
❜②

❈❡❝✐❧✐❡ ❙øs ❇r❛♥❞t✲❖❧s❡♥

▼❛st❡r✬s t❤❡s✐s ✐♥ ❆r❝❤✐t❡❝t✉r❛❧ ❊♥❣✐♥❡❡r✐♥❣

❚❤❡ ❚❡❝❤♥✐❝❛❧ ❯♥✐✈❡rs✐t② ♦❢ ❉❡♥♠❛r❦

❏✉♥❡ ✷✵✶✻



❈❛❧✐❜r❛t❡❞ ▼♦❞❡❧❧✐♥❣ ♦❢ ❋♦r♠✲❛❝t✐✈❡ ❙tr✉❝t✉r❡s

▼❛st❡r ♦❢ ❙❝✐❡♥❝❡ ✐♥ ❆r❝❤✐t❡❝t✉r❛❧ ❊♥❣✐♥❡❡r✐♥❣

❉❡♣❛rt♠❡♥t ♦❢ ❈✐✈✐❧ ❊♥❣✐♥❡❡r✐♥❣

❚❤❡ ❚❡❝❤♥✐❝❛❧ ❯♥✐✈❡rs✐t② ♦❢ ❉❡♥♠❛r❦

❆✉t❤♦r

❈❡❝✐❧✐❡ ❇r❛♥❞t✲❖❧s❡♥✱ s✶✵✸✺✸✾

❝✳❜r❛♥❞t♦❧s❡♥❅❣♠❛✐❧✳❝♦♠

❙✉♣❡r✈✐s♦rs ✲ ❉❚❯

❍❡♥r✐❦ ❆❧♠❡❣❛❛r❞

❤❛❅❤❡♥r✐❦❛❧♠❡❣❛❛r❞✳❞❦

❱❛s❡❤ø❥✈❡❥ ✶✵

✷✾✷✵ ❈❤❛r❧♦tt❡♥❧✉♥❞

❆ss♦❝✐❛t❡ Pr♦❢❡ss♦r ❈❤r✐st✐❛♥ ❘ø♥♥❡

❝❤r✐r❅❜②❣✳❞t✉✳❞❦

❇r♦✈❡❥ ✶✶✽

✷✽✵✵ ❑❣s✳ ▲②♥❣❜②

❇✉s✐♥❡ss ♣❛rt♥❡r ✲ ❋♦r♠❛t ❊♥❣✐♥❡❡rs

❙t❡♣❤❡♥ ▼❡❧✈✐❧❧❡

s♠❅❢♦r♠❛t❡♥❣✐♥❡❡rs✳❝♦♠

❏❛♠❡s ❙♦❧❧②

❥s❅❢♦r♠❛t❡♥❣✐♥❡❡rs✳❝♦♠

✽❛ ❇❛rt❧❡tt ❙tr❡❡t✱ ❙t✉❞✐♦ ✸

❇❛t❤ ❇❆✶ ✷◗❩

❯♥✐t❡❞ ❑✐♥❣❞♦♠

Pr♦❥❡❝t

P❡r✐♦❞✿ ✵✹✳✵✶✳✶✻ ✲ ✵✹✳✵✻✳✶✻

❚❤❡ ♣r♦❥❡❝t ❝♦✉♥ts ❢♦r ✸✵ ❊❈❚❙

❙✐❣♥❛t✉r❡ ♦❢ ❆✉t❤♦r ✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳ ❈❡❝✐❧✐❡ ❙øs ❇r❛♥❞t✲❖❧s❡♥

✐✐



❆❜str❛❝t

❋♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ❛r❡ ❛ ♠♦r❡ r❛r❡ ❜✉✐❧❞✐♥❣ t②♣❡ ❜✉t ✈❡r② ❡②❡✲❝❛t❝❤✐♥❣ ❞✉❡ t♦ t❤❡✐r s❧❡♥❞❡r✲

♥❡ss✱ ❞♦✉❜❧❡ ❝✉r✈❛t✉r❡ ❛♥❞ ♦✈❡r❛❧❧ ❡❧❡❣❛♥❝❡✳ ❋r♦♠ ❛ str✉❝t✉r❛❧ ♣❡rs♣❡❝t✐✈❡✱ t❤❡② ❛r❡ ♣❛rt✐❝✉❧❛r❧②

✐♥t❡r❡st✐♥❣ ❜❡❝❛✉s❡ t❤❡✐r s❤❛♣❡s ❝❛♥♥♦t ❜❡ ♣r❡❞❡✜♥❡❞ ❜✉t ♥❡❝❡ss✐t❛t❡ ❛ ❢♦r♠✲✜♥❞✐♥❣ st❡♣ ❜❡✲

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

❞❡❢♦r♠❛t✐♦♥s ✇❤❡♥ s✉❜❥❡❝t❡❞ t♦ ❡①t❡r♥❛❧ ❧♦❛❞s✳ ❚❤✐s ♠❛❦❡s t❤❡♠ ❞✐✣❝✉❧t t♦ ❛♥❛❧②s❡ ❛s ✜♥✐t❡

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

❝❛♣❛❜✐❧✐t② ♦❢ ❛♥❛❧②s✐♥❣ t❤✐s ♠♦r❡ ❛❞✈❛♥❝❡❞ ❜❡❤❛✈✐♦✉r ❜② st♦r✐♥❣ t❤❡ str❡ss st❛t❡ ❢r♦♠ ❛ ❢♦r♠✲

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

♠♦❞❡❧❧✐♥❣ s❡t✲✉♣ ✐s ♥♦t ❡❛s✐❧② ❞❡✜♥❡❞ ✇❤❡♥ t❤❡ s②st❡♠ ❜❡❝♦♠❡s s✉✣❝✐❡♥t❧② ❝♦♠♣❧❡①❀ ✐t ✐s ❛❧s♦

✈❡r② t✐♠❡ ❝♦♥s✉♠✐♥❣✱ ♠❛❦✐♥❣ ❛♥ ❡①♣❧♦r❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ✐♥❢❡❛s✐❜❧❡✳ ❚❤❡ ❝♦r✲

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

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

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

❚❤✐s r❡s❡❛r❝❤ ♦✛❡rs t❤❡ ❛❜✐❧✐t② t♦ ❛♥❛❧②s❡ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ✐♥ ❛ ♠✉❝❤ ♠♦r❡ ✐♥t❡r❛❝t✐✈❡

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

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

♦❢ t❤❡ ♣❤②s✐❝s ❝♦♥str❛✐♥t s♦❧✈❡r ✏❑❛♥❣❛r♦♦✷✑ ❞❡✈❡❧♦♣❡❞ ❜② ❉❛♥✐❡❧ P✐❦❡r✱ ✇❤✐❝❤ ♠❛❦❡s ✐t ♣♦ss✐❜❧❡

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

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

t❤❡ ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❝❛❜❧❡s✱ ❜❛rs✱

❜❡❛♠s ✭✇✐t❤ r♦t❛t✐♦♥❛❧ s②♠♠❡tr✐❝ ❝r♦ss s❡❝t✐♦♥✮ ❛♥❞ s✐♠♣❧❡ s✉♣♣♦rts ❤❛✈❡ ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ❛s

❛ ♣❧✉❣✲✐♥ t❤❛t ❜✉✐❧❞s ♦♥ t♦♣ ♦❢ ❑❛♥❣❛r♦♦✷✳ ❘❡❧❡✈❛♥t ❝❛s❡ st✉❞✐❡s ♣r♦✈✐❞❡❞ ❜② ❋♦r♠❛t ❊♥❣✐♥❡❡rs

❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❝❡♥t❡r❡❞ ❛r♦✉♥❞ ❛ ❙♠❛rt ●❡♦♠❡tr② ✇♦r❦s❤♦♣ ❤❛✈❡ ♣✉s❤❡❞ t❤❡

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

✐✐✐



✐✈



❆❝❦♥♦✇❧❡❞❣❡♠❡♥t

❚❤❛♥❦ ②♦✉ t♦ ♠② ❉❚❯ s✉♣❡r✈✐s♦r ❍❡♥r✐❦ ❆❧♠❡❣❛❛r❞ ❢♦r ❜❡✐♥❣ ❛♥ ✐♥s♣✐r❛t✐♦♥ ❛♥❞ s✉♣♣♦rt

t❤r♦✉❣❤♦✉t ❛❧❧ ♦❢ ♠② ♣r♦❥❡❝ts ✐♥ t❤❡ ❧❛st s✐① ②❡❛rs✳

❚❤❛♥❦ ②♦✉ t♦ ♠② ♦t❤❡r ❉❚❯ s✉♣❡r✈✐s♦r ❈❤r✐st✐❛♥ ❘ø♥♥❡ ❢♦r ❤✐s ❡♥❞❧❡ss s✉♣♣♦rt t♦ ♠❛❦❡ t❤✐s

s♣❡❝✐❛❧✐s❛t✐♦♥ ✐♥ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞❡s✐❣♥ ♣♦ss✐❜❧❡✳

❚❤❛♥❦ ②♦✉ t♦ ♠② t✇♦ s✉♣❡r✈✐s♦rs ❢r♦♠ ❋♦r♠❛t ❊♥❣✐♥❡❡rs✱ ❙t❡♣❤❡♥ ▼❡❧✈✐❧❧❡ ❛♥❞ ❏❛♠❡s ❙♦❧❧②✱

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

♦✉t❝♦♠❡✳

❚❤❛♥❦ ②♦✉ t♦ ❆♥❞❡rs ❍♦❧❞❡♥ ❉❡❧❡✉r❛♥✱ ●r❡❣♦r② ◗✉✐♥♥✱ ❉❛♥✐❡❧ P✐❦❡r✱ ❲✐❧❧ P❡❛rs♦♥✱ ❍❛rr✐

▲❡✇✐s ❛♥❞ ❉r❛❣♦s ◆❛✐❝✉ ❢♦r t❤❡ ♠❛♥② ❞✐s❝✉ss✐♦♥s r❡❧❛t❡❞ t♦ t❤✐s t❤❡s✐s t♦♣✐❝✱ ❛ s✉❝❝❡ss❢✉❧ ❙♠❛rt

●❡♦♠❡tr② ❝❧✉st❡r ❛♥❞ ❜❡✐♥❣ ❛ ❜✐❣ ♠♦t✐✈❛t✐♦♥ t❤r♦✉❣❤♦✉t t❤✐s ♣r♦❥❡❝t✳

✈



✈✐



❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ✶
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❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

❚❤✐s ❝❤❛♣t❡r ❝❧❛r✐✜❡s t❤❡ ♠❡❛♥✐♥❣ ♦❢ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ❛♥❞ ❤✐❣❤❧✐❣❤ts t❤❡✐r q✉❛❧✐t✐❡s ❛s ✇❡❧❧

❛s t❤❡ ❞✐✣❝✉❧t✐❡s r❡❧❛t❡❞ t♦ t❤❡ ❞❡s✐❣♥ ❛♥❞ ❛♥❛❧②s✐s ♦❢ t❤❡s❡ str✉❝t✉r❡s✳ ❋r♦♠ t❤✐s ❝♦♥t❡①t✱ t❤❡

♦✈❡r❛❧❧ ❛✐♠ ❢♦r t❤✐s r❡s❡❛r❝❤ ✐s ✐❞❡♥t✐✜❡❞ ❛♥❞ ❛ str✉❝t✉r❡ ♦❢ t❤❡ t❤❡s✐s ✐s ♦✉t❧✐♥❡❞✳

✶✳✶ ❉❡✜♥✐t✐♦♥

❚❤❡ t❡r♠ ✏❢♦r♠✲❛❝t✐✈❡✑ ♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ ❝❛t❡❣♦r✐s❛t✐♦♥ ♦❢ ❜✉✐❧❞✐♥❣ str✉❝t✉r❡s ❛❝❝♦r❞✐♥❣ t♦

❊♥❣❡❧ ✭✶✾✾✼✮ ❛♥❞ ✐s ❞❡✜♥❡❞ ❛s ❛ ✢❡①✐❜❧❡ s②st❡♠✱ ✇❤❡r❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ str✉❝t✉r❡ ✐♥ t❤❡ ✐❞❡❛❧ ❝❛s❡

❝♦✐♥❝✐❞❡s ♣r❡❝✐s❡❧② ✇✐t❤ t❤❡ ✢♦✇ ♦❢ ❢♦r❝❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❛r❝❤✐t❡❝t✉r❛❧ ❢♦r♠ ❛♥❞ s♣❛❝❡

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

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

❛♥❞ ♥♦t✐❝❡❛❜❧❡ str✉❝t✉r❡s✳ ❆❝❝♦r❞✐♥❣ t♦ ❊♥❣❡❧✬s ❞❡✜♥✐t✐♦♥✱ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ✐♥❝❧✉❞❡ ❝❛❜❧❡

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

❡✣❝✐❡♥t ❛♥❞ ❤❛✈❡ t❤❡ ❛❜✐❧✐t② t♦ s♣❛♥ ❧❛r❣❡ ❞✐st❛♥❝❡s✳ ❍♦✇❡✈❡r✱ t❤❡✐r ✢❡①✐❜✐❧✐t② ♦❢t❡♥ ♥❡❝❡ss✐t❛t❡s

t❤❛t t❤❡ s②st❡♠ ✐s ♣r❡str❡ss❡❞ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❞❡✢❡❝t✐♦♥s ❛♥❞ ♠❛❦❡ s✉r❡ t❤❛t t❤❡ str✉❝t✉r❡

❞♦❡s ♥♦t ❜❡❝♦♠❡ s❧❛❝❦ ✉♥❞❡r ✈❛r✐♦✉s ❧♦❛❞ s❝❡♥❛r✐♦s✳ ❋r❡✐ ❖tt♦ ✇❛s ♦♥❡ ♦❢ t❤❡ ♣✐♦♥❡❡rs ✐♥ r❡❧❛t✐♦♥

t♦ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ❛♥❞ t❤❡ ❖❧②♠♣✐❝ st❛❞✐✉♠ ✐♥ ▼✉♥✐❝❤ ❢r♦♠ ✶✾✼✷ ✭❑r♦❧❧✱ ✷✵✶✶✮ ❛s s❡❡♥

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

■♥s♣✐r❡❞ ❜② ❊♥❣❡❧✬s ❝❛t❡❣♦r✐s❛t✐♦♥✱ t❤❡ t❡r♠ ✏❜❡♥❞✐♥❣✲❛❝t✐✈❡✑ ❤❛s ♠♦r❡ r❡❝❡♥t❧② ❜❡❡♥ ✐♥tr♦❞✉❝❡❞

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

♦❢ ✐♥✐t✐❛❧❧② str❛✐❣❤t ♦r ♣❧❛♥❛r ❡❧❡♠❡♥ts ✭▲✐❡♥❤❛r❞ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❚❤❡ ■❈❉✴■❚❑❊ ❘❡s❡❛r❝❤ P❛✈✐❧✐♦♥

❢r♦♠ ✷✵✶✵ ✭▼❡♥❣❡s✱ ✷✵✶✵✮ ✐s ❛ ❣♦♦❞ ❡①❛♠♣❧❡ ♦❢ t❤✐s t②♣❡ ♦❢ str✉❝t✉r❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✳✷✳

▲✐❦❡ ❢♦r ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s✱ t❤❡ s❤❛♣❡ ✐s ❞❡♣❡♥❞❛♥t ♦♥ t❤❡ ✐♥t❡r♥❛❧ ❢♦r❝❡ ❡q✉✐❧✐❜r✐✉♠ ❜✉t ✐♥

t❤✐s ❝❛s❡ ♣r✐♠❛r✐❧② ❢r♦♠ ❜❡♥❞✐♥❣ ❛❝t✐♦♥ r❛t❤❡r t❤❛♥ t❡♥s✐♦♥✴❝♦♠♣r❡ss✐♦♥ ✭❛s t❤❡ ♥❛♠❡ ✐♥❞✐❝❛t❡s✮✳

❇❡♥❞✐♥❣✲❛❝t✐✈❡ str✉❝t✉r❡s ❛r❡ ❣❡♥❡r❛❧❧② ❝❤❛r❛❝t❡r✐s❡❞ ❜② t❤❡ ✉s❡ ♦❢ t❤✐♥ ❝r♦ss s❡❝t✐♦♥s ♦❢ ❛

♠❛t❡r✐❛❧ ✇✐t❤ ❧♦✇ st✐✛♥❡ss ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ s✉✣❝✐❡♥t ❝✉r✈❛t✉r❡ ✇✐t❤♦✉t ❡①❝❡❡❞✐♥❣ t❤❡ ♠❛t❡r✐❛❧

✶
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❋✐❣✉r❡ ✶✳✶✳✶ ✕ ❚❤❡ ❖❧②♠♣✐❝ st❛❞✐✉♠ ✐♥ ▼✉♥✐❝❤ ❢r♦♠ ✶✾✼✷ ❞❡s✐❣♥❡❞ ❜② ❋r❡✐ ❖tt♦✳ ❈♦♣②r✐❣❤t ❏♦r❣❡ ❘♦②❛♥

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

✐t ✐s ♠♦t✐✈❛t❡❞ ❜② t❤❡ s✐♠♣❧✐❝✐t② ♦❢ ❝r❡❛t✐♥❣ ❝✉r✈❡❞ ❡❧❡♠❡♥ts ❛♥❞ ✐t ♠❛❦❡s tr❛♥s♣♦rt❛t✐♦♥ ❡❛s✐❡r

❛s ✇❡❧❧ ❜❡❝❛✉s❡ t❤❡ str❛✐❣❤t ❡❧❡♠❡♥ts ❛r❡ ♠♦r❡ ❡❛s✐❧② ♣❛❝❦❡❞✳ ❲❤✐❧st t❤❡ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ t❡r♠ ✐s

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

s✉❝❤ ❛s t❤❡ ▼✉❧t✐❤❛❧❧❡ ▼❛♥♥❤❡✐♠ ❢r♦♠ ✶✾✼✹ ❜② ❋r❡✐ ❖tt♦ ✭◆❛✐❝✉ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❍❡r❡ t✐♠❜❡r ❧❛t❤s

✐♥ ❛ ✵✳✺ ♠ ❣r✐❞ ❛rr❛♥❣❡♠❡♥t ✇❡r❡ ❡❧❛st✐❝❛❧❧② ❞❡❢♦r♠❡❞ ✐♥t♦ t❤❡ ✐♥t❡♥❞❡❞ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ s❤❛♣❡✳

❚❤❡ ❞✐✛❡r❡♥t✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t❡r♠s ✏❢♦r♠✲❛❝t✐✈❡✑ ❛♥❞ ✏❜❡♥❞✐♥❣✲❛❝t✐✈❡✑ ✐s ✉s❡❢✉❧ t♦ ♠❛❦❡ ❛

❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ❤♦✇ t❤❡ s②st❡♠ ♣r✐♠❛r✐❧② r❡s✐sts t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞s ✐✳❡✳ ✈✐❛ ❛①✐❛❧ ♦r ❜❡♥❞✐♥❣

❛❝t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ t✇♦ s②st❡♠s ❤❛✈❡ ♠❛♥② s❤❛r❡❞ ♣r♦♣❡rt✐❡s s✉❝❤ ❛s ❜❡✐♥❣ ❧✐❣❤t✲✇❡✐❣❤t✱

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

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

♦❢ ♠❡♠❜❡rs✱ ❧♦❛❞s ❛♥❞ ♠❛t❡r✐❛❧s✳ ❚❤✉s✱ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡s❡ str✉❝t✉r❡s ♥❡❝❡ss✐t❛t❡s ❛ ❢♦r♠✲

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

✏❢♦r♠✲❛❝t✐✈❡✑ str✉❝t✉r❡s✱ ✇❤✐❝❤ ✐s ✇❤❛t t❤❡ t✐t❧❡ ♦❢ t❤✐s t❤❡s✐s r❡❢❡rs t♦✳

▼♦r❡ r❡❝❡♥t str✉❝t✉r❡s ❛❧s♦ ❝♦♠❜✐♥❡ ❢♦r♠✲❛❝t✐✈❡ ❛♥❞ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ❡❧❡♠❡♥ts ✐♥t♦ ♦♥❡ s②st❡♠

❛♥❞ ❛r❡ r❡❢❡rr❡❞ t♦ ❛s ✏❤②❜r✐❞s✑✳ ❚❤❡ ✉s❡ ♦❢ ♠❡♠❜r❛♥❡s t♦ r❡str❛✐♥ ❜❡♥❞✐♥❣ ❛❝t✐✈❡ ❡❧❡♠❡♥ts ✐s

❛♥ ❡①❛♠♣❧❡ ♦❢ s✉❝❤ ❛ s②st❡♠✳ ❚❤✐s t②♣❡ ♦❢ str✉❝t✉r❡ st✐❧❧ ❤❛s ♠✉❝❤ ♣♦t❡♥t✐❛❧ t❤❛t ❛✇❛✐ts t♦ ❜❡

❡①♣❧♦r❡❞✳
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❋✐❣✉r❡ ✶✳✶✳✷ ✕ ❚❤❡ ■❈❉✴■❚❑❊ ❘❡s❡❛r❝❤ P❛✈✐❧✐♦♥ ✷✵✶✵ ♠❛❞❡ ❢r♦♠ t❤✐♥✱ ❡❧❛st✐❝❛❧❧② ❜❡♥t ♣❧②✇♦♦❞ s❤❡❡ts

✶✳✷ ❆♥❛❧②s✐s ♦❢ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s

❉✉❡ t♦ t❤❡ ✢❡①✐❜✐❧✐t② ♦❢ t❤❡s❡ str✉❝t✉r❡s✱ t❤❡② ❛r❡ ♠♦r❡ ❞✐✣❝✉❧t t♦ ❛♥❛❧②s❡ ❜❡❝❛✉s❡ ♠♦st ❢✉♥❝✲

t✐♦♥❛❧✐t② ✐♥ ✜♥✐t❡ ❡❧❡♠❡♥t ♣r♦❣r❛♠s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ s♠❛❧❧ ❞✐s♣❧❛❝❡♠❡♥ts✳ ❙❡✈❡r❛❧

♦❢ t❤❡ ♠♦r❡ ❛❞✈❛♥❝❡❞ ❋❊❆ ♣❛❝❦❛❣❡s ❤❛✈❡ ❛♥ ♦♣t✐♦♥ t♦ ♣❡r❢♦r♠ ❛ ❢♦r♠✲✜♥❞✐♥❣ st❡♣ t❤♦✉❣❤ ❛♥❞

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

❧✐♥❡❛r ❛♥❛❧②s✐s✳ ❚❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ❙❖❋✐❙❚✐❑ ✭✷✵✶✻✮ ✐s ❡s♣❡❝✐❛❧❧② ❦♥♦✇♥ ❢♦r ❤❛♥❞❧✐♥❣

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

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

✇✐t❤✐♥ t❤❡ s❛♠❡ s♦❢t✇❛r❡ ✐♥ ♦r❞❡r t♦ tr❛♥s❢❡r t❤❡ ♥❡❝❡ss❛r② ✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ❣✐✈❡s t❤❡

❛r❝❤✐t❡❝t ❧✐tt❧❡ ♦♣♣♦rt✉♥✐t② t♦ ❜❡ ♣❛rt ♦❢ ❛ ❞❡s✐❣♥ ♣r♦❝❡ss✳

❚❤❡ r✐❣♦r♦✉s ✜♥✐t❡ ❡❧❡♠❡♥t ❡♥✈✐r♦♥♠❡♥t ❣❡♥❡r❛t❡s ✈❡r② ❛❝❝✉r❛t❡ ❛♥❞ ❞❡t❛✐❧❡❞ r❡s✉❧ts ❜✉t ❛t t❤❡

❝♦st ♦❢ ❜❡✐♥❣ ✈❡r② t✐♠❡ ❝♦♥s✉♠✐♥❣ t♦ s❡t ✉♣ ❛ ♠♦❞❡❧✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ✐t ✐s ♦♥❧② ❢❡❛s✐❜❧❡ t♦

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

❞❡s✐❣♥ st❛❣❡ t♦ ❡①♣❧♦r❡ ❛ ✈❛r✐❡t② ♦❢ s❤❛♣❡s ✇✐t❤ ❧❡ss ❞❡t❛✐❧s ❜✉t ❡♥♦✉❣❤ t♦ ♠❛❦❡ ✐♥❢♦r♠❡❞ ❞❡s✐❣♥

❞❡❝✐s✐♦♥s✳
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✶✳✸ P❛r❛♠❡tr✐❝ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❜❛s❡❞ ❞❡s✐❣♥

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

t❡❝t✉r❡ ❛♥❞ ❡♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ♣❛r❛♠❡tr✐❝ ❛♣♣r♦❛❝❤ ♠❛❦❡s r❡♣❡t✐t✐✈❡ t❛s❦s ❡❛s✐❡r ❛♥❞ ♣r♦✈✐❞❡s ❛

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

s♣❛❝❡ ✇✐t❤♦✉t ❤❛✈✐♥❣ t♦ ♠♦❞❡❧ ❡✈❡r②t❤✐♥❣ ❢r♦♠ s❝r❛t❝❤✳ ❊s♣❡❝✐❛❧❧② t❤❡ ✸❉ ♠♦❞❡❧❧✐♥❣ s♦❢t✇❛r❡

❘❤✐♥♦❝❡r♦s ✭▼❝◆❡❡❧✱ ✷✵✶✻❜✮ ✇✐t❤ ✐ts ♣❛r❛♠❡tr✐❝ ♠♦❞❡❧❧✐♥❣ ♣❧✉❣✲✐♥ ●r❛ss❤♦♣♣❡r ✭▼❝◆❡❡❧✱ ✷✵✶✻❛✮

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

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

✐♥❝r❡❛s✐♥❣ r❡q✉✐r❡♠❡♥ts t♦ ❡♥❡r❣② ❛♥❞ ♠❛t❡r✐❛❧ ❡✣❝✐❡♥❝② ✐♥ t❤❡ ❜✉✐❧❞✐♥❣ ✐♥❞✉str②✱ ❤❛s ♣✉s❤❡❞

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

❧♦♦♣ ❜❡t✇❡❡♥ t❤❡ ❣❡♦♠❡tr② ❛♥❞ ❝❡rt❛✐♥ ❛s♣❡❝ts ♦❢ ✐ts ♣❡r❢♦r♠❛♥❝❡ s✉❝❤ t❤❛t ❛♥② ❝❤❛♥❣❡s t♦ t❤❡

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

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

✐ss✉❡s ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ s♣❡❡❞✳

❋r♦♠ ❛ str✉❝t✉r❛❧ ♣❡rs♣❡❝t✐✈❡✱ t❤❡ t✇♦ ♠♦st ✐♥t❡r❡st✐♥❣ ♣❧✉❣✲✐♥s ❛r❡ t❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡

❑❛r❛♠❜❛✸❉ ✭✷✵✶✻✮ ❛♥❞ t❤❡ ♣❤②s✐❝s ❡♥❣✐♥❡ ❑❛♥❣❛r♦♦ ✭P✐❦❡r✱ ✷✵✶✻❜✮✳ ❚❤❡ ❧❛tt❡r ❤❛s ♠❛♥②

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

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

❛ ✈❡r② ♣❧❛②❢✉❧ ❡♥✈✐r♦♥♠❡♥t✳ ❍♦✇❡✈❡r✱ ♦♥❝❡ ❛ ❞❡s✐r❛❜❧❡ s❤❛♣❡ ✐s ❢♦✉♥❞✱ t❤❡ ❣❡♦♠❡tr② ❤❛s t♦

❜❡ r❡❣❡♥❡r❛t❡❞ ✐♥s✐❞❡ ❛ ✜♥✐t❡ ❡❧❡♠❡♥t ♣r♦❣r❛♠ ✐♥ ♦r❞❡r t♦ tr❛♥s❢❡r t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡

str❡ss st❛t❡ t♦ t❤❡ ❛♥❛❧②s✐s✳ ❙♦ ✇❤✐❧st t❤✐s ❛♣♣r♦❛❝❤ ❤❡❧♣s t♦ ❡♥❣❛❣❡ t❤❡ ❛r❝❤✐t❡❝t ✐♥ t❤❡ ❞❡s✐❣♥

♣r♦❝❡ss ♦❢ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s✱ t❤❡ ✇♦r❦✢♦✇ ✐s st✐❧❧ ✐♥t❡rr✉♣t❡❞ ♦♥❝❡ ❛ s❛t✐s❢❛❝t♦r② r❡s✉❧t

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

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

✶✳✹ ❆✐♠

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

♦❢ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ✇✐t❤✐♥ t❤❡ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t✳

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

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

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

st❛❣❡✳ ❍❡♥❝❡✱ t❤✐s t♦♦❧ ❞♦❡s ♥♦t tr② t♦ r❡♣❧❛❝❡ ❡①✐st✐♥❣ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ❜✉t ✐s r❛t❤❡r

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

❛♥❞ ❡①♣❧♦r❡ ❛ ✈❛r✐❡t② ♦❢ ❞❡s✐❣♥ ♦♣t✐♦♥s ❜❡❢♦r❡ ♦♥❡ ✐s s❡❧❡❝t❡❞ ❢♦r ❞❡t❛✐❧❡❞ ❞❡s✐❣♥✳
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✶✳✺ ❚❤❡s✐s str✉❝t✉r❡

❈❤❛♣t❡r ✷✿ r❡✈✐❡✇s t❤r❡❡ r❡❝❡♥t ♣r♦❥❡❝ts ✐♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢② ❝✉rr❡♥t ❞❡s✐❣♥ ❛♣♣r♦❛❝❤❡s ❛♥❞

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

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

✉♣♦♥✳

❈❤❛♣t❡r ✹✿ ♦✉t❧✐♥❡s r❡❧❡✈❛♥t t❤❡♦r② ❛♥❞ ✐ts ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛❧♦♥❣ ✇✐t❤ s♠❛❧❧ ❡①❛♠♣❧❡s t♦

✈❛❧✐❞❛t❡ t❤❡ ❜❡❤❛✈✐♦✉r ❛♥❞ ❝r❡❛t❡ ❛ ♣r♦❣r❡ss ❤✐st♦r②✳

❈❤❛♣t❡r ✺✿ ❞❡♠♦♥str❛t❡s t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❞❡✈❡❧♦♣❡❞ t♦♦❧ ✐♥ ❛ ♠♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡ ❢♦r ❛

❙♠❛rt ●❡♦♠❡tr② ✇♦r❦s❤♦♣✳

❈❤❛♣t❡r ✻✿ ❝♦♥t❛✐♥s ❛ ❣r✐❞s❤❡❧❧ ❝❛s❡ st✉❞②✱ ✇❤✐❝❤ s❤♦✇s t❤❡ ❛♣♣❧✐❝❛❜✐❧✐t② ❛♥❞ ❛❞✈❛♥t❛❣❡s ♦❢

t❤❡ ❞❡✈❡❧♦♣❡❞ ❞❡s✐❣♥ t♦♦❧✳

❈❤❛♣t❡r ✼✿ ❝♦♥❝❧✉❞❡s t❤✐s t❤❡s✐s ✇✐t❤ ❛ s✉♠♠❛r② ♦❢ ✇❤❛t t❤✐s r❡s❡❛r❝❤ ❤❛s ❞❡❧✐✈❡r❡❞ ❛♥❞

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

▲✐t❡r❛t✉r❡ ✫ s♦❢t✇❛r❡ r❡✈✐❡✇

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s ❝❤❛♣t❡r ✐s t♦ ♣r♦✈✐❞❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤r❡❡ r❡❝❡♥t ♣r♦❥❡❝ts ✐♥ ♦r❞❡r t♦

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

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

♠❡t❤♦❞s r❡✈♦❧✈❡ ❛r♦✉♥❞ t❤❡ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t✳ ❘❡❧❡✈❛♥t ❛s♣❡❝ts ♦❢ t❤❡ ♣r♦❥❡❝ts

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

t❤❡ ❝♦♥❝❡♣ts ❛♥❞ t❤❡✐r ❧✐♠✐t❛t✐♦♥s✳

✷✳✶ ❚❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥

❋✐❣✉r❡ ✷✳✶✳✶ ✕ ❚❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥

✼
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❚❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥ ✇❛s ❛ t✐♠❜❡r ❣r✐❞s❤❡❧❧ ❞❡s✐❣♥❡❞ ✐♥ ❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❜❡t✇❡❡♥ ❖♥●r❡❡♥✐♥❣

▲t❞ ❛♥❞ ❘❛♠❜♦❧❧ ❈♦♠♣✉t❛t✐♦♥❛❧ ❉❡s✐❣♥ ❛♥❞ ❡r❡❝t❡❞ ❛t ❊❝♦❜✉✐❧❞ ✷✵✶✹ ✐♥ ▲♦♥❞♦♥✳ ❚❤❡ ♣❛✈✐❧✐♦♥

❤❛❞ t♦ ✜t ✇✐t❤✐♥ ❛ ❢♦♦t♣r✐♥t ♦❢ ✶✵ ① ✽ ♠ ❛♥❞ ✉s❡❞ ❢♦r ❛♥ ✐♥❞♦♦r ♣✉❜❧✐❝ ❡①❤✐❜✐t✐♦♥ ♦♥ s✉st❛✐♥❛❜❧❡

❜✉✐❧❞✐♥❣s ✭❍❛r❞✐♥❣ ❡t ❛❧✳✱ ✷✵✶✹✮✳

✷✳✶✳✶ ❙❤❛♣❡ ❣❡♥❡r❛t✐♦♥

❋✐❣✉r❡ ✷✳✶✳✷ ✕ ❖♥●r❡❡♥✐♥❣ ❢♦r♠✲✜♥❞✐♥❣ ♣r♦❝❡ss ✭❍❛r❞✐♥❣ ❡t ❛❧✳✱ ✷✵✶✹✮

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

t❤❡ s✐③❡ r❡str✐❝t✐♦♥s✱ ❛ ❢✉♥♥❡❧ s❝❤❡♠❡ ✇❛s ❛❞♦♣t❡❞ t♦ ♠❛①✐♠✐s❡ t❤❡ ✉s❛❜❧❡ ✈♦❧✉♠❡✳ ❚❤❡ ❣r✐❞s❤❡❧❧

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

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

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

❧❛r❣❡r ❞❡s✐❣♥ s♣❛❝❡ t♦ ❜❡ ❡①♣❧♦r❡❞ ✐♥ ♦r❞❡r t♦ ♠❡❡t ❝❧✐❡♥t r❡q✉❡sts✳

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

❞✐r❡❝t✐♦♥s ❢r♦♠ t❤❡ ❢✉♥♥❡❧ ❝❡♥tr❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳✷✳ ❚❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡s ❤❛❞ ❜♦t❤ ❛①✐❛❧

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

❜❡♥t ✐♥t♦ s❤❛♣❡✳ ❚❤❡ ●r❛ss❤♦♣♣❡r ♣❧✉❣✲✐♥ ❑❛♥❣❛r♦♦ ✇❛s ✉s❡❞ ❢♦r t❤✐s ❢♦r♠✲✜♥❞✐♥❣ ♣r♦❝❡ss✳ ■♥

t♦t❛❧ ✸✷ ❝✉r✈❡s ✇❡r❡ ❣❡♥❡r❛t❡❞ t❤✐s ✇❛② ❛♥❞ ❢♦r♠❡❞ t❤❡ ♣r✐♠❛r② str✉❝t✉r❛❧ s②st❡♠✳

❆ ❝❧♦s❡❞ ❧♦❢t❡❞ s✉r❢❛❝❡ ✇❛s s✉❜s❡q✉❡♥t❧② ❝r❡❛t❡❞ t❤r♦✉❣❤ t❤❡s❡ ❝✉r✈❡s ❛♥❞ ✉s❡❞ t♦ ❞❡✜♥❡ t❤❡

s❡❝♦♥❞❛r② str✉❝t✉r❛❧ ❧❛②❡r✳ ❙✐♥❝❡ ✐t ✇❛s ✐♥t❡♥❞❡❞ t♦ ❜✉✐❧❞ t❤❡ ❣r✐❞s❤❡❧❧ ❢r♦♠ str❛✐❣❤t t✐♠❜❡r

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

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

❤❛❞ t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❛✈♦✐❞✐♥❣ ❜❡♥❞✐♥❣ ❛❜♦✉t t❤❡ str♦♥❣ ❛①✐s ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✭♥♦t ❝♦♥s✐❞❡r✐♥❣

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

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

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

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

✭❍❛r❞✐♥❣ ❡t ❛❧✳✱ ✷✵✶✹✮✳

✷✳✶✳✷ ❙tr✉❝t✉r❛❧ ❛♥❛❧②s✐s

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

♣❛✈✐❧✐♦♥ ✐♥ ❛♥ ✐♥t❡❣r❛t❡❞ ✇♦r❦✢♦✇ s✉❝❤ t❤❛t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❞❡♥s✐t② ❛♥❞ ❧♦❝❛t✐♦♥ ♦❢ t❤❡

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

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

t❤❡ ✇♦r❦✢♦✇ ❛❧❧♦✇❡❞ ♠❛♥② ❞✐✛❡r❡♥t ✈❛r✐❛t✐♦♥s t♦ ❜❡ ❡①♣❧♦r❡❞ ✐♥ ❛ s❤♦rt t✐♠❡ ❣✉✐❞❡❞ ❜② ❤✉♠❛♥

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

t❤❡ ❣r✐❞s❤❡❧❧ ❧❡ss ❞✐r❡❝t✐♦♥❛❧ ❛♥❞ t❤❡r❡❜② ❢✉♥❝t✐♦♥ ♠♦r❡ ❧✐❦❡ ❛ ♠♦♥♦❝♦q✉❡ str✉❝t✉r❡✳ ❚❤❡ ❣r✐❞✲

s❤❡❧❧ ✇❛s ❛♥❛❧②s❡❞ ✉♥❞❡r t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s❡❧❢✲✇❡✐❣❤t ❛♥❞ ❛❝❝✐❞❡♥t❛❧ ♣♦✐♥t ❧♦❛❞s✳ ❋♦❧❧♦✇✐♥❣ t❤❡

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

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

✷✳✶✳✸ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s ✇✐t❤ ❑❛r❛♠❜❛

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

❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❞❡s✐❣♥ ❞❡❝✐s✐♦♥s t❤❛t ✇❡r❡ ♠❛❞❡ ❢♦r t❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥✳ ■t

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

✉s❡ t❤❡ s❛♠❡ s♦❢t✇❛r❡ t❤r♦✉❣❤♦✉t t❤❡ st✉❞②✳

▼♦❞❡❧❧✐♥❣

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

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

❜② ❆❞r✐❛❡♥ss❡♥s ❛♥❞ ❇❛r♥❡s ✭✶✾✾✾✮ ✐s ✉s❡❞ ❛s ❜❡♥❝❤♠❛r❦✳ ❚❤✐s st✉❞② ✉s❡s ❛ ❞②♥❛♠✐❝ r❡❧❛①❛t✐♦♥

❛♣♣r♦❛❝❤ t♦ ❣❡♥❡r❛t❡ ❡❧❛st✐❝❛ ❝✉r✈❡s ❢r♦♠ ❢♦✉r ❞✐✛❡r❡♥t ❛①✐❛❧ ❧♦❛❞s ✭❛❜♦✈❡ t❤❡ ❝r✐t✐❝❛❧ ❊✉❧❡r

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

♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ r❡s✉❧ts ❢r♦♠ t❤✐s st✉❞② ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳✸✱ ❚❛❜❧❡ ✷✳✶✳✶ ❛♥❞ ❋✐❣✉r❡

✷✳✶✳✹ r❡s♣❡❝t✐✈❡❧②✳

❉✐❛♠❡t❡r ❬♠♠❪ ❆r❡❛ ❬♠♠✷❪ ▼♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❬♠♠✹❪ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬▼P❛❪

✶✷✻✳✺ 12.57 · 103 12.57 · 106 ✼✾✺✽

❚❛❜❧❡ ✷✳✶✳✶ ✕ ❉❡r✐✈❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢r♦♠ t❤❡ ❜❡♥❝❤♠❛r❦ ❡❧❛st✐❝❛ st✉❞② ❛ss✉♠✐♥❣ ❛ s♦❧✐❞ ❝✐r❝✉❧❛r ❝r♦ss
s❡❝t✐♦♥

❆ s✐♠✐❧❛r s❡t✲✉♣ ✇✐t❤✐♥ t❤❡ ❑❛r❛♠❜❛ ❢r❛♠❡✇♦r❦ ✐s ❛tt❡♠♣t❡❞ t♦ ❜❡ ❞❡✜♥❡❞✳ ❚❤❡ ✜rst ❛♣♣r♦❛❝❤

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

❛ ❤♦r✐③♦♥t❛❧ ❧♦❛❞ ❛t t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♠♦✈❡❛❜❧❡ s✉♣♣♦rt ♦❢ ♠❛❣♥✐t✉❞❡ 2F ❛♥❞ ❛ s♠❛❧❧ ✈❡rt✐❝❛❧

❢♦r❝❡ ❛t t❤❡ ♠✐❞❞❧❡ t♦ ❝❛✉s❡ ♦✉t✲♦❢✲♣❧❛♥❡ ❜✉❝❦❧✐♥❣✳ ❲❤✐❧st t❤✐s s❡t✲✉♣ ❣❡♥❡r❛t❡s ❡❧❛st✐❝❛ ❧✐❦❡

9



Chapter 2: Literature & software review

❋✐❣✉r❡ ✷✳✶✳✸ ✕ ❊❧❛st✐❝❛ ❢♦r♠✲✜♥❞✐♥❣ s❡t✲✉♣✳ ❆ s♠❛❧❧ ✈❡rt✐❝❛❧ ❢♦r❝❡ ❛t t❤❡ ♠✐❞❞❧❡ ✐s ♥❡❝❡ss❛r② t♦ ♠❛❦❡ t❤❡ r♦❞
❜✉❝❦❧❡ ♦✉t✲♦❢✲♣❧❛♥❡

❋✐❣✉r❡ ✷✳✶✳✹ ✕ ❘❡s✉❧ts ❢r♦♠ ❡❧❛st✐❝❛ ❝✉r✈❡ st✉❞② ❜② ❆❞r✐❛❡♥ss❡♥s ❛♥❞ ❇❛r♥❡s ✭✶✾✾✾✮

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

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

t♦ ✉s❡ ♣r❡s❝r✐❜❡❞ ❞✐s♣❧❛❝❡♠❡♥ts ♦❢ t✇♦ ♣✐♥♥❡❞ s✉♣♣♦rts ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ①✴▲ r❛t✐♦s ❢r♦♠ t❤❡

❜❡♥❝❤♠❛r❦ st✉❞② ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✶✳✹✮ ❛♥❞ ❛ s♠❛❧❧ ✈❡rt✐❝❛❧ ❢♦r❝❡ ❛t t❤❡ ♠✐❞❞❧❡ ✭✵✳✶ ❦◆✮✳

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

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳✺✳

❚❤❡ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ②✴▲ r❛t✐♦ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❜❡♥❝❤♠❛r❦ st✉❞② ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶✳✷

❢♦r t❤❡ ❢♦✉r ❜✉❝❦❧❡❞ st❛t❡s✳ ■t ✐s s❡❡♥ t❤❛t s❤❛♣❡ ✶✲✸ ❝❧♦s❡❧② ❛♣♣r♦①✐♠❛t❡ t❤❡ ❜❡♥❝❤♠❛r❦ r❡s✉❧ts
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❋✐❣✉r❡ ✷✳✶✳✺ ✕ ❊❧❛st✐❝❛ ❝✉r✈❡s ❣❡♥❡r❛t❡❞ ❜② ❑❛r❛♠❜❛ ❢♦r t❤❡ ❢♦✉r ❜✉❝❦❧❡❞ st❛t❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❣✐✈❡♥
✐♥ ♠❡t❡rs

❇✉❝❦❧❡❞ st❛t❡ ✶ ✷ ✸ ✹

②✴▲ ❞❡✈✐❛t✐♦♥ ❬✪❪ ✲✵✳✽ ✲✵✳✸ ✲✷✳✶ ✲✶✺✳✻

❚❛❜❧❡ ✷✳✶✳✷ ✕ ❉❡✈✐❛t✐♦♥ ♦❢ t❤❡ ②✴▲ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ❑❛r❛♠❜❛ r❡s✉❧ts ❛♥❞ t❤❡ ❜❡♥❝❤♠❛r❦ st✉❞②

✇❤❡r❡❛s s❤❛♣❡ ✹ ❞❡✈✐❛t❡s s✐❣♥✐✜❝❛♥t❧②✳ ❚❤❡ ❣❡♥❡r❛t❡❞ s❤❛♣❡s ❢r♦♠ ❑❛r❛♠❜❛✬s ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥

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

t♦ ❛❝❝❡ss ❛♥② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❢♦r❝❡s ❛♥❞ ♠♦♠❡♥ts t❤❛t ❛r✐s❡ ❢r♦♠ t❤❡ ♠♦✈❡♠❡♥t✳ ❚❤❡

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

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

t❤❡ ❛❞❞✐t✐♦♥❛❧ ✐♥❛❝❝✉r❛❝② ✭Pr❡✐s✐♥❣❡r✱ ✷✵✶✷✮✳

❆♥❛❧②s✐s

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

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

❝✉r✈❛t✉r❡ r❛❞✐✉s ❣✐✈❡♥ ❛s M = E·I
R

❛♥❞ ✐s ✐♥t❡❣r❛t❡❞ ✐♥ ❛ ✇♦r❦✢♦✇ t❤❛t ✉s❡s ♥❛t✐✈❡ ●r❛ss❤♦♣♣❡r

❝♦♠♣♦♥❡♥ts t♦ ❡①tr❛❝t t❤❡ ❝✉r✈❛t✉r❡ r❛❞✐✉s ❛❧♦♥❣ t❤❡ ❝✉r✈❡✳ ❋✐❣✉r❡ ✷✳✶✳✻ s❤♦✇s t❤❡ r❡s✉❧t ♦❢

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

t♦♣ ✈❛r✐❡s ❜❡t✇❡❡♥ ✷✷ ❛♥❞ ✶✵✽ ❦◆♠✳

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

✐s ✉s❡❞ t♦ ❞❡♠♦♥str❛t❡ t❤❡ ❞❡s❝r✐❜❡❞ ♣r✐♥❝✐♣❧❡ ♦❢ s✉♣❡r♣♦s✐t✐♦♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✜♥❛❧ str❡ss st❛t❡

✇❤❡♥ ❧♦❛❞s ❛r❡ ❛♣♣❧✐❡❞✳ ■♥ t❤✐s ❝❛s❡✱ ❛ ✈❡rt✐❝❛❧ ♣♦✐♥t ❧♦❛❞ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ ♠❛❣♥✐t✉❞❡ ✶✵ ❦◆

✐s ❛❞❞❡❞ ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ❢r♦♠ ❛ ❑❛r❛♠❜❛ ❛♥❛❧②s✐s ❛r❡ ✈✐s✉❛❧✐s❡❞ ✐♥ ❋✐❣✉r❡

✷✳✶✳✼ ✭♠✐❞❞❧❡✮✳ ❚❤❡s❡ ♠♦♠❡♥ts ❛r❡ ❛❞❞❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s❧② ❝❛❧❝✉❧❛t❡❞ ♠♦♠❡♥ts ❢r♦♠ ❝✉r✈❛t✉r❡

t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✜♥❛❧ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳✼ ✭❜♦tt♦♠✮✳ ■t ✐s ✐♠♣♦rt❛♥t
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❋✐❣✉r❡ ✷✳✶✳✻ ✕ ❇❡♥❞✐♥❣ ♠♦♠❡♥ts ❢r♦♠ ❝✉r✈❛t✉r❡ ❢♦r t❤❡ ❢♦✉r ❜✉❝❦❧❡❞ st❛t❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥
❦◆♠✳ ◆♦t❡ t❤❛t t❤❡ r❡s✉❧ts ❛r❡ s②♠♠❡tr✐❝ ❛❜♦✉t ❛ ✈❡rt✐❝❛❧ ❛①✐s ❜✉t ❛r❡ ♣❧♦tt❡❞ ❛t s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❧♦❝❛t✐♦♥s
❛❧♦♥❣ t❤❡ ❜❡❛♠✳

t♦ ❜❡ ❛✇❛r❡ ♦❢ t❤❡ s✐❣♥ ✈❛r✐❛t✐♦♥ ✇❤❡♥ t❤❡ ♠♦♠❡♥ts ❛r❡ ❛❞❞❡❞ t♦❣❡t❤❡r ❡✳❣✳ t❤❡ ♠♦♠❡♥t ❢r♦♠

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

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

❛r❡ s❤✐❢t❡❞ ❛ ❜✐t t♦ t❤❡ ❧❡❢t✴r✐❣❤t s✐❞❡ ♦❢ t❤❡ ♠✐❞❞❧❡ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ✹✶ ❦◆♠✳ ❚❤❡

♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ❛t t❤❡ t♦♣ ✐s ✹✷ ♠♠ ❜✉t ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ♦♥❧②✳
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❋✐❣✉r❡ ✷✳✶✳✼ ✕ ❙✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ✭❜♦tt♦♠✮ ❢♦r ❡❧❛st✐❝❛ ❝✉r✈❡ r❡s✉❧t✐♥❣ ❢r♦♠ ✐♥✐t✐❛❧ ❝✉r✈❛t✉r❡
✭t♦♣✮ ❛♥❞ ♣♦✐♥t ❧♦❛❞ ✭♠✐❞❞❧❡✮✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❦◆♠
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✷✳✶✳✹ ❘❡♠❛r❦s

■♥ ❣❡♥❡r❛❧✱ t❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥ ❤✐❣❤❧✐❣❤ts s❡✈❡r❛❧ ♦❢ t❤❡ ❝♦♠♠♦♥ ✐ss✉❡s r❡❧❛t❡❞ t♦ t❤❡

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

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

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

t♦ ❛♥✐s♦tr♦♣✐❝ ❝r♦ss s❡❝t✐♦♥ ♣r♦♣❡rt✐❡s✮✳

❚❤❡ ❖♥●r❡❡♥✐♥❣ ♣r♦❥❡❝t ✉s❡❞ t❤❡ ●r❛ss❤♦♣♣❡r ♣❧✉❣✲✐♥ ❑❛♥❣❛r♦♦ ❢♦r t❤❡ ❢♦r♠✲✜♥❞✐♥❣ ♦❢ ❡❧❛st✐❝❛

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

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

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

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

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

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

◆❡✐t❤❡r ❑❛♥❣❛r♦♦ ♥♦r ❑❛r❛♠❜❛ ❛r❡ ❝❛♣❛❜❧❡ ♦❢ ♦✉t♣✉tt✐♥❣ ❛♥② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❢♦r❝❡s ❢r♦♠

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

s✉♣❡r♣♦s✐t✐♦♥ t♦ t❛❦❡ t❤❡ ♣r❡✲str❡ss ❢r♦♠ ✐♥✐t✐❛❧ ❝✉r✈❛t✉r❡ ✐♥t♦ ❛❝❝♦✉♥t✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ❧♦❛❞

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

tr❛❝❦ ♦❢ t❤❡ s✐❣♥s ♦❢ t❤❡ ♠♦♠❡♥ts ❛♥❞ ❤❡♥❝❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦rr❡❝t ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥✳ ■t ✐s

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

❞♦♥❡ ❢♦r t❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥✮✳

❲❤✐❧st t❤❡ ♣r❡str❡ss ❡✛❡❝t ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❜② t❤✐s ♠❡t❤♦❞ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ♠♦♠❡♥t

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

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

✷✳✷ ❆t♠❡t✉r❡

❋✐❣✉r❡ ✷✳✷✳✶ ✕ ❆t♠❡t✉r❡✱ ▲❡t❝❤✇♦rt❤ ✷✵✶✹ ▲♦♦♣✳♣❍ ✭✷✵✶✹✮
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❆t♠❡t✉r❡ ✇❛s ♦♥❡ ♦✉t ♦❢ s❡✈❡r❛❧ s♦✲❝❛❧❧❡❞ ✏❆r❝❤✐▲❛❝❡✑ ♣r♦❥❡❝ts ❞❡s✐❣♥❡❞ ❜② ▲♦♦♣✳♣❍ ✭✷✵✶✹✮✳

■t ✇❛s ❜✉✐❧t ❢♦r t❤❡ ✏❋✐r❡ ✫ ❋r✐❣❤t ❋❡st✐✈❛❧✑ ✐♥ ▲❡t❝❤✇♦rt❤ ✐♥ ✷✵✶✹ ❛♥❞ ❤❛❞ t❤❡ s❤❛♣❡ ♦❢ ❛

✹✳✸ ♠ t❛❧❧ ❜② ✺✳✺ ♠ ✇✐❞❡ t✉♥♥❡❧✳ ❚❤❡ str✉❝t✉r❡ ✇❛s ❜✉✐❧t ❢r♦♠ ❛ ♥✉♠❜❡r ♦❢ ✐♥t❡r❝♦♥♥❡❝t❡❞

❣❧❛ss ✜❜r❡ r❡✐♥❢♦r❝❡❞ ♣♦❧②♠❡r ✭●❋❘P✮ ❤♦♦♣s✱ ✇❤✐❝❤ ✇❡r❡ r❡✐♥❢♦r❝❡❞ ✐♥ ❝❡rt❛✐♥ ❧♦❝❛t✐♦♥s ❜② ❜❡♥t

❝❛r❜♦♥ ✜❜r❡ r♦❞s ❢♦❧❧♦✇✐♥❣ t❤❡ ❤♦♦♣ ♣❛tt❡r♥✳ ❚❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ str✉❝t✉r❡ ✇❛s ❡♥s✉r❡❞ ❜② t❤❡

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

♦✉t ❜② ❘❛♠❜♦❧❧ ❈♦♠♣✉t❛t✐♦♥❛❧ ❉❡s✐❣♥✳

✷✳✷✳✶ ❙❤❛♣❡ ❣❡♥❡r❛t✐♦♥

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

❋r♦♠ t♦♣ ❧❡❢t t♦ ❜♦tt♦♠ r✐❣❤t t❤❡s❡ ✐♥❝❧✉❞❡❞ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛ tr✐❛♥❣✉❧❛t❡❞ ♠❡s❤ ❢r♦♠ ❛ t❤r❡❡

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

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

❝❛r❜♦♥ ✜❜r❡ ❧❛❝❡ ✭▼❡❧✈✐❧❧❡ ❛♥❞ ◆✐❡❧s❡♥✱ ✷✵✶✹✮✳ ❚❤❡ ♠♦❞❡❧❧✐♥❣ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤✐♥ t❤❡ ❘❤✐♥♦✴✲

●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t ✉s✐♥❣ t❤❡ ❤❛❧❢✲❡❞❣❡ ♠❡s❤ ❧✐❜r❛r② P❧❛♥❦t♦♥ ✭P✐❦❡r ❛♥❞ P❡❛rs♦♥✱ ✷✵✶✸✮✳

❋✐❣✉r❡ ✷✳✷✳✷ ✕ ❆r❝❤✐▲❛❝❡ s❤❛♣❡ ❣❡♥❡r❛t✐♦♥ ✭▼❡❧✈✐❧❧❡ ❛♥❞ ◆✐❡❧s❡♥✱ ✷✵✶✹✮
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✷✳✷✳✷ ❙tr✉❝t✉r❛❧ ❛♥❛❧②s✐s

❆t♠❡t✉r❡ ✇❛s ❛ ❝❤❛❧❧❡♥❣✐♥❣ str✉❝t✉r❡ t♦ ❛♥❛❧②s❡ ❢♦r s❡✈❡r❛❧ r❡❛s♦♥s✿ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❝♦♠♣❧❡①✐t②✱

t❤❡ ❧♦✇ st✐✛♥❡ss ♦❢ t❤❡ ●❋❘P r♦❞s r❡s✉❧t✐♥❣ ✐♥ ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥s ❛♥❞ t❤❡ ❢❛❝t t❤❛t t❤❡r❡ ✇❡r❡

♥♦ ✜①✐♥❣s ❜❡t✇❡❡♥ t❤❡ ❤♦♦♣s ❝❛✉s✐♥❣ s❧✐♣♣❛❣❡ ❜❡❢♦r❡ t❤❡ str✉❝t✉r❡ ✐♥t❡r❧♦❝❦❡❞ ✐ts❡❧❢✳ ❚❤❡r❡❢♦r❡

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

t♦ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ✜♥✐t❡ ❡❧❡♠❡♥t ❛♥❛❧②s✐s ✐♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡

❞✐❣✐t❛❧ ♠♦❞❡❧ ✭▼❡❧✈✐❧❧❡ ❛♥❞ ◆✐❡❧s❡♥✱ ✷✵✶✹✮✳

❉✉❡ t♦ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❝♦♠♣❧❡①✐t② ❛♥❞ ✐♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ s❡✈❡r❛❧ ❞✐✛❡r❡♥t ♦♣t✐♦♥s ✇✐t❤

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

❡❧❡♠❡♥t s♦❢t✇❛r❡ ❑❛r❛♠❜❛✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥✱ t❤❡ ♣r❡str❡ss ❢r♦♠ ✐♥✐t✐❛❧

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

❝♦✉♣❧❡s✮ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦❝❛❧ ❝✉r✈❛t✉r❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❞❡s✐r❡❞ s❤❛♣❡ ✇❛s ❛❧r❡❛❞② ❞❡✜♥❡❞

❛♥❞ ❤❡♥❝❡ ❞✐❞ ♥♦t ♥❡❝❡ss✐t❛t❡ ❛ ❢♦r♠✲✜♥❞✐♥❣ st❡♣✳ ■t ✇❛s ❞❡❝✐❞❡❞ t♦ ♦♥❧② ♠♦❞❡❧ t❤✐s ♣r❡str❡ss

❜❡❤❛✈✐♦✉r ❢♦r t❤❡ ❝❛r❜♦♥ ✜❜r❡ r❡✐♥❢♦r❝❡♠❡♥t s✐♥❝❡ t❤❡ ❝❧♦s❡❞ ❤♦♦♣s ♦❢ ●❋❘P ❞✐❞ ♥♦t ❡①❡rt ❛♥②

❢♦r❝❡s ♦♥t♦ t❤❡ s✉rr♦✉♥❞✐♥❣ str✉❝t✉r❡ ✭③❡r♦ ♥❡t ❢♦r❝❡✮✳ ❚❤❡ s❧✐♣♣❛❣❡ ❡✛❡❝t ✇❛s ♥♦t ♠♦❞❡❧❧❡❞ ❞✉❡

t♦ t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ t❤✐s ❜❡❤❛✈✐♦✉r✳

❚❤❡ str✉❝t✉r❡ ✇❛s t✐❡❞ t♦ t❤❡ ❣r♦✉♥❞ ❜② s♦♠❡ ❜❛❧❧❛st ❛t t❤❡ ❧♦✇❡r ♣❛rts ❛♥❞ s✉❜❥❡❝t❡❞ t♦ s❡❧❢✲

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

❢♦r t❤✐s str✉❝t✉r❡✳ ❉✐✛❡r❡♥t s❤❛♣❡ ✈❛r✐❛t✐♦♥s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❛♥❞ s❤♦✇❡❞ t❤❛t ❛ ♠♦r❡ sq✉❛t

t✉♥♥❡❧ ❝r♦ss s❡❝t✐♦♥ ✇❛s t❤❡ ♠♦st ❡✣❝✐❡♥t✳ ❑❛r❛♠❜❛✬s ❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ✇❛s ✉s❡❞ t♦ ✐♥❢♦r♠

t❤❡ ♣❧❛❝❡♠❡♥t ♦❢ ❡①tr❛ ❧♦❝❛❧ ❝❛r❜♦♥ ✜❜r❡ r❡✐♥❢♦r❝❡♠❡♥t ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✐♥✐t✐❛❧ r❡✐♥❢♦r❝❡♠❡♥t

♣❛tt❡r♥ ❞❡✜♥❡❞ ❜② t❤❡ ❛rt✐st✳ ❲✐t❤ t❤❡s❡ ✐♠♣r♦✈❡♠❡♥ts ✐t ✇❛s s❤♦✇♥ t❤❛t t❤❡ str✉❝t✉r❡ ✇❛s

st❛❜❧❡ ❢♦r ✇✐♥❞ s♣❡❡❞s ✉♣ t♦ ✶✸✳✾ ♠✴s✳ ❋✐❣✉r❡ ✷✳✷✳✸ s❤♦✇s t❤❡ ✜♥❛❧ ♠♦❞❡❧ ✇✐t❤ r❡✐♥❢♦r❝❡♠❡♥t

♣❛tt❡r♥s ❛♥❞ s✉♣♣♦rts✳

❋✐❣✉r❡ ✷✳✷✳✸ ✕ ❆t♠❡t✉r❡ r❡✐♥❢♦r❝❡♠❡♥t ♣❛tt❡r♥ ✭▼❡❧✈✐❧❧❡ ❛♥❞ ◆✐❡❧s❡♥✱ ✷✵✶✹✮
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✷✳✷✳✸ ▼♦❞❡❧❧✐♥❣ ♦❢ ♣r❡str❡ss ✇✐t❤ ❑❛r❛♠❜❛

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

❡✛❡❝t ✇✐t❤ ❑❛r❛♠❜❛✳ ❚❤❡ s❛♠❡ ❡❧❛st✐❝❛ ❝✉r✈❡ ✭❜✉❝❦❧❡❞ st❛t❡ ✷✮ ❢r♦♠ ❙✉❜s❡❝t✐♦♥ ✷✳✶✳✸ ✐s ✉s❡❞ ❛s

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

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

❧♦❛❞s✳ ❊❛❝❤ ❢♦r❝❡ ❝♦✉♣❧❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❢♦r❝❡s t❤❛t ❛r❡ ♥❡❝❡ss❛r② t♦ str❛✐❣❤t❡♥ ♦✉t t❤❛t ♣❛rt

♦❢ t❤❡ ❝✉r✈❡✳

❉❡❢♦r♠❛t✐♦♥

❚❤✐s ♠❡t❤♦❞ ✐s t❡st❡❞ ♦♥ t❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡ ✐♥ t✇♦ ❝❛s❡s❀ ✜rst❧② ✇✐t❤ ♣✐♥♥❡❞ s✉♣♣♦rts ✐♥ ❜♦t❤

❡♥❞s ❛♥❞ s❡❝♦♥❞❧② ✇✐t❤ ♦♥❡ ♦❢ t❤❡ s✉♣♣♦rts ❜❡✐♥❣ r❡❧❡❛s❡❞ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡

✷✳✷✳✹✳ ❋♦r t❤❡ ✜rst ❝❛s❡✱ ❛ s❡❝♦♥❞ ♦r❞❡r ❛♥❛❧②s✐s ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❡❢♦r♠❡❞ s❤❛♣❡ ❛♥❞

t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ❛t t❤❡ t♦♣ ✐s ♦❜s❡r✈❡❞ t♦ ❜❡ ✶✷ ♠♠✳ ■❞❡❛❧❧② t❤❡ s❤❛♣❡ ✇♦✉❧❞ r❡♠❛✐♥

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

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

t♦ t❤❡ ❢♦r♠✲✜♥❞✐♥❣ ♦❢ t❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡ ✇✐t❤ ❑❛r❛♠❜❛✬s ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥ ❛♥❛❧②s✐s ✭✐♥ t❤✐s ❝❛s❡

✵✳✸✪✮✳

❋♦r t❤❡ s❡❝♦♥❞ ❝❛s❡✱ ❑❛r❛♠❜❛✬s ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥ ❛♥❛❧②s✐s ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❡❢♦r♠❡❞

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

✇✐t❤ ❛ ♠❛①✐♠✉♠ ❞❡✈✐❛t✐♦♥ ♦❢ ✷✸✵ ♠♠ ❛t t❤❡ ♠✐❞❞❧❡✳ ❚❤❡ r❡❛s♦♥ ✇❤② ✐t ❞♦❡s ♥♦t ❜❡❝♦♠❡

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

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

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

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

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

❋✐❣✉r❡ ✷✳✷✳✹ ✕ ❙✐♠✉❧❛t✐♥❣ ♣r❡str❡ss ♦❢ ❛♥ ❡❧❛st✐❝❛ ❝✉r✈❡ ✇✐t❤ ❑❛r❛♠❜❛✳ ❛✮ P✐♥♥❡❞ ❡❧❛st✐❝❛ ❝✉r✈❡✳ ❜✮ ❘❡❧❡❛s❡❞
❡❧❛st✐❝❛ ❝✉r✈❡✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ♠❡t❡rs

▼♦♠❡♥t ❞✐str✐❜✉t✐♦♥

❋♦r t❤❡ ✜rst ❝❛s❡ ✇✐t❤ t✇♦ ♣✐♥♥❡❞ s✉♣♣♦rts✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t t❤❡ ♠♦♠❡♥ts ❢r♦♠ t❤❡ s❡❝♦♥❞

♦r❞❡r ❛♥❛❧②s✐s✳ ❚❤❡ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ♣r❡str❡ss ❧♦❛❞ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛♥
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❛❞❞✐t✐♦♥❛❧ ♣♦✐♥t ❧♦❛❞ ♦❢ ✶✵ ❦◆ ❛t t❤❡ ♠✐❞❞❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✳✺✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ❢r♦♠

♣r❡str❡ss ✇✐t❤♦✉t ❛ ♣♦✐♥t ❧♦❛❞ ❞❡✈✐❛t❡s s✐❣♥✐✜❝❛♥t❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡s✉❧t ❢r♦♠ ❋✐❣✉r❡ ✷✳✶✳✼

✭t♦♣✮ ❛♥❞ ✐s ❝❧❡❛r❧② ✇r♦♥❣ ✐♥ t❤✐s ❝❛s❡ s✐♥❝❡ t❤❡ ❝✉r✈❛t✉r❡ ✐s ♥♦t ③❡r♦ ❛t t❤❡ ❧♦❝❛t✐♦♥s ✇❤❡r❡

t❤❡ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ❛r❡ ③❡r♦✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s ❛ r❡s✉❧t ♦❢ t❤❡ ♣r❡str❡ss ❜❡✐♥❣ tr❡❛t❡❞ ❛s ❛♥

❡①t❡r♥❛❧ ❧♦❛❞ r❛t❤❡r t❤❛♥ ❛♥ ✐♥t❡r♥❛❧ st❛t❡ ✐♥ t❤❡ r♦❞✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ❢r♦♠ ♣r❡str❡ss ✇✐t❤

❛♥ ❛❞❞✐t✐♦♥❛❧ ♣♦✐♥t ❧♦❛❞ ❝❛♥ ❜❡ ❞✐r❡❝t❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❧♦t ✐♥ ❋✐❣✉r❡ ✷✳✶✳✼ ✭♠✐❞❞❧❡✮✳ ■t ✐s

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

t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ str✉❝t✉r❡ ❢r♦♠ ✹✷ ♠♠ ✭s❡❡ ❙✉❜s❡❝t✐♦♥ ✷✳✶✳✸✮ t♦ ✸✸ ♠♠ ❛t t❤❡

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

✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✶✳✼ ✭❜♦tt♦♠✮✮✳

❋✐❣✉r❡ ✷✳✷✳✺ ✕ ▼♦♠❡♥t ♣❧♦t ♦❢ ❛ ♣✐♥♥❡❞ ❡❧❛st✐❝❛ ❝✉r✈❡ ✇✐t❤ ❛✮ ♣r❡str❡ss ❛♥❞ ❜✮ ♣r❡str❡ss ❛♥❞ ♣♦✐♥t ❧♦❛❞ ✉s✐♥❣
❑❛r❛♠❜❛✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❦◆♠

✷✳✷✳✹ ❘❡♠❛r❦s

❚❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t ♠♦❞❡❧ ✇❛s ❢✉rt❤❡r ❛❞✈❛♥❝❡❞ ❢♦r t❤✐s ♣r♦❥❡❝t✱ ✐♥ ❛♥ ❛tt❡♠♣t t♦ ✐♥❝❧✉❞❡ t❤❡

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

❛♣♣❧✐❡❞ t♦ t❤❡ str✉❝t✉r❡ ❛s ❛♥ ❡①t❡r♥❛❧ ❧♦❛❞✳ ❚❤❡ str✉❝t✉r❛❧ ❛♥❛❧②s✐s ❜② ❘❛♠❜♦❧❧ ❈♦♠♣✉t❛t✐♦♥❛❧

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

t❤✐s ❛s♣❡❝t ✇❛s ❧❡ss ✐♠♣♦rt❛♥t✳ ❙✐♥❝❡ t❤❡ str❡♥❣t❤ ♦❢ ❜♦t❤ ●❋❘P ❛♥❞ ❝❛r❜♦♥ ✜❜r❡ ✐s r❡❧❛t✐✈❡❧②

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

❜❡♥❞✐♥❣✲❛❝t✐✈❡ t✐♠❜❡r ❣r✐❞s❤❡❧❧ ❧✐❦❡ t❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥ t❤✐s ❛s♣❡❝t ❝♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥

✐❣♥♦r❡❞✳

■♥st❡❛❞✱ t❤❡ ❛♥❛❧②s✐s ❛♣♣r♦❛❝❤ ❢♦❝✉s❡❞ ♦♥ t❤❡ ❡✛❡❝t ♦❢ ♣r❡str❡ss ♦♥ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ❜❡❤❛✈✐♦✉r✳

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

❝♦♠♣❧② ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ ❜❡❤❛✈✐♦✉r ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✷✳✹✮✱ ✐t ✐s q✉❡st✐♦♥❛❜❧❡ ✇❤❡t❤❡r t❤❡

❜❡❤❛✈✐♦✉r ✐s ❝♦rr❡❝t ✇❤❡♥ ❛❞❞✐t✐♦♥❛❧ ❧♦❛❞s ❛r❡ ❛♣♣❧✐❡❞✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♣r❡str❡ss ❡✛❡❝t ✐s

r❡s♣♦♥s✐❜❧❡ ❢♦r r❡❞✉❝✐♥❣ t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ❜② ✾ ♠♠ ❛t t❤❡ t♦♣ ❜✉t t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤✐s

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

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

r❡❛❝t✐♦♥ ♦❢ ❛ ❜❡♥t r♦❞ r❛t❤❡r t❤❡♥ t❤❡ ❛❝t✐♦♥ ♦❢ ❛ ❧♦❛❞✳
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■♥ ❛♥ ❝♦♥✈❡rs❛t✐♦♥ ✇✐t❤ ▼❛t❤✐❛s ●♠❛❝❤❧✱ ❢♦✉♥❞❡r ♦❢ ▲♦♦♣✳♣❍✱ t❤❡ ❛✉t❤♦r ✇❛s ✐♥❢♦r♠❡❞ t❤❛t

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

r❡s✉❧ts ❢r♦♠ t❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t ❛♥❛❧②s✐s ❛♥❞ t❤❡ ✐♥t✉✐t✐♦♥ ❣❛✐♥❡❞ ❜② t❤❡ ❛rt✐st t❤r♦✉❣❤ ②❡❛rs ♦❢

❡①♣❡r✐♠❡♥ts ✇✐t❤ t❤❡s❡ ♠❛t❡r✐❛❧s✳ ❚❤❡ ✜♥❛❧ r❡✐♥❢♦r❝❡♠❡♥t ♣❛tt❡r♥ ✇❛s t❤❡r❡❢♦r❡ ❛❞❛♣t❡❞ ♦♥ s✐t❡

t♦ ✜♥❞ ❛ ❝♦♠♣r♦♠✐s❡✳ ❚❤❡ ✉♥❝❡rt❛✐♥t② r❡❧❛t❡❞ t♦ t❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ♣r❡str❡ss ❡✛❡❝t ♦♥ t❤❡

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

t❤❡ ❝❛s❡✳

✷✳✸ ❍②❜r✐❞ ❚♦✇❡r

❋✐❣✉r❡ ✷✳✸✳✶ ✕ ■♥t❡r✐♦r ♦❢ t❤❡ ❤②❜r✐❞ ❚♦✇❡r ❛t ❈■❚❆ ✭❚❤♦♠s❡♥ ❡t ❛❧✳✱ ✷✵✶✺✮

❍②❜r✐❞ ❚♦✇❡r ✇❛s ♣❛rt ♦❢ t❤❡ ✏❈♦♠♣❧❡① ▼♦❞❡❧❧✐♥❣✑ r❡s❡❛r❝❤ ♣r♦❥❡❝t✱ ✇❤✐❝❤ ✇❛s ♠❛✐♥❧② ❛ ❝♦❧❧❛❜✲

♦r❛t✐♦♥ ❜❡t✇❡❡♥ ❈■❚❆ ✭❈❡♥tr❡ ❢♦r ■❚ ❛♥❞ ❆r❝❤✐t❡❝t✉r❡✮ ❛♥❞ ❑❊❚ ✭❉❡♣❛rt♠❡♥t ❢♦r ❙tr✉❝t✉r❛❧

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

❞❡s✐❣♥✳ ❚❤❡ ✻✳✾ ♠ t❛❧❧ t♦✇❡r ✇❛s ❜✉✐❧t ✐♥ ✷✵✶✺ ✐♥ t❤❡ ❝♦✉rt②❛r❞ ♦❢ t❤❡ ❉❡s✐❣♥ ▼✉s❡✉♠ ❉❡♥♠❛r❦

❛♥❞ ❝♦♠❜✐♥❡❞ ✐♥❞✐✈✐❞✉❛❧❧② s♦❢t ❡❧❡♠❡♥ts ✐♥❝❧✉❞✐♥❣ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ●❋❘P r♦❞s✱ t❡①t✐❧❡ ♠❡♠✲

❜r❛♥❡s ❛♥❞ st❡❡❧ ✇✐r❡s ✐♥t♦ ❛ str♦♥❣❡r ✇❤♦❧❡✳ ❚❤❡ ❛✐♠ ✇❛s t♦ ❞❡✈❡❧♦♣ ♥❡✇ ♠♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡s

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

♠♦r❡ r✐❣♦r♦✉s ✜♥✐t❡ ❡❧❡♠❡♥t ❛♥❛❧②s✐s ❛♥❞ ❧✐♥❦ t❤✐s t♦ ❢❛❜r✐❝❛t✐♦♥ ❛s ✇❡❧❧ ✭❚❤♦♠s❡♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳
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✷✳✸✳✶ ❍②❜r✐❞ ❝♦♥❝❡♣t

❚❤❡ ♦✈❡r❛❧❧ s❤❛♣❡ ♦❢ t❤❡ t♦✇❡r ✇❛s ❞❡✜♥❡❞ ❜② ♦✈❡r❧❛♣♣✐♥❣ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ●❋❘P r♦❞s✱ ✇❤✐❝❤

✇❡r❡ st❛❝❦❡❞ ♦♥ t♦♣ ♦❢ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ ✐♥✲❜❡t✇❡❡♥ ❛r❡❛s ✇❡r❡ ✜❧❧❡❞ ✇✐t❤ ❛ ❦♥✐tt❡❞ t❡①t✐❧❡

♠❡♠❜r❛♥❡ ♠❛❞❡ ♦❢ ♣♦❧②❡st❡r ②❛r♥✱ ✇❤✐❝❤ ❤❛❞ t❤❡ ♣✉r♣♦s❡ ♦❢ ❜r❛❝✐♥❣ t❤❡ r♦❞ s②st❡♠ ✭s✐♠✐❧❛r t♦

t❤❡ ♣r✐♥❝✐♣❧❡ ❜❡❤✐♥❞ ❛ t❡♥t str✉❝t✉r❡✮✳ ❚♦ ❜❡tt❡r ✇✐t❤st❛♥❞ t❤❡ ✇✐♥❞ ❧♦❛❞s✱ ❛ ✇❤❡❡❧ s②st❡♠ ♦❢

t❡♥s✐♦♥ ❝❛❜❧❡s ✇❡r❡ ❛❞❞❡❞ t♦ t❤❡ ❝❡♥tr❛❧ ❛①✐s ♦❢ t❤❡ t♦✇❡r t❤✉s ✐♥❝r❡❛s✐♥❣ t❤❡ ❧❛t❡r❛❧ st✐✛♥❡ss✳

❚❤❡ ❝❛❜❧❡ s②st❡♠ ❛❧s♦ ♣✉❧❧❡❞ t❤❡ ♠❡♠❜r❛♥❡ ✐♥✇❛r❞s✱ ✇❤✐❝❤ ❤❛❞ t❤❡ ❜❡♥❡✜t ♦❢ ✐♥❝r❡❛s✐♥❣ t❤❡

❞♦✉❜❧❡ ❝✉r✈❛t✉r❡ ❛♥❞ ✐♥tr♦❞✉❝✐♥❣ ♠♦r❡ ♣r❡str❡ss t♦ t❤❡ ♠❡♠❜r❛♥❡ t♦ ♠❛❦❡ ✐t ♠♦r❡ ❡✣❝✐❡♥t✳ ❚❤❡

❤②❜r✐❞ ❜❡❤❛✈✐♦✉r ✇❛s ❝❤❛r❛❝t❡r✐s❡❞ ❜② t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ t❤r❡❡ ❞✐✛❡r❡♥t s②st❡♠s ❛♥❞

q✉❛♥t✐✜❡❞ ❜② ❛❞❞✐♥❣ ❡❛❝❤ s②st❡♠ ♦♥❡ ❜② ♦♥❡ ❛♥❞ ♦❜s❡r✈✐♥❣ ❛ ❜✐❣ ✐♥❝r❡❛s❡ ✐♥ st✐✛♥❡ss ✇✐t❤ ♦♥❧②

❛ ❧✐tt❧❡ ✐♥❝r❡❛s❡ ✐♥ ♠❛ss✳ ❚❤❡ s②st❡♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✸✳✶✳

✷✳✸✳✷ ❉❡s✐❣♥ ❛♥❛❧②s✐s ✇♦r❦✢♦✇

❋✐❣✉r❡ ✷✳✸✳✷ ✕ ❍②❜r✐❞ ❚♦✇❡r ♠♦❞❡❧❧✐♥❣ ✇♦r❦✢♦✇ ✭❚❤♦♠s❡♥ ❡t ❛❧✳✱ ✷✵✶✺✮

❆ ♠♦❞❡❧❧✐♥❣ ✇♦r❦✢♦✇✱ ✇❤✐❝❤ ✐♥t❡❣r❛t❡❞ ❜♦t❤ ❣❡♦♠❡tr②✱ ❢♦r♠✲✜♥❞✐♥❣✱ ❛♥❛❧②s✐s ❛♥❞ ❢❛❜r✐❝❛t✐♦♥

✇❛s ❞❡✈❡❧♦♣❡❞ t♦ ❞❡s✐❣♥ t❤❡ t♦✇❡r✳ ❚❤❡ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t ✇❛s ✉s❡❞ ✐♥ ❛ ❝♦♠❜✐♥✲

❛t✐♦♥ ✇✐t❤ t❤❡ ♣❤②s✐❝s ❝♦♥str❛✐♥t s♦❧✈❡r ❑❛♥❣❛r♦♦✷ ✭P✐❦❡r✱ ✷✵✶✺❜✮✳ ❚❤❡ ✇♦r❦✢♦✇ ✇❛s ❞✐✈✐❞❡❞
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✐♥t♦ ❢♦✉r st❡♣s ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✸✳✷✿

✶✳ ▼♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ❝♦❛rs❡ ❣❡♦♠❡tr② ♦❢ t❤❡ t❤r❡❡ str✉❝t✉r❛❧ s②st❡♠s❀ ♣♦❧②❧✐♥❡s r❡♣r❡s❡♥t✐♥❣

t❤❡ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ●❋❘P r♦❞s✱ ❛ ♠❡s❤ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ❛♥❞ ❧✐♥❡s r❡♣r❡s❡♥t✐♥❣

t❤❡ ❝❛❜❧❡s✳

✷✳ ❋♦r♠✲✜♥❞✐♥❣ ✉s✐♥❣ ❑❛♥❣❛r♦♦✷ t♦ ❛rr✐✈❡ ❛t t❤❡ ♠♦r❡ ❛❝❝✉r❛t❡ t♦✇❡r ❣❡♦♠❡tr②

✸✳ ❆♥❛❧②s✐s ❛♥❞ ✈✐s✉❛❧✐s❛t✐♦♥ ♦❢ t❤❡ ❜❡♥❞✐♥❣ r❛❞✐✐ ♦❢ t❤❡ r♦❞ ❡❧❡♠❡♥ts t♦ ❡✈❛❧✉❛t❡ ✐❢ ✐t ✇❛s

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

✹✳ ❯♥r♦❧❧✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ t♦ t❤❡ ♣❧❛♥❡ ✐♥ ♦r❞❡r t♦ ❞✐r❡❝t❧② ❝r❡❛t❡ ❦♥✐tt✐♥❣ ♣❛tt❡r♥s ❛♥❞

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

❚❤✐s ♠♦❞❡❧❧✐♥❣ ✇♦r❦✢♦✇ ❛❧❧♦✇❡❞ ♠✉❧t✐♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s t♦ ❜❡ ❡①♣❧♦r❡❞ ❛♥❞ ❡♥❛❜❧❡❞ ❛ ♠♦r❡

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

✷✳✸✳✸ ❙tr✉❝t✉r❛❧ ❛♥❛❧②s✐s

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

t✐♦♥ ♦❢ t❤❡ r♦❞s✱ ❢✉rt❤❡r ❛♥❞ ♠♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ✉s✐♥❣ t❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ❙❖❋✐❙❚✐❑

✇❛s ♥❡❝❡ss❛r② ❜❡❝❛✉s❡ t❤❡ ❑❛♥❣❛r♦♦✷ s✐♠✉❧❛t✐♦♥ ❞✐❞ ♥♦t ♠✐♠✐❝ ❜❡❛♠ t♦rs✐♦♥ ❛♥❞ ♠❡♠❜r❛♥❡

❜❡❤❛✈✐♦✉r ❛❝❝✉r❛t❡❧②✳ ❉✉❡ t♦ t❤❡ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ❡❧❡♠❡♥ts ❛♥❞ t❤❡✐r ❝♦♠♣❧❡①

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

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

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

r♦❞s ❢r♦♠ ❑❛♥❣❛r♦♦✷ ❛♥❞ s✉♣❡r✐♠♣♦s❡ t❤❡ ♣r❡str❡ss ❢r♦♠ ✐♥✐t✐❛❧ ❜❡♥❞✐♥❣ t♦ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞

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

❙❖❋✐❙❚✐❑ ❜② ❛❞❞✐♥❣ ♣r❡str❡ss t♦ t❤❡ ❝❛❜❧❡s✳ ❚❤❡ t♦✇❡r ✇❛s s✉❜❥❡❝t❡❞ t♦ ✇✐♥❞ ❧♦❛❞s ❛♥❞ t❤❡

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

♠♦❞❡❧❧✐♥❣ ✇♦r❦✢♦✇✳

✷✳✸✳✹ ■♠♣r♦✈❡♠❡♥ts

❚❤❡ ❛✉t❤♦r ❤❛s t❤r♦✉❣❤ ❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤ ❆♥❞❡rs ❍♦❧❞❡♥ ❉❡❧❡✉r❛♥ ✭❈■❚❆✮ ❛♥❞ ●r❡❣♦r②

◗✉✐♥♥ ✭❑❊❚✮ ❣❛✐♥❡❞ ❢✉rt❤❡r ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t t❤❡ ✐♠♣r♦✈❡♠❡♥ts s✐♥❝❡ t❤❡ t♦✇❡r ♣r♦❥❡❝t✳ ❚❤❡

♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ❝♦❛rs❡ ❣❡♦♠❡tr② ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❢♦r♠✲✜♥❞✐♥❣ ♣r♦❝❡ss ❤❛s ❜❡❡♥ ✐♥t❡❣r❛t❡❞ ✐♥t♦

❛♥ ❡✈❡♥ ♠♦r❡ s♠♦♦t❤ ✇♦r❦✢♦✇ ❜❡t✇❡❡♥ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❛♥❞ ❑❛♥❣❛r♦♦✷✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡

❜❡♥❞✐♥❣ r❛❞✐✐ ❛♥❛❧②s✐s ❤❛s ❜❡❡♥ ❡①t❡♥❞❡❞ t♦ ✐♥❝❧✉❞❡ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ✉s✐♥❣

r❡❛❧ ♠❛t❡r✐❛❧ ❛♥❞ ❝r♦ss s❡❝t✐♦♥ ♣r♦♣❡rt✐❡s✳ ■♥ ❣❡♥❡r❛❧✱ ♠♦r❡ ❡①♣❡r✐♠❡♥ts ✇✐t❤ r❡❛❧ st✐✛♥❡ss ✈❛❧✉❡s

❛s ✐♥♣✉t ❢♦r ❡①✐st✐♥❣ ❑❛♥❣❛r♦♦✷ ❝♦♠♣♦♥❡♥ts ❤❛✈❡ ❜❡❡♥ ❢✉rt❤❡r ❡①♣❧♦r❡❞ t♦ s✐♠✉❧❛t❡ ❛❝❝✉r❛t❡

str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ❛♥❞ r❡♠❛r❦❛❜❧❡ st❛❜✐❧✐t② ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞✳ ❍♦✇❡✈❡r✱ ❜✐❛①✐❛❧ ❜❡♥❞✐♥❣ ❛♥❞

t♦rs✐♦♥ ♦❢ ❜❡❛♠s ❛♥❞ ❣❡♥❡r❛❧ s❤❡❧❧ ❜❡❤❛✈✐♦✉r ❤❛✈❡ st✐❧❧ ♥♦t ❜❡❡♥ r❡s♦❧✈❡❞✳
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✷✳✸✳✺ ❘❡♠❛r❦s

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

str❛✐♥ts ✐♥t♦ ♦♥❡ ♠♦❞❡❧❧✐♥❣ ✇♦r❦✢♦✇✳ ❚❤❡ ✉♥✐q✉❡ ❛❜♦✉t t❤✐s ♣r♦❥❡❝t ✐s t❤❛t ❜♦t❤ ❢♦r♠✲✜♥❞✐♥❣✱

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

✭❑❛♥❣❛r♦♦✷✮✱ ✇❤✐❝❤ ✐♥❤❡r❡♥t❧② ❞❡❛❧s ✇✐t❤ t❤❡ ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥s r❡❧❛t❡❞ t♦ t❤✐s ❦✐♥❞ ♦❢ ❢♦r♠✲

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

♣r♦❥❡❝t ❛♥❞ t❤❡ ✐♠♣r♦✈❡♠❡♥ts ❛❢t❡r✇❛r❞s ✐s t❤❛t ♥❛t✐✈❡ ❑❛♥❣❛r♦♦✷ ❝♦♠♣♦♥❡♥ts ❛r❡ ✉s❡❞ ✇✐t❤

r❡❛❧ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛s ✐♥♣✉t t♦ s✐♠✉❧❛t❡ ❛❝❝✉r❛t❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ❢♦r❝❡s ❛r❡ t❤❡♥

❜❛❝❦✲❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✉♣❞❛t❡❞ ♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ♥♦t ❛ ✈❡r② ❡✣❝✐❡♥t ✇❛②

♦❢ ❞♦✐♥❣ ✐t ❛s ✐t ❡ss❡♥t✐❛❧❧② ❝❛❧❝✉❧❛t❡s ❡✈❡r②t❤✐♥❣ t✇✐❝❡ ❛♥❞ ❛❧s♦ r❡q✉✐r❡s ♠♦r❡ ❛tt❡♥t✐♦♥ t♦✇❛r❞s

t❤❡ ❞❛t❛ str✉❝t✉r❡ ✐♥ ♦r❞❡r t♦ ♠❛♣ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✐♥❢♦r♠❛t✐♦♥ ❜❛❝❦ t♦ t❤❡ ✐♥✐t✐❛❧ ❣❡♦♠❡tr②✳ ❆s

t❤❡ ❑❛♥❣❛r♦♦✷ ♣❧✉❣✲✐♥ ✐s r❡❧❛t✐✈❡❧② ♥❡✇ ✭r❡❧❡❛s❡❞ s♣r✐♥❣ ✷✵✶✺✮ ❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥ts ✇✐t❤ r❡❣❛r❞

t♦ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✐♥ ❛♥ ❡❛r❧② st❛❣❡✱ t❤❡r❡ ✐s st✐❧❧ ♣❧❡♥t② ♦❢ ♦♣♣♦rt✉♥✐t② t♦ ✐♥✈❡st✐❣❛t❡

❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts ♦❢ t❤✐s ✇♦r❦✢♦✇ ❛♥❞ t❤❡r❡❜② ❛✈♦✐❞ t❤❡ ♥❡❝❡ss✐t② t♦ r❡❧② ✉♣♦♥ ❛ s❡♣❛r❛t❡

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

✷✳✹ ❘❡s❡❛r❝❤ ❞✐r❡❝t✐♦♥

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

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

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

❛♥❞ ✐♥❢♦r♠❡❞ ❞❡❝✐s✐♦♥s ❝❛♥ ❜❡ ♠❛❞❡ t♦ ❡♥r✐❝❤ t❤❡ ❞❡s✐❣♥ ❛s ❛ ✇❤♦❧❡✳ ❋♦r ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s✱

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

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

❚❤❡ ❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥ ❛♥❞ ❆t♠❡t✉r❡ ♣r♦❥❡❝t ❞❡♠♦♥str❛t❡❞ t❤❛t t❤❡ ✐♥t❡❣r❛t❡❞ ✜♥✐t❡ ❡❧❡♠❡♥t

s♦❢t✇❛r❡ ❑❛r❛♠❜❛ ❤❛❞ ❧✐♠✐t❡❞ ❝❛♣❛❜✐❧✐t✐❡s ✇❤❡♥ tr②✐♥❣ t♦ ❛♥❛❧②s❡ t❤❡s❡ ❦✐♥❞ ♦❢ str✉❝t✉r❡s✳ ❚❤❡

t✇♦ ♣r♦❥❡❝ts tr✐❡❞ t♦ ✐♥❝❧✉❞❡ t❤❡ ♣r❡str❡ss ❡✛❡❝t ❢r♦♠ ✐♥✐t✐❛❧ ❜❡♥❞✐♥❣ ♦❢ t❤❡ ❡❧❡♠❡♥ts ✇✐t❤ ❛ ❢♦❝✉s

♦♥ str❡ss❡s ❛♥❞ ❞❡✢❡❝t✐♦♥s r❡s♣❡❝t✐✈❡❧② ❜✉t ♥❡✐t❤❡r ♦❢ t❤❡♠ s✉❝❝❡❡❞❡❞ ✐♥ ✐♥❝❧✉❞✐♥❣ t❤❡ ❡✛❡❝t ♦♥

❜♦t❤✳

❊✈❡♥ t❤♦✉❣❤ t❤❡ ❍②❜r✐❞ ❚♦✇❡r ♣r♦❥❡❝t ❡✈❡♥t✉❛❧❧② ❤❛❞ t♦ ✐♥t❡rr✉♣t t❤❡ ✇♦r❦✢♦✇ ❜② ❡①♣♦rt✐♥❣

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

❞❡s✐❣♥ ❛♥❞ ❛♥❛❧②s✐s ✐♥ ♦♥❡ ❡♥✈✐r♦♥♠❡♥t ✇✐t❤ ❑❛♥❣❛r♦♦✷✳

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

t✉r❡s ✇✐t❤✐♥ t❤❡ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❝t✐♦♥s ❛r❡ ✐❞❡♥t✐✜❡❞✿

• ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ❞✐❣✐t❛❧ t♦♦❧ t❤❛t ❡①t❡♥❞s t❤❡ ❑❛♥❣❛r♦♦✷ ♣❧✉❣✲✐♥ t♦ ❛❝❝✉r❛t❡❧② ♠♦❞❡❧

str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r

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

r❡s✉❧ts ❢r♦♠ ♦t❤❡r ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡
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• ❋♦❝✉s ♦♥ t❤❡ ✈✐s✉❛❧✐s❛t✐♦♥ ♦❢ t❤❡ ❛♥❛❧②s✐s r❡s✉❧ts t♦ ♠❛❦❡ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ♠♦r❡

✐♥t✉✐t✐✈❡ t♦ ✉♥❞❡rst❛♥❞

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

❢♦❝✉s ♦♥ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ str✉❝t✉r❡s ✐♥ ♣❛rt✐❝✉❧❛r✳
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❈❤❛♣t❡r ✸

❑❛♥❣❛r♦♦✷

❑❛♥❣❛r♦♦ ✐s ❛ ♣❧✉❣✲✐♥ ❢♦r ●r❛ss❤♦♣♣❡r ❞❡✈❡❧♦♣❡❞ ❜② ❉❛♥✐❡❧ P✐❦❡r ✐♥ ✷✵✶✵✱ ✇❤✐❝❤ s✐♠✉❧❛t❡s

♣❤②s✐❝❛❧ ❜❡❤❛✈✐♦✉r ❛t ✐♥t❡r❛❝t✐✈❡ s♣❡❡❞ ✉s✐♥❣ ❞②♥❛♠✐❝ r❡❧❛①❛t✐♦♥ t❡❝❤♥✐q✉❡s ✭P✐❦❡r✱ ✷✵✶✻❜✮✳ ■t

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

♠❛t❡r✐❛❧s ❛♥❞ ✐♥✈♦❧✈❡ ❧❛r❣❡ ❞❡❢♦r♠❛t✐♦♥s✳

❚❤❡ ✜rst ✈❡rs✐♦♥ ♦❢ ❑❛♥❣❛r♦♦ ✉s❡❞ ❛ ❢♦r❝❡✲❜❛s❡❞ ♠❡t❤♦❞✱ ✇❤✐❝❤ ❝❛❧❝✉❧❛t❡❞ t❤❡ r❡s✉❧t❛♥t ❢♦r❝❡

♦♥ ❡❛❝❤ ♣❛rt✐❝❧❡ ✐♥ t❤❡ s②st❡♠ ❛♥❞ ✉s❡❞ ◆❡✇t♦♥✬s ✷✳ ▲❛✇ ♦❢ ♠♦t✐♦♥ t♦ ❞❡r✐✈❡ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥✱

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

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

t❤❡ st❛t✐❝ ❡q✉✐❧✐❜r✐✉♠ s♦❧✉t✐♦♥ ✭❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤❡ ❛✉t❤♦r ❤❛s ♣r❡✈✐♦✉s❧② ✐♠♣❧❡♠❡♥t❡❞

❞②♥❛♠✐❝ r❡❧❛①❛t✐♦♥ ❢r♦♠ s❝r❛t❝❤ ✐♥ t❤❡ Pr♦❝❡ss✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❜❛s❡❞ ♦♥ ❛ s✐♠✐❧❛r ❢♦r❝❡✲❜❛s❡❞

❛♣♣r♦❛❝❤ ✭❇r❛♥❞t✲❖❧s❡♥✱ ✷✵✶✹✮✳

❚❤❡ ♣r♦❜❧❡♠ ✇✐t❤ t❤✐s ❢♦r❝❡✲❜❛s❡❞ ♠❡t❤♦❞ ✐s ✐ts st❛❜✐❧✐t② ♣r♦❜❧❡♠s ✇❤❡♥ t❤❡ st✐✛♥❡ss ✈❛❧✉❡s

❜❡❝♦♠❡ ❤✐❣❤✱ ✇❤✐❝❤ ♦❢t❡♥ r❡s✉❧ts ✐♥ ❛♥ ✏❡①♣❧♦s✐♦♥✑ ♦❢ t❤❡ ❣❡♦♠❡tr②✳ ❚❤✐s ❤❛♣♣❡♥s ❜❡❝❛✉s❡ t❤❡

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

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

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

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

✐♥ ❋✐❣✉r❡ ✸✳✵✳✶✳ ❍❡r❡ t❤❡ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ♠✐❞❞❧❡ ✐s ❛ttr❛❝t❡❞ t♦ ❡❛❝❤ ♦❢ t❤❡ ❝♦r♥❡r ♣♦✐♥ts ❛♥❞

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

❛ttr❛❝t♦r ♣♦✐♥t✳ ❚❤❡ ✜❣✉r❡ t♦ t❤❡ ❧❡❢t s❤♦✇s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡ ✐❢ ♥♦ ❛❞❞✐t✐♦♥❛❧ ✇❡✐❣❤t✐♥❣

✐s ✐♥tr♦❞✉❝❡❞ ❛♥❞ t❤❡ ✜❣✉r❡ t♦ t❤❡ r✐❣❤t s❤♦✇s t❤❡ ♣♦s✐t✐♦♥ ✇❤❡♥ t❤❡ ✇❡✐❣❤t✐♥❣ ♦❢ ♦♥❡ ♦❢ t❤❡

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

♣❛rt✐❝❧❡ ♣❛ss❡s ❜❡②♦♥❞ t❤❡ t❛r❣❡t ♣♦✐♥t ✭❛ttr❛❝t♦r ♣♦✐♥t ✇✐t❤ ❤✐❣❤❡st ✇❡✐❣❤t✐♥❣✮✳

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

s❝❤❡♠❡s s✉❝❤ ❛s ❘✉♥❣❡✲❑✉tt❛ ✭❲❡✐♥sst❡✐♥✱ ✷✵✶✻✮ ❝❛♥ ❜❡ ✉s❡❞ ❜✉t ❜♦t❤ ❛t t❤❡ ❝♦st ♦❢ ❝♦♠♣✉t❛✲

t✐♦♥❛❧ s♣❡❡❞✳

✷✺
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❋✐❣✉r❡ ✸✳✵✳✶ ✕ ❋♦r❝❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤✳ ■t ✐s ❝❧❡❛r ❤♦✇ t❤❡ s❝❛❧✐♥❣ ♦❢ ♦♥❡ ❢♦r❝❡ ✈❡❝t♦r ✭t♦ ✐♥❝r❡❛s❡ ✐ts r❡❧❛t✐✈❡
✐♠♣♦rt❛♥❝❡✮ ❡❛s✐❧② ♠❛❦❡s t❤❡ ♣❛rt✐❝❧❡ ♦✈❡rs❤♦♦t ✐ts t❛r❣❡t ♣♦s✐t✐♦♥

❯♣ ✉♥t✐❧ ♥♦✇✱ ❑❛♥❣❛r♦♦ ❤❛s t❤❡r❡❢♦r❡ ♠❛✐♥❧② ❜❡❡♥ ✉s❡❞ ❢♦r ❢♦r♠✲✜♥❞✐♥❣ ♣✉r♣♦s❡s ✇✐t❤ ❛r❜✐tr❛r②

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

♠✐s✉♥❞❡rst❛♥❞✐♥❣ t❤❛t ❑❛♥❣❛r♦♦ ✐s ❛ ♣❛rt✐❝❧❡✲s♣r✐♥❣ s②st❡♠✱ ✇❤✐❝❤ ♦♥❧② s✐♠✉❧❛t❡s ♣❧❛✉s✐❜❧❡

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

❛❝❝✉r❛t❡ ❛♥❞ ♠❡❛♥✐♥❣❢✉❧ str✉❝t✉r❛❧ r❡s✉❧ts ❣✐✈❡♥ t❤❡ ❝♦rr❡❝t st✐✛♥❡ss ✈❛❧✉❡s✳

■♥ ✷✵✶✹✱ ❉❛♥✐❡❧ P✐❦❡r ♣r❡s❡♥t❡❞ ❛ ❝♦♠♣❧❡t❡ r❡✲✇r✐t❡ ♦❢ t❤❡ s♦❧✈❡r✱ ✇❤✐❝❤ s♣❡❝✐✜❝❛❧❧② ❛✐♠❡❞ t♦

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

❆P■✳ ❚❤✐s ♥❡✇ ✈❡rs✐♦♥ ✐s ❛❧s♦ ❦♥♦✇♥ ❛s ❑❛♥❣❛r♦♦✷ ❛♥❞ ❤❛s ❜❡❡♥ ✐♥s♣✐r❡❞ ❜② ♣♦s✐t✐♦♥✲❜❛s❡❞

❞②♥❛♠✐❝s ✭P✐❦❡r✱ ✷✵✶✺❝✮✳

❘❛t❤❡r t❤❛♥ tr②✐♥❣ t♦ r❡✐♥✈❡♥t t❤❡ ✇❤❡❡❧✱ t❤✐s ♣❧❛t❢♦r♠ ✐s ✉s❡❞ ❛s t❤❡ ❜❛s✐s ❢♦r t❤❡ s♦❢t✇❛r❡

❞❡✈❡❧♦♣♠❡♥t ❛s ♣❛rt ♦❢ t❤✐s t❤❡s✐s✳ ❆t t❤❡ t✐♠❡ ♦❢ ✇r✐t✐♥❣✱ ❑❛♥❣❛r♦♦✷ ✐s ❛ ✸ ❉❖❋ s②st❡♠

♠❡❛♥✐♥❣ t❤❛t ✐t ♦♣❡r❛t❡s ♦♥ ✸❞ ♣♦✐♥ts r❛t❤❡r t❤❛♥ s♦❧✐❞s ✭✻ ❉❖❋ s②st❡♠✮✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ♥♦t

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

✸✳✶ ●♦❛❧s

❚❤❡② ❦❡② ❝♦♥❝❡♣t ❜❡❤✐♥❞ ❑❛♥❣❛r♦♦✷ ✐s t❤❛t ❡✈❡r② ❝♦♥str❛✐♥t ✐s ❡①♣r❡ss❡❞ ❛s ❛ ❣♦❛❧✳ ❆ ❣♦❛❧

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

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

❜♦t❤ ❣❡♦♠❡tr✐❝❛❧ ❝♦♥str❛✐♥ts ❛♥❞ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ✐♥t♦ ♦♥❡ s②st❡♠✱ ✇❤✐❝❤ ✐s ❛ q✉✐t❡ ✉♥✐q✉❡

♣r♦♣❡rt②✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❢♦r❝❡✲❜❛s❡❞ ♠❡t❤♦❞✱ ❛ ❣♦❛❧ ✐s s❡♣❛r❛t❡❞ ✐♥t♦ ❛ s♦✲❝❛❧❧❡❞ ♠♦✈❡ ✈❡❝t♦r

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

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

❞✐✛❡r❡♥t ❣♦❛❧s ❛❝t✐♥❣ ♦♥ ❡❛❝❤ ♣❛rt✐❝❧❡ ❛r❡ s✉❜s❡q✉❡♥t❧② ❝♦♠❜✐♥❡❞ ✐♥ ❛ ✇❡✐❣❤t❡❞✲❛✈❡r❛❣❡ ♠❛♥♥❡r

✭P✐❦❡r✱ ✷✵✶✺❝✮ s✉❝❤ t❤❛t t❤❡ ♥❡✇ ♣♦s✐t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠

26



Chapter 3: Kangaroo2

Pi,new = Pi,cur +

n∑

j=1

ωj ·Gj

n∑

j=1

ωj

✭✸✳✶✳✶✮

❍❡r❡ i r❡❢❡rs t♦ t❤❡ ♣❛rt✐❝❧❡ ✐♥❞❡①✱ n ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❣♦❛❧s ❛❝t✐♥❣ ♦♥ t❤❛t ♣❛rt✐❝❧❡✱ ω ✐s t❤❡

✇❡✐❣❤t✐♥❣ ❛♥❞ G ✐s t❤❡ ♠♦✈❡ ✈❡❝t♦r ❢♦r ❣♦❛❧ j✳

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

❤✉❧❧ ♦❢ t❤❡ t❛r❣❡t ♣♦s✐t✐♦♥s✳ ■❢ t❤❡ ✇❡✐❣❤t✐♥❣ ♦❢ ♦♥❡ ❣♦❛❧ ✐s s❡t t♦ ❛♥ ✐♥✜♥✐t❡ ❧❛r❣❡ ♥✉♠❜❡r✱ t❤❡

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

✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✳✶✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞✐r❡❝t❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡❤❛✈✐♦✉r s❤♦✇♥ ✐♥ ❋✐❣✉r❡

✸✳✵✳✶✳

❋✐❣✉r❡ ✸✳✶✳✶ ✕ P♦s✐t✐♦♥✲❜❛s❡❞ ❛♣♣r♦❛❝❤✳ ■❢ t❤❡ ✇❡✐❣❤t✐♥❣ ♦❢ ♦♥❡ ❣♦❛❧ ❜❡❝♦♠❡s ✐♥✜♥✐t❡❧② ❜✐❣✱ t❤❡ ♣❛rt✐❝❧❡ ✇✐❧❧
♠♦✈❡ t♦ t❤❡ ❡①❛❝t t❛r❣❡t ♣♦✐♥t r❛t❤❡r t❤❛♥ ♦✈❡rs❤♦♦t✐♥❣ ✐t✳

✸✳✶✳✶ ❙❝r✐♣t✐♥❣ ❝✉st♦♠ ❣♦❛❧s

■♥ ❆♣r✐❧ ✷✵✶✻✱ ❉❛♥✐❡❧ P✐❦❡r ♠❛❞❡ ❛❧❧ t❤❡ ❡①✐st✐♥❣ ❣♦❛❧s ✐♥ ❑❛♥❣❛r♦♦✷ ♦♣❡♥ s♦✉r❝❡ ✭P✐❦❡r✱ ✷✵✶✻❛✮✱

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

❚❤❡ ❣❡♥❡r❛❧ ❝♦❞❡ str✉❝t✉r❡ ♦❢ s✉❝❤ ❣♦❛❧ ✐s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✸✳✶✳ ❚❤❡ ✐❞❡❛ ✐s t♦ ❝r❡❛t❡ ❛ ♥❡✇

❝❧❛ss ✭✐♥ t❤✐s ❝❛s❡▼②❈✉st♦♠●♦❛❧✮✱ ✇❤✐❝❤ ✐♥❤❡r✐ts ✐ts ♣r♦♣❡rt✐❡s ❛♥❞ ♠❡t❤♦❞s ❢r♦♠ ❛♥♦t❤❡r ❝❧❛ss

❝❛❧❧❡❞ ●♦❛❧❖❜❥❡❝t✳ ❚❤❡ ❝♦♥str✉❝t♦r ❤❛s t♦ ✐♥❝❧✉❞❡ s♦♠❡ ❣❡♦♠❡tr②✱ ✇❤✐❝❤ ❝❛♥ ❜❡ r❡❢❡r❡♥❝❡❞ ❢r♦♠

❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ✭t❤❡ ♦❜❥❡❝ts r❡❧❛t❡❞ t♦ t❤❡ ❣♦❛❧✮✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ❞❡✜♥❡ t❤❡ ❣♦❛❧ ❢♦r t❤❡

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

❚❤❡ ♣r♦♣❡rt✐❡s ✐♥ t❤❡ ❝♦♥str✉❝t♦r ✐♥❝❧✉❞❡ t❤r❡❡ ❛rr❛②s✿ PP♦s✱ ▼♦✈❡ ❛♥❞ ❲❡✐❣❤t✐♥❣✳ PP♦s

❝♦♥t❛✐♥s ❛♥ ❛rr❛② ♦❢ ♣♦✐♥ts t❤❛t t❤❡ ❣♦❛❧ ❛❝ts ♦♥ ✭❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❣❡♦♠❡tr② ✐♥♣✉t✮ ❛♥❞ t❤❡

❧❡♥❣t❤ ♦❢ t❤✐s ❛rr❛② ❞❡t❡r♠✐♥❡s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ t✇♦ ♦t❤❡r ❛rr❛②s✳ ▼♦✈❡ ✐s ❛♥ ❛rr❛② ♦❢ ✈❡❝t♦rs
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▲✐st✐♥❣ ✸✳✶ ✕ ❑✷ ❝✉st♦♠ ❣♦❛❧ str✉❝t✉r❡

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ▼②❈✉st♦♠●♦❛❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ ♣ ✉ ❜ ❧ ✐ ❝ ▼②❈✉st♦♠●♦❛❧ ✭ P♦ ✐♥t✸❞ P ✱ ❞♦✉❜ ❧❡ ❦ ✮
✹ ④
✺ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✶ ❪ ④P⑥ ❀
✻ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✶ ❪ ❀
✼ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✶ ❪ ④ ❦ ⑥ ❀
✽ ⑥
✾

✶✵ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✶✶ ④
✶✷ P♦✐♥t✸❞ ❚❤✐sPt ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✶✸ ✳
✶✹ ✳
✶✺ ✳
✶✻ ▼♦✈❡ ❬ ✵ ❪ ❂ ❳❳❀
✶✼ ⑥
✶✽

✶✾ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✷✵ ④
✷✶ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ♦❜ ❥ ❡ ❝ t ❬ ✶ ❪ ④▼♦✈❡ ❬ ✵ ❪ ∗ ❲❡✐❣❤t ✐♥❣ ❬ ✵ ❪ ⑥ ❀
✷✷ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✷✸ ⑥
✷✹ ⑥

✭♦♥❡ ❢♦r ❡❛❝❤ ♣♦✐♥t✮ ❛♥❞ ✐s ♦❢t❡♥ ♦♥❧② ✐♥✐t✐❛❧✐s❡❞ ✐♥ t❤❡ ❝♦♥str✉❝t♦r✱ ❛s ✐t ✐s ✉♥❦♥♦✇♥ ❛t t❤✐s

st❛❣❡ ✇❤❡r❡ t❤❡ ♣♦✐♥ts ✇❛♥t t♦ ♠♦✈❡ t♦✳ ❲❡✐❣❤t✐♥❣ ✐s ❛♥ ❛rr❛② ♦❢ ♥✉♠❜❡rs t❤❛t ❞❡s❝r✐❜❡s ❤♦✇

str♦♥❣❧② t❤❡ ❣♦❛❧ ❛✛❡❝ts ❡❛❝❤ ♣♦✐♥t✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ♦❢t❡♥ ✇❡❧❧✲❞❡✜♥❡❞ ❛t t❤✐s st❛❣❡ ❛♥❞ ❝❛♥

t❤❡r❡❢♦r❡ ❛❧r❡❛❞② ❜❡ ❛ss✐❣♥❡❞ t♦ t❤❡ ❛rr❛② ✐♥ t❤❡ ❝♦♥str✉❝t♦r✳

❚❤❡ ❝✉st♦♠ ❣♦❛❧ ❝❧❛ss ❝♦♥t❛✐♥s t✇♦ ♠❡t❤♦❞s ♠② ❞❡❢❛✉❧t✿ ❈❛❧❝✉❧❛t❡✭✮ ❛♥❞ ❖✉t♣✉t✭✮✳ ■♥❤❡r✐t✐♥❣

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

❜✉t t❤❡② ❤❛✈❡ t♦ ❜❡ ♦✈❡r✇r✐tt❡♥ ❛s t❤❡② ❛r❡ ✉♥✐q✉❡❧② ❞❡✜♥❡❞ ❢♦r ❡❛❝❤ ❣♦❛❧✳ ■t ✐s ♠❛♥❞❛t♦r② t♦

♦✈❡r✇r✐t❡ t❤❡ ❈❛❧❝✉❧❛t❡ ♠❡t❤♦❞ ✇❤❡r❡❛s t❤❡ ❖✉t♣✉t ♠❡t❤♦❞ ✐s ♦♣t✐♦♥❛❧✳ ❇♦t❤ ♠❡t❤♦❞s t❛❦❡

❛ ❧✐st ♦❢ ♣❛rt✐❝❧❡s ❛s ✐♥♣✉t ✭❤❛♣♣❡♥s ❛✉t♦♠❛t✐❝❛❧❧② ❜❡❤✐♥❞ t❤❡ s❝❡♥❡s✮ ❛♥❞ t❤✐s ♣❛rt ♠❛❦❡s ✐t

♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠♦✈❡ ✈❡❝t♦rs ❜❛s❡❞ ♦♥ t❤❡ ♣❛rt✐❝❧❡s ❝✉rr❡♥t ♣♦s✐t✐♦♥s ❛s t❤❡ s♦❧✈❡r

✐t❡r❛t❡s✳ ❚❤❡ ✜rst ❧✐♥❡ ♦❢ ❝♦❞❡ ✐♥ t❤❡ ❈❛❧❝✉❧❛t❡ ♠❡t❤♦❞ s❤♦✇s ❤♦✇ t♦ ❛❝❝❡ss t❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥

♦❢ t❤❡ ✜rst ♣❛rt✐❝❧❡ t❤❛t ✇❛s ❛ss✐❣♥❡❞ t♦ t❤❡ PP♦s ❛rr❛② ✭✐♥❞❡① ✵✮✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ❣♦❛❧ ✐s

♦❢t❡♥ r❡❧❛t❡❞ t♦ ✐ts r❡st✴✐♥✐t✐❛❧ st❛t❡ ❛♥❞ ✐t ✐s t❤❡r❡❢♦r❡ ♥❡❝❡ss❛r② t♦ st♦r❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❛s

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

❛ss✐❣♥ ✈❡❝t♦r✭s✮ t♦ t❤❡ ▼♦✈❡ ❛rr❛②✳

❚❤❡ ❖✉t♣✉t ♠❡t❤♦❞ ♠❛❦❡s ✐t ♣♦ss✐❜❧❡ t♦ ♦✉t♣✉t s♦♠❡ ❞❛t❛ r❡❧❛t❡❞ t♦ ❡❛❝❤ ❣♦❛❧✳ ▼♦st ♦❢ t❤❡

❡①✐st✐♥❣ ❣♦❛❧s ✐♥ ❑❛♥❣❛r♦♦✷ ❞♦ ♥♦t ❤❛✈❡ ❛♥② ♦✉t♣✉ts ❜✉t t❤❡r❡ ❛r❡ ❛ ❢❡✇ ❡①❝❡♣t✐♦♥s ✐♥❝❧✉❞✐♥❣ t❤❡

✏▲❡♥❣t❤✭▲✐♥❡✮✑ ❛♥❞ t❤❡ ✏P❧❛♥❛r✐③❡✑ ❣♦❛❧✱ ✇❤✐❝❤ ♦✉t♣✉t t❤❡ ❧✐♥❡ ❣❡♦♠❡tr② ❛♥❞ t❤❡ t✇✐st ❛♠♦✉♥t

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

✈❛❧✉❡ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s ♦❢ t②♣❡ ♦❜❥❡❝t ❛♥❞ t❤✐s ❡♥s✉r❡s t❤❛t ❛ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t t②♣❡s ❡✳❣✳

P♦✐♥t✸❞✱ ❱❡❝t♦r✸❞ ❛♥❞ ❞♦✉❜❧❡ ❝❛♥ ❜❡ st♦r❡❞ ✐♥ ♦♥❡ ❛rr❛② ❜✉t ♥❡❝❡ss✐t❛t❡s ❝❛st✐♥❣ ♦❢ t❤❡ r❡s✉❧ts

❛❢t❡r✇❛r❞s✳ ❚❤✐s ❖✉t♣✉t ♠❡t❤♦❞ ✐s ❝r✉❝✐❛❧ ❢♦r t❤❡ s♦❢t✇❛r❡ ❞❡✈❡❧♦♣♠❡♥t ❛s ♣❛rt ♦❢ t❤✐s t❤❡s✐s✳
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✸✳✶✳✷ ❊①❛♠♣❧❡✿ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❝♦♥str❛✐♥t

❚❤✐s ❡①❛♠♣❧❡ ❞❡♠♦♥str❛t❡s t❤❡ ♣r✐♥❝✐♣❧❡s ♦✉t❧✐♥❡❞ ✐♥ ❙✉❜s❡❝t✐♦♥ ✸✳✶✳✶✳ ❚❤❡ ❛✐♠ ✐s t♦ s❝r✐♣t

❛ ❝✉st♦♠ ❣♦❛❧✱ ✇❤✐❝❤ tr✐❡s t♦ ♠❛❦❡ t✇♦ ❧✐♥❡ s❡❣♠❡♥ts ♣❡r♣❡♥❞✐❝✉❧❛r t♦ ❡❛❝❤ ♦t❤❡r ✐♥ ✷❉✳ ❚❤❡

❣❡♦♠❡tr✐❝❛❧ ❜❡❤❛✈✐♦✉r ♦❢ s✉❝❤ ❣♦❛❧ ✐s s❦❡t❝❤❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✳✷✳ ❚❤❡ ✐❞❡❛ ✐s t❤❛t t❤❡ ✜rst ❧✐♥❡

✭LnA✮ r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ❧✐♥❡ ✭LnB✮ r♦t❛t❡s ✇✐t❤ ❛ ❝❡rt❛✐♥ ❛♠♦✉♥t✳ ❚❤❡

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

❢r♦♠ s✐♠♣❧❡ ✈❡❝t♦r ❝❛❧❝✉❧✉s✿

✶✳ ❉❡t❡r♠✐♥❡ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❞✐r❡❝t✐♦♥ t♦ t❤❡ ✜rst ❧✐♥❡ s❡❣♠❡♥t ✭LnA,perp✮ ❜② t❛❦✐♥❣ t❤❡

❝r♦ss ♣r♦❞✉❝t ♦❢ t❤❡ ✜rst ❧✐♥❡ ✈❡❝t♦r ✭LnA✮ ❛♥❞ ❛ ✉♥✐t ❩ ✈❡❝t♦r

✷✳ Pr♦❥❡❝t t❤❡ s❡❝♦♥❞ ❧✐♥❡ ✈❡❝t♦r ✭LnB✮ ♦♥t♦ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❞✐r❡❝t✐♦♥ ✈✐❛ t❤❡ ✈❡❝t♦r ❞♦t

♣r♦❞✉❝t

✸✳ ❙❝❛❧❡ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r ✈❡❝t♦r ✭LnA,perp✮ ❛❝❝♦r❞✐♥❣ t♦ t❤✐s ♣r♦❥❡❝t✐♦♥ ❛♥❞ s✉❜tr❛❝t t❤❡

s❡❝♦♥❞ ❧✐♥❡ ✈❡❝t♦r ✭LnB✮ ❢r♦♠ ✐t ✐♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ❞❡s✐r❡❞ ♠♦✈❡♠❡♥t ✭d✮ ✐♥ ♦♥❡ ❡♥❞ ♦❢

t❤❡ s❡❝♦♥❞ ❧✐♥❡

✹✳ ❉✐✈✐❞❡ t❤✐s ♠♦✈❡♠❡♥t ❜② t✇♦ ❛♥❞ ❛♣♣❧② ❛♥ ❡q✉❛❧ ❛♥❞ ♦♣♣♦s✐t❡ ♠♦✈❡ ✈❡❝t♦r ✭rot✮ t♦ t❤❡

♦t❤❡r ❡♥❞ ♦❢ t❤❡ s❡❝♦♥❞ ❧✐♥❡ ✭LnB✮

❋✐❣✉r❡ ✸✳✶✳✷ ✕ P❡r♣❡♥❞✐❝✉❧❛r ❣♦❛❧ ❜❡❤❛✈✐♦✉r

❚❤❡ ❞❡s❝r✐❜❡❞ ♠❡t❤♦❞ ✐s tr❛♥s❧❛t❡❞ ✐♥t♦ ❛ ♥❡✇ ❝✉st♦♠ ❑❛♥❣❛r♦♦✷ ❣♦❛❧ ❛s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✸✳✷✳

❚❤❡ ❣♦❛❧ r❡q✉✐r❡s t✇♦ ❧✐♥❡s ❛♥❞ ❛ str❡♥❣t❤ ✐♥♣✉t ❛♥❞ ♦✉t♣✉ts t❤❡ ❝✉rr❡♥t ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦

❧✐♥❡s ❞✉r✐♥❣ t❤❡ ✐t❡r❛t✐♦♥ ♣r♦❝❡ss✳
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▲✐st✐♥❣ ✸✳✷ ✕ ❑✷ ❝✉st♦♠ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❣♦❛❧

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ♣❡r♣●♦❛ ❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ ❞♦✉❜ ❧❡ ❛♥❣ ❧ ❡ ❀
✹

✺ ♣ ✉ ❜ ❧ ✐ ❝ ♣❡r♣●♦❛ ❧ ✭ ▲ ✐ ♥❡ ❧♥❆ ✱ ▲ ✐ ♥❡ ❧♥❇ ✱ ❞♦✉❜ ❧❡ s t r ❡ ♥ ❣ t ❤ ✮
✻ ④
✼ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✹ ❪ ④ ❧♥❆ ✳ ❋r♦♠ ✱ ❧♥❆ ✳ ❚♦ ✱ ❧♥❇ ✳ ❋r♦♠ ✱ ❧♥❇ ✳ ❚♦⑥ ❀
✽ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✹ ❪ ❀
✾ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✹ ❪ ④ s t r ❡♥❣ t❤ ✱ s t r ❡ ♥❣ t❤ ✱ s t r ❡ ♥❣ t❤ ✱ s t r ❡ ♥ ❣ t ❤ ⑥ ❀
✶✵ ⑥
✶✶

✶✷ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✶✸ ④
✶✹ ✴✴ ❈✉r r ❡♥ t ♣ ♦ s ✐ t ✐ ♦ ♥ ♦ ❢ ♣ ❛ r t ✐ ❝ ❧ ❡ s
✶✺ P♦✐♥t✸❞ ❧♥❆❴❙t❛rt ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✶✻ P♦✐♥t✸❞ ❧♥❆❴❊♥❞ ❂ ♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✶✼ P♦✐♥t✸❞ ❧♥❇❴❙t❛rt ❂ ♣ ❬ P■♥❞❡① ❬ ✷ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✶✽ P♦✐♥t✸❞ ❧♥❇❴❊♥❞ ❂ ♣ ❬ P■♥❞❡① ❬ ✸ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✶✾

✷✵ ✴✴ ▲ ✐ ♥ ❡ s ❛s ✈ ❡ ❝ t ♦ r s
✷✶ ❱❡❝t♦r✸❞ ✈❡❝❆ ❂ ❧♥❆❴❊♥❞ − ❧♥❆❴❙t❛rt ❀
✷✷ ❱❡❝t♦r✸❞ ✈❡❝❇ ❂ ❧♥❇❴❊♥❞ − ❧♥❇❴❙t❛rt ❀
✷✸

✷✹ ✴✴ ❈✉r r ❡♥ t ❛♥❣ ❧ ❡ ❜❡t✇❡❡♥ ❧ ✐ ♥ ❡ s ✭ ❞ ❡❣ r ❡ ❡ s ✮
✷✺ ❛♥❣ ❧ ❡ ❂ ❱❡❝t♦r✸❞ ✳ ❱❡❝t♦ r❆♥❣ ❧ ❡ ✭ ✈❡❝❆ ✱ ✈❡❝❇ ✮ ∗ ✭ ✶✽✵ ✳ ✵ ✴ ▼❛t❤ ✳ P■ ✮ ❀
✷✻

✷✼ ✴✴ ❈r❡❛ t❡ ♣ ❡ r ♣ ❡ ♥ ❞ ✐ ❝ ✉ ❧ ❛ r ✈ ❡ ❝ t ♦ r t♦ ❧ ✐ ♥ ❡❆
✷✽ ❱❡❝t♦r✸❞ ♣❡r♣❆ ❂ ❱❡❝t♦r✸❞ ✳ ❈r♦s sPr♦❞✉❝ t ✭ ✈❡❝❆ ✱ ♥❡✇ ❱❡❝t♦r✸❞ ✭✵ ✱ ✵ ✱ ✶✮ ✮ ❀
✷✾ ♣❡r♣❆ ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✸✵

✸✶ ✴✴ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ♣ r ♦ ❥ ❡ ❝ t ✐ ♦ ♥ ♦ ❢ ❧ ✐ ♥ ❡❇ ♦♥t♦ ♣ ❡ r ♣ ❡ ♥ ❞ ✐ ❝ ✉ ❧ ❛ r ❞ ✐ r ❡ ❝ t ✐ ♦ ♥ t♦ ❧ ✐ ♥ ❡❆
✸✷ ❞♦✉❜ ❧❡ ♣ r ♦ ❥ ❂ ❱❡❝t♦r✸❞ ✳ ▼✉ ❧ t ✐ ♣ ❧ ② ✭ ✈❡❝❇ ✱ ♣❡r♣❆ ✮ ❀
✸✸ ❱❡❝t♦r✸❞ ♣❡r♣❆❴s❝❛ ❧❡ ❂ ♣ r ♦ ❥ ∗ ♣❡r♣❆ ❀
✸✹

✸✺ ✴✴ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ r ♦ t ❛ t ✐ ♦ ♥ ✈ ❡ ❝ t ♦ r
✸✻ ❱❡❝t♦r✸❞ r ♦ t ❂ ♣❡r♣❆❴s❝❛ ❧❡ − ✈❡❝❇ ❀
✸✼ r ♦ t ✴❂ ✷ ✳ ✵ ❀
✸✽

✸✾ ✴✴ ❉❡ ❢ ✐ ♥ ❡ ♠♦✈❡ ✈ ❡ ❝ t ♦ r s
✹✵ ▼♦✈❡ ❬ ✵ ❪ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭✵ ✱ ✵ ✱ ✵✮ ❀
✹✶ ▼♦✈❡ ❬ ✶ ❪ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭✵ ✱ ✵ ✱ ✵✮ ❀
✹✷ ▼♦✈❡ ❬ ✷ ❪ ❂ −r ♦ t ❀
✹✸ ▼♦✈❡ ❬ ✸ ❪ ❂ r ♦ t ❀
✹✹ ⑥
✹✺

✹✻ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✹✼ ④
✹✽ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ♦❜ ❥ ❡ ❝ t ❬ ✶ ❪ ④ ❛♥❣ ❧ ❡ ⑥ ❀
✹✾ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✺✵ ⑥
✺✶ ⑥
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❚❤❡ ❝✉st♦♠ ❣♦❛❧ ✐s t❡st❡❞ ✐♥ ❛ s✐♠♣❧❡ s❡t✲✉♣ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✳✸✳ ❚❤❡ t✇♦ ❣r❡② ❧✐♥❡s ❛r❡

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

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

t❤❡ t✇♦ ❧✐♥❡ s❡❣♠❡♥ts ✐s ♦✉t♣✉t ❢r♦♠ t❤❡ s♦❧✈❡r ❛♥❞ ✐s ❡①❛❝t❧② ✾✵ ❞❡❣r❡❡s✳

❋✐❣✉r❡ ✸✳✶✳✸ ✕ ❘❡s✉❧t ❢r♦♠ ♣❡r♣❡♥❞✐❝✉❧❛r ❣♦❛❧

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

❢♦r♠✲✜♥❞✐♥❣ ♠❡t❤♦❞ ✐s t♦ ❣❡♥❡r❛t❡ t✇♦ r❡❝✐♣r♦❝❛❧ ❣r❛♣❤s✿ ❛ ❢♦r♠ ❛♥❞ ❛ ❢♦r❝❡ ❞✐❛❣r❛♠✳ ❚❤❡

❢♦r♠ ❞✐❛❣r❛♠ r❡♣r❡s❡♥ts t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ ♠❡s❤ ✭s❤❡❧❧✮ t♦ t❤❡ ❳❨ ♣❧❛♥❡ ❛♥❞ t❤❡ t♦♣♦❧♦❣② ♦❢ t❤❡

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

r❡♣r❡s❡♥ts ❛ s❤❡❧❧ ✐♥ ♣✉r❡ ❝♦♠♣r❡ss✐♦♥ ✐❢ t❤❡ ❞✉❛❧ ❣r❛♣❤ ❢✉❧✜❧s ❛ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❝♦♥str❛✐♥t s✉❝❤

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

t❤❡♥ ❞❡s❝r✐❜❡ t❤❡ ❤♦r✐③♦♥t❛❧ ❡q✉✐❧✐❜r✐✉♠ ✐♥ ❡❛❝❤ ✈❡rt❡①✳ ❚❤❡ s❝❛❧❡ ♦❢ t❤❡ ❢♦r❝❡ ❞✐❛❣r❛♠ ❝❛♥ ❜❡

❝❤♦s❡♥ ❛r❜✐tr❛r✐❧②✳ ❚❤❡ r❡❛❞❡r ✐s r❡❢❡rr❡❞ t♦ ❇❧♦❝❦ ✭✷✵✵✾✮ ❢♦r ❢✉rt❤❡r ❞❡t❛✐❧s ♦❢ t❤✐s ❢♦r♠✲✜♥❞✐♥❣

t❡❝❤♥✐q✉❡✳ ❋✐❣✉r❡ ✸✳✶✳✹ ✭❧❡❢t✮ s❤♦✇s ❛ ❢♦r♠ ❞✐❛❣r❛♠ ✭❜❧❛❝❦✮ ❛♥❞ ✐ts ❞✉❛❧ ❣r❛♣❤ ✭❜❧✉❡✮✳ ■t ✐s ❝❧❡❛r

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

❣♦❛❧ ✐s ❞❡✜♥❡❞ ❢♦r ❛❧❧ ❡❞❣❡ ♣❛✐rs ❛♥❞ ❛ ✏▲❡♥❣t❤✑ ❣♦❛❧ ❢♦r ❡❛❝❤ ❧✐♥❡ ✐♥ t❤❡ ❞✉❛❧ ❣r❛♣❤ ✐s ❛❞❞❡❞

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

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

✐♥ ❡❛❝❤ ♣♦✐♥t✳ ❋✐❣✉r❡ ✸✳✶✳✹ ✭r✐❣❤t✮ s❤♦✇s t❤❡ r❡s✉❧t ❢r♦♠ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ t❤❡ ❝✉rr❡♥t ❛♥❣❧❡s

❜❡t✇❡❡♥ t❤❡ ❡❞❣❡ ♣❛✐rs✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t t❤❡ ❛♥❣❧❡s ❛r❡ ♦♥❧② ❝❧♦s❡ t♦ ✾✵ ❞❡❣r❡❡s✱ ✇❤✐❝❤ ♠❡❛♥s

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

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

t♦ t❤❡ ❞❡s✐r❡❞ ❜❡❤❛✈✐♦✉r ✭s❡❡ ❙✉❜s❡❝t✐♦♥ ✸✳✸✮✳
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❋✐❣✉r❡ ✸✳✶✳✹ ✕ P❡r♣❡♥❞✐❝✉❧❛r ❣♦❛❧ ❢♦r ❚❤r✉st ◆❡t✇♦r❦ ❆♥❛❧②s✐s✳ ▲❡❢t✿ ❋♦r♠ ❞✐❛❣r❛♠ ✭❜❧❛❝❦✮ ❛♥❞ ✐ts ❞✉❛❧ ❣r❛♣❤
✭❜❧✉❡✮✳ ❘✐❣❤t✿ ❋♦r♠ ❞✐❛❣r❛♠ ✭❜❧❛❝❦✮ ❛♥❞ ✐ts ❢♦r❝❡ ❞✐❛❣r❛♠ ✭❜❧✉❡✮✳ ■♥ t❤✐s ❝❛s❡ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ✜♥❞ ❛ ❞✉❛❧
❣r❛♣❤✱ ✇❤✐❝❤ ❢✉❧✜❧s t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❝♦♥str❛✐♥t ❡♥t✐r❡❧②✳

✸✳✷ ❲♦r❦✢♦✇

❚❤❡ ✇♦r❦✢♦✇ ✐♥ ●r❛ss❤♦♣♣❡r ✐s ✉s✉❛❧❧② ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❛ ❞✐r❡❝t❡❞ ❛❝②❝❧✐❝ ❣r❛♣❤ ✭❉❆●✮✳ ❚❤✐s

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

❡♥ts✮ ❛s ❡❞❣❡s t❤❡♥ t❤❡ ❝♦♥♥❡❝t✐✈✐t② ❢♦r♠s ❛ ❣r❛♣❤ ✇❤❡r❡ ♥♦ ❞✐r❡❝t❡❞ ♣❛t❤ ❧♦♦♣s ❜❛❝❦ t♦ ✐ts❡❧❢

✭❲✐❦✐♣❡❞✐❛✱ ✷✵✶✻✮✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ✐♥♣✉t ❜❡❝♦♠❡s ♦✉t♣✉t ✇❤✐❝❤ ❜❡❝♦♠❡s ✐♥♣✉t ❛❣❛✐♥ ❡t❝✳ s✉❝❤

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

❑❛♥❣❛r♦♦✷ ❜r❡❛❦s t❤✐s ✇♦r❦ ✢♦✇ ❜② s❡♥❞✐♥❣ ❞❛t❛ ❜❛❝❦ ❛♥❞ ❢♦rt❤ ❜❡t✇❡❡♥ t❤❡ ❣♦❛❧s ❛♥❞ t❤❡ s♦❧✈❡r

❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✷✳✶ ❛♥❞ t❤✐s ✐s ❛♥ ✐♠♣♦rt❛♥t ♦❜s❡r✈❛t✐♦♥ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t♦ ❝✉st♦♠✐s❡

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

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

t❤❡ s♦❧✈❡r ❝♦♠♣♦♥❡♥t ❛❢t❡r✇❛r❞s✳ ■♥ ❛ ♥♦r♠❛❧ ❉❆● ✇♦r❦✢♦✇✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✇♦✉❧❞ t❤❡r❡❢♦r❡

♥♦t ❜❡ ❛❝❝❡ss✐❜❧❡ ❛t t❤✐s ♣♦✐♥t ✐♥ t❤❡ ♠♦❞❡❧ ❤✐st♦r②✳ ❙❡♥❞✐♥❣ ❞❛t❛ ❜❛❝❦ ❛♥❞ ❢♦rt❤ ❜❡t✇❡❡♥ t❤❡

❣♦❛❧s ❛♥❞ t❤❡ s♦❧✈❡r ❛✉t♦♠❛t✐❝❛❧❧② ❤❛♣♣❡♥s ❜❡❤✐♥❞ t❤❡ s❝❡♥❡s ❜✉t ✐t ✐s ❛♥ ✐♠♣♦rt❛♥t ❞❡t❛✐❧ t♦
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❋✐❣✉r❡ ✸✳✷✳✶ ✕ ❑❛♥❣❛r♦♦✷ ✇♦r❦✢♦✇✳ ■♥ t❤✐s ❝❛s❡ s❤♦✇✐♥❣ ❛ s✐♠♣❧❡ ❡①❛♠♣❧❡ ♦❢ ❛ ❙t❡✐♥❡r ❚r❡❡ ✉s✐♥❣ t❤❡ ❈♦♥st❛♥t
❚❡♥s✐♦♥ ❣♦❛❧

❜❡ ❛✇❛r❡ ♦❢ ✇❤❡♥ ❝✉st♦♠✐s✐♥❣ ❑❛♥❣❛r♦♦✷✳ ❆ ❤✐♥t t♦ t❤✐s ✇♦r❦✢♦✇ ✐s ❛❧s♦ ♥♦t✐❝❡❛❜❧❡ ❢r♦♠ t❤❡

❝♦❞❡ str✉❝t✉r❡ ❛s ✐t ✉s❡s ▲✐st❁❑❛♥❣❛r♦♦❙♦❧✈❡r✳P❛rt✐❝❧❡❃ ♣ ❛s t❤❡ ❛r❣✉♠❡♥t ❢♦r t❤❡ ❈❛❧❝✉❧❛t❡

❛♥❞ ❖✉t♣✉t ♠❡t❤♦❞s✳

✸✳✸ ❙♦❧✈❡r

❚❤❡ s♦❧✈❡r ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ❝♦♠❜✐♥✐♥❣ ❛❧❧ t❤❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❣♦❛❧s ❛♥❞ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ♥❡✇

♣♦s✐t✐♦♥s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✸✳✶✳✶✳ ❚❤❡s❡ ✉♣❞❛t❡❞ ♣♦s✐t✐♦♥s ❛r❡ ♣❛ss❡❞

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

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

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

✷✵✶✺❝✮✳ ❚❤✐s ♠✐♥✐♠✐s❛t✐♦♥ ✐s ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ s②st❡♠ ❛♥❞ t❤✐s r❡❧❛t✐♦♥ ♠❛❦❡s

✐t ♣♦ss✐❜❧❡ t♦ s✐♠✉❧❛t❡ ❛❝❝✉r❛t❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ❣✐✈❡♥ t❤❡ ❛♣♣r♦♣r✐❛t❡ st✐✛♥❡ss ✈❛❧✉❡s ❛s t❤❡

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

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

s②st❡♠ ❛♥❞ ✐s ❞❡t❡❝t❡❞ ✇❤❡♥ t❤❡ t♦t❛❧ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s s♠❛❧❧❡r t❤❛♥ ❛ ❝❡rt❛✐♥ s♠❛❧❧ t❤r❡s❤♦❧❞

✈❛❧✉❡ ✭❞❡❢❛✉❧t ✐s 1 · 10−15✮✳

❇② ❞❡❢❛✉❧t✱ t❤r❡❡ ❞✐✛❡r❡♥t s♦❧✈❡r t②♣❡s ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❑❛♥❣❛r♦♦✷ ♣❧✉❣✲✐♥✿ t❤❡ st❛♥❞❛r❞

s♦❧✈❡r ✇✐t❤ ❝♦♥t✐♥✉♦✉s ♦✉t♣✉t✱ ✇❤✐❝❤ ✐t❡r❛t❡s ✉♥t✐❧ t❤❡ s②st❡♠ ❝♦♥✈❡r❣❡s ♦r t❤❡ ✉s❡r ❞✐s❛❜❧❡s

✐t✳ ❆ ✏❩♦♠❜✐❡ ❙♦❧✈❡r✑✱ ✇❤✐❝❤ ♦♥❧② ♦✉t♣✉ts t❤❡ ✜♥❛❧ r❡s✉❧t ✇❤❡♥ t❤❡ s②st❡♠ ❝♦♥✈❡r❣❡s ♦r ❛

s♣❡❝✐✜❡❞ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s ✐s r❡❛❝❤❡❞✳ ▲❛st❧② ❛ ✏❇♦✉♥❝② ❙♦❧✈❡r✑✱ ✇❤✐❝❤ ♣r❡s❡r✈❡s ♠♦♠❡♥t✉♠

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

❝♦♠♣✉t❛t✐♦♥❛❧ s♣❡❡❞✳ ❍♦✇❡✈❡r✱ ✐t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ s❝r✐♣t ❝✉st♦♠ s♦❧✈❡rs ✈✐❛ t❤❡ ❆P■✱ ✇❤✐❝❤

✐s ✉s❡❢✉❧ t♦ r❡❛❧✐s❡ ❝❡rt❛✐♥ ✇♦r❦ ✢♦✇s✱ ❡①tr❛❝t ♦t❤❡r ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ s②st❡♠✱ ✇❤✐❝❤ ✐s ♥♦t

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

▲✐st✐♥❣ ✸✳✸ s❤♦✇s t❤❡ ❣❡♥❡r❛❧ ❝♦❞❡ str✉❝t✉r❡ ❢♦r s❝r✐♣t✐♥❣ ❝✉st♦♠ s♦❧✈❡rs✳ ■♥ t❤✐s ❝❛s❡✱ ❛

❑❛♥❣❛r♦♦✷ s②st❡♠ ✐s ✐♥✐t✐❛❧✐s❡❞ t♦❣❡t❤❡r ✇✐t❤ s♦♠❡ ❣❡♥❡r❛❧ ♣r♦♣❡rt✐❡s ✐♥❝❧✉❞✐♥❣ t❤❡ t♦❧❡r❛♥❝❡
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▲✐st✐♥❣ ✸✳✸ ✕ ❑✷ s♦❧✈❡r ❝✉st♦♠ ✐t❡r❛t✐♦♥

✶ ❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P❤② s ✐ ❝ ❛ ❧❙② s t ❡♠ P❙ ❂ ♥❡✇ ❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P❤② s ✐ ❝ ❛ ❧❙② s t ❡♠ ✭ ✮ ❀
✷ ▲ ✐ s t ❁■●♦❛ ❧❃ ●♦❛ ❧ ▲ ✐ s t ❂ ♥❡✇ ▲ ✐ s t ❁■●♦❛ ❧ ❃✭✮ ❀
✸

✹ ❞♦✉❜ ❧❡ t ♦ ❧ ❡ r ❛ ♥ ❝ ❡ ❂ ✵ ✳ ✵ ✵ ✶ ❀
✺ ❞♦✉❜ ❧❡ t ❤ r ❡ s ❤ ♦ ❧ ❞ ❂ ✶❡−✶✺❀
✻ ✐ ♥ t ❝♦✉♥ t ❡ r ❂ ✵ ❀
✼

✽ ❢ ♦ r ❡ ❛ ❝❤ ✭ ■●♦❛ ❧ ● ✐ ♥ ❦✷●♦❛ ❧ s ✮
✾ ④
✶✵ P❙ ✳ ❆ss ✐ ❣♥P ■♥❞❡① ✭●✱ t ♦ ❧ ❡ r ❛ ♥ ❝ ❡ ✮ ❀
✶✶ ●♦❛ ❧ ▲ ✐ s t ✳ ❆❞❞✭●✮ ❀
✶✷ ⑥
✶✸

✶✹ ❞♦
✶✺ ④
✶✻ P❙ ✳ ❙t❡♣ ✭ ●♦❛ ❧ ▲ ✐ s t ✱ ❢ ❛ ❧ s ❡ ✱ t ❤ r ❡ s ❤ ♦ ❧ ❞ ✮ ❀
✶✼ ❝♦✉♥ t ❡ r✰✰❀
✶✽ ⑥ ✇❤ ✐ ❧ ❡ ✭P❙ ✳ ●❡t✈❙✉♠ ✭ ✮ ❃ t ❤ r ❡ s ❤ ♦ ❧ ❞ ✫✫ ❝♦✉♥ t ❡ r ❁ ✶✵✵✮ ❀

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

t❤r❡s❤♦❧❞ ✭❦✐♥❡t✐❝ ❡♥❡r❣② ✈❛❧✉❡ ✇❤✐❝❤ s♣❡❝✐✜❡s ✇❤❡♥ t❤❡ s②st❡♠ ❤❛s ❝♦♥✈❡r❣❡❞✮ ❛♥❞ ❛ ❝♦✉♥t❡r

✭t♦ ❛✈♦✐❞ ❛♥ ✐♥✜♥✐t❡ ❧♦♦♣ ✐❢ t❤❡ s②st❡♠ ♥❡✈❡r r❡❛❝❤❡s ❛ ❦✐♥❡t✐❝ ❡♥❡r❣② ✈❛❧✉❡ ❧♦✇❡r t❤❛♥ t❤❡

t❤r❡s❤♦❧❞✮✳ ❚❤❡ ♥❡①t st❡♣ ✐s t♦ ❝r❡❛t❡ ❛ ♥❡✇ ❧✐st ♦❢ ❣♦❛❧s ❢r♦♠ t❤❡ ♣r❡❞❡✜♥❡❞ ❣♦❛❧s ✭❦✷●♦❛❧s✮✱

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

✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❡♥t✐r❡ ❑❛♥❣❛r♦♦✷ s②st❡♠✳ ❆ ❙t❡♣ ❢✉♥❝t✐♦♥ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ❜r❡❛❦✐♥❣ t❤❡

❡♥t✐r❡ ✐t❡r❛t✐♦♥ ♣r♦❝❡ss ❞♦✇♥ ✐♥t♦ s♠❛❧❧❡r ♣❛rts ✭✐t ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ t✐♠❡✲st❡♣ ✐♥ t❤❡

❢♦r❝❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤✮ s✉❝❤ t❤❛t ✐t ✐t❡r❛t❡s ✉♥t✐❧ ❡✐t❤❡r r❡❛❝❤✐♥❣ ✶✺ ♠s ♦r t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣②

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

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

✸✳✹ ❈♦♥✈❡r❣❡♥❝❡ s♣❡❡❞

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

s❧♦✇❧② s✐♥❝❡ t❤❡ ♠♦✈❡ ✈❡❝t♦rs ❜❡❝♦♠❡ s♠❛❧❧❡r ❛♥❞ s♠❛❧❧❡r ✐♥ ❡❛❝❤ st❡♣ ❛s t❤❡ s②st❡♠ ❛♣♣r♦❛❝❤❡s

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

❝❛rr② t❤❡♠ ❢❛st❡r t♦✇❛r❞s t❤❡✐r t❛r❣❡t ♣♦s✐t✐♦♥s✳ ■♥ t❤❛t r❡❣❛r❞✱ ✐t ❜❡❝♦♠❡s ❝r✉❝✐❛❧ t♦ ✐♥tr♦❞✉❝❡

❞❛♠♣✐♥❣ t♦ t❤❡ s②st❡♠ t♦ ❛✈♦✐❞ t❤❛t t❤❡ ♣❛rt✐❝❧❡s ♦✈❡rs❤♦♦t t❤❡✐r ❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥s✳ ❆

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

❦✐♥❡t✐❝ ❞❛♠♣✐♥❣✳

❚❤❡ ❞❛♠♣✐♥❣ s❝❤❡♠❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡✬s ❛❝❝❡❧❡r❛t✐♦♥ ✈❡❝t♦r ♦♥t♦ t❤❡

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

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

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

❛♣♣❧✐❡❞✳ ■❢ t❤❡ ♣r♦❥❡❝t✐♦♥ ✈❛❧✉❡ ✐s ③❡r♦ ♦r ♥❡❣❛t✐✈❡✱ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ❛♥❞ ✈❡❧♦❝✐t② ✈❡❝t♦rs ♣♦✐♥t

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

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

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

t❤❡ ❡♥t✐r❡ s②st❡♠ ✭P✐❦❡r✱ ✷✵✶✺❝✮✳

❚❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ❑❛♥❣❛r♦♦✷ s♦❧✈❡r ❤❛s ♥♦t ❜❡❡♥ r❡❧❡❛s❡❞ ❛s ♦♣❡♥ s♦✉r❝❡✱ ✇❤✐❝❤ ♠❡❛♥s

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

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

t♦ t❤❡ ✈❡❧♦❝✐t② ✈❡❝t♦rs✱ ✇❤✐❝❤ ❛r❡ t❤❡♥ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✉♣❞❛t❡❞ ♣♦s✐t✐♦♥s✳ ❚❤✐s ✐s ❛ ♥❛t✉r❛❧

✇♦r❦✢♦✇ ❛s t❤❡ ♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛t t❤❡ ❡♥❞✳ ■♥ t❤❡ ♣♦s✐t✐♦♥ ❜❛s❡❞ ❛♣♣r♦❛❝❤✱ t❤❡

✉♣❞❛t❡❞ ♣♦s✐t✐♦♥s ❛r❡ ❞✐r❡❝t❧② ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ✭s❡❡ ❊q✉❛t✐♦♥ ✸✳✶✳✶✮✱ ✇❤✐❝❤

♠❡❛♥s t❤❛t t❤❡ ✈❡❧♦❝✐t② ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ✈❡❝t♦rs ❜❡❝♦♠❡ ✐rr❡❧❡✈❛♥t✳ ❇✉t s✐♥❝❡ t❤❡ ❞❛♠♣✐♥❣

s❝❤❡♠❡ ✐♥ ❑❛♥❣❛r♦♦✷ ✐s ❜❛s❡❞ ♦♥ t❤❡ ✈❡❧♦❝✐t② ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ✈❡❝t♦rs✱ t❤❡s❡ ♠✉st ❜❡ ❝❛❧❝✉❧❛t❡❞

s♦♠❡❤♦✇ ✭✉♥❦♥♦✇♥ ✇❤✐❝❤ t✐♠❡ st❡♣ ✐s ✉s❡❞✮ ❛♥❞ t✉r♥❡❞ ❜❛❝❦ ✐♥t♦ ♣♦s✐t✐♦♥s t❤❛t ❛r❡ ❛✛❡❝t❡❞ ❜②

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

❢♦r ✉s✐♥❣ t❤❡ s♦❢t✇❛r❡✳
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❈❤❛♣t❡r ✹

❑✷❊♥❣✐♥❡❡r✐♥❣

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

♦♣♠❡♥t ❛♥❞ ❛r❡ ❛❧❧ r❡❧❛t❡❞ t♦ ❛ ✸ ❉❖❋ s②st❡♠✳ ❙❡✈❡r❛❧ s✐♠♣❧❡ t❡st ❝❛s❡s ❛r❡ ✉s❡❞ t❤r♦✉❣❤♦✉t

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

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

❡①t❡♥s✐♦♥ t♦ ❑❛♥❣❛r♦♦✷ ✇✐t❤ ❝❛❧✐❜r❛t❡❞ str✉❝t✉r❛❧ ✈❛❧✉❡s ❤❡♥❝❡ t❤❡ ♥❛♠❡ ✏❑✷❊♥❣✐♥❡❡r✐♥❣✑✳ ❚❤❡

❛✉t❤♦r ❤❛s ❞❡❝✐❞❡❞ t♦ ♠❛❦❡ t❤✐s ♣❧✉❣✲✐♥ ♦♣❡♥ s♦✉r❝❡ ✉♥❞❡r t❤❡ ❆♣❛❝❤❡ ✷✳✵ ❧✐❝❡♥❝❡ ✭❖❙■✱ ✷✵✵✹✮

❛♥❞ ❤❛s ♠❛❞❡ ❛❧❧ s♦✉r❝❡ ❝♦❞❡ ✇r✐tt❡♥ ✐♥ ❈★ ❛✈❛✐❧❛❜❧❡ ♦♥ ●✐t❤✉❜ ✭❇r❛♥❞t✲❖❧s❡♥✱ ✷✵✶✻✮✳

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

❤❛s ❛❧s♦ ✐♥❝❧✉❞❡❞ t❤❡ ✈✐s✉❛❧✐s❛t✐♦♥ ♦❢ ❢♦r❝❡s ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ ❣❡♦♠❡tr②✳ ❚❤❡

✈✐s✉❛❧✐s❛t✐♦♥s ❤❡❧♣ t♦ ♦❜t❛✐♥ ❛♥ ✐♥t✉✐t✐✈❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ❛♥❞ ✐❞❡♥t✐❢②

❧♦❛❞ ♣❛t❤s ✇✐t❤♦✉t ✐♥s♣❡❝t✐♥❣ t❤❡ s♣❡❝✐✜❝ ✈❛❧✉❡s✳

■t ✐s ✐♠♣♦rt❛♥t t♦ ❝❧❛r✐❢② t❤❛t ✐♥ ♠♦st ❝❛s❡s ✐t ✐s ♣♦ss✐❜❧❡ t♦ s✐♠✉❧❛t❡ t❤❡ ❝❛❧✐❜r❛t❡❞ str✉❝t✉r❛❧

❜❡❤❛✈✐♦✉r ✉s✐♥❣ t❤❡ ♥❛t✐✈❡ ❑❛♥❣❛r♦♦✷ ❝♦♠♣♦♥❡♥ts✳ ❚❤✐s ✐s ❛❝❝♦♠♣❧✐s❤❡❞ ❜② ✐♥♣✉tt✐♥❣ t❤❡

❛♣♣r♦♣r✐❛t❡ ❛①✐❛❧ ❛♥❞ ❜❡♥❞✐♥❣ st✐✛♥❡ss t♦ t❤❡ str❡♥❣t❤ ✐♥♣✉ts✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s r❡s❡❛r❝❤

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

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❞✐s♣❧❛❝❡♠❡♥ts ✐♥ t❤❡ ❡♥❞ ❛♥❞ t❤✉s ❛✈♦✐❞ ❞✉♣❧✐❝❛t❡ ❢✉♥❝t✐♦♥❛❧✐t②✳ ■♥ ❛❞❞✐t✐♦♥✱

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

❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s t❤❡ ❡❛r❧② st❛❣❡ ♦❢ ❛ ❧❛r❣❡r ♣♦t❡♥t✐❛❧ ❝❡♥tr❡❞ ❛r♦✉♥❞ t❤✐s ❑❛♥❣❛r♦♦✷

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

❤❛❞ ♥♦t ②❡t ❜❡❡♥ ♠❛❞❡ ♦♣❡♥ s♦✉r❝❡✳

✹✳✶ ❙✉♣♣♦rts

■♥ ❛♥② ❜✉✐❧❞✐♥❣ s②st❡♠ ✐t ✐s ♥❡❝❡ss❛r② t♦ ❤❛✈❡ s✉♣♣♦rts t♦ ♣r❡✈❡♥t t❤❡ str✉❝t✉r❡ ❢r♦♠ ♠♦✈✐♥❣

❛r♦✉♥❞ ✐♥ s♣❛❝❡✳ ❲✐t❤ t❤❡ ❝✉rr❡♥t ❑❛♥❣❛r♦♦✷ ✈❡rs✐♦♥ ✐t ✐s ♦♥❧② ♣♦ss✐❜❧❡ t♦ ❝♦♥tr♦❧ t❤❡ tr❛♥s✲

❧❛t✐♦♥❛❧ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✐✳❡✳ r❡str❛✐♥ t❤❡ ♠♦✈❡♠❡♥t ✐♥ t❤❡ ❳✱ ❨ ❛♥❞ ❩ ❞✐r❡❝t✐♦♥s✳ ❆ ♣✐♥♥❡❞
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Chapter 4: K2Engineering

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

❛t ❧❡❛st ♦♥❡ ❞✐r❡❝t✐♦♥✳ ❊✈❡♥ t❤♦✉❣❤ ✐t ✐s ❛ ✸ ❉♦❋ s②st❡♠✱ ✐t ✐s st✐❧❧ ♣♦ss✐❜❧❡ t♦ ♠✐♠✐❝ ❛ r✐❣✐❞

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

❛ r❡❛❝t✐♦♥ ❢♦r❝❡ ❝♦✉♣❧❡ t♦ ✜① t❤❡ r♦t❛t✐♦♥✳

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

③❡r♦ ❧❡♥❣t❤ s♣r✐♥❣ ✭P✐❦❡r✱ ✷✵✶✺❛✮✳ ❚❤✐s ♠❡❛♥s t❤❛t ❍♦♦❦❡✬s ▲❛✇ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡

r❡❛❝t✐♦♥ ❢♦r❝❡✿

F = −k · x ✭✹✳✶✳✶✮

❍❡r❡ k s♣❡❝✐✜❡s t❤❡ st✐✛♥❡ss ♦❢ t❤❡ s♣r✐♥❣ ✭❛♥② ❛r❜✐tr❛r② ❧❛r❣❡ ♥✉♠❜❡r✮ ❛♥❞ x ✐s t❤❡ ❡①t❡♥s✐♦♥✱

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

str✉❝t✉r❡✳

✹✳✶✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥

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

str❡♥❣t❤ ♦❢ t❤❡ s♣r✐♥❣ ❛♥❞ ✇❤✐❝❤ ❞✐r❡❝t✐♦♥s ❛r❡ ✜①❡❞ ✭s❡❡ ❚❛❜❧❡ ✹✳✶✳✶✮✳

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

P♦s✐t✐♦♥ P♦s✐t✐♦♥
❳ ✜①✐t② ❘❡❛❝t✐♦♥ ❢♦r❝❡ ❬❦◆❪
❨ ✜①✐t②
❩ ✜①✐t②
❙♣r✐♥❣ str❡♥❣t❤

❚❛❜❧❡ ✹✳✶✳✶ ✕ ■♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ t❤❡ s✉♣♣♦rt ❣♦❛❧

❚❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ✐s tr❛♥s❧❛t❡❞ ✐♥t♦ ❝♦❞❡ ❛s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✹✳✶ ❛♥❞ ❜r✐❡✢② ❞❡s❝r✐❜❡❞ ✐♥ t❤❡

❢♦❧❧♦✇✐♥❣✿

▲✐♥❡ ✸✲✻✿ ❋♦✉r ✈❛r✐❛❜❧❡s ❛r❡ ❞❡❝❧❛r❡❞ ❛s ❣❧♦❜❛❧ ❝❧❛ss ♣r♦♣❡rt✐❡s ✐♥ ♦r❞❡r t♦ ♠❛❦❡ t❤❡♠ ❛❝❝❡ss✐❜❧❡

✐♥ t❤❡ ❈❛❧❝✉❧❛t❡ ♠❡t❤♦❞✳ ❚❤❡② ✐♥❝❧✉❞❡ t❤❡ ♦r✐❣✐♥❛❧ s✉♣♣♦rt ♣♦✐♥t ✭✇❤✐❝❤ ✇✐❧❧ ❢✉♥❝t✐♦♥ ❛s ❛

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

✭✐❢ ❛♥②✮ t❤❡ ♣♦✐♥t ✐s ❛❧❧♦✇❡❞ t♦ ♠♦✈❡✳

▲✐♥❡ ✶✵✲✶✼✿ ❚❤❡ ❢♦✉r ❝❧❛ss ♣r♦♣❡rt✐❡s ❛r❡ ✐♥✐t✐❛❧✐s❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✐♥♣✉t t♦ t❤❡ ❝♦♠♣♦♥❡♥t✳ ❚❤❡

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

♠❛♥❞❛t♦r② ❛rr❛②s✳ PP♦s ❝♦♥t❛✐♥s t❤❡ s♣❡❝✐✜❡❞ s✉♣♣♦rt ♣♦✐♥t✱ t❤❡ ▼♦✈❡ ❛rr❛② ✐s ♦♥❧② ✐♥st❛♥t✐❛t❡❞

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

t♦ t❤❡ s♣❡❝✐✜❡❞ str❡♥❣t❤ ✈❛❧✉❡✳

▲✐♥❡ ✷✷✲✸✼✿ ❚❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡ ❞✉r✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s st♦r❡❞ ❛s ❛ ✈❛r✐❛❜❧❡✳ ❚❤❡

♠♦✈❡ ✈❡❝t♦r ✐s ❡❛s✐❧② ❝❛❧❝✉❧❛t❡❞ s✐♥❝❡ t❤❡ ❡①t❡♥s✐♦♥ ❢♦r ❛ ③❡r♦✲❧❡♥❣t❤ s♣r✐♥❣ ❡①❛❝t❧② ❝♦rr❡s♣♦♥❞s
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▲✐st✐♥❣ ✹✳✶ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ s✉♣♣♦rt ❣♦❛❧

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ❙✉♣♣♦rt●♦❛ ❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ P♦✐♥t✸❞ ❚❛r❣❡t ❀
✹ ❜♦♦ ❧ ①❋ ✐ ① ❡❞ ❀
✺ ❜♦♦ ❧ ②❋ ✐ ① ❡❞ ❀
✻ ❜♦♦ ❧ ③❋ ✐ ① ❡❞ ❀
✼

✽ ♣ ✉ ❜ ❧ ✐ ❝ ❙✉♣♣♦rt●♦❛ ❧ ✭ P♦ ✐♥t✸❞ Pt ✱ ❜♦♦ ❧ ① ✱ ❜♦♦ ❧ ② ✱ ❜♦♦ ❧ ③ ✱ ❞♦✉❜ ❧❡ ❦ ✮
✾ ④
✶✵ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✶ ❪ ④ Pt ⑥ ❀
✶✶ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✶ ❪ ❀
✶✷ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✶ ❪ ④ ❦ ⑥ ❀
✶✸

✶✹ ❚❛r❣❡t ❂ Pt ❀
✶✺ ①❋ ✐ ① ❡❞ ❂ ① ❀
✶✻ ②❋ ✐ ① ❡❞ ❂ ② ❀
✶✼ ③❋ ✐ ① ❡❞ ❂ ③ ❀
✶✽ ⑥
✶✾

✷✵ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✷✶ ④
✷✷ P♦✐♥t✸❞ ❝✉ r r ❡ ♥ tP t ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✸ ❱❡❝t♦r✸❞ ♠♦✈❡❚♦t❛❧ ❂ ❚❛r❣❡t − ❝✉ r r ❡ ♥ tP t ❀
✷✹ ✐ ❢ ✭ ✦ ①❋ ✐ ① ❡❞ ✮
✷✺ ④
✷✻ ♠♦✈❡❚♦t❛❧ ✳❳ ❂ ✵ ✳ ✵ ❀
✷✼ ⑥
✷✽ ✐ ❢ ✭ ✦ ②❋ ✐ ① ❡❞ ✮
✷✾ ④
✸✵ ♠♦✈❡❚♦t❛❧ ✳❨ ❂ ✵ ✳ ✵ ❀
✸✶ ⑥
✸✷ ✐ ❢ ✭ ✦ ③❋ ✐ ① ❡❞ ✮
✸✸ ④
✸✹ ♠♦✈❡❚♦t❛❧ ✳ ❩ ❂ ✵ ✳ ✵ ❀
✸✺ ⑥
✸✻

✸✼ ▼♦✈❡ ❬ ✵ ❪ ❂ ♠♦✈❡❚♦t❛❧ ❀
✸✽ ⑥
✸✾

✹✵ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✹✶ ④
✹✷ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ♦❜ ❥ ❡ ❝ t ❬ ✷ ❪ ④ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P♦ s ✐ t ✐ ♦ ♥ ✱ ▼♦✈❡ ❬ ✵ ❪ ∗ ❲❡✐❣❤t ✐♥❣ ❬ ✵ ❪ ∗ ✶❡−✸

⑥ ❀
✹✸ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✹✹ ⑥
✹✺ ⑥

t♦ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♦r✐❣✐♥❛❧ ✭t❛r❣❡t✮ ♣♦✐♥t ❛♥❞ t❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥✳ ❉✉❡ t♦ t❤❡ ❧❛r❣❡

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

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

❝♦♠♣♦♥❡♥t ✐♥ t❤❡ r❡❧❡❛s❡❞ ❞✐r❡❝t✐♦♥ ❡q✉❛❧s ③❡r♦✳

▲✐♥❡ ✹✷✿ ❚❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥ ♦❢ t❤❡ s✉♣♣♦rt ♣♦✐♥t ❛♥❞ t❤❡ r❡❛❝t✐♦♥ ❢♦r❝❡ ✭❝❛❧❝✉❧❛t❡❞ ❜② ♠✉❧✲

t✐♣❧②✐♥❣ t❤❡ ♠♦✈❡ ✈❡❝t♦r ✇✐t❤ t❤❡ s♣r✐♥❣ st✐✛♥❡ss✮ ❛r❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❣♦❛❧✳
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✹✳✷ ❇❛r

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

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

str❡ss ✭❍♦♦❦❡✬s ▲❛✇✮✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s✿

σ = E · ε ⇔ F = E ·A ·
L− L0

L0
⇔ F =

E ·A

L0
· x ✭✹✳✷✳✶✮

❲❤❡r❡ F ✐s t❤❡ ❛①✐❛❧ ❢♦r❝❡ ❬◆❪✱ E ✐s t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬▼P❛❪✱ A ✐s t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡❛

❬mm2❪✱ L0 ✐s t❤❡ r❡st ❧❡♥❣t❤ ♦❢ t❤❡ ❜❛r ❡❧❡♠❡♥t ❬♠❪✱ L ✐s t❤❡ ❝✉rr❡♥t ❧❡♥❣t❤ ❬♠❪ ❛♥❞ x ✐s t❤❡

❡①t❡♥s✐♦♥ ❬♠❪✳ ❚❤❡ t❡r♠ E·A
L0

✐s ❛❧s♦ ❦♥♦✇♥ ❛s t❤❡ ❛①✐❛❧ st✐✛♥❡ss✳ ■❢ t❤❡ ❜❛r ✐s str❡t❝❤❡❞ ❛♥❞

t❤❡r❡❢♦r❡ ✐♥ t❡♥s✐♦♥✱ ✐t ✇✐❧❧ tr② t♦ ❝♦♥tr❛❝t t♦ ✐ts ✐♥✐t✐❛❧ r❡st ❧❡♥❣t❤ ❛♥❞ ❛s ❛ r❡s✉❧t ❤❛✈❡ r❡❛❝t✐♦♥

❢♦r❝❡s ♣♦✐♥t✐♥❣ ✐♥✇❛r❞s ❢r♦♠ t❤❡ ❡♥❞s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐❢ t❤❡ ❜❛r ✐s s❤♦rt❡♥❡❞ ❛♥❞ t❤❡r❡❢♦r❡

✐♥ ❝♦♠♣r❡ss✐♦♥✱ ✐t ✇✐❧❧ tr② t♦ str❡t❝❤ ♦✉t t♦ ✐ts ✐♥✐t✐❛❧ r❡st ❧❡♥❣t❤ ❛♥❞ t❤✉s ❡①❡rt ♦✉t✇❛r❞s r❡❛❝t✐♦♥

❢♦r❝❡s ❢r♦♠ t❤❡ ❡♥❞s✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✳✶✳

❋✐❣✉r❡ ✹✳✷✳✶ ✕ ❆①✐❛❧ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ❜❛r ❡❧❡♠❡♥t

✹✳✷✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥

❚♦ ✐♠♣❧❡♠❡♥t t❤✐s ❛s ❛ ❑❛♥❣❛r♦♦✷ ❣♦❛❧✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ ❡①♣r❡ss t❤❡ ❢♦r❝❡ ❋ ❢r♦♠ ❊q✉❛t✐♦♥

✹✳✷✳✶ ❛s ❛ ✏▼♦✈❡ ✈❡❝t♦r✑ ❛♥❞ ❛ ✏❲❡✐❣❤t✐♥❣✑✳ ❙✐♥❝❡ x ✐s t❤❡ t♦t❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❜❛r ❛♥❞ t❤❡

♠♦✈❡ ✈❡❝t♦r ♦♥❧② ❞❡s❝r✐❜❡s t❤❡ ♠♦✈❡♠❡♥t ♦❢ ♦♥❡ ❡♥❞ ♣♦✐♥t✱ ✐t ❤❛s t♦ ❜❡ ❤❛❧✈❡❞ ❛♥❞ t❤✉s ❡q✉❛❧
x
2 ✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❛t✱ t❤❡ ❛①✐❛❧ st✐✛♥❡ss ❤❛s t♦ ❜❡ ❞♦✉❜❧❡❞ s✉❝❤ t❤❛t t❤❡ ❛①✐❛❧ ❢♦r❝❡ ❋ r❡♠❛✐♥s

t❤❡ s❛♠❡✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ✇❡✐❣❤t✐♥❣ ❡q✉❛❧s t✇✐❝❡ t❤❡ ❛①✐❛❧ st✐✛♥❡ss✳
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❚❤❡ s♠❛❧❧❡st s✉❜s❡t ♦❢ ❣❡♦♠❡tr✐❝❛❧ ♦❜❥❡❝ts t♦ ❞❡✜♥❡ ❛ ❜❛r ❣♦❛❧ ✐s ♦♥❡ ❧✐♥❡ s❡❣♠❡♥t✳ ■♥ ❛❞❞✐t✐♦♥

t♦ t❤❛t✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ s♣❡❝✐❢② t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡❛ ✐♥ ♦r❞❡r t♦

❝❛❧❝✉❧❛t❡ t❤❡ ❛①✐❛❧ ❢♦r❝❡s ✭t❤❡ r❡st ❧❡♥❣t❤ ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❧✐♥❡ s❡❣♠❡♥t ❛✉t♦♠❛t✐❝❛❧❧②✮✳ ❲✐t❤

t❤❡s❡ ✐♥♣✉ts ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❝r✐♣t ❛ ❜❛r ❣♦❛❧ ✇✐t❤ ♠❡❛♥✐♥❣❢✉❧ str✉❝t✉r❛❧ ♦✉t♣✉t ✭s❡❡ ❚❛❜❧❡

✹✳✷✳✶✮✳

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

▲✐♥❡ ❬♠❪ P❛rt✐❝❧❡ ✐♥❞❡① st❛rt
❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬▼P❛❪ P❛rt✐❝❧❡ ✐♥❞❡① ❡♥❞
❆r❡❛ ❬♠♠✷❪ ❯♣❞❛t❡❞ ❧✐♥❡ ❣❡♦♠❡tr②

❆①✐❛❧ ❢♦r❝❡ ❬❦◆❪
❆①✐❛❧ str❡ss ❬▼P❛❪

❚❛❜❧❡ ✹✳✷✳✶ ✕ ❚❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ ❛ ❜❛r ❣♦❛❧

❚❤✐s ❢✉♥❝t✐♦♥❛❧✐t② ✐s tr❛♥s❧❛t❡❞ ✐♥t♦ ❝♦❞❡ ❛s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✹✳✷ ❛♥❞ ❜r✐❡✢② ❞❡s❝r✐❜❡❞ ✐♥ t❤❡

❢♦❧❧♦✇✐♥❣✿

▲✐♥❡ ✸✲✺✿ ❚❤r❡❡ ✈❛r✐❛❜❧❡s ❛r❡ st♦r❡❞ ❛s ❣❧♦❜❛❧ ❝❧❛ss ♣r♦♣❡rt✐❡s ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ♦❜❧✐❣❛t♦r②

PP♦s✱ ▼♦✈❡ ❛♥❞ ❲❡✐❣❤t✐♥❣ ❛rr❛②s✳ ❚❤❡② ✐♥❝❧✉❞❡ t❤❡ r❡st ❧❡♥❣t❤✱ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡❛ ❛♥❞ ❛

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

❈❛❧❝✉❧❛t❡ ♠❡t❤♦❞✳

▲✐♥❡ ✶✸✲✶✺✿ ❚❤❡ ♦❜❧✐❣❛t♦r② ❛rr❛②s ❛r❡ ✐♥✐t✐❛❧✐s❡❞✳ PP♦s ❝♦♥t❛✐♥s t❤❡ st❛rt ❛♥❞ ❡♥❞ ♣♦✐♥t ♦❢ t❤❡

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

✐s s❡t t♦ t✇✐❝❡ t❤❡ ❛①✐❛❧ st✐✛♥❡ss ❛s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡✳

▲✐♥❡ ✷✵✲✸✽✿ ❚❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥s ♦❢ t❤❡ st❛rt ❛♥❞ ❡♥❞ ♣♦✐♥t ❛r❡ st♦r❡❞ ❛♥❞ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡

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

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

t❤❡ ♠❡♠❜❡r ✐s ✐♥ t❡♥s✐♦♥ ♦r ❝♦♠♣r❡ss✐♦♥✱ ✇❤✐❝❤ ✐s ❝❛♣t✉r❡❞ ❜② t❤❡ ❜♦♦❧❡❛♥ ❝❧❛ss ♣r♦♣❡rt②✳ ❚❤❡

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

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

▲✐♥❡ ✹✸✲✺✶✿ ❚❤❡ ❞❡s✐r❡❞ ♦✉t♣✉t ✐s ❡①tr❛❝t❡❞ ❛♥❞ ❛❞❞❡❞ t♦ ❛ ❉❛t❛ ❛rr❛②✳ ❚❤❡ ❛①✐❛❧ ❢♦r❝❡ ✐s

❝❛❧❝✉❧❛t❡❞ ❜② ♠✉❧t✐♣❧②✐♥❣ t❤❡ ✜rst ✐t❡♠ ✐♥ t❤❡ ❲❡✐❣❤t✐♥❣ ❛rr❛② ✇✐t❤ t❤❡ ✜rst ✐t❡♠ ✐♥ t❤❡ ▼♦✈❡

❛rr❛② ❛s t❤✐s ❝♦rr❡s♣♦♥❞s t♦ ❊q✉❛t✐♦♥ ✹✳✷✳✶✳ ❚❤✐s ✐s ✇❤❡r❡ t❤❡ ❜♦♦❧❡❛♥ ❝❧❛ss ♣r♦♣❡rt② ❜❡❝♦♠❡s

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

♦❢ t❤❡ ▼♦✈❡ ✈❡❝t♦r✳ ❚❤❡ ❛①✐❛❧ str❡ss ✐s s✉❜s❡q✉❡♥t❧② ❞❡t❡r♠✐♥❡❞ ❜② ❞✐✈✐❞✐♥❣ t❤❡ ❢♦r❝❡ ✇✐t❤ t❤❡

❝r♦ss s❡❝t✐♦♥ ❛r❡❛✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣❛rt✐❝❧❡ ✐♥❞❡① ♦❢ t❤❡ st❛rt ❛♥❞ ❡♥❞ ♣♦✐♥t ♦❢ t❤❡ ❧✐♥❡ ❛♥❞

t❤❡ ✉♣❞❛t❡❞ ❧✐♥❡ ❣❡♦♠❡tr② ❛r❡ ♦✉t♣✉t✳
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▲✐st✐♥❣ ✹✳✷ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❜❛r ❣♦❛❧

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ❇❛r●♦❛❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ ❞♦✉❜ ❧❡ r ❡ s t ▲ ❡♥❣❤ t ❀
✹ ❜♦♦ ❧ ✐ s❈♦♠♣r❡ss ✐♦♥▼❡♠❜❡r ❀
✺ ❞♦✉❜ ❧❡ ❛ r ❡❛ ❀
✻

✼ ♣ ✉ ❜ ❧ ✐ ❝ ❇❛r●♦❛❧ ✭ ▲ ✐ ♥ ❡ ▲ ✱ ❞♦✉❜ ❧❡ ❊ ✱ ❞♦✉❜ ❧❡ ❆✮
✽ ④
✾ r ❡ s t ▲ ❡♥❣❤ t ❂ ▲ ✳ ❋r♦♠ ✳ ❉✐st❛♥❝❡❚♦ ✭▲ ✳ ❚♦✮ ❀
✶✵ ✐ s❈♦♠♣r❡ss ✐♦♥▼❡♠❜❡r ❂ t r ✉ ❡ ❀
✶✶ ❛ r ❡❛ ❂ ❆❀
✶✷

✶✸ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✷ ❪ ④ ▲ ✳ ❋r♦♠ ✱ ▲ ✳ ❚♦ ⑥ ❀
✶✹ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✷ ❪ ❀
✶✺ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✷ ❪ ④ ✭✷ ∗ ❊ ∗ ❆✮ ✴ r ❡ s t▲❡♥❣❤ t ✱ ✭✷ ∗ ❊ ∗ ❆✮ ✴ r ❡ s t ▲ ❡♥❣❤ t ⑥ ❀
✶✻ ⑥
✶✼

✶✽ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✶✾ ④
✷✵ P♦✐♥t✸❞ ♣ t ❙ t ❛ r t ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✶ P♦✐♥t✸❞ ♣t❊♥❞ ❂ ♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✷

✷✸ ❱❡❝t♦r✸❞ ❢ ♦ r ❝ ❡❉ ✐ r ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭ ♣t❊♥❞ − ♣ t ❙ t ❛ r t ✮ ❀
✷✹ ❞♦✉❜ ❧❡ ❝✉ r r ❡ ♥ t▲ ❡♥❣ t❤ ❂ ❢ ♦ r ❝ ❡❉ ✐ r ✳ ▲❡♥❣t❤ ❀
✷✺ ❢ ♦ r ❝ ❡❉ ✐ r ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✷✻

✷✼ ❞♦✉❜ ❧❡ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ❂ ❝✉ r r ❡♥ t▲ ❡♥❣ t❤ − r ❡ s t ▲ ❡♥❣❤ t ❀
✷✽ ✐ ❢ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ❃ ✵ ✳ ✵ ✮
✷✾ ④
✸✵ ✐ s❈♦♠♣r❡ss ✐♦♥▼❡♠❜❡r ❂ ❢ ❛ ❧ s ❡ ❀
✸✶ ⑥
✸✷ ❡ ❧ s ❡ ✐ ❢ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ❁ ✵ ✳ ✵ ✮
✸✸ ④
✸✹ ✐ s❈♦♠♣r❡ss ✐♦♥▼❡♠❜❡r ❂ t r ✉ ❡ ❀
✸✺ ⑥
✸✻

✸✼ ▼♦✈❡ ❬ ✵ ❪ ❂ ❢ ♦ r ❝ ❡❉ ✐ r ∗ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ✴ ✷✮ ❀
✸✽ ▼♦✈❡ ❬ ✶ ❪ ❂ − ❢ ♦ r ❝ ❡❉ ✐ r ∗ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ✴ ✷✮ ❀
✸✾ ⑥
✹✵

✹✶ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✹✷ ④
✹✸ ❞♦✉❜ ❧❡ ❢ ❛ ❝ t ♦ r ❂ ✶ ✳ ✵ ❀
✹✹ ✐ ❢ ✭ ✐ s❈♦♠♣r❡ss ✐♦♥▼❡♠❜❡r ✮
✹✺ ④
✹✻ ❢ ❛ ❝ t ♦ r ❂ −✶✳✵❀
✹✼ ⑥
✹✽ ❞♦✉❜ ❧❡ ❢ ♦ r ❝ ❡ ❂ ❢ ❛ ❝ t ♦ r ∗ ❲❡✐❣❤t ✐♥❣ ❬ ✵ ❪ ∗ ▼♦✈❡ ❬ ✵ ❪ ✳ ▲❡♥❣t❤ ❀
✹✾

✺✵ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ♦❜ ❥ ❡ ❝ t ❬ ✺ ❪ ④ P■♥❞❡① ❬ ✵ ❪ ✱ P■♥❞❡① ❬ ✶ ❪ ✱ ♥❡✇ ▲ ✐♥❡ ✭ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P♦ s ✐ t ✐ ♦ ♥ ✱
♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ✮ ✱ ❢ ♦ r ❝ ❡ ✴ ✶✵✵✵ ✳✵ ✱ ❢ ♦ r ❝ ❡ ✴ ❛ r ❡❛ ⑥ ❀

✺✶ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✺✷ ⑥
✺✸ ⑥
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✹✳✸ ❈❛❜❧❡

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

❝♦♠♣r❡ss✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❤❛s t❤❡ ♦♣t✐♦♥ t♦ ❜❡ ♣r❡str❡ss❡❞ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❞❡✢❡❝t✐♦♥s✳

❆ ♣r❡str❡ss❡❞ ❝❛❜❧❡ ✐s ❛❧r❡❛❞② ✐♥ t❡♥s✐♦♥ ❜❡❢♦r❡ t❤❡ ❡①t❡r♥❛❧ ❧♦❛❞s ❛r❡ ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ str❡♥❣t❤

♦❢ t❤❡ ♣r❡str❡ss ✐s t②♣✐❝❛❧❧② s♣❡❝✐✜❡❞ ❛s ❛ t❡♥s✐♦♥ ❢♦r❝❡✳ ❋✐❣✉r❡ ✹✳✷✳✶ s❤♦✇s t❤❛t t❤✐s t❡♥s✐♦♥

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

❜② ❝❛❧❝✉❧❛t✐♥❣ ❛ ♥❡✇ r❡st ❧❡♥❣t❤ t❤❛t ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ✐♥✐t✐❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ ❡❧❡♠❡♥t✳ ❘❡✇r✐t✐♥❣

❊q✉❛t✐♦♥ ✹✳✷✳✶ ❣✐✈❡s

x =
F · L0

E ·A
✭✹✳✸✳✶✮

❚❤❡ r❡st ❧❡♥❣t❤ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❝❡rt❛✐♥ ♣r❡t❡♥s✐♦♥ ❢♦r❝❡ F ✐s t❤❡r❡❢♦r❡ Lrest = L0 − x✳

✹✳✸✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥

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

♠❡♥t❛t✐♦♥ ❛r❡ ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❛❜❧❡ ✹✳✸✳✶ s❤♦✇s t❤❡ ❝❛❜❧❡ ●r❛ss❤♦♣♣❡r ❝♦♠♣♦♥❡♥t

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

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

▲✐♥❡ ❬♠❪ P❛rt✐❝❧❡ ✐♥❞❡① st❛rt
❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬▼P❛❪ P❛rt✐❝❧❡ ✐♥❞❡① ❡♥❞
❆r❡❛ ❬♠♠✷❪ ❯♣❞❛t❡❞ ❧✐♥❡ ❣❡♦♠❡tr②
❖♣t✐♦♥❛❧ ♣r❡t❡♥s✐♦♥ ❬❦◆❪ ❆①✐❛❧ ❢♦r❝❡ ❬❦◆❪

❆①✐❛❧ str❡ss ❬▼P❛❪

❚❛❜❧❡ ✹✳✸✳✶ ✕ ❚❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ ❛ ❝❛❜❧❡ ❣♦❛❧

❚❤❡ ❢❡✇ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝♦❞❡ ❛s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✹✳✸ ✐♥❝❧✉❞❡✿

▲✐♥❡ ✸✲✹✿ ■t ✐s ♥♦ ❧♦♥❣❡r ♥❡❝❡ss❛r② t♦ st♦r❡ ❛ ❜♦♦❧❡❛♥ ✈❛❧✉❡ ❢♦r ✇❤❡t❤❡r t❤❡ ❡❧❡♠❡♥t ✐s ✐♥ t❡♥s✐♦♥

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

▲✐♥❡ ✻✿ ❚❤❡ ♣r❡t❡♥s✐♦♥ ♣❛r❛♠❡t❡r ❋ ✐s ❛❞❞❡❞ ❛s ❛♥ ❛r❣✉♠❡♥t t♦ t❤❡ ❝♦♥str✉❝t♦r ♠❡t❤♦❞✳

▲✐♥❡ ✶✺✿ ❆ ♥❡✇ r❡st ❧❡♥❣t❤ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❊q✉❛t✐♦♥ ✹✳✸✳✶✳ ❚❤❡ ❞❡❢❛✉❧t ♣r❡t❡♥s✐♦♥ ✈❛❧✉❡ ✐s

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

▲✐♥❡ ✷✾✲✸✺✿ ❚❤❡ ♠♦✈❡ ✈❡❝t♦rs ❛r❡ s❡t t♦ ③❡r♦ ❜② ❞❡❢❛✉❧t ❛♥❞ ❛r❡ ♦♥❧② ❝❤❛♥❣❡❞ ✐❢ t❤❡ ❡❧❡♠❡♥t

✐s ✐♥ t❡♥s✐♦♥✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❝❛❜❧❡ ❞♦❡s ♥♦t ❡①❡rt ❛♥② ❛①✐❛❧ ❢♦r❝❡s ✐❢ ✐t ✐s ✐♥ ❛ ♥❡✉tr❛❧ ♦r

❝♦♠♣r❡ss✐♦♥ st❛t❡✳
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▲✐st✐♥❣ ✹✳✸ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❝❛❜❧❡ ❣♦❛❧

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ❈❛❜ ❧❡●♦❛ ❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ ❞♦✉❜ ❧❡ r ❡ s t ▲ ❡♥❣❤ t ❀
✹ ❞♦✉❜ ❧❡ ❛ r ❡❛ ❀
✺

✻ ♣ ✉ ❜ ❧ ✐ ❝ ❈❛❜ ❧❡●♦❛ ❧ ✭ ▲ ✐ ♥ ❡ ▲ ✱ ❞♦✉❜ ❧❡ ❊ ✱ ❞♦✉❜ ❧❡ ❆✱ ❞♦✉❜ ❧❡ ❋✮
✼ ④
✽ r ❡ s t ▲ ❡♥❣❤ t ❂ ▲ ✳ ❋r♦♠ ✳ ❉✐st❛♥❝❡❚♦ ✭▲ ✳ ❚♦✮ ❀
✾ ❛ r ❡❛ ❂ ❆❀
✶✵

✶✶ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✷ ❪ ④ ▲ ✳ ❋r♦♠ ✱ ▲ ✳ ❚♦ ⑥ ❀
✶✷ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✷ ❪ ❀
✶✸ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✷ ❪ ④ ✭✷ ∗ ❊ ∗ ❆✮ ✴ r ❡ s t▲❡♥❣❤ t ✱ ✭✷ ∗ ❊ ∗ ❆✮ ✴ r ❡ s t ▲ ❡♥❣❤ t ⑥ ❀
✶✹

✶✺ r ❡ s t ▲ ❡♥❣❤ t −❂ ✭❋ ∗ ✶✵✵✵ ∗ r ❡ s t ▲ ❡♥❣❤ t ✮ ✴ ✭❊ ∗ ❆✮ ❀
✶✻ ⑥
✶✼

✶✽ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✶✾ ④
✷✵ P♦✐♥t✸❞ ♣ t ❙ t ❛ r t ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✶ P♦✐♥t✸❞ ♣t❊♥❞ ❂ ♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✷

✷✸ ❱❡❝t♦r✸❞ ❢ ♦ r ❝ ❡❉ ✐ r ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭ ♣t❊♥❞ − ♣ t ❙ t ❛ r t ✮ ❀
✷✹ ❞♦✉❜ ❧❡ ❝✉ r r ❡ ♥ t▲ ❡♥❣ t❤ ❂ ❢ ♦ r ❝ ❡❉ ✐ r ✳ ▲❡♥❣t❤ ❀
✷✺ ❢ ♦ r ❝ ❡❉ ✐ r ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✷✻

✷✼ ❞♦✉❜ ❧❡ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ❂ ❝✉ r r ❡♥ t▲ ❡♥❣ t❤ − r ❡ s t ▲ ❡♥❣❤ t ❀
✷✽

✷✾ ❱❡❝t♦r✸❞ ❢ ♦ r ❝ ❡ ❙ t ❛ r t ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭✵ ✱ ✵ ✱ ✵✮ ❀
✸✵ ❱❡❝t♦r✸❞ ❢♦ r❝❡❊♥❞ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ✭✵ ✱ ✵ ✱ ✵✮ ❀
✸✶ ✐ ❢ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ❃ ✵ ✳ ✵ ✮
✸✷ ④
✸✸ ❢ ♦ r ❝ ❡ ❙ t ❛ r t ❂ ❢ ♦ r ❝ ❡❉ ✐ r ∗ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ✴ ✷✮ ❀
✸✹ ❢ ♦ r ❝❡❊♥❞ ❂ − ❢ ♦ r ❝ ❡❉ ✐ r ∗ ✭ ❡ ① t ❡ ♥ s ✐ ♦ ♥ ✴ ✷✮ ❀
✸✺ ⑥
✸✻

✸✼ ▼♦✈❡ ❬ ✵ ❪ ❂ ❢ ♦ r ❝ ❡ ❙ t ❛ r t ❀
✸✽ ▼♦✈❡ ❬ ✶ ❪ ❂ ❢♦ r❝❡❊♥❞ ❀
✸✾ ⑥
✹✵

✹✶ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✹✷ ④
✹✸ ❞♦✉❜ ❧❡ ❢ ♦ r ❝ ❡ ❂ ❲❡✐❣❤t ✐♥❣ ❬ ✵ ❪ ∗ ▼♦✈❡ ❬ ✵ ❪ ✳ ▲❡♥❣t❤ ❀
✹✹ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ♦❜ ❥ ❡ ❝ t ❬ ✺ ❪ ④ P■♥❞❡① ❬ ✵ ❪ ✱ P■♥❞❡① ❬ ✶ ❪ ✱ ♥❡✇ ▲ ✐♥❡ ✭ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P♦ s ✐ t ✐ ♦ ♥ ✱

♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ✮ ✱ ❢ ♦ r ❝ ❡ ✴ ✶✵✵✵ ✳✵ ✱ ❢ ♦ r ❝ ❡ ✴ ❛ r ❡❛ ⑥ ❀
✹✺ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✹✻ ⑥
✹✼ ⑥
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❚❤❡ ❝❛❜❧❡ ❣♦❛❧ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❢✉♥❝t✐♦♥❛❧✐t②✱ ✇❤✐❝❤ ✐s ♠♦r❡ ❞✐✣❝✉❧t t♦ s✐♠✉❧❛t❡ ✇✐t❤ ❛

❝❛❧✐❜r❛t❡❞ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ✉s✐♥❣ t❤❡ ♥❛t✐✈❡ ❑❛♥❣❛r♦♦✷ ❣♦❛❧s✳ ❚❤❡ ♥❡✇ r❡st ❧❡♥❣t❤ ❝❛♥

❜❡ ❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞ ♦♥ ❛ ♣r❡t❡♥s✐♦♥ ❢♦r❝❡ ✭s❡❡ ❊q✉❛t✐♦♥ ✹✳✸✳✶✮ ❛♥❞ ♣r♦✈✐❞❡❞ ❛s ✐♥♣✉t ❢♦r t❤❡

✏▲❡♥❣t❤✭▲✐♥❡✮✑ ❣♦❛❧✳ ❍♦✇❡✈❡r✱ ✐❢ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❡❧❡♠❡♥t ❞✉r✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥ ❜❡❝♦♠❡s s♠❛❧❧❡r

t❤❛♥ t❤✐s r❡st ❧❡♥❣t❤✱ ✐t ✇✐❧❧ st✐❧❧ ❡①❡rt ❛①✐❛❧ ❢♦r❝❡s ❡✈❡♥ t❤♦✉❣❤ ✐t ✐s ✐♥ ❝♦♠♣r❡ss✐♦♥✳ ❚♦ ❛✈♦✐❞

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

❡❧♦♥❣❛t❡❞ ❡❧❡♠❡♥t ❛♥❞ t❤❡r❡❢♦r❡ ❛❧✇❛②s ❜❡ ✐♥ t❡♥s✐♦♥ ❜✉t t❤❛t r❡♠♦✈❡s t❤❡ ✏♠❛t❡r✐❛❧✐t②✑ ❢r♦♠

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

✹✳✹ ❘♦❞

❆ r♦❞ ✐s ❛♥ ❡❧❡♠❡♥t✱ ✇❤✐❝❤ r❡s✐sts t❤❡ ❛♣♣❧✐❡❞ ❡①t❡r♥❛❧ ❧♦❛❞ ❜② ❜❡♥❞✐♥❣ ❛❝t✐♦♥ ✭♦✉t✲♦❢✲♣❧❛♥❡

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

♠♦♠❡♥ts ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ r♦t❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ♥♦t ♣♦ss✐❜❧❡ ✐♥ ❛ ✸ ❉♦❋ s②st❡♠ ❧✐❦❡

❑❛♥❣❛r♦♦✷ ❛♥❞ ❤❡♥❝❡ ❛ ❞✐✛❡r❡♥t ♠❡t❤♦❞ t♦ ♠✐♠✐❝ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦✉r ✐s ❞❡s✐r❡❞✳ ❙✉❝❤ ♠❡t❤♦❞

❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② ❆❞r✐❛❡♥ss❡♥s ❛♥❞ ❇❛r♥❡s ✭✶✾✾✾✮✱ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥t✐♥✉✐t② ♦❢

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

♦♥❡ ♥♦❞❡ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✶✳

❋✐❣✉r❡ ✹✳✹✳✶ ✕ ▼♦❞❡❧❧✐♥❣ ♦❢ ❜❡♥❞✐♥❣ ✐♥ ❛ ✸ ❉♦❋ s②st❡♠

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

M =
E · I

R
✭✹✳✹✳✶✮

❲❤❡r❡ R ✐s t❤❡ ❝✉r✈❛t✉r❡ r❛❞✐✉s ❛♥❞ E · I ✐s t❤❡ ❜❡♥❞✐♥❣ st✐✛♥❡ss✳ ●✐✈❡♥ t✇♦ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡
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s❡❣♠❡♥ts✱ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❝✐r❝❧❡ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❡♥❞ ♣♦✐♥ts ✐s ❞❡✜♥❡❞ ❛s

sin(α) =
Lc/2

R
⇔ R =

Lc

2 · sin(α)
✭✹✳✹✳✷✮

❋r♦♠ t❤❛t ❡①♣r❡ss✐♦♥✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♠♦♠❡♥t ❛❝t✐♥❣ ✐♥ t❤❡ s❤❛r❡❞ ♥♦❞❡ ✐s ❝❛❧❝✉❧❛t❡❞✳

❚❤✐s ♠♦♠❡♥t ✐s t❤❡♥ tr❛♥s❧❛t❡❞ ✐♥t♦ ❛♥ ❡q✉✐✈❛❧❡♥t ❢♦r❝❡ ❝♦✉♣❧❡ ❛❝t✐♥❣ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ ❡❛❝❤ ❧✐♥❡

s❡❣♠❡♥t

M = Sa · La = Sb · Lb ✭✹✳✹✳✸✮

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

r❡✢❡❝t ❤♦✇ ❡❛❝❤ ❡❧❡♠❡♥t ❛tt❡♠♣ts t♦ r❡s✐st ❛♥ ❛♣♣❧✐❡❞ ❧♦❛❞ ❜② r♦t❛t✐♦♥✳ ❇② ❝♦♠❜✐♥✐♥❣ t❤❡

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

E · I
Lc

2·sin(α)

= Sa · La ⇔ Sa =
2 · E · I · sin(α)

Lc · La

✭✹✳✹✳✹✮

Sb =
2 · E · I · sin(α)

Lc · Lb

✭✹✳✹✳✺✮

✹✳✹✳✶ ▼♦♠❡♥ts ❛♥❞ s❤❡❛r ❢♦r❝❡s

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

❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡ s❡❣♠❡♥ts✳ ❚❤✐s s✉❜s❡t ♦❢ t❤❡ s♣❧✐♥❡ ✐s s✉✣❝✐❡♥t t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠♦♠❡♥t ✐♥

t❤❡ s❤❛r❡❞ ✈❡rt❡① ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✷ ❛s t❤❡ ♠♦♠❡♥t ✐♥ ♦♥❡ ✈❡rt❡① ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡

♠♦♠❡♥ts r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ♥❡✐❣❤❜♦✉r✐♥❣ ❡❧❡♠❡♥ts✳

❋✐❣✉r❡ ✹✳✹✳✷ ✕ ❇❡♥❞✐♥❣ ♠♦♠❡♥ts ❢♦r ❛ s♣❧✐♥❡

❍♦✇❡✈❡r✱ t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ❢♦r t❤❡ s❤❡❛r ❢♦r❝❡s ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✸✳ ❋r♦♠ t❤r❡❡ ❧✐♥❡

s❡❣♠❡♥ts ♦❢ ❛ s♣❧✐♥❡ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ t✇♦ s✉❜s❡ts ♦❢ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡s✳ ❋✐❣✉r❡ ✹✳✹✳✸ ✭t♦♣✮

s❤♦✇s t❤❡ s❤❡❛r ❢♦r❝❡s ❢♦r ❡❛❝❤ s✉❜s❡t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡s❝r✐❜❡❞ t❤❡♦r②✳ ❚❤❡ ❝✉r✈❛t✉r❡ ❢♦r

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

❚❤❡s❡ s❤❡❛r ❢♦r❝❡s r❡♣r❡s❡♥t t❤❡ ❞✐str✐❜✉t✐♦♥ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✸ ✭♠✐❞❞❧❡✮✳ ■t ✐s ♦❜s❡r✈❡❞

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

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

♦❜t❛✐♥❡❞ ❛s s❡❡♥ ❢r♦♠ ❋✐❣✉r❡ ✹✳✹✳✸ ✭❜♦tt♦♠✮✳

■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ s❤❡❛r ✈❛❧✉❡ ❢♦r ❡❛❝❤ ❧✐♥❡ s❡❣♠❡♥t ✐s ❡q✉❛❧ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♠♦♠❡♥ts ❛t

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

♠♦♠❡♥ts✳ ❍♦✇❡✈❡r✱ ✐t ❤✐❣❤❧✐❣❤ts ❛♥ ✐♠♣♦rt❛♥t ♣♦✐♥t ✐♥ t❤✐s ❝♦♥t❡①t❀ ❣✐✈❡♥ t✇♦ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡s

✐t ✐s ♦♥❧② ♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠♦♠❡♥t✳ ❚❤❡ s❤❡❛r ❝❛❧❝✉❧❛t✐♦♥ r❡q✉✐r❡s ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡

♦t❤❡r r♦❞ ❣♦❛❧s ❛s ✇❡❧❧✳

❋✐❣✉r❡ ✹✳✹✳✸ ✕ ❙❤❡❛r ❢♦r❝❡s ❢♦r ❛ s♣❧✐♥❡

✹✳✹✳✷ ❆❝t✐✈❡❧② ❜❡♥t ♦r ❢❛❜r✐❝❛t❡❞ ❝✉r✈❡❞ ❡❧❡♠❡♥ts

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

t❤❡ s♣❧✐♥❡ ✐✳❡✳ ✇❤❡t❤❡r ✐t ✐s ✉♥str❡ss❡❞ ✐♥ ✐ts ✐♥✐t✐❛❧ s♣❛t✐❛❧ s❤❛♣❡ ♦r ❛s ❛ str❛✐❣❤t ❧✐♥❡✳ ■❢ t❤❡

s♣❧✐♥❡ ✐s ✐♥✐t✐❛❧❧② str❛✐❣❤t t❤❡♥ α = 180o − ∡LaLb ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✶✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t
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t❤❡r❡ ❡①✐sts ❛ ♠♦♠❡♥t ❢r♦♠ t❤❡ ❜❡❣✐♥♥✐♥❣ ✐♥ t❤❡ s❤❛r❡❞ ✈❡rt❡① ❜❛s❡❞ ♦♥ t❤❡ ❝✉r✈❛t✉r❡ ♦❢ t❤❡

❝✐r❝❧❡ t❤r♦✉❣❤ t❤❡ t❤r❡❡ ♣♦✐♥ts✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐❢ t❤❡ s♣❧✐♥❡ ❣❡♦♠❡tr② ✐s ✐♥ r❡st ✐♥ ✐ts ✐♥✐t✐❛❧

❝♦♥✜❣✉r❛t✐♦♥ ❡✳❣✳ ❧✐❦❡ ❛ ❢r❛♠❡ t❤❡♥ α = ∡La,rLb,r − ∡LaLb ✇❤❡r❡ t❤❡ s✉❜s❝r✐♣t r s②♠❜♦❧✐s❡s

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

❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ t❤❡ ♠♦♠❡♥t ❢r♦♠ t❤❡ r❡st st❛t❡ ❛s ❞❡s❝r✐❜❡❞ ❜② ❆❞r✐❛❡♥ss❡♥s ❛♥❞ ❇❛r♥❡s

✭✶✾✾✾✮✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❧✐♥❡ s❡❣♠❡♥ts s❡❡❦ t♦ ♠❛✐♥t❛✐♥ t❤❡ ❛♥❣❧❡ ❢r♦♠ t❤❡ r❡st st❛t❡ r❛t❤❡r t❤❛♥

str❛✐❣❤t❡♥ ♦✉t ❝♦♠♣❧❡t❡❧②✳

❚❤✐s ✐s ❛ ❦❡② ❢❡❛t✉r❡ t♦ ❞❡✜♥❡ ♣r❡str❡ss ✐♥ ❜❡♥t ❡❧❡♠❡♥ts ♠❛❞❡ ❢r♦♠ ✐♥✐t✐❛❧❧② str❛✐❣❤t✴♣❧❛♥❛r

♠❛t❡r✐❛❧s ❛♥❞ t❤✐s ✇❛② t❤❡ ♣r❡str❡ss ✐s ♠♦❞❡❧❧❡❞ ❛s ❛♥ ✐♥t❡r♥❛❧ st❛t❡ ✐♥ t❤❡ ❡❧❡♠❡♥t r❛t❤❡r

t❤❛♥ ❛♥ ❡①t❡r♥❛❧ ❧♦❛❞ ❛s ❞❡s❝r✐❜❡❞ ❢♦r t❤❡ ❆t♠❡t✉r❡ ♣r♦❥❡❝t ✐♥ ❈❤❛♣t❡r ✷✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s

♠❡❛♥s t❤❛t t❤❡ ✐♥t❡♥❞❡❞ s♣❛t✐❛❧ s❤❛♣❡ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❜❡❢♦r❡❤❛♥❞ ❛♥❞ ❢r♦♠ t❤❡r❡ ✜♥❞ t❤❡ st❛t✐❝

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

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

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

✹✳✹✳✸ ■♠♣❧❡♠❡♥t❛t✐♦♥

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

❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ s♣❡❝✐❢② t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ t❤❡ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛✱ t❤❡ ❞✐st❛♥❝❡

t♦ t❤❡ ✜❜r❡ ✇❤❡r❡ t❤❡ str❡ss ✐s ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ✇❤❡t❤❡r t❤❡ ❡❧❡♠❡♥ts ✇❛♥t t♦ str❛✐❣❤t❡♥ ♦✉t ♦r ❛r❡

✐♥ r❡st ✐♥ t❤❡✐r ❝✉rr❡♥t ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ❣♦❛❧ ♦✉t♣✉ts t❤❡ ♣❛rt✐❝❧❡ ✐♥❞❡① ♦❢ t❤❡ s❤❛r❡❞ ✈❡rt❡①✱

t❤❡ ❜❡♥❞✐♥❣ ♣❧❛♥❡✱ t❤❡ ♠♦♠❡♥t ❛♥❞ ❜❡♥❞✐♥❣ str❡ss✳ ❚❤❡ ❞❡✈❡❧♦♣❡❞ ●r❛ss❤♦♣♣❡r ❝♦♠♣♦♥❡♥t

✇✐t❤ ✐ts ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✹✳✶✳

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

▲✐♥❡❆ ❬♠❪ ❙❤❛r❡❞ ♣❛rt✐❝❧❡ ✐♥❞❡①
▲✐♥❡❇ ❬♠❪ ❇❡♥❞✐♥❣ ♣❧❛♥❡
❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬▼P❛❪ ▼♦♠❡♥t ❬❦◆♠❪
▼♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❬♠♠4❪ ❇❡♥❞✐♥❣ str❡ss ❬▼P❛❪
❉✐st❛♥❝❡ t♦ ✜❜r❡ ❬♠♠❪
❘❡st ❛♥❣❧❡ ♦♣t✐♦♥
✭✵✿ str❛✐❣❤t✱ ✶✿ ❝✉rr❡♥t✮

❚❛❜❧❡ ✹✳✹✳✶ ✕ ❚❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ ❛ r♦❞ ❣♦❛❧

❚♦ ✐♠♣❧❡♠❡♥t t❤✐s ❢✉♥❝t✐♦♥❛❧✐t② ✇✐t❤ ❑❛♥❣❛r♦♦✷✱ t❤❡ s❤❡❛r ❢♦r❝❡ ❢r♦♠ ❊q✉❛t✐♦♥ ✹✳✹✳✺ ❤❛s t♦

❜❡ s❡♣❛r❛t❡❞ ✐♥t♦ ❛ ♠♦✈❡ ✈❡❝t♦r ❛♥❞ ❛ ✇❡✐❣❤t✐♥❣✳ ❚❤❡ ✏❣❡♦♠❡tr✐❝❛❧✑ ♣❛rt ♦❢ t❤❡ ❡①♣r❡ss✐♦♥ ✐s

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

✇❡✐❣❤t✐♥❣✳ ❚❤❡ ❝♦❞❡ ❛s s❤♦✇♥ ✐♥ ▲✐st✐♥❣ ✹✳✹ ✐s ❜r✐❡✢② ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✿

▲✐♥❡ ✸✿ ❚❤r❡❡ ✈❛r✐❛❜❧❡s ✐♥❝❧✉❞✐♥❣ t❤❡ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛✱ ❞✐st❛♥❝❡ t♦ t❤❡ ♦✉t❡r ✜❜r❡ ❛♥❞ t❤❡ r❡st

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

▲✐♥❡ ✼✲✾✿ ❚❤❡ ♠❛♥❞❛t♦r② ❑❛♥❣❛r♦♦✷ ❛rr❛②s ❛r❡ ✐♥✐t✐❛❧✐s❡❞ ❛♥❞ ✐t ❤❛s ❜❡❡♥ ❞❡❝✐❞❡❞ t❤❛t t❤❡ r♦❞

❣♦❛❧ ❛❝ts ♦♥ ❢♦✉r ♣♦✐♥ts ✭❡♥❞ ♣♦✐♥ts ♦❢ ❜♦t❤ ❧✐♥❡ s❡❣♠❡♥ts✮ t♦ ♠❛❦❡ t❤❡ ❝♦❞❡ ♠♦r❡ tr❛♥s♣❛r❡♥t✳
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❚❤✐s ♠❡❛♥s t❤❛t ♣♦✐♥t t✇♦ ❛♥❞ t❤r❡❡ ❛r❡ ✐❞❡♥t✐❝❛❧ ❜✉t t❤❡ ❑❛♥❣❛r♦♦✷ s♦❧✈❡r ✇✐❧❧ t❛❦❡ ❝❛r❡ ♦❢

t❤❛t ✇❤❡♥ t❤❡ ♣❤②s✐❝❛❧ s②st❡♠ ✐s ❝r❡❛t❡❞✳

▲✐♥❡ ✶✸✲✶✽✿ ❚❤❡ r❡st ❛♥❣❧❡ ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ t✇♦ ❞✐✛❡r❡♥t

♦♣t✐♦♥s✳

▲✐♥❡ ✷✸✲✸✶✿ ❚❤❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ✐♥ ❡❛❝❤ st❡♣ ♦❢ t❤❡ ✐t❡r❛t✐♦♥s ❛r❡ st♦r❡❞ ❛♥❞

✉s❡❞ t♦ ❞❡✜♥❡ ✏❡❞❣❡ ✈❡❝t♦rs✑✳ ❚❤❡s❡ ✈❡❝t♦rs ❛r❡ ✉s❡❢✉❧ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝✉rr❡♥t ❛♥❣❧❡ ❜❡t✇❡❡♥

t❤❡ t✇♦ ❧✐♥❡ s❡❣♠❡♥ts ❛♥❞ t❤❡r❡❜② ❞❡✜♥❡ t❤❡ ❛♥❣❧❡ ♣❛r❛♠❡t❡r α ❜✉t ❛❧s♦ t♦ ♦❜t❛✐♥ t❤❡ ♥♦r♠❛❧

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

▲✐♥❡ ✸✸✲✹✺✿ ❚❤❡ ♥♦r♠❛❧ ✈❡❝t♦r ❛♥❞ ❡❞❣❡ ✈❡❝t♦rs ❛r❡ s✉❜s❡q✉❡♥t❧② ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣❡r✲

♣❡♥❞✐❝✉❧❛r ❞✐r❡❝t✐♦♥s ✭s❤❡❛r ✈❡❝t♦rs✮ t♦ t❤❡ ❧✐♥❡ s❡❣♠❡♥ts ❛❣❛✐♥ ✈✐❛ t❤❡ ❝r♦ss ♣r♦❞✉❝t✳ ❚❤❡

♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ s❤❡❛r ✈❡❝t♦rs ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ♣❛rt ♦❢ ❊q✉❛t✐♦♥ ✹✳✹✳✺✳ ❊✈❡♥t✉✲

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

▲✐♥❡ ✺✵✿ ❚❤❡ ❞♦ts s②♠❜♦❧✐s❡ t❤❡ r❡♣❡t✐t✐♦♥ ♦❢ ❧✐♥❡s ✷✸✲✷✾ ✰ ✸✶✳

▲✐♥❡ ✺✶✲✻✵✿ ❚❤❡ ❞❡s✐r❡❞ ♦✉t♣✉t ✐s ❝❛❧❝✉❧❛t❡❞✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡ t❤❡ s❤❛r❡❞ ♣❛rt✐❝❧❡ ✐♥❞❡①✱ t❤❡

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

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

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

♠♦✈❡ ✈❡❝t♦rs ❛❝t✐♥❣ ✐♥ t❤❡ s❤❛r❡❞ ✈❡rt❡①✳ ▲❛st❧②✱ t❤❡ str❡ss ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢

t❤❡ ♠♦♠❡♥t✱ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❛♥❞ ❞✐st❛♥❝❡ t♦ t❤❡ ♦✉t❡r ✜❜r❡✳

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

✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❛♥♦t❤❡r ●r❛ss❤♦♣♣❡r ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ ❝♦❧❧❡❝ts t❤❡ ♥❡❝❡ss❛r② ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠

t❤❡ ♦t❤❡r ❣♦❛❧s ❛❢t❡r t❤❡ s♦❧✈❡r✳ ■t t❛❦❡s ❛ ❧✐st ♦❢ ❧✐♥❡s ❛s ✐♥♣✉t ❛♥❞ ✐❞❡♥t✐✜❡s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣

❜❡♥❞✐♥❣ ♣❧❛♥❡s ❛♥❞ ♠♦♠❡♥ts ❛t ✐ts ❡♥❞ ♣♦✐♥ts✳ ❆s t❤❡ ♠♦♠❡♥ts ❛r❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡s ❞✉❡ t♦ t❤❡

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

♦❢ t❤❡ ♠♦♠❡♥ts ❛♥❞ t❤❡r❡❜② ❝❛❧❝✉❧❛t❡ t❤❡ ❞✐✛❡r❡♥❝❡✳

✹✳✹✳✹ ❇❡❛♠ ❡❧❡♠❡♥t

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

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

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

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

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

✇❤✐❝❤ ✐♥♣✉t ✐s ♥❡❝❡ss❛r② t♦ ❞❡✜♥❡ ❝❡rt❛✐♥ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉rs✳ ❚❤❡ ❣❡♥❡r❛❧ ✉♥❞❡rst❛♥❞✐♥❣

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

r❡q✉✐r❡s t✇♦ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡s ❛♥❞ s♦rt✐♥❣ ❛❧♦♥❣ t❤❡ s♣❧✐♥❡s✳ ❆ ❜❡❛♠ ❡❧❡♠❡♥t ✐♥ t❤✐s s❡t✲✉♣

✇♦✉❧❞ t❤❡r❡❢♦r❡ ♠♦st ❧✐❦❡❧② ❜❡ ✉♥✐♥t✉✐t✐✈❡ ❛♥❞ ✉s❡❞ ✐♥ ❛ ✇r♦♥❣ ✇❛②✳
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▲✐st✐♥❣ ✹✳✹ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ r♦❞ ❣♦❛❧✳ ❙✐♠♣❧✐✜❡❞ ✇✐t❤ ❤❡❧♣ ❢r♦♠ ❉❛♥✐❡❧ P✐❦❡r

✶ ♣ ✉ ❜ ❧ ✐ ❝ ❝ ❧ ❛ s s ❘♦❞●♦❛❧ ✿ ●♦❛ ❧❖❜ ❥❡❝ t
✷ ④
✸ ❞♦✉❜ ❧❡ ✐ ♥ ❡ r t ✐ ❛ ✱ ③❉ ✐ s t ✱ r ❡ s t❆♥❣ ❧ ❡ ❀
✹

✺ ♣ ✉ ❜ ❧ ✐ ❝ ❘♦❞●♦❛❧ ✭ ▲ ✐ ♥ ❡ ▲❆ ✱ ▲ ✐♥❡ ▲❇ ✱ ❞♦✉❜ ❧❡ ❊ ✱ ❞♦✉❜ ❧❡ ■ ✱ ❞♦✉❜ ❧❡ ③ ✱ ✐ ♥ t ♦♣t ✮
✻ ④
✼ PP♦s ❂ ♥❡✇ P♦✐♥t✸❞ ❬ ✹ ❪ ④ ▲❆ ✳ ❋r♦♠ ✱ ▲❆ ✳❚♦ ✱ ▲❇ ✳ ❋r♦♠ ✱ ▲❇ ✳❚♦ ⑥ ❀
✽ ▼♦✈❡ ❂ ♥❡✇ ❱❡❝t♦r✸❞ ❬ ✹ ❪ ❀
✾ ❲❡✐❣❤t ✐♥❣ ❂ ♥❡✇ ❞♦✉❜ ❧❡ ❬ ✹ ❪ ④ ❊∗ ■ ∗✶❡−✻✱❊∗ ■ ∗✶❡−✻✱❊∗ ■ ∗✶❡−✻✱❊∗ ■ ∗✶❡−✻⑥❀
✶✵ ✐ ♥ ❡ r t ✐ ❛ ❂ ■ ❀
✶✶ ③❉ ✐ s t ❂ ③ ❀
✶✷

✶✸ ✐ ❢ ✭ ♦♣t ❂❂ ✵✮ ④
✶✹ r ❡ s t❆♥❣ ❧ ❡ ❂ ▼❛t❤ ✳ P■ ❀
✶✺ ⑥
✶✻ ❡ ❧ s ❡ ✐ ❢ ✭ ♦♣t ❂❂ ✶✮ ④
✶✼ r ❡ s t❆♥❣ ❧ ❡ ❂ ❱❡❝t♦r✸❞ ✳ ❱❡❝t♦ r❆♥❣ ❧ ❡ ✭♥❡✇ ❱❡❝t♦r✸❞ ✭PP♦s ❬ ✵ ❪ − PP♦s ❬ ✶ ❪ ✮ ✱ ♥❡✇

❱❡❝t♦r✸❞ ✭PP♦s ❬ ✸ ❪ − PP♦s ❬ ✷ ❪ ✮ ✮ ❀
✶✽ ⑥
✶✾ ⑥
✷✵

✷✶ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ✈♦ ✐ ❞ ❈❛ ❧ ❝ ✉ ❧ ❛ t ❡ ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✷✷ ④
✷✸ P♦✐♥t✸❞ P✵ ❂ ♣ ❬ P■♥❞❡① ❬ ✵ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✹ P♦✐♥t✸❞ P✶ ❂ ♣ ❬ P■♥❞❡① ❬ ✶ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✺ P♦✐♥t✸❞ P✷ ❂ ♣ ❬ P■♥❞❡① ❬ ✷ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✻ P♦✐♥t✸❞ P✸ ❂ ♣ ❬ P■♥❞❡① ❬ ✸ ❪ ❪ ✳ P ♦ s ✐ t ✐ ♦ ♥ ❀
✷✼ ❱❡❝t♦r✸❞ ❱✵✶ ❂ P✶ − P✵ ❀
✷✽ ❱❡❝t♦r✸❞ ❱✷✸ ❂ P✸ − P✷ ❀
✷✾ ❱❡❝t♦r✸❞ ❱✵✸ ❂ P✸ − P✵ ❀
✸✵ ❞♦✉❜ ❧❡ ❝✉ r r ❡ ♥ t❆♥❣ ❧ ❡ ❂ r ❡ s t❆♥❣ ❧ ❡ − ❱❡❝t♦r✸❞ ✳ ❱❡❝t♦ r❆♥❣ ❧ ❡ ✭−❱✵✶ ✱ ❱✷✸ ✮ ❀
✸✶ ❱❡❝t♦r✸❞ ♥ ❂ ❱❡❝t♦r✸❞ ✳ ❈r♦s sPr♦❞✉❝ t ✭−❱✵✶ ✱ ❱✷✸ ✮ ❀
✸✷

✸✸ ❱❡❝t♦r✸❞ s❤❡❛r❆ ❂ ❱❡❝t♦r✸❞ ✳ ❈r♦s sPr♦❞✉❝ t ✭−❱✵✶ ✱ ♥ ✮ ❀
✸✹ ❱❡❝t♦r✸❞ s❤❡❛r❇ ❂ ❱❡❝t♦r✸❞ ✳ ❈r♦s sPr♦❞✉❝ t ✭❱✷✸ ✱ ♥ ✮ ❀
✸✺ s❤❡❛r❆ ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✸✻ s❤❡❛r❇ ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✸✼ ❞♦✉❜ ❧❡ s❤❡❛r❆❱❛ ❧ ❂ ✭✷ ✳ ✵ ∗ ▼❛t❤ ✳ ❙ ✐♥ ✭ ❝ ✉ r r ❡ ♥ t❆♥❣ ❧ ❡ ✮ ✮ ✴ ✭❱✵✶ ✳ ▲❡♥❣t❤ ∗ ❱✵✸ ✳ ▲❡♥❣t❤ ✮ ❀
✸✽ ❞♦✉❜ ❧❡ s❤❡❛r❇❱❛ ❧ ❂ ✭✷ ✳ ✵ ∗ ▼❛t❤ ✳ ❙ ✐♥ ✭ ❝ ✉ r r ❡ ♥ t❆♥❣ ❧ ❡ ✮ ✮ ✴ ✭❱✷✸ ✳ ▲❡♥❣t❤ ∗ ❱✵✸ ✳ ▲❡♥❣t❤ ✮ ❀
✸✾ s❤❡❛r❆ ∗❂ s❤❡❛r❆❱❛ ❧ ❀
✹✵ s❤❡❛r❇ ∗❂ s❤❡❛r❇❱❛ ❧ ❀
✹✶

✹✷ ▼♦✈❡ ❬ ✵ ❪ ❂ s❤❡❛r❆ ❀
✹✸ ▼♦✈❡ ❬ ✶ ❪ ❂ −s❤❡❛r❆ ❀
✹✹ ▼♦✈❡ ❬ ✷ ❪ ❂ s❤❡❛r❇ ❀
✹✺ ▼♦✈❡ ❬ ✸ ❪ ❂ −s❤❡❛r❇ ❀
✹✻ ⑥
✹✼

✹✽ ♣ ✉ ❜ ❧ ✐ ❝ ♦ ✈ ❡ r r ✐ ❞ ❡ ♦❜ ❥ ❡ ❝ t ❖✉t♣✉t ✭ ▲ ✐ s t ❁❑❛♥❣❛r♦♦❙♦ ❧✈❡ r ✳ P ❛ r t ✐ ❝ ❧ ❡ ❃ ♣ ✮
✹✾ ④
✺✵ ✳ ✳ ✳
✺✶ ❞♦✉❜ ❧❡ ♠♦♠❡♥t ❂ ▼♦✈❡ ❬ ✵ ❪ ✳ ▲❡♥❣t❤ ∗ ❲❡✐❣❤t ✐♥❣ ❬ ✵ ❪ ∗ ❱✵✶ ✳ ▲❡♥❣t❤ ∗ ✶❡✸ ❀
✺✷ ❞♦✉❜ ❧❡ ❜ ❡♥❞ ✐ ♥ ❣❙ t r ❡ s s ❂ ✭♠♦♠❡♥t ∗ ③❉ ✐ s t ✮ ✴ ✐ ♥ ❡ r t ✐ ❛ ❀
✺✸ ❱❡❝t♦r✸❞ ♣ ❧❛♥❡❨❆① ✐ s ❂ −✭▼♦✈❡ ❬ ✶ ❪ ✰ ▼♦✈❡ ❬ ✷ ❪ ✮ ✴ ✷ ✳ ✵ ❀
✺✹ ❱❡❝t♦r✸❞ ♣ ❧❛♥❡❳❆① ✐ s ❂ ❱❡❝t♦r✸❞ ✳ ❈r♦s sPr♦❞✉❝ t ✭ ♣ ❧❛♥❡❨❆① ✐s ✱ ♥ ✮ ❀
✺✺ ♣ ❧❛♥❡❨❆① ✐ s ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✺✻ ♣ ❧❛♥❡❳❆① ✐ s ✳ ❯ ♥ ✐ t ✐ ③ ❡ ✭ ✮ ❀
✺✼ P❧❛♥❡ ♣ ❧ ❂ ♥❡✇ P❧❛♥❡ ✭P✶ ✱ ♣ ❧❛♥❡❳❆①✐ s ✱ ♣ ❧ ❛♥❡❨❆① ✐ s ✮ ❀
✺✽

✺✾ ✈❛ r ❉❛t❛ ❂ ♥❡✇ ❖❜❥❡❝t ❬ ✹ ❪ ④ P■♥❞❡① ❬ ✶ ❪ ✱ ♣ ❧ ✱ ♠♦♠❡♥t ∗ ✶❡−✻✱ ❜ ❡ ♥❞ ✐ ♥ ❣❙ t r ❡ s s ⑥ ❀
✻✵ r ❡ t ✉ r ♥ ❉❛t❛ ❀
✻✶ ⑥
✻✷ ⑥
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✹✳✹✳✺ ❊①❛♠♣❧❡✿ ❊❧❛st✐❝❛

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

✷✳✶✳✸ ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ s❤❛♣❡s ❛r❡ s✐♠✐❧❛r❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡♥❝❤♠❛r❦ st✉❞② ❜② ❆❞r✐❛❡♥ss❡♥s

❛♥❞ ❇❛r♥❡s ✭✶✾✾✾✮✳ ■♥ t❤✐s ❝❛s❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣❡♥❡r❛t❡ t❤❡ s❤❛♣❡s ❜② ❛♣♣❧②✐♥❣ ❢♦r❝❡s t♦

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

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

❛♥❞ ❛①✐❛❧ ❢♦r❝❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✹✳

❋✐❣✉r❡ ✹✳✹✳✹ ✕ ❊❧❛st✐❝❛ ❝✉r✈❡s ❣❡♥❡r❛t❡❞ ❜② ❑✷❊♥❣✐♥❡❡r✐♥❣ ❢♦r t❤❡ ❢♦✉r ❜✉❝❦❧❡❞ st❛t❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡
❣✐✈❡♥ ✐♥ ♠❡t❡rs

❚❛❜❧❡ ✹✳✹✳✷ s❤♦✇s t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ✇✐❞t❤✴❤❡✐❣❤t r❛t✐♦s ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❜❡♥❝❤♠❛r❦

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

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

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

r❛♥❣❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❛①✐♠✉♠ ❛①✐❛❧ ❢♦r❝❡s ❛♥❞ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ❛r❡ ❞✐r❡❝t❧② ❡①tr❛❝t❡❞

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

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

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

❙✐♠✐❧❛r t♦ t❤❡ st✉❞② ✐♥ ❙✉❜s❡❝t✐♦♥ ✷✳✶✳✸✱ t❤❡ s❡❝♦♥❞ ❜✉❝❦❧❡❞ st❛t❡ ✐s ✉s❡❞ ❛s ✐♥✐t✐❛❧ ❣❡♦♠❡tr②✱

♣✐♥♥❡❞ ❛t ❜♦t❤ ❡♥❞s ❛♥❞ s✉❜❥❡❝t❡❞ t♦ ❛ ✈❡rt✐❝❛❧ ♣♦✐♥t ❧♦❛❞ ♦❢ ✶✵ ❦◆ ❛t t❤❡ ♠✐❞❞❧❡✳ ❚❤❡ ❜❡❤❛✈✐♦✉r

✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♣r❡str❡ss ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳✺✳ ■♥ t❤❡ ❝❛s❡ ✇❤❡r❡ ♣r❡str❡ss ✐s ✐♥❝❧✉❞❡❞✱ t❤❡

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

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

✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ s✉♣❡r♣♦s✐t✐♦♥ ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✶✳✼
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❇✉❝❦❧❡❞ st❛t❡ ✶ ✷ ✸ ✹

❋♦r❝❡ ❬❦◆❪ ✶✵✳✹✽ ✶✷✳✻✼ ✶✽✳✹✻ ✸✾✳✹✽

①✴▲ ❞❡✈✐❛t✐♦♥ ❬✪❪ ✵✳✸ ✵✳✸ ✷✳✽ ✲✵✳✺

②✴▲ ❞❡✈✐❛t✐♦♥ ❬✪❪ ✲✵✳✾ ✲✵✳✶ ✵✳✵✷ ✵✳✶

◆ ♠❛① ❬❦◆❪ ✲✶✵✳✺ ✲✶✷✳✻ ✲✶✽✳✹ ✲✸✾✳✸

▼ ♠❛① ❬❦◆♠❪ ✷✶✳✽ ✹✺✳✷ ✼✹✳✷ ✶✷✸✳✼

❚❛❜❧❡ ✹✳✹✳✷ ✕ ❊❧❛st✐❝❛ ❝✉r✈❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ❞❡✈✐❛t✐♦♥ ✐s ♠❡❛s✉r❡❞ ✇✐t❤ r❡❣❛r❞ t♦ t❤❡
❜❡♥❝❤♠❛r❦ st✉❞② ❜② ❆❞r✐❛❡♥ss❡♥s ❛♥❞ ❇❛r♥❡s ✭✶✾✾✾✮ ❛s ♦✉t❧✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✷

✭❜♦tt♦♠✮✮✱ ✇❤✐❝❤ ❡♠♣❤❛s✐s❡ t❤❛t t❤✐s ✐s ❛♥ ❛♣♣r♦♣r✐❛t❡ ♠❡t❤♦❞ t♦ ✐♥❝❧✉❞❡ t❤❡ ♣r❡str❡ss ❡✛❡❝t

✐❢ ❛ st❛♥❞❛r❞ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ✐s ✉s❡❞✳ ■♥ t❤❡ ❝❛s❡ ✇❤❡r❡ ♣r❡str❡ss ✐s ♥♦t ✐♥❝❧✉❞❡❞✱ t❤❡

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

r❡s✉❧ts ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✶✳✼ ✭♠✐❞❞❧❡✮✮✳ ❚❤❡ s♠❛❧❧ ❞❡✈✐❛t✐♦♥ ✐♥ ❜♦t❤ ❝❛s❡s ✐s ❞✉❡ t♦ t❤❡

s❤❛♣❡ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ t✇♦ ❢♦r♠✲✜♥❞✐♥❣ ♠❡t❤♦❞s✳

❲❤✐❧st t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ s✉♣❡r♣♦s✐t✐♦♥ ✐s ✉s❡❢✉❧ t♦ t❛❦❡ t❤❡ ♣r❡str❡ss ❡✛❡❝t ✐♥t♦ ❛❝❝♦✉♥t ✇✐t❤

r❡❣❛r❞ t♦ t❤❡ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❞❡✢❡❝t✐♦♥ ✐s ✐❣♥♦r❡❞✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱

t❤❡ ♣r❡str❡ss ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ✐♥❝r❡❛s✐♥❣ t❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ str✉❝t✉r❡ ✭✹✻ ♠♠

❝♦♠♣❛r❡❞ t♦ ✹✷ ♠♠ ❛t t❤❡ t♦♣✮✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s ♦♣♣♦s✐t❡ t♦ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♠❛❞❡ ❢r♦♠ t❤❡

❑❛r❛♠❜❛ ❛♥❛❧②s✐s ✇❤❡r❡ ♣r❡str❡ss ✇❛s ❛tt❡♠♣t❡❞ t♦ ❜❡ ♠♦❞❡❧❧❡❞ ❛s ❛♥ ❡①t❡r♥❛❧ ❧♦❛❞ ✭r❡❢❡rr✐♥❣ t♦

❙✉❜s❡❝t✐♦♥ ✷✳✷✳✸✮✳ ❍❡r❡ t❤❡ ♣r❡str❡ss ✇❛s r❡s♣♦♥s✐❜❧❡ ❢♦r ❞❡❝r❡❛s✐♥❣ t❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t

t♦ ✸✸ ♠♠ ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✷✳✺✮✳ ❚❤❡ ♠❡t❤♦❞ ✉s❡❞ ❢♦r t❤❡ ❆t♠❡t✉r❡ ♣r♦❥❡❝t t❤❡r❡❢♦r❡ s❡❡♠s

✐♥❛❞❡q✉❛t❡ t♦ ♠✐♠✐❝ t❤❡ ❡✛❡❝t ♦❢ ♣r❡str❡ss ♦♥ t❤❡ ❞❡✢❡❝t✐♦♥s✳

❋✐❣✉r❡ ✹✳✹✳✺ ✕ ❊❧❛st✐❝❛ ❜❡❤❛✈✐♦✉r ✇✐t❤ ✭❧❡❢t✮ ❛♥❞ ✇✐t❤♦✉t ✭r✐❣❤t✮ ♣r❡str❡ss ❛♥❞ ❛ ♣♦✐♥t ❧♦❛❞ ♦❢ ✶✵ ❦◆ ❛♣♣❧✐❡❞ ❛t
t❤❡ ♠✐❞❞❧❡

52



Chapter 4: K2Engineering

✹✳✺ ●♦❛❧ ❧✐♠✐t❛t✐♦♥s ❛♥❞ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥ts

✹✳✺✳✶ ❇✐❛①✐❛❧ ❜❡♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥

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

❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡ s❡❣♠❡♥ts ✐♥ ♦r❞❡r t♦ ♠✐♠✐❝ ❜❡♥❞✐♥❣ ✐♥ ❛ ✸ ❉♦❋ s②st❡♠✳ ❚❤❡ ❜❡♥❞✐♥❣ r❡s✐st❛♥❝❡

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

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

✏r❡s✉❧t✐♥❣ ♠♦♠❡♥ts✑ r❛t❤❡r t❤❛♥ t❤❡ ♠♦♠❡♥ts r❡❧❛t❡❞ t♦ t❤❡ t✇♦ ❝r♦ss s❡❝t✐♦♥ ❛①❡s✳ ❇✉t s✐♥❝❡

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

♥♦t ❛ ♣r♦❜❧❡♠✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t✐❝❡ t❤❛t t❤✐s ❞❡✜♥✐t✐♦♥ ❞♦❡s ♥♦t t❛❦❡ t♦rs✐♦♥ ✐♥t♦

❛❝❝♦✉♥t✳

❲❤❡♥ r❡❝t❛♥❣✉❧❛r ❝r♦ss s❡❝t✐♦♥s ❛r❡ ✉s❡❞✱ t❤✐s ❜❡♥❞✐♥❣ ❞❡✜♥✐t✐♦♥ ✐s ♥♦ ❧♦♥❣❡r s✉✣❝✐❡♥t ❜❡❝❛✉s❡

✐t ❞♦❡s ♥♦t ♣r♦♣❡r❧② ❛❝❝♦✉♥t ❢♦r t❤❡ ❛♥✐s♦tr♦♣✐❝ ❜❡❤❛✈✐♦✉r ❞✉❡ t♦ t❤❡ ❧❛❝❦ ♦❢ ♦r✐❡♥t❛t✐♦♥s ✐♥ ❛

✸ ❉♦❋ s②st❡♠✳ ■♥ ❛♥ ❛tt❡♠♣t t♦ ❛❞❞r❡ss t❤✐s s❤♦rt❝♦♠✐♥❣✱ ❇❛r♥❡s ❡t ❛❧✳ ✭✷✵✶✸✮ ❤❛✈❡ ❡①t❡♥❞❡❞

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

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

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

❡❧❡♠❡♥ts✳

▼♦r❡ ❛❞✈❛♥❝❡❞ ♠❡t❤♦❞s t♦ ♠♦❞❡❧ ❜✐❛①✐❛❧ ❜❡♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡

❝♦♠♣✉t❡r ✐♥❞✉str② t♦ ❡✳❣ s✐♠✉❧❛t❡ r♦♣❡s ❛♥❞ ❤❛✐r ✭❯♠❡t❛♥✐ ❡t ❛❧✳✱ ✷✵✶✹✮ ✭●r✐♥s♣✉♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳

▼♦r❡ r❡❝❡♥t❧② t❤✐s ❛♣♣r♦❛❝❤ ❤❛s ♠❛❞❡ ✐ts ✇❛② t♦ t❤❡ ❜✉✐❧❞✐♥❣ ✐♥❞✉str② ❢♦r t❤❡ ❢♦r♠✲✜♥❞✐♥❣

♦❢ ❡❧❛st✐❝ ❣r✐❞s❤❡❧❧s ♠❛❞❡ ❢r♦♠ r❡❝t❛♥❣✉❧❛r ❝r♦ss s❡❝t✐♦♥s ✭P❡❧♦✉① ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ❞✐✛❡r❡♥t

✈❛r✐❛t✐♦♥s ❛r❡ ❛❧❧ ❜❛s❡❞ ♦♥ ❛ ❝✉r✈❡✲❛♥❣❧❡ r❡♣r❡s❡♥t❛t✐♦♥ t♦ r❡❞✉❝❡ t❤❡ s②st❡♠ ❢r♦♠ ✻ ❉♦❋ t♦ ✹

❉♦❋ ❛♥❞ r❡q✉✐r❡ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦r✐❡♥t❛t✐♦♥ ❛❧♦♥❣ t❤❡ r♦❞ ❡❧❡♠❡♥t ❡✐t❤❡r

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

❛ ③❡r♦✲t✇✐st✐♥❣ ❢r❛♠❡ ✭❛❧s♦ ❦♥♦✇♥ ❛s ❛ ❇✐s❤♦♣ ❢r❛♠❡✮ ❛❧♦♥❣ t❤❡ ❝❡♥tr❡❧✐♥❡ ♦❢ t❤❡ r♦❞✱ ✇❤✐❝❤

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

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

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

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

✐s ♠♦r❡ ❞✐✣❝✉❧t t♦ tr❛♥s❧❛t❡ ✐♥t♦ ♠♦✈❡ ✈❡❝t♦rs ❛♥❞ t❤❡ ♠❛t❤ ❜❡❤✐♥❞ t❤✐s ✐s ✈❡r② ❛❞✈❛♥❝❡❞ ❛♥❞

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

❜❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤✐s ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ ✐♥ t❤❡ ❢✉t✉r❡✳ ❆❧t❡r♥❛t✐✈❡❧②✱

✐t ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ❜② ❖❧ss♦♥ ✭✷✵✶✷✮ ✇❤❡♥ ❑❛♥❣❛r♦♦✷ ✐s

❡①t❡♥❞❡❞ t♦ ❛ ✻ ❉♦❋ s②st❡♠✳

✹✳✺✳✷ ❈♦♥st❛♥t str❛✐♥ tr✐❛♥❣❧❡

❆ ♥❛t✉r❛❧ ♥❡①t st❡♣ ✐s ❛❧s♦ t♦ ✐♠♣❧❡♠❡♥t ❛ ❝♦♥st❛♥t str❛✐♥ tr✐❛♥❣❧❡ ❣♦❛❧ ✭❈❙❚✮✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞

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

♠♦r❡ ❞✐r❡❝t ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✇❛r♣ ❛♥❞ ✇❡❢t ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❇♦t❤ ❢♦r♠✲✜♥❞✐♥❣

❛♥❞ ❛♥❛❧②s✐s ♠❡t❤♦❞s ❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❇❛r♥❡s ✭✶✾✾✾✮✳

✹✳✻ ❈♦♥✈❡r❣❡♥❝❡

❈♦♥✈❡r❣❡♥❝❡ ✐♠♣❧✐❡s t❤❛t t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ s②st❡♠ ✐s s♦ s♠❛❧❧ t❤❛t ✐t ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ t♦

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

♦❢ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣②✳ ■♥ ♠♦st ❝❛s❡s✱ ❛ ✈❛❧✉❡ ♦❢ 1 · 10−15 ❤❛s ♣r♦✈❡♥ t♦ ❜❡ s✉✣❝✐❡♥t ✐♥ ♦r❞❡r t♦

♦❜t❛✐♥ r❡s✉❧ts t❤❛t ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥s ♦r r❡s✉❧ts ❢r♦♠ ♦t❤❡r ✜♥✐t❡ ❡❧❡♠❡♥t

s♦❢t✇❛r❡ ✭r❡❢❡rr✐♥❣ t♦ ❆♣♣❡♥❞✐① ❆✮✳ ❚❤❡ r❡❛❝t✐♦♥ ❢♦r❝❡s ❛r❡ s♦♠❡t✐♠❡s ❛ ❜✐t ♠♦r❡ s❡♥s✐t✐✈❡ t♦ t❤❡

t❤r❡s❤♦❧❞ ✈❛❧✉❡ ❞✉❡ t♦ t❤❡✐r ❤✐❣❤ st✐✛♥❡ss ✈❛❧✉❡s✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s ♥♦t✐❝❡❛❜❧❡ ✐❢ t❤❡ ♠❛①✐♠✉♠

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

♦t❤❡r✳ ■♥ t❤❛t ❝❛s❡✱ ✐t ✐s ✉s❡❢✉❧ t♦ r❡❞✉❝❡ t❤❡ ❝♦♥✈❡r❣❡♥❝❡ t❤r❡s❤♦❧❞ t♦ 1 · 10−20✳ ❚❤❡ r❛t✐♦

❜❡t✇❡❡♥ t❤❡ s✉♠ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ❡①t❡r♥❛❧ ❧♦❛❞s ❛♥❞ t❤❡ r❡❛❝t✐♦♥ ❢♦r❝❡s ✭✇❤✐❝❤ s❤♦✉❧❞ ❡q✉❛❧ ✶✳✵✮

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

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

st✐✛♥❡ss ❛r❡ ❝♦♠❜✐♥❡❞✳ ■♥ ❦❛♥❣❛r♦♦✷ t❡r♠✐♥♦❧♦❣②✱ t❤✐s ✐s r❡❢❡rr❡❞ t♦ ❛s s♦❢t ❛♥❞ ❤❛r❞ ❝♦♥str❛✐♥ts

✭P✐❦❡r✱ ✷✵✶✺❝✮✳ ❯♥❧❡ss t❤❡ ❝r♦ss s❡❝t✐♦♥ ♣r♦✜❧❡ ✐s s♠❛❧❧✱ t❤❡ ❜❡♥❞✐♥❣ st✐✛♥❡ss EI ✇✐❧❧ ❜❡ ♠✉❝❤

❧❛r❣❡r t❤❛♥ t❤❡ ❛①✐❛❧ st✐✛♥❡ss EA✳ ■♥ t❤❛t ❝❛s❡✱ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡ ❝♦♥✈❡r❣❡♥❝❡

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

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

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

✐s ✉♥❞❡s✐r❛❜❧❡✳

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

✈✐♦✉r r❡❧❛t❡❞ t♦ t❤❡ ❝❤♦s❡♥ ♠♦❞❡❧ s❝❛❧❡✳ ❆t ✜rst t❤❡ ♠♦❞❡❧ s❝❛❧❡ ✇❛s ❝❤♦s❡♥ t♦ ❜❡ ✐♥ ♠✐❧❧✐♠❡tr❡s

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

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

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

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

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

s❝❛❧❡ t♦ ♠❡tr❡s ✐♥st❡❛❞✳ ❋♦r ❝♦♥✈❡♥✐❡♥❝❡✱ t❤❡ ✉♥✐ts ❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ♠❛t❡r✐❛❧ ♣r♦♣❡r✲

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

❝♦♠♣♦♥❡♥t✳

✹✳✼ ❙tr❡ss s✉♠♠❛t✐♦♥

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

♦♣❡r❛t❡ ♦♥ t❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❣♦❛❧s✳ ❚❤❡ s✉♠♠❛t✐♦♥ ♦❢ ❛①✐❛❧ ❛♥❞ ❜❡♥❞✐♥❣ str❡ss❡s ✐s ♦♥❡ s✉❝❤
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❢✉♥❝t✐♦♥❛❧✐t②✱ ✇❤✐❝❤ ✐s ♥❡❝❡ss❛r② t♦ ✈❡r✐❢② t❤❛t ❛ ❜❡❛♠ ❤❛s s✉✣❝✐❡♥t ❧♦❛❞ ❜❡❛r✐♥❣ ❝❛♣❛❝✐t②✳ ❚❤❡

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

✈❛r✐❡s ❧✐♥❡❛r❧② ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✳✶✳ ❚❤❡ t♦t❛❧ str❡ss ✈❛❧✉❡ ✐s t❤❡r❡❢♦r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡

s✉♠♠❛t✐♦♥ ♦❢ t❤❡ ❛①✐❛❧ str❡ss ❛♥❞ t❤❡ ❜❡♥❞✐♥❣ str❡ss ❛t t❤❡ ♦✉t❡r ✜❜r❡✳

❋✐❣✉r❡ ✹✳✼✳✶ ✕ ❙✉♠♠❛t✐♦♥ ♦❢ ❛①✐❛❧ ❛♥❞ ❜❡♥❞✐♥❣ str❡ss❡s

✹✳✼✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥

❚❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ t♦t❛❧ str❡ss ✈❛❧✉❡ ✐s str❛✐❣❤t ❢♦r✇❛r❞ ❜✉t s✐♥❝❡ t❤❡ ❜❡♥❞✐♥❣ str❡ss ✐s

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

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

❝♦rr❡❝t r❡s✉❧ts✳ ■t ✐s ✐♠♣♦rt❛♥t t❤❛t ✐♥t❡rs❡❝t✐♥❣ r♦❞s ❛r❡ s❡♣❛r❛t❡❞ ✐♥t♦ ❞✐✛❡r❡♥t ❜r❛♥❝❤❡s ✐♥ ❛

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

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

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

♠❛①✐♠✉♠ ✈❛❧✉❡ ❛♥❞ ❛❞❞ t❤❛t t♦ t❤❡ ❛①✐❛❧ str❡ss✳ ❆❜s♦❧✉t❡ ✈❛❧✉❡s ❛r❡ ✉s❡❞ s✐♥❝❡ t❤❡ ❜❡♥❞✐♥❣

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

✐♥ ❚❛❜❧❡ ✹✳✼✳✶✳

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

❙t❛rt ♣❛rt✐❝❧❡ ✐♥❞❡① ✭❜❛r✮ ❚♦t❛❧ str❡ss ❬▼P❛❪
❊♥❞ ♣❛rt✐❝❧❡ ✐♥❞❡① ✭❜❛r✮
❆①✐❛❧ str❡ss ❬▼P❛❪
❙❤❛r❡❞ ♣❛rt✐❝❧❡ ✐♥❞❡① ✭r♦❞✮
❇❡♥❞✐♥❣ str❡ss ❬▼P❛❪

❚❛❜❧❡ ✹✳✼✳✶ ✕ ■♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ t❤❡ str❡ss s✉♠♠❛t✐♦♥ ❝♦♠♣♦♥❡♥t

✹✳✽ ◆♦♥✲❧✐♥❡❛r ❜✉❝❦❧✐♥❣

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

✐s ❛♥ ✐♥st❛❜✐❧✐t② ♠♦❞❡ ❢♦r ❛ str✉❝t✉r❛❧ ♠❡♠❜❡r ✐♥ ❝♦♠♣r❡ss✐♦♥✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ s✉❞❞❡♥ ❢❛✐❧✉r❡
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❜❡❢♦r❡ t❤❡ ✉❧t✐♠❛t❡ ❝♦♠♣r❡ss✐♦♥ str❡♥❣t❤ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✐s r❡❛❝❤❡❞✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ✐s ❝❤❛r❛❝t❡r✲

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

t♦ ❛s t❤❡ ❜✐❢✉r❝❛t✐♦♥ ♣♦✐♥t✳ ■♥ t❤❡ ❝♦♥t❡①t ♦❢ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ str✉❝t✉r❡s✱ ✇❤❡r❡ t❤❡ ♠❡♠❜❡rs

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

t♦ ❜❡ ❛❜❧❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❜✉❝❦❧✐♥❣ ❝❛♣❛❝✐t②✳ ❊s♣❡❝✐❛❧❧② s✐♥❝❡ ❜✉❝❦❧✐♥❣ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ t❤❡

❞♦♠✐♥❛♥t ❢❛✐❧✉r❡ ♠♦❞❡ ❢♦r r❡t✐❝✉❧❛t❡❞ s❤❡❧❧s ✭▼❛❧❡❦✱ ✷✵✶✷✮✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ✐♥t❡r❡st✐♥❣ t♦

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

❋✐❣✉r❡ ✹✳✽✳✶ s❤♦✇s ❛ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ st❡❡❧ r✐❜❜♦♥ ♣❧❛❝❡❞ ✐♥ ❛ ❧❛✇♥ ✇✐t❤ ❝✉r✐♦✉s ❣♦❛ts ❝❤❛❧❧❡♥❣✐♥❣

✐ts st❛❜✐❧✐t② ❜② ❥✉♠♣✐♥❣ ✉♣ ❛♥❞ ❞♦✇♥ ♦♥ ✐t✳ ❚❤❡ ✐♠❛❣❡ ✐s ❡①tr❛❝t❡❞ ❢r♦♠ ❛ ❨♦✉❚✉❜❡ ✈✐❞❡♦

✭▼✉rs✱ ✷✵✶✹✮ ❢r♦♠ ✇❤✐❝❤ ✐t ✐s ❡✈✐❞❡♥t t❤❛t t❤❡ ♣r❡str❡ss ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ❜❡♥❞✐♥❣ ♦❢ t❤❡ r✐❜❜♦♥

r❡s✉❧ts ✐♥ ❛ ✈❡r② ❞✉❝t✐❧❡ ❛♥❞ ❜♦✉♥❝② ❜❡❤❛✈✐♦✉r ✇❤❡r❡ t❤❡ r✐❜❜♦♥ ❜✉❝❦❧❡s ✐♥t♦ ❞✐✛❡r❡♥t s❤❛♣❡s

❜✉t r❡st♦r❡s ✐ts ✐♥✐t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ❛❢t❡r✇❛r❞s ✭❤❡❧♣❡❞ ❜② t❤❡ ❣r♦✉♥❞✮✳

❋✐❣✉r❡ ✹✳✽✳✶ ✕ ●♦❛ts ❜❛❧❛♥❝✐♥❣ ♦♥ ❛ ✢❡①✐❜❧❡ st❡❡❧ r✐❜❜♦♥ ✭▼✉rs✱ ✷✵✶✹✮

❚❤❡ ❜✉❝❦❧✐♥❣ ❝❛♣❛❝✐t② ✐s t②♣✐❝❛❧❧② q✉❛♥t✐✜❡❞ ❜② ♠❡❛♥s ♦❢ ❛ ❜✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦r ✭❇▲❋✮✱ ✇❤✐❝❤

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

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

♣r♦❜❧❡♠ ♦❢ t❤❡ s②st❡♠✬s st✐✛♥❡ss ♠❛tr✐①✱ ✇❤✐❝❤ ✐s ❡✐t❤❡r ✐♥❝r❡❛s❡❞ ♦r ❞❡❝r❡❛s❡❞ ❜② ❛ ❣❡♦♠❡tr✐❝

st✐✛♥❡ss ♠❛tr✐① ❜❛s❡❞ ♦♥ t❤❡ ✐♥✐t✐❛❧ str❡ss st❛t❡✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❞❡❢♦r♠❡❞ s❤❛♣❡ ✐s ♥♦t

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

✭❈♦♦❦✱ ✶✾✾✺✮✳ ❚❤❡ ❜✉❝❦❧✐♥❣ ♠♦❞❡s ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ♦♥❧② ❤✐❣❤❧✐❣❤t t❤❡ ♣r♦❜❧❡♠❛t✐❝ ❛r❡❛s ❜✉t

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

❛ ❝❡rt❛✐♥ ♠♦❞❡ ✐s✳ ❚❤❡ ♠❡t❤♦❞ ✐s ❤♦✇❡✈❡r ✇✐❞❡❧② ✉s❡❞ ❞✉❡ t♦ ✐ts s✐♠♣❧✐❝✐t②✳ ❚❤❡ ♥♦♥✲❧✐♥❡❛r

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

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

s♣❡❝✐✜❝❛t✐♦♥ ♦❢ s❡✈❡r❛❧ ♣❛r❛♠❡t❡rs t❤❛t ❛❧❧ ❤❛✈❡ ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ r❡s✉❧t✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡

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

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

❝r✐t✐❝❛❧ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ✐s ❢♦r ❝❡rt❛✐♥ ❧♦❛❞ ❢❛❝t♦rs✳

❚❤❡ ❑❛r❛♠❜❛ ♣❧✉❣✲✐♥ ❝♦♥t❛✐♥s ❛ ❜✉❝❦❧✐♥❣ ♠♦❞❡s ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ ✐♠♣❧❡♠❡♥ts t❤❡ ❧✐♥❡❛r ❜✉❝❦✲

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

t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❜✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦rs✳ ❚❤✐s ♦❢t❡♥ ❧❡❛❞s t♦ t❤❡ ♠✐s✉♥❞❡rst❛♥❞✐♥❣ t❤❛t ❑❛r❛♠❜❛

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

❝❛s❡ r❡❢❡rs t♦ t❤❡ ✐t❡r❛t✐✈❡ ❛♣♣r♦❛❝❤ t❤❛t ✐s ♥❡❝❡ss❛r② t♦ ♣❡r❢♦r♠ ❛♥ ❡✐❣❡♥❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡

st✐✛♥❡ss ♠❛tr✐① r❛t❤❡r t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s t♦ r❡❛❝❤ ❡q✉✐❧✐❜r✐✉♠ ✐♥ ❡❛❝❤ ❧♦❛❞ ✐♥❝r❡♠❡♥t✳

❖♥❡ ♦❢ t❤❡ ❞✐s❛❞✈❛♥t❛❣❡s ✇✐t❤ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❑❛r❛♠❜❛ ✐s t❤❛t ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t

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

❛♥❞ ✐t ❛❧s♦ ♠❛❦❡s ✐t ✐♠♣♦ss✐❜❧❡ t♦ ❡✳❣✳ ✐❣♥♦r❡ t❤❡ ✜rst ❜✉❝❦❧✐♥❣ ♠♦❞❡ ✇❤✐❝❤ ♠❛② ❜❡ ✈❡r② ❧♦❝❛❧✳

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

♦❢ ♦✉t♣✉tt✐♥❣ ❜✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦rs ❧❡ss t❤❛♥ ✶✳✵✳

❚❤❡ ♥♦♥✲❧✐♥❡❛r s♦❧✉t✐♦♥ str❛t❡❣② ♠❛❦❡s ❞②♥❛♠✐❝ r❡❧❛①❛t✐♦♥ ❛ ✉s❡❢✉❧ t❡❝❤♥✐q✉❡ ❛♥❞ ❤❡♥❝❡ ♣♦✐♥ts

t♦✇❛r❞s ❑❛♥❣❛r♦♦✷ ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ●r❛ss❤♦♣♣❡r✳ ❚❤❡ ❛✉t❤♦r ❤❛s ♣r❡✈✐♦✉s❧② ✐♠♣❧❡✲

♠❡♥t❡❞ s✉❝❤ ♥♦♥✲❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ ●r❛ss❤♦♣♣❡r ✉s✐♥❣ ❑❛♥❣❛r♦♦✷ ✭❇r❛♥❞t✲

❖❧s❡♥✱ ✷✵✶✺✮ ❜✉t t❤✐s ❞❡✈❡❧♦♣♠❡♥t ♦♥❧② ❢♦❝✉s❡❞ ♦♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❝♦♥t✐♥✉♦✉s s❤❡❧❧s ❛♥❞

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

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

❧♦✇✐♥❣✳

✹✳✽✳✶ ■♠♣❧❡♠❡♥t❛t✐♦♥

❚❤❡ ♣r♦❝❡❞✉r❡ ❛s ♦✉t❧✐♥❡❞ ✐♥ ❇r❛♥❞t✲❖❧s❡♥ ✭✷✵✶✺✮ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❛ s❡♣❛r❛t❡ ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s

●r❛ss❤♦♣♣❡r ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ ✉t✐❧✐s❡s t❤❡ ♣♦ss✐❜✐❧✐t② t♦ s❝r✐♣t t❤❡ ❑❛♥❣❛r♦♦✷ s♦❧✈❡r✳ ❚❤❡

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

❢♦r ❛♥② ❦✐♥❞ ♦❢ str✉❝t✉r❡ ❜② ❞❡✜♥✐♥❣ t❤❡ ✐♥♣✉t ❛s ❛ ❧✐st ♦❢ ♣❡r♠❛♥❡♥t ❑❛♥❣❛r♦♦✷✴❑✷❊♥❣✐♥❡❡r✐♥❣

❣♦❛❧s ✭✏P●♦❛❧s✑✮ ❛♥❞ ❛ ❧✐st ♦❢ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❧♦❛❞ ❣♦❛❧s ✭✏▲●♦❛❧s✑✮✳ ❚❤❡ ♣❡r♠❛♥❡♥t ❣♦❛❧s ❞❡s❝r✐❜❡

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

t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚❤❡② ❝❛♥ ❜❡ ❜♦t❤ ♥❛t✐✈❡ ❑❛♥❣❛r♦♦✷ ❣♦❛❧s ♦r t❤❡ ❝❛❧✐❜r❛t❡❞ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❣♦❛❧s✳

❚❤❡ ❧♦❛❞ ❣♦❛❧s ❛r❡ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ ❝♦♥t✐♥✉♦✉s❧② s❝❛❧❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ st❛rt ❧♦❛❞ ❢❛❝t♦r

✭✏▲❋❙t❛rt✑✮ ❛♥❞ t❤❡ st❡♣ s✐③❡ ✭✏▲❋❙t❡♣✑✮✳ ❉✉r✐♥❣ ❡❛❝❤ ❧♦❛❞ ✐♥❝r❡♠❡♥t✱ t❤❡ ❑❛♥❣❛r♦♦✷ s♦❧✈❡r

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

❞❡✜♥❡❞ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ✭✏t❤r❡s✑✮✳ ❚❤❡ ✉♣❞❛t❡❞ ♣♦s✐t✐♦♥s ❛r❡ s✉❜s❡q✉❡♥t❧② ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡

❘▼❙ ✈❛❧✉❡ ♦❢ ❛❧❧ t❤❡ ♥♦❞❛❧ ❞✐s♣❧❛❝❡♠❡♥ts ❛♥❞ ❢r♦♠ t❤❛t ❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r ❜✉❝❦❧✐♥❣ ♦❝❝✉rs ♦r

t❤❡ s✐♠✉❧❛t✐♦♥ s❤❛❧❧ ❝♦♥t✐♥✉❡✳ ❚❤❡ ❜✉❝❦❧✐♥❣ ❝r✐t❡r✐❛ ✐s ❞❡✜♥❡❞ ❢r♦♠ ❛♥ ❛♥❣❧❡ ✈❛❧✉❡ ✭✏❛❧❢❛✑✮ r❡❧❛t❡❞

t♦ t❤❡ ❣r❛❞✐❡♥t ♦❢ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❛♥❞ ❛ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ✈❛❧✉❡ ✭✏❞▼❛①✑✮✱

✇❤✐❝❤ ✐s ✉s❡❢✉❧ ✐❢ t❤❡ str✉❝t✉r❡ ❡①❤✐❜✐ts ❛ ✈❡r② ❞✉❝t✐❧❡ ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ❝♦♠♣♦♥❡♥t ♦✉t♣✉ts t❤❡
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♦✈❡r❛❧❧ ❜✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦r✱ ❛❧❧ t❤❡ ♣r❡❝❡❞✐♥❣ ❧♦❛❞ ❢❛❝t♦rs✱ ❞✐s♣❧❛❝❡♠❡♥t ❘▼❙ ✈❛❧✉❡s✱ ✈❡rt✐❝❡s

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

❚❤❡ ❝♦❞❡ ❜❡❤✐♥❞ t❤✐s ♥♦♥✲❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ❝♦♠♣♦♥❡♥t ✐s ❛✈❛✐❧❛❜❧❡ ♦♥ ●✐t❤✉❜ ✭❇r❛♥❞t✲

❖❧s❡♥✱ ✷✵✶✻✮ ❛♥❞ ❛ s✐♠♣❧❡ ❡①❛♠♣❧❡ ♦❢ ❝♦❧✉♠♥ ❜✉❝❦❧✐♥❣ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳

●❍ ❈♦♠♣♦♥❡♥t ■♥♣✉t ❖✉t♣✉t

P❡r♠❛♥❡♥t ❑✷ ❣♦❛❧s ❇✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦r
❑✷❊♥❣ ❧♦❛❞ ❣♦❛❧s ▲♦❛❞ ❢❛❝t♦rs
❙t❛rt ❧♦❛❞ ❢❛❝t♦r ❉✐s♣❧❛❝❡♠❡♥t ❘▼❙ ✈❛❧✉❡s ❬♠❪
▲♦❛❞ ❢❛❝t♦r st❡♣ s✐③❡ ❱❡rt✐❝❡s
❆♥❣❧❡ ❝r✐t❡r✐❛[o] ●♦❛❧ ♦✉t♣✉t
▼❛① ❞✐s♣❧❛❝❡♠❡♥t ❝r✐t❡r✐❛ ❬♠❪
❊q✉✐❧✐❜r✐✉♠ t❤r❡s❤♦❧❞
❖✉t♣✉t ♦♣t✐♦♥
✭❚r✉❡✿ ♦✉t♣✉t ❛❧❧✮

❚❛❜❧❡ ✹✳✽✳✶ ✕ ❚❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❢r♦♠ t❤❡ ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ❝♦♠♣♦♥❡♥t

✹✳✽✳✷ ❊①❛♠♣❧❡✿ ❊❧❛st✐❝❛ ❜✉❝❦❧✐♥❣ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♣r❡str❡ss

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

❛s ❡✐t❤❡r ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ✭✇✐t❤ ♣r❡str❡ss✮ ♦r ❢❛❜r✐❝❛t❡❞ ❝✉r✈❡❞ ❡❧❡♠❡♥ts ✭✇✐t❤♦✉t ♣r❡str❡ss✮ ❛♥❞

s✉❜❥❡❝t❡❞ t♦ t❤r❡❡ ❞✐✛❡r❡♥t ❧♦❛❞ s❝❡♥❛r✐♦s✳ ❚❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡s ❛r❡ ♠❛❞❡ ❢r♦♠ ❛ ●❋❘P ✭❣❧❛ss

✜❜r❡ r❡✐♥❢♦r❝❡❞ ♣♦❧②♠❡r✮ ♠❛t❡r✐❛❧ ❛♥❞ ❛❧❧ ❤❛✈❡ t❤❡ s❛♠❡ t♦t❛❧ ❧❡♥❣t❤ ♦❢ ✸✳✵ ♠ ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t

❧❡♥❣t❤✴❤❡✐❣❤t r❛t✐♦s ✐♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝✉r✈❛t✉r❡ ♦♥ t❤❡ ❜✉❝❦❧✐♥❣ ❝❛♣❛❝✐t② ❛s

✇❡❧❧✳ ❚❛❜❧❡ ✹✳✽✳✷ s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣ ❛♥❞ ❋✐❣✉r❡ ✹✳✽✳✷ ✐❧❧✉str❛t❡s

t❤❡ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✱ ✇❤✐❝❤ ✐♥ t♦t❛❧ r❡s✉❧t ✐♥ ✶✽ ❝❛s❡s t❤❛t ❛r❡ ✐♥✈❡st✐❣❛t❡❞✳

❊❧❛st✐❝❛ ▲❡♥❣t❤✭①✮ ❍❡✐❣❤t✭②✮ ❙❡❣♠❡♥t ❉✐❛♠❡t❡r ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❯❉▲ P✭▲✴✷✮ P✭▲✴✸✮

✶ ✷✳✼✺ ♠ ✵✳✺✹ ♠ ✺✵ ♠♠ ✽ ♠♠ ✹✺ ✵✵✵ ▼P❛ ✺ ◆✴♠ ✷ ◆ ✷ ◆

✷ ✷✳✺✵ ♠ ✵✳✼✷ ♠

✸ ✷✳✵✵ ♠ ✵✳✾✽ ♠

❚❛❜❧❡ ✹✳✽✳✷ ✕ ❚❤❡ ♣r♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❜✉❝❦❧✐♥❣ st✉❞② ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s

❚❤❡ r❡s✉❧ts ❢r♦♠ ❡❛❝❤ ♦❢ t❤❡ ✶✽ ❝❛s❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✽✳✸✱ ❋✐❣✉r❡ ✹✳✽✳✹ ❛♥❞ ❋✐❣✉r❡ ✹✳✽✳✺✳

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

❑❛♥❣❛r♦♦✷ ✐♥ ❛♥ ❛tt❡♠♣t t♦ ✐♥❝r❡❛s❡ t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❑❛♥❣❛r♦♦✷ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✭❡✈❡♥

t❤♦✉❣❤ t❤❡② ❛r❡ ❜❛s❡❞ ♦♥ t✇♦ ❞✐✛❡r❡♥t ♠❡t❤♦❞s✮✳
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❋✐❣✉r❡ ✹✳✽✳✷ ✕ ❉✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♣r❡str❡ss
❢r♦♠ ❜❡♥❞✐♥❣

❋✐❣✉r❡ ✹✳✽✳✸ ✕ ❇✉❝❦❧✐♥❣ ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s ✇✐t❤♦✉t ✭❧❡❢t✮ ❛♥❞ ✇✐t❤ ✭r✐❣❤t✮ ♣r❡str❡ss ❢r♦♠ ❜❡♥❞✐♥❣ ❛♥❞ s✉❜❥❡❝t❡❞
t♦ ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞

59



Chapter 4: K2Engineering

❋✐❣✉r❡ ✹✳✽✳✹ ✕ ❇✉❝❦❧✐♥❣ ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s ✇✐t❤♦✉t ✭❧❡❢t✮ ❛♥❞ ✇✐t❤ ✭r✐❣❤t✮ ♣r❡str❡ss ❢r♦♠ ❜❡♥❞✐♥❣ ❛♥❞ s✉❜❥❡❝t❡❞
t♦ ❛ s②♠♠❡tr✐❝ ♣♦✐♥t ❧♦❛❞

❋✐❣✉r❡ ✹✳✽✳✺ ✕ ❇✉❝❦❧✐♥❣ ♦❢ ❡❧❛st✐❝❛ ❝✉r✈❡s ✇✐t❤♦✉t ✭❧❡❢t✮ ❛♥❞ ✇✐t❤ ✭r✐❣❤t✮ ♣r❡str❡ss ❢r♦♠ ❜❡♥❞✐♥❣ ❛♥❞ s✉❜❥❡❝t❡❞
t♦ ❛♥ ❛s②♠♠❡tr✐❝ ♣♦✐♥t ❧♦❛❞
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❚❤❡ ❢♦❧❧♦✇✐♥❣ ♦❜s❡r✈❛t✐♦♥s ❛r❡ ♠❛❞❡✿

• ❑❛r❛♠❜❛ ✈s✳ ❑❛♥❣❛r♦♦✷ ✭✇✐t❤♦✉t ♣r❡str❡ss✮✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ t✇♦ ❛♥❛❧②s❡s

❛r❡ ✈❡r② s✐♠✐❧❛r ❢♦r t❤❡ s❝❡♥❛r✐♦s ✇✐t❤ ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞ ❛♥❞ ❛ s②♠♠❡tr✐❝ ♣♦✐♥t

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

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

❢♦r t❤❡ ❛s②♠♠❡tr✐❝ ♣♦✐♥t ❧♦❛❞ s❝❡♥❛r✐♦✱ ✇❤❡r❡ ❑❛r❛♠❜❛ ♦✈❡r❡st✐♠❛t❡s t❤❡ ❜✉❝❦❧✐♥❣ ❧♦❛❞

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

t✇♦ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s✱ ✐t ✐s ✉s❡❢✉❧ t♦ ♦❜s❡r✈❡ ❛ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t❤❡ r❡s✉❧ts ✭❛t ❧❡❛st

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

• ❈✉r✈❛t✉r❡✳ ■t ✐s ❝❧❡❛r t❤❛t ♠♦r❡ ❝✉r✈❛t✉r❡ ✐s ❜❡♥❡✜❝✐❛❧ ❢♦r t❤❡ ❜✉❝❦❧✐♥❣ ❝❛♣❛❝✐t② ❤❡♥❝❡

❡❧❛st✐❝❛ ✸ ♣❡r❢♦r♠s ❜❡tt❡r ✐♥ ❛❧❧ t❤r❡❡ ❧♦❛❞ s❝❡♥❛r✐♦s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♣r❡str❡ss✳ ❋♦r t❤❡

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

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

✐♥t♦ t❤❡ ✇❡❛❦❡st ♣❛rt ✐♥st❡❛❞✳

• ▲♦❛❞✳ ❋r♦♠ t❤✐s s❡t✲✉♣ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ❜❡t✇❡❡♥ t❤❡ ✉♥✐❢♦r♠

❞✐str✐❜✉t❡❞ ❧♦❛❞ ❛♥❞ t❤❡ ♣♦✐♥t ❧♦❛❞s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ r❡s✉❧t❛♥t ❢♦r❝❡ ❢r♦♠ t❤❡ ❯❉▲

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

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

✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❢♦r❝❡ ❧♦❝❛t✐♦♥ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ❡✈❛❧✉❛t❡❞✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ ❜✉❝❦❧✐♥❣ ❧♦❛❞

❢❛❝t♦rs ❢r♦♠ ❑❛r❛♠❜❛ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡ ✐s ♠♦st ✈✉❧♥❡r❛❜❧❡ t♦ ❜✉❝❦❧❡ ✉♥❞❡r

t❤❡ s②♠♠❡tr✐❝ ♣♦✐♥t ❧♦❛❞ ✇❤❡r❡❛s t❤❡ r❡s✉❧ts ❢r♦♠ ❑❛♥❣❛r♦♦✷ s✉❣❣❡st t❤❛t t❤❡ ❛s②♠♠❡tr✐❝

♣♦✐♥t ❧♦❛❞ ✐s ♠♦r❡ ❝r✐t✐❝❛❧✳ ❙✐♥❝❡ t❤❡ ❯❉▲ ❝❛s❡ ❤✐❣❤❧✐❣❤ts t❤❛t t❤❡ s✐❞❡s ❛r❡ t❤❡ ✇❡❛❦❡st

♣❛rt✱ ✐t s❡❡♠s ♠♦r❡ ✐♥t✉✐t✐✈❡ t❤❛t t❤❡ ❡❧❛st✐❝❛ ❝✉r✈❡ ❜✉❝❦❧❡s ❡❛r❧✐❡r ✉♥❞❡r t❤❡ ❛s②♠♠❡tr✐❝

♣♦✐♥t ❧♦❛❞✳

• Pr❡str❡ss ❡✛❡❝t✳ ❆s ❑❛r❛♠❜❛ ✐s ♥♦t ❝❛♣❛❜❧❡ ♦❢ ♠♦❞❡❧❧✐♥❣ ♣r❡str❡ss ❢r♦♠ ✐♥✐t✐❛❧ ❜❡♥❞✐♥❣✱

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

❯♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞✿ ❋♦r t❤❡ ✉♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t t❤❡ ✐♥❝r❡❛s✐♥❣

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

✶ ❛♥❞ ✷✳ ■t t❤❡r❡❢♦r❡ s❡❡♠s ❧✐❦❡ t❤❡ ♣r❡str❡ss ❤❛s ❛ st✐✛❡♥✐♥❣ ❡✛❡❝t ✇❤❡♥ t❤❡ ❝✉r✈❛t✉r❡ ✐s

❧♦✇✳ ❍♦✇❡✈❡r✱ ❢♦r ❡❧❛st✐❝❛ ✸ t❤❡ ♣r❡str❡ss ❧❡✈❡❧ ❜❡❝♦♠❡s s✉✣❝✐❡♥t❧② ❤✐❣❤ t❤❛t ✐t ✇❡❛❦❡♥s

t❤❡ ❛❜✐❧✐t② t♦ ✇✐t❤st❛♥❞ t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ✐♥st❡❛❞✳ ❚❤✐s ✐s ❛♥ ✐♥t❡r❡st✐♥❣ ❜❛❧❛♥❝❡ ❛♥❞ ♠❛❦❡s

✐t ❤❛r❞ t♦ ♣r❡❞✐❝t ✇❤❡t❤❡r ♣r❡str❡ss ❤❛s ❛ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ❡✛❡❝t ❢♦r t❤❡ st❛❜✐❧✐t② ♦❢

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

st❛t❡ ❡♠♣❤❛s✐s❡ t❤❡ ✇❡❛❦♥❡ss ♦❢ t❤❡ s✐❞❡s ❛♥❞ t❤✉s ❡♥❝♦✉r❛❣❡ ❛ ♠♦r❡ ❛s②♠♠❡tr✐❝ ❜✉❝❦❧✐♥❣

❜❡❤❛✈✐♦✉r✳

P♦✐♥t ❧♦❛❞s✿ ■t ✐s ❝❧❡❛r t❤❛t t❤❡ ♣r❡str❡ss ✐♥tr♦❞✉❝❡s ❛ ♠✉❝❤ ♠♦r❡ ❞✉❝t✐❧❡ ❜❡❤❛✈✐♦✉r✱ ✇❤✐❝❤

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

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

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

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

♥♦t ❜❡♥❞✐♥❣ ❛❝t✐♦♥✱ ✇❤✐❝❤ t❤❡ ♣r❡str❡ss❡❞ ❡❧❡♠❡♥ts ❛r❡ ❞♦♠✐♥❛t❡❞ ❜②✳ ❚❤❡s❡ ♦❜s❡r✈❛t✐♦♥s

❝♦rr❡s♣♦♥❞ ✇❡❧❧ ✇✐t❤ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ st❡❡❧ r✐❜❜♦♥ ❢r♦♠ ❋✐❣✉r❡ ✹✳✽✳✶✳

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

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

❛♥❞ ❛ ❝❛t❡♥❛r② s❤❛♣❡✳ ❆ ❝❛t❡♥❛r② s❤❛♣❡ ✐s ✈❡r② ❡✛❡❝t✐✈❡ ✇❤❡♥ s✉❜❥❡❝t❡❞ t♦ ❛ ✉♥✐❢♦r♠

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

✈✉❧♥❡r❛❜❧❡ t♦ ❜✉❝❦❧✐♥❣✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐❢ t❤❡ ❝❛t❡♥❛r② ✐s s✉❜❥❡❝t❡❞ t♦ ❛ ♣♦✐♥t ❧♦❛❞

✐♥st❡❛❞✱ ✐t ❜❡❝♦♠❡s ❧❡ss ❡✣❝✐❡♥t ❛s ✐t r❡s✐sts t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ❜② ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛①✐❛❧

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

❞❡❝r❡❛s❡s✳
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❈❤❛♣t❡r ✺

❙♠❛rt ●❡♦♠❡tr② ✷✵✶✻

❙♠❛rt ●❡♦♠❡tr② ✐s ❛ ②❡❛r❧② ❡✈❡♥t✱ ✇❤✐❝❤ ❢♦❝✉s❡s ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❞✐❣✐t❛❧ t♦♦❧s ✐♥ t❤❡

❞❡s✐❣♥ ♣r♦❝❡ss✳ ■t ❝♦♥s✐sts ♦❢ ❛ ❢♦✉r ❞❛②s ✇♦r❦s❤♦♣ ❢♦❧❧♦✇❡❞ ❜② t✇♦ ❝♦♥❢❡r❡♥❝❡ ❞❛②s ✇❤❡r❡ t❤❡

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

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

❚❤✐s ②❡❛r t❤❡ ❡✈❡♥t ✇❛s ❤♦st❡❞ ❜② ❈❤❛❧♠❡rs ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✐♥ ●♦t❤❡♥❜✉r❣ ❛♥❞ t❤❡

t❤❡♠❡ ✇❛s ✏❍②❜r✐❞ ❉♦♠❛✐♥s✑ ✭❙♠❛rt●❡♦♠❡tr②✱ ✷✵✶✻✮✳

✺✳✶ ❲♦r❦s❤♦♣ ♣r♦♣♦s❛❧

❚❤❡ ❙♠❛rt ●❡♦♠❡tr② ✇♦r❦s❤♦♣ ✇❛s ❞✐✈✐❞❡❞ ✐♥t♦ t❡♥ s♦✲❝❛❧❧❡❞ ✏❝❧✉st❡rs✑ ✇✐t❤ ❞✐✛❡r❡♥t t♦♣✐❝s

r❡❧❛t❡❞ t♦ ❍②❜r✐❞ ❉♦♠❛✐♥s✳ ❚❤❡s❡ t❡♥ ❝❧✉st❡rs ✇❡r❡ s❡❧❡❝t❡❞ ❛♠♦♥❣st ♠♦r❡ t❤❛♥ ❢♦rt② ✇♦r❦s❤♦♣

♣r♦♣♦s❛❧s ❜② t❤❡ ❙♠❛rt ●❡♦♠❡tr② t❡❛♠✳ ❚❤❡ ❛✉t❤♦r ✇❛s ♣❛rt ♦❢ t❤❡ ❡①♣❡rt t❡❛♠ ❜❡❤✐♥❞ ♦♥❡

♦❢ t❤❡ ❝❧✉st❡rs ❝❛❧❧❡❞ ✏❈❛❧✐❜r❛t❡❞ ▼♦❞❡❧❧✐♥❣ ♦❢ ❋♦r♠✲❆❝t✐✈❡ ❍②❜r✐❞ ❙tr✉❝t✉r❡s✑ t♦❣❡t❤❡r ✇✐t❤

●r❡❣♦r② ◗✉✐♥♥ ✭❑❊❚ ❛t ❯♥✐✈❡rs✐t② ♦❢ ❆rts ✐♥ ❇❡r❧✐♥✮✱ ❆♥❞❡rs ❍♦❧❞❡♥ ❉❡❧❡✉r❛♥ ✭❈■❚❆✮✱ ❉❛♥✐❡❧

P✐❦❡r ✭▼❝◆❡❡❧ ❛♥❞ ❋♦st❡r✰P❛rt♥❡rs✮✱ ❲✐❧❧ P❡❛rs♦♥ ✭▼❝◆❡❡❧ ❛♥❞ ❋♦r♠❛t✮ ❛♥❞ ❍❛rr✐ ▲❡✇✐s ✭▼✉❧❡

❙t✉❞✐♦✮✳ ❚❤❡ ❡①♣❡rt t❡❛♠ ❤❛❞ ❛ s❤❛r❡❞ ✐♥t❡r❡st ✐♥ ✉s✐♥❣ ❑❛♥❣❛r♦♦✷ ✇✐t❤ ❝❛❧✐❜r❛t❡❞ str✉❝t✉r❛❧

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

♣r♦♣♦s❛❧✳

❚❤❡ s♣❡❝✐✜❝ r❡s❡❛r❝❤ q✉❡st✐♦♥ ✇❛s✿ ✏❍♦✇ ❝❛♥ ✇❡ ✐♠♣❧❡♠❡♥t ♣r♦❥❡❝t✐♦♥ ❜❛s❡❞ ❞②♥❛♠✐❝ r❡❧❛①❛t✐♦♥

♠❡t❤♦❞s t♦ ✉♥❧♦❝❦ t❤❡ ❧❛t❡♥t ♣♦t❡♥t✐❛❧ ♦❢ ❢♦r♠✲❛❝t✐✈❡ ❤②❜r✐❞ str✉❝t✉r❡s❄✑ ✭❉❡❧❡✉r❛♥ ❡t ❛❧✳✱ ✷✵✶✻✮

❆ ♥✉♠❜❡r ♦❢ ❝♦♥tr✐❜✉t✐♦♥s ❜② t❤❡ ❝❧✉st❡r ❡①♣❡rts ❤❡❧♣❡❞ t♦ s✉♣♣♦rt t❤✐s r❡s❡❛r❝❤ q✉❡st✐♦♥✿

• ❊①t❡♥❞✐♥❣ ❑❛♥❣❛r♦♦✷ t♦ ♦✉t♣✉t ❛♥❞ ✈✐s✉❛❧✐s❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ✭❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r

✹✮

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

❋❊❆ ♣❛❝❦❛❣❡s ✭r❡❢❡rr✐♥❣ t♦ ❆♣♣❡♥❞✐① ❆✮✳

✻✸
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• ❱❛❧✐❞❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r t❤r♦✉❣❤ ♣❤②s✐❝❛❧ t❡st✐♥❣ ❜② ♠❡❛♥s ♦❢ ❛ ♣r♦❥❡❝t✐♦♥ ❜♦❛r❞

• ❆ ♠♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡ t❤❛t ✐♥t❡❣r❛t❡s ❝♦❛rs❡ ❣❡♦♠❡tr② ♠♦❞❡❧❧✐♥❣✱ ❢♦r♠✲✜♥❞✐♥❣✱ ❛♥❛❧②s✐s ❛♥❞

❢❛❜r✐❝❛t✐♦♥ ✐♥t♦ ♦♥❡ s♠♦♦t❤ ✇♦r❦✢♦✇

• ❈♦♥t✐♥✉♦✉s ✐♠♣r♦✈❡♠❡♥ts ♦❢ t❤❡ ❑❛♥❣❛r♦♦✷ s♦❧✈❡r ❛♥❞ ❛❞❞✐t✐♦♥ ♦❢ ♥❡✇ ❣♦❛❧s t♦ s✉♣♣♦rt

t❤❡ ✐♥✐t✐❛t✐✈❡s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡

■t ✇❛s ❞❡❝✐❞❡❞ t♦ ❧✐♠✐t t❤❡ t②♣❡ ♦❢ ❡❧❡♠❡♥ts t♦ ●❋❘P ✭❣❧❛ss ✜❜r❡ r❡✐♥❢♦r❝❡❞ ♣♦❧②♠❡r✮ r♦❞s ❛♥❞

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

❢r❛♠❡✳

✺✳✷ Pr♦❥❡❝t✐♦♥ ❜♦❛r❞

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

✈❡r✐❢② ✐❞❡♥t✐❝❛❧ ❜❡❤❛✈✐♦✉rs✳ ❚❤❡ s❡t✲✉♣ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ●r❡❣♦r② ◗✉✐♥♥ ❛♥❞ ❝♦♥s✐st❡❞ ♦❢ ❛ ✇❤✐t❡

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

✉s✐♥❣ t❤❡ s❛♠❡ ❣r✐❞✱ ❞✐✛❡r❡♥t ❜♦❧ts ❢♦r ♣✐♥♥❡❞ ❛♥❞ r♦❧❧❡r t②♣❡ s✉♣♣♦rts ✭s❡❡ ❋✐❣✉r❡ ✺✳✷✳✶✮✱ ●❋❘P

r♦❞s ✇✐t❤ ✈❛r✐♦✉s r❛❞✐✐✱ str✐♥❣s ❛♥❞ ✺✵ ❣ ✇❡✐❣❤ts✳ ❚❤❡ ✜rst st❡♣ ✇❛s t♦ s❡❧❡❝t ❛ s♣❡❝✐✜❝ s❡t✲✉♣✱

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

■t ✇❛s t❤❡♥ ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❨♦✉♥❣✬s ▼♦❞✉❧✉s ♦❢ t❤❡ ●❋❘P r♦❞s ❜② ❛❞❥✉st✐♥❣ t❤❡

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

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

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

♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✳

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

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

s♣❡❡❞✳ ❚❤✐s ❤❡❧♣❡❞ t♦ ❡①♣❧❛✐♥ str✉❝t✉r❛❧ ♣r✐♥❝✐♣❧❡s ❛♥❞ t❤❡ ♣❛rt✐❝✐♣❛♥ts ✇❡r❡ ❛❜❧❡ t♦ ❞✐r❡❝t❧②

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

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

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

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

t❤❡ ❞✐❣✐t❛❧ ♣❧♦ts ✭◗✉✐♥♥✱ ✷✵✶✻✮✳
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❋✐❣✉r❡ ✺✳✷✳✶ ✕ Pr♦❥❡❝t✐♦♥ ❜♦❛r❞ ❦✐t ❢♦r ❞✐✛❡r❡♥t s✉♣♣♦rt t②♣❡s ✭❝r❡❞✐t t♦ ●r❡❣♦r② ◗✉✐♥♥✮

❋✐❣✉r❡ ✺✳✷✳✷ ✕ Pr♦❥❡❝t✐♦♥ ❜♦❛r❞ s❡t✉♣ ✭❝r❡❞✐t t♦ ●r❡❣♦r② ◗✉✐♥♥✮
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✺✳✸ ▼♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡

❚❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ ❝♦❛rs❡ ❣❡♦♠❡tr②✱ ❢♦r♠✲✜♥❞✐♥❣✱ ❛♥❛❧②s✐s ❛♥❞ ❢❛❜r✐❝❛t✐♦♥ ❞❡t❛✐❧s ✇❡r❡ ✐♥t❡❣r❛t❡❞

✐♥t♦ ♦♥❡ s♠♦♦t❤ ✇♦r❦✢♦✇ ✭♠♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡✮ ❞❡✈❡❧♦♣❡❞ ❜② ❆♥❞❡rs ❍♦❧❞❡♥ ❉❡❧❡✉r❛♥✳ ❆❧❧

❢✉♥❝t✐♦♥❛❧✐t✐❡s ✇❡r❡ s❝r✐♣t❡❞ ✇✐t❤ ❝✉st♦♠ P②t❤♦♥ ❝♦♠♣♦♥❡♥ts ✐♥ ●r❛ss❤♦♣♣❡r ❜✉t ✉s❡❞ ❝❧❡✈❡r

♠❡t❤♦❞s t♦ ♦♥❧② ♦♣❡r❛t❡ ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ s✉❝❤ t❤❛t ❛❧❧ ♠♦❞❡❧❧✐♥❣ ❛❝t✐✈✐t② ❤❛♣♣❡♥❡❞ ✐♥ ❘❤✐♥♦

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

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

❆ss❡♠❜❧② ❣❡♦♠❡tr②

❚❤❡ ❝♦❛rs❡ ❣❡♦♠❡tr② ✇❛s ♠♦❞❡❧❧❡❞ ✇✐t❤ ♣♦✐♥ts ❛♥❞ ♣♦❧②❧✐♥❡s ✐♥ ❘❤✐♥♦ ❛♥❞ ❛rr❛♥❣❡❞ ✐♥ ❛♣♣r♦✲

♣r✐❛t❡ ❧❛②❡rs ✭❝❛❜❧❡s✱ ❜❡❛♠s ♦r ❛♥❝❤♦rs✮✳ ❚❤❡ ●r❛ss❤♦♣♣❡r s❝r✐♣t t❤❡♥ ❛✉t♦♠❛t✐❝❛❧❧② r❡❢❡r❡♥❝❡❞

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

❜❛❝❦ ✐♥t♦ ❘❤✐♥♦✳ ❚❤❡ ❞✐✈✐s✐♦♥ ✐♥t♦ s♠❛❧❧❡r s❡❣♠❡♥ts ♠❛❞❡ ✐t ❡❛s② t♦ s♥❛♣ ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts

t♦❣❡t❤❡r ✐♥ ♦r❞❡r t♦ q✉✐❝❦❧② ♠♦❞❡❧ ❞✐✛❡r❡♥t ❣❡♦♠❡tr✐❡s✳

❋♦r♠✲❢✐♥❞✐♥❣

❇② ♣r❡ss✐♥❣ ❛ ✏s♦❧✈❡✑ ❜✉tt♦♥ ✐♥ t❤❡ r❡♠♦t❡ ❝♦♥tr♦❧ ♣❛♥❡❧✱ t❤❡ ❡❧❡♠❡♥ts ✐♥ t❤❡ ❞✐✛❡r❡♥t ❧❛②❡rs

✇❡r❡ ❛ss✐❣♥❡❞ ✇✐t❤ ✜❝t✐t✐♦✉s st✐✛♥❡ss ♣r♦♣❡rt✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r str✉❝t✉r❛❧ ❝❤❛r❛❝t❡r✐st✐❝s

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

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

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

♠♦❞❡❧❧✐♥❣ ❛t ✐♥t❡r❛❝t✐✈❡ s♣❡❡❞ ❛♥❞ st✐❧❧ r❡✢❡❝t❡❞ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r✳

❙tr✉❝t✉r❛❧

❆❢t❡r t❤❡ ❢♦r♠✲❢♦✉♥❞ s❤❛♣❡ ✇❛s ❡st❛❜❧✐s❤❡❞✱ ❛ ✏❝❛❧✐❜r❛t❡✑ ❜✉tt♦♥ ❡♥❛❜❧❡❞ t❤❡s❡ ✜❝t✐t✐♦✉s ♣r♦♣❡r✲

t✐❡s t♦ ❜❡ r❡♣❧❛❝❡❞ ❜② r❡❛❧ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✭s♣❡❝✐✜❡❞ ❜② t❤❡ ✉s❡r✮ s✉❝❤ t❤❛t str❡ss❡s ❛♥❞ ❞❡✲

✢❡❝t✐♦♥s ❝♦✉❧❞ ❜❡ ❛❝❝❡ss❡❞✳ ❚❤✐s st❡♣ ❝❤❛♥❣❡❞ t❤❡ ♦r✐❣✐♥❛❧ ❑❛♥❣❛r♦♦✷ ❣♦❛❧s ✐♥t♦ ❑✷❊♥❣✐♥❡❡r✐♥❣

❣♦❛❧s ❛♥❞ ❛❞❞❡❞ s❡❧❢✲✇❡✐❣❤t t♦ t❤❡ str✉❝t✉r❡✳ ❱✐s✉❛❧✐s❛t✐♦♥ ♦❢ t❤❡ ❢♦r❝❡s ❛♥❞ ♠♦♠❡♥ts ✇❡r❡

s✉❜s❡q✉❡♥t❧② ❛❝t✐✈❛t❡❞ ❜② ❝❤❡❝❦✲❜♦①❡s ✐♥ t❤❡ r❡♠♦t❡ ❝♦♥tr♦❧ ♣❛♥❡❧✳

❚♦♣♦❧♦❣② ❛♥❞ ❢❛❜r✐❝❛t✐♦♥ ❞❛t❛

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

❛♥ ❛ss❡♠❜❧② ❣r❛♣❤ ✭✉s✐♥❣ t❤❡ ❡①t❡r♥❛❧ ❧✐❜r❛r✐❡s ●r❛♣❤❱✐③ ❛♥❞ ◆❡t✇♦r❦❳✮✳ ❚❤✐s ❣r❛♣❤ s❤♦✇❡❞

t❤❡ ❝♦♥♥❡❝t✐✈✐t② ❜❡t✇❡❡♥ ❛❧❧ t❤❡ ❡❧❡♠❡♥ts✱ t❤❡✐r t②♣❡ ✭❜❡❛♠ ♦r ❝❛❜❧❡✮ ❛♥❞ ❧❡♥❣t❤s✳

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

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

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

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

t❤❛♥ r♦❞s ✭❛①✐❛❧ ❢♦r❝❡s ❜❡✐♥❣ ♠♦r❡ ❡✛❡❝t✐✈❡ t❤❛♥ tr❛♥s❢❡rr✐♥❣ ❧♦❛❞s ✈✐❛ ❜❡♥❞✐♥❣ ❛❝t✐♦♥✮✳ ❖♥❡

♦❢ t❤❡ ♠♦❞❡❧s✱ ✇❤✐❝❤ ♣❡r❢♦r♠❡❞ ♣❛rt✐❝✉❧❛r❧② ✇❡❧❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✸✳✶✳ ■t ✇❛s ♠❛❞❡ ❢r♦♠
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t✇♦ ✏t❡❛r✲❞r♦♣✑ s❤❛♣❡❞ r♦❞s ♦❢ ❞✐✛❡r❡♥t ❧❡♥❣t❤s t❤❛t ♠❡t ❛t t❤❡ t♦♣✱ ✇❡r❡ ❜❡♥t ❜❛❝❦✇❛r❞s ❛♥❞

❤❡❧❞ ✐♥ ♣❧❛❝❡ ❜② ❛ ❜❛❝❦ t✐❡✳ ❆ ❢❛♥✲❧✐❦❡ ❝❛❜❧❡ s②st❡♠ ✐♥ ❢r♦♥t ❤❡❧♣❡❞ t♦ ❞✐str✐❜✉t❡ t❤❡ ❧♦❛❞s ✐♥ ❛♥

❡✣❝✐❡♥t ✇❛② ❛♥❞ ♠❛❞❡ t❤❡ ✇❤♦❧❡ str✉❝t✉r❡ ✈❡r② st✐✛✳

❋✐❣✉r❡ ✺✳✸✳✶ ✕ ❊①♣❧♦r❛t✐♦♥ ♦❢ ❤②❜r✐❞ ❝♦♥❝❡♣ts

❙✉❜s❡q✉❡♥t❧②✱ t❤❡ ♣❛rt✐❝✐♣❛♥ts ❤❛❞ t♦ r❡❝r❡❛t❡ t❤❡ s❤❛♣❡ ❛♥❞ s✐♠✉❧❛t❡ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r

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

❡①♣❧♦r❡ ♠❛♥② ✈❛r✐❛t✐♦♥s ✐♥ ❛ s❤♦rt t✐♠❡ ❛s t❤❡ ♣❤②s✐❝❛❧ ♣r♦t♦t②♣✐♥❣ q✉✐❝❦❧② r❡✈❡❛❧❡❞ t❤❡ ❞✐✣❝✉❧t②

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

s♣❛t✐❛❧ s❤❛♣❡✳

❋✐❣✉r❡ ✺✳✸✳✷ s❤♦✇s t❤❡ r❡❝r❡❛t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ ❋✐❣✉r❡ ✺✳✸✳✶ ✐♥ ❛ ❞✐❣✐t❛❧ ❡♥✈✐r♦♥♠❡♥t

❛♥❞ ❝♦♥s✐st❡❞ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ st❡♣s✿

✶✳ ▼♦❞❡❧ ❝♦❛rs❡ ❜❡❛♠ ❣❡♦♠❡tr② ✇✐t❤ ♣♦❧②❧✐♥❡s ❛♥❞ ♣❧❛❝❡ ❛♥ ❛♥❝❤♦r ♣♦✐♥t ❛t t❤❡ ❜♦tt♦♠

✷✳ ❆❞❞ ❛ ❝❛❜❧❡ ❢r♦♠ t❤❡ ❜♦tt♦♠ t♦ t❤❡ ♠✐❞♣♦✐♥t ♦❢ t❤❡ ❜❡❛♠

✸✳ ▼♦✈❡ t❤❡ t✇♦ ♦✉t❡r ♣♦✐♥ts ♦❢ t❤❡ tr✐❛♥❣❧❡ ♦✉t ♦❢ ♣❧❛♥❡ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ❝❛❜❧❡ st✐✛♥❡ss t♦

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

✹✳ ❆❞❞ ❝❛❜❧❡s ✐♥ ❛ ❢❛♥ ❛rr❛♥❣❡♠❡♥t t♦ st✐✛❡♥ t❤❡ str✉❝t✉r❡

✺✳ ❈❛❧✐❜r❛t❡ t❤❡ ♠♦❞❡❧ t♦ r❡❛❧ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s t♦ ✈❡r✐❢② t❤❛t t❤❡ ❜❡❛♠ ❝❛♥ ♦❜t❛✐♥ t❤❡

❞❡s✐r❡❞ ❝✉r✈❛t✉r❡ ✇✐t❤♦✉t ❡①❝❡❡❞✐♥❣ t❤❡ ♠❛t❡r✐❛❧ str❡♥❣t❤
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✻✳ ❊①tr❛❝t ❛ss❡♠❜❧② ❣r❛♣❤ t♦ ❣❡t ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❝♦♥♥❡❝t✐✈✐t② ❛♥❞ ❡❧❡♠❡♥t ❧❡♥❣t❤s

❋✐❣✉r❡ ✺✳✸✳✷ ✕ ❉✐❣✐t❛❧ r❡❝r❡❛t✐♦♥ ♦❢ ❤②❜r✐❞ ❝♦♥❝❡♣t

✺✳✹ ❚♦✇❡r ❝❤❛❧❧❡♥❣❡

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

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

r♦t❛t❡ t❤❡s❡ t♦ ❝r❡❛t❡ t❤❡ ❡♥t✐r❡ t♦✇❡r str✉❝t✉r❡✳ ❚❤❡ ❝♦♥❝❡♣t ❢r♦♠ ❛❜♦✈❡ ✇❛s ❢✉rt❤❡r r❡✜♥❡❞

❛♥❞ r♦t❛t❡❞ ❛r♦✉♥❞ ❛ ✈❡rt✐❝❛❧ ❛①✐s t♦ ❝r❡❛t❡ ♦♥❡ ❧❛②❡r ♦❢ t❤❡ t♦✇❡r✳ ▼✉❧t✐♣❧❡ ❧❛②❡rs ✇❡r❡ t❤❡♥

❛❞❞❡❞ ♦♥ t♦♣ ♦❢ ❡❛❝❤ ♦t❤❡r ✭❜♦tt♦♠ ♦❢ t❡❛r✲❞r♦♣ ❜❡❛♠ t♦ ♠✐❞❞❧❡ ♦❢ ❝❛❜❧❡ ❢❛♥✮ ❛♥❞ ❜② ✢✐♣♣✐♥❣

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

❋✐❣✉r❡ ✺✳✹✳✶✳
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❚❤❡ str✉❝t✉r❡ ✇❛s ❛♥❛❧②s❡❞ ✉♥❞❡r s❡❧❢✲✇❡✐❣❤t✱ ✇❤✐❝❤ r❡s✉❧t❡❞ ✐♥ ♠❛①✐♠✉♠ ❜❡♥❞✐♥❣ str❡ss❡s ♦❢

✺✷✺ ▼P❛ ❛♥❞ ❛ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ♦❢ ✺✵ ♠♠ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ ❡❛❝❤ ❜❡❛♠ ✐♥ t❤❡ s❡❝♦♥❞ ❧❛②❡r✳

❚❤❡ ❜❡♥❞✐♥❣ str❡ss❡s ✇❡r❡ ❡✈❛❧✉❛t❡❞ t♦ ❜❡ ✇✐t❤✐♥ ❛♥ ❛❝❝❡♣t❛❜❧❡ r❛♥❣❡ ❛s t❤❡ ✢❡①✉r❛❧ str❡♥❣t❤

♦❢ t❤❡ ●❋❘P ♠❛t❡r✐❛❧ ✇❛s ✾✵✵ ▼P❛✳ ❚❤❡ t♦t❛❧ ✇❡✐❣❤t ♦❢ t❤❡ ✸ ♠ t❛❧❧ t♦✇❡r ✇❛s ♦♥❧② ✸ ❦❣✦

❋✐❣✉r❡ ✺✳✹✳✶ ✕ ❉✐❣✐t❛❧ ♠♦❞❡❧ ♦❢ t❤❡ t♦✇❡r ❞❡s✐❣♥ ✭❝r❡❞✐t t♦ ▲é❛ ❇♦✉❧✐❝✮

❚❤❡ t♦✇❡r ✇❛s ♦r✐❣✐♥❛❧❧② ❞❡s✐❣♥❡❞ ❛s t❤r❡❡ st❛❝❦❡❞ ❧❛②❡rs ❜✉t ❞✉❡ t♦ ❛ ✈❡r② s♠♦♦t❤ ❛ss❡♠❜❧②

♣r♦❝❡ss ❛♥❞ t❤❡ ❢❛❝t t❤❛t t❤❡ str✉❝t✉r❡ ✇❛s s♦ st✐✛✱ ✐t ✇❛s ❞❡❝✐❞❡❞ t♦ ❛❞❞ ❛♥♦t❤❡r t✇♦ ❧❛②❡rs

r❡s✉❧t✐♥❣ ✐♥ ❛ ✺ ♠ t❛❧❧ ❤②❜r✐❞ t♦✇❡r ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✺✳✹✳✷✳ ❆ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡

♣❤②s✐❝❛❧ ❛♥❞ ❞✐❣✐t❛❧ ♠♦❞❡❧ ✇❛s ❞✐✣❝✉❧t t♦ ♠❛❦❡ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❡①tr❛ ❧❛②❡rs ❛♥❞ t❤❡ ❢❛❝t t❤❛t t❤❡

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

❍♦✇❡✈❡r✱ t❤❡ ❜✉✐❧t t♦✇❡r ❢❡❧t s✉r♣r✐s✐♥❣❧② st❛❜❧❡ ✇❤❡♥ s✉❜❥❡❝t❡❞ t♦ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❧♦❛❞s ❛♥❞

✇❛s ♣❛rt ♦❢ t❤❡ ✇♦r❦s❤♦♣ ❡①❤✐❜✐t✐♦♥ ♦♥ t❤❡ ❧❛st ❞❛②✳
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Chapter 5: Smart Geometry 2016

❋✐❣✉r❡ ✺✳✹✳✷ ✕ ❋✐♥❛❧ ❤②❜r✐❞ t♦✇❡r ✭✺ ♠ t❛❧❧✮

70



❈❤❛♣t❡r ✻

●❋❘P ❣r✐❞s❤❡❧❧ ❞❡s✐❣♥

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❞❡s✐❣♥ ♦❢ ❛ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ❣r✐❞s❤❡❧❧ ♠❛❞❡ ♦❢ ●❋❘P r♦❞s✳ ❚❤❡ ♣✉r♣♦s❡

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

❛❞✈❛♥t❛❣❡s ♦❢ ❤❛✈✐♥❣ t❤❡ ❡♥t✐r❡ ✇♦r❦✢♦✇ ✐♥t❡❣r❛t❡❞ ✐♥ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r✳

✻✳✶ ❇r✐❡❢

❋✐❣✉r❡ ✻✳✶✳✶ ✕ ●r✐❞s❤❡❧❧ ❧♦❝❛t✐♦♥ ❛t ❚♦r✈❡❤❛❧❧❡r♥❡ ✭❞♦tt❡❞ ❧✐♥❡✮
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Chapter 6: GFRP gridshell design

❚❤❡ ❣r✐❞s❤❡❧❧ ✐s ❛ ❞❡s✐❣♥ ❢♦r ❛♥ ♦✉t❞♦♦r ♠❛r❦❡t st❛❧❧ ❛t ❚♦r✈❡❤❛❧❧❡r♥❡ ✐♥ ❈♦♣❡♥❤❛❣❡♥✳ ❚❤❡ ❛✐♠ ✐s

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

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

❛r❡❛ ✭s❡❡ ❋✐❣✉r❡ ✻✳✶✳✶✮✳ ❚❤❡ ❣r✐❞s❤❡❧❧ ❤❛s t♦ ✜t ✇✐t❤✐♥ ❛ ❢♦♦t♣r✐♥t ♦❢ ✶✵✳✵ ① ✽✳✵ ♠ ❛♥❞ t❤❡ ❤❡✐❣❤t

✐s r❡str✐❝t❡❞ t♦ ❜❡ ✇✐t❤✐♥ ✷✳✶ ✲ ✸✳✺ ♠✳

✻✳✷ ❙❤❛♣❡ ❣❡♥❡r❛t✐♦♥

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

✐♥t❡♥❞❡❞ ❝♦♥str✉❝t✐♦♥ ♠❡t❤♦❞✳ ❖♥❡ ❝♦♠♠♦♥ t❡❝❤♥✐q✉❡ ✐s t♦ ❧❛② ♦✉t ❛ ✢❛t ❣r✐❞ ✐♥ ♣❧❛♥ ❛♥❞ t❤❡♥

♣✉s❤ ♣❛rts ♦❢ t❤❡ ❜♦✉♥❞❛r② ✐♥✇❛r❞s t♦ ❝r❡❛t❡ t❤❡ s♣❛t✐❛❧ s❤❛♣❡✳ ❚❤❡ ❦❡② ❜❡❤✐♥❞ t❤✐s str❛t❡❣② ✐s

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

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

❞❡s✐❣♥ ✢❡①✐❜✐❧✐t② ✐s ♦❜t❛✐♥❡❞ ❜② ❤❛✈✐♥❣ ♣✐♥♥❡❞ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❧❛t❤s s✉❝❤ t❤❛t ✇r✐♥❦❧❡s

❛r❡ ❛✈♦✐❞❡❞✳ ❚❤✐s t❡❝❤♥✐q✉❡ ✇❛s ✉s❡❞ ❢♦r ❡✳❣✳ t❤❡ ▼✉❧t✐❤❛❧❧❡ ▼❛♥♥❤❡✐♠ ✭◆❛✐❝✉ ❡t ❛❧✳✱ ✷✵✶✹✮✳

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

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

♦✉t ❡q✉❛❧ ❞✐st❛♥❝❡ ♣♦✐♥t ♦♥ ❛ s✉r❢❛❝❡ ❜❛s❡❞ ♦♥ t✇♦ ✐♥♣✉t ❝✉r✈❡s ✭P♦♣♦✈✱ ✷✵✵✷✮✳ ❚❤❡ r❡s✉❧t✐♥❣

❣❡♦♠❡tr② ✐s ❛❧s♦ ❦♥♦✇♥ ❛s ❛ ❈❤❡❜②❝❤❡✈ ♥❡t ❛♥❞ t❤❡ ❛❞✈❛♥t❛❣❡ ✐s t❤❛t t❤❡ ❣r✐❞ ❛rr❛♥❣❡♠❡♥t ❝❛♥

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

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

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

❧❛t❤s ✇✐t❤ s✐❣♥✐✜❝❛♥t ❛♥✐s♦tr♦♣✐❝ ♣r♦♣❡rt✐❡s ❛r❡ ✉s❡❞ ❢♦r ❛ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ ❣r✐❞s❤❡❧❧ ✭❧✐❦❡ t❤❡

❖♥●r❡❡♥✐♥❣ P❛✈✐❧✐♦♥✮✳ ❚❤❡r❡❜② ❜❡♥❞✐♥❣ ❛❜♦✉t t❤❡ str♦♥❣ ❛①✐s ✐s ❛✈♦✐❞❡❞ ❛♥❞ t❤✐s r❡❞✉❝❡s t❤❡

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

❛ s❡q✉❡♥t✐❛❧ ❡r❡❝t✐♦♥ ♠❡t❤♦❞✳

❚❤❡ s❤❛♣❡ ❣❡♥❡r❛t✐♦♥ ♠❡t❤♦❞ ❢♦r t❤✐s ❣r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✐s ❛♥ ❛❞❛♣t❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ✏❣r✐❞✲t♦✲

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

r♦❞s✳ ❚❤❡ s❡❝♦♥❞❛r② r♦❞s ❛♥❞ ❜r❛❝✐♥❣ r♦❞s ❛r❡ s✉❜s❡q✉❡♥t❧② ❛❞❞❡❞✳ ❚❤✐s ♠❛❦❡s t❤❡ ❛ss❡♠❜❧②

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

❞❡✜♥❡❞ ✐♥ t❤❡ ♣❧❛♥❡ ❛♥❞ ♣✉s❤❡❞ ✐♥t♦ ✐ts s♣❛t✐❛❧ s❤❛♣❡✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ❝❤♦✐❝❡ ✐s r❡❧❛t❡❞ t♦

t❤❡ ❝✉rr❡♥t st❛t❡ ♦❢ t❤❡ ♠♦❞❡❧❧✐♥❣ t❡❝❤♥✐q✉❡ t❤❛t ✐s ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❢♦r♠✲✜♥❞✐♥❣ ♣r♦❝❡ss❀ t❤❡

r♦❞s ❛r❡ ♠♦❞❡❧❧❡❞ ✇✐t❤ ❜♦t❤ ❛①✐❛❧ ❛♥❞ ❜❡♥❞✐♥❣ st✐✛♥❡ss ❛❧♦♥❣ t❤❡✐r ❧❡♥❣t❤s ❜✉t t❤✐s ♠❛❦❡s t❤❡

❝♦♥♥❡❝t✐♦♥s r✐❣✐❞ ❜❡❝❛✉s❡ t❤❡ t✇♦ ❝♦✐♥❝✐❞❡♥t ♥♦❞❡s ❛t ❛♥ ✐♥t❡rs❡❝t✐♦♥ ❛r❡ ❝♦♠❜✐♥❡❞ ✐♥t♦ ♦♥❡✳

❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ r♦❞s ❝❛♥♥♦t r♦t❛t❡ ❛t t❤❡ ✐♥t❡rs❡❝t✐♦♥s ❛♥❞ ❤❡♥❝❡ r❡str❛✐♥ t❤❡ str✉❝t✉r❡ t♦♦

♠✉❝❤ ❞✉r✐♥❣ t❤❡ ❢♦r♠✲✜♥❞✐♥❣ ♣r♦❝❡ss s✉❝❤ t❤❛t ✇r✐♥❦❧❡s ❞❡✈❡❧♦♣✳ ❚♦ ❛✈♦✐❞ t❤✐s✱ ✐t ✐s ♥❡❝❡ss❛r②

t♦ s❡♣❛r❛t❡ t❤❡ t✇♦ ❧❛②❡rs ❛♥❞ ♠♦❞❡❧ t❤❡ ❝♦♥♥❡❝t✐♦♥s ✇✐t❤ ❡✳❣✳ ③❡r♦ ❧❡♥❣t❤ s♣r✐♥❣s t♦ ♣r♦✈✐❞❡

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

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

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

✐♥ ❋✐❣✉r❡ ✻✳✷✳✶ ✭✶✮✳ ❋♦r s✐♠♣❧✐❝✐t② ✐t ✐s ❝❤♦s❡♥ t❤❛t ❛❧❧ t❤❡ ♣r✐♠❛r② r♦❞s ❤❛✈❡ t❤❡ s❛♠❡ ❧❡♥❣t❤

s✉❝❤ t❤❛t t❤❡ ♦r❞❡r ❜❡❝♦♠❡s ✐rr❡❧❡✈❛♥t ❞✉r✐♥❣ t❤❡ ❛ss❡♠❜❧② ✭❋✐❣✉r❡ ✻✳✷✳✶ ✭✷✮✮✳ ❚❤❡ s♣❛t✐❛❧ s❤❛♣❡

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

✭❋✐❣✉r❡ ✻✳✷✳✶ ✭✸✲✹✮✮✳ ▲❛st❧②✱ t❤❡ s❡❝♦♥❞❛r② ❛♥❞ ❜r❛❝✐♥❣ r♦❞s ❛r❡ ❛❞❞❡❞ ✭❋✐❣✉r❡ ✻✳✷✳✶ ✭✺✲✻✮✮✳ ❚❤❡

❡q✉❛❧ ❧❡♥❣t❤ ❝♦♥str❛✐♥t ✐♥tr♦❞✉❝❡s ❛♥ ✐♥t❡r❡st✐♥❣ ✏r❡❝✐♣r♦❝❛❧✑ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ✇✐❞t❤

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

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

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

❚❤❡ ❛s②♠♠❡tr② ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝✉r✈❡s ❝r❡❛t❡s ❛ ♠♦r❡ ✐♥t❡r❡st✐♥❣ ❛♥❞ ❧❡ss ♣r❡❞✐❝t❛❜❧❡ s♣❛❝❡

❛♥❞ ✐t ✜ts ✇❡❧❧ ✐♥t♦ t❤❡ s✐t❡ ❝♦♥t❡①t s✐♥❝❡ ♦♥❡ s✐❞❡ ♦❢ t❤❡ ❣r✐❞s❤❡❧❧ ❢❛❝❡s t❤❡ ❜✉✐❧❞✐♥❣ ♥❡①t t♦ ✐t

❛♥❞ t❤❡ ♦t❤❡r s✐❞❡ ♦♣❡♥s ✉♣ t♦✇❛r❞s t❤❡ ♠❛r❦❡t ♣❧❛❝❡ ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✳✶✳

❋✐❣✉r❡ ✻✳✷✳✶ ✕ ●r✐❞s❤❡❧❧ s❤❛♣❡ ❣❡♥❡r❛t✐♦♥✳ ✶✳ ❉❡✜♥✐t✐♦♥ ♦❢ ❜♦✉♥❞❛r② ❝✉r✈❡s✳ ✷✳ ▲❛② ♦✉t ♣r✐♠❛r② r♦❞s ♦❢ ❡q✉❛❧
❧❡♥❣t❤ ✐♥ t❤❡ ♣❧❛♥❡✳ ✸✳ ▼♦✈❡ ❡♥❞♣♦✐♥ts ✐♥✇❛r❞s t♦ ✜t t❤❡ ❜♦✉♥❞❛r② ❝✉r✈❡s✳ ✹✳ ❚❤❡ s♣❛t✐❛❧ s❤❛♣❡ ❞❡✜♥❡❞ ❜② t❤❡
❜♦✉♥❞❛r② ❝✉r✈❡s ❛♥❞ ❡q✉❛❧ ❧❡♥❣t❤ ❝♦♥str❛✐♥t✳ ✺✳ ❆❞❞✐t✐♦♥ ♦❢ s❡❝♦♥❞❛② r♦❞s✳ ✻✳ ❆❞❞✐t✐♦♥ ♦❢ ❜r❛❝✐♥❣ r♦❞s

✻✳✸ ▼❛t❡r✐❛❧

■t ✐s ❝❤♦s❡♥ t♦ ❜✉✐❧❞ t❤❡ ❣r✐❞s❤❡❧❧ ❢r♦♠ ●❋❘P r♦❞s ❜❡❝❛✉s❡ t❤❡ ♠❛t❡r✐❛❧ ✐s ✈❡r② ❧✐❣❤t✱ ✢❡①✐❜❧❡

❛♥❞ ❤❛s ❛ ❤✐❣❤ str❡♥❣t❤✳ ❆❧❧ t❤❡s❡ ♣r♦♣❡rt✐❡s ❛r❡ ❛❞✈❛♥t❛❣❡♦✉s ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ❜❡♥❞✐♥❣✲❛❝t✐✈❡

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

str❡♥❣t❤✴st✐✛♥❡ss r❛t✐♦ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✸ t✐♠❡s ❧❛r❣❡r ❛♥❞ t❤❡ str❡♥❣t❤✴❞❡♥s✐t② ❛t ❧❡❛st ✷ t✐♠❡s
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❧❛r❣❡r✳ ❋✐❜r♦❧✉① ✭✷✵✶✻✮ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ s✉♣♣❧✐❡r ♦❢ ●❋❘P r♦❞s ✇✐t❤ t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s

❛s s♣❡❝✐✜❡❞ ✐♥ ❚❛❜❧❡ ✻✳✸✳✶ ❛♥❞ ✇✐t❤ ❞✐❛♠❡t❡rs ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ r❛♥❣❡ ❜❡t✇❡❡♥ ✶✳✷✲✽✵ ♠♠✳

❚❤❡ ❝✐r❝✉❧❛r s❡❝t✐♦♥s ❛r❡ ✇❡❧❧ s✉✐t❡❞ ❢♦r t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ♣❛✈✐❧✐♦♥

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

●❋❘P ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✹✵ ✵✵✵ ▼P❛

●❋❘P ❉❡♥s✐t② ✷✵✵✵ kg/m3

●❋❘P str❡♥❣t❤ ✾✵✵ ▼P❛

❚❛❜❧❡ ✻✳✸✳✶ ✕ ●❋❘P ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✭❋✐❜r♦❧✉①✱ ✷✵✶✻✮

✻✳✹ ❉❡s✐❣♥ ❡①♣❧♦r❛t✐♦♥

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

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

❛❝t✐♦♥s✱ str❡ss❡s ❛♥❞ ❞❡✢❡❝t✐♦♥s✳ ❚❛❜❧❡ ✻✳✹✳✶ s❤♦✇s t❤❡ ❞❡s✐❣♥ ✈❛r✐❛❜❧❡s t❤❛t ❛r❡ ❦❡♣t ❝♦♥st❛♥t

t❤r♦✉❣❤♦✉t t❤✐s st✉❞②✳

Pr✐♠❛r② ❧❡♥❣t❤ ✽✳✵ ♠

Pr✐♠❛r② s♣❛❝✐♥❣ ✵✳✺ ♠

❙❡❝♦♥❞❛r② s♣❛❝✐♥❣ ✵✳✹ ♠

❋r❡❡ ❡❞❣❡ ❞✐❛♠❡t❡r ✷✹ ♠♠

Pr✐♠❛r② ❞✐❛♠❡t❡r ✷✵ ♠♠

❙❡❝♦♥❞❛r②✴❜r❛❝✐♥❣ ❞✐❛♠❡t❡r ✶✻ ♠♠

❚♦t❛❧ ✇❡✐❣❤t ∼✸✵✵ ❦❣

❚❛❜❧❡ ✻✳✹✳✶ ✕ ❚❤❡ ♣r❡❞❡✜♥❡❞ ❣r✐❞s❤❡❧❧ ❞❡s✐❣♥ ♣❛r❛♠❡t❡rs

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

✇✐♥❞ ❧♦❛❞ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ t♦✇❛r❞s t❤❡ s✐❞❡ ♦❢ t❤❡ str✉❝t✉r❡✱ ✇❤❡r❡ ✐t ✐s ♠♦st ✈✉❧♥❡r❛❜❧❡ ✭1.0 ·

SW + 1.5 · W ✮✳ ❚❤❡ ✇✐♥❞ ❧♦❛❞ ✐s ♥♦t ❡❛s✐❧② ❞❡✜♥❡❞ ❢♦r ❢r❡❡❢♦r♠ s❤❛♣❡s ❛♥❞ ✐t ✐s ♥♦t ✇✐t❤✐♥

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

s✐♠♣❧✐✜❡❞ ✈❡rs✐♦♥ t❤❛t r❡✢❡❝ts ❛♥ ❛♣♣r♦①✐♠❛t❡ ❜❡❤❛✈✐♦✉r ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✿

• ❚❤❡ ✇✐♥❞ ❧♦❛❞ ✐♥ t❤❡ ❝✐t② ❢♦r ❛ ❤❡✐❣❤t ❧❡ss t❤❛♥ ✶✵✳✵ ♠ ❛♥❞ ❛ ✇✐♥❞ s♣❡❡❞ ♦❢ ✷✹ ♠✴s ✐s

0.4 kN/m2 ❛❝❝♦r❞✐♥❣ t♦ ❊◆ ✶✾✾✶✲✶✲✹ ❉❑ ◆❆

• ❆ ♣❡r❢♦r❛t✐♦♥ ❢❛❝t♦r ✐s ✐♥❝❧✉❞❡❞ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❢❛❝t t❤❛t t❤❡ ❣r✐❞s❤❡❧❧ ✐s ♥♦t ❛ s♦❧✐❞

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

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

s✉❜s❡q✉❡♥t❧② r❡❞✉❝❡❞ ❜② t❤✐s ❢❛❝t♦r✳

• ❆ tr✐❛♥❣✉❧❛t❡❞ ♠❡s❤ t❤❛t ❝♦✈❡rs t❤❡ ❡♥t✐r❡ ❣r✐❞s❤❡❧❧ s✉r❢❛❝❡ ✐s ❝r❡❛t❡❞ ❛♥❞ t❤❡ ♥♦r♠❛❧

✈❡❝t♦rs ❛t t❤❡ ✈❡rt✐❝❡s ✭✇❤✐❝❤ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥ts ♦❢ t❤❡ r♦❞s✮ ❛r❡ ❞❡✜♥❡❞
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❢r♦♠ ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ t❤❡✐r ♥❡✐❣❤❜♦✉r✐♥❣ ♠❡s❤ ❢❛❝❡ ♥♦r♠❛❧s✳ ❚❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ ❡❛❝❤

♥♦r♠❛❧ ✈❡❝t♦r ♦♥t♦ t❤❡ s♣❡❝✐✜❡❞ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❞❡t❡r♠✐♥❡s t❤❡ ❞✐r❡❝t✐♦♥ ✭✐♥✇❛r❞s ♣r❡ss✉r❡

✐❢ t❤❡ ❞♦t ♣r♦❞✉❝t ✐s ♥❡❣❛t✐✈❡ ❛♥❞ ♦✉t✇❛r❞s s✉❝t✐♦♥ ✐❢ t❤❡ ❞♦t ♣r♦❞✉❝t ✐s ♣♦s✐t✐✈❡✮ ❛♥❞ t❤❡

♠❛❣♥✐t✉❞❡ s✉❝❤ t❤❛t ❛ ✈❛r✐❛t✐♦♥ ♦✈❡r t❤❡ s✉r❢❛❝❡ ✐s ♦❜t❛✐♥❡❞ ✭✐❢ t❤❡ ❞♦t ♣r♦❞✉❝t ✐s ✶✳✵ ✐✳❡✳

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

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

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

• ❚❤❡ ✈♦r♦♥♦✐ ❛r❡❛ ❛r♦✉♥❞ ❡❛❝❤ ✈❡rt❡① ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❛ ❤②❜r✐❞ ♠❡t❤♦❞ ❛s ❞❡s❝r✐❜❡❞

❜② ▼❡②❡r ❡t ❛❧✳ ✭✷✵✵✷✮ ❛♥❞ ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ r❡❞✉❝❡❞ ✇✐♥❞ ❧♦❛❞ ✈❛❧✉❡ ✭❞✉❡ t♦ t❤❡

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

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

❛♥❞ t❤❡ ❧♦❛❞ ❝❛s❡ ✇✐♥❞ ❝♦❡✣❝✐❡♥t✱ ✇❤✐❝❤ ❣✐✈❡s t❤❡ ✇✐♥❞ ❞✐str✐❜✉t✐♦♥ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡

✻✳✹✳✶✳

❋✐❣✉r❡ ✻✳✹✳✶ ✕ ❚❤❡ s✐♠♣❧✐✜❡❞ ✇✐♥❞ ❧♦❛❞ ❛❝t✐♥❣ ♦♥ t❤❡ ❣r✐❞s❤❡❧❧
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✻✳✹✳✶ ❉❡s✐❣♥ ✶

❋✐❣✉r❡ ✻✳✹✳✷ ✕ ●r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✶✿ ●❡♦♠❡tr② ❛♥❞ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡
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✻✳✹✳✷ ❉❡s✐❣♥ ✷

❋✐❣✉r❡ ✻✳✹✳✸ ✕ ●r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✷✿ ●❡♦♠❡tr② ❛♥❞ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡
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✻✳✹✳✸ ❉❡s✐❣♥ ✸

❋✐❣✉r❡ ✻✳✹✳✹ ✕ ●r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✸✿ ●❡♦♠❡tr② ❛♥❞ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡
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✻✳✹✳✹ ❉❡s✐❣♥ ✹

❋✐❣✉r❡ ✻✳✹✳✺ ✕ ●r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✹✿ ●❡♦♠❡tr② ❛♥❞ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡
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✻✳✹✳✺ ❉❡s✐❣♥ ✺

❋✐❣✉r❡ ✻✳✹✳✻ ✕ ●r✐❞s❤❡❧❧ ❞❡s✐❣♥ ✺✿ ●❡♦♠❡tr② ❛♥❞ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡
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✻✳✺ ❉❡s✐❣♥ s❡❧❡❝t✐♦♥ ❛♥❞ r❡✜♥❡♠❡♥t

❚❤❡ ❞❡✢❡❝t✐♦♥ ✐s t❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ ♦❢ t❤❡ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡ ♣❛r❛♠❡t❡rs ❛s t❤❡ str✉❝t✉r❡

✐s ✈❡r② ❧✐❣❤t✇❡✐❣❤t ❛♥❞ ✢❡①✐❜❧❡✳ ■t ✐s ❢✉rt❤❡r♠♦r❡ ♦❜s❡r✈❡❞ t❤❛t t❤❡ ♠❛①✐♠✉♠ ✉t✐❧✐s❛t✐♦♥ ♦❢ t❤❡

❡❧❡♠❡♥ts ✐s ❛♣♣r♦①✐♠❛t❡❧② ✵✳✺✱ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t t❤❡ str❡ss❡s ❛r❡ ♥♦t ❛ ♣r♦❜❧❡♠✳ ❉❡s✐❣♥ ✶ ✇✐t❤

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

✈❛r✐❛t✐♦♥s ❤❛✈❡ ❛ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ✐♥ t❤❡ r❛♥❣❡ ❜❡t✇❡❡♥ ✹✲✶✻ ♠♠✳ ❚❤✐s s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥

s❤♦✇s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❝✉r✈❛t✉r❡ ❛s ❛ ♠❡❛♥s ♦❢ st✐✛❡♥✐♥❣ t❤❡ s❤❡❧❧✳ ❉❡s✐❣♥ ✸ ✐s ♣❛rt✐❝✉❧❛r❧②

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

❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝✉r✈❡s ❛♥❞ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ✇✐❞t❤ ❛t t❤❡ ♠✐❞❞❧❡ ❛r❡ ❜❡♥❡✜❝✐❛❧

❞❡s✐❣♥ ♣❛r❛♠❡t❡rs t♦ st✐✛❡♥ t❤❡ s❤❡❧❧✳

❲❤❡♥ ❞❡s✐❣♥✐♥❣ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ str✉❝t✉r❡s ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t t❤❡ ❞❡✢❡❝t✐♦♥s ❛r❡ ❧❛r❣❡r t❤❛♥ ✐♥

❛ ♥♦r♠❛❧ str✉❝t✉r❡✳ ❋♦r ❛ ✶✵ ♠ ❧♦♥❣ ❣r✐❞s❤❡❧❧ ✐t ✐s ❡✈❛❧✉❛t❡❞ t❤❛t ❛ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ♦❢

✺✵ ♠♠ ✐s ❛❝❝❡♣t❛❜❧❡ ✭▲✴✷✵✵✮✳ ❆❧❧ ✜✈❡ ❞❡s✐❣♥ ✈❛r✐❛t✐♦♥s t❤✉s ❢✉❧✜❧ t❤✐s r❡q✉✐r❡♠❡♥t ❛♥❞ t❤❡

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

❡✣❝✐❡♥t ❞❡s✐❣♥ ✐s ❛❧s♦ ❡✈❛❧✉❛t❡❞ t♦ ❜❡ t❤❡ ♠♦st ❛❡st❤❡t✐❝❛❧❧② ♣❧❡❛s✐♥❣ ❞❡s✐❣♥ ❛♥❞ ❤❡♥❝❡ ❉❡s✐❣♥

✸ ✐s s❡❧❡❝t❡❞ ❢♦r ❢✉rt❤❡r r❡✜♥❡♠❡♥ts✳

❚❤❡ ✜rst st❡♣ ✐s t♦ r❡❞✉❝❡ t❤❡ ❞✐❛♠❡t❡rs ♦❢ t❤❡ r♦❞s s✐♥❝❡ t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ❢♦r t❤✐s ❞❡s✐❣♥

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

✇✐t❤ t❤❡ r♦❞ ❞✐❛♠❡t❡rs ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✻✳✺✳✶✳

❋r❡❡ ❡❞❣❡ ❞✐❛♠❡t❡r ✶✻ ♠♠

Pr✐♠❛r② ❞✐❛♠❡t❡r ✶✹ ♠♠

❙❡❝♦♥❞❛r②✴❜r❛❝✐♥❣ ❞✐❛♠❡t❡r ✶✷ ♠♠

❚♦t❛❧ ✇❡✐❣❤t ✶✻✶ ❦❣

❚❛❜❧❡ ✻✳✺✳✶ ✕ ❘❡❞✉❝❡❞ ❞✐❛♠❡t❡rs ♦❢ t❤❡ r♦❞s

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

✶✳ 1.0 · SW

✷✳ 1.0 · SW + 1.5 · S + 0.45 ·W

✸✳ 1.0 · SW + 1.5 ·W

❍❡r❡ SW ✐s t❤❡ s❡❧❢✲✇❡✐❣❤t✱ S ✐s t❤❡ s♥♦✇ ❧♦❛❞ ❛♥❞ W ✐s t❤❡ ✇✐♥❞ ❧♦❛❞✳ ❆❧❧ ❧♦❛❞ ❝❛s❡s ✐♥❝❧✉❞❡

t❤❡ ♣r❡str❡ss ♦❢ t❤❡ r♦❞s ❢r♦♠ ✐♥✐t✐❛❧ ❜❡♥❞✐♥❣✳ ❚❤❡ ♣❡r❢♦r❛t✐♦♥ ❢❛❝t♦r ✭❛s ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✮ ✐s

♥♦✇ ❞♦✉❜❧❡❞ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❛❞❞✐t✐♦♥❛❧ ❛r❡❛ ❛r♦✉♥❞ t❤❡ ❝✐r❝✉❧❛r s❡❝t✐♦♥s✱ ✇❤✐❝❤ ✐s ✐♥✢✉❡♥❝❡❞

❜② t❤❡ ✇✐♥❞ ❛s ✇❡❧❧✳ ❚❤❡ s♥♦✇ ❧♦❛❞ ✐s s❡t t♦ 0.9 kN/m2 ❛❝❝♦r❞✐♥❣ t♦ ❊◆ ✶✾✾✶✲✶✲✸ ❉❑ ◆❆ ❛♥❞

♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ ❤♦r✐③♦♥t❛❧ ✈♦r♦♥♦✐ ❛r❡❛ ❛r♦✉♥❞ ❡❛❝❤ ♥♦❞❡ ✐♥ t❤❡ ♠❡s❤ ✐♥ ♦r❞❡r t♦ ❝❛❧❝✉❧❛t❡

t❤❡ ❧✉♠♣❡❞ ♥♦❞❛❧ ❢♦r❝❡s✳ ❋♦r s✐♠♣❧✐❝✐t②✱ t❤❡ s❛♠❡ ♣❡r❢♦r❛t✐♦♥ ❢❛❝t♦r ✐s ✉s❡❞✳

81



Chapter 6: GFRP gridshell design
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▲♦❛❞ ❝❛s❡ ✶ ✐s ✉s❡❢✉❧ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❜❡❤❛✈✐♦✉r ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ♣r❡str❡ss ♦❢ t❤❡ r♦❞s✳ ■♥✲

t❡r❡st✐♥❣❧②✱ t❤❡ ♠❛①✐♠✉♠ str❡ss ❧❡✈❡❧ ♦❢ ❛❧❧ t❤❡ ❧♦❛❞ ❝❛s❡s ♦❝❝✉rs ❤❡r❡✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡

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

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

✐♥❝r❡❛s❡ t❤❡ ♠♦♠❡♥t ❛t t❤❡ t♦♣✳ ❚❤✐s ❤✐❣❤❧✐❣❤ts t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ✐♥✐t✐❛❧ ♣r❡str❡ss✱ ✇❤✐❝❤

✐s t❤❡ ❞♦♠✐♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ str❡ss ❧❡✈❡❧✳ ❇❛✈❡r❡❧ ❡t ❛❧✳ ✭✷✵✶✷✮ ❞❡s❝r✐❜❡ t❤❡ s❛♠❡ ❜❡✲

❤❛✈✐♦✉r ❢♦r ❛ ❜✉✐❧t ❡①❛♠♣❧❡ ♦❢ ❛ ●❋❘P ❣r✐❞s❤❡❧❧ ✭❙♦❧✐❞❛②✬s P❛✈✐❧✐♦♥ ✐♥ P❛r✐s✮✳ ❚❤❡ ♠❛①✐♠✉♠

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

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

♦♥❡ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝✉r✈❡s✳ ❲❤✐❧st t❤❡ ♣r✐♠❛r② ❝✉r✈❡s ❛r❡ ✐♥ ❡q✉✐❧✐❜r✐✉♠ ♦♥ t❤❡✐r ♦✇♥✱ t❤❡

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

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

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

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

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

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

❆♣❛rt ❢r♦♠ t❤❡ ❜❡♥❞✐♥❣ str❡ss❡s✱ t❤❡ ♦t❤❡r str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡ ♣❛r❛♠❡t❡rs ✐♥❝r❡❛s❡ ❢♦r ❧♦❛❞

❝❛s❡ ✷ ❛♥❞ ✸✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ✐s ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ ❛♥❞ ♦❝❝✉rs ✐♥ t❤❡ s❛♠❡

❝✉r✈❡❞ ❜❛♥❞ ❛❧♦♥❣ t❤❡ s✉❝t✐♦♥ s✐❞❡ ♦❢ t❤❡ ❣r✐❞s❤❡❧❧✳ ■t ✐s ❡✈✐❞❡♥t ❤♦✇ t❤❡ ❡①tr❛ ❝✉r✈❛t✉r❡

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

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

✏♣♦❝❦❡ts✑✱ ✇❤✐❝❤ ❢♦r t❤❡ s♥♦✇ ❧♦❛❞ ❞❡✈❡❧♦♣ ❝❧♦s❡r t♦ t❤❡ t♦♣ ❛♥❞ ❢♦r t❤❡ ✇✐♥❞ ❧♦❛❞ ❞❡✈❡❧♦♣ ❝❧♦s❡r

t♦ t❤❡ ❜♦✉♥❞❛r② ✭❜♦t❤ ✐♥✇❛r❞s✮✳ ❚❤❡ ❤✐❣❤ str❡♥❣t❤✴st✐✛♥❡ss r❛t✐♦ ♦❢ t❤❡ ●❋❘P ♠❛t❡r✐❛❧ ♠❡❛♥s

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

✈❛❧✉❡ ♦❢ ✶✾ ♠♠ s✉❣❣❡sts t❤❛t t❤❡ ❞✐❛♠❡t❡rs ♦❢ t❤❡ r♦❞s ❛r❡ ❢✉rt❤❡r r❡❞✉❝❡❞ ♦r t❤❡ s♣❛❝✐♥❣

❜❡t✇❡❡♥ t❤❡ r♦❞s ❛r❡ ✐♥❝r❡❛s❡❞✳ ❍♦✇❡✈❡r✱ ❛ r❡❞✉❝t✐♦♥ ♦❢ ♦♥❧② ✷ ♠♠ ♦❢ ❡❛❝❤ r♦❞✬s ❞✐❛♠❡t❡r

✐♥❝r❡❛s❡s t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✻✺ ♠♠✳ ❚❤✐s ✐s ❡✈❛❧✉❛t❡❞ t♦ ❜❡ t♦♦ ♠✉❝❤

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

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

❚❤✐s ♠❡❛♥s t❤❛t t❤❡ str✉❝t✉r❡ ❤❛s t♦ ❜❡ ♣r♦♣❡r❧② t✐❡❞ ❞♦✇♥✳
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✻✳✺✳✷ ❇✉❝❦❧✐♥❣

❆ ♥♦♥✲❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ♦❢ t❤❡ ❣r✐❞s❤❡❧❧ ✐s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ❧♦❛❞ ❝♦♠❜✐♥❛t✐♦♥ ✐♥❝❧✉❞✐♥❣ ♣r❡✲

str❡ss✱ s❡❧❢✲✇❡✐❣❤t ❛♥❞ ✇✐♥❞✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ str❡ss❡s ❛♥❞ ❞❡✢❡❝t✐♦♥s ❛r❡ ✇✐t❤✐♥ ❛♥ ❛❝❝❡♣t❛❜❧❡

r❛♥❣❡ ✉s✐♥❣ ❢❛❝t♦r❡❞ ❧♦❛❞s✱ ❜✉❝❦❧✐♥❣ ♠❛② st✐❧❧ ❜❡ ❛♥ ✐ss✉❡✳ ❆ ❧♦❛❞ ❢❛❝t♦r st❡♣ s✐③❡ ♦❢ ✵✳✶ ✐s

✉s❡❞ ❢♦r t❤❡ ❜✉❝❦❧✐♥❣ s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ❝♦♥t✐♥✉❡s t♦ r✉♥ ✉♥t✐❧ ❛ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ♦❢ ✺✵✵

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

t♦ ❞❡t❡❝t ✇❤❡♥ ❜✉❝❦❧✐♥❣ ♦❝❝✉rs✳ ❋✐❣✉r❡ ✻✳✺✳✹ ❛♥❞ ❋✐❣✉r❡ ✻✳✺✳✺ ✐❧❧✉str❛t❡ t❤❡ ❞❡❢♦r♠❡❞ s❤❛♣❡

❢r♦♠ ❛ ♥✉♠❜❡r ♦❢ s❡❧❡❝t❡❞ ❧♦❛❞ ❢❛❝t♦rs ✭✏▲❋✮✳ ❯♣ ✉♥t✐❧ ❛ ❧♦❛❞ ❢❛❝t♦r ♦❢ ✸✳✵ t❤❡ ❞✐s♣❧❛❝❡♠❡♥ts

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

❛ s♠❛❧❧ ❞✐s♣❧❛❝❡♠❡♥t ♣♦❝❦❡t ✭♣✉r♣❧❡ ❛r❡❛✮ ♦♥ t❤❡ ❧❡❢t s✐❞❡ ❢r♦♠ t❤❡ t♦♣ ✈✐❡✇ st❛rts t♦ ❞❡✈❡❧♦♣

❛♥❞ ❜❡t✇❡❡♥ ▲❋❂✸✳✵ ❛♥❞ ▲❋❂✸✳✶ t❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t s✉❞❞❡♥❧② ❝❤❛♥❣❡s ❢r♦♠ ♦♥❡ s✐❞❡

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

✐s t❤❡r❡❢♦r❡ ❡st✐♠❛t❡❞ t♦ ❛ ✈❛❧✉❡ ♦❢ ✸✳✶✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤❡ str✉❝t✉r❡ ✐s s✉✣❝✐❡♥t❧② st✐✛✳

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

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

❋✐❣✉r❡ ✻✳✺✳✺ ✐❧❧✉str❛t❡s t❤❡ ❜❡❤❛✈✐♦✉r ✇❤❡♥ t❤❡ ❧♦❛❞ ✐♥❝r❡♠❡♥ts ❝♦♥t✐♥✉❡✳ ❚❤❡ str✉❝t✉r❡ ✜♥❞s

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

✹✳✾✳ ❆❢t❡r t❤✐s ♣♦✐♥t✱ ❧♦❝❛❧ ❜✉❝❦❧✐♥❣ ♦❝❝✉rs ✜rst ❛t ❛♥♦t❤❡r ♣❛rt ✐♥ t❤❡ s❛♠❡ ❛r❡❛ ❛s ❜❡❢♦r❡ ✭❛

❜✐t ❢✉rt❤❡r ✉♣✮ ❛♥❞ s❤♦rt❧② ❛❢t❡r✇❛r❞s ✐♥ ❛ s❡❝♦♥❞ ❞✐s♣❧❛❝❡♠❡♥t ♣♦❝❦❡t✳
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✻✳✺✳✸ ❈♦♥♥❡❝t✐♦♥s ❛♥❞ s✉♣♣♦rts

❋✐❣✉r❡ ✻✳✺✳✻ ✕ ❉✐✛❡r❡♥t ♦♣t✐♦♥s ❢♦r t❤❡ ●❋❘P ❣r✐❞s❤❡❧❧ ❝♦♥♥❡❝t✐♦♥ ❞❡t❛✐❧✳ ❛✮ ❙t❛♥❞❛r❞ s✇✐✈❡❧ s❝❛✛♦❧❞ ❝♦♥♥❡❝t✐♦♥✳
❜✮ ❲r❛♣ ❛r♦✉♥❞ ❝♦♥♥❡❝t✐♦♥ ♦❢ ♠❡t❛❧ ✇✐r❡ ♦r ❢❛❜r✐❝ t❛♣❡

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

s✇✐✈❡❧ s❝❛✛♦❧❞ ❝♦♥♥❡❝t✐♦♥ ♦r ❛ ✇r❛♣ ❛r♦✉♥❞ s♦❧✉t✐♦♥ ✭◗✉✐♥♥ ❛♥❞ ●❡♥❣♥❛❣❡❧✱ ✷✵✶✹✮ ❛s s❤♦✇♥ ✐♥

❋✐❣✉r❡ ✻✳✺✳✻✳ ❇♦t❤ ❝♦♥♥❡❝t♦rs ❛❧❧♦✇ r♦t❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡rs❡❝t✐♥❣ r♦❞s✱ ✇❤✐❝❤ ✐s t❤❡ ✐❞❡❛❧ ♣r♦♣❡rt②

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

✇✐t❤ ❛ s✐♠✐❧❛r t②♣❡ ♦❢ ❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ s❡❝♦♥❞❛r② ❧❛②❡r✳ ■♥ t❤✐s ❝❛s❡ st✉❞②✱ t❤❡ ❝♦♥♥❡❝t✐♦♥s ❛r❡

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

❝♦♥♥❡❝t♦rs ❛r❡ ✉s❡❞ ✐♥ ♣r❛❝t✐❝❡✱ t❤❡ ❣r✐❞s❤❡❧❧ ❜❡❝♦♠❡s ❧❡ss st✐✛✳ ❉✉❡ t♦ t❤❡ s♠❛❧❧ ❞❡✢❡❝t✐♦♥s

❢r♦♠ t❤❡ ❛♥❛❧②s✐s✱ t❤✐s ♠❛② ❜❡ ❛❝❝❡♣t❛❜❧❡ ✐♥ t❤✐s ❝❛s❡✳

❚❤❡ ❛♥❛❧②s✐s s❤♦✇s t❤❛t t❤❡ s✉♣♣♦rts ❤❛✈❡ t♦ ❜❡ ❞❡s✐❣♥❡❞ ❢♦r ❛♥ ✉♣❧✐❢t ❢♦r❝❡ ♦❢ ♠❛①✐♠✉♠ ✸✳✷

❦◆ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✸✷✵ ❦❣✳ ❋✐❣✉r❡ ✻✳✺✳✼✱ ❋✐❣✉r❡ ✻✳✺✳✽ ❛♥❞ ❋✐❣✉r❡ ✻✳✺✳✾ ✐❧❧✉str❛t❡ ❞✐✛❡r❡♥t ✐❞❡❛s

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

♠❡❡t t❤❡ ❜♦✉♥❞❛r② ✇✐t❤ ❞✐✛❡r❡♥t ❛♥❣❧❡s✳ ❖♣t✐♦♥ ✶ ✭s❡❡ ❋✐❣✉r❡ ✻✳✺✳✼✮ ✐s ❛ ❝✉r✈❡❞ ❡❞❣❡ ❜❡❛♠

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

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

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

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

❖♣t✐♦♥ ✷ ✭s❡❡ ❋✐❣✉r❡ ✻✳✺✳✽✮ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❛♥ ❡①tr❛ r♦❞ ❛❧♦♥❣ t❤❡ ❜♦✉♥❞❛r② ♦❢ t❤❡

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

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

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

t❤❡ ✐♥t❡rs❡❝t✐♥❣ r♦❞s✳ ❚❤❡ ❡❞❣❡ ❜❡❛♠ ✐s s✐♠✐❧❛r❧② ❛♥❝❤♦r❡❞ t♦ t❤❡ ❣r♦✉♥❞✳ ❖♣t✐♦♥ ✸ ✭s❡❡ ❋✐❣✉r❡

✻✳✺✳✾✮ ✉s❡s ❛ ♠❡t❛❧ s❧❡❡✈❡ ✇✐t❤ ❛ ✢❛t ♣❧❛t❡ ✇❡❧❞❡❞ t♦ ✐t✱ ✇❤✐❝❤ ✐s ❜♦❧t❡❞ t♦ ❛♥ ❛♥❣❧❡ ❜r❛❝❦❡t ❛♥❞

✜①❡❞ t♦ ❛ ❝✉r✈❡❞ ❡❞❣❡ ❜❡❛♠✳ ❍♦✇❡✈❡r✱ t❤❡ r♦❞ ❞✐❛♠❡t❡rs ❛r❡ ✈❡r② s♠❛❧❧ ❛♥❞ ✐t ✐s q✉❡st✐♦♥❛❜❧❡

✇❤❡t❤❡r t❤✐s s♦❧✉t✐♦♥ ✐s ❛♣♣❧✐❝❛❜❧❡ ❛t t❤✐s s❝❛❧❡✳
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✻✳✻ ❋✐♥❛❧ ❞❡s✐❣♥

❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ●❋❘P ❣r✐❞s❤❡❧❧ ❢♦r ❛ ♠❛r❦❡t st❛❧❧ ❛t ❚♦r✈❡❤❛❧❧❡r♥❡ ✐s ✈✐s✉❛❧✐s❡❞ ✐♥ ❋✐❣✉r❡

✻✳✻✳✶✳

❋✐❣✉r❡ ✻✳✻✳✶ ✕ ❚❤❡ ✜♥❛❧ ❣r✐❞s❤❡❧❧ ❞❡s✐❣♥

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

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

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

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

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

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

❛❞✈❛♥❝❡❞ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ✐s ♥❡❝❡ss❛r② ❢♦r str✉❝t✉r❛❧ ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ♦❢ ❝♦♥♥❡❝t✐♦♥

❞❡t❛✐❧s✳
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❈❤❛♣t❡r ✼

❈♦♥❝❧✉s✐♦♥s

✼✳✶ ❙✉♠♠❛r②

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

❧②s✐s ♦❢ ❢♦r♠✲❛❝t✐✈❡ str✉❝t✉r❡s ✇✐t❤✐♥ t❤❡ ❘❤✐♥♦✴●r❛ss❤♦♣♣❡r ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞

s♦❢t✇❛r❡ r❡✈✐❡✇ ❤✐❣❤❧✐❣❤t❡❞ t❤❛t t❤❡ ✐♥t❡❣r❛t❡❞ ✜♥✐t❡ ❡❧❡♠❡♥t s♦❢t✇❛r❡ ❑❛r❛♠❜❛ ❤❛❞ ❧✐♠✐t❡❞

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

♦t❤❡r ❤❛♥❞✱ t❤❡ ●r❛ss❤♦♣♣❡r ♣❧✉❣✲✐♥ ❑❛♥❣❛r♦♦✷ s❤♦✇❡❞ ❣r❡❛t ♣♦t❡♥t✐❛❧ ❛s ✐t ✐♥❤❡r❡♥t❧② ❞❡❛❧t

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

✇✐t❤ ✐♠♣r♦✈❡❞ st❛❜✐❧✐t② s✉❝❤ t❤❛t r❡❛❧ ✇♦r❧❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❝♦✉❧❞ ❜❡ ✉s❡❞✳ ❚❤✐s ♠❛❞❡ ✐t

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

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

❛ ♣❧✉❣✲✐♥✱ ✇❤✐❝❤ ❡①t❡♥❞❡❞ t❤✐s ❑❛♥❣❛r♦♦✷ ❢r❛♠❡✇♦r❦ ✇✐t❤ ❝❛❧✐❜r❛t❡❞ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r ❛♥❞

♦✉t♣✉t✳

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

❜❡♥❞✐♥❣ ❜❡❤❛✈✐♦✉r ❜❛s❡❞ ♦♥ ❛ ✸ ❉♦❋ s②st❡♠ ✐♥ ♦r❞❡r t♦ ♠♦❞❡❧ ❝❛❜❧❡s✱ ❜❛rs ❛♥❞ ❜❡❛♠s✳ ❚❤❡

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

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

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

✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s②st❡♠ ❢♦r ✈✐s✉❛❧✐s❛t✐♦♥ ♣✉r♣♦s❡s ❛♥❞ str❡ss s✉♠♠❛t✐♦♥✳ ❈♦♠♣❛r✐s♦♥s

✇✐t❤ ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥s ❛♥❞ r❡s✉❧ts ❢r♦♠ ❑❛r❛♠❜❛ ✭❢♦r ❛♣♣r♦♣r✐❛t❡ ❦✐♥❞ ♦❢ str✉❝t✉r❡s✮ s❤♦✇❡❞

❡①❝❡❧❧❡♥t ❝♦♠♣❧✐❛♥❝❡ ❛♥❞ ✇❡r❡ ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r t♦ ✐♠♣r♦✈❡ t❤❡ r❡❧✐❛❜✐❧✐t② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡

s♦❢t✇❛r❡ s✉❝❤ t❤❛t t❤❡ r❡s✉❧ts ❢♦r ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ str✉❝t✉r❡s ❝♦✉❧❞ ❜❡ tr✉st❡❞✳

❚❤❡ ❞❡✈❡❧♦♣❡❞ ♣❧✉❣✲✐♥ ✇❛s t❡st❡❞ ❞✉r✐♥❣ t❤❡ ✇♦r❦s❤♦♣ ❞❛②s ❛t t❤❡ ❙♠❛rt ●❡♦♠❡tr② ❝♦♥❢❡r❡♥❝❡

❛♥❞ ✐♥t❡❣r❛t❡❞ ✐♥ ❛ ♠♦❞❡❧❧✐♥❣ ♣✐♣❡❧✐♥❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ✺ ♠ t❛❧❧ ❤②❜r✐❞

t♦✇❡r ♦❢ ●❋❘P r♦❞s ❛♥❞ ♣❧❛st✐❝ ❝❛❜❧❡s✳ ❚❤❡ ✐♥t❡r❛❝t✐✈❡ ❡♥✈✐r♦♥♠❡♥t ✇✐t❤ ❧✐✈❡ ❢❡❡❞❜❛❝❦ ♦♥ t❤❡

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

✾✸



Chapter 7: Conclusions

str✉❝t✉r❡s ✐♥ ❣❡♥❡r❛❧✳ ❚❤❡ ❝❛s❡ st✉❞② ♦❢ ❛ ●❋❘P ❣r✐❞s❤❡❧❧ ❛❧s♦ ❞❡♠♦♥str❛t❡❞ t❤❡ ❛❞✈❛♥t❛❣❡s

♦❢ t❤✐s ✇♦r❦✢♦✇ t♦ q✉✐❝❦❧② ❡①♣❧♦r❡ ✜✈❡ ❞❡s✐❣♥ ✈❛r✐❛t✐♦♥s ❛♥❞ ✉s❡ t❤❡ str✉❝t✉r❛❧ ♣❡r❢♦r♠❛♥❝❡

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

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

✼✳✷ ❉✐s❝✉ss✐♦♥ ❛♥❞ ❢✉t✉r❡ ✇♦r❦

❚❤❡ ❞❡✈❡❧♦♣❡❞ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ ✐s ♦♥❧② t❤❡ ❡❛r❧② st❛❣❡ ♦❢ ❛ ❧❛r❣❡r ♣♦t❡♥t✐❛❧ ♦❢ ❛♥❛❧②s✐♥❣

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

r❡♣r❡s❡♥ts t❤❡ s✐♠♣❧❡st ❡❧❡♠❡♥ts ✐✳❡✳ ❝❛❜❧❡s✱ ❜❛rs✱ ❜❡❛♠s ❛♥❞ s✐♠♣❧❡ s✉♣♣♦rts ✐♥ ❛ ✸ ❉♦❋ s②st❡♠✳

❲❤✐❧st t❤✐s ✸ ❉♦❋ s②st❡♠ r❡❞✉❝❡s t❤❡ ❝♦♠♣❧❡①✐t② ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ s♣❡❡❞ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ✐t ❛❧s♦

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

❧✐♥❡ s❡❣♠❡♥ts ❛♥❞ ✐s ❧✐♠✐t❡❞ t♦ ❛ ❝r♦ss s❡❝t✐♦♥ ✇✐t❤ r♦t❛t✐♦♥❛❧ s②♠♠❡tr②✳ ❙✐♠✐❧❛r❧②✱ ✐t ✐s ♦♥❧②

♣♦ss✐❜❧❡ t♦ ♠♦❞❡❧ r✐❣✐❞ s✉♣♣♦rts ❜② ❤❛✈✐♥❣ t✇♦ ❝♦♥s❡❝✉t✐✈❡ ♣✐♥♥❡❞ s✉♣♣♦rts✳ ❲❤❡♥ ✇♦r❦✐♥❣

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

t❤❡ ❙♠❛rt ●❡♦♠❡tr② ✇♦r❦s❤♦♣ ❛♥❞ t❤❡ ❣r✐❞s❤❡❧❧ ❝❛s❡ st✉❞②✳ ❇r❡❛❦✐♥❣ ❞♦✇♥ t❤❡ ❜❡❤❛✈✐♦✉r ✐♥t♦

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

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

t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ❡✳❣✳ ❜✐❛①✐❛❧ ❜❡♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥ ❛s ✇❡❧❧✳ ▼❡♠❜r❛♥❡s ❛r❡ ❛❧s♦ ❛ ❦❡② ❡❧❡♠❡♥t

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

❡❛r❧② st❛❣❡ ❞❡s✐❣♥✱ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ❞❡✈❡❧♦♣ ❛ ♣r♦♣❡r ❈❙❚ ✭❝♦♥st❛♥t str❛✐♥ tr✐❛♥❣❧❡✮ ❡❧❡♠❡♥t✳

▼❡t❤♦❞s ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ s✐♠✉❧❛t❡ ❜✐❛①✐❛❧ ❜❡♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥ ❜❛s❡❞ ♦♥ ✹ ❞❡✲

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

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

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

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

❢✉♥❝t✐♦♥❛❧✐t② ✐♥ ❛ ✻ ❉♦❋ s②st❡♠✳ ❆❝❝♦r❞✐♥❣ t♦ ❉❛♥✐❡❧ P✐❦❡r✱ ✐t ✐s ♦♥❧② ❛ ♠❛tt❡r ♦❢ t✐♠❡ ❜❡❢♦r❡

❑❛♥❣❛r♦♦✷ ✐s ❡①t❡♥❞❡❞ t♦ s✉❝❤ ❛ s②st❡♠✱ ✇❤✐❝❤ s✉♣♣♦rts t❤❡ ✐❞❡❛ ♦❢ t❤❛t ❞❡✈❡❧♦♣♠❡♥t ♣❛t❤✳

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

q✉❡st✐♦♥s t❤❡ ♦✈❡r❛❧❧ ♣✉r♣♦s❡ ♦❢ t❤❡ str✉❝t✉r❛❧ ❝❛❧✐❜r❛t✐♦♥ ✇✐t❤ ❑❛♥❣❛r♦♦✷✿ ■s t❤❡ ✐♥t❡r❛❝t✐✈❡

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

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

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

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

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

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

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

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

s✐♠♣❧❡ ❣♦❛❧s ❝❛♥ ❜❡ ✉s❡❞✳
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✼✳✸ P❡rs♣❡❝t✐✈❡

❚❤❡ ❞❡✈❡❧♦♣❡❞ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ ❤❛s ❛❧r❡❛❞② ♣r♦✈❡♥ t♦ ❜❡ ✉s❡❢✉❧ ❢♦r t✇♦ ♣r♦❥❡❝ts ❛t ❋♦r♠❛t

❊♥❣✐♥❡❡rs ❛♥❞ t❤✐s ❝♦♥✜r♠s t❤❛t ✐t ✜❧❧s ♦✉t ❛ ❣❛♣ ✐♥ t❤❡ ❡①✐st✐♥❣ s♦❢t✇❛r❡✳

✼✳✸✳✶ ❈❧❛♠s❤❡❧❧ ❚❡♥t

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

❛r❝❤ ❢r❛♠❡s ❛♥❞ ❛ P❚❋❊ ♠❡♠❜r❛♥❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✸✳✶ ✭t♦♣✮✳ ❚❤❡ ❛r❝❤ ❢r❛♠❡s ✇❡r❡

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

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

♠❡♠❜r❛♥❡ ♦♥ t❤❡ ❞❡✢❡❝t✐♦♥s ❛♥❞ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts✳ ❚❤❡ str✉❝t✉r❡ ✇❛s s✉❜❥❡❝t❡❞ t♦ ❛ ❧♦❛❞ ❝❛s❡

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

✐♥ ❋✐❣✉r❡ ✼✳✸✳✶✳ ❲❤❡♥ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ♣r❡t❡♥s✐♦♥❡❞✱ ✐t ❤❛❞ ❧❡ss s❧❛❝❦ ❛r❡❛s ✭♥♦t✐❝❡❛❜❧❡ ❢r♦♠

t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❣r❡❡♥ ❛♥❞ ❜❧✉❡ ❝♦❧♦✉rs✮ ❛♥❞ r❡❞✉❝❡❞ t❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡

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

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

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

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

❚❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ t❤❡r❡❢♦r❡ ♣r♦✈❡❞ t♦ ❜❡ ✈❡r② ✉s❡❢✉❧ ✐♥ ♦r❞❡r t♦ ♠♦❞❡❧ t❤❡ str✉❝t✉r❛❧

❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❈❧❛♠s❤❡❧❧ ❚❡♥t ❛♥❞ ❡♥s✉r❡❞ t❤❛t t❤❡ r✐❣❤t ❝♦♠♣r♦♠✐s❡ ✇❡r❡ ❢♦✉♥❞ ❜❡❢♦r❡ t❤❡
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❆ ❜❡♥❞✐♥❣✲❛❝t✐✈❡ t✐♠❜❡r ❣r✐❞s❤❡❧❧ ✇❛s ❞❡s✐❣♥❡❞ ❢♦r t❤❡ ❣r❛❞✉❛t❡ ②❡❛r s❤♦✇ ✷✵✶✻ ❛t t❤❡ ❯♥✐✈❡rs✐t②

♦❢ t❤❡ ❲❡st ♦❢ ❊♥❣❧❛♥❞ ✭❯❲❊✮✳ ❚❤❡ ❞❡s✐❣♥ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❛r❝❤✐t❡❝t✉r❡ st✉❞❡♥ts ❧❡❞ ❜②

❏♦❤♥ ❍❛r❞✐♥❣ ❛♥❞ ✇✐t❤ s✉♣♣♦rt ❢r♦♠ ❋♦r♠❛t ❊♥❣✐♥❡❡rs t♦ ✈❛❧✐❞❛t❡ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦✉r✳

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

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

❢❛✐❧❡❞ ✉♥❞❡r ❑❛r❛♠❜❛✬s ❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ✇❤❡♥ s✉❜❥❡❝t❡❞ t♦ ✇✐♥❞ ❧♦❛❞ ❛♥❞ ✐t ✇❛s ✉♥❦♥♦✇♥

❤♦✇ ❝r✐t✐❝❛❧ t❤❡ ❢❛✐❧✉r❡ ✇❛s ❛♥❞ ❤♦✇ ♠✉❝❤ ✐t ✇♦✉❧❞ t❛❦❡ t♦ ♠❛❦❡ ✐t ✇♦r❦✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱

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

❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✸✳✷✳ ❚❤✐s ♠❛❞❡ t❤❡ str✉❝t✉r❡ ♠✉❝❤ st✐✛❡r ❜✉t st✐❧❧ ♥♦t ❡♥♦✉❣❤ t♦ ❛✈♦✐❞

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

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

❚❤❡r❡❢♦r❡ ✐t ✇❛s ❞❡❝✐❞❡❞ t♦ ❛♥❛❧②s❡ t❤❡ str✉❝t✉r❡ ✇✐t❤ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ s♦❢t✇❛r❡ ✇✐t❤ ❛♥

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

❖♥❧② ✶✴✸ ♦❢ t❤❡ str✉❝t✉r❡ ✇❛s ❝♦♥s✐❞❡r❡❞ ❞✉❡ t♦ t❤❡ r♦t❛t✐♦♥❛❧ s②♠♠❡tr② ❛♥❞ ❛♥ ❛ss✉♠♣t✐♦♥

t❤❛t t❤❡ ♠✐❞❞❧❡ ♣❛rt ✇♦✉❧❞ ❜❡ ✈❡r② st✐✛✳ ❚❤❡ ✐ss✉❡ ♦❢ ❛♥✐s♦tr♦♣✐❝ ❝r♦ss s❡❝t✐♦♥ ♣r♦♣❡rt✐❡s ✇❛s

❛❞❞r❡ss❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ t❤❡ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❛❜♦✉t t❤❡ ✇❡❛❦ ❛♥❞ str♦♥❣

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

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

s♦♠❡ ❧❛t❤s ❝❧♦s❡ t♦ t❤❡ ♠✐❞❞❧❡ ✇❤❡r❡ t❤❡ ❝✉r✈❛t✉r❡ r❛❞✐✉s ✇❛s s♠❛❧❧ ✭❛♣♣r♦①✐♠❛t❡❧② ✼✺✵ ♠♠✮✳

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

✇❛s ❝❛rr✐❡❞ ♦✉t ✭r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✼✳✸✳✸✮✱ ✇❤✐❝❤ s❤♦✇❡❞ ❛ ✈❡r② ❞✉❝t✐❧❡ ❜❡❤❛✈✐♦✉r ❞✉❡ t♦ t❤❡

♣r❡str❡ss ♦❢ t❤❡ ❧❛t❤s✱ ♥♦ ❧♦❝❛❧ ❜✉❝❦❧✐♥❣ ❢♦r ❧♦❛❞ ❢❛❝t♦rs ✉♣ t♦ ❛t ❧❡❛st ✶✳✺ ❛♥❞ ❞❡✢❡❝t✐♦♥s ✇✐t❤✐♥

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

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

❤❡❧♣❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ❝♦♥✜❞❡♥❝❡ t❤❛t ❜✉❝❦❧✐♥❣ ✇♦✉❧❞ ♥♦t ❜❡❝♦♠❡ ❛♥ ✐ss✉❡✳
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s♣r✐♥❣s✲❜✉t✲❣✐✈❡s✲♠♦r❡✲str❡♥❣t❤✲t♦✲♦♥❡✲♦❢ ❬❆❝❝❡ss❡❞ ✶✺ ❆♣r✐❧ ✷✵✶✻❪✳

P✐❦❡r✱ ❉✳✿ ✷✵✶✺❜✱ ❵❑❛♥❣❛r♦♦ ✷✳✵ ✲ ◆♦✇ ♦✉t ♦❢ t❤❡ ♣♦✉❝❤ ❛♥❞ ❛✈❛✐❧❛❜❧❡ ❢♦r t❡st✐♥❣✦ ❬❖♥❧✐♥❡❪✬✳
❆✈❛✐❧❛❜❧❡ ❢r♦♠✿ ✇✇✇✳❣r❛ss❤♦♣♣❡r✸❞✳❝♦♠✴♣r♦✜❧❡s✴❜❧♦❣s✴❦❛♥❣❛r♦♦✲✷✲✵✲♥♦✇✲♦✉t✲♦❢✲t❤❡✲♣♦✉❝❤✲
❛♥❞✲❛✈❛✐❧❛❜❧❡✲❢♦r✲t❡st✐♥❣ ❬❆❝❝❡ss❡❞ ✶✵ ▼❛r❝❤ ✷✵✶✻❪✳

P✐❦❡r✱ ❉✳✿ ✷✵✶✺❝✱ ❵❲❤✐t❡ ♣❛♣❡r✿ ●♦❛❧✲❉r✐✈❡♥ ❉❡s✐❣♥✬✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ❘♦❜❡rt ▼❝◆❡❡❧ ✫
❆ss♦❝✐❛t❡s✳
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❉②♥❛♠✐❝ r❡❧❛①❛t✐♦♥✳ ❘♦✉t❧❡❞❣❡✳
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❆♣♣❡♥❞✐① ❆

❙tr✉❝t✉r❛❧ ✈❛❧✐❞❛t✐♦♥

❚❤✐s ❛♣♣❡♥❞✐① ♣r♦✈✐❞❡s ❛❞❞✐t✐♦♥❛❧ ❡①❛♠♣❧❡s t❤❛t s❡r✈❡ t♦ ✐♥❝r❡❛s❡ t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❞❡✈❡❧♦♣❡❞

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

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

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

❆✳✶ ❆①✐❛❧ ❜❡❤❛✈✐♦✉r

❆✳✶✳✶ ❚❡♥s✐♦♥

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

❆✳✶✳✶ s❤♦✇s t❤❡ ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ❢♦r t❤❡ s❡t✲✉♣✳

▲❡♥❣t❤ ❙❡❣♠❡♥ts ❉✐❛♠❡t❡r ❆r❡❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ▲♦❛❞

✶✳✵ ♠ ✶✵ ✶✵ ♠♠ ✼✽✳✺✹ mm2
2.1 · 105 MPa ✺✵✵ ❦◆

❚❛❜❧❡ ❆✳✶✳✶ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ t❡♥s✐♦♥ ❡①❛♠♣❧❡

❆♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥

❚❤❡ t❡♥s✐♦♥ ❢♦r❝❡ ✐♥ t❤❡ ❝❛❜❧❡ ✐s ❝♦♥st❛♥t ❛♥❞ ❡q✉❛❧ t♦ t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ♦❢ ✺✵✵ ❦◆✳ ❚❤❡ r❡❛❝t✐♦♥

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

t❤❡ ❝❛❜❧❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❍♦♦❦❡✬s ▲❛✇ ✭❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✮

x = 500·103·1000
2.1·105·78.54 = 30.3 mm

❑✷❊♥❣✐♥❡❡r✐♥❣ r❡s✉❧ts

❚❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✶ ❛♥❞ ✐s ❝♦♥s✐st❡♥t

✇✐t❤ t❤❡ ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥✳

✶✵✸



Chapter A: Structural validation

❋✐❣✉r❡ ❆✳✶✳✶ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ t❡♥s✐♦♥ ❡①❛♠♣❧❡✳ ❘❡❛❝t✐♦♥ ❢♦r❝❡ ✐♥ ❬❦◆❪ ❛♥❞ ❞❡✢❡❝t✐♦♥ ✐♥ ❬♠♠❪✳

❆✳✶✳✷ Pr❡t❡♥s✐♦♥

❆ ❝❛❜❧❡ ✐s ♣✐♥♥❡❞ ✐♥ ❜♦t❤ ❡♥❞s ❛♥❞ ♣r❡t❡♥s✐♦♥❡❞✳ ◆♦ ❛❞❞✐t✐♦♥❛❧ ❧♦❛❞s ❛r❡ ❛♣♣❧✐❡❞✳ ❚❛❜❧❡ ❆✳✶✳✷

s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣✳ ❆ ❝♦♥st❛♥t t❡♥s✐♦♥ ❢♦r❝❡ ✐♥ ❡❛❝❤ ❡❧❡♠❡♥t ❡q✉❛❧

t♦ t❤❡ s♣❡❝✐✜❡❞ ♣r❡t❡♥s✐♦♥ ✐s ❡①♣❡❝t❡❞ ❛s ✇❡❧❧ ❛s ♦✉t✇❛r❞s ♣♦✐♥t✐♥❣ r❡❛❝t✐♦♥ ❢♦r❝❡s ✭s✐♥❝❡ t❤❡

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

▲❡♥❣t❤ ❙❡❣♠❡♥ts ❉✐❛♠❡t❡r ❆r❡❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s Pr❡t❡♥s✐♦♥

✶✳✵ ♠ ✶✵ ✶✵ ♠♠ ✼✽✳✺✹ mm2
2.1 · 105 MPa ✷✵✵ ❦◆

❚❛❜❧❡ ❆✳✶✳✷ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ♣r❡t❡♥s✐♦♥ ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❚❤❡ r❡s✉❧t ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✷✳ ❚❤✐s ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡

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

❋✐❣✉r❡ ❆✳✶✳✷ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣r❡t❡♥s✐♦♥ ❡①❛♠♣❧❡✳ ❘❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪✳

❆✳✶✳✸ ❈❛t❡♥❛r②

❆ ❝❛t❡♥❛r② s❤❛♣❡ ✇✐t❤ ✶✳✵ ♠ ❜❡t✇❡❡♥ ✐ts ❡♥❞ ♣♦✐♥ts ✐s ✉s❡❞ ❛s ✐♥✐t✐❛❧ ❣❡♦♠❡tr② ❢♦r ❛ st❡❡❧ ❝❛❜❧❡

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

❉✐❛♠❡t❡r ❆r❡❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s P♦✐♥t ❧♦❛❞

✶✵ ♠♠ 78.54 mm2
2.1 · 105 MPa ✶✵✵ ❦◆

❚❛❜❧❡ ❆✳✶✳✸ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❝❛t❡♥❛r② ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❚❤❡ ❛①✐❛❧✲ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♦✉t♣✉t ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✸✳ ❚❤❡

♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✷✶✳✸ ♠♠✳

❆♥❛❧②t✐❝❛❧

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

✈✐♦✉r✳ ❚❤❡ ❞❡❢♦r♠❡❞ s❤❛♣❡ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ❛❜♦✈❡ ✭❜❧✉❡ ❧✐♥❡ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✸✮ ✐s ✉s❡❞ ❛s ❢♦r♠
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❋✐❣✉r❡ ❆✳✶✳✸ ✕ ❆①✐❛❧✲ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪ ❢♦r t❤❡ ❝❛t❡♥❛r② ♦❜t❛✐♥❡❞ ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣

❞✐❛❣r❛♠ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r❝❡ ❞✐❛❣r❛♠ ✐s ❞r❛✇♥ ❢r♦♠ t❤❡ s✐③❡ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ❛s s❡❡♥

✐♥ ❋✐❣✉r❡ ❆✳✶✳✹✳ ❚❤❡ ♥❡❝❡ss❛r② ❢♦r❝❡s ✐♥ t❤❡ ❜❛rs t♦ ❡♥s✉r❡ ❡q✉✐❧✐❜r✐✉♠ ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡

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

❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥✳ ❚❤❡ r❡❛❝t✐♦♥ ❢♦r❝❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢♦r❝❡ ❞✐❛❣r❛♠ ❛s ✇❡❧❧ ✭t❤❡

❤♦r✐③♦♥t❛❧ r❡❛❝t✐♦♥ ❢♦r❝❡ ❝♦♠♣♦♥❡♥t ✐s ❡q✉❛❧ t♦ t❤❡ ✇✐❞t❤ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❝♦♠♣♦♥❡♥t t♦ ❤❛❧❢ ♦❢

t❤❡ ❤❡✐❣❤t✮ ❛♥❞ s✐♠✐❧❛r❧② s❤♦✇ ❛ ♥✐❝❡ ❝♦rr❡s♣♦♥❞❡♥❝❡✳

❋✐❣✉r❡ ❆✳✶✳✹ ✕ ❆♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❝❛t❡♥❛r② ✉s✐♥❣ ❣r❛♣❤✐❝ st❛t✐❝s ✭❧❡❢t✿ ❢♦r♠✱ r✐❣❤t✿ ❢♦r❝❡ ♣♦❧②❣♦♥✮✳ ❚❤❡
❢♦r❝❡s ❛r❡ ✐♥ ❬❦◆❪✳

❆✳✶✳✹ ❈❛t❡♥❛r② ✇✐t❤ ♣r❡str❡ss

❚❤❡ s❛♠❡ ❝❛t❡♥❛r② s❤❛♣❡ ❛♥❞ ♣r♦♣❡rt✐❡s ❢r♦♠ ❚❛❜❧❡ ❆✳✶✳✸ ❛r❡ ✉s❡❞ ✐♥ t❤✐s ❡①❛♠♣❧❡ ❜✉t ✐♥ t❤✐s

❝❛s❡ t❤❡ ❝❛❜❧❡ ✐s ♣r❡t❡♥s✐♦♥❡❞ ✇✐t❤ ❛ ❢♦r❝❡ ♦❢ P = 200 kN ✳ ❚❤❡ ♣r❡t❡♥s✐♦♥✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦

✐♥❝r❡❛s❡ t❤❡ ❛①✐❛❧✲ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ❜✉t r❡❞✉❝❡ t❤❡ ❞❡✢❡❝t✐♦♥✳
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❑✷❊♥❣✐♥❡❡r✐♥❣

❚❤❡ r❡s✉❧t ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✺✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t

❛t t❤❡ ♠✐❞❞❧❡ ✐s ✶✵✳✹ ♠♠✳

❋✐❣✉r❡ ❆✳✶✳✺ ✕ ❆①✐❛❧✲ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪ ❢♦r t❤❡ ♣r❡str❡ss❡❞ ❝❛t❡♥❛r② ♦❜t❛✐♥❡❞ ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣

❑❛r❛♠❜❛

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

♣r♦♣❡rt✐❡s✱ ♣♦✐♥t ❧♦❛❞s ❛♥❞ ❛ ♣r❡t❡♥s✐♦♥ ❧♦❛❞✳ ❑❛r❛♠❜❛ s♣❡❝✐✜❡s t❤❡ ♣r❡t❡♥s✐♦♥ ❧♦❛❞ ❛s ❛ str❛✐♥

✈❛❧✉❡ ❬♠♠✴♠❪ ❢♦r ❡❛❝❤ ❡❧❡♠❡♥t✱ ✇❤✐❝❤ ✐♥ t❤✐s ❝❛s❡ ✐s ❡q✉❛❧ t♦ ✭r❡❢❡rr✐♥❣ t♦ ❊q✉❛t✐♦♥ ✹✳✸✳✶✮

ǫ = 200·103·1·103

2.1·105·78.54 = 12.126 mm/m

❚❤❡ r❡s✉❧t ❢r♦♠ ❛ s❡❝♦♥❞ ♦r❞❡r ❛♥❛❧②s✐s ✐♥ ❑❛r❛♠❜❛ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✻ ❛♥❞ t❤❡ ♠❛①✐♠✉♠

❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✶✵✳✹ ♠♠✳ ❆❣❛✐♥ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ t✇♦

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

❋✐❣✉r❡ ❆✳✶✳✻ ✕ ❆①✐❛❧ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪ ❢♦r t❤❡ ♣r❡str❡ss❡❞ ❝❛t❡♥❛r② ♦❜t❛✐♥❡❞ ❢r♦♠ ❑❛r❛♠❜❛

❆✳✶✳✺ ❚r✉ss

❆ tr✉ss ♦❢ ❤❡✐❣❤t ✵✳✺ ♠ ❛♥❞ ❛ s♣❛♥ ♦❢ ✺✳✵ ♠ ✐s s✐♠♣❧② s✉♣♣♦rt❡❞ ❛t ✐ts ❡♥❞s ❛♥❞ s✉❜❥❡❝t❡❞ t♦ ✐ts

s❡❧❢✲✇❡✐❣❤t ❛♥❞ ❛ ♣♦✐♥t ❧♦❛❞ ❛t t❤❡ ♠✐❞❞❧❡✳ ❚❛❜❧❡ ❆✳✶✳✹ s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r

t❤❡ s❡t✲✉♣✳
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❙♣❛♥ ❈r♦ss s❡❝t✐♦♥ ❆r❡❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s P♦✐♥t ❧♦❛❞ ❉❡♥s✐t②

✺✳✵ ♠ ✺✵ ① ✸ ♠♠ ✹✹✸ mm2
2.1 · 105 MPa ✶✵✵ ❦◆ ✼✽✺✵ kg/m3

❚❛❜❧❡ ❆✳✶✳✹ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ tr✉ss ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❚❤❡ ❛①✐❛❧ ❢♦r❝❡s ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✼✳

❚❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✷✽✳✽ ♠♠✳

❋✐❣✉r❡ ❆✳✶✳✼ ✕ ❑✷❊♥❣✐♥❡❡r✐♥❣ tr✉ss ❡①❛♠♣❧❡✳ ❆①✐❛❧ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪✳ ❘❡❞ ❂ ❝♦♠♣r❡ss✐♦♥ ❛♥❞ ❜❧✉❡
❂ t❡♥s✐♦♥

❑❛r❛♠❜❛

❚❤❡ ❢♦r❝❡s ❛r❡ s✐♠✐❧❛r❧② s❤♦✇♥ ❢♦r ❛♥ ❛♥❛❧②s✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❑❛r❛♠❜❛ ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳✽✳

❚❤❡ ♠❛①✐♠✉♠ ❞❡❧❢❡❝t✐♦♥ ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✷✽✳✾ ♠♠✳

❋✐❣✉r❡ ❆✳✶✳✽ ✕ ❑❛r❛♠❜❛ tr✉ss ❡①❛♠♣❧❡ ✇❤❡r❡ t❤❡ ❝♦❧♦✉rs ❡①♣r❡ss t❤❡ ✉t✐❧✐s❛t✐♦♥ ♦❢ t❤❡ ❡❧❡♠❡♥ts✳ ❚❤❡ ❛①✐❛❧ ❛♥❞
r❡❛❝t✐♦♥ ❢♦r❝❡s ❛r❡ ✐♥ ❬❦◆❪

❚❤❡ s❛♠❡ r❡s✉❧t ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ t✇♦ ❞✐✛❡r❡♥t t♦♦❧s✳

❆✳✷ ❇❡♥❞✐♥❣ ❜❡❤❛✈✐♦✉r

❆✳✷✳✶ ❙✐♠♣❧❡ s✉♣♣♦rt❡❞ ❜❡❛♠

❆ ✶✳✵ ♠ ❜❡❛♠ ✐s s✐♠♣❧❡ s✉♣♣♦rt❡❞ ❛♥❞ s✉❜❥❡❝t❡❞ t♦ ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞✳ ❚❛❜❧❡ ❆✳✷✳✶

s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣✳

▲❡♥❣t❤ ❙❡❣♠❡♥t ❧❡♥❣t❤ Pr♦✜❧❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❯❉▲

✶✳✵ ♠ ✵✳✵✺ ♠ ❈❍❙ ✺✵ 2.1 · 105 MPa ✶✺✳✵ ❦◆✴♠

❚❛❜❧❡ ❆✳✷✳✶ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ s✐♠♣❧❡ s✉♣♣♦rt❡❞ ❜❡❛♠ ❡①❛♠♣❧❡
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❑✷❊♥❣✐♥❡❡r✐♥❣

❆ ♠♦♠❡♥t ❛♥❞ s❤❡❛r ♣❧♦t ♦❢ t❤❡ s✐♠♣❧❡ s✉♣♣♦rt❡❞ ❜❡❛♠ ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛r❡

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✷✳✶ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✷✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✸✳✻ ♠♠✳

❋✐❣✉r❡ ❆✳✷✳✶ ✕ ❙✐♠♣❧❡ s✉♣♣♦rt❡❞ ❜❡❛♠ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥
❬❦◆♠❪✱ t❤❡ ❧❡♥❣t❤ ♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪

❋✐❣✉r❡ ❆✳✷✳✷ ✕ ❙✐♠♣❧❡ s✉♣♣♦rt❡❞ ❜❡❛♠ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪

❆♥❛❧②t✐❝❛❧

❚❤❡ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❤❛♥❞ ❢r♦♠ M(x) = 1
2 · q · x · (L− x)✱

✇❤❡r❡ q ✐s t❤❡ ✉♥✐❢♦r♠ ❞✐str✐❜✉t❡❞ ❧♦❛❞✱ L ✐s t❤❡ ❜❡❛♠ ❧❡♥❣t❤ ❛♥❞ x ✐s t❤❡ ❞✐st❛♥❝❡ ❛❧♦♥❣ t❤❡

❜❡❛♠✳

❚❤❡ ♠♦♠❡♥ts ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❢r♦♠ t❤❡ ❧❡❢t t♦ t❤❡ ♠✐❞❞❧❡ ❛r❡ ❛s ❢♦❧❧♦✇s✿

M(0) = 0 kNm

M(100) = 1
2 · 15 · 100 · (1000− 100) = 0.675 kNm
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M(200) = 1
2 · 15 · 200 · (1000− 200) = 1.20 kNm

M(300) = 1
2 · 15 · 300 · (1000− 300) = 1.575 kNm

M(400) = 1
2 · 15 · 400 · (1000− 400) = 1.80 kNm

M(500) = 1
2 · 15 · 500 · (1000− 500) = 1.875 kNm

❚❤❡ ✈❡rt✐❝❛❧ r❡❛❝t✐♦♥ ❢♦r❝❡s✿ R = 1
2 · q · L = 1

2 · 15 · 1 = 7.5 kN

❚❤❡ s❤❡❛r ❢♦r❝❡ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ V (x) = R − q · x✱ ✇❤❡r❡ x ✐s ♠❡❛s✉r❡❞ t♦ t❤❡ ♠✐❞♣♦✐♥t ♦❢ ❛

s❡❣♠❡♥t✳ ❚❤✐s ❣✐✈❡s t❤❡ ❢♦❧❧♦✇✐♥❣✿

V (0.025) = 7.5− 15 · 0.025 = 7.13 kN

V (0.225) = 7.5− 15 · 0.225 = 4.13 kN

V (0.475) = 7.5− 15 · 0.475 = 0.38 kN

❚❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠

umax = 5
384 ·

q·L4

E·I
= 5

384 ·
15·10004

2.1·105·0.262·106 = 3.5 mm

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

❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛♥❞ t❤❡ ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥✳

❆✳✷✳✷ ❈❛♥t✐❧❡✈❡r ❜❡❛♠

❆ ✶✳✵ ♠ ❜❡❛♠ ❝❛♥t✐❧❡✈❡rs ❢r♦♠ ♦♥❡ ❡♥❞✳ ❆t t❤✐s ❧♦❝❛t✐♦♥✱ t✇♦ ❝♦♥s❡❝✉t✐✈❡ ♣♦✐♥ts ❛r❡ ♣✐♥♥❡❞ ✐♥

♦r❞❡r t♦ ♠✐♠✐❝ ❛ ✜①❡❞ s✉♣♣♦rt ✐♥ ❛ ✸ ❉♦❋ s②st❡♠✳ ❚❤✐s ❤❛s t❤❡ ❡✛❡❝t ♦❢ ❝r❡❛t✐♥❣ ❛ r❡❛❝t✐♦♥

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

❢r♦♠ ❛ ✜①❡❞ s✉♣♣♦rt✳ ❆ ✈❡rt✐❝❛❧ ♣♦✐♥t ❧♦❛❞ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ t✐♣ ♦❢ t❤❡ ❜❡❛♠✳ ❚❛❜❧❡ ❆✳✷✳✷ s❤♦✇s

t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣✳

▲❡♥❣t❤ ❙❡❣♠❡♥t ❧❡♥❣t❤ Pr♦✜❧❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s P♦✐♥t ❧♦❛❞

✶✳✵ ♠ ✵✳✵✺ ♠ ❈❍❙ ✺✵ 2.1 · 105 MPa ✶✳✵ ❦◆

❚❛❜❧❡ ❆✳✷✳✷ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❝❛♥t✐❧❡✈❡r ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❆ ♠♦♠❡♥t ❛♥❞ s❤❡❛r ♣❧♦t ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ❜❡❛♠ ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥

❋✐❣✉r❡ ❆✳✷✳✸ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✹✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ❢r❡❡ ❡♥❞ ✐s ✻✳✺ ♠♠✳

❚❤❡ r✐❣❤t r❡❛❝t✐♦♥ ❢♦r❝❡ ✐s ✶ ❦◆ ❧❛r❣❡r t❤❛♥ t❤❡ ❧❡❢t r❡❛❝t✐♦♥ ❢♦r❝❡ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✈❡rt✐❝❛❧

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

t❤❡ s❡❣♠❡♥t ❧❡♥❣t❤ ❛s Rm = 20.0 kN · 0.05 m = 1 kNm✳
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❋✐❣✉r❡ ❆✳✷✳✸ ✕ ❈❛♥t✐❧❡✈❡r ❜❡❛♠ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆♠❪✱ t❤❡
❧❡♥❣t❤ ♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪

❋✐❣✉r❡ ❆✳✷✳✹ ✕ ❈❛♥t✐❧❡✈❡r ❜❡❛♠ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪ ❛♥❞
t❤❡ ❧❡♥❣t❤ ♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪

❆♥❛❧②t✐❝❛❧

❚❤❡ ♠♦♠❡♥t ❞✐str✐❜✉t✐♦♥ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❤❛♥❞ ❢r♦♠ M(x) = −F · x✱ ✇❤❡r❡ F

✐s t❤❡ ♣♦✐♥t ❧♦❛❞ ❛♥❞ x ✐s t❤❡ ❞✐st❛♥❝❡ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ✭❛✇❛② ❢r♦♠ t❤❡ ❧♦❛❞✮✳

❚❤❡ ♠♦♠❡♥ts ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❢r♦♠ ❧❡❢t t♦ r✐❣❤t ❛r❡ ❛s ❢♦❧❧♦✇s✿

M(1000) = 1 · 103 · 1000 = 1.0 kNm

M(900) = 1 · 103 · 900 = 0.9 kNm

M(800) = 1 · 103 · 800 = 0.8 kNm

✳✳✳

M(100) = 1 · 103 · 100 = 0.1 kNm

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

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

❧♦❛❞ ❛♥❞ t❤❡ r❡❛❝t✐♦♥ ♠♦♠❡♥t ❡q✉❛❧ t♦ M(1000)✳
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❚❤❡ ♠❛①✐♠✉♠ ❞❡✢❡❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠

dmax = 1
3 ·

F ·L3

E·I
= 1

3 ·
1·103·10003

2.1·105·0.262·106 = 6.1 mm

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

❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛♥❞ t❤❡ ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥✳ ❖♥❧② ❛ s♠❛❧❧ ❞❡✈✐❛t✐♦♥ ✇✐t❤ r❡❣❛r❞ t♦

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

❆✳✷✳✸ ❋r❛♠❡

❆ r✐❣✐❞ ❢r❛♠❡ ♦❢ ❤❡✐❣❤t ✷✳✵ ♠ ❛♥❞ ❛ s♣❛♥ ♦❢ ✺✳✵ ♠ ✐s ♣✐♥♥❡❞ ❛t ✐ts ❡♥❞s ❛♥❞ s✉❜❥❡❝t❡❞ t♦ s❡❧❢✲

✇❡✐❣❤t ❛♥❞ ❛ ♣♦✐♥t ❧♦❛❞ ❛t t❤❡ ♠✐❞❞❧❡✳ ❚❛❜❧❡ ❆✳✷✳✸ s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡

s❡t✲✉♣✳

▲❡♥❣t❤ ❍❡✐❣❤t Pr♦✜❧❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s P♦✐♥t ❧♦❛❞ ❉❡♥s✐t②

✺✳✵ ♠ ✷✳✵ ♠ ❈❍❙ ✺✵ 2.1 · 105 MPa ✶✳✺ ❦◆ ✼✽✺✵ kg/m3

❚❛❜❧❡ ❆✳✷✳✸ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❢r❛♠❡ ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❆ ♠♦♠❡♥t ❛♥❞ s❤❡❛r ♣❧♦t ♦❢ t❤❡ ❢r❛♠❡ ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡

❆✳✷✳✺ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✻✳ ❚❤❡ ♠❛①✐♠✉♠ ♠♦♠❡♥t ✐s ❧♦❝❛t❡❞ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❢r❛♠❡ ✇❤❡r❡ ✐t

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

✸✶✳✼ ♠♠ ❛♥❞ t❤❡ ❜✐❣❣❡st ❝♦♠♣r❡ss✐♦♥ ❢♦r❝❡ ✐s ✲✶✳✵ ❦◆ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❢r❛♠❡✳

❋✐❣✉r❡ ❆✳✷✳✺ ✕ ❋r❛♠❡ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆♠❪✱ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥ts ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪
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❋✐❣✉r❡ ❆✳✷✳✻ ✕ ❋r❛♠❡ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪ ❛♥❞ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥ts ✐♥ ❬♠❪

❑❛r❛♠❜❛

❆ ♠♦♠❡♥t ❛♥❞ s❤❡❛r ♣❧♦t ♦❢ t❤❡ ❢r❛♠❡ ❢r♦♠ t❤❡ ❑❛r❛♠❜❛ ❛♥❛❧②s✐s ❛r❡ s✐♠✐❧❛r❧② s❤♦✇♥ ✐♥ ❋✐❣✉r❡

❆✳✷✳✼ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✽✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✸✷✳✹ ♠♠ ❛♥❞ t❤❡ ♠❛①✐♠✉♠

❝♦♠♣r❡ss✐♦♥ ❢♦r❝❡ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❢r❛♠❡ ✐s ✲✶✳✵ ❦◆✳

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

r❡❛❝t✐♦♥ ❢♦r❝❡s ❛s ✇❡❧❧ ❛s t❤❡ ♠♦♠❡♥ts ❛r❡ ✐❞❡♥t✐❝❛❧ ❛♥❞ ♦♥❧② ❛ s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ✇✐t❤ r❡❣❛r❞ t♦

t❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ❡①✐sts✳

❋✐❣✉r❡ ❆✳✷✳✼ ✕ ❋r❛♠❡ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑❛r❛♠❜❛✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆♠❪✱ t❤❡ ❧❡♥❣t❤ ♠❡❛s✲
✉r❡♠❡♥ts ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪

112



Chapter A: Structural validation

❋✐❣✉r❡ ❆✳✷✳✽ ✕ ❋r❛♠❡ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑❛r❛♠❜❛✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪ ❛♥❞ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥ts ✐♥ ❬♠❪

❆✳✷✳✹ ❆r❝❤

❆♥ ❛r❝❤ ✇✐t❤ ❛ s♣❛♥ ♦❢ ✺✳✵ ♠ ✐s ♣✐♥♥❡❞ ❛t ✐ts ❡♥❞s ❛♥❞ s✉❜❥❡❝t❡❞ t♦ s❡❧❢✲✇❡✐❣❤t ❛♥❞ ❛♥ ✉♥✐❢♦r♠

❞✐str✐❜✉t❡❞ ❧♦❛❞✳ ❚❛❜❧❡ ❆✳✷✳✹ s❤♦✇s t❤❡ ♣r♦♣❡rt✐❡s t❤❛t ❛r❡ ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣✳

▲❡♥❣t❤ Pr♦✜❧❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❯❉▲ ❉❡♥s✐t②

✺✳✵ ♠ ❈❍❙ ✺✵ 2.1 · 105 MPa ✷✳✺ ❦◆✴♠ ✼✽✺✵ kg/m3

❚❛❜❧❡ ❆✳✷✳✹ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❛r❝❤ ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❆ ♠♦♠❡♥t ❛♥❞ s❤❡❛r ♣❧♦t ♦❢ t❤❡ ❛r❝❤ ❢r♦♠ t❤❡ ❑✷❊♥❣✐♥❡❡r✐♥❣ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡

❆✳✷✳✾ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✶✷✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✷✼✳✷ ♠♠ ❛♥❞ t❤❡ ❜✐❣❣❡st

❝♦♠♣r❡ss✐♦♥ ❢♦r❝❡ ✐s ✲✾✳✽ ❦◆ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❛r❝❤✳
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Chapter A: Structural validation

❋✐❣✉r❡ ❆✳✷✳✾ ✕ ❆r❝❤ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆♠❪✱ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪

❋✐❣✉r❡ ❆✳✷✳✶✵ ✕ ❆r❝❤ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪ ❛♥❞ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪

❑❛r❛♠❜❛

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

❆✳✷✳✶✶ ❛♥❞ ❋✐❣✉r❡ ❆✳✷✳✶✷✳ ❚❤❡ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ✐s ✷✼✳✵ ♠♠ ❛♥❞ t❤❡

♠❛①✐♠✉♠ ❝♦♠♣r❡ss✐♦♥ ❢♦r❝❡ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❛r❝❤ ✐s ✲✾✳✾ ❦◆✳

❆❣❛✐♥✱ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ t✇♦ ❛♥❛❧②s✐s ❛r❡ ✐❞❡♥t✐❝❛❧✳
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❋✐❣✉r❡ ❆✳✷✳✶✶ ✕ ❆r❝❤ ✇✐t❤ ♠♦♠❡♥t ♣❧♦t ❢r♦♠ ❑❛r❛♠❜❛✳ ❚❤❡ ♠♦♠❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆♠❪✱ t❤❡ ❧❡♥❣t❤ ♠❡❛s✲
✉r❡♠❡♥t ✐♥ ❬♠❪ ❛♥❞ r❡❛❝t✐♦♥ ❢♦r❝❡s ✐♥ ❬❦◆❪

❋✐❣✉r❡ ❆✳✷✳✶✷ ✕ ❆r❝❤ ✇✐t❤ s❤❡❛r ♣❧♦t ❢r♦♠ ❑❛r❛♠❜❛✳ ❚❤❡ s❤❡❛r ❢♦r❝❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬❦◆❪ ❛♥❞ t❤❡ ❧❡♥❣t❤
♠❡❛s✉r❡♠❡♥t ✐♥ ❬♠❪

❆✳✸ ❇✉❝❦❧✐♥❣

❆✳✸✳✶ ❈♦❧✉♠♥

❆ ✶✳✵ ♠ t❛❧❧ ❝♦❧✉♠♥ ✐s ♣✐♥♥❡❞ ❛t t❤❡ ❜♦tt♦♠ ❛♥❞ ❢r❡❡ t♦ ♠♦✈❡ ✐♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ❛t t❤❡

t♦♣ ❛♥❞ s✉❜❥❡❝t❡❞ t♦ ❛ ♥♦r♠❛❧ ❢♦r❝❡✳ ❚❤❡ ♣r♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ s❡t✲✉♣ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ❆✳✸✳✶✳
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▲❡♥❣t❤ ❇✉❝❦❧✐♥❣ ❧❡♥❣t❤ ❉✐❛♠❡t❡r ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❱❡rt✐❝❛❧ ❧♦❛❞ ❍♦r✐③♦♥t❛❧ ❧♦❛❞

✶✳✵ ♠ ✶✳✵ ♠ ✻ ♠♠ ✹✺ ✵✵✵ ▼P❛ ✶ ◆ ✵✳✵✶ ◆

❚❛❜❧❡ ❆✳✸✳✶ ✕ Pr♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤❡ ❝♦❧✉♠♥ ❜✉❝❦❧✐♥❣ ❡①❛♠♣❧❡

❑✷❊♥❣✐♥❡❡r✐♥❣

❆ s♠❛❧❧ ❤♦r✐③♦♥t❛❧ ❧♦❛❞ ✐s ❛♣♣❧✐❡❞ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❝♦❧✉♠♥ ✐♥ ♦r❞❡r t♦ ❝❛✉s❡ ❛♥ ♦✉t✲♦❢✲♣❧❛♥❡

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

❚❤❡ r❡s✉❧t ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ❆✳✸✳✶ ✇❤❡r❡ t❤❡ ❜❧❛❝❦ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ ✐♥✐t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥

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

❧♦❛❞ ❢❛❝t♦r ✐s ❡st✐♠❛t❡❞ t♦ ✸✸✳✵ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❞✐s♣❧❛❝❡♠❡♥t ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ ✷✺ ♠♠✳

❋✐❣✉r❡ ❆✳✸✳✶ ✕ ❈♦❧✉♠♥ ❜✉❝❦❧✐♥❣ ❜❡❤❛✈✐♦✉r ❢r♦♠ ❑✷❊♥❣✐♥❡❡r✐♥❣

❆♥❛❧②t✐❝❛❧

❚❤❡ ❝r✐t✐❝❛❧ ❧♦❛❞ ✐s ❞❡t❡r♠✐♥❡❞ ❜②✿

Ncr = π2
·E·I
L2

s

= π2
·45000·63.62

10002 = 28.2 N

❙✐♥❝❡ t❤❡ ❛♣♣❧✐❡❞ ❧♦❛❞ ❡q✉❛❧s ✶✳✵ ◆✱ t❤✐s ❝♦rr❡s♣♦♥❞s t♦ ❛ ❜✉❝❦❧✐♥❣ ❧♦❛❞ ❢❛❝t♦r ♦❢ ✷✽✳✷✳

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

❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥ ❜✉t ✇✐t❤✐♥ ❛♥ ❛❝❝❡♣t❛❜❧❡ r❛♥❣❡✳
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❚❤✐s ❛♣♣❡♥❞✐① ♣r♦✈✐❞❡s ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❞❡✈❡❧♦♣❡❞ ❑✷❊♥❣✐♥❡❡r✐♥❣ ♣❧✉❣✲✐♥ ✇✐t❤ ❛❧❧ ✐ts ❝♦♠✲

♣♦♥❡♥ts✳

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

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

❈❛❜❧❡ ❈r❡❛t❡s ❛ ❝❛❜❧❡ ❣♦❛❧✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ❛①✐❛❧ st✐✛♥❡ss ✐♥ t❡♥s✐♦♥ ♦♥❧②
❘♦❞ ❈r❡❛t❡s ❛ r♦❞ ❣♦❛❧✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ❜❡♥❞✐♥❣ st✐✛♥❡ss t♦ r❡s✐st

♦✉t✲♦❢✲♣❧❛♥❡ ❢♦r❝❡s

❚❛❜❧❡ ❇✳✵✳✶ ✕ ❊❧❡♠❡♥t ❝♦♠♣♦♥❡♥ts

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❙✉♣♣♦rt ❈r❡❛t❡s ❛ s✉♣♣♦rt ❣♦❛❧ t♦ r❡str✐❝t t❤❡ ♠♦✈❡♠❡♥t ✐♥ t❤❡ ❳✱ ❨ ❛♥❞ ❩
❞✐r❡❝t✐♦♥s ♦❢ ❛ s❡❧❡❝t❡❞ ♣♦✐♥t

❚❛❜❧❡ ❇✳✵✳✷ ✕ ❙✉♣♣♦rt ❝♦♠♣♦♥❡♥t

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❇❛r❙❡❧❢✇❡✐❣❤t ❈❛❧❝✉❧❛t❡s t❤❡ ❧✉♠♣❡❞ ♥♦❞❛❧ ❢♦r❝❡s ❢r♦♠ ❛ ❧✐st ♦❢ ❧✐♥❡s✱ ❝r♦ss s❡❝t✐♦♥
❛r❡❛ ❛♥❞ t❤❡ ♠❛t❡r✐❛❧ ❞❡♥s✐t②

▼❡s❤❙❡❧❢✇❡✐❣❤t ❈❛❧❝✉❧❛t❡s t❤❡ ❧✉♠♣❡❞ ♥♦❞❛❧ ❢♦r❝❡s ❢r♦♠ ❛ tr✐❛♥❣✉❧❛t❡❞ ♠❡s❤ ❜❛s❡❞
♦♥ t❤❡ ✈❡rt❡① ✈♦r♦♥♦✐ ❛r❡❛✱ t❤✐❝❦♥❡ss ❛♥❞ ♠❛t❡r✐❛❧ ❞❡♥s✐t②

▼❡s❤❙♥♦✇▲♦❛❞ ❈❛❧❝✉❧❛t❡s t❤❡ ❧✉♠♣❡❞ ♥♦❞❛❧ ❢♦r❝❡s ❢r♦♠ ❛ tr✐❛♥❣✉❧❛t❡❞ ♠❡s❤ ❜❛s❡❞
♦♥ t❤❡ ♣r♦❥❡❝t❡❞ ✈❡rt❡① ✈♦r♦♥♦✐ ❛r❡❛ ❛♥❞ ❛ s♥♦✇ ❧♦❛❞

▼❡s❤❲✐♥❞▲♦❛❞ ❈❛❧❝✉❧❛t❡s t❤❡ ❧✉♠♣❡❞ ♥♦❞❛❧ ❢♦r❝❡s ❢r♦♠ ❛ tr✐❛♥❣✉❧❛t❡❞ ♠❡s❤ ❜❛s❡❞
♦♥ t❤❡ ✈❡rt❡① ✈♦r♦♥♦✐ ❛r❡❛✱ ❛ ✇✐♥❞ ❧♦❛❞ ❛♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ✈❡rt❡①
♥♦r♠❛❧s ❛r❡ ♣r♦❥❡❝t❡❞ ♦♥t♦ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥
♣r❡ss✉r❡ ❛♥❞ s✉❝t✐♦♥

▲♦❛❞ ❈r❡❛t❡s ❛ ❧♦❛❞ ❣♦❛❧ t♦ ❛♣♣❧② t❤❡ ❢♦r❝❡s t♦ t❤❡ ❑✷ s✐♠✉❧❛t✐♦♥

❚❛❜❧❡ ❇✳✵✳✸ ✕ ▲♦❛❞ ❝♦♠♣♦♥❡♥ts

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❇✉❝❦❧✐♥❣❆♥❛❧②s✐s P❡r❢♦r♠s ❛ ♥♦♥✲❧✐♥❡❛r ❜✉❝❦❧✐♥❣ ❛♥❛❧②s✐s ❢r♦♠ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢
♣❡r♠❛♥❡♥t ❣♦❛❧s ❛♥❞ ❧♦❛❞ ❣♦❛❧s✳ ❚❤❡ ❧♦❛❞ ❣♦❛❧s ❛r❡ ✐♥❝r❡♠❡♥t❛❧❧②
✐♥❝r❡❛s❡❞ ✐♥ ❜❡t✇❡❡♥ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✐t❡r❛t✐♦♥s ❛♥❞ t❤❡ ❞✐s♣❧❛❝❡♠❡♥ts
s✐♠✉❧t❛♥❡♦✉s❧② tr❛❝❡❞

❚❛❜❧❡ ❇✳✵✳✹ ✕ ❆♥❛❧②s✐s ❝♦♠♣♦♥❡♥t
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❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❉✐s♣❧❛❝❡♠❡♥ts ▼❡❛s✉r❡s t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣♦✐♥ts ✐♥ t❤❡ ✐♥✐t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥
❛♥❞ t❤❡ ✉♣❞❛t❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ❢r♦♠ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ❡①✐st✐♥❣ ❑✷
❣♦❛❧ ✏s❤♦✇✑ ✐s ✉s❡❢✉❧ ✐♥ t❤✐s ❝♦♥t❡①t t♦ ♠❛✐♥t❛✐♥ ❛ ❝♦♥s✐st❡♥t ♣❛rt✐❝❧❡
♦r❞❡r

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

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

❚❛❜❧❡ ❇✳✵✳✺ ✕ ❘❡s✉❧ts ❝♦♠♣♦♥❡♥ts

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❆①✐❛❧❱✐s✉❛❧✐s❛t✐♦♥ ❉✐s♣❧❛②s t❤❡ ❛①✐❛❧ ❢♦r❝❡s ✐♥ t❤❡ str✉❝t✉r❡ ❜② ❝♦❧♦✉r✐♥❣ t❤❡ ❧✐♥❡s ✭r❡❞ ❂
❝♦♠♣r❡ss✐♦♥✱ ❜❧✉❡ ❂ t❡♥s✐♦♥✱ ❣r❡❡♥ ❂ ♥❡✉tr❛❧✮ ❛♥❞ s❝❛❧✐♥❣ t❤❡ ❧✐♥❡
✇✐❞t❤s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❢♦r❝❡s

❇❡♥❞✐♥❣❱✐s✉❛❧✐s❛t✐♦♥ ❉✐s♣❧❛②s t❤❡ ❜❡♥❞✐♥❣ ♠♦♠❡♥ts ❛s ❝♦❧♦✉r❡❞ ❧✐♥❡s ✭❜❧✉❡ ❂ ❧♦✇✱ ❣r❡❡♥ ❂
♠❡❞✐✉♠✱ r❡❞ ❂ ❤✐❣❤✮ ✐♥ t❤❡ ❜❡♥❞✐♥❣ ♣❧❛♥❡s ✇✐t❤ s❝❛❧❡❞ ❧❡♥❣t❤s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♠♦♠❡♥ts

▲♦❛❞❱✐s✉❛❧✐s❛t✐♦♥ ❉✐s♣❧❛②s t❤❡ ❧♦❛❞s ❛t t❤❡ ✉♣❞❛t❡❞ ♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥s
❙❤❡❛r❱✐s✉❛❧✐s❛t✐♦♥ ❉✐s♣❧❛②s t❤❡ s❤❡❛r ❢♦r❝❡s ❛s ❝♦❧♦✉r❡❞ ❧✐♥❡s ✭❜❧✉❡ ❂ ❧♦✇✱ ❣r❡❡♥ ❂

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

❚❛❜❧❡ ❇✳✵✳✻ ✕ ❉✐s♣❧❛② ❝♦♠♣♦♥❡♥ts

❈♦♠♣♦♥❡♥t ♥❛♠❡ ❋✉♥❝t✐♦♥❛❧✐t②

❈❛st❇❛r❖✉t♣✉t ❊①tr❛❝ts t❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❜❛r✴❝❛❜❧❡ ❣♦❛❧✿ st❛rt ❛♥❞ ❡♥❞ ♣❛rt✐❝❧❡
✐♥❞❡①❡s✱ ✉♣❞❛t❡❞ ❧✐♥❡✱ ❛①✐❛❧ ❢♦r❝❡ ❛♥❞ str❡ss

❈❛st❘♦❞❖✉t♣✉t ❊①tr❛❝ts t❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ r♦❞ ❣♦❛❧✿ ♣❛rt✐❝❧❡ ✐♥❞❡① ♦❢ t❤❡ s❤❛r❡❞
✈❡rt❡① ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡s✱ t❤❡ ❜❡♥❞✐♥❣ ♣❧❛♥❡✱ ♠♦♠❡♥t
❛♥❞ str❡ss

❈❛st❙✉♣♣♦rt❖✉t♣✉t ❊①tr❛❝ts t❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ s✉♣♣♦rt ❣♦❛❧✿ t❤❡ ♣♦s✐t✐♦♥ ❛♥❞ r❡❛❝t✐♦♥
❢♦r❝❡

❈❛st▲♦❛❞❖✉t♣✉t ❊①tr❛❝ts t❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❧♦❛❞ ❣♦❛❧✿ ✉♣❞❛t❡❞ ♣♦s✐t✐♦♥ ❛♥❞ t❤❡
❧♦❛❞ ✈❡❝t♦r ✐ts❡❧❢

❈✐r❝✉❧❛r❈❙ ❈❛❧❝✉❧❛t❡s t❤❡ ❛r❡❛✱ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❛♥❞ ❞✐st❛♥❝❡ t♦ t❤❡ ♦✉t❡r ✜❜r❡
❢♦r ❛ ❝✐r❝✉❧❛r ❝r♦ss s❡❝t✐♦♥

❘❡❝t❛♥❣✉❧❛r❈❙ ❈❛❧❝✉❧❛t❡s t❤❡ ❛r❡❛✱ ♠♦♠❡♥t ♦❢ ✐♥❡rt✐❛ ❛♥❞ ❞✐st❛♥❝❡ t♦ t❤❡ ♦✉t❡r ✜❜r❡
❢♦r ❛ r❡❝t❛♥❣✉❧❛r ❝r♦ss s❡❝t✐♦♥

❚❛❜❧❡ ❇✳✵✳✼ ✕ ❯t✐❧✐t② ❝♦♠♣♦♥❡♥ts
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