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▼♦t✐♦♥ ✈✐s✉❛❧❧② ❡✈♦❦❡❞ ♣♦t❡♥t✐❛❧s ✭♠❱❊Ps✮ ❤❛✈❡ r❡❝❡♥t❧② ❜❡❡♥ ❡①♣❧♦r❡❞ ❛s ✐♥♣✉t ❢❡❛t✉r❡s
❢♦r ❇r❛✐♥✲❈♦♠♣✉t❡r ■♥t❡r❢❛❝❡s ✭❇❈■s✮✱ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ✈✐s✉❛❧ s♣❡❧❧❡rs✳
❉✉❡ t♦ ❧♦✇ ❝♦♥tr❛st ❛♥❞ ❧✉♠✐♥❛♥❝❡ r❡q✉✐r❡♠❡♥ts✱ ♠♦t✐♦♥✲❜❛s❡❞ ✐♥t❡♥s✐✜❝❛t✐♦♥ ✐s ❧❡ss ❞✐s❝♦♠✲
❢♦rt✐♥❣ t♦ t❤❡ ✉s❡r t❤❛♥ ❝♦♥✈❡♥t✐♦♥❛❧ ❛♣♣r♦❛❝❤❡s✳ ❙♦ ❢❛r✱ ♠❱❊P s♣❡❧❧❡rs ✇❡r❡ ♦♣❡r❛t❡❞ ✐♥ ♦✈❡rt
❛tt❡♥t✐♦♥ ♠♦❞❡✱ ✇❤❡r❡✐♥ ❡②❡ ♠♦✈❡♠❡♥ts ✇❡r❡ ❛❧❧♦✇❡❞✳ ❍♦✇❡✈❡r✱ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ❡②❡ ♠♦✈❡♠❡♥ts
❧✐♠✐ts ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛❜✐❧✐t②✳ ❍❡♥❝❡✱ t❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s st✉❞② ✇❛s t♦ ❡✈❛❧✉❛t❡ t❤❡ s✉✐t❛❜✐❧✐t② ♦❢
♠❱❊Ps ❢♦r ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❙✐①t❡❡♥ ❤❡❛❧t❤② ✈♦❧✉♥t❡❡rs ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ❛♥
♦♥❧✐♥❡ st✉❞②✳ ❲❡ ✉s❡❞ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ s♣❡❧❧❡r ❧❛②♦✉t ✇❤❡r❡✐♥ t❤❡ ♣♦ss✐❜❧❡ s❡❧❡❝t✐♦♥s ❛r❡ ♣r❡✲
s❡♥t❡❞ ❛t ❞✐✛❡r❡♥t s♣❛t✐❛❧ ❧♦❝❛t✐♦♥s ❜♦t❤ ✐♥ ♦✈❡rt ❛tt❡♥t✐♦♥ ♠♦❞❡ ✭✜①❛t✐♦♥ ♦❢ t❤❡ t❛r❣❡t✮ ❛♥❞
❝♦✈❡rt ❛tt❡♥t✐♦♥ ♠♦❞❡ ✭❝❡♥tr❛❧ ✜①❛t✐♦♥✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ t❡st❡❞ ❛♥ ❛❧t❡r♥❛t✐✈❡ s♣❡❧❧❡r ❧❛②♦✉t
✇❤❡r❡✐♥ ❛❧❧ st✐♠✉❧✐ ❛r❡ s❡q✉❡♥t✐❛❧❧② ♣r❡s❡♥t❡❞ ❛t t❤❡ s❛♠❡ s♣❛t✐❛❧ ❧♦❝❛t✐♦♥ ✭❢♦✈❡❛❧ st✐♠✉❧❛✲
t✐♦♥✮✱ t❤❛t ✐s✱ ❡②❡ ♠♦✈❡♠❡♥ts ❛r❡ ♥♦t r❡q✉✐r❡❞ ❢♦r s❡❧❡❝t✐♦♥✳ ❆s ❝❛♥ ❜❡ ❡①♣❡❝t❡❞✱ ❝❧❛ss✐✜❝❛t✐♦♥
♣❡r❢♦r♠❛♥❝❡ ❜r❡❛❦s ❞♦✇♥ ✇❤❡♥ s✇✐t❝❤✐♥❣ ❢r♦♠ ♦✈❡rt t♦ ❝♦✈❡rt ♦♣❡r❛t✐♦♥✳ ❉❡s♣✐t❡ r❡❞✉❝❡❞
♣❡r❢♦r♠❛♥❝❡ ✐♥ t❤❡ ❝♦✈❡rt s❡tt✐♥❣✱ ❝♦♥✈❡♥t✐♦♥❛❧ ♠❱❊P s♣❡❧❧❡rs ❛r❡ st✐❧❧ ♣♦t❡♥t✐❛❧❧② ✉s❡❢✉❧ ❢♦r
✉s❡rs ✇✐t❤ s❡✈❡r❡❧② ✐♠♣❛✐r❡❞ ❡②❡ ♠♦✈❡♠❡♥ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡② ♠❛② ♦✛❡r ❛❞✈❛♥t❛❣❡s ✕ s✉❝❤
❛s ❧❡ss ✈✐s✉❛❧ ❢❛t✐❣✉❡ ✕ ♦✈❡r s♣❡❧❧❡rs ✉s✐♥❣ ✢❛s❤✐♥❣ st✐♠✉❧✐✳ ■♠♣♦rt❛♥t❧②✱ t❤❡ ♥♦✈❡❧ ♠❱❊P s♣❡❧❧❡r
♣r❡s❡♥t❡❞ ❤❡r❡ r❡❝♦✈❡rs ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❛ ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t s❡tt✐♥❣ ❜② r❡s♦rt✐♥❣ t♦ ❢♦✈❡❛❧
st✐♠✉❧❛t✐♦♥✳
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❇r❛✐♥✲ ❈♦♠♣✉t❡r ■♥t❡r❢❛❝❡s ✭❇❈■s✮ ♣r♦✈✐❞❡ t❤❡ ✉s❡r ✇✐t❤ ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ s②st❡♠ t❤❛t ❝✐r❝✉♠✈❡♥ts
t❤❡ ❜r❛✐♥✬s ♥♦r♠❛❧ ♦✉t♣✉t ♣❛t❤✇❛②s ♦❢ ♣❡r✐♣❤❡r❛❧ ♥❡r✈❡s ❛♥❞ ♠✉s❝❧❡s ❛♥❞ ❞✐r❡❝t❧② tr❛♥s❧❛t❡s ❜r❛✐♥
s✐❣♥❛❧s ✐♥t♦ ❝♦♠♠❛♥❞s t♦ ❝♦♥tr♦❧ ❡①t❡r♥❛❧ ❞❡✈✐❝❡s ❬✶❪✳ ❇❈■s ❝❛♥ s❡r✈❡ ❛s ♥❡✇ ♦✉t♣✉t ♣❛t❤✇❛②s ♦❢
t❤❡ ❜r❛✐♥ ❬✷❪✳ ❖♥❡ ✜❡❧❞ ♦❢ ❇❈■ ❛♣♣❧✐❝❛t✐♦♥s ❧✐❡s ✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ✉s❡ ♦❢ ♠❡♥t❛❧ t②♣❡✇r✐t❡rs
t❤❛t ❡♥❛❜❧❡ ✉s❡rs t♦ s♣❡❧❧ ♦✉t ❧❡tt❡rs ♦♥ ❛ ❝♦♠♣✉t❡r s❝r❡❡♥ ❞✐r❡❝t❧② ✇✐t❤ t❤❡✐r ♥❡✉r♦♥❛❧ s✐❣♥❛❧s ❬✸❪✳
❈♦♠♠♦♥❧②✱ s♣❡❧❧❡r ❞❡✈✐❝❡s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❢❛❝t t❤❛t ❛tt❡♥t✐♦♥ ♠♦❞✉❧❛t❡s ♥❡✉r❛❧ ♣r♦❝❡ss✐♥❣✿ ❊✈❡♥t✲
r❡❧❛t❡❞ ♣♦t❡♥t✐❛❧s ✭❊❘Ps✮ ♦❢ ✭❛tt❡♥❞❡❞✮ t❛r❣❡t st✐♠✉❧✐ ❛r❡ ❞✐✛❡r❡♥t ❢r♦♠ ✭✉♥❛tt❡♥❞❡❞✮ ♥♦♥t❛r❣❡t
❊❘Ps✳ ❚❤✉s✱ ❜② ❛ss✐❣♥✐♥❣ t❤❡ ❊❘P s✐❣♥❛❧ ✐♥♣✉t t♦ t❛r❣❡t✴♥♦♥t❛r❣❡t ❝❧❛ss❡s✱ t❤❡ ✉s❡rs✬ ✐♥t❡♥t✐♦♥s
❝❛♥ ❜❡ ❞❡❞✉❝❡❞ ✇❤✐❝❤ ♠❛❦❡s ✐t ❛ s✉✐t❛❜❧❡ ♣❛r❛❞✐❣♠ ❢♦r ❇❈■ ❬✹✱ ✺❪✳ ❊❘Ps ❛r❡ ❡❧❡❝tr✐❝❛❧ ♣♦t❡♥t✐❛❧s
♦❢ t❤❡ ❜r❛✐♥ t❤❛t ❤❛✈❡ ❛ ❝♦♥st❛♥t t✐♠❡ r❡❧❛t✐♦♥s❤✐♣ t♦ ❛ ❝❡rt❛✐♥ r❡❢❡r❡♥❝❡ ❡✈❡♥t ❬✻❪✳ ▼♦st ✐♠♣♦rt❛♥t
✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❇❈■ s♣❡❧❧❡rs ❛r❡ t❤❡ ◆✷✵✵ ❬✼❪ ❛♥❞ t❤❡ P✸✵✵ ❝♦♠♣♦♥❡♥t ❬✽❪✳ ❚❤❡ ◆✷✵✵ ❝♦♠♣♦♥❡♥t
✐s ❡✈♦❦❡❞ ✐♥ t❤❡ ✈✐s✉❛❧ ❝♦rt❡① ❜② ✈✐s✉❛❧ st✐♠✉❧✐ ✐♥ t❤❡ ❢♦✈❡❛❧ ✜❡❧❞✱ ❛♥❞ ✐ts ❛♠♣❧✐t✉❞❡ ✐s ♠♦❞✉❧❛t❡❞
❜② ❛tt❡♥t✐♦♥✳ ❚❤❡ P✸✵✵ ❤❛s ❜❡❡♥ ❢♦✉♥❞ t♦ ❜❡ ❡❧✐❝✐t❡❞ ❜② t❛s❦✲r❡❧❡✈❛♥t st✐♠✉❧✐✳ ■ts ❛♠♣❧✐t✉❞❡ ✐s
✐♥✈❡rs❡❧② r❡❧❛t❡❞ t♦ t❛r❣❡t✲t♦✲t❛r❣❡t ✐♥t❡r✈❛❧ ❬✾❪ ❛♥❞ ✐t ✐s ❧❛r❣❡st ♦✈❡r ❝❡♥tr❛❧ ❛♥❞ ♣❛r✐❡t❛❧ ❡❧❡❝tr♦❞❡
s✐t❡s ❬✻✱ ✶✵❪✳ ❋❛r✇❡❧❧ ❛♥❞ ❉♦♥❝❤✐♥ ❬✹❪ ✇❡r❡ t❤❡ ✜rst t♦ ❞❡♠♦♥str❛t❡ t❤❛t ❛tt❡♥t✐♦♥✲♠♦❞✉❧❛t❡❞
❊❘Ps s❡r✈❡ ❛s ❛ r❡❧✐❛❜❧❡ s✐❣♥❛❧ ❢♦r ❇❈■ ❝♦♥tr♦❧✳ ❚❤❡② ❞❡s❝r✐❜❡❞ ❛ ▼❛tr✐① ❙♣❡❧❧❡r ✭❛✳❦✳❛✳ P✸✵✵
s♣❡❧❧❡r✮ ✐♥ ✇❤✐❝❤ ♣❛rt✐❝✐♣❛♥ts ❢♦❝✉s❡❞ t❤❡✐r ❛tt❡♥t✐♦♥ s❡q✉❡♥t✐❛❧❧② ♦♥ t❤❡ t❛r❣❡t ❝❤❛r❛❝t❡rs ✇✐t❤✐♥
❛ s②♠❜♦❧ ♠❛tr✐① ♦♥ ❛ s❝r❡❡♥✳ ❲✐t❤✐♥ t❤❡ s❡q✉❡♥❝❡ ♦❢ r❛♥❞♦♠❧② ❤✐❣❤❧✐❣❤t❡❞ r♦✇s ❛♥❞ ❝♦❧✉♠♥s✱ t❤❡
❊❘Ps ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❤✐❣❤❧✐❣❤t✐♥❣ ♦❢ t❤❡ r♦✇ ♦r t❤❡ ❝♦❧✉♠♥ ❝♦♥t❛✐♥✐♥❣ t❤❡ t❛r❣❡t s②♠❜♦❧
❛r❡ ❞✐st✐♥❣✉✐s❤❡❞ ❜② ❛♥ ✐♥❝r❡❛s❡❞ ❛♠♣❧✐t✉❞❡✳ ❚❤❡r❡❜②✱ ❛ ❝❧❛ss✐✜❡r ❝❛♥ ✐❞❡♥t✐❢② t❤❡ s②♠❜♦❧ t❤❛t t❤❡
✉s❡r ✐s ❛tt❡♥❞✐♥❣✳ ❊❘P s♣❡❧❧❡rs ❝❛♥ ❜❡ ♦❢ ❤✐❣❤ ❝❧✐♥✐❝❛❧ ✉t✐❧✐t② ❛s ✐t ✇❛s ❞❡♠♦♥str❛t❡❞ t♦ r❡st♦r❡
❝♦♠♠✉♥✐❝❛t✐♦♥ ✐♥ ♣❛t✐❡♥ts ✇✐t❤ s❡✈❡r❡ ♠♦t♦r ❞✐s❛❜✐❧✐t✐❡s ❬✶✶❪✳

■t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t t❤❡ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡s ♦❢ ▼❛tr✐① ❙♣❡❧❧❡rs✱ ✇❤❡r❡ s②♠❜♦❧s ❛r❡ ❛rr❛♥❣❡❞
✐♥ r♦✇s ❛♥❞ ❝♦❧✉♠♥s✱ ❛r❡ ❛✛❡❝t❡❞ ❜② ❡②❡ ♠♦✈❡♠❡♥ts ❬✶✷✱ ✶✸✱ ✺❪✳ ▼♦r❡ ♣r❡❝✐s❡❧②✱ t❤❡② ❛r❡ ♦♥❧②
❤✐❣❤❧② ❡✣❝✐❡♥t ✐♥ ♦✈❡rt ❛tt❡♥t✐♦♥ ♣❛r❛❞✐❣♠s ✇❤❡r❡ ♣❛rt✐❝✐♣❛♥ts ❛r❡ ❛❧❧♦✇❡❞✴❛❜❧❡ t♦ ❞✐r❡❝t t❤❡✐r
❣❛③❡ t♦✇❛r❞s t❤❡ ❧♦❝✉s ♦❢ ❛tt❡♥t✐♦♥✳ ■♥ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ♠♦❞❡✱ ✇❤❡r❡ ♣❛rt✐❝✐♣❛♥ts ❤❛✈❡ t♦ ♠❡♥t❛❧❧②
❢♦❝✉s ♦♥ t❤❡ st✐♠✉❧✐ ✇❤✐❧❡ ✜①❛t✐♥❣ ♠❛② ❜❡ s♦♠❡✇❤❡r❡ ❡❧s❡✱ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ❞❡t❡r✐♦r❛t❡s✳
❚❤✐s ✐s ❞✉❡ t♦ ❛✼♥ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤❡ P✸✵✵ ❛s ✇❡❧❧ ❛s t♦ t❤❡ ❛❜s❡♥❝❡ ♦❢ ♠♦❞✉❧❛t❡❞ ♣r✐♠❛r② ✈✐s✉❛❧
❝♦♠♣♦♥❡♥ts✳ ❚❤❡ ❛tt❡♥✉❛t✐♦♥ ✇❛s ♣r❡s✉♠❛❜❧② ♣r♦✈♦❦❡❞ ❜② ❧♦✇ s♣❛t✐❛❧ ❛❝✉✐t② ❛♥❞ ❝r♦✇❞✐♥❣ ❡✛❡❝ts
✐♥ t❤❡ ✈✐s✉❛❧ ♣❡r✐♣❤❡r② ✇❤✐❝❤ ❤❛♠♣❡rs ♣❡r✐♣❤❡r❛❧ ❝♦✈❡rt ❛tt❡♥t✐♦♥✳ ●r♦✇✐♥❣ r❡❝❡♣t✐✈❡ ✜❡❧❞ s✐③❡s ❛♥❞
❞❡❝r❡❛s✐♥❣ ❝♦rt✐❝❛❧ ♠❛❣♥✐✜❝❛t✐♦♥ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❡❝❝❡♥tr✐❝✐t✐❡s ❤❛✈❡ ❧♦♥❣ ❜❡❡♥ r❡❝♦❣♥✐③❡❞ t♦ r❡❞✉❝❡
✈✐s✉❛❧ ❛❝✉✐t② ✐♥ ♣❡r✐♣❤❡r❛❧ r❡❣✐♦♥s ❬✶✹✱ ✶✺❪✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ▼❛tr✐① ❙♣❡❧❧❡rs ♦♥ ❣❛③❡ ❞✐s❝❧♦s❡s
❛♥ ✐♠♣♦rt❛♥t ❧✐♠✐t❛t✐♦♥❀ ✐t r❡q✉✐r❡s ❛ ❝❡rt❛✐♥ ❞❡❣r❡❡ ♦❢ ✐♥t❛❝t ♦❝✉❧♦♠♦t♦r ❝♦♥tr♦❧✳ ❚❤❡r❡❢♦r❡ ✐t
❛♣♣❡❛rs ❝r✉❝✐❛❧ t♦ ❞❡✈❡❧♦♣ ♣❛r❛❞✐❣♠s t❤❛t ❛r❡ ❣❛③❡ ✐♥❞❡♣❡♥❞❡♥t✳ ■♥ t❤❡ ✈✐s✉❛❧ ❞♦♠❛✐♥ t❤❡r❡ ❡①✐sts
❛ ❤✐❡r❛r❝❤② ♦❢ t②♣❡✇r✐t❡rs ✐♥ ♦r❞❡r t♦ ♦♣t✐♠❛❧❧② ❡①♣❧♦✐t t❤❡ ♣❛t✐❡♥t✬s ❝❛♣❛❜✐❧✐t✐❡s✳ ❖♥❡ ❡♥❞ ♦❢
t❤❡ ❤✐❡r❛r❝❤② r❡❧✐❡s ♦♥ ♦♣t✐♠❛❧ ✉t✐❧✐③❛t✐♦♥ ♦❢ ❣❛③❡ ❡✳❣✳ ❡❧❡❝tr♦♦❝✉❧♦❣r❛♠ ✭❊❖●✮ ❬✶✻❪ ❛♥❞ ❝♦❞❡
♠♦❞✉❧❛t✐♦♥ ❬✶✼❪✳ ❲❤❡r❡❛s t❤❡ ♦t❤❡r ❡♥❞ ✐s ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t✱ ❡✳❣✳✱ r❛♣✐❞ s❡r✐❛❧ ✈✐s✉❛❧ ♣r❡s❡♥t❛t✐♦♥
✭❘❙❱P✮ ❬✶✽❪✱ ❛♥❞ ✈❛r✐❛♥ts ♦❢ t❤❡ ❍❡①✲♦✲❙♣❡❧❧ ❬✶✾❪✳ ❆♥ ❛❧t❡r♥❛t✐✈❡ ✐s t❤❡ ✉s❡ ♦❢ ♦t❤❡r s❡♥s♦r②
♠♦❞❛❧✐t✐❡s s✉❝❤ ❛s ❛✉❞✐t♦r② ❬✷✵✱ ✷✶❪ ❛♥❞ t❛❝t✐❧❡ ♣❛r❛❞✐❣♠s ❬✷✷✱ ✷✸✱ ✷✹❪✳

❘❡❝❡♥t❧② t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ ❛♥ ♦♥❧✐♥❡ ❇❈■ ❜❛s❡❞ ♦♥ ♠♦t✐♦♥✲♦♥s❡t ✈✐s✉❛❧ ❡✈♦❦❡❞ ♣♦t❡♥t✐❛❧s ✭♠❱❊P✮
❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞✳ ❆ ♠♦✈✐♥❣ ❝✉rs♦r t❤❛t ❛♣♣❡❛r❡❞ ✐♥ ✈✐rt✉❛❧ ❜✉tt♦♥s ❣❡♥❡r❛t❡❞ ❛ ♠❱❊P t❤❛t
✇❛s t❤❡♥ ✉s❡❞ t♦ r❡❝♦❣♥✐③❡ t❤❡ ✉s❡r✬s ❝❤♦✐❝❡ ❬✷✺❪✳ ▼❱❊Ps ❛r❡ ✈✐s✉❛❧ r❡s♣♦♥s❡s ❢r♦♠ t❤❡ ❞♦rs❛❧
str❡❛♠❀ ❤❡♥❝❡ t❤❡② r✐s❡ ✐♥ t❤❡ ▼❚✴▼❙❚ ✭♠❡❞✐❛❧ t❡♠♣♦r❛❧✴♠❡❞✐❛❧ s✉♣❡r✐♦r t❡♠♣♦r❛❧ ❝♦rt❡①✮ r❡❣✐♦♥
❬✷✻✱ ✷✺❪✳ ❚❤❡② ❛r❡ ❣❡♥❡r❛t❡❞ ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ ♦♥s❡t ♦❢ ♠♦t✐♦♥ st✐♠✉❧✐ ❬✷✻❪✳ ▼❱❊Ps ❝♦♥s✐st ♦❢
t❤r❡❡ ♠❛✐♥ ♣❛rts✿ P✶✵✵✱ ◆✷✵✵ ❛♥❞ P✷✵✵ ❬✷✼❪✳ ❚❤❡ ♠♦st r❡❧✐❛❜❧❡ ♦❢ t❤❡s❡ ✐s t❤❡ ◆✷✵✵ ❬✼✱ ✷✼❪✳ ■t ✐s ❛♥
♥❡❣❛t✐✈❡ ❞❡✢❡❝t✐♦♥ ❛r♦✉♥❞ ✶✻✵✕✷✵✵♠s ♣♦st✲st✐♠✉❧✉s ❛♥❞ s❡❡♠s t♦ ❜❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡
t❡♠♣♦r♦✲♦❝❝✐♣✐t♦✲♣❛r✐❡t❛❧ ❥✉♥❝t✐♦♥ ✭❱✺✮ ❬✷✽✱ ✷✾❪✳ ▼❱❊Ps ❛r❡ ❛❞✈❛♥t❛❣❡♦✉s ❢♦r ❇❈■ ✐♥ t❤❛t t❤❡②
❤❛✈❡ ❧❛r❣❡ ❛♠♣❧✐t✉❞❡s✱ ❧♦✇ ✐♥t❡r✲ ❛♥❞ ✐♥tr❛✲ s✉❜❥❡❝t ✈❛r✐❛❜✐❧✐t② ❬✸✵❪✱ ❧♦✇ ❧✉♠✐♥❛♥❝❡ ❛♥❞ ❝♦♥tr❛st
r❡q✉✐r❡♠❡♥ts ❬✷✼✱ ✷✻❪ ❛♥❞ ♠♦r❡♦✈❡r ❛ ❧♦❝❛❧✐③❡❞ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ t❤❛t ❛❧❧♦✇s ❢♦r ❛ s♣❛rs❡ ❊❊●
❝❤❛♥♥❡❧ ❝♦♥✜❣✉r❛t✐♦♥ ❬✷✺❪✳ ❚❤❡ ✉s❡ ♦❢ ♠❱❊Ps ✐♥ ❇❈■ ♣❛r❛❞✐❣♠s ♠✐❣❤t ❢❛❝✐❧✐t❛t❡ t❤❡ ❝♦♥str✉❝t✐♦♥
♦❢ ♠♦r❡ ✉s❡r✲❢r✐❡♥❞❧② s②st❡♠s s✐♥❝❡ ❞❡✈✐❝❡s ❞❡✈♦✐❞ ♦❢ ❛❜r✉♣t ❧✉♠✐♥❛♥❝❡ ❝❤❛♥❣❡s ❛♥❞ ❤✐❣❤ ❝♦♥tr❛sts
s❤♦✉❧❞ ❧❡❛❞ t♦ ❧❡ss ❢❛t✐❣✉❡ ❛♥❞ ❞✐s❝♦♠❢♦rt ♦❢ t❤❡ ✉s❡r✳ ❇❡s✐❞❡s✱ t❤❡ r❡❞✉❝❡❞ ✈❛r✐❛❜✐❧✐t② ♦❢ ♠❱❊Ps

✷



❝♦✉❧❞ ✐♠♣r♦✈❡ ❇❈■ s②st❡♠s✱ s✐♥❝❡ ✐♥t❡r✲ ❛♥❞ ✐♥tr❛✲ s✉❜❥❡❝t ✈❛r✐❛❜✐❧✐t② ♣♦s❡s ❛ s❡r✐♦✉s ♣r♦❜❧❡♠ ❢♦r
❝❧❛ss✐✜❝❛t✐♦♥ ❬✷❪✳

■♥ t❤❡ ♣r❡s❡♥t st✉❞②✱ ❛♥ ♠❱❊P ❙♣❡❧❧❡r ✐♥ ❛♥ ♦♥❧✐♥❡ ❝♦✈❡rt✴♦✈❡rt ❛tt❡♥t✐♦♥ ♣❛r❛❞✐❣♠ ✐s ✐♥tr♦✲
❞✉❝❡❞ ✐♥ ♦r❞❡r t♦ ❞❡✈❡❧♦♣ ❛ ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t ❇❈■ s♣❡❧❧❡r✳ ▼❱❊P s♣❡❧❧❡rs ❛r❡ ❛♠♦♥❣ t❤❡ ♠♦st
♣r♦♠✐s✐♥❣ ❛♣♣r♦❛❝❤❡s t♦ s♦❧✈❡ t❤❡ ♣r♦❜❧❡♠ ♦❢ ❣❛③❡ ❞❡♣❡♥❞❡♥❝②✳ ■t ❤❛s ♥♦t ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ t♦ ✇❤❛t
❞❡❣r❡❡ ♠❱❊P s♣❡❧❧❡rs ❞❡♣❡♥❞ ♦♥ ❣❛③❡ ❛♥❞ ✐❢ t❤❡② ❝❛♥ ❜❡ ♦♣❡r❛t❡❞ ✐♥ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ♣❛r❛❞✐❣♠s✳
■♥ ❧✐♥❡ ✇✐t❤ ♦✈❡rt ❛tt❡♥t✐♦♥✱ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ❤❛s ❧♦♥❣ ❜❡❡♥ ❦♥♦✇♥ t♦ ❛❧t❡r ♥❡✉r♦♥❛❧ r❡s♣♦♥s❡s ❛♥❞
✐♠♣r♦✈❡ ❜❡❤❛✈✐♦r❛❧ ♣❡r❢♦r♠❛♥❝❡ ✐✳❡ ❢❛❝✐❧✐t❛t❡ ❞❡t❡❝t✐♦♥ ❛♥❞ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❬✸✶❪✳ ❬✸✷❪ ❞❡✜♥❡ ✐t ❛s
✬♦r✐❡♥t✐♥❣ ✇✐t❤♦✉t ❡②❡✲♠♦✈❡♠❡♥ts✬ ✭♣✳✻✸✮ ❛♥❞ ✐t ❤❛s ❜❡❡♥ ❢♦✉♥❞ t♦ ♠♦❞✉❧❛t❡ ◆✷✵✵ ❛♥❞ P✸✵✵ r❡✲
s♣♦♥s❡s ❬✷✺✱ ✺❪✳ ❚♦♣✲❞♦✇♥ ❝♦♥tr♦❧ ♣r♦❝❡ss❡s ♦♥ ❜♦tt♦♠✲✉♣ s❡♥s♦r② ♣r♦❝❡ss❡s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ t♦
❡①♣❧❛✐♥ t❤❡ ♠♦❞✐✜❡❞ ❜r❛✐♥ ❛❝t✐✈✐t② ❬✸✷❪✳ ❯s✐♥❣ t❤❡ ❈❛❦❡ ❙♣❡❧❧❡r ❬✶✾❪✱ ❛ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡
❍❡①✲♦✲❙♣❡❧❧ ❬✺❪✱ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛ ♠♦t✐♦♥ st✐♠✉❧✉s t❤❡ ✈✐❛❜✐❧✐t② ♦❢ ❛♥ ♦♥❧✐♥❡ ♠❱❊P✲❣♦✈❡r♥❡❞
s♣❡❧❧❡r ✐♥ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ♠♦❞❡s ✇❛s t❡st❡❞✳ ❚♦ t❤✐s ❡♥❞ t❤r❡❡ ❞✐✛❡r❡♥t s♣❡❧❧❡rs ✇❡r❡ ❞❡✈❡❧♦♣❡❞✿
❖✈❡rt ❈❛❦❡✱ ❈♦✈❡rt ❈❛❦❡ ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❚❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ✇❛s ❞❡s✐❣♥❡❞ t♦
r❡♣r♦❞✉❝❡ ✈✐❛❜✐❧✐t② ♦❢ ◆✷✵✵ ❛s ✐♥♣✉t s✐❣♥❛❧ ❬✷✺❪ ✐♥ ❛ ❈❛❦❡ ❙♣❡❧❧❡r ❞❡s✐❣♥✳ ❚❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r
✇❛s ❡♠♣❧♦②❡❞ ✐♥ ♦r❞❡r t♦ t❡st ❣❛③❡ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤✐s s❡tt✐♥❣✳ ❚❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ✇❛s
❛❞♦♣t❡❞ ❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ❬✶✾❪ ✇❤❡r❡ ✐t ♣r♦✈❡❞ t♦ ❜❡ ❜❡st ❛♠♦♥❣ t❤r❡❡ s♣❡❧❧❡rs t❤❛t ❞✐❞ ♥♦t
r❡❧② ♦♥ ❡②❡ ♠♦✈❡♠❡♥ts✳ ❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ t❤r❡❡ s♣❡❧❧❡rs ✇❛s s✐♠✐❧❛r✱ t❤❡② ❞✐✛❡r❡❞ ♦♥❧② ✐♥
t❤❡ ❛tt❡♥t✐♦♥ ♠♦❞❡ ✭❝♦✈❡rt✴♦✈❡rt✮ ❛♥❞ ♠♦t✐♦♥ st✐♠✉❧✉s ✭♠♦✈✐♥❣ ❜❛r✴♣❛tt❡r♥✮✳ ❇② ✉s✐♥❣ ❛ s♣❡❧❧❡r
❞❡s✐❣♥ ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❧❡✈❡❧s✱ ✐✳❡✳ ❧❡ss s♠❛❧❧ ❡❧❡♠❡♥ts✱ ♣r♦❜❧❡♠s ♦❝❝✉rr✐♥❣ t❤r♦✉❣❤ r❡❞✉❝❡❞ ✈✐s✉❛❧
❛❝✉✐t② ❛♥❞ s♣❛t✐❛❧ ❝r♦✇❞✐♥❣ ✐♥ t❤❡ ♣❡r✐♣❤❡r② ✇❡r❡ ❛❧❧❡✈✐❛t❡❞✳ ❚❤✉s✱ r❡❞✉❝t✐♦♥ ♦r ❡❧✐♠✐♥❛t✐♦♥ ♦❢
❡②❡✲♠♦✈❡♠❡♥ts ✇❛s ❢❡❛s✐❜❧❡✳

❆❧❧ t❤r❡❡ s♣❡❧❧❡rs ✇❡r❡ ♠❛❞❡ ✉♣ ♦❢ ❛ ❤❡①❛❣♦♥ ✇✐t❤ s✐① ❡q✉❛❧ ❝❛❦❡✲s❤❛♣❡❞ ♣❛rts✳ ■♥ t❤❡ ❖✈❡rt
❛♥❞ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡rs ♠♦t✐♦♥ st✐♠✉❧❛t✐♦♥ ✇❛s ❢♦✈❡❛❧✿ s♠❛❧❧ ❜❛rs ♠♦✈❡❞ ✇✐t❤✐♥ t❤❡ ❝❤✉♥❦s✳ ■♥
t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✱ ♠♦t✐♦♥ st✐♠✉❧❛t✐♦♥ ✇❛s ❡♥t✐r❡❧② ❢♦✈❡❛❧ ❡❧❡❣❛♥t❧② s♦❧✈✐♥❣ t❤❡ ♣r♦❜❧❡♠
♦❢ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ❞❡♣❧♦②♠❡♥t ✐♥ t❤❡ ♣❡r✐♣❤❡r②✳ ❚♦ ❢✉rt❤❡r ✐♥❝r❡❛s❡ s♣❡❧❧❡r ♣❡r❢♦r♠❛♥❝❡✱ ❢❡❛t✉r❡
❛tt❡♥t✐♦♥ ✇❛s ❝♦♥✈❡②❡❞ ❜❡s✐❞❡s s♣❛t✐❛❧ ❛tt❡♥t✐♦♥✳ ■♥ ❝♦♥tr❛st t♦ s♣❛t✐❛❧ ❛tt❡♥t✐♦♥✱ ♥♦♥✲s♣❛t✐❛❧ ♦r
❢❡❛t✉r❡ ❛tt❡♥t✐♦♥ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝♦❧♦r✱ ♦r✐❡♥t❛t✐♦♥✱ s❤❛♣❡ ♦r s♣❛t✐❛❧ ❢r❡q✉❡♥❝② ❬✸✸❪✳ ■♥ t❤✐s ❞❡s✐❣♥
✐t ✇❛s ❡♥❝♦✉r❛❣❡❞ ❜② ❞✐✛❡r❡♥t ❝♦❧♦rs ♦❢ t❤❡ ♠♦t✐♦♥ st✐♠✉❧✐✳ ❘♦❜✉st♥❡ss ✇❛s ❢✉rt❤❡r str❡♥❣t❤❡♥❡❞
❜② ❝♦♠❜✐♥✐♥❣ ♠❱❊Ps ❛♥❞ t❤❡ P✸✵✵ ❛s ✐♥♣✉t ❢❡❛t✉r❡s ✐♥ t❤✐s ♦❞❞❜❛❧❧ ♣❛r❛❞✐❣♠✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡
❢❛✈♦r❛❜❧❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ♠❱❊P ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡ ✇❡r❡ ❡①♣❡❝t❡❞ t♦ r❡❞✉❝❡ ❊❘P ✈❛r✐❛❜✐❧✐t② ❛♥❞
t❤❡r❡❜② ❛ss✐st ✐♥ ❝r❡❛t✐♥❣ ❛ r♦❜✉st ❇❈■✳

✷ ▼❡t❤♦❞s

✷✳✶ P❛rt✐❝✐♣❛♥ts

❙✐①t❡❡♥ ✈♦❧✉♥t❡❡rs ♣❛rt✐❝✐♣❛t❡❞ ✐♥ t❤✐s st✉❞②✳ P❛rt✐❝✐♣❛♥ts ✭10 ♠❛❧❡s ❛♥❞ 6 ❢❡♠❛❧❡s✮ ✇❡r❡ ❛❣❡❞
❜❡t✇❡❡♥ 21 ❛♥❞ 30 ✇✐t❤ ❛ ♠❡❛♥ ❛❣❡ ♦❢ 23.8 ②❡❛rs✳ ❚❤❡② ❤❛❞ ♥♦r♠❛❧ ♦r ❝♦rr❡❝t❡❞✲t♦✲♥♦r♠❛❧ ✈✐s✐♦♥✳
◆♦r♠❛❧ ❝♦❧♦r ✈✐s✐♦♥ ✐♥ ❛❧❧ ❜✉t t✇♦ ♣❛rt✐❝✐♣❛♥ts ✭✐❛❝✱ ✐❜✉✮ ✇❛s ❝♦♥✜r♠❡❞ ✉s✐♥❣ t❤❡ ◆✐s❤✐❤❛r❛ ❈♦❧♦r
❱✐s✐♦♥ ❚❡st✳ Pr✐♦r t♦ t❤❡ ❡①♣❡r✐♠❡♥t ✇r✐tt❡♥ ❝♦♥s❡♥t ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ ❡❛❝❤ ♣❛rt✐❝✐♣❛♥t✳ ❚❤❡
st✉❞② ✇❛s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❉❡❝❧❛r❛t✐♦♥ ♦❢ ❍❡❧s✐♥❦✐✳

✷✳✷ ❆♣♣❛r❛t✉s

❊❊● r❡❝♦r❞✐♥❣s ✇❡r❡ ❞♦♥❡ ✉s✐♥❣ ❛ ❇r❛✐♥ Pr♦❞✉❝ts ✭▼✉♥✐❝❤✱ ●❡r♠❛♥②✮ ❛❝t✐❈❛♣ ❛❝t✐✈❡ ❡❧❡❝tr♦❞❡
s②st❡♠ ✇✐t❤ ✻✹ ❡❧❡❝tr♦❞❡s ✭❋♣✶✱✷✱ ❆❋✸✱✹✱✼✱✽✱ ❋③✱ ❋✶✲✶✵✱ ❋❈③✱ ❋❈✶✲✻✱ ❋❚✼✱✽✱ ❚✼✱✽✱ ❈③✱ ❈✶✲✻✱ ❚P✼✱✽✱
❈P③✱ ❈P✶✲✻✱ P③✱ P✶✲✶✵✱ P❖③✱ P❖✸✱✹✱✼✱✽✱ ❖③ ❛♥❞ ❖✶✱✷✮ ❛♥❞ ❛ ❇r❛✐♥❆♠♣ ❊❊● ❛♠♣❧✐✜❡r✳ ❊❧❡❝tr♦❞❡
✇❡r❡ ♣❧❛❝❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ✶✵✲✶✵ s②st❡♠✳ ❘✐❣❤t ♠❛st♦✐❞ ✇❛s ❝❤♦s❡♥ ❛s ❛ r❡❢❡r❡♥❝❡
s✐t❡ ❛♥❞ ❛ ❢♦r❡❤❡❛❞ ❣r♦✉♥❞ ❡❧❡❝tr♦❞❡✳ ❋♦r ♦✤✐♥❡ ❛♥❛❧②s✐s ❡❧❡❝tr♦❞❡s ✇❡r❡ r❡✲r❡❢❡r❡♥❝❡❞ t♦ ❧✐♥❦❡❞
♠❛st♦✐❞s✳ ■♠♣❡❞❛♥❝❡s ✇❡r❡ ❦❡♣t ❜❡❧♦✇ ✶✵ ❦Ω✳ ❊❊● ❞❛t❛ ✇❡r❡ s❛♠♣❧❡❞ ❛t ❛ r❛t❡ ♦❢ ✶✵✵✵❍③ ❛♥❞
❤❛r❞✇❛r❡ ❜❛♥❞♣❛ss ✜❧t❡r❡❞ ❜❡t✇❡❡♥ ✵✳✵✶✻✕✷✺✵❍③✳ ❋♦r ❝♦♥tr♦❧ ♦❢ ❡②❡ ♠♦✈❡♠❡♥ts ❛♥ ■♥t❡❧❧✐❣❛③❡ ■●✲
✸✵ ✭❆❧❡❛ ❚❡❝❤♥♦❧♦❣✐❡s✮ ❡②❡tr❛❝❦❡r✱ s❛♠♣❧✐♥❣ ❛t ✺✵❍③✱ ✇❛s ✉s❡❞ s✐♠✉❧t❛♥❡♦✉s❧②✳ ❚❤❡ ❝♦♥tr♦❧ s②st❡♠

✸



❝❡❛s❡❞ ❛♥❞ r❡st❛rt❡❞ ❛ tr✐❛❧ ✐♠♠❡❞✐❛t❡❧② ✇❤❡♥❡✈❡r t❤❡ ❡②❡s ✇❡r❡ ♥♦t ♦♥ t❤❡ ✜①❛t✐♦♥ ♣♦✐♥t✳ ❉✉❡ t♦
t❡❝❤♥✐❝❛❧ ♣r♦❜❧❡♠s ♦❢ t❤❡ ❡②❡tr❛❝❦❡r✱ ✐t ✇❛s ♦♥❧② ✉s❡❞ ❢♦r s❡✈❡♥ ♣❛rt✐❝✐♣❛♥ts ✭✐❜q✱ ✐❛❝✱ ❣❞❢✱ ✐❝✈✱ ✐❜❡✱

❣❞❣✱ ✐❜❛✮✳ ■♥ ❛♥② ❝❛s❡ ♣❛rt✐❝✐♣❛♥ts ✇❡r❡ ✐♥str✉❝t❡❞ t♦ str✐❝t❧② r❡♠❛✐♥ ♦♥ t❤❡ ✜①❛t✐♦♥ ♣♦✐♥ts✱ t❤✐s ✇❛s
♣❛rt✐❝✉❧❛r❧② ❡♠♣❤❛s✐③❡❞ ❢♦r t❤❡ ♣❛rt✐❝✐♣❛♥ts t❤❛t ✇❡r❡ ♥♦t ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❡②❡tr❛❝❦❡r✳ ❙t✐♠✉❧✐
✇❡r❡ ♣r❡s❡♥t❡❞ ♦♥ ❛ ✶✾✧ ❚❋❚ s❝r❡❡♥ ✇✐t❤ ❛ r❡❢r❡s❤ r❛t❡ ♦❢ ✻✵❍③ ❛♥❞ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ✶✷✽✵×✶✵✷✹ ♣①2✳
P❛rt✐❝✐♣❛♥ts ✇❡r❡ s❡❛t❡❞ ❛t ✻✵❝♠ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ s❝r❡❡♥✳ ❋✉rt❤❡r♠♦r❡ ❛ ♣❤♦t♦❞✐♦❞❡ ✇❛s ❛tt❛❝❤❡❞
t♦ ❧♦✇❡r ❧❡❢t ❝♦r♥❡r ♦❢ t❤❡ s❝r❡❡♥ t♦ r❡❣✐st❡r st✐♠✉❧✉s ♦♥s❡t ✭❣✳tr✐❣❇♦① ❜② ●✉❣❡r ❚❡❝❤♥♦❧♦❣✐❡s✮ ❛♥❞
❛❧❧♦✇ ❢♦r s✉❜s❡q✉❡♥t ❝♦rr❡❝t✐♦♥ ♦❢ ❚❋❚ ❞❡❧❛②✳ ❙t✐♠✉❧✉s ♣r❡s❡♥t❛t✐♦♥ ✇❛s s②♥❝❤r♦♥✐③❡❞ ✇✐t❤ s❝r❡❡♥
r❡❢r❡s❤✳

✷✳✸ ❙t✐♠✉❧✐ ❛♥❞ ❙♣❡❧❧❡r ❉❡s✐❣♥

❚❤r❡❡ ❞✐✛❡r❡♥t ❈❛❦❡ ❙♣❡❧❧❡r ♠♦❞✐✜❝❛t✐♦♥s ✇❡r❡ ❡♠♣❧♦②❡❞ ✐♥ ❛ ✇✐t❤✐♥✲s✉❜❥❡❝t ❞❡s✐❣♥✿ ❛♥ ❖✈❡rt
❈❛❦❡ ❙♣❡❧❧❡r✱ ❛ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ ❛♥❞ ❛ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❚❤❡ ❜❛s✐❝ ❞❡s✐❣♥ ❛♥❞ ♦♣❡r❛t✐♥❣
♠♦❞❡ ✐s t❤❡ s❛♠❡ ❢♦r ❛❧❧ t❤r❡❡ s♣❡❧❧❡rs✳ ■t ❝♦♠♣r✐s❡s ❛ ❤❡①❛❣♦♥ s♣❧✐t ✉♣ ✐♥ s✐① ♣❛rts✳ ❊❛❝❤ ♣✐❡❝❡
❝♦♥t❛✐♥s ❧❡tt❡rs ♦r ❛❞❞✐t✐♦♥❛❧ ❝❤❛r❛❝t❡rs✳ ■♥ t♦t❛❧ t❤❡ ♣❛rt✐❝✐♣❛♥t ❝❛♥ ❝❤♦♦s❡ ❢r♦♠ ✸✵ ❞✐✛❡r❡♥t
s②♠❜♦❧s ✭✬❆❇❈❉❊✬✱ ✬❋●❍■❏✬✱ ✬❑▲▼◆❖✬✱ ✬P◗❘❙❚✬✱ ✬❯❱❲❳❨✬ ❛♥❞ ✬❩❴ ✳ ✱ ❁✬✮✳ ❚❤❡ s♣❡❧❧❡r ❞❡✈✐❝❡
✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❧❡✈❡❧s✳ ■♥ t❤❡ ✜rst ❧❡✈❡❧ ✭❣r♦✉♣✲❧❡✈❡❧✮ ❡❛❝❤ ❝❤✉♥❦ ❢❡❛t✉r❡s ✜✈❡ s②♠❜♦❧s ✭❡✳❣✳
✬❆❇❈❉❊✬✮✳ ❲❤❡r❡❛s ✐♥ t❤❡ s❡❝♦♥❞ ❧❡✈❡❧ ✭s②♠❜♦❧✲❧❡✈❡❧✮ ❡❛❝❤ ♣✐❡❝❡ ❝♦♥t❛✐♥s ♦♥❧② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
s✐♥❣❧❡ ❧❡tt❡r ✭❡✳❣✳ ✬❆✬✮✳ ❆❝❝♦r❞✐♥❣❧②✱ ❧❡tt❡r s❡❧❡❝t✐♦♥ ✐s ❛ t✇♦✲st❛❣❡ ♣r♦❝❡ss✳ ❋✐rst t❤❡ ❞❡s✐r❡❞ ❧❡tt❡r
❣r♦✉♣ ✐s s❡❧❡❝t❡❞✳ ❚❤❡♥ t❤❡ s♣❡❧❧❡r ♠♦✈❡s t♦ t❤❡ s❡❝♦♥❞ ❧❡✈❡❧✳ ■♥ t❤❡ s❡❝♦♥❞ ❧❡✈❡❧ ♣❛rt✐❝✐♣❛♥ts
❝❤♦♦s❡ ✇✐t❤✐♥ t❤✐s ❣r♦✉♣ t❤❡ s✐♥❣❧❡ ❞❡s✐r❡❞ ❧❡tt❡r✳ ❆s ❛ ❢❡❡❞❜❛❝❦ t❤❡ ❞❡t❡❝t❡❞ ❝❤❛r❛❝t❡r ❛♣♣❡❛rs
✐♥ ❣r❡② ❧❡tt❡rs ❛t t❤❡ t♦♣ ♦❢ t❤❡ s❝r❡❡♥✳ ❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡tt❡r ❣r♦✉♣s✱ t❤❡ s✐♥❣❧❡ ❧❡tt❡rs ❛♥❞ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ♠♦t✐♦♥ st✐♠✉❧✐ ❛r❡ ❤✐❣❤❧✐❣❤t❡❞ ✇✐t❤ ❛ ✉♥✐q✉❡ ❝♦❧♦r ✐♥ ♦r❞❡r t♦ ❢❛❝✐❧✐t❛t❡ r❡❝♦❣♥✐t✐♦♥
❛♥❞ ❡♥❤❛♥❝❡ ❛tt❡♥t✐♦♥ t♦ t❤❡ t❛r❣❡t✳ ❙♦✱ t❤❡ s♣❡❧❧❡r ♥✉rt✉r❡s t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❛tt❡♥t✐♦♥✳
❋✐rst✱ s♣❛t✐❛❧ ❛tt❡♥t✐♦♥ ✕ t❤❡ ♣❛rt✐❝✐♣❛♥t ❝❛♥ ❛tt❡♥❞ t♦ ❛ s♣❡❝✐✜❝ ❧♦❝❛t✐♦♥ ✐♥ s♣❛❝❡✳ ❙❡❝♦♥❞❧②
❢❡❛t✉r❡ ❛tt❡♥t✐♦♥ ✕ ♣❛rt✐❝✐♣❛♥ts ❝❛♥ ❢♦❝✉s ♦♥ t❤❡ ❝♦❧♦r ♦❢ t❤❡ st✐♠✉❧✉s✳ ❚❤✐s ❢❛❝✐❧✐t❛t❡s ❛❧❧♦❝❛t✐♦♥
♦❢ ✭❝♦✈❡rt✮ ❛tt❡♥t✐♦♥✳ ❈♦❧♦rs ♦❢ t❤❡ st✐♠✉❧✐ ✐♥❝❧✉❞❡ r❡❞✱ ❣r❡❡♥✱ ❜❧✉❡✱ ②❡❧❧♦✇✱ ♣✉r♣❧❡ ❛♥❞ t✉rq✉♦✐s❡✳
❈♦rr❡❝t✐♦♥s ♦❢ ♠✐st❛❦❡s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ❛ ❜❛❝❦s♣❛❝❡ s②♠❜♦❧ ✭✬❁✬✮✐♥ t❤❡ ❣r♦✉♣✲❧❡✈❡❧ ❛♥❞ ❛♥
❡♠♣t② ❞✐s❝ ✐♥ t❤❡ s②♠❜♦❧✲❧❡✈❡❧✱ ❝❛✉s✐♥❣ ❛ r❡t✉r♥ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣r❡✈✐♦✉s ❧❡✈❡❧✳ ▼❛✐♥❧② t✇♦
❊❘P ❝♦♠♣♦♥❡♥ts ❛r❡ ♦❜❥❡❝t✐✈❡s ♦❢ t❤✐s st✐♠✉❧✉s ❞❡s✐❣♥✱ P✸✵✵ ❛♥❞ ◆✷✵✵✳ ❚❛r❣❡t ♣r❡s❡♥t❛t✐♦♥
❛♠♦♥❣ s✐① s❡❧❡❝t❛❜❧❡ st✐♠✉❧✐ ❝♦♥st✐t✉t❡s ❛♥ ♦❞❞❜❛❧❧ ❡✈❡♥t t❤❡r❡❜② ❡❧✐❝✐t✐♥❣ ❛ P✸✵✵✳ ■♥❞✉❝t✐♦♥ ♦❢
◆✷✵✵ r❡s♣♦♥s❡s ✐s ✐♠♣❧❡♠❡♥t❡❞ ❞✐✛❡r❡♥t❧② ❢♦r t❤❡ s♣❡❧❧❡rs ❜② ♠❡❛♥s ♦❢ t✇♦ ❞✐✛❡r❡♥t ✈✐s✉❛❧ s❡tt✐♥❣s✳
❆ ♠♦✈✐♥❣ ❜❛r ♦r ❛ ♠♦✈✐♥❣ ❣r✐❞ ♣❛tt❡r♥ ❛r❡ ❛❞♦♣t❡❞ ✐♥ ♦r❞❡r t♦ ♣r♦❞✉❝❡ ◆✷✵✵ ❝♦♠♣♦♥❡♥ts✳ ❚♦
❜❡ ❛❜❧❡ t♦ ❞✐r❡❝t❧② ✐♥✈❡st✐❣❛t❡ ❣❛③❡ ✭✐♥✮❞❡♣❡♥❞❡♥❝②✱ ❛tt❡♥t✐♦♥ ✐s ♠❛♥✐♣✉❧❛t❡❞ ❞✐✛❡r❡♥t❧② ❢♦r t❤❡
s♣❡❧❧❡rs ✭❝♦✈❡rt✴♦✈❡rt✮✳ ❙♣❡❧❧❡rs ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳

❖✈❡rt ❝❛❦❡ s♣❡❧❧❡r✳ P❛rt✐❝✐♣❛♥ts ❛r❡ ♠❡❛♥t t♦ ♦✈❡rt❧② ❛tt❡♥❞✱ ✐✳❡✳ s❤✐❢t t❤❡✐r ❛tt❡♥t✐♦♥ ❛♥❞
❣❛③❡ t♦✇❛r❞s t❤❡ ♣✐❡❝❡ ♦❢ ❝❛❦❡ t❤❡② ❛r❡ ♦♣t✐♥❣ ❢♦r ❛♥❞ ♠❡❛♥✇❤✐❧❡ ✐❣♥♦r✐♥❣ t❤❡ ♦t❤❡rs✳ ❲✐t❤✐♥
❡❛❝❤ ❝❤✉♥❦ t❤❡r❡ ✐s ❛ ✜①❛t✐♦♥ ♣♦✐♥t ✐♥ t❤❡ ♠✐❞❞❧❡ t♦ ❣✉❛r❞ t❤❡✐r ❣❛③❡✳ ■♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ s✐❣♥❛❧
str❡♥❣t❤✱ ❞✐r❡❝t ❛tt❡♥t✐♦♥ ❛♥❞ ♠♦st ♥♦t❛❜❧② ❦❡❡♣✐♥❣ ✐t ♦♥ t❤❡✐r ❞❡st✐♥❛t✐♦♥✱ ♣❛rt✐❝✐♣❛♥ts ✇❡r❡ ❛s❦❡❞
t♦ s✐❧❡♥t❧② ❝♦✉♥t t❤❡ ♥✉♠❜❡r ♦❢ r❡❝✉rr❡♥t ♠♦✈❡♠❡♥ts ♦❢ ❛ s♠❛❧❧ ❜❛r ✇✐t❤✐♥ t❤❡✐r ❞❡s✐❣♥❛t❡❞ ♣✐❡❝❡✳
❚❤✐s ❜❛r ♠♦✈❡s ✇✐t❤✐♥ t❤❡ ❞✐✛❡r❡♥t ♣❛rts ♦❢ t❤❡ ❤❡①❛❣♦♥ ♣s❡✉❞♦r❛♥❞♦♠❧② ❛❧t❡r♥❛t✐♥❣ ❜❡t✇❡❡♥ t❤❡
s✐♥❣❧❡ ♣✐❡❝❡s ❛♥❞ ❡❧✐❝✐t✐♥❣ t❤❡ ❊❘Ps ✐♥ q✉❡st✐♦♥✳ ■t ❝❤❛♥❣❡s ❝♦❧♦r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❛♥❡❧ ✐t ♠♦✈❡s
✐♥✳ ❚❤❡ ♣❛rt✐❝✐♣❛♥t ✐s ✐♥str✉❝t❡❞ t♦ ❝♦✉♥t ✇✐t❤ ❤❡r✴❤✐s ✐♥♥❡r ✈♦✐❝❡ ✇❤❡♥❡✈❡r t❤❡ ❜❛r ♠♦✈❡s ✐♥ t❤❡
♠❛t❝❤✐♥❣ ❝♦❧♦r ✇✐t❤✐♥ t❤❡ t❛r❣❡t ✉♥t✐❧ t❤❡ s②st❡♠ ❞✐s♣❧❛②s t❤❡ ❧❡tt❡r ✐t ❤❛❞ s❡❧❡❝t❡❞✳ ❚❤✉s✱ s♣❛t✐❛❧
❧♦❝❛t✐♦♥ ❛♥❞ ❝♦❧♦r ♦❢ t❤❡ ❜❛r s❡r✈❡ ❛s ❛ ❤✐♥t✳

❈♦✈❡rt ❝❛❦❡ s♣❡❧❧❡r✳ ■♥ t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❡②❡s ❤❛✈❡ t♦ str✐❝t❧② ✜①❛t❡ ❛ ✜①❛t✐♦♥ ♣♦✐♥t
✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❤❡①❛❣♦♥✳ ❆t t❤❡ ♠❡❛♥t✐♠❡✱ t❤❡ ♣❛rt✐❝✐♣❛♥t ✐s ♠❡♥t❛❧❧② ❞✐r❡❝t✐♥❣ ❤✐s ❛tt❡♥t✐♦♥
❛✇❛② ❢r♦♠ t❤❡ ❝❡♥t❡r t♦✇❛r❞s t❤❡ ❞❡s✐❣♥❛t❡❞ ❧❡tt❡r r❡s♣❡❝t✐✈❡❧② t❤❡ ♠♦✈✐♥❣ ❜❛r✳ ❆♣❛rt ❢r♦♠ t❤✐s✱
✐ts ♠♦❞✉s ♦♣❡r❛♥❞✐ ❡q✉❛❧s t❤❡ ♦♥❡ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳

▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❍❡r❡ ❛ ♠♦✈✐♥❣ ♣❛tt❡r♥ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❤❡①❛❣♦♥ ✐s ♠❡❛♥t t♦
❣❡♥❡r❛t❡ ❛ ♠❱❊P✳ ❚❤❡ ❣r✐❞ ♣❛tt❡r♥ ❝♦♥s✐st❡❞ ♦❢ ❛rr♦✇❤❡❛❞s ♣♦✐♥t✐♥❣ ❛❧t❡r♥❛t❡❧② t♦ ♦♥❡ ♦❢ t❤❡
♣✐❡❝❡s✳ ❊❛❝❤ ❛rr♦✇❤❡❛❞ ❤❛s ❛ ✉♥✐q✉❡ ❝♦❧♦r ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝♦❧♦r ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❧❡tt❡r
❣r♦✉♣✳ P❛rt✐❝✐♣❛♥ts ❤❛✈❡ t♦ ✜①❛t❡ ♦♥ ❛ ❝❡♥tr❛❧ ✜①❛t✐♦♥ ♣♦✐♥t ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ♠♦✈✐♥❣ ♣❛tt❡r♥✳
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Motion
Center Speller

Motion
Cake Speller

❋✐❣✉r❡ ✶✿ ▲❡❢t✿ ▼♦t✐♦♥ ❈❛❦❡ ❙♣❡❧❧❡r✿ ■♥ ♦✈❡rt ♠♦❞❡✱ ♣❛rt✐❝✐♣❛♥ts ❤❛❞ t♦ ✜①❛t❡ t❤❡ ✜①❛t✐♦♥ ♣♦✐♥t ✐♥ ❛ ❤❡①❛❣♦♥✳
■♥ ❝♦✈❡rt ♠♦❞❡✱ ♣❛rt✐❝✐♣❛♥ts ❤❛❞ t♦ ✜①❛t❡ ❛ ❝❡♥tr❛❧ ✜①❛t✐♦♥ ❞♦t ✭♥♦t s❤♦✇♥✮✳ ■♥ ❜♦t❤ ❝❛s❡s✱ t❤❡② ❤❛✈❡ t♦ ❛tt❡♥❞ t♦
❛ ♠♦✈✐♥❣ ❜❛r ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❤❡①❛❣♦♥✳ ❘✐❣❤t✿ P❛rt✐❝✐♣❛♥ts ❢♦❝✉s❡ ♦♥ t❤❡ ❝❡♥tr❛❧ ❣r✐❞s ♦❢ ❛rr♦✇❤❡❛❞s✳ ❊❛❝❤ ❣r✐❞
♣♦✐♥ts t♦ ♦♥❡ ♦❢ t❤❡ s✐① ♣♦ss✐❜❧❡ s❡❧❡❝t✐♦♥s✳ ❚❤❡ ❝♦❧♦r ♦❢ t❤❡ ❛rr♦✇❤❡❛❞s ❝♦rr❡s♣♦♥❞s ✇✐t❤ t❤❡ ❝♦❧♦r ♦❢ t❤❡ r❡s♣❡❝t✐✈❡
❣r♦✉♣s✳ P❛rt✐❝✐♣❛♥ts ❤❛✈❡ t♦ ❢♦❝✉s ♦♥ t❤❡ ❛♦rr✇❤❡❛❞ ♣♦✐♥t✐♥❣ ♦♥t♦ t❤❡ ❣r♦✉♣ t❤❛t t❤❡② ✐♥t❡♥❞ t♦ ❝❤♦♦s❡✳

❚❤❡ ♣❛rt✐❝✐♣❛♥ts✬ t❛s❦ ✐s t♦ ❞✐r❡❝t t❤❡✐r ❛tt❡♥t✐♦♥ t♦✇❛r❞s t❤❡ ♠♦✈✐♥❣ ♣❛tt❡r♥ ❛♥❞ s✐❧❡♥t❧② ❝♦✉♥t
✇❤❡♥❡✈❡r t❤❡ ❛rr♦✇ ♣♦✐♥ts t♦✇❛r❞s t❤❡✐r t❛r❣❡t ♣✐❡❝❡ ❤❛✈✐♥❣ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝♦❧♦r✳ ■♥ t❤✐s ❞❡s✐❣♥
♠♦t✐♦♥ st✐♠✉❧❛t✐♦♥ ✇❛s ❡♥t✐r❡❧② ❢♦✈❡❛❧✳

❆❧❧ s♣❡❧❧❡rs ❤❛❞ ❛ t♦t❛❧ r❛❞✐✉s ♦❢ ✸✵✵♣① ✭✽✳✺◦✮✳ ❇❛r ✇✐❞t❤ ✐♥ ❜♦t❤ ❈❛❦❡ ❙♣❡❧❧❡rs ✇❛s ✺♣① ✭✵✳✶✸◦✮
❛♥❞ t❤❡ ❜❛r ♠♦✈❡❞ ✇✐t❤ ❛ s♣❡❡❞ ♦❢ ✵✳✺✶◦✴❢r❛♠❡✳ ❉✉r✐♥❣ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❛ st✐♠✉❧✉s t❤❡ ❜❛r ♠♦✈❡❞
❛ t♦t❛❧ ♦❢ ✷✳✺✺◦✱ st❛rt✐♥❣ ❛t ❛♥ ❡❝❝❡♥tr✐❝✐t② ♦❢ ✷✳✾✽◦ ❛♥❞ ❡♥❞✐♥❣ ❛t ❛♥ ❡❝❝❡♥tr✐❝✐t② ♦❢ ✺✳✺✸◦✳ ❚❤❡
❣r✐❞ ♣❛tt❡r♥ ✐♥ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ✇❛s ❝♦♠♣♦s❡❞ ♦❢ ✶✷ str✐♣❡s ❛s ❛ ✇❤♦❧❡ s✉❜t❡♥❞✐♥❣ ✻✹♣①
✭✸✳✵✻◦✮ ❛♥❞ ✐t ♠♦✈❡❞ ✵✳✹✸◦ ❞✉r✐♥❣ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ♦♥❡ st✐♠✉❧✉s✳

❚❤❡ ♠♦✈✐♥❣ ❜❛r✴♣❛tt❡r♥ ✐s ♣r❡s❡♥t❡❞ ✷ ❬❧❡✈❡❧s❪ × ✶✵ ❬r❡♣❡t✐t✐♦♥s❪ × ✻ ❬❣r♦✉♣s✴s②♠❜♦❧s❪ ❂ ✶✷✵
t✐♠❡s ❢♦r ❡❛❝❤ s❡❧❡❝t✐♦♥✳ ❚❤❡ ♦r❞❡r ✐s s❡♠✐✲r❛♥❞♦♠✐③❡❞ ✇✐t❤ ❛t ❧❡❛st t✇♦ ✐♥t❡r♠✐tt❡♥t ✐♥t❡♥s✐✜❝❛✲
t✐♦♥s ❜❡❢♦r❡ ❛ ❝❡rt❛✐♥ ❣r♦✉♣ ✐s ✐♥t❡♥s✐✜❡❞ ❛❣❛✐♥✳ ❚❤❡ ❞✉r❛t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ♠♦✈❡♠❡♥t ✐s ✶✵✵♠s ✇✐t❤
✶✵✵♠s ❜❡t✇❡❡♥ ♠♦✈❡♠❡♥ts ✭✐♥t❡r✲st✐♠✉❧✉s ❞✉r❛t✐♦♥✮✳ ❚❤❡r❡❢♦r❡ t♦t❛❧ st✐♠✉❧✉s✲♦♥s❡t✲❛s②♥❝❤r♦♥②
✭❙❖❆✮ ❛♠♦✉♥ts t♦ ✷✵✵♠s✳ ❚❤❡ ❞✉r❛t✐♦♥ ♦❢ ♦♥❡ s❡q✉❡♥❝❡ ✭♦♥❡ st✐♠✉❧✉s r❡♣❡t✐t✐♦♥✮ ❛❞❞s ✉♣ t♦
✶✳✷s❡❝✳ ❚♦t❛❧ tr✐❛❧ ❞✉r❛t✐♦♥ ✐s ❛❜♦✉t ✸✵ s❡❝♦♥❞s✳ ❉✉❡ t♦ ❛ t❡❝❤♥✐❝❛❧ ♣r♦❜❧❡♠✱ t❤❡ ❙❖❆ ❢♦r t❤❡
▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ✇❛s ✷✻✻♠s r❛t❤❡r t❤❛♥ ✷✵✵♠s✳

❆❧❧ s♣❡❧❧❡rs ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ♦♣❡♥✲s♦✉r❝❡ ❢r❛♠❡✇♦r❦ P②✛ ❬✸✹❪ ✉s✐♥❣ ❱✐s✐♦♥❊❣❣ ❬✸✺❪ ❛♥❞
r❡♠♦t❡ ❝♦♥tr♦❧❧❡❞ ✈✐❛ ▼❆❚▲❆❇ ✭❚❤❡ ▼❛t❤❲♦r❦s✱ ◆❛t✐❝❦✱ ▼❆✱ ❯❙❆✮✳

✷✳✹ Pr♦❝❡❞✉r❡

P❛rt✐❝✐♣❛♥ts r❡❝❡✐✈❡❞ ✈❡r❜❛❧ ❛♥❞ ✇r✐tt❡♥ ✐♥str✉❝t✐♦♥s ❛❜♦✉t t❤❡ ♣r♦❝❡❞✉r❡ ❛♥❞ t❤❡ ♣✉r♣♦s❡ ♦❢
t❤❡ ❡①♣❡r✐♠❡♥t✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡ ❛rt✐❢❛❝ts t❤❡② ✇❡r❡ ✐♥str✉❝t❡❞ t♦ s✐t st✐❧❧✱ r❡❧❛① t❤❡✐r ♠✉s❝❧❡s
❛♥❞ ❛✈♦✐❞ ❡②❡ ❜❧✐♥❦s✴♠♦✈❡♠❡♥ts✳ ❚❤❡ ♦r❞❡r ♦❢ t❤❡ t❤r❡❡ s♣❡❧❧❡rs ✇❛s ❝♦✉♥t❡r❜❛❧❛♥❝❡❞ ❛❝r♦ss
♣❛rt✐❝✐♣❛♥ts✳ ❊❛❝❤ s♣❡❧❧❡r tr❛✈❡rs❡❞ t❤r♦✉❣❤ t❤❡ s❛♠❡ ❢♦✉r ♣❤❛s❡s✿ ❛ ♣r❛❝t✐❝❡ ♣❤❛s❡✱ ❛ ❝❛❧✐❜r❛t✐♦♥

✺



♣❤❛s❡ ❛♥❞ t✇♦ ♦♥❧✐♥❡ ♣❤❛s❡s✳ ■♥ ❛ s❤♦rt Pr❛❝t✐❝❡ ♣❤❛s❡✱ ♣❛rt✐❝✐♣❛♥ts ✐♠✐t❛t❡❞ t❤❡ ✇r✐t✐♥❣ ♣r♦❝❡ss
t♦ ❜❡❝♦♠❡ ❢❛♠✐❧✐❛r ✇✐t❤ t❤❡ s❡tt✐♥❣✳ ❉✉r✐♥❣ ❈❛❧✐❜r❛t✐♦♥ ♣❛rt✐❝✐♣❛♥ts ❝♦♣②✲s♣❡❧❧❡❞ t❤r❡❡ ❞❡❢❛✉❧t
✇♦r❞s ✭✬❲■◆❑❚❴◗❯❆❘❩❴❋❏❖❘❉✬✮ ❛♥❞ t❤❡✐r ❊❊● ✇❛s r❡❝♦r❞❡❞✳ P❛rt✐❝✐♣❛♥ts ✇❡r❡ ✐♥str✉❝t❡❞
t♦ ❛tt❡♥❞ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❧❡tt❡r t❤❡② ❤❛❞ t♦ s❡❧❡❝t✳ ❚❤❡② r❡❝❡✐✈❡❞ ♥♦ ♦♥❧✐♥❡ ❢❡❡❞❜❛❝❦✳ ❉❛t❛
✇❡r❡ s✉❜s❡q✉❡♥t❧② ✉s❡❞ ❛s tr❛✐♥✐♥❣ s❡t ❢♦r t❤❡ ❝❧❛ss✐✜❡r✳ ■♥ t❤❡ ❈♦♣② ❙♣❡❧❧✐♥❣ r✉♥ ♣❛rt✐❝✐♣❛♥ts ❤❛❞
t♦ ✇r✐t❡ ❛ ❣✐✈❡♥ s❡♥t❡♥❝❡ ♦♥❧✐♥❡ ✭✬▲❊❚❴❨❖❯❘❴❇❘❆■◆❴❚❆▲❑✬✮✳ ❚❤❡② r❡❝❡✐✈❡❞ ♦♥❧✐♥❡ ❢❡❡❞❜❛❝❦
♦❢ t❤❡ s❡❧❡❝t❡❞ s②♠❜♦❧s ❜✉t t❤❡② ❞✐❞ ♥♦t ❤❛✈❡ t♦ ❝♦rr❡❝t ✇r♦♥❣ s❡❧❡❝t✐♦♥s✳ ❉✉r✐♥❣ ❋r❡❡ ❙♣❡❧❧✐♥❣

♣❛rt✐❝✐♣❛♥ts s♣❡❧❧❡❞ ❛ s❡♥t❡♥❝❡ ✭r♦✉❣❤❧② ✷✵ ❝❤❛r❛❝t❡rs✮ t❤❛t t❤❡② ✐♥✈❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❜r❡❛❦✳
❍❡r❡✱ ❡rr♦♥❡♦✉s❧② s❡❧❡❝t❡❞ s②♠❜♦❧s ❤❛❞ t♦ ❜❡ ❡r❛s❡❞ ✉s✐♥❣ t❤❡ ❜❛❝❦s♣❛❝❡ s②♠❜♦❧ ❛s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡
✭❛♥❞ ❡rr♦♥❡♦✉s❧② ❡r❛s❡❞ s②♠❜♦❧s ❤❛❞ t♦ ❜❡ r❡s❡❧❡❝t❡❞✮✳

✷✳✺ ❉❛t❛ ❛♥❛❧②s✐s

❋♦r ♦✤✐♥❡ ❊❘P ❛♥❛❧②s✐s t❤❡ ❞❛t❛ ✇❡r❡ ❞♦✇♥s❛♠♣❧❡❞ t♦ ✷✵✵❍③ ❛♥❞ ❧♦✇♣❛ss ✜❧t❡r❡❞ ✉s✐♥❣ ❛ ❈❤❡❜②✲
s❤❡✈ ✜❧t❡r ✇✐t❤ ❛ ✹✷❍③ ♣❛ss❜❛♥❞ ❛♥❞ ❛ ✹✾❍③ st♦♣❜❛♥❞✳ ❚❤❡ ❝♦♥t✐♥✉♦✉s ❊❊● ✇❛s ❡♣♦❝❤❡❞ ✇✐t❤
❡♣♦❝❤s s♣❛♥♥✐♥❣ ✷✵✵♠s ♣r❡✲st✐♠✉❧✉s t♦ ✶✵✵✵♠s ♣♦st✲st✐♠✉❧✉s✳ ❇❛s❡❧✐♥❡ ❝♦rr❡❝t✐♦♥ ✇❛s ❞♦♥❡ ♦♥ t❤❡
✷✵✵♠s ♣r❡✲st✐♠✉❧✉s ✐♥t❡r✈❛❧✳ P❤②s✐♦❧♦❣✐❝❛❧ ❛rt✐❢❛❝ts ✭❡✳❣✳ ♠✉s❝✉❧❛r ❛❝t✐✈✐t②✱ ❡②❡ ♠♦✈❡♠❡♥ts✮ ✇❡r❡
r❡❥❡❝t❡❞ ✉s✐♥❣ ❛ ♠✐♥✲♠❛① ❝r✐t❡r✐♦♥ ✭❞✐✛❡r❡♥❝❡ ♠✐♥✲♠❛① ✈♦❧t❛❣❡ ≥✼✵µV ✮ ❛♥❞ ❛ ✈❛r✐❛♥❝❡ ❝r✐t❡r✐♦♥✳
■♥ st✐♠✉❧✉s ❞❡s✐❣♥s ✇✐t❤ s❤♦rt ❙❖❆s✱ ❊❘Ps ♦❢ s✉❝❝❡ss✐✈❡ st✐♠✉❧✐ ♦❢t❡♥ ❛✛❡❝t ❡❛❝❤ ♦t❤❡r✳ ❘❡s♣♦♥s❡
❞✉r❛t✐♦♥s ♦✈❡r❧❛♣ ✐♥ t✐♠❡ ❛♥❞ t❤❡r❡❜② ❞✐st♦rt t❤❡ ❊❘P ✉♥❞❡r ✐♥✈❡st✐❣❛t✐♦♥✳ ❚♦ r❡❞✉❝❡ t❤❡ ❡✛❡❝t
♦❢ t❛r❣❡ts ♦♥ ♥♦♥t❛r❣❡t ❡♣♦❝❤s✱ ♦♥❧② t❤♦s❡ ♥♦♥t❛r❣❡t ❡♣♦❝❤s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ✇❤♦s❡ ✸ ♣r❡❝❡❞✐♥❣
❛♥❞ ✹ ❢♦❧❧♦✇✐♥❣ st✐♠✉❧✐ ✇❡r❡ ❛❧s♦ ♥♦♥t❛r❣❡ts✳ ❙t❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ✇❛s t❡st❡❞ ✉s✐♥❣ ❛ r❡♣❡❛t❡❞
♠❡❛s✉r❡s ❆◆❖❱❆✳

❋♦r ♦♥❧✐♥❡ ❛♥❞ ♦✤✐♥❡ ❝❧❛ss✐✜❝❛t✐♦♥✱ t❤❡ ❞❛t❛ ✇❡r❡ ❞♦✇♥s❛♠♣❧❡❞ t♦ ✶✵✵❍③✳ ❆❧❧ ♥♦♥t❛r❣❡t tr✐❛❧s
✇❡r❡ ✐♥❝❧✉❞❡❞ ❛♥❞ ♥♦ ❛rt✐❢❛❝t r❡❥❡❝t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞✳ ❆ ❜✐♥❛r② ❧✐♥❡❛r ❝❧❛ss✐✜❡r ✉s✐♥❣ ❧✐♥❡❛r
❞✐s❝r✐♠✐♥❛♥t ❛♥❛❧②s✐s ✭▲❉❆✮ ✇✐t❤ s❤r✐♥❦❛❣❡ ♦❢ ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ❬✸✻❪✳ ❆ s❡♣❛r❛t❡
❝❧❛ss✐✜❡r ✇❛s tr❛✐♥❡❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡ s♣❡❧❧❡rs ✇✐t❤ ❞❛t❛ ❢r♦♠ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❛❧✐❜r❛t✐♦♥ ♣❤❛s❡ ❛♥❞
s✉❜s❡q✉❡♥t❧② t❡st❡❞ ♦♥ t❤❡ ❢r❡❡ ❛♥❞ ❝♦♣② s♣❡❧❧✐♥❣ ♣❤❛s❡s✳ ❆s s♣❛t✐❛❧ ❢❡❛t✉r❡s ❛❧❧ ❡❧❡❝tr♦❞❡s ❡①❝❡♣t ❢♦r
❢r♦♥t❛❧ ❡❧❡❝tr♦❞❡s ❝❧♦s❡ t♦ t❤❡ ❡②❡s ✭✐✳❡✳✱ ❋♣✶✱✷ ❛♥❞ ❆❋✸✱✹✱✼✱✽✮ ✇❡r❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❞✐s❝r✐♠✐♥❛❜✐❧✐t②
✐♥❞❡① ❢♦r t❛r❣❡t✴♥♦♥t❛r❣❡t ❝❧❛ss❡s ✇❛s ❜❛s❡❞ ♦♥ s✐❣♥❡❞ sq✉❛r❡ ✈❛❧✉❡s ♦❢ ♣♦✐♥t✲❜✐s❡r✐❛❧ ❝♦rr❡❧❛t✐♦♥
❝♦❡✣❝✐❡♥ts ✭sign r2✮✳ ❆ ❤❡✉r✐st✐❝ s❡❛r❝❤ ✇❛s ✉s❡❞ t♦ ❛✉t♦♠❛t✐❝❛❧❧② s❡❧❡❝t t❡♠♣♦r❛❧ ❢❡❛t✉r❡s✱ ✐✳❡✳
♦♣t✐♠❛❧ ♣❡❛❦s ✐♥ t❤❡ sign r2 ✈❛❧✉❡s ♦❢ t❛r❣❡ts✴♥♦♥t❛r❣❡ts ✐♥ t❤❡ ✶✵✵✕✽✵✵♠s ♣♦st✲st✐♠✉❧✉s ✐♥t❡r✈❛❧✳
▲❉❆ ❛❝ts ❛s s♣❛t✐❛❧ ✜❧t❡r✱ t❤❛t ❡♥❤❛♥❝❡s t❤❡ t❛r❣❡t s✐❣♥❛❧ ❛♥❞ s✉♣♣r❡ss❡s ♥♦♥✲❞✐s❝r✐♠✐♥❛t✐✈❡ s♦✉r❝❡s
✭❇❧❛♥❦❡rt③ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❋♦r ♦♥❧✐♥❡ ❝❧❛ss✐✜❝❛t✐♦♥✱ t✐♠✐♥❣ ❛♥❞ ♥✉♠❜❡r ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ✇✐♥❞♦✇s ❝♦✉❧❞
❜❡ ♠❛♥✉❛❧❧② ❛❞❥✉st❡❞ ❜② t❤❡ ❡①♣❡r✐♠❡♥t❡r✱ ✇✐t❤ ❛♥ ✐♥✐t✐❛❧ ❞❡❢❛✉❧t ♦❢ ✺ t❡♠♣♦r❛❧ ✐♥t❡r✈❛❧s✳ ❚❤✐s
②✐❡❧❞❡❞ ❛ ❢❡❛t✉r❡ ✈❡❝t♦r ✇✐t❤ ✺✽ s♣❛t✐❛❧ ❢❡❛t✉r❡s t✐♠❡s t②♣✐❝❛❧❧② ✺ t❡♠♣♦r❛❧ ❢❡❛t✉r❡s✱ ❤❡♥❝❡ ❛ t♦t❛❧
♦❢ ✷✾✵ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❢❡❛t✉r❡s✳

✸ ❘❡s✉❧ts

✸✳✶ ❊✈❡♥t✲❘❡❧❛t❡❞ P♦t❡♥t✐❛❧s

●r❛♥❞ ❛✈❡r❛❣❡ ❊❘Ps ❢♦r t❤❡ t❤r❡❡ s♣❡❧❧❡rs ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳ ❚♦ ✐♥❝r❡❛s❡ st❛t✐st✐❝❛❧ ♣♦✇❡r
✇❡ r❡str✐❝t❡❞ t❤❡ ❛♥❛❧②s❡s t♦ ❛ s✉❜s❡t ♦❢ ❡❧❡❝tr♦❞❡s✳ ❆s ✐♥❞✐❝❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✱ ◆✷✵✵ ✇❛s ♠♦st
❞✐st✐♥❝t ♦✈❡r ♣❛r✐❡t♦✲♦❝❝✐♣✐t❛❧ s✐t❡s ✭✬P✼✬ ✬P✸✬ ✬P❖✼✬✮✱ ✇❤❡r❡❛s P✸✵✵ ❤❛❞ ❛ ❝❡♥tr❛❧ ❢♦❝✉s ✭✬❋❈③✬ ✬❈③✬
✬P③✬✮✳ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s ✇❛s ❞♦♥❡ ✉s✐♥❣ ❛ t❤r❡❡✲✇❛② r❡♣❡❛t❡❞✲♠❡❛s✉r❡s ❛♥❛❧②s✐s ♦❢ ✈❛r✐❛♥❝❡ ✭❘▼✲
❆◆❖❱❆✮ ♦♥ ❙♣❡❧❧❡r ✭❖✈❡rt ❈❛❦❡✴❈♦✈❡rt ❈❛❦❡✴▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✮ ① ❙t❛t✉s ✭t❛r❣❡t✴♥♦♥t❛r❣❡t✮
① ❊❧❡❝tr♦❞❡ ✭◆✷✵✵✿ ✬P✼✬ ✬P✸✬ ✬P❖✼✬❀ P✸✵✵✿ ✬❋❈③✬ ✬❈③✬ ✬P③✬✮✳ P❡❛❦ ❛♠♣❧✐t✉❞❡s ❛♥❞ ❧❛t❡♥❝✐❡s ✇❡r❡
❞❡t❡r♠✐♥❡❞ ✇✐t❤✐♥ t❤❡ ✶✵✵✕✷✺✵♠s ✭◆✷✵✵✮ r❡s♣❡❝t✐✈❡❧② ✸✵✵✕✺✵✵♠s ✭P✸✵✵✮ ♣♦st✲st✐♠✉❧✉s ✐♥t❡r✈❛❧✳

◆✷✵✵ ◆✷✵✵ ✇❡r❡ ♠♦st ♣r♦♥♦✉♥❝❡❞ ✐♥ t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✿ ♠❡❛♥ ❛♠♣❧✐t✉❞❡ ♦✈❡r t❤❡ t❤r❡❡
❡❧❡❝tr♦❞❡s ✇❛s −2.58µV ❢♦r t❛r❣❡t ♣r❡s❡♥t❛t✐♦♥s ❛♥❞ −.63µV ❢♦r ♥♦♥t❛r❣❡t ♣r❡s❡♥t❛t✐♦♥s✳ ❚❤❡
❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❤❛❞ ♠❡❛♥ ✈♦❧t❛❣❡s ♦❢−1.57µV ❢♦r t❛r❣❡ts ❛♥❞−0.95µV ❢♦r ♥♦♥t❛r❣❡ts✳ ❖✈❡r❛❧❧
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❋✐❣✉r❡ ✷✿ ●r❛♥❞ ❛✈❡r❛❣❡ ❊❘Ps ❢♦r ▼♦t✐♦♥ ❈❡♥t❡r✱ ❈♦✈❡rt ❈❛❦❡ ❛♥❞ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✳ ❚♦♣✿ ❊✈❡♥t✲r❡❧❛t❡❞
✈♦❧t❛❣❡ ❝❤❛♥❣❡s ✐♥ µV ♣❧♦tt❡❞ ❛❣❛✐♥st t✐♠❡ ✐♥ ♠s ❢♦❧❧♦✇✐♥❣ t❤❡ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ st✐♠✉❧✉s✳ ❚❛r❣❡t r❡s♣♦♥s❡s ❛r❡
❞❡♣✐❝t❡❞ ✐♥ ♠❛❣❡♥t❛✱ ♥♦♥t❛r❣❡ts ✐♥ ❣r❡②✳ ❚❤✐❝❦ ❧✐♥❡s r❡♣r❡s❡♥t ❛✈❡r❛❣❡ r❡s♣♦♥s❡s ❛t ❡❧❡❝tr♦❞❡ ❈③ ❛♥❞ t❤✐♥ ❧✐♥❡s ❛t
P❖✼✳ ▼✐❞❞❧❡✿ ❙❝❛❧♣ t♦♣♦❣r❛♣❤✐❡s ✇❡r❡ ❣❡♥❡r❛t❡❞ ❜② ❛✈❡r❛❣✐♥❣ t❤❡ ✈♦❧t❛❣❡s ✐♥ t❤❡ t✇♦ s❤❛❞❡❞ ✐♥t❡r✈❛❧s s❤♦✇♥
✐♥ t❤❡ ❣r❛♣❤s✳ ❚❤❡ ✜rst t✇♦ r♦✇s ❞❡♣✐❝t t❤❡ r❡s♣♦♥s❡ t♦ t❛r❣❡ts ❛♥❞ ♥♦♥t❛r❣❡ts✱ t❤❡ t❤✐r❞ r♦✇ ❣✐✈❡s t❤❡ sign r2

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❛r❣❡ts ❛♥❞ ♥♦♥t❛r❣❡ts✳ ❇♦tt♦♠✿ sign r2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡ ❢♦r ❡❧❡❝tr♦❞❡s ❈③ ❛♥❞ P❖✼✳

✼



❛♠♣❧✐t✉❞❡ ✇❛s ❤✐❣❤❡st ✐♥ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r s❡tt✐♥❣✱ ✇✐t❤ ♠❡❛♥s ♦❢ −3.15µV ❢♦r t❛r❣❡ts ❛♥❞
−2.17µV ❢♦r ♥♦♥t❛r❣❡ts✳ ▼❡❛♥ ◆✷✵✵ ❛♠♣❧✐t✉❞❡s ❢♦r ❢❛❝t♦r ❙♣❡❧❧❡r ✿ ❈♦✈❡rt ❈❛❦❡ (−1.26µV )✱ ❖✈❡rt
❈❛❦❡ (−1.60µV ) ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r (−2.77µV )✳ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ◆✷✵✵ ❛♠♣❧✐t✉❞❡
s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❙♣❡❧❧❡r (F = 35.23, p < 0.001)✱ ❙t❛t✉s (F = 69.24, p < 0.001) ❛♥❞
❊❧❡❝tr♦❞❡ (F = 4.73, p < 0.01✮✳ ❚❤❡ t✇♦✲✇❛② ✐♥t❡r❛❝t✐♦♥s ♦❢ ❙♣❡❧❧❡r ① ❙t❛t✉s (F = 7.85, p < 0.001)
❛♥❞ ❙♣❡❧❧❡r ① ❊❧❡❝tr♦❞❡ (F = 2.6, p < 0.05) ✇❡r❡ s✐❣♥✐✜❝❛♥t✱ ❜✉t ❙t❛t✉s ① ❊❧❡❝tr♦❞❡ (F = 2.16, p =
0.12) ❛♥❞ t❤❡ t❤r❡❡✲✇❛② ✐♥t❡r❛❝t✐♦♥ (F = 1.35, p = 0.25) ✇❡r❡ ♥♦t s✐❣♥✐✜❝❛♥t✳

❚❡sts ♦♥ ◆✷✵✵ ❧❛t❡♥❝② r❡✈❡❛❧❡❞ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❙♣❡❧❧❡r (F = 34.51, p < 0.001) ❛♥❞
❊❧❡❝tr♦❞❡ (F = 4.22, p < 0.05)✳ ❙t❛t✉s (F = 0.08, p = 0.77) ❛♥❞ ❛❧❧ ✐♥t❡r❛❝t✐♦♥s s❤♦✇❡❞ ♥♦
s✐❣♥✐✜❝❛♥t ❡✛❡❝ts✳ ▼❡❛♥ ◆✷✵✵ ❧❛t❡♥❝✐❡s ❛✈❡r❛❣❡❞ ❛❝r♦ss ❡❧❡❝tr♦❞❡s ❛♥❞ st❛t✉s ✇❡r❡ ✶✽✵♠s ✭❈♦✈❡rt
❈❛❦❡✮✱ ✶✻✹♠s ✭❖✈❡rt ❈❛❦❡✮ ❛♥❞ ✶✾✽♠s ✭▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✮✳

P✸✵✵ ▼❡❛♥ P✸✵✵ ❛♠♣❧✐t✉❞❡s ✭♦✈❡r t❤❡ s✉❜s❡t ♦❢ ❡❧❡❝tr♦❞❡s✮ ♦❢ t❤❡ ❖✈❡rt ❙♣❡❧❧❡r ✇❡r❡ 1.31µV ❢♦r
t❛r❣❡ts ❛♥❞ 0.66µV ❢♦r ♥♦♥t❛r❣❡ts✳ ■♥ t❤❡ ❈♦✈❡rt ❙♣❡❧❧❡r ❛♠♣❧✐t✉❞❡s ✇❡r❡ 2.21µV ❢♦r t❛r❣❡ts ❛♥❞
0.93µV ❢♦r ♥♦♥t❛r❣❡ts✳ ❋♦✈❡❛❧ st✐♠✉❧❛t✐♦♥ ✇❛s ♠♦st s✉❝❝❡ss❢✉❧ ✐♥ ♠♦❞✉❧❛t✐♥❣ t❤❡ P✸✵✵✱ t❤❡ ▼♦t✐♦♥
❈❡♥t❡r ❙♣❡❧❧❡r s❤♦✇❡❞ t❤❡ ❜✐❣❣❡st ❞✐✛❡r❡♥❝❡ ❢♦r st✐♠✉❧✉s st❛t✉s✿ 6.21µV ❢♦r t❛r❣❡t ❛♥❞ 2.68µV
❢♦r ♥♦♥t❛r❣❡t ♣♦t❡♥t✐❛❧s✳ ❆ r❡♣❡❛t❡❞✲♠❡❛s✉r❡s ❆◆❖❱❆ ♣❡r❢♦r♠❡❞ ♦♥ P✸✵✵ ❛♠♣❧✐t✉❞❡ ✐♥❞✐❝❛t❡❞
❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❙♣❡❧❧❡r (F = 186.63, p < 0.001) ❛♥❞ ❙t❛t✉s (F = 134.95, p < 0.001) ❜✉t
♥♦t ♦❢ ❊❧❡❝tr♦❞❡ (F = 0.17, p = 0.842✮✳ ❚✇♦✲✇❛② ✐♥t❡r❛❝t✐♦♥ ♦❢ ❙♣❡❧❧❡r ① ❙t❛t✉s ✇❛s s✐❣♥✐✜❝❛♥t
(F = 31.36, p < 0.001)✳ ❚❤❡ ♦t❤❡r ✐♥t❡r❛❝t✐♦♥s ✇❡r❡ ♥♦t s✐❣♥✐✜❝❛♥t✳

P✸✵✵ ❧❛t❡♥❝② t❡sts r❡✈❡❛❧❡❞ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❙t❛t✉s (F = 29.39, p < 0.001)✳ ◆♦ ♦t❤❡r
s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✳ ▼❡❛♥ P✸✵✵ ❧❛t❡♥❝✐❡s ❛✈❡r❛❣❡❞ ❛❝r♦ss ❡❧❡❝tr♦❞❡s ❛♥❞ st❛t✉s
✇❡r❡ ✸✽✵♠s ✭❈♦✈❡rt ❈❛❦❡✮✱ ✸✽✻♠s ✭❖✈❡rt ❈❛❦❡✮ ❛♥❞ ✸✾✹♠s ✭▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✮✳

Overt Cake Covert Cake Center Motion
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❋✐❣✉r❡ ✸✿ ❖♥❧✐♥❡ s♣❡❧❧✐♥❣ ❛❝❝✉r❛❝✐❡s ❢♦r t❤❡ t❤r❡❡ s♣❡❧❧❡rs✱ ❣✐✈❡♥ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ♣❛rt✐❝✐♣❛♥ts ✭❝♦❧♦r ❝♦❞❡❞✮✳ ❚❤❡
♠❡❛♥ ♦♥❧✐♥❡ s♣❡❧❧✐♥❣ ❛❝❝✉r❛❝✐❡s ❛r❡ s❤♦✇♥ s♣❡❧❧❡r✇✐s❡ ❜② t❤❡ ❣r❡② ❜❛rs ❛♥❞ t❤❡ st❛♥❞❛r❞ ❡rr♦r ❜② t❤❡ ✇❤✐s❦❡rs✳
❆❝❝✉r❛❝② ✐s ❣✐✈❡♥ ❛s ♣❡r❝❡♥t❛❣❡ ❝♦rr❡❝t❧② s❡❧❡❝t❡❞ s②♠❜♦❧s ✭❝❤❛♥❝❡ 1/30 ≈ 3.33%✮✳

✸✳✷ ❈❧❛ss✐✜❝❛t✐♦♥

❖♥❧✐♥❡ s♣❡❧❧✐♥❣ ❛❝❝✉r❛❝②✱ ❣✐✈❡♥ ❛s ♣❡r❝❡♥t❛❣❡ ❝♦rr❡❝t s❡❧❡❝t✐♦♥s✱ ✇❛s 97.4%± 0.8% st❛♥❞❛r❞ ❡rr♦r
✭❙❊✮ ❢♦r t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✳ ❋♦r t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝② ❞r♦♣♣❡❞ t♦
76.74% ± 6.8% ❙❊ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝②✳ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r r❡❛❝❤❡❞ 96.2% ± 1.2% ❙❊ s♣❡❧❧✐♥❣
❛❝❝✉r❛❝② ✭s❡❡ ❋✐❣✉r❡ ✸✮✳ ❚❤❡ t✇♦ ♣❛rt✐❝✐♣❛♥ts ✭✐❛❝✱ ✐❜✉✮ ✇✐t❤ ✐♠♣❛✐r❡❞ ❝♦❧♦r ✈✐s✐♦♥ ②✐❡❧❞❡❞ r❡s✉❧ts
❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ r❡♠❛✐♥✐♥❣ s✉❜❥❡❝ts ❛♥❞ ✇❡r❡ t❤❡r❡❢♦r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❛❧❧ ❛♥❛❧②s❡s✳ ❊✛❡❝t✐✈❡ s♣❡❧❧✐♥❣
s♣❡❡❞ ✭✐✳❡✳✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ t✐♠❡ ♥❡❡❞❡❞ t♦ ♠❛❦❡ ❝♦rr❡❝t✐♦♥s✮ ✇✐t❤ t❡♥ s❡q✉❡♥❝❡ r❡♣❡t✐t✐♦♥s
✇❛s 1.6±0.02 s②♠❜♦❧s✴♠✐♥✉t❡ ✭❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✮✱ 0.97±0.22 ✭❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✮✱ ❛♥❞ 1.28±
0.03 ✭▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✮✳

❈❤❛♥❝❡ ❧❡✈❡❧ ❢♦r s❡❧❡❝t✐♥❣ ❛ s✐♥❣❧❡ ❧❡tt❡r ♦✉t ♦❢ ✸✵ ✐s ✸✳✸✸✪✳ ❆ ♦♥❡✲✇❛② r❡♣❡❛t❡❞ ♠❡❛s✉r❡s
❆◆❖❱❆ ✇✐t❤ ❢❛❝t♦r ❙♣❡❧❧❡r ②✐❡❧❞❡❞ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ s♣❡❧❧❡r (F = 8.63, p < 0.01)✳ ❚✉❦❡②✲
❑r❛♠❡r ♣♦st✲❤♦❝ t❡sts s❤♦✇❡❞ t❤❛t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r

✽
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❋✐❣✉r❡ ✹✿ ❙♣❡❧❧✐♥❣ s♣❡❡❞ ✐♥ s②♠❜♦❧s✴♠✐♥✉t❡ ❢♦r ❡❛❝❤ ♦❢ t❤❡ t❤r❡❡ s♣❡❧❧❡rs ♣❧♦tt❡❞ ❛❣❛✐♥st ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥s✳
❚❤✐♥ ❣r❡② ❧✐♥❡s ❞❡♣✐❝t r❡s✉❧ts ❢♦r s✐♥❣❧❡ ♣❛rt✐❝✐♣❛♥ts ❛♥❞ t❤❡ s♦❧✐❞ ❜❧❛❝❦ ❧✐♥❡ ❞❡♣✐❝ts t❤❡ ♠❡❛♥✳ ❘❡❞ ❞❛s❤❡❞ ❧✐♥❡s
r❡♣r❡s❡♥t t❤❡ s♣❡❧❧✐♥❣ s♣❡❡❞ ❢♦r ✜①❡❞ ❧❡✈❡❧s ♦❢ s②♠❜♦❧ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝②✳ ❙♣❡❧❧✐♥❣ ❛❝❝✉r❛❝② ❢♦r t❤❡ ❡♠♣✐r✐❝❛❧ ❞❛t❛
✭s♦❧✐❞ ❜❧❛❝❦ ❧✐♥❡✮ ❝❛♥ ❜❡ ❞❡❞✉❝❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❜❧❛❝❦ s♦❧✐❞ ❧✐♥❡ t♦ t❤❡ r❡❞ ❞❛s❤❡❞ ❧✐♥❡s✳ ◆♦t❡ t❤❛t t❤❡ ❛❝❝✉r❛❝②
❛♥❞ s♣❡❧❧✐♥❣ ❢♦r ✶✵ s❡q✉❡♥❝❡s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ♦♥❧✐♥❡ ❡①♣❡r✐♠❡♥t✳ ❋♦r t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱
♣❛rt✐❝✐♣❛♥ts ✉s✐♥❣ t❤❡ ❡②❡tr❛❝❦❡r ❛r❡ ❞❡♣✐❝t❡❞ ❛s s♦❧✐❞ ❧✐♥❡s✱ ✉♥❝♦♥tr♦❧❧❡❞ ♣❛rt✐❝✐♣❛♥ts ❛s ❞❛s❤❡❞ ❧✐♥❡s✳

t❤❛♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♦t❤❡r t✇♦ s♣❡❧❧❡rs✱ ✇✐t❤ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❖✈❡rt ❈❛❦❡
❙♣❡❧❧❡r ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❋♦r t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ ❛ t✲t❡st ❢♦r t❤❡ t✇♦ ❣r♦✉♣s ✭❡②❡✲
tr❛❝❦❡r✴ ♥♦ ❡②❡tr❛❝❦❡r✮ r❡✈❡❛❧❡❞ t❤❛t t❤❡ ♣❛rt✐❝✐♣❛♥ts ✉s✐♥❣ ❛♥ ❡②❡tr❛❝❦❡r ♣❡r❢♦r♠❡❞ s✐❣♥✐✜❝❛♥t❧②
✇♦rs❡ t❤❛♥ t❤❡ ♦t❤❡r ♣❛rt✐❝✐♣❛♥ts ✭t = 2.29; p < 0.05✮✳ ▼❡❛♥ ❛❝❝✉r❛❝② ❢♦r ❡②❡tr❛❝❦❡r✲❝♦♥tr♦❧❧❡❞
♣❛rt✐❝✐♣❛♥ts ✇❛s 61.15%± 8.71% ✈❡rs✉s 88.87%± 2.55% ❢♦r ♥♦♥✲❝♦♥tr♦❧❧❡❞ ♣❛rt✐❝✐♣❛♥ts✳ P♦ss✐❜❧②✱
t❤✐s ❞✐s❝r❡♣❛♥❝② ✐s ❞✉❡ t♦ ♣❛rt✐❝✐♣❛♥ts ♠❛❦✐♥❣ ✉♥✐♥t❡♥t✐♦♥❛❧ s❛❝❝❛❞❡s ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ t❛r❣❡t✱
t❤❡r❡❜② ❡❛s✐♥❣ t❤❡ ❞❡♣❧♦②♠❡♥t ♦❢ s♣❛t✐❛❧ ❛tt❡♥t✐♦♥✳

❲❡ ❛❧s♦ ♣❡r❢♦r♠❡❞ ♦✤✐♥❡ s✐♠✉❧❛t✐♦♥s ✇❤❡r❡✐♥ ✇❡ ❞❡t❡r❡♠✐♥❡❞ t❤❡ s♣❡❧❧✐♥❣ s♣❡❡❞ ✭s②♠❜♦❧s✴♠✐♥✉t❡✮
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ s❡q✉❡♥❝❡s✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹ ❢♦r ❡❛❝❤ s♣❡❧❧❡r s❡♣❛✲
r❛t❡❧②✳ ❆ t✇♦✲✇❛② r❡♣❡❛t❡❞ ♠❡❛s✉r❡s ❆◆❖❱❆ ✇✐t❤ ❢❛❝t♦rs ❙♣❡❧❧❡r ❛♥❞ ❙❡q✉❡♥❝❡ ✇❛s ❝♦♥❞✉❝t❡❞ t♦
✐♥✈❡st✐❣❛t❡ ✐♥❝r❡❛s❡s ✐♥ ❛❝❝✉r❛❝② ✇✐t❤ ♥✉♠❜❡r ♦❢ ✐♥t❡♥s✐✜❝❛t✐♦♥ s❡q✉❡♥❝❡s✳ ❚❤❡r❡ ✇❛s ❛ s✐❣♥✐✜❝❛♥t
❡✛❡❝t ♦❢ t❤❡ ❢❛❝t♦rs ❙♣❡❧❧❡r ✭F = 247.77, p < 0.001✮ ❛♥❞ ❙❡q✉❡♥❝❡ ✭F = 19.73, p < 0.001✮ ❛♥❞ ❛❧s♦
t❤❡ ✐♥t❡r❛❝t✐♦♥ ✇❛s s✐❣♥✐✜❝❛♥t ✭F = 9.22, p < 0.001✮✳ ❚✉❦❡②✲❑r❛♠❡r ♣♦st✲❤♦❝ t❡sts r❡✈❡❛❧❡❞ t❤❛t✱
✐♥ t❡r♠s ♦❢ s♣❡❧❧✐♥❣ s♣❡❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥ ❤♦❧❞s✿ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❃ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r
❃ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✳

❚♦ ✐♥✈❡st✐❣❛t❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ ♦❜t❛✐♥❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❛t❛ ❛♥❞ ❛❞✈✐s❡ ♣♦ss✐❜❧❡ ❢✉t✉r❡
❡❧❡❝tr♦❞❡ ❝♦♥✜❣✉r❛t✐♦♥s✱ ♦✤✐♥❡ ❛♥❛❧②s❡s ✇❡r❡ r❡✲r✉♥ ❢♦r ❡❛❝❤ ❡❧❡❝tr♦❞❡ s❡♣❛r❛t❡❧②✳ ❊❛❝❤ s❛♠♣❧❡
✐♥ t❤❡ ✶✵✵✕✽✵✵♠s ♣♦st✲st✐♠✉❧✉s ✐♥t❡r✈❛❧ s❡r✈❡❞ ❛s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❢❡❛t✉r❡✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✺✳ ❋♦r t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ ♣❡❛❦ ❛❝❝✉r❛❝✐❡s ♦❢ ✺✵✪ ❛r❡ ♦❜t❛✐♥❡❞ ♦✈❡r ♦❝❝✐♣✐t❛❧
❡❧❡❝tr♦❞❡ s✐t❡s✱ s✉❣❣❡st✐♥❣ t❤❛t ❝❧❛ss✐✜❝❛t✐♦♥ s✉❝❝❡ss ✐s ❜❛s❡❞ ♠❛✐♥❧② ♦♥ ✈✐s✉❛❧ ❛♥❞ ✈✐s✉❛❧✲❛tt❡♥t✐♦♥❛❧
❝♦♠♣♦♥❡♥ts✳ ❚❤❡ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝② ❢♦r t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ✐s ❝♦♠♣❛r❛❜❧② ❧♦✇ ✭✷✺✪ ✲ ✸✵✪✮ ❢♦r
❛❧♠♦st ❛❧❧ ❡❧❡❝tr♦❞❡ s✐t❡s ✇✐t❤ ❧❡❢t✲♣❛r✐❡t❛❧ s✐t❡s ♣❡r❢♦r♠✐♥❣ s❧✐❣❤t❧② ❜❡tt❡r✳ ❋♦r t❤❡ ❈❡♥t❡r ❙♣❡❧❧❡r✱
t❤❡r❡ ❛r❡ ♣❡r❢♦r♠❛♥❝❡ ♣❡❛❦s ♦✈❡r ❢r♦♥t♦✲❝❡♥tr❛❧ ❛♥❞ ❧❡❢t✲♦❝❝✐♣✐t❛❧ ❡❧❡❝tr♦❞❡ s✐t❡s✱ s✉❣❣❡st✐♥❣ t❤❛t
❜♦t❤ t❤❡ P✸✵✵ ❝♦♠♣♦♥❡♥t ❛♥❞ ✈✐s✉❛❧✲❛tt❡♥t✐♦♥❛❧ ❝♦♠♣♦♥❡♥ts ❛r❡ ❞✐s❝r✐♠✐♥❛t✐✈❡✳ ❚♦ ✐♥✈❡st✐❣❛t❡
✇❤❡t❤❡r t❤❡ ❧❡❢t✲❤❡♠✐s♣❤❡r✐❝ ❞♦♠✐♥❛♥❝❡ ✐♥ t❡r♠s ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ✐s s✐❣♥✐✜❝❛♥t✱ ✇❡
❝♦♥❞✉❝t❡❞ ❛ t✇♦✲✇❛② ❘▼✲❆◆❖❱❆ ✇✐t❤ ❢❛❝t♦rs ❙♣❡❧❧❡r ❛♥❞ ❍❡♠✐s♣❤❡r❡✳ ❚❤❡r❡ ✇❡r❡ s✐❣♥✐✜❝❛♥t
❡✛❡❝ts ❢♦r ❙♣❡❧❧❡r ✭F = 39.65, p < 0.001✮ ❛♥❞ ❍❡♠✐s♣❤❡r❡ ✭F = 12.56, p < 0.001✮✱ ❜✉t t❤❡r❡ ✇❛s
♥♦ s✐❣♥✐✜❝❛♥t ✐♥t❡r❛❝t✐♦♥ ✭p = .5✮✳

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

❆❝❝✉r❛❝② ♦❢ t❤❡ ❖✈❡rt ❙♣❡❧❧❡r r✐s❡s s❤❛r♣❧② ❛r♦✉♥❞ ✶✻✺♠s✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ♠❡❛♥ ♣❡❛❦

✾



Overt Cake Speller Covert Cake Speller Motion Center Speller
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Overt Cake Speller

Motion Center Speller

Covert Cake Speller

❋✐❣✉r❡ ✻✿ ❚❡♠♣♦r❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ♦♥ ❛✈❡r❛❣❡ ✈♦❧t❛❣❡ ❢♦r ❛ r✉♥♥✐♥❣ ✇✐♥❞♦✇ ✇✐❞t❤ ♦❢ ✸✵♠s✳ ❆❝❝✉r❛❝② ✐s ❣✐✈❡♥ ❛s
♣❡r❝❡♥t❛❣❡ ❝♦rr❡❝t✳

❧❛t❡♥❝✐❡s ❞❡t❡❝t❡❞ ❢♦r ◆✷✵✵ ❝♦♠♣♦♥❡♥ts ❛s ❞❡s❝r✐❜❡❞ ❜❡❢♦r❡✳ ■t ♣❡❛❦s ❛r♦✉♥❞ ✷✷✵♠s ❛♥❞ ❞❡❝❛②s
✉♥t✐❧ ✽✵✵♠s✳ ❚❤✐s s✉❣❣❡sts ❡❛r❧② ✐♥❝♦r♣♦r❛t✐♦♥ ♦❢ t❤❡ ◆✷✵✵✳ P✸✵✵ ❝♦♠♣♦♥❡♥ts ✇❡r❡ ♥♦t s❤♦✇♥ t♦ ❜❡
❞✐st✐♥❝t✐✈❡ ❜✉t ♦t❤❡r ❱❊Ps ✇❡r❡ ❧✐❦❡❧② t♦ ❜❡ ❛❝❝✉♠✉❧❛t❡❞ ❧❛t❡r ❢♦r ❤✐❣❤❧② s✉❝❝❡ss❢✉❧ ❝❧❛ss✐✜❝❛t✐♦♥✳
◆✷✵✵ ✐♥❞✉❝t✐♦♥ r❡♥❞❡r❡❞ ♣❡❛❦ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝✐❡s✳ ❚❡♠♣♦r❛❧ ♣❡r❢♦r♠❛♥❝❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡
❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❞♦❡s ♥♦t s❤♦✇ ❛ ❝❧❡❛r ♣❡❛❦✱ ✐t ✐s r❛t❤❡r ❛ s♠❛❧❧ ♣❧❛t❡❛✉ t❤❛t r✐s❡s ❛r♦✉♥❞
✷✷✵♠s ❛♥❞ ♣❡rt❛✐♥s ✉♥t✐❧ ✻✵✵♠s✳ ❚❤✐s ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❊❘P ❛♥❛❧②s✐s✱ ◆✷✵✵ r❡s♣♦♥s❡s
❛r❡ ♦♥❧② ✐♥❢♦r♠❛t✐✈❡ t♦ s♦♠❡ ❡①t❡♥t ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ♠❛✐♥❧② ❞✉❡ t♦ ♠♦❞✉❧❛t✐♦♥s ♦❢ t❤❡ P✸✵✵✳
❈♦♠♣❛r❡❞ t♦ t❤❡ ❖✈❡rt ❙♣❡❧❧❡r✱ ❛❝❝✉r❛❝② ♦❢ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ❞❡✈❡❧♦♣s ❧❛t❡r✿ ✐t st❛rts
❛r♦✉♥❞ ✷✵✵♠s ❛♥❞ ♣❡❛❦s ❛❜♦✉t ✹✵✵♠s✳ ❲❤✐❝❤ ✐s ❝♦♥❢♦r♠ ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❤✐❣❤❡r ❧❛t❡♥❝② ♦❢ ◆✷✵✵
✭✶✾✵♠s✮ ✐♥ t❤✐s s❡tt✐♥❣✳ ❆❝❝✉r❛❝② ♣❡❛❦ ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♣❡❛❦ t✐♠❡ ♦❢ t❤❡ P✸✵✵✱ ♥❡✈❡rt❤❡❧❡ss
✐t ✐s ♥♦t ❝❧❡❛r✲❝✉t ❛♥❞ ✉♥✐♠♦❞❛❧ ❜✉t ♠♦r❡ ❜r♦❛❞❧② ❞✐str✐❜✉t❡❞✳ P♦ss✐❜❧② ❛ s♠❡❛r✐♥❣ ♦❢ t❤❡ ❡✛❡❝ts
♦❢ ◆✷✵✵ ❛♥❞ P✸✵✵ r❡s♣♦♥s❡s ❧❡❛❞s t♦ t❤✐s r❡❧❛t✐✈❡❧② s❧♦✇ ❛❝❝✉♠✉❧❛t✐♦♥ t❤❛t ❧❡❛❦s ♦✉t ❧❛t❡ ✭✽✵✵♠s✮✳

✸✳✸ ❊①♦❣❡♥♦✉s ❡✛❡❝ts

❚♦ ✐♥✈❡st✐❣❛t❡ st✐♠✉❧✉s✲s♣❡❝✐✜❝ ❡✛❡❝ts✱ t❛r❣❡t ❊❘Ps ✐♥ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ st✐♠✉❧✉s✲❝❧❛ss ✇❡r❡ ❝♦♠✲
♣❛r❡❞ ✇✐t❤ ❛❧❧ ♥♦♥t❛r❣❡ts✳ ❙t✐♠✉❧✉s✲s♣❡❝✐✜❝ ❡✛❡❝ts ❢♦r ❜♦t❤ P✸✵✵ ❛♥❞ ◆✷✵✵ ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ❢♦r
t❤❡ ❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❜✉t ♥♦t ❢♦r t❤❡ ♦t❤❡r t✇♦ s♣❡❧❧❡rs✳ ❘❡s✉❧ts ❢♦r ◆✷✵✵ ❝♦♠♣♦♥❡♥ts ❛r❡ ❞❡✲

✶✵



♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳ ❊①♦❣❡♥♦✉s ❡✛❡❝ts ♦♥ ❊❘Ps ✇❡r❡ ❛❧s♦ r❡✢❡❝t❡❞ ✐♥ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝②✳ ❆ ♦♥❡✲✇❛②
r❡♣❡❛t❡❞ ♠❡❛s✉r❡s ❆◆❖❱❆ ✇✐t❤ ❢❛❝t♦r ❙②♠❜♦❧ ✇❛s r✉♥ ❢♦r ❡❛❝❤ ♦❢ t❤❡ s♣❡❧❧❡rs✳ ■t ♣r♦✈❡❞ t❤❛t
t❤❡r❡ ✇❡r❡ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ s❡❧❡❝t✐♦♥ ❛❝❝✉r❛❝② r❡❣❛r❞✐♥❣ t❤❡ ❞✐✛❡r❡♥t st✐♠✉❧✐ ✐♥ t❤❡ ❈♦✈❡rt
❈❛❦❡ ❙♣❡❧❧❡r (F = 5.82, p < 0.001)✳ ◆♦ ❞✐✛❡r❡♥❝❡s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r
(F = 0.82, p = 0.54), ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r (F = 2.31, p = 0.052)✳

❚❤❡ ❢❛❝t t❤❛t t❤❡ t❛r❣❡t✴♥♦♥t❛r❣❡t ♣❛tt❡r♥s ❞✐✛❡r ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣❛t✐❛❧ ❧♦❝❛t✐♦♥ ❢♦r t❤❡
❈♦✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r s❡❡♠s t♦ s✉❣❣❡st t❤❛t ❛ s✐♥❣❧❡ ❜✐♥❛r② ❝❧❛ss✐✜❡r ♠❛② ♥♦t ❜❡ ♦♣t✐♠❛❧✳ ❚♦ t❡st
t❤✐s✱ ✇❡ tr❛✐♥❡❞ ❛ s❡♣❛r❛t❡ ❝❧❛ss✐✜❡r ❢♦r ❡❛❝❤ s♣❛t✐❛❧ ❧♦❝❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ♣❡r❢♦r♠❛♥❝❡ ✇❛s ♥♦t ❜❡tt❡r
t❤❛♥ ❢♦r ❛ s✐♥❣❧❡ ❝❧❛ss✐✜❡r ✭r❡s✉❧ts ♥♦t s❤♦✇♥✮✳

0 200 400 600
−0.06

−0.04

−0.02

0

0.02

[ms]

s
g

n
 r

2

P7

overt_cake − N2

0 200 400 600

−0.02

−0.01

0

0.01

0.02

[ms]

s
g

n
 r

2

P7

covert_cake − N2

0 200 400 600
−0.03

−0.02

−0.01

0

0.01

0.02

0.03

[ms]

s
g

n
 r

2

P7

CenterSpellerMVEP − N2

❋✐❣✉r❡ ✼✿ ❆✈❡r❛❣❡ ◆✷✵✵ ✇❛✈❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ s✐① st✐♠✉❧✉s ❝❧❛ss❡s ❢♦r ❖✈❡rt ❈❛❦❡✱ ❈♦✈❡rt ❈❛❦❡ ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r
❙♣❡❧❧❡r✳ ❚❤❡ ❣r❛♣❤s ✐❧❧✉str❛t❡ ❛✈❡r❛❣❡ t✐♠❡ ❝♦✉rs❡s ✭①✲❛①✐s✮ ♦❢ sign r2 ✈❛❧✉❡s ✭②✲❛①✐s✮ ❢♦r ❡❛❝❤ st✐♠✉❧✉s ❝❧❛ss ❛t
❡❧❡❝tr♦❞❡ P✼✳ ❈♦❧♦r❡❞ ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ s✐① st✐♠✉❧✉s ❝❧❛ss❡s✳ ❙❝❛❧♣ t♦♣♦❣r❛♣❤✐❡s t❤❡ ❞❡♣✐❝t t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥
♦❢ sign r2 ✈❛❧✉❡s ✇✐t❤ t❤❡ ✐♥t❡r✈❛❧s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s❤❛❞❡❞ ❛r❡❛s ✐♥ t❤❡ ❣r❛♣❤✳

✹ ❉✐s❝✉ss✐♦♥

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s st✉❞② ✇❛s t♦ ❡✈❛❧✉❛t❡ ✇❤❡t❤❡r ♠❱❊Ps ❝❛♥ s❡r✈❡ ❛s ❜❛s✐s ❢♦r ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤r❡❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥s ❤❛✈❡ ❜❡❡♥ ✉♥❞❡r ✐♥✈❡st✐❣❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ ♦✈❡rt

✶✶



✈❡rs✉s ❝♦✈❡rt ❛tt❡♥t✐♦♥ ❛♥❞ ❝❡♥tr❛❧ ✈❡rs✉s ♣❡r✐♣❤❡r❛❧ st✐♠✉❧❛t✐♦♥✿ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ ❈♦✈❡rt ❈❛❦❡
❙♣❡❧❧❡r ❛♥❞ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❆❧❧ ♣❛rt✐❝✐♣❛♥ts ✇❡r❡ ❛❜❧❡ t♦ s✉❝❝❡ss❢✉❧❧② ♦♥❧✐♥❡ ❝♦♥tr♦❧ t❤❡
❇❈■ s♣❡❧❧❡r ❛♥❞ s♣❡❧❧✐♥❣ s♣❡❡❞ ✇❛s ❡q✉✐✈❛❧❡♥t t♦ ❛❜♦✉t ✶✳✺ ❝❤❛r❛❝t❡rs ♣❡r ♠✐♥✉t❡✳ ❖♥❧✐♥❡ ❛❝❝✉r❛❝②
r❡s✉❧ts ✇❡r❡ ❤✐❣❤ ❢♦r ❛❧❧ ♦❢ t❤❡ s♣❡❧❧❡rs✿ ✾✼✳✹✪ ❢♦r t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✱ ✼✻✳✼✪ ✐♥ t❤❡ ❈♦✈❡rt ❈❛❦❡
❙♣❡❧❧❡r s❡tt✐♥❣ ❛♥❞ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r r❡❛❝❤❡❞ ✾✻✳✷✪✳ ❚❤❡ ❛❝❝✉r❛❝② r❛t❡ ♦❢ t❤❡ ▼♦t✐♦♥
❈❡♥t❡r ❙♣❡❧❧❡r✱ t❤♦✉❣❤ ❡♥t✐r❡❧② ❣❛③❡✲✐♥❞❡♣❡♥❞❡♥t✱ ✐s ✉♣ t♦ t❤❡ st❛♥❞❛r❞ ♦❢ t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r✳
❍♦✇❡✈❡r✱ ✐♥❢♦r♠❛t✐♦♥ t❤r♦✉❣❤♣✉t ✐s s❧✐❣❤t❧② ❤✐❣❤❡r ✐♥ t❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r ❞✉❡ t♦ ✐ts s❤♦rt❡r
❙❖❆ ✭✷✵✵♠s ❝♦♠♣❛r❡❞ t♦ ✷✻✻♠s✮✳ ❙t✐♠✉❧✉s s♣❡❝✐✜❝ ❡✛❡❝ts ✇❡r❡ ♦♥❧② ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❈♦✈❡rt ❈❛❦❡
❙♣❡❧❧❡r ❛♥❞ ❛r❡ ♣r❡s✉♠❛❜❧② ❞✉❡ t♦ ♣❡r✐♣❤❡r❛❧ ✈✐s✐♦♥ ❛♥❞ ❛tt❡♥t✐♦♥ ❝♦♥str❛✐♥ts✳

❖✈❡rt ❛tt❡♥t✐♦♥ r❡s✉❧ts ❝♦♥✜r♠ ♣r❡✈✐♦✉s ✜♥❞✐♥❣s ❬✷✺❪✳ P❡r✐♣❤❡r❛❧ ❝♦✈❡rt ❛tt❡♥t✐♦♥ r❡♠❛✐♥s ❛
❝❤❛❧❧❡♥❣❡✱ t❤♦✉❣❤ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❛tt❡♥t✐♦♥ ✇❛s s✉♣♣♦rt❡❞ ✐♥ ♠❛♥② ✇❛②s✳ ❈♦♥tr♦❧ ♦❢ t❤❡ ❈♦✈❡rt
❈❛❦❡ s♣❡❧❧❡r ✇❛s r❡♠❛r❦❛❜❧② ❤❛r❞❡r t❤❛♥ ❝♦♥tr♦❧ ♦❢ t❤❡ ♦t❤❡r t✇♦ s♣❡❧❧❡rs✳ P❛rt❧②✱ t❤✐s ♠❛② ❤❛✈❡
❜❡❡♥ ❝❛✉s❡❞ ❜② t❤❡ ❞✉❛❧✲t❛s❦ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ t❛s❦ ✭✐✳❡✳✱ ✜①❛t✐♥❣ t❤❡ ❝❡♥t❡r✱ ❛tt❡♥❞✐♥❣ t♦ t❤❡
♣❡r✐♣❤❡r②✮✳ ❍♦✇❡✈❡r✱ ❝❧❛ss✐✜❝❛t✐♦♥ ❧♦ss ✇❛s ♠❛✐♥❧② ❞✉❡ t♦ t❤❡ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤❡ ◆✷✵✵ ❝♦♠♣♦♥❡♥t
t❤❛t ❤❛s ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ❧❛r❣❡❧② ❞❡♣❡♥❞❡♥t ♦♥ ❡②❡ ❣❛③❡ ❬✶✸❪✳ ❖✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ▼♦t✐♦♥
❈❡♥t❡r ❙♣❡❧❧❡r ✇❛s ❤✐❣❤✱ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❛tt❡♥t✐♦♥ ✇❛s ❡❛s② ❛♥❞ ✭❛❧♠♦st✮ ❡♥t✐r❡❧② ❢❡❛t✉r❡✲❜♦✉♥❞✱ ❡②❡
♠♦✈❡♠❡♥ts ✇❡r❡ ♥♦t ❛t ❛❧❧ ♥❡❝❡ss❛r② s✐♥❝❡ st✐♠✉❧❛t✐♦♥ ♦❝❝✉rr❡❞ ✐♥ ❢♦✈❡❛❧ r❡❣✐♦♥s✳ ❈♦♥❝❧✉❞✐♥❣ ✐t ❝❛♥
❜❡ s❛✐❞ t❤❛t ♦✈❡rt ❛tt❡♥t✐♦♥ ❞❡s✐❣♥s ❛r❡ ♠♦r❡ ❡✛❡❝t✐✈❡ t❤❛♥ ❝♦✈❡rt ♦♥❡s ❛♥❞ ❢♦✈❡❛❧ st✐♠✉❧❛t✐♦♥ ✐s
s✉♣❡r✐♦r t♦ ♣❡r✐♣❤❡r❛❧ st✐♠✉❧❛t✐♦♥ ✐❢ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ✐s ❛ ♣r❡r❡q✉✐s✐t❡✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡ ✐♥ ♠❱❊P✲
❜❛s❡❞ ♦♥❧✐♥❡ s♣❡❧❧❡rs ✈✐s✉❛❧ st✐♠✉❧❛t✐♦♥ ❤❛s t♦ ❜❡ ❢♦✈❡❛❧ ✐❢ ❡②❡ ♠♦✈❡♠❡♥ts ❛r❡ ♥♦t ♣❡r♠✐tt❡❞✳

❚❤❡ ❖✈❡rt ❈❛❦❡ ❙♣❡❧❧❡r s❤♦✇❡❞ ♠❛✐♥❧② ♠♦❞✉❧❛t✐♦♥ ♦❢ ◆✷✵✵ r❡s♣♦♥s❡s ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s
❛❝❝♦r❞✐♥❣❧② ❢♦r t❤❡ ♠♦st ♣❛rt ❜❛s❡❞ ♦♥ t❤✐s ❡❛r❧② ❝♦♠♣♦♥❡♥t✳ ❚❤❡ t♦♣♦❣r❛♣❤② ♦❢ t❤❡ ❝♦♠♣♦✲
♥❡♥t ✇❛s ❛s②♠♠❡tr✐❝ ✇✐t❤ ❛ ❝❧❡❛r ❧❡❢t✲❤❡♠✐s♣❤❡r❡ ❞♦♠✐♥❛♥❝❡✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ♣r❡✈✐♦✉s ❇❈■
st✉❞✐❡s t❤❛t s❤♦✇❡❞ ❛ ❧❡❢t✲❤❡♠✐s♣❤❡r❡ ❞♦♠✐♥❛♥❝❡ ✐♥ ◆✷✵✵ ❛♠♣❧✐t✉❞❡ ❬✸✼✱ ✸✵❪✳ ❚❤❡ ❡♥❞♦❣❡♥♦✉s
P✸✵✵ r❡s♣♦♥s❡s t♦ t❛r❣❡ts ❛♥❞ ♥♦♥t❛r❣❡ts ✇❡r❡ ♥♦t s❡♣❛r❛❜❧❡✳ ❚❤❡ ♦♣♣♦s✐t❡ ✐s tr✉❡ ❢♦r t❤❡ ❈♦✈❡rt
❙♣❡❧❧❡r✳ P✸✵✵ ✇❛s ❧❛r❣❡r ❢♦r t❛r❣❡ts ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ❛❧♠♦st ❡♥t✐r❡❧② ❜❛s❡❞ ♦♥ ✐t✱ ✇❤❡r❡❛s
◆✷✵✵ t❛r❣❡t ♠♦❞✉❧❛t✐♦♥s ✇❡r❡ s♠❛❧❧✳ ■t ✐s ❧✐❦❡❧② t❤❛t t❤✐s ✐s ❛ttr✐❜✉t❛❜❧❡ t♦ t❤❡ ❞✐✣❝✉❧t✐❡s r❡❧❛t❡❞
t♦ ❛❧❧♦❝❛t✐♥❣ ❛tt❡♥t✐♦♥ t♦ t❤❡ ✈✐s✉❛❧ ♣❡r✐♣❤❡r② ❬✺❪ ❛♥❞ ✈✐s✉❛❧ ❡❝❝❡♥tr✐❝✐t② ♦❢ t❤❡ t❛r❣❡t r❡❞✉❝✐♥❣
r❡s♣♦♥s❡ ❛♠♣❧✐t✉❞❡s ♦❢ ❡❛r❧② ✈✐s✉❛❧ r❡s♣♦♥s❡s✱ s✉❝❤ ❛s ♠❱❊Ps✳ ■♥❝r❡❛s✐♥❣ ♥❡✉r❛❧ r❡❝❡♣t✐✈❡ ✜❡❧❞
s✐③❡s ❛♥❞ ❞❡❝r❡❛s✐♥❣ ❝♦rt✐❝❛❧ ♠❛❣♥✐✜❝❛t✐♦♥ ♠❛❦❡ ♣❡r✐♣❤❡r❛❧ ✈✐s✐♦♥ ❧❡ss ❛❝❝✉r❛t❡✳ ■t ❤❛s ❜❡❡♥ s❤♦✇♥
t❤❛t s♣❛t✐❛❧✲❢r❡q✉❡♥❝② s❡❧❡❝t✐✈✐t② ❝❤❛♥❣❡s ❛❝❝♦r❞✐♥❣ t♦ r❡t✐♥❛❧ ❡❝❝❡♥tr✐❝✐t②✱ s♠❛❧❧❡r st✐♠✉❧✐ ❛r❡ ✜♥❡r
r❡s♦❧✈❡❞ ✐♥ ❢♦✈❡❛❧ r❡❣✐♦♥s ❬✶✺❪✳ ■♥ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ❜♦t❤ t❤❡ ❛tt❡♥t✐♦♥✲❜❛s❡❞ P✸✵✵ ❛♥❞
t❤❡ ◆✷✵✵ ✇❡r❡ ♠♦❞✉❧❛t❡❞ ❢♦r t❛r❣❡t r❡s♣♦♥s❡s ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ❛❝❝♦r❞✐♥❣❧② ❜❛s❡❞ ♦♥ ❜♦t❤
❝♦♠♣♦♥❡♥ts✳ ❊✈✐❞❡♥t❧②✱ ❛tt❡♥t✐♦♥ ❛❧❧♦❝❛t✐♦♥ ✇❛s ❢❡❛s✐❜❧❡ ❛♥❞ t❛s❦ ❞✐✣❝✉❧t② ♠♦❞❡r❛t❡✳ ❚❤❡ ❡✛❡❝✲
t✐✈❡♥❡ss ♦❢ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r s❡tt✐♥❣ ♠✐❣❤t ❜❡ ❛ttr✐❜✉t❛❜❧❡ t♦ s❡✈❡r❛❧ ❢❛❝t♦rs✳ ❋✐rst ♦❢ ❛❧❧✱
✐t ✇❛s ❝❡♥t❡r❡❞ ✐♥ t❤❡ ❢♦✈❡❛✱ t❤❡ ❛r❡❛ ✇✐t❤ ❤✐❣❤❡st r❡s♦❧✉t✐♦♥ ❛♥❞ ❝♦rt✐❝❛❧ ♠❛❣♥✐✜❝❛t✐♦♥✳ ❙❡❝♦♥❞✱
t❤❡ ♠♦t✐♦♥ st✐♠✉❧✉s ✇❛s ❧❛r❣❡r ✐♥ s✐③❡✱ s✉❜t❡♥❞✐♥❣ ♠♦r❡ ✈✐s✉❛❧ s♣❛❝❡ ❛♥❞ t❤❡r❡❢♦r❡ ❛❝t✐✈❛t✐♥❣ ❧❛r❣❡r
♥❡✉r♦♥❛❧ ❝❧✉st❡rs✳ ❆♥❞ t❤✐r❞✱ ❛tt❡♥t✐♦♥ ✇❛s ♥❡❝❡ss❛r② ❛♥❞ ❡✛❡❝t✐✈❡✳ ■t r❡♠❛✐♥s s✉❜❥❡❝t t♦ ❞✐s❝✉s✲
s✐♦♥✱ ❤♦✇❡✈❡r✱ ✇❤❡t❤❡r t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ❝❛♥ ❜❡ r❡❣❛r❞❡❞ ❛s ❛ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ♣❛r❛❞✐❣♠✳
❖r✐❡♥t✐♥❣ ✐♥ t❤✐s s❡tt✐♥❣ ❞♦❡s ♥♦t r❡q✉✐r❡ ❡②❡ ♠♦✈❡♠❡♥ts ❛♥❞ ❢♦r ❛♥ ❡①t❡r♥❛❧ ♦❜s❡r✈❡r t❤❡ ❧♦❝✉s ♦❢
❛tt❡♥t✐♦♥ ✐s ♥♦t ♦❜✈✐♦✉s✱ ❤❡♥❝❡ ❝♦✈❡rt✳ ❚❤✐s r❡♣r❡s❡♥ts t❤❡ ❧✐♥❡ ♦❢ r❡❛s♦♥✐♥❣ ❢♦❧❧♦✇❡❞ ✐♥ t❤✐s ♣❛♣❡r✳
❇✉t ♥❡✈❡rt❤❡❧❡ss t❤❡ ❛tt❡♥t✐♦♥❛❧ s♣♦t ❛♥❞ st✐♠✉❧✉s ❛r❡ ❜♦t❤ ❝❡♥tr❛❧❧② ♦r✐❡♥t❡❞✱ ❝♦✈❡r✐♥❣ t❤❡ s❛♠❡
s♣❛❝❡✳ ■❢ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ s♣❛t✐❛❧ ❜② ♥❛t✉r❡✱ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r ❤❛s t♦
❜❡ ✉♥❞❡rst♦♦❞ ❛s ❛♥ ♦✈❡rt ♣❛r❛❞✐❣♠✳

❚♦ s✉♠ ✉♣✱ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ ❝♦✈❡rt ❛♥❞ ♦✈❡rt ❛tt❡♥t✐♦♥ s♣❡❧❧❡rs✱ ✐t ✐s ❡✈✐❞❡♥t t❤❛t ❜♦t❤ P✸✵✵ ❛♥❞
◆✷✵✵ ❝♦♠♣♦♥❡♥ts ❛r❡ s✉s❝❡♣t✐❜❧❡ t♦ ❛tt❡♥t✐♦♥❛❧ ❡♥❤❛♥❝❡♠❡♥t✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡r❡ ❛r❡ ❞✐✛❡r❡♥❝❡s✿
✐❢ st✐♠✉❧✐ ❛r❡ ♣❡r✐♣❤❡r❛❧✱ ❤❛r❞ t♦ ❞✐st✐♥❣✉✐s❤ ❛♥❞ ❡②❡ ♠♦✈❡♠❡♥ts ❛r❡ ♥♦t ❞❡s✐r❡❞✱ t❤❡ P✸✵✵ s✉✐ts
❜❡tt❡r ❢♦r ❝❧❛ss✐✜❝❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐❢ st✐♠✉❧✐ ❛r❡ ❝❡♥tr❛❧❧② ♣r❡s❡♥t❡❞ ❛♥❞ ❣♦♦❞ t♦ ♣❡r❝❡✐✈❡
◆✷✵✵ s✉✐ts ❜❡st✳ ■t ♣r♦✈✐❞❡s ❛♥ ❡①❝❡❧❧❡♥t ♦♣t✐♦♥ ❢♦r s✉❝❝❡ss❢✉❧ ❇❈■ ❝♦♥tr♦❧✳ ❚❤❡ q✉❡st✐♦♥ r❡♠❛✐♥s
t♦ ✇❤❛t ❡①t❡♥t ❝♦✈❡rt ❛tt❡♥t✐♦♥ ♣❛r❛❞✐❣♠s ✇✐t❤ ♣❡r✐♣❤❡r❛❧ ♠♦t✐♦♥ st✐♠✉❧❛t✐♦♥ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ❡✳❣✳
❜② ✐♥❝r❡❛s✐♥❣ st✐♠✉❧✉s s✐③❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ❢♦✈❡❛❧ ❛♥❞ ♣❡r✐♣❤❡r❛❧ st✐♠✉❧❛t✐♦♥ ✐❞❡♥t✐✜❡s ❝❡♥tr❛❧
st✐♠✉❧❛t✐♦♥ ❛s ❢❛✈♦r❛❜❧❡ ✐♥ ❛❧❧ r❡s♣❡❝ts✳ ❚❤✐s ✐s ❛❧s♦ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ❛ ❞✐✛❡r❡♥t s♣❡❧❧❡r ❞❡s✐❣♥ t❤❛t
✉s❡s ❢♦✈❡❛❧ st✐♠✉❧❛t✐♦♥ ❜✉t ✉s✉❛❧✱ ♥♦♥ ♠♦t✐♦♥✲♦♥s❡t ❱❊Ps ❬✶✾❪✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ r❡♣♦rt❡❞ ✐♥ ❬✶✾❪ ✐s

✶✷



❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r✳ ❲❤❡♥ ❡①♣❧♦r✐♥❣ t❤❡ ❢✉❧❧② ♣❡r✐♣❤❡r❛❧ st✐♠✉❧❛t✐♦♥
✐♥ t❤❡ ❈♦✈❡rt ❙♣❡❧❧❡r ✈❡rs✉s ❝❡♥tr❛❧ st✐♠✉❧❛t✐♦♥✱ ✐t s❡❡♠s t❤❛t t❤❡ ◆✷✵✵ ✐s ♣❛rt✐❝✉❧❛r❧② ♣r♦♥❡
t♦ ❡❝❝❡♥tr✐❝✐t② ❡✛❡❝ts✱ ✇❤✐❝❤ ✜ts ✐ts ❡①♦❣❡♥♦✉s ❝❤❛r❛❝t❡r✐st✐❝✳ ❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥ ✐s ❞❡s✐r❛❜❧❡
❡s♣❡❝✐❛❧❧② s✐♥❝❡ t❤❡ ♠♦✈✐♥❣ ❣r✐❞ ♣❛tt❡r♥ ✇❛s ❧❛r❣❡r ✐♥ s✐③❡✳ ❙♦✱ t♦ ❢✉❧❧② ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❡✛❡❝ts ♦❢
♣❡r✐♣❤❡r❛❧ ✈❡rs✉s ❢♦✈❡❛❧ st✐♠✉❧❛t✐♦♥✱ ❛♥ ♦t❤❡r✇✐s❡ ✐❞❡♥t✐❝❛❧ s♣❡❧❧❡r ❞❡s✐❣♥ s❤♦✉❧❞ ❜❡ ❝♦♠♣❛r❡❞✳

❚❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ♠❱❊P ❙♣❡❧❧❡rs ❛r❡ ❝❧❡❛r✳ ❖✇✐♥❣ t♦ t❤❡ q✉❛❧✐t✐❡s ♦❢ ♠❱❊Ps
✈✐s✉❛❧ ♣r❡s❡♥t❛t✐♦♥ ✐s ❝♦♥✈❡♥✐❡♥t✳ ❆ ❧❛r❣❡ ✈♦❝❛❜✉❧❛r② ♦❢ ✸✵ ❧❡tt❡rs ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞ ❛♥❞ ♣❛rt✐❝✐♣❛♥ts
❞♦ ♥♦t ♥❡❡❞ ❛♥② ♣r✐♦r tr❛✐♥✐♥❣✳ ❚❤❡ ♣r♦❜❧❡♠ ♦❢ ❧✐♠✐t❡❞ ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛❜✐❧✐t② ❞✉❡ t♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡
♦♥ ❡②❡ ♠♦✈❡♠❡♥ts ❝❛♥ ❜❡ s♦❧✈❡❞ ✐♥ t❤❡ ▼♦t✐♦♥ ❈❡♥t❡r ❙♣❡❧❧❡r✳ ❙♣❡❧❧✐♥❣ s♣❡❡❞ ♦❢ t❤❡ ❝✉rr❡♥t s♣❡❧❧❡rs
❝❛♥ ❜❡ s✐❣♥✐✜❝❛♥t❧② ❡♥❤❛♥❝❡❞ ❜② r❡❞✉❝✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ s❡q✉❡♥❝❡ r❡♣❡t✐t✐♦♥s✳ ❘❡❝❡♥t ♠❡t❤♦❞s
❛❧❧♦✇ ❢♦r ❛ ❞②♥❛♠✐❝ ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥s✱ ❜② ❤❛✈✐♥❣ st✐♠✉❧✉s ♣r❡s❡♥t❛t✐♦♥ st♦♣ ❛s s♦♦♥ ❛s t❤❡
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✐♥❞❡♣❡♥❞❡♥t ❜r❛✐♥✲❝♦♠♣✉t❡r ✐♥t❡r❢❛❝❡s ❜❛s❡❞ ♦♥ ❝♦✈❡rt ❛tt❡♥t✐♦♥ ❛♥❞ ❢❡❛t✉r❡ ❛tt❡♥t✐♦♥✳ ❏♦✉r✲
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✉♣ ♦♥❧✐♥❡ s♣❡❧❧✐♥❣ ✇✐t❤ ❛ ❞②♥❛♠✐❝ ❛✉❞✐t♦r② ❇❈■✳ ❋r♦♥t✐❡rs ✐♥ ◆❡✉r♦s❝✐❡♥❝❡✱ ✺✿✶✶✷✱ ✷✵✶✶✳
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✾✲❝❧❛ss ❛✉❞✐t♦r② ❊❘P ♣❛r❛❞✐❣♠ ❞r✐✈✐♥❣ ❛ ♣r❡❞✐❝t✐✈❡ t❡①t ❡♥tr② s②st❡♠✳ ❋r♦♥t✐❡rs ✐♥ ◆❡✉r♦✲
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❬✷✸❪ ▼❛r✐❡❦❡ ❚❤✉r❧✐♥❣s✱ ❏❛♥ ❱❛♥ ❊r♣✱ ❆♥♥❡✲▼❛r✐❡ ❇r♦✉✇❡r✱ ❇❡♥❥❛♠✐♥ ❇❧❛♥❦❡rt③✱ ❛♥❞ P❡t❡r
❲❡r❦❤♦✈❡♥✳ ❈♦♥tr♦❧✲❞✐s♣❧❛② ♠❛♣♣✐♥❣ ✐♥ ❜r❛✐♥✲❝♦♠♣✉t❡r ✐♥t❡r❢❛❝❡s✳ ❊r❣♦♥♦♠✐❝s✱ ✷✵✶✷✳ ✐♥
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❬✷✹❪ ▼❛r✐❡❦❡ ❚❤✉r❧✐♥❣s✱ ❆♥♥❡✲▼❛r✐❡ ❇r♦✉✇❡r✱ ❏❛♥ ❱❛♥ ❊r♣✱ ❇❡♥❥❛♠✐♥ ❇❧❛♥❦❡rt③✱ ❛♥❞ P❡t❡r
❲❡r❦❤♦✈❡♥✳ ❇✐♠♦❞❛❧ ✈❡rs✉s ✉♥✐♠♦❞❛❧✿ ❉♦❡s ❜✐♠♦❞❛❧ st✐♠✉❧✉s ♣r❡s❡♥t❛t✐♦♥ ✐♥❝r❡❛s❡ ✉s❛❜❧❡
❊❘P ❝♦♠♣♦♥❡♥ts ❢♦r ❇❈■ ♣❡r❢♦r♠❛♥❝❡❄ ❏♦✉r♥❛❧ ♦❢ ♥❡✉r❛❧ ❡♥❣✐♥❡❡r✐♥❣✱ ✷✵✶✷✳ ✐♥ ♣r❡ss✳
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✉s✐♥❣ ♥♦♥✲✢❛s❤✐♥❣ ✈✐s✉❛❧ ❡✈♦❦❡❞ ♣♦t❡♥t✐❛❧s✳ ❏♦✉r♥❛❧ ♦❢ ♥❡✉r❛❧ ❡♥❣✐♥❡❡r✐♥❣✱ ✼✭✸✮✿✵✸✻✵✵✸✱ ✷✵✶✵✳
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♦❞s✱ ❛♥❞ ❞✐❛❣♥♦st✐❝ ✉s❡✳ ❱✐s✐♦♥ ❘❡s❡❛r❝❤✱ ✹✼✿✶✽✾✕✷✵✷✱ ✷✵✵✼✳
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