCR vs GCR   

 

Note: This figure displays brand market shares under the GCR and changes in market shares induced by alternative policies. Figure E3a 

displays market shares under the GCR (actual policy); Figure E3b displays changes in market shares under the counterfactual of no policy 

(i.e., no GCR) as compared to the GCR; Figure E3c displays changes in market shares under the counterfactual of a symmetric GCR as 

compared to the GCR. For the sake of clarity, the figure omits some brands for which changes in market shares were negligible. 

 

 



FIGURE E4 – Effect of Alternative Policies on Brand Market Shares within Low Emission Diesel Vehicles 
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Figure E4a – GCR market shares    Figure E4b – Counterfactual I: No GCR vs. GCR 
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Figure E4c– Counterfactual II: Symmetric GCR vs GCR  Figure E4d – Counterfactual III: Full Conversion to FFV vs 

GCR 

 

Note: This figure displays brand market shares under the GCR and changes in market shares induced by alternative policies. Figure E4a 

displays market shares under the GCR (actual policy); Figure E4b displays changes in market shares under the counterfactual of no policy 

(i.e., no GCR) as compared to the GCR; Figure E4c displays changes in market shares under the counterfactual of a symmetric GCR as 

compared to the GCR; Figure E4d displays changes in market shares had all carmakers replaced their captive gasoline vehicles with FFVs as 

compared to the GCR. For the sake of clarity, the figure omits some brands for which changes in market shares were negligible. 



FIGURE E5 – Effect of Alternative Policies on Brand Market Shares within FFV Vehicles 
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Figure E5a – GCR market shares    Figure E5b – Counterfactual I: No GCR vs. GCR 
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Figure E5c– Counterfactual II: Symmetric GCR vs GCR Figure E5d – Counterfactual III (a): Full Conversion to FFV vs GCR 
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Figure E5e – Counterfactual III (b): Full Conversion to FFV vs GCR 

 

Note: This figure displays brand market shares under the GCR and changes in market shares induced by alternative policies. Figure E5a 

displays market shares under the GCR (actual policy); Figure E5b displays changes in market shares under the counterfactual of no policy 

(i.e., no GCR) as compared to the GCR; Figure E5c displays changes in market shares under the counterfactual of a symmetric GCR as 

compared to the GCR; Figures E5d and E5e display changes in market shares of high- and low-emission FFVs had all carmakers replaced 



their captive gasoline vehicles with FFVs as compared to the GCR (Note also the distinction between high- and low-emission FFVs when 

examining Counterfactual III). For the sake of clarity, the figure omits some brands for which changes in market shares were negligible. 

 


