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

❊❞❣❛r❞♦ P❛❧♦♠❜✐♥✐

❖❝t♦❜❡r ✷✵✵✾

❆❜str❛❝t

❋❛❝t♦r ♠♦❞❡❧s ❢♦r ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ❛ss✉♠❡ t❤❛t ❞❡❢❛✉❧ts ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ❝♦♥❞✐✲

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

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

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

❛❜❧❡ ✭t✐♠❡✲❧❛❣❣❡❞✮ r✐s❦ ❢❛❝t♦rs✳ ❚❤✐s r❡s✉❧t ✐s ❝♦♥✜r♠❡❞ ❜♦t❤ ✇❤❡♥ ✇❡ ❝♦♥s✐❞❡r s❡♠✐✲

❛♥♥✉❛❧ ❞❡❢❛✉❧t r❛t❡s ❛♥❞ ✐❢ ✇❡ ❢♦❝✉s ♦♥ s♠❛❧❧ ✜r♠s✳ ▼❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ❢♦r

t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❞❡❢❛✉❧t r❛t❡s t♦ s②st❡♠❛t✐❝ r✐s❦ ❢❛❝t♦rs ❛r❡ ♦❜t❛✐♥❡❞✱ s❤♦✇✐♥❣ ❤♦✇ t❤❡②

♠❛② s✉❜st❛♥t✐❛❧❧② ✈❛r② ❛❝r♦ss ✐♥❞✉str② s❡❝t♦rs✳ ❋✐♥❛❧❧②✱ ✐♥❞✐✈✐❞✉❛❧ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s

❛r❡ ❞❡r✐✈❡❞ t❤r♦✉❣❤ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✳

❑❡②✇♦r❞s✿ ❆ss❡t ❝♦rr❡❧❛t✐♦♥✱ ❢❛❝t♦r ♠♦❞❡❧s✱ ❧♦ss ❞✐str✐❜✉t✐♦♥✱ ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦✱ r✐s❦

❝♦♥tr✐❜✉t✐♦♥s✳

❏❊▲ ❈❧❛ss✐✜❝❛t✐♦♥✿ ●✷✶✱ ❈✶✸✱ ❈✶✺

❆❞❞r❡ss✿ ❋♦♥❞♦ ■♥t❡r❜❛♥❝❛r✐♦ ❞✐ ❚✉t❡❧❛ ❞❡✐ ❉❡♣♦s✐t✐✱ ❱✐❛ ❞❡❧ P❧❡❜✐s❝✐t♦ ✶✵✷✱ ✵✵✶✽✻ ❘♦♠❡✱

■t❛❧②✱ ❡♠❛✐❧✿❡♣❛❧♦♠❜✐♥✐❅✜t❞✳✐t✶

✶❚❤❡ ❛✉t❤♦r ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❉❛♥✐❡❧ ❘ös❝❤ ❛♥❞ t✇♦ ❛♥♦♥②♠♦✉s r❡❢❡r❡❡s ❢♦r t❤❡✐r ❝♦♠♠❡♥ts t♦ t❤❡
✜rst ✈❡rs✐♦♥ ♦❢ t❤✐s ♣❛♣❡r✳ ❚❤❡ ✈✐❡✇s ❡①♣r❡ss❡❞ ❤❡r❡✐♥ ❛r❡ t❤♦s❡ ♦❢ t❤❡ ❛✉t❤♦r ❛♥❞ ❞♦ ♥♦t ♥❡❝❡ss❛r✐❧② r❡✢❡❝t
t❤♦s❡ ♦❢ t❤❡ ❋♦♥❞♦ ■♥t❡r❜❛♥❝❛r✐♦ ❞✐ ❚✉t❡❧❛ ❞❡✐ ❉❡♣♦s✐t✐✳



✶ ■♥tr♦❞✉❝t✐♦♥

❊st✐♠❛t✐♥❣ t❤❡ ❝r❡❞✐t r✐s❦ ♦❢ ❛ ♣♦rt❢♦❧✐♦ ♦❢ ✜♥❛♥❝✐❛❧ ✐♥str✉♠❡♥ts r❡q✉✐r❡s t✇♦ t②♣❡s ♦❢ ✐♥♣✉ts✿

✶✮ ❡①♣♦s✉r❡✲s♣❡❝✐✜❝ ✈❛r✐❛❜❧❡s ❧✐❦❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❞❡❢❛✉❧t✱ ❧♦ss ❣✐✈❡♥ ❞❡❢❛✉❧t ❛♥❞ ❡①♣♦s✉r❡ ❛t

❞❡❢❛✉❧t❀ ✷✮ t❤❡ ♠✉❧t✐✈❛r✐❛t❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❢✉t✉r❡ ❝r❡❞✐t ❡✈❡♥ts ♦r✱ ✐♥ ♦t❤❡r ✇♦r❞s✱ s♦♠❡

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

t❤❛t ♠❛② tr✐❣❣❡r ❞❡❢❛✉❧ts✳ ❚❤❡ s❡❝♦♥❞ t②♣❡ ♦❢ ✐♥♣✉ts ✐♥❝❧✉❞❡s t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❝♦rr❡❧❛t✐♦♥s

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

❝r❡❞✐t r✐s❦ ♠♦❞❡❧ ✐♥tr♦❞✉❝❡❞ ❜② ▼❡rt♦♥ ✭✶✾✼✹✮✳

❈♦rr❡❧❛t✐♦♥s ❛r❡ ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ❜❡❝❛✉s❡ t❤❡② ❧✐♠✐t t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❢✉❧❧② ❞✐✈❡rs✐❢②

❝r❡❞✐t r✐s❦ ❛t ❛ ♣♦rt❢♦❧✐♦ ❧❡✈❡❧✳ ❋♦r ❧❛r❣❡ ❛♥❞ ❞✐✈❡rs✐✜❡❞ ♣♦rt❢♦❧✐♦s t❤❡② r❡♣r❡s❡♥t t❤❡ ♠❛✐♥

s♦✉r❝❡ ♦❢ ✉♥❝❡rt❛✐♥t② ❛❜♦✉t ❢✉t✉r❡ ❧♦ss❡s✱ ❜✉t t❤❡✐r ❡st✐♠❛t✐♦♥ ✐s q✉✐t❡ ❝❤❛❧❧❡♥❣✐♥❣✱ ❞✉❡ t♦

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

t♦ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠✳ ❋✐rst✱ ❛ ❢❛❝t♦r str✉❝t✉r❡ ❝❛♥ ❜❡ ❛ss✉♠❡❞ ❢♦r ❛ss❡t r❡t✉r♥s✱ ❛♥❞ ❛ss❡t

❝♦rr❡❧❛t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ♦❢ t❤❡ ❝❤♦s❡♥ ❢❛❝t♦rs ✭❑❡❛❧❤♦❢❡r ❛♥❞

❇♦❤♥✱ ✷✵✵✶✮✳ ❙❡❝♦♥❞✱ t❤❡ r❛♣✐❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❝r❡❞✐t ❞❡r✐✈❛t✐✈❡s ♠❛r❦❡t ❛❧❧♦✇s t♦ ❞❡r✐✈❡

t❤❡ ❝♦rr❡❧❛t✐♦♥s ✐♠♣❧✐❝✐t ✐♥ t❤❡ ♣r✐❝❡s ♦❢ s✉❝❤ ✐♥str✉♠❡♥ts ✭❚❛r❛s❤❡✈ ❛♥❞ ❩❤✉✱ ✷✵✵✻✮✳ ❚❤✐r❞✱

❛ss❡t ❝♦rr❡❧❛t✐♦♥s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❤✐st♦r✐❝❛❧ ❞❛t❛ ♦♥ ❞❡❢❛✉❧ts ❛♥❞ ❝r❡❞✐t tr❛♥s✐t✐♦♥s✳

❲❤❡♥ ❞❡❢❛✉❧t ❞❛t❛ ❛r❡ ✉s❡❞✱ ❛ss❡t ❝♦rr❡❧❛t✐♦♥s ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠ ❞❡❢❛✉❧t ❝♦rr❡❧❛t✐♦♥s

✉s✐♥❣ ♥♦♥ ♣❛r❛♠❡tr✐❝ ❛♣♣r♦❛❝❤❡s ❛s ✐♥ ▲✉❝❛s ✭✶✾✾✺✮ ♦r ✐♥ ●♦r❞② ✭✷✵✵✵✮✳ ❆❧t❡r♥❛t✐✈❡❧②✱ ❛ss❡t

❝♦rr❡❧❛t✐♦♥s ❛r❡ ♦❜t❛✐♥❡❞ ❞✐r❡❝t❧② ❢r♦♠ ❞❡❢❛✉❧t ❞❛t❛✱ t❤r♦✉❣❤ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥❀

t❤✐s ❛♣♣r♦❛❝❤ ✐s ✐♥tr♦❞✉❝❡❞ ❜② ●♦r❞② ❛♥❞ ❍❡✐t✜❡❧❞ ✭✷✵✵✷✮ ❛♥❞ t❤❡♥ ✉s❡❞ ✐♥ ✈❛r✐♦✉s ♣❛♣❡rs✱

❛♠♦♥❣ ✇❤✐❝❤ ❉ü❧❧♠❛♥♥ ❛♥❞ ❙❝❤❡✉❧❡ ✭✷✵✵✸✮ ❛♥❞ ❘ös❝❤ ❛♥❞ ❙❝❤❡✉❧❡ ✭✷✵✵✹✮✳ ❆♥ ✐♠♣♦rt❛♥t

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

❛ss✉♠♣t✐♦♥s ❝❛♥ ❜❡ ❡❛s✐❧② ✐♥❝♦r♣♦r❛t❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳ ❋✉rt❤❡r♠♦r❡✱ ❞❡t❡r♠✐♥✐st✐❝ ❡①♣❧❛♥❛t♦r②

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

❢❛❝t♦rs✳

▼❛♥② ❡♠♣✐r✐❝❛❧ ✇♦r❦s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❇❛s❡❧ ■■ r❡❣✉❧❛t♦r② ❢r❛♠❡✇♦r❦✱ ❛r❡

❜❛s❡❞ ♦♥ t❤❡ ♠♦❞❡❧ ♣r♦♣♦s❡❞ ❜② ❱❛s✐❝❡❦ ✭✶✾✾✼✮✳ ❆ss❡t r❡t✉r♥s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❥♦✐♥t❧②

●❛✉ss✐❛♥ ❞✐str✐❜✉t❡❞ ❛♥❞ ❞❡❢❛✉❧ts ♦❝❝✉r ✇❤❡♥ t❤❡② ❢❛❧❧ ❜❡❧♦✇ ❛ ❝♦♥st❛♥t t❤r❡s❤♦❧❞✳ ❆ ❝r✉❝✐❛❧

❛ss✉♠♣t✐♦♥ ♦❢ ♦♥❡✲❢❛❝t♦r ♠♦❞❡❧s ✐s t❤❛t ❞❡❢❛✉❧ts ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ❝♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ ✭s✐♥❣❧❡✮

❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦r✳ ❆s s✉❣❣❡st❡❞ ❜② ❙❝❤ö♥❜✉❝❤❡r ✭✷✵✵✵✮ t❤✐s ❛ss✉♠♣t✐♦♥ s❤♦✉❧❞ ❜❡ ❝❛r❡❢✉❧❧②

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

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

✶



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

❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✐s ♥❡❝❡ss❛r②✳ ❚❤✐s ❡✈✐❞❡♥❝❡ ✐s ❝♦♥✜r♠❡❞ ❛❧s♦ ✇❤❡♥ ✇❡ ✉s❡ s❡♠✐✲❛♥♥✉❛❧

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

♦❢ ❞❡❢❛✉❧ts✳ ❙✐♠✐❧❛r r❡s✉❧ts ❛r❡ ❛❧s♦ ❢♦✉♥❞ ❡st✐♠❛t✐♥❣ ❛ s♣❡❝✐✜❝ ♠♦❞❡❧ ❢♦r s♠❛❧❧ ❡♥t❡r♣r✐s❡s✱

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

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

✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②s✐s✳ ❙❡❝t✐♦♥ ✸ ♣r❡s❡♥ts ♦✉r ❡♠♣✐r✐❝❛❧ r❡s✉❧ts✱ ❤♦✇ t❤❡② ✈❛r② ❛❝❝♦r❞✐♥❣

t♦ t❤❡ ✐♥❞✉str② ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ♦❜❧✐❣♦r✱ ❛♥❞ ❛❧s♦ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤♦r✐③♦♥

❝♦♥s✐❞❡r❡❞✳ ■♥ ❙❡❝t✐♦♥ ✹ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥tr✐❜✉t✐♦♥s t♦ ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ❛r❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤

▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✳

✷ ❆ ❝r❡❞✐t r✐s❦ ♠♦❞❡❧ ✇✐t❤ ❢❛❝t♦r str✉❝t✉r❡

❈♦♥s✐❞❡r ❛ ♣♦rt❢♦❧✐♦ ♦❢ ❡①♣♦s✉r❡s ✇❤❡r❡ t❤❡ ♥♦r♠❛❧✐③❡❞ r❡t✉r♥ ♦♥ t❤❡ ❛ss❡ts ♦❢ ♦❜❧✐❣♦r i ❛t

t✐♠❡ t✱ ✇✐t❤ i ∈ {, ..., nt} ❛♥❞ t ∈ {, ..., T}✱ ✐s ❞r✐✈❡♥ ❜② ❜♦t❤ ♦❜s❡r✈❛❜❧❡ ✭t✐♠❡✲❧❛❣❣❡❞✮ ❛♥❞

✉♥♦❜s❡r✈❛❜❧❡ r✐s❦ ❢❛❝t♦rs✿

Ri,t = α
′
Zt−1 + Ui,t ✭✶✮

✇❤❡r❡ t❤❡ ✈❡❝t♦r Zt−1 r❡♣r❡s❡♥ts ❛ s❡t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛✈❛✐❧❛❜❧❡ ❛t t✐♠❡ t−1 t♦ ❡st✐♠❛t❡ t❤❡

❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t② ♦❢ ♦❜❧✐❣♦r i✳ ■t ♠❛② ✐♥❝❧✉❞❡ ♦❜❧✐❣♦r✲s♣❡❝✐✜❝ ✈❛r✐❛❜❧❡s ❛s ✇❡❧❧ ❛s ❢❛❝t♦rs t❤❛t

❛✛❡❝t t❤❡ ❝r❡❞✐t q✉❛❧✐t② ♦❢ t❤❡ ✇❤♦❧❡ ♣♦rt❢♦❧✐♦✳ ❚❤❡ ✉♥♦❜s❡r✈❛❜❧❡ ✈❛r✐❛❜❧❡ Ui,t ✐s ✐♥✢✉❡♥❝❡❞

❜② ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ s②st❡♠❛t✐❝ ❢❛❝t♦r Yt ❛♥❞ ❜② ❛ ✜r♠✲s♣❡❝✐✜❝ ❝♦♠♣♦♥❡♥t Ei,t✿

Ui,t =
√
δYt +

√
1 − δEi,t ✭✷✮

✇❤❡r❡ Yt ❛♥❞ Ei,t ❢♦❧❧♦✇ st❛♥❞❛r❞ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥s✳ ❆❧❧ ✈❛r✐❛❜❧❡s ✐♥ ❡q✉❛t✐♦♥s ✭✶✮ ❛♥❞

✭✷✮ ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥t ❛♥❞ ❡❛❝❤ Ei,t ✐s ❛❧s♦ ✐♥❞❡♣❡♥❞❡♥t ❛❝r♦ss ♦❜❧✐❣♦rs✳ ❚❤❡r❡✲

❢♦r❡✱ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ r❡❛❧✐③❛t✐♦♥s ♦❢ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs✱ ❞❡❢❛✉❧ts ❛r❡ ✐♥❞❡♣❡♥❞❡♥t✳ ❋r♦♠

❡q✉❛t✐♦♥ ✭✷✮ ✐t ❢♦❧❧♦✇s t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛ss❡t r❡t✉r♥s t♦ t❤❡ s②st❡♠❛t✐❝ ✉♥♦❜s❡r✈❛❜❧❡

r✐s❦ ❢❛❝t♦r ❞❡♣❡♥❞s ♦♥ t❤❡ t✐♠❡✲✐♥✈❛r✐❛♥t ♣❛r❛♠❡t❡r δ✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts t❤❡ s♦✲❝❛❧❧❡❞ ❛ss❡t

❝♦rr❡❧❛t✐♦♥✳

❚❤❡ ❞❡❢❛✉❧t ♦❢ ❛ ✜r♠ ♦❝❝✉rs ✇❤❡♥ t❤❡ r❡t✉r♥ ♦♥ ✐ts ❛ss❡ts ❢❛❧❧s ❜❡❧♦✇ ❛ t❤r❡s❤♦❧❞ k✱ ❛♥❞

❧❡t t❤❡ r❛♥❞♦♠ ✈❛r✐❛❜❧❡ Di,t ❜❡ ❛ ❞❡❢❛✉❧t ✐♥❞✐❝❛t♦r✱ ✐✳❡✳✱ ❛ ✈❛r✐❛❜❧❡ t❤❛t ✐s ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ✜r♠

i ✐s ✐♥ ❞❡❢❛✉❧t ❛t t✐♠❡ t ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡✿

✷



Di,t = 1 ⇐⇒ Ri,t < k ✭✸✮

❈♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ r❡❛❧✐③❛t✐♦♥ ♦❢ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs✱ t❤❡ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t② ❝❛♥ ❜❡

❡①♣r❡ss❡❞ ❛s✿

pi,t (zt−1, yt) = P (Ri,t < k | zt−1, yt)

= P (α′
zt−1 + Ui,t < k)

= P
(

α
′
zt−1 +

√
δyt +

√
1 − δEi,t < k

)

= Φ

(

k − α
′
zt−1 −

√
δyt√

1 − δ

)

✭✹✮

✇❤❡r❡ Φ ❞❡♥♦t❡s t❤❡ st❛♥❞❛r❞ ♥♦r♠❛❧ ❝✉♠✉❧❛t✐✈❡ ❞❡♥s✐t② ❢✉♥❝t✐♦♥✳

❆s t❤❡ ♥✉♠❜❡r ♦❢ ❜♦rr♦✇❡rs ❣r♦✇s✱ ✐❢ t❤❡ s❤❛r❡ ♦❢ t❤❡ ❧❛r❣❡st ❡①♣♦s✉r❡ ✈❛♥✐s❤❡s t♦ ③❡r♦✱

t❤❡ ❞❡❢❛✉❧t r❛t❡ DRt ❝♦♥✈❡r❣❡s t♦ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t② ❜② t❤❡ str♦♥❣ ❧❛✇ ♦❢

❧❛r❣❡ ♥✉♠❜❡rs✿

DRt → ❊ [DRt | zt−1, yt] = pi,t (zt−1, yt) ✭✺✮

Φ−1 (DRt) →
k − α

′
zt−1√

1 − δ
−

√
δ√

1 − δ
yt ✭✻✮

❋♦r ❛ ❣✐✈❡♥ q ∈ (0, 1)✱ ❧❡t ψq(Y ) ❞❡♥♦t❡ t❤❡ qth ♣❡r❝❡♥t✐❧❡ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ r❛♥❞♦♠

✈❛r✐❛❜❧❡ Y ✳ ■❢ t❤❡ ❡①♣❡❝t❡❞ ❞❡❢❛✉❧t r❛t❡ ✐s ♠♦♥♦t♦♥✐❝❛❧❧② ❞❡❝r❡❛s✐♥❣ ✐♥ t❤❡ s②st❡♠❛t✐❝ r❛♥❞♦♠

❢❛❝t♦r✱ t❤❡ qth ♣❡r❝❡♥t✐❧❡ ♦❢ ✐ts ❞✐str✐❜✉t✐♦♥ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s ✭●♦r❞② ✷✵✵✸✮✿

ψq(❊ [DRt | zt−1, Yt]) = ❊ [DRt | zt−1, ψq(Yt)] ✭✼✮

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

✐❞❡♥t✐❝❛❧❧② ❞✐str✐❜✉t❡❞ ♦✈❡r t✐♠❡✱ t❤❡ ♣❛r❛♠❡t❡rs ✐♥ ❡q✉❛t✐♦♥ ✭✹✮ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ♠❛①✐♠✐③✐♥❣

t❤❡ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥✿

lnL =
T
∑

t=1

ln

+∞
∫

−∞

{

∏

i∈Nt

pi,t (zt−1, yt)
di,t (1 − pi,t (zt−1, yt))

1−di,t

}

dΦ (yt) ✭✽✮

✸



❚❤❡ ✐♥t❡❣r❛❧s ✐♥ ❡q✉❛t✐♦♥ ✭✽✮ ❝❛♥ ❜❡ s♦❧✈❡❞ ❛♣♣r♦①✐♠❛t❡❧② ✉s✐♥❣ t❤❡ ❛❞❛♣t✐✈❡ ●❛✉ss✐❛♥

q✉❛❞r❛t✉r❡ ❞❡s❝r✐❜❡❞ ✐♥ P✐♥❤❡✐r♦ ❛♥❞ ❇❛t❡s ✭✶✾✾✺✮✳ ■t ❢♦❧❧♦✇s ❢r♦♠ t❤❡ ❣❡♥❡r❛❧ t❤❡♦r② ♦❢

♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥ t❤❛t t❤❡ ❡st✐♠❛t❡s ❡①✐st ❛s②♠♣t♦t✐❝❛❧❧②✱ ❛♥❞ ❛r❡ ❝♦♥s✐st❡♥t

❛s ✇❡❧❧ ❛s ❛s②♠♣t♦t✐❝❛❧❧② ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞ ✭❉❛✈✐❞s♦♥ ❛♥❞ ▼❛❝❑✐♥♥♦♥✱ ✶✾✾✸✮✳

✸ ❊♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s

✸✳✶ ❉❛t❛

❚❤✐s ♣❛♣❡r ✉s❡s ❛ t✐♠❡ s❡r✐❡s ♦❢ ❞❡❢❛✉❧t ❞❛t❛ ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ✏❇❛s❡ ■♥❢♦r♠❛t✐✈❛ P✉❜❜❧✐❝❛✑

✭❇■P✮✱ ❛ ❞❛t❛❜❛s❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❇❛♥❦ ♦❢ ■t❛❧② ❝♦♥t❛✐♥✐♥❣ q✉❛rt❡r❧② t✐♠❡ s❡r✐❡s ❢♦r t❤❡

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

♣❡r✐♦❞✱ st❛rt✐♥❣ ✐♥ ✶✾✾✵✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❞❡❢❛✉❧ts ✐♥ ❛ ❣✐✈❡♥ q✉❛rt❡r ✐s ❣✐✈❡♥ ❜② t❤❡ ♥✉♠❜❡r

♦❢ ❜♦rr♦✇❡rs t❤❛t ❜❡❝♦♠❡ ✧❛❞❥✉st❡❞ ❜❛❞ ❞❡❜t♦rs✧ ❞✉r✐♥❣ t❤❛t q✉❛rt❡r✳✷

■♥ t❤❡ ❇■P ❞❛t❛❜❛s❡ ❜♦rr♦✇❡rs ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❛❝❝♦r❞✐♥❣ t♦ s❡✈❡r❛❧ ✈❛r✐❛❜❧❡s ❧✐❦❡

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

❛s ❞✐✈✐❞❡❞ ❜❡t✇❡❡♥ t❤❡ ✜❢t❡❡♥ ✐♥❞✉str✐❡s ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✶✱ ✇❤✐❝❤ ❛❧s♦ s❤♦✇s t❤❡ ❛✈❡r❛❣❡

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

✸✳✷ P❛r❛♠❡t❡r ❡st✐♠❛t❡s

❚❤❡ ❝r❡❞✐t r✐s❦ ♠♦❞❡❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷ r❡❧✐❡s ♦♥ t❤❡ ❝r✉❝✐❛❧ ❛ss✉♠♣t✐♦♥ t❤❛t✱ ❝♦♥❞✐t✐♦♥❛❧

♦♥ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs✱ ❞❡❢❛✉❧ts ❛r❡ ✐♥❞❡♣❡♥❞❡♥t✳ ■❢ t❤✐s ✇❡r❡ ♥♦t t❤❡ ❝❛s❡✱ ✐✳❡✳ ✐❢ s②st❡♠❛t✐❝

❢❛❝t♦rs ❞✐❞ ♥♦t ❝❛♣t✉r❡ ❛❧❧ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡❢❛✉❧ts✱ ♠❛①✐♠✐③✐♥❣ t❤❡ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞

❢✉♥❝t✐♦♥ ✐♥ ❡q✉❛t✐♦♥ ✭✽✮ ✇♦✉❧❞ ❧❡❛❞ t♦ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ t❛✐❧ ♣r♦❜❛❜✐❧✐t✐❡s✳

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

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

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

t♦ r❡♣r❡s❡♥t ❛ r❡❛s♦♥❛❜❧❡ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ ❛♥ ✐♥✜♥✐t❡❧② ❣r❛♥✉❧❛r ♣♦rt❢♦❧✐♦✱ ✇❡ ❝❛♥ ✉s❡ ✭✻✮

✷❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ✉s❡❞ ❜② t❤❡ ❇❛♥❦ ♦❢ ■t❛❧② ❛ ❜♦rr♦✇❡r ❜❡❝♦♠❡s ❛♥ ✏❛❞❥✉st❡❞ ❜❛❞ ❞❡❜t♦r✑ ✐❢
r❡♣♦rt❡❞ t♦ t❤❡ ■t❛❧✐❛♥ ❈❡♥tr❛❧ ❈r❡❞✐t ❘❡❣✐st❡r✿ ❛✮ ❛s ❛ ❜❛❞ ❞❡❜t ❜② t❤❡ ♦♥❧② ❜❛♥❦ t❤❛t ❞✐s❜✉rs❡❞ ❝r❡❞✐t❀ ❜✮
❛s ❛ ❜❛❞ ❞❡❜t ❜② ♦♥❡ ❜❛♥❦ ❛♥❞ ❛s ❤❛✈✐♥❣ ❛♥ ♦✈❡rs❤♦♦t ❜② t❤❡ ♦♥❧② ♦t❤❡r ❜❛♥❦ ❡①♣♦s❡❞❀ ❝✮ ❛s ❛ ❜❛❞ ❞❡❜t ❜②
♦♥❡ ❜❛♥❦ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ t❤❡ ❜❛❞ ❞❡❜t ✐s ❛t ❧❡❛st ✼✵✪ ♦❢ ✐ts ❡①♣♦s✉r❡ t♦✇❛r❞s t❤❡ ❜❛♥❦✐♥❣ s②st❡♠✱ ♦r ❛s
❤❛✈✐♥❣ ♦✈❡rs❤♦♦ts ❡q✉❛❧ t♦ ♦r ♠♦r❡ t❤❛♥ ✶✵✪ ♦❢ ✐ts t♦t❛❧ ❧♦❛♥s ♦✉tst❛♥❞✐♥❣❀ ❞✮ ❛s ❛ ❜❛❞ ❞❡❜t ❜② ❛t ❧❡❛st t✇♦
❜❛♥❦s ❢♦r ❛♠♦✉♥ts ❡q✉❛❧ t♦ ♦r ♠♦r❡ t❤❛♥ ✶✵✪ ♦❢ ✐ts t♦t❛❧ ❧♦❛♥s ♦✉tst❛♥❞✐♥❣✳

❋✉rt❤❡r ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❞❛t❛s❡t ❛♥❞ t❤❡ ■t❛❧✐❛♥ ❈❡♥tr❛❧ ❈r❡❞✐t ❘❡❣✐st❡r ✐s ❛✈❛✐❧❛❜❧❡ ❛t t❤❡ ❇❛♥❦ ♦❢
■t❛❧②✬s ✇❡❜s✐t❡✳

✹



❚❛❜❧❡ ✶✿ ■♥❞✉str② s❡❝t♦rs
❆✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❜♦rr♦✇❡rs ❛♥❞
❛✈❡r❛❣❡ ❞❡❢❛✉❧t r❛t❡ ✭✶✾✾✵✲✷✵✵✽✮

N %DR
✶ ❆❣r✐❝✉❧t✉r❛❧✱ ❢♦r❡str② ❛♥❞ ✜s❤❡r② ♣r♦❞✉❝ts ✹✽✱✻✺✶ ✶✳✽✺
✷ ▼❡t❛❧ ♣r♦❞✉❝ts✱ ❡①❝❡♣t tr❛♥s♣♦rt ❡q✉✐♣✳ ✸✶✱✼✹✷ ✶✳✻✽
✸ ❋♦♦❞ ❛♥❞ t♦❜❛❝❝♦ ♣r♦❞✉❝ts ✶✼✱✶✶✸ ✷✳✹✺
✹ ❚❡①t✐❧❡s✱ ❝❧♦t❤✐♥❣ ❛♥❞ ❢♦♦t✇❡❛r ✸✵✱✻✵✷ ✷✳✾✸
✺ P❛♣❡r ❛♥❞ ♣❛♣❡r ♣r♦❞✉❝ts ✶✵✱✼✾✸ ✷✳✶✽
✻ ❇✉✐❧❞✐♥❣ ❛♥❞ ❝♦♥str✉❝t✐♦♥ ✾✺✱✵✺✺ ✷✳✼✼
✼ ❚r❛❞❡ s❡r✈✐❝❡s✱ r❡❝♦✈❡r② ❛♥❞ r❡♣❛✐r s❡r✈✐❝❡s ✶✼✷✱✺✽✵ ✷✳✸✽
✽ ▲♦❞❣✐♥❣ ❛♥❞ ❝❛t❡r✐♥❣ s❡r✈✐❝❡s ✸✺✱✽✾✸ ✷✳✷✶
✾ ❖t❤❡r ♠❛r❦❡t s❡r✈✐❝❡s ✶✶✼✱✶✼✽ ✶✳✽✹
✶✵ ❋✉❡❧✱ ♣♦✇❡r ♣r♦❞✉❝ts ❛♥❞ ❝❤❡♠✐❝❛❧ ♣r♦❞✉❝ts ✻✱✽✺✵ ✶✳✻✼
✶✶ ❖r❡s ❛♥❞ ♠❡t❛❧s ❛♥❞ ♥♦♥✲♠❡t❛❧❧✐❝ ♠✐♥❡r❛❧s ❛♥❞ ♣r♦❞✉❝ts ✶✺✱✹✺✵ ✷✳✵✾
✶✷ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞ ✐♥❞✉str✐❛❧ ♠❛❝❤✐♥❡r② ❛♥❞ tr❛♥s♣♦rt ❡q✉✐♣✳ ✷✷✱✻✸✶ ✶✳✾✶
✶✸ ❊❧❡❝tr✐❝❛❧ ❣♦♦❞s✱ ♦✣❝❡ ❛♥❞ ❞❛t❛ ♣r♦❝❡ss✐♥❣ ♠❛❝❤✐♥❡s ✶✻✱✸✺✶ ✷✳✶✼
✶✹ ❖t❤❡r ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦❞✉❝ts ✸✹✱✺✾✹ ✷✳✵✼
✶✺ ❚r❛♥s♣♦rt ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❡r✈✐❝❡s ✷✽✱✹✽✵ ✷✳✸✼

❛♥❞ r✉♥ ❛ r❡❣r❡ss✐♦♥ ♦❢ Φ−1 (DRt) ♦♥ ❛ ❝♦♥st❛♥t ❛♥❞ ❛ s❡t ♦❢ ♣♦t❡♥t✐❛❧ ❡①♣❧❛♥❛t♦r② ✈❛r✐✲

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

❛ss✉♠♣t✐♦♥s ♦❢ ♥♦r♠❛❧✐t② ❛♥❞ s❡r✐❛❧ ✐♥❞❡♣❡♥❞❡♥❝❡ ❛r❡ ✈✐♦❧❛t❡❞✳

❲❡ st❛rt ❝♦♥s✐❞❡r✐♥❣ t❤❡ ♦♥❡✲❢❛❝t♦r ✈❡rs✐♦♥ ♦❢ t❤❡ ❱❛s✐❝❡❦ ♠♦❞❡❧✱ t❤✉s ✐♠♣♦s✐♥❣ α
′ =

0✱ ❛s t❤✐s ♠♦❞❡❧ ✐s ✉s❡❞ ✐♥ ♠❛♥② ❡♠♣✐r✐❝❛❧ ✇♦r❦s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❇❛s❡❧

■■ r❡❣✉❧❛t♦r② ❢r❛♠❡✇♦r❦✳ ■♥ ❢❛❝t✱ ✇❤❡♥ ❝♦rr❡❧❛t✐♦♥ ❡st✐♠❛t❡s ❛r❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ ♥♦♥✲

♣❛r❛♠❡tr✐❝ ❛♣♣r♦❛❝❤❡s✱ ❛s ✐♥ ●♦r❞② ✭✷✵✵✵✮ ♦r ❞❡ ❙❡r✈✐❣♥② ❛♥❞ ❘❡♥❛✉❧t ✭✷✵✵✷✮✱ ❛ss❡t r❡t✉r♥s

❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❥♦✐♥t❧② ●❛✉ss✐❛♥ ❞✐str✐❜✉t❡❞ ❛♥❞ ❞❡❢❛✉❧ts ♦❝❝✉r ✇❤❡♥ t❤❡② ❢❛❧❧ ❜❡❧♦✇ ❛

❝♦♥st❛♥t t❤r❡s❤♦❧❞✳

■❢ ✇❡ r✉♥ ❛ r❡❣r❡ss✐♦♥ ♦❢ Φ−1 (DRt) ♦♥ ❛ ❝♦♥st❛♥t✱ t❤❡ ❝♦rr❡❧♦❣r❛♠ ♦❢ r❡s✐❞✉❛❧s ♣r♦✈✐❞❡s

str♦♥❣ ❡✈✐❞❡♥❝❡ ♦❢ s❡r✐❛❧ ❝♦rr❡❧❛t✐♦♥✳ ❚❛❜❧❡ ✷ s❤♦✇s ❛✉t♦❝♦rr❡❧❛t✐♦♥s ❛♥❞ ♣❛rt✐❛❧ ❛✉t♦❝♦rr❡✲

❧❛t✐♦♥s ✉♣ t♦ ✶✷ ❧❛❣s✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ▲❥✉♥❣✲❇♦① ◗✲st❛t✐st✐❝s ❢♦r t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ ♥♦

❛✉t♦❝♦rr❡❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s str♦♥❣❧② r❡❥❡❝t❡❞✳ ❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t ❞❡❢❛✉❧t

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

❜❡❝❛✉s❡ ♦❢ ♣♦ss✐❜❧❡ ❝♦♥t❛❣✐♦♥ ❡✛❡❝ts✳

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

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

✺
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❛♥❞ t❤❡ ❝♦rr❡❧♦❣r❛♠ s❤♦✇s t❤❛t ✇❡ ❤❛✈❡ ❛❧♠♦st ❡❧✐♠✐♥❛t❡❞ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ r❡s✐❞✉❛❧s

✭❚❛❜❧❡ ✸✮✳ ❚♦ ✈❡r✐❢② ✐❢ r❡s✐❞✉❛❧s ❛r❡ ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞ ✇❡ ♣❡r❢♦r♠ t✇♦ st❛t✐st✐❝❛❧ t❡sts✱

❙❤❛♣✐r♦✲❲✐❧❦ ❛♥❞ ❉✬❆❣♦st✐♥♦✲P❡❛rs♦♥ ✭s❡❡ ❉✬❆❣♦st✐♥♦ ❛♥❞ ❙t❡♣❤❡♥s✱ ✶✾✽✻ ❢♦r ❛ ❞✐s❝✉ss✐♦♥✮✳

■♥ ❜♦t❤ ❝❛s❡s t❤❡ ♥♦r♠❛❧✐t② ❛ss✉♠♣t✐♦♥ ✐s r❡❥❡❝t❡❞ ❛t ✈❡r② ❤✐❣❤ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧s✱ s✉❣❣❡st✐♥❣

t❤❛t ✇❡ s❤♦✉❧❞ ❡①t❡♥❞ ♦✉r s❡t ♦❢ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✳

❚❛❜❧❡ ✸✿ ▲✐♥❡❛r r❡❣r❡ss✐♦♥ ❢♦r ❞❡❢❛✉❧t r❛t❡ ✭✷✮
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■♥ ♦r❞❡r t♦ ❝❤♦♦s❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❧♦❣✲❝❤❛♥❣❡s ♦❢ ❛

❜r♦❛❞ s❡t ♦❢ ❦❡② ❡❝♦♥♦♠✐❝ ✐♥❞✐❝❛t♦rs ❢♦r ■t❛❧② ✲ ✐♥❝❧✉❞✐♥❣ ●❉P✱ ✐♥❞✉str✐❛❧ ♣r♦❞✉❝t✐♦♥✱ ♥❡✇
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♦r❞❡rs t♦ ♠❛♥✉❢❛❝t✉r✐♥❣✱ ❣r♦ss ✜①❡❞ ❝❛♣✐t❛❧ ❢♦r♠❛t✐♦♥✱ ❤♦✉s❡❤♦❧❞ ❝♦♥✜❞❡♥❝❡✱ ❛ ❝♦♠♣♦s✐t❡

❧❡❛❞✐♥❣ ✐♥❞✐❝❛t♦r ❛♥❞ r❡❛❧ ✐♥t❡r❡st r❛t❡s ✲ ❛s ♠❡❛s✉r❡❞ ❛t ✈❛r✐♦✉s q✉❛rt❡r❧② ❧❛❣s ❛♥❞ ♦✈❡r

❞✐✛❡r❡♥t t✐♠❡ ❤♦r✐③♦♥s r❛♥❣✐♥❣ ❢r♦♠ t✇♦ t♦ ❢♦✉r q✉❛rt❡rs✳ ■t t✉r♥s ♦✉t t❤❛t t❤❡ s❡♠✐✲❛♥♥✉❛❧

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

t❤❛t✱ t♦❣❡t❤❡r ✇✐t❤ ❛ ❝♦♥st❛♥t ❛♥❞ t❤❡ ❧❛❣❣❡❞ ❞❡❢❛✉❧t r❛t❡✱ ♠❛①✐♠✐③❡s ♦✉r ♠♦❞❡❧✬s ✜t✳ ❆♥

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

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

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

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

❚❛❜❧❡ ✹ s❤♦✇s t❤❛t ❛❧❧ ❝♦❡✣❝✐❡♥ts ❛r❡ s✐❣♥✐✜❝❛♥t ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥ ✭❞❡❢❛✉❧t r❛t❡s

✐♥❝r❡❛s❡ ✇❤❡♥ ❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ❞❡t❡r✐♦r❛t❡✮ ❛♥❞✱ ✜♥❛❧❧②✱ t❤❛t t❤❡ ♥♦r♠❛❧✐t② ❤②♣♦t❤❡s✐s

❢♦r t❤❡ r❡s✐❞✉❛❧s ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ❡✈❡♥ ❛t q✉✐t❡ ❧♦✇ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧s✳ ❲❡ ❛❧s♦ ❝❤❡❝❦ t❤❡

③❡r♦✲♠❡❛♥ ❛ss✉♠♣t✐♦♥ ❢♦r ♦✉r r❡s✐❞✉❛❧s ♣❡r❢♦r♠✐♥❣ t❤❡ s✐❣♥ t❡st ❛♥❞ t❤❡ ❲✐❧❦♦①♦♥ s✐❣♥❡❞
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❲❡ ✜♥❛❧❧② ❤❛✈❡ ❛ ♠♦❞❡❧ t❤❛t ♠❡❡ts ❛❧❧ t❤❡ ❛ss✉♠♣t✐♦♥s ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✷✱ t❤✉s ✇❡ ❝❛♥

❞❡r✐✈❡ r✐s❦ ❡st✐♠❛t❡s ❛s q✉❛♥t✐❧❡ ♠❡❛s✉r❡s ♦❢ ♦✉r ❧♦ss ❞✐str✐❜✉t✐♦♥ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✭✼✮✳ ■♥ ♦r❞❡r

t♦ ❞♦ s♦✱ ✇❡ ♥❡❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❝♦rr❡❧❛t✐♦♥ ♣❛r❛♠❡t❡r t❤❛t ♠❡❛s✉r❡s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛ss❡t

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

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

✐♥❞✉str② s❡❝t♦r s❡♣❛r❛t❡❧②✸✳ ❚❤❡ ❤✐❣❤❡st ✭✉♥❝♦♥❞✐t✐♦♥❛❧✮ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t✐❡s✱ ✐♥❞✐❝❛t❡❞ ❜②

t❤❡ ❧❛r❣❡st ❞❡❢❛✉❧t t❤r❡s❤♦❧❞s✱ ❛r❡ ❢♦✉♥❞ ❢♦r s❡❝t♦rs ✹ ❛♥❞ ✶✺✳ ❈♦♠♣❛r❛t✐✈❡❧② ❧♦✇ ❞❡❢❛✉❧t

♣r♦❜❛❜✐❧✐t✐❡s ❛r❡ ❢♦✉♥❞ ❢♦r s❡❝t♦rs ✾ ❛♥❞ ✶✵✳ ❆ss❡t ❝♦rr❡❧❛t✐♦♥✱ ❛s ❡①♣r❡ss❡❞ ❜② t❤❡ s❡♥s✐t✐✈✐t②

♦❢ ❛ss❡t r❡t✉r♥s t♦ t❤❡ ✉♥♦❜s❡r✈❛❜❧❡ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦r ✐s ♥❡✈❡r s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✾✪ ❧❡✈❡❧✱

❡①❝❡♣t ❢♦r t❤❡ ✇❤♦❧❡ ♣♦rt❢♦❧✐♦✱ ❛♥❞ ✐t ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✵✪ ❧❡✈❡❧ ✐♥ t❤r❡❡ ❝❛s❡s❀ ✐ts

❤✐❣❤❡st ✈❛❧✉❡s ❛r❡ ✵✳✹✷✪ ❢♦r s❡❝t♦r ✶✷ ❛♥❞ ✵✳✸✽✪ ❢♦r s❡❝t♦r ✷✳ ❙❡r✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥

❞❡❢❛✉❧t r❛t❡s t✉r♥s ♦✉t t♦ ❜❡ q✉✐t❡ r❡❧❡✈❛♥t ✐♥ ✐♥❞✉str✐❡s ✶✱ ✻ ❛♥❞ ✾✱ ✇❤✐❧st ✐t ✐s ♥♦t s✐❣♥✐✜❝❛♥t

❛t t❤❡ ✾✺✪ ❧❡✈❡❧ ❢♦r s❡❝t♦r ✹✳ ❚❤❡ ❧♦❣✲❝❤❛♥❣❡ ✐♥ ❤♦✉s❡❤♦❧❞ ❝♦♥✜❞❡♥❝❡ ♣❡r❢♦r♠s ❢❛✐r❧② ✇❡❧❧✱ ❛s

✐t ✐s s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✾✪ ❧❡✈❡❧ ✐♥ ✶✶ s❡❝t♦rs ❛♥❞ ✐t ✐s ❜❡❧♦✇ t❤❡ ✾✵✪ ❧❡✈❡❧ ♦♥❧② ❢♦r ❇✉✐❧❞✐♥❣
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■♥ ❣❡♥❡r❛❧✱ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✺ s✉❣❣❡st t❤❛t s❡♥s✐t✐✈✐t✐❡s t♦ r✐s❦ ❢❛❝t♦rs ✈❛r② ❛❝r♦ss

❜♦rr♦✇❡rs✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ✐♥❞✉str② ✐♥ ✇❤✐❝❤ t❤❡② ♦♣❡r❛t❡✳ ■❢ t❤✐s ✇❡r❡ t❤❡ ❝❛s❡✱ t❤❡ ♣♦rt❢♦❧✐♦

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

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

r❛t✐♦ ♦❢ ❛♥② ❡st✐♠❛t❡ ✐♥ ❚❛❜❧❡ ✺ ✇✐t❤ ✐ts st❛♥❞❛r❞ ❡rr♦r ♣r♦❞✉❝❡s ❛ t✲✈❛❧✉❡✱ ✇✐t❤ ❛♣♣r♦①✐♠❛t❡
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✻ ✺✳✸✽✹ ✻✳✾✵✽ ✶✷✳✾✶✶ ✼✳✼✼✺
✼ ✸✳✺✵✹ ✸✳✶✻✺ ✶✳✻✺✺✯ ✵✳✵✺✺✯
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✾ ✷✷✳✹✽✺ ✶✳✼✾✵✯ ✶✷✳✺✻✼ ✶✳✶✼✵✯
✶✵ ✽✳✵✽✺ ✷✳✼✾✹✯ ✸✳✹✽✶ ✹✳✵✼✸
✶✶ ✶✳✹✹✷✯ ✸✳✹✷✸ ✻✳✼✵✾ ✶✳✸✽✽✯
✶✷ ✸✳✹✹✵ ✽✳✾✵✽ ✽✳✶✽✶ ✺✳✻✹✷
✶✸ ✶✵✳✹✵✽ ✸✳✸✷✹ ✶✵✳✷✶✹ ✵✳✹✻✶✯
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✯ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ❛t t❤❡ ✾✾✪ ❧❡✈❡❧

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

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

✐♥❞✉str② ❧❡✈❡❧ ❛r❡ ❡q✉❛❧ t♦ t❤♦s❡ ❡st✐♠❛t❡❞ ❢♦r t❤❡ ❡♥t✐r❡ ♣♦rt❢♦❧✐♦✱ ✇❤✐❝❤ ✐s r❡❥❡❝t❡❞ ❛t t❤❡

✾✾✪ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✐♥ ♠♦st ❝❛s❡s✳

❈♦♥s✐❞❡r✐♥❣ t❤❡ ✐♠♣♦rt❛♥t r♦❧❡ ♣❧❛②❡❞ ❜② ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs✱ ✐t ♠❛② ❜❡ ✉s❡❢✉❧ t♦ ♣❡r✲

❢♦r♠ s♦♠❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♦❢ ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡✐r ❝♦❡✣❝✐❡♥ts✳ ■♥

♣❛rt✐❝✉❧❛r✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ✈❛❧✉❡s ♦❢ s✉❝❤ ❝♦❡✣❝✐❡♥ts ❛t t❤❡ ✾✵t❤✱ ✾✺t❤ ❛♥❞ ✾✾t❤ ♣❡r❝❡♥t✐❧❡s

♦❢ t❤❡✐r ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❝❛❧❝✉❧❛t❡ ✾✾✳✾✪ ❱❛❘ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✭✼✮✹✳ ❊st✐♠❛t❡❞ s❡♥s✐t✐✈✐t✐❡s

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

❝♦♥s✐❞❡r ✾✵✪ ❧❡✈❡❧ ✈❛❧✉❡s ♦✉r r✐s❦ ♠❡❛s✉r❡ ♠❛② ✐♥❝r❡❛s❡ ❜② ♠♦r❡ t❤❛♥ ✼✪✱ ❜✉t ✐❢ ✇❡ ❝♦♥s✐❞❡r

✾✾✪ ❧❡✈❡❧ ✈❛❧✉❡s ✐ts ✐♥❝r❡❛s❡s r❛♥❣❡ ❜❡t✇❡❡♥ ✷✹✪ ❛♥❞ ✷✻✪ ✭❚❛❜❧❡ ✼✮✳

✸✳✸ P♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ❛♥❞ t✐♠❡ ❤♦r✐③♦♥

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

❊st✐♠❛t✐♥❣ ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ♦✈❡r s❤♦rt ❤♦r✐③♦♥s ✭❧❡ss t❤❛♥ ♦♥❡ ②❡❛r✮ ♠❛② ❜❡ ✉s❡❢✉❧ ❢♦r

✹❋♦r ♦❜s❡r✈❛❜❧❡ r✐s❦ ❢❛❝t♦rs t❤❡ r❡s✉❧ts ♦❢ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ❛r❡ t✐♠❡✲✈❛r②✐♥❣✱ ❛s t❤❡② ❞❡♣❡♥❞ ♦♥ t❤❡
✈❛❧✉❡ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛r✐❛❜❧❡✳

✾



❚❛❜❧❡ ✼✿ ❙❡♥s✐t✐✈✐t② ♦❢ V aR99.9% t♦ ▼▲ ❡st✐♠❛t❡s
✭✪ ❞❡❢❛✉❧t r❛t❡s ❢♦r ✷✵✵✾✮

P❡r❝❡♥t✐❧❡
✺✵t❤ ✾✵t❤ ✾✺t❤ ✾✾t❤

❆❧❧ ✷✳✷✹✻
❘❛♥❞♦♠ ❢❛❝t♦r ✷✳✸✼✽ ✷✳✻✼✻ ✷✳✼✽✻

%DRt−1 ✷✳✹✶✾ ✷✳✻✽✽ ✷✳✽✷✼
Houseconft−1 ✷✳✸✷✼ ✷✳✻✻✽ ✷✳✼✼✾

t✇♦ r❡❛s♦♥s✿ ✜rst✱ ✐t ❛❧❧♦✇s t♦ ❣❡♥❡r❛t❡ ✏s❤♦rt✲t❡r♠✑ ♣♦rt❢♦❧✐♦ ❧♦ss ❞✐str✐❜✉t✐♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡

✉s❡❞ t♦ ♣r✐❝❡ ✜♥❛♥❝✐❛❧ ✐♥str✉♠❡♥ts ✇✐t❤ q✉❛rt❡r❧② ♦r s❡♠✐✲❛♥♥✉❛❧ ❝❛s❤ ✢♦✇s ✭❡✳❣✳ ♣♦rt❢♦❧✐♦

❝r❡❞✐t ❞❡r✐✈❛t✐✈❡s✮❀ s❡❝♦♥❞✱ ✐t ❣✐✈❡s t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ♦❜t❛✐♥ ♦♥❡✲②❡❛r ❧♦ss ❞✐str✐❜✉t✐♦♥s

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

P♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ✐♥❝r❡❛s❡s ✇✐t❤ ❤♦r✐③♦♥ ❜❡❝❛✉s❡ ♦❢ ✶✮ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐✲

t✐❡s ✇✐t❤ ❝♦♥st❛♥t ❛ss❡t ❝♦rr❡❧❛t✐♦♥s ♦r ✷✮ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❜♦t❤ ✭▲✉❝❛s✱ ✶✾✾✺✮✳ ■♥ ♦t❤❡r ✇♦r❞s✱

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

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

♠♦r❡ tr✐❣❣❡r❡❞ ❜② s②st❡♠❛t✐❝ ❢❛❝t♦rs ♦✈❡r ❧♦♥❣❡r t✐♠❡ ♣❡r✐♦❞s✳ ❋♦r ✐♥st❛♥❝❡✱ ❩❤♦✉ ✭✶✾✾✼✮

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

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

❖✉r r❡s✉❧ts ❢♦r s❡♠✐✲❛♥♥✉❛❧ ❞❡❢❛✉❧t r❛t❡s ❝♦♥✜r♠ t❤❡ ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣s ♦❢ s❡❝t✐♦♥ ✸✳✷✳

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

♠♦❞❡❧✱ ❜✉t r❡s✐❞✉❛❧s r❡♠❛✐♥ ❤✐❣❤❧② ♥♦♥✲♥♦r♠❛❧ ✭❚❛❜❧❡s ✽ ❛♥❞ ✾✮✳

❲❡ r❡♣❡❛t t❤❡ s❡❧❡❝t✐♦♥ ♣r♦❝❡ss ❛✐♠❡❞ ❛t ✜♥❞✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ❛♥❞✱

❛s ✐♥ s❡❝t✐♦♥ ✸✳✷✱ t❤❡ ❧❛❣❣❡❞ s❡♠✐✲❛♥♥✉❛❧ ❧♦❣✲❝❤❛♥❣❡ ♦❢ ❤♦✉s❡❤♦❧❞ ❝♦♥✜❞❡♥❝❡ t✉r♥s ♦✉t t♦

❜❡ t❤❡ ♦♥❡ t❤❛t ♠❛①✐♠✐③❡s ♦✉r r❡❣r❡ss✐♦♥✬s ✜t✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ♥❡✇ ✈❛r✐❛❜❧❡ ✐s ❤✐❣❤❧②

s✐❣♥✐✜❝❛♥t✱ ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥✱ ❛♥❞ ✇❡ ❝❛♥ ♥♦ ❧♦♥❣❡r r❡❥❡❝t t❤❡ ❤②♣♦t❤❡s✐s t❤❛t r❡s✐❞✉❛❧s

❛r❡ ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞ ✭❚❛❜❧❡ ✶✵✮✳

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

✐♥❞✉str② s❡❝t♦r s❡♣❛r❛t❡❧②✺✳ ❆ss❡t ❝♦rr❡❧❛t✐♦♥✱ ❛s ❡①♣r❡ss❡❞ ❜② t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛ss❡t r❡t✉r♥s

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

✭❛♥❞ ❢♦r t❤❡ ✇❤♦❧❡ ♣♦rt❢♦❧✐♦✮❀ ✐ts ❤✐❣❤❡st ✈❛❧✉❡ ✐s ✵✳✸✼✪ ❢♦r s❡❝t♦rs ✹ ❛♥❞ ✻✳ ❙❡r✐❛❧ ❞❡♣❡♥❞❡♥❝❡
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✸✳✹ P♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ❛♥❞ ✜r♠ s✐③❡

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

❛✈❡r❛❣❡✱ ❛ ❧❡ss ❞✐✈❡rs✐✜❡❞ ♣♦rt❢♦❧✐♦ ♦❢ ❛ss❡ts t❤❛♥ ❧❛r❣❡ ❝♦♠♣❛♥✐❡s✱ t❤✉s t❤❡② ♠❛② s❤♦✇ ❛
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❧♦✇❡r s❡♥s✐t✐✈✐t② t♦ s②st❡♠❛t✐❝ r✐s❦ ❢❛❝t♦rs✳ ■♥ t❤❡ ❇❛s❡❧ ■■ ■❘❇ ❛♣♣r♦❛❝❤✱ ❢♦r ✐♥st❛♥❝❡✱

❛ss❡t ❝♦rr❡❧❛t✐♦♥ ✐s ❛♥ ✐♥❝r❡❛s✐♥❣ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s✐③❡ ♦❢ t❤❡ ♦❜❧✐❣♦r✱ ❛s ♠❡❛s✉r❡❞ ❜② ✐ts

②❡❛r❧② t✉r♥♦✈❡r✻✳ ❚❤❡ r❡s✉❧ts ✐♥ ❉ü❧❧♠❛♥♥ ❛♥❞ ❙❝❤❡✉❧❡ ✭✷✵✵✸✮ ❛♥❞ ▲♦♣❡③ ✭✷✵✵✸✮ s❤♦✇ t❤❛t

❛ss❡t ❝♦rr❡❧❛t✐♦♥s ✐♥❝r❡❛s❡ ✇✐t❤ ✜r♠ s✐③❡✱ ✇❤✐❧st ❉✐❡ts❝❤ ❛♥❞ P❡t❡② ✭✷✵✵✹✮ ✜♥❞ ❛ ❯✲s❤❛♣❡❞

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

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

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

❝♦♠♣❛♥✐❡s t♦ s❤♦✇ ❧♦✇❡r s②st❡♠❛t✐❝ r✐s❦✳

❚❤❡ ❞❛t❛❜❛s❡ ✉s❡❞ ✐♥ t❤✐s ♣❛♣❡r ❛❧❧♦✇s t♦ ❞✐st✐♥❣✉✐s❤ ♦♥❧② ❧♦❛♥s t♦ s♦❧❡ ♣r♦♣r✐❡t♦rs❤✐♣s

✇✐t❤ ✉♣ t♦ ✺ ❡♠♣❧♦②❡❡s ❛s ❛ ♣r♦①② ❢♦r t❤❡ s♠❛❧❧ ❜✉s✐♥❡ss s❡❝t♦r✳ ❊✈❡♥ ✐❢ s✉❝❤ ❛ ❝❛t❡❣♦r②

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

s❡❝t✐♦♥ ✸✳✷ ❛♥❞ ❝❤❡❝❦ ✐❢ t❤❡ r❡s✉❧ts ✈❛r② ✇✐t❤ ✜r♠ s✐③❡✳

❆s ❢♦r ❧❛r❣❡r ✜r♠s✱ ✐❢ ✇❡ r✉♥ ❛ r❡❣r❡ss✐♦♥ ♦❢ Φ−1 (DRt) ♦♥ ❛ ❝♦♥st❛♥t✱ t❤❡ ❝♦rr❡❧♦❣r❛♠

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

t❤❡ ✭♣❡r❝❡♥t❛❣❡✮ ❧❛❣❣❡❞ ❞❡❢❛✉❧t r❛t❡ ✐♥ t❤❡ ♠♦❞❡❧ ✭❚❛❜❧❡s ✶✷ ❛♥❞ ✶✸✮✳

❚❛❜❧❡ ✶✷✿ ▲✐♥❡❛r r❡❣r❡ss✐♦♥ ❢♦r ❞❡❢❛✉❧t r❛t❡ ✲ s♠❛❧❧ ✜r♠s ✭✶✮
P❛r❛♠❡t❡r ❡st✐♠❛t❡s ❈♦rr❡❧♦❣r❛♠ ♦❢ r❡s✐❞✉❛❧s

❱❛r✐❛❜❧❡ ❊st✐♠❛t❡ Pr > |t| ▲❛❣ ❆❈ P❆❈✳ ◗✲❙t❛t ♣✲✈❛❧✉❡
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■t ✐s ✐♥t❡r❡st✐♥❣ t♦ ♥♦t✐❝❡ t❤❛t✱ ✇✐t❤ r❡s♣❡❝t t♦ ❧❛r❣❡r ✜r♠s✱ ❞❡♣❛rt✉r❡s ❢r♦♠ ♥♦r♠❛❧✐t②

❛r❡ ❧❡ss ❡✈✐❞❡♥t✱ s✉❣❣❡st✐♥❣ t❤❛t ❢♦r s♦♠❡ s✉❜✲♣♦rt❢♦❧✐♦s ✐t ♠❛② ♥♦t ❜❡ ♥❡❝❡ss❛r② t♦ ✐♥❝❧✉❞❡

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

✻❆ss❡t ❝♦rr❡❧❛t✐♦♥ ✐s ❛ str✐❝t❧② ✐♥❝r❡❛s✐♥❣ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♦❜❧✐❣♦r✬s t✉r♥♦✈❡r ♦♥❧② ✐❢ t❤✐s ✐s ♥♦t ❜❡❧♦✇ ✺
♠✐❧❧✐♦♥ ❡✉r♦✱ ❛♥❞ ♥♦t ❛❜♦✈❡ ✺✵ ♠✐❧❧✐♦♥ ❡✉r♦✳
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❚❛❜❧❡ ✶✸✿ ▲✐♥❡❛r r❡❣r❡ss✐♦♥ ❢♦r ❞❡❢❛✉❧t r❛t❡ ✲ s♠❛❧❧ ✜r♠s ✭✷✮
P❛r❛♠❡t❡r ❡st✐♠❛t❡s ❈♦rr❡❧♦❣r❛♠ ♦❢ r❡s✐❞✉❛❧s
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s❡♠✐✲❛♥♥✉❛❧ ❧♦❣✲❝❤❛♥❣❡ ✐♥ ❤♦✉s❡❤♦❧❞ ❝♦♥✜❞❡♥❝❡ ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✾✪ ❧❡✈❡❧✱ ❝♦♥✜r♠✐♥❣

t❤❛t s♠❛❧❧ ✜r♠s ❛r❡ ❧❡ss ✐♥✢✉❡♥❝❡❞ ❜② s②st❡♠❛t✐❝ r✐s❦ ❢❛❝t♦rs✱ ❜✉t t❤❡ ♥♦r♠❛❧✐t② ❤②♣♦t❤❡s✐s

❢♦r t❤❡ r❡s✐❞✉❛❧s ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ❡✈❡♥ ❛t q✉✐t❡ ❧♦✇ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧s ✭❚❛❜❧❡ ✶✹✮✳

❚❛❜❧❡ ✶✹✿ ▲✐♥❡❛r r❡❣r❡ss✐♦♥ ❢♦r ❞❡❢❛✉❧t r❛t❡ ✲ s♠❛❧❧ ✜r♠s ✭✸✮
P❛r❛♠❡t❡r ❡st✐♠❛t❡s ❈♦rr❡❧♦❣r❛♠ ♦❢ r❡s✐❞✉❛❧s

❱❛r✐❛❜❧❡ ❊st✐♠❛t❡ Pr > |t| ▲❛❣ ❆❈ P❆❈ ◗✲❙t❛t ♣✲✈❛❧✉❡
■♥t❡r❝❡♣t ✲✷✳✸✽✽ ✵✳✵✵✵ ✶ ✵✳✵✼✾ ✵✳✵✼✾ ✵✳✶✸✶ ✵✳✼✶✽
%DRt−1 ✵✳✶✻✷ ✵✳✵✵✵ ✷ ✲✵✳✶✵✽ ✲✵✳✶✶✹ ✵✳✸✾✶ ✵✳✽✷✷

Houseconft−1 ✲✵✳✸✶✹ ✵✳✵✾✷ ✸ ✵✳✷✺✵ ✵✳✷✼✸ ✶✳✽✽✼ ✵✳✺✾✻
✹ ✲✵✳✵✺✻ ✲✵✳✶✸✹ ✶✳✾✻✼ ✵✳✼✹✷

❚❡sts ❢♦r ③❡r♦✲♠❡❛♥ r❡s✐❞✉❛❧s ✺ ✲✵✳✵✶✺ ✵✳✵✽✸ ✶✳✾✼✸ ✵✳✽✺✸
❚❡st ❙t❛t✐st✐❝ ♣✲✈❛❧✉❡ ✻ ✵✳✵✽✼ ✲✵✳✵✷✵ ✷✳✷✵✷ ✵✳✾✵✵
❙✐❣♥ ✲✷ ✵✳✹✽✶ ✼ ✵✳✶✵✾ ✵✳✶✼✽ ✷✳✺✾✶ ✵✳✾✷✵

❲✐❧❦♦①♦♥ ✲✾✳✺ ✵✳✼✵✷ ✽ ✵✳✵✶✺ ✲✵✳✵✹✾ ✷✳✺✾✾ ✵✳✾✺✼
✾ ✲✵✳✶✾✵ ✲✵✳✶✽✹ ✹✳✵✹✶ ✵✳✾✵✾

❚❡sts ❢♦r ♥♦r♠❛❧✐t② ♦❢ r❡s✐❞✉❛❧s ✶✵ ✲✵✳✷✶✷ ✲✵✳✷✻✺ ✻✳✵✺✹ ✵✳✽✶✶
❚❡st ❙t❛t✐st✐❝ ♣✲✈❛❧✉❡ ✶✶ ✲✵✳✵✸✹ ✲✵✳✵✵✹ ✻✳✶✶✹ ✵✳✽✻✻

❙❤❛♣✐r♦✲❲✐❧❦ ✵✳✾✸✽ ✵✳✷✼✷ ✶✷ ✲✵✳✶✺✶ ✲✵✳✶✹✼ ✼✳✹✽✵ ✵✳✽✷✹
❉✬❆❣♦st✐♥♦✲❙t❡♣❤❡♥s ✵✳✹✷✽ ✵✳✽✵✽

✶✹



✹ ❘✐s❦ ❝♦♥tr✐❜✉t✐♦♥s

❘✐s❦ ♠❛♥❛❣❡rs ❛r❡ t②♣✐❝❛❧❧② ✐♥t❡r❡st❡❞ ✐♥ ❡st✐♠❛t✐♥❣ ♥♦t ♦♥❧② t❤❡ ♦✈❡r❛❧❧ r✐s❦ ♦❢ ❛ ♣♦rt❢♦❧✐♦✱

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

tr✐❜✉t✐♦♥s ❛r❡ ❛ ❛ ❦❡② ✐♥♣✉t ❢♦r s❡tt✐♥❣ ♣r✐❝✐♥❣ ❧✐♠✐ts✱ ❝❛❧❝✉❧❛t✐♥❣ r✐s❦✲❛❞❥✉st❡❞ ♣❡r❢♦r♠❛♥❝❡s

❛♥❞ ❢♦r ❝❛♣✐t❛❧ ❛❧❧♦❝❛t✐♦♥ ❞❡❝✐s✐♦♥s✳

▼❛r❣✐♥❛❧ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛s ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❡❞ ❧♦ss❡s ✭❚❛s❝❤❡✱

✶✾✾✾✮✳ ▲❡t Li ❜❡ t❤❡ ❧♦ss ❢r♦♠ ♦❜❧✐❣♦r i ❛♥❞ L t❤❡ t♦t❛❧ ❧♦ss ✐♥ t❤❡ ♣♦rt❢♦❧✐♦❀ ❛ss✉♠✐♥❣

P (L = V aRα) > 0✱ t❤❡ ♠❛r❣✐♥❛❧ V aRα ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ♦❜❧✐❣♦r i ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

E (Li | L = V aRα) ✭✾✮

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

❛s ❜♦t❤ ❞❡❢❛✉❧t t❤r❡s❤♦❧❞s ❛♥❞ s❡♥s✐t✐✈✐t✐❡s t♦ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥✲

st❛♥t ❛❝r♦ss ❜♦rr♦✇❡rs✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ r❡s✉❧ts ✐♥ s❡❝t✐♦♥ ✸✳✷ s❤♦✇ t❤❛t t❤❡s❡ ❛ss✉♠♣t✐♦♥s ❛r❡

❛❝❝❡♣t❛❜❧❡ ✇❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ ❛♥ ♦✈❡r❛❧❧ ♣♦rt❢♦❧✐♦ r✐s❦ ♠❡❛s✉r❡✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ✇❤❡♥ ✇❡ ❡s✲

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

r✐s❦ ❢♦r ❛ ❜♦rr♦✇❡r ✇✐t❤ ❛ ❤✐❣❤❡r P❉ ✭♦r ❛ss❡t ❝♦rr❡❧❛t✐♦♥✮ ✐s✱ ❝❡t❡r✐s ♣❛r✐❜✉s✱ ❣r❡❛t❡r t❤❛♥

✐♥❝r❡♠❡♥t❛❧ r✐s❦ ❢♦r ❛ ❜♦rr♦✇❡r ✇✐t❤ ❛ ❧♦✇❡r P❉ ✭♦r ❛ss❡t ❝♦rr❡❧❛t✐♦♥✮✳

■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❝♦♥s✐❞❡r ❛ ✜❝t✐t✐♦✉s ♣♦rt❢♦❧✐♦ ♦❢ ✼✱✺✵✵ ❧♦❛♥s✱ ✇❤❡r❡ ❛❧❧ ✐♥❞✉str✐❡s ❛r❡

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

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

t❤❡ ❧♦ss ❞✐str✐❜✉t✐♦♥ ❜② ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✳

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

t❤❡ ♠✉❧t✐✈❛r✐❛t❡ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs Y ∼ N(0,Ω)✱ ✇❤❡r❡ Ω ✐s t❤❡

❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ♦❢ t❤❡ ❡♠♣✐r✐❝❛❧ ❡st✐♠❛t❡s ♦❢ s②st❡♠❛t✐❝ ❢❛❝t♦rs ✐♥ ❞✐✛❡r❡♥t ✐♥❞✉str✐❡s✳ ❲❡

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

❞❡t❡r♠✐♥❡ t❤❡ ❞❡❢❛✉❧t ✐♥❞✐❝❛t♦r ✭♦♥❡ ❢♦r ❞❡❢❛✉❧t✱ ③❡r♦ ♦t❤❡r✇✐s❡✮✳ ❚❤❡ ♣♦rt❢♦❧✐♦ ❧♦ss ❢♦r t❤✐s

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

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

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

✇❡ r❡♣❡❛t t❤✐s ♣r♦❝❡ss ♠❛♥② t✐♠❡s✳

❙t❛♥❞❛r❞ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞s ❛r❡ ❛✛❡❝t❡❞ ❜② s❡r✐♦✉s ♣r♦❜❧❡♠s ✐♥ ❡st✐♠❛t✐♥❣ ♠❛r❣✐♥❛❧

r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s✱ ❛s t❤❡s❡ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛s ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❡❞ ❧♦ss❡s ♦♥ s✉❜♣♦rt❢♦❧✐♦s✱

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

✶✺



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

●❧❛ss❡r♠❛♥ ❛♥❞ ▲✐ ✭✷✵✵✺✮ t♦ ❡st✐♠❛t❡ t❤❡ t❛✐❧ ♦❢ ♦✉r ❧♦ss ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❜❛s✐❝ ✐❞❡❛ ✐s

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

❧❛r❣❡ ❧♦ss❡s ❛r❡ ♠♦r❡ ❢r❡q✉❡♥t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♣r♦❜❛❜✐❧✐t② ❢♦r t❤❡ t♦t❛❧ ❧♦ss t♦ ❜❡ ❛❜♦✈❡ ❛

❝❡rt❛✐♥ ✈❛❧✉❡ l ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

P (L > l) = E
(

1{L>l}

)

= Ẽ

(

1{L>l}
dP

dP̃

)

✭✶✵✮

✇❤❡r❡ ❊̃ ❞❡♥♦t❡s t❤❡ ❡①♣❡❝t❛t✐♦♥ ✉♥❞❡r P̃ ❛♥❞ dP

dP̃
✐s t❤❡ ❧✐❦❡❧✐❤♦♦❞ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ t✇♦

♣r♦❜❛❜✐❧✐t② ♠❡❛s✉r❡s✳

❚❤❡ ♣r♦❝❡❞✉r❡ s✉❣❣❡st❡❞ ❜② ●❧❛ss❡r♠❛♥ ❛♥❞ ▲✐ ✭✷✵✵✺✮ ❢♦r ❝r❡❞✐t r✐s❦ ♠♦❞❡❧s ✇✐t❤ ❢❛❝t♦r

str✉❝t✉r❡ ❝♦♥s✐sts ♦❢ t✇♦ st❡♣s✿ ✶✮ s❤✐❢t✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ s②st❡♠❛t✐❝ ❢❛❝t♦rs❀ ✷✮ ✐♥❝r❡❛s✐♥❣

❝♦♥❞✐t✐♦♥❛❧ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t✐❡s✳

■♥ ♦✉r ♠♦❞❡❧ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ✉♥♦❜s❡r✈❛❜❧❡ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ❛r❡ ✈❡r②

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

✉❧❛r✱ ✇❡ ❝♦♥s✐❞❡r ❛ ♥❡✇ ✭✐♥❝r❡❛s❡❞✮ ❞❡❢❛✉❧t ♣r♦❜❛❜✐❧✐t② ❢♦r ✐♥❞✉str② j✱ ✇✐t❤ j ∈ {, ..., }✿

p (θ, Yj) =
p (Yj) e

θ

1 + p (Yj) (eθ − 1)
✭✶✶✮

✇❤❡r❡ θ ✐s t❤❡ s♦❧✉t✐♦♥ t♦ t❤❡ ❡q✉❛t✐♦♥✿

∂

∂θ
ψ (θ,Y) = V aRα ✭✶✷✮

✇✐t❤

ψ (θ,Y) =
15
∑

j=1

log
(

1 + p (Yj)
(

eθ − 1
))

✭✶✸✮

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

♦r✐❣✐♥❛❧ ♠❡❛s✉r❡ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

λ = exp (−θ (Y)L+ ψ (θ (Y) ,Y)) ✭✶✹✮

❚❤❡ V aRα ❝♦♥tr✐❜✉t✐♦♥ ❢♦r ♦❜❧✐❣♦rs ✐♥ s❡❝t♦r j ❜❡❝♦♠❡s✿

V aRα,j =
Ẽ
(

Ljλ1{L=V aRα}

)

Ẽ
(

λ1{L=V aRα}

) ✭✶✺✮

✶✻



❚❛❜❧❡ ✶✺ r❡♣♦rts t❤❡ V aR99.9% ❝♦♥tr✐❜✉t✐♦♥s ❢♦r ❡❛❝❤ ✐♥❞✉str② ✐♥ ♦✉r ♣♦rt❢♦❧✐♦✳ ❚❤❡ r❡s✉❧ts

❝♦♥✜r♠ t❤❡ ❦❡② r♦❧❡ ♣❧❛②❡❞ ❜② s❡♥s✐t✐✈✐t✐❡s t♦ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ✭❜♦t❤ ♦❜s❡r✈❛❜❧❡ ❛♥❞

r❛♥❞♦♠✮ ✐♥ ❞❡t❡r♠✐♥✐♥❣ ✐♥❞✐✈✐❞✉❛❧ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s t♦ ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦✳ ❋♦r ✐♥st❛♥❝❡✱

s❡❝t♦r ✻ s❤♦✇s t❤❡ t❤✐r❞ ❧♦✇❡st ✉♥❝♦♥❞✐t✐♦♥❛❧ P❉ ✭❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❝♦♥st❛♥t ✐♥ ❚❛❜❧❡ ✺✮

❜✉t ❛❧s♦ ❛ q✉✐t❡ ❤✐❣❤ ❛✉t♦r❡❣r❡ss✐✈❡ ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ r❡✢❡❝ts ✐♥ ✐ts r✐s❦ ❝♦♥tr✐❜✉t✐♦♥✳ ❖♥

t❤❡ ❝♦♥tr❛r②✱ s❡❝t♦r ✹ ❤❛s t❤❡ ❤✐❣❤❡st ✉♥❝♦♥❞✐t✐♦♥❛❧ P❉✱ ❜✉t ✐ts r✐s❦ ❝♦♥tr✐❜✉t✐♦♥ ✐s r❡❞✉❝❡❞

❜② ❧♦✇ s❡r✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳ ❆s ❢♦r ❛ss❡t ❝♦rr❡❧❛t✐♦♥✱ ✇❡ ❝❛♥ ♥♦t✐❝❡ t❤❛t s❡❝t♦r ✸ s❤♦✇s ❛ ❤✐❣❤

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

s❡♥s✐t✐✈✐t② t♦ t❤❡ r❛♥❞♦♠ r✐s❦ ❢❛❝t♦r✳ ✭❚❛❜❧❡s ✺ ❛♥❞ ✶✺✮✳

❚❛❜❧❡ ✶✺✿ V aR99.9% ❝♦♥tr✐❜✉t✐♦♥s
■♠♣♦rt❛♥❝❡ s❛♠♣❧✐♥❣ ❡st✐♠❛t❡s ❢♦r ✷✵✵✾

✭❛s ✪ ❞❡❢❛✉❧t r❛t❡✮
✾✾✳✾✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s ❛r❡ ✐♥ ♣❛r❡♥t❤❡s❡s

■♥❞✉str② ❆♥♥✉❛❧ ❙❡♠✐✲❛♥♥✉❛❧
✶ ✵✳✶✾✵✽ ✭✵✳✵✵✵✹✼✸✮ ✵✳✵✽✹✽ ✭✵✳✵✵✵✸✼✾✮
✷ ✵✳✶✻✻✺ ✭✵✳✵✵✵✹✹✺✮ ✵✳✵✼✽✽ ✭✵✳✵✵✵✸✼✸✮
✸ ✵✳✶✻✽✵ ✭✵✳✵✵✵✹✶✸✮ ✵✳✵✾✵✹ ✭✵✳✵✵✵✸✽✶✮
✹ ✵✳✶✻✾✻ ✭✵✳✵✵✵✹✹✾✮ ✵✳✶✺✸✽ ✭✵✳✵✵✵✺✸✻✮
✺ ✵✳✷✵✹✺ ✭✵✳✵✵✵✹✽✽✮ ✵✳✵✽✻✻ ✵✳✵✵✵✸✽✵✮
✻ ✵✳✶✼✻✶ ✭✵✳✵✵✵✹✺✺✮ ✵✳✵✾✽✽ ✭✵✳✵✵✵✹✸✶✮
✼ ✵✳✶✼✵✹ ✭✵✳✵✵✵✹✷✺✮ ✵✳✵✼✽✸ ✭✵✳✵✵✵✸✺✺✮
✽ ✵✳✶✺✻✶ ✭✵✳✵✵✵✹✵✾✮ ✵✳✵✻✽✸ ✭✵✳✵✵✵✸✸✸✮
✾ ✵✳✶✶✼✵ ✭✵✳✵✵✵✸✺✶✮ ✵✳✵✺✻✼ ✭✵✳✵✵✵✸✵✺✮
✶✵ ✵✳✶✶✹✼ ✭✵✳✵✵✵✸✺✻✮ ✵✳✵✹✼✹ ✭✵✳✵✵✵✷✼✼✮
✶✶ ✵✳✶✸✻✾ ✭✵✳✵✵✵✸✼✻✮ ✵✳✵✻✻✹ ✭✵✳✵✵✵✸✷✽✮
✶✷ ✵✳✶✾✼✻ ✭✵✳✵✵✵✹✾✼✮ ✵✳✵✾✵✸ ✭✵✳✵✵✵✹✵✸✮
✶✸ ✵✳✶✼✽✻ ✭✵✳✵✵✵✹✸✾✮ ✵✳✵✽✸✾ ✭✵✳✵✵✵✸✼✷✮
✶✹ ✵✳✶✾✻✵ ✭✵✳✵✵✵✹✼✸✮ ✵✳✵✾✵✻ ✭✵✳✵✵✵✸✾✺✮
✶✺ ✵✳✷✹✵✹ ✭✵✳✵✵✵✺✸✸✮ ✵✳✶✶✺✻ ✭✵✳✵✵✵✹✺✷✮

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

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

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

❤♦r✐③♦♥s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ s❡♥s✐t✐✈✐t✐❡s t♦ r❛♥❞♦♠ ❢❛❝t♦rs ❤❛✈❡ ❛ r❡❧❛t✐✈❡❧② ❣r❡❛t❡r ✐♠♣❛❝t✳

❋♦r ✐♥st❛♥❝❡✱ t❤❡ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ s❡❝t♦r ✻ ✐s ✈❡r② ❤✐❣❤ ❝♦♠♣❛r❡❞ t♦ ✐ts P❉✱ ❜❡❝❛✉s❡ ♦❢

❛ s✐❣♥✐✜❝❛♥t ❛ss❡t ❝♦rr❡❧❛t✐♦♥✱ ✇❤❡r❡❛s ✐♥❞✉str✐❡s ✼ ❛♥❞ ✶✶ ❞✐s♣❧❛② ❧♦✇ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s ❢♦r

t❤❡ ♦♣♣♦s✐t❡ r❡❛s♦♥ ✭❚❛❜❧❡s ✶✶ ❛♥❞ ✶✺✮✳

✶✼



✺ ❈♦♥❝❧✉s✐♦♥s

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

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

❛❜✐❧✐t✐❡s✱ ❛s ❛ s✐♥❣❧❡ s②st❡♠❛t✐❝ r✐s❦ ❢❛❝t♦r ❝❛♥♥♦t ❝❛♣t✉r❡ ❛❧❧ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛ss❡t

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

♣r♦✈❡ t❤r♦✉❣❤ st❛t✐st✐❝❛❧ t❡sts t❤❛t ❢❛❝t♦r ♠♦❞❡❧s r❡q✉✐r❡ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ ❞❡t❡r♠✐♥✐st✐❝ ❡①✲

♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❧✐❦❡ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❢❛❝t♦rs ❛♥❞ ❛✉t♦r❡❣r❡ss✐✈❡ ❝♦♠♣♦♥❡♥ts✱ t♦❣❡t❤❡r ✇✐t❤

✉♥♦❜s❡r✈❛❜❧❡ r❛♥❞♦♠ ❢❛❝t♦rs✳ ■♥ ❢❛❝t✱ ❞❡❢❛✉❧t r❛t❡s ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② ♠❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥❞✐✲

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

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

❙❡♥s✐t✐✈✐t✐❡s t♦ r✐s❦ ❢❛❝t♦rs ✈❛r② ❛❝r♦ss ❜♦rr♦✇❡rs✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ✐♥❞✉str② ✐♥ ✇❤✐❝❤ t❤❡②

♦♣❡r❛t❡✱ t❤❡r❡❢♦r❡ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛ ♣♦rt❢♦❧✐♦ ♠❛② s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t ♦✉r r✐s❦

❡st✐♠❛t❡s✳ ❙❡r✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥ ❞❡❢❛✉❧t r❛t❡s ✐s q✉✐t❡ r❡❧❡✈❛♥t ✐♥ ❛❧❧ ✐♥❞✉str✐❡s ❛♥❞ ✐t

✐s ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✾✪ ❧❡✈❡❧ ✐♥ ♦♥❧② t✇♦ ❝❛s❡s✳ ▼❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s✱ ❛s ♠❡❛s✉r❡❞

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

♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✵✪ ❧❡✈❡❧ ❢♦r t✇♦ s❡❝t♦rs✳ ❋✐♥❛❧❧②✱ ❛ss❡t ❝♦rr❡❧❛t✐♦♥✱ ❛s ❡①♣r❡ss❡❞ ❜②

t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛ss❡t r❡t✉r♥s t♦ t❤❡ ✉♥♦❜s❡r✈❛❜❧❡ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦r✱ ✐s ♥❡✈❡r s✐❣♥✐✜❝❛♥t

❛t t❤❡ ✾✾✪ ❧❡✈❡❧✱ ❡①❝❡♣t ❢♦r t❤❡ ✇❤♦❧❡ ♣♦rt❢♦❧✐♦✱ ❛♥❞ ✐t ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✾✵✪ ❧❡✈❡❧ ✐♥

t❤r❡❡ ❝❛s❡s✳

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

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

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

t♦ ❡①♣❧❛✐♥ ❛❧❧ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡❢❛✉❧ts✳

P♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦ ❛♥❞ s❡♥s✐t✐✈✐t✐❡s t♦ s②st❡♠❛t✐❝ r✐s❦ ❢❛❝t♦rs ✈❛r② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s✐③❡

♦❢ t❤❡ ❜♦rr♦✇❡r✳ ■❢ ✇❡ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r s♠❛❧❧ ❝♦♠♣❛♥✐❡s ✇✐t❤ t❤❡ ❝♦❡✣❝✐❡♥ts

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

s✐❣♥✐✜❝❛♥t✱ ❜✉t ♠❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ♣❧❛② ❛ ❧❡ss ✐♠♣♦rt❛♥t r♦❧❡✳

❉❡❢❛✉❧t t❤r❡s❤♦❧❞s ❛♥❞ s❡♥s✐t✐✈✐t✐❡s t♦ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ❝❛♥ ❜❡ ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥✲

st❛♥t ❛❝r♦ss ❜♦rr♦✇❡rs ✇❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ ❛ s✐♥❣❧❡ ♠❡❛s✉r❡ ❢♦r ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦✳ ❚❤❡s❡

❛ss✉♠♣t✐♦♥s ♠✉st ❜❡ r❡❧❛①❡❞ ✇❤❡♥ ✇❡ ❡st✐♠❛t❡ ✐♥❞✐✈✐❞✉❛❧ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥s✱ ✇❤✐❝❤ r❡♣r❡✲

s❡♥t ❛ ❢✉♥❞❛♠❡♥t❛❧ ✐♥♣✉t ❢♦r ♣r✐❝✐♥❣✱ ❝❛❧❝✉❧❛t✐♥❣ r✐s❦✲❛❞❥✉st❡❞ ♣❡r❢♦r♠❛♥❝❡s ❛♥❞ ❢♦r ❝❛♣✐t❛❧

❛❧❧♦❝❛t✐♦♥ ❞❡❝✐s✐♦♥s✳ ▼❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ❛r❡ ✉s❡❞ t♦ ❞❡r✐✈❡ t❤❡ r✐s❦ ❝♦♥tr✐❜✉t✐♦♥

❢♦r ❡❛❝❤ ✐♥❞✉str② s❡❝t♦r t❤r♦✉❣❤ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥ ❛♥❞ ♦✉r r❡s✉❧ts ❝♦♥✜r♠ t❤❡ ❦❡② r♦❧❡

✶✽



♣❧❛②❡❞ ❜② s❡♥s✐t✐✈✐t✐❡s t♦ ❝♦♠♠♦♥ r✐s❦ ❢❛❝t♦rs ✭❜♦t❤ ♦❜s❡r✈❛❜❧❡ ❛♥❞ r❛♥❞♦♠✮✳
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❘❡❢❡r❡♥❝❡s

❬✶❪ ❉✬❆❣♦st✐♥♦✱ ❘✳ ❇✳✱ ❙t❡♣❤❡♥s✱ ▼✳ ❆✳ ✭✶✾✽✻✮ ●♦♦❞♥❡ss ♦❢ ✜t t❡❝❤♥✐q✉❡s✱ ▼❛r❝❡❧ ❉❡❦❦❡r✱

◆❡✇ ❨♦r❦✳

❬✷❪ ❉❛✈✐❞s♦♥✱ ❘✳✱ ▼❛❝❑✐♥♥♦♥✱ ❏✳ ●✳ ✭✶✾✾✸✮ ❊st✐♠❛t✐♦♥ ❛♥❞ ✐♥❢❡r❡♥❝❡ ✐♥ ❡❝♦♥♦♠❡tr✐❝s✱ ❖①✲

❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss✱ ◆❡✇ ❨♦r❦✳

❬✸❪ ❉❡ ❙❡r✈✐❣♥②✱ ❆✳✱ ❘❡♥❛✉❧t✱ ❖✳ ✭✷✵✵✷✮ ❉❡❢❛✉❧t ❝♦rr❡❧❛t✐♦♥✿ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡✳ ❲♦r❦✐♥❣

P❛♣❡r✱ ❙t❛♥❞❛r❞ ✫ P♦♦r✬s✳

❬✹❪ ❉✐❡ts❝❤✱ ▼✳✱ P❡t❡②✱ ❏✳ ✭✷✵✵✹✮ ❙❤♦✉❧❞ ❙▼❊ ❡①♣♦s✉r❡s ❜❡ tr❡❛t❡❞ ❛s r❡t❛✐❧ ♦r ❝♦r♣♦r❛t❡

❡①♣♦s✉r❡s❄ ❆ ❝♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ♦❢ ♣r♦❜❛❜✐❧✐t✐❡s ♦❢ ❞❡❢❛✉❧t ❛♥❞ ❛ss❡t ❝♦rr❡❧❛t✐♦♥s ✐♥

❋r❡♥❝❤ ❛♥❞ ●❡r♠❛♥ ❙▼❊s✳ ❏♦✉r♥❛❧ ♦❢ ❇❛♥❦✐♥❣ ❛♥❞ ❋✐♥❛♥❝❡ ✷✾✿ ✼✼✸✲✼✽✽✳

❬✺❪ ❉ü❧❧♠❛♥♥✱ ❑✳✱ ❙❝❤❡✉❧❡✱ ❍✳ ✭✷✵✵✸✮ ❆ss❡t ❝♦rr❡❧❛t✐♦♥ ♦❢ ●❡r♠❛♥ ❝♦r♣♦r❛t❡ ♦❜❧✐❣♦rs✿ ✐ts

❡st✐♠❛t✐♦♥✱ ✐ts ❞r✐✈❡rs ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r r❡❣✉❧❛t♦r② ❝❛♣✐t❛❧✳ ❲♦r❦✐♥❣ P❛♣❡r✳

❬✻❪ ●❧❛ss❡r♠❛♥✱ P✳✱ ▲✐✱ ❏✳ ✭✷✵✵✺✮ ■♠♣♦rt❛♥❝❡ s❛♠♣❧✐♥❣ ❢♦r ♣♦rt❢♦❧✐♦ ❝r❡❞✐t r✐s❦✳▼❛♥❛❣❡♠❡♥t

❙❝✐❡♥❝❡ ✺✶✭✶✶✮✿ ✶✻✹✸✲✶✻✺✻✳

❬✼❪ ●♦r❞②✱ ▼✳ ✭✷✵✵✵✮ ❆ ❝♦♠♣❛r❛t✐✈❡ ❛♥❛t♦♠② ♦❢ ❝r❡❞✐t r✐s❦ ♠♦❞❡❧s✳ ❏♦✉r♥❛❧ ♦❢ ❇❛♥❦✐♥❣ ❛♥❞

❋✐♥❛♥❝❡ ✷✹✿ ✶✶✾✲✶✹✾✳

❬✽❪ ●♦r❞②✱ ▼✳ ✭✷✵✵✸✮ ❆ ❘✐s❦✲❢❛❝t♦r ♠♦❞❡❧ ❢♦✉♥❞❛t✐♦♥ ❢♦r r❛t✐♥❣s✲❜❛s❡❞ ❜❛♥❦ ❝❛♣✐t❛❧ r✉❧❡s✳

❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ■♥t❡r♠❡❞✐❛t✐♦♥ ✶✷✭✸✮✿ ✶✾✾✲✷✸✷✳

❬✾❪ ●♦r❞②✱ ▼✳✱ ❍❡✐t✜❡❧❞✱ ❊✳ ✭✷✵✵✷✮ ❊st✐♠❛t✐♥❣ ❞❡❢❛✉❧t ❝♦rr❡❧❛t✐♦♥s ❢r♦♠ s❤♦rt ♣❛♥❡❧s ♦❢

❝r❡❞✐t r❛t✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❞❛t❛✳ ❲♦r❦✐♥❣ P❛♣❡r✱ ❋❡❞❡r❛❧ ❘❡s❡r✈❡ ❇♦❛r❞✳

❬✶✵❪ ❑❡❛❧❤♦❢❡r✱ ❙✳✱ ❇♦❤♥✱ ❏✳ ❘✳ ✭✷✵✵✶✮ P♦rt❢♦❧✐♦ ▼❛♥❛❣❡♠❡♥t ♦❢ ❉❡❢❛✉❧t ❘✐s❦✳ ❘❡s❡❛r❝❤ P❛♣❡r✱

▼♦♦❞②✬s ❑▼❱✳

❬✶✶❪ ▲♦♣❡③✱ ❏✳ ❆✳ ✭✷✵✵✸✮ ❚❤❡ ❡♠♣✐r✐❝❛❧ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛✈❡r❛❣❡ ❛ss❡t ❝♦rr❡❧❛t✐♦♥✱ ✜r♠

♣r♦❜❛❜✐❧✐t② ♦❢ ❞❡❢❛✉❧t ❛♥❞ ❛ss❡t s✐③❡✳ ❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝✐❛❧ ■♥t❡r♠❡❞✐❛t✐♦♥ ✶✸✿ ✷✻✺✲✷✽✸✳

❬✶✷❪ ▲✉❝❛s✱ ❉✳ ✭✶✾✾✺✮ ❉❡❢❛✉❧t ❝♦rr❡❧❛t✐♦♥ ❛♥❞ ❝r❡❞✐t ❛♥❛❧②s✐s✳ ❏♦✉r♥❛❧ ♦❢ ❋✐①❡❞ ■♥❝♦♠❡ ▼❛r❝❤✿

✼✻✲✽✼✳
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❬✶✸❪ ▼❡rt♦♥✱ ❘✳ ✭✶✾✼✹✮ ❖♥ t❤❡ ♣r✐❝✐♥❣ ♦❢ ❝♦r♣♦r❛t❡ ❞❡❜t✿ t❤❡ r✐s❦ str✉❝t✉r❡ ♦❢ ✐♥t❡r❡st r❛t❡s✳

❏♦✉r♥❛❧ ♦❢ ❋✐♥❛♥❝❡ ✷✾✿ ✹✹✾✲✹✼✵✳

❬✶✹❪ P✐♥❤❡✐r♦✱ ❏✳❈✳✱ ❇❛t❡s✱ ❉✳▼✳ ✭✶✾✾✺✮ ❆♣♣r♦①✐♠❛t✐♦♥s t♦ t❤❡ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥ ✐♥ t❤❡
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