
Munich Personal RePEc Archive

Currency Crisis Transmission through

International Trade

Haidar, Jamal Ibrahim

Paris School of Economics

31 December 2012

Online at https://mpra.ub.uni-muenchen.de/112122/

MPRA Paper No. 112122, posted 03 Mar 2022 04:49 UTC



❈✉rr❡♥❝② ❈r✐s✐s ❚r❛♥s♠✐ss✐♦♥ t❤r♦✉❣❤

■♥t❡r♥❛t✐♦♥❛❧ ❚r❛❞❡

❏❛♠❛❧ ■❜r❛❤✐♠ ❍❛✐❞❛r
∗

▼❛r❝❤ ✷✵✶✶

❆❜str❛❝t

❚❤❡ ❊✉r♦③♦♥❡ r❡❝❡♥t ❝r✐s✐s ❤❛s s❤♦✇♥ ❤♦✇ ❜❛❧❛♥❝❡ ♦❢ ♣❛②♠❡♥ts ♣r♦❜✲
❧❡♠s ✐♥ ❧❡ss ❞❡✈❡❧♦♣❡❞ ❊✉r♦♣❡❛♥ ▼♦♥❡t❛r② ❯♥✐♦♥ ✭❊▼❯✮ ♠❡♠❜❡r ❝♦✉♥✲
tr✐❡s ❝❛♥ ❛✛❡❝t ❊▼❯ tr❛❞✐♥❣ ♣❛rt♥❡rs✱ s♣r❡❛❞✐♥❣ t❤❡ ❝r✐s✐s t♦ ❛ ❧❛r❣❡r
❣r♦✉♣ ♦❢ ❝♦✉♥tr✐❡s✳ ❚❤✐s ♣❛♣❡r ✐♥tr♦❞✉❝❡s ❛ t❤r❡❡✲❝♦✉♥tr② ❞②♥❛♠✐❝ ❣❡♥✲
❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧ t♦ ❛♥❛❧②③❡ ✇❤❡t❤❡r ❛♥❞ ❤♦✇ t❡r♠s ♦❢ tr❛❞❡ ❡✛❡❝ts
❝❛♥ ❣❡♥❡r❛t❡ ❛ s♣✐❧❧♦✈❡r ❡✛❡❝t ♦r ❛ ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s♠✐ss✐♦♥ ❜❡t✇❡❡♥
❝♦✉♥tr✐❡s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✉s✐♥❣ ❛ t✇♦ ♣❡r✐♦❞ ♠♦❞❡❧✱ ✐t ✐♥❝♦r♣♦r❛t❡s ✇♦r❧❞
♠❛r❦❡t ❝❧❡❛r✐♥❣ ❝♦♥❞✐t✐♦♥s ❢♦r tr❛❞❛❜❧❡s ✐♥t♦ ❛ ♥❡✇ t❤❡♦r❡t✐❝ ♠♦❞❡❧✱ ❛♥❛✲
❧②③❡s ♥❡t ❝❛♣✐t❛❧ ✢♦✇ ♠♦✈❡♠❡♥ts ❜❡t✇❡❡♥ ❝♦✉♥tr✐❡s✱ ❛♥❞ ❡st❛❜❧✐s❤❡s ❝r♦ss✲
❜♦r❞❡r ♠❛❝r♦❡❝♦♥♦♠✐❝ ❧✐♥❦❛❣❡s✳ ❚❤✐s ♣❛♣❡r ✭✐✮ s❤♦✇s ❤♦✇ ❛ ❝✉rr❡♥❝② ❝r✐✲
s✐s ❝❛♥ tr❛♥s♠✐t t❤r♦✉❣❤ t❤❡ r❡❛❧ ✭tr❛❞❡✮ s❡❝t♦r ❝❤❛♥♥❡❧❀ ✭✐✐✮ ♣r❡s❡♥ts ❤♦✇
❝❤❛♥❣❡s ✐♥ ❛ ❢♦r❡✐❣♥ ❝♦✉♥tr②✬s ❝❛♣✐t❛❧ ✢♦✇ ❝♦♥❞✐t✐♦♥ ❝❛♥ ✐♥✢✉❡♥❝❡ ❤♦♠❡
❝♦✉♥tr②✬s ❡①❝❤❛♥❣❡ r❛t❡ t❤r♦✉❣❤ t❤❡ ❝❤❛♥❣❡ ✐♥ t❡r♠s ♦❢ tr❛❞❡❀ ✭✐✐✐✮ ♠❛t❤✲
❡♠❛t✐❝❛❧❧② ♣r♦✈❡s t❤❛t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ r❡❛❧ s❡❝t♦r ❝❤❛♥♥❡❧ ❜❡t✇❡❡♥
t✇♦ ❝♦✉♥tr✐❡s ✐s ♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡✐r tr❛❞❡ ❧❡✈❡❧s❀ ✭✐✈✮ ♦✛❡rs
❛ ♥❡✇ tr❛❞❡✲r❡❧❛t❡❞ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❝✉rr❡♥❝② ❝r✐s❡s ❜❡✲
t✇❡❡♥ ❝♦✉♥tr✐❡s❀ ❛♥❞ ✭✈✮ ❞❡s❝r✐❜❡s ❤♦✇ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❜❡t✇❡❡♥ t✇♦
❝♦✉♥tr✐❡s ❝❛♥ ❧❡❛❞ t♦ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ✐♥ ♦♥❡ ♦❢ t❤❡s❡ ❝♦✉♥tr✐❡s ❛♥❞ ✐♥ ❛
t❤✐r❞ ❝♦✉♥tr②✳
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❈✉rr❡♥❝② ❝r✐s❡s tr❛♥s♠✐ss✐♦♥ ✐s ❛ r❡❝✉rr✐♥❣ ❡♠♣✐r✐❝❛❧ ♣❤❡♥♦♠❡♥♦♥ ✇✐t❤ s✉❜✲
st❛♥t✐❛❧ ❛♥❞ ♣♦t❡♥t✐❛❧❧② ❧♦♥❣ ❧❛st✐♥❣ ❡✛❡❝ts ♦♥ ✭❣r♦✉♣s ♦❢ ❝♦✉♥tr✐❡s ✐♥✮ t❤❡ ✇♦r❧❞
❡❝♦♥♦♠②✳ ❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ❛ t❤❡♦r② ❢♦r ❛♥❛❧②③✐♥❣ ✇❤❡t❤❡r ✐♥t❡r✲❝♦✉♥tr② tr❛❞❡
❝❛♥ ❜❡ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ❛ ❝✉rr❡♥❝② ❝r✐s✐s✱ ✇❤✐❝❤ ❤❛s ✐♠♣♦rt❛♥t
✐♠♣❧✐❝❛t✐♦♥s ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❡♠♣✐r✐❝❛❧ ♣❤❡♥♦♠❡♥♦♥ ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ♣♦ss✐✲
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❝❤❛♥❣❡s ✐♥ ❛ ❢♦r❡✐❣♥ ❝♦✉♥tr②✬s ❝❛♣✐t❛❧ ✢♦✇ ❝♦♥❞✐t✐♦♥ ❝❛♥ ✐♥✢✉❡♥❝❡ ❤♦♠❡ ❝♦✉♥✲
tr②✬s ❡①❝❤❛♥❣❡ r❛t❡ t❤r♦✉❣❤ t❤❡ ❝❤❛♥❣❡ ✐♥ t❡r♠s ♦❢ tr❛❞❡❀ ✭✐✐✐✮ ♠❛t❤❡♠❛t✐❝❛❧❧②
♣r♦✈❡ t❤❛t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ r❡❛❧ s❡❝t♦r ❝❤❛♥♥❡❧ ❜❡t✇❡❡♥ t✇♦ ❝♦✉♥tr✐❡s ✐s
♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡✐r tr❛❞❡ ❧❡✈❡❧s❀ ✭✐✈✮ ♦✛❡r ❛ ♥❡✇ tr❛❞❡✲r❡❧❛t❡❞ ❡①♣❧❛✲
♥❛t✐♦♥ ❢♦r t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❝✉rr❡♥❝② ❝r✐s❡s ❜❡t✇❡❡♥ ❝♦✉♥tr✐❡s❀ ❛♥❞ ✭✈✮ ❞❡s❝r✐❜❡
❤♦✇ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❜❡t✇❡❡♥ t✇♦ ❝♦✉♥tr✐❡s ❝❛♥ ❧❡❛❞ t♦ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ✐♥
♦♥❡ ♦❢ t❤❡s❡ ❝♦✉♥tr✐❡s ❛♥❞ ✐♥ ❛ t❤✐r❞ ❝♦✉♥tr②✳ ❑❡② ♣♦st✲✷✵✵✽ ❞❡✈❡❧♦♣♠❡♥ts ✐♥
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t❡♥t✐♦♥ ❢r♦♠ ♣♦❧✐❝② ♠❛❦❡rs ❛❝r♦ss ❝♦✉♥tr✐❡s✳ ❚❤❡ ♠❡❧t❞♦✇♥ ✐♥ ●r❡❡❝❡ ❝❛✉s❡❞
❝♦♥❝❡r♥s ❢♦r ❙♣❛✐♥ ❛♥❞ t❤❡ ✇❤♦❧❡ ❊✉r♦③♦♥❡✱ ❢♦r ✐♥st❛♥❝❡✳ ●♦✈❡r♥♠❡♥ts ❛♥❞
✐♥t❡r♥❛t✐♦♥❛❧ ♦r❣❛♥✐③❛t✐♦♥s ❛r❡ ❜❛❝❦✐♥❣ s✐❣♥✐✜❝❛♥t r❡s❝✉❡ ♣❛❝❦❛❣❡s ❛❝r♦ss ❝♦✉♥✲
tr✐❡s ✲ ✐✳❡✳ t❤❡ ✷✵✶✶ ❜❛✐❧♦✉t ❢♦r ●r❡❡❝❡✳ ❆♠♦♥❣ t❤❡ r❡❛s♦♥✐♥❣ ❜❡❤✐♥❞ t❤❡s❡ r❡s❝✉❡
♣❛❝❦❛❣❡s ✐s t❤❛t✱ ✐♥ t❤❡✐r ❛❜s❡♥❝❡✱ ♦t❤❡r ♠❛r❦❡ts ❝❛♥ ❡①♣❡r✐❡♥❝❡ s❡r✐♦✉s r❡♣❡r✲
❝✉ss✐♦♥s✳ ■♥❞❡❡❞✱ ❛ s✐❣♥ ♦❢ ❞❡❢❛✉❧t ✐♥ ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❡❝♦♥♦♠② ✭✐✳❡✳ ❝♦♠♣❛r❡❞
t♦ ❯❙ ♦r ❊✉r♦♣❡❛♥ ❯♥✐♦♥✮ ❝❛♥ ♣✉s❤ ♦t❤❡r ♠❛r❦❡ts ✐♥t♦ tr♦✉❜❧❡✱ ❛ r✉♥ ♦♥ t❤❡
❊✉r♦✱ ❛♥❞ q✉❡st✐♦♥✐♥❣ ❛❜♦✉t t❤❡ ❝♦♠♣❡t❡♥❝❡ ♦❢ t❤❡ ❊✉r♦③♦♥❡ ❡st❛❜❧✐s❤♠❡♥t✳
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♥❡✐❣❤❜♦r✐♥❣ ❝♦✉♥tr✐❡s❄ ❋✐rst✱ ❜② ❢♦❧❧♦✇✐♥❣ ✉♣ r❡❝❡♥t ❞❡✈❡❧♦♣♠❡♥ts ✐♥ ❊✉r♦③♦♥❡✱
❛♥ ❛❧❡rt ♦❜s❡r✈❡r ❝❛♥ ♥♦t✐❝❡ t❤❛t ✐❢ ❛ ❤❡❛✈✐❧②✲✐♥❞❡❜t❡❞ ❡❝♦♥♦♠② ❞❡❢❛✉❧ts✱ ❝✉r✲
r❡♥❝② ❝r✐s✐s ♠❛② t❛❦❡ ♣❧❛❝❡ ✐♥ ❣❧♦❜❛❧ ♠❛r❦❡ts ❛♥❞ ♥♦t ❜❡ ❧✐♠✐t❡❞ t♦ t❤❡ ❊✉r♦③♦♥❡✳
❋♦r ✐♥st❛♥❝❡✱ ❋r❛♥❝❡ ❤♦❧❞s ✸✸✪ ♦❢ ●r❡❡❝❡✬s ❞❡❜t✱ ✷✵✪ ♦❢ ❙♣❛✐♥✬s ❞❡❜t✱ ❛♥❞ ✶✼✪
♦❢ P♦rt✉❣❛❧✬s ❞❡❜t✳ ❆♥❞✱ ●❡r♠❛♥② ✐s ♥♦t ✐♥ ❛ ♠✉❝❤ ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥✳ ❚❤✉s✱ ❛
❞❡❢❛✉❧t ✐♥ ❛♥② ♦❢ t❤❡s❡ ❤❡❛✈✐❧②✲✐♥❞❡❜t❡❞ ❡❝♦♥♦♠✐❡s ♣r❡s❡♥ts ❛ t❤r❡❛t t♦ ❜❛♥❦s
✐♥ t❤❡ ❊✉r♦③♦♥❡ ❛♥❞ q✉❡st✐♦♥s t❤❡✐r s✉r✈✐✈❛❧ ♣♦t❡♥t✐❛❧✶✳ ❙❡❝♦♥❞✱ ❛ ❞❡♣r❡❝✐❛t✐♦♥
✐♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❊✉r♦ ❤❛s ✐♠♣❧✐❝❛t✐♦♥s ♦♥ ♦t❤❡r ♠❛r❦❡ts ❣✐✈❡♥ t❤❡ ❊✉r♦③♦♥❡
r❡♣r❡s❡♥ts ✼✪ ♦❢ ❣❧♦❜❛❧ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ✷✵✪ ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡✳ ■♥ ❝❛s❡
t❤❡ ❊✉r♦ ❞♦❡s ♥♦t r❡❝♦✈❡r✱ ❊✉r♦♣❡❛♥ ♠❛r❦❡ts ✇♦✉❧❞ ✐♠♣♦rt ❧❡ss ❛s ❞♦♠❡st✐❝
❣♦♦❞s ✇♦✉❧❞ ❜❡ r❡❧❛t✐✈❡❧② ❝❤❡❛♣❡r✱ ❝❛✉s✐♥❣ ❛ ❝♦♠♣❡t✐t✐♦♥ ❝❤❛❧❧❡♥❣❡ t♦ ❡①♣♦rt❡rs
✐♥ ♦t❤❡r ♠❛r❦❡ts ✭♠❛✐♥❧② ✐♥ ❯♥✐t❡❞ ❙t❛t❡s ❛♥❞ ❈❤✐♥❛✮✳

❈♦♠♣❛r❛t✐✈❡❧②✱ ❘✉ss✐❛ ✇❛s ✐♥ ●r❡❡❝❡ ❝✉rr❡♥t ♣♦s✐t✐♦♥ ✶✹ ②❡❛rs ❛❣♦✳ ❘✉❜❧❡
str✐✈❡❞ t♦ r❡❜♦✉♥❞✱ ❛♥❞ ❘✉ss✐❛ s♦✉❣❤t ♠♦♥❡t❛r② s✉♣♣♦rt ❢r♦♠ t❤❡ ■▼❋✳ ❇❛❝❦
t❤❡♥✱ ❘✉ss✐❛ ♣❡❣❣❡❞ t❤❡ ❘✉❜❧❡ t♦ t❤❡ ❯❙ ❞♦❧❧❛r✱ ❛s ●r❡❡❝❡ ✐s ❝✉rr❡♥t❧② ❧♦❝❦❡❞ t♦
❊✉r♦✳ ❉✉r✐♥❣ t❤❡ s❛♠❡ ♣❡r✐♦❞✱ ❞❡♠❛♥❞ ♦♥ ❘✉ss✐❛✬s ♦✐❧ ❞❡❝r❡❛s❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡
✶✾✾✼ ❆s✐❛♥ ❡❝♦♥♦♠✐❝ ❝♦♥tr❛❝t✐♦♥✱ ❝❛✉s✐♥❣ ❘✉ss✐❛♥ ♦✐❧ ❡①♣♦rt ♣r✐❝❡s t♦ ❞✐♠✐s❤
❛s ✇❡❧❧ ❛♥❞ t❤❡ ❘✉❜❧❡ t♦ ❞❡♣r❡❝✐❛t❡✳ ❍♦✇❡✈❡r✱ ❘✉ss✐❛ ❦❡♣t t❤❡ ❝✉rr❡♥❝② ♣❡❣ ✐♥
♣❧❛❝❡ ❛s t❤❡ ❯❙ ❞♦❧❧❛r ✇❛s ❛♣♣r❡❝✐❛t✐♥❣ ❛♥❞ ✐♥✈❡st♦rs ❢♦✉♥❞ ✐♥ ✐t ❛ s❛❢❡ ❤❛r❜♦r✳
❚❤❡ ❣❛♣ ❜❡t✇❡❡♥ ❧♦✇ ♣r♦❞✉❝t✐✈✐t② ❛♥❞ ❤✐❣❤ ✇❛❣❡s ✐♥ ●r❡❡❝❡ t♦❞❛② ❛r❡ s✐♠✐❧❛r
t♦ ❘✉ss✐❛✬s ♦✐❧ ✇♦❡s ❜❛❝❦ t❤❡♥✳ ❙✐♠✐❧❛r②✱ ❛ s✐❣♥✐✜❝❛♥t ❝✉rr❡♥❝② ❞❡♣r❡❝✐❛t✐♦♥
✐♥ ❚❤❛✐❧❛♥❞✱ ✇❤✐❝❤ ♣r❡❝❡❞❡❞ ❛ s❡✈❡r❡ tr❛❞❡ ♦✉t✢♦✇ ❢r♦♠ ❚❤❛✐❧❛♥❞✱ ✇❛s ❛ ❦❡②
r❡❛s♦♥ ❜❡❤✐♥❞ t❤❡ ✶✾✾✼ ❆s✐❛♥ ❝✉rr❡♥❝② ❝r✐s✐s✱ ✇❤✐❝❤ r❡❛❝❤❡❞ t♦ ♥❡✐❣❤❜♦r✐♥❣
❑♦r❡❛ ❛♥❞ ■♥❞♦♥❡s✐❛✳ ❚❤❡s❡ ❢❛❝ts tr✐❣❣❡r q✉❡st✐♦♥s r❡❧❛t❡❞ t♦ ✇❤❡t❤❡r tr❛❞❡

✶■♥ ✷✵✵✽✱ ❝♦♥❝❡r♥s ❛❜♦✉t t❤❡ ✈✐❛❜✐❧✐t② ♦❢ ❯❙ ❉♦❧❧❛r ❜r♦✉❣❤t t❤❡ tr❛❞❡ s②st❡♠ t♦ t❤❡ ❜r✐♥❦

♦❢ ❝♦❧❧❛♣s❡✳

✷



r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ tr❛♥s♠✐t ❝✉rr❡♥❝② ❝r✐s✐s✳
▲✐t❡r❛t✉r❡ ♦♥ t❤❡ ❝✐r❝✉♠st❛♥❝❡s t❤❛t ♠❛❦❡ ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s♠✐t ❝♦♥t❛✲

❣✐♦✉s❧② ❛❝r♦ss ❝♦✉♥tr✐❡s ✐s ♣r❡s❡♥t ❛❧t❤♦✉❣❤ ✐t ✐s r❡❧❛t✐✈❡❧② ❧✐tt❧❡✳ ❋♦r ✐♥st❛♥❝❡✱
◆❡❛r② ✭✶✾✽✽✮ ❛tt❡♠♣t❡❞ t♦ ♣r♦✈✐❞❡ ❛ s✐♠♣❧❡✱ ❝♦♠♣❛❝t ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ ❞❡t❡r✲
♠✐♥❛♥ts ♦❢ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥ ❛ ♠✉❧t✐❝♦♠♠♦❞✐t② ❢r❛♠❡✇♦r❦ t♦ s❤♦✇ t❤❡
✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ♥♦♥✲
tr❛❞❡❞ t♦ tr❛❞❡❞ ❣♦♦❞s ❝♦♥s✐st❡♥t ✇✐t❤ ❜❛❧❛♥❝❡✲♦❢✲♣❛②♠❡♥ts ❡q✉✐❧✐❜r✐✉♠✳ ▼♦r❡✲
♦✈❡r✱ ❲✐❧❧♠❛♥ ✭✶✾✽✽✮ ❛♥❞ ●♦❧❞❜❡r❣ ✭✶✾✾✸✮ ❡♥❞♦❣❡♥✐③❡❞ r❡❧❛t✐✈❡ ♣r✐❝❡s✱ ❛❧❧♦✇✐♥❣
❡✈❡♥ts ❛❜r♦❛❞ t♦ ✐♥✢✉❡♥❝❡ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ ❞♦♠❡st✐❝ ❝♦♠♣❡t✐t✐✈❡♥❡ss✳
❋❧♦♦❞ ❛♥❞ ●❛r❜❡r ✭✶✾✽✹✮ ❛♥❞ ❈❧❛❡ss❡♥s ✭✶✾✾✶✮ ✐♥tr♦❞✉❝❡❞ ✉♥❝❡rt❛✐♥t② ❛❜♦✉t
t❤❡ ❞♦♠❡st✐❝ ♣♦❧✐❝② ♣r♦❝❡ss✳ ❋❧♦♦❞ ❛♥❞ ●❛r❜❡r✱ ❢♦❧❧♦✇❡❞ ❜② ❖❜st❢❡❧❞ ✭✶✾✽✻✮✱
❛❞❞❡❞ t❤❡ ✐❞❡❛ ♦❢ ❛ ❝♦♥t✐♥❣❡♥t ♣♦❧✐❝② ♣r♦❝❡ss✱ ✐♥ ✇❤✐❝❤ ♦♥❡✲t✐♠❡ ❡✈❡♥ts ❝♦✉❧❞
❧❡❛❞ t❤❡ ❛✉t❤♦r✐t✐❡s t♦ s✉❜st✐t✉t❡ ♦♥❡ ♣♦❧✐❝② ❢♦r ❛♥♦t❤❡r✱ t❤❡r❡❜② ✐♥tr♦❞✉❝✐♥❣
t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ s❡❧❢✲❢✉❧✜❧❧✐♥❣ s♣❡❝✉❧❛t✐✈❡ ❛tt❛❝❦s✳

●❡r❧❛❝❤ ❛♥❞ ❙♠❡ts ✭✶✾✾✺✮ ✇❛s ❛♠♦♥❣ t❤❡ ✜rst st✉❞✐❡s t❤❛t ❛❞❞r❡ss❡❞ ♦✉r
q✉❡st✐♦♥ ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ♣❛♣❡r ❝♦♥s✐❞❡r❡❞ t✇♦ ❡❝♦♥♦♠✐❡s ✭❋✐♥❧❛♥❞ ❛♥❞ ❙✇❡✲
❞❡♥✮ ✇✐t❤ tr❛❞❡ ❛♥❞ ✜♥❛♥❝✐❛❧ ❧✐♥❦❛❣❡s✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ t❤❡ ✈❛❧✉❡ ♦❢ ❙✇❡❞✐s❤
❑r♦♥❛ ❞❡♣r❡❝✐❛t❡❞ ❛❢t❡r t❤❡ ❢❛❧❧ ♦❢ t❤❡ ❋✐♥♥✐s❤ ▼❛r❦❦❛ ✐♥ ✶✾✾✷✳ ■♥ t❤❡✐r ♠♦❞❡❧✱
❛ s✉❝❝❡ss❢✉❧ ❛tt❛❝❦ ♦♥ ♦♥❡ ❡①❝❤❛♥❣❡ r❛t❡ ❧❡❛❞s t♦ ✐ts r❡❛❧ ❞❡♣r❡❝✐❛t✐♦♥ ✇❤✐❝❤
❡♥❤❛♥❝❡s t❤❡ ❝♦♠♣❡t✐t✐✈❡♥❡ss ♦❢ t❤❡ ❝♦✉♥tr②✬s ♠❡r❝❤❛♥❞✐s❡ ❡①♣♦rts✳ ❚❤✐s ♣r♦✲
❞✉❝❡s ❛ tr❛❞❡ ❞❡✜❝✐t ✐♥ t❤❡ s❡❝♦♥❞ ❝♦✉♥tr②✱ ❛ ❣r❛❞✉❛❧ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧
r❡s❡r✈❡s ♦❢ ✐ts ❝❡♥tr❛❧ ❜❛♥❦ ❛♥❞ ✉❧t✐♠❛t❡❧② ❛♥ ❛tt❛❝❦ ♦♥ ✐ts ❝✉rr❡♥❝②✳ ❆ s❡❝♦♥❞
❝❤❛♥♥❡❧ ❢♦r ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s♠✐ss✐♦♥ ✐s t❤❡ ✐♠♣❛❝t ♦❢ ❝r✐s✐s ❛♥❞ ❞❡♣r❡❝✐❛t✐♦♥
✐♥ t❤❡ ✜rst ❝♦✉♥tr② ♦♥ t❤❡ ✐♠♣♦rt ♣r✐❝❡s ❛♥❞ t❤❡ ♦✈❡r❛❧❧ ♣r✐❝❡ ❧❡✈❡❧ ✐♥ t❤❡ s❡❝✲
♦♥❞✳ ❆s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ❊✐❝❤❡♥❣r❡❡♥✱ ❘♦s❡✱ ❛♥❞ ❲②♣❧♦s③ ✭✶✾✾✻✮✱ ♣♦st✲❝r✐s✐s r❡❛❧
❞❡♣r❡❝✐❛t✐♦♥ ✐♥ t❤❡ ✜rst ❝♦✉♥tr② r❡❞✉❝❡s ✐♠♣♦rt ♣r✐❝❡s ✐♥ t❤❡ s❡❝♦♥❞✳ ■♥ t✉r♥✱
t❤✐s r❡❞✉❝t✐♦♥ ❞❡❝r❡❛s❡s ✐ts ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ❛♥❞ t❤❡ ❞❡♠❛♥❞ ❢♦r ♠♦♥❡②
❜② ✐ts r❡s✐❞❡♥ts✳ ❚❤❡✐r ❡✛♦rts t♦ s✇❛♣ ❞♦♠❡st✐❝ ❝✉rr❡♥❝② ❢♦r ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡✱
t❤❡♥✱ ❞❡♣❧❡t❡ t❤❡ ❢♦r❡✐❣♥ r❡s❡r✈❡s ♦❢ t❤❡ ❝❡♥tr❛❧ ❜❛♥❦✳ ❚❤✐s ❞❡♣❧❡t✐♦♥ ♠❛② s❤✐❢t
t❤❡ s❡❝♦♥❞ ❡❝♦♥♦♠② ❢r♦♠ ❛ ♥♦✲❛tt❛❝❦ ❡q✉✐❧✐❜r✐✉♠ ✐♥ ✇❤✐❝❤ r❡s❡r✈❡s ♠♦r❡ t❤❛♥
s✉✜❝❡ t♦ ❛❜s♦r❜ t❤❡ ✈♦❧✉♠❡ ♦❢ ♣r♦s♣❡❝t✐✈❡ s♣❡❝✉❧❛t✐✈❡ s❛❧❡s ❛♥❞ ✐♥ ✇❤✐❝❤ t❤❡r❡
❝♦♥s❡q✉❡♥t❧② ❡①✐st ♥♦ ❣r♦✉♥❞s ❢♦r ❛ s♣❡❝✉❧❛t✐✈❡ ❛tt❛❝❦✱ t♦ ❛ s❡❝♦♥❞ ❡q✉✐❧✐❜r✐✉♠
✐♥ ✇❤✐❝❤ ❛♥ ❛tt❛❝❦ ❝❛♥ s✉❝❝❡❡❞✳ ❚❤❡ ❛✉t❤♦rs ❡♠♣✐r✐❝❛❧❧② r❡✈❡❛❧❡❞ t❤❛t ❛ ❝✉r✲
r❡♥❝② ❝r✐s✐s ✐♥ ♦♥❡ ❝♦✉♥tr② ❡①❡rts ❛ ❝♦♥t❛❣✐♦♥ ❡✛❡❝t ♦♥ ❝♦✉♥tr✐❡s ✇✐t❤ ✇❤✐❝❤ ✐t
❤❛s str♦♥❣ tr❛❞❡ ❧✐♥❦s✳ ❙✐♠✐❧❛r❧②✱ ●❧✐❝❦ ❛♥❞ ❘♦s❡ ✭✶✾✾✽✮ r❡✈❡❛❧❡❞ t❤❛t ❝✉rr❡♥❝②
❝r✐s❡s t❡♥❞ t♦ ❜❡ r❡❣✐♦♥❛❧✱ ❝❧❛✐♠✐♥❣ t❤❛t tr❛❞❡ ❧✐♥❦s ❛r❡ t❤❡ ♠❛✐♥ r❡❛s♦♥ ❢♦r
t❤✐s ♣❤❡♥♦♠❡♥♦♥✳ ❲❤❡♥ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ♦❝❝✉rs ✐♥ ♦♥❡ ❝♦✉♥tr②✱ ✐♥t❡r♥❛t✐♦♥❛❧
✐♥✈❡st♦rs ❝❛rr② ♦✉t s♣❡❝✉❧❛t✐✈❡ ❛tt❛❝❦s ♦♥ t❤❡ ❝✉rr❡♥❝② ♦❢ ♦t❤❡r ❝♦✉♥tr✐❡s ✇✐t❤
str♦♥❣ tr❛❞❡ r❡❧❛t✐♦♥s❤✐♣s✳

❇✉✐t❡r ❡t ❛❧✳ ✭✶✾✾✻✮ ✉s❡ ❛♥ ❡s❝❛♣❡✲❝❧❛✉s❡ ♠♦❞❡❧ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ♣♦❧✐❝② t♦
❛♥❛❧②③❡ t❤❡ s♣r❡❛❞ ♦❢ ❝✉rr❡♥❝② ❝r✐s❡s ✐♥ ❛ s②st❡♠ ♦❢ N +1 ❝♦✉♥tr✐❡s✱ N ♦❢ ✇❤✐❝❤
✭❞❡♥♦t❡❞ t❤❡ ✏♣❡r✐♣❤❡r②✑✮ ♣❡❣ t♦ t❤❡ r❡♠❛✐♥✐♥❣ ❝♦✉♥tr② ✭t❤❡ ✏❝❡♥t❡r✑✮✳ ❚❤❡
❝❡♥t❡r ✐s ♠♦r❡ r✐s❦ ❛✈❡rs❡ t❤❛♥ t❤❡ ♦t❤❡rs ❛♥❞ ✐s ❤❡♥❝❡ ✉♥✇✐❧❧✐♥❣ t♦ ♣✉rs✉❡ ❛
❝♦♦♣❡r❛t✐✈❡ ♠♦♥❡t❛r② ♣♦❧✐❝② ❞❡s✐❣♥❡❞ t♦ st❛❜✐❧✐③❡ ❡①❝❤❛♥❣❡ r❛t❡s✳ ❆ ♥❡❣❛t✐✈❡
s❤♦❝❦ t♦ t❤❡ ❝❡♥t❡r ✇❤✐❝❤ ❧❡❛❞s ✐t t♦ r❛✐s❡ ✐♥t❡r❡st r❛t❡s t❤❡♥ ✐♥❞✉❝❡s t❤❡ ♠❡♠✲
❜❡rs ♦❢ t❤❡ ♣❡r✐♣❤❡r✐❡s t♦ r❡❝♦♥s✐❞❡r t❤❡✐r ❝✉rr❡♥❝②✲♣❡❣ ♣♦❧✐❝②✳ ■❢ t❤❡ ♠❡♠❜❡rs

✸



♦❢ t❤❡ ♣❡r✐♣❤❡r② ❝♦♦♣❡r❛t❡✱ t❤❡② ♠❛② ✜♥❞ ✐t ❝♦❧❧❡❝t✐✈❡❧② ♦♣t✐♠❛❧ t♦ ❧❡❛✈❡ t❤❡
s②st❡♠ ✲ ❛♥ ❡①tr❡♠❡ ❝❛s❡ ♦❢ ❝♦♥t❛❣✐♦♥✳ ▼♦r❡ ❣❡♥❡r❛❧❧②✱ s♦♠❡ s✉❜s❡t ♦❢ ♣❡r✐♣❤✲
❡r❛❧ ❝♦✉♥tr✐❡s ✲ t❤♦s❡ ✇✐t❤ t❤❡ ❧❡❛st t♦❧❡r❛♥❝❡ ❢♦r ❤✐❣❤ ✐♥t❡r❡st r❛t❡s ✲ ✇✐❧❧ ✜♥❞
✐t ♦♣t✐♠❛❧ t♦ ❧❡❛✈❡ t❤❡ s②st❡♠ ✉♥❞❡r t❤❡s❡ ❝✐r❝✉♠st❛♥❝❡s✱ ❛♥❞ ❝♦♥t❛❣✐♦♥ ✇✐❧❧ ❜❡
❧✐♠✐t❡❞ t♦ t❤✐s s✉❜s❡t✳ ■♠♣♦rt❛♥t❧②✱ ❤♦✇❡✈❡r✱ t❤❡✐r ❞❡❝✐s✐♦♥ t♦ ❧❡❛✈❡ st❛❜✐❧✐③❡s
t❤❡ ❝✉rr❡♥❝② ♣❡❣s ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ♠❡♠❜❡rs ♦❢ t❤❡ s②st❡♠✱ ❜❡❝❛✉s❡ ♠♦♥❡t❛r②
❡①♣❛♥s✐♦♥ ❛♥❞ ❝✉rr❡♥❝② ❞❡♣r❡❝✐❛t✐♦♥ ❜② s♦♠❡ ♠❡♠❜❡rs ♦❢ t❤❡ ♣❡r✐♣❤❡r② ♣r♦✈✐❞❡s
❛♥ ✐♥❝❡♥t✐✈❡ ❢♦r t❤❡ ❝❡♥t❡r ❝♦✉♥tr②✱ ✇❤✐❝❤ t❤❡♥ ✜♥❞s ✐ts❡❧❢ ✇✐t❤ ❛♥ ✐♥❝r❡❛s✐♥❣❧②
♦✈❡r✈❛❧✉❡❞ ❡①❝❤❛♥❣❡ r❛t❡✱ t♦ r❡❧❛① ✐ts ♠♦♥❡t❛r② st❛♥❝❡✱ r❡❧✐❡✈✐♥❣ t❤❡ ♣r❡ss✉r❡
♦♥ r❡st ♦❢ t❤❡ ♣❡r✐♣❤❡r②✳ ■♥ t❤✐s ♠♦❞❡❧✱ ❝♦♥t❛❣✐♦♥ ✐s s❡❧❡❝t✐✈❡✿ t❤❡ s❤♦❝❦ t♦ t❤❡
❝❡♥t❡r s♣✐❧❧s ♦✈❡r ♥❡❣❛t✐✈❡❧② t♦ s♦♠❡ ♠❡♠❜❡rs ♦❢ t❤❡ ♣❡r✐♣❤❡r② ❜✉t ♣♦s✐t✐✈❡❧② t♦
♦t❤❡rs✳

❈♦rs❡tt✐✱ P❡s❡♥t✐ ❛♥❞ ❘♦✉❜✐♥✐ ✭✶✾✾✽✮ ❞❡✈❡❧♦♣❡❞ ❛ ♠♦❞❡❧ ♦❢ ✜♥❛♥❝✐❛❧ ❛♥❞
❝✉rr❡♥❝② ❝r✐s❡s ❧❡❞ ❜② ♠♦r❛❧ ❤❛③❛r❞✳ ❚❤❡② s❤♦✇❡❞ t❤❛t ❧♦✇ ❢♦r❡✐❣♥ ❡①❝❤❛♥❣❡
r❡s❡r✈❡s ❛♥❞ ❤✐❣❤ s❤❛r❡s ♦❢ ♥♦♥✲♣❡r❢♦r♠✐♥❣ ❧♦❛♥s ✇❡r❡ ❛t t❤❡ ❝♦r❡ ♦❢ t❤❡ ✶✾✾✼
❆s✐❛♥ ❝♦❧❧❛♣s❡✳ ❚❤❡✐r st✉❞② ❛ss✉♠❡s t❤❛t t❤❡ ♦✈❡r✈❛❧✉❛t✐♦♥ ♦❢ r❡❛❧ ❡①❝❤❛♥❣❡
r❛t❡s ❧❡❛❞s t♦ t❤❡ ❤✐❣❤ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❝✉rr❡♥❝② ❝r✐s✐s✳ ❙✉❝❤ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ✐♥
❛ ❢♦r❡✐❣♥ ❝♦✉♥tr② ❝❛♥ ❝❛✉s❡ t❤❡ ♦✈❡r✈❛❧✉❛t✐♦♥ ♦❢ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ✐♥ t❤❡ ❤♦♠❡
❝♦✉♥tr② ❛♥❞ s♦ ❧❡❛❞ t♦ t❤❡ ❤✐❣❤ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ❜❡✐♥❣ tr❛♥s♠✐tt❡❞
t❤r♦✉❣❤ ❜♦t❤ ❝❤❛♥♥❡❧s✳

❚❤❡ ❛❜♦✈❡ ♠♦❞❡❧s ❞♦ ♥♦t ✐♥❝♦r♣♦r❛t❡ ❡①♣❧✐❝✐t ♠✐❝r♦❡❝♦♥♦♠✐❝ ❢♦✉♥❞❛t✐♦♥s
✇✐t❤ ❞②♥❛♠✐❝ ❛♥❞ ✐♥t❡r✲t❡♠♣♦r❛❧ ❡✛❡❝ts✳ ❙✐♥❝❡ ✶✾✾✾ ❛♥❞ t♦❞❛②✱ ❤♦✇❡✈❡r✱ t❤❡
✏◆❡✇ ❖♣❡♥ ❊❝♦♥♦♠② ▼❛❝r♦❡❝♦♥♦♠✐❝s✑ ❡✈♦❧✈❡❞ ❝♦♥s✐❞❡r❛❜❧② ❛♥❞ ♠♦✈❡❞ t♦✲
✇❛r❞s ❞②♥❛♠✐❝ st♦❝❤❛st✐❝ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧s✳ ❈♦rs❡tt✐✱ P❡s❡♥t✐✱ ❘♦✉❜✐♥✐
❛♥❞ ❚✐❧❧❡ ✭✷✵✵✵✮ ✉s❡❞ ❛ t❤❡ t❤r❡❡✲❝♦✉♥tr② ♠♦❞❡❧ ✇✐t❤ ❛ ♥❡st❡❞ ❝♦♥s✉♠♣t✐♦♥
❜❛s❦❡t t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❣♦♦❞s ♣r♦❞✉❝❡❞ ✐♥ t✇♦ ♣❡r✐♣❤❡r② ❝♦✉♥tr✐❡s ❛♥❞ ❛
❝♦r❡ ❝♦✉♥tr②✳ ❙✉❝❤ ❛ s❡t✉♣ ❛❧❧♦✇❡❞ tr❛❝✐♥❣ s❤✐❢ts ✐♥ ❝♦♥s✉♠♣t✐♦♥ ✭❛♥❞ t❤✉s t❤❡
tr❛♥s♠✐ss✐♦♥ ♦❢ ❛ s❤♦❝❦ ❧✐❦❡ ❛ ❝✉rr❡♥❝② ❝r✐s✐s✮ ❞❡♣❡♥❞✐♥❣ ♦♥ s✉❜st✐t✉t❛❜✐❧✐t② ❛♥❞
❝♦♠♣❧❡♠❡♥t❛r✐t② ♦❢ t❤❡ tr❛❞❡❞ ❣♦♦❞s✳ ❚❤❡✐r ♣❛♣❡r st✉❞✐❡❞ t❤❡ ♠❡❝❤❛♥✐s♠ ♦❢
✐♥t❡r♥❛t✐♦♥❛❧ tr❛♥s♠✐ss✐♦♥ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ s❤♦❝❦s ✇✐t❤✐♥ ❛ ✸✲❝♦✉♥tr② ❈❡♥t❡r✲
P❡r✐♣❤❡r② ♠♦❞❡❧✱ ♣r♦✈✐❞✐♥❣ ❛ ❝❤♦✐❝❡✲t❤❡♦r❡t✐❝ ❢r❛♠❡✇♦r❦ ❢♦r t❤❡ ♣♦❧✐❝② ❛♥❛❧②✲
s✐s ❛♥❞ ❡♠♣✐r✐❝❛❧ ❛ss❡ss♠❡♥t ♦❢ ❝♦♠♣❡t✐t✐✈❡ ❞❡✈❛❧✉❛t✐♦♥s✳ ▲❛t❡r✱ ❋♦r❜❡s ✭✷✵✵✶✮
♠❡❛s✉r❡❞ ✇❤❡t❤❡r tr❛❞❡ ❧✐♥❦❛❣❡s ❛r❡ ✐♠♣♦rt❛♥t ❞❡t❡r♠✐♥❛♥ts ♦❢ ❛ ❝♦✉♥tr②✬s ✈✉❧✲
♥❡r❛❜✐❧✐t② t♦ ❝r✐s❡s t❤❛t ♦r✐❣✐♥❛t❡ ❡❧s❡✇❤❡r❡ ✐♥ t❤❡ ✇♦r❧❞✳ ❙✉❜s❡q✉❡♥t❧②✱ ■t♦ ❛♥❞
❍❛s❤✐♠♦t♦ ✭✷✵✵✺✮ ✉s❡❞ ❞❛✐❧② ❞❛t❛ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ♦❢ ❆s✐❛♥ ❝✉rr❡♥❝② ❝r✐s❡s t♦
❡①❛♠✐♥❡ ❤✐❣❤✲❢r❡q✉❡♥❝② ❝♦♥t❛❣✐♦♥ ❡✛❡❝ts ❛♠♦♥❣ s✐① ❆s✐❛♥ ❝♦✉♥tr✐❡s✳ ❇② ✐❞❡♥✲
t✐❢②✐♥❣ t❤❡ ♦r✐❣✐♥ ✭♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ❞❡♣r❡❝✐❛t✐♦♥✱ ♦r ❞❡❝❧✐♥❡ ✐♥ st♦❝❦ ♣r✐❝❡s✮ ❛♥❞
t❤❡ ❛✛❡❝t❡❞ ✭❝✉rr❡♥❝✐❡s✱ ♦r st♦❝❦ ♣r✐❝❡s✮ ✐♥ s♣✐❧❧♦✈❡r r❡❧❛t✐♦♥s❤✐♣✱ ■♥❞♦♥❡s✐❛ ❛♥❞
❑♦r❡❛ ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ t❤❡ t✇♦ ♠❛✐♥ ♦r✐❣✐♥ ❝♦✉♥tr✐❡s✱ ❛✛❡❝t✐♥❣ ❡①❝❤❛♥❣❡ r❛t❡s
❛♥❞ st♦❝❦ ♣r✐❝❡s ♦❢ ♦t❤❡r ❝♦✉♥tr✐❡s✳ ❊✈✐❞❡♥❝❡ ♦❢ ❤✐❣❤✲❢r❡q✉❡♥❝② ❝r✐s✐s s♣✐❧❧♦✈❡r
❢r♦♠ ❚❤❛✐❧❛♥❞ t♦ ♦t❤❡r ❝♦✉♥tr✐❡s ✇❛s ✇❡❛❦ ❛t ❜❡st✳ ❚❤❡ ❛✉t❤♦rs ❢♦✉♥❞ ❛ ♣♦s✐t✐✈❡
r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ tr❛❞❡ ❧✐♥❦ ✐♥❞✐❝❡s ❛♥❞ t❤❡ ❝♦♥t❛❣✐♦♥ ❝♦❡✣❝✐❡♥ts✱ ✐♠♣❧②✐♥❣
t❤❛t t❤❡ ❜✐❧❛t❡r❛❧ tr❛❞❡ ❧✐♥❦❛❣❡ ✐s ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ❢♦r ❝✉rr❡♥❝② ♠❛r❦❡t ♣❛r✲
t✐❝✐♣❛♥ts t♦ ❡①♣❡❝t ✇❤✐❝❤ ❝✉rr❡♥❝② s❤♦✉❧❞ ❜❡ ❛✛❡❝t❡❞ ✇✐t❤✐♥ ❞❛②s ♦❢ ❛♥ ♦r✐❣✐♥❛❧
❛ s❤♦❝❦ ✐♥ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♦❢ ❛ ♣❛rt✐❝✉❧❛r ❝♦✉♥tr②✳ ■♥ r❡❝❡♥t ♣♦❧✐❝② ❞❡❜❛t❡s
s♦♠❡ ❤❛✈❡ ❛r❣✉❡❞ t❤❛t ❡①♣❛♥s✐♦♥❛r② ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ ❏❛♣❛♥ ❝❛♥ ✐♥❝r❡❛s❡ r❡❛❧

✹



♦✉t♣✉t ✐♥ ❏❛♣❛♥ ❛♥❞ ✐♥ ❏❛♣❛♥➫s ♥❡✐❣❤❜♦rs✱ ✇❤✐❧❡ ♦t❤❡rs ❤❛✈❡ ✇❛r♥❡❞ t❤❛t ✐t ✐s ❛
❜❡❣❣❛r✲t❤②✲♥❡✐❣❤❜♦r ♣♦❧✐❝②✳ ▼❛❝❦♦✇✐❛❦ ✭✷✵✵✻✮ ❡st✐♠❛t❡❞ str✉❝t✉r❛❧ ✈❡❝t♦r ❛✉t♦
r❡❣r❡ss✐♦♥s t♦ ❛ss❡ss t❤❡ ❡✛❡❝ts ♦❢ ❏❛♣❛♥❡s❡ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦s✳ ❍❡ ❢♦✉♥❞
t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ❏❛♣❛♥❡s❡ ♠♦♥❡t❛r② ♣♦❧✐❝② s❤♦❝❦s ♦♥ ♠❛❝r♦❡❝♦♥♦♠✐❝ ✈❛r✐❛t✐♦♥
✐♥ ❊❛st ❆s✐❛ ❤❛✈❡ ❜❡❡♥ ♠♦❞❡st ❛♥❞ ❞✐✣❝✉❧t t♦ r❡❝♦♥❝✐❧❡ ✇✐t❤ t❤❡ ❜❡❣❣❛r✲t❤②✲
♥❡✐❣❤❜♦r ✈✐❡✇✳ ❊①✐st✐♥❣ st✉❞✐❡s ❤❛✈❡ ♥♦t t❛❦❡♥ ✐♥t♦ ♠✉❝❤ ❝♦♥s✐❞❡r❛t✐♦♥ t❤❡
r❡❛❧ s❡❝t♦r ❝❤❛♥♥❡❧✱ s♦ t❤✐s st✉❞② ❝♦♥❝❡♥tr❛t❡s ♦♥ t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ❝♦♥t❛❣✐♦♥
❡✛❡❝ts t❤r♦✉❣❤ t❤✐s ♠❡❞✐✉♠✳

❚❤❡ ♣r❡s❡♥t ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ✐♥ t❤r❡❡ ✇❛②s✳ ❋✐rst✱ ✐t ❜✉✐❧❞s
❛ ♥❡✇ ❞②♥❛♠✐❝ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ t❤r❡❡✲❝♦✉♥tr② ♠♦❞❡❧ t♦ st✉❞② ✐♥t❡r♥❛t✐♦♥❛❧
♠❛❝r♦❡❝♦♥♦♠✐❝ ❧✐♥❦❛❣❡s✳ ❙❡❝♦♥❞✱ ✐t ❞❡✈❡❧♦♣s ❛ ♥❡✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡t❤♦❞ t♦
st✉❞② ✐♠♣❛❝ts ♦❢ ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s♠✐ss✐♦♥✳ ❚❤✐r❞✱ t❤❡♦r❡t✐❝❛❧❧②✱ ✐t ❡st❛❜❧✐s❤❡s
❡①✐st❡♥❝❡ ♦❢ ❛♥ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ❝❤❛♥♥❡❧ ❝❛♣❛❜❧❡ ♦❢ tr❛♥s♠✐tt✐♥❣ ❛ ❝✉rr❡♥❝②
❝r✐s✐s ❛♥❞✱ t❤✉s✱ ❝❛✉s✐♥❣ ❛ r❡❣✐♦♥❛❧ ❝✉rr❡♥❝② ❝r✐s❡s✳ ❲❤❡♥ ❝❛♣✐t❛❧ ♠♦✈❡s t♦ ❛
tr❛❞❡ ♣❛rt♥❡r ❢r♦♠ ❛ tr❛❞❡ ❝♦♠♣❡t✐t♦r✱ ❢♦r ✐♥st❛♥❝❡✱ t❤❡ t❡r♠s ♦❢ tr❛❞❡ ❝❤❛♥❣❡
❛♥❞ ❧❡❛❞ t♦ ❛ ❝✉rr❡♥❝② ❞❡♣r❡❝✐❛t✐♦♥ ❛t ❤♦♠❡ ❛♥❞ ❢♦r❡✐❣♥ ❝♦✉♥tr✐❡s✳ ■♥ ❛❞❞✐t✐♦♥✱
❛ ♠✐s❛❧✐❣♥♠❡♥t ❜❡t✇❡❡♥ ❛❝t✉❛❧ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ ❡q✉✐❧✐❜r✐✉♠ r❡❛❧ ❡①❝❤❛♥❣❡
r❛t❡ ♦❝❝✉rs ✇❤❡♥ t❤❡ ❧❛tt❡r ❞❡❝r❡❛s❡s✱ ❝❛✉s✐♥❣ ❛ ♣♦t❡♥t✐❛❧ ❝✉rr❡♥❝② ❞❡✈❛❧✉❛t✐♦♥✳
❚❤✉s✱ t♦ r❡✲❡st❛❜❧✐s❤ ❡q✉✐❧✐❜r✐✉♠✱ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ✐♥ ❢♦r❡✐❣♥ ❛♥❞ ❤♦♠❡
❝♦✉♥tr✐❡s ❛❞❥✉st✱ tr❛♥s♠✐tt✐♥❣ ❛ ❝✉rr❡♥❝② ❝r✐s✐s t♦ ❤♦♠❡ ❝♦✉♥tr② ❢r♦♠ ❛ ❢♦r❡✐❣♥
❝♦✉♥tr②✳ ▼❛✐♥❧②✱ t❤✐s st✉❞② ❞✐ss❡❝ts t❤❡ ♠❡❝❤❛♥✐s♠ ♦❢ ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s✲
♠✐ss✐♦♥ t❤r♦✉❣❤ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ❛♥❞ ♣r❡s❡♥ts ❛ r❡❛s♦♥✐♥❣ ❢♦r ✐ts r❡❣✐♦♥❛❧
♥❛t✉r❡✳

❚❤✐s ♣❛♣❡r ♣r♦❝❡❡❞s ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ❞❡✈❡❧♦♣s ❛ ♥❡✇ t❤r❡❡✲❝♦✉♥tr②
♠♦❞❡❧ t♦ ♣r❡s❡♥t ❤♦✇ ❝✉rr❡♥❝② ❝r✐s✐s ❝❛♥ tr❛♥s♠✐t ❛❝r♦ss ❝♦✉♥tr✐❡s ✈✐❛ t❤❡ tr❛❞❡
❝❤❛♥♥❡❧✳ ❙❡❝t✐♦♥ ✸ s❤♦✇s t❤❡ ♠❡❝❤❛♥✐s♠ ❢♦r ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ♣r✐❝❡s ♦❢ ♥♦♥tr❛❞✲
❛❜❧❡s✱ ❡①♣♦rt❛❜❧❡s✱ ❛♥❞ ✐♠♣♦rt❛❜❧❡s✳ ❙❡❝t✐♦♥ ✹ ❞❡♠♦♥str❛t❡s t❤❡ ❝♦♥♥❡❝t✐♦♥
❜❡t✇❡❡♥ t❡r♠s ♦❢ tr❛❞❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s✳ ❙❡❝t✐♦♥ ✺ ❛♥❛❧②③❡s t❤❡ ❡✛❡❝t ♦❢ ❝❛♣✲
✐t❛❧ ♠♦✈❡♠❡♥t ❢r♦♠ ❛ tr❛❞❡ ❝♦♠♣❡t✐t♦r t♦ ❛ tr❛❞❡ ♣❛rt♥❡r ✐♥ t❤❡ ♠♦❞❡❧✳ ❙❡❝t✐♦♥
✻ ❝♦♥❝❧✉❞❡s✳

✷ ❚❤❡ ▼♦❞❡❧

❲❡ ❝♦♥s✐❞❡r ❛ t❤r❡❡✲❝♦✉♥tr② ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧ ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠②
✇♦r❧❞✳ ❚❤❡r❡ ❛r❡ t❤r❡❡ ❝♦✉♥tr✐❡s ✭❍✱ ❈ ❛♥❞ ❚✮ ✐♥ t❤❡ ✇♦r❧❞✳ ❈♦✉♥tr② ❍ ✐s t❤❡
❤♦♠❡ ❝♦✉♥tr②✱ ❝♦✉♥tr② ❈ ✐s ❛ tr❛❞❡ ❝♦♠♣❡t✐t♦r✱ ❛♥❞ ❝♦✉♥tr② ❚ ✐s ❛ tr❛❞❡ ♣❛rt♥❡r✳
❋✐❣✉r❡ ✶ ✐❧❧✉str❛t❡s t❤❡ tr❛❞❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ✸ ❝♦✉♥tr✐❡s ✐♥ ♦✉r ♠♦❞❡❧✳
❈♦✉♥tr② ❈ ❝♦♠♣❡t❡s ✇✐t❤ ❝♦✉♥tr② ❍ t♦ ❡①♣♦rt ❛♥❞ ✐♠♣♦rt✳ ❈♦✉♥tr② ❚ ✐♠♣♦rts
❝♦✉♥tr② ❍✬s ❛♥❞ ❈✬s ❡①♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rts ❝♦✉♥tr② ❍✬s ❛♥❞ ❈✬s ✐♠♣♦rt❛❜❧❡s✳

✺



❚❤❡ ❝♦✉♥tr✐❡s ♣r♦❞✉❝❡ ❛♥❞ ❝♦♥s✉♠❡ ✐♠♣♦rt❛❜❧❡s (M)✱ ❡①♣♦rt❛❜❧❡s (X)✱ ❛♥❞
♥♦♥tr❛❞❛❜❧❡s (NH , NC , NT )✳ ◆♦♥tr❛❞❛❜❧❡s ❛♥❞ ❜✉❞❣❡t ❝♦♥str❛✐♥ts ❛r❡ ❝♦✉♥tr②✲
s♣❡❝✐✜❝✳ ❚❤❡ ♠♦❞❡❧ ❛❧s♦ ❝♦♥s✐❞❡rs t✇♦ ♣❡r✐♦❞s ❛♥❞ ❛❧❧♦✇s ❢♦r ❢♦r❡✐❣♥ ❜♦rr♦✇✐♥❣
❛♥❞ ❧❡♥❞✐♥❣✳ ❙♠❛❧❧ ❧❡tt❡rs r❡♣r❡s❡♥t ♣❡r✐♦❞ ✶ ❛♥❞ ❝❛♣✐t❛❧ ❧❡tt❡rs r❡♣r❡s❡♥t ♣❡r✐♦❞
✷✳ ❈♦♥❞✐t✐♦♥❛❧ ♦♥ ❜✉❞❣❡t ❝♦♥str❛✐♥ts ❛♥❞ ♦♥ t❡❝❤♦♥♦❧♦❣② ❛♥❞ ❢❛❝t♦rs ♦❢ ♣r♦✲
❞✉❝t✐♦♥✱ ✐♥ ❡❛❝❤ ♣❡r✐♦❞✱ ❝♦♥s✉♠❡rs ❛♥❞ ♣r♦❞✉❝❡rs ♦♣t✐♠✐③❡ ✉t✐❧✐t② ❛♥❞ ♣r♦✜ts✱
r❡s♣❡❝t✐✈❡❧②✳ ❙♦ t❤❡ ❝♦♥s✉♠❡r ♣r♦❜❧❡♠ ✇♦✉❧❞ ❜❡✿

maxΩ{u(cN , cM , cX);U(CN , CM , CX)} ✭✶✮

✇❤❡r❡ cN , cM , cX (CN , CM , CX) r❡♣r❡s❡♥t ❝♦♥s✉♠♣t✐♦♥s ♦❢ ♥♦♥tr❛❞❛❜❧❡s✱
✐♠♣♦rt❛❜❧❡s✱ ❛♥❞ ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✶ ✭♣❡r✐♦❞ ✷✮✱ ❛♥❞ Ω r❡♣r❡s❡♥ts t♦t❛❧
✇❡❧❢❛r❡✳

❘❡✈❡♥✉❡ ❢✉♥❝t✐♦♥s r❡♣r❡s❡♥t t❤❡ ♦✉t❝♦♠❡ ♦❢ t❤✐s ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡ss✳ ▲❡t
r ❜❡ t❤❡ r❡✈❡♥✉❡ ✐♥ ♣❡r✐♦❞ ✶✱ R ❜❡ t❤❡ r❡✈❡♥✉❡ ✐♥ ♣❡r✐♦❞ ✷✱ v ❜❡ ❛ ✈❡❝t♦r ♦❢
❢❛❝t♦rs ♦❢ ♣r♦❞✉❝t✐♦♥ ✐♥ ♣❡r✐♦❞ ✶✱ ❛♥❞ (V ) ❜❡ ❛ ✈❡❝t♦r ♦❢ ❢❛❝t♦rs ♦❢ ♣r♦❞✉❝t✐♦♥ ✐♥
♣❡r✐♦❞ ✷✱ p ❜❡ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✶✱ P ❜❡ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s
✐♥ ♣❡r✐♦❞ ✷✱ q ❜❡ t❤❡ ♣r✐❝❡ ♦❢ ♥♦♥tr❛❞❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✶✱ ❛♥❞ Q ❜❡ t❤❡ ♣r✐❝❡ ♦❢
♥♦♥tr❛❞❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✳ ❚❤❡♥✱

r = r(1, p, q; v); R = R(1, P,Q;V ) ✭✷✮

▲❡t ❡①♣❡♥❞✐t✉r❡ ❢✉♥❝t✐♦♥ (E) r❡♣r❡s❡♥t ❞❡♠❛♥❞✱ π❜❡ t❤❡ ♣r✐❝❡ ✐♥❞❡① ✐♥ ♣❡✲
r✐♦❞ ✶✱ ❛♥❞ Π ❜❡ t❤❡ ♣r✐❝❡ ✐♥❞❡① ✐♥ ♣❡r✐♦❞ ✷✿

E = E{π(1, p, q), δΠ(1, P,Q) : Ω) ✭✸✮

❚❤❡ s✐♠✉❧t❛♥❡♦✉s s♦❧✉t✐♦♥s ♦❢ t❤❡ ❝♦♥s✉♠❡rs ❛♥❞ ♣r♦❞✉❝❡rs ♦♣t✐♠✐③❛t✐♦♥
♣r♦❜❧❡♠s ❛❧❧♦✇ ✉s t♦ ♦❜t❛✐♥ ❡q✉✐❧✐❜r✐✉♠✳ ■♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✱ t❤❡ ♥♦♥tr❛❞❛❜❧❡s
♠❛r❦❡ts ✐♥ t❤❡ t❤r❡❡ ❝♦✉♥tr✐❡s ❝❧❡❛r✳ ❚❤❡s❡ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡ ✸ ❝♦✉♥tr✐❡s
s❛t✐s❢② t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡✱ ❛ss✉♠✐♥❣ t❤❡s❡ ❜✉❞❣❡t ❝♦♥str❛✐ts✿

rH(1, p, qH : vH)+δRH(1, P,QH ;V H) = EH{πH(1, p, qH), δΠH(1, P,QH) : ΩH}
✭✹✮

✻



rC(1, p, qC : vC) + δRC(1, P,QC ;V C) = EC{πC(1, p, qC), δΠC(1, P,QC) : ΩC}
✭✺✮

rT (1, p, qT : vT ) + δRT (1, P,QT ;V T ) = ET {πT (1, p, qT ), δΠT (1, P,QT ) : ΩT }
✭✻✮

❆♥❞✱ ❢♦r ❜♦t❤ t✐♠❡ ♣❡r✐♦❞s ✐♥ t❤❡ t❤r❡❡ ❝♦✉♥tr✐❡s✱ t❤❡ ♥♦♥tr❛❞❛❜❧❡s ♠❛r❦❡ts
❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s ❛r❡✿

rHq = EH
q ✭✼✮

RH
Q = EH

Q ✭✽✮

rCq = EC
q ✭✾✮

RC
Q = EC

Q ✭✶✵✮

rTq = ET
q ✭✶✶✮

RT
Q = ET

Q ✭✶✷✮

❊q✉❛t✐♦♥s ✭✼✮ ❛♥❞ ✭✽✮ s❤♦✇ t❤❛t t❤❡ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ♦❢ t❤❡ ❞♦♠❡st✐❝
♥♦♥tr❛❞❛❜❧❡s s❡❝t♦rs ♠❛t❝❤ ✐♥ ♣❡r✐♦❞s ✶ ❛♥❞ ✷✳ ❊q✉❛t✐♦♥s ✭✾✮ ✲ ✭✶✷✮ s❤♦✇ t❤❡
❝♦♥❞✐t✐♦♥s ❢♦r ❈ ❛♥❞ ❚✬s ❡q✉✐❧✐❜r✐❛ ♦❢ ♥♦♥tr❛❞❛❜❧❡s s❡❝t♦rs ✐♥ ❜♦t❤ t✐♠❡ ♣❡r✐♦❞s✳
❚❤❡ ♠♦❞❡❧ ♥♦r♠❛❧✐③❡s t❤❡ ♣r✐❝❡ ♦❢ ❡①♣♦rt❛❜❧❡s ❛s ✶✳ ❚❤✉s✱ ✐t ❞♦❡s ♥♦t ❡①♣r❡ss t❤❡
q✉❛♥t✐t② ♦❢ ❡①♣♦rt❛❜❧❡s ✉s✐♥❣ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s ♦❢ ❞❡♠❛♥❞ ♦r r❡✈❡♥✉❡ ❢✉♥❝t✐♦♥s✳
❚❤❡ ❜❡❧♦✇ ❡q✉❛t✐♦♥s ✭✶✸✮ ✲ ✭✶✻✮ ❞❡s❝r✐❜❡ t❤❡ ❡①♣♦rt❛❜❧❡s ❛♥❞ ✐♠♣♦rt❛❜❧❡s ✇♦r❧❞
♠❛r❦❡ts✳ ❆♥❞✱ s ❛♥❞ d ✭S ❛♥❞ D✮ r❡♣r❡s❡♥t t❤❡ ❡①♣♦rt❛❜❧❡s s✉♣♣❧② ❛♥❞ ❞❡♠❛♥❞
✐♥ ♣❡r✐♦❞ ✶ ✭♣❡r✐♦❞ ✷✮✳

sH + sC + sT = dH + dC + dT ✭✶✸✮

SH + SC + ST = DH +DC +DT ✭✶✹✮

rHp + rCp + rTp = EH
p + EC

p + ET
p ✭✶✺✮

RH
P +RC

P +RT
P = EH

P + EC
P + ET

P ✭✶✻✮

❊q✉❛t✐♦♥s ✭✶✸✮ ✲ ✭✶✹✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❡①♣♦rt❛❜❧❡s ✇♦r❧❞ ❞❡♠❛♥❞ ❛♥❞ s✉♣✲
♣❧② ♠❛t❝❤ ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✱ ❛♥❞ ❡q✉❛t✐♦♥s ✭✶✺✮ ✲ ✭✶✻✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡
✐♠♣♦rt❛❜❧❡s ✇♦r❧❞ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ♠❛t❝❤ ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✳

✼



✸ Pr✐❝❡ ❙❡tt✐♥❣

❲❡ ✉s❡ ❝❤❛rts t♦ ❡①♣❧❛✐♥ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❡✛❡❝ts ✐♥ ❛ t❤r❡❡✲❝♦✉♥tr② ♠♦❞❡❧ t♦
r❡❞✉❝❡ ❝♦♠♣❧❡①✐t② ♦❢ ♠❛t❤❡♠❛t✐❝❛❧ ❛♥❛❧②s✐s✳ ❚❤❡ ❝❤❛rts s❤♦✇ t❤❡ ❡q✉✐❧✐❜r✐✉♠
♦❢ ♣❡r✐♦❞ ✷✳ ❚❤❡② ♣r❡s❡♥t t❤❡ NTNT ❝✉r✈❡ ❢♦r ❝♦✉♥tr② T ✱ NCNC ❝✉r✈❡ ❢♦r
❝♦✉♥tr② C✱ NHNH ❝✉r✈❡ ❢♦r ❝♦✉♥tr② H✱ ❛s ✇❡❧❧ ❛s MSMS ❛♥❞ MDMD ❝✉r✈❡s
❢♦r t❤❡ t❤r❡❡ ❝♦✉♥tr✐❡s✳ ❚❤❡ NHNH ❝✉r✈❡ s❤♦✇s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡
♣r✐❝❡ ♦❢ ♥♦♥tr❛❞❛❜❧❡s ✐♥ ❝♦✉♥tr② H✱ QH ✱ ❛♥❞ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡✲
r✐♦❞ ✷✱ P ✱ ✐♥ ❝♦♥❞✐t✐♦♥ t❤❛t t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ♦❢ ❝♦✉♥tr② H ✐s s❛t✐s✜❡❞✱
❛♥❞ t❤❡ ♥♦♥tr❛❞❛❜❧❡s ♠❛r❦❡ts ♦❢ t❤❡ ❝♦✉♥tr② H ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞ ❝❧❡❛r✳ ❚❤❡
NTNT ❛♥❞ NCNC ❝✉r✈❡s ❢♦r ❝♦✉♥tr② T ❡q✉❛❧ t❤❡ NTNT ❛♥❞ NCNC ❝✉r✈❡s
❢♦r ❝♦✉♥tr② C✳ ■♥ ❝♦♥❞✐t✐♦♥ t❤❛t✱ ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞ ❢♦r t❤❡ t❤r❡❡ ❝♦✉♥tr✐❡s✱
t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥ts ❛r❡ s❛t✐s✜❡❞ ❛♥❞ t❤❡ ♥♦♥tr❛❞❛❜❧❡s ♠❛r❦❡ts ❝❧❡❛r✱ ✭✐✮ t❤❡
MSMS ❝✉r✈❡ s❤♦✇s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❡❧❛t✐✈❡ s✉♣♣❧② ♦❢ ✐♠♣♦rt❛✲
❜❧❡s t♦ ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✱ RP /S✱ ❛♥❞ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞
✷✱ P ❀ ❛♥❞ ✭✐✐✮ t❤❡ MDMD ❝✉r✈❡ ❞❡s❝r✐❜❡s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❡❧❛✲
t✐✈❡ ❞❡♠❛♥❞ ♦❢ ✐♠♣♦rt❛❜❧❡s t♦ ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✱ EP /D✱ ❛♥❞ t❤❡ ♣r✐❝❡
♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✱ P ✳ ❚❤❡s❡ ❝✉r✈❡s ❛❧❧♦✇ ❡st❛❜❧✐s❤✐♥❣ t❤❡ ♣r✐❝❡s ♦❢
♥♦♥tr❛❞❛❜❧❡s ❛♥❞ ✐♠♣♦rt❛❜❧❡s ✐♥ t❤❡ t❤r❡❡ ❝♦✉♥tr✐❡s ❛s ✇❡❧❧ ❛s t❤❡ ❡q✉✐❧✐❜r✐✉♠
q✉❛♥t✐t✐❡s ♦❢ ♥♦♥tr❛❞❛❜❧❡s✱ ❡①♣♦rt❛❜❧❡s✱ ❛♥❞ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✳

❚❤❡ NHNH ❝✉r✈❡ s❦❡t❝❤❡s ❤♦✇ ❛♥ ❡①t❡r♥❛❧ t❡r♠s ♦❢ tr❛❞❡ s❤♦❝❦ ❛✛❡❝ts t❤❡
❡q✉✐❧✐❜r✐✉♠ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s✳ ❚❤❡s❡ ❡✛❡❝ts ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❢♦r t❤❡ ❤♦♠❡
❝♦✉♥tr②✱ ✉s✐♥❣ ❡q✉❛t✐♦♥s ✭✹✮✱ ✭✼✮✱ ❛♥❞ ✭✽✮✱ ❛s ❢♦❧❧♦✇s✿

dQH/dp = −1/△1{(E
H
PQ −RH

PQ)(r
H
qq − EH

qq) + EH
qpE

H
Qq} ✭✶✼✮

+1/△1{(E
H
P −RH

P )(EH
Qqπ

H
q EH

πΩ +ΠH
QEH

ΠΩ(r
H
qq − EH

qq)}

△1{(R
H
QQ − EH

QQ)(r
H
qq − EH

qq) + EH
qQE

H
Qq} < 0

✇❤❡r❡ t❤❡ t❡r♠s EπΩ❛♥❞ EΠΩ✱ ✇❤✐❝❤ ❝❛♣t✉r❡ t❤❡ ✐♥❝♦♠❡ ❡✛❡❝ts ✐♥ ❡❛❝❤ t✐♠❡
♣❡r✐♦❞✱ ❛r❡ ♣♦s✐t✐✈❡✱ ❛♥❞ ∆1✐s ♥❡❣❛t✐✈❡✳ ❚❤❡ t❡♠♣♦r❛r② t❡r♠s ♦❢ tr❛❞❡ s❤♦❝❦ ✇✐❧❧
❛✛❡❝t ❡q✉✐❧✐❜r✐✉♠ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ❜✉t t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t ✐s ✉♥❦♥♦✇♥
❜❡❝❛✉s❡ ✐♥❝♦♠❡ ❤❛s ❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ✭❊q✉❛t✐♦♥ ✭✶✼✮✮✳ dQ

dP
❝❛♥ ❜❡ ♥❡❣❛t✐✈❡ ✐❢ t❤❡

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

♥♦♥tr❛❞❛❜❧❡s ✇♦✉❧❞ ✐♥❝r❡❛s❡ ✐❢ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ❣♦❡s ✉♣✱ ❝❛✉s✐♥❣ ❛♥
✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣r✐❝❡ ♦❢ ♥♦♥tr❛❞❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✶ ❛s ✇❡❧❧ ❛s ✐♥ t❤❡ ❞❡♠❛♥❞ ❛♥❞
♣r✐❝❡ ♦❢ ♥♦♥tr❛❞❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ t♦ r❡❝♦✈❡r t❤❡ ♥♦♥tr❛❞❛❜❧❡s ♠❛r❦❡t ❡q✉✐❧✐❜r✐✉♠✱
❛s s❤♦✇♥ ✐♥ t❤❡ ✜rst t❡r♠ ♦❢ ❡q✉❛t✐♦♥ ✭✶✼✮✳

❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❧❛t✐♦♥s❤✐♣s ❢♦r ❝♦✉♥tr✐❡s C ❛♥❞ T ❛r❡✿

dQC/dp = −1/△2{(E
C
PQ −RC

PQ)(r
C
qq − EC

qq) + EC
qpE

C
Qq} ✭✶✽✮

+1/△2{(E
C
P −RC

P )(E
C
Qqπ

C
q E

C
πΩ +ΠC

QE
C
ΠΩ(r

C
qq − EC

qq)}

✽



△2{(R
C
QQ − EC

QQ)(r
C
qq − EC

qq) + EC
qQE

C
Qq} < 0

dQT /dp = −1/△3{(E
T
PQ −RT

PQ)(r
T
qq − ET

qq) + ET
qpE

T
Qq} ✭✶✾✮

+1/△3{(E
T
P −RT

P )(E
T
Qqπ

T
q E

T
πΩ +ΠT

QE
T
ΠΩ(r

T
qq − ET

qq)}

△3{(R
T
QQ − ET

QQ)(r
T
qq − ET

qq) + ET
qQE

T
Qq} < 0

❋✐❣✉r❡ ✷❛ ✐❧❧✉str❛t❡s t❤❡ NHNH ❝✉r✈❡ ✇❤❡♥ t❤❡ ✐♥❝♦♠❡ ❡✛❡❝t ❞♦♠✐♥❛t❡s t❤❡
✐♥t❡rt❡♠♣♦r❛❧ ❛♥❞ ✐♥tr❛t❡♠♣♦r❛❧ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts✳

❋✐❣✉r❡ ✷❜ ✐❧❧✉str❛t❡s t❤❡ NHNH ❝✉r✈❡ ✇❤❡♥ t❤❡ ✐♥t❡rt❡♠♣♦r❛❧ ❛♥❞ ✐♥tr❛t❡♠✲
♣♦r❛❧ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ❞♦♠✐♥❛t❡ t❤❡ ✐♥❝♦♠❡ ❡✛❡❝t✳

❊q✉❛t✐♦♥ ✭✶✼✮ ❡①♣r❡ss❡s t❤❡ s❝❤❡❞✉❧❡ ✐♥ t❤❡ t✇♦ ✜❣✉r❡s ❢♦r ❝♦✉♥tr② H✳ ❋✐❣✲
✉r❡s ✷❛ ❛♥❞ ✷❜ ❛♣♣❧② t♦ ❝♦✉♥tr✐❡s ❈ ❛♥❞ ❚ ❛s ✇❡❧❧✳

❚❤❡ s✉♠ ♦❢ ✇♦r❧❞ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ❞❡t❡r♠✐♥❡s t❤❡ ❡①♣♦rt❛❜❧❡s ❛♥❞ ✐♠✲
♣♦rt❛❜❧❡s ✇♦r❧❞ ♠❛r❦❡ts ❡q✉✐❧✐❜r✐❛✳ ❚❤✐s s❡❝t✐♦♥ ❛❞❞r❡ss❡s t❤❡ s✉♣♣❧② ♦❢ ❡①✲
♣♦rt❛❜❧❡s ❛♥❞ ✐♠♣♦rt❛❜❧❡s✷✳

✷❚❤❡ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ s✉♣♣❧② ♦❢ ❡①♣♦rt❛❜❧❡s ❛r❡ ❛s ❢♦❧❧♦✇✳ SP < 0, SQ < 0

✾



RH
P +RC

P +RT
P = RW

P ✭✷✵✮

SH + SC + ST = SW ✭✷✶✮

❊❛❝❤ ♦❢ t❤❡ ✇♦r❧❞ s✉♣♣❧② ♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ ✭RW
P ✮ ❛♥❞ t❤❡ ✇♦r❧❞

s✉♣♣❧② ♦❢ ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ ✭SW ) ❡q✉❛❧s t❤❡ s✉♠ ♦❢ t❤❡ r❡❧❡✈❛♥t s✉♣♣❧②
❢r♦♠ ❝♦✉♥tr✐❡s H✱ C✱ ❛♥❞ T ✭❡q✉❛t✐♦♥s ✭✷✵✱ ✷✶✮✮✳ ❚❤❡ MSMS s❝❤❡❞✉❧❡✱ ✇❤✐❝❤ ✐s
s❦❡t❝❤❡❞ ✐♥ ❋✐❣✉r❡ ✸ ❛♥❞ t❤❛t s❛t✐s✜❡s ❡q✉❛t✐♦♥s ✭✹✮✲✭✶✷✮✱ ✭✷✵✮✱ ❛♥❞ ✭✷✶✮✱ s❤♦✇s
t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ✇♦r❧❞ s✉♣♣❧②
♦❢ ✐♠♣♦rt❛❜❧❡s t♦ ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ s✉❜❥❡❝t t♦ t❤❛t t❤❡ ♥♦♥tr❛❞❛❜❧❡ s❡❝t♦rs
❛♥❞ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥ts ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞ ❝❧❡❛r✳ ❲❡ ❛ss✉♠❡ t❤❛t ✭✐✮ t❤❡
s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ✐♥ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s ♣r♦❞✉❝t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦
qH , qC ✱ qT ✱ QH ✱ QC ✱ QT ❛♥❞ p ❛r❡ s✐♠✐❧❛r ❛♥❞ ✭✐✐✮ t❤❡ s✉♣♣❧② ♦❢ ✐♠♣♦rt❛❜❧❡s
❛♥❞ ❡①♣♦rt❛❜❧❡s ❛r❡ s✐♠✐❧❛r ❛t t❤❡ ✐♥✐t✐❛❧ ❡q✉✐❧✐❜r✐✉♠ ♣♦✐♥t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧
❞❡r✐✈❛t✐✈❡s ♦❢ ❡q✉❛t✐♦♥s ✭✹✮✲✭✶✷✮✱ ✭✷✵✮✱ ❛♥❞ ✭✷✶✮ ❛❧❧♦✇ ✉s t♦ ❞❡❞✉❝❡ t❤❡ s❧♦♣❡ ♦❢
t❤❡ MSMS s❝❤❡❞✉❧❡✳

❚❤❡♥✱

d(RW
P /SW )/dP = (1/SW )[(△4 +△5) + (RH

PQ − SH
Q )△8 + (RC

PQ − SC
Q)△9

+(RT
PQ − ST

Q)△10 + (RH
Pp − SH

p )△11 + (RC
Pp − SC

p )△12

+(RT
Pp − ST

p )△13 + (RH
Pq − SH

q )△14 + (RC
Pq − SC

q )△15

+(RT
Pq − ST

q )△16]

∆8 = ((EH
QP −RH

QP )− (EH
P −RH

P )/(EH
QΩ/E

H
Ω ))/(RH

QQ − EH
QQ)

∆9 = ((EC
QP −RC

QP )− (EC
P −RC

P )/(E
C
QΩ/E

C
Ω ))/(RC

QQ − EC
QQ)

∆10 = ((ET
QP −RT

QP )− (ET
P −RT

P )/(E
T
QΩ/E

T
Ω ))/(R

T
QQ − ET

QQ)

∆11 = ((EH
pP − rHpP )− (EH

p − rHp )/(EH
qΩ/E

H
Ω ))/(rHqq − EH

qq)

∆12 = ((EC
pP − rCpP )− (EC

p − rCp )/(E
C
qΩ/E

C
Ω ))/(rCqq − EC

qq)

∆13 = ((ET
pP − rTpP )− (ET

p − rTp )/(E
T
qΩ/E

T
Ω ))/(r

T
qq − ET

qq)

∆14 = ((EH
qP − rHqP )− (EH

q − rHq )/(EH
qΩ/E

H
Ω ))/(rHqq − EH

qq)

✶✵



∆15 = ((EC
qP − rCqP )− (EC

q − rCq )/(E
C
qΩ/E

C
Ω ))/(rCqq − EC

qq)

∆16 = ((ET
qP − rTqP )− (ET

q − rTq )/(E
T
qΩ/E

T
Ω ))/(r

T
qq − ET

qq)

●✐✈❡♥ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ♦♥ ❡①♣♦rt❛❜❧❡s ♣r♦❞✉❝t✐♦♥ ✇✐t❤
r❡s♣❡❝t t♦ q✱ Q✱ ❛♥❞ p ❛r❡ t❤❡ s❛♠❡ ❛s ❢♦r t❤♦s❡ ♦♥ ✐♠♣♦rt❛❜❧❡s ♣r♦❞✉❝t✐♦♥✱ t❤❡♥
t❤❡ s❧♦♣❡ ♦❢ MSMS ✇♦✉❧❞ ❜❡ ♣♦s✐t✐✈❡✳

d(RW
P /SW )/dP = △4 +△5 ✭✷✷✮

∆4 = RH
PP +RC

PP +RT
PP

∆5 = −SH
P − SC

P − ST
P

■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ r❡❧❛t✐✈❡ s✉♣♣❧② ♦❢ ✐♠♣♦rt❛❜❧❡s t♦ ❡①♣♦rt❛❜❧❡s ✇♦✉❧❞
❜❡ ♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ ✐♥ ❝♦♥❞✐✲
t✐♦♥ t❤❛t t❤❡ ♠❛r❦❡t ❝❧❡❛r✐♥❣ ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ♥♦♥tr❛❞❛❜❧❡s s❡❝t♦rs ❛♥❞ ❜✉❞❣❡t
❝♦♥str❛✐♥ts ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞ ❝❧❡❛r✳ ❋✐❣✉r❡ ✸ ✐❧❧✉str❛t❡s t❤❡s❡ r❡s✉❧ts✳

◆♦✇✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❞❡♠❛♥❞ ❢♦r ❡①♣♦rt❛❜❧❡s ❛♥❞ ✐♠♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✸✿

EH
P + EC

P + ET
P = EW

P ✭✷✸✮

DH +DC +DT = DW ✭✷✹✮

❊q✉❛t✐♦♥s ✭✷✸✱ ✷✹✮ ❞❡s❝r✐❜❡ t❤❡ ❞❡♠❛♥❞ ♦❢ ❝♦✉♥tr✐❡s H✱ C✱ ❛♥❞ T ✐♥ ♣❡r✐♦❞
✷ ❢♦r ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ MDMD s❝❤❡❞✉❧❡✱ ✇❤✐❝❤ ✐s
s❦❡t❝❤❡❞ ✐♥ ❋✐❣✉r❡ ✹ ❛♥❞ t❤❛t s❛t✐s✜❡s ❡q✉❛t✐♦♥s ✭✹✮✲✭✶✷✮✱ ✭✷✸✮✱ ❛♥❞ ✭✷✹✮✱ s❤♦✇s
t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ❞❡♠❛♥❞ ♦❢

✸❚❤❡ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❞❡♠❛♥❞ ♦❢ ❡①♣♦rt❛❜❧❡s ❛r❡ ❛s ❢♦❧❧♦✇✳ DP > 0, DQ > 0.

✶✶



✐♠♣♦rt❛❜❧❡s ♦✈❡r ❡①♣♦rt❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷ s✉❜❥❡❝t t♦ t❤❛t t❤❡ ♥♦♥tr❛❞❛❜❧❡ s❡❝t♦rs
❛♥❞ t❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥ts ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞ ❝❧❡❛r✳

❲❡ ❛ss✉♠❡ t❤❛t ✭✐✮ t❤❡ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ✐♥ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s
♣r♦❞✉❝t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ qH , qC ✱ qT ✱ QH ✱ QC ✱ QT ❛♥❞ p ❛r❡ s✐♠✐❧❛r ❛♥❞ ✭✐✐✮
t❤❡ ❞❡♠❛♥❞ ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s ❛r❡ s✐♠✐❧❛r ❛t t❤❡ ✐♥✐t✐❛❧ ❡q✉✐❧✐❜r✐✉♠
♣♦✐♥t✳

d(EW
P /DW )/dP = (1/DW )[(△6 +△7) + (EH

PQ −DH
Q )△8 + (EC

PQ −DC
Q)△9

+(ET
PQ −DT

Q)△10 + (EH
Pp −DH

p )△11 + (EC
Pp −DC

p )△12

+(ET
Pp −DT

p )△13 + (EH
Pq −DH

q )△14 + (EC
Pq −DC

q )△15

+(ET
Pq −DT

q )△16]

∆8 = ((EH
QP −RH

QP )− (EH
P −RH

P )/(EH
QΩ/E

H
Ω ))/(RH

QQ − EH
QQ)

∆9 = ((EC
QP −RC

QP )− (EC
P −RC

P )/(E
C
QΩ/E

C
Ω ))/(RC

QQ − EC
QQ)

∆10 = ((ET
QP −RT

QP )− (ET
P −RT

P )/(E
T
QΩ/E

T
Ω ))/(R

T
QQ − ET

QQ)

∆11 = ((EH
pP − rHpP )− (EH

p − rHp )/(EH
qΩ/E

H
Ω ))/(rHqq − EH

qq)

∆12 = ((EC
pP − rCpP )− (EC

p − rCp )/(E
C
qΩ/E

C
Ω ))/(rCqq − EC

qq)

∆13 = ((ET
pP − rTpP )− (ET

p − rTp )/(E
T
qΩ/E

T
Ω ))/(r

T
qq − ET

qq)

∆14 = ((EH
qP − rHqP )− (EH

q − rHq )/(EH
qΩ/E

H
Ω ))/(rHqq − EH

qq)

✶✷



∆15 = ((EC
qP − rCqP )− (EC

q − rCq )/(E
C
qΩ/E

C
Ω ))/(rCqq − EC

qq)

∆16 = ((ET
qP − rTqP )− (ET

q − rTq )/(E
T
qΩ/E

T
Ω ))/(r

T
qq − ET

qq)

❚❤❡♥✱ t❤❡ s❧♦♣❡ ♦❢ MDMD ✇♦✉❧❞ ❜❡ ♥❡❣❛t✐✈❡✱ ❧❡❛❞✐♥❣ t♦✿

(EW
P /DW )/dP = △6 +△7 ✭✷✺✮

∆6 = EH
PP + EC

PP + ET
PP

∆7 = −DH
P −DC

P −DT
P

✹ ❘❡❛❧ ❊①❝❤❛♥❣❡ ❘❛t❡s ❛♥❞ ❚❡r♠s ♦❢ ❚r❛❞❡

❋✐❣✉r❡ ✺ ❞❡♠♦♥str❛t❡s ❣r❛♣❤✐❝❛❧❧② ❤♦✇ t❡r♠s ♦❢ tr❛❞❡ ❛❧❧♦✇ ✉s t♦ ❞❡t❡r♠✐♥❡ t❤❡
r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ♦❢ ❝♦✉♥tr✐❡s H✱ C✱ ❛♥❞ T ✐♥ ♣❡r✐♦❞ ✷✳ ❚❤❡ ✐♥✐t✐❛❧ ❡q✉✐❧✐❜r✐✉♠
♣♦✐♥t ✐s ❛t A✱ ✇❤✐❝❤ ❛❧s♦ s❤♦✇s t❤❡ ✇♦r❧❞ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s✱ P ✱ ❛♥❞ t❤❡ r❡❧❛t✐✈❡
❛♠♦✉♥t ♦❢ ✐♠♣♦rt❛❜❧❡s t♦ ❡①♣♦rt❛❜❧❡s✱ M/X✳ P♦✐♥t A ❛❧❧♦✇s ❛❜str❛❝t✐♥❣ t❤❡
❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥ ♣r✐❝❡s ♦❢ ♥♦♥tr❛❞❛❜❧❡s ✐♥ ♣❡r✐♦❞ ✷✳ ❚❤❡s❡ ♣r✐❝❡s ❝♦rr❡s♣♦♥❞
t♦ t❤❡ r❡❧❡✈❛♥t ♣♦✐♥ts ❛❧♦♥❣ t❤❡ NHNH ✱ NCNC ✱ ❛♥❞ NTNT s❝❤❡❞✉❧❡s✱ ❛♥❞
t❤❡② ❛❧❧♦✇ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❡①♣♦rt❛❜❧❡s✲❜❛s❡❞ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ♦❢ ❡❛❝❤ ❝♦✉♥tr②✱
1/QH ✱ 1/QC ✱ ❛♥❞ 1/QT ✳ ■♥ ❡❛❝❤ ❝♦✉♥tr②✱ t❤❡ ♣r✐❝❡ ♦❢ ♥♦♥tr❛❞❛❜❧❡s✱ Q✱ ✇❤✐❝❤ ✐s
❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣♦✐♥ts✱ A✱ a✱ ❛♥❞ b✱ ❞❡❝✐❞❡s ❡❛❝❤ ❝♦✉♥tr②✬s s✉♣♣❧②
♦❢ ♥♦♥tr❛❞❛❜❧❡s✳ ❋✐❣✉r❡ ✺ ❡①♣r❡ss❡s t❤❡ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♦❢ t❤❡ ♠♦❞❡❧✱ ❛♥❞
✐t ❛❧❧♦✇s ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✈❛❧✉❡ ♦❢ t❤❡ t❡r♠s ♦❢ tr❛❞❡ ❛♥❞ ❛♠♦✉♥t
♦❢ ✐♠♣♦rt❛❜❧❡s✱ ❡①♣♦rt❛❜❧❡s✱ ❛♥❞ ♥♦♥tr❛❞❛❜❧❡s✳ ❋✉rt❤❡r♠♦r❡✱ aH ✐s t❤❡ ♣r✐❝❡ ♦❢
♥♦♥tr❛❞❛❜❧❡s ♦❢ ❤♦♠❡ ❝♦✉♥tr② ❛❧♦♥❣ t❤❡ NHNH ✱ ❛♥❞ bH ✐s t❤❡ ✈❛❧✉❡ ♦❢ ❞♦♠❡st✐❝
♥♦♥tr❛❞❛❜❧❡s s✉♣♣❧②✳

✶✸



✺ ❈❛♣✐t❛❧ ▼♦✈❡♠❡♥t

❙✉♣♣♦s❡ t❤❛t t❤❡r❡ ❛r❡ ❡①♦❣❡♥♦✉s ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥ts ❢r♦♠ ❛ tr❛❞❡ ♣❛rt♥❡r t♦
❛ tr❛❞❡ ❝♦♠♣❡t✐t♦r ✐♥ ♣❡r✐♦❞ ✶ ❛♥❞ ❢r♦♠ ❛ tr❛❞❡ ❝♦♠♣❡t✐t♦r t♦ ❛ tr❛❞❡ ♣❛rt♥❡r
✐♥ ♣❡r✐♦❞ ✷✳ ❚❤❡ tr❛❞❡ ❝♦♠♣❡t✐t♦r ❜♦rr♦✇s ❝❛♣✐t❛❧ ❢r♦♠ t❤❡ tr❛❞❡ ♣❛rt♥❡r ✐♥
♣❡r✐♦❞ ✶ ❛♥❞ ♣❛②s ❜❛❝❦ ✐♥ ♣❡r✐♦❞ ✷✿

rC(1, p, qC ; vC)+δRC(1, P,QC ;V C)+CM1−δCM2 = EC{πC(1, p, qC), δΠC(1, P,QC) : ΩC}
✭✷✻✮

rT (1, p, qT ; vT )+δRT (1, P,QT ;V T )+CM1−δCM2 = ET {πT (1, p, qT ), δΠT (1, P,QT ) : ΩT }
✭✷✼✮

CM2 = (1 + r)CM1 ✭✷✽✮

✇❤❡r❡ CM1 ✐s t❤❡ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❢r♦♠ tr❛❞❡ ♣❛rt♥❡r t♦ tr❛❞❡ ❝♦♠♣❡t✐✲
t♦r ✐♥ ♣❡r✐♦❞ ✶✱ CM2 ✐s t❤❡ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❢r♦♠ tr❛❞❡ ❝♦♠♣❡t✐t♦r t♦ tr❛❞❡
♣❛rt♥❡r ✐♥ ♣❡r✐♦❞ ✷✱ ❛♥❞ r ✐s t❤❡ ❡①♦❣❡♥♦✉s r❡❛❧ ✐♥t❡r❡st r❛t❡✳ ●✐✈❡♥ ❢♦r❡✐❣♥ ❜♦r✲
r♦✇✐♥❣ ❛♥❞ ❧❡♥❞✐♥❣ ❛r❡ ❛❧❧♦✇❡❞ ✐♥ ♦✉r t❤r❡❡✲❝♦✉♥tr② ♠♦❞❡❧ s❡tt✐♥❣✱ ✇❡ ✇♦✉❧❞
♥❡❡❞ t♦ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ ❡①♦❣❡♥♦✉s ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥ts ❜❡t✇❡❡♥ t❤❡ tr❛❞❡
♣❛rt♥❡r ❛♥❞ tr❛❞❡ ❝♦♠♣❡t✐t♦r ✐♥ ♣❡r✐♦❞ ✷ t♦ ❜❡ ❛❜❧❡ t♦ ❧♦♦❦ ❛t ❝✉rr❡♥❝② ❝r✐s❡s
❢r♦♠ ❛♥ ✉♥❡①♣❡❝t❡❞ ❝❛♣✐t❛❧ ♦✉t✢♦✇s ♣❡rs♣❡❝t✐✈❡✳ ❚❤❡♥✱ ✇❡ ✇♦✉❧❞ ❜❡ ❛❜❧❡ t♦
❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ ❝✉rr❡♥❝② ❝r✐s❡s ❢r♦♠ ❛ s♣❡❝✉❧❛t✐✈❡ ❛tt❛❝❦s ♣❡rs♣❡❝t✐✈❡✳

❆ ❧♦♦❦ ❛t t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ NCNC ❝✉r✈❡ ❞✉❡ t♦ ❝❛♣✐t❛❧ ♦✉t✢♦✇ ❢r♦♠
❝♦✉♥tr② C ✐♥ t✐♠❡ ♣❡r✐♦❞ ✷ r❡✈❡❛❧s t❤❛t s✉❝❤ ❝❛♣✐t❛❧ ♦✉t✢♦✇ ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛
s❤r✐♥❦ ✐♥ ❝♦✉♥tr② C ′s ❜✉❞❣❡t ❛♥❞ ♥♦♥tr❛❞❛❜❧❡s ❝♦♥s✉♠♣t✐♦♥✱ ❝❛✉s✐♥❣ t❤❡ ♣r✐❝❡
♦❢ ♥♦♥tr❛❞❛❜❧❡s✱ QC , t♦ ❞❡❝❧✐♥❡ ✐♥ ♦r❞❡r t♦ r❡❝♦✈❡r ❡q✉✐❧✐❜r✐✉♠ ✭❡q✉❛t✐♦♥ ✭✷✾✮✮✳
❚❤❡ NCNC ❝✉r✈❡ ❤❛s ❛ ❞♦✇♥✇❛r❞ s❧♦♣❡ ❛s t❤❡ ✈❛❧✉❡ ♦❢ ✐ts ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡ ✐s
♥❡❣❛t✐✈❡✳

−dQC/dCM2 = −(EC
QΩ/E

C
Ω )/(RC

QQ − EC
QQ) ≤ 0 ✭✷✾✮

❚❤❡ MDMD ❝✉r✈❡ s❤✐❢ts ❛s ✇❡❧❧ ❞✉❡ t♦ t❤❡ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t✳ ▲❡t t❤❡ s✉❜✲
st✐t✉t✐♦♥ ❡✛❡❝ts ♦♥ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s ✇✐t❤ r❡s♣❡❝t
t♦ qH , qC ✱ qT ✱ QH ✱ QC ✱ QT ❛♥❞ p ❜❡ ❡q✉❛❧✳ ❚❤❡♥✱ t❤❡ MDMD ❝✉r✈❡ ♠♦✈❡s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡♠❛♥❞ ❡❧❛st✐❝✐t② ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s ❝♦♥s✉♠♣✲
t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ✐♥❝♦♠❡ ♦❢ ❡❛❝❤ ♦❢ t❤❡ tr❛❞❡ ❝♦♠♣❡t✐t♦r ❛♥❞ ♣❛rt♥❡r✱
❢♦❧❧♦✇✐♥❣✿

d(EP /D)/dC12 = (ET
PΩ−EC

PΩ+DC
Ω−DT

Ω)+△17(E
T
PQ−DT

Q)−△18(E
C
PQ−DC

Q)

△17 = (ET
QCΩ/E

T
Ω )/(R

T
QQ − ET

QQ)

△18 = (EC
QΩ/E

C
Ω )/(RC

QQ − EC
QQ)

✶✹



■❢ t❤❡ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ♦❢ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛❜❧❡s
✇✐t❤ r❡s♣❡❝t t♦ ❛ ♥♦♥tr❛❞❛❜❧❡s ♣r✐❝❡ ✐♥❝r❡❛s❡ ❛r❡ t❤❡ s❛♠❡✱ t❤❡♥ t❤❡ ♠♦✈❡♠❡♥t
❞✐r❡❝t✐♦♥ ♦❢ t❤❡ MDMD ❝✉r✈❡ ✇♦✉❧❞ ❜❡✿

d(EW
P /DW )/dCM2 = (ET

PΩ − EC
PΩ +DC

Ω −DT
Ω) ≥ 0 ♦r ≤ 0 ✭✸✵✮

❍♦✇❡✈❡r✱ ✐❢ t❤❡ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts ♦♥ t❤❡ s✉♣♣❧② ♦❢ ✐♠♣♦rt❛❜❧❡s ❛♥❞ ❡①♣♦rt❛✲
❜❧❡s ✇✐t❤ r❡s♣❡❝t t♦ ♥♦♥tr❛❞❛❜❧❡s ♣r✐❝❡s ❛r❡ ❡q✉❛❧✱ t❤❡♥ t❤❡ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t
❢r♦♠ tr❛❞❡ ❝♦♠♣❡t✐t♦r t♦ tr❛❞❡ ♣❛rt♥❡r ✇♦✉❧❞ ♥♦t s❤✐❢t t❤❡ MSMS ❝✉r✈❡✿

d(RW
P /SW )/dCM2 = 0 ✭✸✶✮

❋✐❣✉r❡ ✻ s❤♦✇s t❤❛t t❤❡ MSMS ❝✉r✈❡ ❞♦❡s ♥♦t s❤✐❢t ✇❤✐❧❡ t❤❡ MDMD ❝✉r✈❡
s❤✐❢ts ✉♣✇❛r❞✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❛❜❧❡s✱ P ✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐♥❞✐✲
❝❛t❡s ❛ t❡r♠s ♦❢ tr❛❞❡ ❞❡t❡r✐♦r❛t✐♦♥ ✐♥ ❝♦✉♥tr✐❡s H ❛♥❞ C ❜✉t ❛♥ ✐♠♣r♦✈❡♠❡♥t
✐♥ ❝♦✉♥tr② T ✳ ❚❤❡ NCNC ❝✉r✈❡ ♠♦✈❡s ❞♦✇♥✇❛r❞s ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✐r❡❝t ❡✛❡❝t
♦❢ ❝❛♣✐t❛❧ ♦✉t✢♦✇ ❢r♦♠ ❝♦✉♥tr② C✳ ❚❤❡ t❡r♠s ♦❢ tr❛❞❡ ❞❡t❡r✐♦r❛t✐♦♥ ❣✐✈❡s r✐s❡
t♦ t❤r❡❡ ❦✐♥❞s ♦❢ ✐♥❞✐r❡❝t ❡✛❡❝ts✿ ♥❡❣❛t✐✈❡ ✐♥❝♦♠❡✱ ✐♥tr❛t❡♠♣♦r❛❧ s✉❜st✐t✉t✐♦♥✱
❛♥❞ ✐♥t❡rt❡♠♣♦r❛❧ s✉❜st✐t✉t✐♦♥ ❡✛❡❝ts✳ ❚❤❡ ♥❡❣❛t✐✈❡ ✐♥❝♦♠❡ ❡✛❡❝t ❞❡❝♣r❡❝✐❛t❡s
❝✉rr❡♥❝✐❡s ✐♥ ❝♦✉♥tr✐❡s H ❛♥❞ C✳ ❚❤❡ ✐♥tr❛t❡♠♣♦r❛❧ ❛♥❞ ✐♥t❡rt❡♠♣♦r❛❧ s✉❜st✐t✉✲
t✐♦♥ ❡✛❡❝ts✱ ❤♦✇❡✈❡r✱ ❛♣♣r❡❝✐❛t❡ ❝✉rr❡♥❝✐❡s ✐♥ ❝♦✉♥tr✐❡s H ❛♥❞ C✳ ❚❤❡ r❡❧❛t✐✈❡
♠❛❣♥✐t✉❞❡ ❛♥❞ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡s❡ t❤r❡❡ ❡✛❡❝ts ❞❡t❡r♠✐♥❡ t❤❡ t♦t❛❧ ✐♠♣❛❝t✳
❚❤✐s ♣❛♣❡r ❢♦❝✉s❡s ♦♥ ❛♥❛❧②③✐♥❣ t❤❡ ❝❛s❡ ✇❤❡r❡ t❤❡ ✐♥❝♦♠❡ ❡✛❡❝t ❞♦♠✐♥❛t❡s t❤❡
s✉❜st✐t✉t✐♦♥ ❡✛❡❝t✳

✻ ❈♦♥❝❧✉s✐♦♥

❯s✐♥❣ ❛ ♥❡✇ t❤r❡❡✲❝♦✉♥tr② ♠♦❞❡❧✱ t❤✐s ♣❛♣❡r s❤♦✇s t❤❡ ♠❡❝❤❛♥✐s♠ ♦❢ ❛ ❝✉rr❡♥❝②
❝r✐s✐s tr❛♥s♠✐ss✐♦♥ t❤r♦✉❣❤ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡✳ ❯♥❧✐❦❡ ❡❛r❧✐❡r st✉❞✐❡s t❤❛t
✉s❡ t❤❡ ✜♥❛♥❝✐❛❧ ✐♥t❡❣r❛t✐♦♥ t♦ ♠♦❞❡❧ ❝✉rr❡♥❝② ❝r✐s✐s tr❛♥s♠✐ss✐♦♥✱ ✇❡ ❝♦♥s✐❞❡r
t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ♣❡rs♣❡❝t✐✈❡✳

❈✉rr❡♥❝② ❝r✐s❡s tr❛♥s♠✐ss✐♦♥ ✐s ❛ r❡❝✉rr✐♥❣ ❡♠♣✐r✐❝❛❧ ♣❤❡♥♦♠❡♥♦♥ ✇✐t❤ s✉❜✲
st❛♥t✐❛❧ ❛♥❞ ♣♦t❡♥t✐❛❧❧② ❧♦♥❣ ❧❛st✐♥❣ ❡✛❡❝ts ♦♥ ✭❣r♦✉♣s ♦❢ ❝♦✉♥tr✐❡s ✐♥✮ t❤❡ ✇♦r❧❞
❡❝♦♥♦♠②✳ ❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ❛ t❤❡♦r② ❢♦r ❛♥❛❧②③✐♥❣ ✇❤❡t❤❡r ✐♥t❡r✲❝♦✉♥tr② tr❛❞❡

✶✺



❝❛♥ ❜❡ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ❛ ❝✉rr❡♥❝② ❝r✐s✐s✱ ✇❤✐❝❤ ❤❛s ✐♠♣♦rt❛♥t
✐♠♣❧✐❝❛t✐♦♥s ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❡♠♣✐r✐❝❛❧ ♣❤❡♥♦♠❡♥♦♥ ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ♣♦ss✐✲
❜❧② ❛❧s♦ ✐ts r❡❣✐♦♥❛❧ ❞✐♠❡♥s✐♦♥s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ tr② t♦ ✭✐✮ s❤♦✇ ❤♦✇ ❛ ❝✉rr❡♥❝②
❝r✐s✐s ❝❛♥ tr❛♥s♠✐t t❤r♦✉❣❤ t❤❡ r❡❛❧ ✭tr❛❞❡✮ s❡❝t♦r ❝❤❛♥♥❡❧❀ ✭✐✐✮ ♣r❡s❡♥t ❤♦✇
❝❤❛♥❣❡s ✐♥ ❛ ❢♦r❡✐❣♥ ❝♦✉♥tr②✬s ❝❛♣✐t❛❧ ✢♦✇ ❝♦♥❞✐t✐♦♥ ❝❛♥ ✐♥✢✉❡♥❝❡ ❤♦♠❡ ❝♦✉♥✲
tr②✬s ❡①❝❤❛♥❣❡ r❛t❡ t❤r♦✉❣❤ t❤❡ ❝❤❛♥❣❡ ✐♥ t❡r♠s ♦❢ tr❛❞❡❀ ✭✐✐✐✮ ♠❛t❤❡♠❛t✐❝❛❧❧②
♣r♦✈❡ t❤❛t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ r❡❛❧ s❡❝t♦r ❝❤❛♥♥❡❧ ❜❡t✇❡❡♥ t✇♦ ❝♦✉♥tr✐❡s ✐s
♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡✐r tr❛❞❡ ❧❡✈❡❧s❀ ✭✐✈✮ ♦✛❡r ❛ ♥❡✇ tr❛❞❡✲r❡❧❛t❡❞ ❡①♣❧❛✲
♥❛t✐♦♥ ❢♦r t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❝✉rr❡♥❝② ❝r✐s❡s ❜❡t✇❡❡♥ ❝♦✉♥tr✐❡s❀ ❛♥❞ ✭✈✮ ❞❡s❝r✐❜❡
❤♦✇ ❝❛♣✐t❛❧ ♠♦✈❡♠❡♥t ❜❡t✇❡❡♥ t✇♦ ❝♦✉♥tr✐❡s ❝❛♥ ❧❡❛❞ t♦ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ✐♥
♦♥❡ ♦❢ t❤❡s❡ ❝♦✉♥tr✐❡s ❛♥❞ ✐♥ ❛ t❤✐r❞ ❝♦✉♥tr②✳

❚❤✐s ♣❛♣❡r ❞♦❡s ♥♦t ❢✉❧❧② ❛❞❞r❡ss t❤❡ r❡❣✐♦♥❛❧ ♥❛t✉r❡ ♦❢ ❝✉rr❡♥❝② ❝r✐s✐s✳ ■t
✐s tr✉❡ t❤❛t ♠❛♥② ♥❡✐❣❤❜♦r✐♥❣ ❝♦✉♥tr✐❡s tr❛❞❡ ♠♦r❡ ✇✐t❤ ❡❛❝❤ ♦t❤❡r✱ ❛♥❞ ❛s
s✉❝❤ t❤❡ t❡r♠s ♦❢ tr❛❞❡ ❡✛❡❝t ♠❛② ❜❡ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❜❡t✇❡❡♥ t❤❡s❡ ❝♦✉♥✲
tr✐❡s✳ ❍♦✇❡✈❡r✱ ♠❛♥② ❝♦✉♥tr✐❡s ❤❛✈❡ ❧❛r❣❡ tr❛❞❡ r❡❧❛t✐♦♥s❤✐♣s ✇✐t❤ t❤❡ ❊❯✱ t❤❡
❯❙✱ ❛♥❞ ❛❧s♦ ✐♥❝r❡❛s✐♥❣❧② ❈❤✐♥❛✳ ❋♦r ✐♥st❛♥❝❡✱ ❛ ❝✉rr❡♥❝② ❝r✐s✐s ♦❝❝✉rs ✐♥ t❤❡
❯❙ ✇♦✉❧❞ ❛✛❡❝t ♠❛♥② ❝♦✉♥tr✐❡s ✈✐❛ ❝♦♥t❛❣✐♦♥✱ ❛s t❤❡② ❤❛✈❡ str♦♥❣ tr❛❞❡ r❡✲
❧❛t✐♦♥s❤✐♣s ✇✐t❤ t❤❡ ❯❙✳ ❚❤❡ ❛♥❛❧②s✐s ✐♥ t❤✐s ♣❛♣❡r ❢♦❝✉s❡s s♣❡❝✐✜❝❛❧❧② ♦♥ t❤❡
q✉❡st✐♦♥ ✇❤❡t❤❡r ✐♥t❡r✲❝♦✉♥tr② tr❛❞❡ ❝❛♥ ❜❡ ❛ ❝❤❛♥♥❡❧ t❤❛t tr❛♥s♠✐ts ❝✉rr❡♥❝②
❝r✐s❡s✳ ❲❤❡t❤❡r t❤✐s ❛♣♣❧✐❡s ✐♥ ♣❛rt✐❝✉❧❛r t♦ ♥❡✐❣❤❜♦r✐♥❣ ❝♦✉♥tr✐❡s ✐s ❛ ♠❛tt❡r
♦❢ ❡♠♣✐r✐❝❛❧ ✈❡r✐✜❝❛t✐♦♥ t❤❛t ❧✐❡s ❜❡②♦♥❞ t❤❡ s❝♦♣❡ ♦❢ t❤❡ ♣❛♣❡r✳ ▼♦r❡♦✈❡r✱ ❢✉r✲
t❤❡r r❡s❡❛r❝❤ ❝❛♥ ❡①♣❧♦r❡ ✇❤❡t❤❡r t❤❡ ✜♥❛♥❝✐❛❧ s❡❝t♦r ❝❤❛♥♥❡❧ ❛❧♦♥❡ ✐s ❡♥♦✉❣❤
t♦ tr❛♥s♠✐t t❤❡ ❝✉rr❡♥❝② ❝r✐s✐s✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❇✉✐t❡r✱ ❲✐❧❧❡♠✱ ❈♦rs❡tt✐✱ ●✐❛♥❝❛r❧♦✱ ❛♥❞ P❡s❡♥t✐✱ P❛♦❧♦ ✭✶✾✾✻✮✱ ✏❋✐♥❛♥❝✐❛❧
▼❛r❦❡ts ❛♥❞ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❈♦♦♣❡r❛t✐♦♥✱✑ ❈❛♠❜r✐❞❣❡✿ ❈❛♠❜r✐❞❣❡
❯♥✐✈❡rs✐t② Pr❡ss✳

❬✷❪ ❈❧❛❡ss❡♥s✱ ❙t✐❥♥ ✭✶✾✾✶✮✱ ✏❇❛❧❛♥❝❡ ♦❢ P❛②♠❡♥ts ❈r✐s❡s ✐♥ ❛♥ ❖♣t✐♠❛❧ P♦rt✲
❢♦❧✐♦ ▼♦❞❡❧✱✑ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✈♦❧✳ ✸✺✱ ♣♣✳ ✽✶✲ ✶✵✶✳

❬✸❪ ❈♦rs❡tt✐✱ ●✐❛♥❝❛r❧♦✱ P❡s❡♥t✐✱ P❛♦❧♦✱ ❛♥❞ ❘♦✉❜✐♥✐✱ ◆♦✉r✐❡❧ ✭✶✾✾✾✮✱ ✏❲❤❛t
❝❛✉s❡❞ t❤❡ ❆s✐❛♥ ❝✉rr❡♥❝② ❛♥❞ ✜♥❛♥❝✐❛❧ ❝r✐s✐s❄✱✑ ❏❛♣❛♥ ❛♥❞ t❤❡ ❲♦r❧❞
❊❝♦♥♦♠②✱ ❊❧s❡✈✐❡r✱ ✈♦❧✳ ✶✶✭✸✮✱ ♣♣✳ ✸✵✺ ✲ ✸✼✸✳

❬✹❪ ❈♦rs❡tt✐✱ ●✐❛♥❝❛r❧♦✱ P❡s❡♥t✐✱ P❛♦❧♦✱ ❘♦✉❜✐♥✐✱ ◆♦✉r✐❡❧✱ ❛♥❞ ❚✐❧❧❡✱ ❈❡❞r✐❝
✭✷✵✵✵✮✱ ✏❈♦♠♣❡t✐t✐✈❡ ❞❡✈❛❧✉❛t✐♦♥s✿ t♦✇❛r❞ ❛ ✇❡❧❢❛r❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤✱✑
❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✈♦❧✳ ✺✶✭✶✮✱ ♣♣✳ ✷✶✼ ✲ ✷✹✶✳

❬✺❪ ❊✐❝❤❡♥❣r❡❡♥✱ ❇❛rr②✱ ❘♦s❡✱ ❆♥❞r❡✇ ❑✳✱ ❲②♣❧♦s③✱ ❈❤❛r❧❡s ✭✶✾✾✻✮✱ ✏❈♦♥t❛✲
❣✐♦✉s ❈✉rr❡♥❝② ❈r✐s❡s✱✑ ❙❝❛♥❞✐♥❛✈✐❛♥ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✈♦❧✳ ✾✽✭✹✮✱ ♣♣
✹✻✸ ✲ ✽✹✳

✶✻



❬✻❪ ❋❧♦♦❞✱ ❘♦❜❡rt ❛♥❞ P❡t❡r ●❛r❜❡r ✭✶✾✽✹✮✱ ✏❈♦❧❧❛♣s✐♥❣ ❊①❝❤❛♥❣❡ ❘❛t❡
❘❡❣✐♠❡s✿ ❙♦♠❡ ▲✐♥❡❛r ❊①❛♠♣❧❡s✱✑ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✈♦❧✳
✶✼✱ ♣♣✳ ✶ ✲ ✶✸✳

❬✼❪ ❋♦r❜❡s✱ ❑r✐st✐♥ ❏✳ ✭✷✵✵✶✮✱ ✏❆r❡ ❚r❛❞❡ ▲✐♥❦❛❣❡s ■♠♣♦rt❛♥t ❉❡t❡r♠✐♥❛♥ts ♦❢
❈♦✉♥tr② ❱✉❧♥❡r❛❜✐❧✐t② t♦ ❈r✐s❡s❄✱✑ ◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡rs ✽✶✾✹✱ ◆❛t✐♦♥❛❧
❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❬✽❪ ●❧✐❝❦✱ ❘❡✉✈❡♥ ✫ ❘♦s❡✱ ❆♥❞r❡✇ ❑✳ ✭✶✾✾✾✮✱ ✏❈♦♥t❛❣✐♦♥ ❛♥❞ tr❛❞❡✿ ❲❤② ❛r❡
❝✉rr❡♥❝② ❝r✐s❡s r❡❣✐♦♥❛❧❄✱✑ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡② ❛♥❞ ❋✐♥❛♥❝❡✱
✈♦❧✳ ✶✽✭✹✮✱ ♣♣ ✻✵✸ ✲ ✻✶✼✳

❬✾❪ ●❡r❧❛❝❤✱ ❙t❡❢❛♥ ❛♥❞ ❋r❛♥❦✱ ❙♠❡ts ✭✶✾✾✺✮✱ ✏❈♦♥t❛❣✐♦✉s ❙♣❡❝✉❧❛t✐✈❡ ❆t✲
t❛❝❦s✱✑ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✈♦❧✳ ✶✶✱ ♣♣✳ ✺ ✲ ✻✸✳
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