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

t❤❡ ❜✉②✴s❡❧❧ tr❛❞❡s r❛t✐♦❀ ✇❤✐❝❤ ❝♦♥s❡q✉❡♥t❧② ❧❡❛❞ t♦ ❛ ♥❡❣❛t✐✈❡ r❛t❤❡r t❤❛♥ ♣♦s✐t✐✈❡
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❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♦✐❧ ♣r✐❝❡s ❛♥❞ st♦❝❦ ♠❛r❦❡ts ✐s ❛♥ ✐♠♣♦rt❛♥t ✐ss✉❡ ❢♦r ❛❝❛✲

❞❡♠✐❝s ❛♥❞ ✐♥❞✉str② ♣r♦❢❡ss✐♦♥❛❧s ❢♦r ❧♦♥❣✳✶ ❑❧✐♥❣ ✭✶✾✽✺✮ ✇❛s ❛♠♦♥❣ t❤❡ ✜rst ✇❤♦

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

♣r✐❝❡s ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❞❡❝❧✐♥❡ ✐♥ st♦❝❦ ♣r✐❝❡s✳✷ ❆ ♥✉♠❜❡r ♦❢ st✉❞✐❡s ❤❛✈❡ r❡✈❡❛❧❡❞

t❤❛t ♦✐❧ ❛♥❞ st♦❝❦ ♠❛r❦❡ts s❡❡♠ t♦ r❡s♣♦♥❞ t♦ t❤❡ s❛♠❡ ❡❝♦♥♦♠✐❝ ❢♦r❝❡s ✭❙❛❞♦rs❦②✱
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✐❡s ❤❛✈❡ r❡✈❡❛❧❡❞ t❤❛t t❤❡ ♦r✐❣✐♥ ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ✐s ✐♠♣♦rt❛♥t ✐♥ ❛ss❡ss✐♥❣ t❤❡✐r

✐♠♣❛❝t ♦♥ st♦❝❦ ♠❛r❦❡ts ✭❍❛♠✐❧t♦♥✱ ✷✵✵✾❀ ❑✐❧✐❛♥✱ ✷✵✵✾❀ ❑✐❧✐❛♥ ✫ P❛r❦✱ ✷✵✵✾✮✳ ❙♣❡❝✐❢✲

✐❝❛❧❧②✱ ❑✐❧✐❛♥ ✭✷✵✵✾✮ ❞✐ss❛❣r❡❣❛t❡s ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ✐♥t♦ t❤r❡❡ ❝♦♠♣♦♥❡♥ts✱ ♥❛♠❡❧② t❤❡

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

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

t✐♦♥❛r② ❞❡♠❛♥❞ s❤♦❝❦s ✭♦✐❧✲s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦s✮✳✸ ❚❤❡ ❛✉t❤♦r ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡

t❤❛t ♦✐❧ ♣r✐❝❡ ✐♥❝r❡❛s❡s ♠❛② ❤❛✈❡ ✈❡r② ❞✐✛❡r❡♥t ❡✛❡❝ts ♦♥ t❤❡ r❡❛❧ ♣r✐❝❡ ♦❢ ♦✐❧✱ ❞❡♣❡♥❞✲

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

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

❝r❡❛s❡ ✐♥ t❤❡ r❡❛❧ ♣r✐❝❡ ♦❢ ♦✐❧ t❤❛t ✐s ❛❧s♦ s✉❜st❛♥t✐❛❧✳ ■♥ ❛ r❡❧❛t❡❞ st✉❞②✱ ❑✐❧✐❛♥ ✫ P❛r❦

✭✷✵✵✾✮ r❡✈❡❛❧ t❤❛t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦❢ ❞✐✛❡r❡♥t ♦r✐❣✐♥ ❤❛✈❡ ❞✐✛❡r❡♥t ❡✛❡❝ts ♦♥ ❯✳❙✳ st♦❝❦

r❡t✉r♥s✳✹ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ ❛✉t❤♦rs s❤♦✇ t❤❛t t❤❡ ❝r✉❞❡ ♦✐❧✬s ❣❧♦❜❛❧ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧②
✶❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❢♦r♠ ❛♥ ✐♠♣♦rt❛♥t ✐♥❞✐❝❛t♦r ♦❢ ♣❤②s✐❝❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ✭▲❛r❞✐❝ ✫

▼✐❣♥♦♥✱ ✷✵✵✽✮ ❛♥❞ ♣❡tr♦❧❡✉♠✲❜❛s❡❞ ❝♦♠♠♦❞✐t✐❡s ✭♠❛✐♥❧② ❝r✉❞❡ ♦✐❧✱ ❣❛s♦❧✐♥❡✱ ❤❡❛t✐♥❣ ♦✐❧✮
❛r❡ ❡ss❡♥t✐❛❧ t♦ ♦✉r ❡❝♦♥♦♠✐❡s ♣r✐♠❛r✐❧② ❢r♦♠ ❛♥ ✐♥❞✉str✐❛❧ ♣❡rs♣❡❝t✐✈❡✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢
❝r✉❞❡ ♦✐❧ ✐s ❞♦❝✉♠❡♥t❡❞ ❜② t❤❡ ✾✶✳✶✾ ♠✐❧❧✐♦♥ ❜❛rr❡❧s ♦❢ ❣❧♦❜❛❧ ❞❛✐❧② ❝♦♥s✉♠♣t✐♦♥ ✐♥ ✷✵✶✸
❛s r❡♣♦rt❡❞ ❜② t❤❡ ❯✳❙✳ ❊♥❡r❣② ■♥❢♦r♠❛t✐♦♥ ❆❞♠✐♥✐str❛t✐♦♥✱ ❛❝❝❡ss❡❞ ♦♥ ❉❡❝❡♠❜❡r ✻✱ ✷✵✶✺✳
✭❤tt♣✿✴✴✇✇✇✳❡✐❛✳❣♦✈✴❝❢❛♣♣s✴✐♣❞❜♣r♦❥❡❝t✴✐❡❞✐♥❞❡①✸✳❝❢♠❄t✐❞❂✺✫♣✐❞❂✺✫❛✐❞❂✷✫❝✐❞❂✇✇✱✫s②✐❞❂✷✵✶✵✫❡②✐❞❂✷✵✶✹
✫✉♥✐t❂❚❇P❉✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ♦✐❧ ❢✉t✉r❡s ❝♦♥tr❛❝ts ❡①❤✐❜✐t t❤❡ ❧❛r❣❡st ✈♦❧✉♠❡ ♥✉♠❜❡rs ♦❢ tr❛❞✐♥❣ ♦♥ ◆❡✇ ❨♦r❦
▼❡r❝❛♥t✐❧❡ ❊①❝❤❛♥❝❡ ✭◆❨▼❊❳✮✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ ♦✐❧ ✐s ❝♦♥s✐❞❡r❡❞ ✇✐❞❡❧② ❜② ✐♥❞✉str② ♣r♦❢❡ss✐♦♥❛❧s ❛s t❤❡
❧❡❛❞✐♥❣ ❝♦♠♠♦❞✐t② ❧✐♥❦❡❞ ✇✐t❤ t❤❡ ❝❛♣✐t❛❧ ♠❛r❦❡ts✳

✷❍♦✇❡✈❡r✱ ❧❛t❡r st✉❞✐❡s ❜② ❈❤❡♥ ❡t ❛❧✳ ✭✶✾✽✻✮❀ ❍✉❛♥❣ ❡t ❛❧✳ ✭✶✾✾✻✮ ❢❛✐❧❡❞ t♦ ❡st❛❜❧✐s❤ r♦❜✉st r❡❧❛t✐♦♥s❤✐♣s
❜❡t✇❡❡♥ ♦✐❧ s♣♦t ❛♥❞ ❢✉t✉r❡ ♣r✐❝❡s ❛♥❞ ❯❙ st♦❝❦ r❡t✉r♥s✳

✸❍❛♠✐❧t♦♥ ✭✷✵✵✾✮ ❛❧s♦ ❞✐ss❛❣r❡❣❛t❡s ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ✐♥t♦ t✇♦ ❝♦♠♣♦♥❡♥ts✱ ♥❛♠❡❧② t❤❡ ❞❡♠❛♥❞✲s✐❞❡ ♦✐❧ ♣r✐❝❡
s❤♦❝❦s ✇❤✐❝❤ ❛r❡ ❝❛✉s❡❞ ❜② ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧②✲s✐❞❡ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ✇❤✐❝❤ ❛r❡ ❝❛✉s❡❞ ❜② ❝❤❛♥❣❡s ✐♥
✇♦r❧❞ ♦✐❧ ♣r♦❞✉❝t✐♦♥✳

✹❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ ❛r❣✉❡ t❤❡ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ st♦❝❦ r❡t✉r♥s ❛♥❞ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ s❤♦❝❦s

✷

http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=5&pid=5&aid=2&cid=ww,&syid=2010&eyid=2014 &unit=TBPD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=5&pid=5&aid=2&cid=ww,&syid=2010&eyid=2014 &unit=TBPD


s❤♦❝❦s ❛❝❝♦✉♥t ❢♦r ✷✷✪ ♦❢ t❤❡ ❧♦♥❣✲r✉♥ ✈❛r✐❛t✐♦♥ ✐♥ ❯✳❙✳ r❡❛❧ st♦❝❦ r❡t✉r♥s✳ ❑✐❧✐❛♥ ✫

❱❡❣❛ ✭✷✵✶✵✮ s✉♣♣♦rt t❤✐s ✜♥❞✐♥❣ ❜② s❤♦✇✐♥❣ t❤❛t ❡♥❡r❣② ♣r✐❝❡s ❞♦ ♥♦t r❡s♣♦♥❞ ✐♥st❛♥✲

t❛♥❡♦✉s❧② t♦ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♥❡✇s✳ ❆♣❛rt ❢r♦♠ t❤❡ ❯❙ st♦❝❦ ♠❛r❦❡t r❡t✉r♥s✱ ❞✐✛❡r❡♥t

♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❤❛✈❡ ❜❡❡♥ s❤♦✇♥ t♦ ❛✛❡❝t✿ st♦❝❦ s❡❝t♦r r❡t✉r♥s ❢♦r t❤❡ ❯❙ ❛♥❞ ❊✉r♦✲

♣❡❛♥ st♦❝❦ ♠❛r❦❡ts ✭❊❧ ❍❡❞✐ ❆r♦✉r✐ ❡t ❛❧✳✱ ✷✵✶✶✮✱ st♦❝❦ ♠❛r❦❡t ✈♦❧❛t✐❧✐t② ✭❉❡❣✐❛♥♥❛❦✐s

❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ ❜♦♥❞ ♠❛r❦❡ts ✭❑❛♥❣ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ st✉❞✐❡s ♣r♦✲

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

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

✭✷✵✵✾✮✳ ❆♥ ✐♠♣♦rt❛♥t q✉❡st✐♦♥ ❛r✐s✐♥❣ ❢r♦♠ t❤❡ ❛❜♦✈❡ r❛t✐♦♥❛❧❡ ✐s ✇❤❡t❤❡r st♦❝❦ tr❛❞❡rs

r❡s♣♦♥❞ s②♠♠❡tr✐❝❛❧❧② t♦ ❝❤❛♥❣❡s ✐♥ ♦✐❧ ♣r✐❝❡s ❛s t❤❡ ❧❛tt❡r ♠❛② s❡r✈❡ ❛s ✐♥❞✐❝❛t♦rs ♦❢

✉♥❞❡r❧②✐♥❣ ❣❧♦❜❛❧ ❞❡♠❛♥❞ ❛♥❞ ❣r♦✇t❤✳

❉❡s♣✐t❡ t❤❡ ♣❧❡t❤♦r❛ ♦❢ st✉❞✐❡s ❡①❛♠✐♥✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ❞✐✛❡r❡♥t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥

❝❛♣✐t❛❧ ♠❛r❦❡ts t♦ ❞❛t❡ t❤❡r❡ ✐s ♥♦ ❡♠♣✐r✐❝❛❧ ✐♥✈❡st✐❣❛t✐♦♥ r❡❣❛r❞✐♥❣ t❤❡ tr❛♥s♠✐ss✐♦♥

♠❡❝❤❛♥✐s♠s t❤r♦✉❣❤ ✇❤✐❝❤ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❛✛❡❝t st♦❝❦ r❡t✉r♥s✳ ❚❤✐s ♣❛♣❡r ❢✉❧✜❧❧s t❤✐s

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

s❤♦❝❦s ♦♥ ✐♥✈❡st♦rs✬ tr❛❞✐♥❣ ❜❡❤❛✈✐♦r✱ ✐✳❡✳ ♦♥ tr✐❣❣❡r✐♥❣ ♠♦r❡✴❧❡ss ❜✉②❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s

✐♥ ❝♦♠♣❛r✐s♦♥ t♦ s❡❧❧❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ ❜✉②❡r✴s❡❧❧❡r✲✐♥✐t✐❛t❡❞

tr❛❞❡s ✇❡ r❡❧② ♦♥ t❤❡ t❤❡ ❜✉②✴s❡❧❧ r❛t✐♦ ✭❜✴s✮ ❛s ♦✉r ♠❡❛s✉r❡ ❢♦r t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇

✐♠❜❛❧❛♥❝❡✳✺ ❲❡ ❞❡✜♥❡ ♥❡t ❜✉② ♣r❡ss✉r❡ ✇❤❡♥ ❜✴s ❃ ✶ ❛♥❞ ♥❡t s❡❧❧ ♣r❡ss✉r❡ ✇❤❡♥ ❜✴s

❁ ✶✳ ■♥ ❛❞❞✐t✐♦♥✱ t♦ ♠❛❦❡ ♦✉r r❡s✉❧ts ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ♦♥ t❤❡

✐ss✉❡ ✭❑✐❧✐❛♥✱ ✷✵✵✾❀ ❑✐❧✐❛♥ ✫ P❛r❦✱ ✷✵✵✾✮ ✇❡ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢ ♦✐❧✲❞r✐✈❡♥ ♦r❞❡r

✢♦✇ ✐♠❜❛❧❛♥❝❡ s❤♦❝❦s ♦♥ st♦❝❦ r❡t✉r♥s✳

❖r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ❤❛✈❡ ❜❡❡♥ s❤♦✇♥ t♦ ❢♦r♠ ❛ ♠♦r❡ ✐♥t✉✐t✐✈❡ ♠❡❛s✉r❡ ♦❢ st♦❝❦

tr❛❞✐♥❣ ❛❝t✐✈✐t② ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇✐❞❡❧② ✉s❡❞ tr❛❞✐♥❣ ✈♦❧✉♠❡ ✭❈❤♦r❞✐❛ ✫ ❙✉❜✲

r❛❤♠❛♥②❛♠✱ ✷✵✵✹✮✳ ❙♣❡❝✐✜❝❛❧❧②✱ tr❛❞✐♥❣ ✈♦❧✉♠❡ ♦r ♦t❤❡r ❧✐q✉✐❞✐t② ♠❡❛s✉r❡s✱ s✉❝❤ ❛s

❤❛s ❜❡❡♥ ❞r✐✈❡♥ ♣r✐♠❛r✐❧② ❜② t❤❡ st✐♠✉❧❛t✐♥❣ ❡✛❡❝ts ♦❢ str♦♥❣ ❣❧♦❜❛❧ ❞❡♠❛♥❞ ❢♦r ✐♥❞✉str✐❛❧ ❝♦♠♠♦❞✐t✐❡s ❞✉r✐♥❣
✶✾✼✺✕✷✵✵✻✳

✺❚❤✐s r❛t✐♦ ❡q✉❛❧s t❤❡ ❞♦❧❧❛r ❞❡♥♦♠✐♥❛t❡❞ ✈♦❧✉♠❡ ♦❢ ❜✉②❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s ♦✈❡r s❡❧❧❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s✳

✸



t❤❡ ❆♠✐❤✉❞ ✭✷✵✵✷✮ ✐❧❧✐q✉✐❞✐t② r❛t✐♦✱ ❛r❡ ♥♦t ❛♣♣r♦♣r✐❛t❡ ❢♦r t❤❡ r❡s❡❛r❝❤ q✉❡st✐♦♥ ♦❢

t❤✐s st✉❞② ❜❡❝❛✉s❡ t❤❡ ✐♠♣❛❝t ♦❢ ♦✐❧✲♣r✐❝❡ s❤♦❝❦s ♦♥ ✐❧❧✐q✉✐❞✐t② r❛t✐♦ ♦r ✈♦❧✉♠❡ ✐s s②♠✲

♠❡tr✐❝❛❧ ✐♥ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ s❤♦❝❦s✱ ✐✳❡✳ ❧✐q✉✐❞✐t② ♠❛② ✐♥❝r❡❛s❡ ❞✉❡ t♦ ✐♥❝r❡❛s❡❞

✐♥✈❡st♦rs✬ tr❛❞✐♥❣ ❛❝t✐✈✐t② tr✐❣❣❡r❡❞ ❜② ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ ♦✐❧✲♣r✐❝❡ ♥❡✇s✳ ❋♦r

❡①❛♠♣❧❡✱ ❛♥ ♦✐❧ ♣r✐❝❡ s❤♦❝❦ ♠❛② ✐♥❝r❡❛s❡ ✐❧❧✐q✉✐❞✐t② ❆♠✐❤✉❞ r❛t✐♦ t❤r♦✉❣❤ ✐♥❝r❡❛s❡❞

❜✉②✲ ♦r s❡❧❧✲✐♥✐t✐❛t❡❞ tr❛❞❡s✳✻ ■♥ t❤✐s ✇❛②✱ t❤✐s ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ❜②

❡①t❡♥❞✐♥❣ ❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ ❛♥❞ r❡✈❡❛❧✐♥❣ t❤❛t ✐♥ ❛❞❞✐t✐♦♥ ♦❢ ♥♦t ❛❧❧ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s

❜❡✐♥❣ t❤❡ s❛♠❡✱ ♥❡✐t❤❡r st♦❝❦ ♣r✐❝❡ ❝❤❛♥❣❡s ❛r❡ t❤❡ s❛♠❡✱ ✐✳❡✳ ❞✐✛❡r❡♥t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s

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

st♦❝❦ ♣r✐❝❡ ♠♦✈❡♠❡♥ts✳

❆❣❣r❡❣❛t❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✶ s❤♦✇ t❤❛t ✐♥ t❤❡ ❧♦♥❣ r✉♥✱ ✸✻✪ ♦❢ t❤❡ ✈❛r✐❛✲

t✐♦♥ ✐♥ ❛❣❣r❡❣❛t❡ st♦❝❦ r❛t✐♦ ❞✉r✐♥❣ ✶✾✾✸✲✷✵✶✶ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❝r✉❞❡ ♦✐❧✬s ♠❛r❦❡t

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

❡q✉✐t② ♠❛r❦❡t✳ ❆❧♠♦st ❢♦✉r✲✜❢t❤s ♦❢ t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ✐s ❞r✐✈❡♥ ❜② ❞❡♠❛♥❞✲r❡❧❛t❡❞ ♦✐❧

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

❝♦♠❜✐♥❡❞✱ ❡✈❡♥ ✐❢ t❤❡ ❧❛tt❡r ✐s ❣❡♥❡r❛❧❧② t❤♦✉❣❤t t♦ ✐♥❞✐❝❛t❡ ✉♥❝❡rt❛✐♥t② ♦✈❡r ❢✉t✉r❡ ♦✐❧

s✉♣♣❧② ✭❑✐❧✐❛♥✱ ✷✵✵✾✮✳ ❖✐❧ s✉♣♣❧② r❡❧❛t❡❞ s❤♦❝❦s ❤❛✈❡ ❛ ♥❡❣❛t✐✈❡ ❛♥❞ ♦♥❧② ♠❛r❣✐♥❛❧❧②

s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ♦❢ t❤❡ ❡q✉✐t② ♠❛r❦❡t✳ ▲❛st✱ ♣♦s✐t✐✈❡

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

❆❧s♦ ✐♠♣♦rt❛♥t ❢♦r ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs ✐♥ t❤❡ ❝❛♣✐t❛❧ ♠❛r❦❡ts ✐s t❤❡ r❡s♣♦♥s❡ ♦❢

t❤❡ ✐♥❞✉str②✲s♣❡❝✐✜❝ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ t♦ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② s❤♦❝❦s ✐♥ t❤❡

❝r✉❞❡ ♦✐❧ ♠❛r❦❡t✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ♦✉r ✜♥❞✐♥❣s ✈❛r② ✇✐t❤✐♥ ❞✐✛❡r❡♥t

s❡❝t♦rs ♦❢ t❤❡ ❡❝♦♥♦♠② ❛♥❞ r❡✈❡❛❧ t❤❛t ❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ s❤♦❝❦s ❛r❡ s❤♦✇♥ t♦

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

✻❆s ❈❤♦r❞✐❛ ✫ ❙✉❜r❛❤♠❛♥②❛♠ ✭✷✵✵✹✮ ♣♦✐♥ts ♦✉t✱ ❛ ❤✐❣❤ st♦❝❦ ♦r❞❡r ✐♠❜❛❧❛♥❝❡ ❝❛♥ ❛✛❡❝t st♦❝❦ r❡t✉r♥s
❞✉❡ t♦ t❤❡ ♠❛r❦❡t ♠❛❦❡r✬s str✉❣❣❧❡ t♦ r❡✲❛❞❥✉st t❤❡✐r ✐♥✈❡♥t♦r② ♦❢ ❛ss❡ts✳ ❋✉rt❤❡r♠♦r❡✱ ❤✐❣❤ ♦r❞❡r ✐♠❜❛❧❛♥❝❡s
✐♥❞✐❝❛t❡ ✐♥✈❡st♦rs ❡①❝❡ss ✐♥t❡r❡st ✐♥ ❛ st♦❝❦✱ ✇❤✐❝❤ ✐❢ ❛✉t♦❝♦rr❡❧❛t❡❞✱ ❝❛♥ r❡❧❛t❡ ❝✉rr❡♥t ♦r❞❡r ✐♠❜❛❧❛♥❝❡s ✇✐t❤
❢✉t✉r❡ st♦❝❦ r❡t✉r♥s✳ ■♥✈❡st♦rs ❝❛♥ ✐♥❝r❡❛s❡ t❤❡✐r ❞✐✈❡rs✐✜❝✐❛t✐♦♥ ♦♣♣♦rt✉♥✐t✐❡s ✐❢ t❤❡② t❛❦❡ ❛❝❝♦✉♥t ♦❢ s❡❝✉r✐t②
♦r❞❡r ✢♦✇ ✐♥❢♦r♠❛t✐♦♥ ✭❈❤❡❧❧❡②✲❙t❡❡❧❡② ❡t ❛❧✳✱ ✷✵✶✺✮✳

✹



s✉❝❤ ❛s ▼❛♥✉❢❛❝t✉r✐♥❣✼ ✭s❡❝t♦r ❝♦❞❡ ✸✮✱ ❊♥❡r❣② ✭s❡❝t♦r ❝♦❞❡ ✹✮ ❛♥❞ ❖t❤❡rs✽ ✭s❡❝t♦r ❝♦❞❡

✶✵✮✳ ❚❤✐s ❡♠♣✐r✐❝❛❧ ❡①❡r❝✐s❡ ✐s ♠♦t✐✈❛t❡❞ ❜② t❤❡ r❡❧❛t❡❞ ❧✐t❡r❛t✉r❡ ✇❤✐❝❤ ♣r♦✈✐❞❡s str♦♥❣

❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❧❡❛❞✐♥❣ r♦❧❡ ♦❢ ✐♥❞✉str✐❡s ✐♥ t❤❡ ❡q✉✐t✐❡s ♠❛r❦❡ts ✐♥ ❣❡♥❡r❛❧ ✭❍♦♥❣ ❡t ❛❧✳✱

✷✵✵✼✮ ❛♥❞ ✐♥ t❤❡ ♦✐❧✲❡q✉✐t② ♥❡①✉s ✐♥ ♣❛rt✐❝✉❧❛r ✭❑✐❧✐❛♥ ✫ P❛r❦✱ ✷✵✵✾❀ ❊❧ ❍❡❞✐ ❆r♦✉r✐

❡t ❛❧✳✱ ✷✵✶✶✮✳ ❋♦r ✐♥st❛♥❝❡✱ ❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ s❤♦✇ t❤❛t st♦❝❦ r❡t✉r♥s ♦❢ ✜r♠s ✐♥

t❤❡ ♣r❡❝✐♦✉s ♠❡t❛❧s ✐♥❞✉str② ✇✐❧❧ ❛♣♣r❡❝✐❛t❡ ✐♥ r❡s♣♦♥s❡ t♦ ❛ ♣♦s✐t✐✈❡ ♦✐❧✲♠❛r❦❡t s♣❡❝✐✜❝

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

❛❞❞✐t✐♦♥✱ ❊❧ ❍❡❞✐ ❆r♦✉r✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ✉s❡ t❤❡ ❡st✐♠❛t✐♦♥ ❢r❛♠❡✇♦r❦ ♦❢ ❑✐❧✐❛♥ ✫ P❛r❦

✭✷✵✵✾✮ t♦ r❡✈❡❛❧ t❤❛t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s r❛✐s❡ ❯✳❙✳ st♦❝❦ ✈♦❧❛t✐❧✐t✐❡s s✉❜st❛♥t✐❛❧❧② ♠♦r❡

❢♦r ♦✐❧✲❞❡♣❡♥❞❡♥t s❡❝t♦rs✱ s✉❝❤ ❛s ❆✉t♦♠♦❜✐❧❡ ❛♥❞ P❛rts✱ ❇❛s✐❝ ▼❛t❡r✐❛❧s✱ ■♥❞✉str✐❛❧s

❛♥❞ ❯t✐❧✐t✐❡s r❛t❤❡r t❤❛♥ ❢♦r ♥♦♥✲♦✐❧✲❞❡♣❡♥❞❡♥t s❡❝t♦rs✱ s✉❝❤ ❛s ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s✳

❋✉rt❤❡♠♦r❡✱ ❉r✐❡s♣r♦♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮❀ ◆❛r❛②❛♥ ✫ ❙❤❛r♠❛ ✭✷✵✶✶✮ ❞♦❝✉♠❡♥t t❤❛t ♦✐❧

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

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

❚❤❡ r❡st ♦❢ t❤✐s ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ♣r♦✈✐❞❡s t❤❡ t❤❡♦r❡t✐❝❛❧ ❜❛❝❦✲

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

s❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛s❡t❀ s❡❝t✐♦♥ ✺ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❛♥❞ s❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s

t❤❡ ♣❛♣❡r✳

✷ ❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ r❡s❡❛r❝❤ ❞❡s✐❣♥

❚❤✐s st✉❞② ❡①♣❧♦r❡s t❤❡ tr❛♥s♠✐ss✐♦♥ ♠❡❝❤❛♥✐s♠ t❤r♦✉❣❤ ✇❤✐❝❤ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❛✛❡❝ts

st♦❝❦ r❡t✉r♥s✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❡ss❡♥t✐❛❧ t♦ ❞✐st✐♥❣✉✐s❤ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤✐s tr❛♥s✲

♠✐ss✐♦♥ ♠❡❝❤❛♥✐s♠❀ ✜rst t❤❡ ✐♠♣❛❝t ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥ st♦❝❦ ♠❛r❦❡t ✈❛r✐❛❜❧❡s✱ s✉❝❤

✼❙❡❝t♦rs✬ ❝❧❛ss✐✜❝❛t✐♦♥ ❢♦❧❧♦✇ t❤❡ ❋❛♠❛✲❋r❡♥❝❤ ❡q✉✐t② s❡❝t♦rs✿ ❈♦♥s✉♠❡r ♥♦♥✲❞✉r❛❜❧❡s ✭s❡❝t♦r ❝♦❞❡ ✶✮✱
❈♦♥s✉♠❡r ❞✉r❛❜❧❡s ✭s❡❝t♦r ❝♦❞❡ ✷✮✱ ▼❛♥✉❢❛❝t✉r✐♥❣ ✭s❡❝t♦r ❝♦❞❡ ✸✮✱ ❊♥❡r❣② ✭s❡❝t♦r ❝♦❞❡ ✹✮✱ ❍✐❣❤ t❡❝❤♥♦❧♦❣②
❜✉s✐♥❡ss ❡q✉✐♣♠❡♥t ✭s❡❝t♦r ❝♦❞❡ ✺✮✱ ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s ✭s❡❝t♦r ❝♦❞❡ ✻✮✱ ❙❤♦♣s ✇❤♦❧❡s❛❧❡✲r❡t❛✐❧ ✭s❡❝t♦r ❝♦❞❡
✼✮✱ ❍❡❛❧t❤❝❛r❡ ✭s❡❝t♦r ❝♦❞❡ ✽✮✱ ❯t✐❧✐t✐❡s ✭s❡❝t♦r ❝♦❞❡ ✾✮✱ ❖t❤❡rs ✭s❡❝t♦r ❝♦❞❡ ✶✵✮✳

✽❙❡❝t♦r ❝❧❛ss✐✜❝❛t✐♦♥ ✏❖t❤❡rs✑ ✐♥❝❧✉❞❡s ✐♥❝❧✉❞❡s t❤❡ ❤❡❛✈✐❧② ♦✐❧✲❞❡♣❡♥❞❡♥t tr❛♥s♣♦rt❛t✐♦♥ ❛❝t✐✈✐t✐❡s✳

✺



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

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

❜✉②✴s❡❧❧ tr❛❞❡s r❛t✐♦ ♦r ♦t❤❡r ❧✐q✉✐❞✐t② ♠❡❛s✉r❡s✱ ✐s ❢✉♥❞❛♠❡♥t❛❧✳ ■t ✐s ✇✐❞❡❧② ❦♥♦✇♥

t❤❛t ♠❛❝r♦✲❡❝♦♥♦♠✐❝ s❤♦❝❦s tr✐❣❣❡r ✐♥✈❡st♦rs✬ r❡❛❝t✐♦♥✱ ✇❤✐❝❤ ✐s ♠❛♥✐❢❡st❡❞ t❤r♦✉❣❤

tr❛❞✐♥❣ ❛❝t✐✈✐t②✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❧❡❛❞ t♦ st♦❝❦ ♠❛r❦❡t ♠♦✈❡♠❡♥ts✳ ❋♦r t❤✐s r❡❛s♦♥✱

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

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

t❤❡ ❜✉②✴s❡❧❧ r❛t✐♦ ✈❛r✐❛❜❧❡ ✐s t❡st❡❞ ❡♠♣✐r✐❝❛❧❧② ✐♥ t❤✐s st✉❞② ❢♦r t❤❡ ✜rst t✐♠❡✳ ❲❡ ❢✉r✲

t❤❡r ❞✐s❝✉ss t❤❡ s❡❝♦♥❞ ♠❡❝❤❛♥✐s♠ ♦❢ ❧✐q✉✐❞✐t② ♠❡❛s✉r❡s✱ s✉❝❤ ❛s t❤❡ ❆♠✐❤✉❞ ✐❧❧✐q✉✐❞✐t②

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

✷✳✶ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ st♦❝❦ ♠❛r❦❡t ✈❛r✐❛❜❧❡s

❍❛♠✐❧t♦♥ ✭✷✵✵✽✮ s✉❣❣❡sts t❤❛t t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧ t❤r♦✉❣❤ ✇❤✐❝❤ ❡♥❡r❣② ♣r✐❝❡ s❤♦❝❦s

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

❣♦♦❞s ❛♥❞ s❡r✈✐❝❡s✳ ❚❤✐s ✐s ❛❧s♦ ❝♦♥✜r♠❡❞ ✇✐t❤ ❡✈✐❞❡♥❝❡ ♣r♦✈✐❞❡❞ ✐♥ ▲❡❡ ✫ ◆✐ ✭✷✵✵✷✮

✇❤♦ s❤♦✇ t❤❛t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♣r✐♠❛r✐❧② ✐♥✢✉❡♥❝❡ ❛❝t✐✈✐t② ❛t t❤❡ ✐♥❞✉str② ❧❡✈❡❧ t❤r♦✉❣❤

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

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

❆s s❤♦✇♥ ✐♥ ❋✐❧✐s ❡t ❛❧✳ ✭✷✵✶✶✮❀ ❇❛s❤❡r ❡t ❛❧✳ ✭✷✵✶✷✮❀ ❆❜❤②❛♥❦❛r ❡t ❛❧✳ ✭✷✵✶✸✮ ♣♦s✐t✐✈❡ ♦✐❧

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

✇❤❡r❡❛s ♣♦s✐t✐✈❡ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❞✉❡ t♦ ✉♥❡①♣❡❝t❡❞ ♦✐❧✲♠❛r❦❡t s♣❡❝✐✜❝ ❞❡♠❛♥❞ ❢❛❝t♦rs

❞❡❝r❡❛s❡ st♦❝❦ r❡t✉r♥s✳ ❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ s❤♦✇ t❤❛t t❤❡ ❡✛❡❝t ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥

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

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

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

r✐s❡♥ ❞✉❡ t♦ ❛♥ ♦✐❧✲♠❛r❦❡t s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦ s✉❝❤ ❛s ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣r❡❝❛✉t✐♦♥❛r②

✻



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

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

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

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

❖✐❧ ♣r✐❝❡s s❤♦❝❦s ♠❛② ❤✉rt t❤❡ st♦❝❦ ♠❛r❦❡t ❛s t❤❡② ❞✐r❡❝t❧② ❛✛❡❝t ❧❛r❣❡ ❡♥❡r❣②

❝♦♠♣❛♥✐❡s ✇❤✐❝❤ ❛r❡ ✐♥✢✉❡♥t✐❛❧ ❝♦♥st✐t✉❡♥ts ♦❢ st♦❝❦ ✐♥❞✐❝❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❊①①♦♥

❛♥❞ ❈❤❡✈r♦♥ ❛r❡ ♠❡♠❜❡rs ♦❢ t❤❡ ✸✵✲♠❡♠❜❡r ❉♦✇ ❏♦♥❡s ✐♥❞✉str✐❛❧ ❛✈❡r❛❣❡✳ ❆♥♦t❤❡r

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

✐♥✈❡st♦rs ✇❤❡♥ ♦✐❧ ♣r✐❝❡ ❞❡❝r❡❛s❡s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✐♥✈❡st♦rs ♠❛② s❡❧❧ s❤❛r❡s ♦❢ ❝♦♠♣❛♥✐❡s

t❤❛t ❤❛✈❡ ❡①♣♦s✉r❡ t♦ t❤❡ ♦✐❧ ✐♥❞✉str②✱ s✉❝❤ ❛s ❝❡rt❛✐♥ ❜❛♥❦s✳ ■♥ t❤✐s ♣❛♣❡r ✇❡ ❡①❛♠✐♥❡

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

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

tr❛❞✐♥❣ ❜❡❤❛✈✐♦r ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❯❙ ❡q✉✐t② ♠❛r❦❡t✳ ❋♦r ❡①❛♠♣❧❡✱ ❛♥ ✉♥❡①♣❡❝t❡❞ ♦✐❧

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

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

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

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

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

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

♥❡t ♦✐❧ ✐♠♣♦rt❡rs ❧✐❦❡ ❯✳❙✳ ❛♥❞ ❈❤✐♥❛✳ ❍♦✇❡✈❡r✱ ❢❛❧❧✐♥❣ ♦✐❧ ♣r✐❝❡s ♠❛② ❜❡ r❡❣❛r❞❡❞ ❛s

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

♣r♦✈✐❞❡❞ ✐♥ P❛r❦ ✫ ❘❛tt✐ ✭✷✵✵✽✮❀ ❲❛♥❣ ❡t ❛❧✳ ✭✷✵✶✸✮ s✉❣❣❡sts t❤❛t ✐t ❛❧s♦ ✐♠♣♦rt❛♥t t♦

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

♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥ st♦❝❦ r❡t✉r♥s✳ ❚❤❡ ❛✉t❤♦rs s❤♦✇ t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ❛❣❣r❡❣❛t❡

❞❡♠❛♥❞ ✉♥❝❡rt❛✐♥t② ♦♥ st♦❝❦ ♠❛r❦❡ts ✐♥ ♦✐❧✲❡①♣♦rt✐♥❣ ❝♦✉♥tr✐❡s ❛r❡ ♠✉❝❤ str♦♥❣❡r ❛♥❞

♠♦r❡ ♣❡rs✐st❡♥t t❤❛♥ ✐♥ ♦✐❧✲✐♠♣♦rt✐♥❣ ❝♦✉♥tr✐❡s

✼



✷✳✷ ❙t♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ❛♥❞ st♦❝❦ r❡t✉r♥s

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

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

✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ st♦❝❦ ♠❛r❦❡t ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ ✐t ✐s ❜❡❧✐❡✈❡❞ t♦ ❤❛✈❡ ❛ ♥♦t❛❜❧❡

✐♠♣❛❝t ♦♥ st♦❝❦ r❡t✉r♥s✱ s❡❡ ❢♦r ❡①❛♠♣❧❡✱ ❊✈❛♥s ✫ ▲②♦♥s ✭✷✵✵✷✮❀ ❯♥❞❡r✇♦♦❞ ✭✷✵✵✾✮✳

❉❡✈❡❧♦♣✐♥❣ ❛ ♥♦✈❡❧ ♠♦❞❡❧✱ ❑②❧❡ ✭✶✾✽✺✮ s❤♦✇s t❤❛t ♦r❞❡r ✢♦✇ ❝♦♥t❛✐♥s ♣r✐✈❛t❡ ✐♥❢♦r♠❛✲

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

✭✶✾✾✻✱ ✶✾✾✼✮ ❛❧s♦ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ s✉♣♣♦rt✐♥❣ t❤❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣r✐✈❛t❡

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

✢♦✇ ❛♥❞ st♦❝❦ ♣r✐❝❡s ✐s ♣r❡❞✐❝t❡❞ ❢r♦♠ ✐♥✈❡♥t♦r② ♠♦❞❡❧s✳ ❋♦r ❡①❛♠♣❧❡✱ ❙t♦❧❧ ✭✶✾✼✽✮❀ ❍♦

✫ ❙t♦❧❧ ✭✶✾✽✸✮ ♣r♦♣♦s❡ t❤❛t ♦r❞❡r ✐♠❜❛❧❛♥❝❡s ❝❛✉s❡ ✐♥✈❡♥t♦r② ❛❞❥✉st♠❡♥ts t❤❛t r❡q✉✐r❡

❞❡❛❧❡rs t♦ ❛❞❥✉st ♣r✐❝❡s✳

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

♠❛r❦❡t ✇✐❞❡ ❝♦♠♣♦♥❡♥t✳ ❍✉❜❡r♠❛♥ ✫ ❍❛❧❦❛ ✭✷✵✵✶✮❀ ❈❤♦r❞✐❛ ❡t ❛❧✳ ✭✷✵✵✷✮ s❤♦✇ t❤❛t

❧✐q✉✐❞✐t② ❛t t❤❡ s❡❝✉r✐t② ❧❡✈❡❧ ✐s ❝♦rr❡❧❛t❡❞ ✇✐t❤ ❜♦t❤ ♠❛r❦❡t ❛♥❞ ✐♥❞✉str② ❧✐q✉✐❞✐t② ❛♥❞

✐♥ t❤✐s ✇❛② ❡st❛❜❧✐s❤ ❝♦♠♠♦♥❛❧✐t② ✐♥ tr❛❞✐♥❣ ❛❝t✐✈✐t②✳ ■♥ ❛ r❡❧❛t❡❞ st✉❞②✱ ❍❛s❜r♦✉❝❦ ✫

❙❡♣♣✐ ✭✷✵✵✶✮ ❡①tr❛❝t ❝♦♠♠♦♥ ❝♦♠♣♦♥❡♥ts ♦❢ ♦r❞❡r ✢♦✇ ✐♥❢♦r♠❛t✐♦♥ ❜② ✉s✐♥❣ ❛ ♣r✐♥❝✐♣❛❧

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

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

❛♥❝❡s✳ ■♥ ❛♥♦t❤❡r st✉❞②✱ ❈❤♦r❞✐❛ ❡t ❛❧✳ ✭✷✵✵✶✮ s❤♦✇ t❤❛t s❡❝✉r✐t② ♦r❞❡r ✐♠❜❛❧❛♥❝❡s ❛r❡

❧✐♥❦❡❞ ✇✐t❤ ❝❤❛♥❣❡s ✐♥ s❡❝✉r✐t✐❡s r❡t✉r♥s ✇❤♦ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❙✫P ✺✵✵ ✐♥❞❡①✱ ✇❤✐❧❡

❈❤♦r❞✐❛ ✫ ❙✉❜r❛❤♠❛♥②❛♠ ✭✷✵✵✹✮ s❤♦✇ t❤❛t ❞❛✐❧② s❡❝✉r✐t② r❡t✉r♥s ❛r❡ ❛❧s♦ ❛ss♦❝✐❛t❡❞

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

❧❛t✐♦♥s❤✐♣✳ ❋✐♥❛❧❧②✱ ❍❛r❢♦r❞ ✫ ❑❛✉❧ ✭✷✵✵✺✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ❝♦♠♠♦♥❛❧✐t② ♦❢ ♦r❞❡r

✢♦✇ ✐s str♦♥❣❡r ❢♦r ❙✫P ✺✵✵ ❧✐st❡❞ s❡❝✉r✐t✐❡s ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ s❡❝✉r✐t✐❡s tr❛❞✐♥❣

♦✉ts✐❞❡ t❤❡ ✐♥❞❡①✳
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✸ ▼❡t❤♦❞♦❧♦❣②

❆ str✉❝t✉r❛❧ ❱❆❘ ♠♦❞❡❧ ✐s ✉s❡❞ t♦ ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝ts ♦❢ t❤r❡❡ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥

s❡❝✉r✐t② ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ❛♥❞ ❝✉♠✉❧❛t✐✈❡ st♦❝❦ r❡t✉r♥s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ♦✐❧ s❤♦❝❦s

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

❞❡♠❛♥❞ s❤♦❝❦s ❢♦r ❝♦♠♠♦❞✐t✐❡s ✇♦r❧❞✇✐❞❡ ✭r❡❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ✲ r❡❛✮ ❛♥❞ ♦✐❧ ♠❛r❦❡t✲

s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦s ✭r❡❛❧ ♣r✐❝❡ ♦❢ ♦✐❧ ✲ r♣♦✮✳ ❚❤❡ str✉❝t✉r❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡

❱❆❘ ♠♦❞❡❧ ♦❢ ♦r❞❡r ♣ ✐s✿

A0yt = c0 +

p
∑

i=1

Aiyt−i + εt ✭✶✮

✇❤❡r❡ ②t ❂ ✭Δ♣r♦❞t✱ r❡❛t✱ r♣♦t✱ ❜srt✱ r❡tt✮ ✐s ❛ ✺①✶ ✈❡❝t♦r ♦❢ ❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s✱

❆✵ r❡❢❡rs t♦ t❤❡ ✺①✺ ❝♦♥t❡♠♣♦r❛♥❡♦✉s ❝♦❡✣❝✐❡♥t ♠❛tr✐①✱ ❝✵ r❡♣r❡s❡♥ts ❛ ✺①✶ ✈❡❝t♦r ♦❢

❝♦♥st❛♥t r❡t✉r♥s✱ ❆✐ ❞❡♥♦t❡s t❤❡ ✺①✺ ❛✉t♦r❡❣r❡ss✐✈❡ ❝♦❡✣❝✐❡♥t ♠❛tr✐❝❡s ❛♥❞ εt st❛♥❞s ❢♦r

t❤❡ ✺①✶ ✈❡❝t♦r ♦❢ str✉❝t✉r❛❧ ❞✐st✉r❜❛♥❝❡s✱ ❛ss✉♠❡❞ t♦ ❤❛✈❡ ③❡r♦ ❝♦✈❛r✐❛♥❝❡ ❛♥❞ ❜❡✐♥❣

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

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

♣r✐❝❡s ♦❢ ♦✐❧✱ ❜srt ✐s t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ✭❜✉②✴s❡❧❧ r❛t✐♦✮ ❛♥❞ r❡tt✐s t❤❡ st♦❝❦

r❡t✉r♥s✳

❋♦❧❧♦✇✐♥❣ ❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ ✇❡ ❝❤♦♦s❡ ❛ ❧♦♥❣ ❧❛❣ ❧❡♥❣t❤ ♦❢ ✷✹ ♠♦♥t❤s ✭♣❂✷✹✮

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

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

Pr❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ✐ss✉❡✱ s❡❡ ❢♦r ❡✳❣✳ ❍❛♠✐❧t♦♥ ✫ ❍❡rr❡r❛ ✭✷✵✵✹✮✱ ❤❛s s❤♦✇♥

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

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

✾❚❤❡ r❡❛❧ ❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ r❡❢❡rs t♦ t❤❡ ❞❡♠❛♥❞ ❢♦r ❛❧❧ ✐♥❞✉str✐❛❧ ❝♦♠♠♦❞✐t✐❡s r❡♣r❡s❡♥t❡❞ ❜② t❤❡
❡q✉❛❧❧② ✇❡✐❣❤t❡❞ ❣r♦✇t❤ r❛t❡s ♦❢ ❢r❡✐❣❤t r❛t❡s ❢♦r ✐♥❞✐✈✐❞✉❛❧ ✈♦②❛❣❡s ♦❢ ❜✉❧❦ ❞r② ❝❛r❣♦❡s✳ ❚❤❡s❡ ❢r❡✐❣❤t r❛t❡s
❛r❡ ❞❡✢❛t❡❞ ✉s✐♥❣ t❤❡ ❯❙ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❛♥❞ ❧✐♥❡❛r❧② ❞❡tr❡♥❞❡❞ t♦ r❡♠♦✈❡ ❧♦♥❣✲t❡r♠ tr❡♥❞s ✐♥ ❞❡♠❛♥❞
❢♦r s❡❛ tr❛♥s♣♦rt ❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ❛❞✈❛♥❝❡s ✐♥ s❤✐♣ ❜✉✐❧❞✐♥❣ ✭❢♦r ❞❡t❛✐❧s s❡❡ ❑✐❧✐❛♥ ✷✵✵✾✮✳

✾



❛♥❞ t❤❡ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✳ ■♥ ♦r❞❡r t♦ ❛rr✐✈❡ t♦ t❤❡ r❡❞✉❝❡❞ ❢♦r♠ ❱❆❘ ♠♦❞❡❧

✇❡ ♠✉❧t✐♣❧② ❜♦t❤ s✐❞❡s ♦❢ ❊q✳ ✭✶✮ ✇✐t❤ A−1

0
✇❤✐❝❤ ❢♦❧❧♦✇s ❛ r❡❝✉rs✐✈❡ str✉❝t✉r❡ ❢♦r t❤❡

r❡❞✉❝❡❞ ❢♦r♠ ❡rr♦rs ❡t t♦ ❜❡ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡ str✉❝t✉r❛❧ ❡rr♦rs εt ❛s ❢♦❧❧♦✇s✿

et =
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α11 0 0 0 0

α21 α22 0 0 0

α31 α32 α33 0 0

α41 α42 α43 α44 0

α51 α52 α53 α54 α55
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✭✷✮

❲❤❡r❡✱ εΔ♣r♦❞
t st❛♥❞s ❢♦r t❤❡ ♦✐❧ s✉♣♣❧② s✐❞❡ s❤♦❝❦✱ εr❡❛t ❞❡♥♦t❡s t❤❡ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞

s❤♦❝❦✱ εr♣♦t ❝❛♣t✉r❡s t❤❡ ♦✐❧ ♠❛r❦❡t✲s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦✱ ε❜srt ✐s t❤❡ ❜✉②✴s❡❧❧ r❛t✐♦

s❤♦❝❦ ❛♥❞ εr❡tt ✐s t❤❡ st♦❝❦ r❡t✉r♥ s❤♦❝❦✳

❚❤❡ ❡❝♦♥♦♠✐❝ r❛t✐♦♥❛❧❡ ❢♦r t❤❡ ✐❞❡♥t✐❢②✐♥❣ r❡str✐❝t✐♦♥s ✐♠♣♦s❡❞ ✐♥ A−1

0
❛r❡ ♠♦t✐✈❛t❡❞

❜② ❑✐❧✐❛♥ ✭✷✵✵✾✮✳ ❚❤❡ ♦✐❧ ♣r♦❞✉❝t✐♦♥ ✐s ❛ss✉♠❡❞ ♥♦t t♦ r❡s♣♦♥❞ ❝♦♥t❡♠♣♦r❛♥❡♦✉s❧② t♦

❛♥ ♦✐❧ ❞❡♠❛♥❞ s❤♦❝❦ ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ♠♦♥t❤ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ❛❞❥✉st♠❡♥t ❝♦sts ♦❢ ♦✐❧

♣r♦❞✉❝t✐♦♥✳ ■♥ ❝♦♥tr❛st✱ ♦✐❧ s✉♣♣❧② s❤♦❝❦s ❝❛♥ ✐♥✢✉❡♥❝❡ t❤❡ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✱

t❤❡ ♣r✐❝❡ ♦❢ ♦✐❧ ❛♥❞ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ✇✐t❤✐♥ t❤❡ s❛♠❡ ♠♦♥t❤✳ ◆❡①t✱

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

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

❢♦r t❤❡ ✇♦r❧❞ ❡❝♦♥♦♠② t♦ r❡❛❝t✳ ❍♦✇❡✈❡r✱ ❛ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② s❤♦❝❦ ✇✐❧❧ ❤❛✈❡

❛♥ ✐♠♠❡❞✐❛t❡ ❡✛❡❝t ♦♥ ♦✐❧ ♣r✐❝❡s ❛♥❞ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❧♦✇

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

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

✐♠❜❛❧❛♥❝❡✱ ❜✉t ❜♦t❤ ♦✐❧ s✉♣♣❧② s❤♦❝❦s ❛♥❞ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② s❤♦❝❦s ❝❛♥ ✐♥✢✉❡♥❝❡

♦✐❧ ♣r✐❝❡s ❝♦♥t❡♠♣♦r❛♥❡♦✉s❧②✳ ■♥ ❤✐❣❤❧② ❧✐q✉✐❞ ❝❛♣✐t❛❧ ♠❛r❦❡ts s✉❝❤ ❛s t❤❡ ❯❙ ❡q✉✐t✐❡s

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

✶✵



st♦❝❦ r❡t✉r♥s✱ ❜✉t r❡❛❝ts ❝♦♥t❡♠♣♦r❛♥❡♦✉s❧② t♦ ❛❧❧ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s✳✶✵

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

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

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

♦♥ st♦❝❦ tr❛❞✐♥❣ ❛❝t✐✈✐t② ❛♥❞ st♦❝❦ r❡t✉r♥s✳

❇❡❢♦r❡ ❡st✐♠❛t✐♥❣ t❤❡ r❡❞✉❝❡❞ ❢♦r♠ ♦❢ t❤❡ ❱❆❘ ♠♦❞❡❧ ✐♥ ❊q✳ ✭✶✮ ✐t ✐s ♥❡❝❡ss❛r② t♦

❡st❛❜❧✐s❤ t❤❡ st❛t✐♦♥❛r✐t② ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ✐♥✈♦❧✈❡❞✳ ❚❤❡ ❆✉❣♠❡♥t❡❞ ❉✐❝❦❡② ✫ ❋✉❧❧❡r

✭✶✾✽✶✮ ✭❆❉❋✮ ❛♥❞ P❤✐❧❧✐♣s ✫ P❡rr♦♥ ✭✶✾✽✽✮ ✭PP✮ ✉♥✐t r♦♦t t❡sts s✉❣❣❡st t❤❛t ❛❧❧ ✈❛r✐✲

❛❜❧❡s ❛r❡ ■✭✶✮✳✶✶ ❚❤❡ ❧❛❣ ❧❡♥❣t❤ ♦❢ t❤❡ ❱❆❘ ♠♦❞❡❧ ✐s s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♠✐♥✐♠✐③❛t✐♦♥

♦❢ t❤❡ ❙❝❤✇❛r③ ✭✶✾✼✽✮ ❇❛②❡s✐❛♥ ■♥❢♦r♠❛t✐♦♥ ❈r✐t❡r✐♦♥ ✭❙❇■❈✮✳

✹ ❉❛t❛ ❞❡s❝r✐♣t✐♦♥

■♥ t❤✐s st✉❞② t❤❡ ❚r❛❞❡ ❛♥❞ ◗✉♦t❡ ✭❚❆◗✮ ❞❛t❛❜❛s❡ ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ t✐❝❦✲❜②✲t✐❝❦ ❞❛t❛ ❢♦r

t❤❡ ◆❨❙❊✴❆▼❊❳ ♦r❞✐♥❛r② ❝♦♠♠♦♥ st♦❝❦s ♦✈❡r t❤❡ ♣❡r✐♦❞ ❏❛♥✉❛r② ✶✾✾✸ t♦ ❉❡❝❡♠❜❡r

✷✵✶✶✳ ❙t♦❝❦s ✐♥❝❧✉❞❡❞ ✐♥ ◆❆❙❉❆◗ ❛r❡ ❡①❝❧✉❞❡❞ ❞✉❡ t♦ t❤❡ ❞✐✣❝✉❧t② ✐♥ ❛ss✐❣♥✐♥❣ tr❛❞❡s

❛s ♥♦t❡❞ ❜② ❈❤r✐st✐❡ ✫ ❙❝❤✉❧t③ ✭✶✾✾✾✮✳ ❚❤❡ ❞❛t❛ ❡①tr❛❝t❡❞ ✐♥❝❧✉❞❡ q✉♦t❡s✱ tr❛♥s❛❝t✐♦♥

♣r✐❝❡s ❛♥❞ tr❛❞❡ q✉❛♥t✐t✐❡s ❢♦r ❡❛❝❤ tr❛❞❡ ✉♥❞❡rt❛❦❡♥✳

❇❛s❡❞ ♦♥ ❛❧❧ ✐♥tr❛✲❞❛② tr❛❞❡s✱ ✇❡ ❞❡✜♥❡ t❤❡ ❞❛✐❧② st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ✭❜✉②✴s❡❧❧

r❛t✐♦✮ ❛s t❤❡ ❛❣❣r❡❣❛t❡ ♥✉♠❜❡r ♦❢ ❜✉②❡r ✐♥✐t✐❛t❡❞ tr❛❞❡s ♦✈❡r s❡❧❧❡r ✐♥✐t✐❛t❡❞ tr❛❞❡s ❛t

t❤❡ s❡❝✉r✐t② ❧❡✈❡❧✳ ❚❤❡♥✱ t❤❡ ♠❛r❦❡t ❜✉②✴s❡❧❧ r❛t✐♦ r❡♣r❡s❡♥ts t❤❡ ❛❣❣r❡❣❛t❡ ✐♠❜❛❧❛♥❝❡

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

st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ❢♦r ❛❧❧ ❛✈❛✐❧❛❜❧❡ ✜r♠s ✇✐t❤✐♥ ❡❛❝❤ ♠♦♥t❤✳ ❲❤❡♥ t❤✐s r❛t✐♦

t❛❦❡s ❛ ✈❛❧✉❡ ♦✈❡r ✉♥✐t② ❛t ❞❛② t ✐♥❞✐❝❛t❡s t❤❛t ❜✉②❡r ✐♥✐t✐❛t❡❞ tr❛❞❡s ❡①❝❡❡❞ s❡❧❧❡r ✐♥✐✲

✶✵❆s ❛ r♦❜✉st♥❡ss t❡st ❛♥❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ r❡❛❝ts ❝♦♥t❡♠✲
♣♦r❛♥❡♦✉s❧② t♦ st♦❝❦ r❡t✉r♥s✱ ✇❡ r❡♣❧❛❝❡ t❤❡ ③❡r♦ r❡str✐❝t✐♦♥ ✐♥ ❧✐♥❡ ✹ ❛♥❞ ❝♦❧✉♠♥ ✺ ♦❢ t❤❡ ♠❛tr✐① ♣r❡s❡♥t❡❞
✐♥ ❊q✳ ✭✷✮ ✇✐t❤ ❛♥ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t✳ ❆❧❧ t❤❡ r❡s✉❧ts ♦❢ t❤✐s ♣❛♣❡r ❛s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥s ❛r❡
q✉❛❧✐t❛t✐✈❡❧② t❤❡ s❛♠❡ ❞✉❡ t♦ t❤✐s ❝❤❛♥❣❡✳

✶✶❚❤❡ r❡s✉❧ts ❢♦r t❤❡ ❆❉❋ ❛♥❞ PP t❡sts ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❛✉t❤♦rs ✉♣♦♥ r❡q✉❡st✳

✶✶



t✐❛t❡❞ tr❛❞❡s ❣✐✈✐♥❣ r✐s❡ t♦ ♥❡t ❜✉②✐♥❣ ♣r❡ss✉r❡ ✭❜✉②✴s❡❧❧ r❛t✐♦ ❃ ✶✮❀ ✇❤✐❧❡ ❛ ♥❡t s❡❧❧✐♥❣

♣r❡ss✉r❡ ❛r✐s❡s ✇❤❡♥ t❤❡ r❛t✐♦ ✐s ❜❡❧♦✇ ✉♥✐t② ✭❜✉②✴s❡❧❧ r❛t✐♦ ❁ ✶✮✳ ❆❝❝♦r❞✐♥❣❧②✱ ♣♦s✐t✐✈❡

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

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

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

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❞❛t❛ ❛❜♦✈❡✱ ♠♦♥t❤❧② ♦❜s❡r✈❛t✐♦♥s ❛r❡ ✉t✐❧✐③❡❞ ❢♦r ✇♦r❧❞ ♦✐❧ ♣r♦❞✉❝✲

t✐♦♥ ✭s✉♣♣❧②✮✱ ❛ ♠❡❛s✉r❡ ♦❢ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ❛♥❞ ♦✐❧ ♣r✐❝❡s ❛s t❤❡ ❯✳❙✳ r❡✜♥❡r✬s

❛❝q✉✐s✐t✐♦♥ ❝♦st ♦❢ ✐♠♣♦rt❡❞ ❝r✉❞❡ ♦✐❧✳ ❇♦t❤ ✇♦r❧❞ ♦✐❧ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ♦✐❧ ♣r✐❝❡s ❛r❡ ❢r♦♠

t❤❡ ❯❙ ❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣②✳ ❚❤❡ ♣❡r❝❡♥t ❝❤❛♥❣❡ ✐♥ ✇♦r❧❞ ♦✐❧ ♣r♦❞✉❝t✐♦♥ ✐s ♠❡❛s✉r❡❞

❜② ✶✵✵ ① ❧♦❣ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ✇♦r❧❞ ♦✐❧ ♣r♦❞✉❝t✐♦♥ ✐♥ ♠✐❧❧✐♦♥s ♦❢ ❜❛rr❡❧s ♣✉♠♣❡❞ ♣❡r

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

t❤❡ ❯✳❙✳ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ✭❈P■✮ ❢r♦♠ t❤❡ ❇✉r❡❛✉ ♦❢ ▲❛❜♦r ❙t❛t✐st✐❝s✳ Pr✐❝❡s ❛r❡

❡①♣r❡ss❡❞ ✐♥ ❞♦❧❧❛rs ❛♥❞ tr❛♥s❢♦r♠❡❞ ✐♥ ❧♦❣✲r❡t✉r♥s✳ ●❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ✐s ♠❡❛✲

s✉r❡❞ ❜② t❤❡ ✐♥❞❡① ♦❢ ❣❧♦❜❛❧ r❡❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ❝♦♥str✉❝t❡❞ ❜② ❑✐❧✐❛♥ ✭✷✵✵✾✮✳✶✷ ❚❤✐s

✐♥❞❡① ✐s ❜❛s❡❞ ♦♥ t❤❡ ❡q✉❛❧ ✇❡✐❣❤t❡❞ ❞r② ❝❛r❣♦ ❢r❡✐❣❤t r❛t❡s ❛♥❞ ❤✐❣❤❡r ✈❛❧✉❡s ♦❢ t❤❡

✐♥❞❡① ✐♥❞✐❝❛t❡ ❤✐❣❤❡r ❞❡♠❛♥❞ ♦❢ s❤✐♣♣✐♥❣ tr❛♥s♣♦rt❛t✐♦♥ s❡r✈✐❝❡ ✇❤✐❝❤ ✐s ❛♥ ✐♥❞✐❝❛t♦r

♦❢ r❡❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✳ ❚❤✐s ✐♥❞❡① ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ t❤❛t ✐t ✐♥❝♦r♣♦r❛t❡s ❛❝t✐✈✐t②

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

❝♦♥✈❡♥t✐♦♥❛❧ ♠❡❛s✉r❡s ♦❢ ❣❧♦❜❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ❢♦r ❖❊❈❉ ❝♦✉♥tr✐❡s✳ ❚❤❡ ❛❣❣r❡❣❛t❡

❯✳❙✳ r❡❛❧ st♦❝❦ r❡t✉r♥ ✐s ❝♦♠♣✉t❡❞ ❜② s✉❜tr❛❝t✐♥❣ t❤❡ ❈♦♥s✉♠❡r Pr✐❝❡ ■♥❞❡① ✭❈P■✮

✐♥✢❛t✐♦♥ r❛t❡ ❢r♦♠ t❤❡ ❧♦❣ r❡t✉r♥s ♦❢ t❤❡ ❈❡♥t❡r ❢♦r ❘❡s❡❛r❝❤ ✐♥ ❙❡❝✉r✐t② Pr✐❝❡s ✭❈❘❙P✮

✈❛❧✉❡✲✇❡✐❣❤t❡❞ ♠❛r❦❡t ♣♦rt❢♦❧✐♦✳

✺ ❊♠♣✐r✐❝❛❧ r❡s✉❧ts

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

✶✷❚❤❡ ❞❛t❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❛t ❑✐❧✐❛♥✬s ✇❡❜♣❛❣❡✿ ❤tt♣✿✴✴✇✇✇✲♣❡rs♦♥❛❧✳✉♠✐❝❤✳❡❞✉✴∼❧❦✐❧✐❛♥✴♣❛♣❡r❧✐♥❦s✳❤t♠❧

✶✷

http://www-personal.umich.edu/~lkilian/paperlinks.html


❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ❛♥❞ ♦✐❧✲s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡s ✶❛✱

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

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

❤❛s ❜❡❡♥ ♥♦r♠❛❧✐③❡❞ t♦ r❡♣r❡s❡♥t ❛ ♥❡❣❛t✐✈❡ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ s❤♦❝❦✱ ✇❤❡r❡❛s t❤❡

❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ❛♥❞ ♦✐❧✲♠❛r❦❡t s♣❡❝✐✜❝ ❞❡♠❛♥❞ s❤♦❝❦ ❤❛✈❡ ❜❡❡♥ ♥♦r♠❛❧✐③❡❞

t♦ r❡♣r❡s❡♥t ♣♦s✐t✐✈❡ s❤♦❝❦s✳ ❚❤✉s✱ ❛❧❧ s❤♦❝❦s ❤❛✈❡ ❜❡❡♥ ♥♦r♠❛❧✐③❡❞ s✉❝❤ t❤❛t ❛♥

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

❛♥❞ t✇♦✲st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❞❡♣✐❝t❡❞ ❜② ❞♦tt❡❞ ❛♥❞ ❞❛s❤❡❞ ❧✐♥❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡s❡

✐♥t❡r✈❛❧s ❤❛✈❡ ❜❡❡♥ ❝♦♠♣✉t❡❞ ❜❛s❡❞ ♦♥ ❛ r❡❝✉rs✐✈❡✲❞❡s✐❣♥ ✇✐❧❞ ❜♦♦tstr❛♣ ✇✐t❤ ✶✵✱✵✵✵

r❡♣❧✐❝❛t✐♦♥s ✭s❡❡✱ ●♦♥❝❛❧✈❡s ✫ ❑✐❧✐❛♥ ✷✵✵✹✮✳ ❆s ♦❜s❡r✈❡❞✱ ✐♥ ❋✐❣✉r❡ ✶❛ ❛♥ ✉♥❡①♣❡❝t❡❞

✐♥❝r❡❛s❡ ✐♥ ✇♦r❧❞ ♦✐❧ s✉♣♣❧② tr✐❣❣❡rs ❛♥ ✐♠♠❡❞✐❛t❡ ❞❡❝r❡❛s❡ t♦ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡

❢♦r t❤❡ ✜rst ✸ ♠♦♥t❤s✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ♠✐❧❞ ❝♦rr❡❝t✐♦♥ ❛♥❞ t❤❡♥ ❛♥♦t❤❡r ❞❡❝r❡❛s❡ ✉♥t✐❧

♠♦♥t❤ ✶✶✳ ❚❤✐s r❡s✉❧t s✉♣♣♦rts ♦✉r ❤②♣♦t❤❡s✐s t❤❛t ❛s ♦✐❧ ♣r✐❝❡s ❞❡❝r❡❛s❡ ❞✉❡ t♦ ❛♥

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

❜✉② tr❛❞❡s ❛s ✐♥✈❡st♦rs s❡❧❧ t❤❡ ✐♥✢✉❡♥t✐❛❧ ✐♥ t❡r♠s ♦❢ ♠❛r❦❡t ❝❛♣✐t❛❧✐③❛t✐♦♥ ♦✐❧✲r❡❧❛t❡❞

st♦❝❦s ❛♥❞ ❝❡rt❛✐♥ ❜❛♥❦s ✇✐t❤ ❡①♣♦s✉r❡ ✐♥ t❤❡ ♦✐❧ ✐♥❞✉str②✱ s✐♥❝❡ ♣r♦✜t ♠❛r❣✐♥s ✐♥ t❤❡

✐♥❞✉str② ❛r❡ s❡✈❡r❡❧② ❛✛❡❝t❡❞ ❜② t❤❡ ❞r♦♣ ✐♥ ♦✐❧ ♣r✐❝❡✳ ◆❡①t✱ ❋✐❣✉r❡ ✶❜ s❤♦✇s t❤❛t

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

♣❡rs✐st❡♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ❢♦r t❤❡ ✜rst ✼ ♠♦♥t❤s✱ ❢♦❧❧♦✇❡❞ ❜②

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

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

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

t✉r♥✱ ❋✐❣✉r❡ ✶❝ s❤♦✇s t❤❛t ❛ s❤♦❝❦ ✐♥ ♣r❡❝❛✉t✐♦♥❛r② ❞❡♠❛♥❞ ❢♦r ♦✐❧ ❝❛✉s❡s ❛ ♣❡rs✐st❡♥t

✐♥❝r❡❛s❡ ✐♥ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ❢♦r ✶✹ ♠♦♥t❤s✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ♠✐❧❞ ❞❡❝❧✐♥❡✳

❚❤✐s r❡s✉❧t ✐s ✐♥ ❝♦♥tr❛st ✇✐t❤ t❤❡ ✇✐❞❡❧② ❤❡❧❞ ✈✐❡✇ ✐♥ t❤❡ ✜♥❛♥❝✐❛❧ ♣r❡ss t❤❛t ✐♥❝r❡❛s❡s

✐♥ ♦✐❧ ♣r✐❝❡ ✐♥tr♦❞✉❝❡ ✉♥❝❡rt❛✐♥t② ❛♥❞ ✐♥ t❤✐s ✇❛② ♣❛✈❡ t❤❡ ♣❛t❤ ❢♦r ❤✐❣❤❡r ❡①♣❡❝t❡❞
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st♦❝❦ r❡t✉r♥s✱ r❛t❤❡r ✐t ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ t❤❛t ♦✐❧ ♣r✐❝❡ ✐♥❝r❡❛s❡s tr✐❣❣❡r ♠♦r❡ ❜✉②

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

♦✐❧✲r❡❧❛t❡❞ st♦❝❦s ✇✐t❤ ❧❛r❣❡ ♠❛r❦❡t ❝❛♣✐t❛❧✐③❛t✐♦♥ ❛♥❞ ❝❡rt❛✐♥ ❜❛♥❦s ✇✐t❤ ❡①♣♦s✉r❡ ✐♥

t❤❡ ♦✐❧ ✐♥❞✉str②✱ ❛s t❤❡ ♣r♦✜t ♠❛r❣✐♥s ❛r❡ ✐♥❝r❡❛s✐♥❣ ✇✐t❤✐♥ t❤❡ ✐♥❞✉str②✳ ❆❝❝♦r❞✐♥❣❧②✱

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

❝❛✉s❡s ❛ s✉st❛✐♥❡❞ ❞❡❝r❡❛s❡ ✐♥ ❯✳❙✳ st♦❝❦ r❡t✉r♥s t❤❛t ❜✉✐❧❞s ❢♦r ✹ ♠♦♥t❤s ❛♥❞ t❤❡♥

❞r✐❢ts ❛r♦✉♥❞ t❤❡ r❡❛❝❤❡❞ t❤r❡s❤♦❧❞✳

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

✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥ t❤❡ ❯✳❙✳ st♦❝❦ ♠❛r❦❡t✳ ❙♣❡❝✐✜❝❛❧❧②✱ ❞❡♠❛♥❞✲r❡❧❛t❡❞

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

❢r♦♠ t❤❡ ♣❛rt✐❝✐♣❛♥ts ✐♥ t❤❡ ❡q✉✐t② ♠❛r❦❡t ✭❋✐❣s✳ ✶❜ ❛♥❞ ✶❝✮✱ ✇❤✐❧❡ s✉♣♣❧②✲s✐❞❡ ♦✐❧ ♣r✐❝❡

s❤♦❝❦s ❤❛✈❡ t❤❡ ♦♣♣♦s✐t❡ ❡✛❡❝t✱ ✐✳❡✳ tr✐❣❣❡r r❡❧❛t✐✈❡❧② ♠♦r❡ s❡❧❧❡r✲✐♥✐t✐❛t❡❞ r❛t❤❡r t❤❛♥

❜✉②❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s ❛♥❞ t❤✉s ❧❡❛❞ t♦ ❧♦✇❡r st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡s ✭❋✐❣✳ ✶❛✮✳

❋✐❣✉r❡ ✶❞ ❞❡♣✐❝ts ❛ ♥❡❣❛t✐✈❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ♦❢ ❝✉♠✉❧❛t✐✈❡ st♦❝❦ r❡t✉r♥s ♦♥ ❛ ♣♦s✐t✐✈❡

✉♥❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ✭s❤♦❝❦✮ ♦❢ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡✳ ❖✈❡r❛❧❧✱ t❤❡ r❡s✉❧ts ♣r❡✲

s❡♥t❡❞ ❤❡r❡ s✉❣❣❡st t❤❛t ❞❡♠❛♥❞✲r❡❧❛t❡❞ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s st✐♠✉❧❛t❡ t❤❡ ✐♥t❡r❡st ♦❢ ❡q✉✐t②

♠❛r❦❡t ♣❛rt✐❝✐♣❛♥ts ♦♥ ❤♦❧❞✐♥❣ ❧♦♥❣ ♣♦s✐t✐♦♥s ✐♥ st♦❝❦s✳ ❚❤✉s✱ t❤❡ st✐♠✉❧❛t✐♥❣ ❡✛❡❝t ♦❢

❞❡♠❛♥❞✲r❡❧❛t❡❞ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s t♦ t❤❡ ❯❙ st♦❝❦ ♠❛r❦❡t ❛♥❞ ❡❝♦♥♦♠② ❞♦❝✉♠❡♥t❡❞ ✐♥

t❤❡ ❧✐t❡r❛t✉r❡ ✭❑✐❧✐❛♥✱ ✷✵✵✾❀ ❑✐❧✐❛♥ ✫ P❛r❦✱ ✷✵✵✾✮ ✐s s❤♦✇♥ t♦ ❜❡ tr❛♥s♠✐tt❡❞ t❤r♦✉❣❤

t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ r❡❧❛t✐✈❡❧② ♠♦r❡ ❜✉②❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s r❛t❤❡r t❤❛♥ s❡❧❧❡r✲✐♥✐t✐❛t❡❞ tr❛❞❡s

✐♥ t❤❡ st♦❝❦ ♠❛r❦❡t✳

❚❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡s ❣r❛♣❤s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✶ ✐♥❞✐❝❛t❡ t❤❡ t✐♠✐♥❣ ❛♥❞ t❤❡

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

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

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

♣♦✐♥ts ✐♥ t✐♠❡✳ ❚❤✉s✱ ✐♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❝✉♠✉❧❛t✐✈❡ ❡✛❡❝t ♦❢ t❤❡s❡ ❤✐st♦r✐❝❛❧ s❡t
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♦❢ s❤♦❝❦s ✇❡ ♣❡r❢♦r♠ ❛ ❤✐st♦r✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡s❡ s❤♦❝❦s ♦♥ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇

✐♠❜❛❧❛♥❝❡ ❛♥❞ ❞❡♣✐❝t t❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✷✳ ❆s ♦❜s❡r✈❡❞✱ r❡s♣♦♥s❡s ♦❢ t❤❡ st♦❝❦ ♦r❞❡r

✢♦✇ ✐♠❜❛❧❛♥❝❡ ❤❛✈❡ ❜❡❡♥ ♠❛✐♥❧② ❞r✐✈❡♥ ❜② ❧✐q✉✐❞✐t② s❤♦❝❦s ✭❋✐❣✳ ✷❞✮ r❛t❤❡r t❤❛♥ ♦✐❧

♣r✐❝❡ s❤♦❝❦s ✇❤✐❝❤ ❡①❤✐❜✐t s♠❛❧❧❡r ❡✛❡❝ts✳ ◆♦t❛❜❧②✱ ❛❢t❡r t❤❡ ②❡❛r ✷✵✵✺ ❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡

❞❡♠❛♥❞ s❤♦❝❦s ❡①❤✐❜✐t ❛ str♦♥❣ ♥❡❣❛t✐✈❡ ❛♥❞ ♣❡rs✐st❡♥❝❡ ❡✛❡❝t ♦♥ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇

✐♠❜❛❧❛♥❝❡ ✭❋✐❣✳ ✷❜✮✳ ❚❤✐s ❡✛❡❝t ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ♣❡r✐♦❞ ✇❤❡♥ t❤❡ ✜♥❛♥❝✐❛❧✐❛t✐♦♥

♦❢ ♦✐❧ ♠❛r❦❡ts ❜❡❝❛♠❡ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞✱ ②❡❛rs ✷✵✵✸✲✷✵✵✹✱ s❡❡ ❢♦r ✐♥st❛♥❝❡✱ ❙✐♥❣❧❡t♦♥

✭✷✵✶✸✮✳

■♥ ♦r❞❡r t♦ t❡st ✇❤❡t❤❡r ♦✉r r❡s✉❧ts ✈❛r② ❢♦r ❞✐✛❡r❡♥t ✐♥❞✉str✐❡s ♦❢ t❤❡ ❡q✉✐t② ♠❛r❦❡t

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

✉s✐♥❣ ✐♥❞✉str②✲❧❡✈❡❧ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ❛♥❞ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ ❝✉♠✉❧❛t✐✈❡

st♦❝❦ r❡t✉r♥s✳ ❉✐✛❡r❡♥t r❡s✉❧ts ❛r❡ ❡①♣❡❝t❡❞ ❢♦r ♦✐❧✲r❡❧❛t❡❞ ❛♥❞ ♥♦♥✲♦✐❧✲r❡❧❛t❡❞ s❡❝t♦rs

❛s ✐t ✐s ❡❛s✐❡r ❢♦r ✐♥✈❡st♦rs ❛♥❞ tr❛❞❡rs t♦ ❛ss❡ss t❤❡ ❡✛❡❝ts ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ♦♥ ❧✐st❡❞

❝♦♠♣❛♥✐❡s ✐♥ t❤❡ ♦✐❧✲r❡❧❛t❡❞ s❡❝t♦rs✳ ❋✐❣✉r❡s ✸❛✱ ✸❜✱ ✸❝✱ ♣r❡s❡♥t t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡s

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

♠❛♥✉❢❛❝t✉r✐♥❣ ✭s❡❝t♦r ✸✮✱ ❡♥❡r❣② ✭s❡❝t♦r ✹✮ ❛♥❞ ♦t❤❡rs✲✐♥❝❧✉❞✐♥❣ tr❛♥s♣♦rt❛t✐♦♥ ✭s❡❝t♦r

✶✵✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❢✉❧❧ s❡t ♦❢ r❡s✉❧ts ✐♥ t❤✐s s❡❝t✐♦♥ ✐♥❝❧✉❞❡s t❤❡ ❡✛❡❝ts ♦❢ s❤♦❝❦s ♦♥ ♦✐❧

♣r♦❞✉❝t✐♦♥ ✭Δ♣r♦❞✮✱ r❡❛❧ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ✭r❡❛✮ ❛♥❞ r❡❛❧ ♣r✐❝❡ ♦❢ ♦✐❧ ✭r♣♦✮ ♦♥ t❤❡ st♦❝❦

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

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

r❡s♣♦♥s❡s ♦❜t❛✐♥❡❞ ✇❡r❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥ ❋✐❣✉r❡s ✸❛✱ ✸❜✱ ✸❝✳ ❆s ♦❜s❡r✈❡❞

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

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

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

✐♥❞✉str②✳ ◆❡①t✱ ✐♥ ❋✐❣✉r❡ ✸❜ ❢♦r t❤❡ ❡♥❡r❣② s❡❝t♦r t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ✐s ❛❣❛✐♥

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

✶✺



✸❝ t❤❡ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ❢♦r ♦t❤❡r s❡❝t♦rs ✭✐♥❝❧✉❞✐♥❣ tr❛♥s♣♦rt❛t✐♦♥✮ ✐♥❝r❡❛s❡s

❣r❛❞✉❛❧❧② ♦✈❡r t❤❡ ✜rst ✸✲✹ ♠♦♥t❤s✱ ❜✉t t❤❡♥ ✐♥❝r❡❛s❡s s❤❛r♣❧② ✉♥t✐❧ ♠♦♥t❤ ✻ t♦ ❞❡❝❧✐♥❡

❛❢t❡r✇❛r❞s✳ ❚❤❡s❡ r❡s✉❧ts r❡✈❡❛❧ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ❧❛r❣❡ ❛♥❞ ♣♦s✐t✐✈❡❧② ❛ss②♠❡tr✐❝

r❡s♣♦♥s❡ ♦❢ ❡q✉✐t② tr❛❞❡rs ✭♠♦r❡ ❜✉② tr❛❞❡s t❤❛♥ s❡❧❧✮ t♦ ❣❧♦❜❛❧ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞

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

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

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

♠❛r❦❡ts ✐♥ ❣❡♥❡r❛❧ ✭❍♦♥❣ ❡t ❛❧✳✱ ✷✵✵✼✮ ❛♥❞ ✐♥ t❤❡ ♦✐❧✲❡q✉✐t② ♥❡①✉s ✐♥ ♣❛rt✐❝✉❧❛r ✭❑✐❧✐❛♥

✫ P❛r❦✱ ✷✵✵✾❀ ❊❧ ❍❡❞✐ ❆r♦✉r✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❋♦r ✐♥st❛♥❝❡✱ ❊❧ ❍❡❞✐ ❆r♦✉r✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ✉s❡

t❤❡ ❡st✐♠❛t✐♦♥ ❢r❛♠❡✇♦r❦ ♦❢ ❑✐❧✐❛♥ ✫ P❛r❦ ✭✷✵✵✾✮ t♦ r❡✈❡❛❧ t❤❛t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s r❛✐s❡

❯✳❙✳ st♦❝❦ ✈♦❧❛t✐❧✐t✐❡s s✉❜st❛♥t✐❛❧❧② ♠♦r❡ ❢♦r ♦✐❧✲❞❡♣❡♥❞❡♥t s❡❝t♦rs✱ s✉❝❤ ❛s ❆✉t♦♠♦❜✐❧❡

❛♥❞ P❛rts✱ ❇❛s✐❝ ▼❛t❡r✐❛❧s✱ ■♥❞✉str✐❛❧s ❛♥❞ ❯t✐❧✐t✐❡s r❛t❤❡r t❤❛♥ ❢♦r ♥♦♥✲♦✐❧✲❞❡♣❡♥❞❡♥t

s❡❝t♦rs✱ s✉❝❤ ❛s ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s✳

✻ ❈♦♥❝❧✉s✐♦♥

❚❤✐s ♣❛♣❡r ♣r♦✈✐❞❡s ♥♦✈❡❧ ❡✈✐❞❡♥❝❡ t❤❛t ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❛✛❡❝t ❡s♦t❡r✐❝❛❧❧② t❤❡ st♦❝❦

♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ✐♥ t❤❡ ❯❙ ❡q✉✐t② ♠❛r❦❡t✳ ❚❤❡ ❡✛❡❝t ✐s ❧❛r❣❡ ❛♥❞ st❛t✐st✐❝❛❧❧②

s✐❣♥✐✜❝❛♥t✳ ■♥ t❤✐s ✇❛②✱ ❛ ♠❡❛s✉r❡ ♦❢ st♦❝❦ tr❛❞✐♥❣ ❛❝t✐✈✐t② ✐s ❢♦✉♥❞ t♦ ❜❡ ❛ s✐❣♥✐✜✲

❝❛♥t tr❛♥s♠✐ss✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s t♦ st♦❝❦ ♣r✐❝❡s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ♣♦s✐t✐✈❡

❞❡♠❛♥❞✲r❡❧❛t❡❞ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❛r❡ s❤♦✇♥ t♦ ❤❛✈❡ ❛♥ ✐♠♠✐♥❡♥t ❛♥❞ ♣❡rs✐st❡♥t ♣♦s✐t✐✈❡

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

❤❛✈❡ ❛ ♥❡❣❛t✐✈❡ ❛♥❞ ❧❡ss s✐❣♥✐✜❝❛♥t ❡✛❡❝t✳ ❋✉rt❤❡r♠♦r❡✱ ♣♦s✐t✐✈❡ s❤♦❝❦s ♦❢ t❤❡ st♦❝❦ ♦r✲

❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ tr✐❣❣❡r ❛ ❞❡❝r❡❛s❡ ♦❢ st♦❝❦ r❡t✉r♥s ✐♥ t❤❡ s✉❜s❡q✉❡♥t ♠♦♥t❤s✳ ❚❤❡s❡

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

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

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

✶✻



❘❡❢❡r❡♥❝❡s

❆❜❤②❛♥❦❛r✱ ❆❜❤❛②✱ ❳✉✱ ❇✐♥❣✱ ✫ ❲❛♥❣✱ ❏✐❛②✉❡✳ ✷✵✶✸✳ ❖✐❧ Pr✐❝❡ ❙❤♦❝❦s ❛♥❞ t❤❡ ❙t♦❝❦ ▼❛r❦❡t✿

❊✈✐❞❡♥❝❡ ❢r♦♠ ❏❛♣❛♥✳ ❚❤❡ ❡♥❡r❣② ❥♦✉r♥❛❧✱ ✸✹✭✷✮✱ ✶✾✾✕✷✷✷✳

❆♠✐❤✉❞✱ ❨❛❦♦✈✳ ✷✵✵✷✳ ■❧❧✐q✉✐❞✐t② ❛♥❞ st♦❝❦ r❡t✉r♥s✿ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ t✐♠❡✲s❡r✐❡s ❡✛❡❝ts✳

❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ✺✭✶✮✱ ✸✶✕✺✻✳

❇❛rs❦②✱ ❘♦❜❡rt✱ ✫ ❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✹✳ ❖✐❧ ❛♥❞ t❤❡ ▼❛❝r♦❡❝♦♥♦♠② ❙✐♥❝❡ t❤❡ ✶✾✼✵s✳ ❲♦r❦✐♥❣

P❛♣❡r ✶✵✽✺✺✳ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❇❛rs❦②✱ ❘♦❜❡rt ❇✳✱ ✫ ❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✷✳ ❉♦ ✇❡ r❡❛❧❧② ❦♥♦✇ t❤❛t ♦✐❧ ❝❛✉s❡❞ t❤❡ ❣r❡❛t st❛❣✢❛✲

t✐♦♥❄ ❆ ♠♦♥❡t❛r② ❛❧t❡r♥❛t✐✈❡✳ P❛❣❡s ✶✸✼✕✶✾✽ ♦❢✿ ◆❇❊❘ ▼❛❝r♦❡❝♦♥♦♠✐❝s ❆♥♥✉❛❧ ✷✵✵✶✱

❱♦❧✉♠❡ ✶✻✳ ▼■❚ Pr❡ss✳

❇❛s❤❡r✱ ❙②❡❞ ❆❜✉❧✱ ❍❛✉❣✱ ❆❧❢r❡❞ ❆✳✱ ✫ ❙❛❞♦rs❦②✱ P❡rr②✳ ✷✵✶✷✳ ❖✐❧ ♣r✐❝❡s✱ ❡①❝❤❛♥❣❡ r❛t❡s ❛♥❞

❡♠❡r❣✐♥❣ st♦❝❦ ♠❛r❦❡ts✳ ❊♥❡r❣② ❡❝♦♥♦♠✐❝s✱ ✸✹✭✶✮✱ ✷✷✼✕✷✹✵✳

❈❤❡❧❧❡②✲❙t❡❡❧❡②✱ P❛tr✐❝✐❛✱ ▲❛♠❜❡rt✐❞❡s✱ ◆❡♦♣❤②t♦s✱ ✫ ❙❛✈✈❛✱ ❈❤r✐st♦s ❙✳ ✷✵✶✺✳ ❚❤❡ ❡✛❡❝t ♦❢

s❡❝✉r✐t② ❛♥❞ ♠❛r❦❡t ♦r❞❡r ✢♦✇ s❤♦❝❦s ♦♥ ❝♦✲♠♦✈❡♠❡♥t✳ ❏♦✉r♥❛❧ ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ✜♥❛♥❝✐❛❧

♠❛r❦❡ts✱ ✐♥st✐t✉t✐♦♥s ❛♥❞ ♠♦♥❡②✳

❈❤❡♥✱ ◆❛✐✲❋✉✱ ❘♦❧❧✱ ❘✐❝❤❛r❞✱ ✫ ❘♦ss✱ ❙t❡♣❤❡♥ ❆✳ ✶✾✽✻✳ ❊❝♦♥♦♠✐❝ ❋♦r❝❡s ❛♥❞ t❤❡ ❙t♦❝❦ ▼❛r❦❡t✳

❚❤❡ ❥♦✉r♥❛❧ ♦❢ ❜✉s✐♥❡ss✱ ✺✾✭✸✮✱ ✸✽✸✕✹✵✸✳

❈❤♦r❞✐❛✱ ❚❛r✉♥✱ ✫ ❙✉❜r❛❤♠❛♥②❛♠✱ ❆✈❛♥✐❞❤❛r✳ ✷✵✵✹✳ ❖r❞❡r ✐♠❜❛❧❛♥❝❡ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ st♦❝❦

r❡t✉r♥s✿ ❚❤❡♦r② ❛♥❞ ❡✈✐❞❡♥❝❡✳ ❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✼✷✭✸✮✱ ✹✽✺✕✺✶✽✳

❈❤♦r❞✐❛✱ ❚❛r✉♥✱ ❘♦❧❧✱ ❘✐❝❤❛r❞✱ ✫ ❙✉❜r❛❤♠❛♥②❛♠✱ ❆✈❛♥✐❞❤❛r✳ ✷✵✵✶✳ ▼❛r❦❡t ▲✐q✉✐❞✐t② ❛♥❞

❚r❛❞✐♥❣ ❆❝t✐✈✐t②✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢ ✜♥❛♥❝❡✱ ✺✻✭✷✮✱ ✺✵✶✕✺✸✵✳

❈❤♦r❞✐❛✱ ❚❛r✉♥✱ ❘♦❧❧✱ ❘✐❝❤❛r❞✱ ✫ ❙✉❜r❛❤♠❛♥②❛♠✱ ❆✈❛♥✐❞❤❛r✳ ✷✵✵✷✳ ❖r❞❡r ✐♠❜❛❧❛♥❝❡✱ ❧✐q✉✐❞✲

✐t②✱ ❛♥❞ ♠❛r❦❡t r❡t✉r♥s✳ ❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✻✺✭✶✮✱ ✶✶✶✕✶✸✵✳

✶✼



❈❤r✐st✐❡✱ ❲✐❧❧✐❛♠ ●✳✱ ✫ ❙❝❤✉❧t③✱ P❛✉❧ ❍✳ ✶✾✾✾✳ ❚❤❡ ✐♥✐t✐❛t✐♦♥ ❛♥❞ ✇✐t❤❞r❛✇❛❧ ♦❢ ♦❞❞✲❡✐❣❤t❤

q✉♦t❡s ❛♠♦♥❣ ◆❛s❞❛q st♦❝❦s✿ ❛♥ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✳ ❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✺✷✭✸✮✱

✹✵✾✕✹✹✷✳

❉❡❣✐❛♥♥❛❦✐s✱ ❙t❛✈r♦s✱ ❋✐❧✐s✱ ●❡♦r❣❡✱ ✫ ❑✐③②s✱ ❘❡♥❛t❛s✳ ✷✵✶✹✳ ❚❤❡ ❊✛❡❝ts ♦❢ ❖✐❧ Pr✐❝❡ ❙❤♦❝❦s

♦♥ ❙t♦❝❦ ▼❛r❦❡t ❱♦❧❛t✐❧✐t②✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❊✉r♦♣❡❛♥ ❉❛t❛✳ ❚❤❡ ❡♥❡r❣② ❥♦✉r♥❛❧✱ ✸✺✭✶✮✳

❉✐❝❦❡②✱ ❉❛✈✐❞ ❆✳✱ ✫ ❋✉❧❧❡r✱ ❲❛②♥❡ ❆✳ ✶✾✽✶✳ ▲✐❦❡❧✐❤♦♦❞ r❛t✐♦ st❛t✐st✐❝s ❢♦r ❛✉t♦r❡❣r❡ss✐✈❡ t✐♠❡

s❡r✐❡s ✇✐t❤ ❛ ✉♥✐t r♦♦t✳ ❊❝♦♥♦♠❡tr✐❝❛✿ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❡❝♦♥♦♠❡tr✐❝ s♦❝✐❡t②✱ ✹✾✭✹✮✱ ✶✵✺✼✕✶✵✼✷✳

❉r✐❡s♣r♦♥❣✱ ●❡r❜❡♥✱ ❏❛❝♦❜s❡♥✱ ❇❡♥✱ ✫ ▼❛❛t✱ ❇❡♥❥❛♠✐♥✳ ✷✵✵✽✳ ❙tr✐❦✐♥❣ ♦✐❧✿ ❆♥♦t❤❡r ♣✉③③❧❡❄

❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✽✾✭✷✮✱ ✸✵✼✕✸✷✼✳

❊❛s❧❡②✱ ❉❛✈✐❞✱ ❑✐❡❢❡r✱ ◆✐❝❤♦❧❛s ▼✳✱ ❖✬❤❛r❛✱ ▼❛✉r❡❡♥✱ ✫ P❛♣❡r♠❛♥✱ ❏♦s❡♣❤ ❇✳ ✶✾✾✻✳ ▲✐q✉✐❞✐t②✱

■♥❢♦r♠❛t✐♦♥✱ ❛♥❞ ■♥❢r❡q✉❡♥t❧② ❚r❛❞❡❞ ❙t♦❝❦s✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢ ✜♥❛♥❝❡✱ ✺✶✭✹✮✱ ✶✹✵✺✕✶✹✸✻✳

❊❛s❧❡②✱ ❉❛✈✐❞✱ ❑✐❡❢❡r✱ ◆✐❝❤♦❧❛s ▼✳✱ ✫ ❖✬❍❛r❛✱ ▼❛✉r❡❡♥✳ ✶✾✾✼✳ ❖♥❡ ❉❛② ✐♥ t❤❡ ▲✐❢❡ ♦❢ ❛ ❱❡r②

❈♦♠♠♦♥ ❙t♦❝❦✳ ❘❡✈✐❡✇ ♦❢ ✜♥❛♥❝✐❛❧ st✉❞✐❡s✱ ✶✵✭✸✮✱ ✽✵✺✕✽✸✺✳

❊❧ ❍❡❞✐ ❆r♦✉r✐✱ ▼♦❤❛♠❡❞✱ ❏♦✉✐♥✐✱ ❏❛♠❡❧✱ ✫ ◆❣✉②❡♥✱ ❉✉❝ ❑❤✉♦♥❣✳ ✷✵✶✶✳ ❱♦❧❛t✐❧✐t② s♣✐❧❧♦✈❡rs

❜❡t✇❡❡♥ ♦✐❧ ♣r✐❝❡s ❛♥❞ st♦❝❦ s❡❝t♦r r❡t✉r♥s✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r ♣♦rt❢♦❧✐♦ ♠❛♥❛❣❡♠❡♥t✳ ❏♦✉r♥❛❧

♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ♠♦♥❡② ❛♥❞ ✜♥❛♥❝❡✱ ✸✵✭✼✮✱ ✶✸✽✼✕✶✹✵✺✳

❊✈❛♥s✱ ▼❛rt✐♥ ❉✳ ❉✳✱ ✫ ▲②♦♥s✱ ❘✐❝❤❛r❞ ❑✳ ✷✵✵✷✳ ❖r❞❡r ❋❧♦✇ ❛♥❞ ❊①❝❤❛♥❣❡ ❘❛t❡ ❉②♥❛♠✐❝s✳

❏♦✉r♥❛❧ ♦❢ ♣♦❧✐t✐❝❛❧ ❡❝♦♥♦♠②✱ ✶✶✵✭✶✮✱ ✶✼✵✕✶✽✵✳

❋✐❧✐s✱ ●❡♦r❣❡✱ ❉❡❣✐❛♥♥❛❦✐s✱ ❙t❛✈r♦s✱ ✫ ❋❧♦r♦s✱ ❈❤r✐st♦s✳ ✷✵✶✶✳ ❉②♥❛♠✐❝ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥

st♦❝❦ ♠❛r❦❡t ❛♥❞ ♦✐❧ ♣r✐❝❡s✿ ❚❤❡ ❝❛s❡ ♦❢ ♦✐❧✲✐♠♣♦rt✐♥❣ ❛♥❞ ♦✐❧✲❡①♣♦rt✐♥❣ ❝♦✉♥tr✐❡s✳ ■♥t❡r♥❛✲

t✐♦♥❛❧ r❡✈✐❡✇ ♦❢ ✜♥❛♥❝✐❛❧ ❛♥❛❧②s✐s✱ ✷✵✭✸✮✱ ✶✺✷✕✶✻✹✳

●♦♥❝❛❧✈❡s✱ ❙✐❧✈✐❛✱ ✫ ❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✹✳ ❇♦♦tstr❛♣♣✐♥❣ ❛✉t♦r❡❣r❡ss✐♦♥s ✇✐t❤ ❝♦♥❞✐t✐♦♥❛❧ ❤❡t✲

❡r♦s❦❡❞❛st✐❝✐t② ♦❢ ✉♥❦♥♦✇♥ ❢♦r♠✳ ❏♦✉r♥❛❧ ♦❢ ❡❝♦♥♦♠❡tr✐❝s✱ ✶✷✸✭✶✮✱ ✽✾✕✶✷✵✳

✶✽



❍❛♠✐❧t♦♥✱ ❏✳ ❉✳ ✷✵✵✽✳ ❖✐❧ ❛♥❞ t❤❡ ♠❛❝r♦❡❝♦♥♦♠②✳ ◆❡✇ P❛❧❣r❛✈❡ ❉✐❝t✐♦♥❛r② ♦❢ ❊❝♦♥♦♠✐❝s✱

❡❞✐t❡❞ ❜② ❉✉r❧❛✉❢✱ ❙✳ ❛♥❞ ❇❧✉♠❡✱ ▲✳ P❛❧❣r❛✈❡ ▼❝▼✐❧❧❛♥ ▲t❞✳

❍❛♠✐❧t♦♥✱ ❏❛♠❡s ❉✳ ✷✵✵✸✳ ❲❤❛t ✐s ❛♥ ♦✐❧ s❤♦❝❦❄ ❏♦✉r♥❛❧ ♦❢ ❡❝♦♥♦♠❡tr✐❝s✱ ✶✶✸✭✷✮✱ ✸✻✸✕✸✾✽✳

❍❛♠✐❧t♦♥✱ ❏❛♠❡s ❉♦✉❣❧❛s✱ ✫ ❍❡rr❡r❛✱ ❆♥❛ ▼❛r✐❛✳ ✷✵✵✹✳ ❖✐❧ ❙❤♦❝❦s ❛♥❞ ❆❣❣r❡❣❛t❡ ▼❛❝r♦❡❝♦✲

♥♦♠✐❝ ❇❡❤❛✈✐♦r✿ ❚❤❡ ❘♦❧❡ ♦❢ ▼♦♥❡t❛r② P♦❧✐❝②✿ ❆ ❈♦♠♠❡♥t✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡②✱ ❝r❡❞✐t✱ ❛♥❞

❜❛♥❦✐♥❣✱ ✸✻✭✷✮✱ ✷✻✺✕✷✽✻✳

❍❛♠✐❧t♦♥✱ ❏✳❉✳ ✷✵✵✾✳ ❯♥❞❡rst❛♥❞✐♥❣ ❝r✉❞❡ ♦✐❧ ♣r✐❝❡s✳ ❊♥❡r❣② ❥♦✉r♥❛❧✱ ✸✵✭✷✮✱ ✶✼✾✕✷✵✻✳

❍❛r❢♦r❞✱ ❏❛rr❛❞✱ ✫ ❑❛✉❧✱ ❆❞✐t②❛✳ ✷✵✵✺✳ ❈♦rr❡❧❛t❡❞ ❖r❞❡r ❋❧♦✇✿ P❡r✈❛s✐✈❡♥❡ss✱ ❙♦✉r❝❡s✱ ❛♥❞

Pr✐❝✐♥❣ ❊✛❡❝ts✳ ❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❛♥❞ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s✐s✱ ✹✵✭✵✶✮✱ ✷✾✕✺✺✳

❍❛s❜r♦✉❝❦✱ ❏♦❡❧✱ ✫ ❙❡♣♣✐✱ ❉✉❛♥❡ ❏✳ ✷✵✵✶✳ ❈♦♠♠♦♥ ❢❛❝t♦rs ✐♥ ♣r✐❝❡s✱ ♦r❞❡r ✢♦✇s✱ ❛♥❞ ❧✐q✉✐❞✐t②✳

❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✺✾✭✸✮✱ ✸✽✸✕✹✶✶✳

❍♦✱ ❚❤♦♠❛s ❙✳ ❨✳✱ ✫ ❙t♦❧❧✱ ❍❛♥s ❘✳ ✶✾✽✸✳ ❚❤❡ ❉②♥❛♠✐❝s ♦❢ ❉❡❛❧❡r ▼❛r❦❡ts ❯♥❞❡r ❈♦♠♣❡t✐✲

t✐♦♥✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢ ✜♥❛♥❝❡✱ ✸✽✭✹✮✱ ✶✵✺✸✕✶✵✼✹✳

❍♦♥❣✱ ❍❛rr✐s♦♥✱ ❚♦r♦✉s✱ ❲❛❧t❡r✱ ✫ ❱❛❧❦❛♥♦✈✱ ❘♦ss❡♥✳ ✷✵✵✼✳ ❉♦ ✐♥❞✉str✐❡s ❧❡❛❞ st♦❝❦ ♠❛r❦❡ts❄

❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ❡❝♦♥♦♠✐❝s✱ ✽✸✭✷✮✱ ✸✻✼✕✸✾✻✳

❍✉❛♥❣✱ ❘♦❣❡r ❉✳✱ ▼❛s✉❧✐s✱ ❘♦♥❛❧❞ ❲✳✱ ✫ ❙t♦❧❧✱ ❍❛♥s ❘✳ ✶✾✾✻✳ ❊♥❡r❣② s❤♦❝❦s ❛♥❞ ✜♥❛♥❝✐❛❧

♠❛r❦❡ts✳ ❏♦✉r♥❛❧ ♦❢ ❢✉t✉r❡s ♠❛r❦❡ts✱ ✶✻✭✶✮✱ ✶✕✷✼✳

❍✉❜❡r♠❛♥✱ ●✉r✱ ✫ ❍❛❧❦❛✱ ❉♦♠✐♥✐❦❛✳ ✷✵✵✶✳ ❙②st❡♠❛t✐❝ ▲✐q✉✐❞✐t②✳ ❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ r❡s❡❛r❝❤✱

✷✹✭✷✮✱ ✶✻✶✕✶✼✽✳

❑❛♥❣✱ ❲❡♥s❤❡♥❣✱ ❘❛tt✐✱ ❘♦♥❛❧❞ ❆✳✱ ✫ ❨♦♦♥✱ ❑②✉♥❣ ❍✇❛♥✳ ✷✵✶✹✳ ❚❤❡ ✐♠♣❛❝t ♦❢ ♦✐❧ ♣r✐❝❡

s❤♦❝❦s ♦♥ ❯✳❙✳ ❜♦♥❞ ♠❛r❦❡t r❡t✉r♥s✳ ❊♥❡r❣② ❡❝♦♥♦♠✐❝s✱ ✹✹✭❏✉❧②✮✱ ✷✹✽✕✷✺✽✳

❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✽❛✳ ❆ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❊✛❡❝ts ♦❢ ❊①♦❣❡♥♦✉s ❖✐❧ ❙✉♣♣❧② ❙❤♦❝❦s ♦♥ ❖✉t♣✉t

❛♥❞ ■♥✢❛t✐♦♥ ✐♥ t❤❡ ●✼ ❈♦✉♥tr✐❡s✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❡✉r♦♣❡❛♥ ❡❝♦♥♦♠✐❝ ❛ss♦❝✐❛t✐♦♥✱ ✻✭✶✮✱

✼✽✕✶✷✶✳

✶✾



❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✽❜✳ ❊①♦❣❡♥♦✉s ❖✐❧ ❙✉♣♣❧② ❙❤♦❝❦s✿ ❍♦✇ ❇✐❣ ❆r❡ ❚❤❡② ❛♥❞ ❍♦✇ ▼✉❝❤ ❉♦

❚❤❡② ▼❛tt❡r ❢♦r t❤❡ ❯✳❙✳ ❊❝♦♥♦♠②❄ ❘❡✈✐❡✇ ♦❢ ❡❝♦♥♦♠✐❝s ❛♥❞ st❛t✐st✐❝s✱ ✾✵✭✷✮✱ ✷✶✻✕✷✹✵✳

❑✐❧✐❛♥✱ ▲✉t③✳ ✷✵✵✾✳ ◆♦t ❛❧❧ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s ❛r❡ ❛❧✐❦❡✿ ❞✐s❡♥t❛♥❣❧✐♥❣ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② s❤♦❝❦s

✐♥ t❤❡ ❝r✉❞❡ ♦✐❧ ♠❛r❦❡t✳ ❆♠❡r✐❝❛♥ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✾✾✭✸✮✱ ✶✵✺✸✕✶✵✻✾✳

❑✐❧✐❛♥✱ ▲✉t③✱ ✫ P❛r❦✱ ❈❤❡♦❧❜❡♦♠✳ ✷✵✵✾✳ ❚❤❡ ■♠♣❛❝t ♦❢ ❖✐❧ Pr✐❝❡ ❙❤♦❝❦s ♦♥ t❤❡ ❯✳s✳ ❙t♦❝❦

▼❛r❦❡t✳ ■♥t❡r♥❛t✐♦♥❛❧ ❡❝♦♥♦♠✐❝ r❡✈✐❡✇✱ ✺✵✭✹✮✱ ✶✷✻✼✕✶✷✽✼✳

❑✐❧✐❛♥✱ ▲✉t③✱ ✫ ❱❡❣❛✱ ❈❧❛r❛✳ ✷✵✶✵✳ ❉♦ ❊♥❡r❣② Pr✐❝❡s ❘❡s♣♦♥❞ t♦ ❯✳❙✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ◆❡✇s❄ ❆

❚❡st ♦❢ t❤❡ ❍②♣♦t❤❡s✐s ♦❢ Pr❡❞❡t❡r♠✐♥❡❞ ❊♥❡r❣② Pr✐❝❡s✳ ❘❡✈✐❡✇ ♦❢ ❡❝♦♥♦♠✐❝s ❛♥❞ st❛t✐st✐❝s✱

✾✸✭✷✮✱ ✻✻✵✕✻✼✶✳

❑❧✐♥❣✱ ❏♦❤♥ ▲✳ ✶✾✽✺✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ st♦❝❦ ♠❛r❦❡t ❜❡❤❛✈✐♦r✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢ ♣♦rt❢♦❧✐♦

♠❛♥❛❣❡♠❡♥t✱ ✶✷✭✶✮✱ ✸✹✕✸✾✳

❑②❧❡✱ ❆❧❜❡rt ❙✳ ✶✾✽✺✳ ❈♦♥t✐♥✉♦✉s ❆✉❝t✐♦♥s ❛♥❞ ■♥s✐❞❡r ❚r❛❞✐♥❣✳ ❊❝♦♥♦♠❡tr✐❝❛✱ ✺✸✭✻✮✱ ✶✸✶✺✕

✶✸✸✺✳

▲❛r❞✐❝✱ ❙❛♥❞r✐♥❡✱ ✫ ▼✐❣♥♦♥✱ ❱❛❧❡r✐❡✳ ✷✵✵✽✳ ❖✐❧ ♣r✐❝❡s ❛♥❞ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t②✿ ❆♥ ❛s②♠♠❡tr✐❝

❝♦✐♥t❡❣r❛t✐♦♥ ❛♣♣r♦❛❝❤✳ ❊♥❡r❣② ❡❝♦♥♦♠✐❝s✱ ✸✵✭✸✮✱ ✽✹✼✕✽✺✺✳

▲❡❡✱ ❑✐s❡♦❦✱ ✫ ◆✐✱ ❙❤❛✇♥✳ ✷✵✵✷✳ ❖♥ t❤❡ ❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ ♦✐❧ ♣r✐❝❡ s❤♦❝❦s✿ ❛ st✉❞② ✉s✐♥❣

✐♥❞✉str② ❧❡✈❡❧ ❞❛t❛✳ ❏♦✉r♥❛❧ ♦❢ ♠♦♥❡t❛r② ❡❝♦♥♦♠✐❝s✱ ✹✾✭✹✮✱ ✽✷✸✕✽✺✷✳

◆❛r❛②❛♥✱ P❛r❡s❤ ❑✉♠❛r✱ ✫ ❙❤❛r♠❛✱ ❙✉s❛♥ ❙✉♥✐❧❛✳ ✷✵✶✶✳ ◆❡✇ ❡✈✐❞❡♥❝❡ ♦♥ ♦✐❧ ♣r✐❝❡ ❛♥❞ ✜r♠

r❡t✉r♥s✳ ❏♦✉r♥❛❧ ♦❢ ❜❛♥❦✐♥❣ ✫ ✜♥❛♥❝❡✱ ✸✺✭✶✷✮✱ ✸✷✺✸✕✸✷✻✷✳

P❛r❦✱ ❏✉♥❣✇♦♦❦✱ ✫ ❘❛tt✐✱ ❘♦♥❛❧❞ ❆✳ ✷✵✵✽✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ st♦❝❦ ♠❛r❦❡ts ✐♥ t❤❡ ❯✳❙✳

❛♥❞ ✶✸ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s✳ ❊♥❡r❣② ❡❝♦♥♦♠✐❝s✱ ✸✵✭✺✮✱ ✷✺✽✼✕✷✻✵✽✳

P❤✐❧❧✐♣s✱ P❡t❡r ❈✳ ❇✳✱ ✫ P❡rr♦♥✱ P✐❡rr❡✳ ✶✾✽✽✳ ❚❡st✐♥❣ ❢♦r ❛ ✉♥✐t r♦♦t ✐♥ t✐♠❡ s❡r✐❡s r❡❣r❡ss✐♦♥✳

❇✐♦♠❡tr✐❦❛✱ ✼✺✭✷✮✱ ✸✸✺✕✸✹✻✳

✷✵



❙❛❞♦rs❦②✱ P❡rr②✳ ✶✾✾✾✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ st♦❝❦ ♠❛r❦❡t ❛❝t✐✈✐t②✳ ❊♥❡r❣② ❡❝♦♥♦♠✐❝s✱ ✷✶✭✺✮✱

✹✹✾✕✹✻✾✳

❙❝❤✇❛r③✱ ●✐❞❡♦♥✳ ✶✾✼✽✳ ❊st✐♠❛t✐♥❣ t❤❡ ❞✐♠❡♥s✐♦♥ ♦❢ ❛ ♠♦❞❡❧✳ ❚❤❡ ❛♥♥❛❧s ♦❢ st❛t✐st✐❝s✱ ✻✭✷✮✱

✹✻✶✕✹✻✹✳

❙✐♥❣❧❡t♦♥✱ ❑❡♥♥❡t❤ ❏✳ ✷✵✶✸✳ ■♥✈❡st♦r ❋❧♦✇s ❛♥❞ t❤❡ ✷✵✵✽ ❇♦♦♠✴❇✉st ✐♥ ❖✐❧ Pr✐❝❡s✳ ▼❛♥❛❣❡✲

♠❡♥t s❝✐❡♥❝❡✱ ✻✵✭✷✮✱ ✸✵✵✕✸✶✽✳

❙t♦❧❧✱ ❍❛♥s ❘✳ ✶✾✼✽✳ ❚❤❡ ❙✉♣♣❧② ♦❢ ❉❡❛❧❡r ❙❡r✈✐❝❡s ✐♥ ❙❡❝✉r✐t✐❡s ▼❛r❦❡ts✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢

✜♥❛♥❝❡✱ ✸✸✭✹✮✱ ✶✶✸✸✕✶✶✺✶✳

❯♥❞❡r✇♦♦❞✱ ❙❤❛♥❡✳ ✷✵✵✾✳ ❚❤❡ ❝r♦ss✲♠❛r❦❡t ✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥t ♦❢ st♦❝❦ ❛♥❞ ❜♦♥❞ ♦r❞❡r ✢♦✇✳

❏♦✉r♥❛❧ ♦❢ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts✱ ✶✷✭✷✮✱ ✷✻✽✕✷✽✾✳

❲❛♥❣✱ ❨✉❞♦♥❣✱ ❲✉✱ ❈❤♦♥❣❢❡♥❣✱ ✫ ❨❛♥❣✱ ▲✐✳ ✷✵✶✸✳ ❖✐❧ ♣r✐❝❡ s❤♦❝❦s ❛♥❞ st♦❝❦ ♠❛r❦❡t ❛❝t✐✈✐t✐❡s✿

❊✈✐❞❡♥❝❡ ❢r♦♠ ♦✐❧✲✐♠♣♦rt✐♥❣ ❛♥❞ ♦✐❧✲❡①♣♦rt✐♥❣ ❝♦✉♥tr✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ❝♦♠♣❛r❛t✐✈❡ ❡❝♦♥♦♠✐❝s✱

✹✶✭✹✮✱ ✶✷✷✵✕✶✷✸✾✳

✷✶



❋✐❣✉r❡ ✶✿ ❖✐❧ s❤♦❝❦s ♦♥ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡❀ ❛♥❞ st♦❝❦ ♦r❞❡r ✢♦✇ ✐♠❜❛❧❛♥❝❡ ♦♥ ❝✉♠✉❧❛t✐✈❡ st♦❝❦ r❡t✉r♥✳ ❨✲❛①✐s ✐♥
♣❡r❝❡♥t❛❣❡✱ ❳✲❛①✐s ✐♥ ♠♦♥t❤s✳
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