
Munich Personal RePEc Archive

Asset Pricing Tests, Endogeneity issues

and Fama-French factors

Allen, David

University of Sydney, Asia University, Edith Cowan University

30 June 2022

Online at https://mpra.ub.uni-muenchen.de/113610/

MPRA Paper No. 113610, posted 05 Jul 2022 00:51 UTC



❆ss❡t Pr✐❝✐♥❣ ❚❡sts✱ ❊♥❞♦❣❡♥❡✐t② ✐ss✉❡s ❛♥❞ ❋❛♠❛✲❋r❡♥❝❤

❢❛❝t♦rs

❉❛✈✐❞ ❊✳ ❆❧❧❡♥❛✱∗

❛❙❝❤♦♦❧ ♦❢ ▼❛t❤❡♠❛t✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱ ❯♥✐✈❡rs✐t② ♦❢ ❙②❞♥❡②✱ ❉❡♣❛rt♠❡♥t ♦❢ ❋✐♥❛♥❝❡✱ ❆s✐❛
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❆❜str❛❝t

❚❤✐s ♣❛♣❡r ❢❡❛t✉r❡s ❛ st❛t✐st✐❝❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ✐♥❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝♦r❡ ❋❛♠❛✴❋r❡♥❝❤
❢❛❝t♦rs❀ ❙▼❇ ❛♥❞ ❍▼▲✱ ✉s✐♥❣ ❞❛✐❧② ❞❛t❛✱ ♦❢ t❤❡ ❢❛❝t♦r r❡t✉r♥ s❡r✐❡s✱ ❢♦r t❤❡ ❯❙❆✱
❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❛♥❞ ❏❛♣❛♥✱ ✉s✐♥❣ ❛ s❛♠♣❧❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❞❛t❛✲s❡ts t❤❛t ❛r❡
❛✈❛✐❧❛❜❧❡ ♦♥ ❋r❡♥❝❤✬s ✇❡❜s✐t❡✳ ❚❤❡ ✈❛r✐♦✉s s❡r✐❡s ❛♥❞ t❤❡✐r ✐♥t❡r✲r❡❧❛t✐♦♥s❤✐♣s
❛r❡ ❛♥❛❧②s❡❞ ✉s✐♥❣ r♦❧❧✐♥❣ ❖▲❙ r❡❣r❡ss✐♦♥s✱ s♦ ❛s t♦ ❡①♣❧♦r❡ t❤❡✐r ✐♥❞❡♣❡♥❞❡♥❝❡
❛♥❞ ✐ss✉❡s r❡❧❛t❡❞ t♦ t❤❡✐r ❡♥❞♦❣❡♥❡✐t②✳ ❚❤❡ ❖▲❙ ❛♥❛❧②s✐s ✐♥❝♦r♣♦r❛t❡s ❘❛♠s❡②✬s
❘❊❙❊❚ t❡sts ♦❢ ❢✉♥❝t✐♦♥❛❧ ❢♦r♠ ♠✐ss♣❡❝✐✜❝❛t✐♦♥✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ r❡s✉❧ts s✉❣❣❡st
t❤❛t t❤❡s❡ ❢❛❝t♦rs✱ ✇❤❡♥ ❝♦♠❜✐♥❡❞ ✐♥ ❖▲❙ r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s✱ ❛s s✉❣❣❡st❡❞ ❜②
❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮✱ ❛♥❞ ❣❡♥❡r❛❧❧② ✐♥ t❤❡ ❡♠♣✐r✐❝❛❧ ❛ss❡t ♣r✐❝✐♥❣ ❧✐t❡r❛✲
t✉r❡ ❢❡❛t✉r✐♥❣ t✐♠❡✲s❡r✐❡s t❡sts✱ ❛r❡ ❢r❡q✉❡♥t❧② ♥♦t ✐♥❞❡♣❡♥❞❡♥t✱ ❛♥❞ t❤✉s ❧✐❦❡❧②
t♦ s✉✛❡r ❢r♦♠ ❡♥❞♦❣❡♥❡✐t②✳ ❚❤❡ r♦❧❧✐♥❣ r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s s✉❣❣❡sts s✐❣♥✐✜❝❛♥t
❛♥❞ t✐♠❡✲✈❛r②✐♥❣ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡ ❝♦r❡ ❢❛❝t♦rs ❛♥❞ r❡❥❡❝ts t❤❡✐r ✐♥❞❡✲
♣❡♥❞❡♥❝❡ ❢♦r ❧♦♥❣ ♣❡r✐♦❞s ♦❢ t✐♠❡ ✇✐t❤✐♥ t❤❡ s❛♠♣❧❡s✳ ❆ s✐❣♥✐✜❝❛♥t ♥♦♥✲❧✐♥❡❛r
r❡❧❛t✐♦♥s❤✐♣ ❡①✐sts ❜❡t✇❡❡♥ s♦♠❡ ♦❢ t❤❡ s❡r✐❡s✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❡①♣❧♦②♠❡♥t ♦❢
sq✉❛r❡❞ t❡r♠s✱ ✇❤✐❝❤ ❛r❡ ❢r❡q✉❡♥t❧② s✐❣♥✐✜❝❛♥t✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ r❡s✉❧ts s✉❣❣❡st
t❤❛t ✉s✐♥❣ t❤❡s❡ ❢❛❝t♦rs ✐♥ ❧✐♥❡❛r r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s✱ s✉❝❤ ❛s s✉❣❣❡st❡❞ ❜② ❋❛♠❛
❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮✱ ❛s ❛ ♠❡t❤♦❞ ♦❢ s❝r❡❡♥✐♥❣ ❢❛❝t♦r r❡❧❡✈❛♥❝❡✱ ✐s ❧✐❦❡❧② t♦ ❜❡
♣r♦❜❧❡♠❛t✐❝✱ ✐♥ t❤❛t t❤❡ ❡st✐♠❛t❡❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❧✐❦❡❧② t♦ ❜❡ s❡♥s✐t✐✈❡ t♦
t❤❡ ♥♦♥✲✐♥❞❡♣❡♥❞❡♥❝❡ ♦❢ ❢❛❝t♦rs✳ ❚❤✐s ✐s ❛❧s♦ ❧✐❦❡❧② t♦ ❜❡ ❛ ♣♦t❡♥t✐❛❧ ♣r♦❜❧❡♠ ❢♦r
❛ss❡t ♣r✐❝✐♥❣ t❡sts t❤❛t ✉s❡ t❤❡ ♣♦♣✉❧❛r t✐♠❡✲s❡r✐❡s ❛♣♣r♦❛❝❤✱ ❛s ✜rst s✉❣❣❡st❡❞
❜② ❋❛♠❛ ❛♥❞ ▼❛❝❜❡t❤ ✭✶✾✼✸✮✳

❑❡②✇♦r❞s✿ ❋❛♠❛✲❋r❡♥❝❤ ❋❛❝t♦rs✱ ❈♦rr❡❝t s♣❡❝✐✜❝❛t✐♦♥✱ ❘❛♠s❡②✬s ❘❊❙❊❚✱
❊♥❞♦❣❡♥❡✐t②✱ ❙tr♦♥❣ ❊♥❞♦❣❡♥❡✐t②✱ ❈♦♥s✐st❡♥t st❛♥❞❛r❞ ❡rr♦rs
❏❊▲ ❈♦❞❡s✿ ❈✶✸✱ ❈✶✹✱ ●✶✷✳
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■♥ ❛ ❢✉♥❞❛♠❡♥t❛❧ ♣❛♣❡r✱ ❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✶✾✾✸✱ ♣✸✮✱ st❛t❡❞ t❤❛t✿ ✏t❤❡r❡ ❛r❡
t❤r❡❡ st♦❝❦✲♠❛r❦❡t ❢❛❝t♦rs✿ ❛♥ ♦✈❡r❛❧❧ ♠❛r❦❡t ❢❛❝t♦r ❛♥❞ ❢❛❝t♦rs r❡❧❛t❡❞ t♦ ✜r♠
s✐③❡ ❛♥❞ ❜♦♦❦✲t♦✲♠❛r❦❡t ❡q✉✐t②✑✳ ❋r❡♥❝❤ ❣❡♥❡r♦✉s❧② ♣r♦✈✐❞❡s ❡st✐♠❛t❡s ♦❢ t❤❡s❡
♦r✐❣✐♥❛❧ ❢❛❝t♦rs✱ ❛♥❞ ♠♦r❡ r❡❝❡♥t❧② s✉❣❣❡st❡❞ ❛❞❞✐t✐♦♥s✱ ♦♥ ❤✐s ♣❡rs♦♥❛❧ ✇❡❜s✐t❡
✭s❡❡ ❤tt♣✿✴✴♠❜❛✳t✉❝❦✳❞❛rt♠♦✉t❤✳❡❞✉✴♣❛❣❡s✴❢❛❝✉❧t②✴❦❡♥✳❢r❡♥❝❤✴❉❛t❛❴▲✐❜r❛r②✴❢✲
❢❴❢❛❝t♦rs✳❤t♠❧✮✳ ❚❤❡ ♦r✐❣✐♥❛❧ ✶✾✾✸ ♣❛♣❡r tr✐❣❣❡r❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ✈✐rt✉❛❧
❣❧♦❜❛❧ ✐♥❞✉str② ✐♥ t❤❡ t❡st✐♥❣ ❢♦r t❤❡ ❡✛❡❝ts ♦❢ ✈❛r✐♦✉s ❢❛❝t♦rs ♦♥ ✈❛r✐♦✉s ♣♦rt✲
❢♦❧✐♦s s❡❧❡❝t❡❞ ❢r♦♠ ❣❧♦❜❛❧ ♠❛r❦❡ts✳

❈♦❝❤r❛♥❡ ✭✷✵✶✶✱ ♣✳✶✵✹✼✮✱ ✐♥ ❛ Pr❡s✐❞❡♥t✐❛❧ ❆❞❞r❡ss t♦ t❤❡ ❆♠❡r✐❝❛♥ ❋✐♥❛♥❝❡
❆ss♦❝✐❛t✐♦♥✱ ♦❜s❡r✈❡❞ t❤❛t✿ ✏✇❡ ❛❧s♦ t❤♦✉❣❤t t❤❛t t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ ❡①♣❡❝t❡❞
r❡t✉r♥s ❝❛♠❡ ❢r♦♠ t❤❡ ❈❆P▼✳ ◆♦✇ ✇❡ ❤❛✈❡ ❛ ③♦♦ ♦❢ ♥❡✇ ❢❛❝t♦rs✳✑ ❍❛r✈❡②✱ ▲✐✉✱
❛♥❞ ❩❤✉ ✭✷✵✶✺✮ ❧✐st ✸✶✻ ❛♥♦♠❛❧✐❡s ♣r♦♣♦s❡❞ ❛s ♣♦t❡♥t✐❛❧ ❢❛❝t♦rs ✐♥ ❛ss❡t✲♣r✐❝✐♥❣
♠♦❞❡❧s✱ ❛♥❞ ❝♦♠♠❡♥t t❤❛t t❤❡r❡ ❛r❡ ♦t❤❡rs t❤❛t ❞♦ ♥♦t ♠❛❦❡ t❤❡✐r ❧✐st✳

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ ♣r♦♣♦s❡ ❛ ♠❡t❤♦❞ ❢♦r s❝r❡❡♥✐♥❣ ❝♦♠♣❡t✐♥❣ ❢❛❝t♦rs✱
❛♥❞ ❡①♣❧❛✐♥ t❤❛t ♣r❡✈✐♦✉s ❛♣♣r♦❛❝❤❡s ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ✉♥❞❡r t✇♦ ♠❛✐♥ ❤❡❛❞✐♥❣s✳
❚❤❡ ❧❡❢t✲❤❛♥❞✲s✐❞❡ ✭▲❍❙✮ ❛♣♣r♦❛❝❤ ❥✉❞❣❡s ❝♦♠♣❡t✐♥❣ ♠♦❞❡❧s ♦♥ t❤❡ ✐♥t❡r❝❡♣ts
✭✉♥❡①♣❧❛✐♥❡❞ ❛✈❡r❛❣❡ r❡t✉r♥s✮ ❧❡❢t ✐♥ t✐♠❡ s❡r✐❡s r❡❣r❡ss✐♦♥s t♦ ❡①♣❧❛✐♥ ❡①❝❡ss
r❡t✉r♥s ♦♥ s❡ts ♦❢ ▲❍❙ ♣♦rt❢♦❧✐♦s✳ ❆ ❞r❛✇❜❛❝❦ ✐s t❤❛t ❞✐✛❡r❡♥t s❡ts ♦❢ ▲❍❙
♣♦rt❢♦❧✐♦s ❝❛♥ ❧❡❛❞ t♦ ❞✐✛❡r❡♥t ✐♥t❡r❝❡♣ts ❛♥❞✱ t❤❡r❡❢♦r❡✱ t♦ ❞✐✛❡r❡♥t ✐♥❢❡r❡♥❝❡s✳

❆♥ ❛❧t❡r♥❛t✐✈❡ r✐❣❤t✲❤❛♥❞✲s✐❞❡ ✭❘❍❙✮ ❛♣♣r♦❛❝❤ ✉s❡s s♣❛♥♥✐♥❣ r❡❣r❡ss✐♦♥s
t♦ ❥✉❞❣❡ ✇❤❡t❤❡r ✐♥❞✐✈✐❞✉❛❧ ❢❛❝t♦rs ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❛✈❡r❛❣❡
r❡t✉r♥s ♣r♦✈✐❞❡❞ ❜② ❛ ♠♦❞❡❧✳ ❊❛❝❤ ❝❛♥❞✐❞❛t❡ ❢❛❝t♦r ✐s r❡❣r❡ss❡❞ ♦♥ t❤❡ ♠♦❞❡❧✬s
♦t❤❡r ❢❛❝t♦rs✳ ■❢ t❤❡ ✐♥t❡r❝❡♣t ✐♥ ❛ s♣❛♥♥✐♥❣ r❡❣r❡ss✐♦♥ ✐s ♥♦♥✲③❡r♦✱ t❤❡ ❢❛❝t♦r
❛❞❞s t♦ t❤❡ ♠♦❞❡❧✬s ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❛✈❡r❛❣❡ r❡t✉r♥s ✐♥ t❤❛t s❛♠♣❧❡ ♣❡r✐♦❞✳ ❋❛♠❛
❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ ♥♦t❡ t❤❛t t❤❡ ●❘❙ st❛t✐st✐❝ ♦❢ ●✐❜❜♦♥s✱ ❘♦ss✱ ❛♥❞ ❙❤❛♥❦❡♥
✭●❘❙ ✶✾✽✾✮✱ ❤❡r❡❛❢t❡r ●❘❙✱ ♣r♦❞✉❝❡s ❛ t❡st ♦❢ ✇❤❡t❤❡r ♠✉❧t✐♣❧❡ ❢❛❝t♦rs ❛❞❞ t♦
❛ ❜❛s❡ ♠♦❞❡❧✬s ❡①♣❧❛♥❛t♦r② ♣♦✇❡r✳

❚❤❡ ●❘❙ t❡st t❡st ✐s ❜❛s❡❞ ♦♥ t❤❡ str♦♥❣ ❛ss✉♠♣t✐♦♥s ♦❢ ❧✐♥❡❛r✐t②✱ ✐♥❞❡♣❡♥✲
❞❡♥❝❡ ❛♥❞ ❛ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥✳ ●❘❙ ♦♥ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡r❡ ✐s ❛ ❣✐✈❡♥
r✐s❦❧❡ss r❛t❡ ♦❢ ✐♥t❡r❡st✱ Rft✱ ❢♦r ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✳ ❊①❝❡ss r❡t✉r♥s ❛r❡ ❝♦♠♣✉t❡❞
❜② s✉❜tr❛❝t✐♥❣ Rft✱ ❢r♦♠ t❤❡ t♦t❛❧ r❛t❡s ♦❢ r❡t✉r♥✳ ●❘❙ ❝♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣
♠✉❧t✐✈❛r✐❛t❡ ❧✐♥❡❛r r❡❣r❡ss✐♦♥✿

r̃it = αip + βipr̃pt + ε̃it ∀i = 1, ......, N, ✭✶✮

✇❤❡r❡ r̃it ≡ ❡①❝❡ss r❡t✉r♥ ♦♥ ❛ss❡t i ✐♥ ♣❡r✐♦❞ t✱ r̃pt ≡ ❡①❝❡ss r❡t✉r♥ ♦♥ t❤❡
♣♦rt❢♦❧✐♦ ✇❤♦s❡ ❡✣❝✐❡♥❝② ✐s ❜❡✐♥❣ t❡st❡❞✱ ❛♥❞ ǫ̃it ≡ ❞✐st✉r❜❛♥❝❡ t❡r♠ ❢♦r ❛ss❡t i
✐♥ ♣❡r✐♦❞ t✳ ❚❤❡ ❞✐st✉r❜❛♥❝❡s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❥♦✐♥t❧② ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞ ✐♥
❡❛❝❤ ♣❡r✐♦❞✱ ✇✐t❤ ♠❡❛♥ ③❡r♦ ❛♥❞ ♥♦♥s✐♥❣✉❧❛r ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①

∑
✱ ❝♦♥❞✐t✐♦♥❛❧

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

∑
❜❡ ♥♦♥✲s✐♥❣✉❧❛r✱ r̃pt ❛♥❞ t❤❡ N ❧❡❢t✲

❤❛♥❞✲s✐❞❡ ❛ss❡ts ♠✉st ❜❡ ❧✐♥❡❛r❧② ✐♥❞❡♣❡♥❞❡♥t✳
●❘❙ s✉❣❣❡st t❤❛t ✐❢ ❛ ♣❛rt✐❝✉❧❛r ♣♦rt❢♦❧✐♦ ✐s ♠❡❛♥✲✈❛r✐❛♥❝❡ ❡✣❝✐❡♥t✱ ✭t❤❛t ✐s

✐t ♠✐♥✐♠✐③❡s ✈❛r✐❛♥❝❡ ❢♦r ❛ ❣✐✈❡♥ ❧❡✈❡❧ ♦❢ ❡①♣❡❝t❡❞ r❡t✉r♥✮✱ t❤❡♥ t❤❡ ❢♦❧❧♦✇✐♥❣
✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥ ♠✉st ❜❡ s❛t✐s✜❡❞ ❢♦r t❤❡ ❣✐✈❡♥ ◆ ❛ss❡ts✿



✸

E(r̃it) = βipE(r̃pt). ✭✷✮

●❘❙ ❝♦♠❜✐♥❡ t❤❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥ ✐♥ ✭✷✮ ✇✐t❤ t❤❡ ❞✐str✐❜✉t✐♦♥❛❧ ❛ss✉♠♣t✐♦♥
s✉❣❣❡st❡❞ ❜② ✭✶✮✱ ❛♥❞ ♦❜t❛✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛♠❡tr✐❝ r❡str✐❝t✐♦♥✱ ✇❤✐❝❤ t❤❡②
st❛t❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ♥✉❧❧ ❤②♣♦t❤❡s✐s✿

Ho aip = 0, ∀i = 1, ......, N. ✭✸✮

❚❤❡ ●❘❙ t❡st ✐s ❜❛s❡❞ ♦♥ ❛ ♥✉❧❧ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ ✐♥t❡r❝❡♣t ✐♥ t❤❡ ❛❜♦✈❡
r❡❣r❡ss✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ❡①♣r❡ss✐♦♥s ✭✶✮ ❛♥❞ ✭✷✮✱ ✐s ③❡r♦✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❛s✲
s✉♠♣t✐♦♥s r❡q✉✐r❡❞ ❢♦r t❤✐s t❡st t♦ ❜❡ ✈❛❧✐❞✱ ♥❛♠❡❧② ❧✐♥❡❛r✐t②✱ ✐♥❞❡♣❡♥❞❡♥❝❡✱ ❛♥❞
●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥s✳

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ ❛❞♦♣t ❛ t❡st ♣r♦♣♦s❡❞ ❜② ❇❛r✐❧❧❛s ❛♥❞ ❙❤❛♥❦❡♥
✭✷✵✶✻✮✳ ❇❛r✐❧❧❛s ❛♥❞ ❙❤❛♥❦❡♥ ✭✷✵✶✻✮ ❛ss✉♠❡ t❤❛t t❤❡ ❢❛❝t♦rs ♦❢ ❝♦♠♣❡t✐♥❣ ♠♦❞✲
❡❧s ❛r❡ ❛♠♦♥❣ t❤❡ ▲❍❙ r❡t✉r♥s t❤❛t ❡❛❝❤ ♠♦❞❡❧ ✐s s✉♣♣♦s❡❞ t♦ ❡①♣❧❛✐♥✳ ❋♦r♠❛❧❧②✱
❧❡t R ❜❡ t❤❡ t❛r❣❡t s❡t ♦❢ ♥♦♥✲❢❛❝t♦r ▲❍❙ ❡①❝❡ss r❡t✉r♥s✱ fi t❤❡ ❢❛❝t♦rs ♦❢ ♠♦❞❡❧
i✱ ❛♥❞ FAi t❤❡ ✉♥✐♦♥ ♦❢ t❤❡ ❢❛❝t♦rs ♦❢ ♠♦❞❡❧ i✬s ❝♦♠♣❡t✐t♦rs✳ ■♥ t❤❡ ❇❙ ❛♣♣r♦❛❝❤✱
t❤❡ s❡t ♦❢ ▲❍❙ r❡t✉r♥s ❢♦r ♠♦❞❡❧ i✱ Πi✱ ❝♦♠❜✐♥❡s R ❛♥❞ FAi✱ ✇✐t❤ ❧✐♥❡❛r❧② ❞❡✲
♣❡♥❞❡♥t ❝♦♠♣♦♥❡♥ts ❞❡❧❡t❡❞✳ ❈♦♠♣❡t✐♥❣ ♠♦❞❡❧s ❛r❡ ❛ss❡ss❡❞ ♦♥ t❤❡ ♠❛①✐♠✉♠
✭♠❛①✮ sq✉❛r❡❞ ❙❤❛r♣❡ r❛t✐♦ ❢♦r t❤❡ ✐♥t❡r❝❡♣ts ❢r♦♠ t✐♠❡ s❡r✐❡s r❡❣r❡ss✐♦♥s ♦❢
▲❍❙ r❡t✉r♥s ♦♥ ❛ ♠♦❞❡❧✬s ❢❛❝t♦rs✳

❉❡✜♥❡ ai ❛s t❤❡ ✈❡❝t♦r ♦❢ ✐♥t❡r❝❡♣ts ❢r♦♠ r❡❣r❡ss✐♦♥s ♦❢ Πi ♦♥ fi✱ ❛♥❞
∑

i

❛s t❤❡ r❡s✐❞✉❛❧ ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①✳ ❚❤❡ ♠❛①✐♠✉♠ sq✉❛r❡❞ ❙❤❛r♣❡ r❛t✐♦ ❢♦r t❤❡
✐♥t❡r❝❡♣ts ✐s ❣✐✈❡♥ ❜②✿

Sh2ai = a
′

i

∑
−1

i ai, ✭✹✮

❛♥❞ t❤❡ s✉♣❡r✐♦r ♠♦❞❡❧ ✐s ❥✉❞❣❡❞ t♦ ❜❡ t❤❡ ♦♥❡ ✇✐t❤ t❤❡ s♠❛❧❧❡st Sh2ai✳
●✐❜❜♦♥s ❡t ❛❧✳ ✭✶✾✽✾✮ s❤♦✇ t❤❛t a

′

i

∑
−1

i ai, ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❛①
sq✉❛r❡❞ ❙❤❛r♣❡ r❛t✐♦ ❝♦♥str✉❝t❡❞ ❢r♦♠ fi ❛♥❞ Πi t♦❣❡t❤❡r✱ ❛♥❞ t❤❡ ♠❛① ❢♦r fi
✐♥❞✐✈✐❞✉❛❧❧②✿

Sh2ai = Sh2Πifi − Sh2fi. ✭✺✮

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ s✉❣❣❡st t❤❛t s✐♥❝❡ Πi ✐♥❝❧✉❞❡s t❤❡ ❢❛❝t♦rs ♦❢ ❛❧❧ ♠♦❞❡❧
i✬s ❝♦♠♣❡t✐t♦rs✱ t❤❡ ✉♥✐♦♥ ♦❢ Πi ❛♥❞ fi✱ ✇❤✐❝❤ t❤❡② ❝❛❧❧ Π✱ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥
i✳ ❚❤✐s ♠❡❛♥s t❤❛t ❡q✉❛t✐♦♥ ✭✺✮ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ t♦✿

Sh2ai = Sh2Πifi − Sh2fi ✭✻✮

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ ❛ss✉♠❡ t❤❛t R ✐s t❤❡ t❛r❣❡t s❡t ♦❢ ♥♦♥✲❢❛❝t♦r ▲❍❙ ❡①❝❡ss
r❡t✉r♥s✱ ❛♥❞ t❤❛t t❤❡ ❜❡st ♠♦❞❡❧ ✐s t❤❡ ♦♥❡ ✇❤✐❝❤ ♣r♦❞✉❝❡s t❤❡ ❤✐❣❤❡st Sh2f.

❚❤❡② s✉❣❣❡st t❤❛t t❤❡r❡ ✐s ❜✐❛s ✇❤❡♥ ❝♦♠♣❛r✐♥❣ ♥♦♥✲♥❡st❡❞ ♠♦❞❡❧s✱ ❛♥❞ ❝♦♥❞✉❝t
❛ ❜♦♦tstr❛♣ s✐♠✉❧❛t✐♦♥ ♦❢ ✐♥ ✲ ❛♥❞ ♦✉t ✲ ♦❢ ✲ s❛♠♣❧❡ r❡s✉❧ts t♦ ❝♦♠♣❡♥s❛t❡✳ ❲❤❛t
❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮ ❞♦ ♥♦t ♠❡♥t✐♦♥ ✐s ❛ ♣♦t❡♥t✐❛❧ ♣r♦❜❧❡♠ ✇✐t❤ ❡♥❞♦❣❡♥❡✐t②
♦❢ t❤❡ ❘❍❙ ✈❛r✐❛❜❧❡s t❤❛t ✐s ✐♥t❡❣r❛❧ t♦ t❤❡✐r s✉❣❣❡st❡❞ ♠❡tr✐❝✳

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✷✵✮ ❛❞✈❛♥❝❡ ❛♥❞ r❡✜♥❡ t❤❡✐r ❛r❣✉♠❡♥t ❜② ❝♦♠♣❛r✐♥❣
t❤❡ ❝r♦ss✲s❡❝t✐♦♥ r❡❣r❡ss✐♦♥ ❛♣♣r♦❛❝❤ ♦❢ ❋❛♠❛ ❛♥❞ ▼❛❝❇❡t❤ ✭✶✾✼✸✮ t♦ ❝♦♥str✉❝t



✹

❝r♦ss✲s❡❝t✐♦♥ ❢❛❝t♦rs ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t✐♠❡✲s❡r✐❡s ❢❛❝t♦rs ♦❢ ❋❛♠❛ ❛♥❞ ❋r❡♥❝❤
✭✷✵✶✺✮✳ ❚❤❡② s✉❣❣❡st t❤❛t t✐♠❡✲s❡r✐❡s ♠♦❞❡❧s t❤❛t ✉s❡ ♦♥❧② ❝r♦ss✲s❡❝t✐♦♥ ❢❛❝t♦rs
♣r♦✈✐❞❡ ❜❡tt❡r ❞❡s❝r✐♣t✐♦♥s ♦❢ ❛✈❡r❛❣❡ r❡t✉r♥s t❤❛♥ t✐♠❡✲s❡r✐❡s ♠♦❞❡❧s t❤❛t ✉s❡
t✐♠❡✲s❡r✐❡s ❢❛❝t♦rs✳

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✷✵✮ s✉❣❣❡st t❤❛t ❋❛♠❛ ❛♥❞ ▼❛❝❜❡t❤ ✭✶✾✼✸✮ ❝r♦ss✲
s❡❝t✐♦♥ r❡❣r❡ss✐♦♥s ❛r❡ ❛ t②♣❡ ♦❢ ❢❛❝t♦r ♠♦❞❡❧✱ ❛♥❞ ✇r✐t❡ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ r❡✲
❣r❡ss✐♦♥ ♦❢ st♦❝❦ r❡t✉r♥s ❢♦r ♠♦♥t❤ t, Rit, i = 1, ...., n, ♦♥ ♦❜s❡r✈❡❞ ✈❛❧✉❡s
♦❢ s✐③❡ (MCit−1),t❤❡ ❜♦♦❦✲t♦✲♠❛r❦❡t r❛t✐♦ (BMit−1), ♦♣❡r❛t✐♥❣ ♣r♦✜t❛❜✐❧✐t②
(OPit−1),❛♥❞ t❤❡ r❛t❡ ♦❢ ❣r♦✇t❤ ♦❢ ❛ss❡ts INVit−1).

Rit = Rzt+RMCtMCit−1+RBMtBMit−1+ROPtOPit−1+RINV tINVit−1+eit.

✭✼✮
❚❤❡② s✉❣❣❡st t❤❛t t❤❡ s❧♦♣❡ ❡st✐♠❛t❡s ✐♥ ❊q✉❛t✐♦♥ ✭✶✮ ❛r❡ ♣♦rt❢♦❧✐♦ r❡t✉r♥s t❤❛t✱
❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ♥♦t❛t✐♦♥✱ ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❜❡✐♥❣ ❢❛❝t♦rs✳

❋❛♠❛ ✭✶✾✼✻✱ ❝❤✳ ✾✮ s❤♦✇s t❤❛t t❤❡ s❧♦♣❡ ❢♦r ❡❛❝❤ ✈❛r✐❛❜❧❡ ✐♥ ❛♥ ❋❛♠❛ ▼❛❝✲
❜❡t❤ ✭✶✾✼✸✮ ❝r♦ss✲s❡❝t✐♦♥ r❡❣r❡ss✐♦♥ ✐s t❤❡ r❡t✉r♥ ♦♥ ❛ ♣♦rt❢♦❧✐♦ ♦❢ t❤❡ ❧❡❢t✲❤❛♥❞✲
s✐❞❡ ✭▲❍❙✮ ❛ss❡ts ✇✐t❤ ✇❡✐❣❤ts ❢♦r t❤❡ ❛ss❡ts t❤❛t s❡t t❤❡ ♠♦♥t❤ t ❂✶ ♣♦rt❢♦❧✐♦
✈❛❧✉❡ ♦❢ t❤❛t ✈❛r✐❛❜❧❡ t♦ ♦♥❡ ❛♥❞ ③❡r♦ ♦✉t ♦t❤❡r ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✳ ❚❤❡
✐♥t❡r❝❡♣t ✐♥ ❛♥ ❋❛♠❛ ▼❛❝❜❡t❤ ✭✶✾✼✸✮ ❝r♦ss✲s❡❝t✐♦♥ r❡❣r❡ss✐♦♥ ✭Rzt ✐♥ ✭✶✮✮ ✐s t❤❡
♠♦♥t❤ t r❡t✉r♥ ♦♥ ❛ st❛♥❞❛r❞ ♣♦rt❢♦❧✐♦ ♦❢ t❤❡ ▲❍❙ ❛ss❡ts ✇✐t❤ ✇❡✐❣❤ts t❤❛t s✉♠
t♦ ♦♥❡ ❛♥❞ ③❡r♦ ♦✉t ❡❛❝❤ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡✳

❚❤❡② ❢✉rt❤❡r s✉❣❣❡st t❤❛t ✇❤❡♥ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ r❡❣r❡ss✐♦♥ ✐♥ ❊q✉❛t✐♦♥✭✶✮
✐s st❛❝❦❡❞ ❛❝r♦ss t✱ ✐t ❜❡❝♦♠❡s ❛♥ ❛ss❡t ♣r✐❝✐♥❣ ♠♦❞❡❧ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ t✐♠❡✲
s❡r✐❡s ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ t❤✐s ♣❡rs♣❡❝t✐✈❡✱ ✐t ✐s ♥❛t✉r❛❧ t♦ ♠♦✈❡ Rzt t♦ t❤❡ ❧❡❢t s✐❞❡
♦❢ t❤❡ ❡q✉❛t✐♦♥ s♦ ▲❍❙ r❡t✉r♥s ❛r❡ ✐♥ ❡①❝❡ss ♦❢ Rzt✳ ❚❤✐s ✐s s❤♦✇♥ ✐♥ ❡q✉❛t✐♦♥
✭✽✮✿

Rit−Rzt = RMCit−1+RBMtBMit−1+ROPtOPit−1+RINV tINVit−1+eit. ✭✽✮

❊q✉❛t✐♦♥ ✭✽✮ ✐s ❛ ❢♦✉r✲❢❛❝t♦r ♠♦❞❡❧ ✐♥ ✇❤✐❝❤ ❢♦✉r ❢❛❝t♦rs ✉s❡❞ t♦ ❡①♣❧❛✐♥
❛ss❡t r❡t✉r♥s ✐♥ ❡①❝❡ss ♦❢ Rzt✳ ❚❤❡② ✉s❡ ❊q✉❛t✐♦♥ ✭✽✮ ❛s ❛ t✐♠❡✲s❡r✐❡s ♠♦❞❡❧
✭♠♦❞❡❧✱ ♥♦t r❡❣r❡ss✐♦♥✮ t♦ ❞❡s❝r✐❜❡ ❛✈❡r❛❣❡ r❡t✉r♥s ❢♦r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❧❡❢t✲❤❛♥❞✲
s✐❞❡ ❛ss❡ts✱ ❛♥❞ t❤❡② ❝♦♠♣❛r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✭✽✮ ✐♥ t❤✐s t❛s❦ t♦ t❤❛t ♦❢ t❤❡
♠♦❞❡❧ ♦❢ ❋❋ ✭✷✵✶✺✮ t❤❛t ✉s❡s t✐♠❡✲s❡r✐❡s ❢❛❝t♦rs✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❝❛♥ ❜❡ ✇r✐tt❡♥
❛s✿

Rit−Rft = ai+bi(Rmt−Rft)+siSMBt+hiHMLt+riRMWt+ciCMAt+eit.

✭✾✮
❊q✉❛t✐♦♥ ✭✾✮ r❡♣r❡s❡♥ts ❛ ✜✈❡ ❢❛❝t♦r ♠♦❞❡❧✳

Rft ✐s t❤❡ r✐s❦✲❢r❡❡ r❛t❡ ✭♦♥❡✲♠♦♥t❤ ❯✳❙✳ ❚r❡❛s✉r② ❜✐❧❧ r❛t❡ ♦❜s❡r✈❡❞ ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ ♠♦♥t❤ t✮✱ ❛♥❞ Rmt ✐s t❤❡ ✈❛❧✉❡✲✇❡✐❣❤t ✭❱❲✮ st♦❝❦ ♠❛r❦❡t r❡✲
t✉r♥ ❢♦r ♠♦♥t❤ t✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❢♦✉r ❢❛❝t♦rs ❛r❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ r❡t✉r♥s
♦♥ ❞✐✈❡rs✐✜❡❞ ♣♦rt❢♦❧✐♦s ♦❢ s♠❛❧❧ ❛♥❞ ❜✐❣ st♦❝❦s (SMBt)✱ ❤✐❣❤ ❛♥❞ ❧♦✇ ❇▼
st♦❝❦s(HMLt)✱ st♦❝❦s ✇✐t❤ r♦❜✉st ❛♥❞ ✇❡❛❦ ♣r♦✜t❛❜✐❧✐t② (RMWt)✱ ❛♥❞ st♦❝❦s



✺

♦❢ ❧♦✇ ❛♥❞ ❤✐❣❤ ✐♥✈❡st♠❡♥t ✜r♠s (CMAt)✱ ❝♦♥s❡r✈❛t✐✈❡ ♠✐♥✉s ❛❣❣r❡ss✐✈❡✮✳ ❚❤❡
✐♥t❡r❝❡♣t ai ✐s t❤❡ ♣r✐❝✐♥❣ ❡rr♦r ❢♦r ▲❍❙ ❛ss❡t i ✐♥ t❤❡ t✐♠❡✲s❡r✐❡s r❡❣r❡ss✐♦♥ ✭✾✮✳
❚❤❡ ❛✈❡r❛❣❡ ❛❝r♦ss t ♦❢ t❤❡ r❡s✐❞✉❛❧ eit ✐♥ ♠♦❞❡❧ ✭✽✮ ✐s t❤❡ ♣r✐❝✐♥❣ ❡rr♦r ❢♦r ❛ss❡t
i✳

❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✷✵✮ ♣♦✐♥t ♦✉t t❤❛t t❤❡r❡ ❛r❡ ✐♠♣♦rt❛♥t ❞✐✛❡r❡♥❝❡s ❜❡✲
t✇❡❡♥ ❊q✉❛t✐♦♥s ✭✽✮ ❛♥❞ ✭✾✮✳ ■♥ t❤❡ t✐♠❡✲s❡r✐❡s r❡❣r❡ss✐♦♥ ✭✾✮ t❤❡ ❢❛❝t♦rs ❛r❡
♣r❡s♣❡❝✐✜❡❞✳ ■♥ ❡q✉❛t✐♦♥ ✭✾✮✱ ❛ ❧❡❛st sq✉❛r❡s t✐♠❡✲s❡r✐❡s r❡❣r❡ss✐♦♥ ♦♣t✐♠✐③❡s ❛♥
❛ss❡t✬s ❢❛❝t♦r ❧♦❛❞✐♥❣s ♦♥ t❤❡ ♣r❡s♣❡❝✐✜❡❞ ❢❛❝t♦rs✱ s✉❜❥❡❝t t♦ t❤❡ ❝♦♥str❛✐♥t t❤❛t
t❤❡ ❢❛❝t♦r ❧♦❛❞✐♥❣s ❛r❡ ❝♦♥st❛♥t ❛♥❞ ❛ss✉♠✐♥❣ t❤❡ ❞✐st✉r❜❛♥❝❡s ✐♥ ✭✾✮ ❛r❡ ✐♥❞❡✲
♣❡♥❞❡♥t ❛♥❞ ✐❞❡♥t✐❝❛❧❧② ❞✐str✐❜✉t❡❞ ✭✐✐❞✮ ❛❝r♦ss t✐♠❡✳ ■♥ s❤♦rt✱ t❤❡ t✐♠❡✲s❡r✐❡s
r❡❣r❡ss✐♦♥ ✭✾✮ ♦♣t✐♠✐③❡s ❧♦❛❞✐♥❣s ♦♥ ❢❛❝t♦rs t❤❛t ❛r❡ ♥♦t t❤❡♠s❡❧✈❡s ♦♣t✐♠✐③❡❞✳

■♥ t❤✐s ♣❛♣❡r ■ ❝♦♥❝❡♥tr❛t❡ ♦♥ t❤❡ t✐♠❡✲s❡r✐❡s ❛♣♣r♦❛❝❤ t♦ ❛ss❡t ♣r✐❝✐♥❣ t❡sts✱
❛s ❢❡❛t✉r❡❞ ✐♥ ❡q✉❛t✐♦♥ ✭✾✮✳ ■ ❧✐♠✐t ♠② ❛tt❡♥t✐♦♥ t♦ t❤❡ ❙▼❇ ❛♥❞ ❍▼▲ ❢❛❝t♦rs✱
❣✐✈❡♥ t❤❛t t❤❡r❡ ❛r❡ ♠♦r❡ ❡①t❡♥s✐✈❡ ❞❛t❛ s❡ts ❢❡❛t✉r✐♥❣ t❤❡s❡ t✇♦ ✬♦r✐❣✐♥❛❧✬ ❢❛❝✲
t♦rs ♦♥ ❋r❡♥❝❤✬s ✇❡❜s✐t❡✳ ■ ❛♣♣❧② s✐♠♣❧❡ t❡sts ♦❢ ❡♥❞♦❣❡♥❡✐t②✱ ❝♦♥t❡♠♣♦r❛♥❡♦✉s❧②
❛♥❞ ✇✐t❤ ❧❛❣s✱ ❜② ❡①❛♠✐♥✐♥❣ t❤❡ ✐♥❞❡♣❡♥❞❡♥❝❡ ♦❢ ❢❛❝t♦rs ✐♥ s❡ts ♦❢ ❞❛✐❧② ❞❛t❛✱
t❛❦❡♥ ❢r♦♠ ❑❡♥♥❡t❤ ❋r❡♥❝❤✬s ✇❡❜s✐t❡✱ ❢❡❛t✉r✐♥❣ t❤❡ ❋❛♠❛✴❋r❡♥❝❤ ❡st✐♠❛t❡s ♦❢
t❤❡ ❡①❝❡ss r❡t✉r♥ ♦♥ t❤❡ ♠❛r❦❡t ♣♦rt❢♦❧✐♦✱ ❛♥❞ ❡st✐♠❛t❡s ♦❢ ❙▼❇ ❛♥❞ ❍▼▲✳ ■
❛❧s♦ ❡①♣❧♦r❡ ✇❤❡t❤❡r t❤❡ ❢❛❝t♦rs ❛r❡ st❛t✐st✐❝❛❧❧② r❡❧❛t❡❞ ✐♥ ❛ ❧✐♥❡❛r ❢❛s❤✐♦♥✳

❚❤❡ ♣❛♣❡r ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r s❡❝t✐♦♥ s❡❝t✐♦♥s✱ t❤✐s ✐♥tr♦❞✉❝t✐♦♥ ✐s ❢♦❧❧♦✇❡❞
❜② s❡❝t✐♦♥ ✷✱ ✇❤✐❝❤ ✐♥tr♦❞✉❝❡s t❤❡ ❞❛t❛ ❛♥❞ st❛t✐st✐❝❛❧ ❛♥❞ ❡❝♦♥♦♠❡tr✐❝ ♠❡t❤♦❞s
❡♠♣❧♦②❡❞✱ s❡❝t✐♦♥ ✸ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❛♥❞ s❡❝t✐♦♥ ❢♦✉r ❝♦♥❝❧✉❞❡s✳

✷✳ ❘❡s❡❛r❝❤ ▼❡t❤♦❞s

❆❧❧❡♥ ❛♥❞ ▼❝❆❧❡❡r ✭✷✵✶✽✮✱ s✉❣❣❡st t❤❛t t❤❡ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ❢♦r ✬❝❤♦♦s✐♥❣
❢❛❝t♦rs✬✱ ❜② ❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮✱ ✐s ❧✐❦❡❧② t♦ s✉✛❡r ❢r♦♠ ❛♥ ❡♥❞♦❣❡♥❡✐t②
♣r♦❜❧❡♠ ❛♥❞ r❡❝♦♠♠❡♥❞ t❤❡ ✉s❡ ♦❢ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s t♦ ❛❞❞r❡ss t❤✐s ✐s✲
s✉❡✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ❡♥❞♦❣❡♥❡✐t② ✐♥ t❤❡ r❡❣r❡ss♦rs ❝❛✉s❡s ❖▲❙ ❡st✐♠❛t♦rs t♦ ❜❡
❜✐❛s❡❞ ❛♥❞ ✐♥❝♦♥s✐st❡♥t✳ ❊♥❞♦❣❡♥❡✐t② ♠❛② ❜❡ t❤❡ r❡s✉❧t ♦❢ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✱
r❡✈❡rs❡ ❝❛s✉❛❧t②✴s✐♠✉❧t❛♥❡✐t②✱ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡ ♦r ✉♥♦❜s❡r✈❡❞ ✈❛r✐❛❜❧❡s✱ ♦♠✐t✲
t❡❞ s❡❧❡❝t✐♦♥✱ ❛♥❞ ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳ ❚❤❡s❡ ❛r❡ t❤❡ ♠❛✐♥ r❡❛s♦♥s ✇❤②
t❤❡ ❘✳❍✳❙✳ r❡❣r❡ss♦r ❛♥❞ t❤❡ ❡rr♦r t❡r♠ ♠❛② ❜❡ ❝♦rr❡❧❛t❡❞✳ ❲✉ ✭✶✾✼✸✮ ❞✐s❝✉ss❡s
✐ss✉❡s r❡❧❛t❡❞ t♦ t❤❡ ♣r♦❜❧❡♠ ♦❢ ❡♥❞♦❣❡♥❡✐t②✱ ❛♥❞ ❍❛✉s♠❛♥ ✭✶✾✼✽✮ ❞✐s❝✉ss❡s
✈❛r✐♦✉s s♣❡❝✐✜❝❛t✐♦♥ t❡sts ❛♥❞ t❤❡ ✉s❡ ♦❢ ✐♥str✉♠❡♥ts t♦ ❛❞❞r❡ss t❤❡ ♣r♦❜❧❡♠✳

❆♥❛t♦❧②❡✈ ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✷✷✮ ❢✉rt❤❡r ❡①♣❧♦r❡ t❤❡ ♣r♦❜❧❡♠s ❛ss♦❝✐❛t❡❞
✇✐t❤ ❡st✐♠❛t✐♥❣ r✐s❦ ♣r❡♠✐❛ ✐♥ ✉♥❝♦♥❞✐t✐♦♥❛❧ ❧✐♥❡❛r ❢❛❝t♦r ♣r✐❝✐♥❣ ♠♦❞❡❧s✳ ❚❤❡②
s✉❣❣❡st t❤❛t✱ t②♣✐❝❛❧❧②✱ t❤❡ ❞❛t❛ ✉s❡❞ ✐♥ t❤❡ ❡♠♣✐r✐❝❛❧ ❧✐t❡r❛t✉r❡ ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞
❜② ✇❡❛❦♥❡ss ♦❢ s♦♠❡ ♣r✐❝✐♥❣ ❢❛❝t♦rs✱ str♦♥❣ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❞❡♣❡♥❞❡♥❝❡ ✐♥ t❤❡
❡rr♦rs✱ ❛♥❞ ✭♠♦❞❡r❛t❡❧②✮ ❤✐❣❤ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❞✐♠❡♥s✐♦♥❛❧✐t②✳ ❚❤❡② ♣♦s✐t t❤❛t
t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ t✇♦✲♣❛ss ❡st✐♠❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❞❡❧✐✈❡rs ✐♥❝♦♥s✐st❡♥t ❡st✐♠❛t❡s
♦❢ t❤❡ r✐s❦ ♣r❡♠✐❛ ❛♥❞ ♣r♦♣♦s❡ ❛ ♥❡✇ ❡st✐♠❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❜❛s❡❞ ♦♥ s❛♠♣❧❡✲
s♣❧✐tt✐♥❣ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s r❡❣r❡ss✐♦♥✳

❚❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ♠❡♥t✐♦♥❡❞ t❤❡ t✇♦✲♣❛ss ❡st✐♠❛t✐♦♥ ♣r♦❝❡❞✉r❡✱ ❋❛♠❛
❛♥❞ ▼❛❝❇❡t❤ ✭✶✾✼✸✮ ✐♥ ✇❤✐❝❤ t❤❡ ✜rst ♣❛ss r❡❣r❡ss✐♦♥ ❡st✐♠❛t❡s r✐s❦ ❡①♣♦s✉r❡s



✻

✭❜❡t❛s✮ ❢♦r ❡❛❝❤ ❛ss❡t✱ ❛♥❞ t❤❡♥✱ ❛t t❤❡ s❡❝♦♥❞ ♣❛ss✱ t❤♦s❡ ❡st✐♠❛t❡s ❛r❡ ✉s❡❞ ❛s
r❡❣r❡ss♦rs t♦ ❡st✐♠❛t❡ t❤❡ r✐s❦ ♣r❡♠✐❛✳ ■t ✇❛s ❛❧s♦ ♠❡♥t✐♦♥❡❞ t❤❛t ❛s②♠♣t♦t✐❝
❥✉st✐✜❝❛t✐♦♥ ♦❢ t❤✐s ♣r♦❝❡❞✉r❡✱ ❢r❡q✉❡♥t❧② r❡❧✐❡s ♦♥ ❛ss✉♠♣t✐♦♥s t❤❛t ♦❢t❡♥ ❞♦ ♥♦t
❤♦❧❞ ✉♣ ✐♥ r❡❛❧✐st✐❝ ❝✐r❝✉♠st❛♥❝❡s✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ✐♥ t❤✐s ♣❛♣❡r ♣r♦✈✐❞❡s
❡✈✐❞❡♥❝❡ ♦❢ t❤❡ ✈✐♦❧❛t✐♦♥ ♦❢ t❤❡s❡ ❛ss✉♠♣t✐♦♥s ✐♥ t❤❡ ❋❛♠❛ ❋r❡♥❝❤ ❞❛t❛ s❡ts✱ ❛s
♠❛❞❡ ❛✈❛✐❧❛❜❧❡ ♦♥ ❋r❡♥❝❤✬s ✇❡❜s✐t❡✳

❆♥❛t♦❧②❡✈ ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✷✷✮ ♥♦t❡ t❤❛t t✇♦ t②♣❡s ♦❢ ✈✐♦❧❛t✐♦♥s ♦❢ t❤❡ ✐❞❡✲
❛❧✐st✐❝ s❡tt✐♥❣ ❤❛✈❡ ❜❡❡♥ ♥♦t❡❞ ✐♥ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ❛♥❞✱ ❛s t❤❡ ✜rst✱ t❤❡② ♠❡♥✲
t✐♦♥ t❤❡ ♣r♦❜❧❡♠ ♦❢ ✇❡❛❦ ✭❜✉t ♣r✐❝❡❞✮ ♦❜s❡r✈❡❞ ❢❛❝t♦rs✳ ❑❛♥ ❛♥❞ ❩❤❛♥❣ ✭✶✾✾✾✮
❡①❛♠✐♥❡ ❝✐r❝✉♠st❛♥❝❡s ✇❤❡r❡ ❛ ❢❛❝t♦r ✐s ✉s❡❧❡ss✱ ❞❡✜♥❡❞ ❛s ❜❡✐♥❣ ✐♥❞❡♣❡♥❞❡♥t
♦❢ ❛❧❧ t❤❡ ❛ss❡t r❡t✉r♥s✱ ❛♥❞ ♣r♦✈✐❞❡ t❤❡♦r❡t✐❝❛❧ r❡s✉❧ts ❛♥❞ s✐♠✉❧❛t✐♦♥ ❡✈✐❞❡♥❝❡
t❤❛t t❤❡ s❡❝♦♥❞✲♣❛ss ❝r♦ss✲s❡❝t✐♦♥❛❧ r❡❣r❡ss✐♦♥ t❡♥❞s t♦ ✜♥❞ t❤❡ ❜❡t❛ r✐s❦ ♦❢ t❤❡
✉s❡❧❡ss ❢❛❝t♦r ♣r✐❝❡❞ ♠♦r❡ ♦❢t❡♥ t❤❛♥ ✐t s❤♦✉❧❞✳ ❘❛♣♦♥✐ ❡t ❛❧✳ ✭✷✵✷✵✮ r❡♠❛r❦❡❞
t❤❛t r✐s❦ ❡①♣♦s✉r❡s ✭♦r ❜❡t❛s✮ t♦ s♦♠❡ ♦❜s❡r✈❡❞ ❢❛❝t♦rs t❡♥❞ t♦ ❜❡ s♠❛❧❧ t♦ s✉❝❤
❛♥ ❡①t❡♥t t❤❛t t❤❡✐r ❡st✐♠❛t✐♦♥ ❡rr♦rs ❛r❡ ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛s
t❤❡ ❜❡t❛s t❤❡♠s❡❧✈❡s ❛♥❞ r❡♣♦rt t❤❛t ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❢♦✉♥❞ t♦ ❡①♣❧❛✐♥ ❛
♠✉❝❤ ❧❛r❣❡r ♣r♦♣♦rt✐♦♥ ♦❢ ✈❛r✐❛t✐♦♥ ✐♥ ❡st✐♠❛t❡❞ ❡①♣❡❝t❡❞ r❡t✉r♥s t❤❛♥ ❜❡t❛s✳

❚❤❡ s❡❝♦♥❞ ✐ss✉❡✱ ❛❝❝♦r❞✐♥❣ t♦ ❆♥❛t♦❧②❡✈ ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✷✷✮✱ ✐s t❤❡ ♣r♦❜✲
❧❡♠ r❡❧❛t❡❞ t♦ str♦♥❣ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❞❡♣❡♥❞❡♥❝❡ ✐♥ ❡rr♦r t❡r♠s✱ ✇❤✐❝❤ ✐♥ ♠❛♥②
❝❛s❡s ❝❛♥ ❜❡ ♠♦❞❡❧❡❞ ❛s ❛ ❢❛❝t♦r str✉❝t✉r❡ ✇✐t❤ ❛♥ ✉♥❛❝❝♦✉♥t❡❞ ♦r ♥♦♥✲✐♥❝❧✉❞❡❞
❢❛❝t♦r✱ ❛s s✉❣❣❡st❡❞ ❜② ❑❧❡✐❜❡r❣❡♥ ✭✷✵✵✾✮ ❛♥❞ ❑❧❡✐❜❡r❣❡♥ ❛♥❞ ❩❤❛♥ ✭✷✵✶✺✮✳ ❆♥❛✲
t♦❧②❡✈ ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✷✷✮ ❞❡♠♦♥str❛t❡ t❤❛t ✇✐t❤✐♥ ❛ ❞✐♠❡♥s✐♦♥✲❛s②♠♣t♦t✐❝
❢r❛♠❡✇♦r❦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ s♠❛❧❧ ❜❡t❛s ❧❡❛❞s t♦ ❛ ❢❛✐❧✉r❡ ♦❢ t❤❡ ❝❧❛ss✐❝❛❧ t✇♦✲♣❛ss
♣r♦❝❡❞✉r❡✱ ✇❤✐❧❡ ✐♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠✐ss✐♥❣ ❢❛❝t♦rs ❡①❛❝❡r❜❛t❡s t❤❡
♣r♦❜❧❡♠✳

❖♥❛ts❦✐ ✭✷✵✶✺✮✱ ♣r♦✈✐❞❡s ❛s②♠♣t♦t✐❝ ❛♣♣r♦①✐♠❛t✐♦♥s t♦ t❤❡ sq✉❛r❡❞ ❡rr♦r ♦❢
t❤❡ ❧❡❛st sq✉❛r❡s ❡st✐♠❛t♦r ♦❢ t❤❡ ❝♦♠♠♦♥ ❝♦♠♣♦♥❡♥t ✐♥ ❧❛r❣❡ ❛♣♣r♦①✐♠❛t❡ ❢❛❝✲
t♦r ♠♦❞❡❧s ✇✐t❤ ❛ ♣♦ss✐❜❧② ♠✐ss♣❡❝✐✜❡❞ ♥✉♠❜❡r ♦❢ ❢❛❝t♦rs✳ ❚❤❡ ❛♣♣r♦①✐♠❛t✐♦♥s
❛r❡ ❞❡r✐✈❡❞ ✉♥❞❡r ❜♦t❤ str♦♥❣ ❛♥❞ ✇❡❛❦ ❢❛❝t♦rs ❛s②♠♣t♦t✐❝s ❛ss✉♠✐♥❣ t❤❛t t❤❡
❝r♦ss✲s❡❝t✐♦♥❛❧ ❛♥❞ t❡♠♣♦r❛❧ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ❞❛t❛ ❛r❡ ❝♦♠♣❛r❛❜❧❡✳ ❍❡ ❡♠✲
♣❧♦②s s✐♠✉❧❛t✐♦♥s ❛♥❞ ♦❜t❛✐♥s r❡s✉❧ts t❤❛t s✉❣❣❡st t❤❛t t❤❡ ❝♦♥s✐st❡♥❝② ✉♥❞❡r
t❤❡ ✇❡❛❦ ❢❛❝t♦rs ❛s②♠♣t♦t✐❝s r❡q✉✐r❡s ❡✐t❤❡r ♥♦ ❝r♦ss✲s❡❝t✐♦♥❛❧ ♦r ♥♦ t❡♠♣♦r❛❧
❝♦rr❡❧❛t✐♦♥ ✐♥ t❤❡ ✐❞✐♦s②♥❝r❛t✐❝ t❡r♠s✳ ❚❤❡ ❛ss❡ss♠❡♥t ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡✲
t✇❡❡♥ t❤❡ ❜❛s❡ ❢❛❝t♦rs ✐s t❤❡ ❢♦❝✉s ♦❢ ❛tt❡♥t✐♦♥ ✐♥ t❤✐s ♣❛♣❡r✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥
■ ❡①♣❧♦r❡ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡s❡ ✉s✐♥❣ ❢❛❝t♦r ❞❛t❛ t❛❦❡♥ ❞✐r❡❝t❧② ❢r♦♠ ❋r❡♥❝❤✬s
✇❡❜s✐t❡✳

✸✳ ❊♥❞♦❣❡♥❡✐t② t❡sts ♦♥ ❋❛♠❛✲❋r❡♥❝❤ ✸ ❢❛❝t♦rs

✸✳✶✳ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s

❚❤❡ ❢❛❝t♦r ❞❛t❛ s❡ts ✉s❡❞ ❢❡❛t✉r❡ ❞❛✐❧② t❤r❡❡ ❢❛❝t♦r ❋❛♠❛✴❋r❡♥❝❤ r❡t✉r♥ s❡✲
r✐❡s✱ ❢♦r t❤❡ ❯❙❆✱ ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❛♥❞ ❏❛♣❛♥✱ t❛❦❡♥ ❢r♦♠ ❑❡♥ ❋r❡♥❝❤✬s ✇❡❜✲
s✐t❡✳ ✭❙❡❡✿ ❤tt♣s✿✴✴♠❜❛✳t✉❝❦✳❞❛rt♠♦✉t❤✳❡❞✉✴♣❛❣❡s✴❢❛❝✉❧t②✴❦❡♥✳❢r❡♥❝❤✴❞❛t❛❴❧✐❜r❛r②✳❤t♠❧✮✳

❚❤❡ ❋❛♠❛✴❋r❡♥❝❤ ❢❛❝t♦rs ❛r❡ ❝♦♥str✉❝t❡❞ ✉s✐♥❣ t❤❡ ✻ ✈❛❧✉❡✲✇❡✐❣❤t ♣♦rt❢♦❧✐♦s
❢♦r♠❡❞ ♦♥ s✐③❡ ❛♥❞ ❜♦♦❦✲t♦✲♠❛r❦❡t✳



✸✳✶ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s ✼

❙▼❇ ✭❙♠❛❧❧ ▼✐♥✉s ❇✐❣✮ ✐s t❤❡ ❛✈❡r❛❣❡ r❡t✉r♥ ♦♥ t❤❡ t❤r❡❡ s♠❛❧❧ ♣♦rt❢♦❧✐♦s
♠✐♥✉s t❤❡ ❛✈❡r❛❣❡ r❡t✉r♥ ♦♥ t❤❡ t❤r❡❡ ❜✐❣ ♣♦rt❢♦❧✐♦s✳

❙▼❇ ❂ ✶✴✸ ✭❙♠❛❧❧ ❱❛❧✉❡ ✰ ❙♠❛❧❧ ◆❡✉tr❛❧ ✰ ❙♠❛❧❧ ●r♦✇t❤✮ ✲ ✶✴✸ ✭❇✐❣ ❱❛❧✉❡
✰ ❇✐❣ ◆❡✉tr❛❧ ✰ ❇✐❣ ●r♦✇t❤✮✳

❍▼▲ ✭❍✐❣❤ ▼✐♥✉s ▲♦✇✮ ✐s t❤❡ ❛✈❡r❛❣❡ r❡t✉r♥ ♦♥ t❤❡ t✇♦ ✈❛❧✉❡ ♣♦rt❢♦❧✐♦s
♠✐♥✉s t❤❡ ❛✈❡r❛❣❡ r❡t✉r♥ ♦♥ t❤❡ t✇♦ ❣r♦✇t❤ ♣♦rt❢♦❧✐♦s✳

❍▼▲ ❂ ✶✴✷ ✭❙♠❛❧❧ ❱❛❧✉❡ ✰ ❇✐❣ ❱❛❧✉❡✮ ✲ ✶✴✷ ✭❙♠❛❧❧ ●r♦✇t❤ ✰ ❇✐❣ ●r♦✇t❤✮✳
❘♠✲❘❢✱ t❤❡ ❡①❝❡ss r❡t✉r♥ ♦♥ t❤❡ ♠❛r❦❡t✱ ✈❛❧✉❡✲✇❡✐❣❤t r❡t✉r♥ ♦❢ ❛❧❧ ❈❘❙P

✜r♠s ✐♥❝♦r♣♦r❛t❡❞ ✐♥ t❤❡ ❯❙❆ ❛♥❞ ❧✐st❡❞ ♦♥ t❤❡ ◆❨❙❊✱ ❆▼❊❳✱ ♦r ◆❆❙❉❆◗
t❤❛t ❤❛✈❡ ❛ ❈❘❙P s❤❛r❡ ❝♦❞❡ ♦❢ ✶✵ ♦r ✶✶ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ♠♦♥t❤ t✱ ❣♦♦❞
s❤❛r❡s ❛♥❞ ♣r✐❝❡ ❞❛t❛ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t✱ ❛♥❞ ❣♦♦❞ r❡t✉r♥ ❞❛t❛ ❢♦r t ♠✐♥✉s
t❤❡ ♦♥❡✲♠♦♥t❤ ❚r❡❛s✉r② ❜✐❧❧ r❛t❡ ✭❢r♦♠ ■❜❜♦ts♦♥ ❆ss♦❝✐❛t❡s✮✳

❚❤❡ ❞❛✐❧② ❯❙ ❞❛t❛ s❡ts r✉♥ ❢r♦♠ ✶✾✷✻✲✵✼✲✵✶ t♦ ✷✵✷✷✲✵✹✲✷✾ ❛♥❞ ❢❡❛t✉r❡ ❛
t♦t❛❧ ♦❢ ✷✺✱✷✸✵ ♦❜s❡r✈❛t✐♦♥s✳ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❢♦r t❤❡ ❞❛✐❧② ❯❙ ❢❛❝t♦r s❡r✐❡s
❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✱ ✇❤✐❧st ♣❧♦ts ♦❢ t❤❡ ❯❙ ❞❛✐❧② s❡r✐❡s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡
✶✳ ❚❤❡ ❯❙ ❞❛✐❧② ❡①❝❡ss r❡t✉r♥ ❢♦r t❤❡ ♠❛r❦❡t ❤❛s ❛ ♠❡❛♥ ♦❢ ✵✳✵✸✱ ❛ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ♦❢ ✶✳✵✽✱ ✐s ♥❡❣❛t✐✈❡❧② s❦❡✇❡❞ ❛♥❞ ❞✐s♣❧❛②s ❡①❝❡ss ❦✉rt♦s✐s ✵❢ ✶✻✳✼✾✳ ❚❤❡
♠❛r❦❡t ❢❛❝t♦r ❙▼❇ ❤❛s ❛ ♠❡❛♥ ♦❢ ♦❢ ✵✳✵✵✹✱ ❤❛s ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✻✷✱
✐s ♣♦s✐t✐✈❡❧② s❦❡✇❡❞✱ ❛♥❞ ❤❛s ❡①❝❡ss ❦✉rt♦s✐s ♦❢ ✶✺✳✽✳ ❚❤❡ ❢❛❝t♦r ❍▼▲ ❤❛s ❛
♠❡❛♥ ♦❢ ✵✳✵✶✺✱ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✻✷✱ ✐s ♣♦s✐t✐✈❡❧② s❦❡✇❡❞ ❛♥❞ ❤❛s ❡①❝❡ss
❦✉rt♦s✐s ♦❢ ✶✺✳✽✳ ❋✐♥❛❧❧② t❤❡ ❯❙ r✐s❦❢r❡❡ r❛t❡ ❤❛s ❛ ♠❡❛♥ ♦❢ ✵✳✵✶✱ ❛ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✵✶✱ ✐s ♣♦s✐t✐✈❡❧② s❦❡✇❡❞ ❛♥❞ ❤❛s ❡①❝❡ss ❦✉rt♦s✐s ♦❢ ✶✳✹✶✳

❚❤❡ ❏❛♣❛♥❡s❡ ❞❛✐❧② ✸ ❢❛❝t♦r s❛♠♣❧❡ r✉♥s ❢r♦♠ ✵✷✴✵✼✴✶✾✾✵ ✉♣ t♦ ✷✾✴✵✹✴✷✵✷✷
❝♦♠♣r✐s✐♥❣ ✽✸✵✺ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ♦❢ t❤❡ ❏❛♣❛♥❡s❡ ❞❛✐❧②
s❡r✐❡s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❚❤❡ ❡①❝❡ss ❏❛♣❛♥❡s❡ ❞❛✐❧② ♠❛r❦❡t r❡t✉r♥ ✐s ♦♥❧②
✵✳✵✵✻✱ ❜✉t ✐t ♠✉st ❜❡ ❜♦r♥❡ ✐♥ ♠✐♥❞ t❤❛t t❤❡ ❏❛♣❛♥❡s❡ ✬❣r❡❛t r❡❝❡ss✐♦♥✬ st❛rt❡❞
✐♥ ✶✾✾✵✱ tr✐❣❣❡r❡❞ ❜② ❛ ❝♦❧❧❛♣s❡ ✐♥ st♦❝❦ ❛♥❞ ❧❛♥❞ ♣r✐❝❡s✳ ■ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
✇❛s ✶✳✸✺✱ ✇✐t❤ ♣♦s✐t✐✈❡ s❦❡✇♥❡ss ❛♥❞ ❡①❝❡ss ❦✉rt♦s✐s ♦❢ ✺✳✸✼✳

❚❤❡ ❏❛♣❛♥❡s❡ ❙▼❇ ❢❛❝t♦r ❤❛❞ ❛ ♠❡❛♥ ♦❢ ✲✵✳✵✵✹✱ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢
✵✳✻✻✱ ♥❡❣❛t✐✈❡ s❦❡✇♥❡ss ❛♥❞ ❡①❝❡ss ❦✉rt♦s✐s ♦❢ ✼✳✾✺✳ ❚❤❡ ❏❛♣❛♥❡s❡ ❍▼▲ ❢❛❝t♦r
❤❛❞ ❛ ♠❡❛♥ ♦❢ ✵✳✵✶✸✱ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✺✽✱ ♣♦s✐t✐✈❡ s❦❡✇♥❡ss✱ ❛♥❞ ❡①❝❡ss
❦✉rt♦s✐s ♦❢ ✺✳✷✶✳ ❚❤❡ ❏❛♣❛♥❡s❡ ❞❛✐❧② ❘❋ ❤❛❞ ❛ ♠❡❛♥ ♦❢ ✵✳✵✵✾✱ ❛ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✵✵✽✱ ♣♦s✐t✐✈❡ s❦❡✇♥❡ss✱ ❛♥❞ ♥❡❣❛t✐✈❡ ❡①❝❡ss ❦✉rt♦s✐s✳ P❧♦ts ♦❢ t❤❡
❏❛♣❛♥❡s❡ ❞❛✐❧② s❡r✐❡s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✷✳ ■t ✐s ❛♣♣❛r❡♥t ✐♥ ❋✐❣✉r❡ ✷ t❤❛t
t❤❡r❡ ✇❡r❡ r❡❧❛t✐✈❡❧② ✐♥❢r❡q✉❡♥t ❝❤❛♥❣❡s ✐♥ ❞❛✐❧② ✐♥t❡r❡st r❛t❡s ✐♥ ❏❛♣❛♥ ✇✐t❤✐♥
t❤✐s ♣❡r✐♦❞ ❛♥❞ t❤❡② r❡♠❛✐♥❡❞ ❛t ✬❧♦✇✬ ❧❡✈❡❧s✳

❆ ❢✉rt❤❡r ❞❛✐❧② s❡r✐❡s ❢♦r ❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts✱ ❡① t❤❡ ❯❙❆✱ ✇❛s t❛❦❡♥ ❢r♦♠
❋r❡♥❝❤✬s ✇❡❜s✐t❡✳ ❚❤✐s ❞❛t❛ s❡t ✐♥❝❧✉❞❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦✉♥tr✐❡s✿ ❆✉str✐❛✱ ❇❡❧✲
❣✐✉♠✱ ❈❛♥❛❞❛✱ ❙✇✐t③❡r❧❛♥❞✱ ●❡r♠❛♥②✱ ❉❡♥♠❛r❦✱ ❙♣❛✐♥✱ ❋✐♥❧❛♥❞✱ ❋r❛♥❝❡✱ ●r❡❛t
❇r✐t❛✐♥✱ ●r❡❡❝❡✱ ❍♦♥❣ ❑♦♥❣✱ ■r❡❧❛♥❞✱ ■t❛❧②✱ ❏❛♣❛♥✱ ◆❡t❤❡r❧❛♥❞s✱ ◆♦r✇❛② ✱ ◆❡✇
❩❡❛❧❛♥❞✱ P♦rt✉❣❛❧ ✱ ❙✇❡❞❡♥✱ ❛♥❞ ❙✐♥❣❛♣♦r❡✳ ❚❤✐s s❡r✐❡s ❢❡❛t✉r❡s ✽✷✻✶ ♦❜s❡r✲
✈❛t✐♦♥s ❞r❛✇♥ ❢r♦♠ ✵✷✴✵✼✴✶✾✾✵ t♦ ✷✽✴✵✷✴✷✵✷✷✳ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❢♦r t❤✐s
s❡r✐❡s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳

❚❤❡ ✇❡❜s✐t❡ ♣r♦✈✐❞❡s ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❤♦✇ t❤❡ ❢❛❝t♦rs ❛r❡ ❝♦♥str✉❝t❡❞✳ ■t
st❛t❡s t❤❛t ❛❧❧ r❡t✉r♥s ❛r❡ ✐♥ ❯✳❙✳ ❞♦❧❧❛rs✱ ✐♥❝❧✉❞❡ ❞✐✈✐❞❡♥❞s ❛♥❞ ❝❛♣✐t❛❧ ❣❛✐♥s✱
❛♥❞ ❛r❡ ♥♦t ❝♦♥t✐♥✉♦✉s❧② ❝♦♠♣♦✉♥❞❡❞✳ ❚❤❡ ♠❛r❦❡t ✐s t❤❡ r❡t✉r♥ ♦♥ ❛ r❡❣✐♦♥✬s



✸✳✶ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s ✽

❚❛❜❧❡ ✶✿ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❇❛s✐❝ ❯❙ ❉❛✐❧② ❋❛❝t♦r ❙❡r✐❡s ✶✾✷✻✲✵✼✲
✵✶✲✲✷✵✷✷✲✵✹✲✷✾

❙✉♠♠❛r② ❙t❛t✐st✐❝s✱ ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✶✕✷✵✷✷✲✵✹✲✷✾
❢♦r t❤❡ ✈❛r✐❛❜❧❡ ▼❦t❘❋ ✭✷✺✷✸✵ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✸✵✶✽✽ ✵✳✵✻✵✵✵✵ −✶✼✳✹✹✵ ✶✺✳✼✻✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✶✳✵✼✽✵ ✸✺✳✼✶✶ −✵✳✶✻✺✸✺ ✶✻✳✼✾✷

✺✪ ♣❡r❝✳ ✾✺✪ ♣❡r❝✳ ■◗ ❘❛♥❣❡ ▼✐ss✐♥❣ ♦❜s✳

−✶✳✺✽✵✵ ✶✳✹✾✵✵ ✵✳✾✵✵✵✵ ✵
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▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✵✹✹✼✹✹ ✵✳✵✶✵✵✵✵ −✶✶✳✻✼✵ ✽✳✶✽✵✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✵✳✺✾✶✸✷ ✶✸✷✳✶✺ −✵✳✼✵✷✻✶ ✷✶✳✸✾✹
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−✵✳✽✸✵✵✵ ✵✳✽✶✵✵✵ ✵✳✺✷✵✵✵ ✵
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❢♦r t❤❡ ✈❛r✐❛❜❧❡ ❍▼▲ ✭✷✺✷✸✵ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✶✺✶✾✻ ✵✳✵✶✵✵✵✵ −✻✳✵✷✵✵ ✾✳✵✹✵✵
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−✵✳✽✸✵✵✵ ✵✳✽✽✵✵✵ ✵✳✺✶✵✵✵ ✵
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❢♦r t❤❡ ✈❛r✐❛❜❧❡ ❘❋ ✭✷✺✷✸✵ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✶✷✶✶✸ ✵✳✵✶✵✵✵✵ −✵✳✵✵✸✵✵✵✵ ✵✳✵✻✶✵✵✵
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✵✳✵✶✶✾✷✸ ✵✳✾✽✹✷✽ ✶✳✶✻✼✹ ✶✳✹✶✼✸
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❯❙ ❉❛✐❧② ▼❦t❘❋

❯❙ ❉❛✐❧② ❙▼❇

❯❙ ❉❛✐❧② ❍▼▲

❯❙ ❉❛✐❧② ❘❋



✸✳✶ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s ✶✵

❚❛❜❧❡ ✷✿ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❇❛s✐❝ ❏❛♣❛♥❡s❡ ❉❛✐❧② ❋❛❝t♦r ❙❡r✐❡s
✶✾✾✵✲✵✼✲✵✷✲✲✷✵✷✷✲✵✹✲✷✾

❙✉♠♠❛r② ❙t❛t✐st✐❝s✱ ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾
❢♦r t❤❡ ✈❛r✐❛❜❧❡ ▼❦t❘❋ ✭✽✸✵✺ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✵✻✵✷✵✺ ✵✳✵✶✵✵✵✵ −✶✵✳✽✺✵ ✶✸✳✵✷✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✶✳✸✺✹✹ ✷✷✹✳✾✻ ✵✳✶✶✷✷✶ ✺✳✸✻✽✸
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−✷✳✶✷✼✵ ✷✳✵✾✼✵ ✶✳✹✸✺✵ ✵

❙✉♠♠❛r② ❙t❛t✐st✐❝s✱ ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾
❢♦r t❤❡ ✈❛r✐❛❜❧❡ ❙▼❇ ✭✽✸✵✺ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

−✵✳✵✵✹✵✻✸✽ ✵✳✵✵✵✵✵ −✾✳✶✽✵✵ ✹✳✻✵✵✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✵✳✻✻✷✾✶ ✶✻✸✳✶✷ −✵✳✻✸✾✷✾ ✼✳✾✹✽✵

✺✪ ♣❡r❝✳ ✾✺✪ ♣❡r❝✳ ■◗ ❘❛♥❣❡ ▼✐ss✐♥❣ ♦❜s✳

−✶✳✵✻✵✵ ✵✳✾✽✵✵✵ ✵✳✼✵✵✵✵ ✵

❙✉♠♠❛r② ❙t❛t✐st✐❝s✱ ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾
❢♦r t❤❡ ✈❛r✐❛❜❧❡ ❍▼▲ ✭✽✸✵✺ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✶✸✵✵✷ ✵✳✵✵✵✵✵ −✹✳✽✽✵✵ ✹✳✺✼✵✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✵✳✺✼✻✵✶ ✹✹✳✸✵✸ ✵✳✷✶✹✻✼ ✺✳✷✶✵✷
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−✵✳✽✾✵✵✵ ✵✳✾✻✵✵✵ ✵✳✺✷✵✵✵ ✵
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▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✵✾✷✹✶✹ ✵✳✵✶✵✵✵✵ ✵✳✵✵✵✵✵ ✵✳✵✸✵✵✵✵
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✵✳✵✵✽✼✽✼✹ ✵✳✾✺✵✽✼ ✵✳✸✶✵✼✺ −✶✳✷✻✶✽
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✵✳✵✵✵✵✵ ✵✳✵✷✵✵✵✵ ✵✳✵✷✵✵✵✵ ✵



✸✳✶ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s ✶✶

❋✐❣✉r❡ ✷✿ ❚✐♠❡ ❙❡r✐❡s P❧♦ts ❏❛♣❛♥❡s❡ ❉❛✐❧② ❙❡r✐❡s

❏❛♣❛♥❡s❡ ❉❛✐❧② ▼❦t❘❋

❏❛♣❛♥❡s❡ ❙▼❇
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✵✳✵✶✵✽✸✻ ✵✳✵✵✵✵✵ −✸✳✶✵✵✵ ✹✳✶✻✵✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✵✳✹✶✽✺✻ ✸✽✳✻✷✺ ✵✳✹✹✵✾✷ ✽✳✵✾✸✻

✺✪ ♣❡r❝✳ ✾✺✪ ♣❡r❝✳ ■◗ ❘❛♥❣❡ ▼✐ss✐♥❣ ♦❜s✳

−✵✳✻✵✵✵✵ ✵✳✻✸✵✵✵ ✵✳✸✻✵✵✵ ✵

❙✉♠♠❛r② ❙t❛t✐st✐❝s✱ ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽
❢♦r t❤❡ ✈❛r✐❛❜❧❡ ❘❋ ✭✽✷✻✶ ✈❛❧✐❞ ♦❜s❡r✈❛t✐♦♥s✮

▼❡❛♥ ▼❡❞✐❛♥ ▼✐♥✐♠✉♠ ▼❛①✐♠✉♠

✵✳✵✵✾✷✾✵✻ ✵✳✵✶✵✵✵✵ ✵✳✵✵✵✵✵ ✵✳✵✸✵✵✵✵

❙t❞✳ ❉❡✈✳ ❈✳❱✳ ❙❦❡✇♥❡ss ❊①✳ ❦✉rt♦s✐s

✵✳✵✵✽✼✽✹✽ ✵✳✾✹✺✺✺ ✵✳✸✵✷✵✽ −✶✳✷✻✸✾

✺✪ ♣❡r❝✳ ✾✺✪ ♣❡r❝✳ ■◗ ❘❛♥❣❡ ▼✐ss✐♥❣ ♦❜s✳

✵✳✵✵✵✵✵ ✵✳✵✷✵✵✵✵ ✵✳✵✷✵✵✵✵ ✵



✸✳✶ ❙♦♠❡ ♣r❡❧✐♠✐♥❛r✐❡s ✶✸

❋✐❣✉r❡ ✸✿ ❚✐♠❡ ❙❡r✐❡s P❧♦ts ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❉❛✐❧② ❙❡r✐❡s

❉❡✈❡❧♦♣❡❞ ▼❦t❘❋

❉❡✈❡❧♦♣❡❞ ❙▼❇

❉❡✈❡❧♦♣❡❞ ❍▼▲

❉❡✈❡❧♦♣❡❞ ❘❋



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✶✹

✈❛❧✉❡✲✇❡✐❣❤t ♠❛r❦❡t ♣♦rt❢♦❧✐♦ ♠✐♥✉s t❤❡ ❯✳❙✳ ♦♥❡ ♠♦♥t❤ ❚✲❜✐❧❧ r❛t❡✳ ❚❤❡
❙▼❇ ❛♥❞ ❍▼▲ ❢❛❝t♦rs✱ ❛r❡ ❝♦♥str✉❝t❡❞ ❜② s♦rt✐♥❣ st♦❝❦s ✐♥ ❛ r❡❣✐♦♥ ✐♥t♦ t✇♦
♠❛r❦❡t ❝❛♣ ❛♥❞ t❤r❡❡ ❜♦♦❦✲t♦✲♠❛r❦❡t ❡q✉✐t② ✭❇✴▼✮ ❣r♦✉♣s ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤
❏✉♥❡✳ ❇✐❣ st♦❝❦s ❛r❡ t❤♦s❡ ✐♥ t❤❡ t♦♣ ✾✵✪ ♦❢ ❏✉♥❡ ♠❛r❦❡t ❝❛♣ ❢♦r t❤❡ r❡❣✐♦♥✱ ❛♥❞
s♠❛❧❧ st♦❝❦s ❛r❡ t❤♦s❡ ✐♥ t❤❡ ❜♦tt♦♠ ✶✵✪✳ ❚❤❡ ❇✴▼ ❜r❡❛❦♣♦✐♥ts ❢♦r ❛ r❡❣✐♦♥
❛r❡ t❤❡ ✸✵t❤ ❛♥❞ ✼✵t❤ ♣❡r❝❡♥t✐❧❡s ♦❢ ❇✴▼ ❢♦r t❤❡ ❜✐❣ st♦❝❦s ♦❢ t❤❡ r❡❣✐♦♥✳

❚❤❡ ♠❡❛♥ r❡t✉r♥ ♦♥ t❤❡ ❞❛✐❧② ❡①❝❡ss r❡t✉r♥ ✐♥ t❤❡ ❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts✱ ✭▼❦✲
t❘❋✮ ✐s ✵✳✵✷✹✱ ✐ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐s ✵✳✾✶✱ t❤❡ s❦❡✇♥❡ss ✐s ✲✵✳✹✹ ❛♥❞ t❤❡ ❡①❝❡ss
❦✉rt♦s✐s ✐s ✶✵✳✻✵✳ ❚❤❡ ❢❛❝t♦r ❙▼❇ ❤❛s ❛ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ✲✵✳✵✵✸✱ ✐ts st❛♥❞❛r❞ ❞❡✲
✈✐❛t✐♦♥ ✐s ✵✳✹✸✱ t❤❡ s❦❡✇♥❡ss ✐s ✲✵✳✽✽✱ ❛♥❞ t❤❡ ❡①❝❡ss ❦✉rt♦s✐s ✐s ✽✳✻✶✳ P❧♦ts ♦❢
t❤❡ ❞❛✐❧② s❡r✐❡s ❢♦r ❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳

✸✳✷✳ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s

■ s❡t ✉♣ s✐♠♣❧❡ t❡sts ♦❢ t❤❡ ✐♥❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❜❛s❡ ❢❛❝t♦rs ✉s✐♥❣ ❜✐✈✐❛r✐❛t❡
r❡❣r❡ss✐♦♥s t♦ ❡①♣❧♦r❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡♠✱ ❛♥❞ ❛♣♣❧✐❡❞ r♦❧❧✐♥❣ r❡✲
❣r❡ss✐♦♥s ✉s✐♥❣ ❛ ✷✺✵ ❞❛② ✇✐♥❞♦✇✱ ♦r r♦✉❣❤❧② ♦♥❡ ②❡❛r✬s ✇♦rt❤ ♦❢ ❞❛✐❧② ❞❛t❛✱ t♦
❡①♣❧♦r❡ t❤❡ t✐♠❡ ✈❛r②✐♥❣ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡♠✳ ❋♦r ❡❛❝❤ ♦❢ t❤❡ t❤r❡❡ ❞❛t❛
s❡ts✱ t❤❡ ❯❙❆✱ ❏❛♣❛♥ ❛♥❞ ❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts✱ SMB ❛♥❞ HML ✇❡r❡ r❡❣r❡ss❡❞
♦♥ t❤❡ ❡①❝❡ss ♠❛r❦❡t r❡t✉r♥ RM − RF ✭▼❦t❘❋✮✱ ♣❧✉s SMB ❛♥❞ HML ✇❡r❡
r❡❣r❡ss❡❞ ♦♥ ♦♥❡ ❛♥♦t❤❡r✳ ❆ ❦❡② ❛ss✉♠♣t✐♦♥ ✐♥ ❛ss❡t ♣r✐❝✐♥❣ t❡sts ✐s t❤❛t t❤❡s❡
♠❛r❦❡t ❢❛❝t♦rs ❛r❡ ✐♥❞❡♣❡♥❞❡♥t✳ ❚❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹ t♦ ✻ r❡✈❡❛❧ t❤❛t✱
♠♦r❡ ♦❢t❡♥ t❤❛♥ ♥♦t✱ t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡✳

✸✳✷✳✶✳ ❯❙ ❘❡s✉❧ts

❚❤❡ ✜rst ♣❛♥❡❧ ♦t ❋✐❣✉r❡ ✹ ♣❧♦ts t❤❡ r❡s✉❧ts ♦❢ r❡❣r❡ss✐♥❣ SMB ❛♥❞ HML ♦♥
t❤❡ ♠❛r❦❡t ❢❛❝t♦r RM−RF ✱ ✐♥ t❤❡ ❯❙ ♠❛r❦❡t ✉s✐♥❣ ❛ ✷✺✵ ❞❛② ✇✐♥❞♦✇ ❢r♦♠ ❏✉❧②
✶✾✷✻ ❛❧❧ t❤❡ ✇❛② ✉♣ t♦ t❤❡ ❡♥❞ ♦❢ ❆♣r✐❧ ✷✵✷✷✳ ❚❤❡ ❡st✐♠❛t❡❞ s❧♦♣❡ ❝♦❡✣❝✐❡♥t
✐s ♣❧♦tt❡❞ ✐♥ ❣r❡❡♥✱ t✇♦ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ t❤❡ ❡st✐♠❛t❡✱ ❛r❡
♣❧♦tt❡❞ ❛s ✬❧♦✬ ✐♥ ❜r♦✇♥ ❛♥❞ ✬❤✐✬ ✐♥ ❜❧✉❡✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ ❝♦♥✜❞❡♥❝❡ ❧✐♠✐ts ♦❢
t✇♦ st❛♥❞❛r❞ ❡rr♦rs✳

❚❤❡ ❦❡② ❢❛❝t♦r ✐♥ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❣r❛♣❤s ✐s ✇❤❡t❤❡r t❤❡ ❡rr♦r ❜❛♥❞s
♦✈❡r❧❛♣ ✵ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❞✐❛❣r❛♠s✳ ■❢ ❚❤❡② ❛r❡ ❛❜♦✈❡ ♦r ❜❡❧♦✇ ✐t✱ ✇✐t❤ ♥♦
♦✈❡r❧❛♣s✱ t❤❡♥ t❤❡ s❧♦♣❡ ❝♦❡✣❝✐❡♥t ✐s s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡✱ ❛s t❤❡
❝❛s❡ ♠❛② ❜❡✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡s❡ r❡❣r❡ss✐♦♥s✱ ❢♦r SMB ❛♥❞ RM −RF ✱ s❤♦✇♥ ✐♥ t❤❡ ✜rst
♣❛♥❡❧ ♦❢ ❋✐❣✉r❡ ✹✱ r❡✈❡❛❧ ❛ s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ SMB ❛♥❞
RM − RF ✱ ❢r♦♠ ✶✾✷✻ ✉♣ t♦ ❛❜♦✉t ✶✾✷✽✱ ✇❤❡♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡❝♦♠❡s ❜r✐❡✢②
✐♥s✐❣♥✐✜❝❛♥t ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❯❙ ❞❛✐❧② s❡r✐❡s✱ ❜❡❢♦r❡ r❡t✉r♥✐♥❣ t♦ ❛ s✐❣♥✐✜❝❛♥t
♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❢r♦♠ ✶✾✷✾ t♦ ❛❜♦✉t ✶✾✸✺✳ ❆❢t❡r ❛ ♣❡r✐♦❞ ♦❢ ✐♥❞❡t❡r♠✐♥❛❝②✱
t❤❡ r❡❧❛t✐♦♥s❤✐♣ t❤❡♥ s✇✐t❝❤❡s t♦ ❜❡✐♥❣ s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡✱ ❢♦r ❛ ♣❡r✐♦❞ ❢r♦♠
❛r♦✉♥❞ ✶✾✸✺ t♦ ✶✾✹✽✳ ❋r♦♠ ❛r♦✉♥❞ ✶✾✺✵ t♦ ✶✾✻✺ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s s✐❣♥✐✜❝❛♥t❧②
♥❡❣❛t✐✈❡ ❛❣❛✐♥✱ ❛♣❛rt ❢r♦♠ ❛ ❜r✐❡❢ ♣❡r✐♦❞ ♦❢ ✐♥❞❡t❡r♠✐♥❛❝② ✐♥ t❤❡ ❡❛r❧② ✶✾✻✵s✳
❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❝♦♥t✐♥✉❡s t♦ ♦s❝✐❧❧❛t❡✱ ❛♥❞ ✐s s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ❢♦r ♠♦st ♦❢
t❤❡ ✼✵✬s✱ ✽✵✬s ❛♥❞ ✾✵✬s✱ ❜❡❢♦r❡ s✇✐t❝❤✐♥❣ s✐❣♥ ✐♥ t❤❡ ❡❛r❧② ✷✵✵✵✬s ❛♥❞ r❡♠❛✐♥✐♥❣
s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ❢♦r t❤❡ t❤❡ ❜✉❧❦ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ t✐♠❡ ♣❡r✐♦❞✳ ❚❤✐s ❞♦❡s
♥♦t s✉♣♣♦rt t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤✐s ♣❛✐r ♦❢ ❢❛❝t♦rs ✐s ✐♥❞❡♣❡♥❞❡♥t✳



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✶✺

❋✐❣✉r❡ ✹✿ ❘♦❧❧✐♥❣ ❘❡❣r❡ss✐♦♥s ❯❙ ❯❙ ❉❛✐❧② ❋❛❝t♦r ❙❡r✐❡s ✶✾✷✻✲✵✼✲✵✶✲
✲✷✵✷✷✲✵✹✲✷✾ ✭✷✺✵ ❞❛② ✇✐♥❞♦✇✮

❙▼❇ ♦♥ ▼❦t❘❋

❍▼▲ ♦♥ ▼❦t❘❋

❍▼▲ ♦♥ ❙▼❇



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✶✻
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❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✶✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✸✵✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✵✼✶✵✸✼✽ ✵✳✵✵✸✻✼✼✵✵ ✶✳✾✸✷ ✵✳✵✺✸✹
▼❦t❘❋ −✵✳✵✽✼✵✾✽✷ ✵✳✵✵✸✹✵✾✺✹ −✷✺✳✺✺ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✵✹✹✼✹ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✾✶✸✶✻
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R2 ✵✳✵✷✺✷✶✺ ❆❞❥✉st❡❞ R2 ✵✳✵✷✺✶✼✻
F (1, 25228) ✻✺✷✳✺✼✵✷ P✲✈❛❧✉❡✭F ✮ ✹✳✵❡✕✶✹✷
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✷✷✷✶✳✶✽ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✹✹✹✻✳✸✼
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✹✹✻✷✳✻✹ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✹✹✺✶✳✻✸
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t❡st ❢♦r s♣❡❝✐✜❝❛t✐♦♥ ✕
◆✉❧❧ ❤②♣♦t❤❡s✐s✿ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❞❡q✉❛t❡
❚❡st st❛t✐st✐❝✿ F (2, 25226) ❂ ✶✵✼✳✶✷✾
✇✐t❤ ♣✲✈❛❧✉❡ ❂ P ✭F (2, 25226) > ✶✵✼✳✶✷✾✮ ❂ ✹✳✻✽✼✹❡✲✹✼

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✶✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✸✵✮
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❝♦♥st ✵✳✵✶✻✹✼✶✺ ✵✳✵✵✸✼✻✺✸✾ ✹✳✸✼✹ ✵✳✵✵✵✵
▼❦t❘❋ −✵✳✵✽✽✵✹✹✼ ✵✳✵✵✸✹✵✷✺✶ −✷✺✳✽✽ ✵✳✵✵✵✵
sq❴▼❦t❘❋ −✵✳✵✵✽✵✷✾✽✽ ✵✳✵✵✵✼✷✽✸✾✵ −✶✶✳✵✷ ✵✳✵✵✵✵
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▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✷✶✻✵✳✺✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✹✸✷✼✳✶✶
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❝♦♥st ✵✳✵✶✷✷✽✹✶ ✵✳✵✵✸✽✹✽✽✼ ✸✳✶✾✷ ✵✳✵✵✶✹
▼❦t❘❋ ✵✳✵✾✻✹✻✸✻ ✵✳✵✵✸✺✻✽✾✵ ✷✼✳✵✸ ✵✳✵✵✵✵
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F (1, 25228) ✼✸✵✳✺✻✷✹ P✲✈❛❧✉❡✭F ✮ ✶✳✷❡✕✶✺✽
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✸✼✸✳✼✸ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✻✼✺✶✳✹✼
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✻✼✻✼✳✼✹ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✻✼✺✻✳✼✸
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❘❊❙❊❚

t❡st ❢♦r s♣❡❝✐✜❝❛t✐♦♥ ✕
◆✉❧❧ ❤②♣♦t❤❡s✐s✿ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❞❡q✉❛t❡
❚❡st st❛t✐st✐❝✿ F (2, 25226) ❂ ✽✽✳✽✼✵✹
✇✐t❤ ♣✲✈❛❧✉❡ ❂ P ✭F (2, 25226) > ✽✽✳✽✼✵✹✮ ❂ ✸✳✹✻✷✺✽❡✲✸✾

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✶✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✸✵✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✵✸✸✶✼✾✺ ✵✳✵✵✸✾✹✷✾✹ ✵✳✽✹✶✺ ✵✳✹✵✵✶
▼❦t❘❋ ✵✳✵✾✼✸✻✾✺ ✵✳✵✵✸✺✻✷✾✺ ✷✼✳✸✸ ✵✳✵✵✵✵
sq❴▼❦t❘❋ ✵✳✵✵✼✻✽✺✼✵ ✵✳✵✵✵✼✻✷✼✸✼ ✶✵✳✵✽ ✵✳✵✵✵✵
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▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✸✷✸✳✵✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✻✻✺✷✳✶✷
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❚❡st st❛t✐st✐❝✿ F (2, 25226) ❂ ✽✷✳✾✵✸✻
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❝♦♥st ✵✳✵✵✻✾✶✼✵✽ ✵✳✵✵✸✾✻✾✷✸ ✶✳✼✹✸ ✵✳✵✽✶✹
❙▼❇ −✵✳✵✻✹✹✸✺✶ ✵✳✵✵✻✻✸✻✺✻ −✾✳✼✵✾ ✵✳✵✵✵✵
sq❴❙▼❇ ✵✳✵✷✹✺✵✷✶ ✵✳✵✵✷✸✷✶✺✸ ✶✵✳✺✺ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✶✾✻ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✶✾✽✽✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✾✻✵✸✳✷✹✼ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✶✻✾✽✼
R2 ✵✳✵✵✾✹✶✵ ❆❞❥✉st❡❞ R2 ✵✳✵✵✾✸✸✷
F (2, 25227) ✶✶✾✳✽✷✹✾ P✲✈❛❧✉❡✭F ✮ ✶✳✻✶❡✕✺✷
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✻✶✹✳✺✽ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✼✷✸✺✳✶✻
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✼✷✺✾✳✺✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✼✷✹✸✳✵✻
ρ̂ ✵✳✵✽✻✶✹✽ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✽✷✼✻✻✸



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✶✾

❚❤❡ ♠✐❞❞❧❡ ♣❛♥❡❧ ♦❢ ❋✐❣✉r❡ ✹ ❞❡♣✐❝ts t❤❡ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ HML ❛♥❞ RM−

RF ✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❯❙ ❞❛✐❧② s❡r✐❡s✱ ❛♥❞ s❤♦✇s ❛ s✐♠✐❧❛r ✈❛r②✐♥❣ ♣❛tt❡r♥✳
❋r♦♠ ✶✾✷✻ t♦ ❛❜♦✉t ✶✾✺✺✱ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ❛♣❛rt ❢r♦♠
❛ ❜r✐❡❢ ♣❡r✐♦❞ ♦❢ ✐♥❞❡t❡r♠✐♥❛❝②✱ ❛♥❞ ❛ ❜r✐❡❢ ♣❡r✐♦❞ ♦❢ ❛ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ✐♥
✶✾✷✾✲✸✵✳ ❋r♦♠ ❛r♦✉♥❞ ✷✵✵✺ ♦♥✇❛r❞s✱ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ t✇♦ s❡r✐❡s
♦s❝✐❧❧❛t❡s ❜❡t✇❡❡♥ s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣s✱ ❝❤❛♥❣✐♥❣ s✐❣♥
✜✈❡ t✐♠❡s✳

❚❤❡ ❧❛st ♣❛♥❡❧ ♦❢ ❋✐❣✉r❡ ✹ s❤♦✇s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ SMB ❛♥❞ HML

✐♥ t❤❡ ❯❙ ❞❛✐❧② s❡r✐❡s✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s ✈❡r② ✈❛r✐❛❜❧❡ ❛♥❞ ✐t ♦s❝✐❧❧❛t❡s ❜❡✲
t✇❡❡♥ ❜❡✐♥❣ s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ♦✈❡r ♠♦st ♦❢ t❤❡
♣❡r✐♦❞✱ ❜❡❢♦r❡ ❜❡❝♦♠✐♥❣ s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ♦r ✐♥❞❡t❡r♠✐♥❛t❡ ❢r♦♠ t❤❡ ✶✾✾✵✬s
♦♥✇❛r❞s✳

❚❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❡ t❤❡ ❯❙ ❞❛✐❧② ❢❛❝t♦rs ❛r❡ ♥♦t t②♣✐❝❛❧❧② ✐♥❞❡♣❡♥❞❡♥t
❛♥❞ ❢✉rt❤❡r♠♦r❡✱ t❤❛t t❤❡② ❛r❡ ❧✐❦❡❧② t♦ s✉✛❡r ❢r♦♠ ❛♥ ❡♥❞♦❣❡♥❡✐t② ♣r♦❜❧❡♠ ✐❢
t❤❡② ❛r❡ ✉s❡❞ ❛s ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✐♥ t✐♠❡ s❡r✐❡s r❡❣r❡ss✐♦♥s✳

■ ♥❡①t ❡①♣❧♦r❡❞ t❤❡ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❯❙ ❢❛❝t♦rs ❛❝r♦ss t❤❡ ❡♥t✐r❡ t✐♠❡✲
♣❡r✐♦❞ ♣❡r✐♦❞ ✉s✐♥❣ ❖▲❙ r❡❣r❡ss✐♦♥✳ ■ ❡①❛♠✐♥❡❞ ✇❤❡t❤❡r t❤❡ ❢❛❝t♦rs ❢♦❧❧♦✇❡❞
❛ ❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣✳ ❚❤❡ ❢❛❝t♦rs ✇❡r❡ r❡❣r❡ss❡❞ ♣❛✐r✇✐s❡ ♦♥ ❡❛❝❤ ♦t❤❡r✱ t❤❡♥
❘❊❙❊❚ t❡sts✱ ❘❛♠s❡② ✭✶✾✻✾✮✱ ✇❡r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥s t♦ t❡st
✇❤❡t❤❡r ❛ ♥♦♥✲❧✐♥❡❛r s♣❡❝✐✜❝❛t✐♦♥ ✇❛s ♠❡r✐t❡❞✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡s❡ r❡❣r❡ss✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡s ✹✱ ✺ ❛♥❞ ✻✱ ❛♥❞ ❛❧❧
s✉♣♣♦rt t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ s✐❣♥✐✜❝❛♥t ♥♦♥✲❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡
❢❛❝t♦rs ✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚❤❡ ♣r♦❜❧❡♠s t❤❛t ❝❛♥ ❢♦❧❧♦✇ ❛r❡ ❡①❛♠✐♥❡❞ ❜②
❆♥❞r❡✇s ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✶✻✮✱ ✇❤♦ ❡①♣❧♦r❡ t❤❡ ✐ss✉❡s r❡❧❛t❡❞ t♦ t❤❡ ♣r♦❜❧❡♠s
❡♥❝♦✉♥t❡r❡❞ ❜② ❝♦♥✈❡♥t✐♦♥❛❧ t❡sts ❢♦r ❝♦♠♣♦s✐t❡ ❤②♣♦t❤❡s❡s ❜❛s❡❞ ♦♥ ❧✐♥❡❛r✐t②
✐♥ ♠✐♥✐♠✉♠ ❞✐st❛♥❝❡ ♠♦❞❡❧s ❛♥❞ ❞❡♠♦♥str❛t❡ t❤❛t t❤❡② ❝❛♥ ❜❡ ✉♥r❡❧✐❛❜❧❡ ✇❤❡♥
t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ str✉❝t✉r❛❧ ❛♥❞ r❡❞✉❝❡❞✲❢♦r♠ ♣❛r❛♠❡t❡rs ✐s ❤✐❣❤❧②
♥♦♥❧✐♥❡❛r✳

✸✳✷✳✷✳ ❏❛♣❛♥❡s❡ ❘❡s✉❧ts

❚❤❡ r♦❧❧✐♥❣ r❡❣r❡ss✐♦♥ r❡s✉❧ts ✉s✐♥❣ ❛ ✷✺✵ ❞❛② ✇✐♥❞♦✇ ❢♦r t❤❡ t❤r❡❡ ❏❛♣❛♥❡s❡
❞❛✐❧② ❢❛❝t♦r s❡r✐❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡s ✺✳ ❚❤❡ r❡s✉❧ts ❢♦r ❙▼❇ r❡❣r❡ss❡❞
♦♥ ▼❦t❘❋ ❛r❡ ♣❛rt✐❝✉❧❛r❧② str✐❦✐♥❣ ✐♥ ❋✐❣✉r❡ ✺✱ ✇❤❡r❡ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❢♦r
t❤❡ ❜✉❧❦ ♦❢ t❤❡ ❡♥t✐r❡ ♣❡r✐♦❞✱ t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
t❤❡s❡ t✇♦ ❢❛❝t♦rs✳

❚❤❡ r❡s✉❧ts ❢♦r ❍▼P r❡❣r❡ss❡❞ ♦♥ ▼❦t❘❋ ❛r❡ ❛❧s♦ ♥♦t❛❜❧❡✱ ❜✉t ✐♥ t❤✐s ❝❛s❡✱
t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ❢♦r ♠♦st ♦❢ t❤❡ ♣❡r✐♦❞ ❢r♦♠ ✶✾✾✵ ✉♥t✐❧
❛r♦✉♥❞ ✷✵✵✽✱ t❤❡♥ ✐t s✇✐t❝❤❡s s✐❣♥ ❛♥❞ ❜❡❝♦♠❡s s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ❢♦r s❡✈❡r❛❧
s♠❛❧❧ ✐♥t❡r✈❛❧s✱ ❜❡❢♦r❡ s✇✐t❝❤✐♥❣ ❜❛❝❦ t♦ ❜❡✐♥❣ s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ❢♦r s❡✈❡r❛❧
②❡❛rs ❢r♦♠ ❛r♦✉♥❞ ✷✵✶✼✳

❚❤❡ ✜♥❛❧ ❞✐❛❣r❛♠ ✐♥ ❋✐❣✉r❡ ✺ s❤♦✇s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❍▼▲ ❛♥❞
❙▼❇ ✐♥ ❏❛♣❛♥✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ❢♦r s❡✈❡r❛❧ ♣❡r✐♦❞s ✉♣
t♦ ✷✵✵✸✱ ❢r♦♠ ✇❤✐❝❤ t✐♠❡ ✐t s✇✐t❝❤❡s s✐❣♥ ❛♥❞ ❜❡❝♦♠❡s s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ❢♦r
t❤❡ ❜✉❧❦ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ♣❡r✐♦❞✳

❚❛❜❧❡s ✼✱ ✽ ❛♥❞ ✾ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ r❡❣r❡ss✐♦♥s ❛❝r♦ss t❤❡ ✇❤♦❧❡ ♦❢ t❤❡
❏❛♣❛♥❡s❡ s❛♠♣❧❡ ♣❡r✐♦❞ ✇❤✐❝❤ ♣❛r❛❧❧❡❧ t❤♦s❡ ❥✉st r❡♣♦rt❡❞ ❢♦r t❤❡ ❯❙ ♠❛r❦❡t



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✵

❋✐❣✉r❡ ✺✿ ❘♦❧❧✐♥❣ ❘❡❣r❡ss✐♦♥s ❏❛♣❛♥ ✷✺✵ ❉❛② ❲✐♥❞♦✇

❙▼❇ ♦♥ ▼❦t❘❋

❍▼▲ ❘❡❣r❡ss❡❞ ♦♥ ▼❦t❘❋

❍▼▲ ❘❡❣r❡ss❡❞ ♦♥ ❙▼❇



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✶

❚❛❜❧❡ ✼✿ ❘❡❣r❡ss✐♦♥ ♦❢ ❙▼❇ ♦♥ ▼❦t❘❋ ❏❛♣❛♥❡s❡ ❞❛✐❧② s❛♠♣❧❡✳

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✺✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st −✵✳✵✵✷✾✷✷✾✼ ✵✳✵✵✻✼✵✼✸✷ −✵✳✹✸✺✽ ✵✳✻✻✸✵
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✸✳✷✳✸✳ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts

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

❚❛❜❧❡s ✶✵✱ ✶✶ ❛♥❞ ✶✷ r❡♣♦rt r❡❣r❡ss✐♦♥ r❡s✉❧ts t❤❛t ❡①❛♠✐♥❡ t❤❡ ❧✐♥❡❛r✐t②
♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ❢❛❝t♦rs ✐♥ t❤❡ ❞❛✐❧② s❛♠♣❧❡ ❢♦r ❞❡✈❡❧♦♣❡❞
♠❛r❦❡ts✳ ❚❤❡ r❡s✉❧ts ❢♦r ❙▼❇ ❛♥❞ ❍▼▲✱ ✇❤❡♥ r❡❣r❡ss❡❞ ♦♥ ▼❦t❘❋✱ s✉♣♣♦rt



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✹

t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ❛ ♥♦♥✲❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ ❛
♥♦♥✲❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❍▼▲ ❛♥❞ ❙▼❇✳

❋✐❣✉r❡ ✻✿ ❘♦❧❧✐♥❣ ❘❡❣r❡ss✐♦♥s ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ✷✺✵ ❞❛② ✇✐♥❞♦✇

❙▼❇ r❡❣r❡ss❡❞ ♦♥ ▼❦t❘❋

❍▼▲ ❘❡❣r❡ss❡❞ ♦♥ ▼❦t❘❋

❍▼▲ ❘❡❣r❡ss❡❞ ♦♥ ❙▼❇



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✺

❚❛❜❧❡ ✶✵✿ ❘❡❣r❡ss✐♦♥ ♦❢ ❙▼❇ ♦♥ ▼❦t❘❋ ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❞❛✐❧②
s❛♠♣❧❡✳

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽ ✭T ❂ ✽✷✻✶✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✵✷✺✷✹✾✶ ✵✳✵✵✹✵✼✸✶✻ ✵✳✻✶✾✾ ✵✳✺✸✺✸
▼❦t❘❋ −✵✳✷✸✹✷✽✻ ✵✳✵✵✹✹✽✼✷✵ −✺✷✳✷✶ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✸✶✵✵ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✹✷✻✼✽✹
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✶✸✶✳✶✹✾ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✼✵✵✽✶
R2 ✵✳✷✹✽✶✻✹ ❆❞❥✉st❡❞ R2 ✵✳✷✹✽✵✼✸
F (1, 8259) ✷✼✷✻✳✶✵✻ P✲✈❛❧✉❡✭F ✮ ✵✳✵✵✵✵✵✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✺✵✾✳✶✸✵ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✼✵✷✷✳✷✻✵
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✼✵✸✻✳✷✾✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✼✵✷✼✳✵✺✽
ρ̂ ✵✳✶✵✷✸✾✽ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✼✾✹✺✹✻

❘❊❙❊❚

t❡st ❢♦r s♣❡❝✐✜❝❛t✐♦♥ ✕
◆✉❧❧ ❤②♣♦t❤❡s✐s✿ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❞❡q✉❛t❡
❚❡st st❛t✐st✐❝✿ F (2, 8257) ❂ ✽✷✳✷✼✷✼
✇✐t❤ ♣✲✈❛❧✉❡ ❂ P ✭F (2, 8257) > ✽✷✳✷✼✷✼✮ ❂ ✹✳✶✼✻✷✹❡✲✸✻

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽ ✭T ❂ ✽✷✻✶✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✺✾✽✵✵ ✵✳✵✵✹✷✵✸✺✼ ✸✳✽✵✷ ✵✳✵✵✵✶
▼❦t❘❋ −✵✳✷✸✾✾✵✽ ✵✳✵✵✹✹✼✼✺✼ −✺✸✳✺✽ ✵✳✵✵✵✵
sq❴▼❦t❘❋ −✵✳✵✶✻✶✻✺✼ ✵✳✵✵✶✸✾✷✼✶ −✶✶✳✻✶ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✸✶✵✵ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✹✷✻✼✽✹
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✶✶✷✳✾✾✶ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✻✼✶✷✵
R2 ✵✳✷✻✵✷✸✸ ❆❞❥✉st❡❞ R2 ✵✳✷✻✵✵✺✹
F (2, 8258) ✶✹✺✷✳✹✽✾ P✲✈❛❧✉❡✭F ✮ ✵✳✵✵✵✵✵✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✹✹✷✳✷✽✹ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✻✽✾✵✳✺✻✽
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✻✾✶✶✳✻✷✻ ❍❛♥♥❛♥✕◗✉✐♥♥ ✻✽✾✼✳✼✻✺
ρ̂ ✵✳✵✽✹✵✻✷ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✽✸✶✶✾✼



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✻

❚❛❜❧❡ ✶✶✿ ❘❡❣r❡ss✐♦♥ ♦❢ ❍▼▲ ♦♥ ▼❦t❘❋ ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❞❛✐❧②
s❛♠♣❧❡✳

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽ ✭T ❂ ✽✷✻✶✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✻✼✸✹ ✵✳✵✵✹✺✾✸✽✷ ✷✳✺✹✶ ✵✳✵✶✶✶
▼❦t❘❋ −✵✳✵✸✹✽✺✾✼ ✵✳✵✵✺✵✻✵✼✼ −✻✳✽✽✽ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✵✽✸✻ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✹✶✽✺✺✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✹✸✽✳✽✶✶ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✹✶✼✸✽✻
R2 ✵✳✵✵✺✼✶✷ ❆❞❥✉st❡❞ R2 ✵✳✵✵✺✺✾✷
F (1, 8259) ✹✼✳✹✹✼✺✶ P✲✈❛❧✉❡✭F ✮ ✻✳✵✻❡✕✶✷
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✹✺✵✷✳✽✺✽ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✾✵✵✾✳✼✶✻
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✾✵✷✸✳✼✺✹ ❍❛♥♥❛♥✕◗✉✐♥♥ ✾✵✶✹✳✺✶✸
ρ̂ ✵✳✷✶✻✼✺✵ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✺✻✻✵✷✻

❘❊❙❊❚

t❡st ❢♦r s♣❡❝✐✜❝❛t✐♦♥ ✕
◆✉❧❧ ❤②♣♦t❤❡s✐s✿ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❞❡q✉❛t❡
❚❡st st❛t✐st✐❝✿ F (2, 8257) ❂ ✸✷✳✼✼✶✼
✇✐t❤ ♣✲✈❛❧✉❡ ❂ P ✭F (2, 8257) > ✸✷✳✼✼✶✼✮ ❂ ✻✳✻✻✶✾✻❡✲✶✺

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽ ✭T ❂ ✽✷✻✶✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✺✽✸✻✹ ✵✳✵✵✹✼✼✻✺✸ ✸✳✸✶✺ ✵✳✵✵✵✾
▼❦t❘❋ −✵✳✵✸✻✺✾✾✶ ✵✳✵✵✺✵✽✼✽✼ −✼✳✶✾✸ ✵✳✵✵✵✵
sq❴▼❦t❘❋ −✵✳✵✵✺✵✵✶✻✻ ✵✳✵✵✶✺✽✷✺✹ −✸✳✶✻✶ ✵✳✵✵✶✻

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✵✽✸✻ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✹✶✽✺✺✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✹✸✼✳✵✼✸ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✹✶✼✶✺✾
R2 ✵✳✵✵✻✾✶✸ ❆❞❥✉st❡❞ R2 ✵✳✵✵✻✻✼✸
F (2, 8258) ✷✽✳✼✹✹✵✷ P✲✈❛❧✉❡✭F ✮ ✸✳✻✸❡✕✶✸
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✹✹✾✼✳✽✻✺ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✾✵✵✶✳✼✷✾
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✾✵✷✷✳✼✽✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✾✵✵✽✳✾✷✺
ρ̂ ✵✳✷✶✺✾✶✵ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✺✻✼✼✵✶



✸✳✷ ❘❡❣r❡ss✐♦♥ ❆♥❛❧②s✐s ✷✼

❚❛❜❧❡ ✶✷✿ ❘❡❣r❡ss✐♦♥ ♦❢ ❍▼▲ ♦♥ ❙▼❇ ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❞❛✐❧② s❛♠✲
♣❧❡✳

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✷✕✷✵✷✷✲✵✷✲✷✽ ✭T ❂ ✽✷✻✶✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✵✽✶✾✸ ✵✳✵✵✹✻✵✺✹✸ ✷✳✸✹✾ ✵✳✵✶✽✽
❙▼❇ −✵✳✵✵✺✺✷✾✺✹ ✵✳✵✶✵✼✾✶✹ −✵✳✺✶✷✹ ✵✳✻✵✽✹

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✵✽✸✻ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✹✶✽✺✺✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✹✹✼✳✵✸✶ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✹✶✽✺✼✼
R2 ✵✳✵✵✵✵✸✷ ❆❞❥✉st❡❞ R2 ✲✵✳✵✵✵✵✽✾
F (1, 8259) ✵✳✷✻✷✺✺✼ P✲✈❛❧✉❡✭F ✮ ✵✳✻✵✽✸✽✷
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✹✺✷✻✳✸✽✽ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✾✵✺✻✳✼✼✻
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✾✵✼✵✳✽✶✺ ❍❛♥♥❛♥✕◗✉✐♥♥ ✾✵✻✶✳✺✼✹
ρ̂ ✵✳✷✶✽✸✹✾ ❉✉r❜✐♥✕❲❛ts♦♥ ✶✳✺✻✷✽✷✼

❘❊❙❊❚ t❡st ❢♦r s♣❡❝✐✜❝❛t✐♦♥ ✕

◆✉❧❧ ❤②♣♦t❤❡s✐s✿ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❞❡q✉❛t❡
❚❡st st❛t✐st✐❝✿ F (2, 8257) ❂ ✶✳✶✸✺✷✽
✇✐t❤ ♣✲✈❛❧✉❡ ❂ P ✭F (2, 8257) > ✶✳✶✸✺✷✽✮ ❂ ✵✳✸✷✶✸✽✸



✸✳✸ ❚✐♠❡ ❙❡r✐❡s ❚❡sts ✷✽

✸✳✸✳ ❚✐♠❡ ❙❡r✐❡s ❚❡sts

❊♥❣❧❡✱ ❡t ❛❧ ✭✶✾✽✸✮ ❞r❡✇ ❛tt❡♥t✐♦♥ t♦ t❤❡ ✐ss✉❡s r❡❧❛t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t ♣r❡❝✐s❡
❞❡✜♥✐t✐♦♥s ♦❢ ✧❡①♦❣❡♥❡✐t②✧ ❛r❡ ❡❧✉s✐✈❡ ❛♥❞ t❤❡✐r ❞✐r❡❝t ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❝♦♥❝❡♣t
❢♦r ✐♥❢❡r❡♥❝❡✱ ❣✐✈❡♥ t❤❛t ❛ ❝❡rt❛✐♥ ✈❛r✐❛❜❧❡ ✐s ✧❡①♦❣❡♥♦✉s✧ ♦r ♥♦t✱ ♦♥ ❛♥② ❣✐✈❡♥
❞❡✜♥✐t✐♦♥✳ ❚❤❡② ♣r♦♣♦s❡❞ ❞❡✜♥✐t✐♦♥s ❢♦r ✇❡❛❦ ❛♥❞ str♦♥❣ ❡①♦❣❡♥❡✐t② ✐♥ t❡r♠s
♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ♦❜s❡r✈❛❜❧❡ ✈❛r✐❛❜❧❡s✳ ❚❤❡② s✉❣❣❡st❡❞ t❤❛t ❡ss❡♥t✐❛❧❧②✱ ❛
✈❛r✐❛❜❧❡ zt ✱ ✐♥ ❛ ♠♦❞❡❧ ✐s ❞❡✜♥❡❞ t♦ ❜❡ ✇❡❛❦❧② ❡①♦❣❡♥♦✉s ❢♦r ❡st✐♠❛t✐♥❣ ❛ s❡t ♦❢
♣❛r❛♠❡t❡rs λ ✱ ✐❢ ✐♥❢❡r❡♥❝❡ ♦♥ λ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ zt ✱ ✐♥✈♦❧✈❡s ♥♦ ❧♦ss ♦❢ ✐♥❢♦r♠❛t✐♦♥✳
❍❡✉r✐st✐❝❛❧❧②✱ ❣✐✈❡♥ t❤❛t t❤❡ ❥♦✐♥t ❞❡♥s✐t② ♦❢ r❛♥❞♦♠ ✈❛r✐❛❜❧❡s (yt, zt) ❛❧✇❛②s ❝❛♥
❜❡ ✇r✐tt❡♥ ❛s t❤❡ ♣r♦❞✉❝t ♦❢ yt ❝♦♥❞✐t✐♦♥❛❧ ♦♥ zt✱ t✐♠❡s t❤❡ ♠❛r❣✐♥❛❧ ♦❢ zt✱ t❤❡
✇❡❛❦ ❡①♦❣❡♥❡✐t② ♦❢ zt✱ ❡♥t❛✐❧s t❤❛t t❤❡ ♣r❡❝✐s❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❧❛tt❡r ❞❡♥s✐t②
✐s ✐rr❡❧❡✈❛♥t t♦ t❤❡ ❛♥❛❧②s✐s✱ ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❛t ❛❧❧ ♣❛r❛♠❡t❡rs ✇❤✐❝❤ ❛♣♣❡❛r
✐♥ t❤✐s ♠❛r❣✐♥❛❧ ❞❡♥s✐t② ❛r❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs✳

■❢ ✐♥ ❛❞❞✐t✐♦♥ t♦ ❜❡✐♥❣ ✇❡❛❦❧② ❡①♦❣❡♥♦✉s✱ zt ✱ ✐s ♥♦t ●r❛♥❣❡r✲❝❛✉s❡❞ ✐♥ t❤❡
s❡♥s❡ ♦❢ ●r❛♥❣❡r ✭✶✾✻✾✮✱ ❜② ❛♥② ♦❢ t❤❡ ❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s ✐♥ t❤❡ s②st❡♠✱ t❤❡♥
③✱ ✐s ❞❡✜♥❡❞ t♦ ❜❡ str♦♥❣❧② ❡①♦❣❡♥♦✉s✳

❚❤❡ r❡s✉❧ts ✐♥ t❤✐s s✉❜s❡❝t✐♦♥✱ ✐♥ ❚❛❜❧❡s ✶✸ t♦ ✶✺ r❡♣♦rt ●r❛♥❣❡r ❝❛✉s❛❧✐t②
t❡sts ♦❢ t❤❡ t❤r❡❡ ❢❛❝t♦rs ❢♦r t❤❡ ❯❙ ❞❛✐❧② s❡r✐❡s✱ ✇❤❡♥ ❛ ❧❛❣❣❡❞ ✈❛❧✉❡ ♦❢ ❛ s❡❝♦♥❞
❢❛❝t♦r ✐s ❛❞❞❡❞ t♦ t❤❡ ❛✉t♦✲r❡❣r❡ss✐♦♥ ♦♥ ❧❛❣s ♦❢ t❤❡ ❢❛❝t♦r ✐♥ q✉❡st✐♦♥❀ t❤✉s
❝♦♥st✐t✉t✐♥❣ ❛ t❡st ♦❢ str♦♥❣ ❡①♦❣❡♥✐t②✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t ❛❧❧ t❤r❡❡ ❢❛❝t♦rs
r❡❥❡❝t t❤❡ ❤②♣♦t❤❡s✐s ♦❢ str✐❝t ❡①♦❣❡♥❡✐t②✱ ❛s t❤❡✐r ❆❞❥✉st❡❞ ❘ sq✉❛r❡s ✐♥❝r❡❛s❡
✇❤❡♥ ♦♥❡ ❧❛❣ ♦❢ ❛ ❢✉rt❤❡r ❢❛❝t♦r ✐s ✐♥❝❧✉❞❡❞✱ ❜✉t t❤❡ ❡✛❡❝t ✐s ♠♦st ♣r♦♥♦✉♥❝❡❞
✐♥ t❤❡ ❙▼❇ ❝❛s❡✱ ✇❤❡♥ ❛ ❧❛❣❣❡❞ ✈❛❧✉❡ ♦❢ t❤❡ ▼❦t❘❋ ❢❛❝t♦r ✐s ❛❞❞❡❞ t♦ t❤❡
❡st✐♠❛t✐♦♥✳

❚❛❜❧❡s ✶✻ t♦ ✶✽ s❤♦✇ t❤❡ r❡s✉❧ts ♦❢ ❛ s✐♠✐❧❛r ❛♥❛❧②s✐s ❢♦r ❏❛♣❛♥✳ ❆❧❧ t❤❡ ❝❛s❡s
♦❢ t❤❡ ❢❛❝t♦rs t❛❦❡♥ ♣❛✐r✇✐s❡ s❤♦✇ ❡✈✐❞❡♥❝❡ ♦❢ ●r❛♥❣❡r ❝❛✉s❛❧✐t② ❛♥❞ r❡❥❡❝t t❤❡
♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ str♦♥❣ ❡①♦❣❡♥❡✐t②✳ ❋✐♥❛❧❧②✱ ❚❛❜❧❡s ✶✾ t♦ ✷✶ r❡♣♦rt t❤❡ r❡s✉❧ts
♦❢ str♦♥❣ ❡①♦❣❡♥❡✐t② t❡sts ❢♦r t❤❡ ❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts✱ ❛♥❞ ✐♥ ❛❧❧ ✸ ♣❛✐rs ♦❢ ❝❛s❡s✱
r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ str♦♥❣ ❡①♦❣❡♥❡✐t②✳

✹✳ ❈♦♥❝❧✉s✐♦♥

❚❤❡ r❡s✉❧ts ✐♥ t❤❡ ♣❛♣❡r s✉❣❣❡st t❤❛t t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ♣♦t❡♥t✐❛❧ ✐ss✉❡
♦❢ ❡♥❞♦❣❡♥❡✐t② ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ❜❛s❡ ❋❛♠❛✲❋r❡♥❝❤ ❢❛❝t♦rs✱ ✇❤❡♥ ❛ss❡t ♣r✐❝✐♥❣
t❡sts ❛r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ t✐♠❡ s❡r✐❡s ❝♦♥t❡①t✱ ❛s s❡t ♦✉t ✐♥ s❡❝t✐♦♥ ✶ ♦❢ t❤❡
♣❛♣❡r ✐♥ ❡q✉❛t✐♦♥ ✭✾✮✳ ❚❤❡s❡ ❞❛✐❧② s❛♠♣❧❡ s❡r✐❡s ❢♦r t❤❡ ❯❙❆✱ ❏❛♣❛♥✱ ❛♥❞
❞❡✈❡❧♦♣❡❞ ♠❛r❦❡ts✱ s❤♦✇ s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡ ❢❛❝t♦rs✱ ✇❤❡♥
t❤❡② ❛r❡ ❡①♣❧♦r❡❞ ✉s✐♥❣ r♦❧❧✐♥❣ r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s ❛♥❞ ❛ ✷✺✵ ❞❛② ✇✐♥❞♦✇✳ ❋♦r
t❤❡ ❜✉❧❦ ♦❢ t❤❡ t✐♠❡✱ t❤❡r❡ ✐s ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡
❢❛❝t♦rs✳ ❚❤✐s ✐s ❢✉rt❤❡r ❝♦♠♣♦✉♥❞❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ s✐❣♥ ♦❢ t❤✐s r❡❧❛t✐♦♥s❤✐♣
❢r❡q✉❡♥t❧② s✇✐t❝❤❡s✳

❚❡sts ♦❢ t❤❡ ❧✐♥❡❛r✐t② ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❙▼❇✱ ❍▼▲✱ ❛♥❞ t❤❡ ❡①❝❡ss
r❡t✉r♥ ♦♥ t❤❡ ♠❛r❦❡t ▼❦t❘❋✱ ✉♥✐❢♦r♠❧② r❡❥❡❝t t❤❡ ♥✉❧❧ ♦❢ ❛ ❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣✳
❚❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ✐♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❙▼❇ ❛♥❞ ❍▼▲✳

❋✉rt❤❡r ❛♥❛❧②s❡s ✐♥ ❛ t✐♠❡✲s❡r✐❡s ❝♦♥t❡①t ❛♥❞ t❡sts ♦❢ ●r❛♥❣❡r ❝❛✉s❛❧✐t② ❜❡✲
t✇❡❡♥ t❤❡ ❢❛❝t♦rs r❡❥❡❝t t❤❡ ❊♥❣❧❡ ❡t ❛❧✳ ✭✶✾✽✸✮ ❝♦♥❝❡♣t ♦❢ ✬str♦♥❣ ❡①♦❣❡♥❡✐t②✬✳



✷✾

❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❝❛✉t✐♦♥ s❤♦✉❧❞ ❜❡ ♦❜❡r✈❡❞ ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t✐♠❡
s❡r✐❡s ❛ss❡t ♣r✐❝✐♥❣ t❡sts t♦ ❛✈♦✐❞ ♣♦t❡♥t✐❛❧ ♣✐t❢❛❧❧s ♦✉t❧✐♥❡❞ ❜② ❆♥❛t♦❧②❡✈ ❛♥❞
▼✐❦✉s❤❡✈❛ ✭✷✵✷✷✮✱ ❆♥❞r❡✇s ❛♥❞ ▼✐❦✉s❤❡✈❛ ✭✷✵✶✻✮✱ ▼✐❦✉s❤❡✈❛ ❛♥❞ ❙✉♥ ✭✷✵✷✷✮✱
❛♥❞ ❖♥❛ts❦✐ ✭✷✵✶✺✮✳ ❆❧❧❡♥ ❛♥❞ ▼❝❆❧❡❡r ✭✷✵✶✽✮ ♣♦✐♥t ♦✉t t❤❛t t❤❡ ✐ss✉❡ ♦❢ ♣♦✲
t❡♥t✐❛❧ ❡♥❞♦❣❡♥❡✐t② ✉♥❞❡r♠✐♥❡s t❤❡ ❛♣♣r♦❛❝❤ s✉❣❣❡st✐♥❣ ❢♦r ❝❤♦♦s✐♥❣ ❢❛❝t♦rs ❜②
❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✶✽✮✳ P❡r❤❛♣s t❤❡② s✉♣♣♦rt t❤❡ ❛❧t❡r♥❛t✐✈❡ ✐♥t❡r♣❡t❛t✐♦♥ ♦❢
❢❛❝t♦r ♠♦❞❡❧s✱ s✉❣❣❡st❡❞ ❜② ❋❛♠❛ ❛♥❞ ❋r❡♥❝❤ ✭✷✵✷✵✮✱ ❛s s❡t ♦✉t ✐♥ ❡q✉❛t✐♦♥ ✭✼✮
✐♥ s❡❝t✐♦♥ ✶ ♦❢ t❤✐s ♣❛♣❡r❄



✸✵

❚❛❜❧❡ ✶✸✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❯❙ ❉❛✐❧② ❉❛t❛

❙▼❇ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✵✹✼✵✻✽✵ ✵✳✵✵✸✼✶✽✸✺ ✶✳✷✻✻ ✵✳✷✵✺✻
❙▼❇❴✶ −✵✳✵✺✵✶✽✼✶ ✵✳✵✵✻✷✽✽✷✽ −✼✳✾✽✶ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✵✹✹✽✹ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✾✶✸✷✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✽✼✾✾✳✶✺✹ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✾✵✺✾✷
R2 ✵✳✵✵✷✺✶✾ ❆❞❥✉st❡❞ R2 ✵✳✵✵✷✹✼✾
F (1, 25227) ✻✸✳✻✾✼✶✶ P✲✈❛❧✉❡✭F ✮ ✶✳✺✶❡✕✶✺
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✷✺✶✶✳✵✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✺✵✷✻✳✶✷
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✺✵✹✷✳✸✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✺✵✸✶✳✸✾
ρ̂ ✵✳✵✵✵✸✹✸ ❉✉r❜✐♥✬s h ✶✳✶✶✼✵✸✶

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✽✳✾✵✸✾✸❡✕✵✵✺ ✵✳✵✵✸✺✽✽✾✵ ✵✳✵✷✹✽✶ ✵✳✾✽✵✷
▼❦t❘❋❴✶ ✵✳✶✹✻✵✻✸ ✵✳✵✵✸✸✼✵✾✹ ✹✸✳✸✸ ✵✳✵✵✵✵
❙▼❇❴✶ −✵✳✵✵✼✾✹✸✺✺ ✵✳✵✵✻✶✹✹✺✸ −✶✳✷✾✸ ✵✳✶✾✻✶

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✵✹✹✽✹ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✾✶✸✷✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✽✶✽✾✳✻✷✼ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✻✾✼✽✶
R2 ✵✳✵✼✶✻✶✺ ❆❞❥✉st❡❞ R2 ✵✳✵✼✶✺✹✷
F (2, 25226) ✾✼✷✳✾✻✶✼ P✲✈❛❧✉❡✭F ✮ ✵✳✵✵✵✵✵✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✶✻✵✺✳✺✵ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✸✷✶✼✳✵✵
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✸✷✹✶✳✹✶ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✸✷✷✹✳✾✵
ρ̂ −✵✳✵✵✾✹✺✾ ❉✉r❜✐♥✬s h −✻✳✽✾✺✾✼✽



✸✶

❚❛❜❧❡ ✶✹✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❯❙ ❉❛✐❧② ❉❛t❛

❍▼▲ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✸✾✹✷✶ ✵✳✵✵✸✽✾✵✸✼ ✸✳✺✽✹ ✵✳✵✵✵✸
❍▼▲❴✶ ✵✳✵✽✸✹✷✷✽ ✵✳✵✵✻✷✼✹✶✼ ✶✸✳✸✵ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✷✵✽ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✶✾✽✾✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✾✻✷✻✳✾✷✸ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✶✼✼✹✼
R2 ✵✳✵✵✻✾✺✾ ❆❞❥✉st❡❞ R2 ✵✳✵✵✻✾✷✵
F (1, 25227) ✶✼✻✳✼✾✵✶ P✲✈❛❧✉❡✭F ✮ ✸✳✸✷❡✕✹✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✻✹✺✳✷✶ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✼✷✾✹✳✹✶
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✼✸✶✵✳✻✽ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✼✷✾✾✳✻✽
ρ̂ −✵✳✵✵✶✸✾✸ ❉✉r❜✐♥✬s h −✷✳✻✼✶✾✻✷

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✸✼✷✵✽ ✵✳✵✵✸✽✾✶✶✽ ✸✳✺✷✻ ✵✳✵✵✵✹
▼❦t❘❋❴✶ ✵✳✵✵✽✺✹✷✷✾ ✵✳✵✵✸✻✻✵✵✽ ✷✳✸✸✹ ✵✳✵✶✾✻
❍▼▲❴✶ ✵✳✵✽✵✾✷✽✼ ✵✳✵✵✻✸✻✸✾✼ ✶✷✳✼✷ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✷✵✽ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✶✾✽✾✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✾✻✷✹✳✽✹✹ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✶✼✻✾✸
R2 ✵✳✵✵✼✶✼✹ ❆❞❥✉st❡❞ R2 ✵✳✵✵✼✵✾✺
F (2, 25226) ✾✶✳✶✸✹✶✽ P✲✈❛❧✉❡✭F ✮ ✸✳✻✻❡✕✹✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✻✹✷✳✹✽ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✼✷✾✵✳✾✻
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✼✸✶✺✳✸✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✼✷✾✽✳✽✻
ρ̂ −✵✳✵✵✶✻✸✷ ❉✉r❜✐♥✬s h ◆❆



✸✷

❚❛❜❧❡ ✶✺✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❯❙ ❉❛✐❧② ❉❛t❛

❍▼▲ ❛♥❞ ❙▼❇

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✸✾✹✷✶ ✵✳✵✵✸✽✾✵✸✼ ✸✳✺✽✹ ✵✳✵✵✵✸
❍▼▲❴✶ ✵✳✵✽✸✹✷✷✽ ✵✳✵✵✻✷✼✹✶✼ ✶✸✳✸✵ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✷✵✽ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✶✾✽✾✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✾✻✷✻✳✾✷✸ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✶✼✼✹✼
R2 ✵✳✵✵✻✾✺✾ ❆❞❥✉st❡❞ R2 ✵✳✵✵✻✾✷✵
F (1, 25227) ✶✼✻✳✼✾✵✶ P✲✈❛❧✉❡✭F ✮ ✸✳✸✷❡✕✹✵
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✻✹✺✳✷✶ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✼✷✾✹✳✹✶
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✼✸✶✵✳✻✽ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✼✷✾✾✳✻✽
ρ̂ −✵✳✵✵✶✸✾✸ ❉✉r❜✐♥✬s h −✷✳✻✼✶✾✻✷

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✷✻✲✵✼✲✵✷✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✷✺✷✷✾✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✸✾✾✸✵ ✵✳✵✵✸✽✾✵✹✻ ✸✳✺✾✼ ✵✳✵✵✵✸
❙▼❇❴✶ −✵✳✵✵✾✸✵✼✸✹ ✵✳✵✵✻✺✾✸✾✸ −✶✳✹✶✷ ✵✳✶✺✽✶
❍▼▲❴✶ ✵✳✵✽✷✼✾✷✸ ✵✳✵✵✻✷✽✾✾✷ ✶✸✳✶✻ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✷✵✽ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✶✾✽✾✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✾✻✷✻✳✶✻✷ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✶✼✼✸✺
R2 ✵✳✵✵✼✵✸✽ ❆❞❥✉st❡❞ R2 ✵✳✵✵✻✾✺✾
F (2, 25226) ✽✾✳✸✾✹✻✼ P✲✈❛❧✉❡✭F ✮ ✷✳✵✻❡✕✸✾
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✷✸✻✹✹✳✷✶ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✹✼✷✾✹✳✹✷
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✹✼✸✶✽✳✽✸ ❍❛♥♥❛♥✕◗✉✐♥♥ ✹✼✸✵✷✳✸✷
ρ̂ −✵✳✵✵✶✸✾✺ ❉✉r❜✐♥✬s h −✺✳✶✸✸✽✸✵



✸✸

❚❛❜❧❡ ✶✻✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❏❛♣❛♥❡s❡ ❉❛✐❧② ❉❛t❛

❙▼❇ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st −✵✳✵✵✸✽✾✺✽✶ ✵✳✵✵✼✷✻✺✸✸ −✵✳✺✸✻✷ ✵✳✺✾✶✽
❙▼❇❴✶ ✵✳✵✺✷✼✶✻✾ ✵✳✵✶✵✾✺✾✻ ✹✳✽✶✵ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✹✶✶✵ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✻✷✾✸✷
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✸✻✸✽✳✽✺✵ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✻✷✵✺✵
R2 ✵✳✵✵✷✼✼✾ ❆❞❥✉st❡❞ R2 ✵✳✵✵✷✻✺✾
F (1, 8302) ✷✸✳✶✸✼✵✾ P✲✈❛❧✉❡✭F ✮ ✶✳✺✹❡✕✵✻
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✽✸✺✼✳✶✼✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✻✼✶✽✳✸✺
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✻✼✸✷✳✹✵ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✻✼✷✸✳✶✺
ρ̂ ✵✳✵✵✶✼✶✹ ❉✉r❜✐♥✬s h ✸✳✵✼✹✺✻✵

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st −✵✳✵✵✹✸✶✵✹✸ ✵✳✵✵✻✾✺✽✷✺ −✵✳✻✶✾✺ ✵✳✺✸✺✻
▼❦t❘❋❴✶ ✵✳✶✺✷✺✾✺ ✵✳✵✵✺✺✼✷✵✾ ✷✼✳✸✾ ✵✳✵✵✵✵
❙▼❇❴✶ ✵✳✶✼✸✹✷✷ ✵✳✵✶✶✸✽✹✷ ✶✺✳✷✸ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✹✶✶✵ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✻✻✷✾✸✷
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✸✸✸✼✳✸✸✸ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✻✸✹✵✻✻
R2 ✵✳✵✽✺✹✵✾ ❆❞❥✉st❡❞ R2 ✵✳✵✽✺✶✽✾
F (2, 8301) ✸✽✼✳✺✾✺✼ P✲✈❛❧✉❡✭F ✮ ✶✳✷❡✕✶✻✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✼✾✾✽✳✵✹✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✻✵✵✷✳✵✾
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✻✵✷✸✳✶✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✻✵✵✾✳✷✾
ρ̂ −✵✳✵✷✺✷✹✾ ❉✉r❜✐♥✬s h ◆❆



✸✹

❚❛❜❧❡ ✶✼✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❏❛♣❛♥❡s❡ ❉❛✐❧② ❉❛t❛

❍▼▲ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✶✽✼✶ ✵✳✵✵✻✷✻✶✵✷ ✶✳✼✽✼ ✵✳✵✼✹✵
❍▼▲❴✶ ✵✳✶✹✵✶✹✵ ✵✳✵✶✵✽✻✻✽ ✶✷✳✾✵ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✸✵✵✾ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✼✻✵✹✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✼✵✶✳✵✽✻ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✼✵✸✾✽
R2 ✵✳✵✶✾✻✸✾ ❆❞❥✉st❡❞ R2 ✵✳✵✶✾✺✷✶
F (1, 8302) ✶✻✻✳✸✶✶✵ P✲✈❛❧✉❡✭F ✮ ✶✳✵✾❡✕✸✼
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✼✶✶✾✳✽✷✸ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✹✷✹✸✳✻✺
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✹✷✺✼✳✻✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✹✷✹✽✳✹✺
ρ̂ ✵✳✵✵✶✽✽✻ ❉✉r❜✐♥✬s h ✶✳✷✸✸✺✻✾

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✹✵✷✻ ✵✳✵✵✻✷✺✸✾✺ ✶✳✽✷✸ ✵✳✵✻✽✸
▼❦t❘❋❴✶ −✵✳✵✷✵✾✽✺✻ ✵✳✵✵✹✻✻✸✹✵ −✹✳✺✵✵ ✵✳✵✵✵✵
❍▼▲❴✶ ✵✳✶✸✸✶✹✹ ✵✳✵✶✵✾✻✺✵ ✶✷✳✶✹ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✸✵✵✾ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✼✻✵✹✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✻✾✹✳✺✶✷ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✻✾✼✸✽
R2 ✵✳✵✷✷✵✷✺ ❆❞❥✉st❡❞ R2 ✵✳✵✷✶✼✽✾
F (2, 8301) ✾✸✳✹✼✸✻✷ P✲✈❛❧✉❡✭F ✮ ✼✳✶✼❡✕✹✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✼✶✵✾✳✼✵✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✹✷✷✺✳✹✶
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✹✷✹✻✳✹✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✹✷✸✷✳✻✶
ρ̂ ✵✳✵✵✷✼✵✶ ❉✉r❜✐♥✬s h ✻✳✶✹✷✺✹✽



✸✺

❚❛❜❧❡ ✶✽✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❏❛♣❛♥❡s❡ ❉❛✐❧② ❉❛t❛

❍▼▲ ❛♥❞ ❙▼❇

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✶✽✼✶ ✵✳✵✵✻✷✻✶✵✷ ✶✳✼✽✼ ✵✳✵✼✹✵
❍▼▲❴✶ ✵✳✶✹✵✶✹✵ ✵✳✵✶✵✽✻✻✽ ✶✷✳✾✵ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✸✵✵✾ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✼✻✵✹✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✼✵✶✳✵✽✻ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✼✵✸✾✽
R2 ✵✳✵✶✾✻✸✾ ❆❞❥✉st❡❞ R2 ✵✳✵✶✾✺✷✶
F (1, 8302) ✶✻✻✳✸✶✶✵ P✲✈❛❧✉❡✭F ✮ ✶✳✵✾❡✕✸✼
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✼✶✶✾✳✽✷✸ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✹✷✹✸✳✻✺
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✹✷✺✼✳✻✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✹✷✹✽✳✹✺
ρ̂ ✵✳✵✵✶✽✽✻ ❉✉r❜✐♥✬s h ✶✳✷✸✸✺✻✾

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✹✵✷✻ ✵✳✵✵✻✷✺✸✾✺ ✶✳✽✷✸ ✵✳✵✻✽✸
▼❦t❘❋❴✶ −✵✳✵✷✵✾✽✺✻ ✵✳✵✵✹✻✻✸✹✵ −✹✳✺✵✵ ✵✳✵✵✵✵
❍▼▲❴✶ ✵✳✶✸✸✶✹✹ ✵✳✵✶✵✾✻✺✵ ✶✷✳✶✹ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✸✵✵✾ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✼✻✵✹✽
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✻✾✹✳✺✶✷ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✻✾✼✸✽
R2 ✵✳✵✷✷✵✷✺ ❆❞❥✉st❡❞ R2 ✵✳✵✷✶✼✽✾
F (2, 8301) ✾✸✳✹✼✸✻✷ P✲✈❛❧✉❡✭F ✮ ✼✳✶✼❡✕✹✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✼✶✵✾✳✼✵✻ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✹✷✷✺✳✹✶
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✹✷✹✻✳✹✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✹✷✸✷✳✻✶
ρ̂ ✵✳✵✵✷✼✵✶ ❉✉r❜✐♥✬s h ✻✳✶✹✷✺✹✽



✸✻

❚❛❜❧❡ ✶✾✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❉❛✐❧② ❉❛t❛

❙▼❇ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st −✵✳✵✵✶✶✼✹✶✹ ✵✳✵✵✺✼✺✶✽✾ −✵✳✷✵✹✶ ✵✳✽✸✽✸
❙▼❇❴✶ −✵✳✵✷✻✶✺✺✽ ✵✳✵✶✵✾✼✶✹ −✷✳✸✽✹ ✵✳✵✶✼✶

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✶✶✹✹ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✷✹✷✾✺
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✷✽✵✳✽✵✽ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✷✹✶✹✼
R2 ✵✳✵✵✵✻✽✹ ❆❞❥✉st❡❞ R2 ✵✳✵✵✵✺✻✹
F (1, 8302) ✺✳✻✽✸✹✸✽ P✲✈❛❧✉❡✭F ✮ ✵✳✵✶✼✶✹✽
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✻✹✶✼✳✻✷✵ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✷✽✸✾✳✷✹
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✷✽✺✸✳✷✾ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✷✽✹✹✳✵✹
ρ̂ −✵✳✵✵✷✶✾✹ ❉✉r❜✐♥✬s h −✾✳✺✽✷✽✶✼

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❙▼❇

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st −✵✳✵✵✸✵✷✸✶✾ ✵✳✵✵✺✻✹✾✾✸ −✵✳✺✸✺✶ ✵✳✺✾✷✻
▼❦t❘❋❴✶ ✵✳✶✷✾✷✷✻ ✵✳✵✵✼✸✽✸✵✷ ✶✼✳✺✵ ✵✳✵✵✵✵
❙▼❇❴✶ ✵✳✶✷✵✻✺✻ ✵✳✵✶✸✻✺✹✾ ✽✳✽✸✻ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r −✵✳✵✵✶✶✹✹ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✺✷✹✷✾✺
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✷✶✾✾✳✻✷✽ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✺✶✹✼✻✺
R2 ✵✳✵✸✻✷✺✸ ❆❞❥✉st❡❞ R2 ✵✳✵✸✻✵✷✵
F (2, 8301) ✶✺✻✳✶✷✻✵ P✲✈❛❧✉❡✭F ✮ ✷✳✼✺❡✕✻✼
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✻✷✻✼✳✶✹✺ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✶✷✺✹✵✳✷✾
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✶✷✺✻✶✳✸✻ ❍❛♥♥❛♥✕◗✉✐♥♥ ✶✷✺✹✼✳✹✾
ρ̂ −✵✳✵✶✷✾✻✶ ❉✉r❜✐♥✬s h ◆❆



✸✼

❚❛❜❧❡ ✷✵✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❉❛✐❧② ❉❛t❛

❍▼▲ ❛♥❞ ▼❦t❘❋

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✹✷✻✹ ✵✳✵✵✸✾✵✶✹✶ ✷✳✾✷✾ ✵✳✵✵✸✹
❍▼▲❴✶ ✵✳✷✹✷✸✻✷ ✵✳✵✶✵✻✹✼✸ ✷✷✳✼✻ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✵✼✺ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✸✻✻✶✶✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✵✹✼✳✺✻✵ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✺✺✷✷✶
R2 ✵✳✵✺✽✼✹✺ ❆❞❥✉st❡❞ R2 ✵✳✵✺✽✻✸✷
F (1, 8302) ✺✶✽✳✶✹✸✵ P✲✈❛❧✉❡✭F ✮ ✷✳✻❡✕✶✶✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✶✽✼✳✵✽✾ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✻✸✼✽✳✶✼✼
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✻✸✾✷✳✷✷✻ ❍❛♥♥❛♥✕◗✉✐♥♥ ✻✸✽✷✳✾✼✼
ρ̂ ✵✳✵✵✻✸✼✻ ❉✉r❜✐♥✬s h ✷✳✹✵✵✵✸✶

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✺✼✵✾ ✵✳✵✵✸✾✵✶✷✾ ✷✳✾✻✻ ✵✳✵✵✸✵
▼❦t❘❋❴✶ −✵✳✵✵✽✷✹✾✻✽ ✵✳✵✵✹✵✷✹✵✺ −✷✳✵✺✵ ✵✳✵✹✵✹
❍▼▲❴✶ ✵✳✷✹✶✸✷✶ ✵✳✵✶✵✻✺✼✹ ✷✷✳✻✹ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✵✼✺ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✸✻✻✶✶✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✵✹✼✳✵✸✵ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✺✺✶✺✷
R2 ✵✳✵✺✾✷✷✷ ❆❞❥✉st❡❞ R2 ✵✳✵✺✽✾✾✺
F (2, 8301) ✷✻✶✳✷✼✷✾ P✲✈❛❧✉❡✭F ✮ ✾✳✶❡✕✶✶✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✶✽✹✳✾✽✼ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✻✸✼✺✳✾✼✹
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✻✸✾✼✳✵✹✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✻✸✽✸✳✶✼✸
ρ̂ ✵✳✵✵✻✽✷✺ ❉✉r❜✐♥✬s h ✷✳✻✵✽✽✸✸



✸✽

❚❛❜❧❡ ✷✶✿ ●r❛♥❣❡r ❈❛✉s❛❧✐t② t❡sts ❉❡✈❡❧♦♣❡❞ ▼❛r❦❡ts ❉❛✐❧②

❍▼▲ ❛♥❞ ❙▼❇

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✹✷✻✹ ✵✳✵✵✸✾✵✶✹✶ ✷✳✾✷✾ ✵✳✵✵✸✹
❍▼▲❴✶ ✵✳✷✹✷✸✻✷ ✵✳✵✶✵✻✹✼✸ ✷✷✳✼✻ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✵✼✺ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✸✻✻✶✶✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✵✹✼✳✺✻✵ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✺✺✷✷✶
R2 ✵✳✵✺✽✼✹✺ ❆❞❥✉st❡❞ R2 ✵✳✵✺✽✻✸✷
F (1, 8302) ✺✶✽✳✶✹✸✵ P✲✈❛❧✉❡✭F ✮ ✷✳✻❡✕✶✶✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✶✽✼✳✵✽✾ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✻✸✼✽✳✶✼✼
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✻✸✾✷✳✷✷✻ ❍❛♥♥❛♥✕◗✉✐♥♥ ✻✸✽✷✳✾✼✼
ρ̂ ✵✳✵✵✻✸✼✻ ❉✉r❜✐♥✬s h ✷✳✹✵✵✵✸✶

❖▲❙✱ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✶✾✾✵✲✵✼✲✵✸✕✷✵✷✷✲✵✹✲✷✾ ✭T ❂ ✽✸✵✹✮
❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ❍▼▲

❈♦❡✣❝✐❡♥t ❙t❞✳ ❊rr♦r t✲r❛t✐♦ ♣✲✈❛❧✉❡

❝♦♥st ✵✳✵✶✶✹✶✵✼ ✵✳✵✵✸✽✾✾✻✺ ✷✳✾✷✻ ✵✳✵✵✸✹
❙▼❇❴✶ ✵✳✵✷✶✼✻✾✼ ✵✳✵✵✼✹✻✵✷✼ ✷✳✾✶✽ ✵✳✵✵✸✺
❍▼▲❴✶ ✵✳✷✹✺✵✼✵ ✵✳✵✶✵✻✽✷✾ ✷✷✳✾✹ ✵✳✵✵✵✵

▼❡❛♥ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✵✶✺✵✼✺ ❙✳❉✳ ❞❡♣❡♥❞❡♥t ✈❛r ✵✳✸✻✻✶✶✻
❙✉♠ sq✉❛r❡❞ r❡s✐❞ ✶✵✹✻✳✹✽✻ ❙✳❊✳ ♦❢ r❡❣r❡ss✐♦♥ ✵✳✸✺✺✵✻✵
R2 ✵✳✵✺✾✼✶✵ ❆❞❥✉st❡❞ R2 ✵✳✵✺✾✹✽✸
F (2, 8301) ✷✻✸✳✺✻✸✼ P✲✈❛❧✉❡✭F ✮ ✶✳✶❡✕✶✶✶
▲♦❣✲❧✐❦❡❧✐❤♦♦❞ −✸✶✽✷✳✽✸✷ ❆❦❛✐❦❡ ❝r✐t❡r✐♦♥ ✻✸✼✶✳✻✻✸
❙❝❤✇❛r③ ❝r✐t❡r✐♦♥ ✻✸✾✷✳✼✸✼ ❍❛♥♥❛♥✕◗✉✐♥♥ ✻✸✼✽✳✽✻✸
ρ̂ ✵✳✵✵✺✽✼✷ ❉✉r❜✐♥✬s h ✷✳✸✸✾✷✽✷
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❘❡❢❡r❡♥❝❡s

❬✶❪ ❆♥❛t♦❧②❡✈✱ ❙✳✱ ❛♥❞ ❆✳ ▼✐❦✉s❤❡✈❛✱ ✭✷✵✷✷✮ ❋❛❝t♦r ♠♦❞❡❧s ✇✐t❤ ♠❛♥② ❛s✲
s❡ts✿ str♦♥❣ ❢❛❝t♦rs✱ ✇❡❛❦ ❢❛❝t♦rs✱ ❛♥❞ t❤❡ t✇♦✲♣❛ss ♣r♦❝❡❞✉r❡✱ ❏♦✉r♥❛❧ ♦❢
❊❝♦♥♦♠❡tr✐❝s✱ ✷✷✾✭✶✮✱ ✶✵✸✲✶✷✻✳

❬✷❪ ❆♥❞r❡✇s✱ ■✳✱ ❛♥❞ ❆✳ ▼✐❦✉s❤❡✈❛✱ ✭✷✵✶✻✮ ❆ ❣❡♦♠❡tr✐❝ ❛♣♣r♦❛❝❤ t♦ ♥♦♥✲❧✐♥❡❛r
❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧s✱ ❊❝♦♥♦♠❡tr✐❝❛✱ ✽✹✭✸✮✿ ✶✷✹✾✲✶✷✻✹✳

❬✸❪ ❆❧❧❡♥✱ ❉✳ ❊✳ ❛♥❞ ▼✳ ▼❝❆❧❡❡r ✭✷✵✶✽✮ ✬❈❤♦♦s✐♥❣ ❋❛❝t♦rs✬ ❜② ❋❛♠❛ ❛♥❞
❋r❡♥❝❤ ✭✷✵✶✽✮✿ ❆ ❈♦♠♠❡♥t✱
❆✈❛✐❧❛❜❧❡ ❛t ❙❙❘◆✿ ❤tt♣s✿✴✴ssr♥✳❝♦♠✴❛❜str❛❝t❂✸✷✼✷✻✵✽ ♦r
❤tt♣✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✷✶✸✾✴ssr♥✳✸✷✼✷✻✵✽✳

❬✹❪ ❇❛r✐❧❧❛s✱ ❋✳✱ ❛♥❞ ❏✳ ❙❤❛♥❦❡♥✱ ✭✷✵✶✽✮ ❈♦♠♣❛r✐♥❣ ❛ss❡t ♣r✐❝✐♥❣ ♠♦❞❡❧s✱ ❏♦✉r✲
♥❛❧ ♦❢ ❋✐♥❛♥❝❡✱ ✼✸✭✷✮✱ ✼✶✺✲✼✺✹✳

❬✺❪ ❈♦❝❤r❛♥❡✱ ❏✳❍✳ ✭✷✵✶✶✮ Pr❡s✐❞❡♥t✐❛❧ ❆❞❞r❡ss✿ ❉✐s❝♦✉♥t r❛t❡s✱ ❏♦✉r♥❛❧ ♦❢

❋✐♥❛♥❝❡✱ ✻✻✭✹✮✱ ✶✵✹✼✲✶✶✵✽✳

❬✻❪ ❉✉r❜✐♥✱ ❏✳ ✭✶✾✺✹✮ ❊rr♦rs ✐♥ ✈❛r✐❛❜❧❡s✱ ❘❡✈✐❡✇ ♦❢ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❙t❛t✐st✐❝❛❧

■♥st✐t✉t❡✱ ✷✷✭✶✴✸✮✱ ✷✸✕✸✷✳

❬✼❪ ❊♥❣❧❡✱ ❘✳❋✳✱ ❉✳❋✳ ❍❡♥❞r②✱ ❛♥❞ ❏✲❋✳ ❘✐❝❤❛r❞✱ ✭✶✾✽✸✮ ❊①♦❣❡♥❡✐t②✱ ❊❝♦♥♦♠❡t✲

r✐❝❛✱ ✺✶✭✷✮✿ ✷✼✼✲✸✵✹✳

❬✽❪ ❋❛♠❛✱ ❊✳❋✳✱ ❛♥❞ ❑✳❘✳ ❋r❡♥❝❤ ✭✶✾✾✸✮ ❈♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ✐♥ t❤❡ r❡t✉r♥s
♦♥ st♦❝❦s ❛♥❞ ❜♦♥❞s✱ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ❊❝♦♥♦♠✐❝s✱ ✸✸✱ ✸✲✺✻✳

❬✾❪ ❋❛♠❛✱ ❊✳❋✳✱ ❛♥❞ ❑✳❘✳ ❋r❡♥❝❤ ✭✷✵✶✽✮ ❈❤♦♦s✐♥❣ ❢❛❝t♦rs✱ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧
❊❝♦♥♦♠✐❝s✱ ✶✷✽✭✷✮✱ ✷✸✹✲✷✺✷✳

❬✶✵❪ ❋❛♠❛✱ ❊✳ ❋✳ ✭✶✾✼✻✮ ❋♦✉♥❞❛t✐♦♥s ♦❢ ✜♥❛♥❝❡✱ ❇❛s✐❝ ❇♦♦❦s✿ ◆❡✇ ❨♦r❦✳

❬✶✶❪ ❋❛♠❛✱ ❊✳❋✳✱ ❛♥❞ ❑✳❘ ❋r❡♥❝❤ ✭✷✵✷✵✮ ❈♦♠♣❛r✐♥❣ ❈r♦ss✲❙❡❝t✐♦♥ ❛♥❞ ❚✐♠❡✲
❙❡r✐❡s ❋❛❝t♦r ▼♦❞❡❧s✱ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❋✐♥❛♥❝✐❛❧ ❙t✉❞✐❡s✱ ✸✸✿ ✶✽✾✶✕✶✾✷✻✳

❬✶✷❪ ❋❛♠❛✱ ❊✳❋✳✱ ❛♥❞ ❑✳❘ ❋r❡♥❝❤ ✭✶✾✾✸✮ ❈♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ✐♥ t❤❡ r❡t✉r♥s ♦♥
st♦❝❦s ❛♥❞ ❜♦♥❞s✱ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ❊❝♦♥♦♠✐❝s✱ ✸✸✿✸✕✺✻✳

❬✶✸❪ ❋❛♠❛✱ ❊✳❋✳✱ ❛♥❞ ❑✳❘ ❋r❡♥❝❤ ✭✷✵✶✺✮ ❆ ✜✈❡✲❢❛❝t♦r ❛ss❡t ♣r✐❝✐♥❣ ♠♦❞❡❧✱ ❏♦✉r✲
♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ❊❝♦♥♦♠✐❝s✱ ✶✶✻✿✶✕✷✷✳

❬✶✹❪ ❋❛♠❛✱ ❊✳ ❋✳✱ ❛♥❞ ❏✳ ❉✳ ▼❛❝❇❡t❤ ✭✶✾✼✸✮ ❘✐s❦ r❡t✉r♥✱ ❛♥❞ ❡q✉✐❧✐❜r✐✉♠✿
❡♠♣✐r✐❝❛❧ t❡sts✱ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✽✶✿✻✵✼✕✸✻✳

❬✶✺❪ ●✐❜❜♦♥s✱ ▼✳❘✳✱ ❙✳❆✳ ❘♦ss✱ ❛♥❞ ❏✳ ❙❤❛♥❦❡♥ ✭✶✾✽✾✮ ❆ t❡st ♦❢ t❤❡ ❡✣❝✐❡♥❝②
♦❢ ❛ ❣✐✈❡♥ ♣♦rt❢♦❧✐♦✱ ❊❝♦♥♦♠❡tr✐❝❛✱ ✺✼✭✺✮✱ ✶✶✷✶✲✶✶✺✷✳

❬✶✻❪ ●r❛♥❣❡r✱ ❈✳❲✳ ❏✳ ✭✶✾✻✾✮ ■♥✈❡st✐❣❛t✐♥❣ ❝❛✉s❛❧ r❡❧❛t✐♦♥s ❜② ❡❝♦♥♦♠❡tr✐❝ ♠♦❞✲
❡❧s ❛♥❞ ❈r♦ss✲❙♣❡❝tr❛❧ ♠❡t❤♦❞s✱ ❊❝♦♥♦♠❡tr✐❝❛✱ ✸✼✿ ✹✷✹✲✹✸✽✳
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❬✶✼❪ ❍❛r✈❡②✱ ❈✳❘✳✱ ❨✳ ▲✐✉✱ ❛♥❞ ❍✳ ❩❤✉✱ ✭✷✵✶✺✮ ✳ ✳ ✳ ❛♥❞ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ ❡①✲
♣❡❝t❡❞ r❡t✉r♥s✱ ❘❡✈✐❡✇ ♦❢ ❋✐♥❛♥❝✐❛❧ ❙t✉❞✐❡s✱ ✷✾✱ ✺✲✻✽✳

❬✶✽❪ ❍❛✉s♠❛♥✱ ❏✳❆✳ ✭✶✾✼✽✮ ❙♣❡❝✐✜❝❛t✐♦♥ t❡sts ✐♥ ❡❝♦♥♦♠❡tr✐❝s✱ ❊❝♦♥♦♠❡tr✐❝❛✱
✹✻✭✻✮✱ ✶✷✺✶✕✶✷✼✶✳

❬✶✾❪ ❑❛♥✱ ❘✳✱ ❛♥❞ ❈✳ ❩❤❛♥❣✱ ✭✶✾✾✾✮ ❚✇♦✲P❛ss ❚❡sts ♦❢ ❆ss❡t Pr✐❝✐♥❣ ▼♦❞❡❧s
✇✐t❤ ❯s❡❧❡ss ❋❛❝t♦rs✱ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝❡✱ ✺✹✭✶✮✿ ✷✵✸✲✷✸✺✳

❬✷✵❪ ❑❧❡✐❜❡r❣❡♥✱ ❋✳ ✭✷✵✵✾✮ ❚❡sts ♦❢ ❘✐s❦ Pr❡♠✐❛ ✐♥ ▲✐♥❡❛r ❋❛❝t♦r ▼♦❞❡❧s✱ ❏♦✉r♥❛❧
♦❢ ❊❝♦♥♦♠❡tr✐❝s✱ ✶✹✾✭✷✮✱ ✶✹✾✲✶✼✸✳

❬✷✶❪ ❑❧❡✐❜❡r❣❡♥✱ ❋✳ ❛♥❞ ❩✳ ❩❤❛♥✱ ✭✷✵✶✺✮ ❯♥❡①♣❧❛✐♥❡❞ ❋❛❝t♦rs ❛♥❞ ❚❤❡✐r ❊✛❡❝ts
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