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❆❜str❛❝t

❙✐♥❝❡ t❤❡ ✶✾✼✵✬s✱ ✜r♠s str✉t✉r❡ ❤❛✈❡ ❝❤❛♥❣❡❞ t♦ ✜t t❤❡ ●❧♦❜❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ▼❛r❦❡t✳ ❙♦♠❡ ✜r♠s

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

❈♦♥s✉♠❡r s❡❝t♦r✱ ❤❛✈❡ ❡♥❥♦②❡❞ ❛ ❞❡❝r❡❛s❡ ✐♥ ❝♦♠♣❡t✐t✐♦♥✳ ❚❤❡ ♠❛r❦❡t ♣♦✇❡r ♦❢ ✜r♠s ❝❛♥ ❛✛❡❝t

t❤❡ ♠♦♥❡t❛r② ♣♦❧✐❝② tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♦✉t♣✉t ✈♦❧❛t✐❧✐t② ❛♥❞ ♣r✐❝❡ ✈♦❧❛t✐❧✐t②✳ ❚❤✐s tr❛❞❡✲♦✛ ✐s

❣❡♥❡r❛❧❧② st✉❞✐❡❞ ✇✐t❤ t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧✐♣s ❈✉r✈❡ ❡q✉❛t✐♦♥✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜②

❛ss✉♠✐♥❣ ❈❛❧✈♦ ♦r ❘♦t❡♠❜❡r❣ ♣r✐❝❡ s❡tt✐♥❣ ❛ss✉♠♣t✐♦♥s✳ ❇♦t❤ ❝❛♥ ✐♥✈♦❧✈❡❞ ❛ ♠❛r❦❡t ♣♦✇❡r

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

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

❛ss✉♠♣t✐♦♥ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ✜r♠s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❚❤❡♦r② ♦❢ ✜r♠ ▲✐t❡r❛t✉r❡✱ t❤❡ ♠♦❞❡❧ ❣❡♥❡r❛t❡s

t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✱ ♦♥❧② ✐❢ ✇❡ ❛ss✉♠❡ ❛ ❣❧♦❜❛❧ r✐s❡ ♦❢ t❤❡ ♠❛r❦✉♣ ✐♥ ❖❊❈❉ ❡❝♦♥♦♠✐❡s s✐♥❝❡

t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✶✾✽✵✬s✳ ■t ❛❧s♦ ❣❡♥❡r❛t❡s t✇♦ ♦t❤❡r st②❧✐③❡❞ ❢❛❝ts s✐♥❝❡ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢

t❤❡ ✶✾✽✵✬s✿ ❛ r✐s❡ ✐♥ ✇❛❣❡ ✈❛r✐❛❜✐❧✐t② ❛♥❞ ✐♥ ❧❛❜♦r ✈❛r✐❛❜✐❧✐t② r❡❧❛t✐✈❡ t♦ ♦✉t♣✉t ✈❛r✐❛❜✐❧✐t②✳ ❚❤✐s

s✐♠♣❧❡ ♠♦❞❡❧ r❡♣❧✐❝❛t❡s ❛ ✈❛❧✉❡ ♦❢ t❤❡ ◆❑P❈ q✉✐t❡ ❝❧♦s❡ ❢r♦♠ ❡♠♣✐r✐❝❛❧ ❡st✐♠❛t✐♦♥s s✐♥❝❡ t❤❡

✶✾✾✵✬s✳ ❚❤❡ ♠♦❞❡❧ st❡❛❞② st❛t❡ ✇✐t❤ ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ ♠❛r❦✲✉♣ s✐♥❝❡ ✶✾✽✵ s✉♣♣♦rts t❤❡ ❢❛❝t

t❤❛t ✐♥❡q✉❛❧✐t✐❡s ❛r❡ ❤✐❣❤❡r s✐♥❝❡ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✳ ❚♦ ✜♥✐s❤✱ ✐t ❣✐✈❡s ❛ s✐♠♣❧❡ ❡①♣❧❛♥❛t✐♦♥

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

❏✳❊✳▲ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❊✺✽ ❊✸✶ ❋✷✶ ❋✸✷ ❋✸✹ ❋✸✻ ❋✹✶

❑❡②✇♦r❞s✿ ●r❡❛t ▼♦❞❡r❛t✐♦♥✱ ●❧♦❜❛❧✐③❛t✐♦♥✱ ●❧♦❜❛❧ ❘❡♥t

∗❯♥✐✈❡rs✐té ❞❡ ❘❡♥♥❡s ✶✱ ✼✱ P❧❛❝❡ ❍♦❝❤❡ ✲ ❈❙ ✽✻✺✶✹ ✸✺✵✻✺ ❘❡♥♥❡s ❈❡❞❡①✱ ❈♦rr❡s♣♦♥❞✐♥❣ ❛✉t❤♦r✿ ♠❛r❝✲

❛♥t♦✐♥❡✳❥❛♠❜✉❅✉♥✐✈✲r❡♥♥❡s✶✳❢r

✶



✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡♦r② ♦❢ ❋✐r♠ ▲✐t❡r❛t✉r❡ ❣✐✈❡s ✈❡r② ✐♥t❡r❡st✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❝♦♠♠✉♥ ♠✉t❛t✐♦♥ ♦❢

t❤❡ str✉❝t✉r❡ ♦❢ ❜✐❣ ❝♦♠♣❛♥✐❡s ✐♥ t❤❡ ❖❊❈❉ ❡❝♦♥♦♠✐❡s✳ ❉✉r✐♥❣ t❤❡ ❧❛t❡ ✶✾✼✵✬s ❛♥❞ t❤❡ ✶✾✽✵✬s

t❤❡✐r ❣♦✈❡r♥❛♥❝❡ ❝❤❛♥❣❡❞ ❛ ❧♦t✳ ❯♥t✐❧ t❤❡ ❧❛t❡ ✶✾✼✵✬s✱ t❤❡ ✧❵❋♦r❞ ❙❤❛♣❡✧✬ ✇❛s t❤❡ ♠♦st s♣r❡❛❞

str✉❝t✉r❡ ♦❢ ❜✐❣ ✜r♠s✿ t❤❡② ✇❡r❡ ✈❡r② ✈❡rt✐❝❛❧❧② ✐♥t❡❣r❛t❡❞ ❛♥❞ t❤❡ str❛t❡❣② ♦r✐❡♥t❡❞ t♦ q✉❛♥t✐t②

❛♥❞ ♣r✐❝❡ ♣r✐♦r✐t②✳ ❇✉t ❝♦♥s✉♠❡rs ❜❡❣❛♥ t♦ ❛s❦ ❢♦r ♠♦r❡ q✉❛❧✐t② ❛♥❞ ❞✐✛❡r❡♥t✐❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥

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

❬✷✷❪ ❞❡s❝r✐❜❡❞ ❤♦✇ t❤❡ ❢♦r♠❡r ✈❡rt✐❝❛❧ ✐♥t❡❣r❛t❡❞ ❝♦♠♣❛♥✐❡s ❡①t❡r♥❛❧✐③❡❞ ❛❧❧ t❤❡ ❛❝t✐✈✐t✐❡s ✇❤✐❝❤

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

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

t♦ ♦✉t♣✉t ✇❛s ❤✐❣❤✱ ❬✶❪✳ ❚❤❡ ❤♦r✐③♦♥t❛❧ ♥❡t✇♦r❦ ✐s ✈❡r② ❧♦♥❣ ❧❛st✐♥❣ ❛♥❞✱ ❜② t❤❡ ✇❛②✱ ♥♦t ✈❡r②

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

✜r♠✧✬✿ ❛ ❧❡❛❞❡r ✜r♠ r✉♥s ❛ r❛♥❣❡ ♦❢ s♠❛❧❧❡r ♦♥❡s✳ ●❡♥❡r❛❧❧②✱ t❤❡ s♠❛❧❧❡r ✜r♠s ❛r❡ ❥✉r✐❞✐❝❛❧❧②

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

❜② ❝♦♥tr❛❝t✉❛❧✐③✐♥❣ t❤❡✐r r❡❧❛t✐♦♥s❤✐♣✱ ❬✶✷❪✱❬✶✵❪✱ ❬✶✸❪✳ ❚❤✐s ♥❡✇ ♦r❣❛♥✐s❛t✐♦♥ ✜ts ❜♦t❤ ✢❡①✐❜✐❧✐t②

❛♥❞ ✐♥♥♦✈❛t✐♦♥ ❝♦♥str❛✐♥ts t❤❛t t❤❡ ❣❧♦❜❛❧ ♠❛r❦❡t ❧❛✐❞ ❞♦✇♥✳ ❆❧♠♦st ❡✈❡r② s❡❝t♦rs ♦❢ ❖❊❈❉

❡❝♦♥♦♠✐❡s ✇❡r❡ ❛✛❡❝t❡❞ ❜② t❤✐s ♠✉t❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ✶✾✽✵✬s✳ ❘✉♥♥✐♥❣ ❛ ✧❵♥❡t✇♦r❦ ✜r♠✧✬ ❜❡✲

❝❛♠❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❡❛s✐❡r ✇✐t❤ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ ■❈❚✱❬✶✵❪✳ ❚❤❡ ❧❡❛❞❡r ✜r♠ r✉♥s ❛❧❧ t❤❡

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

♦❢ t❤❡ ❘✫❉ ❛❝t✐✈✐t②✱ t❤❡ ✜♥❛❧ s❛✐❧ ❛❝t✐✈✐t②✱ t❤❡ ♠❛r❦❡t✐♥❣ ❛❝t✐✈✐t②✱ t❤❡ ✜♥❛♥❝✐❛❧ ❛❝t✐✈✐t② ✭❧✐❦❡

♠❡r❣❡rs✮ ❛♥❞ q✉❛❧✐t② ❝♦♥tr♦❧ ❛❝t✐✈✐t✐❡s ❢♦r t❤❡ ✇❤♦❧❡ ✧❵♥❡t✇♦r❦ ✜r♠✧✬✳ ❚❤❡r❡❢♦r❡ ❤✐❣❤✲s❦✐❧❧❡❞

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

✐s ❧♦✇❡r✳

❚♦ s✉♠ ✉♣✱ t❤❡ ❧❡❛❞❡r ✜r♠ ❛✐♠s ❛t ✐♠♣r♦✈✐♥❣ t❤❡ ♣r♦❞✉❝t✐✈✐t② ♦❢ t❤❡ ✇❤♦❧❡ ✧❵♥❡t✇♦r❦ ✜r♠✧✬

t♦ s❛t✐s❢② t❤❡ ✜♥❛❧ ❝♦♥s✉♠❡r ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♠❛r❦❡t ❣❧♦❜❛❧✐③❛t✐♦♥✳

■♥ t❤❡ ▼❛❝r♦❡❝♦♥♦♠✐❝s ▲✐t❡r❛t✉r❡✱ t❤❡ ❣❧♦❜❛❧✐③❛t✐♦♥ ♦❢ ♠❛r❦❡ts ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠♦r❡

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

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

❤❛✈❡ ❞❡❝r❡❛s❡❞ ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱❬✷✹❪✳ ❍♦✇❡✈❡r t❤❡② ❛r❡ ✉♥♦❜s❡r✈❛❜❧❡✳ ❙♦♠❡ ❡❝♦♥♦♠✐sts ❤❛✈❡

❛♥❛❧②s❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ✈❛r✐❛❜❧❡s ✇❤✐❝❤ ❧✐❦❡❧② ❛✛❡❝t t❤❡ ♣✉r❡ r❡♥ts✳ ■♥ ❬✺❪✱t❤❡ ♣r♦❞✉❝t

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

✷



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

✐♥ ❛❧❧ ✐♠♣♦rt❛♥t ❖❊❈❉ ❡❝♦♥♦♠✐❡s ❜❡t✇❡❡♥ ✶✾✼✺ ❛♥❞ ✶✾✾✽✳ ❚❤❡ ❞❡r❡❣✉❧❛t✐♦♥ ❜❡❣❛♥ ✐♥ t❤❡ ♠✐❞

✶✾✽✵✬s ✐♥ ❆♥❣❧♦✲❙❛①♦♥ ❝♦✉♥tr✐❡s✳ ❙❡❝♦♥❞❧② t❤❡ ❧❡✈❡❧ ♦❢ ❢♦r❡✐❣♥ tr❛❞❡ ❤❛s ✐♥❝r❡❛s❡❞ ✇❤✐❝❤ s❤♦✉❧❞

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

s❡❝t♦r ❤❛s st❡❛❞✐❧② ❞❡❝❧✐♥❡❞✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❛✉t❤♦rs ❛ss❡ss❡❞ ❢♦r ❛ ❞❡❝r❡❛s❡ ♦❢ ♣✉r❡ r❡♥ts

✐♥ ❖❊❈❉ ❡❝♦♥♦♠✐❡s s✐♥❝❡ t❤❡ ❧❛t❡ ✶✾✼✵✬s✳

◆❡✈❡rt❤❡❧❡ss t❤✐s ❤②♣♦t❤❡s✐s ✐s ♥♦t ❛❧✇❛②s s✉✐t❛❜❧❡ ❢♦r ✜r♠s ❧✐❦❡ ❧❡❛❞❡r ✜r♠s✱❬✷✼❪✳ ❚❤❡ ❣❧♦❜❛❧✲

✐s❛t✐♦♥ ❝r❡❛t❡s ❣r❡❛t❡r s❝❛❧❡✳ ▼✉❧t✐♥❛t✐♦♥❛❧s ❝❛♥ ❛❜s♦r❜ ❣r❡❛t❡r ✜①❡❞ ❝♦st✱ ❧✐❦❡ ♠❛r❦❡t✐♥❣ ❛♥❞

❘✫❉ ❡①♣❡♥❞✐t✉r❡✱ t♦ ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❛♥❞ ♠♦r❡ t❡❝❤♥♦❧♦❣② ✐♥t❡♥s✐✈❡ ♣r♦❞✉❝ts✳ ❚❤❡r❡✲

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

❛s ✐t ✐s ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ❛❡r♦♥❛✉t✐❝ s❡❝t♦r ❜② ❇♦❡✐♥❣ ❛♥❞ ❆✐r❜✉s✳ ❆ ❧♦t ♦❢ ❤✐❣❤ t❡❝❤♥♦❧♦❣②

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

r❡t❛✐❧❧✐♥❣✳✳✳✮✳ ❬✷✼❪ ❛r❣✉❡❞ t❤❛t ❣❧♦❜❛❧✐s❛t✐♦♥ ❝♦✉❧❞ ❝r❡❛t❡ ❧❡ss ❝♦♥t❡st❛❜❧❡ ♠❛r❦❡t✳ ❇❡❝❛✉s❡ ♦❢

♥❡t✇♦r❦ ❡①t❡r♥❛❧✐t②✱ ❛ ♠✉❧t✐♥❛t✐♦♥❛❧ ✜rst ❡♥tr❛♥t ❝❛♥ ✐♠♣♦s❡ ✐ts t❡❝❤♥♦❧♦❣② t♦ ❛❧❧ t❤❡ ♠❛r❦❡t✱

✇❤✐❝❤ ❝r❡❛t❡ ❛ ♣r✐✈❛t❡ ♠♦♥♦♣♦❧② t❤❛t ❝♦✉❧❞ ❜❡ r❡✐♥❢♦r❝❡❞ ❜② ❚❘■P❙✱ t❤❡ ❲❚❖✬s ✐♥t❡❧❧❡❝t✉❛❧

♣r♦♣❡rt② r✐❣❤ts ❛❣r❡❡♠❡♥ts✳ ❬✷✼❪ ✜♥❛❧❧② ♣✐♥♣♦✐♥t❡❞ t❤❡ ✐♥❝❡♥t✐✈❡s ❢♦r ♠✉❧t✐♥❛t✐♦♥❛❧ ❝♦♠♣❛♥② t♦

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

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

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

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

t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✐ss✐♦♥✳ ■♥ t❤❡ ❯♥✐t❡❞ st❛t❡s✱ t❤❡ ♥✉♠❜❡rs ♦❢ ♠❡r❣❡rs ✐s ❛t ❧❡❛st t❡♥ t✐♠❡s

❜✐❣❣❡r✱ ❬✷✼❪✳

❋✐❣✉r❡ ✶✿ ◆✉♠❜❡rs ♦❢ ▲❛r❣❡st ❊✉r♦♣❡❛♥ ▼❡r❣❡rs ❜❡t✇❡❡♥ ✶✾✾✵ ❛♥❞ ✷✵✵✾
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❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ❛♠❡r✐❝❛♥ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❛♥❞ t❤❡ ❛♠❡r✐✲

❝❛♥ ✜♥✐s❤❡❞ ❝♦♥s✉♠❡r ❣♦♦❞ ♣r✐❝❡ ✐♥❞❡① ❤❛✈❡ s✐❣♥✐✜❝❛♥t❧② ✐♥❝r❡❛s❡❞ s✐♥❝❡ t❤❡ ✶✾✽✵✬s✱ ✇❤✐❝❤ ✐s

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

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

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

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

❋✐❣✉r❡ ✷✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❛♠❡r✐❝❛♥ ❝♣✐ ❛♥❞ ❛♠❡r✐❝❛♥ ❢❝❣♣✐

❆ ♣✉③③❧❡ ❛r✐s❡s ✇❤❡♥ ✇❡ ❧♦♦❦ ❛t t❤❡ ✈♦❧❛t✐❧✐t② ❡✈♦❧✉t✐♦♥ ♦❢ ♣r♦❞✉❝❡r ♣r✐❝❡ ✐♥❞❡① ✭❇✷❇ ♣r✐❝❡✮

❛♥❞ ❝♦♥s✉♠❡r ♣r✐❝❡ ✭❇✷❈ ♣r✐❝❡✮ ✐♥❞❡①✳ ❆❢t❡r t❤❡ ♠✐❞ ✶✾✽✵✬s t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ t❤❡ ❝♦♥s✉♠❡r

♣r✐❝❡ ✐♥❞❡① ❤❛s ❞❡❝r❡❛s❡❞✱ ✇❤❡r❡❛s t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❞✐✛❡r❡♥t ♣r✐❝❡ ✐♥❞❡① ❢r♦♠ t❤❡ ✐♥❞✉str✐❛❧

❇t♦❇ s❡❝t♦r ❤❛s s✉✛❡r❡❞ ❢r♦♠ ❛♥ ✐♥❝r❡❛s❡✳ ❚❤❡ s❤♦✇s t❤✐s ♣✉③③❧❡ ❢♦r ❆✉str❛❧✐❛✱ ❈❛♥❛❞❛ ❛♥❞

❯♥✐t❡❞ ❙t❛t❡s✳ ❆ ❧❛❝❦ ♦❢ ❞❛t❛ ❜❡❢♦r❡ t❤❡ ✶✾✽✵✬s ♠❛❦❡s t❤❡ ❝♦♠♣❛r✐s♦♥ ✐♠♣♦ss✐❜❧❡ ❢♦r ♦t❤❡rs

❖❊❈❉ ❡❝♦♥♦♠✐❡s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❛t❛ ❛♥❞ t❤❡ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❡✈♦❧✉t✐♦♥

♦❢ t❤❡ ♣r✐❝❡ ✈♦❧❛t✐❧✐t②✱ ✈❡r② ❞✐✛❡r❡♥t ✈❛❧✉❡s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✳ ❍❡r❡ ■ ✉s❡❞ t❤❡ ❣r♦✇t❤ ♦❢ t❤❡

❞✐✛❡r❡♥t ♣r✐❝❡ ✐♥❞❡① t♦ ♦❜t✐❛♥ ✐♥✢❛t✐♦♥ ✐♥❞❡①✳ ❚❤❡♥ ■ ❝♦♠♣✉t❡ t❤❡ ♠♦✈✐♥❣ ❛✈❡r❛❣❡ ♦❢ ❣r♦✇t❤

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

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

✹



❆✉str❛❧✐❛ ✶✾✻✾✲✶✾✽✼ ✶✾✽✽✲✷✵✵✽

▼❛♥✉❢❛❝t✉r❡❞ Pr♦❞✉❝❡r ♣r✐❝❡ ■♥❞❡① ✵✱✵✵✼✻✵ ✵✱✵✶✶✽✹

❈♦♥s✉♠❡r Pr✐❝❡ ✐♥❞❡① ✵✱✵✵✽✸✵ ✵✱✵✵✺✸✹

❈❛♥❛❞❛ ✶✾✺✻✲✶✾✽✹ ✶✾✽✺✲✷✵✵✼

▼❛♥✉❢❛❝t✉r❡❞ Pr♦❞✉❝❡r ♣r✐❝❡ ■♥❞❡① ✵✱✵✵✽✸✾ ✵✱✵✵✾✻✾

❈♦♥s✉♠❡r Pr✐❝❡ ✐♥❞❡① ✵✱✵✵✺✷✹ ✵✱✵✵✹✻✼

❯♥✐t❡❞ ❙t❛t❡s ✶✾✺✹✲✶✾✽✹ ✶✾✽✹✲✷✵✵✺

Pr♦❞✉❝❡r Pr✐❝❡ ■♥❞❡①✿ ■♥t❡r♠❡❞✐❛t❡ ▼❛t❡r✐❛❧s ✵✱✵✵✺✻✹ ✵✱✵✵✺✼✺

Pr♦❞✉❝❡r Pr✐❝❡ ■♥❞❡①✿ ■♥❞✉str✐❛❧ ❈♦♠♠♦❞✐t✐❡s ✵✱✵✵✹✺✼ ✵✱✵✵✽✸✻

Pr♦❞✉❝❡r Pr✐❝❡ ■♥❞❡①✿ ❋✐♥✐s❤❡❞ ❈♦♥s✉♠❡r ●♦♦❞s ✵✱✵✵✺✹✽ ✵✱✵✵✺✽✹

❈♦♥s✉♠❡r Pr✐❝❡ ✐♥❞❡① ✵✱✵✵✷✾✽ ✵✱✵✵✷✺✶

❙♦✉r❝❡s✿ ❙t ▲♦✉✐s ❋❡❞ ❛♥❞ ❖❊❈❉

❯s✐♥❣ ♠♦♥t❤❧② ❞❛t❛ ❢r♦♠ ❙t ▲♦✉✐s ❋❡❞✱ ❜❡t✇❡❡♥ ✶✾✺✵ ❛♥❞ ✷✵✵✾✱ ✇❡ s❡❡ t❤❛t t❤❡ ✈♦❧❛t✐❧✐t②

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

♠❛t❡r✐❛❧s ♣r✐❝❡ ✐♥❞❡① ✇❛s ❛❜♦✉t ✵✳✵✵✺✻✹ ❜❡t✇❡❡♥ ✶✾✺✹ ❛♥❞ ✶✾✽✹✱ ✇❤❡r❡❛s ✐t ✐♥❝r❡❛s❡❞ t♦ ✵✳✵✵✺✼✺

❜❡t✇❡❡♥ ✶✾✽✹ ❛♥❞ ✷✵✵✺✳ ❚❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ✐♥❞✉str✐❛❧ ♣r♦❞✉❝❡r ♣r✐❝❡ ✐♥❞❡① ✇❛s ✵✳✵✵✹✺✼ ❛♥❞

❜❡❝❛♠❡ ✵✳✵✵✸✽✻ ❞✉r✐♥❣ t❤❡ s❛♠❡ ♣❡r✐♦❞✳ ❚❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ✜♥✐s❤❡❞ ❝♦♥s✉♠❡r ❣♦♦❞ ♣r✐❝❡ ✐♥❞❡①

✇❛s ✵✳✵✵✺✹✽ ❞✉r✐♥❣ t❤❡ ✜rst ♣❡r✐♦❞ ❛♥❞ r✐s❡❞ t♦ ✵✳✵✵✺✽✹ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ♦♥❡✳ ❆❧t❤♦✉❣❤✱ t❤❡

✈♦❧❛t✐❧✐t② ♦❢ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❞❡❝r❡❛s❡❞ ❢r♦♠ ✵✳✵✵✷✾✽ t♦ ✵✳✵✵✷✺✶✳ ❲✐t❤ ❝❛♥❛❞✐❛♥ q✉❛t❡r❧②

❞❛t❛ ❢r♦♠ t❤❡ ❖❊❈❉ ❞❛t❛❜❛s❡ ❜❡t✇❡❡♥ ✶✾✺✻ ❛♥❞ ✷✵✵✾✱ ✇❡ s❤♦✇ t❤❛t t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ t❤❡

❝❛♥❛❞✐❛♥ ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦❞✉❝t ♣r✐❝❡ ✐♥❞❡① ❤❛s ❞♦✉❜❧❡❞✱ ❢r♦♠ ✵✳✵✵✽✸✾ t♦ ✵✳✵✵✾✻✾ ✱ t♦ ❜❡t✇❡❡♥

t❤❡ ♣❡r✐♦❞ ✶✾✺✽✲✶✾✽✹ ❛♥❞ t❤❡ ♣❡r✐♦❞ ✶✾✽✺✲✷✵✵✼✳ ❚❤❡ ❈❛♥❛❞✐❛♥ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❣r❡✇ ❥✉st

❛ ❧✐tt❧❡ ❜✐t ❢r♦♠ ✵✳✵✵✺✷✹ t♦ ✵✳✵✵✹✻✼ ❞✉r✐♥❣ t❤❡ s❛♠❡ ♣❡r✐♦❞✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❧✐❦❡ ❛

st❛❣♥❛♥❝② ♦❢ t❤✐s ✈♦❧❛t✐❧✐t②✳ ❯s✐♥❣ ❆✉str❛❧✐❛♥ q✉❛t❡r❧② ❞❛t❛ ❢r♦♠ t❤❡ ❖❊❈❉ ❞❛t❛❜❛s❡ ❜❡t✇❡❡♥

✶✾✻✽ ❛♥❞ ✷✵✵✾✱ ✇❡ s❡❡ t❤❛t t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ t❤❡ ❛✉str❛❧✐❛♥ ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦❞✉❝t ♣r✐❝❡ ✐♥❞❡①

❤❛s ❧❛r❣❡❧② ✐♥❝r❡❛s❡❞✱ ❢r♦♠ ✵✳✵✵✼✻✵ t♦ ✵✳✵✶✶✽✹✱ ❜❡t✇❡❡♥ t❤❡ ♣❡r✐♦❞ ✶✾✻✽✲✶✾✽✹ ❛♥❞ t❤❡ ♣❡r✐♦❞

✶✾✽✺✲✷✵✵✽✳ ❆❧t❤♦✉❣❤t✱ t❤❡ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ♦♥❧② ❣r❡✇ ❢r♦♠ ✵✳✵✵✽✸✵ t♦ ✵✳✵✵✺✽✹ ❞✉r✐♥❣ t❤❡

s❛♠❡ ♣❡r✐♦❞s✳ ❈♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❛r❡ ❧❡ss ✈♦❧❛t✐❧❡ t❤❛♥ ♣r♦❞✉❝❡r ♣r✐❝❡ ✐♥❞❡① ✐♥ t❤❡ t❤r❡❡

❡❝♦♥♦♠✐❡s ✭❡①❝❡♣t ✐♥ ❆✉str❛❧✐❛ ❞✉r✐♥❣ t❤❡ ✜rst ♣❡r✐♦❞ ❜✉t ✐t ❝❤❛♥❣❡s ✇✐t❤ t❤❡ ❧❡♥❣❤t✮

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

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

✺



❖❊❈❉ ❡❝♦♥♦♠✐❡s✱❬✻❪✱ ❬✷✽❪❛♥❞ ❬✶✾❪✳ ❚❤✐s st②❧✐③❡❞ ❢❛❝t ✱✉s✉❛❧❧② ❝❛❧❧❡❞ t❤❡ ✧❵●r❡❛t ▼♦❞❡r❛t✐♦♥✧✬✱

✐s ❝♦♠♠✉♥ t♦ ❛❧❧ ♠❛❥♦r ❖❊❈❉ ❡❝♦♥♦♠✐❡s ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t t✐♠✐♥❣s ❛♥❞ ♠❛❣♥✐t✉❞❡s✱❬✷✽❪✿

❋✐❣✉r❡ ✸✿ ❚❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ●r❡❛t ▼♦❞❡r❛t✐♦♥ ❜② ❝♦✉♥tr②

❚❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧✐♣s ❈✉r✈❡ ✭◆❑P❈✮ ❢r❛♠❡✇♦r❦✱ ✉s✐♥❣ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡①✱ ❡❛s✲

✐❧② ✐❧❧✉str❛t❡s t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥ ❛s ❛ ❞❡❝r❡❛s✐♥❣ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♦✉t♣✉t ✈♦❧❛t✐t❧✐t② ❛♥❞

✐♥✢❛t✐♦♥ ✈♦❧❛t✐❧✐t② ❢♦r t❤❡ ▼♦♥❡t❛r② ❆✉t❤♦r✐t②✱ ❬✻❪✳

❋✐❣✉r❡ ✹✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧✐♣s ❞✉r✐♥❣ t❤❡ ❧❛st t❤r❡❡ ❞❡❝❛❞❡s

❚❤❡ ◆❑P❈✱ ✉s✐♥❣ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡①✱ ♠♦✈❡❞ ❢r♦♠ t❤❡ r✐❣❤t t♦ t❤❡ ❧❡❢t✳ ❚❤✉s ✇❡ ❝❛♥

❛ss❡rt t❤❛t t❤❡ ◆❑P❈ ✉s✐♥❣ ♣r♦❞✉❝❡r ♣r✐❝❡ ✐♥❞❡① r❡♠❛✐♥❡❞ t❤❡ s❛♠❡ ♦r r✐s❡❞ ✐ts ❧♦❝✉s✿ ❢♦r ❛

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

▼❛♥② t❤❡♦r✐❡s ❤❛✈❡ ❡♠❡r❣❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✳ ❚❤❡ ✧●♦♦❞ ▲✉❝❦ ❚❤❡♦r②✧ ❛❜♦✉t

t❤❡ s♠❛❧❧❡r s❤♦❝❦s ✐♥ ❖❊❈❉ ❡❝♦♥♦♠✐❡s ❝♦♥✈✐❝❡s ❧❡ss ❛♥❞ ❧❡ss ❡❝♦♥♦♠✐sts✱ ❧✐❦❡ ❬✾❪ ♦r ❬✶✹❪ ✇❤♦s❡

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

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

❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✳ ▼♦st ♦❢ t❤❡ ❛✉t❤♦rs ❝❧❛✐♠ ❢♦r ❛ ♠♦r❡ tr✉st❡❞ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥

t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ❯♥❢♦rt✉♥❛t❡❧② t❤✐s ❝❛✉s❡ ✐s ♥♦t s✉✣❝✐❡♥t ❢♦r ❡①♣❧❛✐♥✐♥❣ t❤❡ ❊♥❣❧✐s❤ ●r❡❛t

✻



▼♦❞❡r❛t✐♦♥✱ ❬✷❪✳❬✽❪ ❝❧❛✐♠s ❢♦r ❛ ❜❡tt❡r st♦❝❦ ♠❛♥❛❣❡♠❡♥t t❤❛♥❦s t♦ ❛ ❜❡tt❡r ✉s❡ ♦❢ t❡❝❤♥♦❧♦❣②

❛♥❞ ❏✉st ■♥ ❚✐♠❡✳ ❆ ♠♦r❡ ✢❡①✐❜❧❡ ❧❛❜♦r ♠❛r❦❡t ✇♦✉❧❞ ❤❛✈❡ ❣❡♥❡r❛t❡ t❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥

❛❝❝♦r❞✐♥❣ t♦ ❬✷✵❪✱ ❬✶✾❪✳ ❚❤❡ ❧❡ss ❡♥❡r❣② ❞❡♣❡♥❞❛♥❝② ✇♦✉❧❞ ❡①♣❧❛✐♥ ✇❤② t❤❡ r✐s❡ ✐♥ ♦✐❧ ♣r✐❝❡ s✐♥❝❡

✷✵✵✷ ❞✐❞♥✬t ❝r❡❛t❡ st❛❣✢❛t✐♦♥✱ ❬✷✶❪✱ ❬✷✸❪✳ ❚♦ ✜♥✐s❤✱ ❜❡tt❡r ❝r❡❞✐t ❛❝❝❡ss✐❜✐❧✐t② ❝♦✉❧❞ ❜❡ ♦♥❡ ♦❢

t❤❡ ❝❛✉s❡s✱ ❬✹❪✳

❯♥❢♦rt✉♥❛t❡❧② ♥♦♥❡ ♦❢ t❤❡s❡ t❤❡♦r✐❡s ✐s ❛❜❧❡ t♦ ❡①♣❧❛✐♥ t❤❡ ♣✉③③❧❡ ♦❢ t❤❡ ✐♥❝r❡❛s❡❞ ✈♦❧❛t✐❧✐t② ♦❢

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

■♥ t❤❡ ♥❡①t s❡❝t✐♦♥ ✇❡ ✇✐❧❧ ❝r❡❛t❡ ❛ ◆❑P❈ ♠♦❞❡❧ ✇❤✐❝❤ ❛❝❝♦✉♥t ❢♦r ♠❛r❦❡t ♣♦✇❡r ♦❢ ❧❡❛❞❡r

✜r♠s ❛♥❞ s♠❛❧❧❡r ✜r♠s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❚❤❡♦r② ♦❢ ✜r♠s ▲✐t❡r❛t✉r❡✳ ■♥ t❤❡ t❤✐r❞ s❡❝t✐♦♥ ✇❡

✇✐❧❧ r❡♣❧✐❝❛t❡ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥ ✇✐t❤ ♠❛♥② ♦t❤❡r st②❧✐s❡❞ ❢❛❝ts ♦♥❧② ✐❢ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡

❣❧♦❜❛❧ r❡♥t ❤❛s ✐♥❝r❡❛s❡❞✳ ❲❡ ✜♥❛❧② ❞✐s❝✉ss t❤❡ s✐♠✉❧❛t✐♦♥s ❛♥❞ ❝♦♥❝❧✉❞❡ ✐♥ t❤❡ ❧❛st s❡❝t✐♦♥✳

✷ ❚❤❡ ▼♦❞❡❧

✷✳✶ ❚❤❡ ❢❛✐❧✉r❡ ♦❢ t❤❡ ❈❛❧✈♦ ♠♦❞❡❧

■♥ t❤✐s ♣❛♣❡r ✇❡ ✇✐❧❧ ❛ss✉♠❡ ❛s ❡q✉✐✈❛❧❡♥t t❤❡ ♣✉r❡ r❡♥t ❛♥❞ t❤❡ ♠❛r❦✲✉♣✱ ✇❤✐❝❤ ❞❡t❡r♠✐♥❡ t❤❡

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

❬✶✽❪ t❤❡ ❡✛❡❝t ♦❢ ♠❛r❦❡t str✉❝t✉r❡ ♦♥ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ◆❡✇ ❦❡②♥❡s✐❛♥ P❤✐❧✐♣s ❈✉r✈❡ ✐s st✉❞✐❡❞✳

❙✐♥❝❡ ❬✷✻❪✱ ✐t ✐s ✇❡❧❧ ❦♥♦✇♥ t❤❛t t❤❡ r❡❞✉❝❡❞✲❢♦r♠s ♦❜t❛✐♥❡❞ ❜② t❤❡ ❘♦t❡♠❜❡r❣✱❬✷✺❪ ❛♥❞ t❤❡

❈❛❧✈♦✱❬✼❪✱ ♣r✐❝❡ s❡tt✐♥❣ ❛ss✉♠♣t✐♦♥s ❛r❡ q✉✐t❡ t❤❡ s❛♠❡✳ ❚❤❡ ◆❑P❈ r❡❞✉❝❡❞✲❢♦r♠ ♦❜t❛✐♥❡❞

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

✧❵str❛t❡❣✐❝ ❝♦♠♣❧❡♠❡♥t❛r②✧✬✱ ❬✷✾❪✳ ❋♦r t❤❡ ❧❛tt❡r ◆❑P❈ r❡❞✉❝❡❞✲❢♦r♠✱ ❛♥ ✐♥❝r❡❛s❡❞ ❝♦♠♣❡t✐✲

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

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

✐♥❞❡① ✈♦❧❛t✐❧✐t②✱ ❬✶✽❪ ❝♦♥❝❧✉❞❡s t❤❛t t❤❡ ❈❛❧✈♦ ♠♦❞❡❧ ✇❛s ♠♦r❡ s✉✐t❛❜❧❡ t❤❛♥ t❤❡ ❘♦t❡♠❜❡r❣

♠♦❞❡❧✳

❍♦✇❡✈❡r✱ s❡r✈✐❝❡s ❛r❡ ❛♥ ✐♠♣♦rt❛♥t ♣❛rt ♦❢ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ❜❛s❦❡t ❜✉t t❤❡② ❛r❡ ♥♦t ✈❡r② tr❛❞✲

❛❜❧❡✱ ✉♥❧✐❦❡ ♠❛♥✉❢❛❝t✉r❡❞ ❣♦♦❞s✳ ❚❤✉s✱ t❤❡ ●❧♦❜❛❧✐③❛t✐♦♥ ❤❛s ❞❡❢❡♥✐t❡❧② ✐♥❝r❡❛s❡❞ ❝♦♠♣❡t✐t✐♦♥

❛♠♦♥❣ ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦❞✉❝t ♠❛r❦❡ts✱ ❛s ❈❤✐♥❡s❡ ✐♠♣r❡ss✐✈❡ ❞❡✈❡❧♦♣♠❡♥t ❝♦rr♦❜♦r❛t❡s✳ ❇✉t

t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ♣r♦❞✉❝❡r ♣r✐❝❡ ✐♥❞❡①✱ ♥♦t❛❜❧② ❛❜♦✉t ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦❞✉❝ts ♣r✐❝❡ ✐♥❞❡①✱ ✐♥✲

❝r❡❛s❡❞ ❛ ❧♦t ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ♦❢ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥ ✐♥ ❆✉str❛❧✐❛✱ ✐♥ ❈❛♥❛❞❛ ❛♥❞ ✐♥ t❤❡

✼



❯♥✐t❡❞ ❙t❛t❡s✳ ❬✶✽❪ ❝♦♥❝❧✉s✐♦♥ ✐s ♥♦ ♠♦r❡ s✉✐t❛❜❧❡✱ t❤❡ ❘♦t❡♠❜❡r❣ ♠♦❞❡❧ ✐s✳ ❚❤❛t✬s ✇❤② ✇❡

✇✐❧❧ ✉s❡ ✐t ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ◆❑ ♠♦❞❡❧✳

✷✳✷ ❍♦✉s❡❤♦❧❞s

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

❤♦❧❞ ♠❛①✐♠✐s❡s ❛ ❞✐s❝♦✉♥t❡❞ s✉♠ ♦❢ ❡①♣❡❝t❡❞ ✉t✐❧✐t✐❡s✿

Ωt (j) =
∞
∑

s=t

βs−tEt

{

1

1 − σ
C1−σ
s (j) −

1

1 + ψ
L

1+ψ

s (j)

}

✇❤❡r❡ j ∈ [0; 1]✱ β ✐s t❤❡ s✉❜❥❡❝t✐✈❡ ❞✐s❝♦✉♥t ❢❛❝t♦r✱ Ct (j) =
[

∫ 1
0 Ct (j, i)

θ−1
θ di

]
θ
θ−1

✱ t❤❡ ❉✐①✐t✲

❙t✐❣❧✐t③ ❝♦♥st❛♥t ❡❧❛st✐❝✐t②✲♦❢✲s✉❜st✐t✉t✐♦♥✲❝♦♠♣s✉♠t✐♦♥ ✐♥❞❡①✱ Ct (j, i) r❡♣r❡s❡♥ts ❝♦♥s✉♠♣t✐♦♥

❜② j ♦❢ t❤❡ it❤ ❣♦♦❞✱ Lt (j) ✐s t❤❡ s✉♣♣❧② ♦❢ ❧❛❜♦✉r✳ σ > 0✱ ✐s t❤❡ ✐♥t❡rt❡♠♣♦r❛❧ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ♦❢ ❛❣❣r❡❣❛t❡ ❡①♣❡♥❞✐t✉r❡✳ ψ ✐s t❤❡ ❞❡s✉t✐❧✐t② ♦❢ ❧❛❜♦✉r✱ ♦r t❤❡ ✐♥✈❡rs❡ ♦❢ ❋r✐s❤

❡❧❛st✐❝✐t②✳

❚❤❡ ❤♦✉s❡❤♦❧❞s ❛r❡ ❧✐♠✐t❡❞ ❜② t❤❡ st❛♥❞❛r❞ ❜✉❞❥❡t ❝♦♥tr❛✐♥t✿

PtCt (j) +
Bt+1 (j)

(1 + rt)
= Wt (j)Lt (j) + Lhs (j) +Bt (j) + Πu

t (j) + Πd
t (j) + Tt (j)

Pt =
[

∫ 1
0 Pt(i)

1−θdi
]

1
1−θ ✐s t❤❡ ♣r✐❝❡ ❝♦♥s✉♠❡r ✐♥❞❡①✱ Bt (j) ✐s ❛ ❜♦♥❞ ✇❤✐❝❤ ❡♥❛❜❧❡ j t♦ s❛✈❡

❜❡t✇❡❡♥ t♦ ♣❡r✐♦❞s✳ Wt (j) ✐s t❤❡ ♥♦♠✐♥❛❧ ✇❛❣❡ ♦❢ j✳ Lhs (j) ✐s ❛ ❝♦♥st❛♥t ❡❛r♥✐♥❣ ❢r♦♠ t❤❡

❞♦✇♥str❡❛♠ ✜r♠s t♦ j✳ Πu
t (j) ❞❡♥♦t❡s t❤❡ s❤❛r❡ ♦❢ ♣r♦✜t ❣✐✈❡♥ t♦ j ❢r♦♠ t❤❡ t♦t❛❧ ♣r♦✜t ♦❢ t❤❡

✉♣str❡❛♠ ✜r♠s✱ ❛♥❞ Πd
t ✐s t❤❡ s❛♠❡ ❢♦r t❤❡ ❞♦✇♥str❡❛♠ ✜r♠s✳ Tt (j) ✐s t❤❡ ❝♦st ♦❢ ❝❤❛♥❣✐♥❣

♣r✐❝❡ ❢♦r ❛❧❧ t❤❡ ❝♦♠♣❛♥✐❡s ✇❤✐❝❤ ✐s ♣❛✐❞ ❜② j✳ ❚❤❡ ✉t✐❧✐t② ♠❛①✐♠✐s✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡

L
ψ
t (j) =

Wt (j)

Pt
C−σ
t (j)

Et



β

(

Ct+1 (j)

Ct (j)

)

−σ

(1 + rt)



 = 1

✽



✷✳✸ ❋✐r♠s

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❚❤❡♦r② ♦❢ ✜r♠s ▲✐tt❡r❛t✉r❡✱ ✇❡ tr② t♦ r❡♣❧✐❝❛t❡ ❛ s✐♠♣❧❡ ✧❵♥❡t✇♦r❦ ✜r♠✧✬

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

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

✷✳✹ ❚❤❡ ✉♣str❡❛♠ s❡❝t♦r

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

❞✐str✐❜✉t❡❞ ♦♥ t❤❡ ✐♥t❡r✈❛❧ [0; 1]✳ ❚❤❡② ♦♣❡r❛t❡ ✐♥ ❛ ♠♦♥♦♣♦❧✐st✐❝❛❧❧② ❝♦♠♣❡t✐t✐✈❡ ♠❛r❦❡t ✇✐t❤

t❤❡ s❛♠❡ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥✳

Y u
t (h) = AtL

α
t (h)

❊❛❝❤ ✜r♠ ❢❛❝❡s ❛ ❞❡♠❛♥❞ ❝✉r✈❡ ❢r♦♠ t❤❡ ❞♦✇♥str❡❛♠ s❡❝t♦r✿

Y u
t (h) =

1
∫

0

(

P u
t (h)

P u
t

)

−θu

Y d
t (i, h) di

✇✐t❤ Y d
t (i, h) t❤❡ ❞❡♠❛♥❞ ❢r♦♠ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ i t♦ t❤❡ ✉♣str❡❛♠ ✜r♠s h✳ Y d

t (i) =
[

∫ 1
0 Y

u
t (i, h)

θu−1
θu dh

]
θu

θu−1

t❤❡ ❞❡♠❛♥❞ ❢r♦♠ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ i t♦ ❛❧❧ t❤❡ ❞✐✛❡r❡♥t✐❛t❡❞ ✉♣✲

str❡❛♠ ✜r♠s h✱ ❛♥❞ Y u
t (h) =

∫ 0
1 Y

u
t (i, h) di t❤❡ t♦t❛❧ ♦✉t♣✉t ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ h✳ P u

t (h) ✐s

t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ✉♣str❡❛♠ ✜r♠ h ❛♥❞ P d
t (i) t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ❞♦✇♥tr❡❛♠ ✜r♠ i✳ 0 < α < 1 ✐s t❤❡

❡❧❛st✐❝✐t② ♦❢ ✉♣str❡❛♠ ♦✉t♣✉t ✇✐t❤ r❡s♣❡❝t t♦ ❧❛❜♦✉r✳ θu ✐s ❡❧❛st✐❝✐t② ♦❢ ❞❡♠❛♥❞ ❢♦r ❞♦✇♥str❡❛♠

✜r♠ i✳ ❲❡ ✐♠♣❧✐❝✐t❧② ❛ss✉♠❡ t❤❛t t❤❡ ❝❛♣✐t❛❧ st♦❝❦ ✐s ✜r♠ s♣❡❝✐✜❝ ❛♥❞ ❝♦♥st❛♥t ♦✈❡r t✐♠❡✳

✷✳✺ ❚❤❡ ❞♦✇♥str❡❛♠ s❡❝t♦r

❊❛❝❤ ✉♣str❡❛♠ ✜r♠ ♣r♦❞✉❝❡s ❛ ❞✐✛❡r❡♥t✐❛t❡❞ ✜♥❛❧ ❣♦♦❞ ✐♥❞❡①❡❞ ❜② i✳ ❚❤❡② ❛r❡ ✉♥✐❢♦r♠❧②

❞✐str✐❜✉t❡❞ ♦♥ t❤❡ ✐♥t❡r✈❛❧ [0; 1]✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❞♦✇♥str❡❛♠ ✜r♠ ✐s ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢

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

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

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

✾



Yt (i) = AdY d
t (i)

❆s ♣r❡s❡♥t❡❞ ❛❜♦✈❡✱ t❤❡ ❛❝t✐✈✐t② ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ ❝♦♥s✐sts ✐♥ ✐♠♣r♦✈✐♥❣ t❤❡ ♦✉t✲

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

♠❛r❦❡t✐♥❣✱ ❧♦❣✐st✐❝s✱ ✜♥❛♥❝✐❛❧ ❛♥❞ ❘✫❉ s❡r✈✐❝❡s✳

❊❛❝❤ ✜r♠ ❢❛❝❡s ❛ ❞❡♠❛♥❞ ❝✉r✈❡ ❢r♦♠ t❤❡ ✜♥❛❧ ❝♦♥s✉♠❡r✿

Yt (i) =

(

Pt(i)

Pt

)

−θ

Yt

✇✐t❤ Yt =
[

∫ 1
0 Yt(i)

θ−1
θ di

]
θ
θ−1 ❢♦r t❤❡ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞✳ Pt (i) ✐s t❤❡ ♣r✐❝❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠

✜r♠ i✳

✷✳✻ ❚❤❡ ❘♦t❡♠❜❡r❣ ♠♦❞❡❧

❋♦❧❧♦✇✐♥❣ ❬✷✺❪✱ ❡❛❝❤ ✜r♠ ♦❢ ❜♦t❤ s❡❝t♦rs ❢❛❝❡s ❛ q✉❛❞r❛t✐❝ ❝♦st ♦❢ ♣r✐❝❡ ❛❞❥✉st❡♠❡♥t✱ ♠❡❛s✉r❡❞

✐♥ t❡r♠s ♦❢ t❤❡ ✜♥❛❧ ❣♦♦❞✳ ❋♦r ✉♣tstr❡❛♠ ✜r♠s✱ t❤❡ ❝♦st ❛❞❥✉st❡♠❡♥t ✐s ❜❛s❡❞ ♦♥ r❡❛❧ ♣r✐❝❡

❜❡❝❛✉s❡ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ ❝❛r❡s ❛❜♦✉t t❤❡ r❡❛❧ ❝♦st ✈❛r✐❛❜✐❧✐t②✳ P❡♥❛❧t✐❡s t♦ ❝♦✈❡r ❛❞❞✐t✐♦♥♥❛❧

♠❛♥❛❣❡♠❡♥t ❝♦sts ♦❢ t❤❡ ✇❤♦❧❡ ✧❵♥❡t✇♦r❦ ✜r♠✧✬❝❛♥ ❜❡ ♣❛✐❞ ❢r♦♠ t❤❡ ✉♣str❡❛♠ ✜r♠s t♦ t❤❡

❞♦✇♥str❡❛♠ ✜r♠s✳

cu

2







Put (h)

Pt

π
Put−1

Pt−1
(h)

− 1







2

Yt

Ad

❋♦r t❤❡ ❞♦✇♥str❡❛♠ ✜r♠s✱ t❤❡ ❝♦st ❛❞❥✉st❡♠❡♥t ✐s ❜❛s❡❞ ♥♦♠✐♥❛❧ ♣r✐❝❡✱

✷✳✼ ❚❤❡ ❘♦t❡♠❜❡r❣ ♠♦❞❡❧ ❢♦r t❤❡ ✉♣str❡❛♠ ✜r♠s

❚❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ✉♣str❡❛♠ ✜r♠ ❝❤♦♦s❡s ✐ts r❡❛❧ ♣r✐❝❡ Put (h)

Pt
❛t ❡❛❝❤ ♣❡r✐♦❞ t♦ ♠❛①✐♠✐s❡ ✐ts

♣r♦✜t✳ ■♥❢♦r♠❛t✐♦♥ ✐s ♥♦t ♣❡r❢❡❝t✳ ❲❡ ❛ss✉♠❡ t❤❛t ✉♣str❡❛♠ ✜r♠s ❝❛♥♥♦t ❢♦rs❡❡ t❤❡ ♦♣t✐♠❛❧
Put (h)

Pt
✳ ■♥❞❡❡❞✱ ✐♥ ❛ s♠❛❧❧ ✜r♠ t❤❡ ✜♥❛♥❝✐❛❧ ❛♥❞ ❛❝❝♦✉♥t✐♥❣ ❞❡♣❛rt♠❡♥ts ❛r❡ ♠♦r❡ ♦r ❧❡ss ❞❡✈❡❧✲

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

t❤❡✐r ♣♦t❡♥t✐❛❧ ❣r❡❛t❡r ♠❛r❦❡t ♣♦✇❡r ✐♥❞✉❝❡❞ ❜② t❤❡ ✧❵♥❡t✇♦r❦ ✜r♠✧✬ ♠♦❞❡❧✳

✶✵



P u
t (h)MaxΠu

t (h) =
Put (h)

Pt
Y u
t (h) − Wt(h)

Pt
Lt (h) −

cu
2





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





2

Y u
t

✇❤✐❝❤ ❜❡❝♦♠❡s✿

P u
t (h)MaxΠu

t (h) =
(

Put (h)

Pt

)

(

Pu
t

(h)

Pt
Pu
t
Pt

)

−θu

Yt
Ad

∫ 1
0

(

P dt (i)

Pt

)

−θ

di−





(

Pu
t

(h)

Pt
Pu
t
Pt

)

−θu

Yt
AdAt

∫ 1
0

(

P dt (i)

Pt

)

−θ

di





1
α

Wt(h)
Pt

− cu
2





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





2

Yt
Ad

❚❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ✐s

(1 − θu)

(

Pu∗
t

(h)

Pt

)

−θu

(

Pu
t
Pt

)1−θu
Yt
Ad

−
(

Yt
AdAt

)

1
α (

− θu
α

)

(

Pu∗
t

(h)

Pt

)

−
θu
α −1

(

Pu
t
Pt

)
−θu
α

Wt(h)
Pt

−

cu





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





Yt
Ad

1

π
Pu
t−1
Pt−1

(h)
= 0

■❢ ✇❡ ❧♦❣✲❧✐♥❡❛r✐s❡ t❤✐s ❡q✉❛t✐♦♥ ❛t t❤❡ s②♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠✿

put − put−1 =
θu − 1

cu

1 − α+ ψ + σα

α
(yt − ynt ) + −put−1

✇✐t❤

ỹt = yt − ynt

ỹt ❞❡♥♦t❡s t❤❡ ❣❧♦❜❛❧ ♦✉t♣✉t ❣❛♣ ❜❡t✇❡♥♥ t❤❡ ✜♥❛❧ ♦✉t♣✉t yt ❛♥❞ t❤❡ ♥❛t✉r❛❧ ♦✉t♣✉t ynt ✳ p
u
t ✐s

t❤❡ ❧♦❣❧✐♥❡❛r✐③❡❞ ✈❛❧✉❡ ♦❢ t❤❡ r❡❛❧ ✉♣str❡❛♠ ♣r✐❝❡✳

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

πut = pu∗t − pu∗t−1

✷✳✽ ❚❤❡ ❘♦t❡♠❜❡r❣ ♠♦❞❡❧ ❢♦r t❤❡ ❞♦✇♥str❡❛♠ ✜r♠s

❚❤❡ ❝♦r❡ ❛❝t✐✈✐t✐❡s ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠ ✐s t❤❡ ❝♦♥❝❡♣t✐♦♥✱ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ❛♥❞ t❤❡ ♠♦♥✐t♦r✲

✐♥❣ ♦❢ t❤❡ s✉♣♣❧② ❝❤❛✐♥✱ ❬✶✶❪✳ ❚❤❡r❡ ✐s ♥♦ ❞✐r❡❝t ❧✐♥❦ ❜❡t✇❡❡♥ t❤❡s❡ t❤r❡❡ t❛s❦s ❛♥❞ t❤❡ q✉❛♥t✐t②

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

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

✶✶



❞❡♣❛rt❡♠❡♥ts ✈❡r② ✇❡❧❧✳ ❲❡ t❤❡♥ ❝♦♥s✐❞❡r t❤❛t t❤❡② ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡✐r ♥❡①t ♣❡r✐♦❞ ♦♣t✐♠❛❧

♣r✐❝❡✳ ●✐✈❡♥ Put (h)

Pt
❛ ❞♦✇♥str❡❛♠ ✜r♠ ❝❤♦♦s❡s ❛ s❡q✉❡♥❝❡ ♦❢ P d

t (i) t♦ ♠❛①✐♠✐③❡ t❤❡ ❡①♣❡❝t❡❞

s✉♠ ♦❢ ❢✉t✉r❡ ❞✐s❝♦✉♥t❡❞ ♣r♦✜ts✳

P d
t (i)MaxΠd

t (i) = Et

[

∑

∞

s=tRt+s

(

P dt+s(i)

Pt+s
Yt+s (i) −

Put+s(i)

Pt+s
Y d
t+s(i) −

cd
2

(

P dt+s(i)

πP dt+s−1(i)
− 1

)2

Yt+s − Lhs (i)

)]

✇❤❡r❡ Rt+s = βsC−σ
s ✐s t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r✳ P d

t (i) =
[

∫ 1
0 P

u
t (h)1−θudh

]
1

1−θu ✐s t❤❡

♣r✐❝❡ ✐♥❞❡① ♦❢ Y d
t (i) t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ i ❢r♦♠ ❛❧❧ ✉♣str❡❛♠ ✜r♠s✳ Lhs (i) ✐s

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

Πd
t (i) > 0 s✐♥❝❡ ❜✐❣ ✜r♠s ❤❛✈❡ ♦❢t❡♥ ❣✐✈❡♥ st♦❝❦ ❞✐✈✐❞❡♥❞s t♦ s❤❛r❡❤♦❧❞❡rs ❞✉r✐♥❣ t❤❡ ●r❡❛t

▼♦❞❡r❛t✐♦♥✳

❚❤❡ ♣r♦✜t ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

P d
t (i)MaxΠd

t (i) = Et
∑

∞

s=tRt+s

(

P dt+s(i)

Pt+s

(

P dt+s(i)

Pt+s

)

−θ

Yt+s(i) −
Put+s(i)

Pt+s

(

P dt+s(i)

Pt+s

)

−θ
Yt+s(i)
Ad

−

cd
2

(

P dt+s(i)

πP dt+s−1(i)
− 1

)2

Yt+s − Lhs (i)

❚❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ✐s✿

Rt (1 − θ)
P d∗

−θ

t (i)

P 1−θ
t

Yt +Rt
Yt
Ad

Put (i)

Pt
θ
P d∗

−θ−1

t (i)

P−θ
t

−Rtcd

(

P d∗t (i)

πP dt−1(i)
− 1

)

Yt
1

πP dt−1(i)
+

EtRt+1cd

(

P dt+1(i)

πP d∗t (i)
− 1

)

Yt+1
P dt+1(i)

πP d∗
2

t (i)
= 0

❲❡ ❝❛♥ ❡❛s✐❧② ♦❜t❛✐♥ t❤❡ ❞♦✇♥str❡❛♠ ♣r✐❝❡ ❡q✉❛t✐♦♥✿

Pt =
1

θ−1
θ

+ cd
θ

(

(

πt
π
− 1

)

πt
π

+ βEt
C−σ
t+1

C−σ
t

(

πt+1

π
− 1

)

πt+1

π

Yt+1

Yt

)

P u
t (i)

Ad
= µt

P u
t (i)

Ad

✇❤❡r❡ µt ✐s t❤❡ ♠❛r❦✲✉♣ ♦✈❡r t❤❡ ♠❛r❣✐♥❛❧ ❝♦st P
u
t (i)

Ad
✳ ❚❤❡r❡ ❛r❡ t✇♦ t❡r♠s ✐♥ t❤❡ ❞❡♥♦♠✐♥❛t♦r

♦❢ t❤❡ ♠❛r❦✲✉♣✳ ❚❤❡ ✜rst t❡r♠✱ θ
θ−1

r❡♣r❡s❡♥ts t❤❡ st❛♥❞❛r❞ ♠❛r❦✲✉♣ ❛♥❞ t❤❡ s❡❝♦♥❞ t❡r♠ t❤❡

❝♦st ♦❢ ❛❞❥✉st♠❡♥t ♣r✐❝❡ t❤❛t ✐t ✐s t❛❦❡s ✐♥ ❛❝❝♦✉♥t✳

cd

θ

(

(

πt

π
− 1

)

πt

π
+ βEt

C−σ
t+1

C−σ
t

(

πt+1

π
− 1

)

πt+1

π

Yt+1

Yt

)

r❡♣r❡s❡♥ts t❤❡ ♥❡t ❝♦st ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♣r✐❝❡ ❛❞❥✉s♠❡♥t✳ ❲❤❡♥ t❤❡r❡ ✐s ♥♦ st✐❝❦✐♥❡ss (c = 0)✱

✶✷



t❤❡ ♠❛r❦✲✉♣ ✐s t❤❡ s❛♠❡ ❛s t❤❡ ❞❡s✐r❡❞ ♠❛r❦✲✉♣✱ θ
θ−1

✳

▲♦❣✲❧✐♥❡❛r✐s❡ t❤✐s ❧❛st ❡q✉❛t✐♦♥ ❣✐✈❡s t❤❡ ◆❑P❈ ♦❢ ❞♦✇♥str❡❛♠ ✜r♠s✿

πt =
θ − 1

cd

θu − 1

cu

1 − α+ ψ + σα

α
ỹt +

θ − 1

cd
pu∗t−1 + Etβπt+1

✷✳✾ ▼❛r❦❡t str✉❝t✉r❡ ❛♥❞ t❤❡ ❙❧♦♣❡ ♦❢ ◆❑P❈

❚❤❡ st❡❛❞② st❛t❡ ❡❧❛st✐❝✐t✐❡s ♦❢ ❞❡♠❛♥❞ ❢♦r t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ❞♦✇♥tr❡❛♠ ✜r♠ θu✱ ❛♥❞ ❛♥ ✉♣✲

str❡❛♠ ✜r♠ θ ✱ ❝❛♣t✉r❡ t❤❡ ❞❡❣r❡❡ ♦❢ s✉❜st✐t✉❛❜✐❧✐t② ❜❡t✇❡♥♥ t❤❡✐r ♦✇♥ ❣♦♦❞s ❛♥❞ t❤♦s❡ ♦❢ t❤❡✐r

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

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

♦❢ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ ✜r♠s✱ ❛♥❞ ❛ ❧♦✇❡r ❞❡s✐r❡❞ ♠❛r❦✲✉♣ ✭❛ r❡❞✉❝t✐♦♥ ✐♥ ✜r♠✬s ♣r✐❝❡ ♣♦✇❡r✮✳

❆ str✉❝tr❛❧ ✐♥❝r❡❛s❡ ✐♥ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ ✜r♠s ✐s ✐♥t❡r♣r❡t❡❞ ✐♥ t❡r♠s ♦❢ ❛ ♦♥❡ ♦✛ ✐♥❝r❡❛s❡ ✐♥

t❤❡ ✭st❡❛❞② st❛t❡✮ ❡❧❛st✐❝✐t②✳

❲✐t❤✐♥ ❛ st❛♥❞❛r❞ ◆❑P❈ ✇✐t❤ ❘♦t❡♠❜❡r❣ ♣r✐❝❡ s❡tt✐♥❣ ❛ss✉♠♣t✐♦♥✱ ❛ ❤✐❣❤❡r ❝♦♠♣❡t✐t✐♦♥

❛♠♦♥❣ ✜r♠s ✐♥❝r❡❛s❡s t❤❡ s❧♦♣❡ ♦❢ t❤❡ P❤✐❧❧✐♣s ❝✉r✈❡ ❛♥❞ t❡♥❞s t♦ ♠❛❣♥✐❢② ✐♥✢❛t✐♦♥♥❛r② ♣r❡s✲

s✉r❡s✳❚❤❡r❡❢♦r❡✱ t❤❡ ♠❛r❦❡t srt✉❝t✉r❡ ♦❢ t❤❡ ✉♣str❡❛♠ ❛♥❞ t❤❡ ❞♦✇♥str❡❛♠ ✜r♠s ❛✛❡❝t t❤❡

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

❝❤❡❛♣❡r ✭t❤❡ s❡❝♦♥❞ t❡r♠ ✐♥ ❞❡♥♦♠✐♥❛t♦r ♦❢ µt✮✳ ❋♦r ❛ ❣✐✈❡♥ ♠❛❣♥✐t✉❞❡ ♦❢ ♣r✐❝❡ ❛❞❥✉st❡♠❡♥t

❝♦stscd✱ ❛ ❤✐❣❤❡r θ ❧♦✇❡rs t❤❡ ♥❡t ❝♦st ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❞❥✉st✐♥❣ ♣r✐❝❡s✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ♦♣t✐♠❛❧

♣r✐❝❡ ❛❞❥✉st❡♠❡♥t ❢❛❧❧s ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ❝♦♠♣❡t✐t✐♦♥ ✭❛s θ ✐♥❝r❡❛s❡✮✱ ✇❤✐❝❤ ♠❛❦❡s ♣r✐❝❡

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

♣r♦♠♦t❡s ♣r✐❝❡ ✢❡①✐❜✐❧✐t② ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ◆❑P❈✳

◆❡✈❡rt❤❡❧❡ss✱ t❛❦✐♥❣ ✐♥ ❛❝❝♦✉♥t ❚❤❡♦r② ♦❢ ❋✐r♠s r❡s❡❛r❝❤ ❜r✐♥❣ ❛ s♣❡❝✐❛❧ ◆❑P❈ ✇❤♦s❡ s❧♦♣❡✱

γ ✐s✿

γ =
θ − 1

cd

θu − 1

cu

1 − α+ ψ + σα

α

❍❡r❡ θu✱ t❤❡ ♠❛r❦❡t str✉❝t✉r❡ ♦❢ ❇✷❇ ✜r♠s✱ ❝❛♥ s❡r✐♦✉s❧② ❛✛❡❝t t❤❡ st❛♥❞❛r❞ r❡❧❛t✐♦♥s❤✐♣

❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳

✶✸



✷✳✶✵ ❚❤❡ ▼♦♥❡t❛r② P♦❧✐❝② ❘✉❧❡

❲❡ ✇✐❧❧ ❝❧♦s❡ t❤❡ ♠♦❞❡❧ ❜② ❛ss✉♠✐♥❣ ❛ ✈❡r② s✐♠♣❧❡ ♠♦♥❡t❛r② ♣♦❧✐❝② r✉❧❡✿

rt = φπt

❆ ❧❡ss s✐♠♣❧❡ ♠♦♥❡t❛r② ♣♦❧✐❝② r✉❧❡ ✐s ✉s❡❧❡ss ♦❢r t❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ♣❛♣❡r✳

✷✳✶✶ ❚❤❡ ❊q✉✐❧✐❜r✐✉♠

❋♦r s❡q✉❡♥❝❡ ♦❢ ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦s {At}
∞

t=0 ❛ s②♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠ ✐s ❛ s❡q✉❡♥❝❡ ♦❢ q✉❛♥t✐t✐❡s✿

{Qt}
∞

t=0 =
{

Yt, Y
n
t , Ỹt, Ct, Lt,Π

d
t ,Π

u
t , Tt

}

∞

t=0

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

{Pt}
∞

t=0 = {Wt, P
u
t , Pt, rt}

∞

t=0

✷✳✶✷ ❚❤❡ ❧♦❣ ❧✐♥❡❛r✐s❡❞ ♠♦❞❡❧ ❛r♦✉♥❞ t❤❡ st❡❛❞② st❛t❡

❊✉❧❡r ❡q✉❛t✐♦♥ yt = Etyt+1 −
1
σ

(rt − Etπt+1)

❲♦r❦ ❙✉♣♣❧② ψlt = wt − σyt

❖✉t♣✉t yt = at + αlt

◆❛t✉r❛❧ ♦✉t♣✉t ynt = ψ+1
1−α+ασ+ψ

at

❖✉t♣✉t ❣❛♣ ỹt = yt − ynt

❖♣t✐♠❛❧ ♣r✐❝❡ ❢♦r ✉♣str❡❛♠ ✜r♠s pu∗t = θu−1
cu

1−α+ψ+σα
α

ỹt + pu∗t−1

■♥✢❛t✐♦♥ r❛t❡ ❢♦r ✉♣str❡❛♠ ✜r♠ πut = pu∗t − pu∗t−1

◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧❧✐♣s ❝✉r✈❡ ❢♦r ❞♦✇str❡❛♠ ✜r♠s πt = θ−1
cd

θu−1
cu

1−α+ψ+σα
α

ỹt +
θ−1
cd
pu∗t−1 + Etβπt+1

▼♦♥❡t❛r② ♣♦❧✐❝② r✉❧❡ rt = φπt

Pr♦❞✉❝t✐✈✐t② s❤♦❝❦ ✐♥ ❘✫❉ ❛♥❞ ♠❛♥❛❣♠❡♥t ❛❝t✐✈✐t✐❡s ❛r❡ r❡❧❛t✐✈❡❧② s❡❧❞♦♠✱ t❤❛t✬s ✇❤②

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

♣r♦❞✉❝t✐✈✐t② ♣❛r❛♠❡t❡r ♦❢ ✉♣str❡❛♠ ✜r♠s✳

at+1 = ρat + ǫt

✶✹



❛✈❡❝

0 < ρ < 1

✇❤❡r❡ ǫt ✐s ❛ ✇❤✐t❡ ♥♦✐s❡✳

✸ ❘❡s✉❧ts ❛♥❞ s✐♠✉❧❛t✐♦♥s

✸✳✶ ❘❡s✉❧ts

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

❞❡♣❡♥❞s ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ γ ✿

γ =
θ − 1

cd

θu − 1

cu

1 − α+ ψ + σα

α

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

❝♦♥st❛♥t s✐♥❝❡ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✶✾✺✵✬s✱ ❡①❝❡♣t θ ❛♥❞ θu✳ θu ❤❛s ❞❡✜♥✐t✐✈❡❧② ✐♥❝r❡❛s❡❞ ✇✐t❤

●❧♦❜❛❧✐③❛t✐♦♥✿ ♣r♦❞✉❝❡rs ✐♥ ❇✷❇ s❡❝t♦r ❤❛✈❡ s✉✛❡r❡❞ ❢r♦♠ ❝♦♠♣❡t✐t✐♦♥ ♦❢ ♦t❤❡r ❖❊❈❉ ❛♥❞

❡♠❡r❣✐♥❣ ❡❝♦♥♦♠✐❡s✳ ■♥ ♦r❞❡r t♦ r❡♣❧✐❝❛t❡ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✱ ✐✳❡ ❛ ♠♦✈❡ ♦❢ t❤❡ ◆❑P❈ ✇✐t❤

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

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

▼♦❞❡r❛t✐♦♥✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ❞♦✇♥str❡❛♠ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♠✉st ❤❛✈❡ ❞❡❝r❡❛s❡❞

♠♦r❡ t❤❛♥ t❤❡ r✐s❡ ♦❢ t❤❡ ✉♣tr❡❛♠ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✿

|△θu| < |△θ|

✸✳✷ ❈❛❧✐❜r❛t✐♦♥

❚❤❡ ♠♦❞❡❧ ✐s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ✉s✉❛❧ ✈❛❧✉❡s ♠❡t ✐♥ t❤❡ ▲✐t❡r❛t✉r❡✳ ❚❤❡ ❞✐s❝♦✉♥t ❢❛❝♦r β = 0.99✳

P❛r❛♠❡t❡r α = 0.7✳ P❛r❛♠❡t❡rψ = 2 ❛♥❞ ♣❛r❛♠❡t❡r σ = 2✳ ρ ✐s ❝❛❧✐❜r❛t❡❞ t♦ ✵✳✾✳ P❛r❛♠❡t❡r φ

♠♦✈❡s ❢r♦♠ ✶✱✶ t♦ ✷✱✶✳ ❚❤❡ ♠♦❞❡❧ ✐s ♥♦t ✈❡r② s♦♣❤✐st✐❝❛t❡❞✱ t❤❛t✬s ✇❤② ✐♥ ♦r❞❡r t♦ ♠❡❡t ♦✉t♣✉t

❛♥❞ ✐♥✢❛t✐♦♥ ✈❛r✐❛❜✐❧✐t② ✈❛❧✉❡s ♠❡t ✐♥ ❬✷✶❪ ✇❡ ❤❛✈❡ t♦ ✉s❡ ✈❡r② ❤✐❣❤ ✈❛❧✉❡ ♦❢ ❛❞❥✉st♠❡♥t ♣r✐❝❡

❝♦st✿ cu = 500 ❛♥❞ cd = 10000✳

✶✺



✸✳✸ ❙✐♠✉❧❛t✐♦♥s

❚♦ ✐❧❧✉str❛t❡ t❤❡ ♠❛r❦❡t str✉❝t✉r❡ ♦❢ t❤❡ ✉♣str❡❛♠ ✜r♠ ✇❡ ✇✐❧❧ ❝❤♦♦s❡ θu = 7✱ ❜❡❢♦r❡ t❤❡ ●r❡❛t

▼♦❞❡r❛t✐♦♥ ❛♥❞ θu = 10 ❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✳ ❈♦♥❝❡r♥✐♥❣ t❤❡ ❞♦✇♥str❡❛♠ s❡❝t♦r✱

θ = 10 ✇✐❧❧ ❞❡❝r❡❛s❡ t♦ θ = 4 ❞✉r✐♥❣ t❤❡ s❛♠❡ ♣❡r✐♦❞s✳ ❚❤❡ ✜rst s✐♠✉❧❛t✐♦♥ ✐❧❧✉str❛t❡s ♠♦✈❡s

♦❢ t❤❡ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♦✉t♣✉t ❛♥❞ ✐♥✢❛t✐♦♥ ✈♦❧❛t✐❧✐t✐❡s✳

❋✐❣✉r❡ ✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ◆❑P❈ ❢♦r ✉♣str❡❛♠ ✭♣♣✐✮ ❛♥❞ ❞♦✇♥str❡❛♠ ✜r♠s ✭❝♣✐✮ ❜❡❢♦r❡ ❛♥❞
❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥

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

✈❛❧✉❡ ♦❢ t❤❡ ◆❑P❈ s❧♦♣❡ ✈❛r✐❡s ❛r♦✉♥❞ ✵✳✹✳ ❚❤❡ ✈❛r✐❛❜❧❡ x r❡♣r❡s❡♥ts t❤❡ ♦✉t♣✉t ❣❛♣ ✈♦❧❛t✐❧✐t②

❛♥❞ t❤❡ ✈❛r✐❛❜❧❡ y ✐s t❤❡ ❝♦♥s✉♠❡r ✐♥✢❛t✐♦♥ ✈♦❧❛t✐❧t✐t②✳ ❬✶✽❪ ✉s❡❞ ❛ ●▼▼ ♠❡t❤♦❞ t♦ ❡st✐♠❛t❡

t❤❡ ❡♠♣✐r✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤✐s s❧♦♣❡ ❢♦r ♠❛❥♦r ❖❊❈❉ ❝♦✉♥tr✐❡s✳ ❍❡ ❢♦✉♥❞ ✈❛❧✉❡s ❢r♦♠ ✵ t♦ ✵✳✸

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

❝♦♥s✐st❡♥t✳

✶✻



❋✐❣✉r❡ ✻✿ ◆❑P❈ ✐❧❧✉str❛t✐♦♥ ❛♥❞ ❡q✉❛t✐♦♥ ❢♦r ❞♦✇♥str❡❛♠ ✜r♠s ❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥

❚❤❡ ♥❡①t s✐♠✉❧❛t✐♦♥ s❤♦✇s ❛ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ✇❛❣❡ ✈♦❧❛t✐❧✐t②✱ ✇❤✐❝❤ ✐s ❤✐❣❤t❧✐❣❤t❡❞ ✐♥ t❤❡

❡♠♣✐r✐❝❛❧ st✉❞✐❡s ♦❢ ❬✶✺❪✱❬✶✼❪ ❜✉t ♥♦t ❡①♣❧❛✐♥❡❞ ❜② str✉❝t✉r❛❧ ❝❤❛♥❣❡s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ t❤❡♦r②

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

❤❛✈❡ ✐♥❝r❡❛s❡❞✳ ❚❤✐s t❤❡♦r② ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❝r❡❞✐t ♠❛r❦❡t ❞❡✈❡❧♦♣♠❡♥t ✐♥ ❛❧❧ ❖❊❈❉

❝♦✉♥tr✐❡s s✐♥❝❡ t❤❡ ❜❡❣❡♥♥✐♥❣ ♦❢ t❤❡ ✶✾✽✵✬s✳

❋✐❣✉r❡ ✼✿ ❙t❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✇❛❣❡ ❢♦r ❞✐✛❡r❡♥t ♠♦♥❡t❛r② ♣♦❧✐❝✐❡s

■❢ ✇❡ ♠❛❦❡ θ ❞❡❝r❡❛s❡ ❢r♦♠ ✶✺ t♦ ✷ ✇❤❡♥ θu = 15 ❛♥❞ φ = 1.5✱ t❤❡ ♠♦❞❡❧ ♣r❡❞✐❝ts t❤❛t

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

✶✼



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

|△θu| < |△θ|

■♥ ❬✶✹❪✱ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✇♦r❦❡❞ ❤♦✉rs r❡❧❛t✐✈❡ t♦ t❤❡ ♦✉t♣✉t ♦♥❡ ✐♥❝r❡❛s❡s t♦♦✱ ❜✉t

❢r♦♠ ✵✳✻✺ ✐♥ ✶✾✻✺ t♦ ✵✳✽✹ ✐♥ ✷✵✵✺✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ❣❡♥❡r❛t❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❜❡t✇❡❡♥ ✷✳✺

❛♥❞ ✻✳✺✳ ❍♦✇❡✈❡r t❤❡ ❧❛❜♦r ♠❛r❦❡t ✐s ❤❡r❡ t♦t❛❧❧② ✢❡①✐❜❧❡✳ ❲❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t ♠♦r❡ t❤❡

♠❛r❦✲✉♣ ♦❢ t❤❡ ❞♦✇str❡❛♠ ✜r♠ ✐s ❤✐❣❤✱ ❤✐❣❤❡r ✐s t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ❧❛❜♦r r❡❧❛t✐✈❡ t♦ ♦✉t♣✉t ❛♥❞

❤✐❣❤❡r t❤❡ ✐♥❝❡♥t✐✈❡s t♦ ♣r♦♠♦t❡ ✢❡①✐❜❧❡ ❧❛❜♦r ♠❛r❦❡ts✳

❋✐❣✉r❡ ✽✿ ❙t❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ❧❛❜♦r r❡❧❛t✐✈❡ t♦ t❤❡ ♦✉t♣✉t st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥

❍♦✇❡✈❡r t❤❡ ♠♦❞❡❧ ✐s ✇❡❛❦ ❜❡❝❛✉s❡ ✐t ♣r❡❞✐❝ts ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❤♦✉rs ✇♦r❦❡❞ ✈♦❧❛t✐❧✐t②✱ ✇❤❡r❡❛s

❬✶✹❪ ❢♦✉♥❞ ❛ ❞❡❝r❡❛s❡✳ ❇✉t t✇♦ ❡①♣❧❛♥❛t✐♦♥s ❛r✐s❡ ❛❜♦✉t t❤❡ ❧✐♠✐ts ♦❢ t❤✐s ♠♦❞❡❧✳ ❋✐rst t❤❡

♠✉t❛t✐♦♥ ♦❢ ❜✐❣ ❝♦♠♣❛♥✐❡s str✉❝t✉r❡ ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ ✇❤♦❧❡ ❖❊❈❉ ❡❝♦♥♦♠② ❜✉t ♦♥❧② ❛ ❧❛r❣❡

♣❛rt ♦❢ ✐t✳ ■♥ t❤❡ ✉♥❛✛❡❝t❡❞ s❡❝t♦rs t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ✇♦r❦❡❞ ❤♦✉rs s❤♦✉❧❞ ❧❡❛❞ t❤❡ ❞❡❝r❡❛s✐♥❣

✈♦❧❛t✐❧✐t② ♦❢ ❣❧♦❜❛❧ ♦✉t♣✉t✳ ❙❡❝♦♥❞❧② t❤❡ ♥❛t✉r❡ ♦❢ ❥♦❜s ❤❛✈❡ ❝❤❛♥❣❡❞ ❛ ❧♦t s✐♥❝❡ t❤❡ ❧❛t❡ ✶✾✼✵✬s✳

❆❝❝♦✉♥t✐♥❣ ♠❡t❤♦❞s ❤❛✈❡ ❡✈♦❧✈❡❞ t♦✇❛r❞s ❆❝t✐✈✐t② ❇❛s❡❞ ❈♦st✐♥❣✱ s✐♥❝❡ ✶✾✽✽ ❬✸❪✱ ✇❤✐❝❤ ♠❡❛♥s

t❤❛t ❝♦sts ❛r❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ✐♥❞✐r❡❝t ❛♥❞ t❤❛t ❤♦✉rs ✇♦r❦❡❞ ✈♦❧❛t✐❧✐t② r❡❧❛t✐✈❡❧② t♦ ♦✉t♣✉t

❤❛✈❡ ❞❡❝r❡❛s❡❞✳ ❚❤❡ ♣r❡s❡♥t ♠♦❞❡❧ ❥✉st ❤❡❧♣s t♦ ✉♥❞❡rst❛♥❞ ✇❤② t❤❡ ❞❡❝r❡❛s✐♥❣ ✈♦❧❛t✐❧✐t② ♦❢

✶✽



✇♦r❦❡❞ ❤♦✉rs ✐s ❧❡ss ✐♠♣♦rt❛♥t t❤❛♥ t❤❡ ❞❡❝r❡❛s✐♥❣ ♦✉t♣✉t ✈♦❧❛t✐❧✐t②✳

✹ ❲❤❛t ❝♦♥❝❡q✉❡♥❝❡s ❢♦r ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❣❧♦❜❛❧ r❡♥t ✐♥ ❖❊❈❉

❡❝♦♥♦♠✐❡s ❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥

❇② ✉s✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✇❛❣❡ ❛t t❤❡ st❡❛❞② st❛t❡✱ ✐t✬s ♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ ✐ts ❣r♦✇t❤ ❛❝❝♦r❞✐♥❣

t♦ ❜♦t❤ ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥✿
[

δW
δt
W

]





δ( θ
θ−1

θu
θu−1)
δt

( θ
θ−1

θu
θu−1)





= −
(

1
AdA

)
ψ

α
−

(ψ+1)(ψα+σ)
ψ+ασ+1−α

(

1
α

)

−

α(ψα+σ)
ψ+ασ+1−α α(ψα+σ)

ψ+ασ+1−α

(

θ
θ−1

θu
θu−1

)

−

α(ψα+σ)
ψ+ασ+1−α

−1
< 0

❇❡❝❛✉s❡ ♦❢ t❤❡ ❧❛r❣❡r ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ r❡❧❛t✐✈❡ t♦ t❤❡

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

r❡❧❛t✐✈❡ t♦ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❞✉r✐♥❣ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ❛♥❞ ❈❛♥❛❞❛✱

❬✶✻❪ ❍❛rr✐ss♦♥ ✭✷✵✵✾✮✳ ❚❤❡ ✐♥❝r❡❛s✐♥❣ ❞♦✇♥str❡❛♠ ♠❛r❦✲✉♣ ♠❛② s❧♦✇s ❞♦✇♥ t❤❡ ❣r♦✇t❤ ♦❢

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

❞♦✇♥str❡❛♠ ♠❛r❦✲✉♣ ✐s s✉r❡❧② r❡❧❛t❡❞ t♦ t❤❡ ✐♥❝r❡❛s✐♥❣ ✐♥❡q✉❛❧✐t✐❡s ✐♥ ❖❊❈❉ ❝♦✉♥tr✐❡s✳ ❇✉t

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

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

s❤♦❝❦✿ ❣r❡❛t❡r ♣r♦✜t ❝❛♥ ❛❜s♦r❜ ❛ ♠♦r❡ ✐♠♣♦rt❛♥t ❝♦st ♣✉s❤ s❤♦❝❦ ✇✐t❤♦✉t ❛❞❥✉st✐♥❣ ♣r✐❝❡✳

✺ ❈♦♥❝❧✉s✐♦♥

■❢ ✜r♠s ✉s❡ ❤✐❣❤ t❡❝❤♥♦❧♦❣② ❛♥❞ ✈❡r② ❝♦st❧② ✐♥♣✉t✱ t❤❡② ♠❛② ❤❛✈❡ ✐♥❝r❡❛s❡❞ t❤❡✐r ♠❛r❦✲✉♣ ✇✐t❤

●❧♦❜❛❧✐③❛t✐♦♥✳ ▼♦r❡ tr❛❞✐t✐♦♥♥❛❧ ✜r♠s✱ ♦❢t❡♥ s♠❛❧❧❡r ♦♥❡s✱ ♠❛② ❤❛✈❡ ❞❡❝r❡❛s❡❞ t❤❡✐r ♠❛r❦✲✉♣✳

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

t❤r♦✉❣❤ t❤❡ r❡❞✉❝❡❞ ❢♦r♠ ♦❢ t❤❡ ◆❑P❈ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❈❛❧✈♦ ❛♥❞ ❘♦t❡♠❜❡r❣ ♣r✐❝❡ s❡tt✐♥❣

❛ss✉♠♣t✐♦♥s✳ ❚❤❡ ❈❛❧✈♦ ♣r✐❝✐♥❣ ❢❛✐❧s t♦ ♣r❡❞✐❝t t❤❡ ✐♥❝r❡❛s❡ ♦❢ ♣r✐❝❡ ✈♦❧❛t✐❧✐t② ♦♥ ❇t♦❇ ♠❛r❦❡ts

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

❚❤❡r❡❢♦r❡✱ ✇❡ ❤❛✈❡ ✉s❡❞ ❛ s✐♠♣❧❡ ◆❡✇ ❑❡②♥❡s✐❛♥ ♠♦❞❡❧ ✇✐t❤ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ ✜r♠s✱

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

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

r❡♣❧✐❝❛t❡ ❛ t❤❡♦r✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ◆❑P❈ ❝❧♦s❡ t♦ t❤❡ ♦♥❡s ❡st✐♠❛t❡❞ ❜② ❬✶✽❪ ❢♦r ♠❛❥♦r ❖❊❈❉

✶✾



❡❝♦♥♦♠✐❡s✳

■♥❝❡♥t✐✈❡s ❢♦r s✉♣♣♦rt✐♥❣ ❛ ♠♦r❡ ✢❡①✐❜❧❡ ❧❛❜♦r ♠❛r❦❡t ❛♥❞ ✐♥❝r❡❛s✐♥❣ ✇❛❣❡ ✈♦❧❛t✐❧✐t② ❜❡❝♦♠❡

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

✇❛❣❡✱ ❝♦♠♣❛r❡ t♦ t❤❡ ❣r♦✇t❤ ♦❢ ❣❧♦❜❛❧ ♣r♦❞✉❝t✐✈✐t② ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ♦❢ t❤❡ ●r❡❛t ▼♦❞❡r❛t✐♦♥✳

✷✵



❘❡❢❡r❡♥❝❡s

❬✶❪ ❊❧ ❍❡r❡❧❧✐ ❆❢❡❢✳ ▲❡s rés❡❛✉① ❞➆❡♥tr❡♣r✐s❡s ✿ ❈♦♥❞✐t✐♦♥s ❞❡ ❢♦r♠❛t✐♦♥ ❡t t②♣♦❧♦❣✐❡✳ ❳❱■è♠❡

❈♦♥❢ér❡♥❝❡ ■♥t❡r♥❛t✐♦♥❛❧❡ ❞❡ ▼❛♥❛❣❡♠❡♥t ❙tr❛té❣✐q✉❡✱ ✷✵✵✼✳

❬✷❪ ▲✉❝❛ ❇❡♥❛t✐✳ ❚❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥ ✐♥ ✉♥✐t❡❞ ❦✐♥❣❞♦♠✳ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦ ❲♦r❦✐♥❣

P❛♣❡r ❙❡r✐❡s✱ ✼✻✾✱ ❥✉✐♥ ✷✵✵✼✳

❬✸❪ ❈✳ ❇❡r❧✐♥❡r ❛♥❞ ❏✳ ❆✳ ❇r✐♠s♦♥✳ ❈♦st ▼❛♥❛❣❡♠❡♥t ❢♦r ❚♦❞❛②✬s ❆❞✈❛♥❝❡❞ ▼❛♥✉❢❛❝t✉r✐♥❣✿

❚❤❡ ❈❆▼✲■ ❈♦♥❝❡♣t✉❛❧ ❉❡s✐❣♥✳ ❍❛r✈❛r❞ ❇✉s✐♥❡ss ❙❝❤♦♦❧ Pr❡ss✱ ✶✾✽✽✳

❬✹❪ ❉✐r❦ ❏ ❇❡③❡♠❡r✳ ❊①♣❧❛✐♥✐♥❣ t❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥✿ ❈r❡❞✐t ✐♥ t❤❡ ♠❛❝r♦❡❝♦♥♦♠② r❡✈✐s✐t❡❞✳

▼P❘❆ P❛♣❡r✱ ✷✵✵✾✳

❬✺❪ ❖❧✐✈✐❡r ❇❧❛♥❝❤❛r❞ ❛♥❞ ❚❤♦♠❛s P❤✐❧✐♣♣♦♥✳ ❚❤❡ ❞❡❝❧✐♥❡ ♦❢ r❡♥ts✱ ❛♥❞ t❤❡ r✐s❡ ❛♥❞ ❢❛❧❧ ♦❢

❡✉r♦♣❡❛♥ ✉♥❡♠♣❧♦②♠❡♥t✳ ◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡r✱ ✷✵✵✸✳

❬✻❪ ❘❡♠❛r❦s ❜② ●♦✈❡r♥♦r ❇❡♥ ❙✳ ❇❡r♥❛♥❦❡✳ ❚❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥✳ ▼❡❡t✐♥❣s ♦❢ t❤❡ ❊❛st❡r♥

❊❝♦♥♦♠✐❝ ❆ss♦❝✐❛t✐♦♥✱ ❲❛s❤✐♥❣t♦♥✱ ❉❈✱ ✷✵✵✹✳

❬✼❪ ● ❈❛❧✈♦✳ ❙t❛❣❣❡r❡❞ ♣r✐❝❡s ✐♥ ❛ ✉t✐❧✐t②✲♠❛①✐♠✐③✐♥❣ ❢r❛♠❡✇♦r❦✳ ❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r② ❊❝♦✲

♥♦♠✐❝s✱ ✶✷✿✸✽✸➊✾✽✱ ✶✾✽✸✳

❬✽❪ ❙t❡✈❡♥ ❏✳ ❉❛✈✐s ❛♥❞ ❏❛♠❡s ❆✳ ❑❛❤♥✳ ■♥t❡r♣r❡t✐♥❣ t❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥✿ ❈❤❛♥❣❡s ✐♥

t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ❛t t❤❡ ♠❛❝r♦ ❛♥❞ ♠✐❝r♦ ❧❡✈❡❧s✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝

P❡rs♣❡❝t✐✈❡s✱ ✷✷ ♥✉♠❜❡r ✹✿✶✺✺➊✶✽✵✱ ✷✵✵✽✳

❬✾❪ ▼✐❝❤❡❧❡ ▲❡♥③❛ ❉♦♠❡♥✐❝♦ ●✐❛♥♥♦♥❡ ❛♥❞ ▲✉❝r❡③✐❛ ❘❡✐❝❤❧✐♥✳ ❊①♣❧❛✐♥✐♥❣ t❤❡ ❣r❡❛t ♠♦❞❡r❛t✐♦♥

✐t ✐s ♥♦t t❤❡ s❤♦❝❦s✳ ❊✉r♦♣❡❛♥ ❈❡♥tr❛❧ ❇❛♥❦ ❲♦r❦✐♥❣ P❛♣❡r ❙❡r✐❡s✱ ✽✻✺✱ ✷✵✵✽✳
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❇❡❝❛✉s❡ T = 0 ❛t t❤❡ st❡❛❞② st❛t❡✱ ❚❤❡ ❧♦❣✲❧✐♥❡❛r✐s❡❞ ❛❣❣r❡❣❛t❡ r❡ss♦✉r❝❡ ❝♦♥str❛✐♥t ✇✐t❤

❛❞❥✉st♠❡♥t ♣r✐❝❡ ❝♦st ✐s

yt = ct

❛t t❤❡ s②♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠ t❤❡ ❧♦❣✲❧✐♥❡❛r✐s❡❞ ♠❛r❣✐♥❛❧ ❝♦st ♦❢ ✉♣str❡❛♠ ✜r♠s ✐s

mcut = wt −
at

α
+
(

1

α
− 1

)

yt

✇❤✐❝❤ ❜❡❝♦♠❡s

mcut =

(

1 + ψ

α

)

at +

(

1

α
− 1 +

ψ

α
+ σ

)

yt

✷✺



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

mcut =
1 − α+ ψ + σα

α
(yt − ynt )

❲❡ ❝❛♥ ❛❞❞ t❤❡ ❡q✉❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ♠❛r❣✐♥❛❧ ❝♦st✿

mct = p∗ut

❇✳✶ ❚❤❡ ✉♣str❡❛♠ ✜r♠s

❆ ✜r♠ h ❝❤♦♦s❡s Put (h)

Pt
t♦ ♠❛①✐♠✐s❡ t❤❡ ♣r♦✜t ❛t ❡❛❝❤ ♣❡r✐♦❞ t ✇✐t❤♦✉t ❢♦rs❡❡✐♥❣✳

P u
t (h)MaxΠu

t (h) =
Put (h)

Pt
Y u
t (h) − Wt(h)

Pt
Lt (h) −

cu
2





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





2

Y u
t

✇❤✐❝❤ ❜❡❝♦♠❡s✿

P u
t (h)MaxΠu

t (h) =
(

Put (h)

Pt

)

(

Pu
t

(h)

Pt
Pu
t
Pt

)

−θu

Yt
Ad

∫ 1
0

(

P dt (i)

Pt

)

−θ

di−





(

Pu
t

(h)

Pt
Pu
t
Pt

)

−θu

Yt
AdAt

∫ 1
0

(

P dt (i)

Pt

)

−θ

di





1
α

Wt(h)
Pt

−

cu
2





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





2

Yt
Ad

❚❤❡ ❖♣t✐♠❛❧ ❝♦♥❞✐t✐♦♥ ✐s

(1 − θu)

(

Pu∗
t

(h)

Pt

)

−θu

(

Pu
t
Pt

)1−θu
Yt
Ad

−
(

Yt
AdAt

)

1
α (

− θu
α

)

(

Pu∗
t

(h)

Pt

)

−
θu
α −1

(

Pu
t
Pt

)
−θu
α

Wt(h)
Pt

−cu





Pu
t

(h)

Pt

π
Pu
t−1
Pt−1

(h)
− 1





Yt
Ad

1

π
Pu
t−1
Pt−1

(h)
= 0

✇❤✐❝❤ ❜❡❝♦♠❡s ❛t t❤❡ s②♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠✿

cu
θu











Pu
t
Pt

π
Pu
t−1
Pt−1





2

−
Pu
t
Pt

π
Pu
t−1
Pt−1





 = (1−θu)
θu

+ 1
α
Wt

Pt

(

1
AdAt

)

1
α

Y
1
α
−1

t

▲♦❣❧✐♥❡❛r✐s✐♥❣ ❣✐✈❡s✿

cu

θu

(

2
put
pt

− 2
put−1

pt−1

−
put
pt

+
put−1

pt−1

)

=
(θu − 1)

θu
mcut
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❛♥❞ ✜♥❛❧❧②

put − put−1 =
θu − 1

cu

1 − α+ ψ + σα

α
(yt − ynt ) + −put−1

❇✳✷ ❚❤❡ ❞♦✇♥str❡❛♠ ✜r♠s

❋♦r ❞♦✇♥str❡❛♠ ✜r♠s✱ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ♣❡r❢❡❝t✳ ❆ ✜r♠ i ❝❤♦♦s❡s P dt (i)

Pt
t♦ ♠❛①✐♠✐s❡ t❤❡ ♣r♦✜t

❛t ❡❛❝❤ ♣❡r✐♦❞ t✳

P d
t (i)MaxΠd

t (i) = Et

[

∑

∞

s=tRt+s

(

P dt+s(i)

Pt+s
Yt+s (i) −

Put+s(i)

Pt+s
Y d
t+s(i) −

cd
2

(

P dt+s(i)

πP dt+s−1(i)
− 1

)2

Yt+s − Lhs (i)

)]

✇❤✐❝❤ ❜❡❝♦♠❡s✿

P d
t (i)MaxΠd

t (i) = Et
∑

∞

s=tRt+s

(

P dt+s(i)

Pt+s

(

P dt+s(i)

Pt+s

)

−θ

Yt+s(i) −
Put+s(i)

Pt+s

(

P dt+s(i)

Pt+s

)

−θ
Yt+s(i)
Ad

−

cd
2

(

P dt+s(i)

πP dt+s−1(i)
− 1

)2

Yt+s − Lhs (i)

❚❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ✐s✿

Rt (1 − θ)
P d∗

−θ

t (i)

P 1−θ
t

Yt +Rt
Yt
Ad

Put (i)

Pt
θ
P d∗

−θ−1

t (i)

P−θ
t

−Rtcd

(

P d∗t (i)

πP dt−1(i)
− 1

)

Yt
1

πP dt−1(i)
+

EtRt+1cd

(

P dt+1(i)

πP d∗t (i)
− 1

)

Yt+1
P dt+1(i)

πP d∗
2

t (i)
= 0

t❤❡♥

1−θ
θ

+ 1
Ad

Put (i)

Pt

P d∗
−1

t (i)

P−1
t

− cd
θ

(

P d∗t (i)

πP dt−1(i)
− 1

)

1
πP dt−1(i)

P d∗
θ

t (i)

P θ−1
t

+

Et
Rt+1

Rt

cd
θ

(

P dt+1(i)

πP d∗t (i)
− 1

)

Yt+1

Yt

P dt+1(i)

πP d∗
2

t (i)

P d∗
θ

t (i)

P θ−1
t

= 0

t❤❡♥

1−θ
θ

+ 1
Ad

Put (i)

Pt

P d∗
−1

t (i)

P−1
t

− cd
θ

(

P d∗t (i)

πP dt−1(i)
− 1

)

1
πP dt−1(i)

P d∗
θ

t (i)

P θ−1
t

+

Et
Rt+1

Rt

cd
θ

(

P dt+1(i)

πP d∗t (i)
− 1

)

Yt+1

Yt

P d∗t+1(i)

πP d
2

t (i)

P d∗
θ

t (i)

P θ−1
t

= 0

❆t t❤❡ s②♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠ ✐t ❜❡❝♦♠❡s✿

1 − θ

θ
+

1

Ad
P u
t

Pt
−
cd

θ

(

(

πt

π
− 1

)

πt

π
+ βEt

(

C−σ
t+1

C−σ
t

(

πt+1

π
− 1

)

πt+1

π

Yt+1

Yt

))

= 0
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♦r

Pt =
1

θ−1
θ

+ cd
θ

(

(

πt
π
− 1

)

πt
π

+ βEt
C−σ
t+1

C−σ
t

(

πt+1

π
− 1

)

πt+1

π

Yt+1

Yt

)

P u
t (i)

Ad
= µt

P u
t (i)

Ad

▲♦❣❧✐♥❡❛r✐③✐♥❣ t❤✐s ❡q✉❛t✐♦♥ ❣✐✈❡s✿

cd

θ
(πt − βEtπt+1) =

(θ − 1)

θ
mct

❲❡ ✜♥❛❧❧② ♦❜t❛✐♥✿

πt =
θ − 1

cd

θu − 1

cu

1 − α+ ψ + σα

α
ỹt +

θ − 1

cd
pu∗t−1 + Etβπt+1

✷✽


