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❉❡❦❛♥ ✴❉❡❦❛♥✐♥✿ Pr♦❢✳ ❉r✳ ●❡r♥♦t ❆✳ ❋✐♥❦

●✉t❛❝❤t❡r ✴●✉t❛❝❤t❡r✐♥♥❡♥✿ Pr♦❢✳ ❉r✳ P❡t❡r ▼❛r✇❡❞❡❧

Pr♦❢✳ ❉r✳ ❏❡♥s ❚❡✉❜♥❡r







❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❋✐rst ❛♥❞ ❢♦r❡♠♦st✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s✐♥❝❡r❡ ❣r❛t✐t✉❞❡ t♦ ♠② ❛❞✈✐s♦r Pr♦❢✳

❉r✳ ▼❛r✇❡❞❡❧ ❢♦r t❤❡ ❝♦♥t✐♥✉♦✉s s✉♣♣♦rt ❛♥❞ ❣✉✐❞❛♥❝❡ ♦❢ ♠② P❤✳❉ st✉❞② ❛♥❞ ❢♦r

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

t❤❡ ❝❤❛♥❝❡ t♦ ✇♦r❦ ✐♥ ❤✐s ❣r♦✉♣ ❛♥❞ t♦ r❡❛❧✐③❡ t❤✐s t❤❡s✐s✳ ◆❡①t✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦

t❤❛♥❦ Pr♦❢✳ ❉r✳ ❚❡✉❜♥❡r ❢♦r ❤✐s s✉♣♣♦rt ❛♥❞ ❝♦♠♠✐t♠❡♥t t♦ r❡✈✐❡✇ t❤✐s t❤❡s✐s✳

❋✉rt❤❡r♠♦r❡✱ ♠❛♥② t❤❛♥❦s t♦ ♠② ❝♦♠♠✐tt❡❡ ♠❡♠❜❡rs✱ Pr♦❢✳ ❉r✳ ❍❡✐♥r✐❝❤ ▼ü❧❧❡r

❛♥❞ Pr♦❢✳ ❉r✳ P❡t❡r ❇✉❝❤❤♦❧③✳

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

P②❦❛✱ ▼❛r❦✉s ❇✉s❝❤❤♦✛✱ ❍❡❧❡♥❛ ❑♦tt❤❛✉s✱ ▼✐❝❤❛❡❧ ❊♥❣❡❧✱ ❆♥❞r❡❛s ❍❡✐♥✐❣ ❛♥❞

❋❧♦r✐❛♥ ❙❝❤♠♦❧❧✳ ❘♦❜❡rt✱ ❍❡❧❡♥❛ ❛♥❞ ▼❛r❦✉s ❤❡❧♣❡❞ ♠❡ ❛ ❧♦t t❤r♦✉❣❤ ♠② t❤❡s✐s ✇✐t❤

❢r✉✐t❢✉❧ ❞✐s❝✉ss✐♦♥s✱ ♣r♦♦❢✲r❡❛❞✐♥❣ ❛♥❞ ♠♦t✐✈❛t✐♦♥✳ ❘♦❜❡rt P②❦❛ ❞❡s❡r✈❡s s♣❡❝✐❛❧

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

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

❍❡✐♥✐❣✱ ❋❧♦r✐❛♥ ❙❝❤♠♦❧❧✱ ❉❛♥✐❡❧ ❈♦r❞❡s ❛♥❞ ❘♦❜❡rt P②❦❛ ❤❡❧♣❡❞ ♠❡ ✇✐t❤ t❡❝❤♥✐❝❛❧

❞✐s❝✉ss✐♦♥s ❛♥❞ t❡❝❤♥✐❝❛❧ s❡t✉♣ ✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ ❢r❛♠❡✇♦r❦✳ ■ ❛❧s♦ ✇✐s❤ t♦

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

◆✐❧s ❑♥❡✉♣❡r✳

▼❛♥② ♣❡♦♣❧❡ ♦✉ts✐❞❡ t❤❡ ❞❡♣❛rt♠❡♥t ❞❡s❡r✈❡ ♠② s♣❡❝✐❛❧ t❤❛♥❦s✳ Pr♦❢✳ ❉r✳ ❈❤r✐s✲

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

✇♦r❦✳ ■ ✇♦✉❧❞ ❛❧s♦ ❧✐❦❡ t♦ ❡①t❡♥❞ ♠② t❤❛♥❦s t♦ ■✉❧✐❛♥❛ ❇❛❝✐✈❛r♦✈ ❛♥❞ ❙❛♥❞❡r ❙t✉❥✐❦

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

♦❢ t❤❡ t♦♦❧s ✐♥ t❤✐s ✇♦r❦✳ ◆❡①t t♦ Pr♦❢✳ ❉r✳ ▼❛r✇❡❞❡❧✱ Pr♦❢✳ ❉r✳ P❡tr✉ ❊❧❡s✱ ❉r✳

❆❧❡①❛♥❞r✉ ❆♥❞r❡✐ ❛♥❞ Pr♦❢✳ ❉r✳ ❏❡♥s ❲❛❣♥❡r ❝♦♥tr✐❜✉t❡❞ ✐♥ ❛✇❛❦❡♥✐♥❣ ♠② ✐♥t❡r❡st

✐♥ r❡s❡❛r❝❤ ❛♥❞ P❤❉✳

❆ ♣❛rt ♦❢ t❤✐s ✇♦r❦ ✇❛s ❦✐♥❞❧② s✉♣♣♦rt❡❞ ❜② t❤❡ ❙❋❇ ✽✼✻ r❡s❡❛r❝❤ ♣r♦❥❡❝t ♦❢

t❤❡ ❉❡✉ts❝❤❡ ❋♦rs❝❤✉♥❣s❣❡♠❡✐♥s❝❤❛❢t ✭❉❋●✮✳ ❍♦✇❡✈❡r✱ ❛ ❣r❡❛t ♣❛rt ✇❛s ❞❡✈❡❧♦♣❡❞

✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✱ ✐✳❡✳ ❊❈ ❙❡✈❡♥t❤ ❋r❛♠❡✇♦r❦ Pr♦❣r❛♠ ❋P✼ ✴ ■❙❚✲

✷✶✻✷✷✹✳ ❚❤❡ ♠❡♠❜❡rs ♦❢ t❤❡s❡ ♣r♦❥❡❝ts ❞❡s❡r✈❡ s♣❡❝✐❛❧ t❤❛♥❦s ❢♦r t❤❡✐r ❦✐♥❞ ❝♦♦♣✲

❡r❛t✐♦♥✱ s✉♣♣♦rt ❛♥❞ t❤❡ ❢r✉✐t❢✉❧ ❞✐s❝✉ss✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❡♥t♦r✐♥❣3 ♣r♦❣r❛♠

✐♥✐t✐❛t❡❞ ❜② ❯♥✐✈❡rs✐täts❛❧❧✐❛♥③ ▼❡tr♦♣♦❧❡ ❘✉❤r ✭❯❆▼❘✮ s✉♣♣♦rt❡❞ ♠❡ ✇✐t❤ ❣r❡❛t

✐♥♣✉t✱ ❛ ❣r❡❛t ♠❡♥t♦r ❛♥❞ ❣r❡❛t P❤❉ st✉❞❡♥ts✳ ▼❛♥② t❤❛♥❦s t♦ ❛❧❧ t❤❡s❡ ✐♥st✐t✉t✐♦♥s

❢♦r t❤❡✐r r❡s♦✉r❝❡s ❛♥❞ t❤❡✐r ❣✉✐❞❛♥❝❡✳

▲❛st ❜✉t ♥♦t ❧❡❛st✱ ■ ✇✐s❤ t♦ t❤❛♥❦ ♠② ❢❛♠✐❧② ❛♥❞ ❢r✐❡♥❞s ❢♦r t❤❡✐r s✉♣♣♦rt ❛♥❞

❡♥❝♦✉r❛❣❡♠❡♥t t❤r♦✉❣❤♦✉t ♠② st✉❞②✳ ❲♦r❞s ❝❛♥♥♦t ❡①♣r❡ss ❤♦✇ ❣r❛t❡❢✉❧ ■ ❛♠ t♦

♠② ♣❛r❡♥ts ❊❧✐❝❛ ❛♥❞ ❙t♦❥❛♥✱ ✇❤♦ ❛❧✇❛②s ❜❡❧✐❡✈❡❞ ✐♥ ♠❡ ❛♥❞ ❡♥❝♦✉r❛❣❡❞ ♠❡ t♦

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

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

■♥❣r✐❞ ❛❧s♦ ❞❡s❡r✈❡s ♠② ✈❡r② ❣r❡❛t ❛♣♣r❡❝✐❛t✐♦♥ ❢♦r ❤❡r s✉♣♣♦rt ❛♥❞ ♠♦t✐✈❛t✐♦♥✳ ■

t❤❛♥❦ ❛❧❧ ♦❢ t❤❡♠ ❢♦r ❦❡❡♣✐♥❣ ♠❡ ❢r❡❡ ♦❢ ♦t❤❡r t❛s❦s✱ s♦ t❤❛t ■ ✇❛s ❛❜❧❡ t♦ ✜♥✐s❤ t❤✐s

t❤❡s✐s✳





❆❜str❛❝t

❊♠❜❡❞❞❡❞ s②st❡♠s✱ s✉❝❤ ❛s ♠♦❜✐❧❡ ♣❤♦♥❡s✱ ✐♥t❡❣r❛t❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❢❡❛t✉r❡s✱

❡✳❣✳ ♠✉❧t✐♣❧❡ ❝❛♠❡r❛s✱ ●P❙ s❡♥s♦rs ❛♥❞ ♠❛♥② ♦t❤❡r s❡♥s♦rs ❛♥❞ ❛❝t✉❛t♦rs✳ ❚❤❡s❡

❦✐♥❞ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ❛r❡ ❞❡❛❧✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❝♦♠♣❧❡①✐t② ❞✉❡ t♦ ❞❡♠❛♥❞s

♦♥ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❝♦♥str❛✐♥ts ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦♥ s✉❝❤

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

t❤✐s✱ ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✲♦♥✲❝❤✐♣ ✭▼P❙♦❈✮ ❞❡✈✐❝❡s ✇❡r❡ ✐♥tr♦❞✉❝❡❞✳ ❖♥ t❤❡

♦t❤❡r s✐❞❡✱ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡s❡ s②st❡♠s ❤❛s t♦ ❜❡ ❞❡❝r❡❛s❡❞✱ ❡s♣❡❝✐❛❧❧②

❢♦r ❜❛tt❡r②✲❞r✐✈❡♥ ❡♠❜❡❞❞❡❞ s②st❡♠s✳ ❆ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❝❛♥ ❜❡

❛❝❤✐❡✈❡❞ ❜② ❡✣❝✐❡♥t❧② ✉t✐❧✐③✐♥❣ t❤❡ ❤❛r❞✇❛r❡ r❡s♦✉r❝❡s ♦♥ t❤❡s❡ ❞❡✈✐❝❡s✳ ▼P❙♦❈

❞❡✈✐❝❡s ❝❛♥ ❜❡ ❡✐t❤❡r ❤♦♠♦❣❡♥❡♦✉s ♦r ❤❡t❡r♦❣❡♥❡♦✉s✳ ❍♦♠♦❣❡♥❡♦✉s ▼P❙♦❈ ❞❡✈✐❝❡s

✉s✉❛❧❧② ❝♦♥t❛✐♥ t❤❡ s❛♠❡ t②♣❡ ♦❢ ♣r♦❝❡ss♦rs ✇✐t❤ t❤❡ s❛♠❡ s♣❡❡❞✱ ✐✳❡✳ ❝❧♦❝❦ ❢r❡q✉❡♥❝②✱

❛♥❞ t❤❡ s❛♠❡ t②♣❡ ❛♥❞ s✐③❡ ♦❢ ♠❡♠♦r✐❡s ❢♦r ❡❛❝❤ ♣r♦❝❡ss♦r✳ ■♥ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈

❞❡✈✐❝❡s✱ t❤❡ ♣r♦❝❡ss♦r t②♣❡s ❛♥❞✴♦r ❝❧♦❝❦ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ♠❡♠♦r② t②♣❡s ❛♥❞✴♦r s✐③❡s

♠❛② ✈❛r②✳

❉✉r✐♥❣ t❤❡ ❧❛st ❞❡❝❛❞❡✱ r❡s❡❛r❝❤ ❤❛s ❞❡❛❧t ✇✐t❤ ♦♣t✐♠✐③❛t✐♦♥s ❢♦r t❤❡ ❡✣❝✐❡♥t

✉t✐❧✐③❛t✐♦♥ ♦❢ ❤❛r❞✇❛r❡ r❡s♦✉r❝❡s ♦♥ ▼P❙♦❈s✳ ❈❡♥tr❛❧ ✐ss✉❡s ❛r❡ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢

♣❛r❛❧❧❡❧✐s♠ ❢r♦♠ s❡q✉❡♥t✐❛❧ ❝♦❞❡ ❛♥❞ t❤❡ ❡✣❝✐❡♥t ♠❛♣♣✐♥❣ ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛✲

t✐♦♥ t❛s❦s ♦♥t♦ t❤❡ ♣r♦❝❡ss♦rs ♦❢ t❤❡ s②st❡♠✳ ❆ ❢❡✇ ❢r❛♠❡✇♦r❦s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞

✇❤✐❝❤ ❞✐str✐❜✉t❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ t❛s❦s t♦ ❛✈❛✐❧❛❜❧❡ ♣r♦❝❡ss♦rs ✇❤✐❧❡ ♦♣t✐♠✐③✲

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

✉s✉❛❧❧② ✐♥t❡❣r❛t❡ ❛❧❧ r❡q✉✐r❡❞✱ ❢♦r❡❣♦✐♥❣ st❡♣s s✉❝❤ ❛s t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ♣❛r❛❧❧❡❧✐③❡❞

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

♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡s❡ st❡♣s ❛r❡ ♣❡r❢♦r♠❡❞ ❡✐t❤❡r ♠❛♥✉❛❧❧② ♦r ✐♥ ❛♥ ❛✉t♦♠❛t❡❞

✇❛②✳ ❚❤❡s❡ ❦✐♥❞ ♦❢ ❢r❛♠❡✇♦r❦s ❤❡❧♣ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥❡r t♦ s✐❣♥✐✜❝❛♥t❧②

r❡❞✉❝❡ ❞❡s✐❣♥ t✐♠❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♠❡♠♦r✐❡s ♦r ♠❡♠♦r② ❤✐❡r❛r✲

❝❤✐❡s ✐s ♥❡❣❧❡❝t❡❞ ✐♥ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s✱ ❡✈❡♥ t❤♦✉❣❤ ✐t ✐s ❛ ✇❡❧❧✲❦♥♦✇♥ ❢❛❝t

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

s②st❡♠✳

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ✐♥✈❡st✐❣❛t❡s t❤❡ ❡✛❡❝t ♦❢ ♠❡♠♦r② ❤✐❡r❛r❝❤✐❡s ✐♥ ▼P❙♦❈ ♠❛♣✲

♣✐♥❣✳ ❙✐♥❝❡ ❛ t❤r❡❛❞ ❜❛s❡❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧ ✐s ✉s❡❞✱ ❛ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ t♦♦❧

✐s ✐♥tr♦❞✉❝❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t✇♦ ❛♣♣r♦❛❝❤❡s ❢♦r ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛✲

t✐♦♥ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ❡♠❜❡❞❞❡❞ ▼P❙♦❈ ❞❡✈✐❝❡s ❛r❡ ♣r❡s❡♥t❡❞✳

❚❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ t♦♦❧ ❡①tr❛❝ts ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ✇✐t❤ ✐♠♣♦rt❛♥t ❛♥✲

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

t✐♦♥✳ ❚❤✐s t❤r❡❛❞ ❣r❛♣❤ r❡♣r❡s❡♥ts ❛❧❧ r❡q✉✐r❡❞ ✐♥♣✉t ✐♥❢♦r♠❛t✐♦♥ ❢♦r t❤❡ s✉❜s❡q✉❡♥t

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s✳ ❉❡♣❡♥❞❡♥t ♦♥ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❛♣♣❧✐✲

❝❛t✐♦♥✱ t❤❡ ❞❡s✐❣♥❡r ❝❛♥ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ❛ ✜♥❡✲❣r❛✐♥❡❞ ❛♥❞ ❛ ❝♦❛rs❡✲❣r❛✐♥❡❞ t❤r❡❛❞

❣r❛♣❤ ❛♥❞ t❤✉s ✐♥✢✉❡♥❝❡ t❤❡ ♦✈❡r❛❧❧ ❞❡s✐❣♥ t✐♠❡✳

❚❤❡ ✜rst ♣r❡s❡♥t❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ❛♣♣r♦❛❝❤ ❤❛♥❞❧❡s s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡

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



✈✐✐✐

s②st❡♠✳ ❚❤❡ s❡❝♦♥❞ ♣r❡s❡♥t❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ❛♣♣r♦❛❝❤ ❤❛♥❞❧❡s ❛ ♠✉❧t✐✲

♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ r❡❞✉❝❡s ❜♦t❤✱ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❆❧❧

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

t❤❡ ❞❡s✐❣♥ t✐♠❡✳ ❚❤❡② ✇♦r❦ ✐♥ ❛ ❢✉❧❧② ❛✉t♦♠❛t❡❞ ✇❛② ❛♥❞ ❛r❡ ✐♥t❡❣r❛t❡❞ ✇✐t❤✐♥ t❤❡

▼❆❈❈✈✷✴▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛❧s♦ ♣r♦✈✐❞❡s ❛❧❧ r❡q✉✐r❡❞

❢♦r❡❣♦✐♥❣ st❡♣s s✉❝❤ ❛s t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ♦❢ s❡q✉❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡✳ ❚❤❡ ♣r❡✲

s❡♥t❡❞ ❡✈❛❧✉❛t✐♦♥s s❤♦✇ t❤❛t ❝♦♥s✐❞❡r✐♥❣ ♠❡♠♦r② ♠❛♣♣✐♥❣ ❞✉r✐♥❣ ▼P❙♦❈ ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

❚❤❡ s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ ❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ✐♥ r✉♥✲

t✐♠❡ ❜② ❛❜♦✉t ✷✶✪ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ❛❜♦✉t ✷✽✪✳

❚❤❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❛❝❤✐❡✈❡s ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝✲

t✐♦♥ ✐♥ r✉♥t✐♠❡ ❜② ❛❜♦✉t ✷✶✪ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜②

❛❜♦✉t ✷✻✪✳ ❇♦t❤ ♣r❡s❡♥t❡❞ ♦♣t✐♠✐③❛t✐♦♥ ❛♣♣r♦❛❝❤❡s ✇❡r❡ ✈❛❧✐❞❛t❡❞ ❢♦r ❤♦♠♦❣❡✲

♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ ❞❡✈✐❝❡s✳ ❚❤❡ r❡s✉❧ts ❝❧❡❛r❧② s❤♦✇ t❤❛t ♥❡❣❧❡❝t✐♥❣

t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ❝❛♥ ❧❡❛❞ t♦ ✇❛st❡❞ ♦♣t✐♠✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧✳



❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ✶

✶✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶

✶✳✷ ❊♠❜❡❞❞❡❞ ❙②st❡♠s ❆r❝❤✐t❡❝t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✶✳✸ ❉❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✹ ▼❛♣♣✐♥❣ ♣r♦❜❧❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
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❚❤❡ ♣r♦❝❡ss ♦❢ ♠✐♥✐❛t✉r✐③❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts ❜❡❣❛♥ ✇✐t❤ t❤❡ ✐♥✈❡♥t✐♦♥ ✭✶✾✹✼✮

❛♥❞ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛♥s✐st♦rs✱ ✇❤✐❝❤ r❡♣❧❛❝❡❞ ❧❛r❣❡ ✈❛❝✉✉♠ t✉❜❡s✳ ❚❤❡ ✜rst ✐♥t❡✲

❣r❛t❡❞ ❝✐r❝✉✐t ✭■❈✮ ✇❛s r❡❛❧✐③❡❞ ✶✾✺✽ ❛t ❚❡①❛s ■♥str✉♠❡♥ts ✇❤❡r❡ tr❛♥s✐st♦rs✱ ❝❛♣❛❝✲

✐t♦rs ❛♥❞ r❡s✐st♦rs ❢♦r♠❡❞ ❛♥ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐t ♦♥ ❛♥ ❛r❡❛ ♦❢ ♦♥❧② ❢❡✇ sq✉❛r❡ ♠✐❧❧✐♠❡✲

t❡rs✳ ❚❤❡ ♥❡①t ✐♠♣♦rt❛♥t st❡♣ t♦✇❛r❞s ♠✐♥✐❛t✉r✐③❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t✐♥❣ ♣♦✇❡r ✇❛s

t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ ✜rst✱ ❝♦♠♠❡r❝✐❛❧ ♠✐❝r♦♣r♦❝❡ss♦r ■♥t❡❧ ✹✵✵✹ ✇✐t❤ ✷✱✸✵✵ tr❛♥✲

s✐st♦rs ✐♥ ✶✾✼✶ ❬✶❪✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛rs✱ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♣♦✇❡r ✐♥❝r❡❛s❡❞ ✇❤✐❧❡

t❤❡ s✐③❡ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ❝♦sts s❤r✉♥❦ ❝♦♥t✐♥✉♦✉s❧②✳ ■♥

✷✵✶✷✱ ■♥t❡❧ ✐♥tr♦❞✉❝❡❞ t❤❡ ♠✉❧t✐❝♦r❡ ❳❡♦♥ P❤✐ ❈♦♣r♦❝❡ss♦r ✇✐t❤ ❛❜♦✉t ✜✈❡ ❜✐❧❧✐♦♥s

tr❛♥s✐st♦rs ❛♥❞ ✉♣ t♦ ✻✷ ❝♦r❡s ❬✷❪✳

❚❤✐s ✐♥❝r❡❛s❡ ✇❛s ❝♦♥s✐st❡♥t ✇✐t❤ ▼♦♦r❡✬s ❧❛✇✱ ✇❤✐❝❤ st❛t❡s t❤❛t t❤❡ ♥✉♠❜❡r

♦❢ tr❛♥s✐st♦rs ♦♥ ✐♥t❡❣r❛t❡❞ ❝✐r❝✉✐ts ❞♦✉❜❧❡s ❡✈❡r② t✇♦ ②❡❛rs ❬✸❪✳ ■♥ ✷✵✶✵✱ t❤❡ ■♥✲

t❡r♥❛t✐♦♥❛❧ ❚❡❝❤♥♦❧♦❣② ❘♦❛❞♠❛♣ ❢♦r ❙❡♠✐❝♦♥❞✉❝t♦rs ✭■❚❘❙✮ ❝♦♥✜r♠❡❞ t❤✐s tr❡♥❞

✉♣ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ ②❡❛r ✷✵✶✸ ❬✹❪✳ ■♥ ✷✵✶✹✱ ■❚❘❙ ❞❡❝✐❞❡❞ t❤❛t ▼♦♦r❡✬s ❧❛✇ ✇♦✉❧❞

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

✧❛♣♣❧✐❝❛t✐♦♥ ❣✉✐❞❡❞ t❡❝❤♥♦❧♦❣②✧ r♦❛❞♠❛♣✳ ❙❡✈❡♥ ❢♦❝✉s t❡❛♠s ❛r❡ ❣♦✐♥❣ t♦ ❛♥❛❧②③❡

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

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

③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ♣❤②s✐❝❛❧ ❢❡❛t✉r❡ s✐③❡s t♦ r❡❞✉❝❡ ❝♦st ❛♥❞ ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡✧

❬✺❪✳
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❍♦✇❡✈❡r✱ t❤❡ ❧♦✇ ♠❛♥✉❢❛❝t✉r✐♥❣ ❝♦sts ♦❢ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s ❛♥❞ t❤❡ ♠✐♥✐❛t✉r✐③❛✲

t✐♦♥ ❧❡❞ t♦ ❛ ♣r♦❧✐❢❡r❛t✐♦♥ ♦❢ s♣❡❝✐❛❧✲♣✉r♣♦s❡ s②st❡♠s✳ ❈♦♥tr❛r② t♦ ❣❡♥❡r❛❧✲♣✉r♣♦s❡

s②st❡♠s ❛s ♣❡rs♦♥❛❧ ❝♦♠♣✉t❡rs ✭P❈s✮✱ s♣❡❝✐❛❧✲♣✉r♣♦s❡ s②st❡♠s ❢✉❧✜❧ ❛ s♣❡❝✐✜❝✱ ❝✉s✲

t♦♠✐③❡❞ t❛s❦✳ ❙♦♠❡ ❡①❛♠♣❧❡s ❛r❡ s♠❛rt ♣❤♦♥❡s✱ ❞✐❣✐t❛❧ ❝❛♠❡r❛s ♦r t❛❜❧❡ts✳ ❚❤❡s❡

s♣❡❝✐❛❧✲♣✉r♣♦s❡ s②st❡♠s ❛r❡ ❞❡✜♥❡❞ ❛s ❡♠❜❡❞❞❡❞ s②st❡♠s ♦r ❛s ❝②❜❡r✲♣❤②s✐❝❛❧ s②s✲

t❡♠s✳

❉❡✜♥✐t✐♦♥ ✶✳✶ ✭❊♠❜❡❞❞❡❞ ❙②st❡♠s✮ ❊♠❜❡❞❞❡❞ s②st❡♠s ✭❊❙✮ ❛r❡ ✐♥❢♦r♠❛t✐♦♥

♣r♦❝❡ss✐♥❣ s②st❡♠s ❡♠❜❡❞❞❡❞ ✐♥t♦ ❛ ❧❛r❣❡r ♣r♦❞✉❝t ✲ P❡t❡r ▼❛r✇❡❞❡❧ ❬✻❪

❉❡✜♥✐t✐♦♥ ✶✳✷ ✭❈②❜❡r✲P❤②s✐❝❛❧ ❙②st❡♠s✮ ❈②❜❡r✲P❤②s✐❝❛❧ ❙②st❡♠s ✭❈P❙✮ ❛r❡

✐♥t❡❣r❛t✐♦♥s ♦❢ ❝♦♠♣✉t❛t✐♦♥ ✇✐t❤ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ✲ ❊❞✇❛r❞ ▲❡❡ ❬✼❪

❈②❜❡r✲♣❤②s✐❝❛❧ s②st❡♠ ❝❛♥ ❜❡ ❛❧s♦ ❞❡✜♥❡❞ ❛s ❡♠❜❡❞❞❡❞ s②st❡♠s ✐♥ ❛ ♣❤②s✐❝❛❧

❡♥✈✐r♦♥♠❡♥t ❬✻❪✳ ❚❤❡s❡ s②st❡♠s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡✐r ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡

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

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

♣r❡s❡♥❝❡ ✐s ❧❡ss ❛♣♣❛r❡♥t✳ ❚❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ t❤❡s❡ s②st❡♠s ✐s t♦ ♠❛❦❡ ♦✉r ❧✐✈❡s ❡❛s✐❡r

♦r ♠♦r❡ ❝♦♠❢♦rt❛❜❧❡✳ ❚❤❡② ❛r❡ ❛❧r❡❛❞② ❛♥ ✐♥❤❡r❡♥t ♣❛rt ♦❢ ♦✉r ❞❛✐❧② ❧✐❢❡✳ ❲❡ ❛r❡

s✉rr♦✉♥❞❡❞ ❜② t❤❡s❡ s②st❡♠s ❡✈❡r②✇❤❡r❡✿

• ❝♦♥s✉♠❡r ❡❧❡❝tr♦♥✐❝s✿ t❡❧❡✈✐s✐♦♥✱ ❝❛♠❡r❛s✱ t❛❜❧❡ts✱ ♠♣✸ ♣❧❛②❡r✱ ♠❡❞✐❛ ♣❧❛②❡r✱

✈✐❞❡♦ ❣❛♠❡ ❝♦♥s♦❧❡s✱ ❡t❝✳

• t❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥✿ s♠❛rt ♣❤♦♥❡✱ t❡❧❡♣❤♦♥❡ s✇✐t❝❤❡s ❢♦r ♥❡t✇♦r❦✱ ♠♦❞❡♠ ✴

r♦✉t❡r✱ ❯❙❇ ■♥t❡r♥❡t st✐❝❦s✱ ❡t❝✳

• tr❛♥s♣♦rt❛t✐♦♥✿ ❛✉t♦♠♦t✐✈❡ ✭❡✳❣✳ ❆❇❙✱ ❛✐r❜❛❣✱ ♥❛✈✐❣❛t✐♦♥✮✱ ❛✐r❝r❛❢t ✭❡✳❣✳ ❝♦❧✲

❧✐s✐♦♥ ❞❡t❡❝t✐♦♥✮✱ r❛✐❧✇❛②✱ ❡t❝✳

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

♦✈❡♥✱ ❡t❝✳

• ❤♦♠❡ ❛✉t♦♠❛t✐♦♥✿ s❡❝✉r✐t②✱ ❝♦♥tr♦❧ ❧✐❣❤ts✱ ❝❧✐♠❛t❡✱ s✉r✈❡✐❧❧❛♥❝❡✱ ❡t❝✳

• r♦❜♦t✐❝s✱ ♠❡❞✐❝❛❧ ❡q✉✐♣♠❡♥t✱ ❡t❝✳

✶✳✷ ❊♠❜❡❞❞❡❞ ❙②st❡♠s ❆r❝❤✐t❡❝t✉r❡

❚❤❡ ♣r♦❣r❡ss ✐♥ ❤❛r❞✇❛r❡ ❞❡✈❡❧♦♣♠❡♥t ✐s ♠❛❦✐♥❣ ❡♠❜❡❞❞❡❞ s②st❡♠s ♠♦r❡ ❡✣❝✐❡♥t✱

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

t✐♦♥s ♦❢ t❤❡s❡ s②st❡♠s ❛r❡ ❛ r❡❛s♦♥ ❢♦r t❤❡✐r ✐♥❝r❡❛s✐♥❣ ❝♦♠♣❧❡①✐t②✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡

✜rst ❢✉♥❝t✐♦♥s ♦❢ ❛ ♠♦❜✐❧❡ ♣❤♦♥❡ ✇❡r❡ s❤♦rt ♠❡ss❛❣❡ s❡r✈✐❝❡ ✭❙▼❙✮ ❛♥❞ t❡❧❡♣❤♦♥❡

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

s❝r❡❡♥✱ ●P❙✱ ❞✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥s✱ ❡t❝✳ ❲✐t❤ t❤❡ ✐♥❝r❡❛s✐♥❣ ❞❡♠❛♥❞s✱ t❤❡ ❝♦♠♣❧❡①✲

✐t② ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡s❡ s②st❡♠s ❤❛s ❛❧s♦ ✐♥❝r❡❛s❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣



✶✳✸✳ ❉❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ✸

♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s✱ t❤❡ ❤❛r❞✇❛r❡ ✇❛s ♣❧❛✐♥✱ ❡✳❣✳ ❝♦♥s✐st✐♥❣ ♦❢ ♠✐❝r♦ ❝♦♥tr♦❧❧❡r ✐♥✲

❝❧✉❞✐♥❣ ♠❡♠♦r② ❛♥❞ ✐♥♣✉t✴♦✉t♣✉t ❢✉♥❝t✐♦♥s✳ ❆❢t❡r✇❛r❞s✱ s②st❡♠s✲♦♥✲❛✲❝❤✐♣ ✭❙♦❈✮

✇❛s ✐♥tr♦❞✉❝❡❞ ✇❤❡r❡ ❛❧❧ ❢✉♥❝t✐♦♥s ♦r ❝♦♠♣♦♥❡♥ts ♦❢ ❛♥ ❡❧❡❝tr♦♥✐❝ s②st❡♠ ❛r❡ ✐♥✲

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

❞✐✛❡r❡♥t ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠s✱ ❢r♦♠ ❙♦❈❙ t♦

❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠ ♦♥ ❝❤✐♣s ✭▼P❙♦❈s✮✳ ▼P✲

❙♦❈s ✐♥t❡❣r❛t❡ ♠✉❧t✐♣❧❡ ♣r♦❝❡ss♦rs ♦♥ ❛ ❝❤✐♣✱ ✇❤❡r❡ t❤❡ ♣r♦❝❡ss♦rs ❝❛♥ ❜❡ ✐❞❡♥t✐❝❛❧

✭❤♦♠♦❣❡♥♦✉s✮ ♦r ♦❢ ❞✐✛❡r❡♥t t②♣❡s ✭❤❡t❡r♦❣❡♥❡♦✉s✮✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥

❛r❡❛ ♦❢ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠✱ t❤❡ ❤❛r❞✇❛r❡ ❤❛s t♦ ❜❡ ❝❤♦s❡♥ ♣r♦♣❡r❧② ❜② t❤❡ ❡♠✲

❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥❡r✳ ❙♦♠❡ ❞❡s✐❣♥❡rs ✇♦r❦ ❛❧r❡❛❞② ♦♥ ❛ ❣✐✈❡♥✱ ✜①❡❞ ❛r❝❤✐t❡❝t✉r❡✱

♦t❤❡r ❞❡s✐❣♥❡rs ❤❛✈❡ t♦ ❞❡s✐❣♥ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❛r❝❤✐t❡❝t✉r❡✳

❉✐✛❡r❡♥t t❡r♠s ♦❝❝✉r ❝♦♥s✐❞❡r✐♥❣ ❝♦♥❝✉rr❡♥t ❡①❡❝✉t✐♦♥✿ ♠✉❧t✐♣r♦❝❡ss♦r✱ ♠✉❧t✐✲

❝♦r❡ ♣r♦❝❡ss♦r ❛♥❞ ▼P❙♦❈s✳ ❆ ♠✉❧t✐♣r♦❝❡ss♦r ✐s ❛ ❤❛r❞✇❛r❡ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥t❛✐♥✐♥❣

t✇♦ ♦r ♠♦r❡ ♣r♦❝❡ss✐♥❣ ✉♥✐ts✱ ✇❤✐❝❤ s❤❛r❡ ✭♠❛✐♥ ♠❡♠♦r② ❛♥❞✮ ♣❡r✐♣❤❡r❛❧s✳ ❆ ♠✉❧✲

t✐❝♦r❡ ♣r♦❝❡ss♦r ✐s ❛ ♣r♦❝❡ss♦r ❝♦♥t❛✐♥✐♥❣ t✇♦ ♦r ♠♦r❡ ❝♦r❡s ♦r ❝❡♥tr❛❧ ♣r♦❝❡ss✐♥❣

✉♥✐ts ✭❈P❯✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❇♦t❤ ❛r❡ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s ✇❤✐❧❡ ▼P❙♦❈s ✐♥t❡❣r❛t❡ ❛

❝♦♠♣❧❡t❡ s②st❡♠ s♦❧✉t✐♦♥✱ ❡✳❣✳ ✇❤✐❝❤ ❝❛♥ ❝♦♥t❛✐♥ ✈✐❞❡♦ ❛♥❞ ❣r❛♣❤✐❝s s♦❧✉t✐♦♥ ❬✽❪✳

❋✐❣✉r❡ ✷✳✶ ♦♥ ♣❛❣❡ ✶✸ ✐❧❧✉str❛t❡s ❛ ▼P❙♦❈✱ ✐✳❡✳ ❛ ❢✉♥❝t✐♦♥❛❧ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❖▼❆P

✺✾✶✷ ❢r♦♠ ❚❡①❛s ■♥str✉♠❡♥ts✳

❚♦ s✉♠ ✉♣✿ ■♥ ❡♠❜❡❞❞❡❞ s②st❡♠s✱ ❝♦♥❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ✐s ✉s✉❛❧❧② r❡❛❧✐③❡❞

t❤r♦✉❣❤ ❤♦♠♦❣❡♥❡♦✉s ♦r ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s✱ ✇❤✐❝❤ ❛r❡ r❡q✉✐r❡❞ ✐♥ ♦r✲

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

✈❡❧♦♣♠❡♥t ♦❢ ▼P❙♦❈s ❛♥❞ st❛t❡✲♦❢✲t❤❡✲❛rt s②st❡♠s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥

❙❡❝t✐♦♥ ✷✳✶✳

✶✳✸ ❉❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s

❋♦r t❤❡ ❞❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s✱ ❞✐✛❡r❡♥t ❞❡s✐❣♥ st❡♣s ❤❛✈❡ t♦ ❜❡ ♣❡r❢♦r♠❡❞

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

s✐③❡✱ ❜✉s tr❛✣❝✱ ❡t❝✳ ◆❡①t t♦ t❤❡s❡ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥s✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s t♦ ❢❛❝❡

✈❛r✐♦✉s ♦t❤❡r ❝❤❛❧❧❡♥❣❡s✱ ❡✳❣✳ ♠❛♥❛❣✐♥❣ ❝♦♥❝✉rr❡♥❝② ❛♥❞ ❛❧s♦ ♠❡❡t✐♥❣ t❤❡ ♠❛✐♥ ❞❡✲

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

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

❛ ✜rst st❡♣✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s t♦ ❞❡❝✐❞❡ ✇❤✐❝❤ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✱ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥✲

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

t❤❡ s②st❡♠ t❤❛t ❤❛s t♦ ❜❡ ❞❡s✐❣♥❡❞✳ ❆❢t❡r✇❛r❞s✱ ♦♣t✐♠✐③❛t✐♦♥s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞

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

s♦❢t✇❛r❡ ✭❡✳❣✳ ❝♦❞❡ ♦♣t✐♠✐③❛t✐♦♥s✮✳ ❆❧❧ t❤❡s❡ ❞❡s✐❣♥ st❡♣s ❝♦♥❢r♦♥t t❤❡ ❞❡s✐❣♥❡r ✇✐t❤

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

t✐♠❡✲t♦✲♠❛r❦❡t ❝♦♥str❛✐♥ts✳ ❚✐♠❡✲t♦✲♠❛r❦❡t ❝♦♥str❛✐♥ts ❞❡✜♥❡ t❤❡ t✐♠❡ ♦❢ ❛ ♣r♦❞✉❝t

❢r♦♠ ❞❡s✐❣♥ ✉♥t✐❧ ✐ts ❛✈❛✐❧❛❜✐❧✐t② ❢♦r s❛❧❡✳ ❲✐t❤ ❛♥ ❡❛r❧✐❡r r❡❧❡❛s❡ ♦❢ t❤❡ ♥❡✇ s②st❡♠✱

t❤❡ ✐♥❞✉str② ❣❛✐♥s ❛❞✈❛♥t❛❣❡s ✐♥ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ♠❛r❦❡t s❤❛r❡✳ ■♥ t❤❡ ❧❛st ❞❡❝❛❞❡✱

▼P❙♦❈s ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ r❡q✉✐r❡♠❡♥t t♦ ♠❛♥❛❣❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❝♦♥❝✉rr❡♥❝② ❛s



✹ ❈❤❛♣t❡r ✶✳ ■♥tr♦❞✉❝t✐♦♥

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

t❤❡s❡ s②st❡♠s ✐♥❝r❡❛s❡❞ t❤❡ ❝♦♠♣❧❡①✐t② ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ❡✈❡♥ ♠♦r❡✳

❉✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ r❡s❡❛r❝❤ ❢♦r t❤❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥

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

r❡❛s♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ t♦♦❧s ✇♦r❦ ♦♥ ❞✐✛❡r❡♥t ✐♥t❡r♥❛❧ ♠♦❞❡❧s ❢♦r ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞

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

s②st❡♠s✳ ❊✈❡♥ ✐❢ t❤❡ t♦♦❧s ✇♦r❦ ♦♥ t❤❡ s❛♠❡ ♠♦❞❡❧s✱ ✐t ✐s ♥♦t ❣✉❛r❛♥t❡❡❞ t❤❛t t❤❡

♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s ❝❛♥ ✐♥t❡r❝♦♥♥❡❝t✳ ❉✉❡ t♦ ❞✐✛❡r❡♥t ✐♥t❡r❢❛❝❡s✱ t❤❡ ♦✉t♣✉t ❞♦❡s ♥♦t

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

♦❢ ♦♥❡ t♦♦❧ ❞♦❡s ♥♦t ✜t t♦ ♦t❤❡r t♦♦❧s✱ r❡s♣❡❝t✐✈❡❧②✳ ❍❡r❡✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s ♦♥ t❤❡

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

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

t♦ t❛❦❡ ❝❛r❡ ♦❢ t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ♦❢ ❞✐✛❡r❡♥t t♦♦❧s ♦r ❞❡s✐❣♥ ❛♥ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧

♦♥ ❤✐s✴❤❡r ♦✇♥✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥♦t❤❡r ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧✳

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

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

♠✐③❛t✐♦♥s ♦♥ t❤❡ s②st❡♠✳ ❋♦r t❤✐s✱ ❝②❝❧❡✲❛❝❝✉r❛t❡ s✐♠✉❧❛t♦rs ❛r❡ r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦

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

t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ❛♥❞ t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ✇✐t❤ t❤❡ ✉♥❞❡r❧②✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥

❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐❜r❛r② ✭❡✳❣✳ ❖♣❡♥▼P✱ ▼P■✮ ❛r❡ ❛ ✈❡r② t✐♠❡✲❝♦♥s✉♠✐♥❣ ❥♦❜✱

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

♠♦❞❡❧ ❤❛s t♦ ❜❡ ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ❝❤♦s❡♥ ❛r❝❤✐t❡❝t✉r❡✳ ■t ✐s ✈❡r② ❞✐✣❝✉❧t ❛♥❞ t✐♠❡✲

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

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

r❡❛s♦♥✱ r❡s❡❛r❝❤ ✐s ❛❧s♦ ❝♦♥❝❡♥tr❛t✐♥❣ ♦♥ t❤❡ ❛✉t♦♠❛t❡❞ ✐♥t❡❣r❛t✐♦♥ ❢♦r t❤❡ ❞✐✛❡r❡♥t

❞❡s✐❣♥ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s✳ ❙♦♠❡ ❢r❛♠❡✇♦r❦s✱ ✇❤✐❝❤ ✐♥t❡❣r❛t❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t

❞❡s✐❣♥ st❡♣s✱ ✇❡r❡ ✐♥tr♦❞✉❝❡❞✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡s❡ ❢r❛♠❡✇♦r❦s ✐s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥

✷✳✹✳✹✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ✉♣❞❛t✐♥❣ ♦❢ t❤❡s❡ ❢r❛♠❡✇♦r❦s ✐s t❛❦✐♥❣ ②❡❛rs✱ ❛♥❞ t❤❡✐r

s❝♦♣❡ ❝❛♥ ✜❧❧ s❡✈❡r❛❧ P❤❉ t❤❡s❡s✳

✶✳✹ ▼❛♣♣✐♥❣ ♣r♦❜❧❡♠

■♥ t❤✐s s❡❝t✐♦♥✱ t✇♦ ✐♠♣♦rt❛♥t ❞❡s✐❣♥ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s ❛r❡ ✐♥tr♦❞✉❝❡❞✳ ❇♦t❤ ♦♣t✐✲

♠✐③❛t✐♦♥s s♦❧✈❡ ❛♥ ❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠ ✇❤❡r❡ s♦❢t✇❛r❡ ✭❛♣♣❧✐❝❛t✐♦♥ t❤r❡❛❞s ♦r ♠❡♠✲

♦r② ♦❜❥❡❝ts✮ ❤❛s t♦ ❜❡ ❡✣❝✐❡♥t❧② ♠❛♣♣❡❞ ♦♥t♦ t❤❡ ❤❛r❞✇❛r❡ ✭♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts ♦r

♠❡♠♦r✐❡s✮✳ ❚❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥s ♦♣t✐♠✐③❡ ❢♦r ❛ s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡ ❣♦❛❧ ♦r ❢♦r s❡✈❡r❛❧

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

✶✳✹✳✶ ▼❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s

❚❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s ✐s ❛♥ ✐♠♣♦rt❛♥t ♦♣t✐♠✐③❛t✐♦♥ t❤❛t ✐s

♦❢t❡♥ ♥❡❣❧❡❝t❡❞ ❞✉r✐♥❣ ❞❡s✐❣♥✳ ▼❡♠♦r✐❡s ♦r t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ❤❛✈❡ ❛ ❞r❛st✐❝

✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s②st❡♠✬s r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❞✉❡ t♦ t❤❡ st✐❧❧ ❡①✐st✐♥❣

♠❡♠♦r② ✇❛❧❧ ♣r♦❜❧❡♠ ❬✾❪✳ ❚❤✐s ♣r♦❜❧❡♠ ❞❡s❝r✐❜❡s t❤❡ ❤✉❣❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ s♣❡❡❞



✶✳✹✳ ▼❛♣♣✐♥❣ ♣r♦❜❧❡♠ ✺

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

❢❛st❡r t❤❛♥ t❤❡ s♣❡❡❞ ♦❢ ♠❡♠♦r✐❡s✳ ❚❤✉s✱ t❤❡ ❛❝❝❡ss t✐♠❡ t♦ ♠❡♠♦r✐❡s ❧✐♠✐ts t❤❡

♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ♠❡♠♦r✐❡s ❝♦♥s✉♠❡ ❛ ❧♦t ♦❢ ❡♥❡r❣②✳ ■♥ ❛ ❙♦❈✱ t❤❡ ❛❝❝❡ss t♦ t❤❡

♠❛✐♥ ♠❡♠♦r② ❝❛♥ t❛❦❡ ✉♣ t♦ ✶✵✵ ❝②❝❧❡s✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s ❛❧s♦ ✈❛❧✐❞ ❢♦r ▼P❙♦❈

s②st❡♠s ✇❤❡r❡ t❤❡ ❛❝❝❡ss t✐♠❡ t♦ ♦✛✲❝❤✐♣ ❉❘❆▼ ❛❧s♦ ❝♦♥s✉♠❡s ❛ ❣r❡❛t ❛♠♦✉♥t ♦❢

t✐♠❡✳

▼❡♠♦r② ❤✐❡r❛r❝❤✐❡s ✇❡r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ ♦r❞❡r t♦ ❝♦♣❡ ✇✐t❤ t❤✐s s✐❣♥✐✜❝❛♥t ♣r♦❜✲

❧❡♠ ❜② ♣❧❛❝✐♥❣ s♠❛❧❧❡r✱ ❢❛st❡r ❛♥❞ ♠♦r❡ ❡♥❡r❣②✲❡✣❝✐❡♥t ♠❡♠♦r✐❡s ✭✐✳❡✳ ♦♥✲❝❤✐♣

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

❧❡✈❡❧s✳ ❚❤❡ ✐❞❡❛ ✐s t♦ ♣❧❛❝❡ ❢r❡q✉❡♥t❧② ✉s❡❞ ✐♥str✉❝t✐♦♥ ♦r ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts ♦♥t♦

♦♥✲❝❤✐♣ ♠❡♠♦r✐❡s ❛♥❞ t❤❡r❡❜② t♦ r❡❞✉❝❡ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❋♦r ❡①✲

❛♠♣❧❡✱ ❛♥ ♦♥✲❝❤✐♣ ♠❡♠♦r② ♦♥ ❧❡✈❡❧✲✶ ✐s ❧♦❝❛t❡❞ ♥❡①t t♦ t❤❡ ♣r♦❝❡ss♦r ❛♥❞ ❤❛s ✐❞❡❛❧❧②

♦♥❧② ♦♥❡ ❝②❝❧❡ ❛❝❝❡ss t✐♠❡✳ ❖♥✲❝❤✐♣ ♠❡♠♦r② ♦♥ ❧❡✈❡❧✲✷ ❛r❡ ❛❧s♦ ❝♦♠♠♦♥✳ ❚❤❡r❡ ✐s

❛ ❧❛r❣❡r ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧❡✈❡❧✲✷ ♠❡♠♦r② ❛♥❞ t❤❡ ♣r♦❝❡ss♦r✳ ❉❡♣❡♥❞❡♥t ♦♥ t❤✐s

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

t❤❡ ❛❝❝❡ss ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ t♦ t❤❡ ❧❡✈❡❧✲✶ ♠❡♠♦r②✳

❖♥✲❝❤✐♣ ♠❡♠♦r② ❤✐❡r❛r❝❤✐❡s ❡✐t❤❡r ❝♦♥s✐st ♦❢ ❝❛❝❤❡ ♦r s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳

❊s♣❡❝✐❛❧❧② ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ r❡❛❧✲t✐♠❡ ❡♠❜❡❞❞❡❞ s②st❡♠s✱ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛r❡

❡①t❡♥s✐✈❡❧② ✉s❡❞ ❬✶✵❪✳ ❚❤❡ ❝♦♥t❡♥t ♦❢ t❤❡s❡ ♠❡♠♦r✐❡s ✐s ❦♥♦✇♥ ✐♥ ❛❞✈❛♥❝❡✳ ❚❤❡②

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

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

♦♣t✐♠✐③❛t✐♦♥ s♦❢t✇❛r❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡② ❝♦♥s✉♠❡ ❧❡ss ❡♥❡r❣② ❛♥❞ ❞✐❡

❛r❡❛ t❤❛♥ ❝❛❝❤❡s s✐♥❝❡ ♥♦ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❝♦♥tr♦❧ ❧♦❣✐❝ ✐s r❡q✉✐r❡❞

❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡✐r ❝♦♥t❡♥t✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ ✇❡ ❡①♣❧✐❝✐t❧② ❝♦♥s✐❞❡r ♦♥❧②

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

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

❛❧❣♦r✐t❤♠s ♦r ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ♠❛♣ ❡✣❝✐❡♥t❧② t❤❡ ♠♦st ❛❝❝❡ss❡❞

♠❡♠♦r② ♦❜❥❡❝ts ♦♥t♦ t❤❡ ♠❡♠♦r✐❡s✳ ■♠♣♦rt❛♥t ❛❝❤✐❡✈❡♠❡♥ts ✐♥ t❤✐s r❡s❡❛r❝❤ ✜❡❧❞ ✐s

❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳✶✳ ◆❡①t✱ s♦♠❡ tr❡♥❞s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ♦❢ ▼P❙♦❈s

❛r❡ ✐♥tr♦❞✉❝❡❞✱ ✇❤✐❝❤ ✇✐❧❧ ❧❡❛❞ t❤❡ r❡s❡❛r❝❤ ✐♥ ❛ ♥❡✇ ❞✐r❡❝t✐♦♥ ✇✐t❤ ♥❡✇ ❝❤❛❧❧❡♥❣❡s

✐♥ t❤❡ ♠❡♠♦r② ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳

❚❤❡ tr❡♥❞s ✐♥ ▼P❙♦❈ s②st❡♠s s❤♦✇ t❤❛t ❧❡✈❡❧✲✶ ❛♥❞ ❧❡✈❡❧✲✷ ❝❛❝❤❡s ❛r❡ ❝♦♠♠♦♥✳

❖♥❡ ❡①❛♠♣❧❡ ✐s t❤❡ ❊①②♥♦s ❖❝t❛ ✺✹✶✵ ❛r❝❤✐t❡❝t✉r❡✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s t✇♦ ❧❡✈❡❧✲✶ ❛♥❞

♦♥❡ ❧❡✈❡❧✲✷ ❝❛❝❤❡ ❢♦r ❡❛❝❤ ♣r♦❝❡ss♦r✳ ❆♥♦t❤❡r tr❡♥❞ ✐s t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ t❤❡

♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❖▼❆P ❛r❝❤✐t❡❝t✉r❡ ❝♦♥t❛✐♥s ✉s✉❛❧❧② ❛ ●P❯

❛♥❞ ❛♥ ❆❘▼ ♣r♦❝❡ss♦r✳ ■♥ t❤❡ ❖▼❆P ✺✾✶✷✱ t❤❡ ❆❘▼✾✷✻❊❏ ♣r♦❝❡ss♦r ❤❛s ❛❝❝❡ss

t♦ ❛ ✶✻ ❑❇ ✐♥str✉❝t✐♦♥ ❛♥❞ t♦ ❛ ✽ ❑❇ ❞❛t❛ ❝❛❝❤❡✳ ❚❤❡ ❚▼❙✸✷✵❈✺✺① ❉❙P ❝♦r❡ ❤❛s

❛❝❝❡ss t♦ ❛ ✻✹ ❑❇ ♦♥✲❝❤✐♣ ❞✉❛❧✲❛❝❝❡ss ❘❆▼✱ ❛ ✾✻ ❑❇ ♦♥✲❝❤✐♣ s✐♥❣❧❡✲❛❝❝❡ss ❘❆▼

❛♥❞ ❛ ✷✹ ❑❇ ✐♥str✉❝t✐♦♥ ❝❛❝❤❡ ❬✶✶❪✳

❚❤❡ ❖▼❆P ✺✹✸✵ ✐♥❝❧✉❞❡s ❛ ❞✉❛❧✲❝♦r❡ ✇✐t❤ t✇♦ ❆❘▼ ❈♦rt❡①✲❆✶✺✱ ❛ ❉❙P s✉❜✲

s②st❡♠ ✇✐t❤ ❛ ❚▼❙✸✷✵❉▼✻✹ ❉❙P ♣r♦❝❡ss♦r ❛♥❞ ❛♥ ✐♠❛❣❡✲♣r♦❝❡ss✐♥❣ ✉♥✐t ✭■P❯✮

s✉❜s②st❡♠✳ ❊❛❝❤ ❈♦rt❡①✲❆✶✺ ❝♦r❡ ❝♦♥t❛✐♥s ❛ s❡♣❛r❛t❡ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ❝❛❝❤❡ ♦❢

✸✷ ❑❇ ❛♥❞ ❜♦t❤ ❝♦r❡s ❤❛✈❡ ❛❝❝❡ss t♦ ❛ ❧❡✈❡❧✲✷ ❝❛❝❤❡ ♦❢ ✷ ▼❇✳ ❚❤❡ ❉❙P ❤❛s ❛❝❝❡ss

t♦ ❛ ❧❡✈❡❧✲✶ ✸✷ ❑❇ ❝❛❝❤❡ ❛♥❞ ❛ ✶✷✽ ❑❇ ❧❡✈❡❧✲✷ ❝❛❝❤❡✳ ❚❤❡ ❞✉❛❧✲❝♦r❡ ❈♦rt❡①✲▼✹ ✐♥





✶✳✺✳ ❈♦♥tr✐❜✉t✐♦♥s ✼

✇♦r❦❧♦❛❞s✱ ♦r ❛ ♠✐①t✉r❡ ♦❢ ❜♦t❤✳ ❚❤✐s ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ ✐ts t②♣❡s ♦❢

♦♣❡r❛t✐♦♥s✱ ❛❝❝❡ss ♣❛tt❡r♥s✱ ❝♦♠♣❧❡①✐t②✱ ❡t❝✳ ▼♦r❡♦✈❡r✱ t❤❡ t②♣❡ ♦❢ ♣❛r❛❧❧❡❧✐③❛t✐♦♥

♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥✢✉❡♥❝❡s t❤❡ ✇♦r❦❧♦❛❞ ♦❢ ❡❛❝❤ t❛s❦ ✭♣✐♣❡❧✐♥❡✱ ❧♦♦♣✲

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

t❤❡s❡ t❛s❦s ❡✣❝✐❡♥t❧②✳ ❋♦r t❤✐s✱ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❛r❝❤✐t❡❝t✉r❡

❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✱ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ❛♥❞ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❡❛❝❤

✐♥❞✐✈✐❞✉❛❧ ♣r♦❝❡ss♦r ✭❡✳❣✳ ❝❧♦❝❦ r❛t❡✱ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✮✳ ❚❤❡ ❝♦♠♣❧❡①✐t② ❛♥❞

s♦❧✉t✐♦♥✴❞❡s✐❣♥ s♣❛❝❡ ❢♦r t❤✐s ♦♣t✐♠✐③❛t✐♦♥ ✐♥❝r❡❛s❡s ✐❢ t✇♦ ♦r ♠♦r❡ ❝♦♥tr❛❞✐❝t✐♥❣

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

❡①♣❧♦r❡❞✳ ❘❡❧❛t❡❞ ✇♦r❦ ♦❢ t❤✐s t♦♣✐❝ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳✹✳ ❆s ❛❧r❡❛❞② st❛t❡❞

✐♥ t❤❡ ♣r❡✈✐♦✉s ❙❡❝t✐♦♥ ✶✳✷✱ t❤❡ tr❡♥❞s ✐♥ ▼P❙♦❈ ❞❡s✐❣♥ ❣♦ t♦✇❛r❞s ❤❡t❡r♦❣❡♥❡✐t②

❛♥❞ t♦✇❛r❞s ❤❡t❡r♦❣❡♥❡♦✉s ♣r♦❝❡ss♦rs ❛♥❞ t❤✉s t♦ t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❛s❦s t♦ t❤❡s❡

♣r♦❝❡ss♦rs✳

✶✳✺ ❈♦♥tr✐❜✉t✐♦♥s

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

t✐♠✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r t❤❡ ❞✐✈❡rs❡✱ ❝♦♠♣❧❡① ❞❡s✐❣♥ st❡♣s✳ ❚❤✐s t❤❡s✐s ❢♦❝✉s❡s

♦♥ ♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥s ✐♥ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s✳ ■t

❝♦♠❜✐♥❡s t✇♦ s❡♣❛r❛t❡❧② ❝♦♥s✐❞❡r❡❞ ♦♣t✐♠✐③❛t✐♦♥s ✐♥t♦ ♦♥❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣ s✐♥❝❡

st❛t❡✲♦❢✲t❤❡✲❛rt ▼P❙♦❈ ❛r❝❤✐t❡❝t✉r❡s r❡q✉✐r❡ t❤✐s ❝♦♠❜✐♥❡❞ ✈✐❡✇ ✐♥ ♦r❞❡r t♦ ✉t✐✲

❧✐③❡ t❤❡ ❢✉❧❧ ♦♣t✐♠✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧✳ ❯s✉❛❧❧②✱ t✇♦ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s ❛r❡ ♣❡r❢♦r♠❡❞✳

❖♥❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣ ✐s t❤❡ ♠❛♣♣✐♥❣ ♦❢ ❝♦♥❝✉rr❡♥t ❛♣♣❧✐❝❛t✐♦♥ t❤r❡❛❞s ❛♠♦♥❣ t❤❡

♣r♦❝❡ss♦rs ♦❢ ❛ ❤♦♠♦❣❡♥❡♦✉s✴❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈✳ ❚❤❡ ♦t❤❡r ♦♣t✐♠✐③❛t✐♦♥ st❡♣ ✐s

t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ❛ ❧♦❝❛❧ ♠❡♠♦r② ♦r t♦ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ✐♥ t❤❡

♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❇♦t❤ ❛r❡ ❝♦♠♠♦♥ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞

s②st❡♠s✱ ✇❤✐❝❤ tr② t♦ ❡✣❝✐❡♥t❧② ✉t✐❧✐③❡ t❤❡ r❡s♦✉r❝❡s ♦❢ t❤❡ s②st❡♠✳

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

♣✐♥❣ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ t❤r❡❛❞s t♦❣❡t❤❡r ✇✐t❤ t❤❡✐r ♠❡♠♦r② r❡q✉✐r❡♠❡♥t ♦♥t♦ t❤❡

❛r❝❤✐t❡❝t✉r❡✬s ♣r♦❝❡ss♦rs ❛♥❞ t❤❡✐r ✉♥❞❡r❧②✐♥❣ ♠❡♠♦r② ❤✐❡r❛r❝❤② ✐♥ ✷✳✸✳✸✳ ❙✐♥❝❡ t❤❡

tr❡♥❞ ♦❢ ▼P❙♦❈ s②st❡♠s ❣♦❡s t♦✇❛r❞s ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s ✇✐t❤ ❤❡t❡r♦❣❡♥❡♦✉s

♣r♦❝❡ss♦rs ❛♥❞ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ♠❡♠♦r② s✉❜s②st❡♠✱ t❤✐s t❤❡s✐s ❢♦❝✉s❡s ♦♥ t❤✐s ❦✐♥❞

♦❢ ❛r❝❤✐t❡❝t✉r❡✳ ❍❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s ✐♥❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤✐s ♦♣✲

t✐♠✐③❛t✐♦♥✳

■♥ ❛♣♣❧✐❝❛t✐♦♥ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣✱ t❤❡ ❢♦❝✉s ❧✐❡s ♦♥❧② ♦♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢

t❤❡ ♣r♦❝❡ss♦rs ✭❡✳❣✳ s♣❡❡❞✱ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ t②♣❡✮✳ ❉✉❡ t♦ t❤❡ ❞r❛st✐❝ ✐♥✢✉❡♥❝❡

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

✉♥❞❡r❧②✐♥❣ ♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ r❡s♦✉r❝❡s ❤❛✈❡ t♦ ❜❡ ♠❛t❝❤❡❞ t♦

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

❋♦❝✉s ✐s ❧❛✐❞ ♦♥ ❜♦t❤✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ✇✐t❤ t❤❡ ❣♦❛❧

t♦ ❡✣❝✐❡♥t❧② ✉t✐❧✐③❡ t❤❡ s②st❡♠ r❡s♦✉r❝❡s ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ❛ ❤✐❣❤ ♦♣t✐♠✐③❛t✐♦♥

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

r✉♥t✐♠❡✳



✽ ❈❤❛♣t❡r ✶✳ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ t❤❡s✐s ❝♦♥❝❡♥tr❛t❡s ♦♥ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ❛ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ♠♦❞❡❧ ❢♦r ❛❧❧

✐♥tr♦❞✉❝❡❞ ♦♣t✐♠✐③❛t✐♦♥✳ ❖♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s✐❞❡✱ t❤❡ ♣r♦❝❡ss♦r✬s ❡♥❡r❣② ❝♦♥s✉♠♣✲

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

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

♦♥ ❞✐✛❡r❡♥t ❧❡✈❡❧s✱ t❤❡s❡ ❛r❡ ❝❛♣t✉r❡❞ ✐♥ ❞❡t❛✐❧ ❛s ✇❡❧❧✳ ❆❧❧ ♠❡♠♦r✐❡s ❤❛✈❡ ✈❛r✐♦✉s

❝❤❛r❛❝t❡r✐st✐❝s ❛s s✐③❡✱ t②♣❡ ✭✐♥str✉❝t✐♦♥✱ ❞❛t❛ ♦r ✉♥✐✜❡❞✮✳ ❋✉rt❤❡r♠♦r❡✱ ❛❝❝❡ss s♣❡❡❞

❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❞✐✛❡r ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛❝❝❡ss t②♣❡✱ ✐✳❡✳ r❡❛❞ ♦r ✇r✐t❡ ❛❝✲

❝❡ss ❛♥❞ ❛❝❝❡ss ✇✐❞t❤ ✭❇②t❡✱ ❤❛❧❢✲✇♦r❞✱ ✇♦r❞✮✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣

❜✉s❡s✱ t❤❛t ❛r❡ ❛❝❝❡ss❡❞✱ ❛r❡ ❛❧s♦ ❝♦♥s✐❞❡r❡❞✳ ❖♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s✐❞❡✱ t❤❡ ❝❤❛r❛❝✲

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

❛ t❤r❡❛❞ ❛♥❞ t❤✉s ❛❧❧ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ❛s s✐③❡✱ t②♣❡ ♦❢ ♠❡♠♦r②

♦❜❥❡❝t ✭❞❛t❛ ♦r ✐♥str✉❝t✐♦♥✮✱ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s✱ ❡t❝✳ ❋✉rt❤❡r♠♦r❡✱

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

s❡♥❞ ♦✈❡r ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧ ✭✐✳❡✳ ❞❛t❛ s✐③❡✱ ♥✉♠❜❡r ♦❢ ❞❛t❛ s❡♥❞✱ ❡t❝✳✮✳ ❆❧❧

t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❛♥❛❧②s✐s ♠♦❞❡❧✳ ■t

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

❋♦r t❤❡ s❡♣❛r❛t❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ❡✐t❤❡r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ r✉♥t✐♠❡ ♦r ❡♥❡r❣② ❝♦♥✲

s✉♠♣t✐♦♥✱ ❛♥ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ ♦♣t✐♠✐③❛t✐♦♥ ✐s ✐♥tr♦❞✉❝❡❞✳ ❋✉r✲

t❤❡r♠♦r❡✱ ❛ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡ ✐s ❛❧s♦ ✐♥tr♦❞✉❝❡❞✳ ❆❧❧ ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❛s

s❡♣❛r❛t❡ t♦♦❧s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞ ❜② ❞❡s✐❣♥❡rs✱ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞❡s✐❣♥❡r✬s s②st❡♠

r❡q✉✐r❡♠❡♥ts✳ ❇♦t❤ ♦♣t✐♠✐③❛t✐♦♥s ✉s❡ t❤❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ♠♦❞❡❧✳ ❆♥ ❡✈♦❧✉t✐♦♥❛r②

❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ ❢♦r t❤❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ■t

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

❛r❡ ❡✈❛❧✉❛t❡❞ ❛♥❞ ❣❡♥❡r❛t❡❞ ✐♥ ❛ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❧♦♦♣✳ ❆t t❤❡ ❡♥❞✱ ❛ s❡t ♦❢

♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s ✐s ♣r♦✈✐❞❡❞ ❛s s♦❧✉t✐♦♥✳

❆♥♦t❤❡r ✐♠♣♦rt❛♥t ❞❡s✐❣♥ st❡♣ ✐s t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ❛♥ ❡①t❡♥❞❡❞ t❤r❡❛❞ ❣r❛♣❤

❢r♦♠ ♣❛r❛❧❧❡❧✐③❡❞ s♦✉r❝❡ ❝♦❞❡✳ ❚❤✐s t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❣❛✐♥❡❞ ❛❧s♦ ❛tt❡♥t✐♦♥

✐♥ r❡s❡❛r❝❤ ❛♥❞ ✐s ❤❛♥❞❧❡❞ ❜② t❤✐s ❞✐ss❡rt❛t✐♦♥✳ ❚❤✐s st❡♣ ✐s ♣❡r❢♦r♠❡❞ ❜❡❢♦r❡ t❤❡

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

♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦♣❡r❧②✳ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ✐s ❛♥ ❛❝❝✉r❛t❡ ❡①tr❛❝t✐♦♥ ♦❢ ❛ ❞❡t❛✐❧❡❞

r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ♣❛r❛❧❧❡❧ t❤r❡❛❞s✱ ✐♥❝❧✉❞✐♥❣ ❞❡♣❡♥❞❡♥❝❡s ❛s ❝♦♥tr♦❧✲✢♦✇ ❛♥❞

❞❛t❛✲✢♦✇✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ❛❧s♦ r❡q✉✐r❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤r❡❛❞s✱

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

❡♥t ♣r♦❝❡ss♦rs ♦r t❤❡ ♠❡♠♦r② s✐③❡s ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✇❤✐❝❤ ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡

❛r❝❤✐t❡❝t✉r❡✳ ❆❧❧ t❤❡s❡ ♠❛♥✐❢♦❧❞ ❛♥❞ ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ❤❛✈❡ t♦ ❜❡ ❡①tr❛❝t❡❞

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

❊①❝❡♣t ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ■▲P ♦♣t✐♠✐③❛t✐♦♥✱ t❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥s

✇❡r❡ ❞❡✈❡❧♦♣❡❞ ✇✐t❤✐♥ t❤❡ ❊❯ ♣r♦❥❡❝t ▼◆❊▼❊❊ ✇✐t❤ t❤❡ ❣♦❛❧ t♦ ✐♥t❡❣r❛t❡ ♠❡♠♦r②✲

❛✇❛r❡♥❡ss ✐♥ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ❛♥❞ t♦ ❛❧❧❡✈✐❛t❡ t❤❡ ✇♦r❦ ♦❢ t❤❡ ❞❡s✐❣♥❡r

❜② ♣r♦✈✐❞✐♥❣ ❛♥ ❛✉t♦♠❛t❡❞ t♦♦❧ ✢♦✇ ❢♦r t❤❡ ❝♦♠♣❧❡① ❞❡s✐❣♥ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s✳

❚♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡✱ ✇❡ ❛r❡ t❤❡ ✜rst✱ ✇❤✐❝❤ ✐♥t❡❣r❛t❡ ❛ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞

❛ ❤❡t❡r♦❣❡♥❡♦✉s ♠❡♠♦r② s✉❜s②st❡♠ ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣ ♦❢ ♠❛♣♣✐♥❣ ❝♦♥❝✉rr❡♥t

t❤r❡❛❞s ♦♥t♦ ♣r♦❝❡ss♦rs✳



✶✳✻✳ ❖✉t❧✐♥❡ ✾

✶✳✻ ❖✉t❧✐♥❡

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❜♦♦❦ ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿

• ❈❤❛♣t❡r ✷ ❞❡s❝r✐❜❡s t❤❡ ❝♦♠♠♦♥ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧s ❛s ✇❡❧❧

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

❋✉rt❤❡r♠♦r❡✱ ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ r❡❧❛t❡❞ ✇♦r❦ ✐s ❣✐✈❡♥✳

• ❈❤❛♣t❡r ✸ ♣r❡s❡♥ts t❤❡ ❊❯ ♣r♦❥❡❝t ▼◆❊▼❊❊ ✐♥❝❧✉❞✐♥❣ t❤❡ ❣♦❛❧s ❛♥❞ t❤❡

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

• ❈❤❛♣t❡r ✹ ♣r❡s❡♥ts t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✇❤✐❝❤ ❡①tr❛❝ts ❛♥

❛♥♥♦t❛❞❡❞ t❤r❡❛❞ ❣r❛♣❤ ❢r♦♠ ♣❛r❛❧❧❡❧✐③❡❞ ❈✲❈♦❞❡✳

• ❈❤❛♣t❡r ✺ ❞❡s❝r✐❜❡s t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❜❛s❡❞

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

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

• ❈❤❛♣t❡r ✻ ❞❡s❝r✐❜❡s t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❜❛s❡❞

♦♥ ❛♥ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r✉♥t✐♠❡✳

• ❈❤❛♣t❡r ✼ ♣r❡s❡♥ts t❤❡ s✉♠♠❛r② ♦❢ t❤✐s ✇♦r❦ ❛♥❞ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r

❢✉t✉r❡ ✇♦r❦✳

✶✳✼ ❆✉t❤♦rs ❈♦♥tr✐❜✉t✐♦♥ t♦ t❤✐s ❞✐ss❡rt❛t✐♦♥

■♥ ➓✶✵✭✷✮ ♦❢ t❤❡ ✏Pr♦♠♦t✐♦♥s♦r❞✉♥❣ ❞❡r ❋❛❦✉❧tät ❢ür ■♥❢♦r♠❛t✐❦ ❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✲

✈❡rs✐tät ❉♦rt♠✉♥❞ ✈♦♠ ✷✾✳ ❆✉❣✉st ✷✵✶✶✑✱ ❛ ❞✐ss❡rt❛t✐♦♥ ❤❛s t♦ ♣r♦✈✐❞❡ ❛ s❡♣❛r❛t❡

❧✐st ✇❤✐❝❤ ♣r❡s❡♥ts t❤❡ ❛✉t❤♦r✬s ❝♦♥tr✐❜✉t✐♦♥ t♦ r❡s❡❛r❝❤ ❛♥❞ r❡s✉❧ts ✐♥ ❝♦♦♣❡r❛t✐♦♥

✇✐t❤ ♦t❤❡r r❡s❡❛r❝❤❡rs✳

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

❛✉t❤♦r ♦♥ t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts ❢♦r ❡❛❝❤ ❝❤❛♣t❡r✿

• ❈❤❛♣t❡r ✷✿ ❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s r❡❧❛t❡❞ ✇♦r❦ ❛♥❞ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r

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

t❤❡s✐s ♣r❡s❡♥ts r❡s❡❛r❝❤ r❡s✉❧ts ❜② ♦t❤❡r ❛✉t❤♦rs✳

• ❈❤❛♣t❡r ✸✿ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ❬✶✷❪✱❬✶✸❪ ✇❛s ❝r❡❛t❡❞ ❜② ❛❧♠♦st ❛❧❧ ▼◆❊✲

▼❊❊ ♣❛rt♥❡rs✳ ❍♦✇❡✈❡r✱ t❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ❬✶✹❪✱ ✇❤✐❝❤

✐s t❤❡ ❜❛s✐s ♦❢ t❤❡ t♦♦❧✢♦✇✱ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ■❈❉ ✐♥ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤ ❚❯

❉♦rt♠✉♥❞✳ ❚❤❡ ❛✉t❤♦r ❤❛s ❛❧s♦ ✇♦r❦❡❞ ♦♥ t❤✐s ❢r❛♠❡✇♦r❦✱ ❡s♣❡❝✐❛❧❧② ❜② ✐♥✲

t❡❣r❛t✐♥❣ t❤❡ t♦♦❧s✴♦♣t✐♠✐③❛t♦♥s t❤❛t ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡rs✳ ❆

❣r❡❛t ♣❛rt ♦❢ t❤❡ ❢r❛♠❡✇♦r❦ ✐s ✉s❡❞ ❢♦r ❛♥❛❧②s✐s✱ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❡✈❛❧✉❛✲

t✐♦♥ ♦❢ t❤✐s t❤❡s✐s✳ ❆❧❧ t♦♦❧s ✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥

♣✉❜❧✐❝❛t✐♦♥s ❬✶✷❪✱❬✶✸❪✳



✶✵ ❈❤❛♣t❡r ✶✳ ■♥tr♦❞✉❝t✐♦♥

• ❈❤❛♣t❡r ✹✿ ❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ✇✐t❤✐♥ t❤❡ ▼◆❊✲

▼❊❊ ♣r♦❥❡❝t ❬✶✷❪✱ ❬✶✸❪✳ ❚❤❡ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣s ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥

✇❡r❡ ❞❡✈❡❧♦♣❡❞ ✐♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤ ■▼❊❈✱ ❙❛♥❞❡r ❙t✉✐❥❦✭❚❯❊ ❊✐♥❞❤♦✈❡♥✮

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

t❤❡ ❛✉t❤♦r ❛♥❞ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡r ✹✳✻✳ ❚❤❡ ❛✉t❤♦r ❛❧s♦ ✐♥t❡✲

❣r❛t❡❞ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❛♥❞ ✼✵✪ ♦❢ t❤❡ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣ ✐♥t♦

t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦✳

• ❈❤❛♣t❡r ✺✿ ❚❤❡ ♠❡♠♦r②✲❛✇❛r❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥s ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ r✉♥t✐♠❡

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

❞❡♥t ◆✐❧s ❑♥❡✉♣❡r✱ ✇❤♦ r❡❛❧✐③❡❞ t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❆❜♦✉t

✻✵✪ ♦❢ t❤❡ ■▲P ❢♦r♠✉❧❛t✐♦♥s ✇❡r❡ ❝♦♥tr✐❜✉t❡❞ ❜② t❤❡ ❛✉t❤♦r✳ ❚❤❡ r❡s✉❧t✐♥❣

♣✉❜❧✐❝❛t✐♦♥ ❬✶✺❪ ✇❛s ✇r✐tt❡♥ ❜② t❤❡ ❛✉t❤♦r✳ ●✉✐❞❛♥❝❡ ❛♥❞ ✐♥s♣✐r❛t✐♦♥ ✇❛s

♣r♦✈✐❞❡❞ ❜② Pr♦❢✳ P❡t❡r ▼❛r✇❡❞❡❧✳ ❚❤❡ ❡♠♣❧♦②❡❞ ❝②❝❧❡✲❛❝❝✉r❛t❡ ❈♦▼❊❚

s✐♠✉❧❛t♦r ✇❛s ❞♦♥❛t❡❞ ❜② ❙②♥♦♣s②s ■♥❝✳ ❬✶✻❪✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❤❡t✲

❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠ ✇✐t❤✐♥ ❈♦▼❊❚ ❛♥❞ t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ✇❛s ❡♥t✐r❡❧②

♣❡r❢♦r♠❡❞ ❜② ❛✉t❤♦r✳

• ❈❤❛♣t❡r ✻✿ ❚❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ✇❛s ❡♥t✐r❡❧② ❞❡✲

✈❡❧♦♣❡❞ ❜② t❤❡ ❛✉t❤♦r ❛♥❞ ♣✉❜❧✐s❤❡❞ ✐♥ ❬✶✼❪✳ ●✉✐❞❛♥❝❡✱ ✐♥s♣✐r❛t✐♦♥ ❛♥❞ ♠♦t✐✲

✈❛t✐♦♥ ✇❡r❡ ♣r♦✈✐❞❡❞ ❜② Pr♦❢✳ P❡t❡r ▼❛r✇❡❞❡❧ ❛♥❞ Pr♦❢✳ ▲♦t❤❛r ❚❤✐❡❧❡✳ ❚❤❡

✐♥✐t✐❛❧ ♣r♦❜❧❡♠ ❞❡✜♥✐t✐♦♥ ✇❛s ♣r♦✈✐❞❡❞ ❜② Pr♦❢✳ ▼❛r✇❡❞❡❧✳ ■✉❧✐❛♥❛ ❇❛❝✐✈❛r♦✈

❤❡❧♣❡❞ ✇✐t❤ ❣✉✐❞❛♥❝❡ ❛♥❞ ❛ ❧♦t ♦❢ ✜♥❡✲t✉♥✐♥❣ ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ✐♠✲

♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤❡ s②st❡♠✲❧❡✈❡❧ ❢r❛♠❡✇♦r❦ ❝❛❧❧❡❞ ❞✐str✐❜✉t❡❞ ♦♣❡r❛t✐♦♥ ❧❛②❡r

✭❉❖▲✮ ❬✶✽❪ ✇❛s ✉s❡❞ ❛s ❛ ❜❛s✐s ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✳

❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s ♦❢ ❉❖▲ ✇❡r❡ ❡①❝❤❛♥❣❡❞ ❜② t❤❡ ❛✉t❤♦r✬s ♦♣t✐♠✐③❛t✐♦♥

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

❋✐rst✱ t❤❡ ♣r♦❝❡ss ♥❡t✇♦r❦ ♠♦❞❡❧ ✇❛s ❡①❝❤❛♥❣❡❞ ❜② ❛ t❤r❡❛❞✲❜❛s❡❞ ♠♦❞❡❧✱

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

❝❧✉❞❡ ♠❡♠♦r② ♦❜❥❡❝ts ❛♥❞ ❛❧❧ r❡q✉✐r❡❞ ❝❤❛r❛❝t❡r✐st✐❝s✴✐♥❢♦r♠❛t✐♦♥ ♦❢ ♠❡♠✲

♦r② ♦❜❥❡❝ts ✭❡✳❣✳ s✐③❡✱ ♥✉♠❜❡r ♦❢ r❡❛❞s✴✇r✐t❡✱ ✐♥str✉❝t✐♦♥✴❞❛t❛✴s❤❛r❡❞✱ ❡t❝✳✮✳

❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧ ✇❛s ❡①t❡♥❞❡❞ t♦ ✐♥❝❧✉❞❡ ♠♦r❡ ♠❡♠♦r② ❝❤❛r❛❝t❡r✐st✐❝s

✭♠❡♠♦r② t②♣❡s✱ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✴r✉♥t✐♠❡ ❢♦r ❞✐✛❡r❡♥t t②♣❡ ♦❢ ❛❝❝❡ss❡s✱

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

✐♥t♦ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ♦r ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ♦♣✲

t✐♠✐③❛t✐♦♥ ✐s ❛❧s♦ ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✷❪ ❛♥❞ ❬✶✸❪ ❛s ♣❛rt ♦❢ t❤❡ ▼◆❊▼❊❊ t♦♦❧

✢♦✇✳



❈❤❛♣t❡r ✷

▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

❈♦♥t❡♥ts

✷✳✶ ▼P❙♦❈s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✷✳✷✳✶ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡ ▼♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✷✳✷ ▼♦❞❡❧ ♦❢ ❈♦♠♠✉♥✐❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✷✳✸ ▼♦❞❡❧ ♦❢ ❈♦♠♣✉t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✸ ▼❛♣♣✐♥❣ Pr♦❜❧❡♠ ❞❡s❝r✐♣t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✷✳✸✳✶ ❆r❝❤✐t❡❝t✉r❡ ▼♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✷✳✸✳✷ ❆♣♣❧✐❝❛t✐♦♥ ▼♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✸✳✸ ▼❛♣♣✐♥❣ ❈♦♠♣❧❡①✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✷✳✹ ❘❡❧❛t❡❞ ❲♦r❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✷✳✹✳✶ ▼❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✷✳✹✳✷ ❙✐♥❣❧❡ ❈♦r❡ ❙②st❡♠s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✷✳✹✳✸ ▼✉❧t✐♣r♦❝❡ss♦r ❙②st❡♠s✴▼P❙♦❈s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✹✳✹ ▼❛♣♣✐♥❣ ♦❢ t❛s❦s t♦ ♣r♦❝❡ss♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✹✳✺ ❉❡s✐❣♥ ❋r❛♠❡✇♦r❦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✹✳✻ ❈♦♠❜✐♥❡❞ ♠❛♣♣✐♥❣ t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

❚❤❡ ❞❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ✐s ❛ ❝❤❛❧❧❡♥❣✐♥❣ ❛♥❞ q✉✐t❡ ❝♦♠♣❧❡① t❛s❦✳ ❈♦♥✲

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

❙t❛t❡✲♦❢✲t❤❡✲❛rt ❡♠❜❡❞❞❡❞ s②st❡♠s ❣❡t ♠♦r❡ ❛♥❞ ♠♦r❡ ❝♦♠♣❧❡① ❛♥❞ ❤❛✈❡ t♦ ❢✉❧✲

✜❧❧ ♠❛♥② ❛s♣❡❝ts s✉❝❤ ❛s ❡✣❝✐❡♥❝② ✭❡♥❡r❣②✱ r✉♥t✐♠❡✱ ❝♦❞❡✱ ❝♦sts✮✱ t✐♠✐♥❣ ❛s♣❡❝ts

✭❤❛r❞✴s♦❢t ❞❡❛❞❧✐♥❡s✱ r❡❛❧✲t✐♠❡ ❛s♣❡❝ts✱ ❡t❝✳✮✱ ❞❡♣❡♥❞❛❜✐❧✐t② ✭✐✳❡✳ r❡❧✐❛❜✐❧✐t②✱ s❛❢❡t②✱

s❡❝✉r✐t②✮✱ ❡t❝✳ ❬✻❪✳ ❆❧❧ t❤❡s❡ ❛s♣❡❝ts ♠✉st ❜❡ ❝♦♥s✐❞❡r❡❞ ❛♥❞ ❤❛✈❡ t♦ ❜❡ ❛♥ ✐♥t❡❣r❛❧

♣❛rt ✐♥ t❤❡ ❞❡s✐❣♥ ✢♦✇ ✐♥ ♦r❞❡r t♦ ❣✉❛r❛♥t❡❡ t❤❡ ❢✉❧❧ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ❞❡s✐r❡❞ s②s✲

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

❡♠❜❡❞❞❡❞ s②st❡♠s ❛♥❞ ❛❧❧ t❤❡✐r r❡s✉❧t✐♥❣ ♠❛♥✐❢♦❧❞ ❝❤❛r❛❝t❡r✐st✐❝s ✭✐✳❡✳ ❢✉♥❝t✐♦♥❛❧✲

✐t② ❛♥❞ r❡q✉✐r❡♠❡♥ts✮✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ t✐♠❡ ❛♥❞ ❡✛♦rt s♣❡♥t ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡

s②st❡♠ ❛❧s♦ ❞❡♣❡♥❞s ♦♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❞❡s✐r❡❞ s②st❡♠✳ ❋♦r ❡①❛♠♣❧❡✱

t❤❡ ❞❡s✐❣♥ ♦❢ ❛ ✢✐❣❤t ❝♦♥tr♦❧ s②st❡♠ ✐♥ ❛♥ ❛✐r♣❧❛♥❡ ✐s ♠✉❝❤ ♠♦r❡ ❝♦♠♣❧❡① t❤❛♥ ❛♥

❡❧❡❝tr✐❝✲❞r✐✈❡♥✱ ❝❧❛ss✐❝ ❉❱❉ ♣❧❛②❡r✳ ❙♦♠❡ ♦❢ t❤❡s❡ ❞✐✛❡r❡♥t s②st❡♠s ♥❡❡❞ t❤❡ s❛♠❡

♦♣t✐♠✐③❛t✐♦♥ st❡♣s ✐♥ t❤❡ ❞❡s✐❣♥ ✢♦✇✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡s❡ ❞✐✛❡r❡♥t s②st❡♠s ❤❛✈❡



✶✷ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

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

t✐♦♥ ♣r♦❜❧❡♠ ❤❛s t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❛ ❞✐✛❡r❡♥t ✇❛② ✇✐t❤ ❛ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤ ❢♦r

❞✐✛❡r❡♥t ❞❡s✐❣♥ ✢♦✇s✳

❙❡❝t✐♦♥ ✷✳✶ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ▼P❙♦❈s ❛♥❞ st❛t❡✲♦❢✲t❤❡✲

❛rt ▼P❙♦❈s✳ ◆❡①t✱ ❙❡❝t✐♦♥ ✷✳✷ ✐♥tr♦❞✉❝❡s t❤❡ ❝♦♠♠♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡

♠♦❞❡❧s ✐♥ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥✳ ❆❢t❡r✇❛r❞s✱ ❙❡❝t✐♦♥ ✷✳✸ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r

t❤❡ ❝♦♥s✐❞❡r❡❞ ♠♦❞❡❧s ❢♦r t❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐♥ t❤✐s ✇♦r❦✳ ❘❡❧❛t❡❞

✇♦r❦ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳

✷✳✶ ▼P❙♦❈s

▼P❙♦❈s ❛r♦s❡ ❢r♦♠ t❤❡ r❡q✉✐r❡♠❡♥t t♦ ♣❡r❢♦r♠ ♣❛r❛❧❧❡❧ ❡①❡❝✉t✐♦♥ ✐♥st❡❛❞ ♦❢ s❡✲

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

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

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

❛❧❧ s❝✐❡♥t✐✜❝ ❛♥❞ ❡♥❣✐♥❡❡r✐♥❣ ❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡ ✜rst s✉♣❡r❝♦♠♣✉t❡r ❈❉❈ ✻✻✵✵ ✇❛s

✐♥✈❡♥t❡❞ ✶✾✻✹ ✐♥ ♦r❞❡r t♦ s♦❧✈❡ ❧❛r❣❡ s❝✐❡♥t✐✜❝ ♣r♦❜❧❡♠s ❛♥❞ t♦ ✉s❡ t✐♠❡ s❤❛r✐♥❣ ❢♦r

s♠❛❧❧❡r ♣r♦❜❧❡♠s✳ ❚❤❡ s✉♣❡r❝♦♠♣✉t❡r ✐♥❝❧✉❞❡❞ ✶✵ ♣❡r✐♣❤❡r❛❧ ♣r♦❝❡ss♦rs✱ ❡❛❝❤ ♦❢

t❤❡♠ ❝♦♥t❛✐♥✐♥❣ ❛ s♠❛❧❧ ♠❡♠♦r② ❢♦r ♣r♦❣r❛♠ ❛♥❞ ❜✉✛❡r ❛r❡❛ ✭✹✵✾✻ ♠❡♠♦r② ✇♦r❞s

✇✐t❤ ✶✷ ❜✐t ❧❡♥❣t❤✮✳ ❆ ❝❡♥tr❛❧ ♣r♦❝❡ss♦r ✇❛s ❛❧s♦ ✐♥❝❧✉❞❡❞✳ ❆❧❧ ♣r♦❝❡ss♦rs ❤❛❞ ❛❝✲

❝❡ss t♦ ❛ ❝❡♥tr❛❧ ♠❡♠♦r②✳ ❚❤❡ ✜rst ♠✉❧t✐♣r♦❝❡ss♦r ♦❝❝✉rr❡❞ ✐♥ t❤❡ ✶✾✼✵s✳ ❚❤❡ ■❧❧✐❛❝

■❱ ♣r♦❝❡ss♦r ✐♥❝❧✉❞❡❞ ❢♦✉r ❝♦♥tr♦❧ ✉♥✐ts✱ ✇❤✐❝❤ ❝♦♥tr♦❧❧❡❞ ✻✹ ❛r✐t❤♠❡t✐❝ ❧♦❣✐❝ ✉♥✐ts

✭❆▲❯s✮✳ ❲✐t❤ t❤✐s ♠✉❧t✐♣r♦❝❡ss♦r✱ ✈❡❝t♦r ❛♥❞ ❛rr❛② ♦♣❡r❛t✐♦♥s ❝♦✉❧❞ ❜❡ ♣❡r❢♦r♠❡❞

✐♥ ♣❛r❛❧❧❡❧✳ ❚❤❡ ❈✳♠♠♣ ♠✉❧t✐♣r♦❝❡ss♦r ❝♦♥t❛✐♥❡❞ ✶✻ ♣r♦❝❡ss♦rs ✇❤✐❝❤ ✇❡r❡ ❝♦♥✲

♥❡❝t❡❞ t♦ ❛ ♠❡♠♦r② t❤r♦✉❣❤ ❛ ❝r♦ss❜❛r ❬✶✾❪✳ ❆❧s♦✱ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ s✉♣❡rs❝❛❧❛r✱ ✈❡r②

❧♦♥❣ ✐♥str✉❝t✐♦♥ ✇♦r❞ ✭❱▲■❲✮ ❛♥❞ ❡①♣❧✐❝✐t❧② ♣❛r❛❧❧❡❧ ✐♥str✉❝t✐♦♥ ❝♦♠♣✉t✐♥❣ ✭❊P■❈✮

♣r♦❝❡ss♦rs ❤❛✈❡ t❤❡ ❝♦♠♠♦♥ ❣♦❛❧ t♦ ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡ ❜② t❤❡ ♣❛r❛❧❧❡❧ ✇♦r❦ ♦❢ ❛

❝❡rt❛✐♥ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥ ✉♥✐ts✳

▼P❙♦❈s ❤❛✈❡ ❡♠❡r❣❡❞ ✐♥ t❤❡ ♣❛st ❞❡❝❛❞❡✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡s✐❣♥ ♠❛✐♥❧② ❞❡✲

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

▼P❙♦❈s ❛r❡ ✐♥tr♦❞✉❝❡❞✳ ❖♥❡ ♦❢ t❤❡ ✜rst ▼P❙♦❈✱ ▲✉❝❡♥t ❉❛②t♦♥❛ ✇❛s ✐♥tr♦❞✉❝❡❞

✐♥ t❤❡ ②❡❛r ✷✵✵✵✳ ■t ❝♦♥t❛✐♥❡❞ ❢♦✉r ❈P❯s✱ ✇❤✐❝❤ ✇❡r❡ ❛tt❛❝❤❡❞ t♦ ❛ ❤✐❣❤✲s♣❡❡❞ ❜✉s✳

❊❛❝❤ ❈P❯ ❤❛s ❛ ✽ ❑❇ ✶✻ ❜❛♥❦s ❧♦❝❛❧ ♠❡♠♦r②✳ ❊❛❝❤ ❜❛♥❦ ❝❛♥ ❜❡ ❝♦♥✜❣✉r❡❞ ❛s ✐♥✲

str✉❝t✐♦♥✴❞❛t❛ ❝❛❝❤❡ ♦r s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❚❤✐s ▼P❙♦❈ ✇❛s ❞❡s✐❣♥❡❞ ❢♦r ✇✐r❡❧❡ss

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

❝❤❛♥♥❡❧s ❬✶✾❪✳

❆♥♦t❤❡r ✇❡❧❧✲❦♥♦✇♥ ▼P❙♦❈ ❢♦r ♠✉❧t✐♠❡❞✐❛ ♣r♦❝❡ss✐♥❣ ✐s t❤❡ P❤✐❧✐♣s ❱✐♣❡r ◆❡①✲

♣❡r✐❛ ✇❤✐❝❤ ✇❛s ❞❡s✐❣♥❡❞ ❢♦r ❛❞✈❛♥❝❡❞ ❚❱s✱ s❡t✲t♦♣s ❛♥❞ ❤♦♠❡ ♠❡❞✐❛ s❡r✈❡rs✳ ■t

❝♦♥s✐sts ♦❢ t✇♦ ❈P❯s✿ ❛ ▼■P❙ ❛♥❞ ❛ ❚r✐♠❡❞✐❛ ❱▲■❲ ♣r♦❝❡ss♦r✳ ❇✉s❡s ❛r❡ ✐♥t❡❣r❛t❡❞

❢♦r ❡❛❝❤ ❈P❯ ❛s ✇❡❧❧ ❛s ❢♦r t❤❡ ❡①t❡r♥❛❧ ♠❡♠♦r② ✐♥t❡r❢❛❝❡✳ ❚❤❡ ▼■P❙ ♣r♦❝❡ss♦r ✐s

t❤❡ ♠❛st❡r r✉♥♥✐♥❣ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠✱ ✇❤✐❧❡ t❤❡ ❚r✐♠❡❞✐❛ ✐s ✐♥t❡❣r❛t❡❞ ❛s t❤❡

s❧❛✈❡ ✇❤✐❝❤ ❡①❡❝✉t❡s t❤❡ ❝♦♠♠❛♥❞s ❢r♦♠ ▼■P❙✳ ❍❛r❞✇❛r❡ ❛❝❝❡❧❡r❛t♦rs ♣❡r❢♦r♠❡❞

❝♦♠♣✉t❛t✐♦♥s s✉❝❤ ❛s ❝♦❧♦r s♣❛❝❡ ❝♦♥✈❡rs✐♦♥ ❬✶✾❪✳



✷✳✶✳ ▼P❙♦❈s ✶✸
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F

S
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F

M
E

F

Memory
Interface

Traffic
Controller

(TC)16
SDRAM
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and

SRAM

16

JTAG/Emulation I/F ETM9

DSP
MMU

Endianism
Conversion

3232 MPU
Interface

MPU
Bus

32 32

System
DMA

Controller

LCD
I/F

32

Endianism
Conversion

16

TMS320C55x DSP
(Instruction Cache,

SARAM, DARAM, DMA,
H/W Accelerators)

32

MPU
Peripheral

Bridge

32 32

OSC

16

12 MHz 32 kHz

OSC

Clock

Reset

External Clock
Requests

32

MPU Private
Peripheral Bus

ULPD
Clock and Reset

Management

MPU Private
Peripherals

Timers (3)
Watchdog Timer

Level 1/2
Interrupt
Handlers

Configuration
Registers

System DMA

32−kHz
Watchdog
LCD CONV

DSP Public Peripherals

McBSP1

McBSP3

MPU/DSP Shared Peripherals
Mailbox

MPU/DSP Static Shared
8 x GPTIMERS

SPI
UART1,2,3

I2C
MMC/SDIO2

McBSP2
MPU/DSP Dynamic Shared

GPIO1,2,3,4
32−kHz Synchro Counter

MPU Public Peripherals

USB Controllers

OCP

MCSI1

MCSI2

MICROWIRE I/F

RTC
PWT
PWL

Keyboard I/F
HDQ/1-Wire
MMC/SDIO1

MPUIO
LPG1,2

FAC

QS Timer

DSP Private Peripherals
Timers (3)

Watchdog Timer
Level 1/2 Interrupt

Handlers16

DSP Public
Peripheral

Bus

16
DSP Public (Shared)

Peripheral Bus

Peripheral Bus
MPU Public

OMAP5912

32

Switch

Camera I/F

−

❋✐❣✉r❡ ✷✳✶✿ ❚■ ❖♠❛♣ ✺✾✶✷ ✲ ❋✉♥❝t✐♦♥❛❧ ❉✐❛❣r❛♠ ❬✶✶❪

❚❤❡ ❚❡①❛s ■♥str✉♠❡♥ts ✭❚■✮ ❖▼❆P ❛r❝❤✐t❡❝t✉r❡ ✐s ❛ ✇❡❧❧✲❦♥♦✇♥ ▼P❙♦❈ ✇❤✐❝❤

✇❛s ✇✐❞❡❧② ✉s❡❞ ❢♦r ♠♦❜✐❧❡ ♣❤♦♥❡s✳ ▼❛♥② ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❡①✐st ❢♦r t❤✐s ❛r❝❤✐t❡❝✲

t✉r❡✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❖▼❆P ✺✾✶✷ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛s ❛♥ ❆❘▼✾ ❛♥❞ ❛ ❉❙P

♣r♦❝❡ss♦r ✭❚▼❙✸✷✵❈✺✺①✮✳ ❆ ❢✉♥❝t✐♦♥❛❧ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❖▼❆P ✺✾✶✷ ✐s ✐❧❧✉str❛t❡❞

✐♥ ❋✐❣✉r❡ ✷✳✶✳

❆❧♠♦st ❛❧❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ ❖▼❆P ❝♦♥t❛✐♥ ❛ ✭❞✉❛❧✲❝♦r❡✮ ❆❘▼ ♣r♦❝❡ss♦r t♦✲

❣❡t❤❡r ✇✐t❤ ❛ ❉❙P ♦r P♦✇❡r❱❘ ❣r❛♣❤✐❝s ♣r♦❝❡ss✐♥❣ ✉♥✐t ✭●P❯✮✳ ❆♥♦t❤❡r ❢❛♠♦✉s

▼P❙♦❈ ✐s t❤❡ ❈❊▲▲ ❛r❝❤✐t❡❝t✉r❡✳ ■t ❝♦♥t❛✐♥s ♦♥❡ ✻✹✲❜✐t ♣♦✇❡r ♣r♦❝❡ss♦r ❡❧❡♠❡♥t

✭PP❊✮ ❛♥❞ ✽ s♣❡❝✐❛❧✐③❡❞ s②♥❡r❣✐st✐❝ ♣r♦❝❡ss♦r ❡❧❡♠❡♥ts ✭❙P❊s✮ t♦❣❡t❤❡r ✇✐t❤ ❛ ❤✐❣❤✲

❜❛♥❞✇✐❞t❤ ❜✉s ❛♥❞ ❛ ❤✐❣❤✲s♣❡❡❞ ♠❡♠♦r② ❝♦♥tr♦❧❧❡r✳ ❚❤❡ ❙P❊s ❝♦♥s✐st ♦❢ ❛ s②♥❡r✲

❣✐st✐❝ ♣r♦❝❡ss♦r ✉♥✐t ✭❙P❯✮ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❛ ✷✺✻ ❑❇ ❧♦❝❛❧ ♠❡♠♦r②✳ ❆❧❧ ♣r♦❝❡ss✐♥❣

❡❧❡♠❡♥ts ❝♦♠♠✉♥✐❝❛t❡ ♦✈❡r ❛ ❤✐❣❤✲s♣❡❡❞ ❜✉s✳ ❆ ❞✐r❡❝t tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡ ❧♦✲

❝❛❧ ♠❡♠♦r✐❡s ♦❢ ❞✐✛❡r❡♥t ❙P❯s ✐s ♣♦ss✐❜❧❡ t❤r♦✉❣❤ ❛ ❉▼❆ ❝♦♥tr♦❧❧❡r✳ ❚❤❡ ❈❊▲▲

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

❛♥❞ ❢♦r s♦♠❡ ❍❉❚❱s ❢r♦♠ ❚♦s❤✐❜❛✳ ❖t❤❡r ❛♣♣❧✐❝❛t✐♦♥ ❛r❡❛s s✉❝❤ ❛s ✈✐s✉❛❧✐③❛t✐♦♥✱

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

s✉✐t❛❜❧❡ ❬✶✾✱ ✶✶❪✳

❚❤❡ ❆❘▼✶✶▼P❈♦r❡ ✐s ❛ ♠✉❧t✐♣r♦❝❡ss♦r ❝♦♥s✐st✐♥❣ ♦❢ ♦♥❡ t♦ ❢♦✉r ✭✐❞❡♥t✐❝❛❧✮



✶✹ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

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

♦❢t❡♥ ✉s❡❞ ✇✐t❤✐♥ ▼P❙♦❈ s②st❡♠s ❢♦r s♠❛rt♣❤♦♥❡s✳ ❊❛❝❤ ♣r♦❝❡ss♦r ❤❛s ❛ s❡♣❛r❛t❡

✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ❝❛❝❤❡✳ ❚❤❡ s✐③❡s ❢♦r ❡❛❝❤ ❝❛❝❤❡ ❝❛♥ ✈❛r② ❢r♦♠ ✶✻ ❑❇ t♦ ✻✹ ❑❇✳

❚❤❡ ❆r♠ ❈♦rt❡①✲❆ ♣r♦❝❡ss♦rs ❛r❡ t❤❡ ❢♦❧❧♦✇✲♦♥ ♣r♦❞✉❝ts ♦❢ t❤❡ ❆r♠✶✶▼P❈♦r❡✳

❚❤❡② ❛❧s♦ ❝♦♥t❛✐♥ s❡♣❛r❛t❡ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ❝❛❝❤❡s ♦♥ ❧❡✈❡❧ ✶ ✇✐t❤ ❞✐✛❡r❡♥t

♠❡♠♦r② s✐③❡s ❢r♦♠ ✽ t♦ ✻✹ ❦❇ ❛♥❞ ❛ s❤❛r❡❞ ▲✷ ❈❛❝❤❡ ✇✐t❤ s✐③❡s ❢r♦♠ ✶✷✽ ❦❇ t♦ ✷

▼❇✳ ❚❤❡ ❆❘▼ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ❛❝t✉❛❧❧② ♦♥❡ ♦❢ t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt ▼P❙♦❈s✳

❚❤❡ ✜rst✲❣❡♥❡r❛t✐♦♥ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥s✐sts ♦❢ ♦♥❡ t♦ ❢♦✉r ❆❘▼ ❈♦rt❡①✲❆✶✺ ♣r♦❝❡ss♦rs

t♦❣❡t❤❡r ✇✐t❤ ♦♥❡ t♦ ❢♦✉r ❆❘▼ ❈♦rt❡①✲❆✼ ♣r♦❝❡ss♦rs✳ ❚❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤✐s

❛r❝❤✐t❡❝t✉r❡ ❝♦♥s✐sts ♦❢ ❆❘▼ ❈♦rt❡①✲❆✺✼ ♦r ❈♦rt❡①✲❆✼✷ ♣r♦❝❡ss♦rs t♦❣❡t❤❡r ✇✐t❤

❆❘▼ ❈♦rt❡①✲❆✺✸ ♦r ❈♦rt❡①✲❆✸✺ ♣r♦❝❡ss♦rs✳ ❚❤❡ ❜✐❣ ❈♦rt❡①✲❆✶✺ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r

❤❡❛✈② ✇♦r❦❧♦❛❞s ✇❤✐❧❡ t❤❡ ❧✐tt❧❡ ❡♥❡r❣②✲❡✣❝✐❡♥t ❈♦rt❡①✲❆✼ ✐s ✉s❡❞ ❢♦r s♠❛❧❧❡r ✇♦r❦✲

❧♦❛❞s t❤❛t ❤❛✈❡ t♦ ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ❛❧❧ t❤❡ t✐♠❡✱ ❡✳❣✳ ♦♣❡r❛t✐♥❣ s②st❡♠ ❛❝t✐✈✐t✐❡s✱

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

s♦rs ❛r❡ ❛✈❛✐❧❛❜❧❡ ❛s ❛ q✉❛❞ ❝♦r❡ ✇✐t❤ t✇♦ ❝♦♣✐❡s ♦❢ ❡❛❝❤ ♣r♦❝❡ss♦r ♦r ❛❧s♦ ❛ s②st❡♠

✇✐t❤ ❢♦✉r ❜✐❣ ❛♥❞ t✇♦ ❧✐tt❧❡ ♣r♦❝❡ss♦rs ❬✷✵❪✱ ❬✷✶❪✳ ❚❤✐s ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r

♠❛♥② ❝♦♠♣✉t❛t✐♦♥ ✐♥t❡♥s✐✈❡ ❛♣♣❧✐❝❛t✐♦♥s ❛s ✇❡❧❧ ❛s ❢♦r ❛ ♠✐①t✉r❡ ♦❢ ♥❡t✇♦r❦ tr❛✣❝

❛♥❞ ❝♦♠♣✉t❛t✐♦♥ ✭❡✳❣✳ ❙❚❇✱ ❲▲❆◆✮✱ ❢♦r ❖❙ ●❯■ ❡♥✈✐r♦♥♠❡♥ts ✐♥ ♥❡t❜♦♦❦s✱ s♠❛rt✲

♣❤♦♥❡s ❡t❝✳ ❆❝t✉❛❧❧② ✭✐♥ ✷✵✶✻✴✷✵✶✼✮✱ t❤✐s ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥

st❛t❡✲♦❢✲t❤❡✲❛rt s♠❛rt♣❤♦♥❡s s✉❝❤ ❛s ❙❛♠s✉♥❣ ●❛❧❛①② ❙✼ ♦r ❙❛♠s✉♥❣ ●❛❧❛①② ◆♦t❡

❞❡✈✐❝❡s ✇✐t❤✐♥ ❞✐✛❡r❡♥t ❛✈❛✐❧❛❜❧❡ ❙❛♠s✉♥❣ ❊①②♥♦s ♣r♦❝❡ss♦r ❝❤✐♣s✳

❚❤❡ ❊①②♥♦s ✺ ❖❝t❛ ❝❤✐♣ ✭✺✹✶✵✴✺✹✷✵✮ ❝♦♥t❛✐♥s ❢♦✉r ❈♦rt❡①✲❆✶✺ ❝♦r❡s ❛♥❞ ❢♦✉r

❈♦rt❡①✲❆✼ ❝♦r❡s✳ ❈♦♠♣❛r❡❞ t♦ ❡❛r❧✐❡r ❊①②♥♦s ♣r♦❝❡ss♦rs✱ ❙❛♠s✉♥❣ ❝❧❛✐♠s t❤❛t ✐t

r❡❞✉❝❡s ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✭❜② ✉♣ t♦ ✼✵✪✮ ✇❤✐❧❡ ♠❛①✐♠✐③✐♥❣ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡

✺✹✶✵ ❝❤✐♣ ❝♦♥t❛✐♥s ❛ P♦✇❡r❱❘ ❙●❳✺✹✹ ▼P✸ ✺✸✸ ▼❍③ ●P❯ ❢♦r ❝♦♥s♦❧❡✲❧✐❦❡ ✸❉

❣❛♠❡s ❛♥❞ ❛ ✶✸ ▼♣ ✸✵ ❢♣s ■❙P ✭■♠❛❣❡ ❙✐❣♥❛❧ Pr♦❝❡ss♦r✮✳ ❚❤❡ ✭❧♦❝❛❧✮ ♠❡♠♦r② s✐③❡s

❛r❡ ♥♦t ♣✉❜❧✐s❤❡❞ ②❡t ❜② ❙❛♠s✉♥❣ ❬✷✷❪✱ ❬✷✸❪✳

❆♥ ❡①✐st✐♥❣ ❊①②♥♦s ❖❝t❛ ✺✹✷✵ ❞❡✈❡❧♦♣♠❡♥t ❜♦❛r❞ ✐s ❜❛s❡❞ ♦♥ ❊①②♥♦s ✺ ❖❝t❛

❛♥❞ ✐♥t❡❣r❛t❡s ❢♦✉r ❈♦rt❡①✲❆✶✺ ♣r♦❝❡ss♦rs ✇✐t❤ ✸✷ ❑❇ ♦❢ ✐♥str✉❝t✐♦♥ ❛♥❞ ✸✷ ❑❇ ♦❢

❞❛t❛ ❧❡✈❡❧✲✶ ❈❛❝❤❡ ❛♥❞ ❛ ✷ ▼❇ ❧❡✈❡❧✲✷ ❈❛❝❤❡✳ ❚❤❡ ❢♦✉r ❈♦rt❡①✲❆✼ ♣r♦❝❡ss♦rs ❛❧s♦

✐♥❝❧✉❞❡ ❛ s❡♣❛r❛t❡ ✸✷ ❑❇ ✐♥str✉❝t✐♦♥ ❛♥❞ ✸✷ ❑❇ ❞❛t❛ ❧❡✈❡❧✲✶ ❝❛❝❤❡ ❛♥❞ ❛ ✺✶✷ ❑❇

❧❡✈❡❧✲✷ ❝❛❝❤❡✳ ❆ ✻✹ ❑❇ ❘❖▼ ❢♦r s❡❝✉r❡ ❜♦♦t✐♥❣ ❛♥❞ ✸✸✻ ❑❇ ✐♥t❡r♥❛❧ ❘❆▼ ❢♦r

s❡❝✉r✐t② ❢✉♥❝t✐♦♥s ✐s ✐♥❝❧✉❞❡❞✳ ❖t❤❡r ❢❡❛t✉r❡s ❛r❡ ❛ ✸❉ ❣r❛♣❤✐❝ ❛❝❝❡❧❡r❛t♦r ✇✐t❤

♠✉❧t✐✲❝♦r❡ ●P❯✱ ❛♥❞ ❛ s❡♣❛r❛t❡ ✷❉ ❣r❛♣❤✐❝ ❛❝❝❡❧❡r❛t♦r ❬✷✹❪✳

❚❤❡ ❊①②♥♦s ✼ ❖❝t❛ ❝❤✐♣ ✭✺✹✸✸✴✼✹✷✵✮ ✐♥tr♦❞✉❝❡❞ t❤❡ ♥❡✇ ❆❘▼ ❈♦rt❡①✲✺✼ ❛♥❞

✺✸ ❝♦r❡s ❛♥❞ ✐♥t❡❣r❛t❡❞ ❢♦✉r ❈♦rt❡①✲❆✺✼ ❛♥❞ ❢♦✉r ❈♦rt❡①✲❆✺✸ ❝♦r❡s✳ ■♥ ✷✵✶✻✱ ❙❛♠✲

s✉♥❣ ♠❛✐♥t❛✐♥❡❞ t❤❡ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ✐♥tr♦❞✉❝❡❞ t❤❡ ❊①②♥♦s ✽ ❖❝t❛ ❝❤✐♣

❝♦♥t❛✐♥✐♥❣ ❛ ❝✉st♦♠ ❝♦r❡ ❈P❯ ❜② ❙❛♠s✉♥❣ ✭❜❛s❡❞ ♦♥ ❆r♠✈✽✮ ❛♥❞ ❈♦rt❡①✲❆✺✸ ❝♦r❡s

❬✷✺❪✳

❋✉rt❤❡r ♣r♦❝❡ss♦r ❝❤✐♣s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ s✉❝❤ ❛s ◗✉❛❧❝♦♠♠

❙♥❛♣❞r❛❣♦♥ ✽✵✽ ▼❙▼✽✾✾✷ ❛♥❞ ✽✶✵ ▼❙▼✽✾✾✹ ✭t✇♦ t♦ ❢♦✉r ❆❘▼ ❈♦rt❡①✲✺✼✱ ❢♦✉r

❈♦rt❡① ❆✲✺✸ ❝♦r❡s ✐♥ ▲●✱ ❍❚❈ ❛♥❞ ▼✐❝r♦s♦❢t ▲✉♠✐❛ s♠❛rt♣❤♦♥❡s✮ ❬✷✻❪✱ ❬✷✼❪ ❛♥❞

◆✈✐❞✐❛ ❚❡❣r❛ ❳✶ ✭❢♦✉r ❆❘▼ ❈♦rt❡① ❆✺✼✱ ❢♦✉r ❈♦rt❡① ❆✲✺✸✱ ◆✈✐❞✐❛ ❆♥❞r♦✐❞ ❚❱✮

❬✷✽❪✳



✷✳✷✳ ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✶✺

❋✐❣✉r❡ ✷✳✷✿ ❱✲♠♦❞❡❧ ✭r♦t❛t❡❞ st❛♥❞❛r❞ ✈✐❡✇✮ ❬✻❪

❚♦ s✉♠ ✉♣✿ ❉✐✛❡r❡♥t ▼P❙♦❈ ❛❧t❡r♥❛t✐✈❡s ❡①✐st ✇❤✐❝❤ ✐♥t❡❣r❛t❡ ❤♦♠♦❣❡♥❡♦✉s

♦r ❤❡t❡r♦❣❡♥❡♦✉s ❝♦♠♣♦♥❡♥ts s✉❝❤ ❛s ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r② s✉❜s②st❡♠s✳ ❚❤❡

♠♦❞❡❧✐♥❣ ♦❢ t❤❡s❡ ❞✐✛❡r❡♥t s②st❡♠s ✐s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

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

❱❛r✐♦✉s s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡s✱ ♠♦❞❡❧s ❛♥❞ ❞❡s✐❣♥ ✢♦✇s ❡①✐st✳ ❚❤❡ ❞❡s✐❣♥❡r ✐s

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

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

s②st❡♠ ♣r♦♣❡r❧②✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ♥♦ s♣❡❝✐✜❝❛t✐♦♥ ♦r ❞❡s✐❣♥ ✢♦✇ ❡①✐sts ✇❤✐❝❤ ❝♦✈❡rs

❛❧❧ r❡q✉✐r❡♠❡♥ts ❝♦♠♣❧❡t❡❧②✳

❚❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ✐♥❝❧✉❞❡s s❡✈❡r❛❧ st❡♣s✱ ✇❤✐❝❤ ❝❛♥ st❛rt ❢r♦♠ ❛♥

✐❞❡❛ ✉♣ t♦ t❤❡ ♣r♦t♦t②♣❡ ♦❢ ❛ s②st❡♠✳ ❚②♣✐❝❛❧❧②✱ t❤❡ ❞❡s✐❣♥ ✢♦✇ st❛rts ✇✐t❤ ❛

s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦r✱ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ ✇✐t❤ t❤❡ ❛✐❞ ♦❢ ♠♦❞❡❧s

❛♥❞ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡s✳ ❍❡r❡✱ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ♣r❡❧✐♠✐♥❛r②

✐♥❢r❛str✉❝t✉r❡✱ ✐✳❡✳✿ ■s t❤❡ ❤❛r❞✇❛r❡ ❛♥❞✴♦r s♦❢t✇❛r❡ ✭♣❛rt❧②✮ ❛❧r❡❛❞② ✜①❡❞ ♦r ✐s ❛

♥❡✇ ❤❛r❞✇❛r❡ ♦r s♦❢t✇❛r❡ ❞❡s✐❣♥ r❡q✉✐r❡❞❄ ❇❛s❡❞ ♦♥ t❤❡ ✐♥❢r❛str✉❝t✉r❡✱ t❤❡ ❞❡s✐❣♥❡r

❤❛s t♦ ❞❡❝✐❞❡ ✇❤✐❝❤ ❞❡s✐❣♥ ✢♦✇ t♦ ❝❤♦♦s❡✳

▼❛♥② ❞❡s✐❣♥ ✢♦✇s ❡①✐st✳ ■❢ t❤❡ ❞❡s✐❣♥❡r ❝❛♥♥♦t ✜♥❞ ❛ ♣r♦♣❡r ❞❡s✐❣♥ ✢♦✇✱ ❤❡✴s❤❡

❝❛♥ ❝❤♦♦s❡ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❞❡s✐❣♥ ✢♦✇ ✇❤✐❝❤ r❡✢❡❝ts t❤❡ ❞❡s✐r❛❜❧❡ ❞❡s✐❣♥ st❡♣s ✐♥

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

r❡♣r❡s❡♥t t❤❡ ❝♦♠♠♦♥ st❡♣s ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s✳

❚❤❡ ❱✲♠♦❞❡❧ ✭✈❡rs✐♦♥ ✾✼✮ ✇✐t❤ ❛❧❧ r❡q✉✐r❡❞ st❡♣s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✳ ❚❤❡ ✜rst

❛①✐s r❡♣r❡s❡♥ts t❤❡ ❞❡s✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣❤❛s❡ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❛①✐s r❡♣r❡s❡♥ts

t❤❡ ✈❛❧✐❞❛t✐♦♥ ❛♥❞ t❡st ♣❤❛s❡✳ ■t ✐s ✇✐❞❡❧② ✉s❡❞ ✐♥ t❤❡ ●❡r♠❛♥ ❣♦✈❡r♥♠❡♥t s❡❝t♦r✳ ❆



✶✻ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

❇❡❤❛✈✐♦✉r❛❧ ❉♦♠❛✐♥ ❙tr✉❝t✉r❛❧ ❉♦♠❛✐♥

P❤②s✐❝❛❧ ❉♦♠❛✐♥

❙②st❡♠s

❆❧❣♦r✐t❤♠s

❘❡❣✐st❡r tr❛♥s❢❡rs

▲♦❣✐❝

❚r❛♥s❢❡r ❢✉♥❝t✐♦♥s

❈P❯✱ ▼❡♠♦r②

Pr♦❝❡ss♦rs

❆▲❯s✱ ❘❆▼✱ ❡t❝✳

●❛t❡s✱ ✢✐♣✲✢♦♣s✱ ❡t❝✳

❚r❛♥s✐st♦rs

P❤②s✐❝❛❧ ♣❛rt✐t✐♦♥s

❋❧♦♦r♣❧❛♥s

▼♦❞✉❧❡ ❧❛②♦✉t

❈❡❧❧ ❧❛②♦✉t

❚r❛♥s✐st♦r ❧❛②♦✉t

❋✐❣✉r❡ ✷✳✸✿ ●❛❥s❦✐✲❑✉❤♥ ❨✲❝❤❛rt

♠♦r❡ r❡❝❡♥t ♠♦❞❡❧ ✇✐t❤ ❜❡tt❡r s❝❛❧❛❜✐❧✐t② ✐s ❛✈❛✐❧❛❜❧❡ ✇✐t❤ ❡①t❡♥❞❡❞ ❛♥❞ ♠♦❞✐✜❛❜❧❡

❞❡s✐❣♥ st❡♣s ❬✷✾❪✳

●❛❥s❦✐✬s ❨✲❝❤❛rt ✐s ❛♥♦t❤❡r ✇❡❧❧✲❦♥♦✇♥ ✢♦✇ ❢♦r ❤❛r❞✇❛r❡ ❞❡s✐❣♥✱ ✇❤✐❝❤ ✐s ✐❧❧✉s✲

tr❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✸ ❬✸✵❪✳ ❚❤✐s ❞❡s✐❣♥ ✢♦✇ ❤❛s t❤r❡❡ ❞✐♠❡♥s✐♦♥s✿ t❤❡ ❜❡❤❛✈✐♦r❛❧✱

str✉❝t✉r❛❧ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ❞✐♠❡♥s✐♦♥✳ ❚❤❡ ❣❡♦♠❡tr✐❝❛❧ ❧❛②♦✉t ❝♦♥t❛✐♥s ✐♥❢♦r♠❛t✐♦♥

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

♣♦♥❡♥ts✳ ❚❤❡ ❛❜str❛❝t✐♦♥ ✐♥❝r❡❛s❡s ❢r♦♠ t❤❡ ✐♥♥❡r t♦ t❤❡ ♦✉t❡r ❝✐r❝❧❡✳ ❊❛❝❤ ❝✐r❝❧❡

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

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

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

t❤❡✐r ♣❛t❤ ❢r♦♠ ❛ ❝♦❛rs❡ ❜❡❤❛✈✐♦r❛❧ ❧❡✈❡❧ t♦ ❛ ✜♥❡✲❣r❛✐♥❡❞ ❣❡♦♠❡tr✐❝❛❧ ❧❡✈❡❧✳

❆♥♦t❤❡r ❞❡s✐❣♥ ✢♦✇✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❡ss❡♥t✐❛❧ ❞❡s✐❣♥ st❡♣s✱ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹

❛♥❞ ✐s t❛❦❡♥ ❢r♦♠ ❬✻❪✳ ❇♦①❡s ✇✐t❤ r♦✉♥❞❡❞ ❝♦r♥❡rs r❡♣r❡s❡♥t st♦r❡❞ ✐♥❢♦r♠❛t✐♦♥

✐♥ ❛ ❞❡s✐❣♥ r❡♣♦s✐t♦r②✳ ❚❤❡ r❡❝t❛♥❣❧❡s r❡♣r❡s❡♥t tr❛♥s❢♦r♠❛t✐♦♥s ♦♥ ❞❛t❛✳ ❆❢t❡r

t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦r✱ t❤❡ ❤❛r❞✇❛r❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡ s②st❡♠

s♦❢t✇❛r❡✱ ❢✉rt❤❡r ❞❡s✐❣♥ st❡♣s ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ r❡q✉✐r❡❞✳ ❋✐rst✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥

t❛s❦s ❤❛✈❡ t♦ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♣❧❛t❢♦r♠✳ ❉✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥s ❝❛♥

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

r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ♠✐♥✐♠✐③❛t✐♦♥ str❛t❡❣✐❡s✱ ❡t❝✳✱ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞✳ ❆t t❤❡ ❡♥❞✱ ❛♥

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

♦♣t✐♠✐③❛t✐♦♥s ♦♥ t❤❡ s②st❡♠ ✭✐✳❡✳ ♣❡r❢♦r♠❛♥❝❡✱ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ❡t❝✳✮ ❛♥❞ t♦

❛❞❥✉st s♦♠❡ ♦♣t✐♠✐③❛t✐♦♥ ✐❢ ♥❡❝❡ss❛r②✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ✈❛❧✐❞❛t✐♦♥ st❡♣ s❤♦✉❧❞ ❝❤❡❝❦



✷✳✷✳ ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✶✼

❋✐❣✉r❡ ✷✳✹✿ ❉❡s✐❣♥ ✢♦✇ ❢r♦♠ ▼❛r✇❡❞❡❧ ❬✻❪

t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❞❡s✐❣♥✳

❍♦✇❡✈❡r✱ ♥❡①t t♦ t❤❡ ❞❡❝✐s✐♦♥ ✇❤✐❝❤ ❞❡s✐❣♥ ✢♦✇ t♦ ❝❤♦♦s❡✱ ❛❧s♦ ❛ ❞❡❝✐s✐♦♥ ❤❛s t♦

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

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

❢✉♥❝t✐♦♥❛❧✐t② ❛♥❞ r❡♣r❡s❡♥ts ❞❡s✐❣♥ s♣❡❝✐✜❝❛t✐♦♥s✳ ◆♦ ♠♦❞❡❧ ♦❢ ❝♦♠♣✉t❛t✐♦♥ ❝❛♥

♠❡❡t ❛❧❧ s♣❡❝✐✜❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✳ ▲✐♥❦❡❞ t♦ t❤❡ ❞❡❝✐s✐♦♥ ♦❢ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡

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

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

s②st❡♠ t❤❛t ❤❛s t♦ ❜❡ ❞❡s✐❣♥❡❞✳ ❖❢t❡♥✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ❛❧r❡❛❞② ✜①❡❞ s✐♥❝❡ ✐t ✐s

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

♠♦r❡ ♦♥ s♦❢t✇❛r❡ ❞❡s✐❣♥✳ ❊✈❡♥ ✐❢ t❤❡ ❤❛r❞✇❛r❡ ✐s ✜①❡❞✱ ✐t ✐s ♦❢t❡♥ ❞❡s✐r❛❜❧❡ t♦ ♠♦❞❡❧

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

t✐♠❡✲❝♦♥s✉♠✐♥❣ t♦ s✐♠✉❧❛t❡ t❤❡ s②st❡♠ ❛♥❞ ♣❡r❢♦r♠ ♦♣t✐♠✐③❛t✐♦♥s✳

◆❡①t✱ ❛ s❤♦rt ♦✈❡r✈✐❡✇ ✐s ❣✐✈❡♥ ♦✈❡r t❤❡ ❝♦♠♠♦♥ ❤❛r❞✇❛r❡ ✭♠❡♠♦r② ✴ ❝♦♠♠✉✲

♥✐❝❛t✐♦♥ ♠♦❞❡❧s✮ ❛♥❞ ♠♦❞❡❧s ♦❢ ❝♦♠♣✉t❛t✐♦♥ ❢♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✳

✷✳✷✳✶ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡ ▼♦❞❡❧

❋✐rst✱ ❞✐✛❡r❡♥t ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡s ❢♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s ❡①✐st✿

• s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ✭❯▼❆ ❛♥❞ ◆❯▼❆✮

• ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡

• ❤②❜r✐❞ ❞✐str✐❜✉t❡❞ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡

■♥ t❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ t❤❡ ♣r♦❝❡ss♦rs ❝❛♥ ❛❝❝❡ss ❛❧❧ ♠❡♠♦r② ✐♥ t❤❡

❣❧♦❜❛❧ ❛❞❞r❡ss s♣❛❝❡ ❬✸✶❪✳ ❚❤✐s ♠❡❛♥s✱ t❤❛t t❤❡ ♠❡♠♦r② ❛♥❞ ❛❧❧ ❝❤❛♥❣❡s ♠❛❞❡ t♦

✐t ❛r❡ ✈✐s✐❜❧❡ t♦ ❛❧❧ ♣r♦❝❡ss♦rs ❛♥❞ ❛❧❧ ♣r♦❝❡ss♦rs ❝❛♥ ❝❤❛♥❣❡ t❤❡ ♠❡♠♦r② ❝♦♥t❡♥t✳

❚❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ❝❧❛ss❡s✱ ✇❤✐❝❤ ❞✐✛❡r ✐♥

t❤❡ ♠❡♠♦r② ❛❝❝❡ss t✐♠❡✿ ❯▼❆ ✭✉♥✐❢♦r♠ ♠❡♠♦r② ❛❝❝❡ss✮ ❛♥❞ ◆❯▼❆ ✭♥♦♥✲✉♥✐❢♦r♠

♠❡♠♦r② ❛❝❝❡ss✮✳ ❋✐❣✉r❡ ✷✳✺ ✐❧❧✉str❛t❡s t❤❡ ❯▼❆ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ❛♥❞



✶✽ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

BUS

CPU0

Shared

Memory

CPU1

CPU3CPU2

❋✐❣✉r❡ ✷✳✺✿ ❙❤❛r❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡ ✭❯▼❆✮

❋✐❣✉r❡ ✷✳✻ s❤♦✇s ❛ ◆❯▼❆ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ❯▼❆ s❤❛r❡❞ ♠❡♠♦r②

❛r❝❤✐t❡❝t✉r❡ ✉s✉❛❧❧② ❝♦♥t❛✐♥s ✐❞❡♥t✐❝❛❧ ♣r♦❝❡ss♦rs ✇❤✐❝❤ ❤❛✈❡ ❡q✉❛❧ ❛❝❝❡ss t✐♠❡ t♦

t❤❡ ♠❡♠♦r②✳ ❚❤❡ ◆❯▼❆ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ♦❢t❡♥ ❧✐♥❦s t✇♦ ❯▼❆ ❛r❝❤✐✲

t❡❝t✉r❡s t♦❣❡t❤❡r ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✻✳ ❚❤❡ ♠❡♠♦r✐❡s ❛r❡ ❛❝❝❡ss✐❜❧❡ ❜② ❜♦t❤

s✐❞❡s t❤r♦✉❣❤ t❤❡ ❧✐♥❦✳ ❙✐♥❝❡ t❤❡ ❛❝❝❡ss ❛❝r♦ss t❤❡ ❧✐♥❦ ✐s s❧♦✇❡r✱ t❤❡ ♠❡♠♦r② ❛❝❝❡ss

t✐♠❡s ❝❛♥ ✈❛r②✳ ❈♦♥tr❛r② t♦ t❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ ✐♥ t❤❡ ❞✐str✐❜✉t❡❞

♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ ❡❛❝❤ ♣r♦❝❡ss♦r ❤❛s ❡①❝❧✉s✐✈❡ ❛❝❝❡ss t♦ ✐ts ♦✇♥ ♠❡♠♦r② ❛s

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✼✳

❆ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♥❡t✇♦r❦ ❝♦♥♥❡❝ts t❤❡ ♠❡♠♦r✐❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ■❢

❞❛t❛ ❤❛s t♦ ❜❡ s❤❛r❡❞ ❛♠♦♥❣ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✱ t❤❡ ♣r♦❣r❛♠♠❡r ❤❛s t♦ ❞❡✜♥❡

t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❇♦t❤ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡s ❤❛✈❡ t❤❡✐r

❛❞✈❛♥t❛❣❡s ❛♥❞ ❞✐s❛❞✈❛♥t❛❣❡s✳ ■♥ t❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ t❤❡r❡ ✐s ✉s✉❛❧❧②

♦♥❡ ❜✉s ❢♦r s❡✈❡r❛❧ ♣r♦❝❡ss♦rs✳ ❙❡✈❡r❛❧ ❝♦♥✢✐❝ts ❝❛♥ ♦❝❝✉r ♦♥ t❤❡ ❜✉s ✇❤❡♥ t✇♦ ♦r

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

✇❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ✐♥❝r❡❛s❡✳ ■♥ t❤❡ ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ t❤❡
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❋✐❣✉r❡ ✷✳✻✿ ❙❤❛r❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡ ✭◆❯▼❆✮



✷✳✷✳ ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✶✾

BUS

Private

Memory

CPU0

Private

Memory

Private

Memory
Private

Memory

CPU3CPU2

CPU1

❋✐❣✉r❡ ✷✳✼✿ ❉✐str✐❜✉t❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡

♣r♦❝❡ss♦rs ❝❛♥ ❛❝❝❡ss t❤❡✐r ♠❡♠♦r② r❛♣✐❞❧② ✇✐t❤♦✉t ❛♥② ❝♦♥✢✐❝ts✳ ❚❤❡ ❞✐s❛❞✈❛♥t❛❣❡

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

t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ❆❧s♦✱ ♠❛♣♣✐♥❣ ❛♥ ❡①✐st✐♥❣ ❞❛t❛ str✉❝t✉r❡ ❢r♦♠ ❛ s❤❛r❡❞

♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ t♦ ❛ ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ✐s ❡①tr❡♠❡❧② ❞✐✣❝✉❧t✳

❚❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ✐s ♠♦r❡ ✉s❡r✲❢r✐❡♥❞❧② s✐♥❝❡ t❤❡ ❞❛t❛ s❤❛r✐♥❣ ✐s ❢❛st

❛♥❞ ✐♥ t❤❡ ♠♦st ❛r❝❤✐t❡❝t✉r❡s ✉♥✐❢♦r♠✳ ❍♦✇❡✈❡r✱ t❤❡ ❤②❜r✐❞ ❞✐str✐❜✉t❡❞ s❤❛r❡❞

♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ❝♦♠❜✐♥❡s ❜♦t❤ ♠❡♠♦r② str✉❝t✉r❡s ❛♥❞ ❛❧s♦ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢

❜♦t❤✳ ❚❤❡ ♣r♦❝❡ss♦rs ❝❛♥ ✇♦r❦ ♦♥ t❤❡✐r ♦✇♥ ♠❡♠♦r② ✇✐t❤♦✉t ❛♥② ❜✉s ❝♦♥✢✐❝ts✳

❚❤❡ ❛❝❝❡ss t♦ ❛ s❤❛r❡❞ ♠❡♠♦r② ✐s ♦♥❧② ♣❡r❢♦r♠❡❞ ❢♦r ❛❝❝❡ss t♦ s❤❛r❡❞ ❞❛t❛ ❬✸✶❪✳ ❆♥

❡①❛♠♣❧❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✽✳
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❋✐❣✉r❡ ✷✳✽✿ ❍②❜r✐❞ ❉✐str✐❜✉t❡❞ ❙❤❛r❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡



✷✵ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

✷✳✷✳✷ ▼♦❞❡❧ ♦❢ ❈♦♠♠✉♥✐❝❛t✐♦♥

❚❤❡ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ ❤❛r❞✇❛r❡ ✐♥✢✉❡♥❝❡s t❤❡ ♠♦❞❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ t❤❡ s❡❧❡❝✲

t✐♦♥ ♦❢ t❤❡ ♣r♦♣❡r ♠♦❞❡❧ ♦❢ ❝♦♠♣✉t❛t✐♦♥ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❚❤❡ ♠♦❞❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛✲

t✐♦♥ ❝❛♥ ❜❡ ❡✐t❤❡r s❤❛r❡❞ ♠❡♠♦r② ♦r ♠❡ss❛❣❡ ♣❛ss✐♥❣✳ ❙❤❛r❡❞ ♠❡♠♦r② ❝♦♠♠✉♥✐❝❛✲

t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ ❛ ❝♦♠♠♦♥ ♠❡♠♦r② ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ❛❧❧ ♣r♦❝❡ss♦rs✳

▼❡ss❛❣❡ ♣❛ss✐♥❣ ✐s ♣❡r❢♦r♠❡❞ ❜② s❡♥❞✐♥❣ ❛♥❞ r❡❝❡✐✈✐♥❣ ♠❡ss❛❣❡s✳ ■t ❝❛♥ ❜❡ ❛❧s♦

✐♠♣❧❡♠❡♥t❡❞ ✇❤❡♥ ♥♦ ❝♦♠♠♦♥ ♠❡♠♦r② ✐s ❛✈❛✐❧❛❜❧❡✱ ❜✉t ✐t ✐s s❧♦✇❡r t❤❛♥ s❤❛r❡❞

♠❡♠♦r② ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤r❡❡ ❞✐✛❡r❡♥t str❛t❡❣✐❡s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❢♦r ♠❡ss❛❣❡

♣❛ss✐♥❣✿ ❛s②♥❝❤r♦♥♦✉s✱ s②♥❝❤r♦♥♦✉s ♦r r❡♠♦t❡ ✐♥✈♦❝❛t✐♦♥✳ ❋♦r t❤❡ ❛s②♥❝❤r♦♥♦✉s

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

♠❡ss❛❣❡s✳ ❚❤❡ r❡❝✐♣✐❡♥t ❞♦❡s ♥♦t ♥❡❡❞ t♦ ❝♦♥✜r♠ t❤❡ r❡❝❡✐✈❡❞ ♠❡ss❛❣❡✳ ■♥ t❤❡

s②♥❝❤r♦♥♦✉s ♠❡ss❛❣❡ ♣❛ss✐♥❣✱ ✐t ✐s ❝♦♥tr❛r② t♦ t❤❡ ❛s②♥❝❤r♦♥♦✉s ♣r♦❝❡ss✳ ❍❡r❡✱ t❤❡

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

r❡♠♦t❡ ✐♥✈♦❝❛t✐♦♥ str❛t❡❣②✱ t❤❡ s❡♥❞❡r ❝❛♥ ♦♥❧② s❡♥❞ ✐ts ♠❡ss❛❣❡ ❛❢t❡r ✐t ❤❛s r❡❝❡✐✈❡❞

❛ ❝♦♥✜r♠❛t✐♦♥ ❢r♦♠ t❤❡ r❡❝✐♣✐❡♥t ❬✻❪✳ ❚❤❡ ❞❡s✐❣♥❡r s❡❧❡❝ts t❤❡ ♠♦❞❡❧ ♦❢ ❝♦♠♣✉t❛t✐♦♥

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

✷✳✷✳✸ ▼♦❞❡❧ ♦❢ ❈♦♠♣✉t❛t✐♦♥

❚❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❛♥② ❞❡s✐❣♥✲✢♦✇ ❛r❡ ❛❞❡q✉❛t❡❧② ❞❡✜♥❡❞ ❛❜str❛❝t✐♦♥ ❧❡✈❡❧s ❛♥❞

♠♦❞❡❧s✳ ❚❤❡ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡✴s♣❡❝✐✜❝❛t✐♦♥ ♠♦❞❡❧s ♦♥ ❛♥② ❧❡✈❡❧ tr❛❞❡ ♦✛

❛❝❝✉r❛❝② ❢♦r ❡✣❝✐❡♥❝② ❜✉t ❛❧❧❡✈✐❛t❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ s②st❡♠ ❞❡s✐❣♥ s♣❡❝✐✜❝❛t✐♦♥✳

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

✇✐❧❧ ❛❧❧♦✇ r❛♣✐❞ ❛♥❞ ♠❡❛♥✐♥❣❢✉❧ ✭❞❡s✐❣♥ s♣❛❝❡✮ ❡①♣❧♦r❛t✐♦♥✱ s②♥t❤❡s✐s ❛♥❞ ✈❛❧✐❞❛t✐♦♥✳

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

r❡q✉✐r❡❞ ❢♦r t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ s②st❡♠ ❜❡❤❛✈✐♦r✳ ❚❤❡ s②st❡♠ ❜❡❤❛✈✐♦r ✐s s♣❡❝✐✜❡❞ ✐♥

❛ ✜rst st❡♣✳ ❚❤❡ ♠♦❞❡❧s ♦❢ ❝♦♠♣✉t❛t✐♦♥ ✐♠♣❛❝t t❤❡ ❞❡s✐❣♥ ♦❢ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡s✳

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

r❡♥❝②✱ r❡❧✐❛❜✐❧✐t②✱ ♠♦❞✉❧❛r✐t②✱ s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ s❡❝✉r✐t②✱ ❡t❝✳ ❙✐♥❝❡

♥♦ ♠♦❞❡❧ ❝❛♥ ♠❡❡t ❛❧❧ s♣❡❝✐✜❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✱ ✐t ✐s ❡①tr❡♠❡❧② ✐♠♣♦rt❛♥t t♦ ❝❤♦♦s❡

t❤❡ ❛♣♣r♦♣r✐❛t❡ ♠♦❞❡❧ ❢♦r ❛ s✉❝❝❡ss❢✉❧ ❞❡s✐❣♥ ♦❢ t❤❡ s②st❡♠✳ ❉✐✛❡r❡♥t t②♣❡s ♦❢ ♠♦❞❡❧s

❡①✐st✿ st❛t❡ ❜❛s❡❞✱ t❤r❡❛❞ ❜❛s❡❞✱ ❛❝t♦r ❜❛s❡❞ ♦r ❞❛t❛ ✢♦✇ ♠♦❞❡❧s✳ ❙t❛t❡ ❜❛s❡❞ ♠♦❞✲

❡❧s ❛r❡ ✉s✉❛❧❧② ✜♥✐t❡ st❛t❡ ♠❛❝❤✐♥❡s ✭❛✉t♦♠❛t❛✮✱ st❛t❡ ❝❤❛rts ❛♥❞ t✐♠❡❞ ❛✉t♦♠❛t❛✳

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

❚❤❡ st❛t❡ ❝❤❛rts ♠♦❞❡❧ ✐♥❝❧✉❞❡s s❡✈❡r❛❧ ❢❡❛t✉r❡s s✉❝❤ ❛s t❤❡ ♠♦❞❡❧✐♥❣ ♦❢ ❤✐❡r❛r❝❤②

✭s✉♣❡r ❛♥❞ s✉❜✲st❛t❡s✮✱ ❝♦♥❝✉rr❡♥❝② ✭❛♥❞✴♦r st❛t❡s✮✱ ❤✐st♦r② ♠❡❝❤❛♥✐s♠✱ ❡t❝✳ ❆♥✲

♦t❤❡r st❛t❡✲❜❛s❡❞ ♠♦❞❡❧ ✐s t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s❝r✐♣t✐♦♥ ❧❛♥❣✉❛❣❡ ✭❙❉▲✮✳ ❚❤❡

❜❛s✐❝ ❡❧❡♠❡♥ts ❛r❡ ♣r♦❝❡ss❡s✱ ✇❤✐❝❤ ❛r❡ ♠♦❞❡❧❡❞ ❛s ✜♥✐t❡ st❛t❡ ♠❛❝❤✐♥❡s✳ Pr♦❝❡ss❡s

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

t❡r❛❝t✐♥❣ ✇✐t❤ ♦t❤❡r ♣r♦❝❡ss❡s✳ ❋♦r t❤✐s ✐♥t❡r❛❝t✐♦♥✱ ❛s②♥❝❤r♦♥♦✉s ♠❡ss❛❣❡ ♣❛ss✐♥❣

✐s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ ❋■❋❖ q✉❡✉❡s ✇❤❡r❡ ❡❛❝❤ ♣r♦❝❡ss ❤❛s ♦♥❡ q✉❡✉❡ ❢♦r s✐❣♥❛❧s✳

❙❉▲ ✇❛s st❛♥❞❛r❞✐③❡❞ ❜② t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥ ❯♥✐♦♥ ✭■❚❯✮✳ ❙❉▲

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



✷✳✷✳ ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✷✶

■❙❉◆✳ ❍♦✇❡✈❡r✱ ✐t ✐s ♥♦t ❞❡t❡r♠✐♥✐st✐❝✳ ❋♦r ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ t❤❡ ✉♣♣❡r ❜♦✉♥❞s

❢♦r t❤❡ ❧❡♥❣t❤ ♦❢ ❋■❋❖s ❤❛✈❡ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞✳ ■t ✐s ♥♦t ❛ s✉✐t❛❜❧❡ ♠♦❞❡❧ ❢♦r ❤❛r❞

❞❡❛❞❧✐♥❡s ❬✻❪✳

❋✉rt❤❡r♠♦r❡✱ t❛s❦ ❣r❛♣❤s ♦r ♣r♦❝❡ss ♥❡t✇♦r❦s ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡♣r❡s❡♥t ❞❡♣❡♥✲

❞❡♥❝❡s ❜❡t✇❡❡♥ ❝♦♠♣✉t❛t✐♦♥s✱ ✐✳❡✳ ❝♦♥tr♦❧✲ ❛♥❞ ❞❛t❛✲✢♦✇ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t t❛s❦s

♦r ♣r♦❝❡ss❡s✳ ❊✈❡♥ ♠♦r❡ ❞❡t❛✐❧❡❞ t❛s❦ ❣r❛♣❤s ❝❛♥ ❜❡ s❡❧❡❝t❡❞✱ ✇❤✐❝❤ ❝❛♥ r❡♣r❡s❡♥t

❡✳❣✳ t❤❡ ❛♠♦✉♥t ♦❢ ❞❛t❛ ❝♦♥s✉♠❡❞ ❛t ❡❛❝❤ ❡❞❣❡✳ ❆❧s♦✱ ❛♥ ♦r❣❛♥✐③❛t✐♦♥ ❛s ❛ ❤✐❡r❛r✲

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

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

❛❣❣r❡❣❛t✐♦♥ ♦r ❣❡♥❡r❛t✐♦♥ ♦❢ t❛s❦s ✐♥ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ st❡♣✳

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

✭❝❢s♠✮ ❛♥❞ ❞❛t❛ ✢♦✇ ♠♦❞❡❧s s✉❝❤ ❛s s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ❣r❛♣❤s ✭❙❉❋✮ ♦r ❑❛❤♥

♣r♦❝❡ss ♥❡t✇♦r❦s ✭❑P◆✮✳ ❑❛❤♥ ✐♥tr♦❞✉❝❡❞ t❤❡ ❑❛❤♥ ♣r♦❝❡ss ♥❡t✇♦r❦s ✭❑P◆✮ ❢♦r

♣❛r❛❧❧❡❧✴❞✐str✐❜✉t❡❞ ❡①❡❝✉t✐♦♥ ❬✸✷❪✳ ❚❤❡ ❛❝t♦rs ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛s ♣r♦❝❡ss❡s ✐♥

t❤❡ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡ ❈✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❛s②♥❝❤r♦♥♦✉s ❛♥❞ ♣❡r❢♦r♠❡❞

✈✐❛ ✉♥❜♦✉♥❞❡❞ ❋■❋❖ ❝❤❛♥♥❡❧s✳ ❚❤❡ ❝❤❛♥♥❡❧s ❛r❡ ♣♦✐♥t✲t♦✲♣♦✐♥t q✉❡✉❡s ✇✐t❤ ♦♥❡

♣r♦❞✉❝❡r ❛♥❞ ♦♥❡ ❝♦♥s✉♠❡r ♣❡r ❝❤❛♥♥❡❧✳ ❚❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✈✐❛

❜❧♦❝❦✐♥❣ r❡❛❞ ❛♥❞ ♥♦♥✲❜❧♦❝❦✐♥❣ ✇r✐t❡✳ ❆♥ ❛❞✈❛♥t❛❣❡ ✐s t❤❛t ❑P◆s ❛r❡ ❞❡t❡r♠✐♥✐st✐❝✳

❆ ❞✐s❛❞✈❛♥t❛❣❡ ✐s t❤❛t ❑P◆s ❛r❡ ❞✐✣❝✉❧t t♦ ✐♠♣❧❡♠❡♥t ❜❡❝❛✉s❡ t❤❡ s✐③❡ ♦❢ ✐♥✜♥✐t❡

❋■❋❖s ❤❛s t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ♦♥ ❧✐♠✐t❡❞ ♣❤②s✐❝❛❧ ♠❡♠♦r② ❬✸✸❪✳ ❋✉rt❤❡r♠♦r❡✱ t♦♦

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

❬✸✹❪✳

❚❤❡ s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ❣r❛♣❤ ❜② ▲❡❡ ❛♥❞ ▼❡ss❡rs❝❤♠✐tt ✐s ❛❧s♦ ❛♥ ❛❝t♦r✲

❜❛s❡❞ ♠♦❞❡❧ ✇❤❡r❡ t❤❡ ❛❝t♦rs ❛r❡ ❡①❡❝✉t❡❞ ❝♦♥❝✉rr❡♥t❧② ❬✸✺❪✳ ❊❛❝❤ ❛❝t♦r ♣r♦❞✉❝❡s

❛♥❞ ❛❧s♦ ❝♦♥s✉♠❡s ❛ ✜①❡❞ ♥✉♠❜❡r ♦❢ t♦❦❡♥s ♣❡r ✜r✐♥❣✳ ▲❡t ✉s ❛ss✉♠❡ ❛♥ ❛❝t♦r A

✇❤✐❝❤ ♣r♦❞✉❝❡s t♦❦❡♥s ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ❛❝t♦r B ✇❤✐❝❤ ❝♦♥s✉♠❡s t❤❡ t♦❦❡♥s ♦❢

❛❝t♦r A✳ ■♥ ❛ ❙❉❋✱ ❛ ❜❛❧❛♥❝❡ ❡q✉❛t✐♦♥ ❡①✐sts ❢♦r ❡❛❝❤ ❝❤❛♥♥❡❧ ✇❤❡r❡ t❤❡ ♥✉♠❜❡r

♦❢ ✜r✐♥❣s fA ♦❢ ❛❝t♦r A ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ t♦❦❡♥s N ♣r♦❞✉❝❡❞ ❜② ❛❝t♦r

A ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✜r✐♥❣s fB ♦❢ ❛❝t♦r B ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢

t♦❦❡♥s M ❝♦♥s✉♠❡❞ ❜② t❤✐s ❛❝t♦r✿ fAN = fBM ✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

❛❝t♦rs ✐s ❜✉✛❡r❡❞✳ ❚❤❡ ❞❛t❛ ✢♦✇ ✐s s②♥❝❤r♦♥♦✉s s✐♥❝❡ ❛❧❧ t♦❦❡♥s ❛r❡ ❝♦♥s✉♠❡❞ ❛t

t❤❡ s❛♠❡ t✐♠❡✳ ❚❤❡ ♠❡ss❛❣❡ ♣❛ss✐♥❣ ✐s ❛s②♥❝❤r♦♥♦✉s✱ ✐✳❡✳ t❤❡ ❛❝t♦rs ❞♦ ♥♦t ❤❛✈❡

t♦ ✇❛✐t ✉♥t✐❧ ❛♥ ♦✉t♣✉t ✐s ❛❝❝❡♣t❡❞✳ ❙❉❋ ❝❛♥ ❜❡ s❝❤❡❞✉❧❡❞ st❛t✐❝❛❧❧②✳ ❚❤❡ s❝❤❡❞✉❧❡

❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❛t ❝♦♠♣✐❧❡✲t✐♠❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜✉✛❡r ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts

❛♥❞ ❞❡❛❞❧♦❝❦s ❛r❡ ❞❡❝✐❞❛❜❧❡ ♣r♦❜❧❡♠s✳

❈❛r❧ ❆❞❛♠ P❡tr✐ ✐♥tr♦❞✉❝❡❞ P❡tr✐ ♥❡ts ✐♥ ✶✾✻✷ ❬✸✻❪ ❚❤❡② ♠♦❞❡❧ ❝❛s✉❛❧ ❞❡♣❡♥✲

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

❛♥❞ ✢♦✇ r❡❧❛t✐♦♥s✳ ❈♦♥❞✐t✐♦♥s ❝❛♥ ❜❡ ♠❡t ♦r ♥♦t✱ ❛♥❞ ❡✈❡♥ts t❛❦❡ ♣❧❛❝❡ ✇❤❡♥ ❝❡rt❛✐♥

❝♦♥❞✐t✐♦♥s ❛r❡ ♠❡t✳ ❋❧♦✇ r❡❧❛t✐♦♥s r❡❧❛t❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❡✈❡♥ts✳ P❡tr✐ ♥❡ts ♠♦❞❡❧

r❡s♦✉r❝❡s✱ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚❤r❡❡ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ P❡tr✐

♥❡ts ❡①✐st✿ ❝♦♥❞✐t✐♦♥✴❡✈❡♥t ♥❡ts✱ ♣r❡❞✐❝❛t❡✴tr❛♥s✐t✐♦♥ ♥❡ts ❛♥❞ ♣❧❛❝❡✴tr❛♥s✐t✐♦♥ ♥❡ts✳

❈♦♥❞✐t✐♦♥✴❡✈❡♥t ♥❡ts ❛r❡ s✐♠♣❧❡ ♥❡ts ✇✐t❤ ♦♥❧② ♦♥❡ t♦❦❡♥ ♣❡r ❝♦♥❞✐t✐♦♥✳ ❚❤❡② ❛r❡

❛ s♣❡❝✐❛❧ ❝❛s❡ ♦❢ ❜✐♣❛rt✐t❡ ❣r❛♣❤s✳ ❲✐t❤ ♣❧❛❝❡✴tr❛♥s✐t✐♦♥ ♥❡ts✱ ♠♦r❡ t❤❛♥ ♦♥❡ t♦❦❡♥

♣❡r ❝♦♥❞✐t✐♦♥ ✐s ♣♦ss✐❜❧❡✳ ❍❡r❡✱ ❝♦♥❞✐t✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❛s ♣❧❛❝❡s✱ ❛♥❞ tr❛♥s✐t✐♦♥s



✷✷ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

r❡♣r❡s❡♥t ❡✈❡♥ts✳ Pr❡❞✐❝❛t❡✴tr❛♥s✐t✐♦♥ ♥❡ts ❛r❡ ✉s❡❢✉❧ ❢♦r ❧❛r❣❡ ❝♦♥❞✐t✐♦♥✴❡✈❡♥ts ♦r

♣❧❛❝❡✴tr❛♥s✐t✐♦♥ ♥❡ts s✐♥❝❡ t❤❡② ❛r❡ ❛❜❧❡ t♦ r❡❞✉❝❡ t❤❡ s✐③❡ ♦❢ t❤❡s❡ ♥❡ts✳ ❆ ❢❛♠♦✉s

❡①❛♠♣❧❡ ✉s❡❞ ❢♦r ♣r❡❞✐❝❛t❡✴tr❛♥s✐t✐♦♥ ♥❡ts ✐s t❤❡ ✧❞✐♥✐♥❣ ♣❤✐❧♦s♦♣❤❡r✬s ♣r♦❜❧❡♠✧✳

❚❤r❡❛❞ ❜❛s❡❞ ❡①❡❝✉t✐♦♥ ✐s ❞❡✜♥❡❞ ✇✐t❤✐♥ t❤❡ ❱♦♥✲◆❡✉♠❛♥♥ ♠♦❞❡❧✳ ❚❤❡ ❱♦♥✲

◆❡✉♠❛♥♥ ♠♦❞❡❧ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② s❡q✉❡♥t✐❛❧ ❡①❡❝✉t✐♦♥✳ ■t ✐s st✐❧❧ ✈❛st❧② ✉s❡❞ ✐♥

♠❛♥② ❞❡s✐❣♥s s✐♥❝❡ ❧❛♥❣✉❛❣❡s ❛s ❈✱ ❈✰✰ ❛♥❞ ❏❛✈❛ ❛r❡ ✇✐❞❡❧② s♣r❡❛❞ ❛♥❞ ♠❛♥②

❛♣♣❧✐❝❛t✐♦♥s ✇❡r❡ ❛❧r❡❛❞② ✇r✐tt❡♥ ✐♥ t❤❡s❡ ❧❛♥❣✉❛❣❡s✳ ❍♦✇❡✈❡r✱ ♠❛♥② ❧❛♥❣✉❛❣❡s

❞♦ ♥♦t ♣r♦✈✐❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❢♦r t❤❡ ❡①❡❝✉t✐♦♥

♦♥ ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ ❬✻❪✱ t❤❡ ❧❛♥❣✉❛❣❡s ❈❙P ❛♥❞ ❆❉❆ ❤❛✈❡

❛❧r❡❛❞② ❜✉✐❧t✲✐♥ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■♥ t❤❡ r❡♠❛✐♥✐♥❣ ❧❛♥❣✉❛❣❡s✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s

♣r♦✈✐❞❡❞ ❜② s❡❧❡❝t✐♥❣ ❞✐✛❡r❡♥t ❧✐❜r❛r✐❡s✳ ❏❛✈❛ s✉♣♣♦rts ❝♦♥❝✉rr❡♥❝② ❜② ✉s✐♥❣ t❤r❡❛❞s✳

❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ t②♣❡ ❝❛♥ ❜❡ s❡❧❡❝t❡❞ ❜② ❝❤♦♦s✐♥❣ ❞✐✛❡r❡♥t ❧✐❜r❛r✐❡s✳ ■♥ ❑❛❤♥

♣r♦❝❡ss ♥❡t✇♦r❦s ✭❑P◆✮✱ t❤❡ ♣r♦❝❡ss❡s ❛r❡ ❛❧s♦ ❡①❡❝✉t❡❞ ✐♥ ❛ s❡q✉❡♥t✐❛❧ ♠❛♥♥❡r✳

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

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

❤❛s t❤❡ ♠♦st ♣r✐♦r✐t② ✇❤✐❧❡ ✐♥ ✈♦♥✲◆❡✉♠❛♥♥✲❧❛♥❣✉❛❣❡s t❤❡ ❝♦♥tr♦❧✲✢♦✇ ❤❛s ♠♦r❡

♣r✐♦r✐t②✳ ❚❤❡ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤r❡❛❞✲❜❛s❡❞ ♠♦❞❡❧s ✐s t❤❛t t❤❡② ❛r❡ ♥♦t ❞❡t❡r♠✐♥✐st✐❝

❛♥❞ t❤❛t t❤r♦✉❣❤ t❤❡ ✉s❡ ♦❢ ♠✉t❡①❡s✱ ❞❡❛❞❧♦❝❦s ❝❛♥ ♦❝❝✉r✳ ❍❡r❡✱ t❤❡ ♣r♦❣r❛♠♠❡r

❤❛s t♦ t❛❦❡ ❝❛r❡ ♦❢ ❞❡❛❞❧♦❝❦s ♣r♦♣❡r❧②✳

❉✐s❝r❡t❡ ❡✈❡♥t ❜❛s❡❞ ❧❛♥❣✉❛❣❡s ❛r❡ ❱❍❉▲✱ ❱❡r✐❧♦❣ ❛♥❞ ❙②t❡♠ ❈✳ ❚❤❡② ❛r❡ ✉s✉✲

❛❧❧② ✉s❡❞ ✐♥ s❤❛r❡❞ ♠❡♠♦r② s②st❡♠s✳ ■♥ ❞✐s❝r❡t❡ ❡✈❡♥t ♠♦❞❡❧✐♥❣✱ t❤❡ ❡✈❡♥ts ❛r❡

s♦rt❡❞ ✐♥ ❛ t✐♠❡❧✐♥❡ q✉❡✉❡ ❜② t❤❡ t✐♠❡ ❛t ✇❤✐❝❤ t❤❡② ❛r❡ ♣r♦❝❡ss❡❞✳ ❚❤❡ ❡✈❡♥t

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

✐s t❤❡♥ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ q✉❡✉❡✳ ❙♦♠❡t✐♠❡s t❤❡ ❡✈❡♥t ❡♥t❡rs ♥❡✇ ❡✈❡♥ts ✐♥t♦ t❤❡

t✐♠❡❧✐♥❡ q✉❡✉❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦✈❡r ♠♦❞❡❧s ♦❢ ❝♦♠♣✉t❛t✐♦♥s ❛♥❞ ❧❛♥❣✉❛❣❡s ✐s ❣✐✈❡♥

✐♥ ❬✻❪✳

■♥ ❛ ❞❡s✐❣♥ ✢♦✇✱ t❤❡r❡ ❝❛♥ ♦❢t❡♥ ❡①✐st ❛ ♠✐①t✉r❡ ♦❢ ❞✐✛❡r❡♥t ❧❛♥❣✉❛❣❡s ♦r ♠♦❞❡❧s

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

❛♥❞ t❤❡✐r r❡❢❡r❡♥❝❡s t♦ t❤❡ ❞✐✛❡r❡♥t ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠♦❞❡❧s ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✾✳

❈♦♠♠✉♥✐❝❛t✐♦♥ ❧✐❜r❛r✐❡s

▼P■✱ P❖❙■❳ t❤r❡❛❞s ❛♥❞ ❖♣❡♥▼P ❛r❡ ❛♠♦♥❣ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐❜r❛r✐❡s t❤❛t ❡①✐st

❢♦r ❈✴❈✰✰✳ ❆s t❤❡ ♥❛♠❡ ❛❧r❡❛❞② ✐♥❞✐❝❛t❡s✱ t❤❡ ♠❡ss❛❣❡ ♣❛ss✐♥❣ ✐♥t❡r❢❛❝❡ ✭▼P■✮ ✐s

✉s❡❞ ❢♦r ♠❡ss❛❣❡✲❜❛s❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ♣r♦❝❡ss♦rs✳ ■t ❛❧❧♦✇s ❛s②♥❝❤r♦♥♦✉s

♦r s②♥❝❤r♦♥♦✉s ♠❡ss❛❣❡ ♣❛ss✐♥❣✳ P❖❙■❳ t❤r❡❛❞s ✐s ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♣r♦❣r❛♠♠✐♥❣

✐♥t❡r❢❛❝❡ ✭❆P■✮ ❢♦r t❤r❡❛❞s ❛t ♦♣❡r❛t✐♥❣ s②st❡♠ ❧❡✈❡❧✳ ■t ♣r♦✈✐❞❡s ♣r♦❝❡❞✉r❡s ❢♦r

t❤r❡❛❞ ♠❛♥❛❣❡♠❡♥t ✭❝r❡❛t❡✱ ❥♦✐♥✱ ❡t❝✳✮✱ s②♥❝❤r♦♥✐③❛t✐♦♥ ❜❡t✇❡❡♥ t❤r❡❛❞s ❛♥❞ ❛❧s♦

❢♦r ♠✉t❡①❡s✳ P❖❙■❳ t❤r❡❛❞s ❛r❡ ✉s❡❞ ❢♦r s❤❛r❡❞ ♠❡♠♦r② ❤❛r❞✇❛r❡✳ ✧❖♣❡♥▼P ✐s

❛ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ❛ s❡t ♦❢ ❝♦♠♣✐❧❡r ❞✐r❡❝t✐✈❡s✱ ❧✐❜r❛r② r♦✉t✐♥❡s✱ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t

✈❛r✐❛❜❧❡s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ s♣❡❝✐❢② s❤❛r❡❞ ♠❡♠♦r② ♣❛r❛❧❧❡❧✐s♠ ✐♥ ❋♦rtr❛♥ ❛♥❞

❈✴❈✰✰ ♣r♦❣r❛♠s✧ ❬✸✼❪✳ ❍❡r❡✱ ♣❛r❛❧❧❡❧✐s♠ ✐s ❡①♣r❡ss❡❞ ✇✐t❤ ♣r❛❣♠❛s ❛♥❞ ✐t t❛❦❡s

t❤❡ ❧❡❛st ❛♠♦✉♥t ♦❢ ❡✛♦rt ❢♦r ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❢♦r t❤❡ ✉s❡r✳ ❋♦r ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥

t❤❡ ❧✐❜r❛r✐❡s✱ ♣❧❡❛s❡ r❡❢❡r t♦ ❬✻❪✳ ❋♦r ❛❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐❜r❛r✐❡s✱ t❤❡ ♣r♦❣r❛♠♠❡r ❤❛s



✷✳✸✳ ▼❛♣♣✐♥❣ Pr♦❜❧❡♠ ❞❡s❝r✐♣t✐♦♥ ✷✸

❋✐❣✉r❡ ✷✳✾✿ ❖✈❡r✈✐❡✇ ♦✈❡r ▼❖❈s ❛♥❞ ❧❛♥❣✉❛❣❡s ❝♦♥s✐❞❡r❡❞ ❬✻❪

t♦ ❞❡✜♥❡ ♣❛r❛❧❧❡❧ ♣r♦❝❡ss❡s ♦r t❤r❡❛❞s ❛♥❞ t❛❦❡ ❝❛r❡ ❢♦r t❤❡ ❛❝❝✉r❛t❡ ❝♦♠♠✉♥✐❝❛t✐♦♥

❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳

✷✳✸ ▼❛♣♣✐♥❣ Pr♦❜❧❡♠ ❞❡s❝r✐♣t✐♦♥

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

♦❢ t❤✐s ✇♦r❦✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♠❡♠♦r②✲❛✇❛r❡♥❡ss

✐♥t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ t♦ ❛r❝❤✐t❡❝t✉r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡✲

t❛✐❧✳ ❚❤❡ ✉♥❞❡r❧②✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s t❤❛t ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ t❤✐s ✇♦r❦ ✇❡r❡ ♠❛✐♥❧②

❞❡✈❡❧♦♣❡❞ ✇✐t❤✐♥ t❤❡ ❊❯✲♣r♦❥❡❝t ▼◆❊▼❊❊ ✇❤✐❝❤ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳ ❚❤❡

❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧ t❤❛t ✐s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✇❡r❡ s♣❡❝✐✜❡❞ ✐♥ ❝♦♦♣✲

❡r❛t✐♦♥ ✇✐t❤ ❛❧❧ ▼◆❊▼❊❊ ♣❛rt♥❡rs✱ ❜❛s❡❞ ♦♥ t❤❡✐r r❡q✉✐r❡♠❡♥ts ❛♥❞ t❤❡ t♦♦❧s t❤❛t

✇❡r❡ ❛❧r❡❛❞② ♣❛rt❧② ♣r♦✈✐❞❡❞ ❜② t❤❡s❡ ♣❛rt♥❡rs✳

✷✳✸✳✶ ❆r❝❤✐t❡❝t✉r❡ ▼♦❞❡❧

❚❤❡ ❝♦♥s✐❞❡r❡❞ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❤②❜r✐❞ s❤❛r❡❞ ❞✐str✐❜✉t❡❞ ♠❡♠♦r②

♠♦❞❡❧✳ ❍❡♥❝❡✱ ❛ s❤❛r❡❞ ♠❡♠♦r② ✐s ❛✈❛✐❧❛❜❧❡✱ ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ❛❧❧ ♣r♦❝❡ss♦rs✳

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

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

❝❛t❡❞✳ ❚❤✐s ♣r❡✈❡♥ts ❝♦♥✢✐❝ts ♦♥ t❤❡ ❜✉s ❛s ✐♥ t❤❡ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡✱ ❛♥❞

✐t ❛❧s♦ ♣r❡✈❡♥ts s❧♦✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t❛s❦s ❛s ✐♥ t❤❡ ❞✐str✐❜✉t❡❞ ♠❡♠✲
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CPU0
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L1 Data
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L1 Data

Private

Memory

Private

Memory
Shared

Memory

CPU1

CPU3

L1

L2

L2

L2

L2

 Instruction

L1 Data

L1 Data

L1 Instruction

Private

Memory

Private
Memory

CPU2

❋✐❣✉r❡ ✷✳✶✵✿ ❍❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ ❛r❝❤✐t❡❝t✉r❡ ✇✐t❤ ♠✉❧t✐✲❧❡✈❡❧ ♠❡♠♦r② ❤✐❡r❛r❝❤②

♦r② ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ❛❧r❡❛❞② ❣✐✈❡♥ ❛♥❞ ✜①❡❞ ❛♥❞ t❤✉s ✐t ❞♦❡s ♥♦t

❤❛✈❡ t♦ ❜❡ ❞❡s✐❣♥❡❞✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❤❛s ♥ ♣r♦❝❡ss♦rs✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❤♦♠♦❣❡♥❡♦✉s

♦r ❤❡t❡r♦❣❡♥❡♦✉s✱ ✐✳❡✳✱ ❞✐✛❡r ✐♥ t②♣❡ ❛♥❞✴♦r ❝❧♦❝❦ r❛t❡✳ ❊❛❝❤ ♣r♦❝❡ss♦r ❝❛♥ ❤❛✈❡ ❛

❞✐st✐♥❝t ♠❡♠♦r② ❤✐❡r❛r❝❤②✱ ✇❤✐❝❤ ❝❛♥ ❤❛✈❡ ❞✐✛❡r❡♥t ❤✐❡r❛r❝❤② ❧❡✈❡❧s ❛♥❞ ❞✐✛❡r❡♥t

s✐③❡s ♦♥ ❡❛❝❤ ❧❡✈❡❧✳ ❚❤❡ ❧♦❝❛❧ ♠❡♠♦r✐❡s ❝❛♥ ❞✐✛❡r ✐♥ ♠❡♠♦r② t②♣❡ ✭✐♥str✉❝t✐♦♥ ♦♥❧②

✴ ❞❛t❛ ♦♥❧② ✴ ✉♥✐✜❡❞✮✳ ❊❛❝❤ ♠❡♠♦r② ❤❛s ❞✐✛❡r❡♥t ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡ ✈❛❧✉❡s✱ ✇❤✐❝❤

❞❡♣❡♥❞ ♦♥ t②♣❡✱ ❧❡✈❡❧ ❛♥❞ s✐③❡ ♦❢ t❤❡ ♠❡♠♦r②✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡

❢♦r ❜✉s ❛❝❝❡ss❡s ✇❤✐❝❤ ❧❡❛❞ t♦ t❤❡ ♠❡♠♦r② ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳

❋✐❣✉r❡ ✷✳✶✵ ✐❧❧✉str❛t❡s ❛♥ ❡①❛♠♣❧❡ ❛r❝❤✐t❡❝t✉r❡✳ ■♥ t❤✐s ❛r❝❤✐t❡❝t✉r❡✱ ❢♦✉r ♣r♦✲

❝❡ss♦rs CPU0✲CPU3 ❛r❡ ❞❡✜♥❡❞✳ ❊❛❝❤ ♣r♦❝❡ss♦r ❤❛s ❛ s❡♣❛r❛t❡ ❧♦❝❛❧ ✐♥str✉❝t✐♦♥

❛♥❞ ❞❛t❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♦♥ ❧❡✈❡❧ ✶ ❛♥❞ ❛ ♣r✐✈❛t❡ ♠❛✐♥ ♠❡♠♦r② ♦♥ ❧❡✈❡❧ ✷✳ ❚❤❡

♣r♦❝❡ss♦rs ❤❛✈❡ ❡①❝❧✉s✐✈❡ ❛❝❝❡ss t♦ t❤❡s❡ ♠❡♠♦r✐❡s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡

❤❛s ❛t ❧❡❛st ♦♥❡ s❤❛r❡❞ ♠❡♠♦r②✱ ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ❛❧❧ ♣r♦❝❡ss♦rs ❛♥❞ ✇❤✐❝❤ ✐s

✉s❡❞ ❢♦r ✐♥t❡r✲t❤r❡❛❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚❤❡ s❤❛r❡❞ ♠❡♠♦r② ❝❛♥

❜❡ ❛❝❝❡ss❡❞ t❤r♦✉❣❤ ❛♥ ♦♥✲❝❤✐♣ ♥❡t✇♦r❦ ♦r ❜✉s✳ ❙❡❝t✐♦♥ ✷✳✶ s❤♦✇s t❤❛t t❤✐s ♠♦❞❡❧

✐s ❜❛s❡❞ ♦♥ st❛t❡✲♦❢✲t❤❡✲❛rt ▼P❙♦❈ ❛r❝❤✐t❡❝t✉r❡s✳

✷✳✸✳✷ ❆♣♣❧✐❝❛t✐♦♥ ▼♦❞❡❧

■♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t ❛♥ ❛❧r❡❛❞② ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ ✐s

❣✐✈❡♥✳ ❆ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛♥ ❛❝②❝❧✐❝ t❛s❦ ❣r❛♣❤

✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❆ t❤r❡❛❞✲❜❛s❡❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧ ❛s

❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✶ ✐s ✉s❡❞✳ ❍❡r❡✱ ❛ ♠❛✐♥ t❤r❡❛❞ ❛❝❝♦♠♣❧✐s❤❡s ❝♦♠♣✉t❛t✐♦♥✱
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Main
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create

create create

create
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join join
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❋✐❣✉r❡ ✷✳✶✶✿ ❚❤r❡❛❞✲❜❛s❡❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧

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

t❤r❡❛❞s ❝❛♥ r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ❛♥❞ ❝♦♠♠✉♥✐❝❛t❡ ✈✐❛ ❋■❋❖s✳ ❆❢t❡r t❤❡② ❛❝❝♦♠♣❧✐s❤ t❤❡✐r

❝♦♠♣✉t❛t✐♦♥✱ t❤❡ ♠❛✐♥ t❤r❡❛❞ ❥♦✐♥s t❤❡♠ ❛♥❞ ❝♦♥t✐♥✉❡s ✐ts ❡①❡❝✉t✐♦♥✳ ❚❤❡ s❡❝t✐♦♥

✇❤❡r❡ ♥❡✇❧② ❝r❡❛t❡❞ t❤r❡❛❞s r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ✐s ❝❛❧❧❡❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✳ ❆♥ ❛♣♣❧✐❝❛t✐♦♥

❝❛♥ ❤❛✈❡ ♦♥❡ ♦r ♠♦r❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s✳ ❆♥ ❡①❛♠♣❧❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✶✳

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

✶ ❛♥❞ t❤r❡❡ t❤r❡❛❞s ✐♥ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ✷✳ ❊❛❝❤ t❤r❡❛❞✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ♠❛✐♥ t❤r❡❛❞✱

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

❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧ ❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❡①✐st✐♥❣ s❡q✉❡♥t✐❛❧ ❈✲❝♦❞❡ ❛♣♣❧✐❝❛t✐♦♥s ❜②

✉s✐♥❣ ❛✉t♦♠❛t❡❞ t♦♦❧s✳ ▼♦r❡ ❞❡t❛✐❧s ♦♥ t❤❡s❡ t♦♦❧s ❛r❡ ❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✸✳✷✳✶✳

❊❛❝❤ t❤r❡❛❞ ❝♦♥s✐sts ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✇❤✐❝❤ ❛r❡ ❡✐t❤❡r ✐♥str✉❝t✐♦♥ ❝♦❞❡ ♦r

❞❛t❛✳ ❚❤❡② ❛r❡ ♠❛✐♥❧② ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡✐r s✐③❡ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡

❛❝❝❡ss❡s✳ ❚❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ❞❡✜♥❡ t❤❡ ❝♦♠♣✉t❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ♦❢ ❛ t❤r❡❛❞✳

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠❡♠♦r✐❡s t❤❡② ❛r❡ ❛❧❧♦❝❛t❡❞ t♦✱ t❤❡② ❡ss❡♥t✐❛❧❧② ✐♥✢✉❡♥❝❡ t❤❡

♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ s②st❡♠✳

❇❛s❡❞ ♦♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ ♦✉r ♠♦❞❡❧ ❝❛♥ ❛❧s♦ ❝♦♥t❛✐♥ ❋■❋❖

✭❋✐rst✲✐♥ ❋✐rst✲♦✉t✮ q✉❡✉❡s ❢♦r ✐♥t❡r✲t❤r❡❛❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡

✷✳✶✷✳ ■♥ t❤✐s ❝❛s❡✱ ❛ t❤r❡❛❞ ❝❛♥ ❜❡ ❝♦♠♣♦s❡❞ ♦❢ s❡✈❡r❛❧ t❤r❡❛❞ ♥♦❞❡s✳ ❚❤❡ ❡❞❣❡s ❜❡✲



✷✻ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

Main

Thread 0

Main

Thread 0

Thread 1 Thread 2 Thread 3

create create

joinjoin join

create

Thread 1 Thread 2 Thread 3

Thread 2

FIFO 0

FIFO 1

❋✐❣✉r❡ ✷✳✶✷✿ ❚❛s❦ ❣r❛♣❤ ✐♥❝❧✉❞✐♥❣ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥

t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t t❤r❡❛❞ ♥♦❞❡s ✐❧❧✉str❛t❡ ❡✐t❤❡r ❋■❋❖ ✭✐✳❡✳✱ ❝♦♠♠✉♥✐❝❛t✐♦♥✮ ❡❞❣❡s

♦r ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡s✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✷✱ t❤❡ s❡❝♦♥❞ ♥♦❞❡ ♦❢ t❤r❡❛❞ ✷ ❝❛♥✲

♥♦t ♣r♦❝❡❡❞ ✐ts ❡①❡❝✉t✐♦♥ ✉♥t✐❧ t❤r❡❛❞ ✸ ❤❛s ✇r✐tt❡♥ s♦♠❡t❤✐♥❣ ✐♥t♦ t❤❡ ❋■❋❖✳ ❚❤✐s

s♣❡❝✐✜❝❛t✐♦♥ ❡♥s✉r❡s ❛ ♠♦r❡ ♣r❡❝✐s❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ r✉♥t✐♠❡ s✐♥❝❡ ❛ t❤r❡❛❞ ♥♦❞❡

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

♠✉♥✐❝❛t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳

✷✳✸✳✸ ▼❛♣♣✐♥❣ ❈♦♠♣❧❡①✐t②

❙t❛t❡✲♦❢✲t❤❡✲❛rt ❛♣♣❧✐❝❛t✐♦♥ t♦ ▼P❙♦❈ ♠❛♣♣✐♥❣ t♦♦❧s ♣❡r❢♦r♠ t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s

t♦ ❛✈❛✐❧❛❜❧❡ ♣r♦❝❡ss♦rs✱ ✇❤✐❧❡ ♦♣t✐♠✐③✐♥❣ ❛ s✐♥❣❧❡ ♦r s❡✈❡r❛❧ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐s ❦♥♦✇♥ t♦ ❜❡ ◆P✲❤❛r❞ ❡✈❡♥ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r

s②st❡♠s ❬✸✽❪✳ ❊✈❡♥ ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ❥✉st t❤❡ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ♠❛♣♣✐♥❣✱ t❤❡

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

❛♥❞ t❤❡r❡❢♦r❡ ❡①♣❧✐❝✐t❧② t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ♦♥t♦ ♠❡♠♦r✐❡s✱ ✐♥❝r❡❛s❡s

❛❞❞✐t✐♦♥❛❧❧② t❤❡ ♦♣t✐♦♥s ❛✈❛✐❧❛❜❧❡ ❛♥❞ t❤❡ ♣r♦❜❧❡♠ ❝♦♠♣❧❡①✐t②✳ ◆♦✇✱ ♥♦t ♦♥❧② t❤❡

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

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

✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ❝♦♥str❛✐♥ts s✉❝❤ ❛s ❝❤❡❝❦✐♥❣ ✐❢ ❡♥♦✉❣❤ ♠❡♠♦r② ❝❛♣❛❝✐t② ✐s ❛✈❛✐❧✲

❛❜❧❡ ❢♦r ❛❧❧ ♠❛♣♣❡❞ t❤r❡❛❞s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ ❛ t❤r❡❛❞ ❝❛♥

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



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✷✼

❢r❡q✉❡♥t❧② ❛❝❝❡ss❡❞ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ♠❛♣♣❡❞ ♦♥t♦ ❛ ❢❛st ❛♥❞ ❡♥❡r❣②✲❡✣❝✐❡♥t

♠❡♠♦r②✳ ❚❤❡r❡❜②✱ ♥♦t ♦♥❧② t❤❡ ♣r♦❝❡ss♦r ❢r❡q✉❡♥❝② ❜✉t t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♣r♦✲

❝❡ss♦r ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ❝❛♣❛❝✐t② ❛♥❞ s♣❡❡❞ ♦❢ t❤❡ ♣r♦❝❡ss♦rs ✉♥❞❡r❧②✐♥❣ ♠❡♠♦r②

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

q✉✐r❡♠❡♥ts✱ ✐✳❡✳✱ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❖❜✈✐♦✉s❧②✱ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❞❡s✐❣♥ ❞❡❝✐s✐♦♥s ❤❛s

t♦ ❜❡ t❛❦❡♥ ❞✉r✐♥❣ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ s✉❝❤ ❛s✿ ♦♥ ✇❤✐❝❤ ♠❡♠✲

♦r② s❤♦✉❧❞ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ ❛ t❤r❡❛❞ ❜❡ ♣❧❛❝❡❞❄ ❆❧s♦✱ ✐❢ s❡✈❡r❛❧ t❤r❡❛❞s ❛r❡

♠❛♣♣❡❞ ♦♥t♦ ❛ ♣r♦❝❡ss♦r✱ t❤❡ ❧✐♠✐t❡❞ s✐③❡ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❧❡✈❡❧✲✶ ❛♥❞ ❧❡✈❡❧✲✷ ♠❡♠✲

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

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

✐♥ t❤❡ ❢❛st❡st ♠❡♠♦r✐❡s❄ ❚❤❡ ♠❛♣♣✐♥❣ ♦❢ ❛❧❧ t❤r❡❛❞s t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ r❡s♦✉r❝❡s

❤❛✈❡ t♦ ❜❡ ♦♣t✐♠✐③❡❞ ✐♥ ♦r❞❡r t♦ ❣❡t t❤❡ ❞❡s✐r❡❞ r❡s✉❧ts ❜❛s❡❞ ♦♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥

❣♦❛❧✳ ❇r✐❡✢②✱ ✇❤✐❝❤ ❵♣r♦❝❡ss♦r✴♠❡♠♦r②✬ ♣❛✐r ✐s ♠♦st s✉✐t❛❜❧❡ ❢♦r ✇❤✐❝❤ ❝♦♠❜✐♥❛t✐♦♥

♦❢ ♣♦ss✐❜❧❡ ❵t❤r❡❛❞s✴♠❡♠♦r② ♦❜❥❡❝ts✬ ♠❛♣♣✐♥❣ ✇❤✐❧❡ ♦♣t✐♠✐③✐♥❣ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ♦r s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ✭♦r ❜♦t❤✮❄

✷✳✹ ❘❡❧❛t❡❞ ❲♦r❦

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

♦♣t✐♠✐③❛t✐♦♥ st❡♣ ❢♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s ✐♥ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥✳ ❚❤❡ ✐♥✲

t❡❣r❛t✐♦♥ ♦❢ ♠❡♠♦r② ❛✇❛r❡♥❡ss ✐♥t♦ t❤✐s st❡♣ ✇❛s ♥♦t r❡❛❧❧② ✇❡❧❧ ✐♥✈❡st✐❣❛t❡❞ ✉♣ t♦

♥♦✇✳ ❍♦✇❡✈❡r✱ t❤❡ st❡♣ ♦❢ ♠❛♣♣✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts ♦♥t♦ ♠❡♠♦r✐❡s ✐s ❛❧s♦ ❛ ✈❡r②

✇❡❧❧✲❦♥♦✇♥ ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤ s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s✳ ❚❤❡ ♠❛♣♣✐♥❣ ♦❢ t❛s❦s✴t❤r❡❛❞s

t♦ ♣r♦❝❡ss♦rs ❛♥❞ t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s ❛r❡ ♦♣t✐♠✐③❛t✐♦♥s

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

s②st❡♠s ✇❡r❡ st❛t❡✲♦❢✲t❤❡✲❛rt ❢♦r ❛ ❧♦♥❣ t✐♠❡ ❛♥❞ t❤❡s❡ s②st❡♠s ❞✐❞ ♥♦t r❡q✉✐r❡ ❛

♠❛♣♣✐♥❣ ♦❢ ❝♦♥❝✉rr❡♥t t❛s❦s ♦♥t♦ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ◆♦✇❛❞❛②s✱ ♠✉❧t✐♣r♦❝❡ss♦r

s②st❡♠s ❛r❡ st❛t❡✲♦❢✲t❤❡✲❛rt✱ r❡s✉❧t✐♥❣ ✐♥ ♠♦r❡ ❝♦♠♣❧❡① ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥✱

❡s♣❡❝✐❛❧❧② ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ❤❡t❡r♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✳ ❯s✉❛❧❧②✱ t❤❡

❞✐✛❡r❡♥t ❞❡s✐❣♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ st❡♣s ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ✭✐✳❡✳ ♣❛r❛❧✲

❧❡❧✐③❛t✐♦♥✱ ♠❛♣♣✐♥❣✱ ❡t❝✳✮ ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❛s st❛♥❞❛❧♦♥❡ st❡♣s✳ ❘❡❝❡♥t❧②✱ ✭s❡♠✐✲✮

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

st❡♣s ✐♥ ♦r❞❡r t♦ ❤❡❧♣ t❤❡ ❞❡s✐❣♥❡r t♦ ❝♦♣❡ ✇✐t❤ t❤❡ ❤✉❣❡ ❛♥❞ t✐♠❡✲❝♦♥s✉♠✐♥❣ ❞❡✲

s✐❣♥ ❝♦♠♣❧❡①✐t②✳ ❚❤❡s❡ ❢r❛♠❡✇♦r❦s ✉s✉❛❧❧② ❛❧s♦ ✐♥t❡❣r❛t❡ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣

♦❢ ♠❛♣♣✐♥❣ t❛s❦s✴t❤r❡❛❞s ♦♥t♦ ♣r♦❝❡ss♦rs✳ ❍♦✇❡✈❡r✱ ♥♦t ❛❧❧ ❢r❛♠❡✇♦r❦s ❝♦♥s✐❞❡r

♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥s✳

❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❛♣♣r♦❛❝❤❡s ✇❤✐❝❤ ♣❡r❢♦r♠ t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦

♠❡♠♦r✐❡s ✐s ❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✷✳✹✳✶✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣ ♦❢ ♠❛♣♣✐♥❣ ❝♦♥❝✉rr❡♥t

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

✐♥ s❡❝t✐♦♥ ✷✳✹✳✹✳ ❋✐♥❛❧❧②✱ s❡❝t✐♦♥ ✷✳✹✳✻ ❞❡s❝r✐❜❡s ♣r❡✈✐♦✉s ❛♣♣r♦❛❝❤❡s✱ ✇❤✐❝❤ ✐♥tr♦✲

❞✉❝❡ ❛ ❝♦♠❜✐♥❡❞ ♠❛♣♣✐♥❣ ♦❢ t❛s❦✴t❤r❡❛❞s ♦♥t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts t♦

♠❡♠♦r✐❡s✳



✷✽ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

✷✳✹✳✶ ▼❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s

❚❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s ✐s ❛ r❡s❡❛r❝❤ t♦♣✐❝ t❤❛t ✇❛s ✈❛st❧②

❡①♣❧♦r❡❞ ✐♥ t❤❡ ❧❛st ②❡❛rs✳ ■♥ t❤❡ ❜❡❣✐♥♥✐♥❣✱ ♦♥❧② ✐♥str✉❝t✐♦♥s ✇❡r❡ ♠❛♣♣❡❞ t♦ s♠❛❧❧

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

❞❛t❛ ❛♥❞ st❛❝❦ ♠❡♠♦r② ♦❜❥❡❝ts✱ ❞②♥❛♠✐❝ ❛❧❧♦❝❛t✐♦♥s✱ s❝r❛t❝❤♣❛❞ s❤❛r✐♥❣ str❛t❡❣✐❡s

❛♥❞ ❛❧s♦ ❝❛❝❤❡ ♦♣t✐♠✐③❛t✐♦♥s✳

❚❤❡ ✜rst ♣❛rt ♦❢ t❤✐s s❡❝t✐♦♥ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ r❡s❡❛r❝❤ ❢♦r s✐♥❣❧❡ ❝♦r❡

s②st❡♠s ✇✐t❤ ❛♥ ❡♠♣❤❛s✐s ♦♥ s❝r❛t❝❤♣❛❞ ❛❧❧♦❝❛t✐♦♥ str❛t❡❣✐❡s✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt

♣r❡s❡♥ts t❤❡ r❡s❡❛r❝❤ ❢♦r ♠✉❧t✐❝♦r❡ s②st❡♠s✳

✷✳✹✳✷ ❙✐♥❣❧❡ ❈♦r❡ ❙②st❡♠s

❋♦r s✐♥❣❧❡ ❝♦r❡ s②st❡♠s✱ s❡✈❡r❛❧ ♦♣t✐♠✐③❛t✐♦♥s ❢♦r ❞✐✛❡r❡♥t ♠❡♠♦r② ♦❜❥❡❝ts ❛♥❞ ❞✐❢✲

❢❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s ❡①✐st✱ ❡✳❣✳ ♣❡r❢♦r♠❛♥❝❡ ♦r ❡♥❡r❣② ♠✐♥✐♠✐③❛t✐♦♥✳ ▼❡♠♦r②

♦❜❥❡❝ts ❝❛♥ ❜❡ ❝❛t❡❣♦r✐③❡❞ ✐♥t♦ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ✇❤❡r❡ ❞❛t❛ ❝❛♥ ❜❡ ❡✐t❤❡r ❣❧♦❜❛❧

✭s❤❛r❡❞✮ ♦r ❧♦❝❛❧ ❞❛t❛✳ ❋✉rt❤❡r ♠❡♠♦r② ♦❜❥❡❝ts ✇❤✐❝❤ ❛r❡ ✐♠♣♦rt❛♥t ❛♥❞ ♠♦r❡

❝❤❛❧❧❡♥❣✐♥❣ ❛r❡ st❛❝❦ ❛♥❞ ❤❡❛♣ ❞❛t❛✱ ❛s ✇❡❧❧ ❛s ❧❛r❣❡ ❛rr❛②s✳ ❙❝r❛t❝❤♣❛❞ ❛❧❧♦❝❛t✐♦♥

❢♦r st❛❝❦ ❛♥❞ ❤❡❛♣ ❞❛t❛ ❛r❡ ❝❤❛❧❧❡♥❣✐♥❣ ❜❡❝❛✉s❡ t❤❡② ❣r♦✇ ❞✉r✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥

♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡✐r s✐③❡ ✐s ❛ ✈❡r② ❞✐✣❝✉❧t t❛s❦✱ ❡s✲

♣❡❝✐❛❧❧② ❢♦r s❝r❛t❝❤♣❛❞ ♦r ❝❛❝❤❡ ♠❡♠♦r✐❡s ✇❤❡r❡ t❤❡ ♠❡♠♦r② s✐③❡ ✐s ❝♦♥str❛✐♥❡❞✳

❚❤❡ ❝♦♥str❛✐♥❡❞ s✐③❡ ✐s ❛❧s♦ ❛ ♣r♦❜❧❡♠ ❢♦r t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❢r❡q✉❡♥t❧② ❛❝❝❡ss❡❞ ❧❛r❣❡

❛rr❛②s✳

❚❤❡ ✜rst ♠❡♠♦r② ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s ✇❡r❡ st❛t✐❝✱ ✐✳❡✳ t❤❡ ♠❛♣♣✐♥❣ ✐s ♣❡r✲

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

❖♥❡ ♦❢ t❤❡ ✜rst ♣❛♣❡r ✇❤✐❝❤ ✐♥tr♦❞✉❝❡❞ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ✇❛s ❬✸✾❪✳ ❆ ❦♥❛♣✲

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

♠❡♠♦r②✳ ❚❤❡ ❛✉t❤♦rs ❝♦♠♣❛r❡❞ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛❣❛✐♥st ❝❛❝❤❡ ♠❡♠♦r✐❡s ❛♥❞

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

t❤❛♥ ❝❛❝❤❡ ♠❡♠♦r✐❡s✳

■♥ ❬✹✵❪✱ t❤❡ ❛✉t❤♦rs ♣❡r❢♦r♠❡❞ ❛♥ ❡♥❡r❣② ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❜♦t❤ ✐♥str✉❝t✐♦♥ ❜❛✲

s✐❝ ❜❧♦❝❦s ❛♥❞ ❞❛t❛ ✭❣❧♦❜❛❧ s❝❛❧❛r ❛♥❞ ♥♦♥✲s❝❛❧❛r ✈❛r✐❛❜❧❡s✮✳ ❍❡r❡✱ t❤❡ ❡♥❡r❣② ♣❡r

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

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

♦❢ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❲✐t❤ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ ❛♥ ♦♣t✐♠❛❧ s♦❧✉✲

t✐♦♥ ✇❛s ♦❜t❛✐♥❡❞ ✇❤❡r❡ ♦♥ ❛✈❡r❛❣❡ ✷✷✪ ♦❢ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s ♠✐♥✐♠✐③❡❞

❝♦♠♣❛r❡❞ t♦ ❛ s②st❡♠ ✇✐t❤ ❛ ❝❛❝❤❡ ♠❡♠♦r②✳

■♥ ❬✹✶❪✱ t❤❡ ✇♦r❦ ♦❢ ❬✹✵❪ ✐s ❡①t❡♥❞❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❛rr❛②s ♥❡①t t♦

✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❍❡r❡✱ ❧❛r❣❡ ❛rr❛②s ❛r❡ ♣❛rt✐t✐♦♥❡❞ ✐♥t♦ s♠❛❧❧❡r

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

♠❡♠♦r②✳ ❆❧❧ ❛rr❛②s ❛r❡ ❝♦♥s✐❞❡r❡❞ st❡♣ ❜② st❡♣✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❞❡❝✐❞❡s ✇❤❡t❤❡r ❛♥

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

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

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



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✷✾

♦❢ t❤❡ ❛rr❛② ✐s s♦❧✈❡❞ ❜② ■▲P✳ ❆ r❡❞✉❝t✐♦♥ ♦❢ ✺✳✼ t♦ ✶✼✳✻ ✪ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥

✇❛s ❛❝❤✐❡✈❡❞✳

❆♥ ❛r❝❤✐t❡❝t✉r❡ ✐♥❝❧✉❞✐♥❣ s❡♣❛r❛t❡ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ❝❛❝❤❡s ❛❧♦♥❣ ✇✐t❤ ❛

s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✐s ❣✐✈❡♥ ✐♥ ❬✹✷❪ ❛♥❞ ❬✹✸❪✳ ❍❡r❡✱ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② st♦r❡s

✐♥str✉❝t✐♦♥ ♠❡♠♦r② ♦❜❥❡❝ts ✇❤✐❝❤ ❛r❡ ❝❤♦s❡♥ ❜② ❛♥ ❛❧❧♦❝❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ❚❤❡ ❝❛❝❤❡

❜❡❤❛✈✐♦r ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛ ❝♦♥✢✐❝t ❣r❛♣❤✳ ❆ ❝♦♥✢✐❝t ❡❞❣❡ ✐s ♣r❡s❡♥t ✇❤❡♥ t✇♦

♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ s❛♠❡ ❝❛❝❤❡ ❧✐♥❡✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ♠✐♥✐♠✐③❡ t❤❡

♥✉♠❜❡r ♦❢ ❝♦♥✢✐❝t ❡❞❣❡s ❛♥❞ t❤✉s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❆ ❝♦♠❜✐♥❡❞ ❡✛❡❝t ♦❢

s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s t♦❣❡t❤❡r ✇✐t❤ ❝❛❝❤❡s ♦♥ t❤❡ s②st❡♠s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s

❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❋♦r t❤✐s ♣r♦❜❧❡♠✱ ❛♥ ■▲P ❢♦r♠✉❧❛t✐♦♥ ❬✹✷❪ ❛s ✇❡❧❧ ❛s ❛

❣r❡❡❞② ❤❡✉r✐st✐❝ ❬✹✸❪ ❛r❡ ♣r❡s❡♥t❡❞✳ ■♥ t❤❡ ❡✈❛❧✉❛t✐♦♥✱ t❤❡ r❡s✉❧ts ❛r❡ ❝♦♠♣❛r❡❞

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

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

❜② ✷✵✳✼✪✳

❯♣ t♦ ♥♦✇✱ ♦♥❧② ❛❧❧♦❝❛t✐♦♥ str❛t❡❣✐❡s ✇❡r❡ ♣r❡s❡♥t❡❞ ❝♦♥s✐❞❡r✐♥❣ ❛ s②st❡♠ ✇✐t❤

♦♥❡ s✐♥❣❧❡ ♣r♦❝❡ss ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ ❬✹✹❪✱ t❤❡ ❛✉t❤♦rs ❝♦♥s✐❞❡r ♠✉❧t✐♣r♦❝❡ss ❛♣♣❧✐❝❛✲

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

❛❧❧♦❝❛t✐♦♥ str❛t❡❣✐❡s ❛r❡ ♣r♦♣♦s❡❞✿ ♥♦♥✲s❛✈✐♥❣✱ s❛✈✐♥❣ ❛♥❞ ❤②❜r✐❞✳ ■♥ t❤❡ ♥♦♥✲s❛✈✐♥❣

str❛t❡❣②✱ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② s✐③❡ ✐s ❞✐✈✐❞❡❞ ❛♠♦♥❣ ❛❧❧ ♣r♦❝❡ss❡s✱ ✐✳❡ t❤❡ ♠❡♠♦r②

❝♦♥s✐sts ♦❢ ❞✐s❥♦✐♥ts r❡❣✐♦♥ ❛♥❞ ✐t ✐s ❛❧❧♦❝❛t❡❞ ♦♥❧② ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♣r♦❣r❛♠

❡①❡❝✉t✐♦♥✱ ✐✳❡ st❛t✐❝ ❛❧❧♦❝❛t✐♦♥✳ ❚❤❡ s❛✈✐♥❣ str❛t❡❣② ❝♦♥s✐❞❡rs ♦✈❡r❧❛♣♣✐♥❣✱ ✇❤❡r❡

t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❝♦♥t❡♥t ✐s ❝❤❛♥❣❡❞ ❢♦r ❡❛❝❤ ♣r♦❝❡ss✳ ❚❤❡ ❤②❜r✐❞ str❛t❡❣② ✐s

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

♠❡♠♦r② ✐s ✉s❡❞ ❛s ❛♥ ♦✈❡r❧❛♣♣✐♥❣ r❡❣✐♦♥ ❛♥❞ t❤❡ ♦t❤❡r ♣❛rt ✐s ✉s❡❞ ✇✐t❤ ❞✐s❥♦✐♥t

r❡❣✐♦♥✳ ❚❤❡ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ❣✐✈❡s t❤❡ ♠❛①✐♠✉♠ r❡❞✉❝t✐♦♥s ✐♥ ❡♥❡r❣② ❜② ✷✼✪ t♦

✹✺✪ ❝♦♠♣❛r❡❞ t♦ ❛ s✐♥❣❧❡ ♣r♦❝❡ss ❛♣♣r♦❛❝❤✳ ❖♥ ❛✈❡r❛❣❡ ❛ r❡❞✉❝t✐♦♥ ♦❢ ✾✲✷✵✪ ✐s

❛❝❤✐❡✈❡❞ ❢♦r ❛❧❧ ♣r♦♣♦s❡❞ str❛t❡❣✐❡s✳ ❚❤❡ ❛✉t❤♦rs s❤♦✇❡❞ t❤❛t t❤❡ s❛✈✐♥❣ str❛t❡❣②

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

❧❛r❣❡r s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳

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

■♥ ❬✹✺❪✱ ♦♥❧② ✐♥str✉❝t✐♦♥ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❣♦❛❧ ✐s t❤❡ r❡❞✉❝t✐♦♥

♦❢ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛ s✐♥❣❧❡ ♣r♦❝❡ss ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤✐s str❛t❡❣② ✉s❡s ■▲P✳

❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ✸✵✪✳ ❍♦✇❡✈❡r✱ ❛ r❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ❜②

✷✺✳✷✪ ♦♥ ❛✈❡r❛❣❡ ✇❛s ❛❧s♦ ♦❜s❡r✈❡❞✳ ❈♦♠♣❛r❡❞ t♦ ❛ st❛t✐❝ ❛♣♣r♦❛❝❤ ❛♥ ✐♠♣r♦✈❡♠❡♥t

♦❢ ✸✽✪ ✐s ❣✐✈❡♥✳ ■♥ ❬✹✻❪✱ t❤❡ ❣♦❛❧ ✐s t♦ r❡❞✉❝❡ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇✐t❤ t❤❡

❛❧❧♦❝❛t✐♦♥ ♦❢ ✐♥str✉❝t✐♦♥ ♠❡♠♦r② ♦❜❥❡❝ts ♦♥t♦ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡

t♦ ❬✹✺❪ ✐s t❤❛t t❤✐s ❛♣♣r♦❛❝❤ ✐s ❜❛s❡❞ ♦♥ ❛ ❤❡✉r✐st✐❝ ✇❤✐❝❤ ✐s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ ❢♦r

❧❛r❣❡✲s✐③❡ ❛♣♣❧✐❝❛t✐♦♥s t❤❛♥ ❛♥ ■▲P✳ ❚❤✐s str❛t❡❣② ✐s ❝♦♠♣❛r❡❞ t♦ ❛ s②st❡♠ ✇✐t❤ ❛♥

✐♥str✉❝t✐♦♥✲❝❛❝❤❡ ❛♥❞ ❛ ✻✹✪ ✐♠♣r♦✈❡♠❡♥t ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞✳

❆♥ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r r✉♥t✐♠❡ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✹✼❪ ❢♦r ❣❧♦❜❛❧ ❞❛t❛✱ st❛❝❦ ❛♥❞

❤❡❛♣ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❚❤✐s str❛t❡❣② ✇♦r❦s ❢♦r ♠❡♠♦r✐❡s✱ ✇❤✐❝❤ ❛r❡ ❛✈❛✐❧❛❜❧❡ ♦♥

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

▼♦t♦r♦❧❛ ▼❈♦r❡ ✇❤✐❝❤ ❤❛s t❤r❡❡ ❧❡✈❡❧s ♦❢ ♠❡♠♦r✐❡s✳ ❋♦r ❧❛r❣❡ ♣r♦❣r❛♠s✱ t❤❡ st❛❝❦

✐s s♣❧✐t ✐♥t♦ t✇♦ s❡♣❛r❛t❡ ♠❡♠♦r② ✉♥✐ts✳ ◆♦✇✱ t✇♦ st❛❝❦ ♣♦✐♥t❡rs ❡①✐st ✇❤✐❝❤ ❤❛✈❡



✸✵ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

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

✜rst ♠❛❧❧♦❝ ❝❛❧❧s ✐♥ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❛♥❞ ❛❢t❡r✇❛r❞s ✐t ✐s ❛❧❧♦❝❛t❡❞ ✐♥ ❉❘❆▼✳

❚❤❡ t❤r❡s❤♦❧❞ ✐s ❞❡t❡r♠✐♥❡❞ ❜② ♣r♦✜❧✐♥❣✳ ❚❤❡ ❤❡❛♣ s✐③❡ ✐s ❡st✐♠❛t❡❞ ❛♥❞ ♠✉❧t✐♣❧✐❡❞

❜② ❛ s❛❢❡t② ❢❛❝t♦r ♦❢ ✷✳ ❆ ❞②♥❛♠✐❝ ❛❧❧♦❝❛t✐♦♥ ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✐s ✉s❡❞✱ ✐✳❡✳

t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✐s ❝❤❛♥❣❡❞ ❞✉r✐♥❣ r✉♥t✐♠❡✳ ❋♦r t❤✐s r❡❛s♦♥✱

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

✐s ❛❧s♦ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ❛♣♣r♦❛❝❤✳ ■t ✐s ✉s❡❢✉❧ ❢♦r ❧❛r❣❡ ❛♣♣❧✐❝❛t✐♦♥s ✇❤✐❝❤ ❝♦♥t❛✐♥

s❡✈❡r❛❧ ❤♦t s♣♦ts ✇❤✐❝❤ ❝❛♥♥♦t ❛❧❧ ✜t ✐♥ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❆ ✵✴✶ ✐♥t❡❣❡r

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

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

✸✾✪ ❢♦r t❤✐s str❛t❡❣②✳

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

♣r♦❝❡ss ❛♣♣❧✐❝❛t✐♦♥s ✇❛s ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✹✽❪✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐♥tr♦❞✉❝❡s ❛♥ ■▲P ❛♥❞

❛ ❤❡✉r✐st✐❝ ❛♣♣r♦❛❝❤ ❢♦r ❡♥❡r❣② ♠✐♥✐♠✐③❛t✐♦♥✳ ❚❤❡ ❛✈❡r❛❣❡ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

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

❋♦r t❤❡ ■▲P✲❜❛s❡❞ str❛t❡❣②✱ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ♦❢ ✷✸✳✹✪ ✐♥ ❡♥❡r❣② ❛♥❞ ✼✪ ✐♥

❡①❡❝✉t✐♦♥ t✐♠❡ ✇❛s ❛❝❤✐❡✈❡❞✳ ❚❤✐s str❛t❡❣② ✇❛s ❛❧s♦ ❝♦♠♣❛r❡❞ t♦ ❛ s②st❡♠ ✇✐t❤ ❛

♣r❡❧♦❛❞❡❞ ❧♦♦♣ ❝❛❝❤❡✳ ❍❡r❡✱ t❤❡ ❡♥❡r❣② ✇❛s r❡❞✉❝❡❞ ❜② ✷✾✳✹✪ ❛♥❞ ❡①❡❝✉t✐♦♥ t✐♠❡

❜② ✽✳✼✪✳ ❋✉rt❤❡r♠♦r❡✱ ❛♥ ❡♥❡r❣② r❡❞✉❝t✐♦♥ ♦❢ ✹✵✪ ❛♥❞ ❛♥ ♦♥✲❝❤✐♣ ❛r❡❛ r❡❞✉❝t✐♦♥ ♦❢

✼✺✪ ✇❛s ❛❝❤✐❡✈❡❞ ❝♦♠♣❛r❡❞ t♦ ❛ s②st❡♠ ✇✐t❤ t❤❡ ♠♦st ❡♥❡r❣②✲❡✣❝✐❡♥t ✐♥str✉❝t✐♦♥✲

❝❛❝❤❡ ❝♦♥✜❣✉r❛t✐♦♥✳

■♥ ❬✹✾❪✱ t❤❡ ❣♦❛❧ ✐s ❛ r✉♥t✐♠❡ r❡❞✉❝t✐♦♥ ✇✐t❤ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❣❧♦❜❛❧ ❞❛t❛ ❛♥❞

st❛❝❦ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❍❡r❡✱ ❛♥ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞✱

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

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

t❤❡ ♠❛①✐♠✉♠ ♦✈❡r❛❧❧ r✉♥t✐♠❡ ❜❡♥❡✜t✳ ❈♦♠♣❛r❡❞ t♦ ❛ st❛t✐❝ ❛❧❧♦❝❛t✐♦♥✱ ❛ r❡❞✉❝t✐♦♥

✐♥ r✉♥t✐♠❡ ❜② ✸✶✳✷✪ ✐s ❛❝❤✐❡✈❡❞✳ ❆♥♦t❤❡r ❤❡✉r✐st✐❝ ❢♦r r✉♥t✐♠❡ r❡❞✉❝t✐♦♥ ❢♦r ❣❧♦❜❛❧

❞❛t❛✱ ❤❡❛♣ ❛♥❞ st❛❝❦ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✺✵❪✳ ■t ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ str❛t❡❣② ✐♥ ❬✹✾❪

❛♥❞ ❛❧❧♦❝❛t❡s t❤❡ ❤❡❛♣ t♦ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❍❡r❡✱ ♥♦t ❛❧❧ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❤❡❛♣

❛r❡ st♦r❡❞ ✐♥ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✱ ❜✉t ♦♥❧② ❛ s✉❜s❡t ✇✐t❤ ❛ ✜①❡❞ s✐③❡✳ ❲✐t❤

t❤✐s ♠❡t❤♦❞✱ t❤❡ r✉♥t✐♠❡ ✐s r❡❞✉❝❡❞ ❜② ✸✹✳✻✪ ❛♥❞ ♣♦✇❡r ❜② ✸✾✳✾✪ ❝♦♠♣❛r❡❞ t♦ ❛

s❝❡♥❛r✐♦ ✇❤❡r❡ ♦♥❧② ❣❧♦❜❛❧ ❞❛t❛ ❛♥❞ st❛❝❦ ✐s ♣❧❛❝❡❞ t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❛♥❞

❤❡❛♣ t♦ ❉❘❆▼ ♦♥❧②✳

❚❤❡ ❛✉t❤♦rs ✐♥ ❬✺✶❪ ✐♥t❡❣r❛t❡ ❛ s❝r❛t❝❤♣❛❞ ♠❛♥❛❣❡r ✐♥ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠

✭❘❚❊▼❙✮ ✇❤✐❝❤ ❞②♥❛♠✐❝❛❧❧② ❛❧❧♦❝❛t❡s ❞❛t❛ ❛♥❞ ✐♥str✉❝t✐♦♥ ✭✐✳❡✳ ❢✉♥❝t✐♦♥s✮ ♠❡♠✲

♦r② ♦❜❥❡❝ts t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❚❤❡✐r ❛♣♣r♦❛❝❤ ❞❡t❡r♠✐♥❡s ✇❤✐❝❤ ♠❡♠♦r②

♦❜❥❡❝ts ❛r❡ ♠♦st ❡✣❝✐❡♥t ❢♦r t❤❡ ❛❧❧♦❝❛t✐♦♥ t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❙❡✈❡r❛❧

❤❡✉r✐st✐❝ ♠❡t❤♦❞s ❛r❡ ✐♥t❡❣r❛t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❡❛❝❤ ♦t❤❡r✳ ❆❧s♦✱ ❛♥ ■▲P ❜❛s❡❞

❛♣♣r♦❛❝❤ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ❢♦r ❡✈❛❧✉❛t✐♦♥ ♣✉r♣♦s❡s✳ ❚❤❡ s❡t ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ❝❛♥

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

❛♣♣❧✐❝❛t✐♦♥ s②st❡♠ ✇✐t❤ t❤❡ ❣♦❛❧ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❉❡♣❡♥❞✐♥❣

♦♥ t❤❡ ✐♠♣❧❡♠❡♥t❡❞ ♠❡t❤♦❞s✱ ❛ ✺ t♦ ✻✵✪ ❞❡✈✐❛t✐♦♥ t♦ t❤❡ ♦♣t✐♠❛❧ ■▲P s♦❧✉t✐♦♥ ✇❛s

♦❜s❡r✈❡❞✳ ❈♦♠♣❛r✐♥❣ ❛❧❧ str❛t❡❣✐❡s ❛❣❛✐♥st ❛ s②st❡♠ ✇✐t❤♦✉t ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✱

t❤❡ ❛♣♣r♦❛❝❤❡s r❡❞✉❝❡ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢r♦♠ ✹✵ t♦ ✶✷✵✪✳ ❆❧s♦✱ r✉♥t✐♠❡



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✸✶

r❡❞✉❝t✐♦♥s ✇❡r❡ ❛❝❤✐❡✈❡❞ ❜② ✸✽ t♦ ✶✶✺✪✳

❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ♣✉❜❧✐❝❛t✐♦♥s ❢♦r s✐♥❣❧❡✲♣r♦❝❡ss♦r s②st❡♠s ✐s ✐❧❧✉s✲

tr❛t❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶✳

■♥ ❬✺✷❪✱ ❞❛t❛ ❛ss✐❣♥♠❡♥t ❛♥❞ s❝❤❡❞✉❧✐♥❣ ✐s ♣❡r❢♦r♠❡❞ ❢♦r ♠✉❧t✐✲❧❛②❡r ♠❡♠♦r②

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

t❤❡ ♠❡♠♦r② str✉❝t✉r❡ ✇✐t❤ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣✳ ❚❤❡ ♠❡♠♦r② str✉❝t✉r❡ ✐s ❣✐✈❡♥

✇✐t❤ t✇♦ ❧❛②❡rs✿ ♦♥❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♦♥ t❤❡ ✜rst ❧❡✈❡❧ ❛♥❞ ♦♥❡ ❞✉❛❧ ❙❉❘❆▼ ✇✐t❤

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

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

✇❤♦❧❡ ❛♣♣❧✐❝❛t✐♦♥ ❜❛s❡❞ ♦♥ s❝❤❡❞✉❧✐♥❣ ❡st✐♠❛t❡s ❛♥❞ ✐♥❝♦♠♣❧❡t❡ ❝♦♥str❛✐♥ts✳ ❚❤✐s

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

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

♠❡♠♦r✐❡s ❢♦r ❞❛t❛✱ ✇❤✐❝❤ ❤❛s t♦ ❜❡ ❛❝❝❡ss❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡ ✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡

❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♠❡♠♦r✐❡s✳ ■♥ t❤❡ ❧❛st st❡♣✱ ❛ s❝❤❡❞✉❧✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞

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

str❛t❡❣✐❡s ❛♥❞ s❤♦✇s t❤❡ ♦❜t❛✐♥❡❞ P❛r❡t♦ ♣♦✐♥ts✳

◆❡①t t♦ t❤❡ s♦❢t✇❛r❡ ♦r ❝♦♠♣✐❧❡r✲❜❛s❡❞ ❛❧❧♦❝❛t✐♦♥ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ❛ s❝r❛t❝❤✲

♣❛❞ ♠❡♠♦r②✱ ❛ ❤❛r❞✇❛r❡✲❜❛s❡❞ t❡❝❤♥✐q✉❡ ✐s ❛❧s♦ ♣♦ss✐❜❧❡✳ ❍❡r❡✱ s❡✈❡r❛❧ ♠❡♠♦r②

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

♦✈❡r❤❡❛❞ ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❛❞❞r❡ss ❞❡❝♦❞✐♥❣✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ♣❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡

s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✐♥t♦ s❡✈❡r❛❧ ♣❤②s✐❝❛❧ ❜❛♥❦s ✐s ❛ st❡♣ ✇❤✐❝❤ s❛✈❡s ♣♦✇❡r ❝♦♥s✉♠♣✲

t✐♦♥✿ ✇❤✐❧❡ ♦♥❡ ❜❛♥❦ ✐s ❛❝❝❡ss❡❞ t❤❡ ♦t❤❡rs ❝❛♥ ❜❡ t✉r♥❡❞ ♦✛✳ ❇✉t✱ ❛❞❞✐t✐♦♥❛❧ ❜❛♥❦s

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

♣❛rt✐t✐♦♥✐♥❣ ❤❛s t♦ ❜❡ ❣❡♥❡r❛t❡❞✳ ■♥ ❬✺✸❪✱ s✉❝❤ ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♣❛rt✐t✐♦♥✐♥❣ ✐s

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

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

❡①❡❝✉t✐♦♥ t✐♠❡ ✐s ♣♦❧②♥♦♠✐❛❧ ✐♥ t❤❡ ✐♥♣✉t s✐③❡✳ ❋♦r t❤✐s✱ ❛ tr❛❝❡ ❜❛s❡❞ ❛♣♣r♦❛❝❤ ✐s

✉s❡❞✱ ✇❤✐❝❤ ♦❜t❛✐♥s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss❡s ❢♦r ❡❛❝❤ ♠❡♠♦r② r❛♥❣❡✳ ❈♦❞❡✱ ❤❡❛♣ ❛♥❞

st❛❝❦ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ❝♦♥s✐❞❡r❡❞✳ ❆s ✐♥♣✉t✱ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② s✐③❡✱ ❛r❡❛

❛♥❞ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❤❛r❞✇❛r❡ ♦✈❡r❤❡❛❞ ❢♦r t❤❡ ♣❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡ s❝r❛t❝❤♣❛❞

♠❡♠♦r② ✐s r❡q✉✐r❡❞✳

✷✳✹✳✸ ▼✉❧t✐♣r♦❝❡ss♦r ❙②st❡♠s✴▼P❙♦❈s

❘❡s❡❛r❝❤ ✇❛s ❛❧s♦ ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ♠❡♠♦r✐❡s

♦❢ ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✳ ❍❡r❡✱ ❞✐✛❡r❡♥t ♠✉❧t✐♣r♦❝❡ss♦r ❛r❝❤✐t❡❝t✉r❡s ❤❛✈❡ ❜❡❡♥

✐♥✈❡st✐❣❛t❡❞ ✐♥❝❧✉❞✐♥❣ ❞✐✛❡r❡♥t ♠❡♠♦r② ❝❤❛r❛❝t❡r✐st✐❝s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❝♦♥s✐❞✲

❡r❡❞ ❛r❝❤✐t❡❝t✉r❡s ❝❛♥ ❜❡ s❤❛r❡❞ ♦r ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡s ♦r ●r❛♣❤✐❝s

Pr♦❝❡ss✐♥❣ ❯♥✐t ❛r❝❤✐t❡❝t✉r❡s ✭●P❯✮✱ ♥❡t✇♦r❦✲♦♥✲❝❤✐♣ ✭◆❖❈✮✱ ❈❊▲▲ ❡t❝✳ ❋♦r ❛❧❧

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

❢❡r❡♥t ✇❛②s s✐♥❝❡ t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛♥❞ t❤❡r❡❢♦r❡

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

t❤❡r❡ ❝❛♥ ❜❡ ❞✐✛❡r❡♥t ♠❡♠♦r② ❛❝❝❡ss s♣❡❝✐✜❝❛t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ s♦♠❡ s❤❛r❡❞

♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡s ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❝❛♥ ♦♥❧② ❜❡ ❛❝❝❡ss❡❞ ❜② ♦♥❡ ♣r♦❝❡ss♦r✳
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▼❡♠♦r② ♦❜❥❡❝ts

■♥str✉❝t✐♦♥

❉❛t❛ ✭❣❧♦❜❛❧✮ ✐♥❝❧✳ ❛rr❛②s ✭❣❧♦❜❛❧✮ ✭❣❧♦❜❛❧✮

❙t❛❝❦

❍❡❛♣

❙t❛t✐❝ ❛❧❧♦❝❛t✐♦♥

❉②♥❛♠✐❝ ❛❧❧♦❝❛t✐♦♥

❙✐♥❣❧❡ ♣r♦❝❡ss

▼✉❧t✐♣r♦❝❡ss

❖♣t✐♠❛❧ ❣❧♦❜❛❧✱ st❛❝❦

❍❡✉r✐st✐❝ ❤❡❛♣

❚❛❜❧❡ ✷✳✶✿ ❖✈❡r✈✐❡✇ ♦❢ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ♣✉❜❧✐❝❛t✐♦♥s



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✸✸

■♥ ♦t❤❡r s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡s t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❝❛♥ ❜❡ ❛❧s♦ ❛❝❝❡ss❡❞

❜② s❡✈❡r❛❧ ♦t❤❡r ♣r♦❝❡ss♦rs✳ ❋♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✱ ❞✐✛❡r❡♥t ❛♥❞ ♠♦r❡ ❝♦♠✲

♣❧❡① str❛t❡❣✐❡s ❛r❡ r❡q✉✐r❡❞ t❤❛♥ ❢♦r s✐♥❣❧❡✲❝♦r❡ s②st❡♠s✳ ❚❛s❦s✱ t❤r❡❛❞s ♦r ♠❡♠♦r②

♦❜❥❡❝ts ❤❛✈❡ t♦ ❜❡ ❞✐str✐❜✉t❡❞ ❡✣❝✐❡♥t❧② ♦✈❡r t❤❡ ♣r♦❝❡ss✐♥❣ ✉♥✐ts ❛♥❞ ♠❡♠♦r✐❡s ✐♥

t❤❡ s②st❡♠✳ ❆❧s♦✱ ♦♣t✐♠✐③❛t✐♦♥s ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s ✐♥❝r❡❛s❡

t❤❡ ❝♦♠♣❧❡①✐t② ❞r❛st✐❝❛❧❧② s✐♥❝❡ t❤❡ ♣r♦❝❡ss✐♥❣ ✉♥✐ts ❛♥❞ ♠❡♠♦r✐❡s ❤❛✈❡ ❞✐✛❡r❡♥t

❝❤❛r❛❝t❡r✐st✐❝s✳

❆❧❧ t❤❡s❡ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥✜❣✉r❛t✐♦♥s r❡s✉❧t ✐♥ ♠❛♥② ❞✐✛❡r❡♥t s❝r❛t❝❤♣❛❞ ♠❡♠♦r②

str❛t❡❣✐❡s ❢♦r ♠❛♥② ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s ✭♦r ♠❡♠♦r② ❝♦♥✜❣✉r❛t✐♦♥s✮✳ ❍❡r❡✱ ❛ ❢❡✇

❛♣♣r♦❛❝❤❡s ✇✐❧❧ ❜❡ ✐♥tr♦❞✉❝❡❞ ✐♥ ♦r❞❡r t♦ s❤♦✇ t❤❡ ♠❛♥✐❢♦❧❞ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r ❞✐✛❡r❡♥t

❛r❝❤✐t❡❝t✉r❡s✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✺✹❪ s✉❣❣❡st ❛♥ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥

✐♥t♦ ❖♣❡♥▼P✳ ❚❤❡ ❞❡s✐❣♥❡r ❤❛s t♦ ♠❛r❦ ❛rr❛②s✱ ✇❤✐❝❤ ❛r❡ ❢r❡q✉❡♥t❧② ✉s❡❞ ❛♥❞ ❛r❡

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

❛❧❧♦❝❛t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛r❡ ✐♥t❡❣r❛t❡❞ ✐♥t♦ ❖♣❡♥▼P✳ ❚❤❡ ❛♣♣r♦❛❝❤ ❝❛♥ ❛❧s♦

s♣❧✐t ❛rr❛②s ✐❢ r❡q✉✐r❡❞✳ ❚❤❡ ❛✉t❤♦rs ❝♦♥s✐❞❡r ❛ s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ✇❤❡r❡

♣r♦❝❡ss♦rs ❤❛✈❡ ❛❧s♦ ❛❝❝❡ss t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ♦❢ t❤❡ ♦t❤❡r ♣r♦❝❡ss♦rs✳ ❬✺✺❪

✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ ❬✺✹❪ ✇❤❡r❡ ❞❛t❛ ❛❧❧♦❝❛t✐♦♥ ✐s ❛✉t♦♠❛t✐❝❛❧❧② ♣❡r❢♦r♠❡❞✳

■♥ ❬✺✻❪✱ t❤❡ ❛❧❧♦❝❛t✐♦♥ t♦ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❢♦r ♠❡ss❛❣❡ ♣❛ss✐♥❣ ✐♥ ❞✐str✐❜✉t❡❞

s❤❛r❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ ✇❛s ✐♠♣❧❡♠❡♥t❡❞✳ ❍❡r❡✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥

♣r♦❝❡ss♦rs ✐s ♣❡r❢♦r♠❡❞ ♦♥ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ✐♥st❡❛❞ ♦❢ s❤❛r❡❞ ♠❡♠♦r✐❡s✱ ✇❤✐❝❤

r❡s✉❧ts ✐♥ ❛ s♣❡❡❞✲✉♣ ♦❢ t❤❡ s②st❡♠✳ ❚❤❡② ❛❧s♦ ♣r♦✈✐❞❡ ❤❛r❞✇❛r❡ s✉♣♣♦rt ❢♦r t❤❡

❞✐r❡❝t ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡r✳ ❉✉❡ t♦ t❤❡

❧✐♠✐t❡❞ s✐③❡ ♦❢ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✱ ♦♥❧② s♠❛❧❧ ♠❡ss❛❣❡s ❝❛♥ ❜❡ s❡♥t✳ ❋♦r t❤✐s

r❡❛s♦♥✱ t❤❡ ♣r♦❝❡ss♦r ❤❛s t♦ ❝♦♠♠✉♥✐❝❛t❡ ♠♦r❡ ♦❢t❡♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❛✉t❤♦rs s❤♦✇

t❤❛t ✐t ✐s st✐❧❧ ♠♦r❡ ❜❡♥❡✜❝✐❛❧ t❤❛♥ s❤❛r❡❞ ♠❡♠♦r② ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤✐s ❤❛r❞✲

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

❛❝❝❡ss t♦ ❜✉rst ❛❝❝❡ss✳ ■❢ t❤❡ s✐③❡ ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✐s t♦♦ s♠❛❧❧ ❢♦r t❤❡

♠❡ss❛❣❡✱ ✐t ✐s ❝♦♣✐❡❞ t♦ ♣r✐✈❛t❡ ♠❡♠♦r②✱ ✇❤✐❝❤ ✐s st✐❧❧ ❢❛st❡r t❤❛♥ s❤❛r❡❞ ♠❡♠♦r②✳

■♥t❡❣❡r s❡♠❛♣❤♦r❡s ❛r❡ ✉s❡❞ ❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚❤❡② r❡♣r❡s❡♥t t❤❡ ♥✉♠❜❡r ♦❢

❢r❡❡ ♠❡ss❛❣❡s ✐♥ t❤❡ q✉❡✉❡✳ ❚❤❡ s❡♠❛♣❤♦r❡s ❛r❡ ❞✐str✐❜✉t❡❞ ❛♠♦♥❣ t❤❡ ♣r♦❝❡ss✐♥❣

❡❧❡♠❡♥ts ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ tr❛✣❝✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✺✼❪ ✐♥tr♦❞✉❝❡ ❛♥ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ ❛♥❞ ❤❡✉r✐s✲

t✐❝ ❛♣♣r♦❛❝❤✱ ✇❤✐❝❤ ♠❛①✐♠✐③❡s t❤❡ t❤r♦✉❣❤♣✉t ♦❢ str❡❛♠ ♣r♦❣r❛♠s✳ ❋♦r t❤✐s✱ t❤❡

s❝r❛t❝❤♣❛❞ ✐s ✉s❡❞ ❢♦r ❝♦❞❡ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❛t❛✳ ❇♦t❤ t❡❝❤♥✐q✉❡s ✐♥t❡❣r❛t❡ t❤❡

♦✈❡r❤❡❛❞ ❢♦r ❝♦❞❡ ♦✈❡r❧❛② ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ❣✐✈❡♥ ❛s ❛ s②♥✲

❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ❣r❛♣❤ ✭❙❉❋✮✳ ❚❤❡ ❝♦♥s✐❞❡r❡❞ ❛r❝❤✐t❡❝t✉r❡ ✐s t❤❡ ■❇▼ ❈❡❧❧ ❇r♦❛❞✲

❜❛♥❞ ❡♥❣✐♥❡ ❬✺✽❪ ✇❤❡r❡ t❤❡ ❝♦♥s✐❞❡r❡❞ ♣r♦❝❡ss✐♥❣ ✉♥✐ts ❤❛✈❡ ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②

✇✐t❤ ❛ s✐③❡ ♦❢ ✷✺✻ ❦❇ ✭✶✻ ❦❇ ✐♥ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✮✳ ❇♦t❤ t❡❝❤♥✐q✉❡s ❛r❡ ❝♦♠♣❛r❡❞

❛❣❛✐♥st ❛♥ ■▲P ❛♣♣r♦❛❝❤ ✭❝❛❧❧❡❞ ❙●▼❙✮ ✇❤✐❝❤ ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ t❤❡ ♦✈❡r❤❡❛❞ ❝♦sts

❢♦r ❝♦❞❡ ♦✈❡r❧❛② ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡ ♣r♦♣♦s❡❞ ■▲P ❛♥❞ ❤❡✉r✐st✐❝ t❡❝❤♥✐q✉❡

♦✉t♣❡r❢♦r♠❡❞ ❙●▼❙✳ ❋♦r s♠❛❧❧❡r s❝r❛t❝❤♣❛❞ ♠❡♠♦r② s✐③❡s ♦❢ ✶✻ ❦❇✱ ❙●❙▼ ❝♦✉❧❞

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

❝♦♠♠✉♥✐❝❛t✐♦♥ ❜✉✛❡r ✇❛s ✈✐♦❧❛t❡❞✳



✸✹ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

■♥ ❬✺✾❪✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧ ✐s ❛ ❤♦♠♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠ ✇✐t❤

♦✛✲❝❤✐♣ ❉❘❆▼ ❛♥❞ s❡✈❡r❛❧ ♣r♦❝❡ss♦rs ✇❤✐❝❤ ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡✐r ♦✇♥ s❝r❛t❝❤♣❛❞s

❛s ✇❡❧❧ ❛s t♦ t❤❡ s❝r❛t❝❤♣❛❞s ♦❢ ♦t❤❡r ♣r♦❝❡ss♦rs ✭r❡♠♦t❡ s❝r❛t❝❤♣❛❞✮ ❜② ❢❛st ♦♥✲

❝❤✐♣ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐♥❦s✳ ❚❤❡ ❛❝❝❡ss t♦ r❡♠♦t❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s t❛❦❡s ♠♦r❡

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

❛❝❝❡ss t♦ ♦✛✲❝❤✐♣ ♠❡♠♦r②✳ ❚❤❡ ✐♥♣✉t ✐s ❛ ❧♦♦♣✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡

❛♣♣r♦❛❝❤ ♣❡r❢♦r♠s ❛ ❝♦♠♣✐❧❡r✲❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ✐♥t❡r♣r♦❝❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥✳

■♥ ❛ ✜rst st❡♣✱ t❤❡ s✐③❡s ♦❢ t❤❡ ❞❛t❛ t✐❧❡s ❤❛✈❡ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞✳ ❆❢t❡r✇❛r❞s✱ t❤❡

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

t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ ❡①tr❛ ♦✛✲❝❤✐♣ ♠❡♠♦r② ❛❝❝❡ss✳ ❚❤❡ ❛✉t❤♦rs ❛❝❤✐❡✈❡❞ ❛♥ ❡♥❡r❣②

r❡❞✉❝t✐♦♥ ♦❢ ✶✳✹ t♦ ✷✷✳✹✪✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✻✵❪ ✐♥tr♦❞✉❝❡ ✈✐rt✉❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ✭✈❙P▼s✮✳ ❍❡r❡✱ t❤❡

s❝r❛t❝❤♣❛❞ ♠❡♠♦r② s♣❛❝❡ ✐s ✈✐rt✉❛❧✐③❡❞ ❢♦r s❡❝✉r✐t② r❡❛s♦♥s✳ ■♥ ❆♥❞r♦✐❞ s②st❡♠s t❤✐s

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

❜✉✛❡r ♦✈❡r✢♦✇ ❡t❝✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ♥♦t ❦♥♦✇♥ ✐♥ ❛❞✈❛♥❝❡ ❛s ✐♥ ♦t❤❡r str❛t❡❣✐❡s✳

■t ✐s ❛ ♠✉❧t✐✲t❛s❦✐♥❣ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s r❡❛❧✐③❡❞ ❜② ❛ ❤❛r❞✇❛r❡ ■P

❜❧♦❝❦ ✇❤✐❝❤ ✐s s✐♠✐❧❛r t♦ ❛♥ ❛r❜✐t❡r ✭❝❛❧❧❡❞ ❍❛r❞❙P▼❱✐s♦r✮✳ ❚❤❡ ❛✉t❤♦rs ♣r♦✈✐❞❡

❛♥ ❆P■ ❢♦r t❤❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❡ ✈❙P▼✳ ❖♥❧② ❞❛t❛ ✐s ❛ss✐❣♥❡❞✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡

❝♦♥s✐sts ♦❢ ❛ s❡t ♦❢ ❘■❙❈ ♣r♦❝❡ss♦rs ❛♥❞ ❞✐str✐❜✉t❡❞ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛♥❞ ❛♥

❆▼❇❆ ❆❍❇ ♦♥✲❝❤✐♣ ❜✉s ✇✐t❤ s❡❝✉r❡ ❉▼❆✳

❬✻✶❪ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ ❬✻✵❪ ✇❤✐❝❤ ❛❧s♦ r❡❞✉❝❡s ❡①❡❝✉t✐♦♥ t✐♠❡✳ ❍❡r❡✱ ❛❧s♦ ♥♦♥✲

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

❛❣❡ ♣♦✇❡r✳ ❇✉t t❤❡✐r ❞r❛✇❜❛❝❦ ✐s t❤❡ ❤✐❣❤ ❝♦st ❢♦r ✇r✐t❡ ♦♣❡r❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ❤②✲

❜r✐❞ ♦♥✲❝❤✐♣ ♠❡♠♦r✐❡s ✇❡r❡ ♣r♦♣♦s❡❞ ❬✻✷❪ ✇❤✐❝❤ s❤♦✇ ✉♣ t♦ ✸✼ ✪ ❬✻✸❪ r❡❞✉❝t✐♦♥ ✐♥

❧❡❛❦❛❣❡ ♣♦✇❡r✳ ❆ ♠✐♥✐♠❛❧✐st✐❝ ❆P■ ✐s ❛❧s♦ ♣r♦✈✐❞❡❞ ❢♦r t❤❡ ♣r♦❣r❛♠♠❡rs ❢♦r t❤❡ ❛❧✲

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

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

❛❧s♦ ♣r❡❢❡r❛❜❧② ✐♥str✉❝t✐♦♥s ✐♥t♦ ♥♦♥✲✈♦❧❛t✐❧❡ ♠❡♠♦r✐❡s✳ ❚❤✐s ❛❧❧♦❝❛t✐♦♥ ♦❢ ♠❡♠♦r②

♦❜❥❡❝ts ❝❛♥ ❛❧s♦ ❜❡ ❛❞❞✐t✐♦♥❛❧❧② ♣❡r❢♦r♠❡❞ ❜② ❛ st❛t✐❝ ❛♥❛❧②s✐s ✇❤✐❝❤ ✐s ♣❡r❢♦r♠❡❞

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

♦♥ t❤❡s❡ ♣♦❧✐❝✐❡s✱ ❛ ❞②♥❛♠✐❝ ❛❧❣♦r✐t❤♠ ❞❡❝✐❞❡s ❢♦r t❤❡ ❜❡st ♠❡♠♦r② ✉t✐❧✐③❛t✐♦♥✳

❚❤❡ ❤❛r❞✇❛r❡ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ❛r❡ t❤❡ s❛♠❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❬✻✵❪✱ ❜✉t ✐♥❝❧✉❞❡ ❛❧s♦

♥♦♥✲✈♦❧❛t✐❧❡ ♠❡♠♦r✐❡s✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✻✹❪ ♣r♦♣♦s❡❞ ❛ ❤❡✉r✐st✐❝ ❢♦r ✈❛r✐❛❜❧❡ ♣❛rt✐t✐♦♥✐♥❣ ✭❛❧❧♦❝❛t✐♦♥ ♦❢

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

t❡❝t✉r❡s✳ ❍❡r❡✱ t❤❡ ♣r♦❝❡ss♦rs ❤❛✈❡ t❤❡✐r ♣r✐✈❛t❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❜✉t ❛r❡ ❛❧s♦

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

♠✐③❡ t❤❡ r✉♥t✐♠❡✳ ❚✇♦ ✈❛r✐❛❜❧❡ ♣❛rt✐t✐♦♥✐♥❣ ❤❡✉r✐st✐❝ str❛t❡❣✐❡s ❛r❡ ♣r♦♣♦s❡❞✿ ❍✐❣❤

❆❝❝❡ss ❋r❡q✉❡♥❝② ❋✐rst ✭❍❆❋❋✮ ❛♥❞ ●❧♦❜❛❧ ✈✐❡✇ ♣r❡❞✐❝t✐♦♥ ✭●❱P✮✳ ❆❧s♦ ❛ ❧♦♦♣

♣✐♣❡❧✐♥❡ s❝❤❡❞✉❧✐♥❣ ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ✭❛❧r❡❛❞②✮ ♣❛r❛❧❧❡❧✐③❡❞ t❛s❦s ✐s ♣r❡s❡♥t❡❞✳ ◆♦t❡✱

t❤❛t t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❝❡rt❛✐♥ ❞❛t❛ ✭✈❛r✐❛❜❧❡s✮ ❝❛♥ r❡❞✉❝❡ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ ❛

t❛s❦ ❛♥❞ t❤✉s ✐♥✢✉❡♥❝❡s t❤❡ s❝❤❡❞✉❧❡ s♦❧✉t✐♦♥ ❞r❛st✐❝❛❧❧②✳ ❚❤❡r❡❢♦r❡✱ ❛ ❧♦♦♣ ♦♣t✐✲

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

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



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✸✺

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

❚❤❡ ❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ✐♥ ❬✻✺❪ ❣❡♥❡r❛t❡s s❡✈❡r❛❧ ❞✐✛❡r❡♥t ❛❧❧♦❝❛t✐♦♥ s♦❧✉t✐♦♥s ❢♦r

❞❛t❛ ✐♥❝❧✉❞✐♥❣ ❛rr❛②s✱ ❧♦❝❛❧ ✈❛r✐❛❜❧❡s ❛♥❞ st❛❝❦s✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥s✐sts ♦❢ s❡✈✲

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

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

♣r♦❝❡ss♦rs✳ ❚❤❡ ❛✉t❤♦rs ❛ss✉♠❡ t❤❛t t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ❛❧r❡❛❞② ♣❛r❛❧❧❡❧✐③❡❞✳ ❆♥

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

✇❛r❞s ♠❡r❣❡s t❤❡ s♦❧✉t✐♦♥ ✭s❡t ♦❢ ❜✉✛❡rs✮ ✐♥t♦ ❛ ❤✐❡r❛r❝❤✐❝❛❧ s❡t ♦❢ ❜✉✛❡rs✳ ❊❛❝❤

❜✉✛❡r ❝❛♥ ❜❡ ♠❛♣♣❡❞ t♦ ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❚❤❡ s♦❧✉t✐♦♥ s❤♦✇s ♣♦ss✐❜❧❡ s②♥❝❤r♦✲

♥✐③❛t✐♦♥ ❝❤♦✐❝❡s✳ ▲♦❝❛❧ ✈❛r✐❛❜❧❡s ❛♥❞ st❛❝❦s ❛r❡ ❛❧✇❛②s ♠❛♣♣❡❞ t♦ ❧❡✈❡❧✲✶✳ ❇✉✛❡rs

❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜② t❤❡ ❛♥❛❧②s✐s ♦❢ ❧♦♦♣s ❛♥❞ ❛❝❝❡ss❡s t♦ ❛rr❛②s✳ ❚❤❡ s♠❛❧❧❡st ❜✉✛❡r ✐s

♠❛♣♣❡❞ t♦ ❧❡✈❡❧✲✶ ✐❢ ✐t ✜ts✱ t❤❡ r❡st ✐s ♠❛♣♣❡❞ t♦ ♣r✐✈❛t❡ ♦r ♠❛✐♥ ♦r s❤❛r❡❞ ❧❡✈❡❧✲✷

♠❡♠♦r②✳ ❚❤❡ r❡s✉❧ts ❛r❡ P❛r❡t♦ ♦♣t✐♠❛❧ ♣♦✐♥ts ✭❡♥❡r❣② ✈s✳ ❜✉✛❡r s✐③❡✮✳ ❋♦r ❡❛❝❤

♣♦✐♥t✱ t❤❡ t♦t❛❧ ♠❡♠♦r② s✉❜s②st❡♠ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✻✻❪ s✉❣❣❡st ❛ s❝r❛t❝❤♣❛❞ ❛❧❧♦❝❛t✐♦♥ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡

✇♦rst✲❝❛s❡ r❡s♣♦♥s❡ t✐♠❡ ✭❲❈❘❚✮✳ ❚❤❡ ❛❧❧♦❝❛t✐♦♥ ✐s ❞②♥❛♠✐❝✱ ✐✳❡✳ ❞✐✛❡r❡♥t ♦✈❡r✲

❧❛②s ❛r❡ ❣❡♥❡r❛t❡❞ ❢♦r t❛s❦s ✇✐t❤ ❞✐s❥♦✐♥t ❧✐❢❡t✐♠❡s✳ ❍❡r❡✱ t❤❡ ♣r♦❝❡ss♦rs ❤❛✈❡ ♦♥❧②

❛❝❝❡ss t♦ t❤❡✐r ♦✇♥ ❧♦❝❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛♥❞ ♦♥❡ ♦✛✲❝❤✐♣ s❤❛r❡❞ ♠❡♠♦r② ✐s

❣✐✈❡♥ ✐♥ t❤❡ s②st❡♠✳ ❈♦❞❡ ✐s ❛❧❧♦❝❛t❡❞ t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛s ✇❡❧❧ ❛s ❞❛t❛

♠❡♠♦r② ♦❜❥❡❝ts✱ ✇❤✐❝❤ ❤❛✈❡ ❛ st❛t✐❝ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss❡s✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❝♦♥✲

s✐st ♦❢ ♦♥❡ t♦ ❢♦✉r ✐❞❡♥t✐❝❛❧ ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts✳ ❊❛❝❤ ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥t ❤❛s ♦♥❡

s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ❚❤❡ s✐③❡s ♦❢ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛r❡ ❡q✉❛❧ ❢♦r ❛❧❧ ♣r♦❝❡ss✐♥❣

❡❧❡♠❡♥ts✳ ❚❤❡ ✐♥♣✉t ✐s ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧❡❞ ❛s ♠❡ss❛❣❡ s❡q✉❡♥❝❡ ❝❤❛rt ✭▼❙❈✮✳

❆ ♣r❡❡♠♣t✐✈❡ ♠✉❧t✐t❛s❦✐♥❣ ❡♥✈✐r♦♥♠❡♥t ✐s ❛ss✉♠❡❞✳ Pr♦❝❡ss❡s ❝❛♥ ❝♦♥s✐st ♦❢ s❡✈✲

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

✐♥✈❡st✐❣❛t❡ ❢♦✉r ❞✐✛❡r❡♥t s❝❤❡♠❡s✱ ✇❤✐❝❤ ❛r❡ ♣❡r❢♦r♠❡❞ ❛❢t❡r ❛ ✇♦rst✲❝❛s❡ r❡s♣♦♥s❡

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

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

s❝❤❡♠❛ ✹ ❛ ❝r✐t✐❝❛❧ ♣❛t❤ ✐♥t❡r❢❡r❡♥❝❡ r❡❞✉❝t✐♦♥✳ ❆❢t❡r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ s❝❤❡♠❡✱ ❛

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

t❛s❦ ❧✐❢❡t✐♠❡s s✐♥❝❡ t❤r♦✉❣❤ ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ t❤❡ st❛rt ❛♥❞ ❡♥❞t✐♠❡ ♦❢

t❛s❦s ❝❛♥ ❜❡ ❞✐✛❡r❡♥t ❛s ✇❡❧❧ ❛s t❤❡✐r ✐♥t❡r❢❡r❡♥❝❡s ✇✐t❤ ♦t❤❡r t❛s❦s✳ ❆❧❧ s❝❤❡♠❡s

✇❡r❡ ❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ❣❛✐♥s ❢r♦♠ ✷✵✳✻✪ ✭s❝❤❡♠❛ ✶✮✱ ✷✹✳✾✪ ✭s❝❤❡♠❛ ✷✮✱ ✹✺✳✸✪ ✭s❝❤❡♠❛

✸✮ t♦ ✺✷✳✸✪ ✭s❝❤❡♠❛ ✹✮✳ ❚❤❡ r✉♥t✐♠❡ ♦❢ ❛❧❧ s❝❤❡♠❡s ✈❛r✐❡❞ ❢r♦♠ ✶✵ s❡❝♦♥❞s t♦ ❧❡ss

t❤❛♥ ❛ ♠✐♥✉t❡✳

❋✐♥❛❧❧②✱ t❤❡ ❛✉t❤♦rs ♦❢ ❬✻✼❪ ♣❡r❢♦r♠ ❛ st❛t✐❝ ❞❛t❛ ❛❧❧♦❝❛t✐♦♥ ❢♦r ❧♦❣✐❝❛❧ ❜✉✛❡rs✳

❆ ✜①❡❞ t❛s❦✲t♦✲♣r♦❝❡ss♦r ♠❛♣♣✐♥❣ ✐s ❛❧r❡❛❞② ❣✐✈❡♥ ❛s ❛ ❜❛s✐s✳ ❚❤❡ ♠❛♣♣✐♥❣ ✐s ♣❡r✲

❢♦r♠❡❞ ♦♥ ❛ ❝♦♠♣❧❡① ♠✉❧t✐❝♦r❡ ♣❧❛t❢♦r♠ ❝♦♥t❛✐♥✐♥❣ ✽✵ ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts✳ ❆❜♦✉t

✶✵✵✵ ❜✉✛❡rs ❛r❡ ♠❛♣♣❡❞ ♦♥t♦ t❤✐s ♣❧❛t❢♦r♠ ✇✐t❤ ❛ ♠✐①❡❞✲✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣

✭▼■▲P✮ ❛♣♣r♦❛❝❤✳

❚♦ s✉♠ ✉♣✱ ❛❧❧ ✐♥tr♦❞✉❝❡❞ ♣✉❜❧✐❝❛t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ❞✐✛❡r❡♥t s❝r❛t❝❤♣❛❞ ❛❧❧♦✲

❝❛t✐♦♥ str❛t❡❣✐❡s ✇❤❡r❡ t❤❡ ❢♦❝✉s ❧✐❡s ♦♥ ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s ♦r ♦♣t✐♠✐③❛t✐♦♥s

✭❡✳❣✳ ✇♦rst ❝❛s❡✮✳ ◆♦♥❡ ♦❢ t❤❡s❡ ♣✉❜❧✐❝❛t✐♦♥s ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ ❛ ❝♦♠❜✐♥❡❞ ✈✐❡✇ ♦❢

t❛s❦✴t❤r❡❛❞ ♠❛♣♣✐♥❣ ❛♥❞ ♠✉❧t✐✲❧❡✈❡❧ ♠❡♠♦r② ♠❛♣♣✐♥❣✳



✸✻ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

✷✳✹✳✹ ▼❛♣♣✐♥❣ ♦❢ t❛s❦s t♦ ♣r♦❝❡ss♦rs

▼❛♣♣✐♥❣ t❛s❦s ♦♥t♦ ♣r♦❝❡ss♦rs ✐♥ ▼P❙♦❈s ✐s ❛ t♦♣✐❝ ✈❛st❧② ❡①♣❧♦r❡❞ ✐♥ r❡❝❡♥t ②❡❛rs✱

❛♥❞ ✈❛r✐♦✉s ❛♣♣r♦❛❝❤❡s ❢♦r ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s t❛r❣❡t✐♥❣ ❞✐✛❡r❡♥t ♦❜❥❡❝t✐✈❡s ✇❡r❡

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

t❤r♦✉❣❤ ❞✐✛❡r❡♥t s❝❤❡❞✉❧✐♥❣ str❛t❡❣✐❡s✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ♣r♦❝❡ss♦rs ❞✐✛❡r ✐♥ s♦♠❡

s♠❛❧❧❡r ❝❤❛r❛❝t❡r✐st✐❝s✱ ♦t❤❡r ♦♣t✐♠✐③❛t✐♦♥ str❛t❡❣✐❡s ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✱ ❡✳❣✳ ❢♦r

♣r♦❝❡ss♦rs ✇✐t❤ ❞②♥❛♠✐❝ ✈♦❧t❛❣❡ s❝❛❧✐♥❣ ✭❉❱❙✮✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✈❛❧✐❞ ❢♦r ❛ ♠❛♣♣✐♥❣

♦♥t♦ ❤❡t❡r♦❣❡♥❡♦✉s ♣r♦❝❡ss♦rs✱ ✇❤❡r❡ t❤❡ ♣r♦❝❡ss♦r✬s ❝❧♦❝❦ r❛t❡ ❛♥❞ t②♣❡ ✭❡✳❣✳ ❉❙P✮

❛r❡ ✐♠♣♦rt❛♥t ❢❛❝t♦rs ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✳

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

❢♦r ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t ❧✐❦❡ ❞②♥❛♠✐❝ ✈♦❧t❛❣❡ s❝❛❧✐♥❣ ✭❉❱❙✮ ❬✻✽❪✱ r❡❛❧✲t✐♠❡ r❡q✉✐r❡✲

♠❡♥ts ❬✻✾❪✱ ❞②♥❛♠✐❝ s❝❤❡❞✉❧✐♥❣ ✴ ♠❛♣♣✐♥❣ ❬✼✵❪ ✭✐✳❡✳ ♠❛♣♣✐♥❣ ❞❡❝✐s✐♦♥ ❞✉r✐♥❣ r✉♥✲

t✐♠❡✮✱ ❛s ✇❡❧❧ ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤♦s❡ ❬✼✶❪✳ ❍❡✉r✐st✐❝s✱ st♦❝❤❛st✐❝ ♠❡t❤♦❞s✱ ♦r

❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s ❛r❡ ❤❛♥❞❧✐♥❣ t❤❡s❡ ❝♦♠♣❧❡① s②st❡♠ ♦♣t✐♠✐③❛t✐♦♥s✳ ❆♠♦♥❣

♦t❤❡rs✱ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ❬✼✷✱ ✼✸✱ ✼✹❪✳ ■♥ ❬✼✷❪ ❛ ♠✉❧t✐✲

❤❡✉r✐st✐❝ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✐s ♣r♦✈✐❞❡❞ ❢♦r ❛ ❞②♥❛♠✐❝ t❛s❦ ♠❛♣♣✐♥❣✳ ❚❤❡ ❛✉✲

t❤♦rs ✐♥ ❬✼✸❪ ♣r♦♣♦s❡ ❛ ♠✉❧t✐❧❡✈❡❧ ❣r❛♣❤ ♣❛rt✐t✐♦♥✐♥❣ ❛♥❞ ♠❛♣♣✐♥❣ ❛♣♣r♦❛❝❤ ❢♦r t❤❡

♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ s②st❡♠s r✉♥t✐♠❡✳ P♦♣✉❧❛t✐♦♥✲❜❛s❡❞ ♠❡t❛❤❡✉r✐st✐❝s ✇✐t❤ ❣r❡❡❞②

❛♥❞ r❛♥❞♦♠ str❛t❡❣✐❡s ❢♦r ❞②♥❛♠✐❝ t❛s❦ ❛❧❧♦❝❛t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❬✼✹❪✳ ❆❧❧ ♦❢ t❤❡♠

❛r❡ ❝♦♥s✐❞❡r✐♥❣ ❞✐str✐❜✉t❡❞ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s✳

❍♦✇❡✈❡r✱ ♥♦♥❡ ♦❢ t❤❡s❡ ❛♣♣r♦❛❝❤❡s ❝♦♥s✐❞❡rs ♠❡♠♦r② ♠❛♣♣✐♥❣ ♥♦r ✐♥t❡❣r❛t❡s

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

❡✐t❤❡r t❤❡ s②st❡♠ ❤❛s ❡♥♦✉❣❤ ♠❡♠♦r② t♦ ❝♦✈❡r ❛❧❧ ❛♣♣❧✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ♦r t❤❡

✐♥✢✉❡♥❝❡ ♦❢ ♠❡♠♦r✐❡s ♦♥ s②st❡♠ ❡①❡❝✉t✐♦♥ t✐♠❡✱ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s ✉s✉❛❧❧②

❛❜str❛❝t❡❞ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥s✳

✷✳✹✳✺ ❉❡s✐❣♥ ❋r❛♠❡✇♦r❦s

❘❡❝❡♥t❧②✱ ♠❛♥② ❢r❛♠❡✇♦r❦s ❢♦r ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ s②♥t❤❡s✐s ✇❡r❡ ✐♥tr♦❞✉❝❡❞✱

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

t❤❡ ❝♦♠♣❧❡①✐t②✳ ❚❤❡② ❛❧s♦ ✐♥❝❧✉❞❡ t❤❡ st❡♣ ♦❢ ♠❛♣♣✐♥❣ t❛s❦s ♦♥t♦ ♣r♦❝❡ss♦rs✳ ■♥ t❤❡

❢♦❧❧♦✇✐♥❣✱ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ✇❡❧❧✲❦♥♦✇♥ ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦s ✐s ❣✐✈❡♥✳

❍❖P❊❙ ✐s ❛ ♣r♦❣r❛♠♠✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s

✇✐t❤ ❢♦❝✉s ♦♥ s♦❢t✇❛r❡ ❢♦r ▼P❙♦❈ s②st❡♠s ❬✼✺❪✳ ❚❤❡ s♦❢t✇❛r❡ ❞❡✈❡❧♦♣♠❡♥t ❢r❛♠❡✲

✇♦r❦ ♣❡r❢♦r♠s ❢♦✉r ✐♠♣♦rt❛♥t st❡♣s✳ ■♥ st❡♣ ♦♥❡✱ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦r ✐s s♣❡❝✐✜❡❞

✇✐t❤ ♠♦❞❡❧✲❜❛s❡❞ ♣r♦❣r❛♠♠✐♥❣✳ ❍❡r❡✱ t❤r❡❡ ❞✐✛❡r❡♥t ♠♦❞❡❧s ♦❢ ❝♦♠♣✉t❛t✐♦♥ ❛r❡

✉s❡❞✳ ❆ t❛s❦ ♠♦❞❡❧ ❞❡✜♥❡s t❤❡ ❡①❡❝✉t✐♦♥ ❝♦♥❞✐t✐♦♥ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ r❡q✉✐r❡✲

♠❡♥t ♦❢ t❤❡ ❣✐✈❡♥ t❛s❦s✳ ❚❤❡ t❛s❦s ❛r❡ s♣❡❝✐✜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✇✐t❤ ❛♥ ❡①t❡♥❞❡❞

s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ❣r❛♣❤ ✭❙❉❋✮✱ ❝❛❧❧❡❞ ❙P❉❋✱ ❢♦r s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛♥❞ ❝♦♠♣✉✲

t❛t✐♦♥ t❛s❦s✳ ■❢ ❝♦♥tr♦❧ t❛s❦s ❡①✐st✱ t❤❡② ❛r❡ ♠♦❞❡❧❡❞ ✇✐t❤ ❛ ❤✐❡r❛r❝❤✐❝❛❧✱ ❝♦♥❝✉rr❡♥t

❋❙▼ ♠♦❞❡❧✳ ❚✇♦ t❛s❦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠❡t❤♦❞s ❛r❡ s✉♣♣♦rt❡❞✿ s❤❛r❡❞ ♠❡♠♦r② ❛♥❞

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

♠❛♥✉❛❧❧② ❜② t❤❡ ❞❡s✐❣♥❡r ❛♥❞ ✐♥ ❍❖P❊❙ ✐t ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❣✐✈❡♥✳ ❇❛s❡❞ ♦♥ t❤❡s❡



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✸✼

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

✭❈■❈✮ ✐s ❣❡♥❡r❛t❡❞✳ ❈■❈ ✉s❡s ❣❡♥❡r✐❝ ❆P■ ❢✉♥❝t✐♦♥s ✐♥ ♦r❞❡r t♦ ❡①♣r❡ss ■✴❖ ♦♣❡r✲

❛t✐♦♥s ❢r♦♠ t❛s❦s✳ ❋✉rt❤❡r♠♦r❡✱ ❖♣❡♥✲▼P s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❡①♣r❡ss ❞❛t❛

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

❝♦♠♠✉♥✐❝❛t✐♦♥ ❛r❝❤✐t❡❝t✉r❡ ✇✐t❤ ❈■❈✳ ❚❤✐s ♠♦❞❡❧ ❝❛♥ t❤❡♥ ❜❡ ♣♦rt❡❞ t♦ ❞✐✛❡r❡♥t

❛r❝❤✐t❡❝t✉r❡s ✐❢ r❡q✉✐r❡❞✳ ❚❤❡ ♠❡♠♦r✐❡s ✐♥ t❤✐s ♠♦❞❡❧ ❛r❡ s♣❡❝✐✜❡❞ ✇✐t❤ s✐③❡ ❛♥❞

❛❞❞r❡ss r❛♥❣❡✳ ❆❧s♦✱ ✐t ✐s s♣❡❝✐✜❡❞ ✇❤✐❝❤ ♣r♦❝❡ss ❤❛s ❛❝❝❡ss t♦ ❛ s❤❛r❡❞ ♠❡♠♦r②✳

◆♦✇✱ ❛♥ ♦♣t✐♠✐③❡❞ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❢♦r ❡❛❝❤ ♣r♦❝❡ss♦r ✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡ ❣❡♥❡r✐❝

❆P■s ❝❛♥ ❜❡ tr❛♥s❧❛t❡❞ ✐♥t♦ ❖❙ ❆P■s ♦❢ t❤❡ ♣r♦❝❡ss♦rs ♦r ✐♥t♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❆P■s

✐❢ ♥♦ ❖❙ ✐s s♣❡❝✐✜❡❞✳ ❚❤❡ ❞❛t❛ ♣❛r❛❧❧❡❧✐s♠ ❡①♣r❡ss❡❞ ❜② ❖♣❡♥✲▼P ✐s tr❛♥s❧❛t❡❞ ✐♥t♦

▼P■ ✭▼❡ss❛❣❡ P❛ss✐♥❣ ■♥t❡r❢❛❝❡✮✳ ❆❢t❡r✇❛r❞s✱ ❛ t❛s❦ s❝❤❡❞✉❧✐♥❣ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐s

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

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

❡st✐♠❛t✐♦♥✳ ❚❤❡ st❛t✐❝ ❝♦❞❡ ❛♥❛❧②s✐s ✐s ❞❡t❡❝t✐♥❣ ❡rr♦r ❧♦❝❛t✐♦♥s ❛s ❢♦r ❡①❛♠♣❧❡

♠❡♠♦r② ❛❝❝❡ss ❡rr♦rs ✭❜✉✛❡r ♦✈❡rr✉♥✱ ♠❡♠♦r② ❧❡❛❦✱ ❡t❝✳✮✳ ❋✉rt❤❡r♠♦r❡✱ r✉♥✲t✐♠❡

❡rr♦rs ❛r❡ ❞❡t❡❝t❡❞ ❜② r✉♥♥✐♥❣ t❤❡ ♣r♦❣r❛♠ ♦♥ ❛ ✈✐rt✉❛❧ ♣r♦t♦t②♣✐♥❣ s②st❡♠✳

❉❛❡❞❛❧✉s ✐s ❛♥ ❛✉t♦♠❛t❡❞ ❢r❛♠❡✇♦r❦ ❢♦r ▼P❙♦❈ ♣❧❛t❢♦r♠s ❛t s②st❡♠✲❧❡✈❡❧ ✇❤✐❝❤

✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✸ ❬✼✻✱ ✼✼❪✳ ■♥ t❤✐s ❢r❛♠❡✇♦r❦✱ t❤❡ ❞❡s✐❣♥❡r ❜❡❣✐♥s ✇✐t❤ ❛

s❡q✉❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛t t❤❡ ❡♥❞ ❛ ▼P❙♦❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦♥ ❛♥ ❋P●❆ ✐s

❣❡♥❡r❛t❡❞✳ ■♥ t❤❡ ✜rst st❡♣✱ t❤❡ s❡q✉❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥ ✐s tr❛♥s❧❛t❡❞ ✐♥t♦ ❛ ❝♦♥❝✉r✲

r❡♥t ❑❛❤♥ Pr♦❝❡ss ◆❡t✇♦r❦ ✭❑P◆✮ ❜② t❤❡ t♦♦❧ ❑P◆❣❡♥✳ ❋♦r t❤✐s✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥

❤❛s t♦ ❜❡ ❣✐✈❡♥ ❛s ❛ ✧st❛t✐❝ ❛✣♥❡ ♥❡st❡❞ ❧♦♦♣ ♣r♦❣r❛♠✧ ✇❤✐❝❤ ❝♦♥t❛✐♥s ❛ s❡t ♦❢

st❛t❡♠❡♥ts t❤❛t ❝❛♥ ❜❡ ❡♥❝❧♦s❡❞ ✐♥ ❧♦♦♣s ❛♥❞✴♦r ❜② ❝♦♥❞✐t✐♦♥s ✭❛❧s♦ ❝❛❧❧❡❞ ♣♦❧②t♦♣❡

♠♦❞❡❧✮ ❬✼✽❪✳ ❑P◆❣❡♥ ✐s ❛❜❧❡ t♦ ❣❡♥❡r❛t❡ ❞✐✛❡r❡♥t ✐♥♣✉t✲♦✉t♣✉t ❑P◆s✱ ❡✳❣✳ ✇✐t❤ ❛

✈❛r✐❛❜❧❡ ❛♠♦✉♥t ♦❢ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✳ ❚❤✐s ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❝❛♥ ❜❡ ❡①♣❧♦✐t❡❞ ❜② ❞❡s✐❣♥

s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✭❉❙❊✮✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣❧❛t❢♦r♠s ❛r❡ s♣❡❝✐✜❡❞ ✇✐t❤ ❛ ❧✐❜r❛r②

♦❢ ♣r❡✲❞❡✜♥❡❞ ■P ❝♦♠♣♦♥❡♥ts✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡ ♣r♦❣r❛♠♠❛❜❧❡ ♣r♦❝❡ss♦rs✱ ❤❛r❞✇✐r❡❞

■P ❝♦r❡s✱ ♠❡♠♦r✐❡s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s✳ ❚❤❡ ♣❧❛t❢♦r♠ ✐s ♣r♦❞✉❝❡❞ ❛s s②♥t❤❡s✐③✲

❛❜❧❡ ❱❍❉▲✳ ❉❛t❛ ✐s ❝♦♠♠✉♥✐❝❛t❡❞ t❤r♦✉❣❤ ❞✐str✐❜✉t❡❞ ♠❡♠♦r✐❡s ❛♥❞ ❡❛❝❤ ♠❡♠♦r②

✉♥✐t ❝❛♥ ❜❡ ♦r❣❛♥✐③❡❞ ❛s ♦♥❡ ♦r s❡✈❡r❛❧ ❋■❋❖s ❉❛❡❞❛❧✉s ✉s❡s ❛ ❧✐❣❤t✇❡✐❣❤t❡❞ ♠✉❧t✐✲

t❤r❡❛❞✐♥❣ ♦♣❡r❛t✐♥❣ s②st❡♠ ✭▼❚❖❙✮ ❢♦r r✉♥t✐♠❡ s❝❤❡❞✉❧✐♥❣ ♦❢ ♣r♦❝❡ss❡s t❤❛t ❛r❡

❡①❡❝✉t❡❞ ♦♥ ❛ ♣r♦❝❡ss♦r ✐❢ ❛ ❝♦♠♣✐❧❡✲t✐♠❡ s❝❤❡❞✉❧✐♥❣ ✐s ♥♦t ♣♦ss✐❜❧❡ ❚❤❡ s②st❡♠✲

❧❡✈❡❧ ❉❙❊ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤✐♥ t❤❡ ❙❡s❛♠❡ ♠♦❞❡❧✐♥❣ ❛♥❞ s✐♠✉❧❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t

❬✼✾❪✳ ❚❤r❡❡ ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤✐♥ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✐♥✲

❝❧✉❞✐♥❣ s②♥t❤❡s✐s✿ ✶✳ ❝♦♠♣✉t✐♥❣ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ r❡s♦✉r❝❡s ❢♦r t❤❡ ❛r❝❤✐t❡❝t✉r❡✱

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

✐♥❣ ♦❢ ♣r♦❝❡ss❡s✴❝♦♠♠✉♥✐❝❛t✐♦♥ ♦♥ t❤❡ r❡s♦✉r❝❡s✳ ❚❤❡s❡ ❛r❡ t❤❡ ✉s✉❛❧ st❡♣s ❢♦r

❢r❛♠❡✇♦r❦s✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡s✐❣♥ ♦r s②♥t❤❡s✐s✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ♦❜❥❡❝t✐✈❡s ❛r❡✿ ✶✳ ♠✐♥✐♠✐③❡ t❤❡ ♠❛①✐♠✉♠ ♣r♦❝❡ss✐♥❣ t✐♠❡ ✐♥❝❧✉❞✐♥❣ t❤❡

t✐♠❡ s♣❡♥t ♦♥ ♠❡♠♦r✐❡s ❛s ✇❡❧❧ ❛s t❤❡ t✐♠❡ s♣❡♥t ♦♥ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✷✳ ♠✐♥✐♠✐③❡

t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠ ✭♠❡♠♦r② ✐♥❝❧✉❞❡❞✮✱ ✸✳ ♠✐♥✐♠✐③❡ t❤❡

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

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

❤✐❣❤✲❧❡✈❡❧ s✐♠✉❧❛t✐♦♥✱ ❙❡s❛♠❡ ❛❧s♦ s✉♣♣♦rts ❤❡✉r✐st✐❝ s❡❛r❝❤✱ ✐✳❡✳ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠s
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in XML in XML
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C/C++

in VHDL
IP cores

netlist
Platform

Mapping spec. Kahn Process
Network in XML

Application

processors

Parallelization
(KPNgen)

Automated system−level synthesis
(ESPAM)

System−level architectural exploration
(Sesame)

RTL synthesis
(commercial tool, e.g. Xilinx Platform Studio)

(C/C++)

❋✐❣✉r❡ ✷✳✶✸✿ ❚❤❡ ❉❛❡❞❛❧✉s ❉❡s✐❣♥ ❋r❛♠❡✇♦r❦ ❬✽✵❪

❢♦r ❧❛r❣❡r ❞❡s✐❣♥ s♣❛❝❡s✳ ■♥ ❛♥ ❛❞❞✐t✐♦♥❛❧ st❡♣✱ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐s tr✐♠♠❡❞ ❜❛s❡❞

♦♥ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧s ✭❞❡s✐❣♥ s♣❛❝❡ ♣r✉♥✐♥❣✮✳ ❉❡s✐❣♥ s♣❛❝❡ ♣r✉♥✐♥❣ ✐s ♣❡r❢♦r♠❡❞ ❜②

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

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

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

❉❙❊ st❡♣ ❛r❡ ❛ s❡t ♦❢ ❝❛♥❞✐❞❛t❡ s②st❡♠ ❞❡s✐❣♥s ✐♥❝❧✉❞✐♥❣ t❤❡ ♣r♦❝❡ss ❜✐♥❞✐♥❣ t❤❛t

❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❳▼▲✳ ❚❤❡s❡ ❳▼▲ ❞❡s❝r✐♣t✐♦♥s ❛♥❞ t❤❡ ❑P◆ ❞❡s❝r✐♣t✐♦♥ ❛r❡ r❡✲

q✉✐r❡❞ ❛s ✐♥♣✉t ❢♦r t❤❡ ❊❙P❆▼ t♦♦❧✳ ❚❤✐s t♦♦❧ ❣❡♥❡r❛t❡s s②♥t❤❡s✐③❛❜❧❡ ❱❍❉▲ ✇❤✐❝❤

✐♠♣❧❡♠❡♥ts ❛ ▼P❙♦❈ ♣❧❛t❢♦r♠✳ ❋✉rt❤❡r♠♦r❡✱ ❈ ❝♦❞❡ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ❑P◆

♣r♦❝❡ss❡s ✇❤✐❝❤ ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ ♣r♦❣r❛♠♠❛❜❧❡ ❝♦r❡s✳ ❋✐♥❛❧❧②✱ t❤✐s ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥ ❝❛♥ ❜❡ r❡❛❧✐③❡❞ ♦♥ ❛ ❋P●❆ ❢♦r ♣r♦t♦t②♣✐♥❣✳

❙②st❡♠❈♦❉❡s✐❣♥❡r ✐s ❛♥♦t❤❡r ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦ ✐♥❝❧✉❞✐♥❣ ❛♥ ❛✉t♦♠❛t❡❞ ♠❛♣✲

♣✐♥❣ ♦❢ ❙②st❡♠ ❈ ❛♣♣❧✐❝❛t✐♦♥s ♦♥t♦ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ ♣❧❛t❢♦r♠ ❬✼✻✱ ✽✶❪✳ ❚❤❡

❛♣♣❧✐❝❛t✐♦♥ ❤❛s t♦ ❜❡ ✇r✐tt❡♥ ✐♥ ❙②st❡♠❈ ❛♥❞ r❡♣r❡s❡♥ts ❛♥ ❛❝t♦r✲♦r✐❡♥t❡❞ ❛♣♣❧✐✲

❝❛t✐♦♥ ♠♦❞❡❧✳ ❈♦♠♠✉♥✐❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ ❙②st❡♠❈ ❋■❋❖ ❝❤❛♥♥❡❧s ✐♠✲

♣❧❡♠❡♥t❡❞ ✐♥ ♦♥❡ t❤r❡❛❞✳ ❚❤✐s ❦✐♥❞ ♦❢ ✐♥♣✉t ❝❛♥ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❛ s✉❜s❡t ♦❢

❙②st❡♠❈ ✭❝❛❧❧❡❞ ❙②st❡▼♦❝✮✱ ✇❤✐❝❤ ✐s ❛❜❧❡ t♦ r❡♣r❡s❡♥t ♥♦♥✲❞❡t❡r♠✐♥✐st✐❝ ❞❛t❛ ✢♦✇

♠♦❞❡❧s ✭❉❉❋✮✳ ❍❡r❡✱ ❡❛❝❤ ❛❝t♦r ✐s ❞❡✜♥❡❞ ❜② ❛ ✜♥✐t❡ st❛t❡ ♠❛❝❤✐♥❡ ❛♥❞ ❝♦♠♠✉♥✐✲

❝❛t❡s ✇✐t❤ q✉❡✉❡s ✐♥ ❋■❋❖ s❡♠❛♥t✐❝s✳ ❆❢t❡r✇❛r❞s✱ t❤❡s❡ ❛❝t♦rs ❝❛♥ ❜❡ tr❛♥s❢♦r♠❡❞



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✸✾

❋✐❣✉r❡ ✷✳✶✹✿ ❙②st❡♠❈♦❉❡s✐❣♥❡r ❉❡s✐❣♥ ❋❧♦✇

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

tr❛♥s❢♦r♠❛t✐♦♥s ✇❤✐❧❡ t❤❡ ❤❛r❞✇❛r❡ ♠♦❞✉❧❡s ❛r❡ ❜✉✐❧t ✇✐t❤ t❤❡ t♦♦❧ ❋♦rt❡ ❈②♥t❤❡✲

s✐③❡r ❬✽✷❪✳ ❚❤❡ ❤❛r❞✇❛r❡ ❛❝❝❡❧❡r❛t♦rs ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❛♥❞ st♦r❡❞ ✐♥ ❛

❝♦♠♣♦♥❡♥t ❧✐❜r❛r②✳ ❚❤✐s ❝♦♠♣♦♥❡♥t ❧✐❜r❛r② ❛❧s♦ ❝♦♥t❛✐♥s ■P ❝♦r❡s✱ ✐✳❡✳ ♣r♦❝❡ss♦rs✱

♠❡♠♦r✐❡s✱ ❜✉s❡s✱ ❡t❝✳ ◆♦✇✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s t♦ s♣❡❝✐❢② ❛ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈

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

❤❛s t♦ ❞❡✜♥❡ ♠❛♣♣✐♥❣ ❝♦♥str❛✐♥ts ❢♦r ❡❛❝❤ ❛❝t♦r✳ ■♥ t❤❡ ♥❡①t st❡♣✱ ❞❡s✐❣♥ s♣❛❝❡

❡①♣❧♦r❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✳ ❍❡r❡✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ♦♣t✐♠✐③❡❞

✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ s❡✈❡r❛❧ ♦❜❥❡❝t✐✈❡s ✭❡✳❣✳ t❤r♦✉❣❤♣✉t✱ ❧❛t❡♥❝②✱ ❛r❡❛ ❛♥❞ ♣♦✇❡r ❝♦♥✲

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

❛s ✐♥ ❉❛❡❞❛❧✉s ✭✐✳❡✳ ❤✐❣❤✲❧❡✈❡❧ s✐♠✉❧❛t✐♦♥✮✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①✲

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

❆❢t❡r✇❛r❞s✱ ❛ r❛♣✐❞ ♣r♦t♦t②♣✐♥❣ ♦❢ t❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳

❍❡r❡✱ t❤❡ ❞❡s✐❣♥❡r ♣❡r❢♦r♠s ♠❛♥② st❡♣s ♠❛♥✉❛❧❧②✳ ❖♥❧② s♦♠❡ st❡♣s✱ ❡✳❣✳ ❞❡s✐❣♥

s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✱ ❛r❡ ♣❡r❢♦r♠❡❞ ❛✉t♦♠❛t✐❝❛❧❧②✳ ❚❤❡ ❙②st❡♠❈♦❉❡s✐❣♥❡r ❞❡s✐❣♥ ✢♦✇

✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✹

❚❤❡ ❞✐str✐❜✉t❡❞ ♦♣❡r❛t✐♦♥ ❧❛②❡r ✭❉❖▲✮ ❬✶✽❪ ✐s ❛♥ ❛✉t♦♠❛t❡❞ s②st❡♠✲❧❡✈❡❧ ❢r❛♠❡✲

✇♦r❦ ✇✐t❤ t❤❡ ❣♦❛❧ t♦ ❡✣❝✐❡♥t❧② ♠❛♣ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ t❛s❦s ♦♥t♦ ❤❡t❡r♦✲

❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s✳ ❉❖▲ ✇❛s ♠❛✐♥❧② ❞❡✈❡❧♦♣❡❞ ✐♥ t✇♦ ♣r♦❥❡❝ts✳ ❚❤❡ ✜rst

❞❡✈❡❧♦♣♠❡♥t st❛rt❡❞ ✐♥ t❤❡ ❙❝❛❧❛❜❧❡ ❍❛r❞✇❛r❡✴❙♦❢t✇❛r❡ ❆r❝❤✐t❡❝t✉r❡ P❧❛t❢♦r♠ ❢♦r

❊♠❜❡❞❞❡❞ ❙②st❡♠s ✭❙❍❆P❊❙✮ ♣r♦❥❡❝t✳ ❍❡r❡✱ t❤✐s ✈❡rs✐♦♥ ✇✐❧❧ ❜❡ ❝❛❧❧❡❞ ❜❛s✐❝ ❉❖▲✳

❉❖▲ ✇❛s ❡①t❡♥❞❡❞ ✐♥ ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❘❡❢❡r❡♥❝❡ ❚✐❧❡❞ ❆r❝❤✐t❡❝t✉r❡ ❊①♣❡r✐♠❡♥t



✹✵ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

✭❊❯❘❊❚■▲❊✮ ♣r♦❥❡❝t✳ ❚❤✐s ❢r❛♠❡✇♦r❦ ♣r♦✈✐❞❡s ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✇✐t❤ ❡✈♦✲

❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s ❢♦r ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥✳

✷✳✹✳✺✳✶ ❉❖▲ ✭❙❍❆P❊❙✮

❚❤❡ ✐♥♣✉t ♦❢ t❤❡ ❉❖▲ ❢r❛♠❡✇♦r❦ ✐s ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛♥ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛✲

t✐♦♥✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ✐s s♣❡❝✐✜❡❞ ❛s ❛♥ ❛❧r❡❛❞② ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥

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

❈✴❈✰✰✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❞❡s❝r✐♣t✐♦♥ ❢♦r t❤❡ ♣r♦❝❡ss❡s ❛♥❞ ❛❧❧ ❋■❋❖s ❢♦r t❤❡ ❝♦♠♠✉✲

♥✐❝❛t✐♦♥ ✭✐✳❡✳ s♦❢t✇❛r❡✲❝❤❛♥♥❡❧s✮ ❛r❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ✇❤✐❝❤ ✐s

❞❡✜♥❡❞ ✐♥ ❳▼▲✳ ❆❧❧ ♣r♦❝❡ss❡s ❛♥❞ s♦❢t✇❛r❡ ❝❤❛♥♥❡❧s ❤❛✈❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣♦rts

❢♦r t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ✈✐❛ ❜❧♦❝❦✐♥❣

r❡❛❞✴✇r✐t❡✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❧s♦ ❣✐✈❡♥ ✐♥ ❳▼▲✳ ❍❡r❡✱ ❛❧❧ ♣r♦❝❡s✲

s♦rs✱ ♠❡♠♦r✐❡s ❛♥❞ t❤❡✐r ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❛r❡ ❞❡✜♥❡❞✳ P❡r❢♦r♠❛♥❝❡ ❞❛t❛ ✐s ❛❞❞❡❞

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

❛♥❞ ❜✉s ❝❧♦❝❦ ❢r❡q✉❡♥❝✐❡s✳ ❆ s❤❛r✐♥❣ ♠❡t❤♦❞ ❢♦r t❤❡ r❡s♦✉r❝❡s ✭✐✳❡✳ s❝❤❡❞✉❧✐♥❣✮ ❝❛♥

❛❧s♦ ❜❡ ❛❞❞❡❞ ✐❢ r❡q✉✐r❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ♣r♦✜❧✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❤❛s t♦ ❜❡ ❛❞❞❡❞ t♦ t❤❡

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

❞✐✛❡r❡♥t t❛r❣❡t ♣r♦❝❡ss♦rs✱ ❡t❝✳ ❋♦r t❤✐s✱ ❛ s✐♠✉❧❛t✐♦♥ ♦r ♦t❤❡r ✇❛②s ♦❢ ♣r♦✜❧✐♥❣ ❝❛♥

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

❚❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ❧♦♦♣ ✇✐t❤ t✇♦ ♠❛✐♥ ♣❤❛s❡s✿ t❤❡

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

✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ ❞❡s✐❣♥❡r ❤❛s t♦ s♣❡❝✐❢② t❤❡

♦❜❥❡❝t✐✈❡s ❛♥❞ ✐♥t❡❣r❛t❡ t❤❡♠ ✇✐t❤✐♥ ❉❖▲✱ ❡✳❣✳ ♠✐♥✐♠✐③✐♥❣ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱

❜❛❧❛♥❝❡ r✉♥t✐♠❡✱ r❡❞✉❝❡ ❜✉s tr❛✣❝✳ ❚❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❝r❡❛t❡s ❛ ♣♦♣✉❧❛t✐♦♥

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

❛r❡ ❡✈❛❧✉❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡s✳ ◆❡✇ ✐♥❞✐✈✐❞✉❛❧s ❛r❡ ❣❡♥❡r❛t❡❞ ❜② ❝r♦ss♦✈❡r

❛♥❞ ♠✉t❛t✐♦♥✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ❙P❊❆✷ ❬✽✸❪

❛♥❞ t❤❡ P■❙❆ ✐♥t❡r❢❛❝❡ ❬✽✹❪✳ ❚❤❡ ❡✈❛❧✉❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ❊❳P❖ ❢r❛♠❡✇♦r❦

❬✽✺❪✳ ■t ❡✈❛❧✉❛t❡s ❛❧❧ ❝r✉❝✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛s ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❡♥❡r❣②✳ ❆❧❧ t❤❡s❡ ✈❛❧✉❡s

❛r❡ ♣❛ss❡❞ t♦ ❙P❊❆✷ ✇❤✐❝❤ s❡❧❡❝ts ❣♦♦❞ ✐♥❞✐✈✐❞✉❛❧ ❝❛♥❞✐❞❛t❡s ❛♥❞ ❝♦♠♠✉♥✐❝❛t❡s

t❤✐s ❜❛❝❦ t♦ ❊❳P❖✳ ❚❤✐s ✐s ♣❡r❢♦r♠❡❞ ✐♥ ❛ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❧♦♦♣ ✉♥t✐❧ ❛

st♦♣ ❝r✐t❡r✐♦♥ ✐s r❡❛❝❤❡❞ ✭✐✳❡✳ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❣❡♥❡r❛t✐♦♥s✮✳ ❚❤❡ ♦✉t♣✉t ♦❢

t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❛ s❡t ♦❢ P❛r❡t♦ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥s✳ ❚❤❡s❡ s♦❧✉t✐♦♥s ❛r❡ ❞❡s❝r✐❜❡❞

✐♥ ❛ ♠❛♣♣✐♥❣ s♣❡❝✐✜❝❛t✐♦♥ ✇❤❡r❡ t❤❡② ❞❡✜♥❡ t❤❡ ❜✐♥❞✐♥❣ ♦❢ t❤❡ ♣r♦❝❡ss❡s t♦ t❤❡

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

s❝❤❡❞✉❧✐♥❣ ♣♦❧✐❝② ✐s ❛❧s♦ ❞❡✜♥❡❞✱ ❜✉t ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✳

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

❛♥❛❧②s✐s✳ ■t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ ✐♥t❡❣r❛t❡ ❛ ❝②❝❧❡✲❛❝❝✉r❛t❡ s✐♠✉❧❛t✐♦♥ ♦r st❛t✐❝ ♦r

❞②♥❛♠✐❝ ♠♦❞❡❧s ❛s t❤❡ ♠♦❞✉❧❛r ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ✭▼P❆✮ ❢♦r r❡❛❧✲t✐♠❡ ❛♥❛❧✲

②s✐s✳ ❋♦r t❤✐s✱ t❤❡ ❉❖▲ s♣❡❝✐✜❝❛t✐♦♥s ❝❛♥ ❜❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ ♠♦❞❡❧s ❢♦r ♠♦❞✉❧❛r

♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ✭▼P❆✮ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❛♥❛❧②t✐❝ ♦r ❤✐❣❤✲❧❡✈❡❧ ❢✉♥❝t✐♦♥❛❧

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

✭❡✳❣✳ ❛❧s♦ ✐♥ ❉❛❡❞❛❧✉s✮✳ ❆ ❢❛st ❡✈❛❧✉❛t✐♦♥ ✐s r❡q✉✐r❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❤✉❣❡ ❞❡s✐❣♥



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✹✶

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

s♦❧✉t✐♦♥s ✇❤✐❝❤ ❛r❡ ❣❡♥❡r❛t❡❞ ✐♥ s❡✈❡r❛❧ ❧♦♦♣ ✐t❡r❛t✐♦♥s✳ ❈②❝❧❡✲❛❝❝✉r❛t❡ s✐♠✉❧❛t✐♦♥s

❛r❡ ✈❡r② t✐♠❡✲❝♦♥s✉♠✐♥❣ ❛♥❞ ❡①t❡♥❞ t❤❡ ❡✈❛❧✉❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ t✐♠❡ ❞r❛st✐❝❛❧❧②✳

✷✳✹✳✺✳✷ ❉❖▲ ✭❊①t❡♥❞❡❞✮

❉❖▲ ✇❛s ❡①t❡♥❞❡❞ ❜② ❞❡s✐❣♥ ❛r❝❤✐t❡❝t✉r❡s ❞✉r✐♥❣ t❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❋♦r

t❤✐s✱ ❝♦♠♣✉t❛t✐♦♥ t❡♠♣❧❛t❡s ❛r❡ ♣r♦✈✐❞❡❞ ✇❤✐❝❤ ✐♥❝❧✉❞❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs ✭❉❙P✱

♠✐❝r♦ ❝♦♥tr♦❧❧❡r✱ ❡t❝✳✮ ❛♥❞ ❋P●❆s✱ ❡t❝✳ ❋✉rt❤❡r♠♦r❡✱ ❛♥ ❛✉t♦♠❛t✐❝ s❡❧❡❝t✐♦♥ ♦❢

t❤❡ ❝♦♠♣✉t❛t✐♦♥ t❡♠♣❧❛t❡s ❛s ✇❡❧❧ ❛s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡s ✭❞✐✛❡r❡♥t ❜✉s❡s✱

r✐♥❣s✮ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ✭❚❉▼❆✱ ❊❉❋✱ ❡t❝✳✮ ✐s ♣r♦✈✐❞❡❞✳ ❚❤❡ ✐♥♣✉t ✐s ❣✐✈❡♥ ❜② ❛ s❡t

♦❢ t❛s❦ ❣r❛♣❤s ❛♥❞ ✉s❡✲❝❛s❡s✳ ❆❧s♦✱ ❡①❡❝✉t✐✈❡ ♣❧❛t❢♦r♠s ❛r❡ s♣❡❝✐✜❡❞ ❛s ❛r❝❤✐t❡❝✲

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

❚❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ s❛♠❡

str❛t❡❣② ❛s ✐♥ t❤❡ ♣r❡✈✐♦✉s ✈❡rs✐♦♥ ♦❢ ❉❖▲✳

❚♦ s✉♠ ✉♣✱ s❡✈❡r❛❧ ❢r❛♠❡✇♦r❦s ❢♦r ▼P❙♦❈ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✇✐t❤ ♠✉❧t✐✲

♣❧❡ ♦❜❥❡❝t✐✈❡s ❡①✐st✱ ❧✐❦❡ ❢♦r ✐♥st❛♥❝❡ ❉❛❡❞❛❧✉s ❬✼✼❪✱ ❙②st❡♠❈♦❉❡s✐❣♥❡r ❬✽✻❪✱ ❍❖P❊❙ ❬✼✺❪✱

♦r ❉❖▲ ❬✶✽❪✳ ❚❤❡② ❛r❡ ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥s✱ ❛r❝❤✐t❡❝t✉r❡s✱ ♠❛♣♣✐♥❣ ♠♦❞✲

❡❧s✱ ❞✐✛❡r❡♥t ❡✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✱ ❞✐✛❡r❡♥t str❛t❡❣✐❡s t♦ s❡❛r❝❤ ✐♥ t❤❡ ❞❡s✐❣♥

s♣❛❝❡✱ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ ❝r✐t❡r✐❛✱ ❞❡s✐❣♥ ❝♦♥str❛✐♥ts✱ ♦r ❛❜str❛❝t✐♦♥ ❧❡✈❡❧s✳ ❆❧❧

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

✷✳✹✳✻ ❈♦♠❜✐♥❡❞ ♠❛♣♣✐♥❣ t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r✐❡s

❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♠❡♠♦r✐❡s ✐♥ t❤❡ t❛s❦ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❛ ♥❡✇ ✐♥✈❡st✐❣❛✲

t✐♦♥ ✜❡❧❞ ✇❤✐❝❤ st❛rt❡❞ t♦ ❣❛✐♥ ❛tt❡♥t✐♦♥ ✐♥ t❤❡ ❧❛st ②❡❛rs✳ ❖♥❧② ❢❡✇ r❡s❡❛r❝❤ ✇❛s

✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤✐s ♥❡✇ ✜❡❧❞✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✽✼❪ ♣❡r❢♦r♠ ❛♥ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❞❛t❛ ✭❛❧s♦ ❛rr❛②s✮ t♦ s❝r❛t❝❤♣❛❞

♠❡♠♦r✐❡s ✇✐t❤ t❤❡ ♣♦❧②❤❡❞r❛❧ ♠♦❞❡❧ ❚❤✉s✱ t❤r♦✉❣❤ t❤❡ ♣♦❧②❤❡❞r❛❧ ♠♦❞❡❧ ❛❧s♦ ❛

♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇❤✐❝❤ ♠❛♣s ❝♦♠♣✉t❛t✐♦♥ t♦ ♣r♦❝❡ss✐♥❣ ✉♥✐ts✳ ❆ ●P❯

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

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

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

♣❛r❛❧❧❡❧ ✉♥✐ts✳ ❉❛t❛ ✐s ❛❧❧♦❝❛t❡❞ ❜❧♦❝❦✲✇✐s❡ t♦ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳ ■♥ ❛ ✜rst st❡♣✱ t❤❡

❛♣♣r♦❛❝❤ ❝❛❧❝✉❧❛t❡s ✇❤✐❝❤ ❞❛t❛ s♣❛❝❡ ✭❛rr❛② r❡❢❡r❡♥❝❡s✮ ✐s ❜❡♥❡✜❝✐❛❧ ❢♦r ❛❧❧♦❝❛t✐♦♥✳

■♥ ❛ s❡❝♦♥❞ st❡♣✱ t❤❡ ❞❛t❛ s♣❛❝❡ ✐s ♣❛rt✐t✐♦♥❡❞ ✐♥t♦ ❞✐s❥♦✐♥t✱ ♥♦♥✲♦✈❡r❧❛♣♣✐♥❣ s❡ts✳

❍❡r❡✱ t❤❡ ❜♦✉♥❞s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❛♥❞ s❡t ✐♥ ❛ ✇❛②✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❡①❝❡❡❞ t❤❡ ❝❛♣❛❝✐t②

♦❢ t❤❡ ❧♦❝❛❧ ♠❡♠♦r✐❡s✳ ❚❤✐s ♠❡❛♥s✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐s ❛❞❛♣t❡❞ t♦ t❤❡ s✐③❡s ♦❢ t❤❡

s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ✐♥ t❤✐s ❝❛s❡✳ ❚❤❡ s✐③❡s ♦❢ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ♦❢ ❡❛❝❤

♣r♦❝❡ss♦r ❛r❡ ❛❧✇❛②s ❡q✉❛❧✳ ❋♦r t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✉t✐❧✐③❛t✐♦♥✱ ❛ s♣❡❡❞✲✉♣ ♦❢

✽① ❢♦r ▼P❊●✹ ❛♥❞ ✶✵① ❢♦r ❏❛❝♦❜✐ ❦❡r♥❡❧ ✇❛s ❛❝❤✐❡✈❡❞ ❝♦♠♣❛r❡❞ t♦ ❛ s②st❡♠ ✇❤✐❝❤

♦♥❧② ✉s❡s ●P❯ ❉❘❆▼✳

❚❤❡ ❛♣♣r♦❛❝❤ ✐♥ ❬✽✽❪ ♣r♦♣♦s❡s ❛ ❤❡✉r✐st✐❝ ✇❤✐❝❤ ♣❡r❢♦r♠s t❛s❦ ❛ss✐❣♥♠❡♥t✱ st❛t✐❝



✹✷ ❈❤❛♣t❡r ✷✳ ▼♦❞❡❧s ❛♥❞ ❚♦♦❧s

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

♥❛❧ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡ ✐s ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ ♣r✐♠❛r② ❣♦❛❧ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❞❛t❛

✉t✐❧✐③❛t✐♦♥ ♦♥ t❤❡ ♠❡♠♦r✐❡s✳ ❚❤❡ s❡❝♦♥❞ ❣♦❛❧ ✐s t♦ ❞❡❝r❡❛s❡ t❤❡ s❝❤❡❞✉❧❡ ❧❡♥❣t❤

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

♠❡♠♦r② r❡q✉✐r❡♠❡♥ts ❛r❡ ✉s✉❛❧❧② ✐♥❝r❡❛s❡❞ ❜② t❤❡ t❛s❦s ✇❤✐❝❤ ❧✐❡ ♦♥ t❤❡ ❝r✐t✐❝❛❧

♣❛t❤✳ ■♥ ❛ ✜rst st❡♣✱ ❛♥ ❡st✐♠❛t✐♦♥ ♦♥ t❤❡ ❞❛t❛ ♠❡♠♦r② ✉s❛❣❡ ✐s ♣❡r❢♦r♠❡❞✳ ❋♦r

t❤✐s✱ t❤❡ t❛s❦✬s r❡q✉✐r❡♠❡♥ts ❛s t❤❡ t❛s❦✬s st❛rt t✐♠❡✱ t❛s❦ ❞✉r❛t✐♦♥ ❛♥❞ ❛♠♦✉♥t ♦❢

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

s❝❤❡❞✉❧❡ ✇❤✐❝❤ ❤❛s ❛ ❤✐❣❤❡r ❞❛t❛ ♠❡♠♦r② r❡q✉✐r❡♠❡♥t ✐s ✐♥t❡❣r❛t❡❞ ✐♥ t❤✐s ❡st✐✲

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

✐♠♣❧❡♠❡♥t✐♥❣ ❛ t❛s❦ tj ♦♥ ♣r♦❝❡ss♦r Pi ✇❤❡r❡ ❛❧s♦ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❛♠♦✉♥t ♦❢

❝♦❞❡ r❡q✉✐r❡❞✱ ❛♥❞ t❤❡ t✐♠❡ ♥❡❡❞❡❞ t♦ ❡①❡❝✉t❡ ❛ t❛s❦ ♦♥ ♣r♦❝❡ss♦r ❛r❡ ✐♥t❡❣r❛t❡❞✳ ❆

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

t❛s❦ ❣r❛♣❤ ✐s r❡q✉✐r❡❞✱ ✇❤✐❝❤ ✐s ❛♥♥♦t❛t❡❞ ✇✐t❤ t❤❡ ❡st✐♠❛t❡❞ ❡①❡❝✉t✐♦♥ t✐♠❡s ♦❢

t❤❡ ♥♦❞❡s ❛♥❞ t❤❡ ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ t❛s❦s✳ ❚❤❡ ❛r❝s ✐♥ t❤❡ t❛s❦ ❣r❛♣❤

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

❛ss✐❣♥❡❞ t♦ ♠❡♠♦r②✳ Pr❡❡♠♣t✐♦♥s ♦❢ t❛s❦s ❛r❡ ♥♦t ❛❧❧♦✇❡❞✳ ❉❛t❛ ♠❡♠♦r② ❤❛s ❛❧s♦ t♦

❜❡ r❡s❡r✈❡❞ ❢♦r t❛s❦ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❍❡r❡✱ ♠♦r❡ ♦✈❡r❤❡❛❞ ❝❛♥ ❜❡ ❝❛✉s❡❞ ✇❤❡♥ t❛s❦s

❛r❡ ❛ss✐❣♥❡❞ t♦ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❛❧s♦ s❝❤❡❞✲

✉❧❡❞ ❛♥❞ ❛ss✐❣♥❡❞ t♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡✈✐❝❡s✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❝♦♥t❛✐♥ ❆❙■❈❙✱

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

♦r②✱ ❛♥❞ ❆❙■❈s ❤❛✈❡ ♦♥❡ ❞❛t❛ ❧♦❝❛❧ ♠❡♠♦r②✳ ❚❤❡ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡ ✐s ♠♦❞❡❧❡❞

❜② ❝♦♥str❛✐♥t ❧♦❣✐❝ ♣r♦❣r❛♠♠✐♥❣ ❛♥❞ ✐s ✜①❡❞✳

■♥ ❬✽✾❪✱ ❛ ❝♦♥str✉❝t✐✈❡ ❛❧❣♦r✐t❤♠ ✐s ♣r♦♣♦s❡❞✳ ■♥ ❛ ✜rst st❡♣✱ t❤❡ ❛❧❣♦r✐t❤♠

❝❤♦♦s❡s ❛ t❛s❦ ❢r♦♠ t❤❡ ❝r✐t✐❝❛❧ ♣❛t❤ ✐♥ ❡❛❝❤ ✐t❡r❛t✐♦♥✳ ❖♥❧② t❛s❦s ❝❛♥ ❜❡ ❝❤♦s❡♥✱

✇❤❡r❡ ❛❧❧ ♣r❡❞❡❝❡ss♦rs ✇❡r❡ ❛❧r❡❛❞② s❝❤❡❞✉❧❡❞✳ ❚❤❡ ❝♦sts ❛r❡ ❞❡t❡r♠✐♥❡❞ ❢♦r ✐♠♣❧❡✲

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

t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ❢♦r ✐♥t❡r♣r♦❝❡ss♦r ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡

t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❝♦❞❡ ♠❡♠♦r② ✉t✐❧✐③❛t✐♦♥ ❛♥❞ t❤❡ ♣r♦❝❡ss♦r✬s t✐♠❡ s❧♦ts ✉t✐❧✐③❛t✐♦♥✳

❚❤❡ t❛s❦ ✐s ❛ss✐❣♥❡❞ t♦ t❤❡ ♣r♦❝❡ss♦r ✇✐t❤ t❤❡ ♠✐♥✐♠❛❧ ❝♦st✳ ❆❧s♦✱ t❤❡ ❝♦♠♠✉♥✐✲

❝❛t✐♦♥ ✐s s❝❤❡❞✉❧❡❞ ✇✐t❤ t❤❡ ♠✐♥✐♠❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞❛t❛

♠❡♠♦r② ✐s ❛ss✐❣♥❡❞ ❢♦r t❤❡ ❞❛t❛ ♦❢ t❤❡ t❛s❦ ✐❢ t❤❡ ♠❡♠♦r② ❤❛s ❡♥♦✉❣❤ ❝❛♣❛❝✐t②✳ ■❢

t❤❡r❡ ✐s ♥♦t ❡♥♦✉❣❤ ❝❛♣❛❝✐t② ✐♥ t❤❡ ♠❡♠♦r②✱ t❤❡ ♠❛♣♣✐♥❣ ❞❡❝✐s✐♦♥ ✐s r❡✈❡rt❡❞ ❛♥❞

❛♥♦t❤❡r t❛s❦ ✐s ❝❤♦s❡♥ ✐♥ st❡♣ ♦♥❡✳ ❚❤❡✐r ❛♣♣r♦❛❝❤ ✐s ❝♦♠♣❛r❡❞ t♦ ❛ ❣r❡❡❞② ♥♦♥✲

♠❡♠♦r②✲❛✇❛r❡ s❝❤❡❞✉❧✐♥❣ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ❛❧s♦ ❝❤♦♦s❡s t❤❡ t❛s❦s ❢r♦♠ t❤❡ ❝r✐t✐❝❛❧

♣❛t❤✳ ❚❤❡ ♠❡♠♦r②✲❛✇❛r❡ ❛♣♣r♦❛❝❤ ❛❧✇❛②s ♦✉t♣❡r❢♦r♠❡❞ t❤❡ ❣r❡❡❞② ❛❧❣♦r✐t❤♠ ✐♥

t❡r♠s ♦❢ r✉♥t✐♠❡ ❛♥❞ ♠❡♠♦r② ✉t✐❧✐③❛t✐♦♥✳ ❆❧s♦✱ t❤❡ ❣r❡❡❞② ❛❧❣♦r✐t❤♠ ✇❛s ♦❢t❡♥ ♥♦t

❛❜❧❡ t♦ ✜♥❞ s❝❤❡❞✉❧❡s ✇❤❡♥ t❤❡ ♠❡♠♦r② s✐③❡ ✇❛s ❞❡❝r❡❛s❡❞✳ ❚❤❡ s♦❧✉t✐♦♥ ❝❛♥ ❜❡

✉s❡❞ ❜② ❞❡s✐❣♥❡rs ❢♦r s②♥t❤❡s✐s✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥

❬✽✽❪✳

❚❤❡ ❛✉t❤♦rs ✐♥ ❬✾✵❪ ♣r❡s❡♥t ❛ ♣❛rt✐❛❧ t❛s❦ ❛ss✐❣♥♠❡♥t ✭P❆❚✮ t❡❝❤♥✐q✉❡✱ ✇❤✐❝❤ ✐s ❛

❤❡✉r✐st✐❝✳ ◆❡✇ ❝♦♥str❛✐♥ts ❛r❡ ❛❞❞❡❞✱ ✇❤✐❝❤ ❧✐♠✐t t❤❡ ♣♦ss✐❜❧❡ ♠❛♣♣✐♥❣ ♦❢ t❛s❦s✳ ❆❧❧

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

♠❡t❤♦❞ ✐s t♦ r❡❞✉❝❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ t❛s❦ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣✳ ❚❤❡ s②s✲



✷✳✹✳ ❘❡❧❛t❡❞ ❲♦r❦ ✹✸

t❡♠ ❛r❝❤✐t❡❝t✉r❡✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ s②♥t❤❡s✐s ♣r♦❜❧❡♠ ✐s ♠♦❞❡❧❡❞ ✇✐t❤ ❝♦♥str❛✐♥t

❧♦❣✐❝ ♣r♦❣r❛♠♠✐♥❣ ❛s ✐♥ ❬✽✽❪✱❬✽✾❪✳ ❚❤❡ ✐♥♣✉t ✐s ❛♥ ❛❝②❝❧✐❝ t❛s❦ ❣r❛♣❤ ✇✐t❤ ❡st✐♠❛t❡s

♦❢ t❤❡ t❛s❦✬s ❡①❡❝✉t✐♦♥ t✐♠❡ ❛♥❞ ❝♦❞❡ ❛♥❞ ❞❛t❛ r❡q✉✐r❡♠❡♥ts✳ ❚❤❡ P❆❚ ❛❧❣♦r✐t❤♠

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

■t tr✐❡s t♦ ✉t✐❧✐③❡ t❤❡ r❡s♦✉r❝❡s ❛s t✐♠❡ ❛♥❞ ♠❡♠♦r② ❡✈❡♥❧②✳ ❚❤❡ ❞❡❝✐s✐♦♥s ❛r❡ ♠❛❞❡

❜❛s❡❞ ♦♥ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❢✉t✉r❡ ✉s❛❣❡ ♦❢ r❡s♦✉r❝❡s✳ ❚❤❡ ♥❡①t t❛s❦ t❤❛t ❤❛s t♦ ❜❡

s❝❤❡❞✉❧❡❞ ❡✐t❤❡r ✐♥❝r❡❛s❡s t❤❡ ❝r✐t✐❝❛❧ ♣❛t❤ ❧❡♥❣t❤ ♦r t❤❡ ❞❛t❛ ♠❡♠♦r② ✉s❛❣❡✳ ❚❤❡

❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❝♦♠♣❛r❡ P❆❚ t♦ ❛ s✐♠♣❧❡ ▼❆❚❆❙ ❛❧❣♦r✐t❤♠✳ ▼❆❚❆❙ ❤❛s ♥♦

♣❛rt✐❛❧ ❛ss✐❣♥♠❡♥t ❝♦♥str❛✐♥ts ❛s t❤❡ P❆❚ ❛❧❣♦r✐t❤♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✐s ♥♦ ❝♦♠✲

♣❧❡①✐t② r❡❞✉❝t✐♦♥ ❛♥❞ t❤❡ ❢✉❧❧ ♦♣t✐♠✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧ ❝❛♥♥♦t ❜❡ ✉t✐❧✐③❡❞ ❝♦♠♣❛r❡❞ t♦

❛ ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠ ❛s P❆❚✳ ❇✉t✱ t❤❡ s❛♠❡ ♠❡tr✐❝s ❛s ✐♥ P❆❚ ❛r❡ ✉s❡❞ ❢♦r ♠❛❦✐♥❣

❝❧✉st❡r✐♥❣ ❞❡❝✐s✐♦♥s✳ ❚❤❡ P❆❚ ❛❧❣♦r✐t❤♠ ❛❧✇❛②s ❣❛✈❡ ❜❡tt❡r r❡s✉❧ts t❤❛♥ ▼❆❚❆❙✳

❬✾✶❪ ✉s❡ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ t♦ ✜♥❞ t❛s❦ ♠❛♣♣✐♥❣✱ ♣✐♣❡❧✐♥❡❞ s❝❤❡❞✉❧✲

✐♥❣✱ ❛♥❞ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♣❛rt✐t✐♦♥✐♥❣ ❢♦r ▼P❙♦❈✳ ❍❡r❡✱ ❡❛❝❤ ♣r♦❝❡ss♦r ❤❛s ✐ts

♦✇♥ ❧♦❝❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ❜✉t ❛❧s♦ ❤❛s ❛❝❝❡ss t♦ ♦t❤❡r s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s

✭r❡♠♦t❡ s❝r❛t❝❤♣❛❞s✮✳ ■♥ t❤✐s ❝❛s❡✱ ♣❛rt✐t✐♦♥✐♥❣ ❞❡✜♥❡s t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ♠❡♠♦r②

♦❜❥❡❝ts t♦ t❤❡ ❧♦❝❛❧ ❛♥❞ t❤❡ r❡♠♦t❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳ ❉✉r✐♥❣ t❤❡ s❝r❛t❝❤♣❛❞

♣❛rt✐t✐♦♥✐♥❣✱ ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts ❢♦r ❡❛❝❤ t❛s❦ ❛r❡ ❝❛❧❝✉❧❛t❡❞✳ ■❢ ❛ t❛s❦ r❡q✉✐r❡s

♠♦r❡ ❧♦❝❛❧ ♠❡♠♦r②✱ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ♦❢ ♦t❤❡r ♣r♦❝❡ss♦rs ❛r❡ ♣❛rt✐t✐♦♥❡❞ ❛♥❞

✉s❡❞✳ ❍❡r❡✱ ♦♥❧② st❛t✐❝ ❞❛t❛ ❛❧❧♦❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡ ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠ ✐s

❤♦♠♦❣❡♥❡♦✉s ✇❤❡r❡ ❛❧❧ ♠❡♠♦r② s✐③❡s ♦❢ t❤❡ ❧♦❝❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛r❡ ❡q✉❛❧✳

❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤✐♥ t❤❡ t❛s❦ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣

✇❛s ❛❜❧❡ t♦ ✐♠♣r♦✈❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❜② ✷✪ ✉♣ t♦ ✽✵✪ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❜❡♥❝❤♠❛r❦✳

❬✾✷❪ ♣r❡s❡♥t ❛ ♠❡♠♦r②✲❛✇❛r❡ ❛♣♣❧✐❝❛t✐♦♥ ♠❛♣♣✐♥❣ ❢♦r ❝♦❛rs❡✲❣r❛✐♥❡❞ r❡❝♦♥✜❣✲

✉r❛❜❧❡ ❛rr❛② ✭❈●❘❆✮ ❛r❝❤✐t❡❝t✉r❡s✳ ❈●❘❆s ❝♦♥s✐st ♦❢ ❛♥ ❛rr❛② ♦❢ ♣r♦❝❡ss✐♥❣ ❡❧✲

❡♠❡♥ts ✭P❊s✮✳ ❚❤❡ ❣♦❛❧ ✐s t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♦♣❡r❛t✐♦♥s ✭✐✳❡✳ ❧♦♦♣ ❦❡r♥❡❧s✮ t♦ t❤❡

♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts ❛♥❞ ♦❢ ❛rr❛② ❞❛t❛ t♦ ❧♦❝❛❧ ♠❡♠♦r②✳ ❆ ❤❡✉r✐st✐❝ ❝♦♥s✐❞❡rs s❡✈✲

❡r❛❧ ♠❡♠♦r② ❝❤❛r❛❝t❡r✐st✐❝s ❛s ♥✉♠❜❡r ♦❢ ❜❛♥❦s✱ ❧♦❝❛❧ ♠❡♠♦r② s✐③❡ ❛♥❞ ❝♦♠♠✉♥✐❝❛✲

t✐♦♥ ❜❛♥❞✇✐❞t❤ ❜❡t✇❡❡♥ ❧♦❝❛❧ ❛♥❞ s②st❡♠ ♠❡♠♦r✐❡s✳ ❆rr❛②s ❝❛♥ ❜❡ s❤❛r❡❞ ❜❡t✇❡❡♥

♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts ❛♥❞ ❛❧s♦ ❜❡ ❞✉♣❧✐❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t ❜❛♥❦s ♦❢ ❛ ♠❡♠♦r②✳

❈♦♥tr❛r② t♦ ❬✽✽❪✱❬✽✾❪✱❬✾✵❪✱ ❬✾✷❪ ❛♥❞ ❬✾✶❪✱ t❤✐s t❤❡s✐s ❞♦❡s ♥♦t ♣❡r❢♦r♠ s②st❡♠

s②♥t❤❡s✐s ♥♦r s❝r❛t❝❤♣❛❞ ♣❛rt✐t✐♦♥✐♥❣✳ ❈♦♠♣❛r❡❞ t♦ t❤❡s❡ ❛♣♣r♦❛❝❤❡s✱ t❤✐s t❤❡✲

s✐s ❝♦♥s✐❞❡rs t❤❡ ❡♥t✐r❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ✇✐t❤ s❡✈❡r❛❧ ❧❡✈❡❧s ❛♥❞ ❞✐✛❡r❡♥t ♠❡♠♦r②

t②♣❡s ❛♥❞ s✐③❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❛✉t♦♠❛t✐❝ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❛♥❞ ♠✉❧t✐♦❜❥❡❝✲

t✐✈❡ ♠❡♠♦r②✲❛✇❛r❡ ♦♣t✐♠✐③❛t✐♦♥ ❛r❡ ❛❧s♦ ❛♥ ✐♥t❡❣r❛❧ ♣❛rt ♦❢ ♦✉r ✇♦r❦✳





❈❤❛♣t❡r ✸

▼◆❊▼❊❊

❈♦♥t❡♥ts
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✸✳✷✳✷ ❉❉❚❘ ❚♦♦❧ ✭■❈❈❙✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✷✳✸ P❛r❛❧❧❡❧✐③❛t✐♦♥ ❚♦♦❧ ✭■❈❉✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✷✳✹ ▼P▼❍ ✭■▼❊❈✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✷✳✺ ❉▼▼❘ ✭■❈❈❙✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✷✳✻ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✭❚❯❊ ✴ ■▼❊❈ ✴ ■❈❉ ✫ ❚❯

❉♦rt♠✉♥❞✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸✳✷✳✼ ▼❛♣♣✐♥❣ ❚♦♦❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸✳✷✳✽ ❘❚▲■❇✴❘❚❊▼❙ ✭■▼❊❈✴■❈❉✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✸✳✷✳✾ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧ ✭■❈❉✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✸✳✸ ❆❝❤✐❡✈❡❞ ❘❡s✉❧ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

▼♦❞❡r♥ ❡♠❜❡❞❞❡❞ s②st❡♠s ❤❛✈❡ t♦ ❢✉❧✜❧❧ ♠♦r❡ ❛♥❞ ♠♦r❡ r❡q✉✐r❡♠❡♥ts✳ ●❡♥❡r❛❧❧②✱

t❤❡✐r ❢♦❝✉s ❧✐❡s ♦♥ ♠✉❧t✐♠❡❞✐❛ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♣♣❧✐❝❛t✐♦♥s ✭❡✳❣✳ ❲✐❋✐✱ ❍❉✲

❱✐❞❡♦✱ ❝♦❞✐♥❣✱ ❡t❝✳✮✳ ❚❤❡s❡ ❦✐♥❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ♣❡r❢♦r♠ ❛ ❤✉❣❡ ❛♠♦✉♥t ♦❢ ❝♦♠♣✉✲

t❛t✐♦♥ ❛♥❞ ❞❛t❛ tr❛♥s❢❡rs✱ ❛♥❞ t❤❡② ✉s✉❛❧❧② ❛❧s♦ ❤❛✈❡ t♦ ♠❡❡t r❡❛❧ t✐♠❡ ❝♦♥str❛✐♥ts✳

◆♦✇❛❞❛②s✱ ▼P❙♦❈s ❛r❡ t❤❡ ♠♦st s✉✐t❛❜❧❡ ♣❧❛t❢♦r♠s ❢♦r t❤❡s❡ ❦✐♥❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s

❜❡❝❛✉s❡ t❤❡② ♣r♦✈✐❞❡ ❢❛st ❝♦♠♣✉t❛t✐♦♥ ❛♥❞ ❛ ❝♦♠♣❧❡① ♠❡♠♦r② ❤✐❡r❛r❝❤② ❢♦r t❤❡

❞❛t❛ tr❛♥s❢❡rs ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡ ❞❡s✐❣♥❡rs ❤❛✈❡ t♦ ✜♥❞ ❛♥ ❡✣❝✐❡♥t ♠❛♣♣✐♥❣

♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦♥t♦ t❤❡ ❧✐♠✐t❡❞ r❡s♦✉r❝❡s ♦❢ t❤❡ s②st❡♠✱ ✐✳❡✳ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠✲

♦r✐❡s✳ ❋♦r t❤✐s t❛s❦✱ s❡✈❡r❛❧ st❡♣s ❤❛✈❡ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❞❡s✐❣♥❡r✳ ❋✐rst✱ t❤❡

s❡q✉❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❤❛s t♦ ❜❡ ♣❛r❛❧❧❡❧✐③❡❞ ✐♥t♦ s❡✈❡r❛❧ t❛s❦s t❤❛t ❝❛♥ ❜❡ ♠❛♣♣❡❞ t♦

t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ st❛t✐❝ ❛♥❞ ❞②♥❛♠✐❝ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts

❤❛✈❡ t♦ ❜❡ ❡✣❝✐❡♥t❧② ❛❧❧♦❝❛t❡❞ t♦ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❚❤❡ ❤✉❣❡ ❞❡s✐❣♥ s♣❛❝❡

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

❝♦♥s✉♠♣t✐♦♥✱ r✉♥t✐♠❡ ❛♥❞ ♠❡♠♦r② ❢♦♦t♣r✐♥t✳ ❉✉❡ t♦ t❤❡ s❤♦rt t✐♠❡✲t♦✲♠❛r❦❡t✱ t❤❡

❞❡s✐❣♥❡r r❡q✉✐r❡s ❛♥ ❛✉t♦♠❛t❡❞ t♦♦❧ ✢♦✇✱ ✇❤✐❝❤ ❤❡❧♣s t❤❡ ❞❡s✐❣♥❡r t♦ ♦♣t✐♠✐③❡ t❤❡

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



✹✻ ❈❤❛♣t❡r ✸✳ ▼◆❊▼❊❊

❋✐❣✉r❡ ✸✳✶✿ ❚❤❡ ▼◆❊▼❊❊ ❚♦♦❧✢♦✇

❚❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t ❬✶✷✱ ✶✸❪ ❛❞❞r❡ss❡s ❛❧❧ t❤❡s❡ ❝❤❛❧❧❡♥❣❡s ❛♥❞ ✐♥tr♦❞✉❝❡s

❛♥ ❛✉t♦♠❛t❡❞ t♦♦❧ ✢♦✇ ✇❤✐❝❤ ♣❡r❢♦r♠s s♦✉r❝❡✲t♦✲s♦✉r❝❡ ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤ ❛❧❧ r❡✲

q✉✐r❡❞ st❡♣s ❢r♦♠ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✉♣ t♦

t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤❡ ❝♦❞❡ ❛♥❞ ❞❛t❛ t♦ t❤❡ ▼P❙♦❈ ♣❧❛t❢♦r♠ ✐♥❝❧✉❞✐♥❣ st❛t❡✲♦❢✲t❤❡✲❛rt

♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞♦❧♦❣✐❡s✳ ❚❤❡ ❢♦❝✉s ❧✐❡s ♦♥ t❤❡ ❡✣❝✐❡♥t ✉t✐❧✐③❛t✐♦♥ ♦❢ ❞❛t❛ ♠❡♠✲

♦r② ♦❜❥❡❝ts t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② s✐♥❝❡ t❤❡ ♠❡♠♦r②

s✉❜s②st❡♠ ✐s ✉s✉❛❧❧② ♥❡❣❧❡❝t❡❞ ✐♥ t❤❡ ❞❡s✐❣♥ ✢♦✇✳ ❍♦✇❡✈❡r✱ t❤❡ ❡✣❝✐❡♥t ✉t✐❧✐③❛t✐♦♥ ♦❢

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

♦❢ t❤❡ s②st❡♠ ❛♥❞ ❤❛s t♦ ❜❡ ♦♣t✐♠❛❧❧② ❡①♣❧♦✐t❡❞✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤❡ ▼◆❊▼❊❊

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

❞❡s✐❣♥ t✐♠❡ ♦❢ t❤❡ s②st❡♠✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡s✐❣♥❡r✬s ✉♥❞❡r❧②✐♥❣ s②st❡♠ ❛♥❞ ✐ts

r❡q✉✐r❡♠❡♥ts✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✉s❡ ❡✐t❤❡r t❤❡ ❝♦♠♣❧❡t❡ ▼◆❊▼❊❊

t♦♦❧ ✢♦✇ ♦r ❛ ♣❛rt ♦❢ ✐t✳

❚❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t st❛rt❡❞ ❏❛♥✉❛r② ✷✵✵✽ ✇✐t❤ ❛ ❞✉r❛t✐♦♥ ♦❢ ✸✻ ♠♦♥t❤s ❛♥❞

✇❛s ❢✉♥❞❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❝♦♠♠✉♥✐t② ❚❤❡ ♣❛rt♥❡rs ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s ♣r♦❥❡❝t ❤❛✈❡



✸✳✷✳ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ✹✼

❛❧❧ ❞✐✛❡r❡♥t ❛r❡❛s ♦❢ ❡①♣❡rt✐s❡✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡❞ ♣❡r❢❡❝t❧② t♦ t❤❡ ▼◆❊▼❊❊ t♦♦❧

✢♦✇✳ ❊①❝❡♣t ❢♦r t❤❡ ✐♥❞✉str✐❛❧ ♣❛rt♥❡rs✱ ❛❧❧ ♣❛rt♥❡rs ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ st❛♥❞✲❛❧♦♥❡

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

▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳

❚❤❡ ♣❛rt♥❡rs ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t ❛r❡✿

• ■♥t❡r✉♥✐✈❡rs✐t② ▼✐❝r♦✲❊❧❡❝tr♦♥✐❝s ❈❡♥t❡r ✭■▼❊❈✱ ▲❡✉✈❡♥✱ ❇❡❧❣✐✉♠✮ ✲ ❘❡s❡❛r❝❤

❈❡♥t❡r

• ■♥st✐t✉t❡ ♦❢ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❈♦♠♣✉t❡r ❙②st❡♠s ✭■❈❈❙✱ ❆t❤❡♥s✱ ●r❡❡❝❡✮

• ■♥❢♦r♠❛t✐❦ ❈❡♥tr✉♠ ❉♦rt♠✉♥❞ ❡✳❱✳ ✭■❈❉✱ ❉♦rt♠✉♥❞✱ ●❡r♠❛♥②✮

• ❯♥✐✈❡rs✐t❡✐t ❊✐♥❞❤♦✈❡♥ ✭❚❯❊✱ ❊✐♥❞❤♦✈❡♥✱ ◆❡t❤❡r❧❛♥❞s✮

• ■♥tr❛❝♦♠ ❙✳❆✳ ❚❡❧❡❝♦♠ ❙♦❧✉t✐♦♥s ✭■❈❖▼✱ P❡❛♥✐❛✱ ●r❡❡❝❡✮

• ❚❤❛❧❡s ❈♦♠♠✉♥✐❝❛t✐♦♥s ✭❚❈❋✱ ❈♦❧♦♠❜❡s✱ ❋r❛♥❝❡✮

✸✳✷ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇

❚❤✐s s❡❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ❝♦♠♣❧❡t❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛♥❞ ❛❧❧ t♦♦❧s t❤❛t ❛r❡ ✐♥t❡✲

❣r❛t❡❞ ✐♥ t❤✐s t♦♦❧ ✢♦✇✳ ❆♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❝♦♠♣❧❡t❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ✐s ❣✐✈❡♥

✐♥ ❋✐❣✉r❡ ✸✳✶✳ ❚❤❡ ✉♥❞❡r❧②✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧ ✐s ❞❡s❝r✐❜❡❞ ✐♥

❙❡❝t✐♦♥ ✷✳✷✳ ❚❤❡ ✐♥♣✉t ♦❢ t❤❡ t♦♦❧ ✢♦✇ ✐s s❡q✉❡♥t✐❛❧ s♦✉r❝❡ ❝♦❞❡ ✐♥ ❈✳ ❚❤❡ ♦✉t♣✉t ✐s

♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ ♦♣t✐♠✐③❡❞ s♦✉r❝❡ ❝♦❞❡ ❢♦r t❤❡ t❛r❣❡t ▼P❙♦❈ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ♦♣✲

t✐♠✐③❛t✐♦♥s ❛r❡ ♠❛✐♥❧② ❢♦❝✉s❡❞ ♦♥ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠✳ ❆❧❧ t♦♦❧s ❛✉t♦♠❛t✐❝❛❧❧②

❣❡♥❡r❛t❡ ❛❧❧ r❡q✉✐r❡❞ ♦♣t✐♠✐③❛t✐♦♥s✳ ❚❤❡ ❞❡s✐❣♥❡r ❤❛s t❤❡ ♦♣t✐♦♥ t♦ s❡t ❞✐✛❡r❡♥t

s❡tt✐♥❣s ❢♦r t❤❡ ✐♥❞✐✈✐❞✉❛❧ t♦♦❧s ✐❢ r❡q✉✐r❡❞✳

✸✳✷✳✶ ❚❤❡ ▼❆❈❈✈✷ ❋r❛♠❡✇♦r❦

❚❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ✐s ❛ s②st❡♠ ♠♦❞❡❧✐♥❣ ❛♣♣r♦❛❝❤ ❢♦r s♦✉r❝❡✲❧❡✈❡❧ ❛♥❞ ♠❡♠♦r②✲

❛✇❛r❡ ♦♣t✐♠✐③❛t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t ❢♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s ❬✶✹❪✳ ■♥ t❤❡ ▼◆❊▼❊❊

t♦♦❧ ✢♦✇ ✐t ✐♥t❡❣r❛t❡s ❛❧❧ t♦♦❧s ✐♥t♦ ♦♥❡ s✐♥❣❧❡ t♦♦❧ ✢♦✇✳ ❚❤❡ ❞❡s✐❣♥❡r ❝❛♥ ✉s❡ ❛

t❡♠♣❧❛t❡ ❢♦r ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❛♥❛❧②s✐s t♦♦❧ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❛♥ ✐♥t❡r❢❛❝❡ ❢♦r t❤❡

❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ♦t❤❡r t♦♦❧s ✐♥ t❤❡ t♦♦❧ ✢♦✇✳ ❚❤r♦✉❣❤ t❤✐s ✐♥t❡r❢❛❝❡✱ ✐t ✐s ♣♦ss✐✲

❜❧❡ t❤❛t ♦♥❡ t♦♦❧ ✐s ♣r♦✈✐❞✐♥❣ ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ❞❡❝✐s✐♦♥ ❛♥❞ ❛♥♦t❤❡r t♦♦❧ ✐s ✐♠♣❧❡✲

♠❡♥t✐♥❣ ✐t✳ ❲✐t❤✐♥ ▼❆❈❈✈✷✱ ❛♥ ♦r❞❡r❡❞ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✴❛♥❛❧②s✐s

st❡♣s ❝❛♥ ❜❡ s♣❡❝✐✜❡❞✳ ❆❧❧ t♦♦❧s ❝❛♥ ❜❡ ❝♦♥✜❣✉r❡❞ ❛♥❞ ❝♦♥tr♦❧❧❡❞ ❜② t♦♦❧ s❡tt✐♥❣s✳

❋✉rt❤❡r♠♦r❡✱ ❛ ❝♦♠♠♦♥ ♣❧❛t❢♦r♠ ♠♦❞❡❧ ✐s ♣r♦✈✐❞❡❞ ✇❤✐❝❤ ❛❧s♦ ♠♦❞❡❧s t❤❡ ♠❡♠✲

♦r② ❤✐❡r❛r❝❤② ✐♥ str✉❝t✉r❛❧❧② ❛♥❞ s❡♠❛♥t✐❝❛❧❧② ❛❝❝❡ss✐❜❧❡ ✇❛②✳ ❍❡r❡✱ ♦♣t✐♠✐③❛t✐♦♥

❞❡s✐❣♥❡r ❛r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❞❛t❛❜❛s❡✲❧✐❦❡ ✐♥t❡r❢❛❝❡ t♦ t❤❡ s②st❡♠ ♠♦❞❡❧✳ ■♥ ❛❞❞✐✲

t✐♦♥✱ ❛❧❧ r❡q✉✐r❡❞ ❛r❝❤✐t❡❝t✉r❡ ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ s②st❡♠ ♠♦❞❡❧✳



✹✽ ❈❤❛♣t❡r ✸✳ ▼◆❊▼❊❊

❋✐❣✉r❡ ✸✳✷✿ ❚❤❡ ❘♦✉t✐♥❣ ▼♦❞❡❧ ✇✐t❤✐♥ ▼❆❈❈✈✷ ❬✶✹❪

❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡s❝r✐♣t✐♦♥ ♠♦❞❡❧ ✐s ❛ s❝❛❧❛❜❧❡ ❛♥❞ str✉❝t✉r❛❧ Pr♦❝❡ss♦r✲▼❡♠♦r②✲

❙✇✐t❝❤✲❧❡✈❡❧ ✭P▼❙✮ s②st❡♠ ♠♦❞❡❧✳ ❋✉rt❤❡r♠♦r❡✱ ✐♥t❡r❢❛❝❡s t♦ ❜❛❝❦❡♥❞ t♦♦❧s ❝❛♥ ❜❡

♣r♦✈✐❞❡❞ t♦ t❤❡ ❞❡s✐❣♥❡r ✭✐✳❡✳ ❝♦♠♣✐❧❡rs✱ ❧✐♥❦❡rs✱ s✐♠✉❧❛t♦rs✮✳ ▼❆❈❈✈✷ ❛❧s♦ ❤❛s

❛ ✉♥✐❢♦r♠ ❛♣♣❧✐❝❛t✐♦♥ r❡♣r❡s❡♥t❛t✐♦♥✳ ❚❤❡ ❝♦❞❡ ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛♥ ■❈❉✲❈ ❜❛s❡❞

❛❜str❛❝t s②♥t❛① tr❡❡✳ ❲✐t❤ t❤❡ ■❈❉✲❈ ❝♦❞❡ r❡♣r❡s❡♥t❛t✐♦♥✱ t❤❡ ♣r♦❣r❛♠ ❝♦❞❡ ❝❛♥ ❜❡

❛tt❛❝❤❡❞ t♦ ♣r♦❝❡ss✐♥❣ ✉♥✐ts✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡ ✐s ✐♥t❡❣r❛t❡❞ ✐♥t♦ t❤❡

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

❢♦r s②st❡♠ ♠♦❞❡❧✐♥❣✳

❚❤❡ ♣r✐♠❛r② ❣♦❛❧ ♦❢ ▼❆❈❈✈✷ ✐s t♦ ❡♥❛❜❧❡ r❛♣✐❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ s♦✉r❝❡✲❧❡✈❡❧ ❛r✲

❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤❡ ❣✐✈❡♥ ❛r❝❤✐t❡❝t✉r❛❧ ♣r♦♣❡rt✐❡s

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

t❛❣❡ ✐s t❤❡ ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠✳ ❚❤r♦✉❣❤ t❤❡

q✉❡r②✲❜❛s❡❞ ✐♥t❡r❢❛❝❡ ♦❢ t❤❡ s②st❡♠ ♠♦❞❡❧✱ ▼❆❈❈✈✷ ✐s ❛❜❧❡ t♦ ♣r♦✈✐❞❡ ✐♠♠❡❞✐❛t❡

r❡s✉❧ts ✇✐t❤♦✉t t❤❡ r❡q✉✐r❡♠❡♥t ♦❢ ❛ t✐♠❡✲❝♦♥s✉♠✐♥❣ s✐♠✉❧❛t✐♦♥ ✭❋✐❣✉r❡ ✸✳✷✮✳ ■t ❤❛s

❜❡❡♥ s❤♦✇♥ t❤❛t t❤❡ ♣r♦✈✐❞❡❞ ♠❡t❤♦❞ ❢♦r ❛❝❝❡ss✐♥❣ t❤❡ s②st❡♠ ❛♥❞ t❤❡ ♠❡♠♦r② ❤✐✲

❡r❛r❝❤② ♣r♦✈✐❞❡s t❤❡ s❛♠❡ q✉❛❧✐t② r❡s✉❧ts ❛s ❛ s✐♠✉❧❛t✐♦♥ ❜❛s❡❞ ❛♣♣r♦❛❝❤ ✐♥ ♠♦❞❡❧❡❞

▼P❆❘▼ ❙♦❈ ❬✶✹❪✳

✸✳✷✳✷ ❉❉❚❘ ❚♦♦❧ ✭■❈❈❙✮

❚❤❡ ❉②♥❛♠✐❝ ❉❛t❛ ❚②♣❡ ❘❡✜♥❡♠❡♥t ❚♦♦❧ ✭❉❉❚❘✮ ♦♣t✐♠✐③❡s ❞②♥❛♠✐❝ ❞❛t❛ str✉❝✲

t✉r❡s ✐♥ t❤❡ s♦✉r❝❡ ❝♦❞❡ ❬✾✸❪✳ ❉②♥❛♠✐❝ ❞❛t❛ str✉❝t✉r❡s ✐♥❝❧✉❞❡ ❞②♥❛♠✐❝ ❛rr❛②s✱

❧✐♥❦❡❞ ❧✐sts ❛♥❞ tr❡❡s✳ ❋♦r t❤✐s✱ ❛❧❧ ❞②♥❛♠✐❝ ❞❛t❛ t②♣❡s ✭❉❉❚s✮ ❛r❡ ♣r♦✜❧❡❞ ✐♥ ♦r❞❡r

t♦ ♦❜t❛✐♥ t❤❡✐r ❛❝❝❡ss ♣❛tt❡r♥s ❛♥❞ t❤❡✐r ❛❧❧♦❝❛t✐♦♥ ❜❡❤❛✈✐♦r✳ ❇❛s❡❞ ♦♥ t❤✐s ❛❝❝❡ss

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

❤❡❧♣ ♦❢ ❝♦♠♣♦♥❡♥ts ❢r♦♠ t❤❡ ❉❉❚s ❧✐❜r❛r②✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ✐s t♦ ✐♥❝r❡❛s❡ t❤❡ ♣❡r❢♦r✲



✸✳✷✳ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ✹✾

♠❛♥❝❡ ❛♥❞ ❧✐♠✐t t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥✳ ❆s ❛♥ ❡①❛♠♣❧❡ ❢♦r t❤❡ r❡str✉❝t✉r✐♥❣ ❛♥❞

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

s❡q✉❡♥t✐❛❧❧②✳ ▲❡t ✉s ❛ss✉♠❡ t❤❛t t❤❡ ❧❛st ✐t❡♠s ♦❢ t❤✐s ❧✐st ❛r❡ ❛❝❝❡ss❡❞ ❢r❡q✉❡♥t❧②✳ ❆

r❡str✉❝t✉r✐♥❣ ♦❢ t❤✐s ❞❛t❛ str✉❝t✉r❡ ❝❛♥ ❛❞❞ ❛♥ ❡①tr❛ ♣♦✐♥t❡r t♦ t❤❡ ❡♥❞ ♦❢ ❧✐st ❛♥❞

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

❡✛❡❝ts ♦♥ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✳ ❚❤✉s✱ t❤✐s t♦♦❧ ✐s ❡①❡❝✉t❡❞ ❜❡❢♦r❡

t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧✳

✸✳✷✳✸ P❛r❛❧❧❡❧✐③❛t✐♦♥ ❚♦♦❧ ✭■❈❉✮

❚❤❡ P❛r❛❧❧❡❧✐③❛t✐♦♥ ❚♦♦❧ ❬✾✹❪ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ■❈❉ ✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t

❛♥❞ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✸ ❚❤❡ ✐♥♣✉t ♦❢ t❤✐s t♦♦❧ ✐s t❤❡ ♠♦❞✐✜❡❞ s♦✉r❝❡ ❝♦❞❡ t❤❛t

✐s ♣❛ss❡❞ ❢r♦♠ t❤❡ ❉❉❚❘ t♦♦❧✳ ❋♦r t❤❡ ❛✉t♦♠❛t✐❝ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱

t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s r❡♠♦❞❡❧❡❞ ❛s ❛ ❤✐❡r❛r❝❤✐❝❛❧ t❛s❦ ❣r❛♣❤✳ ❖♥ ❡✈❡r② ❧❡✈❡❧ ♦❢ t❤❡

t❛s❦ ❣r❛♣❤✱ ❛♥ ■▲P ❛♣♣r♦❛❝❤ s❡❛r❝❤❡s ❢♦r ♣♦ss✐❜❧❡ ♣❛r❛❧❧❡❧✐s♠ ❛♥❞ ❞❡❝✐❞❡s ✐❢ ♥❡✇

t❛s❦s ❛r❡ ❡①tr❛❝t❡❞ ♦♥ t❤✐s ❧❡✈❡❧ ♦r ✐❢ ❡❛r❧✐❡r ❡①tr❛❝t❡❞ t❛s❦s ♦♥ ❛♥♦t❤❡r ❧❡✈❡❧ ✐♥ t❤❡

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

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

t❛s❦s ♦♥ s❡✈❡r❛❧ ♣r♦❝❡ss♦rs ♦❢ t❤❡ s②st❡♠ ❛♥❞ t❤❡r❡❜② s♣❡❡❞ ✉♣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡

❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧ ❝❛♥ ❡①tr❛❝t ❢✉♥❝t✐♦♥❛❧ ♣❛r❛❧❧❡❧✐s♠ ❛s ✇❡❧❧ ❛s

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

❡①tr❛❝t❡❞ ♣❛r❛❧❧❡❧ t❛s❦s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❛✈❛✐❧❛❜❧❡ ♣r♦❝❡ss♦rs ✐♥ t❤❡ s②st❡♠✳ ■t ✐s

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

❛t ❞✐✛❡r❡♥t ♣♦✐♥ts ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ✐♥ ❡❛❝❤ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✱ s❡✈❡r❛❧ t❛s❦s ❝❛♥

❜❡ ❡①❡❝✉t❡❞ ❝♦♥❝✉rr❡♥t❧②✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❛♥♥♦t❛t❡❞ ✐♥ t❤❡ s♦✉r❝❡ ❝♦❞❡✱ ❛♥❞ ❛

♣❛r❛❧❧❡❧✐③❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❣❡♥❡r❛t❡❞✳ ❚❤✐s s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛♥ ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥

t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ▼P▼❍ t♦♦❧✳ ■t s♣❡❝✐✜❡s ❛❧❧ ♣❛r❛❧❧❡❧

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

t❤❡ ❝❤♦s❡♥ ❝♦❞❡ s❡❣♠❡♥ts✳

✸✳✷✳✹ ▼P▼❍ ✭■▼❊❈✮

❚❤❡ ▼P▼❍ t♦♦❧ ❜② ■▼❊❈ ♣❡r❢♦r♠s t✇♦ ❞✐✛❡r❡♥t st❡♣s ✐♥ t❤❡ t♦♦❧ ✢♦✇ ❬✾✺❪✳ ❚❤❡

✜rst st❡♣ ✐s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡①tr❛❝t❡❞ ♣❛r❛❧❧❡❧✐s♠ ❜② tr❛♥s❢♦r♠✐♥❣ t❤❡

s♦✉r❝❡ ❝♦❞❡✳ ❚❤❡ s❡❝♦♥❞ st❡♣ ✐s t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ st❛t✐❝ ❛rr❛② ❞❛t❛ ❜② ❣❡♥❡r❛t✐♥❣

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

♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ♦❢ t❤❡ s②st❡♠✳ ❚❤✐s t♦♦❧ ♦♥❧② ❛❧❧♦✇s ❈✲❈♦❞❡

✇✐t❤ s✐♥❣❧❡✲❛ss✐❣♥♠❡♥t ♣♦✐♥t❡rs✳ ❆s ✐♥♣✉t✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❞✐r❡❝t✐✈❡s✱ ✇❤✐❝❤ ✇❡r❡

s♣❡❝✐✜❡❞ ❜② t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧✱ ❛r❡ r❡q✉✐r❡❞✳ ❖t❤❡r✇✐s❡✱ ✐❢ t❤❡ ❞❡s✐❣♥❡r ✇✐s❤❡s

t♦ ❡①tr❛❝t t❤❡ ♣❛r❛❧❧❡❧✐s♠ ♠❛♥✉❛❧❧②✱ ❛ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ❤❛s t♦ ❜❡ ♣r♦✈✐❞❡❞

❛s ✇❡❧❧✳ ❇❛s❡❞ ♦♥ t❤✐s s♣❡❝✐✜❝❛t✐♦♥✱ ▼P▼❍ ❛✉t♦♠❛t✐❝❛❧❧② ❡①tr❛❝ts ♣❛r❛❧❧❡❧ s♦✉r❝❡

❝♦❞❡ ❜② ❛❞❞✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❛♥❞ ❋■❋❖ q✉❡✉❡s✱ ✐❢ r❡q✉✐r❡❞✳ ❚❤❡

t♦♦❧ ❣❡♥❡r❛t❡s ❝♦rr❡❝t✲❜②✲❝♦♥str✉❝t✐♦♥ ♣❛r❛❧❧❡❧ ❝♦❞❡✳ ■♥ t❤❡ ♥❡①t st❡♣✱ t❤❡ ▼P▼❍

❚♦♦❧ ♦♣t✐♠✐③❡s t❤❡ ❛❝❝❡ss t♦ st❛t✐❝ ❛rr❛②s✳ ❆♥ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ♦♥ ❛rr❛② ❞❛t❛



✺✵ ❈❤❛♣t❡r ✸✳ ▼◆❊▼❊❊

Sequential Platform
description

Code
optimization

Exec-time
estimation

Dependency
analysis

Hierarchical

extraction

Parallelization
Tool

ATOMIUM
tools

ILP-based
parallelization

Augmented Parallel
speci�cation

❋✐❣✉r❡ ✸✳✸✿ ❚❤❡ P❛r❛❧❧❡❧✐③❛t✐♦♥ ❚♦♦❧ ❬✾✹❪

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

❛rr❛② ❞❛t❛ ❝♦♣✐❡s s❤♦✉❧❞ ❜❡ ❡①tr❛❝t❡❞ ❛♥❞ ♠❛♣♣❡❞ t♦ ❝❡rt❛✐♥ ❧❡✈❡❧s ✐♥ t❤❡ ♠❡♠♦r②

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

♦✉t♣✉t ♦❢ t❤❡ t♦♦❧ ✐s t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥❝❤r♦♥✐③❡❞ s♦✉r❝❡ ❝♦❞❡ ❛❞❞❡❞ ✇✐t❤ t❤❡

❞❛t❛ ❝♦♣✐❡s ♦❢ t❤❡ ❛rr❛②s✳ ❚❤❡ s♦✉r❝❡ ❝♦❞❡ ❛❧s♦ ❝♦♥t❛✐♥s ❛❧❧ r❡q✉✐r❡❞ ❜❧♦❝❦ tr❛♥s❢❡rs

t❤❛t ♥❡❡❞ t♦ ❜❡ ♣❡r❢♦r♠❡❞ t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s✳ ■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ t❤❡

❞❛t❛ ❝♦♣✐❡s ❛r❡ ❡①tr❛❝t❡❞ ❜② t❤❡ ▼P▼❍ t♦♦❧✱ ❜✉t t❤❡ ♠❛♣♣✐♥❣ t♦ t❤❡ ♠❡♠♦r✐❡s ✐s

♣❡r❢♦r♠❡❞ ❜② t❤❡ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧ ✇❤✐❝❤ ♦❜t❛✐♥s ❤✐♥ts ❢r♦♠ t❤❡

▼P▼❍ ❚♦♦❧ ❢♦r t❤❡ ♠❡♠♦r② ♠❛♣♣✐♥❣✳ ❚❤❡ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧ ✐s

❞❡s❝r✐❜❡❞ ❧❛t❡r ✐♥ t❤✐s s❡❝t✐♦♥✳

✸✳✷✳✺ ❉▼▼❘ ✭■❈❈❙✮

❆❢t❡r t❤❡ ❡①tr❛❝t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ t❤❡ ❉▼▼❘ ❚♦♦❧

❜② ■❈❈❙ ❡①tr❛❝ts ❛ ♠❛♣♣✐♥❣ ♦❢ ❞②♥❛♠✐❝ ❞❛t❛ str✉❝t✉r❡s t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r②

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

❚❤❡ ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ❞❡❛❧❧♦❝❛t✐♦♥ t✐♠❡❧✐♥❡ ❢♦r ❛❧❧ ❞②♥❛♠✐❝ ♦❜❥❡❝ts ✐s ❡①tr❛❝t❡❞✳ ❚❤✐s

t✐♠❡❧✐♥❡ ✐s ❛♥❛❧②③❡❞✱ ❛♥❞ t❤❡ ♠♦st ❢r❡q✉❡♥t❧② ❛❝❝❡ss❡❞ ❞②♥❛♠✐❝ ♦❜❥❡❝ts ❛r❡ ✐❞❡♥t✐✜❡❞✳



✸✳✷✳ ❚❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ✺✶

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

❜❡ ♣❧❛❝❡❞ ❛t ❛ ❤✐❣❤❡r ❧❡✈❡❧ ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ❛♥❞ ✇❤✐❝❤ ❛t ❛ ❧♦✇❡r ❧❡✈❡❧✳

❚❤❡s❡ ❞❡❝✐s✐♦♥s ❛r❡ ♣❛ss❡❞ ❛s ❤✐♥ts t♦ t❤❡ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧✱ ✇❤✐❝❤

✜♥❛❧✐③❡s t❤❡ ♠❛♣♣✐♥❣ ♦❢ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ♠❡♠♦r✐❡s✳

✸✳✷✳✻ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✭❚❯❊ ✴ ■▼❊❈ ✴ ■❈❉ ✫ ❚❯
❉♦rt♠✉♥❞✮

❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✇❛s ❞❡s✐❣♥❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ t❤❡ ❤❡❧♣

♦❢ s❡✈❡r❛❧ ▼◆❊▼❊❊ ♣❛rt♥❡rs✱ ✐✳❡✳ ❚❯❊✱ ■▼❊❈ ❛♥❞ ■❈❉ ✐♥ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤ ❚❯

❉♦rt♠✉♥❞✳ ■t ✐s ❛♥ ✐♠♣♦rt❛♥t ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ❛♥❞ s✉❜✲

s❡q✉❡♥t t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❇♦t❤ ❝❧❛ss ♦❢ t♦♦❧s ✇♦r❦ ♦♥

❞✐✛❡r❡♥t ✐♥t❡r♥❛❧ ♠♦❞❡❧s ❛♥❞ ❞✐✛❡r❡♥t ✐♥❢♦r♠❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛✲

t✐♦♥ t♦♦❧ ✇♦r❦s ♦♥ ❤✐❡r❛r❝❤✐❝❛❧ t❤r❡❛❞ ❣r❛♣❤s ✇❤✐❧❡ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s r❡q✉✐r❡ ❛ ✢❛t

t❤r❡❛❞ ❣r❛♣❤ ❛♥♥♦t❛t❡❞ ✇✐t❤ ❝❡rt❛✐♥ ✐♥❢♦r♠❛t✐♦♥ ❢♦r t❤❡✐r ♦♣t✐♠✐③❛t✐♦♥s✳ ❋♦r t❤✐s

r❡❛s♦♥✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❛✉t♦♠❛t✐❝❛❧❧② ❡①tr❛❝ts ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤

✇✐t❤ ❛❧❧ ❞❡♣❡♥❞❡♥❝✐❡s ❛♥❞ ❛❧❧ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥

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

❝♦♥s✉♠✐♥❣ ♠❛♥✉❛❧ ❡①tr❛❝t✐♦♥ ✐s ❛✈♦✐❞❡❞✳ ■♥ ❛ ✜rst st❡♣✱ t❤❡ t♦♦❧ ❛♥♥♦t❛t❡s ♠❛r❦❡rs

t♦ ❡❛❝❤ ❜❛s✐❝ ❜❧♦❝❦ ❛♥❞ ❡①tr❛❝ts ❛ ♣r♦✜❧✐♥❣ ✜❧❡✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s t❤❡ ♦r❞❡r ♦❢ ❡①❡❝✉t❡❞

❜❛s✐❝ ❜❧♦❝❦s✱ t❤r❡❛❞ ❝r❡❛t✐♦♥s ❛♥❞ ❥♦✐♥s✱ ❛s ✇❡❧❧ ❛s ❋■❋❖ r❡❛❞s ❛♥❞ ✇r✐t❡s✳ ❇❛s❡❞ ♦♥

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

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

✇❡❧❧ ❛s ❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♠❡♠♦r② ♦❜❥❡❝ts ✭✐✳❡✳ ♥✉♠❜❡r ♦❢ r❡❛❞s✴✇r✐t❡s✱ s✐③❡✱ ♥✉♠❜❡r

♦❢ ❡①❡❝✉t✐♦♥s✱ ❡t❝✳✮ ❢♦r ❡❛❝❤ t❤r❡❛❞ ✐s ❡①tr❛❝t❡❞ ❛♥❞ ❛♥♥♦t❛t❡❞ t♦ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳

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

st❡♣ ♦❢ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❚❤❡ t❤r❡❛❞ ❣r❛♣❤ ✐s ❣❡♥❡r❛t❡❞ ✐♥ ❛ ✇❛② ✇❤✐❝❤

s❛t✐s✜❡s t❤❡ ✐♥♣✉t r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❙❝❡♥❛r✐♦✲❆✇❛r❡ ❛♥❞ ▼❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

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

✐✳❡✳ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ s❝❡♥❛r✐♦✲❛✇❛r❡ ❣r❛♣❤ ❝❛♥ ❛❧s♦ ❜❡ ❡①tr❛❝t❡❞ ❛s ✇❡❧❧ ❛s

❛❧❧ ♠❡♠♦r② ♦❜❥❡❝t ✐♥❢♦r♠❛t✐♦♥ ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧✳ ❚❤✐s ♣r❡✈❡♥ts

❞♦✉❜❧❡ ♣r♦✜❧✐♥❣ ✇♦r❦ ❢♦r t❤❡ s❛♠❡ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥✳ ▼♦r❡ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥

♦♥ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✐s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✹✳ P❧❡❛s❡ ♥♦t❡ t❤❛t t❤❡ t♦♦❧

✐s ♥♦t ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ✐♥ ❋✐❣✉r❡ ✸✳✶✳ ❲✐t❤✐♥ t❤❡ ▼❆❈❈✈✷

❢r❛♠❡✇♦r❦✱ ✐t ✐s ❝♦♥✜❣✉r❡❞ ❛s ❛ ♠❛♥❞❛t♦r② ♣r❡❝❡❞❡♥t st❡♣✱ ✇❤✐❝❤ ❤❛s t♦ ❜❡ ❡①❡❝✉t❡❞

❜❡❢♦r❡ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✳

✸✳✷✳✼ ▼❛♣♣✐♥❣ ❚♦♦❧s

❚❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ❛r❡ ♠❛♣♣✐♥❣ ♣❛r❛❧❧❡❧✐③❡❞ t❤r❡❛❞s ♦♥t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♣r♦❝❡ss♦rs ✐♥

t❤❡ ▼P❙♦❈ s②st❡♠✳ ❚❤❡ ❞❡s✐❣♥❡r ❤❛s t❤❡ ❝❤♦✐❝❡ ❜❡t✇❡❡♥ t✇♦ ❛❧t❡r♥❛t✐✈❡ t❡❝❤♥✐q✉❡s

✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ ✇❤✐❝❤ ❛r❡ ❞❡s❝r✐❜❡❞ ♥❡①t✳ ❚❤❡ ❙❝❡♥❛r✐♦✲❆✇❛r❡✲▼❛♣♣✐♥❣

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

s♦✉r❝❡s✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧ ❤❛s t❤❡ ❢♦❝✉s ♦♥ t❤❡



✺✷ ❈❤❛♣t❡r ✸✳ ▼◆❊▼❊❊

♠❡♠♦r② s✉❜s②st❡♠ ✇✐t❤ t❤❡ ❣♦❛❧ t♦ ✜♥❞ ❛♥ ♦♣t✐♠❛❧ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ ♣r♦✲

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

❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠✳

✸✳✷✳✼✳✶ ❙❝❡♥❛r✐♦✲❆✇❛r❡✲▼❛♣♣✐♥❣ ❚♦♦❧ ✭❚❯❊✮

❚❤❡ ❙❝❡♥❛r✐♦✲❆✇❛r❡✲▼❛♣♣✐♥❣ ❚♦♦❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❚❯❊ ❬✾✻❪✳ ■t ✇❛s ❡①t❡♥❞❡❞ ✐♥

t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✳ ❚❤✐s ♠❛♣♣✐♥❣ t♦♦❧ ❝♦♥s✐❞❡rs t❤❡ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡

❛♣♣❧✐❝❛t✐♦♥ t❤❛t ❝❛♥ ♦❝❝✉r ❛t ❞✐✛❡r❡♥t ♣♦✐♥ts ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡s❡ ❞✐✛❡r❡♥t ❞②✲

♥❛♠✐❝ ♣♦✐♥ts ❛r❡ ❝❛❧❧❡❞ s❝❡♥❛r✐♦s✳ ❆ s❝❡♥❛r✐♦ ✐s st❛t✐❝✱ ✐✳❡✳ ♣r❡❞✐❝t❛❜❧❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡

❛♥❞ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts✳ ❋♦r t❤❡ ✐♥♣✉t ♦❢ t❤❡ t♦♦❧✱ ❛ s❡t ♦❢ s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇

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

■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ❣r❛♣❤s ❝❛♥ ❜❡ ❡❛s✐❧② ❣❡♥❡r❛t❡❞

❢r♦♠ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ t❤❛t ✇❛s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧

❊①tr❛❝t✐♦♥ ❚♦♦❧ ❢♦r t❤✐s ♣✉r♣♦s❡✳ ❍❡r❡✱ ❡❛❝❤ ❣r❛♣❤ r❡♣r❡s❡♥ts ❛ s❝❡♥❛r✐♦✳ ❚❤❡ ❣♦❛❧

✐s t♦ ✜♥❞ ❛♥ ❡✣❝✐❡♥t r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ❢♦r ❡❛❝❤ s❝❡♥❛r✐♦ ✇❤✐❧❡ ♠❛✐♥t❛✐♥✐♥❣ t✐♠✐♥❣

❣✉❛r❛♥t❡❡s ✇❤❡♥ s✇✐t❝❤✐♥❣ ❜❡t✇❡❡♥ s❝❡♥❛r✐♦s✳ ❚❤❡ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ✐♥❝❧✉❞❡s t❤❡

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

♦✉t♣✉t ♦❢ t❤❡ t♦♦❧ ❛r❡ s❡✈❡r❛❧ tr❛❞❡✲♦✛s ❢♦r t❤❡ ❛♠♦✉♥t ♦❢ r❡s♦✉r❝❡s ❢♦r ♣r♦❝❡ss✐♥❣✱

♠❡♠♦r✐❡s ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ t❤❡ ♠❛♣♣✐♥❣✱ ✇❤✐❝❤

♠✐♥✐♠✐③❡s t❤❡ ♠❡♠♦r② ✉s❛❣❡✱ ✐s s❡❧❡❝t❡❞ ❛♥❞ ♣❛ss❡❞ t♦ t❤❡ s✉❜s❡q✉❡♥t t♦♦❧s t❤❛t

✐♠♣❧❡♠❡♥t t❤✐s ♠❛♣♣✐♥❣✳ ❆s ❛ st❛♥❞❛❧♦♥❡ t♦♦❧✱ ✐t ❝❛♥ ✉s❡ ❛ r✉♥✲t✐♠❡ ♠❡❝❤❛♥✐s♠

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

❝❛s❡s✳ ❍♦✇❡✈❡r✱ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ r✉♥✲t✐♠❡ ❧✐❜r❛r② ❢♦r t❤✐s ♣✉r♣♦s❡ ✇❛s ♥♦t

✐♠♣❧❡♠❡♥t❡❞ s✐♥❝❡ ✐t ✇❛s ♥♦t ❛ ❣♦❛❧ ✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✳

✸✳✷✳✼✳✷ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ✭■❈❉ ✴ ❚❯ ❉♦rt✲

♠✉♥❞✮

❚❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ♣r♦✈✐❞❡s ❛ ♠❛♣♣✐♥❣✱ ✇❤✐❝❤ ♠✐♥✐✲

♠✐③❡s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r✉♥t✐♠❡ ✇❤✐❧❡ ✐♥❝❧✉❞✐♥❣ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ✐♥

t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡ss✳ ❆s ✐♥♣✉t✱ ❛ ✢❛t t❛s❦ ❣r❛♣❤ ❡①tr❛❝t❡❞ ❢r♦♠ ♣❛r❛❧❧❡❧✐③❡❞

❝♦❞❡ ✐s r❡q✉✐r❡❞ ❛♥❞ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❤❛r❞✇❛r❡ ✭❡✳❣✳ ♠❡♠♦r② s♣❡❡❞✮ ❛♥❞

❛♣♣❧✐❝❛t✐♦♥ s♦❢t✇❛r❡ ✭❡✳❣✳ t❤r❡❛❞ ❡①❡❝✉t✐♦♥ t✐♠❡ ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♠❡♠♦r② r❡✲

q✉✐r❡♠❡♥ts ♦❢ t❤r❡❛❞s✮✳ ❆❧❧ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ t❛s❦ ❣r❛♣❤ ♦❢ t❤❡

❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❆♥ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✇✐t❤ t❤❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡

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

t✐♠✐③❛t✐♦♥✳ ❆♥ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❝♦❞❡ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ♠❡♠♦r✐❡s ✐♥

t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ✐s ❛❧s♦ ♣❡r❢♦r♠❡❞ ✐♥ t❤✐s ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ t♦♦❧ ❛♥❛❧②s❡s t❤❡

t❛s❦✬s ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts ❛♥❞ ♠❛t❝❤❡s t❤❡♠ t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r② r❡s♦✉r❝❡s ✐♥

t❤❡ s②st❡♠ ✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♣r♦❝❡ss♦rs ✭✐✳❡✳ s♣❡❡❞✮ ❛s ✇❡❧❧

❛s t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♠❡♠♦r✐❡s ✭✐✳❡✳ s♣❡❡❞ ❛♥❞ ❧❡✈❡❧✮✳ ❚❤✐s ❦✐♥❞ ♦❢ ♦♣t✐♠✐③❛✲

t✐♦♥ ❝❛♥ ❜❡ ✈❡r② ❡✣❝✐❡♥t ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠ ✇✐t❤ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs

❛♥❞ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ♠❡♠♦r② s✉❜s②st❡♠✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ t❤❡



✸✳✸✳ ❆❝❤✐❡✈❡❞ ❘❡s✉❧ts ✺✸

t♦♦❧ ♣❛ss❡s t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ t❤❡ ♣r♦❝❡ss♦rs t♦ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ t♦♦❧

✢♦✇✳ ❚❤❡ ✜♥❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ♠❡♠♦r✐❡s ✐s ✜♥❛❧✐③❡❞

❜② t❤❡ ❙❝r❛t❝❤♣❛❞✲▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧✳ ❆s ❛ st❛♥❞❛❧♦♥❡ t♦♦❧✱ ✐t ✐s ❛❧s♦ ❛❜❧❡ t♦

♣r♦✈✐❞❡ t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r②

❤✐❡r❛r❝❤②✳ ▼♦r❡ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ▼❡♠♦r②✲❆✇❛r❡✲▼❛♣♣✐♥❣✲❖♣t✐♠✐③❛t✐♦♥

❚♦♦❧ ✐s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✻✳

✸✳✷✳✽ ❘❚▲■❇✴❘❚❊▼❙ ✭■▼❊❈✴■❈❉✮

❆ ❘✉♥✲❚✐♠❡ ▲✐❜r❛r② ✭❘❚▲■❇✮ ❆P■ ✐s ♣r♦✈✐❞❡❞ ❜② ■▼❊❈ ✐♥ ♦r❞❡r t♦ s♣❡❝✐❢② t❤❡

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

❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦♥ ❛ ♣❧❛t❢♦r♠ ❛♥ ❡♠❜❡❞❞❡❞ ♦♣✲

❡r❛t✐♥❣ s②st❡♠ ✐s r❡q✉✐r❡❞✳ ■♥ t❤❡ ▼◆❊▼❊❊✴▼❆❈❈✈✷ t♦♦❧ ✢♦✇✱ ❘❚❊▼❙ ✐s ✐♠♣❧❡✲

♠❡♥t❡❞ ❛s ♦♣❡r❛t✐♥❣ s②st❡♠ ❛♥❞ ❝♦♥♥❡❝t❡❞ t♦❣❡t❤❡r ✇✐t❤ ❘❚▲■❇✳ ❚❤❡ t❤r❡❛❞ ♠❛♣✲

♣✐♥❣ ❞❡❝✐s✐♦♥ ♦❢ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ✐s ✜♥❛❧✐③❡❞ ✐♥ t❤❡ s♦✉r❝❡ ❝♦❞❡ ❜② t❤✐s ❘❚▲■❇✴❘❚❊▼❙

st❡♣✳

✸✳✷✳✾ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❚♦♦❧ ✭■❈❉✮

❆❢t❡r t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ t❤❡ ♣r♦❝❡ss♦rs✱ t❤❡ ❙❝r❛t❝❤♣❛❞ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥

❚♦♦❧ ❞❡❝✐❞❡s ❛❜♦✉t t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ❞❛t❛ t♦ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t

♣r♦❝❡ss♦rs✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ❛❧❧♦❝❛t❡ ❢r❡q✉❡♥t❧② ❛❝❝❡ss❡❞ ❞❛t❛ ♦❜❥❡❝ts t♦ t❤❡ ❢❛st

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

t❤❡ s②st❡♠✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ❦♥❛♣s❛❝❦✲❜❛s❡❞ ❛♣♣r♦❛❝❤ t❤❛t ✐s

✐♠♣❧❡♠❡♥t❡❞ ❛s ❛♥ ■▲P✳ ❆s ❛ r❡s✉❧t✱ ❛ ♥♦♥✲♦✈❡r❧❛②✐♥❣ ❛❧❧♦❝❛t✐♦♥ ✐s ♣r❡s❡♥t❡❞✱ ✇❤✐❝❤

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

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

❛❧❧♦❝❛t✐♦♥ ❢♦r ❞❛t❛ ♦❜❥❡❝ts✳

✸✳✸ ❆❝❤✐❡✈❡❞ ❘❡s✉❧ts

❚❤❡ ✐♥❞✉str✐❛❧ ♣❛rt♥❡rs ❛♣♣❧✐❡❞ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ t♦ t❤❡✐r ❝❤♦s❡♥ ❛♣♣❧✐❝❛t✐♦♥

❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ t❤❡✐r ♦✇♥ ❛r❝❤✐t❡❝t✉r❡ ✐♥ t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ❞❛t❛❜❛s❡✳ ❚❤❡

t❛r❣❡t ♣❧❛t❢♦r♠ ❢♦r ❚❤❛❧❡s ✐s ❛ ❖▼❆P ▲✶✸✼ ❛r❝❤✐t❡❝t✉r❡ ❜② ❚❡①❛s ■♥str✉♠❡♥ts ✇❤✐❝❤

✐♥❝❧✉❞❡s ❛♥ ❆❘▼ ❛♥❞ ❛ ❉❙P ♣r♦❝❡ss♦r ❬✾✼❪✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ◆❆❚❖

st❛♥❞❛r❞ ❙❚❆◆❆● ✹✺✾✶ ✐♠♣❧❡♠❡♥t✐♥❣ ❡♥❤❛♥❝❡❞ ▼✐①❡❞ ❊①❝✐t❛t✐♦♥ ▲✐♥❡❛r Pr❡❞✐❝t✐✈❡

✭▼❊▲P✮ ❛❧❣♦r✐t❤♠✴✈♦❝♦❞❡r ❛t ✷✹✵✵✱ ✶✷✵✵ ❛♥❞ ✻✵✵ ❜✐t✴s❡❝✱ ✐✳❡✳ ❛ s♣❡❡❝❤ s✐❣♥❛❧✳

■♥tr❛❝♦♠ ❚❡❧❡❝♦♠ ✐♠♣❧❡♠❡♥t❡❞ t❤❡ ▼❙❈✽✶✹✹ ♣r♦❝❡ss♦r ❛s t❛r❣❡t ♣❧❛t❢♦r♠ ❬✾✽❪✳ ■t

✐♥❝❧✉❞❡s ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ ♠✉❧t✐❝♦r❡ ❉❙P ❢r♦♠ ❋r❡❡s❝❛❧❡ ❢♦r ✇✐r❡❧✐♥❡ ❛♥❞ ✇✐r❡❧❡ss

✭✐♥❢r❛str✉❝t✉r❡✮ ❛♣♣❧✐❝❛t✐♦♥s✳ ❊❛❝❤ ❝♦r❡ ❤❛s ❛ s♣❡❡❞ ❝❧♦❝❦ ♦❢ ✶●❍③✳ ❚❤✐s ❛r❝❤✐t❡❝t✉r❡

✐s ♦♣t✐♠✐③❡❞ ❢♦r ✈♦✐❝❡✱ ❢❛①✱ ✈✐❞❡♦ ❛♥❞ ❞❛t❛ ❝♦♠♣r❡ss✐♦♥ ♣r♦❝❡ss✐♥❣✳ ❆♥ ✐♥t❡r♥❛❧

◗❯■❈❈ ❊♥❣✐♥❡ ❞✉❛❧✲❘■❙❈ ♣❛❝❦❡t ♣r♦❝❡ss♦r s✉♣♣♦rts ♠✉❧t✐♣❧❡ ♥❡t✇♦r❦✐♥❣ ♣r♦t♦❝♦❧s✳

❚❤❡✐r ❛♣♣❧✐❝❛t✐♦♥ ✐s t❤❡ ▼♦❜✐❧❡ ❲✐▼❆❳ ■❊❊❊ ✽✵✷✳✶✻❡✱ ✇❤✐❝❤ ✐s ❛ ❜r♦❛❞❜❛♥❞ ✇✐r❡❧❡ss

s♦❧✉t✐♦♥✳ ❚❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t s❤♦✇❡❞ t❤❛t t❤❡ t♦♦❧ ✢♦✇ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ✐♥



✺✹ ❈❤❛♣t❡r ✸✳ ▼◆❊▼❊❊

✐♥❞✉str✐❛❧ ❞❡s✐❣♥ t♦♦❧ ✢♦✇s✳ ❚❤❡ ✐♥❞✉str✐❛❧ ♣❛rt♥❡rs ✇❡r❡ ❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛ r❡❞✉❝t✐♦♥

✐♥ ❞❡s✐❣♥ t✐♠❡ ❜② ✉♣ t♦ ✼✻✪ ❛♥❞ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ✉♣ t♦ ✺✷✪

❬✶✷✱ ✶✸❪✳ ❚❤❡ ✐♥❞✉str✐❛❧ ♣❛rt♥❡r ❚❤❛❧❡s ✭❚❈❋✮ ❛❝❤✐❡✈❡❞ ❛ r❡❞✉❝t✐♦♥ ✐♥ ♠❡♠♦r②

❢♦♦t♣r✐♥t ❜② ✸✵✪ ❛♥❞ ■♥tr❛❝♦♠ ✭■❈❖▼✮ ✇❛s ❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛ r❡❞✉❝t✐♦♥ ✐♥ ♠❡♠♦r②

❜❛♥❞✇✐❞t❤ ❜② ✶✼✪✳



❈❤❛♣t❡r ✹

❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❈♦♥t❡♥ts
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✹✳✺ ❙❛❢❡✲❆♥♥♦t❛t✐♦♥ ❛♥❞ ❙✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
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✹✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ❤❛s ✐♥❝r❡❛s❡❞ ✐♥ t❤❡ ♣❛st ②❡❛rs ❞✉❡ t♦ s✐❣✲

♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥ts ✐♥ ❤❛r❞✇❛r❡ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥s✉♠❡r ❞❡♠❛♥❞✳ ❆s ❛

❝♦♥s❡q✉❡♥❝❡✱ ❞❡s✐❣♥❡rs ❛r❡ ❝♦♥❢r♦♥t❡❞ ✇✐t❤ t✐♠❡✲t♦✲♠❛r❦❡t ❝♦♥str❛✐♥ts ❛♥❞ ❞❡♣❡♥❞

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

❝♦♠♣❧❡① ❞❡s✐❣♥ st❡♣s ♠❛♥✉❛❧❧②✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❞❡s✐❣♥ t♦♦❧s ✇♦r❦ ❛t ❞✐✛❡r❡♥t ❧❡✈❡❧s

♦❢ ❛❜str❛❝t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ♠❛♣♣✐♥❣ t♦♦❧s✱ ✇❤✐❝❤ ♠❛♣ ❛♣♣❧✐❝❛t✐♦♥ t❛s❦s t♦ t❤❡ ❞✐❢✲

❢❡r❡♥t ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts ♦❢ t❤❡ s②st❡♠✱ ✇♦r❦ ❛t ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❛❜str❛❝t✐♦♥✳ ❚❤❡②

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

str❛❝t✐♦♥✱ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ♦❢t❡♥ ❞❡s❝r✐❜❡❞ ❛s t❛s❦ ❣r❛♣❤s✳ ❚❛s❦ ❣r❛♣❤s

r❡♣r❡s❡♥t t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡② ❛r❡ ❣❡♥❡r❛❧❧② ✉s❡❞ ❢♦r t❤❡ ♦♣t✐♠✐③❛✲

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

♦❢ ❛❜str❛❝t✐♦♥ ✭❡✳❣✳ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ♦❢ ♣❛r❛❧❧❡❧ t❛s❦s✮✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡

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

♠✐♥❣ ❧❛♥❣✉❛❣❡✱ ✐✳❡✳ ❛s ❈ ❝♦❞❡✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ t❤❡ ♠❛❥♦r✐t② ♦❢ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s



✺✻ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❡①♣❡❝t ❛ t❛s❦ ❣r❛♣❤ ❛s ✐♥♣✉t✳ ❉❡s✐❣♥❡rs ✉s✉❛❧❧② ❤❛✈❡ t♦ ♠❛♥✉❛❧❧② tr❛♥s❢♦r♠ ❈ ❝♦❞❡

✐♥t♦ ❛ t❛s❦ ❣r❛♣❤✱ ✇❤✐❝❤ ✐s ❛ t✐♠❡✲❝♦♥s✉♠✐♥❣✱ ❝♦♠♣❧❡① ❛♥❞ ❡rr♦r✲♣r♦♥❡ ❥♦❜✳ ❉❡✲

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

❞❛②s✳ ❚❤✐s s❡❝t✐♦♥ ❢♦❝✉s❡s ♦♥ ❛✉t♦♠❛t✐♥❣ t❤❡ tr❛♥s❧❛t✐♦♥ ❢r♦♠ ❈ ❝♦❞❡ t♦ ❛ t❛s❦

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

t✐♠❡✳

■♥ t❤❡ ♦✈❡r❛❧❧ t♦♦❧ ✢♦✇ ♦❢ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✱ s❡✈❡r❛❧

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

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

t♦♦❧ ✇♦r❦s ✐♥t❡r♥❛❧❧② ✇✐t❤ ✐ts ♦✇♥ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧s✳ ▼♦r❡♦✈❡r✱ t❤❡ t♦♦❧s r❡q✉✐r❡

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

t♦ ♣❡r❢♦r♠ t❤❡ t♦♦❧s ♦♣t✐♠✐③❛t✐♦♥✱ ♣r♦❝❡ss ♣r♦♣❡r❧②✳ ❍♦✇❡✈❡r✱ ❝♦♠❜✐♥✐♥❣ ❞✐✛❡r❡♥t

❞❡s✐❣♥ t♦♦❧s ❧❡❛❞ t♦ t❤❡ ♣r♦❜❧❡♠ t❤❛t t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ✜rst t♦♦❧ ❞♦❡s ♥♦t ✉s✉❛❧❧②

♠❛t❝❤ t❤❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ s✉❝❝❡ss✐✈❡ t♦♦❧✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡

❧❡✈❡❧ ♦❢ ❛❜str❛❝t✐♦♥ ❢♦r t❤❡ ✈❛r✐♦✉s t♦♦❧s ❞✐✛❡rs✳

❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✇❛s s❡t ✉♣ ✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✳ ■t

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

t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ✐s ♣❛r❛❧❧❡❧✐③❡❞ ❝♦❞❡✱ ✇❤❡r❡ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦✲

♥✐③❛t✐♦♥ ❛r❡ s♣❡❝✐✜❡❞ t❤r♦✉❣❤ ❢✉♥❝t✐♦♥s ❛♥❞ ❛♥♥♦t❛t✐♦♥s t❤❛t ❛r❡ ❞❡✜♥❡❞ ✇✐t❤✐♥ t❤❡

s♦✉r❝❡ ❝♦❞❡✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ t❤❡ r❡q✉✐r❡❞ ✐♥♣✉t ♦❢ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ✐s ❛ ✢❛t t❛s❦

❣r❛♣❤✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s t❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ t❤r❡❛❞s ❣✐✈❡♥ ❜② t❤❡ ❝♦♥tr♦❧ ✢♦✇

❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✭✐✳❡✳ ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s ♦r s②♥❝❤r♦♥✐③❛t✐♦♥✮✳ ■♥t❡r♥❛❧❧②✱

t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ✇♦r❦ ❛❧s♦ ✇✐t❤ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❝♦♥tr♦❧ ✢♦✇ ❞❡♣❡♥❞❡♥✲

❝✐❡s ❛♥❞ ♦t❤❡r ♣r♦✜❧✐♥❣ ✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐t ✇❛s ♥♦t ♣❧❛♥♥❡❞ t♦ ❡①♣♦rt t❤✐s

✐♥❢♦r♠❛t✐♦♥ ❛s ❛♥ ♦✉t♣✉t ❢♦r ♦t❤❡r t♦♦❧s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❞✐✛❡r❡♥t t♦♦❧s ❞♦ ♥♦t ✇♦r❦

♦♥ t❤❡ s❛♠❡ ♠♦❞❡❧s✱ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❧❡✈❡❧ ♦❢ ❛❜str❛❝t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❤✐❧❡ t❤❡

♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ✇♦r❦ ✐♥t❡r♥❛❧❧② ♦♥ ❤✐❡r❛r❝❤✐❝❛❧ t❛s❦ ❣r❛♣❤s✱ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s

✇♦r❦ ✇✐t❤ ✢❛t t❛s❦ ❣r❛♣❤s✳ ❆ tr❛♥s❧❛t✐♦♥ ❢r♦♠ ❛ ❤✐❡r❛r❝❤✐❝❛❧ t❛s❦ ❣r❛♣❤ t♦ ❛ ✢❛t

t❛s❦ ❣r❛♣❤ ✐s ❛ ✈❡r② ❝♦♠♣❧❡① ❛♥❞ t✐♠❡✲❝♦♥s✉♠✐♥❣ st❡♣✱ ✇❤✐❝❤ ✇♦✉❧❞ ❛❧s♦ ✐♥✈♦❧✈❡

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

t♦♦❧s ✇♦r❦ ♦♥ ❝❡rt❛✐♥ ✐♥❢♦r♠❛t✐♦♥ ❡①tr❛❝t❡❞ ❜② ❛♥❛❧②s✐s ❛♥❞ ♣r♦✜❧✐♥❣✳ ❆❢t❡r t❤❡ ❡①✲

tr❛❝t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♣❛r❛❧❧❡❧✐s♠✱ ❛ ❞✐✛❡r❡♥t s❡t ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥

✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s✳ ❋♦r ❡①❛♠♣❧❡✱

t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ♠❡♠♦r② ♦❜❥❡❝t ✐♥❢♦r♠❛t✐♦♥ ✐s r❡q✉✐r❡❞✳ ❚❤❡r❡❢♦r❡✱ ❛ s❡♣❛r❛t❡ t♦♦❧

❤❛❞ t♦ ❜❡ ❞❡✈❡❧♦♣❡❞✱ ✇❤✐❝❤ ❡①tr❛❝ts ❛❧❧ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ❛♥ ❛✉t♦♠❛t❡❞ ✇❛②✳

✹✳✷ ❘❡❧❛t❡❞ ❲♦r❦

❋✐rst r❡s❡❛r❝❤ ♦♥ t❤❡ ❡①tr❛❝t✐♦♥ ♦♥ t❛s❦ ❣r❛♣❤s ✇❛s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ♣❛r❛❧❧❡❧ ❝♦♠✲

♣✉t✐♥❣ ❝♦♠♠✉♥✐t② ❢♦r ♠❛ss✐✈❡❧② ♣❛r❛❧❧❡❧ ♠❛❝❤✐♥❡s ❛s ✐♥ ❬✾✾✱ ✶✵✵✱ ✶✵✶❪✳ ❚❤❡ ❛✉t❤♦rs

♦❢ ❬✶✵✷❪ ♣r♦♣♦s❡❞ ❛♥ ❛♣♣r♦❛❝❤ ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠ s②♥t❤❡s✐s t♦♦❧s ❛♥❞ t❤❡ ❛✉t❤♦rs

♦❢ ❬✶✵✸❪ ❛♥ ❛♣♣r♦❛❝❤ ❢♦r ♠❛t❧❛❜ ❝♦❞❡✳

■♥ ❬✾✾❪✱ t❤❡ ❛✉t❤♦rs ❞❡✈❡❧♦♣❡❞ ❛ t♦♦❧ ❝❛❧❧❡❞ ❋❆❙❚ ✭❋✉♥❝t✐♦♥❛❧ ❆❧❣♦r✐t❤♠ ❙✐♠✉✲



✹✳✷✳ ❘❡❧❛t❡❞ ❲♦r❦ ✺✼

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

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

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

s❡q✉❡♥t✐❛❧✱ ✉s❡r✲❛♥♥♦t❛t❡❞ ♣❛r❛❧❧❡❧ ♣r♦❣r❛♠ ✇❤❡r❡ t❤❡ ✉s❡r ❛♥♥♦t❛t❡s t❤❡ ♣❛r❛❧❧❡❧ ❡①✲

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

✐♥❝❧✉❞✐♥❣ ♦♣❡r❛t✐♦♥s ❛♥❞ ❞❛t❛ tr❛♥s❢❡rs✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥ ✐s tr❛♥s❢♦r♠❡❞ t♦ ❛♥ ✐♥✲

t❡r♠❡❞✐❛t❡ ❧❛♥❣✉❛❣❡ ❢♦r♠❛t ✇✐t❤ ■❘✲♦♣❡r❛t✐♦♥s ❛♥❞ s❡♥❞✴r❡❝❡✐✈❡ ♣r✐♠✐t✐✈❡s✳ ❚❤❡

■❘✲♦♣❡r❛t✐♦♥s ❛r❡ t❤❡ ❜❛s✐❝ ❝♦♠♣✉t❛t✐♦♥❛❧ ❜❧♦❝❦s ✇❤✐❧❡ t❤❡ s❡♥❞✴r❡❝❡✐✈❡ ♣r✐♠✐t✐✈❡s

r❡♣r❡s❡♥t t❤❡ ❞❛t❛✲❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ t❤❡ ■❘✲♦♣❡r❛t✐♦♥s✳ ❋♦r ❡❛❝❤ ■❘✲♦♣❡r❛t✐♦♥✱

t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ✐s ♦❜t❛✐♥❡❞ ❜② ♠❛♥✉❛❧❧② ❝♦✉♥t✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛❝❤✐♥❡ ✐♥✲

str✉❝t✐♦♥s✳ ❆❢t❡r✇❛r❞s✱ ❛ ♣❛rs❡r tr❛♥s❢♦r♠s t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢♦r♠❛t ✐♥t♦ ❛ ✇❡✐❣❤t❡❞

t❛s❦ ❣r❛♣❤ ✐♥ ❛ ❞❛t❛✲✢♦✇ ♠❛♥♥❡r✳ ❊❞❣❡s r❡♣r❡s❡♥t r❡❝❡✐✈❡ ❛♥❞ s❡♥❞ ❞❛t❛ ♣r✐♠✐✲

t✐✈❡s ❛♥♥♦t❛t❡❞ ✇✐t❤ t❤❡ s✐③❡ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t❡❞ ❞❛t❛✳ ❚❤❡ ❜❛❝❦✲❡♥❞ ♠❛♣s t❤❡

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

✐❞❡❛❧✐③❡❞ ❛r❝❤✐t❡❝t✉r❡ ✇❤❡r❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥✉♠❜❡r

♦❢ t❛s❦s✳ ■♥ t❤❡ ♥❡①t st❡♣✱ ❛ ❝❧✉st❡r✐♥❣ ✐s ♣❡r❢♦r♠❡❞ ❜② ❛ ❤❡✉r✐st✐❝ ✇❤❡r❡ t❤❡ ❝♦♠✲

♠✉♥✐❝❛t✐♦♥ ♦✈❡r❤❡❛❞ ✐s ♠✐♥✐♠✐③❡❞ ✇✐t❤♦✉t s❛❝r✐✜❝✐♥❣ t❤❡ ♣❛r❛❧❧❡❧✐s♠✳ ■♥ t❤❡ ❧❛st

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

❤❡✉r✐st✐❝s t❤❛t ✉s❡ ❞✐✛❡r❡♥t ♠♦❞✐✜❝❛t✐♦♥s ♦❢ ♣r✐♦r✐t② ❧✐st s❝❤❡❞✉❧✐♥❣✳ ❋✉rt❤❡r♠♦r❡✱ ❛

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

❛ss✐❣♥s t❤❡ ❝❧✉st❡r ✇✐t❤ t❤❡ ❤✐❣❤❡st ❧♦❛❞ ♦r ♣r♦❝❡ss✐♥❣ t✐♠❡ t♦ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳

■♥ ❬✶✵✵❪✱ t❤❡ ❛✉t❤♦rs s✉❣❣❡st ❛ t❛s❦ ❣r❛♣❤ ❣❡♥❡r❛t♦r ❢♦r ♣❛r❛♠❡t❡r✐③❡❞ t❛s❦

❣r❛♣❤s✳ P❛r❛♠❡t❡r✐③❡❞ t❛s❦ ❣r❛♣❤s r❡♣r❡s❡♥t ✈❡r② ❧❛r❣❡ t❛s❦ ❣r❛♣❤s ✐♥ ❛ ❝♦♠♣❛❝t

✇❛② ❛♥❞ ❛r❡ ✇❡❧❧ s✉✐t❡❞ ❢♦r ❝♦❛rs❡✲❣r❛✐♥ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ ♣❛r❛♠❡t❡r✐③❡❞ t❛s❦ ❣r❛♣❤

❝♦♥t❛✐♥s ❛ s❡t ♦❢ s②♠❜♦❧✐❝ t❛s❦s✱ ✇❤✐❝❤ ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ❛ ♥❛♠❡ ❛♥❞ ❛♥ ✐t❡r❛t✐♦♥

✈❡❝t♦r✳ ■t ❛❧s♦ ❝♦♥t❛✐♥s ❛ s❡t ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ r✉❧❡s t❤❛t ❞❡s❝r✐❜❡ t❤❡ ❞❛t❛ t❤❛t ✐s

tr❛♥s❢❡rr❡❞ ❛♠♦♥❣ t❛s❦s✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ r✉❧❡s ♠♦❞❡❧ ❤♦✇ t❛s❦s s❡♥❞ ♦r r❡❝❡✐✈❡

❞❛t❛ ❛♥❞ t❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ t❛s❦s ♦❝❝✉rr✐♥❣ ❜② t❤✐s ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡

✐♥♣✉t ✐s ❛♥ ❛♥♥♦t❛t❡❞✱ s❡q✉❡♥t✐❛❧ ♣r♦❣r❛♠ ✇❤❡r❡ t❤❡ ❞❡s✐❣♥❡r ❤❛s ❛♥♥♦t❛t❡❞ t❛s❦

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

❛s ✇❡❧❧ ❛s ❞❡♣❡♥❞❡♥❝✐❡s ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧♦❛❞ ❜❡t✇❡❡♥ t❛s❦s✳ ❉❡♣❡♥❞❡♥❝❡ ❛♥❛❧✲

②s✐s ✐s ✉s❡❞ ✐♥ ♦r❞❡r t♦ ❞❡t❡❝t t❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ t❛s❦s✳ ❚❤❡ ❛✉t❤♦rs ❛ss✉♠❡

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

t♦♦❧✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ r✉❧❡s ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠

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

s❡♥t❡❞ ✐♥ ❛ ♣r♦❜❧❡♠ s✐③❡ ✐♥❞❡♣❡♥❞❡♥t ✇❛②✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❧♦❛❞ ✐s ❝♦♠♣✉t❡❞

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

st❛t❡♠❡♥t✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✈♦❧✉♠❡ ❢♦r ❛♥ ❡❞❣❡ ✐s s②♠❜♦❧✐❝❛❧❧② ❝♦♠♣✉t❡❞ ❜② t❤❡

s✉♠s ♦❢ ♣♦❧②♥♦♠✐❛❧s✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✶✵✶❪ ❡①tr❛❝t t❛s❦ ❣r❛♣❤s ❢♦r ❧❛r❣❡✲s❝❛❧❡ ♣❛r❛❧❧❡❧ ❛♣♣❧✐❝❛t✐♦♥s ♦♥

❧❛r❣❡ ♣❛r❛❧❧❡❧ s②st❡♠s✳ ❚❤❡② ❛r❡ ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛♥❛❧②t✐❝❛❧✱ s✐♠✉❧❛t✐♦♥ ❛♥❞

❤②❜r✐❞ ♠♦❞❡❧✳ ❚❤❡ ❝♦♥s✐❞❡r❡❞ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✐♥❝❧✉❞✐♥❣ ▼P■ ❞✐r❡❝t✐✈❡s✱ ✇❤✐❝❤ ❛r❡

❣✐✈❡♥ ❢r♦♠ ❛ ❍✐❣❤ P❡r❢♦r♠❛♥❝❡ ❋♦rtr❛♥ ♣r♦❣r❛♠✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ❣❡♥❡r❛t❡ ❛ st❛t✐❝✱

s②♠❜♦❧✐❝ t❛s❦ ❣r❛♣❤✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❛✉t❤♦rs ❛❧s♦ ♣r♦♣♦s❡ ❛♥ ❛♣♣r♦❛❝❤ t❤❛t ❞❡r✐✈❡s



✺✽ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

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

❢r♦♠ s②♠❜♦❧✐❝ ✐♥t❡❣❡r s❡ts✳ ❋♦r t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ st❛t✐❝ t❛s❦ ❣r❛♣❤✱ ❢♦✉r st❡♣s ❛r❡

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

❝♦♥tr♦❧✲✢♦✇ ♥♦❞❡s ❛r❡ ❣❡♥❡r❛t❡❞✳ ❆ ♥❡✇ t❛s❦ ♥♦❞❡ ✐s ❣❡♥❡r❛t❡❞ ❢♦r ❡❛❝❤ ■❋✴❚❍❊◆✱

P❘❖●❘❆▼✴❋❯◆❈❚■❖◆✴❙❯❇❘❖❯❚■◆❊✱❙❚❖P✴❘❊❚❯❘◆✱ ❛❧❧ ♦t❤❡r s✉❜s❡q✉❡♥t

st❛t❡♠❡♥ts ❛r❡ ❝♦♠♣r✐s❡❞ t♦ ♦♥❡ ♥♦❞❡✳ ■♥ t❤❡ s❡❝♦♥❞ st❡♣✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❛s❦s

❛r❡ ❣❡♥❡r❛t❡❞ ❢♦r ❡❛❝❤ ❧♦❣✐❝❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡✈❡♥t✳ ❚❤❡ ▼P■ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞✐✲

r❡❝t✐✈❡s ✭✐✳❡✳ ✇❛✐t✲r❡❝✈✱ ✇❛✐t✲s❡♥❞✱ ✐s❡♥❞✱ ✐r❡❝✈✮ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❛♥❞ t❤❡ t❛s❦ ❝❛♥

♦♥❧② ❝♦♥t✐♥✉❡ ✐ts ❡①❡❝✉t✐♦♥✱ ❛❢t❡r ✐t ❤❛s r❡❝❡✐✈❡❞ ✐ts ❞❛t❛✳ ❚❤❡ t❛s❦ s②♥❝❤r♦♥✐③❛t✐♦♥

❜❡t✇❡❡♥ ✐s ❛❧s♦ ❝❛♣t✉r❡❞ ✐♥ t❤✐s st❡♣✳ ❚❤❡ t❤✐r❞ st❡♣ ❣❡♥❡r❛t❡s s②♠❜♦❧✐❝ s❡ts ❛♥❞

s②♠❜♦❧✐❝ ♠❛♣♣✐♥❣s✱ ✇❤❡r❡ t❤❡ ❝♦♠♣✐❧❡r ❝♦♥str✉❝ts s②♠❜♦❧✐❝ s❝❛❧✐♥❣ ❢✉♥❝t✐♦♥s ❢♦r

❡❛❝❤ t❛s❦ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡✈❡♥t✳ ❚❤❡ s❝❛❧✐♥❣ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t❛s❦ ✐s ❣✐✈❡♥ ❜② t❤❡

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

❜② t❤❡ ♠❡ss❛❣❡ s✐③❡✳ ❋♦r ❧♦♦♣s ✭✐✳❡✳ ❉❖✲♥♦❞❡s✮✱ t❤❡ s❝❛❧✐♥❣ ❢✉♥❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡

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

r❡♣r❡s❡♥ts t❤❡ ♣r♦❝❡ss♦r ✐❞ ✈❛r✐❛❜❧❡s ❛♥❞ ♦t❤❡r s②♠❜♦❧✐❝ ♣r♦❣r❛♠ ✈❛r✐❛❜❧❡s✳ ❚❤❡ ❧❛st

st❡♣ ❡❧✐♠✐♥❛t❡s ❡①❝❡ss ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡s ❜❡t✇❡❡♥ t❛s❦s✳

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

♠❡r❣❡ ❛❞❥❛❝❡♥t ♥♦❞❡s✱ ✇❤✐❝❤ ❛r❡ ❝♦♥♥❡❝t❡❞ ❜② ❛ ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡ ❛♥❞ ✇❤✐❝❤ ❞♦ ♥♦t

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

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

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

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

st❛t✐❝ t❛s❦ ❣r❛♣❤ r❡♣r❡s❡♥ts ❛ s✐♥❣❧❡ ❡①❡❝✉t✐♦♥ ❢♦r ❛ ♣❛rt✐❝✉❧❛r ✐♥♣✉t✳ ❚❤❡ ❞②♥❛♠✐❝

t❛s❦ ❣r❛♣❤ ❤❛s ♥♦ ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡s✱ ✐s ❛❝②❝❧✐❝ ❛♥❞ ♦♥❧② r❡❣✉❧❛r✱ ♥♦♥✲❛❞❛♣t✐✈❡ ❝♦❞❡

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

r❡s✉❧ts✳ ❋♦r t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❞②♥❛♠✐❝ t❛s❦ ❣r❛♣❤ ❛❧❧ ❉♦✲♥♦❞❡s ❛r❡ ✉♥r♦❧❧❡❞ ❛♥❞

t❤❡ ❞②♥❛♠✐❝ ✐♥st❛♥❝❡s ♦❢ t❤❡ ❜r❛♥❝❤ ♥♦❞❡s ❛r❡ r❡s♦❧✈❡❞✳

❈♦♥tr❛r② t♦ ❬✾✾✱ ✶✵✵❪✱ t❤❡ ❛♥♥♦t❛t✐♦♥ ♦❢ t❤❡ ❞❡s✐❣♥❡r ❢♦r t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡

♣❛r❛❧❧❡❧✐s♠ ❛♥❞ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛r❡ ♥♦t ♥❡❝❡ss❛r② ✐♥ t❤✐s ✇♦r❦ ❛s t❤❡ ♣❛r❛❧❧❡❧✐③❛✲

t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ❛r❡ ❛❧r❡❛❞② ♣❡r❢♦r♠❡❞ ❜② ♦t❤❡r t♦♦❧s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧

✢♦✇✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s ✇♦r❦ ❞♦❡s ♥♦t t❛r❣❡t ♠❛ss✐✈❡ ♣❛r❛❧❧❡❧ s②st❡♠s ❛♥❞ t❤❡r❡❜②

❞✐✛❡r❡♥t ❦✐♥❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ✭❡✳❣✳ str❡❛♠✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s✮ ✐s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ t❛r✲

❣❡t ♦❢ t❤❡ ♣r❡s❡♥t❡❞ t❛s❦ ❣r❛♣❤ t♦♦❧ ✐s ❈ ❝♦❞❡ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ♦r ❤❡t❡r♦❣❡♥❡♦✉s

▼P❙♦❈ s②st❡♠s ✐♥ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ✜❡❧❞✳ ❆❧❧ st❡♣s ✇✐t❤✐♥ t❤✐s t♦♦❧ ❛r❡

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

✇❡ ❛❞❞✐t✐♦♥❛❧❧② ❡①tr❛❝t ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜✲

❥❡❝ts ❛♥❞ ❛ s❡♣❛r❛t❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❛❝❝❡ss

t✐♠❡s ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s✳ ❈♦♠❜✐♥✐♥❣ ❜♦t❤ ✐♥❢♦r♠❛t✐♦♥✱

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

❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ s✐♥❝❡ ❞❡❧❛②s ❞✉❡ t♦ ♠❡♠♦r② ❛❝❝❡ss❡s ❛r❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤✐s

♠♦❞❡❧✳ ❖✉r t♦♦❧ ✐s ❛❧s♦ ❛❜❧❡ t♦ ❡①tr❛❝t ❛ ❝♦♠♣❛❝t t❛s❦✴t❤r❡❛❞ ❣r❛♣❤✱ ✇❤✐❝❤ r❡✢❡❝ts

t❤❡ ❛✈❡r❛❣❡ t✐♠✐♥❣ ❢♦r ❧❛r❣❡ ❛♣♣❧✐❝❛t✐♦♥s✱ ♦r ❛ ❞❡t❛✐❧❡❞ t❛s❦✴t❤r❡❛❞ ❣r❛♣❤✱ ✇❤✐❝❤

r❡♣r❡s❡♥ts ❛ ♠♦r❡ ♣r❡❝✐s❡ t✐♠✐♥❣ s✐♥❝❡ ❛❧❧ ❧♦♦♣s✱ ❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✇✐t❤✐♥



✹✳✷✳ ❘❡❧❛t❡❞ ❲♦r❦ ✺✾

❧♦♦♣s ❛r❡ ✉♥r♦❧❧❡❞✳

■♥ ❬✶✵✷❪✱ t❤❡ ❛✉t❤♦rs ♣❡r❢♦r♠ ❛ t❛s❦ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠ s②♥✲

t❤❡s✐s t♦♦❧s✳ ❚❤❡s❡ t♦♦❧s ✉s✉❛❧❧② r❡q✉✐r❡ ❛ s②st❡♠ s♣❡❝✐✜❝❛t✐♦♥ ✐♥♣✉t t❤❛t ✐s ❣✐✈❡♥ ✐♥

t❤❡ ❢♦r♠ ♦❢ ❛ t❛s❦ ❣r❛♣❤✳ ■♥ t❤❡ ✜rst st❡♣✱ t❤❡✐r t❛s❦ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ t♦♦❧ ❣❡♥❡r❛t❡s

❛♥ ❛❜str❛❝t s❡❛r❝❤ tr❡❡ ✭❆❙❚✮✳ ❚❤❡ ❆❙❚ ✐s tr❛✈❡rs❡❞ ❛♥❞ s❡❛r❝❤❡❞ ❢♦r ❦❡②✇♦r❞s✳

❚❤❡s❡ ❦❡②✇♦r❞s r❡♣r❡s❡♥t ✈❛r✐❛❜❧❡ ❞❡♣❡♥❞❡♥❝❡ r❡❧❛t✐♦♥s❤✐♣s✱ ♣r♦❣r❛♠ ✢♦✇ ❛♥❞ ❝♦♥✲

tr♦❧ ✢♦✇✳ Pr♦❣r❛♠ ✢♦✇ ❦❡②✇♦r❞s tr❛❝❦ t❤❡ ❡♥❞ ♦❢ st❛t❡♠❡♥ts ❛♥❞ ❢✉♥❝t✐♦♥ ❝❛❧❧s✳

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

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

✐❞❡♥t✐✜❡rs ✭❢✉♥❝t✐♦♥s✴✈❛r✐❛❜❧❡s✮✳ ■♥ t❤❡ ♥❡①t st❡♣✱ ❞❡♣❡♥❞❡♥❝❡ ❣r❛♣❤s ❛r❡ ❞❡t❡r✲

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

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

♥♦❞❡ ✇❤❡r❡ ❛ ❧♦♦♣ ♦r ❝♦♥❞✐t✐♦♥❛❧ st❛rt ❛♥❞ ❡♥❞ ✐s ❝❛♣t✉r❡❞ ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❦❡②✲

✇♦r❞s✳ ▼♦r❡♦✈❡r✱ t❤❡ t♦♦❧ ❞❡t❡❝ts ❛ss✐❣♥♠❡♥t ❡✈❡♥ts ❛♥❞ ✈❛r✐❛❜❧❡ ✉s❡ ❛♥❞ t❤❡r❡❜②

❞❡t❡r♠✐♥❡s ❞❡♣❡♥❞❡♥❝❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♥♦❞❡s✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❣❡♥❡r❛t❡s ♥❡✇

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

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

r❡♣❧❛❝❡ t❤❡ ❢✉♥❝t✐♦♥ ❝❛❧❧ ♥♦❞❡s ✇✐t❤ t❤❡ ❛♣♣r♦♣r✐❛t❡ t❛s❦ ❣r❛♣❤s✳ ❙♦♠❡ ♣r♦✜❧✐♥❣

❞❛t❛ ✐s r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❝♦♠♣❧❡t❡ t❤❡ t❛s❦ ❣r❛♣❤✳ ❋♦r t❤✐s✱ t❤❡ s♦✉r❝❡ ❝♦❞❡ ✐s

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

s✐③❡ ♦❢ ❞❛t❛ t②♣❡s ❛♥❞ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ ❡❛❝❤ st❛t❡♠❡♥t ❛♥❞ ❢✉♥❝t✐♦♥ ❝❛❧❧✳ ❚❤❡

s✐③❡ ♦❢ t❤❡ ❞❛t❛ t②♣❡s ✐s r❡q✉✐r❡❞ t♦ ♦❜t❛✐♥ ❡❞❣❡ ✇❡✐❣❤ts✳ ❍❡r❡✱ ♣♦✐♥t❡r ✈❛r✐❛❜❧❡s ❣❡t

✉s❡r ❞❡✜♥❡❞ s✐③❡✱ s✐♥❝❡ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❣❡t t❤❡ ♣r♦♣❡r ♠❡♠♦r② s✐③❡✳ ❚❤❡ ❡①❡✲

❝✉t✐♦♥ t✐♠❡ ✐s ♦❜t❛✐♥❡❞ ❜② t❤❡ s②st❡♠ ❝❛❧❧ ❣❡tt✐♠❡♦❢❞❛②✭✮ ❚❤✐s s②st❡♠ ❝❛❧❧ ✐♥✈♦❧✈❡s

❛ s♠❛❧❧ ❛♠♦✉♥t ♦❢ ❡rr♦r✱ ❜✉t t❤❡ ❛✉t❤♦rs ❝❧❛✐♠ t❤❛t t❤✐s ✐s ❛♥ ✐♥s✐❣♥✐✜❝❛♥t ❛♠♦✉♥t

♦❢ t✐♠❡ ✭✷✺µs✮✳ ▼♦st ❞❡s✐❣♥❡rs ✇♦r❦ ♦♥ ✇♦rst✲❝❛s❡ ❡①❡❝✉t✐♦♥ t✐♠❡s ❛♥❞ t❤❡ ❛✉t❤♦rs

s✉❣❣❡st ❛❞❞✐♥❣ ❛ s❛❢❡t② ♠❛r❣✐♥ ♦❢ ✷✵✪ ♦♥ t❤❡ ❡①tr❛❝t❡❞ ❡①❡❝✉t✐♦♥ t✐♠❡ ✭✇❤✐❝❤ t❤❡②

❝❧❛✐♠ s❤♦✉❧❞ ❜❡ t❤❡ ❝♦♠♠♦♥ ♣r❛❝t✐❝❡ ❢♦r s②st❡♠ ❞❡s✐❣♥❡rs✮✳ ❋✐♥❛❧❧②✱ ❝♦♠❜✐♥✐♥❣ t❤❡

❞❡♣❡♥❞❡♥❝❡ ❣r❛♣❤ ❛♥❞ t❤❡ ❡❞❣❡ ✇❡✐❣❤ts ❧❡❛❞s t♦ t❤❡ ✜♥❛❧ t❛s❦ ❣r❛♣❤✳ ■♥ t❤❡ ❧❛st

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

✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ❞❡♣❡♥❞❡♥❝✐❡s ❛♠♦♥❣ ♥♦❞❡s ❝♦♥t❛✐♥✐♥❣ ❢✉♥❝t✐♦♥s✳

❚❤❡ ❛✉t❤♦rs ♦❢ ❬✶✵✸❪ ♣r♦♣♦s❡ ❛♥ ❛✉t♦♠❛t❡❞ t❛s❦ ❣r❛♣❤ ❣❡♥❡r❛t✐♦♥ ❢♦r ♠❛t❧❛❜

❝♦❞❡ ♦❢ ♣❛r❛❧❧❡❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ t❛s❦ ❣r❛♣❤ ❣❡♥❡r❛t✐♦♥ ❝♦♥s✐sts ♦❢ ❢♦✉r st❡♣s✳ ❙t❡♣

♦♥❡ ♣❡r❢♦r♠s ✐♥str✉❝t✐♦♥ ❛♥❛❧②s✐s ❜② s♣❧✐tt✐♥❣ t❤❡ ✐♥str✉❝t✐♦♥ ✐♥t♦ t♦❦❡♥s ✭♣r✐♠❛r②

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

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

❝♦❞❡✳ ❙t❡♣ t✇♦ ❛ss✐❣♥s ❡❛❝❤ ✐♥str✉❝t✐♦♥ t♦ ❛ t❛s❦✳ ❆ t❛s❦ ✐s ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣

✐t❡♠s✿

• ❛ s✐♥❣❧❡ ✐♥str✉❝t✐♦♥

• ❛ ❢✉♥❝t✐♦♥ ❜♦❞②

• ♦♥❡ ✐t❡r❛t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ❢♦r✲❧♦♦♣

• ❛ ❝♦♥❞✐t✐♦♥ ❜♦❞②



✻✵ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❋♦r ❛ ♥❡st❡❞ ❢♦r✲❧♦♦♣ t❤❡ ♥✉♠❜❡r ♦❢ t❛s❦s ✐s ✷✯◆✯▼✱ ✇❤❡r❡ ◆ ✐s t❤❡ ♥✉♠❜❡r ♦❢

✐t❡r❛t✐♦♥s ❢♦r✲❧♦♦♣ ✶ ❛♥❞ ▼ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s ❢♦r t❤❡ ♥❡st❡❞ ❧♦♦♣ ✷✳ ❚❤❡

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

❚❤❡ t❤✐r❞ st❡♣ ♦❢ t❤✐s t❛s❦ ❣r❛♣❤ ❣❡♥❡r❛t✐♦♥ ✐s t❤❡ ❞❡♣❡♥❞❡♥❝② ❛♥❛❧②s✐s ♦❢ t❤❡ t❛s❦s

✇❤❡r❡ ❡❞❣❡s ❛r❡ ❛❞❞❡❞ ❢♦r ❝♦♥tr♦❧ ✢♦✇ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ■♥ t❤❡ ❢♦✉rt❤ st❡♣✱

♥♦❞❡s ❛r❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡✐r ♣r❡❞❡❝❡ss♦r ✇❤❡♥ ❝❡rt❛✐♥ ❞❡♣❡♥❞❡♥❝✐❡s ❛r❡ ❣✐✈❡♥ ✐♥

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

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

❡①tr❛❝t✐♥❣ t❤❡ ♣❛r❛❧❧❡❧✐s♠ ♦♥ ✐ts ♦✇♥✳

❈♦♠♣❛r✐♥❣ ❬✶✵✷✱ ✶✵✸❪ t♦ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s

❝❤❛♣t❡r✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✐s ✇♦r❦✐♥❣ ♦♥ s❡q✉❡♥t✐❛❧ ❈ ❝♦❞❡✳ ❋✉rt❤❡r✲

♠♦r❡✱ ✐t ✇♦r❦s ♦♥ ❛ t❤r❡❛❞✲❜❛s❡❞ ❛♣♣❧✐❝❛t✐♦♥ ✐♥❝❧✉❞✐♥❣ ❛❧r❡❛❞② ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥✲

❝❤r♦♥✐③❡❞ ❈ ❝♦❞❡✱ ✇❤✐❝❤ ✐s ❛ ❞✐✛❡r❡♥t st❛rt✐♥❣ ❜❛s❡✳ ❆ ❞✐✛❡r❡♥t t②♣❡ ♦❢ t❛s❦✴t❤r❡❛❞

❣r❛♣❤ ✐s ❡①tr❛❝t❡❞✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❛❧s♦ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♥❞ ♠♦r❡ ❞❡t❛✐❧❡❞

♣r♦✜❧✐♥❣ ✐♥❢♦r♠❛t✐♦♥✱ ❡✳❣✳ ♠❡♠♦r② ♦❜❥❡❝ts ✭s✐③❡✱ ♥✉♠❜❡r ♦❢ r❡❛❞✴✇r✐t❡ ❛❝❝❡ss❡s✱

❡t❝✳✮✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ■❈❉✲❈♦♠♣✐❧❡r✳ ❈♦♥tr❛r② t♦

❬✶✵✸❪✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❞♦❡s ♥♦t ❝♦♥s✐❞❡r s✐♥❣❧❡ ✐♥str✉❝t✐♦♥s ❛s

t❛s❦s ❜✉t t❤r❡❛❞s✱ ✇❤✐❝❤ ❛r❡ ❞❡✜♥❡❞ ❛s ❢✉♥❝t✐♦♥s✳

❚✇♦ ❢✉rt❤❡r ✐♥t❡r❡st✐♥❣ ♣✉❜❧✐❝❛t✐♦♥s ❡①✐st✱ ✇❤✐❝❤ t❛r❣❡t t❛s❦ ❣r❛♣❤ ❡①tr❛❝t✐♦♥

❜✉t ✐♥ ❞✐✛❡r❡♥t r❡s❡❛r❝❤ ✜❡❧❞s ❛♥❞ ✇✐t❤ ❞✐✛❡r❡♥t ❣♦❛❧s✳ ❚❤❡ ❛✉t❤♦rs ♦❢ ❬✶✵✹❪ ❡①✲

tr❛❝t ❛ ❝♦♥tr♦❧ ❛♥❞ ❞❛t❛ ✢♦✇ ❣r❛♣❤ ❢♦r ❱❍❉▲ ✐♥ ❱▲❙■ ❞❡s✐❣♥ ✇❤✐❧❡ t❤❡ ❛✉t❤♦rs ♦❢

❬✶✵✺❪ ❡①tr❛❝t ❛ t❛s❦ ❣r❛♣❤ ❞✉r✐♥❣ r✉♥ t✐♠❡ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡ ❢♦r

❞②♥❛♠✐❝ t❛s❦ s❝❤❡❞✉❧✐♥❣✳

✹✳✸ Pr♦❜❧❡♠ ❉❡s❝r✐♣t✐♦♥

❆♥ ❡①❛♠♣❧❡ ❣r❛♣❤ ♦❢ ❛ t❤r❡❛❞ ❜❛s❡❞ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✳ ❙✐♥❝❡

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

t❤r❡❛❞ ❣r❛♣❤✳ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ✐s t♦ ❣❡♥❡r❛t❡ ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ✐♥ ❛♥ ❛✉t♦♠❛t❡❞

✇❛② t❤❛t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❣✐✈❡♥ ❈✲❈♦❞❡✳ ❋✉rt❤❡r♠♦r❡✱ ✈❛r✐♦✉s t❤r❡❛❞ ✐♥❢♦r♠❛t✐♦♥

✭❡✳❣✳ ❡①❡❝✉t✐♦♥ ❝♦sts✮ ❤❛s t♦ ❜❡ ❡①tr❛❝t❡❞ ❛♥❞ ❛♥♥♦t❛t❡❞ t♦ t❤❡ ♣r♦♣❡r t❤r❡❛❞ ♥♦❞❡s✳

◆❡①t t♦ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❤❛s ❛❧s♦ t♦

❡①tr❛❝t t❤❡ ♣r♦♣❡r ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✼✳

❚❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ✐♥♣✉t ♦❢ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜✲

❝❛t✐♦♥ ❛r❡ ❣✐✈❡♥ ❛s ❢♦❧❧♦✇s✿

• ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ✐♥❝❧✉❞✐♥❣ ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡s

• ❞❛t❛ ❞❡♣❡♥❞❡♥❝❡ ❡❞❣❡s ✭❋■❋❖✮ ❜❡t✇❡❡♥ t❤r❡❛❞s ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡

♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥ ♦❢ ❡❛❝❤ ❋■❋❖ ❛♥❞ t❤❡ tr❛♥s❢❡rr❡❞ ❞❛t❛ ♣❡r ❡①❡❝✉t✐♦♥

• ♣r♦✜❧✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤r❡❛❞s ✭❡✳❣✳ ❡①❡❝✉t✐♦♥ ❝♦sts ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣✲

t✐♦♥ ❢♦r t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs ✐♥ t❤❡ s②st❡♠✱ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥ ♦❢ ❡❛❝❤

t❤r❡❛❞✮
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❋✐❣✉r❡ ✹✳✶✿ ❈♦♠♣❛❝t ❛♥❞ ❞❡t❛✐❧❡❞ ✈❡rs✐♦♥ ♦❢ ❛ t❤r❡❛❞ ♠♦❞❡❧

• ❡①tr❛❝t✐♦♥ ♦❢ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ✐♥❝❧✉❞✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♥❛♠❡✱ ♥✉♠✲

❜❡r ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡s ❛❝❝❡ss❡s✱ s✐③❡✱ ❡t❝✳

❚❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ❝❛♥ ♦♥❧② ♣❡r❢♦r♠ ❛ ♣r♦♣❡r ❛♥❛❧②s✐s✱ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❛ss✐❣♥♠❡♥t

♦❢ t❤❡ t❤r❡❛❞s ✇❤❡♥ ❛❧❧ t❤❡s❡ ❞❡♠❛♥❞s ❛r❡ r❡♣r❡s❡♥t❡❞ ❛❞❡q✉❛t❡❧② ✐♥ t❤❡ t❤r❡❛❞

❣r❛♣❤✳

❚❤❡ t❤r❡❛❞ ❣r❛♣❤ ✐s st❛t✐❝ ❛♥❞ ❛ ❞✐r❡❝t❡❞✱ ❛❝②❝❧✐❝ ❣r❛♣❤✳ ◆♦❞❡s r❡♣r❡s❡♥t ❛♥

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

♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ ♦♣❡r❛t✐♦♥s ♦r t❤❡ ❝♦♥tr♦❧ ✢♦✇ ♦❢ t❤❡s❡ ♦♣❡r❛t✐♦♥s✳ ❋✉rt❤❡r✲

♠♦r❡✱ t❤❡ ❡①❛❝t t✐♠✐♥❣ ♦❢ ❋■❋❖ ♦♣❡r❛t✐♦♥s ♠✉st ❜❡ r❡♣r❡s❡♥t❡❞ ❛❞❡q✉❛t❡❧② ✐♥ t❤❡

t❤r❡❛❞ ❣r❛♣❤✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ t❤r❡❛❞ ❝❛♥ ❡①❡❝✉t❡ ❛ ♣❛rt ♦❢ ✐ts ❝♦❞❡ ❛♥❞ t❤❡♥ ✇❛✐t

❢♦r ❞❛t❛ t❤❛t ❤❛s t♦ ❜❡ ❝♦♠♠✉♥✐❝❛t❡❞ ✈✐❛ ❛ ❋■❋❖ ❜② ❛♥♦t❤❡r t❤r❡❛❞✳ ❚❤❡ t❤r❡❛❞

t❤❛t r❡❝❡✐✈❡s t❤❡ ❞❛t❛ ❝❛♥ ♦♥❧② ♣r♦❝❡❡❞ ✐ts ❡①❡❝✉t✐♦♥ ❛❢t❡r t❤❡ s❡♥❞❡r t❤r❡❛❞ ❤❛s

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

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

✐s ❝r✉❝✐❛❧ ❢♦r ❛♥ ❛♣♣r♦♣r✐❛t❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳

❚❤❡ st❛rt✐♥❣ ♣♦✐♥t ❢♦r t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ✐s t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♣❛r❛❧✲

❧❡❧✐③❛t✐♦♥ t♦♦❧s✳ ❚❤❡ ▼P▼❍ t♦♦❧ ❬✶✵✻❪ ❢r♦♠ ■▼❊❈ ✐♠♣❧❡♠❡♥ts t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥

❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ✇✐t❤ t❤❡✐r ❘✉♥ ❚✐♠❡ ▲✐❜r❛r② ✭❘❚▲■❇✮✳ ❘❚▲■❇ ❢✉♥❝t✐♦♥s ✐♥✐✲



✻✷ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

t✐❛t❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ❛♥❞ t❤❡ ❝r❡❛t✐♦♥ ❛♥❞ ❥♦✐♥ ♦❢ t❤r❡❛❞s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ s②♥✲

❝❤r♦♥✐③❛t✐♦♥ ❛♥❞ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤r❡❛❞s ✐s ♣r♦✈✐❞❡❞ t❤r♦✉❣❤ ❋■❋❖

❝♦♠♠✉♥✐❝❛t✐♦♥✳

✹✳✹ ❚♦♦❧ ❖✈❡r✈✐❡✇

❚❤❡ ❞❡s✐❣♥❡r ❝❛♥ ❞❡❝✐❞❡ ✐❢ ❛ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ♦r ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ✈❡rs✐♦♥ ✐s ❡①✲

tr❛❝t❡❞✳ ❆ ♣❛rt ♦❢ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ♠♦❞❡❧ ✐s ❜❛s❡❞ ♦♥ ♣r♦✜❧✐♥❣✳ Pr♦✜❧✐♥❣

✐s ❛♥ ✐♠♣♦rt❛♥t st❡♣ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❡ss❡♥t✐❛❧ ❡①❡❝✉t✐♦♥ ❛♥❞ ♠❡♠♦r② ✐♥❢♦r♠❛✲

t✐♦♥✳ ❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❝♦♥s✐sts ♦❢ t❤r❡❡ st❡♣s✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢

t❤❡s❡ st❡♣s ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✳

❚❤❡ ✜rst st❡♣ ✐s ❛ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣✱ ✇❤✐❝❤ ❡①tr❛❝ts t✐♠✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❢♦r

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

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

❛❧❧ ♣r♦✜❧✐♥❣ st❛t❡♠❡♥ts ❛r❡ tr❛❝❦❡❞✳ ■❢ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ✇✐t❤✐♥ t❤❡

s♦✉r❝❡ ❝♦❞❡✱ ✐t ✐s tr❛❝❦❡❞ ❛♥❞ ✇r✐tt❡♥ ♦✉t ✐♥ ❛ s❡♣❛r❛t❡ ♣r♦✜❧✐♥❣ ✜❧❡✳ ■♥ t❤❡ ❧❛st st❡♣✱

❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ✐s ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❣✐✈❡♥ ✐♥ t❤❡ ♣r♦✜❧✐♥❣ ✜❧❡

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

✇✐t❤ ❛❧❧ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥✱ ✐✳❡✳ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥ ♦❢ t❤r❡❛❞s✴♠❡♠♦r② ♦❜❥❡❝ts✱

r✉♥✲t✐♠❡✴❡♥❡r❣② r❡q✉✐r❡♠❡♥t ❢♦r t❤r❡❛❞ ❡①❡❝✉t✐♦♥✱ ❡t❝✳ ■♥ ❛ s❡♣❛r❛t❡ st❡♣✱ t❤❡

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

t❤❡ ▼❆❈❈✈✷ ❞❛t❛❜❛s❡ ❢♦r t❤❡ ✉♥❞❡r❧②✐♥❣ ♣❧❛t❢♦r♠ ❛♥❞ ❣❡♥❡r❛t❡s ❛ ♣r♦♣❡r ♦✉t♣✉t

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

❚❤❡ ❙❛❢❡✲❆♥♥♦t❛t✐♦♥ ❚♦♦❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥t❡r♥❛❧❧② ❜② ❚❯ ❊✐♥❞❤♦✈❡♥ ❛♥❞ ♣❡r✲

❢♦r♠s t❤❡ ✭✜rst✮ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣✳ ❚❤❡ ❍✐❣❤✲▲❡✈❡❧ t✐♠❡✲❛♥♥♦t❛t❡❞ ❙✐♠✉❧❛t♦r

✭❍▲❙✐♠✮✱ ✇❤✐❝❤ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ■▼❊❈✱ ♣❡r❢♦r♠s t❤❡ ✭s❡❝♦♥❞✮ s✐♠✉❧❛t✐♦♥ st❡♣✳

❍▲❙✐♠ ♣❡r❢♦r♠s ❛ ❢❛st s✐♠✉❧❛t✐♦♥ ❢♦r ♣❛r❛❧❧❡❧ ❛♣♣❧✐❝❛t✐♦♥s ❛t s♦✉r❝❡ ❝♦❞❡ ❧❡✈❡❧ ❛♥❞

✐s ❛❧s♦ ✉s❡❞ ✐♥ t❤❡ ▼P▼❍ t♦♦❧ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✷✳ ■t ♣r♦✈✐❞❡s ✐♥❢♦r♠❛t✐♦♥

❛❜♦✉t ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ t❤r❡❛❞ s♣❛✇♥✐♥❣ ❛♥❞ ❥♦✐♥✐♥❣✳ ❋♦r t❤❡ ✐♥t❡❣r❛t✐♦♥

✐♥ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ✐t ✇❛s ❛❞❛♣t❡❞ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛✲

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

st❛t❡♠❡♥ts t❤❛t ✇❡r❡ ✐♥❝❧✉❞❡❞ ❜② t❤❡ ❙❛❢❡✲❆♥♥♦t❛t✐♦♥ ❚♦♦❧✳ ❚❤❡ ❧❛st st❡♣ ❡①tr❛❝ts

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

■t ❛❞❞✐t✐♦♥❛❧❧② ❡①tr❛❝ts ❢✉rt❤❡r ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤r❡❛❞s ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❆ ♠♦r❡

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

✹✳✺ ❙❛❢❡✲❆♥♥♦t❛t✐♦♥ ❛♥❞ ❙✐♠✉❧❛t✐♦♥

■♥ ❛ ✜rst st❡♣✱ t❤❡ ❙❛❢❡✲❆♥♥♦t❛t✐♦♥ ❚♦♦❧ ❛♥♥♦t❛t❡s ❡❛❝❤ ❜❛s✐❝ ❜❧♦❝❦ ✐♥ t❤❡ ❈ s♦✉r❝❡

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

♣r♦❝❡ss♦r✳ ■t ❞♦❡s t❤✐s ❜② ❛♥❛❧②③✐♥❣ t❤❡ ❛ss❡♠❜❧❡r st❛t❡♠❡♥ts t❤❛t ♥❡❡❞ t♦ ❜❡

❡①❡❝✉t❡❞ ❢♦r ❛❧❧ ❈ st❛t❡♠❡♥ts ✐♥s✐❞❡ t❤❡ ❜❛s✐❝ ❜❧♦❝❦✳ ❚❤✐s ✇❤♦❧❡ ♣r♦❝❡ss ✐♥✈♦❧✈❡s

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





✻✹ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

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

t❤r❡❛❞ ❝r❡❛t✐♦♥ ❛♥❞ ❥♦✐♥ ❛♥❞ t❤❡ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ❛❧❧ t❤r❡❛❞s ✐♥❝❧✉❞✐♥❣

t❤❡ ❝♦♠♠✉♥✐❝❛t❡❞ ❞❛t❛ ✭✐✳❡✳ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts✮✳ ❚❤✐s ♣r♦✜❧✐♥❣ ✜❧❡ r❡✢❡❝ts t❤❡ ❡①✲

❡❝✉t✐♦♥ ♦r❞❡r ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡ ❛♥❞ ✐s t❤❡ ❜❛s✐s ❢♦r t❤❡ ❡①tr❛❝t✐♦♥

♦❢ t❤❡ ❝♦♥tr♦❧ ❛♥❞ ❞❛t❛ ✢♦✇ ❢♦r t❤❡ t❤r❡❛❞ ❣r❛♣❤✳

✹✳✻ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

✹✳✻✳✶ ❙tr✉❝t✉r❡ ♦❢ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧

❇❡❢♦r❡ ❞❡s❝r✐❜✐♥❣ t❤❡ ❞✐✛❡r❡♥t st❡♣s ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥✱ t❤❡ ♦✈❡r❛❧❧

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

t❤r❡❛❞s ❛♥❞ ❞❡✜♥❡s ♦♥❡ st❛rt ♥♦❞❡ ❛♥❞ ♦♥❡ ❡♥❞ ♥♦❞❡✳ ■♥ ♦✉r ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧

t❤❡s❡ ♥♦❞❡s ❛❧✇❛②s ❜❡❧♦♥❣ t♦ t❤❡ ♠❛✐♥ t❤r❡❛❞ ✇✐t❤ t❤❡ ✐❞ ✵✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡

❧❛st s❡❝t✐♦♥✱ ❛ t❤r❡❛❞ ❣r❛♣❤ ❝❛♥ ❝♦♥s✐st ♦❢ s❡✈❡r❛❧ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s✳ ❆ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥

st❛rts ✇✐t❤ t❤❡ ❝r❡❛t✐♦♥ ♦❢ s❡✈❡r❛❧ t❤r❡❛❞s✳ ❆❢t❡r t❤❡ ❝♦♥❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ♦❢ t❤❡s❡

t❤r❡❛❞s✱ t❤❡② ❛r❡ ❥♦✐♥❡❞✳ ❆❢t❡r✇❛r❞s✱ ❛ ♥❡✇ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ❝♦✉❧❞ ❜❡ st❛rt❡❞ ❜②

t❤❡ ♠❛✐♥ t❤r❡❛❞✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ✇✐t❤ t✇♦ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ✐s s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✷✳✶✶ ❛♥❞ ❋✐❣✉r❡ ✹✳✺✱ r❡s♣❡❝t✐✈❡❧②✳ ❆ t❤r❡❛❞ ❤❛s t♦ ❜❡ ♠❛♣♣❡❞ t♦ ♦♥❡

♣r♦❝❡ss♦r st❛t✐❝❛❧❧② ❛♥❞ ❞♦❡s ♥♦t ♠✐❣r❛t❡ t♦ ❛♥♦t❤❡r ♣r♦❝❡ss♦r ❞✉r✐♥❣ ✐ts ❡①❡❝✉t✐♦♥✳

❋♦r ❡❛❝❤ t❤r❡❛❞✱ ✇❡ ❞❡✜♥❡✿

• ✐ts ✐❞

• t❤❡ ✐❞ ♦❢ t❤❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ✐t ❜❡❧♦♥❣s t♦

• ❛ ❧✐st ♦❢ ♥♦❞❡s t❤❛t ❜❡❧♦♥❣ t♦ t❤❡ t❤r❡❛❞

• t❤❡ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥s

• ❧✐st ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞✳

❚❤❡ t❤r❡❛❞ ♠♦❞❡❧ ❛❧s♦ ❞❡✜♥❡s ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❡❞❣❡s✿ ❈❋●✱ ❈❘❊❆❚❊✱ ❏❖■◆

❛♥❞ ❋■❋❖ ❆ ❈❋● ❡❞❣❡ r❡♣r❡s❡♥ts ❛ ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡✳ ❆ ❋■❋❖ ❡❞❣❡ ✐s ❛ s♣❡❝✐❛❧

❡❞❣❡ t②♣❡ ✇❤✐❝❤ ❝♦♥t❛✐♥s ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛s t❤❡ t♦❦❡♥ s✐③❡✱ ♠❛①✐♠✉♠ ♥✉♠❜❡r

♦❢ t♦❦❡♥s ❝♦♠♠✉♥✐❝❛t❡❞ ✐♥ ♦♥❡ ✐t❡r❛t✐♦♥ ❛♥❞ t❤❡ ❜✉✛❡r s✐③❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✐❞

♦❢ t❤❡ ❋■❋❖ ✐s ❛❧s♦ ❣✐✈❡♥✳ ❆ ❈❘❊❆❚❊ ❡❞❣❡ ✐s ❛❧✇❛②s s❡t ✉♣ ❜❡t✇❡❡♥ t❤❡ ♠❛✐♥

t❤r❡❛❞ ❛♥❞ ✐ts ♥❡✇❧② ❝r❡❛t❡❞ ❝❤✐❧❞ t❤r❡❛❞✳ ❚❤❡ ❏❖■◆ ❡❞❣❡ ✐s s❡t ✉♣ ❜❡t✇❡❡♥ t❤❡

❧❛st ❝❤✐❧❞ t❤r❡❛❞ ♥♦❞❡ ❛♥❞ t❤❡ ♠❛✐♥ t❤r❡❛❞ ♥♦❞❡ ❛❢t❡r ❛ ❥♦✐♥✳ ❇♦t❤ ❡❞❣❡s ♦❝❝✉r ❛t

t❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞ ❡♥❞ ♦❢ ❛ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✳ ❆♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ❡❞❣❡s

✐♥ ❛ t❤r❡❛❞ ❣r❛♣❤ ✐s ❛❧s♦ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✳ ❋♦r ❡❛❝❤ ❡❞❣❡✱ t❤❡ ♥✉♠❜❡r ♦❢

❛❝❝❡ss❡s ❛♥❞ t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♥♦❞❡ ✐s s♣❡❝✐✜❡❞✳

❋■❋❖ ❡❞❣❡s ❛r❡ s♣❡❝✐❛❧ ❛♥❞ ✐♥✢✉❡♥❝❡ t❤❡ s❡t✉♣ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ❆s ❛❧r❡❛❞②

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

t✐♠❡ ♦❢ ❋■❋❖ ♦♣❡r❛t✐♦♥s✳ ❲❤❡♥ ❛ t❤r❡❛❞ ✐s r❡❛❞✐♥❣ ❢r♦♠ ❛ ❋■❋❖ ❛t ❛ ❝❡rt❛✐♥ t✐♠❡✱ ✐t

❝❛♥ ♦♥❧② ❛❝❝♦♠♣❧✐s❤ ❛ ❋■❋❖ r❡❛❞ ❛❢t❡r s♦♠❡t❤✐♥❣ ✇❛s ✇r✐tt❡♥ ✐♥ t❤❡ ❋■❋❖ ❢r♦♠ t❤❡



✹✳✻✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ✻✺

s♦✉r❝❡ ♥♦❞❡✳ ❖♥❧② t❤❡♥✱ t❤❡ t❤r❡❛❞ ❝❛♥ ♣r♦❝❡❡❞ ✇✐t❤ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ s✉❜s❡q✉❡♥t

❜❛s✐❝ ❜❧♦❝❦s✳ ❚❤✐s ✐♥✢✉❡♥❝❡s t❤❡ r✉♥✲t✐♠❡ ♦❢ ❛ t❤r❡❛❞ ❛♥❞ ❤❛s t♦ ❜❡ ❝❛♣t✉r❡❞ ✈❡r②

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

❢♦r ❛♥ ❛❝❝✉r❛t❡ ❝♦♥tr♦❧✲✢♦✇ ✐❧❧✉str❛t✐♦♥ ❛♥❞ t✐♠✐♥❣ ❛♥❛❧②s✐s✳ ❋♦❧❧♦✇✐♥❣ r✉❧❡s ❛r❡

❞❡✜♥❡❞ ❢♦r t❤❡ ♣r♦♣❡r s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ❋■❋❖ ♦♣❡r❛t✐♦♥s✿ ■❢ ❛ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥

✐s ♣❡r❢♦r♠❡❞✱ ❛ t❤r❡❛❞ ❝♦♥s✐sts ♦❢ s❡✈❡r❛❧ ♥♦❞❡s✱ ✇❤✐❝❤ ❞❡✜♥❡ t❤❡ ❡①❛❝t ♣♦✐♥t ♦❢

t✐♠❡ ♦❢ ❛ ❋■❋❖ ♦♣❡r❛t✐♦♥ ❛s ❞❡✜♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❆❧❧ ♥♦❞❡s ❛r❡ ❡①❡❝✉t❡❞ ✐♥ ❛

♥♦♥✲❜❧♦❝❦✐♥❣ ✇❛②✳ ❆ ❋■❋❖ ✇r✐t❡ ❛❧✇❛②s ♦❝❝✉rs ❛t t❤❡ ❡♥❞ ♦❢ ❛ ♥♦❞❡ ❛♥❞ s♣❡❝✐✜❡s

t❤❡ ❧❛st ♦♣❡r❛t✐♦♥ ♦❢ t❤✐s ♥♦❞❡✳ ❆ ❋■❋❖ r❡❛❞ ❝❛♥ ♦♥❧② ❜❡ s♣❡❝✐✜❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣

♦❢ ❛ ♥♦❞❡✳ ❖♥❧② ✇❤❡♥ t❤❡ ❋■❋❖ r❡❛❞ ✐s ❡①❡❝✉t❡❞✱ t❤❡ ♥♦❞❡ ❝❛♥ ♣r♦❝❡❡❞ ✇✐t❤ ✐ts

❡①❡❝✉t✐♦♥✳ ❆ ❋■❋❖ ❡❞❣❡ ❤❛s t♦ ❜❡ s❡t ✉♣ ❜❡t✇❡❡♥ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♥❣ t❤r❡❛❞ ♥♦❞❡s✳

❋✐❣✉r❡ ✹✳✶ ✐❧❧✉str❛t❡s ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ t❤❡ ♣r♦♣❡r ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥

t❤❡ ❝♦♠♠✉♥✐❝❛t✐♥❣ t❤r❡❛❞s✳ ❚❤✐s ✐♥t❡r❝♦♥♥❡❝t✐♦♥ s❤♦✇s t❤❛t ♥♦❞❡ ✷ ♦❢ t❤r❡❛❞ ✷ ❝❛♥

♦♥❧② ♣r♦❝❡❡❞ ✐ts ❡①❡❝✉t✐♦♥ ❛❢t❡r ♥♦❞❡ ✶ ♦❢ t❤r❡❛❞ ✸ ❤❛s ❡①❡❝✉t❡❞ t❤❡ ❋■❋❖ ✇r✐t❡

♦♣❡r❛t✐♦♥✳ ■❢ s❡✈❡r❛❧ ♥♦❞❡s ❡①✐st✱ t❤❡ ♥♦❞❡s ✇✐t❤✐♥ ❛ t❤r❡❛❞ ❛r❡ ♠❛r❦❡❞ ✇✐t❤ ❛ ♥♦❞❡

t②♣❡✳ ❚❤❡ ✜rst ♥♦❞❡ ♦❢ ❛ t❤r❡❛❞ ✐s ♠❛r❦❡❞ ❛s ❛ st❛rt ♥♦❞❡ ✇❤✐❧❡ t❤❡ ❧❛st ♥♦❞❡ ♦❢

❛ t❤r❡❛❞ ✐s ♠❛r❦❡❞ ❛s t❤❡ ❥♦✐♥ ♥♦❞❡✳ ❖t❤❡r✇✐s❡✱ t❤❡ ♥♦❞❡ ✐s ♠❛r❦❡❞ ❛s ❛ st❛♥❞❛r❞

♥♦❞❡✳

❋♦r ❡❛❝❤ ♥♦❞❡✱ ✇❡ s♣❡❝✐❢②✿

• ♥♦❞❡ ✐❞

• ✐❞ ♦❢ t❤❡ t❤r❡❛❞ t❤✐s ❝❤✐❧❞ ♥♦❞❡ ❜❡❧♦♥❣s t♦

• ❧✐st ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❛r❡ ❛❝❝❡ss❡❞ ✇✐t❤✐♥ t❤❡ ♥♦❞❡

• ❧✐st ♦❢ ❜❛s✐❝ ❜❧♦❝❦s t❤❛t ❛r❡ ❛❝❝❡ss❡❞ ✇✐t❤✐♥ t❤❡ ♥♦❞❡

• ❛❝❝❡ss ❝♦✉♥t

• ♦✈❡r❛❧❧ ❡①❡❝✉t✐♦♥ ❝♦sts ✭❛ss❡♠❜❧❡r ❝♦✉♥ts✮

• ❧✐sts ❢♦r ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ❡❞❣❡s

• ❧✐st ♦❢ ❋■❋❖s ❛♥❞ t❤❡ ♣❡r❢♦r♠❡❞ ❛❝❝❡ss ♠♦❞❡ ♦❢ t❤❡ ❋■❋❖s ✭r❡❛❞✴✇r✐t❡✮

❋♦r ❡❛❝❤ ❜❛s✐❝ ❜❧♦❝❦✱ ✇❡ ❞❡✜♥❡

• ❛ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ✐ts ✐❞

• t❤❡ ♥✉♠❜❡rs ♦❢ ❛❝❝❡ss❡s

• t❤❡ ♥✉♠❜❡r ♦❢ ❛ss❡♠❜❧❡r ❝♦✉♥ts ❢♦r ♦♥❡ ❡①❡❝✉t✐♦♥

• t❤❡ ♥✉♠❜❡r ♦❢ ❛ss❡♠❜❧❡r ❝♦✉♥ts ❢♦r t❤❡ ♦✈❡r❛❧❧ ❡①❡❝✉t✐♦♥ ✇✐t❤✐♥ ✐ts ♥♦❞❡

❆❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ❤❛✈❡ ❝❡rt❛✐♥ ❝❤❛r❛❝t❡r✐st✐❝s✱ ✇❤✐❝❤ ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇✐♥❣✿



✻✻ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

• ♥❛♠❡ ❛♥❞ ✐❞

• t②♣❡ ✭✐♥str✉❝t✐♦♥✱ ❞❛t❛ ♦r s❤❛r❡❞✮

• s✐③❡ ❛♥❞ ♦♣t✐♦♥❛❧❧② ❜❛s✐❝ s✐③❡

• ♥✉♠❜❡r ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❛❧❧s

• ❛❝❝❡ss s✐③❡ ✭❜②t❡✱ ❤❛❧❢✇♦r❞✱ ✇♦r❞✮

• ♠❛♣♣✐♥❣

■❢ ❛ ♠❡♠♦r② ♦❜❥❡❝t ✐s ❛♥ ❛rr❛②✱ ✇❡ ❛❧s♦ ♥❡❡❞ t♦ s♣❡❝✐❢② t❤❡ ❜❛s✐❝ s✐③❡✱ ✇❤✐❝❤ r❡♣✲

r❡s❡♥ts t❤❡ s✐③❡ ♦❢ ♦♥❡ ❡❧❡♠❡♥t ✐♥ t❤❡ ❛rr❛②✳ ❚❤✐s ✐s ✐♠♣♦rt❛♥t ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡

t❤❡ ♣r♦♣❡r ❛❝❝❡ss t✐♠❡ ♦r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ❛❝❝❡ss t♦ t❤✐s ♠❡♠♦r② ♦❜❥❡❝t✳

❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞❡s✐❣♥❡r ❤❛s t❤❡ ♣♦ss✐❜✐❧✐t② t♦ s♣❡❝✐❢② ✐❢ ❛ ❝❡rt❛✐♥ ♠❛♣♣✐♥❣ s❤♦✉❧❞

❜❡ ♣❡r❢♦r♠❡❞ ❢♦r ❛ ♠❡♠♦r② ♦❜❥❡❝t✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❞❡s✐❣♥❡r ❝♦✉❧❞ s♣❡❝✐❢② t♦ ♠❛♣

❝❡rt❛✐♥ ✐♥t❡rr✉♣t r♦✉t✐♥❡s t♦ ❛ ❧♦❝❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✳

❉❡♣❡♥❞❡♥t ♦♥ t❤❡ t②♣❡ ♦❢ ❛♥❛❧②s✐s r❡q✉✐r❡❞ ♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❝♦♠♣❧❡①✐t②✱ t❤❡

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

❛ ❞❡t❛✐❧❡❞ ♠♦❞❡❧✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❝♦♠♣❛❝t ❛♥❞ ❛ ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥

❋✐❣✉r❡ ✹✳✶✳ ❋♦r ❡①❛♠♣❧❡✱ ❧❡t ✉s ❛ss✉♠❡ t❤❛t ❛ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❢♦✉r t❤r❡❛❞s

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

❡①❡❝✉t❡❞ ❛♥❞ ❥♦✐♥❡❞✳ ❚❤❡ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ♠♦❞❡❧ ❣❡♥❡r❛t❡s t❤❡ t❤r❡❛❞ ♥♦❞❡s

❢♦r ♦♥❡ ✐t❡r❛t✐♦♥ ❛♥❞ t❤❡♥ ❥✉st ❝♦✉♥ts t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞ ❡①❡❝✉t✐♦♥s✳ ❚❤✐s ♠❡❛♥s✱

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

❝♦♠♣r✐s❡s ❛♥❞ ❝♦✉♥ts ❛❧❧ ❡①❡❝✉t❡❞ ❜❛s✐❝ ❜❧♦❝❦s ❝♦♥t❛✐♥✐♥❣ ❝♦♥❞✐t✐♦♥❛❧s ✭✐❢✴❡❧s❡✮ ❛♥❞

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

t❤r❡❛❞ ❣r❛♣❤ ♠♦❞❡❧ ✐s t❤❛t ✐t ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ♠♦r❡ q✉✐❝❦❧② ❜② t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✳

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

❛r❡ ✉♥r♦❧❧❡❞✱ ✐✳❡✳ ❢♦r ❡❛❝❤ ❧♦♦♣ ✐t❡r❛t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❛ t❤r❡❛❞ ❝r❡❛t✐♦♥✱ ❛ ♥❡✇ t❤r❡❛❞

♥♦❞❡ ✐s ❝r❡❛t❡❞ ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐❢ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛r❡

r❡♣❡❛t❡❞ ✇✐t❤✐♥ ❛ ❧♦♦♣ ✐♥ ♦♥❡ t❤r❡❛❞ ✐♥st❛♥❝❡✱ t❤❡✐r r❡♣❡t✐t✐♦♥ ✐s ❞❡t❡❝t❡❞ ♣r❡❝✐s❡❧②

✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ❆s st❛t❡❞ ❜❡❢♦r❡✱ ❛❢t❡r ❡❛❝❤ ❋■❋❖ ✇r✐t❡ ❛ ♥❡✇ t❤r❡❛❞ ♥♦❞❡

✐s ❝r❡❛t❡❞✱ ❛♥❞ ❡❛❝❤ ❋■❋❖ r❡❛❞ ✐s ❝❛♣t✉r❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ♥❡✇ t❤r❡❛❞ ♥♦❞❡✳

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

♠♦r❡ ♦♣t✐♠✐③❛t✐♦♥✴❛♥❛❧②s✐s t✐♠❡ ✇✐t❤✐♥ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✳

✹✳✻✳✷ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❇❡❢♦r❡ ❡①tr❛❝t✐♥❣ t❤❡ t❤r❡❛❞ ♠♦❞❡❧✱ s♦♠❡ ♣r❡✲♣r♦❝❡ss✐♥❣ ❛♥❛❧②s✐s st❡♣s ❤❛✈❡ t♦ ❜❡

♣❡r❢♦r♠❡❞ ❜② t❤❡ ■❈❉✲❈♦♠♣✐❧❡r✳ ❋✐rst✱ t❤❡ t♦♦❧ ❞❡t❡❝ts t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s

❡①✐st✐♥❣ ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❡①tr❛❝ts t❤❡ ♥❛♠❡ ♦❢ t❤❡ t❤r❡❛❞ ❢✉♥❝✲

t✐♦♥s ❛♥❞ t❤❡ t❤r❡❛❞ ✐❞s✳ ■♥ t❤❡ ♥❡①t st❡♣✱ ❛ ❝❛❧❧ ❧✐st ✐s ❞❡t❡r♠✐♥❡❞ ❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥✱

✐✳❡✳ ✐t ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✇❤✐❝❤ ❢✉♥❝t✐♦♥ ✐s ❝❛❧❧❡❞ ❜② ♦t❤❡r ❢✉♥❝t✐♦♥s ♦r ❜② t❤r❡❛❞

❢✉♥❝t✐♦♥s✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ✐♠♣♦rt❛♥t ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡



✹✳✻✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ✻✼

♣r♦✜❧✐♥❣ ✜❧❡✱ ✇❤✐❝❤ ✇❛s ❝r❡❛t❡❞ t❤r♦✉❣❤ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ♣r♦✜❧✐♥❣ ✜❧❡ r❡✢❡❝ts t❤❡ ❡①✲

❡❝✉t✐♦♥ ♦r❞❡r ♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡✳ ■t s❤♦✇s t❤❡ ♦r❞❡r ♦❢ t❤❡ ❡①❡❝✉t❡❞

❜❛s✐❝ ❜❧♦❝❦ ❛s ✇❡❧❧ ❛s t❤r❡❛❞ ❝r❡❛t✐♦♥✱ t❤r❡❛❞ ❥♦✐♥s ❛♥❞ ❛❧❧ ❋■❋❖ ♦♣❡r❛t✐♦♥s✳

❍♦✇❡✈❡r✱ ❝♦♥t❡①t s✇✐t❝❤❡s ❝❛♥ ♦❝❝✉r ♦♥ ❋■❋❖ r❡❛❞s ❛♥❞ ✇r✐t❡s ❛s ✇❡❧❧ ❛s ❞✉r✐♥❣

t❤❡ ❝r❡❛t✐♦♥ ❛♥❞ ❥♦✐♥ ♦❢ ❛ t❤r❡❛❞✳ ❚❤❡s❡ ❝♦♥t❡①t s✇✐t❝❤❡s ❤❛✈❡ t❤❡ ❣♦❛❧ t♦ ❛✈♦✐❞

❞❡❛❞❧♦❝❦s✳ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ♦❢ t❤❡ ❡①tr❛❝t✐♦♥ t♦♦❧ ✐s t♦ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ❡①❡❝✉t❡❞ ❜❛s✐❝

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

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

❢✉♥❝t✐♦♥s ✭✐✳❡✳ ❜❛s✐❝ ❜❧♦❝❦s✮ ❛r❡ ❝❛❧❧❡❞ ❜② ✇❤✐❝❤ t❤r❡❛❞s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ✐s ❞❡t❡❝t❡❞

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

t❤r❡❛❞✳ ■♥ t❤❡ ❧❛tt❡r ❝❛s❡✱ s❤❛r❡❞ ❢✉♥❝t✐♦♥s ❛r❡ ❝❛❧❧❡❞ ❜② s❡✈❡r❛❧ t❤r❡❛❞s✳ ❚❤✐s ♠❡❛♥s

t❤❛t t❤❡ ❡①❡❝✉t❡❞ ❜❛s✐❝ ❜❧♦❝❦s ✐♥ t❤❡ ♣r♦✜❧✐♥❣ ✜❧❡ ❝❛♥♥♦t ❜❡ ♣r♦♣❡r❧② r❡❧❛t❡❞ t♦ ❛

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

t❤r❡❛❞ ✇♦✉❧❞ ❣❡t ✐♠♣r❡❝✐s❡✳ ❍♦✇❡✈❡r✱ ✐♥ ♦♥❡ ♦❢ t❤❡ ❧❛st st❡♣s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧

✢♦✇✱ t❤❡ s♦✉r❝❡ ❝♦❞❡ ✐s ♦♣t✐♠✐③❡❞ ❛♥❞ ♣r❡♣❛r❡❞ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞s ♦♥

t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♣r♦♣❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ t❤❡ ❘❚▲■❇ ♦❢

t❤❡ ▼P▼❍ t♦♦❧ ✐s ✜♥❛❧✐③❡❞✳ ❇❛s❡❞ ♦♥ t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✱ t❤✐s ❘❚▲■❇

st❡♣ ♣❡r❢♦r♠s ❛ ❝♦♣② ♦❢ s❤❛r❡❞ ❢✉♥❝t✐♦♥s ❛♥❞ ❛ss✐❣♥s t❤❡s❡ ❝♦♣✐❡❞ ❢✉♥❝t✐♦♥s t♦ ❡❛❝❤

s✐♥❣❧❡ t❤r❡❛❞✱ ✐✳❡✳ ❡❛❝❤ t❤r❡❛❞ ♦✇♥s ✐ts ♦✇♥ ❢✉♥❝t✐♦♥s ❛♥❞ ♥♦ ♠♦r❡ s❤❛r❡❞ ❝♦❞❡ ❡①✐sts

❜❡t✇❡❡♥ t❤r❡❛❞s✳ ❚❤✐s ✐s ♥♦t ✈❛❧✐❞ ❢♦r s❤❛r❡❞ ❞❛t❛✳ ■♥ ♦r❞❡r t♦ ♠❛✐♥t❛✐♥ ❝♦♥s✐st❡♥❝②

✇✐t❤ t❤❡ ♦♣t✐♠✐③❡❞ s♦✉r❝❡ ❝♦❞❡ ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛♥❞ ❢♦r ❛ ♠♦r❡

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

✐♥t❡r♥❛❧❧② ❣❡♥❡r❛t❡❞ ✇✐t❤✐♥ t❤✐s ♣❛rt ♦❢ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❚❤✐s ✐s

❝♦♥❞✉❝t❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤❡ ■❈❉✲❈ ❝♦♠♣✐❧❡r✳ ❖♥❡ ❢✉rt❤❡r ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣

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

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

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

❆❞❞✐t✐♦♥❛❧❧②✱ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ❛s s✐③❡✱ ❛❝❝❡ss❡s✱ ❡t❝✳✱

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

♠❡♠♦r② ♦❜❥❡❝t ✐♥❢♦r♠❛t✐♦♥ ✐s ❡①tr❛❝t❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤❡ ✐♥t❡r♥❛❧ ▼❆❈❈✈✷

t♦♦❧ ▼❡♠♦r②✲❆❧❧♦❝❛t♦r ✇❤✐❝❤ ♠❛✐♥❧② ✉s❡s ■❈❉✲❈♦♠♣✐❧❡r ❛♥❛❧②s✐s ❛♥❞ ❛r❝❤✐t❡❝t✉r❡

✐♥❢♦r♠❛t✐♦♥ ❢♦r t❤✐s ❡①tr❛❝t✐♦♥✳

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

❜② ❧✐♥❡✳ ❚❤❡ ♣r♦✜❧✐♥❣ ✜❧❡ ❝♦♥t❛✐♥s ❦❡②✇♦r❞s t❤❛t r❡♣r❡s❡♥t st❛rt ❛♥❞ ❥♦✐♥ ♦❢ t❤r❡❛❞s✱

❋■❋❖ ♦♣❡r❛t✐♦♥s ❛♥❞ ❜❛s✐❝ ❜❧♦❝❦ ❡①❡❝✉t✐♦♥s✳ ❊❛❝❤ ❧✐♥❡ ✐s ♣r♦❝❡ss❡❞ ❛♥❞ ✐♥t❡r♣r❡t❡❞✳

❚❤❡ st❛rt ♥♦❞❡ ♦❢ t❤❡ ♠❛✐♥ t❤r❡❛❞ ✐s ❝♦♥str✉❝t❡❞ ✜rst✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛❧❧ ❜❛s✐❝ ❜❧♦❝❦

❡①❡❝✉t✐♦♥s ❛r❡ ✐♥❞❡①❡❞ ❛♥❞ ❛ss✐❣♥❡❞ t♦ t❤✐s t❤r❡❛❞ ♥♦❞❡✳ ❲❤❡♥ t❤❡ ♠❛✐♥ t❤r❡❛❞

❝r❡❛t❡s ♥❡✇ ❝❤✐❧❞ t❤r❡❛❞s✱ ❛ ♥❡✇ t❤r❡❛❞ ♥♦❞❡ ❢♦r ❡❛❝❤ ❝❤✐❧❞ t❤r❡❛❞ ✐s ❝r❡❛t❡❞✳ ❆

❈❘❊❆❚❊ ❡❞❣❡ ❝♦♥♥❡❝ts t❤❡ ♠❛✐♥ t❤r❡❛❞ ✇✐t❤ ✐ts ❝❤✐❧❞ t❤r❡❛❞✳ ❚❤❡ t♦♦❧ ❛❧s♦ ♣❡r✲

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

❋■❋❖ ♦♣❡r❛t✐♦♥s ❛r❡ ❝❛♣t✉r❡❞ ❛♥❞ ♥❡✇ t❤r❡❛❞ ♥♦❞❡s ❛r❡ ❝r❡❛t❡❞ ❛❢t❡r ❋■❋❖ ✇r✐t❡s

❛♥❞ ❢♦r ❋■❋❖ r❡❛❞s✳ ❚❤❡ ❋■❋❖ ❡❞❣❡s ❛r❡ ❛❧s♦ s❡t ✉♣ ❜❡t✇❡❡♥ t❤❡ ♥♦❞❡s✳

❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ ❝♦♥t❡①t s✇✐t❝❤❡s ♦❝❝✉r ❛❢t❡r ❛ st❛rt ❛♥❞ ❥♦✐♥ ♦❢ ❛

t❤r❡❛❞ ♦r ❛❢t❡r ❋■❋❖ ♦♣❡r❛t✐♦♥s✳ ❆❢t❡r ❡❛❝❤ ❝♦♥t❡①t s✇✐t❝❤✱ t❤❡ t♦♦❧ ❤❛s t♦ st♦r❡



✻✽ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

t❤❡ ❧❛st ❡①❡❝✉t❡❞ ❜❛s✐❝ ❜❧♦❝❦ ♦❢ ❛ t❤r❡❛❞ ♦r t❤❡ ❧❛st ❡①❡❝✉t❡❞ ❋■❋❖ ♦♣❡r❛t✐♦♥✳

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

❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ❚❤r♦✉❣❤♦✉t t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤✱

❛❧❧ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✇❛s ❡①tr❛❝t❡❞ ❜② t❤❡ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣ ✐s ✉s❡❞✳ ❋♦r ❡①❛♠♣❧❡✱

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

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

❡①❡❝✉t✐♦♥ ❛❢t❡r ❛ ❝♦♥t❡①t s✇✐t❝❤✳ ❋✉rt❤❡r♠♦r❡✱ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ❛ss✐❣♥❡❞ t♦

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

s❡❝t✐♦♥s ❛s ✇❡❧❧ ❛s ❛❧❧ ❛❝❝❡ss ❝♦✉♥ts ♦♥ ❡❞❣❡s ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts

❝♦♠♠✉♥✐❝❛t❡❞ ✐♥ ❋■❋❖ ♦♣❡r❛t✐♦♥s✳

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

❚❤✉s✱ ✐t ❤❛s t♦ ❞❡t❡❝t ✐❢ ❝❡rt❛✐♥ t❤r❡❛❞ ♥♦❞❡s ✇❡r❡ ❛❧r❡❛❞② ❝r❡❛t❡❞✱ ✐❢ ❋■❋❖ ♦♣✲

❡r❛t✐♦♥s✴❡❞❣❡s ❛❧r❡❛❞② ❡①✐st ❛♥❞ ❛r❡ r❡♣❡❛t❡❞ ♦r ✐❢ t❤❡② ♦❝❝✉r ❢♦r t❤❡ ✜rst t✐♠❡✳

❇❛s❡❞ ♦♥ t❤✐s ✐♥❢♦r♠❛t✐♦♥✱ ♥❡✇ ♥♦❞❡s ❤❛✈❡ t♦ ❜❡ ❝r❡❛t❡❞ ♦r t❤❡② ❛r❡ ❥✉st r❡♣❡❛t❡❞✱

✐✳❡✳ t❤❡ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥s ✐s ✐♥❝r❡❛s❡❞✳ ❊✈❡r② ❡①❡❝✉t✐♦♥ ♦❢ s✐♥❣❧❡ ❜❛s✐❝ ❜❧♦❝❦s✱

t❤r❡❛❞s ❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s st♦r❡❞✳ ❚❤❡ t♦t❛❧ ❡①❡❝✉t✐♦♥ ❝♦sts ♦❢ ♦♥❡ ♥♦❞❡

✐t❡r❛t✐♦♥ ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞❡s✐❣♥❡rs ❝❤♦✐❝❡✳ ❚❤❡ ❞❡s✐❣♥❡r ❝❤♦♦s❡s ✐❢ t❤❡ ❛✈❡r❛❣❡

❝❛s❡ ♦r ✇♦rst✲❝❛s❡ ❡①❡❝✉t✐♦♥ ❝♦sts✱ ✐✳❡✳ ❛ss❡♠❜❧❡r ❝♦✉♥ts✱ s❤♦✉❧❞ ❜❡ st♦r❡❞ ✐♥ t❤❡

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

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

t✐♦♥✳ ❚❤❡ ✇♦rst✲❝❛s❡ ❡①❡❝✉t✐♦♥ ❝♦sts ♣❡r ♥♦❞❡ ✐t❡r❛t✐♦♥ ❛r❡ s❡t t♦ t❤❡ ♠❛①✐♠✉♠

❡①❡❝✉t✐♦♥ ❝♦sts ❞❡t❡❝t❡❞ ♦✈❡r✲❛❧❧ ♥♦❞❡ ✐t❡r❛t✐♦♥s✳ ❚❤❡ ❛✈❡r❛❣❡ ❡①❡❝✉t✐♦♥ ❝♦sts ❛r❡

❣✐✈❡♥ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❛✈❡r❛❣❡ ❝♦sts ♦✈❡r ❛❧❧ ♥♦❞❡ ✐t❡r❛t✐♦♥s✳ ❆ ❞❡t❛✐❧❡❞ t❤r❡❛❞

❣r❛♣❤ ❝♦♥t❛✐♥s t❤❡ ♣r♦♣❡r ❡①❡❝✉t✐♦♥✬s ❝♦sts ♣❡r ♥♦❞❡✱ s✐♥❝❡ ❛❧❧ ❧♦♦♣s ❛r❡ ✉♥r♦❧❧❡❞✳

❚❤✉s✱ ✐t ✐♥❝❧✉❞❡s t❤❡ ❡①❛❝t ❡①❡❝✉t✐♦♥ ❝♦st ❢♦r ❡❛❝❤ ♥♦❞❡ ✐t❡r❛t✐♦♥ ♦r ❋■❋❖ ❡❞❣❡✳ ❋♦r

❛❧❧ ❋■❋❖ ❡❞❣❡s✱ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts t❤❛t ✇❡r❡ ❝♦♠♠✉♥✐❝❛t❡❞ ✐♥ ♦♥❡

✐t❡r❛t✐♦♥ ✐s ❞❡t❡r♠✐♥❡❞✳ ■❢ t❤❡ ❞❡s✐❣♥❡r ❝❤♦s❡ t❤❡ ✇♦rst✲❝❛s❡ ❡①❡❝✉t✐♦♥ ❝♦sts✱ t❤✐s

✈❛❧✉❡ ✐s st♦r❡❞ ❛s ✇♦rst ❝❛s❡ ♦✈❡r ❛❧❧ ✐t❡r❛t✐♦♥s ❛♥❞ ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ t♦❦❡♥ s✐③❡

❢♦r ❡❛❝❤ ✐t❡r❛t✐♦♥✳ ❚❤❡ ❛✈❡r❛❣❡ ❝❛s❡ ❡①❡❝✉t✐♦♥ ❝♦sts ❛r❡ ❡①tr❛❝t❡❞ ❜② t❤❡ ❛✈❡r❛❣❡

❡❧❡♠❡♥ts ♣❡r ✐t❡r❛t✐♦♥ ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ t♦❦❡♥ s✐③❡✳

❋✉rt❤❡r♠♦r❡✱ ❛❧❧ ❡❞❣❡s ❣❡t ✐♥✐t✐❛❧ t♦❦❡♥s✱ ✇❤✐❝❤ ✐s ❛♥ ✐♠♣♦rt❛♥t r❡q✉✐r❡♠❡♥t ❢♦r

t❤❡ s❝❡♥❛r✐♦ ❜❛s❡❞ ♠❛♣♣✐♥❣ t♦♦❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✼✳✶✳ ❚❤❡ ❜✉✛❡r s✐③❡ ❢♦r t❤❡

❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❛❧✇❛②s s❡t t♦ t❤❡ ✇♦rst ❝❛s❡✱ ✐✳❡✳ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢

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

s✐③❡ ❛♥❞ t❤❡ ❛❝❝❡ss ❝♦✉♥t✳ ❚❤✐s ✐s ❝r✉❝✐❛❧ ✐♥ ♦r❞❡r t♦ ❛❧❧♦❝❛t❡ ❡♥♦✉❣❤ ♠❡♠♦r② s♣❛❝❡✳

❚❤❡ ❜✉✛❡r s✐③❡ ✐s ❣❡♥❡r❛t❡❞ ❢♦r ❡❛❝❤ ❋■❋❖ ♦♣❡r❛t✐♦♥ ❛♥❞ ❝❛♥ ❜❡ st♦r❡❞ ❛s ❛ ♠❡♠♦r②

♦❜❥❡❝t✳

❇❛s❡❞ ♦♥ t❤❡ ❛ss❡♠❜❧❡r ❝♦✉♥ts ❛♥❞ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✲

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

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

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

❣r❛♣❤✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ♠♦❞❡❧ ❜② ✉s✐♥❣ t❤❡ ❣r❛♣❤✐❝ ❡❞✐t♦r t♦♦❧ ❨❊❉ ❬✶✵✼❪✳

❨❊❉ r❡q✉✐r❡s ❛ ❣r❛♣❤♠❧ ✜❧❡ ❢♦r t❤❡ ✐❧❧✉str❛t✐♦♥ ♦❢ ♥♦❞❡s ❛♥❞ ❡❞❣❡s✳ ❚❤✐s ✜❧❡ ✐s

❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❧❛st st❡♣ ♦❢ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳



✹✳✼✳ ❆r❝❤✐t❡❝t✉r❡ ■♥❢♦r♠❛t✐♦♥ ✻✾

✹✳✻✳✸ ❈♦♥str❛✐♥ts

❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❡①tr❛❝ts ❛ st❛t✐❝ t❤r❡❛❞ ❣r❛♣❤✱ ✇❤✐❝❤ ♠♦❞❡❧s

❡①❡❝✉t✐♦♥ ❢♦r s♣❡❝✐✜❝ ✐♥♣✉t✳ P♦t❡♥t✐❛❧ ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s t❤❛t ❞♦ ♥♦t ♦❝❝✉r ❛t r✉♥✲

t✐♠❡ ❛r❡ ♥♦t ❝♦✈❡r❡❞✳

❋✉rt❤❡r♠♦r❡✱ t❤✐s t♦♦❧ ✐s t❛✐❧♦r❡❞ t♦✇❛r❞s t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛♥❞ ❝❛♥ ❜❡

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

s♦♠❡ ❆P■ ❢♦r ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ✭❡✳❣✳ ❖♣❡♥✲▼P✱ ▼P■✱ ▼P▼❍✮✳ ■♥

t❤✐s ❝❛s❡✱ ✐t ✐s t❛✐❧♦r❡❞ t♦✇❛r❞s t❤❡ ❆P■ ♦❢ t❤❡ ▼P▼❍ t♦♦❧ ❛♥❞ ✐ts ❘❚▲■❇ ❧✐❜r❛r②✳

❚❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✱

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

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

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

t❤r❡❛❞ ❣r❛♣❤✱ ✐✳❡✳ ❛ ❝❤✐❧❞ t❤r❡❛❞ ✇✐❧❧ ♥♦t ❝r❡❛t❡ ❛♥♦t❤❡r ❝❤✐❧❞ t❤r❡❛❞✳ ❖♥❧② t❤❡ ♠❛✐♥

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

♦♥ ✐❢✴❡❧s❡ ❝♦♥❞✐t✐♦♥s✳ ■❢ t❤✐s ❝❛s❡ ✇♦✉❧❞ ♥♦t ❜❡ ❣✐✈❡♥✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

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

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

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

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

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

❡①❡❝✉t❡ t❤❡ ✐❢ ❝❧❛✉s❡ ❛♥❞ t❤❡ ♥❡①t ✐t❡r❛t✐♦♥ ❡①❡❝✉t❡s t❤❡ ❡❧s❡ ❝❧❛✉s❡✳ ❋♦r t❤❡ ✇♦rst✲

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

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

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

st✐❧❧ r❡♣r❡s❡♥t ❛ ♠♦❞❡❧ t❤❛t ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❛s ❛ t❤r❡❛❞ ❣r❛♣❤✳

❋♦r t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ t❤❡ ❋■❋❖ ♦♣❡r❛t✐♦♥s✱ ♠❡♠♦r② ❜✉✛❡r ✐s r❡q✉✐r❡❞✳ ❚❤✐s

❜✉✛❡r ❤❛s t♦ ❜❡ ❛✈❛✐❧❛❜❧❡ ♦♥ ❛ ♠❡♠♦r② ❢♦r t❤❡ s❡♥❞❡r ❛♥❞ r❡❝❡✐✈❡r ♦❢ t❤❡ ❋■❋❖

♦♣❡r❛t✐♦♥ ❛♥❞ t❤❡ ❜✉✛❡r s✐③❡ ❤❛s t♦ ❜❡ ❦♥♦✇♥ ✐♥ ❛❞✈❛♥❝❡✳ ■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧

✢♦✇✱ t❤❡s❡ ❜✉✛❡rs ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ s❤❛r❡❞ ♠❡♠♦r② ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡

♠❛①✐♠✉♠ ♠❡♠♦r② r❡q✉✐r❡♠❡♥t ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ t♦♦❧✳ ❇✉t✱ t❤✐s ❜✉✛❡r s✐③❡ ❞♦❡s

♥♦t ❣✉❛r❛♥t❡❡ t❤❛t t❤❡ ❡①❡❝✉t✐♦♥ ✇✐❧❧ ❜❡ ❞❡❛❞❧♦❝❦ ❢r❡❡✳ ❋♦r t❤✐s✱ ❢✉rt❤❡r ❛♥❛❧②s✐s ♦❢

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

✹✳✼ ❆r❝❤✐t❡❝t✉r❡ ■♥❢♦r♠❛t✐♦♥

◆❡①t t♦ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥✱ ❛❧s♦ ❛♥ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ✐s r❡q✉✐r❡❞

❜② t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✬s r❡q✉✐r❡♠❡♥ts ✇✐t❤ t❤❡

❛r❝❤✐t❡❝t✉r❡ ❝❛♣❛❜✐❧✐t✐❡s ♦r r❡s♦✉r❝❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥ ❙❡❝t✐♦♥ ✺ ❛♥❞ ✻✱ t✇♦ ♠❛♣✲

♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ str❛t❡❣✐❡s ❛r❡ ❞❡s❝r✐❜❡❞✱ ✇❤✐❝❤ ♣❡r❢♦r♠ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥✳ ❇♦t❤ str❛t❡❣✐❡s ♣❡r❢♦r♠ ❛ ❝♦♠❜✐♥❡❞ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r t❤❡ ♠❛♣♣✐♥❣ ♦❢

t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡

s♣❡❝✐✜❝❛t✐♦♥ ❤❛s t♦ ❝♦♥t❛✐♥ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ r❡s♦✉r❝❡s ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡✱ ✐✳❡✳

♣r♦❝❡ss♦rs✱ ♠❡♠♦r✐❡s ❛♥❞ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r✉♥✲t✐♠❡✳



✼✵ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❚❤❡ ♣r♦❝❡ss♦r ❤❛s t♦ ❜❡ s♣❡❝✐✜❡❞ ❜② ❛♥ ✐❞ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ❆ ❞❡t❛✐❧❡❞ ♠❡♠♦r②

s♣❡❝✐✜❝❛t✐♦♥ ✇❤✐❝❤ ♠♦❞❡❧s ❛ ♠✉❧t✐❧❡✈❡❧ ♠❡♠♦r② ❤✐❡r❛r❝❤② ❛♥❞ ✇❤✐❝❤ ❛❧s♦ ❝♦♥t❛✐♥s

✐♥t❡r❝♦♥♥❡❝t ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s t❤❡ ❛❝❝❡ss t✐♠❡ ♦r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ♦♥❡

❛❝❝❡ss ✇✐t❤ ❞✐✛❡r❡♥t ❜❛♥❞✇✐❞t❤ ✐s ❛❧s♦ r❡q✉✐r❡❞✳

❊❛❝❤ ♠❡♠♦r② ✐s ❞❡✜♥❡❞ ❜② ✐❞✱ s✐③❡✱ t②♣❡✱ ❛♥❞ ❛❝❝❡ss t②♣❡✳ ❚❤❡ t②♣❡✱ ❢♦r ✐♥st❛♥❝❡✱

❞❡s❝r✐❜❡s ✐❢ t❤❡ ♠❡♠♦r② ✐s ❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r②✱ s❤❛r❡❞ ♠❡♠♦r②✱ ♦r ♣r✐✈❛t❡ ♠❡♠♦r②✳

❆❝❝❡ss t②♣❡ ❞❡✜♥❡s t❤❡ t②♣❡ ♦❢ ❛❝❝❡ss✱ ✇❤✐❝❤ ✐s ♣♦ss✐❜❧❡ ♦♥ t❤❡ ♠❡♠♦r②✱ ✐✳❡✳ ❞❛t❛

♦♥❧②✱ ✐♥str✉❝t✐♦♥ ♦♥❧② ♦r ✉♥✐✜❡❞ ❛❝❝❡ss✳

❚❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r✐❡s ❤❛✈❡ t♦ ❜❡ s♣❡❝✐✜❡❞✱

t♦♦✳ ❚❤❡② s♣❡❝✐❢② ✇❤✐❝❤ ♣r♦❝❡ss♦r ❤❛s ❛❝❝❡ss t♦ ✇❤✐❝❤ ♠❡♠♦r② ❛♥❞ t❤❡ ❝♦st ❢♦r ❛♥

❛❝❝❡ss t♦ ❛ s♣❡❝✐✜❝ ♠❡♠♦r② ✐♥ t❡r♠s ♦❢ r✉♥✲t✐♠❡ ❛♥❞ ❡♥❡r❣②✳ ❚❤❡s❡ ♣❡r❢♦r♠❛♥❝❡

❝❤❛r❛❝t❡r✐st✐❝s ❞✐✛❡r ❢♦r ❡❛❝❤ ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② t②♣❡✳ ❚❤❡② ❛r❡ ✐♠♣♦rt❛♥t ✐♥

♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♦✈❡r❛❧❧ r✉♥✲t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦sts✳

❚❤✐s s♣❡❝✐✜❝❛t✐♦♥ ✐s s❡t ✉♣ ❢♦r ❡❛❝❤ ♣r♦❝❡ss♦r t❤❛t ❤❛s ❛❝❝❡ss t♦ ❛ s♣❡❝✐✜❝ ♠❡♠✲

♦r②✳ ❍❡r❡✱ ✜rst ❈P❯ ✐❞ ✐s s♣❡❝✐✜❡❞ t♦❣❡t❤❡r ✇✐t❤ ❛❝❝❡ss r✉♥✲t✐♠❡s ❛♥❞ ❡♥❡r❣②

✐♥❢♦r♠❛t✐♦♥✳ ❆ ❞✐st✐♥❝t✐♦♥ ✐s ♠❛❞❡ ❜❡t✇❡❡♥ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s✱ ❛♥❞ ❜❡t✇❡❡♥

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

❝❛♥ ✈❛r② ❢♦r ❞✐✛❡r❡♥t ❛❝❝❡ss ❜❛♥❞✇✐❞t❤✳

❆❧❧ ❛r❝❤✐t❡❝t✉r❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❛t❛❜❛s❡ ✇✐t❤✐♥

t❤❡ ▼❆❈❈✈✷ ❬✶✹❪ ❢r❛♠❡✇♦r❦ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✶✳ ■♥ t❤✐s ❢r❛♠❡✇♦r❦✱ t❤❡

❞❡s✐❣♥❡r ❝❛♥ s♣❡❝✐❢② ❛♥❞ ❝❤♦♦s❡ ❛♠♦♥❣ ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s✳ ❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧

❊①tr❛❝t✐♦♥ ❚♦♦❧ ❛❝ts ❛s ❛♥ ✐♥t❡r❢❛❝❡ t♦ t❤✐s ❞❛t❛❜❛s❡✱ ♣r♦❝❡ss✐♥❣ ❛❧❧ r❡q✉✐r❡❞ ✐♥❢♦r♠❛✲

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

t♦♦❧s✳

✹✳✽ ❊✈❛❧✉❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ s❤♦✇s t❤❡ ❡①tr❛❝t❡❞ t❤r❡❛❞ ❣r❛♣❤s ❢♦r ❞✐✛❡r❡♥t ❜❡♥❝❤♠❛r❦s ❢♦r t❤❡

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

❚❤❡ ♠♦st ❜❡♥❝❤♠❛r❦s ✉s❡❞ ✐♥ t❤✐s ❡✈❛❧✉❛t✐♦♥ ❛r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❯❚❉❙P s✉✐t❡

❬✶✵✽❪✳ ❆❧s♦ r❡❛❧✲❧✐❢❡ ❜❡♥❝❤♠❛r❦s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥s ✐♥ t❤✐s t❤❡s✐s✿ ▼P❊●✹✱

❏P❊●✷✵✵✵✱ ❍✷✻✹ ❛♥❞ ❇♦✉♥❞❛r② ❱❛❧✉❡ Pr♦❜❧❡♠✳ ❚❤❡ ❯❚❉❙P s✉✐t❡ ❝♦♥s✐sts ♦❢ t✇♦

❝❧❛ss❡s ♦❢ ❜❡♥❝❤♠❛r❦s✿ ❦❡r♥❡❧s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s✳ ❑❡r♥❡❧s ❛r❡ ✐♠♣♦rt❛♥t ❝❛❧❝✉❧❛t✐♦♥s

✐♥ ❉❙P ❛♣♣❧✐❝❛t✐♦♥s ❛s ✜❧t❡rs✱ ❢❛st ❋♦✉r✐❡r tr❛♥s❢♦r♠❛t✐♦♥ ❛♥❞ ♠❛tr✐① ♠✉❧t✐♣❧②✳ ❍❡r❡✱

❋■❘✱ ■■❘✱ ▲❆❚◆❘▼ ❛♥❞ ▼❯▲❚ r❡♣r❡s❡♥t ❦❡r♥❡❧s✳ ❉❙P ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ♣r♦❣r❛♠s✱

✇❤✐❝❤ ❛r❡ ✉s✉❛❧❧② ❧❛r❣❡r t❤❛♥ ❦❡r♥❡❧s✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ t❤❡ ❯❚❉❙P ❜❡♥❝❤♠❛r❦

s✉✐t❡ ❛r❡ ❆❉P❈▼✱ ❈♦♠♣r❡ss✱ ❊❞❣❡ ❉❡t❡❝t ❛♥❞ ❙♣❡❝tr❛❧✳ ❚❛❜❧❡ ✹✳✶ ✐❧❧✉str❛t❡s ❛♥❞

❞❡s❝r✐❜❡s ❛❧❧ ❜❡♥❝❤♠❛r❦s ✉s❡❞ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥s ♦❢ t❤✐s t❤❡s✐s ❬✶✵✾❪✳

❚❤❡ ❝♦❞❡ s✐③❡ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s r❛♥❣❡s ❢r♦♠ ✻✳✺ ❦❇ ✉♣ t♦ ✸ ▼❇ ✇✐t❤ ❛♥ ❛✈✲

❡r❛❣❡ ❝♦❞❡ s✐③❡ ♦❢ ✺✵ ❦❇ ♣❡r ❜❡♥❝❤♠❛r❦✳ ■♥ ❛ ✜rst st❡♣✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s

✭❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✶✮ ♦❢ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛r❡ ❛♣♣❧✐❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥

❛ ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥❝❤r♦♥✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡✳ ❉✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ t❤r❡❛❞s ❛r❡

❡①tr❛❝t❡❞ ❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦✱ ✇❤✐❝❤ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✷✳ ❍❡r❡✱ ❝♦♠♣❛❝t ❛♥❞



✹✳✽✳ ❊✈❛❧✉❛t✐♦♥ ✼✶

❇❡♥❝❤♠❛r❦ ❉❡s❝r✐♣t✐♦♥

❆❉P❈▼ ❆❞❛♣t✐✈❡ ❞✐✛❡r❡♥t✐❛❧ ♣✉❧s❡✲❝♦❞❡❞ ♠♦❞✉❧❛t✐♦♥ s♣❡❡❝❤ ❡♥❝♦❞❡r

❇♦✉♥❞❛r② ❱❛❧✉❡ ❉✐✛❡r❡♥t✐❛❧ ❊q✉❛t✐♦♥s

❈♦♠♣r❡ss ■♠❛❣❡ ❝♦♠♣r❡ss✐♦♥ ✇✐t❤ ❞✐s❝r❡t❡ ❝♦s✐♥❡ tr❛♥s❢♦r♠s

❊❞❣❡ ❉❡t❡❝t ❊❞❣❡ ❉❡t❡❝t✐♦♥ ✇✐t❤ ✷❉ ❝♦♥✈♦❧✉t✐♦♥ ❛♥❞ s♦❜❡❧ ♦♣❡r❛t♦rs

❋■❘ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✜❧t❡r

❍✷✻✹ ▲❜❧♦❝❦ ❍✷✻✹ ❞❡❝♦❞❡r

❍✷✻✹ ▼❜❧♦❝❦ ❍✷✻✹ ❞❡❝♦❞❡r ✇✐t❤ ♠❛❝r♦❜❧♦❝❦ ❝♦❞✐♥❣

■■❘ ■♥✜♥✐t❡ ❘❡s♣♦♥s❡ ❋✐❧t❡r

❏♣❡❣✷✵✵✵ ❏P❊● ❡♥❝♦❞❡r

▲❆❚◆❘▼ ◆♦r♠❛❧✐③❡❞ ▲❛tt✐❝❡ ❋✐❧t❡r

▼♣❡❣✹ ▼P❊●✹ ❡♥❝♦❞❡r

▼✉❧t ▼❛tr✐① ▼✉❧t✐♣❧✐❝❛t✐♦♥

❙♣❡❝tr❛❧ ❙♣❡❝tr❛❧ ❛♥❛❧②s✐s ✇✐t❤ ♣❡r✐♦❞ ❣r❛♠ ❛✈❡r❛❣✐♥❣

❚❛❜❧❡ ✹✳✶✿ ❇❡♥❝❤♠❛r❦s ❛♥❞ t❤❡✐r ❞❡s❝r✐♣t✐♦♥

❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤ ♠♦❞❡❧s ❛r❡ ❡①tr❛❝t❡❞✳

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

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

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

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

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

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

✐♥❞✐✈✐❞✉❛❧ t❤r❡❛❞s✳ ❋♦r t❤❡ ❜❡♥❝❤♠❛r❦s ❊❞❣❡ ❉❡t❡❝t ❛♥❞ ❏♣❡❣✷✵✵✵✱ ♣❛r❛❧❧❡❧ ✈❡rs✐♦♥s

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

s❡❝t✐♦♥ ❛r❡ ❛❞❞❡❞✳

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

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

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

✹✳✽✳✶ ❈♦♠♣❛❝t ▼♦❞❡❧

❆s ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞ ❜❡❢♦r❡✱ t❤❡ ❝♦♠♣❛❝t ♠♦❞❡❧ ✐s s✉✐t❛❜❧❡ ❢♦r ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✱

✇❤✐❝❤ ❝♦♥t❛✐♥ ♠❛♥② r❡♣❡t✐t✐♦♥s ✭✐✳❡✳ t❤r❡❛❞ ❝r❡❛t✐♦♥ ♦r ❋■❋❖s ✇✐t❤✐♥ ❧♦♦♣s✮✳ ❚❤❡

❡①❡❝✉t✐♦♥ ❝♦sts ♣❡r ♥♦❞❡ ❛♥❞ t❤❡ ❋■❋❖ ♦♣❡r❛t✐♦♥s ❛r❡ s✉♠♠❛r✐③❡❞✳ ❇❛s❡❞ ♦♥ t❤❡

❝❤♦✐❝❡ ♦❢ t❤❡ ❞❡s✐❣♥❡r✱ ✐t ❝❛♥ r❡♣r❡s❡♥t t❤❡ ❛✈❡r❛❣❡ ♦r ✇♦rst✲❝❛s❡ ❝♦sts✳ ❚❤❡s❡ ❝♦sts

❞♦ ♥♦t ✐♥✢✉❡♥❝❡ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ♦r ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s✳ ❚❤❡

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

t✐♠❡✱ ✇❤✐❝❤ ✐s ♠❛✐♥❧② s♣❡♥t ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ st❡♣ ♦❢ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧✳

❚❤❡ r❡s✉❧ts ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ❛♥❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ♦❢ t❤❡ ❡①tr❛❝t❡❞

t❤r❡❛❞ ❣r❛♣❤ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✷✳ ❋✐❣✉r❡ ✹✳✹ s❤♦✇s t❤❡ ❡①tr❛❝t❡❞ t❤r❡❛❞ ❣r❛♣❤

❢♦r t❤❡ ❊❞❣❡ ❉❡t❡❝t ❚✽ ❜❡♥❝❤♠❛r❦✱ ✐❧❧✉str❛t❡❞ ✇✐t❤ t❤❡ ❣r❛♣❤✐❝ ❡❞✐t♦r t♦♦❧ ❨❊❉
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▼✉❧t ✺ ✶
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❚❛❜❧❡ ✹✳✷✿ P❛r❛❧❧❡❧✐③❛t✐♦♥ ♦❢ ❇❡♥❝❤♠❛r❦s ❢♦r t❤❡ ❝♦♠♣❛❝t ♠♦❞❡❧

❬✶✵✼❪✳ ❚❤❡ ❡①tr❛❝t❡❞ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ❛♥❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ♦♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤s

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

❡①tr❛❝t❡❞ ❜② t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛❧❧

❋■❋❖ ♦♣❡r❛t✐♦♥s ❛r❡ ❝❛♣t✉r❡❞ ♣r♦♣❡r❧② ❛t t❤❡ r✐❣❤t ♣♦✐♥t ♦❢ t✐♠❡✳ ❚❤❡ t♦♦❧ ❡①tr❛❝t❡❞

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

❋■❋❖ ✇r✐t❡ ❛♥❞ r❡❛❞ ♦♣❡r❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞✳

❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s s❤♦✇ t❤❛t t❤❡ ❙♣❡❝tr❛❧ ❜❡♥❝❤♠❛r❦ ❤❛s t❤❡ ♠♦st

♥✉♠❜❡r ♦❢ t❤r❡❛❞s ✭✷✺✮ ✐♥ t❤✐s s❡t✉♣ ✇✐t❤ s✐① ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s✳ ❆❧t❤♦✉❣❤ ♦t❤❡r ❜❡♥❝❤✲

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

t❡r♠s ♦❢ ❝♦♠♣✉t❛t✐♦♥ ✇♦r❦❧♦❛❞✱ ✐✳❡✳ ▼♣❡❣✹✳ ❚❤❡ ❝♦♠♣❧❡①✐t② ♦❢ s♦♠❡ ❜❡♥❝❤♠❛r❦s

❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤s ♦❢ t❤❡ ❞❡t❛✐❧❡❞ ♠♦❞❡❧✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ r❡q✉✐r❡❞

t✐♠❡ ❢♦r t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦ ✐s ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ♥❡①t

❙❡❝t✐♦♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✳

✹✳✽✳✷ ❉❡t❛✐❧❡❞ ▼♦❞❡❧

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

r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ✇♦r❦❧♦❛❞ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ❍❡r❡✱ ❛❧❧ ❧♦♦♣s ❛r❡ ✉♥r♦❧❧❡❞✳

❚❤✐s ❝❛♥ ❧❡❛❞ t♦ ❛ r❡♣❡t✐t✐♦♥ ♦❢ t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤r❡❛❞s ❛♥❞ ❋■❋❖ ♦♣❡r❛t✐♦♥s ✇✐t❤✐♥



✹✳✽✳ ❊✈❛❧✉❛t✐♦♥ ✼✸

❇❡♥❝❤♠❛r❦ ◆r✳ ♦❢ ❚❤r❡❛❞s ◆r✳ P❛r❛❧❧❡❧ ❙❡❝t✐♦♥s ❚♦t❛❧ ◆r✳ ◆♦❞❡s

❆❉P❈▼ ✹ ✶ ✺

❇♦✉♥❞❛r② ❱❛❧✉❡ ✺ ✶ ✻

❈♦♠♣r❡ss ✺ ✶ ✻

❊❞❣❡ ❉❡t❡❝t ✺ ✸ ✶✻

❊❞❣❡ ❉❡t❡❝t ✭❚✻✮ ✼ ✸ ✷✷

❊❞❣❡ ❉❡t❡❝t ✭❚✽✮ ✾ ✸ ✷✽

❊❞❣❡ ❉❡t❡❝t ✭❚✶✷✮ ✶✸ ✸ ✹✵

❊❞❣❡ ❉❡t❡❝t ✭❚✶✻✮ ✶✼ ✸ ✺✷

❋■❘ ✺ ✶ ✻

❍✷✻✹ ▲❜❧♦❝❦ ✽ ✷ ✶✺

❍✷✻✹ ▼❜❧♦❝❦ ✾ ✷ ✷✾

■■❘ ✺ ✶✷✽ ✻✹✶

❏♣❡❣✷✵✵✵ ✺ ✶ ✻✵✾

❏♣❡❣✷✵✵✵ ✭❚✻✮ ✼ ✶ ✻✶✸

❏♣❡❣✷✵✵✵ ✭❚✽✮ ✾ ✶ ✻✶✼

❏♣❡❣✷✵✵✵ ✭❚✶✵✮ ✶✶ ✶ ✻✷✸

▲❆❚ ✸ ✶ ✹

▼♣❡❣✹ ✹ ✷✵ ✶✺✼✼

▼✉❧t ✺ ✷✵ ✹✵✶

❙♣❡❝tr❛❧ ✾ ✷ ✼✶

❚❛❜❧❡ ✹✳✸✿ P❛r❛❧❧❡❧✐③❛t✐♦♥ ♦❢ ❇❡♥❝❤♠❛r❦s ❢♦r t❤❡ ❞❡t❛✐❧❡❞ ♠♦❞❡❧

t❤r❡❛❞s✳ ❚❤❡ t❤r❡❛❞ ❣r❛♣❤ ❝❛♥ ❣r♦✇ ❛♥❞ ❣❡t ✈❡r② ❝♦♠♣❧❡①✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱

❛❧❧ ♥♦❞❡s ❛♥❞ ❋■❋❖ ❡❞❣❡s ❝♦♥t❛✐♥ t❤❡✐r ✐♥❞✐✈✐❞✉❛❧ ❡①❡❝✉t✐♦♥ ❝♦sts✳ ❚❤✐s ♠❡❛♥s

t❤❛t ❡✳❣✳ ❞✐✛❡r❡♥t ❡①❡❝✉t✐♦♥ ♣❛t❤s✱ ✇❤✐❝❤ ❝❛♥ ♦❝❝✉r ❞✉❡ t♦ ❝♦♥❞✐t✐♦♥s ✭✐❢✴❡❧s❡✲

❝❧❛✉s❡s✮ ❛r❡ ❝❛♣t✉r❡❞ ♣r♦♣❡r❧② ✐♥ t❤❡ ❡①❡❝✉t✐♦♥ ❝♦sts✳ ❚❤✐s ❝❛♥ ❧❡❛❞ t♦ ❛ ♠♦r❡ ♣r❡❝✐s❡

♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ✐♥ t❤❡ s✉❜s❡q✉❡♥t ♠❛♣♣✐♥❣ t♦♦❧s✳ ❖♥ t❤❡ ♦t❤❡r

s✐❞❡✱ ✐t ❝❛♥ ✐♥❝r❡❛s❡ ❞❡s✐❣♥ t✐♠❡ ❛♥❞ ❝♦♠♣❧❡①✐t② ❢♦r ♠♦r❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✳

❲❤✐❧❡ ❚❛❜❧❡ ✹✳✷ s❤♦✇❡❞ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤✱ ❚❛✲

❜❧❡ ✹✳✸ s❤♦✇s ❛❞❞✐t✐♦♥❛❧❧② t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♥♦❞❡s ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ❋♦r

❡①❛♠♣❧❡✱ t❤❡ ❜❡♥❝❤♠❛r❦ ❊❞❣❡ ❉❡t❡❝t ❤❛s ✜✈❡ t❤r❡❛❞s✿ ♦♥❡ ♠❛✐♥ t❤r❡❛❞ ❛♥❞ ❢♦✉r

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

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

❤❛✈❡ t❤❡ s❛♠❡ ■❉ ❛♥❞ ❝♦❞❡✱ ❜✉t t❤❡ ❡①❡❝✉t✐♦♥ ❝♦sts ❝❛♥ ❞✐✛❡r ❢♦r ❡❛❝❤ ✐t❡r❛t✐♦♥✳

❚❤❡ ❏P❊●✷✵✵✵ ❜❡♥❝❤♠❛r❦s ❤❛✈❡ ♦♥❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✱ ❜✉t ♦✈❡r ✻✵✵ ♥♦❞❡s✳ ❍❡r❡✱

s❡✈❡r❛❧ ❋■❋❖ ♦♣❡r❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤✐♥ ❧♦♦♣s✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t②

♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤s✳ ❚❤❡ ▼P❊●✹ ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥s ❧♦♦♣s✱ ✇❤✐❝❤ r❡♣❡❛t t❤❡

t❤r❡❛❞ ❝r❡❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ❋■❋❖ ♦♣❡r❛t✐♦♥s✳ ❚❤✐s ❧❡❛❞s t♦ ✶✺✼✼ ♥♦❞❡s✳ ❚❤❡

❙♣❡❝tr❛❧ ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥s ❋■❋❖ ♦♣❡r❛t✐♦♥s ✐♥ ❧♦♦♣s✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r

♦❢ ♥♦❞❡s✳ ❆ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ❝❛♥ r❡❞✉❝❡ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❝♦♠♣❧❡①✐t② ❢♦r s✉❝❤



✼✹ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥
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❋✐❣✉r❡ ✹✳✸✿ ❘❡q✉✐r❡❞ t✐♠❡ ❢♦r t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥

❜❡♥❝❤♠❛r❦s✳

❙♦♠❡ ❜❡♥❝❤♠❛r❦s ❤❛✈❡ ♥♦ ❞✐✛❡r❡♥❝❡ t♦ t❤❡ ❝♦♠♣❛❝t ♠♦❞❡❧✳ ❙t✐❧❧✱ t❤❡s❡ ❜❡♥❝❤✲

♠❛r❦s ❝❛♥ ❝♦♥t❛✐♥ ❧♦♦♣s ✐♥ t❤❡✐r t❤r❡❛❞s ❛♥❞ ❛❧s♦ ❝♦♠♣❧❡① ♦♣❡r❛t✐♦♥s✱ ❜✉t ♥♦ ❋■❋❖

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

❋■❋❖ ♦♣❡r❛t✐♦♥s ❛❧s♦ ♠❛t❝❤ t❤❡ ❡①tr❛❝t❡❞ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ❛♥❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s

♦❢ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❇② t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡

❝♦♠♣❛❝t ❛♥❞ ❞❡t❛✐❧❡❞ ♠♦❞❡❧✱ t❤❡ ❞❡s✐❣♥❡r ❝❛♥ ❤❛✈❡ ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❝♦♠♣❧❡①✲

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

t❤❡ s②st❡♠✳ ❋✐❣✉r❡ ✹✳✺✱ ✹✳✼ ❛♥❞ ✹✳✻ s❤♦✇ ❡①tr❛❝t❡❞ t❤r❡❛❞ ❣r❛♣❤s ❢♦r ❝♦♠♣❛❝t ❛♥❞

❞❡t❛✐❧❡❞ ✈❡rs✐♦♥s✳

❋✐❣✉r❡ ✹✳✸ ✐❧❧✉str❛t❡s t❤❡ r❡q✉✐r❡❞ t✐♠❡ ❢♦r t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❢♦r ❡❛❝❤

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

✈❡r② ♠✉❝❤ ❢♦r ❜♦t❤ ♠♦❞❡❧s✳ ❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ tr❛✈❡rs❡s t❤❡ s❛♠❡

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

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

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

✹✳✽✳✸ ❊①tr❛❝t❡❞ ❚❤r❡❛❞ ▼♦❞❡❧s

❚❤✐s s❡❝t✐♦♥ ✐❧❧✉str❛t❡s ❡①tr❛❝t❡❞ t❤r❡❛❞ ❣r❛♣❤s ❢♦r ❞✐✛❡r❡♥t ❜❡♥❝❤♠❛r❦s✳



✹✳✽✳ ❊✈❛❧✉❛t✐♦♥ ✼✺

❋✐❣✉r❡ ✹✳✹✿ ❚❤r❡❛❞ ●r❛♣❤ ❢♦r t❤❡ ❊❞❣❡ ❉❡t❡❝t ❚✽ ❜❡♥❝❤♠❛r❦ ✇✐t❤ ✽ t❤r❡❛❞s ✐♥ ❛

♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ✭❝♦♠♣❛❝t✮

❋✐❣✉r❡ ✹✳✺✿ ❚❤r❡❛❞ ●r❛♣❤ ❢♦r t❤❡ ❍✷✻✹ ▲❜❧♦❝❦ ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥✐♥❣ ❋■❋❖s ✭❝♦♠✲

♣❛❝t ❛♥❞ ❞❡t❛✐❧❡❞ ✈❡rs✐♦♥✮



✼✻ ❈❤❛♣t❡r ✹✳ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥

❋✐❣✉r❡ ✹✳✻✿ ❚❤r❡❛❞ ●r❛♣❤ ❢♦r t❤❡ ❙♣❡❝tr❛❧ ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥✐♥❣ ❋■❋❖s ✭❞❡t❛✐❧❡❞

✈❡rs✐♦♥✮



✹✳✽✳ ❊✈❛❧✉❛t✐♦♥ ✼✼

❋✐❣✉r❡ ✹✳✼✿ ❚❤r❡❛❞ ●r❛♣❤ ❢♦r t❤❡ ❍✷✻✹ ▼❜❧♦❝❦ ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥✐♥❣ ❋■❋❖s ✭❝♦♠✲

♣❛❝t ❛♥❞ ❞❡t❛✐❧❡❞ ✈❡rs✐♦♥✮





❈❤❛♣t❡r ✺

▼❡♠♦r②✲❆✇❛r❡ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❈♦♥t❡♥ts

✺✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✺✳✷ ❚♦♦❧ ❖✈❡r✈✐❡✇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✺✳✸ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✺✳✸✳✶ ❖♣t✐♠✐③❛t✐♦♥ ❢♦r ❘✉♥t✐♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✺✳✸✳✷ ❖♣t✐♠✐③❛t✐♦♥ ❢♦r ❊♥❡r❣② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✺✳✸✳✸ ❘❡str✐❝t✐♦♥s ♦❢ t❤❡ ■▲P ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✺✳✹ ❊✈❛❧✉❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✺✳✹✳✶ ❙✐♠✉❧❛t✐♦♥ ❊♥✈✐r♦♥♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✺✳✹✳✷ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✺✳✹✳✸ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✺✳✹✳✹ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞♦♠❛✐♥ ♦❢ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠✱ ❛ s✐♥❣❧❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡

♦r s❡✈❡r❛❧ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s ❝❛♥ ❜❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ✉♥❞❡r❧②✐♥❣ s②st❡♠✳ ❋♦r ❡①✲

❛♠♣❧❡✱ ❧❡t ✉s ❛ss✉♠❡ ❛ ♠♦❜✐❧❡ ❛♥❞ ❜❛tt❡r②✲❞r✐✈❡♥ ❡♠❜❡❞❞❡❞ s②st❡♠✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s

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

❛ ♠❛✐♥ st❛t✐♦♥✳ ❙✉❝❤ ♠♦❜✐❧❡ s②st❡♠s ❛r❡ ✉s✉❛❧❧② ♦♣t✐♠✐③❡❞ t♦ s❛✈❡ ❡♥❡r❣②✳ ❍♦✇❡✈❡r✱

❛♥ ❡❧❡❝tr✐❝✐t②✲♣♦✇❡r❡❞ ❤✐❣❤✲❡♥❞ ❤✐❣❤✲❞❡✜♥✐t✐♦♥ ✭❍❉✮ ❇❧✉✲r❛② ❉❱❉✲P❧❛②❡r ✐s ✉s✉❛❧❧②

♦♣t✐♠✐③❡❞ ❢♦r ❤✐❣❤❡r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❤❛s ♥♦ ♥❡❡❞ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥✳ ❙♦♠❡ ❡♠❜❡❞❞❡❞ s②st❡♠s r❡q✉✐r❡ ♦♥❧② ❛ s✐♥❣❧❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡

✇❤✐❧❡ ♦t❤❡rs r❡q✉✐r❡ ♠♦r❡ t❤❛♥ ♦♥❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ♦♣t✐✲

♠✐③❛t✐♦♥s ❤❛✈❡ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❢♦r st❛t❡✲♦❢✲t❤❡✲❛rt ❡♠❜❡❞❞❡❞ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡s✱

✇❤✐❝❤ ❛r❡ ✉s✉❛❧❧② ❣✐✈❡♥ ❛s ❤♦♠♦❣❡♥❡♦✉s ♦r ❤❡t❡r♦❣❡♥❡♦✉s ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s✳

❆❧❧ ❝♦♥str❛✐♥t s②st❡♠ r❡s♦✉r❝❡s s❤♦✉❧❞ ❜❡ ♦♣t✐♠❛❧❧② ✉t✐❧✐③❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡

❜❡st ♣♦ss✐❜❧❡ ♦♣t✐♠✐③❛t✐♦♥ s♦❧✉t✐♦♥ ❢♦r t❤❡ ✉♥❞❡r❧②✐♥❣ s②st❡♠✳

■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ t✇♦ t♦♦❧s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥s✳ ❖♥❡ t♦♦❧ ♦♣t✐♠✐③❡s ❢♦r ❛ s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡✳ ❚❤❡ s❡❝♦♥❞ t♦♦❧ ♣❡r❢♦r♠s



✽✵ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✻✳ ❚❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠

❞❡s✐❣♥❡r ✐s ❛❜❧❡ t♦ ❝❤♦♦s❡ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡

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

❜❡❞❞❡❞ s②st❡♠s ♦♣t✐♠✐③❛t✐♦♥s ❢♦r ❛ s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡✱ ❡♥❡r❣② ♦r r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥

r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ ❜❛s❡❞ ♦♥ ■▲P ✭■♥t❡❣❡r ▲✐♥❡❛r Pr♦❣r❛♠♠✐♥❣✮

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

❣❡r Pr♦❣r❛♠♠✐♥❣ ✐s ❦♥♦✇♥ t♦ ❜❡ ◆P✲❤❛r❞✳

❚❤❡ ✉♥❞❡r❧②✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐s t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦❢ ♣❛r❛❧✲

❧❡❧✐③❡❞ t❤r❡❛❞s t♦ t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs ✐♥ t❤❡ s②st❡♠ ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ♠❛♣♣✐♥❣

♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞s t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r✲

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

✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❡ s②st❡♠s r❡s♦✉r❝❡s✱ ✐✳❡✳ ❛ s✉✐t❛❜❧❡ ♠❛♣♣✐♥❣ t♦ t❤❡ ♣r♦❝❡ss♦rs ❛♥❞

♠❡♠♦r✐❡s✳ ▼❛♥② ♣❛r❛♠❡t❡rs ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤✐s ♦♣t✐♠✐③❛t✐♦♥✳ ❖♥ t❤❡

❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ s✐❞❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♠❛♥❛❣❡ ❛❧❧ r❡q✉✐r❡♠❡♥ts ❛s

t❤r❡❛❞s ❛♥❞ t❤❡✐r r✉♥t✐♠❡ ♦♥ t❤❡ ❞✐✛❡r❡♥t s②st❡♠ ♣r♦❝❡ss♦rs ❛s ✇❡❧❧ ❛s t❤❡✐r ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❢♦r ✐❞❧❡ ❛♥❞ ❛❝t✐✈❡ ❝②❝❧❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ❤❛✈❡ t♦

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

❝♦♥s✉♠♣t✐♦♥ t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ✐♥ t❤❡ s②st❡♠✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦

❞❡t❡❝t ✐❢ ❛ ♠❡♠♦r② ♦❜❥❡❝t ✐s ❛ ❞❛t❛ ♦r ✐♥str✉❝t✐♦♥ ♦❜❥❡❝t✱ ❤♦✇ ♠❛♥② r❡❛❞ ❛♥❞ ✇r✐t❡

❛❝❝❡ss❡s ❛r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t✳

❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r♦♣❡r r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ❛❝❝❡ss t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t ♦♥ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s✳ ■♥ ♦r✲

❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r♦♣❡r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r✉♥t✐♠❡ ❢♦r ❋■❋❖ ♦♣❡r❛t✐♦♥s✱

❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❝♦♠♠✉♥✐❝❛t❡❞ ❞❛t❛ ✭s✐③❡✱ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss❡s✱ ❜✉s ❛❝❝❡ss✮

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

t❤❡ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♥ ❛❝❝✉r❛t❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳

❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❧❡①✐t② ✇❛s ❛❧r❡❛❞② ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✷✳✸✳

❘❡❧❛t❡❞ ❲♦r❦

❆ ❞❡t❛✐❧❡❞ ♦✈❡r✈✐❡✇ ♦❢ ❛❧❧ r❡❧❛t❡❞ ✇♦r❦ ✐s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳✻✳ ❚♦ s✉♠ ✉♣✱ t❤❡ ❛♣✲

♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ❜② ❙✉❤❡♥❞r❛ ❡t✳ ❛❧✳ ❬✾✶❪ ✐s ♠♦st s✐♠✐❧❛r t♦ t❤❡ ♣r❡s❡♥t❡❞ ❛♣♣r♦❛❝❤

✐♥ t❤✐s s❡❝t✐♦♥✳ ❙✉❤❡♥❞r❛ s✉❣❣❡st❡❞ ❛♥ ■▲P ❛♣♣r♦❛❝❤ ❢♦r t ♠❛♣♣✐♥❣✱ ♣✐♣❡❧✐♥❡❞

s❝❤❡❞✉❧✐♥❣ ❛♥❞ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♣❛rt✐t✐♦♥✐♥❣ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s✳

❙❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♣❛rt✐t✐♦♥✐♥❣ ✐s ❛♥ ❛♣♣r♦❛❝❤ ✇❤❡r❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛r❡

s❤❛r❡❞ ❜❡t✇❡❡♥ ❛❧❧ ♣r♦❝❡ss♦rs✳ ❈♦♥tr❛r② t♦ ❙✉❤❡♥❞r❛✬s ❛♣♣r♦❛❝❤✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡

❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s str✉❝t✉r❡❞ ✐♥ ❛ ❞✐✛❡r❡♥t ✇❛②✳ ❍❡r❡✱ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞

❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡s ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❝♦♥t❛✐♥✐♥❣ ♠❡♠♦r② ❤✐❡r❛r❝❤✐❡s ✇✐t❤

♠❡♠♦r✐❡s ♦❢ ❞✐✛❡r❡♥t s✐③❡s✱ t②♣❡s ❛♥❞ ✇✐t❤ ❞✐✛❡r❡♥t ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡ ❝❤❛r❛❝✲

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

♠❡♠♦r✐❡s✱ ✐✳❡✳ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❛r❡ ♥♦t s❤❛r❡❞ ❛♠♦♥❣ t❤❡ ♣r♦❝❡ss♦rs✳ ■♥

❛❞❞✐t✐♦♥✱ ♣✐♣❡❧✐♥❡❞ s❝❤❡❞✉❧✐♥❣ ✐s ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ❛♣♣r♦❛❝❤✳ ❍♦✇❡✈❡r✱ ❙✉❤❡♥✲

❞r❛✬s ❛♣♣r♦❛❝❤ ❝♦♥s✐❞❡rs ♦♥❧② ❞❛t❛ ❛❧❧♦❝❛t✐♦♥ ✇❤✐❧❡ t❤❡ ♣r❡s❡♥t❡❞ ♠❡♠♦r②✲❛✇❛r❡

■▲P ❛♣♣r♦❛❝❤ ❝♦♥s✐❞❡rs ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts✳



✺✳✷✳ ❚♦♦❧ ❖✈❡r✈✐❡✇ ✽✶

✺✳✷ ❚♦♦❧ ❖✈❡r✈✐❡✇

■♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ t❤❡ ❞❡s✐❣♥❡r ❝❤♦♦s❡s ❜❡t✇❡❡♥ t❤❡ s❝❡♥❛r✐♦✲❛✇❛r❡ ♠❛♣✲

♣✐♥❣ ❛♥❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣✳ ❚❤❡ ■▲P ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧ ✐s ♦♥❡ ♦❢

t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧s✳ ❚❤❡ ♣r❡❝❡❞❡♥t t♦♦❧s ❛r❡ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞

s②♥❝❤r♦♥✐③❛t✐♦♥ t♦♦❧s ❛♥❞ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣✲

t❡r ✹✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ♣r♦✈✐❞❡s ❛♥ ❛♥♥♦t❛t❡❞ ✢❛t t❤r❡❛❞ ❣r❛♣❤

❛s ✐♥♣✉t ❢♦r t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✳ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣✱ t❤❡ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ❛♥❞ ❛❧❧ ✐ts

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

❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✸✳ ❚❤❡ ■▲P ❡q✉❛t✐♦♥s ❛r❡ s❡t ✉♣ ❜❛s❡❞ ♦♥ t❤✐s ✐♥❢♦r♠❛t✐♦♥

✭❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✮✳ ❚❤❡ ■▲P ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧ ✉s❡s

❛♥ ■▲P✲s♦❧✈❡r ✐♥ ♦r❞❡r t♦ ✜♥❞ ❛♥ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❣✐✈❡♥ ■▲P ❡q✉❛t✐♦♥s✳ ■❢ ❛

s♦❧✉t✐♦♥ ✐s ♥♦t ♣♦ss✐❜❧❡ ❞✉❡ t♦ r❡str✐❝t❡❞ r❡s♦✉r❝❡s✱ ❡✳❣✳ t❤❡ ❝❛♣❛❝✐t② ♦❢ t❤❡ ♠❡♠♦r✐❡s

❝❛♥♥♦t ❤♦❧❞ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ t❤❡ t♦♦❧ st♦♣s ✇✐t❤ ❛♥ ❡rr♦r ♠❡s✲

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

♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s st♦r❡❞ ✇✐t❤✐♥ t❤❡ ▼❆❈❈✈✷

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

♠❛♣♣✐♥❣ ❢♦r t❤❡ ✉♥❞❡r❧②✐♥❣ s②st❡♠✳ ■❢ t❤❡ ❉▼▼❘ ❚♦♦❧ ✭❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✺✮

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

❛r❡ ❛❧s♦ ♣r♦✈✐❞❡❞ t♦ t❤❡ ♠❛♣♣✐♥❣ t♦♦❧s✳ ❚❤✐s r❡s✉❧t✐♥❣ ♠❡♠♦r② ♠❛♣♣✐♥❣ ❝❛♥ ❜❡

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

■▲P ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧ ❝❛♥ ❜❡ ❛❞❛♣t❡❞ ✇✐t❤ s♦♠❡ ❢✉rt❤❡r ♦♣t✐♦♥s✳ ■t

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

❜❛s❡❞ ♠❛♣♣✐♥❣✳ P❧❡❛s❡ ♥♦t❡ t❤❛t t❤❡s❡ t❤r❡❛❞s ❛r❡ ♥♦t r❡❢❡rr✐♥❣ t♦ t❤❡ t❤r❡❛❞ ❣r❛♣❤✱

❜✉t t♦ t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❝❛❧❝✉❧❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ❜② s❡tt✐♥❣ t❤❡ ✈❛❧✉❡ ✬✵✬✱ t❤❡

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

❝❛❧❝✉❧❛t✐♦♥s ♦❢ t❤❡ ■▲P✲s♦❧✈❡r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ■▲P ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧

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

❛t✐♦♥ ♦❢ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ♦♥❧②✳ ■t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ ❝♦♥s✐❞❡r ❛❧❧ ♠❡♠♦r✐❡s ❛♥❞

♠❡♠♦r② ♠❛♣♣✐♥❣ ❞✉r✐♥❣ t❤❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ❜✉t ♥♦t ♣r♦✈✐❞❡ t❤❡ ♠❡♠♦r②

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

✐♥ t❤✐s ❝❛s❡✳ ❚❤❡s❡ ♦♣t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s✿

• ❢♦r t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ ♣♦ss✐❜✐❧✐t✐❡s ✇✐t❤ ♦r ✇✐t❤♦✉t ♠❡♠✲

♦r✐❡s

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

✭❢♦r ❡①❛♠♣❧❡✱ t❤❡ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✮

• ✐❢ t❤❡ ❞❡s✐❣♥❡r ❝❤♦♦s❡s ❛ ♠❡♠♦r② ♠❛♣♣✐♥❣ ♦❢ ❞❛t❛ ♦♥❧② ❜② t❤❡ ❙❝r❛t❝❤♣❛❞

▼❡♠♦r② ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇

❋♦r t❤❡ ❧❛st ♣♦✐♥t✱ t❤❡ ■▲P ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❚♦♦❧ ❝❛♥ ❝♦♥s✐❞❡r t❤❡ ♠❡♠✲

♦r✐❡s ❞✉r✐♥❣ ✐ts ♦♣t✐♠✐③❛t✐♦♥s✱ ❜✉t ✐t ❞♦❡s ♥♦t ♣❡r❢♦r♠ ❛ ♠❡♠♦r② ♠❛♣♣✐♥❣✱ ♦♥❧② ❛

t❤r❡❛❞ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡ t❤r❡❛❞s ❛r❡ ♠❛♣♣❡❞ t♦ t❤♦s❡ ♣r♦❝❡ss♦rs✱



✽✷ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

✇❤✐❝❤ ♣r♦✈✐❞❡ t❤❡ ♠♦st ♦♣t✐♠❛❧ ✉t✐❧✐③❛t✐♦♥ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢

t❤❡ t❤r❡❛❞s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ ❛ t❤r❡❛❞ ❤❛s ❧❛r❣❡ ❛♥❞ ❞❛t❛✲✐♥t❡♥s✐✈❡ ♠❡♠♦r② ♦❜❥❡❝ts✱

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

♠❡♠♦r✐❡s ✇❤✐❝❤ s✉✐t t❤❡ ❞❡♠❛♥❞s ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞ ❛s ✇❡❧❧ ❛s

♣♦ss✐❜❧❡✳

✺✳✸ ■▲P ❖♣t✐♠✐③❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ ❡q✉❛t✐♦♥s ❢♦r t❤❡ ❛♣✲

♣❧✐❝❛t✐♦♥ t♦ ❛r❝❤✐t❡❝t✉r❡ ♠❛♣♣✐♥❣ ✇✐t❤ ✐♥t❡❣r❛t❡❞ ♠❡♠♦r②✲❛✇❛r❡♥❡ss✳ ❉❡♣❡♥❞✐♥❣

♦♥ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠✱ t❤❡ ❞❡s✐❣♥❡r ❝❤♦♦s❡s t❤❡ ♣r♦♣❡r ■▲P

❡✐t❤❡r ❢♦r t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ r✉♥t✐♠❡ ♦r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

✺✳✸✳✶ ❖♣t✐♠✐③❛t✐♦♥ ❢♦r ❘✉♥t✐♠❡

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ■▲P ❢♦r♠✉❧❛t✐♦♥ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ♦✈❡r❛❧❧ r✉♥t✐♠❡✳

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

❝❛t✐♦♥ st❛rts ✇✐t❤ t❤❡ ✜rst ♥♦❞❡ ♦❢ t❤❡ ♠❛✐♥ t❤r❡❛❞✳ ❚❤❡ ♠❛✐♥ t❤r❡❛❞ ✐s ❝♦♠♣♦s❡❞

♦❢ ❛ st❛rt ♥♦❞❡✱ ♦♣t✐♦♥❛❧❧② ♦♥❡ ♦r s❡✈❡r❛❧ ✐♥t❡r♠❡❞✐❛t❡ ♥♦❞❡s ❛♥❞ ♦♥❡ ❡①✐t ♥♦❞❡ ✭❛s

❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✶✮✳ ❇❡t✇❡❡♥ t❤❡ ♥♦❞❡s ♦❢ t❤❡ ♠❛✐♥ t❤r❡❛❞✱ t❤❡ ❝❤✐❧❞ t❤r❡❛❞s

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

t♦ ♦♥❡ ♣r♦❝❡ss♦r s✐♥❝❡ t❤❡② ❜❡❧♦♥❣ t♦ ♦♥❡ t❤r❡❛❞✳ ❖t❤❡r✇✐s❡✱ ✐✳❡✳ ✇❤❡♥ ♠❛♣♣✐♥❣

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

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ s♦♠❡ t❤r❡❛❞s ❛❧s♦ ❝♦♥s✐st ♦❢ ♠♦r❡ t❤❛♥ ♦♥❡ ♥♦❞❡ ✐❢

❝♦♠♠✉♥✐❝❛t✐♦♥ ✈✐❛ ❋■❋❖s ✐s s♣❡❝✐✜❡❞ ✭❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✷✮✳ ❆♥ ❛♣♣❧✐❝❛t✐♦♥

❤❛s k t❤r❡❛❞s ✭Thread1 t♦ Threadk✮✳ ❊❛❝❤ t❤r❡❛❞ ❝♦♥s✐sts ♦❢ j ♥♦❞❡s✱ ✇❤❡r❡ j ❤❛s

❛ ✈❛❧✉❡ ♦❢ 1 ✐❢ ♥♦ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✳

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❡q✉❛t✐♦♥s ❝♦♥❝❡r♥✐♥❣ t❤❡

t❤r❡❛❞s✿

• Threadi r❡♣r❡s❡♥ts ❛ t❤r❡❛❞ ✇✐t❤ ✐♥❞❡① ✐✱ ✇❤❡r❡ i = 1, .., k✱

• Threadi,j ❞❡✜♥❡s ❛ ♥♦❞❡ ♦❢ t❤r❡❛❞ Threadi✱ ✇❤❡r❡ j = 1, .., n✱

• StartThrNodei,j r❡♣r❡s❡♥ts t❤❡ st❛rt t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• EndThrNodei,j ❞❡✜♥❡s t❤❡ ❝♦♠♣❧❡t✐♦♥ t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• ExecT imeNodei,j s♣❡❝✐✜❡s t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✳

❚❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ♠✐♥✐♠✐③❡s t❤❡ ❝♦♠♣❧❡t✐♦♥ t✐♠❡ ♦❢ t❤❡ ❧❛st t❤r❡❛❞✱ ✇❤✐❝❤

✐s t❤❡ ❡①✐t ♥♦❞❡ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✿

min (EndThrNodeExit) ✭✺✳✶✮

❚❤❡ ❝♦♠♣❧❡t✐♦♥ t✐♠❡ EndThrNodei,j ♦❢ t❤r❡❛❞ i ❛♥❞ ✐ts ♥♦❞❡ j ✐s ❣✐✈❡♥ ❜② ✐ts st❛rt



✺✳✸✳ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✽✸

t✐♠❡ StartThrNodei,j ✱ ❛❞❞❡❞ t♦ ✐ts ♦✈❡r❛❧❧ ❡①❡❝✉t✐♦♥ t✐♠❡ ExecT imeNodei,j ✿

EndThrNodei,j ≥ StartThrNodei,j + ExecT imei,j ✭✺✳✷✮

❚❤❡ ✈❛❧✉❡ ♦❢ StartThrNodei,j ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♣r❡❞❡❝❡ss♦rs ♦❢ t❤❡ t❤r❡❛❞ ♥♦❞❡

Threadi,j ❛♥❞ ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ❧❛t❡r ✐♥ t❤✐s s❡❝t✐♦♥✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ❛❞❞✐t✐♦♥❛❧ ❝♦♥str❛✐♥ts ❢♦r t❤❡ ■▲P ❛r❡ ❞❡✜♥❡❞✳

✺✳✸✳✶✳✶ ❖✈❡r❛❧❧ r✉♥t✐♠❡ ♦❢ ❛ t❤r❡❛❞ ♥♦❞❡

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

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

♠❡♠♦r② ❛❝❝❡ss✳ ❋♦r t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ r✉♥t✐♠❡ ❢♦r ♠❡♠♦r② ❛❝❝❡ss✱ ♠♦r❡ ♣❛✲

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

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

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

❆❧❧ ♣❛r❛♠❡t❡rs ❛r❡ ❣✐✈❡♥ ❛s ✐♥♣✉t t❤r♦✉❣❤ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❚❤❡

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

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❡q✉❛t✐♦♥s ✐♥ t❤✐s s❡❝t✐♦♥✿

• t❤❡ s❡t ♦❢ t❤r❡❛❞s ✐s ❞❡✜♥❡❞ ❜② T = 1, ..., k✱

• t❤❡ s❡t ♦❢ ♣r♦❝❡ss♦rs ✐s ❞❡✜♥❡❞ ❜② P = 1, .., p✱

• t❤❡ s❡t ♦❢ ♠❡♠♦r✐❡s ✇✐t❤ M = 1, ...,m

• MOi ✐s t❤❡ s❡t ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ❢♦r t❤r❡❛❞ i✱

• MOi,j ✐s ❛ s✉❜s❡t ♦❢ MOi ❛♥❞ ❝♦♥t❛✐♥s ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❛r❡ ❛❝❝❡ss❡❞

❜② t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• mObji,j ✐s ❛ ♠❡♠♦r② ♦❜❥❡❝t ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ❛♥❞ ❛♥ ❡❧❡♠❡♥t ♦❢ t❤❡

s❡t MOi,j ❛♥❞ MOi✱ r❡s♣❡❝t✐✈❡❧②✱

• ProcT imei,j r❡♣r❡s❡♥ts t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ♦♥ t❤❡

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

• ExecT imeProci,j,proc s♣❡❝✐✜❡s t❤❡ r✉♥t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ i, j ♦♥ ❛ s♣❡❝✐✜❝

♣r♦❝❡ss♦r proc✱

• AccT ime❴memoriesi,j ❞❡✜♥❡s t❤❡ r❡q✉✐r❡❞ ❛❝❝❡ss t✐♠❡ t♦ t❤❡ ♠❡♠♦r✐❡s ✇❤✐❝❤

✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♠❡♠♦r② ♠❛♣♣✐♥❣ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤r❡❛❞ ♥♦❞❡

Threadi,j ❀ ✐t ✐♥❝❧✉❞❡s t❤❡ ❛❝❝❡ss t✐♠❡ t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ ❜✉s❡s✱

• Xi,proc ✐s ❛ ❜✐♥❛r② ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ ❛♥❞ ❤❛s t❤❡ ✈❛❧✉❡ 1 ✐❢ t❤r❡❛❞ i ✐s ♠❛♣♣❡❞

t♦ ♣r♦❝❡ss♦r proc✱ ♦t❤❡r✇✐s❡ ✐t ❤❛s ✈❛❧✉❡ 0



✽✹ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

• ProcV arMemproc,mem,mObji,j ✐s ❛ ❜✐♥❛r② ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ ✇❤✐❝❤ ❤❛s t❤❡ ✈❛❧✉❡

1 ✐❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ✐s ♠❛♣♣❡❞ t♦ ♠❡♠♦r② mem ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡

❜② ♣r♦❝❡ss♦r proc✱ ♦t❤❡r✇✐s❡ ✐ts ✈❛❧✉❡ ✐s 0✱

• NrReadAccmObji,j ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t

mObji,j ✇✐t❤✐♥ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• NrWriteAccmObji,j ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ✇r✐t❡ ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t

mObji,j ✇✐t❤✐♥ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• AccT imeReadproc,mem,mObji,j r❡♣r❡s❡♥ts t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❛ r❡❛❞ ❛❝❝❡ss t♦

♠❡♠♦r② ♦❜❥❡❝t mObji,j ♦♥ ❛ ♠❡♠♦r② mem ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ♣r♦❝❡ss♦r

proc✱

• AccT imeWriteproc,mem,mObji,j r❡♣r❡s❡♥ts t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❛ ✇r✐t❡ ❛❝❝❡ss

t♦ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ♦♥ ♠❡♠♦r② mem ✇❤✐❝❤ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ♣r♦❝❡ss♦r

proc✳

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

t❤r❡❛❞ ♥♦❞❡ ♦♥ ❛ ♣r♦❝❡ss♦r ❛♥❞ t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❛❝❝❡ss❡s✳

ExecT imei,j = ProcT imei,j +AccT ime❴memoriesi,j ✭✺✳✸✮

❚❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦♥ ❛ ♣r♦❝❡ss♦r ProcT imei,j ❛s ✇❡❧❧ ❛s t❤❡ ❛❝❝❡ss t✐♠❡

AccT ime❴memoriesi,j t♦ t❤❡ ♠❡♠♦r✐❡s ❞❡♣❡♥❞ ♦♥ t❤❡ ♠❛♣♣✐♥❣ ❞❡❝✐s✐♦♥ ♦❢ t❤✐s

♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡✐r ❞❡✜♥✐t✐♦♥ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ♥❡①t✳

❚❤❡ r✉♥t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ (i, j) ♦♥ ❛ ♣r♦❝❡ss♦r ✐♥ t❤❡ s②st❡♠ ✐s ❞❡✜♥❡❞ ❜②✿

ProcT imei,j =
P∑

proc=1

(Xi,proc ∗ ExecT imeProci,j,proc) ✭✺✳✹✮

❚❤✐s ❡q✉❛t✐♦♥ ❛❞❞s t❤❡ ♣r♦♣❡r ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤r❡❛❞ i ♦♥ ♣r♦❝❡ss♦r proc✳ ❚❤❡

❜✐♥❛r② ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ Xi,proc ✐♥❞✐❝❛t❡s ✐❢ t❤r❡❛❞ i ✐s ♠❛♣♣❡❞ ♦♥t♦ ♣r♦❝❡ss♦r proc✳

■t ❛❧s♦ ❤❛s t♦ ❜❡ s♣❡❝✐✜❡❞ t❤❛t ❛ t❤r❡❛❞ i ❛♥❞ ❛❧❧ ✐ts ♥♦❞❡s ❝❛♥ ❜❡ ♠❛♣♣❡❞ ♦♥❧②

t♦ ♦♥❡ ♣r♦❝❡ss♦r ✐♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡r❡❢♦r❡✱ ❢♦❧❧♦✇✐♥❣ ❝♦♥str❛✐♥t ✐s ❞❡✜♥❡❞ ❢♦r

❡❛❝❤ t❤r❡❛❞ Threadi✿
P∑

proc=1

Xi,proc = 1 ✭✺✳✺✮

◆❡①t✱ t❤❡ ♦✈❡r❛❧❧ ❛❝❝❡ss t✐♠❡ t♦ ♠❡♠♦r✐❡s AccT ime❴memoriesi,j ❝❛✉s❡❞ ❜② ❛ t❤r❡❛❞

♥♦❞❡ Threadi,j ✐s ❝♦♠♣♦s❡❞ ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t ♦♥t♦



✺✳✸✳ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✽✺

t❤❡ ♠❛♣♣❡❞ ♠❡♠♦r②✳ ■t ✐s ❞❡✜♥❡❞ ❜②✿

AccT ime❴memoriesi,j =

MOi,j∑

mObji,j=1

(
M∑

mem=1

ProcV arMemproc,mem,mObji,j

∗ ( NrReadAccmObji,j ∗AccT imeReadproc,mem,mObji,j

+ NrWriteAccmObji,j ∗AccT imeWriteproc,mem,mObji,j )) ✭✺✳✻✮

❚❤✐s ❡q✉❛t✐♦♥ ✐t❡r❛t❡s ♦✈❡r ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts mObji,j ♦❢ t❤r❡❛❞ Threadi ❛♥❞

s✉♠s ✉♣ t❤❡ t✐♠❡ t❤❛t ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❛❝❝❡ss t♦ ❡❛❝❤ ♠❡♠♦r② ♦❜❥❡❝t✳ ❚❤❡

❛❝❝❡ss t✐♠❡ ❞❡♣❡♥❞s ♦♥ t❤❡ ♠❡♠♦r② t♦ ✇❤✐❝❤ mObji,j ✐s ♠❛♣♣❡❞✱ ✇❤✐❝❤ ✐s ✐♥❞✐❝❛t❡❞

❜② t❤❡ ❜✐♥❛r② ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ ProcV arMemproc,mem,mObji,j ✳ ❚❤❡ ♦✈❡r❛❧❧ ❛❝❝❡ss

t✐♠❡ s♣❡♥t ♦♥ ❛ ♠❡♠♦r② mem ✐s ❝♦♠♣♦s❡❞ ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s ♦❢ ♠❡♠♦r②

♦❜❥❡❝t mObji,j t♦ t❤✐s ♠❡♠♦r②✳ ❚❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛❝❝❡ss❡s NrReadAccmObji,j ✐s

♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ ❛❝❝❡ss t✐♠❡ AccT imeReadproc,mem,mObji,j r❡q✉✐r❡❞ ❢♦r ♦♥❡ r❡❛❞

❛❝❝❡ss✳ ❚❤❡ s❛♠❡ ✐s ❞❡✜♥❡❞ ❢♦r t❤❡ ✇r✐t❡ ❛❝❝❡ss❡sNrWriteAccmObji,j t♦ t❤❡ ♠❡♠♦r②

♦❜❥❡❝t mObji,j ♦♥ ♠❡♠♦r② mem✳ ❆s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s ❝❛♥

❝❛✉s❡ ❞✐✛❡r❡♥t ❛❝❝❡ss t✐♠❡s✱ ✇❤✐❝❤ ❛❧s♦ ❞❡♣❡♥❞s ♦♥ s✐③❡ ❛♥❞ ❛❝❝❡ss ✇✐❞t❤ ♦❢ t❤❡

♠❡♠♦r② ♦❜❥❡❝t✳ ❚❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❣❡♥❡r❛t❡s t❤❡ ♣r♦♣❡r r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss

✈❛❧✉❡s ❢♦r t❤❡ ✈❛r✐❛❜❧❡s AccT imeWrite ❛♥❞ AccT imeRead ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛❝❝❡ss

✇✐❞t❤ ❛♥❞ s✐③❡ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❋✉rt❤❡r♠♦r❡✱ ♦♥❧② ✈❛❧✐❞ ❝♦♠❜✐♥❛t✐♦♥s ♦❢

ProcV arMemproc,mem,mObji,j ❛r❡ ❣❡♥❡r❛t❡❞ ✇✐t❤✐♥ t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✭✐✳❡✳ ✉♣ t♦

M×O×MOi ✈❛r✐❛❜❧❡s✮✳ ❚❤✐s ♠❡❛♥s✱ ♦♥❧② ❝♦♠❜✐♥❛t✐♦♥s ❝❛♥ ♦❝❝✉r✱ ✇❤✐❝❤ r❡♣r❡s❡♥t

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

✇❤✐❝❤ ❛r❡ ❛❝❝❡ss✐❜❧❡ ❜② ❛ ❝❡rt❛✐♥ ♣r♦❝❡ss♦r proc ❛♥❞ ✇❤✐❝❤ ❛r❡ ❝❛♣❛❜❧❡ ♦❢ ❤♦❧❞✐♥❣

t❤❡ ❛♣♣r♦♣r✐❛t❡ ♠❡♠♦r② ♦❜❥❡❝ts ✭❡✳❣✳ ❛ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝t ❝❛♥♥♦t ❜❡ ♠❛♣♣❡❞ t♦

❛♥ ✐♥str✉❝t✐♦♥ ♠❡♠♦r②✮✳ P❧❡❛s❡ ♥♦t❡ t❤❛t t❤✐s ❛❝❝❡ss t✐♠❡ ❛❧s♦ ✐♥❝❧✉❞❡s t❤❡ t✐♠❡ ❢♦r

t❤❡ ❛❝❝❡ss t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ ❜✉s❡s✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✼✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥

✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❛t❛❜❛s❡ ✇✐t❤✐♥ t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ✭❞❡s❝r✐❜❡❞

✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✶✮✳

✺✳✸✳✶✳✷ ▼❡♠♦r② ❝♦♥str❛✐♥ts

❚❤❡ ♥❡①t ❝♦♥str❛✐♥t ❡♥s✉r❡s t❤❛t t❤❡ s✐③❡s ♦❢ ♠❡♠♦r✐❡s ❛r❡ ♥♦t ❡①❝❡❡❞❡❞ ❜② t❤❡

♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ ♠❡♠♦r✐❡s✳

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞✿

• sizemObji,j r❡♣r❡s❡♥ts t❤❡ s✐③❡ ♦❢ ❛ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ✱

• sizemem s♣❡❝✐✜❡s t❤❡ ❝❛♣❛❝✐t② ♦❢ ❛ ♠❡♠♦r② mem✳

❚❤❡ ♥❡①t ❡q✉❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❢♦r ❡❛❝❤ ♠❡♠♦r② mem✿

sizemem ≥
T∑

i=1

MO∑

mObji,j=1

(ProcV arMemproc,mem,mObji,j ∗ sizemObji,j ) ✭✺✳✼✮



✽✻ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❚❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ t❤✐s ❡q✉❛t✐♦♥ ✐t❡r❛t❡s ♦✈❡r ❛❧❧ t❤r❡❛❞s Threadi ❛♥❞ ❛❧❧ t❤❡✐r

♠❡♠♦r② ♦❜❥❡❝ts mObji,j ❛♥❞ s✉♠s ✉♣ t❤❡ s✐③❡ ♦❢ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ♠❛♣♣❡❞ t♦

♠❡♠♦r② mem✳ ❚❤✐s ❡q✉❛t✐♦♥ ❣✉❛r❛♥t❡❡s t❤❛t t❤❡ s✐③❡ ♦❢ ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ❞♦❡s

♥♦t ❡①❝❡❡❞ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❡♠♦r②✳

■♥ ❛ ♠❡♠♦r② ❤✐❡r❛r❝❤②✱ ♣r♦❝❡ss♦rs ❤❛✈❡ ❡①❝❧✉s✐✈❡ ❛❝❝❡ss t♦ s♣❡❝✐✜❝ ♠❡♠♦r✐❡s

✭✐✳❡✳ ♦♥✲❝❤✐♣ ❛♥❞ ♣r✐✈❛t❡ ♠❛✐♥ ♠❡♠♦r✐❡s✮✳ ❚❤❡r❡❢♦r❡✱ ❝♦♥str❛✐♥ts ❤❛✈❡ t♦ ❡♥s✉r❡

t❤❛t ✇❤❡♥ ❛ t❤r❡❛❞ Threadi ✐s ♠❛♣♣❡❞ t♦ ❛ ♣r♦❝❡ss♦r proc✱ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts

mObji,j ♦❢ t❤r❡❛❞ Threadi ❝❛♥ ❜❡ ♦♥❧② ♠❛♣♣❡❞ t♦ ❛ ♠❡♠♦r② mem t❤❛t ❝❛♥ ❜❡

❛❝❝❡ss❡❞ ❜② ♣r♦❝❡ss♦r proc✳

❚❤✐s ✐s ❞❡✜♥❡❞ ✐♥ t❤❡ ♥❡①t ❡q✉❛t✐♦♥✿

Xi,proc =
M∑

mem=1

ProcV arMemproc,mem,mObji,j ✭✺✳✽✮

❚❤✐s ❡q✉❛t✐♦♥ ❛❧s♦ ❡♥s✉r❡s t❤❛t ❛ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ❝❛♥ ❜❡ ♠❛♣♣❡❞ ♦♥❧② t♦

♦♥❡ ♠❡♠♦r② mem ✐♥ t❤❡ s②st❡♠✳ ■♥ ❞❡t❛✐❧✱ ✐❢ t❤r❡❛❞ Threadi ✐s ♠❛♣♣❡❞ t♦ ♣r♦❝❡ss♦r

proc ✭✐✳❡✳ Xi,proc ❤❛s ✈❛❧✉❡ 1✮✱ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ❝❛♥ ♦♥❧② ❜❡ ♠❛♣♣❡❞ t♦

♦♥❡ ♠❡♠♦r② mem t❤❛t ✐s ❛❝❝❡ss✐❜❧❡ ❜② ♣r♦❝❡ss♦r proc ✭✐✳❡✳ t❤r♦✉❣❤ t❤❡ ❞❡❝✐s✐♦♥

✈❛r✐❛❜❧❡ ProcV arMemproc,mem,mObji,j ✮✳

✺✳✸✳✶✳✸ ❉❡♣❡♥❞❡♥❝✐❡s ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤

❍❡r❡✱ t❤❡ ❝♦♥tr♦❧ ✢♦✇ ❛♥❞ ❋■❋❖ r❡❧❛t❡❞ ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ t❤r❡❛❞ ♥♦❞❡s ❛r❡ ❞❡✲

✜♥❡❞✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❛r❡ ♠❛♥❞❛t♦r② ✐♥ ♦r❞❡r t♦ ❣✉❛r❛♥t❡❡ ❛♥ ❛❝❝✉r❛t❡ ❝❛❧❝✉❧❛t✐♦♥

♦❢ t❤❡ st❛rt✐♥❣ ❛♥❞ ❡♥❞ t✐♠❡ ♦❢ t❤r❡❛❞ ♥♦❞❡s✳

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞✿

• predi,j ❞❡✜♥❡s ❛ ♣r❡❞❡❝❡ss♦r ♥♦❞❡ ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j ✱

• FIFOi,h s♣❡❝✜❡s t❤❡ r❡q✉✐r❡❞ t✐♠❡ ❢♦r ❛ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

t❤r❡❛❞ ♥♦❞❡s Threadi,j ❛♥❞ Threadh,l✳

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

❛ t❤r❡❛❞ ♥♦❞❡ ❝❛♥ ❜❡ st❛rt❡❞ ♦♥ ❛ ♣r♦❝❡ss♦r✳ ❆ t❤r❡❛❞ ♥♦❞❡ ❝❛♥ st❛rt ✐ts ❡①❡❝✉t✐♦♥

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

❡q✉❛t✐♦♥✿

∀predi,j :

if(i = h) :

StartThrNodei,j ≥ EndThrNodeh,l + 1

if(i 6= h) :

StartThrNodei,j ≥ EndThrNodeh,l + 1 + FIFOi,h ✭✺✳✾✮



✺✳✸✳ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✽✼

❋♦r ❛❧❧ ♣r❡❞❡❝❡ss♦rs predi,j ♦❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j t❤❡ ❢♦❧❧♦✇✐♥❣ ✐s ❞❡✜♥❡❞✿

t❤❡ st❛rt t✐♠❡ StartThrNodei,j ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ✜♥✐s❤✐♥❣ t✐♠❡ ♦❢ t❤❡ ♣r❡❞❡❝❡ss♦r

♥♦❞❡ EndThrNodeh,l ♦❢ ✐ts ♣r❡❞❡❝❡ss♦r ♥♦❞❡ l✳ ❍❡r❡✱ t❤❡ ♣r❡❞❡❝❡ss♦r ♥♦❞❡ ❜❡❧♦♥❣s

t♦ t❤❡ s❛♠❡ t❤r❡❛❞ ❛s t❤❡ s✉❝❝❡ss♦r ♥♦❞❡ ❛♥❞ r❡♣r❡s❡♥ts ❛ ❝♦♥tr♦❧ ✢♦✇ ❡❞❣❡✱ ✐✳❡✳ ❢♦r

t❤❡ ❝❛s❡ ✐❢ i = h✳ ❋♦r t❤❡ ❝❛s❡ i 6= h✱ ✐✳❡✳ t❤❡ ♣r❡❞❡❝❡ss♦r ❜❡❧♦♥❣s t♦ ❛ ❞✐✛❡r❡♥t

t❤r❡❛❞ ♥♦❞❡✱ t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦✈❡r ❋■❋❖s ❜❡t✇❡❡♥ ❜♦t❤ t❤r❡❛❞s

♥♦❞❡s ✐s ❛❞❞❡❞✳ ❍❡r❡✱ t❤❡ ♥✉♠❜❡r 1 r❡♣r❡s❡♥ts ♦♥❡ t✐♠❡ ✉♥✐t✳ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥

✐s ♦♣t✐♦♥❛❧✱ ✐✳❡✳ t❤❡ ❡q✉❛t✐♦♥s ❛r❡ ♦♥❧② s❡t ✐❢ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ✇✐t❤✐♥

t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ P❧❡❛s❡ ♥♦t❡✱ t❤❛t t❤✐s ❡q✉❛t✐♦♥ ✐s ♥♦t ✈❛❧✐❞ ❢♦r ❝❤✐❧❞ t❤r❡❛❞ ♥♦❞❡s✱

✇❤✐❝❤ ❛r❡ ❥♦✐♥❡❞ t♦ t❤❡ ♠❛✐♥ t❤r❡❛❞✳

✺✳✸✳✶✳✹ ❚✐♠❡ ❢♦r ❋■❋❖ ❈♦♠♠✉♥✐❝❛t✐♦♥

❚❤❡ t✐♠❡ ❢♦r ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ ♠❛♥② ♣❛r❛♠❡t❡rs✱ ❛s ❛❝❝❡ss ❛♥❞ s✐③❡

♦❢ ❛ ❞❛t❛ ❡❧❡♠❡♥t t❤❛t ✐s ❝♦♠♠✉♥✐❝❛t❡❞ ♦✈❡r ❋■❋❖✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜✉s ❛❝❝❡ss

t✐♠❡ ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ✇❡❧❧✳

❚❤✉s✱ ❢♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ✐♥ t❤✐s s✉❜s❡❝t✐♦♥✿

• NrElementsi,h r❡♣r❡s❡♥ts t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❡❧❡♠❡♥ts ❝♦♠♠✉♥✐❝❛t❡❞ ✇✐t❤✐♥

t❤❡ ❋■❋❖ FIFOi,h✱

• SizeElementi,h s♣❡❝✐✜❡s t❤❡ s✐③❡ ♦❢ ❛ ❞❛t❛ ❡❧❡♠❡♥t t❤❛t ✐s ❝♦♠♠✉♥✐❝❛t❡❞

✇✐t❤✐♥ t❤❡ ❋■❋❖ FIFOi,h✱

• NrAccessesi,h ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss❡s t♦ t❤❡ ❞❛t❛ ❡❧❡♠❡♥t ❝♦♠♠✉♥✐✲

❝❛t❡❞ ✇✐t❤✐♥ t❤❡ ❋■❋❖ FIFOi,h✱

• BusSpeed r❡♣r❡s❡♥ts t❤❡ s♣❡❡❞ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❜✉s t❤❛t ✐s ✉s❡❞ ❢♦r t❤❡ ❋■❋❖

❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ FIFOi,h

P❧❡❛s❡ ♥♦t❡ t❤❛t ♦♥❡ ❋■❋❖ ✐s ❞❡✜♥❡❞ ❢♦r t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ ❛ t♦❦❡♥ ✭✐✳❡✳ ❛❧❧

✈❛r✐❛❜❧❡s t❤❛t ♥❡❡❞s t♦ ❜❡ ❝♦♠♠✉♥✐❝❛t❡❞ ❛r❡ ❝♦♠❜✐♥❡❞ ✐♥t♦ ❛ t♦❦❡♥✮✳ ❆s ❛❧r❡❛❞②

❞❡s❝r✐❜❡❞✱ ✐❢ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❢♦r ❛ ❝❡rt❛✐♥ ❛♣♣❧✐❝❛t✐♦♥ t❤r❡❛❞ ❣r❛♣❤✱

❛ t❤r❡❛❞ ❝♦♥s✐sts ♦❢ ♠♦r❡ t❤❛♥ ♦♥❡ ♥♦❞❡✳ ❖♥❡ ♦❢ t❤❡s❡ ♥♦❞❡s ❝❛♥ ❤❛✈❡ ❛♥ ✐♥❝♦♠✐♥❣

❋■❋❖ ❡❞❣❡ ✭❋■❋❖ r❡❛❞✮✳ ❚❤❡ ♣r❡❞❡❝❡ss♦r ♥♦❞❡✱ ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ ✐♥❝♦♠✐♥❣ ❋■❋❖

❡❞❣❡✱ ♠✉st ✜rst ❝♦♠♣❧❡t❡ ✐ts ❡①❡❝✉t✐♦♥ ❜❡❢♦r❡ t❤❡ t❛r❣❡t ♥♦❞❡ ❝❛♥ ♣r♦❝❡❡❞ ✇✐t❤ ✐ts

❡①❡❝✉t✐♦♥✳ ❚❤✐s ✇❛s ❛❧r❡❛❞② ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✺✳✾✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❞❡✜♥❡s t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❛ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥

FIFOi,h ❜❡t✇❡❡♥ t❤❡ t❤r❡❛❞ ♥♦❞❡s Threadi,j ❛♥❞ Threadh,l✿

FIFOi,h =

NrElementsi,h ∗ SizeElementi,h ∗NrAccessesi,h

BusSpeed
✭✺✳✶✵✮

❚❤❡ t❡r♠ FIFOi,h ✐s s♣❡❝✐✜❡❞ ❜② t❤❡ ❞❛t❛ ❡❧❡♠❡♥ts t❤❛t ❛r❡ ❝♦♠♠✉♥✐❝❛t❡❞ ✈✐❛

❋■❋❖✳ ❍❡r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❡❧❡♠❡♥ts NrElements ✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ s✐③❡

SizeElementi,h ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss❡s NrAccessesi,h t♦ t❤❡ ❡❧❡♠❡♥ts ❛♥❞

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



✽✽ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

✺✳✸✳✶✳✺ Pr♦❝❡ss♦r ❛ss✐❣♥♠❡♥t

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

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

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✿

• Li,h r❡♣r❡s❡♥ts ❛ ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ ✇❤✐❝❤ ❤❛s ✈❛❧✉❡ 0 ✇❤❡♥ t❤r❡❛❞ Threadi ❛♥❞

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

❛r❡ ♠❛♣♣❡❞ ♦♥t♦ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✱

• Bi,h s♣❡❝✐✜❡s ❛ ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ t❤❛t ✐s s❡t t♦ 1 ✐❢ t❤r❡❛❞ ♥♦❞❡ Threadi,j
❛♥❞ t❤r❡❛❞ ♥♦❞❡ Threadh,l ❛r❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ s❛♠❡ ♣r♦❝❡ss♦r ❛♥❞ t❤r❡❛❞

Threadh ✐s ❡①❡❝✉t❡❞ ❛❢t❡r t❤r❡❛❞ Threadi✱ ❡❧s❡ ✐t ✐s s❡t t♦ 0✳

❚❤❡ ♥❡①t ❡q✉❛t✐♦♥ ✐s t❛❦❡♥ ❢r♦♠ ❬✾✶❪ ❛♥❞ ✇❛s ❛❞❛♣t❡❞ t♦ ♦✉r t❤r❡❛❞ ♠♦❞❡❧✳

❍❡r❡✱ ♦♥❧② ❞✐✛❡r❡♥t t❤r❡❛❞s ❛r❡ ❝♦♥s✐❞❡r❡❞✱ ✐✳❡✳ h 6= i✳

∀procp : 1...P, Li,h ≤ 2−Xi,procp −Xh,procp ✭✺✳✶✶✮

∀procp : 1...P, ∀procq : 1...P, procp 6= procq, Li,h ≥ Xi,procp +Xh,procq − 1 ✭✺✳✶✷✮

❇♦t❤ ❡q✉❛t✐♦♥s r❡♣r❡s❡♥t t❤❡ ❝♦rr❡❝t ✈❛❧✉❡ ❢♦r Li,h ✇❤❡♥ Threadi ❛♥❞ Threadh
❛r❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ s❛♠❡ ♦r ♦♥ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✳ ❚❤❡ ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡ Li,h

✐s s❡t t♦ 0 ♦r 1 ❜② t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❞❡❝✐s✐♦♥ ✈❛r✐❛❜❧❡s Xh,procp ❛♥❞ Xi,procp ♦r

Xi,procq ✱ r❡s♣❡❝t✐✈❡❧②✳ ❊q✉❛t✐♦♥ ✺✳✶✶ ❝♦♥str❛✐♥s Li,h t♦ t❤❡ ✈❛❧✉❡ ✵ ✇❤❡♥ Threadi
❛♥❞ Threadh ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ s❛♠❡ ♣r♦❝❡ss♦r procp✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❡q✉❛t✐♦♥ ✺✳✶✷

❝♦♥str❛✐♥s Li,h t♦ t❤❡ ✈❛❧✉❡ ✶ ✇❤❡♥ Threadi ❛♥❞ Threadh ❛r❡ ♠❛♣♣❡❞ t♦ ❞✐✛❡r❡♥t

♣r♦❝❡ss♦r procp ❛♥❞ procq✳ ❚❤❡ ✈❛r✐❛❜❧❡s Li,h ❛r❡ r❡q✉✐r❡❞ ❢♦r ❛❧❧ ❝♦♠❜✐♥❛t✐♦♥s ♦❢

t❤r❡❛❞s ✐♥ t❤❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✳

❲❤✐❧❡ t❤❡ ❧❛tt❡r ❡q✉❛t✐♦♥s ✇♦r❦ ♦♥ t❤r❡❛❞ ❧❡✈❡❧ ❜❛s✐s✱ t❤❡ ♥❡①t ❡q✉❛t✐♦♥ ❛❞❞s ❛

❝♦♥str❛✐♥t ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤r❡❛❞ ♥♦❞❡s✳ ■t ❛❞❞s t❤❡ ❝♦♥str❛✐♥t t❤❛t t✇♦ t❤r❡❛❞ ♥♦❞❡s

❛r❡ ♥♦t ❡①❡❝✉t❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡ ♦♥ ♦♥❡ ♣r♦❝❡ss♦r✳ ❆❣❛✐♥✱ ♦♥❧② ❞✐✛❡r❡♥t t❤r❡❛❞s

❛r❡ ❝♦♥s✐❞❡r❡❞✱ ✐✳❡✳ i 6= h ✇❤✐❝❤ ❜❡❧♦♥❣ t♦ t❤❡ s❛♠❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✳ ❚❤r❡❛❞ ♥♦❞❡

Threadi,j ❜❡❧♦♥❣s t♦ t❤r❡❛❞ Threadi ❛♥❞ t❤r❡❛❞ ♥♦❞❡ Threadh,l ❜❡❧♦♥❣s t♦ t❤r❡❛❞

Threadh✳

Bi,h +Bh,i = 1 ✭✺✳✶✸✮

Bi,h +Bh,i − Li,h = 1 ✭✺✳✶✹✮

StartThrNodeh,l ≥ EndThrNodei,j −∞ ∗Bh,i + 1 ✭✺✳✶✺✮

StartThrNodei,j ≥ EndThrNodeh,l −∞ ∗Bi,h + 1 ✭✺✳✶✻✮

❊q✉❛t✐♦♥ ✺✳✶✸ ❛❧❧♦✇s ♦♥❧② ♦♥❡ ✈❛r✐❛❜❧❡ Bi,h ♦r Bh,i t♦ ❤❛✈❡ ✈❛❧✉❡ ✶✳ ■❢ ❜♦t❤ t❤r❡❛❞s

Threadi ❛♥❞ Threadh ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ s❛♠❡ ♣r♦❝❡ss♦r✱ ❡✐t❤❡r Threadi ✐s ❡①❡❝✉t❡❞

❜❡❢♦r❡ Threadh ✭✐✳❡✳ Bi,h ❤❛s ✈❛❧✉❡ ✶✮✱ ♦r ♦t❤❡r✇✐s❡✳ ❊q✉❛t✐♦♥ ✺✳✶✹ ❛❧❧♦✇s ♦♥❧② ✈❛❧✐❞



✺✳✸✳ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✽✾

❝♦♠❜✐♥❛t✐♦♥s ♦❢ Bi,h ♦r Bh,i ✇✐t❤ Li,h ✭✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❊q✉❛t✐♦♥ ✺✳✶✸✮✳ ❋♦r

❡①❛♠♣❧❡✱ ✈❛r✐❛❜❧❡ Bi,h ✐s ♥♦t ❛❧❧♦✇❡❞ t♦ ❤❛✈❡ ✈❛❧✉❡ ✶ ✭✐✳❡✳ Threadi ❛♥❞ Threadh
❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ s❛♠❡ ♣r♦❝❡ss♦r✮ ✇❤❡♥ Li,h ❤❛s ❛❧s♦ ✈❛❧✉❡ ✶ ✭✐✳❡✳ Threadi ❛♥❞

Threadh ❛r❡ ♠❛♣♣❡❞ t♦ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs✮✳ ❚❤❡ ❧❛st t✇♦ ❡q✉❛t✐♦♥s ✺✳✶✺ ❛♥❞ ✺✳✶✻✱

s❡t t❤❡ ♣r♦♣❡r st❛rt ❛♥❞ ❡♥❞ t✐♠❡ ♦❢ t❤❡ t❤r❡❛❞ ♥♦❞❡s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♣r❡✈✐♦✉s

✈❛❧✉❡ s❡tt✐♥❣s ♦❢ Bi,h ♦r Bh,i✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❣✉❛r❛♥t❡❡ t❤❛t ♣r❡❝❡❞❡♥❝❡ ❝♦♥str❛✐♥ts

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

P❧❡❛s❡ ♥♦t❡✱ t❤❛t t❤r❡❛❞ ♥♦❞❡s ✇❤✐❝❤ ❜❡❧♦♥❣ t♦ t❤❡ s❛♠❡ t❤r❡❛❞ ❛r❡ ♥♦t ❝♦♥s✐❞✲

❡r❡❞ ❤❡r❡✱ s✐♥❝❡ t❤❡✐r s❡q✉❡♥❝❡ ♦r❞❡r ✐s ❛❧r❡❛❞② s❡t ✐♥ t❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ❝♦♥str❛✐♥t ✐♥

❊q✉❛t✐♦♥ ✺✳✾✳

✺✳✸✳✷ ❖♣t✐♠✐③❛t✐♦♥ ❢♦r ❊♥❡r❣②

■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ■▲P ❢♦r♠✉❧❛t✐♦♥ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥✲

s✉♠♣t✐♦♥ ✐s ♣r❡s❡♥t❡❞✳ ❆❧❧ ❡q✉❛t✐♦♥s t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢

r✉♥t✐♠❡ ❛r❡ ❛❧s♦ r❡q✉✐r❡❞ ✐♥ t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ❡①❝❡♣t ❢♦r

t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥✳ ❚❤❡② ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ♣r♦♣❡r ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss♦r

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

❤✐❣❤❡r ❝♦♠♣❧❡①✐t② ❢♦r t❤✐s ■▲P ♦♣t✐♠✐③❛t✐♦♥✳

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✿

• CPUEnergy r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛❧❧ ♣r♦❝❡ss♦rs ♦❢ t❤❡ s②s✲

t❡♠✱

• MemEnergy ❞❡✜♥❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛❧❧ ♠❡♠♦r✐❡s ✐♥ t❤❡ s②st❡♠✱

• IdleEnergyproc s♣❡❝✐✜❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ t❤❡ ✐❞❧❡ ♠♦❞❡ ♦❢ ♣r♦❝❡ss♦r

proc ❢♦r ♦♥❡ ❝②❝❧❡✱

• ActiveEnergyproc r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ t❤❡ ❛❝t✐✈❡ ♠♦❞❡ ♦❢

♣r♦❝❡ss♦r proc ❢♦r ♦♥❡ ❝②❝❧❡✱

• CPUEnergyi,proc ✐s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ t❤❛t ✐s s♣❡❝✐✜❡❞ ❜② t❤❡ ❞✐✛❡r❡♥❝❡

❜❡t✇❡❡♥ t❤❡ ❛❝t✐✈❡ ♠♦❞❡ ❛♥❞ ✐❞❧❡ ♠♦❞❡ ❡♥❡r❣② ❢♦r ❛ t❤r❡❛❞ Threadi t❤❛t ✐s

♠❛♣♣❡❞ t♦ ♣r♦❝❡ss♦r proc✱

• Cyclesi,proc ❞❡✜♥❡s t❤❡ ♦✈❡r❛❧❧ ❡①❡❝✉t✐♦♥ ❝②❝❧❡s ♦❢ t❤r❡❛❞ Threadi ♦♥ ♣r♦❝❡ss♦r

proc✱

• AccEnergyReadproc,mem,mObji,j s♣❡❝✐✜❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛ r❡❛❞

❛❝❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ♦♥ ♠❡♠♦r② mem ❛♥❞ ✐t ✐♥❝❧✉❞❡s t❤❡ ❡♥❡r❣②

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

• AccEnergyWriteproc,mem,mObji,j r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛ ✇r✐t❡

❛❝❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ♦♥ ♠❡♠♦r② mem ❛♥❞ ✐t ✐♥❝❧✉❞❡s t❤❡ ❡♥❡r❣②

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



✾✵ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

• FIFOEnergy ❞❡✜♥❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❋■❋❖ ♦♣❡r❛t✐♦♥s✱

• FIFOcomm r❡♣r❡s❡♥ts t❤❡ s❡t ♦❢ ❛❧❧ ❛✈❛✐❧❛❜❧❡ ❋■❋❖ ♦♣❡r❛t✐♦♥s ❜❡t✇❡❡♥ t❤r❡❛❞

♥♦❞❡s Threadi ❛♥❞ Threadh✱

• BusEnergyCycle s♣❡❝✐✜❡s t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❜✉s ❢♦r ♦♥❡ ❛❝❝❡ss t♦

t❤✐s ❜✉s✳

❋♦r t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ s②st❡♠✱ t❤❡ ♦❜✲

❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ✐s ❞❡✜♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿

min (CPUEnergy +MemEnergy + FIFOEnergy) ✭✺✳✶✼✮

❚❤❡ ❣♦❛❧ ✐s t♦ ♠✐♥✐♠✐③❡ t❤❡ t♦t❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❤✐❝❤ ❝♦♥s✐sts ♦❢ t❤❡

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

❝♦♥s✉♠♣t✐♦♥ ♦❢ ❋■❋❖ ♦♣❡r❛t✐♦♥s✳

✺✳✸✳✷✳✶ ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ ♣r♦❝❡ss♦rs

■♥ t❤✐s ♠♦❞❡❧✱ ❛ ♣r♦❝❡ss♦r ❝❛♥ ❜❡ ✐♥ t✇♦ ❞✐✛❡r❡♥t ♠♦❞❡s✳ ❲❤❡♥ t❤❡ ♣r♦❝❡ss♦r

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

❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛❧❧ ♣r♦❝❡ss♦rs ✐s ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✺✳✶✽✿

CPUEnergy = (

P∑

proc=1

IdleEnergyproc ∗ EndThrNodeExit)

+ (
T∑

i=1

P∑

proc=1

CPUEnergyi,proc ∗Xi,proc) ✭✺✳✶✽✮

■♥ t❤❡ ✜rst t❡r♠✱ t❤❡ ❡q✉❛t✐♦♥ s✉♠s ✉♣ t❤❡ ✐❞❧❡ ❡♥❡r❣② IdleEnergyproc ❢♦r ❡❛❝❤

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

❞❡✜♥❡❞ ❜② t❤❡ ❧❛st ♥♦❞❡ ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ EndThrNodeExit✳ ❚❤❡ s❡❝♦♥❞ t❡r♠

r❡♣r❡s❡♥ts t❤❡ ❛❞❞✐t✐♦♥❛❧ ❡♥❡r❣② CPUEnergyi,proc t❤❛t ✐s ❝♦♥s✉♠❡❞ ❢♦r ❡❛❝❤ t❤r❡❛❞

Threadi t❤❛t ✐s ♠❛♣♣❡❞ t♦ ♣r♦❝❡ss♦r proc✳

CPUEnergyi,proc ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛❝t✐✈❡ ♠♦❞❡

❛♥❞ ✐❞❧❡ ♠♦❞❡✿

CPUEnergyi,proc = Cyclesi,proc ∗ (ActiveEnergyproc − IdleEnergyproc) ✭✺✳✶✾✮

❖♥❧② t❤❡ ❡①❡❝✉t✐♦♥ ❝②❝❧❡s t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥ ✐♥ ❛❝t✐✈❡ ♠♦❞❡ ♦❢

t❤r❡❛❞ Threadi ❛r❡ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛❝t✐✈❡ ❡♥❡r❣②ActiveEnergyproc
❛♥❞ ✐❞❧❡ ❡♥❡r❣② IdleEnergyproc✳



✺✳✸✳ ■▲P ❖♣t✐♠✐③❛t✐♦♥ ✾✶

✺✳✸✳✷✳✷ ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ♠❡♠♦r② ❛❝❝❡ss❡s

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

MemEnergy =
T∑

i=1

M∑

mem=1

MO∑

mObji,j=1

ProcV arMemproc,mem,mObji,j

∗ (NrReadAccmObji,j ∗AccEnergyReadproc,mem,mObji,j

+ NrWriteAccmObji,j ∗AccEnergyWriteproc,mem,mObji,j ) ✭✺✳✷✵✮

❚❤✐s ❡q✉❛t✐♦♥ ✐t❡r❛t❡s ♦✈❡r ❛❧❧ t❤r❡❛❞s Threadi✱ ♦✈❡r ❛❧❧ ♠❡♠♦r✐❡s mem ❛♥❞ ♦✈❡r

❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts mObji,j ♦❢ Threadi ✐♥ t❤❡ s②st❡♠✳ ■❢ ❛ ♠❡♠♦r② ♦❜❥❡❝t mObji,j
✐s ♠❛♣♣❡❞ t♦ ❛ ♠❡♠♦r② mem ✭✐✳❡✳ ProcV arMemproc,mem,mObji,j ✐s tr✉❡✮✱ t❤❡ ❡♥✲

❡r❣② ❢♦r ❛❧❧ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s ✐s ❛❞❞❡❞ t♦ t❤❡ ♦✈❡r❛❧❧ ♠❡♠♦r② ❡♥❡r❣② ❝♦♥✲

s✉♠♣t✐♦♥ MemEnergy✳ ■♥ ❞❡t❛✐❧✱ t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛❝❝❡ss❡s NrReadAccmObji,j

❢♦r t❤❡ ♠❡♠♦r② ♦❜❥❡❝t mObji,j ♦❢ t❤r❡❛❞ Threadi ✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❡♥❡r❣②

AccEnergyReadproc,mem,mObji,j t❤❛t ✐s r❡q✉✐r❡❞ ❢♦r ♦♥❡ r❡❛❞ ❛❝❝❡ss✳ ❚❤❡ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ✇r✐t❡ ❛❝❝❡ss❡s AccEnergyWriteproc,mem,mObji,j t♦ mObji,j ✐s

❞❡✜♥❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛②✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❣❡♥❡r❛t❡s t❤❡ ♣r♦♣❡r r❡❛❞ ❛♥❞ ✇r✐t❡

❡♥❡r❣② ✈❛❧✉❡s ❢♦r AccEnergyRead ❛♥❞ AccEnergyWrite ❜❛s❡❞ ♦♥ t❤❡ ❛❝❝❡ss ✇✐❞t❤

❛♥❞ s✐③❡ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts✳

✺✳✸✳✷✳✸ ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❋■❋❖ ♦♣❡r❛t✐♦♥s

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❞❡✜♥❡s t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ ❢♦r ❛ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥

FIFOEnergyi,h ❜❡t✇❡❡♥ t❤❡ t❤r❡❛❞ ♥♦❞❡s Threadi,j ❛♥❞ Threadh,l✿

FIFOEnergy =

FIFOcomm∑
NrElementsi,h

∗ SizeElementi,h ∗ NrAccessesi,h ∗BusEnergyAccess ✭✺✳✷✶✮

FIFOEnergy ✐s ❞❡✜♥❡❞ ❜② t❤❡ ✐t❡r❛t✐♦♥ ♦✈❡r ❛❧❧ ❡①✐st✐♥❣ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s

FIFOcomm✳ ❋♦r ❡❛❝❤ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❤❡ s✐③❡ SizeElement ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢

❞❛t❛ ❡❧❡♠❡♥ts NrElements t❤❛t ❛r❡ ❝♦♠♠✉♥✐❝❛t❡❞ ✈✐❛ t❤❡ ❋■❋❖ ❛r❡ ♠✉❧t✐♣❧✐❡❞ ❜②

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

BusEnergyAccess ❢♦r ❛♥ ❛❝❝❡ss t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ ❜✉s✳

✺✳✸✳✸ ❘❡str✐❝t✐♦♥s ♦❢ t❤❡ ■▲P ♠♦❞❡❧

❍❡r❡✱ t❤❡ r❡str✐❝t✐♦♥s ♦❢ t❤✐s ■▲P ♠♦❞❡❧ ❛r❡ ❞❡s❝r✐❜❡❞✳ ❋✐rst✱ t❤❡ ❛❝❝❡ss❡s t♦ ♠❡♠✲

♦r✐❡s ❝❛♥♥♦t ❛❧✇❛②s ❜❡ ♠♦❞❡❧❡❞ ❛s ♣r❡❝✐s❡❧② ❛s ✐♥ r❡❛❧ ♠❡♠♦r✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❞✉❡

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

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

❜❡ ❞❡❝r❡❛s❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜✉s ✐s ♥♦t ♠♦❞❡❧❡❞ ❛s r❡str✐❝t❡❞ r❡s♦✉r❝❡✱ ✐✳❡✳ ❜✉s

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



✾✷ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

AMBA BUS

CPU0 500 MHz

L1 Instruction 

L1 Data 

L1 Instruction 

L1 Data 

Private

Memory 16 MB

Private

Memory 16 MB

Private

Memory 16 MB

Private

Memory 16 MB Shared

Memory
512 MB

CPU1

L1 Instruction 

L1 Data 

L1 Instruction

CPU3CPU2

16 KB

16 KB
16 KB

16 KB

16 KB

16 KB

16 KB

L1 Data 16 KB
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500 MHz

500 MHz 500 MHz

❋✐❣✉r❡ ✺✳✶✿ ❍♦♠♦❣❡♥❡♦✉s ▼P❙♦❈ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❊✈❛❧✉❛t✐♦♥

✐♥ t❤✐s ✇♦r❦✳ ❆ ♣r❡❝✐s❡ ♠♦❞❡❧ ❢♦r t❤❡s❡ r❡s♦✉r❝❡s ❛❧s♦ ❧❡❛❞s t♦ ❛ ♠♦r❡ ❝♦♠♣❧❡① ■▲P

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

❋✉rt❤❡r♠♦r❡✱ ❛♥ ■▲P s♦❧✉t✐♦♥ ✐s ♥♦t ♣♦ss✐❜❧❡ ✐❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ✐♥❝❧✉❞❡s ❝②❝❧❡s✳

❲✐t❤ ♣r♦♣❡r ❛♥❛❧②s✐s ❛s ❜r❡❛❞t❤✲✜rst s❡❛r❝❤✱ ❝②❝❧❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ❛♥❞ ❞❡❧❡t❡❞✳ ❚❤❡

t❤r❡❛❞ ❣r❛♣❤ s❤♦✉❧❞ ❛❧s♦ ❤❛✈❡ ♦♥❡ ❡①♣❧✐❝✐t st❛rt ♥♦❞❡ ❛♥❞ s✐♥❦✳ ❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧

❊①tr❛❝t✐♦♥ ❚♦♦❧✱ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ ❡♥s✉r❡s t❤❛t t❤❡ t❤r❡❛❞ ❣r❛♣❤ ✐s ❢♦❧❧♦✇✐♥❣

t❤❡s❡ r❡q✉✐r❡♠❡♥ts✳

■▲P ♦♣t✐♠✐③❛t✐♦♥s ❛r❡ ❦♥♦✇♥ t♦ ✇♦r❦ ❢❛st ❢♦r s♠❛❧❧❡r ✐♥♣✉ts✱ ✐✳❡✳ s♠❛❧❧❡r ♦r

❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s✳ ❋♦r ♠♦r❡ ❝♦♠♣❧❡① t❤r❡❛❞ ❣r❛♣❤s✱ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ t✐♠❡

❝❛♥ ✐♥❝r❡❛s❡ ❞r❛st✐❝❛❧❧②✳ ❚❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❝♦✉❧❞ ❜❡ st♦♣♣❡❞ ❛❢t❡r ❛ ❝❡rt❛✐♥

❛♠♦✉♥t ♦❢ t✐♠❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ s♦❧✉t✐♦♥ ❝❛♥♥♦t ❜❡ ❝❧❡❛r❧② ✈❛❧✐❞❛t❡❞✳

✺✳✹ ❊✈❛❧✉❛t✐♦♥

✺✳✹✳✶ ❙✐♠✉❧❛t✐♦♥ ❊♥✈✐r♦♥♠❡♥t

❚❤✐s s❡❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ s✐♠✉❧❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ♦❢ t❤❡ ■▲P✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡

♠❛♣♣✐♥❣ t♦♦❧✳ ❙❡❝t✐♦♥ ✷✳✸✳✶ ❞❡s❝r✐❜❡s t❤❡ ✉♥❞❡r❧②✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧ ✐♥❝❧✉❞✐♥❣

❛ ❜❛s✐❝ ❛r❝❤✐t❡❝t✉r❡ ✇❤✐❝❤ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✵✳

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

❚❤❡ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥s✐sts

♦❢ ❢♦✉r ❆❘▼✶✶ ♣r♦❝❡ss♦rs ✇✐t❤ ❛ ❝❧♦❝❦ ❢r❡q✉❡♥❝② ♦❢ ✺✵✵ ▼❍③✳ ❊❛❝❤ ♣r♦❝❡ss♦r ❤❛s

❡①❝❧✉s✐✈❡ ❛❝❝❡ss t♦ ✐ts ♦✇♥ ♠❡♠♦r✐❡s✱ ✐✳❡✳ ♦♥❡ ♣r✐✈❛t❡ ♠❛✐♥ ♠❡♠♦r② ✇✐t❤ ✶✻ ▼❇



✺✳✹✳ ❊✈❛❧✉❛t✐♦♥ ✾✸

AMBA BUS

CPU0 500 MHz

L1 Instruction 

L1 Data 

L1 Instruction 

L1 Data 

Private

Memory 16 MB

Private

Memory 8 MB

Private

Memory 8 MB

Private

Memory 16 MB Shared

Memory
512 MB

CPU1

L1 Instruction 

L1 Data 

L1 Instruction

CPU3CPU2

16 KB

16 KB
32 KB

64 KB
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400 MHz

500 MHz 400 MHz

❋✐❣✉r❡ ✺✳✷✿ ❍❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❊✈❛❧✉❛t✐♦♥

s✐③❡ ❛♥❞ ❛♥ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✇✐t❤ ✶✻ ❑❇ s✐③❡✳ ❚❤❡s❡ ♠❡♠✲

♦r✐❡s ❝❛♥ ❜❡ r❡❛❝❤❡❞ ❜② ♣r✐✈❛t❡ ❜✉s❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❛ s❤❛r❡❞ ❉❘❆▼ ♠❡♠♦r② ✇✐t❤

✺✶✷ ▼❇ s✐③❡ ❝❛♥ ❜❡ r❡❛❝❤❡❞ ❜② ❡❛❝❤ ♣r♦❝❡ss♦r✳ ❚❤✐s ♠❡♠♦r② ✐s ❛❝❝❡ss❡❞ t❤r♦✉❣❤ ❛♥

❆▼❇❆ ❜✉s✳ ❚❤✐s ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤✐♥ t❤❡ ▼❆❈❈✈✷

❢r❛♠❡✇♦r❦ ✭❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✶✮✳

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

✉❛t✐♦♥ ✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ s✐♥❣❧❡✲■❙❆ ❤❡t❡r♦❣❡♥❡♦✉s ♠✉❧t✐✲❝♦r❡ ❛r❝❤✐t❡❝t✉r❡ s✉❣✲

❣❡st❡❞ ✐♥ ❬✶✶✵✱ ✶✶✶❪✳ ❍❡r❡✱ t❤❡ ❛✉t❤♦rs ♣r♦♣♦s❡ ❛ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠ ✇✐t❤ ❝♦r❡s

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

✐♥ ♣♦✇❡r ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ✈❛❧✉❡s✱ ❝❛❝❤❡ s✐③❡s✱ r❛✇ ❡①❡❝✉t✐♦♥ ❜❛♥❞✇✐❞t❤✱ ♦r ♦t❤❡r

❝❤❛r❛❝t❡r✐st✐❝s✳ ■♥ ❬✶✶✵❪✱ t❤❡ ❛✉t❤♦rs ❝♦♠♣❛r❡❞ t❤❡✐r ❛r❝❤✐t❡❝t✉r❡ ❛❣❛✐♥st ❛ ❤♦♠♦✲

❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✱ ❛♥❞ t❤❡ s✐♥❣❧❡✲■❙❆ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ♦✉t♣❡r❢♦r♠❡❞

t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ❜② ✻✸✪✳ ❇❛s❡❞ ♦♥ t❤✐s ❝♦♥❝❧✉s✐♦♥✱ ♦✉r ❛r❝❤✐t❡❝t✉r❡

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

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

♦❢ t❤❡ ♣r♦❝❡ss♦r✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s ❛r❝❤✐t❡❝t✉r❡ s❡t✉♣ ✐s ❛❧s♦ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡

st❛t❡✲♦❢✲t❤❡✲❛rt ❆❘▼ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ ✭❬✷✵❪✱ ❬✷✶❪✮ ✇❤✐❝❤ ✐s ❛❧s♦ ❞❡s❝r✐❜❡❞ ✐♥

❙❡❝t✐♦♥ ✶✳✷✳ ■♥ t❤✐s ❛r❝❤✐t❡❝t✉r❡✱ ❜✐❣ ♣r♦❝❡ss♦rs ❢♦r ❤❡❛✈② ✇♦r❦❧♦❛❞s ❛r❡ ❝♦♠❜✐♥❡❞

✇✐t❤ ❧✐tt❧❡ ❡♥❡r❣②✲❡✣❝✐❡♥t ♣r♦❝❡ss♦rs✳ ❚❤❡② ❛r❡ ❛❧s♦ ❛✈❛✐❧❛❜❧❡ ❛s q✉❛❞ ❝♦r❡ ✇✐t❤ t✇♦

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

♠❡♠♦r② ❤✐❡r❛r❝❤② ❛s ❛♥ ❆❘▼ ❈♦rt❡①✲❆✺✼ ♣r♦❝❡ss♦r ✭✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✹✳✶✮✳

❚❤✐s ♣r♦❝❡ss♦r ✐s ❛❧s♦ ✉s❡❞ ✐♥ t❤❡ ❆❘▼ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡✳

❇❛s❡❞ ♦♥ t❤❡s❡ ❛ss✉♠♣t✐♦♥s✱ t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✲



✾✹ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

✉r❡ ✺✳✷ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤✐♥ t❤❡ ▼❆❈❈✈✷ ❢r❛♠❡✇♦r❦ ✭❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✶✮

❚❤❡ ♣r♦♣♦s❡❞ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥s✐sts ♦❢ ❢♦✉r ❆❘▼✶✶ ♣r♦❝❡ss♦rs ✇✐t❤ ❝❧♦❝❦ ❢r❡q✉❡♥❝✐❡s

♦❢ ✹✵✵ ♦r ✺✵✵ ▼❍③✳ ❚❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ✐s ❢✉❧❧② ❤❡t❡r♦❣❡♥❡♦✉s ✇✐t❤ ❞✐✛❡r❡♥t

♠❡♠♦r② s✐③❡s ♦♥ ❡❛❝❤ ❧❡✈❡❧ ❛♥❞ ❞✐✛❡r❡♥t ♠❡♠♦r② t②♣❡s ♦♥ ❧❡✈❡❧ ♦♥❡ ❢♦r t❤❡ s❝r❛t❝❤✲

♣❛❞ ♠❡♠♦r✐❡s✳ Pr♦❝❡ss♦r CPU0 ❤❛s ❛ ❝❧♦❝❦ ❢r❡q✉❡♥❝② ♦❢ ✺✵✵ ▼❍③ ❛♥❞ ❝♦♥t❛✐♥s t✇♦

❧❡✈❡❧ ♦♥❡ ♠❡♠♦r✐❡s✱ ♦♥❡ ✐♥str✉❝t✐♦♥ ❛♥❞ ♦♥❡ ❞❛t❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ✇✐t❤ ❛ s✐③❡

♦❢ ✶✻ ❑❇✱ ❛♥❞ ♦♥❡ ♣r✐✈❛t❡ ♠❡♠♦r② ✇✐t❤ ❛ s✐③❡ ♦❢ ✶✻ ▼❇✳ Pr♦❝❡ss♦r CPU1 ❤❛s ❛

❝❧♦❝❦ ❢r❡q✉❡♥❝② ♦❢ ✹✵✵ ▼❍❩ ❛♥❞ ❛ ✸✷ ❑❇ ✐♥str✉❝t✐♦♥ ❛♥❞ ❛ ✻✹ ❑❇ ❞❛t❛ s❝r❛t❝❤♣❛❞

♠❡♠♦r②✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❤❛s ❛ ♣r✐✈❛t❡ ♠❛✐♥ ♠❡♠♦r② ✇✐t❤ ✽ ▼❇ s✐③❡✳ CPU2 ❤❛s ❛

❝❧♦❝❦ ❢r❡q✉❡♥❝② ♦❢ ✺✵✵ ▼❍③✱ ❛♥ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♦❢ ✽ ❑❇

s✐③❡ ❛s ✇❡❧❧ ❛s ❛ ♣r✐✈❛t❡ ♠❡♠♦r② ♦❢ ✶✻ ▼❇ s✐③❡✳ CPU3 ❤❛s ❛ ❝❧♦❝❦ ❢r❡q✉❡♥❝② ♦❢

✹✵✵ ▼❍③ ❛♥❞ ❛❝❝❡ss t♦ ❛♥ ✐♥str✉❝t✐♦♥ s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♦❢ ✸✷ ❑❇ ❛♥❞ ❛ ❞❛t❛

s❝r❛t❝❤♣❛❞ ♠❡♠♦r② ♦❢ ✽ ❑❇✳ ❚❤❡ ♣r✐✈❛t❡ ♠❡♠♦r② ♦❢ CPU3 ❤❛s ❛ s✐③❡ ♦❢ ✽ ▼❇✳ ❚❤❡

s②st❡♠ ❛❧s♦ ❝♦♥t❛✐♥s ♦♥❡ s❤❛r❡❞ ❉❘❆▼ ♠❡♠♦r② ✇✐t❤ ✺✶✷ ▼❇ ❢♦r s❤❛r❡❞ ❞❛t❛ ❛♥❞

✐♥str✉❝t✐♦♥s✳

❇♦t❤ ❛r❝❤✐t❡❝t✉r❡s ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ❢♦r t❤❡ ✉♥❞❡r❧②✐♥❣ ❝②❝❧❡✲❛❝❝✉r❛t❡ ❈❖▼❊❚

s✐♠✉❧❛t♦r ✭❞❡s❝r✐❜❡❞ ✐♥ ♥❡①t ❙❡❝t✐♦♥ ✺✳✹✳✷✮✱ ✇❤✐❝❤ ✐s ✉s❡❞ ❢♦r t❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡

❡✈❛❧✉❛t✐♦♥✳

✺✳✹✳✷ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✉♣

■♥ ❛ ✜rst st❡♣✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ❬✶✵✻✱ ✾✹❪ ❛r❡ ❛♣♣❧✐❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥

❛ ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥❝❤r♦♥✐③❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧

❊①tr❛❝t✐♦♥ ❚♦♦❧ ❡①tr❛❝ts t❤❡ t❤r❡❛❞ ❣r❛♣❤s ❛♥❞ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r t❤❡

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧✳ ❚❤❡ ❜❡♥❝❤♠❛r❦s✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❡①tr❛❝t❡❞

t❤r❡❛❞s ❛♥❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s✱ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✽✳

❚❤❡ ❙♣❡❝tr❛❧✱ ❛❧❧ ❊❞❣❡ ❉❡t❡❝t ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞▼♣❡❣✹ ❜❡♥❝❤♠❛r❦s ❛r❡ t❤❡ ♠♦st

❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s ✐♥ t❤✐s s❡t✉♣✳ ❚❤❡ ❙♣❡❝tr❛❧ ❜❡♥❝❤♠❛r❦ ❤❛s ✻ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s

❛♥❞ ✷✺ t❤r❡❛❞s✳ ❚❤❡ ▼♣❡❣✹ ❜❡♥❝❤♠❛r❦ ✐s ❝♦♠♣❧❡① ❞✉❡ t♦ t❤❡ ❧❛r❣❡ ❝♦❞❡ s✐③❡ ✭✸ ▼❇✮

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

♠❡♠♦r✐❡s✳ ❆❧❧ ❊❞❣❡ ❉❡t❡❝t ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ ✇✐t❤ ✉♣ t♦ ✶✻ t❤r❡❛❞s ♣❡r ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✱

r❡♣r❡s❡♥t ♠♦r❡ ❝♦♠♣❧❡① ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s t❤r❡❛❞s✳ ❍♦✇❡✈❡r✱ ❛❧❧ ❜❡♥❝❤♠❛r❦s s❤♦✉❧❞

r❡♣r❡s❡♥t ❛ ❣♦♦❞ ❛✈❡r❛❣❡ ♦✈❡r ♠❛♣♣✐♥❣ ❝♦♠♣❧❡①✐t② ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ✇♦r❦❧♦❛❞✳

❚❤❡ ❝♦♠♠❡r❝✐❛❧ ■▲P s♦❧✈❡r ❈P▲❊❳ ❬✶✶✷❪ ✐s ✉s❡❞ ❢♦r t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡

♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥s ✐♥ t❤✐s ■▲P ❢♦r♠✉❧❛t✐♦♥✳ ❊♥❡r❣② ✈❛❧✉❡s ❛r❡ ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣

t♦ t❤❡ ♠♦❞❡❧ ❞❡✜♥❡❞ ❜② ❙t❡✐♥❦❡ ❡t✳ ❛❧✳ ❬✹✵❪ ✇❤✐❧❡ t❤❡ ♠❡♠♦r② ♠♦❞❡❧s ❛r❡ ♣r♦✈✐❞❡❞

❜② ❈❆❈❚■ ❬✶✶✸❪✳ ❈❆❈❚■ ✐s ❛ t♦♦❧ ❢♦r ♠♦❞❡❧✐♥❣ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❛❝❝❡ss t✐♠❡

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

■▲P✲♦♣t✐♠✐③❛t✐♦♥✱ t❤❡ ❝②❝❧❡✲❛❝❝✉r❛t❡ ✐♥str✉❝t✐♦♥ s❡t s✐♠✉❧❛t♦r ❈♦▼❊❚ ❬✶✻❪ ✐s ✉s❡❞✳
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Runime Energy

❋✐❣✉r❡ ✺✳✸✿ ❘❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❛❝❤✐❡✈❡❞ ❜② ❘✉♥t✐♠❡✲■▲P ❢♦r ❛ ❤♦♠♦✲

❣❡♥❡♦✉s ♣❧❛t❢♦r♠

✺✳✹✳✸ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

✺✳✹✳✸✳✶ ❈♦♠♣❛r✐s♦♥ ❛❣❛✐♥st st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣

■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✐s ✈❛❧✐❞❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ♠❡♠♦r②✲❛✇❛r❡

♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❛❣❛✐♥st st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❆♥ ■▲P ♦♣✲

t✐♠✐③❛t✐♦♥ ✇❛s ❡st❛❜❧✐s❤❡❞✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts ❛ ❝♦♠♠♦♥ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤ t❤❡ s❛♠❡ ✉♥❞❡r❧②✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✳ ❚❤❡

■▲P ♦♣t✐♠✐③❛t✐♦♥ ✐♥❝❧✉❞❡s ♥❡✐t❤❡r ♠❡♠♦r②✲❛✇❛r❡♥❡ss ♥♦r ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜✲

❥❡❝ts t♦ ♦♥✲❝❤✐♣ ♠❡♠♦r✐❡s✳ ■♥ t❤✐s ✇❛②✱ ❛ ❝♦♠♣❛r❛❜❧❡ r❡❢❡r❡♥❝❡ t♦ t❤❡ ❝♦♠♠♦♥

st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s ✐s ❝r❡❛t❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t✇♦ ❞✐✛❡r❡♥t st❛t❡✲

♦❢✲t❤❡✲❛rt ■▲P ♦♣t✐♠✐③❛t✐♦♥s ✇❡r❡ ❡st❛❜❧✐s❤❡❞✱ ♦♥❡ ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡ t♦ ♠✐♥✐♠✐③❡

r✉♥t✐♠❡ ❛♥❞ ♦♥❡ ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡ t♦ ♠✐♥✐♠✐③❡ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❋♦r

t❤❡ ❡✈❛❧✉❛t✐♦♥✱ ❛❧❧ ♦❜t❛✐♥❡❞ s♦❧✉t✐♦♥s ♦❢ ❜♦t❤ ■▲P✲❜❛s❡❞ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s

✭❢♦r ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡✮ ✇❡r❡ s✐♠✉❧❛t❡❞ ♦♥ t❤❡ ❝②❝❧❡✲❛❝❝✉r❛t❡ ❈♦▼❊❚ s✐♠✉❧❛t♦r✳

■♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥s✱ t❤❡ ①✲❛①✐s ❞❡s❝r✐❜❡s t❤❡ ❞✐✛❡r❡♥t ❜❡♥❝❤♠❛r❦s✱ ✇❤✐❧❡ t❤❡

②✲❛①✐s ❞❡s❝r✐❜❡s t❤❡ r❡❞✉❝t✐♦♥ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥

t♦♦❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧✳ ❆❧t❤♦✉❣❤ t❤❡ ❣♦❛❧

♦❢ t❤❡ ■▲P ✐s t♦ ♠✐♥✐♠✐③❡ t❤❡ r✉♥t✐♠❡✱ t❤❡ r❡s✉❧t✐♥❣ s②st❡♠✬s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s

❛❧s♦ ✐❧❧✉str❛t❡❞ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❍♦♠♦❣❡♥❡♦✉s ❆r❝❤✐t❡❝t✉r❡

❚❤❡ ✜rst s❡t ♦❢ ❡①♣❡r✐♠❡♥ts ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✇❤✐❝❤

✇❛s ❞❡s❝r✐❜❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✳
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Energy Runime

❋✐❣✉r❡ ✺✳✹✿ ❘❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❛❝❤✐❡✈❡❞ ❜② ❊♥❡r❣②✲■▲P ❢♦r ❛ ❤♦♠♦✲

❣❡♥❡♦✉s ♣❧❛t❢♦r♠

❋✐❣✉r❡ ✺✳✸ ♣r❡s❡♥ts t❤❡ ■▲P r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠✳

❚❤❡ ❜❡st r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ❢♦r ❍✷✻✹✲▼❇❧♦❝❦✱ ❛♥❞ ▼P❊●✹ ❜❡♥❝❤♠❛r❦s ✇✐t❤

❛ r❡❞✉❝t✐♦♥ ♦❢ r✉♥t✐♠❡ ❜② ❛❜♦✉t ✸✽✪✳ ❚❤✐s ❧❛r❣❡ ❜❡♥❡✜t ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t

❛❧♠♦st ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ s♦♠❡ ❜❡♥❝❤♠❛r❦s ❛r❡ ♠❛♣♣❡❞ t♦ ❢❛st❡r ❛♥❞ ♠♦r❡

❡♥❡r❣②✲❡✣❝✐❡♥t s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✱ ✐✳❡✳✱ ❡①❝❡♣t ♦❢ t❤♦s❡ ✇❤♦ ❛r❡ ♠❛r❦❡❞ ❛s ♣r✐✲

✈❛t❡ ♦r s❤❛r❡❞✳ ❚❤❡ ❞✐✛❡r❡♥t ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ♦❢ ❊❞❣❡ ❉❡t❡❝t ❛♥❞ t❤❡ ■■❘ ❜❡♥❝❤♠❛r❦

❛❝❤✐❡✈❡❞ ❛❧s♦ r❡♠❛r❦❛❜❧❡ r❡❞✉❝t✐♦♥s ❜② ✷✽ t♦ ✸✶✪✳ ❏P❊●✷✵✵✵ ❛♥❞ ❙♣❡❝tr❛❧ ❜❡♥❝❤✲

♠❛r❦ r❡❛❝❤❡❞ ♦♥❧② ❛ r❡❞✉❝t✐♦♥ ❜② ✶ t♦ ✹✳✺✪ ❚❤❡s❡ ❜❡♥❝❤♠❛r❦s ✇♦r❦ ♣r✐♠❛r✐❧② ✇✐t❤

s❤❛r❡❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✇❤✐❝❤ ❛r❡ ♥♦t ❛❧❧♦✇❡❞ t♦ ❜❡ ♠❛♣♣❡❞ t♦ ❛ ❤✐❣❤❡r ♠❡♠✲

♦r② ❧❡✈❡❧✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✐♥str✉❝t✐♦♥ ❝♦❞❡ ♦❢ t❤❡✐r t❤r❡❛❞s ❝♦✉❧❞ ❜❡ ♠❛♣♣❡❞ t♦

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

t✐♦♥ ♦❢ r✉♥t✐♠❡ ✐s ✷✶✪✳ ◆❡①t t♦ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ r✉♥t✐♠❡✱ ❛ r❡❞✉❝t✐♦♥ ♦❢ ❡♥❡r❣②

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

t❤❡✲❛rt ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ❝♦✉❧❞ ❜❡ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts

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

❚❤❡ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ❡♥❡r❣② ❜❛s❡❞ ■▲P ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐✲

♠✐③❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✹✳ P❧❡❛s❡ ♥♦t❡ t❤❛t t❤❡ ❜❛s❡ ❧✐♥❡ ❤❡r❡ ✐s ♥♦t t❤❡ s❛♠❡

❛s ✐♥ ❋✐❣✉r❡ ✺✳✸✳ ❚❤❡ ✉♥❞❡r❧②✐♥❣ ❜❛s❡❧✐♥❡ ♦❢ ❋✐❣✉r❡ ✺✳✸ ✐s ❛ st❛t❡✲♦❢✲t❤❡✲❛rt ■▲P✲❜❛s❡❞

r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥✳ ■♥ ❋✐❣✉r❡ ✺✳✹✱ t❤❡ ❜❛s❡❧✐♥❡ ✐s ❛ st❛t❡✲♦❢✲t❤❡✲❛rt ■▲P✲❜❛s❡❞ ❡♥✲

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

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

❛❝❤✐❡✈❡❞ ❜② t❤❡ ❊❞❣❡ ❉❡t❡❝t ❜❡♥❝❤♠❛r❦s✱ ❍✷✻✹✲▼❇❧♦❝❦✱ ■■❘ ❛♥❞ ▼P❊●✹ ❜❡♥❝❤✲

♠❛r❦s✳ ❚❤❡ ❡♥❡r❣② ✇❛s r❡❞✉❝❡❞ ❜② ✸✽ t♦ ✹✹✳✺✪ ❝♦♠♣❛r❡❞ t♦ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣✲
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Runime Energy

❋✐❣✉r❡ ✺✳✺✿ ❘❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❛❝❤✐❡✈❡❞ ❜② ❘✉♥t✐♠❡✲■▲P ❢♦r ❛ ❤❡t✲

❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠

♣✐♥❣✳ ❍♦✇❡✈❡r✱ ❈♦♠♣r❡ss✱ ❙♣❡❝tr❛❧ ❛♥❞ ❏P❊●✷✵✵✵ ❛❝❤✐❡✈❡❞ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ❜② ✷✳✻ t♦ ✺✪✳ ❖♥ ❛✈❡r❛❣❡✱ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s r❡❞✉❝❡❞ ❜②

✷✽✪✳ ❚❤❡ r❡s✉❧t✐♥❣ r❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ✐s ❛❧s♦ ✐❧❧✉str❛t❡❞ ✐♥ t❤✐s ✜❣✉r❡✳ ❈♦♠♣❛r❡❞

t♦ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣✱ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ✇❛s ❛❝❤✐❡✈❡❞ ❜② ✷✶✳✽✪✳

❍❡t❡r♦❣❡♥❡♦✉s ❆r❝❤✐t❡❝t✉r❡

❚❤❡ s❡❝♦♥❞ s❡t ♦❢ ❡①♣❡r✐♠❡♥ts ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✇❤✐❝❤

✐s ❞❡s❝r✐❜❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✷✳

❚❤❡ r❡s✉❧ts ❢♦r t❤❡ ■▲P✲❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤ t❤❡ ❣♦❛❧ t♦ ♠✐♥✐♠✐③❡ r✉♥t✐♠❡

❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✺✳ ❆s ❢♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ♣❧❛t✲

❢♦r♠✱ t❤❡ ❜❡♥❝❤♠❛r❦s ▼P❊●✹✱ ❍✷✻✹✲▼❇❧♦❝❦ ❛♥❞ ■■❘ s❤♦✇❡❞ t❤❡ ♠♦st r❡❞✉❝t✐♦♥

✐♥ r✉♥t✐♠❡✱ ❢r♦♠ ✸✵✪ t♦ ✸✼✪✳ ■♥ t❤❡ ▼P❊●✹ ❜❡♥❝❤♠❛r❦✱ ❛❜♦✉t ✸✵✵ ❦❇ ♦❢ ❝♦❞❡

❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ❛❧❧♦✇❡❞ t♦ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ ♦♥✲❝❤✐♣ ♠❡♠♦r✐❡s ✐♥

t❤❡ s②st❡♠✳ ❍♦✇❡✈❡r✱ ❈♦♠♣r❡ss ❛♥❞ ❏P❊●✷✵✵✵ r❡❛❝❤❡❞ ❛ r❡❞✉❝t✐♦♥ ♦❢ ✶✳✸✪ ❛♥❞

✶✳✼✪✳ ❚❤❡ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ❢♦r r✉♥t✐♠❡ ✐s ❛❜♦✉t ✷✶✪✳ ❈♦♥❝❡r♥✐♥❣ t❤❡ r❡s✉❧t✐♥❣

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

r❡❞✉❝❡❞ ❜② ❛ r❡♠❛r❦❛❜❧❡ ❛♠♦✉♥t ♦❢ ✷✼✪✳

❚❤❡ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ❡♥❡r❣② ❜❛s❡❞ ■▲P ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐✲

♠✐③❛t✐♦♥ ❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✻✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥

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

❞✐✛❡rs ❢r♦♠ t❤❡ ❜❛s❡ ❧✐♥❡ ♦❢ ❋✐❣✉r❡ ✺✳✺✳ ■♥ t❤✐s s❡t✉♣✱ t❤❡ ❜❡♥❝❤♠❛r❦s ▼P❊●✹ ❛♥❞

❊❞❣❡ ❉❡t❡❝t r❡❛❝❤❡❞ t❤❡ ♠♦st r❡❞✉❝t✐♦♥ ♦❢ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ✺✺✪ ❛♥❞ ✻✵✪✱

r❡s♣❡❝t✐✈❡❧②✳ ❈♦♠♣r❡ss ❛♥❞ ❙♣❡❝tr❛❧ r❡❛❝❤❡❞ ❛ r❡❞✉❝t✐♦♥ ♦❢ ❛❜♦✉t ✺✳✷✪ ❛♥❞ ✹✳✹✪✳
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❋✐❣✉r❡ ✺✳✻✿ ❘❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡ ❛❝❤✐❡✈❡❞ ❜② ❊♥❡r❣②✲■▲P ❢♦r ❛ ❤❡t❡r♦✲

❣❡♥❡♦✉s ♣❧❛t❢♦r♠

❚❤❡ ❛✈❡r❛❣❡ ❡♥❡r❣② r❡❞✉❝t✐♦♥ ✐s ❛❜♦✉t ✸✶✪✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ♦✈❡r❛❧❧ r✉♥t✐♠❡ ♦❢

t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣✱ ❛ r❡❞✉❝t✐♦♥ ♦❢ ❛❜♦✉t ✷✶✪ ♦♥ ❛✈❡r❛❣❡ ✐s ❛❝❤✐❡✈❡❞✳

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

❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥✱ t❤❡ ♦✈❡r❛❧❧ r✉♥t✐♠❡ ✐s ✐♥❝r❡❛s❡❞ ❜② ✸✶✪ ❜②

t❤❡ ❡♥❡r❣② ❜❛s❡❞ ■▲P ♦♣t✐♠✐③❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ ❝♦♠♣❛r✐♥❣ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ♦❢ ❜♦t❤ ♦♣t✐♠✐③❛t✐♦♥s✱ t❤❡ ❡♥❡r❣② ✐s ✐♥❝r❡❛s❡❞ ❜② ✸✺✪ ❜② t❤❡ r✉♥t✐♠❡

❜❛s❡❞ ■▲P ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤✐s s❤♦✇s✱ t❤❛t t❤❡r❡ ✐s ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ❡♥❡r❣② ❛♥❞

r✉♥t✐♠❡ ✇❤❡♥ ♦♣t✐♠✐③✐♥❣ ❢♦r ♦♥❡ ♦❢ ❜♦t❤ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s✳

✺✳✹✳✸✳✷ ❘✉♥t✐♠❡ ♦❢ t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ t✐♠❡ t❤❛t ✇❛s r❡q✉✐r❡❞ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r②✲

❛✇❛r❡ ■▲P✲❜❛s❡❞ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❜❛s❡❞ ♦♥ ❝♦♠♣❛❝t ❛♥❞ ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s✱

✇❤✐❝❤ ❝♦♥t❛✐♥ ❡✐t❤❡r t❤❡ ❛✈❡r❛❣❡ ❝❛s❡ ♦r t❤❡ ✇♦rst✲❝❛s❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ❢♦r t❤❡ ❜❡♥❝❤✲

♠❛r❦s✳ ❚❤❡ r✉♥t✐♠❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ s❡❝♦♥❞s ❢♦r ❛♥ ❆▼❉ ❖♣t❡r♦♥ ✷✳✹✻ ●❍③ ♦♥ t❤❡

①✲❛①✐s✳ ❚❤❡ ❜❡♥❝❤♠❛r❦s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ♦✈❡r ❛❧❧ ❜❡♥❝❤♠❛r❦s ❛r❡ ❞❡s❝r✐❜❡❞ ♦♥ t❤❡

②✲❛①✐s✳ ❲❈ ❉❡t❛✐❧ ❛♥❞ ❆❈ ❉❡t❛✐❧ r❡♣r❡s❡♥t t❤❡ r✉♥t✐♠❡ ❢♦r ❛ ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤

❝♦♥t❛✐♥✐♥❣ t❤❡ ✇♦rst ❝❛s❡ ✭❲❈✮ ♦r ❛✈❡r❛❣❡ ❝❛s❡ ❡①❡❝✉t✐♦♥ ❝②❝❧❡s ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣

❛♣♣❧✐❝❛t✐♦♥ ❜❡♥❝❤♠❛r❦✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱❲❈ ❈♦♠♣❛❝t ❛♥❞ ❆❈ ❈♦♠♣❛❝t r❡♣r❡s❡♥t

❛ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ✇♦rst ❛♥❞ ❛✈❡r❛❣❡✲❝❛s❡✱ r❡s♣❡❝t✐✈❡❧②✳

❋✐❣✉r❡ ✺✳✼ ✐❧❧✉str❛t❡s t❤❡ r✉♥t✐♠❡ ❢♦r t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✇❤✐❝❤ ♦♣t✐♠✐③❡s t❤❡

♦✈❡r❛❧❧ r✉♥t✐♠❡ ❢♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ❛✈❡r❛❣❡ r✉♥t✐♠❡ ❢♦r t❤❡

❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s ❧✐❡s ❜❡t✇❡❡♥ ✻✻ t♦ ✼✶ s❡❝♦♥❞s ✇❤✐❧❡ t❤❡ ❛✈❡r❛❣❡ r✉♥t✐♠❡ ❢♦r
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❋✐❣✉r❡ ✺✳✼✿ ❘✉♥t✐♠❡ ♦❢ ■▲P✲♦♣t✐♠✐③❛t✐♦♥ ❢♦r r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥✱ ❤♦♠♦❣❡♥❡♦✉s

❛r❝❤✐t❡❝t✉r❡

❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s ❧✐❡s ❜❡t✇❡❡♥ ✽✾ ❛♥❞ ✶✹✷ s❡❝♦♥❞s✳ ❚❤❡ ♠♦st t✐♠❡ ❝♦♥s✉♠✐♥❣

❜❡♥❝❤♠❛r❦s ❛r❡ ■■❘ ❛♥❞ ▼P❊●✹ ✇✐t❤ ✻✵✵ t♦ ✶✸✷✹ s❡❝♦♥❞s✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r

t❤❡ ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s ♦❢ ❊❞❣❡ ❉❡t❡❝t ✇✐t❤ ✶✷ ❛♥❞ ✶✻ t❤r❡❛❞s ♣❡r ♣❛r❛❧❧❡❧ s❡❝t✐♦♥

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

❢♦r t❤❡ ♠♦r❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✳

❋✐❣✉r❡ ✺✳✽ ✐❧❧✉str❛t❡s t❤❡ r✉♥t✐♠❡ ❢♦r t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡

♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✳ ❙✐♥❝❡ t❤❡ ♦♣t✐♠✐③❛✲

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

❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦✱ ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ♠♦r❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s ■■❘✱ ▼P❊●✹ ❛♥❞

❊❞❣❡ ❉❡t❡❝t ✭❚✶✷✮ ❛♥❞ ✭❚✶✻✮ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❊❞❣❡ ❉❡t❡❝t ✭❚✶✷✮ ❛♥❞ ✭❚✶✻✮

✇❛s ❝❛♥❝❡❧❡❞ ❛❢t❡r ✸ ❞❛②s✳ ❋♦r t❤❡ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ♦❢ ❊❞❣❡ ❉❡t❡❝t ✭❚✶✻✮✱ ✐t

✇❛s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❛❢t❡r ✾✳✻ ✭❆❈✮ ♦r ✶✵ ✭❲❈✮ ❤♦✉rs✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡

❛✈❡r❛❣❡ r✉♥t✐♠❡ ❧✐❡s ❜❡t✇❡❡♥ ✶✻✼ ❛♥❞ ✷✻✺ s❡❝♦♥❞s ❢♦r ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s ✭♥♦t

✐♥❝❧✉❞✐♥❣ t❤❡ r✉♥t✐♠❡ ❢♦r ❊❞❣❡ ❉❡t❡❝t ✭❚✶✷✮ ❛♥❞ ✭❚✶✻✮✮ ❋♦r ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s✱

t❤❡ ❛✈❡r❛❣❡ t✐♠❡ ❧✐❡s ❜❡t✇❡❡♥ ✶✳✼✻✹ ❛♥❞ ✶✳✽✻✽ s❡❝♦♥❞s ✭✐♥❝❧✉❞✐♥❣ ❊❞❣❡ ❉❡t❡❝t ✭❚✶✻✮✮
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❋✐❣✉r❡ ✺✳✽✿ ❘✉♥t✐♠❡ ♦❢ ■▲P✲♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❡♥❡r❣② ♦♣t✐♠✐③❛t✐♦♥✱ ❤♦♠♦❣❡♥❡♦✉s

❛r❝❤✐t❡❝t✉r❡

❛♥❞ ❜❡t✇❡❡♥ ✷✻ ❛♥❞ ✸✶ s❡❝♦♥❞s ✭✇✐t❤♦✉t ❊❞❣❡ ❉❡t❡❝t ✭❚✶✻✮✮✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇s✿

■t ✐s r❛t❤❡r ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❢♦r ❝♦♠♣❛❝t ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s t❤❛♥ ❢♦r

❞❡t❛✐❧❡❞ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✳

❋✐❣✉r❡ ✺✳✾ ✐❧❧✉str❛t❡s t❤❡ r✉♥t✐♠❡ ❢♦r t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡

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

❛r❝❤✐t❡❝t✉r❡✱ ❛♥ ✐♥❝r❡❛s❡ ❢♦r ❛❧❧ ❏P❊●✷✵✵✵ ❜❡♥❝❤♠❛r❦s ❛s ✇❡❧❧ ❛s ❢♦r t❤❡ ▼P❊●✹

❛♥❞ ❊❞❣❡ ❉❡t❡❝t ✭❚✽✮ ❜❡♥❝❤♠❛r❦s ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✳ ❈♦♥tr❛r② t♦ t❤❡ ❤♦♠♦❣❡♥❡♦✉s

❛r❝❤✐t❡❝t✉r❡✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❢♦r ❊❞❣❡ ❉❡t❡❝t ✭❚✶✷✮ ❛♥❞ ✭❚✶✻✮

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

❢♦r ■■❘ ❜❡♥❝❤♠❛r❦ ❛♥❞ ❢♦r ▼✉❧t ❢♦r ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s✳ ❚❤❡ ❛✈❡r❛❣❡ r✉♥t✐♠❡ ❢♦r

❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s ✐s ❛❜♦✉t ✶✽✹ s❡❝♦♥❞s ✇❤✐❧❡ t❤❡ r✉♥t✐♠❡ ❢♦r ❞❡t❛✐❧❡❞ t❤r❡❛❞

❣r❛♣❤s ❧✐❡s ❜❡t✇❡❡♥ ✷✹✸ t♦ ✷✺✹ s❡❝♦♥❞s✳

❋✐❣✉r❡ ✺✳✶✵ ✐❧❧✉str❛t❡s t❤❡ r✉♥t✐♠❡ ❢♦r t❤❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡

♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✳ ❍❡r❡✱ ✐t ✐s st✐❧❧ ✐♠✲

♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❢♦r ■■❘ ❛♥❞ ▼✉❧t ❜❡♥❝❤♠❛r❦✳ ❚❤❡ r✉♥t✐♠❡ ❢♦r ❊❞❣❡
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1 10 100 1000 10000 100000

ADPCM

Boundary Value

Compress

Edge Detect

Edge Detect (T6)

Edge Detect (T8)

Edge Detect (T12)

Edge Detect (T16)

FIR
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H264 Mblock

IIR

Jpeg2000

Jpeg2000 (T6)

Jpeg2000 (T8)

Jpeg2000 (T10)

LATNRM

Mpeg4

Mult

Spectral

AVERAGE

Time in seconds

WC Detail AC Detail WC Compact AC Compact

❋✐❣✉r❡ ✺✳✾✿ ❘✉♥t✐♠❡ ♦❢ ■▲P✲♦♣t✐♠✐③❛t✐♦♥ ❢♦r r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥✱ ❤❡t❡r♦❣❡♥❡♦✉s

❛r❝❤✐t❡❝t✉r❡

❉❡t❡❝t ✭❚✽✮ ✐♥❝r❡❛s❡s t♦ ✻ ❤♦✉rs ♦r ✶✹ ❤♦✉rs✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s s❤♦✇s t❤❛t ❛ ❤❡t✲

❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ❢♦r ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s ❛♥❞ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❡♥❡r❣②

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

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

❣r❛♣❤s✳

✺✳✹✳✹ ❈♦♥❝❧✉s✐♦♥s

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥t❡❞ ❛♥ ■▲P✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❤♦✲

♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ s②st❡♠s ✇✐t❤ ♠❡♠♦r② ❤✐❡r❛r❝❤✐❡s✳ ◆❡①t t♦

t❤❡ ♠❛♣♣✐♥❣ ♦❢ ❛♣♣❧✐❝❛t✐♦♥ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs✱ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛❧s♦ ❛❧❧♦❝❛t❡s

❢r❡q✉❡♥t❧② ✉s❡❞ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ✐♥

t❤❡ ❤✐❡r❛r❝❤②✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ✉♥❞❡r❧②✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ❝❛♣❛❜✐❧✐t✐❡s ❛r❡ ❡①♣❧♦✐t❡❞ ❛♥❞

❡✣❝✐❡♥t❧② ♠❛t❝❤❡❞ t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✬s r❡q✉✐r❡♠❡♥ts✳

❚❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❡✈❛❧✉❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ♣r♦✲



✶✵✷ ❈❤❛♣t❡r ✺✳ ❙✐♥❣❧❡ ❖❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

1 10 100 1000 10000 100000

ADPCM
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Compress

Edge Detect

Edge Detect (T6)

Edge Detect (T8)

Edge Detect (T12)

Edge Detect (T16)

FIR

H264 Lblock

H264 Mblock

IIR

Jpeg2000

Jpeg2000 (T6)

Jpeg2000 (T8)

Jpeg2000 (T10)

LATNRM

Mpeg4

Mult

Spectral

AVERAGE

Time in seconds

WC Detail AC Detail WC Compact AC Compact

❋✐❣✉r❡ ✺✳✶✵✿ ❘✉♥t✐♠❡ ♦❢ ■▲P✲♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❡♥❡r❣② ♦♣t✐♠✐③❛t✐♦♥✱ ❤❡t❡r♦❣❡♥❡♦✉s

❛r❝❤✐t❡❝t✉r❡

♣♦s❡❞ ■▲P ❛♣♣r♦❛❝❤ t♦ ❛ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ ♠❛♣s t❤r❡❛❞s

t♦ ♣r♦❝❡ss♦rs✱ ❛♥❞ ✐♥❝❧✉❞❡s ♥❡✐t❤❡r t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ♥♦r

t❤❡ ♠❛♣♣✐♥❣ ♦❢ ✐♥str✉❝t✐♦♥ ❛♥❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✳ ❋♦r t❤❡ r✉♥t✐♠❡

♦♣t✐♠✐③❛t✐♦♥s ♦❢ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s✱ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ♦❢

❛❜♦✉t ✷✶✪ ✇❛s r❡❛❝❤❡❞✳ ❋♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ❛ r❡❞✉❝t✐♦♥

♦❢ ✷✽ t♦ ✸✶✪ ✇❛s ❣❛✐♥❡❞✳

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

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

t❤❡ ❢❛st❡r ❛♥❞ ♠♦r❡ ❡♥❡r❣②✲❡✣❝✐❡♥t ❧♦❝❛❧ ♠❡♠♦r②✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ s♦♠❡ ❜❡♥❝❤✲

♠❛r❦s s♣❡♥t t❤❡ ♠♦st t✐♠❡ ❛❝❝❡ss✐♥❣ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❚❤❡r❡❢♦r❡✱ ♦♥❧② ❧✐tt❧❡

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

❚❤❡ r✉♥t✐♠❡ ❢♦r ❛♥ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ ♠❛♥② ❢❛❝t♦rs✱ ❛s t❤❡ ♦♣t✐✲

♠✐③❛t✐♦♥ ✐ts❡❧❢ ✭❡♥❡r❣② ♦r r✉♥t✐♠❡ ♦♣t✐♠✐③❛t✐♦♥✮✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❞❡♣❡♥❞s ♦♥ t❤❡

❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s✱ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ✭❝♦♠♣❛❝t ✈s✳

❞❡t❛✐❧❡❞✮ ❛♥❞ ♦♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡✳ ❲❤✐❧❡ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❢♦r
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❊❞❣❡ ❉❡t❡❝t ✭❚✶✻✮ ✐♥ t❤❡ ❡♥❡r❣②✲❜❛s❡❞ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝✲

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

❛r❝❤✐t❡❝t✉r❡✳ ❋✉rt❤❡r♠♦r❡✱ ❢♦r s♦♠❡ ❜❡♥❝❤♠❛r❦s ✐t ✇❛s ❡✈❡♥ ♥♦t ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥

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

✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛ s♦❧✉t✐♦♥ ❢♦r ❝♦♠♣❛❝t ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s r❛t❤❡r t❤❛♥ ❢♦r

❞❡t❛✐❧❡❞ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✳ ❇❡♥❝❤♠❛r❦s t❤❛t ❛r❡ ♠♦r❡ ❝♦♠♣❧❡① r❡q✉✐r❡ ♠♦r❡

r✉♥t✐♠❡ ❢♦r t❤❡✐r ♦♣t✐♠✐③❛t✐♦♥✳

❚❤❡ ■▲P✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧ ✐s ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡

❛✉t♦♠❛t✐❝ ▼◆❊▼❊❊ t♦♦❧✲✢♦✇✱ ✇❤❡r❡ ❛❧❧ st❡♣s s✉❝❤ ❛s ❛♣♣❧✐❝❛t✐♦♥ ♣❛rt✐t✐♦♥✐♥❣✱

♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ ❛♥❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ✐♥ ♦r❞❡r

t♦ ❤❡❧♣ ❞❡s✐❣♥❡rs ✐♥ t❤❡✐r ❞❡❝✐s✐♦♥✳





❈❤❛♣t❡r ✻

▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❈♦♥t❡♥ts
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✻✳✷✳✶ ❆♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✷✳✷ ❆r❝❤✐t❡❝t✉r❡ ❙♣❡❝✐✜❢❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾

✻✳✷✳✸ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✻✳✸ ❖♣t✐♠✐③❛t✐♦♥ ❖❜❥❡❝t✐✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✻✳✹ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✻✳✺ ❊✈❛❧✉❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✻✳✺✳✶ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✻✳✺✳✷ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✻✳✺✳✸ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

✻✳✶ ■♥tr♦❞✉❝t✐♦♥

❙❡✈❡r❛❧ ❡♠❜❡❞❞❡❞ s②st❡♠s ❤❛✈❡ t♦ ❢✉❧✜❧❧ ♠❛♥② r❡q✉✐r❡♠❡♥ts ❛s ♣r♦✈✐❞✐♥❣ ❤✐❣❤ ♣❡r✲

❢♦r♠❛♥❝❡✱ ❧♦✇ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ♠❛♥❛❣✐♥❣ ❝♦♥❝✉rr❡♥❝② ♦♥ t❤❡ s②st❡♠ ♦r ♠❡❡t✐♥❣

✐♠♣♦rt❛♥t ❞❡❛❞❧✐♥❡s✳ ❙♦♠❡ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s t❤❛t ❤❛✈❡ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❢♦r s✉❝❤

s②st❡♠s ❝❛♥ st❛♥❞ ✐♥ ❝♦♥✢✐❝t t♦ ❡❛❝❤ ♦t❤❡r✱ ❡✳❣✳ r❡❞✉❝✐♥❣ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣✲

t✐♦♥ ❛♥❞ ✐♥❝r❡❛s✐♥❣ ♣❡r❢♦r♠❛♥❝❡✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ s②st❡♠ ❝♦✉❧❞

✐♥❝r❡❛s❡ t❤❡ ♣r♦❝❡ss♦r ❛❝t✐✈✐t② ❛♥❞ tr② t♦ ✉t✐❧✐③❡ ❛s ♠✉❝❤ ♣❡r❢♦r♠❛♥❝❡ ❛s ♣♦ss✐❜❧❡✳

❚❤✉s✱ ♠♦r❡ ❡♥❡r❣② ✐s ❝♦♥s✉♠❡❞ t❤r♦✉❣❤ ❤✐❣❤❡r ♣r♦❝❡ss♦r ❛❝t✐✈✐t②✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱

❛ s②st❡♠ ✇❤✐❝❤ ❤❛s t♦ r❡❞✉❝❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ tr✐❡s t♦ r✉♥ t❤❡ ♣r♦❝❡ss♦r ✐♥ ❛♥

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

✐♥ ❞②♥❛♠✐❝ ✈♦❧t❛❣❡ s❝❛❧✐♥❣ ✭❉❱❙✮ ♣r♦❝❡ss♦rs✳ ❆♥♦t❤❡r str❛t❡❣② s✇✐t❝❤❡s ♦✛ s♦♠❡ ♦❢

t❤❡ ♣r♦❝❡ss♦rs ♦r ♣r♦❝❡ss♦r ❝♦r❡s ✐♥ ♦r❞❡r t♦ s❛✈❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

❊♠❜❡❞❞❡❞ ♠♦❜✐❧❡ s②st❡♠s ❛s t❛❜❧❡ts✱ ♠♦❜✐❧❡ ♣❤♦♥❡s ♦r ♠♦❜✐❧❡ ❉❱❉ ♣❧❛②❡r ✉s✉✲

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

t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥s✱ t❤❡r❡ ❛r❡ ✉s✉❛❧❧② ♠❛♥② ✭P❛r❡t♦ ♦♣t✐♠❛❧✮ s♦❧✉t✐♦♥s ✐♥ t❤❡

❤✉❣❡ ❞❡s✐❣♥ ❛♥❞ s♦❧✉t✐♦♥ s♣❛❝❡✳ ❚❤❡s❡ s②st❡♠s ♣r♦✈✐❞❡ ♠❛♥② r❡s♦✉r❝❡s✱ ✇❤✐❝❤ ✐♥✢✉✲

❡♥❝❡ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s ❞✐r❡❝t❧② ❛♥❞ ✐♥❞✐r❡❝t❧②✳ Pr♦❝❡ss♦rs✱ ❜✉s❡s ❛♥❞ ♠❡♠♦r✐❡s



✶✵✻ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❞✐r❡❝t❧② ✐♥✢✉❡♥❝❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❡❛❝❤ ❝♦♠✲

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

❛ ♣r♦❝❡ss♦r ♦r ❛ ♠❡♠♦r②✳ ❆ ♣r♦❝❡ss♦r ❝❛♥ ❤❛✈❡ ❞✐✛❡r❡♥t str❛t❡❣✐❡s ❢♦r r❡❞✉❝✐♥❣

❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦r ❜♦♦st✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡✿ ❉②♥❛♠✐❝ ✈♦❧t❛❣❡ ♦r ❢r❡q✉❡♥❝②

s❝❛❧✐♥❣✱ t✉r♥✐♥❣ ♦✛ ♣r♦❝❡ss♦r ❝♦r❡s ♦r ♦t❤❡r ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t str❛t❡❣✐❡s✳

❍♦✇❡✈❡r✱ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ❛❧s♦ ❝♦♥tr✐❜✉t❡s s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥✳ ■♥ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s✱ t❤❡ ♣r♦❝❡ss♦rs ❝❛♥ ❤❛✈❡

❛❝❝❡ss t♦ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ♦♥ ❞✐✛❡r❡♥t ❧❡✈❡❧s✱ ✇❤✐❝❤ ❛❧❧ ❤❛✈❡ ❞✐✛❡r❡♥t ❝❤❛r❛❝t❡r✲

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

♠❡♠♦r② r❡s✉❧ts ✐♥ ❤✐❣❤❡r ♦♣t✐♠✐③❛t✐♦♥ ❝♦♠♣❧❡①✐t②✳ ❆❧❧ t❤✐s ❝♦♠♣❧❡①✐t② ✐♥✢✉❡♥❝❡s

t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ s♦❧✉t✐♦♥ s♣❛❝❡✳ ❋✐♥❞✐♥❣ ❛♥ ♦♣t✐♠❛❧

s♦❧✉t✐♦♥ ✐s ❛ ❝❤❛❧❧❡♥❣✐♥❣ t❛s❦ ✐♥ t❤✐s ❝❛s❡✳ ❚❤❡ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥❡r ❤❛s t♦

✜♥❞ ❛ s♦❧✉t✐♦♥ t❤❛t s❛t✐s✜❡s ❛❧❧ ♦♣t✐♠✐③❛t✐♦♥ ❞❡♠❛♥❞s✳ ❍❡t❡r♦❣❡♥❡♦✉s ❙②st❡♠s ♣r♦✲

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

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

❜❡ ❡✣❝✐❡♥t❧② ✉t✐❧✐③❡❞ ✐♥ ♦r❞❡r t♦ s❛t✐s❢② t❤❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s✳

❖♥❡ ❡✛❡❝t✐✈❡ ❛♥❞ ✇❡❧❧✲❦♥♦✇♥ ♦♣t✐♠✐③❛t✐♦♥ str❛t❡❣② ❢♦r ♠✉❧t✐♦❜❥❡❝t✐✈❡ ❣♦❛❧s ✐s

t❤❡ ✉s❛❣❡ ♦❢ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s t❤❛t ❝❛♥ ❡①♣❧♦r❡ t❤❡ s♦❧✉t✐♦♥ s♣❛❝❡ ❡✛❡❝t✐✈❡❧②✳

■♥ t❤✐s s❡❝t✐♦♥✱ ❛ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧ ❜❛s❡❞ ♦♥ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s

✐s ♣r❡s❡♥t❡❞✳ ❚❤✐s t♦♦❧ ✐s ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛♥❞ ❤❛s t✇♦ ♦♣t✐♠✐③❛✲

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

t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡s❡ ❣♦❛❧s ❛r❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡ss✱ ✇❤✐❝❤ ❤❛s t♦ ✜♥❞ ❛♥ ❡✣❝✐❡♥t t❤r❡❛❞ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣✳

❚❤✐s t❤r❡❛❞ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣ ✐s ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ❡✣❝✐❡♥t ♠❛♣♣✐♥❣ ♦❢ t❤❡

♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞s t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤②✳

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

s♦✉r❝❡s ♦❢ t❤❡ s②st❡♠ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❛♥ ❡✛❡❝t✐✈❡ ✉t✐❧✐③❛t✐♦♥ ❡✈❡♥ ❢♦r ❝♦♠♣❧❡①

❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡s✳

❘❡❧❛t❡❞ ❲♦r❦

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❢r❛♠❡✇♦r❦s ❢♦r ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❢♦r ♠✉❧t✐♣r♦❝❡ss♦r s②st❡♠s

✇✐t❤ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ❣♦❛❧s✱ ❛s ❉❛❡❞❛❧✉s ❬✼✼❪✱ ❙②st❡♠❈♦❉❡s✐❣♥❡r ❬✽✻❪✱ ❍❖P❊❙ ❬✼✺❪✱

♦r ❉❖▲ ❬✶✽❪✳ ❆❧❧ t❤❡s❡ ❢r❛♠❡✇♦r❦s ✉s❡ ❞✐✛❡r❡♥t ❡✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✱ ❞✐✛❡r❡♥t

str❛t❡❣✐❡s t♦ s❡❛r❝❤ ✐♥ t❤❡ ❞❡s✐❣♥ s♣❛❝❡✱ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ ❝r✐t❡r✐❛✱ ❞❡s✐❣♥ ❝♦♥✲

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

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

❚❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐♥ t❤✐s ❝❤❛♣t❡r ✐s ❝♦♥str✉❝t❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ❜❛s✐❝ ♦♣t✐✲

♠✐③❛t✐♦♥ ✐♥ ❉❖▲ ✭❙❍❆P❊❙✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❉❖▲ ❢r❛♠❡✇♦r❦ ✇❛s ❝❤♦s❡♥ ❜❡❝❛✉s❡

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

t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❬✶✶✹✱ ✽✹❪✳ ❆s ❉❖▲ ♣r♦✈✐❞❡s t❤❡ ❜❛s✐❝ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❢r❛♠❡✲

✇♦r❦✱ ✐t ❛❧❧♦✇s t♦ ✐♥✈❡st✐❣❛t❡ ❛♥❞ ❞❡✈❡❧♦♣ t❤❡ ♣r♦♣♦s❡❞ ♥♦✈❡❧ ♠❡♠♦r② ♠❛♣♣✐♥❣ ♦♥

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

s❡✈❡r❛❧ r❡✜♥❡♠❡♥ts ✇❡r❡ ♥❡❝❡ss❛r② ✇✐t❤✐♥ ❉❖▲✱ s✉❝❤ ❛s ❛❞❛♣t✐♦♥ t♦ t❤r❡❛❞ ♠❛♣♣✐♥❣



✻✳✷✳ ❚♦♦❧ ❖✈❡r✈✐❡✇ ✶✵✼

Application

Speci�cation

Memory-Aware Mapping Optimization Tool

Mapping

Optimization

Generations of new

mapping solutions

Selection of promising 

mapping solutions based

on evaluation

Performance & Energy

Evaluation

Evaluation of

mapping solutions

Architecture

Speci�cation

Set of Pareto-Optimal 

Solutions  

❋✐❣✉r❡ ✻✳✶✿ ❖✈❡r✈✐❡✇ ♦✈❡r t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❚♦♦❧

✭✐♥st❡❛❞ ♦❢ ❑❛❤♥ ♣r♦❝❡ss✲❜❛s❡❞ ♠❛♣♣✐♥❣✮ ❛♥❞ ❞✐✛❡r❡♥t ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♠♦❞❡❧s

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

✐✜❝❛t✐♦♥ ♦❢ t❤❡ s②st❡♠s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s ❝♦♠♣❧❡t❡❧② ✐♥t❡❣r❛t❡❞✱ ❛s ✇❡❧❧ ❛s

t❤❡ ❡♥t✐r❡ ❡①♣❧✐❝✐t ♠❡♠♦r② ♠♦❞❡❧✐♥❣ ❛♥❞ ♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤✐♥ s♣❡❝✐✜❝❛t✐♦♥✱

s❡❛r❝❤✱ ❛♥❞ ❛♥❛❧②s✐s✳

❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ♦✈❡r✈✐❡✇ ♦❢ ❛❧❧ r❡❧❛t❡❞ ✇♦r❦ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳✻✳

✻✳✷ ❚♦♦❧ ❖✈❡r✈✐❡✇

❚❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ✭s❤♦rt❧②✿ ▼❆▼✲

▼❖❚✮ ✐s ✐♥t❡❣r❛t❡❞ ❛s ❛ ▼❆❈❈✈✷ t♦♦❧ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❋✐❣✉r❡ ✻✳✶

✐❧❧✉str❛t❡s t❤❡ str✉❝t✉r❡ ❛s ✇❡❧❧ ❛s t❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♦❢ t❤✐s t♦♦❧✳ ❚❤❡ ✐♥♣✉t ❢♦r

t❤❡ t♦♦❧ ✐s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❢♦r❡❣♦✐♥❣ t♦♦❧s ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✱ ✐✳❡✳ t❤❡ ♣❛r✲

❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ t♦♦❧s ❛♥❞ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❚❤❡s❡

t♦♦❧s ♣r♦✈✐❞❡ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥❝❤r♦♥✐③❡❞ s♦✉r❝❡ ❝♦❞❡ ❛♥❞ ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤

❛s ✐♥♣✉t ❢♦r t❤❡ ♠❛♣♣✐♥❣ t♦♦❧✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❛t❛❜❛s❡ ✐♥ ▼❆❈❈✈✷✴▼◆❊▼❊❊

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

❧②✐♥❣ ♠♦❞❡❧s ✐s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✷✳✸✳ ❚❤❡ ❉❖▲ t♦♦❧ ✐s ❜❛s❡❞ ♦♥ ❏❛✈❛ ✇❤✐❧❡ ❛❧❧ t♦♦❧s

✐♥ t❤❡ ▼◆❊▼❊❊ ❢r❛♠❡✇♦r❦ ❛r❡ ❜❛s❡❞ ♦♥ ❈ ❛♥❞ ❈✰✰✳ ❚❤❡ ❉❖▲ ❢r❛♠❡✇♦r❦ ✇❛s

❢✉❧❧② ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧✳ ■t



✶✵✽ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

Thread

Runtime

. . . . . .

Energy

Memory Objects

ID Parallel Section ID

# Calls

CPU1 CPUn CPU1 CPUn

❋✐❣✉r❡ ✻✳✷✿ ❚❤r❡❛❞ s♣❡❝✐✜❝❛t✐♦♥

❣❡♥❡r❛t❡s t❤❡ ✐♥♣✉t ❢♦r t❤❡ ❉❖▲ ❢r❛♠❡✇♦r❦ ❛♥❞ ❝❛❧❧s t❤✐s ❢r❛♠❡✇♦r❦✱ ♣r♦✈✐❞✐♥❣ ❛❧❧

✜❧❡s ❛♥❞ ♣❛r❛♠❡t❡rs✱ ✇✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳

✻✳✷✳✶ ❆♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥

❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❳▼▲✳ ❆s ❛ ♣r❡♣r♦❝❡ss✐♥❣ st❡♣✱ t❤❡

▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ r❡❛❞s t❤❡ ✢❛t t❤r❡❛❞

❣r❛♣❤ ✇❤✐❝❤ ✇❛s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧✳ ❆❢t❡r✇❛r❞s✱ ✐t

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

✢❛t t❤r❡❛❞ ❣r❛♣❤✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ❧✐sts ❛❧❧ t❤r❡❛❞s✳ ❊❛❝❤ t❤r❡❛❞ ✐s

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

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

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

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

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

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

❛♥❞ r✉♥t✐♠❡ ❢♦r t❤❡ ❛❝❝❡ss❡s t♦ t❤❡ ❜✉s ❛♥❞ ♠❡♠♦r✐❡s✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❤r❡❛❞

s♣❡❝✐✜❝❛t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✳

❊❛❝❤ t❤r❡❛❞ s♣❡❝✐✜❡s ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❛r❡ ❛❝❝❡ss❡❞✳ ❊❛❝❤ ♠❡♠♦r② ♦❜❥❡❝t

✐s ❞❡✜♥❡❞ ❜② ✐ts ✐❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❝♦♥t❛✐♥s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞

❛♥❞ ✇r✐t❡ ❛❝❝❡ss❡s✱ ✐ts s✐③❡✱ ✐ts ❜❛s✐❝ s✐③❡ ✭✐♥ ❝❛s❡ ♦❢ ❛♥ ❛rr❛②✮✱ ✐ts ❛❝❝❡ss ✇✐❞t❤ ❛♥❞

❛❝❝❡ss t②♣❡ ✭✐✳❡✳ ✐♥str✉❝t✐♦♥ ♦r ❞❛t❛✮✳ ❚❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t ❝❛♥ ❛❧s♦

❜❡ ❣✐✈❡♥✱ ✐✳❡✳ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❤❛✈❡ t♦ ❜❡ ♠❛♣♣❡❞

t♦ ♣r✐✈❛t❡ ♠❡♠♦r② ❛r❡ ♠❛r❦❡❞ ❛s ✧❵s❤❛r❡❞✧ ♦r ✧✬♣r✐✈❛t❡✧❵✱ r❡s♣❡❝t✐✈❡❧②✳ ❆ ♠❛♣♣✐♥❣

♦❢ ✧✬✵✧❵ s♣❡❝✐✜❡s t❤❛t t❤❡ ♠❡♠♦r② ♦❜❥❡❝t ❝❛♥ ❜❡ ♠❛♣♣❡❞ t♦ ❛♥② ❛❝❝❡ss✐❜❧❡ ♠❡♠♦r②

❜② t❤❡ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧✳ ❚❤❡ ❦❡② ✇♦r❞ ✧✬❧♦❝❛❧✧❵ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠❛♣ ❝❡rt❛✐♥ ♠❡♠♦r②

♦❜❥❡❝ts t♦ t❤❡ ❧♦❝❛❧ ♠❡♠♦r✐❡s✱ ✐❢ r❡q✉✐r❡❞ ❜② t❤❡ ❞❡s✐❣♥❡r✳ ❆❧❧ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts

❛r❡ ❧✐st❡❞ ✉♥❞❡r t❤❡ ♠❛✐♥ t❤r❡❛❞ ✇❤✐❝❤ ❤❛s t❤❡ ✐❞ 0✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ♠❡♠♦r②



✻✳✷✳ ❚♦♦❧ ❖✈❡r✈✐❡✇ ✶✵✾

Memory Object

# Read Access# Write Access

Basic Size MappingSizeID

Access TypeAccess Width

❋✐❣✉r❡ ✻✳✸✿ ▼❡♠♦r② ♦❜❥❡❝t s♣❡❝✐✜❝❛t✐♦♥

♦❜❥❡❝t s♣❡❝✐✜❝❛t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✸✳

❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥ ❧✐sts ❛❧❧ ❋■❋❖ ❝❤❛♥♥❡❧s ✇✐t❤ s♦✉r❝❡

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

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

♣r♦❝❡ss♦r ❧✐❦❡ ❢♦r ✐♥st❛♥❝❡ s♣❡❝✐❛❧ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ t❛s❦s ♦♥ ❛ ❉❙P ♦r ❝r✐t✐❝❛❧ ❝♦❞❡

s✉❝❤ ❛s ✐♥t❡rr✉♣t r♦✉t✐♥❡s t♦ ❛ ❢❛st ♠❡♠♦r②✳ ■♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝❛t✐♦♥✱ ✐t ✐s

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

❜② ❧✐st✐♥❣ ♦♥❧② ♦♥❡ ♣r♦❝❡ss♦r ✐♥ t❤❡ t❤r❡❛❞ s♣❡❝✐✜❝❛t✐♦♥✳ ❇② t❤✐s✱ ♦♥❧② t❤✐s ♦♥❡

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

✻✳✷✳✷ ❆r❝❤✐t❡❝t✉r❡ ❙♣❡❝✐✜❢❝❛t✐♦♥

❚❤❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❛❧s♦ ❞❡s❝r✐❜❡❞ ✐♥ ❳▼▲✳ ❚❤❡ ▼❆❈❈✈✷ ❛r❝❤✐t❡❝t✉r❡

❞❛t❛❜❛s❡ ✐s r❡❛❞ ❛♥❞ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ❳▼▲ ✜❧❡ ✐s ❣❡♥❡r❛t❡❞✳ ■t ❧✐sts

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

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

✐♥❝❧✉❞✐♥❣ t❤❡✐r ✐❞s✱ t❤❡ t②♣❡ ♦❢ t❤❡ ♠❡♠♦r② ✭s❝r❛t❝❤♣❛❞✱ ♣r✐✈❛t❡ ♦r s❤❛r❡❞✮✱ t❤❡

s✐③❡ ❛♥❞ t❤❡ ❛❝❝❡ss t②♣❡ ✭✐✳❡✳ ✐♥str✉❝t✐♦♥✱ ❞❛t❛ ♦r ✉♥✐✜❡❞✮✳ ❚❤❡ ♦✈❡r✈✐❡✇ ♦❢ t❤❡

♠❡♠♦r② s♣❡❝✐✜❝❛t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✹✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❡❛❝❤ ♠❡♠♦r② ❝♦♥t❛✐♥s

✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❈P❯ ❛❝❝❡ss✱ ✐✳❡✳ t❤❡ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② r❡q✉✐r❡❞ ❢♦r ❛ ❈P❯ t♦

Memory

CPU Access

Type Access TypeID Size

❋✐❣✉r❡ ✻✳✹✿ ▼❡♠♦r② s♣❡❝✐✜❝❛t✐♦♥



✶✶✵ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

CPU Access

Read Accesses CPU ID Write Accesses

Word ByteHalf-WordWord ByteHalf-Word

Energy Time Energy Time Energy Time Energy Time Energy Time Energy Time

❋✐❣✉r❡ ✻✳✺✿ ❈P❯ s♣❡❝✐✜❝❛t✐♦♥

❛❝❝❡ss t❤✐s ♠❡♠♦r②✳ ❍❡r❡✱ ♦♥❧② ❈P❯s ❛r❡ ❧✐st❡❞ t❤❛t ❤❛✈❡ ❛❝❝❡ss t♦ t❤✐s ♠❡♠♦r②✳

❋♦r ❡❛❝❤ ♣r♦❝❡ss♦r t❤❛t ❤❛s ❛❝❝❡ss t♦ t❤✐s ♠❡♠♦r②✱ ❛ ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ r❡❛❞ ❛♥❞

✇r✐t❡ ❛❝❝❡ss ✐s ♠❛❞❡✳ ❋♦r ❡❛❝❤ r❡❛❞ ❛♥❞ ✇r✐t❡ ❛❝❝❡ss✱ t❤❡ ❛❝❝❡ss t✐♠❡ ❛♥❞ ❡♥❡r❣②

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

❋✉rt❤❡r♠♦r❡✱ ❢♦r ❛❧❧ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r②✱ ✐t ✐s s♣❡❝✐✜❡❞ ✐❢ ✐t ✐s

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

❋✐❣✉r❡ ✻✳✺ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ❢♦r t❤❡ ❈P❯ ❛❝❝❡ss❡s ✇✐t❤✐♥ t❤❡ ♠❡♠♦r② s♣❡❝✐✜❝❛t✐♦♥✳

✻✳✷✳✸ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❚❤❡ ❝♦r❡ ♣❛rt ♦❢ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧ ✐s ❛♥ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✭❊❆✮

✇❤✐❝❤ ❣❡♥❡r❛t❡s ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝✲

t✉r❡ s♣❡❝✐✜❝❛t✐♦♥ ♣r♦✈✐❞❡ ❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❝♦♥str❛✐♥ts t❤❛t ✐s r❡q✉✐r❡❞ ✐♥ ♦r❞❡r

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

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

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

❇❛s❡❞ ♦♥ t❤❡s❡ s♦❧✉t✐♦♥s✱ ♥❡✇ ♠❛♣♣✐♥❣s ❛r❡ ❣❡♥❡r❛t❡❞✳ ❚❤❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ❡✈❛❧✉❛✲

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

❛♥ ❡♥❞ ❝r✐t❡r✐♦♥ ✭✐✳❡✳ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s✮ ✐s r❡❛❝❤❡❞✳ ❙✐♥❝❡ t❤❡ ♠❛♣♣✐♥❣

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

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

❞❡s✐❣♥ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ s②st❡♠✳ ■♥ s♦♠❡ ❝❛s❡s✱ ✐t ❝♦✉❧❞ ❤❛♣♣❡♥ t❤❛t

t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❝❛♥♥♦t ❜❡ s♦❧✈❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♠❡♠♦r②

r❡q✉✐r❡♠❡♥ts ❞♦ ♥♦t ♠❛t❝❤ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r② ❝❛♣❛❝✐t② ♦❢ t❤❡ s②st❡♠✳ ❚❤❡♥✱ t❤❡

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

❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳

✻✳✸ ❖♣t✐♠✐③❛t✐♦♥ ❖❜❥❡❝t✐✈❡s

❚❤✐s s❡❝t✐♦♥ ♣r♦✈✐❞❡s ❛ ❢♦r♠❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥s

✉s❡❞ ✐♥ t❤❡▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❢♦r ❡✈❛❧✉❛t✐♥❣



✻✳✸✳ ❖♣t✐♠✐③❛t✐♦♥ ❖❜❥❡❝t✐✈❡s ✶✶✶

t❤❡ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s ✇✐t❤✐♥ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠✳ ❆❧❧ ✈❛❧✉❡s r❡q✉✐r❡❞ ✐♥

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

❇❛s✐❝❛❧❧②✱ t✇♦ ❢✉♥❝t✐♦♥s ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ♦♣t✐♠✐③❡❞✱ ✐✳❡✳✱ s②st❡♠ r✉♥t✐♠❡ ❛♥❞

❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

❋♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❡q✉❛t✐♦♥s ✐♥ t❤✐s s❡❝t✐♦♥✿

• t❤❡ s❡t ♦❢ t❤r❡❛❞s ✐s ❞❡✜♥❡❞ ❜② T = 1, ..., k✱ ✇✐t❤ t❤r❡❛❞ t ∈ T ❛♥❞

• t❤❡ ♠❛✐♥ t❤r❡❛❞ t0 ∈ T

• t❤❡ s❡t ♦❢ ♣r♦❝❡ss♦rs ✐s ❞❡✜♥❡❞ ❜② P = 1, .., p✱ ✇✐t❤ ♣r♦❝❡ss♦r proc ∈ P

• t❤❡ s❡t ♦❢ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ✐s ❞❡✜♥❡❞ ❛s S = 1, ..., s✱ ✇✐t❤ ❛ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥

ps ∈ S

• t❤❡ ♥✉♠❜❡r ♦❢ ❝❛❧❧s ♦❢ ❛ t❤r❡❛❞ ✐s s♣❡❝✐✜❡❞ ✇✐t❤ nrCalls(t)

• t❤❡ s❡t ♦❢ ♠❡♠♦r✐❡s ✇✐t❤ M = 1, ...,m✱ ✇✐t❤ ♠❡♠♦r② mem ∈ M

• t❤❡ s❡t M(proc) ❝♦♥t❛✐♥s ❛❧❧ ♠❡♠♦r✐❡s mem t❤❛t ❛r❡ ❛❝❝❡ss✐❜❧❡ ❜② ♣r♦❝❡ss♦r

proc

• MO ✐s t❤❡ s❡t ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✇✐t❤ ♠❡♠♦r② ♦❜❥❡❝t mObj ∈ MO

• r(t, proc) r❡♣r❡s❡♥ts t❤❡ r✉♥t✐♠❡ ♦❢ t❤r❡❛❞ t ♦♥ ♣r♦❝❡ss♦r proc✱ ✇✐t❤♦✉t ❝♦♥✲

s✐❞❡r✐♥❣ ♠❡♠♦r② ❛❝❝❡ss❡s

• r(t,mem) ✐♥❞✐❝❛t❡s t❤❡ t✐♠❡ ♦❢ ♠❡♠♦r② ❛❝❝❡ss❡s ❝❛✉s❡❞ ❜② t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts

♦❢ t❤r❡❛❞ t ❢♦r ❛❝❝❡ss ♦♥ ♠❡♠♦r② mem✱ ✐♥❝❧✉❞✐♥❣ t❤❡ r✉♥t✐♠❡ t♦ ❛❝❝❡ss ❜✉s❡s

• nrReadAcc(mObj) ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t

mObj

• nrWriteAcc(mObj) ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ✇r✐t❡ ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t

mObj

• accWidth(mObj) ❞❡❝r✐❜❡s t❤❡ ❛❝❝❡ss ✇✐❞t❤ ✭✐✳❡✳ ❇②t❡✱ ❤❛❧❢✲✇♦r❞ ❛♥❞ ✇♦r❞✮

♦❢ ♠❡♠♦r② ♦❜❥❡❝t mObj

• accT imeRead(accWidth(mObj)) r❡♣r❡s❡♥ts t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❛ r❡❛❞ ❛❝✲

❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObj ✇✐t❤ ❛❝❝❡ss ✇✐❞t❤ accWidth(mObj)

• accT imeWrite(accWidth(mObj)) r❡♣r❡s❡♥ts t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❛ ✇r✐t❡ ❛❝✲

❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObj ✇✐t❤ ❛❝❝❡ss ✇✐❞t❤ accWidth(mObj)

• nrLoadAcc(accWidth(mObj)) ❞❡s❝r✐❜❡s ❛❞❞✐t✐♦♥❛❧ ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r②

♦❜❥❡❝t mObj ✇❤✐❝❤ ❛r❡ ♦♣t✐♦♥❛❧❧② r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ ❢✉❧❧ ♠❡♠♦r②

♦❜❥❡❝t s✐③❡

• e(t, proc) ❞❡✜♥❡s t❤❡ ❡♥❡r❣② t❤❛t ✐s ❝♦♥s✉♠❡❞ ❜② t❤r❡❛❞ t ♣r♦❝❡ss♦r prc



✶✶✷ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

• e(t,mem) ❞❡✜♥❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ❜② t❤r❡❛❞ t ❢♦r ❛❝❝❡ss❡s t♦ ♠❡♠♦r②

mem

• ActiveCycles(t) ❞❡s❝r✐❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝②❝❧❡s r❡q✉✐r❡❞ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢

t❤r❡❛❞ t

• ActiveEnergyPerCycle(proc) ❞❡s❝r✐❜❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ♦♥❡ ❝②❝❧❡

♦♥ ♣r♦❝❡ss♦r proc

• IdleEnergyPerCycle(proc) ❞❡s❝r✐❜❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ ✐❞❧❡ ♠♦❞❡

❢♦r ♦♥❡ ❝②❝❧❡ ♦♥ ♣r♦❝❡ss♦r proc

• maxCyclesps(t) r❡♣r❡s❡♥ts t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❝②❝❧❡s s♣❡♥❞ ✐♥ t❤❡ ♣❛r✲

❛❧❧❡❧ s❡❝t✐♦♥ t❤❛t t❤r❡❛❞ t ❜❡❧♦♥❣s t♦

• energyRead(accWidth(mObj)) r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ r❡q✉✐r❡❞

❢♦r ❛ r❡❛❞ ❛❝❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObj ✇✐t❤ ❛❝❝❡ss ✇✐❞t❤ accWidth(mObj)

• energyWrite(accWidth(mObj))r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ r❡q✉✐r❡❞

❢♦r ❛ ✇r✐t❡ ❛❝❝❡ss t♦ ♠❡♠♦r② ♦❜❥❡❝t mObj ✇✐t❤ ❛❝❝❡ss ✇✐❞t❤ accWidth(mObj)

• MemAccessCycles(t) ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ❝②❝❧❡s t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r ♠❡♠✲

♦r② ❛❝❝❡ss ❢♦r t❤r❡❛❞ t

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

t❤❡ ♣r♦❝❡ss♦r ✐t ✐s ♠❛♣♣❡❞ t♦✱ ❛❞❞❡❞ t♦ t❤❡ t♦t❛❧ r✉♥t✐♠❡ ❢♦r t❤❡ ❜✉s ❛♥❞ ♠❡♠♦r②

❛❝❝❡ss❡s t❤❛t ❛r❡ ♣❡r❢♦r♠❡❞ t♦ t❤❡ ❛♣♣r♦♣r✐❛t❡ ♠❡♠♦r② ♦❜❥❡❝t✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡

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

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

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

✐♥ ❛ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ✐s s♣❡❝✐✜❡❞ ❜② t❤❡ t❤r❡❛❞s t❤❛t r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ✐♥ t❤✐s s❡❝t✐♦♥✳

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

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

❚❤❡ s②st❡♠ r✉♥t✐♠❡ ♦❜❥❡❝t✐✈❡ ✐s ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✻✳✶✿

obj1 = (nrCalls(t0) ∗ (r(t0, proc) +
∑

mem∈M(proc)

r(t0,mem)))

+
∑

ps∈ S

(max
t∈ps

{nrCalls(t) ∗ (r(t, proc) +
∑

mem∈M(proc)

r(t,mem))}) ✭✻✳✶✮

❚❤❡ ✜rst ❧✐♥❡ ♦❢ ❊q✉❛t✐♦♥ ✻✳✶ r❡♣r❡s❡♥ts t❤❡ t♦t❛❧ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤❡ ♠❛✐♥

t❤r❡❛❞ t0✳ ❍❡r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝❛❧❧s t♦ t❤❡ ♠❛✐♥ t❤r❡❛❞ ✐s ♠✉❧t✐♣❧✐❡❞ ❜② ✐ts r✉♥t✐♠❡

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

r(t0, proc) ❛♥❞ t❤❡ r✉♥t✐♠❡ ❢♦r ♠❡♠♦r② ❛❝❝❡ss❡s r(t0,mem)✳ ❚❤❡ r✉♥t✐♠❡ ❢♦r ♠❡♠✲

♦r② ❛❝❝❡ss❡s ✐s ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ t❤❡ ♥❡①t ❡q✉❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ s❡❝♦♥❞



✻✳✸✳ ❖♣t✐♠✐③❛t✐♦♥ ❖❜❥❡❝t✐✈❡s ✶✶✸

♣❛rt ✐t❡r❛t❡s ♦✈❡r ❛❧❧ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s ps ∈ S✳ ❚❤❡ ♦✈❡r❛❧❧ r✉♥t✐♠❡ ♦❢ ❛ ♣❛r❛❧❧❡❧

s❡❝t✐♦♥ ✐s ❣✐✈❡♥ ❜② t❤❡ ♠♦st t✐♠❡ ❝♦♥s✉♠✐♥❣ t❤r❡❛❞ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❚❤❡ ♠❡♠♦r②

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

♦✈❡r t❤❡ r✉♥t✐♠❡ ♦❢ ❛❧❧ ♠❡♠♦r✐❡s mem t❤❛t ❛r❡ ❛❝❝❡ss✐❜❧❡ ❜② t❤❡ ♣r♦❝❡ss♦r proc ✐s

♣❡r❢♦r♠❡❞✳

▼♦r❡ ♣r❡❝✐s❡❧②✱ t❤❡ ♠❡♠♦r② ❛❝❝❡ss t✐♠❡ ❝❛✉s❡❞ ❜② t❤r❡❛❞ t ✐s ❞❡s❝r✐❜❡❞ ✇✐t❤ t❤❡

❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿

r(t,mem) =
∑

∀ mObj→mem

(nrReadAcc(mObj)

∗ accT imeRead(accWidth(mObj))

∗ nrLoadAcc(accWidth(mObj))

+ nrWriteAcc(mObj)

∗ accT imeWrite(accWidth(mObj))

∗ nrLoadAcc(accWidth(mObj))

❍❡r❡✱ t❤❡ ❡q✉❛t✐♦♥ ✐t❡r❛t❡s ♦✈❡r ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts mObj t❤❛t ❛r❡ ♠❛♣♣❡❞ t♦

✭→✮ ♠❡♠♦r② mem✳ ❚❤❡ t♦t❛❧ ❛❝❝❡ss t✐♠❡ ✐s ♦❜t❛✐♥❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞ ❛♥❞

✇r✐t❡ ❛❝❝❡ss❡s nrReadAcc✴nrWriteAcc t♦ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t mObj ♠✉❧t✐♣❧✐❡❞ ❜②

t❤❡ t✐♠❡ r❡q✉✐r❡❞ ❢♦r ❡❛❝❤ ❛❝❝❡ss ✭accT imeRead✴accT imeWrite✮✳ ❚❤❡ ❞✐✛❡r❡♥t ❛❝✲

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

✇✐❞t❤ accWidth(mObj) ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t mObj✳ ❙♦♠❡t✐♠❡s✱ ❛❞❞✐t✐♦♥❛❧ ❛❝✲

❝❡ss❡s ✭nrLoadAcc✮ ❤❛✈❡ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ ❢✉❧❧ ♠❡♠♦r② ♦❜❥❡❝t

s✐③❡✳

❚❤❡ s❡❝♦♥❞ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ✐♥ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ r❡♣✲

r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ s②st❡♠✳ ❋♦r t❤✐s✱ t❤❡ ❡♥❡r❣②✱ t❤❛t ✐s s♣❡♥❞

❜② ❡❛❝❤ t❤r❡❛❞ ♦♥ t❤❡ ♣r♦❝❡ss♦r ✐t ✐s ♠❛♣♣❡❞ t♦✱ ✐s ❛❞❞❡❞ t♦ t❤❡ ❡♥❡r❣② t❤❛t ✐s

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

❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ♠❡♠♦r✐❡s ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞s

❛♥❞ t❤❡✐r ♠❛♣♣✐♥❣ t♦ t❤❡ ❞✐✛❡r❡♥t ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤②✳

❚❤❡ s❡❝♦♥❞ ♦❜❥❡❝t✐✈❡✱ ✇❤✐❝❤ ✐s r❡♣r❡s❡♥t✐♥❣ t❤❡ s②st❡♠s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ✐s

❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

obj2 =
∑

proc∈P

{
∑

∀ t→proc

nrCalls(t) ∗ (e(t, proc) +
∑

∀ mem acc.

by proc

e(t,mem)) } ✭✻✳✷✮

❚❤✐s ❡q✉❛t✐♦♥ ✐t❡r❛t❡s ♦✈❡r ❛❧❧ ♣r♦❝❡ss♦rs proc ∈ P ✳ ❍❡r❡✱ ❢♦r ❡❛❝❤ t❤r❡❛❞ t

♠❛♣♣❡❞ ✭→✮ t♦ ♣r♦❝❡ss♦r proc✱ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❤❛s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ■♥

❞❡t❛✐❧✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝❛❧❧s nrCalls(t) ♦❢ t❤r❡❛❞ t ✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❡♥❡r❣② e(t, proc)

❝♦♥s✉♠❡❞ ❜② t❤r❡❛❞ t ♦♥ ♣r♦❝❡ss♦r proc ❛❞❞❡❞ t♦ t❤❡ ❡♥❡r❣② e(t,mem) ❝♦♥s✉♠❡❞

❜② ❛❝❝❡ss❡s t♦ t❤❡ ♠❡♠♦r✐❡s mem✳

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

e(t, proc)✱ ✐s s♣❡❝✐✜❡❞ ❛s ❢♦❧❧♦✇s✿

e(t, proc) = (ActiveCycles(t) ∗ActiveEnergyPerCycle(proc))

+((maxCyclesps(t)−ActiveCycles(t)) ∗ IdleEnergyPerCycle(proc))r45



✶✶✹ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❚❤❡ ♥✉♠❜❡r ♦❢ ❝②❝❧❡s ❢♦r ❛ t❤r❡❛❞ t✱ ✐✳❡✳ ActiveCycles(t)✱ ✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡

❡♥❡r❣② ♣❡r ❝②❝❧❡ ❝♦♥s✉♠❡❞ ❜② t❤❡ s♣❡❝✐✜❝ ♣r♦❝❡ss♦r ActiveEnergyPerCycle(proc)✳

❚❤✉s✱ t❤❡ ✜rst ♣❛rt ♦❢ t❤❡ ❡q✉❛t✐♦♥ r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ✐♥ t❤❡ ❛❝t✐✈❡

♠♦❞❡ ♦❢ t❤❡ ♣r♦❝❡ss♦r✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ✐♥ t❤❡

♣r♦❝❡ss♦r✬s ✐❞❧❡ ♠♦❞❡✳ ❋♦r t❤✐s✱ t❤❡ ♠❛①✐♠✉♠ ❝②❝❧❡s maxCyclesps(t) s♣❡♥❞ ✐♥ t❤❡

♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ps✱ t❤❛t t❤r❡❛❞ t ❜❡❧♦♥❣s t♦✱ ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳

■♥ ❞❡t❛✐❧✱ t❤❡ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥ ❝♦♥s✐sts ♦❢ s❡✈❡r❛❧ t❤r❡❛❞s t❤❛t r✉♥ ✐♥ ♣❛r❛❧❧❡❧✳ ❚❤❡

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

t❤❡ ♠♦st ❝②❝❧❡s ❢♦r ✐ts ❡①❡❝✉t✐♦♥✳ ❚❤❡s❡ ❝②❝❧❡s ✐♥❝❧✉❞❡ t❤❡ ❛❝t✐✈❡ ❝②❝❧❡s ❢♦r t❤❡ ❡①❡✲

❝✉t✐♦♥ ♦❢ t❤❡ t❤r❡❛❞ ❛♥❞ t❤❡ ❝②❝❧❡s t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ❛❝❝❡ss t♦ t❤❡ ♠❡♠♦r✐❡s✳

❋♦r t❤❡ ♦t❤❡r ♣r♦❝❡ss♦rs✱ ✇❤❡r❡ ❛ ♠❛♣♣❡❞ t❤r❡❛❞ t r❡q✉✐r❡s ❧❡ss ❝②❝❧❡s✱ t❤❡ r❡st ♦❢

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

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

■❢ ❛ t❤r❡❛❞ t✱ t❤❛t ✐s ♠❛♣♣❡❞ t♦ ♣r♦❝❡ss♦r proc✱ r❡q✉✐r❡s ❧❡ss ❝②❝❧❡s t❤❛♥ t❤❡

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

✭❝②❝❧❡s✮ ✐♥ ✐❞❧❡ ♠♦❞❡✳ ❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ ✐❞❧❡ ♠♦❞❡ ✐s ❣✐✈❡♥ ❜② t❤❡ ✐❞❧❡ t✐♠❡✳

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

♦♥❡ ❝②❝❧❡ IdleEnergyPerCycle(proc) ♦♥ ♣r♦❝❡ss♦r proc✳

❚❤❡ ♠❛✐♥ t❤r❡❛❞ t0 ❞♦❡s ♥♦t ❜❡❧♦♥❣ t♦ ❛ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥✳ ❚❤✉s✱ t❤✐s t❤r❡❛❞ ✐s

❡①❡❝✉t❡❞ ✐♥ ❛❝t✐✈❡ ♠♦❞❡ ♦♥ t❤❡ ♣r♦❝❡ss♦rs proc ✐t ✐s ♠❛♣♣❡❞ t♦✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡

❡♥❡r❣② ❢♦r ✐❞❧❡ ♠♦❞❡ ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ♠❡♠♦r② ❛❝❝❡ss ✐s ♣❡r❢♦r♠❡❞✳ ❚❤✐s ✐s

r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ✈❛❧✉❡ MemAccessCycles(t0) ❚❤❡ ❡♥❡r❣② ❡q✉❛t✐♦♥ ✐s r❡♣r❡s❡♥t❡❞

❜②✿

e(t0, proc) = (ActiveCycles(t0) ∗ActiveEnergyPerCycle(proc))

+(MemAccessCycles(t0) ∗ IdleEnergyPerCycle(proc))

❚❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ ♠❡♠♦r② ❛❝❝❡ss❡s e(t,mem) ✐s ❞❡✲

✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

e(t,mem) =
∑

∀ mObj→mem

(nrReadAcc(mObj)

∗ energyRead(accWidth(mObj))

∗ nrLoadAcc(accWidth(mObj))

+ nrWriteAcc(mObj)

∗ energyWrite(accWidth(mObj))

∗ nrLoadAcc(accWidth(mObj)))

❚❤✐s ❡q✉❛t✐♦♥ r❡♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ♠❡♠♦r② ❛❝❝❡ss❡s t♦ ❛♥ ✐♥✲

❞✐✈✐❞✉❛❧ ♠❡♠♦r② mem ❛❝❝❡ss❡❞ ❜② t❤r❡❛❞ t✳ ❆♥ ✐t❡r❛t✐♦♥ ♦✈❡r ❛❧❧ ♠❡♠♦r② ♦❜❥❡❝ts

mObj t❤❛t ❛r❡ ♠❛♣♣❡❞ t♦ ♠❡♠♦r② mem ✐s ♣❡r❢♦r♠❡❞✳ ❍❡r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝✲

❝❡ss❡s nrReadAcc ✴ nrWriteAcc ❤❛s t♦ ❜❡ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ❢♦r

❛ s✐♥❣❧❡ ❛❝❝❡ss t♦ ♠❡♠♦r② mem✳ ❆❣❛✐♥✱ ❛ ❞✐st✐♥❝t✐♦♥ ✐s ♠❛❞❡ ❜❡t✇❡❡♥ r❡❛❞ ❛♥❞

✇r✐t❡ ❛❝❝❡ss❡s ❛♥❞ t❤❡ ❛❝❝❡ss ✇✐❞t❤ accWidth(mObj) ❢♦r ❜♦t❤✳ ❚❤❡s❡ ❛r❡ ❣✐✈❡♥ ❜②



✻✳✹✳ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠ ✶✶✺
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0

❋✐❣✉r❡ ✻✳✻✿ ■♥❞✐✈✐❞✉❛❧ r❡♣r❡s❡♥t✐♥❣ ❛ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥ ❝❛♥❞✐❞❛t❡✳

t❤❡ ✈❛❧✉❡s energyRead (accWidth(mObj)) ❛♥❞ energyWrite (accWidth(mObj))✳

❋✐♥❛❧❧②✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛❞❞✐t✐♦♥❛❧ ❛❝❝❡ss❡s nrLoadAcc (accWidth(mObj))✱ ✇❤✐❝❤

✐s ❝❛✉s❡❞ ❜② t❤❡ ❛❝❝❡ss ✇✐❞t❤ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝t✱ ✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♦✈❡r❛❧❧

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

❛❝❝❡ss❡s t♦ ♠❡♠♦r②✱ ❛r❡ ❛❧r❡❛❞② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ energyRead(accWidth(mObj) ❛♥❞

energyWrite(accWidth(mObj) ✈❛❧✉❡s✳

✻✳✹ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠

❚❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ ❛s ❛ ❜❧❛❝❦✲❜♦① ♦♣t✐♠✐③❛t✐♦♥ ❢♦r s♦❧✈✐♥❣ t❤❡

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♣r♦❜❧❡♠✳ ■♥ t❤❡ ✜rst st❡♣✱ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✭❊❆✮

❣❡♥❡r❛t❡s ❛ ♣♦♣✉❧❛t✐♦♥ ✇✐t❤ s❡✈❡r❛❧ ✐♥❞✐✈✐❞✉❛❧s✳ ❊❛❝❤ ✐♥❞✐✈✐❞✉❛❧ r❡♣r❡s❡♥ts ❛ ♠❛♣✲

♣✐♥❣ s♦❧✉t✐♦♥ ❝❛♥❞✐❞❛t❡✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✻✳

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

♠❛♣♣✐♥❣ ♦❢ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r✐❡s✳ ❆ ✜t♥❡ss ✈❛❧✉❡ ✐s ❡✈❛❧✲

✉❛t❡❞ ❢♦r ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❧♦♦♣ ♦❢ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠✳

❚❤✐s ✈❛❧✉❡ r❡♣r❡s❡♥ts t❤❡ q✉❛❧✐t② ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧✳

❚❤❡ ♠❛♣♣✐♥❣ ❞❡❝✐s✐♦♥s ❛r❡ ✐♥s♣❡❝t❡❞ r❛♥❞♦♠❧②✱ ❛♥❞ ❛r❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✲

✐♥❣ ✇❛②✿ ❆ t❤r❡❛❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ♠❛♣♣❡❞ r❛♥❞♦♠❧②

t♦ ❛❝❝❡ss✐❜❧❡ ♣r♦❝❡ss♦rs ❛♥❞ t❤❡✐r ♠❡♠♦r✐❡s✳ ❋✐❣✉r❡ ✻✳✻ ✭♣❛rt ✶✮ s❤♦✇s ❛ ♣♦ss✐❜❧❡

❞✐str✐❜✉t✐♦♥ ♦❢ t❤r❡❛❞s t♦ ❞✐✛❡r❡♥t ❈P❯s✳

❆❢t❡r ❛ ♣r♦❝❡ss♦r ✐s ❝❤♦s❡♥✱ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ♦❢ t❤❡ t❤r❡❛❞s ❛r❡ ♠❛♣♣❡❞ t♦

❛❝❝❡ss✐❜❧❡ ♠❡♠♦r✐❡s✳ ❚❤✐s ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✻ ✭♣❛rt ✷✮✳ ❋✐rst✱ ❛❧❧ ♣r❡❞❡✲

✜♥❡❞ ♠❡♠♦r② ♦❜❥❡❝t ♠❛♣♣✐♥❣s ❛r❡ ♣❡r❢♦r♠❡❞✱ ✐✳❡✳✱ t❤♦s❡ ♠❡♠♦r② ♦❜❥❡❝ts ✇❤✐❝❤ ❛r❡

♠❛r❦❡❞ ❛s s❤❛r❡❞✱ ❧♦❝❛❧ ♦r ♣r✐✈❛t❡ ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ♠❡♠♦r②✳ ❆❢t❡r✇❛r❞s✱

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



✶✶✻ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

CPU0

Original

Thread 3

Thread 2

Thread 3

Thread 2

Thread 2

Thread 1

Thread 1

Thread 1

Thread 3

Mutation

Repair

CPU1 CPU2

❋✐❣✉r❡ ✻✳✼✿ ▼✉t❛t✐♦♥ ♦❢ ❣❡♥❡s

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

t❛❦❡s ❝❛r❡ t❤❛t ♦♥❧② ✈❛❧✐❞ ♠❛♣♣✐♥❣s ❛r❡ ❣❡♥❡r❛t❡❞✱ ✐✳❡✳ t❤❡ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡

♠❛♣♣❡❞ t♦ ♠❡♠♦r✐❡s t❤❛t ❛r❡ ❛❝❝❡ss✐❜❧❡ ❜② t❤❡ ♣r♦❝❡ss♦r t♦ ✇❤✐❝❤ t❤❡ t❤r❡❛❞ ✇❛s

♠❛♣♣❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐❢ t❤❡ ♠❡♠♦r② ✐s s♣❡❝✐✜❡❞ ❛s ✐♥str✉❝t✐♦♥ ♦r ❞❛t❛ ♦♥❧② ♠❡♠✲

♦r②✱ ♦♥❧② ✐♥str✉❝t✐♦♥s ♦r ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡s❡ ♠❡♠♦r✐❡s✳ ❚❤❡

❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ❛❧s♦ ✈❡r✐✜❡s t❤❛t t❤❡ ♠❡♠♦r② s✐③❡s ❛r❡ ♥♦t ❡①❝❡❡❞❡❞ ❞✉r✐♥❣

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

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

❛ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡ss❛❣❡✳ ■❢ ❛ ♠❡♠♦r② ❛t ❛ ❧♦✇❡r ❧❡✈❡❧ ❤❛s ♥♦ ❝❛♣❛❝✐t② ❛♥②♠♦r❡✱

t❤❡ r❡♠❛✐♥✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts ✇✐❧❧ ❜❡ ♠❛♣♣❡❞ t♦ ❛ ♠❡♠♦r② ❛t ❛ ❤✐❣❤❡r ❧❡✈❡❧ ✐♥ t❤❡

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

❜❡ ♠❛♣♣❡❞ t♦ ❛ ❧❛r❣❡r✱ s❤❛r❡❞ ♦r ❛ ❝♦♠♠♦♥ ♠❛✐♥ ♠❡♠♦r②✳

■♥ t❤❡ ♥❡①t st❡♣ ♦❢ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠✱ t❤❡ ❣❡♥❡r❛t❡❞ ✐♥❞✐✈✐❞✉❛❧s ❛r❡

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

✐♥❞✐✈✐❞✉❛❧ ❜❛s❡❞ ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥s ❞❡✜♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✸✳ ❆❢t❡r ❡✈❛❧✉❛t✐♦♥✱

t❤❡ ❜❡st ✐♥❞✐✈✐❞✉❛❧s ❛r❡ s❛✈❡❞ ✐♥ ❛♥ ❛r❝❤✐✈❡✳ ❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s s♦❧✉t✐♦♥s✱ ♥❡✇

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

t❤❡ s♦❧✉t✐♦♥s✳

■♥ t❤❡♠✉t❛t✐♦♥ st❡♣✱ ❛ t❤r❡❛❞ ❛♥❞ ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ s✇✐t❝❤❡❞

t♦ ❛♥♦t❤❡r ♣r♦❝❡ss♦r✱ ❛♥ ❡①❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✼✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ t❤❡

♠✉t❛t✐♦♥ st❡♣ ❞❡❝✐❞❡s t❤❛t Thread1✱ ✇❤✐❝❤ ✇❛s ♦r✐❣✐♥❛❧❧② ♠❛♣♣❡❞ t♦ CPU1✱ ✐s ♥♦✇

♠❛♣♣❡❞ t♦ CPU2✳ ❆❢t❡r ♠✉t❛t✐♦♥✱ ✐t ✐s ♣♦ss✐❜❧❡ t❤❛t t✇♦ t❤r❡❛❞s ✇✐t❤✐♥ ❛ ♣❛r❛❧❧❡❧

s❡❝t✐♦♥ ❛r❡ ♠❛♣♣❡❞ t♦ ♦♥❡ ♣r♦❝❡ss♦r✳ ❋♦r t❤❡ ❝❛s❡ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ✐s

s♠❛❧❧❡r ♦r ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❈P❯s✱ t❤✐s ❝♦✉❧❞ r❡s✉❧t ✐♥ ❛ s✉❜♦♣t✐♠❛❧ s♦❧✉t✐♦♥

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

❜② ♠❛✐♥t❛✐♥✐♥❣ t❤❡s❡ s✉❜♦♣t✐♠❛❧ s♦❧✉t✐♦♥s✱ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ r❡q✉✐r❡s ♠♦r❡

❣❡♥❡r❛t✐♦♥s t♦ ✜♥❞ ❜❡tt❡r s♦❧✉t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ❛ s♦✲❝❛❧❧❡❞ ❵r❡♣❛✐r✬ st❡♣ ✐s r❡q✉✐r❡❞

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

t❤r❡❛❞ t♦ ❛ ❢r❡❡ ♣r♦❝❡ss♦r ✐❢ ❛✈❛✐❧❛❜❧❡✳ ❚❤✉s✱ ✐♥ t❤❡ ❡①❛♠♣❧❡ ♦❢ ❋✐❣✉r❡ ✻✳✼✱ r❡♣❛✐r

r❡♠❛♣s Thread3 ❛♥❞ ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡♠♦r② ♦❜❥❡❝ts t♦ CPU1✳ ❍♦✇❡✈❡r✱ ✐♥ s♦♠❡

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



✻✳✹✳ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠ ✶✶✼
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gene1 Thread 3

Thread 3
Thread 3
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Thread 2
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(Thread 3)
(Thread 2)

Thread 2

Thread 1

Thread 1

Thread 1
Thread 1

Thread 1

Thread 1
Thread 3gene2

gene1
gene2

gene1
gene2

Crossover

Repair

CPU1 CPU2

❋✐❣✉r❡ ✻✳✽✿ ❈r♦ss♦✈❡r ♦❢ ❣❡♥❡s

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

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

t❤✐s✱ t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ✐s ❞✐✈✐❞❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❈P❯s✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡

♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ♦♥ ❛ ❈P❯✳ ■❢ t❤✐s ❞✐✈✐s✐♦♥ r❡s✉❧ts ✇✐t❤ ❛ r❡st✱ t❤❡

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

❢♦r❡❣♦✐♥❣ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧ ❡①tr❛❝ts t❤r❡❛❞s ✇✐t❤ ❡q✉❛❧ ❧♦❛❞s✳

■♥ ❛❞❞✐t✐♦♥ t♦ ♠✉t❛t✐♦♥✱ ❛ ❝r♦ss♦✈❡r ♣r♦❝❡ss ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳ ❍❡r❡✱ t✇♦ ❞✐❢✲

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

❵❣❡♥❡s✬ ❉✉r✐♥❣ ❝r♦ss♦✈❡r✱ ❢♦r ❡❛❝❤ ❣❡♥❡✱ ❛ s✐♥❣❧❡ r❛♥❞♦♠ t❤r❡❛❞ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣

✐s ❝❤♦s❡♥ t♦ ❜❡ ❡①❝❤❛♥❣❡❞ ❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧s✱ ❛s ❡①❡♠♣❧✐✜❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✽✳ ❖r✐❣✐✲

♥❛❧❧②✱ ✐♥ gene1✱ Thread2 ✇❛s ♠❛♣♣❡❞ t♦ CPU1 ❛♥❞ ✐♥ gene2✱ Thread3 ✇❛s ♠❛♣♣❡❞

t♦ CPU2✳ ■♥ t❤❡ ❝r♦ss♦✈❡r ♣r♦❝❡ss✱ ❛ r❡♠❛♣ ♦❢ Thread3 t♦ CPU1 ✐♥ gene1 ❛♥❞ ✐♥

gene2 ❛ r❡♠❛♣ ♦❢ Thread2 t♦ CPU2 ✐s ♣❡r❢♦r♠❡❞✳ ◆♦✇✱ ❛ r❡♣❛✐r ♦♣❡r❛t✐♦♥ ❤❛s t♦

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

Thread2 ✐♥ gene2 ❛♥❞ Thread3 ✐♥ gene1 ❛r❡ ♠❛♣♣❡❞ t✇✐❝❡ ✭s❤♦✇♥ ✐♥ ❜r❛❝❦❡ts✮✳

■♥ t❤❡ ❡①❛♠♣❧❡✱ ❛ r❡♠❛♣ ♦❢ Thread2 t♦ t❤❡ ♣r♦❝❡ss♦r✱ ✇❤❡r❡ Thread3 ✇❛s ♦r✐❣✐✲

♥❛❧❧② ♠❛♣♣❡❞ t♦✱ ✐s ♣❡r❢♦r♠❡❞✳ ❆❣❛✐♥✱ r❡♠❛♣♣✐♥❣ r❡♣❛✐r ✐s ♣❡r❢♦r♠❡❞ ✭❢♦r gene1

❛♥❞ gene2✮✳ ❆t t❤❡ ❡♥❞✱ ❛❧s♦ ❛❧❧ ❛✛❡❝t❡❞ ♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ r❡♠❛♣♣❡❞ ✐♥ ♦r❞❡r t♦

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

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

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

♣❛ss❡❞ t♦ t❤❡ ✜t♥❡ss ❡✈❛❧✉❛t✐♦♥ ❛❣❛✐♥✳ ❚❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ♦♣✲

t✐♠✐③❛t✐♦♥ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ✴ ❡♥❡r❣② ❡st✐♠❛t✐♦♥ ✐♥ ❛ ❧♦♦♣✱ ✐s r✉♥♥✐♥❣ ✉♥t✐❧ s♦❧✉t✐♦♥s

✇✐t❤ ❛ ❣♦♦❞ ✜t♥❡ss ❧❡✈❡❧ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ ♦r ✉♥t✐❧ ❛ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❣❡♥❡r❛t✐♦♥s

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

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

❝♦♥s✐❞❡r❡❞ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ❞❡s✐❣♥❡r ❝❛♥ ❝❤♦♦s❡ t❤❡ ❜❡st tr❛❞❡✲♦✛ ❢♦r t❤❡ ❞❡s✐❣♥

r❡q✉✐r❡♠❡♥ts ✇✐t❤✐♥ t❤❡ ❣❡♥❡r❛t❡❞ s♦❧✉t✐♦♥s✳ ❆♥ ❡①❛♠♣❧❡ ❢♦r ❛ s❡t ♦❢ ❣❡♥❡r❛t❡❞

♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✾ ❢♦r t❤❡ ❊❞❣❡ ❉❡t❡❝t ✽ ❜❡♥❝❤♠❛r❦✳ ❚❤❡s❡

s♦❧✉t✐♦♥s ✇❡r❡ ❡①tr❛❝t❡❞ ❜② t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛✲

t✐♦♥ ❚♦♦❧ ❛❢t❡r ✶✵✵ ❣❡♥❡r❛t✐♦♥s✳
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❋✐❣✉r❡ ✻✳✾✿ ●❡♥❡r❛t❡❞ s♦❧✉t✐♦♥s ❢♦r t❤❡ ❊❞❣❡ ❉❡t❡❝t ✽ ❜❡♥❝❤♠❛r❦

❚❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ P■❙❆ ❬✽✹❪ ❛♥❞ ❛s ✉♥❞❡r❧②✐♥❣

♠✉❧t✐♦❜❥❡❝t✐✈❡ s❡❛r❝❤ ❛❧❣♦r✐t❤♠✱ ❙tr❡♥❣t❤ P❛r❡t♦ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠ ✭❙P❊❆✷✮

❬✶✶✺❪ ✐s ✉s❡❞✳

■♥ ♣❛rt✐❝✉❧❛r✱ ❊❳P❖ ✐s t❤❡ ❝❡♥tr❛❧ ♠♦❞✉❧❡ ♦❢ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ❢r❛♠❡✲

✇♦r❦✱ ✇❤❡r❡ ✐♥❞✐✈✐❞✉❛❧s ❛♥❞ t❤❡✐r ♠✉t❛t✐♦♥✴❝r♦ss♦✈❡r ♣r♦❝❡ss ❝❛♥ ❜❡ ❞❡✜♥❡❞✳ ❆s ✉♥✲

❞❡r❧②✐♥❣ ♠✉❧t✐♦❜❥❡❝t✐✈❡ s❡❛r❝❤ ❛❧❣♦r✐t❤♠✱ ❙tr❡♥❣t❤ P❛r❡t♦ ❊✈♦❧✉t✐♦♥❛r② ❆❧❣♦r✐t❤♠

✭❙P❊❆✷✮ ❬✶✶✺❪ ✐s ✉s❡❞ ✇❤✐❝❤ ❝♦♠♠✉♥✐❝❛t❡s ✇✐t❤ ❊❳P❖ ✈✐❛ t❤❡ P■❙❆ ✐♥t❡r❢❛❝❡✳

✻✳✺ ❊✈❛❧✉❛t✐♦♥

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛♥❞ ❡✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ✐s t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ■▲P✲

❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ❛♣♣r♦❛❝❤ ✐♥ ❙❡❝t✐♦♥ ✺✳✹✳✶✳ ■t ✐s ❜❛s❡❞ ♦♥ t❤❡ s❛♠❡ ❤❡t❡r♦❣❡✲

♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✷✱ ✇❤✐❝❤ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ▼❆❈❈✈✷

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

❈♦▼❊❚ ❬✶✻❪✳ ❚❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❜❡♥❝❤♠❛r❦s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✽✳

✻✳✺✳✶ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✉♣

❋♦r t❤✐s ❡✈❛❧✉❛t✐♦♥✱ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t♦♦❧s ❛♥❞ t❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧

✇❡r❡ ❛♣♣❧✐❡❞ ❜❡❢♦r❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣

❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧✳ ❚❤❡② ♣r♦✈✐❞❡ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞ ❛♥❞ s②♥❝❤r♦♥✐③❡❞ s♦✉r❝❡ ❝♦❞❡ ❛s

✇❡❧❧ ❛s t❤❡ ✐♥♣✉t ❢♦r t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧✱

✐✳❡✳ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥✳

■♥ ♦r❞❡r t♦ s❤♦✇ t❤❡ ✐♠♣r♦✈❡♠❡♥ts ♦❢ t❤❡ ❊❆✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧✱



✻✳✺✳ ❊✈❛❧✉❛t✐♦♥ ✶✶✾

3.250

3.300

3.350

3.400

3.450

3.500

3.550

3.600

3.650

0 2.000 4.000 6.000 8.000 10.000

R
u

n
im

e
 in

 µ
s

Energy in nJ

State-of-the-art Pareto Fronier MAMMOT Pareto Fronier State-of-the-art Soluions MAMMOT Soluions

❋✐❣✉r❡ ✻✳✶✵✿ ●❡♥❡r❛t❡❞ s♦❧✉t✐♦♥s ❢♦r t❤❡ ❙♣❡❝tr❛❧ ❜❡♥❝❤♠❛r❦

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

t♦♦❧s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✹✳✸ ✐s ✐♥❢❡❛s✐❜❧❡ ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥t ✉♥❞❡r❧②✐♥❣ ❛♣♣❧✐✲

❝❛t✐♦♥ ♠♦❞❡❧s ✭❡✳❣✳ ♣r♦❝❡ss ♥❡t✇♦r❦s✱ ❞❛t❛ ✢♦✇ ❣r❛♣❤s✮✱ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐✜❝❛t✐♦♥s

✭✐✳❡✳✱ ♥♦ ♠❡♠♦r② ❤✐❡r❛r❝❤②✮ ❛♥❞ ❞✐✛❡r❡♥t ❜❡♥❝❤♠❛r❦s ✇✐t❤ ✉♥❡q✉❛❧ ♣❛r❛❧❧❡❧✐③❛t✐♦♥

♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s✳ ❚♦ ❝r❡❛t❡ ❛ ❝♦♠♣❛r❛❜❧❡ r❡❢❡r❡♥❝❡✱ t❤❡ ❊❆✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡

♠❛♣♣✐♥❣ t♦♦❧ ✐s ❝♦♠♣❛r❡❞ t♦ ❛ ❉❖▲ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ ♣❡r❢♦r♠s ♠❛♣✲

♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ ♠❡♠♦r✐❡s✳ ❍❡r❡✱ ❉❖▲ ✇❛s ❛❞❛♣t❡❞

t♦ ❤❛✈❡ t❤❡ s❛♠❡ ❝♦♥str✉❝t✐♦♥ ❛s t❤❡ ❊❆✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧✱ ✐✳❡✳

t❤❡ s❛♠❡ ✉♥❞❡r❧②✐♥❣ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ♣❡r❢♦r♠✐♥❣ ❛ ♠✉❧t✐♦❜❥❡❝t✐✈❡✲❛✇❛r❡ ♦♣t✐✲

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

▲✐❦❡ ♦t❤❡r ♠❛♣♣✐♥❣ t♦♦❧s✱ ❉❖▲ ❞♦❡s ♥♦t ❝♦♥s✐❞❡r ♥♦r ❡①♣❧♦✐t t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡♠✲

♦r② ❤✐❡r❛r❝❤② ✐♥ ✐ts ♦♣t✐♠✐③❛t✐♦♥ ♠♦❞❡❧s ❛♥❞ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥s✳ ❚❤✐s ✐s ✉s✉❛❧❧②

t❤❡ ❝✉rr❡♥t ♣r❛❝t✐❝❡ ✐♥ ❛❧❧ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧s ❢r♦♠ t❤✐s ❝❧❛ss✳ ■♥ ❉❖▲✱ ❛❧❧

♠❡♠♦r② ♦❜❥❡❝ts ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ ♣r✐✈❛t❡ ♠❡♠♦r② ♦❢ ❛ ♣r♦❝❡ss♦r ✭❡①❝❡♣t ❢♦r s❤❛r❡❞

♠❡♠♦r② ♦❜❥❡❝ts✮✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ❛♥❞ st❛t❡✲♦❢✲t❤❡✲❛rt ♦♣t✐♠✐③❛✲

t✐♦♥ t♦♦❧s ✐s ❛ s❡t ♦❢ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s✳ ❍♦✇❡✈❡r✱ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠s ❣❡♥❡r❛t❡

s♦❧✉t✐♦♥s r❛♥❞♦♠❧②✳ ❚❤✉s✱ t❤❡ ❣❡♥❡r❛t❡❞ s♦❧✉t✐♦♥s ❛r❡ ♥♦t ❞❡t❡r♠✐♥✐st✐❝✳ ❊①❡❝✉t✐♥❣

t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ♠✉❧t✐♣❧❡ t✐♠❡s ✇✐t❤ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs ✭♥✉♠❜❡r ♦❢

❣❡♥❡s✱ ❣❡♥❡r❛t✐♦♥s✱ ❡t❝✳✮✱ ❝♦✉❧❞ ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t s♦❧✉t✐♦♥s✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ t❤❡

t✇♦ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s✱ ❡❛❝❤ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ ✇❛s ❡①❡❝✉t❡❞ ✇✐t❤ ✶✵✵ ❣❡♥✲

❡r❛t✐♦♥s st❛rt✐♥❣ ✇✐t❤ ❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ✶✵✵ ❣❡♥❡s✳ ◆❡①t✱ t❤❡ t✇♦ ❡①tr❡♠❡ ♣♦✐♥ts ❢r♦♠

❡❛❝❤ P❛r❡t♦ ❢r♦♥t✐❡r ✇❡r❡ s❡❧❡❝t❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ✇✐t❤ t❤❡ ❝②❝❧❡✲❛❝❝✉r❛t❡ ❈♦▼❊❚

s✐♠✉❧❛t♦r✳ ❚❤❡s❡ t✇♦ ✭❡①tr❡♠❡✮ ♣♦✐♥ts r❡♣r❡s❡♥t t❤❡ ❜❡st s♦❧✉t✐♦♥s ❢♦r ❡❛❝❤ ♦♣t✐✲

♠✐③❛t✐♦♥ ❣♦❛❧✱ ✐✳❡✳ ♦♥❡ ♣♦✐♥t ❝♦♥t❛✐♥s t❤❡ ♠✐♥✐♠✉♠ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ t❤❡
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❋✐❣✉r❡ ✻✳✶✶✿ ●❡♥❡r❛t❡❞ s♦❧✉t✐♦♥s ❢♦r t❤❡ ❍✷✻✹✲▲❇❧♦❝❦ ❜❡♥❝❤♠❛r❦

♦t❤❡r ♣♦✐♥t t❤❡ ♠✐♥✐♠✉♠ r✉♥t✐♠❡✳ ❙✐♥❝❡ t❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s st❛♥❞ ✐♥ ❝♦♥✢✐❝t

t♦ ❡❛❝❤ ♦t❤❡r✱ t❤❡s❡ t✇♦ ♣♦✐♥ts ❞✐✛❡r✳ ▼♦r❡ ❝❧❡❛r❧②✱ ❛ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥ ✐s r❡♣r❡✲

s❡♥t❡❞ ❜② ❛ ✷✲t✉♣❧❡ ✭xi✱yi✮ ✇✐t❤ i = 1, ..., n ❛♥❞ n s♦❧✉t✐♦♥s✳ ❚❤❡ ✈❛❧✉❡ x r❡♣r❡s❡♥ts

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

❝♦♥❝❡r♥✐♥❣ t❤❡ s②st❡♠s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s r❡♣r❡s❡♥t❡❞ ❜② ✭xmin✱yi✮✳ ❋✉rt❤❡r✲

♠♦r❡✱ t❤❡ s♦❧✉t✐♦♥ r❡♣r❡s❡♥t✐♥❣ t❤❡ ❜❡st s♦❧✉t✐♦♥ ❝♦♥❝❡r♥✐♥❣ t❤❡ s②st❡♠s r✉♥t✐♠❡ ✐s

❣✐✈❡♥ ❜② ✭xi✱ymin✮✳ ❚❤❡s❡ t✇♦ s♦❧✉t✐♦♥s ❛r❡ ♣❛rt ♦❢ t❤❡ P❛r❡t♦ ❢r♦♥t✐❡r✳ ■❢ ❛❞❞✐t✐♦♥❛❧

P❛r❡t♦ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥s ❡①✐st ✭✐✳❡✳ ❛❞❞✐t✐♦♥❛❧ ♣♦✐♥ts ✇✐t❤✐♥ t❤❡ P❛r❡t♦ ❢r♦♥t✐❡r✮

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

❡①tr❡♠❡ ♣♦✐♥ts ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s✐♠✉❧❛t✐♦♥ st❡♣ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✷✺ t✐♠❡s ✐♥

♦r❞❡r t♦ ♦❜t❛✐♥ ❝♦♥✈✐♥❝✐♥❣ ❛✈❡r❛❣❡ ✈❛❧✉❡s✳

❋✐❣✉r❡s ✻✳✶✵ ❛♥❞ ✻✳✶✶ s❤♦✇ t❤❡ ❡①tr❛❝t❡❞ s♦❧✉t✐♦♥s ❢r♦♠ t❤❡ ▼❡♠♦r②✲❆✇❛r❡

▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❢♦r t❤❡ ❜❡♥❝❤♠❛r❦s ❙♣❡❝tr❛❧ ❛♥❞ ❍✷✻✹✲

▲❇❧♦❝❦✱ r❡s♣❡❝t✐✈❡❧②✳ ❇♦t❤ ✜❣✉r❡s ✐❧❧✉str❛t❡ ❛❧❧ ♦❜t❛✐♥❡❞ s♦❧✉t✐♦♥s ❛s ✇❡❧❧ ❛s t❤❡

❡①tr❡♠❡ ♣♦✐♥ts ❢♦r t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ❛♥❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐✲

♠✐③❛t✐♦♥✳ ❚❤❡s❡ ✜❣✉r❡s s❤♦✇ t❤❛t t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐✲

♠✐③❛t✐♦♥ ❚♦♦❧ ✭▼❆▼▼❖❚✮ ❡①tr❛❝ts ♠♦r❡ ❡✣❝✐❡♥t ♣♦✐♥ts t❤❛♥ t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt

♠❛♣♣✐♥❣✳

✻✳✺✳✷ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

❚❤✐s s❡❝t✐♦♥ ❝♦♠♣❛r❡s t❤❡ ❊❆✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✇✐t❤ ❛

st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❝♦♥s✐❞❡r t❤❡ ♠❡♠♦r② s✉❜✲

s②st❡♠✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❋✐❣✉r❡s r❡♣r❡s❡♥t t❤❡ r❡❞✉❝t✐♦♥ t❤❛t ✇❛s ♦❜t❛✐♥❡❞ ❜② t❤❡
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❋✐❣✉r❡ ✻✳✶✷✿ ❖♣t✐♠✐③❛t✐♦♥ r❡❞✉❝t✐♦♥ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡

▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❝♦♠♣❛r❡❞ t♦ st❛t❡✲♦❢✲t❤❡✲

❛rt ♠❛♣♣✐♥❣✳ ❚❤❡ r❡❞✉❝t✐♦♥ ✐s ♦❜t❛✐♥❡❞ ❜② t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥

t❤❡ t✇♦ ❡①tr❡♠❡ ♣♦✐♥ts ♦❢ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ ❛♥❞ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣✳

❋✐❣✉r❡ ✻✳✶✷ s❤♦✇s t❤✐s ❝♦♠♣❛r✐s♦♥ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠✳ ❚❤❡ ❤✐❣❤❡st

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

t❤❡ ❊❞❣❡ ❉❡t❡❝t ❜❡♥❝❤♠❛r❦s✱ ✐✳❡✳ ❊❞❣❡ ❉❡t❡❝t ✭❚✻✮ ✲ ❚✭✶✻✮✳ ❍❡r❡✱ ❛ r❡❞✉❝t✐♦♥ ♦❢

❡♥❡r❣② ✇❛s ♦❜t❛✐♥❡❞ ❜② ✉♣ t♦ ✹✸✪✳ ❚❤❡ ❜❡♥❝❤♠❛r❦s ■■❘ ❛♥❞ ❍✷✻✹✲▼❇❧♦❝❦ s❤♦✇❡❞

❛❧s♦ r❡♠❛r❦❛❜❧❡ r❡❞✉❝t✐♦♥ ✐♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ✸✽ t♦ ✹✶✪✳ ❚❤❡ ❜❡st r✉♥t✐♠❡

r❡❞✉❝t✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞ ❢♦r t❤❡ ❍✷✻✹✲▼❇❧♦❝❦ ✇✐t❤ ✸✾✪ ❛♥❞ ■■❘ ✇✐t❤ ✸✹✪✳ ❖✈❡r❛❧❧✱

t❤❡ s②st❡♠ r✉♥t✐♠❡ ✇❛s r❡❞✉❝❡❞ ❜② ❛❜♦✉t ✷✷✪ ❛♥❞ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s

r❡❞✉❝❡❞ ❜② ❛❜♦✉t ✷✼✪✳

❋✐❣✉r❡ ✻✳✶✸ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✳ ❆s ✐♥ t❤❡ ❤♦♠♦✲

❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✱ t❤❡ ❧❛r❣❡st ❜❡♥❡✜t ✐s ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❞✐✛❡r❡♥t ♣❛r❛❧❧❡❧✐③❛t✐♦♥s

♦❢ t❤❡ ❊❞❣❡ ❉❡t❡❝t ❜❡♥❝❤♠❛r❦s ❛s ✇❡❧❧ ❛s ❢♦r ■■❘ ❛♥❞ ❍✷✻✹✲▼❇❧♦❝❦✳ ❚❤❡ r✉♥t✐♠❡

✇❛s ♦♣t✐♠✐③❡❞ ❜② ✉♣ t♦ ✸✾✪ ❛♥❞ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② t♦ ✹✹✪✳ ❆s ♠❡♥t✐♦♥❡❞

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

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

❧♦❝❛❧ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳ ❏P❊●✷✵✵✵ ❛♥❞ ❙♣❡❝tr❛❧ ❣❛✐♥❡❞ ❜❡♥❡✜ts ♦❢ ✸✪ t♦ ✹✳✺✪✳

❚❤❡s❡ ❜❡♥❝❤♠❛r❦s ✇♦r❦ ♣r✐♠❛r✐❧② ✇✐t❤ s❤❛r❡❞ ❞❛t❛ ♠❡♠♦r② ♦❜❥❡❝ts✱ ✇❤✐❝❤ ❛r❡ ♥♦t

❛❧❧♦✇❡❞ t♦ ❜❡ ♠❛♣♣❡❞ t♦ ❛ ❤✐❣❤❡r ♠❡♠♦r② ❧❡✈❡❧✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥str✉❝t✐♦♥ ❝♦❞❡ ♦❢

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

❛✈❡r❛❣❡✱ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ♦♣t✐♠✐③❡❞

t❤❡ r✉♥t✐♠❡ ❜② ❛❜♦✉t ✷✶✪ ❛♥❞ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ❛❜♦✉t ✷✻✪✳
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Runime Energy

❋✐❣✉r❡ ✻✳✶✸✿ ❖♣t✐♠✐③❛t✐♦♥ r❡❞✉❝t✐♦♥ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡

✻✳✺✳✷✳✶ ❈♦♠♣❛r✐s♦♥ ❛❣❛✐♥st ❝❛❝❤❡✲❜❛s❡❞ s②st❡♠s

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❝❛❝❤❡ ❜❛s❡❞ ❛♥❞ ❛ s❝r❛t❝❤♣❛❞ ❜❛s❡❞

♠❡♠♦r② s✉❜s②st❡♠ ❢♦r t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ t❤❛t ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✷✳

❚❤✉s✱ t❤❡ ❧❡✈❡❧✲✶ ♠❡♠♦r✐❡s ❛r❡ ❡✐t❤❡r ❝❛❝❤❡s ♦r s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s✳ ❈♦♥tr❛r② t♦

❝❛❝❤❡s✱ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ s❝r❛t❝❤♣❛❞ ♠❡♠♦r✐❡s ❤❛s t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❡①♣❧✐❝✐t❧② ❜②

t❤❡ ❞❡s✐❣♥❡r✳ ❚❤✐s st❡♣ ✐s ❛❧r❡❛❞② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧✳ ❚❤❡ ❝♦♥t❡♥t ♦❢ ❝❛❝❤❡s ✐s ❧♦❛❞❡❞ ❛✉t♦♠❛t✐❝❛❧❧②✳ ❋♦r t❤✐s

r❡❛s♦♥✱ ❝❛❝❤❡s ♦❝❝✉♣② ♠♦r❡ ❞✐❡ ❛♥❞ ❝♦♥s✉♠❡ ♠♦r❡ ❡♥❡r❣② ❝♦♠♣❛r❡❞ t♦ ❛ s❝r❛t❝❤♣❛❞✳

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

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

❧♦❛❞✐♥❣ ♦❢ ♥❡✇ ❝♦♥t❡♥t t♦ ♠❡♠♦r② ✉s✉❛❧❧② r❡s✉❧ts ✐♥ ❛♥ ✐♥❝r❡❛s❡ ✐♥ r✉♥t✐♠❡ ❛♥❞

❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

❋✐❣✉r❡ ✻✳✶✹ ✐❧❧✉str❛t❡s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r✉♥t✐♠❡ ❢♦r ❝❛❝❤❡ ❛♥❞ s❝r❛t❝❤✲

♣❛❞ ❜❛s❡❞ s②st❡♠s✳ ❚❤❡ ❜❛s❡ ❧✐♥❡ ✐s ❛ st❛t❡✲♦❢✲t❤❡✲❛rt t❤r❡❛❞ t♦ ♣r♦❝❡ss♦r ♠❛♣♣✐♥❣

✇✐t❤♦✉t ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠✳ ❚❤❡ ♠❡♠♦r②✲❛✇❛r❡ s❝r❛t❝❤♣❛❞

❛❧❧♦❝❛t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ❜② t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

❚♦♦❧✱ ✐✳❡✳ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❋♦r ♠♦st

❜❡♥❝❤♠❛r❦s✱ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ♦✉t♣❡r✲

❢♦r♠s t❤❡ ❝❛❝❤❡✲❜❛s❡❞ s②st❡♠s✳ ❆s ♠❡♥t✐♦♥❡❞✱ t❤✐s ❝❛♥ r❡s✉❧t ❢r♦♠ t❤❡ ❤✐❣❤❡r ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥ ♦❢ ❝❛❝❤❡s ❛♥❞ ❢r♦♠ ❞②♥❛♠✐❝ ❝♦♥t❡♥t ❡①❝❤❛♥❣❡ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts ❞✉r✲

✐♥❣ r✉♥t✐♠❡✳ ❋♦r ❊❞❣❡ ❉❡t❡❝t ❛♥❞ ♣❛rt❧② ❢♦r ▼P❊●✹✱ t❤❡ ❝❛❝❤❡ ❜❛s❡❞ s②st❡♠ ❣❛✐♥s

❜❡tt❡r r❡s✉❧ts t❤❛♥ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧✳
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❋✐❣✉r❡ ✻✳✶✹✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❈❛❝❤❡ ❛♥❞ t❤❡ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡

▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥ ❚♦♦❧ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡

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

❡✣❝✐❡♥t t♦ ❞②♥❛♠✐❝❛❧❧② ❝❤❛♥❣❡ t❤❡ ♠❡♠♦r② ❝♦♥t❡♥t ✐♥ ♦r❞❡r t♦ ❝♦♥s✉♠❡ ❧❡ss ❡♥❡r❣②

♦r t♦ s♣❡❡❞✲✉♣ t❤❡ r✉♥t✐♠❡✱ r❡❡s♣❡❝t✐✈❡❧②✳

✻✳✺✳✷✳✷ ❘✉♥t✐♠❡ ♦❢ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♦♣t✐♠✐③❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ t✐♠❡ t❤❛t ✇❛s r❡q✉✐r❡❞ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r②✲

❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❋✐❣✉r❡ ✻✳✶✺ ✐❧❧✉str❛t❡s t❤❡ r❡q✉✐r❡❞ t✐♠❡ ❢♦r t❤❡

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ❛❧❣♦r✐t❤♠ ❢♦r ❤♦♠♦❣❡♥❡♦✉s s②st❡♠s✳ ❚❤❡ ❛✈❡r❛❣❡ r✉♥t✐♠❡

❢♦r ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s t❛❦❡s ❛❜♦✉t ✺✵✽ s❡❝♦♥❞s ✉♣ t♦ ✺✹✹ s❡❝♦♥❞s✳ ❚❤❡ ❛✈❡r❛❣❡

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

❢♦r ■■❘ ❛♥❞ ▼P❊●✹✳ ❖♥ t❤❡ ①✲❛①✐s✱ t❤❡ r✉♥t✐♠❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ s❡❝♦♥❞s ❢♦r ❛♥

❆▼❉ ❖♣t❡r♦♥ ✷✳✹✻ ●❍③✳ ❖♥ t❤❡ ②✲❛①✐s✱ ❛❧❧ ❜❡♥❝❤♠❛r❦s ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ♦✈❡r ❛❧❧

❜❡♥❝❤♠❛r❦s ✐s ♣r❡s❡♥t❡❞✳ ❲❈ ❉❡t❛✐❧ ❛♥❞ ❆❈ ❉❡t❛✐❧ r❡♣r❡s❡♥t t❤❡ r✉♥t✐♠❡ ❢♦r ❛

❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤ ❝♦♥t❛✐♥✐♥❣ t❤❡ ✇♦rst✲❝❛s❡ ✭❲❈✮ ♦r ❛✈❡r❛❣❡✲❝❛s❡ ✭❡①❡❝✉t✐♦♥

t✐♠❡✮ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❛♣♣❧✐❝❛t✐♦♥ ❜❡♥❝❤♠❛r❦✳ ❚❤✉s✱ ❲❈ ❈♦♠♣❛❝t ❛♥❞ ❆❈ ❈♦♠✲

♣❛❝t r❡♣r❡s❡♥t ❛ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ✇♦rst ❛♥❞ ❛✈❡r❛❣❡✲❝❛s❡✱

r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r✉♥t✐♠❡ r❡♣r❡s❡♥ts t❤❡ ❡①❡❝✉t✐♦♥ ❢♦r t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠

❢♦r ✶✵✵ ❣❡♥❡r❛t✐♦♥s✳

❚❤❡ r❡q✉✐r❡❞ r✉♥t✐♠❡ ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s s②s✲

t❡♠s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✻ ❚❤❡ ♠♦r❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s ❛r❡ ❛❧s♦ t✐♠❡✲

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

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



✶✷✹ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥
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❋✐❣✉r❡ ✻✳✶✺✿ ❘✉♥t✐♠❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ❊❆ ♦♣t✐♠✐③❛t✐♦♥ ✲ ❤♦♠♦❣❡✲

♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡

❣r❛♣❤s✳ ❋♦r ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s✱ ✐t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡rs ❢♦r ■■❘✱ ▼✉❧t ❛♥❞ ▼P❊●✹

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

t❤❛t t❤❡✐r ❞❡t❛✐❧❡❞ t❤r❡❛❞ ❣r❛♣❤s ❛r❡ ❛❧s♦ ♠♦r❡ ❝♦♠♣❧❡① s✐♥❝❡ t❤❡② ❝♦♥t❛✐♥ ♠♦r❡

t❤r❡❛❞ ♥♦❞❡s ❛♥❞ ♣❛r❛❧❧❡❧ s❡❝t✐♦♥s t❤❛♥ t❤❡✐r ❝♦♠♣❛❝t ❝♦✉♥t❡r♣❛rt✳ ❚❤✐s s❤♦✇s

t❤❛t t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡s❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s ✐s ❛

t✐♠❡✲❝♦♥s✉♠✐♥❣ t❛s❦ ❞✉❡ t♦ t❤❡ ❤✉❣❡ s♦❧✉t✐♦♥ s♣❛❝❡✳

✻✳✺✳✸ ❈♦♥❝❧✉s✐♦♥s

❚❤✐s s❡❝t✐♦♥ ✐♥tr♦❞✉❝❡❞ ❛ ♠❡♠♦r②✲❛✇❛r❡ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤

❝♦♥s✐❞❡rs ▼P❙♦❈ ♣❧❛t❢♦r♠s ✇✐t❤ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♠❡♠♦r② ❤✐❡r❛r✲

❝❤✐❡s✳ ❙✐♥❝❡ ❡❛❝❤ ❛♣♣❧✐❝❛t✐♦♥ ❤❛s ❞✐✛❡r❡♥t ♣❡r❢♦r♠❛♥❝❡ r❡q✉✐r❡♠❡♥ts✱ t❤❡ ♦♣t✐♠✐③❛✲

t✐♦♥ ❡①♣❧♦✐ts t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡♠♦r② ❤✐❡r❛r❝❤② ✐♥ ♦r❞❡r t♦ ❡✣❝✐❡♥t❧② ♠❛t❝❤ ❛♣♣❧✐✲

❝❛t✐♦♥s r❡q✉✐r❡♠❡♥ts ✇✐t❤ ❛r❝❤✐t❡❝t✉r❡ ❝❛♣❛❜✐❧✐t✐❡s✳ ❚♦ ❡✈❛❧✉❛t❡ t❤❡ ♠❡♠♦r②✲❛✇❛r❡

♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ t❤✐s ❛♣♣r♦❛❝❤ ✐s ❝♦♠♣❛r❡❞ t♦ ❛ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❛♣♣✐♥❣ t♦♦❧

t❤❛t ❞♦❡s ♥♦t ❝♦♥s✐❞❡r t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❚❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡ ♠❡♠♦r②✲

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



✻✳✺✳ ❊✈❛❧✉❛t✐♦♥ ✶✷✺

1 10 100 1000 10000 100000 1000000 10000000

ADPCM
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Compress
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Edge Detect (T6)

Edge Detect (T8)

Edge Detect (T12)

Edge Detect (T16)

FIR

H264 Lblock

H264 Mblock

IIR

Jpeg2000

Jpeg2000 (T6)

Jpeg2000 (T8)

Jpeg2000 (T10)

LATNRM

Mpeg4

Mult

Spectral

AVERAGE

Time in seconds

WC Detail AC Detail WC Compact AC Compact

❋✐❣✉r❡ ✻✳✶✻✿ ❘✉♥t✐♠❡ r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ❊❆ ♦♣t✐♠✐③❛t✐♦♥ ✲ ❤❡t❡r♦❣❡✲

♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡

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

❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙♦❈ ♣❧❛t❢♦r♠✳ ❖♥ ❛ ❤♦♠♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠✱

t❤❡ s②st❡♠ r✉♥t✐♠❡ ✇❛s r❡❞✉❝❡❞ ❜② ❛❜♦✉t ✷✷✪ ❛♥❞ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s

r❡❞✉❝❡❞ ❜② ❛❜♦✉t ✷✼✪✳ ❖♥ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠✱ t❤❡ s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ✇❛s

♦♣t✐♠✐③❡❞ ❜② ✉♣ t♦ ✷✶✪ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❜② ✉♣ t♦ ✷✻✪✳ ▼♦r❡ r❡❞✉❝t✐♦♥ ✇❛s

❣❛✐♥❡❞ ❢♦r ❜❡♥❝❤♠❛r❦s ✇❤✐❝❤ ❝♦♥t❛✐♥ ♠❛♥② ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t ❝❛♥ ❜❡ ♠❛♣♣❡❞ t♦

❢❛st❡r ❧♦❝❛❧ ♠❡♠♦r✐❡s✳

❚❤❡ r✉♥t✐♠❡ ♦❢ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ t♦♦❧ ❧✐❡s ❜② ❛❜♦✉t ✺✵✵ s❡❝♦♥❞s✳ ■t

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

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

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

❋✉rt❤❡r♠♦r❡✱ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛ ❝❛❝❤❡ ❜❛s❡❞ ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠ t♦ ♦✉r ♠❡♠♦r②✲

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

s❤♦✇ t❤❛t t❤❡ s❝r❛t❝❤♣❛❞✲❜❛s❡❞ s②st❡♠s ✉s✉❛❧❧② ♦✉t♣❡r❢♦r♠ t❤❡ ❝❛❝❤❡✲❜❛s❡❞ s②s✲

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

t❤❡ ❛❞❞✐t✐♦♥❛❧ ❞✐❡ ❛r❡❛ ♦❢ ❝❛❝❤❡s ❛♥❞ ❞②♥❛♠✐❝ ❧♦❛❞✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❆✉t♦✲

♠❛t✐❝❛❧❧② ♣❡r❢♦r♠✐♥❣ ❛❧❧ ❞❡s✐❣♥ st❡♣s✱ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ t♦♦❧



✶✷✻ ❈❤❛♣t❡r ✻✳ ▼❡♠♦r②✲❆✇❛r❡ ▼✉❧t✐♦❜❥❡❝t✐✈❡ ▼❛♣♣✐♥❣ ❖♣t✐♠✐③❛t✐♦♥

✢♦✇ ❝❛♥ ❜❡ ✉s❡❞ ❜② ❞❡s✐❣♥❡rs t♦ ❣✉✐❞❡ ❞❡s✐❣♥ ❞❡❝✐s✐♦♥s ❛♥❞ t♦ ♦♣t✐♠✐③❡ ❡♥❡r❣② ❛♥❞

♣❡r❢♦r♠❛♥❝❡ ❡❛r❧② ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ ▼P❙♦❈ s②st❡♠s✳



❈❤❛♣t❡r ✼

❙✉♠♠❛r② ❛♥❞ ❋✉t✉r❡ ❲♦r❦

❈♦♥t❡♥ts

✼✳✶ ❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✼✳✷ ❋✉t✉r❡ ❲♦r❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✼✳✷✳✶ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✼✳✷✳✷ ❚❤r❡❛❞ ●r❛♣❤ ❊①tr❛❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✼✳✷✳✸ ❉❡s✐❣♥ ❋r❛♠❡✇♦r❦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✼✳✶ ❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥

❚❤✐s t❤❡s✐s ♣r❡s❡♥t❡❞ ❛ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❛♥❞ t✇♦ ❛♣♣r♦❛❝❤❡s ❢♦r

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ❡♠❜❡❞❞❡❞

♠✉❧t✐✲❝♦r❡ s②st❡♠s✳ ❖♥❡ ❛♣♣r♦❛❝❤ ❤❛♥❞❧❡s s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥s ❛♥❞ t❤❡

s❡❝♦♥❞ ❤❛♥❞❧❡s ❛ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♦♣t✐♠✐③❛t✐♦♥✳ ❇♦t❤ ❛♣♣r♦❛❝❤❡s r❡❞✉❝❡ t❤❡ s②st❡♠s

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

✇❛② ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ ✇✐t❤✐♥ t❤❡ ▼❆❈❈✈✷✴▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❚❤✐s ❛❧❧❡✈✐❛t❡s t❤❡

✇♦r❦ ♦❢ t❤❡ ❞❡s✐❣♥❡r ❛♥❞ r❡❞✉❝❡s ❞❡s✐❣♥ t✐♠❡ s✐❣♥✐✜❝❛♥t❧②✳

❈❤❛♣t❡r ✷ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ❡♠❜❡❞❞❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛r❝❤✐✲

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

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

t❤✐s t❤❡s✐s✳ ❆❧❧ r❡❧❛t❡❞ ✇♦r❦ ✐s ❞❡s❝r✐❜❡❞ ❛t t❤❡ ❡♥❞ ♦❢ ❈❤❛♣t❡r ✷✳ ❚❤✐s ✐♥❝❧✉❞❡s

t❤❡ ♠❛♣♣✐♥❣ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t♦ s✐♥❣❧❡ ❝♦r❡ s②st❡♠s ❛♥❞ ♠✉❧t✐♣r♦❝❡ss♦rs s②st❡♠✳

❚❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs s❤♦✇❡❞ t❤❛t ♠❛♥② ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❡①✲

✐st✳ ❙♦♠❡ ♦❢ t❤❡♠ ✇❡r❡ ❛❧r❡❛❞② ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ✇❡❧❧✲❦♥♦✇♥ ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦s✳ ❆❧❧

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

♦❢ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s ✐♥ ♠✉❧t✐❝♦r❡ s②st❡♠s ✐s ❛

♥❡✇ r❡s❡❛r❝❤ ✜❡❧❞✱ ✇❤✐❝❤ st❛rt❡❞ t♦ ❣❛✐♥ ♠♦r❡ ❛tt❡♥t✐♦♥ ✐♥ t❤❡ ❧❛st ②❡❛rs✳

❚❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t ✐s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✸✳ ■♥ t❤✐s ♣r♦❥❡❝t✱ t❤❡ ▼◆❊▼❊❊

♣❛rt♥❡rs ❞❡✈❡❧♦♣❡❞ ❛ ❢r❛♠❡✇♦r❦ ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥ ✇✐t❤ ❢♦❝✉s ♦♥ ♠❡♠✲

♦r② ♦♣t✐♠✐③❛t✐♦♥✳ ❆❧❧ t♦♦❧s ♦❢ t❤✐s ❢r❛♠❡✇♦r❦ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s ❈❤❛♣t❡r✳ ❚❤❡

❢r❛♠❡✇♦r❦ st❛rts ✇✐t❤ s❡q✉❡♥t✐❛❧ ❈✲❝♦❞❡ ❛s ✐♥♣✉t ❛♥❞ ♣❡r❢♦r♠s ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ s②♥✲

❝❤r♦♥✐③❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥s ❢♦r ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r②

♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✳ ■t ✐s ✉s❡❞ ❛s ✉♥❞❡r❧②✐♥❣ ✐♥❢r❛str✉❝t✉r❡ ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡

♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s✳



✶✷✽ ❈❤❛♣t❡r ✼✳ ❙✉♠♠❛r② ❛♥❞ ❋✉t✉r❡ ❲♦r❦

❚❤❡ ❚❤r❡❛❞ ▼♦❞❡❧ ❊①tr❛❝t✐♦♥ ❚♦♦❧ ❡①tr❛❝ts ❛ ✢❛t t❤r❡❛❞ ❣r❛♣❤ ❢r♦♠ ♣❛r❛❧❧❡❧✐③❡❞

❛♥❞ s②♥❝❤r♦♥✐③❡❞ s♦✉r❝❡ ❝♦❞❡✳ ❊①tr❛❝t✐♥❣ t❤r❡❛❞ ❣r❛♣❤s ❢r♦♠ s♦✉r❝❡ ❝♦❞❡ ✇❛s

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

❞❡r❧②✐♥❣ s②st❡♠s ❛♥❞ ♠♦❞❡❧s✳ ❚❤✉s✱ ❛ ♣r♦❜❧❡♠ ❞❡s❝r✐♣t✐♦♥ ✐♥tr♦❞✉❝❡s t❤❡ ❝❤❛❧❧❡♥❣❡

♦❢ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❢♦r ♦✉r ✉♥❞❡r❧②✐♥❣ t❤r❡❛❞ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠♦❞❡❧✳ ❆

t♦♦❧ ♦✈❡r✈✐❡✇ ❞❡s❝r✐❜❡s t❤❡ s✐♥❣❧❡ st❡♣s ♦❢ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ ❛♣♣r♦❛❝❤✳

❆❧❧ ♣r❡✲♣r♦❝❡ss✐♥❣ st❡♣s ♦❢ t❤✐s t♦♦❧ ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦t❤❡r ▼◆❊▼❊❊ ♣❛rt♥❡rs✳

❈❤❛♣t❡r ✹✳✻✳ ❡①♣❧❛✐♥s t❤❡ ❛❝t✉❛❧ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥ t❤❛t ✐s ❛ ♣❛rt ♦❢ t❤✐s t❤❡s✐s✳

❆❧❧ st❡♣s ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ❤❛♥❞❧✐♥❣ ♦❢ t❤❡ ♠♦❞❡❧ ❡①tr❛❝t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♥str❛✐♥ts

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

❢♦r♠❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞✳ ❚❤✐s ✐s ♣r♦✈✐❞❡❞ t♦ t❤❡ s✉❜s❡q✉❡♥t ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

❛♣♣r♦❛❝❤✳ ❊✈❛❧✉❛t✐♦♥ s❤♦✇s t❤❛t t❤❡ t❤r❡❛❞ ❣r❛♣❤s ✭♦r ♠♦❞❡❧s✮ ✇❡r❡ ♣r♦♣❡r❧② ❡①✲

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

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

t♦ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ❞❡t❛✐❧❡❞ ❛♥❞ ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤ ♠♦❞❡❧✳ ■♥ ❛ ❞❡t❛✐❧❡❞ t❤r❡❛❞

❣r❛♣❤✱ ❛❧❧ t❤r❡❛❞ ♥♦❞❡s ❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛r❡ ✉♥r♦❧❧❡❞ ✇❤❡♥ ❡①❡❝✉t❡❞ ✐♥

❛ ❧♦♦♣✳ ❇② t❤✐s✱ t❤❡ ❡①❛❝t t✐♠✐♥❣ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ t❤r❡❛❞ ❣r❛♣❤✳ ■♥ ❛ ❝♦♠♣❛❝t

♠♦❞❡❧✱ t❤❡ t❤r❡❛❞ ♥♦❞❡s ❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛r❡ ♥♦t ✉♥r♦❧❧❡❞✳ ❍❡r❡✱ t❤❡

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

♦r ✭❡st✐♠❛t❡❞✮ ✇♦rst✲❝❛s❡ ❝♦sts✳ ❚❤❡ ❝♦♠♣❛❝t ♠♦❞❡❧ s✉✐ts ❜❡tt❡r ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥

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

st❡♣✳ ❋✉rt❤❡r♠♦r❡✱ ❛❧❧ ❜❡♥❝❤♠❛r❦s✱ ✇❤✐❝❤ ❛r❡ ❛❧s♦ ✉s❡❞ ✐♥ t❤❡ ♥❡①t ❈❤❛♣t❡rs✱ ❛r❡

❞❡s❝r✐❜❡❞ ❤❡r❡✳

❚❤❡ ♠❡♠♦r② ❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r s✐♥❣❧❡ ♦❜❥❡❝t✐✈❡s ✐s ❞✐s❝✉ss❡❞ ✐♥

❈❤❛♣t❡r ✺✳ ❆♥ ■▲P ♦♣t✐♠✐③❛t✐♦♥ ❢♦r r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ✐s ♣r❡s❡♥t❡❞ ✇❤✐❝❤ ❝♦♠✲

❜✐♥❡s t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs ❛♥❞ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✳ ❚❤❡

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

❛s ♣♦ss✐❜❧❡✳ ❚❤❡ r✉♥t✐♠❡ ❝♦♥s✐sts ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ❢♦r ❛❧❧ t❤r❡❛❞s ♦♥ t❤❡ ♣r♦✲

❝❡ss♦rs ❛♥❞ t❤❡ ❛❝❝❡ss t✐♠❡ ❢♦r ♠❡♠♦r② ❛❝❝❡ss❡s✳ ❚❤❡ ❛❝❝❡ss t✐♠❡ ❢♦r ♠❡♠♦r✐❡s ✐s

❛❧s♦ ♠♦❞❡❧❡❞ ✐♥ ❞❡t❛✐❧ ✐♥❝❧✉❞✐♥❣ ❜✉s ❛❝❝❡ss t✐♠❡ ❛♥❞ ❞✐✛❡r❡♥t✐❛t✐♦♥ ❜❡t✇❡❡♥ r❡❛❞

♦r ✇r✐t❡ ❛❝❝❡ss❡s ❛♥❞ ❛❝❝❡ss ✇✐❞t❤ ✭❜②t❡✱ ❤❛❧❢✲✇♦r❞✱ ✇♦r❞✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ r✉♥✲

t✐♠❡ ❢♦r ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ✐♥❝❧✉❞❡❞✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❛❧s♦ ❛✇❛r❡ ♦❢ t❤❡

♠❡♠♦r② t②♣❡ ✭✐✳❡✳ ✐♥str✉❝t✐♦♥ ♦r ❞❛t❛ ♦♥❧② ♠❡♠♦r✐❡s✮ ❛♥❞ ♠❛♣s ♦♥❧② ❛♣♣r♦♣r✐❛t❡

♠❡♠♦r② ♦❜❥❡❝ts t♦ t❤❡s❡ ♠❡♠♦r✐❡s✳ ❋♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱

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

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

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

♦r ✇r✐t❡ ❛❝❝❡ss❡s ❢♦r ❞✐✛❡r❡♥t ❛❝❝❡ss ✇✐❞t❤✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ❢♦r

❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✐s ❝♦♥s✐❞❡r❡❞✱ ❛s ✇❡❧❧ ❛s t❤❡ ✐❞❧❡ ❡♥❡r❣② ♦❢ ♣r♦❝❡ss♦rs ❞✉r✐♥❣

♠❡♠♦r② ❛❝❝❡ss✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ✉s❡s ❛ ❤❡t❡r♦❣❡♥❡♦✉s ▼P❙❖❝ ❛r❝❤✐t❡❝t✉r❡✱

✇❤✐❝❤ ✐s r❡❧❛t❡❞ t♦ ❛♥ ❆❘▼ ❜✐❣✳❧✐tt❧❡ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ✐s t❤✉s ✈❡r② r❡♣r❡s❡♥t❛t✐✈❡

❢♦r st❛t❡✲♦❢✲t❤❡✲❛rt ❛r❝❤✐t❡❝t✉r❡s✳ ❚❤❡ ❡✈❛❧✉❛t✐♦♥ ✐s ✈❛❧✐❞❛t❡❞ ❜② t❤❡ ❝②❝❧❡✲❛❝❝✉r❛t❡

❈❖▼❊❚ s✐♠✉❧❛t♦r✳ ❋♦r t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ r✉♥t✐♠❡✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts s❤♦✇

❛ r❡❞✉❝t✐♦♥ ♦❢ ✶✪ t♦ ✸✽✳✺✪ ✐♥ r✉♥t✐♠❡ ❝♦♠♣❛r❡❞ t♦ ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ✇❤✐❝❤ ♠❛♣s



✼✳✶✳ ❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥ ✶✷✾

♦♥❧② t❤r❡❛❞ t♦ ♣r♦❝❡ss♦rs ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ ♠❡♠♦r② ♠❛♣♣✐♥❣✳ ❚❤❡ ❛✈❡r❛❣❡ r❡✲

❞✉❝t✐♦♥ ♦✈❡r ❛❧❧ ❜❡♥❝❤♠❛r❦s ✐s ❣✐✈❡♥ ❜② ✷✶✪✳ ◆❡①t t♦ t❤❡ r❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡✱

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

❛ ♥♦♥✲♠❡♠♦r②✲❛✇❛r❡ ❛♣♣r♦❛❝❤✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢

❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ s❤♦✇❡❞ ❛ r❡❞✉❝t✐♦♥ ❜② ✷✳✻✪ t♦ ✻✵✪ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥

♦❢ ✷✽✪✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ♥♦♥✲♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❛♥ ❛❞❞✐t✐♦♥❛❧

❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ♦❢ ✷✽✪ ✭❤♦♠♦❣❡♥❡♦✉s s②st❡♠✮ t♦ ✸✶✪ ✭❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠✮ ✇❛s

♦❜s❡r✈❡❞ ✐♥ r✉♥t✐♠❡✳ ■t ✐s s❤♦✇♥ t❤❛t t❤❡ r❡❞✉❝t✐♦♥ ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❜❡♥❝❤♠❛r❦

❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ t❤❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ ✐ts ♠❡♠♦r② ♦❜❥❡❝ts✱ ✐✳❡✳ ❤♦✇ ♠❛♥② ♠❡♠♦r②

♦❜❥❡❝ts ❛r❡ ❛✈❛✐❧❛❜❧❡ t♦ ❜❡ ♠♦✈❡❞ ♦♥ ❛ ❢❛st❡r ♠❡♠♦r②✳ ❆♥♦t❤❡r ❢❛❝t♦r ✐s t❤❡ ♥✉♠❜❡r

♦❢ ❛❝❝❡ss❡s t♦ s✉❝❤ ♠❡♠♦r② ♦❜❥❡❝ts ❛♥❞ t♦ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❆❝❝❡ss❡s t♦

s❤❛r❡❞ ♠❡♠♦r② ❝♦♥s✉♠❡ ❛ ❧♦t ♦❢ t✐♠❡ ❛♥❞ ❡♥❡r❣② ❛♥❞ ❝❛♥♥♦t ❜❡ ♦♣t✐♠✐③❡❞ ✐♥ t❤✐s

❝❛s❡✳ ❍♦✇❡✈❡r✱ ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ❡♥❡r❣② ❛♥❞ r✉♥t✐♠❡ ✐s ♦❜s❡r✈❡❞ ✇❤❡♥ ♦♣t✐♠✐③✲

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

✐♥❝r❡❛s❡s t❤❡ ♦✈❡r❛❧❧ r✉♥t✐♠❡ ❜② ✸✶✪ ❝♦♠♣❛r❡❞ t♦ t❤❡ r✉♥t✐♠❡ ❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡

■▲P ♦♣t✐♠✐③❛t✐♦♥✳ ❈♦♥tr❛r②✱ t❤❡ ❡♥❡r❣② ✐s ✐♥❝r❡❛s❡❞ ❜② ✸✺✪ ❜② t❤❡ r✉♥t✐♠❡ ❜❛s❡❞

■▲P ♦♣t✐♠✐③❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡♥❡r❣② ❜❛s❡❞ ■▲P ♦♣t✐♠✐③❛t✐♦♥✳

❆ ♠✉❧t✐♦❜❥❡❝t✐✈❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r

✻✳ ❆♥ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦r✐t❤♠ r❡❞✉❝❡s r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ✇❤✐❝❤ ❛r❡

❝♦♥✢✐❝t✐✈❡ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ❉❖▲ ❢r❛♠❡✇♦r❦ ✐s ✉s❡❞ ❛s ❛ ❜❛s✐s ❢r❛♠❡✇♦r❦ ❢♦r t❤✐s

♦♣t✐♠✐③❛t✐♦♥✳ ❆♥ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧ t❤❛t ✐s ❜❛s❡❞ ♦♥ t❤r❡❛❞s ❛♥❞ t❤❡✐r ♠❡♠♦r②

♦❜❥❡❝ts ❛s ✇❡❧❧ ❛s ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✱ ✇❤✐❝❤ ❤❛♥❞❧❡s ♠❡♠♦r✐❡s ✐♥ ♠♦r❡ ❞❡t❛✐❧✱

✇❡r❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤✐s ❢r❛♠❡✇♦r❦ ❢♦r t❤✐s t❤❡s✐s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♦❜❥❡❝t✐✈❡s ❢♦r

t❤❡ r❡❞✉❝t✐♦♥ ❢♦r r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❉❖▲✳ ❚❤❡ t♦♦❧ ♣r♦❞✉❝❡s

❣❡♥❡s ✭✐✳❡✳ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s✮ ✇❤✐❝❤ ❛r❡ ❡✈❛❧✉❛t❡❞ ❛♥❞ ❣❡♥❡r❛t❡❞ ✐♥ ❛ ❞❡s✐❣♥ s♣❛❝❡

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

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

♠✐③❛t✐♦♥✱ ✇❤✐❝❤ ❣❡♥❡r❛t❡s ♥❡✇ ♠❛♣♣✐♥❣ s♦❧✉t✐♦♥s ❜② ❝r♦ss♦✈❡r ❛♥❞ ♠✉t❛t✐♦♥✳ ❆s

✐♥ t❤❡ ■▲P✲♦♣t✐♠✐③❛t✐♦♥✱ t❤❡ r✉♥t✐♠❡ ❛♥❞ ❡♥❡r❣② ♠♦❞❡❧ ✐♥ t❤❡ ❡✈♦❧✉t✐♦♥❛r② ❛❧❣♦✲

r✐t❤♠ ✐s s♣❡❝✐✜❡❞ ❛s ❞❡t❛✐❧❡❞ ❛s ♣♦ss✐❜❧❡ ✐♥❝❧✉❞✐♥❣ t❤❡ ❞✐✛❡r❡♥t✐❛t✐♦♥ ♦❢ ♠❡♠♦r② ❛❝✲

❝❡ss❡s ✭r❡❛❞✴✇r✐t❡✮✱ ❜✉s ❛♥❞ ❋■❋❖ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛❝❝❡ss❡s✱ ❡t❝✳ ❙✐♥❝❡ t❤❡ ♠❛♣♣✐♥❣

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

❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞❡s✐❣♥❡r ❝❛♥ s♣❡❝✐❢② ❝❡rt❛✐♥ ♠❛♣♣✐♥❣s ✭❢♦r t❤r❡❛❞s t♦ ♣r♦❝❡ss♦rs

❛♥❞✴♦r ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♠❡♠♦r✐❡s✮✳ ❚❤❡ s♦❧✉t✐♦♥ ✐s ✈❛❧✐❞❛t❡❞ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s

❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛t❢♦r♠ ✐♥ t❤❡ ❝②❝❧❡✲❛❝❝✉r❛t❡ ❈♦▼❊❚ s✐♠✉❧❛t♦r✳ ❖✉r ❛♣♣r♦❛❝❤

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

❝❡ss♦rs ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ ♠❡♠♦r② ♠❛♣♣✐♥❣✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts s❤♦✇❡❞ ❛

r❡❞✉❝t✐♦♥ ✐♥ r✉♥t✐♠❡ ❢r♦♠ ❛❜♦✉t ✸✪ t♦ ❛❜♦✉t ✹✵✪✱ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ r❡❞✉❝t✐♦♥ ♦❢

✷✶ t♦ ✷✷✪✳ ❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❛s r❡❞✉❝❡❞ ❢r♦♠ ❛❜♦✉t ✹✳✺✪ ✉♣ t♦ ❛❜♦✉t

✹✹✪ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ♦❢ ✷✻ t♦ ✷✼✪✳ ❍❡r❡✱ t❤❡ r❡❞✉❝t✐♦♥ ✐s ❛❧s♦ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡

❜❡♥❝❤♠❛r❦ ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❛❧❧♦❝❛t❡ ✐ts ♠❡♠♦r② ♦❜❥❡❝ts t♦ ❢❛st❡r ❛♥❞ ♠♦r❡

❡♥❡r❣②✲❡✣❝✐❡♥t ♠❡♠♦r✐❡s✳

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

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



✶✸✵ ❈❤❛♣t❡r ✼✳ ❙✉♠♠❛r② ❛♥❞ ❋✉t✉r❡ ❲♦r❦

r❡s❡♥t ❛ ❣♦♦❞ ❛✈❡r❛❣❡ ♦✈❡r ❝♦♠♣❧❡①✐t② ❛♥❞ ✉t✐❧✐③❛t✐♦♥✱ ❛r❡ ♣r♦✈✐❞❡❞ ❢♦r ✐♥♣✉t✳ ❇♦t❤✱

❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✭✐✳❡✳ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ❡q✉❛❧ ♦r

✉♥❡q✉❛❧ t♦ ♥✉♠❜❡r ♦❢ ❛✈❛✐❧❛❜❧❡ ♣r♦❝❡ss♦rs ✐♥ t❤❡ s②st❡♠✮ ✐s ♣r♦✈✐❞❡❞ ❢♦r ❡✈❛❧✉❛t✐♦♥✳

❚❤❡s❡ ❞✐✛❡r❡♥t ❜❡♥❝❤♠❛r❦s s❤♦✇❡❞ t❤❛t t❤❡ ✉t✐❧✐③❛t✐♦♥ ❝❛♥ ❜❡ ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥

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

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

t❤❛t ❝❛♥ ❜❡ ♠❛♣♣❡❞ t♦ t❤❡ ❢❛st❡r ❛♥❞ ♠♦r❡ ❡♥❡r❣②✲❡✣❝✐❡♥t ❧♦❝❛❧ ♠❡♠♦r②✳ ❖♥ t❤❡

♦t❤❡r s✐❞❡✱ s♦♠❡ ❜❡♥❝❤♠❛r❦s s♣❡♥t t❤❡ ♠♦st t✐♠❡ ❛❝❝❡ss✐♥❣ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts✳

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

❖✈❡r❛❧❧✱ t❤❡ ❞❡s✐❣♥❡r ❝❛♥ ❝❤♦♦s❡ ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s②st❡♠s r❡✲

q✉✐r❡♠❡♥ts✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞❡s✐❣♥❡r ❝❛♥ ♣❡r❢♦r♠ r❡q✉✐r❡❞ ❛❞❛♣t✐♦♥s ✭♣r❡❞❡✜♥❡❞

♠❛♣♣✐♥❣s✱ ❞❡t❛✐❧❡❞ ♦r ❝♦♠♣❛❝t t❤r❡❛❞ ❣r❛♣❤s✱ ❡t❝✳✮✳ ❚❤❡ ❤✉❣❡ ❛❞✈❛♥t❛❣❡ ✐s t❤❛t

t❤❡ ❢r❛♠❡✇♦r❦ ✐s ✇♦r❦✐♥❣ ✐♥ ❛ ❢✉❧❧② ❛✉t♦♠❛t❡❞ ✇❛②✱ ♣r♦✈✐❞✐♥❣ ❛❧❧ ♦♣t✐♠✐③❛t✐♦♥s ❛♥❞

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

s✐❣♥❡rs t♦ ❣✉✐❞❡ ❞❡s✐❣♥ ❞❡❝✐s✐♦♥s ❛♥❞ t♦ ♦♣t✐♠✐③❡ ❡♥❡r❣② ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❡❛r❧② ✐♥ t❤❡

❞❡s✐❣♥ ♦❢ ▼P❙♦❈ s②st❡♠s✳ ❲✐t❤✐♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✱ t❤❡ ✐♥❞✉str✐❛❧ ♣❛rt♥❡rs

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

▼◆❊▼❊❊ t♦♦❧ ✢♦✇✳ ❚❤✐s ✐❧❧✉str❛t❡s t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ❛✉t♦♠❛t❡❞ ♦♣t✐♠✐③❛t✐♦♥

t♦♦❧s ✇✐t❤✐♥ ❡♠❜❡❞❞❡❞ s②st❡♠ ❞❡s✐❣♥✳

✼✳✷ ❋✉t✉r❡ ❲♦r❦

✼✳✷✳✶ ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣

❙❡✈❡r❛❧ ✐♠♣r♦✈❡♠❡♥ts ♦r ❡①t❡♥s✐♦♥s ❛r❡ ♣♦ss✐❜❧❡ ❢♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣

t♦♦❧✳

❋♦r t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ■▲P ♦♣t✐♠✐③❛t✐♦♥✱ ❛ ❤❡✉r✐st✐❝ ✐s r❡q✉✐r❡❞ ✇❤❡♥ ♠♦r❡ ❝♦♠✲

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

❤♦♠♦❣❡♥❡♦✉s ♦r ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡✳

❚❤❡ ■▲P✲❜❛s❡❞ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ❡♥❡r❣②

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

❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s s❤♦✉❧❞ ❞❡t❡r♠✐♥❡ ❛t ✇❤✐❝❤ ♣♦✐♥t ♦❢ t✐♠❡ ✐t ❝♦✉❧❞ ❜❡ ❡✣❝✐❡♥t

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

❝♦♥s✉♠♣t✐♦♥ ❢♦r t❤❡ ✇❛❦❡✲✉♣ ♦❢ t❤❡ ♣r♦❝❡ss♦rs✳ ❆❞❞✐♥❣ t❤✐s r❡q✉✐r❡♠❡♥t t♦ t❤❡

♦♣t✐♠✐③❛t✐♦♥ ✇♦✉❧❞ ✐♥❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t②✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t s❤♦✉❧❞ ❜❡ ❢❡❛s✐❜❧❡ t♦

✐♥t❡❣r❛t❡ t❤✐s ❝♦♥str❛✐♥t ✐♥t♦ ❛ st❛t✐❝ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳

❆♥♦t❤❡r st❡♣ ❢♦r ❛♥ ❡①t❡♥s✐♦♥ ♦❢ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ✇♦✉❧❞

❜❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ st❛❝❦ ♦r ❤❡❛♣ ❞❛t❛ ♦r ❧❛r❣❡ ❛rr❛②s ✐♥t♦ t❤❡ ♠❡♠♦r② ♠❛♣♣✐♥❣

♦❢ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ❚❤❡s❡ ❦✐♥❞ ♦❢ ♦♣t✐♠✐③❛t✐♦♥s ✇❡r❡ ❛❧✲

r❡❛❞② ❡✈❛❧✉❛t❡❞ ❢♦r s❝r❛t❝❤♣❛❞ ❛❧❧♦❝❛t✐♦♥ ✐♥ s✐♥❣❧❡✲♣r♦❝❡ss♦r s②st❡♠s ✭❛s ❞✐s❝✉ss❡❞

✐♥ ❈❤❛♣t❡r ✷✳✹✳✷✮✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ st❛❝❦✱ ❤❡❛♣ ❛♥❞ ❧❛r❣❡ ❛rr❛②s r❡q✉✐r❡ ❛ ♠♦r❡

❝♦♠♣❧❡① ❛♥❛❧②s✐s ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t r❡s✉❧ts

✐♥ ❛ ♠♦r❡ ❝♦♠♣❧❡① ♦♣t✐♠✐③❛t✐♦♥ s✐♥❝❡ ❡✳❣✳ ❢♦r ❧❛r❣❡ ❛rr❛②s ❛ ♣r♦♣❡r s♣❧✐tt✐♥❣ ♣♦✐♥t

❝♦✉❧❞ ❜❡ ♥❡❝❡ss❛r②✳ ❆ s♣❧✐tt✐♥❣ ♣♦✐♥t ✭❡✳❣✳ ♣♦✐♥t❡r✮ ❝♦✉❧❞ ❛❧s♦ ❜❡ r❡q✉✐r❡❞ ❢♦r st❛❝❦



✼✳✷✳ ❋✉t✉r❡ ❲♦r❦ ✶✸✶

♦r ❤❡❛♣ ❛❧❧♦❝❛t✐♦♥✳

❆♥♦t❤❡r ❝❤❛❧❧❡♥❣❡ ✐s t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ❞②♥❛♠✐❝ ♦✈❡r❧❛②s ❢♦r t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢

❧❡✈❡❧✲✶ ♠❡♠♦r✐❡s ✐♥ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳ ❚❛r❣❡t ❛♣♣❧✐❝❛t✐♦♥s

s❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡① ❜❡♥❝❤♠❛r❦s✱ ✇❤✐❝❤ ❤❛✈❡ ❛ ❧❛r❣❡ ♣♦rt✐♦♥ ♦❢ ♠❡♠♦r② ♦❜❥❡❝ts t❤❛t

❝♦✉❧❞ ❜❡ ❛❧❧♦❝❛t❡❞ t♦ ❧❡✈❡❧✲✶ ❛♥❞✴♦r ❧❡✈❡❧✲✷ ♠❡♠♦r✐❡s✳ ❚❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s ✉s✉❛❧❧②

❤❛✈❡ s❡✈❡r❛❧ ♠❡♠♦r② ❤♦ts♣♦ts ❞✉r✐♥❣ t❤❡✐r ❡①❡❝✉t✐♦♥✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❞②♥❛♠✐❝❛❧❧②

❛❧❧♦❝❛t❡❞ t♦ ❛ ❧❡✈❡❧✲✶ ♠❡♠♦r②✳ ❋♦r t❤✐s ♦♣t✐♠✐③❛t✐♦♥✱ ❛ ❧✐❢❡t✐♠❡ ❛♥❛❧②s✐s ♦❢ ✈❛r✐❛❜❧❡s

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

✇❤✐❝❤ ❡①❝❤❛♥❣❡s t❤❡ ♠❡♠♦r② ❝♦♥t❡♥t ❞✉r✐♥❣ r✉♥t✐♠❡✳

❚❤❡ ♥❡①t ❝❤❛❧❧❡♥❣❡ ✇♦✉❧❞ ❜❡ ❛♥ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❛ ❞②♥❛♠✐❝ t❤r❡❛❞ ❛♥❞ ♠❡♠♦r②

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

t❤❡ ♠❛♣♣✐♥❣ ♦❢ ❛❧❧ ✐ts ♥♦♥✲s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts t♦ ♦t❤❡r ♠❡♠♦r✐❡s✳ ❋♦r t❤✐s✱ ❛

❧♦t ♦❢ ♣r❡✲♣r♦❝❡ss✐♥❣ ❝♦✉❧❞ ❜❡ r❡q✉✐r❡❞✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ♦✤✐♥❡ ✐♥ ♦r❞❡r t♦

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

t❤❡ ❝♦♥❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ❜❡♥❝❤♠❛r❦s✳ ❙t❛t❡✲♦❢✲t❤❡✲❛rt t❛s❦ t♦ ♣r♦❝❡ss♦r

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

t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♠❡♠♦r② ♠❛♣♣✐♥❣ ✐♥t♦ t❤✐s ♦♣t✐♠✐③❛t✐♦♥✳

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

❝❡ss✳ ❉❡♣❡♥❞❡♥t ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ❛♥❞ t❤❡ t②♣❡ ♦❢ ♣r♦❝❡ss♦rs✱ t❤❡ ♣❛r❛❧✲

❧❡❧✐③❛t✐♦♥ t♦♦❧ ❞❡❝✐❞❡s ❛❜♦✉t t❤❡ ❣❡♥❡r❛t✐♦♥s ♦❢ t❤r❡❛❞s ✭✐✳❡✳ ♥✉♠❜❡r ❛♥❞ ✇♦r❦❧♦❛❞✮✳

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

♠✐③❛t✐♦♥ ✐♥ t❤❡ ▼◆❊▼❊❊ t♦♦❧✢♦✇ ❬✾✹❪✳ ■❢ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❛❧②s✐s ✐s ❡①t❡♥❞❡❞

t♦ ✐♥❝❧✉❞❡ t❤❡ ♠❡♠♦r② ❤✐❡r❛r❝❤② ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✱ ✐t ❝♦✉❧❞ ❡✈❡♥t✉❛❧❧② ❣❡♥❡r❛t❡

t❤r❡❛❞s✱ ✇❤✐❝❤ ✜t t♦ t❤❡ ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② r❡s♦✉r❝❡s ✐♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡✳ ❆

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

❣❡♥❡♦✉s ♣r♦❝❡ss♦rs ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♠❡♠♦r✐❡s ✭♣❡r ♣r♦❝❡ss♦r✮✳ ❚❤✐s ♦♣t✐♠✐③❛t✐♦♥

❝♦✉❧❞ ❜❡ ❡①t❡♥❞❡❞ t♦ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡ ✇✐t❤ ❞✐✛❡r❡♥t ♣r♦❝❡ss♦rs ❛♥❞

♠❡♠♦r② s✐③❡s ♦♥ ❞✐✛❡r❡♥t ❧❡✈❡❧s✳ ❚❤✐s ♦♣t✐♠✐③❛t✐♦♥ ❝♦✉❧❞ ❜❡ ♣r♦✈✐❞❡❞ ❢♦r ❝♦♠♣❧❡①

❜❡♥❝❤♠❛r❦s ♦r ❢♦r s②st❡♠s✱ ✇❤✐❝❤ ❡①❡❝✉t❡ ♠✉❧t✐♣❧❡ ❜❡♥❝❤♠❛r❦s✳ ❋♦r t❤✐s✱ t❤❡ ♣❛r✲

❛❧❧❡❧✐③❛t✐♦♥ ♦♣t✐♠✐③❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❛❜❧❡ t♦ ❡①tr❛❝t ❤❡t❡r♦❣❡♥❡♦✉s t❤r❡❛❞s✳ ❍♦✇❡✈❡r✱

❡①t❡♥s✐✈❡ ❛♥❛❧②s✐s ✇♦✉❧❞ ❜❡ r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❞❡❝✐❞❡ ✐❢ t❤✐s ❦✐♥❞ ♦❢ ♦♣t✐♠✐③❛t✐♦♥

✐s ❢❡❛s✐❜❧❡ ❛♥❞ ❡✣❝✐❡♥t✳

❆♥♦t❤❡r ♣r♦❜❧❡♠✱ ✇❤✐❝❤ s❤♦✇❡❞ ✉♣ ✐♥ ❛❧❧ ♦♣t✐♠✐③❛t✐♦♥s✱ ❛r❡ ❜❡♥❝❤♠❛r❦s t❤❛t

s♣❡♥t t❤❡ ♠♦st t✐♠❡ ❛❝❝❡ss✐♥❣ s❤❛r❡❞ ♠❡♠♦r② ♦❜❥❡❝ts✳ ❖♥❧② ❧✐tt❧❡ s♣❡❡❞✲✉♣ ♦r

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

♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✇✐t❤ ❛ ♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ s♣❧✐ts ✉♣ ❞❛t❛ t❤❛t ✐s ♥♦t ❛❝❝❡ss❡❞

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

✼✳✷✳✷ ❚❤r❡❛❞ ●r❛♣❤ ❊①tr❛❝t✐♦♥

❚❤✐s t♦♦❧ ✐s t❛✐❧♦r❡❞ t♦✇❛r❞s t❤❡ ▼◆❊▼❊❊ t♦♦❧ ✢♦✇ ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ ♦♥❧② ✐♥s✐❞❡

t❤✐s t♦♦❧ ✢♦✇✳ ❆ t♦♦❧ ♦❢ t❤✐s ❝❧❛ss ❛❧✇❛②s ❤❛s t♦ ❜❡ t❛✐❧♦r❡❞ t♦✇❛r❞s s♦♠❡ ❆P■

❢♦r ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ✭❡✳❣✳ ❖♣❡♥✲▼P✱ ▼P■✱ ▼P▼❍✮✳ ■t ❝♦✉❧❞ ❜❡

✐♠♣r♦✈❡❞ ❜② ❤❛♥❞❧✐♥❣ ♠♦r❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ❆P■s✳ ■t ❤❛s t♦ ❜❡



✶✸✷ ❈❤❛♣t❡r ✼✳ ❙✉♠♠❛r② ❛♥❞ ❋✉t✉r❡ ❲♦r❦

❡①t❡♥❞❡❞ t♦ ❤❛♥❞❧❡ ♠♦r❡ ♣r♦✜❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s✳ ❇② t❤✐s✱ t❤❡ t❤r❡❛❞ ❣r❛♣❤ ❡①tr❛❝t✐♦♥

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

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

✼✳✷✳✸ ❉❡s✐❣♥ ❋r❛♠❡✇♦r❦s

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

◆♦✇❛❞❛②s ✐♥ r❡s❡❛r❝❤✱ ♠❛♥② ❜❛s✐s t♦♦❧s ❛r❡ r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ♣♦ss✐❜✐❧✐t②

t♦ ❝♦♥❝❡♥tr❛t❡ ♦♥ r❡s❡❛r❝❤ ❝❤❛❧❧❡♥❣❡s ❛♥❞ ♥❡✇ ♦♣t✐♠✐③❛t✐♦♥s✳ ❆ ❧♦t ♦❢ ✇♦r❦ ✐s r❡✲

q✉✐r❡❞ ❢♦r ♣r❡✲♣r♦❝❡ss✐♥❣ ♦r ♣♦st✲♣r♦❝❡ss✐♥❣ st❡♣s ✭❡✳❣✳ s❡tt✐♥❣ ✉♣ ❛ ❣♦♦❞ s✐♠✉❧❛t✐♦♥

❡♥✈✐r♦♥♠❡♥t ❢♦r ❛ ♠❡❛♥✐♥❣❢✉❧ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛♥ ♦♣t✐♠✐③❛t✐♦♥✮✳ ❚❤✉s✱ t❤❡ ♣♦rt✐♦♥ ♦r

♣❡r❝❡♥t❛❣❡ ♦❢ ✇♦r❦ t❤❛t ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❢♦r r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ s❤✐❢t❡❞✳ ❉❡✲

♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥✱ ♠♦r❡ ❛♥❞ ♠♦r❡ ✇♦r❦ ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ♦♣t✐♠✐③❛t✐♦♥

❡♥✈✐r♦♥♠❡♥t✳ ❋✉rt❤❡r♠♦r❡✱ ❛ r❡s❡❛r❝❤❡r ❤❛s t♦ ❢❛❝❡ ❛♥❞ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ♠❛♥② st❛♥✲

❞❛r❞s✱ ❛s ❢♦r ❡①❛♠♣❧❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣r♦t♦❝♦❧s ✭♦♣❡♥▼P✱ ▼P■✱ ❡t❝✳✮✱ ❛♣♣❧✐❝❛t✐♦♥

♠♦❞❡❧s ✭♣r♦❝❡ss ♥❡t✇♦r❦s✱ t❤r❡❛❞ ♠♦❞❡❧✱ ❡t❝✳✮ ♦r ❛r❝❤✐t❡❝t✉r❡ ♠♦❞❡❧s ✭❤♦♠♦❣❡♥❡♦✉s

♦r ❤❡t❡r♦❣❡♥❡♦✉s s②st❡♠s✱ ♥❡t✇♦r❦ ♦♥ ❝❤✐♣s✱ ♠❛ss✐✈❡ ♣❛r❛❧❧❡❧✱ ❡t❝✳✮✳ ■t ✐s ♥♦t ❛❧✇❛②s

❡❛s② t♦ ❝❤♦♦s❡ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ s❡✈❡r❛❧ ♠♦❞❡❧s

❢♦r ❛♥ ♦♣t✐♠✐③❛t✐♦♥ s❡❡♠s ❛♥ ✉♥r❡❛❝❤❛❜❧❡ r❡q✉❡st✳

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

s②st❡♠ ❞❡s✐❣♥ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✷✳✹✳✺ ❛♥❞ ❛s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ▼◆❊▼❊❊

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

❝♦♠♣❧❡① ♦♣t✐♠✐③❛t✐♦♥s ✐♥ r❡s❡❛r❝❤✳ ■♥ ♠❛♥② ❝❛s❡s✱ t❤❡② ❜✉✐❧❞ ✉♣ t❤❡ ❜❛s✐s ❢♦r t❤❡♠✳

❆ r❡s❡❛r❝❤❡r ✇❤♦ ✇♦✉❧❞ ❧✐❦❡ t♦ ❞❡✈❡❧♦♣ ❛♥ ♦♣t✐♠✐③❛t✐♦♥✱ ✇❤✐❝❤ r❡q✉✐r❡s ♠❛♥② ♣r❡✲

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

♦❜t❛✐♥ t❤❡ ❞❡s✐r❡❞ ♣r❡✲♣r♦❝❡ss✐♥❣✳ ❯s✉❛❧❧②✱ t❤✐s ♣r❡✲✇♦r❦ ✇✐❧❧ ♥♦t ❜❡ ❤♦♥♦r❡❞ ✐♥

❤✐s✴❤❡r t❤❡s✐s ♦r ✐s ♥♦t ✉t✐❧✐③❛❜❧❡ ❢♦r r❡s❡❛r❝❤ r❡s♣❡❝t✐✈❡❧②✳ ❆s ❛♥ ❡①❛♠♣❧❡✿ ❚❤❡

❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s ✇♦✉❧❞ ❤❛❞ t♦ ✐♠♣❧❡♠❡♥t ♣❛r❛❧❧❡❧✐③❛t✐♦♥✱ s②♥❝❤r♦♥✐③❛t✐♦♥ ❛♥❞

♣♦st✲♣r♦❝❡ss✐♥❣ st❡♣s ✭s❡t✉♣ ♦❢ ❝②❝❧❡✲❛❝❝✉r❛t❡ s✐♠✉❧❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ✐♥❝❧✉❞✐♥❣ ❖❙✮

✐♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❞❡✈❡❧♦♣ ❛ ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✳

■♥ t❤❡ ▼◆❊▼❊❊ ♣r♦❥❡❝t✱ s❡✈❡r❛❧ ♣❡rs♦♥s ✇❡r❡ r❡q✉✐r❡❞ ❢♦r t❤✐s s❡t✉♣✳ ❚❤❡② ✇♦r❦❡❞

❢♦r ❛❜♦✉t ✷ ②❡❛rs ♦♥ t❤✐s ❢r❛♠❡✇♦r❦✳

❚❤❡r❡❢♦r❡✱ ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦s ❛r❡ ✈❡r② ✇❡❧❝♦♠❡✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t ✐s st✐❧❧ ❛ ❞✐✣❝✉❧t

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

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

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

t❤❡r❡ ✐s st✐❧❧ ❛ ❧♦t ♦❢ ✇♦r❦✳ ❖♥❡ ♣r♦❜❧❡♠ ✐s t❤❛t ♦♣t✐♠✐③❛t✐♦♥s ❝❛♥♥♦t ❜❡ ❝♦♠♣❛r❡❞ t♦

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

❜❡♥❝❤♠❛r❦s✳

■❞❡❛❧❧②✱ ❛ ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦ s❤♦✉❧❞ ♦✛❡r t❤❡ ♣♦ss✐❜✐❧✐t② t♦

• ♣r♦✈✐❞❡ s❡✈❡r❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠♦❞❡❧s

• ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠♦❞❡❧s✱ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐s

♣r♦✈✐❞❡❞



✼✳✷✳ ❋✉t✉r❡ ❲♦r❦ ✶✸✸

• ♣r♦✈✐❞❡ ✐♥t❡r❢❛❝❡s ❛♥❞ t♦♦❧ t❡♠♣❧❛t❡s ❢♦r t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♥❡✇ ♦♣t✐♠✐③❛t✐♦♥

✐♥t♦ t❤❡ t♦♦❧ ✢♦✇

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

✐♥❢♦r♠❛t✐♦♥ ❡①tr❛❝t✐♦♥

• ♣r♦✈✐❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ✜♥❡✲❣r❛✐♥❡❞ ❛♥❞ ❝♦❛rs❡✲❣r❛✐♥❡❞ ❞❡✲

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

✭❡✳❣✳ ✇♦rst ❝❛s❡ ♠♦❞❡❧ ♦r ❛✈❡r❛❣❡ ❝❛s❡ ♠♦❞❡❧✮

• ♣r♦✈✐❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❝❤♦♦s❡ ❛♥ ❛r❝❤✐t❡❝t✉r❡ ♦r ❜✉✐❧❞ ✉♣ ❛♥ ♦✇♥ ❛r❝❤✐t❡❝✲

t✉r❡ ✇❤❡r❡ ❛❧❧ ❡❧❡♠❡♥ts ❛s ♣r♦❝❡ss♦rs ♠❡♠♦r✐❡s✱ ❜✉s❡s ❡t❝✳ ❝❛♥ ❜❡ ❜✉✐❧❞ ✉♣

❡❛s✐❧②

• ♣r♦✈✐❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❝❤♦♦s❡ ❤❛r❞✇❛r❡ ♣❛rt✐t✐♦♥✐♥❣

• ❜❡♥❝❤♠❛r❦s ❛♥❞ ❛ s✐♠✉❧❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❢♦r s②st❡♠s✱ ✇❤✐❝❤ ❡①❡❝✉t❡ ♠♦r❡

t❤❛♥ ♦♥❡ ❜❡♥❝❤♠❛r❦ ❛t ❛ t✐♠❡

❖❢ ❝♦✉rs❡✱ ✐t s❤♦✉❧❞ ❜❡ ❞✐s❝✉ss❡❞ ✐❢ ✐t ✐s ❡✈❡♥ ❢❡❛s✐❜❧❡ t♦ ❞❡✈❡❧♦♣ s✉❝❤ ❛♥ ✐❞❡❛❧

❢r❛♠❡✇♦r❦✳ ❍♦✇❡✈❡r✱ s♦♠❡ s❦❡❧❡t♦♥ ❤❛s t♦ ❜❡ ♣r♦✈✐❞❡❞ ✇❤❡r❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢

♦♣t✐♠✐③❛t✐♦♥ ✐s ❡❛s✐❡r t♦ ♠❛♥❛❣❡ ✐♥ ♦r❞❡r t♦ ❣✐✈❡ r❡s❡❛r❝❤❡r ❛ ❜❡tt❡r ❝❤❛♥❝❡ ❢♦r

❞❡✈❡❧♦♣✐♥❣ ♦♣t✐♠✐③❛t✐♦♥s t❤❛t ❛r❡ ♠♦r❡ ❝♦♠♣❧❡①✳ ❆ ❣♦♦❞ st❛rt✐♥❣ ♣♦✐♥t ❢♦r t❤✐s ✐s

t❤❡ ▼❆❈❈✈✷ ❬✶✹❪ ❢r❛♠❡✇♦r❦✳ ◆♦✇❛❞❛②s✱ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦s ✇✐t❤ ❞✐✛❡r❡♥t

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

❞✐✛❡r❡♥t ❢r❛♠❡✇♦r❦s ❜② s❡tt✐♥❣ ✉♣ s♦♠❡ ❜❛s✐s ✭❡✳❣✳ t❤❡ s❛♠❡ ❜❡♥❝❤♠❛r❦s✮✳ ❚❤✐s ❦✐♥❞

♦❢ ❞✐s❝✉ss✐♦♥ ❛❧r❡❛❞② st❛rt❡❞ ✐♥ s♦♠❡ r❡s❡❛r❝❤ ❝♦♠♠✉♥✐t② ✭▼❆P✷▼P❙❖❈ ✇♦r❦s❤♦♣

✷✵✶✶✴✷✵✶✷ ✲ ✐♥t❡r♥❛❧ ❞✐s❝✉ss✐♦♥ ❬✶✶✻❪✮✳





❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❍✳ ❊✳ ❙❝❤❛❡❢❡r✱ ◆❛♥♦s❝✐❡♥❝❡✿ ❚❤❡ ❙❝✐❡♥❝❡ ♦❢ t❤❡ ❙♠❛❧❧ ✐♥ P❤②s✐❝s✱ ❊♥❣✐♥❡❡r✲

✐♥❣✱ ❈❤❡♠✐str②✱ ❇✐♦❧♦❣② ❛♥❞ ▼❡❞✐❝✐♥❡ ✭●♦♦❣❧❡ ❡❇♦♦❦✮✳ ❙♣r✐♥❣❡r✱ ✷✵✶✵✳ ✭❈✐t❡❞

♦♥ ♣❛❣❡ ✶✳✮

❬✷❪ ■♥t❡❧✱ ✏❚❤❡ ■♥t❡❧ ❳❡♦♥✲P❤✐ ❈♦♣r♦❝❡ss♦r✱✑ ▼❛r❝❤ ✷✵✶✻✳ ✭❈✐t❡❞ ♦♥ ♣❛❣❡ ✶✳✮

❬✸❪ ●✳ ▼♦♦r❡✱ ✏❈r❛♠♠✐♥❣ ▼♦r❡ ❈♦♠♣♦♥❡♥ts ❖♥t♦ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts✱✑ Pr♦❝❡❡❞✲

✐♥❣s ♦❢ t❤❡ ■❊❊❊✱ ✈♦❧✳ ✽✻✱ ♥♦✳ ✶✱ ♣♣✳ ✽✷✕✽✺✱ ✶✾✾✽✳ ✭❈✐t❡❞ ♦♥ ♣❛❣❡ ✶✳✮

❬✹❪ ■♥t❡r♥❛t✐♦♥❛❧ ❚❡❝❤♥♦❧♦❣② ❘♦❛❞♠❛♣ ❢♦r ❙❡♠✐❝♦♥❞✉❝t♦rs ✲ ■❚❘❙✱ ❏✉❧② ✷✵✶✸✳

✭❈✐t❡❞ ♦♥ ♣❛❣❡ ✶✳✮

❬✺❪ ■♥t❡r♥❛t✐♦♥❛❧ ❚❡❝❤♥♦❧♦❣② ❘♦❛❞♠❛♣ ❢♦r ❙❡♠✐❝♦♥❞✉❝t♦rs ✲ ■❚❘❙✱ ✏▼♦r❡ ▼♦♦r❡

❘♦❛❞♠❛♣ ✲ ■❚❘❙ ✷✳✵ ❲❤✐t❡ P❛♣❡r✱✑ ▼❛r❝❤ ✷✵✶✻✳ ✭❈✐t❡❞ ♦♥ ♣❛❣❡ ✶✳✮

❬✻❪ P✳ ▼❛r✇❡❞❡❧✱ ❊♠❜❡❞❞❡❞ ❙②st❡♠s ❉❡s✐❣♥ ✲ ❊♠❜❡❞❞❡❞ ❙②st❡♠s ❋♦✉♥❞❛t✐♦♥s ♦❢

❈②❜❡r✲P❤②s✐❝❛❧ ❙②st❡♠s✳ ❙♣r✐♥❣❡r✱ ✷✵✶✶✳ ✭❈✐t❡❞ ♦♥ ♣❛❣❡s ✷✱ ✶✶✱ ✶✺✱ ✶✻✱ ✶✼✱

✷✵✱ ✷✶✱ ✷✷✱ ✷✸✱ ✹✶ ❛♥❞ ✶✹✼✳✮

❬✼❪ ❊✳ ❆✳ ▲❡❡✱ ✏❈②❜❡r P❤②s✐❝❛❧ ❙②st❡♠s✿ ❉❡s✐❣♥ ❈❤❛❧❧❡♥❣❡s✱✑ ✐♥ ■♥t❡r♥❛t✐♦♥❛❧
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