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♥❡t ❡✛❡❝t ♦❢ ❧♦✇❡r tr❛♥s♣♦rt❛t✐♦♥ ❝♦sts ✐s ❛♠❜✐❣✉♦✉s✳ ❙t✉❞✐❡s ♦♥ t❤❡ r❡❧❛t✐♦♥✲
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♣♦rt ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ r❡❣✐♦♥❛❧ ❣r♦✇t❤ ♠✐❣❤t ❡①✐st ❜❡❝❛✉s❡ ❧♦✇❡r tr❛♥s♣♦rt❛t✐♦♥
❝♦sts s♣✉r r❡❣✐♦♥❛❧ ❣r♦✇t❤✱ ♦r ❜❡❝❛✉s❡ ❤✐❣❤❡r r❡❣✐♦♥❛❧ ❣r♦✇t❤ ❧❡❛❞s t♦ ❛ ❤✐❣❤❡r
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♦❢ t❤❡ ❡st✐♠❛t❡❞ ❡q✉❛t✐♦♥s ❛♥❞ ♣r♦✈✐❞❡ ❛ ❜❛tt❡r② ♦❢ t❡st st❛t✐st✐❝s t♦ s❝r✉t✐♥✐③❡
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●❡r♠❛♥②✳ ■❞❡♥t✐❢②✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ❡✛❡❝t ♦❢ tr❛♥s♣♦rt❛t✐♦♥ ✐♥✈❡st♠❡♥t ♦♥ ❡❝♦✲
♥♦♠✐❝ ❣r♦✇t❤ ♠❛② s❡r✈❡ ❛s ❛ ❣✉✐❞❡❧✐♥❡ ❢♦r ♣✉❜❧✐❝ ✐♥✐t✐❛t✐✈❡s ♦r ♣✉❜❧✐❝✴♣r✐✈❛t❡
♣❛rt♥❡rs❤✐♣s ✐♥ ❛♥ ✐♠♣♦rt❛♥t ✜❡❧❞ ♦❢ ♣✉❜❧✐❝ ❛❝t✐✈✐t✐❡s✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥✱ ✇❡
s✉♠♠❛r✐③❡ t❤❡ r❡s✉❧ts ♦❢ ♣r❡✈✐♦✉s st✉❞✐❡s✳ ■♥ s❡❝t✐♦♥ ✸✱ ✇❡ ✐♥tr♦❞✉❝❡ ❛ t❤❡♦r❡t✐❝❛❧
♠♦❞❡❧ t❤❛t ❝❛♣t✉r❡s t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝✲
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t✉r❡ ❛♥❞ ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ❛s ♠❡❛s✉r❡❞ ❜② r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ♦r t❤❡
✇❛❣❡ ❜✐❧❧✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ ❛♣♣r♦❛❝❤ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥❝❡♣ts ♦❢ t❤❡ r❡❛❝❤❛❜✐❧✐t②
❛♥❞ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ♦❢ ❛ ❧♦❝❛t✐♦♥✳ ❇♦t❤ ❞❡♣❡♥❞ ♦♥ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♣♦rt ✐♥✲
❢r❛str✉❝t✉r❡✳ ❚❤❡ ♠♦❞❡❧ s❡r✈❡s ❛s ❛ ❢♦✉♥❞❛t✐♦♥ ❢♦r t❤❡ ❡♠♣✐r✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥✳
❙❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛ ❛♥❞ ♣r❡s❡♥ts s♦♠❡ ❞❡s❝r✐♣t✐✈❡ ❡✈✐❞❡♥❝❡✳ ❆s s♣❛t✐❛❧
✉♥✐ts✱ ✇❡ ❝♦♥s✐❞❡r ◆❯❚❙ ✸ ❛r❡❛s✶✳ ❚♦ ❛❞❞r❡ss t❤❡ r❡✈❡rs❡ ❝❛✉s❛❧✐t② ✐ss✉❡✱ ✇❡
❛❞♦♣t ❛♥ ❛♣♣r♦❛❝❤ ✉s✐♥❣ ❤✐st♦r✐❝ ✐♥str✉♠❡♥ts ♦♥ r❡❣✐♦♥❛❧ r❛✐❧r♦❛❞s ❢r♦♠ ✶✽✾✵
❛♥❞ r♦❛❞ ♥❡t✇♦r❦s ❢r♦♠ ✶✾✸✼✳ ❙❡❝t✐♦♥ ✺ ❝♦♥t❛✐♥s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡❝♦♥♦♠❡tr✐❝
❡st✐♠❛t❡s✱ ❛♥❞ ❙❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s✳

✷✳ ❇❆❈❑●❘❖❯◆❉

❘♦✉❣❤❧② t❤r❡❡✲q✉❛rt❡rs ♦❢ t❤❡ ●❡r♠❛♥ ♣♦♣✉❧❛t✐♦♥ ❧✐✈❡ ✐♥ ♠❡tr♦♣♦❧✐t❛♥ ❛r❡❛s✱
✐✳❡✳✱ ❜✐❣ ❝✐t✐❡s ❛♥❞ t❤❡✐r s✉rr♦✉♥❞✐♥❣s ✇✐t❤✐♥ ❝♦♠♠✉t✐♥❣ ❞✐st❛♥❝❡ ✭❇❇❙❘ ✭✷✵✶✶✮✮✳
❚❤❡ tr❛♥s♣♦rt s②st❡♠ ✐s ♦❢ ♣❛r❛♠♦✉♥t ✐♠♣♦rt❛♥❝❡ ❢♦r t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❢✉♥❝✲
t✐♦♥✐♥❣ ♦❢ t❤❡ ❡❝♦♥♦♠② ✇✐t❤✐♥ t❤❡ s♣❛t✐❛❧ ❛♥❞ s❡tt❧❡♠❡♥t str✉❝t✉r❡s✳ ❚❤✐s ✐s ❡s✲
♣❡❝✐❛❧❧② tr✉❡ ❢♦r ♠❛♥✉❢❛❝t✉r✐♥❣ ✐♥❞✉str✐❡s✱ ✇❤✐❝❤ st✐❧❧ ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥
●❡r♠❛♥②✳ ■♥ ♠❛♥② ✜❡❧❞s✱ s✉❝❤ ❛s t❤❡ ❛✉t♦♠♦t✐✈❡ ✐♥❞✉str②✱ s✉♣♣❧② ❝❤❛✐♥s ❛r❡ ❛
❝♦♥st✐t✉t✐♥❣ ❡❧❡♠❡♥t ♦❢ ✐♥❞✉str✐❛❧ ♦r❣❛♥✐③❛t✐♦♥✳ ❚r❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐s ❧✐❦❡❧②
t♦ ✐♥✢✉❡♥❝❡ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✇♦r❦✐♥❣ ♣♦♣✉❧❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ❧♦❝❛t✐♦♥ ♦❢
✜r♠s✳

✷✳✶✳ Pr❡✈✐♦✉s t❤❡♦r❡t✐❝❛❧ ❛♣♣r♦❛❝❤❡s

■♥ r❡❣✐♦♥❛❧ r❡s❡❛r❝❤✱ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ tr❛♥s♣♦rt ❛♥❞ tr❛♥s♣♦rt ❝♦sts ❢♦r ❡❝♦✲
♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ❤❛s ❜❡❡♥ r❡❝♦❣♥✐③❡❞ s✐♥❝❡ t❤❡ ❡❛r❧② ❞❛②s ✭s❡❡✱ ❢♦r ✐♥st❛♥❝❡✱
❚❤ü♥❡♥ ✭✶✽✹✷✮✮✳ ❈❧❛ss✐❝❛❧ ❛♥❞ ◆❡✇ ❊❝♦♥♦♠✐❝ ●❡♦❣r❛♣❤② ❤❛✈❡ s❤♦✇♥ t❤❛t tr❛♥s✲
♣♦rt ❝♦sts ♣❧❛② ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ s❤❛♣✐♥❣ t❤❡ s♣❛t✐❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ❡❝♦♥♦♠②
✭❡✳❣✳ ❋✉❥✐t❛ ❡t ❛❧✳ ✭✶✾✾✾✮✮✳ ■♥ t❤✐s ❝♦♥t❡①t✱ ✇❡ r❡str✐❝t ♦✉rs❡❧✈❡s t♦ t❤❡ ✐♠♣❛❝t ♦❢
tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ♦♥ r❡❣✐♦♥❛❧ ❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ❛s ♠❡❛s✉r❡❞ ❜② ❡♠✲
♣❧♦②♠❡♥t ♦r t❤❡ ✇❛❣❡ ❜✐❧❧✳ ❉✉r❛♥t♦♥ ❛♥❞ ❚✉r♥❡r ✭✷✵✶✷✮ ✐♥✈❡st✐❣❛t❡ ❤♦✇ ❝❤❛♥❣❡s
✐♥ ❛ ❝✐t②✬s s✉♣♣❧② ♦❢ tr❛♥s♣♦rt❛t✐♦♥ ✐♥❢r❛str✉❝t✉r❡ ❛✛❡❝t ✐ts ❣r♦✇t❤✳ ❚♦ ❝❧❛r✐❢②
t❤❡s❡ ❡✛❡❝ts✱ t❤❡② ❞❡✈❡❧♦♣ ❛ ♠♦❞❡❧ ❞❡s❝r✐❜✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ tr❛♥s✲
♣♦rt ♥❡t✇♦r❦s ❛♥❞ ✉r❜❛♥ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤✳ ❚❤❡ t❤❡♦r② ✐s str✉❝t✉r❡❞ ❛❧♦♥❣
❢♦✉r ❡q✉❛t✐♦♥s✳ ❋♦r❡♠♦st✱ t❤❡② ❝♦♥s✐❞❡r tr❛♥s♣♦rt ❝♦sts ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ♦r ❡♠✲
♣❧♦②♠❡♥t ✐♥ ❛ st❛t✐❝ ♠♦❞❡❧ ♦❢ ❛ ♠♦♥♦❝❡♥tr✐❝ ❝✐t②✳ ■♥ ❡q✉✐❧✐❜r✐✉♠✱ ✇♦r❦❡rs ❛r❡
✐♥❞✐✛❡r❡♥t ❜❡t✇❡❡♥ ❛❧t❡r♥❛t✐✈❡ ❧♦❝❛t✐♦♥s✳ ❚❤❡ ❛✉t❤♦rs ❛ss✉♠❡ t❤❛t ❤♦♠♦❣❡♥♦✉s
✇♦r❦❡rs ❝♦♠♠✉t❡ t♦ ❛ ❝❡♥tr❛❧ ❜✉s✐♥❡ss ❞✐str✐❝t ✭❈❇❉✮ t♦ ❡❛r♥ t❤❡✐r ✇❛❣❡✳ ●❡♥✲
❡r❛❧❧②✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣♦♣✉❧❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❛ttr❛❝t✐✈❡♥❡ss ♦❢ t❤❡ ❝✐t② ✭❡✳❣✳✱
r❡❣✐♦♥❛❧ ✇❛❣❡s ❛♥❞ t❤❡ ❝✐t②✬s ✈❛❧✉❡ ♦❢ ❛♠❡♥✐t✐❡s✮ ❛♥❞ ❧♦❝❛❧ tr❛♥s♣♦rt ❝♦sts✳ ❚❤❡
❢✉♥❞❛♠❡♥t❛❧ ✐❞❡❛ ✐s t❤❛t ❝♦♠♠✉t✐♥❣ ❝♦sts ❛r❡ ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ s✐③❡ ♦❢ ❛ ❝✐t②✳
❚r❛♥s❢❡rr✐♥❣ t❤❡ st❛t✐❝ ♠♦❞❡❧ t♦ ❛ ❞②♥❛♠✐❝ s❡tt✐♥❣ ✐♠♣❧✐❡s ❛ ❝♦♥✈❡r❣❡♥❝❡ ♣r♦❝❡ss✳

✶◆❯❚❙✿ ❢r✳ ◆♦♠❡♥❝❧❛t✉r❡ ❞❡s ❯♥✐tés ❚❡rr✐t♦r✐❛❧❡s ❙t❛t✐st✐q✉❡s✳
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❚❤❡ ❝♦♥✈❡r❣❡♥❝❡ t♦ ❛ st❡❛❞② st❛t❡ ✐♥❞✐❝❛t❡s t❤❛t ❧❛r❣❡ ❝✐t✐❡s ❣r♦✇ ♠♦r❡ s❧♦✇❧②
t❤❛♥ ❞♦ s♠❛❧❧❡r ♦♥❡s✳ ❆s②♠♠❡tr✐❝❛❧❧②✱ ❝✐t✐❡s ❧❛r❣❡r t❤❛♥ t❤❡✐r st❡❛❞② st❛t❡ ✇✐❧❧ ❞❡✲
❝❧✐♥❡ s❧♦✇❧②✱ ❛♥❞ ❝✐t✐❡s s♠❛❧❧❡r t❤❛♥ t❤❡✐r st❡❛❞② st❛t❡ ✇✐❧❧ ❣r♦✇ r❡❧❛t✐✈❡❧② q✉✐❝❦❧②✳
❚❤✐r❞✱ tr❛♥s♣♦rt❛t✐♦♥ ❝♦sts ❝❛♥ ❜❡ ❝♦♥str✉❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛♥s♣♦rt❛t✐♦♥
✐♥❢r❛str✉❝t✉r❡ ❛♥❞ ♣♦♣✉❧❛t✐♦♥✳ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ♠✉st s❛t✐s❢② t❤❡ ❝♦♥❞✐t✐♦♥ t❤❛t
❝♦♠♠✉t✐♥❣ ❝♦sts ✐♥❝r❡❛s❡ ✇✐t❤ ♣♦♣✉❧❛t✐♦♥ ❜✉t ❞❡❝r❡❛s❡ ✇✐t❤ t❤❡ tr❛♥s♣♦rt❛t✐♦♥
✐♥❢r❛str✉❝t✉r❡✳ ❋✉rt❤❡r♠♦r❡✱ tr❛♥s♣♦rt ❝♦sts ❝❛♥ ✈❛r② ✇✐t❤ ❧♦❝❛❧ ❝♦♥❞✐t✐♦♥s✳

✷✳✷✳ Pr❡✈✐♦✉s ❡♠♣✐r✐❝❛❧ st✉❞✐❡s

❚❤❡ ✐♥t❡r❞❡♣❡♥❞❡♥❝❡ ♦❢ ✐♥✈❡st♠❡♥ts ✐♥ ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ r❡❣✐♦♥❛❧ ❡❝♦♥♦♠✐❝
❣r♦✇t❤ ❤❛s ❜❡❡♥ ♥♦t❡❞ ✐♥ ❡❛r❧② r❡s❡❛r❝❤✳ ❋r❡② ✭✶✾✼✾✮✱ ❢♦r ✐♥st❛♥❝❡✱ str❡ss❡s t❤❡
❞♦✉❜❧❡ ❝❤❛r❛❝t❡r ♦❢ ♣✉❜❧✐❝ ❡①♣❡♥❞✐t✉r❡ ❢♦r ✐♥❢r❛str✉❝t✉r❡✿ ♦♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ✐t ❛♥✲
t✐❝✐♣❛t❡s ❡❝♦♥♦♠✐❝ ❣r♦✇t❤❀ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐t r❡s♣♦♥❞s t♦ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✳
❍❡♥❝❡✱ ❡♠♣✐r✐❝❛❧ st✉❞✐❡s t❤❛t ❛✐♠ t♦ ✐❞❡♥t✐❢② t❤❡ r♦❧❡ tr❛♥s♣♦rt ♣❧❛②s ❢♦r ❡❝♦✲
♥♦♠✐❝ ❣r♦✇t❤ ❛r❡ ♣❧❛❣✉❡❞ ❜② ❡♥❞♦❣❡♥❡✐t② ❛♥❞ r❡✈❡rs❡ ❝❛✉s❛❧✐t② ✐ss✉❡s✳ Pr❡✈✐♦✉s
st✉❞✐❡s ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ♦♥ r❡❣✐♦♥❛❧ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ♠❛✐♥❧②
❝♦♥s✐❞❡r ♦✉t♣✉t✳ ■♥ ❤✐s ♣✐♦♥❡❡r✐♥❣ ✇♦r❦✱ ❆s❝❤❛✉❡r ✭✶✾✽✾✮ ✐♥✈❡st✐❣❛t❡s t❤❡ ♣r♦✲
❞✉❝t✐✈❡ r♦❧❡ ♦❢ ♣✉❜❧✐❝ ✐♥✈❡st♠❡♥ts ❢r♦♠ ❛ ♠♦r❡ ❣❡♥❡r❛❧ ♣❡rs♣❡❝t✐✈❡✳ ❍✐s ❡♠♣✐r✐❝❛❧
❛♣♣r♦❛❝❤ ✐s ❜❛s❡❞ ♦♥ ♠❛❝r♦❡❝♦♥♦♠✐❝ ♠♦❞❡❧s ✇✐t❤ str♦♥❣❧② ❛❣❣r❡❣❛t❡❞ ❞❛t❛✳ ❆
s✐♠✐❧❛r ♠❡t❤♦❞ ✐s ❡♠♣❧♦②❡❞ ❜② ❍♦❧t③✲❊❛❦✐♥ ✭✶✾✽✽✮✱ ▼✉♥♥❡❧❧ ✭✶✾✾✵✮✮ ❛♥❞ ❋♦r❞
❛♥❞ P♦r❡t ✭✶✾✾✶✮✱ ✇❤♦ ❝♦♥❝❡♥tr❛t❡ ♦♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✳ ❆ ❣❡♥❡r❛❧ ♣r♦❜✲
❧❡♠ ✐♥ t❤❡s❡ ❡❛r❧② ❝♦♥tr✐❜✉t✐♦♥s ✐s t❤❡ ♥❡❣❧❡❝t ♦❢ t❤❡ ❡♥❞♦❣❡♥❡✐t② ✐ss✉❡✱ ♦r t❤❡
♣♦ss✐❜✐❧✐t② t❤❛t ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐♥✢✉❡♥❝❡s ✐♥✈❡st♠❡♥t ✐♥ ✐♥❢r❛str✉❝t✉r❡✳
▼♦r❡ r❡❝❡♥t ✇♦r❦ ❛tt❡♠♣ts t♦ ❛❞❞r❡ss t❤❡ ❡♥❞♦❣❡♥❡✐t② ♣r♦❜❧❡♠ ♦❢ ♣✉❜❧✐❝ ✐♥✲

❢r❛str✉❝t✉r❡ t❤r♦✉❣❤ str✉❝t✉r❛❧ ♠♦❞❡❧s ✭❇♦✉❣❤❡❛s ❡t ❛❧✳ ✭✷✵✵✵✮✮ ♦r ✐♥str✉♠❡♥✲
t❛❧ ✈❛r✐❛❜❧❡s ❛♣♣r♦❛❝❤❡s ✭❈❛❧❞❡r♦♥ ❛♥❞ ❙❡r✈é♥ ✭✷✵✵✸✮✮✳ ■♥❝r❡❛s✐♥❣❧②✱ ♣❛♥❡❧ ❞❛t❛
♠♦❞❡❧s ❛r❡ ❡♠♣❧♦②❡❞ ✭❈❛♥♥✐♥❣ ❛♥❞ P❡❞r♦♥✐ ✭✷✵✵✹✮✮ t❤r♦✉❣❤ ✇❤✐❝❤ ❞②♥❛♠✐❝
❡✛❡❝ts ❝❛♥ ❜❡ ❝❛♣t✉r❡❞ ✭❡✳❣✳ ❍s✐❛♦ ❛♥❞ ❙❤❡♥ ✭✷✵✵✸✮✱ ❇rü❧❤❛rt ❛♥❞ ❙❜❡r❣❛♠✐
✭✷✵✵✾✮✮✳ ■t ✐s ✐♥❝r❡❛s✐♥❣❧② ❛❝❦♥♦✇❧❡❞❣❡❞ t❤❛t t❤❡ s✉❜❥❡❝t r❡q✉✐r❡s ❛ ❞✐s❛❣❣r❡✲
❣❛t❡❞ ❛♣♣r♦❛❝❤✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ♥❡❝❡ss❛r② ✈❛r✐❛t✐♦♥ ❢♦r ✐❞❡♥t✐❢②✐♥❣ st❛t✐st✐❝❛❧
❡✛❡❝ts✳ ❆s ♥♦t❡❞ ❜② ●r❛♠❧✐❝❤ ✭✶✾✾✹✮✱ r❡❣✐♦♥❛❧ ❞✐s❛❣❣r❡❣❛t✐♦♥ ❡♥❛❜❧❡s ❛ ♠♦r❡
❞❡t❛✐❧❡❞ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ❢❛❝t♦rs t❤❛t ❛r❡ r❡❧❡✈❛♥t ❢♦r t❤❡ ❣r♦✇t❤ ♦❢ ❛ ❧♦❝❛t✐♦♥✳
■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ✐ss✉❡ ♦❢ ❡♥❞♦❣❡♥❡✐t② ❝❛♥ ❜❡ ❛❞❞r❡ss❡❞ ♠♦r❡ ❛❞❡q✉❛t❡❧② ✇✐t❤
❞✐s❛❣❣r❡❣❛t❡❞ ❞❛t❛✳
❚❤❡ st✉❞✐❡s ❜② ❆♥❛s ✭✶✾✽✶✱ ✶✾✽✷✮✱ ❆♥❛s ❛♥❞ ❉✉❛♥♥ ✭✶✾✽✺✮ ❛♥❞ ▼❝❉♦♥❛❧❞ ❛♥❞

❖s✉❥✐ ✭✶✾✾✺✮ ❝♦♥❝❡♥tr❛t❡ ♠♦r❡ ♦♥ ❧❛♥❞ ✉s❡ ❛♥❞ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❧❛♥❞ ♣r✐❝❡s
✐♥ s✉❜✉r❜❛♥✐③❛t✐♦♥✳ ❋❡✇ ♣❛♣❡rs ❛❞❞r❡ss t❤❡ ✐♥t❡rr❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ tr❛♥s♣♦rt
✐♥❢r❛str✉❝t✉r❡ ❛♥❞ ❝❤❛♥❣❡s ✐♥ s♣❛t✐❛❧ str✉❝t✉r❡ ❛♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✇❡❛❧t❤
❛❝r♦ss s♣❛❝❡✳ ■♥ t❤✐s ❝♦♥t❡①t✱ ❙t❡❡♥ ✭✶✾✽✻✮ ❛♥❛❧②③❡s t❤❡ ✐♥t❡rr❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
tr❛♥s♣♦rt ♥❡t✇♦r❦s ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ✐♥ ❛ ♣♦❧②❝❡♥tr✐❝ s♣❛t✐❛❧ str✉❝t✉r❡✳ P♦♣✉❧❛t✐♦♥
❞❡♥s✐t② ❞❡❝r❡❛s❡s ✇✐t❤ ❣r♦✇✐♥❣ ❞✐st❛♥❝❡ t♦ ❛ ✇❡❧❧✲❢✉♥❝t✐♦♥✐♥❣ tr❛♥s♣♦rt❛t✐♦♥ ♥❡t✳
▼❝▼✐❧❧❡♥ ❛♥❞ ▼❝❉♦♥❛❧❞ ✭✶✾✾✽✮ s✉♣♣♦rt t❤❡s❡ r❡s✉❧ts ✇✐t❤ r❡s♣❡❝t t♦ ❡♠♣❧♦②✲
♠❡♥t ❛♥❞ t❤❡ ♠❛✐♥ r♦❛❞ ♥❡t✇♦r❦✳ ❚❤❡ st✉❞② ❜② ❇❛✉♠✲❙♥♦✇ ✭✷✵✵✼✮ ✉s❡s ❛♥



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✺

✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡ ❛♣♣r♦❛❝❤ ❛♥❞ ❝♦rr♦❜♦r❛t❡s t❤✐s ❛♥❛❧②s✐s ✇✐t❤ r❡s♣❡❝t t♦
t❤❡ ❯✳❙✳ ✐♥t❡rst❛t❡ ❤✐❣❤✇❛② s②st❡♠✳ ❚❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡ ✐♥ t❤✐s ❝♦♥t❡①t ✐s
t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ✇✐t❤✐♥ ❝✐t✐❡s✳ ■t ❜❡❝♦♠❡s ❡✈✐❞❡♥t t❤❛t ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②
♣❛rt✐❝✉❧❛r❧② ✐♥❝r❡❛s❡s ✐♥ ❧♦❝❛t✐♦♥s ✇✐t❤ ❝❧♦s❡ ❞✐st❛♥❝❡ t♦ ❡①♣r❡ss ❤✐❣❤✇❛②s✳ ❚❤✐s
♣❤❡♥♦♠❡♥♦♥ ♠✐❣❤t s♣✉r s✉❜✉r❜❛♥✐③❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❚❤❡ ❛✉t❤♦r ✉s❡s ❛ s♣❡❝✐✜❝❛✲
t✐♦♥ ✐♥ ✜rst ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t r❡❣✐♦♥s ✇✐t❤ ❜❡tt❡r ❡♥❞♦✇♠❡♥t
✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ❡①❤✐❜✐t ❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ r❛t❡s✳ ❚❤❡ ✇♦r❦ ♦❢
❇❛✉♠✲❙♥♦✇ ✭✷✵✵✼✮ s❤♦✇s ❛ ❝❧♦s❡ r❡❧❛t✐♦♥s❤✐♣ t♦ t❤❡ ❝❛✉s❛❧ ❛♥❛❧②s✐s ♦❢ ❉✉r❛♥t♦♥
❛♥❞ ❚✉r♥❡r ✭✷✵✶✷✮✳ ❇♦t❤ st✉❞✐❡s st❛rt ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ✐♥ ❛ ♠♦❞❡❧ ♦❢ r❡❣✐♦♥❛❧
❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t✱ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐s ❡♥❞♦❣❡♥♦✉s✳ ❚❤❡ s✐♠✉❧t❛♥❡✲
✐t② ✐ss✉❡ ✐s ❛❞❞r❡ss❡❞ ❜② t❤❡ ✉s❡ ♦❢ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s✳ ❚❤❡ ❝❡♥tr❛❧ ✜♥❞✐♥❣
♦❢ ❉✉r❛♥t♦♥ ❛♥❞ ❚✉r♥❡r ✭✷✵✶✷✮ ✐s t❤❛t ❛ ✶✵ ♣❡r❝❡♥t ✐♥❝r❡❛s❡ ✐♥ ❛ ❝✐t②✬s ✐♥✐t✐❛❧
st♦❝❦ ♦❢ r♦❛❞s ❝❛✉s❡s ❛♥ ❛♣♣r♦①✐♠❛t❡❧② ✷ ♣❡r❝❡♥t ✐♥❝r❡❛s❡ ✐♥ ✐ts ♣♦♣✉❧❛t✐♦♥ ❛♥❞
❡♠♣❧♦②♠❡♥t ♦✈❡r ❛ ✷✵✲②❡❛r ♣❡r✐♦❞✳

✸✳ ❚❍❊❖❘❊❚■❈❆▲ ❈❖◆❙■❉❊❘❆❚■❖◆❙

✸✳✶✳ ❆ ◆❡✇ ❊❝♦♥♦♠✐❝ ●❡♦❣r❛♣❤② ♠♦❞❡❧

■♥✈❡st♠❡♥t ✐♥ t❤❡ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ♦❢ ❛ ❧♦❝❛t✐♦♥ ✐♠♣r♦✈❡s ✐ts r❡❛❝❤❛✲
❜✐❧✐t② ❢♦r ♦t❤❡r r❡❣✐♦♥s ❛♥❞ ✐ts ❛❝❝❡ss✐❜✐❧✐t② t♦ ♦t❤❡r r❡❣✐♦♥s✳ ❆ ❣✐✈❡♥ ❧♦❝❛t✐♦♥ ✐s
❡♠❜❡❞❞❡❞ ✐♥ ❛ s♣❛t✐❛❧ str✉❝t✉r❡ t❤❛t ✐♥✈♦❧✈❡s ♦t❤❡r ❧♦❝❛t✐♦♥s ❛t ✈❛r✐♦✉s ❞✐st❛♥❝❡s
❛♥❞ ♦❢ ✈❛r✐♦✉s s✐③❡✳ ❆ s✉✐t❛❜❧❡ ❝♦♥❝❡♣t ❢♦r ❝❛♣t✉r✐♥❣ t❤❡ s♣❛t✐❛❧ ❡❝♦♥♦♠✐❝ ❝♦♥t❡①t
♦❢ ❛ ❧♦❝❛t✐♦♥ ✐s t❤❡ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ❛s ✐♥tr♦❞✉❝❡❞ ❜② ❍❛rr✐s ✭✶✾✺✹✮✳
❚❤❡ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ♦❢ r❡❣✐♦♥ r ❞❡♣❡♥❞s ♦♥ t❤❡ ❛❝❝❡ss✐❜✐❧✐t② ♦r r❡❛❝❤❛❜✐❧✐t②

♦❢ r❡❣✐♦♥s ✐♥ ❛ ✇✐❞❡r ❡❝♦♥♦♠✐❝ s♣❛❝❡ S s✉rr♦✉♥❞✐♥❣ t❤❡ ✜r♠✬s ❧♦❝❛t✐♦♥ ❛s ✇❡❧❧ ❛s
♦♥ t❤❡ ♥✉♠❜❡r ❛♥❞ ✐♥❝♦♠❡ ♦❢ ❝✉st♦♠❡rs ❧✐✈✐♥❣ t❤❡r❡✳ ❆❝❝♦r❞✐♥❣ t♦ ❍❛rr✐s ✭✶✾✺✹✮✱
✐t ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s

✭✸✳✶✮ Mr :=
∑

s∈S

Ysf (dr,s, Ir,s),

✇❤❡r❡ Ys ✐s t♦t❛❧ ✐♥❝♦♠❡ ❛t ❧♦❝❛t✐♦♥ s ❛♥❞ f (·) ✐s t❤❡ ❞✐st❛♥❝❡ ❞❡t❡rr❡♥❝❡ ❢✉♥❝t✐♦♥✳
❚❤❡ ❧❛tt❡r ❞❡♣❡♥❞s ♥❡❣❛t✐✈❡❧② ♦♥ t❤❡ ❞✐st❛♥❝❡ dr,s ❛♥❞ ♣♦s✐t✐✈❡❧② ♦♥ t❤❡ tr❛♥s♣♦rt
✐♥❢r❛str✉❝t✉r❡ Ir,s ❜❡t✇❡❡♥ r❡❣✐♦♥ r ❛♥❞ s✳ ❍❡♥❝❡✱ ✐♥✈❡st♠❡♥t ✐♥ ✐♥❢r❛str✉❝t✉r❡
✐♥❝r❡❛s❡s t❤❡ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ♦❢ ❛ ❧♦❝❛t✐♦♥✳
❚❤❡ ♣r♦❜❧❡♠ ✇✐t❤ ❍❛♥s♦♥✬s ❝♦♥❝❡♣t ✐s t❤❛t ✐t ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ ❛♥ ❛❞ ❤♦❝ ♠❛♥✲

♥❡r ❛♥❞ ♥♦t ❡♠❜❡❞❞❡❞ ✐♥ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥s✐❞❡r❛t✐♦♥s✳ ❍❡♥❝❡✱ t❤❡ t❤❡♦r❡t✲
✐❝❛❧ ❥✉st✐✜❝❛t✐♦♥ ❛♣♣❡❛rs t♦ ❜❡ ✇❡❛❦ ♣r✐♠❛ ❢❛❝✐❡✳ ❍❛♥s♦♥ ✭✷✵✵✺✮✱ ❤♦✇❡✈❡r✱ ❤❛s
❡♠♣❤❛s✐③❡❞ t❤❛t ❝♦♥tr✐❜✉t✐♦♥s ✐♥ t❤❡ ✜❡❧❞ ♦❢ ◆❡✇ ❊❝♦♥♦♠✐❝ ●❡♦❣r❛♣❤② ✭◆❊●✱
s❡❡ ❋✉❥✐t❛ ❡t ❛❧✳ ✭✶✾✾✾✮✮ ❤❛✈❡ ♦✛❡r❡❞ ❛ s♦✉♥❞ t❤❡♦r❡t✐❝❛❧ ✉♥❞❡r♣✐♥♥✐♥❣ ♦❢ ✭❛ ♠♦❞✲
✐✜❡❞✮ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ❝♦♥❝❡♣t✳ ■♥ t❤❡ s♣✐r✐t ♦❢ ❍❛♥s♦♥ ✭✷✵✵✺✮✱ ✇❡ ❢♦❧❧♦✇ t❤✐s
r♦✉t❡✳ ❍♦✇❡✈❡r✱ ✇❤❡r❡❛s ❍❛♥s♦♥ ✐s ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ r❡❣✐♦♥❛❧ str✉❝✲
t✉r❡s s✉❝❤ ❛s ❛❣❣❧♦♠❡r❛t✐♦♥s ♦♥ t❤❡ ✇❛❣❡ ❧❡✈❡❧✱ ✇❡ str❡ss t❤❡ r♦❧❡ ♦❢ tr❛♥s♣♦rt
✐♥❢r❛str✉❝t✉r❡ ❢♦r ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✳
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❉❡✜♥❡ ❛ ❝♦♠♣♦s✐t❡ ❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞ C ❛s

✭✸✳✷✮ C =

[

N
∑

i=1

cρ

]1/ρ

✇✐t❤ ρ❂ (σ − 1) /σ✳ ▲❡t t❤❡ ✉t✐❧✐t② ❢✉♥❝t✐♦♥ ♦❢ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❝✉st♦♠❡r ❞❡♣❡♥❞
♦♥ ❛ ❝♦♠♣♦s✐t❡ ❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞ C ❛♥❞ ❤♦✉s✐♥❣ s❡r✈✐❝❡s H

✭✸✳✸✮ U = CµH1−µ.

❍❡♥❝❡✱ t❤❡ ❡①♣❡♥❞✐t✉r❡ s❤❛r❡s ♦❢ t❤❡ ❝♦♠♣♦s✐t❡ ❝♦♥s✉♠♣t✐♦♥ ❣♦♦❞ ❛♥❞ ❤♦✉s✐♥❣
s❡r✈✐❝❡s ❛r❡ µ ❛♥❞ 1− µ✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ ✜r♠ ♣r♦❞✉❝❡s ♦✉t♣✉t ✇✐t❤ ❧❛❜♦r ❛s t❤❡ ♦♥❧② ✐♥♣✉t✳ ❚❤r♦✉❣❤ t❤❡ ♥❡t✇♦r❦

❛♥❞ ❦♥♦✇❧❡❞❣❡ s♣✐❧❧♦✈❡r ❡✛❡❝ts ♦❢ ✜r♠s ✐♥ t❤❡ ♥❡✐❣❤❜♦r❤♦♦❞✱ t❤❡r❡ ❛r❡ ♣♦s✐✲
t✐✈❡ ❡①t❡r♥❛❧ ❡✛❡❝ts ♦♥ ♣r♦❞✉❝t✐✈✐t②✳ ❆ ❜❡tt❡r tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐♥❝r❡❛s❡s
t❤❡ ❛❝❝❡ss✐❜✐❧✐t② ♦❢ ♣❛rt♥❡rs ❛♥❞ ❧❡❛❞s t♦ ❤✐❣❤❡r ❡①t❡r♥❛❧ ❡✛❡❝ts✱ ✇❤✐❝❤ ❢♦st❡rs
❡✣❝✐❡♥❝② ✐♥ ♣r♦❞✉❝t✐♦♥✳ ❲❡ ♠♦❞❡❧ t❤✐s t❤r♦✉❣❤ ❛♥ ✐♥✢✉❡♥❝❡ ♦❢ tr❛♥s♣♦rt ✐♥❢r❛✲
str✉❝t✉r❡ ♦♥ ✜①❡❞ ❛♥❞ ✈❛r✐❛❜❧❡ ❧❛❜♦r r❡q✉✐r❡♠❡♥ts ❢♦r ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✜r♠ i ✐♥
r❡❣✐♦♥ r✿

✭✸✳✹✮ ℓir = αr(Ir)
(−)

+ βr(Ir)
(−)

yir.

❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ✜r♠ ❢❛❝❡s ♠❛r❣✐♥❛❧ ❝♦sts ♦❢

✭✸✳✺✮ cir = βrwr,

✇❤❡r❡ wr ✐s t❤❡ ❧♦❝❛❧ ✇❛❣❡✳ ❚❤❡♥✱ t❤❡ ♣r♦✜t✲♠❛①✐♠✐③✐♥❣ ❢✳♦✳❜✳ ♣r✐❝❡ ❢♦r t❤❡ ✜r♠
✐s ❣✐✈❡♥ ✐♥ t❤❡ ✉s✉❛❧ ✇❛② ❛s ❛ ♠❛r❦✲✉♣ ♦♥ ♠❛r❣✐♥❛❧ ❝♦sts✳

✭✸✳✻✮ p∗ir =
σ

σ − 1
βrwr.

❯s✐♥❣ ❡q✉❛t✐♦♥s ✸✳✹ ❛♥❞ ✸✳✻✱ ♦♥❡ ♦❜t❛✐♥s ❢♦r t❤❡ ♦♣t✐♠❛❧ ✜r♠✬s ♣r♦✜t ✐♥ r❡❣✐♦♥ r

✭✸✳✼✮ π∗

ir = p∗iryir − wrℓir = wr

(

1

σ − 1
βryir − αr

)

.

❋r❡❡ ❡♥tr② ✐♠♣❧✐❡s ❛ ③❡r♦ ♣r♦✜t ❝♦♥❞✐t✐♦♥❀ t❤✉s✱

✭✸✳✽✮ y∗ir =
αr(σ − 1)

βr
.

❋♦r ♦♣t✐♠❛❧ ❡♠♣❧♦②♠❡♥t ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✜r♠✱ ✇❡ ❤❛✈❡

✭✸✳✾✮ ℓ∗ir = αr + βry
∗

ir = αrσ.



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✼

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

✭✸✳✶✵✮ Lr = nrℓir ✱ Yr = nryir ❛♥❞ Pr = pir ∀ i, r.

❚❤❡ ❝✳✐✳❢✳ ♣r✐❝❡ ♦❢ r❡❣✐♦♥✬s r ❣♦♦❞s ✐♥ r❡❣✐♦♥ s ✐s

✭✸✳✶✶✮ Pr,s = PrTr,s ✇✐t❤ Tr,s = Ts,r = τ (dr,s, Ir) ,

✇❤❡r❡ t❤❡ tr❛♥s♣♦rt❛t✐♦♥ ❝♦sts ❜❡t✇❡❡♥ r ❛♥❞ s ✐♥❝r❡❛s❡ ✇✐t❤ ❞✐st❛♥❝❡✱ dr,s✱ ❛♥❞
❞❡❝❧✐♥❡ ✇✐t❤ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ Ir✳

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

✭✸✳✶✷✮ Pr =

[

∑

s

nsP
−(σ−1)
s τ (dr,s, Ir)

−(σ−1)

]−1/(σ−1)

.

❚❤❡ ♣r✐❝❡ ✐♥❞❡① ♦❢ ♠❛♥✉❢❛❝t✉r✐♥❣ ❣♦♦❞s✱ Pr✱ ✐s ❤✐❣❤❡r ❢♦r r❡❣✐♦♥s ✐♥ t❤❡ ♣❡r✐♣❤❡r②
✇❤❡r❡ t❤❡ ❧✐♦♥✬s s❤❛r❡ ♦❢ ❣♦♦❞s ❤❛s t♦ ❜❡ ✐♠♣♦rt❡❞ ❢r♦♠ ❞✐st❛♥t r❡❣✐♦♥s ❛♥❞ ❧♦✇❡r
❢♦r r❡❣✐♦♥s ✐♥ t❤❡ ❝♦r❡✱ ✇❤❡r❡ ♠❛♥② ✜r♠s ❛r❡ ❧♦❝❛t❡❞✳ ■t ✐s ❡✈✐❞❡♥t ❢r♦♠ ❡q✉❛t✐♦♥
✸✳✶✷ t❤❛t Pr ❛❧s♦ ✐♥❝r❡❛s❡s ✇✐t❤ ❛❝❝❡ss✐❜✐❧✐t② ❛♥❞ ❞❡❝❧✐♥❡s ✇✐t❤ ✐♥✈❡st♠❡♥t ✐♥
tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✳

❚❤❡ t♦t❛❧ s❛❧❡s ♦❢ r❡❣✐♦♥✬s r ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❞✉❝ts ❛r❡ ❣✐✈❡♥ ❛s

✭✸✳✶✸✮ Yr = µnr

∑

s

Ys

(

Pr,s

Ps

)1−σ

✇❤❡r❡ Ps ❛♥❞ Ys ❛r❡ t❤❡ ❣❡♥❡r❛❧ ♣r✐❝❡ ❧❡✈❡❧ ❛♥❞ t♦t❛❧ ✐♥❝♦♠❡ ✐♥ t❤❡ t❛r❣❡t r❡❣✐♦♥
s✱ r❡s♣❡❝t✐✈❡❧②✳ ❲✐t❤ ③❡r♦ ♣r♦✜ts✱ t❤❡ r❡❣✐♦♥✬s t♦t❛❧ ✇❛❣❡ ❜✐❧❧ WrLr = Wrnrαrσ
♠✉st ❜❡ ❡q✉❛❧ t♦ t♦t❛❧ ♠❛♥✉❢❛❝t✉r✐♥❣ s❛❧❡s✿

✭✸✳✶✹✮ Yr = µnr

∑

s

Ys

(

Pr,s

Ps

)1−σ

= Wrnrαrσ.

❙♦❧✈✐♥❣ ❢♦r ✇❛❣❡s ②✐❡❧❞s

✭✸✳✶✺✮ Wr =
µ

αrσ

∑

s

Ys

(

Pr,s

Ps

)−(σ−1)

.

❚♦❣❡t❤❡r ✇✐t❤ ❡q✉❛t✐♦♥s ✸✳✼ ❛♥❞ ✸✳✶✶✱ ♦♥❡ ♦❜t❛✐♥s ❛♥ ❡q✉❛t✐♦♥ s✐♠✐❧❛r t♦ t❤❡ ♦♥❡
❍❛♥s♦♥ ✭✷✵✵✺✮ ✉s❡s ❢♦r ✐♥✈❡st✐❣❛t✐♥❣ r❡❣✐♦♥❛❧ ♥♦♠✐♥❛❧ ✇❛❣❡✲❧❡✈❡❧ ❡✛❡❝ts✿

✭✸✳✶✻✮

Wr =

(

µ

αr (Ir)

)1/σ

σ−1

(

σ − 1

βr (Ir)

)(σ−1)/σ
[

∑

s

YsP
σ−1
s τ (dr,s, Ir)

−(σ−1)

]1/σ

.

✷❖❢ ❝♦✉rs❡✱ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✐♥ r ❛♥❞ ❛❧❧ ♦t❤❡r tr❛♥s♣♦rt ❢❛❝✐❧✐t✐❡s ❜❡t✇❡❡♥ r ❛♥❞ s ♠❛tt❡r❀
t❤❡s❡ ❛r❡ ♦❢ ♥♦ ✐♥t❡r❡st ❤❡r❡✳



✽ ❏❖❆❈❍■▼ ▼Ö▲▲❊❘ ❆◆❉ ▼❆❘❈❯❙ ❩■❊❘❊❘

❆s ❍❛♥s♦♥ ✭✷✵✵✺✮ ♣♦✐♥ts ♦✉t✱ t❤❡ r✐❣❤t✲❤❛♥❞ s✐❞❡ r❡s❡♠❜❧❡s ❛ tr❛❞✐t✐♦♥❛❧ ♠❛r❦❡t
♣♦t❡♥t✐❛❧ ❡q✉❛t✐♦♥ ❜❡❝❛✉s❡ ✇❛❣❡s ✐♥ r❡❣✐♦♥ r ❛r❡ ✐♥❝r❡❛s✐♥❣ ✇✐t❤ r✐s✐♥❣ ✐♥❝♦♠❡
✐♥ tr❛❞✐♥❣ ♣❛rt♥❡r r❡❣✐♦♥s ❛♥❞ t❤❡✐r ❛❝❝❡ss✐❜✐❧✐t②✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② ❧♦✇❡r tr❛♥s♣♦rt
❝♦sts✳ ❍♦✇❡✈❡r✱ ❛s ♥♦t❡❞ ❜② ❇r❛❦♠❛♥ ❡t ❛❧✳ ✭✷✵✵✾✮ ❬♣✳✷✸✼✛❪✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❢r♦♠
t❤❡ tr❛❞✐t✐♦♥❛❧ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ❝♦♥❝❡♣t ✐s t❤❛t t❤❡ sq✉❛r❡ ❜r❛❝❦❡ts ♦♥ t❤❡ r✐❣❤t✲
❤❛♥❞ s✐❞❡ ♦❢ ❡q✉❛t✐♦♥ ✸✳✶✻ ❛❞❞✐t✐♦♥❛❧❧② ❝♦♥t❛✐♥ t❤❡ ♣r✐❝❡ ✐♥❞❡① ♦❢ t❤❡ ♣❛rt♥❡r
r❡❣✐♦♥s✳ ❍❡♥❝❡✱ t❤❡ ❝♦♥❝❡♣t s❤♦✉❧❞ ❜❡ ❛❞❞r❡ss❡❞ ❛s t❤❡ r❡❛❧ ✐♥st❡❛❞ ♦❢ t❤❡ ♥♦♠✐♥❛❧
♠❛r❦❡t ♣♦t❡♥t✐❛❧✳ ❆ ❧♦✇❡r ♣r✐❝❡ ✐♥❞❡① ✐♥ t❤❡ tr❛❞✐♥❣ ♣❛rt♥❡r✬s r❡❣✐♦♥ ✐♥❞✐❝❛t❡s
♠♦r❡ ❝♦♠♣❡t✐t✐♦♥✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ ❞❡❣❧♦♠❡r❛t✐♦♥ ❢♦r❝❡ ❛s ♦♣♣♦s❡❞
t♦ t❤❡ ❛❣❣❧♦♠❡r❛t✐♦♥ ❢♦r❝❡ ♦❢ t❤❡ ♥♦♠✐♥❛❧ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ❡✛❡❝t✳
■♥ ♦✉r ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ tr❛♥s♣♦rt✱ ♦♥❡ ❝❛♥ ❞❡r✐✈❡ ❢r♦♠ ❡q✉❛t✐♦♥ ✸✳✶✻

t❤❛t ✐♥✈❡st♠❡♥t ✐♥ ❧♦❝❛❧ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐♥❝r❡❛s❡s t❤❡ ❧♦❝❛❧ ✇❛❣❡ ❧❡✈❡❧
t❤r♦✉❣❤ t❤r❡❡ ❞✐✛❡r❡♥t ❝❤❛♥♥❡❧s✳ ▲♦❝❛❧ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ❧♦✇❡rs t❤❡ ❝♦♥✲
st❛♥t ❛♥❞ ✈❛r✐❛❜❧❡ ♣❛rt ♦❢ ❧❛❜♦r r❡q✉✐r❡♠❡♥t ♣❡r ✉♥✐t ♦❢ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ❣♦♦❞✱
❛s ♠♦❞❡❧❡❞ ✐♥ ❡q✉❛t✐♦♥ ✸✳✾✳ ▼♦r❡♦✈❡r✱ ✐❢ t❤❡ ♠❛r❦❡t ❛❝❝❡ss ✐s ✐♠♣r♦✈❡❞✱ t❤✐s
❧❡❛❞s t♦ ❧♦✇❡r ❝✳✐✳❢✳ ♣r✐❝❡s ♦❢ t❤❡ r❡❣✐♦♥✬s ♣r♦❞✉❝ts✳ ❆ ❝♦✉♥t❡r✲❢♦r❝❡ ❝♦♠❡s ✐♥t♦
♣❧❛② ✐❢ ♦♥❡ ❝♦♥s✐❞❡rs ♥♦t ♦♥❧② t❤❡ ❢❛❝t t❤❛t ❛ ❜❡tt❡r ✐♥❢r❛str✉❝t✉r❡ ✐♥ r❡❣✐♦♥ r
✐♥❝r❡❛s❡s ❛❝❝❡ss t♦ ♦t❤❡r r❡❣✐♦♥s ❜✉t ❛❧s♦ t❤❛t r❡❣✐♦♥ r ❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ♠♦r❡ ❡❛s✲
✐❧② ❜② t❤❡ ♣❛rt♥❡r r❡❣✐♦♥s✳ ❚❤✐s ✐♠♣❧✐❡s ❤✐❣❤❡r ❝♦♠♣❡t✐t✐♦♥ ✐♥ t❤❡ ❤♦♠❡ ♠❛r❦❡t✳
❈♦♥s✐❞❡r✐♥❣ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ♠✉❧t✐♣❧❡ ❡q✉✐❧✐❜r✐❛ ✐♥ t❤❡ ◆❊● ♠♦❞❡❧s ✭✐♠♣❧②✐♥❣
❝♦♥❝❡♥tr❛t✐♦♥ ❛s ✇❡❧❧ ❛s ❞✐s♣❡rs✐♦♥ t❡♥❞❡♥❝✐❡s✮✱ t❤❡ ♦✉t❝♦♠❡ ♦❢ ✐♥✈❡st♠❡♥t ✐♥
✐♥❢r❛str✉❝t✉r❡ ✐s t❤❡♦r❡t✐❝❛❧❧② ❛♠❜✐❣✉♦✉s ✐♥ ❣❡♥❡r❛❧✳

✸✳✷✳ ●❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s

❊q✉❛t✐♦♥ ✸✳✶✻ ❞♦❡s ♥♦t ♣r❡✈❡♥t ❛ ❝♦♠♣❧❡t❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ❜❡❝❛✉s❡ ✐t
❝♦♥t❛✐♥s ❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s ♦♥ t❤❡ r✐❣❤t✲❤❛♥❞ s✐❞❡✳ ❚♦ ❝♦♠♣❧❡t❡ t❤❡ s♦❧✉t✐♦♥✱
❝♦♥s✐❞❡r t❤❛t ✐♥ s♣❛t✐❛❧ ❡q✉✐❧✐❜r✐✉♠✱ r❡❛❧ ✇❛❣❡s ✐♥ ❛❧❧ r❡❣✐♦♥s ♠✉st ❜❡ ❡q✉❛❧✿

✭✸✳✶✼✮
Wr

P 1−µ
r Qµ

r

=
Ws

P 1−µ
s Qµ

s

∀ r, s,

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

Br✱ r❡s♣❡❝t✐✈❡❧②✳ ❚♦t❛❧ ✐♥❝♦♠❡ ✐s t❤❡ s✉♠ ♦❢ s❛❧❡s ❢r♦♠ ♠❛♥✉❢❛❝t✉r✐♥❣ ✕ ♦r t❤❡
t♦t❛❧ ✇❛❣❡ ❜✐❧❧ ✕ ❛♥❞ ❤♦✉s✐♥❣ s❡r✈✐❝❡s✿

✭✸✳✶✽✮ Yr = Br +HrQr ❛♥❞ Y = B +
∑

r

HrQr.

❚❤❡ s❤❛r❡ ♦❢ ❡①♣❡♥❞✐t✉r❡s ❢♦r ❤♦✉s✐♥❣ s❡r✈✐❝❡s ✐s 1− µ❀ ❤❡♥❝❡✱

✭✸✳✶✾✮ HrQr = (1− µ)Yr.

❚♦t❛❧ ❡①♣❡♥❞✐t✉r❡s ❢♦r ❤♦✉s✐♥❣ s❡r✈✐❝❡s ❛❝r♦ss ❛❧❧ r❡❣✐♦♥s ❛r❡

✭✸✳✷✵✮
∑

r

HrQr =
1− µ

µ
B =

1− µ

µ

∑

r

nrWrαrσ.



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✾

❚❤❡ s❤❛r❡ ♦❢ t❤❡ r❡❣✐♦♥❛❧ ❧❛❜♦r ❢♦r❝❡ ✐♥ t♦t❛❧ ♥❛t✐♦♥❛❧ ❧❛❜♦r ❢♦r❝❡ ✐s Lr/L✳ ❚❤✐s
②✐❡❧❞s

✭✸✳✷✶✮ Yr = Br +
1− µ

µ

Lr

L

∑

s

HsQs = nrαrσ

(

Br +
1− µ

µ

1

L

∑

s

nsαsσWs

)

.

◆♦t❡ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ❤♦✉s✐♥❣ ✉♥✐ts ✐♥ ❛ r❡❣✐♦♥ ❡q✉❛❧s t❤❡ ♥✉♠❜❡r ♦❢ ✇♦r❦❡rs
❜② ❛ss✉♠♣t✐♦♥✿Hr = Lr✳ ❚❤❡ ♠♦❞❡❧ ❣✐✈❡s ❛♥ ✐♥t❡r❞❡♣❡♥❞❡♥t s②st❡♠ ♦❢ ♥♦♥✲❧✐♥❡❛r
❡q✉❛t✐♦♥s ❢♦r ❢♦✉r ❝❡♥tr❛❧ ✉♥❦♥♦✇♥ ✈❛r✐❛❜❧❡s ✐♥ ❡❛❝❤ r❡❣✐♦♥✳ ❚❤❡s❡ ✈❛r✐❛❜❧❡s ❛r❡
✐♥❝♦♠❡ Yr✱ t❤❡ ♣r✐❝❡ ✐♥❞❡①✱ Pr✱ t❤❡ ♥✉♠❜❡r ♦❢ ✜r♠s nr ❛♥❞ t❤❡ ✇❛❣❡ ❧❡✈❡❧ Wr✳
■♥ ❡q✉✐❧✐❜r✐✉♠✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s ♠✉st ❤♦❧❞ ❢♦r ❛❧❧ r❡❣✐♦♥s✿

✭✸✳✷✷✮ Pr =

[

∑

s

nsθ(βsWsTs,r)
−(σ−1)

]−1/(σ−1)

,

✭✸✳✷✸✮ Wr =

(

µ

αr (Ir)

)1/σ

σ−1

(

(σ − 1)

βr (Ir)

)(σ−1)/σ
[

∑

s

YsP
σ−1
s T−(σ−1)

r,s

]1/σ

❛♥❞

✭✸✳✷✹✮ Yr = nrαr (Ir)σ

(

Wr +
1− µ

µ

σ

L

∑

s

nsαs (Is)Ws

)

,

✇❤❡r❡ θ :=
(

σ
σ−1

)−(σ−1)

❛♥❞ L ✐s t❤❡ ❛❣❣r❡❣❛t❡ ❧❛❜♦r s✉♣♣❧②✳ ▼♦r❡♦✈❡r✱ r − 1

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

✭✸✳✷✺✮
Wr

P 1−µ
r

(

nrαr (Ir)

Yr

)µ

=
Ws

P 1−µ
s

(

nsαs (Ir)

Ys

)µ

∀ r, s.

❚❤❡ ✜♥❛❧ ❡q✉❛t✐♦♥ ❢♦r ❞❡t❡r♠✐♥✐♥❣ t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ s②st❡♠ ✐s t❤❛t t❤❡ s✉♠ ♦❢
r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ♠✉st ❜❡ ❡q✉❛❧ t♦ t❤❡ ❛❣❣r❡❣❛t❡ ❧❛❜♦r s✉♣♣❧②✿

✭✸✳✷✻✮
∑

r

Lr =
∑

r

nrαr (Ir)σ = L.

✸✳✸✳ ❋r♦♠ t❤❡♦r② t♦ ❡♠♣✐r✐❝s

❚❤❡ str✉❝t✉r❛❧ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠ ♠♦❞❡❧ ❛s ♦✉t❧✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s✉❜s❡❝✲
t✐♦♥ ✐s ❛ ❤✐❣❤❧② ♥♦♥✲❧✐♥❡❛r ✐♥t❡r❞❡♣❡♥❞❡♥t ♠♦❞❡❧✳ ❲❡ ❧✐♠✐t ♦✉r ✐♥t❡r❡st t♦ t❤❡
❛♥❛❧②s✐s ♦❢ ❛ s♣❡❝✐✜❝ ♣❛rt✐❛❧ ❛s♣❡❝t ♦❢ t❤❡ ♠♦❞❡❧✿ t❤❡ ✐♠♣❛❝t ♦❢ ♣✉❜❧✐❝ tr❛♥s♣♦rt
✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥t Ir ♦♥ r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ♦✉t❝♦♠❡s✳ ❆s ❞✐s❝✉ss❡❞
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✐♥ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ❡q✉❛t✐♦♥ ✸✳✶✻✱ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ❛❢✲
❢❡❝ts t❤❡ r❡❣✐♦♥❛❧ ✇❛❣❡ ❧❡✈❡❧ t❤r♦✉❣❤ ❞✐✛❡r❡♥t ❝❤❛♥♥❡❧s✳ ■❢ t❤❡ ❝♦♠♣❡t✐t✐♦♥ ❡✛❡❝t
✐s ♥♦t ❞♦♠✐♥❛♥t✱ ✇❡ ✇♦✉❧❞ ❡①♣❡❝t t❤❡ r❡❣✐♦♥❛❧ ♣r✐❝❡ ❧❡✈❡❧ t♦ ❢❛❧❧ ❛♥❞ t❤❡ ✇❛❣❡
❧❡✈❡❧ t♦ r✐s❡ ✇✐t❤ ❤✐❣❤❡r ❛❝❝❡ss✐❜✐❧✐t② ♦❢ t❤❡ r❡❣✐♦♥✳ ❆❧t❤♦✉❣❤ ✐t ✐s ❝✉s❤✐♦♥❡❞ ❜②
t❤❡ r✐s❡ ♦❢ t❤❡ r❡❣✐♦♥❛❧ ❤♦✉s✐♥❣ ♣r✐❝❡s✱ ❛♥ ❡①♣❡❝t❡❞ r❡s♣♦♥s❡ ✇♦✉❧❞ ❜❡ ❣r♦✇t❤ ♦❢
t❤❡ r❡❣✐♦♥❛❧ ❧❛❜♦r ❢♦r❝❡ t❤r♦✉❣❤ ✐♥t❡r✲r❡❣✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❞ ❛ s✉❜s❡q✉❡♥t r✐s❡ ✐♥
❡♠♣❧♦②♠❡♥t✱ Lr✳ ■❢✱ ❤♦✇❡✈❡r✱ t❤❡ ❝♦♠♣❡t✐t✐♦♥ ❡✛❡❝t ❞♦♠✐♥❛t❡s✱ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t
❛ ❞❡❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ❥♦❜s ✐♥ t❤❡ r❡❣✐♦♥✳ ❆♥ ❛♥❛❧♦❣♦✉s ❛r❣✉♠❡♥t ❝❛♥ ❜❡ ♠❛❞❡
❢♦r t❤❡ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧✱ Br✳
❇❡❝❛✉s❡ t❤❡ r❡s♣♦♥s❡ ♦❢ ❧❛❜♦r ♦✉t❝♦♠❡s t♦ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝✲

t✉r❡ ✐s t❤❡♦r❡t✐❝❛❧❧② ❛♠❜✐❣✉♦✉s✱ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ✐s ♥❡❡❞❡❞✳ ❲❡ t❤❡r❡❢♦r❡ t✉r♥
t♦ t❤❡ ❡♠♣✐r✐❝❛❧ ♣❛rt✳ ❲❡ st❛rt ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ❞❡❝✐s✐♦♥s ♦♥ ✐♥✈❡st♠❡♥ts ✐♥
♣✉❜❧✐❝ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ❛r❡ ♣❛rt❧② ❞✉❡ t♦ ❡①♦❣❡♥♦✉s ❤✐st♦r✐❝❛❧ ♣r♦❝❡ss❡s✳
❋♦r ❡①❛♠♣❧❡✱ t❤❡ r❛✐❧✇❛② ❛♥❞ ❛✉t♦❜❛❤♥ ♥❡t✇♦r❦s ✐♥ t❤❡ ✜rst ❤❛❧❢ ♦❢ t❤❡ ✷✵t❤ ❝❡♥✲
t✉r② ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡❞ ❜② str❛t❡❣✐❝ ♠✐❧✐t❛r② ❝♦♥s✐❞❡r❛t✐♦♥s✳ ❍❡♥❝❡✱ ♦✉r
✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✐s ❜❛s❡❞ ♦♥ ❤✐st♦r✐❝❛❧ ❞❛t❛ ♦♥ r❡❣✐♦♥❛❧ tr❛♥s♣♦rt ♥❡t✇♦r❦s✱
✇❤✐❝❤ ✇❡ ✉s❡ ❛s ✐♥str✉♠❡♥ts✳

✸✳✹✳ ❊♠♣✐r✐❝❛❧ ♠♦❞❡❧

❆s ♦✉t❧✐♥❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✱ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✱ ❛s ♠❡❛s✉r❡❞
❜② ✐♥❞✐❝❛t♦r Vrt ∈ (Lrt, Brt)✱ ✐s ✐♥✢✉❡♥❝❡❞ t❤r♦✉❣❤ ✈❛r✐♦✉s ❝❤❛♥♥❡❧s ❜② ✐♥✈❡st✲
♠❡♥ts ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ Irt✳ ❲❡ ❛✐♠ t♦ ✐❞❡♥t✐❢② ❛ ❝❛✉s❛❧ ❡✛❡❝t ♦❢ tr❛♥s✲
♣♦rt ✐♥❢r❛str✉❝t✉r❡ ♦♥ r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ♦r t❤❡ ✇❛❣❡ ❜✐❧❧✳ ■♥ t❤✐s ✇❛②✱ ♦✉r
❛♥❛❧②s✐s ✐s s✐♠✐❧❛r t♦ t❤❡ ♣✐♦♥❡❡r✐♥❣ st✉❞② ♦❢ ❉✉r❛♥t♦♥ ❛♥❞ ❚✉r♥❡r ✭✷✵✶✷✮ ❢♦r
t❤❡ ❯✳❙✳ ❚❤❡s❡ ❛✉t❤♦rs ✉s❡ ❛ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ✇❤✐❝❤ t❤❡ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ ❧❛❜♦r
♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✱ ∆ lnVr✱ ✐s ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❧❛❣❣❡❞ ❧❡✈❡❧ ♦❢ t❤✐s ✈❛r✐❛❜❧❡✱ t❤❡
❧❛❣❣❡❞ ❧❡✈❡❧ ♦❢ ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ ❝♦♥tr♦❧s✳ ❖✉r r❡s✉❧ts ✇✐t❤ ●❡r♠❛♥ ❞❛t❛ ✐♥❞✐✲
❝❛t❡ t❤❛t ✐t ♠✐❣❤t ❜❡ ♣r❡❢❡r❛❜❧❡ t♦ r❡❧❛t❡ ❝❤❛♥❣❡s ✐♥ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡
t♦ r❡❧❛t✐✈❡ ❝❤❛♥❣❡s ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✱ ✇❤❡r❡ t❤❡ ❧❛tt❡r ✐s ♠❡❛s✉r❡❞ ❛s
t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❡①♣r❡ss ❤✐❣❤✇❛② ✭❛✉t♦❜❛❤♥✮ ♥❡t ✐♥ t❤❡ s♣❡❝✐✜❝ r❡❣✐♦♥✳
❖✉r ❜❛s✐❝ ❡q✉❛t✐♦♥ ❢♦r ❡st✐♠❛t✐♦♥ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✿

✭✸✳✷✼✮ lnVr,t2 − lnVr,t1 = a0 + a1 lnVr,t1 + a2 (ln Ir,t1 − ln Ir,t0) + x
1

r
β1 + ε1r.

❍❡r❡✱ t❤❡ r♦✇ ✈❡❝t♦r x1

r
st❛♥❞s ❢♦r ❛ s❡t ♦❢ ❡①♦❣❡♥♦✉s r❡❣✐♦♥❛❧ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s

✇✐t❤ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛r❛♠❡t❡r ✈❡❝t♦r β1

r
❛♥❞ ε1r ❢♦r ❛ st♦❝❤❛st✐❝ ❞✐st✉r❜❛♥❝❡

✇✐t❤ t❤❡ ✉s✉❛❧ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡q✉❛t✐♦♥ ❢♦r ✐♥❢r❛str✉❝t✉r❡
✐♥✈❡st♠❡♥t ✐s

✭✸✳✷✽✮ ln Ir,t2 − ln Ir,t1 = b0 + b1 ln Ir,t1 + b2 (lnVr,t2 − lnVr,t1) + x
2

r
β2 + ε2r.

❚❤❡ ❧❛❣❣❡❞ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ ✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥t ❛s ❛♥ ❡①♣❧❛♥❛t♦r② ✈❛r✐✲
❛❜❧❡ ✐♥ ❡q✉❛t✐♦♥ ✸✳✷✼ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ♦❢ ❧❛❜♦r ♠❛r❦❡t ♦❢ ❧❛❜♦r ♠❛r❦❡t
♣❡r❢♦r♠❛♥❝❡ ✐♥ ❡q✉❛t✐♦♥ ✸✳✷✽ ♠✉st ❜❡ ❝♦♥s✐❞❡r❡❞ ❡♥❞♦❣❡♥♦✉s✳ ■♥ ❡q✉❛t✐♦♥ ✸✳✷✼✱
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t❤✐s ✐s t❤❡ ❝❛s❡ ❞❡s♣✐t❡ t❤❡ ❛ss✉♠❡❞ t✐♠❡ ❧❛❣ ✐♥ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥t ✈❛r✐✲
❛❜❧❡✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥t ❜❡t✇❡❡♥ t0 ❛♥❞
t1 ♠❛② ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ❡①♣❡❝t❛t✐♦♥s ♦❢ ❢✉t✉r❡ r❡❣✐♦♥❛❧ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t✳
❚❤❡ r❡❞✉❝❡❞ ❢♦r♠ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥t

✐s

✭✸✳✷✾✮ ln Ir,t1 − ln Ir,t0 = c0 + c1 lnVr,t1 + zrγ + x
3

r
β3 + ε3r.

✇❤❡r❡ zr ✐s ❛ ✈❡❝t♦r ♦❢ s✉✐t❛❜❧❡ ✭❡①❝❧✉❞❡❞✮ ✐♥str✉♠❡♥t ✈❛r✐❛❜❧❡s✳
❚❤❡ ♠♦❞❡❧ ♠✉st s❛t✐s❢② t❤❡ r❡❧❡✈❛♥❝❡ ❛♥❞ ❡①♦❣❡♥❡✐t② ❝♦♥❞✐t✐♦♥s✿

γ 6= 0✭✸✳✸✵✮

❝♦✈(zir, ε
3
r) = 0 ∀ i.✭✸✳✸✶✮

❲❡ ✐♥str✉♠❡♥t❡❞ t❤❡ ❧❛❣❣❡❞ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✱ ln Ir,t1−
ln Ir,t0 ✱ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✱ lnVr,t2 − lnVr,t1 ✱
❜② ❤✐st♦r✐❝❛❧ ✈❛r✐❛❜❧❡s✳ ❋♦r ✐♥❢♦r♠❛t✐♦♥ ❢❛r ❜❛❝❦ ✐♥ ❤✐st♦r② ✭❢♦r ❡①❛♠♣❧❡✱ ✇❡ ✉s❡❞
t❤❡ ②❡❛r ✶✾✸✼ ❢♦r t❤❡ ❛✉t♦❜❛❤♥ ✈❛r✐❛❜❧❡ ❛♥❞ t❤❡ ②❡❛r ✶✽✾✵ ❢♦r t❤❡ r❛✐❧✇❛② ✈❛r✐✲
❛❜❧❡✮✱ ✐t s❡❡♠s ✉♥❧✐❦❡❧② t❤❛t t❤❡s❡ ✈❛r✐❛❜❧❡s ❛r❡ ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❡rr♦r t❡r♠
✐♥ ❡q✉❛t✐♦♥s ✸✳✷✼ ❛♥❞ ✸✳✷✽✳ ◆♦t❡ t❤❛t t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ❡q✉❛t✐♦♥ ✸✳✷✽ ❝❛♥ ❜❡
♠♦t✐✈❛t❡❞ t❤r♦✉❣❤ s❛t✉r❛t✐♦♥ ❡✛❡❝ts✳ ■t ❝❛♥ ❜❡ ❡①♣❡❝t❡❞ t❤❛t ✐♥❢r❛str✉❝t✉r❡ ✐♥✲
✈❡st♠❡♥t ✐s ❧♦✇❡r t❤❡ ❤✐❣❤❡r t❤❡ ✐♥✐t✐❛❧ ❧❡✈❡❧ ♦❢ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐s✳ ❍❡♥❝❡✱
t❤❡ ❝♦❡✣❝✐❡♥t b2 s❤♦✉❧❞ ❜❡ ♥❡❣❛t✐✈❡✳

✹✳ ❉❆❚❆ ❆◆❉ ❉❊❙❈❘■P❚■❱❊ ❊❱■❉❊◆❈❊

✹✳✶✳ ❍✐st♦r✐❝❛❧ ❞❛t❛ ♦♥ tr❛♥s♣♦rt ♥❡ts

✹✳✶✳✶✳ ❚❤❡ ✶✽✾✵ ♣❧❛♥ ♦❢ t❤❡ ●❡r♠❛♥ r❛✐❧✇❛② ♥❡t

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ♠❛❦❡ ✉s❡ ♦❢ ❛ ♣❧❛♥ ♦❢ t❤❡ ●❡r♠❛♥ r❛✐❧r♦❛❞ ♥❡t✇♦r❦ ❢r♦♠
✶✽✾✵✳ ❚❤❡ ♣❧❛♥ ✇❛s ❞✐❣✐t✐③❡❞ ✇✐t❤✐♥ ◆❯❚❙ ✶ ❛♥❞ ◆❯❚❙ ✸ ❜♦✉♥❞❛r✐❡s ♦❢ ✷✵✵✽
✭s❡❡ ❋✐❣✉r❡ ✶✮✳ ❚❤❡ ♠❛♣ s❤♦✇s t❤❛t r❛✐❧✇❛② ❧✐♥❡s ✇❡r❡ ♣❧❛♥♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛
❜r♦❛❞ ♠✐①t✉r❡ ♦❢ ❣❡♦❣r❛♣❤✐❝❛❧ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ❢❡❞❡r❛❧✐s♠✱ ❛♥❞ str❛t❡✲
❣✐❝ ❡❝♦♥♦♠✐❝ ❛♥❞ ♠✐❧✐t❛r② ❛s♣❡❝ts✳ ❚❤❡ ♣♦❧②❝❡♥tr✐❝ ❞❡✈❡❧♦♣♠❡♥t ✐s ♦♥❡ ♦❢ t❤❡
❜❛s✐❝ t❡♥❡ts ♦❢ t♦❞❛②✬s ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ r❡❣✐♦♥❛❧ ♣♦❧✐t✐❝s✳ ■♥ ❝♦♥tr❛st t♦ ♦t❤❡r
❝♦✉♥tr✐❡s✱ s✉❝❤ ❛s ❋r❛♥❝❡✱ t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ ❧✐✈✐♥❣ ❝♦♥❞✐t✐♦♥s r❡♣r❡s❡♥ts ❛ ❜❛✲
s✐❝ ♣r✐♥❝✐♣❧❡ ✐♥ t❤❡ ●❡r♠❛♥ ❝♦♥st✐t✉t✐♦♥ ❛♥❞ ❤❛s ❧♦♥❣ ❜❡❡♥ ❛ ❢♦❝✉s ♦❢ ●❡r♠❛♥
❡❝♦♥♦♠✐❝ ♣♦❧✐❝② ✭❆✉❜❡rt ❛♥❞ ❙t❡♣❤❛♥ ✭✷✵✵✵✮✮✳
❚❤❡ ❡①♦❣❡♥❡✐t② ❝❛♥ ❜❡ ♠♦t✐✈❛t❡❞ ❜② s♦♠❡ ❤✐st♦r✐❝❛❧ ❢❛❝ts✳ ■♥ ✶✽✼✵✱ ●❡r♠❛♥②

❝♦♥s✐st❡❞ ♦❢ ❛ ❝♦♥❢❡❞❡r❛t✐♦♥ ♦❢ ✸✾ st❛t❡s✳ ❚❤✉s✱ ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣✱ ❛ ●❡r♠❛♥ ♥❛✲
t✐♦♥❛❧ r❛✐❧r♦❛❞ ♥❡t✇♦r❦ ✭s✉❣❣❡st❡❞ ❜② ❋r✐❡❞r✐❝❤ ▲✐st ✐♥ ✶✽✸✸✮ ❝♦✉❧❞ ♥♦t ❜❡ ❝♦♠♠✉✲
♥✐❝❛t❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❢♦✉♥❞✐♥❣ ♦❢ t❤❡ ●❡r♠❛♥ ❈✉st♦♠s ❯♥✐♦♥ ❡✛❡❝t❡❞ ✐♥❝r❡❛s✐♥❣
tr❛❞❡ ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t st❛t❡s✳ ❚❤❡ ❜❡♥❡✜ts ♦❢ t❤✐s ❞❡✈❡❧♦♣♠❡♥t ✇❡r❡ r❡❝♦❣✲
♥✐③❡❞✱ ❛♥❞ t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ tr❛♥s♣♦rt s②st❡♠ ❜❡❝❛♠❡ ❞❡s✐r❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱
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t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ❜✉✐❧❞✐♥❣ r❛✐❧r♦❛❞ ❧✐♥❡s ✇❛s t♦ ❝♦♥♥❡❝t ❝✐t✐❡s ❛♥❞ ♠❡tr♦♣♦❧✐t❛♥
❛r❡❛s ❛s ❞✐r❡❝t❧② ❛♥❞ ♣r❛❝t✐❝❛❜❧② ❛s ♣♦ss✐❜❧❡ t♦ ❢♦st❡r ✐♥t❡r✲r❡❣✐♦♥❛❧ tr❛❞❡ ✐♥ t❤❡
s❤♦rt t❡r♠✳ ❍♦✇❡✈❡r✱ ♥❡✐t❤❡r ❧❛t❡r ♣♦♣✉❧❛t✐♦♥ ❛♥❞ ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤ ♥♦r t❤❡
✐♥❝♦♠❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♠♦❞❡r♥ ❝✐t✐❡s ✇❡r❡ ✐♥ t❤❡ ❢♦r❡❣r♦✉♥❞ ♦❢ ❡❝♦♥♦♠✐❝ ❛♥❞
✐♥❢r❛str✉❝t✉r❡ ♣♦❧✐t✐❝s✳ ■t ✐s ❡①tr❡♠❡❧② ✉♥❧✐❦❡❧② t❤❛t t❤❡ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t
♦❢ t❤❡ s❡❝♦♥❞ ❤❛❧❢ ♦❢ t❤❡ ✷✵t❤ ❝❡♥t✉r② ✇❛s ❛♥t✐❝✐♣❛t❡❞ ❛t t❤❛t t✐♠❡✳ ❆ ❝♦♠♣❛r✲
✐s♦♥ ✇✐t❤ ▲✐st✬s s✉❣❣❡st✐♦♥s s❤♦✇s t❤❛t ❤✐s ❜❧✉❡♣r✐♥ts ✇❡r❡ ♣❛rt❧② ♠♦❞✐✜❡❞ ❛♥❞
❣r❡❛t❧② ❡①♣❛♥❞❡❞✳ ❚❤❡ ✶✽✾✵ r❛✐❧r♦❛❞ ♥❡t✇♦r❦ ✕ ✷✵ ②❡❛rs ❛❢t❡r t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡
❇✐s♠❛r❝❦✐❛♥ ❡♠♣✐r❡ ✕ ✇❛s ❡①t❡♥❞❡❞ t♦ t❤❡ ❊❛st ❜② ❛♣♣r♦①✐♠❛t❡❧② ✶✺✱✵✵✵ ❦♠✳
❙♦♠❡ ♦❢ t❤❡s❡ tr❛❝❦s ✇❡r❡ ❜✉✐❧t t♦ ♠❡❡t t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ ❡①♣❡❝t❡❞ ❡❝♦♥♦♠✐❝
❣r♦✇t❤ ❛t t❤❛t t✐♠❡✳ ❍♦✇❡✈❡r✱ ❛♥ ❡①♣❧✐❝✐t ✐♥t❡♥t✐♦♥ t♦ ❛❧❧♦✇ ♠♦❞❡r♥ ❝♦♠♠✉t❡r
tr❛✣❝ ❛♥❞ ❣♦♦❞s ❡①❝❤❛♥❣❡ t❤r♦✉❣❤ ❧♦✇ tr❛♥s♣♦rt ❝♦sts s❡❡♠s ✉♥❧✐❦❡❧②✳ ❚❤❡ ✐♥✐✲
t✐❛❧ r❛✐❧✇❛② ❜✉✐❧❞✐♥❣ ❜♦♦♠ ✐♥ ●❡r♠❛♥② ✕ ♠♦st❧② ✐♥✐t✐❛t❡❞ ❜② ♣r✐✈❛t❡ ❝♦♠♣❛♥✐❡s ✕
❛✐♠❡❞ ❢♦r ♣r♦✜ts ✐♥ ❛ ♥♦t t♦♦ ❞✐st❛♥t ❢✉t✉r❡✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ ♣❧❛♥ ♦❢ ♥❡t✇♦r❦
❝♦♥str✉❝t✐♦♥ ❛❧s♦ s❤♦✇s t❤❡ ♣r♦✜t❛❜✐❧✐t② ♦❢ r❛✐❧r♦❛❞s ❛t t❤❛t t✐♠❡✳ ■❢ ❡❝♦♥♦♠✐❝
❞❡✈❡❧♦♣♠❡♥t ♣❤❛s❡s ❛r❡ ♦✈❡rs❤❛❞♦✇❡❞ ❜② ✐rr❛t✐♦♥❛❧ ❛❝ts ♦❢ ✇❛r✱ s✉❝❤ ❛s ✐♥ t❤❡
✇❛rs ♦❢ ✶✽✻✹ ✭●❡r♠❛♥✲❉❛♥✐s❤✮✱ ✶✽✻✻ ✭Pr✉ss✐❛♥✲❆✉str✐❛♥✮ ❛♥❞ ✶✽✼✵✲✼✶ ✭●❡r♠❛♥✲
❋r❡♥❝❤✮✱ ❧♦♥❣✲t❡r♠ ❡❝♦♥♦♠✐❝ ♣❧❛♥s ❞♦ ♥♦t ♠❛❦❡ s❡♥s❡✳ ■t ✐s ❛❧s♦ ❝❧❡❛r t❤❛t t❤❡
♥❡t✇♦r❦ ♦❢ r❛✐❧r♦❛❞s ❤❛❞ ❛ ♠✐❧✐t❛r②✲str❛t❡❣✐❝ t❛s❦✱ ♣❛rt✐❝✉❧❛r❧② ✇✐t❤ r❡s♣❡❝t t♦
t❤❡ ♥❛t✐♦♥❛❧ ❞❡❢❡♥s❡✳ ❆ ♣r♦♠✐♥❡♥t ❡①❛♠♣❧❡ ✐s t❤❡ r❛✐❧r♦❛❞ ❧✐♥❡ ❛r♦✉♥❞ ❇❡r❧✐♥✳ ❚❤❡
r✐♥❣ ✐♥ t❤❡ ❡❛st ✇❛s ❝♦♠♣❧❡t❡❞ ✐♥ ✶✽✼✷✱ ❛♥❞ t❤❡ ♦♥❡ ✐♥ t❤❡ ✇❡st ✇❛s ❝♦♠♣❧❡t❡❞
✐♥ ✶✽✼✼✳

✹✳✶✳✷✳ ❚❤❡ ✶✾✸✼ ♣❧❛♥ ♦❢ t❤❡ ●❡r♠❛♥ ❛✉t♦❜❛❤♥ s②st❡♠

■♥ t❤❡ ✶✾✷✵s✱ ♥♦rt❤✲s♦✉t❤ ❝♦♥♥❡❝t✐♦♥s ✇❡r❡ ♣❧❛♥♥❡❞ ❛♥❞ ❜✉✐❧t✳ ■♥✐t✐❛❧❧②✱ t❤❡
❍❛❧❧❡✲▲❡✐♣③✐❣ ❛♥❞ ❍❛♠❜✉r❣✲❋r❛♥❦❢✉rt✲❇❛s❡❧ s❡❝t✐♦♥s ✇❡r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❛✉t♦✲
❜❛❤♥ ❝♦♥str✉❝t✐♦♥ ♣r♦❣r❛♠s✳ ❚❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ❡①♣r❡ss ❤✐❣❤✇❛② ♥❡t✇♦r❦ ✇❛s
❧❡❣❛❧❧② ❛❞♦♣t❡❞ ✐♥ ✶✾✸✸✳ ❚❤❡ ✶✾✸✼ ❛✉t♦❜❛❤♥ ♥❡t✇♦r❦ ✭s❡❡ ❋✐❣✉r❡ ✷✮ s❤♦✇s ✭✐✮
r♦❛❞s t❤❛t ✇❡r❡ ❛❧r❡❛❞② ❜✉✐❧t ❛♥❞ ✭✐✐✮ s❡❝t✐♦♥s t❤❛t s❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡t❡❞ ✐♥ t❤❡
❢✉t✉r❡ ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣r✐♦r✐t②✳ ❚❤❡ r♦✉t❡ ❧❡♥❣t❤ ❢♦r t❤❡ r❡❛❧✐③❡❞ ❛♥❞ ♣❧❛♥♥❡❞
❛✉t♦❜❛❤♥ ♥❡t✇♦r❦ ❛♠♦✉♥t❡❞ t♦ ♠♦r❡ t❤❛♥ ✸✱✻✵✵ ❦♠ ✐♥ ✶✾✸✼✳ ❚❤❡ ✶✾✸✼ ♣❧❛♥ ❤❛❞
❛♥ ❡♠✐♥❡♥t ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❝✉rr❡♥t ♥❡t✇♦r❦ ♦❢ ♠♦t♦r✇❛②s✳ ❍♦✇❡✈❡r✱ ✐t s❡❡♠s
r❛t❤❡r ✉♥❧✐❦❡❧② t❤❛t t❤❡ ♣❧❛♥♥❡❞ ♥❡t✇♦r❦ ❝♦♥❝❡♣ts ♦❢ t❤❛t t✐♠❡ ❛♥t✐❝✐♣❛t❡❞ t❤❡
❢✉t✉r❡ r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ❞❡✈❡❧♦♣♠❡♥t✱ ❝♦♠♠✉t✐♥❣ ❛♥❞ ❣♦♦❞s ❡①❝❤❛♥❣❡ ♦❢
t❤❡ ♣♦st✲✇❛r ❡❝♦♥♦♠②✳ ❈♦♥t❡♠♣♦r❛♥❡♦✉s ❡❝♦♥♦♠✐❝ ❛❝t✐✈✐t② ❛s ✇❡❧❧ ❛s str❛t❡❣✐❝
♠✐❧✐t❛r② ❝♦♥s✐❞❡r❛t✐♦♥s ❝❧❡❛r❧② st♦♦❞ ✐♥ t❤❡ ❢♦r❡❣r♦✉♥❞✳ ❚❤❡ ❧❛tt❡r ✐s ❝♦♥✜r♠❡❞
❜② t❤❡ s♦✲❝❛❧❧❡❞ ✏❇r♦✇♥ ▼❡♠♦r❛♥❞✉♠✑ ✭s✉❜♠✐tt❡❞ ❜② ■♥s♣❡❝t♦r ●❡♥❡r❛❧ ♦❢ ❘♦❛❞
❈♦♥str✉❝t✐♦♥s✱ ❋r✐t③ ❚♦❞t✮ ✭s❡❡ ❑♦r♥r✉♠♣❢ ✭✶✾✾✵✮✮✳ ❚❤❡ ♠✐❧✐t❛r②✲str❛t❡❣✐❝ ✐♠✲
♣♦rt❛♥❝❡ ♦❢ t❤❡ ❛✉t♦❜❛❤♥ ♥❡t✇♦r❦ ✐s ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ ❢❛❝t t❤❛t ✐t ✇❛s ❡①✲
♣❧✐❝✐t❧② ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❋♦✉r✲❨❡❛r P❧❛♥ ❢r♦♠ ❢❛❧❧ ✶✾✸✻✳



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✶✸

❋✐❣✉r❡ ✶✳✖ ❉✐❣✐t✐③❡❞ r❛✐❧r♦❛❞ ♥❡t✇♦r❦ ❢r♦♠ ✶✽✾✵ ✇✐t❤✐♥ ◆❯❚❙ ✶ ❛♥❞ ◆❯❚❙ ✸
❜♦✉♥❞❛r✐❡s ♦❢ ✷✵✵✽

◆♦t❡s✿ ❙♦✉r❝❡ ❢♦r t❤❡ ♦r✐❣✐♥❛❧✿ ●❡♦❣r✳ ❧✐t❤✳ ■♥st✳ ✉✳ ❙t❡✐♥❞r✳ ✈✳ ❲✳ ●r❡✈❡✱
❑❣❧✳ ❍♦✢✐t❤✱ ✶✸✳ ✶✽✾✵✴✶✱ ❉❡✉ts❝❤❡ ❇❛❤♥ ▼✉s❡✉♠✳ ❚❤❡ t♦t❛❧ ❧❡♥❣t❤ ♦❢ t❤❡
❞✐❣✐t✐③❡❞ ♥❡t ✐s ✷✽✱✺✸✻ ❦♠✳

❋✐❣✉r❡ ✷✳✖ ❉✐❣✐t✐③❡❞ ❛✉t♦❜❛❤♥ ♥❡t✇♦r❦ ❢r♦♠ ✶✾✸✼ ✇✐t❤✐♥ ◆❯❚❙ ✸ ❜♦✉♥❞✲
❛r✐❡s ♦❢ ✷✵✵✽✳

◆♦t❡s✿ ❙♦✉r❝❡ ❢♦r t❤❡ ♦r✐❣✐♥❛❧✿ ❘❡✐❝❤s❛♠t ❢ür ▲❛♥❞❡s❛✉❢♥❛❤♠❡✱ ✶✾✸✼✳



✶✹ ❏❖❆❈❍■▼ ▼Ö▲▲❊❘ ❆◆❉ ▼❆❘❈❯❙ ❩■❊❘❊❘

✹✳✷✳ ❉❛t❛ ❛♥❞ ❞❡s❝r✐♣t✐✈❡ ❡✈✐❞❡♥❝❡

❚♦ ♦❜t❛✐♥ ❛ ❝♦♥s✐st❡♥t ❞❛t❛ s❡t✱ ✇❡ ❛❞❥✉st❡❞ s♦❝✐♦✲❞❡♠♦❣r❛♣❤✐❝✱ ❡❝♦♥♦♠✐❝ ❛♥❞
✐♥❢r❛str✉❝t✉r❡ ❞❛t❛ ✐♥ ❛ ❛❞❡q✉❛t❡ ♠❛♥♥❡r t♦ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ t❡rr✐t♦r✐❛❧ ✉♥✐ts
❛t t❤❡ ◆❯❚❙ ✸ ❧❡✈❡❧ ♦❢ ✷✵✵✽✳ ❍✐st♦r✐❝❛❧ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡s ✇❡r❡ ♦❜t❛✐♥❡❞
❢r♦♠ ❤✐st♦r✐❝❛❧ ♠❛♣s✳ ❚❤❡s❡ ♠❛♣s ✇❡r❡ ❞✐❣✐t✐③❡❞ ❛♥❞ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❛ ❣r❛♣❤✐❝❛❧
r❡♣r❡s❡♥t❛t✐♦♥✳ ❲✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❛ ❣❡♦✲✐♥❢♦r♠❛t✐♦♥ s②st❡♠✱ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦✉❧❞
❜❡ ♠❛♣♣❡❞ t♦ t❤❡ ♠♦❞❡r♥ ❛❞♠✐♥✐str❛t✐✈❡ ✉♥✐ts✳

❋♦r t❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡s✱ ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤ ❛♥❞ t❤❡ ❣r♦✇t❤ ♦❢ t❤❡ t♦t❛❧
r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ❜❡t✇❡❡♥ ✶✾✾✹ ❛♥❞ ✷✵✵✽ ✇❡r❡ ❝❤♦s❡♥✳ ❲❡ t♦♦❦ ✶✾✾✹ ❛s t❤❡
st❛rt✐♥❣ ♣♦✐♥t ♦❢ t❤❡ ❛♥❛❧②s✐s ❜❡❝❛✉s❡ t❤❡ ✜rst ②❡❛rs ❛❢t❡r r❡✲✉♥✐✜❝❛t✐♦♥ ✇❡r❡
❝❤❛r❛❝t❡r✐③❡❞ ❜② ❡①tr❛♦r❞✐♥❛r② ❞❡✈❡❧♦♣♠❡♥ts t❤❛t ❛✛❡❝t❡❞ ♣♦♣✉❧❛t✐♦♥ ❛♥❞ ❡♠✲
♣❧♦②♠❡♥t✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❧❛r❣❡ ♠✐❣r❛t✐♦♥ ♣r♦❝❡ss❡s ✐♥ t❤❡ ✐♥✐t✐❛❧ ♣❡r✐♦❞ ❛❢t❡r
r❡✲✉♥✐✜❝❛t✐♦♥ ♠✐❣❤t ❤❛✈❡ ❜✐❛s❡❞ t❤❡ r❡s✉❧ts✳ ❋♦r t❤❡ s❛♠❡ r❡❛s♦♥✱ ✇❡ ❞❡❝✐❞❡❞ t♦
♦♥❧② ❝♦♥s✐❞❡r t❤❡ t✐♠❡ ♣❡r✐♦❞ ❜❡❢♦r❡ t❤❡ ●r❡❛t ❘❡❝❡ss✐♦♥✱ ✇❤✐❝❤ ❤✐t t❤❡ ●❡r♠❛♥
❧❛❜♦r ♠❛r❦❡t ✐♥ ✷✵✵✾✳

❆s ❢✉rt❤❡r ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ ✇❡ ✉s❡❞ ❤✐st♦r✐❝❛❧ ♣♦♣✉❧❛t✐♦♥ ❞❛t❛ ❢♦r t❤❡ ②❡❛rs
✶✾✸✾✱ ✶✾✺✵✱ ✶✾✻✶ ❛♥❞ ✶✾✼✵✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ s❦✐❧❧ ❧❡✈❡❧ ♦❢ t❤❡ ✇♦r❦ ❢♦r❝❡ ♠✐❣❤t
♣❧❛② ❛ r♦❧❡ ✐♥ r❡❣✐♦♥❛❧ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t✳ ❲❡ t❤❡r❡❢♦r❡ ✐♥❝❧✉❞❡❞ t❤❡ ✶✾✾✹
s❤❛r❡ ♦❢ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ ❤✐❣❤❧② s❦✐❧❧❡❞ ✇♦r❦❡rs ❣❡♥❡r❛t❡❞ ❢r♦♠ ❞❛t❛ ♦❢ t❤❡
■♥st✐t✉t❡ ❢♦r ❊♠♣❧♦②♠❡♥t ❘❡s❡❛r❝❤ ✭■❆❇✮✳ ▼♦r❡♦✈❡r✱ ✇❡ ❝♦♥str✉❝t❡❞ s❡✈❡♥ ✭✵✱✶✮
❞✉♠♠② ✈❛r✐❛❜❧❡s ❛s ❝♦♥tr♦❧s ❢♦r ✭s❧✐❣❤t❧② ❛❣❣r❡❣❛t❡❞✮ ❢❡❞❡r❛❧ st❛t❡s ✭❧❛❡♥❞❡r✮
❛♥❞ ❡✐❣❤t ✭✵✱✶✮ ❞✉♠♠② ✈❛r✐❛❜❧❡s ❢♦r t②♣❡s ♦❢ r❡❣✐♦♥s r❛♥❣✐♥❣ ❢r♦♠ ♠❡tr♦♣♦❧✐t❛♥
❝♦r❡ ❝✐t✐❡s t♦ r✉r❛❧ ❛r❡❛s ✐♥ t❤❡ ♣❡r✐♣❤❡r②✳✸

❚❛❜❧❡ ■ ♣r❡s❡♥ts s♦♠❡ ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❢♦r ❲❡st ●❡r♠❛♥ ◆❯❚❙ ✸ r❡✲
❣✐♦♥s✳ ❚❤❡ ❛✈❡r❛❣❡ ❧❡♥❣t❤ ❛♥❞ ❞❡♥s✐t② ♦❢ t❤❡ ❛✉t♦❜❛❤♥ ♥❡t ✐♥ t❤❡ r❡❣✐♦♥s r♦✉❣❤❧②
q✉❛❞r✉♣❧❡❞ ❢r♦♠ ✶✾✸✼ t♦ ✷✵✵✽✱ ✇✐t❤ t❤❡ ♠❛❥♦r ❝❤❛♥❣❡ ♦❝❝✉rr✐♥❣ ❜❡❢♦r❡ ✶✾✾✹✳ ■♥
✶✾✸✼✱ ✶✷✷ ✭✸✼ ♣❡r❝❡♥t✮ ♦❢ r❡❣✐♦♥s ❛t t❤❡ ◆❯❚❙ ✸ ❧❡✈❡❧ ❤❛❞ ❛♥ ❛✉t♦❜❛❤♥ ✇✐t❤✐♥
t❤❡✐r ❛r❡❛✳ ❚❤✐s ♥✉♠❜❡r ✐♥❝r❡❛s❡❞ t♦ ✷✾✶✱ ♦r ❛❧♠♦st ✾✵ ♣❡r❝❡♥t✱ ✐♥ ✷✵✵✽✳ ❍♦✇❡✈❡r✱
t❤❡r❡ ✇❡r❡ st✐❧❧ ✸✺ r❡❣✐♦♥s ✇✐t❤♦✉t ❛♥ ❛✉t♦❜❛❤♥ r✉♥♥✐♥❣ t❤r♦✉❣❤ t❤❡✐r ❛r❡❛ ❛t
t❤❡ ❡♥❞ ♦❢ ♦✉r ♦❜s❡r✈❛t✐♦♥ ♣❡r✐♦❞✳ ❚❤❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❤✐❣❤❡st ❞❡♥s✐t② ✭❍♦❢✮ ❤❛s
❛❧♠♦st ✶✳✸ ❦♠ ♦❢ ❛✉t♦❜❛❤♥ ❧❡♥❣t❤ ♣❡r sq✉❛r❡ ❦✐❧♦♠❡t❡r ♦❢ ✐ts ❛r❡❛✳

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ■ ❛❜♦✉t ❤❡r❡ ✯✯✯

✺✳ ❊❙❚■▼❆❚■❖◆ ❘❊❙❯▲❚❙

✺✳✶✳ ❙♣❡❝✐✜❝❛t✐♦♥ s❡❛r❝❤ ❛♥❞ ❖▲❙ r❡s✉❧ts

❇❡❝❛✉s❡ ♦✉r ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡✱ ❛✉t♦❜❛❤♥ ✐♥ ❦✐❧♦♠❡t❡rs✭It✮✱ ✐s ❡q✉❛❧ t♦ ③❡r♦
❢♦r ❛ ♥✉♠❜❡r ♦❢ r❡❣✐♦♥s✱ ✇❡ ✉s❡ t✇♦ ❛❧t❡r♥❛t✐✈❡ ✇❛②s ♦❢ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ r❡❧❛t✐✈❡
❝❤❛♥❣❡✳ ❇♦t❤ ♠❡t❤♦❞s ♦❢ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❣r♦✇t❤ r❛t❡ ❧❡❞ t♦ s✐♠✐❧❛r r❡s✉❧ts✳

✸❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s t❛❦❡♥ ❢r♦♠ t❤❡ ❇✉♥❞❡s❛♠t ❢ür ❇❛✉✇❡s❡♥✱ ❙tä❞t❡❜❛✉ ✉♥❞ ❘❛✉♠♦r❞♥✉♥❣

✐♥ ❇♦♥♥✳



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✶✺

❚❤❡ ✜rst ✇❛② ♦❢ ❤❛♥❞❧✐♥❣ t❤❡ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s✳ ❲❡ r✉♥ ❛
r❡❣r❡ss✐♦♥ ♦❢ ln It−1 ♦♥ It ❢♦r ❛❧❧ ❝❛s❡s ✇❤❡r❡ It−1 ❛♥❞ It ❛r❡ str✐❝t❧② ♣♦s✐t✐✈❡✳
❚❤❡♥✱ t❤❡ ♥♦♥✲❞❡✜♥❡❞ ✈❛❧✉❡s ✭ln 0✮ ✐♥ ♣❡r✐♦❞ t−1 ❛r❡ r❡♣❧❛❝❡❞ ❜② t❤❡ ✜tt❡❞ ✈❛❧✉❡
♦❢ t❤❡ r❡❣r❡ss✐♦♥✳ ■♥ ❛♥ ❛♥❛❧♦❣♦✉s ✇❛②✱ ❛ r❡❣r❡ss✐♦♥ ✇❛s r✉♥ ❢♦r t❤❡ ♣❡r✐♦❞s t ❛♥❞
t+ 1 t♦ r❡♣❧❛❝❡ t❤❡ ♥♦♥✲❞❡✜♥❡❞ ✈❛❧✉❡s ✐♥ ♣❡r✐♦❞ t✳
❚❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ r❡❧✐❡s ♦♥ ❛ ♠♦❞✐✜❡❞ ❣r♦✇t❤ r❛t❡✿

✭✺✳✶✮

%∆t−1,tIr =

{

(Irt − Ir,t−1)/0.5(Irt + Ir,t−1)
0

}

✐❢ Irt+Ir,t−1

{

> 0
= 0

}

.

❇❡❝❛✉s❡ t❤✐s ♠❡t❤♦❞ ❝r❡❛t❡s ❛♥ ❛rt✐✜❝✐❛❧ ♠❛ss ♣♦✐♥t ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ❛t Ît = 2✱
✇❡ ✐♥tr♦❞✉❝❡❞ ❛ ✭✵✱✶✮ ❞✉♠♠② ✈❛r✐❛❜❧❡ ✐♥ t❤❡ ✜rst✲st❛❣❡ r❡❣r❡ss✐♦♥ t♦ ❝❛♣t✉r❡ t❤❡
s♣❡❝✐✜❝ s✐t✉❛t✐♦♥ ♦❢ r❡❣✐♦♥s t❤❛t ✐♥ ✶✾✸✼ ♦r ✶✾✾✹✱ r❡s♣❡❝t✐✈❡❧②✱ ❤❛❞ ♥♦ ❛✉t♦❜❛❤♥
✇✐t❤✐♥ t❤❡✐r ❛r❡❛✳ ■♥ ❛ ✈❛r✐❛♥t ♦❢ ♦✉r ❡st✐♠❛t✐♦♥ ❛♣♣r♦❛❝❤✱ ♦♥❧② t❤❡ ✜rst ❞✉♠♠②
✇❛s ✉s❡❞✳
❲❡ ✉s❡❞ t❤❡ ❖▲❙ ♠❡t❤♦❞ t♦ t❡st ❢♦r ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❜❛s✐❝ ❡q✉❛✲

t✐♦♥ r❡❧❛t✐♥❣ t❤❡ ❝❤❛♥❣❡ ✐♥ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡ t♦ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐✲
❛❜❧❡ ❛♥❞ ♦t❤❡r ❝♦♥tr♦❧s✳ ❲✐t❤♦✉t ♣r❡s❡♥t✐♥❣ t❤❡ t❡st r❡s✉❧ts ✐♥ ❞❡t❛✐❧✱ t❤❡ ✜♥❞✐♥❣s
❝❛♥ ❜❡ s✉♠♠❛r✐③❡❞ ❛s ❢♦❧❧♦✇s✿

❼ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡s ❛r❡ st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t✱ ❜✉t ♦♥❧② ✇❤❡♥
✐♥tr♦❞✉❝❡❞ ✇✐t❤ ❛ t✐♠❡ ❧❛❣❀

❼ t❤❡ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡s ❛❞❞ ✉♣
t♦ ③❡r♦ ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞❀ ❤❡♥❝❡✱ ❛ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❝❤❛♥❣❡s r❛t❤❡r t❤❛♥ ✐♥
❧❡✈❡❧s ✐s ♣r❡❢❡rr❡❞❀

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

❼ ❞✉♠♠✐❡s ❢♦r t❤❡ r❡❣✐♦♥ t②♣❡ ❛♥❞ t❤❡ ❢❡❞❡r❛❧ st❛t❡s ❛r❡ ❥♦✐♥t❧② s✐❣♥✐✜❝❛♥t❀
❼ t❤❡ ✭❧♦❣ ♦❢✮ t❤❡ r❡❣✐♦♥✬s ❛r❡❛ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥ ♠♦st s♣❡❝✐✜❝❛✲
t✐♦♥s❀

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

❲❡ ✜rst ♣r❡s❡♥t ❖▲❙ r❡s✉❧ts ❢♦r ❛ r❡❣r❡ss✐♦♥ ♦❢ ❣r♦✇t❤ ♦❢ r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t
♦♥ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ s❛♠❡ s♣❡❝✐✜❝❛t✐♦♥ ❛s ✐♥ ❉✉r❛♥t♦♥ ❛♥❞ ❚✉r♥❡r
✭✷✵✶✷✮ ❛♥❞ ❝♦♠♣❛r❡ t❤❡♠ ✇✐t❤ ♦✉r ♦✇♥ s♣❡❝✐✜❝❛t✐♦♥✳
❚❛❜❧❡ ■■ ♣r❡s❡♥ts t❤❡ ♦✉t❝♦♠❡ ♦❢ ❖▲❙ ❡st✐♠❛t✐♦♥s ♦❢ ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤✳ ❚❤❡

❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧ ♦❢ ❉✉r❛♥t♦♥ ❛♥❞ ❚✉r♥❡r ✭✷✵✶✷✮ ✭❙♣❡❝✐✜❝❛t✐♦♥ ❆✮
❛♥❞ t❤❡ t✇♦ ✈❛r✐❛♥ts ♦❢ ♦✉r ♠♦❞❡❧ ✭❙♣❡❝✐✜❝❛t✐♦♥ ❇ ❢♦r ✐♥❢r❛str✉❝t✉r❡ ♠❡❛s✉r❡❞
✐♥ ❧♦❣ ❞✐✛❡r❡♥❝❡s ❛♥❞ ❙♣❡❝✐✜❝❛t✐♦♥ ❈ ❢♦r ✐♥❢r❛str✉❝t✉r❡ ♠❡❛s✉r❡❞ ✐♥ ♠♦❞✐✜❡❞
❣r♦✇t❤ r❛t❡s✮ s❤♦✇ q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r r❡s✉❧ts✳ ❚❤❡ ❛❞❥✉st❡❞ ❝♦❡✣❝✐❡♥t ♦❢ ❞❡✲
t❡r♠✐♥❛t✐♦♥ ✐♥❝r❡❛s❡s ♠❛r❦❡❞❧② ✇❤❡♥ ♠♦r❡ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛r❡ ✐♥❝❧✉❞❡❞✳ ❆t t❤❡
s❛♠❡ t✐♠❡✱ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❝♦r❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s t❡♥❞ t♦



✶✻ ❏❖❆❈❍■▼ ▼Ö▲▲❊❘ ❆◆❉ ▼❆❘❈❯❙ ❩■❊❘❊❘

❞❡❝r❡❛s❡✳ ◆♦t❡ t❤❛t t❤❡ ❝♦❡✣❝✐❡♥ts ❛r❡ r❡❧❛t✐✈❡❧② s✐♠✐❧❛r ❛♥❞ st❛t✐st✐❝❛❧❧② ❤✐❣❤❧②
s✐❣♥✐✜❝❛♥t ✐♥ ❛❧❧ s♣❡❝✐✜❝❛t✐♦♥s✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✐♥✐t✐❛❧ ❡♠♣❧♦②♠❡♥t ❧❡✈❡❧
s❤♦✇s t❤❡ ❡①♣❡❝t❡❞ ♥❡❣❛t✐✈❡ s✐❣♥ ❛♥❞ ✐s ❛❧✇❛②s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳ ❚❤❡ ❡st✐✲
♠❛t❡❞ ❝♦❡✣❝✐❡♥t ❢♦r t❤❡ ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜✲
❝❛♥t❧② ♣♦s✐t✐✈❡ ❛♥❞ ❧✐❡s ✐♥ t❤❡ r❛♥❣❡ ❜❡t✇❡❡♥ 0.3 ❛♥❞ 0.5✳

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ■■ ❛❜♦✉t ❤❡r❡ ✯✯✯

❚❤❡ r❡s✉❧ts ❢♦r t❤❡ ✐♥❢r❛str✉❝t✉r❡ ❡q✉❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ■■■✳ ❚❤❡ ❡s✲
t✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡ ♦♥ t❤❡ r✐❣❤t✲❤❛♥❞ s✐❞❡ ♦❢ t❤❡
❡q✉❛t✐♦♥ ✐s ❛❧✇❛②s ♥❡❣❛t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ❧❡❛st ❛t t❤❡ ✺✪ ❧❡✈❡❧
✕❡①❝❡♣t ❢♦r ♠♦❞❡❧ ✻ ✐♥ s♣❡❝✐✜❝❛t✐♦♥ ❈✱ ✇❤❡r❡ ✐t ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡
✶✵✪ ❧❡✈❡❧ ♦♥❧②✳ ❇② ❝♦♥tr❛st✱ ♥❡✐t❤❡r ✐♥ ❧❡✈❡❧s ♥♦r ✐♥ ❣r♦✇t❤ r❛t❡s ✐s t❤❡ ❡st✐✲
♠❛t❡❞ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❡♠♣❧♦②♠❡♥t ✈❛r✐❛❜❧❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺✪
❧❡✈❡❧✳ ❆s ✐♥ t❤❡ ❡♠♣❧♦②♠❡♥t ❡q✉❛t✐♦♥✱ t❤❡ ❛❞❥✉st❡❞ ❝♦❡✣❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥
✐s ✐♥❝r❡❛s✐♥❣ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥tr♦❧s✳ ❚❤❡ ❣♦♦❞♥❡ss ♦❢ ✜t ✐s ♠❛r❦❡❞❧② ❧♦✇❡r✳
❖✈❡r❛❧❧✱ t❤❡ ❖▲❙ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡ ❤❛s s♦♠❡

✐♥✢✉❡♥❝❡ ♦♥ ❡♠♣❧♦②♠❡♥t✱ ✇❤❡r❡❛s t❤❡ ✐♥✢✉❡♥❝❡ ♦♥ ❧❛❣❣❡❞ ❡♠♣❧♦②♠❡♥t ♦♥ ✐♥✲
✈❡st♠❡♥t ✐♥ t❤❡ ❛✉t♦❜❛❤♥ ✐♥❢r❛str✉❝t✉r❡✱ ✐❢ ❛♥②t❤✐♥❣✱ ✐s ✇❡❛❦✳ ❍♦✇❡✈❡r✱ t❤❡ r❡✲
s✉❧ts s♦ ❢❛r ♠✐❣❤t ❜❡ ❜✐❛s❡❞ ❜② t❤❡ ❡♥❞♦❣❡♥❡✐t② ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡
✐♥ t❤❡ ❡♠♣❧♦②♠❡♥t ❡q✉❛t✐♦♥ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❲❡ t❤❡r❡❢♦r❡ ❝♦♥s✐❞❡r ✐♥str✉♠❡♥t❛❧
✈❛r✐❛❜❧❡ ♠❡t❤♦❞s ✐♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✳

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ■■■ ❛❜♦✉t ❤❡r❡ ✯✯✯

✺✳✷✳ ■♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡ ❡st✐♠❛t❡s

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ♦♥❧② ❝♦♥s✐❞❡r t❤❡ ♠♦st ❝♦♠♣r❡❤❡♥s✐✈❡ ♠♦❞❡❧s✱ ✐✳❡✳✱ t❤❡
♠♦❞❡❧s ❝♦♥t❛✐♥✐♥❣ t❤❡ ❢✉❧❧ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✳ ❚❛❜❧❡ ■❱ ❝♦♥t❛✐♥s t❤❡ r❡s✉❧ts ♦❢
t❤❡ ✜rst✲st❛❣❡ r❡❣r❡ss✐♦♥s ✇❤❡r❡ t❤❡ ❡♥❞♦❣❡♥♦✉s r❡❣✐♦♥❛❧ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡
✈❛r✐❛❜❧❡ ✇❛s r❡❣r❡ss❡❞ ♦♥ t❤❡ ✭t❤❡ ♥❛t✉r❛❧ ❧♦❣❛r✐t❤♠ ♦❢✮ ✐♥✐t✐❛❧ ✈❛❧✉❡ ♦❢ ❛✉t♦❜❛❤♥
❛♥❞ ❢❡❞❡r❛❧ r♦❛❞s ✭❘❡✐❝❤sstr❛ÿ❡♥✮ ❦✐❧♦♠❡t❡rs ✐♥ ✶✾✸✼ ❛s ✇❡❧❧ ❛s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡
r❛✐❧✇❛② s②st❡♠ ✐♥ ✶✽✾✵✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❝♦♠♣r❡❤❡♥s✐✈❡ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s
✇❛s ✐♥❝❧✉❞❡❞ ❛s ✇❡❧❧ ❛s ❛ ✭✵✱✶✮ ❞✉♠♠② ✈❛r✐❛❜❧❡ t♦ ❝❛♣t✉r❡ t❤❡ s✐t✉❛t✐♦♥ ✐♥ ✇❤✐❝❤
t❤❡ r❡❣✐♦♥ ❤❛❞ ♥♦ ❛✉t♦❜❛❤♥ ❝♦♥♥❡❝t✐♦♥ ✐♥ ✶✾✸✼ ♦r ✐♥ ✶✾✾✹✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
❧❛tt❡r ✈❛r✐❛❜❧❡s ✇❡r❡ ❛❧s♦ t❡st❡❞ ✐♥ t❤❡ str✉❝t✉r❛❧ ❡q✉❛t✐♦♥ ❜✉t ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡
✐♥s✐❣♥✐✜❝❛♥t✳
❲❡ s❡❡ ❢r♦♠ ❚❛❜❧❡ ■❱ t❤❛t ❛✉t♦❜❛❤♥ ❧❡♥❣t❤ ✐♥ ✶✾✸✼ ✐s s✐❣♥✐✜❝❛♥t❧② ♣♦s✐t✐✈❡ ✐♥

t❤❡ ❉✉r❛♥t♦♥✱ ❚✉r♥❡r s♣❡❝✐✜❝❛t✐♦♥ ✭❝♦❧✉♠♥s ✶ ❛♥❞ ✷✮ ❜✉t s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡ ✐♥
t❤❡ t✇♦ ❛❧t❡r♥❛t✐✈❡ s♣❡❝✐✜❝❛t✐♦♥s✳ ❲❡ ✐♥t❡r♣r❡t t❤❡ ❧❛tt❡r ❛s ❛ s❛t✉r❛t✐♦♥ ❡✛❡❝t✳
❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❤✐st♦r✐❝❛❧ r❛✐❧✇❛② ♥❡t ✈❛r✐❛❜❧❡ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t
♣♦s✐t✐✈❡ ❛t t❤❡ ✺✪ ❧❡✈❡❧ ❡①❝❡♣t ❢♦r t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❝♦❧✉♠♥ ✺✳ ❚❤❡ ❛❞❥✉st❡❞
R2 ❡①❝❡❡❞s ✵✳✼ ✐♥ t❤❡ ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ✈❛r✐❛♥ts✱ ✐✳❡✳✱ ✐♥ ❝♦❧✉♠♥s ✭✷✮✱ ✭✹✮ ❛♥❞
✭✻✮✳



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✶✼

❲❤❡♥ ❝♦♥s✐❞❡r✐♥❣ t❤❡ t❡st st❛t✐st✐❝s ✐♥ t❤❡ ❧♦✇❡r ♣❛♥❡❧ ♦❢ ❚❛❜❧❡ ❱✱ ✐t ❛♣♣❡❛rs
t❤❛t t❤❡ ✈❛r✐❛♥ts ✇✐t❤ t❤❡ ❡①t❡♥❞❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts ✭■♥str✳✷✮ ❛r❡ ❝❧❡❛r❧② ♣r❡❢❡r✲
❛❜❧❡✳ ❆❧t❤♦✉❣❤ t❤❡ ❆♥❣r✐st✲P✐s❝❤❦❡ ❛♥❞ t❤❡ ❈r❛❣❣✲❉♦♥❛❧❞ t❡st st❛t✐st✐❝s s✉♣♣♦rt
t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ t❤❡ ✐♥str✉♠❡♥ts ✐♥ ❛❧❧ ❝❛s❡s✱ t❤❡ ♥✉❧❧ ✐♥ t❤❡ r♦❜✉st ✇❡❛❦ ✐❞❡♥✲
t✐✜❝❛t✐♦♥ t❡sts ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ✐♥ ❛❧❧ s♣❡❝✐✜❝❛t✐♦♥s ✉s✐♥❣ t❤❡ r❡str✐❝t❡❞ s❡t
♦❢ ✐♥str✉♠❡♥ts ✭■♥str✳✶✮✳ ▼♦r❡♦✈❡r✱ s♣❡❝✐✜❝❛t✐♦♥ ❆ ❛♣♣❡❛rs t♦ ❜❡ ♣r♦❜❧❡♠❛t✐❝ ✐♥
❜♦t❤ ✈❛r✐❛♥ts✳ ■❞❡♥t✐✜❝❛t✐♦♥ ✐s ✇❡❛❦ ✇❤❡♥ ✉s✐♥❣ t❤❡ r❡str✐❝t❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts✱
✇❤❡r❡❛s ✐♥ t❤❡ ❡st✐♠❛t❡s ✉s✐♥❣ t❤❡ ❡①t❡♥❞❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts✱ t❤❡ ❍❛♥s♦♥ t❡st
r❡❥❡❝ts t❤❡ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ ✐♥str✉♠❡♥ts ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ r❡s✐❞✉❛❧s✳
❍❡♥❝❡✱ ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t s♣❡❝✐✜❝❛t✐♦♥s ❇ ❛♥❞ ❈ ❛r❡ ♠♦r❡ s✉✐t❛❜❧❡✳
❲✐t❤ r❡❣❛r❞ t♦ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts✱ ♦♥❡ ❝❛♥ ♦❜s❡r✈❡ t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t ♦❢

t❤❡ ❛✉t♦❜❛❤♥ ✈❛r✐❛❜❧❡ ✐s ❤✐❣❤❡r ✇❤❡♥ t❤❡ ❡①t❡♥❞❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts ✐s ✉s❡❞✳ ■♥
t❤❡ ♣r❡❢❡rr❡❞ ✈❛r✐❛♥t✱ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ✐s r♦✉❣❤❧② ✷ ✐♥ s♣❡❝✐✜❝❛t✐♦♥ ❇ ❛♥❞
r♦✉❣❤❧② ✸ ✐♥ s♣❡❝✐✜❝❛t✐♦♥ ❈✳ ❇♦t❤ ❡st✐♠❛t❡s ❛r❡ st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t✳
❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❧❛❣❣❡❞ ❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡ ✐s ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t❧② ♥❡❣❛t✐✈❡✱
✇❤❡r❡❛s t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❧❛❣❣❡❞ ❣r♦✇t❤ r❛t❡ ♦❢ ❡♠♣❧♦②♠❡♥t ✐s ♣♦s✐t✐✈❡✱
✐♥❞✐❝❛t✐♥❣ s♦♠❡ s❧✉❣❣✐s❤♥❡ss ✐♥ t❤❡ ♣r♦❝❡ss ♦❢ ❛❞❥✉st✐♥❣ r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t✳
❚❤❡ ❤✉♠❛♥ ❝❛♣✐t❛❧ ✈❛r✐❛❜❧❡s ❛r❡ ❛❧s♦ ❤✐❣❤❧② st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛♥❞ ❛❧❧ ❝❛rr②
❛ ♣♦s✐t✐✈❡ s✐❣♥✳ ❍❡♥❝❡✱ r❡❣✐♦♥s ✇✐t❤ ♠♦r❡ ❤✉♠❛♥ ❝❛♣✐t❛❧ ♣❡r ❡♠♣❧♦②❡❡ ✐♥ t❤❡
✐♥✐t✐❛❧ ♣❡r✐♦❞ ❤❛❞ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡ t❤❡r❡❛❢t❡r✳
■♥t❡r❡st✐♥❣❧②✱ ✇❡ ✜♥❞ ❡✈✐❞❡♥❝❡ ❢♦r ❛ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❡①♣❧❛♥❛t♦r② ✐♥✲

❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡ ❛♥❞ t❤❡ ❞✐st✉r❜❛♥❝❡ t❡r♠ ♦♥❧② ✐♥ t❤❡ ♠♦❞❡❧ ✐♥ ❝♦❧✉♠♥ ✭✶✮✱
✇❤✐❝❤ ✇❡ ❞✐sr❡❣❛r❞ ❢♦r ♦t❤❡r r❡❛s♦♥s✳ ❚❤❡ ♥✉❧❧ ♦❢ ❡①♦❣❡♥❡✐t② ♦❢ t❤❡ ❛✉t♦❜❛❤♥
✈❛r✐❛❜❧❡ ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ✐♥ ❛❧❧ ✈❛r✐❛♥ts ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❝♦❧✉♠♥s ✭✷✮
t♦ ✭✻✮✳ ❍❡♥❝❡✱ ✐t ✇♦✉❧❞ ❜❡ ❥✉st✐✜❡❞ t♦ r❡t✉r♥ t♦ t❤❡ ❖▲❙ r❡s✉❧ts ❜❡❝❛✉s❡ t❤❡s❡
❡st✐♠❛t❡s ❛r❡ ♠♦r❡ ❡✣❝✐❡♥t✳

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ■❱ ❛❜♦✉t ❤❡r❡ ✯✯✯

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ❱ ❛❜♦✉t ❤❡r❡ ✯✯✯

✺✳✸✳ ❘❡s✉❧ts ❢♦r t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ r❡❣✐♦♥❛❧ ❛✉t♦❜❛❤♥ ♥❡t ♦♥ t❤❡ ✇❛❣❡ ❜✐❧❧

❚❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❣r♦✇t❤ ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✕ ❛s ♠❡❛s✉r❡❞ ❜② ❛✉t♦✲
❜❛❤♥ ❦✐❧♦♠❡t❡rs ✕ ♦♥ t❤❡ t♦t❛❧ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ❛r❡ ❡st✐♠❛t❡❞ ✐♥ ❛♥ ❛♥❛❧♦❣♦✉s
✇❛② ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❧❛st t✇♦ s✉❜s❡❝t✐♦♥s✳ ❚❛❜❧❡ ❱■ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❢♦r
t❤❡ ❖▲❙ s♣❡❝✐✜❝❛t✐♦♥s✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ✜♥❞✐♥❣s ❢♦r t❤❡ ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤
✈❛r✐❛❜❧❡✱ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ❢♦r t❤❡ ❛✉t♦❜❛❤♥ ✈❛r✐❛❜❧❡ t❡♥❞s t♦ ✐♥❝r❡❛s❡ ✐♥
❛❧❧ s♣❡❝✐✜❝❛t✐♦♥s ✇❤❡♥ ♠♦r❡ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛r❡ ✐♥tr♦❞✉❝❡❞✳
❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ✐s ❛❧✇❛②s ♣♦s✐t✐✈❡✳ ■t ✐s st❛t✐st✐❝❛❧❧② ❤✐❣❤❧②

s✐❣♥✐✜❝❛♥t ✐♥ ❛❧❧ ✈❛r✐❛♥ts ♦❢ s♣❡❝✐✜❝❛t✐♦♥s ❇ ❛♥❞ ❈✱ ✇❤❡r❡❛s t❤✐s ✐s t❤❡ ❝❛s❡ ♦♥❧②
✐♥ t❤❡ ♠♦❞❡❧s ✇✐t❤ ❛ ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✐♥ s♣❡❝✐✜❝❛t✐♦♥
❆✳ ■♥ t❤❡ ♣r❡❢❡rr❡❞ ♠♦❞❡❧s ✐♥ ❝♦❧✉♠♥ ✭✻✮✱ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡
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✈❛r✐❛❜❧❡ ♦♥ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ❣r♦✇t❤ ❧✐❡s ✐♥ t❤❡ r❛♥❣❡ ❜❡t✇❡❡♥ ✷✳✵ ✭s♣❡❝✐✜❝❛t✐♦♥
❆✮ ❛♥❞ ✹✳✹ ✭s♣❡❝✐✜❝❛t✐♦♥ ❈✮✳ ■t ✐s s♦♠❡✇❤❛t ♣✉③③❧✐♥❣ t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t ♦❢
t❤❡ ❧❛❣❣❡❞ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ✐s ♣♦s✐t✐✈❡ ✐♥ ❛❧❧ ✈❛r✐❛♥ts✳ ❚❤✐s ✜♥❞✐♥❣ ✐♥❞✐❝❛t❡s
❞✐✈❡r❣❡♥❝❡ ♦❢ t❤❡ t♦t❛❧ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ♦t❤❡r ❝♦♥tr♦❧
✈❛r✐❛❜❧❡s ❤❛s ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ r❡s✉❧ts✳
❆❣❛✐♥✱ t❤❡ ■❱ ❛♣♣r♦❛❝❤ ♣❛ss❡s ❛❧❧ r❡❧❡✈❛♥t t❡st st❛t✐st✐❝s✳ ❚❤❡ ✐♥str✉♠❡♥ts ❛r❡

♣♦✇❡r❢✉❧✱ ❛♥❞ t❤❡r❡ ✐s ♥♦ ✐♥❞✐❝❛t✐♦♥ t❤❛t t❤❡ r❡s✐❞✉❛❧s ❛r❡ ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡
✐♥str✉♠❡♥ts✳ ❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❣r♦✇t❤ ✐♥ ❛✉t♦❜❛❤♥ ❦✐❧♦♠❡t❡rs ♦♥ t❤❡ ✇❛❣❡ ❜✐❧❧
✐s ❡st✐♠❛t❡❞ t♦ ❜❡ ❜❡t✇❡❡♥ ✵✳✸✽ ❛♥❞ ✵✳✺✶✳ ❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❛♥❛❧②s✐s✱ t❤❡ ❝❛✉s❛❧
❡✛❡❝t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ♦♥ t❤❡ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ✐s ✐♥ t❤❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢
✵✳✹✼✳ ❚❤✐s r❡s✉❧t ✐♠♣❧✐❡s t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛✉t♦❜❛❤♥ ❧❡♥❣t❤ ♦❢ ♦♥❡ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ❧❡❞ t♦ ❛♥ ❛❞❞✐t✐♦♥❛❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ♦❢ r♦✉❣❤❧② ✷✳✸
♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ t❤❡ ✶✾✾✹✲✷✵✵✽ ♣❡r✐♦❞✳ ❚❤❡ ❡✛❡❝t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ■❱ ❡st✐✲
♠❛t✐♦♥ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✻✵✪ s♠❛❧❧❡r t❤❛♥ t❤❡ ❖▲❙ ❡st✐♠❛t❡✳ ❍♦✇❡✈❡r✱ ✐t ✐s st✐❧❧
st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t✳
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ r❡s✉❧ts ❢♦r ♦✉r t✇♦ ❜❛s✐❝ ✈❛r✐❛♥ts ♦❢ t❤❡ ❡st✐♠❛t✐♦♥ ✐♥❞✐❝❛t❡

t❤❛t t❤❡ ❡✛❡❝t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ♦♥ r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ♣❡r❢♦r♠❛♥❝❡ t❡♥❞s t♦
❜❡ ❤✐❣❤❡r t❤❛♥ t❤❛t ❢♦r ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤✳ ❆s ❛r❣✉❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♣❛rt ♦❢
t❤❡ ♣❛♣❡r✱ t❤✐s ♠✉st ❜❡ ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ t❤❡ ❡✛❡❝t ♦❢ ✐♥❢r❛str✉❝t✉r❡ ♦♥ ✇❛❣❡s ✐s
♣♦s✐t✐✈❡✳
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❲❡ ❛❧s♦ r❛♥ ■❱ r❡❣r❡ss✐♦♥s ✉s✐♥❣ t❤❡ s❛♠❡ t✇♦ s❡ts ♦❢ ✐♥str✉♠❡♥ts ❛s ✐♥ t❤❡
❡st✐♠❛t❡s ❢♦r r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤✳ ❚❛❜❧❡ ❱■■ ❝♦♥t❛✐♥s t❤❡ r❡s✉❧ts✱ ✇❤✐❝❤
❛r❡ q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦ t❤♦s❡ ❢♦r ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤✳ ❆❣❛✐♥✱ t❤❡ ✐❞❡♥t✐✜✲
❝❛t✐♦♥ ✐s str♦♥❣❡r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❆♥❞❡rs♦♥✲❘✉❜✐♥ ❛♥❞ t❤❡ ❙t♦❝❦✲❲r✐❣❤t t❡sts
✇❤❡♥ t❤❡ ❡①t❡♥❞❡❞ s❡t ♦❢ ❝♦♥tr♦❧ ✐s ✉s❡❞✳ ❙♣❡❝✐✜❝❛t✐♦♥ ❆ ②✐❡❧❞s ❛ ♥❡❣❛t✐✈❡ R2 ❛♥❞
❛ ♥❡❣❛t✐✈❡ s✐❣♥ ❢♦r t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡ ✐♥ ❝♦❧✉♠♥ ✭✶✮✳ ❚❤❡ ✈❛r✐❛♥t ✐♥ ❝♦❧✲
✉♠♥ ✭✷✮✱ ❤♦✇❡✈❡r✱ s❡❡♠s t♦ ✈✐♦❧❛t❡ t❤❡ ✉♥❝♦rr❡❧❛t❡❞♥❡ss ❝♦♥❞✐t✐♦♥✳ ❙♣❡❝✐✜❝❛t✐♦♥s
❇ ❛♥❞ ❈ ♣❡r❢♦r♠ ❜❡tt❡r✱ ❛♥❞ t❤❡ ✐♥str✉♠❡♥ts ❛♣♣❡❛r str♦♥❣❡r ✐♥ ❜♦t❤ ✈❛r✐❛♥ts✳
❚❤❡ ♦✈❡r✲✐❞❡♥t✐✜❝❛t✐♦♥ t❡st ❞♦❡s ♥♦t r❡❥❡❝t ✉♥❝♦rr❡❧❛t❡❞♥❡ss✱ ❛t ❧❡❛st ✇❤❡♥ ✉s✐♥❣
t❤❡ ❡①t❡♥❞❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts✳ ❙♣❡❝✐✜❝❛t✐♦♥ ❈ ✐♥ t❤✐s ✈❛r✐❛♥t ②✐❡❧❞s t❤❡ ❤✐❣❤❡st
❝♦❡✣❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ❛♥❞ s❡❡♠s t♦ ❜❡ t❤❡ ♣r❡❢❡r❛❜❧❡ ♠♦❞❡❧ ✭❝♦❧✉♠♥ ✭✻✮✮✳
❆s ✐♥ t❤❡ ❖▲❙ ❡st✐♠❛t❡s✱ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❧❡✈❡❧s ❤❛s ❛ ♣♦s✐t✐✈❡ s✐❣♥✳
❚❤❡ ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❡①❤✐❜✐ts ❛ st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡
❝♦❡✣❝✐❡♥t✱ ✐♥❞✐❝❛t✐♥❣ s♦♠❡ s❧✉❣❣✐s❤♥❡ss ✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ r❡❣✐♦♥❛❧ ✇❛❣❡
❜✐❧❧✳ ◆♦t❡ t❤❛t t❤❡ ❤✉♠❛♥ ❝❛♣✐t❛❧ ✈❛r✐❛❜❧❡s ❞♦ ♥♦t s❡❡♠ t♦ ❤❛✈❡ ❛♥ ✐♠♣♦rt❛♥t
✐♥✢✉❡♥❝❡✳
■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❖▲❙ ❛♥❞ ✷❙▲❙ ❡st✐♠❛t❡s✱ ✇❡ ✉s❡❞ ❛ r♦❜✉st ●▼▼ ❛♥❞ ▲■▼▲

❡st✐♠❛t♦r✳ ❆s t❤❡ ♦✈❡r✈✐❡✇ ✐♥ ❚❛❜❧❡ ❱■■■ s❤♦✇s✱ t❤❡ ❞✐✛❡r❡♥t ❡st✐♠❛t♦rs ②✐❡❧❞
s✐♠✐❧❛r r❡s✉❧ts✳ ❲✐t❤ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts✱ ✇❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ❛
♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❛✉t♦❜❛❤♥ ✈❛r✐❛❜❧❡ ♦♥ t❤❡ ❣r♦✇t❤ ♦❢ r❡✲
❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ❛♥❞ t❤❡ t♦t❛❧ ✇❛❣❡ ❜✐❧❧✳ ❙❡✈❡r❛❧ ♣♦✐♥ts ♠✉st ❜❡ ♠❡♥t✐♦♥❡❞✳
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❚❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s♣❡❝✐✜❝❛t✐♦♥s ❇ ❛♥❞ ❈ ❛r❡ s♠❛❧❧✳ ❲✐t❤ t❤❡ ❡①t❡♥❞❡❞
s❡t ♦❢ ✐♥str✉♠❡♥ts✱ ❛❧❧ ❝♦❡✣❝✐❡♥ts ❛r❡ ♣♦s✐t✐✈❡✱ st❛t✐st✐❝❛❧❧② ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t ❛♥❞
✈❡r② ❝❧♦s❡ t♦ t❤❡ ❖▲❙ r❡s✉❧ts✳ ❋✉rt❤❡r♠♦r❡✱ ❢♦r t❤❡ r❡str✐❝t❡❞ s❡t ♦❢ ✐♥str✉♠❡♥ts✱
✇❡ ✜♥❞ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts t❤❛t ❛r❡ s♦♠❡✇❤❛t ❧♦✇❡r t❤❛♥ t❤❡ ❖▲❙
❡st✐♠❛t❡s✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦r t❤❡ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞✱ ♦♥❡ st❛♥✲
❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡ ❧❡❛❞s t♦ ❤✐❣❤❡r r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t
❣r♦✇t❤ ♦❢ ❜❡t✇❡❡♥ ✶✳✽ ❛♥❞ ✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ t❤❡ ✶✾✾✹ t♦ ✷✵✵✽ ♣❡r✐♦❞✳ ❚❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ✐♠♣❛❝t ♦♥ t❤❡ t♦t❛❧ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ✐s ❜❡t✇❡❡♥ ✷✳✼ ❛♥❞ ✹✳✸ ♣❡r✲
❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❚❤❡ ❤✐❣❤❡r ❡✛❡❝t ❢♦r t❤❡ t♦t❛❧ ✇❛❣❡ ❜✐❧❧ ✐♠♣❧✐❡s t❤❛t ❛♥ ✐♥❝r❡❛s❡
✐♥ t❤❡ r❡❣✐♦♥❛❧ ❛✉t♦❜❛❤♥ ♥❡t ❧❡❞ ♥♦t ♦♥❧② t♦ ♠♦r❡ ❡♠♣❧♦②♠❡♥t ❜✉t ❛❧s♦ t♦ ❤✐❣❤❡r
✇❛❣❡s✳

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ❱■■ ❛❜♦✉t ❤❡r❡ ✯✯✯

✯✯✯ ■♥❝❧✉❞❡ ❚❛❜❧❡ ❱■■■ ❛❜♦✉t ❤❡r❡ ✯✯✯

✻✳ ❈❖◆❈▲❯❙■❖◆❙

❚❤✐s ♣❛♣❡r ✐♥✈❡st✐❣❛t❡s ❛ ❝❛✉s❛❧ ❡✛❡❝t ♦❢ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝✲
t✉r❡ ✕ ♣❛rt✐❝✉❧❛r❧② ✐♥ t❤❡ ❛✉t♦❜❛❤♥ ♥❡t ✕ ♦♥ r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✳
❲❡ ✜rst ♣r❡s❡♥t ❛ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ✐♥ t❤❡ s♣✐r✐t ♦❢ ◆❡✇ ❊❝♦♥♦♠✐❝ ●❡♦❣r❛♣❤②
t❤❛t ❡①♣❧✐❝✐t❧② ✐♥❝❧✉❞❡s r❡❣✐♦♥❛❧ ❤❡t❡r♦❣❡♥❡✐t② ✇✐t❤ r❡s♣❡❝t t♦ tr❛♥s♣♦rt ✐♥❢r❛✲
str✉❝t✉r❡✳ ❲❡ ❛r❣✉❡ t❤❛t ✐♥ ❛❞❞✐t✐♦♥ t♦ ❛ ❞✐r❡❝t ❡✛❡❝t ♦♥ t❤❡ tr❛♥s♣♦rt❛t✐♦♥ ♦❢
✜♥❛❧ ❣♦♦❞s ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ❡✛❡❝ts✱ t❤❡r❡ ❛r❡ ♣♦s✐t✐✈❡ ❡✛❡❝ts
♦❢ t❤❡ r❡❣✐♦♥❛❧ tr❛♥s♣♦rt s②st❡♠ ♦♥ t❤❡ ❡✣❝✐❡♥❝② ♦❢ ♣r♦❞✉❝t✐♦♥✳
❚❤❡ t❤❡♦r❡t✐❝❛❧ r❡❛s♦♥✐♥❣ ❧❡❛❞s t♦ ❛ ❤✐❣❤❧② ✐♥t❡r❞❡♣❡♥❞❡♥t ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧

t❤❛t ❝❛♥♥♦t ❜❡ ❡st✐♠❛t❡❞ ❞✐r❡❝t❧②✳ ❍♦✇❡✈❡r✱ t❤❡ ♠♦❞❡❧ ✐s ❛❜❧❡ t♦ ❝❧❛r✐❢② t❤❡ ❞✐✛❡r✲
❡♥t ❝❤❛♥♥❡❧s ❜② ✇❤✐❝❤ tr❛♥s♣♦rt ❝♦sts ❛r❡ r❡❧❛t❡❞ t♦ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ✐s ❛♠❜✐❣✉♦✉s ✇✐t❤ r❡s♣❡❝t
t♦ t❤❡ ✐♠♣❛❝t ♦❢ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ♦♥ r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✳
❍❡♥❝❡✱ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ✐s r❡q✉✐r❡❞✳
❲❡ ❝♦♥❝❡♥tr❛t❡ ♦♥ ❛ s♣❡❝✐✜❝ ♣❛rt ♦❢ t❤❡ ●❡r♠❛♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✱ t❤❡

❛✉t♦❜❛❤♥ ♥❡t✳ ❆♥ ❛✉t♦❜❛❤♥ ❝♦♥♥❡❝t✐♦♥ ❧❡❛❞s t♦ ❛ ❝♦♥s✐❞❡r❛❜❧❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡
❛❝❝❡ss✐❜✐❧✐t② ♦❢ t❤❡ r❡❣✐♦♥ ❛♥❞ ❧♦✇❡r tr❛♥s♣♦rt ❝♦sts✳ ❙♣❡❝✐✜❝❛t✐♦♥ t❡sts s✉❣❣❡st
t❤❛t ❝❤❛♥❣❡s ✐♥ t❤❡ ❛✉t♦❜❛❤♥ ♥❡t ❛✛❡❝t r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡ ♦♥❧②
✇✐t❤ ❛ t✐♠❡ ❧❛❣✳ ▼♦r❡♦✈❡r✱ ✐t s❡❡♠s t❤❛t ❝❤❛♥❣❡s ✐♥ r❡❣✐♦♥❛❧ ❡♠♣❧♦②♠❡♥t ♦r t❤❡
t♦t❛❧ r❡❣✐♦♥❛❧ ✇❛❣❡ ❜✐❧❧ ❛r❡ r❡❧❛t❡❞ t♦ ❝❤❛♥❣❡s ✐♥ tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡✱ ♥♦t ✐ts
❧❡✈❡❧✳
■♥ t❤❡ r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s✱ ❛ ❝r✉❝✐❛❧ ♣r♦❜❧❡♠ ✐s t❤❡ ♣♦ss✐❜❧❡ ❡♥❞♦❣❡♥❡✐t② ♦❢

tr❛♥s♣♦rt ✐♥❢r❛str✉❝t✉r❡ ✐♥✈❡st♠❡♥ts✳ ❍❡♥❝❡✱ ❛ r❡❣✐♦♥ ♠✐❣❤t ❜❡ ❝❤♦s❡♥ t♦ ♦❜t❛✐♥
❛♥ ❛✉t♦❜❛❤♥ ❝♦♥♥❡❝t✐♦♥ ✐❢ ✐t ✐s ❡①♣❡❝t❡❞ t♦ ❜❡❝♦♠❡ ❛♥ ❡❝♦♥♦♠✐❝❛❧❧② s✉❝❝❡ss❢✉❧
❛r❡❛ ✐♥ t❤❡ ❢✉t✉r❡✳ ❚♦ ❛❞❞r❡ss t❤❡ ❡♥❞♦❣❡♥❡✐t② ✐ss✉❡✱ ✇❡ r❡❧② ♦♥ ❛ str❛t❡❣② ✇✐t❤
❤✐st♦r✐❝❛❧ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s✳ ❚❤❡s❡ ❛r❡ t❛❦❡♥ ❢r♦♠ ❤✐st♦r✐❝❛❧ ♣❧❛♥s ❢♦r ❛✉t♦✲
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❜❛❤♥s ❛♥❞ r❛✐❧✇❛② tr❛❝❦s ❛♥❞ ✇❡r❡ ❞✐❣✐t✐③❡❞ ❛♥❞ r❡❧❛t❡❞ t♦ t❤❡ ◆❯❚❙ ✸ ❛r❡❛s ♦❢
t♦❞❛②✳
❚❤❡ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡ ❛♣♣r♦❛❝❤ t✉r♥s ♦✉t t♦ ❜❡ s✉❝❝❡ss❢✉❧✳ ❆❝❝♦r❞✐♥❣ t♦

t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t❡st st❛t✐st✐❝s✱ ✇❡ ❝❛♥ s❤♦✇ t❤❛t ✐♥ ♦✉r ♣r❡❢❡rr❡❞ s♣❡❝✐✜❝❛t✐♦♥s✱
t❤❡ ✐♥str✉♠❡♥ts ❛r❡ r❡❧❡✈❛♥t ❛♥❞ ✉♥❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ r❡s✐❞✉❛❧s✳ ▼♦r❡♦✈❡r✱ t❤❡
str❛t❡❣② ❛❧❧♦✇s ✉s t♦ t❡st ❢♦r t❤❡ ❡①♦❣❡♥❡✐t② ♦❢ t❤❡ ❛✉t♦❜❛❤♥ ✈❛r✐❛❜❧❡ ✐♥ t❤❡ ❡♠✲
♣❧♦②♠❡♥t ❛♥❞ ✇❛❣❡ ❜✐❧❧ ❡q✉❛t✐♦♥s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ t❡st st❛t✐st✐❝s✱ ❡①♦❣❡♥❡✐t②
❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ✐♥ ♦✉r ♣r❡❢❡rr❡❞ s♣❡❝✐✜❝❛t✐♦♥ ✈❛r✐❛♥ts✳ ❚❤✐s ✜♥❞✐♥❣ ✐s s✉♣✲
♣♦rt❡❞ ❜② t❤❡ s♠❛❧❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❖▲❙ ❛♥❞ t❤❡ ■❱ ❡st✐♠❛t❡s✳
❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❡st✐♠❛t❡s✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❛✉t♦❜❛❤♥ ❧❡♥❣t❤ ♦❢ ♦♥❡ st❛♥❞❛r❞

❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ✶✾✸✼ t♦ ✶✾✾✹ ♣❡r✐♦❞ ❧❡❛❞s t♦ ❤✐❣❤❡r ❡♠♣❧♦②♠❡♥t ❣r♦✇t❤ ❜❡t✇❡❡♥
✶✳✽ ❛♥❞ ✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❛♥❞ t♦ ❤✐❣❤❡r t♦t❛❧ ❣r♦✇t❤ ♦❢ t❤❡ ✇❛❣❡ ❜✐❧❧ ❜❡t✇❡❡♥
✷✳✼ ❛♥❞ ✹✳✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ t❤❡ ✶✾✾✹ t♦ ✷✵✵✽ ♣❡r✐♦❞✳ ❲❡ t❤❡r❡❢♦r❡ ❝♦♥❝❧✉❞❡
t❤❛t ❤✐❣❤❡r ❛❝❝❡ss✐❜✐❧✐t② ❛♥❞ ❧♦✇❡r tr❛♥s♣♦rt ❝♦sts t❤r♦✉❣❤ ❛ ♠♦r❡ ❡①t❡♥s✐✈❡
❛✉t♦❜❛❤♥ ♥❡t ❛r❡ ❜❡♥❡✜❝✐❛❧ t♦ t❤❡ r❡❣✐♦♥❛❧ ❧❛❜♦r ♠❛r❦❡t ♣❡r❢♦r♠❛♥❝❡✳
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❘❊❋❊❘❊◆❈❊❙

❆♥❛s✱ ❆❧❡①✱ ✏❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ♠✉❧t✐♥♦♠✐❛❧ ▲♦❣✐t ♠♦❞❡❧s ♦❢ ❥♦✐♥t ❧♦❝❛t✐♦♥ ❛♥❞ ♠♦❞❡ ❝❤♦✐❝❡
❢r♦♠ ❛❣❣r❡❣❛t❡❞ ❞❛t❛✳✱✑ ❏♦✉r♥❛❧ ♦❢ ❘❡❣✐♦♥❛❧ ❙❝✐❡♥❝❡✱ ✶✾✽✶✱ ✷✶✱ ✷✷✸✕✷✹✷✳

✱ ❘❡s✐❞❡♥t✐❛❧ ▲♦❝❛t✐♦♥ ▼❛r❦❡ts ❛♥❞ ❯r❜❛♥ ❚r❛♥s♣♦rt❛t✐♦♥✿ ❊❝♦♥♦♠✐❝ ❚❤❡♦r②✱ ❊❝♦♥♦✲

♠❡tr✐❝s ❛♥❞ P♦❧✐❝② ❆♥❛❧②s✐s ✇✐t❤ ❉✐s❝r❡t❡ ❈❤♦✐❝❡ ▼♦❞❡❧s✱ ❖①❢♦r❞✿ ❆❝❛❞❡♠✐❝ Pr❡ss✳✱ ✶✾✽✷✳
❛♥❞ ▲✐❛♥❣ ❙❤②♦♥❣ ❉✉❛♥♥✱ ✏❉②♥❛♠✐❝ ❢♦r❡❝❛st✐♥❣ ♦❢ tr❛✈❡❧ ❞❡♠❛♥❞✱ r❡s✐❞❡♥t✐❛❧

❧♦❝❛t✐♦♥ ❛♥❞ ❧❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✱✑ P❛♣❡rs ♦❢ t❤❡ ❘❡❣✐♦♥❛❧ ❙❝✐❡♥❝❡ ❆ss♦❝✐❛t✐♦♥✱ ✶✾✽✺✱ ✺✻ ✭✶✮✱
✸✼✕✺✽✳

❆s❝❤❛✉❡r✱ ❉❛✈✐❞ ❆❧❛♥✱ ✏■s ♣✉❜❧✐❝ ❡①♣❡♥❞✐t✉r❡ ♣r♦❞✉❝t✐✈❡❄✱✑ ❏♦✉r♥❛❧ ♦❢ ▼♦♥❡t❛r② ❊❝♦✲

♥♦♠✐❝s✱ ▼❛r❝❤ ✶✾✽✾✱ ✷✸ ✭✷✮✱ ✶✼✼✕✷✵✵✳
❆✉❜❡rt✱ ❙✳ ❛♥❞ ❆✳ ❙t❡♣❤❛♥✱ ✏❘❡❣✐♦♥❛❧❡ ■♥❢r❛str✉❦t✉r♣♦❧✐t✐❦ ✉♥❞ ✐❤r❡ ❆✉s✇✐r❦✉♥❣ ❛✉❢ ❞✐❡
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❉❡s❝r✐♣t✐✈❡ ❙t❛t✐st✐❝s ❢♦r t❤❡ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❚r❛♥s♣♦rt ■♥❢r❛str✉❝t✉r❡ ♦❢
❲❡st ●❡r♠❛♥ ◆❯❚❙✲✸✲❘❡❣✐♦♥s

❆✉t♦❜❛❤♥ ◆❡t
✶✾✸✼ ✶✾✾✹ ✷✵✵✽

❚♦t❛❧ ♥✉♠❜❡r ♦❢ r❡❣✐♦♥s ✸✷✻
❆r❡❛ ✐♥ ❦♠2

✲ ❆✈❡r❛❣❡ ✼✻✶✳✺✷
✲ ❙t✳❞❡✈✐❛t✐♦♥ ✺✸✹✳✵✺
✲ ▼✐♥✐♠✉♠ ✸✺✳✼✶
✲ ▼❛①✐♠✉♠ ✷✽✽✶✳✹✵
❘❡❣✐♦♥s ✇✐t❤♦✉t ❛✉t♦❜❛❤♥ ✷✵✹ ✹✹ ✸✺
❘❡❣✐♦♥s ✇✐t❤ ❛✉t♦❜❛❤♥ ✶✷✷ ✷✽✷ ✷✾✶
❍✐❣❤✇❛② ❧❡♥❣t❤ ✐♥ ❦♠
✲ ❆✈❡r❛❣❡ ✻✳✽✹ ✷✾✳✽✸ ✸✵✳✸✽
✲ ❙t✳❞❡✈✐❛t✐♦♥ ✶✶✳✽✶ ✷✼✳✶✶ ✷✹✳✽✸
✲ ▼✐♥✐♠✉♠ ✵ ✵ ✵
✲ ▼❛①✐♠✉♠ ✺✷✳✾✷ ✶✻✹✳✵✵ ✶✶✶✳✺✾
❍✐❣❤✇❛② ❞❡♥s✐t②
✲ ❆✈❡r❛❣❡ ✶✳✼✷ ✻✳✽✸ ✻✳✼✺
✲ ❙t✳❞❡✈✐❛t✐♦♥ ✺✳✸✾ ✾✳✺✹ ✾✳✷✸
✲ ▼❛①✐♠✉♠ ✽✸✳✽✻ ✾✵✳✹✾ ✶✷✽✳✷✷

❘❛✐❧✇❛② ◆❡t
✶✽✾✵ ✶✾✾✹ ✷✵✵✽

❘❡❣✐♦♥s ✇✐t❤ r❛✐❧r♦❛❞s ✸✷✻ ✸✷✻ ✸✷✻
❘❛✐❧✇❛② ♥❡t ❧❡♥❣t❤ ✐♥ ❦♠
✲ ❆✈❡r❛❣❡ ✺✽✳✽✼ ✾✸✳✽✸ ✽✼✳✻✶
✲ ❙t✳❞❡✈✐❛t✐♦♥ ✸✼✳✶✾ ✺✻✳✷✽ ✺✷✳✺✺
✲ ▼✐♥✐♠✉♠ ✸✳✽✸ ✸✳✽✻ ✸✳✽✻
✲ ▼❛①✐♠✉♠ ✺✷✳✾✷ ✶✻✹✳✵✵ ✶✶✶✳✺✾
❘❛✐❧✇❛② ❞❡♥s✐t②
✲ ❆✈❡r❛❣❡ ✶✷✵✳✾✻ ✶✽✶✳✾✷ ✶✼✵✳✷✹
✲ ❙t✳❞❡✈✐❛t✐♦♥ ✶✶✺✳✺✽ ✶✺✽✳✷✽ ✶✹✹✳✸✸
✲ ▼✐♥✐♠✉♠ ✼✳✸✹ ✶✸✳✹✸ ✶✸✳✹✸
✲ ▼❛①✐♠✉♠ ✶✹✷✽✳✻✵ ✶✾✵✼✳✵✵ ✶✼✸✺✳✹✸

◆♦t❡s✿ ❍✐❣❤✇❛② ✭r❛✐❧✇❛②✮ ❞❡♥s✐t② ✐s ❝❛❧❝✉❧❛t❡❞ ❛s ❛✉t♦❜❛❤♥ ✭r❛✐❧✇❛②✮ ❧❡♥❣t❤ ✐♥ ❦♠ ♣❡r ✶✵✵
❦♠2✳
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❊♠♣❧♦②♠❡♥t ●r♦✇t❤ ✶✾✾✹ t♦ ✷✵✵✽ ❛♥❞ t❤❡ ❘❡❣✐♦♥❛❧ ❆✉t♦❜❛❤♥ ◆❡t ✭❖▲❙
❊st✐♠❛t❡s ❢♦r ✸✷✻ ❲❡st ●❡r♠❛♥ ❘❡❣✐♦♥s✮

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ∆94,08 lnLr

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮
❙♣❡❝✐✜❝❛t✐♦♥ ❆

ln ❆✉t♦❜❛❤♥1994 2.252a 2.051a 1.826a 1.622a 1.626a 1.765a

✭✵✳✹✹✼✮ ✭✵✳✹✷✷✮ ✭✵✳✹✶✸✮ ✭✵✳✹✶✺✮ ✭✵✳✹✸✽✮ ✭✵✳✹✻✵✮
ln ❊♠♣❧✳1994 −3.141a −4.213a −4.149a −4.804a −5.021a −5.425a

✭✵✳✼✸✸✮ ✭✵✳✼✶✺✮ ✭✵✳✽✸✺✮ ✭✵✳✽✾✵✮ ✭✶✳✶✵✾✮ ✭✶✳✷✻✷✮
∆80,94 ln ❊♠♣❧✳ 0.443a 0.401a 0.384a 0.353a 0.356a 0.340a

✭✵✳✵✹✵✮ ✭✵✳✵✺✹✮ ✭✵✳✵✺✷✮ ✭✵✳✵✺✹✮ ✭✵✳✵✺✺✮ ✭✵✳✵✺✾✮
❆❞❥✳ R2 ✵✳✸✻✾ ✵✳✹✶✽ ✵✳✹✷✽ ✵✳✹✸✻ ✵✳✹✹✶ ✵✳✹✼✺

❙♣❡❝✐✜❝❛t✐♦♥ ❇
∆37,94 ln ❆✉t♦❜✳ 2.578a 2.389a 2.238a 2.080a 2.068a 2.028a

✭✵✳✸✺✼✮ ✭✵✳✸✺✵✮ ✭✵✳✸✷✹✮ ✭✵✳✸✸✹✮ ✭✵✳✸✹✽✮ ✭✵✳✸✺✽✮
ln ❊♠♣❧✳1994 −2.059a −3.150a −3.334a −3.939a −4.371a −4.549a

✭✵✳✻✷✵✮ ✭✵✳✻✷✻✮ ✭✵✳✼✸✺✮ ✭✵✳✽✹✼✮ ✭✶✳✶✵✹✮ ✭✶✳✷✶✶✮
∆80,94 ln ❊♠♣❧✳ 0.478a 0.418a 0.399a 0.373a 0.379a 0.354a

✭✵✳✵✸✾✮ ✭✵✳✵✺✵✮ ✭✵✳✵✹✽✮ ✭✵✳✵✺✶✮ ✭✵✳✵✺✷✮ ✭✵✳✵✺✻✮
❆❞❥✳ R2 ✵✳✹✵✺ ✵✳✹✹✾ ✵✳✹✺✾ ✵✳✹✻✸ ✵✳✹✻✾ ✵✳✹✾✺

❙♣❡❝✐✜❝❛t✐♦♥ ❈
%∆37,94 ❆✉t♦❜✳ 3.926a 3.649a 3.363a 3.167a 3.179a 3.074a

✭✵✳✺✺✼✮ ✭✵✳✺✻✺✮ ✭✵✳✺✷✼✮ ✭✵✳✺✸✷✮ ✭✵✳✺✻✶✮ ✭✵✳✺✼✻✮
ln ❊♠♣❧✳1994 −1.360a −2.433a −2.402a −3.248a −4.118a −4.269a

✭✵✳✻✷✺✮ ✭✵✳✻✸✻✮ ✭✵✳✼✹✸✮ ✭✵✳✽✻✼✮ ✭✶✳✶✵✷✮ ✭✶✳✷✵✶✮
∆80,94 ln ❊♠♣❧✳ 0.513a 0.440a 0.421a 0.386a 0.395a 0.370a

✭✵✳✵✸✾✮ ✭✵✳✵✹✽✮ ✭✵✳✵✹✼✮ ✭✵✳✵✺✵✮ ✭✵✳✵✺✶✮ ✭✵✳✵✺✻✮
❆❞❥✳ R2 ✵✳✹✵✽ ✵✳✹✺✵ ✵✳✹✺✽ ✵✳✹✻✻ ✵✳✹✼✸ ✵✳✹✾✼
❈♦♥tr♦❧s

❍✐st✳ P♦♣✉❧✳ ◆ ❨ ❨ ❨ ❨ ❨
❍✉♠❛♥ ❈❛♣✐t❛❧ ◆ ◆ ❨ ❨ ❨ ❨
ln ❆r❡❛ ◆ ◆ ◆ ❨ ❨ ❨
❘❡❣✐♦♥ ❚②♣❡s ◆ ◆ ◆ ◆ ❨ ❨
❋❡❞❡r❛❧ ❙t❛t❡s ◆ ◆ ◆ ◆ ◆ ❨

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s❀ ❝♦♥tr♦❧s✿ ❍✐st✳ P♦♣✉❧✳✿ ❤✐st♦r✐❝❛❧ ♣♦♣✉❧❛t✐♦♥ ✐♥ t = 1939, 1950, 1961, 1970❀ ❍✉♠❛♥
❈❛♣✐t❛❧✿ ❙❤❛r❡ ♦❢ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ s❤❛r❡ ♦❢ ❤✐❣❤✲s❦✐❧❧❡❞ ✇♦r❦❡rs❀ ln ❆r❡❛✿ ❧♦❣❛r✐t❤♠ ♦❢ ❛r❡❛ ♦❢

t❤❡ r❡❣✐♦♥ ✐♥ ❦♠2❀ ❘❡❣✐♦♥ ❚②♣❡s✿ ✽ ❞✉♠♠②✲❱❛r✐❛❜❧❡s ❢♦r r❡❣✐♦♥ t②♣❡s❀ ❋❡❞❡r❛❧ ❙t❛t❡s✿ ✼
❞✉♠♠✐❡s ❢♦r ✭♣❛rt❧② ❛❣❣r❡❣❛t❡❞✮ ❋❡❞❡r❛❧ ❙t❛t❡s✳
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●r♦✇t❤ ♦❢ t❤❡ ❆✉t♦❜❛❤♥ ◆❡t ✶✾✾✹ t♦ ✷✵✵✽ ✭❖▲❙ ❊st✐♠❛t❡s ❢♦r ✸✷✻ ❲❡st
●❡r♠❛♥ ❘❡❣✐♦♥s✮

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ∆94,08 ln Ir
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❙♣❡❝✐✜❝❛t✐♦♥ ❆
ln ❆✉t♦❜❛❤♥1994 −0.115a −0.115a −0.109a −0.117a −0.119a −0.114a

✭✵✳✵✸✸✮ ✭✵✳✵✸✸✮ ✭✵✳✵✸✶✮ ✭✵✳✵✸✹✮ ✭✵✳✵✸✹✮ ✭✵✳✵✸✹✮
ln ❊♠♣❧✳1994 −0.035 −0.012 0.033 0.013 0.021 0.092c

✭✵✳✵✷✽✮ ✭✵✳✵✸✸✮ ✭✵✳✵✸✾✮ ✭✵✳✵✸✻✮ ✭✵✳✵✹✽✮ ✭✵✳✵✺✶✮
❆❞❥✳ R2 ✵✳✶✵✷ ✵✳✶✵✼ ✵✳✶✷✻ ✵✳✶✷✾ ✵✳✶✹✷ ✵✳✶✾✻

❙♣❡❝✐✜❝❛t✐♦♥ ❇
∆37,94 ln ❆✉t♦❜❛❤♥ −0.089a −0.084a −0.079a −0.082a −0.076a −0.070a

✭✵✳✵✷✻✮ ✭✵✳✵✷✹✮ ✭✵✳✵✷✸✮ ✭✵✳✵✷✺✮ ✭✵✳✵✷✺✮ ✭✵✳✵✷✹✮
∆94,08 ln ❊♠♣❧✳ −0.001 0.002 0.003 0.003 0.002 −0.003

✭✵✳✵✵✹✮ ✭✵✳✵✵✹✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✹✮ ✭✵✳✵✵✹✮
❆❞❥✳ R2 ✵✳✵✹✽ ✵✳✵✺✾ ✵✳✵✾✹ ✵✳✵✾✷ ✵✳✶✵✹ ✵✳✶✻✻

❙♣❡❝✐✜❝❛t✐♦♥ ❈
%∆37,94 ❆✉t♦❜❛❤♥ −0.084b −0.081b −0.073b −0.072b −0.070b −0.062c

✭✵✳✵✸✼✮ ✭✵✳✵✸✻✮ ✭✵✳✵✸✺✮ ✭✵✳✵✸✺✮ ✭✵✳✵✸✺✮ ✭✵✳✵✸✺✮
∆94,08 ln ❊♠♣❧✳ 0.001 0.003 0.004 0.004 0.003 −0.001

✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✸✮
❆❞❥✳ R2 ✵✳✵✷✸ ✵✳✵✹✺ ✵✳✵✼✸ ✵✳✵✼✶ ✵✳✵✽✽ ✵✳✶✺✾

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s❀ ❢♦r ❢✉rt❤❡r ♥♦t❡s ❛♥❞ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✐♥ ♠♦❞❡❧s ✭✶✮ t♦ ✭✻✮✱ s❡❡ ❚❛❜❧❡ ■■✳
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❚❆❇▲❊ ■❱

❋✐rst✲❙t❛❣❡ ❘❡❣r❡ss✐♦♥ ❘❡s✉❧ts

❉❡♣❡♥❞❡♥t ❱❛r✐❛❜❧❡
ln Ir,1994 ∆37,94 ln Ir %∆37,94Ir

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮
ln ❆✉t♦❜❛❤♥1937 0.351a 0.325a −0.649a −0.675a −0.349a −0.367a

✭✵✳✵✾✷✮ ✭✵✳✵✽✹✮ ✭✵✳✵✾✷✮ ✭✵✳✵✽✹✮ ✭✵✳✵✻✺✮ ✭✵✳✵✺✷✮
ln ❋❡❞✳ ❘♦❛❞s1937 0.047 −0.022 0.047 −0.022 0.023 −0.026b

✭✵✳✵✹✾✮ ✭✵✳✵✷✻✮ ✭✵✳✵✹✾✮ ✭✵✳✵✷✻✮ ✭✵✳✵✹✸✮ ✭✵✳✵✶✶✮
ln ❘❛✐❧✇❛②1890 0.360b 0.218b 0.360b 0.218b 0.194c 0.094b

✭✵✳✶✺✸✮ ✭✵✳✵✽✻✮ ✭✵✳✶✺✸✮ ✭✵✳✵✽✻✮ ✭✵✳✶✵✸✮ ✭✵✳✵✹✻✮
◆♦ ❆✉t♦❜❛❤♥1937 0.092 0.491b 0.092 0.491b 0.410b 0.694a

✭✵✳✷✸✸✮ ✭✵✳✷✵✼✮ ✭✵✳✷✸✸✮ ✭✵✳✷✵✼✮ ✭✵✳✶✼✸✮ ✭✵✳✶✸✺✮
◆♦ ❆✉t♦❜❛❤♥1994 ✲ −2.850a ✲ −2.850a ✲ −2.024a

✲ ✭✵✳✶✵✻✮ ✲ ✭✵✳✶✵✻✮ ✲ ✭✵✳✵✹✷✮
∆80,94 lnLr 0.007 0.007 0.007 0.007b 0.000 0.000

✭✵✳✵✵✼✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✼✮ ✭✵✳✵✵✸✮ ✭✵✳✵✵✺✮ ✭✵✳✵✵✷✮
lnL1994 0.008 0.214b 0.008 0.214b −0.062 0.084

✭✵✳✶✺✺✮ ✭✵✳✶✵✶✮ ✭✵✳✶✺✺✮ ✭✵✳✶✵✶✮ ✭✵✳✶✵✼✮ ✭✵✳✵✻✷✮

❆❞❥✳ R2 ✵✳✸✻✶ ✵✳✼✽✺ ✵✳✸✼✹ ✵✳✼✽✾ ✵✳✹✵✵ ✵✳✽✼✼

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶ ✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s❀ ◆♦ ❆✉t♦❜❛❤♥1937 ❛♥❞ ◆♦ ❆✉t♦❜❛❤♥1994 ❞❡♥♦t❡ ❛ ✭✵✱✶✮✲❞✉♠♠② ✈❛r✐❛❜❧❡ t❤❛t
t❛❦❡s t❤❡ ✈❛❧✉❡ ♦❢ ✶ ✐❢ t❤❡ r❡❣✐♦♥ ❤❛❞ ♥♦ ❤✐❣❤✇❛② ❝♦♥♥❡❝t✐♦♥ ✐♥ ✶✾✸✼ ❛♥❞ ✶✾✾✹✱ r❡s♣❡❝t✐✈❡❧②❀
❋✉rt❤❡r ✐♥❝❧✉❞❡❞ ✐♥str✉♠❡♥ts✿ ❤✐st♦r✐❝❛❧ ♣♦♣✉❧❛t✐♦♥ ✐♥ t = 1939, 1950, 1961, 1970❀ ❙❤❛r❡ ♦❢
✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ ❤✐❣❤✲s❦✐❧❧❡❞ ✇♦r❦❡rs ✐♥ t♦t❛❧ ✇♦r❦❢♦r❝❡✱ ❧♦❣❛r✐t❤♠ ♦❢ ❛r❡❛ ♦❢ t❤❡ r❡❣✐♦♥ ✐♥

❦♠2❀ ✽ ❉✉♠♠② ❱❛r✐❛❜❧❡s ❢♦r r❡❣✐♦♥ t②♣❡s❀ ✼ ❉✉♠♠✐❡s ❢♦r ✭♣❛rt❧② ❛❣❣r❡❣❛t❡❞✮ ❋❡❞❡r❛❧ ❙t❛t❡s✳
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❚❆❇▲❊ ❱

❊♠♣❧♦②♠❡♥t ●r♦✇t❤ ✶✾✾✹ t♦ ✷✵✵✽ ❛♥❞ t❤❡ ❘❡❣✐♦♥❛❧ ❆✉t♦❜❛❤♥ ◆❡t
✭■❱✲❊st✐♠❛t❡s ❢♦r ✸✷✻ ❲❡st ●❡r♠❛♥ ❘❡❣✐♦♥s✮

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✿ ∆94,08 lnLr

❙♣❡❝✐✜❝❛t✐♦♥ ❆ ❙♣❡❝✐✜❝❛t✐♦♥ ❇ ❙♣❡❝✐✜❝❛t✐♦♥ ❈
■♥str✳✶ ■♥str✳✷ ■♥str✳✶ ■♥str✳✷ ■♥str✳✶ ■♥str✳✷
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈♦❡✣❝✐❡♥ts

ln ❆✉t♦❜❛❤♥1994 −2.571c 1.746c − − − −

✭✶✳✹✻✺✮ ✭✵✳✺✺✵✮
∆37,94 ln ❆✉t♦❜✳ − − 1.350c 2.098a − −

✭✵✳✼✶✵✮ ✭✵✳✹✹✸✮
%∆37,94 ❆✉t♦❜✳ − − − − 1.892c 2.922a

✭✵✳✾✼✵✮ ✭✵✳✻✶✹✮
∆80,94 ln ❊♠♣❧✳ 0.386a 0.341a 0.356a 0.354a 0.366a 0.369a

✭✵✳✵✼✵✮ ✭✵✳✵✺✼✮ ✭✵✳✵✺✺✮ ✭✵✳✵✺✹✮ ✭✵✳✵✺✻✮ ✭✵✳✵✺✹✮
ln ❊♠♣❧✳1994 −4.099a −5.419a −4.661a −4.537a −4.506a −4.299a

✭✶✳✺✸✺✮ ✭✶✳✷✶✸✮ ✭✶✳✷✵✺✮ ✭✶✳✶✼✸✮ ✭✶✳✷✷✺✮ ✭✶✳✶✻✷✮
ln ❆r❡❛ 3.945a 1.832b 2.104b 1.781b 2.446a 2.315a

✭✶✳✶✷✽✮ ✭✵✳✽✾✸✮ ✭✵✳✾✵✼✮ ✭✵✳✽✹✵✮ ✭✵✳✽✷✷✮ ✭✵✳✼✽✼✮
❙❦✐❧❧❡❞1994 0.951a 0.583a 0.645a 0.597a 0.632a 0.578a

✭✵✳✷✻✵✮ ✭✵✳✶✾✼✮ ✭✵✳✶✾✷✮ ✭✵✳✶✽✽✮ ✭✵✳✶✾✷✮ ✭✵✳✶✽✼✮
❍✐❣❤✲s❦✐❧❧❡❞1994 0.773a 0.757a 0.709a 0.679a 0.655a 0.596a

✭✵✳✷✻✹✮ ✭✵✳✷✶✻✮ ✭✵✳✷✷✵✮ ✭✵✳✷✶✼✮ ✭✵✳✷✷✻✮ ✭✵✳✷✶✼✮
❙t❛t✐st✐❝s

❆❞❥✳ R2 ✵✳✷✽✺ ✵✳✹✼✺ ✵✳✹✽✾ ✵✳✹✾✺ ✵✳✹✽✾ ✵✳✹✾✼
❚❡sts

❲❡❛❦ ■♥str✉♠❡♥ts

❆♥❣r✐st✴P✐s❝❤❦❡ ✶✷✳✾✵a ✶✾✻✳✸✺a ✹✵✳✻✺a ✷✶✶✳✵✷a ✺✹✳✼✶a ✻✶✷✳✾✼a

❈r❛❣❣✲❉♦♥❛❧❞ ✾✳✵✹✷a ✶✸✾✳✻✸✾a ✷✽✳✼✼✹a ✶✽✻✳✺✺✻a ✸✼✳✵✽✺a ✸✼✻✳✶✹✷a

❲❡❛❦ ■❞❡♥t✐✜❝❛t✐♦♥ ✲ ❘♦❜✉st

❆♥❞❡rs♦♥✲❘✉❜✐♥ ❲❛❧❞ ❚❡st
F ✲❙t❛t✳ ✶✳✵✹✼ ✹✳✺✵✶a ✶✳✵✹✼ ✹✳✺✵✶a ✶✳✵✹✼ ✹✳✺✵✶a

χ2 ✹✳✺✻✺ ✷✹✳✻✶✾a ✹✳✺✻✺ ✷✹✳✻✶✾a ✹✳✺✻✺ ✷✹✳✻✶✾a

❙t♦❝❦✲❲r✐❣❤t ▲▼
χ2 ✹✳✸✻✶ ✷✶✳✷✷✶a ✹✳✸✻✶ ✷✶✳✷✷✶a ✹✳✸✻✶ ✷✶✳✷✷✶a

❊①♦❣❡♥❡✐t② ❚❡sts

F ✲❙t❛t✳ ✶✶✳✷✺✾a ✵✳✵✵✹ ✶✳✵✸✽ ✵✳✵✾✵ ✶✳✽✺✵ ✵✳✹✾✼
χ2✲❙t❛t✳ ✶✵✳✼✸✷a ✵✳✵✵✺ ✶✳✶✷✽ ✵✳✵✾✽ ✷✳✵✵✾ ✵✳✺✷✾
❖✈❡r✐❞❡♥t✐✜❝❛t✐♦♥

❍❛♥s♦♥ ❏✲❚❡st ✵✳✸✺✵ ✶✷✳✷✹✸b ✵✳✼✻✼ ✷✳✹✺✹ ✵✳✻✵✽ ✷✳✸✺✶
p✲✈❛❧✉❡ ✵✳✾✺✵ ✵✳✵✶✻ ✵✳✽✺✼ ✵✳✻✺✸ ✵✳✽✾✺ ✵✳✻✼✷

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s✳ ❆❧❧ ❡st✐♠❛t❡s ✐♥❝❧✉❞❡ ❢✉rt❤❡r ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✭❤✐st♦r✐❝❛❧ ♣♦♣✉❧❛t✐♦♥✱ r❡❣✐♦♥❛❧
t②♣❡ ❛♥❞ ❢❡❞❡r❛❧ st❛t❡ ❞✉♠♠✐❡s ❛s ✐♥ t❤❡ ♠♦st ❝♦♠♣r❡❤❡♥s✐✈❡ s♣❡❝✐✜❝❛t✐♦♥ ❚❛❜❧❡ ■■✮✳
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❚❆❇▲❊ ❱■

●r♦✇t❤ ♦❢ t❤❡ ❘❡❣✐♦♥❛❧ ❲❛❣❡ ❇✐❧❧ ✶✾✾✹ t♦ ✷✵✵✽ ✭❖▲❙ ❊st✐♠❛t❡s ❢♦r ✸✷✻ ❲❡st
●❡r♠❛♥ ❘❡❣✐♦♥s✮

❉❡♣❡♥❞❡♥t ❱❛r✐❛❜❧❡✿ ∆94,08 ln(Lr ·Wr)
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❙♣❡❝✐✜❝❛t✐♦♥ ❆

ln ❆✉t♦❜❛❤♥1994 1.247b 1.052c 1.112c 1.514a 1.845a 2.028a

✭✵✳✺✼✸✮ ✭✵✳✺✼✵✮ ✭✵✳✻✵✸✮ ✭✵✳✺✽✹✮ ✭✵✳✺✾✽✮ ✭✵✳✺✾✻✮
ln ❲❛❣❡ ❇✐❧❧1994 2.214b 1.044 0.163 1.273 2.799 2.810

✭✵✳✾✼✻✮ ✭✶✳✵✻✹✮ ✭✶✳✷✾✼✮ ✭✶✳✹✶✷✮ ✭✶✳✼✶✷✮ ✭✶✳✼✽✽✮
∆80,94 ln ❲❛❣❡ ❇✳ 0.456a 0.391a 0.384a 0.434a 0.396a 0.275a

✭✵✳✵✻✵✮ ✭✵✳✵✽✵✮ ✭✵✳✵✽✶✮ ✭✵✳✵✼✶✮ ✭✵✳✵✼✹✮ ✭✵✳✵✽✸✮
❆❞❥✳ R2 ✵✳✷✵✾ ✵✳✷✸✽ ✵✳✷✸✼ ✵✳✷✺✹ ✵✳✷✻✷ ✵✳✸✸✼

❙♣❡❝✐✜❝❛t✐♦♥ ❇

∆37,94 ln ❆✉t♦❜✳ 2.206a 2.035a 2.143a 2.592a 2.555a 2.775a

✭✵✳✹✺✼✮ ✭✵✳✹✼✸✮ ✭✵✳✹✽✸✮ ✭✵✳✹✾✶✮ ✭✵✳✹✽✾✮ ✭✵✳✹✼✽✮
ln ❲❛❣❡ ❇✐❧❧1994 2.595a 1.451 0.425 1.999 3.500b 3.712b

✭✵✳✽✽✷✮ ✭✵✳✾✽✶✮ ✭✶✳✶✽✾✮ ✭✶✳✸✸✷✮ ✭✶✳✻✽✻✮ ✭✶✳✼✶✸✮
∆80,94 ln ❲❛❣❡ ❇✳ 0.467a 0.393a 0.387a 0.451a 0.419a 0.276a

✭✵✳✵✺✽✮ ✭✵✳✵✼✽✮ ✭✵✳✵✼✽✮ ✭✵✳✵✻✼✮ ✭✵✳✵✼✶✮ ✭✵✳✵✽✵✮
❆❞❥✳ R2 ✵✳✷✹✵ ✵✳✷✻✻ ✵✳✷✻✼ ✵✳✷✾✶ ✵✳✷✾✸ ✵✳✸✼✵

❙♣❡❝✐✜❝❛t✐♦♥ ❈

%∆37,94 ❆✉t♦❜✳ 3.954a 3.778a 3.854a 4.207a 4.055a 4.405a

✭✵✳✼✵✸✮ ✭✵✳✼✼✻✮ ✭✵✳✼✽✽✮ ✭✵✳✼✾✶✮ ✭✵✳✼✽✷✮ ✭✵✳✼✻✶✮
ln ❲❛❣❡ ❇✐❧❧1994 3.102a 2.033b 1.295 2.804b 3.742b 3.989b

✭✵✳✽✼✺✮ ✭✵✳✾✽✷✮ ✭✶✳✶✾✻✮ ✭✶✳✸✺✾✮ ✭✶✳✻✽✵✮ ✭✶✳✻✽✹✮
∆80,94 ln ❲❛❣❡ ❇✳ 0.490a 0.404a 0.402a 0.460a 0.431a 0.288a

✭✵✳✵✺✺✮ ✭✵✳✵✼✸✮ ✭✵✳✵✼✹✮ ✭✵✳✵✻✺✮ ✭✵✳✵✻✽✮ ✭✵✳✵✼✾✮
❆❞❥✳ R2 ✵✳✷✺✾ ✵✳✷✽✸ ✵✳✷✽✷ ✵✳✸✵✶ ✵✳✸✵✵ ✵✳✸✼✾

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s❀ ❢♦r ❢✉rt❤❡r ♥♦t❡s ❛♥❞ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✐♥ ♠♦❞❡❧s ✭✶✮ t♦ ✭✻✮ ♥♦t r❡♣♦rt❡❞ ❤❡r❡ s❡❡

❚❛❜❧❡ ■■✳



❚❍❊ ❆❯❚❖❇❆❍◆ ◆❊❚ ❆◆❉ ▲❆❇❖❘ ▼❆❘❑❊❚ P❊❘❋❖❘▼❆◆❈❊ ✷✾

❚❆❇▲❊ ❱■■

●r♦✇t❤ ♦❢ t❤❡ ❘❡❣✐♦♥❛❧ ❲❛❣❡ ❇✐❧❧ ✶✾✾✹ t♦ ✷✵✵✽ ✭■❱✲❊st✐♠❛t❡s ❢♦r ✸✷✻ ❲❡st
●❡r♠❛♥ ❘❡❣✐♦♥s✮

❉❡♣❡♥❞❡♥t ❱❛r✐❛❜❧❡✿ ∆94,08 ln(Lr ·Wr)
❙♣❡❝✐✜❝❛t✐♦♥ ❆ ❙♣❡❝✐✜❝❛t✐♦♥ ❇ ❙♣❡❝✐✜❝❛t✐♦♥ ❈

■♥str✳✶ ■♥str✳✷ ■♥str✳✶ ■♥str✳✷ ■♥str✳✶ ■♥str✳✷
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

❈♦❡✣❝✐❡♥ts

ln ❆✉t♦❜❛❤♥1994 −5.496a 2.132a − − − −

✭✶✳✽✽✾✮ ✭✵✳✼✵✾✮
∆37,94 ln ❆✉t♦❜✳ − − 2.292b 3.094a − −

✭✵✳✾✹✵✮ ✭✵✳✺✾✺✮
%∆37,94 ❆✉t♦❜✳ − − − − 3.093b 4.264a

✭✶✳✷✹✻✮ ✭✵✳✽✶✻✮
∆80,94 ln ❲❛❣❡ ❇✳ 0.327a 0.275a 0.278a 0.275a 0.288a 0.288a

✭✵✳✶✵✶✮ ✭✵✳✵✽✶✮ ✭✵✳✵✼✽✮ ✭✵✳✵✼✼✮ ✭✵✳✵✼✽✮ ✭✵✳✵✼✻✮
ln ❲❛❣❡ ❇✐❧❧1994 4.930b 2.781 3.654b 3.750b 3.808b 3.969b

✭✷✳✵✾✾✮ ✭✶✳✼✶✻✮ ✭✶✳✻✻✽✮ ✭✶✳✻✺✹✮ ✭✶✳✻✺✻✮ ✭✶✳✻✷✹✮
ln ❆r❡❛ 1.550a −2.304c −2.154c −2.479b −1.516 −1.625

✭✶✳✻✼✼✮ ✭✶✳✷✻✷✮ ✭✶✳✷✼✹✮ ✭✶✳✷✵✶✮ ✭✶✳✶✼✷✮ ✭✶✳✶✹✵✮
❙❦✐❧❧❡❞1994 0.909b 0.243 0.288 0.238 0.279 0.222

✭✵✳✸✻✾✮ ✭✵✳✷✽✽✮ ✭✵✳✷✻✾✮ ✭✵✳✷✼✸✮ ✭✵✳✷✻✼✮ ✭✵✳✷✼✵✮
❍✐❣❤✲s❦✐❧❧❡❞1994 0.464 0.439 0.365 0.337 0.287 0.228

✭✵✳✹✶✵✮ ✭✵✳✸✸✽✮ ✭✵✳✸✸✺✮ ✭✵✳✸✸✸✮ ✭✵✳✸✸✼✮ ✭✵✳✸✸✵✮
❙t❛t✐st✐❝s

❆❞❥✳ R2
−0.012 ✵✳✸✸✼ ✵✳✸✻✽ ✵✳✸✻✾ ✵✳✸✼✸ ✵✳✸✼✾

❚❡sts

❲❡❛❦ ■♥str✉♠❡♥ts

❆♥❣r✐st✴P✐s❝❤❦❡ 13.323a 196.097a 40.352a 207.547a 55.212a 615.134a

❈r❛❣❣✲❉♦♥❛❧❞ 9.262a 139.309a 28.654a 185.222a 37.453a 379.513a

❲❡❛❦ ■❞❡♥t✐✜❝❛t✐♦♥ ✲ ❘♦❜✉st

❆♥❞❡rs♦♥✲❘✉❜✐♥ ❲❛❧❞ ❚❡st
F ✲❙t❛t✳ ✸✳✷✸✺b ✻✳✸✹✵a ✸✳✷✸✺b ✻✳✸✹✵a ✸✳✷✸✺b ✻✳✸✹✵a

χ2 ✶✶✳✽✸✽b ✷✾✳✶✽✶a ✶✶✳✽✸✽b ✷✾✳✶✽✶a ✶✶✳✽✸✽b ✷✾✳✶✽✶a

❙t♦❝❦✲❲r✐❣❤t ▲▼
χ2 ✶✶✳✽✸✽b ✷✾✳✶✽✶a ✶✶✳✽✸✽b ✷✾✳✶✽✶a ✶✶✳✽✸✽b ✷✾✳✶✽✶a

❊①♦❣❡♥❡✐t② ❚❡sts

F ✲❙t❛t✳ ✷✷✳✺✻✼a ✵✳✵✻✶ ✵✳✷✾✵ ✵✳✽✺✾ ✶✳✸✻✶ ✵✳✷✺✶
χ2✲❙t❛t✳ ✶✾✳✽✵✹a ✵✳✵✻✻ ✵✳✸✶✸ ✵✳✾✺✸ ✶✳✹✻✸ ✵✳✷✻✾
❖✈❡r✐❞❡♥t✐✜❝❛t✐♦♥

❍❛♥s♦♥ ❏✲❚❡st ✵✳✷✺✺ ✷✷✳✵✺✵a ✻✳✹✶✼ ✼✳✸✸✽ ✻✳✹✽✵ ✼✳✻✺✽
p✲✈❛❧✉❡ ✵✳✾✻✽ ✵✳✵✵✵ ✵✳✵✾✸ ✵✳✶✶✾ ✵✳✵✾✵ ✵✳✶✵✺

◆♦t❡s✿ a✱ b✱ c ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪✱ ✺✪ ❛♥❞ ✶✵✪ ❧❡✈❡❧✱ r❡s♣❡❝t✐✈❡❧②❀ st❛♥❞❛r❞ ❡rr♦rs ✐♥
♣❛r❡♥t❤❡s❡s✳ ❆❧❧ ❡st✐♠❛t❡s ✐♥❝❧✉❞❡ ❢✉rt❤❡r ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✭❤✐st♦r✐❝❛❧ ♣♦♣✉❧❛t✐♦♥✱ r❡❣✐♦♥❛❧
t②♣❡ ❛♥❞ ❢❡❞❡r❛❧ st❛t❡ ❞✉♠♠✐❡s ❛s ✐♥ t❤❡ ♠♦st ❝♦♠♣r❡❤❡♥s✐✈❡ s♣❡❝✐✜❝❛t✐♦♥ ❚❛❜❧❡ ■■✮✳



✸✵ ❏❖❆❈❍■▼ ▼Ö▲▲❊❘ ❆◆❉ ▼❆❘❈❯❙ ❩■❊❘❊❘

❚❆❇▲❊ ❱■■■

❚❤❡ ■♠♣❛❝t ♦❢ ❘❡❣✐♦♥❛❧ ❚r❛♥s♣♦rt ■♥❢r❛str✉❝t✉r❡ ♦♥ ❘❡❣✐♦♥❛❧ ❊♠♣❧♦②♠❡♥t ❛♥❞
t❤❡ ❲❛❣❡ ❇✐❧❧ ❢♦r ❉✐❢❢❡r❡♥t ❊st✐♠❛t✐♦♥ ▼❡t❤♦❞s

❆✳ ❊♠♣❧♦②♠❡♥t ●r♦✇t❤

■♥str✉♠❡♥ts ✶ ■♥str✉♠❡♥ts ✷
▼❡t❤♦❞ ❈♦❡✛✳ z✲❙t❛t✳ ■♠♣❛❝t ❈♦❡✛✳ z✲❙t❛t✳ ■♠♣❛❝t

❙♣❡❝✐✜❝❛t✐♦♥ ❆
❖▲❙ 1.765 3.836 2.421 1.765 3.836 2.421
✷❙▲❙ − − − 1.746 3.661 2.395
●▼▼✲r♦❜✳ − − − 1.853 3.387 2.541
▲■▼▲✲r♦❜✳ − − − 1.744 3.105 2.393

❙♣❡❝✐✜❝❛t✐♦♥ ❇
❖▲❙ 2.028 5.664 2.829 2.028 5.664 2.829
✷❙▲❙ 1.350 2.010 1.884 2.098 5.185 2.927
●▼▼✲r♦❜✳ 1.356 1.923 1.892 2.077 4.705 2.897
▲■▼▲✲r♦❜✳ 1.341 1.871 1.871 2.099 4.719 2.928

❙♣❡❝✐✜❝❛t✐♦♥ ❈
❖▲❙ 3.074 5.333 2.982 3.074 5.333 2.982
✷❙▲❙ 1.892 2.076 1.835 2.922 5.212 2.833
●▼▼✲r♦❜✳ 1.917 1.987 1.859 2.911 4.760 2.823
▲■▼▲✲r♦❜✳ 1.882 1.929 1.825 2.920 4.749 2.832

❇✳ ❲❛❣❡ ❇✐❧❧

■♥str✉♠❡♥ts ✶ ■♥str✉♠❡♥ts ✷
▼❡t❤♦❞ ❈♦❡✛✳ z✲❙t❛t✳ ■♠♣❛❝t ❈♦❡✛✳ z✲❙t❛t✳ ■♠♣❛❝t

❙♣❡❝✐✜❝❛t✐♦♥ ❆
❖▲❙ 2.028 3.401 2.783 2.028 3.401 2.783
✷❙▲❙ − − − 2.132 3.108 2.925
●▼▼✲r♦❜✳ − − − 2.040 2.889 2.798
▲■▼▲✲r♦❜✳ − − − 2.144 2.925 2.942

❙♣❡❝✐✜❝❛t✐♦♥ ❇
❖▲❙ 2.775 5.809 3.872 2.775 5.809 3.872
✷❙▲❙ 2.292 2.388 3.197 3.094 5.331 4.316
●▼▼✲r♦❜✳ 2.274 2.474 3.173 3.015 5.088 4.206
▲■▼▲✲r♦❜✳ 2.262 2.306 3.156 3.102 5.182 4.328

❙♣❡❝✐✜❝❛t✐♦♥ ❈
❖▲❙ 4.405 5.788 4.272 4.405 5.788 4.272
✷❙▲❙ 3.093 2.401 2.999 4.264 5.351 4.135
●▼▼✲r♦❜✳ 3.121 2.541 3.027 4.172 5.135 4.046
▲■▼▲✲r♦❜✳ 3.026 2.349 2.935 4.261 5.207 4.132

◆♦t❡s✿ ❚❙▲❙ ✿ ✷✲❙t❛❣❡ ▲❡❛st ❙q✉❛r❡s✱ ●▼▼✲r♦❜✳✿ ●❡♥❡r❛❧✐③❡❞ ▼❡t❤♦❞ ♦❢ ▼♦♠❡♥ts✱ ❡st✐♠❛t❡s
❡✣❝✐❡♥t ❢♦r ❛r❜✐tr❛r② ❤❡t❡r♦s❦❡❞❛st✐❝✐t② ❛♥❞ st❛t✐st✐❝s r♦❜✉st t♦ ❤❡t❡r♦s❦❡❞❛st✐❝✐t②❀
▲■▼▲✲r♦❜✳✿ ▲✐♠✐t❡❞ ▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❊st✐♠❛t♦r✱ ❡st✐♠❛t❡s ❡✣❝✐❡♥t ❢♦r ❛r❜✐tr❛r②

❤❡t❡r♦s❦❡❞❛st✐❝✐t② ❛♥❞ st❛t✐st✐❝s r♦❜✉st t♦ ❤❡t❡r♦s❦❡❞❛st✐❝✐t②❀ ✏■♠♣❛❝t✑ ✐s t❤❡ ❡✛❡❝t ♦❢ ❛ ♦♥❡
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡♥❞♦❣❡♥♦✉s ✐♥❢r❛str✉❝t✉r❡ ✈❛r✐❛❜❧❡❀ ■♥str✉♠❡♥ts
✶ ✭✷✮✿ s♣❡❝✐✜❝❛t✐♦♥ ❡①❝❧✉❞✐♥❣ ✭✐♥❝❧✉❞✐♥❣✮ ❛ ✭✵✱✶✮✲❞✉♠♠② ✈❛r✐❛❜❧❡ ❢♦r ♥♦ ❛✉t♦❜❛❤♥ ✐♥ ✶✾✾✹✳



Working Paper Series in Economics 

(recent issues) 

 

No.328: Ahmed Fayez Abdelgouad, Christian Pfeifer and John P. Weche Gelübcke: Ownership 
Structure and Firm Performance in the Egyptian Manufacturing Sector, September 2014 

No.327: Stephan Humpert: Working time, satisfaction and work life balance: A European 
perspective. September 2014 

No.326: Arnd Kölling: Labor Demand and Unequal Payment: Does Wage Inequality matter? 
Analyzing the Influence of Intra-firm Wage Dispersion on Labor Demand with German 
Employer-Employee Data, November 2014 

No.325: Horst Raff and Natalia Trofimenko: World Market Access of Emerging-Market Firms: The 
Role of Foreign Ownership and Access to External Finance, November 2014 

No.324: Boris Hirsch, Michael Oberfichtner and Claus Schnabel: The levelling effect of product 
market competition on gender wage discrimination, September 2014 

No.323: Jürgen Bitzer, Erkan Gören and Sanne Hiller: International Knowledge Spillovers: The 
Benefits from Employing Immigrants, November 2014 

No.322: Michael Gold: Kosten eines Tarifabschlusses: Verschiedene Perspektiven der 
Bewertung, November 2014 

No.321: Gesine Stephan und Sven Uthmann: Wann wird negative Reziprozität am Arbeitsplatz 

akzeptiert? Eine quasi-experimentelle Untersuchung, November 2014 

No.320: Lutz Bellmann, Hans-Dieter Gerner and Christian Hohendanner: Fixed-term contracts 
and dismissal protection. Evidence from a policy reform in Germany, November 2014 

No.319: Knut Gerlach, Olaf Hübler und Wolfgang Meyer: Betriebliche Suche und Besetzung von 
Arbeitsplätzen für qualifizierte Tätigkeiten in Niedersachsen - Gibt es Defizite an 
geeigneten Bewerbern?, Oktober 2014 

No.318: Sebastian Fischer, Inna Petrunyk, Christian Pfeifer and Anita Wiemer: Before-after 
differences in labor market outcomes for participants in medical rehabilitation in 
Germany, December 2014 

No.317: Annika Pape und Thomas Wein: Der deutsche Taximarkt - das letzte (Kollektiv-) 
Monopol im Sturm der „neuen Zeit“, November 2014 

No.316: Nils Braakmann and John Wildman: Reconsidering the impact of family size on labour 
supply: The twin-problems of the twin-birth instrument, November 2014 

No.315: Markus Groth and Jörg Cortekar: Climate change adaptation strategies within the 
framework of the German “Energiewende” – Is there a need for government interventions 
and legal obligations?, November 2014 

No.314: Ahmed Fayez Abdelgouad: Labor Law Reforms and Labor Market Performance in Egypt, 
October 2014 

No.313: Joachim Wagner: Still different after all these years. Extensive and intensive margins of 
exports in East and West German manufacturing enterprises, October 2014 

No.312: Joachim Wagner: A note on the granular nature of imports in German manufacturing 
industries, October 2014 



No.311: Nikolai Hoberg and Stefan Baumgärtner: Value pluralism, trade-offs and efficiencies, 
October 2014 

No.310: Joachim Wagner: Exports, R&D and Productivity: A test of the Bustos-model with 
enterprise data from France, Italy and Spain, October 2014 

No.309: Thomas Wein: Preventing Margin Squeeze: An Unsolvable Puzzle for Competition 
Policy? The Case of the German Gasoline Market, September 2014 

No.308: Joachim Wagner: Firm age and the margins of international trade: Comparable evidence 
from five European countries, September 2014 

No.307: John P. Weche Gelübcke: Auslandskontrollierte Industrie- und Dienstleistungs-
unternehmen in Niedersachsen: Performancedifferentiale und Dynamik in Krisenzeiten,  
August 2014 

No.306: Joachim Wagner: New Data from Official Statistics for Imports and Exports of Goods by 
German Enterprises, August 2014 

No.305: Joachim Wagner:  A note on firm age and the margins of imports: First evidence from 
Germany, August 2014 

No.304: Jessica Ingenillem, Joachim Merz and Stefan Baumgärtner: Determinants and 
interactions of sustainability and risk management of commercial cattle farmers in 
Namibia, July 2014 

No.303: Joachim Wagner:  A note on firm age and the margins of exports: First evidence from 
Germany, July 2014 

No.302: Joachim Wagner: A note on quality of a firm’s exports and distance to destination 
countries: First evidence from Germany, July 2014 

No.301: Ahmed Fayez Abdelgouad: Determinants of Using Fixed-term Contracts in the Egyptian 
Labor Market: Empirical Evidence from Manufacturing Firms Using World Bank Firm-
Level Data for Egypt, July 2014 

No.300: Annika Pape: Liability Rule Failures? Evidence from German Court Decisions, May 2014 

No.299: Annika Pape: Law versus Economics? How should insurance intermediaries influence 
the insurance demand decision, June 2013 

No.298: Joachim Wagner: Extensive Margins of Imports and Profitability: First Evidence for 
Manufacturing Enterprises in Germany, May 2014 [published in: Economics Bulletin 34 
(2014), 3, 1669-1678] 

No.297: Joachim Wagner: Is Export Diversification good for Profitability? First Evidence for 
Manufacturing Enterprises in Germany, March 2014 [published in: Applied Economics 46 
(2014), 33, 4083-4090] 

No.296: Joachim Wagner: Exports and Firm Profitability: Quality matters!, March 2014 [published 
in: Economics Bulletin 34 (2014), 3, 1644-1652] 

No.295: Joachim Wagner: What makes a high-quality exporter? Evidence from Germany, March 
2014 [published in: Economics Bulletin 34 (2014), 2, 865-874] 

No.294: Joachim Wagner: Credit constraints and margins of import: First evidence for German 
manufacturing enterprises, February 2014 [published in: Applied Economics 47 (2015), 
5, 415-430] 



 
(see www.leuphana.de/institute/ivwl/publikationen/working-papers.html for a complete list) 

No.293: Dirk Oberschachtsiek: Waiting to start a business venture. Empirical evidence on the 
determinants., February 2014 

No.292: Joachim Wagner: Low-productive exporters are high-quality exporters. Evidence from 
Germany, February 2014 [published in: Economics Bulletin 34 (2014), 2, 745-756] 

No.291: Institut für Volkswirtschaftslehre: Forschungsbericht 2013, Januar 2014 

No.290: Stefan Baumgärtner, Moritz A. Drupp und Martin F. Quaas: Subsistence and 
substitutability in consumer preferences, December 2013 

No.289: Dirk Oberschachtsiek: Human Capital Diversity and Entrepreneurship. Results from the 
regional individual skill dispersion nexus on self-employment activity., December 2013 

No.288: Joachim Wagner and John P. Weche Gelübcke: Risk or Resilience? The Role of Trade 
Integration and Foreign Ownership for the Survival of German Enterprises during the 
Crisis 2008-2010, December 2013 published in: [Jahrbücher für Nationalökonomie und 
Statistik 234 (2014), 6, 758-774] 

No.287: Joachim Wagner: Credit constraints and exports: A survey of empirical studies using firm 
level data, December 2013 

No.286: Toufic M. El Masri: Competition through Cooperation? The Case of the German Postal 
Market, October 2013 

No.285: Toufic M. El Masri: Are New German Postal Providers Successful? Empirical Evidence 
Based on Unique Survey Data, October 2013 

No.284: Andree Ehlert, Dirk Oberschachtsiek, and Stefan Prawda: Cost Containment and 
Managed Care: Evidence from German Macro Data, October 2013 

No.283: Joachim Wagner and John P. Weche Gelübcke: Credit Constraints, Foreign Ownership, 
and Foreign Takeovers in Germany, September 2013 

No.282: Joachim Wagner: Extensive margins of imports in The Great Import Recovery in 
Germany, 2009/2010, September 2013 [published in: Economics Bulletin 33 (2013), 4, 
2732-2743] 

No.281: Stefan Baumgärtner, Alexandra M. Klein, Denise Thiel, and Klara Winkler:  Ramsey 
discounting of ecosystem services, August 2013 

No.280: Antonia Arsova and Deniz Dilan Karamen Örsal:  Likelihood-based panel cointegration 
test in the presence of a linear time trend and cross-sectional dependence, August 2013 

No.279: Thomas Huth:  Georg von Charasoff’s Theory of Value, Capital and Prices of Production, 
June 2013 

No.278: Yama Temouri and Joachim Wagner: Do outliers and unobserved heterogeneity explain 
the exporter productivity premium? Evidence from France, Germany and the United 
Kingdom, June 2013 [published in: Economics Bulletin, 33 (2013), 3, 1931-1940] 

No.277: Horst Raff and Joachim Wagner: Foreign Ownership and the Extensive Margins of 
Exports: Evidence for Manufacturing Enterprises in Germany, June 2013 

No.276: Stephan Humpert: Gender Differences in Life Satisfaction and Social Participation, May 
2013 



Leuphana Universität Lüneburg 

Institut für Volkswirtschaftslehre 

Postfach 2440 

D-21314 Lüneburg 

Tel.: ++49 4131 677 2321 

email: brodt@leuphana.de 

www.leuphana.de/institute/ivwl/publikationen/working-papers.html  

 


	Introduction
	Background
	Previous theoretical approaches
	Previous empirical studies

	Theoretical considerations
	A New Economic Geography model
	General equilibrium conditions
	From theory to empirics
	Empirical model

	Data and descriptive evidence
	Historical data on transport nets
	The 1890 plan of the German railway net
	The 1937 plan of the German autobahn system

	Data and descriptive evidence

	Estimation results
	Specification search and OLS results
	Instrumental variable estimates
	Results for the impact of the regional autobahn net on the wage bill

	Conclusions

