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❍á ✉♠❛ ♣❡q✉❡♥❛ ❝✐❞❛❞❡✱ ❛ ♠❛✐s ❞❡ ✹✵✵✵ q✉✐❧ô♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛✱ ❡s❝♦♥❞✐❞❛ ❡♥tr❡

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

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

✉♠ t❡♠♣♦ ♠❛✐♦r ❛té ❞♦ q✉❡ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ✐♠❛❣✐♥❛✳ ❈♦♥❤❡❝❡✱ ❧❡♠❜r❛✱ ❡ ❛❝r❡❞✐t❛

✉♠❛ ❝❛s✐♥❤❛❀ ❝♦♠ ❛❧❣✉♠❛s ♣❛r❡❞❡s ❞❡ ❝✐♠❡♥t♦ ❡ ♦✉tr❛s ❞❡ t❡❧❤❛s ❞❡ ③✐♥❝♦✱ ❝❤ã♦ ❞❡

♠❛❞❡✐r❛ ú♠✐❞❛ ❡ ✉♠ ❥❛r❞✐♠ ❞❡ t❡rr❛ ♣r❡t❛ ❡ ❢r✐❛✳ ❈♦♥❤❡❝❡✱ ❧❡♠❜r❛✱ ❡ ❛❝r❡❞✐t❛ ♥✉♠

❝❛♠✐♥❤♦ ❞❡ ❛❧❣✉♥s q✉✐❧ô♠❡tr♦s q✉❡ ❝♦♥❞✉③✐❛ ❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣ré❞✐♦s ♣✐♥t❛❞♦s

❞❡ ✈❡r❞❡ ❡ ❜r❛♥❝♦✱ ❝❤❡✐♦s ❞❡ ❡❝♦s✱ ✉♥✐❢♦r♠❡s s✉❥♦s✱ ❡ ❛❧✈♦r♦ç♦s r❡♣❡♥t✐♥♦s✳ ❊✱ ❛í✱

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

❞❡ ❢♦r❛ ❡ ✐❣♥♦r❛✈❛ ♦ q✉❡ ❡st❛✈❛ ♣♦r ✈✐r✳ ❆s ✈❡③❡s✱ ❡ss❛s ✈✐sõ❡s ❢✉rt✐✈❛s ❞❡s❛♣❛r❡❝❡♠

❞❛ ♠❡♠ór✐❛ ♠❛s ❛♣❛r❡❝❡♠ ❞❡ ❢♦r♠❛ ♥ít✐❞❛ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦✱ ❛ss✐♠ ❝♦♠♦ ❛ s❡♥s❛çã♦

❞❛s ♣❛r❡❞❡s ❢r✐❛s✱ ❛ ❢❛s❝✐♥❛çã♦ ♣❡❧❛ ♥é✈♦❛ ❡ ♦s r♦st♦s ♣r♦t❛❣♦♥✐st❛s ❞❛s ♠❡❧❤♦r❡s

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

❍♦❥❡✱ ❣♦st♦ ❞❡ ♦❜s❡r✈❛r ❛ ❞✐♥â♠✐❝❛ t❡♠♣♦r❛❧ ✐♥✈❡r♦ssí♠✐❧ ❞❡ss❡s ❧✉❣❛r❡s✱ s❛✲

❜❡♥❞♦ q✉❡ ♥✉♥❝❛ ♠❛✐s ✐r❡✐ ❛ ❡st❛r ✐♠❡rs♦ ❞❡♥tr♦ ❞❡❧❛✱ ♠❡s♠♦ q✉❡ ♣♦r ♠♦♠❡♥t♦s

♦ ❛♥s❡✐❡✳ ●♦st♦ ❞❡ss❡s ❧✉❣❛r❡s✱ ❧✉❣❛r❡s ❝♦♠ ♣❡ss♦❛s ❞❡ ✈✐❞❛ ❧❡♥t❛✱ q✉❡ ♥ã♦ s❡ ✈❡♠

❡♥✈❡❧❤❡❝❡r✱ ❛❞♦❡❝❡r ♦✉ ♠♦rr❡r✱ ♠❛s q✉❡ ❛♦s ♣♦✉❝♦s s❡ ❞❡s✈❛♥❡❝❡♠ ❡♠ s❡✉ t❡♠♣♦✱

t♦r♥❛♥❞♦✲s❡ ❧❡♠❜r❛♥ç❛s✱ ❜r✉♠❛s ❞❡ ♦✉tr♦ t❡♠♣♦✱ ❛té q✉❡ ♦ ❡sq✉❡❝✐♠❡♥t♦ ❛s ❛ss✐♠✐❧❛✳

❚♦❞♦s ♦s ♦❜❥❡t♦s✱ ❛té ♦s ♠❛✐s ✐♥s✐❣♥✐✜❝❛♥t❡s✱ ❞❡s♣❡rt❛♠ ✉♠❛ ❝❡rt❛ r❡ss♦♥â♥❝✐❛

♥❛ ♠❡♠♦r✐❛ ❞❛s ♣❡ss♦❛s✱ ❢♦✐ Pr♦✉st q✉❡♠ ❞✐ss❡✱ ♥❛s ♣r✐♠❡✐r❛s ♣á❣✐♥❛s ❞❡ ❊♠ ❜✉s❝❛

❞♦ t❡♠♣♦ ♣❡r❞✐❞♦✳ ❆s ✈❡③❡s ❡ss❛ r❡ss♦♥â♥❝✐❛ s❡ ❛♣❛❣❛ ♣❛r❛ s❡♠♣r❡✳ ❖✉tr❛s ✈❡③❡s✱

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

t✐♥❤❛ ♥♦ ♣❛ss❛❞♦✳ ❋♦✐ ❡♠ ✷✵✶✼✱ ✐♠♣♦ssí✈❡❧ ✉♠❛ s✐t✉❛çã♦ ♠❛✐s ♠❡t❛❢ór✐❝❛❀ ❊✉ ❝❛♠✐✲

♥❤❛✈❛ ♣❡r❞✐❞♦ ♥✉♠❛ ❡str❛❞❛ s❡♠ ❧✉③✱ ✐♠❡rs♦ ♥✉♠ ❜❧♦❝♦ ❞❡ ❛r q✉❡♥t❡ ❡ ❝❛rr❡❣❛♥❞♦

✉♠❛ ♠❛❧❛ ✈❡❧❤❛ ❡ ✉♠❛ ❣❛rr❛❢❛ ❞❡ á❣✉❛✳ ◆ã♦ ✐r✐❛✱ ✈❡r ❛q✉❡❧❛ ❡str❛❞❛ ❞❡ ♥♦✈♦ ❛té ✶✺

❛♥♦s ❞❡♣♦✐s✳ ❍♦✉✈❡ ♠♦♠❡♥t♦s ♥♦s q✉❡ ❛ á❣✉❛ ♣❛r❡❝✐❛ s❡ ❡✈❛♣♦r❛r✱ ❡ ♦✉tr♦s ❡♠ q✉❡

♣❛r❡❝✐❛ s❡ r❡♥♦✈❛r ♣❛r❛ s❡ ❡✈❛♣♦r❛r ❞❡ ♥♦✈♦✱ ♠❛s ❛ ❡str❛❞❛ ♥ã♦ t❡r♠✐♥❛✈❛✳ ❆ ♣❛rt✐r✱

❞❛q✉❡❧❛ ♥♦✐t❡✱ ❛s ♠✐❧❡s ❞❡ ❡str❛❞❛s ❡ r✉❛s s❡ ❡st❡♥❞❡r❛♠ ❛té ♥ã♦ s❡r ♠❛✐s ❞♦ q✉❡

✉♠❛✱ ❝♦♠ s✉❛s ❡sq✉✐♥❛s ✐♠♣❡r❝❡♣tí✈❡✐s✱ ♠✉❞❛♥ç❛s ❞❡ ♣❧❛❝❛s ❞❡ r✉❛ ❡♠ ❞✐❢❡r❡♥t❡s

✈



❧í♥❣✉❛s q✉❡ s❡ q✉❡❜r❛✈❛♠ ❞❡ ✈❡③ ❡♥ q✉❛♥❞♦ ♣♦r tr❛❥❡t♦s ❡♠ ❜✐❝✐❝❧❡t❛ ♦✉ ô♥✐❜✉s✳ ❆

❡str❛❞❛ ♣❛ss♦✉ ❛tr❛✈és ❞❡ ✈ár✐♦s ❡st❛❞♦s✱ ❛tr❛✈❡ss♦✉ ♦ ❆t❧â♥t✐❝♦ ♣❛r❛ ♠❡ r❡❣r❡ss❛r

❛♦s ❛❜r❛ç♦s ❞❛ ❢❛♠í❧✐❛ ❡ ❞❡s❝❡✉ ❛♦ s✉❧ ♦♥❞❡ ✉♠❛ ♥♦✈❛ ✈✐❞❛ ❝♦♥t✐♥✉❛✳ ❊ s❡♠♣r❡✱ ♠❛✐s

t❛r❞❡ ♦✉ ♠❛✐s ❝❡❞♦✱ ❛ ❡str❛❞❛ ❛❝❛❜❛ ❛tr❛✈❡ss❛♥❞♦ ❝✐❞❛❞❡s ❡ ❜❛✐rr♦s ✐❞ê♥t✐❝♦s ❡ q✉❛s❡

✐♥t❡r♠✐♥á✈❡✐s✱ ❞❡ ♥♦♠❡s ❡sq✉❡❝✐❞♦s ♦♥❞❡ s♦❜ ❞✐❢❡r❡♥t❡s ❝é✉s ♦❜s❡r✈♦ ❛ ♠❡s♠❛ ❧✉❛✳

P❛r❛ t♦❞♦s ♦s q✉❡ ❝♦♥❤❡❝❡♠ ♦✉ ♣❛rt✐❝✐♣❛r❛♠ ❞❡st❛ ♣r✐♠❡✐r❛ ♣❛rt❡ ❞❛ ♠✐♥❤❛ ✈✐❞❛✱

♠❡✉s ♠❛✐s s✐♥❝❡r♦s ❛❣r❛❞❡❝✐♠❡♥t♦s✳

➚ ❙❡❣✉♥❞❛ ♠❡t❛❞❡ ❞❛ ♠✐♥❤❛ ✈✐❞❛✿ ❛s ✈❡③❡s ❡s♣❡r♦ ❝♦♠ ✐♠♣❛❝✐ê♥❝✐❛ ❡ss❡ s♦♥❤♦✱

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

❛✐♥❞❛ t✉❞♦ é ♣♦ssí✈❡❧✱ q✉❡ ✉♠ ♥♦✈♦ ♠✉♥❞♦ é tã♦ ♣♦ssí✈❡❧ ❝♦♠♦ ♦ ♠✉♥❞♦ ❛♥t❡r✐♦r✳

❖❜r✐❣❛❞♦ ❛♦ ❇r❛s✐❧ ❡ s✉❛ ❣❡♥t❡ ♣♦r ♠❡ ❞❡✈♦❧✈❡r ❡ss❛ s❡♥s❛çã♦✳

✈✐



❘❡s✉♠♦ ❞❛ ❚❡s❡ ❛♣r❡s❡♥t❛❞❛ à ❈❖PP❊✴❯❋❘❏ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s

♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ❉♦✉t♦r ❡♠ ❈✐ê♥❝✐❛s ✭❉✳❙❝✳✮

❆◆➪▲■❙❊ ❉❊ ❚➱❈◆■❈❆❙ ❉❊ ❈❆❘❆❈❚❊❘■❩❆➬➹❖ ❉❊ ❉■◆➶▼■❈❆ ❈❆Ó❚■❈❆

❊▼ P❘❖❇▲❊▼❆❙ ❉❊ ▼❖◆■❚❖❘❆▼❊◆❚❖ ❉❊ P❘❖❈❊❙❙❖❙

◆❛②❤❡r ❆♥❞r❡s ❈❧❛✈✐❥♦ ❱❛❧❧❡❥♦

❆❜r✐❧✴✷✵✷✷

❖r✐❡♥t❛❞♦r❡s✿ ❏♦sé ❈❛r❧♦s ❈♦st❛ ❞❛ ❙✐❧✈❛ P✐♥t♦

Prí❛♠♦ ❆❧❜✉q✉❡rq✉❡ ▼❡❧♦ ❏✉♥✐♦r

Pr♦❣r❛♠❛✿ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛

❆♣r❡s❡♥t❛✲s❡ ✉♠ ❡st✉❞♦ s♦❜r❡ ❛ ❛❞❛♣t❛çã♦ ❞❡ té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡

❞✐♥â♠✐❝❛s ❝❛ót✐❝❛s ❡♠ ♣r♦❜❧❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✳ ◆❡st❡ tr❛❜❛❧❤♦

❢♦r❛♠ ✈❛❧✐❞❛❞❛s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ✉s❛❞❛s ❢r❡q✉❡♥t❡✲

♠❡♥t❡ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s ❡♠ ❛tr❛t♦r❡s ❝❛ót✐❝♦s✳ ❋♦✐ ♠♦str❛❞♦

q✉❡ ❣r❛♥❞❡ ♣❛rt❡ ❞❡ss❛s té❝♥✐❝❛s ❛♣r❡s❡♥t❛ ✉♠ ♣♦t❡♥❝✐❛❧ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ✉s♦ ♥❛

ár❡❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✱ ✉♠❛ ✈❡③ q✉❡ ❡ss❛s ♠étr✐❝❛s r❡✢❡t❡♠ ♠✉❞❛♥ç❛s

❞✐♥â♠✐❝❛s ❞❡ s✐st❡♠❛s ♠✉❧t✐❞✐♠❡♥s✐♦♥❛✐s q✉❡ ♥♦ ❝♦♥t❡①t♦ ❛✈❛❧✐❛❞♦ ♣♦❞❡♠ s❡r ❛tr✐✲

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

t❡ór✐❝♦s ❡ ❞♦✐s ❝❛s♦s ❞❡ ❡st✉❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡s ❞❡ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧ r❡❧❛❝✐♦♥❛❞♦s à

✐♥❞✉str✐❛ ❞♦ ♣❡tró❧❡♦✳ ◆♦ ♣r✐♠❡✐r♦ ❝❛s♦ ❞❡ ❡st✉❞♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠❛ ❡st❛çã♦

❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❞❡ ❣ás✲♦❧é♦✱ ❢♦r❛♠ ❡st✉❞❛❞❛s ❛s ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡

❝♦♠♦ ❛❧t❡r♥❛t✐✈❛ às ♠étr✐❝❛s ❡st❛tíst✐❝❛s tr❛❞✐❝✐♦♥❛✐s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❡①♣❧♦r❛♥❞♦

❛ ❝❛♣❛❝✐❞❛❞❡ ♣❛r❛ ❞❡t❡❝t❛r ❛s ❢❛❧❤❛s ❛♥❛❧✐s❛❞❛s✳ ❊ss❡ ❝❛s♦ ❞❡ ❡st✉❞♦ t❛♠❜é♠ ❢♦✐

❡♠♣r❡❣❛❞♦ ♥❛s té❝♥✐❝❛s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ q✉❡ ❢♦r❛♠ ✉s❛❞❛s ♣❛r❛ ❢❛③❡r ✐♥❢❡rê♥❝✐❛s s♦✲

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

♠♦❞❡❧♦s ❞❡ ❞❡t❡❝çã♦✳ ◆♦ s❡❣✉♥❞♦ ❝❛s♦ ❞❡ ❡st✉❞♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡ à ❞✐♥â♠✐❝❛ ❞❡

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

❞✐♥â♠✐❝♦s ❞♦ s✐st❡♠❛✱ ❛♥á❧✐s❡ ❞❡ ♠étr✐❝❛s ❞❛ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ❡ ❛ r❡✲

❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛s ❡ ❡q✉❛çã♦ ❞❡

❋♦❦❦❡r✲P❧❛♥❝❦✳

✈✐✐



❆❜str❛❝t ♦❢ ❚❤❡s✐s ♣r❡s❡♥t❡❞ t♦ ❈❖PP❊✴❯❋❘❏ ❛s ❛ ♣❛rt✐❛❧ ❢✉❧✜❧❧♠❡♥t ♦❢ t❤❡

r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❞❡❣r❡❡ ♦❢ ❉♦❝t♦r ♦❢ ❙❝✐❡♥❝❡ ✭❉✳❙❝✳✮

❆◆❆▲❨❙■❙ ❖❋ ❈❍❆❖❚■❈ ❉❨◆❆▼■❈❙ ❈❍❆❘❆❈❚❊❘■❩❆❚■❖◆ ❚❊❈❍◆■◗❯❊❙

■◆ P❘❖❈❊❙❙ ▼❖◆■❚❖❘■◆● P❘❖❇▲❊▼❙

◆❛②❤❡r ❆♥❞r❡s ❈❧❛✈✐❥♦ ❱❛❧❧❡❥♦

❆♣r✐❧✴✷✵✷✷

❆❞✈✐s♦rs✿ ❏♦sé ❈❛r❧♦s ❈♦st❛ ❞❛ ❙✐❧✈❛ P✐♥t♦

Prí❛♠♦ ❆❧❜✉q✉❡rq✉❡ ▼❡❧♦ ❏✉♥✐♦r

❉❡♣❛rt♠❡♥t✿ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣

❆ st✉❞② ♦♥ t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ ❝❤❛♦t✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s t♦ ♣r♦❝❡ss

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

♥✐q✉❡s ✇❡r❡ ✈❛❧✐❞❛t❡❞ t♦ ♦❜t❛✐♥ ✐♥✈❛r✐❛♥t ♠❡❛s✉r❡s ♦❢ ❞②♥❛♠✐❝ tr❛❥❡❝t♦r✐❡s✳ ■t ❤❛s

❜❡❡♥ s❤♦✇♥ t❤❛t ♠♦st ♦❢ t❤❡s❡ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ♣♦t❡♥t✐❛❧❧② ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②③❡❞

✜❡❧❞ s✐♥❝❡ t❤❡s❡ ♠❡tr✐❝s r❡✢❡❝t ❞②♥❛♠✐❝ ❝❤❛♥❣❡s ✐♥ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ s②st❡♠s t❤❛t

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

t❤❡♦r❡t✐❝❛❧ ❞②♥❛♠✐❝❛❧ s②st❡♠s ❛♥❞ t✇♦ ❝❛s❡ st✉❞✐❡s r❡❧❛t❡❞ t♦ t❤❡ ♦✐❧ ✐♥❞✉str② ✇❡r❡

st✉❞✐❡❞✳ ■♥ t❤❡ ✜rst ❝❛s❡ st✉❞② ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✜s❝❛❧ ❣❛s✲♦✐❧ ♠❡t❡r✐♥❣ st❛t✐♦♥✱

t❤❡ ♠❡tr✐❝s ♦❢ t❤❡ ✐♥✈❛r✐❛♥t s❡t ✇❡r❡ st✉❞✐❡❞ ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ st❛t✐st✐❝❛❧ ♠♦♥✲
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✺✳✺ ❈❛✉s❛❧✐❞❛❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

✺✳✺✳✶ ❈❛✉s❛❧✐❞❛❞❡ ♥♦ ❜❡♥❝❤♠❛r❦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

✺✳✺✳✷ ❈❛✉s❛❧✐❞❛❞❡ ❡♠ ❊❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

✺✳✺✳✸ ❈❛✉s❛❧✐❞❛❞❡ ♥♦ ♣r♦❜❧❡♠❛ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✵

✺✳✻ P❡rt✐♥ê♥❝✐❛ ❞❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ♥❛ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✺

✺✳✼ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✾

✻ ❈♦♥❝❧✉sõ❡s ✷✶✶

✻✳✶ ❙✉❣❡stõ❡s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✻

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✷✶✽

❆ Pr♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ✷✺✵

❇ ▲✐st❛ ❞❡ ✈❛r✐á✈❡✐s ❊❋❆▲ ✷✺✹

❈ ❇✐❢✉r❝❛çõ❡s ❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ✷✺✽

❈✳✵✳✶ ❇✐❢✉r❝❛çõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✽

❈✳✵✳✶✳✶ ❇✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ ✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✽

❈✳✵✳✶✳✷ ❇✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✾

❈✳✵✳✷ Pr♦❝✉r❛ ❞❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ❝✉rt❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✶

❉ ❈❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❞❡ ❜❡♥❝❤♠❛r❦s ✷✻✹
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①✐✈
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▲✐st❛ ❞❡ ❋✐❣✉r❛s

✷✳✶ ❈✐❝❧♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✷ ❈❧❛ss✐✜❝❛çã♦ ❞♦s ♠ét♦❞♦s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❬✶✾❪ ✳ ✳ ✶✽

✸✳✶ ❚r❛❥❡tór✐❛ tr❛ç❛❞❛ ♣❡❧❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ f t✳ ❈♦♠❡ç❛♥❞♦ ❞❡s❞❡ ✉♠

♣♦♥t♦ x ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ❞❡♣♦✐s ❞❡ ✉♠ t❡♠♣♦ t✱ ♦ ♣♦♥t♦ ❡st❛ ❡♠

f t(x)✳ ❆ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ f t ♣♦❞❡ s❡r ✉s❛❞❛ ♣❛r❛ ♠❛♣❡❛r ❛ r❡❣✐ã♦Mi

❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❡♥tr♦ ❞❛ r❡❣✐ã♦ f t(Mi) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✷ P♦r ✉♠ t❡♠♣♦ ✜♥✐t♦ ❛ ❜❛s❡ ❧♦❝❛❧ ❢♦r♠❛❞❛ ♣❡❧♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

é tr❛♥s♣♦rt❛❞♦ ❛♦ ❧♦♥❣♦ ❞❛ ór❜✐t❛ ❡ ❞❡❢♦r♠❛❞♦ ♣❡❧❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛

J t✳ ❈♦♠♦ J t ♥ã♦ é ❛✉t♦✲❛❞❥✉♥t❛✱ ✉♠❛ ❜❛s❡ ♦rt♦❣♦♥❛❧ é ♠❛♣❡❛❞❛ ❡♠

✉♠❛ ❜❛s❡ ♥ã♦ ♦rt♦❣♦♥❛❧✳ ❆❞❛♣t❛❞♦ ❞❡ ❬✻✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✸✳✸ P❛r❛ ✉♠ ❝✐❝❧♦ ♣r✐♠ár✐♦ p✱ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ é ❝❤❛♠❛❞❛ ❞❡ ♠❛tr✐③ ❞❡

❋❧♦q✉❡t ❡ r❡♣r❡s❡♥t❛ ❛ ✈✐③✐♥❤❛♥ç❛ ❡s❢ér✐❝❛ ✐♥✜♥✐t❡s✐♠❛❧ x0 ∈Mp ❡st✐✲

❝❛❞♦ ❞❡♥tr♦ ❞❡ ✉♠ ❡❧✐♣s♦✐❞❡ s♦❜r❡♣♦st♦ ❛♦ ❧♦♥❣♦ ❞♦ ✈❡t♦r ❝❛r❛❝t❡rís✲

t✐❝♦ ej ❞❡ Jp(x) ❞❛❞♦ ♣❡❧♦ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t |Λj|✳ ❆ ♠❛❣♥✐t✉❞❡

❞♦ r❛✐♦ ❞♦ ❡❧✐♣s♦✐❞❡ é ✐♥✈❛r✐❛♥t❡ s♦❜ r❡♣❛r❛♠❡tr✐③❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s

❞❛s ❝♦♦r❞❡♥❛❞❛s ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❡ é ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ✐♥trí♥s❡❝❛

❞♦ ❝✐❝❧♦ p✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✸✳✹ ❯♠❛ tr❛❥❡tór✐❛ x(t) q✉❡ ✐♥t❡rs❡❝t❛ ✉♠❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré P ♥♦s

t❡♠♣♦s t1, t2, t3 ❡ ❢❡❝❤❛ ✉♠ ❝✐❝❧♦ ❡♠ (x̂1, x̂2, x̂3)✱ x̂k = x(tk) ∈ P ❞❡

❧♦♥❣✐t✉❞❡ t♦♣♦❧ó❣✐❝❛ ✸ ❡♠ r❡❧❛çã♦ à s❡❝çã♦✳ ❊♠ ❣❡r❛❧✱ ❛s ✐♥t❡rs❡çõ❡s

♥ã♦ sã♦ ♥♦r♠❛✐s à s❡❝çã♦✳ ❖❜s❡r✈❡✲s❡ t❛♠❜é♠ q✉❡ ❛ ✐♥t❡rs❡❝çã♦ z

♥ã♦ ❝♦♥t❛✱ ❥á q✉❡ ❡stá ♥❛ ❞✐r❡çã♦ ♦♣♦st❛ às ♦✉tr❛s ✐♥t❡rs❡❝çõ❡s ❬✻✶❪✳ ✳ ✹✺

①✈✐✐



✸✳✺ ✭❊sq✉❡r❞❛✮❙❡q✉ê♥❝✐❛ ❞❡ s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❡str❛♥❤♦ ❞♦

s✐st❡♠❛ ❞❡ ❘♦ss❧❡r✳ ❖s ♣❧❛♥♦s ❢♦r❛♠ ❞❡✜♥✐❞♦s ❛tr❛✈és ❞♦ ❡✐①♦ z✱ ♦r✐❡♥✲

t❛❞♦s ❛✿✭❛✮−60o✱✭❜✮0o✱✭❝✮60o ❡ ✭❞✮120o ♥♦ ♣❧❛♥♦ ✭①✲②✮✳ ✭❉✐r❡✐t❛✮❱✐st❛s
❞❛s tr❛❥❡tór✐❛s tí♣✐❝❛s ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré

s✉♣❡r♣♦st❛s✳ ❬✻✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✻ ▼❛♣❛s ❞❡ r❡t♦r♥♦ rn → rn+1 ♣❛r❛ ❞✐stâ♥❝✐❛ r❛❞✐❛❧ ❞❛s s❡❝çõ❡s ❞❡

P♦✐♥❝❛ré ❞❛ ❋✐❣✉r❛ ✸✳✺✳ ❬✻✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✼ ❖ ✢✉①♦ x(t) r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ♠❛♣❛ ❞❡ r❡t♦r♥♦ ❞❡ P♦✐♥❝❛ré ❞❛

❢♦r♠❛ xn+1 = f(xn)✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ór❜✐t❛ ❞❡ x̂1 é ♣❡r✐ó❞✐❝❛ ❡

❝♦♥té♠ q✉❛tr♦ ♣♦♥t♦s ♣❡r✐ó❞✐❝♦s ✭x̂1✱x̂2✱x̂3✱x̂4✮ ❬✻✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✽ ■❧✉str❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♣❛❞❡✐r♦ ♥♦ ❛tr❛t♦r ❞❡

❘♦ss❧❡r ❬✷✺✽❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✾ ❆ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ s✐st❡♠❛ ❝❛ót✐❝♦ é ✭❛✮ ❡♠ q✉❛❧q✉❡r ❧✉❣❛r ❧♦❝❛❧♠❡♥t❡

✐♥stá✈❡❧ ❡ ✭❜✮ ❝♦♠ ✢✉①♦ ❣❧♦❜❛❧♠❡♥t❡ ♠✐st✉r❛❞♦ ❬✻✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸✳✶✵ ❖ ❝á❧❝✉❧♦ ❞♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦ ♣❛r❛ ✉♠ t❡♠♣♦ ❞❡✲

t❡r♠✐♥❛❞♦ r❡q✉❡r q✉❡ s❡ ♠❛♥t❡♥❤❛ ❛ s❡♣❛r❛çã♦ ❞❛s ór❜✐t❛s ♣ró①✐♠❛s

❞❡♥tr♦ ❞♦ ✐♥t❡r✈❛❧♦ ❞♦ ✢✉①♦ ❧✐♥❡❛r✐③❛❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✸✳✶✶ ❉❡❢♦r♠❛çã♦ ❞❛ ❡s❢❡r❛ ❞❡ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❛tr❛✈és ❞♦ ✢✉①♦ ❧✐♥❡❛r✐③❛❞♦ ✺✻

✸✳✶✷ ❍✐st♦❣r❛♠❛ ♥♦r♠❛❧✐③❛❞♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✸✳✶✸ ❍✐st♦❣r❛♠❛ ♥♦r♠❛❧✐③❛❞♦ ❝♦♠ ❞✐❢❡r❡♥t❡s ♣♦s✐çõ❡s ❞❡ ❜✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✸✳✶✹ ■❧✉str❛çã♦ ❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❑❉❊ ❬✶✵✼❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✸✳✶✺ ❉✐❛❣r❛♠❛s ❞❡ ❱❡♥♥ ❞❡ ✭❛✮ ✐♥❢♦r♠❛çã♦ ♠✉t✉❛✱ ✭❜✮ ✐♥❢♦r♠❛çã♦ ♠✉t✉❛

❝♦♥❞✐❝✐♦♥❛❧✱ ✭❝✮ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ♣♦s✐t✐✈❛✱ ✭❞✮ ✐♥❢♦r♠❛çã♦ ❞❡

✐♥t❡r❛çã♦ ♥❡❣❛t✐✈❛✳ ◆♦ ✉❧t✐♠♦ ❝❛s♦ ❛s ❡♥tr♦♣✐❛s ❞❡ X ❡ Z ♥ã♦ s❡

s♦❜r❡♣õ❡♠ ❬✷✷✼❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
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✸✳✶✻ ■♥t❡r❛çõ❡s ❝❛✉s❛✐s ♥✉♠ ♣r♦❝❡ss♦ X ♠✉❧t✐✈❛r✐❛❞♦ ✭❛✮ ♣❧❛♥♦ ❝❛✉s❛❧ ❞❡

sér✐❡s t❡♠♣♦r❛✐s❀ ❛s ❝❛✐①❛s ♣♦♥t❡❛❞❛s ♠❛r❝❛♠ ❛s ❝♦♥❞✐çõ❡s ♣❛r❛ ❛

CMI ❡♥tr❡ Xt−τ ❡♠ τ = 2 ❡ Yt ✭♠❛r❝❛❞♦s ♣♦r ♣♦♥t♦s ♣r❡t♦s✮✳ ❖

❝♦♥❥✉♥t♦ ✐♥✜♥✐t♦ X
−
t
\ X−

t ∪ X−
t−τ é ♥♦t❛❞♦ ♣❡❧❛s ❧✐♥❤❛s ♣♦♥t❡❛❞❛s

❝✐♥③❛s✳ ❙ó ♦ ❝♦♥❥✉♥t♦ ✜♥✐t♦ SYt,Xt−τ
✭❧✐♥❤❛s ♣♦♥t❡❛❞❛s ✈❡r♠❡❧❤❛s✮ é

♥❡❝❡ssár✐♦ ♣❛r❛ s❛t✐s❢❛③❡r ❛ ❊q✉❛çã♦ ✸✳✽✻✳ SYt,Xt−τ
❞❡✈❡ s❡r ❡s❝♦❧❤✐❞♦

❞❡ ♠♦❞♦ q✉❡ s❡♣❛r❡ ❛s ❝♦♥❞✐çõ❡s ✐♥✜♥✐t❛s ✐❣♥♦r❛❞❛s (X−
t
\X−

t ∪X−
t−τ )\

SYt,Xt−τ
❞❡ Yt ♥♦ ❣rá✜❝♦✳ ❖ ❝♦♥❥✉♥t♦ ❛✐♥❞❛ ♠❡♥♦r ❞❡ ♣❛✐s PYt

✭❝❛✐①❛

❛③✉❧✱ ♥ós ❝✐♥③❛s✮ s❡♣❛r❛ Yt ❞♦ ♣❛ss❛❞♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡✐r♦ Xt \ PYt
✳

✭❜✮ ◆♦ ❣rá✜❝♦ MIT é ❛ CMI ❡♥tr❡ Xt−τ ❡♠ τ = 2 ❡ Yt ✭♠❛r❝❛❞♦ ♣♦r

♣♦♥t♦s ♣r❡t♦s✮ ❝♦♥❞✐❝✐♦♥❛❞❛ ❛♦s ♣❛r❡♥t❡s PXt−τ
✭✈❡r♠❡❧❤♦✮ ❡ PYt−τ

✭❛③✉❧✮ ❬✷✷✼❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✸✳✶✼ ❉✐❛❣r❛♠❛s ❞❡ ❱❡♥♥ q✉❡ r❡♣r❡s❡♥t❛♠ ❛ ❡♥tr♦♣✐❛ H(Y ) ♥♦ t❡♠♣♦ t

✭♦♠✐t✐♥❞♦ t ❡ τ ❝♦♠♦ ✉♠❛ ❝♦❧✉♥❛ s❡❣♠❡♥t❛❞❛✮✳ ➱ ❝♦♠♣♦st❛ ♣❡❧❛

❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ✭❝✐♥③❛✮ H(Y | PYt
) ❡ ♣❛rt❡ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❢♦♥t❡

H(X | PXt
) ✭r♦s❛✮✱ ❛ ❡♥tr♦♣✐❛ H(PXt

) ❞♦s ♣❛r❡♥t❡s ❞❡ X ✭❧❛r❛♥❥❛✮✱

❡ ❛ ❡♥tr♦♣✐❛ H(PXt
) | Xt−τ ❞♦s ♣❛r❡♥t❡s r❡st❛♥t❡s ❞❡ Y ✭❛③✉❧✮✳ ❖

IMIT
X→Y (τ) ✭s❡❣♠❡♥t♦ ❞❡ ❜♦r❞❛ só❧✐❞❛✮ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❡♥tr♦♣✐❛

H(Y | PY \ {X},PX) ✭s❡❣♠❡♥t♦ tr❛❝❡❥❛❞♦✮ q✉❡ ✐♥❝❧✉✐ ❛ tr❛♥s❢❡rê♥❝✐❛

❞❡ X ❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ❞❡ Y q✉❡ ❛ ❡①❝❧✉✐✳ ❬✷✷✼❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✸✳✶✽ ❉❡r✐✈❛çã♦ ❞❛ ❡q✉❛çã♦ ▼❛st❡r ❬✶✾✺❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✹✳✶ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â✲

♠✐❝♦s ❞❡s❝r✐t♦s ♣♦r ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✹✳✷ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡

❢❛❧❤❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✹✳✸ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ✳ ✳ ✳ ✶✵✷

✺✳✶ ❉✐❛❣r❛♠❛ ❞❛ ❡st❛çã♦ ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❞❡ ó❧❡♦ ❡ ❣ás ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✺✳✷ ❙ér✐❡s t❡♠♣♦r❛✐s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ✈❛③ã♦ ❞❡ ❣ás ✜s❝❛❧ ♥✉♠ ♣❡rí♦❞♦

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

rê♥❝✐❛✱ ❡♥q✉❛♥t♦ ❛s ❧✐♥❤❛s ✈❡r❞❡s r❡♣r❡s❡♥t❛♠ ♦ ❡✈❡♥t♦ ❞❡ ❞❡t❡❝çã♦✳

P♦r s✉❛ ✈❡③✱ ❛s ❧✐♥❤❛s só❧✐❞❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❇ ❡ ❛s

❧✐♥❤❛s tr❛❝❡❥❛❞❛s ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✺✳✸ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❡st✐♠❛çã♦ ❞❡ ✈❛❧♦r❡s ♣❡r❞✐❞♦s ♦✉ ❝♦rr✉♣t♦s ❞✉r❛♥t❡

❢❛❧❤❛ ✲ ❆◆P ❬✼✵❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

①✐①



✺✳✹ ❙✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ❝♦♠ ❝♦♥✜❣✉r❛çã♦ ❞❡

❝♦♥tr♦❧❛❞♦r P■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✺✳✺ ❙✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ ♣♦ç♦ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡✳ ❆ ❧✐♥❤❛ ✈❡rt✐✲

❝❛❧ ♥♦t❛ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ ✐✳❡✳ ♦ s✉r❣✐♠❡♥t♦

❞❡ ❣♦❧❢❛❞❛s ♥♦ s✐st❡♠❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✺✳✻ ❉❛❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ ♣♦ç♦ P❡tr♦❜r❛s ❝♦♠ ❞✐♥â♠✐❝❛ ❞❡ ❣♦❧❢❛❞❛s✳

❆s ✈❛r✐á✈❡✐s nPpdg ❡ nPrt ❝♦rr❡s♣♦♥❞❡♠ às ♣r❡ssõ❡s ♥❛ P❉● ❡ ♥♦

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

♦♣❡r❛çã♦ ❡♠ r❡❧❛çã♦ à ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ z✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✺✳✼ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Ppdg ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✺✳✽ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Prb ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✺✳✾ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Prt ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z✳❊♠ ③♦♦♠ ❛ r❡s✲

♣♦st❛ ✐♥✈❡rs❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✺✳✶✵ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❋❖❲▼ ❡♠ r❡❣✐♠❡ ♦s❝✐❧❛tór✐♦✲

♣❡r✐ó❞✐❝♦✳ ❆ s❡t❛ ♣r❡t❛ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣♦♥❡♥t❡ r❡❛❧ ❞♦ ♣r✐♠❡✐r♦

✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Re(λx)) ❡ ❛ s❡t❛ ✈❡r♠❡❧❤❛ ♦rt♦❣♦♥❛❧ ❝♦rr❡s♣♦♥❞❡

à ❝♦♠♣♦♥❡♥t❡ ✐♠❛❣✐♥ár✐❛ ❞♦ ♠❡s♠♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Im(λx)✮ ✳ ✳ ✶✶✾

✺✳✶✶ ❚r❛❥❡tór✐❛ ❞♦ ❋❖❲▼ ✭❛③✉❧✮ ❝♦♠ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ✭✈❡r♠❡❧❤♦✮

q✉❡ ✐♥t❡rs❡❝t❛♠ ♦ ♣❧❛♥♦ s♦❜r❡ ♦ ❡✐①♦ z ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✺✳✶✷ ❱❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♥✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛

f t(xp) ❞♦ s✐st❡♠❛ ❋❖❲▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶

✺✳✶✸ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛

❋❖❲▼✱ ❡♠ r❡s♣❡✐t♦ ❛ z✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ✭✈❡r♠❡❧❤♦✮✱ r❛♠♦s ❞❡

♠í♥✐♠♦s ✭❛③✉❧✮ ❡ ❡q✉✐❧í❜r✐♦s ✐♥stá✈❡✐s ✭♣r❡t♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✺✳✶✹ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛

❋❖❲▼✱ ❡♠ r❡s♣❡✐t♦ ❛ u2✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ✭✈❡r♠❡❧❤♦✮✱ r❛♠♦s

❞❡ ♠í♥✐♠♦s ✭❛③✉❧✮ ❡ ❡q✉✐❧í❜r✐♦s ✐♥stá✈❡✐s ✭♣r❡t♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✺✳✶✺ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛

❋❖❲▼✱ ❡♠ r❡s♣❡✐t♦ ❛ z✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ❡ ❞❡ ♠í♥✐♠♦s ✭♣♦♥✲

t♦s ♣r❡t♦s✮✱ ❡q✉✐❧í❜r✐♦s ❡stá✈❡✐s ✭❧✐♥❤❛ ❝♦♥t✐♥✉❛ ♣r❡t❛✮ ❡ ❡q✉✐❧í❜r✐♦s

✐♥stá✈❡✐s ✭❧✐♥❤❛ ✐♥t❡r♠✐t❡♥t❡ ♣r❡t❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

✺✳✶✻ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♣❛r❛ ♦ s✐st❡♠❛ ❋❖❲▼ ❡ s✉❛ r❡❧❛çã♦ ❝♦♠ ♦s

✸ ♠❛✐♦r❡s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺
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✺✳✶✼ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡ r❡❧❛çã♦ ❝♦♠ ❛ ♠étr✐❝❛ ❉✷ ♣❛r❛ ♦ s✐st❡♠❛

❋❖❲▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✺✳✶✽ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡ r❡❧❛çã♦ ❝♦♠ ❛ ♠étr✐❝❛ ❍ ♣❛r❛ ♦ s✐st❡♠❛

❋❖❲▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✺✳✶✾ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❝✐❝❧♦ ❋❖❲▼✿ ✭❡sq✉❡r❞❛✮ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦r✲

r❡s♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝í❝❧✐❝❛ ❞♦ ✢✉①♦ ❞♦ ❋❖❲▼✱ ♦♥❞❡ ♦s ♣♦♥t♦s

♣r❡t♦s r❡♣r❡s❡♥t❛♠ ❛s r❡❝♦rrê♥❝✐❛s❀ ✭❞✐r❡✐t❛✮ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦r✲

rê♥❝✐❛s ✉s❛♥❞♦ ❛s t❛①❛s ❞❡ r❡❝♦rrê♥❝✐❛ ❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦

❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❖ r❛✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦ ❡♠ ϵ = 25 ✳ ✳ ✳ ✶✷✼

✺✳✷✵ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

✺✳✷✶ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

✺✳✷✷ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✺✳✷✸ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✶ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✺✳✷✹ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✷ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✺✳✷✺ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✸ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✺✳✷✻ ❉✐str✐❜✉✐çã♦ ❞❡ ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❛♦ ❧♦♥❣♦ ❞♦ ❡s♣❛ç♦

♣❛r❛♠étr✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✺✳✷✼ ❉✐str✐❜✉✐çã♦ ❞❡ ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❛♦ ❧♦♥❣♦ ❞♦ ❡s♣❛ç♦

❜✐♣❛r❛♠étr✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✺✳✷✽ ❙ér✐❡s t❡♠♣♦r❛✐s ❞❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ Mα✳ ◆♦

q✉❛❞r♦ ♣r❡t♦ sã♦ r❡ss❛❧t❛❞♦s ♦s ✐♥t❡r✈❛❧♦s ❝♦♠ ♣r❡s❡♥ç❛ ❞❡ ▼▼❖s ✳ ✳ ✶✸✸

✺✳✷✾ ❚r❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼Mα ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ EQ1

❞❡♥♦t❛ ❛ ❧♦❝❛❧✐③❛çã♦ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✺✳✸✵ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❆✮ ❡ ♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ✭❇✮ ❡

❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ✭❈✮ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ♣❛râ♠❡tr♦ ❞❡ s✐♥t♦♥✐❛ ❞♦

❝♦♥tr♦❧❛❞♦r ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❚❛❜❡❧❛ ✺✳✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✸✶ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ λmax ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ♥♦ ❡s♣❛ç♦

♣❛r❛♠étr✐❝♦ Kp − u2✳ ❖ ♠❛♣❛ ❞❡ ❝❛❧♦r ❡ ❜❛rr❛ ❞❡ ❝♦r❡s r❡♣r❡s❡♥✲

t❛♠ ♦ ✈❛❧♦r ❞❡ λmax✳ ❯♠❛ ❛♠♣❧❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❢♦✐

✐❞❡♥t✐✜❝❛❞❛✱ ❛❧❣✉♥s ❞❡❧❡s r❡♣r❡s❡♥t❛❞♦s ♥♦s ♣❛♥❡✐s ❆✲❇ ✭❝❛ót✐❝♦✮✱ ❈

✭♣❡r✐ó❞✐❝♦✮ ❡ ❉ ✭♣♦♥t♦ ✜①♦ ❡stá✈❡❧✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✸✷ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ ✭RR✮ ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛Mα ❞♦ ❋❖❲▼✶✸✼

①①✐



✺✳✸✸ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ♣❡❧♦ t❡♦r❡♠❛

❞❡ ❚❆❑❊◆❙✳ ✭❛✮ ❈♦rr❡s♣♦♥❞❡ à sér✐❡ t❡♠♣♦r❛❧ Ppdg(t) ✉s❛❞❛ ♣❛r❛

❛s r❡❝♦♥str✉çõ❡s❀ ✭❜✮ ❡ ✭❡✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲❞✐♠❡♥s✐♦♥❛✐s ✭r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✮ r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 5❀ ✭❝✮ ❡ ✭❢✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲

❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 10 ❡ ✭❞✮ ❡ ✭❣✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 15✳ ✭❤✮ ❡ ✭✐✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s ♦r✐❣✐♥❛✐s ✭♦❜t✐❞♦s ✈✐❛ ✐♥t❡❣r❛çã♦ ❞♦ ✢✉①♦✮ ❞♦ ♠♦❞❡❧♦

❋❖❲▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽

✺✳✸✹ Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞❡ r❡❣✐str♦s ❞✉r❛♥t❡ ❛ ♣r❡✈✐sã♦ ❞❡ ❡st❛✲

❞♦s ♣❡❧❛ r❡❞❡ ♥❡✉r♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

✺✳✸✺ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

✺✳✸✻ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s

r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵

✺✳✸✼ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❝♦♠♦ ❢✉♥✲

çã♦ ❞♦ t❡♠♣♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

✺✳✸✽ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❡♠♣♦

❞❡ ❛tr❛s♦ τ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦

t❡♠♣♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✺✳✸✾ ❙✉♣❡r✐♦r✿Pr✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦✳

■♥❢❡r✐♦r✿ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡

❥❛♥❡❧❛ ❢♦✐ ✜①❛❞♦ ❡♠ 500✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✺✳✹✵ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❊♥tr♦♣✐❛

❞❡ ❙❤❛♥♦♥ ✈s t❡♠♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✺✳✹✶ ❙✉♣❡r✐♦r✿▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ■♥❢❡r✐♦r✿

❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❢♦✐

✜①❛❞♦ ❡♠ 500 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻

✺✳✹✷ ❙✉♣❡r✐♦r✿❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ■♥❢❡r✐♦r✿ ❉✐✲

♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❢♦✐

✜①❛❞♦ ❡♠ 500✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✺✳✹✸ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡♥tr♦♣✐❛

❞❡ ❑♦❧♠♦❣♦r♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✺✳✹✹ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❞✐♠❡♥sã♦

❞❡ ❝♦rr❡❧❛çã♦ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

①①✐✐



✺✳✹✺ ❈❛rt❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♠♦♥♦✈❛r✐á✈❡❧ ❡♠ ✉♠ ♣❡✲

rí♦❞♦ ❡♠ t♦r♥♦ ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾

✺✳✹✻ ▼❛tr✐③ ❞❡ ❞✐stâ♥❝✐❛s ❞♦ ❝♦♥❥✉♥t♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ t❡♠♣❡r❛t✉r❛s

❞♦ ♣r♦❝❡ss♦✳ ❖ í♥❞✐❝❡s jth ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♠❡s♠♦s ith ❡①♣r❡ss♦s

❝♦♠♦ ❞❛t❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✵

✺✳✹✼ ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣❛r❛ ❛ ✈❛r✐á✈❡❧ ✈❛③ã♦ ✐♥s✲

t❛♥tâ♥❡❛ ❞❡ ❣ás ❋■❚✲✸✻✺✺✲✵✵✷❆✱ ♠é❞✐❛ x̄ = 703.218 ❡ ❞❡s✈✐♦ ♣❛❞rã♦

µ = 163.55✳ ✭❛✮ ❍✐st♦❣r❛♠❛ ❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ✈❛r✐á✲

✈❡❧ ❡ r❡❣r❡ssã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ♥♦r♠❛❧✳✭❜✮ ❞❡♥s✐❞❛❞❡ ❞❡

♣r♦❜❛❜✐❧✐❞❛❞❡ ♦❜t✐❞❛ ♣♦r ❑❉❊✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

✺✳✹✽ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♥❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❡♠ ❢✉♥çã♦ ❞♦

❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✷

✺✳✹✾ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♥❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ✈s t❡♠♣♦✳ ❇❛rr❛

❧❛r❛♥❥❛ r❡♣r❡s❡♥t❛✱ ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡✱ ♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❡♠♣r❡✲

❣❛❞♦ w = 200✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸

✺✳✺✵ Pr✐♠❡✐r♦ ♠í♥✐♠♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❡♠

❢✉♥çã♦ ❞❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❈❤♦❦❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✹

✺✳✺✶ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳ ❇❛rr❛ ❧❛r❛♥❥❛ r❡♣r❡s❡♥t❛✱

♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡✱ ♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❡♠♣r❡❣❛❞♦ w = 200 ✳ ✳ ✳ ✳ ✳ ✶✺✹

✺✳✺✷ ▼❡t♦❞♦❧♦❣✐❛s ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ✉♠

s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✈✐❛ r❡❞❡s ♥❡✉r❛✐s ▲❙❚▼ ❬✷✻✽❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✼

✺✳✺✸ Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞❡ r❡❣✐str♦s ❞✉r❛♥t❡ ❛ ♣r❡✈✐sã♦ ❞❡ ❡st❛✲

❞♦s ♣❡❧❛ r❡❞❡ ♥❡✉r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✺✳✺✹ P❡rt✉r❜❛çõ❡s p(t) ✈✐❛ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦ ❡ r❡s✲

♣♦st❛s ❞✐♥â♠✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵

✺✳✺✺ ❆rq✉✐t❡t✉r❛ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛❞❛ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

✺✳✺✻ ▼étr✐❝❛s ❡st❛tíst✐❝❛s ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

✺✳✺✼ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r ♣❡❧❛ ♠❡✲

t♦❞♦❧♦❣✐❛ ❞❡ ú♥✐❝❛ sér✐❡✿ ✭❛✮ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ r❡❢❡rê♥❝✐❛ ✈✐❛

❡q✉❛çõ❡s✳✭❜✮ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ r❡❝♦♥str✉í❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

✺✳✺✽ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r ♣❡❧❛ ♠❡✲

t♦❞♦❧♦❣✐❛ ❞❡ ♠ú❧t✐♣❧❛s sér✐❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

①①✐✐✐



✺✳✺✾ ❘❡❛❧✐③❛çõ❡s ❞♦s ✐t❡r❛❞♦s ❞❡ b ♣❡❧❛ ❛❜♦r❞❛❣❡♠ ❡st♦❝ást✐❝❛ ❡ ♣❡❧❛ ❛❜♦r✲

❞❛❣❡♠ ❞❡ ❝ó♣✐❛ ❞❡ ❞✐str✐❜✉✐çã♦✳ ❍✐str♦❣r❛♠❛ ❞❡ ❢✉♥çõ❡s ❞❡ ♣r♦❜❛❜✐✲

❧✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

✺✳✻✵ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❡ ♦s

❞✐❛❣r❛♠❛s r❡❝♦♥str✉í❞♦s ♣❡❧❛s ❛❜♦r❞❛❣❡♥s ❡st♦❝ást✐❝❛ ❡ ❞❡ ❝ó♣✐❛ ❞❡

❢✉♥çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

✺✳✻✶ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ❡♠♣r❡❣❛❞❛s ♥❛ ♣r❡❞✐çã♦ ❞♦ ❞✐❛✲

❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺

✺✳✻✷ ▼étr✐❝❛s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✳ ✳ ✳ ✳ ✶✻✻

✺✳✻✸ ❈✉r✈❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧✳ ◆♦

❝❛s♦ ♦ ✈❛❧♦r ❞❡ ♣❡r❞❛ loss ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣ró♣r✐♦ ❊◗▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✻

✺✳✻✹ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ r❡❝♦♥str✉í❞♦ ♣❡❧❛ r❡❞❡

♥❡✉r❛❧ ▲❙❚▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✼

✺✳✻✺ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ❡♠♣r❡❣❛❞❛s ♥❛ ♣r❡❞✐çã♦ ❞♦ ❞✐✲

❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✳ ❖ ❝♦♥❥✉♥t♦ ✐♥❝❧✉✐ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✿ τ

❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛✱ τ ❞❡ ♠í♥✐♠♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛✱ ❡♥tr♦♣✐❛ ❞❡

❙❤❛♥♦♥✱ ❡♥tr♦♣✐❛ ❛♠♦str❛❧✱ ♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❡ ❞✐♠❡♥✲

sã♦ ❞❡ ❝♦rr❡❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✼

✺✳✻✻ ▼étr✐❝❛s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛♥❞♦

♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✽

✺✳✻✼ ❈✉r✈❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛♥❞♦

♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✾

✺✳✻✽ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ r❡❝♦♥str✉í❞♦ ♣❡❧❛ r❡❞❡

♥❡✉r❛❧ ▲❙❚▼ ✉s❛♥❞♦ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✾

✺✳✻✾ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲

♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

✺✳✼✵ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■ ✭◆♦r♠❛❧✐③❛çã♦

r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✶

✺✳✼✶ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷

✺✳✼✷ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲

♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷

①①✐✈



✺✳✼✸ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■■ ✭◆♦r♠❛❧✐③❛çã♦

r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

✺✳✼✹ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

✺✳✼✺ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲

♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✹

✺✳✼✻ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■■ ✭◆♦r♠❛❧✐③❛çã♦

r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✹

✺✳✼✼ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺

✺✳✼✽ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■❱ ❝♦♠ Rτ = 9✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✻

✺✳✼✾ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■❱ ❝♦♠ Rτ = 12✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✼

✺✳✽✵ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦

■❱ ❝♦♠ Rτ = 29✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✽

✺✳✽✶ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ r❡❞❡ ❡❝♦ss✐stê♠✐❝❛ ❢♦♦❞✲✇❡❜ ❡ s❡✉s ♥✐✲

❝❤♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

✺✳✽✷ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❛✉t♦✈❛❧♦r❡s ❛♥❛❧ít✐❝♦s ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r ❛✉✲

t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✶

✺✳✽✸ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r

❛✉t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ a ❝♦♠♦ ♣❛râ✲

♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

✺✳✽✹ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r

❛✉t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ c ❝♦♠♦ ♣❛râ✲

♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

✺✳✽✺ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ♠♦❞✐✜❝❛❞♦ ❡

♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ c ❝♦♠♦

♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸
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✺✳✽✻ ▼❛♣❛ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ❡♠ ❝♦♥❞✐çã♦ ♥♦r✲

♠❛❧ ❞❡ ♦♣❡r❛çã♦✳ ❈♦♥❡①õ❡s ❡♥tr❡ ✈❛r✐á✈❡✐s sã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r s❡t❛s

❡ ♣♦❞❡♠ s❡r ❞✐r❡t❛s→ ♦✉ ✐♥❞✐r❡t❛s−✳ ❖s ♥ós r❡♣r❡s❡♥t❛♠ ❛s ✈❛r✐á✈❡✐s

❡ s✉❛s ♣ró♣r✐❛s ❛✉t♦❝♦rr❡❧❛çõ❡s✳ ❈♦♥❡①õ❡s ❡♠ ✈❡r♠❡❧❤♦ r❡♣r❡s❡♥t❛♠

✉♠❛ ❝♦rr❡❧❛çã♦ ♣♦s✐t✐✈❛ ❡♥q✉❛♥t♦ ❛s ❝♦♥❡①õ❡s ❡♠ ❛③✉❧ r❡♣r❡s❡♥t❛♠

❝♦rr❡❧❛çõ❡s ♥❡❣❛t✐✈❛s✳ ❆✉t♦❝♦rr❡❧❛çõ❡s ❡♠ ❜r❛♥❝♦ r❡♣r❡s❡♥t❛♠ ✉♠❛

❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❞❛ ✈❛r✐á✈❡❧ ❡♥q✉❛♥t♦ ❛✉t♦❝♦rr❡❧❛çõ❡s ❡♠ ✈❡r♠❡✲

❧❤♦ s✐❣♥✐✜❝❛♠ ✉♠❛ ❛❧t❛ ❛✉t♦❝♦rr❡❧❛çã♦ ❞❛ ✈❛r✐á✈❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✻

✺✳✽✼ ▼❛♣❛ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ ❊❋❆▲✳ ❈♦♥❡①õ❡s ❡♥✲

tr❡ ✈❛r✐á✈❡✐s sã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r s❡t❛s ❡ ♣♦❞❡♠ s❡r ❞✐r❡t❛s → ♦✉

✐♥❞✐r❡t❛s −✳ ❖s ♥ós r❡♣r❡s❡♥t❛♠ ❛s ✈❛r✐á✈❡✐s ❡ s✉❛s ♣ró♣r✐❛s ❛✉t♦✲

❝♦rr❡❧❛çõ❡s✳ ❈♦♥❡①õ❡s ❡♠ ✈❡r♠❡❧❤♦ r❡♣r❡s❡♥t❛♠ ✉♠❛ ❝♦rr❡❧❛çã♦ ♣♦s✐✲

t✐✈❛ ❡♥q✉❛♥t♦ ❛s ❝♦♥❡①õ❡s ❡♠ ❛③✉❧ r❡♣r❡s❡♥t❛♠ ❝♦rr❡❧❛çõ❡s ♥❡❣❛t✐✈❛s✳

❆✉t♦❝♦rr❡❧❛çõ❡s ❡♠ ❜r❛♥❝♦ r❡♣r❡s❡♥t❛♠ ✉♠❛ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❞❛

✈❛r✐á✈❡❧ ❡♥q✉❛♥t♦ ❛✉t♦❝♦rr❡❧❛çõ❡s ❡♠ ✈❡r♠❡❧❤♦ s✐❣♥✐✜❝❛♠ ✉♠❛ ❛❧t❛

❛✉t♦❝♦rr❡❧❛çã♦ ❞❛ ✈❛r✐á✈❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✾

✺✳✽✽ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ ✈❛③ã♦ ❞❡ ❣ás ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❇

✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈▼❈■

✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✼

✺✳✽✾ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦

P❈▼❈■ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✶✾✽

✺✳✾✵ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❆

✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈❙t❛❜❧❡

✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦

♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✾

✺✳✾✶ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦

P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐✲

♦♥❛❧ ✮❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✵

✺✳✾✷ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❆

✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈❙t❛❜❧❡

✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦

♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

✺✳✾✸ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦

P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐✲

♦♥❛❧ ✮❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✷

①①✈✐



✺✳✾✹ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❣ás ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧

✵✷❆ ✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■ s❡♠ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✻

✺✳✾✺ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■ s❡♠ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ✳ ✳ ✳ ✳ ✷✵✼

❆✳✶ ❉✐❛❣r❛♠ P❋❉ ❞♦ ♣r♦❝❡ss♦ ❚❡♥❡ss❡✲❊❛st♠❛♥ ❬✺✺❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✸

❉✳✶ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ♦❜t✐❞❛s ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞♦

❝♦♥❥✉♥t♦ ❞❡ ❊q✉❛çõ❡s ✸✳✷ ❝♦♠ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s x0 = 9.64832079329

y0 = −3.51977184351 ❡ z0 = 0.811107128559✱ ♣❛râ♠❡tr♦s a = b =

0.2✱ c = 5.7 ❡ ✉♠ ✈❡t♦r t❡♠♣♦r❛❧ t = [0, 200, 10000 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✺

❉✳✷ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❛ ❜❛s❡ ❞❡

❛tr❛çã♦ ❞♦ ✢✉①♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✳ ❆ s❡t❛ ♣r❡t❛ ❝♦rr❡s♣♦♥❞❡ à

❝♦♠♣♦♥❡♥t❡ r❡❛❧ ❞♦ ♣r✐♠❡✐r♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Re(λx)) ❡ ❛ s❡t❛

✈❡r♠❡❧❤❛ ♦rt♦❣♦♥❛❧ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣♦♥❡♥t❡ ✐♠❛❣✐♥❛r✐❛ ❞♦ ♠❡s♠♦

✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Im(λx)✮✳ ❖ ❛tr❛t♦r ❢♦✐ ♦❜t✐❞♦ ✉s❛♥❞♦ ❛s ♠❡s♠❛s

❝♦♥❞✐çõ❡s ❞❛ ✜❣✉r❛ ❉✳✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✼

❉✳✸ ❆tr❛t♦r ❞❡ ❘♦ss❧❡r ✭❛③✉❧✮ ❝♦♠ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré✭✈❡r♠❡❧❤♦✮ q✉❡

✐♥t❡rs❡❝t❛♠ ♦ ♣❧❛♥♦ s♦❜r❡ ♦ ❡✐①♦ z ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✽

❉✳✹ ▼❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ q✉❡ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦

❝♦♦r❞❡♥❛❞❛ ❞♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✽

❉✳✺ ▼❛♣❛ ❞❡ r❡t♦r♥♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ ❛ ❧✐♥❤❛ ❞✐❛❣♦♥❛❧ ❛✉①✐❧✐❛ ❛

✈✐s✉❛❧✐③❛çã♦ ❞♦ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ ❞♦ ♣r✐♠❡✐r♦ ✐t❡r❛❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻✾

❉✳✻ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥✉♠❛ ♠❛❧❤❛ ♣❛râ♠❡tr✐❝❛ ❇✲❈ ♠✉❧t✐✲

❞✐♠❡♥s✐♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✶

❉✳✼ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛

♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ✭a = 0.1 ❡ b = 0.1✮ ❡ t = [0, 1000, 10000] ❡

✈❛r✐❛♥❞♦ b✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✷

❉✳✽ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛

♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ✭a = 0.2 ❡ c = 5.7✮ ❡ t = [0, 1000, 10000] ❡

✈❛r✐❛♥❞♦ c✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✸

❉✳✾ ❱❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♥✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞♦

s✐st❡♠❛ ❘♦ss❧❡r✱ ♦ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ s♦❜r❡♣♦st♦ à tr❛❥❡tór✐❛ ❝♦rr❡s✲

♣♦♥❞❡ ❛♦ ♠✉❧t✐♣❧✐❝❛❞♦ ❞❡ ❋❧♦q✉❡t ♠❛r❣✐♥❛❧ ✭Λ = 0✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✹

①①✈✐✐



❉✳✶✵ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✿ ✭❉✳✶✵❛✮ ♠♦str❛ ♦ ♠❛♣❛ ❞❡ r❡❝♦r✲

rê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r✱ ♦♥❞❡

♦s ♣♦♥t♦s ♣r❡t♦s r❡♣r❡s❡♥t❛♠ ❛s r❡❝♦rrê♥❝✐❛s✳ ✭❉✳✶✵❜✮ ❝♦rr❡s♣♦♥❞❡

à q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❯s❛♥❞♦ ❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ RR✮

❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❖ r❛❞✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐

❡st❛❜❡❧❡❝✐❞♦ ❡♠ ϵ = 1 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✻

❉✳✶✶ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❉❡t❡r♠✐♥✐s♠♦ ✭❉❊❚✮❀ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛

✭❘❘✮ ❡ ▲❛♠✐♥❛r✐❞❛❞❡ ✭▲❆▼✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✼

❉✳✶✷ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭❉❊◆❚❘✮ ❡

❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ✈❡rt✐❝❛✐s ✭❱❊◆❚❘✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✽

❉✳✶✸ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❚❡♠♣♦ ❞❡ r❡t❡♥çã♦ ✭❚❚✮ ❡ ♠é❞✐❛ ❞❡ ❧✐♥❤❛s

✈❡rt✐❝❛✐s ✭❆❱❊✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✽

❉✳✶✹ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ ♦❜t✐❞❛s ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞♦ ❝♦♥✲

❥✉♥t♦ ❞❡ ❊q✉❛çõ❡s ✸✳✶✳✶ ❝♦♠ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s x0 = 10.0✱ y0 = −1.0
❡ z0 = 0.0✱ ♣❛râ♠❡tr♦s σ = 10✱ β = 28✱ ρ = 8/3 ♥✉♠ ✈❡t♦r t❡♠♣♦r❛❧

t = [0, 200, 10000] ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼✾

❉✳✶✺ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq = (0, 0, 0)

❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✳ ❆s s❡t❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s três ✈❡t♦r❡s ❝❛r❛❝t❡✲

ríst✐❝♦s ❞♦ s✐st❡♠❛ ✳ ❖ ❛tr❛t♦r ❢♦✐ ♦❜t✐❞♦ ✉s❛♥❞♦ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s

❞❛ ✜❣✉r❛ ❉✳✶✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✵

❉✳✶✻ ❆tr❛t♦r ❞❡ ▲♦r❡♥③ ✭❛③✉❧✮❝♦♠ ♦s ♣♦♥t♦s q✉❡ sã♦ ✐♥t❡rs❡❝t❛❞♦s ♣❡❧♦s

♣❡❧♦s ♣❧❛♥♦s x = y ❡ x = −y✳ ❖s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ sã♦ ♥♦t❛❞♦s

❝♦♠♦ EQ0✱ EQ1 ❡ EQ2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✶

❉✳✶✼ ▼❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✱ q✉❡ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦

❝♦♦r❞❡♥❛❞❛ ❞♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✶

❉✳✶✽ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥✉♠❛ ♠❛❧❤❛ ♣❛râ♠❡tr✐❝❛ ρ− σ ♠✉❧✲

t✐❞✐♠❡♥s✐♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✷

❉✳✶✾ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛

♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❝♦♠ ✭σ = 10 ❡ β = 8/3✮ ❡ t = [0, 1000, 10000] ❡

✈❛r✐❛♥❞♦ ρ✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③

♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✸

①①✈✐✐✐



❉✳✷✵ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✿ ✭❉✳✷✵❛✮ ♠♦str❛ ♦ ♠❛♣❛ ❞❡ r❡❝♦r✲

rê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③✱ ♦♥❞❡

♦s ♣♦♥t♦s ♣r❡t♦s r❡♣r❡s❡♥t❛♠ ❛s r❡❝♦rrê♥❝✐❛s✳ ✭❉✳✷✵❜✮ ❝♦rr❡s♣♦♥❞❡

à q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❯s❛♥❞♦ ❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ RR✮

❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❖ r❛❞✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐

❡st❛❜❡❧❡❝✐❞♦ ❡♠ ϵ = 7 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✹

❉✳✷✷ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❉❡t❡r♠✐♥✐s♠♦ ✭❉❊❚✮❀ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛

✭❘❘✮ ❡ ▲❛♠✐♥❛r✐❞❛❞❡ ✭▲❆▼✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✺

❉✳✷✸ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭❉❊◆❚❘✮ ❡

❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ✈❡rt✐❝❛✐s ✭❱❊◆❚❘✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✺

❉✳✷✶ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲

t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❚❡♠♣♦ ❞❡ r❡t❡♥çã♦ ✭❚❚✮ ❡ ♠é❞✐❛ ❞❡ ❧✐♥❤❛s

✈❡rt✐❝❛✐s ✭❆❱❊✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✻

❉✳✷✹ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦

✐❞❡❛❧✱ ♦♥❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ é ③❡r♦ ❝♦rr❡s♣♦♥❞❡ ❛ τ = 8 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✼

❉✳✷✺ ❋✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦

✐❞❡❛❧ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛

❛ τ = 7✭✐♥t❡✐r♦ ♠❛✐s ♣ró①✐♠♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✼

❉✳✷✻ ❋r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ✈s ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✳ ❆ ❞✐♠❡♥sã♦ ✐❞❡❛❧✱

✐♥❞✐❝❛❞❛ ♣❡❧♦ ♠í♥✐♠♦ ❞❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é m = 3✱ ✭♠❡s♠❛

❞✐♠❡♥sã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛M✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽✽

❉✳✷✼ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ♣❡❧♦ t❡♦r❡♠❛

❞❡ ❚❆❑❊◆❙✳ ✭❛✮ ❈♦rr❡s♣♦♥❞❡ à sér✐❡ t❡♠♣♦r❛❧ x(t) ✉s❛❞❛ ♣❛r❛

❛s r❡❝♦♥str✉çõ❡s❀ ✭❜✮ ❡ ✭❡✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲❞✐♠❡♥s✐♦♥❛✐s ✭r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✮ r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 3❀ ✭❝✮ ❡ ✭❢✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲

❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 7 ❡ ✭❞✮ ❡ ✭❣✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 25✳ ✭❤✮ ❡ ✭✐✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s ♦r✐❣✐♥❛✐s ✭♦❜t✐❞♦s ✈✐❛ ✐♥t❡❣r❛çã♦ ❞♦ ✢✉①♦✮ ❞♦ ❘♦ss❧❡r ✷✽✾

❉✳✷✽ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ❘♦s✲

s❧❡r✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❡st✐✲

♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✵

①①✐①



❉✳✷✾ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ❘♦s✲

s❧❡r✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

❡st✐♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✶

❉✳✸✵ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ❘♦s✲

s❧❡r✳ ❋✐❣✉r❛ ✐♥t❡r♠é❞✐❛✿ ❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r

❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡st✐✲

♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✷

❉✳✸✶ ❈♦♠♣❛r❛çã♦ ♥❛ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s✳ ✭❆✮ ■♥✈❛r✐❛♥t❡s ❞❡

q✉❛♥t✐✜❝❛çã♦ ❘◗❆ ♦❜t✐❞♦s ✉s❛♥❞♦ ❛ t♦t❛❧✐❞❛❞❡ ❞❡ sér✐❡s ❞♦ ❡s♣❛ç♦ ❞❡

❢❛s❡sM ✭❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s✮✳ ✭❇✮ ▼❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❞♦ ❛tr❛t♦r

✭❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s✮✳ ✭❈✮ ■♥✈❛r✐❛♥t❡s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❘◗❆ ♦❜✲

t✐❞♦s ✉s❛♥❞♦ ❛s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉çã♦ ✭❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧

x(t)✮✳ ✭❉✮ ▼❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❞♦ ❛tr❛t♦r ✭❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧

x(t)✮✳ ❋♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ϵ = 10✱ lmin = 30 ❡ vmin = 30 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✷

❉✳✸✷ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦

✐❞❡❛❧✱ ♦♥❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ é ③❡r♦ ❝♦rr❡s♣♦♥❞❡ ❛ τ = 143 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✸

❉✳✸✸ ❋✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦

✐❞❡❛❧ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛

❛ τ = 16✭✐♥t❡✐r♦ ♠❛✐s ♣ró①✐♠♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✹

❉✳✸✹ ❋r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ✈s ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✳ ❆ ❞✐♠❡♥sã♦ ✐❞❡❛❧✱

✐♥❞✐❝❛❞❛ ♣❡❧♦ ♠í♥✐♠♦ ❞❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é m = 3✱ ✭♠❡s♠❛

❞✐♠❡♥sã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛M✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✹

❉✳✸✺ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ▲♦✲

r❡♥③✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❡st✐✲

♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✺

❉✳✸✻ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ ♣❡❧♦ t❡♦r❡♠❛

❞❡ ❚❆❑❊◆❙✳ ✭❛✮ ❈♦rr❡s♣♦♥❞❡ à sér✐❡ t❡♠♣♦r❛❧ x(t) ✉s❛❞❛ ♣❛r❛

❛s r❡❝♦♥str✉çõ❡s❀ ✭❜✮ ❡ ✭❡✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲❞✐♠❡♥s✐♦♥❛✐s ✭r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✮ r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 16❀ ✭❝✮ ❡ ✭❢✮ ❛tr❛t♦r❡s tr✐ ❡ ❜✐✲

❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 64 ❡ ✭❞✮ ❡ ✭❣✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ τ = 143✳ ✭❤✮ ❡ ✭✐✮ ❛tr❛t♦r❡s tr✐ ❡

❜✐✲❞✐♠❡♥s✐♦♥❛✐s ♦r✐❣✐♥❛✐s ✭♦❜t✐❞♦s ✈✐❛ ✐♥t❡❣r❛çã♦ ❞♦ ✢✉①♦✮ ❞♦ ▲♦r❡♥③ ✳ ✷✾✻

❉✳✸✼ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ▲♦✲

r❡♥③✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③

❡st✐♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✼

①①①



❉✳✸✽ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡ ▲♦✲

r❡♥③✳ ❋✐❣✉r❛ ✐♥t❡r♠é❞✐❛✿ ❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r

❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡st✐✲

♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✽

❉✳✸✾ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t) ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✾

❉✳✹✵ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t) ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✾

❉✳✹✶ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s

r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮ ♣❛r❛ ♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾✾

❉✳✹✷ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s

r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮ ♣❛r❛ ♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵✵

①①①✐



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✸✳✶ ▼❡❞✐❞❛s ♣❛r❛ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸✳✷ ❚✐♣♦s ❞❡ ❦❡♥❡❧s ❢r❡q✉❡♥t❡♠❡♥t❡ ✉t✐❧✐③❛❞♦s ❡♠ ❑❉❊ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✹✳✶ ■♥t❡r♣r❡t❛çã♦ ✈✐s✉❛❧ ❞❡ ♣❛❞rõ❡s ♥✉♠ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❬✻❪✳ ▲❖■

❝♦rr❡s♣♦♥❞❡ à ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✹✳✷ ▼ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❛♣❧✐❝❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✹✳✸ ❋❛❧❤❛s ❛♥❛❧✐s❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❊P ✭✈❡r ❆♣ê♥❞✐❝❡ ❆✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✹✳✹ ❉❡s❝r✐çã♦ ❞❡ ❢❛❧❤❛s ♣r♦❝❡ss♦ ❋❆▲ ✭✈❡r ❙❡çã♦ ✺✳✶✳✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✺✳✶ ❚✐♣♦s ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥❛ ❡st❛çã♦ ✜s❝❛❧ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✶✵✾

✺✳✷ ❚✐♣♦s ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ✳ ✳ ✳ ✳ ✶✶✻

✺✳✸ P♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ♣♦♥t♦

♣❡r✐ó❞✐❝♦ ❡ ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❡r✐ó❞✐❝♦ ❋❖❲▼✳✶✶✾

✺✳✹ ■♥t❡r✈❛❧♦s ❞❡ ♣❛râ♠❡tr♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ❣r✉♣♦ ❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✺✳✺ P❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛Mα ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✺✳✻ ❱❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✺✳✼ P❡rí♦❞♦s ❞❡ ❞❛❞♦s ✉s❛❞♦s ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

✈✐❛ r❡❞❡ ♥❡✉r❛❧ ❛rt✐✜❝✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

✺✳✽ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✾

✺✳✾ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ♠♦❞✐✜❝❛❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

✺✳✶✵ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ♠♦❞✐✜❝❛❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

✺✳✶✶ P❡r❢♦r♠❛♥❝❡ ❞❡ r❡❢❡rê♥❝✐❛ q✉❛♥❞♦ ♥❡♥❤✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦

❞❡ ✈❛r✐á✈❡✐s ❢♦✐ ❡♠♣r❡❣❛❞♦✲❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✵
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✺✳✶✷ ❉❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦s ♠ét♦❞♦s ❞❡ ✜❧tr♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦r❛♠

❡♠♣r❡❣❛❞♦s ✲ ❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✷

✺✳✶✸ ❉❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦s ♠ét♦❞♦s ✇r❛♣♣❡r ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦✲

r❛♠ ❡♠♣r❡❣❛❞♦s ✲ ❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

✺✳✶✹ ❉❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦s ♠ét♦❞♦s ❡♠❜✉t✐❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s

❢♦r❛♠ ❡♠♣r❡❣❛❞♦s ✲ ❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✺

✺✳✶✺ ❉❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦s ♠ét♦❞♦s ❝❛✉s❛✐s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦r❛♠

❡♠♣r❡❣❛❞♦s ✲ ❋❆▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✻

✺✳✶✻ ❉❡s❡♠♣❡♥❤♦ ❞♦s ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡♠♣r❡❣❛❞♦s ♥❛ ❞❡✲

t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❞♦ ♣r♦❝❡ss♦ ❚❊P ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✹

✺✳✶✼ ❈♦♠♣❛r❛çã♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❢❛❧❤❛ ❋✲■■ ❡♥tr❡ ♠♦❞❡❧♦s ▼▲ ❡ ♠étr✐✲

❝❛s ✐♥✈❛r✐❛♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✽

❆✳✶ ❉❡s❝r✐çã♦ ❞❡ ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ✳ ✳ ✷✺✶

❆✳✷ ❉❡s❝r✐çã♦ ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ✳ ✳ ✳ ✳ ✷✺✶

❆✳✸ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ r❡❛t♦r ✭❝♦rr❡♥t❡

✻✮ ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✳ ❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮ ✷✺✷

❆✳✹ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ❞❡ ♣✉r❣❛ ✭❝♦rr❡♥t❡ ✾✮ ♥♦ ♣r♦❝❡ss♦

❚❡♥♥❡ss❡✲❊❛st♠❛♥✳ ❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✷

❆✳✺ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ✶✶ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✳

❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✷

❇✳✶ ❱❛r✐á✈❡✐s ❞♦ ❊❋❆▲ ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺✼

❉✳✶ ❆✉t♦✈❛❧♦r❡s ♦❜t✐❞♦s ✈✐❛ ❛♥á❧✐s❡ ❞❛ ♠❛tr✐③ A ♣❛r❛ ♦s ✢✉①♦s ❇❡♥❝❤♠❛r❦s✷✻✻

❉✳✷ ❊s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ♦❜t✐❞♦s ✈s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ❡♠ ❬✷✽✻❪ ✳ ✳ ✷✼✶

❉✳✸ ▼✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ ♠❛tr✐③ ❏ ❞♦s ✢✉①♦s ❞❡ ❡st✉❞♦ ✳ ✳ ✳ ✷✼✹

❊✳✶ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ♣❛r❛ ✉♠ ❝❛s♦ r❡❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵✺

❊✳✷ P❛râ♠❡tr♦s ❞❡ ❛❥✉st❡ ❞♦ ❋❖❲▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵✺

①①①✐✐✐



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

Aij ▼❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ♣✳ ✸✼

A ❖♣❡r❛❞♦r ❧✐♥❡❛r✱ ♣✳ ✻✻

C(ϵ) ❈♦❡✜❝✐❡♥t❡ ❞❡ s✉♠❛ ❞❡ ❝♦rr❡❧❛çã♦✱ ♣✳ ✻✹

C(τ) ▼❡❞✐❞❛ ❞❡ ❝♦rr❡❧❛çã♦ ❧✐♥❡❛r✱ ♣✳ ✺✼

Cij ▼❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛s✱ ♣✳ ✻✵

CRij ▼❛tr✐③ ❞❡ r❡❝♦rrê♥❝✐❛ ❝r✉③❛❞❛✱ ♣✳ ✻✷

D ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦✱ ♣✳ ✻✺

dB ❞✐♠❡♥sã♦ ❜♦①❝♦✉♥t✐♥❣✱ ♣✳ ✺✻

detJ t ❉❡t❡r♠✐♥❛♥t❡ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✱ ♣✳ ✸✼

e(j) ❱❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ❥✱ ♣✳ ✸✽

f t ▲❡✐ ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ ♣✳ ✸✶

H(X) ❊♥tr♦♣✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❛ ✈❛r✐á✈❡❧ ❳✱ ♣✳ ✺✽

H̃q ❊♥tr♦♣✐❛ ❞❡ ❘❡♥②✐✱ ♣✳ ✻✺

H(X⌋Y ) ❊♥tr♦♣✐❛ ❞❡ ❝♦♥❞✐❝✐♦♥❛❧ ❞❛s ✈❛r✐á✈❡✐s ❳ ❡ ❨✱ ♣✳ ✺✽

H ▼❛tr✐③ ❞❡ ❍❛♥❦❡❧✱ ♣✳ ✻✽

h ❈♦♠♣r✐♠❡♥t♦ ❞❡ ❜❛♥❞❛✱ ♣✳ ✼✸

hks ❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐✱ ♣✳ ✻✺

I(X, Y ) ■♥❢♦r♠❛çã♦ ♠út✉❛✱ ♣✳ ✺✽

I(X : Y | Z) ■♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧✱ ♣✳ ✼✼

I(X−
t ;Yt | X−

t \X−
t ) ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡❝♦♠♣♦st❛✱ ♣✳ ✽✶

①①①✐✈



IMIT
X→Y (τ) ❊♥tr♦♣✐❛ ♠♦♠❡♥tâ♥❡❛ ❞❡ ✐♥❢♦r♠❛çã♦✱ ♣✳ ✽✹

ITE
X→Y ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛✱ ♣✳ ✽✵

Imj P❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞♦ ✈❛❧♦r ❥✱ ♣✳ ✸✽

JRij ▼❛tr✐③ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦♥❥✉♥t❛✱ ♣✳ ✻✸

J t ▼❛tr✐③ ❏❛❝♦❜✐❛♥❛✱ ♣✳ ✸✼

K ❑❡r♥❡❧✱ ♣✳ ✼✸

kB ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✱ ♣✳ ✽✻

Mij ▼❛tr✐③ ❞❡ r❡❝♦rrê♥❝✐❛✱ ♣✳ ✻✶

m ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✱ ♣✳ ✺✻

Ns ◆ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ❞❛ r❡❞❡ ♥❡✉r❛❧✱ ♣✳ ✶✺✺

p(x, y) ❋✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❝♦♥❥✉♥t❛✱ ♣✳ ✺✽

Rτ ◆ú♠❡r♦ ❞❡ r♦❧❧s ❞❡ ❛tr❛s♦ ♦✉ ♣❛ss♦s ❛trás ❞❛ r❡❞❡ ♥❡✉r❛❧✱ ♣✳

✶✺✺

Ri ❋r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s✱ ♣✳ ✺✾

Rn P♦♥t♦ ♥♦ ♠❛♣❛ ❞❡ P♦✐♥❝❛ré✱ ♣✳ ✹✽

Rej P❛rt❡ r❡❛❧ ❞♦ ✈❛❧♦r ❥✱ ♣✳ ✸✽

Rd ❊s♣❛ç♦ ❞✲❞✐♠❡♥s✐♦♥❛❧ ❞♦s ♥ú♠❡r♦s r❡❛✐s✱ ♣✳ ✸✷

S(∆n) ❋❛t♦r ❞❡ ❡str❡✐t❛♠❡♥t♦✱ ♣✳ ✻✹

sn ❙ér✐❡ t❡♠♣♦r❛❧ ❞❡ t❛♠❛♥❤♦ ♥✱ ♣✳ ✺✻

Tav ▼❡❞✐❛ ❞♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❛tr❛t♦r✱ ♣✳ ✶✺✺

Tp P❡rí♦❞♦ ❞❡ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛✱ ♣✳ ✸✸

U(x) ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✱ ♣✳ ✽✻

Ux ❋✉♥çã♦ ❞❡ P♦✐♥❝❛ré✱ ♣✳ ✹✺

v(x) ❈❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s✱ ♣✳ ✸✺

Wt ♣r♦❝❡ss♦ ❞❡ ❲✐❡♥❡r✱ ♣✳ ✽✺

Xt Pr♦❝❡ss♦ ♠✉❧t✐✈❛r✐❛❞♦ ❝♦♠ ♣❛ss❛❞♦ ✐♥✜♥✐t♦✱ ♣✳ ✼✾
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Xt−τ → Yt ▲✐♥❦ ❞✐r❡❝✐♦♥❛❞♦ ❞❡ s✉❜♣r♦❝❡ss♦s✱ ♣✳ ✼✾

Xt − Yt ▲✐♥❦ ❝♦♥t❡♠♣♦râ♥❡♦ ❡♥tr❡ ❞♦✐s ♣r♦❝❡ss♦s✱ ♣✳ ✽✵

ξi r✉✐❞♦ ❣❛✉ss✐❛♥♦ ✭❜r❛♥❝♦✮✱ ♣✳ ✽✽

xt P♦♥t♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ♣✳ ✸✶

zn P♦♥t♦ ♥♦ ♠❛♣❛ ❞❡ r❡t♦r♥♦✱ ♣✳ ✹✽

Ωij t❛①❛s ❞❡ tr❛♥s✐çã♦✱ ♣✳ ✽✼

Θ ❋✉♥çã♦ ❞❡❣r❛✉ ♦✉ ❍❡❛✈✐s✐❞❡✱ ♣✳ ✻✶

ϵ ❘❛✐♦ ❞❛ ✈✐③✐♥❤❛♥ç❛✱ ♣✳ ✻✶

γ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❢r✐❝çã♦ ▲❛♥❣❡✈✐♥✱ ♣✳ ✽✻

x̂ P♦♥t♦ ❞❡ P♦✐♥❝❛ré✱ ♣✳ ✹✹

λ ❊①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ✭❇✐ts✴s✮✱ ♣✳ ✺✷

λj ❊①♣♦❡♥t❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ♣✳ ✸✽

M ❊s♣❛ç♦s ❞❡ ❢❛s❡s✱ ♣✳ ✸✶

P ❋✉♥çã♦ ❞❡ P♦✐♥❝❛ré✱ ♣✳ ✹✹

I (X;Y ;Z | W ) ■♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ❝♦♥❞✐❝✐♦♥❛❧✱ ♣✳ ✼✽

N ❱✐③✐♥❤♦s ❝♦♥t❡♠♣♦râ♥❡♦s✱ ♣✳ ✽✹

µ ❊s♣❛ç♦s ❞❡ ❞r✐❢t✱ ♣✳ ✽✺

σ ❉❡s✈✐♦ ♣❛❞rã♦✱ ♣✳ ✺✼

σ ❊s♣❛ç♦s ❞❡ ❞✐❢✉sã♦ ❡st♦❝ást✐❝♦✱ ♣✳ ✽✺

τ t❡♠♣♦ ❞❡ ❛tr❛s♦✱ ♣✳ ✺✻

θT (x) ❋✉♥çã♦ ❞❡ ✐♠❡rsã♦✱ ♣✳ ✺✻

Γ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛✱ ♣✳ ✽✽

Λj ▼✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ♣✳ ✸✽

Ω ❈♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡✱ ♣✳ ✸✹

φ ❞✐❢❡♦♠♦r✜s♠♦✱ ♣✳ ✺✻

ϑ(sn0) ❱✐③✐♥❤❛♥ç❛ ❞♦ ✈❡t♦r ❞❡ ✐♠❡rsã♦✱ ♣✳ ✻✹
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▲✐st❛ ❞❡ ❆❜r❡✈✐❛t✉r❛s

❆◆P ❆❣❡♥❝✐❛ ◆❛❝✐♦♥❛❧ ❞♦ P❡tró❧❡♦✱ ♣✳ ✶✵✾

❆❘▼❆❳ ▼♦❞❡❧♦ ❛✉t♦✲r❡❣r❡ss✐✈♦ ❞❡ ♠é❞✐❛ ♠ó✈❡✐ ❝♦♠ ♠♦❞❡❧♦ ❞❡ ❡♥tr❛✲

❞❛s ❡①ó❣❡♥❛s✱ ♣✳ ✷✸

❆❘▼❆ ▼♦❞❡❧♦ ❛✉t♦✲r❡❣r❡ss✐✈♦ ❞❡ ♠é❞✐❛ ♠ó✈❡❧✱ ♣✳ ✷✸

❇❙❲ ➪❣✉❛ ❡ s❡❞✐♠❡♥t♦s ❞❡ ❢✉♥❞♦✱ ♣✳ ✶✵✼

❈▼ ▼❛♥✉t❡♥çã♦ ❝♦rr❡t✐✈❛✱ ♣✳ ✶

❈P❙ s✐st❡♠❛ ❢ís✐❝♦ ❝✐❜❡r♥ét✐❝♦✱ ♣✳ ✸

❈❱❆ ❆♥á❧✐s❡ ❞❡ ✈❛r✐á✈❡✐s ❝❛♥ó♥✐❝❛s✱ ♣✳ ✹

❉❇◆ ❘❡❞❡ ❞✐♥â♠✐❝❛ ❜❛②❡s✐❛♥❛✱ ♣✳ ✷✼

❉❉❋ ❉❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✱ ♣✳ ✷

❉▼❉ ❉❡❝♦♠♣♦s✐çã♦ ❡♠ ♠♦❞♦ ❞✐♥â♠✐❝♦✱ ♣✳ ✻✼

❉P❈❆ ❆♥á❧✐s❡ ❞✐♥â♠✐❝❛ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s✱ ♣✳ ✶✻

❉❚❊ ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡❝♦♠♣♦st❛✱ ♣✳ ✽✷

❉❚❋ ❋✉♥çõ❡s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞✐r❡❝✐♦♥❛❞❛✱ ♣✳ ✷✼

❊❋❆▲ ❊st❛çã♦ ✜s❝❛❧ ❞❡ ♠❡❞✐çã♦✱ ♣✳ ✾✺

❊●● ❊❧❡❝tr♦✲❡♥❝❡❢❛❧♦❣r❛♠❛s✱ ♣✳ ✷✶

❊▼❆ ❊rr♦ ♠é❞✐♦ ❛❜s♦❧✉t♦✱ ♣✳ ✶✻✺

❊◗▼ ❊rr♦ q✉❛❞rát✐❝♦ ♠é❞✐♦✱ ♣✳ ✶✻✺

❊q ❊q✉❛çã♦✱ ♣✳ ✸✾

❋❉❆ ❆♥á❧✐s❡ ❞✐s❝r✐♠✐♥❛♥t❡ ❞❡ ❋✐s❤❡r✱ ♣✳ ✶✻

①①①✈✐✐



❋❚❈ ❈♦♥tr♦❧❡ t♦❧❡r❛♥t❡ à ❢❛❧❤❛s✱ ♣✳ ✾

❑❉❊ ❊st✐♠❛t✐✈❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❑❡r♥❡❧✱ ♣✳ ✼✷

▲❖■ ❉✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧ ❞❛ ♠❛tr✐③ ❞❡ r❡❝♦rrê♥❝✐❛s✱ ♣✳ ✾✹

▲❙❚▼ ▲♦♥❣ s❤♦rt✲t❡r♠ ♠❡♠♦r②✱ ♣✳ ✶✺✻

▼✷▼ ♠áq✉✐♥❛ ♣❛r❛ ♠áq✉✐♥❛✱ ♣✳ ✸

P❈❆ ❆♥á❧✐s❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s✱ ♣✳ ✹

P❈❆ Pr✐♥❝✐♣❛❧ ❈♦♠♣♦♥❡♥ts ❆♥❛❧②s✐s✱ ♣✳ ✻✵

P❉❈ ❈♦❡rê♥❝✐❛ ♣❛r❝✐❛❧ ❞✐r❡❝✐♦♥❛❞❛✱ ♣✳ ✷✼

P❉❊s P❛rt✐❛❧ ❉✐✛❡r❡♥t✐❛❧ ❊q✉❛t✐♦♥s✱ ♣✳ ✸✸

P▲❙ ▼í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❝✐❛✐s✱ ♣✳ ✶✻

P▼ ▼❛♥✉t❡♥çã♦ ♣r❡✈❡♥t✐✈❛✱ ♣✳ ✶

❘◆◆ ❘❡❞❡ ♥❡✉r❛❧ r❡❝♦rr❡♥t❡✱ ♣✳ ✶✺✻

❘◗❆ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s✱ ♣✳ ✻✷

❘❚❊ ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❘❡♥②✐✱ ♣✳ ✷✽

❙❉❊ ❊q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡st♦❝ást✐❝❛✱ ♣✳ ✽✻

❙P❊ ❊rr♦ ♠é❞✐♦ ❞❡ ♣r❡❞✐çã♦✱ ♣✳ ✾✾

❙❱▼ ▼áq✉✐♥❛ ❞❡ ✈❡t♦r❡s ❞❡ s✉♣♦rt❡✱ ♣✳ ✷✻

❚❊P Pr♦❝❡ss♦ ❞❡ ❚❡♥❡ss❡✲❊❛st♠❛♥✱ ♣✳ ✶✵✵

❚❊ ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛✱ ♣✳ ✷✽✱ ✽✷

①①①✈✐✐✐



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

◆❛s ú❧t✐♠❛s ❞é❝❛❞❛s✱ ❛s ❢✉♥çõ❡s ❞❡ ♠❛♥✉t❡♥çã♦ ❡✈♦❧✉ír❛♠ ❞r❛st✐❝❛♠❡♥t❡ ❝♦♠ ♦ ❞❡✲

s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❡ ❛ r❡❧❡✈â♥❝✐❛ ❝❛❞❛ ✈❡③ ♠❛✐♦r ❞❛ r❡✈♦❧✉çã♦ ❞✐❣✐t❛❧ ♥♦s

♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s✳ ▼❛♥✉t❡♥çã♦ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❛t✐✈✐❞❛✲

❞❡s ♦✉ t❛r❡❢❛s ✉s❛❞❛s ♣❛r❛ r❡st❛✉r❛r ✉♠ ✐t❡♠ ❛ ✉♠ ❡st❛❞♦ ♥♦ q✉❛❧ ❡❧❡ ♣♦❞❡ ❡①❡❝✉t❛r

s✉❛s ❢✉♥çõ❡s ❞❡s✐❣♥❛❞❛s✳ ❊str❛té❣✐❛s ❞❡ ♠❛♥✉t❡♥çã♦ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦

❡str❛té❣✐❛s ❞❡ ▼❛♥✉t❡♥çã♦ ❈♦rr❡t✐✈❛ ✭❈▼✮ ❡ ▼❛♥✉t❡♥çã♦ Pr❡✈❡♥t✐✈❛ ✭P▼✮ ❬✼❪✳ ❆

♠❛♥✉t❡♥çã♦ ❝♦rr❡t✐✈❛✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♠❛♥✉t❡♥çã♦ r❡❛t✐✈❛✱ é ✉♠❛ ❡str❛✲

té❣✐❛ ✉s❛❞❛ ♣❛r❛ r❡st❛✉r❛r ✭❝♦♥s❡rt❛r ♦✉ s✉❜st✐t✉✐r✮ ❛❧❣✉♥s ❡q✉✐♣❛♠❡♥t♦s ♣❛r❛ s✉❛

❢✉♥çã♦ ❡①✐❣✐❞❛ ❞❡♣♦✐s ❞❡ t❡r ❛♣r❡s❡♥t❛❞♦ ❢❛❧❤❛✳ ❊st❛ ❡str❛té❣✐❛ ❧❡✈❛ ❛ ❛❧t♦s ♥í✈❡✐s ❞❡

❝✉st♦s ♣♦r ♣❛r❛❞❛s ♥ã♦ ♣r♦❣r❛♠❛❞❛s ❞❡ ❡q✉✐♣❛♠❡♥t♦s ✭♣❡r❞❛ ❞❡ ♣r♦❞✉çã♦✮ ❡ ♠❛✲

♥✉t❡♥çã♦ ✭r❡♣❛r♦ ♦✉ s✉❜st✐t✉✐çã♦✮ ❞❡✈✐❞♦ ❛ ❢❛❧❤❛s r❡♣❡♥t✐♥❛s ❬✼❪✳ ❯♠❛ ❛❧t❡r♥❛t✐✈❛

♣❛r❛ ❛ ❡str❛té❣✐❛ ❞❡ ❈▼ é ❛ ❡str❛té❣✐❛ ❞❡ ❣❡r❡♥❝✐❛♠❡♥t♦ ❞❡ ♣r♦❥❡t♦s ♣♦r P▼✱ q✉❡

❡♥✈♦❧✈❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❛t✐✈✐❞❛❞❡s ❞❡ ♠❛♥✉t❡♥çã♦ ❛♥t❡s ❞❛ ❢❛❧❤❛ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳

❆ ❛♣❧✐❝❛çã♦ ❞❛ P▼ ❝♦♠ ❛✉①✐❧✐♦ ❞❛ ❡①♣❡r✐ê♥❝✐❛ ❛❝✉♠✉❧❛❞❛ ❝♦♥st✐t✉✐ ✉♠❛ ♣rát✐❝❛

❝♦♥✈❡♥❝✐♦♥❛❧✳ ◆❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ é r❡❛❧✐③❛❞❛ ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ r❡❣✉❧❛r❡s✳

P♦r ❝♦♥t❛ ❞♦ ✉s♦ ❞❛ ❡①♣❡r✐ê♥❝✐❛✱ ♥❡♥❤✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛❞rã♦ ♣r❡❝✐s❛ s❡r s❡❣✉✐❞♦✱

❞❡ ❢♦r♠❛ q✉❡ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ té❝♥✐❝♦s ❡ ❡♥❣❡♥❤❡✐r♦s ♣❛r❛ ✜♥s ❞❡ ♠❛♥✉t❡♥çã♦

❝♦♥st✐t✉✐ ✉♠ ❛t✐✈♦ ✈❛❧✐♦s♦ ♣❛r❛ ❛ ❡♠♣r❡s❛✳ ❚é❝♥✐❝♦s ❡ ❡♥❣❡♥❤❡✐r♦s ♥❡st❡ ❝❡♥ár✐♦

❛♣r❡♥❞❡♠ ❝♦♠ ❡rr♦s ❛♥t❡r✐♦r❡s ❡✱ ❝♦♠ ❜❛s❡ ♥❛ s✉❛ ❡①♣❡r✐ê♥❝✐❛✱ sã♦ ❝❛♣❛③❡s ❞❡ ❞❡✲

t❡❝t❛r ❛s ❝♦♥❞✐çõ❡s ❛♥♦r♠❛✐s ❞❡ ✉♠ ❡q✉✐♣❛♠❡♥t♦✳ ❊❧❡s ♣♦❞❡♠✱ ❡♥tã♦✱ ❞❡❝✐❞✐r q✉❛✐s

❛s ♠❡❞✐❞❛s ❞❡ P▼ ❞❡✈❡♠ s❡r ❛♣❧✐❝❛❞❛s ♣❛r❛ ❡✈✐t❛r ❛ q✉❡❜r❛ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳

◆♦ ❡♥t❛♥t♦✱ ❡ss❛ ❡str❛té❣✐❛ ❡stá s✉❥❡✐t❛ ❛ ✈ár✐♦s ♣r♦❜❧❡♠❛s✱ t❛✐s ❝♦♠♦ ♦ ❢❛t♦

❞❡ q✉❡ ❝❛❞❛ ❡q✉✐♣❛♠❡♥t♦ tr❛❜❛❧❤❛ ❡♠ ✉♠ ❛♠❜✐❡♥t❡ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❞✐❢❡r❡♥t❡ ❡✱

♣♦rt❛♥t♦✱ ❞❡♠❛♥❞❛ ❞✐❢❡r❡♥t❡s ❛❣❡♥❞❛♠❡♥t♦s ❞❡ P▼✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♣r♦❥❡t✐st❛s ❞❡

♠áq✉✐♥❛s ❣❡r❛❧♠❡♥t❡ ♥ã♦ ❡①♣❡r✐♠❡♥t❛♠ ❢❛❧❤❛s ❞❡ ♠áq✉✐♥❛s ❡ tê♠ ♠❡♥♦s ❝♦♥❤❡✲

✶



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

♠❛♥tê♠ t❛✐s ♠áq✉✐♥❛s ❢✉♥❝✐♦♥❛♥❞♦ ❬✼❪✳

❆ ár❡❛ ❞❡ ♣❡sq✉✐s❛ ♦♣❡r❛❝✐♦♥❛❧ t❡♠ ✐♥tr♦❞✉③✐❞♦ ❛♦ ❧♦♥❣♦ ❞❛s ú❧t✐♠❛s ❞é❝❛❞❛s

❛ ❛♣❧✐❝❛çã♦ ❞❛ P▼ ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❝✐❡♥tí✜❝❛ q✉❡ ❡♥✈♦❧✈❡ ♣r♦❝❡ss♦s

❡ ♣r✐♥❝í♣✐♦s ❡s♣❡❝í✜❝♦s ❡ q✉❡ ❡♠♣r❡❣❛♠ ✈ár✐❛s té❝♥✐❝❛s ❛♥❛❧ít✐❝❛s✱ ❡st❛tíst✐❝❛s✱ ❞❡

♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛✱✐♥t❡❧✐❣ê♥❝✐❛ ❛rt✐✜❝✐❛❧✱ ❡t❝✳ ■ss♦ ❝♦♥st✐t✉✐ ✉♠❛ r❡s♣♦st❛ às

❝r❡s❝❡♥t❡s ❡ ❡①✐❣❡♥t❡s ❞❡♠❛♥❞❛s ❞♦ ♠❡r❝❛❞♦ ♠♦❞❡r♥♦ ♥❛s ✐♥❞ústr✐❛s✱ ✉♠❛ ✈❡③ q✉❡

sã♦ r❡q✉❡r✐❞♦s ♣r♦❞✉t♦s ❞❡ ♠❛✐♦r q✉❛❧✐❞❛❞❡✱ ❧♦t❡s ❞❡ ♣r♦❞✉çã♦ ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s

❤♦♠♦❣ê♥❡❛s ❡ ❡①✐st❡♠ ❧✐♠✐t❛çõ❡s ♦♣❡r❛❝✐♦♥❛✐s ❞✐t❛❞❛s ♣❡❧❛s ❝❛❞❛ ✈❡③ ♠❛✐s r✐❣♦r♦s❛s

❧❡❣✐s❧❛çõ❡s ❛♠❜✐❡♥t❛✐s ❬✶✸✻❪✳

❖s ♣r♦❝❡ss♦s q✉í♠✐❝♦s ✐♥❞✉str✐❛s ❞❡✈❡♠ s❡r ♠♦♥✐t♦r❛❞♦s ❝♦♥t✐♥✉❛♠❡♥t❡ ♣❛r❛

♣r♦❞✉③✐r ♣r♦❞✉t♦s ✜♥❛✐s ❝♦♠ ❛ q✉❛❧✐❞❛❞❡ ❞❡♠❛♥❞❛❞❛ ♣❡❧♦s ♠❡r❝❛❞♦s✳ ❖s s✐st❡♠❛s

❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❛✉①✐❧✐❛♠ ♦s ♦♣❡r❛❞♦r❡s ❞❡ ♣❧❛♥t❛s ❛ ♦❜s❡r✈❛r ❛s ❢❛✲

❧❤❛s ❝♦♠ ❛ ♠❛✐♦r ❛♥t❡❝✐♣❛çã♦ ♣♦ssí✈❡❧✱ ❡♠ ✈❡③ ❞❡ só ❞❡s❝♦❜r✐r ❛ q✉❛❧✐❞❛❞❡ ❞❡✜❝✐❡♥t❡

❞♦ ♣r♦❞✉t♦ ♥♦ ✜♥❛❧ ❞❛ ♦♣❡r❛çã♦✳ ❖ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦ ♣♦❞❡r✐❛ ❡st❛r r❡❧❛✲

❝✐♦♥❛❞♦ ❛ q✉❛❧q✉❡r ❝❛r❛❝t❡ríst✐❝❛ ♠❡♥s✉rá✈❡❧✱ ❛ ✜♠ ❞❡ t❡r r❡❛çõ❡s ♦♣♦rt✉♥❛s ♣❛r❛ ❛

❝♦rr❡çã♦ ❡ r❡♠♦✈❡♥❞♦ ❛s ❝❛✉s❛s ❛♥♦r♠❛✐s✳ ■ss♦ ♣♦❞❡r✐❛ ✐♠♣❡❞✐r ♥ã♦ ❛♣❡♥❛s ♦s ✐♠✲

♣❛❝t♦s ❡❝♦♥ô♠✐❝♦s ❡ ❛♠❜✐❡♥t❛✐s✱ ♠❛s t❛♠❜é♠ ❢♦r♥❡❝❡r ❛♠❜✐❡♥t❡s ❞❡ tr❛❜❛❧❤♦ ♠❛✐s

s❡❣✉r♦s ♣❛r❛ ♦s ♦♣❡r❛❞♦r❡s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♠✉✐t❛s ❞❛s ❛♥♦r♠❛❧✐❞❛❞❡s ♥♦s

♣r♦❝❡ss♦s q✉í♠✐❝♦s ✐♥❞✉str✐❛✐s✱ t❛♠❜é♠ r❡❢❡r✐❞❛s ❝♦♠♦ ❢❛❧❤❛s✱ sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r

❣r❛♥❞❡ ♣❛rt❡ ❞❡ ❛❝✐❞❡♥t❡s ✐♥❞✉str✐❛✐s ❬✶✺✻❪✳

❊♠ t❡r♠♦s ❣❡r❛✐s ❞❡ ❛❝✐❞❡♥t❡s ♦❝♦rr✐❞♦s ❡♠ ✐♥❞ústr✐❛s q✉í♠✐❝❛s✱ ✷✺✪ ❞❡❧❡s

❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛ ❡①♣❧♦sõ❡s ♦✉ ✐♥❝ê♥❞✐♦s ❡ ✼✶✪ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛ ❧✐❜❡r❛çõ❡s

❞❡ ❣❛s❡s tó①✐❝♦s ♥❛ ❛t♠♦s❢❡r❛✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛♠ô♥✐❛ ❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s✳ ❆s ❝❛✉s❛s

❣❡r❛✐s ♠❛✐s ❢r❡q✉❡♥t❡s ❞❡ss❡s ❡✈❡♥t♦s ✐♥❞❡s❡❥❛❞♦s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛ ❢❛❧❤❛s ❡♠

❡q✉✐♣❛♠❡♥t♦s ✭✷✾✪✮✱ ❢❛❧❤❛s ♦♣❡r❛❝✐♦♥❛✐s ✭✷✶✪✮✱ ❝á❧❝✉❧♦s ✐♥❛❞❡q✉❛❞♦s ❞❡ ♠❛t❡r✐❛❧

✭✶✻✪✮✱ ♣r♦❜❧❡♠❛s ♥♦ ♣r♦❝❡ss♦ ✭✶✶✪✮ ❡ ♣r♦❜❧❡♠❛s ♥❛ ♠❡❝â♥✐❝❛ ❞♦s ♠❛t❡r✐❛✐s ✭✾✪✮

❬✶✺✻❪✳

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

❢❛❧❤❛s ✭❉❉❋✮ tê♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞❛s✳ ❆ ♣❡rt✐♥ê♥❝✐❛ ❞♦ ✉s♦ ❞❡ ✉♠❛ ♦✉ ♦✉tr❛ té❝✲

♥✐❝❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡♣❡♥❞❡ ❡♠ ❣r❛♥❞❡ ♠❡❞✐❞❛ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♣r♦❝❡ss♦

❛ s❡r ♠♦♥✐t♦r❛❞♦✳ ◆♦ ❡♥t❛♥t♦✱ ♥❛ ❣r❛♥❞❡ ♠❛✐♦r✐❛ ❞❡ ♣r♦❝❡ss♦s q✉í♠✐❝♦s ✐♥❞✉str✐❛✐s

❡♥❝♦♥tr❛✲s❡ q✉❡ ♦s s✐st❡♠❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s sã♦ ❜❛s❡❛❞♦s ❡♠

té❝♥✐❝❛s ❡st❛tíst✐❝❛s ♠✉❧t✐✈❛r✐á✈❡✐s ❬✶✾❪✳ ■ss♦ r❡s♣♦♥❞❡ às ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ♣r♦✲

❝❡ss♦s q✉í♠✐❝♦s ❛t✉❛✐s✱ q✉❡ sã♦ ❞❡ ❣r❛♥❞❡ ❞✐♠❡♥sã♦ ❡ ✐♠♣♦ss✐❜✐❧✐t❛♠ ❛ ❝♦♥str✉çã♦

❞❡ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s ❡①❛t♦s ❡ ❞❡ rá♣✐❞❛ ❡①❡❝✉çã♦✳ ❆❧é♠ ❞✐ss♦✱

❞❡✈❡✲s❡ r❡ss❛❧t❛r ❛ ❢❛❝✐❧✐❞❛❞❡ ❞❛ ♦❜t❡♥çã♦ ❞❡ ♠❡❞✐çõ❡s ♣♦r s❡♥s♦r❡s ❞✐str✐❜✉í❞♦s ❛♦

✷



❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ❡ ❝♦♥str✉çã♦ ❞♦s ♠♦❞❡❧♦s ❡♠♣ír✐❝♦s ❞❡ ❝♦rr❡❧❛çã♦✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❑❍❆◆ ❡ ❆❇❇❆❙■ ✭✶✾✾✾✮✱ ♦ ♠❡r❝❛❞♦ ❣❧♦❜❛❧ ❞❡ ✐♥str✉♠❡♥t❛çã♦

❢♦✐ ❛✈❛❧✐❛❞♦ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✼✱✶✷ ❜✐❧❤õ❡s ❞❡ ❞ó❧❛r❡s ♣♦r ❛♥♦ ❡ ❡s♣❡r❛✲s❡ ✉♠

❝r❡s❝✐♠❡♥t♦ ❝♦♥t✐♥✉❛❞♦ ❞❡ss❡ ♠❡r❝❛❞♦✱ ❝❤❡❣❛♥❞♦ ♥♦ ✷✵✷✹ ❛ ✷✶✳✻✷ ❜✐❧❤õ❡s ❞❡ ❞ó❧❛r❡s✳

■ss♦ ❝♦♥st✐t✉✐ ❡ss❡♥❝✐❛❧♠❡♥t❡ ✉♠❛ r❡s♣♦st❛ às ❛❞❛♣t❛çõ❡s ❞♦s ♣r♦❝❡ss♦ ♥❛s ✐♥❞ústr✐❛s

✹✳✵✳

◆♦✈❛s ♠✉❞❛♥ç❛s ♦❝♦rr❡r❛♠ ♥❛ ✐♥❞ústr✐❛ ♥♦ ✜♥❛❧ ❞♦ sé❝✉❧♦ ❳❳✱ ❡♠ q✉❡ ♦ ❝♦♠✲

♣✉t❛❞♦r s❡ t♦r♥♦✉ ♠❛✐s ♣♦❞❡r♦s♦ ❡ ❜❛r❛t♦✳ ❆s ♠áq✉✐♥❛s q✉❡ ❛té ❛❣♦r❛ ❡st❛✈❛♠

❛✉♠❡♥t❛♥❞♦ ♦ ♣♦❞❡r ❞♦s ♠ús❝✉❧♦s ❞♦s ❤✉♠❛♥♦s✱ ❛❣♦r❛ ❝♦♠❡ç❛r❛♠ ❛ ❛♠♣❧✐✜❝❛r ❡

s✉❜st✐t✉✐r ❛ ❢♦rç❛ ❞♦ ❝ér❡❜r♦ ❤✉♠❛♥♦✱ q✉❡ ❡stá s❡♥❞♦ ❝❤❛♠❛❞♦ ❞❡ q✉❛rt❛ r❡✈♦❧✉çã♦

✐♥❞✉str✐❛❧ ✭■♥❞ústr✐❛ ✹✳✵✮✱ ✐♥tr♦❞✉③✐❞❛ ♣r✐♠❡✐r❛♠❡♥t❡ ❞✉r❛♥t❡ ❛ ❢❡✐r❛ ❞❡ ❍❛♥♥♦✈❡r

❡♠ ✷✵✶✶ ❡ ❛♥✉♥❝✐❛❞❛ ♦✜❝✐❛❧♠❡♥t❡ ♥❛ ❆❧❡♠❛♥❤❛ ❡♠ ✷✵✶✸ ❬✷✺✷❪✳ ■♥t❡❧✐❣ê♥❝✐❛ ❛rt✐✜✲

❝✐❛❧✱ r♦❜ót✐❝❛✱ ✐♥t❡r♥❡t ❞❛s ❝♦✐s❛s ✭■♦❚✮✱ ✈❡í❝✉❧♦s ❛✉tô♥♦♠♦s✱ ✐♠♣r❡ssã♦ ✸❉✱ ❜✐❣ ❞❛t❛✱

♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ ♠áq✉✐♥❛ ♣❛r❛ ♠áq✉✐♥❛ ✭▼✷▼✮ ✱ s✐st❡♠❛ ❢ís✐❝♦ ❝✐❜❡r♥ét✐❝♦ ✭❈P❙✮ ✱

s❡♥s♦r❡s✱ ❝♦♠♣✉t❛çã♦ ♠ó✈❡❧✱ ❞❡♥tr❡ ♠✉✐t❛s ♦✉tr❛s t❡❝♥♦❧♦❣✐❛s✱ ❡stã♦ ❞❛♥❞♦ às ✐♥❞ús✲

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

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

t♦s ❬✶✾✷❪✳ ❊ss❛s t❡❝♥♦❧♦❣✐❛s ✈ã♦ ❛❥✉❞❛r ❛ tr❛♥s❢♦r♠❛r ❛ t❡❝♥♦❧♦❣✐❛ ❡①✐st❡♥t❡ q✉❡ ❥á

♣♦❞❡ t❡r s✉♣♦rt❡ ♣❛r❛ ❛✉t♦♠❛t✐③❛çã♦✱ ♥ã♦ só ❡♠ t❡r♠♦s ❞❡ ♣r♦❞✉t✐✈✐❞❛❞❡✱ ♠❛s t❛♠✲

❜é♠ ❡♠ t❡r♠♦s ❞❡ ♣r♦❝❡ss♦s ❡ t❛♠❜é♠ ❡♠ t❡r♠♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦ ❛♠❜✐❡♥t❡

❞❡ tr❛❜❛❧❤♦ ❞❡ ❢❛❜r✐❝❛çã♦✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❛ ■♥❞ústr✐❛ ✹✳✵ ❡stá s❡ ♣♦s✐❝✐♦♥❛♥❞♦ ❡♠

✉♠❛ ♥♦✈❛ ❡r❛ ❞❡ s✐st❡♠❛ ❡ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ✐♥❞✉str✐❛❧ ❞❡s❝❡♥tr❛❧✐③❛❞❛ ❡ ❡stá

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

❞✐♠✐♥✉✐rá ♦ ❝✉st♦ ❞❡ ♣r♦❞✉çã♦ ❡ ♦s s✐st❡♠❛s ❞❡ ♣r♦❞✉çã♦ ♠♦♥✐t♦r❛❞♦s ♣♦r s❡♥s♦✲

r❡s ❝♦♥tr♦❧❛❞♦s ♣❡❧❛ ✐♥t❡r♥❡t ❡ ❛✉t♦❝♦♥tr♦❧❛❞♦s ♠♦❧❞❛rã♦ ♦ ❢✉t✉r♦ ❞❛ ♠áq✉✐♥❛ ❡ ❞♦

s✐st❡♠❛ ❞❡ ♠❛♥✉❢❛t✉r❛✳ ❙✐st❡♠❛s ❞❡ ♣r♦❞✉çã♦ ❜❛s❡❛❞♦s ♥❛ ✐♥❞ústr✐❛ ✹✳✵ ♣♦❞❡rã♦

❞✐♠✐♥✉✐r ♦s ❝✉st♦s ❞❡ ♣r♦❞✉çã♦ ❡♠ ✸✵✪✱ ♦s ❝✉st♦s ❧♦❣íst✐❝♦s ❡♠ ✶✵✪ ❛ ✸✵✪ ❡ ♦s

❝✉st♦s ❞❡ ❣❡stã♦ ❞❡ q✉❛❧✐❞❛❞❡ ❡♠ ✶✵✪ ❛ ✷✵✪ ❬✷✷✸❪✳ ❘❖❏❑❖ ❞✐s❝✉t✐✉ ✈ár✐♦s ❝✉st♦s

❛ss♦❝✐❛❞♦s ❛ s✐st❡♠❛s ♠❡❝â♥✐❝♦s✱ ❝♦♠♦ ❝✉st♦ t♦t❛❧✱ ❝✉st♦ ❧♦❣íst✐❝♦✱ ❝✉st♦ ❞❡ ✐♥s♣❡✲

çã♦ ❡ ❛ss✐♠ ♣♦r ❞✐❛♥t❡✱ ❡ ❝♦♥❝❧✉ír❛♠ q✉❡ ❛ ❞✐❣✐t❛❧✐③❛çã♦ ❡ ♦ s✐st❡♠❛ ❞❡ ♠❛♥✉❢❛t✉r❛

✐♥t❡❧✐❣❡♥t❡s r❡❞✉③✐rã♦ ♦ ❡rr♦ ❡ ❛ ✐♥t❡r✈❡♥çã♦ ❤✉♠❛♥❛✱ ♦ ❞❡s♣❡r❞í❝✐♦ ❞❡ ♣r♦❞✉t♦ ❡ ♦

❝✉st♦ ✉♥✐tár✐♦ ❞♦ ♣r♦❞✉t♦✳

❊ss❡ ❣r❛♥❞❡s ❞❡s❛✜♦s ❧❡✈❛♠ à ❝r❡s❝❡♥t❡ ♥❡❝❡ss✐❞❛❞❡ ❞❡ tr❛♥s❢♦r♠❛r t❛♠❜é♠

❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✱ ♦♥❞❡ t♦❞❛s ❛s ❞❡❝✐sõ❡s ❡ ♠❡❝❛♥✐s♠♦ ❞❡

❢✉♥❝✐♦♥❛♠❡♥t♦ ❡st❛rã♦ ❜❛s❡❛❞♦s ✬❡①❝❧✉s✐✈❛♠❡♥t❡✬ ✶❡♠ ❞❛❞♦s✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❝r❡s❝✐✲
✶❊♠❜♦r❛ ♥ã♦ ✉s❡♠ q✉❛❧q✉❡r ♠♦❞❡❧♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦✱ ♠✉✐t❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ q✉❡

s❡ ❞✐③❡♠ ❉❛t❛✲❞r✐✈❡♥ ✉s❛♠ ❧❡✐s ♠❛t❡♠át✐❝❛s ♣❛r❛ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦✳ P♦r ❡①❡♠♣❧♦✱ ❛ té❝♥✐❝❛
❘❛♥❞♦♠ ❋♦r❡st ✉s❛ ✉♠❛ ❧❡✐ ♠❛t❡♠át✐❝❛ ♣r❡❡st❛❜❡❧❡❝✐❞❛ ♣❛r❛ ✉♠❛ ❢❛s❡ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡♥♦♠✐♥❛❞❛

✸



♠❡♥t♦ ❞❛ ❞❡♠❛♥❞❛ ♣♦r té❝♥✐❝❛s ❞❡ ❝✐ê♥❝✐❛ ❞♦s ❞❛❞♦s ❡ ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛

✭♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✮ t❡♠ s❡ ♠❛♥✐❢❡st❛❞♦ ❞❡ ❢♦r♠❛ ❝❛❞❛ ✈❡③ ♠❛✐s ❡♥❢át✐❝❛ ❡♠ s❡❣♠❡♥✲

t♦s ❞❛ s♦❝✐❡❞❛❞❡ q✉❡ ✈ã♦ ♠✉✐t♦ ❛❧é♠ ❞♦ ✐♥❞✉str✐❛❧✳ ❊ss❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡st❛ ♥♦✈❛

r❡✈♦❧✉çã♦ ❞✐❣✐t❛❧ ❛❜r✐r❛♠ ❝❛♠♣♦ ♣❛r❛ ♦ ♣❛r❛❞✐❣♠❛ ❉❛t❛✲❜❛s❡❞ q✉❡✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡

♣❛r❛ ♦ ❝❛s♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s q✉í♠✐❝♦s✱ ♣r❡t❡♥❞❡ ✐♥t❡r♣r❡t❛r ❡ ✐♥t✉✐r

❛s ❧ó❣✐❝❛s✱ ❧❡✐s ❢❡♥♦♠❡♥♦❧ó❣✐❝❛s ❡ ❞✐♥â♠✐❝❛s ✐♠❡rs❛s ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❞❛❞♦s

❝♦❧❡t❛❞♦s ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ✐♥❞✉str✐❛❧✱ r❡str✐♥❣✐♥❞♦ ♦ ✉s♦ ❞❡ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s

♥♦ ♠í♥✐♠♦✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ✉♠❛ ár❡❛ ❞♦ ❝♦♥❤❡✲

❝✐♠❡♥t♦ q✉❡ s✉r❣✐✉ ♣❛r❛❧❡❧❛♠❡♥t❡ à ❚❡♦r✐❛ ❞♦ ❈❛♦s✱ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦ ❡ ❛♥á❧✐s❡

❞❡ s✐st❡♠❛s ❝♦♠♣❧❡①♦s✳ ❆ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦

r❡✈❡❧❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✉s❛♥❞♦ ❛s ♦❜s❡r✲

✈❛çõ❡s ❞❡ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧✳ P♦❞❡✲s❡ ❞✐③❡r ❡♥tã♦ q✉❡ t♦❞❛s ❛s té❝♥✐❝❛s ❞❛ ❛♥á❧✐s❡

♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡♥✈♦❧✈❡♠ ♠ét♦❞♦s ❉❛t❛✲❞r✐✈❡♥ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛✲

çã♦ ❞❡ ❞✐♥â♠✐❝❛s ❞❡ ❛❧t❛ ❝♦♠♣❧❡①✐❞❛❞❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱

❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❝❧áss✐❝❛s ♥ã♦ ✉s❛♠ ❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❛ ❛♥á❧✐s❡ ♥ã♦

❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ s❡♥❞♦ q✉❡ ❡♠ ♠✉✐t♦s ❝❛s♦s ♦s ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦s

❞♦s ♣r♦❝❡ss♦s q✉í♠✐❝♦s ❛♣r❡s❡♥t❛♠ ❝❧❛r❛s t❡♥❞ê♥❝✐❛s ❝♦♠♣❧❡①❛s ❡ ♥ã♦ ❧✐♥❡❛r❡s ❬✸✼❪✳

✶✳✶ ▼♦t✐✈❛çã♦

●r❛♥❞❡ ♣❛rt❡ ❞♦s ♠ét♦❞♦s ❛t✉❛✐s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❡stá ❜❛s❡❛❞❛ ❡♠ té❝♥✐❝❛s

❡st❛tíst✐❝❛s q✉❡ ✈✐s❛♠ à ♣r♦❥❡çã♦ ❞❛s ♠❡❞✐❞❛s ♠✉❧t✐❞✐♠❡♥s✐♦♥❛✐s ❡♠ ❡s♣❛ç♦s ♦♥❞❡

é ♣♦ssí✈❡❧ ❞✐st✐♥❣✉✐r ❝♦♠♣♦rt❛♠❡♥t♦s ❡ t❡♥❞ê♥❝✐❛s ❞♦ ♣r♦❝❡ss♦ ❛ ♣❛rt✐r ❞♦ ✢✉①♦ ❞❡

❞❛❞♦s✳ ◆❡ss❡ s❡♥t✐❞♦✱ té❝♥✐❝❛s ❝♦♠♦ ❛ ❛♥á❧✐s❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ✭P❈❆✮ ❡ ❛

❛♥á❧✐s❡ ❞❡ ✈❛r✐á✈❡✐s ❝❛♥ó♥✐❝❛s ✭❈❱❆✮✱ ❝♦♥st✐t✉❡♠ ♦ ❡st❛❞♦ ❞❛ ❛rt❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡

❞❛s ❡str❛té❣✐❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✱ ✉♠❛ ✈❡③ q✉❡ ♣❡r♠✐t❡♠ ❡①tr❛✐r ❡

❝♦♥str✉✐r ✉♠❛ ❤✐❡r❛rq✉✐❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♠❛✐s ✐♠♣♦rt❛♥t❡s ✭♣r✐♥❝✐♣❛✐s r❡s♣♦♥sá✲

✈❡✐s ♣❡❧❛ ✈❛r✐â♥❝✐❛ ❞❛s ♠❡❞✐❞❛s✮ ♥♦ ❝♦♥❥✉♥t♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ ❞❛❞♦s ❛♥❛❧✐s❛❞♦✳

◆♦ ❡♥t❛♥t♦✱ ❡ss❡ t✐♣♦ ❞❡ té❝♥✐❝❛s ♦❜❡❞❡❝❡ ❛ ❝r✐tér✐♦s ❧✐♥❡❛r❡s ❡ t❡♠ s❡ ♠♦str❛❞♦ ❧✐♠✐✲

t❛❞❛ ❡♠ ❝❡♥ár✐♦s ❡♠ q✉❡ ♦s ❞❛❞♦s ❛♣r❡s❡♥t❛♠ ❝♦♥❞✐çõ❡s ❞❡ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡✱ ❝♦♠♦

❛✉t♦❝♦rr❡❧❛çã♦ ❡ ♥ã♦✲❡st❛❝✐♦♥❛r✐❡❞❛❞❡ ❬✶✶✸❪✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❝♦♥st✐t✉✐ ✉♠❛ ❞✐s❝✐✲

♣❧✐♥❛ ❢✉♥❞❛♠❡♥t❛❧ ♥❛ ár❡❛ ❞❡ ❞✐♥â♠✐❝❛ ♥ã♦ ❧✐♥❡❛r ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s ♣r♦❝❡ss♦s

❞✐♥â♠✐❝♦s ❡♠ ❞✐✈❡rs❛s ár❡❛s ♠✉❧t✐❞✐s❝✐♣❧✐♥❛r❡s ❬✶✹✾❪✳ ❆ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s ❡♥❣❧♦❜❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠❡t♦❞♦❧♦❣✐❛s ♥✉♠ér✐❝❛s q✉❡ ♣❡r♠✐t❡♠ ❛ ✐❞❡♥✲

❞❡ ❜❛❣❣✐♥❣ ❬✾❪

✹



t✐✜❝❛çã♦ ❞❡ ❡str✉t✉r❛s ❞✐♥â♠✐❝❛s ✐♠❡rs❛s ♥♦s ❞❛❞♦s ❛♥❛❧✐s❛❞♦s✱ ✐♥❝❧✉✐♥❞♦ ❛q✉❡❧❛s ❞❡

♥❛t✉r❡③❛ ♥ã♦ ❧✐♥❡❛r ❡ ♦❢❡r❡❝❡♥❞♦ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❛ ♣❛rt✐r

❞❛ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s✳

❉❛❞♦ ♦ ✐♥t❡r❡ss❡ ❝r❡s❝❡♥t❡ ♣❡❧♦ ❡st✉❞♦ ❞❡ ♥♦✈❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛s ❡ ❛ ❢❛❧t❛ ❞❡ ✐♥❝❧✉sã♦ ❞❡ ❝♦♥❝❡✐t♦s ❞❡r✐✈❛❞♦s ❞❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s✱ é ❥✉st✐✜❝❛❞♦ ❡ r❡❧❡✈❛♥t❡ ✉♠ ❡st✉❞♦ s♦❜r❡ ♦ ♣♦t❡♥❝✐❛❧ ✉s♦ ❞❡ té❝♥✐❝❛s ❞❡

❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛s ♥ã♦ ❧✐♥❡❛r❡s ❡♠ ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦

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

❞❛ ✐♥❝❧✉sã♦ ❞❡ ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♣❛r❛ ❛

❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ♠♦❞❡❧♦s ❡st❛tíst✐❝♦s ♥❛ ♣r❡❞✐çã♦ ❡ ✐❞❡♥t✐✜❝❛çã♦

❞❡ ❢❛❧❤❛s ♥♦ ♣r♦❝❡ss♦✳

❉❡ ❛❝♦r❞♦ ❝♦♠ t✉❞♦ ♦ q✉❡ ❢♦✐ ❛♥t❡r✐♦r♠❡♥t❡ ❛r❣✉♠❡♥t❛❞♦✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡

♦ ❢♦❝♦ ❞❡ ♣r❡s❡♥t❡ ♣❡sq✉✐s❛ ♣♦❞❡ s❡r ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ ✐♥❞ústr✐❛ ♠♦❞❡r♥❛✳

❆❧é♠ ❞✐ss♦✱ ♦ ❡st✉❞♦ ❞❡st❡s s✐st❡♠❛s ❡♥✈♦❧✈❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r té❝✲

♥✐❝❛s ♥✉♠ér✐❝❛s ❡ ♠❡t♦❞♦❧♦❣✐❛s q✉❡ ♣❡r♠✐t❛♠ ❡st✉❞❛r ❛ ♥❛t✉r❡③❛ ❞❡st❡s ❢❡♥ô♠❡♥♦s

❡ ❝❛r❛❝t❡r✐③❛r ❛s ♣r✐♥❝✐♣❛✐s ♣r♦♣r✐❡❞❛❞❡s ❞❡ss❛s ❞✐♥â♠✐❝❛s ❝♦♠ ❛✉①í❧✐♦ ❞❡ ♠♦❞❡❧♦s

♠❛t❡♠át✐❝♦s ❞♦ ♣r♦❝❡ss♦ ❡ té❝♥✐❝❛s ❞❛t❛✲❞r✐✈❡♥✳

✶✳✷ ❖❜❥❡t✐✈♦s

❖s ♣r✐♥❝✐♣❛✐s ❞❡s❛✜♦s ♠♦❞❡r♥♦s ♥❛ ♣r♦❥❡çã♦ ❞❡ s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ é ❛ ❝♦♥s✲

tr✉çã♦ ❞❡ té❝♥✐❝❛s ❝♦♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❡♠ t❡♠♣♦ r❡❛❧✱ ✐❞❡♥t✐✜❝❛♥❞♦ q✉❡❞❛s

❞❡ ❞❡s❡♠♣❡♥❤♦✱ ♣r❡✈❡♥❞♦ ❝❡♥ár✐♦s ❞❡ ❢❛❧❤❛s✱ ❞❡t❡❝t❛♥❞♦ ❡ ❞✐❛❣♥♦st✐❝❛♥❞♦ ❢❛❧❤❛s ❡

s✉❣❡r✐♥❞♦ ❛t✐✈✐❞❛❞❡s ❞❡ ♠❛♥✉t❡♥çõ❡s ❝♦rr❡t✐✈❛s ♦✉ ❣❡r❛♥❞♦ ❛çõ❡s ❞❡ ❝♦♥tr♦❧❡✳

❆♦ ❧♦♥❣♦ ❞♦ tr❛❜❛❧❤♦ s❡rá ❡①♣❧♦r❛❞♦ ♦ ♣♦t❡♥❝✐❛❧ ❞❛s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ♥ã♦

❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛s ❝♦♠♣❧❡①❛s✳ ◆♦ ❡♥✲

t❛♥t♦✱ ♦ ✉s♦ ❞❡ss❛s ♠❡t♦❞♦❧♦❣✐❛s ♥❛ ❢♦r♠✉❧❛çã♦ ❞❡ s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❡♠

♣r♦❝❡ss♦ q✉í♠✐❝♦s é r❛r❛♠❡♥t❡ ✉s❛❞❛✱ ❝♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ P♦r ♦✉tr❛

♣❛rt❡✱ ❛ r❡♣r❡s❡♥t❛t✐✈✐❞❛❞❡ ❞❛s ❞✐♥â♠✐❝❛s ✐♠❡rs❛s ♥♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s ♣❡❧❛ ♠❡❞✐✲

çã♦ ❞❡ ✈❛rá✈❡✐s ❞❡ ♣r♦❝❡ss♦ ❝♦♥st✐t✉✐ ✉♠ ❞❡s❛✜♦ q✉❡ ♣♦❞❡ s❡r ❡♥❢r❡♥t❛❞♦ ✉s❛♥❞♦ ♦

❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ ❞✐♥â♠✐❝❛s ❝♦♠♣❧❡①❛s ❡ s✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦✳

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

çõ❡s ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛✱ q✉❡ ♥❡st❡ tr❛❜❛❧❤♦ ♣r❡t❡♥❞❡ s❡r ❛❜♦r❞❛❞♦ ❝♦♠

❛✉①✐❧✐♦ ❞❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❝♦♥t❡♠♣♦râ♥❡❛ ❡ ❞✐♥â♠✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❙❡çã♦

✸✳✺✳

✺



❆ss✐♠✱ ♦ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞❡st❛ t❡s❡ ❡♠ ♣❛rt✐❝✉❧❛r é ❞❡s❡♥✈♦❧✈❡r ❡ ✐♠♣❧❡♠❡♥✲

t❛r s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s q✉í♠✐❝♦s ✐♥❞✉str✐❛✐s✱ ✉t✐❧✐③❛♥❞♦ ❛❞❛♣t❛✲

çõ❡s ❞♦s ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ✈✐s❛♥❞♦ à ❝♦♥str✉çã♦ ❞❡

✉♠❛ ❢❡rr❛♠❡♥t❛ q✉❡ ♣❡r♠✐t❛ ❛ ✐❞❡♥t✐✜❝❛çã♦✱ ♠á①✐♠❛ ♣r❡✈✐sã♦✱ ❡ ❞✐❛❣♥óst✐❝♦ ❝❛✉s❛❧

❞❡ ❢❛❧❤❛s ❞❡ ♣r♦❝❡ss♦✳

❆❧❣✉♥s ♦❜❥❡t✐✈♦s s❡❝✉♥❞ár✐♦s t❛♠❜é♠ ♣❡rs❡❣✉✐❞♦s ♥❡st❛ t❡s❡ sã♦✿

❼ ❆♣r❡s❡♥t❛r ✉♠❛ ✐♥tr♦❞✉çã♦ ❡ ✉♠ ❢❡rr❛♠❡♥t❛❧ ❞❛ ár❡❛ ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡

sér✐❡s t❡♠♣♦r❛✐s❀

❼ ❉❡s❡♥✈♦❧✈❡r ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❜❛s❡❛❞❛s ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡

❛tr❛t♦r❡s ❝❛ót✐❝♦s✱ ❜✐❢✉r❝❛çõ❡s ❡ ♦✉tr❛s ❞✐♥â♠✐❝❛s ❝♦♠♣❧❡①❛s❀

❼ ❉❡t❡r♠✐♥❛r ♠étr✐❝❛s ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ♠✉❧t✐✈❛r✐á✈❡❧ q✉❡ r❡♣r❡s❡♥t❡♠ ❛s

♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s r❡❛✐s❀

❼ ❉❡s❡♥✈♦❧✈❡r í♥❞✐❝❡s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❛s ♠étr✐❝❛s ♥ã♦ ❧✐♥❡✲

❛r❡s ❡st✉❞❛❞❛s❀

❼ ❆♣❧✐❝❛r té❝♥✐❝❛s ❞❡ ♣r♦❣r❛♠❛çã♦ ❞❡ ❛❧t♦ ❞❡s❡♠♣❡♥❤♦ ♥❛s té❝♥✐❝❛s ❞❡s❡♥✈♦❧✲

✈✐❞❛s ✈✐s❛♥❞♦ à ♠❡❧❤♦r❛ ♥♦ ✉s♦ ❞♦s r❡❝✉rs♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❡ ♣❡r♠✐t✐♥❞♦ ❛

❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ t❡♠♣♦ r❡❛❧❀

❼ ❉❡s❡♥✈♦❧✈❡r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❜❛s❡❛❞❛ ❡♠ ❛♥á❧✐s❡ ❝❛✉s❛❧ q✉❡ s❡❥❛ ❛✉①✐❧✐❛r ❛♦s

♠ét♦❞♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ q✉❡ ♣❡r♠✐t❛ ✐❞❡♥t✐✜❝❛r ❝❛✉s❛s ♦r✐❣✐♥ár✐❛s ❞❡ ❢❛❧❤❛s

❡ s✉❛s ♣r♦♣❛❣❛çõ❡s❀

❼ ❖❢❡r❡❝❡r ✐❞❡✐❛s ❡ r❡❢❡rê♥❝✐❛s ♣❛r❛ ♣❡sq✉✐s❛s ❢✉t✉r❛s✳

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

tr✐❝❛s ♥ã♦ ❧✐♥❡❛r❡s ✉s❛❞❛s ❡♠ r❡❧❛çã♦ ❛♦s ♣❛râ♠❡tr♦s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❞❡t❡❝çã♦

❞❡ ❢❛❧❤❛s✱ t❛✐s ❝♦♠♦✿ t❡♠♣♦ ❞❡ ❛♥t❡❝✐♣❛çã♦ ❞❡ ❢❛❧❤❛✱ ♥ú♠❡r♦ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s✱

t❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❝♦♥s✉♠✐❞♦✱ ❞❡♥tr❡ ♦✉tr❛s✳ ❙ã♦ t❛♠❜é♠ ❢♦r♠✉❧❛❞❛s ♦✉tr❛s

♠étr✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❜❛s❡❛❞❛s ♥❛ ❢♦rç❛ ❝❛✉s❛❧ ❡♥tr❡ ❝♦♥❡①õ❡s ❞❡ ✈❛r✐á✈❡✐s

❝♦♥t❡♠♣♦râ♥❡❛s ❡ ❛tr❛s❛❞❛s ♥♦ t❡♠♣♦✳ ❚❛♠❜é♠ é ❢♦r♠✉❧❛❞❛ ✉♠❛ ❡str❛té❣✐❛ ♣❛r❛ ♦

r❛str❡❛♠❡♥t♦ ❞♦ ♦r✐❣❡♠ ❡ ♣r♦♣❛❣❛çã♦ ❞❛s ❢❛❧❤❛s ❜❛s❡❛❞❛ ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳

P❛rt❡ ❞❡ss❛ ♣❡sq✉✐s❛ ❢♦✐ ❢❡✐t❛ ❡♠ ♣❛r❝❡r✐❛ ❝♦♠ ❛ P❡tr♦❜r❛s ♥♦ ♣r♦❥❡t♦ ❞❡ ♠❡✲

❞✐❞♦r❡s ✜s❝❛✐s ❡ ❛♥á❧✐s❡ ❞✐♥â♠✐❝❛✱ ♣❡r♠✐t✐♥❞♦ ♦ t❡st❡ ❞❡ ❛❧❣✉♠❛s ❞❛s té❝♥✐❝❛s ❛q✉✐

❞❡s❡♥✈♦❧✈✐❞❛s✳ ❊st❡s ♣r♦❥❡t♦s ❝♦♥t❛r❛♠ ❝♦♠ ❛ ❝♦❧❛❜♦r❛çã♦ ❞❡ ❞✐✈❡rs♦s ♣r♦✜ss✐♦♥❛✐s✱

q✉❡ t❛♠❜é♠ ❝♦♥tr✐❜✉ír❛♠ ❞❡ ❢♦r♠❛ s✐❣♥✐✜❝❛t✐✈❛ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ r❡s✉❧t❛❞♦s✱ ❛s✲

s♦❝✐❛❞♦s às ❡①♣❡r✐ê♥❝✐❛s ❡ ❞❛❞♦s ♠❛✐s ♣ró①✐♠♦s ❞❛ r❡❛❧✐❞❛❞❡ ✐♥❞✉str✐❛❧✳

✻



✶✳✸ ❊str✉t✉r❛ ❞♦ ❞♦❝✉♠❡♥t♦

❊st❡ ♣r✐♠❡✐r♦ ❝❛♣ít✉❧♦ ❞✐s❝✉t❡ ❛❧❣✉♥s ❛s♣❡❝t♦s ✐♠♣♦rt❛♥t❡s ❛ r❡s♣❡✐t♦ ❞❛s ♠❡t♦❞♦✲

❧♦❣✐❛s ❝❧áss✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❡ ♦ ♣♦t❡♥❝✐❛❧ ✉s♦ ❞❛s té❝♥✐❝❛s ❞❡

❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❢❡♥ô♠❡♥♦s ♥ã♦ ❧✐♥❡❛✲

r❡s✱ ❝♦♠♦ ♦ ❝❛♦s✳ ❆❧é♠ ❞✐ss♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❢❛t♦r❡s q✉❡ ♠♦t✐✈❛♠ ❛ r❡❛❧✐③❛çã♦

❞❡st❡ tr❛❜❛❧❤♦ ❡ ♦s ✐♠♣❛❝t♦s ♥❛ ✐♥❞ústr✐❛ ♠♦❞❡r♥❛✳ ❊♠ s❡❣✉✐❞❛✱ ♥♦ ❈❛♣ít✉❧♦ ✷

❛♣r❡s❡♥t❛✲s❡ ❛ r❡✈✐sã♦ ❞❛ ❧✐t❡r❛t✉r❛ ❡♠ t♦r♥♦ ❛ três tó♣✐❝♦s ❞❡t❡r♠✐♥❛♥t❡s✿

❼ ▼ét♦❞♦s ❡st❛❜❡❧❡❝✐❞♦s ♣❛r❛ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s❀

❼ ❙✐st❡♠❛s ❞✐♥â♠✐❝♦s ❡ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s❀

❼ ❆♥á❧✐s❡ ❝❛✉s❛❧ ❡♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s❀

◆♦ ❈❛♣ít✉❧♦ ✸ é ❛♣r❡s❡♥t❛❞❛ ❛ ❢✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ s♦❜r❡ ❛ t❡♦r✐❛ ❞❡ s✐st❡✲

♠❛s ❞✐♥â♠✐❝♦s ♥ã♦ ❧✐♥❡❛r❡s ❡ ❛s r❡s♣❡❝t✐✈❛s té❝♥✐❝❛s ♥✉♠ér✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦❀

❝♦♥❝❡✐t♦s ❡ ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s❀ té❝♥✐❝❛s ❞❡ s❡❧❡çã♦

❞❡ ✈❛r✐á✈❡✐s ❡ ❛ ❢✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ ❞❛ ❛♥á❧✐s❡ ❞❡ ❞❡s❝♦❜❡rt❛ ❝❛✉s❛❧✳ P♦st❡r✐♦r✲

♠❡♥t❡✱ ♥♦ ❈❛♣ít✉❧♦ ✹ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛ ♠❡t♦❞♦❧♦❣✐❛ ❡ ♦s ❛❧❣♦r✐t♠♦s ❞❡ ❝á❧❝✉❧♦s

❞❛s ♠❡♥❝✐♦♥❛❞❛s té❝♥✐❝❛s ♥✉♠ér✐❝❛s✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡ ❛ r❡s♣❡❝t✐✈❛ ❞✐s❝✉ssã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳

❖s r❡s✉❧t❛❞♦s sã♦ ❞✐s❝✉t✐❞♦s ❡♠ ❞✐❢❡r❡♥t❡s s❡çõ❡s✱ r❡❧❛❝✐♦♥❛❞♦s ❛✿

❼ ❆♣r❡s❡♥t❛çã♦ ❞♦s ❝❛s♦s ❞❡ ❡st✉❞♦❀

❼ ❈❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❞❛ ❞✐♥â♠✐❝❛ ♦s✲

❝✐❧❛tór✐❛ ♥✉♠❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡❀

❼ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡❧❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥♦s ❝♦♥❥✉♥t♦s

❞❡ ❞❛❞♦s ✐♥❞✉str✐❛✐s❀

❼ ❘❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ❛ ♣❛rt✐r ❞❡ sér✐❡s t❡♠♣♦r❛✐s❀

❼ ❯s♦ ❞❛ ❢❡rr❛♠❡♥t❛ ❝❛✉s❛❧ ♥♦ ❝♦♥t❡①t♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦

❞❡ ❛♥♦r♠❛❧✐❞❛❞❡s ❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❋✐♥❛❧♠❡♥t❡✱ ♥♦ ❈❛♣ít✉❧♦ ✻ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r✐♥❝✐♣❛✐s ❝♦♥❝❧✉sõ❡s ❞♦ tr❛❜❛✲

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

❆ ♣r❡s❡♥t❡ t❡s❡ ❞❡ ❞♦✉t♦r❛❞♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ✐♥t❡❣r❛❧♠❡♥t❡ ♥♦ ▲❛❜♦r❛tór✐♦

❞❡ ▼♦❞❡❧❛❣❡♠ ❡ ❙✐♠✉❧❛çã♦ ❞❡ Pr♦❝❡ss♦s ❞♦ Pr♦❣r❛♠❛ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❞♦

✼



■♥st✐t✉t♦ ❆❧❜❡rt♦ ▲✉✐s ❞❡ ❈♦✐♠❜r❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ✭❈❖PP❊✮ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ❞❡ ❏❛♥❡✐r♦✳ ❱ár✐❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❡♠ ❛♠❜✐❡♥t❡s r❡❛✐s

❞❡ ♣r♦❞✉çã♦ ❢♦r❛♠ ❢❡✐t❛s ♥❛s ❞❡♣❡♥❞ê♥❝✐❛s ❞❛ P❡tr♦❜r❛s✱ ♥❛ ❢♦r♠❛ ❞❡ ❝♦❧❛❜♦r❛çã♦✱

❝♦♠♦ ❝♦♠❡♥t❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡①t♦✳

✽



❈❛♣ít✉❧♦ ✷

❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

✷✳✶ ❘❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ s♦❜r❡ té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦✲

r❛♠❡♥t♦

❉✉r❛♥t❡ ❛s ✉❧t✐♠❛s ❞é❝❛❞❛s ❛ ✐♥❞ústr✐❛ q✉í♠✐❝❛ ❡ ♦✉tr❛s ✐♥❞ústr✐❛s r❡❧❛❝✐♦♥❛❞❛s tê♠

s✐❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❞❡s❛✜❛❞❛s ❛ ❛✉♠❡♥t❛r ❛ q✉❛❧✐❞❛❞❡ ❞♦s s❡✉s ♣r♦❞✉t♦s✱ ❢❛③❡♥❞♦

✉♠ ✉s♦ ót✐♠♦ ❞♦s r❡❝✉rs♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ♣r♦❞✉çã♦✱ r❡❞✉③✐♥❞♦ ❛s t❛①❛s ❞❡ ♣r♦❞✉✲

t♦s ❞❡❢❡✐t✉♦s♦s ♦✉ ❢♦r❛ ❞❡ ❡s♣❡❝✐✜❝❛çã♦ ❡ s❛t✐s❢❛③❡♥❞♦ ❛s r❡❣✉❧❛çõ❡s ❛♠❜✐❡♥t❛✐s ❡

❞❡ s❡❣✉r❛♥ç❛ ❝r❡s❝❡♥t❡♠❡♥t❡ ♠❛✐s r✐❣♦r♦s❛s✳ ❊ss❛ ✉r❣❡♥t❡ ❞❡♠❛♥❞❛ t❡♠ ❝r✐❛❞♦ ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡t❡❝t❛r ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ❞♦s ♣r♦❝❡ss♦s ❛s ❝♦♥❞✐çõ❡s ❞❡ ❛♥♦r♠❛✲

❧✐❞❛❞❡ ❡ ❛s ♣❡rt✉r❜❛çõ❡s q✉❡ ❛s ❣❡r❛♠✳ P❛r❛ ❞✐st✐♥❣✉✐r ❡ss❡s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡

♣❡rt✉r❜❛çõ❡s✱ ♥❡st❡ tr❛❜❛❧❤♦ sã♦ ❛❞♦t❛❞❛s ❛s s❡❣✉✐♥t❡s ❞❡✜♥✐çõ❡s ❬✶✷✽❪✿

❼ P❡rt✉r❜❛çã♦✿ ➱ ✉♠❛ ❡♥tr❛❞❛ ❞❡s❝♦♥❤❡❝✐❞❛ ✭❡ ♥ã♦ ❝♦♥tr♦❧á✈❡❧✮ q✉❡ ❛t✉❛ s♦❜r❡

♦ s✐st❡♠❛❀

❼ ❋❛❧❤❛✿ ➱ ✉♠ ❞❡s✈✐♦ ♥ã♦ ♣❡r♠✐t✐❞♦ ✭♥ã♦ t♦❧❡rá✈❡❧✮ ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❛❝❡✐tá✲

✈❡❧✴♥♦r♠❛❧✴♣❛❞rã♦ ❞❡ ♦♣❡r❛çã♦ ❡♠ ♣❡❧♦ ♠❡♥♦s ✉♠❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s✱ ❝❛r❛❝✲

t❡ríst✐❝❛s ♦✉ ♣❛râ♠❡tr♦ ❞♦ s✐st❡♠❛❀

❖s s✐st❡♠❛s tr❛❞✐❝✐♦♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ❡stã♦ ♣r♦❥❡t❛❞♦s ♣❛r❛ r❡✲

t♦r♥❛r ♦ s✐st❡♠❛ à ❝♦♥❞✐çã♦ ♥♦r♠❛❧ ❞❡ ♦♣❡r❛çã♦ s♦❜ ♣r❡s❡♥ç❛ ❞❡ ♣❡rt✉r❜❛çõ❡s✱ ♠❛s

♥ã♦ ❞❡ ❢❛❧❤❛s✳ ❆❧❣✉♠❛s té❝♥✐❝❛s ♠♦❞❡r♥❛s ❞❡ ❝♦♥tr♦❧❡ ❝❤❛♠❛❞❛s ❋❚❈✭❋❛✉❧t✲t♦❧❡r❛♥t

❝♦♥tr♦❧✮ sã♦ ♣r♦❥❡t❛❞❛s ♣❛r❛ ♦♣❡r❛r ❡①♣❧✐❝✐t❛♠❡♥t❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛❧❣✉♠❛s ❝❧❛ss❡s ❞❡

❢❛❧❤❛s ❡s♣❡❝í✜❝❛s ❞❡♥tr♦ ❞❛ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ❬✺✻❪✳

❈♦♥t✉❞♦✱ ❛s ❢❛❧❤❛s ♥❛ ✐♥❞ústr✐❛ q✉í♠✐❝❛ ❝♦♥st✐t✉❡♠ ❡✈❡♥t♦s ❡①tr❡♠♦s✱ ❤❛✈❡♥❞♦

✈ár✐♦s t✐♣♦s ❞❡ ❢❛❧❤❛s q✉❡ ♣♦❞❡♠ s❡r ♠❛♥✐❢❡st❛❞❛s ❞❡♥tr♦ ❞❛s s❡❣✉✐♥t❡s ❝❛t❡❣♦r✐❛s✿

✾



♠✉❞❛♥ç❛s ❡♠ ♣❛râ♠❡tr♦s ❞♦ ♣r♦❝❡ss♦✱ ♠✉❞❛♥ç❛s ❡♠ ♣❛râ♠❡tr♦s ❞❡ ♣❡rt✉r❜❛çõ❡s✱

♣r♦❜❧❡♠❛s ♥♦s ❛t✉❛❞♦r❡s ❡ ♣r♦❜❧❡♠❛s ♥♦s s❡♥s♦r❡s✳ ❉❡s❛t✐✈❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s

♦✉ ✐♥❝r✉st❛çã♦ ❡♠ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r sã♦ ❡①❡♠♣❧♦s ♥❛ ❝❛t❡❣♦r✐❛ ♠✉❞❛♥ç❛s ❡♠

♣❛râ♠❡tr♦s ❞♦ ♣r♦❝❡ss♦✳ ❯♠❛ ♠✉❞❛♥ç❛ ♥♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡rt✉r❜❛çã♦ ♣♦❞❡ s❡r ✉♠❛

♠✉❞❛♥ç❛ ❡①tr❡♠❛ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♦ ♥❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ♣r♦❜❧❡♠❛ ❞❡ ❛t✉❛❞♦r é ✉♠ ❜❧♦q✉❡✐♦ ❞❡ ✈á❧✈✉❧❛ ❡ ✉♠

❡①❡♠♣❧♦ ❞❡ ♣r♦❜❧❡♠❛ ❞❡ s❡♥s♦r é ✉♠ s❡♥s♦r q✉❡ ♣r♦❞✉③ ✉♠ s✐♥❛❧ ❝♦♠ ♠❡❞✐❞❛s

❝♦rr♦♠♣✐❞❛s ♣♦r ❞❡s✈✐♦s ♣❡r♠❛♥❡♥t❡s ✭❜✐❛s✮ ❬✺✺❪✳

❖ ♣r♦♣ós✐t♦ ♥♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s é ❣❛r❛♥t✐r ♦ s✉❝❡ss♦ ❞❛ ♦♣❡r❛çã♦

♣❧❛♥❡❥❛❞❛✱ ❢♦r♥❡❝❡♥❞♦ ✐♥❢♦r♠❛çõ❡s✱ r❡❝♦♥❤❡❝❡♥❞♦ ❡ ✐♥❞✐❝❛♥❞♦ ❛♥♦♠❛❧✐❛s ♥♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦✳ ❆ ✐♥❢♦r♠❛çã♦ ♥ã♦ só ♠❛♥té♠ ♦ ♦♣❡r❛❞♦r ❞❛ ♣❧❛♥t❛ ❡ ♦ ♣❡ss♦❛❧ ❞❡

♠❛♥✉t❡♥çã♦ ♠❡❧❤♦r ✐♥❢♦r♠❛❞♦s s♦❜r❡ ♦ ❡st❛❞♦ ❞♦ ♣r♦❝❡ss♦✱ ♠❛s t❛♠❜é♠ ♦s ❛✉①✐❧✐❛

❛ t♦♠❛r ❛s ♠❡❞✐❞❛s ❝♦rr❡t✐✈❛s ❛♣r♦♣r✐❛❞❛s ♣❛r❛ r❡♠♦✈❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♥♦r♠❛❧

❞♦ ♣r♦❝❡ss♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ❞♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❛❞❡q✉❛❞♦ ❞♦ ♣r♦❝❡ss♦✱ ♦ t❡♠♣♦ ❞❡

✐♥❛t✐✈✐❞❛❞❡ é ♠✐♥✐♠✐③❛❞♦✱ ❛ s❡❣✉r❛♥ç❛ ❞❛s ♦♣❡r❛çõ❡s ❞❛ ♣❧❛♥t❛ é ❛♣r✐♠♦r❛❞❛ ❡ ♦s

❝✉st♦s ❞❡ ♣r♦❝❡ss♦ sã♦ r❡❞✉③✐❞♦s ❬✶✻✽❪✳

❉❛❞♦ ♦ ❝♦♥st❛♥t❡ ❝r❡s❝✐♠❡♥t♦ ❡ ✐♥t❡❣r❛çã♦ ❞♦s ♣r♦❝❡ss♦s q✉í♠✐❝♦s ♠♦❞❡r♥♦s✱

❛s ❢❛❧❤❛s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡s ♣r♦❝❡ss♦s ❡st❛❜❡❧❡❝❡♠ ❞❡s❛✜♦s ♥❛ ár❡❛ ❞❡ ♠♦♥✐t♦r❛✲

♠❡♥t♦✱ ✉♠❛ ✈❡③ q✉❡ ❛s ❡str❛té❣✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ✉♥✐✈❛r✐❛❞♦ t❡♠ s❡ ♠♦s✲

tr❛❞♦ ✐♥❛♣r♦♣r✐❛❞❛s ♣❛r❛ s✐st❡♠❛s ❛❧t❛♠❡♥t❡ ♠✉❧t✐✈❛r✐❛❞♦s ❬✾✽❪✳ ❉❛í t❡♠ s✉r❣✐❞♦

✉♠ ❝r❡s❝❡♥t❡ ✐♥t❡r❡ss❡ ♥❛ ♣❡sq✉✐s❛ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ t❡❝♥♦❧♦❣✐❛s q✉❡ ♣❡r♠✐t❛♠

r❡❛❧✐③❛r ✉♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❡✜❝✐❡♥t❡ ❡♠ s✐st❡♠❛s ♠✉❧t✐✈❛r✐❛❞♦s✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♣r♦✲

❝❡ss♦ q✉í♠✐❝♦s sã♦ ❝❛❞❛ ✈❡③ ♠❛✐s ✐♥str✉♠❡♥t❛❞♦s✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ q✉❛♥t✐❞❛❞❡

❡♥♦r♠❡ ❞❡ ❞❛❞♦s ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦✳ ◆♦ ❡♥t❛♥t♦✱ ❡ss❛

❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s ✐♠♣õ❡ ♦✉tr♦ ❞❡s❛✜♦ r❡❧❛❝✐♦♥❛❞♦ ❛ ❛s♣❡❝t♦s ❝♦♠♣✉t❛❝✐✲

♦♥❛✐s✱ ❞❡♠❛♥❞❛♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❞❛❞♦s✱ ♠❛✐♦r

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

❘❆■❈❍ ❡ ➬■◆❆❘ ✶✾✾✻ r❡❧❛❝✐♦♥❛♠ ♦s s❡❣✉✐♥t❡s ♣r♦❝❡❞✐♠❡♥t♦s ❝❤❛✈❡s ♥♦ ♠♦✲

♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ✭t❛♠❜é♠ r❡s✉♠✐❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✶✮✿

❼ ❉❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s✿ ❞❡t❡r♠✐♥❛ s❡ ✉♠❛ ❢❛❧❤❛ ♦❝♦rr❡✉✳ ❆ ❞❡t❡❝çã♦ ❛♥t❡❝✐♣❛❞❛

♣♦❞❡ ❢♦r♥❡❝❡r ✉♠ ❛✈✐s♦ ✐♥❡st✐♠á✈❡❧ s♦❜r❡ ♣r♦❜❧❡♠❛s ❡♠❡r❣❡♥t❡s✱ q✉❡ ❝♦♠ ❛çõ❡s

❛♣r♦♣r✐❛❞❛s ♣❡r♠✐t❡ ❡✈✐t❛r tr❛♥st♦r♥♦s ♠❛✐s ❣r❛✈❡s ♥♦ ♣r♦❝❡ss♦✳

❼ ■❞❡♥t✐✜❝❛çã♦ ❞❡ ❢❛❧❤❛s✿ ✐❞❡♥t✐✜❝❛ ❛s ✈❛r✐á✈❡✐s ❞❡ ♦❜s❡r✈❛çã♦ ♠❛✐s r❡❧❡✈❛♥t❡s

♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❞❛ ❢❛❧❤❛✳ ❖ ♦❜❥❡t✐✈♦ ❞❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ é ❢♦❝❛r ❛ ❛t❡♥çã♦

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

❛❣♥óst✐❝♦ ❞❛ ❢❛❧❤❛✱ ♣❛r❛ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ❢❛❧❤❛ ♣♦ss❛ s❡r ❡❧✐♠✐♥❛❞♦ ❞❡ ♠❛♥❡✐r❛
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♠❛✐s ❡✜❝✐❡♥t❡✳

❼ ❉✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✿ ❞❡t❡r♠✐♥❛ q✉❛❧ ❢❛❧❤❛ ♦❝♦rr❡✉❀ ♦✉ s❡❥❛✱ ❞❡t❡r♠✐♥❛ ❛

❝❛✉s❛ ❞♦ ❡st❛❞♦ ❢♦r❛ ❞❡ ❝♦♥tr♦❧❡ ♦❜s❡r✈❛❞♦✳ ■❙❊❘▼❆◆◆ ✶✾✾✺ ❞❡✜♥❡ ♠❛✐s

❡s♣❡❝✐✜❝❛♠❡♥t❡ ♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❝♦♠♦ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t✐♣♦✱ ❧♦❝❛❧✐✲

③❛çã♦✱ ♠❛❣♥✐t✉❞❡ ❡ t❡♠♣♦ ❞❛ ❢❛❧❤❛ ❬✶✷✼❪✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡

❢❛❧❤❛s é ❡ss❡♥❝✐❛❧ ♣❛r❛ ❛ ♥❡✉tr❛❧✐③❛çã♦ ♦✉ ❡❧✐♠✐♥❛çã♦ ❞❛ ❢❛❧❤❛✳

❼ ❘❡❝✉♣❡r❛çã♦ ❞♦ ♣r♦❝❡ss♦✿ é ✉♠❛ ✐♥t❡r✈❡♥çã♦ ❡♠ q✉❡ é r❡♠♦✈✐❞♦ ♦ ❡❢❡✐t♦ ❞❛

❢❛❧❤❛ ❡ é ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❢❡❝❤❛r ♦ ❝✐❝❧♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦

♣r♦❝❡ss♦✳

❖s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡s❝r✐t♦s ❛❝✐♠❛ ♣♦❞❡♠ s❡r ✐♠♣❧❡♠❡♥t❛❞♦s ♥❛ s✉❛ t♦t❛❧✐❞❛❞❡

♥✉♠ ❡sq✉❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ♠❛s ♥❡♠ s❡♠♣r❡ ✐ss♦ é ♥❡❝❡ssár✐♦✳ P♦r ❡①❡♠♣❧♦✱

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

❛❢❡t❛❞❛s ✭✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❢❛❧❤❛s✮✳

❋✐❣✉r❛ ✷✳✶✿ ❈✐❝❧♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s

✷✳✶✳✶ ▼ét♦❞♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡

❢❛❧❤❛s

❋r❡q✉❡♥t❡♠❡♥t❡ ♦s ♠ét♦❞♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s

✐♥❝♦r♣♦r❛♠ ♠étr✐❝❛s ❜❛s❡❛❞❛s ❡♠ t❡♦r✐❛s ❡st❛tíst✐❝❛s✱ t❡♦r✐❛s ❞❡ ❝❧❛ss✐✜❝❛çã♦ ❞❡

♣❛❞rõ❡s✱ t❡♦r✐❛ ❞❛ ✐♥❢♦r♠❛çã♦ ❡ ❢❡♥♦♠❡♥♦❧♦❣✐❛ ❞♦ ♣r♦❝❡ss♦s✳ ❊ss❛s ♠étr✐❝❛s sã♦ ❝❛❧✲

❝✉❧❛❞❛s ❞✐r❡t❛♠❡♥t❡ ❞♦s ❞❛❞♦s✱ ❛s q✉❛✐s t❡♥t❛♠ r❡♣r❡s❡♥t❛r ♦ ❡st❛❞♦ ❞♦ ♣r♦❝❡ss♦✳ ❆

✐❞❡✐❛ ♣r✐♥❝✐♣❛❧ é ❝♦♥✈❡rt❡r ✉♠ ❣r❛♥❞❡ ✈♦❧✉♠❡ ❞❡ ❞❛❞♦s ❝♦❧❡t❛❞♦s ❡♠ ❧✐♥❤❛ ❡♠ ✉♠❛s
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♣♦✉❝❛s ♠❡❞✐❞❛s ♦✉ ♠étr✐❝❛s s✐❣♥✐✜❝❛♥t❡s✱ ❝♦♠ ♦ ♣r♦♣ós✐t♦ ❞❡ ❛✉①✐❧✐❛r ♦ ♦♣❡r❛❞♦r ♥❛

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

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

❢❛❧❤❛ é ❞❡t❡❝t❛❞❛ s❡♠♣r❡ q✉❡ ✉♠❛ ❞❛s ♠❡❞✐❞❛s é ❛✈❛❧✐❛❞❛ ❢♦r❛ ❞♦s ❧✐♠✐t❡s✳ ❉❡ss❛

❢♦r♠❛✱ ❛s ♠❡❞✐❞❛s sã♦ ❝❛♣❛③❡s ❞❡ ❞❡✜♥✐r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ ❝♦♥tr♦❧❡

❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ st❛t✉s ❞♦ ♣r♦❝❡ss♦ q✉❡ ❡stá ❢♦r❛ ❞❡ ❝♦♥tr♦❧❡✳ ❆♦ ❞❡s❡♥✈♦❧✲

✈❡r ♠❡❞✐❞❛s q✉❡ ❝❛r❛❝t❡r✐③❡♠ ❝♦♠ ♣r❡❝✐sã♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❝❛❞❛ ✈❛r✐á✈❡❧ ❞❡

♦❜s❡r✈❛çã♦✱ ♦ ✈❛❧♦r ❞❛ ♠❡❞✐❞❛ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ♣♦❞❡ s❡r ❝♦♠♣❛r❛❞♦ ❝♦♠ ❛ ♦ ✈❛❧♦r

❞❛ ♠❡❞✐❞❛ ♣❛r❛ ♦✉tr❛s ✈❛r✐á✈❡✐s ♣❛r❛ ❞❡t❡r♠✐♥❛r q✉❛❧ ✈❛r✐á✈❡❧ é ♠❛✐s ❛❢❡t❛❞❛ ♣❡❧❛

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

♠❡❞✐❞❛s q✉❡ r❡♣r❡s❡♥t❛♠ ❝♦♠ ♣r❡❝✐sã♦ ❛s ❞✐❢❡r❡♥t❡s ❢❛❧❤❛s ❞♦ ♣r♦❝❡ss♦ ❬✷✹✺❪✳

❖ ♠ét♦❞♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡✈❡ ♣r♦♣♦r ♠étr✐❝❛s q✉❡ ❝♦♥s✐❣❛♠ s❡r ❛♦ ♠❡s♠♦

t❡♠♣♦ s❡♥sí✈❡✐s ❡ r♦❜✉st❛s ❛ t♦❞❛s ❛s ❢❛❧❤❛s✳ ❆s ❢❛❧❤❛s s❡ ♠❛♥✐❢❡st❛♠ ❞❡ ✈ár✐❛s

♠❛♥❡✐r❛s❀ ♥♦ ❡♥t❛♥t♦✱ é ❛❧t❛♠❡♥t❡ ✐♠♣r♦✈á✈❡❧ q✉❡ t♦❞❛s ❛s ❢❛❧❤❛s q✉❡ ♦❝♦rr❡♠ ❡♠ ✉♠

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

♠étr✐❝❛s ♦✉ ♠❡❞✐❞❛s✳ ❈❛❞❛ ♠❡❞✐❞❛ ❝❛r❛❝t❡r✐③❛ ✉♠❛ ❢❛❧t❛ ❞❡ ♠❛♥❡✐r❛ ❞✐❢❡r❡♥t❡✱

s❡♥❞♦ ✉♠❛ ♠❡❞✐❞❛ ♠❛✐s s❡♥sí✈❡❧ ❛ ❝❡rt❛s ❢❛❧❤❛s ❡ ♠❡♥♦s s❡♥sí✈❡❧ ❛ ♦✉tr❛s ❢❛❧❤❛s

❡♠ ❝♦♠♣❛r❛çã♦ ❛ ♦✉tr❛s ♠❡❞✐❞❛s ❬✶✻✽❪✳ ■ss♦ ♠♦t✐✈❛ ♦ ✉s♦ ❞❡ ✈ár✐❛s ♠❡❞✐❞❛s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦✱ ❝♦♠ ❛ ♣r♦✜❝✐ê♥❝✐❛ ❞❡ ❝❛❞❛ ♠❡❞✐❞❛ ❞❡t❡r♠✐♥❛❞❛ ♣❛r❛ ♦

♣r♦❝❡ss♦ ❡s♣❡❝í✜❝♦ ❡ ❛s ♣♦ssí✈❡✐s ❢❛❧❤❛s ❞✐s♣♦♥í✈❡✐s✳

▲✳ ❘❯❙❙❊▲▲ ❡t ❛❧✳ ✭✷✵✵✵✮ ❝❧❛ss✐✜❝❛ ♦s ♠ét♦❞♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡

❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❡♠ trés ❣r❛♥❞❡s ❣r✉♣♦s❀ ❛♥❛❧ít✐❝♦s✱ ❞❛t❛✲❞r✐✈❡♥ ✭❜❛s❡❛❞♦s

❡♠ ❞❛❞♦s✮ ❡ ❜❛s❡❛❞♦s ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦✳ ❖s ♠ét♦❞♦s ❞❛t❛✲❞r✐✈❡♥ sã♦ ❞❡r✐✈❛✲

❞♦s ❞✐r❡t❛♠❡♥t❡ ❞♦s ❞❛❞♦s ❞✐s♣♦♥í✈❡✐s✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❞❡t❡❝çã♦ ❡ ♦ ❞✐❛❣♥óst✐❝♦

❞❡ ❢❛❧❤❛s ♥ã♦ ❡♠♣r❡❣❛♠ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s✱ ❡♠ ❝♦♥tr❛st❡ ❛♦s

♠ét♦❞♦s ❛♥❛❧ít✐❝♦s q✉❡ ✉s❛♠ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❝♦♥str✉í❞♦s ❛ ♣❛rt✐r ❞❛ ❜❛s❡

❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ❞❡r✐✈❛❞❛ ❞♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❡♥✈♦❧✈✐❞♦s✳ ❆ ❛❜♦r❞❛❣❡♠

❞❛t❛✲❞r✐✈❡♥ é út✐❧ ❡♠ ❝❛s♦s ♥♦s q✉❛✐s ❡①✐st❡ ✉♠❛ s✉✜❝✐❡♥t❡ q✉❛♥t✐❞❛❞❡ ❞❡ s❡♥s♦r❡s

❡ ♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❞❡s❝r❡✈❡♠ s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❛s ❞✐❢❡r❡♥t❡s ❢❛s❡s ❞❛ ♦♣❡✲

r❛çã♦✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ♦s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦ sã♦ ❛♣❧✐❝á✈❡✐s ❡♠

s✐st❡♠❛s ❝♦♠ ♣♦✉❝❛ ✐♥❢♦r♠❛çã♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ❡ ❜❛✐①❛ q✉❛♥t✐❞❛❞❡ ❞❡ s❡♥s♦r❡s✳ ❖s

♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❡st✐♠❛çã♦ ❞❡ ❡st❛❞♦s ♦✉ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s sã♦ ❡①❡♠♣❧♦s

❞❡ ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s✱ ❡♥q✉❛♥t♦ ❛♥á❧✐s❡s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ sã♦ ❡①❡♠♣❧♦s ❞❡ ♠ét♦❞♦s

❜❛s❡❛❞♦s ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦✳

❖s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ♠♦✲

❞❡❧♦s ✭♠♦❞❡❧✲❜❛s❡❞ ♠❡t❤♦❞s✮ sã♦ ❛♣❧✐❝á✈❡✐s ❡♠ s✐st❡♠❛s q✉❡ sã♦ s❛t✐s❢❛t♦r✐❛♠❡♥t❡

❞❡s❝r✐t♦s ♣♦r ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s✳ ▼✉✐t❛s ❞❛s ♠❡❞✐❞❛s ❛♥❛❧ít✐❝❛s

❡stã♦ ❜❛s❡❛❞♦s ❡♠ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s✱ ♣r♦❥❡t♦ ❞❡ ♦❜s❡r✈❛❞♦r❡s ❡ r❡❧❛çõ❡s ❞❡

✶✷



♣❛r✐❞❛❞❡✳ ❚❡♠ s✐❞♦ ♦❜s❡r✈❛❞♦ q✉❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ss❡s ♠ét♦❞♦s r❡q✉❡r ❛ ✐♠♣❧❡♠❡♥t❛✲

çã♦ ❞❡ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ♣r❡❝✐s♦s ❡ ❞❡t❛❧❤❛❞♦s ❬✼✹✱ ✶✷✾✱ ✷✾✾❪ ❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥✲

❝✐❛ t❡♠ s✐❞♦ ♠♦t✐✈❛❞❛ ❛ ♣❡sq✉✐s❛ ✈♦❧t❛❞❛ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠étr✐❝❛s ❛♥❛❧ít✐❝❛s

♠❛✐s r♦❜✉st❛s ❡♠ r❡❧❛çã♦ às ✐♥❝❡rt❡③❛s ❞♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❬✽✹✱ ✾✽✱ ✶✼✻❪✳ ❆s

♣r✐♥❝✐♣❛✐s ❛♣❧✐❝❛çõ❡s ❞♦s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s ❞✐③❡♠ ❛♦ r❡s♣❡✐t♦ ❞❡ s✐st❡♠❛s ❝♦♠ ✉♠❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛s✱ s❛í❞❛s ❡ ❡st❛❞♦s r❡❧❛t✐✈❛♠❡♥t❡ ♣❡q✉❡♥❛✳ ◆♦ ❡♥t❛♥t♦✱ q✉❛♥❞♦

sã♦ ❝♦♥s✐❞❡r❛❞♦s s✐st❡♠❛s ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ✭✐✳❡✳✱ s✐st❡♠❛s q✉❡ ♣♦ss✉❡♠ ✉♠ ❡❧❡✈❛❞♦

♥ú♠❡r♦ ❞❡ ❡♥tr❛❞❛s✱ s❛í❞❛s ❡ ❡st❛❞♦s✮✱ ❛♣r❡s❡♥t❛♠✲s❡ ❞✐✜❝✉❧❞❛❞❡s r❡❧❛❝✐♦♥❛❞❛s ❛♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠♦❞❡❧♦s ❡✜❝✐❡♥t❡s✱ ❥á q✉❡ ❡①✐st❡ ✉♠❛ ❛❧t❛ ❝♦♠♣❧❡①✐❞❛❞❡ ♣r✐♥✲

❝✐♣❛❧♠❡♥t❡ ❛tr✐❜✉í❞❛ ❛♦s ❛❝♦♣❧❛♠❡♥t♦s ❝r✉③❛❞♦s ❞❛s ♠ú❧t✐♣❧❛s ✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛

❬✶✷✺❪✳ ❚❡♠ s✐❞♦ ♦❜s❡r✈❛❞♦ t❛♠❜é♠ q✉❡ ❝❛r❛❝t❡ríst✐❝❛s ❛ss♦❝✐❛❞❛s ❝♦♠ ❛ ✐❞❡♥t✐✜❝❛çã♦

❡ ❝♦♥tr♦❧❡ ❞❡ s✐st❡♠❛s ♠♦❞❡❧❛❞♦s ✐♥❡①❛t❛♠❡♥t❡ ❣❡r❛♠ ❝♦♠♣❧✐❝❛çõ❡s ♥♦ ♣r♦❥❡t♦ ❞♦s

❡sq✉❡♠❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ r♦❜✉st♦ ❞❡ ❢❛❧❤❛s ❬✸✻✱ ✽✽✱ ✶✼✾✱ ✷✸✸❪✳ ❆ ♣r✐♥❝✐♣❛❧

✈❛♥t❛❣❡♠ ❞♦s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s é ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✐♥❝♦r♣♦r❛r ❜❛s❡s ❢❡♥♦♠❡♥♦❧ó❣✐❝❛s

q✉❡ ✐♥s❡r❡♠ ✉♠ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦ ♥❛s ♠étr✐❝❛s ❞♦ s✐st❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✳

❱ár✐♦s tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s à ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ✉s❛♥❞♦ ♠é✲

t♦❞♦s ❛♥❛❧ít✐❝♦s tê♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞♦s ❛♦ ❧♦♥❣♦ ❞❛s ú❧t✐♠❛s ❞é❝❛❞❛s✳ ❆❧❣✉♥s ❞❡❧❡s

sã♦ r❡s✉♠✐❞♦s ❡ r❡✈✐st♦s ♥❛s r❡❢❡rê♥❝✐❛s ❬✶✸✷❪✱ ❬✾✹❪✱ ❬✾✾❪✱ ❬✶✺✹❪✱ ❬✷✼✾❪✱ ❬✷✹✻❪ ❡ ❬✶✼✸❪✳

❖s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s t❛♠❜é♠ sã♦ ❢r❡q✉❡♥t❡♠❡♥t❡ r❡❢❡r✐❞♦s ❝♦♠♦ ♠ét♦❞♦s

q✉❛♥t✐t❛t✐✈♦s✳ ▼❛✐s ❡s♣❡❝✐✜❝❛♠❡♥t❡✱ ♦s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s q✉❡ ✉s❛♠ r❡sí❞✉♦s sã♦

❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♠ét♦❞♦s ❞❡ r❡❞✉♥❞â♥❝✐❛ ❛♥❛❧ít✐❝❛✳ ❖s r❡sí❞✉♦s sã♦ ♦s r❡s✉❧t❛❞♦s

❞❛s ✈❡r✐✜❝❛çõ❡s ❞❡ ❝♦♥s✐stê♥❝✐❛ ❡♥tr❡ ❛s ♦❜s❡r✈❛çõ❡s ❞❛ ♣❧❛♥t❛ ❡ ✉♠ ♠♦❞❡❧♦ ♠❛✲

t❡♠át✐❝♦✳ ◆❛ s✐t✉❛çã♦ ♣r❡❢❡r✐❞❛✱ ♦s r❡sí❞✉♦s ♦✉ tr❛♥s❢♦r♠❛çõ❡s ❞♦s r❡sí❞✉♦s sã♦

r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡s q✉❛♥❞♦ ❛s ❢❛❧❤❛s ❡stã♦ ♣r❡s❡♥t❡s✱ ❡ ♣❡q✉❡♥♦s ♥❛ ♣r❡s❡♥ç❛ ❞❡

♣❡rt✉r❜❛çõ❡s✱ r✉í❞♦ ❡ ✴ ♦✉ ❡rr♦s ❞❡ ♠♦❞❡❧❛❣❡♠✳ ■st♦ ♣❡r♠✐t❡ ❛ ❞❡✜♥✐çã♦ ❞❡ ❧✐♠✐t❡s

♣❛r❛ ❞❡t❡❝t❛r ❛s ♦❝♦rrê♥❝✐❛s ❞❡ ❢❛❧❤❛s ❬✷✻✺❪✳

❆s três ♣r✐♥❝✐♣❛✐s ❢♦r♠❛s ❞❡ ❣❡r❛r r❡sí❞✉♦s ❢❛③❡♠ ♦ ✉s♦ ❞❛s té❝♥✐❝❛s ❞❡ ❡st✐✲

♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s✱ ❞❡✜♥✐çã♦ ❞❡ ♦❜s❡r✈❛❞♦r❡s ❡ r❡❧❛çõ❡s ❞❡ ♣❛r✐❞❛❞❡ ❬✺✺❪✱ ❝♦♠♦

❞❡✜♥✐❞♦ ❛ s❡❣✉✐r✳

❼ ❊st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s✿ ♦s r❡sí❞✉♦s sã♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ♣❛râ♠❡tr♦s

♥♦♠✐♥❛✐s ❞♦ ♠♦❞❡❧♦ ❡ ♦s ♣❛râ♠❡tr♦s ❡st✐♠❛❞♦s ❞♦ ♠♦❞❡❧♦✳ ❖s ❞❡s✈✐♦s ♥♦s

♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ s❡r✈❡♠ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ❞❡t❡❝t❛r ❡ ✐s♦❧❛r ❛s ❢❛❧❤❛s ✭❬✶✺✽❪✱

❬✶✸✶❪✮❀

❼ ❖❜s❡r✈❛❞♦r❡s✿ ♦ ♠ét♦❞♦ ❜❛s❡❛❞♦ ❡♠ ♦❜s❡r✈❛❞♦r❡s r❡❝♦♥stró✐ ❛ s❛í❞❛ ❞♦ s✐st❡♠❛

❛ ♣❛rt✐r ❞❛s ♠❡❞✐çõ❡s ♦✉ ❞❡ ✉♠ s✉❜❝♦♥❥✉♥t♦ ❞❡ ♠❡❞✐çõ❡s ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❡

♦❜s❡r✈❛❞♦r❡s✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s s❛í❞❛s ♠❡❞✐❞❛s ❡ ❛s s❛í❞❛s ❡st✐♠❛❞❛s é
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✉s❛❞❛ ❝♦♠♦ ✈❡t♦r ❞❡ r❡sí❞✉♦s ✭❬✻✾❪✱❬✾✵❪❀

❼ ❘❡❧❛çõ❡s ❞❡ ♣❛r✐❞❛❞❡✿ ❡st❡ ♠ét♦❞♦ ✈❡r✐✜❝❛ ❛ ❝♦♥s✐stê♥❝✐❛ ❞❛s ❡q✉❛çõ❡s ♠❛t❡✲

♠át✐❝❛s ❞♦ s✐st❡♠❛ ❝♦♠ ❛s ♠❡❞✐çõ❡s✳ ❆s r❡❧❛çõ❡s ❞❡ ♣❛r✐❞❛❞❡ sã♦ s✉❜♠❡t✐❞❛s ❛

✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❧✐♥❡❛r ❡ ♦s r❡sí❞✉♦s tr❛♥s❢♦r♠❛❞♦s sã♦ ✉s❛❞♦s ♣❛r❛ ❞❡t❡❝t❛r

❡ ✐s♦❧❛r ❢❛❧❤❛s ❬✾✾❪✳

❆ ❛❜♦r❞❛❣❡♠ ❜❛s❡❛❞❛ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ✭❦♥♦✇❧❡❞❣❡ ❜❛s❡ ♠❡t❤♦❞s✮ ✉t✐❧✐③❛ ♠♦✲

❞❡❧♦s q✉❛❧✐t❛t✐✈♦s ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ♠❡❞✐❞❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✳ ❆ ❛❜♦r✲

❞❛❣❡♠ ❜❛s❡❛❞❛ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ é ❡s♣❡❝✐❛❧♠❡♥t❡ ❛❞❡q✉❛❞❛ ♣❛r❛ s✐st❡♠❛s ♣❛r❛ ♦s

q✉❛✐s ♥ã♦ ❡stã♦ ❞✐s♣♦♥í✈❡✐s ♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❞❡t❛❧❤❛❞♦s✳ ❆ ♠❛✐♦r✐❛ ❞❛s ♠❡✲

❞✐❞❛s ❜❛s❡❛❞❛s ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ é ❜❛s❡❛❞❛ ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ✭❝❛✉s❛❧ ❛♥❛❧②✲

s✐s✮✱ s✐st❡♠❛s ❡s♣❡❝✐❛❧✐st❛s ✭❡①♣❡rt s②st❡♠s✮ ♦✉ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ ♣❛❞rõ❡s ✭♣❛tt❡r♥

r❡❝♦❣♥✐t✐♦♥✮✳ ❈♦♠♦ ♥❛ ❛❜♦r❞❛❣❡♠ ❛♥❛❧ít✐❝❛✱ ❛ ♠❛✐♦r✐❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❞♦s ♠ét♦❞♦s

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

♣❡q✉❡♥♦ ❞❡ ❡♥tr❛❞❛s✱ s❛í❞❛s ❡ ❡st❛❞♦s✳ ❈♦♥str✉✐r ♦s ♠♦❞❡❧♦s ❞❡ ❢❛❧❤❛ ♣❛r❛ ✉♠ s✐s✲

t❡♠❛ ❞❡ ❧❛r❣❛ ❡s❝❛❧❛ ♣♦❞❡ ❡①✐❣✐r ✉♠ ❣r❛♥❞❡ ❡s❢♦rç♦ ❬✶✸❪✳

❆s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❡stã♦ ❜❛s❡❛❞❛s ♥❛ ♠♦❞❡❧❛❣❡♠ ❝❛✉s❛❧

❞❛s r❡❧❛çõ❡s ❞❡ s✐♥t♦♠❛s ❞❡ ❢❛❧❤❛s✳ ❘❡❧❛çõ❡s q✉❛❧✐t❛t✐✈❛s ❡ s❡♠✐q✉❛♥t✐t❛t✐✈❛s ♥❡ss❡s

♠♦❞❡❧♦s ❝❛✉s❛✐s ♣♦❞❡♠ s❡r ♦❜t✐❞❛s s❡♠ ♦ ✉s♦ ❞❡ ♣r✐♥❝í♣✐♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s✳ ❆s

té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ❝❛✉s❛❧✱ ✐♥❝❧✉✐♥❞♦ ❣rá✜❝♦s ❞❡ ❞✐r❡çõ❡s ❝❛✉s❛✐s ✭♠❛♣❛s ❝❛✉s❛✐s✮ ❡ ❛

ár✈♦r❡ ❝❛✉s❛❧✱ sã♦ ✉s❛❞❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ❞✐❛❣♥♦st✐❝❛r ❢❛❧❤❛s✳ P♦r ♦✉tr❛ ♣❛rt❡✱

♦s s✐st❡♠❛s ❡s♣❡❝✐❛❧✐st❛s sã♦ ✉s❛❞♦s ♣❛r❛ ♠✐♠❡t✐③❛r ♦s r❛❝✐♦❝í♥✐♦s ❞❡ ♦♣❡r❛❞♦r❡s ❡

❡s♣❡❝✐❛❧✐st❛s ♥♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ ❆ ❡①♣❡r✐ê♥❝✐❛ ❞❡ ✉♠ ❡s♣❡❝✐❛❧✐st❛ ♣♦❞❡ s❡r

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

♣r✐♥❝í♣✐♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s ❞❛ ♦♣❡r❛çã♦ ♦✉ ✉♠❛ ❞❡s❝r✐çã♦ ❡str✉t✉r❛❧ ❞♦ s✐st❡♠❛ ♣❛r❛

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

❞✐❛❣♥óst✐❝♦ ❤✉♠❛♥♦ q✉❡ ♥ã♦ sã♦ ♣r♦♥t❛♠❡♥t❡ tr❛❞✉③✐❞❛s ❡♠ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s

♦✉ ❝❛✉s❛✐s✳ P♦r ú❧t✐♠♦✱ ❛s té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ r❡❝♦♥str✉çã♦ ❞❡ ♣❛❞rõ❡s ✉s❛♠ ❛ss♦✲

❝✐❛çõ❡s ❡♥tr❡ ♣❛❞rõ❡s ❞❡ ❞❛❞♦s ❡ ❝❧❛ss❡s ❞❡ ❢❛❧❤❛s s❡♠ ❢❛③❡r ✉s♦ ❞❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠

❡①♣❧í❝✐t❛ ❞❡ ❡st❛❞♦s ♦✉ ❡str✉t✉r❛s ✐♥t❡r♥❛s ❞♦ ♣r♦❝❡ss♦✳ ❊①❡♠♣❧♦s ✐♥❝❧✉❡♠ r❡❞❡s

♥❡✉r♦♥❛✐s ❛rt✐✜❝✐❛✐s ❡ ♠❛♣❛s ❛✉t♦✲♦r❣❛♥✐③❛❞♦s✳ ❊ss❛s té❝♥✐❝❛s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s às

té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s ✭P❈❆✱ P▲❙✱ ❋❉❆ ❡ ❈❱❆✮ ❡♠ t❡r♠♦s ❞❛ ♠♦❞❡❧❛❣❡♠ ❞❛

r❡❧❛çã♦ ❡♥tr❡ ♣❛❞rõ❡s ❞❡ ❞❛❞♦s ❡ ❝❧❛ss❡s ❞❡ ❢❛❧❤❛s✳ ❆s té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s

sã♦ té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❜❛s❡❛❞❛s ❡♠ r✐❣♦r♦s❛s ❡st❛tíst✐❝❛s ♠✉❧✲

t✐✈❛r✐❛❞❛s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s r❡❞❡s ♥❡✉r♦♥❛✐s ❡ ♦s ♠❛♣❛s ❞❡ ❛✉t♦✲♦r❣❛♥✐③❛çã♦ sã♦

♠ét♦❞♦s ❞❡ ❝❛✐①❛ ♣r❡t❛ q✉❡ ❛♣r❡♥❞❡♠ ♦ ♣❛❞rã♦ ❜❛s❡❛❞♦ ✐♥t❡✐r❛♠❡♥t❡ ♥❛s s❡ssõ❡s ❞❡

tr❡✐♥❛♠❡♥t♦✳ ❬✺✺❪

❆❧❣✉♥s tr❛❜❛❧❤♦s q✉❡ ❢❛③❡♠ ✉s♦ ❞❡ ♠ét♦❞♦s ❜❛s❡❛❞♦s ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♦✉ ♠é✲
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t♦❞♦s q✉❛❧✐t❛t✐✈♦s sã♦ ❞❡st❛❝❛❞♦s ❛ s❡❣✉✐r❀ ♥♦ ❝❛s♦ ❞❛s té❝♥✐❝❛s q✉❡ r❡❝♦♥str♦❡♠

r❡❧❛çõ❡s ❝❛✉s❛✲❡❢❡✐t♦ ❬✹✾✱ ✶✵✵✱ ✶✼✶✱ ✷✾✺❪❀ ♥♦ ♠ét♦❞♦s q✉❡ ❡♠♣r❡❣❛♠ r❡❝♦♥❤❡❝✐♠❡♥t♦

❞❡ ♣❛❞rõ❡s ❬✷✶✹❪ ❡ ♥♦s ♠ét♦❞♦s q✉❡ ❝❛♣t✉r❛♠ ❛ss♦❝✐❛çõ❡s ❤✉♠❛♥❛s ♣❛r❛ ♦ ❞✐❛❣♥♦s✲

t✐❝♦ ❞❡ ❢❛❧❤❛s ❬✶✻✱ ✶✼✽✱ ✷✶✶✱ ✷✼✶✱ ✷✼✽❪✳

❖s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s ♠♦❞❡r♥♦s ❝♦♥t❛♠ ❝♦♠ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ✐♥str✉✲

♠❡♥t♦s❀ ❛ss✐♠✱ ♣r♦❝❡ss♦s ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ♣r♦❞✉③❡♠ q✉❛♥t✐❞❛❞❡s ❛♣r❡❝✐á✈❡✐s ❞❡

❞❛❞♦s✳ ◆♦ ❡♥t❛♥t♦✱ ❡♠❜♦r❛ ❡ss❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ✐♥❢♦r♠❛çã♦ ❞♦s ♣r♦❝❡ss♦s

❡st❡❥❛ ❞✐s♣♦♥í✈❡❧✱ ❡stá ❛❧é♠ ❞❛s ❝❛♣❛❝✐❞❛❞❡s ❞❡ ✉♠ ♦♣❡r❛❞♦r ♦✉ ❡♥❣❡♥❤❡✐r♦ ❛✈❛❧✐❛r

❡❢❡t✐✈❛♠❡♥t❡ ❛s ♦♣❡r❛çõ❡s ❞♦ ♣r♦❝❡ss♦ s✐♠♣❧❡s♠❡♥t❡ ♦❜s❡r✈❛♥❞♦ ♦s ❞❛❞♦s✳ ❆❧é♠

❞✐ss♦✱ ♦s ♠♦❞❡❧♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s ❞❡t❛❧❤❛❞♦s ❡ ♣r❡❝✐s♦s sã♦ ❞✐❢í❝❡✐s ❞❡ ❞❡s❡♥✈♦❧✈❡r✱

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

❝❡ss♦s ✐♥❞✉str✐❛✐s é ❜❛s❡❛❞❛ ❡♠ ❞❛❞♦s ✭♠ét♦❞♦s ❞❛t❛✲❞r✐✈❡♥✮ ❬✶✾❪✳ ❖s ♠ét♦❞♦s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠

❤✐stór✐❛✱ ✉s❛♠ ♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❝♦❧❡t❛❞♦s ❞✉r❛♥t❡ ❝♦♥❞✐çõ❡s ♥♦r♠❛✐s ❞❡ ♦♣❡r❛✲

çã♦ ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ❛s ♠❡❞✐❞❛s q✉❡ ❞❡t❡❝t❛♠ ❡ ✐❞❡♥t✐✜❝❛♠ ❢❛❧❤❛s✱ ❛❧é♠ ❞♦s ❞❛❞♦s

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

❢❛❧❤❛s✳ ❈♦♠♦ ❡ss❡s ♠ét♦❞♦s sã♦ ♦r✐❡♥t❛❞♦s ♣♦r ❞❛❞♦s✱ ❛ ♣r♦✜❝✐ê♥❝✐❛ ❞❡ss❡s ♠ét♦❞♦s

é ❛❧t❛♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ q✉❛♥t✐❞❛❞❡ ❡ ❞❛ q✉❛❧✐❞❛❞❡ ❞♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦✳ ❍á

❝❛s♦s✱ ❡♠ q✉❡ ❡♠❜♦r❛ ❡①✐st❛ ❞✐s♣♦♥í✈❡❧ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s ❞♦s ♣r♦✲

❝❡ss♦s✱ ❛♣❡♥❛s ✉♠❛ ♣❡q✉❡♥❛ ♣❛rt❡ é út✐❧❀ ♣♦r ❡①❡♠♣❧♦ ❡♠ ❝❛s♦s ❡♠ q✉❡ ✉♠❛ ♣❛rt❡

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

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

✭❞❛t❛✲❞r✐✈❡♥✮ é q✉❡ ♣❡r♠✐t❡♠ tr❛♥s❢♦r♠❛r ❞❛❞♦s ❞❡ ❛❧t❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❛ ❞❛❞♦s

❞❡ ❜❛✐①❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡♠ q✉❡ s❡ t♦r♥❛ ♣♦ssí✈❡❧ ❡①tr❛✐r ✐♥❢♦r♠❛çõ❡s r❡❧❡✈❛♥t❡s

❞♦ ♣r♦❝❡ss♦✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ❥á ❢♦✐ ❛❞✈❡rt✐❞♦ ❛❝✐♠❛✱ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡st❛s té❝♥✐❝❛s

é ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ q✉❛♥t✐❞❛❞❡ ❡ q✉❛❧✐❞❛❞❡s ❞♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦✳

❖s ♠ét♦❞♦s ❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s ❡ ❞❡ ❝❛rát❡r ❡st❛tíst✐❝♦

❡♥❝♦♥tr❛♠ ✉s♦ ♥❛ ♠❛✐♦r✐❛ ❞♦s s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛s

❛t✉❛✐s ❬✶✾❪ ❬✺✻❪✳ ❆ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ❞❛s ♣r✐♥❝✐♣❛✐s té❝♥✐❝❛s ❞❡ss❡

t✐♣♦✿

❼ ❆♥á❧✐s❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ✭♣r✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥ts ❛♥❛❧②s✐s✱ P❈❆✮✳ ➱

✉♠❛ té❝♥✐❝❛ ❞❡ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ♠✉✐t♦ ❡st✉❞❛❞❛ ❡ ❛♠♣❧❛♠❡♥t❡

❛♣❧✐❝❛❞❛ ❞✉r❛♥t❡ ❛s ú❧t✐♠❛s ❞é❝❛❞❛s ❡♠ s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦✲

❝❡ss♦s ✐♥❞✉str✐❛s✳ P❈❆ é ✉♠❛ té❝♥✐❝❛ ❞❡ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ q✉❡

♣r♦❝✉r❛ ❝❛♣t✉r❛r ❛ ✈❛r✐â♥❝✐❛ ❞♦s ❞❛❞♦s ❡ ❛s ❝♦rr❡❧❛çõ❡s ❡♥tr❡ ✈❛r✐á✈❡✐s ❬✶✸✹❪✳

❆s r❡♣r❡s❡♥t❛çõ❡s ❞❡ ♠❡♥♦r ❞✐♠❡♥sã♦ ❞♦s ❞❛❞♦s ♣r♦❞✉③✐❞♦s ♣❡❧♦ P❈❆ ♣♦❞❡♠

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

✶✺



♠✉❧t✐✈❛r✐❛❞❛s✳ ❆ ❡str✉t✉r❛ ❛❜str❛í❞❛ ♣♦r P❈❆ ♣♦❞❡ s❡r út✐❧ ♣❛r❛ ✐❞❡♥t✐✜❝❛r

❛s ✈❛r✐á✈❡✐s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❢❛❧❤❛ ♦✉ ❛s ✈❛r✐á✈❡✐s ♠❛✐s ❛❢❡t❛❞❛s ♣❡❧❛ ❢❛❧❤❛✳

■♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❡ q✉❛♥t❛s ❞✐♠❡♥sõ❡s sã♦ ♥❡❝❡ssár✐❛s ♥♦ ❡s♣❛ç♦ ❞♦s ❝♦♠✲

♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s✱ ♣♦❞❡♠ s❡r ✉s❛❞❛s ♠étr✐❝❛s ✭♣♦r ❡①❡♠♣❧♦✱ ❡st❛tíst✐❝❛ ❞❡

❍♦t❡❧❧✐♥❣ ✭❚✷✮ ❡ ❛ ❡st❛tíst✐❝❛ ❝❤✐ ✭◗✮✮ q✉❡ sã♦ s❡♠❡❧❤❛♥t❡s ❛♦s ❣rá✜❝♦s ❞❡

❝♦♥tr♦❧❡ ✉♥✐✈❛r✐❛❞♦s✱ ♠❛s sã♦ ❜❛s❡❛❞❛s ❡♠ ❡st❛tíst✐❝❛s ♠✉❧t✐✈❛r✐❛❞❛s✳ ❊ss❡s

❣rá✜❝♦s ❞❡ ❝♦♥tr♦❧❡ ♣♦❞❡♠ ❛❥✉❞❛r ♦s ♦♣❡r❛❞♦r❡s ❡ ❡♥❣❡♥❤❡✐r♦s ❛ ✐♥t❡r♣r❡t❛r❡♠

t❡♥❞ê♥❝✐❛s s✐❣♥✐✜❝❛t✐✈❛s ♥♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❬✶✻✶❪✳

❼ ❆♥á❧✐s❡ ❞✐s❝r✐♠✐♥❛♥t❡ ❞❡ ❋✐s❤❡r ✭❋✐s❤❡r ❞✐s❝r✐♠✐♥❛♥t ❛♥❛❧②s✐s✱ ❋❉❆✮✳ ➱ ✉♠❛

té❝♥✐❝❛ ❞❡ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞❡s❡♥✈♦❧✈✐❞❛ ❡ ❡st✉❞❛❞❛ ❞❡♥tr♦ ❞❛

❝♦♠✉♥✐❞❛❞❡ ❞❡ ❝❧❛ss✐✜❝❛çã♦ ❞❡ ♣❛❞rõ❡s ❬✼✽❪✳ ❆ ❋❉❆ ❞❡t❡r♠✐♥❛ ❛ ♣♦rçã♦ ❞♦

❡s♣❛ç♦ ❞❡ ♦❜s❡r✈❛çã♦ q✉❡ é ♠❛✐s ❡✜❝❛③ ♣❛r❛ ❞✐s❝r✐♠✐♥❛çã♦ ❡♥tr❡ ✈ár✐❛s ❝❧❛ss❡s

❞❡ ❞❛❞♦s✳ ❆ ❛♥á❧✐s❡ ❞✐s❝r✐♠✐♥❛♥t❡ é ❛♣❧✐❝❛❞❛ ❛ ❡ss❛ ♣❛rt❡ ❞♦ ❡s♣❛ç♦ ❞❡ ♦❜s❡r✲

✈❛çã♦ ♣❛r❛ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ ❆ té❝♥✐❝❛ ❞❡ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡

é ❛♣❧✐❝❛❞❛ ❛♦s ❞❛❞♦s ❡♠ t♦❞❛s ❛s ❝❧❛ss❡s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ ❆ss✐♠✱ t♦❞❛s ❛s

✐♥❢♦r♠❛çõ❡s ❞❛s ❝❧❛ss❡s ❞❡ ❢❛❧❤❛ sã♦ ✉t✐❧✐③❛❞❛s q✉❛♥❞♦ ❛ ❢✉♥çã♦ ❞✐s❝r✐♠✐♥❛♥t❡

é ❛✈❛❧✐❛❞❛ ♣❛r❛ ❝❛❞❛ ❝❧❛ss❡ ❬✶✶✼❪✳

❼ ▼í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❝✐❛✐s ✭♣❛rt✐❛❧ ❧❡❛st sq✉❛r❡s✱ P▲❙✮✳ ❙ã♦ ♠ét♦❞♦s ❞❡ ❞❡✲

❝♦♠♣♦s✐çã♦ ❞❡ ❞❛❞♦s ♣❛r❛ ♠❛①✐♠✐③❛r ❛ ❝♦✈❛r✐â♥❝✐❛ ❡♥tr❡ ♦ ❜❧♦❝♦ ♣r❡❞✐t♦r

✭✐♥❞❡♣❡♥❞❡♥t❡✮ ❡ ♦ ❜❧♦❝♦ ♣r❡❞✐t♦ ✭❞❡♣❡♥❞❡♥t❡✮ ♣❛r❛ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡✳ ❆ té❝✲

♥✐❝❛ ❞❡ P▲❙ t❡♥t❛ ❡♥❝♦♥tr❛r ✈❡t♦r❡s ❞❡ ❝❛r❣❛ ❡ ♣♦♥t✉❛çã♦ ✭❧♦❛❞✐♥❣ ❛♥❞ s❝♦r❡

✈❡❝t♦rs✮ q✉❡ ❡stã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ♦ ❜❧♦❝♦ ♣r❡✈✐st♦ X✱ ❡♥q✉❛♥t♦ ❞❡s❝r❡✈❡

❛ ✈❛r✐❛çã♦ ♥♦ ❜❧♦❝♦ ♣r❡❞✐t♦r Y ❬✷✽✺❪✳ ❯♠❛ ❛♣❧✐❝❛çã♦ ♣♦♣✉❧❛r ❞♦ P▲❙ é s❡✲

❧❡❝✐♦♥❛r X ♣❛r❛ ❝♦♥t❡r ♦s ❞❛❞♦s ❞♦ s❡♥s♦r ❡ Y ♣❛r❛ ❝♦♥t❡r ❛♣❡♥❛s ♦s ❞❛❞♦s

❞❡ q✉❛❧✐❞❛❞❡ ❞♦ ♣r♦❞✉t♦ ❬✶✽✶❪✳ ❙❡♠❡❧❤❛♥t❡ ❛♦ P❈❆✱ ❡ss❡s ♠♦❞❡❧♦s ✐♥❢❡r❡♥❝✐✲

❛✐s ✭t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ s♦❢t s❡♥s♦rs✮ ♣♦❞❡♠ s❡r ✉s❛❞♦s ♣❛r❛ ❞❡t❡❝t❛r✱

✐❞❡♥t✐✜❝❛r ❡ ❞✐❛❣♥♦st✐❝❛r ❢❛❧❤❛s ❬✶✽✶❪✱ ❬✷✵✼❪✳ ❖✉tr❛ ❛♣❧✐❝❛çã♦ ❞♦ P▲❙ q✉❡ ❢♦❝❛

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

❝❧❛ss❡✱ ❡♠ ❝✉❥♦ ❝❛s♦ é ♥♦♠❡❛❞♦ ❝♦♠♦ ♠í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❝✐❛✐s ❞✐s❝r✐♠✐✲

♥❛♥t❡s ✭ ❞✐s❝r✐♠✐♥❛♥t ♣❛rt✐❛❧ ❧❡❛st sq✉❛r❡s✮✳

P❛rt✐♥❞♦ ❞♦s ♠ét♦❞♦s ♠❡♥❝✐♦♥❛❞♦s ❛❝✐♠❛✱ ❢♦r❛♠ ❞❡r✐✈❛❞♦s ♦✉tr♦s ♠ét♦❞♦s

♠✉✐t♦ ✉s❛❞♦s ♥♦s s✐st❡♠❛s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❢❛❧❤❛s✱ t❛✐s ❝♦♠♦ ❈❱❆ ✭❝❛♥♦♥✐❝❛❧ ✈❛✲

r✐❛t❡ ❛♥❛❧②s✐s✮✱ ❉P❈❆ ✭❞②♥❛♠✐❝ ♣r✐♥❝✐❛❧ ❝♦♠♣♦♥❡♥ts ❛♥❛❧②s✐s✮✱ ❡♥tr❡ ♦✉tr♦s✳ ◆❛

❋✐❣✉r❛ ✷✳✷ ❛♣r❡s❡♥t❛✲s❡ ❛ ❝❧❛ss✐✜❝❛çã♦ ❞♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♠ét♦❞♦s ❞❡ ✐❞❡♥t✐✲

✜❝❛çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ ❆❧❣✉♥s tr❛❜❛❧❤♦s q✉❡ ❛♣r❡s❡♥t❛♠ ♠ét♦❞♦s ❜❛s❡❛✲

❞♦s ❡♠ ❞❛❞♦s ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s sã♦ r❡s✉♠✐❞♦s ♥♦s s❡❣✉✐♥t❡s tr❛❜❛❧❤♦s

❬✾✼✱ ✶✷✻✱ ✶✸✵✱ ✶✽✼✱ ✷✵✵✱ ✷✶✷✱ ✷✼✽✱ ✷✾✷❪✳

✶✻



❉❡ ✉♠❛ ❢♦r♠❛ ♠❛✐s ❣❡r❛❧✱ ♦s ♠ét♦❞♦s tr❛❞✐❝✐♦♥❛✐s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♣♦❞❡♠

s❡r t❛♠❜é♠ ❝❧❛ss✐✜❝❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞❡t❡❝çã♦ ❝♦♠♦✿ ✭✶✮

❞❡t❡❝çã♦ ♣♦r ❧✐♠✐t❡✱ q✉❡ ❣❡r❛ ✉♠ ❛❧❛r♠❡ q✉❛♥❞♦ ❛s ♦❜s❡r✈❛çõ❡s ❝r✉③❛♠ ❧✐♠✐t❡s ♣r❡✲

❞❡✜♥✐❞♦s ❡ é ♠✉✐t♦ ❛♣❧✐❝❛❞♦ ♣♦r ❝♦♥t❛ ❞❛ ❢á❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦❀ ♦ ❧✐♠✐t❡ ❞❡ ❞❡t❡❝çã♦✱

♥♦ ❡♥t❛♥t♦✱ ♥ã♦ t❡♠ s❡♥s✐❜✐❧✐❞❛❞❡ ♣❛r❛ ❛❧❣✉♠❛s ♣❡rt✉r❜❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ♣♦rq✉❡

♣♦❞❡ ✐❣♥♦r❛r ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ ❬✼✹❪❀ ✭✷✮ ❞❡t❡❝çã♦ ❞❡ ❞✐s✲

❝r❡♣â♥❝✐❛✱ ❡♠ q✉❡ s❡ ❣❡r❛ ✉♠ ❛❧❛r♠❡ q✉❡ ❝♦♠♣❛r❛ ♦s ✈❛❧♦r❡s s✐♠✉❧❛❞♦s ❛♦s ✈❛❧♦r❡s

r❡❛✐s ♦❜s❡r✈❛❞♦s✳ ❉❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❞❡t❡❝çã♦ ❞❡ ❞✐s❝r❡♣â♥❝✐❛ ❞❡♣❡♥❞❡ ♠✉✐t♦

❞❛ ♣r❡❝✐sã♦ ❞♦ ♠♦❞❡❧♦✱ ❡ ❛s ✐♠♣r❡❝✐sõ❡s ❞♦ ♠♦❞❡❧♦ sã♦ ✐♥❡✈✐tá✈❡✐s ♥❛ ♣rát✐❝❛✳ ❈♦♠♦

é ❞✐❢í❝✐❧ ❞✐st✐♥❣✉✐r ❢❛❧❤❛s ❣❡♥✉í♥❛s ❞❡ ❡rr♦s ♥♦ ♠♦❞❡❧♦✱ ❛ ❞❡t❡❝çã♦ ❞❡ ❞✐s❝r❡♣â♥❝✐❛s

♥♦r♠❛❧♠❡♥t❡ ♣♦❞❡ ❛♣r❡s❡♥t❛r sér✐♦s ♣r♦❜❧❡♠❛s ❞❡ r♦❜✉st❡③ ❬✼✹❪✳

❆ ❞❡t❡❝çã♦ ♣♦r ❧✐♠✐t❡ ❞❡t❡r♠✐♥❛ ❛s t♦❧❡râ♥❝✐❛s ♣❛r❛ ❝❛❞❛ ✈❛r✐á✈❡❧ ❞❡ ♦❜s❡r✈❛çã♦

s❡♠ ✉s❛r q✉❛❧q✉❡r ✐♥❢♦r♠❛çã♦ ❞❛s ♦✉tr❛s ✈❛r✐á✈❡✐s ❡✱ ❞❡ss❛ ❢♦r♠❛✱ é ✜❧♦s♦✜❝❛♠❡♥t❡

✐❞ê♥t✐❝❛ às té❝♥✐❝❛s ❡st❛tíst✐❝❛s ✉♥✐✈❛r✐❛❞❛s✳ ❊ss❡s ♠ét♦❞♦s ✐❣♥♦r❛♠ ❛s ❝♦rr❡❧❛çõ❡s

❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞❡ ♦❜s❡r✈❛çã♦ ✭❝♦rr❡❧❛çõ❡s ❡s♣❛❝✐❛✐s✮ ❡ ❛s ❝♦rr❡❧❛çõ❡s ❡♥tr❡ ❛s

♠❡❞✐❞❛s ❞❛ ♠❡s♠❛ ✈❛r✐á✈❡❧✱ t♦♠❛❞❛s ❡♠ ♠♦♠❡♥t♦s ❞✐❢❡r❡♥t❡s ✭❝♦rr❡❧❛çõ❡s ❡♠ sér✐❡✮✳

✭◆♦t❡ q✉❡ ❛s ❝♦rr❡❧❛çõ❡s ❡s♣❛❝✐❛✐s t❛♠❜é♠ s❡ r❡❢❡r❡♠ ❛ ❝♦rr❡❧❛çõ❡s ❡♥tr❡ ❞✐❢❡r❡♥t❡s

♠❡❞✐❞❛s t♦♠❛❞❛s ❡ss❡♥❝✐❛❧♠❡♥t❡ ♥❛ ♠❡s♠❛ ❧♦❝❛❧✐③❛çã♦ ❢ís✐❝❛✳✮

❖s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦ sã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❡s♣❛❝✐❛❧♠❡♥t❡ ♣♦rq✉❡ ♠✉✐t❛s ✈❡③❡s

❤á ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❧❡✐t✉r❛s ❞♦ s❡♥s♦r t♦♠❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ❡ ❛ ✈❛r✐✲

❛❜✐❧✐❞❛❞❡ ❞❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ é r❡str✐t❛ ❛ ✉♠❛ ❞✐♠❡♥sã♦ ♠❡♥♦r ✭♣♦r ❡①❡♠♣❧♦✱

❞❡✈✐❞♦ ❛ ❡q✉✐❧í❜r✐♦s ❞❡ ❢❛s❡s ♦✉ ❧❡✐s ❞❡ ❝♦♥s❡r✈❛çã♦✱ ❝♦♠♦ ♦s ❜❛❧❛♥ç♦s ❞❡ ♠❛t❡r✐❛✐s

❡ ❡♥❡r❣✐❛✮ ❬✼✾❪✳ ❆❧é♠ ❞✐ss♦✱ ♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦ sã♦ s❡r✐❛❧♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛❞♦s

♣♦rq✉❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ ❛♠♦str❛❣❡♠ sã♦ r❡❧❛t✐✈❛♠❡♥t❡ ♣❡q✉❡♥♦s ❡ ♦s ❝♦♥tr♦❧❛❞♦r❡s

❞❡ ♣r♦❝❡ss♦ ♣❛❞rõ❡s sã♦ ✐♥❝❛♣❛③❡s ❞❡ r❡♠♦✈❡r t♦❞❛s ❛s t❡♥❞ê♥❝✐❛s s✐st❡♠át✐❝❛s ❞❡✲

✈✐❞❛s ❛ ❝♦♠♣♦♥❡♥t❡s ✐♥❡r❝✐❛✐s✱ ❝♦♠♦ ♦s ❛ss♦❝✐❛❞♦s ❛ t❛♥q✉❡s ❞❡ ♠✐st✉r❛ ❡ ❧✐♥❤❛s

❞❡ r❡❝✐❝❧❛❣❡♠✳ ❈♦♠♦ ♦ s❡♥s♦r ❞❡ ❧✐♠✐t❡ ♥ã♦ ❧❡✈❛ ❡♠ ❝♦♥t❛ ❛s ❝♦rr❡❧❛çõ❡s ❡s♣❛❝✐❛✐s✱

❡❧❡ ♥ã♦ t❡♠ s❡♥s✐❜✐❧✐❞❛❞❡ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❛❧❣✉♠❛s ❢❛❧❤❛s q✉❡ ♦❝♦rr❡♠ ♥♦s ♣r♦❝❡ss♦s

q✉í♠✐❝♦s ❬✶✸✹❪✱ ❡ ❝♦♠♦ ♦ s❡♥s♦r ❞❡ ❧✐♠✐t❡ t❛♠❜é♠ ✐❣♥♦r❛ ❛s ❝♦rr❡❧❛çõ❡s ❡♠ sér✐❡✱

❡❧❡ ♣♦❞❡ ♥ã♦ ❛♣r❡s❡♥t❛r r♦❜✉st❡③ ❬✶✶✺❪✳ ❆ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❧✐❞❛r ❝♦♠ ❝♦rr❡❧❛çõ❡s ❡s✲

♣❛❝✐❛✐s ❧❡✈♦✉ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡ ❛♦ ❡♠♣r❡❣♦ ❞❡ ❡st❛tíst✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡

♣r♦❝❡ss♦s ❝♦♠ ❜❛s❡ ♥❛ té❝♥✐❝❛ ❞❡ P❈❆ ♣❛r❛ ♠♦♥✐t♦r❛r ♣r♦❝❡ss♦s q✉í♠✐❝♦s✳

✷✳✷ ❙✐st❡♠❛s ❞✐♥â♠✐❝♦s ❡ sér✐❡s t❡♠♣♦r❛✐s

❆✈❛♥ç♦s r❡❝❡♥t❡s ❞❛s t❡❝♥♦❧♦❣✐❛s ❞❡ s❡♥s♦r❡s✱ ❝♦♠♣✉t❛çã♦ ❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ❛ ❝♦♥s❡✲

q✉❡♥t❡ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❛❜✉♥❞❛♥t❡s ❢♦♥t❡s ❞❡ ❞❛❞♦s ♥❛ ❢♦r♠❛ ❞❡ sér✐❡s t❡♠♣♦r❛✐s

✶✼



❋✐❣✉r❛ ✷✳✷✿ ❈❧❛ss✐✜❝❛çã♦ ❞♦s ♠ét♦❞♦s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❬✶✾❪

♣♦❞❡♠ tr❛♥s❢♦r♠❛r ❛ ❢♦r♠❛ ❝♦♠♦ ♦s s✐st❡♠❛s ❝♦♠♣❧❡①♦s ❞♦ ♠✉♥❞♦ r❡❛❧ sã♦ ♠♦♥✐✲

t♦r❛❞♦s ❡ ❝♦♥tr♦❧❛❞♦s✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❛s ✐♥❞ústr✐❛s sã♦ ❝♦♥st❛♥t❡♠❡♥t❡ ❞❡s❛✜❛❞❛s

❛ ♠❡❧❤♦r❛r ❡ ♦t✐♠✐③❛r s❡✉s ♣r♦❝❡ss♦s✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛❧❣✉♥s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s

tê♠ ❝♦♠❡ç❛❞♦ ❛ ❛t✉❛❧✐③❛r ♦ ♣r♦❥❡t♦ ❡ ❝♦♥tr♦❧❡ ❞♦ s❡✉s s✐st❡♠❛s ❞❡ ♠❛♥✉❢❛❝t✉r❛ ♣❛r❛

♣r❡✈❡♥✐r✱ ❛♦ ✐♥✈és ❞❡ s♦♠❡♥t❡ ♠✐t✐❣❛r ♣❡r❞❛s ❞❡ q✉❛❧✐❞❛❞❡ ✭✐✳❡✳ ♣r♦❞✉t♦s ❢♦r❛ ❞❡

❡s♣❡❝✐✜❝❛çã♦ ♦✉ ❞❡❢❡✐t✉♦s♦s✮ ♦✉ ✐♥t❡❣r✐❞❛❞❡ ♥❛ ♣r♦❞✉çã♦ ✭✐✳❡✳ ❢❛❧❤❛s ❡♠ ❡q✉✐♣❛♠❡♥✲

t♦s✱ s❡♥s♦r❡s ♦✉ q✉❛❧q✉❡r ♦✉tr♦ q✉❡ ❢❛ç❛ ♣❛rt❡ ❞♦ ♣r♦❝❡ss♦ ♣r♦❞✉t✐✈♦✮✳ ❉❡ ♠❛♥❡✐r❛

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

❜❛s❡❛❞❛s ♥❛ ♣r❡❞✐çã♦ ❞♦ s✉r❣✐♠❡♥t♦ ❞❡ ❞♦❡♥ç❛s ❡♠ ❝❡rt❛s ♣♦♣✉❧❛çõ❡s ❬✷✻✻❪✳ ❊ss❛ ♠✉✲

❞❛♥ç❛ ❞❡ ❞❡t❡❝çã♦✲❞✐❛❣♥óst✐❝♦✲♠✐t✐❣❛çã♦ ❞❡ ❛♥♦♠❛❧✐❛s ♣❛r❛ ♣r❡✈❡♥çã♦✲♣r♦❣♥óst✐❝♦✲

♣r❡✈❡♥çã♦ é ✈✐st❛ ❡♠ ✈ár✐♦s ❞♦♠í♥✐♦s ❞❛ ❡♥❣❡♥❤❛r✐❛✱ ❛❧é♠ ❞❛ ♠❛♥✉❢❛t✉r❛ ❡ ❞❛ s❛ú❞❡✱

✐♥❝❧✉✐♥❞♦ r❡❞❡s ❞❡ t❡❧❡❝♦♠✉♥✐❝❛çõ❡s ❡ s❡r✈✐ç♦s ♣ú❜❧✐❝♦s ❡ ✐♥❢r❛❡str✉t✉r❛✳ ❊♠ ♣❛r✲

t✐❝✉❧❛r✱ ❛ r✐❝❛ ✐♥❢♦r♠❛çã♦ ❝❛✉s❛❧ ❡ ❞✐♥â♠✐❝❛ ♣❡r❝❡♣tí✈❡❧ ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❞❡ sér✐❡s

t❡♠♣♦r❛✐s t♦r♥♦✉ ♣♦ssí✈❡❧ ❛ ♣r❡✈✐sã♦ ❞❛ ❡✈♦❧✉çã♦ ❞❡ ❞✐♥â♠✐❝❛s ❞❡ s✐st❡♠❛s ❜✐♦❧ó❣✐✲

❝♦s✱ ❢ís✐❝♦s ❡ ❞❡ ❡♥❣❡♥❤❛r✐❛ ❬✶✻✾✱ ✶✾✽✱ ✷✽✷❪ ✭❝r✉❝✐❛❧ ♣❛r❛ ♦ s❡✉ ❝♦♥tr♦❧❡ ♣r❡✈❡♥t✐✈♦✮✳

❆ss✐♠✱ ❛ ❛♥á❧✐s❡ ♣r❡❞✐t✐✈❛ ❡stá ❡♠❡r❣✐♥❞♦ ❝♦♠♦ ✉♠ ❞♦s r❛♠♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞❛

✶✽



✐♥❢♦r♠át✐❝❛ ♠♦❞❡r♥❛ ❡ ❞♦ ❜✐❣ ❞❛t❛✳ ❉❡ ❢❛t♦✱ ❛ ♣r❡✈✐sã♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s r❡❧❛❝✐♦✲

♥❛❞❛s à ❡✈♦❧✉çã♦ ❞❡ s✐st❡♠❛s ❝♦♠♣❧❡①♦s é ❝♦♥s✐❞❡r❛❞❛ ✉♠ ❞♦s ❞❡s❛✜♦s ❡♠❡r❣❡♥t❡s

❞❛ ❝✐ê♥❝✐❛ ♠♦❞❡r♥❛ ❬✶✻✺❪✳

❆ ♣r❡✈✐sã♦ ❡❢❡t✐✈❛ ❞❡ ❡st❛❞♦s ❢✉t✉r♦s ❞❡ ✉♠ s✐st❡♠❛ ❝♦♠♣❧❡①♦ ❛ ♣❛rt✐r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s ❝♦♥t✐♥✉❛ s❡♥❞♦ ✉♠ ❞❡s❛✜♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ às ❞✐✈❡rs❛s ❝♦♠❜✐♥❛çõ❡s

❞♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ♥ã♦✲❧✐♥❡❛r❡s ❡ ♥ã♦✲❡st❛❝✐♦♥ár✐♦s ❡①✐❜✐❞♦s ♣♦r ❡ss❡s

s✐st❡♠❛s✳ ❊st❛t✐st✐❝❛♠❡♥t❡ ❢❛❧❛♥❞♦✱ sér✐❡s t❡♠♣♦r❛✐s ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞❛s ❡♠❡r✲

❣❡♥t❡s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♥ã♦✲❧✐♥❡❛r s❡ ❢♦r❡♠ ♠❛r❝❛❞❛s ♣♦r ❝❛r❛❝t❡ríst✐❝❛s

❞✐st✐♥t❛s ❞❡ s✐♥❛✐s r✉✐❞♦s♦s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ❝♦♠♦ ♥ã♦✲♥♦r♠❛❧✐❞❛❞❡✱ ❛♣❡r✐♦❞✐❝✐❞❛❞❡✱

♣r❡s❡♥ç❛ ❞❡ ❝✐❝❧♦s ❛ss✐♠étr✐❝♦s✱ ♠✉❧t✐♠♦❞❛❧✐❞❛❞❡✱ r❡❧❛çõ❡s ❝❛✉s❛✐s ♥ã♦✲❧✐♥❡❛r❡s ❡♥tr❡

✈❛r✐á✈❡✐s ❞❡❢❛s❛❞❛s ❡ ✈❛r✐❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ♣r❡✈✐sã♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ♥♦

❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ❡♥tr❡ ♦✉tr♦s ❬✽✺❪✳

❆ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s é ❛ ❜❛s❡ t❡ór✐❝❛ q✉❡ s✉♣♦rt❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐✲

♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ sã♦ ❞❡t❡r♠✐♥❛♥t❡s ♦s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐✲

❞♦s ✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r P❆❈❑❆❘❉ ❡t ❛❧✳✭✶✾✽✵✮ ❡ ❢♦r♠❛❧✐③❛❞♦s ❧♦❣♦ ♣♦r ❚❆❑❊◆❙✭✶✾✽✶✮

q✉❡ ♣❡r♠✐t✐r❛♠ r❡❝♦♥str✉✐r ❛ ❞✐♥â♠✐❝❛ ❝♦♠♣❧❡t❛ ❞❡ ✉♠ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛

ú♥✐❝❛ s❡r✐❡ t❡♠♣♦r❛❧✳ ❆ r❡❝♦♥str✉çã♦ ♥ã♦ é✱ é ❝❧❛r♦✱ ✐❞ê♥t✐❝❛ à ❞✐♥â♠✐❝❛ ✐♥t❡r♥❛ ✭♦✉

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

❞❡ ❝♦♥tr♦❧❡✿ ❝♦♠♦ ✐❞❡♥t✐✜❝❛r t♦❞❛s ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ✐♥t❡r♥❛s ❞❡ ✉♠ s✐st❡♠❛ ❡

✐♥❢❡r✐r s❡✉s ✈❛❧♦r❡s ❛ ♣❛rt✐r ❞♦s s✐♥❛✐s q✉❡ ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s✮✳ ▼❡s♠♦ ❛ss✐♠✱ ❡s✲

s❛s r❡❝♦♥str✉çõ❡s ❛✐♥❞❛ ♣♦❞❡♠ s❡r ❡①tr❡♠❛♠❡♥t❡ út❡✐s✱ ♣♦rq✉❡ sã♦ ❣❛r❛♥t✐❞❛s ❝♦♠♦

✐❞ê♥t✐❝❛s t♦♣♦❧♦❣✐❝❛♠❡♥t❡✳ ❊✱ ✉♠❛ ✈❡③ q✉❡ ♠✉✐t❛s ♣r♦♣r✐❡❞❛❞❡s ✐♠♣♦rt❛♥t❡s ❞❡ s✐s✲

t❡♠❛s ❞✐♥â♠✐❝♦s sã♦ ✐♥✈❛r✐❛♥t❡s s♦❜ ❞✐❢❡♦♠♦r✜s♠♦s✱ ✐ss♦ s✐❣♥✐✜❝❛ q✉❡ ❛s ❝♦♥❝❧✉sõ❡s

♦❜t✐❞❛s s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ r❡❝♦♥str✉í❞❛ t❛♠❜é♠ sã♦ ✈á❧✐❞❛s ♣❛r❛ ❛ ❞✐♥â♠✐❝❛ r❡❛❧ ❞♦

s✐st❡♠❛ ❬✸✼❪✳

❉❛❞♦s ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♠✉❧t✐✈❛r✐❛❞❛s ♣♦ss✉❡♠ ✉♠❛ ✉t✐❧✐❞❛❞❡ q✉❡ s❡ ❡①♣❛♥❞❡

❛❧é♠ ❞❛ ❝♦♠♣r♦✈❛çã♦ q✉❡ é ❢♦r♥❡❝✐❞❛ ♣♦r ♠❡✐♦ ❞❛s ❛♥á❧✐s❡s ✐♥❞✐✈✐❞✉❛✐s ❞♦s ❞✐❢❡r❡♥t❡s

❝♦♠♣♦♥❡♥t❡s✳ ❚❛♠❜é♠ é ♣♦ssí✈❡❧ r❡❛❧✐③❛r r❡❝♦♥str✉çõ❡s ❞❡ ♠ú❧t✐♣❧♦s ❡❧❡♠❡♥t♦s q✉❡

❝♦♠❜✐♥❛♠ ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ss❡s ❝♦♠♣♦♥❡♥t❡s✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ P❆❈❑❆❘❉ ❡t ❛❧✳

✭✶✾✽✵✮ ❝♦♥❥❡❝t✉r❛r❛♠ q✉❡ q✉❛❧q✉❡r ❞✐♠❡♥sã♦ q✉❡ r♦t✉❧❡♠ s✐♥❣✉❧❛r ❡ s✉❛✈❡♠❡♥t❡ ♦s

❡st❛❞♦s ❞♦ ❛tr❛t♦r ♣♦❞❡r✐❛ s❡r✈✐r ❝♦♠♦ ❡❧❡♠❡♥t♦s ❡❢❡t✐✈♦s ❞❡ ✉♠ ✈❡t♦r ❞♦ ❡s♣❛ç♦ ❞❡

r❡❝♦♥str✉çã♦✳

❖s ♦❜❥❡t✐✈♦s ♣r✐♥❝✐♣❛✐s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❡st✉❞♦ ❞❡ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧ ❡♠ ❣❡r❛❧

sã♦ ❬✶✹✾❪✿

❼ ❛♥á❧✐s❡ ❡ ♠♦❞❡❧❛❣❡♠ ❞❛ sér✐❡ t❡♠♣♦r❛❧✿ ❞❡s❝r❡✈❡r ❛ sér✐❡✱ ✈❡r✐✜❝❛r s✉❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ♠❛✐s r❡❧❡✈❛♥t❡s ❡ ❛s ♣♦ssí✈❡✐s r❡❧❛çõ❡s ❝♦♠ ♦✉tr❛s sér✐❡s❀

✶✾



❼ ♣r❡✈✐sã♦ ♥❛ sér✐❡ t❡♠♣♦r❛❧✿ ❛ ♣❛rt✐r ❞❡ ✈❛❧♦r❡s ❤✐stór✐❝♦s ❞❛ sér✐❡ ✭❡ ♣♦ss✐✈❡❧✲

♠❡♥t❡ ❞❡ ♦✉tr❛s sér✐❡s t❛♠❜é♠✮✱ ♣r♦❝✉r❛♠✲s❡ ❢❛③❡r ♣r❡✈✐sõ❡s ❞❡ ❝✉rt♦ ♣r❛③♦

✭❢♦r❡❝❛st✮✱ s❡♥❞♦ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ✐♥st❛♥t❡s à ❢r❡♥t❡ ♣❛r❛ ♦ q✉❛❧ é ❢❡✐t❛ ❛

♣r❡✈✐sã♦ é ❝❤❛♠❛❞♦ ❞❡ ❤♦r✐③♦♥t❡ ❞❡ ♣r❡✈✐sã♦✳

❆ ❢♦r♠❛ tr❛❞✐❝✐♦♥❛❧ ❞❡ ❛♥❛❧✐s❛r ✉♠❛ sér✐❡ t❡♠♣♦r❛❧ é ♣♦r ♠❡✐♦ ❞❛ s✉❛ ❞❡❝♦♠♣♦✲

s✐çã♦ ❡♠ ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥❞ê♥❝✐❛✱ ❝✐❝❧♦ ❡ s❛③♦♥❛❧✐❞❛❞❡✳ ❆ t❡♥❞ê♥❝✐❛ ❞❡ ✉♠❛ sér✐❡

✐♥❞✐❝❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❧♦♥❣♦ ♣r❛③♦❀ ✐st♦ é✱ s❡ ❡❧❛ ❝r❡s❝❡✱ ❞❡❝r❡s❝❡ ♦✉ ♣❡r♠❛♥❡❝❡

❡stá✈❡❧✱ ❛❧é♠ ❞❡ ✐♥❞✐❝❛r ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡st❛s ♠✉❞❛♥ç❛s✳ ❖s ❝✐❝❧♦s sã♦ ❝❛r❛❝t❡r✐③❛❞♦s

♣❡❧❛s ♦s❝✐❧❛çõ❡s ♥❛s sér✐❡s t❡♠♣♦r❛✐s✱ q✉❡ s❡ ❛♣r❡s❡♥t❛♠ ❞❡ ❢♦r♠❛ s✉❛✈❡ ❡ r❡♣❡t✐❞❛

❛♦ ❧♦♥❣♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ t❡♥❞ê♥❝✐❛✳ P♦r ❡①❡♠♣❧♦✱ ❡ss❡ é ♦ ❝❛s♦ ❞♦s ❝✐❝❧♦s r❡❧❛❝✐♦✲

♥❛❞♦s à ❛t✐✈✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛ ♦✉ ❝✐❝❧♦s ♠❡t❡♦r♦❧ó❣✐❝♦s✳ ❆ s❛③♦♥❛❧✐❞❛❞❡ ❝♦rr❡s♣♦♥❞❡

às ♦s❝✐❧❛çõ❡s q✉❡ s❡♠♣r❡ ♦❝♦rr❡♠ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❡rí♦❞♦ ❞♦ ❛♥♦✱ ❞♦ ♠ês✱ ❞❛

s❡♠❛♥❛ ♦✉ ❞♦ ❞✐❛✳ ❆ ❞✐❢❡r❡♥ç❛ ❡ss❡♥❝✐❛❧ ❡♥tr❡ ❛s ❝♦♠♣♦♥❡♥t❡s s❛③♦♥❛❧ ❡ ❝í❝❧✐❝❛ é

q✉❡ ❛ ♣r✐♠❡✐r❛ ❛♣r❡s❡♥t❛ ♠♦✈✐♠❡♥t♦s ❢❛❝✐❧♠❡♥t❡ ♣r❡✈✐sí✈❡✐s✱ ♦❝♦rr❡♥❞♦ ❡♠ ✐♥t❡r✈❛❧♦s

r❡❣✉❧❛r❡s ❞❡ t❡♠♣♦✱ ❡♥q✉❛♥t♦ ♦s ♠♦✈✐♠❡♥t♦s ❝í❝❧✐❝♦s ♣♦❞❡♠ s❡r ✐rr❡❣✉❧❛r❡s ❬✶✶✾❪✳

●r❛♥❞❡ ♣❛rt❡ ❞❛s ♠❡t♦❞♦❧♦❣✐❛s ❛t✉❛✐s ✉s❛❞❛s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠✲

♣♦r❛✐s ♥ã♦ ❧✐♥❡❛r❡s ❡stá ❜❛s❡❛❞❛ ♥♦ ♣❛r❛❞✐❣♠❛ t❡ór✐❝♦ ❞❡s❝r✐t♦ ❡♠ ❞♦✐s tr❛❜❛❧❤♦s

r❡♣r❡s❡♥t❛t✐✈♦s✱ ♦ ♣r✐♠❡✐r♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❆❇❆❘❇❆◆❊▲ ❡ ●❖▲▲❯❇✭✶✾✾✻ ❡ ♦

s❡❣✉♥❞♦ ♣♦r ❑❆◆❚❩ ❡ ❙❈❍❘❊■❇❊❘✭✷✵✵✹✮✳ ❊♥q✉❛♥t♦ ♦ ♣r✐♠❡✐r♦ tr❛❜❛❧❤♦ ❝♦♥s✐✲

❞❡r❛ ✉♠❛ ❞❡✜♥✐çã♦ ❞❡ ❝❛♦s r✐❣♦r♦s❛ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❛s sér✐❡s✱ ♦ s❡❣✉♥❞♦ tr❛❜❛❧❤♦ ❞á

♠❛✐s ê♥❢❛s❡ ❛ ❛♣❧✐❝❛çõ❡s ♣rát✐❝❛s ❡♠ sér✐❡s t❡♠♣♦r❛✐s ❛❞♠✐t✐♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❝❛♦s

❞❡t❡r♠✐♥íst✐❝♦ ❛ ♣r✐♦r✐✳ ❆ ♣❛rt✐r ❞❛ s❡❣✉♥❞❛ ❛❜♦r❞❛❣❡♠✱ ❍❊●●❊❘ ❡t ❛❧✳✭✶✾✾✾✮ ❞❡✲

s❡♥✈♦❧✈❡r❛♠ ✉♠❛ ❡str✉t✉r❛ ♠❡t♦❞♦❧ó❣✐❝❛ ♣❛r❛ ♦ ❡st✉❞♦ ❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s ❜❛s❡❛❞❛ ♥♦ ♣❛r❛❞✐❣♠❛ ❞♦ ❝❛♦s ❞❡t❡r♠✐♥íst✐❝♦✳ ❯♠❛ ❛♠♣❧❛ q✉❛♥t✐❞❛❞❡

❞❡ ❛❧❣♦r✐t♠♦s ♣❛r❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❞❛❞♦s✱ ♣r❡❞✐çã♦✱ r❡❞✉çã♦ ❞❡ r✉í❞♦✱ ❡st✐♠❛çã♦

❞❡ ❞✐♠❡♥sõ❡s ❡ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❡ t❡st❡s ❞❡ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ ❢♦r❛♠ ❞✐s❝✉t✐❞♦s

❝♦♠ ♣❛rt✐❝✉❧❛r ê♥❢❛s❡ ♥❛ r❡s♦❧✉çã♦ ❞♦s ♣r✐♥❝✐♣❛✐s ♣r♦❜❧❡♠❛s ❞❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❡

s❡❧❡çã♦ ❞❡ ♣❛râ♠❡tr♦s ❞♦s ❛❧❣♦r✐t♠♦s✳ ❆s r♦t✐♥❛s r❡s✉❧t❛♥t❡s ❞❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛s

❡str❛té❣✐❛s ❞✐s❝✉t✐❞❛s ❢♦r❛♠ ♣✉❜❧✐❝❛❞❛s ♥♦ s♦❢t✇❛r❡ ❚■❙❊❆◆ ❬✶✶✾❪✳ ❆ ♣❛rt✐r ❞❡ss❡

tr❛❜❛❧❤♦✱ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ tr❛❜❛❧❤♦s t❡♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞❛ ✭❛♣r♦①✐♠❛❞❛✲

♠❡♥t❡ ✶✻✺✸ ❝✐t❛çõ❡s ❡♠ ✵✷✴✶✷✴✷✵✷✶✮✱ t❡♥❞♦ s✐❞♦ ♦ tr❛❜❛❧❤♦ ❛♣❧✐❝❛❞♦ ❡♠ ❞✐✈❡rs♦s

❡st✉❞♦s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ♠♦str❛♥❞♦ ♦ ❝❛rát❡r ♠✉❧t✐❞✐s❝✐♣❧✐✲

♥❛r ❡ r❡❧❡✈â♥❝✐❛ ❞❡st❛ ár❡❛ ❞❡ ♣❡sq✉✐s❛✳

❆ ❛♥á❧✐s❡ ❞❛s sér✐❡s t❡♠♣♦r❛✐s t❡♠ ✉♠❛ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛✲

çã♦ ❞♦s ♣r♦❝❡ss♦s ❞✐♥â♠✐❝♦s✱ q✉❛♥t✐✜❝❛çã♦ ❞♦ ❝❛♦s ✭✉s❛♥❞♦ ❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❡ ❡♥tr♦♣✐❛s ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐✮ ❡ ♣❡sq✉✐s❛ ❞❛ r♦t❛ ❞♦ ❝❛♦s✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧✱ ♣♦❞❡✲s❡

❞✐③❡r q✉❡ ❡①✐st❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ r❡❢❡rê♥❝✐❛s ❡♠ r❡❧❛çã♦ à ❛♥á❧✐s❡ ❞❡ sér✐❡s ❡♠

✷✵



s✐st❡♠❛s ❞✐♥â♠✐❝♦s✳ ◆✉♠ ♥í✈❡❧ ✐♥tr♦❞✉tór✐♦ ❞❡st❛❝❛♠✲s❡ ♦s tr❛❜❛❧❤♦s ❞❡ ❑❆P▲❆◆

❡ ●▲❆❙❙✭✶✾✾✺✮✱ q✉❡ ❡stá ❞✐r✐❣✐❞♦ ♣❛r❛ ✉♠ â♠❜✐t♦ ♠❛✐s ✐♥t❡r❞✐s❝✐♣❧✐♥❛r ❡ ♣r♦♣♦r❝✐✲

♦♥❛ ✉♠ ❜♦♠ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s ❢✉♥❞❛♠❡♥t♦s ❞❡ ❞✐♥â♠✐❝❛ ♥ã♦ ❧✐♥❡❛r✳ ❖ r❡❢❡r❡♥❝✐❛❧

t❡ór✐❝♦ é ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡s❝r✐t♦ ❡♠ ❬✸✵✱ ✷✵✷✱ ✷✹✸❪✳ ▼❛t❡r✐❛❧ ♠❛✐s ❛✈❛♥ç❛❞♦ ♣♦❞❡

s❡r ❡♥❝♦♥tr❛❞♦ ♥♦ tr❛❜❛❧❤♦ ❞❡ ❑❆❚❖❑ ❡ ❍❆❙❙❊▲❇▲❆❚❚✭✶✾✾✼✮✳ ❆ s❡q✉ê♥❝✐❛ ❞❡

❛rt✐❣♦s ❞❡ ♣❡sq✉✐s❛ r❡s✉♠✐❞♦s ❡♠ ❬✷✵✸❪ ❛❜♦r❞❛ ❛❧❣✉♥s ❞♦s ❛s♣❡❝t♦s ♠❛✐s r❡❧❡✈❛♥t❡s

♣❛r❛ ❛ ❚❡♦r✐❛ ❞♦ ❈❛♦s✱ ❝♦♠♦ ❛ s✐♥❝r♦♥✐③❛çã♦ ❞♦ ❝❛♦s✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❝❛♦s ❡ ❛♥á❧✐s❡

❞❡ sér✐❡s t❡♠♣♦r❛✐s ❝❛ót✐❝❛s✳

❖✉tr❛s r❡❢❡rê♥❝✐❛s r❡❧❛❝✐♦♥❛❞❛s à ár❡❛ ❞❡ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥❛ ❝❛r❛❝✲

t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥❛s r❡❢❡rê♥❝✐❛s ❬✸✱ ✺✱ ✶✵✾✱ ✶✻✹✱ ✶✼✷❪✳

❆♣❧✐❝❛çõ❡s ❞❡ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s s♦❜r❡ ♠❡❞✐❞❛s ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s r❡✲

❛✐s✱ ❡♠ q✉❡ ♦ ❞❡t❡r♠✐♥✐s♠♦ é ♠❛✐s ✐♠♣r♦✈á✈❡❧ ♥♦ s❡♥s♦ ❡str✐t♦✱ sã♦ r❡✈✐s❛❞♦s ❡♠

❬✷✹✶❪ ✳ ❆❧é♠ ❞♦s tr❛❜❛❧❤♦s ❛♥t❡r✐♦r❡s✱ ❞❡st❛❝❛♠✲s❡♠ ❛✐♥❞❛ ♦s t❡①t♦s ❞❛s r❡❢❡rê♥❝✐❛s

❬✷✾✱ ✹✹✱ ✶✹✾✱ ✶✽✽❪✳

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

❞✐❢❡r❡♥t❡s tr❛❜❛❧❤♦s ❞❡ ❝❛rát❡r ♠✉❧t✐❞✐s❝✐♣❧✐♥❛r✱ ♠♦str❛♥❞♦ ❛ ❛❧t❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❛

❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡♠ ❞✐✈❡rs♦s s✐st❡♠❛s✱ ❝♦♠♦ ❢ís✐❝♦s✱ ✜♥❛♥❝❡✐r♦s

❡ ✜s✐♦❧ó❣✐❝♦s✳ P♦r ❡①❡♠♣❧♦✱ ♥♦ tr❛❜❛❧❤♦ ❞❡ ▼■❈❍❆❊▲✭✷✵✵✺✮ sã♦ ❡st✉❞❛❞❛s sér✐❡s

t❡♠♣♦r❛✐s ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❡ ❝♦♥tr♦❧❡ ❞❛ ❛rr✐t♠✐❛ ❝❛r❞í❛❝❛ ❡♠ ❤✉♠❛♥♦s✱ ❝❛r❛❝t❡r✐✲

③❛çã♦ ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ r❡s♣✐r❛çã♦ ❛♥ô♠❛❧❛ ❡♠ ❝r✐❛♥ç❛s✱ s✐♠✉❧❛çã♦ ❡ r❡❝♦♥❤❡❝✐♠❡♥t♦

❞❡ ♣❛❞rõ❡s ❞❡ ✈♦❝❛❧✐③❛çã♦✱ ✐♥t❡r♣r❡t❛çã♦ ❡ ♣r❡❞✐çã♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ✜♥❛♥❝❡✐r❛s

❡ ❛ss✐stê♥❝✐❛ ♥♦ ❝♦♥tr♦❧❡ ❣♦✈❡r♥❛♠❡♥t❛❧ ❞❡ ❍♦♥❣ ❑♦♥❣ ♥♦ ❝♦♥tr♦❧❡ ❞❛ ❝r✐s❡ ❙❆❘❙✳

❉✐♥â♠✐❝❛s r❡❧❛❝✐♦♥❛❞❛s ❛♦ s♦♥♦ ❢♦r❛♠ ❡st✉❞❛s ❡♠ ❬✶✽✵❪ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡

sér✐❡s t❡♠♣♦r❛✐s ❞❡ ❡❧❡❝tr♦✲❡♥❝❡❢❛❧♦❣r❛♠❛s ✭❊●●✮ ✉s❛♥❞♦ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❣❡✲

♦♠❡tr✐❛ ❢r❛❝t❛❧ ❡ ❡♥tr♦♣✐❛✳ ❉❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡✱ ❙❍❆❍❇❆❩ ❡t ❛❧✳✭✷✵✶✺✮ ❡st✉❞❛r❛♠

s♦❜ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♦s ❡❢❡✐t♦s ❞❡ ✉r❜❛♥✐③❛çã♦ ❡ ❛❜❡rt✉r❛ ❝♦♠❡r❝✐❛❧ s♦❜r❡

♦ ❝♦♥s✉♠♦ ❡♥❡r❣ét✐❝♦ ❞❛ ▼❛❧ás✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♠♦❞❡❧♦s ♥ã♦ ❧✐♥❡❛r❡s ❞❡ ♠✉❞❛♥ç❛s

❡❧❡✐t♦r❛✐s✱ ❝♦♠♣♦rt❛♠❡♥t♦s ❞❡ ♠❛ss❛s ♣♦❧ít✐❝❛s ❡ ❛s ✐♠♣❧✐❝❛çõ❡s ❞❛ ❞✐♥â♠✐❝❛ ♥ã♦

❧✐♥❡❛r s♦❜r❡ ❡ss❡s ❡st✉❞♦s ❢♦r❛♠ ❞✐s❝✉t✐❞♦s ❡♠ ❬✷✽✹❪✳

●r❛♥❞❡ ❡ ❞✐✈❡rs❛ q✉❛♥t✐❞❛❞❡ ❞❡ tr❛❜❛❧❤♦s s♦❜r❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s r❡❛✐s ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥❛ ❧✐t❡r❛t✉r❛✳ ◆♦ ❡♥t❛♥t♦✱ ❡ ❝♦♠♦ s❡rá ❛❜♦r❞❛❞♦

♠❛✐s ❛❞✐❛♥t❡ ✭❙❡çã♦ ✷✳✷✳✶✳✶✮✱ ❤á ♣♦✉❝❛s r❡❢❡rê♥❝✐❛s ❞❡ s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱

❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❡♠ ♣r♦❝❡ss♦s ✐♥❞✉str✐❛s q✉❡ ✉s❡♠ ❛s ♠❡t♦❞♦❧♦❣✐❛s

♣r♦♣♦st❛s ♣❡❧❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❛s ❡str❛té❣✐❛s ❞❡ ♣r❡✈✐sã♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s q✉❡ tr❛❜❛❧❤❛♠

❝♦♠ ♠♦❞❡❧♦s ❞❡ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦ tê♠ ✉♠❛ ❧♦♥❣❛ ❤✐stór✐❛ ✲ ❡ ✉♠❛ r✐❝❛ tr❛❞✐çã♦ ✲ ♥❛

❞✐♥â♠✐❝❛ ♥ã♦ ❧✐♥❡❛r✳ ❊♠ ✶✾✻✾✱ ♣♦r ❡①❡♠♣❧♦✱ ▲❖❘❊◆❩✭✶✾✻✾✮ ♣r♦♣ôs s❡✉ ✏▼ét♦❞♦ ❞❡

✷✶



❆♥á❧♦❣♦s✑✱ q✉❡ ❜✉s❝❛ ❛ tr❛❥❡tór✐❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♣❛r❛ ♦ ✈✐③✐♥❤♦ ♠❛✐s ♣ró①✐♠♦

❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ ❡ t♦♠❛ ❛ tr❛❥❡tór✐❛ ❞❡ss❡ ✈✐③✐♥❤♦ ❝♦♠♦ ❛ ♣r❡✈✐sã♦✳ ◆ã♦

♠✉✐t♦ t❡♠♣♦ ❞❡♣♦✐s ❞♦ tr❛❜❛❧❤♦ ♦r✐❣✐♥❛❧ s❡r ♣✉❜❧✐❝❛❞♦✱ P■❑❖❱❙❑❨✭✶✾✽✻✮ ♠♦str♦✉

q✉❡ ♦ ▼ét♦❞♦ ❞♦s ❆♥á❧♦❣♦s t❛♠❜é♠ ❢✉♥❝✐♦♥❛ ❡♠ ❡s♣❛ç♦s ❞❡ ❡st❛❞♦ r❡❝♦♥str✉í❞♦s✳

❯♠ ❡①❡♠♣❧♦ ❞❡st❛❝❛❞♦ ❞❡ ♣r❡✈✐sã♦ ❝❛♥ô♥✐❝❛ ♥❛ ❞✐♥â♠✐❝❛ ♥ã♦✲❧✐♥❡❛r ❞❡t❡r✲

♠✐♥íst✐❝❛ é ♦ tr❛❜❛❧❤♦ ❞❡ r♦❧❡t❛ ❞❛ ❈❤❛♦s ❈❛❜❛❧ ♥❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞❛ ❈❛❧✐❢ór♥✐❛ ❡♠

❙❛♥t❛ ❈r✉③ ❬✷✹❪✱ ✉♠ ♣r♦❥❡t♦ q✉❡ ♥ã♦ ❛♣❡♥❛s ❝❛t❛❧✐s♦✉ ❛ ❝✐ê♥❝✐❛ ♥ã♦✲❧✐♥❡❛r ✭✐♥❝❧✉✐♥❞♦

♦ ✐♠♣♦rt❛♥t❡ tr❛❜❛❧❤♦ ❞♦ ❚❡♦r❡♠❛ ❞❡ ✐♠❡rsã♦ ❬✷✵✹❪✮✱ ♠❛s t❛♠❜é♠ ♦ ✐♥t❡r❡ss❡ ♥♦

❝❛♠♣♦ ❞❛s ❝♦♠✉♥✐❞❛❞❡s ❝✐❡♥tí✜❝❛s q✉❡ ❝♦♥t✐♥✉❛ ❛té ❤♦❥❡ ❬✷✺✺❪✳ ◆❛s ú❧t✐♠❛s ❞é✲

❝❛❞❛s✱ ❞❡s❞❡ ♦ ▼ét♦❞♦ ❞♦s ❆♥á❧♦❣♦s ❞❡ ▲♦r❡♥③ ❡ ♦ ♣r♦❥❡t♦ ❞❛ r♦❧❡t❛✱ ✉♠ ❣r❛♥❞❡

♥ú♠❡r♦ ❞❡ ❡str❛té❣✐❛s ❝r✐❛t✐✈❛s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ♣r❡✈❡r ♦ ❝✉rs♦ ❢✉t✉r♦ ❞❡ ✉♠

s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♥ã♦✲❧✐♥❡❛r✳ ❆ ♠❛✐♦r✐❛ ❞❡ss❡s ♠ét♦❞♦s ❢♦✐ ✐♥s♣✐r❛❞❛ ♥✉♠ ❡s♣❛ç♦

❞❡ ❡st❛❞♦ r❡❝♦♥str✉í❞♦ q✉❡✱ ❡♠ s❡❣✉✐❞❛✱ ✉s❛ ❡ss❡ ♠♦❞❡❧♦ ♣❛r❛ ❢❛③❡r ❛ ♣r❡✈✐sã♦ ❞♦

♣ró①✐♠♦ ♣♦♥t♦✳ ❊①❡♠♣❧♦s ✐♥✐❝✐❛✐s ✐♥❝❧✉❡♠ ❛s r❡❢❡rê♥❝✐❛s ❬✹✸✱ ✽✻✱ ✷✵✶✱ ✷✺✾❪✳

❖ ▼ét♦❞♦ ❞♦s ❆♥á❧♦❣♦s ♥ã♦ é ❛♣❧✐❝á✈❡❧ ❛♣❡♥❛s à ❞✐♥â♠✐❝❛ ❞❡t❡r♠✐♥íst✐❝❛✳ ❆

❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s✐çã♦ ❞❡ ❝✉rt♦ ♣r❛③♦ ❞❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ▼❛r❦♦✈

❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞♦ ❡st❛❞♦ ❛t✉❛❧✱ q✉❡ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞♦ ♣♦r ✉♠ ✈❡t♦r ❞❡ ❛tr❛s♦✳

❖s ✏❢✉t✉r♦s✑ ❞♦s ✈❡t♦r❡s ❞❡ ❛tr❛s♦ ❞❡ ✉♠❛ ♣❡q✉❡♥❛ ✈✐③✐♥❤❛♥ç❛ ♣♦❞❡♠ s❡r ✈✐st♦s

❝♦♠♦ ✉♠❛ ❛♠♦str❛ ❞❛ ❞✐str✐❜✉✐çã♦✱ ✉♠ ♣❛ss♦ à ❢r❡♥t❡✳ ❊ss❛ ❛❜♦r❞❛❣❡♠ ❢♦✐ ✉s❛❞❛

♣❛r❛ ♠♦❞❡❧❛r ❡ ♣r❡✈❡r ♣r♦❝❡ss♦s ❡st♦❝ást✐❝♦s ♥ã♦✲❧✐♥❡❛r❡s ❬✸✼❪✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❛s

r❡❝♦♥str✉çõ❡s q✉❡ ♥ã♦ s❛t✐s❢❛③❡♠ ♦s r❡q✉✐s✐t♦s t❡ór✐❝♦s ❞❛ ❞✐♠❡♥sã♦ ❞❡ ✐♥t❡❣r❛çã♦

m ♣♦❞❡♠ ❢♦r♥❡❝❡r ❞❡s❡♠♣❡♥❤♦ s✉✜❝✐❡♥t❡ ❛♦s ♠ét♦❞♦s ❞❡ ♣r❡✈✐sã♦ ♣❛r❛ ✐❣✉❛❧❛r ♦✉

❛té ♠❡s♠♦ ❡①❝❡❞❡r ❛ ♣r❡❝✐sã♦ ❞♦s ♠❡s♠♦s ♠ét♦❞♦s tr❛❜❛❧❤❛♥❞♦ s♦❜ ❝♦♥❞✐çõ❡s ❞❡

❞✐♠❡♥sã♦ ✐❞❡❛❧✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ♦s ❞❛❞♦s sã♦ r✉✐❞♦s♦s ❬✾✻❪✳

❚♦❞♦s ♦s s✐♥❛✐s r❡❛✐s ❡stã♦ ❝♦♥t❛♠✐♥❛❞♦s ♣❡❧♦ r✉í❞♦ ❞❡ ♠❡❞✐çã♦✳ ▼❛✐s ❝♦♠✉✲

♠❡♥t❡✱ ♦ r✉í❞♦ é tr❛t❛❞♦ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❛❧❡❛tór✐♦ ❛❞✐t✐✈♦ ♥♦ s✐♥❛❧ ✈❡r❞❛❞❡✐r♦✳

❈♦♥t✉❞♦✱ ♦ r✉í❞♦ ♣♦❞❡ ❛ss✉♠✐r ❞✐✈❡rs❛s ❢♦r♠❛s ✭r✉✐❞♦ ❡stát✐❝♦✱ r✉✐❞♦ ❞✐♥â♠✐❝♦✱

r✉✐❞♦ ✐♥t❡r♠✐t❡♥t❡✱ ❞❡♥tr❡ ♦✉tr❛s✮✳ ▼✉✐t♦s ❡st✉❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡stã♦ ♣r❡♦❝✉♣❛❞♦s

❝♦♠ ❛ q✉❡stã♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ❞✐st✐♥❣✉✐r ♦ ❝❛♦s ❡ ♦ r✉í❞♦ ❬✹✻❪✳ ■ss♦ ♣♦❞❡ ❝♦♥st✐✲

t✉✐r ✉♠ ✈❡r❞❛❞❡✐r♦ ❞❡s❛✜♦✳ ❆♠❜♦s ♦s t✐♣♦s ❞❡ s✐♥❛✐s ❡①✐❜❡♠ ✢✉t✉❛çõ❡s t❡♠♣♦r❛✐s

✐rr❡❣✉❧❛r❡s✱ ❝♦♠ ✉♠ rá♣✐❞♦ ❞❡❝❛✐♠❡♥t♦ ❞❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦✱ ❡ ❛♠❜♦s sã♦

❞✐❢í❝❡✐s ❞❡ ♣r❡✈❡r✳ ❊❧❡s ❞✐❢❡r❡♠ ❡♠ r❡❧❛çã♦ à ♦r✐❣❡♠ ❞✐♥â♠✐❝❛ ❞❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s✿

♦ ❝❛♦s é ✉♠ ♣r♦❝❡ss♦ ❞❡t❡r♠✐♥íst✐❝♦✱ ♦ r✉í❞♦ ♥ã♦✳ ❊♠ ✉♠ s✐st❡♠❛ ❞❡t❡r♠✐♥íst✐❝♦✱ ♦s

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

✉♠ ♣r♦❝❡ss♦ r✉✐❞♦s♦ ✐ss♦ é ✐♠♣r♦✈á✈❡❧✳ ❆s ❡str❛té❣✐❛s ♠❛✐s ❝♦♠✉♥s ♣❛r❛ ❛ r❡♠♦çã♦

❞❡ r✉✐❞♦ ♣❛ss❛♠ ♣❡❧♦s ✜❧tr♦s tr❛❞✐❝✐♦♥❛✐s ❞❡ ❝❧❛ss✐✜❝❛çã♦ ❞❡ ❢r❡q✉ê♥❝✐❛s ✭r❡♠♦✈❡♥❞♦

t♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞♦ s✐♥❛❧✮✱ ♠❛s ♥♦ ❝❛s♦ ❞❡ s✐♥❛✐s ❝♦♠♣❧❡①♦s✱

❝♦♠♦ s✐♥❛✐s ❝❛ót✐❝♦s✱ ❛s ❡str❛té❣✐❛s ❢❛③❡♠ ✉s♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♥ã♦ ❧✐♥❡❛r❡s ❞♦ s✐s✲

✷✷



t❡♠❛ ✭❡str❛té❣✐❛s ❜❛s❡❛❞❛s ♥❛ ❣❡♦♠❡tr✐❛ ♥❛t✐✈❛ ❞❛s ✈❛r✐❡❞❛❞❡s ❡stá✈❡✐s ❡ ✐♥stá✈❡✐s

❞♦ ❛tr❛t♦r ❬✽✼❪✱ ♠♦❞❡❧♦s ❧♦❝❛✐s ❞♦ ❛tr❛t♦r ❬✶✶✵❪ ❡ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ t♦♣♦❧♦❣✐❛

❞❛s tr❛❥❡tór✐❛s ❬✷✷✷❪✮✳

❆❧é♠ ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛ ❞✐♥â♠✐❝❛✱ ♥❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s ❛ ❡str✉t✉r❛ ❞❛s r❡✲

❧❛çõ❡s ♥ã♦✲❧✐♥❡❛r❡s ❡♥tr❡ ♦s s✐♥❛✐s ❡ ❡st❛❞♦s ♠❡❞✐❞♦s ♣❡r♠❛♥❡❝❡ ❞❡s❝♦♥❤❡❝✐❞❛✱ s❡

♥ã♦ ✐♥❞❡t❡r♠✐♥á✈❡❧✱ ❡♠❜♦r❛ s❡❥❛ ❝♦st✉♠❡ s✉♣♦r q✉❡ ❡①✐st❡ ✉♠❛ r❡❧❛çã♦ ♥ã♦ ❧✐♥❡❛r ✲

❧✐♥❡❛r ❝♦♥❤❡❝✐❞❛ ❡♥tr❡ ♦❜s❡r✈❛çõ❡s ♣❛ss❛❞❛s ❡ ❢✉t✉r❛s✳ ◆♦ ❡♥t❛♥t♦✱ ❡ss❛ s✉♣♦s✐çã♦

♥ã♦ é ✈❛❧✐❞❛ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞❡ sér✐❡s t❡♠♣♦r❛✐s q✉❡ ✐♥❞✐❝❛♠ ❝❧❛r❛♠❡♥t❡ ♣❛❞rõ❡s

♥ã♦✲❧✐♥❡❛r❡s ♦✉ ♥ã♦✲❡st❛❝✐♦♥ár✐♦s ❬✷✽✸❪✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♠♦❞❡❧♦s ❝❧áss✐❝♦s ❞❡

sér✐❡s t❡♠♣♦r❛✐s✱ ❝♦♠♦ ♦s ♠♦❞❡❧♦s ❛✉t♦r❡❣r❡ss✐✈♦s ❡ ♠é❞✐❛ ♠ó✈❡❧✱ ❝♦♠ ♦✉ s❡♠ t❡r✲

♠♦s ❝♦✐♥t❡❣r❛❞♦s ❡ ❡♥tr❛❞❛s ❡①t❡r♥❛s ✭❆❘▼❆ ✭♠♦❞❡❧♦s ❛✉t♦✲r❡❣r❡ss✐✈♦s ❞❡ ♠é❞✐❛s

♠ó✈❡✐s✮✱ ❆❘▼❆❳ ✭▼♦❞❡❧♦ ❛✉t♦✲r❡❣r❡ss✐✈♦ ❞❡ ♠é❞✐❛s ♠ó✈❡✐s ❝♦♠ ♠♦❞❡❧♦ ❞❡ ❡♥✲

tr❛❞❛s ❡①ó❣❡♥❛s✮✮✱ t❡♥❞❡♠ ❛ ❛♣r❡s❡♥t❛r sér✐❛s ❞❡✜❝✐ê♥❝✐❛s ♥❛ ♣r❡✈✐sã♦ ❞❛ ❡✈♦❧✉çã♦

❞❡ s✐st❡♠❛s ❝♦♠♣❧❡①♦s✳ ❈❍❊◆● ❡t ❛❧✳✭✷✵✶✺✮ ❛♣r❡s❡♥t❛ ✉♠❛ r❡✈✐sã♦ ❞❡ ❞✐❢❡r❡♥t❡s

♠♦❞❡❧♦s ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡ ❛✈❛❧✐❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r❡❞✐çã♦ ❡♠ sér✐❡s t❡♠♣♦r❛✐s

♥ã♦ ❧✐♥❡❛r❡s✱ ♠♦str❛♥❞♦ ❛ ✐♥❝❛♣❛❝✐❞❛❞❡ ❞❡st❡s ♠♦❞❡❧♦s ♣❛r❛ ❝❛♣t✉r❛r ❛ ❡✈♦❧✉çã♦

♥❛t✉r❛❧ ❞❛s ❞✐♥â♠✐❝❛s ♠❛✐s ❝♦♠♣❧❡①❛s✳ ❖s ❛✉t♦r❡s ♠♦str❛♠ ❛✐♥❞❛ q✉❡✱ ❡♠❜♦r❛

❡ss❛s té❝♥✐❝❛s ❧✐♥❡❛r❡s ♣♦ss✉❛♠ ✉♠❛ ❣r❛♥❞❡ tr❛❞✐çã♦✱ s❡♥❞♦ ❜❡♠ ❝♦♥❤❡❝✐❞❛s ❡♠

â♠❜✐t♦s ❛❝❛❞ê♠✐❝♦s✲✐♥❞✉str✐❛✐s ❡ ❢❛❝✐❧♠❡♥t❡ ✐♠♣❧❡♠❡♥tá✈❡✐s✱ ♥❡♠ s❡♠♣r❡ ♣r♦❞✉③❡♠

r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s ♦✉ ❝♦♠ ❛❧❣✉♠❛ s✐❣♥✐✜❝â♥❝✐❛✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ s❡ ❞❡✲

s❡❥❛r r❡♣r❡s❡♥t❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♠♣❧❡①♦s ❝♦♠ ❛❧t❛ ♥ã♦

❧✐♥❡❛r✐❞❛❞❡✳

❆ ♠❛✐♦r ♣❛rt❡ ❞❛s té❝♥✐❝❛s ✉s❛❞❛s ♥❛s ❞✐❢❡r❡♥t❡s ❝♦♠✉♥✐❞❛❞❡s ❛❝❛❞ê♠✐❝❛s

❡ ❝♦♠❡r❝✐❛✐s q✉❡ s❡ ♣r❡♦❝✉♣❛♠ ❝♦♠ ♦s ♣r♦❜❧❡♠❛s ❞❡r✐✈❛❞♦s ❞❛ ❛♥á❧✐s❡ ❞❡ sér✐❡s

t❡♠♣♦r❛✐s ✭♠✐♥❡r❛çã♦ ❞❡ ❞❛❞♦s✱ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛ ❡ ❛✜♥s✮ ❡stá ❜❛s❡❛❞❛ ❡♠

♠♦❞❡❧♦s ❧✐♥❡❛r❡s ❡ ❡st❛tíst✐❝♦s✳ ❚é❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ q✉❡ ✐♥❝❧✉❛♠ ❛ ♥ã♦✲❧✐♥❡❛r✐❞❛❞❡ ❡ ♦

❞❡t❡r♠✐♥✐s♠♦ ♣♦❞❡r✐❛♠ ❝♦♥st✐t✉✐r ✉♠❛ ❛r♠❛ ✐♠♣♦rt❛♥t❡ ♥❡ss❡ ❛rs❡♥❛❧✱ ♠❛s ❛ ❛♥á❧✐s❡

❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥ã♦✲❧✐♥❡❛r❡s é ❛t✉❛❧♠❡♥t❡ s✉❜✉t✐❧✐③❛❞❛ ❢♦r❛ ❞♦ ❝❛♠♣♦ ❞❛ ❝✐ê♥❝✐❛

♥ã♦✲❧✐♥❡❛r✳ ◆♦ ♠♦♠❡♥t♦ ❛t✉❛❧✱ ❡♠ q✉❡ ♦ ♠✉♥❞♦ ❞✐❣✐t❛❧ t❡♠ s❡ ♠❛♥✐❢❡st❛❞♦ ❞❡ ❢♦r♠❛

❝❛❞❛ ✈❡③ ♠❛✐s ♣r❡s❡♥t❡✱ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❛♣r❡s❡♥t❛ ✉♠ ❛❧t♦

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

❆❧é♠ ❞✐ss♦✱ ❡ ❝♦♠♦ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ ❛❝✐♠❛✱ ♦ ❛❧t♦ ❣r❛✉ ❞❡ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r✐❡❞❛❞❡ ❞❛

❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❛ t♦r♥❛ ✉♠ ♣♦♥t♦ ❝♦♥✈❡r❣❡♥t❡ ❞❡ ♦✉tr❛s ár❡❛s

❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ q✉❡ ❡♥❢r❡♥t❛♠ ❞✐✈❡rs♦s ❞❡s❛✜♦s ❞❡♥tr♦ ❞♦ ♣❛r❛❞✐❣♠❛ ❞❛ ❝✐ê♥❝✐❛

❞♦s ❞❛❞♦s✳ ❉❡ss❛ ❢♦r♠❛✱ ❡s♣❡r❛✲s❡ q✉❡ ♦ ❡st✉❞♦ ❞❡ ❞✐♥â♠✐❝❛s ♥ã♦ ❧✐♥❡❛r❡s ❡ ❝✐ê♥❝✐❛s

❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❝r❡sç❛ t❛♠❜é♠ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛s ❝✐r❝✉♥stâ♥❝✐❛s ❡ ❡①✐❣ê♥❝✐❛s

❛t✉❛✐s ❞❛ ❝r❡s❝❡♥t❡ r❡✈♦❧✉çã♦ ❞✐❣✐t❛❧✳
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✷✳✷✳✶ ❆♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦✲

❝❡ss♦s

❆ ❢♦rç❛ ❞❛s té❝♥✐❝❛s ❞❡ sér✐❡s t❡♠♣♦r❛✐s r❡s✐❞❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡

r❡♣r❡s❡♥t❛r ✉♠❛ ♦❜s❡r✈❛çã♦ ✭❝❧✉st❡rs ❞❡ ✉♠ ♦✉ ✈ár✐♦s s✐♥❛✐s✮ ❡♠ ✉♠❛ ❡str✉t✉r❛

♣❛r❛♠❡tr✐③❛❞❛ ✐♥✈❛r✐❛♥t❡ ♥♦ t❡♠♣♦✳ ❚❛❧ ✐♥✈❛r✐â♥❝✐❛ ❝r✐❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♣r❡✈❡r ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❡✱ ♣♦rt❛♥t♦✱ ♦❢❡r❡❝❡ ✉♠❛ ✈✐sã♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❛ ❝♦♥❞✉çã♦

❞♦ s✐st❡♠❛✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ s✐st❡♠❛s ❧✐♥❡❛r❡s ❡ ♥ã♦ ❧✐♥❡❛r❡s ❛✉♠❡♥t❛

❛ ❛❞❡q✉❛çã♦ ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳

P❛r❛ s✐st❡♠❛s ❧✐♥❡❛r❡s✱ ❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ s✐st❡♠❛ ❡♠ ✉♠ ❝♦♥t❡①t♦ ❞❡ ♠é❞✐❛

♠ó✈❡❧ ❛✉t♦rr❡❣r❡ss✐✈❛ ✭❆❘▼❆✮✱ s❡❥❛ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭♠♦❞❡❧♦s ♣❛r❛♠❡tr✐③❛❞♦s✮

♦✉ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ✭♣❡r✐♦❞♦❣r❛♠❛s✮✱ ❝♦♥st✐t✉✐ ❛ ♣r✐♥❝✐♣❛❧ t❡♥❞ê♥❝✐❛ ♥❛

❧✐t❡r❛t✉r❛✳ ❉✐❢❡r❡♥t❡s ♠ét♦❞♦s sã♦ s✉❜s❡q✉❡♥t❡♠❡♥t❡ ❛♣❧✐❝❛❞♦s ♣❛r❛ ❡①tr❛✐r ✉♠

r❡❝✉rs♦ ❞❡ ❞✐❛❣♥óst✐❝♦ ❜❛s❡❛❞♦ ♥♦ ❡rr♦ ❞❡ ♣r❡✈✐sã♦ ✭r❡s✐❞✉❛✐s✮ ♦✉ ♥♦s ♣❛râ♠❡tr♦s ❞♦

♠♦❞❡❧♦ ❬✶✹✾❪✳

◆♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✱ ❡①✐st❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ♣r✐♥❝✐♣❛❧ q✉❡ ❝♦♥s✐st❡ ❡♠ ❝♦♥s✲

tr✉✐r ✉♠ ♠♦❞❡❧♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♣❛r❛♠étr✐❝❛s ✭❛❥✉st❡ ❞♦ ♠♦❞❡❧♦✮ ♣❛r❛ ♦s ❞❛❞♦s

♦❜s❡r✈❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ s✐t✉❛çã♦ ❧✐✈r❡ ❞❡ ❢❛❧❤❛s✳ ❊♠ s❡❣✉✐❞❛✱ ✉♠❛ ❛♥á❧✐s❡ é

r❡❛❧✐③❛❞❛ ♣❛r❛ ♦s r❡sí❞✉♦s ♦❜s❡r✈❛❞♦s ❡♥tr❡ ❛ ♣r❡✈✐sã♦ ❞♦ ♠♦❞❡❧♦ ❡ ❛ ♦❜s❡r✈❛çã♦ r❡❛❧

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

❞❡❧♦s✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❡①✐st❡ ✉♠❛ ❡①t❡♥s❛ ❧✐t❡r❛t✉r❛ ❞❡ ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ r❡s✐❞✉❛❧✳

❯P❆❉❍❨❆❨❆ ❡ ❙❑❖❘❙❑❆✭✶✾✽✸✮ ❝♦♠♣❛r❛r❛♠ ♦ ❡rr♦ ❞❡ ♣r❡❞✐çã♦ ❞❡ ✉♠ ♠♦❞❡❧♦

❆❘▼❆ ❞♦ s✐♥❛❧ ♠✉❧t✐✈❛r✐❛❞♦ ♦❜s❡r✈❛❞♦✱ t❛♥t♦ ♥❛ s✐t✉❛çã♦ ❧✐✈r❡ ❞❡ ❢❛❧❤❛s q✉❛♥t♦ ♥❛

s✐t✉❛çã♦ ❞❡ ❢❛❧❤❛✱ ❝♦♠♦ ✉♠❛ ❜❛s❡ ❞❡ ❞❡❝✐sã♦ ♣❛r❛ ❞❡t❡❝t❛r ❢❛❧❤❛s ❞♦ s❡♥s♦r✳ ❉❘❖◆

❡t ❛❧✳✭✶✾✾✽✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ ♠ét♦❞♦ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❡♠ s✐st❡♠❛s ♠❡❝â✲

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

❞❡ ✈✐❜r❛çã♦ ❡ ❝♦♠♣❛r❛r❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡st❛tíst✐❝❛s ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ♦r❞❡♠

❞♦ ❡rr♦ ❞❡ ❡st✐♠❛t✐✈❛✳ ❇❊❚❚❖❈❈❍■ ❡t ❛❧✳✭✶✾✾✻✮ ❛♣❧✐❝❛r❛♠ ✉♠ ♠ét♦❞♦ ❞❡ ❝♦♠♣❛✲

r❛çã♦ ❞❡ r❡sí❞✉♦s ❞✐r❡t♦s ♥❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠❛tr✐③❡s ❞❡ ❢❛❧❤❛s✳ ❈❍❊◆ ❡t ❛❧✳✭✷✵✵✺✮

❝♦♠♣❛r❛r❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡st❛tíst✐❝❛s ❞❡ ♠❛✐♦r ♦r❞❡♠ ✭❝✉♠✉❧❛t✐✈♦s ♦✉ ♠♦♠❡♥✲

t♦s✮ ❝♦♠♦ ❜❛s❡ ❞✐❛❣♥óst✐❝❛✳ ❉❖❖▲❊❨ ❡t ❛❧✳✭✶✾✽✻✮ ✉s❛r❛♠ ❣rá✜❝♦s ❞❡ ❛ss✐♥❛t✉r❛

❞❡ ❢❛❧❤❛ ♣❛❞r♦♥✐③❛❞♦s ♣❛r❛ ♦s r❡sí❞✉♦s✳ ❆P▲❊❨ ❡ ❙❍■✭✶✾✾✾✮ ❛♣❧✐❝❛r❛♠ ✉♠ t❡st❡

❡st❛tíst✐❝♦ ❞❡ r❛③ã♦ ❞❡ ✈❡r♦ss✐♠✐❧❤❛♥ç❛ ♣❛r❛ ❛ ❤✐♣ót❡s❡ ❞✐❛❣♥óst✐❝❛✳

❖✉tr❛ ❛❜♦r❞❛❣❡♠ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ é ❛ ❛✈❛❧✐❛çã♦ ❞❛s ✈❛r✐❛çõ❡s ❞❡ t❡♥✲

❞ê♥❝✐❛ ♥♦s ❞❛❞♦s ♦❜s❡r✈❛❞♦s ❡✱ s✉❜s❡q✉❡♥t❡♠❡♥t❡✱ ♥❛ ❛ss✐♥❛t✉r❛ ❞❡ ❢❛❧❤❛s ❬✷✷✵❪✳

❚é❝♥✐❝❛s ❞❡ ❞♦♠í♥✐♦ ❞❡ ❢r❡q✉ê♥❝✐❛ sã♦ ❜❛s❡❛❞❛s ♥❛ ❝♦♠♣❛r❛çã♦ ❡s♣❡❝tr❛❧ ❞❛s ♦❜✲

s❡r✈❛çõ❡s ❞❡ ✉♠ s✐st❡♠❛ ♣❛r❛ ❝♦♥❝❧✉✐r ✉♠ ❞✐❛❣♥óst✐❝♦✳ ❯P❆❉❍❨❆❨❆ ❡t ❛❧✳✭✶✾✽✵✮

✷✹



❛♣r❡s❡♥t♦✉ ✉♠ ♠ét♦❞♦ ❜❛s❡❛❞♦ ♥❛ ❝♦❡rê♥❝✐❛ ❡♥tr❡ ❞♦✐s s✐♥❛✐s ❞❡ ♣❧❛♥t❛s ♦❜t✐❞♦s ❛

♣❛rt✐r ❞❡ ✉♠ ❝á❧❝✉❧♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧✳ ❙❚❆❈❑ ❡t ❛❧✳✭✷✵✵✹✮ ✉s❛r❛♠ ♦ ❞❡s✈✐♦

❡s♣❡❝tr❛❧ ♠é❞✐♦ ❝r✐❛❞♦ ♣♦r ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ s✐st❡♠❛ ❞❡ t❡st❡ ❝♦♠♦ ✉♠ í♥❞✐❝❡ ❞❡

❢❛❧t❛✳ ❨❊❙■▲❨❯❘❚✭✷✵✵✸✮ ✉s♦✉ ✉♠❛ té❝♥✐❝❛ ❞❡ ❡s♣❡❝tr♦ ❞❡ ♣♦tê♥❝✐❛ ✐♥st❛♥tâ♥❡❛ s✉✲

❛✈✐③❛❞❛ ♣❛r❛ ❞❡t❡❝t❛r ❞❡❢❡✐t♦s ❡♠ ❡♥❣r❡♥❛❣❡♥s✳ ❆❨❍❆◆ ❡t ❛❧✳✭✷✵✵✸✮ ❝♦♠♣❛r❛r❛♠ ♦

❞❡s❡♠♣❡♥❤♦ ❞❛s tr❛♥s❢♦r♠❛❞❛s rá♣✐❞❛s ❞❡ ❋♦✉r✐❡r✱ ♣❡r✐♦❞♦❣r❛♠❛s ❡ ♣❡r✐♦❞♦❣r❛♠❛s

❞❡ ❲❡❧❝❤ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ✉♠❛ ❢❛❧❤❛ ♥❛ ❜❛rr❛ ❞♦ r♦t♦r ❞♦ ♠♦t♦r✳

P❛r❛ sér✐❡s t❡♠♣♦r❛✐s ♥ã♦✲❧✐♥❡❛r❡s✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❣❡♦♠étr✐❝❛s ❞♦ ❡s♣❛ç♦ ❞❡

❢❛s❡ ❝♦♥st✐t✉❡♠ ❛ ❜❛s❡ ♣r✐♥❝✐♣❛❧ ❞❡ ♠✉✐t❛s té❝♥✐❝❛s ❞❡ ❞✐❛❣♥óst✐❝♦✳ ❖s ✐♥✈❛r✐❛♥✲

t❡s ❡①tr❛í❞♦s ❞❛s tr❛❥❡tór✐❛s ❞♦ ❡st❛❞♦ sã♦ ❛ ❢❡rr❛♠❡♥t❛ ♣r✐♥❝✐♣❛❧ ❞❡ ❥✉❧❣❛♠❡♥t♦

s♦❜r❡ s❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ é ❝♦♥s✐st❡♥t❡ ♦✉ s❡ ♦ s✐st❡♠❛ ❡stá ❡①✐❜✐♥❞♦ ❛❧❣✉♠❛

❛♥♦r♠❛❧✐❞❛❞❡✳ ◆❆❚❆❘❆❏❯ ❡t ❛❧✳✭✷✵✵✸✮ ♣r♦♣✉s❡r❛♠ ✉♠ ♠ét♦❞♦ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❝❛✲

r❛❝t❡ríst✐❝❛s ❞✐♥â♠✐❝❛s ♥ã♦✲❧✐♥❡❛r❡s ❞❡❢❡✐t✉♦s❛s ❞❡ ✉♠ r♦t♦r ✉s❛♥❞♦ ✉♠❛ té❝♥✐❝❛ ❞❡

❛❥✉st❡ ❞❡ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦✳ ❇❘❖❲◆ ❡ ❆❉❆▼❙✭✷✵✵✸✮ ❡①♣❧♦r❛r❛♠ ❛ r❡♣r❡s❡♥t❛çã♦

❞❡ ❢❛❧❤❛s ❡♠ ✉♠ ❣r❛✉ ♠ú❧t✐♣❧♦ ❞❡ ❧✐❜❡r❞❛❞❡ ❝♦♠ ❞✐♥â♠✐❝❛s ♥ã♦✲❧✐♥❡❛r❡s ❞❡ ❜❛✐①❛

♦r❞❡♠✳ ▼❖◆■❩ ❡t ❛❧✳✭✷✵✵✺✮ ✐♥tr♦❞✉③✐r❛♠ ❛ ✧❛♠♣❧✐✜❝❛çã♦ ❝❛ót✐❝❛ ❞❛ ❞✐st♦rçã♦ ❞♦

❛tr❛t♦r✑ ❝♦♠♦ ✉♠❛ ♥♦✈❛ ♠étr✐❝❛ ♣❛r❛ ❛✈❛❧✐❛r ❛ s❛ú❞❡ ❡str✉t✉r❛❧ ❡♠ s✐st❡♠❛s ♠✉❧t✐✲

✈❛r✐❛❞♦s✳ ❚❛♠❜é♠✱ ◆■❈❍❖▲❙ ❡t ❛❧✳✭✷✵✵✸✮ ❛♣r❡s❡♥t♦✉ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡t❛❧❤❛❞❛

s♦❜r❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❛tr❛t♦r❡s ❝❛ót✐❝♦s ♣❛r❛ ❛✈❛❧✐❛çã♦ ❞❡ s❛ú❞❡

❡str✉t✉r❛❧✳ ❆♥❛❧♦❣❛♠❡♥t❡✱ ❙❯◆✭✷✵✶✶✮ ❞❡s❡♥✈♦❧✈❡✉ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❞✐❛❣♥óst✐❝♦

❞❡ ❢❛❧❤❛s ♥✉♠ ♠♦t♦r ❞❡ ✐♥❞✉çã♦ ✈✐❛ ❛♥á❧✐s❡ ❞❡ ❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✳ P♦r s✉❛

✈❡③✱ ❇❆❘❆◆❙❑■ ❡ P■❊❚❘❩❆❑✭✷✵✶✻✮ ♣r♦♣✉s❡r❛♠ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❞❡t❡❝çã♦

❞❡ ❢❛❧❤❛s ✈✐❛ ♣r♦❥❡çã♦ ❞❡ ❢✉♥çõ❡s ❞❡ ❛ss✐♥❛t✉r❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❡ ❱❆❘●❆✭✷✵✵✽✮

♠♦str♦✉ ❛ ✉t✐❧✐❞❛❞❡ ❞♦ ❝❛❧❝✉❧♦ ❞❡ ❜❛s❡s ♠í♥✐♠❛s ❞♦ ❡s♣❛ç♦ ♥✉❧♦ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛s✳ ❋✐♥❛❧♠❡♥t❡✱ ❚❘❊◆❉❆❋■▲❖❱❆ ❡ ❱❆◆ ❇❘❯❙❙❊▲✭✷✵✵✶✮ ❝♦♥✜r♠♦✉ ♦ ❛✉✲

♠❡♥t♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❡ ✐♠❡rsã♦ ✭❞✐♠❡♥sã♦ ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✮✱ ♦s

❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈s ❡ ❛s ❞✐♠❡♥sõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❢❛❧❤❛ ❡♠

❛rt✐❝✉❧❛çõ❡s ❞❡ r♦❜ôs✱ ♠♦str❛♥❞♦ q✉❡ ❡ss❛s ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s ♥ã♦ ❧✐♥❡❛r❡s ❡r❛♠

❡✜❝✐❡♥t❡s ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦ ❡st❛❞♦ ❞❛s ♣❡ç❛s ❞♦ s✐st❡♠❛✳

✷✳✷✳✶✳✶ ▼❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛ ❡♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s

❚r❛❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛s é ✉♠❛ té❝♥✐❝❛ ❛♠♣❧❛♠❡♥t❡ ✉s❛❞❛ ♥❛

❝❛r❛❝t❡r✐③❛çã♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥ã♦ ❧✐♥❡❛r❡s ❬✶✹✾❪✳ ❉❡ ♦✉tr❛ ♣❡rs♣❡❝t✐✈❛✱ ❛ ❝❛♣❛✲

❝✐❞❛❞❡ ❞❡ ♠ét♦❞♦s ❜❛s❡❛❞♦s ♥❛ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛ ❞❡ tr❛❥❡tór✐❛ ✭♦✉ s❡❥❛✱ ♠❛♣❛s

❞❡ r❡❝♦rrê♥❝✐❛✮ ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❡ ❛♥❛❧✐s❛r ❞❛❞♦s ♣❡✲

r✐ó❞✐❝♦s ❡ q✉❛s❡ ♣❡r✐ó❞✐❝♦s ♦s t♦r♥❛ ✐❞❡❛✐s ♣❛r❛ ✈ár✐♦s t✐♣♦s ❞❡ ❛♣❧✐❝❛çõ❡s✳ ❆❧❣✉♥s

❡①❡♠♣❧♦s ✐♥❝❧✉❡♠ ❛ ❞❡s❝r✐çã♦ ❞❡ ✈✐❜r❛çõ❡s ♠♦❧❡❝✉❧❛r❡s ❬✶✽❪✱ ♠♦❞❡❧❛❣❡♠ ❞❡ tr❛♥✲

✷✺



s✐❡♥t❡s ❞❛ r❡❞❡ ■P ❬✶✽✻❪ ❡ ❛♥á❧✐s❡ ❞❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❝❛r❞í❛❝❛ ❡ s✉❛

r❡❧❛çã♦ ❝♦♠ ♥í✈❡✐s ❞❡ ❛rr✐t♠✐❛ ❝❛r❞í❛❝❛ ♣❡r✐❣♦s♦s ❬✶✽✹❪✳ ❊♥tr❡t❛♥t♦✱ ❛ ❛♣❧✐❝❛çã♦

❞❡ss❡s ♠ét♦❞♦s ♥❛ ❛✈❛❧✐❛çã♦ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ♣r♦❝❡ss♦s é✱ ❞❡ ❝❡rt❛ ❢♦r♠❛✱ ❡s❝❛ss❛

♥❛ ❧✐t❡r❛t✉r❛✱ ❛♣❡s❛r ❞❡ s❡r❡♠ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ss❡s s✐st❡♠❛s✳

❙❆▼❆❉❆◆■ ❡t ❛❧✳✭✷✵✶✹✮ ❞❡s❡♥✈♦❧✈❡✉ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❜❛s❡❛❞❛ ❡♠ ❛♥á❧✐s❡ ❞❡ r❡✲

❝♦rrê♥❝✐❛s ❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❡♠ ✈á❧✈✉❧❛s

s❡r✈♦ ❛ ♣❛rt✐r ❞♦s ♠ó❞✉❧♦s ❞❡ ♦s❝✐❧❛çã♦ ❞♦s ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♠ ❡ s❡♠ ❢❛❧❤❛ ❡

s✉❛s r❡s♣❡❝t✐✈❛s r❡♣r❡s❡♥t❛çõ❡s ♥♦ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❩❍❖❯ ❡

❩❍❆◆●✭✷✵✶✺✮ ♣r♦♣✉s❡r❛♠ ✉♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❜❛s❡❛❞♦ ♥❛ ❝♦♠❜✐♥❛çã♦ ❞❛s ♠étr✐❝❛s

❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛ ❡ ❛s tr❛❞✐❝✐♦♥❛✐s ❝❛rt❛s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❍♦t❡❧❧✐♥❣ T 2✳

❋✐♥❛❧♠❡♥t❡✱ ▼❖❍❆▼❆❉ ❡t ❛❧✳✭✷✵✶✽✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣♦r ♠❡✐♦ ❞❛

q✉❛❧ ❝r✐❛✈❛♠ ♥♦✈❛s sér✐❡s t❡♠♣♦r❛✐s ✈✐❛ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ♣❛r❛ ❛❧✐♠❡♥t❛r

✉♠❛ ❡str✉t✉r❛ ❙❱▼ ✭❙✉♣♣♦rt ❱❡❝t♦r ▼❛❝❤✐♥❡✮ ♣❛r❛ ❛ r❡s♦❧✉çã♦ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡

❝❧❛ss✐✜❝❛çã♦ ❞❡ ❢❛❧❤❛s ♥✉♠ tr❡♠ ❞❡ ❡♥❣r❡♥❛❣❡♥s✳

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

❉❡♣♦✐s q✉❡ ✉♠❛ ❢❛❧❤❛ é ❞❡t❡❝t❛❞❛ ♥♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s✱ é ❞❡s❡❥❛❞❛ ✉♠❛ ❢❡rr❛✲

♠❡♥t❛ ❞❡ ❞✐❛❣♥óst✐❝♦ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❛s ✈❛r✐á✈❡✐s ❝♦♠ ❢❛❧❤❛✳ ❖ ♠ét♦❞♦ ♠❛✐s ♣♦♣✉❧❛r

❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❡♠ ❧✐♥❤❛ ❡ ❡♠ t❡♠♣♦ r❡❛❧ é ❛ ❛♥á❧✐s❡ ❞❡ ❣rá✜❝♦s ❞❡ ❝♦♥✲

tr✐❜✉✐çã♦ ❬✶✽✶❪✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ♣❛r❝❡❧❛s ❞❡ ❝♦♥tr✐❜✉✐çã♦ s♦❢r❡♠ ♦ ❡❢❡✐t♦ s♠❡❛r✐♥❣✶

❡♠ ♠✉✐t❛s s✐t✉❛çõ❡s✱ ♦ q✉❡ ❧❡✈❛ ❛ r❡s✉❧t❛❞♦s ❡rr❛❞♦s ❬✶✵❪✳ ❊♠❜♦r❛ ♣♦ss❛ ✐❞❡♥t✐✜❝❛r

❡✜❝✐❡♥t❡♠❡♥t❡ ❛s ✈❛r✐á✈❡✐s ❞❡❢❡✐t✉♦s❛s✱ ❛ ❛♥á❧✐s❡ ♣♦r ❝♦♥tr✐❜✉✐çã♦ ♥ã♦ ❝♦♥s❡❣✉❡ ❧♦✲

❝❛❧✐③❛r ❛ ❝❛✉s❛ r❛✐③ ❡①❛t❛✳ ■ss♦ ♦❝♦rr❡ ♣♦rq✉❡ ♦ ♠ét♦❞♦ é ❜❛s❡❛❞♦ ❡♠ ❝♦rr❡❧❛çã♦✱

❡♠ ✈❡③ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❡♥tr❡ ♦s ❞❛❞♦s✳ ❆♣❡♥❛s ♦ ♠♦❞❡❧♦ ❝❛✉s❛❧ ♣♦❞❡ ❢♦r♥❡❝❡r ✐♥✲

❢♦r♠❛çõ❡s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞✐r❡t❛♠❡♥t❡✱ ❝♦♠♦ ♠♦❞❡❧♦ ❢ís✐❝♦ ♦✉ ♠♦❞❡❧♦s ❡♠♣ír✐❝♦s✳

▼♦❞❡❧♦s ❞❡ ❞❛❞♦s ❜❛s❡❛❞♦s ❡♠ ❝♦rr❡❧❛çõ❡s ♥ã♦ sã♦ ✐♥❞✐❝❛t✐✈♦s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❡♥tr❡

✈❛r✐á✈❡✐s✳ ◆♦ ❡♥t❛♥t♦✱ ♦s ❞❛❞♦s t❡♠♣♦r❛✐s r❡s❡r✈❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡✈❡❧❛r ❝❛✉s❛✲

❧✐❞❛❞❡ ♦❝✉❧t❛✳ ❖ ♣r♦❜❧❡♠❛ ❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡ r❛✐③ ❢♦✐ ❛❜♦r❞❛❞♦ ♥♦ ❝❡♥ár✐♦ ❝❤❛♠❛❞♦

✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♦s❝✐❧❛çã♦ ❞❡ ♣❧❛♥t❛ ❝♦♠♣❧❡t❛ ✭♣❧❛♥t✲✇✐❞❡ ♦s❝✐❧❧❛t✐♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥✮✱

q✉❡ ✈✐s❛ ❞❡s❝♦❜r✐r ♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ♦✉ ❞✐s♣♦s✐t✐✈♦ q✉❡ ❡①❝✐t❛ ♦s❝✐❧❛çõ❡s ✐♥❞❡✲

s❡❥á✈❡✐s ❡♠ ♦✉tr♦s ❧♦♦♣s ♦✉ ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s✳ ❉❯❆◆ ❡t ❛❧✳✭✷✵✶✹✮ r❡✈✐s❛r❛♠

♠ét♦❞♦s r❡❝❡♥t❡s ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❝❛✉s❛ r❛✐③ ❞❡ ♦s❝✐❧❛çõ❡s ❡♠ ♣❧❛♥t❛ ❝♦♠♣❧❡t❛✱

✐♥❝❧✉✐♥❞♦ ❡♥✈❡❧♦♣❡ ❡s♣❡❝tr❛❧✱ ♠❛tr✐③ ❞❡ ❛❞❥❛❝ê♥❝✐❛✱ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✱ ❡♥tr♦♣✐❛

❞❡ tr❛♥s❢❡rê♥❝✐❛ ❡ r❡❞❡ ❜❛②❡s✐❛♥❛✳ ❊♥✈❡❧♦♣❡ ❡s♣❡❝tr❛❧ é ✉♠ ♠ét♦❞♦ ❞❡ ❞♦♠í♥✐♦ ❞❡

❢r❡q✉ê♥❝✐❛✱ q✉❡ r❡❛❧✐③❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ✈❛❧♦r❡s s✐♥❣✉❧❛r❡s ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥✲

❝✐❛ ♣❛r❛ ❞❡t❡❝t❛r ♦s❝✐❧❛çõ❡s ♣♦t❡♥❝✐❛✐s ❡♠ t♦❞❛ ❛ ♣❧❛♥t❛ ❬✶✹✷❪✳ ❘❡❝❡♥t❡♠❡♥t❡✱ ✉♠

✶❆❝♦♥t❡❝❡ q✉❛♥❞♦ ✈❛r✐á✈❡✐s ❡♠ ❢❛❧❤❛ ✐♥❝r❡♠❡♥t❛♠ t❛♠❜é♠ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛s ✈❛r✐á✈❡✐s q✉❡ ♥ã♦
❡stã♦ ❡♠ ❢❛❧❤❛✱ ❣❡r❛♥❞♦ r❡s✉❧t❛❞♦s ❛♠❜í❣✉♦s

✷✻



♠ét♦❞♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ t❛♠❜é♠ ❢♦✐ ♣r♦♣♦st♦ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥✲

❝✐❛ ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❞❛ ❝❛✉s❛ ❞❡ ♦s❝✐❧❛çõ❡s ❡♠ t♦❞❛ ❛ ♣❧❛♥t❛ ❬✷✽✼❪✳ ❆ ♠❛tr✐③ ❞❡

❛❞❥❛❝ê♥❝✐❛s ♣r❡❝✐s❛ ❝♦♥str✉✐r ✉♠ ❣rá✜❝♦ ❞❡ ❝♦♥❡①ã♦ ❛ ♣❛rt✐r ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦

♣r♦❝❡ss♦✱ q✉❡ ♥ã♦ é ❝♦♠♣❧❡t❛♠❡♥t❡ ♦r✐❡♥t❛❞♦ ♣♦r ❞❛❞♦s ❬✶✹✸❪✳ ❆ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐✲

❞❛❞❡✱ ✐♥❝❧✉✐♥❞♦ ❛ ❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r ❡ ❛ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛✱ é ✉♠ ♠ét♦❞♦

❞✐r❡t♦ q✉❡ r❡✈❡❧❛ ✉♠❛ ❝❛✉s❛❧✐❞❛❞❡ ✈❛r✐á✈❡❧ ❜❛s❡❛❞❛ ❡♠ ❞❛❞♦s t❡♠♣♦r❛✐s ❬✷✼✱ ✷✾✻❪✳ ❆

r❡❞❡ ❞✐♥â♠✐❝❛ ❜❛②❡s✐❛♥❛ ✭❉❇◆✮ é ♦✉tr♦ ♠♦❞❡❧♦ ❣rá✜❝♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦

r❛❝✐♦❝í♥✐♦ ♣r♦❜❛❜✐❧íst✐❝♦✱ q✉❡ ♣♦❞❡ ✐♥❞✐❝❛r ✐♥❢♦r♠❛çõ❡s ❝❛✉s❛✐s ♣❛r❛ ✈❛r✐á✈❡✐s ❬✷✾✹❪✳

❊♠❜♦r❛ ♠✉✐t❛s ❛❜♦r❞❛❣❡♥s ❡st❡❥❛♠ ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ❛♥❛❧✐s❛r ♦s❝✐❧❛çõ❡s ❡♠

t♦❞❛ ❛ ♣❧❛♥t❛✱ ❡❧❛s ♥ã♦ sã♦ ❞✐r❡t❛♠❡♥t❡ ❛♣❧✐❝á✈❡✐s ❛♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❝❛✉s❛ r❛✐③ ❞❡

❢❛❧❤❛s ❞❡ ♣r♦❝❡ss♦✳ ❊①✐st❡♠ ❞♦✐s ♣r♦❜❧❡♠❛s ♣r✐♥❝✐♣❛✐s✿ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ q✉❛s❡

t♦❞♦s ♦s ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ sã♦ s❡♥sí✈❡✐s ❛♦ ♥ú♠❡r♦ ❞❡ sér✐❡s ❝❛♥❞✐✲

❞❛t❛s q✉❡ sã♦ ❛♥❛❧✐s❛❞❛s✱ ❞❡ ❢♦r♠❛ q✉❡ q✉❛♥t♦ ♠❛✐♦r é ♦ ♥ú♠❡r♦ ❞❡ sér✐❡s q✉❡ ✉♠

♠ét♦❞♦ ❛❜r❛♥❣❡✱ ♠❡♥♦s ♣r❡❝✐s♦ é ♦ r❡s✉❧t❛❞♦❀ ❡♠ s❡❣✉♥❞♦ ❧✉❣❛r✱ t♦❞♦s ♦s ♠ét♦❞♦s

❞❡ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❛❝✐♠❛ ♠❡♥❝✐♦♥❛❞♦s ❛❞♠✐t❡♠ q✉❡ ♦ ♣r♦❝❡ss♦ é ❡st❛❝✐♦♥ár✐♦✱

♦✉ ♠❛✐s ♣r❡❝✐s❛♠❡♥t❡ q✉❡ ♦s ❡rr♦s ❞❡ ♣r❡✈✐sã♦ ❞❡ss❡s ♠♦❞❡❧♦s ❞❡✈❡♠ s❡r ❡st❛❝✐♦♥á✲

r✐♦s✳ ❊ss❛ s✉♣♦s✐çã♦ ✈❛❧❡ ♣❛r❛ ♦s❝✐❧❛çõ❡s ❡♠ t♦❞❛ ❛ ♣❧❛♥t❛✱ ♠❛s ♥ã♦ ♣❛r❛ ❢❛❧❤❛s

❞❡ ♣r♦❝❡ss♦ ❡♠ ❣❡r❛❧✱ ❥á q✉❡ ✉♠ ♣r♦❝❡ss♦ ❛❜♥♦r♠❛❧ ♣♦❞❡ ♥ã♦ t❡r ❝♦♠♣♦rt❛♠❡♥t♦

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

t♦❞♦s ♦s ♠ét♦❞♦s ❛❝✐♠❛ ❞❡✐①❛♠ ❞❡ s❡r ❛♣❧✐❝á✈❡✐s ❬✶✼✶❪✳

❖ ♠♦❞❡❧♦ ❞❡ ♣r♦❝❡ss♦ q✉❛❧✐t❛t✐✈♦ ♥❛ ❢♦r♠❛ ❞❡ ❞í❣r❛❢♦ t❡♠ s✐❞♦ ❛♠♣❧❛♠❡♥t❡

✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❛❧❤❛s ❬✶✾✻❪✳ ❖s ♠♦❞❡❧♦s

❜❛s❡❛❞♦s ❡♠ ❞í❣r❛❢♦s ❣❡r❛❧♠❡♥t❡ ❡①♣r❡ss❛♠ ❛s r❡❧❛çõ❡s ❝❛✉s❛✐s ❡♥tr❡ ❢❛❧❤❛s ❡ s✐♥✲

t♦♠❛s ❡ ❞❡✜♥❡♠ ❛s ✈✐❛s ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❛❧❤❛s✱ ✐♥❝♦r♣♦r❛♥❞♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❡

♠ét♦❞♦s ❡s♣❡❝✐❛❧✐st❛s ✭❙❡çã♦ ✷✳✶✳✶✮ ♥♦ ♣r♦❝❡ss♦ ❬✷✽✾❪✳ ❯♠❛ ❞❡s✈❛♥t❛❣❡♠ é q✉❡ ❛

❡①tr❛çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❛ ♣❛rt✐r ❞❡ss❡s ♠ét♦❞♦s é ♠✉✐t♦ ❞❡♠♦r❛❞❛ ❡ ❡ss❡ ❝♦♥❤❡❝✐✲

♠❡♥t♦ ♥❡♠ s❡♠♣r❡ ❡stá ❢❛❝✐❧♠❡♥t❡ ❞✐s♣♦♥í✈❡❧✳ ❆ ♠♦❞❡❧❛❣❡♠ ❞❡ ❞í❣r❛❢♦s ✭t❛♠❜é♠

❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♠❛♣❛s ❝❛✉s❛✐s✮ t❛♠❜é♠ ♣♦❞❡ s❡r ❜❛s❡❛❞❛ ❡♠ ❡q✉❛çõ❡s ♠❛t❡♠át✐✲

❝❛s ❬✼✻❪✱ ♠❛s ♣❛r❛ ♣r♦❝❡ss♦s ❝♦♠♣❧❡①♦s ❞❡ ❧❛r❣❛ ❡s❝❛❧❛ é ❞✐❢í❝✐❧ ❡st❛❜❡❧❡❝❡r ♠♦❞❡❧♦s

♠❛t❡♠át✐❝♦s ♣rát✐❝♦s ❡ ♣r❡❝✐s♦s✳ ❖s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s ❢♦r♥❡❝❡♠ ♦✉tr❛

❢♦r♠❛ ❞❡ ❡♥❝♦♥tr❛r r❡❧❛çõ❡s ❝❛✉s❛✐s ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✳ ❆❧❣✉♥s ♠ét♦✲

❞♦s ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s sã♦ ❝❛♣❛③❡s ❞❡ ❞❡t❡❝t❛r ❛s r❡❧❛çõ❡s ❝❛✉s❛✐s ♣❛r❛ ♣r♦❝❡ss♦s

❧✐♥❡❛r❡s✳ ◆♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛✱ ❛s ❢✉♥çõ❡s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞✐r❡❝✐♦♥❛❞❛ ✭❉❚❋✮

❡ ❛ ❝♦❡rê♥❝✐❛ ♣❛r❝✐❛❧ ❞✐r❡❝✐♦♥❛❞❛ ✭P❉❈✮ sã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞❛s ♥❛ ❛♥á❧✐s❡ ❞❡

❝♦♥❡❝t✐✈✐❞❛❞❡ ❝❡r❡❜r❛❧✳ ❈♦♠ ❜❛s❡ ♥♦s ♠♦❞❡❧♦s ❞❡ ❛✉t♦✲r❡❣r❡ssã♦ ❞♦ ♣r♦❝❡ss♦✱ ❛

❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r t❡♠ ✉♠❛ ✈❡rsã♦ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ❡ ✉♠❛ ✈❡rsã♦ ❞♦

❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ✭❞❡♥♦♠✐♥❛❞❛ ❝❛✉s❛❧✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❡ ●r❛♥❣❡r✮ ❬✼✻❪ ✳

❆ ♣r❡✈✐s✐❜✐❧✐❞❛❞❡ ❜❛s❡❛❞❛ ❡♠ ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ✭♥❡❛r❡st ♥❡✐❣❤❜♦rs✮ é

✷✼



♣r♦♣♦st❛ ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❛ss✐♠étr✐❝❛ ❞❡ ✐♥t❡r❞❡♣❡♥❞ê♥❝✐❛ ❡♠ sér✐❡s t❡♠♣♦r❛✐s

❧✐♥❡❛r❡s ♦✉ ♥ã♦ ❧✐♥❡❛r❡s ❡ é ❛♣❧✐❝❛❞❛ ♣❛r❛ q✉❛♥t✐✜❝❛r ❛s ✐♥✢✉ê♥❝✐❛s ❞✐r❡❝✐♦♥❛✐s ❡♥tr❡

s✐♥❛✐s ❞❡ ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s ❬✷✻❪✳ ❖ ♠ét♦❞♦ ❞♦s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s t❡♠ s✐❞♦

✉s❛❞♦ ❝♦♠ s✉❝❡ss♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛ r❛✐③ ❞❡ ♣❡rt✉r❜❛çõ❡s ❡♠ ♣❧❛♥t❛ ❝♦♠♣❧❡t❛

❬✷✽❪✳

❆ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦ ❢♦r♥❡❝❡ ✉♠❛ ❛♠♣❧❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❛❜♦r❞❛❣❡♥s ♣❛r❛

♠❡❞✐r ❛ ✐♥✢✉ê♥❝✐❛ ❝❛✉s❛❧ ❡♥tr❡ sér✐❡s t❡♠♣♦r❛✐s ♠✉❧t✐✈❛r✐❛❞❛s ❬✶✷✷❪✳ ❈♦♠ ❜❛s❡ ♥❛s

♣r♦❜❛❜✐❧✐❞❛❞❡s ❞❡ tr❛♥s✐çã♦ ❝♦♥t❡♥❞♦ t♦❞❛s ❛s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❝❛✉s❛❧✐❞❛❞❡ ❡♥tr❡

❞✉❛s ✈❛r✐á✈❡✐s✱ ❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✭❚❊✮ ❢♦✐ ♣r♦♣♦st❛ ♣❛r❛

❞✐st✐♥❣✉✐r ❡♥tr❡ ❡❧❡♠❡♥t♦s ❞❡ ❝♦♥❞✉çã♦ ❡ r❡s♣♦st❛ ❬✷✹✷❪ ❡ é ❛❞❡q✉❛❞❛ ♣❛r❛ r❡❧❛çõ❡s

❧✐♥❡❛r❡s ❡ ♥ã♦ ❧✐♥❡❛r❡s❀ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞❛ ❝♦♠ s✉❝❡ss♦ ❡♠ ♣r♦❝❡ss♦s q✉í♠✐❝♦s ❬✷✼❪ ❡

♥❡✉r♦❝✐ê♥❝✐❛s ❬✷✽✵❪✳ ▼❛✐s r❡❝❡♥t❡♠❡♥t❡✱ ✉♠ ❝♦♥❝❡✐t♦ ❞❡ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡

❘❡♥②✐ ✭❘❚❊✮ ❢♦✐ ♣r♦♣♦st♦ ❡♠ ❬✶✹✹❪ ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ✐♥❢♦r♠❛çã♦ q✉❡ é tr❛♥s❢❡r✐❞❛

❛♣❡♥❛s ❡♥tr❡ ❝❡rt❛s ♣❛rt❡s ❞❡ ❞✐str✐❜✉✐çõ❡s s✉❜❥❛❝❡♥t❡s✳ ❖s ❛✉t♦r❡s ♠♦str❛r❛♠ ❛

✉t✐❧✐❞❛❞❡ ❞♦ ❘❚❊ ♥❛s sér✐❡s t❡♠♣♦r❛✐s ❞♦ ♠❡r❝❛❞♦ ❞❡ ❛çõ❡s✳

❇❆❘◆❊❚❚ ❡t ❛❧✳✭✷✵✵✾✮ ♠♦str❛r❛♠ q✉❡✱ ♣❛r❛ ✈❛r✐á✈❡✐s ❝♦♠ ❞✐str✐❜✉✐çã♦ ❣❛✉s✲

s✐❛♥❛✱ ❝♦rr❡❧❛❝✐♦♥❛❞❛s ♣♦r ♠❡✐♦ ❞❡ r❡❧❛çõ❡s ❧✐♥❡❛r❡s✱ ❛ ❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r ❡

❚❊ sã♦ ❡q✉✐✈❛❧❡♥t❡s✳ ❚❡♠ s✐❞♦ ❞❡♠♦♥str❛❞♦ q✉❡ t❛♥t♦ ♦ ♠ét♦❞♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡

❞❡ ●r❛♥❣❡r q✉❛♥t♦ ♦ ♠ét♦❞♦ ❞❡ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ sã♦ ❢❡rr❛♠❡♥t❛s ❡✜❝❛③❡s

♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳ ❖ ♠ét♦❞♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r é ❜❛s❡❛❞♦

❡♠ ♠♦❞❡❧♦s ❞❡ ❆❘ ❞♦ ♣r♦❝❡ss♦✱ q✉❡ é ❛❞❡q✉❛❞♦ ♣❛r❛ ♣r♦❝❡ss♦s ❧✐♥❡❛r❡s ♠✉❧t✐✈❛✲

r✐❛❞♦s ✭❝♦♠♦ ❢♦✐ ♠♦str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡st❡ t✐♣♦ ❞❡ ♠♦❞❡❧♦ ♥ã♦ é t♦t❛❧♠❡♥t❡

s❛t✐s❢❛tór✐♦ ♣❛r❛ ♣r♦❝❡ss♦s ♥ã♦ ❧✐♥❡❛r❡s✮✳ ❈♦♠♣❛r❛❞♦ ❛♦ ♠ét♦❞♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❡

●r❛♥❣❡r✱ ♦ ♠ét♦❞♦ ❚❊ ❛♣r❡s❡♥t❛✲s❡ ❝♦♠♦ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦

q✉❡ ♥ã♦ ♣r❡❝✐s❛ ❞❡ s✉♣♦s✐çõ❡s s♦❜r❡ ❛ ❡str✉t✉r❛ ❞♦ ♠♦❞❡❧♦ ❞❡ ♣r♦❝❡ss♦✳ ❖ ♠ét♦❞♦

❢♦✐ ♣r♦♣♦st♦ ❝♦♠ ❜❛s❡ ♥♦ ❝♦♥❝❡✐t♦ ❞❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❬✷✹✽❪ ❡ é ❛❞❡q✉❛❞♦ ♣❛r❛

r❡❧❛❝✐♦♥❛♠❡♥t♦s ❧✐♥❡❛r❡s ❡ ♥ã♦✲❧✐♥❡❛r❡s✳ ❙❡♠❡❧❤❛♥t❡ à ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥✱ ✉♠❛

s✉♣♦s✐çã♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ♠ét♦❞♦ ❚❊ é q✉❡ ♦s ❞❛❞♦s ❛♠♦str❛❞♦s ❞❡✈❡♠ s❡❣✉✐r ✉♠❛

❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❜❡♠ ❞❡✜♥✐❞❛✳ ❯♠❛ ❝♦♥t❡①t✉❛❧✐③❛çã♦ ❤✐stór✐❝❛ s♦❜r❡ ❛

❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r ❡ ♠étr✐❝❛s ❝❛✉s❛✐s ❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦ sã♦ r❡✈✐st❛s ❡♠

❬✶✹❪✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ✉t✐❧✐❞❛❞❡ ❞❛ ❚❊ ♣❛r❝✐❛❧ ✭❞❡✜♥✐❞❛ ❡♠ ❬✷✼✺❪✮ é ❛ ❞❡t❡❝çã♦

✉♥✐❞✐r❡❝✐♦♥❛❧ ❞❡ ❝❛✉s❛❧✐❞❛❞❡s✱ q✉❡ é ❛❞❡q✉❛❞♦ ♣❛r❛ ♥❡✉r♦❝✐ê♥❝✐❛s❀ ♥♦ ❡♥t❛♥t♦✱ ♥♦s

♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s✱ sã♦ ❝♦♠✉♥s r❡tr♦❛❧✐♠❡♥t❛çã♦ ❡ ❝❛✉s❛❧✐❞❛❞❡s ❜✐❞✐r❡❝✐♦♥❛✐s ❞❡✲

✈✐❞♦ ❛ ✢✉①♦s ❞❡ r❡❝✐r❝✉❧❛çã♦ ❡ ❝♦♥tr♦❧❡ ❡♠ ❝❛s❝❛t❛✳ ❆ss✐♠✱ ♦ ♠ét♦❞♦ ❚❊ ♣❛r❝✐❛❧

♥ã♦ ♣♦❞❡ s❡r ✉s❛❞♦ ❞✐r❡t❛♠❡♥t❡ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞✐r❡t❛ ✴ ✐♥❞✐r❡t❛ ♥❛

✐♥❞ústr✐❛ ❞❡ ♣r♦❝❡ss♦ ❬✼✻❪✳ ❖✉tr♦s ❛s♣❡❝t♦s s♦❜r❡ ❛s ❧✐♠✐t❛çõ❡s ❞❛s ❡♥tr♦♣✐❛s ❞❡

tr❛♥s❢❡rê♥❝✐❛ sã♦ r❡✈✐s❛❞❛s ❡♠ ❬✶✸✼❪ ❡ ❬✷✹✷❪

✷✽



❆s ♥♦✈❛s ♠étr✐❝❛s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ♣r♦♣♦st❛s ❡♠ ❬✾✸✱ ✷✶✵❪ r❡s♦❧✈❡♠ ♦ ♣r♦❜❧❡♠❛

❞❡ ❜✐❞✐r❡❝✐♦♥❛❧✐❞❛❞❡ ❞❛s ❝♦♥❡①õ❡s ❝❛✉s❛✐s ❡♥tr❡ ✈❛r✐á✈❡✐s✳ ❉❡st❛❝❛✲s❡ t❛♠❜é♠✱ ♦

tr❛❜❛❧❤♦ ♣♦st❡r✐♦r ❞❡ ❘❯◆●❊✭✷✵✶✺✮✱ q✉❡ ❞❡✜♥❡ ♦s ❝♦♥❝❡✐t♦s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♠♦✲

♠❡♥tâ♥❡❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❡ ♦ ✢✉①♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♣♦r ✐♥t❡r♠é❞✐♦ ❞❡ tr❛❥❡tór✐❛s ❝❛✉✲

s❛✐s✱ ❝✉❥❛s ❞❡✜♥✐çõ❡s ❝♦♥s✐❞❡r❛♠ ♦s ♣❛r❡♥t❡s ❝❛✉s❛✐s ❞❛s ✈❛r✐á✈❡✐s ❡ s❡✉s ♣ró♣r✐♦s

♣❛ss❛❞♦s✳

❖s ♠❛✐s r❡❝❡♥t❡s tr❛❜❛❧❤♦s s♦❜r❡ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❛♣r❡s❡♥t❛♠

❞✐❢❡r❡♥t❡s ❝❛s♦s ❞❡ ❛♣❧✐❝❛çã♦ ❡♠ sér✐❡s t❡♠♣♦r❛✐s ❞❛ ár❡❛ ❛❡r♦❡s♣❛❝✐❛❧ ❡ ❝❧✐♠át✐❝❛

❬✷✷✻✕✷✷✽✱ ✷✸✵✱ ✷✸✵✕✷✸✷✱ ✷✻✵❪✳ ❉❡st❛❝❛✲s❡ t❛♠❜é♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s♦❢t✇❛r❡

❚■●❘❆▼■❚❊ ♣❛r❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❡s❡♥✈♦❧✈✐❞♦ ❛♦ ❧♦♥❣♦ ❞❛s ♣❡sq✉✐s❛s ❞❡

❘❯◆●❊✭✷✵✶✺✮✳ ❖✉tr♦s s♦❢t✇❛r❡s ❡ ♣❛❝♦t❡s s✐♠✐❧❛r❡s sã♦ r❡❢❡r❡♥❝✐❛❞♦s ❡♠ ❬✶✷❪

❖✉tr♦s ❡st✉❞♦s s♦❜r❡ ✐s♦❧❛♠❡♥t♦ ❞❡ ❢❛❧❤❛s ❡ ❞❡s❝♦❜r✐♠❡♥t♦ ❞❡ r♦t❛s ❝❛✉s❛✐s

❡♠ ♣r♦❝❡ss♦s q✉í♠✐❝♦s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ❬✷✺✱ ✺✷✱ ✾✺✱ ✶✹✶✱ ✷✶✸✱ ✷✽✽❪✳ ❆❧é♠

❞✐ss♦✱ ❡str❛té❣✐❛s ♣❛r❛ ♦ ✉s♦ ❞❡ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞✐r❡t❛ ❞❡

❢❛❧❤❛s sã♦ ❛❜♦r❞❛❞❛s ❡♠ ❬✶✵✺✱ ✶✹✻✱ ✷✾✵❪

✷✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

◆❡st❛ s❡çã♦ ❢♦✐ ❞✐s❝✉t✐❞♦ q✉❡ ❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s

❡♠ três ❣r❛♥❞❡s ❝❛t❡❣♦r✐❛s✿ ✭✶✮ té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s✱ q✉❡ ♥ã♦ ✉s❛♠ ♠♦❞❡❧♦s

♠❛t❡♠át✐❝♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ♦♣❡r❛çã♦ ♥♦r♠❛❧ ❡ ❛ ❢❛❧❤❛✱ ♠❛s ♦

❤✐stór✐❝♦ ❞❛s ♣ró♣r✐❛s ♠❡❞✐❞❛s ❡ s✉❛s ✐♥t❡r❛çõ❡s ❡st❛tíst✐❝❛s ❝♦♠ ❛ ❞✐♥â♠✐❝❛❀ ✭✷✮ té❝✲

♥✐❝❛s ❛♥❛❧ít✐❝❛s✱ q✉❡ s✐♠✉❧❛♠ ❛ ❞✐♥â♠✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✉s❛♥❞♦ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s✱

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

t❛❞♦s ❞♦ ♠♦❞❡❧♦❀ ❡ ✭✸✮ té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦✱ q✉❡ ✉s❛♠ ❤❡✉ríst✐❝❛s ❡

♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ♦♣❡r❛❞♦r ♣❛r❛ ❞❡t❡r♠✐♥❛r ❧❡✐s q✉❡ ♣❡r♠✐t❛♠ ✐❞❡♥t✐✜❝❛r ❞❡s✈✐♦s

❡ ❢❛❧❤❛s ♥♦ ♣r♦❝❡ss♦✳

❈♦♥❢♦r♠❡ ❜❡♠ ❞✐s❝✉t✐❞♦ ♥❛ ❧✐t❡r❛t✉r❛✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛s ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s q✉❡ tê♠ ❡♠❡r❣✐❞♦ ❞✉r❛♥t❡ ❛s ú❧t✐♠❛s ❞é❝❛❞❛s ❛♣r❡s❡♥✲

t❛♠ ❝❛rát❡r ❡ss❡♥❝✐❛❧♠❡♥t❡ ❡st❛tíst✐❝♦✳ ■ss♦ ♦❝♦rr❡ ❝♦♠♦ r❡s♣♦st❛ ❛♦s ♣r♦❝❡ss♦s ❞❡

♠♦❞❡r♥✐③❛çã♦ ❞❛s ✐♥❞ústr✐❛s ❡ ❛ ✐♠✐♥❡♥t❡ ❡①♣❛♥sã♦ ❞❛ ✐♥str✉♠❡♥t❛çã♦ ❛♦ ❧♦♥❣♦ ❞❛s

❡t❛♣❛s ♣r♦❞✉t✐✈❛s✱ ❛❧é♠ ❞❛s ❞✐✜❝✉❧❞❛❞❡s ❡♥❝♦♥tr❛❞❛s ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛

❞❡ s✐st❡♠❛s ❞❡ ❛❧t❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✳

P♦r ♦✉tr❛ ♣❛rt❡✱ t❛♠❜é♠ ❢♦✐ tr❛t❛❞❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱

♠♦str❛♥❞♦ q✉❡ ❡stá ❞✐s❝✐♣❧✐♥❛ s✉r❣✐✉ ❝♦♠♦ ✉♠❛ r❡s♣♦st❛ ❛♦s ❝r❡s❝❡♥t❡s ❛✈❛♥ç♦s r❡❧❛✲

❝✐♦♥❛❞♦s à ❚❡♦r✐❛ ❞♦ ❈❛♦s ❡ ❞✐♥â♠✐❝❛ ♥ã♦ ❧✐♥❡❛r✱ ❡ q✉❡ t✐♥❤❛ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❛✉①✐❧✐❛r ❛

✷✾



❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛s ❝♦♠♣❧❡①❛s ❛ ♣❛rt✐r ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛s ♦❜s❡r✈❛çõ❡s ❞❛s

sér✐❡s t❡♠♣♦r❛✐s✳ ❉❡♥tr❡ ♦s ♠✉✐t♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝♦♠♣❧❡①♦s✱ ❞❡st❛❝❛✲s❡ ♦ ❝❛♦s✱

q✉❡ r❡♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣❡r✐ó❞✐❝♦✱ ❛ ♣r✐♥❝í♣✐♦ ✐♠♣r❡✈✐sí✈❡❧ ❡ ❞❡t❡r♠✐✲

♥íst✐❝♦✳ ❚♦❞❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡st✐✈❡r❛♠

s❡♠♣r❡ ❛♠♣❛r❛❞❛s ♣❡❧♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s✱ q✉❡ ♣❡r♠✐t❡ r❡❝♦♥str✉✐r ♦ ❡s♣❛ç♦ ❞❡

❢❛s❡s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ s❡♠ tr❛♥s❢♦r♠❛çõ❡s ♥❛ t♦♣♦❧♦❣✐❛ ❞♦ s✐st❡♠❛✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛❧❣✉♥s tr❛❜❛❧❤♦s t❡ór✐❝♦s ♠♦str❛♠ q✉❡ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡

sér✐❡s t❡♠♣♦r❛✐s ✉s❛ ♠étr✐❝❛s q✉❡ ♣♦❞❡♠ s❡r ❞❡ ❜❛st❛♥t❡ ✉t✐❧✐❞❛❞❡ ♥❛s ❡str❛té❣✐❛s

❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✱ s❡♥❞♦ q✉❡ ❡ss❛s ♠étr✐❝❛s ❝♦♥s❡❣✉❡♠ r❡✢❡t✐r ❡ ❢❛③❡r

♠❛✐s ❡✈✐❞❡♥t❡ ❛s ♠✉❞❛♥ç❛s t❡♠♣♦r❛✐s ✭q✉❡ ❡✈❡♥t✉❛❧♠❡♥t❡ ♣♦❞❡♠ s❡r ❛ss♦❝✐❛❞❛s ❛

❢❛❧❤❛s✮ ♥❛ ❞✐♥â♠✐❝❛ ❞♦ ♣r♦❝❡ss♦✳

❆ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ t❛♠❜é♠ ❞❡st❛❝♦✉ ❛s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ❝❛✉s❛❧✱ ✉♠❛

✈❡③ q✉❡ ❝♦♥st✐t✉❡♠ ✉♠ ❢❡rr❛♠❡♥t❛❧ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ❞✐❛❣♥óst✐❝♦ ❡ ❜✉s❝❛ ❞❡ ❝❛✉s❛

r❛✐③ ❞❡ ❛♥♦♠❛❧✐❛s ❡ ❢❛❧❤❛s ♥♦s ♣r♦❝❡ss♦s✳ ❋♦r❛♠ r❡✈✐st♦s tr❛❜❛❧❤♦s q✉❡ ❛♣❧✐❝❛♠

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

r❡❛❧✐③❛r ✉♠❛ ❝♦rr❡çã♦ ♠❛✐s ✐♠❡❞✐❛t❛ ❡ ❡①❛t❛ ♥♦ ♣r♦❝❡ss♦✳ ▼♦str❛r❛♠✲s❡ t❛♠❜é♠

tr❛❜❛❧❤♦s ❡♠ q✉❡ ❛ q✉❛♥t✐✜❝❛çã♦ ❞❛s ❢♦rç❛s ❝❛✉s❛✐s ♣♦❞❡ s❡r ✉s❛❞❛ ❞✐r❡t❛♠❡♥t❡

❝♦♠♦ ♠étr✐❝❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✳

✸✵



❈❛♣ít✉❧♦ ✸

❋✉♥❞❛♠❡♥t♦s t❡ór✐❝♦s

❖ ❡st✉❞♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ♥ã♦ ❧✐♥❡❛r❡s ✐♠♣❧✐❝❛ ♦ ✉s♦ ❡①t❡♥s✐✈♦ ❞❡ ♠❡t♦❞♦❧♦❣✐❛s

♥✉♠ér✐❝❛s✱ ❡♠ ❡s♣❡❝✐❛❧ q✉❛♥❞♦ s❡ tr❛t❛ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♥tí♥✉♦s✳ ❊st❛s

❢❡rr❛♠❡♥t❛s ♣❡r♠✐t❡♠ ❛✈❛❧✐❛r ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❡ s❡✉ ♥❛s❝✐♠❡♥t♦ ❡♠

r❡❧❛çã♦ ❛ ♣❛râ♠❡tr♦s ♣ró♣r✐♦s ❞♦ ♠♦❞❡❧♦✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ♣❛♣❡❧ q✉❡

❡①❡r❝❡♠ ❞❡t❡r♠✐♥❛❞♦s ❡❢❡✐t♦s s♦❜r❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✳ ❊st❡ ❝❛♣ít✉❧♦ t❡♠

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

çã♦ ❡ ❛♥á❧✐s❡ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ♥ã♦ ❧✐♥❡❛r❡s✳ ■♥✐❝✐❛❧♠❡♥t❡ ♥❛ ❙❡çã♦ ✸✳✶✱

sã♦ ❞❡s❝r✐t❛s ❛ ❜❛s❡ ❞❛ ❛♥á❧✐s❡ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ♥ã♦ ❧✐♥❡❛r❡s ❡ ❛s r❡s♣❡❝t✐✈❛s

té❝♥✐❝❛s ♥✉♠ér✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❛♥❛❧ít✐❝❛s✳ P♦st❡r✐♦r♠❡♥t❡ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s

❢❡rr❛♠❡♥t❛s ♣❛r❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥❛ ❙❡çã♦ ✸✳✷✳ ❊♠ s❡❣✉✐❞❛✱

❛s té❝♥✐❝❛s ♥ã♦ ♣❛r❛♠étr✐❝❛s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❢✉♥çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ sã♦

♠♦str❛❞❛s ♥❛ ❙❡çã♦ ✸✳✹✳ ❋✐♥❛❧♠❡♥t❡✱ ♦s ❝♦♥❝❡✐t♦s ❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦ ❡ ❝❛✉s❛✲

❧✐❞❛❞❡ ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞♦ ❢❡rr❛♠❡♥t❛❧ ♣r♦♣♦st♦ sã♦ ❞❡s❝r✐t♦s ♥❛ ❙❡çã♦

✸✳✺✳ ❆s ❝♦♥s✐❞❡r❛çõ❡s ❡ ❝♦♠❡♥tár✐♦s ✜♥❛✐s sã♦ ❛♣r❡s❡♥t❛❞♦s ❛♦ ✜♥❛❧ ❞♦ ❝❛♣ít✉❧♦✱ ♥❛

❙❡çã♦ ✸✳✼✳

✸✳✶ ▼❛r❝♦ t❡ór✐❝♦

✸✳✶✳✶ ❉❡✜♥✐çã♦ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s

❊♠ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ♦ ♠✉♥❞♦ é ♦❜s❡r✈❛❞♦ ❝♦♠♦ ✉♠❛ ❡✈♦❧✉çã♦ ♥♦ t❡♠♣♦✳ ❆s

♦❜s❡r✈❛çõ❡s sã♦ ❡①♣r❡ss❛s ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ❡ ❣✉❛r❞❛❞❛s ❝♦♠♦ ♠✉❞❛♥ç❛s ❛♦ ❧♦♥❣♦

❞♦ t❡♠♣♦✳ ❉❛❞❛s ✐♥❢♦r♠❛çõ❡s s✉✜❝✐❡♥t❡♠❡♥t❡ ❞❡t❛❧❤❛❞❛s ❡ ❛ ❝♦♠♣r❡ssã♦ ❞❛s ❧❡✐s

♥❛t✉r❛✐s s✉❜❥❛❝❡♥t❡s✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ ❢✉t✉r♦ ❛ ♣❛rt✐r ❞♦ ♣r❡s❡♥t❡ ❝♦♠♦ ✉♠❛

❜♦❧❛ ❞❡ ❝r✐st❛❧✳

✸✶



P❛r❛ ♦ s✐st❡♠❛ s♦❧❛r✱ ❛❝♦♠♣❛♥❤❛r ❛ ❧❛t✐t✉❞❡ ❡ ❧♦♥❣✐t✉❞❡ ♥❛ ❡s❢❡r❛ ❝❡❧❡st❡ é

s✉✜❝✐❡♥t❡ ♣❛r❛ ❡s♣❡❝✐✜❝❛r ❝♦♠♣❧❡t❛♠❡♥t❡ ♦ ♠♦✈✐♠❡♥t♦ ❛♣❛r❡♥t❡ ❞♦ ♣❧❛♥❡t❛✳ ❚♦❞♦s

♦s ✈❛❧♦r❡s ♣♦ssí✈❡✐s ♣❛r❛ ❛s ♣♦s✐çõ❡s ❡ ✈❡❧♦❝✐❞❛❞❡s ❞♦s ♣❧❛♥❡t❛s ❢♦r♠❛♠ ♦ ❡s♣❛ç♦ ❞❡

❢❛s❡s ❞♦ s✐st❡♠❛✳ ❉❡ ♠♦❞♦ ♠❛✐s ❣❡r❛❧✱ ✉♠ ❡st❛❞♦ ❞❡ ✉♠ s✐st❡♠❛ ❢ís✐❝♦✱ ♥♦ ✐♥st❛♥t❡

❞❡ t❡♠♣♦ ❞❛❞♦✱ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ú♥✐❝♦ ♣♦♥t♦ ❡♠ ✉♠ ❡s♣❛ç♦ ❛❜str❛t♦

❝❤❛♠❛❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦sM✳ ◗✉❛♥❞♦ ♦ s✐st❡♠❛ ♠✉❞❛✱ ♦ ♣♦♥t♦ s❡ ❝♦♥✈❡rt❡ ❡♠ ✉♠

♣♦♥t♦ r❡♣r❡s❡♥t❛t✐✈♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ ❆ ❡✈♦❧✉çã♦ ❞❛ t♦t❛❧✐❞❛❞❡ ❞❡ss❡s ♣♦♥t♦s

é r❡❢❡r✐❞❛ ❝♦♠♦ ✉♠ ✢✉①♦ ♦✉ ❞✐♥â♠✐❝❛✳

❙❡ ❡①✐st✐r ✉♠❛ ❧❡✐ ❢ ❞❡✜♥✐❞❛ q✉❡ ❡①♣r❡ss❛ ❝♦♠♦ ❡ss❡ ♣♦♥t♦ r❡♣r❡s❡♥t❛t✐✈♦ s❡

❞❡s❧♦❝❛ ❡♠ M✱ ♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ é ❞❡t❡r♠✐♥íst✐❝♦✳ P❛r❛ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦

❞❡t❡r♠✐♥íst✐❝♦✱ ❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ t♦♠❛ ✉♠ ♣♦♥t♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❡ ♦ ♠❛♣❡✐❛

❡♠ ❡①❛t❛♠❡♥t❡ ♥✉♠ ♣♦♥t♦✳ ❖ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♣♦❞❡ s❡r ❛♠♣❧✐❛❞♦✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦

❞❡ ♦❜t❡r ✉♠ ❡s♣❛ç♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❣r❛♥❞❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ✉♠❛ r❡❣r❛ ❞❡ ❡✈♦❧✉çã♦✳

❋✐❣✉r❛ ✸✳✶✿ ❚r❛❥❡tór✐❛ tr❛ç❛❞❛ ♣❡❧❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ f t✳ ❈♦♠❡ç❛♥❞♦ ❞❡s❞❡ ✉♠ ♣♦♥t♦
x ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ❞❡♣♦✐s ❞❡ ✉♠ t❡♠♣♦ t✱ ♦ ♣♦♥t♦ ❡st❛ ❡♠ f t(x)✳ ❆ ❧❡✐ ❞❡
❡✈♦❧✉çã♦ f t ♣♦❞❡ s❡r ✉s❛❞❛ ♣❛r❛ ♠❛♣❡❛r ❛ r❡❣✐ã♦Mi ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❡♥tr♦
❞❛ r❡❣✐ã♦ f t(Mi)

✳

P❛r❛ ✉♠ s✐st❡♠❛ ❞❡t❡r♠✐♥íst✐❝♦✱ q✉❛s❡ t♦❞♦s ♦s ♣♦♥t♦s tê♠ ✉♠ ú♥✐❝♦ ❢✉t✉r♦✱

❞❡ ❢♦r♠❛ q✉❡ ❛s tr❛❥❡tór✐❛s ♥ã♦ ♣♦❞❡♠ ❝r✉③❛r✳ ➱ ❞✐t♦ ✬q✉❛s❡✬ ♣♦rq✉❡ ♣♦❞❡ ❡①✐st✐r

✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❡❞✐❞❛s s✐♥❣✉❧❛r❡s ✭t✐♣♦s ❞❡ ❝✉♥❤❛✱ ❝ús♣✐❞❡s✱ ❞❡♥tr❡ ♦✉tr♦s✮ ♣❛r❛ ♦s

q✉❛✐s ❛ tr❛❥❡tór✐❛ ♥ã♦ é ❞❡✜♥✐❞❛✳ ❚❛✐s ♠❡❞✐❞❛s s✐♥❣✉❧❛r❡s ♣❡r♠✐t❡♠ ❞✐✈✐❞✐r ♦ ❡s♣❛ç♦

❞❡ ❡st❛❞♦s✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ❞✐♥â♠✐❝❛ ♣♦❞❡ s❡r ❝♦♠♣r❡❡♥❞✐❞❛ ♠❡❧❤♦r✳ ❬✻✶❪

▲♦❝❛❧♠❡♥t❡✱ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s M ❛ss❡♠❡❧❤❛✲s❡ ❝♦♠ Rd✱ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛

❡✈♦❧✉çã♦ ❞✐♥â♠✐❝❛ é ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ✈❛❧♦r ✐♥✐❝✐❛❧✱ ❝♦♠ d ♣♦♥t♦s s✉✜❝✐❡♥t❡s ♣❛r❛

❞❡t❡r♠✐♥❛r ♦ q✉❡ ❛❝♦♥t❡❝❡rá ❞❡♣♦✐s ❞❡ ✉♠ t❡♠♣♦ ❞❡t❡r♠✐♥❛❞♦ t✳ ❖ ❡s♣❛ç♦ ❧♦❝❛❧

❞❡ ✈❡t♦r❡s ❧✐♥❡❛r❡s ✭❡s♣❛ç♦ t❛♥❣❡♥t❡✮ ❡♠ ❛❧❣✉♠ ♣♦♥t♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s x ∈M
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♣♦❞❡ s❡r ❝♦♥❝❡❜✐❞♦ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❝♦♥tí♥✉❛✳ ●❧♦❜❛❧♠❡♥t❡✱ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s

♣♦❞❡ s❡r ♠❛✐s ❝♦♠♣❧✐❝❛❞♦ q✉❡ ✉♠❛ ✈❛r✐❡❞❛❞❡ t❛❧ ❝♦♠♦ ✉♠ t♦r♦✱ ✉♠ ❝✐❧✐♥❞r♦ ♦✉

❛❧❣✉♠ ♦✉tr♦ ♦❜❥❡t♦ ❣❡♦♠étr✐❝♦ ❝♦♥tí♥✉♦✳ P♦r ✈❛r✐❡❞❛❞❡✱ ❡♥t❡♥❞❡✲s❡ ✉♠ ❡s♣❛ç♦ ❞✲

❞✐♠❡♥s✐♦♥❛❧ s✉❛✈❡✱ q✉❡ ♣❛r❡❝❡ ❝♦♠ ✉♠ ✈❡t♦r Rd ❧♦❝❛❧♠❡♥t❡✳ P♦r ❡①❡♠♣❧♦ ❡♠ ✉♠

❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❡ ✉♠ s✐st❡♠❛ ❍❛♠✐❧t♦♥✐❛♥♦ ❛✉tô♥♦♠♦✱ ♦ ✢✉①♦ ❡st❛ ❝♦♥✜♥❛❞♦ ❛

✉♠❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ ❝✉r✈❛ ❞❡ ❡♥❡r❣✐❛ ❝♦♥st❛♥t❡✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ d > 1 ❞♦ M✱

♣♦❞❡✲s❡ r❡❢❡r✐r ✉♠ ♣♦♥t♦ x ∈ M ❝♦♠♦ xi ♦♥❞❡ i = 1, 2, 3, ..., d✳ ❙❡ ❛ ❞✐♥â♠✐❝❛ é

❞❡s❝r✐t❛ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛s ♣❛r❝✐❛✐s ✭P❉❊s✮ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s

é ✉♠❛ ❢✉♥çã♦ ❡s♣❛❝✐❛❧ ❞❡ ❞✐♠❡♥sã♦ ✐♥✜♥✐t❛✳ ❆ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ f : M −→ M ❞✐③

♦♥❞❡ ✉♠ ♣♦♥t♦ x ❡stá ❡♠M ❞❡♣♦✐s ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ t✳

❖ ♣❛r (M, f) ❝♦♥st✐t✉✐ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ P❛r❛ ❡❢❡✐t♦s ❞❡ ❡st✉❞♦✱ ♦s s✐s✲

t❡♠❛s ❞✐♥â♠✐❝♦s sã♦ ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ s✉❛✈❡s✳ P♦r s✉❛✈❡ ❡♥t❡♥❞❛✲s❡ q✉❡ ❛ ❧❡✐ ❞❡

❡✈♦❧✉çã♦ f t ♣♦❞❡ s❡r ❞❡r✐✈❛❞❛ q✉❛♥t❛s ✈❡③❡s s❡❥❛ ♣r❡❝✐s♦✳ ❖✉tr❛s ♥♦t❛çõ❡s ✐♥❞✐❝❛♠

♦ ♣♦♥t♦ x ❝♦♠♦ f(x, t) ♣❛r❛ ❧❡♠❜r❛r q✉❡ f é ✉♠❛ ❢✉♥çã♦ ❞❡ ❞✉❛s ✈❛r✐á✈❡✐s✿ ♦ t❡♠♣♦

❡ ❛ ♣♦s✐çã♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ ◆♦t❡✲s❡ q✉❡ ♦ t❡♠♣♦ é r❡❧❛t✐✈♦ ❡ ♥ã♦ ❛❜s♦❧✉t♦✱

✉♠❛ ✈❡③ q✉❡ só ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ é r❡q✉❡r✐❞♦✳ ■ss♦ ❞❡❝♦rr❡ ❞♦ ❢❛t♦ ❞❡ q✉❡ ✉♠

♣♦♥t♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❡t❡r♠✐♥❛ ❝♦♠♣❧❡t❛♠❡♥t❡ t♦❞❛ ❛ ❡✈♦❧✉çã♦ ❢✉t✉r❛✱ ❡ ♥ã♦

é ♥❡❝❡ssár✐♦ s❛❜❡r ♥❛❞❛ ❛❧é♠ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦✳ ❖ t❡♠♣♦ ♣♦❞❡ s❡r ✉♠❛ ✈❛r✐á✈❡❧

r❡❛❧ (t ∈ R)✱ ❡♠ ❝✉❥♦ ❝❛s♦ ❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ é ❝❤❛♠❛❞❛ ❞❡ ✢✉①♦✱ ♦✉ ♣♦❞❡ s❡r ✉♠❛

✈❛r✐á✈❡❧ ✐♥t❡✐r❛ (t ∈ Z) ♥❛ q✉❛❧ ❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ é ❝❤❛♠❛❞❛ ❞❡ ♠❛♣❛ ✭❋✐❣✉r❛ ✸✳✶✮✳

❖s s✐st❡♠❛s ❞✐♥â♠✐❝♦s s❡ ♠❛♥✐❢❡st❛♠ ❣❡r❛❧♠❡♥t❡ ♣♦r ♠❡✐♦ ❞❛s s✉❛s ór❜✐t❛s✳

❉❛❞♦ ✉♠ ❡st❛❞♦ ✐♥✐❝✐❛❧ x0 ❡♠ ✉♠ t❡♠♣♦ ✐♥✐❝✐❛❧ t0✱ ♦ ✢✉①♦ ♦✉ ♠❛♣❛✿

f(t) : xo −→ x(x0, t)

tr❛♥s♣♦rt❛ ♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ❛té ♦ ❡st❛❞♦ x(t) tr❛♥s❝♦rr✐❞♦ ✉♠ t❡♠♣♦ t✳ ❊ss❛

❡✈♦❧✉çã♦ tr❛ç❛ ❛ s❡q✉ê♥❝✐❛ ❞❡ ♣♦♥t♦s x(t) = f t(x0) q✉❡ ❞❡✜♥❡♠ ❛ ór❜✐t❛ q✉❡ ♣❛ss❛

♣❡❧♦ ♣♦♥t♦ x0 = x(0)✳ ❆♥❛❧♦❣❛♠❡♥t❡✱ ♣♦❞❡✲s❡ r❡❢❡r✐r r❡s♣❡✐t♦ à ❡✈♦❧✉çã♦ ❞❛ r❡❣✐ã♦

Mi ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ ❈♦♥s✐❞❡r❛✲s❡ ❛ ❧❡✐ f ❛♣❧✐❝❛❞❛ ❡♠ ✉♠❛ r❡❣✐ã♦✱ ✈❛r✐❡❞❛❞❡ ♦✉

✬♦❜❥❡t♦ ❣❡♦♠étr✐❝♦ s✉❛✈❡✬ ♥ã♦ ❞❡❢♦r♠❛❞♦ ✭r❡❢❡r❡♥❝✐❛❧ ♦ ✐♥✐❝✐❛❧✮Mi ❛té ✉♠❛ r❡❣✐ã♦

❞❡❢♦r♠❛❞❛ ✭✜♥❛❧✮ Mf = f t(Mi)✱ ❝♦♠♦ ♦ ♠♦✈✐♠❡♥t♦ ❞❡s❝r✐t♦ ♣♦r✿ f t : Mi −→
Mf t❛❧ q✉❡ t♦❞♦ x0 q✉❡ ♣❡rt❡♥❝❡ ❛Mi é ♠❛♣❡❛❞♦ ❡♠ ✉♠ x = f t(x0) q✉❡ ♣❡rt❡♥❝❡

❛ Mf ✱ ❝♦♠♦ é r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✱ ❡♠ q✉❡ x ❞❡♥♦t❛ ✉♠ ❡st❛❞♦ ♥❛ r❡❣✐ã♦

❞❡❢♦r♠❛❞❛ ❡ x0 r❡♣r❡s❡♥t❛ ✉♠ ❡st❛❞♦ ♥❛ r❡❣✐ã♦ ♥ã♦ ❞❡❢♦r♠❛❞❛✳

❖ s✉❜❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s Mx0 ⊂ M q✉❡ ♣❡rt❡♥❝❡♠ à tr❛❥❡tór✐❛ ❞❡ t❡♠♣♦

✐♥✜♥✐t♦ ❞❡ ✉♠ ♣♦♥t♦ x0 é ❝❤❛♠❛❞♦ ❞❡ ór❜✐t❛ ❞❡ x0✳ ◆♦s ✢✉①♦s✱ ❛s ór❜✐t❛s sã♦ ❝✉r✈❛s

❝♦♥tí♥✉❛s s✉❛✈❡s❀ ♥♦s ♠❛♣❛s sã♦ s❡q✉ê♥❝✐❛s ❞❡ ♣♦♥t♦s✳ ❚r❛❥❡tór✐❛ s❡ r❡❢❡r❡ ❛ ✉♠

❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ♦✉ s❡❣♠❡♥t♦s ❞❡ ❝✉r✈❛ tr❛ç❛❞♦s ❞❡ x(t) s♦❜r❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡

t❡♠♣♦ ✐♥✜♥✐t♦ t✳ Ór❜✐t❛ r❡❢❡r❡✲s❡ à t♦t❛❧✐❞❛❞❡ ❞❡ ❡st❛❞♦s q✉❡ ♣♦❞❡♠ s❡r ❛t✐♥❣✐❞♦s
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♣♦r x0 ❝♦♠ ✉♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦M ❢♦❧✐❛❞♦ ♣❡❧❛ ✉♥✐ã♦ ❞❡ t❛✐s ór❜✐t❛s✳ P♦r ❡①❡♠♣❧♦✱

Mx0 ✐♥❞✐❝❛ ❛ ór❜✐t❛ q✉❡ ❝♦❧❡t❛ ♦s ♣♦♥t♦s ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ❡ q✉❡ s❡ ✐♥✐❝✐❛ ❡♠

x0 = x(0)✳ ❙♦❜ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧✱ ✉♠ s❡❣♠❡♥t♦ ❞❡ tr❛❥❡tór✐❛ ♣♦❞❡ s❡r ♠❛♣❡❛❞♦ ❡♠

♦✉tr♦ s❡❣♠❡♥t♦ ❞❡ tr❛❥❡tór✐❛✱ ♠❛s ♦s ♣♦♥t♦s ❞❡♥tr♦ ❞❡ ✉♠❛ ór❜✐t❛ só sã♦ ❞❡s❧♦❝❛❞♦s❀

❛ ór❜✐t❛ ❝♦♥s✐❞❡r❛❞❛ ❝♦♠♦ ✉♠ ❝♦♥❥✉♥t♦ é ✐♥❛❧t❡r❛❞❛✳ ❆ss✐♠✱ ✉♠❛ ór❜✐t❛ é ✉♠❛ ♥♦çã♦

❞✐♥❛♠✐❝❛♠❡♥t❡ ✐♥✈❛r✐❛♥t❡✳

❙ã♦ ❛♣r❡s❡♥t❛❞♦s ❛ s❡❣✉✐r ❛❧❣✉♥s ❡①❡♠♣❧♦s ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♥tí♥✉♦s

q✉❡ s❡rã♦ t♦♠❛❞♦s ❝♦♠♦ ✬❜❡♥❝❤♠❛r❦s✬ ♣❛r❛ ✈❛❧✐❞❛r ❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦

✉s❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✳

❼ ❙✐st❡♠❛ ❞❡ ▲♦r❡♥③ ❬✷✺✽❪✿

ẋ = v(x) =




ẋ

ẏ

ż


 =




σ(y − x)

ρx− y − xz

xy − βz


 ✭✸✳✶✮

❼ ❙✐st❡♠❛ ❞❡ ❘♦ss❧❡r ❬✷✺✽❪✿

ẋ = −y − z ✭✸✳✷❛✮

ẏ = x+ ay ✭✸✳✷❜✮

ż = b+ z(x− c) ✭✸✳✷❝✮

✸✳✶✳✶✳✶ ❈❧❛ss✐✜❝❛çã♦ ❞❡ ór❜✐t❛s

❈♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♣♦r ❬✻✶❪✱ ❛s ór❜✐t❛s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❡♠ três t✐♣♦s ❜ás✐❝♦s✿

✐ ❡st❛❝✐♦♥ár✐❛✿ f t(x) = x ♣❛r❛ t♦❞♦ t❀

✐✐ ♣❡r✐ó❞✐❝❛✿ f t(x) = f t+Tp(x) ♣❛r❛ ✉♠ ♣❡rí♦❞♦ ♠í♥✐♠♦ Tp❀

✐✐✐ ❛♣❡r✐ó❞✐❝❛✿ f t(x) ̸= f t′(x)❀

❆ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ♦✉ ❝✐❝❧♦ p é ♦ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦sMp ⊂M ✈❛rr✐❞♦ ♣♦r ✉♠❛

tr❛❥❡tór✐❛ q✉❡ r❡t♦r♥❛ ❛♦ ♣♦♥t♦ ✐♥✐❝✐❛❧ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦✳ ❯♠ ♣♦♥t♦ q✉❡ ♣❡rt❡♥❝❡

❛ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ é ❝❤❛♠❛❞♦ ❞❡ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦✳

Ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ❡ ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ sã♦ ❡①❡♠♣❧♦s ❞❡ ❝♦♥❥✉♥t♦s ♥ã♦ ❡r✲

r❛♥t❡s ♣r❡s❡r✈❛❞♦s ♥❛ ❞✐♥â♠✐❝❛✳ ❆ ❞✐♥â♠✐❝❛ t❛♠❜é♠ ♣♦❞❡ ♣r❡s❡r✈❛r ✈❛r✐❡❞❛❞❡s
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✐♥✈❛r✐❛♥t❡s ❝♦♠♣❛❝t❛s ❞❡ ❛❧t❛ ❞✐♠❡♥sã♦✱ ❝♦♠♦ t♦r♦s ✭❝♦♠✉♠❡♥t❡ ❛ss♦❝✐❛❞♦ ❛♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦ q✉❛s❡✲♣❡r✐ó❞✐❝♦✮ ❡ ❢❛♠í❧✐❛s ❞❡ s♦❧✉çõ❡s r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ❛ s✐♠❡tr✐❛ ❝♦♥✲

tí♥✉❛ ❞♦ s✐st❡♠❛✳ ❖✉tr♦s ❡①❡♠♣❧♦s sã♦ ♣r♦♣♦r❝✐♦♥❛❞♦s ♣❡❧❛s ✈❛r✐❡❞❛❞❡s ❡stá✈❡✐s ❡

✐♥stá✈❡✐s ✭✈❛rr✐❞♦s ♣♦r ❝✉r✈❛s s❡♠✐✲✐♥✜♥✐t❛s✱ ♦r✐❣✐♥❛♥❞♦✲s❡ ❛ ♣❛rt✐r ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦

❛♦ ❧♦♥❣♦ ❞❡ ❝❛❞❛ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✮ ♦✉ ❛s ór❜✐t❛s ❡r❣ó❞✐❝❛s ❞❡

t❡♠♣♦ ✐♥✜♥✐t♦✳ ❬✻✶❪

P♦❞❡✲s❡ r❡❞❡✜♥✐r ❛ ❝❧❛ss✐✜❝❛çã♦ ♣r♦♣♦st❛ ❞✐✈✐❞✐♥❞♦ ♦s ♠♦✈✐♠❡♥t♦s ❛♣❡r✐ó❞✐❝♦s

❡♠ ❞♦✐s s✉❜t✐♣♦s✿ ♦s q✉❡ ♥✉♥❝❛ r❡t♦r♥❛♠ ❡ ♦s q✉❡ r❡t♦r♥❛♠ ❛ ✉♠❛ r❡❣✐ã♦ ♦r✐❣✐♥❛❧✳

❯♠ ♣♦♥t♦ (x ∈ M) é ❝❤❛♠❛❞♦ ❞❡ ♣♦♥t♦ ❡rr❛♥t❡ s❡ ❡①✐st❡ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ❛❜❡rt❛

M0 ❞❡ x ♣❛r❛ ♦ q✉❛❧ ❛ ór❜✐t❛ ♥✉♥❝❛ r❡t♦r♥❛✳

f t(x) /∈M0 ∀t > tmin ✭✸✳✸✮

❊♠ ❛❧❣✉♠❛s ár❡❛s ❡ss❛ ❞✐♥â♠✐❝❛ ❡ r❡❢❡r✐❞❛ ❝♦♠♦ tr❛♥s✐❡♥t❡✳ P❛r❛ t❡♠♣♦s

♠✉✐t♦ ♠❛✐s ❧♦♥❣♦s ❞♦ q✉❡ ✉♠ t❡♠♣♦ tí♣✐❝♦ ❞❡ ✬r❡t♦r♥♦✬✱ é út✐❧ r❡❧❛①❛r ❛ ♥♦çã♦ ❞❡

♣❡r✐♦❞✐❝✐❞❛❞❡ ❡①❛t❛ ❡ s✉❜st✐t✉í✲❧❛ ♣❡❧❛ ♥♦çã♦ ❞❡ r❡❝♦rrê♥❝✐❛✳ ❯♠ ♣♦♥t♦ r❡❝♦rr❡♥t❡

♦✉ ♥ã♦ ❡rr❛♥t❡ ❡①✐st❡ s❡✱ ♣❛r❛ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ❛❜❡rt❛M0 ❞❡ x ❡ ❛❧❣✉♠ t❡♠♣♦ tmin✱

❡①✐st❡ ✉♠ t❡♠♣♦ t t❛❧ q✉❡✿

f t(x) ∈M0 ✭✸✳✹✮

❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛ ór❜✐t❛ ❞❡ ✉♠ ♣♦♥t♦ ♥ã♦ ❡rr❛♥t❡ r❡t♦r♥❛ à ✈✐③✐♥❤❛♥ç❛M0

❢r❡q✉❡♥t❡♠❡♥t❡✳ ❖ ❝♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡ ❞❡ f é ❞❡♥♦t❛❞♦ ♣♦r Ω✱ ❞❡✜♥✐❞♦ ♣❡❧❛ ✉♥✐ã♦

❞❡ t♦❞♦s ♦s ♣♦♥t♦s ♥ã♦ ❡rr❛♥t❡s ❞❡ (x ∈M)✳ ❖ ❝♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡ é ❞❡t❡r♠✐♥❛♥t❡

♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♦ ❧♦♥❣♦ ♣r❛③♦ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳

❙❡ ❡①✐st❡ ✉♠ ✈♦❧✉♠❡ ❞❡ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦ ❝♦♥❡❝t❛❞♦ q✉❡ s❡ ♠❛♣❡✐❛ ❡♠ s✐ ♠❡s♠♦

s♦❜ ❛ ❡✈♦❧✉çã♦ ❢✉t✉r❛✱ ♦ ✢✉①♦ é ❣❧♦❜❛❧♠❡♥t❡ ❝♦♥tr❛í❞♦ ❞❡♥tr♦ ❞❡ ✉♠ s✉❜❝♦♥❥✉♥t♦ ❞❡

(x ∈ M) ❝❤❛♠❛❞♦ ❛tr❛t♦r✳ ❖ ❛tr❛t♦r ♣♦❞❡ s❡r ú♥✐❝♦ ♦✉ ♣♦❞❡ ❝♦❡①✐st✐r ❝♦♠ ♦✉tr♦s

❝♦♥❥✉♥t♦s ❛tr❛t♦r❡s✱ ❝❛❞❛ ✉♠ ❝♦♠ s✉❛ ♣ró♣r✐❛ ❜❛s❡ ❞❡ ❛tr❛çã♦ ✭❝♦♥❥✉♥t♦ ❞❡ t♦❞♦s ♦s

♣♦♥t♦s q✉❡ ❧❡✈❛♠ ❛♦ ❛tr❛t♦r ♣♦r ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❢✉t✉r❛✮✳ ❖ ❛tr❛t♦r ♣♦❞❡ s❡r ✉♠

♣♦♥t♦ ✜①♦ ✭♥ó ❡stá✈❡❧✮✱ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ✭❝✐❝❧♦ ❧✐♠✐t❡✮✱✉♠❛ ór❜✐t❛ ❛♣❡r✐ó❞✐❝❛ ♦✉

✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞♦s ♠❡s♠♦s✳ ❯♠ ❝❛s♦ ✐♥t❡r❡ss❛♥t❡ é ♦ ❛tr❛t♦r ❛♣❡r✐ó❞✐❝♦ r❡❝♦rr❡♥t❡

❝❤❛♠❛❞♦ ❞❡ ❛tr❛t♦r ❡str❛♥❤♦ ✭♥♦ s❡♥s♦ ❡str✐t♦✱ ❞✐❛❣♥♦st✐❝❛r ✉♠ ❛tr❛t♦r ❞❡ ❡str❛♥❤♦

r❡q✉❡r t❡st❡s ♥ã♦ tr✐✈✐❛✐s ❞❡ tr❛♥s✐t✐✈✐❞❛❞❡ ❡ ❝❛❞❡✐❛s ❞❡ r❡❝♦rrê♥❝✐❛✮ ❬✶✹✾❪✳

❉❡ ❢♦r♠❛ ✐♥✈❡rs❛✱ s❡ ❡①✐st❡ ✉♠ ❝♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡ Ω ❡♥❝❡rr❛❞♦ ♣♦r ✉♠

✈♦❧✉♠❡ ❞❡ ❡s♣❛ç♦ ❞❡ ❢❛s❡s M0 ♥♦ q✉❛❧ t♦❞♦s ♦s ♣♦♥t♦s ❞❡♥tr♦ ❞❡ M0✱ ♠❛s ♥ã♦

❞❡♥tr♦ ❞❡ Ω✱ ❡✈❡♥t✉❛❧♠❡♥t❡ s❛❡♠ ❞❡M0✱ ♣♦❞❡ s❡ ❝❤❛♠❛r ❛♦ ❝♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡
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Ω ❝♦♠♦ r❡♣✉❧s♦r✳ ◆♦ s❡♥s♦ ❣❡r❛❧✱ ♦ ❝♦♥❥✉♥t♦ ♥ã♦ ❡rr❛♥t❡ Ω é ❛ ✉♥✐ã♦ ❞❡ t♦❞♦s ♦s

❝♦♥❥✉♥t♦s ✐♥✈❛r✐❛♥t❡s ❡①♣❧✐❝❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✿ ♣♦♥t♦s ✜①♦s r❡♣✉❧s♦r❡s✴❛tr❛t♦r❡s✱

❛tr❛t♦r❡s ❡str❛♥❤♦s✱ ❞❡♥tr❡ ♦✉tr♦s ❬✻✶❪✳

P❛r❛ ✉♠ t❡♠♣♦ ✐♥✜♥✐t❡s✐♠❛❧✱ ♦s ✢✉①♦s ♣♦❞❡♠ s❡r ❞❡✜♥✐❞♦s ♣♦r ❡q✉❛çõ❡s ❞✐✲

❢❡r❡♥❝✐❛✐s✳ ❯♠❛ tr❛❥❡tór✐❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠❛ ❝✉r✈❛ s✉❛✈❡ ✐♠❡rs❛ ♥♦ ❡s♣❛ç♦ ❞❡

❢❛s❡s é r❡♣r❡s❡♥t❛❞❛ ♣♦r✿

x(t+ τ) = f t+τ (x0) = f(f(x0, t), τ) ✭✸✳✺✮

❆ t❛♥❣❡♥t❡ ❞❛ ❝✉r✈❛ ♥♦ ♣♦♥t♦ x(t) ♣♦❞❡ s❡r ❡①♣r❡ss❛ ❝♦♠♦ ❛ ❞❡r✐✈❛❞❛ t❡♠♣♦r❛❧

❞❛ ❧❡✐ ❞❡ ❡✈♦❧✉çã♦ ♥❛ ❢♦r♠❛✿

dx

dτ
⌋τ=0 = ∂τf(f(x0, t), τ)⌋τ=0 = ẋ(t) ✭✸✳✻✮

❈♦♥s✐❞❡r❛♥❞♦ t♦❞❛s ❛s ór❜✐t❛s ♣♦ssí✈❡✐s✱ ♣♦❞❡♠ s❡r ♦❜t✐❞♦s ♦s ✈❡t♦r❡s ẋ(t) ❡♠

q✉❛❧q✉❡r ♣♦♥t♦ x ∈M✱ ❣❡r❛♥❞♦ ✉♠ ❝❛♠♣♦ ✈❡t♦r✐❛❧ q✉❡ é ❝❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s✿

ẋ(t) = v(x) ✭✸✳✼✮

◆♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ❞❡✜♥✐çã♦ ❞♦ ✢✉①♦ ❢♦✐ ❞❛❞❛ ♣❛r❛ ✉♠ ❝❛♠♣♦

✈❡t♦r✐❛❧ q✉❡ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦✳ ❊♠ ❝❛❞❛ ♣♦♥t♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ✐♥❞✐❝❛✲

s❡ ♦ ✈❡t♦r ❧♦❝❛❧ ♣❛r❛ ❛ ❞✐r❡çã♦ ❡♠ q✉❡ ❛ ór❜✐t❛ ❡✈♦❧✉✐✳ ❆ ♠❛❣♥✐t✉❞❡ ❞♦ ✈❡t♦r v(x) é

❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ♣♦♥t♦ x ❡ ❛ ❞✐r❡çã♦ ❡ ♠❛❣♥✐t✉❞❡ ❞❡ v(x) ♣♦❞❡ ♠✉❞❛r ♣♦♥t♦ ❛ ♣♦♥t♦✳

❊♠ ❛❧❣✉♥s ❝❛s♦s✱ q✉❛♥❞♦ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s é ✉♠❛ ✈❛r✐❡❞❛❞❡ ❝♦♠♣❧❡①❛✱ ❥á ♥ã♦ s❡

♣❡♥s❛ ♥♦s ❝❛♠♣♦s ✈❡t♦r✐❛✐s ❝♦♠♦ ❝♦♥❥✉♥t♦s ✐♥❝♦r♣♦r❛❞♦s ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦✳ ❊♠

✈❡③ ❞✐ss♦✱ ❝♦♥❝❡❜❡✲s❡ q✉❡ ♣❛r❛ ❝❛❞❛ x ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❡①✐st❡♠ ♣❧❛♥♦s t❛♥❣❡♥t❡s

❞✐❢❡r❡♥t❡s TM0 ❧✐❣❛❞♦s ❡♥tr❡ s✐✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❝❛♠♣♦ ✈❡t♦r✐❛❧ ❡①✐st❡ ♥❛ ✉♥✐ã♦ ❞❡

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

TM =
⋃

x∈M

TMx ✭✸✳✽✮

❖ ✈❡t♦r ❞❡ ✈❡❧♦❝✐❞❛❞❡s v é s❡♠♣r❡ t❛♥❣❡♥t❡ à ór❜✐t❛✱ ❡①❝❡t♦ ♥♦s ♣♦♥t♦s ❞❡

❡q✉✐❧í❜r✐♦✳

v(xq) = 0 ✭✸✳✾✮

xq t❛♠❜é♠ é r❡❢❡r✐❞♦ ❝♦♠♦ ♣♦♥t♦ ❡st❛❝✐♦♥ár✐♦✱ ♣♦♥t♦ ✜①♦✱ ♣♦♥t♦ ✐♥✈❛r✐❛♥t❡✱
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③❡r♦ ❞♦ ✈❡t♦r v✱ s♦❧✉çã♦ ❡st❛❝✐♦♥ár✐❛ ♦✉ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ór❜✐t❛

q✉❡ ♣❛ss❛ ♣♦r x0 ♥♦ t❡♠♣♦ t = 0 ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ✸✳✼✳

x(t) = f t(x0) = x0 +

∫ t

0

v(x(τ))dτ, x(0) = x0 ✭✸✳✶✵✮

◆♦s ✢✉①♦s ♦✉ s✐st❡♠❛s ❛✉tô♥♦♠♦s✱ ♣❛r❛ ♦s q✉❛✐s ♦ ❝❛♠♣♦ ✈❡t♦r✐❛❧ vi é ❡st❛✲

❝✐♦♥ár✐♦✱ ♥ã♦ ❡①✐st❡ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡①♣❧í❝✐t❛ ❛ r❡s♣❡✐t♦ ❞♦ t❡♠♣♦✱ s❡♥❞♦ ♥♦t❛❞♦s

❝♦♠♦✿
dy

dτ
= w(y) ✭✸✳✶✶✮

✸✳✶✳✷ ❚r❛♥s♣♦rt❡ ❞❡ ✈✐③✐♥❤❛♥ç❛s ♣❡❧♦ ✢✉①♦

❆❧é♠ ❞❡ ❞❡s❝r❡✈❡r ❛ tr❛❥❡tór✐❛ ❞❡ ✉♠ ♣♦♥t♦ ❡♠ ♣❛rt✐❝✉❧❛r ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✱ é

✐♠♣♦rt❛♥t❡ ❞❡t❡r♠✐♥❛r ♦ t❛♠❛♥❤♦ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ x(t) ♣❛r❛ ❝♦♥❤❡❝❡r ❛ ❞❡❢♦r♠❛çã♦

q✉❡ ❛ ✈✐③✐♥❤❛♥ç❛ ✐♥✐❝✐❛❧ ❞❡ x0 s♦❢r❡ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✳ P❛r❛ ✐ss♦✱ ❞❡✈❡✲s❡ s✉♣♦r q✉❡

♦ ✢✉①♦ é ❧♦❝❛❧♠❡♥t❡ s✉❛✈❡ ❡ ❞❡s❝r❡✈❡r ❛ ❣❡♦♠❡tr✐❛ ❧♦❝❛❧ ❞❛ ✈✐③✐♥❤❛♥ç❛✱ ❡st✉❞❛♥❞♦ ♦

✢✉①♦ ❧✐♥❡❛r✐③❛❞♦ ❡♠ t♦r♥♦ ❛ x(t)✳ P♦♥t♦s ♣ró①✐♠♦s✱ ❛❧✐♥❤❛❞♦s ❛♦ ❧♦♥❣♦ ❞❛s ❞✐r❡çõ❡s

❡stá✈❡✐s ✭❞✐r❡çõ❡s ❞❡ ❝♦♥tr❛çã♦✮✱ ♣❡r♠❛♥❡❝❡♠ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❛ tr❛❥❡tór✐❛ x(t) =

f t(x0)✳ ❖✉tr♦s ♣♦♥t♦s s❛❡♠ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❛♦ ❧♦♥❣♦ ❞❛s ❞✐r❡çõ❡s ✐♥stá✈❡✐s ✭❞✐r❡çõ❡s

❞❡ ❡①♣❛♥sã♦✮✱ q✉❡ sã♦ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡s ❡♠ s✐st❡♠❛s ❤✐♣❡r❜ó❧✐❝♦s✳

➚ ♠❡❞✐❞❛ q✉❡ ✉♠ ❡♥①❛♠❡ ❞❡ ♣♦♥t♦s r❡♣r❡s❡♥t❛t✐✈♦s ❛✈❛♥ç❛✱ ❡❧❡ tr❛♥s♣♦rt❛

❡ ❞✐st♦r❝❡ ❛s ✈✐③✐♥❤❛♥ç❛s✳ ❆ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ✐♥✜♥✐t❡s✐♠❛❧ é ♠❡❧❤♦r

❝♦♠♣r❡❡♥❞✐❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ tr❛❥❡tór✐❛ q✉❡ s❡ ♦r✐❣✐♥❛ ♣❡rt♦ ❞❡ x0 = x(0)✱ ❝♦♠

✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ✐♥✜♥✐t❡s✐♠❛❧ ✐♥✐❝✐❛❧ δx(0)✳ ❖ ✢✉①♦ ❡♥tã♦ tr❛♥s♣♦rt❛ ♦ ❞❡s❧♦❝❛✲

♠❡♥t♦ δx(0) ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ x(x0, t) = f t(x0)✳

✸✳✶✳✷✳✶ ▼❛tr✐③ ❆

❖ s✐st❡♠❛ ❧✐♥❡❛r ❞❡ ❡q✉❛çõ❡s ❞❡ ✈❛r✐❛çã♦ ♣❛r❛ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ✉♠❛ ✈✐③✐♥❤❛♥ç❛

✐♥✜♥✐t❡s✐♠❛❧ x+δx é ❞❡r✐✈❛❞❛ ❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦✱ ❊q✉❛çã♦✳ ✭✸✳✼✮✱ ✉s❛♥❞♦

✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡s ❞❡ ❚❛②❧♦r ❞❡ ♦r❞❡♠ ❧✐♥❡❛r✿

ẋi + δẋi = vi(x+ δx) ≈ vi(x) +
∑

j

∂vi
∂xj

δxj ✭✸✳✶✷✮

❖ ❞❡s❧♦❝❛♠❡♥t♦ ✐♥✜♥✐t❡s✐♠❛❧ δx é tr❛♥s♣♦rt❛❞♦ ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ x(x0, t)

✸✼



❝♦♠ ✉♠❛ ✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞❛❞❛ ♣♦r✿

d

dt
δxi(x0, t) =

∑

j

∂vi
∂xj

(x)⌋x=x(x0,t)δxj(x0, t) ✭✸✳✶✸✮

◆♦t❛♥❞♦ q✉❡ ❛♠❜♦s ♦s ❞❡s❧♦❝❛♠❡♥t♦s ❞❡♣❡♥❞❡♠ só ❞❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 ❡ ❞♦

t❡♠♣♦ t✱ ♣♦❞❡✲s❡ ❛❜r❡✈✐❛r ❛ ♥♦t❛çã♦ ❛ x(x0, t) → x(t) → x ❡ δxi(x0, t) → δxi(t) →
δx✿

ẋi = vi(x), δẋi =
∑

j

Aij(x)δxj ✭✸✳✶✹✮

❖ ❝♦♥❥✉♥t♦ ❛♥t❡r✐♦r ❞❡ ❡q✉❛çõ❡s ❞❡s❝r❡✈❡ ❛ ❞✐♥â♠✐❝❛ ❞❛ ✜❜r❛ t❛♥❣❡♥t❡ ✭❊q✳

✸✳✽✮ x(x0, t) ∈ TM✱ ❧❡✈❛♥❞♦ ♣♦r ❡①t❡♥sã♦ ♦ ❡s♣❛ç♦ t❛♥❣❡♥t❡ ❞✲❞✐♠❡♥s✐♦♥❛❧ δx ∈
TMx ♣❛r❛ ❝❛❞❛ ♣♦♥t♦ x ∈ M ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞✲❞✐♠❡♥s✐♦♥❛❧ M ⊂ Rd✳ ❆

♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ♦✉ ♠❛tr✐③ ❞❡ ❣r❛❞✐❡♥t❡ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❬✻✶❪✿

Aij(x) =
∂vi(x)

∂xj

✭✸✳✶✺✮

❉❡s❝r❡✈❡ ❛ t❛①❛ ❞❡ ❞❡❢♦r♠❛çã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ✐♥✜♥✐t❡s✐♠❛❧ ❞❡ x(t)

♦❝❛s✐♦♥❛❞❛ ♣❡❧♦ ✢✉①♦✳ ❖ ❡♥①❛♠❡ ❞❡ ♣♦♥t♦s ✈✐③✐♥❤♦s ❞❡ x(t) sã♦ ✐♥st❛♥t❛♥❡❛♠❡♥t❡

❞❡❢♦r♠❛❞♦s ♣❡❧❛ ❛çã♦ ❞❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✭❡s♣❡❝✐✜❝❛♠❡♥t❡ A é ✉♠❛ t❛①❛ ❞❡

❞❡❢♦r♠❛çã♦ t❡♥s♦r✐❛❧✮✳

✸✳✶✳✷✳✷ ▼❛tr✐③ ❏

❊①♣❛♥❞✐♥❞♦ ♣♦r sér✐❡s ❞❡ ❚❛②❧♦r ✉♠ ✢✉①♦ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦ ❛té ❛ ♦r❞❡♠ ❧✐♥❡❛r✿

f t
i (x0 + δx) = f t

i (x0) +
∑

j

∂f t
i (x0)

∂x0 j

δxj + ..., ✭✸✳✶✻✮

❊♥❝♦♥tr❛✲s❡ q✉❡ ❛ ✈✐③✐♥❤❛♥ç❛ ❧✐♥❡❛r✐③❛❞❛✱ é tr❛♥s♣♦rt❛❞❛ ♣❡❧❛ ▼❛tr✐③ ❏❛❝♦❜✐✲

❛♥❛✿

δx(t) = J t(x0)δx0, J t
ij(x0) =

∂x(t)i
∂x(0)j

, J0(x0) = 1 ✭✸✳✶✼✮

❆ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ é ❛✈❛❧✐❛❞❛ ❡♠ ✉♠ s❡❣♠❡♥t♦ ❞❡ tr❛❥❡tór✐❛ q✉❡ ❝♦♠❡ç❛ ♥♦

♣♦♥t♦ x0 = x(t0) ❡ t❡r♠✐♥❛ ♥♦ ♣♦♥t♦ x1 = x(t1)✱ t1 ≥ t0✳ ❈♦♠♦ ❛ tr❛❥❡tór✐❛ x(t)

é ❞❡t❡r♠✐♥íst✐❝❛✱ ✉♠ ♣♦♥t♦ ✐♥✐❝✐❛❧ x0 ❡ ♦ t❡♠♣♦ t tr❛♥s❝♦rr✐❞♦ sã♦ s✉✜❝✐❡♥t❡s ♣❛r❛

❞❡t❡r♠✐♥❛r J ✳ ❖ ♠❛♣❛ ♦✉ ❧❡✐ ❞❡ ✈❡❧♦❝✐❞❛❞❡ f t é ❛❞♠✐t✐❞♦ ✐♥✈❡rtí✈❡❧ ❡ ❞✐❢❡r❡♥❝✐á✈❡❧✱

✸✽



❞❡ ♠♦❞♦ q✉❡ J t ❡①✐st❡✳ P❛r❛ t❡♠♣♦s ♠✉✐t♦ ❝✉rt♦s J t✱ s❡ ♠❛♥té♠ ♣❡rt♦ ❞❡ 1✱ ♣❡❧♦

q✉❛❧ detJ t > 0✳ P♦r ❝♦♥t✐♥✉✐❞❛❞❡✱ detJ t ♣❡r♠❛♥❡❝❡ ♣♦s✐t✐✈♦ ♣❛r❛ t♦❞♦s ♦s t❡♠♣♦s

t✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ s✐st❡♠❛s ♦✉ ♠❛♣❛s ❞✐s❝r❡t♦s✱ detJ t ♣♦❞❡ t❡r ♠✉❞❛♥ç❛s ❞❡ s✐♥❛❧✳

J ❞❡s❝r❡✈❡ ❛ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ✐♥✜♥✐t❡s✐♠❛❧ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦

t ❞❡ ✉♠❛ ❜❛s❡ q✉❡ s❡ ❝♦✲❞❡s❧♦❝❛ ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛✳ ❆ ❋✐❣✉r❛ ✸✳✷ ✐❧✉str❛ ♦

tr❛♥s♣♦rt❡ ❞❛s ❜❛s❡s ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛✳ ❆ ❞❡❢♦r♠❛çã♦ ❞❛ ❜❛s❡ ✐♥✐❝✐❛❧ ❡♠ x0

❡♠ ✉♠❛ ❜❛s❡ ♥ã♦ ♦rt♦❣♦♥❛❧ ❡♠ x(t) é ❞❡s❝r✐t❛ ♣❡❧♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❡ ✈❡t♦r❡s

❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞♦ ✢✉①♦ ❧✐♥❡❛r✐③❛❞♦ ❬✻✶❪✳

❋✐❣✉r❛ ✸✳✷✿ P♦r ✉♠ t❡♠♣♦ ✜♥✐t♦ ❛ ❜❛s❡ ❧♦❝❛❧ ❢♦r♠❛❞❛ ♣❡❧♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s
é tr❛♥s♣♦rt❛❞♦ ❛♦ ❧♦♥❣♦ ❞❛ ór❜✐t❛ ❡ ❞❡❢♦r♠❛❞♦ ♣❡❧❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ J t✳ ❈♦♠♦
J t ♥ã♦ é ❛✉t♦✲❛❞❥✉♥t❛✱ ✉♠❛ ❜❛s❡ ♦rt♦❣♦♥❛❧ é ♠❛♣❡❛❞❛ ❡♠ ✉♠❛ ❜❛s❡ ♥ã♦ ♦rt♦❣♦♥❛❧✳
❆❞❛♣t❛❞♦ ❞❡ ❬✻✶❪

J te(j) = Λje
(j), j = 1, 2, ..., d ✭✸✳✶✽✮

❊♠ q✉❡ Λj r❡♣r❡s❡♥t❛ ♦ k✲és✐♠♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❡st❛❜✐❧✐❞❛❞❡✮

❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦ t✳ ❖ sí♠❜♦❧♦ λ(k) ❝♦rr❡s♣♦♥❞❡ ❛♦ k✲és✐♠♦

❡①♣♦❡♥t❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ❝♦♠ ♣❛rt❡ r❡❛❧ µ(k) ❡ ❢❛s❡ ω(k)✳

Λk = etλ
(k)

λ(k) = µ(k) + iω(k) ✭✸✳✶✾✮

❈♦♠♦ J t é ✉♠❛ ♠❛tr✐③ r❡❛❧✱ ♦s s❡✉s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s sã♦ r❡❛✐s ♦✉ sã♦

♣❛r❡s ❝♦♠♣❧❡①♦s ❝♦♥❥✉❣❛❞♦s✳ ❆ ❢❛s❡ ωk ❞❡s❝r❡✈❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r♦t❛çã♦ ♥♦ ♣❧❛♥♦

❡st❡♥❞✐❞♦ ♣❡❧♦ ♣❛r ❞❡ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s
{
Re(e(k)), Im(e(k))

}
❝♦♠ ✉♠ ♣❡rí♦❞♦

❞❡ r♦t❛çã♦ ❞❛❞♦ ♣♦r T = 2π
ω(k) ✳ ❬✻✶❪

❆s tr❛❥❡tór✐❛s ♣ró①✐♠❛s s❡♣❛r❛♠✲s❡ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❝♦♠ ♦ t❡♠♣♦ ❛♦ ❧♦♥❣♦

❞❛s ❞✐r❡çõ❡s ✐♥stá✈❡✐s✱ ❛♣r♦①✐♠❛♥❞♦✲s❡ ❛♦ ❧♦♥❣♦ ❞❛s ❞✐r❡çõ❡s ❡stá✈❡✐s ❡ ♠✉❞❛♥❞♦ s✉❛

✸✾



❞✐stâ♥❝✐❛ ❛♦ ❧♦♥❣♦ ❞❛s ❞✐r❡çõ❡s ♠❛r❣✐♥❛✐s ❛ t❛①❛s ♠❛✐s ❧❡♥t❛s ❞♦ q✉❡ ❛s ❡①♣♦♥❡♥❝✐❛✐s✱

❝♦rr❡s♣♦♥❞❡♥❞♦ ❛♦s ❛✉t♦✈❛❧♦r❡s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❝♦♠ ♠❛❣♥✐t✉❞❡ ♠❛✐♦r q✉❡✱

♠❡♥♦r q✉❡ ♦✉ ✐❣✉❛❧ ❛ ✶✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ ❧✐t❡r❛t✉r❛✱ ❛s ❞✐r❡çõ❡s ♠❛r❣✐♥❛✐s sã♦

t❛♠❜é♠ ❝❤❛♠❛❞❛s ❞❡ ❞✐r❡çõ❡s ♥❡✉tr❛s✱ ✐♥❞✐❢❡r❡♥t❡s ♦✉ ❝❡♥tr♦s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s

❞✐r❡çõ❡s ❡stá✈❡✐s sã♦ ❝❤❛♠❛❞❛s ❞❡ ✧❛ss✐♥t♦t✐❝❛♠❡♥t❡ ❡stá✈❡✐s✧✳

❙✉♣♦♥❞♦ q✉❡ sã♦ ❝♦♥❤❡❝✐❞❛s ❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦ ❊q✉❛çã♦✳✭✸✳✼✮✱ ❛ ♣❛rt✐r ❞❛

❊q✉❛çã♦✳ ✭✸✳✶✺✮ é ❝♦♥❤❡❝✐❞❛ ❛ ♠❛tr✐③ A✳ P♦rt❛♥t♦✱ é ❝♦♥❤❡❝✐❞❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡

❞❡❢♦r♠❛çã♦ ✐♥st❛♥tâ♥❡❛ ❞❛ ✈✐③✐♥❤❛♥ç❛✳ ❉❛q✉✐ é ♣r❡❝✐s♦ r❡❧❛❝✐♦♥❛r ❛ ♠❛tr✐③ A ❝♦♠

❛ ♠❛tr✐③ J ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❞❡❢♦r♠❛çã♦ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✜♥✐t♦✳ ❘❡❧❛❝✐✲

♦♥❛♥❞♦ ❛s ❞❡r✐✈❛❞❛s ❞❡ ❊q✉❛çã♦✳ ✭✸✳✶✹✮ ❡ ❊q✉❛çã♦✳ ✭✸✳✶✼✮✿

d

dt
δx(t) =

dJ t

dt
δx0 = Aδx(t) = AJ tδx0 ✭✸✳✷✵✮

❆ss✐♠✱ ♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ [d x d] s❛t✐s❢❛③❡♠ ❛s ❡q✉❛çõ❡s ❧✐♥❡❛r❡s

t❛♥❣❡♥t❡s✳
d

dt
J t(x0) = A(x)J t(x0), x = f t(x0), J0(x0) = 1 ✭✸✳✷✶✮

P❛r❛ ✢✉①♦s ❛✉tô♥♦♠♦s✱ ❛ ♠❛tr✐③ ❞❡ ❣r❛❞✐❡♥t❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ A ❞❡♣❡♥❞❡ ❛♣❡✲

♥❛s ❞❡ x✱ ♥ã♦ ❞♦ t❡♠♣♦✱ ❡♥q✉❛♥t♦ J t ❞❡♣❡♥❞❡ t❛♥t♦ ❞❛ ♣♦s✐çã♦ ❡s♣❛❝✐❛❧ ❞❡ ❡st❛❞♦

❝♦♠♦ ❞♦ t❡♠♣♦✳ ❉❛❞❛ ✉♠❛ r♦t✐♥❛ ♥✉♠ér✐❝❛ ♣❛r❛ ✐♥t❡❣r❛r ❛s ❡q✉❛çõ❡s ❞♦ ♠♦✈✐✲

♠❡♥t♦✱ ❜❛st❛ ❡st❡♥❞❡r ❛ ✐♥t❡❣r❛çã♦ ❞✲❞✐♠❡♥s✐♦♥❛❧ ❡ ✐♥t❡❣r❛r d2 ❡❧❡♠❡♥t♦s ❞❡ J t(x0)

s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❝♦♠ ❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦ f t(x0)✳ ❘❡s✉♠✐♥❞♦✱ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ♠❛✲

tr✐③ J t ❜❛st❛ ❝♦♥❤❡❝❡r ❛ ♠❛tr✐③ A✱ q✉❡ ♣r♦✈✐❞❡♥❝✐❛rá d2 ❡q✉❛çõ❡s ❛ ♠❛✐s ♣❛r❛ s❡r❡♠

✐♥t❡❣r❛❞❛s ❝♦♠ ❛s ❡q✉❛çõ❡s ❞♦ ✢✉①♦✳❬✻✶❪

✸✳✶✳✸ ❊st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧

❆s ❝❛r❛❝t❡ríst✐❝❛s t♦♣♦❧ó❣✐❝❛s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✭s✐♥❣✉❧❛r✐❞❛❞❡s✱ ór❜✐t❛s ♣❡✲

r✐ó❞✐❝❛s ❡ ❛s ❢♦r♠❛s ♣❡❧❛s q✉❛✐s ❛s ór❜✐t❛s s❡ ❡♥tr❡❧❛ç❛♠✮ sã♦ ✐♥✈❛r✐❛♥t❡s s♦❜ ✉♠❛

♠✉❞❛♥ç❛ ❝♦♥tí♥✉❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s✳ ❖s ❡q✉✐❧í❜r✐♦s ❡ ❛s ór❜✐t❛s ♣❡r✐ó❞✐❝❛s sã♦ ❝♦♥❥✉♥✲

t♦s ✐♥✈❛r✐❛♥t❡s✱ ♥♦ s❡♥t✐❞♦ ❞❡ q✉❡ ♦ ✢✉①♦ só ❞❡s❧♦❝❛ ♣♦♥t♦s ❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ ór❜✐t❛

♣❡r✐ó❞✐❝❛✱ ♠❛s ❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❝♦♠♦ ♦ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ♣❡r✐ó❞✐❝♦s ♣❡r♠❛♥❡❝❡

✐♥❛❧t❡r❛❞❛ ♥♦ t❡♠♣♦✳ ❚❛♠❜é♠ ❡①✐st❡♠ q✉❛♥t✐❞❛❞❡s q✉❡ ❞❡♣❡♥❞❡♠ ❞❛ ♥♦çã♦ ❞❡ ❞✐s✲

tâ♥❝✐❛ ♠étr✐❝❛ ❡♥tr❡ ♣♦♥t♦s✱ ♠❛s✱ ♥♦ ❡♥t❛♥t♦✱ ♥ã♦ ♠✉❞❛♠ ❞❡ ✈❛❧♦r s♦❜ ✉♠❛ ♠✉❞❛♥ç❛

♣❡q✉❡♥❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s✳ ◗✉❛♥t✐❞❛❞❡s ❧♦❝❛✐s✱ t❛✐s ❝♦♠♦ ♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

❞❡ ❡q✉✐❧í❜r✐♦s ❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s✱ ❡ q✉❛♥t✐❞❛❞❡s ❣❧♦❜❛✐s✱ t❛✐s ❝♦♠♦ ❡①♣♦❡♥t❡s ❞❡

▲②❛♣✉♥♦✈✱ ❡♥tr♦♣✐❛ ♠étr✐❝❛ ❡ ❞✐♠❡♥sõ❡s ❢r❛❝t❛✐s✱ sã♦ ❡①❡♠♣❧♦s ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❞❡

s✐st❡♠❛s ❞✐♥â♠✐❝♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❛ ❡s❝♦❧❤❛ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❬✻✶❪✳
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✸✳✶✳✸✳✶ ❊q✉✐❧í❜r✐♦

■♥✐❝✐❛❧♠❡♥t❡✱ ❝♦♥s✐❞❡r❡✲s❡ ✉♠ ♣♦♥t♦ ❞❡ ❡q✉✐❧✐❜r♦ xq ✭❊q✳✸✳✾✮✳ ❊①♣❛♥❞✐♥❞♦ ❡♠ t♦r♥♦

❞❡ xq✱ s❛❜❡♥❞♦ q✉❡ ❛ ♠❛tr✐③ A = A(xq) é ✉♠❛ ❝♦♥st❛♥t❡✱ ❡ ✐♥t❡❣r❛♥❞♦ f t(x) =

xq + eAt(x− xq) ♦❜té♠✲s❡✿

J t
q = eAt, J t

q = J t(xq), Aq = A(xq) ✭✸✳✷✷✮

❆ ❡q✉❛çã♦ ❛♥t❡r✐♦r s❡ ❛♣❧✐❝❛ ♥ã♦ só ♣❛r❛ ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦✱ ♠❛s t❛♠❜é♠

♣❛r❛ ✢✉①♦s ❧✐♥❡❛r❡s✳ ❈♦♠♦ ♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ é ❡st❛❝✐♦♥ár✐♦✱ ♦ t❡♠♣♦ ♥ã♦ ❡①❡r❝❡

♥❡♥❤✉♠ ♣❛♣❡❧✱ ❡ ♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❡ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ A

❛✈❛❧✐❛❞♦s ♥♦ ♣♦♥t♦ ❞❡ xq

Aqe
(j) = λ(j)

q e(j) ✭✸✳✷✸✮

❞❡s❝r❡✈❡♠ ❛ ✈✐③✐♥❤❛♥ç❛ ❧✐♥❡❛r✐③❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq ❝♦♠ ❡①♣♦❡♥t❡s ❞❡

❡st❛❜✐❧✐❞❛❞❡ λ
(j)
q = µ

(j)
q + iω

(j)
q ✐♥❞❡♣❡♥❞❡♥t❡s ❞❡ q✉❛❧q✉❡r ❡s❝♦❧❤❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s✿

❼ s❡ t♦❞♦s ♦s µ(j) < 0 ❝♦♠ ω = 0✱ ♦ ❡q✉✐❧í❜r✐♦ é ❡stá✈❡❧ ✭♥ó ❡stá✈❡❧✮❀

❼ s❡ ❛❧❣✉♠ µ(j) < 0✱ ❡ ♦✉tr♦ µ(j) > 0✱ ♦ ❡q✉✐❧í❜r✐♦ é ❤✐♣❡r❜ó❧✐❝♦ ✭♣♦♥t♦ s❡❧❛✮❀

❼ s❡ t♦❞♦s ♦s µ(j) > 0 ❝♦♠ ω = 0✱ ♦ ❡q✉✐❧í❜r✐♦ é r❡♣✉❧s♦r ✭♥ó ✐♥stá✈❡❧✮❀

❼ s❡ ❛❧❣✉♠ µ(j) = 0✱ ❡①✐st❡ ✉♠❛ s✐♥❣✉❧❛r✐❞❛❞❡ ❡s♣❡❝✐❛❧ ✭s✐♠❡tr✐❛ ♦✉ ❜✐❢✉r❝❛çã♦✮✳

❖s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❊q✉❛çã♦ ✭✸✳✷✸✮ sã♦ t❛♠❜é♠ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐✲

❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ J t
qe

(j) = exp(tλ
(j)
q )e(j)✳

✸✳✶✳✸✳✷ Ór❜✐t❛ ♣❡r✐ó❞✐❝❛

❯♠❛ ✈✐rt✉❞❡ ❞❛s ór❜✐t❛s ♣❡r✐ó❞✐❝❛s é q✉❡ ❡❧❛s sã♦ t♦♣♦❧♦❣✐❝❛♠❡♥t❡ ✐♥✈❛r✐❛♥t❡s✳ ❯♠

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

✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ♣❡r♠❛♥❡❝❡ ♣❡r✐ó❞✐❝❛ ❡♠ q✉❛❧q✉❡r r❡♣r❡s❡♥t❛çã♦ ❞❛ ❞✐♥â♠✐❝❛✳

◗✉❛❧q✉❡r r❡♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ q✉❡ ♣r❡s❡r✈❡ ❛ t♦♣♦❧♦❣✐❛✱ ♣r❡✲

s❡r✈❛ ❛s r❡❧❛çõ❡s t♦♣♦❧ó❣✐❝❛s ❡♥tr❡ ❛s ór❜✐t❛s ♣❡r✐ó❞✐❝❛s✳ ❆ss✐♠✱ ❛ ♠❡r❛ ❡①✐stê♥❝✐❛

❞❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ❜❛st❛ ♣❛r❛ ♦r❣❛♥✐③❛r ♣❛r❝✐❛❧♠❡♥t❡ ❛ ❞✐s♣♦s✐çã♦ ❡s♣❛❝✐❛❧ ❞❡

✉♠ ❝♦♥❥✉♥t♦ ♥ã♦✲❡rr❛♥t❡✳ ❖ ❢❛t♦ ❞❡ q✉❡ ♦s ❛✉t♦✈❛❧♦r❡s ❞♦ ❝✐❝❧♦s sã♦ ♠❡tr✐❝❛♠❡♥t❡

✐♥✈❛r✐❛♥t❡s ❞❡t❡r♠✐♥❛ ♦s t❛♠❛♥❤♦s r❡❧❛t✐✈♦s ❞❛s ✈✐③✐♥❤❛♥ç❛s ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ♥ã♦✲

❡rr❛♥t❡ ❬✻✶❪✳

✹✶



❈♦♥s✐❞❡r❛♥❞♦ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ♠✉❧t✐♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✱ t❡♠✲

s❡ q✉❡ ♣❛r❛ ❛ r❡♣❡t✐çã♦ r✲és✐♠❛ ❞❡ ✉♠ ❝✐❝❧♦ ♣r✐♠ár✐♦ ✭❝✐❝❧♦ ❧✐♠✐t❡ ❝♦♠ ✉♠ ♣❡rí♦❞♦

ú♥✐❝♦✮ ♣ ❞❡ ♣❡rí♦❞♦ ❚ ✿

J rT (x) = JT (f (r−1)T (x))...JT (fT (x))JT (x) = Jp(x)
r ✭✸✳✷✹✮

❖♥❞❡ Jp(x) = JT (x) é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♣❛r❛ ✉♠ ú♥✐❝♦ ♣❡r❝✉rs♦ ❞♦ ❝✐❝❧♦ ♣r✐♠ár✐♦

p✱ x ∈ Mp ❡♠ q✉❛❧q✉❡r ♣♦♥t♦ ❞♦ ❝✐❝❧♦✱ ❡ f rT (x) = x q✉❛♥❞♦ f t(x) ✈♦❧t❛ ❛ x ❝❛❞❛

T ✳

❋✐❣✉r❛ ✸✳✸✿ P❛r❛ ✉♠ ❝✐❝❧♦ ♣r✐♠ár✐♦ p✱ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ é ❝❤❛♠❛❞❛ ❞❡ ♠❛tr✐③ ❞❡
❋❧♦q✉❡t ❡ r❡♣r❡s❡♥t❛ ❛ ✈✐③✐♥❤❛♥ç❛ ❡s❢ér✐❝❛ ✐♥✜♥✐t❡s✐♠❛❧ x0 ∈ Mp ❡st✐❝❛❞♦ ❞❡♥tr♦
❞❡ ✉♠ ❡❧✐♣s♦✐❞❡ s♦❜r❡♣♦st♦ ❛♦ ❧♦♥❣♦ ❞♦ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ej ❞❡ Jp(x) ❞❛❞♦ ♣❡❧♦
♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t |Λj|✳ ❆ ♠❛❣♥✐t✉❞❡ ❞♦ r❛✐♦ ❞♦ ❡❧✐♣s♦✐❞❡ é ✐♥✈❛r✐❛♥t❡ s♦❜
r❡♣❛r❛♠❡tr✐③❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s ❞❛s ❝♦♦r❞❡♥❛❞❛s ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❡ é ✉♠❛ ♣r♦✲
♣r✐❡❞❛❞❡ ✐♥trí♥s❡❝❛ ❞♦ ❝✐❝❧♦ p✳

❆ ❞❡♣❡♥❞ê♥❝✐❛ ♣❡r✐ó❞✐❝❛ ❞♦s ❝❛♠♣♦s ✈❡t♦r✐❛✐s ❚✲♣❡r✐ó❞✐❝♦s✱ t❛❧ ❝♦♠♦ ♦ ✢✉①♦

❧✐♥❡❛r✐③❛❞♦ ❛tr❛✈és ❞❡ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛✱ é ❞❡s❝r✐t❛ ♣❡❧❛ ❚❡♦r✐❛ ❞❡ ❋❧♦q✉❡t✳ ❆

♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❛✈❛❧✐❛❞❛ ♥❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ é ❝❤❛♠❛❞❛ ❞❡♠❛tr✐③ ❞❡ ❋❧♦q✉❡t [d× d]

♦✉ ♠❛tr✐③ ♠♦♥♦❞rô♥✐❝❛ [(d− 1)× (d− 1)]✱ ❡♠ q✉❡ ♦s s❡✉s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

Λj sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ▼✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❋❧♦q✉❡t ❡ ♦s λ
(j)
q = µ

(j)
q + iω

(j)
q sã♦ ♦s

❊①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t✳ ❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥tr❛çã♦ ❡ ❡①♣❛♥sã♦ ✭r❡♣✉❧sã♦✮ ♣♦r ✉♥✐❞❛❞❡

❞❡ t❡♠♣♦ é ❞❛❞❛ ♣❡❧❛s ♣❛rt❡s r❡❛✐s ❞♦s ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ✭é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡

✉♠ ❡①♣♦❡♥t❡ ❞❡ ❋❧♦q✉❡t ♥ã♦ é ✉♠ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❛✈❛❧✐❛❞♦ ❡♠ ✉♠ ♣❡rí♦❞♦

❞❡ ✉♠ ❝✐❝❧♦ ♣r✐♠ár✐♦ ♣✮✿

µ(j)
p =

1

Tp

ln |Λp,j| ✭✸✳✷✺✮

✹✷



◗✉❛♥❞♦ Λj é r❡❛❧✱ é ✐♠♣♦rt❛♥t❡ ❝♦♥s✐❞❡r❛r ♦ s✐♥❛❧ ❞♦ ❥✲és✐♠♦ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡

❋❧♦q✉❡t σ(j) =
Λj

|Λj |
∈ {+1,−1}✳ ❙❡ σ(j) = −1 ❡ |Λj| ≠ 1 ❛ ❞✐r❡çã♦ ❝❛r❛❝t❡ríst✐❝❛ ❝♦r✲

r❡s♣♦♥❞❡♥t❡ é ❝❤❛♠❛❞❛ ❞❡ ✐♥✈❡rs❛♠❡♥t❡ ❤✐♣❡r❜ó❧✐❝❛✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦s ♠✉❧t✐♣❧✐✲

❝❛❞♦r❡s ❞❡ ❋❧♦q✉❡t ❡stã♦ ❡♠ ♦r❞❡♠ ❞❡❝r❡s❝❡♥t❡ ❞❡ ♠❛❣♥✐t✉❞❡ |Λ1| ≥ |Λ2| ≥ ... ≥ |Λd|
❡ ♣♦r ❝♦♥s❡q✉ê♥❝✐❛ q✉❡ ♦s ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ❝♦♥s❡r✈❛♠ ❡ss❛ ♠❡s♠❛ ♦r❞❡♠✱

♣♦❞❡✲s❡ ❝❧❛ss✐✜❝❛r ♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❋❧♦q✉❡t ❡♠ três ❣r✉♣♦s e,m, c ✭❞❡ ❡①♣❛♥✲

sã♦✱♠❛r❣✐♥❛✐s✱ ❞❡ ❝♦♥tr❛çã♦✮✿

expansão :
{
Λe = Λp,j : |Λp,j| > 1 λe = λ

(j)
p : µ

(j)
p > 0 ✭✸✳✷✻❛✮

marginal :
{
Λm = Λp,j : |Λp,j| = 1 λe = λ

(j)
m : µ

(j)
p = 0 ✭✸✳✷✻❜✮

contracão :
{
Λc = Λp,j : |Λp,j| < 1 λc = λ

(j)
m : µ

(j)
p < 0 ✭✸✳✷✻❝✮

❆ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞❡ ✉♠ ✢✉①♦ ♦✉ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠

♣♦♥t♦ ✜①♦ ❞❡ ✉♠ ♠❛♣❛ é ❞❛❞❛ ♣❡❧♦ s❡❣✉✐♥t❡ ❝r✐tér✐♦✿

❼ ❡stá✈❡❧ ❛ ♣❡rt✉r❜❛çõ❡s t❛♥❣❡♥t❡s ❛♦ ❝✐❝❧♦ s❡ t♦❞♦s |Λj| < 1✳ ✭ ❛s ♣❛rt❡s r❡❛✐s

❞❡ t♦❞♦s ♦s ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t✱ ❡①❝❡t♦ ♦ ❡①♣♦❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♦✉ ♠❛r❣✐♥❛❧✱

sã♦ ❡str✐t❛♠❡♥t❡ ♥❡❣❛t✐✈♦s 0 > µ(1) > µ(2)✮❀

❼ ❤✐♣❡r❜ó❧✐❝♦✱ s❡❧❛ ♦✉ ✐♥stá✈❡❧ ❛ ♣❡rt✉r❜❛çõ❡s ❢♦r❛ ❞❛ ✈❛r✐❡❞❛❞❡ ❡stá✈❡❧✱ s❡ ❛❧❣✉♠

|Λj| > 1 ❡ ♦✉tr♦ |Λj| < 1 ✭✉♠ ❝♦♥❥✉♥t♦ ❞❡ µ(j) ≥ µ(min) > 0 ✮❀

❼ ❡❧í♣t✐❝♦✱ ♥❡✉tr♦ ♦✉ ♠❛r❣✐♥❛❧✱ s❡ t♦❞♦s |Λj| = 1✭µ(j) = 0✮❀

❼ ♣❛r❝✐❛❧♠❡♥t❡ ❤✐♣❡r❜ó❧✐❝♦✱ s❡ µ(j) = 0 ♣❛r❛ ✉♠ s✉❜❝♦♥❥✉♥t♦ ❞❡ ❡①♣♦❡♥t❡s ❛❧é♠

❞♦ ❡①♣♦❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❀

❼ r❡♣✉❧s♦r ♦✉ ✐♥stá✈❡❧ ❛ q✉❛❧q✉❡r ♣❡rt✉r❜❛çã♦✱ s❡ t♦❞♦s |Λj| > 1 ✭t♦❞♦s ♦s ❡①✲

♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t✱ ❛❧é♠ ❞♦ ❡①♣♦❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧✱ sã♦ ❡str✐t❛♠❡♥t❡ ♣♦s✐t✐✈♦s

µ(j) ≥ µ(d) > 0✮✳

❆ r❡❣✐ã♦ ❞❡ ✈❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦s ♣❛r❛ ♦s q✉❛✐s ❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ é ❡stá✈❡❧

é ❝❤❛♠❛❞❛ ❞❡ ❥❛♥❡❧❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ ❖ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ✐♥✐❝✐❛✐s q✉❡ ❡stã♦ ❛s✲

s✐♥t♦t✐❝❛♠❡♥t❡ ❛t❛❞♦s ❛ Mp q✉❛♥❞♦ ♦ t❡♠♣♦ t❡♥❞❡ ❛ ✐♥✜♥✐t♦ é ❝❤❛♠❛❞❛ ❞❡ ❜❛s❡

❞❡ ❛tr❛çã♦ ❞♦ ❝✐❝❧♦ ❧✐♠✐t❡ ♣✳ ❈✐❝❧♦s r❡♣✉❧s♦r❡s ♦✉ ❤✐♣❡r❜ó❧✐❝♦s sã♦ ✐♥stá✈❡✐s ❛ ♣❡r✲

t✉r❜❛çõ❡s ❣❡♥ér✐❝❛s✳ ❙❡ t♦❞♦s ♦s ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ✭❛❧é♠ ❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s✮ ❞❡

t♦❞❛s ❛s ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ❞❡ ✉♠ ✢✉①♦ ❡stã♦ ❛❢❛st❛❞♦s ❞❡ ③❡r♦✱ ♦ ✢✉①♦ é ❝❤❛♠❛❞♦

❞❡ ❤✐♣❡r❜ó❧✐❝♦❀ ❝❛s♦ ❝♦♥trár✐♦✱ é ❝❤❛♠❛❞♦ ❞❡ ✢✉①♦ ♥ã♦ ❤✐♣❡r❜ó❧✐❝♦✳ ❯♠ ✢✉①♦ ♦✉

♠❛♣❛ ❝♦♥✜♥❛❞♦ s✉❛✈❡ é ❣❡♥❡r✐❝❛♠❡♥t❡ ♥ã♦✲❤✐♣❡r❜ó❧✐❝♦✱ ❝♦♠ ❡❧✐♣s♦✐❞❛❧✐❞❛❞❡ ♣❛r❝✐❛❧

✹✸



♦✉ ♠❛r❣✐♥❛❧✐❞❛❞❡ ❛♣❡♥❛s ♥❛ ♣r❡s❡♥ç❛ ❞❡ s✐♠❡tr✐❛s ❝♦♥tí♥✉❛s✱ ♦✉ ♣❛r❛ ❞❡t❡r♠✐♥❛❞♦s

✈❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦s ❞❡ ❜✐❢✉r❝❛çã♦✳

❆ ♣r❡s❡♥ç❛ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ♠❛r❣✐♥❛✐s ✐♥❞✐❝❛ ✉♠❛ s✐♠❡tr✐❛ ❝♦♥tí♥✉❛ ♥♦

✢✉①♦ ✭q✉❡ s❡ ❞❡✈❡ ❡①♣❧♦r❛r ✐♠❡❞✐❛t❛♠❡♥t❡ ♣❛r❛ s✐♠♣❧✐✜❝❛r ♦ ♣r♦❜❧❡♠❛✮✱ ♦✉ ✉♠❛ ♥ã♦

❤✐♣❡r❜♦❧✐❝✐❞❛❞❡ ♥♦ ✢✉①♦✳ ◆❡ss❡ ❝❛s♦ ✭tí♣✐❝♦ ❞♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s ♣❛r❛ ♦s q✉❛✐s

♦❝♦rr❡♠ ❜✐❢✉r❝❛çõ❡s✮✱ é ♣r❡❝✐s♦ ✐r ❛❧é♠ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❧✐♥❡❛r✱ ❧✐❞❛r ❝♦♠ s✉❜❡s♣❛ç♦s ❞❡

❏♦r❞❛♥ ❡ t❛①❛s ❞❡ ❝r❡s❝✐♠❡♥t♦ s✉❜✲❡①♣♦♥❡♥❝✐❛❧✳ P❛r❛ s♦❧✉çõ❡s ✐♥✈❛r✐❛♥t❡s ❛♦ ✢✉①♦✱

t❛✐s ❝♦♠♦ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s✱ ❛ ❡✈♦❧✉çã♦ ❞♦ t❡♠♣♦ é ❡♠ s✐ ✉♠❛ s✐♠❡tr✐❛ ❝♦♥tí♥✉❛❀

♣♦rt❛♥t♦✱ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞❡ ✉♠ ✢✉①♦ s❡♠♣r❡ t❡♠ ✉♠ ♠✉❧t✐♣❧✐❝❛❞♦r ♠❛r❣✐♥❛❧

❞❡ ❋❧♦q✉❡t✳ ❆ ✐♥✈❛r✐â♥❝✐❛ ❝♦♥tí♥✉❛ q✉❡ ❞á ♦r✐❣❡♠ ❛ ❡ss❡ ♠✉❧t✐♣❧✐❝❛❞♦r ♠❛r❣✐♥❛❧ ❞❡

❋❧♦q✉❡t é ❛ ✐♥✈❛r✐â♥❝✐❛ ❞❡ ✉♠ ❝✐❝❧♦ s♦❜ ✉♠❛ tr❛♥s❧❛çã♦ t❡♠♣♦r❛❧ ❞❡ s❡✉s ♣♦♥t♦s ❛♦

❧♦♥❣♦ ❞♦ ❝✐❝❧♦ ❬✻✶❪✳

✸✳✶✳✹ ▼❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré

◆♦ ♠ét♦❞♦ ❞❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✱ r❡❣✐str❛♠✲s❡ ❛s ❝♦♦r❞❡♥❛❞❛s ❞❡ ✉♠❛ tr❛❥❡tór✐❛

s❡♠♣r❡ q✉❡ ❛ tr❛❥❡tór✐❛ ❛tr❛✈❡ss❛ ✉♠ ❡s♣❛ç♦ ♣r❡s❝r✐t♦✳ ❖ ♠❛♣❛ ♣♦❞❡ s❡r tã♦ ❝♦♠✲

♣❧✐❝❛❞♦ q✉❛♥t♦ ❛ tr❛❥❡tór✐❛ q✉❡ ❝♦rt❛ ❛tr❛✈és ❞❡ ✉♠❛ ❤✐♣❡rs✉♣❡r❢í❝✐❡ ❝✉r✈❛❞❛✳ ❯♠❛

s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ♥ã♦ é ✉♠❛ ♣r♦❥❡çã♦ ❡♠ ✉♠ ❡s♣❛ç♦ ❞❡ ♠❡♥♦r ❞✐♠❡♥sã♦ ♠❛s ✉♠❛

♠✉❞❛♥ç❛ ❧♦❝❛❧ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡♠ ✉♠❛ ❞✐r❡çã♦ ❛♦ ❧♦♥❣♦ ❞♦ ✢✉①♦✱ ❡♥q✉❛♥t♦ ❛s ❝♦✲

♦r❞❡♥❛❞❛s r❡st❛♥t❡s sã♦ tr❛♥s✈❡rs❛✐s ❛ ❡❧❡✳ ◆❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ♦ ✢✉①♦ é

♣❡r❞✐❞❛✱ r❡❞✉③✐♥❞♦✲♦ ❛♦ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ♥❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❡ ❛♦s ♠❛♣❛s ❞❡

r❡t♦r♥♦ q✉❡ ♦s ❝♦♥❡❝t❛♠✳ ❆ tr❛❥❡tór✐❛ ❡s♣❛❝✐❛❧ ❝♦♠♣❧❡t❛ ♣♦❞❡ s❡♠♣r❡ s❡r r❡❝♦♥s✲

tr✉í❞❛ ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❛ ♣❛rt✐r ❞♦ ♣♦♥t♦ ♠❛✐s ♣ró①✐♠♦ ❞❛ s❡❝çã♦✳ ❆ r❡❞✉çã♦ ❞❡ ✉♠

✢✉①♦ ❝♦♥tí♥✉♦ ♣❛r❛ ✉♠❛ s❡❝çã♦ P♦✐♥❝❛ré é ✉♠❛ ♣♦❞❡r♦s❛ ❢❡rr❛♠❡♥t❛ ❞❡ ✈✐s✉❛❧✐③❛✲

çã♦✳ ▼❛s✱ ♦ ♠ét♦❞♦ ❞❛s s❡❝çõ❡s é ♠❛✐s ❞♦ q✉❡ ✉♠❛ ✈✐s✉❛❧✐③❛çã♦❀ é t❛♠❜é♠ ✉♠❛

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

✉♠ ✢✉①♦ ❝❛ót✐❝♦ ❬✻✶❪✳

✸✳✶✳✹✳✶ ❙❡❝çã♦ ❞❡ P♦✐♥❝❛ré

❯♠ ✢✉①♦ ❞❡ t❡♠♣♦ ❝♦♥tí♥✉♦ ❞❡❝♦♠♣õ❡ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦ ♥♦ ✬❡s♣❛❣✉❡t❡✬ ▲❛❣r❛♥✲

❣❡❛♥♦ ❞❛ ❋✐❣✉r❛ ✸✳✶✱ ❡♠ ✉♠❛ ✉♥✐ã♦ ❞❡ ór❜✐t❛s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s ♥ã♦ ✐♥t❡rs❡❝t❛❞❛s✳

◗✉❛❧q✉❡r ♣♦♥t♦ ❞❡ ✉♠❛ ór❜✐t❛ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ r♦t✉❧❛r ❛ ór❜✐t❛✳ ❖ ❡s♣❛ç♦ ❞❡

❡st❛❞♦s ❛ss✐♠ é r❡❞✉③✐❞♦ ❛ ✉♠ ✬s✉❜♣r♦❞✉t♦✬ ❞❡ ✉♠ ❡s♣❛ç♦ P (d − 1)✲❞✐♠❡♥s✐♦♥❛❧✱

❝♦♠ ♣♦♥t♦s x̂j ∈ P ❡ ❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ór❜✐t❛s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s Mj✱ ♥❛s q✉❛✐s ♦

✢✉①♦ ❛♣r❡s❡♥t❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ tr❛♥s❧❛çã♦ ♥♦ t❡♠♣♦✳ ❯♠❛ ✈❡③ q✉❡ ✉♠❛ s❡❝çã♦ é

❞❡✜♥✐❞❛✱ ✉♠❛ ❞❡s❝r✐çã♦ ✬▲❛❣r❛♥❣❡❛♥❛✬ ❞♦ ✢✉①♦ é s✉❜st✐t✉í❞❛ ♣❡❧❛ ❢♦r♠✉❧❛çã♦ ✬❊✉❧❡✲

✹✹



r✐❛♥❛✬✱ ❝♦♠ ♦ ❝❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❞❡ tr❛❥❡tór✐❛✲t❛♥❣❡♥t❡ v(x̂), x̂j ∈ P ♣❡r♠✐t✐♥❞♦

♣❛ss❛r ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ t❡♠♣♦ ❞✐s❝r❡t✐③❛❞♦ P ❡ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s M✳ ❆ ✐♠✲

♣♦rtâ♥❝✐❛ ❞❡st❛ ❞✐♥â♠✐❝❛ tr❛♥s✈❡rs❛ ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ❢❛t♦ ❞❡ q✉❡ ❞❡s❝r❡✈❡ ❝♦♠♦

tr❛❥❡tór✐❛s ♣ró①✐♠❛s sã♦ ❛tr❛í❞❛s✴r❡♣❡❧✐❞❛s ❡♥tr❡ s✐✳

❙✉❝❡ss✐✈❛s tr❛❥❡tór✐❛s sã♦ ✐♥t❡rs❡❝t❛❞❛s ❝♦♠ ❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ✭✉♠❛ ❤✐♣❡r✲

s✉♣❡r❢í❝✐❡ (d− 1)✲❞✐♠❡♥s✐♦♥❛❧✱ ✐♠❡rs❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦sM✮✱ t❛❧ ❝♦♠♦ é ❞❡s❝r✐t♦

♥❛ ❋✐❣✉r❛ ✸✳✹✳ ❖ ▼❛♣❛ ❞❡ ❘❡t♦r♥♦ ❞❡ P♦✐♥❝❛ré P(x̂)✱ é ❞❡✜♥✐❞♦ ❝♦♠♦ ✉♠ ♠❛♣❛

(d− 1)✲❞✐♠❡♥s✐♦♥❛❧ ❞❛ ❢♦r♠❛✿

x̂‘ = P (x̂) = f τ(x̂)(x̂), x̂‘, x̂ ∈ P ✭✸✳✷✼✮

❋✐❣✉r❛ ✸✳✹✿ ❯♠❛ tr❛❥❡tór✐❛ x(t) q✉❡ ✐♥t❡rs❡❝t❛ ✉♠❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré P ♥♦s t❡♠♣♦s
t1, t2, t3 ❡ ❢❡❝❤❛ ✉♠ ❝✐❝❧♦ ❡♠ (x̂1, x̂2, x̂3)✱ x̂k = x(tk) ∈ P ❞❡ ❧♦♥❣✐t✉❞❡ t♦♣♦❧ó❣✐❝❛ ✸
❡♠ r❡❧❛çã♦ à s❡❝çã♦✳ ❊♠ ❣❡r❛❧✱ ❛s ✐♥t❡rs❡çõ❡s ♥ã♦ sã♦ ♥♦r♠❛✐s à s❡❝çã♦✳ ❖❜s❡r✈❡✲
s❡ t❛♠❜é♠ q✉❡ ❛ ✐♥t❡rs❡❝çã♦ z ♥ã♦ ❝♦♥t❛✱ ❥á q✉❡ ❡stá ♥❛ ❞✐r❡çã♦ ♦♣♦st❛ às ♦✉tr❛s
✐♥t❡rs❡❝çõ❡s ❬✻✶❪✳

τ(x̂) é ❛ ❢✉♥çã♦ ❞❡ r❡t♦r♥♦ ❞♦s t❡♠♣♦s ❡♥tr❡ ✐♥t❡rs❡❝çõ❡s ❞❛ tr❛❥❡tór✐❛ q✉❡

❝♦♠❡ç❛ ❡♠ x̂✳ ❆ ❡s❝♦❧❤❛ ❞❛ s❡❝çã♦ ❞❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ P é ❛r❜✐trár✐❛✳ ◆♦ ❡♥t❛♥t♦✱

é ❞✐❢í❝✐❧ ❞❡✜♥✐r ✉♠❛ s❡❝çã♦ ❛tr❛✈és ❞❛ q✉❛❧ ❝r✉③❡♠ t♦❞❛s ❛s tr❛❥❡tór✐❛s ❞❡ ✐♥t❡r❡ss❡✱

♠❛s ♠✉✐t❛s ✈❡③❡s só é ♥❡❝❡ssár✐❛ ✉♠❛ s❡❝çã♦ ❧♦❝❛❧✱ ✉♠❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ ✜♥✐t❛ ❞❡

❝♦❞✐♠❡♥sã♦ ✶✱ ✐♥t❡r❝❡♣t❛❞❛ ♣♦r ✉♠ ❡♥①❛♠❡ ❞❡ tr❛❥❡tór✐❛s ♣ró①✐♠❛s à tr❛❥❡tór✐❛ ❞❡

✐♥t❡r❡ss❡✳ ❚❛❧ s✉♣❡r❢í❝✐❡ ♣♦❞❡ s❡r ❡s♣❡❝✐✜❝❛❞❛ ✐♠♣❧✐❝✐t❛♠❡♥t❡ ❛tr❛✈és ❞❛ ❢✉♥çã♦ U(x)

q✉❡ é ③❡r♦ s❡♠♣r❡ q✉❡ ✉♠ ♣♦♥t♦ x ❡st❡❥❛ ♥❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✳

x̂ ∈ P iff U(x̂) = 0 ✭✸✳✷✽✮

❖ ❣r❛❞✐❡♥t❡ ❞❡ U(x) ❛✈❛❧✐❛❞♦ ❡♠ x̂ ∈ P t❡♠ ✉♠❛ ❢✉♥çã♦ ❞✉♣❧❛✳ ❆ ♣r✐♠❡✐r❛

é q✉❡ ♦ ✢✉①♦ ❞❡✈❡ ♣❡r❢✉r❛r ❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ P ✱ ❡♠ ❧✉❣❛r ❞❡ s❡r t❛♥❣❡♥t❡ ❛ ❡❧❡✳

✹✺



❯♠ ♣♦♥t♦ ♣ró①✐♠♦ x̂ + δx ❡stá ♥❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ P s❡ U(x̂ + δx) = 0✳ ❯♠ ♣♦♥t♦

♣ró①✐♠♦ ♥❛ tr❛❥❡tór✐❛ é ❞❛❞♦ ♣♦r δx = vδt❀ ❡♥tã♦✱ ✉♠ ♣♦♥t♦ tr❛♥s✈❡rs❛❧ é ❛ss❡❣✉r❛❞♦

♣❡❧❛ ❝♦♥❞✐çã♦ ❞❡ tr❛♥s✈❡rs❛❧✐❞❛❞❡✿

(v · ∇U) =
d∑

j=1

vj(x̂)∂jU(x̂) ̸= 0, ∂jU(x̂) =
∂

∂xj

U(x̂), x̂ ∈ P ✭✸✳✷✾✮

❆ s❡❣✉♥❞❛ é q✉❡ ♦ ❣r❛❞✐❡♥t❡ ∇U ❞❡✜♥❡ ❛ ♦r✐❡♥t❛çã♦ ❞❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ P ✳
❖ ✢✉①♦ é ♦r✐❡♥t❛❞♦ t❛♠❜é♠ ❡ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ♣♦❞❡ ♣❡r❢✉r❛r ❞✉❛s ✈❡③❡s✱

❛tr❛✈❡ss❛♥❞♦✲♦ ❡♠ q✉❛❧q✉❡r ❞✐r❡çã♦✱ ❝♦♠♦ ♥❛ ❋✐❣✉r❛ ✸✳✹✳ ❊♥tã♦✱ ❛ s❡❝çã♦ ❞❡ P♦✐♥✲

❝❛ré ♣r❡❝✐s❛ ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ♦r✐❡♥t❛çã♦ ❝♦♠♣❧❡♠❡♥t❛r à s✉❛ ❞❡✜♥✐çã♦ ❬✻✶❪✿

x̂n+1 = P (x̂n) U(x̂n+1) = U(x̂n) = 0 n ∈ Z+

d∑

j=1

vj(x̂n)∂jU(x̂n) > 0 ✭✸✳✸✵✮

❉❡st❛ ❢♦r♠❛✱ ♦ ✢✉①♦ ❡♠ t❡♠♣♦ ❝♦♥t✐♥✉♦ x(t) = f t(x) é r❡❞✉③✐❞♦ ❛ ✉♠❛ s❡q✉ê♥✲

❝✐❛ ❞❡ t❡♠♣♦ ❞✐s❝r❡t♦ ❞❡ x̂n tr❛❥❡tór✐❛s ♦r✐❡♥t❛❞❛s ❡ tr❛♥s✈❡rs❛✐s ❛ P ✳

✸✳✶✳✹✳✷ ❇♦r❞❛ ❞❛ ❙❡❝çã♦

❯♠❛ s❡❝çã♦ ❝❛♣t❛ ór❜✐t❛s ✈✐③✐♥❤❛s✱ ❞❡s❞❡ q✉❡ ❛s ❝♦rt❡ tr❛♥s✈❡rs❛❧♠❡♥t❡✳ ❖ ♠ét♦❞♦

❢❛❧❤❛ ♥♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ♦ ❝❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s ♥♦ ♣♦♥t♦ x̂∗ ♥ã♦ ♣❡r❢✉r❛ ❛ s❡❝çã♦✳

◆❡st❛ ❧♦❝❛❧✐③❛çã♦✱ ❛ ✈❡❧♦❝✐❞❛❞❡ é t❛♥❣❡♥t❡ à s❡❝çã♦ ❡✱ ❛ss✐♠✱ ♦rt♦❣♦♥❛❧ ❛♦ ✈❡t♦r

♠♦❞❡❧♦ ♥♦r♠❛❧ ♥✿

n̂ · v(x̂∗) = 0 x̂∗ ∈ S ✭✸✳✸✶✮

P❛r❛ ✉♠ ✢✉①♦✱ t❛✐s ♣♦♥t♦s ❢♦r♠❛♠ ✉♠❛ ❜♦r❞❛ ❞❡ s❡❝çã♦ (d − 2)✲❞✐♠❡♥s✐♦♥❛❧

S ∈ P ✳ ❙❡ ✉♠ ♣♦♥t♦ ♠♦❞❡❧♦ é ✉♠ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq✱ ♥ã♦ ❡①✐st❡ ❞✐♥â♠✐❝❛

♥❡ss❡ ♣♦♥t♦✱ ❥á q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡s❛♣❛r❡❝❡ ✭v(xq) = 0✮ ❡ ♥ã♦ ♣♦❞❡ s❡r ✉s❛❞❛ ♣❛r❛

❞❡✜♥✐r ✉♠ ✈❡t♦r ♠♦❞❡❧♦ ♥♦r♠❛❧ à s❡❝çã♦✳ ❊♠ ❧✉❣❛r ❞✐ss♦✱ ♦r✐❡♥t❛✲s❡ P ❞❡ ♠♦❞♦

q✉❡ ♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♥stá✈❡✐s sã♦ tr❛♥s✈❡rs❛✐s à s❡❝çã♦✳ P❡❧♦ ♠❡♥♦s ♦ ✈❡t♦r

❝❛r❛❝t❡ríst✐❝♦ ❝♦♥tr❛❡♥t❡ ♠❛✐s ❧❡♥t♦ é t❛♥❣❡♥t❡ à s❡❝çã♦✱ ❛ss❡❣✉r❛♥❞♦ q✉❡ ♦ ✢✉①♦

s❡❥❛ tr❛♥s✈❡rs❛❧ à s❡❝çã♦ P ❡♠ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ❛❜❡rt❛ ❞♦ ♣♦♥t♦ ♠♦❞❡❧♦ ❬✻✶❪✳

✹✻



✸✳✶✳✹✳✸ ❊s❝♦❧❤❛ ❞❛ ♠❡❧❤♦r s❡❝çã♦ ❞❡ P♦✐♥❝❛ré

❯♠❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❞❡✈❡ s❡r t❛❧ q✉❡ ❝❛♣t✉r❡ ❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ ór❜✐t❛s ❞♦

✢✉①♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ ◆ã♦ ❡①✐st❡♠ ❧❡✐s ❞❡t❡r♠✐♥❛❞❛s q✉❡ ♣❡r♠✐t❛♠ ❡s❝♦❧❤❡r

❛ ♠❡❧❤♦r s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✳ ❆ ❡s❝♦❧❤❛ ❞❡♣❡♥❞❡ ♠✉✐t♦ ❞❛s ♦❜s❡r✈❛çõ❡s s♦❜r❡ ❛

❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✳ ❈❱■❚❆◆❖❱■❶ ❡t ❛❧✳✭✷✵✶✻✮ r❡s✉♠❡ ❛❧❣✉♠❛s ❞✐❝❛s ❤❡✉ríst✐❝❛s

♣❛r❛ ❡s❝♦❧❤❡r ❛ ♠❡❧❤♦r s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✳ ❉❡st❛❝❛✲s❡ ♦ ✉s♦ ❞❡ s❡❝çõ❡s ❧✐♥❡❛r❡s✱

s❡❝çõ❡s q✉❡ ♣❛ss❡♠ ♥♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦✱ s❡❝çõ❡s q✉❡ ✐♥❝♦r♣♦r❡♠ ♦s ✈❡t♦r❡s

❝❛r❛❝t❡ríst✐❝♦s ❝♦♥tr❛❡♥t❡s✱ s❡❝çõ❡s q✉❡ ❝♦♥s✐❞❡r❛♠ s✐♠❡tr✐❛s ❝♦♥tí♥✉❛s ♥♦ ✢✉①♦✱

❡♥tr❡ ♦✉tr❛s✳

✸✳✶✳✹✳✹ ❈á❧❝✉❧♦ ❞❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré

❈♦♥s✐❞❡r❡✲s❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝♦♥tí♥✉♦ ❞❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ✭✸✳✼✮✱ ❝✉❥♦ ♠❛♣❛

f τn(xn) = xn +
∫
v(x(τ))dτ ♥ã♦ ♣♦❞❡ s❡r ✐♥t❡❣r❛❞♦ ❛♥❛❧✐t✐❝❛♠❡♥t❡✳ ❆ ♠❡t♦❞♦❧♦✲

❣✐❛ ❝♦♥s✐st❡ ❡♠ ✐♥t❡❣r❛r ♥✉♠❡r✐❝❛♠❡♥t❡ tr❛❥❡tór✐❛s tr❛♥s✈❡rs❛s à ❤✐♣❡r✲s✉♣❡r❢í❝✐❡✳

❯s❛♥❞♦ ✉♠ ♣❛ss♦ ♣❡q✉❡♥♦ ♥♦ ✐♥t❡❣r❛❞♦r ♥✉♠ér✐❝♦✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ ✈❛❧♦r ❞❛

❢✉♥çã♦ U ✱ à ♠❡❞✐❞❛ q✉❡ tr❛♥s❝♦rr❡ ❛ ✐♥t❡❣r❛çã♦✳ ❯♠❛ ♠✉❞❛♥ç❛ ❞❡ s✐♥❛❧ ♥❛ ❢✉♥çã♦

U ✈❛✐ ✐♥❞✐❝❛r q✉❡ ❛ tr❛❥❡tór✐❛ ❛tr❛✈❡ss♦✉ ❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡ ✭❧❡♠❜r❛♥❞♦ q✉❡ U(x) = 0

✐♥❞✐❝❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♣♦♥t♦ ♥❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✮✳

❙❡❥❛ ta ♦ t❡♠♣♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡r✐♦r à ♠✉❞❛♥ç❛ ❞❡ s✐♥❛❧ ❞❡ ❯✱ ❡ tb ♦ t❡♠♣♦

❧♦❣♦ ❛♣ós ❡❧❡ ♠✉❞❛r ❞❡ s✐♥❛❧✳ ❖ ♠ét♦❞♦ ♣❛r❛ ♣♦✉s❛r ❡①❛t❛♠❡♥t❡ ♥❛ s❡❝çã♦ ❞❡

P♦✐♥❝❛ré ❝♦♥s✐st❡ ❡♠ ❝♦♥✈❡rt❡r ✉♠❛ ❞❛s ❝♦♦r❞❡♥❛❞❛s ❡s♣❛❝✐❛✐s ❡♠ ✉♠❛ ✈❛r✐á✈❡❧ ❞❡

✐♥t❡❣r❛çã♦ ♥❛ tr❛❥❡tór✐❛ ❡♥tr❡ ta ❡ tb✳ ❯s❛♥❞♦✿

dxk

dx1

dx1

dt
=

dxk

dx1

v1(x, t) = vk(x, t) ✭✸✳✸✷✮

P♦❞❡✲s❡ r❡❡s❝r❡✈❡r ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❛ ❊q✉❛çã♦ ✭✸✳✼✮ ♥❛ ❢♦r♠❛✿

dt

dx1

=
1

v1
, ...,

dxd

dx1

=
vd
v1

✭✸✳✸✸✮

◆♦t❡✲s❡ q✉❡ x1 ❛❣♦r❛ é ❛ ✈❛r✐á✈❡❧ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ ✐♥t❡❣r❛çã♦ ❡ ✐♥t❡❣r❛ ❛ r♦t✐♥❛

❞❡s❞❡ x1(ta) ❛té ♦ ✈❛❧♦r ❞❡ x1 ♥❛ ❤✐♣❡r✲s✉♣❡r❢í❝✐❡✱ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❝♦♥❞✐çã♦ ❞❡

✐♥t❡rs❡❝çã♦✿

U(x̂) = (x̂− x̂‘) · n̂ = 0, x̂ ∈ P ✭✸✳✸✹✮

❆q✉✐✱ ❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré é ✉♠ ♣❧❛♥♦ P ❡s♣❡❝✐✜❝❛❞♦ ♣♦r ✉♠ ♣♦♥t♦ ♠♦❞❡❧♦

x̂‘ ❡ ✉♠ ✈❡t♦r ♠♦❞❡❧♦ n̂ ♥♦r♠❛❧✱ q✉❡ é ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦✳ ❆ss✐♠✱ é ❣❛r❛♥t✐❞♦

✹✼



q✉❡ ♦ ♣♦♥t♦ ✜♥❛❧ ❞❡ss❛ ✐♥t❡❣r❛çã♦ é ✉♠ ♣♦♥t♦ ♥♦ ♣❧❛♥♦ ❞❡ P♦✐♥❝❛ré✳

✸✳✶✳✹✳✺ ■♥❢♦r♠❛çã♦ ♥♦s ♠❛♣❛s ❞❡ P♦✐♥❝❛ré

❈♦♠♦ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦s ♠❛♣❛s ❞❡ P♦✐♥❝❛ré ♦❢❡r❡❝❡♠ ✐♥❢♦r♠❛çã♦

r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❛tr❛çã♦✴r❡♣✉❧sã♦ ❞❡ tr❛❥❡tór✐❛s ♣ró①✐♠❛s ❡♥tr❡ s✐✳

❆ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞❛s ✈❛r✐❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❘♦ss❧❡r ✭❊q✳

✸✳✷✮✳

❋✐❣✉r❛ ✸✳✺✿ ✭❊sq✉❡r❞❛✮❙❡q✉ê♥❝✐❛ ❞❡ s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❡str❛♥❤♦ ❞♦
s✐st❡♠❛ ❞❡ ❘♦ss❧❡r✳ ❖s ♣❧❛♥♦s ❢♦r❛♠ ❞❡✜♥✐❞♦s ❛tr❛✈és ❞♦ ❡✐①♦ z✱ ♦r✐❡♥t❛❞♦s
❛✿✭❛✮−60o✱✭❜✮0o✱✭❝✮60o ❡ ✭❞✮120o ♥♦ ♣❧❛♥♦ ✭①✲②✮✳ ✭❉✐r❡✐t❛✮❱✐st❛s ❞❛s tr❛❥❡tór✐❛s tí✲
♣✐❝❛s ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré s✉♣❡r♣♦st❛s✳ ❬✻✶❪

❋✐❣✉r❛ ✸✳✻✿ ▼❛♣❛s ❞❡ r❡t♦r♥♦ rn → rn+1 ♣❛r❛ ❞✐stâ♥❝✐❛ r❛❞✐❛❧ ❞❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré
❞❛ ❋✐❣✉r❛ ✸✳✺✳ ❬✻✶❪

◆❛ ❋✐❣✉r❛ ✭✸✳✺✮ ♦❜s❡r✈❛✲s❡ ✉♠ ♣r♦❝❡ss♦ ♥♦ q✉❛❧ ♦ ✢✉①♦ ❡stá s❡ ❡①♣❛♥❞✐♥❞♦✱

❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦s q✉❛❞r♦s ❛ ❡ ❜✳ P♦st❡r✐♦r♠❡♥t❡ s❡❣✉❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❞♦❜r❛ ❞♦

✹✽



✢✉①♦ ❞❡s❝r✐t♦ ♥♦ q✉❛❞r♦ ❝✳ P♦r ú❧t✐♠♦✱ ✉♠ ♣r♦❝❡ss♦ ❞❡ ♠✐st✉r❛ ❞❡ ✢✉①♦ ❞✳ ◆❛

❋✐❣✉r❛ ✸✳✻ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ♠❛♣❛s ❞❡ r❡t♦r♥♦✳ ❖❜s❡r✈❛✲s❡ q✉❡

♦s ♠❛♣❛s ❛ ❡ ❞ ❝♦♥❢♦r♠❛♠ ✉♠❛ ❢✉♥çã♦ ✶✲✶ ♦✉ ✐♥❥❡t♦r❛✳ ◆♦s q✉❛❞r♦s ❜ ❡ ❝ ❛♣❛r❡❝❡♠

♠♦❞♦s ♠✉❧t✐♠♦❞❛✐s ❡ ♥ã♦ ✐♥✈❡rtí✈❡✐s ❞❡ ♣r♦❥❡çõ❡s (Rn, zn) → (Rn+1, zn+1) ❞❡♥tr♦

❞♦ s✉❜✲❡s♣❛ç♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ (Rn)→ (Rn+1)✳

❖❜t✐❞♦s ♦s ♠❛♣❛s ❞❡ r❡t♦r♥♦ ❞♦ ✢✉①♦✱ ❡st❡s ♣♦❞❡♠ s❡r ✐♥t❡r♣♦❧❛❞♦s✱ ♦❜t❡♥❞♦

❢✉♥çõ❡s s✐♠✐❧❛r❡s ❛ ♠❛♣❛s ♦✉ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞✐s❝r❡t♦s✳ ❆ss✐♠✱ ❛ ❞✐♥â♠✐❝❛ ✐♥✐✲

❝✐❛❧♠❡♥t❡ ❝♦♥tí♥✉❛ ♣♦❞❡ s❡r ❡st✉❞❛❞❛ ❝♦♠♦ ✉♠❛ ❞✐♥â♠✐❝❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❬✻✶❪✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ❡①✐st❡ ✉♠❛ ❢✉♥çã♦ q✉❡ ❞❡s❝r❡✈❡ ❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ ❞♦s

♠❛♣❛s ❞❡ r❡t♦r♥♦ ❞❛ ❢♦r♠❛✿

xn+1 = P (xn) = f τ(xn)xn, xn+1,xn ∈ P ✭✸✳✸✺✮

❊♠ q✉❡ τ(xn) é ♦ t❡♠♣♦ ❡♥tr❡ ✉♠❛ ✐♥t❡rs❡❝çã♦ ❡ ♦✉tr❛✳ ❆ ❊q✉❛çã♦ ✭✸✳✸✺✮ r❡♣r❡s❡♥t❛

❛ ❢✉♥çã♦ ❞❡ r❡t♦r♥♦ ❞♦ ♣r✐♠❡✐r♦ ✐t❡r❛❞♦✳

❘❡♣r❡s❡♥t❛♥❞♦ ♦ n✲és✐♠♦✲✐t❡r❛❞♦ ❞♦ ♠❛♣❛ f ❝♦♠♦✿

fn(x) = f ◦ fn−1(x) = f(fn−1(x)), f 0(x) = x ✭✸✳✸✻✮

❆ tr❛❥❡tór✐❛ ❞❡ x ♥♦ ❝♦♥❥✉♥t♦ ✜♥✐t♦ ❞❡ ♣♦♥t♦s ♥♦ t❡♠♣♦ n ♥❛ ór❜✐t❛ Mx✿

{x, f(x), f 2(x), ..., fn(x)}

❋✐❣✉r❛ ✸✳✼✿ ❖ ✢✉①♦ x(t) r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠ ♠❛♣❛ ❞❡ r❡t♦r♥♦ ❞❡ P♦✐♥❝❛ré ❞❛ ❢♦r♠❛
xn+1 = f(xn)✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ór❜✐t❛ ❞❡ x̂1 é ♣❡r✐ó❞✐❝❛ ❡ ❝♦♥té♠ q✉❛tr♦ ♣♦♥t♦s
♣❡r✐ó❞✐❝♦s ✭x̂1✱x̂2✱x̂3✱x̂4✮ ❬✻✶❪✳

é ♦ s✉❜❝♦♥❥✉♥t♦ ❞❡ M q✉❡ ♣♦❞❡ s❡r ❛t✐♥❣✐❞♦ ♣❡❧❛s ✐t❡r❛çõ❡s ❞❡ f ✳ ❯♠ ♣♦♥t♦

♣❡r✐ó❞✐❝♦ ✭♣♦♥t♦ ❝í❝❧✐❝♦✮ xk q✉❡ ♣❡rt❡♥❝❡ ❛ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ✭❝✐❝❧♦✮ ❞❡ ♣❡rí♦❞♦

✹✾



n é ❛ s♦❧✉çã♦ ❞❡ ✿

fn(xk) = f(f(...f(xk)...)) = xk, k = 0, 1, 2, 3, ..., n− 1 ✭✸✳✸✼✮

P♦r ❡①❡♠♣❧♦ ♥❛ ❋✐❣✉r❛ ✸✳✼ ❛ ór❜✐t❛ ❡stá ❝♦♥st✐t✉í❞❛ ♣♦r q✉❛tr♦ ♣♦♥t♦s ♣❡r✐ó✲

❞✐❝♦s x̂1✱x̂2✱x̂3✱x̂4✳

◆❛ ❋✐❣✉r❛ ✸✳✺ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡st✐❝❛r ❡

❞♦❜r❛r q✉❡ é ♥❛t✉r❛❧ ❡♠ s✐st❡♠❛s ❝❛ót✐❝♦s✳ ❊ss❡ ♣r♦❝❡ss♦ ❞❡ ❡st✐❝❛r ✭♣❛r❛ s❡♣❛r❛r

❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❛s ór❜✐t❛s✮ ❡ ❞♦❜r❛r ✭♣❛r❛ q✉❡ ❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s s❡

♠❛♥t❡♥❤❛ ✜♥✐t❛✮ é t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♣❛❞❡✐r♦✳ ❆❧é♠ ❞❡

❣❡r❛r ❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❝❛ót✐❝♦✱ ❛ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♣❛❞❡✐r♦

é t❛♠❜é♠ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❡str✉t✉r❛ t✐♣♦ ❝♦♥❥✉♥t♦ ❞❡ ❈❛♥t♦r ❞♦ ❛tr❛t♦r✱ q✉❡ ❢❛③

❝♦♠ q✉❡ s❡❥❛ ✉♠ ❛tr❛t♦r ❡str❛♥❤♦✳ ❉❡ ❢❛t♦✱ ❡ss❡ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ q✉❡ s❡ ❞♦❜r❛

r❡♣❡t✐❞❛♠❡♥t❡ s♦❜r❡ s✐ ♠❡s♠♦ ❡stá ❢♦r♠❛❞♦ ♣♦r ✉♠ ♥ú♠❡r♦ ✐♥✜♥✐t♦ ❞❡ ❝❛♣❛s ❞❡

❡s♣❡ss✉r❛ ♥✉❧❛ ♣❛r❛ ♦s s✐st❡♠❛s ❞✐ss✐♣❛t✐✈♦s✱ ❥á q✉❡ ♣♦ss✉❡♠ ✈♦❧✉♠❡ ♥✉❧♦✳ ❊ss❡

❝♦♥❥✉♥t♦ ✐♥✜♥✐t♦ ❞❡ ❝❛♣❛s é ♦ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❡str✉t✉r❛ ❢r❛❝t❛❧ ❞♦ ❛tr❛t♦r ❬✻✶❪✳ ❆

❋✐❣✉r❛ ✸✳✽ ✐❧✉str❛ ❡sq✉❡♠❛t✐❝❛♠❡♥t❡ ♦ ♣r♦❝❡ss♦ ❛♥t❡r✐♦r♠❡♥t❡ ❞❡s❝r✐t♦✳

❋✐❣✉r❛ ✸✳✽✿ ■❧✉str❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♣❛❞❡✐r♦ ♥♦ ❛tr❛t♦r ❞❡ ❘♦s✲
s❧❡r ❬✷✺✽❪

✸✳✶✳✺ ❉❡✜♥✐çã♦ ❞❡ ❝❛♦s

▼❛t❡♠❛t✐❝❛♠❡♥t❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ (M, f t) é ❝❛ót✐❝♦ s❡ ♣♦ss✉✐ ❛s s❡❣✉✐♥t❡s

❝❛r❛❝t❡ríst✐❝❛s ❬✻✹❪✿

✐ ➱ s❡♥sí✈❡❧ ❡♠ r❡❧❛çã♦ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✿ ♣❡q✉❡♥♦s ❞❡s✈✐♦s ❞❛s ❡st✐♠❛t✐✈❛s ✐♥✐✲

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

❛♦ ✐t❡r❛r ❛ ❢✉♥çã♦✳ (M, f t) é s❡♥sí✈❡❧ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s s❡ ❡①✐st❡ ✉♠ ♥ú♠❡r♦

✺✵



δ > 0 ✭❝❤❛♠❛❞❛ ❝♦♥st❛♥t❡ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✮ t❛❧ q✉❡✱ ♣❛r❛ t♦❞♦ x ∈ M ❡ t♦❞♦

ε > 0✱ ❡①✐st❡ y ∈M ❝♦♠ d(x, y) < ε ❡ ❡①✐st❡ n ∈ N t❛❧ q✉❡ d(fn(x), fn(y)) > 0

✐✐ ➱ t♦♣♦❧♦❣✐❝❛♠❡♥t❡ tr❛♥s✐t✐✈♦✿ s❡ (M, f t) é t♦♣♦❧♦❣✐❝❛♠❡♥t❡ tr❛♥s✐t✐✈♦✱ M ♥ã♦

♣♦❞❡ s❡ ❞❡❝♦♠♣♦r ❡♠ ❞♦✐s ❝♦♥❥✉♥t♦s ✐♥✈❛r✐❛♥t❡s ❞✐s❥✉♥t♦s ❝♦♠ ✐♥t❡r✐♦r ♥ã♦ ♥✉❧♦✳

❙❡ f t ♣♦ss✉✐ ✉♠❛ ór❜✐t❛ ❞❡♥s❛ ❡♥tã♦ (M, f t) é t♦♣♦❧♦❣✐❝❛♠❡♥t❡ tr❛♥s✐t✐✈♦✳ ❙❡

❞❛❞♦s ❞♦✐s s✉❜❝♦♥❥✉♥t♦s ❛❜❡rt♦s q✉❛✐sq✉❡r U ❡ V ∈ M✱ ❡①✐st❡ k ∈ N t❛❧ q✉❡

fk(U) ∩ V ̸= 0✱ ❡♥tã♦ (M, f t) é t♦♣♦❧♦❣✐❝❛♠❡♥t❡ tr❛♥s✐t✐✈♦✳

✐✐✐ ❙❡✉s ♣♦♥t♦s ♣❡r✐ó❞✐❝♦s sã♦ ❞❡♥s♦s ❡♠M✿ ❯♠ s✐st❡♠❛ ❝❛ót✐❝♦ ❞❡✈❡ ♣♦ss✉✐r ✉♠❛

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

❝♦♠♣♦♥❡♥t❡ ❞❡ r❡❣✉❧❛r✐❞❛❞❡ ✭♣♦♥t♦s ♣❡r✐ó❞✐❝♦s ❞❡♥s♦s✮✳ ❖s ♣♦♥t♦s ♣❡r✐ó❞✐❝♦s

❞❡ (M, f t) sã♦ ❞❡♥s♦s s❡ ♣❛r❛ q✉❛❧q✉❡r s✉❜❝♦♥❥✉♥t♦ ❛❜❡rt♦ U ∈M s❡♠♣r❡ ❡①✐st❡

✉♠ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ ❡♠ U

P♦st❡r✐♦r♠❡♥t❡ ❢♦✐ ♠♦str❛❞♦ q✉❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s s❡ ❞❡❞✉③

❛ ♣❛rt✐r ❞❛s ♦✉tr❛s ❞✉❛s ♣r♦♣r✐❡❞❛❞❡s✳ ❉❡♣♦✐s s❡ ♠♦str♦✉ q✉❡ t♦❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦

❞❡✜♥✐❞♦ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ♣♦r ✉♠❛ ❢✉♥çã♦ f t♦♣♦❧♦❣✐❝❛♠❡♥t❡ tr❛♥s✐t✐✈❛ é ❝❛ót✐❝♦✳

❋✐♥❛❧♠❡♥t❡✱ ❛ ❞❡✜♥✐çã♦ ♠❛✐s r❡❝❡♥t❡ ❞✐③ q✉❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ é ❝❛ót✐❝♦ s❡✱ ♣❛r❛

q✉❛✐sq✉❡r ❝♦♥❥✉♥t♦s ❛❜❡rt♦s U ❡ V ✱ ❡①✐st❡ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ q✉❡ ✈✐s✐t❛ ❛♠❜♦s

❝♦♥❥✉♥t♦s ❬✷✹✸❪✳

❆ ❞❡✜♥✐çã♦ ❞❡ ❝❛♦s q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ ❛♦ ❞♦♠í♥✐♦ ❡ ♦❜❥❡t✐✈♦s ❞❡st❡ tr❛❜❛❧❤♦

é ❛ ❛♣r❡s❡♥t❛❞❛ ♣♦r ❬✷✺✽❪✿

✧❈❛♦s é ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣❡r✐ó❞✐❝♦ ❛♦ ❧♦♥❣♦ ♣r❛③♦ ❡♠ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦

❞❡t❡r♠✐♥íst✐❝♦ q✉❡ ❡①✐❜❡ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✳✧

✐ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣❡r✐ó❞✐❝♦ ❛♦ ❧♦♥❣♦ ♣r❛③♦ s✐❣♥✐✜❝❛ q✉❡ ❡①✐st❡♠ tr❛❥❡tór✐❛s ❡♠

✉♠ t❡♠♣♦ ✐♥✜♥✐t♦✱ ♠❛s q✉❡ ♥ã♦ s❡ ❡st❛❜❡❧❡❝❡♠ ♣♦♥t♦s ✜①♦s✱ ❝✐❝❧♦s ❧✐♠✐t❡s ♦✉

ór❜✐t❛s q✉❛s❡✲♣❡r✐ó❞✐❝❛s❀

✐✐ ❞❡t❡r♠✐♥✐st❛ s✐❣♥✐✜❝❛ q✉❡ ♦ s✐st❡♠❛ ♥ã♦ t❡♠ ❛❧❡❛t♦r✐❡❞❛❞❡ ♥❡♠ r✉✐❞♦❀ ♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ✐rr❡❣✉❧❛r ❛♣❛r❡❝❡ ✉♥✐❝❛♠❡♥t❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡

❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s❀

✐✐✐ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s s✐❣♥✐✜❝❛ q✉❡ ♦ s✐st❡♠❛ ♣♦ss✉✐ tr❛❥❡tór✐❛s ♣ró✲

①✐♠❛s q✉❡ s❡ ❛❢❛st❛♠ ❛ ✉♠❛ t❛①❛ ❡①♣♦♥❡♥❝✐❛❧❀ ♦✉ s❡❥❛✱ ♦ s✐st❡♠❛ ♣♦ss✉✐ ♣❡❧♦

♠❡♥♦s ✉♠ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♣♦s✐t✐✈♦✳

❖✉tr❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡ é ❝❛r❛❝t❡ríst✐❝❛ ❞♦s s✐st❡♠❛s ❝❛ót✐❝♦s é ❛ r❡❧❛❝✐♦♥❛❞❛

❝♦♠ ❛ ♠❡❞✐❞❛ ❞❡ ❡♥tr♦♣✐❛ ❞♦ s✐st❡♠❛✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ✉♠ ❡❧❡♠❡♥t♦ q✉❡ t❛♠❜é♠

✺✶



❞❡✜♥❡ ❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❛ ór❜✐t❛s é ❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐✱ q✉❡ t❡♠ ✉♠❛ r❡❧❛✲

çã♦ ❞✐r❡t❛ ❝♦♠ ♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❡ ❛ ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❞♦ s✐st❡♠❛ q✉❛♥t♦

à ❞❡✜♥✐çã♦ ❞♦s ❡st❛❞♦s ❢✉t✉r♦s✳ ❖ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ❞❡ tr❛❥❡tór✐❛s ❝❛r❛❝t❡r✐③❛❞❛s

♥❛ ❞✐♥â♠✐❝❛ ❝❛ót✐❝❛ ♣♦ss✉✐ ❡♥tr♦♣✐❛s ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐ ♣♦s✐t✐✈❛s✳ P♦rt❛♥t♦✱ s❡

✉♠ s✐st❡♠❛ ❞❡t❡r♠✐♥íst✐❝♦ é ❧♦❝❛❧♠❡♥t❡ ✐♥stá✈❡❧ ✭❡①♣♦❡♥t❡ ♣♦s✐t✐✈♦ ❞❡ ▲②❛♣✉♥♦✈✮ ❡ ♦

✢✉①♦ s❡ ♠✐st✉r❛ ❣❧♦❜❛❧♠❡♥t❡ ✭❡♥tr♦♣✐❛ ♣♦s✐t✐✈❛✮✱ ♣♦❞❡✲s❡ ❝❤❛♠❛r ❞❡ ❝❛ót✐❝♦ ✭❋✐❣✉r❛

✸✳✾✮✳

❋✐❣✉r❛ ✸✳✾✿ ❆ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ s✐st❡♠❛ ❝❛ót✐❝♦ é ✭❛✮ ❡♠ q✉❛❧q✉❡r ❧✉❣❛r ❧♦❝❛❧♠❡♥t❡
✐♥stá✈❡❧ ❡ ✭❜✮ ❝♦♠ ✢✉①♦ ❣❧♦❜❛❧♠❡♥t❡ ♠✐st✉r❛❞♦ ❬✻✶❪✳

❆ ❞❡✜♥✐çã♦ ❞❡ ❛tr❛t♦r ❡str❛♥❤♦ ❡stá ❛ss♦❝✐❛❞❛ à ❡str✉t✉r❛ ❣❡♦♠étr✐❝❛ ❝♦♠✲

♣❧❡①❛✳ ❯♠ ❛tr❛t♦r ❡str❛♥❤♦ é ❞❡✜♥✐❞♦ ❝♦♠♦ ✉♠ ❛tr❛t♦r q✉❡ ♥ã♦ ♣♦❞❡ s❡r ❝♦♥str✉í❞♦

♦✉ r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ✉♥✐ã♦ ❞❡ ✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ ✈❛r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s s✉❛✈❡s✳

❊♠ ♠✉✐t♦s ❝❛s♦s✱ ❛ ❣❡♦♠❡tr✐❛ ❞❡ ✉♠ ❛tr❛t♦r ❝❛ót✐❝♦ ♣♦❞❡ s❛t✐s❢❛③❡r ❛ ❞❡✜♥✐çã♦ ❞❡

❛tr❛t♦r ❡str❛♥❤♦✱ ♠❛s t❛♠❜é♠ ❡ss❛ ❞❡✜♥✐çã♦ ♣♦❞❡ s❡r s❛t✐s❢❡✐t❛ ♣♦r ❛tr❛t♦r❡s ♥ã♦

❝❛ót✐❝♦s✳

❖s ❛tr❛t♦r❡s ❡str❛♥❤♦s s❡ ❝❛r❛❝t❡r✐③❛♠ ♣♦r ❛♣r❡s❡♥t❛r❡♠ ✉♠❛ ❞✐♠❡♥sã♦ ❢r❛❝t❛❧

♦✉ ❞✐♠❡♥sã♦ ❞❡ ❍❛✉s❞♦r✛ ♥ã♦ ✐♥t❡✐r❛✳ ❆ ♦r✐❣❡♠ ❞♦ ❝❛♦s ❡♠ s✐st❡♠❛s ❞✐ss✐♣❛t✐✈♦s

❡♠ ♠✉✐t♦s ❝❛s♦s é s❡♠❡❧❤❛♥t❡ ❡ ❡stá r❡❧❛❝✐♦♥❛❞♦ à ❝♦❡①✐stê♥❝✐❛ ❞❡ ♠✉✐t❛s tr❛❥❡tór✐❛s

♣❡r✐ó❞✐❝❛s ✐♥stá✈❡✐s✱ ❝♦♠♦ ✉♠❛ ♣❛rt❡ ❞❡ ❡✐①♦s ❤❡t❡r♦❝❧í♥✐❝♦s ❡ ❤♦♠♦❝❧í♥✐❝♦s✳ ❯s✉✲

❛❧♠❡♥t❡ ♦s ❛tr❛t♦r❡s ❝❛ót✐❝♦s ❡stã♦ ❛ss♦❝✐❛❞♦s ❛ sér✐❡s t❡♠♣♦r❛✐s ❛♣❡r✐ó❞✐❝❛s ❝✉❥❛

❞✐♥â♠✐❝❛ t❡♠ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ❛ ♣❡rt✉r❜❛çõ❡s ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❬✻✶❪✳

✸✳✶✳✻ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❯♠❛ ❢❡rr❛♠❡♥t❛ q✉❡ ❝♦♥st✐t✉✐ ✉♠ ❞✐❛❣♥óst✐❝♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦

❞❛ ❞✐♥â♠✐❝❛ ❞❡ ❞❡t❡r♠✐♥❛❞♦ s✐st❡♠❛ é ❛ ♦❜s❡r✈❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♦ ❧♦♥❣♦

♣r❛③♦ ❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✳ ❉❡ss❡ ♠♦❞♦✱ s❡ t♦❞♦s ♦s ♣♦♥t♦s ♥❛

✈✐③✐♥❤❛♥ç❛ ❞❛ tr❛❥❡tór✐❛ ❝♦♥✈❡r❣❡♠ ♣❛r❛ ❛ ♠❡s♠❛ ór❜✐t❛✱ ♦ ❛tr❛t♦r é ✉♠ ♣♦♥t♦

✜①♦ ♦✉ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡✳ ◆♦ ❡♥t❛♥t♦✱ s❡ ❡①✐st❡♠ ❞✉❛s tr❛❥❡tór✐❛s x(t) = f t(x0) ❡

✺✷



x(t) + δx(t) = f t(x0 + δx0) ✐♥✐❝✐❛❧♠❡♥t❡ ♣ró①✐♠❛s q✉❡ s❡ ❛❢❛st❛♠ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡

❝♦♠ ♦ t❡♠♣♦✱ ❡ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦ s✉❛ s❡♣❛r❛çã♦ ❛t✐♥❣❡ ✉♠ t❛♠❛♥❤♦ ❛❝❝❡ssí✈❡❧

❞❡♥tr♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ❞✐③✲s❡ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ é ❝❛ót✐❝♦ ❬✷✺✽❪✳

❆ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ♣♦❞❡ s❡r q✉❛♥t✐✜❝❛❞❛ ♣♦r✿

∥δx(t)∥ ≈ eλt ∥δx0∥ ✭✸✳✸✽✮

❡♠ q✉❡ λ r❡♣r❡s❡♥t❛ ❛ t❛①❛ ❞❡ s❡♣❛r❛çã♦ ❞❛s tr❛❥❡tór✐❛s ♥♦ s✐st❡♠❛✱ s❡♥❞♦ ❝❤❛♠❛❞♦

❞❡ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦✳ ◆♦ ❧✐♠✐t❡✱ q✉❛♥❞♦ ♦ t❡♠♣♦ t❡♥❞❡ ❛ ✐♥✜♥✐t♦✱

♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ é ✉♠❛ ♠❡❞✐❞❛ ❣❧♦❜❛❧ ❞❛ t❛①❛ ♠é❞✐❛ ❝♦♠ q✉❡ ❛s tr❛❥❡tór✐❛s

♣ró①✐♠❛s ❞✐✈❡r❣❡♠✱ ❡♠ ♠é❞✐❛✱ s♦❜r❡ ♦ ❛tr❛t♦r ❡str❛♥❤♦✳

❆ ♠é❞✐❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❞✐stâ♥❝✐❛ ∥δx(t)∥
∥δx(0)∥

❡♥tr❡ tr❛❥❡tór✐❛s ✐♥✐❝✐❛❧♠❡♥t❡ ♣ró✲

①✐♠❛s é ❞❛❞♦ ♣❡❧♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦✱ q✉❡ ♣♦❞❡ s❡r ❡st✐♠❛❞♦ ♣❛r❛

✉♠ t❡♠♣♦ ❧♦♥❣♦ t ❝♦♠♦✿

λ = lim
t→∞

1

t
ln
∥δx(t)∥
∥δx(0)∥ ✭✸✳✸✾✮

❯s❛♥❞♦ ❛ ❊q✉❛çã♦ ✭✸✳✸✾✮✱ t♦♠❛♥❞♦ ✉♠❛ s❡♣❛r❛çã♦ ✐♥✐❝✐❛❧ δx(0)✱ ♠❡❞✐♥❞♦ ❛

❞✐stâ♥❝✐❛ ❡♥tr❡ ❞✉❛s ór❜✐t❛s ♣ró①✐♠❛s ❛té ∥δx(t1)∥ s❡r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡✱

♣♦st❡r✐♦r♠❡♥t❡ s❛❧✈❛♥❞♦ tλ = ln∥δx(t1)∥
∥δx(0)∥

✱ r❡❡s❝❛❧❛♥❞♦ δx(t1) ♣❡❧♦ ❢❛t♦r ∥δx(0)∥
∥δx(t1)∥

❡ r❡✲

♣❡t✐♥❞♦ ❡ss❡ ♣r♦❝❡ss♦ ❛té ✜♥❛❧♠❡♥t❡ ❛t✐♥❣✐r ♦ t❡♠♣♦ ✜♥✐t♦ t ❞❛s ✐♥t❡❣r❛çõ❡s ❞❛s

ór❜✐t❛s✱ ♦❜té♠✲s❡ ♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦✿

λ = lim
t→∞

1

t

∑

i

tiλi ✭✸✳✹✵✮

❆ ❋✐❣✉r❛ ✭✸✳✶✵✮ ✐❧✉str❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❝r✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✳

❖ ♣r♦❜❧❡♠❛ ❞❡ ♠❡❞✐r ❛ t❛①❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❞♦✐s ♣♦♥t♦s é

q✉❡✱ à ♠❡❞✐❞❛ q✉❡ ♦s ♣♦♥t♦s s❡ s❡♣❛r❛♠✱ ❛ ♠❡❞✐çã♦ é ❝❛❞❛ ✈❡③ ♠❡♥♦s ✉♠❛ ♠❡❞✐❞❛

❧♦❝❛❧✳ ◆♦ ❡st✉❞♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡①♣❡r✐♠❡♥t❛✐s✱ ❡st❛ ♣♦❞❡ s❡r ❛ ú♥✐❝❛ ♦♣çã♦✳

◆♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❡♠ q✉❡ sã♦ ❝♦♥❤❡❝✐❞❛s ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✱ ✉♠❛ ♠❡❧❤♦r

♠❛♥❡✐r❛ é ♠❡❞✐r ❛ t❛①❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✈❡t♦r❡s tr❛♥s✈❡rs❛✐s ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛

ór❜✐t❛✳

❉❛❞❛s ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✱ ♣❛r❛ δx é ❝♦♥❤❡❝✐❞❛ ❛ r❡❧❛çã♦ δxi(t)
δxj(0)

♣❡❧❛

❞❡✜♥✐çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✿

✺✸



❋✐❣✉r❛ ✸✳✶✵✿ ❖ ❝á❧❝✉❧♦ ❞♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦ ♣❛r❛ ✉♠ t❡♠♣♦
❞❡t❡r♠✐♥❛❞♦ r❡q✉❡r q✉❡ s❡ ♠❛♥t❡♥❤❛ ❛ s❡♣❛r❛çã♦ ❞❛s ór❜✐t❛s ♣ró①✐♠❛s ❞❡♥tr♦ ❞♦
✐♥t❡r✈❛❧♦ ❞♦ ✢✉①♦ ❧✐♥❡❛r✐③❛❞♦

lim
δx(0)→0

δxi(t)

δxj(0)
=

δxi(t)

δxj(0)
= J t

ij(x0) ✭✸✳✹✶✮

❊♥tã♦✱ ❧✐♥❡❛r✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ❞❡ ✈❛r✐❛çã♦ ❝♦♠ q✉❡ é ❝❛❧❝✉❧❛❞❛ ❛ ♠❛tr✐③ ❏✿

x(t) = f ‘t(x0) δx(x0, t) = J t(x0)δx(x0, 0) ✭✸✳✹✷✮

❖❜té♠✲s❡✿

λ(x0) = lim
t→∞

1

t
ln
∥J t(x0)δx0∥
∥δx0∥

= lim
t→∞

1

2t
ln(n̂TJ tTJ tn̂) ✭✸✳✹✸✮

◆❡st❛ ❢♦r♠✉❧❛çã♦✱ é ❞❡✜♥✐❞♦ ✉♠ ✈❡t♦r ✐♥✐❝✐❛❧ ❞❡ ♦r✐❡♥t❛çã♦ n̂ = δx0

∥δx0∥
✳ ❙❡ ♥ã♦ s❡

♣r❡♦❝✉♣❛ ❝♦♠ ❛ ♦r✐❡♥t❛çã♦ ❞♦ ✈❡t♦r ❞❡ s❡♣❛r❛çã♦ ❡♥tr❡ ✉♠❛ tr❛❥❡tór✐❛ ❡ s✉❛ ♣❡rt✉r✲

❜❛çã♦✱ ♠❛s ❛♣❡♥❛s ❝♦♠ ❛ ♠❛❣♥✐t✉❞❡✱ ♣♦❞❡✲s❡ ✐♥t❡r♣r❡t❛r ∥J tδx0∥2 = δx
T

0 (J
tTJ t)δx0

❝♦♠♦ ✉♠ ❡rr♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛ ♠❛tr✐③✳ ❊♠ ♠❡❝â♥✐❝❛ ❞♦ ❝♦♥tí♥✉♦✱ ♦ t❡♥s♦r ❞✐r❡✐t♦

❞❡ ❈❛✉❝❤②✲●r❡❡♥ JTJ é ♦ ♦❜❥❡t♦ ♥❛t✉r❛❧ ♣❛r❛ ❞❡s❝r❡✈❡r ❝♦♠♦ ❛s ✈✐③✐♥❤❛♥ç❛s ❧✐♥❡❛✲

r✐③❛❞❛s s❡ ❞❡❢♦r♠❛♠✳ ◆❛ ❚❡♦r✐❛ ❞♦s ❙✐st❡♠❛s ❉✐♥â♠✐❝♦s✱ ♦s ❛❧♦♥❣❛♠❡♥t♦s ❝❛r❛❝t❡✲

ríst✐❝♦s sã♦ ❝❤❛♠❛❞♦s ❞❡ t❡♠♣♦s✲❧✐♠✐t❡s ❞❡ ▲②❛♣✉♥♦✈ ♦✉ ❡①♣♦❡♥t❡s ❝❛r❛❝t❡ríst✐❝♦s

❬✻✶❪✳

λ(x0, n̂, t) =
1

t
ln
∥∥J tn̂

∥∥ =
1

2t
ln(n̂TJ tTJ tn̂) ✭✸✳✹✹✮

❆ ♦r✐❡♥t❛çã♦ ✐♥✐❝✐❛❧ n̂ ♣♦❞❡ s❡r ❡①♣❛♥❞✐❞❛ ♥❛ ❜❛s❡ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ t❡♥s♦r ❞❡

❛❧♦♥❣❛♠❡♥t♦✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♣❛r❛ t❡♠♣♦s ❧♦♥❣♦s J tn̂ é ❞♦♠✐♥❛❞❛ ♣❡❧♦ ♠❛✐♦r

✺✹



♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t Λi✱ ♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ r❡♣r❡s❡♥t❛t✐✈♦ é ❞❛❞♦ ♣♦r✿

λ(x0) = lim
t→∞

1

t

{
ln
∥∥n̂ · e(1)

∥∥+ ln |Λ1(x0, t)|+O
∣∣e−2(λ1−λ2)t

∣∣} = lim
t→∞

1

t
|Λ1(x0, t)|

✭✸✳✹✺✮

❡♠ q✉❡ Λ1(x0, t) é ♦ ♠❛✐♦r ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ❞❡ J t(x0)✳ ❆s ❡q✉❛çõ❡s ♣♦❞❡♠ s❡r

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

❊q✉❛çã♦ ✸✳✹✸ ♣♦❞❡ s❡r ❡st✐♠❛❞♦ ❛♣❡♥❛s ❛ ♣❛rt✐r ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ✜♥✐t♦ ❞❡ ❛✈❛❧✐❛çõ❡s

❞❡ 1
2t
ln(n̂TJ tTJ tn̂) ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞♦ t❡♠♣♦ t✳

✸✳✶✳✻✳✶ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝♦♥tí♥✉♦ ❝✉❥❛s ór❜✐t❛s ❡stã♦ ✐♠❡rs❛s ❡♠ ✉♠

❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ✜♥✐t♦✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞♦ ❝á❧❝✉❧♦ ❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❝♦♥✲

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

❞❡ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✳ P♦r ❝❛✉s❛ ❞❛s ❞❡❢♦r♠❛çõ❡s ❧♦❝❛✐s ♣ró♣r✐❛s ❞♦ ✢✉①♦✱ ❛ ❡s❢❡r❛

❡✈❡♥t✉❛❧♠❡♥t❡ s❡ ❝♦♥✈❡rt❡ ❡♠ ✉♠ ❡❧✐♣s♦✐❞❡ ✭❋✐❣✉r❛ ✸✳✶✶✮✳ ❖ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉✲

♥♦✈ é ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❝❛❞❛ ❞✐♠❡♥sã♦ ❡ ❞❡♣❡♥❞❡ ❞❛ ❧♦♥❣✐t✉❞❡ ❞♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ ❞♦

❡❧✐♣s♦✐❞❡✳ P❛r❛ ♦❜t❡r ❛s tr❛❥❡tór✐❛s é ♣r❡❝✐s♦ ❝♦♥s✐❞❡r❛r ♦ s✐st❡♠❛ ❧✐♥❡❛r✐③❛❞♦❀ ❞❡

❢❛t♦✱ ♦s ❡✐①♦s ♣r✐♥❝✐♣❛✐s ❞♦ ❡❧✐♣s♦✐❞❡ sã♦ ❞❡✜♥✐❞♦s ♣❡❧❛ ❡✈♦❧✉çã♦ ❞❛s ❡q✉❛çõ❡s ❧✐♥❡❛✲

r✐③❛❞❛s ❊qs✳ ✭✸✳✹✷✮ ✭❡q✉❛çõ❡s ❞❡ ✈❛r✐❛çã♦✮ ❞❡ ✉♠ ✈❡t♦r ♦rt♦♥♦r♠❛❧ ❛❧✐♥❤❛❞♦ ❝♦♠ ❛

tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛✳

P❛r❛ ✐♠♣❧❡♠❡♥t❛r✱ é ♥❡❝❡ssár✐♦ ✐♥t❡❣r❛r ♦ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❧✐♥❡❛r✐③❛❞❛s ❞❡

❞✐♠❡♥sã♦ d(d + 1)✳ ❈♦♠ ❛s ❡q✉❛çõ❡s ❧✐♥❡❛r✐③❛❞❛s ♥❛ ❜❛s❡ ❞❡ ✈❡t♦r❡s ♦rt♦♥♦r♠❛✐s

✐♥✐❝✐❛✐s✱ ♦❜té♠✲s❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ ✈❡t♦r❡s {v1, v2,..., vd}✳ P♦st❡r✐♦r♠❡♥t❡ é ❛♣❧✐❝❛❞♦

✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❘❡♦rt♦♥♦r♠❛❧✐③❛çã♦ ❞❡ ●r❛♥♠✲❙❝❤♠✐❞t ♣❛r❛ ♦❜t❡r ♦s s❡❣✉✐♥t❡s

✈❡t♦r❡s ♦rt♦♥♦r♠❛✐s✱ ❛♣ós ✐♥t❡❣r❛çã♦ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❬✷✽✻❪✿

v1‘ =
v1
∥v1∥

, v2‘ =
v2 − ⟨v2, v1‘⟩ v1‘
∥v2 − ⟨v2, v1‘⟩ v1‘∥

, vn‘ =
vn − ⟨vn, vn−1‘⟩ vn−1‘− ....− ⟨vn, v1‘⟩ v1‘
∥vn − ⟨vn, vn−1‘⟩ vn−1‘− ....− ⟨vn, v1‘⟩ v1‘∥

✭✸✳✹✻✮

❡♠ q✉❡ ⟨, ⟩ ❞❡♥♦t❛ ♦ ♣r♦❞✉t♦ ✐♥t❡r♥♦ ❊✉❝❧✐❞✐❛♥♦✳ ❖ ❝♦♥❥✉♥t♦ ♦rt♦♥♦r♠❛❧ ♦❜t✐❞♦ s❡r✈❡

❝♦♠♦ ♥♦✈♦ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ♣❛r❛ ❛ ✐♥t❡❣r❛çã♦ s❡❣✉✐♥t❡ ❞♦ s✐st❡♠❛ ❧✐♥❡❛✲

r✐③❛❞♦✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡♦rt♦♥♦r♠❛❧✐③❛çã♦ ●r❛♠✲❙❝❤♠✐❞t ♥✉♥❝❛ ❛❢❡t❛ ❛ ❞✐r❡çã♦

❞♦ ♣r✐♠❡✐r♦ ✈❡t♦r ❡♠ ✉♠ s✐st❡♠❛✳ ❊♥tã♦ ❡st❡ ✈❡t♦r t❡♥❞❡ ❛ s❡❣✉✐r ♥❛ ❞✐r❡çã♦ q✉❡

❝r❡s❝❡ ♠❛✐s r❛♣✐❞❛♠❡♥t❡ ♥♦ ❡s♣❛ç♦ t❛♥❣❡♥t❡✳ ❆ ❧♦♥❣✐t✉❞❡ ❞♦ ✈❡t♦r v1 é ♣r♦♣♦r❝✐♦♥❛❧

❛ 2λ1t✱ ♣❡❧♦ q✉❡ é ♣♦ssí✈❡❧ ♦❜t❡r ♦ ♣r✐♠❡✐r♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈✳ ❇❛s❡❛❞♦s ♥❛

❝♦♥str✉çã♦ ❞❡ v2‘ ✱ ❛ ❞✐r❡çã♦ ❞❡ v2 ♠✉❞❛ ♥♦ ♣r♦❝❡ss♦ ✭❧❡♠❜r❛♥❞♦ q✉❡ só ♦ ♣r✐♠❡✐r♦

✺✺



✈❡t♦r ❡stá ❛❧✐♥❤❛❞♦ ♥❛ ❞✐r❡çã♦ ❞❡ ♠❛✐♦r ❝r❡s❝✐♠❡♥t♦✮✱ ♥♦t❛♥❞♦ q✉❡ v1‘ ❡ v2‘ ❡stã♦

♥♦ ♠❡s♠♦ s✉❜❡s♣❛ç♦ ❞❡ v1 ❡ v2✳ ❆ ár❡❛ ❞❡✜♥✐❞❛ ♣❡❧♦s ✈❡t♦r❡s v1 ❡ v2 é ♣r♦♣♦r❝✐♦♥❛❧

❛ 2(λ1+λ2)t✳ ❈♦♠♦ v1‘ ❡ v2‘ sã♦ ♦rt♦♥♦r♠❛✐s✱ ♣♦❞❡✲s❡ ❞❡t❡r♠✐♥❛r λ2 ❞✐r❡t❛♠❡♥t❡ ❛

♣❛rt✐r ❞❛ t❛①❛ ♠é❞✐❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❛ ♣r♦❥❡çã♦ ❞♦ ✈❡t♦r v2 ♥♦ ✈❡t♦r v2‘✳

❆♣❧✐❝❛♥❞♦ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❛♦ ❧♦♥❣♦ ❞❛s d ❞✐♠❡♥sõ❡s✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♦

s✉❜❡s♣❛ç♦ ❢♦r♠❛❞♦ ♣❡❧♦s d ✈❡t♦r❡s ♥ã♦ é ❛❢❡t❛❞♦ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ r❡♦rt♦♥♦r♠❛❧✐③❛✲

çã♦✳ ❆ ❡✈♦❧✉çã♦ ❞♦ ✈♦❧✉♠❡ ❞❡ ❞✐♠❡♥sã♦ d é ♣r♦♣♦r❝✐♦♥❛❧ ❛ 2
∑d

i=1 λit✳ ❆ ♣r♦❥❡çã♦

❞♦s ✈❡t♦r❡s ❡✈♦❧✉í❞♦s ♣❛r❛ ❛ ♥♦✈❛ ❜❛s❡ ♦rt♦♥♦r♠❛❧ ❛t✉❛❧✐③❛ ❝♦rr❡t❛♠❡♥t❡ ❛s t❛①❛s ❞❡

❝r❡s❝✐♠❡♥t♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s ❡✐①♦s ♣r✐♥❝✐♣❛✐s✱ ❢♦r♥❡❝❡♥❞♦ ❡st✐♠❛t✐✈❛s ❞♦s ❡①♣♦❡♥t❡s

❞❡ ▲②❛♣✉♥♦✈ ❬✷✽✻❪✳

❋✐❣✉r❛ ✸✳✶✶✿ ❉❡❢♦r♠❛çã♦ ❞❛ ❡s❢❡r❛ ❞❡ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❛tr❛✈és ❞♦ ✢✉①♦ ❧✐♥❡❛r✐③❛❞♦

P❛r❛ ✉♠ s✐st❡♠❛ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✱ ♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❝❧❛r❛♠❡♥t❡ ❝♦♥s✐st❡

❡♠ ✉♠ ú♥✐❝♦ ✈❛❧♦r ❞❡ ❡①♣♦❡♥t❡✳ P❛r❛ s✐st❡♠❛s ❞✐s❝r❡t♦s❀ ♦ ❡①♣♦❡♥t❡ é ♣♦s✐t✐✈♦ ♣❛r❛

r❡❣✐♠❡ ❝❛ót✐❝♦✱ ③❡r♦ ♣❛r❛ ór❜✐t❛s ♠❛r❣✐♥❛✐s ❡stá✈❡✐s ❡ ♥❡❣❛t✐✈♦ ♣❛r❛ ór❜✐t❛s ♣❡r✐ó❞✐✲

❝❛s✳ P❛r❛ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝♦♥tí♥✉♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✱ ♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈

s❡♠♣r❡ s❡rá ♥❡❣❛t✐✈♦✳ P❛r❛ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♥tí♥✉♦s ♣❡❧♦ ♠❡♥♦s tr✐❞✐♠❡♥s✐♦✲

♥❛✐s✱ ♦s ♣♦ssí✈❡✐s ❡s♣❡❝tr♦s s❡❣✉❡♠ ❛ ❢♦r♠❛ ❬✻✶❪✿

❼ (+, 0,−) ♣❛r❛ ✉♠ ❛tr❛t♦r ❡str❛♥❤♦

❼ (0, 0,−) ♣❛r❛ ✉♠ t♦r♦

❼ (0,−,−) ♣❛r❛ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡

❼ (−,−,−) ♣❛r❛ ✉♠ ♣♦♥t♦ ✜①♦

✺✻



✸✳✷ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

❯♠❛ sér✐❡ t❡♠♣♦r❛❧ r❡♣r❡s❡♥t❛ ❛ ❡✈♦❧✉çã♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ❡st❛❞♦ ✭❞❡♣❡♥❞❡♥t❡✮

❡♠ ❢✉♥çã♦ ❞❛ ✈❛r✐á✈❡❧ ✐♥❞❡♣❡♥❞❡♥t❡ ✭t❡♠♣♦✮ ✭sn = s(xn)✮✳ ❆ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡

sér✐❡s t❡♠♣♦r❛✐s ❝♦♥st✐t✉✐ ♣❛rt❡ ✐♠♣♦rt❛♥t❡ ❞❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡ ❡st✉❞♦ ❞❡ ❝♦♠♣♦r✲

t❛♠❡♥t♦s ❞✐♥â♠✐❝♦s✳ ❉❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡ à ✈✐s✉❛❧✐③❛çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♥❛t✉r❛❧

❞❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✱ ❡ss❛s té❝♥✐❝❛s s✉❣❡r❡♠ ✉♠ ❡st✉❞♦ ❜❛s❡❛❞♦ ❡♠ ✉♠ ❡s♣❛ç♦

❞❡ ❡st❛❞♦s ✐♠❡rs♦ q✉❡ é r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❛s ♦❜s❡r✈❛çõ❡s ❞❡ ✉♠❛ ú♥✐❝❛ sér✐❡

t❡♠♣♦r❛❧✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡①♣❡r✐♠❡♥t❛❧ ♦✉ ♥❛ ♣rát✐❝❛ ✐♥❞✉str✐❛❧✱ ❡st❡ t✐♣♦ ❞❡ ❛♥á✲

❧✐s❡ ❛♣r❡s❡♥t❛ ❣r❛♥❞❡s ✈❛♥t❛❣❡♥s✱ ❥á q✉❡ ✐♠♣❧✐❝❛r✐❛ ❛ ♠❡❞✐çã♦ ❞❡ só ✉♠❛ ✈❛r✐á✈❡❧ ❞❡

❡st❛❞♦ ❡ ♥ã♦ ❞❡♠❛♥❞❛r✐❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞♦ ♣r♦❝❡ss♦

♦✉ ❢❡♥ô♠❡♥♦ ❬✶✶✾❪✳

❆ té❝♥✐❝❛ ♠❛✐s ✐♠♣♦rt❛♥t❡ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦s ❞❡ ❡st❛❞♦s é ♦ ♠ét♦❞♦

❞♦s ❛tr❛s♦s✳ ❇❛s✐❝❛♠❡♥t❡✱ sã♦ ❝♦♥str✉í❞♦s ✈❡t♦r❡s ❞❡ ♠❡❞✐❞❛s ❡♠ ✉♠ ❡s♣❛ç♦ ✐♠❡rs♦✱

q✉❡ sã♦ ❣❡r❛❞♦s ❛ ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❞❛s ♠❡❞✐❞❛s ❡s❝❛❧❛r❡s {sn}

{sn} =
(
sn−(m−1)τ , sn−(m−2)τ , ..., sn

)
✭✸✳✹✼✮

❡♠ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s m é ❞❡♥♦♠✐♥❛❞♦ ❝♦♠♦ ❛ ❞✐♠❡♥sã♦ ❞❡ ✐♥❝♦r♣♦r❛çã♦

♦✉ ❞✐♠❡♥sã♦ ✐♠❡rs❛ ❡ τ é ♦ t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❆ té❝♥✐❝❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦s

❞❡ ❢❛s❡s s❡ ❢✉♥❞❛♠❡♥t❛ ♥♦ t❡♦r❡♠❛ ♣r♦♣♦st♦ ♣♦r ❬✷✻✹❪ ❡ ❬✷✸✼❪✳ ❖ t❡♦r❡♠❛ r❡s✉♠✐❞❛✲

♠❡♥t❡ ❛✜r♠❛ q✉❡✱ s❡ ❛ s❡q✉ê♥❝✐❛ ♦✉ sér✐❡ {sn}✱ ❝♦♥s✐st❡ ❞❡ ♠❡❞✐❞❛s ❡s❝❛❧❛r❡s ❞❡ ✉♠

s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❞❡t❡r♠✐♥íst✐❝♦✱ ❡♥tã♦ ♦ ❛tr❛s♦ ❞❡ t❡♠♣♦ ❡①✐❜❡ ✉♠❛ ✐♠❛❣❡♠ ✶✲✶ ❞♦

❝♦♥❥✉♥t♦ ♦r✐❣✐♥❛❧ {x}✱ s❡♠♣r❡ ❡ q✉❛♥❞♦ s❡❥❛ ❣❛r❛♥t✐❞♦ ✉♠❛ ❞✐♠❡♥sã♦ m s✉✜❝✐❡♥t❡✳

❊s♣❡❝✐✜❝❛♠❡♥t❡ ♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s ♣r♦♣♦r❝✐♦♥❛ ❛s ❝♦♥❞✐çõ❡s ❝♦♠ q✉❡ ✉♠

s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝❛ót✐❝♦ ♣♦❞❡ s❡r r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ✉♠❛ s❡q✉ê♥❝✐❛ ♦✉ sér✐❡ ❞❡

♦❜s❡r✈❛çõ❡s ❞♦ ❡st❛❞♦ ❞♦ s✐st❡♠❛✳ ❆ r❡❝♦♥str✉çã♦ ♣r❡s❡r✈❛ ❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦✲

❧ó❣✐❝❛s ❞♦ s✐st❡♠❛✱ q✉❡ sã♦ ✐♥✈❛r✐❛♥t❡s s♦❜ ♠✉❞❛♥ç❛s ♥❛s ❝♦♦r❞❡♥❛❞❛s✱ ♠❛s ♥ã♦

❝♦♥s❡r✈❛ ❛ ❢♦r♠❛ ❣❡♦♠étr✐❝❛ ❞❛s ❡str✉t✉r❛s ❡ ✈❛r✐❡❞❛❞❡s ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❝♦♠♦ ✉♠❛ ✈❛r✐❡❞❛❞❡ v✲❞✐♠❡♥s✐♦♥❛❧ M✱ ❛

❞✐♥â♠✐❝❛ ❡stá ❞❛❞❛ ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛çã♦ s✉❛✈❡ f : M → M ✳ ❙✉♣♦♥❞♦ q✉❡ ❛

❞✐♥â♠✐❝❛ f ♣♦ss✉✐ ✉♠ ❛tr❛t♦r B ❝♦♠ ❞✐♠❡♥sã♦ ❜♦①✲❝♦✉♥t✐♥❣ dB ❡ ✉s❛♥❞♦ ❛s ✐❞❡✐❛s ❞♦

❚❡♦r❡♠❛ ❞❡ ■♠❡rsã♦ ❞❡ ❲❤✐t♥❡②✱ B ♣♦❞❡ s❡r ❝♦♥str✉í❞♦ ❞❡♥tr♦ ❞♦ ❡s♣❛ç♦ ❊✉❝❧✐❞✐❛♥♦

k✲❞✐♠❡♥s✐♦♥❛❧ ❝♦♠ ✿ k > dB❀ ♦✉ s❡❥❛✱ ❡①✐st❡ ✉♠ ❞✐❢❡♦♠♦r✜s♠♦ φ ❞❡ ♠❛♣❛s B ❞❡♥tr♦

❞❡ Rk✱ t❛❧ q✉❡ t♦❞♦ ♦ ❞❡r✐✈❛❞♦ ❞❡ φ ❝♦❜r❡ t♦❞♦ ♦ ❡s♣❛ç♦✳ ❖ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s

♦✉ ❚❡♦r❡♠❛ ❞❡ ❛tr❛s♦ ✉s❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ♦❜s❡r✈❛çã♦ ♣❛r❛ ❝♦♥str✉✐r ❛ ❢✉♥çã♦ ❞❡

✐♠❡rsã♦✳ ❯♠❛ ❢✉♥çã♦ ❞❡ ♦❜s❡r✈❛çã♦ α t❡♠ q✉❡ s❡r ❞✉❛s ✈❡③❡s ❞✐❢❡r❡♥❝✐á✈❡❧ ❡ ❛ss♦❝✐❛r

✺✼



✉♠ ♥ú♠❡r♦ r❡❛❧ ❛ q✉❛❧q✉❡r ♣♦♥t♦ ❞♦ ❛tr❛t♦r B✳ ❚❛♠❜é♠✱ ♦ ❞❡r✐✈❛❞♦ ❞❛ ❢✉♥çã♦ ❞❡✈❡

s❡r ❝♦♠♣❧❡t♦✱ ❡ ♥ã♦ ❛♣r❡s❡♥t❛r s✐♠❡tr✐❛s ❡s♣❡❝✐❛✐s ❞❡♥tr♦ ❞♦s s❡✉s ❝♦♠♣♦♥❡♥t❡s✳ ❖

❚❡♦r❡♠❛ ❞❡ ❛tr❛s♦ ❡①♣r❡ss❛ q✉❡ ❛ ❢✉♥çã♦ θT (x) = (α(x), α(f(x)), ..., α(fk−1(x))) é

✉♠❛ ✐♠❡rsã♦ ♦✉ ✐♥❝♦r♣♦r❛çã♦ ❞❡ ✉♠ ❛tr❛t♦r ❡str❛♥❤♦✳❬✶✹✾❪

✸✳✷✳✶ P❛râ♠❡tr♦s ❞❡ ✐♠❡rsã♦

❊①✐st❡ ✉♠❛ ❛♠♣❧❛ ❜✐❜❧✐♦❣r❛✜❛ r❡❧❛❝✐♦♥❛❞❛ à ❡s❝♦❧❤❛ ❛❞❡q✉❛❞❛ ❞♦s ♣❛râ♠❡tr♦s ❞❡

✐♠❡rsã♦ m ❡ τ ♣❛r❛ ♦❜t❡r ✉♠❛ r❡❝♦♥str✉çã♦ s❛t✐s❢❛tór✐❛ ❞♦ ❡s♣❛ç♦✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱

♥❡st❡ tr❛❜❛❧❤♦ sã♦ ✉s❛❞♦s ♦s ❝r✐tér✐♦s ❞❡ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡ ✐♥❢♦r♠❛çã♦

♠út✉❛ ♣❛r❛ ❛ ❡s❝♦❧❤❛ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ ✱ ❡ ♦ ❝r✐tér✐♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ♣❛r❛ ❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐♠❡♥sã♦ d ❞♦ ❡s♣❛ç♦ ✐♠❡rs♦✳

✸✳✷✳✶✳✶ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦

❆ ❛✉t♦❝♦rr❡❧❛çã♦ é ✉♠❛ ♠❡❞✐❞❛ ❞❡ ❝♦rr❡❧❛çã♦ ❧✐♥❡❛r q✉❡ ❣✉❛r❞❛ ✉♠❛ r❡s♣♦st❛ ♦✉

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

çõ❡s ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❡ t❡♠♣♦ q✉❡ tr❛♥s❝♦rr❡ ❡♥tr❡ ❝❛❞❛ ♦❜s❡r✈❛çã♦✳ ◆♦r♠❛❧♠❡♥t❡

é ✉s❛❞❛ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ♠❛t❡♠át✐❝❛ ♣❛r❛ ❛ ❜✉s❝❛ ❞❡ ♣❛❞rõ❡s ❞❡ r❡♣❡t✐çã♦ ❡

♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦✿

C(τ) =
1

N − τ

∑
i(xi − x̄)(xi+τ − x̄)

σ2(x)
✭✸✳✹✽✮

❡♠ q✉❡ τ é ♦ t❡♠♣♦ ❞❡ ❛tr❛s♦✱ N é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❞❛❞♦s ♥❛ sér✐❡ t❡♠♣♦r❛❧✱ x̄ é

❛ ♠❡❞✐❛ ❞♦s ❞❛❞♦s✱ ❡ σ é ♦ ❞❡s✈✐♦ ♣❛❞rã♦✳ ❆ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡♥❝♦♥tr❛✲s❡

❧✐♠✐t❛❞❛ ❡♥tr❡ ♦s ✈❛❧♦r❡s −1 ❡ 1✱ s❡♥❞♦ ❡❧❡s ✐♥❞✐❝❛t✐✈♦s ❞❡ ❝♦rr❡❧❛çã♦ ♣❡r❢❡✐t❛ ✭s❡❥❛

♣♦s✐t✐✈❛ ♦✉ ♥❡❣❛t✐✈❛✮✳ 0 ✐♥❞✐❝❛ ❛ ❛✉sê♥❝✐❛ ❞❡ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛s ♠❡❞✐❞❛s✳ ❯♠

❜♦♠ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ é ❛q✉❡❧❡ ♥♦ q✉❛❧ s❡ ❛♣r❡s❡♥t❡ ❝♦rr❡❧❛çã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

♥✉❧❛✳ ●❡r❛❧♠❡♥t❡ ♦❜s❡r✈❛✲s❡ q✉❡ ♣❡q✉❡♥♦s t❡♠♣♦s ❞❡ ❛tr❛s♦ ❧❡✈❛♠ ❛ ❡❧❡♠❡♥t♦s

✈❡t♦r✐❛✐s ❢♦rt❡♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛❞♦s✱ ❡♥q✉❛♥t♦ q✉❡ ❛tr❛s♦s ❣r❛♥❞❡s ❧❡✈❛♠ ❛ ❞❛❞♦s

♥ã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ♦s q✉❛✐s ♣♦❞❡♠ ❡st❛r ❛❧❡❛t♦r✐❛♠❡♥t❡ ❞✐str✐❜✉í❞♦s ♥♦ ❡s♣❛ç♦

✐♠❡rs♦ ❬✶✹✾❪✳

✸✳✷✳✶✳✷ ■♥❢♦r♠❛çã♦ ♠út✉❛

❖ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❢♦✐ s✉❣❡r✐❞♦ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛

♣❛r❛ ❡st❛❜❡❧❡❝❡r ♦ ❛tr❛s♦ ❛❞❡q✉❛❞♦ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❛tr❛t♦r❡s ♥♦ ❡s♣❛ç♦ ❞❡

❡st❛❞♦s✳ ❋❘❆❙❊❘ ❡ ❙❲■◆◆❊❨✭✶✾✽✻✮ ❡st✉❞❛r❛♠ ♦ ♠ét♦❞♦ ❞❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛

✺✽



♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❝❛ót✐❝♦ ❞❡ ✈ár✐♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♥tí♥✉♦s ❡

❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ ❛❧❣♦r✐t♠♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❞❛ ❢✉♥çã♦ ❜❛s❡❛❞♦s

♥❛s ❡♥tr♦♣✐❛s ❞♦ s✐st❡♠❛✳ ❈♦♥❝❧✉ír❛♠ q✉❡ ♦ ♠ét♦❞♦ ❞❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ♣❡r♠✐t❡

♥ã♦ só q✉❛♥t✐✜❝❛r ❛ ❝♦❡rê♥❝✐❛ ❞♦ ❡s♣❛ç♦ ♠❛s t❛♠❜é♠ q✉❛♥t✐✜❝❛r ♦ ❝❛♦s✳ ❚❛♠❜é♠

✈❛❧✐❞❛r❛♠ ♦ ❝r✐tér✐♦ ❞❡ ❙❤❛✇✱ ❡♠ q✉❡ ♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦

♠út✉❛ ♣r♦♣♦r❝✐♦♥❛ ♦ ♠❡❧❤♦r ❝r✐tér✐♦ ♣❛r❛ ❛ ❡s❝♦❧❤❛ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ ✳

◆❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦✱ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❞❡ ❞✉❛s ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s é ❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ♠út✉❛ ❡♥tr❡ ❛s ❞✉❛s ✈❛r✐á✈❡✐s ✭❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ s❡

♠❡❞❡ ❡♠ ❜✐ts q✉❛♥❞♦ ❛ ❡s❝❛❧❛ ❞♦ ❧♦❣❛r✐t♠♦ é 2✮ ❡ s❡ ❡①♣r❡ss❛ ❢♦r♠❛❧♠❡♥t❡ ♣❛r❛ ❛s

✈❛r✐á✈❡✐s X ❡ Y ❝♦♠♦✿

I(X, Y ) =

∫

Y

∫

X

p(x, y)log
p(x, y)

p(x)p(y)
dxdy ✭✸✳✹✾✮

❡♠ q✉❡ p(x, y) é ❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❝♦♥❥✉♥t❛ ❞❡ X ❡ Y ✱ p(x) ❡

p(y) ❝♦rr❡s♣♦♥❞❡♠ às ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ X ❡ Y r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✳ ❖❜s❡r✈❡✲s❡ q✉❡ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ é ✐❣✉❛❧ ❛ ③❡r♦ só s❡ X ❡ Y sã♦ ✈❛r✐á✈❡✐s

✐♥❞❡♣❡♥❞❡♥t❡s✱ ❥á q✉❡ p(x, y) s❡r✐❛ ✐❣✉❛❧ ❛ p(x)p(y)✳ ❆ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ♥✉♥❝❛ é

♥❡❣❛t✐✈❛✱ ♠❛s é s✐♠étr✐❝❛ I(X, Y ) = I(Y,X)✳

❋❘❆❙❊❘✭✶✾✽✾✮ ♠♦str❛r❛♠ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ❛ ❡♥tr♦♣✐❛

✐♥❢♦r♠át✐❝❛✿

I(X, Y ) = H(X)−H(X⌋Y ) ✭✸✳✺✵✮

❡♠ q✉❡ H(X⌋Y ) é ❛ ❡♥tr♦♣✐❛ ❝♦♥❞✐❝✐♦♥❛❧ ❞❛s ✈❛r✐á✈❡✐s X ❡ Y ✳ ◆♦t❡✲s❡ q✉❡ ✐♥❢♦r✲

♠❛çã♦ ♠út✉❛ I(X, Y ) é ❛ r❡❞✉çã♦ ❞❛ ✐♥❝❡rt❡③❛ ❞❡ X ♣♦r ❝♦♥t❛ ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♦✉

✐♥❢♦r♠❛çã♦ ❞❡ Y ✳ ❆ ✐♥❢♦r♠❛çã♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❝♦♥s✐❣♦ ♠❡s♠❛ é ❛ ❡♥tr♦♣✐❛ ❞❛q✉❡❧❛

✈❛r✐á✈❡❧✳

✸✳✷✳✶✳✸ ❋❛❧s♦s ✈✐③✐♥❤♦s

❖ ♠ét♦❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦ ♠í♥✐♠❛ m ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❬✶✺✸❪✱

s✉♣♦♥❞♦ q✉❡ ❡①✐st❡ ✉♠❛ ❞✐♠❡♥sã♦ ♠í♥✐♠❛ ❞❡ ✐♠❡rsã♦ m0 ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛

sér✐❡ t❡♠♣♦r❛❧ {si}✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ ♦ ❛tr❛t♦r r❡❝♦♥str✉í❞♦ ♥♦ ❡s♣❛ç♦ ✐♠❡rs♦ m0✲

❞✐♠❡♥s✐♦♥❛❧ é ✐♠❛❣❡♠ ✉♠ ♣❛r❛ ✉♠ ❞♦ ❛tr❛t♦r ♥♦ ❡s♣❛ç♦ ♦r✐❣✐♥❛❧✳ ❆ss✐♠✱ ♦s ✈✐③✐♥❤♦s

❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ sã♦ ♠❛♣❡❛❞♦s ♥♦ ❡s♣❛ç♦ ✐♠❡rs♦✱ ❡ ❞❛❞♦ q✉❡ é ❛❞♠✐t✐❞♦

q✉❡ ❛ ❞✐♥â♠✐❝❛ é s✉❛✈❡✱ ❛s ✈✐③✐♥❤❛♥ç❛s ❞♦s ♣♦♥t♦s ❡♠ ✉♠ ❡s♣❛ç♦ sã♦ ♠❛♣❡❛❞❛s ♥❛s

✈✐③✐♥❤❛♥❝❛s ❞❡ ♥♦✈♦ ✭❛ ❢♦r♠❛ ❡ ♦ ❞✐â♠❡tr♦ ❞❛s ✈✐③✐♥❤❛♥ç❛s ♠✉❞❛♠ ❝♦♥❢♦r♠❡ ♦s ❡①✲

✺✾



♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✮✳ ❙✉♣♦♥❞♦ q✉❡ s❡ ❞❡s❡❥❛ ✐♥❝♦r♣♦r❛r ✉♠ ❡s♣❛ç♦ m✲❞✐♠❡♥s✐♦♥❛❧

❞❡♥tr♦ ❞❡ ✉♠ ❡s♣❛ç♦ m0✲❞✐♠❡♥s✐♦♥❛❧✱ t❛❧ q✉❡ m < m0✱ ❛ ♣r♦❥❡çã♦ ❥á ♥ã♦ ❝♦♥s❡r✈❛✲

r✐❛ ❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s✱ ❖s ♣♦♥t♦s sã♦ ♣r♦❥❡t❛❞♦s ❡♠ ✈✐③✐♥❤❛♥ç❛s ❞❡ ♦✉tr♦s

♣♦♥t♦s ❛♦s q✉❛✐s ❡❧❡s ♥ã♦ ♣❡rt❡♥❝❡r✐❛♠ ❡♠ ❞✐♠❡♥sõ❡s ♠❛✐s ❛❧t❛s✳ ❊ss❡s ♣♦♥t♦s sã♦

❝❤❛♠❛❞♦s ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s✳ ❙❡ ❛ ❞✐♥â♠✐❝❛ é ❛♣❧✐❝❛❞❛✱ ♦s ❢❛❧s♦s ✈✐③✐♥❤♦s ♥ã♦ sã♦

♠❛♣❡❛❞♦s ♥❛ ✐♠❛❣❡♠ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❬✶✹✾❪✳

❖ ✐❞❡✐❛ ❞♦ ❛❧❣♦r✐t♠♦ ❜❛s✐❝❛♠❡♥t❡ s❡ r❡s✉♠❡ ❛ s❡❣✉✐r✿ ♣❛r❛ ❝❛❞❛ ♣♦♥t♦ −→si ✱
♣r♦❝✉r❛✲s❡ ✉♠ ✈✐③✐♥❤♦ ♣ró①✐♠♦ −→sj ♥♦ ❡s♣❛ç♦ m✲❞✐♠❡♥s✐♦♥❛❧✳ P♦st❡r✐♦r♠❡♥t❡✱

❝❛❧❝✉❧❛✲s❡ ❛ ❞✐stâ♥❝✐❛ ∥−→si −−→sj ∥✱ ✐t❡r❛♥❞♦ ❛♠❜♦s ♦s ♣♦♥t♦s ❡ ❝❛❧❝✉❧❛♥❞♦✿

Ri =
|si+1 − sj+1|
∥−→si −−→sj ∥

✭✸✳✺✶✮

❙❡Ri ❡①❝❡❞❡ ✉♠❛ t♦❧❡râ♥❝✐❛ ❞❡✜♥✐❞❛Rtol✱ ❡ss❡ ♣♦♥t♦ é ♠❛r❝❛❞♦ ❝♦♠♦ ✉♠ ♣♦♥t♦

q✉❡ ♣♦ss✉✐ ❢❛❧s♦s ✈✐③✐♥❤♦s✳ ❖ ❝r✐tér✐♦ s✉❣❡r❡ q✉❡ ❡①✐st❡ ✉♠❛ ❞✐♠❡♥sã♦ s✉✜❝✐❡♥t❡ ❞♦

❡s♣❛ç♦ ✐♠❡rs♦ s❡ ❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é ③❡r♦ ♦✉ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥❛✱ t❛❧

q✉❡ Ri > Rtol✳

✸✳✷✳✶✳✹ ❈♦♠♣♦♥❡♥t❡s Pr✐♥❝✐♣❛✐s

◆♦r♠❛❧♠❡♥t❡✱ sér✐❡s t❡♠♣♦r❛✐s ❞❡ ❞❛❞♦s ❝♦♠ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ❝♦♥tê♠

❛❧t❛ r❡❞✉♥❞â♥❝✐❛ ♣♦r ❝❛✉s❛ ❞❛ ❛❧t❛ ❝♦rr❡❧❛çõ❡s ❧✐♥❡❛r❡s ❡♥tr❡ ❛s ♠❡❞✐❞❛s✳ ◆❡ss❡

❝♦♥t❡①t♦✱ ❛ ❛♥á❧✐s❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ✭P❈❆✮ ❝♦♥st✐t✉✐ ✉♠❛ ♦♣çã♦ ♣❛r❛

r❡❞✉③✐r ❞❛❞♦s ♠✉❧t✐✈❛r✐❛❞♦s ❡♠ ✉♥s ♣♦✉❝♦s ♠♦❞♦s ♦✉ ❝♦♥❥✉♥t♦s ♣r✐♥❝✐♣❛✐s✳

❖ P❈❆ é ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ♠❛t❡♠át✐❝♦ q✉❡ ✉s❛ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ♦rt♦❣♦♥❛❧

♣❛r❛ ❝♦♥✈❡rt❡r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦❜s❡r✈❛çõ❡s ❞❡ ✈❛r✐á✈❡✐s ♣♦ss✐✈❡❧♠❡♥t❡ ❝♦rr❡❧❛❝✐♦✲

♥❛❞❛s ❡♠ ✉♠ ♥♦✈♦ ❝♦♥❥✉♥t♦ ❞❡ ✈❛r✐á✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s ♥ã♦ ❝♦rr❡❧❛❝✐♦♥❛❞❛s ❧✐♥❡❛r✲

♠❡♥t❡✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ t♦❞♦s ♦s ❝♦♥❥✉♥t♦s ❞❡ ✈❡t♦r❡s ❞❡ ❛tr❛s♦ ❡①✐st❡♠ ♥♦ ❡s♣❛ç♦

✐♠❡rs♦ Rm✱ ❢♦r♠❛♥❞♦ ✉♠❛ ♥✉✈❡♠ ✐rr❡❣✉❧❛r ❬✶✹✾❪✳ ◆❡ss❡ ❡s♣❛ç♦ ❡①✐st❡♠ ❞✐r❡çõ❡s

❛♦ ❧♦♥❣♦ ❞❛s q✉❛✐s ❛ ♥✉✈❡♠ ♥ã♦ s❡ ❡①♣❛♥❞❡ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ❡ ♦ P❈❆ ❝♦♥❞✉③ ❛♦

❝á❧❝✉❧♦ ❞❡ ✉♠❛ sér✐❡ ❞❡ s✉❜✲❡s♣❛ç♦s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s ♦r❞❡♥❛❞♦s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛

r❡❧❡✈â♥❝✐❛ ❞♦s s❡✉s ❞❛❞♦s✳ ❆ ✐❞❡✐❛ é ✐♥tr♦❞✉③✐r ✉♠ ♥♦✈♦ ❝♦♥❥✉♥t♦ ❞❡ ✈❡t♦r❡s ❞❡ ❜❛s❡

♦rt♦♥♦r♠❛❧ ♥♦ ❡s♣❛ç♦ ✐♠❡rs♦✱ t❛❧ q✉❡ ❛s ♣r♦❥❡çõ❡s ❡♠ ✉♠ ♥ú♠❡r♦ ❞❛❞♦ ❞❡ ❞✐r❡çõ❡s

❝♦♥s❡r✈❡ ❛ ♠á①✐♠❛ ❢r❛çã♦ ❞❛ ✈❛r✐❡❞❛❞❡ ❞♦s ✈❡t♦r❡s ♦r✐❣✐♥❛✐s✳ ❆s ❞✐r❡çõ❡s ♣r✐♥❝✐♣❛✐s

❞❡s❡❥❛❞❛s ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ❝♦♠♦ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ s✐♠étr✐❝❛ ❞❡ ❝♦✲

✈❛r✐â♥❝✐❛ ❞♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❬✶✶✸❪✳ ❆ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛s (mxm)

♣♦❞❡ s❡r ♦❜t✐❞❛ ♥❛ ❢♦r♠❛ ❬✶✶✾❪✿

✻✵



Cij = ⟨(s)i, (s)j⟩ =
1

N −m+ 1

N−m+1∑

n=1

sn−m+isn−m+j ✭✸✳✺✷✮

❡♠ q✉❡ Cij é ✉♠❛ ♠❛tr✐③ s✐♠étr✐❝❛ r❡❛❧❀ ♦✉ s❡❥❛✱ ♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③

sã♦ r❡❛✐s ❡ ♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s sã♦ ♦rt♦❣♦♥❛✐s✳ ❖s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ci sã♦

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

♥✉✈❡♠ ❞❡ ♣♦♥t♦s✳ ❖ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ❡stá ❛❧✐♥❤❛❞♦ à ❞✐r❡çã♦ ❞♦s ❡✐①♦s ❬✶✹✾❪✳

✸✳✷✳✶✳✺ ▼❛♣❛s ♦✉ s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré

▼❛♣❡❛♠❡♥t♦s ❞❡ P♦✐♥❝❛ré t❛♠❜é♠ ♣♦❞❡♠ s❡r ❝♦♥str✉í❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛ s❡r✐❡

t❡♠♣♦r❛❧✳ ❆ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❣✉❛r❞❛ ❛s ✐♥t❡rs❡❝çõ❡s ❞❛s tr❛❥❡tór✐❛s ♥♦ ❡s♣❛ç♦

✐♠❡rs♦✳ ❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛ s✉♣❡r❢í❝✐❡ ót✐♠❛ ❞❡ P♦✐♥❝❛ré é ❞❡t❡r♠✐♥❛❞❛ ❞❡ ✉♠ ♠♦❞♦

❛♣r♦①✐♠❛❞♦ ❡ s✐♠♣❧❡s ❡♠ r❡❧❛çã♦ ❛♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✸✳✶✳✹✳ ❆ s✉♣❡r❢í❝✐❡ ♣♦❞❡

s❡r ❞❡✜♥✐❞❛ ♣❡❧❛ ❞❡r✐✈❛❞❛ t❡♠♣♦r❛❧ ❞❛ sér✐❡ t❡♠♣♦r❛❧ ✐❣✉❛❧❛❞❛ ❛ ③❡r♦✱ q✉❡ ✐♥❞✐❝❛r✐❛

❛ ❝♦❧❡t❛ ❞❡ t♦❞♦s ♦s ♣♦♥t♦s ❞❡ ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❞❛ sér✐❡ t❡♠♣♦r❛❧✱ ♣❡❧♦ q✉❡ s❡

♣♦❞❡r✐❛ ❝♦♥str✉✐r ✉♠ ♠❛♣❛ ❞❡ P♦✐♥❝❛ré r❡♣r❡s❡♥t❛t✐✈♦ ❝♦♠ ❡ss❡ ♣♦♥t♦s✳ ▲❡♠❜r❛♥❞♦

q✉❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♥tr❡ ✐♥t❡rs❡❝çõ❡s ❝♦♥st✐t✉❡♠ ✉♠❛ ♠❡❞✐❞❛ ♦❜s❡r✈á✈❡❧

❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ P❛r❛ sér✐❡s t❡♠♣♦r❛✐s ❝♦♠ ❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♠í♥✐♠♦s ❡

♠á①✐♠♦s✱ r❡❝♦rr❡✲s❡ ❛♦ ❡st✉❞♦ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❡♥tr❡ ♣✐❝♦s✱ ❞❡ ♠♦❞♦ q✉❡ s❡

❡ss❡s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ s❡❥❛♠ ❝♦♥str✉í❞♦s ❞❡ ✉♠❛ ❢♦r♠❛ q✉❡ ❣❡r❡♠ ♦s ✐♥t❡r✈❛❧♦s ❞❡

t❡♠♣♦ ❞❡ ✉♠❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❛❞❡q✉❛❞♦s ♣❛r❛ r❡✢❡t✐r ❛ ❡str✉t✉r❛ ❞❡t❡r♠✐♥íst✐❝❛

❞♦ ♣r♦❝❡ss♦ ✭s❡ ❡①✐st✐r✮✳

❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♥♦ ❡s♣❛ç♦ r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞♦s ✈❡t♦r❡s

(s(t), ˙s(t), ¨s(t), ..., ) ❛s ✐♥t❡rs❡çõ❡s ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ ṡt = 0 ❡stã♦ ♣r❡❝✐s❛♠❡♥t❡

❞❛❞❛s ❛ ♣❛rt✐r ❞♦s ♣♦♥t♦s ❞❡ ♠á①✐♠♦s ❡ ♠í♥✐♠♦s✳ ❊st❡s ♣♦♥t♦s ♣♦❞❡♠ s❡r

✐♥t❡r♣r❡t❛❞♦s ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❡ ♠❡❞✐çã♦ ❡s♣❡❝✐❛❧ q✉❡ s❡ ♣r♦❥❡t❛ s♦❜r❡ ♦ ♣r✐♠❡✐r♦

❝♦♠♣♦♥❡♥t❡ ❞❡ ✉♠ ✈❡t♦r ❛♣❧✐❝❛❞♦ ❛♦s ✈❡t♦r❡s ❞❡ ❡st❛❞♦ ❞❡♥tr♦ ❞❛ s✉♣❡r❢í❝✐❡✳ ❆

❛✜r♠❛çã♦ ❛♥t❡r✐♦r é ♣♦ssí✈❡❧ ♣❡❧♦ ❢❛t♦ ❞❡ q✉❡ ♦ t❡♠♣♦ ❞❡r✐✈❛❞♦ ❞❛ sér✐❡ t❡♠♣♦r❛❧

♣♦❞❡ s❡r t❛♠❜é♠ ✉♠❛ ❝♦♦r❞❡♥❛❞❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s r❡❝♦♥str✉í❞♦ ❬✶✹✾❪✳

✸✳✷✳✶✳✻ ▼❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛

❉❛❞♦ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❞❡t❡r♠✐♥íst✐❝♦ q✉❡ s❡ ❡♥❝♦♥tr❛ ❡♠ ✉♠ ❡s♣❛ç♦ ❝♦♠ ✉♠❛

❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦ s✉✜❝✐❡♥t❡✱ ❞❡✜♥❡✲s❡ ✉♠❛ r❡❝♦rrê♥❝✐❛ ❝♦♠♦ ♦ r❡t♦r♥♦ ❞❡ ✉♠❛

tr❛❥❡tór✐❛ ❞♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❛ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ❡♠ ✉♠ ♣♦♥t♦ ♥♦ q✉❛❧ ❛ tr❛❥❡✲

tór✐❛ ❥❛ t✐♥❤❛ ✈✐s✐t❛❞♦ ♣r❡✈✐❛♠❡♥t❡✳ ❚❛✐s r❡❝♦rrê♥❝✐❛s ❡①✐st❡♠ ♣❛r❛ t♦❞♦ t✐♣♦ ❞❡

❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s q✉❡ ♥ã♦ sã♦ tr❛♥s✐❡♥t❡s✳ ❯♠ ♣♦♥t♦ ✜①♦ é tr✐✈✐❛❧♠❡♥t❡
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r❡❝♦rr❡♥t❡ ❞✉r❛♥t❡ ❛ ❞✐♥â♠✐❝❛✳ ❯♠ ❝✐❝❧♦ ❧✐♠✐t❡ ❛♣r❡s❡♥t❛ ✉♠❛ ú♥✐❝❛ ór❜✐t❛ q✉❡ é

r❡❝♦rr❡♥t❡ ♣♦r ❝❛❞❛ r❡✈♦❧✉çã♦ q✉❡ r❡❛❧✐③❛❀ ♦✉ s❡❥❛✱ ❝❛❞❛ ♣♦♥t♦ ❞❛ ór❜✐t❛ r❡t♦r♥❛ ♣❛r❛

s✐ ♠❡s♠♦ ❞❡♣♦✐s ❞❡ ✉♠❛ r❡✈♦❧✉çã♦✳ ❯♠ s✐st❡♠❛ ❝❛ót✐❝♦ r❡t♦r♥❛ ❛r❜✐tr❛r✐❛♠❡♥t❡ ❛

✉♠❛ ♣❡q✉❡♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ ❛❧❣✉♥s ❞♦s ♣♦♥t♦s✳ ❊♠ ✉♠ s✐st❡♠❛ tr❛♥s✐❡♥t❡✱ ❛ tr❛❥❡✲

tór✐❛ ♥✉♥❝❛ r❡t♦r♥❛ ❛ ✉♠ ❡st❛❞♦ ♣ré✈✐♦✳ ❉❛í q✉❡ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞❡ ✉♠ s✐st❡♠❛

❞✐♥â♠✐❝♦ ❡stã♦ ❢♦r❛ ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ❬✶✹✾❪✳

❯♠ ♠ét♦❞♦ ♣❛r❛ ❛ ✈✐s✉❛❧✐③❛çã♦ ❞❛s r❡❝♦rrê♥❝✐❛s ❡ ✐❞❡♥t✐✜❝❛çã♦ q✉❛❧✐t❛t✐✈❛ ❞♦

❝♦♠♣♦rt❛♠❡♥t♦ sã♦ ♦s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛✱ q✉❡ ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❛

♠❛tr✐③ s✐♠étr✐❝❛✿

Mij = Θ(ϵ− |si − sj|) ✭✸✳✺✸✮

❡♠ q✉❡ Θ é ✉♠❛ ❢✉♥çã♦ ❞❡❣r❛✉ ♦✉ ❍❡❛✈✐s✐❞❡✱ ϵ é ❛ t♦❧❡râ♥❝✐❛ ❛ s❡r ❡s❝♦❧❤✐❞❛ ❡ sj

é ✉♠ ✈❡t♦r ❞❡ ❛tr❛s♦ ❞❡ ❛❧❣✉♠❛ ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✳ ❇❛s✐❝❛♠❡♥t❡✱ s❡ ❛ tr❛❥❡tór✐❛

♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s r❡❝♦♥str✉í❞♦ r❡t♦r♥❛ ❡♠ ✉♠ t❡♠♣♦ i ❛ ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ r❛✐♦

ϵ ✭❛ss♦❝✐❛❞❛ ❛ ✉♠ ♣♦♥t♦ q✉❛❧q✉❡r ❞❛ ór❜✐t❛✮ ❡♠ q✉❡ ❡st❡✈❡ ❡♠ ✉♠ t❡♠♣♦ j✱ ❛

♠❛tr✐③ Mij = 1❀ ❞❡ ♦✉tr❛ ❢♦r♠❛ ✭s❡ ❛ tr❛❥❡tór✐❛ ♥ã♦ é r❡❝♦rr❡♥t❡ ❛ ❡ss❛ ✈✐③✐♥❤❛♥ç❛✮

Mij = 0✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ é ♣♦ssí✈❡❧ r❡♣r❡s❡♥t❛r ✉♠ ♠❛♣❛ ❛tr✐❜✉✐♥❞♦✱ s❡❣✉♥❞♦ s❡✉

✈❛❧♦r✱ ♣♦♥t♦s ♣r❡t♦s ♦✉ ❜r❛♥❝♦s ❡♠ t♦❞♦ ♦ ♣❧❛♥♦ ❞❡ í♥❞✐❝❡s ✭✐ ✈s ❥✮✳ ❆ r♦t✐♥❛ ❞❡

❝á❧❝✉❧♦ ✈❛rr❡ ❛ sér✐❡ t❡♠♣♦r❛❧ ❝♦♠♣❧❡t❛ ❡ ♠❛r❝❛ ♣❛r❛ ❝❛❞❛ ♣❛r ❞❡ í♥❞✐❝❡s ✉♠ ♣♦♥t♦

♣r❡t♦ q✉❛♥❞♦ ♦ ♣❛r ❝♦rr❡s♣♦♥❞❡♥t❡ ❞♦ ✈❡t♦r ❞❡ ❛tr❛s♦ ❡stá ❛ ✉♠❛ ❞✐stâ♥❝✐❛ < ϵ✱

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

❞❡t❡r♠✐♥❛❞❛ ór❜✐t❛✳ ◆♦ ❝❛s♦ ❡r❣ó❞✐❝♦✱ ♦s ♣♦♥t♦s ❞❡✈❡♠ ❝♦❜r✐r ✉♥✐❢♦r♠❡♠❡♥t❡ ♦

♣❧❛♥♦✱ ❡♥q✉❛♥t♦ q✉❡ ❡♠ ✉♠❛ s✐t✉❛çã♦ ❞❡ ♥ã♦✲❡st❛❝✐♦♥❛r✐❡❞❛❞❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ s❡

❡①♣r❡ss❛ ♣♦r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♣♦♥t♦s ❛♦ ❧♦♥❣♦ ❞❛ ❞✐❛❣♦♥❛❧ ❬✽✶❪✳

❊♠ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❡s♣❡r❛✲s❡ q✉❡ ❞♦✐s ♣♦♥t♦s ♣ró①✐♠♦s ♥♦ ❡s♣❛ç♦ t❡✲

♥❤❛♠ ✐♠❛❣❡♥s t❛♠❜é♠ ♣ró①✐♠❛s ❡♥tr❡ ❡❧❛s ✭❡♠❜♦r❛ ❡st❛ ♣r♦①✐♠✐❞❛❞❡ ❞❡♣❡♥❞❛ ❞❛

✐♥st❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✮✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ é ❡s♣❡r❛❞♦ q✉❡ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ r❡❝♦r✲

rê♥❝✐❛ ♦s ♣♦♥t♦s ♣r❡t♦s ❛♣❛r❡ç❛♠ ❡♠ s❡❣♠❡♥t♦s ❝✉rt♦s ❞❡ ❧✐♥❤❛s q✉❡ sã♦ ♣❛r❛❧❡❧❛s

à ❞✐❛❣♦♥❛❧✳ ◆♦ ❝❛s♦ q✉❡ s❡❥❛♠ ❡♥❝♦♥tr❛❞♦s ♣♦♥t♦s ✐s♦❧❛❞♦s ♥♦ ❞✐❛❣r❛♠❛✱ ♦ ♠❛♣❛

♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ ✉♠❛ r❡❝♦rrê♥❝✐❛ ❛ss♦❝✐❛❞❛ ❛♦ r✉✐❞♦ ❞❡♥tr♦ ❞♦s ❞❛❞♦s

❛ ✉♠❛ ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦ ✐♥s✉✜❝✐❡♥t❡✳ P♦r ♦✉tr♦ ❧❛❞♦✱ s❡ ❡①✐st❡♠ ♣♦♥t♦s ✐s♦❧❛✲

❞♦s✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ♦ ❝❛rát❡r ❞❡t❡r♠✐♥íst✐❝♦ ❞♦ s✐st❡♠❛ ❡stá ❛✉s❡♥t❡ ♦✉ é ♠✉✐t♦

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

❛✉♠❡♥t♦ ❞❛ ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✱ ❛♦ t❡♠♣♦ q✉❡ ♦s ♣♦♥t♦s ✐s♦❧❛❞♦s ♥♦ ♠❛♣❛ t❡♥❞❡♠

❛ ❞❡s❛♣❛r❡❝❡r✳

❯♠❛ ❛❜♦r❞❛❣❡♠ q✉❛♥t✐t❛t✐✈❛ ❞❛s ♠❛tr✐③❡s ❞❡ r❡❝♦rrê♥❝✐❛s é ❞❡s❡♥✈♦❧✈✐❞❛ ♣❡❧❛

✻✷



❘◗❆ ✭❘❡❝✉rr❡♥❝❡ q✉❛♥t✐t❛t✐✈❡ ❛♥❛②s✐s✮✳ ❆ ❘◗❆ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❩❇■▲❯❚ ❡

❲❊❇❇❊❘✭ ✶✾✾✷✱ ❩❇■▲❯❚ ❡ ❲❊❇❇❊❘ ❏❘✭✶✾✾✷✮✮✳ ▼❡❞✐❞❛s q✉❡ s❡ ❜❛s❡✐❛♠ ❡♠

❡str✉t✉r❛s ❞✐❛❣♦♥❛✐s sã♦ ❝❛♣❛③❡s ❞❡ ❡♥❝♦♥tr❛r tr❛♥s✐çõ❡s ❡st❛❝✐♦♥❛r✐❡❞❛❞❡ ✲ ❝❛♦s

❬✷✼✵❪✱ ❡♥q✉❛♥t♦ ♠❡❞✐❞❛s ❜❛s❡❛❞❛s ❡♠ ❡str✉t✉r❛s ✈❡rt✐❝❛✐s ✭❤♦r✐③♦♥t❛✐s✮ sã♦ ❝❛♣❛③❡s

❞❡ ❡♥❝♦♥tr❛r tr❛♥s✐çõ❡s ❝❛♦s✲❝❛♦s ✭❢❛s❡ ❧❛♠✐♥❛r✱ ❬✶✽✹❪✮ ✳

❊ss❛s ♠❡❞✐❞❛s ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s ❡♠ ❥❛♥❡❧❛s ❛♦ ❧♦♥❣♦ ❞❛ ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧✳

■ss♦ ♥♦s ♣❡r♠✐t❡ ❡st✉❞❛r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ♥♦ t❡♠♣♦ ❡ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ ❛ ❞❡t❡❝çã♦

❞❡ tr❛♥s✐çõ❡s ❬✷✼✵❪✳ ❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ é ❞❡✜♥✐r ❡ss❛s ♠❡❞✐❞❛s ♣❛r❛ ❝❛❞❛ ❞✐❛❣♦♥❛❧

♣❛r❛❧❡❧❛ à ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧ s❡♣❛r❛❞❛♠❡♥t❡ ❬✶✽✸❪✳ ❊ss❛ ❛❜♦r❞❛❣❡♠ ♣❡r♠✐t❡ ♦ ❡st✉❞♦

❞❡ ❛tr❛s♦s t❡♠♣♦r❛✐s✱ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ✐♥stá✈❡✐s ❬✶✵✸❪ ❡ ❛♣❧✐❝❛çã♦ ❞❡ ♠❛♣❛s ❞❡

r❡❝♦rrê♥❝✐❛ ❝r✉③❛❞❛ ♥❛ ❛✈❛❧✐❛çã♦ ❞❡ s❡♠❡❧❤❛♥ç❛s ❡♥tr❡ ♣r♦❝❡ss♦s ❬✶✽✸❪✳ ◆❛ ❚❛❜❡❧❛

✸✳✶ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ♠❡❞✐❞❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛✳

❆ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ é ❛ r❛③ã♦ ❞❡ t♦❞♦s ♦s ❡st❛❞♦s r❡❝♦rr❡♥t❡s ✭♣♦♥t♦s ❞❡

r❡❝♦rrê♥❝✐❛✮ ♣❛r❛ t♦❞♦s ♦s ❡st❛❞♦s ♣♦ssí✈❡✐s ❡ é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ r❡❝♦rrê♥❝✐❛ ❞❡

✉♠ ❡st❛❞♦ ❡s♣❡❝✐❛❧✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❡st♦❝ást✐❝♦ ❝❛✉s❛ ❞✐❛❣♦♥❛✐s ♠✉✐t♦ ❝✉rt❛s✱

❡♥q✉❛♥t♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡t❡r♠✐♥íst✐❝♦ ❝❛✉s❛ ❞✐❛❣♦♥❛✐s ♠❛✐s ❧♦♥❣❛s✳ P♦rt❛♥t♦✱

❛ r❛③ã♦ ❞❡ ♣♦♥t♦s ❞❡ r❡❝♦rrê♥❝✐❛ q✉❡ ❢♦r♠❛♠ ❡str✉t✉r❛s ❞✐❛❣♦♥❛✐s ♣❛r❛ t♦❞♦s ♦s

♣♦♥t♦s ❞❡ r❡❝♦rrê♥❝✐❛ é ✉♠❛ ♠❡❞✐❞❛ ♣❛r❛ ♦ ❞❡t❡r♠✐♥✐s♠♦ ♥♦ s✐st❡♠❛✳ ❊str✉t✉r❛s

❞✐❛❣♦♥❛✐s ♠♦str❛♠ ♦ ✐♥t❡r✈❛❧♦ ❡♠ q✉❡ ✉♠❛ ♣❛rt❡ ❞❛ tr❛❥❡tór✐❛ é ❜❛st❛♥t❡ ♣ró①✐♠❛

❛ ♦✉tr❛ ♣❛rt❡ ❞❛ tr❛❥❡tór✐❛ ❡♠ ✉♠ t❡♠♣♦ ❞✐❢❡r❡♥t❡✳ ❖ ❝♦♠♣r✐♠❡♥t♦ ❞✐❛❣♦♥❛❧ é ♦

t❡♠♣♦ ❞✉r❛♥t❡ ♦ q✉❛❧ ❡❧❡s ❡st❛rã♦ ♣ró①✐♠♦s ✉♠ ❞♦ ♦✉tr♦ ❡ ♣♦❞❡♠ s❡r ✐♥t❡r♣r❡t❛❞♦s

❝♦♠♦ ♦ t❡♠♣♦ ♠é❞✐♦ ❞❡ ♣r❡✈✐sã♦✳ ❖ ✐♥✈❡rs♦ ❞❡st❛ ♠❡❞✐❞❛ ❡stá ❝♦rr❡❧❛❝✐♦♥❛❞♦ ❝♦♠

♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❬✽✶❪✳ ❆ ❡♥tr♦♣✐❛ r❡♣r❡s❡♥t❛ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❞♦

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

❡str✉t✉r❛ ❞❡t❡r♠✐♥íst✐❝❛ ♥♦ s✐st❡♠❛✳ ❖s s✐st❡♠❛s ❡st❛❝✐♦♥ár✐♦s ❢♦r♥❡❝❡rã♦ ♣❛r❝❡❧❛s ❞❡

r❡❝♦rrê♥❝✐❛ ❤♦♠♦❣ê♥❡❛s✱ ❡♥q✉❛♥t♦ ♦s s✐st❡♠❛s ♥ã♦ ❡st❛❝✐♦♥ár✐♦s ❝❛✉s❛♠ ♠✉❞❛♥ç❛s

♥❛ ❞✐str✐❜✉✐çã♦ ❞♦s ♣♦♥t♦s ❞❡ r❡❝♦rrê♥❝✐❛✳ P♦r ❡①❡♠♣❧♦✱ ✉♠ ❞❡s✈✐♦ s✐♠♣❧❡s ❝❛✉s❛ ✉♠

❛✉♠❡♥t♦ ♥❛ ár❡❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❞❛ ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧ ♣❛r❛ ❛s ❜♦r❞❛s✳ ❆ t❡♥❞ê♥❝✐❛

❞♦ ✈❛❧♦r ♠❡❞❡ ❡st❡ ❡❢❡✐t♦ ♣♦r ♠❡✐♦ ❞♦ ❝á❧❝✉❧♦ ❞✐❛❣♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ r❡❝♦rrê♥❝✐❛

❞✐❛❣♦♥❛❧ ❡ s✉❛ r❡❧❛çã♦ ❧✐♥❡❛r ❝♦♠ ❛ ❞✐stâ♥❝✐❛ t❡♠♣♦r❛❧ ❞❡ss❛s ❞✐❛❣♦♥❛✐s à ❞✐❛❣♦♥❛❧

♣r✐♥❝✐♣❛❧✳

❖ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❝r✉③❛❞❛ ❝♦♠♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❡

❞✉❛s sér✐❡s t❡♠♣♦r❛✐s✱ q✉❡ ❡stã♦ ♥♦ ♠❡s♠♦ ❡s♣❛ç♦ ✐♠❡rs♦✳ ❙❡❥❛ ✉♠❛ ♣r✐♠❡✐r❛ tr❛❥❡✲

tór✐❛ −→xi (i = 1, ..., Nx) ❡ ✉♠❛ s❡❣✉♥❞❛ tr❛❥❡tór✐❛ −→yj (i = 1, ..., Ny)✱

CRij = Θ(εi − ∥−→xi −−→yj ∥) , −→xi
−→yj ∈ Rm ✭✸✳✺✹✮

✻✸



▼❡❞✐❞❛ ❉❡✜♥✐çã♦ ❊q✉❛çã♦

❘❘ ✭❚❛①❛ ❞❡ r❡❝♦r✲
rê♥❝✐❛✮

P♦r❝❡♥t❛❣❡♠ ❞❡ ♣♦♥t♦s r❡✲
❝♦rr❡♥t❡s ❡♠ ✉♠ ♠❛♣❛ ❞❡
r❡❝♦rrê♥❝✐❛✳ ❈♦rr❡s♣♦♥❞❡ à
s♦♠❛ ❞❡ ❝♦rr❡❧❛çã♦

RR = 1
N2

∑N
i,j=1 Rij

❉❊❚ ✭❉❡t❡r♠✐✲
♥✐s♠♦✮

P♦r❝❡♥t❛❣❡♠ ❞❡ ♣♦♥t♦s r❡✲
❝♦rr❡♥t❡s q✉❡ ❢♦r♠❛♠ ❧✐♥❤❛s
❞✐❛❣♦♥❛✐s ✱ ♦♥❞❡ P ✭l✮ é ♦
❤✐st♦❣r❛♠❛ ❞♦s ❝♦♠♣r✐♠❡♥✲
t♦s l ❞❛s ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s

DET =
∑N

l=lmin
lP (l)

∑N
l=1 lP (l)

▲❆▼ ✭▲❛♠✐♥❛r✐✲
❞❛❞❡✮

P♦r❝❡♥t❛❣❡♠ ❞❡ ♣♦♥t♦s r❡✲
❝♦rr❡♥t❡s q✉❡ ❢♦r♠❛♠ ❧✐♥❤❛s
✈❡rt✐❝❛✐s✱ ♦♥❞❡ P ✭v✮ é ♦ ❤✐s✲
t♦❣r❛♠❛ ❞♦s ❝♦♠♣r✐♠❡♥t♦s
l ❞❛s ❧✐♥❤❛s ✈❡rt✐❝❛✐s

LAM =
∑N

v=vmin
vP (v)

∑N
v=1 vP (v)

❆❱❊ ✭▼é❞✐❛ ❞❡
❝♦♠♣r✐♠❡♥t♦ ❞✐❛✲
❣♦♥❛❧✮

▼❡❞✐❛ ❞♦s ❝♦♠♣r✐♠❡♥t♦s
❞❛s ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s

AV E =
∑N

l=1 lP (l)
∑N

l=1 P (l)

❚❚ ✭❚❡♠♣♦ ❞❡
❛♣r✐s✐♦♥❛♠❡♥t♦✮

▼é❞✐❛ ❞♦s ❝♦♠♣r✐♠❡♥t♦s
❞❛s ❧✐♥❤❛s ✈❡rt✐❝❛✐s

TT =
∑N

v=1 vP (v)
∑N

v=1 P (v)

❊◆❚❘ ✭❊♥tr♦♣✐❛✮ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ❞❛s ❞✐✲
❛❣♦♥❛✐s

ENTR = −∑N
l=lmin

p(l)logp(l)

❚❛❜❡❧❛ ✸✳✶✿ ▼❡❞✐❞❛s ♣❛r❛ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s

❖✉tr❛ ❛❜♦r❞❛❣❡♠ ♠✉❧t✐✈❛r✐❛❞❛ ♣❛r❛ ❣rá✜❝♦s ❞❡ r❡❝♦rrê♥❝✐❛ é ❝❤❛♠❛❞♦ ❞❡

♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦♥❥✉♥t❛✱ ❡ é s✐♠♣❧❡s♠❡♥t❡ ♦ ♣r♦❞✉t♦ ❞❡ ❞♦✐s ✭♦✉ ♠❛✐s✮

❣rá✜❝♦s ❞❡ r❡❝♦rrê♥❝✐❛ ❞❛ sér✐❡ ❞❡ ❞❛❞♦s✳

JRij = Θ(εx − ∥−→xi −−→xj∥)Θ (εy − ∥−→yi −−→yj ∥) , −→xi ∈ Rm,−→yi ∈ Rn, i, j = 1, .., N

✭✸✳✺✺✮

✸✳✷✳✶✳✼ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧

❖ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❞♦s ❡①♣♦❡♥t❡s ♠á①✐♠♦s ♦✉ r❡♣r❡s❡♥t❛t✐✈♦s ❞❡ ▲②❛♣✉♥♦✈ ❢♦✐

♣r♦♣♦st♦ ♣♦r ❬✷✷✹❪ ❡ ❬✶✹✽❪✱ s❡♥❞♦ ♦❜t✐❞❛ ✉♠❛ ♠é❞✐❛ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❡①♣♦♥❡♥❝✐❛❧ ❞❛s

❞✐stâ♥❝✐❛s✳

❉❛❞♦ ✉♠ ♣♦♥t♦ sn0 ❞❛ sér✐❡ t❡♠♣♦r❛❧✱ sã♦ s❡❧❡❝✐♦♥❛❞♦s t♦❞♦s ♦s ♣♦♥t♦s ✈✐③✐✲

♥❤♦s ❝♦♠ ❞✐st❛♥❝✐❛ ♠❡♥♦r q✉❡ ϵ✳ P♦st❡r✐♦r♠❡♥t❡✱ é ❝❛❧❝✉❧❛❞❛ ❛ ♠é❞✐❛ ❞❛s ❞✐stâ♥❝✐❛s

❞❡ t♦❞♦s ♦s ✈✐③✐♥❤♦s à tr❛❥❡tór✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ♥♦ t❡♠♣♦✳ ❖

✻✹



❧♦❣❛r✐t♠♦ ❞❛ ♠é❞✐❛ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ t❡♠♣♦ ∆n ❝♦♥té♠ t♦❞❛s ❛s ✢✉t✉❛çõ❡s ❞❡t❡r♠✐✲

♥íst✐❝❛s ❛tr❛✈és ❞❛s ♣r♦❥❡çõ❡s ❡ ❛ ❞✐♥â♠✐❝❛✳ ❘❡♣❡t✐♥❞♦ ♦ ❛♥t❡r✐♦r ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛

❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ n0✱ ❛s ✢✉t✉❛çõ❡s ❞❛s ✈❡❧♦❝✐❞❛❞❡s ❡❢❡t✐✈❛s ❞❡ ❡①♣❛♥sã♦ ♣♦❞❡♠

s❡r ♠❡❞✐❞❛s✳ ❊♥tã♦ ♣♦❞❡✲s❡ ❝❛❧❝✉❧❛r✿

S(∆n) =
1

N

N∑

n0=1

ln(
1

∥ϑ(sn0)∥
∑

sn∈ϑ(sn0 )

|sn0+∆n − sn+∆n|) ✭✸✳✺✻✮

❡♠ q✉❡ S(∆n) é ♦ ❢❛t♦r ❞❡ ❡str❡✐t❛♠❡♥t♦✱ sn0 é ♦ ✈❡t♦r ❞❡ ✐♠❡rsã♦✱ ϑ(sn0) é ❛ ✈✐③✐✲

♥❤❛♥ç❛ ❞❡ sn0 ❞❡ ❞✐â♠❡tr♦ ϵ✳ ❆ss✐♠✱ S(∆n) é ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❛ ❞✐♠❡♥sã♦

♠í♥✐♠❛ ❞❡ ✐♠❡rsã♦ ❡ ♦ r❛✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ϵ✳ ❋✐♥❛❧♠❡♥t❡✱ ♦ ❡①♣♦❡♥t❡ r❡♣r❡s❡♥t❛t✐✈♦

❞❡ ▲②❛♣✉♥♦✈ é ♦❜t✐❞♦ ❝♦♠♦ ❛ ✐♥❝❧✐♥❛çã♦ ❞❛ r❡t❛ ❞♦ ❣rá✜❝♦ ❞♦ ❢❛t♦r ❞❡ ❡str❡✐t❛♠❡♥t♦

❝♦♥tr❛ t❡♠♣♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ✉s❛♥❞♦ ❛s sér✐❡s t❡♠✲

♣♦r❛✐s é ♥❛t✉r❛❧♠❡♥t❡ ♠❛✐s ❝♦♠♣❧❡①♦ q✉❡ ♦ ❝á❧❝✉❧♦ ❞♦ ❡①♣♦❡♥t❡ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡

▲②❛♣✉♥♦✈✳ ❯♠❛ ❡①♣❧✐❝❛çã♦ ❡ ❞❡t❛❧❤❡s ❞♦ ❛❧❣♦r✐t♠♦ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ♣♦r ❬✷✸✺❪

❡ ❬✽✶❪✳

✸✳✷✳✶✳✽ ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦

❊①✐st❡ ✉♠❛ ❛♠♣❧❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠ét♦❞♦s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❛✉t♦✲s❡♠❡❧❤❛♥ç❛ ❞❡ s✐s✲

t❡♠❛s ❞✐♥â♠✐❝♦s✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ♠❛t❡♠át✐❝♦✱ ❛ ❞✐♠❡♥sã♦ ❞❡ ❍❛✉s❞♦r✛ é ♦

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

❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣r♦♣♦st❛ ♣♦r ❬✶✵✽❪ é ❛ ❢❡rr❛♠❡♥t❛ ♠❛✐s út✐❧ ♣❛r❛ ❛ ❝❛r❛❝t❡✲

r✐③❛çã♦ ❞❡ss❡s s✐st❡♠❛s✳

❇❛s✐❝❛♠❡♥t❡ ♦s q✉❛♥t✐✜❝❛❞♦r❡s ❞❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ s❡ ❜❛s❡✐❛♠ ♥❛ s❡✲

❣✉✐♥t❡ ✐❞❡✐❛✿ s❡❥❛ ✉♠❛ ❝♦❜❡rt✉r❛ ❞❡ ✉♠❛ ♣❛rt❡ ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ♣♦r ✉♠❛ ❡s❢❡r❛

❞❡ r❛✐♦ ϵ ❝♦♠ ♣❡s♦ p(ϵ) t❛❧ q✉❡ p(ϵ) = ϵD✱ ♦♥❞❡ D ❞❡♣❡♥❞❡ ❞❛ ❢♦r♠❛ ❡♠ ♣❛rt✐❝✉❧❛r

❝♦♠ q✉❡ é ❞❡✜♥✐❞♦ ♦ ♣❡s♦ ❞❛ ❢✉♥çã♦✳ ❉❡✜♥❡✲s❡ ❛ s♦♠❛ ❞❡ ❝♦rr❡❧❛çã♦ ❝♦♠♦ ♦ ❝♦♥❥✉♥t♦

❞❡ ❞❛❞♦s xn ❡♠ ❛❧❣✉♠ ❡s♣❛ç♦ ✈❡t♦r✐❛❧ ❞❡ ✉♠❛ ❢r❛çã♦ ❞❡ t♦❞♦s ♦s ♣❛r❡s ♣♦ssí✈❡✐s ❞❡

♣♦♥t♦s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠❡♥♦r ♦✉ ✐❣✉❛❧ q✉❡ ϵ ❬✶✹✾❪✳

C(ϵ) =
2

N(N − 1)

N∑

i=1

N∑

j+i+1

Θ(ϵ− ∥xi − xj∥) ✭✸✳✺✼✮

✻✺



❡♠ q✉❡ Θ é ✉♠❛ ❢✉♥çã♦ ❍❡❛✈✐s✐❞❡✿

Θ(x) =




0, x ≤ 0

1, x > 0
✭✸✳✺✽✮

❆ s♦♠❛ só ❝♦♥s✐❞❡r❛ ♦s ♣❛r❡s xi ❡ xj q✉❡ ❡stã♦ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠❡♥♦r ❞♦ q✉❡

ϵ ✳ ◆♦ ❧✐♠✐t❡✱ q✉❛♥❞♦ N → ∞ ❡ ♣❛r❛ ✈❛❧♦r❡s ♣❡q✉❡♥♦s ❞❡ ϵ✱ é ❡s♣❡r❛❞♦ q✉❡ C s❡

❝♦♠♣♦rt❡ ❝♦♠♦ ✉♠❛ ❧❡✐ ❞❡ ♣♦t❡♥❝✐❛s C(ϵ) ≈ ϵD✱ ♣❡❧♦ q✉❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦

❡stá ❞❡t❡r♠✐♥❛❞❛ ♣♦r✿

d(N, ϵ) =
∂lnC(ϵ, N)

∂lnϵ
✭✸✳✺✾✮

D = lim
ϵ→0

lim
N→∞

d(N, ϵ) ✭✸✳✻✵✮

❈♦♠♦ ♦❜s❡r✈❛çã♦ ❣❡r❛❧✱ é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ✉♠❛

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

❡①✐st❡ ♣❛r❛ ♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❡♠ ♣❛rt✐❝✉❧❛r✳

✸✳✷✳✶✳✾ ❊♥tr♦♣✐❛s

❈♦♥❢♦r♠❡ ♣r♦♣õ❡ ❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦✱ ❛ ❡♥tr♦♣✐❛ ❢♦r♥❡❝❡ ✉♠ ✈❛❧♦r s♦❜r❡ ❛ q✉❛♥t✐✲

❞❛❞❡ ❞❡ ✐♥❢♦r♠❛çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ❧♦❝❛❧✐③❛r ✉♠ s✐st❡♠❛ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡st❛❞♦✳

P♦r ❛♥❛❧♦❣✐❛ ❝♦♠ ♦ ❝♦♥❝❡✐t♦ t❡r♠♦❞✐♥â♠✐❝♦✱ ❛ ❡♥tr♦♣✐❛ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ❛

q✉❛♥t✐❞❛❞❡ ❞❡ ✐♥❢♦r♠❛çã♦ q✉❡ ♦ s✐st❡♠❛ ♣❡r❞❡ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ❬✶✶✾❪✳

❊①✐st❡♠ ✈ár✐♦s t✐♣♦s ❞❡ ❡♥tr♦♣✐❛ ❞❡ ✐♥❢♦r♠❛çã♦✱ ❞❡st❛❝❛♥❞♦✲s❡ ❛ ❡♥tr♦♣✐❛ ❣❡✲

♥❡r❛❧✐③❛❞❛ ♦✉ ❡♥tr♦♣✐❛ ❞❡ ❘❡♥②✐✱ q✉❡ ❝❛r❛❝t❡r✐③❛ ❛ ✐♥❢♦r♠❛çã♦ q✉❡ é ♥❡❝❡ssár✐❛ ♣❛r❛

❡s♣❡❝✐✜❝❛r x q✉❛♥❞♦ é ❝♦♥❤❡❝✐❞❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡
dµ

dx
✳ ❆ ❞❡✜♥✐çã♦ é

❞❛❞❛ q✉❛♥❞♦ ♦ ❡s♣❛ç♦ ❛♦ q✉❛❧ ♣❡rt❡♥❝❡ x é ❝♦❜❡rt♦ ❝♦♠ ❝❛✐①❛s ❞✐s❥✉♥t❛s ℘i ❞❡ ❝♦♠✲

♣r✐♠❡♥t♦ < ϵ ✳ ❚♦♠❛♥❞♦ pj =
∫
℘i
dµ(x) ❝♦♠♦ ❛ ❢r❛çã♦ ♠é❞✐❛ ❝♦♥t✐❞❛ ♥❛ j✲és✐♠❛

❝❛✐①❛✱ ❡♥tã♦ ❞❡✜♥❡✲s❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❘❡♥②✐ ❝♦♠♦✿

H̃q(℘ϵ) =
1

1− q
ln
∑

j

pqj ✭✸✳✻✶✮

❡♠ q✉❡ q r❡♣r❡s❡♥t❛ ❛ ♦r❞❡♠ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❘❡♥②✐ ♣❛r❛ ❛ ♣❛rt✐çã♦ ℘ϵ✳ ◆♦ ❝❛s♦ ❡♠

q✉❡ q = 1✱ é ♦❜t✐❞❛ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ❬✶✹✾❪✿
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H̃1(℘ϵ) = −
∑

j

pjlnpj ✭✸✳✻✷✮

❖✉tr❛ ❡♥tr♦♣✐❛ ✐♠♣♦rt❛♥t❡ ♥♦ ❡st✉❞♦s ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s é ❛ ❡♥tr♦♣✐❛

❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐✱ q✉❡ é ✉♠❛ ❡♥tr♦♣✐❛ ❞❡ ♦r❞❡♠ 1✱ ♠❛s q✉❡✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛

❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥✱ ❞❡✜♥❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ♣♦♥❞❡r❛❞❛ ❞♦s ❡❧❡♠❡♥t♦s ❞❡ ♣❛rt✐çã♦

q✉❡ ❝♦❜r❡♠ ♦ ❡s♣❛ç♦✳ ❖ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❡ ❞❡✜♥✐çã♦ ♠❛t❡♠át✐❝❛ ❞❡ss❛ ❡♥tr♦♣✐❛

sã♦ ❛♣r❡s❡♥t❛❞♦s ♣♦r ❬✶✹✾❪✳ ❉❡st❛❝❛✲s❡ ❛ r❡❧❛çã♦ ❞✐r❡t❛ ❡♥❝♦♥tr❛❞❛ ❡♥tr❡ ♦s ❡①♣♦❡♥t❡s

❞❡ ▲②❛♣✉♥♦✈ ❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐✱ q✉❡ ♣♦❞❡ s❡r ❞❡❞✉③✐❞❛ ❛ ♣❛rt✐r ❞❛

❚❡♦r✐❛ ❊r❣ó❞✐❝❛ ❡ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❛ ✐❞❡♥t✐❞❛❞❡ ❞❡ P❡s✐♥ ❬✶✹✾❪✿

hks =
∑

i:λi>0

λi ✭✸✳✻✸✮

s❡♥❞♦ ❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙✐♥❛✐ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ s♦♠❛tór✐❛ ❞❡ t♦❞♦s ♦s ❡①♣♦✲

❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ♣♦s✐t✐✈♦s✳

✸✳✷✳✷ ❉❡❝♦♠♣♦s✐çã♦ ❡♠ ♠♦❞♦ ❞✐♥â♠✐❝♦

❆ ❞❡❝♦♠♣♦s✐çã♦ ❡♠ ♠♦❞♦ ❞✐♥â♠✐❝♦ ✭❉▼❉✮❬✷✼✷❪ é ✉♠❛ té❝♥✐❝❛ ❞❡ r❡❞✉çã♦ ❞❡ ❞✐✲

♠❡♥s✐♦♥❛❧✐❞❛❞❡ q✉❡ ✐♥❝♦r♣♦r❛ ❛ s✉♣♦s✐çã♦ ❞❡ q✉❡ ❛s ♠❡❞✐çõ❡s sã♦ sér✐❡s t❡♠♣♦r❛✐s

❣❡r❛❞❛s ♣♦r ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❧✐♥❡❛r ♥♦ t❡♠♣♦✳ ❆ té❝♥✐❝❛ ❢♦✐ ♦r✐❣✐♥❛❧♠❡♥t❡ ✐♥tr♦✲

❞✉③✐❞❛ ♥❛ ❝♦♠✉♥✐❞❛❞❡ ❞❡ ❞✐♥â♠✐❝❛ ❞❡ ✢✉✐❞♦s ♣❛r❛ ❞❡❝♦♠♣♦r ❣r❛♥❞❡s ❝♦♥❥✉♥t♦s ❞❡

❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦✉ ♥✉♠ér✐❝♦s ❡♠ ❡str✉t✉r❛s ❝♦❡r❡♥t❡s ❡s♣❛ç♦✲t❡♠♣♦r❛✐s ❬✷✸✾❪✳

❖ ♠ét♦❞♦ ❉▼❉ ❛♣r♦①✐♠❛ ♦s ♠♦❞♦s ❞♦ ❝❤❛♠❛❞♦ ♦♣❡r❛❞♦r ❑♦♦♣♠❛♥ ❬✷✷✺❪✳ ❖

♦♣❡r❛❞♦r ❞❡ ❑♦♦♣♠❛♥ é ✉♠ ♦♣❡r❛❞♦r ❧✐♥❡❛r ❞❡ ❞✐♠❡♥sã♦ ✐♥✜♥✐t❛ q✉❡ r❡♣r❡s❡♥t❛ ❛

❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♥ã♦ ❧✐♥❡❛r ♥♦ ❡s♣❛ç♦ ❞❡ ❍✐❧❜❡rt ❞❡ ❢✉♥çõ❡s ❞❡ ♠❡❞✐❞❛

❞♦ ❡st❛❞♦ ❬✶✾✵❪✳ ❊ss❛ ❝♦♥❡①ã♦ ❡♥tr❡ ❉▼❉ ❡ ♦ ♦♣❡r❛❞♦r ❑♦♦♣♠❛♥ ❢♦✐ r❡❢♦rç❛❞❛ ❡

❥✉st✐✜❝❛❞❛ ❡♠ ✉♠❛ ❡str✉t✉r❛ ❞❡ r❡❣r❡ssã♦ ❞✐♥â♠✐❝❛ ❬✺✶❪✳

◆♦ ❉▼❉ ❝♦♥s✐❞❡rá✲s❡ ✉♠❛ ♠❛tr✐③ ❞❡ ❞❛❞♦s X ∈ Rmxn ❣❡r❛❞❛ ♣♦r ✉♠ s✐st❡♠❛

❞✐♥â♠✐❝♦ ❞❡s❝♦♥❤❡❝✐❞♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛s ❝♦❧✉♥❛s ❞❡ X✱ x(tk) sã♦ ❢♦t♦❣r❛♠❛s ♥♦

t❡♠♣♦ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ♠❛♣❛ x(tk+1) = F (x(tk))✳ ❆ ❢✉♥çã♦ F ♣♦❞❡ t❡r ♥❛t✉r❡③❛ ♥ã♦

❧✐♥❡❛r✱ ♣♦ré♠ ♦ ♦❜❥❡t✐✈♦ ❞♦ ❉▼❉ é ❞❡t❡r♠✐♥❛r ♦ ♠❡❧❤♦r ♦♣❡r❛❞♦r ❧✐♥❡❛r A : Rm →
Rn t❛❧ q✉❡ x(tk+1) ≈ A(x(tk))✳

❙❡❥❛♠ ❞✉❛s ♠❛tr✐③❡s ❞❡s❧♦❝❛❞❛s ♥♦ t❡♠♣♦✿
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X =




⑤ ⑤ ⑤ ⑤

x1 x2 · · · xm−1

⑤ ⑤ ⑤ ⑤


 ;X ′ =




⑤ ⑤ ⑤ ⑤

x2 x3 · · · xm

⑤ ⑤ ⑤ ⑤


 ✭✸✳✻✹✮

❊ss❛s ♠❛tr✐③❡s ♣♦❞❡♠ s❡r r❡❧❛❝✐♦♥❛❞❛s ♣♦r ✉♠ ♦♣❡r❛❞♦r ❧✐♥❡❛r ❞❡ ❛❥✉st❡ A

❞❛❞♦ ♣♦r✿

X ′ = AX =⇒ A ≈ X ′X† ✭✸✳✻✺✮

♦♥❞❡X† é ❛ ♣s❡✉❞♦✲✐♥✈❡rs❛ ♦❜t✐❞❛ ♣❡❧❛ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❙❱❉✳

❖ ❛❧❣♦r✐t♠♦ ❉▼❉ ♣♦❞❡ s❡r r❡s✉♠✐❞♦ ♥❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿

✶✳ ❉❡❝♦♠♣♦r X ✈✐❛ ♠ét♦❞♦ ❙❱❉✿

X = U
∑

V ✯ ✭✸✳✻✻✮

❆q✉✐✱✯ ❞❡♥♦t❛ tr❛♥s♣♦s✐çã♦ ❝♦♥❥✉❣❛❞❛ ❝♦♠♣❧❡①❛✳ ▼✉✐t❛s ✈❡③❡s✱ ❛♣❡♥❛s ❛s

♣r✐♠❡✐r❛s r ❝♦❧✉♥❛s ❞❡ U ❡ V sã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦✱

X ≈ Ũ
∑̃

Ṽ ♦♥❞❡ r❡♣r❡s❡♥t❛ ❛ ♦♣❡r❛çã♦ ❞❡ tr✉❝❛❞♦ ♥♦ r❛♥❦ r✳

✷✳ ❖❜t❡r ❛ ♠❛tr✐③ Ã r × r ♣r♦❥❡t❛♥❞♦ A ❡♠ Ũ ✳

Ã = Ũ∗
AŨ = Ũ∗X ′Ṽ

∑̃−1

✭✸✳✻✼✮

✸✳ ❈❛❧❝✉❧❛r ❛ ❞❡❝♦♠♣♦s✐çã♦ ❡♠ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ Ã✿

ÃW = WΛ ✭✸✳✻✽✮

♦♥❞❡ ♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ Λ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

❞❛ ♠❛tr✐③ ❝♦♠♣❧❡t❛ Ã

✹✳ ❘❡❝♦♥str✉✐r ♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ❞✐♠❡♥sã♦ ❝♦♠♣❧❡t❛ ❞❛ ♠❛tr✐③ A✱ ❞❛✲

❞❛s ❛s ❝♦❧✉♥❛s ❞❡ Φ✿

Φ = X ′Ṽ
∑̃−1

W ✭✸✳✻✾✮

❖ ❚❡♦r❡♠❛ ❞❡ ■♠❡rsã♦ ❞❡ ❚❛❦❡♥s ❬✷✻✹❪ ❢♦r♥❡❝❡ ✉♠❛ ❡str✉t✉r❛ r✐❣♦r♦s❛ ♣❛r❛

❛♥❛❧✐s❛r ♦ ❝♦♥t❡ú❞♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❛s ♠❡❞✐❞❛s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♥ã♦ ❧✐♥❡❛r✳

➱ ♣♦ssí✈❡❧ ❡♥r✐q✉❡❝❡r ✉♠❛ ♠❡❞✐❞❛✱ x(t)✱ ❝♦♠ ❝ó♣✐❛s ❞❡s❧♦❝❛❞❛s ♥♦ t❡♠♣♦ ❞❛ ♠❡s♠❛✱

x(t − τ)✱ q✉❡ sã♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❝♦♦r❞❡♥❛❞❛s ❞❡ ❛tr❛s♦✳ ❙♦❜ ❝❡rt❛s ❝♦♥❞✐çõ❡s✱ ♦
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❛tr❛t♦r ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❞❡ ❛tr❛s♦ é ❞✐❢❡♦♠♦r❢♦ ❛♦ ❛tr❛t♦r

♦r✐❣✐♥❛❧ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♦r✐❣✐♥❛❧✳ ❘❡❝♦♥str✉çõ❡s s❡♠❡❧❤❛♥t❡s ❞♦ ❡s♣❛ç♦ ♣♦❞❡♠

s❡r ❝♦♥str✉í❞❛s ✉s❛♥❞♦ ❞❡r✐✈❛❞❛s ❞❛ ♠❡❞✐çã♦✳

❆ s❡❣✉✐♥t❡ ♠❛tr✐③ ❞❡ ❍❛♥❦❡❧ H é ❢♦r♠❛❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡

✉♠❛ ♠❡❞✐❞❛ x(t)✿

H =




x(t1) x(t2) · · · x(tp)

x(t2) x(t3) · · · x(tp+1)
✳✳✳

✳✳✳ ✳ ✳ ✳ ✳✳✳

x(tq) x(tq+1) · · · x(tm)




✭✸✳✼✵✮

❈❛❞❛ ❝♦❧✉♥❛ ♣♦❞❡ s❡r ♣❡♥s❛❞❛ ❝♦♠♦ ✉♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❛✉♠❡♥t❛❞♦ q✉❡

✐♥❝❧✉✐ ✉♠❛ tr❛❥❡tór✐❛ ♠✲❞✐♠❡♥s✐♦♥❛❧ ❝✉rt❛ ♥♦ t❡♠♣♦✳ ◆♦ss❛ ♠❛tr✐③ ❞❡ ❞❛❞♦s H é

❡♥tã♦ ❡ss❛ tr❛❥❡tór✐❛ q✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❞✐❞❛ ❡♠ p ✐♥st❛♥tâ♥❡♦s ♥♦ t❡♠♣♦✳

❆ ♣❛rt✐r ❞❛ r❡❞✉çã♦ ❞❡ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡ ❛s ✐♠❡rsõ❡s ❞❡ ❛tr❛s♦ ❞❡ t❡♠♣♦✱

♣♦❞❡ s❡r ❝♦♥str✉í❞❛ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ❜❛s❡❛❞❛ ♥❛ ♠❛tr✐③ ❞❡ ❍❛♥❦❡❧ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦

❑♦♦♣♠❛♥ ✭❍❆❱❖❑✮ ❬✶✷✶❪ ♥❛ q✉❛❧ sã♦ ❝♦♥str✉í❞♦s ♠♦❞❡❧♦s ❞❡ ❜❛✐①❛ ❞✐♠❡♥sã♦ ❞❡

s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❬✹✶❪✳ ❊s♣❡❝✐✜❝❛♠❡♥t❡✱ ♦ ❍❆❱❖❑ ❛♣r❡♥❞❡ ❛s ❝♦♦r❞❡♥❛❞❛s ❞❡

♠❡❞✐çã♦ ❡❢❡t✐✈❛s ❞♦ s✐st❡♠❛ ❡ ❡st✐♠❛ s✉❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ✐♥trí♥s❡❝❛✳ ◆♦t❛✈❡❧♠❡♥t❡✱

♦s ♠♦❞❡❧♦s ❍❆❱❖❑ sã♦ s✐♠♣❧❡s✱ ❝♦♥s✐st✐♥❞♦ ❡♠ ✉♠ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡ ✉♠ t❡r♠♦

❢♦rç❛❞♦ q✉❡ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ ♣r❡✈✐sã♦ ❞❡ ❝✉rt♦ ♣r❛③♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♥s✐st❡ ❡♠ ❝♦♥str✉✐r ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞✐♠❡♥s✐♦♥❛❧ ❞❛ ❞✐✲

♥â♠✐❝❛ ✉s❛♥❞♦ ✐♠❡rsõ❡s ❞❡ ❛tr❛s♦ ❞❡ t❡♠♣♦✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ♠❛tr✐③ ❞❡ ❍❛♥❦❡❧ H

❡ ❝❛❧❝✉❧❛ s❡✉ ❙❱❉✿

H = U
∑

V T ✭✸✳✼✶✮

❙❡ H ❢♦r ❞❡ ♣♦st♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❜❛✐①♦ ✭❝♦♠ ♣♦st♦ r✮✱ ❡♥tã♦ é ❛♣❡♥❛s ♦ ❙❱❉

r❡❞✉③✐❞♦

H̃ = Ũ
∑̃

Ṽ T ✭✸✳✼✷✮

♦♥❞❡ Ũ ❡ Ṽ sã♦ ♠❛tr✐③❡s ♦rt♦❣♦♥❛✐s ❡♥q✉❛♥t♦
∑̃

é ✉♠❛ ♠❛tr✐③ ❞✐❛❣♦♥❛❧✳ ❘❡❛r✲

r❛♥❥❛♥❞♦ ♦s t❡r♠♦s✱ Ṽ T =
∑̃−1

ŨT
H̃ ✱ s❡♥❞♦ Ṽ T = [v1, v2 · · · vn] ✉♠❛ r❡♣r❡s❡♥t❛çã♦

❞❡ ❜❛✐①❛ ❞✐♠❡♥sã♦ ❞❛ tr❛❥❡tór✐❛ ❞❡ ❛❧t❛ ❞✐♠❡♥sã♦✳ P❛r❛ s✐st❡♠❛s q✉❛s✐✲♣❡r✐ó❞✐❝♦s✱

❛ ❞❡❝♦♠♣♦s✐çã♦ ❙❱❉ ❞❛ ♠❛tr✐③ ❞❡ ❍❛♥❦❡❧ r❡s✉❧t❛ ❡♠ tr❛❥❡tór✐❛s ❞❡ ❝♦♠♣♦♥❡♥t❡s

♣r✐♥❝✐♣❛✐s ✭P❈❚✮ ❬✺✹❪✱ q✉❡ r❡❝♦♥str♦❡♠ tr❛❥❡tór✐❛s ❞✐♥â♠✐❝❛s ❡♠ t❡r♠♦s ❞❡ ór❜✐✲

✻✾



t❛s ♣❡r✐ó❞✐❝❛s✳ P❛r❛ ❞❡s❝♦❜r✐r ❛ ❞✐♥â♠✐❝❛ ❧✐♥❡❛r✱ ❛♣❧✐❝❛✲s❡ ❉▼❉✳ ❊♠ ♣❛rt✐❝✉❧❛r✱

❝♦♥str✉í♠♦s ❛s ♠❛tr✐③❡s ❞❡s❧♦❝❛❞❛s ♥♦ t❡♠♣♦✱

V1 = [v1, v2 · · · vn−1] and V2 = [v2, v3 · · · vn] ✭✸✳✼✸✮

❞❡♣♦✐s é ❝❛❧❝✉❧❛❞❛ ❛ ❛♣r♦①✐♠❛çã♦ ❧✐♥❡❛r ❞❡ Â t❛❧ q✉❡ V2 = ÂV1✱ ♦♥❞❡ Â = V2V
†
1 ✱

❧❡✈❛♥❞♦ ❛♦ ♠♦❞❡❧♦✿

v̇(t) = Âv(t) ✭✸✳✼✹✮

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

ç❛♠❡♥t♦ ♥ã♦ ❧✐♥❡❛r ♥❛ ú❧t✐♠❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ v ❬✶✷✶❪✳

✸✳✸ ❚é❝♥✐❝❛s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s

▼❡t♦❞♦❧♦❣✐❛s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❝♦♥st✐t✉❡♠ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❛❜♦r❞❛❣❡♠ ♣❛r❛

r❡❞✉③✐r ❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡♠ ♣r♦❜❧❡♠❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ ◆♦s

ú❧t✐♠♦s ❛♥♦s t❡♠ s❡ t♦r♥❛❞♦ ♠❛✐s r❡❧❡✈❛♥t❡s ❞❡✈✐❞♦ ❛♦ r❡❝❡♥t❡ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦

❞❡ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❞❛❞♦s ♥❡st❛ ár❡❛ ❞❡ ♣❡sq✉✐s❛ ❬✷✶✽❪✳ ❖s ❛❧❣♦r✐t♠♦s s❡

s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ♥♦r♠❛❧♠❡♥t❡ t❡♥t❛♠ ✐❞❡♥t✐✜❝❛r ♦ s✉❜❝♦♥❥✉♥t♦ ❞❡ ❢❡❛t✉r❡s ♦✉

✈❛r✐á✈❡✐s ♠❡❞✐❞❛s q✉❡ ❧❡✈❛♠ ❛♦ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❛♥❛❧ít✐❝♦ ♥♦s ♣r♦❝❡❞✐♠❡♥t♦s

❞❡ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✱ s❡♥❞♦ ❣❡r❛❧♠❡♥t❡ ❞✐✈✐❞✐❞♦ ❡♠ três ❝❛t❡❣♦r✐❛s✿

♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ✜❧tr♦✱ ♠ét♦❞♦s ✇r❛♣♣❡r ❡ ♠ét♦❞♦s ❡♠❜✉t✐❞♦s ❬✸✸✱ ✹✽❪✳

❖s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ✜❧tr♦s ♥ã♦ ❞❡♣❡♥❞❡♠ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦

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

♦♥❞❡ ❛s ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞❛s sã♦ ❝❧❛ss✐✜❝❛❞❛s ♣♦r r❡❧❡✈â♥❝✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ♣r♦✲

♣r✐❡❞❛❞❡s ✐♥trí♥s❡❝❛s ❞♦s ❞❛❞♦s✳ ❊ss❛ ❛❜♦r❞❛❣❡♠ ♣♦♥t✉❛ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❛❝♦r❞♦

❝♦♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝r✐tér✐♦ ❡st❛tíst✐❝♦✱ q✉❛s❡ s❡♠♣r❡ ❢❛③❡♥❞♦ ✉s♦ ❞❛s ❡st❛tíst✐❝❛s

χ2✱ T ✱ ❝♦rr❡❧❛çã♦ ❞❡ P❡❛rs♦♥✱ ❝♦rr❡❧❛çã♦ ❞❡ ❙♣❡❛r♠❛♥✱ ❝r✐tér✐♦s ❞❡ ❋✐s❤❡r ❡ ♠étr✐✲

❝❛s ❞❡r✐✈❛❞❛s ❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦✳ ❆❧❣✉♥s ❞❡ss❡s ❝r✐tér✐♦s ❢♦r❛♠ r❡✈✐s❛❞♦s ♣♦r

❬✶✵✶❪✳

❖s ♠ét♦❞♦s ✇r❛♣♣❡r ❡①♣❧♦r❛♠ ♦ ❡s♣❛ç♦ ❞❡ s✉❜❝♦♥❥✉♥t♦s ❞❡ ✈❛r✐á✈❡✐s ❡ ❛✈❛❧✐❛♠

♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ♠♦❞❡❧♦s ❝♦♥str✉í❞♦s ❝♦♠ ♦s s✉❜❝♦♥❥✉♥t♦s✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❡✲

♣❡♥❞❡♥❞♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦✳ ❊ss❡s ♠ét♦❞♦s ❣❡r❛❧♠❡♥t❡ ❢❛③❡♠ ✉s♦ ❞❡

✉♠❛ ❞❛s ❞✉❛s ❛❜♦r❞❛❣❡♥s ❛ s❡❣✉✐r✿ ✉♠ ♠ét♦❞♦ s❡q✉❡♥❝✐❛❧✱ q✉❛♥❞♦ ❛ s❡❧❡çã♦ ❝♦♠❡ç❛

❝♦♠ ✉♠ ❝♦♥❥✉♥t♦ ✈❛③✐♦ ✭❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦✮✱ ❡ ❛❞✐❝✐♦♥❛ ✈❛r✐á✈❡✐s ✭r❡♠♦✈❡ ✈❛r✐á✈❡✐s✮

❛té ❛t✐♥❣✐r ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ r❡❣r❡ssã♦ ❬✷✶✾❪❀ ❡ ♦ ♠ét♦❞♦ ❤❡✉ríst✐❝♦✱

✼✵



q✉❛♥❞♦ ♦s s✉❜❝♦♥❥✉♥t♦s ❞❡ ✈❛r✐á✈❡✐s sã♦ ❣❡r❛❞♦s ❝♦♠ ❛✉①í❧✐♦ ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ❡st♦✲

❝ást✐❝♦ ❬✶✶❪✳

▼ét♦❞♦s ❡♠❜✉t✐❞♦s ❝♦♠❜✐♥❛♠ ♦ ♠♦❞❡❧♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❝♦♠ ✉♠ ♣r♦❜❧❡♠❛

❞❡ ♦t✐♠✐③❛çã♦✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❛ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❞❡❧♦

s❡❥❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦s ♠ét♦❞♦s ✇r❛♣♣❡r✱ ♦s ♠ét♦❞♦s

❡♠❜✉t✐❞♦s ✐♥❝♦r♣♦r❛♠ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ s♦❜r❡ ✉♠❛ ❡str✉t✉r❛ ❡s♣❡❝í✜❝❛ ❞❛ ❢✉♥çã♦ ❞❡

r❡❣r❡ssã♦ ♥♦ ♠❡❝❛♥✐s♠♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ❉✉❛s ❢❛♠í❧✐❛s ❞✐st✐♥t❛s ❞❡ ♠ét♦❞♦s

❡♠❜✉t✐❞♦s ♣♦❞❡♠ s❡r ❞❡✜♥✐❞❛s✿ ♦s ♠ét♦❞♦s ❞❡ r❡❣✉❧❛r✐③❛çã♦ ❬✷✻✼✱ ✸✵✷❪ ❡ ♦s ♠ét♦❞♦s

❜❛s❡❛❞♦s ❡♠ ár✈♦r❡ ❬✷✻✶❪✳

❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ♦s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ✜❧tr♦ sã♦

♠❛✐s ❛tr❛❡♥t❡s ❞❡✈✐❞♦ à s✉❛ s✐♠♣❧✐❝✐❞❛❞❡ ✐♥❡r❡♥t❡✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❝❧❛ss✐✜❝❛çã♦ ❞❛s

✈❛r✐á✈❡✐s ♣♦❞❡r s❡r ❡st❛❜❡❧❡❝✐❞❛ ♣♦r ♠❡✐♦ ❞❡ ❝á❧❝✉❧♦s s✐♠♣❧❡s ❞❡ ♣♦♥t✉❛çã♦ ♣❛r❛

❝❛❞❛ ✈❛r✐á✈❡❧✳ ◆♦ ❡♥t❛♥t♦✱ ♦ s✉❜❝♦♥❥✉♥t♦ ❞❡ ✈❛r✐á✈❡✐s ❡♥❝♦♥tr❛❞♦ ♣♦r ❡ss❡s ♠ét♦❞♦s

♣♦❞❡ ♥ã♦ ❝♦rr❡s♣♦♥❞❡r ❛♦ s✉❜❝♦♥❥✉♥t♦ q✉❡✱ ❡♠ ❝♦♥❥✉♥t♦✱ ♠❛①✐♠✐③❛ ♦ ❞❡s❡♠♣❡♥❤♦

❞♦ ❝❧❛ss✐✜❝❛❞♦r✲r❡❣r❡ss♦r✱ ✉♠❛ ✈❡③ q✉❡ ❛ r❡❧❡✈â♥❝✐❛ ❞❛ ✈❛r✐á✈❡❧ ♥ã♦ é ❛❢❡t❛❞❛ ♣❡❧❛

❡str✉t✉r❛ ❞♦ ♠♦❞❡❧♦ ♥❡♠ ♣❡❧❛s ❞❡♠❛✐s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ ❬✶✻✵❪✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ♦s ♠ét♦❞♦s ✇r❛♣♣❡r sã♦ ♠❛✐s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ✐♥t❡♥s✐✈♦s✱

♠❛s ♣r❡✈❛❧❡❝❡♠ s♦❜r❡ ♦s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ✜❧tr♦ ❡♠ t❡r♠♦s ❞❡ ♣r❡❝✐sã♦ ❞❡ ♣r❡✈✐✲

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

❡t❛♣❛ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❬✸✸✱ ✶✵✶❪ ✳ ❯♠❛ ♣♦ssí✈❡❧ ❞❡s✈❛♥t❛❣❡♠ ❞❡ ✉s❛r ♠ét♦❞♦s

❜❛s❡❛❞♦s ❡♠ ✇r❛♣♣❡r é q✉❡ ♦s ❝❧❛ss✐✜❝❛❞♦r❡s✲r❡❣r❡ss♦r❡s sã♦ ♣r♦♣❡♥s♦s ❛ ❛♣r❡s❡♥t❛r

♦✈❡r✜tt✐♥❣ ❬✶✺✾❪✳

❋✐♥❛❧♠❡♥t❡✱ ♦s ♠ét♦❞♦s ❡♠❜✉t✐❞♦s t❡♥t❛♠ ❝♦♠♣❡♥s❛r ❛s ❞❡s✈❛♥t❛❣❡♥s ❞✐s❝✉t✐✲

❞❛s ❛♥t❡r✐♦r♠❡♥t❡✱ ✐♥❝♦r♣♦r❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❝♦♠♦ ♣❛rt❡

❞♦ ♣r♦❝❡ss♦ ❞❡ tr❡✐♥❛♠❡♥t♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❛♣❧✐❝❛çã♦ ❞❡ss❡s ♠ét♦❞♦s ♣♦❞❡ s❡r ♠✉✐t♦

❝♦♠♣❧❡①❛ ❡ ❧✐♠✐t❛❞❛ ❛ ❛❧❣✉♥s ♠♦❞❡❧♦s ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❡s♣❡❝í✜❝♦s ❬✹✽❪✳

P❛r❛ t♦❞❛s ❛s ❡str❛té❣✐❛s ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡✱ ✉♠ ❛s♣❡❝t♦ ✐♠♣♦rt❛♥t❡ ♥♦

♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s é ♦ ❝r✐tér✐♦ q✉❡ ❞❡✜♥❡ ❛ r❡❧❡✈â♥❝✐❛ ❞❡ ✉♠❛ ú♥✐❝❛

✈❛r✐á✈❡❧ ♦✉ s✉❜❝♦♥❥✉♥t♦ ❞❡ ✈❛r✐á✈❡✐s✳ ❱ár✐♦s ❝r✐tér✐♦s ❢♦r❛♠ ✐♥✈❡st✐❣❛❞♦s ❡ ♣♦❞❡♠

s❡r ❛❣r✉♣❛❞♦s ❡♠ ✉♠❛ ♦✉ ♠❛✐s ❞❛s s❡❣✉✐♥t❡s ❝❛t❡❣♦r✐❛s✿ ❞✐stâ♥❝✐❛✱ ✐♥❢♦r♠❛çã♦✱

❞❡♣❡♥❞ê♥❝✐❛✱ ❝♦♥s✐stê♥❝✐❛ ❡ ❡rr♦ ❞♦ ❝❧❛ss✐✜❝❛❞♦r ❬✻✷❪✳

✼✶



✸✳✹ ❚é❝♥✐❝❛s ♥ã♦ ♣❛r❛♠étr✐❝❛s

✸✳✹✳✶ ❊st✐♠❛t✐✈❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❦❡r♥❡❧

❑❡r♥❡❧ ❉❡♥s✐t② ❊st✐♠❛t✐♦♥ ✭❑❉❊✮ é ✉♠❛ ❞❛s ❛❜♦r❞❛❣❡♥s ♠❛✐s ❝♦♥❤❡❝✐❞❛s ♣❛r❛ ❡st✐✲

♠❛r ❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ s✉❜❥❛❝❡♥t❡ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s✳ ❖

❑❉❊ é ✉♠ ❡st✐♠❛❞♦r ❞❡ ❞❡♥s✐❞❛❞❡ ♥ã♦ ♣❛r❛♠étr✐❝♦ q✉❡ ♥ã♦ r❡q✉❡r q✉❛❧q✉❡r s✉♣♦✲

s✐çã♦ ❞❡ q✉❡ ❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ s✉❜❥❛❝❡♥t❡ s❡❥❛ ❞❡ ✉♠❛ ❢❛♠í❧✐❛ ♣❛r❛♠étr✐❝❛✳ ❖

❑❉❊ ✐rá ❛♣r❡♥❞❡r ❛ ❢♦r♠❛ ❞❛ ❞❡♥s✐❞❛❞❡ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❛✉t♦♠❛t✐❝❛♠❡♥t❡✳ ❊st❛

✢❡①✐❜✐❧✐❞❛❞❡ ✐♥❡r❡♥t❡ ❞❛ s✉❛ ♥❛t✉r❡③❛ ♥ã♦✲♣❛r❛♠étr✐❝❛ t♦r♥❛ ♦ ❑❉❊ ✉♠❛ ❛❜♦r❞❛✲

❣❡♠ ♠✉✐t♦ ♣♦♣✉❧❛r ♣❛r❛ ❞❛❞♦s ❡①tr❛í❞♦s ❝♦♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡

❝♦♠♣❧❡①❛✳

✸✳✹✳✶✳✶ ❊st✐♠❛t✐✈❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❡ ❤✐st♦❣r❛♠❛s

❯♠ ❤✐st♦❣r❛♠❛ é ✉♠❛ ❢♦r♠❛ s✐♠♣❧❡s ❞❡ ❡st✐♠❛çã♦ ♥ã♦ ♣❛r❛♠étr✐❝❛ ❞❡ ❞❡♥s✐❞❛❞❡✳ ❖

❡s♣❛ç♦ ❛♠♦str❛❧ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞♦ ❡♠ ❝❛t❡❣♦r✐❛s ❞✐s❥✉♥t❛s ♦✉ ❜✐♥s ✭♦♥❞❡ ♦ ♥ú♠❡r♦ ❞❡

❜✐♥s é ❡①♣r❡ss♦ ♣♦r ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦✮ ❡ ❛ ❞❡♥s✐❞❛❞❡ é ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❝♦♥t❛❣❡♠

❞♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s ❞♦s ❞❛❞♦s q✉❡ ❝❛❡♠ ❞❡♥tr♦ ❞❡ ❝❛❞❛ ❜✐♥✳ ❙❡❥❛ Bl ♦ l✲és✐♠♦ ❜✐♥

❡ h ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ❜✐♥s ✭t♦❞♦s ♦s ❜✐♥s tê♠ ✐❣✉❛❧ ❝♦♠♣r✐♠❡♥t♦✮ ❡ s❡❥❛ {Xi ∈ Bl}
♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s q✉❡ ❝❛❡♠ ♥♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❜✐♥ Bl ❞❡ ❝♦♠♣r✐♠❡♥t♦ h✳ ❖

❡st✐♠❛❞♦r ❞❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ é✿

f̂(x) =
{Xi ∈ Bl}

nh
=

k

nh
✭✸✳✼✺✮

❈♦♠♦ ❡①❡♠♣❧♦✱ ❝♦♥s✐❞❡r❡✲s❡ ✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ✭❡①tr❛í❞❛ ❞❡ ❞✉❛s ❞✐str✐❜✉✐✲

çõ❡s ♥♦r♠❛✐s✮ ❡ ✸✵ ❜✐♥s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞♦ ❤✐st♦❣r❛♠❛ ♥♦r♠❛❧✐③❛❞♦ r❡♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✸✳✶✷✳

❯♠ ❞♦s ♣r♦❜❧❡♠❛s ❝♦♠ ♦ ✉s♦ ❞❡ ✉♠ ❤✐st♦❣r❛♠❛ ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡ ❞❡♥s✐❞❛❞❡

é q✉❡ ❛ ❡s❝♦❧❤❛ ❞♦ t❛♠❛♥❤♦ ❡ ❧♦❝❛❧✐③❛çã♦ ❞❛s ❝❛✐①❛s ♣♦❞❡ ❧❡✈❛r ❛ r❡♣r❡s❡♥t❛çõ❡s q✉❡

♣♦ss✉❡♠ r❡❝✉rs♦s q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ❞✐❢❡r❡♥t❡s✳ P♦r ❡①❡♠♣❧♦✱ s❡ ♦❧❤❛r♠♦s ♣❛r❛ ✉♠❛

✈❡rsã♦ ❞❡ss❡s ❞❛❞♦s ❝♦♠ ❛♣❡♥❛s ✷✵ ♣♦♥t♦s✱ ❛ ❡s❝♦❧❤❛ ❞❡ ❝♦♠♦ ❞❡s❡♥❤❛r ❛s ❝❛✐①❛s

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

❡♠ q✉❡ ❞♦✐s ❤✐st♦❣r❛♠❛s sã♦ ❝♦♥str✉í❞♦s ❛ ♣❛rt✐r ❞❛ ♠❡s♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ♠❛s

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

➚ ❡sq✉❡r❞❛✱ ♦ ❤✐st♦❣r❛♠❛ ❞❡✐①❛ ❝❧❛r♦ q✉❡ ❡ss❛ é ✉♠❛ ❞✐str✐❜✉✐çã♦ ❜✐♠♦❞❛❧✳ ➚

❞✐r❡✐t❛✱ ✈❡♠♦s ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐♠♦❞❛❧ ❝♦♠ ❝❛✉❞❛ ❧♦♥❣❛✳ ❖ ♣r♦❜❧❡♠❛ ❝♦♠ ♦s
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❋✐❣✉r❛ ✸✳✶✷✿ ❍✐st♦❣r❛♠❛ ♥♦r♠❛❧✐③❛❞♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛

❋✐❣✉r❛ ✸✳✶✸✿ ❍✐st♦❣r❛♠❛ ♥♦r♠❛❧✐③❛❞♦ ❝♦♠ ❞✐❢❡r❡♥t❡s ♣♦s✐çõ❡s ❞❡ ❜✐♥s

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

r❡✢❡t❡ ♥ã♦ ❛ ❞❡♥s✐❞❛❞❡ r❡❛❧ ❞❡ ♣♦♥t♦s ♣ró①✐♠♦s✱ ♠❛s s✐♠ ❝♦✐♥❝✐❞ê♥❝✐❛s ❞❡ ❝♦♠♦ ❛s

❝❛✐①❛s s❡ ❛❧✐♥❤❛♠ ❝♦♠ ♦s ♣♦♥t♦s ❞❡ ❞❛❞♦s✳ ❊ss❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❡♥tr❡ ♦s ♣♦♥t♦s ❡

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

❋✐♥❛❧♠❡♥t❡ ❛ ❡st✐♠❛çã♦ ❞❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ✈✐❛ ❤✐st♦❣r❛♠❛s é

❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ ❞♦ ♣r✐♠❡✐r♦ ❜✐♥✱ ❛ ♥❛t✉r❡③❛ ❞♦s ❤✐st♦❣r❛♠❛s

❣❡r❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ♥❛ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ✭r❡❧❛❝✐♦♥❛❞❛ ❛♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s

❜✐♥s✮ ❡ ❡♠ ❞✐♠❡♥sõ❡s s✉♣❡r✐♦r❡s ✭♠❛✐s ❞❡ ✸ ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s✮ ❛ r❡♣r❡s❡♥t❛çã♦ ✈✐❛

❤✐st♦❣r❛♠❛s r❡q✉❡r❡r✐❛ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❜✐♥s✳

✸✳✹✳✶✳✷ ❉❡✜♥✐çã♦

❙❡❥❛ X1, ..., Xn ∈ Rd ✉♠❛ ❛♠♦str❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ ❞❛❞♦s ✐❞❡♥t✐❝❛♠❡♥t❡ ❞✐str✐✲

❜✉í❞♦s✱ ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡s❝♦♥❤❡❝✐❞❛ P ❝♦♠ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ p✳ ❑❉❊ é

❢♦r♠❛❧♠❡♥t❡ ❞❡✜♥✐❞♦ ❝♦♠♦✿
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p̂n(x) =
1

nh2

n∑

i=1

K

(
x−Xi

h

)
✭✸✳✼✻✮

❡♠ q✉❡ K : R→ R é ❢✉♥çã♦ ❦❡r♥❡❧ ❡ h > 0 é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❜❛♥❞❛ q✉❡ ❢✉♥❝✐♦♥❛

❝♦♠♦ ✉♠ ♣❛râ♠❡tr♦ ❞❡ ❝♦♥tr♦❧❡ ❞♦ s✉❛✈✐③❛çã♦ ❞♦ ❛❥✉st❡ ❬✶✵✼❪✳ ■♥t✉✐t✐✈❛♠❡♥t❡✱ ♦

❑❉❊ t❡♠ ♦ ❡❢❡✐t♦ ❞❡ s✉❛✈✐③❛r ❝❛❞❛ ♣♦♥t♦ ❞❡ ❞❛❞♦s ❡♠ ✉♠❛ s✉❜✲❝✉r✈❛ s✉❛✈❡✱ ❝✉❥❛

❢♦r♠❛ é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❢✉♥çã♦ ❞♦ ❦❡r♥❡❧ K(x)✳ ❊♥tã♦✱ ♦ ❑❉❊ s♦♠❛ t♦❞♦s ❡ss❡s

♣♦♥t♦s ♣❛r❛ ♦❜t❡r ✉♠ ❡st✐♠❛❞♦r ❞❡ ❞❡♥s✐❞❛❞❡✳ ❊♠ r❡❣✐õ❡s ❝♦♠ ♠✉✐t❛s ♦❜s❡r✈❛çõ❡s✱

❤❛✈❡rá ♠✉✐t❛s s✉❜✲❝✉r✈❛s s✉♣❡r♣♦st❛s ❡ ♦ ❑❉❊ t❡rá ✉♠ ✈❛❧♦r ❛❧t♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱

♣❛r❛ r❡❣✐õ❡s ❝♦♠ ♣♦✉❝❛s ♦❜s❡r✈❛çõ❡s✱ ♦ ✈❛❧♦r ❞❛ ❞❡♥s✐❞❛❞❡ r❡s✉❧t❛♥t❡ ❞❛ s♦♠❛ ❞❛s

s✉❜✲❝✉r✈❛s é ❜❛✐①♦✱ ♣♦rq✉❡ ❛♣❡♥❛s ❛❧❣✉♠❛s ❝✉r✈❛s ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞❡

❞❡♥s✐❞❛❞❡✳

◆❛ ✜❣✉r❛ ✸✳✶✹ ❛♣r❡s❡♥t❛✲s❡ ✉♠ ❡①❡♠♣❧♦ ❞❡ ❑❉❊ ♥♦ ❝❛s♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✳ ❍á

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

❝✉r✈❛s ✭✈❡r♠❡❧❤❛s✮ ♣❛r❛ s❡r❡♠ s♦♠❛❞❛s ❡ ✜♥❛❧♠❡♥t❡ s❡r ♦❜t✐❞❛ ❛ ❢♦r♠❛ ❞❛ ❢✉♥çã♦

❞❡ ❞❡♥s✐❞❛❞❡ ✭❛③✉❧✮✳

❋✐❣✉r❛ ✸✳✶✹✿ ■❧✉str❛çã♦ ❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❑❉❊ ❬✶✵✼❪✳

❉❡ss❛ ❢♦r♠❛✱ é ❡✈✐❞❡♥t❡ q✉❡ ♦ ❑❉❊ ♣♦❞❡ s❡r ❡♥t❡♥❞✐❞♦ ❝♦♠♦ ✉♠❛ s♦♠❛ ♣♦♥✲

❞❡r❛❞❛ ❞❡ ✬s✉❜✲❝✉r✈❛s✬ ❞❡ ❞❡♥s✐❞❛❞❡ ❝❡♥tr❛❞❛s ❡♠ ❝❛❞❛ ♣♦♥t♦ ❞❡ ❞❛❞♦s Xi✳ ❆ ❢♦r♠❛

❞❛s s✉❜✲❝✉r✈❛s é ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❡s❝♦❧❤❛ ❞❛ ❢✉♥çã♦ ❦❡r♥❡❧ ✭❚❛❜❡❧❛ ✸✳✷✮✳ ❖ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❛s s✉❜✲❝✉r✈❛s é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ h✳ ❖ ❜❛♥❞✇✐❞t❤ ❢✉♥❝✐♦♥❛

❝♦♠♦ ✉♠ ♣❛râ♠❡tr♦ ❞❡ s✉❛✈✐③❛çã♦✱ ❝♦♥tr♦❧❛♥❞♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ ❜✐❛s ❡ ❛ ✈❛r✐â♥❝✐❛

❞♦ r❡s✉❧t❛❞♦✳ ❯♠ ❜❛♥❞✇✐❞t❤ ❣r❛♥❞❡ ♣♦❞❡ ❧❡✈❛r ❛ ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s ♠✉✐t♦

s✉❛✈✐③❛❞❛s ✭✐✳❡ ❛❧t♦ ❜✐❛s✮✳ ❯♠ ❜❛♥❞✇✐❞t❤ ♣❡q✉❡♥♦ ❧❡✈❛ ❛ ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡

♥ã♦ s✉❛✈❡s ✭✐✳❡✳ ❛❧t❛ ✈❛r✐â♥❝✐❛✮ P❛rt✐❝✉❧❛r♠❡♥t❡✱ é ✉♠ ❢❛t♦ ❜❡♠ ❝♦♥❤❡❝✐❞♦ q✉❡ ♦

❦❡r♥❡❧ ❞❡ ❊♣❛♥❡❝❤♥✐❦♦✈ é ♦ ♠❛✐s ❡✜❝✐❡♥t❡ ❬✶✹✺❪✳ ❆ ❡✜❝✐ê♥❝✐❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ t❛✲

♠❛♥❤♦ ❞❛ ❛♠♦str❛ ♥❡❝❡ssár✐♦ ♣❛r❛ ♦❜t❡r ♦ ♠❡s♠♦ ❡rr♦ ❞❡ ❡st✐♠❛t✐✈❛✳ ❚❛♠❜é♠ é

❜❡♠ ❝♦♥❤❡❝✐❞♦ q✉❡ ❛s ❞✐❢❡r❡♥ç❛s ❞❡ ❡✜❝✐ê♥❝✐❛ ❡♥tr❡ ✈ár✐♦s t✐♣♦s ❞❡ ❦❡r♥❡❧ ♥ã♦ sã♦
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♠✉✐t♦ ❣r❛♥❞❡s✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ❦❡r♥❡❧ ♥♦r♠❛❧ ❣❡r❛ ❛s ❝✉r✈❛s ❞❡ ❞❡♥s✐❞❛❞❡ ♠❛✐s s✉❛✈❡s

❡ ❡st❛ é ❛ r❛③ã♦ ♣❡❧❛ q✉❛❧ ❡ss❡ t✐♣♦ ❞❡ ❦❡r♥❡❧ é ♠❛✐s ✉s❛❞♦ ♥❛ ♣rát✐❝❛✳

✸✳✹✳✶✳✸ ❙❡❧❡çã♦ ❞♦ ♣❛râ♠❡tr♦ h

❆ ♣r❡❝✐sã♦ ❞♦ ❑❉❊ ❞❡♣❡♥❞❡ ♠✉✐t♦ ❢♦rt❡♠❡♥t❡ ❞♦ ✈❛❧♦r ❞❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ h✳

◆♦ ❝❛s♦ ✉♥✐✈❛r✐❛❞♦✱ ❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ é ✉♠ ❡s❝❛❧❛r q✉❡ ❝♦♥tr♦❧❛ ❛ q✉❛♥t✐❞❛❞❡ ❞❡

s✉❛✈✐③❛çã♦✳ ◆♦ ❝❛s♦ ♠✉❧t✐✈❛r✐❛❞♦✱ ❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ é ✉♠❛ ♠❛tr✐③ ❡ ❝♦♥tr♦❧❛ ❛

q✉❛♥t✐❞❛❞❡ ❡ ❛ ♦r✐❡♥t❛çã♦ ❞❛ s✉❛✈✐③❛çã♦✳ ❯♠❛ r❡✈✐sã♦ ❛❜r❛♥❣❡♥t❡ ❡ ❝♦♠♣❛r❛çã♦

❞❡ s❡❧❡t♦r❡s ❞❡ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ t♦t❛❧♠❡♥t❡ ❛✉t♦♠át✐❝♦s ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠

❬✶✷✵❪ ✭❛♣❡♥❛s ♦ ❝❛s♦ ✉♥✐✈❛r✐❛❞♦ é ❞❡s❝r✐t♦✮✳ ❖s três ♣r✐♥❝✐♣❛✐s t✐♣♦s ❞❡ s❡❧❡t♦r❡s ❞❡

❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ sã♦ ♦s s❡❣✉✐♥t❡s✿

❼ ❍❡✉ríst✐❝❛s ♦✉ ♠ét♦❞♦s q✉❡ ✉s❛♠ ❢ór♠✉❧❛s s✐♠♣❧❡s ❢❛❝✐❧♠❡♥t❡ ❝❛❧❝✉❧á✈❡✐s✱ ❞❡✲

s❡♥✈♦❧✈✐❞❛s ♣❛r❛ ❝♦❜r✐r ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥t❡r✈❛❧♦ ❞❡ s✐t✉❛çõ❡s✱ ♠❛s ♥ã♦ ❣❛✲

r❛♥t❡ q✉❡ ❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ót✐♠❛ s❡❥❛ ♦❜t✐❞❛ ✭❬✷✺✶❪✱❬✷✹✹❪✮❀

❼ ▼ét♦❞♦s ❜❛s❡❛❞♦s ♥❛ ♥♦çã♦ ❞❡ ✈❛❧✐❞❛çã♦ ❝r✉③❛❞❛ q✉❡ sã♦ ❜❛s❡❛❞♦s ❡♠ ✉♠

❢✉♥❞❛♠❡♥t♦ ♠❛t❡♠át✐❝♦ ♠❛✐s ♣r❡❝✐s♦ ❬✸✺❪✳ ❊❧❡s ❡①✐❣❡♠ ♠✉✐t♦ ♠❛✐s ♣♦❞❡r

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

♣❛r❛ ✉♠❛ ❝❧❛ss❡ ♠❛✐s ❛♠♣❧❛ ❞❡ ❢✉♥çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡❀

❼ ▼ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❝♦♥❡❝t❛r ❡st✐♠❛t✐✈❛s ❞❡ ❛❧❣✉♠❛s q✉❛♥t✐❞❛❞❡s ❞❡s❝♦♥❤❡✲

❝✐❞❛s q✉❡ ❛♣❛r❡❝❡♠ ❡♠ ❢ór♠✉❧❛s ♣❛r❛ ❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❛ss✐♥t♦t✐❝❛♠❡♥t❡

✐❞❡❛❧✳ ❊❧❡s sã♦ ❢r❡q✉❡♥t❡♠❡♥t❡ ❝❤❛♠❛❞♦s ❞❡ ♣❧✉❣✐♥✭ P■✮✱ ❬✷✵✺❪✳

❯♠❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❞♦ ❑❉❊ é r❡❢❡r❡♥t❡ à ❛♥❛❧✐s❡ ❞❡ ❞✐s❝r✐♠✐♥❛♥t❡s✱ q✉❡ ❝♦♥✲

s✐st❡ ❡♠ ✉♠❛ té❝♥✐❝❛ s✉♣❡r✈✐s✐♦♥❛❞❛ ♣❛r❛ ♣r❡❞✐③❡r ✭❝❧❛ss✐✜❝❛r✮ ✉♠❛ ♥♦✈❛ ♦❜s❡r✈❛çã♦

❞❡♥tr♦ ❞❡ M ❝❧❛ss❡s✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ♠❛✐s ❝♦♠✉♠ ✉s❛ ♦ ❚❡♦r❡♠❛ ❞❡ ❇❛②❡s✱ ❛tr✐✲

❜✉✐♥❞♦ ✉♠❛ ♥♦✈❛ ❛♠♦str❛ ❛♦ ❝♦♥❥✉♥t♦ ❝♦♠ ♠❛✐♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❛ ♣♦st❡r✐♦r✐ ❬✽✵❪✳

❖✉tr❛ ♠❡t♦❞♦❧♦❣✐❛ q✉❡ s✉r❣❡ ❛ ♣❛rt✐r ❞❛ ❛♥á❧✐s❡ ❞✐s❝r✐♠✐♥❛♥t❡ é ♦ ❞✐s❝r✐♠✐♥❛♥t❡ ♣♦r

❝❧✉st❡r✐♥❣✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ té❝♥✐❝❛ ♥ã♦ s✉♣❡r✈✐s✐♦♥❛❞❛✳ ❋✐♥❛❧♠❡♥t❡✱ ❛ r❡❣r❡s✲

sã♦ ♥ã♦ ♣❛r❛♠étr✐❝❛ ❞❡ ❦❡r♥❡❧ ❬✶✶✷❪ ❝♦♥st✐t✉✐ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦

❝♦♠♣❧❡♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ r❡❣r❡ssã♦ ❧✐♥❡❛r ❥á ❜❡♠ ❡st❛❜❡❧❡❝✐❞♦s✳

✸✳✺ ❈❛✉s❛❧✐❞❛❞❡

◆❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s✱ ♦ ❝♦♥❝❡✐t♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ é ❛♠♣❧❛✲

♠❡♥t❡ ✉s❛❞♦ ♣❛r❛ q✉❛♥t✐✜❝❛r ❛ s♦❜r❡♣♦s✐çã♦ ❞♦ ❝♦♥t❡ú❞♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡ ❞♦✐s ✭s✉❜✮

✼✺



❑❡r♥❡❧ ❊q✉❛çã♦ ❋♦r♠❛

◆♦r♠❛❧ (2π)1/2 exp
(

1
2x2

)

❊♣❛♥❡❝❤♥✐❦♦✈ (3
4
)(1− x2)I{|x|<1}

❯♥✐❢♦r♠❡ (1/2)I{|x|<1}

❇✐♣♦♥❞❡r❛❞❛ (15
16
)(1− x2)I{|x|<1}

❚r✐♣♦♥❞❡r❛❞❛ (35
32
)(1− x2)3I{|x|<1}

❚r✐❛♥❣✉❧❛r (1− |x|)I{|x|<1}

❚❛❜❡❧❛ ✸✳✷✿ ❚✐♣♦s ❞❡ ❦❡♥❡❧s ❢r❡q✉❡♥t❡♠❡♥t❡ ✉t✐❧✐③❛❞♦s ❡♠ ❑❉❊

✼✻



s✐st❡♠❛s✳ ■♥❢❡❧✐③♠❡♥t❡✱ ✐♥❢♦r♠❛çõ❡s ♠út✉❛s ♥ã♦ ❝♦♥tê♠ ✐♥❢♦r♠❛çõ❡s ❞✐r❡❝✐♦♥❛✐s ❞♦

♣r♦❝❡ss♦✳ ❆ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ❛tr❛s♦ ❞❡ t❡♠♣♦ ❡♠ ✉♠❛ ❞❛s ♦❜s❡r✈❛çõ❡s é ✉♠❛

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

❡①♣❧✐❝✐t❛♠❡♥t❡ ❛s ✐♥❢♦r♠❛çõ❡s q✉❡ sã♦ r❡❛❧♠❡♥t❡ tr♦❝❛❞❛s ❞❡✈✐❞♦ à r❡s♣♦st❛ ❞❡ ✉♠

s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ❝♦♠✉♠ ♦✉ ❛ ✉♠ ❤✐stór✐❝♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❤á ✉♠ ❡s♣❡❝✐❛❧ ✐♥t❡r❡ss❡ ♥♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠ét♦❞♦s ♣❛r❛ q✉❛♥t✐✜❝❛r ❛❧❣✉♠❛ ♥♦çã♦ ❞❡ ✢✉①♦ ❞❡ ✐♥❢♦r♠❛çã♦

♦✉ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡♥tr♦ ❞♦ s✐st❡♠❛ ❝♦♠♣❧❡①♦✳ ◆❛ ♥❡✉r♦❝✐ê♥❝✐❛ ❬✹✷❪

❡ ♥❛ ♣❡sq✉✐s❛ ❝❧✐♠át✐❝❛ ❬✼✶❪✱ t❛✐s ✐♥t❡r♣r❡t❛çõ❡s tê♠ s✐❞♦ ❢r❡q✉❡♥t❡♠❡♥t❡ ❜❛s❡❛❞❛s

❡♠ ❛♥á❧✐s❡s ❞❡ ❝♦rr❡❧❛çã♦ ❝r✉③❛❞❛s ♣✉r❛s✳ ▼❛s✱ ♥♦ s❡♥t✐❞♦ ❞❡ ♠❡❞✐r ❛ tr❛♥s❢❡rê♥❝✐❛

❞❡ ✐♥❢♦r♠❛çã♦✱ ♦ ♠ét♦❞♦ ❞❡✈❡✱ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ s❡r ❣❡r❛❧ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ✐♥❝❧✉✐r

t❛♠❜é♠ ❛ss♦❝✐❛çõ❡s ♥ã♦✲❧✐♥❡❛r❡s✳ ■ss♦ ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞♦ ❡♠ ✉♠❛ ❡str✉t✉r❛ t❡ór✐❝❛

❞❛ ✐♥❢♦r♠❛çã♦ ❝♦♠ ♠❡❞✐❞❛s ❝♦♠♦ ✐♥❢♦r♠❛çõ❡s ♠út✉❛s ✭▼■✮ ❬✺✾❪✳ ❊♠ s❡❣✉♥❞♦ ❧✉❣❛r✱

r❡❞❡s r❡❝♦♥str✉í❞❛s ❛ ♣❛rt✐r ❞❡ ♠❡❞✐❞❛s ❞❡ ❛ss♦❝✐❛çã♦ ❝r✉③❛❞❛ ✭s❡❥❛ ❞❡ ❝♦rr❡❧❛çã♦

❝r✉③❛❞❛ ♦✉ ▼■✮ ♥ã♦ ♣❡r♠✐t❡♠ ❛✈❛❧✐❛r ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✐♥❢♦r♠❛çõ❡s ♦✉ ♣❡rt✉r❜❛çõ❡s

❤✐♣♦tét✐❝❛s ❡♠ ✉♠ s❡♥t✐❞♦ ❝❛✉s❛❧✳

❆ss♦❝✐❛çõ❡s ❝❛✉s❛✐s ❡♥tr❡ s✉❜♣r♦❝❡ss♦s ♣♦❞❡♠ s❡r ✈✐s✉❛❧✐③❛❞❛s ❝♦♠♦ ❧✐♥❦s ❡♠

✉♠❛ r❡❞❡ ❞❡ ✐♥t❡r❛çã♦ ❝♦♠♣❧❡①❛✳ ❯♠❛ r❡❝♦♥str✉çã♦ ❝❛✉s❛❧ ❝♦♠♣❧❡t❛ ❞❡ ✉♠ ❧✐♥❦

X → Y só ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞❛ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ t♦❞❛s ❛s ♦✉tr❛s ♣♦ssí✈❡✐s

✐♥✢✉ê♥❝✐❛s ❡♠ X ❡ Y ♣♦❞❡♠ s❡r ✐♥❝❧✉í❞❛s ♥❛ ❛♥á❧✐s❡✳ ❆ ✐♥❢❡rê♥❝✐❛ ❝❛✉s❛❧ ❜❛s❡❛❞❛

❡♠ ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s✱ ♣♦rt❛♥t♦✱ ❢♦r♥❡❝❡ ❛♣❡♥❛s ✉♠ ♣r✐♠❡✐r♦ ♣❛ss♦ ❡

♦ t❡r♠♦ ✧❝❛✉s❛❧✧♣♦❞❡ ❡♥tã♦ s❡r ❡♥t❡♥❞✐❞♦ ❝♦♠♦ s❡♥❞♦ ❛♣❡♥❛s r❡❧❛t✐✈♦ ❛♦ s✐st❡♠❛

❡♠ ❡st✉❞♦✱ ✐st♦ é✱ ♦s ♣r♦❝❡ss♦s q✉❡ ❝♦♠♣r❡❡♥❞❡♠ ♦s ♥ós ❞❛ r❡❞❡ ❬✷✷✼❪✳ ❉✉❛s t❛r❡❢❛s

♣r❡❝✐s❛♠ s❡r ❛❜♦r❞❛❞❛s ♣❛r❛ ♠❡❞✐r ✉♠❛ ♥♦çã♦ ❝❛✉s❛❧ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦

❞❡ sér✐❡s t❡♠♣♦r❛✐s ❞❡ s✐st❡♠❛s ❝♦♠♣❧❡①♦s✿

❼ ❘❡❝♦♥str✉çã♦ ❞❛ r❡❞❡ ❝❛✉s❛❧

❼ ◗✉❛♥t✐✜❝❛çã♦ ❞❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❝❛✉s❛❧

❉❡ss❛ ❢♦r♠❛✱ ❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❛❜♦r❞❛ q✉❡stõ❡s ❝♦♠♦✿ ❝♦♠♦ ❛ ✐♥❢♦r♠❛✲

çã♦ ♦r✐❣✐♥❛❞❛ ❡♠ ✉♠❛ sér✐❡ X s❡ ♣r♦♣❛❣❛ t❛♠❜é♠ ❡♠ ❝❛♠✐♥❤♦s ✐♥❞✐r❡t♦s ❛tr❛✈és

❞❛ r❡❞❡ ❞❡ ✐♥t❡r❛çã♦ ❝❛✉s❛❧❄ ◗✉ã♦ ❢♦rt❡ é ❡ q✉❛✐s ♣r♦❝❡ss♦s ✐♥t❡r♠❡❞✐ár✐♦s ❡♠ ✈✐❛s

❝❛✉s❛✐s ❡stã♦ ❝♦♥tr✐❜✉✐♥❞♦ ♣❛r❛ t❛❧ ♠❡❝❛♥✐s♠♦❄✳

❈♦♠♣❛r❛❞❛ à ♣r✐♠❡✐r❛ t❛r❡❢❛ ✭r❡❝♦♥str✉çã♦ ❞❛ r❡❞❡ ❝❛✉s❛❧✮✱ ❛ s❡❣✉♥❞❛ t❛r❡❢❛ é

♠❛✐s ❛♠❜í❣✉❛ ♣❡❧❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❞❡✜♥✐r ✉♥✐✈❡rs❛❧♠❡♥t❡ ✉♠❛ ✬❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦

❝❛✉s❛❧✬✳ ❆❧❣✉♥s tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛♠ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❝♦♠ ♦ ✢✉①♦ ❞❡

✐♥❢♦r♠❛çã♦ q✉❡ é ❜❛s❡❛❞♦ ❡♠ ✐♥t❡r✈❡♥çõ❡s ❝❛✉s❛✐s✳ ◆♦ ❡♥t❛♥t♦✱ ❡ss❛s ✐♥t❡r✈❡♥çõ❡s

❝❛✉s❛✐s r❡q✉❡r❡♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞♦ ♣r♦❝❡ss♦ ♥♦ q✉❛❧ s❡❥❛

♣♦ssí✈❡❧ r❡❧❛❝✐♦♥❛r ❛ ❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❝❛✉s❛❧ ❡♥tr❡ ❞✉❛s ✈❛r✐á✈❡✐s ❝♦♠ ♦ ✈❛❧♦r

✼✼



❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❛râ♠❡tr♦ ❞♦ ♠♦❞❡❧♦✳ ❉❛í✱ s❡ ♦ ♠♦❞❡❧♦ ♥ã♦ ❝♦♥s❡❣✉❡ r❡♣r❡s❡♥✲

t❛r ❡✜❝✐❡♥t❡♠❡♥t❡ ♦ ♣r♦❝❡ss♦✱ ❛s ❡st✐♠❛çõ❡s ❞❛s ❢♦rç❛s ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❝❛✉s❛❧ ♥ã♦

❞❡s❝r❡✈❡r✐❛♠ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ♣ró♣r✐❛ ❞♦ s✐st❡♠❛ ❬✷✷✼❪✳

❙❡ ♥ã♦ ❢♦r ♣♦ssí✈❡❧ ♠❡❞✐r ✏❝♦♠♦ ♦ ❛❝♦♣❧❛♠❡♥t♦ s❡ ♠❛♥✐❢❡st❛ ♥❛ ❞✐♥â♠✐❝❛✑✱ ♦s

q✉❛♥t✐✜❝❛❞♦r❡s ❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦ ♣♦❞❡♠ ❛♦ ♠❡♥♦s ❛❥✉❞❛r ❛ ♠❡❞✐r ✏❝♦♠♦ ♦

❛❝♦♣❧❛♠❡♥t♦ ❝❛✉s❛❧ s❡ ♠❛♥✐❢❡st❛ ♥❛ tr♦❝❛ ❞❡ ❡♥tr♦♣✐❛ ❡♥tr❡ ♦s s✉❜♣r♦❝❡ss♦s✑✱ ❝❛♣✲

t✉r❛♥❞♦ q✉❛s❡ q✉❛❧q✉❡r ❢♦r♠❛ ❞❡ ❛ss♦❝✐❛çã♦ ❡st❛tíst✐❝❛ ❬✷✸✷❪✳ ❊st❛ ❛❜♦r❞❛❣❡♠ ✈✐s❛

❞✐st✐♥❣✉✐r ❞✐❢❡r❡♥t❡s ❝♦♥tr✐❜✉✐çõ❡s ❜❛s❡❛❞❛s ♥❛ ❡str✉t✉r❛ ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❝♦♥❞✐✲

❝✐♦♥❛❧ ❞❡ ▼❛r❦♦✈ ❞❡ ✉♠ ♣r♦❝❡ss♦ ♠✉❧t✐✈❛r✐❛❞♦ ❝♦♠♦ ✉♠❛ ❛❜str❛çã♦ ❞❛ ❞✐♥â♠✐❝❛

❬✷✷✾❪✳

❆ ❛❜♦r❞❛❣❡♠ ❞❛s ♠❡❞✐❞❛s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❝❛✉s❛❧ ❜❛s❡✐❛✲s❡ ♥♦

❝♦♥❝❡✐t♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠✱ t❛♠❜é♠ ❞❡♥♦♠✐♥❛❞♦ t❛①❛ ❞❡ ❡♥tr♦♣✐❛

❬✷✷✼❪✳ ❈♦♥s✐❞❡r❡ ✉♠ ♣r♦❝❡ss♦ ❣❡r❛❞♦r X✳ ❆ ❝❛❞❛ t é ❣❡r❛❞❛ ✉♠❛ r❡❛❧✐③❛çã♦ xt✳

❆❣♦r❛ ❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ❞❡ Xt ♠❡❞❡ ❛ ✐♥❝❡rt❡③❛ s♦❜r❡ xt ❛♥t❡s ❞❡ s✉❛ ♦❜s❡r✈❛çã♦

s❡ t♦❞❛s ❛s ♦❜s❡r✈❛çõ❡s ❛♥t❡r✐♦r❡s (xt−1; xt−2; ...) sã♦ ❝♦♥❤❡❝✐❞❛s ❬✷✸✶❪✳ P❛r❛ ✉♠

s✐st❡♠❛ ♥ã♦ ❝❛ót✐❝♦ ❡ ❞❡t❡r♠✐♥íst✐❝♦✱ ❛ ❡♥tr♦♣✐❛ ♦r✐❣❡♠ s❡rá s❡♠♣r❡ ③❡r♦✱ ♠❛s ♣❛r❛

✉♠ ♣r♦❝❡ss♦ ❞♦ ♠✉♥❞♦ r❡❛❧ s❡♠♣r❡ ❤❛✈❡rá ❛❧❣✉♠❛ ✐♥❝❡rt❡③❛ ❞❡❝♦rr❡♥t❡ ❞♦ r✉í❞♦

❞✐♥â♠✐❝♦✳ ❆s r❡❢❡rê♥❝✐❛s ✭❬✽✸❪✱ ❬✷✺✼❪✮ tr❛t❛♠ s♦❜r❡ ❞❡❝♦♠♣♦s✐çõ❡s ❞❡ ✐♥❢♦r♠❛çõ❡s

♣r❡❞✐t✐✈❛s ❝♦♠ ❜❛s❡ ♥❛ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❝♦♠♦ ✉♠❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞❡ t❡♦r✐❛

❞❛ ✐♥❢♦r♠❛çã♦ ♥❛ ❝❛✉s❛❧✐❞❛❞❡ ❞❡ ●r❛♥❣❡r✱ ♦ ❝♦♥❝❡✐t♦ ❛❞♦t❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ é ♠❛✐s

s❡♠❡❧❤❛♥t❡ à ❝❛✉s❛❧✐❞❛❞❡ ❞❡ ❙✐♠s ❬✽✾❪ q✉❡ ❝♦♥s✐❞❡r❛ ♥ã♦ ❛♣❡♥❛s ♦s ❡❢❡✐t♦s ❝❛✉s❛✐s

❞✐r❡t♦s✱ ♠❛s ✐♥❞✐r❡t♦s✳

✸✳✺✳✶ ■♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧

❆s ♠étr✐❝❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ♥❛ t❡♦r✐❛ ❝❛✉s❛❧ sã♦ ❞❡s❡♥✈♦❧✈✐❞❛s ❝♦♠ ❜❛s❡ ♥♦ ❝♦♥✲

❝❡✐t♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧✱ ❞❡✜♥✐❞❛ ❝♦♠♦✿

I(X : Y | Z) = H(Y | Z)−H(Y | X,Z) = H(X | Z)−H(X | Y, Z) ✭✸✳✼✼✮

I(X : Y | Z) =
∫

p (z)

∫ ∫
p (x, y | z) log p (x, y | z)

p (x | z) p (y | z)dxdydz ✭✸✳✼✽✮

s❡♥❞♦ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ H ✭❙❡çã♦ ✸✳✷✳✶✳✾✮✮ ✉♠❛ ♠❡❞✐❞❛ ❞❛ ✐♥❝❡rt❡③❛ s♦❜r❡ ♦s

r❡s✉❧t❛❞♦s ❞❡ ✉♠ ♣r♦❝❡ss♦✱ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛MI✱ ♣♦r s✉❛ ♣❛rt❡✱ é ✉♠❛ ♠❡❞✐❞❛ ❞❛

✼✽



r❡❞✉çã♦ ❞❡ss❛ ✐♥❝❡rt❡③❛ s❡ ♦✉tr♦ ♣r♦❝❡ss♦ é ♠❡❞✐❞♦ ❡ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧

CMI ♣♦❞❡ s❡r ❡①♣r❡ss❛❞❛ ❝♦♠♦ ❛ MI ❡♥tr❡ X ❡ Y q✉❡ ♥ã♦ ❡stá ❝♦♥t✐❞❛ ❡♠ ✉♠❛

t❡r❝❡✐r❛ ✈❛r✐á✈❡❧ Z✳ ◆♦tá✲s❡ q✉❡ ❛ MI✱ ❛ CMI é ♥ã♦✲♥❡❣❛t✐✈❛ ❡ s✐♠étr✐❝❛ ❡♠ s❡✉s

❞♦✐s ♣r✐♠❡✐r♦s ❛r❣✉♠❡♥t♦s I(X, Y | Z) = I(Y,X | Z) ✳ ❆❧é♠ ❞✐ss♦✱ ❛ CMI ♠❡❞❡ ❛

❞✐stâ♥❝✐❛ ❞❡ ❑✉❧❧❜❛❝❦✲▲❡✐❜❧❡r ❡♥tr❡ ❛s ❞✐str✐❜✉✐çõ❡s p (x, y | z) ❡ ❛ ❞✐str✐❜✉✐çã♦ ♣❛r❛ ♦
❝❛s♦ ✐♥❞❡♣❡♥❞❡♥t❡ p (x | z) p (y | z) ❡ é ③❡r♦ s❡ ❡ s♦♠❡♥t❡ s❡ X ❡ Y sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s

❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ❞❡ Z✳ ❊st❛ ♣r♦♣r✐❡❞❛❞❡ t♦r♥❛ ❛ CMI ❡s♣❡❝✐❛❧♠❡♥t❡ út✐❧ ♣❛r❛

♠❡❞✐r ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❝♦♥❞✐❝✐♦♥❛❧ ❝♦♥❢♦r♠❡ ♥❡❝❡ssár✐♦ ♥❛ ❞❡✜♥✐çã♦ ❡ ❡st✐♠❛t✐✈❛ ❞❡

❣rá✜❝♦s ❝❛✉s❛✐s✳

✸✳✺✳✷ ■♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦

❖ sí♠❜♦❧♦ é ✉s❛❞♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦✱ q✉❡ é s✐♠❡tr✐❝❛♠❡♥t❡

❞❡✜♥✐❞❛ ❝♦♠♦

I (X;Y ;Z) = I(X;Y )− I(X;Y | Z) ✭✸✳✼✾❛✮

= I(Y ;Z)− I(Y ;Z | X) ✭✸✳✼✾❜✮

= I(Z;X)− I(Z;X | Y ) ✭✸✳✼✾❝✮

❆♥❛❧♦❣❛♠❡♥t❡✱ ❛ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ❝♦♥❞✐❝✐♦♥❛❧ é ❞❡✜♥✐❞❛ ♣♦r✿

I (X;Y ;Z | W ) = I(X;Y | W )− I(X;Y | Z,W ) ✭✸✳✽✵✮

❉❡ ❢♦r♠❛ ❝♦♥tr❛r✐❛ à CMI✱ ❛ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ❝♦♥❞✐❝✐♦♥❛❧ ♣♦❞❡ s❡r

♥❡❣❛t✐✈❛✳

❆ ❋✐❣✉r❛ ✸✳✶✺ r❡♣r❡s❡♥t❛ ✈✐❛ ❞✐❛❣r❛♠❛ ❞❡ ❱❡♥♥ ❛s ❞✐❢❡r❡♥t❡s ♠étr✐❝❛s ❛♣r❡✲

s❡♥t❛❞❛s✱ s❡♥❞♦ q✉❡ ♥♦ ❝❛s♦ ✭❞✮ X ❡ Y sã♦ ✐♥❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ♠❛s

❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ I(X;Z | Y ) ≥ I(X;Z) ❡ ♣♦r ❝♦♥✲

s❡q✉ê♥❝✐❛ ❝♦♥❞✉③✐♥❞♦ ❛ ✉♠❛ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ♥❡❣❛t✐✈❛✳

❖s ♣❧❛♥♦s ❝❛✉s❛✐s ❞❡ sér✐❡s t❡♠♣♦r❛✐s ✈✐s✉❛❧✐③❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✐♥❞❡♣❡♥✲

❞ê♥❝✐❛ ❝♦♥❞✐❝✐♦♥❛❧ ❞❡ ▼❛r❦♦✈ ❞❡ ✉♠ ♣r♦❝❡ss♦ ❞✐♥â♠✐❝♦ ♠✉❧t✐✈❛r✐❛❞♦✱ ✐st♦ é✱ ❝♦♠♦ ❛

❞❡♥s✐❞❛❞❡ ❝♦♥❥✉♥t❛ ❞♦ ♣r♦❝❡ss♦ ♠✉❧t✐✈❛r✐❛❞♦ X✱ ✐♥❝❧✉✐♥❞♦ s✉❛s ❞❡❢❛s❛❣❡♥s ✶✳ ❆s ❋✐✲
✶❉❛❞♦ ✉♠ ♣r♦❝❡ss♦ ❡st❛❝✐♦♥ár✐♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ♥♦t❛❞♦ ❝♦♠♦ X✱ ❡ s❡✉s s✉❜♣r♦❝❡ss♦s ♥♦✲

t❛❞♦s ❝♦♠♦ X,Y, Z,W ✱ ❛s ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ♥♦t❛❞❛s ❝♦♠♦ ✱Xt✱ Xt, ... ❡ s❡✉s ♣❛ss❛❞♦s ❝♦♠♦
X

−1

t
= (Xt−1,Xt−2, ...) ❡ X−1

t = (Xt−1, Xt−2, ...)✳ ◆♦t❡✲s❡ q✉❡ X−

t ♣♦❞❡ s❡r ✉♠ s✉❜❝♦♥❥✉♥t♦ ❞❡
X

−

t
✳ ❖ s✐♠❜♦❧♦ \ ❞❡♥♦t❛ ❛ s✉❜tr❛çã♦ ❞❡ ✉♠ ❝♦♥❥✉♥t♦

✼✾



❋✐❣✉r❛ ✸✳✶✺✿ ❉✐❛❣r❛♠❛s ❞❡ ❱❡♥♥ ❞❡ ✭❛✮ ✐♥❢♦r♠❛çã♦ ♠✉t✉❛✱ ✭❜✮ ✐♥❢♦r♠❛çã♦ ♠✉t✉❛
❝♦♥❞✐❝✐♦♥❛❧✱ ✭❝✮ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ♣♦s✐t✐✈❛✱ ✭❞✮ ✐♥❢♦r♠❛çã♦ ❞❡ ✐♥t❡r❛çã♦ ♥❡❣❛✲
t✐✈❛✳ ◆♦ ✉❧t✐♠♦ ❝❛s♦ ❛s ❡♥tr♦♣✐❛s ❞❡ X ❡ Z ♥ã♦ s❡ s♦❜r❡♣õ❡♠ ❬✷✷✼❪✳

❣✉r❛s ✸✳✶✻❛ ❡ ✸✳✶✻❜ ♠♦str❛♠ ❡①❡♠♣❧♦s ❞❡ ♣❧❛♥♦s ❝❛✉s❛✐s ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳ ❈❛❞❛

♥ó ❡♠ ✉♠ ❣rá✜❝♦ ❞❡ sér✐❡ t❡♠♣♦r❛❧ r❡♣r❡s❡♥t❛ ✉♠ s✉❜♣r♦❝❡ss♦ ❞❡ ✉♠ ♣r♦❝❡ss♦ ♠✉❧✲

t✐✈❛r✐❛❞♦ X ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ t❡♠♣♦ t✳ ▲✐♥❦s ❞✐r❡❝✐♦♥❛❞♦s ❡♥tr❡ s✉❜♣r♦❝❡ss♦s ✭♦✉

♥ós✮ Xt−τ ❡ Yt ♣❛r❛ τ > 0 sã♦ ♠❛r❝❛❞♦s ♣♦r ✉♠❛ s❡t❛ ❡ ❞❡✜♥✐❞♦s ♣♦r✿

Xt−τ → Yt ⇐⇒ I
(
Xt−τ ;Yt | X−

t \ {Xt−τ}
)
> 0 ✭✸✳✽✶✮

❝♦♠ ♣❛ss❛❞♦ ✐♥✜♥✐t♦ Xt = (Xt−1;Xt−2; ...) ✱ ✐st♦ é✱ s❡ ❡❧❡s ♥ã♦ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s

❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ♥♦ ♣❛ss❛❞♦ ❞❡ t♦❞♦ ♦ ♣r♦❝❡ss♦✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ✉♠❛ ❝❛✉s❛❧✐❞❛❞❡

❞❡ ●r❛♥❣❡r ❡s♣❡❝í✜❝❛ ❞❡ ❛tr❛s♦ ❡♠ r❡❧❛çã♦ ❛ X✳ ❙❡ Y ̸= X ❞✐③❡♠♦s q✉❡ ♦ ❧✐♥❦

Xt−τ → Yt r❡♣r❡s❡♥t❛ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❛tr❛s♦ τ ✱ ❡♥q✉❛♥t♦ ♣❛r❛ Y = X ❡❧❡

r❡♣r❡s❡♥t❛ ✉♠❛ ❛✉t♦❞❡♣❡♥❞ê♥❝✐❛ ♦✉ ✉♠ ❛✉t♦✲❧✐♥❦ ♥♦ ❛tr❛s♦ τ ✳

❯♠❛ ✈❡③ q✉❡ ❛s ❧✐❣❛çõ❡s ❝♦♥t❡♠♣♦râ♥❡❛s sã♦ ❞❡ ✐♥t❡r❡ss❡✱ ♦s ❧✐♥❦s ❡♥tr❡ Xt ❡

Yt sã♦ ❞❡✜♥✐❞♦s ❝♦♠♦✿

Xt − Yt ⇐⇒ I
(
Xt;Yt | X−

t+1
\ {XtYt}

)
> 0 ✭✸✳✽✷✮

❡♠ q✉❡ t❛♠❜é♠ ♦ ♣r❡s❡♥t❡ ❝♦♥t❡♠♣♦râ♥❡♦ X
−
t
\ {XtYt} é ✐♥❝❧✉í❞♦ ♥❛ ❝♦♥❞✐çã♦✳

◆♦t❡ q✉❡ ❛ ❡st❛❝✐♦♥❛r✐❡❞❛❞❡ ✐♠♣❧✐❝❛ q✉❡ Xt−τ → Yt s❡♠♣r❡ q✉❡ Xt‘−τ → Yt ♣❛r❛

✽✵



q✉❛❧q✉❡r t‘ ❡ ❝♦rr❡s♣♦♥❞❡♥t❡♠❡♥t❡ ♣❛r❛ ❧✐♥❦s ❝♦♥t❡♠♣♦râ♥❡♦s✳ ❖✉tr❛ ✈❡rsã♦ ❞❡ ❧✐♥❦s

❝♦♥t❡♠♣♦râ♥❡♦s ✭♠❛r❝❛❞❛ ♣♦r ❧✐♥❤❛s tr❛❝❡❥❛❞❛s✮ é ❞❡✜♥✐❞❛✱ ❝♦♠♦✿

Xt −−− Yt ⇐⇒ I
(
Xt;Yt | X−

t

)
> 0 ✭✸✳✽✸✮

❯♠ ♣r♦❜❧❡♠❛ ❝♦♠ ❛ ❊q✉❛çã♦ ✸✳✽✷ é q✉❡ ❡❧❛ ♣♦❞❡ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❝❛✉s❛r ❧✐♥❦s

❡s♣úr✐♦s s❡✱ ♣♦r ❡①❡♠♣❧♦✱ Xt ❡ Yt ❢♦r❡♠ ✐♥❞❡♣❡♥❞❡♥t❡s ✭t❛♠❜é♠ ❞♦ ♣❛ss❛❞♦✮✱ ♠❛s

❛♠❜♦s ❝❛✉s❛❧♠❡♥t❡ ❞✐r✐❣✐r❡♠ ♦✉tr♦ ♣r♦❝❡ss♦ Zt ✐♥st❛♥t❛♥❡❛♠❡♥t❡✱ ♦✉ s❡❥❛✱ ❛♦ ♠❡s♠♦

t❡♠♣♦ t✱ ♦ q✉❡ ♣♦❞❡r✐❛ ♥ã♦ s❡r r❡s♦❧✈✐❞♦ ❞❡✈✐❞♦ ❛ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ❛♠♦str❛❣❡♠ ❞❡

t❡♠♣♦ ♠✉✐t♦ ❣r♦ss❡✐r♦✳ ❉❡ss❛ ❢♦r♠❛✱ I(Xt;Yt) = 0✱ ♠❛s I(Xt;Yt | Zt) s❡r✐❛ ♥ã♦

♥✉❧♦ ♣♦r ❝❛✉s❛ ❞♦ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ✬✜❧❤♦✬ ❝♦♠✉♠ ❬✷✷✼❪✱ ❝♦♠♦ é ♠♦str❛❞♦ ♥❛

❋✐❣✉r❛ ✸✳✶✺❞✳ ◆♦r♠❛❧♠❡♥t❡ ♦s ❡❢❡✐t♦s ❝❛✉s❛✐s ✐♥st❛♥tâ♥❡♦s ♥ã♦ sã♦ ❝♦♥s✐❞❡r❛❞♦s✱

♠❛s ♣❛r❛ r❡s♦❧✈❡r ❡ss❡ ♣r♦❜❧❡♠❛ ♥❛ ♣rát✐❝❛✱ ♣♦❞❡ ❝♦♥s✐❞❡r❛r ❡❢❡✐t♦s ❝♦♥t❡♠♣♦râ♥❡♦s

s♦♠❡♥t❡ s❡ ❛♠❜❛s ❛s ❊q✉❛çõ❡s ✸✳✽✷ ❡ ✸✳✽✸ sã♦ s❛t✐s❢❡✐t❛s✳

✸✳✺✳✸ ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛

❆ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✭❚❊✮✱ ✐♥tr♦❞✉③✐❞❛ ♣♦r ❬✷✹✷❪✱ ❡ é ♦ ❛♥á❧♦❣♦ t❡ór✐❝♦ ✐♥❢♦r✲

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

♣♦❞❡✲s❡ ♠♦str❛r ❡q✉✐✈❛❧❡♥t❡ ❬✷✷❪✳ ❆ ✐❞❡✐❛ ❝❤❛✈❡ ♣❛r❛ s❡ ❝❤❡❣❛r ❛ ✉♠❛ ♥♦çã♦ ❝❛✉s❛❧

❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✐♥❢♦r♠❛çã♦ é ♠❡❞✐r ♦ ❝♦♥t❡ú❞♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞♦ ♣❛ss❛❞♦ ❞❡ ✉♠

♣r♦❝❡ss♦ X ❛ t❡♠♣♦s t‘ < t s♦❜r❡ ❛ ✈❛r✐á✈❡❧ ❛❧✈♦ Y ♥♦ t❡♠♣♦ t ❡ ❡①❝❧✉✐r ✐♥❢♦r♠❛çõ❡s

❞❛ ❤✐stór✐❛ ❝♦♠✉♠ ❝♦♠♣❛rt✐❧❤❛❞❛ ♣♦r X ❡ Y ✳ ❊♠ s✉❛ ✈❡rsã♦ ♠✉❧t✐✈❛r✐❛❞❛✱ ❚❊ é

❞❡✜♥✐❞♦ ❝♦♠♦✿

ITE
X→Y = I(X−

t ;Y
−
t | X−

t \X−
t ) ✭✸✳✽✹✮

P♦❞❡✲s❡ ✐♥t❡r♣r❡t❛r ❛ ❚❊ ❝♦♠♦ ❛ r❡❞✉çã♦ ❞❛ ✐♥❝❡rt❡③❛ s♦❜r❡ Yt q✉❛♥❞♦ s❡

❛♣r❡♥❞❡ ♦ ♣❛ss❛❞♦ ❞❡ Xt✱ s❡ ♦ r❡st♦ ❞♦ ♣❛ss❛❞♦ ❞❡ Xt é ❥❛ ❝♦♥❤❡❝✐❞♦✱ ❞❛❞♦ ♣♦r

X
−
t \ X−

t ✭♦♥❞❡ \ ❞❡♥♦t❛ ❛ s✉❜tr❛çã♦ ❞❡ ✉♠ ❝♦♥❥✉♥t♦✮✳ ◆♦t❡ q✉❡✱ ♣♦r ❝❛✉s❛ ❞❛

❡st❛❝✐♦♥❛r✐❡❞❛❞❡ ❛ss✉♠✐❞❛✱ ITE
X→Y é ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ t✳

❆ ❚❊ ♠❡❞❡ ❛ ✐♥✢✉ê♥❝✐❛ ❛❣r❡❣❛❞❛ ❞❡ X ❡♠ t♦❞❛s ❛s ❞❡❢❛s❛❣❡♥s ❛♥t❡r✐♦r❡s✱

✐st♦ é✱ ♥ã♦ é ❡s♣❡❝í✜❝♦ ❞♦ ❛tr❛ss♦ ❡ ❧❡✈❛ ❛♦ ♣r♦❜❧❡♠❛ ❞❡ q✉❡ ❛s ❞❡♥s✐❞❛❞❡s ❞❡ ❛❧t❛

❞✐♠❡♥sã♦ tê♠ q✉❡ s❡r ❡st✐♠❛❞❛s✱ ♦ q✉❡ é ❝♦♠✉♠❡♥t❡ ❝❤❛♠❛❞♦ ❞❡ ✏♠❛❧❞✐çã♦ ❞❛

❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✑✳ ◆❛ r❡❢❡rê♥❝✐❛ ❬✷✸✵❪ ❡st❡ ♣r♦❜❧❡♠❛ é s✉♣❡r❛❞♦ ♣♦r ✉♠❛ ❢ór♠✉❧❛

❞❡ ❞❡❝♦♠♣♦s✐çã♦✳ ◆❛ ♣rát✐❝❛✱ ♥♦ ❡♥t❛♥t♦✱ é ✉s❛❞❛ ✉♠❛ ✈❡rsã♦ tr✉♥❝❛❞❛ ❡♠ ❛❧❣✉♠

❛tr❛s♦ ♠á①✐♠♦ ✳

✽✶



✸✳✺✳✸✳✶ ❊♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡❝♦♠♣♦st❛

❆ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ TE ♥❛s s✉❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❛tr❛s♦ ❞❡ X ✈✐❛ r❡❣r❛ ❞❛ ❝❛❞❡✐❛ é

❡①♣r❡ss❛ ❝♦♠♦✿

I(X−
t ;Yt | X−

t \X−
t ) =

∞∑

τ=1

I(X−
t−τ ;Yt | X−

t \X−
t , X

−
t−τ ) ✭✸✳✽✺✮

❖❧❤❛♥❞♦ ♣❛r❛ ❛ ❋✐❣✉r❛ ✸✳✶✻❛✱ ❛ ✐❞❡✐❛ ♣r✐♥❝✐♣❛❧ ❞❡r✐✈❛ ❞❡ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡

▼❛r❦♦✈ q✉❡ r❡❧❛❝✐♦♥❛ ❛ s❡♣❛r❛çã♦ ❞❡ ♥ós ♥♦ ❣rá✜❝♦ ❝♦♠ ❛s ✐♥❞❡♣❡♥❞ê♥❝✐❛s ❝♦♥❞✐❝✐✲

♦♥❛✐s ♥♦ ♣r♦❝❡ss♦✳ ■ss♦ ✐♠♣❧✐❝❛ q✉❡✿

I(X−
t−τ ;Yt | X−

t \X−
t , X

−
t−τ ) = I(Xt−τ ;Yt | SYt,Xt−τ

) ✭✸✳✽✻✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ✸✳✽✻ é ♣♦ssí✈❡❧ ❞❡✜♥✐r ❛ ❡♥tr♦♣✐❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡❝♦♠✲

♣♦st❛ ✭❉❚❊✮ ❝♦♠♦✿

ITE
X→Y ≈ IDTE

X→Y ≡
τ∗∑

τ=1

I(Xt−τ ;Yt | SYt,Xt−τ
) ✭✸✳✽✼✮

♣❛r❛ ✉♠ ❝❡rt♦ ❝♦♥❥✉♥t♦ ✜♥✐t♦ SYt,Xt−τ
⊂ X

−
t
\ X−

t ∪ X−
t−τ ✭❋✐❣✉r❛ ✸✳✶✻❜✮✱ ❝♦♠ τ ∗

❡st✐♠❛❞♦ ❝♦♥❢♦r♠❡ ❬✷✷✾❪ ❡ ❬✽✷❪✳ ❖s t❡r♠♦s ♥❛ ❊q✉❛çã♦ ✸✳✽✼ ♣♦❞❡♠ s❡r ✈✐st♦s ❝♦♠♦

❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❞✐❢❡r❡♥t❡s ❛tr❛ss♦s ♣❛r❛ ❚❊✳

✸✳✺✳✹ ❉❡✜♥✐çõ❡s ❝❛✉s❛✐s

❖ ♠❛♣❛ ❝❛✉s❛❧ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❝♦❞✐✜❝❛ ❛ ❝❛✉s❛❧✐❞❛❞❡ ❡s♣❡❝í✜❝❛ ❞♦ ❛tr❛s♦ ❡♠

r❡❧❛çã♦ ❛♦ ♣r♦❝❡ss♦ ♦❜s❡r✈❛❞♦✳ ❈♦♠♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✻✱ ❝❛❞❛ ♥ó ♥❡ss❡

❣rá✜❝♦ r❡♣r❡s❡♥t❛ ✉♠❛ ú♥✐❝❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛✱ ✐st♦ é✱ ✉♠ s✉❜♣r♦❝❡ss♦✱ ♥✉♠ ❞❡t❡r✲

♠✐♥❛❞♦ ✐♥st❛♥t❡ t✳ ❖s ♥ós Xt−τ ❡ Yt ❡stã♦ ❝♦♥❡❝t❛❞♦s ♣♦r ✉♠ ❧✐♥❦ ❞✐r❡t♦ ❛♣♦♥t❛♥❞♦

♣❛r❛ ❢r❡♥t❡ ♥♦ t❡♠♣♦ Xt−τ → Yt ✭✈✐s✉❛❧✐③❛❞♦ ♣♦r ✉♠❛ s❡t❛✮✱ s❡ ❡ s♦♠❡♥t❡ s❡ τ > 0

❡✿

ILINK
X→Y (τ) ≡ I(Xt−τ ;Yt | X−

t \ {Xt−τ}) > 0 ✭✸✳✽✽✮

✐st♦ é✱ s❡ ❡❧❡s ♥ã♦ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ❛♦ ♣❛ss❛❞♦ ❞❡ t♦❞♦ ♦ ♣r♦❝❡ss♦✱

♦ q✉❡ ✐♠♣❧✐❝❛ ✉♠❛ ❝❛✉s❛❧✐❞❛❞❡ ❡s♣❡❝í✜❝❛ ♣♦r ❛tr❛s♦ ❡♠ r❡❧❛çã♦ ❛ X✳ ❙❡ Y ̸= X

❞✐③❡♠♦s q✉❡ ♦ ❧✐♥❦Xt−τ → Yt r❡♣r❡s❡♥t❛ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ♥♦ ❛tr❛s♦ τ ✱ ❡♥q✉❛♥t♦ ♣❛r❛

Y = X r❡♣r❡s❡♥t❛ ✉♠❛ ❛✉t♦❞❡♣❡♥❞ê♥❝✐❛ ♥♦ ❛tr❛s♦ τ ✳ ◆ós Xt ❡ Yt ❡stã♦ ❝♦♥❡❝t❛❞♦s

✽✷



♣♦r ✉♠ ❧✐♥❦ ❝♦♥t❡♠♣♦râ♥❡♦ ♥ã♦ ❞✐r❡❝✐♦♥❛❞♦ ✭✈✐s✉❛❧✐③❛❞♦ ♣♦r ✉♠❛ ❧✐♥❤❛✮ s❡✿

ILINK
X−Y (τ) ≡ I(Xt;Yt | X−

t+1 \ {Xt}{Yt}) > 0 ✭✸✳✽✾✮

❡♠ q✉❡ ♦ ♣r❡s❡♥t❡ ❝♦♥t❡♠♣♦râ♥❡♦ Xt \{Xt}{Yt} ❡stá t❛♠❜é♠ ♣r❡s❡♥t❡ ♥❛ ❝♦♥❞✐çã♦✳

◆♦t❡✲s❡ q✉❡ ❡st❛❝✐♦♥❛r✐❡❞❛❞❡ ✐♠♣❧✐❝❛ q✉❡ Xt−τ → Yt s❡♠♣r❡ q✉❡ Xt′−τ → Yt′ ♣❛r❛

❛❧❣✉♠ t′✳ ❈♦♠♦ ❢♦✐ ♦❜s❡r✈❛❞♦✱ TE ❡ CMI ❡♥✈♦❧✈❡♠ ✈❡t♦r❡s ❞✐♠❡♥s✐♦♥❛❧♠❡♥t❡ ✐♥✜✲

♥✐t♦s✱ ❞❛í q✉❡ ♥ã♦ ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞♦s ❞✐r❡t❛♠❡♥t❡ ❛ ♥ã♦ s❡r q✉❡ s❡❥❛ ✉s❛❞❛ ❛❧❣✉♠❛

r❡❣r❛ ❞❡ tr✉♥❝❛♠❡♥t♦✳ ❊ss❛s ♠❡❞✐❞❛s✱ ♣♦rt❛♥t♦✱ s♦❢r❡♠ ❝♦♠ ♦ ♣r♦❜❧❡♠❛ ❞❡ ❛❧t❛ ❞✐✲

♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡ t❛♠❜é♠ t❡♦r✐❝❛♠❡♥t❡ ♥ã♦ ❝✉♠♣r❡ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ❛✉t♦♥♦♠✐❛ ❞❛

❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❬✷✷✾❪✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❡①♣❧♦r❛♥❞♦ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ▼❛r❦♦✈ ❡ ✉s❛♥❞♦ ✉♠ ❝♦♥❥✉♥t♦

✜♥✐t♦ ❞❡ ♣❛✐s ❞❡ Yt✱ r❡♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✶✻❜ ♣❡❧❛ ❝❛✐①❛ ❛③✉❧ ❡ ❞❡✜♥✐❞♦s ❝♦♠♦✿

PYt
≡ {Zt−τ : Z ∈ X, τ > 0, Zt−τ → Yt} ✭✸✳✾✵✮

❊ss❡s ♣❛✐s PYt
✱ s❡♣❛r❛♠ Yt ❞♦ ♣❛ss❛❞♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡✐r♦ X

−
t
\PYt

✳ ❖s ♣❛✐s ❞❡

t♦❞♦s ♦s s✉❜♣r♦❝❡ss♦s ❡♠ X✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦s ❧✐♥❦s ❝♦♥t❡♠♣♦râ♥❡♦s✱ ❝♦♠♣õ❡♠ ♦

♣❧❛♥♦ ❝❛✉s❛❧ ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ✉♠❛ ❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❝❛✉s❛❧ ❛❣♦r❛ é ✉♠ ♣r♦❝❡❞✐♠❡♥t♦

❡♠ ❞✉❛s ❡t❛♣❛s✳ ◆❛ ♣r✐♠❡✐r❛ ❡t❛♣❛✱ ♦ ❣rá✜❝♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ❡st✐♠❛❞♦ ❝♦♠♦

❞❡t❛❧❤❛❞♦ ❡♠ ❬✷✸✵❪✱ q✉❡ ❞❡t❡r♠✐♥❛ ❛ ❡①✐stê♥❝✐❛ ♦✉ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ❧✐♥❦ ❡✱ ♣♦rt❛♥t♦✱

❞❡ ✉♠❛ ❝❛✉s❛❧✐❞❛❞❡ ❡♥tr❡ ❝♦♠♣♦♥❡♥t❡s ❛tr❛s❛❞♦s ❞❡ X✳ ❆ s❡❣✉♥❞❛ ❡t❛♣❛ é ❛ ❞❡✲

t❡r♠✐♥❛çã♦ ❞❡ ✉♠ ♣❡s♦ s✐❣♥✐✜❝❛t✐✈♦ ♣❛r❛ ❝❛❞❛ ❧✐♥❦ ❡①✐st❡♥t❡ ♥♦ ❣rá✜❝♦✳ ❖ MIT

❛♣r❡s❡♥t❛❞♦ ♥❛ ♣ró①✐♠❛ s❡çã♦ ❞❡st✐♥❛✲s❡ ❛ s❡r✈✐r ❛ ❡ss❡ ♦❜❥❡t✐✈♦✱ ❛tr✐❜✉✐♥❞♦ ✉♠❛

❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❜❡♠ ✐♥t❡r♣r❡tá✈❡❧ s♦♠❡♥t❡ ❛♦s ❧✐♥❦s ✐♥❢❡r✐❞♦s ❞♦ ♣❧❛♥♦ ❝❛✉s❛❧

❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

✸✳✺✳✺ ❚r❛♥s❢❡rê♥❝✐❛ ♠♦♠❡♥tâ♥❡❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❡ ❡♥tr♦♣✐❛ ❞❡

♦r✐❣❡♠

❖s ♣❛✐s ❞❡ ✉♠ s✉❜♣r♦❝❡ss♦ Y ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ t❡♠♣♦ t sã♦ ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛

❡♥t❡♥❞❡r ♦ ❝♦♥❝❡✐t♦ s✉❜❥❛❝❡♥t❡ ❞❡ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ✳ ❈❛❞❛ s✉❜✲♣r♦❝❡ss♦ ✉♥✐✈❛r✐❛❞♦

X ❞❡ ✉♠ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ X t❡♠♣♦r❛❧ ❡ ♠✉❧t✐✈❛r✐❛❞♦ ✐rá✱ ❛ ❝❛❞❛ ♠♦♠❡♥t♦✱

♣r♦❞✉③✐r ✉♠❛ r❡❛❧✐③❛çã♦ xt✳ ❆ ❡♥tr♦♣✐❛ ❞❡ Xt ♠❡❞❡ ❛ ✐♥❝❡rt❡③❛ ❛❝❡r❝❛ ❞❡ xt ❛♥t❡s

❞❛ s✉❛ ♣ró♣r✐❛ ♦❜s❡r✈❛çã♦ ❡✱ ❡♠ ❣❡r❛❧✱ s❡rá r❡❞✉③✐❞❛ s❡ ♦s ♣❛✐s sã♦ ❝♦♥❤❡❝✐❞♦s PXt
⊂

X
−
t ✳

✽✸



❋✐❣✉r❛ ✸✳✶✻✿ ■♥t❡r❛çõ❡s ❝❛✉s❛✐s ♥✉♠ ♣r♦❝❡ss♦ X ♠✉❧t✐✈❛r✐❛❞♦ ✭❛✮ ♣❧❛♥♦ ❝❛✉s❛❧ ❞❡
sér✐❡s t❡♠♣♦r❛✐s❀ ❛s ❝❛✐①❛s ♣♦♥t❡❛❞❛s ♠❛r❝❛♠ ❛s ❝♦♥❞✐çõ❡s ♣❛r❛ ❛ CMI ❡♥tr❡ Xt−τ

❡♠ τ = 2 ❡ Yt ✭♠❛r❝❛❞♦s ♣♦r ♣♦♥t♦s ♣r❡t♦s✮✳ ❖ ❝♦♥❥✉♥t♦ ✐♥✜♥✐t♦ X
−
t
\X−

t ∪X−
t−τ é

♥♦t❛❞♦ ♣❡❧❛s ❧✐♥❤❛s ♣♦♥t❡❛❞❛s ❝✐♥③❛s✳ ❙ó ♦ ❝♦♥❥✉♥t♦ ✜♥✐t♦ SYt,Xt−τ
✭❧✐♥❤❛s ♣♦♥t❡❛❞❛s

✈❡r♠❡❧❤❛s✮ é ♥❡❝❡ssár✐♦ ♣❛r❛ s❛t✐s❢❛③❡r ❛ ❊q✉❛çã♦ ✸✳✽✻✳ SYt,Xt−τ
❞❡✈❡ s❡r ❡s❝♦❧❤✐❞♦

❞❡ ♠♦❞♦ q✉❡ s❡♣❛r❡ ❛s ❝♦♥❞✐çõ❡s ✐♥✜♥✐t❛s ✐❣♥♦r❛❞❛s (X−
t
\X−

t ∪X−
t−τ ) \ SYt,Xt−τ

❞❡
Yt ♥♦ ❣rá✜❝♦✳ ❖ ❝♦♥❥✉♥t♦ ❛✐♥❞❛ ♠❡♥♦r ❞❡ ♣❛✐s PYt

✭❝❛✐①❛ ❛③✉❧✱ ♥ós ❝✐♥③❛s✮ s❡♣❛r❛
Yt ❞♦ ♣❛ss❛❞♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡✐r♦ Xt \ PYt

✳ ✭❜✮ ◆♦ ❣rá✜❝♦ MIT é ❛ CMI ❡♥tr❡
Xt−τ ❡♠ τ = 2 ❡ Yt ✭♠❛r❝❛❞♦ ♣♦r ♣♦♥t♦s ♣r❡t♦s✮ ❝♦♥❞✐❝✐♦♥❛❞❛ ❛♦s ♣❛r❡♥t❡s PXt−τ

✭✈❡r♠❡❧❤♦✮ ❡ PYt−τ
✭❛③✉❧✮ ❬✷✷✼❪

▼❛s ♣❛r❛ ✉♠ ♣r♦❝❡ss♦ ♥ã♦✲❞❡t❡r♠✐♥íst✐❝♦✱ ❛ ♠❛✐♦r✐❛ ❞♦s ❞❛❞♦s r❡❛✐s ❝♦♥t❡rá

♣❡❧♦ ♠❡♥♦s ❛❧❣✉♠ r✉í❞♦ ❛❧❡❛tór✐♦ ❡ s❡♠♣r❡ ❤❛✈❡rá ❛❧❣✉♠❛ ❛♥♦r♠❛❧✐❞❛❞❡ q✉❛♥❞♦ s❡

♦❜s❡r✈❛ xt✳ ❊ss❛ ❛♥♦r♠❛❧✐❞❛❞❡ ❞á ✉♠❛ ♥♦✈❛ ✐♥❢♦r♠❛çã♦ ❝❤❛♠❛❞❛ ❞❡ ❡♥tr♦♣✐❛ ❞❡

♦r✐❣❡♠ H (Xt | PXt
) ❞❡ X✳

❆ tr❛♥s❢❡rê♥❝✐❛ ♠♦♠❡♥tâ♥❡❛ ❞❡ ✐♥❢♦r♠❛çã♦ ✭MIT ✮ ❡♥tr❡ X ❡♠ ❛❧❣✉♠ t❡♠♣♦

❞❡ ❛tr❛s♦ t − τ ❡ Y ♥♦ t❡♠♣♦ t é ❛ CMI q✉❡ ♠❡❞❡ ❛ ♣❛rt❡ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠

❞❡ Y q✉❡ é ❝♦♠♣❛rt✐❧❤❛❞❛ ❝♦♠ ❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ❞❡ X✿

IMIT
X→Y (τ) ≡ I(Xt−τ ;Yt | PYt

\{Xt−τ},PXt−τ
) = H(Yt | PYt

\{Xt−τ},PXt−τ
)−H(Yt | PYt

)

✭✸✳✾✶✮

❯♠❛ ✐♥t❡r♣r❡t❛çã♦ ❣rá✜❝❛ ❞❛ MIT é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✼✳ ❖ t❡r♠♦

♠♦♠❡♥tâ♥❡♦ é ✉s❛❞♦ ♣♦rq✉❡ ❛ MIT ♠❡❞❡ ❛ ✐♥❢♦r♠❛çã♦ ❞♦ ✬♠♦♠❡♥t♦✬ t− τ ❡♠ X

q✉❡ é tr❛♥s❢❡r✐❞♦ ♣❛r❛ Yt✳ ❆♥❛❧♦❣❛♠❡♥t❡✱ à ❊q✉❛çã♦ ✸✳✽✾ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦

✉♠❛ MIT ❝♦♥t❡♠♣♦râ♥❡❛✿

✽✹



❋✐❣✉r❛ ✸✳✶✼✿ ❉✐❛❣r❛♠❛s ❞❡ ❱❡♥♥ q✉❡ r❡♣r❡s❡♥t❛♠ ❛ ❡♥tr♦♣✐❛ H(Y ) ♥♦ t❡♠♣♦ t
✭♦♠✐t✐♥❞♦ t ❡ τ ❝♦♠♦ ✉♠❛ ❝♦❧✉♥❛ s❡❣♠❡♥t❛❞❛✮✳ ➱ ❝♦♠♣♦st❛ ♣❡❧❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠
✭❝✐♥③❛✮ H(Y | PYt

) ❡ ♣❛rt❡ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❢♦♥t❡ H(X | PXt
) ✭r♦s❛✮✱ ❛ ❡♥tr♦♣✐❛

H(PXt
) ❞♦s ♣❛r❡♥t❡s ❞❡ X ✭❧❛r❛♥❥❛✮✱ ❡ ❛ ❡♥tr♦♣✐❛ H(PXt

) | Xt−τ ❞♦s ♣❛r❡♥t❡s
r❡st❛♥t❡s ❞❡ Y ✭❛③✉❧✮✳ ❖ IMIT

X→Y (τ) ✭s❡❣♠❡♥t♦ ❞❡ ❜♦r❞❛ só❧✐❞❛✮ é ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛
❡♥tr♦♣✐❛ H(Y | PY \ {X},PX) ✭s❡❣♠❡♥t♦ tr❛❝❡❥❛❞♦✮ q✉❡ ✐♥❝❧✉✐ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ X
❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ♦r✐❣❡♠ ❞❡ Y q✉❡ ❛ ❡①❝❧✉✐✳ ❬✷✷✼❪

IMIT
X−Y (τ) ≡ I(Xt;Yt | PYt

,PXt
,NXt

\ {Yt},NYt
\ {Xt},P(NXt

\ {Yt}),P(NYt
\ {Xt}))

✭✸✳✾✷✮

❡♠ q✉❡ N r❡♣r❡s❡♥t❛ ♦s ✈✐③✐♥❤♦s ❝♦♥t❡♠♣♦râ♥❡♦s ❞❡✜♥✐❞♦s ❝♦♠♦✿

NYt
= {Xt : X ∈ X, Xt − Yt} ✭✸✳✾✸✮

❈♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ▼❛r❦♦✈✱ ❛ MIT é ❡q✉✐✈❛❧❡♥t❡ à ❡q✉❛✲

çã♦ q✉❡ ❞❡✜♥❡ ♦s ❧✐♥❦s ❝♦♥t❡♠♣♦râ♥❡♦s ✭❊q✉❛çã♦ ✸✳✽✾✮✳ ❈♦♠♦ ♦MIT ✉s❛ ♦s ♣❛✐s PYt

❝♦♠♦ ❝♦♥❞✐çõ❡s✱ t❛♠❜é♠ ❝✉♠♣r❡ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❡♠ q✉❡ é ❞✐❢❡r❡♥t❡

❞❡ ③❡r♦ ❛♣❡♥❛s ♣❛r❛ ♣r♦❝❡ss♦s ❞❡❢❛s❛❞♦s q✉❡ ♥ã♦ sã♦ ❝♦♥❞✐❝✐♦♥❛✐s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❡

X
−
t ✳

✽✺



✸✳✻ ❊q✉❛çõ❡s ❡st♦❝ást✐❝❛s

❯♠❛ ❊q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡st♦❝ást✐❝❛ ♦✉ ❙❉❊ é ❡ss❡♥❝✐❛❧♠❡♥t❡ ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡✲

r❡♥❝✐❛❧ ❝❧áss✐❝❛ q✉❡ é ♣❡rt✉r❜❛❞❛ ♣♦r ✉♠ r✉í❞♦ ❛❧❡❛tór✐♦✳ ❊ss❛ ♣❡rt✉r❜❛çã♦ ♣♦❞❡

❡①✐st✐r ❡♠ ✉♠ ♦✉ ♠❛✐s t❡r♠♦s ❞❛ ❡q✉❛çã♦✱ ❡ ❣❡r❛❧♠❡♥t❡ é r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠ ♣r♦✲

❝❡ss♦ ❡st♦❝ást✐❝♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ s♦❧✉çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡st♦❝ást✐❝❛ é

t❛♠❜é♠ ✉♠ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦✳ ❯♠❛ ❙❉❊ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♠❡❞✐❛♥t❡ ❛ s❡❣✉✐♥t❡

❢♦r♠❛ ❬✶✾✺❪✿

dXt = µ (Xt, t) dt+ σ (Xt, t) dWt ✭✸✳✾✹✮

❝✉❥❛ s♦❧✉çã♦ é✿

Xt = X0 +

t∫

0

µ (Xt, t) dt+

t∫

0

σ (Xt, t) dWt ✭✸✳✾✺✮

❡♠ q✉❡ Wt r❡♣r❡s❡♥t❛ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❲✐❡♥❡r ✭♠♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♥♦ ♣❛❞rã♦✮✳

❉❛ ❡q✉❛çã♦ ❛❝✐♠❛✱ ❞✐st✐♥❣✉❡✲s❡ ♦ t❡r♠♦ ❞❡t❡r♠✐♥íst✐❝♦ ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ✐♥✲

t❡❣r❛❧ ♦r❞✐♥ár✐❛ ❞❡ ▲❡❜❡s❣✉❡ ❬✶✵✻❪❀ ❡ ♦ t❡r♠♦ ❡st♦❝ást✐❝♦ ❞❡s❝r✐t♦ ♣❡❧❛ ✐♥t❡❣r❛❧ ❞❡

■tô ❬✶✺✶❪✳ ❯♠❛ ✐♥t❡r♣r❡t❛çã♦ ❤❡✉ríst✐❝❛ ❞❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡st♦❝ást✐❝❛ é q✉❡

❡♠ ✉♠ ♣❡q✉❡♥♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ δ ♦ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ Xt

♠✉❞❛ s❡✉ ✈❛❧♦r ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡ q✉❡ é ♥♦r♠❛❧♠❡♥t❡ ❞✐str✐❜✉í❞❛ ❝♦♠ ❡①♣❡❝t❛✲

t✐✈❛ µ (Xt, t) δ ❡ ✈❛r✐â♥❝✐❛ σ (Xt, t)
2 δ ❡ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛ss❛❞♦

❞♦ ♣r♦❝❡ss♦ ❬✶✷✸❪✳ ■ss♦ ♦❝♦rr❡ ♣♦rq✉❡ ♦s ✐♥❝r❡♠❡♥t♦s ❞❡ ✉♠ ♣r♦❝❡ss♦ ❲✐❡♥❡r sã♦

✐♥❞❡♣❡♥❞❡♥t❡s ❡ ♥♦r♠❛❧♠❡♥t❡ ❞✐str✐❜✉í❞♦s✳ ❆ ❢✉♥çã♦ µ é ❝❤❛♠❛❞❛ ❞❡ ❝♦❡✜❝✐❡♥t❡ ❞❡

❞r✐❢t✱ ❡♥q✉❛♥t♦ σ é ❝❤❛♠❛❞❛ ❞❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦✳

❊q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥✿ ➱ ✉♠❛ ❙❉❊ q✉❡ ❞❡s❝r❡✈❡ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠

s✉❜❝♦♥❥✉♥t♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ✈❛r✐á✈❡✐s ❝♦❧❡❝t✐✈❛s ♠❛❝r♦s✲

❝ó♣✐❝❛s ✭❞✐♥â♠✐❝❛ ❧❡♥t❛✮ ❡ ✈❛r✐á✈❡✐s ♠✐❝r♦s❝ó♣✐❝❛s ✭❞✐♥â♠✐❝❛ rá♣✐❞❛ ✲ ❞❡ ♥❛t✉r❡③❛

❡st♦❝ást✐❝❛✮✳ ❆ ❡q✉❛çã♦ ❞❡s❝r❡✈❡ ♦ ♠♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ❡❢❡✐t♦s

❞❡ ❢r✐❝çã♦ ❞❡ s♦❧✈❡♥t❡s✴♠é❞✐♦ ❡ ♣❡rt✉r❜❛çõ❡s ♣♦r ❝♦❧✐sõ❡s ❞❡ ♣❛rtí❝✉❧❛s ❡♠ ❛❧t❛ ✈❡✲

❧♦❝✐❞❛❞❡ ❬✷✼✻❪✳

M
∂2x

∂t
= −∇U(x)− γ

∂x

∂t
+ 2
√
2γkBTR(t) ✭✸✳✾✻✮

❡♠ q✉❡ γ é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❢r✐❝çã♦✱ U(x) é ♣♦t❡♥❝✐❛❧ ❞❡ ✐♥t❡r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✱

−∇U(x) ❝♦rr❡s♣♦♥❞❡ à ❢♦rç❛ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞♦s ♣♦t❡♥❝✐❛✐s ❞❡ ✐♥t❡r❛çã♦✱ T é

❛ t❡♠♣❡r❛t✉r❛✱ kB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡ R(t) é ♣ ❞❡❧t❛✲❝♦rr❡❧❛çã♦ ❞❡ ✉♠

♣r♦❝❡ss♦ ❡st❛❝✐♦♥ár✐♦ ●❛✉ss✐❛♥♦ ❝♦♠ ♠é❞✐❛ ③❡r♦✳

◆♦ ♠♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦ ♦ t❡r♠♦ ❞❡ ❛❝❡❧❡r❛çã♦ é ❞❡s♣r❡③í✈❡❧✿

✽✻



0 = −∇U(x)− γ
∂x

∂t
+ 2
√
2γkBTR(t) ✭✸✳✾✼✮

❯s❛♥❞♦ ❛ r❡❧❛çã♦ ❞❡ ❊✐♥st❡✐♥ ✭r❡❧❛çã♦ ❡♥tr❡ ❛ ❞✐❢✉s✐✈✐❞❛❞❡ ♠❛❝r♦s❝ó♣✐❝❛ ❡

♣r♦♣r✐❡❞❛❞❡s ❛tô♠✐❝❛s ❞❛ ♠❛tér✐❛ ✮ D = (kBT/γ)✿

dx

dt
= − D

kBT
∇U(x) +

√
2DR(t) ✭✸✳✾✽✮

❊♠ r❡s✉♠♦✱ ❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡♥✈✐♥ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦ ✉♠❛ ❙❉❊✿

dXt = −∇U(Xt) +
√
2DdWt ✭✸✳✾✾✮

❊q✉❛çã♦ ▼❛st❡r✿ ❆ ❡q✉❛çã♦ ▼❛st❡r é ❞❡r✐✈❛❞❛ ❛ ♣❛rt✐r ❞❛ ❞✐❢❡r❡♥❝✐❛çã♦ ❞❛

❡q✉❛çã♦ ❞❡ ❈❤❛♣♠❛♥✲❑♦❧♠♦❣♦r♦✈ ♣❛r❛ ✉♠ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ ▼❛r❦♦✈✐❛♥♦ ❬✷✼✻❪✳

❋✐❣✉r❛ ✸✳✶✽✿ ❉❡r✐✈❛çã♦ ❞❛ ❡q✉❛çã♦ ▼❛st❡r ❬✶✾✺❪✳

❈♦♥s✐❞❡r❡✲s❡ ❛ ♣r✐♠❡✐r❛ ✐♥t❡r❛çã♦ ❞❡s❝r✐t❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✽✳ ❆ s❡t❛ ✈❡r♠❡❧❤❛

♥♦♠❡❛❞❛ w r❡♣r❡s❡♥t❛ ✉♠ s✐st❡♠❛ q✉❡ s❡ ❡♥❝♦♥tr❛ ♥♦ ❡st❛❞♦ 1 ♥✉♠ t❡♠♣♦ t✱ ❝✉❥❛

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❛❧t♦✲tr❛♥s✐çã♦ ♣❛r❛ ♦ ❡st❛❞♦ 2 ❡♥tr❡ ♦ t❡♠♣♦ t ❡ t+δt é wδt✳ ◆♦t❡

q✉❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ wδt ❡stá ❝♦♥❞✐❝✐♦♥❛❞❛ ❛ q✉❡ ♦ s✐st❡♠❛ s❡ ❡♥❝♦♥tr❡ ♥♦ ❡st❛❞♦ 1

♥♦ t❡♠♣♦ t✳ ❊♥tã♦✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❜s❡r✈❛r ❛ tr❛♥s✐çã♦ 1→ 2 ❡♥tr❡ ♦s t❡♠♣♦s

t → t + δt é wp(1)δt✳ ◆♦ ❣❡r❛❧ Ωijδt ❝♦rr❡s♣♦♥❞❡ à ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❜s❡r✈❛r ❛

tr❛♥s✐çã♦ i → j ❡♥tr❡ ♦s t❡♠♣♦s t → t + δt✳ ◆✉♠ s✐st❡♠❛ ♥✲❞✐♠❡♥s✐♦♥❛❧ ♦s ✈❛❧♦r❡s

Ωij sã♦ ❝❤❛♠❛❞♦s t❛①❛s ❞❡ tr❛♥s✐çã♦ ❡ Ω é ❛ ♠❛tr✐③ ❞❡ t❛①❛s ❞❡ tr❛♥s✐çõ❡s✳

❊s❝r❡✈❡♥❞♦ ❛s ❡q✉❛çõ❡s ❞✐♥â♠✐❝❛s ♣❛r❛ p(1) ❡ p(2) ❝♦♠♦ ✉♠ ❜❛❧❛♥ç♦ ❞❡ ♠❛ss❛

❞❡ ❢♦r♠❛ q✉❡ ❛ ❢r❛çã♦ ❞❡ t❡♥t❛t✐✈❛s ♥♦ ❡st❛❞♦ 1 ❡♠ t + δt ❂ ❢r❛çã♦ ❞❡ t❡♥t❛t✐✈❛s

♥♦ ❡st❛❞♦ 1 ❡♠ t ✲ ❢r❛çã♦ ❞❡ t❡♥t❛t✐✈❛s ♦♥❞❡ ♦❝♦rr❡✉ ✉♠❛ tr❛♥s✐çã♦ 1 → 2 ❡♥tr❡ ♦s

✽✼



t❡♠♣♦s t+ δt✳ r❡s✉❧t❛♥❞♦ ❡♠✿

p1(t+ δt) = p1(t)− wp(1)δt ✭✸✳✶✵✵✮

❡✿

p2(t+ δt) = p2(t)− wp(1)δt ✭✸✳✶✵✶✮

❆ ❡q✉❛çã♦ ▼❛st❡r é ❞❡s❝r✐t❛ ♣♦r ❞♦✐s t✐♣♦s ❞❡ ❝♦♥tr✐❜✉✐çõ❡s✿ ✭❛✮ ❝❤❡❣❛♥❞♦ ❛ i

❛ ♣❛rt✐r ❞❡ j ̸= i✱ ❣❡r❛♥❞♦ ✉♠ ❢❛❝t♦r ♣♦s✐t✐✈♦ Ωijpj ✭❜✮ ♦✉ s❛✐♥❞♦ ❞❡ i ❛ ♣❛rt✐r j ̸= i✱

❣❡r❛♥❞♦ ✉♠ ❢❛t♦r ♥❡❣❛t✐✈♦ −Ωijpi✳

dpi
dt

=
∑

j ̸=i

Ωijpj −
∑

j ̸=i

Ωjipi ✭✸✳✶✵✷✮

❡♠ q✉❡ ♦s ❡❧❡♠❡♥t♦s ❞✐❛❣♦♥❛✐s ❞❛ ♠❛tr✐③ Ωii =
∑

j ̸=i Ωji✿

dpi
dt

=
∑

j ̸=i

Ωijpj +
∑

j ̸=i

Ωiipi =
∑

j

Ωijpj = Ωp ✭✸✳✶✵✸✮

❊q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦✿ ➱ ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ♣❛r❝✐❛❧ q✉❡ ❞❡s❝r❡✈❡

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

♣❛rtí❝✉❧❛ s♦❜ ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ❢♦rç❛s ❞❡ ❛rr❛st♦ ❡ ❢♦rç❛s ❛❧❡❛tór✐❛s✱ ❝♦♠♦ ♥♦ ♠♦✈✐♠❡♥t♦

❇r♦✇♥✐❛♥♦✳ ❊st❛ ❡q✉❛çã♦ é ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛ ❡①♣❛♥sã♦ ❑r❛♠❡rs✲▼♦②❛❧ ❞❛ ❊q✉❛çã♦

▼❛st❡r ❬✷✷✶❪✳

∂p

∂t
= −

d∑

j=1

∂

∂xj

ai(x)p+
1

2

d∑

i,j=1

∂2

∂xi∂xj

bij(x)p ✭✸✳✶✵✹✮

P❛r❛ t > 0, x ∈ R, p(x, 0)✳

❊♠ ❣❡r❛❧✱ ❜❛❧❛♥ç♦s ❞❡ ♠❛ss❛ ❡ ♣♦♣✉❧❛❝✐♦♥❛✐s ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s ❡ ❡❝♦s✐st❡♠❛s

sã♦ s✉❥❡✐t♦s ❛ ✢✉t✉❛çõ❡s q✉❡ s❡❣✉❡♠ ❛ ❢♦r♠❛ ❞❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥ ❬✷✼✻❪✿

dx

dt
=
∑

j

Jijxj +
√
2Diξi(t) ✭✸✳✶✵✺✮

❡♠ q✉❡ J é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❡ ξi é ♦ r✉✐❞♦ ❣❛✉ss✐❛♥♦ ✭❜r❛♥❝♦✮ ❝♦♠ ♠é❞✐❛ ③❡r♦ ❡

✈❛r✐â♥❝✐❛ ✉♥✐tár✐❛✳ ❆ ❡q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦ ❝♦rr❡s♣♦♥❞❡ ❛✿

∂p

∂t
= −

∑

ij

Jij
∂

∂xi

xjp+
∑

ij

Dij
∂2p

∂xi∂xj

✭✸✳✶✵✻✮

✽✽



P❛r❛ ♦❜t❡r ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ Γ é ✉s❛❞❛ ❛ ❡q✉❛çã♦ ❋♦❦❦❡r✲P❧❛♥❝❦ ❡st❛❝✐✲

♦♥ár✐❛✿

0 = −
∑

ij

Jij
∂

∂xi

xjp+
∑

ij

Dij
∂2p

∂xi∂xj

✭✸✳✶✵✼✮

❡♠ q✉❡ Dij = δijD é ✉♠❛ ♠❛tr✐③ ❞✐❛❣♦♥❛❧✳ ❉❡✜♥✐♥❞♦ ♦ ♣r♦❞✉t♦ ✐♥t❡r♥♦✿

⟨xk, xl⟩ =
∫

xkxlP (x)dx ✭✸✳✶✵✽✮

▼✉❧t✐♣❧✐❝❛♥❞♦ ❛ ❊q✉❛çã♦ ✸✳✶✵✼ ♣♦r xkxl ❡ ✐♥t❡❣r❛♥❞♦✿

0 =
∑

j

Jkj ⟨xlxj⟩+
∑

j

Jlj ⟨xkxj⟩+ 2Dkl ✭✸✳✶✵✾✮

❘❡❡s❝r❡✈❡♥❞♦ ❡♠ t❡r♠♦s ❞❡ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛✿

JΓ + ΓJT = −2D ✭✸✳✶✶✵✮

❡♠ q✉❡ JT é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ tr❛♥s♣♦st❛ ❡ D é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❛ ♠❛tr✐③ ❞❡

✢✉t✉❛çõ❡s✳

✸✳✼ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

◆❡st❡ ❝❛♣ít✉❧♦✱ ❛♣r❡s❡♥t♦✉✲s❡ ✉♠ r❡s✉♠♦ ❞♦s ♣r✐♥❝✐♣❛✐s ❢✉♥❞❛♠❡♥t♦s t❡ór✐❝♦s ❡♠

❞✐♥â♠✐❝❛ ♥ã♦ ❧✐♥❡❛r✱ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳

❉❛❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ❞✐❢❡r❡♥t❡s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐✲

❝♦s ♥ã♦ ❧✐♥❡❛r❡s q✉❡ ♦s s✐st❡♠❛s ❛ ♠♦♥✐t♦r❛r ♣♦❞❡♠ ❡①✐❜✐r✱ é ✐♠♣♦rt❛♥t❡ ❡♠♣r❡❣❛r

✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ q✉❡ ♣❡r♠✐t❛ ✉♠❛ ❝❛r❛❝t❡r✐③❛çã♦ ❛❞❡q✉❛❞❛✳ ❆♦ ❧♦♥❣♦ ❞♦ ❝❛♣ít✉❧♦✱

❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❞✉❛s ❛❜♦r❞❛❣❡♥s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦✳ ❆ ♣r✐♠❡✐r❛ ❝♦♥s✐❞❡r❛

té❝♥✐❝❛s ♥✉♠ér✐❝❛s q✉❡ ✉s❛♠ ❞✐r❡t❛♠❡♥t❡ ❛s ❡q✉❛çõ❡s ❞♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s✱

❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ♦❜t✐❞❛s ❞✐r❡t❛♠❡♥t❡ ❛ ♣❛rt✐r ❞♦ ❡s♣❛ç♦ ♦r✐❣✐♥❛❧ ❞♦ s✐st❡♠❛✳ ❆

s❡❣✉♥❞❛ ❝♦♥s✐❞❡r❛ ♦ ❡st✉❞♦ ❛ ♣❛rt✐r ❞❛s ♦❜s❡r✈❛çõ❡s ❞❡ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡ ✉♠❛

✈❛r✐á✈❡❧ ❞❡ ❡st❛❞♦✳ ❈♦♠ ♦ ❛✉①✐❧✐♦ ❞❡ ❢❡rr❛♠❡♥t❛s ♥✉♠ér✐❝❛s ❡ ♠❛t❡♠át✐❝❛s✱ ❢♦r❛♠

❝♦♥str✉í❞♦s ♣r♦❝❡❞✐♠❡♥t♦s q✉❡ ♣❡r♠✐t❡♠ ❞❡t❡r♠✐♥❛r ❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞✐✲

♥â♠✐❝❛s ❞❡ ✉♠ s✐st❡♠❛ ❛ ♣❛rt✐r ❞♦ ❡st✉❞♦ ❞❡ ✉♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s r❡❝♦♥str✉í❞♦✳ ❖

❢✉♥❞❛♠❡♥t♦ t❡ór✐❝♦ ✉s❛❞♦ ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞❛s té❝♥✐❝❛s ♥✉♠ér✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛✲

çã♦ ❡ ❛♥á❧✐s❡ ❞♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s t❛♠❜é♠ ❢♦✐ r❡s✉♠✐❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✳

✽✾



❋♦r❛♠ ❛✐♥❞❛ ❛❜♦r❞❛❞❛s ❛s ❞❡✜♥✐çõ❡s ❞❛ t❡♦r✐❛ ❝❛✉s❛❧ r❡q✉❡r✐❞❛s ♥♦ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡st❡ tr❛❜❛❧❤♦✳ ❋♦✐ r❡s✉♠✐❞♦ ✉♠ ❜❧♦❝♦ ❞❡ ❞❡✜♥✐çõ❡s ♦r✐❣✐♥❛✐s

❞❛ ❚❡♦r✐❛ ❞❛ ■♥❢♦r♠❛çã♦✱ ❞❡st❛❝❛♥❞♦ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞♦ ❝♦♥❝❡✐t♦ ❞❛ ✐♥❢♦r♠❛çã♦ ♠ú✲

t✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ❡ s❡✉ ♣❛♣❡❧ ♥❛ ❞❡r✐✈❛çã♦ ❞❡ ♦✉tr❛s ♣r♦♣r✐❡❞❛❞❡s ✐♠♣♦rt❛♥t❡s ♥♦s

♠ét♦❞♦s ❞❡ ❞❡s❝♦❜r✐♠❡♥t♦ ❝❛✉s❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ✐♥tr♦❞✉③✐❞♦s ♦s ❝♦♥❝❡✐t♦s ❞❡

s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝❛✉s❛✐s ❡ ❛s r❡❧❛çõ❡s ♠❛t❡♠át✐❝❛s q✉❡ ✈✐♥❝✉❧❛♠ ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛✲

r✐â♥❝✐❛ à ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❛ ♣❛rt✐r ❞❡ ♠❡❞✐❞❛s ♦❜s❡r✈á✈❡✐s✳

❋✐♥❛❧♠❡♥t❡ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r ❛s s❡❣✉✐♥t❡s ❝♦♥s✐❞❡r❛çõ❡s q✉❡ ❬✻✶❪ ❢❛③ ❛

r❡s♣❡✐t♦ ❞❛ ♥♦t❛çã♦ ♠❛t❡♠át✐❝❛ ✉s❛❞❛ ❡♠ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❡ q✉❡ é ❛❞♦t❛❞❛ ♥❡st❡

tr❛❜❛❧❤♦✿ ✭✐✮ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ J ❊qs✳ ✭✸✳✷✶✮ ❞❡s❝r❡✈❡ ❛ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠❛ ✈✐✲

③✐♥❤❛♥ç❛ ✐♥✜♥✐t❡s✐♠❛❧ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ t❡♠♣♦ ✜♥✐t♦ t❀ ✭✐✐✮ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡

A ❞❡s❝r❡✈❡ ❛ ❞❡❢♦r♠❛çã♦ ✐♥st❛♥tâ♥❡❛ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❡ é ♦ ♦❜❥❡t♦ ♥❛t✉r❛❧ ♣❛r❛ ♦ ❡s✲

t✉❞♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♦✉ ✉♠ ♣♦♥t♦ ✐♥✈❛r✐❛♥t❡ ♥♦ ❡s♣❛ç♦

❞❡ ❡st❛❞♦s❀ ❡ ✭✐✐✐✮ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ tr❛❥❡tór✐❛s é ❞❡s❝r✐t❛ ♣❡❧❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ J ✳

❋r❡q✉❡♥t❡♠❡♥t❡ ❡♠ ♠✉✐t❛s ár❡❛s ❛ ♠❛tr✐③ A é r❡❢❡r✐❞❛ ❝♦♠♦ ✧▼❛tr✐③ ❏❛❝♦❜✐❛♥❛✧✱

✉♠ ✉s♦ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ❞❡s❛❢♦rt✉♥❛❞♦ q✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r❛ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❧✐♥❡❛r✐✲

③❛❞❛ ❞❡ ✉♠ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ s❡❣✉♥❞♦ ♠♦str❛❞♦ ♥❛ ❊q✉❛çã♦ ✭✸✳✷✷✮✳ ❆ ♠❛tr✐③ A

♥ã♦ é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✿ A é ✉♠ ❣❡r❛❞♦r ❞❡ ♣❛ss♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞❡ t❡♠♣♦ ✐♥✜✲

♥✐t❡s✐♠❛❧ Jδt ∼= 1+Aδt✳ ◗✉❛♥❞♦ ❏❛❝♦❜✐ ❞❡s❡♥✈♦❧✈❡✉ ♦ tr❛❜❛❧❤♦ ❞♦s ❞❡t❡r♠✐♥❛♥t❡s✱

❝♦♥s✐❞❡r♦✉ tr❛♥s❢♦r♠❛çõ❡s ❡♥tr❡ ❛s ❞✐❢❡r❡♥t❡s ❜❛s❡s ❝♦♦r❞❡♥❛❞❛s ❬✶✸✺❪✳ ❆❧é♠ ❞✐ss♦✱

♦s ❞❡t❡r♠✐♥❛♥t❡s q✉❡ ❏❛❝♦❜✐ ❝♦♥s✐❞❡r♦✉ ❡r❛♠ ❛❞✐♠❡♥s✐♦♥❛✐s✱ ❡♥q✉❛♥t♦ Aij ♣♦ss✉✐

✉♥✐❞❛❞❡s ❞❡ 1/tempo✳

✾✵



❈❛♣ít✉❧♦ ✹

▼❡t♦❞♦❧♦❣✐❛

❆♦ ❧♦♥❣♦ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❢❛③✲s❡ ✉s♦ ❞❡ ❞✐✈❡rs♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡

♥❛t✉r❡③❛ ❞❡t❡r♠✐♥íst✐❝❛ ✭❞❡s❝r✐t♦s ♣♦r ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❢❡♥♦♠❡♥♦❧ó❣✐❝♦s✮ ❡

s✐st❡♠❛s ❞✐♥â♠✐❝♦s r❡♣r❡s❡♥t❛❞♦s ❛ ♣❛rt✐r ❞❡ ♦❜s❡r✈❛çõ❡s ✭❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s

♠✉❧t✐❞✐♠❡♥s✐♦♥❛✐s✲sér✐❡s t❡♠♣♦r❛✐s✮✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧✱ ♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡s❝r✐✲

t♦s ❝♦♠ ❜❛s❡ ❛ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s sã♦ ❡♠♣r❡❣❛❞♦s ♣❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞❛s té❝♥✐❝❛s

❡ ❝♦♥❝❡✐t♦s ❞❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

✹✳✶ ▼❡t♦❞♦❧♦❣✐❛ ❡♠ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡t❡r♠✐♥ís✲

t✐❝♦s

✹✳✶✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❞❛ ❞✐♥â♠✐❝❛

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❡♥❝♦♥tr❛❞♦s✱ ❡♠ ❡s♣❡❝✐❛❧ ♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ❝❛ót✐❝♦✱ ❡stã♦ ❜❛s❡❛❞♦s ♥❛s ❡str❛té❣✐❛s ❡ ♠❡t♦❞♦❧♦❣✐❛s ♣r♦♣♦st❛s ♣♦r

❈❱■❚❆◆❖❱■❶ ❡t ❛❧✳❬✻✶❪✳ ❚♦❞❛s ❛s r♦t✐♥❛s ❞❡ ❝á❧❝✉❧♦ ❞❡st❛ s❡çã♦ ❢♦r❛♠ ✈❛❧✐❞❛✲

❞❛s ♠❡❞✐❛♥t❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ♥♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ✉s❛❞♦s ❝♦♠♦ ✬❜❡♥❝❤♠❛r❦s✬ ❡

❞❡✜♥✐❞♦s ♥❛ ❙❡çã♦ ✸✳✶✳✶✱ ❝✉❥♦s r❡❧❛t♦s ❡ ❡st✉❞♦s ♥❛ ❧✐t❡r❛t✉r❛ sã♦ ❛♠♣❧♦s✳

✹✳✶✳✶✳✶ ❈á❧❝✉❧♦ ❞❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❆

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

❞❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡❝í✜❝♦ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ♠ét♦❞♦

❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ✸✳✶✳✷✳✶✳ ❆ ♠❛tr✐③ A ❢♦✐ ♦❜t✐❞❛ ✉s❛♥❞♦

❛s ❢❡rr❛♠❡♥t❛s ❞❡ ❝á❧❝✉❧♦ s✐♠❜ó❧✐❝♦ ❞♦ ♠ó❞✉❧♦ Sympy − Python✱ s❡♥❞♦ ♣♦ssí✈❡❧

♣r♦✈✐❞❡♥❝✐❛r ✉♠❛ ❡①♣r❡ssã♦ ❞❡ A ♥❛ r♦t✐♥❛ ❞❡ ❝á❧❝✉❧♦ ♣r✐♥❝✐♣❛❧✱ q✉❡ ❢♦✐ ❡s❝r✐t❛ ❡♠

✾✶



Python 3.8✳ ❆ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❢♦✐ ❛✈❛❧✐❛❞❛ ♥♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦

♠❛✐s ♣ró①✐♠♦ ❞❛ ❜❛s❡ ❞❡ ❛tr❛çã♦ ❞♦ ❛tr❛t♦r✳ ❖ ❝á❧❝✉❧♦ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦

❢♦✐ ❞❡t❡r♠✐♥❛❞♦ ❝♦♥❢♦r♠❡ ❞❡✜♥✐❞♦ ♥❛ ❊q✉❛çã♦ ✭✸✳✾✮ ❡ ✉s❛♥❞♦ ❛ ❢✉♥çã♦ fsolve ❞❛

❜✐❜❧✐♦t❡❝❛ Scipyv.017− 02✳ P❛r❛ ❛ ♠❛tr✐③ A ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ❢♦r❛♠

❞❡t❡r♠✐♥❛❞♦s ♦s ✈❛❧♦r❡s ❡ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s q✉❡ ❞❡s❝r❡✈❡♠ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧

❞♦ s✐st❡♠❛✳

P♦st❡r✐♦r♠❡♥t❡✱ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❢♦✐ ❛✈❛❧✐❛❞❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦s ♣❛râ♠❡tr♦s

❞❡ ❜✐❢✉r❝❛çã♦✱ s❡♥❞♦ ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❛s ♠✉❞❛♥ç❛s ❝❛r❛❝t❡ríst✐❝❛s ♥♦s ✈❛❧♦r❡s ❝❛✲

r❛❝t❡ríst✐❝♦s ❡ ❛ ❧♦❝❛❧✐③❛çã♦ ❛♣r♦①✐♠❛❞❛ ❞♦s ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳

✹✳✶✳✶✳✷ ❈á❧❝✉❧♦ ❞❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♥s❡❣✉✐r ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦s ❞♦s ✢✉①♦s ❞♦s

s✐st❡♠❛s✱ ❢♦✐ ❢❡✐t❛ ❛ ❛♥á❧✐s❡ ✉s❛♥❞♦ ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré✱ q✉❡ ❜❛s✐❝❛♠❡♥t❡ é ✉♠❛

té❝♥✐❝❛ ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❞❡ ✢✉①♦s ♣❛r❛ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞❡ ❞❡✲

t❡r♠✐♥❛❞❛s tr❛❥❡tór✐❛s✳ ❆ r♦t✐♥❛ ✉s❛❞❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❢♦✐

❡s❝r✐t❛ ❡♠ Python3.8 ❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉s❛❞❛ ❢♦✐ ❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ✸✳✶✳✹✳

❆ ❝♦♥str✉çã♦ ❞♦ ✈❡t♦r n̂ ❞❛ ❊q✉❛çã♦ ✭✸✳✸✶ ✮ ❢♦✐ ❞❡✜♥✐❞❛ ❡♠ t❡r♠♦s ❞♦ ✈❡t♦r

♠♦❞❡❧♦ ❞❡ ❡st❛❞♦ r♦t❛❝✐♦♥❛❞♦ π
2
❡♠ r❡s♣❡✐t♦ ❛♦ ❡✐①♦ z ❞♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s

❝❛rt❡s✐❛♥♦ ✭✈❡t♦r ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦ ❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❡t♦r ♠♦❞❡❧♦ ❞❡ ❡st❛❞♦ r♦t❛❝✐♦✲

♥❛❞♦ π
2
✮✳ ❖ ✈❡t♦r ♠♦❞❡❧♦ ❞❡ ❡st❛❞♦ ❢♦✐ ❞❡✜♥✐❞♦ ❛ ♣❛rt✐r ❞♦ ✈❡t♦r ✉♥✐tár✐♦ ❡♠ x✱ ♦✉

s❡❥❛ (x, y, z) = (1, 0, 0) r♦t❛❝✐♦♥❛❞♦ ❝♦♠ ✉♠ â♥❣✉❧♦ θ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❛♥❣✉❧♦ ❡♥tr❡

❛ s❡❝çã♦ ✭♣❛r❛ ♦ ❝❛s♦ ✉♠ ♣❧❛♥♦✮ ❞❡ P♦✐♥❝❛ré ❡ ♦ ❡✐①♦ x ❬✻✶❪✳

❆s r♦t❛çõ❡s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ♠❡❞✐❛♥t❡ ♦ ♣r♦❞✉t♦ ♣♦♥t♦ ❝♦♠ ❛ ▼❛tr✐③ ❞❡

r♦t❛çã♦ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦ z✳



cos(θ) −sin(θ) 0

sin(θ) cos(θ) 0

0 0 1


 ✭✹✳✶✮

❡♠ q✉❡ ♦ â♥❣✉❧♦ θ é ❞❛❞♦ ❡♠ r❛❞✐❛♥♦s✳ ❆ ❢✉♥çã♦ U(x) ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❝♦♥❢♦r♠❡ ❛ ❊q✳

✭✸✳✸✶✮✳ ❆s ❡q✉❛çõ❡s ❞❡ ✢✉①♦ ❢♦r❛♠ ✐♥t❡❣r❛❞❛s ♣❛r❛ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ♦ ✈❡t♦r ❞❡

t❡♠♣♦ ❡st✐♣✉❧❛❞♦s✳ ❖s ♣♦♥t♦s q✉❡ ♣❡rt❡♥❝❡♠ à s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❞❡✈❡♠ s❛t✐s❢❛③❡r

❛ ❝♦♥❞✐çã♦ ❞❛ ❊q✉❛çã♦ ✭✸✳✷✽✮✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❢✉♥çã♦ ❢♦✐ ❛✈❛❧✐❛❞❛ ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s

✈❡t♦r❡s ❞❡ ❡st❛❞♦ ♦❜t✐❞♦s ♥❛ ✐♥t❡❣r❛çã♦ ❞♦ ✢✉①♦✳ ❯♠❛ ♠✉❞❛♥ç❛ ❞❡ s✐♥❛❧ ❞❛ ❢✉♥çã♦

U(x) ✐♥❞✐❝❛✈❛ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ♣♦♥t♦ ❞❡ P♦✐♥❝❛ré U(x) = 0✳ ❉❡♣♦✐s ❞❡ ✐❞❡♥t✐✜❝❛❞❛

❛ ♠✉❞❛♥ç❛ ❞❡ s✐♥❛❧✱ s❡❣✉✐❛✲s❡ ✉♠❛ ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❛ s♦❧✉çã♦✱ q✉❡ ✐♥❝❧✉✐✉ ❛

❞❡✜♥✐çã♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ❧❛♠❜❞❛ ✭r❡❝✉rs♦ ❞❡ P②t❤♦♥ ♣❛r❛ ❛ ❞❡✜♥✐çã♦ ❞❡ ❢✉♥çõ❡s ♥ã♦

✾✷



❡①♣❧í❝✐t❛s✮ ❡ ♦ ✉s♦ ❞❡ fsolve ♣❛r❛ ❛❝❤❛r ❛ s♦❧✉çã♦ ❡①❛t❛✳

❯♠❛ ✈❡③ ✐❞❡♥t✐✜❝❛❞♦s✱ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ❢♦r❛♠ ♣r♦❥❡t❛❞♦s ♥❛ ❜❛s❡ ❞♦

✈❡t♦r ♠♦❞❡❧♦ n̂ ❡ ♦ ✈❡t♦r ✉♥✐tár✐♦ ♥♦ ❡✐①♦ z✳ ❖s ♠❛♣❛s ❞❡ r❡t♦r♥♦ ❢♦r❛♠ ♦❜t✐❞♦s

♣❡❧♦ ❝á❧❝✉❧♦ ♣r❡❧✐♠✐♥❛r ❞❛s ❞✐stâ♥❝✐❛s r❛❞✐❛✐s ❡♥tr❡ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré✳ P❛rt✐✲

❝✉❧❛r♠❡♥t❡✱ ❛s ❞✐stâ♥❝✐❛s r❛❞✐❛✐s rn ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧❛ ♣r♦❥❡çã♦ ❞♦s ♣♦♥t♦s

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

rn+1✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ✐♥t❡r♣♦❧❛çã♦ ♣♦❧✐♥♦♠✐❛❧ ❞♦s ✈❡t♦r❡s ❝♦♠ ❛

✜♥❛❧✐❞❛❞❡ ❞❡ ♦❜t❡r ❛ ❡q✉❛çã♦ ❞♦ ♠❛♣❛ ❞❡ r❡t♦r♥♦ ❞♦s s✐st❡♠❛s✳

✹✳✶✳✶✳✸ ❈á❧❝✉❧♦ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❏

❆ ❛♥á❧✐s❡ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❢♦✐ ❛❝♦♣❧❛❞❛ ❛♦ ❝á❧❝✉❧♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✱ ♣❛rt✐❝✉✲

❧❛r♠❡♥t❡ ❝♦♠ ♦ ✐♥t❡r❡ss❡ ❞❡ ✐❞❡♥t✐✜❝❛r ♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❋❧♦q✉❡t ♠❛r❣✐♥❛✐s✱ q✉❡

♣r♦✈❛♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ s✐♠❡tr✐❛s ✐♥✈❛r✐❛♥t❡s ♥♦s ❛tr❛t♦r❡s✳ ❖ ❝á❧❝✉❧♦ ❞♦s ♠✉❧t✐♣❧✐❝❛✲

❞♦r❡s ❞❡ ❋❧♦q✉❡t ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♥❢♦r♠❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❝r✐t♦ ♥❛s ❙❡çõ❡s ✸✳✶✳✷✳✷

❡ ✸✳✶✳✸✳✷ ❡ ❛ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ✭✸✳✷✶✮✳ ❆ ♣r♦❣r❛♠❛çã♦ ❞❛ r♦t✐♥❛ ❞❡ ❝á❧❝✉❧♦ ❢♦✐

r❡❛❧✐③❛❞❛ ❡♠ Python3.8✳

✹✳✶✳✶✳✹ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ✐❞❡♥t✐✜❝❛r ❡ q✉❛♥t✐✜❝❛r ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝❛ót✐❝♦s ♥♦s s✐st❡♠❛s

❞✐♥â♠✐❝♦s ❞❡ ❡st✉❞♦✱ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❛ r♦t✐♥❛ ❞❡ ❝á❧❝✉❧♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ ❊s♣❡❝tr♦

❞❡ ▲②❛♣✉♥♦✈✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♥❢♦r♠❡ ❢♦✐ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ✸✳✶✳✻✳✶ ❡

t♦♠❛♥❞♦ ❡♠ ❝♦♥t❛ ❛s ❝♦♥s✐❞❡r❛çõ❡s ♣r♦♣♦st❛s ♣♦r ❬✷✽✻❪ ❡ ❬✷✸✻❪✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❢♦✐

❞❡s❡♥✈♦❧✈✐❞❛ ✉♠❛ r♦t✐♥❛ ❞❡ ❝á❧❝✉❧♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ t❡♠♣♦ ♠í♥✐♠♦ ❞❡ ✐♥t❡❣r❛çã♦✱

♣❛r❛ ♦ q✉❛❧ ♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ s❡ ♠❛♥té♠ ❝♦♥st❛♥t❡ ✭❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛✱ ❞❛❞❛

❛ ♥❛t✉r❡③❛ ✐♥✈❛r✐❛♥t❡ ❞❛ ♠❡❞✐❞❛✮✳ ❖ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❢♦✐ t❛♠❜é♠ ❛✈❛❧✐❛❞♦ ❡♠

❢✉♥çã♦ ❞❡ ♣❛râ♠❡tr♦s ♦♣❡r❛❝✐♦♥❛✐s ❞♦s ♠♦❞❡❧♦s✳ ❆ ♣r♦❣r❛♠❛çã♦ ❞❛s r♦t✐♥❛s ❞❡

❝á❧❝✉❧♦ ❞♦ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ t❛♠❜é♠ ❢♦✐ r❡❛❧✐③❛❞❛ ❡♠ Python3.8✳

✹✳✶✳✶✳✺ ❆♥á❧✐s❡ ❞❡ ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s

❆ ❛♥á❧✐s❡ ❞♦s ♣❛❞rõ❡s ♥♦s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s s❡❣✉❡♠ ❛s ❣✉✐❛s ❞❡s❝r✐t❛s ♥❛ t❛❜❡❧❛

❛ s❡❣✉✐r✳

✾✸



❖❜s❡r✈❛çã♦ ■♥t❡r♣r❡t❛çã♦

❍♦♠♦❣❡♥❡✐❞❛❞❡ ❖ ♣r♦❝❡ss♦ é ❡st❛❝✐♦♥ár✐♦

❉❡s❜♦t❛♥❞♦ ♣❛r❛ ♦s

❝❛♥t♦s s✉♣❡r✐♦r❡s ❡s✲

q✉❡r❞♦ ❡ ✐♥❢❡r✐♦r ❞✐✲

r❡✐t♦

◆ã♦ ❡st❛❝✐♦♥❛r✐❡❞❛❞❡❀ ♦ ♣r♦❝❡ss♦ ♣♦ss✉✐ ✉♠❛ t❡♥❞ê♥✲

❝✐❛

❘✉♣t✉r❛s ✭❢❛✐①❛s

❜r❛♥❝❛s✮

◆ã♦ ❡st❛❝✐♦♥❛r✐❡❞❛❞❡❀ ❛❧❣✉♥s ❡st❛❞♦s sã♦ r❛r♦s ♦✉ ❡s✲

tã♦ ❧♦♥❣❡ ❞♦ ♥♦r♠❛❧❀ tr❛♥s✐çõ❡s ♣♦❞❡♠ t❡r ♦❝♦rr✐❞♦

P❛❞rõ❡s ♣❡r✐ó❞✐❝♦s ✴

q✉❛s❡ ♣❡r✐ó❞✐❝♦s

❈✐❝❧✐❝✐❞❛❞❡s ♥♦ ♣r♦❝❡ss♦❀ ❛ ❞✐stâ♥❝✐❛ t❡♠♣♦r❛❧ ❡♥tr❡

♣❛❞rõ❡s ♣❡r✐ó❞✐❝♦s ✭♣♦r ❡①❡♠♣❧♦✱ ❧✐♥❤❛s✮ ❝♦rr❡s♣♦♥❞❡

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

tâ♥❝✐❛s ❡♥tr❡ s✐ r❡✈❡❧❛♠ ✉♠ ♣r♦❝❡ss♦ q✉❛s❡ ♣❡r✐ó❞✐❝♦

P♦♥t♦s ✐s♦❧❛❞♦s ❋❧✉t✉❛çã♦ ❢♦rt❡ ♥♦ ♣r♦❝❡ss♦❀ s❡ ❛♣❡♥❛s ♣♦♥t♦s ✐s♦❧❛✲

❞♦s ✐s♦❧❛❞♦s ♦❝♦rr❡r❡♠✱ ♦ ♣r♦❝❡ss♦ ♣♦❞❡ s❡r ✉♠ ♣r♦✲

❝❡ss♦ ❛❧❡❛tór✐♦ ♦✉ ♥ã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦

▲✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭♣❛✲

r❛❧❡❧❛s à ▲❖■✮

❆ ❡✈♦❧✉çã♦ ❞♦s ❡st❛❞♦s é s❡♠❡❧❤❛♥t❡ ❡♠ t❡♠♣♦s ❞✐✲

❢❡r❡♥t❡s❀ ♦ ♣r♦❝❡ss♦ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥✐st❛❀ s❡ ❡ss❛s

❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ♦❝♦rr❡r❡♠ ❛♦ ❧❛❞♦ ❞❡ ♣♦♥t♦s ✐s♦❧❛❞♦s

✐s♦❧❛❞♦s✱ ♦ ♣r♦❝❡ss♦ ♣♦❞❡ s❡r ❝❛ót✐❝♦ ✭s❡ ❡ss❛s ❧✐♥❤❛s

❞✐❛❣♦♥❛✐s ❢♦r❡♠ ♣❡r✐ó❞✐❝❛s ♣♦❞❡ s❡ tr❛t❛r ❞❡ ór❜✐t❛s

♣❡r✐ó❞✐❝❛s ✐♥stá✈❡✐s✮

▲✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭♦r✲

t♦❣♦♥❛✐s à ▲❖■✮

❆ ❡✈♦❧✉çã♦ ❞♦s ❡st❛❞♦s é s❡♠❡❧❤❛♥t❡ ❡♠ t❡♠♣♦s ❞✐✲

❢❡r❡♥t❡s✱ ♠❛s ❝♦♠ t❡♠♣♦ ✐♥✈❡rs♦❀ às ✈❡③❡s ✐ss♦ é ✉♠

s✐♥❛❧ ❞❡ ❡s♣❛ç♦ ✐♠❡rs♦ ✐♥s✉✜❝✐❡♥t❡

❈❧✉st❡rs ❞❡ ❧✐♥❤❛s ✈❡r✲

t✐❝❛✐s ❡ ❤♦r✐③♦♥t❛✐s

❆❧❣✉♥s ❡st❛❞♦s ♥ã♦ ♠✉❞❛♠ ♦✉ ♠✉❞❛♠ ❧❡♥t❛♠❡♥t❡

♣♦r ❛❧❣✉♠ t❡♠♣♦❀ ✐♥❞✐❝❛çã♦ ❞❡ ❡st❛❞♦ ❧❛♠✐♥❛r

❊str✉t✉r❛s ❞❡ ❧✐♥❤❛s

❝♦♠♣r✐❞❛s

❆ ❡✈♦❧✉çã♦ ❞♦s ❡st❛❞♦s é s❡♠❡❧❤❛♥t❡ ❡♠ t❡♠♣♦s ❞✐❢❡✲

r❡♥t❡s✱ ♠❛s ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞✐❢❡r❡♥t❡❀ ❛ ❞✐♥â♠✐❝❛ ❞♦

s✐st❡♠❛ ♣♦❞❡ ❡st❛r ♠✉❞❛♥❞♦ ✭♠❛s ♥♦t❡✿ ✐ss♦ ♥ã♦ é

t♦t❛❧♠❡♥t❡ ✈á❧✐❞♦ ♣❛r❛ ❡str✉t✉r❛s ❞❡ ❧✐♥❤❛s ❝✉rt❛s✮

❚❛❜❡❧❛ ✹✳✶✿ ■♥t❡r♣r❡t❛çã♦ ✈✐s✉❛❧ ❞❡ ♣❛❞rõ❡s ♥✉♠ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❬✻❪✳ ▲❖■
❝♦rr❡s♣♦♥❞❡ à ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧✳

✹✳✶✳✷ ❈♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s ❞❛ ár✈♦r❡

❖s ❞✐❛❣r❛♠❛s ❞❛ ár✈♦r❡ sã♦ ✉♠❛ ❝❧❛ss❡ ❞❡ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡♠ q✉❡ sã♦ ❛♣r❡✲

s❡♥t❛❞❛s t♦❞❛s ❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ❡st❛❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ♣❛râ♠❡tr♦

❞❡ ❜✐❢✉r❝❛çã♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❡ss❡ ❞✐❛❣r❛♠❛ só ❝♦♥s✐❞❡r❛ ❛s s♦❧✉çõ❡s ❡stá✲

✾✹



✈❡✐s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝á❧❝✉❧♦ só ✉s❛ s✐♠✉❧❛çõ❡s

❞✐♥â♠✐❝❛s✳ ❈♦♥s✐❞❡r❛❞❛s ❢❛✐①❛s ❡s♣❡❝í✜❝❛s ❞♦ ♣❛râ♠❡tr♦ ♥♦s ❝á❧❝✉❧♦s ❞♦s ✈❛❧♦r❡s

♠í♥✐♠♦s ♦✉ ♠á①✐♠♦s ❞❡ ❛❧❣✉♠ ❡st❛❞♦ ❞♦ ♠♦❞❡❧♦✱ ♦s ❞✐❛❣r❛♠❛s ❡①✐❜❡♠ ✉♠❛ s❡q✉ê♥✲

❝✐❛ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞✐♥â♠✐❝❛s q✉❡ ♦❝♦rr❡♠ ♥♦ s✐st❡♠❛✳ ◆❡❧❡s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♦s

✈❛❧♦r❡s ❡①tr❡♠♦s ❞❛ ✈❛r✐á✈❡❧ ❞❡ ❡st❛❞♦ ❡s❝♦❧❤✐❞❛✱ à ♠❡❞✐❞❛ q✉❡ s❡ ✈❛r✐❛ ♦ ♣❛râ♠❡✲

tr♦✳ ❖ ❞✐❛❣r❛♠❛ ♣❡r♠✐t❡ ✈✐s✉❛❧✐③❛r ❜✐❢✉r❝❛çõ❡s q✉❡ ♣♦❞❡♠ ❡✈❡♥t✉❛❧♠❡♥t❡ ❡①♣❧✐❝❛r

♦ s✉r❣✐♠❡♥t♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ♠❛✐s ❝♦♠♣❧❡①♦s✱ ❝♦♠♦ ❝❛♦s✱ ♦s q✉❛✐s ♣♦❞❡♠ s❡r

♦r✐❣✐♥❛❞♦s ♣❡❧❛s s✉❝❡ss✐✈❛s ❞✉♣❧✐❝❛çõ❡s ❞❡ ♣❡rí♦❞♦ ❡♠ ❝❛s❝❛t❛ ❬✷✸✽❪✳

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

FORTRAN®✱ s❡♥❞♦ q✉❡ ♦s ❝á❧❝✉❧♦s sã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❞❡♠❛♥❞❛♥t❡s✳

❈♦♠♦ ❝♦♥❝❧✉sã♦ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛ ❡str❛té❣✐❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝♦♠♣♦rt❛✲

♠❡♥t♦s ❞✐♥â♠✐❝♦s ❜❛s❡✐❛✲s❡ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ❛s

q✉❛✐s ❡st❛❜❡❧❡❝❡♠ ❛ ❡✈♦❧✉çã♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✳ ◆❛ ❋✐❣✉r❛ ✹✳✶ ❛♣r❡s❡♥t❛✲s❡

✉♠ r❡s✉♠♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❛♣r❡s❡♥t❛❞❛ ♥❡st❛ s✉❜s❡çã♦✳

❋✐❣✉r❛ ✹✳✶✿ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s
❞❡s❝r✐t♦s ♣♦r ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s

✾✺



✹✳✷ ▼❡t♦❞♦❧♦❣✐❛ ❡♠ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡s❝r✐t♦s

♣♦r ❞❛❞♦s

✹✳✷✳✶ Pr❡✲tr❛t❛♠❡♥t♦ ❞❡ ❞❛❞♦s

◆♦ ❝❛s♦ ❡♠ ♣❛rt✐❝✉❧❛r ❞♦ ❝❛s♦ ❞❡ ❡st✉❞♦ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s ❞❛ ❡st❛çã♦ ✜s❝❛❧ ❞❡

♠❡❞✐çã♦ ✭❊❋❆▲✮ ❢♦✐ ♥❡❝❡ssár✐❛ ✉♠❛ ❡t❛♣❛ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s✳❖s ❞❛❞♦s

❜r✉t♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❢♦r♠❛ ❞❡ ❛rq✉✐✈♦s ❈❙❱ ✭❝♦♠♠❛ s❡♣❛r❛t❡❞ ✈❛❧✉❡s✮✳ ❈❛❞❛

✉♠ ❞♦s ❛rq✉✐✈♦s ❝♦♥té♠ ❞❛❞♦s r❡❧❛t✐✈♦s ❛ s❡✐s ♠❡s❡s ❞❡ ♣r♦❝❡ss♦✱ ♠❡❞✐❞♦s ❞❡ ❝✐♥❝♦

❡♠ ❝✐♥❝♦ ♠✐♥✉t♦s✳ ❖ ♦❜❥❡t✐✈♦ ❞♦ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛r ❛ ❧❡✐t✉r❛ ❞♦s ❛rq✉✐✈♦s

♦r✐❣✐♥❛✐s ❡ ❛r♠❛③❡♥á✲❧♦s ♥♦ ❢♦r♠❛t♦ ❉❛t❛❋r❛♠❡✱ ❞❛ ❜✐❜❧✐♦t❡❝❛ P❛♥❞❛s ❞❡ P②t❤♦♥✳

❚❛♠❜é♠ ❢♦✐ ♥❡❝❡ssár✐♦ tr❛♥s❢♦r♠❛r ❛ ❝♦❞✐✜❝❛çã♦ ❞♦s ❞❛❞♦s✱ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❡st❛✈❛

♥♦ ❢♦r♠❛t♦ ■❙❖✲✽✽✺✾✲✶✱ ✐♥❢♦r♠❛❧♠❡♥t❡ ❝❤❛♠❛❞♦ ❞❡ ▲❛t✐♥✲✶✱ ♣❛r❛ ❛ ❝♦❞✐✜❝❛çã♦ ❯❚❋✲

✽ ♦✉ ❯◆■❈❖❉❊✱ q✉❡ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ❧✐♥❣✉❛❣❡♠ P②t❤♦♥✳

❆♣ós ❛ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s✱ ❢♦✐ ♥❡❝❡ssár✐♦ tr❛♥s❢♦r♠❛r ♦s ❡❧❡♠❡♥t♦s ✬❇❛❞✬✱ ✬❈❛❧❝

❋❛✐❧❡❞✬✱ ✬❙❝❛♥ ✵✬ q✉❡ ♥❛ ♣rát✐❝❛ ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞❛❞♦s ❢❛❧t❛♥t❡s✱ ♣♦r t❛♥t♦ ❢♦r❛♠

s✉❜st✐t✉✐❞♦s ♣♦r ◆❛◆ ✭◆♦t ❛ ◆✉♠❜❡r✮✳ ❈❛r❛❝t❡r❡s ❝♦♠♦ ✬❖♥✬ ❡ ✬❖✛ ❢♦r❛♠ tr❛♥s✲

❢♦r♠❛❞♦s ❡♠ ✈❛r✐á✈❡✐s ❞❡ ❝❛rát❡r ❜♦♦❧❡❛♥♦✳ ❆s ❝♦❧✉♥❛s ❞❛s ❞❛t❛s r❡❣✐str❛❞❛s ❢♦r❛♠

✉t✐❧✐③❛❞❛s ❝♦♠♦ í♥❞✐❝❡s ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s✳

❋♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ❞❡ ❞❛❞♦s ❢❛❧t❛♥t❡s✳ ❱❛r✐á✈❡✐s ❝♦♠ ❛❧t❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s ❢❛❧t❛♥t❡s ❢♦r❛♠ ❡❧✐♠✐♥❛❞❛s ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❞❡ ❛♥á❧✐s❡✱

❛ss✐♠ ❝♦♠♦ ✈❛r✐á✈❡✐s ❞❡ ✈❛r✐â♥❝✐❛ ♠✉✐t♦ ❜❛✐①❛ < 10−6✳ ❊♠ ♦✉tr♦s ❝❛s♦s✱ ♦s ❞❛❞♦s

❢❛❧t❛♥t❡s ❢♦r❛♠ ❡st✐♠❛❞♦s ♣♦r ✐♥t❡r♣♦❧❛çõ❡s ❧✐♥❡❛r❡s✳

✹✳✷✳✷ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♦✤✐♥❡

❖ ♠♦♥✐t♦r❛♠❡♥t♦ ♦✤✐♥❡ ❞♦s s✐st❡♠❛s ❡st✉❞❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❛♣❧✐❝❛❞♦ ♣r✐♥❝✐✲

♣❛❧♠❡♥t❡ ♥♦s ❞❛❞♦s ❞❡ ♣❧❛♥t❛ ❞♦ ♣r♦❝❡ss♦ ❊❋❆▲ ✭❙❡çã♦ ✺✳✶✳✶✳✶✮ ❡ s❡❣✉❡ ❛s s❡❣✉✐♥t❡s

❡t❛♣❛s ♠❡t♦❞♦❧ó❣✐❝❛s✿

✶✳ ❆q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✿ ♥❡st❛ ❡t❛♣❛ ♦s ❞❛❞♦s sã♦ ❞✐r❡t❛♠❡♥t❡ ❢♦r♥❡❝✐❞♦s ♣❡❧♦

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

❞❡ ❞❛❞♦s t✐♣♦ PI ♦✉ SCADA q✉❡ ❝♦❧❡t❛♠ ❡ ♦r❣❛♥✐③❛♠ ♦ ✢✉①♦ ❞❡ ❞❛❞♦s

♣r♦✈❡♥✐❡♥t❡s ❞♦s ❞✐❢❡r❡♥t❡s s❡♥s♦r❡s ♥❛ ♣❧❛♥t❛✳

✷✳ Pr♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s✿ ♥❡st❛ ❡t❛♣❛ ♦s ❞❛❞♦s ❜r✉t♦s sã♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③

❛♥❛❧✐s❛❞♦s ❡ ❛ ❢✉♥çã♦ ♣r✐♥❝✐♣❛❧ é ❡st❛❜❡❧❡❝❡r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s r❡♣r❡s❡♥✲

t❛t✐✈♦s q✉❡ ♣♦ss❛♠ s❡r ✉s❛❞♦s ♥❛ ❝♦♥str✉çã♦ ❞♦s ♠♦❞❡❧♦s ❞❡ r❡❣r❡ssã♦✳

✾✻



✭❛✮ ❋♦r♠❛t❛çã♦ ❞❡ ❞❛❞♦s✿ ♦s ❞❛❞♦s ♣♦❞❡♠ t❡r ♦r✐❣❡♠ ❞❡ ❞✐✈❡rs❛s ❢♦♥t❡s ❞❡

❛rq✉✐✈♦s ♦✉ ❜❛s❡ ❞❡ ❞❛❞♦s✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡ ❡①✐st❡♠ ❞✐✈❡rs♦s ❢♦r♠❛t♦s ❞❡

❝♦❞✐✜❝❛çã♦✳ ❊st❛ ❡t❛♣❛ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ✉♥✐✜❝❛r ♦s ❞❛❞♦s ❡①tr❛í❞♦s ❡

❡st❛❜❡❧❡❝❡r ✉♠❛ ❢♦r♠❛t❛çã♦ ú♥✐❝❛ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦✳

✭❜✮ ❚r❛t❛♠❡♥t♦ ❞❡ ❞❛❞♦s✿ ♦s ❞❛❞♦s ♣♦❞❡♠ t❡r ♦r✐❣❡♠ ❞❡ ❞✐✈❡rs❛s ❢♦♥t❡s ❞❡

❛rq✉✐✈♦s ♦✉ ❜❛s❡ ❞❡ ❞❛❞♦s✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡ ❡①✐st❡♠ ❞✐✈❡rs♦s ❢♦r♠❛t♦s ❞❡

❝♦❞✐✜❝❛çã♦✳ ❊st❛ ❡t❛♣❛ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ✉♥✐✜❝❛r ♦s ❞❛❞♦s ❡①tr❛í❞♦s ❡

❡st❛❜❡❧❡❝❡r ✉♠❛ ❢♦r♠❛t❛çã♦ ú♥✐❝❛ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦✳

✭❝✮ Pré✲tr❛t❛♠❡♥t♦ ❞❡ ❞❛❞♦s✿ ❝♦♥s✐st❡ ♥❛ r❡♠♦çã♦ ❞❡ ✈❛r✐á✈❡✐s ❛ss♦❝✐❛❞❛s ❛

sér✐❡s t❡♠♣♦r❛✐s q✉❡ ❛♣r❡s❡♥t❛♠ ❜❛✐①❛ ✈❛r✐â♥❝✐❛ ✭< 10−6✮ ❜❡♠ ❝♦♠♦ ❞❛✲

q✉❡❧❛s q✉❡ ♥ã♦ ❛♣r❡s❡♥t❛♠ ✈❛❧♦r❡s ✈á❧✐❞♦s✳ ❆❧é♠ ❞✐ss♦✱ ♣❛r❛ ✈❛r✐á✈❡✐s q✉❡

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

♠❡♥t❡ ♣❡❧❛ ♣r♦♣❛❣❛çã♦ ♣❛r❛ ❢r❡♥t❡ ✭✣❧❧✱ ❢♦r✇❛r❞ ✜❧❧✐♥❣✮ ❞♦s r❡s♣❡❝t✐✈♦s

ú❧t✐♠♦s ✈❛❧♦r❡s ✈á❧✐❞♦s✳

✭❞✮ ❚r❛t❛♠❡♥t♦ ❞❡ ♦✉t❧✐❡rs ✿ ❝♦♥s✐st❡ ♥❛ r❡♠♦çã♦ ❞❡ r❡❣✐str♦s ❝♦♠ ✈❛❧♦r❡s

t♦t❛❧♠❡♥t❡ ❢♦r❛ ❞❛ t❡♥❞ê♥❝✐❛ ❞♦ ❤✐stór✐❝♦ ♦❜s❡r✈❛❞♦✳ ❖s ♠ét♦❞♦s ❡♠♣r❡✲

❣❛❞♦s ♣❛r❛ ❡st❛ ❡t❛♣❛ ❝♦♥s✐st❡♠ ❡♠ ❛♥á❧✐s❡ ❞❡ ❜♦①♣❧♦ts ❡ ♦ ♠ét♦❞♦ ■♥t❡r

◗✉❛♥t✐❧❡ ❘❛♥❣❡✭■◗❘✮ ❬✶✺✼❪✳

✭❡✮ ❙❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✿ ♥♦ ❝♦♥t❡①t♦ ❞❡ ❝♦♥str✉çã♦ ❞❡ ♠♦❞❡❧♦s q✉❡ ✈✐s❡♠

à ♣r❡❞✐çã♦ ❞♦ ❡st❛❞♦ ❞♦ ♣r♦❝❡ss♦✱ ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❞❡✈❡♠ s❡r ❡♠✲

♣r❡❣❛❞❛s t♦❞❛s ❛s ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s✳ ❊st❛ ❡t❛♣❛ ❝♦♥s✐st❡ ♥❛ r❡♠♦çã♦ ❞❡

✈❛r✐á✈❡✐s ✐rr❡❧❡✈❛♥t❡s ♦✉ r❡❞✉♥❞❛♥t❡s✱ ♣❡r♠✐t✐♥❞♦ r❡❞✉③✐r ❛ ❝♦♠♣❧❡①✐❞❛❞❡

❞❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦❜t❡♥❞♦ ♠❛✐♦r r❡♣r❡s❡♥t❛t✐✈✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦✳

❖s ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ✐♥❝❧✉❡♠ ♦s ♠ét♦❞♦s ✜❧tr♦✱ ♠ét♦❞♦s

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

❜❛s❡❛❞♦s ❡♠ ❝❛✉s❛❧✐❞❛❞❡✳

✸✳ ❉❡t❡❝çã♦ ❞❡ ❢❛❧❤❛✿ ♥♦r♠❛❧♠❡♥t❡ ❡♠ ♣❧❛♥t❛s ❞❡ ♣r♦❝❡ss♦s q✉í♠✐❝♦s ❛s ❢❛❧❤❛s

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

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

❧❡❛r♥✐♥❣ ❞♦ t✐♣♦ ❝❧❛ss✐✜❝❛❞♦r é ❧✐♠✐t❛❞♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♦s ♠♦❞❡❧♦s ♠❛❝❤✐♥❡

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

❡str❛té❣✐❛ ❜❛s❡✐❛✲s❡ ♥❛ ❝♦♥str✉çã♦ ❞♦s ♠♦❞❡❧♦s r❡❣r❡ss♦r❡s ❝♦♠ ❞❛❞♦s ❞❡ ♣❧❛♥t❛

❡♠ ❝♦♥❞✐çã♦ ♥♦r♠❛❧✱ ♦✉ s❡❥❛✱ s❡♠ ❝♦♥t❡r ❛❧❣✉♠ t✐♣♦ ❞❡ ❢❛❧❤❛✳ P♦st❡r✐♦r♠❡♥t❡✱

♦ ♠♦❞❡❧♦ ❢❛③ ♣r❡✈✐sõ❡s s✉❝❡ss✐✈❛s q✉❡ sã♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ♠❡❞✐❞❛s ♦✉ ❞❛❞♦s

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

✉♠❛ ❞✐s❝r❡♣â♥❝✐❛ ❡♥tr❡ ❛ ♣r❡✈✐sã♦ ❞♦ ♠♦❞❡❧♦ ✭❝♦♥❞✐çã♦ ♥♦r♠❛❧✮ ❡ ♦ st❛t✉s ❞❡

❢❛❧❤❛ ❞♦ ♣r♦❝❡ss♦✳
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✹✳ ❉✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛✿ P♦st❡r✐♦r♠❡♥t❡ à ❡t❛♣❛ ❞❡ ❞❡t❡❝çã♦ ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❛

❢❛❧❤❛✱ ❝♦rr❡s♣♦♥❞❡ ❛ ❜✉s❝❛ ❞❛✭s✮ ❝❛✉s❛✭s✮ q✉❡ ❣❡r❛r❛♠ t❛❧ ❛♥♦r♠❛❧✐❞❛❞❡✳ ❚✐✲

♣✐❝❛♠❡♥t❡✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❞✐❛❣♥óst✐❝♦ ♦❜❡❞❡❝❡ ❛ ✉♠❛ ❛♥á❧✐s❡ ❡st❛tíst✐❝❛ ❡♠

q✉❡ sã♦ ❡st❛❜❡❧❡❝✐❞❛s ❛s ❝♦♥tr✐❜✉✐çõ❡s ❡♠ t❡r♠♦s ❞❡ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❛s ❞✐❢❡✲

r❡♥t❡s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✳ ❉❡ss❛ ❢♦r♠❛✱ ✈❛r✐á✈❡✐s ❝♦♠ ♠❛✐♦r ♣❛rt✐❝✐♣❛çã♦

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

r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❢❛❧❤❛✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ♥❡st❡ tr❛❜❛❧❤♦ é ❡st✉❞❛❞♦ ♦ ✉s♦ ❞❡

♠ét♦❞♦s ❞❡ ❞❡s❝♦❜❡rt❛ ❝❛✉s❛❧ ♥♦ ❝♦♥t❡①t♦ ❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛✳

❋✐❣✉r❛ ✹✳✷✿ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡
❢❛❧❤❛s

◆❛ ❋✐❣✉r❛ ✹✳✷ ❛♣r❡s❡♥t❛♠✲s❡ ❞❡ ❢♦r♠❛ r❡s✉♠✐❞❛ ❛s ❡t❛♣❛s ❡♠♣r❡❣❛❞❛s ♣❛r❛

❞❡t❡❝çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s ❡♠ ♣r♦❝❡ss♦s q✉í♠✐❝♦s✳

✹✳✷✳✸ ▼❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s

❆ ❛❜♦r❞❛❣❡♠ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ✉t✐❧✐③❛❞❛ ♥♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ é ❜❛s❡❛❞❛ ❡♠

❞✐s❝r❡♣â♥❝✐❛s✱ ❡♠ q✉❡ ♦ ♣❛❞rã♦ ❞❡ ❢❛❧❤❛ é r❡❝♦♥❤❡❝✐❞♦ ✉s❛♥❞♦ ✉♠❛ ♠❡❞✐❞❛ r❡s✐❞✉❛❧

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

✾✽



❡s♣❡r❛❞♦s ♦❜t✐❞♦s✱ ✉s❛♥❞♦ ❛s ♣r❡✈✐sõ❡s ❞❡ ✉♠ ♠♦❞❡❧♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ♣r♦❝❡ss♦ ❡♠

❝♦♥❞✐çõ❡s s❡♠ ❢❛❧❤❛✳ ◆♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ ❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❞❡❧♦ é ❜❛s❡❛❞❛ ❡♠

té❝♥✐❝❛s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ♥ã♦ s✉♣❡r✈✐s✐♦♥❛❞♦ ✭♠♦❞❡❧♦s ❞❡ r❡❣r❡ssã♦✮✱ ✉♠❛ ✈❡③ q✉❡ ♦

♥ú♠❡r♦ ❞❡ ❢❛❧❤❛s ❡♠ ❝❛❞❛ s❡♥s♦r ❡ ❛ ❝♦♥st❛♥t❡ ❡✈♦❧✉çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥✈✐❛❜✐❧✐③❛♠ ♦

✉s♦ ❞❡ té❝♥✐❝❛s s✉♣❡r✈✐s✐♦♥❛❞❛s ✭♠♦❞❡❧♦s ❞❡ ❝❧❛ss✐✜❝❛çã♦✮✳ ❆ ✜♥❛❧✐❞❛❞❡ ❞❛s té❝♥✐❝❛s

♥ã♦ s✉♣❡r✈✐s✐♦♥❛❞❛s é ♠♦❞❡❧❛r✱ ❝♦♠ ❜❛s❡ ♥♦s ❝♦♥❥✉♥t♦s ❞❡ ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛

✭X ❡ Y ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞♦ ♣r♦❝❡ss♦ ❡♠ ❝♦♥❞✐çõ❡s

♥♦r♠❛✐s ✭s❡♠ ❢❛❧❤❛✮✳ ❖ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ ❝♦♥❞✐çã♦ ❞♦ ♣r♦❝❡ss♦ é ❜❛s❡❛❞♦ ❡♠ ✉♠

❝á❧❝✉❧♦ ❞❡ ♠étr✐❝❛ r❡s✐❞✉❛❧✳ ◆♦ ♣r❡s❡♥t❡ ❝❛s♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❙q✉❛r❡ Pr❡❞✐❝t✐♦♥

❊rr♦r ✭❙P❊✮✱ q✉❡ é ✉♠ í♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s q✉❡ ♣❡r♠✐t❡ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡

❝♦♥❞✐çõ❡s ❛♥♦r♠❛✐s ❛♦ ❧♦♥❣♦ ❞♦ ❣rá✜❝♦ ❞❡ ❝♦♥tr♦❧❡✳

❆q✉✐✱ ♦s ♠♦❞❡❧♦s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❢♦r❛♠ ❝♦♥✜❣✉r❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛

ú♥✐❝❛ s❛í❞❛ Y ❝♦♠♦ ❛ ✈❛r✐á✈❡❧ ❞❡ ❢❛❧❤❛ ♦❜s❡r✈❛❞❛ ✭✈❡❥❛ ❛ ✈❛r✐á✈❡❧ ♠♦♥✐t♦r❛❞❛ ♥❛s

❚❛❜❡❧❛s ✹✳✸ ❡ ✹✳✹✮✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ❡♥tr❛❞❛ ✭❝♦♥❥✉♥t♦ X✮ ❢♦✐ ❣❡r❛❞❛

❛♣❧✐❝❛♥❞♦ ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ✭❧✐st❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✷✮ ♥♦ ❝♦♥✲

❥✉♥t♦ ❞❡ ❞❛❞♦s ❝♦♠♣❧❡t♦ ♦r✐❣✐♥❛❧✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♥ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s ♥♦ ❝♦♥❥✉♥t♦ ❞❡

❡♥tr❛❞❛ X ❢♦✐ ♣r❡✈✐❛♠❡♥t❡ ❡st❛❜❡❧❡❝✐❞♦ ❝♦♠♦ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s

♥❡❝❡ssár✐♦s ♣❛r❛ ❞❡s❝r❡✈❡r ✾✺✪ ❞❛ ✈❛r✐â♥❝✐❛ ❛❝✉♠✉❧❛❞❛ ♥♦ r❡s♣❡❝t✐✈♦ ❝♦♥❥✉♥t♦ ❞❡

tr❡✐♥❛♠❡♥t♦✳

❚❛❜❡❧❛ ✹✳✷✿ ▼ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❛♣❧✐❝❛❞♦s

▼ét♦❞♦ ❞❡ s❡❧❡çã♦ ❈❧❛ss❡ ❞❡ ♠ét♦❞♦

❇❛s❡❛❞♦ ❡♠ ❝♦rr❡❧❛çã♦ ❞❡ P❡❛rs♦♥ ❋✐❧tr♦

❇❛s❡❛❞♦ ❡♠ ❝♦rr❡❧❛çã♦ ❞❡ ❙♣❡❛r♠❛♥ ❋✐❧tr♦

❇❛s❡❛❞♦ ❡♠ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❋✐❧tr♦

❋♦r✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥ ✭▲❛ss♦✮ ❲r❛♣♣❡r

❋♦r✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥ ✭❘❛♥❞♦♠ ❋♦r❡st✮ ❲r❛♣♣❡r

❇❛❝❦✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥ ✭▲❛ss♦✮ ❲r❛♣♣❡r

❇❛❝❦✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥ ✭❘❛♥❞♦♠ ❋♦r❡st✮ ❲r❛♣♣❡r

❇❛s❡❛❞♦ ❡♠ ▲✶✲❘❡❣✉❧❛r✐③❛t✐♦♥ ▲❛ss♦ ❊♠❜✉t✐❞♦

❇❛s❡❛❞♦ ❡♠ ✐♠♣♦rt❛♥❝✐❛s ❞❡ ❘❛♥❞♦♠ ❋♦r❡st ❊♠❜✉t✐❞♦

P❈▼❈■ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❋✐❧tr♦

P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❋✐❧tr♦

P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ✰

▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧✮ ❋✐❧tr♦

❖s ♠ét♦❞♦s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s sã♦ ❛♣❧✐❝❛❞♦s ❡♠ ❞♦✐s

❝❛s♦s ❞❡ ❡st✉❞♦✿ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ó❧❡♦ ✲ ❊❋❆▲ q✉❡ ❝♦♥st✐t✉✐ ✉♠ ❝♦♥❥✉♥t♦

✾✾



❞❡ ❞❛❞♦s ❞❡ ♣❧❛♥t❛ r❡❛❧✱ ❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❚❡♥❡ss❡✲❊❛st♠❛♥ ✭❚❊P✮✱ q✉❡ é ❝♦♥s✐❞❡r❛❞♦

❝♦♠♦ ❜❡♥❝❤♠❛r❦ ♥❛ ❛♥á❧✐s❡✳ ❆s ❢❛❧❤❛s ❞♦s ❝❛s♦s ❞❡ ❡st✉❞♦ sã♦ ❞❡s❝r✐t❛s ♥❛s ❚❛❜❡❧❛s

✹✳✸ ❡ ✹✳✹✳

❚❛❜❡❧❛ ✹✳✸✿ ❋❛❧❤❛s ❛♥❛❧✐s❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❊P ✭✈❡r ❆♣ê♥❞✐❝❡ ❆✮

❋❛❧❤❛ ❱❛r✐á✈❡❧ ❞❡

♣r♦❝❡ss♦

❚✐♣♦ ❱❛r✐á✈❡❧ ♠♦♥✐t♦r❛❞❛

■❉❱✭✶✮ ❆✴❈ ✈❛③ã♦

❛❧✐♠❡♥t❛çã♦✱

❇ ❝♦♠♣♦s✐çã♦

❝♦♥st❛♥t❡

❉❡❣r❛✉ ❳▼❊❆❙✭✷✸✮

■❉❱✭✺✮ ❚❡♠♣❡r❛t✉r❛

❞❡ ❡♥tr❛❞❛ ❞❛

á❣✉❛ ❞❡

r❡s❢r✐❛♠❡♥t♦

♥♦

❝♦♥❞❡♥s❛❞♦r

❉❡❣r❛✉ ❳▼❊❆❙✭✷✷✮

❚❛❜❡❧❛ ✹✳✹✿ ❉❡s❝r✐çã♦ ❞❡ ❢❛❧❤❛s ♣r♦❝❡ss♦ ❋❆▲ ✭✈❡r ❙❡çã♦ ✺✳✶✳✶✮

❋❛❧❤❛ ❚❛♠❛♥❤♦ ❞♦

❝♦♥❥✉♥t♦ ❞❡

tr❡✐♥♦

✭♣♦♥t♦s✮

❚❛♠❛♥❤♦ ❞♦

❝♦♥❥✉♥t♦ ❞❡

✈❛❧✐❞❛çã♦

✭♣♦♥t♦s✮

❚❛♠❛♥❤♦ ❞♦

❝♦♥❥✉♥t♦ ❞❡

t❡st❡ ✭♣♦♥t♦s✮

❱❛r✐á✈❡❧ ♠♦♥✐t♦r❛❞❛

❋✲■ ✷✵✶✻✶ ✶✷✵✵✺✻ ✹✷✻✻✵ ❱❛③ã♦ ❞❡ ●ás ❡♠ ❇

❋✲■■ ✹✹✺✽✶ ✶✵✻✻✷✵ ✹✶✼✻✵ ❚❡♠♣❡r❛t✉r❛ ❞♦ ●ás ❡♠ ❆

❋✲■■■ ✹✹✺✽✶ ✼✹✼✷✼ ✷✽✽✵ ❚❡♠♣❡r❛t✉r❛ ❞♦ ●ás ❡♠ ❆

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

❛❝✐♠❛✱ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ♦s s❡❣✉✐♥t❡s r❡❣r❡ss♦r❡s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛✿

❼ ❈❛♥♦♥✐❝❛❧ ❝♦rr❡❧❛t✐♦♥ ❛♥❛❧②s✐s ✭❈❈❆✮

❼ ❘✐❞❣❡ r❡❣r❡ss✐♦♥ ✭❘❘✮

❼ ▼✉❧t✐❧❛②❡r ♣❡r❝❡♣tr♦♥ r❡❣r❡ss♦r ✭▼▲P❘✮

❼ ❘❛♥❞♦♠ ❢♦r❡st r❡❣r❡ss♦r ✭❘❋✮

✶✵✵



❊ss❡s ♠♦❞❡❧♦s sã♦ ❛✈❛❧✐❛❞♦s ♣❛r❛ ❝❛❞❛ s✉❜❝♦♥❥✉♥t♦ ❞❡ ❡♥tr❛❞❛ X ❣❡r❛❞♦ ♣❡❧♦s

♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ❆ ❛rq✉✐t❡t✉r❛ ❡ r❡s♣❡❝t✐✈♦s ❤✐♣❡r♣❛râ♠❡tr♦s ❢♦r❛♠

❞❡✜♥✐❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❤❡✉ríst✐❝❛s r❡❧❛t❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛✱ t❛♠❜é♠ r❡s✉♠✐❞❛s ♥♦

❛rt✐❣♦ ❬✺✽❪✳ ❆ss✐♠✱ ❛s ❡✜❝✐ê♥❝✐❛s ❞♦s ❛❧❣♦r✐t♠♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦r❛♠ ❞✐r❡t❛✲

♠❡♥t❡ ❛ss♦❝✐❛❞❛s ❛♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❞♦s ♠♦❞❡❧♦s tr❡✐♥❛❞♦s ❝♦♠

♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❡ ❤✐♣❡r♣❛râ♠❡tr♦s✱ ♣❡r♠✐t✐♥❞♦ ♦❜s❡r✈❛r ♦ ❡❢❡✐t♦ ❞❡ s❡❧❡çã♦ ❞❡

✈❛r✐á✈❡✐s ❝♦♠ ♣❡q✉❡♥❛ ✐♥✢✉ê♥❝✐❛ ❞♦s ✈❛❧♦r❡s ❞♦s ❤✐♣❡r♣❛râ♠❡tr♦s✳

✹✳✷✳✹ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

❆ ❛♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ✉♠❛ ❢❡rr❛♠❡♥t❛ ❞❡ ❣r❛♥❞❡ ✈❛❧♦r ♥♦s ❛s♣❡❝t♦s r❡✲

❧❛❝✐♦♥❛❞♦s ❝♦♠ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s✱ q✉❛♥❞♦ s❡ ❝♦♥❤❡❝❡ ♣♦✉❝❛

✐♥❢♦r♠❛çã♦ ♦✉ ❡①✐st❡♠ ♣♦✉❝❛s ♦❜s❡r✈❛çõ❡s ❞❛s ✈❛r✐á✈❡✐s q✉❡ ❣♦✈❡r♥❛♠ ♦ ❢❡♥ô♠❡♥♦✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❡s♣❛ç♦ ✐♠❡rs♦✱ ❛ ♣❛rt✐r

❞❡ ✉♠ ❝♦♥❥✉♥t♦ ✜♥✐t♦ ❞❡ ♠❡❞✐❞❛s ♥✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ❡st❛❞♦✳ ❆s ❝❛r❛❝t❡r✐③❛çõ❡s ❞♦

s✐st❡♠❛ sã♦ r❡❛❧✐③❛❞❛s ❜❛s❡❛❞❛s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❡s♣❛ç♦ r❡❝♦♥str✉í❞♦✳ ❖s ♣r♦❝❡✲

❞✐♠❡♥t♦s ♥✉♠ér✐❝♦s ❡ ♠❛t❡♠át✐❝♦s ❢♦r❛♠ ❡①♣❧✐❝❛❞♦s ♥❛ ❙❡çã♦ ✸✳✷✳

❚♦❞♦s ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞✐s❝✉t✐❞♦s ♣❛r❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

❢♦r❛♠ ♣r♦❣r❛♠❛❞♦s ❡♠ P②t❤♦♥ 3.7✱ ❝♦♥st✐t✉✐♥❞♦ ✉♠❛ ❜✐❜❧✐♦t❡❝❛ s✐♠✐❧❛r ❛♦ s♦❢t✇❛r❡

TISEAN3.0.1 ❬✷✹✷❪❬✶✶✾❪✳ ❖s ❝ó❞✐❣♦s ❞❡ss❡s ♣r♦❝❡❞✐♠❡♥t♦s ❢♦r❛♠ ♣r♦❣r❛♠❛❞♦s s♦❜

❛ ✜❧♦s♦✜❛ ❞❡ ♣r♦❣r❛♠❛çã♦ ♦r✐❡♥t❛❞❛ ❛ ♦❜❥❡t♦s✳ ❆ ❝❧❛ss❡ ♣r✐♥❝✐♣❛❧ ❝♦♥s✐❞❡r❛ ❞♦✐s

❝❛s♦s ❞❡ ❛♥á❧✐s❡s✿ ❡stát✐❝♦✱ q✉❡ ❝♦♥s✐❞❡r❛ ✉♠ ✈♦❧✉♠❡ ✜①♦ ❞❡ ❞❛❞♦s❀ ❡ ❞✐♥â♠✐❝♦✱

q✉❡ ❝♦♥s✐❞❡r❛ ✉♠❛ ❥❛♥❡❧❛ ♠ó✈❡❧ ❡♠ q✉❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❡✈♦❧✉✐ ❝♦♠ ♦ t❡♠♣♦

t❛♠❜é♠✳ ❆s ❝❧❛ss❡s s❡❝✉♥❞ár✐❛s ❝♦rr❡s♣♦♥❞❡♠ às ♣ró♣r✐❛s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ♥ã♦

❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✿

❼ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡ ❡st✐♠❛çã♦ ❞❡ τ ✭❙❡çã♦ ✸✳✷✳✶✮

❼ ❋✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛✱ ❡♥tr♦♣✐❛s ❞❡ ❙❤❛♥♦♥ ❡ ❡st✐♠❛çã♦ ❞❡ τ ✭❙❡çã♦

✸✳✷✳✶✮

❼ ❋✉♥çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ❡ ❡st✐♠❛çã♦ ❞❡ m ✭❙❡çã♦ ✸✳✷✳✶✮

❼ ❘❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦s ❞❡ ❢❛s❡s ❡ ✈✐s✉❛❧✐③❛çã♦ ❡♠ ❛té ✸ ❞✐♠❡♥sõ❡s

❼ ❊st✐♠❛çã♦ ❞♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ✭❝♦♥❢♦r♠❡ ❬✷✷✹✱ ✷✽✻❪✮

❼ ❊st✐♠❛çã♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ✭❝♦♥❢♦r♠❡ ❬✶✹✽✱ ✷✽✻❪✮

❼ ❈á❧❝✉❧♦ ❞♦s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s ✭❙❡çã♦ ✸✳✷✳✶✳✻✮

❼ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❙❡çã♦ ✸✳✷✳✶✳✻✮

✶✵✶



❼ ❈á❧❝✉❧♦ ❞❡ ❡♥tr♦♣✐❛s ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ✭❙❡çõ❡s ✸✳✷✳✶✳✾

❡ ✸✳✷✳✶✳✽✮

❋✐❣✉r❛ ✹✳✸✿ ❲♦r❦✢♦✇ ❡ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

❆ ❋✐❣✉r❛ ✹✳✸ r❡s✉♠❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❡ ❡t❛♣❛s ♥❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s

t❡♠♣♦r❛✐s✳

✹✳✷✳✺ ❘❡❝♦♥str✉çã♦ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✈✐❛ ❊q✉❛çã♦ ❞❡

❋♦❦❦❡r✲P❧❛♥❝❦❪

❆ r❡❝♦♥str✉çã♦ ❞♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❡ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ s❡❣✉❡ ❛ r❡s♦❧✉çã♦

❞❛ ❊q✉❛çã♦ ✸✳✶✶✵✳ ❆ ❞❡❞✉çã♦ ❝♦♠♣❧❡t❛ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ é ❞❡s❝r✐t❛ ♥♦ ❆♣ê♥❞✐❝❡ ❋ ❡

♣♦❞❡ s❡r r❡s✉♠✐❞❛ ♥❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿

✶✳ ❈❛❧❝✉❧❛r ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞♦s ❞❛❞♦s ❞❛ sér✐❡ t❡♠♣♦r❛❧✱ Γij = ⟨XiXj⟩✳

✷✳ ❈♦♥str✉✐r ❛ ♠❛tr✐③ ❞❡ ✢✉t✉❛çõ❡s ❞✐❛❣♦♥❛✐s D ❡ ❝❛❧❝✉❧❛r d = vec(D)✳ ❊♠

❛❧❣✉♥s s✐st❡♠❛s✱ ❡ss❛s ✢✉t✉❛çõ❡s ♣♦❞❡♠ s❡r ♠❡❞✐❞❛s ❞✐r❡t❛♠❡♥t❡✳

✸✳ ❈♦♥str✉✐r ❛ ♠❛tr✐③ ❞❡ ♣❡r♠✉t❛çõ❡s C ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❆♣ê♥❞✐❝❡ ❋✳

✶✵✷



✹✳ ❈❛❧❝✉❧❛r ❛ ♠❛tr✐③ B = (Γ⊗ I) + (I ⊗ Γ)C✱ ❡♠ q✉❡ I é ❛ ♠❛tr✐③ ✐❞❡♥t✐❞❛❞❡

NxN

✺✳ ❉❡✜♥✐r j = vec(J) ❡ ✐❞❡♥t✐✜❝❛r ♣❡❧♦ ♠❡♥♦s N(N − 1)/2 ❡❧❡♠❡♥t♦s ❞❡ j q✉❡

❞❡✈❡♠ s❡r ③❡r♦ ❞❡✈✐❞♦ ❛ r❡str✐çõ❡s ❡str✉t✉r❛✐s✳ ❉❡♣♦✐s ❝♦♥str✉✐r ❛ ♠❛tr✐③ U ✳

❆ ❞✐♠❡♥sã♦ ❞❛ ❝♦❧✉♥❛ ❞❡ U é ❛ ❞✐♠❡♥sã♦ ❞❛ ❧✐♥❤❛ ❞❡ j✱ ❡ ❛ ❞✐♠❡♥sã♦ ❞❛ ❧✐♥❤❛

❞❡ U é ✐❞ê♥t✐❝❛ ❛♦ ♥ú♠❡r♦ ❞❡ r❡str✐çõ❡s ❡str✉t✉r❛✐s✳

✻✳ ❈♦♥str✉✐r B̂ =

(
B

U

)
; d̂ =

(
d

0

)

✼✳ ❈❛❧❝✉❧❛r j =
(
B̂TB

)−1

B̂T d̂ ❡ ♦❜t❡r ❛ ♠❛tr✐③ J ❛ ♣❛rt✐r ❞❛ s✉❛ ✈❡t♦r✐③❛çã♦ j✳

✽✳ ❉❡✜♥✐r ♦s ❡❧❡♠❡♥t♦s ❞❡ J ❣♦✈❡r♥❛❞♦s ♣♦r r❡str✐çõ❡s ❡str✉t✉r❛✐s ❡①♣❧✐❝✐t❛♠❡♥t❡

❝♦♠♦ ③❡r♦

✹✳✷✳✻ ❆♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡

❆ té❝♥✐❝❛ ❞❡ ❞❡s❝♦❜r✐♠❡♥t♦ ❝❛✉s❛❧ ❛ ♣❛rt✐r ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ✐♥s♣✐r❛❞❛ ♥♦s ♣r♦✲

❝❡❞✐♠❡♥t♦s ❞♦ ♣❛❝♦t❡ ❚✐❣r❛♠✐t❡ ❬✷✸✷❪ ❡ ❡stá ❢✉♥❞❛♠❡♥t❛❞❛ ♥♦s s❡❣✉✐♥t❡s ♣❛ss♦s✿

❼ ❙❡❧❡çã♦ ❞❡ ❝♦♥❞✐çõ❡s ✭♣❛r❡♥t❡s✮✿ ❉❡✜♥✐r ✐♥✐❝✐❛❧♠❡♥t❡ ♦ s✉♣❡r✲❝♦♥❥✉♥t♦ P̂(Xj
t )

❞❡ ♣❛r❡♥t❡s P(Xj
t ) ♣❛r❛ t♦❞❛s ❛s ✈❛r✐á✈❡✐s Xj

t ∈ Xt = (X1
t , X

2
t , ..., X

N
t ) ✭❡st❛✲

❣✐♦ ❇✶✮✳

❼ ❯s♦ ❞❡ss❡s ♣❛r❡♥t❡s ❝♦♠♦ ❝♦♥❞✐çõ❡s ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦ ▼❈■ ✭❡st❛❣✐♦ ❇✷✮✱ ♥♦

q✉❛❧ t♦❞♦s ♦s ♣❛r❡s (X i
t−τ , X

j
t ) sã♦ t❡st❛❞♦s✱ ♦♥❞❡ i, j ∈ {1, ..., N} ❡ ♦ t❡♠♣♦

❞❡ ❛tr❛s♦ τ ∈ {1, ..., τmax} ❡ ❡st❛❜❡❧❡❝❡ ✉♠❛ ❝♦♥❡①ã♦ X i
t−τ → Xj

t s❡ ✿

MCI : X i
t−τ ≰ Xj

t | P̂(Xj
t ) \

{
X i

t−τ

}
, ˆPPX (X

i
t−τ ) ✭✹✳✷✮

❡♠ q✉❡ ≰ ❞❡♥♦t❛ ❛ ❛✉sê♥❝✐❛ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♥❞✐❝✐♦♥❛❧✱ ˆPPX (X
i
t−τ ) ⊆

P̂(X i
t−τ ) ❞❡♥♦t❛ ♦s px ♣❛r❡♥t❡s ♠❛✐s ❢♦rt❡s ❞❡ ❛❝♦r❞♦ ❛♦ ❛❧❣♦r✐t♠♦ ❇✶✳ ❊ss❡

♣❛râ♠❡tr♦ é ✉♠❛ ❡s❝♦❧❤❛ ♦♣❝✐♦♥❛❧ q✉❡ r❡str✐♥❣❡ ♦ ♥ú♠❡r♦ ❞❡ ♣❛r❡♥t❡s ✉s❛❞♦s✳

✹✳✷✳✻✳✶ ❊st❛❣✐♦ ❇✶

P❛r❛ ❝❛❞❛ ✈❛r✐á✈❡❧ Xj
t ∈ Xt ♦ ❛❧❣♦r✐t♠♦ ❝♦♠❡ç❛ ♣♦r ✐♥✐❝✐❛❧✐③❛r ♦s ♣❛r❡♥t❡s ♣r❡❧✐♠✐✲

♥❛r❡s P̂(Xj
t ) = (Xt−1,Xt−2, ...,Xt−τmax

)✳ ❉❡♣♦✐s✱ ♥✉♠ ♣r♦❝❡ss♦ ✐t❡r❛t✐✈♦✱ ❛ ✈❛r✐á✈❡❧

X i
t−τ é r❡♠♦✈✐❞❛ ❞❡ P̂(Xj

t ) s❡ ❛ ❤✐♣ót❡s❡ ♥✉❧❛✿ PC : X i
t−τ ⊥ Xj

t é ❛❝❡✐t❛ ♥✉♠

♥í✈❡❧ ❞❡ s✐❣♥✐✜❝â♥❝✐❛ α✳ ❖ ❛❧❣♦r✐t♠♦ ❝♦♥✈❡r❣❡ ♣❛r❛ ♦ ❧✐♥❦ X i
t−τ → Xj

t q✉❛♥❞♦ s❡❥❛♠

✶✵✸



❛✈❛❧✐❛❞♦s t♦❞♦s ♦s ♣❛r❡♥t❡s ❡ ❛ ❤✐♣ót❡s❡ ♥✉❧❛ s❡❥❛ r❡❥❡✐t❛❞❛ ✭ s❡ ❛ ❤✐♣ót❡s❡ ♥✉❧❛ é

❛❝❡✐t❛ ❛ ❝♦♥❡①ã♦ é r❡♠♦✈✐❞❛✮✳

❖s t❡st❡s ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❡①❡❝✉t❛❞♦s ♥❡st❛ ❡t❛♣❛ sã♦ ❞❡t❡r♠✐♥❛❞♦s ♣❡❧❛ ❝♦r✲

r❡❧❛çã♦ ♣❛r❝✐❛❧ ❞❛s ✈❛r✐á✈❡✐s✳

✹✳✷✳✻✳✷ ❊st❛❣✐♦ ❇✷

❉❛❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ✈❛r✐á✈❡✐s Xt = (X1
t , X

2
t , ..., X

N
t )✱ ✉♠ ♥í✈❡❧ ❞❡ s✐❣♥✐✜❝â♥❝✐❛

α✱ ❝♦♥❥✉♥t♦ ❞❡ ♣❛r❡♥t❡s ♦r❞❡♥❛❞♦s P̂(Xj
t ) ♣❛r❛ t♦❞❛s ❛s ✈❛r✐á✈❡✐s Xj ❡ ✉♠ ❛tr❛s♦

♠á①✐♠♦ τmax é ❝❛❧❝✉❧❛❞♦ ✉♠ ♥♦✈♦ t❡st❡ ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛✿

p− value, I ←MCI(X i
t−τ , X

j
t ,Z =

{
P̂(Xj

t ), ˆPPX (X
i
t−τ )

}
✭✹✳✸✮

❆s ♠❡t♦❞♦❧♦❣✐❛s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ▼❈■ ❢♦r❛♠

❥á ❞✐s❝✉t✐❞❛s ♥❛ ❙❡çã♦ ✸✳✺✳

❆ ♣r✐♥❝✐♣❛❧ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ❡ ♦ ♣❛❝♦t❡ ❚✐❣r❛♠✐t❡ r❡✲

s✐❞❡ ♥♦ ❡st❛❣✐♦ ❇✷✳ ❚r✐❣r❛♠✐t❡ ✉s❛ ❞✉❛s ✈❛r✐❛çõ❡s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❡st❡ ❞❡

✐♥❞❡♣❡♥❞ê♥❝✐❛✿ ❝♦rr❡❧❛çã♦ ❧✐♥❡❛r ♣❛r❝✐❛❧ ❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥✲

❞✐❝✐♦♥❛❧ ♣♦r ❑◆◆ ❬✷✷✽❪✳ ◆❡st❡ tr❛❜❛❧❤♦✱ sã♦ ❝♦♥s✐❞❡r❛❞❛s ❛s té❝♥✐❝❛s ❞❡ ❝♦rr❡❧❛çã♦

♣❛r❝✐❛❧ ❡ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✭❝♦♥❢♦r♠❡ ❛ ❞❡✜♥✐çã♦ ❞❛ ❊q✉❛çã♦ ✸✳✼✼✮

✈✐❛ ❝á❧❝✉❧♦ ❞❡ ❢✉♥çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣♦r ❑❉❊ ✭❙❡çã♦ ✸✳✹✳✶✮✳ ❖✉tr❛

❣r❛♥❞❡ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s é q✉❡ ❚✐❣r❛♠✐t❡ ✉s❛ ✉♠❛ ❛❜♦r❞❛❣❡♠

❞❡ ❛♥á❧✐s❡ ❡stát✐❝❛✱ ❡♥q✉❛♥t♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛q✉✐ ❡st✉❞❛❞❛ ❝♦♥s✐❞❡r❛ ❛❜♦r❞❛❣❡♥s

❡stát✐❝❛ ❡ ❞❡s❧✐③❛♥t❡ ✭❥❛♥❡❧❛ ♠ó✈❡❧✮✳

✹✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

◆❡st❡ ❝❛♣ít✉❧♦✱ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ❡♠♣r❡❣❛❞❛s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛✲

çã♦ ❛♥❛❧ít✐❝❛ ✭✉s❛♥❞♦ ❛s ❡q✉❛çõ❡s ❞♦ ✢✉①♦✮✱ ❝♦♥s✐❞❡r❛♥❞♦ ♥✉♠❛ ♣r✐♠❡✐r❛ ✐♥stâ♥❝✐❛ ❛

❛♥á❧✐s❡ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❜❡♠ ❞❡✜♥✐❞♦s✱ ❝♦♠♦ ♦ ❛tr❛t♦r ❞❡ ❘♦s✲

s❧❡r ❡ ♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✳ ❖ ♦❜❥❡t✐✈♦ é ♦❜t❡r ❛s ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s ❞♦s ❛tr❛t♦r❡s

q✉❡ s❡r✈✐rã♦ ❝♦♠♦ ♣♦♥t♦ ❞❡ r❡❢❡rê♥❝✐❛ ♦✉ ❝♦♠♣❛r❛çã♦ ♥❛s ♣♦st❡r✐♦r❡s ❛♥á❧✐s❡s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❢♦r❛♠ ❞❡✜♥✐❞❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ❡♠♣r❡❣❛❞❛s ♥♦s s✐st❡♠❛s ❞✐✲

♥â♠✐❝♦s ❞❡s❝r✐t♦s ♣♦r ❞❛❞♦s✱ ✐♥❝❧✉✐♥❞♦ ❛ ❡str❛té❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❡

❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ P♦st❡r✐♦r♠❡♥t❡ ❢♦r❛♠ ❞❡✜♥✐❞❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ♣❛r❛ ❛ ❝❛r❛❝✲

t❡r✐③❛çã♦ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡ ❡st✉❞♦ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

✶✵✹



❖❜t✐❞♦s ♦s ✐♥✈❛r✐❛♥t❡s✱ ❡st❡s ♣♦❞❡rã♦ s❡r ❝♦♠♣❛r❛❞♦s ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❞❛ ❝❛r❛❝t❡✲

r✐③❛çã♦ ❛♥❛❧ít✐❝❛ ❡ ❛ss✐♠ ✈❛❧✐❞❛r ❛s té❝♥✐❝❛s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

❆ ✐♠♣♦rtâ♥❝✐❛ ❞❡ ✈❛❧✐❞❛r ❡ss❡s ♣r♦❝❡❞✐♠❡♥t♦s r❡s✐❞❡ ❡♠ q✉❡ ❡st❡s s❡rã♦ ✉t✐❧✐③❛❞♦s✱

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

s✐st❡♠❛s ❞✐♥â♠✐❝♦s r❡❛✐s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❞♦✐s ❛s♣❡❝t♦s ❢♦r❛♠ ❞❡st❛❝❛❞♦s ❞❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳ ❖

♣r✐♠❡✐r♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡❝♦♥str✉çã♦ ❞❛s ❧❡✐s ❞❡ ✐♥t❡r❛çã♦

❢❡♥♦♠❡♥♦❧ó❣✐❝❛s ❞♦ ♣r♦❝❡ss♦s✱ ♦✉ s❡❥❛✱ ❞❡ ♠♦❞♦ ❣❡♥ér✐❝♦ é ♣♦ssí✈❡❧ ✈✐s✉❛❧✐③❛r ♦ ❞✐❛✲

❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ♥♦ ♠❛♣❛ ❝❛✉s❛❧✳ ❖ s❡❣✉♥❞♦ ❛s♣❡❝t♦ ❞❡st❛❝❛❞♦ é ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡

r❛str❡❛r ❛ ❝❛✉s❛ r❛✐③ ❞❛s ❢❛❧❤❛s ✈✐❛ r❡❝♦♥str✉çã♦ ❝❛✉s❛❧ ❞❛s ❝♦♥❡①õ❡s ❡♥tr❡ ✈❛r✐á✈❡✐s

❛❢❡t❛❞❛s ♣❡❧❛ ❢❛❧❤❛s✳

P♦r ✜♠✱ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ❞❡t❛❧❤❡s s♦❜r❡ ♦ ✉s♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦

♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ s♦❜ ❛ ❛❜♦r❞❛❣❡♠ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s

❡st♦❝ást✐❝♦s r❡♣r❡s❡♥t❛❞♦s ♣♦r sér✐❡s t❡♠♣♦r❛✐s✳

✶✵✺



❈❛♣ít✉❧♦ ✺

❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssõ❡s

◆♦ ♣r❡s❡♥t❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛✲s❡♠ ♦s ♣r✐♥❝✐♣❛✐s r❡s✉❧t❛❞♦s ❞❡st❡ tr❛❜❛❧❤♦✳ ◆❛ s✉❜✲

s❡çã♦ ❉✳✶✳✶ ❢♦✐ ✐♥tr♦❞✉③✐❞♦ ♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ❡ ♦❜t✐❞❛s t♦❞❛s ❛s ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥✲

t❡s ♣♦r ❝❛r❛❝t❡r✐③❛çã♦ ❛♥❛❧ít✐❝❛✱ ✉t✐❧✐③❛♥❞♦ ❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ❛♥á❧✐s❡

❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ ♣♦r ♠❛♣❛s ❞❡ P♦✐♥❝❛ré✱ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱ ❛♥á❧✐s❡ ❞❡ ❡s✲

t❛❜✐❧✐❞❛❞❡ ♣❡❧❛ ♠❛tr✐③ ❏ ❡ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛s✳ ◆❛ s✉❜s❡çã♦ ❉✳✶✳✷ ❛♣r❡s❡♥t❛♠✲s❡

❛s ♠❡s♠❛s ❛♥á❧✐s❡s ♠❛s ♣❛r❛ ♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✳

◆❛ s✉❜s❡çã♦ ✺✳✶✳✶ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❜❧❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ r❡❛❧ ❛ s❡r tr❛✲

t❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ♥❛ ❙❡çã♦ ✺✳✸ sã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❛ ❝❛r❛❝t❡r✐③❛çã♦

❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡ r❡❢❡rê♥❝✐❛ ✉s❛♥❞♦ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

❆❞✐❝✐♦♥❛❧♠❡♥t❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♠♦ ❢❡rr❛♠❡♥t♦

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

❋✐♥❛❧♠❡♥t❡✱ ♦s r❡s✉❧t❛❞♦s ❞❡ r❡❝♦♥str✉çã♦ ❝❛✉s❛❧ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❙❡çã♦

✺✳✺ ♣❛r❛ ✉♠ ❝❛s♦ ❇❡♥❝❤♠❛r❦ ✭Pr♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✮ ❡ ♦ ❝❛s♦ ❞❡ ❡st✉❞♦ r❡❛❧

❝♦♥s✐❞❡r❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳

✺✳✶ ❈❛s♦s ❞❡ ❡st✉❞♦

✺✳✶✳✶ ❊st❛çã♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ P❡tr♦❜r❛s

❋❛③❡♥❞❛ ❆❧❡❣r❡ é ✉♠ ❝❛♠♣♦ ❞❡ ó❧❡♦ ❡ ❣ás q✉❡ ♦♣❡r❛ ❞❡s❞❡ ✶✾✾✻✱ ❧♦❝❛❧✐③❛❞♦ ♥✉♠❛

r❡❣✐ã♦ ❞❛ ❜❛❝✐❛ ❞♦ ❊s♣ír✐t♦ ❙❛♥t♦ ♥♦ ❡st❛❞♦ ❤♦♠ô♥✐♠♦✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ 25km ❛♦

s✉❧ ❞❛ ❝✐❞❛❞❡ ❞❡ ❙ã♦ ▼❛t❡✉s✳ ❆ ❡st❛çã♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❊❋❆▲ ✭❊st❛çã♦ ❋❛③❡♥❞❛

❆❧❡❣r❡✮ é ❝♦♠♣♦st❛ ♣♦r q✉❛tr♦ ❡st❛çõ❡s s❛té❧✐t❡s ❞✐str✐❜✉í❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ❝❛♠♣♦✳ ❆

✶✵✻



❡st❛çã♦ ♣♦ss✉✐ ✉♠❛ ❝❛♣❛❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ó❧❡♦ ❞❡ 7800m3/dia ❡

✉♠❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♠♣r❡ssã♦ ❞❡ ❣ás ❞❡ 45Mm3/dia✳

❖ ♣r♦❝❡ss♦ é ❞❡s❝r✐t♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✱ ♦♥❞❡ ♦♣❡r❛♠ ❝♦♥st❛♥t❡♠❡♥t❡ três ❡st❛çõ❡s

❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ✜s❝❛❧ ✭❞✉❛s ❡st❛çõ❡s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ❣ás ❡ ✉♠❛ ❞❡ ó❧❡♦✮✳

■♥✐❝✐❛❧♠❡♥t❡✱ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ♣❡tró❧❡♦ é r❡❝❡❜✐❞❛ ❡ ❞✐str✐❜✉í❞❛ ♣❡❧♦s ♠❛♥✐❢♦❧❞s ❞❡

♣r♦❞✉çã♦ ❡ t❡st❡ ♣❛r❛ ❛s r❡s♣❡❝t✐✈❛s ✉♥✐❞❛❞❡s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳ ❆ ❝♦rr❡♥t❡ ❞❡

♣❡tró❧❡♦ é s❡♣❛r❛❞❛ ♥✉♠ s❡♣❛r❛❞♦r ❤♦r✐③♦♥t❛❧✱ ♣r♦❞✉③✐♥❞♦ ❣ás✱ ♠✐st✉r❛ ❞❡ ó❧❡♦ ❡

❝♦rr❡♥t❡s ❞❡ r❡sí❞✉♦✳ ❉❡♣♦✐s✱ ❛s ❝♦rr❡♥t❡s ❞❡ ❣ás ❡♥tr❛♠ ❛♦ s❡♣❛r❛❞♦r ✈❡rt✐❝❛❧ ❞❡

❣ás✲❝♦♥❞❡♥s❛❞♦✱ ♦❜t❡♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ❣ás ♣✉r✐✜❝❛❞♦ ❡ ✉♠❛ ❝♦rr❡♥t❡ r❡s✐❞✉❛❧ q✉❡

é ❞✐s♣♦st❛ ♥❛ ❝❛✐①❛ ❞❡ r❡sí❞✉♦s ✭❆P■✲❜♦①✮✳ ❆ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❞❡ ❣ás ❞♦ s❡♣❛r❛❞♦r

❣ás✲❝♦♥❞❡♥s❛❞♦ ❞❡ t❡st❡ é ❝♦♥❞✉③✐❞❛ à ♣r✐♠❡✐r❛ ❡st❛çã♦ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s✱ ♦♥❞❡

sã♦ ♦❜t✐❞❛s ❛s s❡❣✉✐♥t❡s ✐♥❢♦r♠❛çõ❡s ❞❛ ❝♦rr❡♥t❡✿

❼ ❱❛③ã♦ ✐♥st❛♥tâ♥❡❛

❼ Pr❡ssã♦ ❞✐❢❡r❡♥❝✐❛❧

❼ Pr❡ssã♦ ❡stát✐❝❛

❼ ❚❡♠♣❡r❛t✉r❛

❆ ❝♦rr❡♥t❡ ❞❡ ❣ás ❞❡ ❡♥tr❛❞❛ ♥♦ s❡♣❛r❛❞♦r ❞❡ ♣r♦❞✉çã♦ ❣ás✲❝♦♥❞❡♥s❛❞♦ é

❝♦♠♣♦st♦ ♣❡❧❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❞❡ ❣ás ❞♦ s❡♣❛r❛❞♦r ♣r✐♠ár✐♦✱ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ❣ás

❞♦ ♠❛♥✐❢♦❧❞ ❡ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❞❡ ❣ás ❞♦ s❡♣❛r❛❞♦r t❡st❡ ❞❡ ❣ás✲❝♦♥❞❡♥s❛❞♦✳

❆ ❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ♣✉r✐✜❝❛❞❛ é ♠❡❞✐❞❛ ♥❛ s❡❣✉♥❞❛ ❡st❛çã♦ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s✱

♦♥❞❡ sã♦ ♦❜t✐❞❛s ❛s ♠❡s♠❛s ♣r♦♣r✐❡❞❛❞❡s ❧✐st❛❞❛s ❛❝✐♠❛✳

❆ ♠✐st✉r❛ ❞❡ ó❧❡♦ ❞♦ s❡♣❛r❛❞♦r ♣r✐♠ár✐♦ é ❝♦♥❞✉③✐❞❛ ❛ ✉♠❛ ❡t❛♣❛ ❞❡ ❧❛✈❛❣❡♠✳

P♦st❡r✐♦r♠❡♥t❡✱ ✉♠❛ ❝♦rr❡♥t❡ ❞❡s❡♠✉❧s✐✜❝❛❞♦r❛ é ✐♥❥❡t❛❞❛ ♥♦ ó❧❡♦ ❡ ❞❡♣♦✐s s❡♣❛r❛❞❛

♥✉♠ s❡♣❛r❛❞♦r ❡❧❡tr♦stát✐❝♦✳ ❆ ❝♦rr❡♥t❡ ♣r♦❞✉③✐❞❛ ♥❡st❛ ❡t❛♣❛ é r❡s❢r✐❛❞❛ ❡ ♠❡❞✐❞❛

♥❛ t❡r❝❡✐r❛ ❡st❛çã♦ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s✱ ♠❡❞✐♥❞♦ ✈❛③ã♦✱ ♣r❡ssã♦✱ t❡♠♣❡r❛t✉r❛✱ ❇❙❲

❡ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛✳ P♦r ✜♠✱ ❛s ❝♦rr❡♥t❡s r❡s✐❞✉❛✐s ❛q✉♦s❛s sã♦ ❝♦♥❞✉③✐❞❛s ♣❛r❛ ❛

✉♥✐❞❛❞❡ ❞❡ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛✳

❆s ♠❡❞✐❞❛s sã♦ ❝♦❧❡t❛❞❛s ❝♦♥st❛♥t❡♠❡♥t❡ ❡ ♦s ❞❛❞♦s sã♦ ♦r❞❡♥❛❞♦s ❡ ❛r♠❛✲

③❡♥❛❞♦s ♣♦r ✉♠ s✐st❡♠❛ PI✱ r❡s✉❧t❛♥❞♦ ♥✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❝♦♠♣♦st♦ ♣♦r 112
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❚❛❜❡❧❛ ✺✳✶✿ ❚✐♣♦s ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥❛ ❡st❛çã♦ ✜s❝❛❧ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

❚✐♣♦ ❞❡ ✈❛r✐❛❜❧❡ ◆ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s ❯♥✐❞❛❞❡s

❱❛③õ❡s ✹✵ m3/h

❚❡♠♣❡r❛t✉r❛s ✶✶ ❈

❙✐♥❛❧ ❞❡ ❈♦♥tr♦❧❛❞♦r ✷ ✪

❉✐❢❡r❡♥❝✐❛❧ ❞❡ ♣r❡ssã♦ ✽ ❦P❛

Pr❡ssã♦ ✷✶ ❦P❛

◆í✈❡❧ ✷ ♠

❉❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ✾ ✲

❇❙❲ ✻ ✪

❈♦rr❡♥t❡ ❡❧étr✐❝❛ ✾ ♠❆

❆❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ✹ ✪

✺✳✶✳✶✳✶ ❉❡s❝r✐çã♦ ❞❡ ❢❛❧❤❛s

❖s ♠❡❞✐❞♦r❡s ✜s❝❛✐s ❞❛ ❡st❛çã♦ sã♦ ❝♦♥st❛♥t❡♠❡♥t❡ s✉♣❡r✈✐s✐♦♥❛❞♦s ❡ r❡❣✉❧❛❞♦s ❞❡

❛❝♦r❞♦ ❛♦s ❡st❛t✉t♦s ❞❛ ❆❣❡♥❝✐❛ ◆❛❝✐♦♥❛❧ ❞♦ P❡tró❧❡♦ ✭❆◆P✮✳ ❆s ♣♦❧ít✐❝❛s ❞❛ ❆◆P

❝♦♥❝❡r♥❡♥t❡s à ❢❛❧❤❛s ♥♦s ♠❡❞✐❞♦r❡s ✜s❝❛✐s ♣r♦✈✐❞❡♥❝✐❛ ♣r♦t♦❝♦❧♦s ♣❛r❛ ❛ ♥♦t✐✜❝❛çã♦

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

♣♦r ♠♦♥✐t♦r❛♠❡♥t♦ ♦✉ ❝❛❧✐❜r❛çã♦ ❞❡ ✐♥str✉♠❡♥t♦s✱ ❡ sã♦ ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦✿

❼ ❊rr♦ ❞❡ ❝♦♥✜❣✉r❛çã♦

❼ ■♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛❧✐❜r❛çã♦

❼ ❆❧t❛ ❞✐s❝r❡♣â♥❝✐❛ ❡♥tr❡ ❝❛❧✐❜r❛çõ❡s

❼ ❆✉sê♥❝✐❛ ❞❡ ♠❡❞✐çã♦

❼ ❇❙❲ ♠❛✐♦r ❞♦ q✉❡ ♦ ✈❛❧♦r ♣❡r♠✐t✐❞♦

❼ ▼❡❞✐❞❛ ✐♥❝♦rr❡t❛

❼ ❋❛❧❤❛ ♥♦ ❛rq✉✐✈♦ ①♠❧

❼ ❖✉tr♦s

❆ ❋✐❣✉r❛ ✺✳✷ ❛♣r❡s❡♥t❛ ❛s sér✐❡s t❡♠♣♦r❛✐s ❞❛ ✈❛③ã♦ ❞❡ ❣ás ❡ t❡♠♣❡r❛t✉r❛ ❞❡

❣ás ♥❛ s❡❣✉♥❞❛ ❡st❛çã♦ ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❞✉r❛♥t❡ ✉♠ ♣❡rí♦❞♦ ❝♦♠ ❢❛❧❤❛✳ ❖ r❡❧❛t♦

❞♦ ♦♣❡r❛❞♦r ❝❧❛ss✐✜❝♦✉ ❛ ❢❛❧❤❛ ❝♦♠♦ ❞♦ t✐♣♦ ♠❡❞✐❞❛ ✐♥❝♦rr❡t❛✱ ✉♠❛ ✈❡③ q✉❡ ♦s ✈❛✲

❧♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦r❛♠ ♠❡♥♦r❡s ❞♦ q✉❡ ❛ ♠é❞✐❛ ❤✐stór✐❝❛✳ ❆ sér✐❡ t❡♠♣♦r❛❧

✶✵✾



❋✐❣✉r❛ ✺✳✷✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ✈❛③ã♦ ❞❡ ❣ás ✜s❝❛❧ ♥✉♠ ♣❡rí♦❞♦ ❝♦♠
❞✉❛s ❢❛❧❤❛s✳ ❆s ❧✐♥❤❛s ✈❡r♠❡❧❤❛s r❡♣r❡s❡♥t❛♠ ♦ ❡✈❡♥t♦ ❞❡ ♦❝♦rrê♥❝✐❛✱ ❡♥q✉❛♥t♦
❛s ❧✐♥❤❛s ✈❡r❞❡s r❡♣r❡s❡♥t❛♠ ♦ ❡✈❡♥t♦ ❞❡ ❞❡t❡❝çã♦✳ P♦r s✉❛ ✈❡③✱ ❛s ❧✐♥❤❛s só❧✐❞❛s
❝♦rr❡s♣♦♥❞❡♠ ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❇ ❡ ❛s ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❆

❞❡ t❡♠♣❡r❛t✉r❛ ❛♣r❡s❡♥t❛ q✉❡❞❛s sú❜✐t❛s ❡♠ t❡♠♣♦s ♣ró①✐♠♦s ❛♦s ❡✈❡♥t♦s ❞❡ ❢❛❧❤❛

✭r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛s ❧✐♥❤❛s ✈❡r♠❡❧❤❛s✮✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♠❡❞✐çã♦ ❞❛ ✈❛③ã♦ ❞❡ ❣ás ✉s❛

✉♠❛ ❝♦rr❡çã♦ ♣❡❧♦s ❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛✱ ❞❛í q✉❡ ♦s ❡rr♦s ♣ró♣r✐♦s ❞♦ ♠❡❞✐❞♦r ❞❡

t❡♠♣❡r❛t✉r❛ sã♦ ♣r♦♣❛❣❛❞♦s à sér✐❡ t❡♠♣♦r❛❧ ❞❡ ✈❛③ã♦ ❞❡ ❣ás✳ ❖s ❡✈❡♥t♦s ❞❡ ❞❡t❡❝✲

çã♦ ✭❧✐♥❤❛s ✈❡r❞❡s✮ ♠♦str❛♠ q✉❛♥❞♦ ❛s ❢❛❧❤❛s ❢♦r❛♠ ♥♦t✐✜❝❛❞❛s ✈✐s✉❛❧♠❡♥t❡ ♣❡❧♦s

♦♣❡r❛❞♦r❡s✳ ❚♦♠❛♥❞♦ ❡ss❡s ♣♦♥t♦s ❝♦♠♦ r❡❢❡rê♥❝✐❛✱ sã♦ ❞❡t❡r♠✐♥❛❞♦s ♦s ❡✈❡♥t♦s ❞❡

♦❝♦rrê♥❝✐❛ ❞❡ ❢❛❧❤❛s ♣♦r ✐♥s♣❡çã♦ ✈✐s✉❛❧ ❞❛s ❝❛rt❛s ❞❡ ❝♦♥tr♦❧❡✳ ❆♣ós ❛ ❞❡t❡❝çã♦✱

♦s r❡❧❛t♦s sã♦ ❡♥✈✐❛❞♦s à ❆◆P ❞❡ ❛❝♦r❞♦ ❛♦s ♣r❛③♦s ❡st❛❜❡❧❡❝✐❞♦s✳ ❖ t❡♠♣♦ ❡♥tr❡

❛s ♦❝♦rrê♥❝✐❛s ❡ ❛s ❞❡t❡❝çõ❡s sã♦ ✉♠❛ ♠❡❞✐❞❛ ❞✐r❡t❛ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞♦ s✐st❡♠❛ ❞❡

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

◆♦t❡✲s❡ q✉❡ ❡ss❡ ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ♣♦❞❡♠ s❡r ♠❛✐♦r❡s q✉❡ ✶✺ ❞✐❛s✳ ◆♦

❡♥t❛♥t♦✱ ❛ ❆◆P ❡st❛❜❡❧❡❝❡ q✉❡ ❡st❛çõ❡s ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ q✉❡ ♦♣❡r❛♠ ❡♠ ❢❛❧❤❛

♣♦r ♠❛✐s ❞❡ ✷✹✵ ❤♦r❛s ❞❡✈❡♠ s❡r ✐♥t❡rr♦♠♣✐❞❛s✱ ❢❡❝❤❛❞❛s ♦✉ s✉❜st✐t✉í❞❛s✳ ❉❡ss❛

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

♣r♦❣r❛♠❛❞❛ ♥♦ ♣r♦❝❡ss♦✳ ❆❞❡♠❛✐s✱ ❛ ❆◆P ✐♠♣õ❡ s❛♥çõ❡s ❡❝♦♥ô♠✐❝❛s ♣♦r ❢❛❧❤❛s

❝♦♠ ❡ss❛ ❞✉r❛çã♦✳

❉❛❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡s❝r✐t❛s ❛❝✐♠❛✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❡

❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ♥❡st❡ ♣r♦❝❡ss♦ ❞❡✈❡ s❡r ❝❛♣❛③ ❞❡ ❡①❡❝✉t❛r ♦ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s

❡ r❡❝✉♣❡r❛r ♦ ♣r♦❝❡ss♦ ♥♦ ♠á①✐♠♦ ✷✹✵ ❤♦r❛s ❛♣ós ♦ ✐♥✐❝✐♦ ❞❛ ❢❛❧❤❛✳

❖✉tr❛s ✐♠♣❧✐❝❛çõ❡s r❡❧❛❝✐♦♥❛❞❛s ❛ ❢❛❧❤❛s ♥♦ ♣r♦❝❡ss♦s ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞❛s❀

q✉❛♥❞♦ ✉♠❛ ❢❛❧❤❛ ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ❛❝♦♥t❡❝❡✱ ❛ ❡st✐♠❛çã♦ ❞❛ ♠❡❞✐❞❛ ♥❡ss❡ ♣❡rí♦✲
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❞♦s ❞❡ ❢❛❧❤❛ é ♦❜t✐❞❛ ✉s❛♥❞♦ ♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s ♣r❡✈✐❛♠❡♥t❡ ♣❡❧♦ ♠❡❞✐❞♦r ✜s❝❛❧✱

❜❛❧❛♥ç♦s ❞❡ ♠❛ss❛ ♦✉ ♣❡❧❛ ♠❡❞✐çã♦ ❞✐r❡t❛ ❞♦ ♦♣❡r❛❞♦r✳ ❆ ❆◆P ❡st❛❜❡❧❡❝❡ ✉♠❛

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

✺✳✸✮

❖ ✉s♦ ❞❡ss❛s ♠❡t♦❞♦❧♦❣✐❛s ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞❡ss❡s ✈❛❧♦r❡s ❞❡ ♠❡❞✐❞❛s ♣♦❞❡

❝❛✉s❛r ❝♦♥s❡q✉ê♥❝✐❛s ❞rást✐❝❛s ♥❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❛ ❝❛❞❡✐❛ ❞❡ ❝✉stó❞✐❛✳ ◆♦ ❝❛s♦ ❡♠

q✉❡ ♦s ✈❛❧♦r❡s sã♦ s♦❜r❡❡st✐♠❛❞♦s é ❣❡r❛❞♦ ✉♠ ✐♥❝r❡♠❡♥t♦ ❞❡ ♠❛ss❛ ❛rt✐✜❝✐❛❧ ❞❡ ó❧❡♦

❡ ❣ás ❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ✈❛❧♦r❡s ✐♥❡①❛t♦s ❞❡ ♣r♦❞✉çã♦ sã♦ ♣r♦♣❛❣❛❞♦s ❛♦ ❧♦♥❣♦

❞❡ ❢✉t✉r❛s ❡t❛♣❛s ♥❛ ❝❛❞❡✐❛ ❞❡ ❝✉stó❞✐❛✱ ❛té q✉❡ ❛s ❞✐s❝r❡♣â♥❝✐❛s s❡❥❛♠ ♣❡r❝❡❜✐❞❛s

♣♦r ✉♠❛ ♦✉tr❛ ❡st❛çã♦ ❞❡ ♠❡❞✐çã♦✳ ❉❛í✱ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♠❛ss❛s é ❝❛rr❡❣❛❞❛ ❞❡♥tr♦

❞❡ ✉♠ í♥❞✐❝❡ ❞❡ ♣❡r❞❛s✳ P♦r ♦✉tr❛ ♣❛rt❡✱ q✉❛♥❞♦ ♦s ✈❛❧♦r❡s sã♦ s✉❜❡st✐♠❛❞♦s✱ ❛s

❞✐s❝r❡♣â♥❝✐❛s ❞❡t❡❝t❛❞❛s ♣♦st❡r✐♦r♠❡♥t❡ sã♦ ❛ss✉♠✐❞❛s ❝♦♠♦ ♣❡r♠✐ssí✈❡✐s✳ ❖✉tr♦

❛s♣❡❝t♦ r❡❧❡✈❛♥t❡ é r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦ ❝r✐tér✐♦ ❡♠♣r❡❣❛❞♦ ♥❡ss❛ ❡st✐♠❛çã♦✱ ✉♠❛ ✈❡③

q✉❡ é ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ ♠é❞✐❛ s♦❜r❡ ♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s ❛♥t❡s ❞❛ ❢❛❧❤❛✳ ◆♦ ❡♥t❛♥t♦✱

❡ ❝♦♠♦ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ ❛❝✐♠❛✱ ❛s ❞❛t❛s ❞❡ ♦❝♦rrê♥❝✐❛ ♣♦❞❡♠ s❡r r❡♣♦rt❛❞❛s ❝♦♠

❛❧t❛ ✐♠♣r❡❝✐sã♦ ✭♣♦r ❡①❡♠♣❧♦✱ ❛ ❢❛❧❤❛ ❇ ❞❛ ❋✐❣✉r❛ ✺✳✷✮✱ ❧❡✈❛♥❞♦ ❛ ❝❛s♦s ❡♠ q✉❡

♦ ✐♥t❡r✈❛❧♦ ❞❡ ❞✐❛s ✉s❛❞♦ ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞♦ ✈❛❧♦r ♣❡r❞✐❞♦ ♦✉ ❝♦rr✉♣t♦ ❡stá ❡♠

❝♦♥❞✐çã♦ ❞❡ ❢❛❧❤❛ t❛♠❜é♠✳

❋✐❣✉r❛ ✺✳✸✿ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❡st✐♠❛çã♦ ❞❡ ✈❛❧♦r❡s ♣❡r❞✐❞♦s ♦✉ ❝♦rr✉♣t♦s ❞✉r❛♥t❡ ❢❛❧❤❛
✲ ❆◆P ❬✼✵❪✳

✺✳✶✳✷ P♦ç♦ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡

❆s ✐♥st❛❧❛çõ❡s ✉♣str❡❛♠ ❞❡ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧ ❡♠ ❛♠❜✐❡♥t❡s ♦✛s❤♦r❡

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

♣♦rt❡ ❞♦ ✢✉✐❞♦ ♠✉❧t✐❢ás✐❝♦ ❞❡s❞❡ ♦ r❡s❡r✈❛tór✐♦ ♣❛r❛ ❛s ♣❧❛♥t❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡♠

s✉♣❡r✜❝✐❡✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ✐♥❥❡❝çã♦ ❣ás✲❧✐❢t ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠ét♦❞♦

❞❡ ❡❧❡✈❛çã♦ ❛rt✐✜❝✐❛❧ ♠❛✐s ✉t✐❧✐③❛❞♦ ❡♠ ♣♦ç♦s ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ❞❡✈✐❞♦ à r♦❜✉st❡③

❡ s✐♠♣❧✐❝✐❞❛❞❡ ❬✷✵✽❪✳

❯♠ ❢❡♥ô♠❡♥♦ ❞❡ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ♠✉✐t♦ ✐♥❞❡s❡❥á✈❡❧ ❡ ❝♦♠✉♠❡♥t❡ ♦❜s❡r✲

✶✶✶



✈❛❞♦ ❡♠ s✐st❡♠❛s ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ sã♦ ❛s ❣♦❧❢❛❞❛s ✭s❧✉❣❣✐♥❣✮✳ ❊ss❡ ❢❡♥ô♠❡♥♦ s❡

❝❛r❛❝t❡r✐③❛ ♣❡❧♦ ❣r❛♥❞❡ ❛❝ú♠✉❧♦ ❞❡ ❧íq✉✐❞♦ ♥❛ s❡çã♦ ❞♦ r✐s❡r ❡ ♣✐♣❡❧✐♥❡✱ r❡s✉❧t❛♥❞♦

♥♦ ❜❧♦q✉❡✐♦ ♣❡r✐ó❞✐❝♦ ❞♦ ✢✉①♦ ❞❡ ❣ás✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ❝♦♠♣r❡ssã♦ ❞❛ ❢❛s❡

❣❛s♦s❛ ❡ ♦ ❛✉♠❡♥t♦ ❞❛ ♣r❡ssã♦ ♣♦❞❡♠✱ ❡✈❡♥t✉❛❧♠❡♥t❡✱ ❡♠♣✉rr❛r ✉♠❛ ❣r❛♥❞❡ ♠❛ss❛

❧íq✉✐❞❛ ♣❛r❛ ❝✐♠❛ ❞♦ r✐s❡r✱ r❡s✉❧t❛♥❞♦ ❡♠ ❣r❛♥❞❡s ♦s❝✐❧❛çõ❡s ❞❡ ♣r❡ssã♦ ❡ ✢✉①♦ ❬✻✽❪✳

❖ s✉r❣✐♠❡♥t♦ ❞❡ s❧✉❣❣✐♥❣ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❝♦♥❞✉③ ❛ s✐t✉❛çõ❡s ♣r❡❥✉❞✐❝✐❛✐s ♣❛r❛

♦s ❡q✉✐♣❛♠❡♥t♦ ❞❛ ♣❧❛t❛❢♦r♠❛✱ ❝♦♠♦ tr❛♥s❜♦r❞❛♠❡♥t♦ ❞❡ ❧íq✉✐❞♦ ❡♠ s❡♣❛r❛❞♦r❡s✱

✐♥st❛❜✐❧✐❞❛❞❡s ❞❡ ❝❛r❣❛ ❡♠ ❝♦♠♣r❡ss♦r❡s ❞❡ ❣ás ❡ ❜♦♠❜❛s✱ ❛✉♠❡♥t♦ ❞❡ ❝♦rr♦sã♦✱

❢❛❞✐❣❛ ♠❡❝â♥✐❝❛ ❞❡✈✐❞♦ ❛ ✐♠♣❛❝t♦s ❞❡ ✢✉①♦ r❡❝♦rr❡♥t❡s✱ q✉❡❞❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ ♣r♦✲

❝❡ss♦ ❡ ❛té ♠❡s♠♦ ❞❡s❧✐❣❛♠❡♥t♦ ♥ã♦ ♣r♦❣r❛♠❛❞♦s ❞❡ ♣❧❛♥t❛ ✭s❤✉t❞♦✇♥✮✱ ♦ q✉❡ ♣♦❞❡

❝❛✉s❛r ♣r❡❥✉í③♦s ❡❝♦♥ô♠✐❝♦s ❡ ♦♣❡r❛çã♦ ♥ã♦ s❡❣✉r❛ ❞♦ ♣r♦❝❡ss♦ ❬✶✱ ✶✵✹✱ ✶✸✽❪✳

❆ ❞✐♥â♠✐❝❛ ♦s❝✐❧❛tór✐❛ ❞♦ s❧✉❣❣✐♥❣ r❡♣r❡s❡♥t❛ ♦ ❝❛rát❡r ✐♥stá✈❡❧ ❞❡ss❡ ♣❛❞rã♦

❞❡ ✢✉①♦ q✉❡ s✉r❣❡ ❢r❡q✉❡♥t❡♠❡♥t❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❡str✉t✉r❛ ❣❡♦♠étr✐❝❛ ❞♦

s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♣✐♣❡❧✐♥❡✲r✐s❡r ❬✷✻✸❪❀ ❜❛✐①❛ ♣r♦❞✉çã♦ ❞❡ ❣❛s❡s ❡ ❧íq✉✐❞♦s ❛s✲

s♦❝✐❛❞❛ ❛♦ ❡stá❣✐♦ ❞❡ ✈✐❞❛ ❞❡ ♣r♦❞✉çã♦ ❞♦ ♣♦ç♦ ❬✷✹✵❪❀ ❡ ❞❡t❡r♠✐♥❛❞❛s ❝♦♥❞✐çõ❡s

♦♣❡r❛❝✐♦♥❛✐s ❞❡ ✐♥❥❡çã♦ ❞❡ ❣❛s✲❧✐❢t ❬✷✶✼❪✳

❖ s❧✉❣❣✐♥❣ s❡✈❡r♦ é ❞✐st✐♥❣✉✐❞♦ ♣❡❧♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â✲

♠✐❝♦ ♦s❝✐❧❛tór✐♦ ❛✉t♦✲s✉st❡♥t❛❞♦ ❬✻✽✱ ✶✸✾✱ ✷✺✸❪✱ ❝♦♠✉♠❡♥t❡ ♦❜s❡r✈❛❞♦ ❛tr❛✈és ❞❡

♠❡❞✐çõ❡s ❞❡ ♣r❡ssã♦✳ ▼❛t❡♠❛t✐❝❛♠❡♥t❡✱ ❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ é ❝❛r❛❝✲

t❡r✐③❛❞♦ ♣❡❧❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ q✉❡ ♦❝♦rr❡ q✉❛♥❞♦ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♣❡r❞❡

❡st❛❜✐❧✐❞❛❞❡ ❞❡✈✐❞♦ ❛ ♠✉❞❛♥ç❛s ❡♠ ✉♠❛ ✈❛r✐á✈❡❧ ✐♥❞❡♣❡♥❞❡♥t❡ ✭♣❛râ♠❡tr♦ ❞❡ ❜✐✲

❢✉r❝❛çã♦✮✱ ✐♥❞✐❝❛♥❞♦ ♦ ♥❛s❝✐♠❡♥t♦ ❞❡ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡ ❬✶✻✻❪✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ♥♦s

s✐st❡♠❛s ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ tê♠ s✐❞♦ ✐❞❡♥t✐✜❝❛❞♦ ❝♦♠♦ ♣❛râ♠❡tr♦s ❞❡ ❜✐❢✉r❝❛çã♦

✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ ❝♦♠♦ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ ❡ ✈❛③ã♦ ❞❡ ❣ás ✐♥❥❡t❛❞♦✳

✺✳✶✳✷✳✶ ▼♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛

❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❝♦♥s✐❞❡r❛ ♦ ❡st✉❞♦ ❞❛s ❞✐♥â♠✐❝❛s ♦s❝✐❧❛tór✐❛s ❡♠ s✐st❡♠❛s ❞❡

♣r♦❞✉çã♦ ♦✛s❤♦r❡ r❡♣r❡s❡♥t❛❞❛s ♣❡❧♦ ♠♦❞❡❧♦ ❋❖❲▼ ✭❋❛st ❖✛s❤♦r❡ ❲❡❧❧ ▼♦❞❡❧✮

❬✻✻❪✳

❖ ❋❖❲▼ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ❜❛s❡ ♥❛ ❛rq✉✐t❡t✉r❛ ❝♦♠♣❧❡t❛ ❞♦ s✐st❡♠❛ ❞❡

♣r♦❞✉çã♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✱ q✉❡ é ❝♦♠♣♦st♦ ♣♦r q✉❛tr♦ s✉❜s✐st❡♠❛s✿ ❘❡s❡r✈❛✲

tór✐♦✱ ❆♥✉❧❛r✱ ❚✉❜❜✐♥❣ ❡ ❋❧♦✇❧✐♥❡✲❘✐s❡r✳ ❆s ❡q✉❛çõ❡s q✉❡ ❞❡s❝r❡✈❡♠ ♦ ♠♦❞❡❧♦ sã♦

❛♣r❡s❡♥t❛❞❛s ♥♦ ❆♣ê♥❞✐❝❡ ❊✳

✶✶✷



❋✐❣✉r❛ ✺✳✹✿ ❙✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ❝♦♠ ❝♦♥✜❣✉r❛çã♦ ❞❡
❝♦♥tr♦❧❛❞♦r P■

✶✶✸



❋✐❣✉r❛ ✺✳✺✿ ❙✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ ♣♦ç♦ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡✳ ❆ ❧✐♥❤❛ ✈❡rt✐❝❛❧
♥♦t❛ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ ✐✳❡✳ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❣♦❧❢❛❞❛s ♥♦
s✐st❡♠❛✳

✺✳✶✳✷✳✷ ❉❡s❝r✐çã♦ ❞♦ ♣r♦❜❧❡♠❛

❆ ❋✐❣✉r❛ ✺✳✺ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♦❜t✐❞❛ ✈✐❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡✲

♠át✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❙❡çã♦ ❊✳✶✳ ❖❜s❡r✈❛♠✲s❡ ❛s r❡s♣♦st❛s ❞❡ três ♣r❡ssõ❡s ❞♦

s✐st❡♠❛ ✭Ppdg✱ Prb ❡ Prt ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✮ ❡ ❛ ✈❛③ã♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ó❧❡♦

Wlout ❡♠ ❢✉♥çã♦ ❞❡ ❞✐❢❡r❡♥t❡s r❡❣✐♠❡s ❞❡ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ z✳

❆ s✐♠✉❧❛çã♦ ❞❡s❝r❡✈❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ✉♠❛ ♦♣❡r❛çã♦ r❡❛❧✱ ♦♥❞❡ ✐♥✐❝✐❛❧♠❡♥t❡

♦ ♣r♦❝❡ss♦ é ✐♥✐❝✐❛❧✐③❛❞♦ ❡♠ ❜❛✐①❛s ❛❜❡rt✉r❛s ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ ✭✐✳❡✳ ❜❛✐①❛ ♣r♦❞✉✲

t✐✈✐❞❛❞❡ ❡ ❛❧t❛s ♣r❡ssõ❡s✮ ❡ ♣♦st❡r✐♦r♠❡♥t❡✱ ❞❡ ❢♦r♠❛ ❣r❛❞❛t✐✈❛✱ ❛ ✈á❧✈✉❧❛ ❈❤♦❦❡ é

❛❜❡rt❛ ❡✈✐t❛♥❞♦ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♦s❝✐❧❛çõ❡s✳ ◆♦t❛✲s❡ q✉❡ ❛té t = 60h ♦♥❞❡ z < 20%✱

❛s ♦s❝✐❧❛çõ❡s s❡ ❛♠♦rt✐③❛✈❛♠ ❝♦♠ ♦ ❞❡❝♦rr❡r ❞♦ t❡♠♣♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛♣ós ❧❡✈❛r ❛

♦♣❡r❛çã♦ ❛ z = 21% ✭❡♠ t = 90h✮ ♦ ♣r♦❝❡ss♦ ❛♣r❡s❡♥t❛ ♦s❝✐❧❛çõ❡s ❞❡ ❛♠♣❧✐t✉❞❡

♠✉✐t♦ ♠❛✐♦r✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ✉♠ r❡❣✐♠❡ ❞❡ ❣♦❧❢❛❞❛ s❡✈❡r❛✳ ❖❜s❡r✈á✲s❡ q✉❡✱ ❡♠❜♦r❛

♦ ♣r♦❝❡ss♦ r❡t♦r♥❛ ❛ ♣❛t❛♠❛r❡s ❞❡ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ ♠❡♥♦r❡s q✉❡ ♦ ❝rít✐❝♦✱

♦ s✐st❡♠❛ ❝♦♥t✐♥✉❛ ♦s❝✐❧❛♥❞♦✱ ❡ ❡ss❛ ❞✐♥â♠✐❝❛ só é ❝♦♠♣❧❡t❛♠❡♥t❡ ❛♠♦rt✐③❛❞❛ ❛♣♦s

r❡❞✉çõ❡s ❞rást✐❝❛s ♥❛ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ t ≈ 115✱ ♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ♣❡r❞❛

❞❡ ♣r♦❞✉çã♦✳

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

❧✐♠✐t❡ ♠á①✐♠♦ ♣❡r♠✐t✐❞♦ ❞❡ ♦♣❡r❛çã♦ s❡❣✉r❛ ❞♦ ♣r♦❝❡ss♦✱ ♦✉ s❡❥❛✱ ♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r✲

❝❛çã♦ ❞❡ ❍♦♣❢ ❞♦ s✐st❡♠❛ ❝❛r❛❝t❡r✐③❛ ♦ ❧✐♠✐t❡ ♠á①✐♠♦ ❞❡ ♦♣❡r❛❜✐❧✐❞❛❞❡ ❡ ♣r♦❞✉çã♦

❞❛ ♣❧❛♥t❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❡ ♣r♦❣♥óst✐❝♦ ❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ♥♦s

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

♣♦❧ít✐❝❛s ❞❡ ♦♣❡r❛çã♦ ❡ ♣r♦❥❡t♦ ❞❡ ♣❧❛♥t❛s ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡✳

❆ ❋✐❣✉r❛ ✺✳✻ ❝♦rr❡s♣♦♥❞❡ ❛ ❞❛❞♦s ❞❡ ♦♣❡r❛çã♦ r❡❛❧ ❞❡ ✉♠ ♣♦ç♦ ❞❛ P❡tr♦❜r❛s✳

✶✶✹



❋✐❣✉r❛ ✺✳✻✿ ❉❛❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ ♣♦ç♦ P❡tr♦❜r❛s ❝♦♠ ❞✐♥â♠✐❝❛ ❞❡ ❣♦❧❢❛❞❛s✳
❆s ✈❛r✐á✈❡✐s nPpdg ❡ nPrt ❝♦rr❡s♣♦♥❞❡♠ às ♣r❡ssõ❡s ♥❛ P❉● ❡ ♥♦ t♦♣♦ ❞♦ r✐s❡r✳ ❆s
❧✐♥❤❛s ✈❡rt✐❝❛✐s ✈❡r♠❡❧❤❛s ❞❡♥♦t❛♠ ❛s ♠✉❞❛♥ç❛s ❞❡ ♦♣❡r❛çã♦ ❡♠ r❡❧❛çã♦ à ❛❜❡rt✉r❛
❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ z✳

✶✶✺



❖❜s❡r✈❛♠✲s❡ ❛s r❡s♣♦st❛s ❞❛s ♣r❡ssõ❡s ♥❛ P❉● ❡ ♥♦ t♦♣♦ ❞♦ r✐s❡r ✭✈❡r ❋✐❣✉r❛ ✺✳✹✮

❡♠ ❢✉♥çã♦ ❞❡ ✈❛r✐❛çõ❡s ♥❛ ✈á❧✈✉❧❛ ❈❤♦❦❡✳ ◆♦t❛✲s❡ q✉❡ ♦ r❡❣✐♠❡ ♦s❝✐❧❛tór✐♦ ❛✉t♦✲

s✉st❡♥t❛❞♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ♦ ❢❡♥ô♠❡♥♦ ❞❡ s❧✉❣❣✐♥❣ s✉r❣❡ ❡♠ ♣♦s✐çõ❡s ❞❡ ✈á❧✈✉❧❛

z > 45% ❡ ❛ ❛♠♣❧✐t✉❞❡ ❞❛s ♦s❝✐❧❛çõ❡s ❛✉♠❡♥t❛ ❝♦♠ ❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛✳

❖ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❞❡st❡ ❝❛s♦ ❞❡ ❡st✉❞♦ ❝♦♥té♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸ ❛♥♦s ❞❡

♦♣❡r❛çã♦✱ ❡♠ q✉❡ ♠❡❞✐çõ❡s ❞❛s ✈❛r✐á✈❡✐s ❧✐st❛❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✷ sã♦ ❝♦❧❡t❛❞❛s ❝♦♠

❢r❡q✉ê♥❝✐❛ ❞❡ ✶ ♠✐♥✉t♦✳ ❉❡st❛❝❛✲s❡ ❛ ♣r❡s❡♥ç❛ ❞❡ ♠❡❞✐❞❛s ❛♦ ❧♦♥❣♦ ❞♦ r✐s❡r ❝♦♠♦

Prb ✭♦✉ TPT ✮✱ Prt ❡ Ppdg q✉❡ ❝♦♥✜❣✉r❛♠ ❛ ♠❡❞✐çã♦ ❢❡✐t❛ ♥♦ ♥í✈❡❧ ♠❛✐s ♣r♦❢✉♥❞♦

♥♦ s✐st❡♠❛✳

❚❛❜❡❧❛ ✺✳✷✿ ❚✐♣♦s ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡

❚✐♣♦ ❞❡ ✈❛r✐á✈❡❧ ◆ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s ❯♥✐❞❛❞❡s

❱❛③õ❡s ✺ m3/h

❚❡♠♣❡r❛t✉r❛s ✻ ❈

Pr❡ssõ❡s ✽ ❜❛r

❈❤♦❦❡ ✶ ✪

❇❙❲ ✶ ✪

❆❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛s ✷✻ ✪

P♦r ♦✉tr❛ ♣❛rt❡✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ❝❛s♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡❝çã♦ ✺✳✶✳✶✱ ♥♦ s✉r❣✐✲

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

s❡❥❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ✐♥❞❡s❡❥á✈❡❧ ❡ ♥♦❝✐✈♦ ❛♦ ♣r♦❝❡ss♦✳ ❆ss✐♠✱ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡

♣❡rí♦❞♦s ❝♦♠ ❞✐♥â♠✐❝❛ ❣♦❧❢❛♥t❡ ❝❛❜❡ ❛♦ ♣ró♣r✐♦ ❛♥❛❧✐st❛ ❞❡ ❞❛❞♦s✳

✺✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼

❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡❝çã♦ ✹✳✶✳✶ ❛ ❡str❛té❣✐❛ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛s

❞✐♥â♠✐❝♦s r❡s✐❞❡ ♥❛ ♦❜t❡♥çã♦ ❞❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ❬✻✶❪✳ ❆ ❙❡çã♦ ❉✳✶ ❝♦♥té♠ ♦s

r❡s✉❧t❛❞♦s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❞♦s ♠♦❞❡❧♦s ❜❡♥❝❤♠❛r❦✱ ♣❡r♠✐t✐♥❞♦ ❡st❛❜❡✲

❧❡❝❡r ✉♠❛ r❡❢❡rê♥❝✐❛ ❡ ✈❛❧✐❞❛r ❛s ❞✐✈❡rs❛s ♠❡t♦❞♦❧♦❣✐❛s ♥✉♠ér✐❝❛s ✐♠♣❧❡♠❡♥t❛❞❛s

♥❡st❡ tr❛❜❛❧❤♦✳

✺✳✷✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛ ♣❡r✐ó❞✐❝❛

❉❡ ❛❝♦r❞♦ ❝♦♠ ❉■❊❍▲ ❡t ❛❧✳ ❬✻✻❪✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ♦s❝✐❧❛tór✐♦ ♣r♦❞✉③✐❞♦

♣❡❧♦ ❢❡♥ô♠❡♥♦ ❞❡ ❡s❝♦❛♠❡♥t♦ s❧✉❣❣✐♥❣ ♥♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ é r❡♣r❡s❡♥✲

✶✶✻



t❛❞♦ ♣❡❧♦ ♠♦❞❡❧♦ ❋❖❲▼ ✭❆♣ê♥❞✐❝❡ ❊✮✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝♦♥t✐♥✉♦ é

❝♦♥st✐t✉í❞♦ ♣❡❧❛s ❊q✉❛çõ❡s ❊✳✶✱ ❊✳✷✱ ❊✳✸✱ ❊✳✹✱ ❊✳✺ ❡ ❊✳✻❀ ❡ ♦s ♣❛râ♠❡tr♦s ❞♦ s✐st❡♠❛

❡ ❞❡ ❛❥✉st❡ ❞❡✜♥✐❞♦s ♥❛s ❚❛❜❡❧❛s ❊✳✶ ❡ ❊✳✷✳

❆ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ♣❛r❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✈❛❧♦r❡s ❞❡

❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ z ♣❡r♠✐t❡ ✐❞❡♥t✐✜❝❛r ❛ ❡✈♦❧✉çã♦ ❞♦s ❝♦♠♣♦rt❛♠❡♥t♦s

❞✐♥â♠✐❝♦s ❡♠ ❢✉♥çã♦ ❞♦ ❞✐t♦ ♣❛râ♠❡tr♦✳ ❆s ❋✐❣✉r❛s ✺✳✼✱ ✺✳✽✱✺✳✾ ❛♣r❡s❡♥t❛♠ ❛s r❡s✲

♣♦st❛s ❞✐♥â♠✐❝❛s ❞♦ ♠♦❞❡❧♦ ❡♠ ❢✉♥çã♦ ❞❛s ♣❡rt✉r❜❛çõ❡s t✐♣♦ ❞❡❣r❛✉ ♥♦ ♣❛râ♠❡tr♦

z✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛♣ós ✉♠ ✈❛❧♦r ❝rít✐❝♦ ❞❡ ❛❜❡rt✉r❛ ❞❛ ❈❤♦❦❡ z ≈ 68% ✭♣♦♥t♦ ❞❡

❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✮ ❛s r❡s♣♦st❛s ❞❡✐①❛♠ ❞❡ s❡r ❡st❛❝✐♦♥ár✐❛s✲❡stá✈❡✐s ❡ ♣❛ss❛♠ ❛ t❡r

✉♠ ❝❛rát❡r ♦s❝✐❧❛tór✐♦✲♣❡r✐ó❞✐❝♦✳

❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ s✉r❣✐♠❡♥t♦ ❞❡ r❡s♣♦st❛ ✐♥✲

✈❡rs❛ ♥❛ ❞✐♥â♠✐❝❛ ❞❡ Prt✳ ❖ t❡r♠♦ ❞❡ r❡s♣♦st❛ ✐♥✈❡rs❛ r❡❢❡r❡✲s❡ ❛♦ ❢❡♥ô♠❡♥♦ ♦♥❞❡ ❛

r❡s♣♦st❛ ✐♥✐❝✐❛❧ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❡stá ❡♠ ❞✐r❡çã♦ ♦♣♦st❛ à r❡s♣♦st❛ ❞♦ ❡st❛❞♦ ❡st❛❝✐✲

♦♥ár✐♦✱ ♦ q✉❡ tr❛③ ❧✐♠✐t❛çõ❡s ❞rást✐❝❛s ♥❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❛✉t♦♠át✐❝♦

r❡tr♦❛❧✐♠❡♥t❛❞♦ ❬✷✺✹❪✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡✱ ❡♠❜♦r❛ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞♦

♠♦❞❡❧♦ ❋❖❲▼ ❝♦rr❡s♣♦♥❞❡♠ às ♠❛ss❛s ♠✉❧t✐❢ás✐❝❛s ❞♦ s✐st❡♠❛✱ ❛ s❛í❞❛ ❞♦ ♠♦❞❡❧♦

é ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞❡ ♣r❡ssã♦✱ ✈✐s❛♥❞♦ à ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s ♠❡❞✐❞❛s ❝♦❧❡t❛❞❛s

♥♦ ♣r♦❝❡ss♦✳

❋✐❣✉r❛ ✺✳✼✿ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Ppdg ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z

✺✳✷✳✶✳✶ ❊st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ✲ ❞✐♥â♠✐❝❛ ♣❡r✐ó❞✐❝❛

❈♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♥❛s ❙❡çõ❡s ✸✳✶✳✷✱ ✸✳✶✳✸ ❡ ✹✳✶✳✶✳✶ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❛ ❡st❛❜✐❧✐❞❛❞❡

❧♦❝❛❧ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq ♠❛✐s ♣ró①✐♠♦ à ❜❛s❡ ❞❡ ❛tr❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼✱

♥✉♠❛ ❝♦♥❞✐çã♦ ♦s❝✐❧❛tór✐❛ ❡♠ r❡❧❛çã♦ à ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❈❤♦❦❡ ✭u1 = 80%✮✳

✶✶✼



❋✐❣✉r❛ ✺✳✽✿ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Prb ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z✳

❋✐❣✉r❛ ✺✳✾✿ ❘❡s♣♦st❛s ❞❛ ♣r❡ssã♦ Prt ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ z✳❊♠ ③♦♦♠ ❛ r❡s♣♦st❛
✐♥✈❡rs❛✳

❆ ❛♥á❧✐s❡ ❞❡ ✈❛❧♦r❡s ❡ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A ❛✈❛✲

❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ú♥✐❝♦ xeq ♥❛ ❚❛❜❡❧❛ ✺✳✸ ♠♦str♦✉ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠

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

❡q✉✐❧í❜r✐♦ ✭t✐♣♦ s❡❧❛✮ ❡ ❛ ♣ró♣r✐❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♥stá✈❡❧ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✳

❆ ❋✐❣✉r❛ ✺✳✶✵ ♠♦str❛ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ◆♦t❛✲s❡ q✉❡ ♦

♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ é ❝♦♥❝ê♥tr✐❝♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝✐❝❧♦ ❛tr❛t♦r ❡ às tr❛❥❡tór✐❛s q✉❡ ♣❛r✲

t❡♠ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❝♦♥✈❡r❣❡♠ ♣❛r❛ ❡ss❛ ór❜✐t❛ ❢❡❝❤❛❞❛✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠

♣❧♦t❛❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s r❡❛✐s ❡ ✐♠❛❣✐♥ár✐❛s ❞♦ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ♠❛✐s r❡♣r❡s❡♥✲

t❛t✐✈♦✱ s❡♥❞♦ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ♦rt♦❣♦♥❛❧✐❞❛❞❡ ❡♥tr❡ ❛s ♣❛rt❡s✳

✶✶✽



❚❛❜❡❧❛ ✺✳✸✿ P♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ♣♦♥t♦
♣❡r✐ó❞✐❝♦ ❡ ❡①♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❡r✐ó❞✐❝♦ ❋❖❲▼✳

■♥✈❛r✐❛♥t❡
❈♦♠♣♦♥❡♥t❡

✶ ✷ ✸ ✹ ✺ ✻

xeq ✻✶✵✼✳✵✻✾ ✺✾✷✳✶✻✻ ✶✼✽✼✹✳✼✺✽ ✷✷✻✸✳✾✺✶ ✼✸✶✳✹✾✺ ✷✷✵✽✵✳✹✻✾
λi −1.845 −2.797 −9.877−2 −1.015−2 9.16−4 + 0.0073j 9.16−4 − 0.0073j
xq ✻✶✼✺✳✸✹✼ ✺✽✺✳✵✷✹ ✶✽✸✶✼✳✹✼✵ ✷✷✼✾✳✻✹✼ ✼✹✻✳✶✶✸ ✷✷✵✶✾✳✵✹✶

Λ(j) −2.8−1 + 2.9j −2.8−1 − 2.9j 1.4−5 9.0−14 5.4−15 2.6−15

❋✐❣✉r❛ ✺✳✶✵✿ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❋❖❲▼ ❡♠ r❡❣✐♠❡ ♦s❝✐❧❛tór✐♦✲
♣❡r✐ó❞✐❝♦✳ ❆ s❡t❛ ♣r❡t❛ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣♦♥❡♥t❡ r❡❛❧ ❞♦ ♣r✐♠❡✐r♦ ✈❛❧♦r ❝❛r❛❝t❡✲
ríst✐❝♦ ✭Re(λx)) ❡ ❛ s❡t❛ ✈❡r♠❡❧❤❛ ♦rt♦❣♦♥❛❧ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣♦♥❡♥t❡ ✐♠❛❣✐♥ár✐❛
❞♦ ♠❡s♠♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Im(λx)✮

✺✳✷✳✶✳✷ ❆♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛✿ ▼❛♣❛s ❞❡ P♦✐♥❝❛ré

❆ ❛♥á❧✐s❡ ❞❡ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ s❡❣✉❡ ♦s ❢✉♥❞❛♠❡♥t♦s ❡ ♠❡t♦❞♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞♦s

♥❛s ❙❡çõ❡s ✹✳✶✳✶✳✷✱ ✸✳✶✳✹ ❡ ✹✳✶✳✶✳✷✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❡st✉❞❛✲

❞❛s ❢♦r❛♠ t♦❞❛s ❞❡✜♥✐❞❛s ❝♦♠♦ s❡çõ❡s ❧✐♥❡❛r❡s✱ ♣♦rt❛♥t♦ ❝❤❛♠❛❞❛s ❞❡ ♣❧❛♥♦s ❞❡

P♦✐♥❝❛ré✳

❆ ❋✐❣✉r❛ ❛♣r❡s❡♥t❛ ❛ tr❛❥❡tór✐❛ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❋❖❲▼✳ ❆ s❡❝çã♦ ❞❡

P♦✐♥❝❛ré ❢♦✐ ❞❡✜♥✐❞❛ ❝♦♥❢♦r♠❡ ♦ ♣❧❛♥♦ ❝♦♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ✐♥t❡rs❡çõ❡s q✉❡ s❛t✐s✲

❢❛③❡♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ tr❛♥s✈❡rs❛❧✐❞❛❞❡ ❡ ♦r✐❡♥t❛çã♦✱ ❝♦♥s✐st✐♥❞♦ ❡♠ ✉♠ ♣❧❛♥♦ ❡♠ z

❝♦♠ ♦r✐❡♥t❛çã♦ θ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ x − y✳ ❖ ♣❧❛♥♦ ❢♦✐ r♦t❛❝✐♦♥❛❞♦ ❡♠ t♦r♥♦ ❞♦

❡✐①♦ z✱ ✉s❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ r♦t❛çã♦✱ ❞❡ ❢♦r♠❛ q✉❡ ♦ â♥❣✉❧♦ ❡♥tr❡ ♦ ♣❧❛♥♦ ❞❡ P♦✐♥❝❛ré

❡ ♦ ❡✐①♦ x ❝♦rr❡s♣♦♥❞❡✉ ❛ θ = 0.031π ❖s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré x̂✭✈❡r♠❡❧❤♦s✮ ❢♦r❛♠

♦❜t✐❞♦s ❝♦♠♦ ♦s ♣♦♥t♦s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s x ∈M q✉❡ s❛t✐s❢❛③✐❛♠ U(x̂) = 0✳

◆♦t❛✲s❡ q✉❡ ♥✉♠❛ ór❜✐t❛ ❧✐✈r❡ ❞❡ tr❛♥s✐❡♥t❡✱ ♦ ❝✐❝❧♦ ❧✐♠✐t❡ s❡r✐❛ ✐♥t❡rs❡❝t❛❞♦

✶✶✾



❋✐❣✉r❛ ✺✳✶✶✿ ❚r❛❥❡tór✐❛ ❞♦ ❋❖❲▼ ✭❛③✉❧✮ ❝♦♠ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ✭✈❡r♠❡❧❤♦✮ q✉❡
✐♥t❡rs❡❝t❛♠ ♦ ♣❧❛♥♦ s♦❜r❡ ♦ ❡✐①♦ z

♥✉♠❛ ú♥✐❝❛ ✈❡③✱ ♦❜t❡♥❞♦ ♥♦ ♠❛♣❛ ❞❡ P♦✐♥❝❛ré ✉♠ ú♥✐❝♦ ♣♦♥t♦✱ ❝❛r❛❝t❡r✐③❛♥❞♦

❞✐♥â♠✐❝❛s ♦s❝✐❧❛tór✐❛s ❞❡ ♣❡rí♦❞♦ ú♥✐❝♦✳

❯♠❛ ❛♥✐♠❛çã♦ s♦❜r❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞♦ ❝á❧❝✉❧♦ ❞❡ s❡❝çõ❡s ❞❡

P♦✐♥❝❛ré ❡♠ ❢✉♥çã♦ ❞❛ ❞❡✜♥✐çã♦ ❞♦ ♣❧❛♥♦ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ♠❛t❡r✐❛❧ s✉♣❧❡♠❡♥t❛r✶✳

✺✳✷✳✶✳✸ ❆♥á❧✐s❡ ❞❡ tr❛♥s♣♦rt❡ ❞❡ ✢✉①♦ ❡♠ tr❛❥❡tór✐❛s

❖s ❝á❧❝✉❧♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çõ❡s

✸✳✶✳✷✳✷ ❡ ✹✳✶✳✶✳✸✳

❆ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛ tr❛❥❡tór✐❛ ♥♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❢♦✐ r❡❛❧✐③❛❞❛

♣❡❧❛ ❛✈❛❧✐❛çã♦ ❞♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ♦✉ ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ J

♣❛r❛ ✉♠❛ tr❛❥❡tór✐❛ q✉❡ ♣❛ss❛ ♣❡❧♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xeq ♠❛✐s ♣ró①✐♠♦ à r❡❣✐ã♦

❞❡ ❛tr❛çã♦✳ ❈♦♥s✐❞❡r❡✲s❡ ❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ s✐♠♣❧❡s ✭❞❡ ú♥✐❝♦ ♣❡rí♦❞♦✮ ❞♦ ✢✉①♦ ❞♦

s✐st❡♠❛ ❋❖❲▼ ♣❛r❛ ✉♠ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ xp ❡ ♣❡rí♦❞♦ ❞❡ ❝✐❝❧♦ T = 1100s ❛♣r❡s❡♥✲

t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✶✷✳ ❆s s❡t❛s r❡♣r❡s❡♥t❛♠ ♦s três ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③

❏❛❝♦❜✐❛♥❛ ♣r♦❥❡t❛❞♦s ♥♦ ❡s♣❛ç♦ tr✐❞✐♠❡♥s✐♦♥❛❧✳

❖❜s❡r✈❛✲s❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ♠❛✐s ❞❡ ✉♠ ❡①♣♦❡♥t❡ ❞❡ ❋❧♦q✉❡t ♠❛r❣✐♥❛❧ ♥❛ tr❛✲

❥❡tór✐❛ ❞♦ s✐st❡♠❛ ❋❖❲▼✳ ❉❡ ❢♦r♠❛ ❣rá✜❝❛✱ ❞✐t❛ ♠❛r❣✐♥❛❧✐❞❛❞❡ ♥ã♦ é ❡✈✐❞❡♥t❡✱

✉♠❛ ✈❡③ q✉❡ ♦ s✐st❡♠❛ ♣♦ss✉✐ ♥❛t✉r❛❧♠❡♥t❡ s❡✐s ❞✐♠❡♥sõ❡s ❡ é r❡♣r❡s❡♥t❛❞♦ ♥✉♠

❡s♣❛ç♦ tr✐❞✐♠❡♥s✐♦♥❛❧✳ ◆❛ ❚❛❜❡❧❛ ✺✳✶✵ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❡①♣♦❡♥t❡s

❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✭✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏✮ ❡ ♦ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ xp✳

✶❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ u
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❋✐❣✉r❛ ✺✳✶✷✿ ❱❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♥✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛
f t(xp) ❞♦ s✐st❡♠❛ ❋❖❲▼

P❛rt✐❝✉❧❛r♠❡♥t❡ ♥♦ ❝❛s♦ ❞♦ s✐st❡♠❛ ❋❖❲▼✱ ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ✈ár✐♦s ❡①✲

♣♦❡♥t❡s ❞❡ ❋❧♦q✉❡t ✐❣✉❛✐s ❛ ③❡r♦ s❡♥❞♦ ✉♠ ❞❡❧❡s ♦ ❡①♣♦❡♥t❡ ♠❛r❣✐♥❛❧✳ ❈♦♥s✐❞❡r❛♥❞♦

♦ ❝r✐tér✐♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ❝✐❝❧♦s✱ ♣♦❞❡✲s❡ ❝❧❛ss✐✜❝❛r ❛ tr❛❥❡tór✐❛ ♣❡r✐ó❞✐❝❛ ❝♦♠♦

❡stá✈❡❧✱ ✉♠❛ ✈❡③ q✉❡ t♦❞♦s |Λi| < 1✳

❯♠❛ ❛♥✐♠❛çã♦ ♠♦str❛♥❞♦ ❛ ❡✈♦❧✉çã♦ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❞❡❢♦r♠❛❞❛ ❛♦ ❧♦♥❣♦ ❞♦

✢✉①♦ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ♠❛t❡r✐❛❧ s✉♣❧❡♠❡♥t❛r✷✳

✺✳✷✳✶✳✹ ❆♥á❧✐s❡ ❞❡ ❜✐❢✉r❝❛çõ❡s

❖ ❡st✉❞♦ ❞❡ ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ❡str✉t✉r❛✐s ❡ t♦♣♦❧ó❣✐❝❛s ♥♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s

s❡❣✉❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛♥á❧✐s❡ ❞❡ ❜✐❢✉r❝❛çõ❡s✱ q✉❡ ✈✐s❛ ✐❞❡♥t✐✜❝❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ✉♠

❞❛❞♦ ♣❛râ♠❡tr♦ ♥❛ r❡s♣♦st❛ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ♦ ❞✐❛❣r❛♠❛ ❞❡

❜✐❢✉r❝❛çã♦ ❛♣r❡s❡♥t❛ ❛ ♦❜s❡r✈❛çã♦ ❡str♦❜♦s❝ó♣✐❝❛ ❞❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❡

✉♠❛ ✈❛r✐❛çã♦ ❧❡♥t❛ ❞❡ ✉♠ ❞❛❞♦ ♣❛râ♠❡tr♦✳ ❉❡st❛ ❢♦r♠❛✱ t❡♠✲s❡ ✉♠❛ ✈✐sã♦ ❣❧♦❜❛❧

s♦❜r❡ ♦s ❡❢❡✐t♦s ❞❛ ✈❛r✐❛çã♦ ❞❡st❡ ♣❛râ♠❡tr♦ ♥❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛✳

P❛r❛ ❝♦♥str✉çã♦ ❞♦s ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ ú♥✐❝❛ ❝♦♥✲

❞✐çã♦ ✐♥✐❝✐❛❧ ♣❛r❛ ❞♦✐s ❡stá❣✐♦s ❞❡ ✈❛rr❡❞✉r❛✱ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ♠á①✐♠♦s ❡ ♠í♥✐✲

♠♦s ❞❛s tr❛❥❡tór✐❛s ❞✐♥â♠✐❝❛s✳ ❖s ♣♦♥t♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ tr❛♥s✐❡♥t❡ ♥♦s ❞✐❛❣r❛♠❛s

❢♦r❛♠ ❡❧✐♠✐♥❛❞♦s s♦❜ s✉♣♦s✐çã♦ ❞❡ q✉❡✱ ❛❧❝❛♥ç❛❞♦ ✻✵✪ ❞♦ ✈❡t♦r t❡♠♣♦r❛❧ ♥❛ ✐♥t❡✲

❣r❛çã♦ ♥✉♠ér✐❝❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❝♦rr❡s♣♦♥❞❡ à ❡①♣r❡ssã♦ ❞♦ ❡q✉✐❧í❜r✐♦

✷❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ u
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❚❛❜❡❧❛ ✺✳✹✿ ■♥t❡r✈❛❧♦s ❞❡ ♣❛râ♠❡tr♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ❣r✉♣♦ ❆

P❛râ♠❡tr♦ ❉❡s❝r✐çã♦ ■♥t❡r✈❛❧♦ r❡❝♦♠❡♥❞❛❞♦
z(%) ❆❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❈❤♦❦❡ ✵✲✶✵✵

u2(Sm3/d) ❱❛③ã♦ ❞❡ ❣❛s ❧✐❢t ✵✲✸✵✵✳✵✵✵
Ps(bar) Pr❡ssã♦ ❞❡ ❞❡s❝❛r❣❛ ❞♦ ♣♦ç♦ ♥♦ t♦♣s✐❞❡ ✺✲✷✵

❝♦rr❡s♣♦♥❞❡♥t❡✳ ❖s r❛♠♦s ❞❡ ❡q✉✐❧í❜r✐♦ ✐♥stá✈❡✐s ❢♦r❛♠ ❝♦♥str✉í❞♦s ❡♠♣r❡❣❛♥❞♦

✉♠ ❡stá❣✐♦ ❛❞✐❝✐♦♥❛❧ ❛❧❣♦rít♠✐❝♦ ❞❡ s♦❧✉çõ❡s ✉s❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ◆❡✇t♦♥✲❘❛♣❤s♦♥

❬✷✸✽❪✳

❚❛❧ ❝♦♠♦ ❞❡s❝r✐t♦ ♥♦ ❆♣ê♥❞✐❝❡ ❊✱ ♦ ♠♦❞❡❧♦ ❋❖❲▼ é ❝♦♥st✐t✉í❞♦ ♣♦r ♣❛râ✲

♠❡tr♦s ❞❡ ❞✐✈❡rs❛s ♥❛t✉r❡③❛s✱ ♦s q✉❛✐s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s ❡♠ três ❣r✉♣♦s✿

❼ ●r✉♣♦ ❆✿ P❛râ♠❡tr♦s ❞❡ ❞✐♥â♠✐❝❛ rá♣✐❞❛✿ ♠✉❞❛♠ ❛♦ ❧♦♥❣♦ ❞❛ ♦♣❡r❛çã♦ ❞♦

♣r♦❝❡ss♦ ❡♠ t❡♠♣♦s tí♣✐❝♦s ♥❛ ❡s❝❛❧❛ ❞❡ ♠✐♥✉t♦s❀

❼ ●r✉♣♦ ❇✿ P❛râ♠❡tr♦s ❞❡ ❞✐♥â♠✐❝❛ ❧❡♥t❛✿ ♠✉❞❛♠ ❛♦ ❧♦♥❣♦ ❞❛ ♦♣❡r❛çã♦ ❞♦

♣r♦❝❡ss♦ ❡♠ t❡♠♣♦s tí♣✐❝♦s ♥❛ ❡s❝❛❧❛ ❞❡ s❡♠❛♥❛s❀

❼ ●r✉♣♦ ❈✿ P❛râ♠❡tr♦s ❝♦♠ r❡❧❛çã♦ à ❛rq✉✐t❡t✉r❛ s✉❜♠❛r✐♥❛ ❞♦ ♣♦ç♦ ✭r❡❢❡r❡✲s❡

às ❧✐♥❤❛s ❞❡ tr❛♥s♣♦rt❡ ❞♦s ✢✉✐❞♦s ❡✱ ✉♠❛ ✈❡③ ❞❡✜♥✐❞♦s✱ ♥ã♦ ♠✉❞❛♠ ♠❛✐s ❛♦

❧♦♥❣♦ ❞♦ t❡♠♣♦ ❞❡ ✈✐❞❛ út✐❧ ❞♦ ❝❛♠♣♦✮✳

P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛ ❛♥á❧✐s❡ s♦❜r❡ ♦s ♣❛râ♠❡tr♦s ❞♦ ❣r✉♣♦ ❆ ✭ ❚❛❜❡❧❛ ✺✳✹✮ é

✐♠♣♦rt❛♥t❡✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡s ❝♦rr❡s♣♦♥❞❡♠ ❛ ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ♠❛✐s ✈✐á✈❡✐s ❞❡

♠❛♥✐♣✉❧❛çã♦ ♥❛ ♣❧❛♥t❛ r❡❛❧ ❡ q✉❡ sã♦ ✉s❛❞❛s t✐♣✐❝❛♠❡♥t❡ ❝♦♠♦ ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s

❡♠ s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ ❛✉t♦♠át✐❝♦✳

❆ ❋✐❣✉r❛ ✺✳✶✸ ♠♦str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❋❖❲▼ ❡♠ r❡❧❛çã♦

❛♦ ♣❛râ♠❡tr♦ z ✭❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ✪✮✳ ◆♦t❛✲s❡ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦

✭❛♣❛r❡♥t❡♠❡♥t❡ ❞❡ ❍♦♣❢✮ ❡♠ z ≈ 68%✳ ◆♦t❛✲s❡ q✉❡ ❛♥t❡s ❞❛ ❜✐❢✉r❝❛çã♦ ♦s r❛♠♦s

❞❡ ❡q✉✐❧í❜r✐♦s ✐♥stá✈❡❧✱ ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❝♦✐♥❝✐❞❡♠✳ ❆♣ós ❛ ❜✐❢✉r❝❛çã♦ ❛❝♦♥t❡❝❡r✱

❛s ❛♠♣❧✐t✉❞❡s ❞❡ ♦s❝✐❧❛çã♦ ✭s❡♣❛r❛çã♦ ❡♥tr❡ r❛♠♦s ♠á①✐♠♦s ❡ ♠í♥✐♠♦s✮ t❡♥❞❡♠ ❛

❛✉♠❡♥t❛r ❝♦♠ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦✳

❆♥❛❧♦❣❛♠❡♥t❡✱ ♥❛ ❋✐❣✉r❛ ✺✳✶✹✱ ❛♣r❡s❡♥t❛✲s❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡♠ r❡✲

❧❛çã♦ ❛♦ ♣❛râ♠❡tr♦ u2✱ ♠♦str❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ♣❛r❛ ✉♠ ✈❛❧♦r

u2 ≈ 3.05(Sm3/d)✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ♥ã♦ ❢♦r❛♠ ❡♥❝♦♥tr❛❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡♥tr♦ ❞❛

❢❛✐①❛ ❞❡✜♥✐❞❛ ♣❛r❛ ♦ ♣❛râ♠❡tr♦ Ps✳

❆ ❛♥á❧✐s❡ ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ s✐♥❣✉❧❛r✐❞❛❞❡s ♥♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ é ❢r❡q✉❡♥✲

t❡♠❡♥t❡ r❡❛❧✐③❛❞❛ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❡ té❝♥✐❝❛s ❞❡ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛✳ P❛r❛ ♦s

✶✷✷



❋✐❣✉r❛ ✺✳✶✸✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛ ❋❖❲▼✱
❡♠ r❡s♣❡✐t♦ ❛ z✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ✭✈❡r♠❡❧❤♦✮✱ r❛♠♦s ❞❡ ♠í♥✐♠♦s ✭❛③✉❧✮ ❡ ❡q✉✐❧í✲
❜r✐♦s ✐♥stá✈❡✐s ✭♣r❡t♦✮

❋✐❣✉r❛ ✺✳✶✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ s✐♠✉❧❛çã♦ ❞✐♥â♠✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛ ❋❖❲▼✱
❡♠ r❡s♣❡✐t♦ ❛ u2✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ✭✈❡r♠❡❧❤♦✮✱ r❛♠♦s ❞❡ ♠í♥✐♠♦s ✭❛③✉❧✮ ❡ ❡q✉✐✲
❧í❜r✐♦s ✐♥stá✈❡✐s ✭♣r❡t♦✮

♣r♦♣ós✐t♦s ❞❡st❡ tr❛❜❛❧❤♦✱ ❡st❛ té❝♥✐❝❛ ♣❡r♠✐t❡ ✐❞❡♥t✐✜❝❛r ❜✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦

✶ ❡ ✷✱ ❝♦♠♣♦rt❛♠❡♥t♦s ❡stá✈❡✐s ❡ ✐♥stá✈❡✐s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❡♠ ❢✉♥çã♦ ❞❡ ✉♠ ♦✉

♠❛✐s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛ ♣❡r♠✐t❡ ✈❛❧✐❞❛r

♦s r❡s✉❧t❛❞♦s ❛♥t❡r✐♦r❡s ❡ ✈❡r✐✜❝❛r ❛ ♥❛t✉r❡③❛ ❞❛ ❜✐❢✉r❝❛çã♦✳

◆❛ ❋✐❣✉r❛ ✺✳✶✺ ❛♣r❡s❡♥t❛✲s❡ ❛ ❝✉r✈❛ ❞❡ ❡q✉✐❧í❜r✐♦ ♦❜t✐❞❛ ✈✐❛ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛✲

♠étr✐❝❛ ✉s❛♥❞♦ ♦ s♦❢t✇❛r❡ P②❈♦♥t✱ s❡♥❞♦ q✉❡ ❛ ❝♦♥str✉çã♦ ❞❡st❡ ❞✐❛❣r❛♠❛ ✐♠♣❧✐❝❛

✶✷✸



♥♦ ❢♦r♥❡❝✐♠❡♥t♦ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ ❞♦ s✐st❡♠❛ ❝♦♠♦ ✈❛❧♦r ✐♥✐❝✐❛❧✳ ❖❜s❡r✈❛✲s❡ q✉❡

♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛ ✐❞❡♥t✐✜❝♦✉ ✉♠❛ s✐♥❣✉❧❛r✐❞❛❞❡ H✱ ❝♦r✲

r❡s♣♦♥❞❡♥❞♦ ❛ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳ ◆♦t❛✲s❡ q✉❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦s ❡q✉✐❧í❜r✐♦s

♠✉❞❛ ❛♣ós ♦ s✉r❣✐♠❡♥t♦ ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳

❋✐❣✉r❛ ✺✳✶✺✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛ ♣❛r❛ ♦ s✐st❡♠❛
❋❖❲▼✱ ❡♠ r❡s♣❡✐t♦ ❛ z✳ ❘❛♠♦s ❞❡ ♠á①✐♠♦s ❡ ❞❡ ♠í♥✐♠♦s ✭♣♦♥t♦s ♣r❡t♦s✮✱ ❡q✉✐❧í✲
❜r✐♦s ❡stá✈❡✐s ✭❧✐♥❤❛ ❝♦♥t✐♥✉❛ ♣r❡t❛✮ ❡ ❡q✉✐❧í❜r✐♦s ✐♥stá✈❡✐s ✭❧✐♥❤❛ ✐♥t❡r♠✐t❡♥t❡ ♣r❡t❛✮

❯♠❛ ❛♥✐♠❛çã♦ ♠♦str❛♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ♥♦ ❡s♣❛ç♦

z✲u2✱ ♣❡rí♦❞♦ ❡ ❛♠♣❧✐t✉❞❡ ❞❛ ♦s❝✐❧❛çã♦ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ♠❛t❡r✐❛❧ s✉♣❧❡♠❡♥t❛r✸✳

✺✳✷✳✶✳✺ ▼étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✿ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

◆❡st❛ s✉❜s❡çã♦ ❢♦r❛♠ ❛✈❛❧✐❛❞♦s ♦s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈✱ ♦s q✉❛✐s ❝♦♥tê♠ ♦s d

❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❞♦ s✐st❡♠❛ ❡♠ ❡st✉❞♦✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❡♠♣r❡❣❛❞❛ ♣❛r❛

❝❛❧❝✉❧❛r ♦s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ❢♦✐ ❡①♣❧✐❝❛❞❛ ♥❛ ❙❡çõ❡s ✹✳✶✳✶✳✹ ❡ ✸✳✶✳✻✳✶✳

◆♦ ❝❛s♦ ❞♦ s✐st❡♠❛ ❋❖❲▼ ♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ é ❝♦♥st✐t✉í❞♦ ♣♦r d = 6

❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✳ ❆ ❋✐❣✉r❛ ✺✳✶✻ ❛♣r❡s❡♥t❛ ♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ q✉❡

❞❡s❝r❡✈❡♠ ❛s ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ♦❜s❡r✈❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✳

❊♠ t❡s❡ t♦❞♦s ♦s ❡①♣♦❡♥t❡s ❞❡✈❡♠ s❡r ♠❡♥♦r❡s ♦✉ ✐❣✉❛✐s ❛ ③❡r♦ ♣❛r❛ ❡st❛s ór❜✐t❛s✱

♠❛s ♣r♦❜❧❡♠❛s ♥✉♠ér✐❝♦s ❞❡✈✐❞♦s à r✐❣✐❞❡③ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✐♥t❡r❢❡r❡♠ ❥✉st❛✲

♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦ z = (60, 120) ♦♥❞❡ ❛s ♦s❝✐❧❛çõ❡s ❛❝♦♥t❡❝❡♠✳ ◆♦ ❡♥t❛♥t♦✱ ♠♦str❛♠

✉♠❛ t❡♥❞ê♥❝✐❛ s♦❜r❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ✭✐♠♣♦rt❛♥t❡ ♥❛ ❛♥t❡❝✐♣❛çã♦ ❞❛ ❜✐❢✉r❝❛çã♦ ❡♠ s✐✮✱

✸❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ u

✶✷✹
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❝❛r❛❝t❡r✐③❛♥❞♦ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❝♦♥❢♦r♠❡ s❡ ❛♣r♦①✐✲

♠❛♠ ❞♦ ♣♦♥t♦ ❍♦♣❢✳

❋✐❣✉r❛ ✺✳✶✻✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♣❛r❛ ♦ s✐st❡♠❛ ❋❖❲▼ ❡ s✉❛ r❡❧❛çã♦ ❝♦♠ ♦s ✸
♠❛✐♦r❡s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

✺✳✷✳✶✳✻ ▼étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✿ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❡ ❉✐♠❡♥sã♦ ❞❡ ❈♦r✲

r❡❧❛çã♦

❈♦♥❢♦r♠❡ ❞✐s❝✉t✐❞♦ ♥❛s ❙❡❝çõ❡s ✸✳✷✳✶✳✾ ❡ ✸✳✷✳✶✳✽ ♦✉tr❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ✐♠♣♦r✲

t❛♥t❡s ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s sã♦ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ H ❡

❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ D2✱ ✉♠❛ ✈❡③ q✉❡ ♠❡❞❡♠ ❛ ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❡✱ ♣♦r

❝♦♥s❡q✉ê♥❝✐❛✱ ❛ ♣r❡✈✐s✐❜✐❧✐❞❛❞❡ ❞❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠❛ tr❛❥❡tór✐❛✳

❖❜s❡r✈❛✲s❡ q✉❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ✭❋✐❣✉r❛ ✺✳✶✼

❡ ❋✐❣✉r❛ ✺✳✶✽✮ ❞❡s❝r❡✈❡♠ ❛s ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ♦❜s❡r✈❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦✳ ❖❜s❡r✈❛✲s❡ ✉♠ ♣❛t❛♠❛r ✐♥❢❡r✐♦r r❡❧❛❝✐♦♥❛❞♦ à ❢❛✐①❛ ♣❛r❛♠étr✐❝❛

❡stá✈❡❧ ✭❛♥t❡s ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❡♠ z ≈ 68%✮❀ ♦✉tr♦ ♣❛t❛♠❛r s✉r❣❡ ❛ ♣❛rt✐r ❞❛

❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳ ◆♦t❛✲s❡ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ s❡❣✉❡ ✉♠❛ t❡♥❞ê♥❝✐❛ q✉❡ ♣❡r♠✐t❡

❛♥t❡❝✐♣❛r ❛ ♣ró♣r✐❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳

✺✳✷✳✶✳✼ ▼étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✿ ◗✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s

❱✐s❛♥❞♦ à ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♣❛❞rõ❡s ❞❡ ❡st❛❝✐♦♥❛r✐❡❞❛❞❡✱ ✐♥t❡r♠✐tê♥❝✐❛ ❡ tr❛♥s✐t♦r✐❡✲

❞❛❞❡ ❞❛s tr❛❥❡tór✐❛s ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✱ ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♦s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s

❡ ♠étr✐❝❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ♣❛r❛ ❛ tr❛❥❡tór✐❛ ♣❡r✐ó❞✐❝❛ ❞♦ s✐st❡♠❛

❋❖❲▼ ✭z = 68%✮✳ ❆s ❙❡❝çõ❡s ✸✳✷✳✶✳✻ ❡ ❉✳✶✳✶✳✺ ❛♣r❡s❡♥t❛♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝á❧❝✉❧♦

✶✷✺



❋✐❣✉r❛ ✺✳✶✼✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡ r❡❧❛çã♦ ❝♦♠ ❛ ♠étr✐❝❛ ❉✷ ♣❛r❛ ♦ s✐st❡♠❛
❋❖❲▼

❋✐❣✉r❛ ✺✳✶✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡ r❡❧❛çã♦ ❝♦♠ ❛ ♠étr✐❝❛ ❍ ♣❛r❛ ♦ s✐st❡♠❛
❋❖❲▼

❡ ❛♣❧✐❝❛çã♦ ❞❛ té❝♥✐❝❛ ♥♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❇❡♥❝❤♠❛r❦ ✉s❛❞♦s ❝♦♠♦ r❡❢❡rê♥❝✐❛

♥❡st❡ tr❛❜❛❧❤♦✳

❆ ❋✐❣✉r❛ ✺✳✶✾ ❝♦rr❡s♣♦♥❞❡ à ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛s ❞❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞♦

♠♦❞❡❧♦ ❋❖❲▼✳ ❖❜s❡r✈❛✲s❡ ✉♠ ♠❛♣❛ ♥ã♦ ♣r❡❡♥❝❤✐❞♦ ❞❡ r❡❝♦rrê♥❝✐❛s✱ ✐♥❞✐❝❛♥❞♦ ♥ã♦

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

♠✉❞❛♠ r❛♣✐❞❛♠❡♥t❡✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♠♦str❛ ✉♠ ♠❛♣❡❛♠❡♥t♦

❞❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❛♦ ❧♦♥❣♦ ❞♦ ✢✉①♦✱ ✐♥❞✐❝❛♥❞♦ q✉❛✐s sã♦ ❛s r❡❣✐õ❡s ♥♦ ❡s♣❛ç♦

✶✷✻



❋✐❣✉r❛ ✺✳✶✾✿ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❝✐❝❧♦ ❋❖❲▼✿ ✭❡sq✉❡r❞❛✮ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦rr❡s✲
♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝í❝❧✐❝❛ ❞♦ ✢✉①♦ ❞♦ ❋❖❲▼✱ ♦♥❞❡ ♦s ♣♦♥t♦s ♣r❡t♦s r❡♣r❡s❡♥t❛♠
❛s r❡❝♦rrê♥❝✐❛s❀ ✭❞✐r❡✐t❛✮ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✉s❛♥❞♦ ❛s t❛①❛s ❞❡ r❡❝♦rrê♥✲
❝✐❛ ❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❖ r❛✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦
❡♠ ϵ = 25

❞❡ ❢❛s❡s ♠❛✐s r❡❝♦rr❡♥t❡s✱ s❡♥❞♦ ♦ ❝✐❝❧♦ ❧✐♠✐t❡ ❡stá✈❡❧ ✉♠❛ ✈❛r✐❡❞❛❞❡ tr✐✈✐❛❧♠❡♥t❡

r❡❝♦rr❡♥t❡✳ ❯♠❛ ❛♥á❧✐s❡ ❛❞✐❝✐♦♥❛❧ s♦❜r❡ ❛s ♠étr✐❝❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s

sã♦ ❞✐s❝✉t✐❞❛s ❡♠ t♦r♥♦ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❜❡♥❝❤♠❛r❦ ♥❛ ❙❡❝çã♦ ❉✳✶✳✶✳✺✳

✺✳✷✳✷ ❊❢❡✐t♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡

❞✐♥â♠✐❝❛ ❝❛ót✐❝❛

◆♦ ❝♦♥t❡①t♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡s❝r✐t♦ ♥❛ ❙❡çã♦ ✺✳✶✳✷✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ ✐♥t❡r❡ss❛♠ ❡str❛✲

té❣✐❛s ❞❡ ❝♦♥tr♦❧❡ ❛t✐✈❛s✱ ✉♠❛ ✈❡③ q✉❡ ❛s ✉♥✐❞❛❞❡s ❞❡ ♣r♦❞✉çã♦ ❡①✐st❡♥t❡s ❥á ❢♦r❛♠

♣r♦❥❡t❛❞❛s ❡ ✐♥st❛❧❛❞❛s✱ ❞✐✜❝✉❧t❛♥❞♦ q✉❛❧q✉❡r t✐♣♦ ❞❡ ♠♦❞✐✜❝❛çã♦ ♠❛✐s ✐♥❝✐s✐✈❛ s♦❜r❡

♦s ❡q✉✐♣❛♠❡♥t♦s ♦✉ s♦❜r❡ ♦ ♣r♦❝❡ss♦✳

❆❧é♠ ❞✐ss♦✱ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r ♦✉tr❛ r❡str✐çã♦ ♦♣❡r❛❝✐♦♥❛❧ r❡❧❛❝✐♦♥❛❞❛ à

❞✐✜❝✉❧❞❛❞❡ ♦✉ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ✈❛③ã♦ ❞❡ ❣ás ❧✐❢t ❡♠ ❣r❛♥❞❡ ♣❛rt❡

❞♦s ♣♦ç♦s ❞❡ ♣r♦❞✉çã♦✱ r❡❧❡❣❛♥❞♦ t♦❞❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ à ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛

❈❤♦❦❡ ❝♦♠♦ ú♥✐❝❛ ✈❛r✐á✈❡❧ ♠❛♥✐♣✉❧❛❞❛✳ ❉❡ss❛ ❢♦r♠❛✱ q✉❛❧q✉❡r ❡sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡

❛✉t♦♠át✐❝♦ s❡rá ❙■❙❖✱ ❥á q✉❡ ❛s ♣r❡ssõ❡s ❛♦ ❧♦♥❣♦ ❞♦ s✐st❡♠❛ sã♦ ❞❡♣❡♥❞❡♥t❡s ❡♥tr❡

s✐✱ ❝♦♥❢♦r♠❡ ♦❜s❡r✈❛❞♦ ♥♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦✳ ◆♦ ❆♣ê♥❞✐❝❡ ❊ ❡ ❋✐❣✉r❛ ✺✳✹ ❞❡s❝r❡✈❡✲

s❡ ♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❡ ❝❡♥ár✐♦s ❞❡ ❝♦♥tr♦❧❡ q✉❛♥❞♦ ❝♦♥s✐❞❡r❛❞❛ ❛ ♣r❡s❡♥ç❛ ❞❡

✉♠ ❝♦♥tr♦❧❛❞♦r P■✳ ❆s ❊q✉❛çõ❡s ❊✳✶✱ ❊✳✷✱ ❊✳✸✱ ❊✳✹✱ ❊✳✺✱ ❊✳✻✱ ❊✳✸✵ ❡ ❊✳✸✷ ❢♦r♠❛♠ ♦

s✐st❡♠❛ ❞❡ ❖❉❊s q✉❡ ♠♦❞❡❧❛ ♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ❝♦♠ ♦ ❝♦♥tr♦❧❛❞♦r P■✳

❆ ♣r✐♥❝✐♣❛❧ ♠♦t✐✈❛çã♦ ❞♦ ✉s♦ ❞❡ s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡

❣♦❧❢❛❞❛s ❝♦rr❡s♣♦♥❞❡ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ❝♦♥❞✐çõ❡s ♦♣❡r❛❝✐♦♥❛✐s ❢❛✈♦rá✈❡✐s ❛♦ s✉r✲

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

✶✷✼



❈♦♥❢♦r♠❡ ♦❜s❡r✈❛❞♦ ❡♠ ❬✻✼❪✱ ❛s ❣♦❧❢❛❞❛s s❡✈❡r❛s t❡♥❞❡♠ ❛ ❛♣❛r❡❝❡r ❡♠ ❝♦♥❞✐çõ❡s

❞❡ ❛❜❡rt✉r❛ ❞❡ ❝❤♦❦❡ ❡❧❡✈❛❞❛✱ ❛s q✉❛✐s ❝♦rr❡s♣♦♥❞❡♠ t❛♠❜é♠ às ❝♦♥❞✐çõ❡s ❞❡ ♠❛✐♦r

♣r♦❞✉t✐✈✐❞❛❞❡ ❞♦ ♣♦ç♦✳ ▼❛t❡♠❛t✐❝❛♠❡♥t❡✱ ♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦

♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ q✉❡ é ❛ss♦❝✐❛❞♦ ❛♦ s✉r❣✐♠❡♥t♦ ❞♦

❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❛✉t♦✲s✉st❡♥t❛❞♦✳

❋✐❣✉r❛ ✺✳✷✵✿ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✶

❋✐❣✉r❛ ✺✳✷✶✿ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✷

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ✐t❡r❛t✐✈♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦s ✈❛❧♦r❡s ❞❛s ❝♦♥s✲

t❛♥t❡s ❞♦ ❝♦♥tr♦❧❛❞♦r Kp ❡ τ ✳ ❆ ❋✐❣✉r❛ ✺✳✷✵ r❡❢❡r❡✲s❡ ❛♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✶✱

q✉❛♥❞♦ ❝♦♥s✐❞❡r❛❞♦s ✺ ❞✐❢❡r❡♥t❡s s❡t ♣♦✐♥ts ♣❛r❛ ❛ Ppdg ✭❜❛r✮ ❬✷✼✻❀ ✷✻✽❀ ✷✾✵❀ ✷✻✺❀

✷✼✹❪✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ s✐st❡♠❛ ❝♦♥s❡❣✉❡ ❛t✐♥❣✐r ♦s ✈❛❧♦r❡s ❞❡ s❡t ♣♦✐♥ts ❡s♣❡❝✐✜❝❛❞♦s

❛❞❡q✉❛❞❛♠❡♥t❡ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ s✐♥t♦♥✐❛ ❞❡ ❝♦♥tr♦❧❡ ❛♣❧✐❝❛❞♦✳ ◆♦t❛✲s❡✱ ❛✐♥❞❛✱ q✉❡

♦ s✐st❡♠❛ ❝♦♥s❡❣✉❡ ♦♣❡r❛r ❛ ❛❜❡rt✉r❛s ❞❡ ✈á❧✈✉❧❛ s✉♣❡r✐♦r❡s ❛ 70%✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡

❤♦✉✈❡ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳

✶✷✽



❋✐❣✉r❛ ✺✳✷✷✿ ❉❡s❡♠♣❡♥❤♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✸

❆ ❋✐❣✉r❛ ✺✳✷✶ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ✷✱ ♦♥❞❡ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s

✺ ❞✐❢❡r❡♥t❡s s❡t ♣♦✐♥ts ♣❛r❛ ❛ Prb(TPT ) ✭❜❛r✮ ❬✶✻✹❀ ✶✺✻❀ ✶✽✺❀ ✶✺✹❀ ✶✻✽❪ ✳ ❉❡ ❢♦r♠❛

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

é ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r ♦ s✉r❣✐♠❡♥t♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ♣❛r❛ ❛❜❡rt✉r❛s

❞❡ ✈á❧✈✉❧❛ s✉♣❡r✐♦r❡s ❛ 80%✱ ✐♥❞✐❝❛♥❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ♥♦

s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡✳ ◆♦t❛✲s❡ t❛♠❜é♠ q✉❡✱ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦ ❞❡ ♠❛❧❤❛ ❛❜❡rt❛✱ ♦♥❞❡

♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❡r❛ 68%✱ ❤♦✉✈❡ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ✐♠♣♦rt❛♥t❡✱ ♣❡r♠✐t✐♥❞♦

♦♣❡r❛r ♦ s✐st❡♠❛ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ♠❛✐♦r ♣r♦❞✉çã♦✳ ❆❧é♠ ❞✐ss♦✱ ♥♦s ❝❡♥ár✐♦s ✶ ❡ ✷

❞❡ ❝♦♥tr♦❧❡ ❛s r❡s♣♦st❛s s❡♠♣r❡ ❛♣r❡s❡♥t❛r❛♠ r❡s♣♦st❛s ❞✐r❡t❛s✱ ♥✉♥❝❛ ✐♥✈❡rs❛s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ♦ ❝❡♥ár✐♦ ✸ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡♠

r❡❧❛çã♦ à Prt ✭❜❛r✮ q✉❛♥❞♦ ✐♠♣♦st♦s ♦s s❡❣✉✐♥t❡s s❡t ♣♦✐♥ts✿ ❬✸✻✳✺❀ ✶✽✳✺❀ ✷✽❀ ✶✼❀ ✷✺❪ ✳

➱ ♣♦ssí✈❡❧ ♥♦t❛r ✉♠❛ ❣r❛♥❞❡ ❞✐✜❝✉❧❞❛❞❡ ♣❛r❛ ❛t✐♥❣✐r ❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞❡ s❡t ♣♦✐♥ts✱

❛♦ t❡♠♣♦ q✉❡ ❛çõ❡s ❛❜r✉♣t❛s ♥❛ ✈❛r✐á✈❡❧ ♠❛♥✐♣✉❧❛❞❛ ✭❛❜❡rt✉r❛ ✈á❧✈✉❧❛ ❝❤♦❦❡✮ sã♦

♣r❡s❡♥❝✐❛❞❛s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ é ❝♦♥st❛♥t❡ ❛♦

❧♦♥❣♦ ❞♦ ♣❡r✜❧ ❞❡ ❝♦♥tr♦❧❡✳ ❆ ♣r✐♥❝✐♣❛❧ ❝❛✉s❛ ❞❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❛tr✐❜✉í❞❛ à

r❡s♣♦st❛ ✐♥✈❡rs❛ ♦❜s❡r✈❛❞❛ ♥❛ ♣r❡ssã♦ Prt✱ ❛ q✉❛❧ ❣❡r❛ ♠❛✐s ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡s q✉❡

sã♦ r❡tr♦❛❧✐♠❡♥t❛❞❛s ✐♥❡r❡♥t❡♠❡♥t❡ ♣❡❧♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❛♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳

◆❛ ❋✐❣✉r❛ ✺✳✷✷ é ❛♣r❡s❡♥t❛❞♦ ♦ r❡s♣❡❝t✐✈♦ ♣❡r✜❧ t❡♠♣♦r❛❧ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ❝❡♥ár✐♦

✸✱ q✉❡ ♠♦str❛ ❛s ❥á ♠❡♥❝✐♦♥❛❞❛s ❝❛r❛❝t❡ríst✐❝❛s✳

❖ ❡sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡ P■ ✈✐s❛ ❛❧t❡r❛r ♦✉ s✉♣r✐♠✐r ❛s ❝♦♥❞✐çõ❡s ♦♣❡r❛❝✐♦♥❛✐s

q✉❡ ❧❡✈❛♠ à ❞✐♥â♠✐❝❛ ❞❡ s❧✉❣❣✐♥❣✳ P❛r❛ ❞❡t❡r♠✐♥❛r q✉❛♥t♦ ❛ ❧♦❝❛❧✐③❛çã♦ ❞❛ ❜✐✲

❢✉r❝❛çã♦ ❍♦♣❢ ✭❡♠ t❡r♠♦s ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦✮ é ❞❡s❧♦❝❛❞❛

❡♠ ❢✉♥çã♦ ❞❛ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r✱ ✉♠❛ ❜✉s❝❛ ✐♥t❡♥s✐✈❛ ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢

✉s❛♥❞♦ ❝♦♥t✐♥✉❛çõ❡s ♣❛r❛♠étr✐❝❛s ❢♦✐ r❡❛❧✐③❛❞❛ ❞❡♥tr♦ ❞♦ ❡s♣❛ç♦ ♣❛r❛♠étr✐❝♦✳ ❊st❡

♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❛♣❧✐❝❛❞♦ ♣❛r❛ ❝❛❞❛ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛ ❢❛✐①❛ ❞❡ s❡t✲♣♦✐♥ts ❢♦✐

✶✷✾



♦❜t✐❞❛ ❞✐r❡t❛♠❡♥t❡ ❞♦s ✈❛❧♦r❡s ❞❡ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ❡♠ z = 100% ❡ z = 5% ❡♠

r❡❣✐♠❡ ❞❡ ♠❛❧❤❛ ❛❜❡rt❛✳

❋✐❣✉r❛ ✺✳✷✸✿ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✶

❋✐❣✉r❛ ✺✳✷✹✿ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✷

❆s ❋✐❣✉r❛s ✺✳✷✸ ❡ ✺✳✷✹ ♠♦str❛♠ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ♥♦ ❡s♣❛ç♦

♣❛r❛♠étr✐❝♦ ❞❡✜♥✐❞♦ ♣❡❧❛s ❝♦♥st❛♥t❡s ❞❡ ❝♦♥tr♦❧❡ P■ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ❈❡♥ár✐♦s ✶ ❡

✷✳ ❈♦♠♦ s❡ ♣♦❞❡ ✈❡r✱ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❡♠ ❢r❛çõ❡s

❛❧t❛s ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ z(t) ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛ s❡t✲♣♦✐♥ts ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ♥♦s

q✉❛✐s✱ ❡♠ ❣❡r❛❧✱ ♣♦❞❡♠ s❡r ❛❧❝❛♥ç❛❞♦s ✉s❛♥❞♦ ✈❛❧♦r❡s ❞❡ ❝♦♥st❛♥t❡s ♣r♦♣♦r❝✐♦♥❛✐s

❛❧t♦s Kp ❡ ✈❛❧♦r❡s ❞❡ ❝♦♥st❛♥t❡s ❞❡ t❡♠♣♦ ✐♥t❡❣r❛❧ ❜❛✐①♦s τ ✳ ❆❧é♠ ❞✐ss♦✱ q✉❛♥❞♦

❝♦♥s✐❞❡r❛❞❛s ❛çõ❡s ❞❡ ❝♦♥tr♦❧❡ ♠í♥✐♠❛s ♦✉ ✈❛❧♦r❡s ❞❡ Kp ❜❛✐①♦s✱ ❢♦r❛♠ ❛❧❝❛♥ç❛❞♦s

❞❡s❧♦❝❛♠❡♥t♦s ♠í♥✐♠♦s ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ s❡♥❞♦ z(t) ≈ 0, 74 ❡ z(t) ≈ 0, 68 ♣❛r❛

♦s ❈❡♥ár✐♦s ✶ ❡ ✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❝✐❝❧♦s ❧✐♠✐t❡

❝♦♠ ❛❧t♦ ♣❡rí♦❞♦ T ❢♦r❛♠ ❡♥❝♦♥tr❛❞♦s ❡♠ ✈❛❧♦r❡s ❜❛✐①♦s ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛✱

♠♦str❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❛s ❛çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❞♦ P■ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❛s ♦s❝✐❧❛çõ❡s✳

❋✐♥❛❧♠❡♥t❡✱ ❛ ❋✐❣✉r❛ ✺✳✷✺ ♠♦str❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❍♦♣❢ ♥♦ ❡s♣❛ç♦

♣❛r❛♠étr✐❝♦ ❞❡ ❝♦♥tr♦❧❡ ❡♠ r❡❧❛çã♦ ❛♦ ❈❡♥ár✐♦ ✸✳ ❈♦♠♦ s❡ ♣♦❞❡ ✈❡r✱ ❛ ♠❛✐♦r✐❛ ❞♦s

♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❍♦♣❢ ❡stá ❧♦❝❛❧✐③❛❞❛ ❡♠ ✈❛❧♦r❡s ❜❛✐①♦s ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛

✶✸✵



❋✐❣✉r❛ ✺✳✷✺✿ ❉✐str✐❜✉✐çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥ár✐♦ ✸

❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦ z✱ ❛✐♥❞❛ ♠❛✐s ❜❛✐①♦s ❞♦ q✉❡ ❛ ❧♦❝❛❧✐③❛çã♦ ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢

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

❞❡ z ✐♠♣❧✐❝❛ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❞✐♥â♠✐❝❛s ♦s❝✐❧❛tór✐❛s ❛♦ ❧♦♥❣♦ ❞❡ t♦❞❛ ❛ ❛♠♣❧✐t✉❞❡

❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛✳ ❆❧é♠ ❞✐ss♦✱ ❤á ✉♠❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛

❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❡♠ r❡❧❛çã♦ à ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ✐♥t❡❣r❛❧✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧✱ é

♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ❡st❡ ❝❡♥ár✐♦ ♥ã♦ ❝♦♥s❡❣✉❡ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡ ❣♦❧❢❛❞❛s ♥♦ s✐st❡♠❛✱

s❡♥ã♦ q✉❡ ❛♣r❡s❡♥t❛ ❞❡s❡♠♣❡♥❤♦s ❛✐♥❞❛ ♣✐♦r❡s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦ ❞❡ ♠❛❧❤❛ ❛❜❡rt❛✳

◆♦ ❡♥t❛♥t♦✱ ❛ ✈❛st❛ r✐q✉❡③❛ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ♦s❝✐❧❛tór✐♦s ♥♦ ❡s♣❡❝tr♦ ❝♦♠♣❧❡t♦

❞♦ ❡s♣❛ç♦ ♣❛r❛♠étr✐❝♦ ❛❜r❡ ✉♠❛ ♦♣♦rt✉♥✐❞❛❞❡ ♣❛r❛ ♦ ❡st✉❞♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s

❞✐♥â♠✐❝♦s ♠❛✐s ❝♦♠♣❧❡①♦s✳

❉❛❞♦ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ ❜✐❛s ✭zbias = 10%✱ ✈❡r ♠♦❞❡❧♦ ♥♦ ❆♣ê♥❞✐❝❡ ❊✮✱ ❛

❞✐str✐❜✉✐çã♦ ❞❡ s♦❧✉çõ❡s ♥ã♦ ♠♦str❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞✐r❡t❛ ❞❡ τ ✱ ♥♦t❛♥❞♦✲s❡ q✉❡

❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❧❛♥♦s q✉❛s❡ ❢♦r♠❛ ✉♠ ♣❧❛♥♦ ✷❉ ♥♦ ❡s♣❛ç♦ ✸✲❞✐♠❡♥s✐♦♥❛❧ ✭❋✐❣✉r❛

✺✳✷✻✮✳ ❆ ❝✉r✈❛ ❞❡ ❍♦♣❢ s❡ ♠♦str❛ ❡♥tã♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s Ppdgsp ❡ Kp ❝♦♠♦

r❡♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✷✼✳ ◆♦t❛✲s❡ q✉❡ ❡ss❛ ❝✉r✈❛ r❡♣r❡s❡♥t❛✱ ♣❛r❛ ♦ ✉s♦ ♣rát✐❝♦

♥❛ ♦♣❡r❛çã♦ ❞♦ ♣r♦❝❡ss♦✱ ♦ ❝❛s♦ ❧✐♠✐t❡ ❞❡ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❡♠ ❢✉♥çã♦ ❞♦ s❡t✲

♣♦✐♥t✳ ❉❡ss❛ ❢♦r♠❛✱ ♠♦str❛ q✉❡ ♣❛r❛ ✉♠ ❞❛❞♦ ✈❛❧♦r ❞❡ s✐♥t♦♥✐❛ Kp ❡①✐st❡ ✉♠ ✈❛❧♦r

♠í♥✐♠♦ ❞❡ ♣r❡ssã♦ P♣❞❣ ♣❛r❛ ♦ q✉❛❧ ♦ s✐st❡♠❛ ♦s❝✐❧❛ ❛✉t♦✲s✉st❡♥t❛❞❛♠❡♥t❡ ♦✉ ❞❡

❢♦r♠❛ ✐♥✈❡rs❛✳ ❊ ❛♥❛❧♦❣❛♠❡♥t❡✱ ♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ s❡t ♣♦✐♥t✱ ❛ P♣❞❣ ❞❡t❡r♠✐♥❛ ✉♠

✈❛❧♦r ♠í♥✐♠♦ ❞❡ s✐♥t♦♥✐❛ Kp ♣❛r❛ ♦ q✉❛❧ ♦ s✐st❡♠❛ ♦s❝✐❧❛✳

❊♠ ♣❛rt✐❝✉❧❛r✱ ♦ ❈❡♥ár✐♦ ✸ ❝♦♥st✐t✉✐ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✐♥t❡r❡ss❛♥t❡ ❡♠ q✉❡✱

❛❧é♠ ❞❛ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ r❡❧❛❝✐♦♥❛❞❛ à ❞❡s❝r✐çã♦ ♠❛t❡♠át✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ s❧✉❣✲

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

❞❛ ✈❛r✐á✈❡❧ ❝♦♥tr♦❧❛❞❛ q✉❡ ❡♥r✐q✉❡❝❡ ❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ♥ã♦

❧✐♥❡❛r❡s ♥♦ s✐st❡♠❛✳

❯♠❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞✐♥â♠✐❝❛ Mα ❢♦✐ ♦❜t✐❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ✈❛❧♦r❡s ❞♦s

♣❛râ♠❡tr♦s ❞❡ ❛❥✉st❡ ❞♦ P■ ♥❛ ❚❛❜❡❧❛ ✺✳✺✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ s❡ ❞✐st✐♥❣✉❡ ♣♦r

✶✸✶



❋✐❣✉r❛ ✺✳✷✻✿ ❉✐str✐❜✉✐çã♦ ❞❡ ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❛♦ ❧♦♥❣♦ ❞♦ ❡s♣❛ç♦ ♣❛✲
r❛♠étr✐❝♦

❋✐❣✉r❛ ✺✳✷✼✿ ❉✐str✐❜✉✐çã♦ ❞❡ ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❛♦ ❧♦♥❣♦ ❞♦ ❡s♣❛ç♦ ❜✐♣❛✲
r❛♠étr✐❝♦

✶✸✷



❚❛❜❡❧❛ ✺✳✺✿ P❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r P■ ♥❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛Mα

P❛râ♠❡tr♦ ❱❛❧♦r
Kp (1/Pa) 1.0153e−7

τ (s) 90.255
Prt (bar) 39.9951
uss (%) 18.4865

✉♠❛ ❞✐♥â♠✐❝❛ ♦s❝✐❧❛♥t❡ ❛✉t♦✲s✉st❡♥t❛❞❛ ♦♥❞❡ ❛s ♦s❝✐❧❛çõ❡s ♥ã♦ sã♦ ♠❛✐s ♣❡r✐ó❞✐❝❛s ❡

s✐♠ ✐rr❡❣✉❧❛r❡s✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✽✳ ❆♣❡s❛r ❞✐ss♦✱ ♣❛❞rõ❡s ❡s♣❡❝í✜❝♦s

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

❋✐❣✉r❛ ✺✳✷✽✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ Mα✳ ◆♦
q✉❛❞r♦ ♣r❡t♦ sã♦ r❡ss❛❧t❛❞♦s ♦s ✐♥t❡r✈❛❧♦s ❝♦♠ ♣r❡s❡♥ç❛ ❞❡ ▼▼❖s

❆ ❋✐❣✉r❛ ✺✳✷✾ ♠♦str❛ ❛ tr❛❥❡tór✐❛ ♦s❝✐❧❛tór✐❛ ✐rr❡❣✉❧❛rMα ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛✲

❞♦s✱ ♦♥❞❡ ❛ ór❜✐t❛ ❞❡ ❢❛s❡ ❛❧t❡r♥❛ ❡♥tr❡ ❞♦✐s ❧ó❜✉❧♦s ❞❡ ❛tr❛çã♦✱ s❡♠❡❧❤❛♥t❡ ❛♦ ❛tr❛t♦r

❞❡ ▲♦r❡♥③ ❬✶✼✺❪✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦ s✐st❡♠❛ ▲♦r❡♥③✱ ♦s ❧ó❜✉❧♦s ❞❡ ❛tr❛çã♦ sã♦ ❞❡t❡r✲

♠✐♥❛❞♦s ♣❡❧❛ ❝♦❡①✐stê♥❝✐❛ ❞❡ três ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦✱ ❡♥q✉❛♥t♦ ♦ s✐st❡♠❛ ❋❖❲▼

♣♦ss✉✐ ✉♠ ❡q✉✐❧í❜r✐♦ ú♥✐❝♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞❡ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦✳ ❊♠ ❣❡r❛❧✱ ❛

tr❛❥❡tór✐❛ Mα ❝♦♥❝❡♥tr❛✲s❡ ❡♠ ♠❛✐s ❞❡ ✉♠ ❧ó❜✉❧♦ ❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❡ ♦s❝✐❧❛çõ❡s

❞❡ ♠♦❞♦ ♠✐st♦ ✭▼▼❖s✮✱ ♦♥❞❡ ❤á ❛❧t❡r♥â♥❝✐❛ ❡♥tr❡ ♦s❝✐❧❛çõ❡s ❞❡ ❛♠♣❧✐t✉❞❡s ❣r❛♥❞❡s

❡ ♣❡q✉❡♥❛s ❞✐st✐♥t❛s✳ ❊ss❡s ▼▼❖s sã♦ ❝♦♠✉♠❡♥t❡ ❛ss♦❝✐❛❞♦s à ♣r♦♣r✐❡❞❛❞❡ ❞❡ ❞♦✲

❜r❛♠❡♥t♦ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ♠✉❧t✐✲❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❬✻✸❪ ❡ ❛♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❛

❜✐❢✉r❝❛çã♦ s✐♥❣✉❧❛r ❍♦♣❢ ♦♥❞❡ ❝♦♥❥✉♥t♦s ✐♥✈❛r✐❛♥t❡s ❝❛ót✐❝♦s ❛♣❛r❡❝❡♠ ❧♦❝❛❧♠❡♥t❡

❡♠ s✉❛ ✈✐③✐♥❤❛♥ç❛ ❬✶✶✶❪✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ EQ1✱ q✉❡

❝♦♥st✐t✉✐ ♦ ❛tr❛t♦r ❋❖❲▼Mα✱ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❡q✉✐❧í❜r✐♦ t✐♣♦ s❡❧❛✱ ✉♠❛ ✈❡③ q✉❡

é ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦s ❛✉t♦✈❛❧♦r❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ♥❛ ❚❛❜❡❧❛ ✺✳✻✳

✶✸✸



❋✐❣✉r❛ ✺✳✷✾✿ ❚r❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼Mα ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳ EQ1
❞❡♥♦t❛ ❛ ❧♦❝❛❧✐③❛çã♦ ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦

❚❛❜❡❧❛ ✺✳✻✿ ❱❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡

P♦✐♥t Kp λ
(1)
eq λ

(2)
eq λ

(3)
eq λ

(4)
eq λ

(5)
eq λ

(6)
eq λ

(7)
eq

EQ1 1.0153e−8 −6.6085e1 −3.0897e−1 −9.3306e−2 1.618e−3 + 0.0035j 1.618e−3 − 0.0035j −1.1312e−2 −4.6144e−

EQH 7.7990e−9 −6.6083e1 −3.0596e−1 −8.8009e−2 0.0 + 0.0035j 0.0− 0.0035j −1.1332e−2 −2.1942e−

❖ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❢♦✐ ♣❧♦t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✵✱ r❡♣r❡s❡♥t❛♥❞♦ ♦s ❡①tr❡♠♦s

❧♦❝❛✐s ❞❡ Prt ❡ ❛s ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡❀ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈

λmax ❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ Hs✱ ♦♥❞❡ ♦ ♣❛râ♠❡tr♦ Kp ♣♦❞❡ ✈❛r✐❛r ♥♦ ✐♥t❡r✈❛❧♦

[0.01e−7; 2.2e−7 ❡ ♦s ♦✉tr♦s ♣❛râ♠❡tr♦s ❞❡ ❛❥✉st❡ ❞♦ P■ ❢♦r❛♠ ❞❡✜♥✐❞♦s ❝♦♥❢♦r♠❡ ❛

❚❛❜❡❧❛ ✺✳✺✳

❊s♣❡❝✐✜❝❛♠❡♥t❡✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✵❆ ♠♦s✲

tr❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ♦s❝✐❧❛tór✐♦ ❛té Kp ≈ 0.078e−7✱ ❡♠ q✉❡ ✉♠❛ ❜✐❢✉r✲

❝❛çã♦ ❞❡ ❍♦♣❢ EQH s✉r❣❡ ♣r♦✈♦❝❛♥❞♦ ♦s❝✐❧❛çõ❡s ❞❡ ♣❡rí♦❞♦ ú♥✐❝♦✳ ❈♦♠♦ ♣♦❞❡

s❡r ✈✐st♦✱ ❛♦ ❛✉♠❡♥t❛r ♦ ♣❛râ♠❡tr♦ Kp✱ ❢♦✐ ✐❞❡♥t✐✜❝❛❞❛ ✉♠❛ r♦t❛ ❞❡ ❞✉♣❧✐❝❛✲

çã♦ ❞❡ ♣❡rí♦❞♦ ♣❛r❛ ♦s❝✐❧❛çõ❡s ❝❛ót✐❝❛s ✭Kp ∈ [1.0e−7; 1.18−7] ✱ [1.22−7; 1.26−7]

✱ [1.29−7; 1.53−7✮ ❛❧t❡r♥❛♥❞♦ ❝♦♠ ❥❛♥❡❧❛s ♣❡r✐ó❞✐❝❛s ✭Kp ∈ [1.18e−7; 1.22−7] ✱

[1.26−7; 1.28−7 ✱ [1.53−7; 1.57−7✮✳ ❆❧é♠ ❞✐ss♦✱ ♣❛r❛ Kp > 2.02e−7 ♦ s✐st❡♠❛ ♠♦s✲

tr❛ ❝✐❝❧♦s ❧✐♠✐t❡ ❞❡ ♣❡rí♦❞♦ ❞✉♣❧♦✳

❆❧é♠ ❞✐ss♦✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❝❛ót✐❝♦ ❢♦✐ ❞❡✈✐❞❛♠❡♥t❡ ❝♦♥✜r♠❛❞♦ t❛♥t♦ ♣❡❧♦

♠❛✐♦r ❡①♣♦❡♥t❡ ♣♦s✐t✐✈♦ ❞❡ ▲②❛♣✉♥♦✈ q✉❛♥t♦ ♣❡❧❛ ❡♥tr♦♣✐❛✳ ❈♦♠♦ ♣♦❞❡ s❡r ♦❜✲

s❡r✈❛❞♦✱ ❡ss❛s ♠étr✐❝❛s sã♦ ❝❛♣❛③❡s ❞❡ r❡♣r❡s❡♥t❛r ❛ tr❛♥s✐çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s

❞✐♥â♠✐❝♦s ♥♦ s✐st❡♠❛✳ ❆ss✐♠✱ q✉❛♥❞♦ ❛ ❞✐♥â♠✐❝❛ é ❡st❛❝✐♦♥ár✐❛ Kp < 0.078e−7✱ ♦

❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ é ♥❡❣❛t✐✈♦ ❡ ❛ ❡♥tr♦♣✐❛ é ♣ró①✐♠❛ ❞❡ ③❡r♦✳ ❊♥tã♦✱ ♥❛s r❡❣✐õ❡s

♣❡r✐ó❞✐❝❛s Kp ∈ [0.078e−7; 0.70e−7] ❡ Kp ∈ [2.02e−7; 2.20e−7]✱ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡

▲②❛♣✉♥♦✈ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ③❡r♦✳ ❋✐♥❛❧♠❡♥t❡✱ ♥❛s r❡❣✐õ❡s ❝❛ót✐❝❛s✱ ♦ ❡①♣♦❡♥t❡ ❞❡

▲②❛♣✉♥♦✈ ✭❋✐❣✉r❛ ✺✳✸✵❇✮ ❡ ❛ ❡♥tr♦♣✐❛ ✭❋✐❣✉r❛ ✺✳✸✵❈✮ ❛t✐♥❣❡♠ ✈❛❧♦r❡s ♠á①✐♠♦s✳

❯♠❛ ✈❛rr❡❞✉r❛ ❜✐♣❛r❛♠étr✐❝❛✱ ❝♦♠♣✉t❛♥❞♦ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈

♣❛r❛ ❝❛❞❛ tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛ q✉❛♥❞♦ sã♦ ✈❛r✐❛❞♦s ❞♦✐s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ Kp

❡ u2✱ ❢♦✐ ♦❜t✐❞❛ ❡ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✸✶✳ ❖❜s❡r✈❛✲s❡ q✉❡✱ ♣❛r❛ u2 < 1e5 ♦

✶✸✹



❋✐❣✉r❛ ✺✳✸✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❆✮ ❡ ♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ✭❇✮ ❡
❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ✭❈✮ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ♣❛râ♠❡tr♦ ❞❡ s✐♥t♦♥✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡
❛❝♦r❞♦ ❝♦♠ ❛ ❚❛❜❡❧❛ ✺✳✺

❋✐❣✉r❛ ✺✳✸✶✿ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ λmax ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ♥♦ ❡s♣❛ç♦ ♣❛✲
r❛♠étr✐❝♦ Kp − u2✳ ❖ ♠❛♣❛ ❞❡ ❝❛❧♦r ❡ ❜❛rr❛ ❞❡ ❝♦r❡s r❡♣r❡s❡♥t❛♠ ♦ ✈❛❧♦r ❞❡ λmax✳
❯♠❛ ❛♠♣❧❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❢♦✐ ✐❞❡♥t✐✜❝❛❞❛✱ ❛❧❣✉♥s ❞❡❧❡s r❡♣r❡s❡♥t❛✲
❞♦s ♥♦s ♣❛♥❡✐s ❆✲❇ ✭❝❛ót✐❝♦✮✱ ❈ ✭♣❡r✐ó❞✐❝♦✮ ❡ ❉ ✭♣♦♥t♦ ✜①♦ ❡stá✈❡❧✮

✶✸✺



❡s♣❛ç♦ é ❞❡s❝r✐t♦ ♣♦r ✉♠ ♣❧❛♥♦ ❡♠ λmax ≈ 0✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s

❞✐♥â♠✐❝♦s ♥❡st❛ r❡❣✐ã♦ sã♦ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♦s❝✐❧❛tór✐♦s ♣❡r✐ó❞✐❝♦s✳ P♦r ♦✉tr♦

❧❛❞♦✱ ♣❛r❛ u2 > 1e5 ❡①✐st❡♠ s❡q✉ê♥❝✐❛s ❞❡ r❡❣✐õ❡s ❧♦❝❛✐s ❝♦♠ λmax ♣♦s✐t✐✈♦s ❡ ♥❡❣❛✲

t✐✈♦s✱ ♠♦str❛♥❞♦ q✉❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❝❛ót✐❝♦s ❡ ❡stá✈❡✐s ❡stã♦ ❡♠❜✉t✐❞♦s ♥❛ ♠❡s♠❛

r❡❣✐ã♦ ♣❛r❛♠étr✐❝❛✳ ❖s ♣❛✐♥é✐s ❆✲❇ ❞❛ ❋✐❣✉r❛ ✺✳✸✶ ♠♦str❛♠ ❞♦✐s ❡s♣❛ç♦s ❞❡ ❡st❛❞♦s

❝❛ót✐❝♦s r❡❧❛❝✐♦♥❛❞♦s ❛ ❞♦✐s ❝❛s♦s ❝♦♠ λmax > 0✱ ❡♥q✉❛♥t♦ ♦ ♣❛✐♥❡❧ ❈ ❡①✐❜❡ ✉♠ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ♣❡r✐ó❞✐❝♦ ❝♦♠ λmax ≈ 0 ❡ ♦ ♣❛✐♥❡❧ ❉ ♠♦str❛ ✉♠❛ tr❛❥❡tór✐❛

❡stá✈❡❧ ❞❡ ♣♦♥t♦ ✜①♦ ❡♠ r❡❧❛çã♦ ❛ λmax < 0✳

❈♦♠♦ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ ♥❛ ❙❡çã♦ ✸✳✷✳✶✳✻✱ ❛ r❡❝♦rrê♥❝✐❛ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❢✉♥✲

❞❛♠❡♥t❛❧ ❞❡ ✈ár✐♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❡ é ❢r❡q✉❡♥t❡♠❡♥t❡ r❡♣r❡s❡♥t❛❞❛ ❡♠

♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘Ps✮✱ ♦ q✉❡ ❝♦♥st✐t✉✐ ✉♠❛ té❝♥✐❝❛ ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ♦ ❡st✉❞♦

❞❡ s✐st❡♠❛s ❞❡ ❛❧t❛ ❞✐♠❡♥sã♦ ❛ ♣❛rt✐r ❞❛s sér✐❡s t❡♠♣♦r❛✐s ♦❜s❡r✈❛❞❛s✳ ▼❆❘❲❆◆

❡t ❛❧✳✭✷✵✵✼✮ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ♣❛❞rõ❡s ❡♠ ❘Ps q✉❡

❝❛r❛❝t❡r✐③❛♠ ❞✐✈❡rs♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s✱ ❛té ♠❡s♠♦ ♦ ❝❛♦s✳ ◆♦ ❡♥t❛♥t♦✱

♥♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❛s r❡❝♦rrê♥❝✐❛s sã♦ q✉❛♥t✐✜❝❛❞❛s ✉s❛♥❞♦ ❛ ♠étr✐❝❛ ❞❡ t❛①❛ ❞❡

r❡❝♦rrê♥❝✐❛ ✭❘❘✮ ✭❊q✉❛çã♦ ✺✳✶✮✱ q✉❡ é ✉♠❛ ♠❡❞✐❞❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞♦ ❘P✳

RR =
1

N2

N∑

i,j=1

Rij ✭✺✳✶✮

❡♠ q✉❡ N é ♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s q✉❡ ❝♦♥st✐t✉❡♠ ❛ tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛✳

❆ ❋✐❣✉r❛ ✺✳✸✷ ♠♦str❛ ❛ ❘❘ ❧♦❝❛❧ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡ ❞❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦

❋❖❲▼✳ ❖ ✈❛❧♦r ❞❡ Θ ❢♦✐ ❡s❝♦❧❤✐❞♦ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ r❡❝♦rrê♥❝✐❛ ❣❧♦❜❛❧

s❡❥❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 1% ❬✶✽✺❪✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❘❘ ❧♦❝❛❧ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ✉s❛♥❞♦ ✉♠❛

❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡ ❞❡ t❛♠❛♥❤♦ w = 50 ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ✐♥t❡❣r❛❞❛ ✭N = 20000✮✳

❈♦♠♦ ❡s♣❡r❛❞♦✱ ❛ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ❞❡ tr❛❥❡tór✐❛ ❛♣r❡s❡♥t❛ ✉♠ ❛❧t♦ ❘❘✱ ♦✉ s❡❥❛✱ ❛

tr❛❥❡tór✐❛ é ❛❧t❛♠❡♥t❡ r❡❝♦rr❡♥t❡ ❡♠ r❡❣✐õ❡s ♣ró①✐♠❛s ❛♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ r❡✈❡✲

❧❛♥❞♦ ❛ ♣r♦♣r✐❡❞❛❞❡ ❛tr❛t✐✈❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s ór❜✐t❛s ❡①t❡r♥❛s

❡①✐❜❡♠ ✉♠❛ ❜❛✐①❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ s✐st❡♠❛ ♣❛ss❛ ♠❛✐s t❡♠♣♦

♥♦s ❡st❛❞♦s ♣ró①✐♠♦s às ✈✐③✐♥❤❛♥ç❛s ❞❡ ❡q✉✐❧í❜r✐♦✳ ◆♦t❛✲s❡ q✉❡ ♦ ♣r♦❝❡ss♦ ❢✉♥❞❛✲

♠❡♥t❛❧ ❝❛ót✐❝♦ ✭❡①♣❛♥sã♦ ❞❡ ✢✉①♦ ❡ ♠✐st✉r❛ ❞❡ ✢✉①♦✮ ♣♦❞❡ s❡r ✐♥t✉í❞♦ ❛ ♣❛rt✐r ❞❛

♠❡❞✐❞❛ ❘❘ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦✱ ✉♠❛ ✈❡③ q✉❡ s❡✉s ❝❛r❛❝t❡r❡s r❡♣✉❧s✐✈♦

✭✐♥stá✈❡❧✮ ❡ ❛tr❛t✐✈♦ ✭❡stá✈❡❧✮ ♣♦❞❡♠ s❡r ❞✐st✐♥❣✉✐❞♦s ♥♦ ♠❛♣❛ ❞❡ ❝❛❧♦r✳

✺✳✷✳✷✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ✈✐❛ t❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s

◆❛ s❡❝çã♦ ✸✳✷ ❛♣r❡s❡♥t♦✉✲s❡ ♦ ❢✉♥❞❛♠❡♥t♦ t❡ór✐❝❛ ❡ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❛ r❡❝♦♥str✉✲

çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡

✶✸✻



❋✐❣✉r❛ ✺✳✸✷✿ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ ✭RR✮ ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛Mα ❞♦ ❋❖❲▼

♠❡❞✐❞❛s ♦❜s❡r✈á✈❡✐s✳ P♦r s✉❛ ✈❡③ ♦s ❛♣ê♥❞✐❝❡s ❉✳✷✳✶ ❡ ❉✳✷✳✷ ♠♦str❛♠ ♦s r❡s✉❧t❛❞♦s

❞❡ r❡❝♦♥str✉çã♦ ❞♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛tr❛t♦r❡s ❝❛ót✐❝♦s ❝♦♥s✐❞❡r❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦

❝♦♠♦ ❝❛s♦s ❜❡♥❝❤♠❛r❦✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ sér✐❡ t❡♠♣♦r❛❧ ❞❛ ♣r❡ssã♦ Ppdg ❞❡s❝r✐t❛ ♥❛ ✜❣✉r❛ ✺✳✷✽✱

❛♣r❡s❡♥tá✲s❡ ❛s r❡❝♦♥str✉çõ❡s ❞♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❋❖❲▼ ♥❛

✜❣✉r❛ ❉✳✷✼ ❥✉♥t♦ ❝♦♠ ♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s ♦r✐❣✐♥❛✐s✳ ➱ ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ♦

t❡♦r❡♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❣❛r❛♥t❡ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s sã♦ ♣r❡s❡r✈❛❞❛s

♠❛s ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❛ ❣❡♦♠❡tr✐❛✳ ❖s ✈❛❧♦r❡s ❞❡ m ❡ τ ❢♦r❛♠ ♦❜t✐❞♦s ❞❡ ❛❝♦r❞♦

❛♦s ❝r✐tér✐♦s ❞❡s❝r✐t♦s ♥❛ s❡❝çã♦ ✸✳✷✳ ❉❡ ♠♦❞♦ ❣❡r❛❧✱ ♦❜s❡r✈♦✉✲s❡ s❡♠♣r❡ tr❛❥❡tór✐❛s

❝♦♥t✐♥✉❛s ❡ s✉❛✈❡s ✭s✐♥ô♥✐♠♦s ❞❡ ✉♠❛ ❜♦❛ r❡❝♦♥str✉çã♦✮✳

✺✳✷✳✷✳✷ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ✈✐❛ ❉▼❉

❆♥á❧♦❣❛ à r❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦s ❞❡ ❢❛s❡s ✈✐❛ t❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s ❢♦✐ ❛♣r❡s❡♥t❛❞❛

♥❛ s❡❝çã♦ ✸✳✷✳✷ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦ ✈✐❛ ❞❡❝♦♠♣♦s✐çã♦ ❞✐♥â♠✐❝❛ ❞❡ ♠♦❞♦s✳

➱ ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ❡♠ ❝♦♠♣❛r❛çã♦ à r❡❝♦♥str✉çã♦ ✈✐❛ t❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s✱ ❛

r❡❝♦♥str✉çã♦ ♣♦r ❉▼❉ ♥ã♦ r❡q✉❡r ❛♥á❧✐s❡s ♣r❡❧✐♠✐♥❛r❡s ✭✐♥❢♦r♠❛çã♦ ♠út✉❛✱ ❢❛❧s♦s

✈✐③✐♥❤♦s ♦✉ ❛✉t♦❝♦rr❡❧❛çã♦✮ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♠❡rsã♦✳ ❆ ❛♥á❧✐s❡s

♣♦r ❉▼❉ r❡t♦r♥❛ ♦s ♠♦❞♦s ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ sér✐❡s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s ♦✉ ♠✉❧t✐❞✐✲
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♠❡♥s✐♦♥❛✐s s❡♥❞♦ r❡q✉❡r✐❞♦ ♦ ❢♦r♥❡❝✐♠❡♥t♦ só ❞♦ ❢❛t♦r ❞❡ tr✉♥❝❛♠❡♥t♦ r✳ P♦r ♦✉tr❛

♣❛rt❡✱ ❢❛③✲s❡ r❡❧❡✈❛♥t❡ ♥♦t❛r q✉❡ ❛♠❜♦s ♣r♦❝❡❞✐♠❡♥t♦s ❡①♣❧♦r❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s

✈❡t♦r❡s ❞✐♥â♠✐❝♦s ❞❡ ❛tr❛s♦✳

◆❛ ✜❣✉r❛ ✺✳✸✹ ❛♣r❡s❡♥t❛✲s❡ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❡❝r❡s❝❡♥t❡ ❞♦s ❛✉t♦✈❛❧♦r❡s ❞❛ ♠❛✲

tr✐③ ❞❡ ❍❛♥❦❡❧ ❝♦♥str✉í❞❛ ❝♦♠ ❛s sér✐❡s t❡♠♣♦r❛✐s Ppdg✱ Peb ❡ Prt✳ ❖❜s❡r✈á✲s❡ q✉❡ ♦s

♣r✐♠❡✐r♦s ✷ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s r❡♣r❡s❡♥t❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♦ ✾✵✪ ❞❛ ❞✐♥â♠✐❝❛

❞♦ s✐st❡♠❛✳

❋✐❣✉r❛ ✺✳✸✹✿ Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞❡ r❡❣✐str♦s ❞✉r❛♥t❡ ❛ ♣r❡✈✐sã♦ ❞❡ ❡st❛❞♦s
♣❡❧❛ r❡❞❡ ♥❡✉r♦♥❛❧

◆❛ ✜❣✉r❛ ✺✳✸✺ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ✸ ♣r✐♠❡✐r♦s ♠♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ r❡❧❛❝✐♦✲

♥❛❞♦s ❛♦s ✸ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❡♥❝♦♥tr❛❞♦s ♥❛ ❞❡❝♦♠♣♦s✐çã♦✳

P♦r s✉❛ ✈❡③✱ ❛ ✜❣✉r❛ ✺✳✸✻ ♠♦str❛ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s r❡❝♦♥str✉í❞♦✳

❋✐❣✉r❛ ✺✳✸✺✿ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t)

✶✸✾



❋✐❣✉r❛ ✺✳✸✻✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s
r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮

✺✳✷✳✷✳✸ ❈♦♠❡♥tár✐♦s ❈♦♠♣❧❡♠❡♥t❛r❡s

◆❡ss❛ s❡çã♦ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ ♦r✐❣✐♥❛❧ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼✱ q✉❡ r❡♣r❡s❡♥t❛ ❛ ♣r♦✲

❞✉çã♦ ❡♠ ♣❧❛t❛❢♦r♠❛s ❞❡ ❡①♣❧♦r❛çã♦ ❞❡ ♣❡tró❧❡♦✳ ❆ ❛♥á❧✐s❡ ♣r♦♣♦st❛ ♠♦str♦✉ q✉❡

❛ ♣r♦❞✉çã♦ ♣♦❞❡ ❡st❛r s✉❥❡✐t❛ ❛ r❡❣✐♠❡s ♦♣❡r❛❝✐♦♥❛✐s ♦s❝✐❧❛tór✐♦s✱ ❣❡r❛♥❞♦ r❡❣✐♠❡s

❞❡ ❣♦❧❢❛❞❛✱ ❡ q✉❡ ❡ss❛s ♦s❝✐❧❛çõ❡s ♣♦❞❡♠ ❛♣r❡s❡♥t❛r ❝❛rát❡r ❝á♦t✐❝♦ s❡ ✉♠ ❝♦♥tr♦✲

❧❛❞♦r P■ ❢♦r ✉s❛❞♦ ♣❛r❛ ❡st❛❜✐❧✐③❛r ❛ ♣r❡ssã♦ Prt✳ ❋❡♥ô♠❡♥♦s ♦s❝✐❧❛tór✐♦s ♣♦❞❡♠

❝♦♠♣r♦♠❡t❡r ❛ s❡❣✉r❛♥ç❛ ❞❛ ♦♣❡r❛çã♦ ♥♦ ❝❛♠♣♦✱ ❡♠❜♦r❛ ♣♦ss❛♠ s❡r ❝❛r❛❝t❡r✐③❛❞♦s

♣♦r ❣r❛♥❞❡③❛s ❞✐♥â♠✐❝❛s ✭❝♦♠♦ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥✮

q✉❡ ❡stã♦ s✉❥❡✐t❛s ❛ ❣r❛♥❞❡s ✈❛r✐❛çõ❡s ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞♦s ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦

❞❡ ❍♦♣❢✱ ♦♥❞❡ ♥❛s❝❡♠ ❛s s♦❧✉çõ❡s ♦s❝✐❧❛tór✐❛s✳ P♦rt❛♥t♦✱ ♣❛r❡❝❡ ❜❛st❛♥t❡ r❛③♦á✈❡❧

❛❞♠✐t✐r q✉❡ ❡ss❛s ✈❛r✐á✈❡✐s ♣♦ss❛♠ s❡r ✉s❛❞❛s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡

❡✈♦❧✉çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❝♦♠♣❧❡①♦s ❡♠ s✐st❡♠❛s r❡❛✐s ❞❡ ♦♣❡r❛çã♦✱

❥✉st✐✜❝❛♥❞♦ ♦ ❡st✉❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❛s ♣ró①✐♠❛s s❡çõ❡s✳

✺✳✸ ❘❡s✉❧t❛❞♦s✿ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦✲

r❛✐s

❆s ❛♥á❧✐s❡s ❞✐♥â♠✐❝❛s ❡ ❝❛r❛❝t❡r✐③❛çõ❡s ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞❡ ❘♦ss❧❡r ❡ ▲♦r❡♥③

✭✈❡r ❆♣ê♥❞✐❝❡ ❉✮ ♠♦str♦✉ q✉❡ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛s tr❛❥❡tór✐❛s ❝♦♠♣❧❡①❛s ♣♦❞❡

s❡r t♦t❛❧♠❡♥t❡ ❞❡s❝r✐t❛ ♠❡❞✐❛♥t❡ ❛ ♦❜t❡♥çã♦ ❞❡ ❣r❛♥❞❡③❛s ✐♥✈❛r✐❛♥t❡s✱ t❛✐s ❝♦♠♦

❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t❛ ♣❡❧❛s ♠❛tr✐③❡s A ❡ J ✱ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱

♠❛♣❡❛♠❡♥t♦s ❞❡ P♦✐♥❝❛ré ❡ í♥❞✐❝❡s ❞❡ r❡❝♦rrê♥❝✐❛s✳ ◆♦ ❡♥t❛♥t♦✱ ❡♠ s✐st❡♠❛s r❡❛✐s
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❡ ❞❡ ❛❧t❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✱ ❛ ❝♦♥str✉çã♦ ❞❡ ♠♦❞❡❧♦s ❝♦♥✜á✈❡✐s ♥✉♠❡r✐❝❛♠❡♥t❡ ❡ ❛❧✲

t❛♠❡♥t❡ r❡♣r❡s❡♥t❛t✐✈♦s ♣♦❞❡ s❡r ♠✉✐t♦ ❝♦♠♣❧✐❝❛❞❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❝❛r❛❝t❡r✐③❛çã♦

❞✐♥â♠✐❝❛ ♣♦r ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s s✉r❣❡ ❝♦♠♦ ✉♠❛ ❛❜♦r❞❛❣❡♠ q✉❡

♣❡r♠✐t❡ ❡st✐♠❛r ♦s ✐♥✈❛r✐❛♥t❡s ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝♦♥❤❡✲

❝❡r ♦s ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦s q✉❡ ♦s r❡♣r❡s❡♥t❛♠✳ ◆❛ ❙❡çã♦ ✸✳✷ ❛♣r❡s❡♥t❛r❛♠✲s❡ ❛s

♠❡t♦❞♦❧♦❣✐❛s ❜❛s❡❛❞❛s ♥♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s ❬✷✻✹❪✱ q✉❡ ♣❡r♠✐t❡♠ r❡❝♦♥str✉✐r ♦ ❡s✲

♣❛ç♦ ❞❡ ❢❛s❡s ❡ ❛ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❛ ♦❜s❡r✈❛çã♦ ❞❡ ✉♠❛ ú♥✐❝❛ sér✐❡

t❡♠♣♦r❛❧ ❝❛r❛❝t❡ríst✐❝❛✳ ❆ss✐♠✱ t♦❞❛s ♦s ✐♥✈❛r✐❛♥t❡s ♦❜t✐❞♦s ♥❛s ❙❡çõ❡s ❉✳✶✳✶ ❡ ❉✳✶✳✷

s❡rã♦ ❡st✐♠❛❞♦s ✉s❛♥❞♦ ✉♠❛ ú♥✐❝❛ sér✐❡ t❡♠♣♦r❛❧ ✭s❡♠ ✉s❛r ❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦✮✳

❆❧é♠ ❞✐ss♦✱ ❛❧❣✉♠❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s s❡rã♦

❛❞❛♣t❛❞❛s ♣❛r❛ ❛t❡♥❞❡r ♦ ♣r♦❜❧❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♣r♦♣♦st♦ ♥❛ ❙❡çã♦ ✺✳✶✳✶✳ ❉❡

❢❛t♦✱ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❣r❛♥❞❡③❛s ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝❛s ❛ ♣❛rt✐r ❞❡ s❡q✉ê♥❝✐❛s

t❡♠♣♦r❛✐s ❞✐s♣♦♥✐❜✐❧✐③❛❞❛s ♥♦ ❝❛♠♣♦ ♣♦❞❡ s❡r ♠✉✐t♦ ♠❛✐s ❡❢❡t✐✈❛ ❡ ♣rát✐❝❛ ♣❛r❛ ❛

✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠✉❞❛♥ç❛s ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦ ✭ ❡ ♣♦rt❛♥t♦✱ t❛♠❜é♠ ❢❛❧❤❛s ♦♣❡r❛❝✐♦✲

♥❛✐s✮ q✉❡ ♦ ❝á❧❝✉❧♦ ❢❡✐t♦ ❛ ♣❛rt✐r ❞❡ ♠♦❞❡❧♦s ❞❡ ♣r♦❝❡ss♦✱ ♠❡s♠♦ q✉❡ ❡✈❡♥t✉❛❧♠❡♥t❡

✐❞❡♥t✐✜❝❛❞♦s ❛ ♣❛rt✐r ❞❡ss❡s ♠❡s♠♦s ❞❛❞♦s✱ ♣♦r ❝♦♥t❛ ❞❛s ✐♥❝❡rt❡③❛s ❞❡ ♠♦❞❡❧❛❣❡♠

❞♦s ❢❡♥ô♠❡♥♦s ❞✐♥â♠✐❝♦s ❝♦♠♣❧❡①♦s ❡♠ ♣❧❛♥t❛s r❡❛✐s✳

✺✳✸✳✶ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❝♦♠♦ ❢❡rr❛♠❡♥t❛

❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

◆♦s ❆♣ê♥❞✐❝❡s ❉✳✷✳✶ ❡ ❉✳✷✳✷ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

✈✐s❛♥❞♦ ❛ ♦❜t❡♥çã♦ ❞♦s ✐♥✈❛r✐❛♥t❡s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s r❡s♣❡❝t✐✈❛s ❞✐♥â♠✐❝❛s✳

◆♦ ❡♥t❛♥t♦✱ ❢♦✐ ♣♦ssí✈❡❧ t❛♠❜é♠ ♦❜s❡r✈❛r q✉❡ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s r❡s♣♦♥❞❡♠ ❛

♠✉❞❛♥ç❛s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ✭✐✳❡✳ ❜✐❢✉r❝❛çõ❡s✱❝❛♦s✱ ✐♥t❡r♠✐tê♥❝✐❛s ❡ ♣❡r✐✲

♦❞✐❝✐❞❛❞❡✮ q✉❡ ♥♦ ❝♦♥t❡①t♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♣♦❞❡♠ s❡r r❡❧❛❝✐♦♥❛❞❛s ❛

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

t❡s ♠étr✐❝❛s ♦❜t✐❞❛s ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ q✉❛♥❞♦ ❛♣❧✐❝❛❞❛s ♥♦

❝♦♥t❡①t♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡s❝r✐t♦ ♥❛ ❙❡çã♦ ✺✳✶✳✶ ❡ s❡❣✉✐♥❞♦ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❥❛♥❡❧❛

♠ó✈❡❧✳

✺✳✸✳✶✳✶ ❆✉t♦❝♦rr❡❧❛çã♦

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❢❛❧❤❛ ❞❡s❝r✐t❛ ♥❛ ❋✐❣✉r❛ ✺✳✷✱ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉♠❛

❡str❛té❣✐❛ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧ ✭t❛♠❛♥❤♦ ✺✵✵✱ ❡q✉✐✈❛❧❡♥t❡ ❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✽ ❤♦r❛s

❞❡ ♦♣❡r❛çã♦✮ ❛♦ ❧♦♥❣♦ ❞❛ sér✐❡ t❡♠♣♦r❛❧✱ ♦❜t❡♥❞♦✲s❡ ✉♠ ✈❛❧♦r ❞❡ ❛tr❛s♦ τ ❝♦♠

❛✉t♦❝♦rr❡❧❛çã♦ ③❡r♦ ♣❛r❛ ❝❛❞❛ ❥❛♥❡❧❛✳

❆ ❋✐❣✉r❛ ✺✳✸✼ ♠♦str❛ ❛ ❡✈♦❧✉çã♦ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡

✶✹✶



❋✐❣✉r❛ ✺✳✸✼✿ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❝♦♠♦ ❢✉♥çã♦
❞♦ t❡♠♣♦

❛✉t♦❝♦rr❡❧❛çã♦ ③❡r♦ ❝♦♠♦ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳ ❉❡✈❡✲s❡ ❧❡♠❜r❛r q✉❡ ❡ss❡ ❛tr❛s♦ τ ❡st❛✲

❜❡❧❡❝❡ ♦ ❧✐♠✐t❡ ♣❛r❛ ♦ q✉❛❧ ♦s ♣♦♥t♦s ❞❡ ✉♠❛ ♠❡s♠❛ sér✐❡ t❡♠♣♦r❛❧ ♥ã♦ ❛♣r❡s❡♥t❛♠

❝♦rr❡❧❛çã♦ ❧✐♥❡❛r✱ ♦✉ s❡❥❛✱ ♦ ✈❛❧♦r ❞❡ τ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡

t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ♦s s✐♥❛✐s ❛tr❛s❛❞♦s ♣♦ss❛♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ✐♥❞❡♣❡♥❞❡♥✲

t❡s✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♥♦ ❡✈❡♥t♦ ❞❛ ❢❛❧❤❛ ♦ ♣❛❞rã♦ ❞❡ ♦s❝✐❧❛çã♦ ❞❡ τ é ♠❛✐s ❡①♣r❡ss✐✈♦✱

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

❢❛❧❤❛✳ ❆ ❢❛❧❤❛ é ✐❞❡♥t✐✜❝❛❞❛ ♣♦r τ ♣♦rq✉❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❛✐♦r ❤❡✲

t❡r♦❣❡♥❡✐❞❛❞❡ ♥❛ ❥❛♥❡❧❛ ♠ó✈❡❧ ❢❛③ ❝♦♠ q✉❡ ❛ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ s❡❥❛ ❛❧❝❛♥ç❛❞❛ ❝♦♠

♠❛✐♦r❡s ❛tr❛s♦s✳ ➱ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❡r❝❡❜❡r ♥❛ ❋✐❣✉r❛ ✺✳✸✼ ❛ ❣r❛♥❞❡ s❡♥s✐❜✐❧✐❞❛❞❡

❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❞❛ ✐♥❢♦r♠❛çã♦ à ♦❝♦rrê♥❝✐❛ ❞❛ ❢❛❧❤❛✱ q✉❡ ♣❡r♠✐t❡ ✐❞❡♥t✐✜❝❛r ❛

❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❝♦♠ ❛♥t❡❝❡❞ê♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❡♠ r❡❧❛çã♦ ❛♦ ♠♦♠❡♥t♦

❡♠ q✉❡ ♦ ♣r♦❜❧❡♠❛ ❢♦✐ ❞❡ ❢❛t♦ ♣❡r❝❡❜✐❞♦ ♣❡❧❛ ♦♣❡r❛çã♦ ❡♠ ❞♦✐s ♠♦♠❡♥t♦s ❞✐st✐♥t♦s✳

■ss♦ ♣❛r❡❝❡ ♠♦str❛r q✉❡ ❛s ♠✉❞❛♥ç❛s ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞✐♥â♠✐❝❛s❞❛ tr❛❥❡tór✐❛ ❛❢❡✲

t❛♠ ❡ss❡ ✐♥✈❛r✐❛♥t❡✱ ♣❡r♠✐t✐♥❞♦ s❡✉ ✉s♦ ❝♦♠♦ ✐♥❞✐❝❛❞♦r ❞❡ ♥♦r♠❛❧✐❞❛❞❡ ❞❛ ♦♣❡r❛çã♦

❞♦ ♣r♦❝❡ss♦✳

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦s ✈❛❧♦r❡s ❞❡ τ ❞❡♣❡♥❞❡♠ ❞❛ ❡s❝♦❧❤❛ ❞♦ t❛♠❛♥❤♦ ❞❡

❥❛♥❡❧❛ ♠ó✈❡❧ ❞❛ ❛♥á❧✐s❡✳ ❏❛♥❡❧❛s ♠✉✐t♦ ❣r❛♥❞❡s t❡♥❞❡♠ ❛ s✉❛✈✐③❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❡ ❞✐♠✐♥✉✐r ❛ ❡①♣r❡ss✐✈✐❞❛❞❡ ❞❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠✉❞❛♥ç❛✱ ❡♥q✉❛♥t♦ ❥❛♥❡❧❛s ♠✉✐t♦

♣❡q✉❡♥❛s t❡♥❞❡♠ ❛ ❛♣r❡s❡♥t❛r ✐♥❞✐❝❛❞♦r❡s ♠❛✐s r✉✐❞♦s♦s ❡ ❞✐✜❝✉❧t❛r ❛ ✐❞❡♥t✐✜❝❛çã♦✳

❉❡st❡ ♠♦❞♦✱ ❛ s❡❧❡çã♦ ❞♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❝♦♥st✐t✉✐ ✉♠ ✐♠♣♦rt❛♥t❡ ♣r♦❝❡❞✐♠❡♥t♦

❞❡ s✐♥t♦♥✐③❛çã♦ ❞❛ té❝♥✐❝❛ ❡ q✉❡ ♣♦❞❡ s❡r ❛❜♦r❞❛❞♦ ♣♦r ♠❡✐♦ ❞❛ ❛♥á❧✐s❡ ❝❧áss✐❝❛ ❞❡

✈❛❧✐❞❛çã♦ ❝r✉③❛❞❛✳

◆❛ ❋✐❣✉r❛ ✺✳✸✽ ❛♣r❡s❡♥tá✲s❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ ♣❛r❛

✶✹✷



❋✐❣✉r❛ ✺✳✸✽✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❡♠♣♦ ❞❡
❛tr❛s♦ τ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦ t❡♠♣♦

❛ ♦❜t❡♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳ ❖❜s❡r✈á✲s❡ q✉❡ ♣❛r❛

w = 100 ♥ã♦ é ♣♦ssí✈❡❧ ❞✐s❝r✐♠✐♥❛r ♦ ♣❡rí♦❞♦ ❞❡ ❢❛❧❤❛ ❛ ♣❛rt✐r ❞❛ ♦❜s❡r✈❛çã♦ ❞❛

♠étr✐❝❛✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ w = 300 ❡ w = 500 ❢♦✐ ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ♦s ♣❡rí♦❞♦s

❝♦♠ ❡ s❡♠ ❢❛❧❤❛✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❡st❛ té❝♥✐❝❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ é ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❡❝♦♥ô✲

♠✐❝❛ ❡ ♣❡r♠✐t❡ ❢❛③❡r ❛♥á❧✐s❡s ❝♦♠ ❛♠♦str❛❣❡♥s ❞❡ 2000 ♣♦♥t♦s ❡♠ 6± 0.5 s❡❣✉♥❞♦s

✭s❡♥❞♦ q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❞❛❞♦s é ❞❡ ✻✵ s❡❣✉♥❞♦s✮✱ ♣❡❧♦ q✉❡ é ♣♦t❡♥❝✐❛❧♠❡♥t❡ ✈✐á✈❡❧

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

✺✳✸✳✶✳✷ ■♥❢♦r♠❛çã♦ ♠út✉❛

❖ ❣rá✜❝♦ s✉♣❡r✐♦r ❞❛ ❋✐❣✉r❛ ✺✳✸✾ ♠♦str❛ ♦s ❛tr❛s♦s τ ♥♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦

❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛✱ ♠♦str❛♥❞♦ q✉❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❛tr❛t♦r ♠✉✲

❞❛♠ ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦✳ P♦r ♦✉tr❛ ❧❛❞♦✱ ♦ ❣rá✜❝♦ ✐♥❢❡r✐♦r ❞❛ ❋✐❣✉r❛ ✺✳✸✾ ♠♦str❛

❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ✭❝♦rr❡s♣♦♥❞❡♥t❡ à ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❞❛ sér✐❡ t❡♠♣♦r❛❧ ❝♦♠

τ = 0✮ ❝♦♠♦ ✉♠❛ ✈❛r✐á✈❡❧ r❡♣r❡s❡♥t❛t✐✈❛ ❞❛ ❞✐♥â♠✐❝❛ ♦❜s❡r✈❛❞❛ ❡ s✉❛s ♠✉❞❛♥ç❛s✳

❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ❛♣r❡s❡♥t❛ t❛♠❜é♠ ❜♦❛ ❡①♣r❡ss✐✈✐❞❛❞❡

♣❛r❛ ❞❡s❝r❡✈❡r ❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦ ❡♥tr❡ ✐♥t❡r✈❛❧♦s s❡♠ ❢❛❧❤❛ ❡ ❝♦♠ ❢❛❧❤❛✳ ◆♦ ❡♥✲

t❛♥t♦✱ ❡ss❛ ✐❞❡♥t✐✜❝❛çã♦ ❛❝♦♥t❡❝❡ ♥♦s ✐♥st❛♥t❡s ♣♦st❡r✐♦r❡s à ❢❛❧❤❛ ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛
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❋✐❣✉r❛ ✺✳✸✾✿ ❙✉♣❡r✐♦r✿Pr✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦✳
■♥❢❡r✐♦r✿ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❢♦✐ ✜①❛❞♦
❡♠ 500✳

✈❡r♠❡❧❤❛✮✱ ❡♥q✉❛♥t♦ ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♣❛r❡❝❡ s❡r s❡♥s✐❜✐❧✐③❛❞❛ ♠❛✐s r❛♣✐❞❛✲

♠❡♥t❡ ❞✉r❛♥t❡ ❡✈❡♥t♦ ❞❛ ❢❛❧❤❛✳ ❆ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ✐♥❞✐❝❛ ❛ ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦

❞❡ ✉♠ s✐st❡♠❛ ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛✱ ❞❛♥❞♦ ✉♠❛ ✐❞❡✐❛ ❞❛ ❢❛❝✐❧✐❞❛❞❡ ❞❡

♣r❡✈❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛✳ P♦r ❝♦♥s❡❣✉✐♥t❡✱ ♦ ♣❡rí♦❞♦ ❞❡ ❢❛❧❤❛ é ❛ r❡❣✐ã♦

t❡♠♣♦r❛❧ ♠❛✐s ✐♠♣r❡✈✐sí✈❡❧ ❞❛ sér✐❡ t❡♠♣♦r❛❧✱ ✉♠❛ ✈❡③ q✉❡ ♥❡ss❛ r❡❣✐ã♦ ♦ s✐st❡♠❛

r❡q✉❡r ❞❡ ♠❛✐s ✐♥❢♦r♠❛çã♦ ✭❜✐ts✮ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ s✐st❡♠❛✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡st❛ ❛♥á❧✐s❡ é ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ♠❛✐s ❞❡♠❛♥❞❛♥t❡ ❞♦ q✉❡

❛ ❛❜♦r❞❛❣❡♠ ❜❛s❡❛❞❛ ❡♠ ❛✉t♦❝♦rr❡❧❛çã♦✱ ♦❜t❡♥❞♦✲s❡ ♣❛r❛ ❛ ♠❡s♠❛ ❛♠♦str❛❣❡♠ ❞❡

20000 ♣♦♥t♦s ✉♠ t❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❡♠ t♦r♥♦ ❞❡ 175 ± 4 s❡❣✉♥❞♦s✳ ❆ ❞❡s♣❡✐t♦

❞✐ss♦✱ ♣❛r❡❝❡ ó❜✈✐♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✾ q✉❡ ♦ ✉s✉ár✐♦ ♣♦❞❡ s❡ ❜❡♥❡✜❝✐❛r ❞♦ ♠♦♥✐t♦r❛♠❡♥t♦

❞❡ ♠❡❞✐❞❛s ❞❡ ❡♥tr♦♣✐❛✱ q✉❡ ✐♥❞✐❝❛♠ ♠✉❞❛♥ç❛s ❞❛ ♥❛t✉r❡③❛ ❞♦ ♠♦✈✐♠❡♥t♦ ❞✐♥â♠✐❝♦✱

❝♦♠♦ ❛q✉❡❧❛s ❞✐s❝✉t✐❞❛s ♥❛ ❙❡çã♦ ✺✳✷ ❡ ❛q✉❡❧❛s q✉❡ ♦❝♦rr❡♠ ❞✉r❛♥t❡ ❛s ❢❛❧❤❛s ❞❡

♦♣❡r❛çã♦✳

P♦r ✜♠✱ ♥❛ ❋✐❣✉r❛ ✺✳✹✵ ♦❜s❡r✈á✲s❡ q✉❡ ♣❛r❛ w = 100 ❤á ✉♠ ♣❛❞rã♦ ❞❡ ❛♥✲

t❡❝✐♣❛çã♦ ❞❛ ❢❛❧❤❛✱ ❡♠❜♦r❛ ❛ ♣ró♣r✐❛ t❡♥❞ê♥❝✐❛ ❞❡♥tr♦ ❞♦ ♣❡rí♦❞♦ ❞❡ ❢❛❧❤❛ ♥ã♦ é

tã♦ ❞✐s❝r✐♠✐♥❛♥t❡ ❝♦♠♦ ♥♦s ❝❛s♦s ❞❡ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ♠❛✐♦r✳ ◆♦t❛✲s❡ q✉❡ ♣❛r❛

t❛♠❛♥❤♦s ❞❡ ❥❛♥❡❧❛ w > 100 ❛s q✉❡❞❛s ❞❡ ✐♥❢♦r♠❛çã♦ ✭❜✐ts✮ ♥♦s ✐♥t❡r✈❛❧♦s ❞❡ ❢❛❧❤❛

sã♦ ♠❛✐s ❡①♣r❡ss✐✈♦s✳

✶✹✹



❋✐❣✉r❛ ✺✳✹✵✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❊♥tr♦♣✐❛
❞❡ ❙❤❛♥♦♥ ✈s t❡♠♣♦✳

✺✳✸✳✶✳✸ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

◆♦ ❝❛s♦ ❞❛s ❛♥á❧✐s❡s ♣♦r ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱ ❝♦♥s✐❞❡r♦✉✲s❡ ♣❛r❛ ♦ ❡s♣❡❝tr♦ ❞❡

▲②❛♣✉♥♦✈ q✉❡ ♦ ❡s♣❛ç♦ ❞❡ ✐♠❡rsã♦ ♣❛r❛ ♦ s✐st❡♠❛ r❡❝♦♥str✉í❞♦ ❡r❛ m = 3 ✭❞❡ ❛❝♦r❞♦

❛♦ ❝r✐tér✐♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ❞✐s❝✉t✐❞♦ ♥❛ ❙❡çã♦ ✹✳✷✳✹✮✳ ❆ ❋✐❣✉r❛ ✺✳✹✶ ♠♦str♦✉ q✉❡

♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ♥ã♦ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❜♦❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞✐s❝r✐♠✐♥❛çã♦ ❞❛

sér✐❡ t❡♠♣♦r❛❧✳ ■ss♦ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r ♣❡❧❛ ❞❡✜❝✐ê♥❝✐❛ ♥❛ r❡❝♦♥s✲

tr✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❡ ❡♠ s❡❣✉♥❞♦ ❧✉❣❛r ♣♦rq✉❡ ❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❡ tr❛❥❡tór✐❛s

❞❡♥tr♦ ❞❛ ❥❛♥❡❧❛ ♠ó✈❡❧ é ♠✉✐t♦ ❜❛✐①❛✱ ❝♦♠♣r♦♠❡t❡♥❞♦ ❛ ❡①♣r❡ss✐✈✐❞❛❞❡ ♥❛ ✐❞❡♥t✐✲

✜❝❛çã♦ ❡ ❞❡t❡❝çã♦ ❞❛s ❢❛❧❤❛s✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❝á❧❝✉❧♦ ❞❡ ❡①♣♦❡♥t❡s

❞❡ ▲②❛♣✉♥♦✈ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ✐♥t❡♥s✐✈♦ ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡ 10min ♣♦r ❛♠♦str❛✲

❣❡♠ ❞❡ 20000 ♣♦♥t♦s✮✳ ❊ss❛s ❝❛r❛❝t❡ríst✐❝❛s sã♦ ❞❡✈✐❞❛s ❡ss❡♥❝✐❛❧♠❡♥t❡ ❛ ❞♦✐s ❢❛t♦s✳

❊♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ é ✉♠❛ ♠é❞✐❛ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❞✐♥â♠✐❝❛

❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ♣❡rí♦❞♦ ❧♦♥❣♦ ❞❡ ❛♠♦str❛❣❡♠✳ ❊♠ s❡❣✉♥❞♦ ❧✉❣❛r✱ ❛s tr❛❥❡tór✐❛s

✉s✉❛✐s sã♦ ✉s✉❛❧♠❡♥t❡ ❜❡♠ ❝♦♠♣♦rt❛❞❛s ❡ ♥ã♦ ❛♣r❡s❡♥t❛♠ ♦s ♠♦❞♦s ❡①♣❛♥s✐✈♦s ❝❛✲

r❛❝t❡ríst✐❝♦s ❞❛ ❞✐♥â♠✐❝❛ ❝❛ót✐❝❛✳ ❉❡ss❛ ❢♦r♠❛✱ ♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❛❝❛❜❛♠

✐♥❢♦r♠❛♥❞♦ ♣♦✉❝♦✱ ❛♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ♣rát✐❝♦✱ s♦❜r❡ ❛ ♥❛t✉r❡③❛ ❞♦ ♠♦✈✐♠❡♥t♦ q✉❡

s❡ ❡st❛❜❡❧❡❝❡ ❡ é ♣♦✉❝♦ s❡♥sí✈❡❧ ❛ ✉♠❛ ❢❛❧❤❛ ♥♦ ❝✉rt♦ ♣r❛③♦✳
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❋✐❣✉r❛ ✺✳✹✶✿ ❙✉♣❡r✐♦r✿▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ■♥❢❡r✐♦r✿
❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❢♦✐ ✜①❛❞♦ ❡♠ 500

✺✳✸✳✶✳✹ ❊♥tr♦♣✐❛s ❡ ❞✐♠❡♥sõ❡s

❆ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❢♦r❛♠ ♦✉tr❛s ♠❡❞✐❞❛s ✐♥✈❛r✐✲

❛♥t❡s ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s q✉❡ ❢♦r❛♠ tr❛t❛❞❛s ❛♦ ❧♦♥❣♦ ❞❡st❡ tr❛❜❛❧❤♦✳ ◆❛ ❋✐❣✉r❛

✺✳✹✷ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❞❛ ❞✐♠❡♥sã♦ ❞❡

❝♦rr❡❧❛çã♦✱ ♦❜t❡♥❞♦✲s❡ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s ✐❞❡♥t✐✜❝❛çõ❡s ❡①♣r❡ss✐✈❛s ❞❛s ❢❛❧❤❛s ❛❧❣✉♥s

✐♥st❛♥t❡s ❞❡♣♦✐s ❞❛ ♦❝♦rrê♥❝✐❛✳ ❊st❛ ❛❜♦r❞❛❣❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧ é t❛♠❜é♠ ❝♦♠♣✉✲

t❛❝✐♦♥❛❧♠❡♥t❡ ❞❡♠❛♥❞❛♥t❡✱ r❡q✉❡r❡♥❞♦ t❡♠♣♦s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❛♣r♦①✐♠❛❞♦s ❞❡ 7

♠✐♥✉t♦s ♣♦r ❛♠♦str❛❣❡♠ ❞❡ 20000 ♣♦♥t♦s✳

❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❛ ❡♥tr♦♣✐❛ ❡ ❑♦❧♠♦❣♦r♦✈ t❡♥❞❡ ❛ ❛♣r❡s❡♥t❛r ✉♠ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ♠❛✐s ❛❝❡♥t✉❛❞♦ ❞♦ q✉❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ✭❋✐❣✉r❛ ✺✳✸✾✮✳ ❉❡st❛

♠❛♥❡✐r❛✱ ❛ ♦r❞❡♠ ❞❛s ❡♥tr♦♣✐❛s ✭❙❡çã♦ ✸✳✷✳✶✳✾✮ ♣♦❞❡ ❝♦♥st✐t✉✐r ✉♠❛ ✈❛r✐❛♥t❡ ❛ s❡r

❡①♣❧♦r❛❞❛ ♥♦s ♣r♦❝❡❞✐♠❡♥t♦s✳ ❯♠❛ ✈❡③ ♠❛✐s✱ ♣❛r❡❝❡ ❝❧❛r♦ q✉❡ ♦ ✉sú❛r✐♦ ♣♦❞❡ s❡ ❜❡✲

♥❡✜❝✐❛r ❞❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ss❡s ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝♦s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ tr❛❥❡tór✐❛s

❞✐♥â♠✐❝❛s ♥♦ ❛♠❜✐❡♥t❡ ❞❡ ♦♣❡r❛çã♦✳

P♦r ✜♠✱ ♥❛s ❋✐❣✉r❛s ✺✳✹✸ ❡ ✺✳✹✹❛♣r❡s❡♥tá✲s❡ ♦ ❡❢❡✐t♦ ❞♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ w

♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞✐s❝r✐♠✐♥❛♥t❡ ❞♦s r❡❣✐♠❡s ❞✐♥â♠✐❝♦s ❞❛s ♠étr✐❝❛s ❡♥tr♦♣✐❛ ❞❡ ❑♦❧✲

♠♦❣♦r♦✈ ❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦✳ ◆♦t❛✲s❡ q✉❡ ♣❛r❛ t❛♠❛♥❤♦s ❞❡ ❥❛♥❡❧❛ w > 100

❛s ♠étr✐❝❛s sã♦ ♠❛✐s s❡♥sí✈❡✐s ❛♦ ✐♥t❡r✈❛❧♦ ❞❡ ❢❛❧❤❛✳

✶✹✻



❋✐❣✉r❛ ✺✳✹✷✿ ❙✉♣❡r✐♦r✿❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ■♥❢❡r✐♦r✿ ❉✐✲
♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳ ❖ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❢♦✐ ✜①❛❞♦ ❡♠ 500✳

❋✐❣✉r❛ ✺✳✹✸✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡♥tr♦♣✐❛
❞❡ ❑♦❧♠♦❣♦r♦✈ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳

✺✳✸✳✶✳✺ ▼❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s

❚♦❞❛s ❛s té❝♥✐❝❛s ❞❡s❝r✐t❛s ❛❝✐♠❛ ❞❡s❝r❡✈❡♠ ♠étr✐❝❛s q✉❡ ♣♦❞❡♠ ❡✈❡♥t✉❛❧♠❡♥t❡ s❡r

✉s❛❞❛s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❡ ❢♦r❛♠ ❛♣❧✐❝❛❞❛s ❡♠ ❝♦♥t❡①t♦ ♠♦♥♦✈❛r✐á✈❡❧✳ ◆♦

❡♥t❛♥t♦✱ ❡ss❛ ❛❜♦r❞❛❣❡♠ ♥ã♦ é s✉✜❝✐❡♥t❡♠❡♥t❡ ❡❢❡t✐✈❛ ❡♠ ❝❛s♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

♠✉❧t✐✈❛r✐á✈❡❧✳ P♦r ✐ss♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✉♠ ♦✉tr♦ ♣❡rí♦❞♦ ❞❡ ❢❛❧❤❛ ♥♦ ❝❛s♦ ❞❡ ❡st✉❞♦

✶✹✼



❋✐❣✉r❛ ✺✳✹✹✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ w ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❞✐♠❡♥sã♦
❞❡ ❝♦rr❡❧❛çã♦ ♥❛ ❥❛♥❡❧❛ ✈s t❡♠♣♦✳

❊❋❆▲ ✭❙❡çã♦ ✺✳✶✳✶✮✱ ✉♠❛ ❡str❛t❡❣✐❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❜❛s❡❛❞❛ ♥❛ ❝♦♥str✉çã♦ ❞❡

✉♠❛ ❝❛rt❛ ❞❡ ❝♦♥tr♦❧❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✹✺✳

❖❜s❡r✈❛✲s❡ q✉❡ ❛ ✈❛r✐á✈❡❧ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❣ás ✜s❝❛❧ ❛♣r❡s❡♥t♦✉ ✉♠❛ ♠✉✲

❞❛♥ç❛ ❜r✉s❝❛ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥♦ ❡✈❡♥t♦ s✐♥❛❧✐③❛❞♦ ✭❧✐♥❤❛ ✈❡r♠❡❧❤❛ ❣r♦ss❛✮✳ ◆♦

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

✈❛③ã♦✳ P♦r ❝♦♥s❡❣✉✐♥t❡✱ ❛ ❢❛❧❤❛ ♥ã♦ ❢♦✐ ❞❡t❡❝t❛❞❛ ♥❛ ♣❧❛♥t❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ ✈❛r✐á✈❡❧

♠♦♥✐t♦r❛❞❛ ❡r❛ ❛ ✈❛③ã♦ ❞❡ ❣ás ❡ t♦❞♦s ♦s ♣♦♥t♦s ❡st✐✈❡r❛♠ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ❞❡♥✲

tr♦ ❞♦s ❧✐♠✐t❡s ❞❡ ❞❡t❡❝çã♦ ✭❞❡t❡r♠✐♥❛❞♦s ❝♦♠♦ x̄ ± 3σ✮✳ ❆ss✐♠ s❡♥❞♦✱ ❡♠❜♦r❛ ❛s

sér✐❡s t❡♠♣♦r❛✐s ❞❡ ✈❛③ã♦ ❡ t❡♠♣❡r❛t✉r❛ ❛♣r❡s❡♥t❡♠ ❛❧❣✉♠❛ ✐♥t❡r❛çã♦ ❡♥tr❡ s✐ ✭❧❡♠✲

❜r❛♥❞♦ q✉❡ ❛ ♠❡❞✐❞❛ ❞❡ ✈❛③ã♦ ♥♦ ♠❡❞✐❞♦r é ❝♦rr✐❣✐❞❛ ♣♦r ❡❢❡✐t♦s ❞❡ t❡♠♣❡r❛t✉r❛✮✱

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

r❡✢❡t✐❞❛s ♥❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡ ✈❛③ã♦ ❞❡ ❣ás✳

❖s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦♥st✐t✉✐ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ tr❛t❛r ♣r♦❜❧❡♠❛s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ❛❧t❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✱ ✉♠❛ ✈❡③ q✉❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ✐♥t❡✐r♦M
é r❡♣r❡s❡♥t❛❞♦ ♥✉♠❛ ♠❛tr✐③✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❞❡✜♥✐çã♦ ❞❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ r❛✐♦ ϵ é ✉♠❛

s♦❜r❡♣♦s✐çã♦ ❛♦ ♠❡s♠♦ í♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s✳ P♦r ❝♦♥s❡❣✉✐♥t❡✱ ❛ ❛❜♦r❞❛❣❡♠

❝♦♥s✐❞❡r❛ ❛ ♠❛tr✐③ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦♠ ϵ = 0 ✭❝♦♥❤❡❝✐❞❛ t❛♠❜é♠ ❝♦♠♦ ♠❛tr✐③ ❞❡

❞✐stâ♥❝✐❛s✮ ♥♦ ♣r♦❜❧❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ♣♦r ❥❛♥❡❧❛ ♠ó✈❡❧✳

❆ ❛❜♦r❞❛❣❡♠ ✉s❛❞❛ ❝♦♥s✐❞❡r❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❛♥á❧✐s❡ ✐♥❝❧✉✐♥❞♦ t♦❞❛s ❛s ✈❛r✐á✲

✶✹✽



✈❡✐s ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s ❞♦ ♣r♦❝❡ss♦ ♣❛r❛ ✜♥s ❞✐❞át✐❝♦s✳ ❆ ♠❡s♠❛

❛❜♦r❞❛❣❡♠ ♣♦❞❡ s❡r ✉s❛❞❛ ♣❛r❛ ❝♦♥❥✉♥t♦ ❞✐st✐♥t♦ ♦✉ ♠❛✐♦r ❞❡ ✈❛r✐á✈❡✐s ❞❡ ♣r♦❝❡ss♦✱

❝♦♠♦ ✐♥❞✐❝❛❞♦ ♥♦s ♠❛t❡r✐❛✐s s✉♣❧❡♠❡♥t❛r❡s ❞❡s❝r✐t♦s ❛❜❛✐①♦✳ ❖ ✐♠♣♦rt❛♥t❡ ❛q✉✐ é

♣❡r❝❡❜❡r q✉❡ ❛ ❝❛rt❛ ❞❡ ❝♦♥tr♦❧❡ ♠♦♥♦✈❛r✐á✈❡❧ ✭♦✉ ♠✉❧t✐✈❛r✐á✈❡❧✮ ♣♦❞❡ s❡r tr❛♥s❢♦r✲

♠❛❞❛ ❡♠ ✉♠ ♣❛❞rã♦ ❝♦♠ ❛✉①✐❧✐♦ ❞❛ ♠❡❞✐❞❛ ❞❡ r❡❝♦rrê♥❝✐❛ ✉s❛❞❛ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r

s✐st❡♠❛s ❞✐♥â♠✐❝♦s✳

❋✐❣✉r❛ ✺✳✹✺✿ ❈❛rt❛ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♠♦♥♦✈❛r✐á✈❡❧ ❡♠ ✉♠ ♣❡✲
rí♦❞♦ ❡♠ t♦r♥♦ ❛♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ ❈

◆❛ ❋✐❣✉r❛ ✺✳✹✻ ❛♣r❡s❡♥t❛✲s❡ ❛ ♠❛tr✐③ ❞❡ ❞✐stâ♥❝✐❛s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♠✉❧✲

t✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ t❡♠♣❡r❛t✉r❛s ♥♦s ♠❡❞✐❞♦r❡s ✜s❝❛✐s✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛♦ ❧♦♥❣♦ ❞❛

❞✐♥â♠✐❝❛ ♦❝♦rr❡♠ ✈❛r✐❛çõ❡s ❧❡✈❡s ❡♠ t♦r♥♦ ❞❛s ✈❛r✐á✈❡✐s ♥♦r♠❛❧✐③❛❞❛s✱ ❡♠❜♦r❛ ♦ ♣❡✲

rí♦❞♦ ❞❡ ❢❛❧❤❛ ❡st❡❥❛ ❝❧❛r❛♠❡♥t❡ ✐❞❡♥t✐✜❝❛❞♦ ♣❡❧♦ s❡❣♠❡♥t♦ ❛♠❛r❡❧♦ ✭♠❛✐♦r ✈❛r✐❛çã♦

❞❡ ❞✐stâ♥❝✐❛s✮✳ ◆♦t❡✲s❡ q✉❡ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ é ♣❛rt✐❝✉❧❛r♠❡♥t❡ út✐❧ ♥❡st❡ t✐♣♦ ❞❡

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

❞❡ ❞❛❞♦s✳

❯♠❛ ✈✐sã♦ ❞✐♥â♠✐❝❛ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦rrê♥❝✐❛s é

❛♣r❡s❡♥t❛❞❛ ♥♦ ♠❛t❡r✐❛❧ s✉♣❧❡♠❡♥t❛r✹✳ ❚❛♠❜é♠ é ❛♣r❡s❡♥t❛❞❛ ❛ ♠❡s♠❛ ✐♠♣❧❡✲

♠❡♥t❛çã♦ ❝♦♥s✐❞❡r❛♥❞♦ ♠❛tr✐③❡s ❞❡ r❡❝♦rrê♥❝✐❛s ❝♦♥❥✉♥t❛s ❡♠ u✱ ♦✉ ♥♦ ❛rq✉✐✈♦

File04Multidimensional monitoring by JQA.mp4 ❞♦ ♠❛t❡r✐❛❧ ♠✉❧t✐♠é❞✐❛ s✉♣❧❡✲

♠❡♥t❛r✳
✹❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ ❨♦✉❚✉❜❡ u

✶✹✾

https://youtu.be/0CUaDrnwLdw
https://youtu.be/61GH0J6UdxE


❋✐❣✉r❛ ✺✳✹✻✿ ▼❛tr✐③ ❞❡ ❞✐stâ♥❝✐❛s ❞♦ ❝♦♥❥✉♥t♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ t❡♠♣❡r❛t✉r❛s ❞♦
♣r♦❝❡ss♦✳ ❖ í♥❞✐❝❡s jth ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♠❡s♠♦s ith ❡①♣r❡ss♦s ❝♦♠♦ ❞❛t❛s✳

✺✳✸✳✶✳✻ ❑❉❊ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ❛✉①✐❧✐❛r

❆♣ós ❡st❛❜❡❧❡❝❡r ♣❡rí♦❞♦s ❞❡ t❡♠♣♦ ❝♦♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✉♣♦st❛♠❡♥t❡ ♥♦r♠❛❧✱

❝♦♠♦ ✐♥❞✐❝❛❞♦ ♣❡❧❛ ♦♣❡r❛çã♦✱ ❢♦r❛♠ ❢❡✐t❛s ❛♥á❧✐s❡s ❞❡ ❛❥✉st❡ ❡st❛tíst✐❝♦ ♣❛r❛ ❛ ✈❛✲

r✐á✈❡❧ ✏❋❆▲✲❱❛③ã♦ ✐♥st❛♥tâ♥❡❛ ❋■❚✲✸✻✺✺✲✵✺✲✵✵✷ ❆ ✕ ●ás ❋✐s❝❛❧✑✳ ❆ ❋✐❣✉r❛ ✺✳✹✼❛

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

q✉❡ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ❛ ♣r✐♦r✐ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ é

❜✐♠♦❞❛❧✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛♣r❡s❡♥t❛✲s❡ ♦ ❛❥✉st❡ ❞❛ ❝✉r✈❛ ♥♦r♠❛❧ s♦❜r❡ ♦ ❝♦♥❥✉♥t♦

✐♥t❡✐r♦ ❞❡ ❞❛❞♦s✱ ♦❜s❡r✈❛♥❞♦✲s❡ q✉❡ t❛❧ ❛❥✉st❡ ♥ã♦ é r❡♣r❡s❡♥t❛t✐✈♦ ❞♦s ❞❛❞♦s✳ ◆❛

❋✐❣✉r❛ ✺✳✹✼❜ ❛♣r❡s❡♥t❛✲s❡ ❛ ❝✉r✈❛ ❞❡ ❢✉♥çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♦❜t✐❞❛

✈✐❛ ❛❥✉st❡ ❑❉❊ ❝♦♠ ❦❡r♥❡❧ ●❛✉ss✐❛♥♦ ❡ bandwidth = 5.3✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♥❡st❡ ❝❛s♦

♦ ♣r♦❝❡❞✐♠❡♥t♦ ❑❉❊ ♣❡r♠✐t❡ ♦❜t❡r ✉♠ ❛❥✉st❡ ♠❛✐s ❛❞❡q✉❛❞♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦

❞❛ ❝✉r✈❛ ♥♦r♠❛❧ ♥♦ ❤✐st♦❣r❛♠❛✱ r❡♣r♦❞✉③✐♥❞♦ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❜✐♠♦❞❛❧ ❞♦s ❞❛❞♦s✳

✶✺✵



✭❛✮ ✭❜✮

❋✐❣✉r❛ ✺✳✹✼✿ ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣❛r❛ ❛ ✈❛r✐á✈❡❧ ✈❛③ã♦ ✐♥st❛♥✲
tâ♥❡❛ ❞❡ ❣ás ❋■❚✲✸✻✺✺✲✵✵✷❆✱ ♠é❞✐❛ x̄ = 703.218 ❡ ❞❡s✈✐♦ ♣❛❞rã♦ µ = 163.55✳ ✭❛✮
❍✐st♦❣r❛♠❛ ❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ✈❛r✐á✈❡❧ ❡ r❡❣r❡ssã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❞✐s✲
tr✐❜✉✐çã♦ ♥♦r♠❛❧✳✭❜✮ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♦❜t✐❞❛ ♣♦r ❑❉❊✳

❉❡ss❛ ❢♦r♠❛✱ ♦ ❛❥✉st❡ ♣♦r ❑❉❊ ♣❡r♠✐t❡ ♦❜t❡r ❞✐str✐❜✉✐çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡

♠❛✐s ❝♦♥✜á✈❡✐s✱ ❛✉①✐❧✐❛♥❞♦ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ♦✉tr❛ ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ♠♦♥✐t♦r❛✲

♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s✳ ❆❧é♠ ❞✐ss♦✱ ❛ té❝♥✐❝❛ ❞❡ ❑❉❊ ♣♦❞❡ s❡r ✉s❛❞❛ ❥✉♥t♦ ❝♦♠ ✉♠❛

✐♠♣❧❡♠❡♥t❛çã♦ ◆❛✐✈❡s✲❇❛②❡s ♣❛r❛ tr❛t❛r ♦ ♣r♦❜❧❡♠❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❡ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛s ❝♦♠♦ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❝❧❛ss✐✜❝❛çã♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛s ✭❬✽✱ ✶✹✵✱ ✸✵✵❪✮✳

❯♠❛ ✈✐sã♦ ❞✐♥â♠✐❝❛ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❞✐stâ♥❝✐❛s ❛✉①✐❧✐❛❞❛ ♣♦r

❑❉❊ ♣❛r❛ ♦s ♠♦♥✐t♦r❛♠❡♥t♦s ❞❛s ❢❛❧❤❛s A − B ❡ C é ❛♣r❡s❡♥t❛❞❛ ♥♦ ♠❛t❡r✐❛❧

s✉♣❧❡♠❡♥t❛r✺✳

✺✳✸✳✶✳✼ ❈♦♠❡♥tár✐♦s ❝♦♠♣❧❡♠❡♥t❛r❡s

❱❛r✐á✈❡✐s ✉s❛❞❛s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❛ q✉❛❧✐❞❛❞❡ ❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ s✐st❡♠❛s ❞✐♥â✲

♠✐❝♦s ♥ã♦ t❡♠ s✐❞♦ ✉s❛❞❛s ♣❛r❛ ✐❞❡♥t✐✜❝❛r ♦ ❡st❛❞♦ ❞❛s tr❛❥❡tór✐❛s ♣❛r❛ ✜♥s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦✱ ❛ ❞❡s♣❡✐t♦ ❞❛ ✐♠♣♦rtâ♥❝✐❛ ❡ tr❛❞✐çã♦ ❞❡ ✉s♦ ♥❛ ár❡❛ ❞❡ ❞✐♥â♠✐❝❛

❝♦♠♣❧❡①❛✳ ❈♦♠♦ ✈✐st♦ ♥❛ ♣r❡s❡♥t❡ s❡çã♦✱ q✉❡ ❢❡③ ✉s♦ ❞❡ ❞❛❞♦s r❡❛✐s ❞❡ ♣r♦❝❡ss♦ q✉❡

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

♥♦ ❛♠❜✐❡♥t❡ ❞❡ ♣r♦❞✉çã♦✱ ♣♦r s❡r❡♠ s❡♥sí✈❡✐s ❛ ♠✉❞❛♥ç❛s ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ss❛s

tr❛❥❡tór✐❛s ✭❡ ❞❡ ❢❛❧❤❛s✮ ❛ s❡r❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❡✜❝✐❡♥t❡s✳ ❉❡♥tr♦ ❛s té❝♥✐❝❛s

❛✈❛❧✐❛❞❛s ♣r❡❧✐♠✐♥❛r♠❡♥t❡✱ ❞❡st❛❝❛♠✲s❡ ❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ t❡♠♣♦ ❞❡ r❡s♣♦st❛

✭♣♦r ♠❡✐♦ ❞❡ ❢✉♥çõ❡s ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦✮✱ ❞❡ ❡♥tr♦♣✐❛ ❞♦ ♠♦✈✐♠❡♥t♦ ❞✐♥â♠✐❝♦ ❡ ♦s

♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛ ✭♣♦r ♣❡r♠✐t✐r❡♠ ❢á❝✐❧ ❡①t❡♥sã♦ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ♠✉❧t✐❞✐♠❡♥✲

s✐♦♥❛❧✮✳ ❊♠ t♦❞♦s ❡ss❡s ❝❛s♦s✱ ♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ♠ó✈❡❧ ❝♦♥st✐t✉✐ ✉♠ ✐♠♣♦rt❛♥t❡

❤✐♣❡r✲♣❛râ♠❡tr♦ ❞❡ s✐♥t♦♥✐❛ ❞❛ té❝♥✐❝❛✳ ❈♦♠ ❜❛s❡ ♥♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✱ ❢♦✐ ❡♥❝♦✲

✺❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ u ❡ u r❡s♣❡❝t✐✈❛♠❡♥t❡

✶✺✶
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r❛❥❛❞♦ ♦ ✉s♦ ❞❡ss❡s ♣r♦❝❡❞✐♠❡♥t♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ s❧✉❣❣✐♥❣ ❡♠ ♣❧❛t❛❢♦r♠❛s

❞❡ ♣r♦❞✉çã♦✱ ❝♦♠♦ ❛✈❛❧✐❛❞♦ ❛ s❡❣✉✐r✳

✺✳✸✳✷ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥❛ ✐❞❡♥t✐✜❝❛çã♦

❞❡ ❙❧✉❣❣✐♥❣

◆❛ ❙❡çã♦ ✺✳✸✳✶ ❢♦✐ ♠♦str❛❞❛ ❛ ✉t✐❧✐❞❛❞❡ ❞❛s ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ q✉❡

❢♦r❛♠ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❡ s❡q✉ê♥❝✐❛s t❡♠♣♦r❛✐s ❞❡ ♠❡❞✐❞❛s ❞✐s♣♦♥í✈❡✐s ♥❛ ♣❧❛♥t❛✳

❖❜s❡r✈♦✉✲s❡ q✉❡ ❛❧❣✉♠❛s ❞❡ss❛s ♠étr✐❝❛s sã♦ ❝❛♣❛③❡s ❞❡ ❞✐s❝r✐♠✐♥❛r q✉❛❧✐t❛t✐✈❛✲

♠❡♥t❡ ❛s tr❛♥s✐çõ❡s ❡ ♠✉❞❛♥ç❛s ❛❜r✉♣t❛s ✭❢❛❧❤❛s✮ ♥♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ◆❛ ♣r❡s❡♥t❡

s❡❝çã♦ ❛ ❛❜♦r❞❛❣❡♠ ❞❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ❞✐s❝✉t✐❞❛ ❡♠ t♦r♥♦

❞❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢ ♥♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡✳ ❉❡✈❡✲s❡

♥♦t❛r q✉❡ ❡♠❜♦r❛ ♦ ❢❡♥ô♠❡♥♦ ❞❡ s❧✉❣❣✐♥❣ ♥ã♦ s❡❥❛ ❝❛r❛❝t❡r✐③❛❞♦ ❝♦♠♦ ✉♠❛ ❢❛❧❤❛✱

❡st❡ ❝♦♥st✐t✉✐ ✉♠❛ ♠✉❞❛♥ç❛ t♦♣♦❧ó❣✐❝❛ ♥❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ q✉❡ ❞❡✈❡ s❡r ❡✈✐t❛❞❛✱

♣♦❞❡♥❞♦ s❡r ❛♥❛❧✐s❛❞❛ ♣❡❧♦s ♠ét♦❞♦s ❞♦ ❡s♣❛ç♦ r❡❝♦♥str✉í❞♦✳

✺✳✸✳✷✳✶ ❆✉t♦❝♦rr❡❧❛çã♦

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♣❡rí♦❞♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ♣♦ç♦ ❞❡ ♣r♦❞✉çã♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✺✳✻✱ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❛ ❛✉t♦❝♦rr❡❧❛çã♦ ❞❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡ ♣r❡ssã♦ P❉● ✉s❛♥❞♦

✉♠❛ ❡str❛té❣✐❛ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧ ✭w = 500✮✱ ♦❜t❡♥❞♦✲s❡ ✉♠ ✈❛❧♦r ❞❡ ❛tr❛s♦ τcorr=0

❝♦♠ ❛✉t♦❝♦rr❡❧❛çã♦ ③❡r♦ ♣❛r❛ ❝❛❞❛ ❥❛♥❡❧❛✳

❋✐❣✉r❛ ✺✳✹✽✿ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♥❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ❡♠ ❢✉♥çã♦ ❞♦
❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❆ ❋✐❣✉r❛ ✺✳✹✽✭❆✮ ♠♦str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❝♦♥s✲

✶✺✷



tr✉í❞♦ ✉s❛♥❞♦ ❛ ♣r❡ssã♦ ♥❛ P❉● ♥♦ ♣❡rí♦❞♦ ❞❡ ♦♣❡r❛çã♦ ♣r❡✈✐❛♠❡♥t❡ r❡❢❡r✐❞♦✳ P♦r

♦✉tr❛ ♣❛rt❡✱ ❛ ❋✐❣✉r❛ ✺✳✹✽✭❇✮ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦

❝♦♠ ❝♦rr❡❧❛çã♦ ♥✉❧❛ τcorr=0 ❡♠ ❢✉♥çã♦ ❞♦ r❡❣✐♠❡ ❞❡ ♦♣❡r❛çã♦ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❛❜❡r✲

t✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ♦s t❡♠♣♦s ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛

❝❛❡♠ ♥♦t♦r✐❛♠❡♥t❡✱ ❛ ♠❡❞✐❞❛ q✉❡ s❡ ❛♣r♦①✐♠❛ ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳ P♦r t❛♥t♦✱ ♦

r✐s❝♦ ❞❡ ✐♥❣r❡ss❛r ♥❛ r❡❣✐ã♦ ♦s❝✐❧❛tór✐❛ ♣❛r❡❝❡ s❡r ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ❝❛♣t✉r❛❞♦ ♣❡❧❛

❢✉♥çã♦ ❞❡ ❛tr❛s♦✳ ▲♦❣♦✱ ❛ ❛✉t♦❝♦rr❡❧❛çã♦ ♣♦❞❡ s❡r ✉s❛❞❛ ♥ã♦ ❛♣❡♥❛s ❝♦♠♦ ✉♠❛

♠❡❞✐❞❛ ❞❡ ♥♦r♠❛❧✐❞❛❞❡ ✱ ♠❛s ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡ r✐s❝♦ ❞❛ ♦♣❡r❛çã♦✳

❋✐❣✉r❛ ✺✳✹✾✿ ❚❡♠♣♦s ❞❡ ❛tr❛s♦ τ ♥❛ ❢✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ♥✉❧❛ ✈s t❡♠♣♦✳ ❇❛rr❛
❧❛r❛♥❥❛ r❡♣r❡s❡♥t❛✱ ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡✱ ♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❡♠♣r❡❣❛❞♦ w = 200✳

P❛r❛❧❡❧❛♠❡♥t❡✱ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ✉♠❛ ❛♥á❧✐s❡ q✉❡ ❛✈❛❧✐❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡

τcorr=0 ♣♦r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧✳ ❆ ❋✐❣✉r❛ ✺✳✹✾✭❆✲❇✮ ❛♣r❡s❡♥t❛ ❛s r❡✲

♣♦st❛s ❞❛ ♣r❡ssã♦ ♥❛ P❉● ❝♦♠♦ ❢✉♥çã♦ ❞❛s ♠✉❞❛♥ç❛s ♥❛ ✈á❧✈✉❧❛ ❈❤♦❦❡✱ ❡♥q✉❛♥t♦ ❛

❋✐❣✉r❛ ✺✳✹✾✭❈✮ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❡ τcorr=0✳ ❉❡st❛❝❛✲s❡ ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞✐❢❡r❡♥❝✐❛❞♦ ❞♦s ❞✐❛❣r❛♠❛s ♥❛ ♣r❡s❡♥ç❛ ❞❛ ❞✐♥â♠✐❝❛ ♦s❝✐❧❛tór✐❛ ❡ ♥❛s ♣r♦✲

①✐♠✐❞❛❞❡s ❞♦ s✉r❣✐♠❡♥t♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ✭❛❜❡rt✉r❛ ❞❡ ❈❤♦❦❡❃✹✵✪✮✳

✺✳✸✳✷✳✷ ■♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ❡♥tr♦♣✐❛

❆ ♠étr✐❝❛ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♠♦ ♠❡❞✐❞❛ ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❝♦♥st✐t✉✐ ✉♠❛ ❢❡r✲

r❛♠❡♥t❛ ❛❧t❡r♥❛t✐✈❛ à ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ τ ✈✐❛ ❛✉t♦❝♦rr❡❧❛çã♦✳ ◆❡st❡

❝❛s♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ❛ sér✐❡ t❡♠♣♦r❛❧ ❞❡ ♣r❡ssã♦ ♥♦ t♦♣✲r✐s❡r ♥♦ ♠❡s♠♦ ♣❡rí♦❞♦ ❞❡

♦♣❡r❛çã♦ ❞❡s❝r✐t♦ ♥❛ ❋✐❣✉r❛ ✺✳✻✳

◆❛ ❋✐❣✉r❛ ✺✳✺✵ ❛♣r❡s❡♥t❛✲s❡ ✭❆✮ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r

❞❛ sér✐❡ t❡♠♣♦r❛❧ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ✭❇✮ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❡

✐♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ✭❈✮ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥✳ P♦❞❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❡ss❛s

✶✺✸



❋✐❣✉r❛ ✺✳✺✵✿ Pr✐♠❡✐r♦ ♠í♥✐♠♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❡♠
❢✉♥çã♦ ❞❛ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❈❤♦❦❡✳

♠❡❞✐❞❛s ❞❡ ❡♥tr♦♣✐❛ s❡ ♠♦str❛♠ ❝❧❛r❛♠❡♥t❡ ♠❛✐♦r❡s ❛♣ós ❛ ♦❝♦rrê♥❝✐❛ ❞❛ ❜✐❢✉r❝❛çã♦

❞❡ ❍♦♣❢✳

❋✐❣✉r❛ ✺✳✺✶✿ ❊♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳ ❇❛rr❛ ❧❛r❛♥❥❛ r❡♣r❡s❡♥t❛✱
♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡✱ ♦ t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ ❡♠♣r❡❣❛❞♦ w = 200

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛✱ ❛ ❋✐❣✉r❛ ✺✳✺✶ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥

❝❛❧❝✉❧❛❞❛ ✉s❛♥❞♦ ❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧✱ ❡♠ q✉❡ s❡ ❝♦♥✜r♠❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

♠❛✐s ❡♥tró♣✐❝♦ ♥♦s ✐♥t❡r✈❛❧♦s ♦s❝✐❧❛tór✐♦s✳ P♦rt❛♥t♦✱ ❛ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❛♥t❡r✐♦r✱

♦ r✐s❝♦ ❞❡ ✐♥❣r❡ss❛r ♥❛ r❡❣✐ã♦ ♦s❝✐❧❛tór✐❛ ♣❛r❡❝❡ s❡r ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ❝❛♣t✉r❛❞♦

♣❡❧❛ ♠❡❞✐❞❛ ❞❡ ❡♥tr♦♣✐❛✳ ▲♦❣♦✱ ❛ss✐♠ ❝♦♠♦ ❛ ❛✉t♦❝♦rr❡❧❛çã♦✱ ❛ ❡♥tr♦♣✐❛ ♣♦❞❡ s❡r

✉s❛❞❛ ♥ã♦ ❛♣❡♥❛s ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ♥♦r♠❛❧✐❞❛❞❡✱ ♠❛s ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡

r✐s❝♦ ❞❛ ♦♣❡r❛çã♦✳ ❊ss❛s ♦❜s❡r✈❛çõ❡s sã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ✐♥é❞✐t❛s ♥❛ ❧✐t❡r❛t✉r❛ ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❡♠ ❣❡r❛❧ ❡ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣♦ç♦s ❞❡ ♣❡tró❧❡♦ ❡♠ ♣❛rt✐❝✉❧❛r✳
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✺✳✸✳✷✳✸ ❈♦♠❡♥tár✐♦s ❝♦♠♣❧❡♠❡♥t❛r❡s

❉❡ ❢♦r♠❛ ♦r✐❣✐♥❛❧✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s ❞❛s tr❛❥❡tór✐❛s ❞✐♥â♠✐❝❛s✱

❝♦♠♦ ♦ ❛tr❛s♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡ ❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥✱ ♣♦❞❡♠ ❝❛r❛❝t❡r✐③❛r ❛

♥♦r♠❛❧✐❞❛❞❡ ❞❛ ♦♣❡r❛çã♦ ❡ ♦ r✐s❝♦ ❞❡ ✐♥❣r❡ss❛r ♥❛ r❡❣✐ã♦ ♦s❝✐❧❛tór✐❛✳ ❊ss❛ ♦❜s❡r✈❛✲

çã♦ ♥ã♦ é ❛♣❡♥❛s ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ♦ ✉s✉ár✐♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ♣rát✐❝♦✱ ♠❛s t❛♠❜é♠

❝♦rr♦❜♦r❛ ❡①♣❡❝t❛t✐✈❛s ❞❡ q✉❡ ❡ss❡s ✈❛❧♦r❡s ❡①♣r✐♠❡♠ ♦ ❡st❛❞♦ ❞✐♥â♠✐❝♦ ❞❛s tr❛✲

❥❡tór✐❛s ❡✱ ♣♦rt❛♥t♦✱ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ❝❛r❛❝t❡r✐③❛♠ ❛ ♣r♦♣❡♥sã♦ ♣❛r❛ ♦ ♠♦✈✐♠❡♥t♦

♦s❝✐❧❛tór✐♦ ✭❛ s❡r ❡✈✐t❛❞♦ ♥♦ ♣r❡s❡♥t❡ ❝❛s♦✮✳

✺✳✹ ❘❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛

❞❛❞♦s

❆♦ ❧♦♥❣♦ ❞❛s ❙❡çõ❡s ✺✳✶✳✷ ❡ ✺✳✷✳✶ ❢♦✐ ♦❜s❡r✈❛❞♦ q✉❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣♦♥t♦s ❞❡

❜✐❢✉r❝❛çã♦ sã♦ ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❡ ♣r♦❣♥óst✐❝♦ ❞❡ tr❛♥s✐çõ❡s

❞✐♥â♠✐❝❛s ♥♦s ♣r♦❝❡ss♦s ♣r♦❞✉t✐✈♦s✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛ ❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

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

♣r♦❥❡t♦ ❞♦ ♣r♦❝❡ss♦✱ ♣❧❛♥❡❥❛♠❡♥t♦ ❞❡ ♣r♦❞✉çã♦ ❡ ♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡ ♣r♦t♦❝♦❧♦s

❞❡ s❡❣✉r❛♥ç❛✳

❊♠❜♦r❛ ❛ ❛❜♦r❞❛❣❡♠ ✈✐❛ ♠♦❞❡❧♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦ ❢♦rt❛❧❡ç❛ ❛ r❡♣r❡s❡♥t❛t✐✈✐✲

❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❬✻✻❪✱ ❡①✐st❡♠ ❧✐♠✐t❛çõ❡s ✐♥❡r❡♥t❡s✱ ❝♦♠♦ ❛ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧

♥❡❝❡ssár✐♦ ♣❛r❛ ♦ ❛❥✉st❡ ❞♦ ♠♦❞❡❧♦ ❡ ♦ s✉❜❡♠♣r❡❣♦ ❞♦ ❤✐stór✐❝♦ ❞❡ ❞❛❞♦s ❞♦ ♣r♦✲

❝❡ss♦✳ P♦r ♦✉tr❛ ♣❛rt❡✱ t❡♥❞ê♥❝✐❛s t❡❝♥♦❧ó❣✐❝❛s ❛t✉❛✐s ❡ ❞❡ ♠❡r❝❛❞♦ ♣r♦♠♦✈❡♠ ♦

✉s♦ ❞❡ ❡str❛té❣✐❛s ❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s✱ ❛s q✉❛✐s ✈✐s❛♠ à r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦ ❛♣❡♥❛s ❝♦♠ ✉s♦ ✐♥t❡♥s✐✈♦ ❞♦s ❞❛❞♦s ❞✐s♣♦♥í✈❡✐s✳

✺✳✹✳✶ ❘❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ r❡❞❡s ♥❡✉✲

r❛✐s

✺✳✹✳✶✳✶ ▼ét♦❞♦

❈♦♥s✐❞❡r❡✲s❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❞❛ ❢♦r♠❛ x(t) = f t(x0)✱ ❛❧t❡r❛❞♦ ♣♦r ✉♠❛ ♣❡r✲

t✉r❜❛çã♦ ❡①t❡r♥❛ ✭♣❛r❛♠étr✐❝❛✮ p(t) ∈ RN ✳ ❙✉♣♦♥❞♦ q✉❡ nx ≥ 1 ♠❡❞✐❞❛s t❡♠♣♦r❛✐s

❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❡st❛❞♦s x = (x1, x2, ..., xnx
) ❡stã♦ ❞✐s♣♦♥í✈❡✐s✱ ❛ss✐♠ ❝♦♠♦ ❛ sé✲

r✐❡ t❡♠♣♦r❛❧ ❞❛ ♣❡rt✉r❜❛çã♦ p = (p1, p2, ...)✳ ❆ ❛❜♦r❞❛❣❡♠ ❬✹✼❪ ✉s❛ ✉♠❛ r❡❞❡ ♥❡✉r❛❧

r❡❝♦rr❡♥t❡ ✭❘◆◆✮ ❬✻✵✱ ✷✾✸❪ ♣❛r❛ r❡❝♦♥str✉✐r ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❡ ❛ r❡s♣❡❝t✐✈❛ r❡s✲

♣♦st❛ ❡♠ ❢✉♥çã♦ ❞♦ ✈❡t♦r ❞❡ ♣❡rt✉r❜❛çã♦ p(t)✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❧✐t❡r❛t✉r❛✱ ❛s ❘◆◆

✶✺✺



sã♦ ❢r❡q✉❡♥t❡♠❡♥t❡ ❡♠♣r❡❣❛❞❛s ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❛♥♦♠❛❧✐❛s ❬✶✽✷✱ ✷✻✽❪ ❡ ♣r❡✈✐sã♦ ❞❡

sér✐❡s t❡♠♣♦r❛✐s✳ ❬✷✵✱ ✻✺✱ ✶✵✷✱ ✶✶✹❪

❆ r❡❞❡ ♥❡✉r❛❧ ❘❘◆ é tr❡✐♥❛❞❛ ♣❛r❛ r❡❝❡❜❡r ♦s ✈❛❧♦r❡s ❤✐stór✐❝♦s ❞❡ x(t) ❡ p(t)

❡ r❡t♦r♥❛ ♦ ❡st❛❞♦ ❡✈♦❧✉í❞♦ ♥♦ t❡♠♣♦ x(t + δt)✳ ❆ ❘◆◆ ❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ t❡♠♣♦

♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ❝♦♠♦ ✉♠❛ ❝ó♣✐❛ s❡♣❛r❛❞❛ ❞❛ ♠❡s♠❛ r❡❞❡✱ ❡♠ q✉❡ ❛s ❝♦♥❡①õ❡s

r❡❝♦rr❡♥t❡s ❧✐❣❛♠ ❝❛❞❛ ❝ó♣✐❛ ❝♦♠ s❡✉ s✉❝❡ss♦r✳ ❉❡ss❛ ❢♦r♠❛✱ ❡ss❛ ❝❛❞❡✐❛ ❞❡ r❡❞❡s

é tr✉♥❝❛❞❛ ❡♠ ✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ r♦❧❧s ✭❝ó♣✐❛s ❞❡ r❡❞❡✮✳ ❆ ✐♥❝❧✉sã♦ ❞♦s ✈❛❧♦r❡s

❤✐stór✐❝♦s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ r❡✢❡t❡♠ ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❚❡♦r❡♠❛ ❞❡ ■♠❡rsã♦✱ ♣❡r♠✐✲

t✐♥❞♦ ❛ ❘◆◆ ✐♥❢❡r✐r ♦ ❡st❛❞♦ ❞♦ s✐st❡♠❛✳ ❖ ♥ú♠❡r♦ ❞❡ r♦❧❧s✱ ♣♦rt❛♥t♦✱ ❝♦rr❡s♣♦♥❞❡ à

❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞❛ ✐♠❡rsã♦✳ ❆ ♣❛rt✐r ❞♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s✱ s❛❜❡✲s❡ q✉❡ ♦ ♥ú♠❡r♦

❞❡ r♦❧❧s ❛ s❡r❡♠ ❝♦♥s✐❞❡r❛❞♦s ❞❡✈❡ s❡r R > 2N +1✱ ♦♥❞❡ N é ❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞♦

s✐st❡♠❛✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛♠♦str❛❣❡♠ δt ❞❡✈❡ s❡r ♠❡♥♦r q✉❡ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦

♦♥❞❡ ❛❝♦♥t❡❝❡♠ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❞❡ ✐♥t❡r❡ss❡✳ P♦r ✜♠✱ ❡st❛❜❡❧❡❝✐❞♦s

♦ ♥ú♠❡r♦ ❞❡ ❝ó♣✐❛s ✭r♦❧❧s✮ ❞❛ ❘◆◆ ❡ ✉♠❛ r❡s♦❧✉çã♦ ❞❡ t❡♠♣♦ ❛❞❡q✉❛❞❛✱ ♣♦❞❡✲s❡

❝♦♥str✉✐r ♦ ♠♦❞❡❧♦ ❞❡ ✐♥❢❡rê♥❝✐❛ ❡st❛tíst✐❝❛ ❛ ♣❛rt✐r ❞♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧✳

◆♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ ♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ b ❝♦✐♥❝✐❞❡

❝♦♠ ❛ ❡s❝❛❧❛ ❞♦ ✈❡t♦r ❞❡ ♣❡rt✉r❜❛çã♦ p(t)✳ ❉❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡ t❛❧ ♣❛râ♠❡tr♦

♥ã♦ ❣❡r❛ q✉❛❧q✉❡r t❡r♠♦ ♥ã♦ ❧✐♥❡❛r ♥♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s✱ ♣❡❧♦ q✉❡ ❛ ❞✐♥â♠✐❝❛

❡st♦❝ást✐❝❛ ❛❢❡t❛ ✉♥✐❝❛♠❡♥t❡ ♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳

ẋ = −y − z ✭✺✳✷❛✮

ẏ = x+ ay ✭✺✳✷❜✮

ż = b+ z(x− c) + p(t) ✭✺✳✷❝✮

❖s ♣❛râ♠❡tr♦ a = 0.2❀ c = 5.7 ❝♦rr❡s♣♦♥❞❡♠ à ❞✐♥â♠✐❝❛ ❝❛ót✐❝❛✳ ❆ss✐♠✱ ♦

♣❛râ♠❡tr♦ b é ❡①♣❧♦r❛❞♦ ❛ ♣❛rt✐r ❞♦ t❡r♠♦ ❞❡ ♣❡rt✉r❜❛çã♦ p(t) q✉❡ s❡❣✉❡ ♦ ♣r♦❝❡ss♦

❡st♦❝ást✐❝♦ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦✿

q(t) = − q

τ
+ ϵ

√
2

τ
ε(t) ✭✺✳✸✮

❊♠ q✉❡ ε é ♦ r✉✐❞♦ ●❛✉ss✐❛♥♦✱ ϵ = 0.5✱ τ = 5 sã♦ ❛ ❛♠♣❧✐t✉❞❡ ❡ t❡♠♣♦ ❞❡ ❝♦rr❡❧❛çã♦

❞❡ q✳ ❖ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ é ✐♥t❡❣r❛❞♦ ❝♦♠ ♦ ♠ét♦❞♦ ❊✉❧❡r✲▼✉②❛r❛♠❛ ❬✹✼❪✳

p(t) =
1

2
eq(t) ✭✺✳✹✮
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❋✐❣✉r❛ ✺✳✺✷✿ ▼❡t♦❞♦❧♦❣✐❛s ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ✉♠
s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✈✐❛ r❡❞❡s ♥❡✉r❛✐s ▲❙❚▼ ❬✷✻✽❪✳✶✺✼



❆ ❋✐❣✉r❛ ✺✳✺✷ r❡s✉♠❡ ❛s ♠❡t♦❞♦❧♦❣✐❛ ❡♠♣r❡❣❛❞❛ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❞✐✲

❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ♥❛s s✉❛s ❞✉❛s ✈❛r✐❛♥t❡s✳ ◆❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

❘♦ss❧❡r✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ r❡❞❡ ▲❙❚▼ ❝♦♠ ✶ ❝❛♠❛❞❛ ♦❝✉❧t❛ ❞❡ ✸✷ ♥ós ❡ ✸✻ r♦❧❧s

✭♦✉ s❡❥❛ ✸✻ ❛tr❛s♦s ❞❡ t❡♠♣♦✮✳ ❆ ❢✉♥çã♦ ❞❡ ❛t✐✈❛çã♦ ❝♦rr❡s♣♦♥❞❡✉ ❛ t❛♥❤ ♣❛r❛ t♦✲

❞❛s ❛s ❝❛♠❛❞❛s✱ ❡①❝❡t♦ ❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛✱ ♦♥❞❡ ❢♦✐ ❡♠♣r❡❣❛❞❛ ✉♠❛ ❛t✐✈❛çã♦ ❧✐♥❡❛r

✈✐s❛♥❞♦ ❛ ♣r♦❞✉çã♦ ❞♦ s✐♥❛❧ ❝♦♥tí♥✉♦✳

❖s ❤✐♣❡r✲♣❛râ♠❡tr♦s ❞❛ r❡❞❡ ♥❡✉r❛❧ ❢♦r❛♠ ❡st❛❜❡❧❡❝✐❞♦s ❝♦♥❢♦r♠❡ ❛s s❡❣✉✐♥t❡s

❤❡✉ríst✐❝❛s✿

❼ ◆ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ♦❝✉❧t❛s✿ ♣r♦❜❧❡♠❛s ❞❡ r❡❣r❡ssã♦ q✉❡ r❡q✉❡r❡♠ ❞✉❛s ♦✉

♠❛✐s ❝❛♠❛❞❛s ♦❝✉❧t❛s r❛r❛♠❡♥t❡ sã♦ ❡♥❝♦♥tr❛❞♦s✳ ❆rq✉✐t❡t✉r❛s ❞❡ r❡❞❡ ❝♦♠

✉♠❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ♣♦❞❡♠ ❛♣r♦①✐♠❛r q✉❛❧q✉❡r ❢✉♥çã♦ q✉❡ ❝♦♥t❡♥❤❛ ✉♠ ♠❛✲

♣❡❛♠❡♥t♦ ❝♦♥tí♥✉♦ ❞❡ ✉♠ ❡s♣❛ç♦ ✜♥✐t♦ ♣❛r❛ ♦✉tr♦ ❬✶✶✽❪✳

❼ ◆ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ♥❛s ❝❛♠❛❞❛s ♦❝✉❧t❛s✿ ❇❛s❡❛❞♦s ♥♦s ♣r♦❝❡❞✐♠❡♥t♦s ❡st❛✲

❜❡❧❡❝✐❞♦s ♥❛s r❡❢❡rê♥❝✐❛s ❬✸✹✱ ✷✹✾❪✳

❼ ❋✉♥çã♦ ❞❡ ❛t✐✈❛çã♦✿ t❛♥❤ ❡ ❘❡▲❯ sã♦ ❢✉♥çõ❡s ❞❡ ❛t✐✈❛çã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐✲

③❛❞❛ ❡♠ ♣r♦❜❧❡♠❛s ❞❡ r❡❣r❡ssã♦ ❬✸✷✱ ✷✵✾❪✳

❆ ❣❡r❛çã♦ ❞❡ ❞❛❞♦s ❝♦♥s✐st✐✉ ♥❛ s✐♠✉❧❛çã♦ ❞♦ s✐♥❛❧ ❞❡ ♣❡rt✉r❜❛çã♦ ✉s❛♥❞♦ ♦ ❡sq✉❡♠❛

❞❡ ✐♥t❡❣r❛çã♦ ❡st♦❝ást✐❝♦ ❞❡ ❊✉❧❡r✲▼❛r✉②❛♠❛✳ P♦st❡r✐♦r♠❡♥t❡✱ ❢♦r❛♠ ✐♥t❡❣r❛❞❛s ❛s

❡q✉❛çõ❡s ❞✐♥â♠✐❝❛s ❝♦♠ ✉♠ ♠ét♦❞♦ ❞❡ ♣❛ss♦ ✜①♦ t✐♣♦ ❘✉♥❣❡ ❑✉tt❛ ❞❡ q✉❛rt❛ ♦r❞❡♠

❬✹✼❪✳

❆ r❡s♦❧✉çã♦ é ❡s❝♦❧❤✐❞❛ ❞❡ ❢♦r♠❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ✈❛❧♦r❡s ❤✐stór✐❝♦s ❝♦♥s✐❞❡r❛✲

❞♦s R ✭t❡♠♣♦ ❞❡ ❛tr❛s♦✮ ❝♦rr❡s♣♦♥❞❛♠ ❛ ✉♠ ♣❡rí♦❞♦ ♥❛t✉r❛❧ ❞♦ ♦s❝✐❧❛❞♦r✳ ◆♦ ❝❛s♦

❞♦s ♦s❝✐❧❛❞♦r❡s ❝❛ót✐❝♦s✱ ❡st❡ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ♦ ♣❡rí♦❞♦ ♠é❞✐♦✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝á❧❝✉❧♦ ♣♦❞❡ t❡r ❛s s❡❣✉✐♥t❡s ✈❛r✐❛♥t❡s✿

■ ❆ ❣❡r❛çã♦ ❞❡ ❞❛❞♦s ❝♦♥s✐❞❡r❛ ✉♠❛ ú♥✐❝❛ r❡❛❧✐③❛çã♦ ❞♦s ❡st❛❞♦s ❞♦ s✐st❡♠❛

❞✐♥â♠✐❝♦ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❡ ♣❡rt✉r❜❛çã♦ p(ti)❀

■ ❆ ❣❡r❛çã♦ ❞❡ ❞❛❞♦s ❝♦♥s✐❞❡r❛ ✉♠❛ Ni > 1 r❡❛❧✐③❛çõ❡s ❞♦s ❡st❛❞♦s ❞♦ s✐st❡♠❛

❞✐♥â♠✐❝♦ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❡ ♣❡rt✉r❜❛çã♦ p(ti)✳

❆♣ós ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ♦s ❞❛❞♦s ❣❡r❛❞♦s ❝♦♥❢♦r♠❡ ❛s ❛❜♦r✲

❞❛❣❡♥s ❞❡s❝r✐t❛s ❛❝✐♠❛✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♣♦❞❡ s❡r r❡❝♦♥str✉í❞♦ s❡❣✉♥❞♦ ❛

♠❡s♠❛ ♠❡t♦❞♦❧♦❣✐❛ ✐♥tr♦❞✉③✐❞❛ ♥❛ ❙❡çã♦ ✹✳✶✳✷✳ ❊♠ r❡s✉♠♦✿

✶✳ ❉❡✜♥✐çã♦ ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ p ♣❛r❛ ♦ q✉❛❧ s❡rá ❢❡✐t❛

❛ ✈❛rr❡❞✉r❛❀

✶✺✽



✷✳ P❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❡ ♣❛râ♠❡tr♦ p ❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡ t❡♠♣♦ w s✉✜❝✐❡♥t❡ ♣❛r❛ ❛

♦❜s❡r✈❛çã♦ ❞❛ ❞✐♥â♠✐❝❛✱ é r❡❛❧✐③❛❞❛ ❛ ♣r❡❞✐çã♦ ❞♦ ❡st❛❞♦✭s✮ ✉s❛♥❞♦ ❛ r❡❞❡

♥❡✉r❛❧ tr❡✐♥❛❞❛❀

✸✳ ❇✉s❝❛ ❞❡ ✈❛❧♦r❡s ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ♥❛ sér✐❡ t❡♠♣♦r❛❧ ♣r❡❞✐t❛ ❞❡ t❛♠❛♥❤♦

w✳

❯♠ ✐♠♣♦rt❛♥t❡ ♣♦♥t♦ ❞❡ ❞❡st❛q✉❡ ♥❛s ♣r❡❞✐çõ❡s ❞❛ r❡❞❡ ❡ ♥❛ ❛❜♦r❞❛❣❡♠ ❛q✉✐

❛♣r❡s❡♥t❛❞❛ é ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✐♥❝♦r♣♦r❛r ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞♦s ❡st❛❞♦s

❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ ♣r❡❞✐çã♦✳ ❈♦♥s✐❞❡r❡✲s❡ ♦ ❡sq✉❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✺✸✿

❞❛❞♦ ✉♠ ✈❛❧♦r ❞❡ ♣❛râ♠❡tr♦ p✱ ❛ r❡❞❡ ♥❡✉r❛❧ r❡❝❡❜❡ ✉♠ t❡♥s♦r ❝♦♠♣♦st♦ ♣❡❧♦s

r❡❣✐str♦s ❞❡ ✉♠ ✈❡t♦r ❞❡ t❡♠♣♦ tn ❞❡ ✸ ✈❛r✐á✈❡✐s x, y, z ❡ ♦s r❡s♣❡❝t✐✈♦s ❛tr❛s♦s

t❡♠♣♦r❛✐s ✭❞❡s❢❛s❛❞♦s✮ ❡♠ τm ✭♥❡st❡ ❝❛s♦ n = w ❡ m = R✮✳ P♦st❡r✐♦r♠❡♥t❡✱ ❛

r❡❞❡ ♥❡✉r❛❧ r❡❛❧✐③❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ♣r❡❞✐çã♦ ❞❡ t̂1 ❛♦ r❡❝❡❜❡r ♦ ♣r✐♠❡✐r♦ s✉❜✲❜❧♦❝♦

✭✈❡r❞❡✮ ❝♦rr❡s♣♦♥❞❡♥t❡ às ♦❜s❡r✈❛çõ❡s ♥♦ t❡♠♣♦ t0✳ ❉❛❞♦ q✉❡ ❥á ❡①✐st❡ ✉♠ s✉❜✲❜❧♦❝♦

❛ss♦❝✐❛❞♦ ❛ t1✱ ❡st❡ ♣r❡❝✐s❛ s❡r ❛t✉❛❧✐③❛❞♦ ❝♦♠ ❛ ♣r❡❞✐çã♦ t̂1✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦

♣r♦❝❡ss♦ ❞❡ ♣r❡❞✐çã♦✴❛t✉❛❧✐③❛çã♦ ♣❡r❝♦rr❡ ❝❛❞❛ ✉♠ ❞♦s r❡❣✐str♦s ❞♦ ✈❡t♦r ❞❡ t❡♠♣♦

tn✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❡♠ n > m✱ ❛s ♥♦✈❛s ♣r❡❞✐çõ❡s ❞❡✈❡♠ s❡r ❢❡✐t❛s ❛ ♣❛rt✐r

❞❡ ❛tr❛s♦s q✉❡ ❢♦r❛♠ ♦❜t✐❞♦s t❛♠❜é♠ ❝♦♠♦ ♣r❡✈✐sõ❡s✳

❋✐❣✉r❛ ✺✳✺✸✿ Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞❡ r❡❣✐str♦s ❞✉r❛♥t❡ ❛ ♣r❡✈✐sã♦ ❞❡ ❡st❛❞♦s
♣❡❧❛ r❡❞❡ ♥❡✉r❛❧

✺✳✹✳✶✳✷ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❘♦ss❧❡r

❆ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♣❛r❛ ♦ ❜❡♥❝❤♠❛r❦ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦

❞❡ ❘♦ss❧❡r ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ♠❡t♦❞♦❧♦❣✐❛s ❞✐s❝✉t✐❞❛s ♥❛ ❙❡çã♦ ✺✳✹✳✶✳✶✳

✶✺✾



❆ ❣❡r❛çã♦ ❞❡ ❞❛❞♦s ❡ ❝♦♥str✉çã♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♥s✐❞❡r♦✉ ❛s ❤❡✉ríst✐❝❛s ❞❡✜♥✐❞❛s

❛❝✐♠❛✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s✿

■ Rτ = 36✿ ✈❛❧♦r❡s ❤✐stór✐❝♦s ✭❛tr❛s♦s✮ ❝♦♥s✐❞❡r❛❞♦s ♣❛r❛ ❛ ♣r❡✈✐sã♦ ❞❡ ✉♠ ♣❛ss♦❀

■ δt = 0.01✿ ♣❛ss♦ ❞❡ t❡♠♣♦ ❝♦♥st❛♥t❡ ♥❛ ✐♥t❡❣r❛çã♦ ❘✉♥❣❡ ❑✉tt❛❀

■ Ns = 32✿ ♥❡✉rô♥✐♦s ❡♠ ❝❛❞❛ ❝❛♠❛❞❛❀

■ Data−Sampling = 17✿ ❡s❝♦❧❤✐❞♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡✿ datasampling∗R∗dt = Tav

❖♥❞❡ Tav é ❛ ♠é❞✐❛ ❞♦ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❛tr❛t♦r ❝❛ót✐❝♦ ✭♣❛r❛ ♦ ❝❛s♦ ❞♦ ❛tr❛t♦r

❞❡ ❘♦ss❧❡r ❝♦rr❡s♣♦♥❞❡ ❛ 6.2✮✳ ❆ss✐♠✱ ✉♠ ♣❡rí♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ s❡r✐❛ ❝♦❜❡rt♦ ♣♦r ✉♠

r❡❣✐str♦ ❡ s❡✉s ❝♦rr❡s♣♦♥❞❡♥t❡s ✸✻ t❡♠♣♦s ❞❡ ❛tr❛s♦✳

◆❛ ❋✐❣✉r❛ ✺✳✺✹ ❛♣r❡s❡♥t❛♠✲s❡ ❛s sér✐❡s t❡♠♣♦r❛✐s ♦❜t✐❞❛s ♣❛r❛ ♦ tr❡✐♥❛♠❡♥t♦

❞❛ r❡❞❡ ♥❡✉r❛❧✱ ♦♥❞❡ ❛s ♣❡rt✉r❜❛çõ❡s ♥♦ ♣❛râ♠❡tr♦ p(t) s❡❣✉❡♠ ♦ ♣r♦❝❡ss♦ ❡st♦❝ás✲

t✐❝♦ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦✳ ❖❜s❡r✈❛✲s❡ t❛♠❜é♠ ❛ ♣r♦♣♦rçã♦ ♣❛r❛ ❞❡ s❡♣❛r❛çã♦ ❞♦s

❝♦♥❥✉♥t♦s ❞❡ tr❡✐♥♦ ❡ ✈❛❧✐❞❛çã♦✳

❖ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❢♦✐ r❡❛❧✐③❛❞♦ ♥♦ ❆P■ ❑❡r❛s ❬✺✼❪ ❞❡ ❚❡♥s♦r❋❧♦✇

❬✷❪ ✈✐❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ❧✐♥❣✉❛❣❡♠ P②t❤♦♥ ✸✳✽✳

❋✐❣✉r❛ ✺✳✺✹✿ P❡rt✉r❜❛çõ❡s p(t) ✈✐❛ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦ ❡ r❡s✲
♣♦st❛s ❞✐♥â♠✐❝❛s
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❋✐❣✉r❛ ✺✳✺✺✿ ❆rq✉✐t❡t✉r❛ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛❞❛ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡
❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r

❆ r❡❞❡ ♥❡✉r❛❧ é ❝♦♥st✐t✉í❞❛ ♣♦r ✉♠❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ▲❙❚▼ q✉❡ é ❛❧✐♠❡♥t❛❞❛

♣♦r ❡♥tr❛❞❛s ♥❛ ❢♦r♠❛ t❡♥s♦r✐❛❧ ❝♦♠ t❛♠❛♥❤♦ ❞❡ sér✐❡ t❡♠♣♦r❛❧ Nx = 36000✱ Nos =

32 ❡ R = 36✳ ❆ s❛í❞❛ ❞❡ r❡❞❡ ♥❡✉r❛❧ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❝❛♠❛❞❛ ❞❡♥s❛✱ ❣❡r❛♥❞♦ ❛s

♣r❡✈✐sõ❡s ❞❛s três ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❯♠ ❡sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦

❞❛ ❛rq✉✐t❡t✉r❛ ❞❛ r❡❞❡ ♥❡✉r❛❧ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✺✺✳

◆❛ ❋✐❣✉r❛ ✺✳✺✻ ❛♣r❡s❡♥t❛♠✲s❡ ❛s ♠étr✐❝❛s ❡st❛tíst✐❝❛s ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦

❞❛ r❡❞❡ ♥❡✉r❛❧✱ ❡♠ q✉❡ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦s ❡rr♦s sã♦ r❡❞✉③✐❞♦s ❝♦♠♦ ❢✉♥çã♦

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

❞❡ s♦❜r❡✲❛❥✉st❡ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦✳

❋✐❣✉r❛ ✺✳✺✻✿ ▼étr✐❝❛s ❡st❛tíst✐❝❛s ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧
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✭❛✮ ✭❜✮

❋✐❣✉r❛ ✺✳✺✼✿ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r ♣❡❧❛ ♠❡✲
t♦❞♦❧♦❣✐❛ ❞❡ ú♥✐❝❛ sér✐❡✿ ✭❛✮ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ r❡❢❡rê♥❝✐❛ ✈✐❛ ❡q✉❛çõ❡s✳✭❜✮
❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ r❡❝♦♥str✉í❞♦✳

❋✐❣✉r❛ ✺✳✺✽✿ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ s✐st❡♠❛ ❘♦ss❧❡r ♣❡❧❛ ♠❡✲
t♦❞♦❧♦❣✐❛ ❞❡ ♠ú❧t✐♣❧❛s sér✐❡s✳

◆❛ ❋✐❣✉r❛ ✺✳✺✼ é ❛♣r❡s❡♥t❛❞♦ ♦ r❡s✉❧t❛❞♦ ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

❜✐❢✉r❝❛çã♦ ✉s❛♥❞♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♠ sér✐❡ t❡♠♣♦r❛❧ ú♥✐❝❛✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡

❛ r❡❝♦♥str✉çã♦ ❢♦✐ s❛t✐s❢❛tór✐❛ ♣❛r❛ ❛❧t♦s ✈❛❧♦r❡s ❞♦ ♣❛râ♠❡tr♦ b ❡ t❡♥❞❡ ❛ ❞✐✈❡r❣✐r

❡♠ ✈❛❧♦r❡s ❜❛✐①♦s ❞❡ b ♦♥❞❡ s❡ ❡♥❝♦♥tr❛♠ ❛s ♦s❝✐❧❛çõ❡s ❝❛ót✐❝❛s ❞❡ ❛❧t❛ ❛♠♣❧✐t✉❞❡

❞♦ s✐st❡♠❛✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❋✐❣✉r❛ ✺✳✺✽ ♠♦str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦

✉s❛♥❞♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♠ ♠ú❧t✐♣❧❛s sér✐❡s✱ q✉❛♥❞♦ ❝♦♥s✐❞❡r❛❞♦ ✉♠ t❛♠❛♥❤♦ ❞❡

❥❛♥❡❧❛ w = 100 ✭s✉✜❝✐❡♥t❡ ♣❛r❛ ❝♦❜r✐r ✉♠❛ ♦s❝✐❧❛çã♦ ❞❡ ❛❧t♦ ♣❡rí♦❞♦✮✳ ◆♦t❛✲s❡ q✉❡

❛ ❡str✉t✉r❛ ❞♦s ❧ó❜✉❧♦s ❞♦ ❞✐❛❣r❛♠❛ sã♦ ♠❛✐s r✉✐❞♦s♦s✱ ♦ q✉❡ ✐♥❞✐❝❛ ❞❡✜❝✐ê♥❝✐❛s ♥❛

✐❞❡♥t✐✜❝❛çã♦ ❞♦s ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❞❡ ♦s❝✐❧❛çã♦✳ ❊ss❛ ❝❛r❛❝t❡ríst✐❝❛ é ✐♥❡r❡♥t❡
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à ♠❡t♦❞♦❧♦❣✐❛✱ ✉♠❛ ✈❡③ q✉❡ ♣♦r ❝❛❞❛ ✈❛❧♦r ❞❡ ♣❛râ♠❡tr♦ b sã♦ r❡❧❛❝✐♦♥❛❞♦s w

✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞❡ ❡st❛❞♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ sér✐❡s ♠ú❧t✐♣❧❛s ❣❡r❛

NIteraes/w✲✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞♦ ♣❛râ♠❡tr♦ b✱ ❡♥q✉❛♥t♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ sér✐❡

ú♥✐❝❛ ❣❡r❛ Niteraes✲✈❛❧♦r❡s ❞♦ ♣❛râ♠❡tr♦✱ r❡♣r❡s❡♥t❛♥❞♦ ♠❛✐s ✐♥t❡♥s✐✈❛♠❡♥t❡ ❛

❞✐♥â♠✐❝❛ ♥❛ r❡❣✐ã♦ ♣❛r❛♠étr✐❝❛✳

❆ ❞❡s♣❡✐t♦ ❞❛s ❞❡✜❝✐ê♥❝✐❛s ❝♦♠❡♥t❛❞❛s ❛❝✐♠❛✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ sér✐❡s ♠ú❧t✐✲

♣❧❛s ♣❡r♠✐t❡ ❛ ❣❡r❛çã♦ ❞♦s ❞❛❞♦s ♣❛r❛ ♦ tr❡✐♥♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡

✉s❛r ❛ ❛❜♦r❞❛❣❡♠ ❡st♦❝ást✐❝❛ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦✱ s❡♥❞♦ ❛♣❧✐❝á✈❡❧ ❛ q✉❛❧q✉❡r s✐s✲

t❡♠❛ ❞✐♥â♠✐❝♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛s r❡❧❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r✲

❝❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ❞❛s ❛♣❧✐❝❛çõ❡s ❡st✉❞❛❞❛s

♥❡st❡ tr❛❜❛❧❤♦ ♦ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ é ❛ ♣r❡✈✐sã♦ ❞❛ ♣r✐♠❡✐r❛ ❜✐❢✉r❝❛çã♦✱ s❡♥❞♦ ♠❡♥♦s

r❡❧❡✈❛♥t❡ ❛ ♣r❡✈✐sã♦ ❞❡ ❡str✉t✉r❛s ❞✐♥â♠✐❝❛s ♣♦st❡r✐♦r❡s✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ♠❡t♦❞♦❧♦✲

❣✐❛ ❞❡ sér✐❡s ♠ú❧t✐♣❧❛s ❝♦♥st✐t✉✐ ✉♠❛ ❢❡rr❛♠❡♥t❛ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞❡

❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ♥♦ ❝♦♥t❡①t♦ ❞❡ ❡st✉❞♦✳

❊♠ t❡r♠♦ ❝♦♠♣❛r❛t✐✈♦s ❝♦♠ ♦✉tr❛s ❛❜♦r❞❛❣❡♥s ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s

❞❡ ❜✐❢✉r❝❛çã♦ ✈✐❛ r❡❞❡s ♥❡✉r♦♥❛✐s ♣♦❞❡✲s❡ r❡ss❛❧t❛r✿

❼ ❆ ♣r❡s❡♥t❡ ♠❡t♦❞♦❧♦❣✐❛ ♥ã♦ r❡q✉✐r✐✉ ♦ ✉s♦ ❞❡ ❛❜♦r❞❛❣❡♥s ❝♦♠ ♠ú❧t✐♣❧❛s ❝❛♠❛✲

❞❛s ♦❝✉❧t❛s ✭❞❡❡♣ ❧❡❛r♥✐♥❣✮ ♥❡♠ ❝♦♥✜❣✉r❛çõ❡s ❞❡ r❡❞❡ ♠❛✐s ❝♦♠♣❧❡①❛s ❝♦♠♦

❛✉t♦✲❡♥❝♦❞❡rs t❛❧ ❝♦♠♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✼✼❪✳

❼ ❆ ♣r❡s❡♥t❡ ♠❡t♦❞♦❧♦❣✐❛ ❢♦✐ ❝❛♣❛③ ❞❡ r❡❝♦♥str✉✐r ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❞❡ ❞✐♥â♠✐❝❛s ❝♦♥tí♥✉❛s ❝♦♠♣❧❡①❛s✳ ❊♥q✉❛♥t♦✱ ♥❛ r❡❢❡rê♥❝✐❛ ✱ ❡♠❜♦r❛ t❡♥❤❛

s✐❞♦ ✉s❛❞❛ ✉♠❛ ❛rq✉✐t❡t✉r❛ s❡♠❡❧❤❛♥t❡ só ❢♦r❛♠ r❡❝♦♥str✉í❞♦s ❞✐❛❣r❛♠❛s ❞❡

❜✐❢✉r❝❛çã♦ ❞❡ ♠❛♣❛s ❞✐s❝r❡t♦s ❬✶✻✷❪✳

❼ ❆ ♣r❡s❡♥t❡ ❛❜♦r❞❛❣❡♠ ❝♦♥s✐❞❡r❛ ♦ ♣r♦❜❧❡♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦ ❝♦♠♦ ♥ã♦ s✉♣❡r✈✐s✐♦♥❛❞♦✱ ❡♥q✉❛♥t♦ ♥❛ r❡❢❡rê♥❝✐❛ ♦ ♣r♦❜❧❡♠❛

é ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❝❧❛ss✐✜❝❛çã♦ ✭✉s❛♥❞♦ ✉♠❛ r❡❞❡ ▲❙❚▼

❝♦♠ ❛✉t♦✲❡♥❝♦❞❡rs✮ ❬✶✶✻❪ ❣❡r❛♥❞♦ ❡t❛♣❛s ❛❞✐❝✐♦♥❛✐s ♥❛ ❡♥❣❡♥❤❛r✐❛ ❞❡ ❢❡❛t✉r❡s

❡ r♦t✉❧❛çã♦ ❞❡ r❡❣✐str♦s✳

❼ ❆ ♣r❡s❡♥t❡ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♥s✐❞❡r♦✉ ✉♠ tr❡✐♥❛♠❡♥t♦ ❝♦♠ só ❞✉❛s ✈❛r✐á✈❡✐s ✭x(t)

❡ p(t)✮ ❡♥q✉❛♥t♦ ❛ té❝♥✐❝❛ s✉❣❡r✐❞♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✸✸❪ ❡♠♣r❡❣♦ ♠étr✐❝❛s ❛❞✐❝✐✲

♦♥❛✐s ❝♦♠♦ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ♥✉♠❛ r❡❞❡ ♥❡✉r❛❧ ❊▲▼ ✭❊①tr❡♠❡ ❧❡❛r♥✐♥❣

♠❛❝❤✐♥❡✮✳

❯♠ q✉❡st✐♦♥❛♠❡♥t♦ ♥❛t✉r❛❧ s✉r❣❡ ❛♦ r❡❧❛❝✐♦♥❛r ♦✉ ♥ã♦ ❛ ❣❡r❛çã♦ ❞♦s ✈❛❧♦r❡s

❞♦ ♣❛râ♠❡tr♦ b ✈✐❛ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ ♥❛ r❡❝♦♥str✉çã♦ s❛t✐s❢❛tór✐❛ ❞♦ ❞✐❛❣r❛♠❛ ❞❡

❜✐❢✉r❝❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❛❧t❡r♥❛t✐✈♦ ❛♦ ♣r♦♣♦st♦ ♥❛ ✜❣✉r❛ ✺✳✺✷

✶✻✸



♦♥❞❡ ❢♦✐ ♠✐♠❡t✐③❛❞❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❖r♥st❡✐♥✲❯❤❧❡♥❜❡❝❦

❡ ❛❥✉st❛❞❛ ❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❧♦❣✲♥♦r♠❛❧✳ ◆❛ ✜❣✉r❛ ✺✳✺✾ ❛♣r❡s❡♥tá✲s❡ ❛s

r❡❛❧✐③❛çõ❡s ❞♦ ♣❛râ♠❡tr♦ b ♣❡❧❛s ❞✉❛s ❛❜♦r❞❛❣❡♥s ❡ ♦ ❤✐st♦❣r❛♠❛ ❞❡ ❛♠❜❛s ❢✉♥çõ❡s

❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✳

❋✐❣✉r❛ ✺✳✺✾✿ ❘❡❛❧✐③❛çõ❡s ❞♦s ✐t❡r❛❞♦s ❞❡ b ♣❡❧❛ ❛❜♦r❞❛❣❡♠ ❡st♦❝ást✐❝❛ ❡ ♣❡❧❛ ❛❜♦r✲
❞❛❣❡♠ ❞❡ ❝ó♣✐❛ ❞❡ ❞✐str✐❜✉✐çã♦✳ ❍✐str♦❣r❛♠❛ ❞❡ ❢✉♥çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✳

❋✐❣✉r❛ ✺✳✻✵✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❡
♦s ❞✐❛❣r❛♠❛s r❡❝♦♥str✉í❞♦s ♣❡❧❛s ❛❜♦r❞❛❣❡♥s ❡st♦❝ást✐❝❛ ❡ ❞❡ ❝ó♣✐❛ ❞❡ ❢✉♥çã♦ ❞❡
♣r♦❜❛❜✐❧✐❞❛❞❡✳

◆❛ ✜❣✉r❛ ✺✳✻✵ ♦❜s❡r✈á✲s❡ q✉❡ ❡♥q✉❛♥t♦ ♦ ❞✐❛❣r❛♠❛ r❡❝♦♥str✉í❞♦ ♣❡❧❛ ❛❜♦r✲

❞❛❣❡♠ ❡st♦❝ást✐❝❛ ❛♣r❡s❡♥t❛ ✉♠ ❛❥✉st❡ s❛t✐s❢❛tór✐♦✱ ♦ ❞✐❛❣r❛♠❛ r❡❝♦♥str✉í❞♦ ♣❡❧❛

❛❜♦r❞❛❣❡♠ ❞❡ ❝ó♣✐❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❛♣r❡s❡♥t❛ ✉♠ ♣❛❞rã♦ ❞❡s❢❛s❛❞♦ ❞♦ r❡❢❡r❡♥❝✐❛❧✳

◆♦tá✲s❡ q✉❡ ❡♠❜♦r❛ ❛s ❞✉❛s ❛❜♦r❞❛❣❡♥s ❛❞♠✐t✐❛♠ ❛ ♠❡s♠❛ ❛rq✉✐t❡t✉r❛ ❞❡ r❡❞❡

♥❡✉r❛❧ ❡ ❣❛r❛♥t✐❛♠ ❛ ♠❡s♠♦s ✈❛❧♦r❡s ❞❡ r❡❛❧✐③❛çõ❡s ❞❡ b ♣❡❧❛ s❡♠❡❧❤❛♥ç❛ ❞❛s ❞✐s✲
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tr✐❜✉✐çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✱ ❛ r❡❝♦♥str✉çã♦ só ❢♦✐ s❛t✐s❢❛tór✐❛ ♥♦ ❝❛s♦ ❞❛ ❛❜♦r❞❛❣❡♠

❡st♦❝ást✐❝❛✱ t❛❧ ❝♦♠♣♦rt❛♠❡♥t♦ ❡①♣❧✐❝á✲s❡ ♥❛ ❞✐♥â♠✐❝❛ ✐♥trí♥s❡❝❛ ♥❛s r❡❛❧✐③❛çõ❡s

❞♦ ♣❛râ♠❡tr♦ b✳ ❆ ✜❣✉r❛ ✺✳✺✾ ♠♦str❛ q✉❡ ❛s r❡❛❧✐③❛çõ❡s ❞❡ b ♥❛ ❛❜♦r❞❛❣❡♠ ❡st♦✲

❝ást✐❝❛ s❡❣✉❡ ✉♠ ♣❛❞rã♦ ♦s❝✐❧❛tór✐♦ ❡ s✉❛✈❡ ✭s❡♠❡❧❤❛♥t❡ às ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞♦

s✐st❡♠❛ ❞✐♥â♠✐❝♦✮ ❡♥q✉❛♥t♦ ❛s r❡❛❧✐③❛çõ❡s ❞❛ s❡❣✉♥❞❛ ❛❜♦r❞❛❣❡♠ sã♦ ❞❡ ❝❛rá❝t❡r

♠❛✐s ❛❝✐❞❡♥t❛❞♦✱ ♠♦str❛♥❞♦ q✉❡ ♥ã♦ ❜❛st❛ ❝♦♠ ❣❛r❛♥t✐r ❛ ♠❡s♠❛ ❞✐str✐❜✉✐çã♦ ❞❡

♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ s❡♥ã♦ t❛♠❜é♠ ❛ ♦r❞❡♠ ♦✉ s❡q✉ê♥❝✐❛ ❡♠

q✉❡ ❛s r❡❛❧✐③❛çõ❡s ❛❝♦♥t❡❝❡♠✳

✺✳✹✳✶✳✸ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼

❉❛❞♦ q✉❡ ❛ ❛❜❡rt✉r❛ ❞❡ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡ ♥♦ ♠♦❞❡❧♦ ❋❖❲▼ ❝♦♥s✐st❡ ❡♠ ✉♠ ♣❛✲

râ♠❡tr♦ ♥ã♦ ❧✐✈r❡ ✭❛♣r❡s❡♥t❛ ❝♦♠❜✐♥❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s ❝♦♠ ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦✮✱

✐♠♣♦ss✐❜✐❧✐t❛✲s❡ ♦ ✉s♦ ❞♦ ♣r♦❝❡ss♦ ❡st♦❝ást✐❝♦ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❛ ❢✉♥çã♦ ❞❡ ♣r♦❜❛✲

❜✐❧✐❞❛❞❡ ❡st❛tíst✐❝❛ ❞♦ ❞✐t♦ ♣❛râ♠❡tr♦✳ ◆❡st❡ ❝❡♥ár✐♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ♦ ❡♠♣r❡❣♦ ❞❛

♠❡t♦❞♦❧♦❣✐❛ ♠✉❧t✐✲sér✐❡ ♣r❡✈✐❛♠❡♥t❡ ❞❡s❝r✐t❛ ♥❛ ❋✐❣✉r❛ ✺✳✺✷✱ ❡♠ q✉❡ ❛s r❡❛❧✐③❛çõ❡s

❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ sã♦ r❡❛❧✐③❛❞❛s ❞❡ ❢♦r♠❛ s❡q✉❡♥❝✐❛❧ ❡ ♦r❞❡♥❛❞❛✳ ❖ ❝♦♥✲

❥✉♥t♦ ❞❡ ❞❛❞♦s ❣❡r❛❞♦s ♣❡❧♦ ♠♦❞❡❧♦ ❡ ✉s❛❞♦s ♥♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ sã♦

❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✺✳✻✶✳

❋✐❣✉r❛ ✺✳✻✶✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ❡♠♣r❡❣❛❞❛s ♥❛ ♣r❡❞✐çã♦ ❞♦ ❞✐❛✲
❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❆ ❛rq✉✐t❡t✉r❛ ❞❡ r❡❞❡ ♥❡✉r❛❧ ❡♠♣r❡❣❛❞❛ ❝♦♥s✐st❡ ♥✉♠❛ ❛♥á❧♦❣❛ à ❛♣r❡s❡♥t❛❞❛

♥❛ ❋✐❣✉r❛ ✺✳✺✺✱ ❝♦♠ ✺✵ ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ♦❝✉❧t❛✳ ❖s ❝r✐tér✐♦s ♣❛r❛ ❛ ❞❡✜♥✐çã♦ ❞❡

❤✐♣❡r✲♣❛râ♠❡tr♦s s❡❣✉✐r❛♠ ❛s ❤❡✉ríst✐❝❛s ❞❡✜♥✐❞❛s ♥❛ s✉❜s❡çã♦ ❛❝✐♠❛✳ ❆ r❡❞❡ ♥❡✉r❛❧

❢♦✐ tr❡✐♥❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ três ❞✐❢❡r❡♥t❡s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ✭❊rr♦ q✉❛❞rát✐❝♦

♠é❞✐♦ ✭❊◗▼✮✱ ❊rr♦ ♠é❞✐♦ ❛❜s♦❧✉t♦ ✭❊▼❆✮ ❡ ♦ ❢❛t♦r ❞❡ ❛❥✉st❡ r2✮✱ ❛s q✉❛✐s sã♦ ❛♣r❡✲

s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✺✳✻✷✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛ ❜♦❛ ❝❛♣❛❝✐❞❛❞❡
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❞❡ ❛❥✉st❡ ❝♦♥❢♦r♠❡ sã♦ ❛❞✐❝✐♦♥❛❞❛s ♠❛✐s ❛♠♦str❛s ❞❡ tr❡✐♥♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❋✐❣✉r❛

✺✳✻✸ ♠♦str❛ q✉❡ ❛s ❝✉r✈❛s ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥♦ ❡ ✈❛❧✐❞❛çã♦ ❞✐✲

♠✐♥✉❡♠ ❛té ✉♠ ♣♦♥t♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ♠❛♥t❡♥❞♦ ✉♠❛ ❢❛✐①❛ ❞❡ ❣❡♥❡r❛❧✐③❛çã♦ ❜❛✐①❛✳

❊ss❡s r❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡ ♦ ♠♦❞❡❧♦ ♣❡r♠✐t✐✉ ♦❜t❡r ✉♠ ❛❥✉st❡ ❛❞❡q✉❛❞♦ ✉♠❛

✈❡③ q✉❡ ♥ã♦ ❢♦r❛♠ ♦❜s❡r✈❛❞♦s ♣❛❞rõ❡s ❞❡ s♦❜r❡❛❥✉st❡ ♦✉ ❜❛✐①❛ r❡♣r❡s❡♥t❛t✐✈✐❞❛❞❡✳

❋✐❣✉r❛ ✺✳✻✷✿ ▼étr✐❝❛s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧

❋✐❣✉r❛ ✺✳✻✸✿ ❈✉r✈❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧✳ ◆♦ ❝❛s♦
♦ ✈❛❧♦r ❞❡ ♣❡r❞❛ loss ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣ró♣r✐♦ ❊◗▼✳

❖ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ♣❡❧❛ r❡❞❡ ♥❡✉✲

r❛❧ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✻✹✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ é s❛t✐s❢❛tór✐❛ ♣❛r❛

❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❝♦♠ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❝❤♦❦❡ ❛♣ós ♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦✳

◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ ❝♦♥❞✐çõ❡s ❞❡ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❝❤♦❦❡ ♠❡♥♦r❡s q✉❡ ❛ ❞♦ ♣♦♥t♦

❞❡ ❜✐❢✉r❝❛çã♦✱ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ♥ã♦ é r❡♣r❡s❡♥t❛t✐✈❛✳ ❊ss❛ ♦❜s❡r✈❛çã♦ é

❥✉st✐✜❝❛❞❛ ♣❡❧♦ ❢❛t♦ ❞❡ q✉❡ ❛ r❡❞❡ ♥❡✉r❛❧ ❢♦✐ tr❡✐♥❛❞❛ ❝♦♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s

♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♦s❝✐❧❛tór✐♦s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ s✉❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞✐s❝r✐♠✐♥❛çã♦ ♥♦s

❝❡♥ár✐♦s ❡♠ q✉❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ é ❡st❛❝✐♦♥ár✐❛✳

✶✻✻



❋✐❣✉r❛ ✺✳✻✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ r❡❝♦♥str✉í❞♦ ♣❡❧❛ r❡❞❡
♥❡✉r❛❧ ▲❙❚▼

✺✳✹✳✶✳✹ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ❛✉✲

①✐❧✐❛❞♦ ♣♦r ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s

❋✐❣✉r❛ ✺✳✻✺✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ ❡♠♣r❡❣❛❞❛s ♥❛ ♣r❡❞✐çã♦ ❞♦ ❞✐❛✲
❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✳ ❖ ❝♦♥❥✉♥t♦ ✐♥❝❧✉✐ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✿ τ ❛✉t♦❝♦rr❡❧❛çã♦
♥✉❧❛✱ τ ❞❡ ♠í♥✐♠♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛✱ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥✱ ❡♥tr♦♣✐❛ ❛♠♦str❛❧✱
♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦✳

❆♦ ❧♦♥❣♦ ❞❛s ❙❡çõ❡s ✺✳✷ ❡ ✺✳✸ ❢♦✐ ♦❜s❡r✈❛❞❛ ❡ ❞✐s❝✉t✐❞❛ ❛ r❡❧❡✈â♥❝✐❛ ❞❛s ♠étr✐❝❛s

✶✻✼



❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢✱ ✉♠❛ ✈❡③ q✉❡ ❡ss❛s

♠étr✐❝❛s ❛♣r❡s❡♥t❛♠ ♣❛❞rõ❡s ♠✉✐t♦ ❞✐❢❡r❡♥t❡s ❡♠ ❢✉♥çã♦ ❞❛ ♣r❡s❡♥ç❛ ❞❛ ❜✐❢✉r❝❛çã♦✳

❆ ❛❜♦r❞❛❣❡♠ ❡♠♣r❡❣❛❞❛ ♥❡st❡ ❝❛s♦ ❝♦♥s✐st✐✉ ♥❛ ✐♥❝❧✉sã♦ ❞❛s r❡❢❡r✐❞❛s ♠étr✐❝❛s

♥♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧✳ ❈♦♠♦ ❢♦✐ ♥♦t❛❞♦ ♥❛ ❙❡çã♦ ✺✳✹✳✶✳✶ ♦

♣r♦❝❡ss♦ ❞❡ ❛t✉❛❧✐③❛çã♦ ❞❛ r❡❞❡ ❡①✐❣❡ q✉❡ ❛ ❛rq✉✐t❡t✉r❛ t❡♥❤❛ ♦ ♠❡s♠♦ ♥ú♠❡r♦ ❞❡

✈❛r✐á✈❡✐s ♥❛ ❡♥tr❛❞❛ ❡ ♥❛ s❛í❞❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s ♣r❡✈✐sõ❡s sã♦ ❡①❡❝✉t❛❞❛s t❛♥t♦ ♣❛r❛

❛ ✈❛r✐á✈❡❧ ❞❡ ♣r♦❝❡ss♦ ✭♣r❡ssã♦ ♥❛ P❉●✮ q✉❛♥t♦ ♣❛r❛ ❛s ♠étr✐❝❛s ❞❡r✐✈❛❞❛s ❞❡❧❛✳

◆❛ ❋✐❣✉r❛ ✺✳✻✺ ❛♣r❡s❡♥t❛✲s❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❝♦♠♣❧❡t♦✳ ❆s ♠étr✐❝❛s

❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ❝♦♥❢♦r♠❡ ❛ ❙❡çã♦ ✺✳✸ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛

❛❜♦r❞❛❣❡♠ ❞❡ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡ ❞❡ t❛♠❛♥❤♦ w = 100 ✭♣❛râ♠❡tr♦ ❞❡✜♥✐❞♦ ❜❛s❡❛❞♦

♥❛s ♦❜s❡r✈❛çõ❡s ❞❛ ❙❡çã♦ ✺✳✸✳✶✮✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♥♦ ❝❛s♦ ❛♥t❡r✐♦r✱ ❛ r❡❞❡

♥❡✉r❛❧ ❢♦✐ tr❡✐♥❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ú♥✐❝❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ❝♦♠ ✺✵ ♥❡✉rô♥✐♦s✳ ❆s

❝♦rr❡s♣♦♥❞❡♥t❡s ❝✉r✈❛s ❞❛s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❡ ❛ ❝✉r✈❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ sã♦

❛♣r❡s❡♥t❛❞❛s ♥❛s ❋✐❣✉r❛s ✺✳✻✻ ❡ ✺✳✻✼ ♦❜s❡r✈❛♥❞♦✲s❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❥✉st❡ ❡ ❣r❛✉

❞❡ ❣❡♥❡r❛❧✐③❛çã♦ ❞♦ ♠♦❞❡❧♦✳

❋✐❣✉r❛ ✺✳✻✻✿ ▼étr✐❝❛s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛♥❞♦
♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s

✶✻✽



❋✐❣✉r❛ ✺✳✻✼✿ ❈✉r✈❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉s❛♥❞♦
♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s

❋✐❣✉r❛ ✺✳✻✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ r❡❝♦♥str✉í❞♦ ♣❡❧❛ r❡❞❡
♥❡✉r❛❧ ▲❙❚▼ ✉s❛♥❞♦ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s

◆❛ ❋✐❣✉r❛ ✺✳✻✽ ❛♣r❡s❡♥t❛✲s❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞♦

♠♦❞❡❧♦ ♦❜t✐❞♦ ♣❡❧❛ r❡❞❡ ♥❡✉r❛❧✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❢♦✐ s❛t✐s❢❛tór✐❛ ♣❛r❛ ♦

✐♥t❡r✈❛❧♦ ❝♦♠♣❧❡t♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡✱ ❡♠❜♦r❛

♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❡st✐✈❡ss❡ ❞❡s❜❛❧❛♥❝❡❛❞♦✱ ❡st❛ ❛❜♦r❞❛❣❡♠ ❝♦♥s❡❣✉✐✉ ❛

r❡❝♦♥str✉çã♦ ♣❧❡♥❛ ❞♦ ❞✐❛❣r❛♠❛✱ ✉♠❛ ✈❡③ q✉❡ ❢♦r❛♠ ✐♥❝❧✉s❛s ♠étr✐❝❛s q✉❡ ♦❢❡r❡❝❡♠

♠❛✐s ✐♥❢♦r♠❛çã♦ s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ❞❡ tr❛♥s✐çã♦ ❡♠ t♦r♥♦ ❛♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡

❍♦♣❢✳

✶✻✾



❚❛❜❡❧❛ ✺✳✼✿ P❡rí♦❞♦s ❞❡ ❞❛❞♦s ✉s❛❞♦s ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦
✈✐❛ r❡❞❡ ♥❡✉r❛❧ ❛rt✐✜❝✐❛❧✳

P❡r✐♦❞♦ ■ ■■ ■■■ ■❱

❉❛t❛s ❬✷✵✶✽✲✶✶✲✶✾❚✵✻✿✵✵❀
✷✵✶✽✲✶✶✲✷✶❚✵✵✿✵✵❪

❬✷✵✶✼✲✵✷✲✶✷❚✵✻✿✵✵❀
✷✵✶✼✲✵✷✲✶✸❚✵✵✿✵✵❪

❬✷✵✶✼✲✵✾✲✷✽❚✶✵✿✵✵❀
✷✵✶✼✲✵✾✲✷✾❚✵✵✿✵✵❪

❬✷✵✶✽✲✵✷✲✶✽❚✶✷✿✵✵❀
✷✵✶✽✲✵✸✲✵✻❚✵✵✿✵✵❪

✺✳✹✳✶✳✺ ❘❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✉s❛♥❞♦ ♦s ❞❛❞♦s ❞❡

♣♦ç♦ ♦✛s❤♦r❡

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛s♦ ❞❡ ❡st✉❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✺✳✶✳✷ r❡❢❡r❡♥t❡ ❛♦s ❞❛❞♦s ❞❡

♣r♦❞✉çã♦ ❞❛ ♣❧❛t❛❢♦r♠❛ ♦✛s❤♦r❡✳ ❆ t❛❜❡❧❛ ✺✳✼ ❛♣r❡s❡♥t❛ ♦s ♣❡rí♦❞♦s ❝♦♠ ❞✐♥â♠✐❝❛

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

❜✐❢✉r❝❛çã♦ ❞♦ ♣♦ç♦✳ ❖✉tr♦s ♣❡rí♦❞♦s ❞❡ ✐♥t❡r❡ss❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❛♥✐♠❛çã♦ ❞♦

♠❛t❡r✐❛❧ s✉♣❧❡♠❡♥t❛r✻✳

❆ ❋✐❣✉r❛ ✺✳✻✾ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣❡rí♦❞♦ ■ ♦♥❞❡ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ s✉r❣✐♠❡♥t♦

❞❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❛✉t♦✲s✉st❡♥t❛❞♦ ♣r♦❞✉t♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡

❍♦♣❢✳ ❖s r❡s♣❡❝t✐✈♦s ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛s ♦❜s❡r✈❛çõ❡s

❞✐r❡t❛s ❞❛s sér✐❡s t❡♠♣♦r❛✐s ♠♦str❛♠ q✉❡ ♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❝♦❡①✐st❡ ✭❡♠ t❡r♠♦s

❞❡ ❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡✮ ♣❛r❛ ❛s ❞✉❛s ♣r❡ssõ❡s ♠❡❞✐❞❛s ♥♦ s✐st❡♠❛✳

❆ r❡❞❡ ♥❡✉r❛❧ ❡♠♣r❡❣❛❞❛ s❡❣✉❡ ❛ ❛rq✉✐t❡t✉r❛ ♣r♦♣♦st❛ ♥❛ ✺✳✺✺ ❡ ❙❡çã♦ ✺✳✹✳✶✳✸

❝♦♠ Ns = 100✱ Rτ = 26 ♠❛♥t❡♥❞♦ ❛ ❛♠♦str❛❣❡♠ ❞❡ ❞❛❞♦s ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ✶

♠✐♥✉t♦✳ ❖ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♥s✐❞❡r♦✉ ❛s ♠❡s♠❛s ♠étr✐❝❛s ❞❡ ❛❥✉st❡

❛♣r❡s❡♥t❛❞❛s ♥❛ ❙❡çã♦ ✺✳✹✳✶✳✸✳

❋✐❣✉r❛ ✺✳✻✾✿ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲
♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳

✻❆ ✈❡rsã♦ ❞✐❣✐t❛❧ ❛♣r❡s❡♥t❛✲s❡ ❡♠ ❨♦✉❚✉❜❡ u

✶✼✵

https://youtu.be/ceNCys-2VyE


◆❛ ❋✐❣✉r❛ ✺✳✼✵ ❛♣r❡s❡♥t❛✲s❡ ♦s r❡s✉❧t❛❞♦s ❞❡ ❛❥✉st❡ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♥♦s ♣❡✲

rí♦❞♦s ❞❡ tr❡✐♥♦ ❡ t❡st❡✳ P♦r ♦✉tr❛ ♣❛rt❡ ❛ ❋✐❣✉r❛ ✺✳✼✶ ❛♣r❡s❡♥t❛ ♦ ❞✐❛❣r❛♠❛ ❞❡

❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ♣❡❧❛ r❡❞❡ ♥❡✉r❛❧ ❡ s✉❛ r❡s♣❡❝t✐✈❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ❞❛❞♦s ❞❡ ❞✐s♣❡rsã♦ ❞❛ ♣❧❛♥t❛✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦

❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ s❡❣✉❡ ♦s ♠❡s♠♦s ❧✐♥❡❛♠❡♥t♦s ❞❡s❝r✐t♦s ♥❛ ❙❡çã♦ ✺✳✹✳✶✳✶✳

◆♦t❛✲s❡ q✉❡ ♦ ♠♦❞❡❧♦ ♦❜t✐❞♦✱ ♣r❡✈ê ♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ♥♦ ♠❡s♠♦ ♣♦♥t♦

♦♥❞❡ ❢♦✐ ♦❜s❡r✈❛❞❛ ❛ ❜✐❢✉r❝❛çã♦ ♥♦s ❞❛❞♦s ❞♦ ♣r♦❝❡ss♦ ✭♣♦♥t♦ ❞❡ ♠❛✐♦r ❞✐s♣❡rsã♦

✈❡rt✐❝❛❧♠❡♥t❡✮✳

❋✐❣✉r❛ ✺✳✼✵✿ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■ ✭◆♦r♠❛❧✐③❛çã♦
r♦❜✉st❛ ❬✷✶✻❪✮✳

✶✼✶



❋✐❣✉r❛ ✺✳✼✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳

❆ ❋✐❣✉r❛ ✺✳✼✷ ❡①✐❜❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣♦❧❢❛♥t❡ ♥♦ ♣❡rí♦❞♦ ■■ ❡ ♦s ❞✐❛❣r❛♠❛s

❞❡ ❜✐❢✉r❝❛çõ❡s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛s ♦❜s❡r✈❛çõ❡s ❞❛s sér✐❡s t❡♠♣♦r❛✐s✳ ❆❧é♠ ❞✐ss♦✱ ❛s

❋✐❣✉r❛s ✺✳✼✸ ❡ ✺✳✼✹ ♠♦str❛♠ ♦ ❛❥✉st❡ ♦❜t✐❞♦ ❡ ❛ r❡s♣❡❝t✐✈❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♣❛r❛ ❛s r❡❝♦♥str✉çõ❡s ❝♦♠ ❡st❡ s✉❜❝♦♥❥✉♥t♦

❞❡ ❞❛❞♦s ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❛tr❛s♦ Rτ = 10✳

❋✐❣✉r❛ ✺✳✼✷✿ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲
♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳

✶✼✷



❋✐❣✉r❛ ✺✳✼✸✿ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■■ ✭◆♦r♠❛❧✐③❛çã♦
r♦❜✉st❛ ❬✷✶✻❪✮✳

❋✐❣✉r❛ ✺✳✼✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳

P♦r ✜♠✱ ❛s ❋✐❣✉r❛s ✺✳✼✺✱ ✺✳✼✻ ❡ ✺✳✼✼ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s r❡s✉❧t❛❞♦s ❞❡ ❛❥✉st❡ ❡

r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ♣❡rí♦❞♦ ❞❡ ❞❛❞♦s ■■■ q✉❛♥❞♦ ❝♦♥s✐❞❡r❛❞♦

✉♠ ❛tr❛s♦ Rτ = 26

✶✼✸



❋✐❣✉r❛ ✺✳✼✺✿ ❉❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❞♦ ♣❡rí♦❞♦ ■■ ❡ ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ r❡❛✐s ✭◆♦r✲
♠❛❧✐③❛çã♦ ♠✐♥✲♠❛①✮✳

❋✐❣✉r❛ ✺✳✼✻✿ ❆❥✉st❡ ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦ ✈✐❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦ ■■ ✭◆♦r♠❛❧✐③❛çã♦
r♦❜✉st❛ ❬✷✶✻❪✮✳

✶✼✹



❋✐❣✉r❛ ✺✳✼✼✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■■ ✭◆♦r♠❛❧✐③❛çã♦ r♦❜✉st❛ ❬✷✶✻❪✮✳

➱ ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ♥♦s ♣❡rí♦❞♦s ❞❡s❝r✐t♦s ❛❝✐♠❛ ❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♥s❡❣✉✐✉

❛❥✉st❛r ♥♦s r❡s♣❡❝t✐✈♦s ❝♦♥❥✉♥t♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❡ ✈❛❧✐❞❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ♣♦ssí✈❡❧

r❡❝♦♥str✉✐r✱ ❡♠ t♦❞♦s ♦s ❝❡♥ár✐♦s✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❝✉❥❛ ❝✉r✈❛ ❞❡ ❡q✉✐❧í❜r✐♦

♣❛ss❛ ♣❡❧♦s ❞❛❞♦s ❞❡ ❞✐s♣❡rsã♦ ❞♦ ♣r♦❝❡ss♦✳ ◆♦ ❡♥t❛♥t♦✱ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡

❛ ♠❡t♦❞♦❧♦❣✐❛ é ✐♥❝❛♣❛③ ❞❡ ♦❜t❡r ♦ r❛♠♦ ❞❡ ❝✉r✈❛ ❞❡ ❡q✉✐❧í❜r✐♦ ✐♥stá✈❡❧ ✉♠❛ ✈❡③

q✉❡ ❛s r❡❞❡s ♥❡✉r❛✐s ❢♦r❛♠ tr❡✐♥❛❞❛s ❝♦♠ ❞❛❞♦s ❞❡ ♦r✐❣❡♠ ♦❜s❡r✈á✈❡❧✱ ✐✳❡✳ ❞❛❞♦s

❞✐♥â♠✐❝♦s ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ ❛ss✐♥t♦t✐❝❛♠❡♥t❡ ❡stá✈❡❧ ❡ ❝♦♥✈❡r❣❡♥t❡✳

❖ ❡❢❡✐t♦ ❞♦ ♣❛râ♠❡tr♦ Rτ ✭♣❛ss♦s ❞❡ ❛tr❛s♦ ♥❛ r❡❞❡ ♥❡✉r❛❧✮ ♥❛ r❡❝♦♥str✉çã♦ ❞♦

❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛s ❋✐❣✉r❛s ✺✳✼✽✱ ✺✳✼✾ ❡ ✺✳✽✵✳ ❖❜s❡r✈á✲s❡

q✉❡ ♣❛r❛ ✉♠ ♠❡s♠♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ✭♣❡rí♦❞♦ ■❱✮ ♦s r❡s✉❧t❛❞♦s ❞❛ ♣r❡✈✐sã♦

❞❛ sér✐❡ t❡♠♣♦r❛❧ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❞❛ r❡❝♦♥str✉çã♦ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ sã♦

s❡♥sí✈❡✐s ❛ ❡ss❡ ♣❛râ♠❡tr♦✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❛♣r❡s❡♥t❛ ✉♠

♣❡rí♦❞♦ ♠é❞✐♦ ❞❡ ♦s❝✐❧❛çã♦ Tav = 26min✱ ❞❛í q✉❡ ❛ r❡❞❡ ▲❙❚▼ ❝♦♠ Rτ = 29

❝♦♥s❡❣✉✐✉ ❛ ♠❡❧❤♦r r❡❝♦♥str✉çã♦ ✉♠❛ ✈❡③ q✉❡ ♦s ❛tr❛s♦s ♣r❡❡♥❝❤✐❛♠ ❝♦♠♣❧❡t❛♠❡♥t❡

✉♠❛ ♦s❝✐❧❛çã♦ ❞❛ sér✐❡ t❡♠♣♦r❛❧✳

✶✼✺



❋✐❣✉r❛ ✺✳✼✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■❱ ❝♦♠ Rτ = 9✳

✶✼✻



❋✐❣✉r❛ ✺✳✼✾✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■❱ ❝♦♠ Rτ = 12✳

✶✼✼



❋✐❣✉r❛ ✺✳✽✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ r❡❝♦♥str✉í❞♦ ✉s❛♥❞♦ ❛ r❡❞❡ ▲❙❚▼ ♥♦ ♣❡rí♦❞♦
■❱ ❝♦♠ Rτ = 29✳

✺✳✹✳✶✳✻ ❈♦♠❡♥tár✐♦s ❝♦♠♣❧❡♠❡♥t❛r❡s

❈♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s✱ ❢♦✐ ♠♦str❛❞♦ ❞❡ ❢♦r♠❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ♦r✐✲

❣✐♥❛❧ q✉❡ ❛ ❛❞✐çã♦ ❞♦s ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝♦s ♥♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❞❛s r❡❞❡s

♥❡✉r♦♥❛✐s ♣❡r♠✐t❡ ♦ tr❡✐♥❛♠❡♥t♦ ♠✉✐t♦ ♠❛✐s ♣r❡❝✐s♦ ❡ ♠❡❧❤♦r ❛❥✉st❛❞♦ ❞♦s ❝♦♠♣♦r✲

t❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ❞♦ ♠♦❞❡❧♦ ♦r✐❣✐♥❛❧ q✉❡ ❣❡r♦✉ ♦s ❞❛❞♦s✳ ❈♦♠ ❜❛s❡ ♥❛ ❧✐t❡r❛t✉r❛

❝♦♥s✉❧t❛❞❛✱ ♥ã♦ ✐❞❡♥t✐✜❝❛♠♦s ♦✉tr♦s tr❛❜❛❧❤♦s q✉❡ t❡♥❤❛♠ ♠♦str❛❞♦ ❡ss❡ ❜❡♥❡❢í❝✐♦

❞❡ ❝♦♥s✐❞❡r❛r ♦s ✐♥✈❛r✐❛♥t❡s ❝♦♠♦ ♣❛rt❡ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞♦ ♠♦❞❡❧♦ ♠❛✲

❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❝♦♥str✉í❞♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♠♦str❛✲s❡ ♥♦✈❛♠❡♥t❡ q✉❡ ❛ ❝❛r❛❝t❡r✐③❛çã♦

❞✐♥â♠✐❝❛ ❞❛s tr❛❥❡tór✐❛s ❛✈❛❧✐❛❞❛s ❝♦♠ ❛✉①✐❧✐♦ ❞❡ t❛✐s ✐♥✈❛r✐❛♥t❡s✱ ❝♦♠♦ ❛✉t♦❝♦r✲

r❡❧❛çõ❡s✱ ♠❡❞✐❞❛s ❞❡ ❡♥tr♦♣✐❛ ❡ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱ ♣♦❞❡ s❡r ♠✉✐t♦ ❜❡♥é✜❝❛

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

♣r♦❝❡ss♦s✳

✶✼✽



❚❛❜❡❧❛ ✺✳✽✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r

P❛râ♠❡tr♦ r c ϵ m w a h d1 d2

❱❛❧♦r ✷ ✶✵ ✶ ✶ ✵✳✷ ✸ ✵✳✺ ✶ ✶

✺✳✹✳✷ ❘❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ✈✐❛ ❡q✉❛çõ❡s ❡st♦✲

❝ást✐❝❛s

❆ r❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♣♦❞❡ ❡st❛r ❜❛s❡❛❞❛ ♥❛ r❡s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡

❋♦❦❦❡r✲P❧❛♥❝❦✱ ❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❝♦♥❝❡✐t♦s ❞❡ ❡q✉❛çõ❡s ❡st♦❝ást✐❝❛s ❛♣r❡s❡♥t❛❞♦s

♥❛ ❙❡çã♦ ✸✳✻✳ ❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ❛♣❧✐❝❛♥❞♦ ❛ ♠❡t♦❞♦❧♦❣✐❛

❞❡s❝r✐t❛ ♥❛ ❙❡çã♦ ✹✳✷✳✺ ❡ ❆♣ê♥❞✐❝❡ ❋✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❢♦✐ ✐♥✐❝✐❛❧♠❡♥t❡ t❡st❛❞❛✱ ✈❛❧✐❞❛❞❛ ❡ ❛♣❧✐❝❛❞❛ à

r❡❞❡ ♠❡t❛✲❢♦♦❞✇❡❜✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❞❡ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ❬✸✾❪

q✉❡ t❡♠ s✐❞♦ ❡♠♣r❡❣❛❞♦ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③

❏❛❝♦❜✐❛♥❛ ✈✐❛ ❛❜♦r❞❛❣❡♠ ❡st♦❝ást✐❝❛ ❬✷✸✱ ✸✽❪✳ ❖ ♠♦❞❡❧♦ ❝♦♥s✐st❡ ❡♠ ✉♠❛ r❡❞❡ ❡s✲

♣❛❝✐❛❧ ❞❡ ♥✐❝❤♦s ❞❡ ❤❛❜✐t❛t P ❧✐❣❛❞♦s ♣♦r ❛✈❡♥✐❞❛s ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❡s♣é❝✐❡s ✭❋✐❣✉r❛

✺✳✽✶✮✳ ❈❛❞❛ ♥✐❝❤♦ ❛❜r✐❣❛ ✉♠❛ ❝♦♠♣❧❡①❛ ❝❛❞❡✐❛ ❛❧✐♠❡♥t❛r✱ ❝♦♥s✐st✐♥❞♦ ❞❡ ♥ós S

q✉❡ r❡♣r❡s❡♥t❛♠ ♣♦♣✉❧❛çõ❡s ❞❡ ❞✐❢❡r❡♥t❡s ❡s♣é❝✐❡s✱ q✉❡ ❡stã♦ ❧✐❣❛❞❛s ♣♦r ✐♥t❡r❛çõ❡s

♣r❡s❛✲♣r❡❞❛❞♦r✳ ❆ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ é ❞❛❞❛ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡✲

r❡♥❝✐❛✐s q✉❡ ❣♦✈❡r♥❛♠ ❛s ♠✉❞❛♥ç❛s ♥❛s ✈❛r✐á✈❡✐s ❞❡✈✐❞♦ à ❞✐s♣❡rsã♦ ❞✐❢✉s✐✈❛ ❡♥tr❡

♥✐❝❤♦s ❡ ♣r♦❝❡ss♦s ❜✐♦❧ó❣✐❝♦s q✉❡ ♦❝♦rr❡♠ ❞❡♥tr♦ ❞❡ ❝❛❞❛ ♥✐❝❤♦ ✭♣r♦❞✉çã♦ ♣r✐♠ár✐❛✱

✐♥t❡r❛çã♦ ♣r❡❞❛❞♦r✲♣r❡s❛✱ ♠♦rt❛❧✐❞❛❞❡ ♥❛t✉r❛❧✮✳

❆s ❢✉♥çõ❡s ✉s❛❞❛s ♣❛r❛ ♠♦❞❡❧❛r ♦s ♣r♦❝❡ss♦s ❜✐♦❧ó❣✐❝♦s sã♦ ❢♦rt❡♠❡♥t❡ ♥ã♦

❧✐♥❡❛r❡s✳ ❊❧❛s ❝❛♣t✉r❛♠ ✈ár✐♦s ❡❢❡✐t♦s ❞❡ s❛t✉r❛çã♦ ❡ r❡s♣♦st❛s r❡❛❧✐st❛s à ❞✐s♣♦♥✐✲

❜✐❧✐❞❛❞❡ ❞❡ ❞✐❢❡r❡♥t❡s ❢♦♥t❡s ❞❡ ❛❧✐♠❡♥t♦s✱ ❝♦♠♦ ♠♦str❛❞♦ ❛ s❡❣✉✐r✳

Ẋ1i = rX1i

(
1− X1i

c

)
− aX1iX2i

1 + ahX1i

+
∑

j

d1 (X1j −X1i) ✭✺✳✺✮

Ẋ2i = ϵ
aX1iX2i

1 + ahX1i

−mX2
2i − (wX2i)

2 +
∑

j

d2 (X2j −X2i) ✭✺✳✻✮

❉❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡✱ ♦s t❡r♠♦s ❞❡ ♥❛s❝✐♠❡♥t♦✱ ♠♦rt❡ ♥❛t✉r❛❧ ❡ ♠♦rt❡ ♣♦r

♣r❡❞❛❞♦r ♥❛ ❡s♣é❝✐❡ ♣r❡s❛ X1i✱ ❡♥q✉❛♥t♦ ♥❛ ❡s♣é❝✐❡ ♣r❡❞❛❞♦r ❞❡st❛❝❛♠✲s❡ ♦s t❡r♠♦s

❞❡ r❡♣r♦❞✉çã♦ ❡ ♠♦rt❡ ♥❛t✉r❛❧✳ ❖ t❡r♠♦ ✜♥❛❧ ♥♦s ❜❛❧❛♥ç♦s ❞❡s❝r❡✈❡ ❛ ♠✐❣r❛çã♦ ❞❡

❡s♣é❝✐❡s ♣♦r ❞✐❢✉sã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❛①❛ ds✳ ❆s ❝♦♥❡①õ❡s ❡♥tr❡ ♥✐❝❤♦s ✈✐❛ t❡r♠♦ ❞❡

♠✐❣r❛çã♦ sã♦ ❞❡s❝r✐t♦s ♣❡❧❛ ♠❛tr✐③ ❞❡ ❛❞❥❛❝ê♥❝✐❛ A✳

❖ ♠♦❞❡❧♦ ❝♦♠♣r❡❡♥❞❡ ✶✷ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♦r❞✐♥ár✐❛s ❣❡r❛❞❛s ♣❡❧♦s ❜❛❧❛♥✲

✶✼✾



❋✐❣✉r❛ ✺✳✽✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ r❡❞❡ ❡❝♦ss✐stê♠✐❝❛ ❢♦♦❞✲✇❡❜ ❡ s❡✉s ♥✐✲
❝❤♦s✳

ç♦s ❞❡ ❡s♣é❝✐❡s ❞❛s ❊q✉❛çõ❡s ✺✳✺ ❡ ✺✳✻ ❛♦ ❧♦♥❣♦ ❞❛ ❛rq✉✐t❡t✉r❛ ❞❡ ✻ ♥✐❝❤♦s ❞❛ ❋✐❣✉r❛

✺✳✽✶✳ ❆s ✈❛r✐á✈❡✐s ❞♦ ♠♦❞❡❧♦ Xsi ❞❡♥♦t❛♠ ❛ ❞❡♥s✐❞❛❞❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❛s ❡s♣é❝✐❡s

s ♥♦ ♥✐❝❤♦ i ✭♦ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛ q✉❡ t♦❞♦s ♦s ♥✐❝❤♦s ❞❡ ❤❛❜✐t❛t sã♦ ✐❣✉❛✐s✮✳ ❖s

♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ sã♦ ❞❡s❝r✐t♦s ♥❛ ❚❛❜❡❧❛ ✺✳✽✳

❉❡ ❛❝♦r❞♦ à r❡❢❡rê♥❝✐❛ ❬✸✽❪✱ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞❛ ❢❛♠í❧✐❛ ❞❡ ♠♦❞❡❧♦s ♠❡t❛✲

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

J = I ⊗ P − L⊗K ✭✺✳✼✮

❡♠ q✉❡ I é ❛ ♠❛tr✐③ ✐❞❡♥t✐❞❛❞❡ ❞❡ t❛♠❛♥❤♦ NxN ✱ P é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞❡ ✉♠

♥✐❝❤♦ ✐s♦❧❛❞♦✱ L é ❛ ♠❛tr✐③ ▲❛♣❧❛❝✐❛♥❛ ❞❛ ❣❡♦❣r❛✜❛ ❞❛ r❡❞❡ ❡K ❝♦rr❡s♣♦♥❞❡ à ♠❛tr✐③

❞✐❛❣♦♥❛❧ ❞❡ ❛❝♦♠♣❧❛♠❡♥t♦✿

K =




d1 0 0

0 d2 0

0 0
✳ ✳ ✳


 ✭✺✳✽✮

❆ ♠❛tr✐③ L ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿ L = De − A✱ ❡♠ q✉❡ De é ❛ ♠❛tr✐③ ❞❡

❣r❛✉ ❡ A é ❛ ♠❛tr✐③ ❞❡ ❛❞❥❛❝ê♥❝✐❛✳ ❖ ♦♣❡r❛❞♦r ⊗ r❡♣r❡s❡♥t❛ ♦ ♣r♦❞✉t♦ ❑r♦♥❡❝❦❡r✳

P❛r❛ ❛ ❛rq✉✐t❡t✉r❛ ❞❛ r❡❞❡ ❢♦♦❞✲✇❡❜ ❛♥❛❧✐s❛❞❛✱ ❛ ♠❛tr✐③ ▲❛♣❧❛❝✐❛♥❛ ❝♦rr❡s♣♦♥❞❡✿

✶✽✵



L = De − A =




3 0 0 0 0 0

0 3 0 0 0 0

0 0 2 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 2




−




0 1 1 0 0 1

1 0 1 0 1 0

1 1 0 0 0 0

0 0 0 0 0 1

0 1 0 0 0 0

1 0 0 1 0 0




✭✺✳✾✮

❖ s✐st❡♠❛ ♣♦ss✉✐ três ❡q✉✐❧í❜r✐♦s ❧♦❝❛✐s✿

L = De − A =




3 0 0 0 0 0

0 3 0 0 0 0

0 0 2 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 2




−




0 1 1 0 0 1

1 0 1 0 1 0

1 1 0 0 0 0

0 0 0 0 0 1

0 1 0 0 0 0

1 0 0 1 0 0




✭✺✳✶✵✮

❋✐❣✉r❛ ✺✳✽✷✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❛✉t♦✈❛❧♦r❡s ❛♥❛❧ít✐❝♦s ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r ❛✉t♦✲
✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛✳

◆❛ ❋✐❣✉r❛ ✺✳✽✷ ❛♣r❡s❡♥t❛✲s❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ♦❜t✐❞♦ ♣❡❧❛

r❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ a ✭✈❡r

❊q✉❛çã♦ ✺✳✺✮✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ♣❛r❛ ♦ ✈❛❧♦r a = 2.5 ♦❝♦rr❡ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡

❡st❛❜✐❧✐❞❛❞❡✱ ♣r♦❞✉t♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ♥♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❊ss❛ tr❛♥s✐çã♦ ❛❝♦♥✲

✶✽✶



❋✐❣✉r❛ ✺✳✽✸✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r
❛✉t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ a ❝♦♠♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛✲
çã♦✳

t❡❝❡ ✈✐❛ ♣❛r ❞❡ ❛✉t♦✈❛❧♦r❡s ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦s✱ ♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ✉♠❛ ❜✐❢✉r❝❛çã♦

❞❡ ❍♦♣❢ ❬✷✺✽❪✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❋✐❣✉r❛ ✺✳✽✸ ❝♦♠♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♠❛✐♦r

❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❡ ❡st✐♠❛❞♦✳ ◆♦t❛✲s❡ q✉❡ ♦ ❛❥✉st❡ ❞♦ ❛✉t♦✈❛❧♦r ❡st✐♠❛❞♦ é t❛♥t♦

♠❡❧❤♦r q✉❛♥t♦ ♠❛✐s ♣ró①✐♠❛ ✭❥❛♥❡❧❛ ✈❡r❞❡✮ ❡stá ❛ s✐♥❣✉❧❛r✐❞❛❞❡ ♦✉ ❜✐❢✉r❝❛çã♦✱ ♦ q✉❡

♣♦❞❡r✐❛ s❡r ❡s♣❡r❛❞♦ ♣❡❧❛s ♣ró♣r✐❛s ❝♦♥❞✐çõ❡s ❞❛ ❡q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦✳

❋✐❣✉r❛ ✺✳✽✹✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦ ♠❛✐♦r ❛✉✲
t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ c ❝♦♠♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦✳

❆ ❋✐❣✉r❛ ✺✳✽✹ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ♠❛✐♦r❡s ❛✉t♦✈❛❧♦r❡s✱ ❛♥❛❧ít✐❝♦

✶✽✷



❚❛❜❡❧❛ ✺✳✾✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ♠♦❞✐✜❝❛❞♦

P❛râ♠❡tr♦ a b c m n d1 d2

❱❛❧♦r ✶ ✵✳✺ ✵✳✻ ✵✳✶ ✵✳✷ ✶ ✶

❚❛❜❡❧❛ ✺✳✶✵✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ♠♦❞✐✜❝❛❞♦

P❛râ♠❡tr♦ a b c m n d1 d2

❱❛❧♦r ✶ ✵✳✺ ✵✳✻ ✵✳✶ ✵✳✷ ✶ ✶

❡ ❡st✐♠❛❞♦✱ ❡♠ ❢✉♥çã♦ ❞❛ ❡✈♦❧✉çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ c ✭✈❡r ❊q✉❛çã♦ ✺✳✺✮✳

❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ❡♠ c = 2.7 ❛❝♦♥t❡❝❡ ✉♠❛ ❜✐❢✉r❝❛çã♦✱ s❡♥❞♦ q✉❡ ♥❛s r❡❣✐õ❡s

♣❛r❛♠étr✐❝❛s ♣ró①✐♠❛s ❛ ❡ss❛ s✐♥❣✉❧❛r✐❞❛❞❡ é ♦♥❞❡ ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ r❡❝♦♥str✉í❞❛

é ♠❛✐s r❡♣r❡s❡♥t❛t✐✈❛ ❡♠ ❝♦♠♣❛r❛çã♦ à s♦❧✉çã♦ ❛♥❛❧ít✐❝❛✳

❈♦♥s✐❞❡r❡✲s❡ ❛ ✈❡rsã♦ ♠♦❞✐✜❝❛❞❛ ✭✈❡r r❡❢❡rê♥❝✐❛ ❬✶✷✹❪✮ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦

❘♦s❡♥③✇❡✐❣✲▼❛❝❆rt❤✉r ❞❡✜♥✐❞♦ ♣❡❧❛s ❊q✉❛çõ❡s ✺✳✶✶✲✺✳✶✷ ❡ ♦s ♣❛râ♠❡tr♦s ❞❡✜♥✐❞♦s

♥❛ ❚❛❜❡❧❛ ✺✳✾✿

Ẋ1i = X1i (1−X1i) (X1i −m) (X1i + a)−X1iX2i (X1i + n) ✭✺✳✶✶✮

Ẋ2i = b (X1i + n) (X1i − c)X2i ✭✺✳✶✷✮

❊ss❡ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♣♦ss✉✐ ✺ ❡q✉✐❧í❜r✐♦s ❝♦❡①✐st❡♥t❡s✳

❋✐❣✉r❛ ✺✳✽✺✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❛♥❛❧ít✐❝♦ ❞♦ ♠♦❞❡❧♦ ♠♦❞✐✜❝❛❞♦ ❡
♦ ♠❛✐♦r ❛✉t♦✈❛❧♦r ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❏❛❝♦❜✐❛♥❛ ❝♦♥s✐❞❡r❛♥❞♦ c ❝♦♠♦ ♣❛râ♠❡tr♦ ❞❡
❜✐❢✉r❝❛çã♦✳

✶✽✸



❆ ❋✐❣✉r❛ ✺✳✽✺ ♠♦str❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠❛✐♦r ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ❛♥❛✲

❧ít✐❝♦ ❡ ❡st✐♠❛❞♦✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ♣❛râ♠❡tr♦ ❞❡ ❜✐❢✉r❝❛çã♦ c✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦

q✉❡✱ ❡♠❜♦r❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ♠❛✐♦r ❧✐♥❡❛r✐❞❛❞❡s ❡ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❡q✉✐❧í❜r✐♦s

❝♦❡①✐st❡♥t❡s ✐♥❡r❡♥t❡s ❛♦ ♠♦❞❡❧♦ ♠♦❞✐✜❝❛❞♦✱ ❛ ♠❛tr✐③ r❡❝♦♥str✉í❞♦ ❛♣r❡s❡♥t❛ ✉♠❛

❜♦❛ r❡♣r❡s❡♥t❛çã♦ ❡♠ r❡❣✐õ❡s ♣ró①✐♠❛s ❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❡♠ c = 0.5✳

❆ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡st♦❝ást✐❝♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦ é q✉❡ ❡❧❡

♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❛♦s ❞❛❞♦s✱ s❡♠ ❛ ♥❡❝❡ssár✐❛ ✐♥t❡r♠❡❞✐❛çã♦ ❞❡ ✉♠

♠♦❞❡❧♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦✱ ❢❛❝✐❧✐t❛♥❞♦ ♠✉✐t♦ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡s✳ ◆❡ss❡

❝❛s♦✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡ ❡♠ t❡s❡ s❡r ✉s❛❞♦ ♣❛r❛ ♣r♦✈❡r ✉♠❛ ♠❡❞✐❞❛ ❞❛ ❞✐stâ♥❝✐❛ ❞❛

♦♣❡r❛çã♦ à ❝♦♥❞✐çã♦ ♦♣❡r❛❝✐♦♥❛❧ ✐♥stá✈❡❧✳ P♦r ✐ss♦✱ ❞❡♣♦✐s ❞❡ ✐♠♣❧❡♠❡♥t❛❞♦✱ ❛♣❧✐❝❛❞♦

❡ ✈❛❧✐❞❛❞♦ ♥♦ ♠♦❞❡❧♦ ♠❡t❛✲❢♦♦❞ ✇❡❜✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❛♣❧✐❝❛❞♦ ❛♦ ♣r♦❜❧❡♠❛ ❞❡

♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❞❡ ✐♥t❡r❡ss❡✳ ◆♦ ❡♥t❛♥t♦✱ ❡♠ r❡❧❛çã♦ ❛♦ s✐st❡♠❛ ❋❖❲▼✱

é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ♥ã♦ ♣♦❞❡ s❡r ❡♠♣r❡❣❛❞❛✱ ✉♠❛ ✈❡③ q✉❡

♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❡ ❛ ❡str✉t✉r❛ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♥ã♦ ❛t✐♥❣❡♠ ♦ ♥ú♠❡r♦

♠í♥✐♠♦ ❞❡ r❡str✐çõ❡s ♦✉ ③❡r♦s r❡q✉❡r✐❞♦s ♥❛ ❛♥á❧✐s❡✳

❊ss❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡stá ❛♣r❡s❡♥t❛❞❛ ♥♦ ❆♣ê♥❞✐❝❡ ❋✱ ❡♠ q✉❡ s❡ ♠♦str❛ ♦ ♣r♦✲

❜❧❡♠❛ ♥✉♠ér✐❝♦ q✉❡ r❡s✉❧t❛ ♥❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ♥♦

♣r♦❜❧❡♠❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❛❜♦r❞❛❞♦✳ ❆♣❡s❛r ❞❡ss❡ r❡s✉❧t❛❞♦ ❝♦♥st✐t✉✐r ✉♠❛

❝♦♥❝❧✉sã♦ ♥❡❣❛t✐✈❛ ❞❛ ❛♥á❧✐s❡✱ ❡❧❡ é ❛♣r❡s❡♥t❛❞♦ ♥❡ss❡ t❡①t♦ ♣r✐♥❝✐♣❛❧ ♣♦r ❞✉❛s r❛✲

③õ❡s ❢✉♥❞❛♠❡♥t❛✐s✿ ✭✐✮ ♣♦rq✉❡ ♥✉♥❝❛ ❢♦✐ ❛♥❛❧✐s❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♥♦ ❝♦♥t❡①t♦ ❞♦

♠♦❞❡❧♦ ♣r♦♣♦st♦ ❡ r❡✈❡❧❛ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❧✐♠✐t❛çã♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❋♦❦❦❡r✲

P❧❛♥❝❦ ♣❛r❛ ✉♠ ❝❛s♦ r❡❛❧❀ ✭✐✐✮ ♣♦rq✉❡ r❡✈❡❧❛ ❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ss❡

♣r♦❝❡❞✐♠❡♥t♦ ❞❛t❛✲❞r✐✈❡♥✱ r❡❢♦rç❛♥❞♦ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞♦ ✉s♦ ❞❡ ❡str❛té❣✐❛s ❞❡ ♠♦♥✐✲

t♦r❛♠❡♥t♦ ❜❛s❡❛❞❛s ♥♦s ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝♦s ❞✐s❝✉t✐❞♦s ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s ❞❡st❡

tr❛❜❛❧❤♦✳

✺✳✺ ❈❛✉s❛❧✐❞❛❞❡

❈♦♥❢♦r♠❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❙❡çã♦ ✹✳✷✳✻ ❛♣r❡s❡♥t❛♠✲s❡ ❛ s❡❣✉✐r ♦s r❡✲

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

❝❤♠❛r❦ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥ ✭❛♣r❡s❡♥t❛❞♦ ♥♦ ❆♣ê♥❞✐❝❡ ❆✮ ❡ ❡♠ s❡❣✉♥❞♦

❧✉❣❛r ❛♦ ♣r♦❜❧❡♠❛ ❞❡ ♠❡❞✐❞♦r❡s ✜s❝❛✐s ❞❛ ❙❡çã♦ ✺✳✶✳✶✮✳

✺✳✺✳✶ ❈❛✉s❛❧✐❞❛❞❡ ♥♦ ❜❡♥❝❤♠❛r❦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥

❖s ❞❛❞♦s ❞❡s❝r❡✈❡♠ ♦ ♣r♦❝❡ss♦ ♣❛r❛ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❧❛ç♦ ❛❜❡rt♦ ❡ ❧❛ç♦

❢❡❝❤❛❞♦ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✱ ❛ss✐♠ ❝♦♠♦ t❛♠❜é♠ ♦s ❞❛❞♦s ❞❡

✶✽✹



tr❡✐♥♦ ❡ t❡st❡ ✉s❛❞♦s ♣❛r❛ ❛✈❛❧✐❛r ♠ét♦❞♦s ❞❛t❛✲❞r✐✈❡♥ ✭P❈❆✱ P▲❙✱ ❋❉❆ ❡ ❈❱❆✮

❝♦♠♦ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ❡♠ ❬✺✻✱ ✼✸❪✳ ❖ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s s✐♠✉❧❛ ✷✶ t✐♣♦s ❞❡ ❢❛❧❤❛s

❞✐❢❡r❡♥t❡s✱ ♣❛r❛ ❛s ✈❛r✐á✈❡✐s ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ♠❛♥✐♣✉❧❛❞❛s ✭♥♦t❛❞❛ ❝♦♠♦ XMV ✮ ❡

♠❡❞✐❞❛s ✭♥♦t❛❞❛s ❝♦♠♦ XMEAS✮✳ ❆s ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s sã♦ ❧✐st❛❞❛s ♥❛ ❚❛❜❡❧❛

❆✳✶ ❡ ❛s ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s sã♦ ❧✐st❛❞❛s ♥❛s ❚❛❜❡❧❛s ❆✳✷ ✱❆✳✸✱ ❆✳✹ ❡ ❆✳✺ ♥♦ ❆♣ê♥❞✐❝❡

❆✳

❱✐s❛♥❞♦ à ♣r♦❝✉r❛ ❞❛s ❡str✉t✉r❛s ❝❛✉s❛✐s ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✱ ❢♦✐

❝❛❧❝✉❧❛❞♦ ♦ ❣rá✜❝♦ ❝❛✉s❛❧ ♣❛r❛ ✉♠ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦ ❡♠ ♦♣❡r❛çã♦ ♥♦r♠❛❧✳ ❆s

❝♦♥✜❣✉r❛çõ❡s ❡st❛❜❡❧❡❝✐❞❛s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❝❛✉s❛❧ ❝♦♥s✐❞❡r❛r❛♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡

❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧ ♣❛r❛ ❛ s❡❧❡çã♦ ❞❡ ❝♦♥❞✐çõ❡s ♦✉ ♣❛r❡♥t❡s✱ ❡ ❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧ ♣❛r❛

♦ ❝á❧❝✉❧♦ ❞❛s ❝❛✉s❛❧✐❞❛❞❡s ✭❞❡ ❛❝♦r❞♦ à ❙❡çã♦ ✹✳✷✳✻ ✮✳

❆ ❋✐❣✉r❛ ✺✳✽✻ ♠♦str❛ ♦ ♠❛♣❛ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❡♠ q✉❡ é ♣♦ssí✈❡❧

✈✐s✉❛❧✐③❛r ❛s ❞✐❢❡r❡♥t❡s ❝♦♥❡①õ❡s ❝❛✉s❛✐s ❞❛s ✈❛r✐á✈❡✐s✳ ❆ ♣❛rt✐r ❞❡ss❛ ❛♥á❧✐s❡ é

♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r q✉❛✐s sã♦ ❛s ❞❡♣❡♥❞ê♥❝✐❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥t❡✐r♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ❛

❢♦rç❛ ❞❡ss❛ ❞❡♣❡♥❞ê♥❝✐❛✳ ❖ ♠❛♣❛ só ❛♣r❡s❡♥t❛ ❛s ❝♦♥❡①õ❡s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞♦

♣r♦❝❡ss♦✱ ♦✉ s❡❥❛✱ ❛s ❝♦♥❡①õ❡s ❝♦♠ ♠❛✐♦r ❣r❛✉ ❞❡ s✐❣♥✐✜❝â♥❝✐❛✱ ❝♦♥❢♦r♠❡ ❛ ❛♥á❧✐s❡

❝❛✉s❛❧ ✭✐✳❡✳ ♥í✈❡❧ ❛❧♣❤❛ ❜❛✐①♦s✱ ❝♦♠♦ é ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ✹✳✷✳✻✮✳ ◆❛ ❋✐❣✉r❛ ❆✳✶

❛♣r❡s❡♥t❛✲s❡ ♦ ❞✐❛❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ❛✉①✐❧✐❛r ♥❛ ✐♥t❡r♣r❡t❛çã♦ ❞❛s

r♦t❛s ❝❛✉s❛✐s✳

◆✉♠❛ ❛❜♦r❞❛❣❡♠ ✐♥✐❝✐❛❧ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ✈❛r✐á✈❡✐s ❞❡ ❛tr❛s♦ ♥♦ ❝♦♥❥✉♥t♦

❞❡ ❛♥á❧✐s❡ ❝♦♠ τ = 0✱ q✉❡ ♣❡r♠✐t❡ r❡❛❧✐③❛r ❛s ✈✐♥❝✉❧❛çõ❡s ❡ ❞❡s❝♦❜❡rt❛s ❝❛✉s❛✐s

só ❡♥tr❡ ✈❛r✐á✈❡✐s ❝♦♥t❡♠♣♦râ♥❡❛s✳ ❖❜s❡r✈♦✉✲s❡ q✉❡ ❛s ❝♦♥❡①õ❡s ❡♥tr❡ ✈❛r✐á✈❡✐s

t✐♥❤❛♠ ❝♦❡rê♥❝✐❛ ✜s✐❝❛♠❡♥t❡ ❝♦♠ ❛s ❢❡♥♦♠❡♥♦❧♦❣✐❛s ❞❡s❝r✐t❛s ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲

❊❛st♠❛♥✳ ❆ s❡❣✉✐r sã♦ ❝♦♠❡♥t❛❞❛s ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❝❛✉s❛✐s ❡♥tr❡ ❛s ❝♦♥❡①õ❡s

♠❛✐s ✐♠♣♦rt❛♥t❡s ✭✜❧tr❛❞❛s ❝♦♠ ♥í✈❡❧ ❛❧♣❤❛ ❂ 1−10 ✮ ❞❛ ❋✐❣✉r❛ ✺✳✽✻✳

❼ XMEAS(1) − XMV (3)✿ ❈♦rr❡s♣♦♥❞❡ ❝♦♥❢♦r♠❡ ❛s ♥♦t❛çõ❡s ❞♦ ❆♣ê♥❞✐❝❡ ❆

à ❝♦♥❡①ã♦ ❝❛✉s❛❧ ♣♦s✐t✐✈❛ ❡♥tr❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❆ ✭❝♦rr❡♥t❡ ✶✮ ❡ ❛ ✈❛③ã♦ ❞❡

❛❧✐♠❡♥t❛çã♦ ❆✲❈ ✭❝♦rr❡♥t❡ ✹✮✳ ❉❛❞♦ q✉❡ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❆✲❈ r❡s✲

♣♦♥❞❡ à r❡❧❛çã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ A/C ❞❛ ❝♦rr❡♥t❡ ✹✱ é ❡✈✐❞❡♥t❡ q✉❡ ❤á ✉♠❛

❞❡♣❡♥❞ê♥❝✐❛ ❞✐r❡t❛ ❡ ♣♦s✐t✐✈❛ ❝♦♠ ❛ ❝♦rr❡♥t❡ ✶✳

❼ XMV (10) − XMEAS(9)✿ ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ♥❡❣❛t✐✈❛ ❡♥tr❡ ✈❛③ã♦ ❞❡

á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥♦ r❡❛t♦r ❡ t❡♠♣❡r❛t✉r❛ ❞♦ r❡❛t♦r✱ r❡❢♦rç❛♥❞♦ q✉❡ ❛

♠❛✐♦r ✈❛③ã♦ ❞❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❝♦♥s❡❣✉❡ r❡s❢r✐❛r ♠❛✐s ♦ r❡❛t♦r✱ s❡♥❞♦

❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♦❜t✐❞❛ ✉♠❛ ♠❡♥♦r t❡♠♣❡r❛t✉r❛ ♥♦ r❡❛t♦r✳

❼ XMV (7)−XMEAS(12)✿ ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ❝❛✉s❛❧ ♣♦s✐t✐✈❛ ❡♥tr❡ ✈❛③ã♦

❧íq✉✐❞❛ ♥♦ s❡♣❛r❛❞♦r ✭❝♦rr❡♥t❡ ✶✵✮ ❡ ♦ ♥í✈❡❧ ❞♦ s❡♣❛r❛❞♦r✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦

✶✽✺
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q✉❡ ♥♦ ♣r♦❝❡ss♦ q✉❛♥t♦ ♠❛✐♦r é ❛ ❝♦rr❡♥t❡ ✶✵ ❞❡ ❡♥tr❛❞❛ ♥♦ s❡♣❛r❛❞♦r✱ ♠❛✐♦r

❞❡✈❡ s❡r ♦ ♥í✈❡❧ ❞♦ s❡♣❛r❛❞♦r✳

❼ XMEAS(22)→ XMEAS(11)✿ ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ❡♥tr❡ t❡♠♣❡r❛t✉r❛ ❞❡

á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥❛ s❛í❞❛ ❞♦ ❝♦♠♣r❡ss♦r ❡ t❡♠♣❡r❛t✉r❛ ♥♦ s❡♣❛r❛❞♦r✳

❼ XMV (9) → XMEAS(19)✿ ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ❡♥tr❡ ❛ ❛❜❡rt✉r❛ ❞❡ ✈á❧✲

✈✉❧❛ ❞❡ ✈❛♣♦r ❡ ❛ ✈❛③ã♦ ❞❡ ✈❛♣♦r ♥♦ ❙tr✐♣♣❡r✳

❚♦❞❛s ❛s ❝♦♥❡①õ❡s ❞❡s❝r✐t❛s ❛❝✐♠❛ r❡✢❡t❡♠ ❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞♦

♣r♦❝❡ss♦ ❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s s✉❛s ✈❛r✐á✈❡✐s ♣r✐♥❝✐♣❛✐s✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❛♥á❧✐s❡ ❞❡

❝❛✉s❛❧✐❞❛❞❡ ❛q✉✐ ❛♣r❡s❡♥t❛❞❛ ♠♦str❛ q✉❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ♣r♦❝❡ss♦s ✭❋✐❣✉r❛ ❆✳✶✮ é

r❡♣r♦❞✉③✐❞♦ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ♣❡❧♦ ♠❛♣❛ ❝❛✉s❛❧ ✭❋✐❣✉r❛ ✺✳✽✻✮✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦

q✉❡ t❛♠❜é♠ q✉❡ t♦❞❛s ❛s ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s ♥♦ ♠❛♣❛ ✭♥♦t❛❞❛s ❝♦♠♦ MV ✮ sã♦

✐♥❞❡♣❡♥❞❡♥t❡s ❝♦♥s✐❣♦ ♠❡s♠❛s✱ ✉♠❛ ✈❡③ q✉❡ ♦s ♥ós ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❝♦rr❡s♣♦♥❞❡✲

r❛♠ à ❝♦r ❜r❛♥❝❛✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛ té❝♥✐❝❛ ❢♦✐ t❡st❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥❥✉♥t♦s

❞❡ t❡♠♣♦ ♥♦s ❞❛❞♦s ✭✶ ❞✐❛✱✸✵ ❞✐❛s ❡ ✾✵ ❞✐❛s✮✳ ❖❜s❡r✈♦✉✲s❡ q✉❡ ♦ ♣❛❞rã♦ ❞❡ ❝♦♥❡①õ❡s

♠❛♥t✐♥❤❛ s✉❛ ❢♦r♠❛✳

✺✳✺✳✷ ❈❛✉s❛❧✐❞❛❞❡ ❡♠ ❊❋❆▲

◆❛ ❙❡çã♦ ✺✳✶✳✶ ❛♣r❡s❡♥t♦✉✲s❡ ❛ ❞❡s❝r✐çã♦ ❞❛ ❡st❛çã♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❋❛③❡♥❞❛ ❆❧❡✲

❣r❡ ✭❊❋❆▲✮✱ ❝✉❥♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s é ❝♦♠♣♦st♦ ♣♦r 112 ✈❛r✐á✈❡✐s q✉❡ ❝♦rr❡s♣♦♥❞❡♠

❛ ✈❛r✐á✈❡✐s ❞♦s s❡♥s♦r❡s ❡ ♦✉tr❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♦

❝♦♥❥✉♥t♦ ❞❡ ✈❛r✐á✈❡✐s ♣♦❞❡ s❡r r❡❞✉③✐❞♦ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ❛♥á✲

❧✐s❡ ❡s❝♦❧❤✐❞♦✱ ✉♠❛ ✈❡③ q✉❡ ❛❧❣✉♠❛s ✈❛r✐á✈❡✐s ♣❡r♠❛♥❡❝❡♠ ❡stát✐❝❛s ❞✉r❛♥t❡ ❧♦♥❣♦s

♣❡rí♦❞♦s ❞❡ t❡♠♣♦ ❡ sã♦ ❞❡s❝❛rt❛❞❛s ♥♦ ♣r❡✲tr❛t❛♠❡♥t♦ ❞❡ ❞❛❞♦s ✭✐✳❡✳ ❛ té❝♥✐❝❛ ❞❡

❝❛✉s❛❧✐❞❛❞❡ ♥ã♦ ♣❡r♠✐t❡ ❛ ❛♥á❧✐s❡ ❞❡ ✈❛r✐á✈❡✐s ❝♦♠ ✈❛r✐â♥❝✐❛ ③❡r♦✮✳ ❯♠❛ ✈❡③ ✈❛❧✐❞❛❞♦

♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❚❡♥❡ss❡✲❊❛st♠❛♥✱ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡

❢♦✐ ❡st❡♥❞✐❞❛ ❛♦s ❞❛❞♦s ❞❡ ♣r♦❞✉çã♦ q✉❡ ❝❛r❛❝t❡r✐③❛♠ ♦ ♣r♦❜❧❡♠❛ ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧✳

❆ ❞❡s❝r✐çã♦ ❞❛s ✈❛r✐á✈❡✐s ✉s❛❞❛s ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ t❛❜❡❧❛

❇✳✶

❆♥❛❧♦❣❛♠❡♥t❡ ❛♦ ❝❛s♦ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✱ ♥ã♦ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s

✈❛r✐á✈❡✐s ❞❡s❢❛s❛❞❛s ♥♦ t❡♠♣♦ ✭τ = 0✮✱ r❡str✐♥❣✐♥❞♦✲s❡ ❛ ❛♥á❧✐s❡ ❝❛✉s❛❧ às ✈❛r✐á✈❡✐s

❝♦♥t❡♠♣♦râ♥❡❛s✳ ❆s ❝♦♥✜❣✉r❛çõ❡s ❡st❛❜❡❧❡❝✐❞❛s ♣❛r❛ ❛ ❛♥á❧✐s❡ ❝♦♥s✐❞❡r❛r❛♠ ❛ ♠❡✲

t♦❞♦❧♦❣✐❛ ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧ ♣❛r❛ ❛ s❡❧❡çã♦ ❞❡ ❝♦♥❞✐çõ❡s ♦✉ ♣❛r❡♥t❡s✱ ❡ ✐♥❢♦r♠❛çã♦

♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s ❝❛✉s❛❧✐❞❛❞❡s ✭❉❡ ❛❝♦r❞♦ à s❡çã♦ ✸✳✺ ✮✳

◆❛ ❋✐❣✉r❛ ✺✳✽✼ ❛♣r❡s❡♥t❛✲s❡ ♦ ♠❛♣❛ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❛s ✈❛r✐á✈❡✐s ❞❛ ❊❋❆▲✳

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛ à ❛♥❛❧✐s❡ ❝❛✉s❛❧ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✱ ❛♣r❡s❡♥t❛♠✲s❡ ❛

✶✽✼



s❡❣✉✐r ❛❧❣✉♥s ❝♦♠❡♥tár✐♦s s♦❜r❡s ❛s ❝♦♥❡①õ❡s ❝❛✉s❛✐s ❡ s✉❛ r❡❧❛çã♦ ❝♦♠ ❛ ❢❡♥♦♠❡♥♦✲

❧♦❣✐❛ ❞♦ ♣r♦❝❡ss♦✳

❼ X22−X27−X52−X53✿ ❈♦rr❡s♣♦♥❞❡ às ❝♦♥❡①õ❡s ✬Pr❡ssã♦ ♥♦s ❚r❛t❛❞♦r❡s

❞❡ Ó❧❡♦ ✭❇✮✬✲ ✬Pr❡ssã♦ ♥♦s ❚r❛t❛❞♦r❡s ❞❡ Ó❧❡♦ ✭❆✮✬ ✲ ✬Pr❡ssã♦ ♥♦ ❚❖✲✸✻✺✺✵✶✬

✲ ✬Pr❡ssã♦ ♥♦ ❚❖✲✸✻✺✺✵✷✬✳ ❈♦♥❢♦r♠❡ ✐♥❞✐❝❛♠ ♦s ❞✐❛❣r❛♠❛s ❞❡ ♣r♦❝❡ss♦ ❝♦♥✲

s✉❧t❛❞♦s✱ ❡ss❛s ♠❡❞✐❞❛s ❝♦rr❡s♣♦♥❞❡♠ às ♠❡s♠❛s ❧✐♥❤❛s ✭✸✻✺✺✵✶ ❡ ✸✻✺✺✵✷✮ ❡♠

❞✐❢❡r❡♥t❡s ♣♦♥t♦s ❞❡ ♠❡❞✐çã♦❀

❼ 5 − 33✿ ❈♦rr❡s♣♦♥❞❡ à ✈❛③ã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✭❆✮ ❡ ❛ ❊▼❊❉ ❞❡

ó❧❡♦✳ ❈♦♥❢♦r♠❡ ♦ ❞✐❛❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶ ❛ ❡st❛çã♦ ❞❡

♠❡❞✐çã♦ ❞❡ ó❧❡♦ ❡st❛ ❧♦❝❛❧✐③❛❞❛ ♥❛ ♠❡s♠❛ ❧✐♥❤❛ ❞❛ ✈❛③ã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✭❆✮❀

❼ 35 − 67 − 22 − 27 ✿ ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ❉❡s❝❛r❣❛ ❜♦♠❜❛ ❇✲✸✻✺✺✵✷❆ ✲

❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❚❖ ✭❇✲✸✻✺✺✵✷❆✮ ✲ Pr❡ssã♦

♥♦s ❚r❛t❛❞♦r❡s ❞❡ Ó❧❡♦ ✭❇✮✲ Pr❡ssã♦ ♥♦s ❚r❛t❛❞♦r❡s ❞❡ Ó❧❡♦ ✭❆✮✱ ♠♦str❛♥❞♦

q✉❡ ❡①✐st❡♠ ✈❛r✐á✈❡✐s ❞❡♣❡♥❞❡♥t❡s ♥♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s✱ ❝♦♠♦ ❛s ❝♦rr❡♥t❡s

❡❧étr✐❝❛s ❞❛s ❜♦♠❜❛s ❡ ❛s s✉❛s r❡s♣❡❝t✐✈❛s ♣r❡ssõ❡s❀

❼ 10 − 1 ❈♦rr❡s♣♦♥❞❡ à ❝♦♥❡①ã♦ ❉✐❢❡r❡♥❝✐❛❧ ❞❡ Pr❡ssã♦ P❉■❚✲✸✻✺✺✲✵✺✲✵✵✷❆ ✲

❱❛③ã♦ ■♥st❛♥tâ♥❡❛ ❋■❚✲✸✻✺✺✲✵✺✲✵✵✷❆✱ ♠♦str❛♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ♠❡❞✐çã♦

❞♦ s❡♥s♦r✱ ❡♠ q✉❡ ❛ ✈❛③ã♦ ♠❡❞✐❞❛ é ❧✐♥❡❛r♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❡

♣r❡ssã♦ ❞❛ ❧✐♥❤❛ ❞♦ ♣r♦❝❡ss♦✳

❉❡ss❛ ❢♦r♠❛✱ ❛ ❛♥á❧✐s❡ ❝❛✉s❛❧ ❝♦♥t❡♠♣♦râ♥❡❛ ❝♦♥s❡❣✉❡ ✐❞❡♥t✐✜❝❛r ❛s ❝♦♥❡①õ❡s

❡♠ ✈ár✐♦s ♥í✈❡✐s ❞❡ s✐❣♥✐✜❝â♥❝✐❛ ♣❛r❛ ♦ ♣r♦❝❡ss♦✳ P❛rt✐❝✉❧❛r♠❡♥t❡ ♣❛r❛ ♦ ❝❛s♦ ❞♦s

♠❡❞✐❞♦r❡s ❊❋❆▲✱ ♦❜s❡r✈♦✉✲s❡ q✉❡ ❛s ✈❛r✐á✈❡✐s ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❞❡ ❣ás t✐♥❤❛♠ ♣♦✉❝❛

❝♦rr❡❧❛çã♦ ❝♦♠ ❛s ♦✉tr❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✱ ♠♦str❛♥❞♦ q✉❡ ♦ ❝♦♥❥✉♥t♦ ✐♥t❡✐r♦

❞❡ ❞❛❞♦s ♣♦❞❡ s❡r r❡❞✉③✐❞♦ às ✈❛r✐á✈❡✐s ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧✱ ♣❡r♠✐t✐♥❞♦ ♦ ✉s♦ ❞❡

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

t✐❝❛s ❞❛ ❞✐♥â♠✐❝❛ ❞♦s s❡♥s♦r❡s s❡ ✈❡❥❛ ❛❢❡t❛❞❛✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❡ss❛ ♦❜s❡r✈❛çã♦

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

r✐♦r❡s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❡ ❞❡t❡❝çã♦✱ ❡✈✐t❛♥❞♦ ❛ ✐♥❝❧✉sã♦ ❞❡ ✈❛r✐á✈❡✐s

❝♦rr❡❧❛❝✐♦♥❛❞❛s ❡♥tr❡ s✐ q✉❡ ♣♦❞❡♠ ❣❡r❛r ♣r♦❜❧❡♠❛s ❛ ♣♦st❡r✐♦r✐ ♥♦ ❞❡s❡♠♣❡♥❤♦

❝♦♠♣✉t❛❝✐♦♥❛❧ ❡ ❞❛s ♣ró♣r✐❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✳

P♦r ♦✉tr❛ ♣❛rt❡✱ é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♦ ♠❛♣❛ ❝❛✉s❛❧ r❡♣r❡s❡♥t❛ ✈ár✐❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ✐♠♣♦rt❛♥t❡s ❞♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❝❛s♦ ❤✐✲

♣♦tét✐❝♦ ❡♠ q✉❡ ♥ã♦ é ❝♦♥❤❡❝✐❞♦ ✉♠ ❞✐❛❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦✱ ♦s ♠❛♣❛s ❝❛✉s❛✐s s✉r❣❡♠

❝♦♠♦ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢❡rr❛♠❡♥t❛ ♣❛r❛ r❡❝♦♥str✉✐r r❡❧❛çõ❡s ❞❡ ❝❛✉s❛✲❝♦♥s❡q✉ê♥❝✐❛

❡♥tr❡ ✈❛r✐á✈❡✐s ❡ ❡st❛❜❡❧❡❝❡r ♣r✐♥❝í♣✐♦s s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ♦❜s❡r✈❛❞❛✳ ❊♠ r❡s✉♠♦✱ ❛
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❚❛❜❡❧❛ ✺✳✶✶✿ P❡r❢♦r♠❛♥❝❡ ❞❡ r❡❢❡rê♥❝✐❛ q✉❛♥❞♦ ♥❡♥❤✉♠ ♣r♦❝❡❞✐✲
♠❡♥t♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦✐ ❡♠♣r❡❣❛❞♦✲❋❆▲

❋❛❧❤❛ ❘❡❣r❡ss♦r ❋❉❘
✭✪✮

❋❆❘
✭✪✮

R2 tr❡✐✲
♥❛♠❡♥t♦

R2

✈❛❧✐❞❛çã♦
R2

t❡st❡

❋✲■

❘❘ ✵✳✵ ✶✵✳✼✶ ✵✳✾✾ ✲✶✽✻✳✾✸ ✲✻✾✵✳✸✼
❘❋ ✽✳✹ ✶✵✳✹✷ ✵✳✾✾ ✵✳✾✻ ✲✷✹✳✷✻

▼▲P❘ ✵✳✵ ✶✵✳✺✾ ✵✳✾✺ ✲✷✸✳✻✾ ✲✼✽✳✹✶
❈❈❆ ✵✳✵ ✶✵✳✻✵ ✵✳✾✾ ✲✶✼✵✳✷✸ ✲✻✸✺✳✷✼

❋✲■■

❘❘ ✸✳✾✽ ✵✳✵ ✵✳✽✽ ✲✷✶✳✼✻ ✲✶✳✼✽
❘❋ ✺✾✳✹ ✵✳✵ ✶✳✵ ✲✵✳✸✹ ✲✵✳✾✺

▼▲P❘ ✶✵✳✾✻ ✵✳✵ ✵✳✼✻ ✲✶✾✳✵✼ ✲✷✳✸✶
❈❈❆ ✷✶✳✺✸ ✵✳✵ ✵✳✹✸ ✲✷✳✼✾ ✲✵✳✹✵

❋✲■■■

❘❘ ✺✶✳✹✼ ✶✶✳✵ ✵✳✽✽ ✲✷✵✳✷✽ ✲✵✳✻✶
❘❋ ✻✸✳✵✹ ✼✳✷✾ ✶✳✵ ✲✵✳✶✹ ✲✵✳✶✽

▼▲P❘ ✽✳✽✼ ✵✳✵ ✲✶✳✹✶ ✲✶✽✺✳✻✼ ✲✶✳✵✾
❈❈❆ ✻✸✳✹✹ ✵✳✸ ✵✳✹✸ ✲✵✳✺✶ ✲✵✳✷✷

❆s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❝♦rr❡s♣♦♥❞❡♠ ❛ t❛①❛

❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛ ✭❋❉❘✪✮✱ t❛①❛ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s ✭❋❆❘✪✮ ❡ ✐♥❞✐❝❡ ❞❡

❛❥✉st❡ R2✳

❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ♣❡r♠✐t❡ ❞❡s✈❡♥❞❛r ❛s ❧❡✐s ❞❡ r❡❧❛çã♦ ❞✐♥â♠✐❝❛ ✐♠❡rs❛s ❡♥tr❡

♦s ❞❛❞♦s ❡ ❡st❛❜❡❧❡❝❡r s❡q✉❡♥❝✐❛s ❧ó❣✐❝❛s ♣❛r❛ ❛s ✈❛r✐á✈❡✐s ♦❜s❡r✈❛❞❛s✳

✺✳✺✳✸ ❈❛✉s❛❧✐❞❛❞❡ ♥♦ ♣r♦❜❧❡♠❛ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s

◆❡st❛ s❡çã♦✱ ❛ ❡✜❝á❝✐❛ ❞❛s ❛❜♦r❞❛❣❡♥s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞❡s❝♦❜❡rt❛ ❝❛✉s❛❧ ♣r♦✲

♣♦st❛s sã♦ ❛✈❛❧✐❛❞❛s ❝♦♠♦ ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ❖✉tr♦s ❛❧❣♦r✐t♠♦s ❞❡

s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ♣❛r❛ ❝♦♠♣❛r❛r ❡ ❞✐s❝✉t✐r ♦s ❡❢❡✐t♦s ♥♦s ❝❛s♦s

❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s✳

◆♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ♦s s✉❜❝♦♥❥✉♥t♦s ❞❡ ✈❛r✐á✈❡✐s s❡❧❡❝✐✲

♦♥❛❞♦s t❡♠ t❛♠❛♥❤♦ ✜①♦✳ ❯♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ♥ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s ❛ s❡r❡♠ s❡❧❡❝✐✲

♦♥❛❞❛s ♣❡❧♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠ ❛✉①✐❧✐♦

❞❛ ❛♥á❧✐s❡ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ✭P❈❆✮✳ ❆ss✐♠✱ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ✈❛r✐â♥❝✐❛

❡①♣❧✐❝❛❞❛ ❛❝✉♠✉❧❛❞❛ ❞❡ ✾✺✱✵✪✱ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ♥❡❝❡ssár✐♦s

❝♦rr❡s♣♦♥❞❡✉ ❛ ✉♠ t♦t❛❧ ❞❡ ✷✵ ✈❛r✐á✈❡✐s✳

❖ ❞❡s❡♠♣❡♥❤♦ ❞❛s ❛❜♦r❞❛❣❡♥s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞❛s sã♦ ❝❛r❛❝✲

t❡r✐③❛❞♦s ❡♠ t❡r♠♦s ❞❛s s❡❣✉✐♥t❡s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦✿ t❛①❛ ❞❡ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛s ✭❋❉❘ ✪✮✱ t❛①❛ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s ✭❋❆❘ ✪✮ ❡ ♣♦♥t✉❛çã♦ ❞❡ r❡❣r❡ssã♦ R2✳ P❛r❛

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

❛♣r❡♥❞✐③❛❞♦ t❛♠❜é♠ ❢♦r❛♠ tr❡✐♥❛❞♦s s❡♠ ❧❡✈❛r ❡♠ ❝♦♥t❛ ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦

✶✾✵



❞❡ ✈❛r✐á✈❡✐s✴❝❛r❛❝t❡ríst✐❝❛s✳ ❆ ❚❛❜❡❧❛ ✺✳✶✶ ♠♦str❛ ♦s r❡s♣❡❝t✐✈♦s r❡s✉❧t❛❞♦s q✉❡ s❡✲

rã♦ ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ ✈❛❧♦r❡s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠

♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ♠♦❞❡❧♦s tr❡✐♥❛❞♦s ❝♦♠ ✉s♦ ❞❡ ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❆ ❚❛❜❡❧❛ ✺✳✶✷ ♠♦str❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s r❡❣r❡ss♦r❡s q✉❛♥❞♦ ♠ét♦❞♦s ❞❡ s❡❧❡çã♦

❞❡ ✈❛r✐á✈❡❧ ❜❛s❡❛❞♦s ❡♠ ✜❧tr♦ ❢♦r❛♠ ✉s❛❞♦s✳ ❊♠ ❣❡r❛❧✱ ♦s r❡❣r❡ss♦r❡s ❢♦r❛♠ ❝❛♣❛③❡s

❞❡ ❞❡t❡❝t❛r ❛ ❢❛❧❤❛ ❋✲■■■✱ ♠❛s ♥ã♦ ❝♦♥s❡❣✉✐r❛♠ ❞❡t❡❝t❛r ❛ ❢❛❧❤❛ ❋✲■✳ P♦r ♦✉tr♦ ❧❛❞♦✱

❛ ❋❛❧❤❛ ❋✲■■ ❧❡✈♦✉ às ♠❛✐♦r❡s t❛①❛s ❞❡ ❞❡t❡❝çã♦ ✭❋❉❘ ✪✮ q✉❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ s❡✲

❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❢♦✐ ❜❛s❡❛❞♦ ❡♠ ✐♥❢♦r♠❛çõ❡s ♠út✉❛s✳ ❈♦♠♦ s❡ ♣♦❞❡ ♦❜s❡r✈❛r✱ ♦s

♠♦❞❡❧♦s ❞❡ ❛♣r❡♥❞✐③❛❞♦ q✉❡ ✉t✐❧✐③❛r❛♠ ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛s❡✲

❛❞♦s ❡♠ ❝♦rr❡❧❛çã♦ ❧✐♥❡❛r ✭P❡❛rs♦♥ ❡ ❙♣❡❛r♠❛♥✮ ❛♣r❡s❡♥t❛r❛♠ ♠❛✐♦r ♣r♦❜❛❜✐❧✐❞❛❞❡

❞❡ ❛♣r❡s❡♥t❛r ♦✈❡r✜tt✐♥❣✱ ♣♦✐s ♦s ✈❛❧♦r❡s ❞❡ R2 ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ✈❛❧✐❞❛çã♦ ❢♦r❛♠

♥❡❣❛t✐✈♦s✳ ◆♦ ❡♥t❛♥t♦✱ ✈❛❧♦r❡s ♠❡♥♦r❡s ❞❡ R2 ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ✈❛❧✐❞❛çã♦ ❋❛✉❧t

❋■ ❡r❛♠ ❡s♣❡r❛❞♦s✱ ♣♦✐s ❡ss❡ ❝♦♥❥✉♥t♦ ❡r❛ ♠✉✐t♦ ♠❛✐♦r q✉❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ t❡st❡ ❡✱

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

♠❡♥t♦s ❞✐♥â♠✐❝♦s q✉❡ ♣♦ss✐✈❡❧♠❡♥t❡ ♥ã♦ ❤❛✈✐❛♠ s✐❞♦ ❝❛♣t✉r❛❞♦s ♥♦ ❝♦♥❥✉♥t♦ ❞❡

tr❡✐♥♦✳ ❈♦♠♦ ❥á ❡r❛ ❞❡ s❡ ❡s♣❡r❛r✱ ✈❛❧♦r❡s ❜❛✐①♦s ❞❡ R2 ❢♦r❛♠ ♦❜t✐❞♦s ♥♦ t❡st❡

❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❡ ♠✉✐t♦s ❞❛❞♦s ❞❡❢❡✐t✉♦s♦s✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❞❡s❡♠♣❡♥❤♦ ♠é❞✐♦ ❞♦s ✹ r❡❣r❡ss♦r❡s✱ ♦s ✈❛❧♦r❡s ❞❡ ❋❉❘ ♠❛✐s

❛❧t♦s ❡ ♦s ✈❛❧♦r❡s ❞❡ ❋❆❘ ♠❛✐s ❜❛✐①♦s ❢♦r❛♠ ❛❧❝❛♥ç❛❞♦s q✉❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦

❞❡ ✈❛r✐á✈❡✐s ❜❛s❡❛❞♦ ❡♠ ✐♥❢♦r♠❛çõ❡s ♠út✉❛s ❢♦✐ ✉t✐❧✐③❛❞♦✳ ■ss♦ ♣♦ss✐✈❡❧♠❡♥t❡ ♣♦❞❡

s❡r ❡①♣❧✐❝❛❞♦ ♣♦rq✉❡ ❛ ♠étr✐❝❛ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ é ❝❛♣❛③ ❞❡ ❝❛♣t✉r❛r ❛ss♦❝✐❛çõ❡s

♥ã♦ ❧✐♥❡❛r❡s ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s✱ ❡♥q✉❛♥t♦ ❛s ❝♦rr❡❧❛çõ❡s ❞❡ P❡❛rs♦♥ ♦✉ ❙♣❡❛r♠❛♥ sã♦

✐♥❝❛♣❛③❡s ❞❡ ❞❡t❡❝t❛r ❡ss❛s ❛ss♦❝✐❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s✳

◗✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ r❡❢❡rê♥❝✐❛✱ ♦s ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠

❝♦rr❡❧❛çõ❡s ❧✐♥❡❛r❡s ✭P❡❛rs♦♥ ❡ ❙♣❡❛r♠❛♥✮ ❧❡✈❛r❛♠ ❛ ♣✐♦r❡s r❡s✉❧t❛❞♦s ♥❛s três ❢❛❧❤❛s✱

❡♥q✉❛♥t♦ ♦ ♠ét♦❞♦ ❜❛s❡❛❞♦ ❡♠ ✐♥❢♦r♠❛çõ❡s ♠út✉❛s ❢♦✐ ♠❡❧❤♦r ♥♦s três ❝❛s♦s✳

❖ ❞❡s❡♠♣❡♥❤♦ ❞♦ r❡❣r❡ss♦r ♦❜t✐❞♦ q✉❛♥❞♦ ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛✲

r✐á✈❡✐s ❜❛s❡❛❞♦s ❡♠ ♠ét♦❞♦s ✇r❛♣♣❡r ❢♦r❛♠ ✉s❛❞♦s ❡stã♦ r❡s✉♠✐❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✶✸✳

➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ❛ ❋❛❧❤❛ ❋✲■■■ ❢♦✐ ❞❡✈✐❞❛♠❡♥t❡ ❞❡t❡❝t❛❞❛ ❝♦♠ t♦❞♦s ♦s ♠é✲

t♦❞♦s ✇r❛♣♣❡r ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞♦s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❢❛❧❤❛ ❋■ ♥ã♦ ❢♦✐

❞❡t❡❝t❛❞❛✱ ❡①❝❡t♦ q✉❛♥❞♦ ♦ ♠♦❞❡❧♦ ❘❛♥❞♦♠ ❋♦r❡st ❢♦✐ ✉s❛❞♦✱ ❡♥q✉❛♥t♦ ❛s ♠❡❧❤♦r❡s

❞❡t❡❝çõ❡s ❞❛ ❢❛❧❤❛ ❋✲■■ ❢♦r❛♠ ❛❧❝❛♥ç❛❞❛s ❝♦♠ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✲

✈❡❧ ❜❛❝❦✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥ ✭▲❛ss♦✮ s❡❣✉✐❞♦ ♣♦r ❜❛❝❦✇❛r❞ ❢❡❛t✉r❡ ❡❧✐♠✐♥❛t✐♦♥

✭▲❛ss♦✮✳ ❈♦♠♦ ❡r❛ ❞❡ s❡ ❡s♣❡r❛r✱ ✈❛❧♦r❡s ❛❧t♦s ❞❡ ❋❉❘ ✭✪✮ ❡ R2 ❢♦r❛♠ ♦❜t✐❞♦s

❝♦♠ ♦s ❝♦♥❥✉♥t♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❡ ✈❛❧✐❞❛çã♦ q✉❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦ ♥♦

♠ét♦❞♦ ✇r❛♣♣❡r ❝♦✐♥❝✐❞✐✉ ❝♦♠ ♦ ♠♦❞❡❧♦ r❡❣r❡ss♦r ✭❘❛♥❞♦♠ ❋♦r❡st✮✳ ❖✉tr♦ ❛s♣❡❝t♦

q✉❡ ❞❡✈❡ s❡r ❞❡st❛❝❛❞♦ ❞✐③ r❡s♣❡✐t♦ ❛♦ ❞❡s❡♠♣❡♥❤♦ ❣❡r❛❧ ❞♦s ♠ét♦❞♦s ✇r❛♣♣❡r✱ q✉❡

✶✾✶
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t❛♠❡♥t❡ ♥♦✈♦s ❞❛❞♦s ✭❣❡♥❡r❛❧✐③❛çã♦✮✱ ❝♦♥❢♦r♠❡ ♦❜s❡r✈❛❞♦ ♥♦s ❡s❝♦r❡s ❞❡ r❡❣r❡ssã♦

❞♦s ❝♦♥❥✉♥t♦s ❞❡ ✈❛❧✐❞❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ❛♣❡♥❛s ♦s ♠ét♦❞♦s ✇r❛♣♣❡r q✉❡ ✉s❛r❛♠ ♦

♠♦❞❡❧♦ ❞❡ ❛♣r❡♥❞✐③❛❞♦ ▲❛ss♦ ❡①❝❡❞❡r❛♠ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ r❡❢❡rê♥❝✐❛ ❡♠ t♦❞♦s ♦s

❝❡♥ár✐♦s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s✳

❆ ❚❛❜❡❧❛ ✺✳✶✹ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ r❡❣r❡ss♦r ♦❜t✐❞♦ ❝♦♠ ♦s ♠ét♦❞♦s

❡♠❜✉t✐❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ◆♦ ❣❡r❛❧✱ ❡♠❜♦r❛ ❛ ❢❛❧❤❛ ❋✲■■■ s❡♠♣r❡ t❡♥❤❛
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❜❛s❡❛❞♦s ❡♠ ❡sq✉❡♠❛s r❛♥❞♦♠ ❢♦r❡st ❢♦r♥❡❝❡r❛♠ ♠♦❞❡❧♦s ♠❛✐s ♣♦❜r❡s ❡ s✉❥❡✐t♦s ❛
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❧♦s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ♠❛✐s ❣❡♥❡r❛❧✐st❛s ❡ ❢♦r♥❡❝❡♥❞♦ ❡♠ ♠é❞✐❛ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡

❋❉❘ ❡ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ ❋❆❘ ❡♥tr❡ t♦❞♦s ♦s ♠ét♦❞♦s ❛q✉✐ ❛♣❧✐❝❛❞♦s✳ ❊ss❛

♠❡❧❤♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❣❡♥❡r❛❧✐③❛çã♦ ♠♦str♦✉✲s❡ ❢✉♥❞❛♠❡♥t❛❧ ♥♦ ❝♦♥t❡①t♦ ❛♥❛❧✐s❛❞♦✱

♣♦✐s ♦ ♣r♦❝❡ss♦ ❡stá s✉❥❡✐t♦ ❛ ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ❞✉r❛♥t❡ ♦ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦

❡♠ ❢✉♥çã♦ ❞❛s ✈❛r✐❛çõ❡s ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❞❛ ♣❧❛♥t❛✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ♦

♣r♦❝❡❞✐♠❡♥t♦ P❈▼❈■✱ ❝♦♠ ❡stá❣✐♦ P❈❙t❛❜❧❡ ✉s❛♥❞♦ ❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧ ❡ ❡stá❣✐♦

▼❈■ ✉s❛♥❞♦ ♠étr✐❝❛s ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧✱ ♣r♦✈♦✉ s❡r ♦ ♣r♦❝❡❞✐♠❡♥t♦

♠❛✐s ❛❞❡q✉❛❞♦ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❋❛❧❤❛s ■■ ❡ ■■■✱ ❡♥q✉❛♥t♦ ♦ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦

❞❡ ❞❡t❡❝çã♦ ❞❡ ❋❛❧❤❛ ■ ❢♦✐ ❛❧❝❛♥ç❛❞♦ ✉s❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ P❈▼❈■ ❝♦♥s✐❞❡r❛♥❞♦

♠étr✐❝❛s ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧ ❡♠ s✉❛s ❞✉❛s ❡t❛♣❛s✳

❆ ❋✐❣✉r❛ ✺✳✽✽ ♠♦str❛ ❛s ♣r❡✈✐sõ❡s ❞❡ ❋❛❧❤❛ ❋✲■ ♦❜t✐❞❛s ❝♦♠ P❈▼❈■ ✭❝♦rr❡❧❛✲

çã♦ ♣❛r❝✐❛❧✮✳ P❛r❛ t♦❞♦s ♦s r❡❣r❡ss♦r❡s ❛♥❛❧✐s❛❞♦s✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❜♦♥s ✈❛❧♦r❡s

❞❡ R2 ♣❛r❛ ♦s ❝♦♥❥✉♥t♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❡ ✈❛❧✐❞❛çã♦ ❡ ✉♠❛ ❝❧❛r❛ ❞✐✈❡r❣ê♥❝✐❛ ❡♥tr❡

♦s ❞❛❞♦s ♠❡❞✐❞♦s ❡ r❡s♣❡❝t✐✈❛s ♣r❡✈✐sõ❡s ♥♦ ❝♦♥❥✉♥t♦ ❞❡ t❡st❡ ♣ró①✐♠♦ ❛♦ ❡✈❡♥t♦

❞❡ ❢❛❧❤❛✳ ❆ ❋✐❣✉r❛ ✺✳✽✾ ❛♣r❡s❡♥t❛ ♦ r❡s♣❡❝t✐✈♦ ❣rá✜❝♦ ❞♦ í♥❞✐❝❡ ❙P❊✱ ♦♥❞❡ ♦s r❡sí✲

❞✉♦s ❞❡ r❡❣r❡ssã♦ ♥♦s ❝♦♥❥✉♥t♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❡ ✈❛❧✐❞❛çã♦ ♣❡r♠❛♥❡❝❡r❛♠ ❛❜❛✐①♦
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▼ét♦❞♦ ❞❡
s❡❧❡çã♦ ❞❡
✈❛r✐á✈❡✐s

❋❛❧❤❛ ❘❡❣r❡ss♦r ❋❉❘
✭✪✮

❋❆❘
✭✪✮

R2

tr❡✐♥❛✲
♠❡♥t♦

R2 ✈❛✲
❧✐❞❛çã♦

R2

t❡st❡
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❋✲■
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▼▲P❘ ✵✳✵ ✶✳✺✺ ✵✳✽✽ ✲✹✳✼✺ ✲✶✾✳✼✵
❈❈❆ ✵✳✵ ✵✳✵✷ ✵✳✽✹ ✲✺✶✳✷✹ ✲✾✻✳✵✷

❋✲■■

❘❘ ✼✳✻ ✶✷✳✷✽ ✵✳✽✶ ✲✺✶✳✷✼ ✲✶✾✳✻✷
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❋✲■■■

❘❘ ✻✸✳✼ ✶✳✸✻ ✵✳✽✶ ✲✾✳✸✾ ✲✵✳✸✼
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▼▲P❘ ✻✸✳✹ ✵✳✵ ✵✳✵✹ ✲✷✶✳✸✷ ✲✵✳✹✶
❈❈❆ ✻✸✳✼ ✶✳✷✽ ✵✳✽✶ ✲✾✳✼✻ ✲✵✳✸✽

■♠♣♦rtâ♥❝✐❛s
❞❡ ❘❛♥❞♦♠
❢♦r❡st

❋✲■

❘❘ ✵✳✵ ✵✳✶✷ ✶✳✵ ✶✳✵ ✶✳✵
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▼▲P❘ ✵✳✵ ✶✶✳✻✵ ✵✳✽✾ ✲✷✳✻✺ ✲✶✺✳✼✽
❈❈❆ ✽✶✳✶ ✵✳✷✵ ✶✳✵ ✶✳✵ ✶✳✵

❋✲■■

❘❘ ✵✳✻ ✵✳✵ ✶✳✵ ✵✳✾✾ ✵✳✾✾
❘❋ ✻✾✳✷ ✵✳✵ ✵✳✾✾ ✵✳✾✾ ✵✳✶✷

▼▲P❘ ✵✳✵ ✵✳✵ ✲✵✳✾✼ ✲✶✷✺✼ ✲✸✳✺✾
❈❈❆ ✷✻✳✶ ✶✼✳✺✽ ✶✳✵ ✶✳✵ ✶✳✵

❋✲■■■

❘❘ ✻✸✳✹ ✵✳✵ ✶✳✵ ✵✳✾✾ ✵✳✾✾
❘❋ ✻✸✳✹ ✷✳✷✸ ✵✳✾✾ ✵✳✾✾ ✵✳✵✶

▼▲P❘ ✵✳✵ ✵✳✵ ✵✳✽✷ ✲✸✸✺✳✶✷ ✲✸✳✵✾
❈❈❆ ✻✸✳✹ ✵✳✽✵ ✶✳✵ ✶✳✵ ✶✳✵

❆s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❝♦rr❡s♣♦♥❞❡♠ ❛ t❛①❛ ❞❡ ❞❡t❡❝çã♦

❞❡ ❢❛❧❤❛ ✭❋❉❘✪✮✱ t❛①❛ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s ✭❋❆❘✪✮ ❡ ✐♥❞✐❝❡ ❞❡ ❛❥✉st❡ R2✳
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❚❛❜❡❧❛ ✺✳✶✺✿ ❉❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ♦s ♠ét♦❞♦s ❝❛✉s❛✐s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s
❢♦r❛♠ ❡♠♣r❡❣❛❞♦s ✲ ❋❆▲

▼ét♦❞♦ ❞❡
s❡❧❡çã♦ ❞❡
✈❛r✐á✈❡✐s

❋❛❧❤❛ ❘❡❣r❡ss♦r
❋❉❘
✭✪✮

❋❆❘
✭✪✮

R2

tr❡✐♥❛✲
♠❡♥t♦

R2 ✈❛✲
❧✐❞❛çã♦

R2

t❡st❡

P❈▼❈■
✭❈♦rr❡❧❛çã♦
♣❛r❝✐❛❧✮

❋✲■

❘❘ ✶✶✳✶ ✶✵✳✸✻ ✵✳✾✽ ✵✳✷✶ ✲✷✶✽✳✾✶
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▼▲P❘ ✸✽✳✶ ✷✶✳✵✷ ✵✳✾✶ ✲✷✳✸✶ ✲✷✸✼✳✸✸
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❋✲■■

❘❘ ✵✳✵ ✵✳✵ ✵✳✼✹ ✲✹✸✾✳✽✾ ✲✸✳✹✶
❘❋ ✼✾✳✼ ✵✳✵ ✵✳✾✾ ✲✵✳✽✷ ✲✵✳✾✼
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❈❈❆ ✹✹✳✼ ✵✳✵ ✵✳✵✶ ✲✵✳✺✵ ✲✵✳✹✹

❋✲■■■

❘❘ ✹✷✳✷ ✵✳✵✽ ✵✳✼✺ ✲✸✶✷✳✻ ✲✹✳✵✸
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▼▲P❘ ✷✶✳✼ ✵✳✶ ✵✳✻✷ ✲✵✳✾✸ ✲✵✳✷✽
❈❈❆ ✹✾✳✸ ✵✳✵ ✵✳✹✷ ✲✵✳✵✷ ✲✵✳✸✺

❋✲■■■

❘❘ ✻✸✳✹ ✵✳✵ ✵✳✺✼ ✲✷✳✾✼ ✲✵✳✶✼
❘❋ ✻✸✳✼ ✾✳✼✽ ✵✳✾✾ ✲✵✳✷✹ ✲✵✳✶✽

▼▲P❘ ✻✸✳✹ ✵✳✵ ✵✳✸✼ ✲✺✳✻✷ ✲✵✳✶✽
❈❈❆ ✻✸✳✹ ✵✳✵ ✵✳✹✺ ✲✶✳✶✸ ✲✶✳✶✹

❆s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❝♦rr❡s♣♦♥❞❡♠ ❛ t❛①❛ ❞❡ ❞❡t❡❝çã♦

❞❡ ❢❛❧❤❛ ✭❋❉❘✪✮✱ t❛①❛ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s ✭❋❆❘✪✮ ❡ ✐♥❞✐❝❡ ❞❡ ❛❥✉st❡ R2✳

✶✾✻



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

✈❡✐s ♣❡❧❛s t❛①❛s ❞❡ ❋❆❘ ♦❜s❡r✈❛❞❛s✳ ❊st❡ ❧✐♠✐t❡ ❞❡ ❝♦♥tr♦❧❡ ❢♦✐ ❡①❝❡❞✐❞♦ ❞❡ ❢♦r♠❛

❝♦♥s✐st❡♥t❡ ♥♦ ❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ r❡♣♦rt❛❞♦✱ ❝♦♠♣r♦✈❛♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡st❡s ♠♦❞❡❧♦s

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

❡✈❡♥t♦ ❞❡ ❢❛❧❤❛ r❡♣♦rt❛❞♦ ♣❡❧❛ ♦♣❡r❛çã♦✱ ♦ q✉❡ ❡①♣❧✐❝❛ ♦s ✈❛❧♦r❡s ❜❛✐①♦s ❞❡ ❋❉❘

❡ ♦s ✈❛❧♦r❡s ❞❡ ❋❆❘ ♠♦♥ót♦♥♦s ♦❜t✐❞♦s ♣♦r t♦❞♦s ♦s r❡❣r❡ss♦r❡s ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦

♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❡♠♣r❡❣❛❞♦✳

❋✐❣✉r❛ ✺✳✽✽✿ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ ✈❛③ã♦ ❞❡ ❣ás ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❇
✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈▼❈■ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮
❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❆s ❋✐❣✉r❛s ✺✳✾✵ ❡ ✺✳✾✶ ♠♦str❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛s ♣r❡✈✐sõ❡s ❞❡ t❡♠♣❡r❛t✉r❛

❛❞✐♠❡♥s✐♦♥❛✐s ❡ ♦ í♥❞✐❝❡ ❙P❊ ❞✉r❛♥t❡ ❛ ❞❡t❡❝çã♦ ❞❡ ❋❛❧❤❛ ■■✳ ◆❡st❡ ❝❛s♦✱ ♦ ❛❧❣♦r✐t♠♦

P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧✮ ❢♦✐ ✉s❛❞♦

❝♦♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳ ❆ ❢❛❧❤❛ ❢♦✐ ❞❡t❡❝t❛❞❛ ❝♦rr❡t❛♠❡♥t❡ ❞❡

❛❝♦r❞♦ ❝♦♠ ♦ ❡✈❡♥t♦ r❡❧❛t❛❞♦ ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❙P❊✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ♥❛t✉r❡③❛

✶✾✼



❋✐❣✉r❛ ✺✳✽✾✿ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦
P❈▼❈■ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

✶✾✽



✐♥t❡r♠✐t❡♥t❡ ❞❡st❛ ❢❛❧❤❛ ❡①♣❧✐❝❛ ♦s ✈❛❧♦r❡s ♣♦❜r❡s ❞❡ ❋❉❘ ♦❜t✐❞♦s✳

❋✐❣✉r❛ ✺✳✾✵✿ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❆
✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r✲
❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❋✐♥❛❧♠❡♥t❡✱ ♦s r❡s✉❧t❛❞♦s ❞❛ ♣r❡✈✐sã♦ ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ í♥❞✐❝❡ ❙P❊ ♥♦

❝❡♥ár✐♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ ❋❛❧❤❛✲■■■ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✺✳✾✷ ❡ ✺✳✾✸✱ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✳ ❈♦♥❢♦r♠❡ ❛♣♦♥t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡ss❛ ❢❛❧❤❛ ❢♦✐ ❞❡t❡❝t❛❞❛ ❛❞❡q✉❛❞❛♠❡♥t❡✱

❛♣❡s❛r ❞♦ ❝❛rát❡r ♦s❝✐❧❛tór✐♦ ❞❛ ✈❛r✐á✈❡❧ ♣r❡❞✐t❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❡✈❡♥t♦ r❡❧❛t❛❞♦ ♣❡❧❛

♦♣❡r❛çã♦ ♣❛r❡❝✐❛ t❡r ♦❝♦rr✐❞♦ ❛♥t❡s ❞❛ ♠❛♥✐❢❡st❛çã♦ r❡❛❧ ❞❛ ❢❛❧❤❛❀ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱

❛ t❛①❛ ♠á①✐♠❛ ❞❡ ❋❉❘ ❛❧❝❛♥çá✈❡❧ ❝♦rr❡s♣♦♥❞❡ ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡✮ ❛♦ ✈❛❧♦r ❞❡ ✻✸✪

r❡❧❛t❛❞♦ ♥❛s ❚❛❜❡❧❛s ✺✳✶✷✕✺✳✶✺✳

❯♠ ❛s♣❡❝t♦ ✐♠♣♦rt❛♥t❡ ♥❛ ❞✐s❝✉ssã♦ s♦❜r❡ ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s

❜❛s❡❛❞♦s ❡♠ ❝❛✉s❛❧✐❞❛❞❡ é ❛ ✐♥s❡rçã♦ ❞❡ ✈❛r✐á✈❡✐s ❞❡s❢❛s❛❞❛s ♥❛ ❛♥á❧✐s❡✱ q✉❡ ❞❡r✐✈❛✱

♥❛t✉r❛❧♠❡♥t❡✱ ❞❛ ❞❡s❝♦❜❡rt❛ ❡ r❡❝♦♥str✉çã♦ ❞❡ ❧✐❣❛çõ❡s ❝❛✉s❛✐s✳ ❆ ✐♥❝❧✉sã♦ ❞❡ss❛s

✈❛r✐á✈❡✐s ❞❡s❧♦❝❛❞❛s ♥♦ t❡♠♣♦ ♣♦❞❡ ♣❡r♠✐t✐r ✉♠❛ ♠♦❞❡❧❛❣❡♠ ❛♣r✐♠♦r❛❞❛ ❞♦ ❝♦♠✲

✶✾✾



❋✐❣✉r❛ ✺✳✾✶✿ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦
P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦ ♠é✲
t♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

✷✵✵



❋✐❣✉r❛ ✺✳✾✷✿ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧ ✵✷❆
✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦ P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦
♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦ ♠ét♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛✲
r✐á✈❡✐s✳

✷✵✶



❋✐❣✉r❛ ✺✳✾✸✿ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■■ q✉❛♥❞♦ ❡♠♣r❡❣❛❞♦ ♦ ❛❧❣♦r✐t♠♦
P❈❙t❛❜❧❡ ✭❝♦rr❡❧❛çã♦ ♣❛r❝✐❛❧✮ ❝♦♠ ▼❈■ ✭✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥❞✐❝✐♦♥❛❧ ✮❝♦♠♦ ♠é✲
t♦❞♦ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

✷✵✷



♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❛s tr❛❥❡tór✐❛s ❞♦ ♣r♦❝❡ss♦✱ ❡♥q✉❛♥t♦ ✉s❛ ♦ ♠❡s♠♦ ♠♦❞❡❧♦ ❞❡

❞❡t❡❝çã♦ ❬✺✵✱ ✶✻✸✱ ✶✼✵❪✳

❆ ✐♥❢♦r♠❛çã♦ ♠út✉❛✱ q✉❡ ❢♦✐ ❛♣❧✐❝❛❞❛ ❡♠ ♠ét♦❞♦s ❞❡ ✜❧tr♦✱ é ✉♠❛ ♠étr✐❝❛ s❡✲

♠❡❧❤❛♥t❡ às ✉t✐❧✐③❛❞❛s ❡♠ ♠ét♦❞♦s ❝❛✉s❛✐s✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡t❡r♠✐♥❛

❛s r❡❧❛çõ❡s ❡♥tr❡ ✈❛r✐á✈❡✐s ♣❛r❡❛❞❛s✱ ❞❡s♣r❡③❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❛s ❞❡♠❛✐s ✈❛r✐á✈❡✐s s♦❜r❡

♦ ♣❛r✳ P♦rt❛♥t♦✱ ❛❜♦r❞❛❣❡♥s ❝♦♥❞✐❝✐♦♥❛✐s sã♦ ♠❛✐s ❛♣r♦♣r✐❛❞❛s✱ ♣♦✐s t❡♥t❛♠ ✐s♦✲

❧❛r ♦s ❡❢❡✐t♦s ❞❛s ✈❛r✐á✈❡✐s ❞✉r❛♥t❡ ❛ ❞❡s❝♦❜❡rt❛ ❞❡ ❝♦♥❡①õ❡s ❝❛✉s❛✐s✳ ❇❛s✐❝❛♠❡♥t❡✱
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❆s ♠étr✐❝❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❝♦rr❡s♣♦♥❞❡♠ ❛ t❛①❛ ❞❡ ❞❡t❡❝çã♦ ❞❡

❢❛❧❤❛ ✭❋❉❘✪✮✱ t❛①❛ ❞❡ ❢❛❧s♦s ❛❧❛r♠❡s ✭❋❆❘✪✮ ❡ ✐♥❞✐❝❡ ❞❡ ❛❥✉st❡ R2✳
✷✵✹



✺✳✻ P❡rt✐♥ê♥❝✐❛ ❞❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â✲

♠✐❝❛ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s

❆♦ ❧♦♥❣♦ ❞❛ ❙❡çã♦ ✺✳✸✳✶ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ❞✐✈❡rs♦s r❡s✉❧t❛❞♦s q✉❡ ♠♦str❛r❛♠

❝♦♠♦ ❛ ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ♣♦❞❡♠ r❡♣r❡s❡♥t❛r ❞❡ ❢♦r♠❛ ♠❛✐s ❡✈✐❞❡♥t❡

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

♥❛ ♦❜t❡♥çã♦✱ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ❞♦ ❝á❧❝✉❧♦ s❡q✉❡♥❝✐❛❧ ❞❡ ♠é✲

tr✐❝❛s ✐♥✈❛r✐❛♥t❡s ❛♣❧✐❝❛♥❞♦ ✉♠❛ ♠ét♦❞♦ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧ ❛♦ ❧♦♥❣♦ ❞❛ sér✐❡ t❡♠♣♦r❛❧

❝♦♥st✐t✉í❞❛ ♣❡❧❛s ♠❡❞✐❞❛s ❞❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦✳ ❊ss❛s ♠étr✐❝❛s ❢♦r❛♠ ❛✈❛❧✐❛❞❛s

♥♦ ❝❛s♦ ❞❛ ❡st❛çã♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ✜s❝❛❧ ♥♦ ❝♦♥❥✉♥t♦ r❡❧❛t✐✈♦ à ❢❛❧❤❛ ❋✲■■✱ q✉❡

t❛♠❜é♠ ❢♦✐ ❡st✉❞❛❞❛ ♥❛ ❙❡çã♦ ✺✳✺✳✷ ❡♠ q✉❡ ❢♦✐ ❛✈❛❧✐❛❞❛ ♣♦r ❞✐✈❡rs♦s ♠♦❞❡❧♦s ❞❡

❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛ ❞❡t❡❝çã♦ ❞❛ ❢❛❧❤❛ ♣❡❧♦s ♠ét♦❞♦s

✈✐❛ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ sã♦ r❡s✉♠✐❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✶✶ ❡ ♥❛s ❋✐❣✉r❛s ✺✳✾✹ ❡ ✺✳✾✺✳

✷✵✺



❋✐❣✉r❛ ✺✳✾✹✿ Pr❡❞✐çã♦ ❞♦s r❡❣r❡ss♦r❡s ♣❛r❛ ❛ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❣ás ♥♦ ♠❡❞✐❞♦r ✜s❝❛❧
✵✷❆ ✭❙❡❝t✐♦♥ ❆✮ ♥❛ ❢❛❧❤❛ ✲ ❋■■ s❡♠ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

✷✵✻



❋✐❣✉r❛ ✺✳✾✺✿ ❮♥❞✐❝❡ ❞❡ ❞❡t❡❝çã♦ ❙P❊ ♥❛ ❢❛❧❤❛ ✲ ❋■■ s❡♠ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❉❡✈❡✲s❡ ❞❡st❛❝❛r q✉❡ ❡♠❜♦r❛ ❛s ❞✉❛s ❛❜♦r❞❛❣❡♥s ❛✈❛❧✐❛r❛♠ ❛ ♠❡s♠❛ ❢❛❧❤❛ ♦s

r❡s✉❧t❛❞♦s ♥ã♦ sã♦ ❝♦♠♣❛rá✈❡✐s ❡♠ t❡r♠♦s ❞❛s ♠❡❞✐❞❛s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❛♣r❡s❡♥t❛❞❛s

♥❛ s❡❝çã♦ ✺✳✺✳✷✳ ❖s ♠♦❞❡❧♦s ♦❜t✐❞♦s ✈✐❛ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛s ♣❡r♠✐t❡♠ ❢❛③❡r

♣r❡❞✐çõ❡s s♦❜r❡ ♦ ❡st❛❞♦ ❢✉t✉r♦ ❞♦ ♣r♦❝❡ss♦✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❝♦♠♣❛r❛r ♦ ❡st❛❞♦ ♣r❡❞✐t♦

❝♦♠ ♦ ❡st❛❞♦ ❞♦ ♣r♦❝❡ss♦ r❡❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ ♣♦❞❡✲s❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ ♠❡❞✐❞❛ ❞❡

❞✐✈❡r❣ê♥❝✐❛ q✉❡ é ✉s❛❞❛ ❝♦♠♦ s✐♥❛❧ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛❜♦r❞❛❣❡♠

❜❛s❡❛❞❛ ❡♠ ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ♣♦ss✉✐ ✉♠❛ ♥❛t✉r❡③❛ t♦t❛❧♠❡♥t❡ ❧✐✈r❡ ❞❡ ♠♦❞❡❧♦

❡ ♥ã♦ ♦❢❡r❡❝❡ ♥❡♥❤✉♠ t✐♣♦ ❞❡ ♣r❡❞✐çã♦ ♠❛s s✐♥❛✐s ❞❡ t❡♥❞ê♥❝✐❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞✐♥â♠✐❝♦✳

✷✵✼



❚❛❜❡❧❛ ✺✳✶✼✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ♥❛ ❢❛❧❤❛ ❋✲■■ ❡♥tr❡ ♠♦❞❡❧♦s ▼▲ ❡ ♠étr✐❝❛s
✐♥✈❛r✐❛♥t❡s

❚é❝♥✐❝❛
❚❡♠♣♦ ❞❡t❡❝çã♦
❛♣ós ❢❛❧❤❛ ✭♠✐♥✮

❚❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧
♠♦♥✐t♦r❛♠❡♥t♦ ✭s✮

τ ❛✉t♦❝♦rr❡❧❛çã♦ ✽✹✵ ✶✼
τ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ∞ ✶✼✸
❊♥tr♦♣✐❛ ❙❤❛♥♦♥ ✹✶✷✽ ✶✽✶

▼❛① ❊①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ∞ ✻✷✸
❊♥tr♦♣✐❛ ❑♦❧♠♦❣♦r♦✈ ✸✾✺✻ ✹✷✶
❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ✹✸✶✵ ✹✵✽

❘✐❞❣❡ ❘❡❣r❡ss✐♦♥ ✹✼✾✺ ✶✶
❘❛♥❞♦♠ ❋♦r❡st ✹✷✹✵ ✾

▼▲P❘ ✹✷✽✵ ✶✷
❈❈❆ ✹✺✷✺ ✶✵

❱✐s❛♥❞♦ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ♠❡t♦❞♦❧♦❣✐❛s ♠❡♥❝✐♦♥❛❞❛s✱ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦ ✉♠

❧✐♠✐t❡ ❞❡ ❞❡t❡❝çã♦ ♣❛r❛ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ✐❣✉❛❧ ❛ x̄± 5σ✳

❆ ❚❛❜❡❧❛ ✺✳✶✼ ❛♣r❡s❡♥t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❞❛ ❞❡t❡❝çã♦ ❞❛ ❢❛❧❤❛ ❋✲■■ ❡♠ t❡r✲

♠♦s ❞❡ t❡♠♣♦ ❞❡ ❞❡t❡❝çã♦ ❡ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❉❡✈❡ s❡r ♦❜s❡r✈❛❞♦ q✉❡ ♣❛r❛

t♦❞❛s té❝♥✐❝❛s ❡♠♣r❡❣❛❞❛s ❛ ❞❡t❡❝çã♦ ❞❛ ❢❛❧❤❛ s❡♠♣r❡ ❛❝♦♥t❡❝❡✉ ❛♣ós ❛ ♦❜s❡r✈❛çã♦

❞❛ ♠❡s♠❛✱ ♦✉ s❡❥❛✱ ♥❡♥❤✉♠❛ ❞❛s té❝♥✐❝❛s ❡♠♣r❡❣❛❞❛s ♣❡r♠✐t✐✉ ❛ ❛♥t❡❝✐♣❛çã♦ ❞❛

❢❛❧❤❛✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ té❝♥✐❝❛ ❜❛s❡❛❞❛ ❡♠ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ❡ ❛✉t♦❝♦rr❡❧❛çã♦

❡①✐❜✐r❛♠ ♠❡♥♦r❡s t❡♠♣♦s ❞❡ ❞❡t❡❝çã♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦s ♠♦❞❡❧♦s ❞❡ ❛♣r❡♥❞✐③❛❞♦

❞❡ ♠áq✉✐♥❛s✳

❊♠ ❣❡r❛❧✱ ❛s ❞❡t❡❝çõ❡s ❜❛s❡❛❞❛s ❡♠ ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ❞❡♠❛♥❞❛r❛♠ ♠❛✐♦r

t❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ✉♠❛ ✈❡③ q✉❡ ♦s s✐♥❛✐s ❞❡ t❡♥❞ê♥❝✐❛ ♣r❡❝✐s❛♠ s❡r ❝❛❧❝✉❧❛❞♦s

♣❛r❛ ❝❛❞❛ ♥♦✈♦ ♣♦♥t♦ ❞❡♥tr♦ ❞❛ ❥❛♥❡❧❛ ♠ó✈❡❧✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❝❡♥ár✐♦ ❞❡ ♠♦♥✐t♦r❛✲

♠❡♥t♦ ♦♥❧✐♥❡✱ ❛s ❞❡t❡❝çõ❡s ✈✐❛ ♠♦❞❡❧♦s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛s ❛♣r❡s❡♥t❛r✐❛♠

✈❛♥t❛❣❡♠✱ ✉♠❛ ✈❡③ q✉❡ ♦ tr❡✐♥❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ é ♦✤✐♥❡ ❡♥q✉❛♥t♦ ❛s ♣r❡✈✐sõ❡s

♦♥❧✐♥❡ ❞❡♠❛♥❞❛r✐❛♠ ♣♦✉❝♦ t❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s té❝♥✐❝❛s ❜❛✲

s❡❛❞❛s ❡♠ ✐♥✈❛r✐❛♥t❡s ♥ã♦ ❞❡♠❛♥❞❛♠ r❡tr❡✐♥❛♠❡♥t♦ ♦✉ r❡❝♦♥str✉çã♦ ❞♦ ♠♦❞❡❧♦✱ ♦

q✉❡ ❝♦♥st✐t✉✐ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ ❡♠ ❛♠❜✐❡♥t❡s s✉❥❡✐t♦ ❛ ♠✉❞❛♥ç❛s ❢r❡q✉❡♥t❡s✳ ❉❡ss❛

❢♦r♠❛✱ s♦ ❛s té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ❛✉t♦❝♦rr❡❧❛çã♦✱ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❡ ❡♥tr♦♣✐❛ ❞❡

❙❤❛♥♥♦♥ ♣♦❞❡♠ s❡r ✈❛♥t❛❥♦s❛s ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❡♠ t❡♠♣♦ r❡❛❧ ❡♠

q✉❡ é ❝♦♠✉♠ ❛ ♦❜t❡♥çã♦ ❞❡ ♠❡❞✐❞❛s ❞♦ ♣r♦❝❡ss♦ ❡♠ ❢r❡q✉ê♥❝✐❛s ♠❡♥♦r❡s ❛ ✺ ♠✐♥✉t♦s

❡ q✉❡ ❡stã♦ s✉❥❡✐t❛s ❛ r❡tr❡✐♥❛♠❡♥t♦ ❢r❡q✉❡♥t❡✳ ❖❜✈✐❛♠❡♥t❡✱ ❛s té❝♥✐❝❛s ❜❛s❡❛❞❛s

❡♠ ♠♦❞❡❧♦s ❡ ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝♦s ♣♦❞❡♠ s❡r t❛♠❜é♠ ❝♦♠❜✐♥❛❞❛s ♣❛r❛ ♣r♦✈❡r ✉♠

❛♠❜✐❡♥t❡ ♠❛✐s r♦❜✉st♦ ❡ ❛❜r❛♥❣❡♥t❡ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✳

✷✵✽



✺✳✼ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

◆❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s r❡❢❡r❡♥t❡s à ❛❞❛♣t❛çã♦ ❡ r❡❧❡✈â♥❝✐❛

❞❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛ ❝❛ót✐❝❛ ❡♠ ♣r♦❜❧❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

❞❡ ♣r♦❝❡ss♦s✳ ◆❛ ❙❡çã♦ ✺✳✶✳✶ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ❜❛s❡❛❞♦s ❡♠

❞❛❞♦s ❞❡ ♣❧❛♥t❛ r❡❛❧ q✉❡ ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳

P♦st❡r✐♦r♠❡♥t❡✱ ♥❛ ❙❡çã♦ ✺✳✷ ❢♦✐ r❡❛❧✐③❛❞❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❞✐♥â♠✐❝❛ ♣❡r✐ó✲

❞✐❝❛ ❡ ❝❛ót✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❋❖❲▼✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦

t✐♥❤❛ ❝♦♠♦ ♣r♦♣ós✐t♦ ❛ ♦❜t❡♥çã♦ ❞❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ❞♦s r❡s♣❡❝t✐✈♦s ✢✉①♦s

✉s❛♥❞♦ ❛s s❡❣✉✐♥t❡s ♠❡t♦❞♦❧♦❣✐❛s✿ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ❛♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛

❞✐s❝r❡t❛✱ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ♣❡❧❛ ♠❛tr✐③ J ✱ ❛♥á❧✐s❡ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐✲

çõ❡s ✐♥✐❝✐❛✐s ♣❡❧♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ✈✐❛

r❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ✐❞❡♥t✐✜❝❛❞❛s ❛s ♠étr✐❝❛s ♠❛✐s r❡✲

♣r❡s❡♥t❛t✐✈❛s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞✐♥â♠✐❝❛s ❞❡ tr❛♥s✐çã♦ q✉❛♥❞♦ ❛♣r❡s❡♥t❛❞❛s

❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢✳ ◆❡ss❛ s❡çã♦ ❢♦✐ ♠♦str❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ q✉❡ ❛ ✐♠♣❧❛♥t❛✲

çã♦ ❞❡ ❛❧❣✉♥s s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❣♦❧❢❛❞❛ ♣♦❞❡♠ r❡s✉❧t❛ ❡♠ ❞✐♥â♠✐❝❛ ❝❛ót✐❝❛

❝♦♠♣❧❡①❛✱ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ♦r✐✉♥❞❛ ❞❛s r❡s♣♦st❛s ❞✐♥â♠✐❝❛s q✉❡ ❝♦♥tê♠ r❡s♣♦st❛

✐♥✈❡rs❛✳

◆❛ ❙❡çã♦ ✺✳✸ ❢♦✐ ❛♣r❡s❡♥t❛ ❛ r❡❧❡✈â♥❝✐❛ ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s✱ ❝❛❧✲

❝✉❧❛❞♦ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s✴❜✐❢✉r❝❛çõ❡s

♥♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ❡♥✈♦❧✈❡♥❞♦ ❞❛❞♦s ❞❡ ♣❧❛♥t❛✳ ❋♦✐ ♠♦str❛❞♦ ❡♠ ♣❛rt✐❝✉❧❛r q✉❡

✐♥✈❛r✐❛♥t❡s ♦r✐✉♥❞♦s ❞❡ ♠❡❞✐❞❛s ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡ ❡♥tr♦♣✐❛ ♣♦❞❡♠ s❡r ♠✉✐t♦ út❡✐s

♣❛r❛ ❛ ✐❞❡♥t✐✜❝❛çã♦ ♣r❡❝✐s❛ ❞❡ ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s✱ ❝♦♠♦ ❛q✉❡❧❛s ❝❛✉s❛❞❛s ♣♦r

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

❉❡♣♦✐s✱ ♥❛ ❙❡çã♦ ✺✳✹ ❢♦✐ tr❛t❛❞♦ ♦ ♣r♦❜❧❡♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s ❞❡

❜✐❢✉r❝❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❡♠♣r❡❣❛♥❞♦ ❛ ♦❜s❡r✈❛çã♦ ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳

❆♣r❡s❡♥t♦✉✲s❡ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❜❛s❡❛❞❛ ❡♠ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛s ❡ ♦✉tr❛ ❜❛✲

s❡❛❞❛ ♥❛ ❡q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦✳ ❖❜s❡r✈♦✉✲s❡ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❞✐❛❣r❛♠❛s

❞❡ ❜✐❢✉r❝❛çã♦ ♣♦❞❡ s❡r ♠✉✐t♦ ❜❡♥❡✜❝✐❛❞❛ ♣❡❧❛ ✐♥s❡rçã♦ ❞❡ ✐♥✈❛r✐❛♥t❡s ❞✐♥â♠✐❝♦s ♥♦s

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

♠❡♥t♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦ ❛♣r❡s❡♥t❛ ❧✐♠✐t❛çõ❡s q✉❡ ✐♠♣❡❞✐r❛♠ ♦ ✉s♦ ♥♦ ♣r♦❜❧❡♠❛ ❞❡

♣r♦❞✉çã♦ ❞❡s❝r✐t♦ ♣❡❧♦ ♠♦❞❡❧♦ ❋❖❲▼✳

P♦st❡r✐♦r♠❡♥t❡✱ ♥❛ ❙❡çã♦ ✺✳✺ ❛♣r❡s❡♥t♦✉✲s❡ ✉♠❛ ❛♥á❧✐s❡ ❞♦ ✉s♦ ❞❡ té❝♥✐❝❛s ❞❡

❞❡s❝♦❜❡rt❛ ❝❛✉s❛❧ ❜❛s❡❛❞❛s ❡♠ sér✐❡s t❡♠♣♦r❛✐s ❞❡s❢❛s❛❞❛s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡

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

r✐♦s✱ r❡❝♦♠❡♥❞❛♥❞♦✲s❡ ❡ss❡s ♣r♦❝❡❞✐♠❡♥t♦s ♣❛r❛ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ✉s❛❞❛s ♣❛r❛ ♦

♠♦♥✐t♦r❛♠❡♥t♦ ✱ ✐❞❡♥t✐✜❝❛çã♦ ❡ ❞✐❛❣♥óst✐❝♦ ❞❡ ❢❛❧❤❛s✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛♣r❡s❡♥t♦✉✲

✷✵✾



s❡ t❛♠❜é♠ ♦ ✉s♦ ❞❛s té❝♥✐❝❛s ❝❛✉s❛✐s ♥♦ ♣r♦❜❧❡♠❛ ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s✱ ♦❜t❡♥❞♦

♠♦❞❡❧♦s ♠❛✐s s✐♠♣❧✐✜❝❛❞♦s ❡ ❞❡ ♠❛✐♦r ♣r❡❝✐sã♦✳

P♦r ✜♠✱ ♥❛ ❙❡çã♦ ✺✳✻ é ❞✐s❝✉t✐❞❛ ❛ ♣❡rt✐♥ê♥❝✐❛ ❞❛s té❝♥✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

❜❛s❡❛❞❛s ❡♠ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✱ ❛♣r❡s❡♥t❛♥❞♦✲s❡ ✉♠❛ ❝♦♠♣❛r❛çã♦

❡♠ t❡r♠♦s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❡♠ r❡❧❛çã♦ às ❞❡t❡❝çõ❡s ❞❡ ❢❛❧❤❛ ❜❛s❡❛❞❛s ❡♠ ♠♦❞❡❧♦s

❞❡ ❛♣r❡♥❞✐③❛❞♦ ❞❡ ♠áq✉✐♥❛✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❢♦✐ ♦❜s❡r✈❛❞❛ ❛ ♣❡rt✐♥ê♥❝✐❛ ❞♦ ✉s♦

❞❡ té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ✐♥✈❛r✐❛♥t❡s ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s s✉❥❡✐t♦s à

♥❡❝❡ss✐❞❛❞❡ ❢r❡q✉❡♥t❡ ❞❡ r❡tr❡✐♥❛♠❡♥t♦✱ t❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ❡ss❡s ♣r♦❝❡❞✐♠❡♥t♦s s❡

❜❛s❡✐❛♠ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❡♠ ❞❛❞♦s✳

✷✶✵



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sõ❡s

❆♦ ❧♦♥❣♦ ❞♦ tr❛❜❛❧❤♦ ❢♦✐ ❡st✉❞❛❞❛ ❛ ♣❡rt✐♥ê♥❝✐❛ ❡ ♣♦t❡♥❝✐❛❧ ❞❡ ✉s♦ ❞❡ ❞✐✈❡rs❛s ♠é✲

tr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡ ♥♦ ❝♦♥t❡①t♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s

❞❡ ❞♦✐s ❝❛s♦s ❞❡ ❡st✉❞♦ r❡❛✐s ❞❡ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧✱ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s ❡♠

♣❧❛♥t❛✳ ❆❧é♠ ❞✐ss♦✱ ♦✉tr❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❡♠

❝❛s♦s ❞❡ ❡st✉❞♦ s✐♠✉❧❛❞♦s✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❝♦♥❥✉♥t♦ ❞♦s ♠ét♦❞♦s ❡ té❝♥✐❝❛s ❡st✉❞❛✲

❞❛s ❡ ❞❡s❡♥✈♦❧✈✐❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ❛♥❛❧ít✐❝❛s ✭❛q✉❡❧❛s

❞✐r✐❣✐❞❛s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❞✐♥â♠✐❝❛s r❡♣r❡s❡♥t❛❞❛s ♣♦r ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❞❡✲

t❡r♠✐♥íst✐❝♦s✮ ❡ ❛s ❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s ✭❛q✉❡❧❛s ❞✐r✐❣✐❞❛s à ❡①tr❛çã♦ ❞❡ ✐♥❢♦r♠❛çã♦

s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❡ ♦❜s❡r✈❛çõ❡s ♦✉ sér✐❡s t❡♠♣♦r❛✐s✮✳

◆❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ♦❜s❡r✈❛❞♦s ❡ ❡st✉❞❛❞♦s ❞✐✈❡rs♦s ❢❡♥ô♠❡♥♦s ♥ã♦ ❧✐♥❡❛r❡s

❡ ❝♦♠♣❧❡①✐❞❛❞❡s q✉❡ sã♦ ✐♥❡r❡♥t❡s ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❝❛ót✐❝♦✳ ❋♦✐ ♦❜s❡r✲

✈❛❞♦ q✉❡ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❞✐♥â♠✐❝❛s t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❛ ♦❜t❡♥çã♦

❞❛s ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s q✉❡ ❝♦♥tê♠ t♦❞❛ ❛ ✐♥❢♦r♠❛çã♦ ❞❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞♦

✢✉①♦✳ ❊♠ ✉♠❛ ❡t❛♣❛ ✐♥✐❝✐❛❧✱ ❡ss❛s ❝❛r❛❝t❡r✐③❛çõ❡s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❝♦♠ ❛✉①✐❧✐♦

❞❛s ♣ró♣r✐❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦ ✭❝❛r❛❝t❡r✐③❛çã♦ ❛♥❛❧ít✐❝❛✮✱ ♣❛r❛ q✉❡ ❡ss❡s r❡s✉❧t❛❞♦s

♣♦st❡r✐♦r♠❡♥t❡ ❢♦ss❡♠ út❡✐s ♥❛ ✈❛❧✐❞❛çã♦ ❞❛ ❝❛r❛❝t❡r✐③❛çã♦ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r s❡

sér✐❡s t❡♠♣♦r❛✐s✳

■♥✐❝✐❛❧♠❡♥t❡ ❢♦✐ r❡❛❧✐③❛❞❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❛♥❛❧ít✐❝❛ ❞♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ❇❡♥✲

❝❤♠❛r❦ ✭✢✉①♦s ❝❛ót✐❝♦s ❞❡ ❘♦ss❧❡r ❡ ▲♦r❡♥③ ❝♦♥❢♦r♠❡ ❛ ❞❡✜♥✐çã♦ ❞❡ ❬✷✺✽❪✮ ✈✐s❛♥❞♦

❛ ✈❛❧✐❞❛çã♦ ❞❛s r♦t✐♥❛s ❡ ♠ét♦❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❡♠♣r❡❣❛❞♦s✳ ❇❛s✐❝❛♠❡♥t❡✱ ❛ ❝❛✲

r❛❝t❡r✐③❛çã♦ ❞❡ss❡s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞✐♥â♠✐❝❛s ❛✈❛❧✐♦✉ ♦s s❡❣✉✐♥t❡s ❛s♣❡❝t♦s✿

❼ ❆♥á❧✐s❡ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞♦s ❡q✉✐❧í❜r✐♦s ♣❡❧❛ ♠❛tr✐③ ❆✳ ❋♦✐ ♠♦str❛❞♦ q✉❡

♦s r❡s♣❡❝t✐✈♦s ❡q✉✐❧í❜r✐♦s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❞❡♥tr♦ ❞❛s ❜❛s❡s ❞❡ ❛tr❛çã♦ ❞♦s

❝♦rr❡s♣♦♥❞❡♥t❡s ✢✉①♦s sã♦ ✐♥stá✈❡✐s✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ❢♦❝♦s s❡❧❛s✳ ❊st❡s ♣♦♥✲

t♦s ❞❡ ❡q✉✐❧í❜r✐♦ ♣♦ss✉❡♠ ♥❛t✉r❡③❛ ❤✐♣❡r❜ó❧✐❝❛ ❡ ♥ã♦ ❝✉♠♣r❡♠ ♦ ❚❡♦r❡♠❛ ❞❡

✷✶✶



❙❤✐❧♥✐❦♦✈✱ ♣❡❧♦ q✉❡ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ♥ã♦ ❡①✐st❡♠ ór❜✐t❛s ❤♦♠♦❝❧í♥✐❝❛s ♥♦

❡♥t♦r♥♦ ❞❡ss❡s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦✳

❼ ❆♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ ♣♦r s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré✳ ❋♦✐ ♣♦ssí✈❡❧ r❡♣r❡s❡♥✲

t❛r ❛ ❞✐♥â♠✐❝❛s ❞♦s r❡s♣❡❝t✐✈♦s ✢✉①♦s ❛♣❡r✐ó❞✐❝♦s ❡♠ t❡r♠♦s ❞❡ ✉♠ ♠❛♣❛✱

q✉❡ ♠♦str♦✉ q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❡①♣❛♥sã♦ ❡

❝♦♥tr❛çã♦ ✭❞♦❜r❛❞✉r❛✮ ❞❡ s✐st❡♠❛s ❝❛ót✐❝♦s ♥♦s ❛tr❛t♦r❡s ❡st✉❞❛❞♦s✳

❼ ❙❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ✈✐❛ ❝á❧❝✉❧♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈✳ ❋♦r❛♠

❝❛❧❝✉❧❛❞♦s ♦s r❡s♣❡❝t✐✈♦s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ♣❛r❛ ❝❛❞❛ s✐st❡♠❛✱ s❡♥❞♦

❡♥❝♦♥tr❛❞♦s ❞❡♥tr♦ ❞❡❧❡s ♣❡❧♦ ♠❡♥♦s ✉♠ ❡①♣♦♥❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♣♦s✐t✐✈♦✳

❆❧é♠ ❞✐ss♦✱ ❢♦✐ ♠♦str❛❞♦ q✉❡ ♦s ❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❢♦r♠❛♠ ✉♠❛ ♠❡❞✐❞❛

✐♥✈❛r✐❛♥t❡ ❞♦ ✢✉①♦ ♣❛r❛ t❡♠♣♦s ❞❡ ✐♥t❡❣r❛çã♦ τ > 100✳

❼ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞❡ tr❛❥❡tór✐❛s ♣❡❧❛ ♠❛tr✐③ ❏✳ ❋♦✐ ♠♦str❛❞♦ q✉❡ ❛s

r❡s♣❡❝t✐✈❛s ❞✐♥â♠✐❝❛s ❞❡❢♦r♠❛♠ ❡ ❡①♣❛♥❞❡♠ ❡♠ ♣❡❧♦ ♠❡♥♦s ✉♠❛ ❞✐r❡çã♦ ♥❛

✈✐③✐♥❤❛♥ç❛ ✐♥✜♥✐t❡s✐♠❛❧ ❛ss♦❝✐❛❞❛ à ❝♦rr❡s♣♦♥❞❡♥t❡ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❞❛ tr❛❥❡✲

tór✐❛✳

❼ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s✳ ❋♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s ♠étr✐✲

❝❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛s ♥✉♠ ❡s♣❛ç♦ m✲❞✐♠❡♥s✐♦♥❛❧✱

❡♥❝♦♥tr❛♥❞♦✲s❡ q✉❡ ❡ss❛s ♠étr✐❝❛s r❡✢❡t❡♠ ❛s ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ♦❜s❡r✈❛✲

❞❛s ♥❛s sér✐❡s t❡♠♣♦r❛✐s ❡ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳

❆ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ ❞❛ ❙❡çõ❡s ❉✳✶✳✶✳✶ ❡ ❉✳✶✳✷✳✶

♣❡r♠✐t✐✉ ❞❡t❡r♠✐♥❛r ♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ ♥♦s ❛tr❛t♦r❡s✱ ❡♥❝♦♥tr❛♥❞♦✲s❡ q✉❡ ❛♠❜♦s

♦s ✢✉①♦s ✭▲♦r❡♥③ ❡ ❘♦ss❧❡r✮ ❝♦rr❡s♣♦♥❞✐❛♠ ❛ ❡q✉✐❧í❜r✐♦s ✐♥stá✈❡✐s✱ ♠❛✐s ❡s♣❡❝✐✜❝❛✲

♠❡♥t❡ ♥ós s❡❧❛s✳ ❉✉r❛♥t❡ ❛ ❛♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ ❞❛s s❡çõ❡s ❉✳✶✳✶✳✷ ❡ ❉✳✶✳✷✳✷

❢♦✐ ♣♦ssí✈❡❧ ❝❛r❛❝t❡r✐③❛r ❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛ ❞♦s ✢✉①♦s✱ s❡♥❞♦ q✉❡ ♥♦ ❝❛s♦ ❞♦ ❛tr❛t♦r

❞❡ ❘♦ss❧❡r só ✉♠ ♣❧❛♥♦ ❞❡ P♦✐♥❝❛ré ❢♦✐ r❡q✉❡r✐❞♦✱ ❡♥q✉❛♥t♦ ♣❛r❛ ♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③

❢♦r❛♠ r❡q✉❡r✐❞♦s ❞♦✐s✱ ✐ss♦ ♦❝♦rr❡✉ ♣♦rq✉❡ ♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ ❡♥✈♦❧✈❡ três ♣♦♥t♦s

❞❡ ❡q✉✐❧í❜r✐♦ ❡ ❞♦✐s ❧ó❜✉❧♦s ❞❡ ór❜✐t❛s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ ❡s❝♦❧❤❛ ❞♦ ♠❛♣❛ ❞❡ P♦✐♥❝❛ré

q✉❡ s❛t✐s❢❛③ ❛s ❝♦♥❞✐çõ❡s ♥❡❝❡ssár✐❛s ✭❙❡çã♦ ✸✳✶✳✹✳✶✮✳ ❆ ❛♥á❧✐s❡ ❡ ❝á❧❝✉❧♦s ❞♦s ❡s✲

♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ❞❛ ❙❡çã♦ ❉✳✶✳✶✳✸ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❘♦ss❧❡r ❡ ❞❛ ❙❡çã♦ ❉✳✶✳✷✳✸

❞♦ s✐st❡♠❛ ❞❡ ▲♦r❡♥③ ♣❡r♠✐t✐✉ ♦❜s❡r✈❛r q✉❡ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝♦♠♣❧❡①♦s ❡ ❝❛♦s

s✉r❣❡♠ ❞❡♥tr♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ ❡s♣❛❝✐❛❧ ❞✐s❝r❡t❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❢♦r❛♠ ♠❛♣❡❛❞❛s ❛s

r❡❣✐õ❡s ♣❛r❛♠étr✐❝❛s ❡ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝♦♠♣❧❡①♦s q✉❡ s✉r❣❡♠ ❞❡♥tr♦ ❞❡ ❡❧❛s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ♦s r❡s✉❧t❛❞♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ♣♦r tr❛♥s♣♦rt❡ t❡♠♣♦r❛❧ ❞❡ ✈✐✲

③✐♥❤❛♥ç❛ ✭♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✮ ❞❛ ❙❡çã♦ ❉✳✶✳✶✳✹ ♠♦str❛r❛♠ q✉❡ ♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ é

✐♥stá✈❡❧ ♣❡❧♦ ❝r✐tér✐♦ ❞♦ ❝✐r❝✉❧♦ ✉♥✐tár✐♦✱ ❡♥q✉❛♥t♦ ♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ♥❛ ❝♦♥❞✐çã♦

♣❡r✐ó❞✐❝❛ ❛♣r❡s❡♥t❛ ✉♠ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡ ♠❛r❣✐♥❛❧✳

✷✶✷



❆s té❝♥✐❝❛s ❛♥❛❧ít✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❢♦r❛♠ ❡♠♣r❡❣❛❞❛s ♣❛r❛ ❛

❛♥á❧✐s❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ♣❡r✐ó❞✐❝♦ ❞♦ ♠♦❞❡❧♦ ❋❖❲▼ q✉❡ ❞❡s❝r❡✈❡ ❛

❞✐♥â♠✐❝❛ ❞❡ ❣♦❧❢❛❞❛s ♥✉♠ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ✢♦✇❧✐♥❡✴r✐s❡r r❡❛❧✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦

❞✐♥â♠✐❝❛ ♠♦str♦✉ q✉❡✿

❼ ❊st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✿ ❖ s✐st❡♠❛ ♣♦ss✉✐ ✉♠ ú♥✐❝♦ ❡q✉✐❧í❜r✐♦ ❤✐♣❡r❜ó❧✐❝♦ ✭t✐♣♦ s❡❧❛✮

q✉❡ ❞❡s❝r❡✈❡ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ♣ró♣r✐❛ ❞♦ s✐st❡♠❛ ❞❛❞♦s ♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

❞❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳

❼ ❆♥á❧✐s❡ ❞❡ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛✿ ▼♦str♦✉✱ q✉❛❧✐t❛t✐✈❛♠❡♥t❡✱ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛

ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳

❼ ❆♥á❧✐s❡ ❞❡ tr❛♥s♣♦rt❡ ❞❡ ✢✉①♦✿ ▼♦str♦✉ q✉❡ ❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ é ❡stá✈❡❧✳

❼ ❆♥á❧✐s❡ ❞❡ ❜✐❢✉r❝❛çõ❡s✿ ❋♦r❛♠ ❡♥❝♦♥tr❛❞♦s ❡ ✐❞❡♥t✐✜❝❛❞♦s ♣♦♥t♦s ❞❡ ❜✐❢✉r❝❛çã♦

♦♥❞❡ s✉r❣❡♠ ♦s❝✐❧❛çõ❡s ❞❡ ✶ ❡ ✷ ♣❡rí♦❞♦s✳ ❊♠❜♦r❛ ♦ ✐♥t❡r✈❛❧♦ ❞♦ ♣❛râ♠❡tr♦

z ❡♠ q✉❡ s✉r❣❡ ♦s❝✐❧❛çõ❡s ❞✉♣❧❛s ❡st✐✈❡ss❡ ❢♦r❛ ❞❛ ✈✐❛❜✐❧✐❞❛❞❡ ❢ís✐❝❛ ✭❛❜❡rt✉r❛

❞❡ ✈á❧✈✉❧❛ ❃ ✶✵✵✪✮✱ é ♣♦ssí✈❡❧ q✉❡ s♦❜ ❝❡rt❛s ❝♦♠❜✐♥❛çõ❡s ♣❛r❛♠étr✐❝❛s ❛♣❛✲

r❡ç❛♠ ♦s❝✐❧❛çõ❡s ❞✉♣❧❛s ❡♠ r❡❣✐õ❡s ♣❛r❛♠étr✐❝❛s ✈✐á✈❡✐s✳ ❖ ♠♦♥✐t♦r❛♠❡♥t♦

❞♦s ❛✉t♦✈❛❧♦r❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ♣❡r♠✐t✐✉ ✐❞❡♥t✐✜❝❛r ✉♠ ♣♦ssí✈❡❧ ♣♦♥t♦ ❞❡

❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ ❞❛❞❛s ❛s tr❛❥❡tór✐❛s ❞♦s ❛✉t♦✈❛❧♦r❡s ♥♦ ♣❧❛♥♦ ❘❡✲■♠❣✳ ❖s

♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❝♦♥t✐♥✉❛çã♦ ♣❛r❛♠étr✐❝❛ ♣❡r♠✐t✐r❛♠ ♣r♦✈❛r r✐❣♦r♦s❛♠❡♥t❡

❛ ❡①✐stê♥❝✐❛ ❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ✐❞❡♥t✐✜❝❛❞❛ ✉♠❛ ❜✐❢✉r✲

❝❛çã♦ ❣❡♥❡r❛❧✐③❛❞❛ ❞❡ ❍♦♣❢ ♥❛s ♠❡s♠❛s ❝♦♦r❞❡♥❛❞❛s✳ ❉✉r❛♥t❡ ❛ ❝♦♥t✐♥✉❛çã♦

♣❛r❛♠étr✐❝❛ ♥ã♦ ❢♦r❛♠ ♦❜s❡r✈❛❞❛s ❜✐❢✉r❝❛çõ❡s ❞❡ ❞✉♣❧✐❝❛çã♦ ❞❡ ♣❡rí♦❞♦✱ ♣❡❧♦

q✉❡ é ♣♦ssí✈❡❧ ❡s♣❡❝✉❧❛r q✉❡ ❛s ♦s❝✐❧❛çõ❡s ❞✉♣❧❛s ♦❜s❡r✈❛❞❛s ♥❛s s✐♠✉❧❛çõ❡s

❞✐♥â♠✐❝❛s ♣♦ss❛♠ t❡r ♦r✐❣❡♠ ❡♠ ✐♥st❛❜✐❧✐❞❛❞❡s ❞♦ ♠ét♦❞♦ ❞❡ ✐♥t❡❣r❛çã♦ ♥✉✲

♠ér✐❝❛✳

❼ ▼étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡✿ ❖❜s❡r✈♦✉✲s❡ q✉❡ ♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❝♦♥❢♦r♠❛♠ ✉♠❛ ♠étr✐❝❛ ✐♥t❡r❡ss❛♥t❡ ♣❛r❛ t❛♠❜é♠ ❛❝♦♠♣❛♥❤❛r✴♠♦♥✐t♦r❛r ❛s

❜✐❢✉r❝❛çõ❡s ❡ ♦✉tr♦s ❢❡♥ô♠❡♥♦s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✱ ✐♥❝❧✉s✐✈❡ ♠♦str❛♠ ✉♠❛

t❡♥❞ê♥❝✐❛ s♦❜r❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ q✉❡ ♣♦❞❡ s❡r ✐♠♣♦rt❛♥t❡ ♥❛ ❛♥t❡❝✐♣❛çã♦ ❞❛ ❜✐✲

❢✉r❝❛çã♦ ❡♠ s✐✳ P❛rt✐❝✉❧❛r♠❡♥t❡ ♥♦ ❝❛s♦ ❞♦ ❛tr❛t♦r ❞❡ ❋❖❲▼✱ ♦s ❡①♣♦❡♥t❡s

❞❡ ▲②❛♣✉♥♦✈ ❞❡s❝r❡✈❡♠ ❛s ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ♦❜s❡r✈❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ ❞✐❛✲

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

❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ✐♥❞✐r❡t❛ ❞❛s ❜✐❢✉r❝❛✲

çõ❡s✱ ❞❡st❛❝❛♥❞♦ ✉♠ ❝❛rát❡r ♠❛✐s ❛♥t❡❝✐♣❛t✐✈♦ ❡ r♦❜✉st♦ q✉❡ ♦s ❡①♣♦❡♥t❡s ❞❡

▲②❛♣✉♥♦✈✳

❼ ▼❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❡ ❘◗❆✿ ❖ ♣❛❞rã♦ ❞❡ r❡❝♦rrê♥❝✐❛ ❝♦♥✜r♠♦✉ ♦ ❝❛rát❡r

✷✶✸



♣❡r✐ó❞✐❝♦ ❞❛ ❞✐♥â♠✐❝❛ ❡ ♠♦str♦✉ q✉❡ ❛ tr❛❥❡tór✐❛ t❡♠ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❞❡

r❡❝♦rrê♥❝✐❛s ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ ❛♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❢♦✐ ❡st✉❞❛❞❛ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❛♥t✐✲s❧✉❣ ❜❛s❡❛❞♦ ❡♠ ✉♠ ❝♦♥✲

tr♦❧❡ P■ ❞❡ ❢❡❡❞❜❛❝❦✳ ❋♦r❛♠ s✐♠✉❧❛❞♦s três ❝❡♥ár✐♦s ❞❡ ❝♦♥tr♦❧❡ ❞✐❢❡r❡♥t❡s ❝♦♥s✐❞❡✲

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

❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦ à ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❞❡

❍♦♣❢ q✉❡ ❝♦♥st✐t✉✐ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♦♣❡r❛❜✐❧✐❞❛❞❡ ❞❛ ♣❧❛♥t❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❞✐♥â✲

♠✐❝❛ s❡ t♦r♥❛ ✐♥stá✈❡❧✳ ❋♦✐ ❞❡♠♦♥str❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ q✉❡ ♦ ❝♦♥tr♦❧❡ P■✱ q✉❛♥❞♦

Prt ❢♦✐ ❛ ✈❛r✐á✈❡❧ ❝♦♥tr♦❧❛❞❛✱ ♣❡r♠✐t✐✉ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❞✐♥â♠✐❝❛s ❝❛ót✐❝❛s✳ ❆❧é♠

❞✐ss♦✱ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ss❡s ❝♦♠♣♦rt❛♠❡♥t♦s ❝♦♠♣❧❡①♦s ❢♦✐ ❞❡t❡❝t❛❞♦ ❡♠ ❝♦♥❞✐çõ❡s

❞❡ ♠❡♥♦r ♣r♦❞✉çã♦ ✭♦✉ s❡❥❛✱ ❡♠ ✈❛❧♦r❡s ❞❡ z ♠❛✐s ❜❛✐①♦s✮ ❞♦ q✉❡ ♥❛ ❞✐♥â♠✐❝❛ ❞❡

♠❛❧❤❛ ❛❜❡rt❛✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❝❛ót✐❝♦ ❢♦✐ ❞❡✈✐❞❛♠❡♥t❡ ❝♦rr♦❜♦r❛❞♦ ♣♦r ♠étr✐❝❛s q✉❛♥t✐✲

t❛t✐✈❛s✱ ❝♦♠♦ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❡ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♥♦♥✱ ❡ ♦❜s❡r✈❛çõ❡s q✉❛✲

❧✐t❛t✐✈❛s ❞❡ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♣❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r P■

q✉❡ ♣r♦❞✉③❡♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❛✉t♦ss✉st❡♥t❛❞♦ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ♣♦r

♠❡✐♦ ❞❛ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✳ ❆ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ❛❥✉st❡ ❞❡ P■

q✉❡ ✐♥❞✉③❡♠ ❞✐♥â♠✐❝❛s ♦s❝✐❧❛tór✐❛s ✭♦✉ s❡❥❛✱ s❧✉❣❣✐♥❣ s❡✈❡r♦✮ ❝♦♥st✐t✉✐ ✉♠❛ t❛r❡❢❛

✐♠♣♦rt❛♥t❡ ♥♦ ♣r♦❥❡t♦ ❞♦ ❡sq✉❡♠❛ ❞❡ ❝♦♥tr♦❧❡✳

◆♦s ❡sq✉❡♠❛s ❞❡ ❝♦♥tr♦❧❡✱ q✉❛♥❞♦ Prb ❡ Ppdg ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ ✈❛r✐á✲

✈❡✐s ❝♦♥tr♦❧❛❞❛s✱ ♠♦str♦✉✲s❡ q✉❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❥✉st❡ ❞❡ ❝♦♥tr♦❧❡ q✉❡ ❧❡✈❛r❛♠ ❛

❝♦♥❞✐çõ❡s ❞❡ ♠❡♥♦r ♣r❡ssã♦ ♥♦ s✐st❡♠❛✱ ♦✉ s❡❥❛✱ ❝♦♥❞✐çõ❡s ❞❡ ❛❧t❛ ♣r♦❞✉çã♦ ❞❡ ó❧❡♦

❝♦rr❡s♣♦♥❞❡r❛♠ ❛ ✈❛❧♦r❡s ❛❧t♦s ❞❡ Kp ❡ ❜❛✐①♦s ❞❡ τ ✳

◆❛ ❙❡çã♦ ✺✳✸ t❛♠❜é♠ ❢♦✐ ♠♦str❛❞♦ q✉❡ é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ❛ ❝❛r❛❝t❡r✐③❛çã♦

❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ✉s❛♥❞♦ ✉♠❛ sér✐❡ t❡♠♣♦r❛❧✱ ♦ q✉❡ ❞❡s♣❡rt❛ ❣r❛♥❞❡ ✐♥t❡r❡ss❡

♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛ ❞✐♥â♠✐❝♦s ❡①♣❡r✐♠❡♥t❛✐s ❡♠ q✉❡ ♥ã♦ sã♦ ❝♦♥❤❡❝✐❞♦s

♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❡ ❛s r❡❣r❛s ❞❡t❡r♠✐♥íst✐❝❛s ❛ss♦❝✐❛❞❛s ❛♦s ❞❛❞♦s✳ ❚♦❞❛s ❛s

♠étr✐❝❛s ❞❡s❝r✐t❛s ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ✉s❛♥❞♦ ✉♠❛ ú♥✐❝❛ sér✐❡ t❡♠♣♦r❛❧✱ r❡❝♦♥str✉✐♥❞♦

♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s✱ ❡ ♣❡r♠✐t✐♥❞♦ ♦❜t❡r r❡s✉❧t❛❞♦s q✉❡ r❡✢❡t✐❛♠ ❛s

❝❛r❛❝t❡r✐③❛çõ❡s ❡st❛❜❡❧❡❝✐❞❛s ♣♦r ✈✐❛ ❛♥❛❧ít✐❝❛✳ ❊st❡s r❡s✉❧t❛❞♦s ♠♦str❛♠✱ ❝♦♥❢♦r♠❡

♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s✱ q✉❡ ❡♠❜♦r❛ ❛ r❡❝♦♥str✉çã♦ ❡s♣❛❝✐❛❧ ♥ã♦ ❝♦♥s❡r✈❡ ❛ ❣❡♦♠❡tr✐❛✱

❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s ❞❛s ❞✐♥â♠✐❝❛s sã♦ ♣r❡s❡r✈❛❞❛s✳

P❛r❛❧❡❧❛♠❡♥t❡✱ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♠♦str♦✉✱ ♥♦ ❝❛s♦ ❞♦

♣r♦❜❧❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❊❋❆▲✱ q✉❡ ♣♦❞❡♠ s❡r ❞❡r✐✈❛❞❛s ♠étr✐❝❛s r❡♣r❡s❡♥t❛t✐✲

✈❛s ❞❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ✭❙❡çã♦ ✺✳✸✳✶✮✳ ❉❡ss❛ ❢♦r♠❛✱ ♦❜s❡r✈♦✉✲s❡ q✉❡ ❛s ♠étr✐❝❛s

❞❡✿ ❛✉t♦❝♦rr❡❧❛çã♦✱ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥✱ ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ✭✈✐❛ ❡st✐♠❛çã♦

✷✶✹



❞♦ ❡s♣❡❝tr♦✮✱ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣♦❞❡♠ s❡r ✉s❛❞❛s

❝♦♠♦ ♠étr✐❝❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ✉♠❛ ✈❡③ q✉❡ ❛♣r❡s❡♥t❛♠ ♠✉❞❛♥ç❛s q✉❛❧✐t❛t✐✈❛s

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

♥❛❧♠❡♥t❡ ♠❛✐s ❡✜❝✐❡♥t❡s t❡♥❤❛♠ s✐❞♦ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❡ ♠étr✐❝❛s ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦

❡ ♠❡❞✐❞❛s ❞❡ ❡♥tr♦♣✐❛✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛♥á❧✐s❡ ❞❡ ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛ ❞❛ ❙❡çã♦

✺✳✸✳✶✳✺ ♠♦str♦✉ ✉♠ ❛❧t♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ♣❛r❛ s✐st❡♠❛s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦

❞❡ ❛❧t❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✳

❆s té❝♥✐❝❛s ❞❡s❝r✐t❛s✱ ♠♦str❛r❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡s♣♦♥❞❡r s❡♥s✐✈❡❧♠❡♥t❡ às ❢❛❧❤❛s

❡st✉❞❛❞❛s ♥♦s ❝❛s♦s ❛q✉✐ ❛♣r❡s❡♥t❛❞♦s ❞❛ ❡st❛çã♦ ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❊❋❆▲✳

❖s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❢♦r❛♠ t❛♠❜é♠ ✉t✐✲

❧✐③❛❞♦s ♥♦ ❡st✉❞♦ ❞❛ ❞✐♥â♠✐❝❛ ♦s❝✐❧❛tór✐❛ ❡♠❡r❣❡♥t❡ ❛ ♣❛rt✐r ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❞♦

s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ♥♦ ❝♦♥t❡①t♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ s❧✉❣❣✐♥❣✳ ❆♣ós ❛ ❝♦♥str✉✲

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

♦s ✈❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦ ✭❛❜❡rt✉r❛ ❞❡ ✈á❧✈✉❧❛ ❈❤♦❦❡✮ q✉❡ ❝♦♥❞✉③✐❛♠ ❛♦ s✉r❣✐♠❡♥t♦

❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳ ❋♦✐ ♣r♦✈❛❞♦ q✉❡ ❛s ♠étr✐❝❛s ♦❜t✐❞❛s ✈✐❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r

❞❡ sér✐❡s ✭❛✉t♦❝♦rr❡❧❛çã♦✱ ❡♥tr♦♣✐❛s ❡ t❛①❛s ❞❡ ✐♥❢♦r♠❛çã♦✮ ♣❡r♠✐t❡♠ ❞✐st✐♥❣✉✐r ♥♦✲

t♦r✐❛♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣ré✈✐♦ ❡ ♣♦st❡r✐♦r à ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✱ ❝♦♥st✐t✉✐♥❞♦

❞❡ss❛ ❢♦r♠❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ✈❛rá✈❡✐s ❛ s❡r❡♠ ❝♦♥s✐❞❡r❛❞❛s ♥♦s ❡sq✉❡♠❛s ❞❡ ♠♦♥✐t♦✲

r❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❡ r❡❢♦rç❛♥❞♦ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❡ ✐♥❝♦r♣♦r❛r ❡ss❡s ✐♥✈❛r✐❛♥t❡s ♥❛

r♦t✐♥❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦s ♣r♦❝❡ss♦s✳

P♦r ♦✉tr❛ ♣❛rt❡✱ ❢♦✐ ❛♣❧✐❝❛❞❛ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ♠❛tr✐③ ❏❛✲

❝♦❜✐❛♥❛ ❛ ♣❛rt✐r ❞❡ sér✐❡s t❡♠♣♦r❛✐s ❡♠♣r❡❣❛♥❞♦ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❡q✉❛çõ❡s ❡s✲

t♦❝ást✐❝❛s ❡ ❢♦r♠✉❧❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ♣❡r♠✐t✐✉ ❛ r❡❝♦♥str✉çã♦

❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞♦ s✐st❡♠❛ ❛ ♣❛rt✐r ❞❛ r❡❧❛çã♦ ❡st❛❜❡❧❡❝✐❞❛ ❡♥tr❡ ❛ ♠❛tr✐③ ❥❛❝♦✲

❜✐❛♥❛ ❡ ❛ ♠❛tr✐③ ❞❡ ❝♦✈❛r✐â♥❝✐❛✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❢♦r♠✉❧❛çã♦ s❡ ♠♦str♦✉ ✐♥❛❞❡q✉❛❞❛

♣❛r❛ ❞❡s❝r❡✈❡r ♦ ♠♦❞❡❧♦ ❋❖❲▼ ♥ã♦ ♣♦ss✉✐ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛❞♦ ♦ ♥ú♠❡r♦ ❞❡ r❡str✐çõ❡s

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

❖s ❡st✉❞♦s ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❛ ❙❡çã♦ ✺✳✺ ♠♦str❛r❛♠ ♣❛r❛ ♦s ❝❛s♦s ❞❡ ❡st✉❞♦

❞❛ ❡st❛çã♦ ❞❡ ♠❡❞✐çã♦ ✜s❝❛❧ ❊❋❆▲ ❡ ♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st❛♠♥ q✉❡ é ♣♦ssí✈❡❧

r❡❝♦♥str✉✐r ❛s ❧❡✐s ❞❡ ✐♥t❡r❛çã♦ ❞♦ ♣r♦❝❡ss♦✱ ♣♦r ♠❡✐♦ ❞❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝♦♥❡✲

①õ❡s ❝❛✉s❛✐s ❡①✐st❡♥t❡s ✐♠❡rs❛s ❞❡♥tr♦ ❞♦s ❞❛❞♦s✳ ❚❛♠❜é♠ ❢♦✐ ♣♦ssí✈❡❧ ❛❝♦♣❧❛r ❛s

té❝♥✐❝❛s ❞❡ ❞❡s❝♦❜r✐♠❡♥t♦ ❝❛✉s❛❧ ❝♦♠ té❝♥✐❝❛s ♥ã♦ ♣❛r❛♠étr✐❝❛s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡

❞✐str✐❜✉✐çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✱ ♣❡r♠✐t✐♥❞♦ ✉♠ ❝á❧❝✉❧♦ ♠❛✐s ❡①❛t♦ ❞❛s ❢♦rç❛s ❝❛✉s❛✐s

❡♥tr❡ ♦s ❡♥❧❛❝❡s ❞❛s ✈❛r✐á✈❡✐s✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ♠♦str♦✉

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

❡stã♦ r❡✢❡t✐❞❛s ♥♦s ♠❛♣❛s ❝❛✉s❛✐s ♦❜t✐❞♦s ❝♦♠ ❜❛s❡ ♥♦s ❞❛❞♦s✳ P❛rt✐❝✉❧❛r♠❡♥t❡

♥♦ ❝❛s♦ ❞❡ ❡st✉❞♦ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ ❡st❛çã♦ ❊❋❆▲✱ ♦❜s❡r✈♦✉✲s❡ q✉❡ ❢♦✐ ♣♦ssí✈❡❧
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❞✐st✐♥❣✉✐r ❡ ❞✐✈✐❞✐r ♦s ❝♦♥❥✉♥t♦s ❞❡ ❞❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ s✉❛s r❡s♣❡❝t✐✈❛s r❡❧❡✈â♥❝✐❛s

❡♠ s❡çõ❡s ❞✐❢❡r❡♥t❡s ❞❛ ♣❧❛♥t❛✱ ❝♦♥st✐t✉✐♥❞♦ ❡♥tã♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ❡s♣❡❝✐❛❧♠❡♥t❡

út✐❧ ♥❛ s❡❧❡çã♦ ❞❛s ✈❛r✐á✈❡✐s ♣❛r❛ ❛ ❝♦♥❝❧✉sã♦ ❞❡ ❛♥á❧✐s❡s ♣♦st❡r✐♦r❡s ❞❡ ❞❡t❡❝çã♦ ❡

✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❢❛❧❤❛s✳

P♦r ✜♠✱ ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛s❡❛❞♦s ❡♠ ❝❛✉s❛❧✐❞❛❞❡ ❢♦r❛♠ ✐♠✲

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

❝♦♠ ♦s ❞❡s❡♠♣❡♥❤♦s ♦❜t✐❞♦s ❝♦♠ ✈ár✐♦s ♦✉tr♦s ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛✲

s❡❛❞♦s ❡♠ ✜❧tr♦✱ ✇r❛♣♣❡r ❡ ❡♠❜✉t✐❞♦✳ ❉♦✐s ❡st✉❞♦s ❞❡ ❝❛s♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✱

❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ✉♠ ❜❡♥❝❤♠❛r❦ s✐♠✉❧❛❞♦ ✭♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡❡✲❊❛st♠❛♥✮ ❡ ✉♠

❝❛s♦ ✐♥❞✉str✐❛❧ r❡❛❧ ✭✉♠❛ ❡st❛çã♦ ✜s❝❛❧ ❞❡ ♠❡❞✐çã♦ ❞❡ ❣ás✮✳ ❈♦♠♦ ♠♦str❛❞♦ ❛tr❛✈és

❞❡ ♠✉✐t♦s ❡①❡♠♣❧♦s✱ t♦❞♦s ♦s ❛❧❣♦r✐t♠♦s ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❝♦♥s✐❞❡r❛❞♦s ♥♦ ♣r❡s❡♥t❡

tr❛❜❛❧❤♦ ❢♦r♥❡❝❡r❛♠ ♠❡❧❤♦r❡s ❞❡s❡♠♣❡♥❤♦s ❞❡ r❡❣r❡ssã♦ ❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❛♦ ✉s❛r

♣r♦❝❡❞✐♠❡♥t♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛s❡❛❞♦s ❡♠ ❝❛✉s❛❧✐❞❛❞❡✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❛s

❛❜♦r❞❛❣❡♥s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛s❡❛❞❛s ❡♠ ❝❛✉s❛❧✐❞❛❞❡ ❡st❛❜❡❧❡❝❡♠ ❛s ❝♦♥❡①õ❡s

❝❛✉s❛✐s ❞❛ ✈❛r✐á✈❡❧ ♣r❡❞✐t❛✱ ♣❡r♠✐t✐♥❞♦ t❛♠❜é♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ r❡s♣❡❝t✐✈❛ ❞❡♣❡♥✲

❞ê♥❝✐❛ ❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ❞❡❢❛s❛❞❛✳ ❆ss✐♠✱ ♦ s✉❜❝♦♥❥✉♥t♦ ❞❛s ✈❛r✐á✈❡✐s s❡❧❡❝✐♦♥❛❞❛s

r❡✢❡t❡ ❝❛r❛❝t❡ríst✐❝❛s ❢❡♥♦♠❡♥♦❧ó❣✐❝❛s ❞♦ ♣r♦❝❡ss♦✱ ❝♦♠♦ ✜❝♦✉ ❡✈✐❞❡♥t❡ ♥♦ ❡st✉❞♦ ❞❡

❝❛s♦ ✐♥❞✉str✐❛❧✳ ❊♠❜♦r❛ ♦s ♠ét♦❞♦s ❞❡ s❡❧❡çã♦ ❞❡ ✈❛r✐á✈❡✐s ❜❛s❡❛❞♦s ❡♠ ❝❛✉s❛❧✐❞❛❞❡

s❡❥❛♠ ♠❛✐s ❡①✐❣❡♥t❡s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡✱ ♦ ✉s♦ ❞❡ss❡s ♠ét♦❞♦s ❡♠ ❝❡♥ár✐♦s ❞❡ ♠♦✲

♥✐t♦r❛♠❡♥t♦ q✉❡ ❡♥✈♦❧✈❡♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s é ❛❧t❛♠❡♥t❡ r❡❝♦♠❡♥❞❛❞♦✱

❡s♣❡❝✐❛❧♠❡♥t❡ ♣♦rq✉❡ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❝♦♠♦ ❡t❛♣❛ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❛♥á❧✐s❡

❞❡ ❞❛❞♦s ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ ✐rá ❝♦♠♣r♦♠❡t❡r ♦ t❡♠♣♦ ❞❡ ❝♦♠♣✉t❛çã♦ ❝❛r❛❝t❡ríst✐❝♦

❞❛ ❛♣❧✐❝❛çã♦ ✜♥❛❧✳

✻✳✶ ❙✉❣❡stõ❡s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s

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

❝❛çã♦ ❡♠ t❡♠♣♦ r❡❛❧ ♣❛r❛ ♦s ❝❛s♦s ❞❡ ♣❧❛♥t❛s ❞❡ ♣r♦❞✉çã♦ ❞❡ ó❧❡♦ ❝♦♥s✐❞❡r❛❞❛s ♥❡st❡

tr❛❜❛❧❤♦✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s ❛♣r❡s❡♥t❛r❛♠ ❞✐✈❡rs❛s ✈❛♥t❛❣❡♥s

❝♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛s ❙❡❝çõ❡s ✺✳✻ ✺✳✸✳ ◆♦ ❡♥t❛♥t♦✱ ♦s ♠❡s♠♦ r❡s✉❧t❛❞♦s t❡♠ s✉❣❡r✐❞♦

❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ❢♦r♠✉❧❛çã♦ ❞❡ ♥♦✈♦s í♥❞✐❝❡s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛ ✐♥❞❡♣❡♥❞❡♥t❡s ❛

q✉❛❧q✉❡r ♠❡❞✐❞❛ ❞❡ ❞✐s❝r❡♣â♥❝✐❛✱ ✉♠❛ ✈❡③ q✉❡ ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❜❛s❡❛❞♦s ♥❛s ♠❡❞✐✲

❞❛s ✐♥✈❛r✐❛♥t❡s ♥ã♦ ✈✐s❛♠ à ♣r❡❞✐çã♦ ❞♦ ❡st❛❞♦ ❢✉t✉r♦ ❞❛ ♣❧❛♥t❛ ♠❛s ❛ tr❛♥s❢♦r♠❛çã♦

❞♦s s✐♥❛✐s ❡ ♦❜s❡r✈❛çã♦ ❞❡ t❡♥❞ê♥❝✐❛s✳

❆♦ ❧♦♥❣♦ ❞❛ ❙❡çã♦ ✺✳✷✳✶ ❢♦r❛♠ ❝❛r❛❝t❡r✐③❛❞♦s ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝❛ót✐❝♦s ♦r✐✲

❣✐♥❛❞♦s ❛ ♣❛rt✐r ❞❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❛✉t♦♠át✐❝♦ P■✳ ❖s r❡s✉❧t❛❞♦s

s✉❣❡r❡♠ q✉❡ ❛ ❛❞✐çã♦ ❞❡ ❡❢❡✐t♦s ❞❡ r❡tr♦❛❧✐♠❡♥t❛çã♦ ❝❛rr❡❣❛♠ ❣r❛♥❞❡ r❡s♣♦♥s❛❜✐✲

✷✶✻



❧✐❞❛❞❡ ♣♦r ❡ss❡ t✐♣♦ ❞❡ ❞✐♥â♠✐❝❛s ♣❡❧♦ q✉❡ s❡r✐❛ ❥✉st✐✜❝❛❞♦ ❛✈❛❧✐❛r ❛ ❡①✐stê♥❝✐❛ ♦✉

s✉♣r❡ssã♦ ❞❡ ❞✐♥â♠✐❝❛s ❝♦♠♣❧❡①❛s ❡♠ ♦✉tr♦s s✐st❡♠❛s ❞❡ ❝♦♥tr♦❧❡ ♦✉ ✐♥❝❧✉s✐✈❡ ♥♦

♠❡s♠♦ ❝♦♥tr♦❧❛❞♦r ♠❛s ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❛çã♦ ❞❡r✐✈❛t✐✈❛✳

❖✉tr❛ ❢r❡♥t❡ ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s é ♦r✐❡♥t❛❞❛ ♣❡❧❛ ❛♥á❧✐s❡ ❞❡ té❝♥✐❝❛ ❝❛✉s❛✐s

❛❜♦r❞❛❞❛ ♥❛ ❙❡çã♦ ✺✳✺✳ ❈♦♥❢♦r♠❡ ❞✐s❝✉t✐❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ❡ ♥♦ ❣❡r❛❧ ♥❛ ❧✐t❡r❛t✉r❛✱

❛s ❡st✐♠❛çõ❡s ❞❛s ❢✉♥çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ t♦r♥á✲s❡ ✉♠❛ t❛r❡❢❛ ♠✉✐t♦

✐♠♣♦rt❛♥t❡ ✉♠❛ ✈❡③ q✉❡ ❛s ❛t✉❛✐s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❡st✐♠❛çã♦ t❡♥❞❡♠ ❛ ❛♣r❡s❡♥t❛r

❡rr♦s ❡♠ ❡s♣❛ç♦s ❛❧t❛♠❡♥t❡ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛✐s✳

P❛r❛ ❝♦♥❝❧✉✐r✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ✈✐❛ ❊q✉❛çã♦

❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦ t❡♠ ♣♦t❡♥❝✐❛❧ ♣❛r❛ ❝♦♥tr✐❜✉✐r ❡♠ ♥♦✈❛s ❢r❡♥t❡s ❞❡ ♣❡sq✉✐s❛s ♥♦

♣r♦❜❧❡♠❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❣♦❧❢❛❞❛s✳ ◆♦✈❛s ❢♦r♠❛s ❞❡ ❡s♣❡❝✐✜❝❛r r❡str✐çõ❡s ❞❡♥tr♦

❞❛ ❡str✉t✉r❛ ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❝♦♥st✐t✉✐r✐❛♠ ✉♠ t❡♠❛ ❞❡ ♣❡sq✉✐s❛ ✐♥t❡r❡ss❛♥t❡✱

✉♠❛ ✈❡③ q✉❡ ♦ ♠ét♦❞♦ é t♦t❛❧♠❡♥t❡ ❜❛s❡❛❞♦ ❡♠ ❞❛❞♦s✳

✷✶✼



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❆❆▼❖✱ ❖✳ ▼✳✱ ❊■❑❘❊▼✱ ●✳ ❖✳✱ ❙■❆❍❆❆◆✱ ❍✳ ❇✳✱ ❡t ❛❧✳✱ ✷✵✵✺✱ ✏❖❜s❡r✈❡r ❉❡s✐❣♥

❢♦r ▼✉❧t✐♣❤❛s❡ ❋❧♦✇ ✐♥ ❱❡rt✐❝❛❧ P✐♣❡s ✇✐t❤ ●❛s ▲✐❢t ✲ ❚❤❡♦r② ❛♥❞ ❊①♣❡r✐✲

♠❡♥ts✑✱ ✈✳ ✷✻✱ ♥✳ ✷ ✭❥❛♥✳✮✱ ♣♣✳ ✻✺✕✽✵✳ ❞♦✐✿ ✶✵✳✹✶✼✸✴♠✐❝✳✷✵✵✺✳✷✳✶✳ ❉✐s♣♦♥í✈❡❧

❡♠✿ ❁❤tt♣s✿✴✴✇✇✇✳♠✐❝✲❥♦✉r♥❛❧✳♥♦✴❆❇❙✴▼■❈✲✷✵✵✺✲✷✵✵✺✲✷✳❛s♣❃✳

❬✷❪ ❆❇❆❉■✱ ▼✳✱ ❆●❆❘❲❆▲✱ ❆✳✱ ❇❆❘❍❆▼✱ P✳✱ ❡t ❛❧✳✱ ✷✵✶✺✳ ✏❚❡♥s♦r❋❧♦✇✿

▲❛r❣❡✲❙❝❛❧❡ ▼❛❝❤✐♥❡ ▲❡❛r♥✐♥❣ ♦♥ ❍❡t❡r♦❣❡♥❡♦✉s ❙②st❡♠s✑✳ ❉✐s♣♦♥í✈❡❧

❡♠✿ ❁❤tt♣s✿✴✴✇✇✇✳t❡♥s♦r❢❧♦✇✳♦r❣✴❃✳ ❙♦❢t✇❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❡♥✲

s♦r✢♦✇✳♦r❣✳

❬✸❪ ❆❇❆❘❇❆◆❊▲✱ ❍✳✱ ✷✵✶✷✱ ❆♥❛❧②s✐s ♦❢ ♦❜s❡r✈❡❞ ❝❤❛♦t✐❝ ❞❛t❛✳ ❙♣r✐♥❣❡r ❙❝✐❡♥❝❡ ✫

❇✉s✐♥❡ss ▼❡❞✐❛✳

❬✹❪ ❆❇❆❘❇❆◆❊▲✱ ❍✳ ❉✳✱ ●❖▲▲❯❇✱ ❏✳ P✳✱ ✶✾✾✻✱ ✏❆♥❛❧②s✐s ♦❢ ♦❜s❡r✈❡❞ ❝❤❛♦t✐❝ ❞❛t❛✑✱

P❤②s✐❝s ❚♦❞❛②✱ ✈✳ ✹✾✱ ♣♣✳ ✽✻✳

❬✺❪ ❆❇❆❘❇❆◆❊▲✱ ❍✳ ❉✳✱ ❇❘❖❲◆✱ ❘✳✱ ❙■❉❖❘❖❲■❈❍✱ ❏✳ ❏✳✱ ❡t ❛❧✳✱ ✶✾✾✸✱ ✏❚❤❡
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s✐✜❝❛t✐♦♥ t❤r♦✉❣❤ ♠✉❧t✐✈❛r✐❛t❡ st❛t✐st✐❝❛❧ t❡❝❤♥✐q✉❡s✑✳ ■♥✿ Pr♦❝❡❡❞✐♥❣s ♦❢
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❆♣ê♥❞✐❝❡ ❆

Pr♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥

❖ ♠♦❞❡❧♦ ❞♦ ❚❡♥♥❡ss❡❡ ❊❛st♠❛♥ Pr♦❝❡ss ✭♠♦❞❡❧♦ ❚❊✮ é ❜❛s❡❛❞♦ ❡♠ ✉♠ ♣r♦❝❡ss♦

q✉í♠✐❝♦ r❡❛❧ q✉❡ ❢♦✐ ❞❡s❝r✐t♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❡♠ ❬✼✸❪✳ ❈♦♥té♠ ✉♠ ❛rr❛♥❥♦ s❡✲

♣❛r❛❞♦r ✴ r❡❛t♦r ✴ r❡❝✐r❝✉❧❛çã♦ ❡♥✈♦❧✈❡♥❞♦ ❞✉❛s r❡❛çõ❡s ❡①♦tér♠✐❝❛s ❣ás✲❧íq✉✐❞❛s

s✐♠✉❧tâ♥❡❛s✳ ➱ ✉♠ ♠♦❞❡❧♦ ♥ã♦ ❧✐♥❡❛r ❞❡ ✉♠ ❝♦♠♣❧❡①♦ s✐st❡♠❛ q✉❡ t❡♠ s✐❞♦ ❛♠✲

♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ❡♠ ♠✉✐t♦s ❡st✉❞♦s ❞❡ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s✱ ♠ét♦❞♦s ❡st❛tíst✐❝♦s

❞❡ ♠♦♥✐t♦r❛♠❡♥t♦✱ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s ❞♦ s❡♥s♦r ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠♦❞❡❧♦s ❞❡ r❡❞❡

♦r✐❡♥t❛❞♦s ♣♦r ❞❛❞♦s✳ ❊♠ ❬✺✺❪ ❢♦✐ ✉s❛❞♦ ♣❛r❛ ✈❛❧✐❞❛r ❛❧❣♦r✐t♠♦s ❞❡ ❞✐❛❣♥óst✐❝♦ ❞❡

❢❛❧❤❛s✳

◆❛ ❋✐❣✉r❛ ❛♣r❡s❡♥t❛✲s❡ ♦ ❞✐❛❣r❛♠❛ P❋❉ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✳ ❆s

❧✐st❛s ❞❡ ✈❛r✐á✈❡✐s t❛♠❜é♠ sã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛s ❚❛❜❡❧❛s ❆✳✶✱ ❆✳✷ ✱❆✳✸✱ ❆✳✹ ❡ ❆✳✺

✷✺✵



❱❛r✐á✈❡❧ ♠❛♥✐♣✉❧❛❞❛ ❉❡s❝r✐çã♦
❳▼❱✭✶✮ ❱❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❉ ✭❝♦rr❡♥t❡ ✷✮
❳▼❱✭✷✮ ❱❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❊ ✭❝♦rr❡♥t❡ ✸✮
❳▼❱✭✸✮ ❱❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❆ ✭❝♦rr❡♥t❡ ✶✮
❳▼❱✭✹✮ ❆❧✐♠❡♥t❛çã♦ ❆✲❈ ✭❝♦rr❡♥t❡ ✹✮
❳▼❱✭✺✮ ❱á❧✈✉❧❛ ❞❡ r❡❝✐r❝✉❧❛çã♦ ❞♦ ❝♦♠♣r❡ss♦r
❳▼❱✭✻✮ ❱á❧✈✉❧❛ ❞❡ ♣✉r❣❛ ✭❝♦rr❡♥t❡ ✾✮
❳▼❱✭✼✮ ❱❛③ã♦ ❧íq✉✐❞❛ ♥♦ s❡♣❛r❛❞♦r ✭❝♦rr❡♥t❡ ✶✵✮
❳▼❱✭✽✮ ❱❛③ã♦ ❧íq✉✐❞❛ ♥♦ str✐♣♣❡r ✭❝♦rr❡♥t❡ ✶✶✮
❳▼❱✭✾✮ ❱á❧✈✉❧❛ ❞❡ ✈❛♣♦r ❞♦ str✐♣♣❡r
❳▼❱✭✶✵✮ ❱❛③ã♦ ❞❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞♦ r❡❛t♦r
❳▼❱✭✶✶✮ ❱❛③ã♦ ❞❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥♦ ❝♦♥❞❡♥s❛❞♦r
❳▼❱✭✶✷✮ ❱❡❧♦❝✐❞❛❞❡ ❞❡ ❛❣✐t❛çã♦

❚❛❜❡❧❛ ❆✳✶✿ ❉❡s❝r✐çã♦ ❞❡ ✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥

❱❛r✐á✈❡❧ ♠❡❞✐❞❛ ❉❡s❝r✐çã♦ ❯♥✐❞❛❞❡s
❳▼❊❆❙✭✶✮ ❆❧✐♠❡♥t❛çã♦ ❆ ✭❝♦rr❡♥t❡ ✶✮ ❦s❝♠❤
❳▼❊❆❙✭✷✮ ❆❧✐♠❡♥t❛çã♦ ❉ ✭❝♦rr❡♥t❡ ✷✮ ❦❣✴❤r
❳▼❊❆❙✭✸✮ ❆❧✐♠❡♥t❛çã♦ ❊ ✭❝♦rr❡♥t❡ ✸✮ ❦❣✴❤r
❳▼❊❆❙✭✹✮ ❆❧✐♠❡♥t❛çã♦ ❆✲❈ ✭❝♦rr❡♥t❡ ✹✮ ❦s❝♠❤
❳▼❊❆❙✭✺✮ ❱❛③ã♦ ❞❡ r❡✢✉①♦ ✭❝♦rr❡♥t❡ ✽✮ ❦s❝♠❤
❳▼❊❆❙✭✻✮ ❱❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥♦ r❡❛t♦r ✭❝♦rr❡♥t❡ ✻✮ ❦s❝♠❤
❳▼❊❆❙✭✼✮ Pr❡ssã♦ ♥♦ r❡❛t♦r ❦P❛ ❣❛✉❣❡
❳▼❊❆❙✭✽✮ ◆í✈❡❧ ♥♦ r❡❛t♦r ✪
❳▼❊❆❙✭✾✮ ❚❡♠♣❡r❛t✉r❛ ❞♦ r❡❛t♦r ❉❡❣ ❈
❳▼❊❆❙✭✶✵✮ ❚❛①❛ ❞❡ ♣✉r❣❛ ✭❝♦rr❡♥t❡ ✾✮ ❦s❝♠❤
❳▼❊❆❙✭✶✶✮ ❚❡♠♣❡r❛t✉r❛ ♥♦ s❡♣❛r❛❞♦r ❉❡❣ ❈
❳▼❊❆❙✭✶✷✮ ◆í✈❡❧ ♥♦ s❡♣❛r❛❞♦r ✪
❳▼❊❆❙✭✶✸✮ Pr❡ssã♦ ♥♦ s❡♣❛r❛❞♦r ❦P❛ ❣❛✉❣❡
❳▼❊❆❙✭✶✹✮ ❱❛③ã♦ ❞❡ ❢✉♥❞♦ ♥♦ s❡♣❛r❛❞♦r ✭❝♦rr❡♥t❡ ✶✵✮ ♠✸✴❤r
❳▼❊❆❙✭✶✺✮ ◆í✈❡❧ ❞♦ ❙tr✐♣♣❡r ✪
❳▼❊❆❙✭✶✻✮ Pr❡ssã♦ ❞♦ ❙tr✐♣♣❡r ❦P❛ ❣❛✉❣❡
❳▼❊❆❙✭✶✼✮ ❱❛③ã♦ ❞❡ ❢✉♥❞♦ ❞♦ ❙tr✐♣♣❡r ✭❝♦rr❡♥t❡ ✶✶✮ ♠✸✴❤r
❳▼❊❆❙✭✶✽✮ ❚❡♠♣❡r❛t✉r❛ ♥♦ ❙tr✐♣♣❡r ❉❡❣ ❈
❳▼❊❆❙✭✶✾✮ ❱❛③ã♦ ❞❡ ✈❛♣♦r ♥♦ ❙tr✐♣♣❡r ❦❣✴❤r
❳▼❊❆❙✭✷✵✮ ❚r❛❜❛❧❤♦ ♥♦ ❝♦♠♣r❡ss♦r ❦❲
❳▼❊❆❙✭✷✶✮ ❚❡♠♣❡r❛t✉r❛ ❞❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥❛ s❛í❞❛ ❞♦ r❡❛t♦r ❉❡❣ ❈
❳▼❊❆❙✭✷✷✮ ❚❡♠♣❡r❛t✉r❛ ❞❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥❛ s❛í❞❛ ❞♦ ❝♦♠♣r❡ss♦r ❉❡❣ ❈

❚❛❜❡❧❛ ❆✳✷✿ ❉❡s❝r✐çã♦ ❞❡ ✈❛r✐á✈❡✐s ♠❡❞✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥
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❱❛r✐á✈❡❧ ❉❡s❝r✐çã♦
❳▼❊❆❙✭✷✸✮ ❈♦♠♣♦♥❡♥t❡ ❆
❳▼❊❆❙✭✷✹✮ ❈♦♠♣♦♥❡♥t❡ ❇
❳▼❊❆❙✭✷✺✮ ❈♦♠♣♦♥❡♥t❡ ❈
❳▼❊❆❙✭✷✻✮ ❈♦♠♣♦♥❡♥t❡ ❉
❳▼❊❆❙✭✷✼✮ ❈♦♠♣♦♥❡♥t❡ ❊
❳▼❊❆❙✭✷✽✮ ❈♦♠♣♦♥❡♥t❡ ❋

❚❛❜❡❧❛ ❆✳✸✿ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ r❡❛t♦r ✭❝♦rr❡♥t❡ ✻✮
♥♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✳ ❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮

❱❛r✐á✈❡❧ ❉❡s❝r✐çã♦
❳▼❊❆❙✭✷✾✮ ❈♦♠♣♦♥❡♥t❡ ❆
❳▼❊❆❙✭✸✵✮ ❈♦♠♣♦♥❡♥t❡ ❇
❳▼❊❆❙✭✸✶✮ ❈♦♠♣♦♥❡♥t❡ ❈
❳▼❊❆❙✭✸✷✮ ❈♦♠♣♦♥❡♥t❡ ❉
❳▼❊❆❙✭✸✸✮ ❈♦♠♣♦♥❡♥t❡ ❊
❳▼❊❆❙✭✸✹✮ ❈♦♠♣♦♥❡♥t❡ ❋
❳▼❊❆❙✭✸✺✮ ❈♦♠♣♦♥❡♥t❡ ●
❳▼❊❆❙✭✸✻✮ ❈♦♠♣♦♥❡♥t❡ ❍

❚❛❜❡❧❛ ❆✳✹✿ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ❞❡ ♣✉r❣❛ ✭❝♦rr❡♥t❡ ✾✮ ♥♦ ♣r♦❝❡ss♦
❚❡♥♥❡ss❡✲❊❛st♠❛♥✳ ❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮

❱❛r✐á✈❡❧ ❉❡s❝r✐çã♦
❳▼❊❆❙✭✸✼✮ ❈♦♠♣♦♥❡♥t❡ ❉
❳▼❊❆❙✭✸✽✮ ❈♦♠♣♦♥❡♥t❡ ❊
❳▼❊❆❙✭✸✾✮ ❈♦♠♣♦♥❡♥t❡ ❋
❳▼❊❆❙✭✹✵✮ ❈♦♠♣♦♥❡♥t❡ ●
❳▼❊❆❙✭✹✶✮ ❈♦♠♣♦♥❡♥t❡ ❍

❚❛❜❡❧❛ ❆✳✺✿ ▼❡❞✐❞❛s ❛♠♦str❛❞❛s ♥❛ ❝♦rr❡♥t❡ ✶✶ ❞♦ ♣r♦❝❡ss♦ ❚❡♥♥❡ss❡✲❊❛st♠❛♥✳
❋r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ✭✵✳✶ ❤✮

✷✺✷



❋✐❣✉r❛ ❆✳✶✿ ❉✐❛❣r❛♠ P❋❉ ❞♦ ♣r♦❝❡ss♦ ❚❡♥❡ss❡✲❊❛st♠❛♥ ❬✺✺❪

✷✺✸



❆♣ê♥❞✐❝❡ ❇

▲✐st❛ ❞❡ ✈❛r✐á✈❡✐s ❊❋❆▲

❆ s❡❣✉✐r sã♦ ❧✐st❛❞❛s ❛s ✈❛r✐á✈❡✐s ✉s❛❞❛s ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡ ❞❛ ❙❡çã♦ ✺✳✺✳✷✳

❱❛r✐á✈❡❧ ❉❡s❝r✐çã♦

❳✵ ❱❛③ã♦ ■♥st❛♥tâ♥❡❛ ❋■❚✲✸✻✺✺✵✶✹❆ ✲ ●ás ❖♣❡✲

r❛❝✐♦♥❛❧ ✭✐♠♣♦rt❛çã♦✮

❳✶ ❱❛③ã♦ ■♥st❛♥tâ♥❡❛ ❋■❚✲✸✻✺✺✲✵✺✲✵✵✷❆ ✲ ●ás

❋✐s❝❛❧

❳✷ ❙❛í❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ✈❛③ã♦ ❞❡ á❣✉❛ r❡♠♦✲

✈✐❞❛ ❞♦ t❛♥q✉❡ ❞❡ ❧❛✈❛❣❡♠✱ ❬✪❪

❳✸ ❋❆▲✿ ❙❛í❞❛ ❞♦ ❝♦♥tr♦❧❛❞♦r ❞❡ ✈❛③ã♦ ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛✱ ❬✪❪

❳✹ ❋❆▲✿ ❱❛③ã♦ ✐♥st❛♥tâ♥❡❛ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦

❳✺ ❱❛③ã♦ ■♥st❛♥tâ♥❡❛ ❞❡ ❚r❛♥s❢❡rê♥❝✐❛ ✭❆✮

❳✻ ❙❛í❞❛ ➪❣✉❛ ❘❡s❢ P✸✻✺✺✵✶❆

❳✼ ❱❛③ã♦ ■♥st❛♥tâ♥❡❛ ❞❡ ➪❣✉❛ ❚r❛t❛❞❛

❳✽ ❉✐❢❡r❡♥❝✐❛❧ ❞❡ Pr❡ssã♦ P❉■❚✲✸✻✺✺✵✶✹❆✲ ●ás

❖♣❡r❛❝✐♦♥❛❧ ✭✐♠♣♦rt❛çã♦✮

❳✾ ❋❆▲✿ ❉✐❢❡r❡♥❝✐❛❧ ❞❡ Pr❡ssã♦ P❉■❚✲✸✻✺✺✲✵✺✲

✵✵✷❆ ✲ ●ás ❋✐s❝❛❧✬

❳✶✵ ❋❆▲✿ ❉✐❢❡r❡♥❝✐❛❧ ❞❡ Pr❡ssã♦ P❉■❚✲✸✻✺✺✲✵✺✲

✵✵✷❇ ✲ ●ás ❋✐s❝❛❧

❳✶✶ P❡r♠✉t❛❞♦r❡s ❘❡❢r✐❣❡r❛❞♦r❡s ✲ Pr❡ssã♦ ❞✐❢❡✲

r❡♥❝✐❛❧ ✲ ❚r❛t❛❞♦r ✲ ❚❛♥q✉❡ ✭❆✮

❳✶✷ P❡r♠✉t❛❞♦r❡s ❘❡❢r✐❣❡r❛❞♦r❡s ✲ Pr❡ssã♦ ❞✐❢❡✲

r❡♥❝✐❛❧ ✲ ❯❚❆ ✲ ❯●❱ ✭❆✮

✷✺✹



❳✶✸ P❡r♠✉t❛❞♦r❡s ❘❡❢r✐❣❡r❛❞♦r❡s ✲ Pr❡ssã♦ ❞✐❢❡✲

r❡♥❝✐❛❧ ✲ ❯❚❆ ✲ ❯●❱ ✭❇✮

❳✶✹ ❋❆▲✿ Pr❡ssã♦ ❊stát✐❝❛ P■❚✲✸✻✺✺✵✶✹❆ ✲ ●ás

❖♣❡r❛❝✐♦♥❛❧ ✭✐♠♣♦rt❛çã♦✮

❳✶✺ ❋❆▲✿ Pr❡ssã♦ ❊stát✐❝❛ P■❚✲✸✻✺✺✲✵✺✲✵✵✷❆ ✲

●ás ❋✐s❝❛❧

❳✶✻ ❋❆▲✿ Pr❡ssã♦ ❊stát✐❝❛ P■❚✲✸✻✺✺✲✵✺✲✵✵✷❇ ✲

●ás ❋✐s❝❛❧

❳✶✼ Pr❡ssã♦ ❞♦ ó❧❡♦ ♥❛ s✉❝çã♦ ❞❛ ❜♦♠❜❛ ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛ ❞❡ ó❧❡♦ ❇✲✸✻✺✺✵✸❆

❳✶✽ Pr❡ssã♦ ❞♦ ó❧❡♦ ♥❛ s✉❝çã♦ ❞❛ ❜♦♠❜❛ ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛ ❞❡ ó❧❡♦ ❇✲✸✻✺✺✵✸❇

❳✶✾ Pr❡ssã♦ ❞♦ ó❧❡♦ ♥❛ s✉❝çã♦ ❞❛ ❜♦♠❜❛ ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛ ❞❡ ó❧❡♦ ❇✲✸✻✺✺✵✸❈

❳✷✵ Pr❡ssã♦ ❞♦ ó❧❡♦ ♥❛ s✉❝çã♦ ❞❛ ❜♦♠❜❛ ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛ ❞❡ ó❧❡♦ ❇✲✸✻✺✺✵✸❉

❳✷✶ Pr❡ssã♦ ♥♦s ❚r❛t❛❞♦r❡s ❞❡ Ó❧❡♦ ✭❆✮

❳✷✷ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ❚r❛s♥✲

❢❡rê♥❝✐❛ ❞❡ Ó❧❡♦ ✭❆✮

❳✷✸ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ❚r❛s♥✲

❢❡rê♥❝✐❛ ❞❡ Ó❧❡♦ ✭❇✮

❳✷✹ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ❚r❛s♥✲

❢❡rê♥❝✐❛ ❞❡ Ó❧❡♦ ✭❉✮

❳✷✺ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ➪❣✉❛ ❞♦

❙❆❖ ✭❆✮

❳✷✻ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ➪❣✉❛ ❞♦

❙❆❖ ✭❇✮

❳✷✼ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ➪❣✉❛ ❞♦

❙❆❖ ✭❆✮

❳✷✽ Pr❡ssã♦ ❞❡ ❉❡s❝❛r❣❛ ❞❛s ❇♦♠❜❛s ❞❡ ➪❣✉❛ ❞♦

❙❆❖ ✭❇✮

❳✷✾ Pr❡ssã♦ ❞❡ ❞❡s❝❛r❣❛ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❇♦♠✲

❜❛s ❞❡ ■♥❥❡çã♦

❳✸✵ ❊▼❊❉ ❞❡ Ó❧❡♦

❳✸✶ ❉❡s❝❛r❣❛ ❜♦♠❜❛ ❇✲✸✻✺✺✵✷❆

❳✸✷ ❉❡s❝❛r❣❛ ❜♦♠❜❛ ❇✲✸✻✺✺✵✷❇

❳✸✸ ❉❡s❝❛r❣❛ ❜♦♠❜❛ ❇✲✸✻✺✺✵✷❈

✷✺✺



❳✸✹ ❊♥t✳ ➪❣✉❛ ❘❡s❢✳ P✲✸✻✺✺✵✶❆

❳✸✺ ❊♥t✳ ➪❣✉❛ ❘❡s❢✳ P✸✻✺✺✵✶❇

❳✸✻ ❙❛í❞❛ ➪❣✉❛ ❘❡s❢✳ P✲✸✻✺✺✵✶❇

❳✸✼ ❊♥tr❛❞❛ á❣✉❛ r❡s❢r✳ P✲✸✻✺✺✵✶❇

❳✸✽ ❙❛í❞❛ Ó❧❡♦ ❘❡s❢ P✸✻✺✺✵✶❇

❳✸✾ ❋❆▲✿❊♥tr❛❞❛ ó❧❡♦ r❡s❢r P✸✻✺✺✵✶❇

❳✹✵ ❙❛í❞❛ ➪❣✉❛ ❘❡s❢ P✸✻✺✺✵✶❆

❳✹✶ ❙❛í❞❛ Ó❧❡♦ ❘❡s❢ P✸✻✺✺✵✶❆

❳✹✷ ❊♥t✳ Ó❧❡♦ ❘❡s❢ P✲✸✻✺✺✵✶❆

❳✹✸ ❊♥tr❛❞❛ Ó❧❡♦ ❆q✳ P✸✻✺✺✵✷❇

❳✹✹ ❊♥tr✳ Ó❧❡♦ ❆q✳ P✸✻✺✺✵✷❆

❳✹✺ ❊▼❊❉ ❞❡ Ó❧❡♦✳✸

❳✹✻ ❚❡♠♣❡r❛t✉r❛ ♥♦s ❚r❛t❛❞♦r❡s ❞❡ Ó❧❡♦ ✭❆✮

❳✹✼ Pr❡ssã♦ ♥♦ ❚❖✲✸✻✺✺✵✶

❳✹✽ ◆í✈❡❧ ❞❡ ✐♥t❡r❢❛❝❡ ❚❖✲✸✻✺✺✵✶

❳✹✾ ❚❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ♥♦s ♣❡r♠✉t❛❞♦r❡s

❛q✉❡❝❡❞♦r❡s ✭❇✮

❳✺✵ ❚❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ♥♦s ♣❡r♠✉t❛❞♦r❡s

❛q✉❡❝❡❞♦r❡s ✭❆✮

❳✺✶ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❡♥tr❛❞❛ ♥♦s ♣❡r♠✉t❛❞♦r❡s

❛q✉❡❝❡❞♦r❡s ✭❇✮

❳✺✷ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❡♥tr❛❞❛ ♥♦s ♣❡r♠✉t❛❞♦r❡s

❛q✉❡❝❡❞♦r❡s ✭❆✮

❳✺✸ ❋❆▲✿ ❚❡♠♣❡r❛t✉r❛ ❚■❚✲✸✻✺✺✲✵✺✲✵✵✷❇ ✲ ●ás

❋✐s❝❛❧

❳✺✹ ❋❆▲✿ ❚❡♠♣❡r❛t✉r❛ ❚■❚✲✸✻✺✺✲✵✺✲✵✵✷❆ ✲ ●ás

❋✐s❝❛❧

❳✺✺ ❋❆▲✿ ❚❡♠♣❡r❛t✉r❛ ❚■❚✲✸✻✺✺✵✶✹❆ ✲ ●ás

❖♣❡r❛❝✐♦♥❛❧ ✭✐♠♣♦rt❛çã♦✮

❳✺✻ ❋❆▲✿ ▼❛ss❛ ❊s♣❡❝í✜❝❛ ❛ ✷✵➸❈ ✲ ❊▼❊❉ ❋✐s❝❛❧

❞❡ Ó❧❡♦ ✲ ❚r❛♠♦ ❆ ❡ ❇

❳✺✼ ❋❆▲✿ ❇❙❲ ❞❛ ❡♠❡❞ ✜s❝❛❧ ❞❡ ó❧❡♦ ✲ ❚r❛♠♦ ❇

❳✺✽ ❇❙❲ ❞❛ ❊▼❊❉ ❞❡ Ó▲❊❖ ✲ ❚❘❆❚❆❉❖❘ ✶

❙❆❮❉❆

❳✺✾ ❇❙❲ ❞❛ ❊▼❊❉ ❞❡ Ó▲❊❖ ✲ ❚❘❆❚❆❉❖❘ ✷

❙❆❮❉❆

❳✻✵ ❊▼❊❉ ❞❡ Ó❧❡♦✳✹

✷✺✻



❳✻✶ ❊▼❊❉ ❞❡ ●ás✳✷

❳✻✷ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ ❛❧✐♠❡♥t❛çã♦

❞♦ ❚❖ ✭❇✲✸✻✺✺✵✷❆✮

❳✻✸ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ ❛❧✐♠❡♥t❛çã♦

❞♦ ❚❖ ✭❇✲✸✻✺✺✵✷❇✮

❳✻✹ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ ❛❧✐♠❡♥t❛çã♦

❞♦ ❚❖ ✭❇✲✸✻✺✺✵✷❈✮

❳✻✺ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛

❞❡ ó❧❡♦ ✭❇✲✸✻✺✺✵✸❆✮

❳✻✻ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛ ❜♦♠❜❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛

❞❡ ó❧❡♦ ✭❇✲✸✻✺✺✵✸❇✮

❚❛❜❡❧❛ ❇✳✶✿ ❱❛r✐á✈❡✐s ❞♦ ❊❋❆▲ ♥❛ ❛♥á❧✐s❡ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳

✷✺✼



❆♣ê♥❞✐❝❡ ❈

❇✐❢✉r❝❛çõ❡s ❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s

❈✳✵✳✶ ❇✐❢✉r❝❛çõ❡s

❯♠❛ ❜✐❢✉r❝❛çã♦ é ❞❡✜♥✐❞❛ ❝♦♠♦ ✉♠❛ ♠✉❞❛♥ç❛ q✉❛❧✐t❛t✐✈❛ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â✲

♠✐❝♦ ❞❡ ✉♠ s✐st❡♠❛ ♣♦r ✉♠❛ ♣❡rt✉r❜❛çã♦ ♦✉ ♠✉❞❛♥ç❛ ❡♠ ✉♠ ♣❛râ♠❡tr♦ ❞♦ s✐st❡♠❛✳

❈♦♥s✐❞❡r❡✲s❡ ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❛✉tô♥♦♠♦ ❞❛ ❢♦r♠❛✿

ẋ = f(x, λ), x ∈ Rn, λ ∈ Rp ✭❈✳✶✮

❡♠ q✉❡ f é ✉♠❛ ❧❡✐ ❞✐♥â♠✐❝❛ s✉❛✈❡✳ ❯♠❛ ❜✐❢✉r❝❛çã♦ ❛♣❛r❡❝❡ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦

♣❛râ♠❡tr♦ λ = λ0 q✉❛♥❞♦ ♦ ❡st❛❞♦ ♣❛r❛ ✉♠ ♣❛râ♠❡tr♦ λ1 ✭♣ró①✐♠♦ ❛ λ0✮ é t♦✲

♣♦❧♦❣✐❝❛♠❡♥t❡ ♥ã♦✲❡q✉✐✈❛❧❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ ❡st❛❞♦ ❝♦♠ ✈❛❧♦r ❞❡ ♣❛râ♠❡tr♦s λ0✳

❆ ❚❡♦r✐❛ ❞❡ ❇✐❢✉r❝❛çõ❡s ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ ❞♦✐s ❣r✉♣♦s ❞✐st✐♥t♦s ❞❡ r❡s✉❧t❛❞♦s✳

❆ ❚❡♦r✐❛ ▲♦❝❛❧ ❞❡ ❇✐❢✉r❝❛çõ❡s✱ t❛♠❜é♠ ❝❤❛♠❛❞❛ ❞❡ ❇✐❢✉r❝❛çõ❡s ▲♦❝❛✐s✱ tr❛t❛ ❞❛s

♠✉❞❛♥ç❛s ♥❛s tr❛❥❡tór✐❛s ❞♦ ❡s♣❛ç♦ q✉❡ ♦❝♦rr❡♠ ♥❛s ✈✐③✐♥❤❛♥ç❛s ❞❛s s♦❧✉çõ❡s ❞♦

s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❆ ❚❡♦r✐❛ ●❧♦❜❛❧ ❞❡ ❇✐❢✉r❝❛çõ❡s ♦✉ ❇✐❢✉r❝❛çõ❡s ●❧♦❜❛✐s tr❛t❛ ❞❡

♠✉❞❛♥ç❛s ♦❝♦rr✐❞❛s ❝♦♠ ❛s tr❛❥❡tór✐❛s ♥✉♠❛ ❢❛✐①❛ ❡①t❡♥s❛ ❞♦ ❡s♣❛ç♦✳

❆ ❚❡♦r✐❛ ❞❡ ❇✐❢✉r❝❛çõ❡s ❝❧❛ss✐✜❝❛ ❛s s✐♥❣✉❧❛r✐❞❛❞❡s ♦✉ ❜✐❢✉r❝❛çõ❡s ❞❡ ❛❝♦r❞♦

❝♦♠ s✉❛ ❝♦❞✐♠❡♥sã♦ ✭♥ú♠❡r♦ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ✐❣✉❛❧❞❛❞❡ ♥❡❝❡ssár✐❛s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r

❛ ❜✐❢✉r❝❛çã♦✮✿

❈✳✵✳✶✳✶ ❇✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ ✶

❆s ❜✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ 1 ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❛ss✐♠ ❬✻✶❪✿

✶✳ ❊q✉✐❧í❜r✐♦✿

❼ ❇✐❢✉r❝❛çã♦ t✐♣♦ P♦♥t♦ ▲✐♠✐t❡✿ ❊♠ ✉♠ s✐st❡♠❛ ❞❛ ❢♦r♠❛ ❞❛ ❊q✳ ❈✳✶❀ ❡st❡

✷✺✽



t✐♣♦ ❞❡ ❜✐❢✉r❝❛çã♦ ♦❝♦rr❡ q✉❛♥❞♦ ♦ ❡q✉✐❧í❜r✐♦ t❡♠ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦

✭λ = 0✮ ③❡r♦ ♥❛ s✉❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A✳

❼ ❇✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✿ ➱ ♦ ♥❛s❝✐♠❡♥t♦ ❞❡ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡ ❛ ♣❛rt✐r ❞❡ ✉♠

❡q✉✐❧í❜r✐♦ ❞♦ s✐st❡♠❛ ❊q✳ ✭❈✳✶✮✳ ❊ss❛ ❜✐❢✉r❝❛çã♦ ❛♣❛r❡❝❡ q✉❛♥❞♦ ♦ ❡q✉✐✲

❧í❜r✐♦ ♠✉❞❛ s✉❛ ❡st❛❜✐❧✐❞❛❞❡ ✈✐❛ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠♣❧❡①♦s

❝♦♥❥✉❣❛❞♦s✳ ❆ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ♣♦❞❡ s❡r s✉♣❡r❝rít✐❝❛ ♦✉ s✉❜❝rít✐❝❛✳

✷✳ Ór❜✐t❛s ♣❡r✐ó❞✐❝❛s✿

❼ ❇✐❢✉r❝❛çã♦ t✐♣♦ P♦♥t♦ ▲✐♠✐t❡ P❡r✐ó❞✐❝♦✿✐♥❞✐❝❛ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❛ ♠✉❧t✐✲

♣❧✐❝✐❞❛❞❡ ❞❡ s♦❧✉çõ❡s ♣❡r✐ó❞✐❝❛s ❡ ❞❡ ❝✐❝❧♦s ❧✐♠✐t❡s✱ ❡♠ q✉❡ ❛s ❛♠♣❧✐t✉❞❡s

❞♦s ❝✐❝❧♦s ❛✉♠❡♥t❛♠ ♦ ❞✐♠✐♥✉❡♠ ❜r✉s❝❛♠❡♥t❡✱ à ♠❡❞✐❞❛ q✉❡ ♦ ♣❛râ♠❡tr♦

é ✈❛r✐❛❞♦✳ ❖❝♦rr❡ q✉❛♥❞♦ ✉♠ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t ❝r✉③❛ ♦ ❝✐r❝✉❧♦

✉♥✐tár✐♦ ♥♦ ❡✐①♦ r❡❛❧ ❡♠ ✰✶✳

❼ ❇✐❢✉r❝❛çã♦ ❞❡ ❉✉♣❧✐❝❛çã♦ ❞❡ P❡rí♦❞♦✿ ◆✉♠❛ ❞✉♣❧✐❝❛çã♦ ❞❡ ♣❡rí♦❞♦✱ ♦

♥ú♠❡r♦ ❞❡ ♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❞❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞♦❜r❛✳ ➱ ✐♠♣♦rt❛♥t❡

♥♦t❛r q✉❡ ✉♠❛ r♦t❛ ❞♦ ❝❛♦s ❝❛r❛❝t❡ríst✐❝❛ s✉r❣❡ ❞♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ✉♠❛

❝❛s❝❛t❛ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❞✉♣❧✐❝❛çã♦ ❞❡ ♣❡rí♦❞♦✳ ❖❝♦rr❡ q✉❛♥❞♦ ✉♠

♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t ❝r✉③❛ ♦ ❝ír❝✉❧♦ ✉♥✐tár✐♦ ♥♦ ❡✐①♦ r❡❛❧ ❡♠ ✲✶✳

❼ ❇✐❢✉r❝❛çã♦ t✐♣♦ t♦r♦ ♦✉ ◆❡✐♠❛r❦✲❙❛❝❦❡r✿ ➱ ♦ ♥❛s❝✐♠❡♥t♦ ❞❡ ✉♠❛ ❝✉r✈❛

❢❡❝❤❛❞❛ ✐♥✈❛r✐❛♥t❡ ❞❡s❞❡ ✉♠ ♣♦♥t♦ ✜①♦ ❡♠ ✉♠ s✐st❡♠❛ ❞✐s❝r❡t♦✳ ❆❝♦♥t❡❝❡

✈✐❛ ♠✉❞❛♥ç❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠♣❧❡①♦s ❝♦♥❥✉✲

❣❛❞♦s ❝♦♠ ♠♦❞✉❧♦ ✉♥✐tár✐♦✳ ◗✉❛♥❞♦ ❛❝♦♥t❡❝❡ ❡♠ ✉♠ ♠❛♣❛ ❞❡ P♦✐♥❝❛ré

❞❡ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡✱ ❛ ❜✐❢✉r❝❛çã♦ ❣❡r❛ ✉♠ t♦r♦ ❜✐❞✐♠❡♥s✐♦♥❛❧ ✐♥✈❛r✐❛♥t❡✳

✸✳ ❇✐❢✉r❝❛çõ❡s ●❧♦❜❛✐s✿

❼ ❇✐❢✉r❝❛çã♦ ❍♦♠♦❝❧í♥✐❝❛ ❞❡ ❡q✉✐❧í❜r✐♦

❼ ❚❛♥❣ê♥❝✐❛s ❤♦♠♦❝❧í♥✐❝❛s ❞❡ ✈❛r✐❡❞❛❞❡s ❡stá✈❡✐s ❡ ✐♥stá✈❡✐s ❞❡ ór❜✐t❛s ♣❡✲

r✐ó❞✐❝❛s

❼ ❇✐❢✉r❝❛çã♦ ❍❡t❡r♦❝❧í♥✐❝❛ ❞❡ ❡q✉✐❧í❜r✐♦✳

❈✳✵✳✶✳✷ ❇✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ ✷

❊①✐st❡♠ ❝✐♥❝♦ t✐♣♦s ❞✐❢❡r❡♥t❡s ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❝♦❞✐♠❡♥sã♦ ✷ ❬✶✻✼❪✿

✶✳ ❇✐❢✉r❝❛çã♦ ❞❡ ❇❛✉t✐♥ ♦✉ ❇✐❢✉r❝❛çã♦ ❣❡♥❡r❛❧✐③❛❞❛ ❞❡ ❍♦♣❢✿ ➱ ✉♠❛ ❜✐❢✉r❝❛çã♦

❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ q✉❡ t❡♠ ✉♠ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♠❛❣✐♥ár✐♦s ♣✉r♦s ❡

♦ ♣r✐♠❡✐r♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞❛ ❇✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ é ③❡r♦✳ ❊ss❡ t✐♣♦ ❞❡

✷✺✾



❜✐❢✉r❝❛çã♦ s❡♣❛r❛ ♦s r❛♠♦s s✉❜❝rít✐❝♦s ❡ s✉♣❡r❝rít✐❝♦s ❞❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢✳

P❛r❛ ✈❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦s ♣ró①✐♠♦s✱ ♦ s✐st❡♠❛ t❡♠ ❞♦✐s ❝✐❝❧♦s ❧✐♠✐t❡ q✉❡

❝♦❧✐❞❡♠ ❡ ❞❡s❛♣❛r❡❝❡♠ ❛tr❛✈és ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s✳

◆♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♠ n > 2✱ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A0 t❡♠✿

✭❛✮ ✉♠ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♠❛❣✐♥ár✐♦s ♣✉r♦s✱ λ1,2 = ±iw0❀

✭❜✮ ns ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛❀

✭❝✮ nu ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✳

❊♠ q✉❡ ns + nu + 2 = n✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❚❡♦r❡♠❛ ❞❛ ❱❛r✐❡❞❛❞❡ ❈❡♥tr❛❧✱

❡①✐st❡ ✉♠❛ ❢❛♠í❧✐❛ ❞❡ ✈❛r✐❡❞❛❞❡s ✐♥✈❛r✐❛♥t❡s W s ❡ W u ♣ró①✐♠❛ ❛♦ ♦r✐❣❡♠✳

✷✳ ❇✐❢✉r❝❛çã♦ ❇♦❣❞❛♥♦✈✲❚❛❦❡♥s✿ ➱ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ q✉❡ t❡♠

✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ③❡r♦ ❞❡ ♠✉❧t✐♣❧✐❝✐❞❛❞❡ ✷✳ P❛r❛ ✈❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦

♣ró①✐♠♦s✱ ♦ s✐st❡♠❛ t❡♠ ❞♦✐s ❡q✉✐❧í❜r✐♦s ✭✉♠❛ s❡❧❛ ❡ ✉♠ ❡q✉✐❧í❜r✐♦ ♥ã♦ s❡❧❛✮

q✉❡ ❝♦❧✐❞❡♠ ❡ ❞❡s❛♣❛r❡❝❡♠✳ ❖ ❡q✉✐❧í❜r✐♦ ♥ã♦ s❡❧❛ s♦❢r❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡

❍♦♣❢ ❣❡r❛♥❞♦ ✉♠ ❝✐❝❧♦ ❧✐♠✐t❡✳ ❊st❡ ❝✐❝❧♦ ❞❡❣❡♥❡r❛ ❡♠ ✉♠❛ ór❜✐t❛ ❤♦♠♦❝❧í♥✐❝❛

à s❡❧❛ ❡ ❞❡s❛♣❛r❡❝❡ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❤♦♠♦❝❧í♥✐❝❛✳

◆♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♠ n > 2✱ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A0 t❡♠✿

✭❛✮ ✉♠ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ③❡r♦✱ λ1,2 = 0❀

✭❜✮ ns ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛❀

✭❝✮ nu ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✳

✸✳ ❇✐❢✉r❝❛çã♦ ❈ús♣✐❞❡✿ ➱ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ q✉❡ t❡♠ ✉♠ ✈❛❧♦r

❝❛r❛❝t❡ríst✐❝♦ ③❡r♦ ❡ ✉♠ ❝♦❡✜❝✐❡♥t❡ q✉❛❞rát✐❝♦ ❞❡ ❜✐❢✉r❝❛çã♦ s❡❧❛✲♥ó ③❡r♦✳ ◆❛

❜✐❢✉r❝❛çã♦ ❝ús♣✐❞❡✱ ❞♦✐s r❛♠♦s ❞❛ ❜✐❢✉r❝❛çã♦ s❡❧❛✲♥ó ❡♥❝♦♥tr❛♠✲s❡ t❛♥❣❡♥❝✐✲

❛❧♠❡♥t❡ ❢♦r♠❛♥❞♦ ✉♠❛ ♣❛rá❜♦❧❛ s❡♠✐❝ú❜✐❝❛✳ ❆ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❜✐❢✉r❝❛çã♦

❝ús♣✐❞❡ ✐♠♣❧✐❝❛ ❛ ♣r❡s❡♥ç❛ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ ❤✐st❡r❡s❡✳ ◆♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦✲

♥❛❧ ❝♦♠ n > 2✱ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A0 t❡♠✿

✭❛✮ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ③❡r♦✱ λ1 = 0❀

✭❜✮ ns ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛❀

✭❝✮ nu ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✳

✹✳ ❇✐❢✉r❝❛çã♦ ③❡r♦ ❞❡ ❍♦♣❢ ♦✉ ❇✐❢✉r❝❛çã♦ ❞❡ ●❛✈r✐❧♦✈✲●✉❝❦❡♥❤❡✐♠❡r✿ ➱ ✉♠❛

❜✐❢✉r❝❛çã♦ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ q✉❡ t❡♠ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ③❡r♦ ❡ ✉♠ ♣❛r ❞❡

✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♠❛❣✐♥ár✐♦s ♣✉r♦s✳ ❖ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❡♥❝♦♥tr❛✲s❡

♥❛ ✐♥t❡rs❡❝çã♦ t❛♥❣❡♥❝✐❛❧ ❞❛s ❝✉r✈❛s ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ♥ó✲s❡❧❛ ❡ ❜✐❢✉r❝❛çõ❡s ❞❡

❍♦♣❢✳ ❉❡♣❡♥❞❡♥❞♦ ❞♦ s✐st❡♠❛✱ ✉♠ r❛♠♦ ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ t♦r♦s ♣♦❞❡ ❡♠❛♥❛r

✷✻✵



❞♦ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ③❡r♦ ❞❡ ❍♦♣❢✳ ❊ss❛ ❜✐❢✉r❝❛çã♦ t❛♠❜é♠ ♣♦❞❡ ✐♠♣❧✐❝❛r

♦ ♥❛s❝✐♠❡♥t♦ ❧♦❝❛❧ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❝❛ót✐❝♦✳ ◆♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♠

n > 3✱ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A0 t❡♠✿

✭❛✮ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ③❡r♦✱ λ1 = 0 ❡ ✉♠ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s

✐♠❛❣✐♥ár✐♦s ♣✉r♦s λ2,3 = ±iw0❀

✭❜✮ ns ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛❀

✭❝✮ nu ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✳

✺✳ ❇✐❢✉r❝❛çã♦ ❞✉♣❧❛ ❞❡ ❍♦♣❢✿ ➱ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ t❡♠ ❞♦✐s ♣❛r❡s ❞❡

✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♠❛❣✐♥ár✐♦s ♣✉r♦s✳ ❖ ♣♦♥t♦ ❞❡ ❜✐❢✉r❝❛çã♦ ❡♥❝♦♥tr❛✲s❡ ♥❛

✐♥t❡rs❡❝çã♦ t❛♥❣❡♥❝✐❛❧ ❞❛s ❝✉r✈❛s ❞❡ ❜✐❢✉r❝❛çõ❡s ❞❡ ❍♦♣❢✳ ●❡♥❡r✐❝❛♠❡♥t❡ ❞♦✐s

r❛♠♦s ❞❡ ❜✐❢✉r❝❛çõ❡s t✐♣♦ t♦r♦ ❛♣❛r❡❝❡♠ ❛ ♣❛rt✐r ❞❛ ❜✐❢✉r❝❛çã♦ ❞✉♣❧❛ ❞❡ ❍♦♣❢✳

❊ss❛ ❜✐❢✉r❝❛çã♦ t❛♠❜é♠ ♣♦❞❡ ✐♠♣❧✐❝❛r ♦ ♥❛s❝✐♠❡♥t♦ ❧♦❝❛❧ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❝❛ót✐❝♦ ❡ ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ♠♦✈✐♠❡♥t♦ q✉❛s❡✲♣❡r✐ó❞✐❝♦✳

◆♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♠ n > 4✱ ❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A0 t❡♠✿

✭❛✮ ❞♦✐s ♣❛r❡s ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ✐♠❛❣✐♥ár✐♦s ♣✉r♦s λ1,2 = ±iw1(0) ❡

λ3,4 = ±iw2(0)❀

✭❜✮ ns ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛❀

✭❝✮ nu ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✳

❈✳✵✳✷ Pr♦❝✉r❛ ❞❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ❝✉rt❛s

❆ ♣r♦❝✉r❛ ❞❡ s♦❧✉çõ❡s ♣❡r✐ó❞✐❝❛s é tã♦ ✐♠♣♦rt❛♥t❡ ❝♦♠♦ ❛ ♣r♦❝✉r❛ ❞❡ s♦❧✉çõ❡s

♦s❝✐❧❛tór✐❛s ❛♣❡r✐ó❞✐❝❛s✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❡①✐st❡ ✉♠❛ ❣r❛♥❞❡ ❢✉♥❞❛♠❡♥t❛çã♦ ♣❛r❛ ♦

❝á❧❝✉❧♦ ❞❡ ór❜✐t❛s ♣❡r✐ó❞✐❝❛s ✭❚❡♦r✐❛ ❞❛ Ór❜✐t❛ P❡r✐ó❞✐❝❛ ❡ ❚❡♦r✐❛ ❞❡ ❋❧♦q✉❡t✮ ❬✹✺❪✳

❇❛s✐❝❛♠❡♥t❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♥s✐st❡ ♥❛ ❜✉s❝❛ ❞❡ s♦❧✉çõ❡s (x, T )✱ x ∈ Rd✱

T ∈ R q✉❡ s❛t✐s❢❛③❡♠ ❛ ❝♦♥❞✐çã♦ ❞❡ ór❜✐t❛ ♣❡r✐ó❞✐❝❛✿

f t+T (x) = f t(x), T > 0 ✭❈✳✷✮

❙✉♣♦♥❞♦ q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ é s❛t✐s❢❡✐t❛ t❛♠❜é♠ ♣❛r❛ x+∆x

❡ T + ∆t✱ ❝♦♠ x ❡ T ❝♦♠♦ ❝❤✉t❡s ✐♥✐❝✐❛✐s ❜❡♠ ♣ró①✐♠♦s ❞❛ s♦❧✉çã♦✱ ♦✉ s❡❥❛✱ ∆x ❡

∆t ♣❡q✉❡♥♦s✳ ❆♣❧✐❝❛♥❞♦ ❛ s♦❧✉çã♦ ❞❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ◆❡✇t♦♥✿

0 = x+∆x− fT+∆t(x+∆x) ✭❈✳✸✮

✷✻✶



❊①♣❛♥❞✐♥❞♦ ❡♠ t❡r♠♦s ❞❡ ∆x ❡ ∆t✿

x+∆x ≈ fT (x) + JT (x)∆x+ v(x(T ))∆ ✭❈✳✹✮

❖ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❊q✉❛çã♦ ✭❈✳✹✮ ✈❡♠ ❞❛s ✈❛r✐❛çõ❡s ❝♦♠ r❡s♣❡✐t♦ ❛ ∆x ❡

❝♦rr❡s♣♦♥❞❡ à ❞❡✜♥✐çã♦ ❞♦s ❡❧❡♠❡♥t♦s ij ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✳

∑

j

∂fi
∂xj

∆xj =⇒ JT (x)∆x,
∂fi
∂xj

= Jij ✭❈✳✺✮

❖ t❡r❝❡✐r♦ t❡r♠♦ ✈❡♠ ❞❛s ✈❛r✐❛çõ❡s r❡s♣❡✐t♦ ❛♦ ∆t ❡ ❝♦rr❡s♣♦♥❞❡ à ❞❡✜♥✐çã♦

❞♦ ✢✉①♦ ♦✉ ✈❡❧♦❝✐❞❛❞❡✿
∂fT (x)

∂T
= v(x(T )) ✭❈✳✻✮

❊s❝r❡✈❡♥❞♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❝♦rr❡çã♦ ∆x ❡

∆t ✿

(JT (x)− I)∆x+ v(x(T ))∆t = x− fT (x) ✭❈✳✼✮

❖❜s❡r✈❛✲s❡ q✉❡ ❡①✐st❡♠ ❞♦✐s ♣r♦❜❧❡♠❛s ♥❛ r❡s♦❧✉çã♦ ❞❛ ❊q✉❛çã♦ ✭❈✳✼✮✳ ❖

♣r✐♠❡✐r♦ ❝♦♥s✐st❡ ❡♠ q✉❡ s❡ t❡♠ q✉❡ r❡s♦❧✈❡r ♥ã♦ só ♣❛r❛ ∆x✱ ♠❛s t❛♠❜é♠ ♣❛r❛ ∆t✳

❖ s❡❣✉♥❞♦ ♣r♦❜❧❡♠❛ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦ ❡①♣♦❡♥t❡ ❞❡ ❋❧♦q✉❡t ♠❛r❣✐♥❛❧ ❞♦ ❝✐❝❧♦

♦ q✉❛❧ r❡s✉❧t❛ ♥♦ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ t❡r♠♦ (JT (x)− I) ❝♦♠♦ ♥ã♦ ✐♥✈❡rtí✈❡❧✱ ❥á q✉❡

❡①✐st❡ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ③❡r♦✳ ❉❛í q✉❡ ♦ t❡r♠♦ (JT (x) − I) é ♠❛✐s ❞✐❢í❝✐❧ ❞❡

✐♥✈❡rt❡r✱ ❛ ♠❡❞✐❞❛ q✉❡ ❛ s♦❧✉çã♦ é ♠❛✐s ♣ró①✐♠❛✳

❆ ❢♦r♠✉❧❛çã♦ ❞♦ ♣r♦❜❧❡♠❛ é ❞❛❞❛ ❝♦♠ ❛ ❢♦r♠✉❧❛çã♦ ❞❡ ✉♠❛ r❡str✐çã♦ ❞❛ ✈❛r✐✲

❛çã♦ ❞❡ ∆x às ❞✐r❡çõ❡s tr❛♥s✈❡rs❛✐s ❛♦ ✢✉①♦✳ ❊ss❛ r❡str✐çã♦ ♣♦❞❡ s❡r ♥❛t✉r❛❧♠❡♥t❡

❞❡✜♥✐❞❛ ♣❡❧❛ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré✿

n̂ ·∆x = 0 ✭❈✳✽✮

❆ ❢♦r♠✉❧❛çã♦ ✜♥❛❧ ❞♦ ♣r♦❜❧❡♠❛ ♣♦❞❡ s❡r ❞❛❞♦ ♠❛tr✐❝✐❛❧♠❡♥t❡✿

([
JT (x)− I v(x(T ))

n̂ 0

])([
∆x

∆t

])
=

([
x− fT (x)

0

])
✭❈✳✾✮

❊♠ q✉❡ JT (x) − I é ✉♠❛ ♠❛tr✐③ dxd✱ v(x(T )) ✉♠❛ ♠❛tr✐③ dx1✱ n̂ ✉♠ ✈❡t♦r

1xd✱ ∆x ❡ x− f t(x) sã♦ d✲❞✐♠❡♥s✐♦♥❛✐s ❡ ∆t é ✉♥✐❞✐♠❡♥s✐♦♥❛❧✳
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❘❡♥♦♠❡❛♥❞♦ ❛ ♠❛tr✐③❡s✿

[
JT (x)− I v(x(T ))

n̂ 0

]
= N

([
∆x

∆t

])
= D

[
x− fT (x)

0

]
= E

❖ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠ r❡s♦❧✈❡r ♣❛r❛ D✿ D = N−1E ❛t✉❛❧✐③❛♥❞♦ ♦s ❝❤✉t❡s

✐♥✐❝✐❛✐s ♣❛r❛ ❝❛❞❛ ✐t❡r❛çã♦✿ x → x + ∆x ❡ T → T + ∆t ❛té q✉❡ ♦ ✈❡t♦r ❞❡ ❡rr♦

x− fT (x) s❡❥❛ ♠❡♥♦r q✉❡ ❛ t♦❧❡râ♥❝✐❛ ❞❡✜♥✐❞❛ ✭x− fT (x) ≈ 0✮✳

❋✐♥❛❧♠❡♥t❡ ♦ ❝❤✉t❡ ✐♥✐❝✐❛❧ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ é ❞❛❞♦ ♣❡❧♦ ♣♦♥t♦ ♣❡✲

r✐ó❞✐❝♦ ❡♥❝♦♥tr❛❞♦ ♥♦ ♠❛♣❛ ❞❡ r❡t♦r♥♦ ❞❛ s❡çã♦ ❞❡ P♦✐♥❝❛ré✱ t❛❧ ❝♦♠♦ ❢♦✐ ❡①♣❧✐❝❛❞♦

♥❛ ❙❡çã♦ ✸✳✶✳✹✳✺✳
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❆♣ê♥❞✐❝❡ ❉

❈❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛ ❞❡

❜❡♥❝❤♠❛r❦s

❉✳✶ ❈á❧❝✉❧♦ ❞❡ ♠étr✐❝❛s ❞♦ ❝♦♥❥✉♥t♦ ✐♥✈❛r✐❛♥t❡

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

❛✈❛❧✐❛❞❛s ❛s ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s✳ ❖s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❇❡♥❝❤♠❛r❦s ❢♦r❛♠ ❝❛r❛❝t❡r✐✲

③❛❞♦s ♣♦r ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧✱ ♠❛♣❛s ❞❡ P♦✐♥❝❛ré✱ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱

▼❛tr✐③ J ❡ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛s✳

❉✳✶✳✶ ❇❡♥❝❤♠❛r❦✿ ❆tr❛t♦r ❞❡ ❘♦ss❧❡r

❖ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r é ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝❧áss✐❝♦ ♥♦ ❡st✉❞♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s

❝♦♠♣❧❡①♦s ❡ ❝❛ót✐❝♦s✳ ❊st❡ s✐st❡♠❛ s❛t✐s❢❛③ ♦s ♠í♥✐♠♦s r❡q✉✐s✐t♦s ♣❛r❛ ♦ ❝❛♦s ❝♦♥t✐✲

♥✉♦❀ s❡✉ ❡s♣❛ç♦ ❞❡ ❢❛s❡sM é ✸✲❞✐♠❡♥s✐♦♥❛❧✱ ♣♦ss✉✐ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ ♠í♥✐♠❛ ♣♦rq✉❡

❤á só ✉♠ t❡r♠♦ q✉❛❞rát✐❝♦ ❡ ❣❡r❛ ✉♠ ❛tr❛❝t♦r ❝❛ót✐❝♦ ♥✉♠ s♦❧♦ ❧ó❜✉❧♦✱ ❡♠ ❝♦♥tr❛st❡

❛♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ ❆tr❛❝t♦r q✉❡ ♣♦ss✉✐ ❞♦✐s ❧ó❜✉❧♦s✳ ❖ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ✸✳✷

❝♦rr❡s♣♦♥❞❡♠ ❛♦ ✢✉①♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✳

❖s t❡r♠♦s ❧✐♥❡❛r❡s ❞❛s ❞✉❛s ♣r✐♠❡✐r❛s ❡q✉❛çõ❡s ❝r✐❛♠ ♦s❝✐❧❛çõ❡s ♥❛s ✈❛r✐á✈❡✐s

x ❡ y✳ ❊ss❛s ♦s❝✐❧❛çõ❡s ♣♦❞❡♠ s❡r ❛♠♣❧✐✜❝❛❞❛s s❡ a > 0✱ ♦ q✉❡ r❡s✉❧t❛ ❡♠ ✉♠

♠♦✈✐♠❡♥t♦ ❡s♣✐r❛❧✳ ❖ ♠♦✈✐♠❡♥t♦ ❡♠ x ❡ y é ❡♥tã♦ ❛❝♦♣❧❛❞♦ à ✈❛r✐á✈❡❧ z ❣♦✈❡r♥❛❞❛

♣❡❧❛ t❡r❝❡✐r❛ ❡q✉❛çã♦✱ q✉❡ ❝♦♥té♠ ♦ t❡r♠♦ ♥ã♦✲❧✐♥❡❛r ❡ q✉❡ ✐♥❞✉③ ❛ r❡✐♥❥❡çã♦ ❞❡ ✈♦❧t❛

❛♦ ✐♥í❝✐♦ ❞♦ ♠♦✈✐♠❡♥t♦ ❡♠ ❡s♣✐r❛❧✳ ❖ s✐st❡♠❛ ♣♦ss✉✐ ❞♦✐s ❡st❛❞♦s ❡st❛❝✐♦♥ár✐♦s✿ ✉♠

♥❛ ♦r✐❣❡♠ x = y = z = 0✱ ❡♠ t♦r♥♦ ❞♦ q✉❛❧ ♦ ♠♦✈✐♠❡♥t♦ ❡s♣✐r❛❧❛ ♣❛r❛ ❢♦r❛✱ ❡ ♦✉tr♦

♠❛✐s ❞✐st❛♥t❡ ❞❛ ♦r✐❣❡♠ ❞❡✈✐❞♦ à ♥ã♦✲❧✐♥❡❛r✐❞❛❞❡ q✉❛❞rát✐❝❛✳ ❊st❡ s✐st❡♠❛ ❛♣r❡s❡♥t❛

❛tr❛t♦r❡s ❡st❛❝✐♦♥ár✐♦s✱ ♣❡r✐ó❞✐❝♦s✱ q✉❛s❡✲♣❡r✐ó❞✐❝♦s ❡ ❝❛ót✐❝♦s✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ✈❛❧♦r
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❞♦s ♣❛râ♠❡tr♦s (a, b, c)✳ ❊st❡s ❛tr❛t♦r❡s sã♦ ✐♥t❡r❝♦♥❡❝t❛❞♦s ♣♦r ❜✐❢✉r❝❛çõ❡s✱ ❡♠

♣❛rt✐❝✉❧❛r✱ ✉♠❛ ❜✐❢✉r❝❛çã♦ ❞❡ ❍♦♣❢ ❞♦s ❛tr❛t♦r❡s ❡st❛❝✐♦♥ár✐♦s✲♣❡r✐ó❞✐❝♦s ❡ ✉♠❛

❝❛s❝❛t❛ ❞❡ ❞✉♣❧✐❝❛çã♦ ❞❡ ♣❡rí♦❞♦ ❞❡ ❛tr❛t♦r❡s ♣❡r✐ó❞✐❝♦s ♣❛r❛ ❛tr❛t♦r❡s ❝❛ót✐❝♦s✳

❆ tr❛♥s✐çã♦ ♣❛r❛ ✉♠ ❝❛♦s é ❞♦ t✐♣♦ ♣❛r❛❢✉s♦✱ ♥♦ q✉❛❧ ❛s ♦s❝✐❧❛çõ❡s sã♦ ✐rr❡✲

❣✉❧❛r❡s✱ ♥ã♦ ❛♣❡♥❛s ❡♠ s✉❛s ❛♠♣❧✐t✉❞❡s✱ ♠❛s t❛♠❜é♠ ♥♦s t❡♠♣♦s ❞❡ r❡✐♥❥❡çã♦✳ ❖

❝❛♦s ❞♦ t✐♣♦ ♣❛r❛❢✉s♦ ❡stá ✐♥t✐♠❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ ór❜✐t❛

❤♦♠♦❝❧í♥✐❝❛ ❞❡ ❙❤✐❧♥✐❦♦✈ ❧✐❣❛❞❛ à ♦r✐❣❡♠ x = y = z = 0✱ q✉❡ é ✉♠ ❡q✉✐❧í❜r✐♦ ❢♦❝♦

s❡❧❛ ❝♦♠ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❡stá✈❡❧ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛ ❛ r❡✐♥❥❡çã♦ ❡ ✉♠❛ ✈❛r✐❡❞❛❞❡

✐♥stá✈❡❧ ❜✐❞✐♠❡♥s✐♦♥❛❧ ♦♥❞❡ ♦ ♠♦✈✐♠❡♥t♦ ❡stá ❡♠ ❡s♣✐r❛❧✳ ❖ ❝r✐tér✐♦ ❞❡ ❙❤✐❧♥✐❦♦✈

♣❛r❛ ♦ ❝❛♦s é q✉❡ ❛ r❡✐♥❥❡çã♦ é ♠❛✐s rá♣✐❞❛ ❞♦ q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❡♠ ❡s♣✐r❛❧ ❡ ❡stá

s❛t✐s❢❡✐t❛ ♥♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ❬✷✺✵❪✳

❋✐❣✉r❛ ❉✳✶✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ♦❜t✐❞❛s ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞♦
❝♦♥❥✉♥t♦ ❞❡ ❊q✉❛çõ❡s ✸✳✷ ❝♦♠ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s x0 = 9.64832079329 y0 =
−3.51977184351 ❡ z0 = 0.811107128559✱ ♣❛râ♠❡tr♦s a = b = 0.2✱ c = 5.7 ❡ ✉♠
✈❡t♦r t❡♠♣♦r❛❧ t = [0, 200, 10000

◆❛ ❋✐❣✉r❛ ❉✳✶ ❛♣r❡s❡♥t❛♠✲s❡ ❛s sér✐❡s t❡♠♣♦r❛✐s ❞♦ s✐st❡♠❛ ♣❛r❛ ✉♠❛ ❝♦♥❞✐çã♦

❝❛ót✐❝❛✱ ♦❜s❡r✈❛♥❞♦ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♦s❝✐❧❛çõ❡s ❞❡ ❞✐❢❡r❡♥t❡s ♣❡rí♦❞♦s ❛♦ ❧♦♥❣♦ ❞♦

t❡♠♣♦✳ ❆ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s M é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ❉✳✷✱

♦♥❞❡ ✉♠❛ ór❜✐t❛ ❞❡♥tr♦ ❞♦ ❛tr❛t♦r s❡❣✉❡ ✉♠❛ ❡s♣✐r❛❧ ❡①t❡r♥❛ ♣ró①✐♠❛ ❛♦ ♣❧❛♥♦ x, y

❡♠ t♦r♥♦ ✭❛ss✐♥t♦t✐❝❛♠❡♥t❡✮ ❞❡ ✉♠ ♣♦♥t♦ ✜①♦ ✐♥stá✈❡❧✳ ❯♠❛ ✈❡③ q✉❡ ❛ tr❛❥❡tór✐❛

❣✐r❛ ♦ s✉✜❝✐❡♥t❡✱ ✉♠ s❡❣✉♥❞♦ ♣♦♥t♦ ✜①♦ ✐♥✢✉❡♥❝✐❛✱ ❝❛✉s❛♥❞♦ ✉♠ ❛✉♠❡♥t♦ ❡ ✉♠❛

t♦rçã♦ ♥❛ ❞✐♠❡♥sã♦ z✳

✷✻✺



❙✐st❡♠❛ ❞✐♥â♠✐❝♦ λ1 λ2 λ3

❘♦ss❧❡r ✵✳✵✾✼✰✵✳✵✾✺❥ ✵✳✵✾✼✲✵✳✵✾✺❥ ✲✺✳✻✽✼
▲♦r❡♥③ ✲✷✷✳✽✷✼✼ ✶✶✳✽✷✼✼ ✲✷✳✻✻✻✼

❚❛❜❡❧❛ ❉✳✶✿ ❆✉t♦✈❛❧♦r❡s ♦❜t✐❞♦s ✈✐❛ ❛♥á❧✐s❡ ❞❛ ♠❛tr✐③ A ♣❛r❛ ♦s ✢✉①♦s ❇❡♥❝❤♠❛r❦s

❉✳✶✳✶✳✶ ❊st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧

❈♦♥❢♦r♠❡ ❛s ❙❡çõ❡s ✸✳✶✳✷✱ ✸✳✶✳✸ ❡ ✹✳✶✳✶✳✶ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞♦

♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq ♠❛✐s ♣ró①✐♠♦ à ❜❛s❡ ❞❡ ❛tr❛çã♦ ❛♥❛❧✐s❛♥❞♦ ♦s ✈❛❧♦r❡s ❡ ✈❡t♦r❡s

❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ A✳

❆ ❋✐❣✉r❛ ❉✳✷ ♠♦str❛ ❛ tr❛❥❡tór✐❛ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ❡ ♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧✙❜r✐♦

tr✐✈✐❛❧ xq = (0, 0, 0)✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ ✢✉①♦ é ❛ss✐♥tót✐❝♦ ❛♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✳

❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ♣❧♦t❛❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s r❡❛✐s ❡ ✐♠❛❣✐♥❛r✐❛s ❞♦ ✈❡t♦r ❝❛r❛❝t❡rís✲

t✐❝♦ ♠❛✐s r❡♣r❡s❡♥t❛t✐✈♦✳ P❛r❛ ❡st❡ ❝❛s♦ ❡♠ ♣❛rt✐❝✉❧❛r ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❡st❛s

❝♦♠♣♦♥❡♥t❡s sã♦ ♦rt♦❣♦♥❛✐s ❡♥tr❡ s✐✳

◆❛ ❚❛❜❡❧❛ ❉✳✶ ♦❜s❡r✈❛✲s❡ q✉❡ ❡①✐st❡♠ ✉♠ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ♥❡❣❛t✐✈♦ ❡ ✉♠

♣❛r ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠ ♣❛rt❡ r❡❛❧ ♣♦s✐t✐✈❛✱ ✐♥❞✐❝❛♥❞♦

q✉❡ ♥❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❞✐r❡çõ❡s ❡①✐st❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❡ ✐♥stá✈❡❧✳

❆ ♠❛❣♥✐t✉❞❡ ❞♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ♥❡❣❛t✐✈♦ ✐♥❞✐❝❛ ♦ ♥í✈❡❧ ❞❡ ❛tr❛çã♦ ❛♦ ❧♦♥❣♦ ❞❛

❞✐r❡çã♦ ❞♦ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ❝♦rr❡s♣♦♥❞❡♥t❡✳ ❆ ♠❛❣♥✐t✉❞❡ ❞♦s ✈❛❧♦r❡s ❝❛r❛❝t❡rís✲

t✐❝♦s ♣♦s✐t✐✈♦s r❡♣r❡s❡♥t❛ ♦ ♥í✈❡❧ ❞❡ r❡♣✉❧sã♦ ❛♦ ❧♦♥❣♦ ❞❛s ❞✐r❡çõ❡s ❝❛r❛❝t❡ríst✐❝❛s

r❡s♣❡❝t✐✈❛s✳ ❖ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❡q✉✐❧í❜r✐♦ é r❡❛❧ ❡ ♣♦ss✉✐ s✐♥❛❧ ♦♣♦st♦ ❛♦ s✐✲

♥❛❧ ❞❛ ♣❛rt❡ r❡❛❧ ❞♦ ♣❛r ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❝♦♠♣❧❡①♦s ❝♦♥❥✉❣❛❞♦s❀ ♣♦rt❛♥t♦✱

♣♦❞❡✲s❡ ❝❧❛ss✐✜❝❛r ♦ ❡q✉✐❧í❜r✐♦ ❝♦♠♦ ✉♠ ❢♦❝♦ s❡❧❛✳

✷✻✻



❋✐❣✉r❛ ❉✳✷✿ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❛ ❜❛s❡ ❞❡
❛tr❛çã♦ ❞♦ ✢✉①♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✳ ❆ s❡t❛ ♣r❡t❛ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣♦♥❡♥t❡ r❡❛❧
❞♦ ♣r✐♠❡✐r♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Re(λx)) ❡ ❛ s❡t❛ ✈❡r♠❡❧❤❛ ♦rt♦❣♦♥❛❧ ❝♦rr❡s♣♦♥❞❡
à ❝♦♠♣♦♥❡♥t❡ ✐♠❛❣✐♥❛r✐❛ ❞♦ ♠❡s♠♦ ✈❛❧♦r ❝❛r❛❝t❡ríst✐❝♦ ✭Im(λx)✮✳ ❖ ❛tr❛t♦r ❢♦✐
♦❜t✐❞♦ ✉s❛♥❞♦ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞❛ ✜❣✉r❛ ❉✳✶

❉✳✶✳✶✳✷ ❆♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛✿ ▼❛♣❛s ❞❡ P♦✐♥❝❛ré

❈♦♠♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✹✳✶✳✶✳✷ ❡ ❢✉♥❞❛♠❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✸✳✶✳✹ ❛s s❡❝çõ❡s ❞❡

P♦✐♥❝❛ré s✉r❣❡♠ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ♣❛r❛ ❡st✉❞❛r ✉♠❛ ❞✐♥â♠✐❝❛ ♥❛t✉r❛❧♠❡♥t❡

❝♦♥tí♥✉❛ ❝♦♠♦ ✉♠❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❝r✐t♦✱ ✉s❛❞♦ ♣❛r❛ ❞❡t❡r✲

♠✐♥❛r ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❢♦✐ ❡①♣❧✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♥❛ ❙❡çã♦ ✹✳✶✳✶✳✷✳ P❛rt✐✲

❝✉❧❛r♠❡♥t❡ ♥❡st❡ tr❛❜❛❧❤♦✱ ❛s s❡❝çõ❡s ❞❡ P♦✐♥❝❛ré ❡st✉❞❛❞❛s ❢♦r❛♠ t♦❞❛s ❞❡✜♥✐❞❛s

❝♦♠♦ s❡çõ❡s ❧✐♥❡❛r❡s✱ ♣♦rt❛♥t♦ ❝❤❛♠❛❞❛s ❞❡ ♣❧❛♥♦s ❞❡ P♦✐♥❝❛ré✳

❆ ❛♥á❧✐s❡ ❛ s❡❣✉✐r✱ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ s♦❜ ❛ ♠❡s♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣♦r ❈❱■❚❆◆❖✲

❱■❶ ❡t ❛❧✳✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♠❡s♠♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳

✷✻✼



❋✐❣✉r❛ ❉✳✸✿ ❆tr❛t♦r ❞❡ ❘♦ss❧❡r ✭❛③✉❧✮ ❝♦♠ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré✭✈❡r♠❡❧❤♦✮ q✉❡
✐♥t❡rs❡❝t❛♠ ♦ ♣❧❛♥♦ s♦❜r❡ ♦ ❡✐①♦ z

❆ ❋✐❣✉r❛ ❉✳✸ ♣r❡s❡♥t❛ ♦ ❛tr❛t♦r ❝❛ót✐❝♦ ❞❡ ❘♦ss❧❡r q✉❡ ❢♦✐ ♦❜t✐❞♦ ♣♦r ✐♥t❡❣r❛çã♦

❞❛s ❊q✉❛çõ❡s ✸✳✷✳ ❆ s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❢♦✐ ❞❡✜♥✐❞❛ ❝♦♥❢♦r♠❡ ❢♦✐ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦

✹✳✶✳✶✳✷✱ ❝♦♥s✐st✐♥❞♦ ❡♠ ✉♠ ♣❧❛♥♦ ❡♠ z ❝♦♠ ♦r✐❡♥t❛çã♦ θ ❡♠ r❡❧❛çã♦ ❛ x−y✳ ❖ ♣❧❛♥♦

❢♦✐ r♦❞❛❞♦ ❡♠ t♦r♥♦ ❛♦ ❡✐①♦ z✱ ✉s❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ r♦t❛çã♦✱ ❞❛í ♦ â♥❣✉❧♦ ❡♥tr❡ ♦ ♣❧❛♥♦

❞❡ P♦✐♥❝❛ré ❡ ♦ ❡✐①♦ x ❝♦rr❡s♣♦♥❞❡✉ ❛ θ = −π✳ ❖s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré x̂ ✭✈❡r♠❡❧❤♦s✮

❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠♦ ♦s ♣♦♥t♦s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s x ∈M q✉❡ s❛t✐s❢❛③✐❛♠ U(x̂) = 0✳

◆♦ ❝❛s♦ ❡♠ ♣❛rt✐❝✉❧❛r✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❢❛❝✐❧♠❡♥t❡ q✉❡ ♦ ✢✉①♦ é ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦

❞❡ P♦✐♥❝❛ré✱ ❥á q✉❡ ♦ ❛tr❛t♦r ❡stá ❝♦♥str✉í❞♦ s♦❜r❡ ❜❛s❡s ❝❛♥ô♥✐❝❛s✳ ❆❧é♠ ❞✐ss♦✱

♦❜s❡r✈❛✲s❡ q✉❡ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ❛t✐♥❣❡♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ tr❛♥s✈❡rs❛❧✐❞❛❞❡ ❡

♦r✐❡♥t❛çã♦ ú♥✐❝❛ ✭ ✈❡r ❙❡çã♦ ✸✳✶✳✹✳✶✮✳

❋✐❣✉r❛ ❉✳✹✿ ▼❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ q✉❡ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦
❝♦♦r❞❡♥❛❞❛ ❞♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré

✷✻✽



❖ ♠❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ✭❋✐❣✉r❛ ❉✳✹✮ ❡stá ❞❡✜♥✐❞♦ ♣❡❧♦ ❝♦♦r❞❡♥❛❞❛ z ❡ ❛

❝♦♦r❞❡♥❛❞❛ x̂✱ ❥á q✉❡ ♦ ♣❧❛♥♦ ✜①❛ ❛ t❡r❝❡✐r❛ ❝♦♦r❞❡♥❛❞❛✳ ❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛ à ❛♥á❧✐s❡

r❡❛❧✐③❛❞❛ ♣♦r ❬✻✶❪✱ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✺✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❡♠ ❡ss❛ ♣❛rt❡ ♦ ✢✉①♦ t❡♠

✉♠❛ t❡♥❞ê♥❝✐❛ ❡①♣❛♥s✐✈❛✳

❋✐❣✉r❛ ❉✳✺✿ ▼❛♣❛ ❞❡ r❡t♦r♥♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ ❛ ❧✐♥❤❛ ❞✐❛❣♦♥❛❧ ❛✉①✐❧✐❛ ❛
✈✐s✉❛❧✐③❛çã♦ ❞♦ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ ❞♦ ♣r✐♠❡✐r♦ ✐t❡r❛❞♦

❖s ♣♦♥t♦s ❞♦ ♠❛♣❛ ❞❡ r❡t♦r♥♦ rn sã♦ ♦❜t✐❞♦s ♣❡❧❛ ♣r♦❥❡çã♦ ❞♦s ♣♦♥t♦s ❞❡

P♦✐♥❝❛ré x̂ ❞❡♥tr♦ ❞❛ ❜❛s❡ ❞♦ ♣❧❛♥♦ ❞❡ P♦✐♥❝❛ré✳ P❛r❛ ❡st❡ ❝❛s♦ ❡♠ ♣❛rt✐❝✉❧❛r✱ ❛

♣r♦❥❡çã♦ é ✐❣✉❛❧ à ❞✐st❛♥❝✐❛ r❛❞✐❛❧ ❞❛s ✐♥t❡rs❡çõ❡s ♥♦ ♣❧❛♥♦ ❞❡ P♦✐♥❝❛ré ✭♣♦♥t♦s ❞❡

P♦✐♥❝❛ré✮ à ♦r✐❣❡♠✳ ❖ ✈❡t♦r rn ❝♦♥té♠ t♦❞❛s ❛s ❞✐stâ♥❝✐❛s r❛❞✐❛✐s ❞❡ t♦❞♦s ♦s ♣♦♥t♦s

❞❡ P♦✐♥❝❛ré✱ ❡①❝❡♣t♦ ❛ ❞✐stâ♥❝✐❛ ❞♦ ú❧t✐♠♦ ♣♦♥t♦✳ ❖ ✈❡t♦r rn+1 ❝♦♥té♠ t♦❞❛s ❛s

❞✐stâ♥❝✐❛s r❛❞✐❛✐s ❞♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ✱❡①❝❡♣t♦ ❛ ❞✐stâ♥❝✐❛ ❞♦ ♣r✐♠❡✐r♦ ♣♦♥t♦✳

❆ ❋✐❣✉r❛ ❉✳✺ ♠♦str❛ ✉♠ ♠❛♣❛ ❞❡ r❡t♦r♥♦✱ ❝✉❥❛ ❢♦r♠❛ é ❝❛r❛❝t❡ríst✐❝❛ ♥♦s ❛tr❛✲

t♦r❡s ❝❛ót✐❝♦s✳ ❯s❛♥❞♦ ♦s ♣♦♥t♦s ❢♦✐ ♦❜t✐❞❛ ✉♠❛ r❡❣r❡ssã♦ ♣♦❧✐♥♦♠✐❛❧✱ q✉❡ ❞❡s❝r❡✈❡

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

❛ ❢✉♥çã♦ ❞❡ r❡t♦r♥♦ ❡♥❝♦♥tr❛❞❛ é ✉♠❛ ❢✉♥çã♦ 1✲1 ♣❡❧♦ q✉❡ é ♣♦ssí✈❡❧ ❝♦♥str✉✐r ✉♠

♠❛♣❛ ❞❡ r❡t♦r♥♦ q✉❡ r❡♣r❡s❡♥t❡ ❛ ❞✐♥â♠✐❝❛ 1✲❞✐♠❡♥s✐♦♥❛❧ ❞♦ ✢✉①♦✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ✐♥❞✐❝❛ ✐♥✐❝✐❛❧♠❡♥t❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❝r❡s❝❡♥t❡ ❝♦♠ ✐♥❝❧✐♥❛çõ❡s

♣♦s✐t✐✈❛✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ♦s ♣♦♥t♦s t❡♥❞❡♠ ❛ s❡ ❛❢❛st❛r ❡♥tr❡ sí✱ ❥á q✉❡ ❛ ❞✐stâ♥❝✐❛

r❛❞✐❛❧ à ♦r✐❣❡♠ é ❝❛❞❛ ✈❡③ ♠❛✐♦r✱ ♦✉ s❡❥❛ ♦s ♣♦♥t♦s t❡♥❞❡♠ ❛ s❡ ❛❢❛st❛r ❞♦ ❡q✉✐❧í❜r✐♦

✷✻✾



✭❧❡♠❜r❛♥❞♦ q✉❡ ♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq é ♣❛r❛ ❡st❡ ❝❛s♦ ✐❣✉❛❧ ❛♦ ♦r✐❣❡♠ (0, 0, 0)✮✳

❉❛í✱ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✐♥✐❝✐❛❧ ❞♦ ❛tr❛t♦r s❡❣✉❡ ✉♠❛ ❞✐♥â♠✐❝❛ ❡♠ q✉❡ ♦ ✢✉①♦ s❡

❡①♣❛♥❞❡✳ P♦st❡r✐♦r♠❡♥t❡✱ ♦ ♣♦♥t♦ ❝♦♠ ❝♦♦r❞❡♥❛❞❛s rn = 6.0545 ❡ rn+1 = 9.0397

❧♦❝❛❧✐③❛ ♦ ♠á①✐♠♦ ♣♦♥t♦ ❞❛ ✜❣✉r❛✳ ❊ss❡ ♣♦♥t♦ é ❝❤❛♠❛❞♦ ❝♦♠♦ ♣♦♥t♦ ❝rít✐❝♦ é

r❡♣r❡s❡♥t❛ ❛ ♠á①✐♠❛ ❡①♣❛♥sã♦ ♣♦ssí✈❡❧ ❞♦ ✢✉①♦✳ ❋✐♥❛❧♠❡♥t❡✱ ♥♦ ú❧t✐♠♦ ✐♥t❡r✈❛❧♦✱

♣♦st❡r✐♦r ❛♦ ♣♦♥t♦ ❝rít✐❝♦✱ ♦❜s❡r✈❛✲s❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♠ ✐♥❝❧✐♥❛çã♦ ♥❡❣❛t✐✈❛✱

q✉❡ s✉❣❡r❡ q✉❡ ❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦s ♣♦♥t♦s sã♦ ❝❛❞❛ ✈❡③ ♠❡♥♦r❡s❀ ♦✉ s❡❥❛✱ ♦s

♣♦♥t♦s ❡stã♦ ♠❛✐s ♣ró①✐♠♦s ❡♥tr❡ s✐✱ ❡①✐st✐♥❞♦ ✉♠❛ ❝♦♥tr❛çã♦ ❞♦ ✢✉①♦ q✉❡ é ✉♠❛

❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ❡①✐stê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞♦❜r❛❞✉r❛ ❞♦ ✢✉①♦✳ ❉❛í q✉❡

♦ ♣♦♥t♦ ❝rít✐❝♦ t❛♠❜é♠ r❡♣r❡s❡♥t❛ ✉♠❛ tr❛♥s✐çã♦ ❡♥tr❡ ✉♠❛ ❞✐♥â♠✐❝❛ ❡①♣❛♥s✐✈❛ ❡

✉♠❛ ❞✐♥â♠✐❝❛ ❞❡ ❝♦♥tr❛çã♦✳

◆♦t❛✲s❡ q✉❡ ❛ ❞✐♥â♠✐❝❛ ❛♥t❡r✐♦r ❞❡s❝r❡✈❡ ❞✐r❡t❛♠❡♥t❡ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❝❛r❛❝✲

t❡ríst✐❝❛ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♣❛❞❡✐r♦ ✭❋✐❣✉r❛

✸✳✽✮ r❡♣r❡s❡♥t❛♥❞♦ ❛ ❞✐♥â♠✐❝❛ ❞❡ ❡①♣❛♥sã♦ ❡ ❞♦❜r❛❞✉r❛ ❞♦ ✢✉①♦✳

❆ ❡q✉❛çã♦ ❞♦ ♠❛♣❛ ❞❡ r❡t♦r♥♦ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣♦r ✉♠❛ r❡❣r❡ssã♦ ♣♦❧✐♥♦♠✐❛❧

s✐♠♣❧❡s✱ ✉s❛♥❞♦ ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳

rn+1 = −0.5155r2n + 5.7009rn − 6.9312 ✭❉✳✶✮

❆ ❊q✉❛çã♦ ✭❉✳✶✮ ♣♦ss✉✐ ❛ ❢♦r♠❛ ❞❡ ✉♠ s✐st❡♠❛ ❞✐s❝r❡t♦ xn+1 = f(xn)✱ q✉❡ é

❝❛r❛❝t❡ríst✐❝❛ ❞❡ ♦✉tr♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❞✐s❝r❡t♦s t❛✐s ❝♦♠♦ ❛ ❊q✉❛çã♦ ❧♦❣íst✐❝❛

❡ ♦ ♠❛♣❛ ❞❡ ❍❡♥♦♥ ❬✷✺✽❪✳

❚♦♠❛♥❞♦ ❡♥ ❝♦♥s✐❞❡r❛çã♦ ❛ ❊q✉❛çã♦ ✭✸✳✸✼✮✱ ❛ ✐♥t❡rs❡❝çã♦ ❞❛ ❞✐❛❣♦♥❛❧ ✭tr❛ç❛❞❛

♥❛ ❋✐❣✉r❛ ❉✳✺✮ ❝♦♠ ❛ ❡q✉❛çã♦ ❞♦ ♠❛♣❛ ✭❊q✳❉✳✶✮✱ r❡♣r❡s❡♥t❛ ✉♠ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ ❡♠

q✉❡ rn+1 = rn✱ ❥á q✉❡ s❡r✐❛♠ ❞♦✐s ♣♦♥t♦s q✉❡ ❡♠ ❞✐❢❡r❡♥t❡s ✐♥stâ♥❝✐❛s ❞♦ t❡♠♣♦ ❞✐s✲

❝r❡t♦ ❡stã♦ à ♠❡s♠❛ ❞✐stâ♥❝✐❛ r❛❞✐❛❧ ❞♦ ❡q✉✐❧í❜r✐♦✳ ❉❛í q✉❡ ♦ ♣♦♥t♦ ❝♦♠ rn+1 = 7.211

❡ rn = 7.211 r❡♣r❡s❡♥t❛ ✉♠ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ q✉❡ ♣❡rt❡♥❝❡ ❛ ✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞♦

✢✉①♦✳

❉✳✶✳✶✳✸ ❙❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✿ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❆ s❡♥s✐❜✐❧✐❞❛❞❡ ❛ ♣❡q✉❡♥❛s ♠✉❞❛♥ç❛s ♥❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s é ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ✐♥❡✲

r❡♥t❡ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s ❝❛ót✐❝♦s✳ ❉❛í q✉❡ ❛ ❛✈❛❧✐❛çã♦ ❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛✲

♣✉♥♦✈ é ✉♠❛ ❛♥á❧✐s❡ ♥❡❝❡ssár✐❛ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❡ ❞❡t❡r♠✐♥❛r ❛ ❡①✐stê♥❝✐❛ ❞♦ ❝❛♦s

♥♦s ❛tr❛t♦r❡s ❡st✉❞❛❞♦s✳

◆❡st❛ s❡çã♦ ❢♦r❛♠ ❛✈❛❧✐❛❞♦s ♦s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈✱ ♦s q✉❛✐s ❝♦♥tê♠ ♦s d

❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❞♦s s✐st❡♠❛s ❡st✉❞❛❞♦s✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ❡♠♣r❡❣❛❞❛ ♣❛r❛

✷✼✵



❙✐st❡♠❛ P❛râ♠❡tr♦s ❈♦♥❞✐çõ❡s
✐♥✐❝✐❛✐s

❊s♣❡❝tr♦ ❞❡ ▲②❛✲
♣✉♥♦✈ ❡♠ ❬✷✽✻❪

❊s♣❡❝tr♦ ❞❡ ▲②❛✲
♣✉♥♦✈ ♦❜t✐❞♦

❘♦ss❧❡r a = 0.15

b = 0.20

c = 10.0

x0 = 10.0

y0 = 1.0

z0 = 0.0

λ1 = 0.13

λ2 = 0.00

λ3 = −14.1

λ1 = 0.1287

λ2 = 3.2266× 10−5

λ3 = −14.1399
▲♦r❡♥③ σ = 10.0

ρ = 45.92

β = 4.0

x0 = 10.0

y0 = 1.0

z0 = 0.0

λ1 = 2.16

λ2 = 0.00

λ3 = −32.4

λ1 = 2.1638

λ2 = 2.1663× 10−4

λ3 = −32.4607

❚❛❜❡❧❛ ❉✳✷✿ ❊s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ♦❜t✐❞♦s ✈s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ❡♠ ❬✷✽✻❪

❝❛❧❝✉❧❛r ♦s ❡s♣❡❝tr♦s ❞❡ ▲②❛♣✉♥♦✈ ❢♦✐ ❡①♣❧✐❝❛❞❛ ♥❛ ❙❡çõ❡s ✹✳✶✳✶✳✹ ❡ ✸✳✶✳✻✳✶✳

❖s r❡s✉❧t❛❞♦s ❞❛ ✈❛❧✐❞❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈

sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ t❛❜❡❧❛✿

◆❛ ❚❛❜❡❧❛ ❉✳✷ ♦❜s❡r✈❛✲s❡ q✉❡ ♦s ❞♦✐s s✐st❡♠❛s ♣♦ss✉❡♠ ✉♠ ❡①♣♦❡♥t❡ ❞❡ ▲②❛✲

♣✉♥♦✈ ♣♦s✐t✐✈♦ ✭λ > 0✮✱ ♣❡❧♦ q✉❡ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ❡ss❡s s✐st❡♠❛s sã♦ s❡♥sí✈❡✐s

às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ♦✉ s❡❥❛ sã♦ ❝❛ót✐❝♦s ❝♦♥❢♦r♠❡ ❙❚❘❖●❆❚❩✳ ❆❧é♠ ❞✐ss♦✱ ❛♣❛✲

r❡❝❡ ✉♠ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♠✉✐t♦ ♣❡rt♦ ❞❡ ③❡r♦ ✭λ ≈ 0✮ ♣❛r❛ ❛♠❜♦s ♦s s✐st❡♠❛s✱

✐♥❞✐❝❛♥❞♦ q✉❡ ❡ss❡s ❛tr❛t♦r❡s s❡❥❛♠ ❡str❛♥❤♦s✳ ❆ ♥❛t✉r❡③❛ ❡str❛♥❤❛ ❞❡ss❡s ❛tr❛t♦r❡s

♣♦❞❡ s❡r ❝♦♥✜r♠❛❞❛ ✈✐❛ ❛♥á❧✐s❡ ❡ ❝á❧❝✉❧♦ ❞❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♦✉ ❞✐♠❡♥sã♦

❢r❛❝t❛❧ ❞♦ ❛tr❛t♦r ✭❙❡çã♦ ✸✳✷✳✶✳✽✮✳

❋✐❣✉r❛ ❉✳✻✿ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥✉♠❛ ♠❛❧❤❛ ♣❛râ♠❡tr✐❝❛ ❇✲❈ ♠✉❧t✐❞✐✲
♠❡♥s✐♦♥❛❧

◆❛ ✜❣✉r❛ ❉✳✻ ❛♣r❡s❡♥t❛✲s❡ ♦ ♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

♥✉♠❛ ♠❛❧❤❛ ❜✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ ♣❛râ♠❡tr♦s b− c✳ ❉❡st❛❝❛♥❞♦ ♥♦ ♠❛♣❛ ❞❡ ❝♦r❡s q✉❡

♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝❛ót✐❝♦s ✭λ > 0✮ ❡♥❝♦♥tr❛♠✲s❡ ❞❡♥tr♦ ❞❡ ✉♠❛ ❢❛✐①❛ ❞✐s❝r❡t❛ ❞♦

✷✼✶



❡s♣❛ç♦ ♣❛r❛♠étr✐❝♦ ✭❛♣r♦①✳ C = [0; 3] ❡ B = [0; 3]✳ ◆♦ r❡st♦ ❞♦ ❡s♣❛ç♦ ♣❛r❛♠étr✐❝♦

♦ s✐st❡♠❛ ❛♣r❡s❡♥t❛ ❝♦♠♣♦rt❛♠❡♥t♦s ♣❡r✐ó❞✐❝♦s ✭λ = 0✮ ♦✉ ❡stá✈❡✐s ✭λ < 0✮✳

❋✐❣✉r❛ ❉✳✼✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛ ♦
✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ✭a = 0.1 ❡ b = 0.1✮ ❡ t = [0, 1000, 10000] ❡ ✈❛r✐❛♥❞♦ b✳ ❋✐❣✉r❛
✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦
❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❆s ✜❣✉r❛ ❉✳✼ ❡ ❉✳✽ ♠♦str❛♠ ♦s ❞✐❛❣r❛♠❛s ❞❡ ❜✐❢✉r❝❛çã♦ ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡

❞❡ ▲②❛♣✉♥♦✈ s❡♠♣r❡ ❢♦✐ ♣♦s✐t✐✈♦ ♥❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❥❛♥❡❧❛s ❝❛ót✐❝❛s ♥♦ ❞✐❛❣r❛♠❛

❞❡ ❜✐❢✉r❝❛çã♦✱ ❡ ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ③❡r♦ ♥❛s ❥❛♥❡❧❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ✐♥t❡r✈❛❧♦s ❞❡

♣❡r✐♦❞✐❝✐❞❛❞❡✳ ❉❛❞♦ q✉❡ ♦ s✐st❡♠❛ é tr✐❞✐♠❡♥s✐♦♥❛❧ é ❞❡s❝❛rt❛❞❛ ❛ ♣r✐♦r✐ ❛ ♣♦ss✐❜✐❧✐✲

❞❛❞❡ ❞❡ ❡①✐st✐r ✉♠ s❡❣✉♥❞♦ ❡①♣♦♥❡♥t❡ ♣♦s✐t✐✈♦ ❞❡ ▲②❛♣✉♥♦✈ ✭✐✳❡✳ ❤✐♣❡r❝❛♦s ❡①✐st❡♠

❡♠ ❡s♣❛ç♦ ✹✲❞✐♠❡♥s✐♦♥❛❧ ♦✉ s✉♣❡r✐♦r✮

✷✼✷



❋✐❣✉r❛ ❉✳✽✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛ ♦
✢✉①♦ ❞❡ ❘♦ss❧❡r ❝♦♠ ✭a = 0.2 ❡ c = 5.7✮ ❡ t = [0, 1000, 10000] ❡ ✈❛r✐❛♥❞♦ c✳ ❋✐❣✉r❛
✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦
❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❉✳✶✳✶✳✹ ❆♥á❧✐s❡ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞❡ tr❛❥❡tór✐❛s✿ ▼❛tr✐③ ❏

❆ ❛♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛ tr❛❥❡tór✐❛ ♥♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❢♦✐ r❡❛❧✐③❛❞♦ ♣❡❧❛

❛✈❛❧✐❛çã♦ ❞♦s ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ♦✉ ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❛ ♠❛tr✐③ ❞❡ ❏❛❝♦❜✐❛♥❛ J

♣❛r❛ ✉♠❛ tr❛❥❡tór✐❛ q✉❡ ♣❛ss❛ ♣❡❧♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq ♠❛✐s ♣ró①✐♠♦ à r❡❣✐ã♦ ❞❡

❛tr❛çã♦✳

❖s ❝á❧❝✉❧♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çõ❡s

✸✳✶✳✷✳✷ ❡ ✹✳✶✳✶✳✸✳

❈♦♥s✐❞❡r❡✲s❡ ❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ s✐♠♣❧❡s ✭❞❡ ú♥✐❝♦ ♣❡rí♦❞♦✮ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

♣❛r❛ ✉♠ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ xp = (9.2690828474963798 , 0.0, 2.5815927750254137) ❡ ✉♠

♣❡rí♦❞♦ T = 5.8810885346818402✳ ✭◆♦ ❛♣ê♥❞✐❝❡ ❈ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦

✉s❛❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❡ss❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛✮

✷✼✸



❚❛❜❡❧❛ ❉✳✸✿ ▼✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ ♠❛tr✐③ ❏ ❞♦s ✢✉①♦s ❞❡ ❡st✉❞♦

❙✐st❡♠❛ ❞✐♥â♠✐❝♦ Λ1(bits) Λ2(bits) Λ3(bits)

❘♦ss❧❡r 0.9999 8.9321e− 13 −2.4039
▲♦r❡♥③ 2.3874e+ 92 1.2132e+ 75 2.8574e+ 78

❋✐❣✉r❛ ❉✳✾✿ ❱❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ♥✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ ❞♦
s✐st❡♠❛ ❘♦ss❧❡r✱ ♦ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ s♦❜r❡♣♦st♦ à tr❛❥❡tór✐❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠✉❧✲
t✐♣❧✐❝❛❞♦ ❞❡ ❋❧♦q✉❡t ♠❛r❣✐♥❛❧ ✭Λ = 0✮✳

❆s ❡q✉❛çõ❡s ❞♦ ✢✉①♦ ❞♦ ❛tr❛t♦r ❘♦ss❧❡r ✭❊q✉❛çõ❡s ✸✳✷✮ ❢♦r♠❛♠ ✐♥t❡❣r❛❞❛s✱

t♦♠❛♥❞♦ ♦ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ xp ❝♦♠♦ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ❡ ♦ ♣❡rí♦❞♦ T ❝♦♠♦ t❡♠♣♦ ❞❡

✐♥t❡❣r❛çã♦✳ ❆s ❝♦♥❞✐çõ❡s ♣❛r❛♠étr✐❝❛s ❞♦ ✢✉①♦ ❝♦rr❡s♣♦♥❞❡♠ às ♠❡s♠❛s ❝♦♥❞✐çõ❡s

♣❛r❛♠étr✐❝❛s ❞♦ ❛tr❛t♦r ❝❛ót✐❝♦ ✭a = 0.2; b = 0.2; c = 5.7✮✳

◆❛ ❋✐❣✉r❛ ❉✳✾ ❛♣r❡s❡♥t❛✲s❡ ♦ ❝✐❝❧♦ ♦✉ ór❜✐t❛ ❢❡❝❤❛❞❛ ❞❡ ♣❡rí♦❞♦ s✐♠♣❧❡s✳

❖❜s❡r✈❛✲s❡ q✉❡ ♦ ♣❡rí♦❞♦ T ❝♦rr❡s♣♦♥❞❡ ❡①❛t❛♠❡♥t❡ ❛♦ t❡♠♣♦ ♣❛r❛ ♦ q✉❛❧ ❛ tr❛❥❡tó✲

r✐❛ q✉❡ s❛✐ ❞♦ ♣♦♥t♦ ♣❡r✐ó❞✐❝♦ xp r❡t♦r♥❛ ❛♦ ♠❡s♠♦ ♣♦♥t♦✳ ❆s s❡t❛s r❡♣r❡s❡♥t❛♠ ♦s

três ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❡①✐st❡ ✉♠ ✈❡t♦r ❝❛✲

r❛❝t❡ríst✐❝♦ ♠❛r❣✐♥❛❧✱ q✉❡ t❡♠ ❛ ♠❡s♠❛ ❞✐r❡çã♦ ❞♦ ✢✉①♦ ✭s❡t❛ ✈❡r♠❡❧❤❛✮✱ ❧❡♠❜r❛♥❞♦

q✉❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ ♠❛r❣✐♥❛❧ é ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ♥❛t✉r❛❧ ❞♦s

❝✐❝❧♦s ❧✐♠✐t❡s ❥á q✉❡ ❝♦♥st✐t✉❡♠ ✉♠❛ ♠❡❞✐❞❛ ✐♥✈❛r✐❛♥t❡✳

◆❛ ❚❛❜❡❧❛ ❉✳✸ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ❡st❛❜✐❧✐✲

❞❛❞❡ ✭✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ♠❛tr✐③ ❏✮ ❞♦s ❞✐❢❡r❡♥t❡s s✐st❡♠❛s ❡st✉❞❛❞♦s✳ P❛r❛

♦ s✐st❡♠❛ ❞❡ ❘♦ss❧❡r✱ ❝✉❥❛ tr❛❥❡tór✐❛ ❝♦rr❡s♣♦♥❞✐❛ ❛ ✉♠ ❝✐❝❧♦ ♦✉ ór❜✐t❛ ❢❡❝❤❛❞❛✱

♦❜s❡r✈❛✲s❡ q✉❡ ♦ s❡❣✉♥❞♦ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ❋❧♦q✉❡t ✭q✉❛♥❞♦ ❛ tr❛❥❡tór✐❛ ❝♦rr❡s✲

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

❞❡ ❋❧♦q✉❡t✮ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠✉❧t✐♣❧✐❝❛❞♦r ♠❛r❣✐♥❛❧ λ2 = 0✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♣r✐♠❡✐r♦

✷✼✹



♠✉❧t✐♣❧✐❝❛❞♦r λ1 > 0✱ ♣❡❧♦ q✉❡ s❡ ♣♦❞❡ ❞✐③❡r q✉❡ ♦ ✢✉①♦ s❡ ❡①♣❛♥❞❡ ♥❛ ❞✐r❡çã♦

❝♦rr❡s♣♦♥❞❡♥t❡ ❡ ♦ t❡r❝❡✐r♦ ♠✉❧t✐♣❧✐❝❛❞♦r λ3 < 0 ♦ q✉❛❧ ✐♥❞✐❝❛ ✉♠❛ ❝♦♥tr❛çã♦ ❞♦

✢✉①♦ ♥❛ ❞✐r❡çã♦ r❡s♣❡❝t✐✈❛✳ ◆♦ ❝❛s♦ ❞♦ s✐st❡♠❛ ❞❡ ▲♦r❡♥③✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ❧♦❝❛❧✐③❛r

✉♠❛ ór❜✐t❛ ♣❡r✐ó❞✐❝❛ s✐♠♣❧❡s✱ ♠❛s ♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ♠❛tr✐③ J ✐♥❞✐❝❛♠ ✉♠❛ ❢♦rt❡

❞✐✈❡r❣ê♥❝✐❛ ♥♦ ❢✉t✉r♦ ❡♠ t♦❞❛s ❛s ❞✐♠❡♥sõ❡s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡sM✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❝r✐tér✐♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ❝✐❝❧♦s ❞❛ ❙❡çã♦ ✸✳✶✳✸✳✷✱ ♣♦❞❡✲s❡

❝❧❛ss✐✜❝❛r ♦ ❝✐❝❧♦ ❞❡ ❘♦ss❧❡r ❝♦♠♦ ❍✐♣❡r❜ó❧✐❝♦✱ s❡❧❛ ♦✉ ✐♥stá✈❡❧ ❛ ♣❡rt✉r❜❛çõ❡s ❢♦r❛

❞❛ ✈❛r✐❡❞❛❞❡ ❡stá✈❡❧✱ ✉♠❛ ✈❡③ q✉❡ |Λ1| > 1 ❡ |Λ3| < 1 ✳ ❖✉ s❡❥❛✱ ❡①✐st❡♠ ❞✐r❡çõ❡s

q✉❡ s❛❡♠ ❞♦ ❝ír❝✉❧♦ ✉♥✐tár✐♦ |Λj| > 1 ✭✐♥stá✈❡✐s✮ ❡ ♦✉tr❛s ❞✐r❡çõ❡s q✉❡ ♥ã♦ s❛❡♠ ❞♦

❝ír❝✉❧♦ ✉♥✐tár✐♦ |Λj| < 1 ✭❡stá✈❡✐s✮✳

❉✳✶✳✶✳✺ ❆♥á❧✐s❡ ❞❛ r❡❝♦rrê♥❝✐❛s

❖s ♠❛♣❛s ❞❡ r❡❝♦rrê♥❝✐❛ sã♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ út✐❧ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ♣❛❞rõ❡s✱

❡st❛❝✐♦♥❛r✐❡❞❛❞❡✱ ✐♥t❡r♠✐tê♥❝✐❛ ❡ tr❛♥s✐t♦r✐❡❞❛❞❡ ❞♦s ❛tr❛t♦r❡s✳ ❯♠ ♠❛♣❛ ❞❡ r❡❝♦r✲

rê♥❝✐❛ ♣♦❞❡ r❡✈❡❧❛r ❛ ❡str✉t✉r❛ ❢r❛❝t❛❧ ❞♦s ❛tr❛t♦r❡s✱ ♠♦str❛♥❞♦ ♦ ♣❛❞rã♦ ❣❡♦♠étr✐❝♦

q✉❡ ❝♦♥s❡❣✉❡ ❝♦♥str✉✐r t♦❞❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ s✐st❡♠❛✳ ❇❛s✐❝❛♠❡♥t❡ ♦ ♠ét♦❞♦

❝♦♥t❛❜✐❧✐③❛ ❡ ♠❛r❝❛ ❛s tr❛❥❡tór✐❛s q✉❡ ♣❛ss❛♠ ♣♦r ✉♠❛ ✈✐③✐♥❤❛♥ç❛ ✭❞❡ t❛♠❛♥❤♦ ❞❡✲

t❡r♠✐♥❛❞♦✮ ❞❡ ✉♠ ♣♦♥t♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣❛rt✐r ❞♦s ♠❛♣❛s é ♣♦ssí✈❡❧ ♦❜t❡r t♦❞♦s ♦s

✐♥✈❛r✐❛♥t❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✳

❖ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦ ♣❛r❛ ❛ ♠❡s♠❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞❛s

❛♥á❧✐s❡s ♣r❡✈✐❛s ✭a = 0.2✱b = 0.2✱c = 5.7✮✳

◆❛ ✜❣✉r❛ ❉✳✶✵❛ ♥ã♦ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ✉♠ ♠❛♣❛ ❛❧t❛♠❡♥t❡ ❝♦❜❡rt♦ ♣♦r r❡❝♦r✲

rê♥❝✐❛s✱ ❞❛í q✉❡ é ❡✈✐❞❡♥t❡ ❝♦♥❝❧✉✐r q✉❡ ♦ s✐st❡♠❛ ♥ã♦ é ❡st❛❝✐♦♥ár✐♦✱ ❛ ♣r❡s❡♥❝✐❛ ❞❡

❜❛♥❞❛s ❜r❛♥❝❛s ♥♦ ♠❛♣❛ ❝♦♥✜r♠❛ ❡ss❡ ❢❛t♦✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❤á ✉♠❛ ❜❛✐①❛ ❧♦♥❣✐t✉❞❡

♥❛s ❧✐♥❤❛s ✈❡rt✐❝❛✐s ♠♦str❛♥❞♦ q✉❡ ♦s ❡st❛❞♦s ♥❛ tr❛❥❡tór✐❛ ♠✉❞❛♠ r❛♣✐❞❛♠❡♥t❡ ✭✐✳❡✳

♥ã♦ ❡①✐st❡♠ ❡st❛❞♦s ❧❛♠✐♥❛r❡s✮✳ ❆s ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ♣❛r❛❧❡❧❛s ♠♦str❛♠ q✉❡ ❛ ❡✈♦❧✉✲

çã♦ ❞♦s ❡st❛❞♦s é s❡♠❡❧❤❛♥t❡ ❡♠ t❡♠♣♦s ❞✐❢❡r❡♥t❡s❀❞❛í q✉❡ ♦ s✐st❡♠❛ é ❞❡t❡r♠✐♥✐st❛✳

❆❧é♠ ❞✐ss♦✱ ❛s ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ♦❝♦rr❡r❡♠ ❛♦ ❧❛❞♦ ❞❡ ♣♦♥t♦s ✐s♦❧❛❞♦s✱ ✐♥❞✐❝❛♥❞♦ ❝❛♦s

♥♦ s✐st❡♠❛✳

❆ ❛❧t❛ ♣r❡s❡♥ç❛ ❞❡ r❡❝♦rrê♥❝✐❛s ✐♥❞✐❝❛ q✉❡ ♦ s✐st❡♠❛ t❡♠ ✉♠❛ r❡❣✐ã♦ ❞❡ ❛❧t❛

❞❡♥s✐❞❛❞❡ ❞❡ ór❜✐t❛s ❝♦♥❝❡♥tr❛❞❛s✱ q✉❡ ♥♦ ❝❛s♦ ❝♦rr❡s♣♦♥❞❡♠ à ❜❛s❡ ❞❡ ❛tr❛çã♦ ❞♦

s✐st❡♠❛✳ ❖s r❡s✉❧t❛❞♦s sã♦ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❛s ♦❜s❡r✈❛çõ❡s r❡❛❧✐③❛❞❛s ♥♦s ♠❛♣❛s

❞❡ r❡t♦r♥♦ ✭❙❡çã♦ ✺✳✷✳✶✳✷✮✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡s ♠♦str❛✈❛♠ q✉❡ ♦s ♣♦♥t♦s ♣❡r✐ó❞✐✲

❝♦s t❡♥❞✐❛♠ ❛ ❡st❛r ♠❛✐s ♣ró①✐♠♦s ❡♥tr❡ s✐ q✉❛♥❞♦ ❛ ❞✐♥â♠✐❝❛ ❞❡ ❞♦❜r❛ ❞♦ ✢✉①♦

❛❝♦♥t❡❝✐❛✳
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✭❛✮ ✭❜✮

❋✐❣✉r❛ ❉✳✶✵✿ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✿ ✭❉✳✶✵❛✮ ♠♦str❛ ♦ ♠❛♣❛ ❞❡ r❡✲
❝♦rrê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r✱ ♦♥❞❡ ♦s ♣♦♥t♦s
♣r❡t♦s r❡♣r❡s❡♥t❛♠ ❛s r❡❝♦rrê♥❝✐❛s✳ ✭❉✳✶✵❜✮ ❝♦rr❡s♣♦♥❞❡ à q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦r✲
rê♥❝✐❛s ✭❯s❛♥❞♦ ❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ RR✮ ❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡
❢❛s❡s✳ ❖ r❛❞✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦ ❡♠ ϵ = 1

◆❛ ✜❣✉r❛ ❉✳✶✵❜ ❛♣r❡s❡♥t❛✲s❡ ♦ ♠❛♣❡❛♠❡♥t♦ ❞❡ r❡❝♦rrê♥❝✐❛s ♥❛ ♣ró♣r✐❛ tr❛❥❡✲

tór✐❛✱ ♦s ♣♦♥t♦s ✈❡r♠❡❧❤♦s r❡ss❛❧t❛♠ ♦s ❡st❛❞♦s ♠❛✐s r❡❝♦rr❡♥t❡s ❞♦ ❛tr❛t♦r✱ s❡♥❞♦

❡st❡s ♦s ♠❛✐s ♣ró①✐♠♦s à ❜❛s❡ ❞❡ ❛tr❛çã♦ ❞❛ tr❛❥❡tór✐❛s✳ ❖s ❡st❛❞♦s ♠❡♥♦s r❡❝♦rr❡♥✲

t❡s ✭❡♠ ❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡♠ ❛q✉❡❧❡s ❧♦❝❛❧✐③❛❞♦s ♥❛s ór❜✐t❛s ♠❛✐s ❛❢❛st❛❞❛s ❞❛ r❡❣✐ã♦

❞❡ ❛tr❛çã♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛s t❛①❛s ❞❡ r❡❝♦rrê♥❝✐❛s ❛q✉✐ ❝❛❧❝✉❧❛❞❛s sã♦

❧♦❝❛✐s ❡ ❢♦r❛♠ ♦❜t✐❞❛s ✈✐❛ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧ ❝♦♠ t❛♠❛♥❤♦ 100✳

❆ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ❞❡ r❡❝♦rrê♥❝✐❛s ♥❛s ór❜✐t❛s ❛❢❛st❛❞❛s é ✉♠ ✐♥❞✐❝❛❞♦r ❞❡ q✉❡ ❛

✈❡❧♦❝✐❞❛❞❡ ❞❛ tr❛❥❡tór✐❛ ♥❛ r❡✐♥❥❡çã♦ é ♠❛✐s rá♣✐❞❛ ❞♦ q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❡s♣✐r❛❧ ♥❛

❜❛s❡ ❞❡ ❛tr❛çã♦✱ s❛t✐s❢❛③❡♥❞♦ ♦ ❝r✐tér✐♦ ❞❡ ❙❤✐❧♥✐❦♦✈ ♣❛r❛ ❛ r✉t❛ ❞♦ ❝❛♦s ♣♦r ór❜✐t❛s

❤♦♠♦❝❧í♥✐❝❛s✳

❖✉tr❛s ♠étr✐❝❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛ ❢♦r❛♠ ♦❜t✐❞❛s ♣❛r❛ ❛ ♠❡s♠❛

tr❛❥❡tór✐❛ ❝❛ót✐❝❛ s♦❜ ϵ = 10✱ vmin = 30 ❡ lmin = 30✳ ❖s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛s ❋✐❣✉r❛s ❉✳✶✶✱ ❉✳✶✷ ❡ ❉✳✶✸✳

◆❛ ✜❣✉r❛ ❉✳✶✶ ♦ r❛❞✐♦ ϵ ❞♦ ❤✐♣❡r✲❝✉❜♦ ❝♦♥s✐❞❡r❛❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ❛ ❛♥á❧✐s❡

❞❡ r❡❝♦rrê♥❝✐❛s ❢♦✐ ❡❧❡✈❛❞♦✱ ❞❛í q✉❡ ❢♦✐ ♦❜t✐❞♦ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♠ ❛❧t❛ t❛①❛ ❞❡

r❡❝♦rrê♥❝✐❛ ✭❘❘✮ ✉♠❛ ✈❡③ q✉❡ ❛ ✈✐③✐♥❤❛♥ç❛ é ♠❛✐♦r ❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ór❜✐t❛s ❞❡♥tr♦

t❛♠❜é♠✳ ❖ ❞❡t❡r♠✐♥✐s♠♦ é ❡❧❡✈❛❞♦ ❥á q✉❡ ❝♦♠♦ ❢♦✐ ♦❜s❡r✈❛❞♦ ❛❝✐♠❛ ✭✜❣✉r❛ ❉✳✶✵❛ ✮

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

♥♦ ♠❛♣❛✳ ❆ ❧❛♠✐♥❛r✐❞❛❞❡ ❛♣r❡s❡♥t♦✉ ♠í♥✐♠♦s ✭≈ 0✮ ♥♦s ✐♥st❛♥t❡s ❞♦ t❡♠♣♦ ❡♠ q✉❡

s✉r❣❡♠ ♦s ♣✐❝♦s ♦✉ ♠á①✐♠♦s ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❡ss❡s ♠á①✐♠♦s

✷✼✻



sã♦ ❞❡ tr❛♥s✐çã♦ ♠✉✐t♦ rá♣✐❞❛✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ♥❛ ✜❣✉r❛ ❉✳✶✸ ❝♦rr❡s♣♦♥❞❡♠ ❛s

♠étr✐❝❛s r❡❧❛❝✐♦♥❛❞❛s ❛s ❞✐str✐❜✉✐çõ❡s ♣r♦❜❛❜✐❧íst✐❝❛s ❞❛s ❧✐♥❤❛s ✈❡rt✐❝❛✐s ❡ ❞✐❛❣♦♥❛✐s

❞♦ ♠❛♣❛✳

❋✐♥❛❧♠❡♥t❡ ♥❛ ✜❣✉r❛ ❉✳✶✸ ❛♣r❡s❡♥t❛✲s❡ ❛s ♠étr✐❝❛s ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛s

❝♦♠ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❛s ❧✐♥❤❛s ✈❡rt✐❝❛✐s ❞♦ ♠❛♣❛ q✉❡ r❡♣r❡s❡♥t❛♠ ❛s ✈❡❧♦❝✐❞❛❞❡s

❞❡ tr❛♥s✐çõ❡s ❡♥tr❡ ♦s ❡st❛❞♦s✳ ❈♦♠♦ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦s ❡st❛❞♦s r❡❧❛❝✐♦♥❛❞♦s às

♦s❝✐❧❛çõ❡s ❞❡ ♠❛✐s ❜❛✐①❛ ❢r❡q✉ê♥❝✐❛ ♥❛ sér✐❡ t❡♠♣♦r❛❧ x(t) sã♦ ♠❛✐s ❞✉r❛❞❡✐r♦s ♥❛

tr❛❥❡tór✐❛ ❞✐♥â♠✐❝❛✱ ❡♥q✉❛♥t♦ ♦s ❡st❛❞♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦s ♠á①✐♠♦s ❞❛s ♦s❝✐❧❛çõ❡s

❞❡ ♠❛✐s ❛❧t❛ ❢r❡q✉ê♥❝✐❛ sã♦ ❞❡ tr❛♥s✐t♦r✐❡❞❛❞❡ rá♣✐❞❛✳

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❡♠❜♦r❛ ❛s ♠étr✐❝❛s ❛q✉✐ ❞❡t❡r♠✐♥❛❞❛s s❡❥❛♠ ❝♦♠♣❛✲

r❛❞❛s ❝♦♠ ❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✱ ♦s ♠❛♣❛s ❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ❢♦r❛♠

❞❡t❡r♠✐♥❛❞♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❝♦♠♣❧❡t♦M ✭✸✲❞✐♠❡♥s✐♦♥❛❧✮✱ ✉s❛♥❞♦

❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❛♥á❧✐s❡ ❞❡ ❥❛♥❡❧❛ ♠ó✈❡❧ ✭t❛♠❛♥❤♦ ❞❡ ❥❛♥❡❧❛ 100✮

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛ s❡ ❞❡st❛❝❛r é q✉❡ t♦❞❛s ❛s ♠étr✐❝❛s

❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛ ✭q✉❡ r❡♣r❡s❡♥t❛♠ ✐♥✈❛r✐❛♥t❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦✮

❛♣r❡s❡♥t❛r❛♠ s❡♥s✐❜✐❧✐❞❛❞❡ à ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✱ ❝♦♥s❡❣✉✐♥❞♦ ❞❡s❝r❡✈❡r ❡ r❡♣r❡✲

s❡♥t❛r t♦❞❛s ❛s ♠✉❞❛♥ç❛s q✉❡ ♦❝♦rr❡r❛♠ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ♦✉ s❡❥❛✱ q✉❛❧q✉❡r ❞❡ss❛s

♠étr✐❝❛s ♣♦❞❡r✐❛ ❢✉♥❝✐♦♥❛r ❝♦♠♦ ✈❛r✐á✈❡❧ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ✉♠ s✐st❡♠❛ ❝❛ót✐❝♦

♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧✳

❋✐❣✉r❛ ❉✳✶✶✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❉❡t❡r♠✐♥✐s♠♦ ✭❉❊❚✮❀ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ ✭❘❘✮ ❡ ▲❛♠✐✲
♥❛r✐❞❛❞❡ ✭▲❆▼✮

✷✼✼



❋✐❣✉r❛ ❉✳✶✷✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭❉❊◆❚❘✮ ❡ ❊♥tr♦♣✐❛ ❞❡
❧✐♥❤❛s ✈❡rt✐❝❛✐s ✭❱❊◆❚❘✮

❋✐❣✉r❛ ❉✳✶✸✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ❘♦ss❧❡r✳ ▼étr✐❝❛s✿ ❚❡♠♣♦ ❞❡ r❡t❡♥çã♦ ✭❚❚✮ ❡ ♠é❞✐❛ ❞❡ ❧✐♥❤❛s ✈❡rt✐❝❛✐s
✭❆❱❊✮

✷✼✽



❉✳✶✳✷ ❇❡♥❝❤♠❛r❦✿ ❆tr❛t♦r ❞❡ ▲♦r❡♥③

❖ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ é ✉♠ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ✸✲❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛❞✐❣♠át✐❝♦ ♥♦ ❡st✉❞♦

❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ♥ã♦ ❧✐♥❡❛r❡s ❡ ❝❛♦s ❡ é ❞❡s❝r✐t♦ ♣❡❧❛s ❡q✉❛çõ❡s ✸✳✶✳✶ q✉❡ sã♦

❞❡r✐✈❛❞❛s ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❞❡ ❝♦♥✈❡①ã♦ tér♠✐❝❛ ❬✶✼✹❪✳ ❖ s✐st❡♠❛ é

❛✉tô♥♦♠♦ ✭✐✳❡✳ ♥ã♦ ❤❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ t❡♠♣♦r❛❧ ♥❛s ❡q✉❛çõ❡s ❞♦ ✢✉①♦✮✱ ♣♦ss✉✐ ❞♦✐s

t❡r♠♦s ♥ã♦ ❧✐♥❡❛r❡s ♥❛ ♣r✐♠❡✐r❛ ✭xz✮ ❡ t❡r❝❡✐r❛ ❡q✉❛çã♦ ✭xy✮✱ é ✉♠ s✐st❡♠❛ ❞✐ss✐♣❛t✐✈♦

✭✐✳❡✳ s❡✉ ✈♦❧✉♠❡ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s s❡ ❝♦♥tr❛✐ ❛♦ ❧♦♥❣♦ ❞♦ ✢✉①♦✮ ❡ é s✐♠étr✐❝♦ r❡s♣❡✐t♦

❛♦ ❡✐①♦ z✱ ♦✉ s❡❥❛ é ✐♥✈❛r✐❛♥t❡ s♦❜ ❛ tr❛♥s❢♦r♠❛çã♦ (x, y, z)→ (−x,−y, z) ❬✻✶❪✳

P♦ss✉✐ três ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦✱ xq1 = (0, 0, 0) ❡ xq2,3 =

±
√

b(r − 1),±
√

b(ρ− 1), ρ − 1,∨ρ > 1 q✉❡ s❡ ❝♦♥❡❝t❛♠ à ♦r✐❣❡♠ ✈✐❛ ❜✐❢✉r✲

❝❛çã♦ P✐t❝❤❢♦r❦✳ ❆ss✐♠✱ xq1 = (0, 0, 0) ♣❛r❛ ρ > 1 ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ♣♦♥t♦ s❡❧❛✱

❡♥q✉❛♥t♦ ♣❛r❛ ρ < 1 ❡①✐st❡ ✉♠ ✉♥✐❝♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧✐❜r✐♦ ❛tr❛t♦r ❞❡ t♦❞❛s ❛s ór❜✐t❛s✳

❋✐❣✉r❛ ❉✳✶✹✿ ❙ér✐❡s t❡♠♣♦r❛✐s ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③ ♦❜t✐❞❛s ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞♦
❝♦♥❥✉♥t♦ ❞❡ ❊q✉❛çõ❡s ✸✳✶✳✶ ❝♦♠ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s x0 = 10.0✱ y0 = −1.0 ❡ z0 = 0.0✱
♣❛râ♠❡tr♦s σ = 10✱ β = 28✱ ρ = 8/3 ♥✉♠ ✈❡t♦r t❡♠♣♦r❛❧ t = [0, 200, 10000]

❆ ✜❣✉r❛ ❉✳✶✹ ❝♦rr❡s♣♦♥❞❡ às sér✐❡s t❡♠♣♦r❛✐s ❞♦ ❛tr❛t♦r ❝❛ót✐❝♦ ❞❡ ▲♦r❡♥③✱

♦❜s❡r✈❛♥❞♦✲s❡ ✉♠❛ ❛❧t❛ ❛♣❡r✐♦❞✐❝✐❞❛❞❡ ❝♦♠ tr❛♥s✐çõ❡s ❡♥tr❡ ❞♦✐s ❣r❛♥❞❡s ❣r✉♣♦s ❞❡

❢r❡q✉ê♥❝✐❛s✳ ❖ ❡s♣❛ç♦ ❞❡ ❢❛s❡s M é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ❉✳✶✺✱ ♦♥❞❡ é ♣♦ssí✈❡❧

♦❜s❡r✈❛r ✉♠❛ ór❜✐t❛ ❞❡ ♣❛rt✐❞❛✱ ♣ró①✐♠❛ ❛♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq = (0, 0, 0) q✉❡

♣♦st❡r✐♦r♠❡♥t❡ ❝♦♠❡ç❛ ❛ ♦r❜✐t❛r ❡♠ t♦r♥♦ ❛ ❞♦✐s ❧ó❜✉❧♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✭♦s ❞♦✐s

♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ r❡st❛♥t❡s✮✳

✷✼✾



❉✳✶✳✷✳✶ ❊st❛❜✐❧✐❞❛❞❡ ❧♦❝❛❧

❖s ❛✉t♦✈❛❧♦r❡s ❞❛ ♠❛tr✐③ A ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq = (0, 0, 0) ❢♦r❛♠

r❡♣♦rt❛❞♦s ♥❛ ❚❛❜❡❧❛ ❉✳✶✳ ❚❡♥❞♦ ❞♦✐s ❛✉t♦✈❛❧♦r❡s ❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛ ❡ ✉♠

❝♦♠ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛✱ ♣❡❧♦ q✉❡ é ♣♦ssí✈❡❧ ❝❧❛ss✐✜❝❛r ♦ ❡q✉✐❧í❜r✐♦ ❝♦♠♦ ❤✐♣❡r❜ó❧✐❝♦

✭✐✳❡✳ ♣♦♥t♦ s❡❧❛✮✳ ◆❛ ✜❣✉r❛ ❉✳✶✺ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ss❡

♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❡ ❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦ ❞❡ ▲♦r❡♥③✳

❋✐❣✉r❛ ❉✳✶✺✿ ❆♥á❧✐s❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛✈❛❧✐❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ xq = (0, 0, 0) ❞♦
❛tr❛t♦r ❞❡ ▲♦r❡♥③✳ ❆s s❡t❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s três ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞♦ s✐st❡♠❛
✳ ❖ ❛tr❛t♦r ❢♦✐ ♦❜t✐❞♦ ✉s❛♥❞♦ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞❛ ✜❣✉r❛ ❉✳✶✹

❉✳✶✳✷✳✷ ❆♥á❧✐s❡ ❞❛ ❞✐♥â♠✐❝❛ ❞✐s❝r❡t❛✿ ▼❛♣❛s ❞❡ P♦✐♥❝❛ré

❆ ❋✐❣✉r❛ ❉✳✸ ♣r❡s❡♥t❛ ♦ ❛tr❛t♦r ❝❛ót✐❝♦ ❞❡ ▲♦r❡♥③ q✉❡ ❢♦✐ ♦❜t✐❞♦ ♣♦r s♦❜ ❛s ♠❡s♠❛

❝♦♥❞✐çõ❡s ❞❛ ✜❣✉r❛ ❉✳✶✹✳ ❊♠ ❝♦♥tr❛st❡ ❛♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r✱ ❛ ❞❡✜♥✐çã♦ ❞❡ ✉♠❛

s❡❝çã♦ ❞❡ P♦✐♥❝❛ré ❝❛♣❛③ ❞❡ ❝❛♣t✉r❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞♦ ✢✉①♦

é ♠❛✐s ❝♦♠♣❧✐❝❛❞❛✳ ◆♦ ❝❛s♦ ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✱ ❤á três ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦

❡♥✈♦❧✈✐❞♦s ♥♦ ♠❡s♠♦ ❛tr❛t♦r✱ ❞❛í q✉❡ é ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ✷ s❡çõ❡s ❞❡ P♦✐♥❝❛ré✿ ✉♠❛

♣❛r❛ ❝❛♣t✉r❛r ❛s ❞✐♥â♠✐❝❛s ❞♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❡ ♦r✐❣❡♠ xq = EQ0 = (0, 0, 0)

❡ ♦✉tr❛ s❡❝çã♦ ♣❛r❛ ♦s ❞♦✐s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ r❡st❛♥t❡s EQ1 ❡ EQ2✳ ❆ss✐♠✱ ♦s

♣❧❛♥♦s sã♦ ❞❡✜♥✐❞♦s ❡♠ z ❝♦♠ ♦r✐❡♥t❛çã♦ θ ❡♠ r❡❧❛çã♦ ❛ x− y✳ ❖s ♣❧❛♥♦ ❢♦✐ r♦t❛❞♦

❡♠ t♦r♥♦ ❛♦ ❡✐①♦ z✱ ✉s❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ r♦t❛çã♦✱ ❞❛í ♦s â♥❣✉❧♦s ❡♥tr❡ ♦ ♣❧❛♥♦ ❞❡

P♦✐♥❝❛ré ❡ ♦ ❡✐①♦ x ❝♦rr❡s♣♦♥❞❡✉ ❛ θ = −π/4 ❡ θ = π/4✳
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❋✐❣✉r❛ ❉✳✶✻✿ ❆tr❛t♦r ❞❡ ▲♦r❡♥③ ✭❛③✉❧✮❝♦♠ ♦s ♣♦♥t♦s q✉❡ sã♦ ✐♥t❡rs❡❝t❛❞♦s ♣❡❧♦s
♣❡❧♦s ♣❧❛♥♦s x = y ❡ x = −y✳ ❖s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ sã♦ ♥♦t❛❞♦s ❝♦♠♦ EQ0✱ EQ1

❡ EQ2

✳

❖s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré x̂ ✭✈❡r♠❡❧❤♦s✮ ♥❛ ✜❣✉r❛ ❉✳✶✻ ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠♦ ♦s

♣♦♥t♦s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s x ∈M q✉❡ s❛t✐s❢❛③✐❛♠ U(x̂) = 0✳ ❆❧é♠ ❞✐ss♦✱ ♦❜s❡r✈❛✲s❡

q✉❡ ♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré ❛t✐♥❣❡♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ tr❛♥s✈❡rs❛❧✐❞❛❞❡ ❡ ♦r✐❡♥t❛çã♦

ú♥✐❝❛ ✭ ✈❡r ❙❡çã♦ ✸✳✶✳✹✳✶✮✳

❋✐❣✉r❛ ❉✳✶✼✿ ▼❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ❞♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✱ q✉❡ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦
❝♦♦r❞❡♥❛❞❛ ❞♦s ♣♦♥t♦s ❞❡ P♦✐♥❝❛ré

❖ ♠❛♣❡❛♠❡♥t♦ ❞❡ P♦✐♥❝❛ré ✭❋✐❣✉r❛ ❉✳✶✼✮ ❡stá ❞❡✜♥✐❞♦ ♣❡❧♦ ❝♦♦r❞❡♥❛❞❛ z ❡ ❛
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❝♦♦r❞❡♥❛❞❛ x̂✱ ❥á q✉❡ ♦ ♣❧❛♥♦ ✜①❛ ❛ t❡r❝❡✐r❛ ❝♦♦r❞❡♥❛❞❛✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♥❛s r❡❣✐õ❡s

♣ró①✐♠❛s ❛♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ EQ1 ❡ EQ2 ❤á ❝♦♠♣♦rt❛♠❡♥t♦s ❞❡ ❡①♣❛♥sã♦

❡♥q✉❛♥t♦ EQ0 é ✉♠❛ s✐♥❣✉❧❛r✐❞❛❞❡ ♦♥❞❡ ❛ tr❛❥❡tór✐❛ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s s❡ ❝♦♥tr❛✐✳

❉✳✶✳✷✳✸ ❙❡♥s✐❜✐❧✐❞❛❞❡ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✿ ❊①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❆♥❛❧♦❣❛♠❡♥t❡ ❛♦ ❝❛s♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r ♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈ ❢♦r❛♠ ❝❛❧❝✉✲

❧❛❞♦s ♣❛r❛ ❛s ❝♦♥❞✐çõ❡s ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❞❛❞♦s ♥❛ ❚❛❜❡❧❛ ❉✳✷✱ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s

❡ ❛ r❡s♣❡❝t✐✈❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s r❡♣♦rt❛❞♦s ♣♦r ❲❖▲❋ ❡t ❛❧✳ ❡♥❝♦♥tr❛♠✲s❡

♥❛ ♠❡s♠❛ ❚❛❜❡❧❛✳

❋✐❣✉r❛ ❉✳✶✽✿ ▼á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ♥✉♠❛ ♠❛❧❤❛ ♣❛râ♠❡tr✐❝❛ ρ − σ ♠✉❧✲
t✐❞✐♠❡♥s✐♦♥❛❧

◆❛ ✜❣✉r❛ ❉✳✶✽ ❛♣r❡s❡♥t❛✲s❡ ♦ ♠á①✐♠♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡

▲♦r❡♥③ ♥✉♠❛ ♠❛❧❤❛ ❜✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ ♣❛râ♠❡tr♦s ρ − σ✳ ❉❡st❛❝❛♥❞♦ ♥♦ ♠❛♣❛ ❞❡

❝♦r❡s q✉❡ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ❝❛ót✐❝♦s ✭λ > 0✮ ❡♥❝♦♥tr❛♠✲s❡ ♥✉♠❛ ❛♠♣❧❛ r❡❣✐ã♦ ❞♦

❡s♣❛ç♦ ❞❡ ❢❛s❡s✳

P♦r s✉❛ ✈❡③ ❛ ✜❣✉r❛ ❉✳✶✾ ❛♣r❡s❡♥t❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✱ ♦♥❞❡ é ♣♦ssí✈❡❧

♦❜s❡r✈❛r ✉♠❛ ❛♠♣❧❛ r❡❣✐ã♦ ❞❡ ✐♥t❡r✈❛❧♦s ❝❛ót✐❝♦s ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ ρ✱ ❝♦rr♦✲

❜♦r❛♥❞♦ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♥❛ ✜❣✉r❛ ❉✳✶✽✳ ❖❜s❡r✈❡✲s❡ q✉❡ ♦ ♠❛✐♦r ❡①♣♦♥❡♥t❡ ❞❡

▲②❛♣✉♥♦✈ é ♣♦s✐t✐✈♦ só ❡♠ r❡❣✐õ❡s ❞❡ ❝❛♦s ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✱ é ③❡r♦ ♥❛s

❥❛♥❡❧❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❡ é ♥❡❣❛t✐✈♦ ♥❛s r❡❣✐õ❡s ❡st❛❝✐♦♥ár✐❛s ❡stá✈❡✐s

✭❛♣r♦①✳ ρ ❡♥tr❡ 0 ❡ 25✮✳ ❆ ❛❧t❛ ❝❛♣❛❝✐❞❛❞❡ ❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉✲

♥♦✈ ❢❛③❡♠ ❞❡❧❡s ✐❞ô♥❡♦s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❜✐❢✉r❝❛çõ❡s✱ ❝♦♠♣♦rt❛♠❡♥t♦s ❡stá✈❡✐s✱

♣❡r✐ó❞✐❝♦s ❡ ❝❛ót✐❝♦s ❡♠ s✐st❡♠❛s ❞✐♥â♠✐❝♦s✳
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❋✐❣✉r❛ ❉✳✶✾✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❝♦♥str✉í❞♦ ♣❛r❛
♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❝♦♠ ✭σ = 10 ❡ β = 8/3✮ ❡ t = [0, 1000, 10000] ❡ ✈❛r✐❛♥❞♦ ρ✳ ❋✐❣✉r❛
✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ q✉❡ ♦
❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦

❉✳✶✳✷✳✹ ❆♥á❧✐s❡ ❞❛ r❡❝♦rrê♥❝✐❛s

❖ ♠❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛ ♥❡st❡ ❝❛s♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦ ♣❛r❛ ❛ ♠❡s♠❛ tr❛❥❡tór✐❛ ❝❛ót✐❝❛

❞❛s ❛♥á❧✐s❡s ♣r❡✈✐❛s ✭σ = 10✱β = 8/3✱ρ = 28✮✳

◆❛ ✜❣✉r❛ ❉✳✷✵❛ ❛♣r❡s❡♥t❛ ♣r❡s❡♥ç❛ ❞❡ ❜❛♥❞❛s ❜r❛♥❝❛s ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ s✐s✲

t❡♠❛ é ♥ã♦ ❡st❛❝✐♦♥ár✐♦✳ ❖s ♣❛❞õ❡s ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❡sq✉❡r❞❛ ♠♦str❛♠ q✉❡ ♦

♣r♦❝❡ss♦ ♠♦str❛♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❡♥tr❡ ❞♦✐s ❡st❛❞♦s✱ ❡ss❛ tr❛♥s✐çã♦

♣♦❞❡✲s❡ r❡❧❛❝✐♦♥❛r às ❞✐♥â♠✐❝❛s ❡✈♦❧✉t✐✈❛s ❡♥tr❡s ♦s ❞♦✐s ❧ó❜✉❧♦s ❞♦ ❛tr❛t♦r✳ ❆s

❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ♣❛r❛❧❡❧❛s ♠♦str❛♠ q✉❡ ❛ ❡✈♦❧✉çã♦ ❞♦s ❡st❛❞♦s é s❡♠❡❧❤❛♥t❡ ❡♠

t❡♠♣♦s ❞✐❢❡r❡♥t❡s❀❞❛í q✉❡ ♦ s✐st❡♠❛ é ❞❡t❡r♠✐♥✐st❛✳ ❆❧é♠ ❞✐ss♦✱ ❛s ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s

♦❝♦rr❡r❡♠ ❛♦ ❧❛❞♦ ❞❡ ♣♦♥t♦s ✐s♦❧❛❞♦s✱ ✐♥❞✐❝❛♥❞♦ ❝❛♦s ♥♦ s✐st❡♠❛✳

❆s r❡❣✐õ❡s ❝♦♠ ♠❛✐s ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ❝♦rr❡s♣♦♥❞❡♠ às r❡❣✐õ❡s

❡s♣❛❝✐❛✐s ♣ró①✐♠❛s às ❡s♣✐r❛✐s ❞♦s ♣♦♥t♦s ❞❡ ❡q✉✐❧í❜r✐♦ EQ1 ❡ EQ2✳
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✭❛✮ ✭❜✮

❋✐❣✉r❛ ❉✳✷✵✿ ❘❡❝♦rrê♥❝✐❛s ♥♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③✿ ✭❉✳✷✵❛✮ ♠♦str❛ ♦ ♠❛♣❛ ❞❡ r❡❝♦r✲
rê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à tr❛❥❡tór✐❛ ❝❛ót✐❝❛ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③✱ ♦♥❞❡ ♦s ♣♦♥t♦s ♣r❡t♦s
r❡♣r❡s❡♥t❛♠ ❛s r❡❝♦rrê♥❝✐❛s✳ ✭❉✳✷✵❜✮ ❝♦rr❡s♣♦♥❞❡ à q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s
✭❯s❛♥❞♦ ❛ t❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ RR✮ ❧♦❝❛✐s ♣❛r❛ ❝❛❞❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❖
r❛❞✐♦ ❞❡ ✈✐③✐♥❤❛♥ç❛ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦ ❡♠ ϵ = 7

◆❛ ✜❣✉r❛ ❉✳✷✵❜ ❛♣r❡s❡♥t❛✲s❡ ♦ ♠❛♣❡❛♠❡♥t♦ ❞❡ r❡❝♦rrê♥❝✐❛s ♥❛ ♣ró♣r✐❛ tr❛❥❡✲

tór✐❛✱ ♦s ♣♦♥t♦s ✈❡r♠❡❧❤♦s r❡ss❛❧t❛♠ ♦s ❡st❛❞♦s ♠❛✐s r❡❝♦rr❡♥t❡s ❞♦ ❛tr❛t♦r✱ s❡♥❞♦

❡st❡s ♦s ♠❛✐s ♣ró①✐♠♦s à ❜❛s❡ ❞❡ ❛tr❛çã♦ ❞❛ tr❛❥❡tór✐❛s✳ ❖s ❡st❛❞♦s ♠❡♥♦s r❡❝♦rr❡♥✲

t❡s ✭❡♠ ❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡♠ ❛q✉❡❧❡s ❧♦❝❛❧✐③❛❞♦s ♥❛s ór❜✐t❛s ♠❛✐s ❛❢❛st❛❞❛s ❞❛ r❡❣✐ã♦

❞❡ ❛tr❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ EQ1 ♣♦ss✉✐ ♠❛✐s r❡❝♦rrê♥❝✐❛ ❡♥t♦r♥♦

à s✉❛ ✈✐③✐♥❤❛♥ç❛✳

❖✉tr❛s ♠étr✐❝❛s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛ ❢♦r❛♠ ♦❜t✐❞❛s ♣❛r❛ ❛ ♠❡s♠❛

tr❛❥❡tór✐❛ ❝❛ót✐❝❛ s♦❜ ϵ = 7✱ vmin = 30 ❡ lmin = 30✳ ❖s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛s ❋✐❣✉r❛s ❉✳✷✷✱ ❉✳✷✸ ❡ ❉✳✷✶✳

✷✽✹



❋✐❣✉r❛ ❉✳✷✷✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❉❡t❡r♠✐♥✐s♠♦ ✭❉❊❚✮❀ ❚❛①❛ ❞❡ r❡❝♦rrê♥❝✐❛ ✭❘❘✮ ❡ ▲❛♠✐✲
♥❛r✐❞❛❞❡ ✭▲❆▼✮

❋✐❣✉r❛ ❉✳✷✸✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❊♥tr♦♣✐❛ ❞❡ ❧✐♥❤❛s ❞✐❛❣♦♥❛✐s ✭❉❊◆❚❘✮ ❡ ❊♥tr♦♣✐❛ ❞❡
❧✐♥❤❛s ✈❡rt✐❝❛✐s ✭❱❊◆❚❘✮

✷✽✺



❋✐❣✉r❛ ❉✳✷✶✿ ❆♥á❧✐s❡ ❞❡ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s ✭❘◗❆✮ ♣❛r❛ ❛ tr❛❥❡tór✐❛ ❝❛ó✲
t✐❝❛ ❞❡ ▲♦r❡♥③✳ ▼étr✐❝❛s✿ ❚❡♠♣♦ ❞❡ r❡t❡♥çã♦ ✭❚❚✮ ❡ ♠é❞✐❛ ❞❡ ❧✐♥❤❛s ✈❡rt✐❝❛✐s ✭❆❱❊✮

❉✳✷ ❆♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

❉✳✷✳✶ ❆♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r

P❛r❛ ❡st❛ ❛♥á❧✐s❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ sér✐❡ t❡♠♣♦r❛❧ ❞❛ ✈❛r✐á✈❡❧ x(t) ❞♦ ❛tr❛t♦r ❞❡

❘♦ss❧❡r ♦❜t✐❞❛ s♦❜ ❛s ❝♦♥❞✐çõ❡s ❡st❛❜❡❧❡❝✐❞❛s ♥❛ ✜❣✉r❛ ❉✳✶✳ ❆ sér✐❡ t❡♠♣♦r❛❧ x(t) é

❝♦♠♣♦st❛ ♣♦r 1000 ♣♦♥t♦s ❞❡ ❛♠♦str❛❣❡♠ ✉♥✐❢♦r♠❡ ❡ ♣❛r❛ ❡❢❡✐t♦s ❞❡st❡ ❡st✉❞♦ ❢♦✐

❞❡s❝♦♥s✐❞❡r❛❞♦ ♦ r✉✐❞♦ ✭❛ ✐♥✢✉❡♥❝✐❛ ❞♦ r✉✐❞♦ ♥❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s

é tr❛t❛❞❛ ❡♠ ❬✽✻✱ ✶✶✵✱ ✷✵✻❪✮✳ ❆ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦

r❡q✉❡r✐❞❛ ♣❛r❛ ❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s é ❧❡✈❛❞❛ ❛ ❝❛❜♦ ✉s❛♥❞♦ ❡ss❛

♠❡s♠❛ sér✐❡ x(t)✳

❉✳✷✳✶✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s

❈♦♠♦ ❢♦✐ ❥á ❝♦♠❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✸✳✷✳✶✱ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s r❡q✉❡r ❞❛

♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s m ✭❞✐♠❡♥sã♦ ❞♦ ❡s♣❛ç♦ ✐♠❡rs♦✮ ❡ τ ✭t❡♠♣♦ ❞❡ ❛tr❛s♦✮✳

❆ ✜❣✉r❛ ❉✳✷✹ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡❧❛ ❛♥á❧✐s❡ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦✱

♦❜s❡r✈❛♥❞♦✲s❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡❝r❡s❝❡♥t❡ ✉♠❛ ✈❡③ q✉❡ ♦s ❡st❛❞♦s ✐♥✐❝✐❛✐s ❞♦

❛tr❛t♦r ❞❡ ❘♦ss❧❡r sã♦ ♣♦✉❝♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ♦s ❡st❛❞♦s ✜♥❛✐s ❞♦ ❛tr❛t♦r✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❞❛ ❛✉t♦❝♦rr❡❧❛çã♦ ♦❜❡❞❡❝❡ ❛s ♣ró♣r✐❛s ♦s❝✐❧❛çõ❡s ❞❛ sér✐❡

t❡♠♣♦r❛❧✱ ♦❜t❡♥❞♦ ✈❛r✐❛çõ❡s s✐♠étr✐❝❛s ♣❛r❛ ❛✉t♦❝♦rr❡❧❛çõ❡s ♣♦s✐t✐✈❛s ❡ ♥❡❣❛t✐✈❛s✳

❈♦♥❢♦r♠❡ ♦ ❝r✐tér✐♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❙❡çã♦ ✸✳✷✳✶ ♦ t❡♠♣♦ ❞❡ ❛tr❛s♦ ♣❛r❛ ❛ r❡❝♦♥s✲

✷✽✻



tr✉çã♦ é τ = 8✱ s✐❣♥✐✜❝❛♥❞♦ q✉❡ ❝♦♠ ❡ss❡ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❛s sér✐❡s t❡♠♣♦r❛✐s

r❡❝♦♥str✉í❞❛s ♥ã♦ ♣♦ss✉✐r✐❛♠ ♥❡♥❤✉♠ t✐♣♦ ❞❡ ❝♦rr❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ s✐✳

❋✐❣✉r❛ ❉✳✷✹✿ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦
✐❞❡❛❧✱ ♦♥❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ é ③❡r♦ ❝♦rr❡s♣♦♥❞❡ ❛ τ = 8

P♦r ♦✉tr♦ ❧❛❞♦✱ ♦ ❝r✐tér✐♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ♠♦str♦✉ q✉❡ ♦ t❡♠♣♦ ❞❡ ❛tr❛s♦

♣❛r❛ ❛ r❡❝♦♥str✉çã♦ é τ = 7✳ ➱ ♣♦ssí✈❡❧ ♥♦t❛r ♥❛ ✜❣✉r❛ q✉❡ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛

t❡♠ t❛♠❜é♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡❝r❡s❝❡♥t❡✱ ♥♦t❛♥❞♦ q✉❡ ♦ ✈❛❧♦r ❞❡ ✐♥❢♦r♠❛çã♦

♠✉t✉❛ ❡♠ τ = 0 ❝♦rr❡s♣♦♥❞❡ à ♣ró♣r✐❛ ❡♥tr♦♣✐❛ ❞❡ ❙❤❛♥♦♥ ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✳

❆ ❞✐❢❡r❡♥ç❛ ❞♦ ❝r✐tér✐♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❛ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❝♦♥s✐❞❡r❛ ♦s ❡❢❡✐t♦

♥ã♦ ❧✐♥❡❛r❡s ♥❛ ❝♦rr❡❧❛çã♦ ❞❡ ✈❛r✐á✈❡✐s✳

❋✐❣✉r❛ ❉✳✷✺✿ ❋✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦
✐❞❡❛❧ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❛ τ = 7✭✐♥t❡✐r♦
♠❛✐s ♣ró①✐♠♦✮

❖ ú❧t✐♠♦ ♣❛râ♠❡tr♦✱ ❝♦rr❡s♣♦♥❞❡ à ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✱ q✉❡ é ❛ ♠í♥✐♠❛

❞✐♠❡♥sã♦ r❡q✉❡r✐❞❛ ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ s✐st❡♠❛✳ ◆♦ ❝❛s♦ ❞♦s ❛tr❛t♦r❡s ❞❡ ❘♦ss❧❡r

✷✽✼



❡ ▲♦r❡♥③ ❡ss❛ ❞✐♠❡♥sã♦ é ♣r❡✈✐❛♠❡♥t❡ ❝♦♥❤❡❝✐❞❛✳ ❆ ✜❣✉r❛ ❛♣r❡s❡♥t❛ ❛ ❢r❛çã♦ ❞❡

❢❛❧s♦s ✈✐③✐♥❤♦s ❡♠ ❢✉♥çã♦ ❞❛ ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ❢r❛çã♦ ♠í♥✐♠❛

❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é ♦❜t✐❞❛ ❡♠m = 3✱ ❝♦rr♦❜♦r❛♥❞♦ ❛ ✐♥❢♦r♠❛çã♦ ❥á ❝♦♥❤❡❝✐❞❛ ✭♣❡❧❛s

❡q✉❛çõ❡s ❞❡ ✢✉①♦✮ ❡ ✈❛❧✐❞❛♥❞♦ ♦ ♣ró♣r✐♦ ♠ét♦❞♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s✳

❋✐❣✉r❛ ❉✳✷✻✿ ❋r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ✈s ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✳ ❆ ❞✐♠❡♥sã♦ ✐❞❡❛❧✱
✐♥❞✐❝❛❞❛ ♣❡❧♦ ♠í♥✐♠♦ ❞❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é m = 3✱ ✭♠❡s♠❛ ❞✐♠❡♥sã♦ ❞♦
❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛M✮

❆s r❡❝♦♥str✉çõ❡s ❞♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ❉✳✷✼ ❥✉♥t♦

❝♦♠ ♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s ♦r✐❣✐♥❛✐s✱ ❧❡♠❜r❛♥❞♦ q✉❡ ♦ t❡♦r❡♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❣❛r❛♥t❡

q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s sã♦ ♣r❡s❡r✈❛❞❛s ♠❛s ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❛ ❣❡♦♠❡✲

tr✐❛✳ ❖s ✈❛❧♦r❡s ❞❡ m ❡ τ ♦❜t✐❞♦s ❛❝✐♠❛ ❢♦r❛♠ ❡♠♣r❡❣❛❞♦s ❡♠ ❡ss❛ r❡❝♦♥str✉çã♦✱

❡♠ ❝✉❥♦s ❝❛s♦s ♦❜s❡r✈♦✉✲s❡ s❡♠♣r❡ tr❛❥❡tór✐❛s ❝♦♥t✐♥✉❛s ❡ s✉❛✈❡s ✭s✐♥ô♥✐♠♦s ❞❡ ✉♠❛

❜♦❛ r❡❝♦♥str✉çã♦✮✳

❉✳✷✳✶✳✷ ❊st✐♠❛çã♦ ❞❡ ❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛ à ✜❣✉r❛ ❉✳✼ ❛♣r❡s❡♥t❛✲s❡ ❛ ❛♥á❧✐s❡ ❞❡ ❡s♣❡❝tr♦ ❞❡ ❡①♣♦❡♥t❡s ❞❡

▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❛ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡

❢❛s❡s ❡ ♦ ♠ét♦❞♦ ❞❡ ❊❈❑▼❆◆◆ ❡t ❛❧✳✲❑❆◆❚❩ q✉❡ ✉s❛ ✉♠❛ ❡st✐♠❛çã♦ ❞❛ ♠❛tr✐③

❏❛❝♦❜✐❛♥❛ ❝♦♠♦ ♣❛rt❡ ♣r✐♥❝✐♣❛❧ ❞❛ ♠❡t♦❞♦❧♦❣✐❛✳

◆❛ ✜❣✉r❛ ❉✳✷✽ ❛♣r❡s❡♥t❛✲s❡ ♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ♦❜t✐❞♦ ✈✐❛ ❛♥á❧✐s❡ ♥ã♦

❧✐♥❡❛r ❞❡ sér✐❡s t❡♠♣♦r❛✐s✳ ❊♠❜♦r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❡①♣♦❡♥t❡s s❡❥❛♠ ♠❛✐s

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

♣♦s✐t✐✈✐❞❛❞❡ ❡♠ ❝❛s♦s ❝❛ót✐❝♦s ❡ ♥✉❧✐❞❛❞❡ ❡♠ ❝❛s♦s ❞❡ ♣❡r✐♦❞✐❝✐❞❛❞❡✳ ❆❧é♠ ❞✐ss♦✱

♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❝♦♥s❡❣✉❡ ❛❝♦♠♣❛♥❤❛r ❛s ❞✐♥â♠✐❝❛s ❞❡

s✉r❣✐♠❡♥t♦ ❞❡ ❥❛♥❡❧❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ❥á ❞✐♥â♠✐❝❛s ✐♥t❡r♥❛s ❞❡ r❛♠✐✜❝❛çã♦ ❞❡♥tr♦
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❞❡ ❥❛♥❡❧❛s ❝❛ót✐❝❛s ♥ã♦ ♣✉❞❡r❛♠ s❡r ♦❜s❡r✈❛❞❛s ♣♦r ❡ss❡ ❡s♣❡❝tr♦✳

❖ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ♠♦str❛✲s❡✱ ❡♥tã♦✱ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ❝❛♣❛③ ❞❡ ❞❡✲

t❡❝t❛r ❜✐❢✉r❝❛çõ❡s ❡ ❝♦♠♣♦rt❛♠❡♥t♦s ♦s❝✐❧❛tór✐♦s ♣❡r✐ó❞✐❝♦s✱ ❡stá✈❡✐s ❡ ♦s❝✐❧❛tór✐♦s

❛♣❡r✐ó❞✐❝♦s ✭❝❛♦s✮✳ ❊♠❜♦r❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ♥ã♦

t❡♥❤❛♠ ❛ ♠❡s♠❛ ❝❧❛r❡③❛ ♥❛ s❡♣❛r❛❜✐❧✐❞❛❞❡ ❞♦s ❞✐❢❡r❡♥t❡s ❝♦♠♣♦rt❛♠❡♥t♦s ❞♦s ♠é✲

t♦❞♦s ❛♥❛❧ít✐❝♦s ✭✜❣✉r❛ ❉✳✼✮✱ ♦ ♠ét♦❞♦ ❝♦♥st✐t✉✐ ✉♠❛ ❜♦❛ ❢❡rr❛♠❡♥t❛ ❞❛t❛✲❞r✐✈❡♥

♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❝♦♠♣❧❡①♦s✱ ❜✐❢✉r❝❛çõ❡s ❡ ❛♥♦♠❛❧✐❛s✳
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❋✐❣✉r❛ ❉✳✷✽✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
❘♦ss❧❡r✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❡st✐♠❛❞♦ ❛
♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)

❖ ❡①♣♦❡♥t❡ ♠á①✐♠♦ ❞❡ ▲②❛♣✉♥♦✈ ❡st✐♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ ❢♦✐ ❝❛❧❝✉✲

❧❛❞♦ ❡♠♣r❡❣❛♥❞♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❘❖❙❊◆❙❚❊■◆ ❡t ❛❧✳ ✲❲❖▲❋ ❡t ❛❧✳ q✉❡ ❡♠♣r❡❣❛

✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞✐r❡t❛ ✭✐✳❡✳s❡♠ ❡st✐♠❛çã♦ ❞❡ ❏❛❝♦❜✐❛♥❛✱ ❊q✉❛çã♦ ✸✳✺✻✮✳

❆ ✜❣✉r❛ ❉✳✷✾ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐✲

❢✉r❝❛çã♦ ❡ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈✳ ◆♦t❛♥❞♦ q✉❡ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❡st✐♠❛

✉♠ ú♥✐❝♦ ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❡ ♥ã♦ ♦s m ❡①♣♦❡♥t❡s ❞♦ ❡s♣❡❝tr♦ ✉♠❛ ✈❡③ q✉❡

❛ ❞✐st❛♥❝✐❛ ❞❡ s❡♣❛r❛❜✐❧✐❞❛❞❡ é ❝❛❧❝✉❧❛❞❛ s❡♠ ❞✐st✐♥❣✉✐r ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❡s♣❛ç♦✳

◆❡st❡ ❝❛s♦ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛❧t❛♠❡♥t❡

r✉✐❞♦s♦ ❡ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ♦s ❞✐❢❡r❡♥t❡s ❝♦♠♣♦rt❛♠❡♥t♦s ❞♦ ❞✐❛❣r❛♠❛ ❞❡

❜✐❢✉r❝❛çã♦ ♥❛ s✉❛ ❡str✉t✉r❛✳
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❋✐❣✉r❛ ❉✳✷✾✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
❘♦ss❧❡r✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r ❡st✐♠❛❞♦
❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)

❉✳✷✳✶✳✸ ❊st✐♠❛çã♦ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛✲

çã♦

❖✉tr♦s ✐♥✈❛r✐❛♥t❡s ✐♠♣♦rt❛♥t❡s ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s s✐st❡♠❛s ❞✐♥â♠✐❝♦s sã♦ ❛ ❡♥✲

tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ H❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ D2 ✉♠❛ ✈❡③ q✉❡ ♠❡❞❡♠ ❛ ♣❡r❞❛

❞❡ ✐♥❢♦r♠❛çã♦ ❡ ♣♦r ❝♦♥s❡q✉ê♥❝✐❛ ❛ ♣r❡❞✐③✐❜✐❧✐❞❛❞❡ ❞❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠❛

tr❛❥❡tór✐❛✳

❆ ✜❣✉r❛ ❉✳✸✵ ♠♦str❛ ❛ ❡✈♦❧✉çã♦ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❞✐♠❡♥sã♦ ❞❡ ❝♦r✲

r❡❧❛çã♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r✳ ❖❜s❡r✈❡✲s❡

q✉❡ ♦s ❞✉❛s ♠❡❞✐❞❛s ✐♥✈❛r✐❛♥t❡s H ❡ D2 sã♦ ♠á①✐♠❛s ♥❛s r❡❣✐õ❡s ❝❛ót✐❝❛s✱ ✐♥❞✐❝❛♥❞♦

q✉❡ ♦ s✐st❡♠❛ ♣r❡❝✐s❛ ❞❡ ♠❛✐s ✐♥❢♦r♠❛çã♦ ♥❡ss❡s ❡st❛❞♦s ♣❛r❛ s❡r ❞❡s❝r✐t♦ ✭✐✳❡✳ é ♠❛✐s

✐♠♣r❡✈✐sí✈❡❧✮ ♥❡ss❛ ❢❛✐①❛ ♣❛r❛♠étr✐❝❛✳ ❊♠ ❝♦♥tr❛st❡ ❛♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈

✭✜❣✉r❛ ❉✳✷✾✮ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡st❛s ♠❡❞✐❞❛s é ♠❛✐s s✉❛✈❡ ❡ ❛❝♦♠♣❛♥❤❛ ❛s ❞✐❢❡✲

r❡♥t❡s tr❛♥s✐çõ❡s ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐♥â♠✐❝♦s ♦❜s❡r✈❛❞♦s✳ ◆♦t❡✲s❡ q✉❡ t❛♥t♦ H

❝♦♠♦ D2 sã♦ ♠í♥✐♠❛s ♥❛ ❝♦♥❞✐çã♦ ❞❡ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❡ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✱ ❝♦♥s✲

t✐t✉✐♥❞♦ ❞❡ss❛ ❢♦r♠❛ ♦✉tr♦ ✐♠♣♦rt❛♥t❡ ❝♦♥❥✉♥t♦ ❞❡ í♥❞✐❝❡s ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦

❞❛t❛✲❞r✐✈❡♥ ❞❡ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ♥ã♦ ❧✐♥❡❛r❡s✳

❉✳✷✳✶✳✹ ❊st✐♠❛çã♦ ❞♦s ✐♥✈❛r✐❛♥t❡s ♣♦r r❡❝♦rrê♥❝✐❛s

◆❛ ❙❡çã♦ ❉✳✶✳✶✳✺ ❢♦✐ ❞✐s❝✉t✐❞❛ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛ ❛♥á❧✐s❡ ❞❡ r❡❝♦rrê♥❝✐❛s ❡♠ s✐st❡✲

♠❛s ❞✐♥â♠✐❝♦s✱ ♠♦str♦✉✲s❡ q✉❡ t♦❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❡✈♦❧✉t✐✈❛s ❞♦ s✐st❡♠❛ ❡stã♦

♣r❡s❡♥t❡s ♥❡st❡s ❞✐❛❣r❛♠❛s✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s ♠❡❞✐❞❛s q✉❛♥t✐t❛t✐✲

✈❛s ❞❡ r❡❝♦rrê♥❝✐❛ ❡ ♦❜s❡r✈♦✉✲s❡ q✉❡ ❞❡st❛❝❛✈❛ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♠❛✐s r❡❧❡✈❛♥t❡s ❞❛

✷✾✶



❋✐❣✉r❛ ❉✳✸✵✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
❘♦ss❧❡r✳ ❋✐❣✉r❛ ✐♥t❡r♠é❞✐❛✿ ❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡
t❡♠♣♦r❛❧ x(t)✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡
t❡♠♣♦r❛❧ x(t)✳

❞✐♥â♠✐❝❛ ❡♠ ♦❜s❡r✈❛çã♦✳

❋✐❣✉r❛ ❉✳✸✶✿ ❈♦♠♣❛r❛çã♦ ♥❛ q✉❛♥t✐✜❝❛çã♦ ❞❡ r❡❝♦rrê♥❝✐❛s✳ ✭❆✮ ■♥✈❛r✐❛♥t❡s ❞❡
q✉❛♥t✐✜❝❛çã♦ ❘◗❆ ♦❜t✐❞♦s ✉s❛♥❞♦ ❛ t♦t❛❧✐❞❛❞❡ ❞❡ sér✐❡s ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡sM ✭❛
♣❛rt✐r ❞❛s ❡q✉❛çõ❡s✮✳ ✭❇✮ ▼❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❞♦ ❛tr❛t♦r ✭❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s✮✳
✭❈✮ ■♥✈❛r✐❛♥t❡s ❞❡ q✉❛♥t✐✜❝❛çã♦ ❘◗❆ ♦❜t✐❞♦s ✉s❛♥❞♦ ❛s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉çã♦
✭❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)✮✳ ✭❉✮ ▼❛♣❛ ❞❡ r❡❝♦rrê♥❝✐❛s ❞♦ ❛tr❛t♦r ✭❛ ♣❛rt✐r ❞❛
sér✐❡ t❡♠♣♦r❛❧ x(t)✮✳ ❋♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ϵ = 10✱ lmin = 30 ❡ vmin = 30
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◆❛ ✜❣✉r❛ ❉✳✸✶ ❛♣r❡s❡♥t❛✲s❡ ❛s ♠étr✐❝❛s ❞♦ ❛♥á❧✐s❡ ❘◗❆✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦s

❞♦✐s ❞✐❛❣r❛♠❛s ❞❡ r❡❝♦rrê♥❝✐❛ sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s✱ ♠♦str❛♥❞♦ ♠❛✐s ✉♠❛ ✈❡③ q✉❡

❛ r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ❢♦✐ s❛t✐s❢❛tór✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s ❝♦♠♣♦rt❛♠❡♥t♦s

❞♦s ✐♥✈❛r✐❛♥t❡s ❞♦ ❘◗❆ ❝♦♥str✉í❞♦s ♣♦r r❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ♠♦str❛r❛♠ ✉♠❛ ❛❧t❛

r❡♣r♦❞✉③✐❜✐❧✐❞❛❞❡ ❞❛s t❡♥❞❡♥❝✐❛s ♣❛❞rõ❡s ♦✉ r❡❛✐s ♦❜s❡r✈❛❞❛s ♥❛ ✜❣✉r❛ ❉✳✸✶ ✭❆✮✳ ➚

✈✐st❛ ❞✐ss♦✱ ♦s r❡s✉❧t❛❞♦s ❞❛ ❛♥t❡r✐♦r ❛♥á❧✐s❡ sã♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞♦ ❚❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s

✉♠❛ ✈❡③ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s t♦♣♦❧ó❣✐❝❛s ❞❛ ❞✐♥â♠✐❝❛ ❢♦r❛♠ ♣r❡s❡r✈❛❞❛s✱ ❡♠❜♦r❛

❛ ❣❡♦♠❡tr✐❛ r❡❝♦♥str✉í❞❛ ❡r❛ s❡♠♣r❡ ❞✐❢❡r❡♥t❡ à ♦r✐❣✐♥❛❧✳ ❉❡ ♥♦✈♦✱ ♦s ✐♥✈❛r✐❛♥t❡s

❞❛ ❘◗❆ ❝♦♥❢♦r♠❛♠ ✉♠ ❝♦♥❥✉♥t♦ ♣r♦♠✐ss♦r ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ♠✉❧t✐✈❛r✐á✈❡❧ ❞❡

♣r♦❝❡ss♦s ❝♦♠♣❧❡①♦s✳

❉✳✷✳✷ ❆♥á❧✐s❡ ❞❡ sér✐❡s t❡♠♣♦r❛✐s ♥♦ ❛tr❛t♦r ❞❡ ▲♦r❡♥③

P❛r❛ ❡st❛ ❛♥á❧✐s❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ sér✐❡ t❡♠♣♦r❛❧ ❞❛ ✈❛r✐á✈❡❧ x(t) ❞♦ ❛tr❛t♦r ❞❡

▲♦r❡♥③ ♦❜t✐❞❛ s♦❜ ❛s ❝♦♥❞✐çõ❡s ❡st❛❜❡❧❡❝✐❞❛s ♥❛ ✜❣✉r❛ ❉✳✶✹✳ ❆ sér✐❡ t❡♠♣♦r❛❧ x(t)

é ❝♦♠♣♦st❛ ♣♦r 10000 ♣♦♥t♦s ❞❡ ❛♠♦str❛❣❡♠ ✉♥✐❢♦r♠❡✳

❉✳✷✳✷✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s

❆s ❛♥á❧✐s❡ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛s ❋✐❣✉r❛s ❉✳✸✷

❡ ❉✳✸✸ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦❜t❡♥❞♦ t❡♠♣♦s ❞❡ r❡❝♦♥str✉çã♦ τ = 16 ❡ τ = 143✳

❋✐❣✉r❛ ❉✳✸✷✿ ❋✉♥çã♦ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡ ❛tr❛s♦
✐❞❡❛❧✱ ♦♥❞❡ ❛✉t♦❝♦rr❡❧❛çã♦ é ③❡r♦ ❝♦rr❡s♣♦♥❞❡ ❛ τ = 143

❆ ✜❣✉r❛ ❉✳✸✹ ❛♣r❡s❡♥t❛ ❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ❡♠ ❢✉♥çã♦ ❞❛ ❞✐♠❡♥sã♦

❞❡ ✐♠❡rsã♦✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ❢r❛çã♦ ♠í♥✐♠❛ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é ♦❜t✐❞❛ ❡♠ m = 3✱
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❋✐❣✉r❛ ❉✳✸✸✿ ❋✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ✈s t❡♠♣♦ ❞❡ ❛tr❛s♦✳ ❖ t❡♠♣♦ ❞❡
❛tr❛s♦ ✐❞❡❛❧ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ♠út✉❛ ❛
τ = 16✭✐♥t❡✐r♦ ♠❛✐s ♣ró①✐♠♦✮

❝♦rr♦❜♦r❛♥❞♦ ❛ ✐♥❢♦r♠❛çã♦ ❥á ❝♦♥❤❡❝✐❞❛ ✭♣❡❧❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦✮ ❡ ✈❛❧✐❞❛♥❞♦ ♦

♣ró♣r✐♦ ♠ét♦❞♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s✳

❋✐❣✉r❛ ❉✳✸✹✿ ❋r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s ✈s ❞✐♠❡♥sã♦ ❞❡ ✐♠❡rsã♦✳ ❆ ❞✐♠❡♥sã♦ ✐❞❡❛❧✱
✐♥❞✐❝❛❞❛ ♣❡❧♦ ♠í♥✐♠♦ ❞❛ ❢r❛çã♦ ❞❡ ❢❛❧s♦s ✈✐③✐♥❤♦s é m = 3✱ ✭♠❡s♠❛ ❞✐♠❡♥sã♦ ❞♦
❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛M✮

❆s r❡❝♦♥str✉çõ❡s ❞♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t) ❞♦ ❛tr❛t♦r

❞❡ ▲♦r❡♥③ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ❉✳✸✻✳ ◆♦t❛♥❞♦ q✉❡ ❛s ❋✐❣✉r❛s ❉✳✸✻ ✭❜✮ ❡

❉✳✸✻✭❡✮ ❢♦r❛♠ ❛s r❡❝♦♥str✉çõ❡s q✉❡ ♠❛✐s ❞❡st❛❝❛r❛♠ ❛ ❣❡♦♠❡tr✐❛ ❞❡ ❞♦✐s ❧ó❜✉❧♦s

❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❛tr❛t♦r✳
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❋✐❣✉r❛ ❉✳✸✺✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
▲♦r❡♥③✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❊s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❡st✐♠❛❞♦ ❛ ♣❛rt✐r
❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)
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✈✐
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❉✳✷✳✷✳✷ ❊st✐♠❛çã♦ ❞❡ ❡①♣♦♥❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈

◆❛ ✜❣✉r❛ ❉✳✸✺ ❛♣r❡s❡♥t❛✲s❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱ ❞❡s✲

t❛❝❛♥❞♦ q✉❡ ❝♦♥s❡❣✉❡ ❛❝♦♠♣❛♥❤❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦

❞❡♥tr♦ ❞❛s ❥❛♥❡❧❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ r❡❣✐õ❡s ❝❛ót✐❝❛s ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✳

◆♦t❡✲s❡ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ▲②❛♣✉♥♦✈ é r✉✐❞♦s♦✱ ✐ss♦

r❡❧❛❝✐♦♥❛❞♦ t❛♠❜é♠ à ♥ã♦ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❡ s♦❧✉çõ❡s ♥✉♠ér✐❝❛s ❞❛s ❡q✉❛çõ❡s ❞❡ ✢✉①♦

♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭✐✳❡✳ ❛✉sê♥❝✐❛ ❞❡ ♣♦♥t♦s ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ♥❡ss❛

r❡❣✐ã♦ ✐♥✐❝✐❛❧✮✳ ✳

❖ ❡①♣♦❡♥t❡ ♠á①✐♠♦ ❞❡ ▲②❛♣✉♥♦✈ ❡st✐♠❛❞♦ ❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ ❢♦✐ ❝❛❧❝✉✲

❧❛❞♦ ❡♠♣r❡❣❛♥❞♦ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❘❖❙❊◆❙❚❊■◆ ❡t ❛❧✳ ✲❲❖▲❋ ❡t ❛❧✳ q✉❡ ❡♠♣r❡❣❛

✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞✐r❡t❛ ✭✐✳❡✳s❡♠ ❡st✐♠❛çã♦ ❞❡ ❏❛❝♦❜✐❛♥❛✱ ❊q✉❛çã♦ ✸✳✺✻✮✳

❆ ✜❣✉r❛ ❉✳✸✼ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐✲

❢✉r❝❛çã♦ ❡ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈✳ ❆ ❞✐❢❡r❡♥ç❛ ❞♦ ❝❛s♦ ❞♦ ❛tr❛t♦r ❞❡ ❘♦ss❧❡r

✭✜❣✉r❛ ❉✳✷✾✮✱ ♦ ♠❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ é ✉♠❛ ♠❡❞✐❞❛ r❡♣r❡s❡♥t❛t✐✈❛ ❞❛s ♠✉✲

❞❛♥ç❛s ❞✐♥â♠✐❝❛s ❞❡s❝r✐t❛s ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❡①♣♦✲

❡♥t❡ é ♠❡♥♦s r✉✐❞♦s♦ ❡ é ♠❛✐s ❡✈✐❞❡♥t❡ ❛ ❛ss♦❝✐❛çã♦ ❡♥tr❡ ❛s ❥❛♥❡❧❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡

❡ ♦s ❡①♣♦❡♥t❡s λ = 0✳

❋✐❣✉r❛ ❉✳✸✼✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
▲♦r❡♥③✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ▼❛✐♦r ❡①♣♦❡♥t❡ ❞❡ ▲②❛♣✉♥♦✈ ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③ ❡st✐♠❛❞♦
❛ ♣❛rt✐r ❞❛ sér✐❡ t❡♠♣♦r❛❧ x(t)

❉✳✷✳✷✳✸ ❊st✐♠❛çã♦ ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛✲

çã♦

❖s ❝♦♠♣♦rt❛♠❡♥t♦s ❞❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡s❝r✐✲

t♦s ♥❛ ✜❣✉r❛ ❉✳✸✽ ♠♦str❛r❛♠ q✉❡ ❡ss❛s ♠étr✐❝❛s ✐♥✈❛r✐❛♥t❡s sã♦ r❡♣r❡s❡♥t❛t✐✈❛s ❞❛s

✷✾✼



❞✐❢❡r❡♥t❡s ♠✉❞❛♥ç❛s ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❡♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦✲

r♦✈ ❡ ❛ ❞✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛r❛♠ ♠❡♥♦s r✉✐❞♦ ❞♦ q✉❡ ♦s ❝♦rr❡s♣♦♥❞❡♥t❡s

❡①♣♦❡♥t❡s ❞❡ ▲②❛♣✉♥♦✈✱ s❡♥❞♦ ♠❡♥♦s s✉s❝❡♣tí✈❡✐s ❛ ❧✐♠✐t❛çõ❡s ♥✉♠ér✐❝❛s ❛ss♦❝✐❛❞❛s

❛♦s ♣ró♣r✐♦s ✢✉①♦s✳

❋✐❣✉r❛ ❉✳✸✽✿ ❋✐❣✉r❛ s✉♣❡r✐♦r✿ ❉✐❛❣r❛♠❛ ❞❡ ❜✐❢✉r❝❛çã♦ ✭❞❡ ár✈♦r❡✮ ❞♦ ✢✉①♦ ❞❡
▲♦r❡♥③✳ ❋✐❣✉r❛ ✐♥t❡r♠é❞✐❛✿ ❊♥tr♦♣✐❛ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡
t❡♠♣♦r❛❧ x(t)✳ ❋✐❣✉r❛ ✐♥❢❡r✐♦r✿ ❉✐♠❡♥sã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❛ sér✐❡
t❡♠♣♦r❛❧ x(t)✳

❉✳✸ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♣♦r ❉▼❉

❉✳✸✳✵✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ✈✐❛ ❉▼❉

❆♥á❧♦❣❛ à r❡❝♦♥str✉çã♦ ❞❡ ❡s♣❛ç♦s ❞❡ ❢❛s❡s ✈✐❛ t❡♦r❡♠❛ ❞❡ ❚❛❦❡♥s ❢♦✐ ❛♣r❡s❡♥t❛❞❛

♥❛ ❙❡çã♦ ✸✳✷✳✷ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❝♦♥str✉çã♦ ✈✐❛ ❞❡❝♦♠♣♦s✐çã♦ ❞✐♥â♠✐❝❛ ❞❡ ♠♦❞♦s✳

◆❛ ❛♥á❧✐s❡ ❞♦s ❝❛s♦s ❜❡♥❝❤♠❛r❦ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ❛s três sér✐❡s t❡♠♣♦r❛✐s ❞❡ ❝❛❞❛

s✐st❡♠❛ ❞✐♥â♠✐❝♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❢❛t♦r ❞❡ tr✉♥❝❛♠❡♥t♦ r ❢♦✐ ♦❜t✐❞♦ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞♦

✈❡t♦r ❝❛r❛❝t❡ríst✐❝♦ q✉❡ ❝♦♥s❡❣✉❡ ❛❝✉♠✉❧❛t✐✈❛♠❡♥t❡ r❡♣r❡s❡♥t❛r ♦ ✾✵✪ ❞❛ ❞✐♥â♠✐❝❛

❞♦ s✐st❡♠❛✳

◆❛s ❋✐❣✉r❛s ❉✳✸✾ ❡ ❉✳✹✵ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ✸ ♣r✐♠❡✐r♦s ♠♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦

r❡❧❛❝✐♦♥❛❞♦s ❛♦s ✸ ✈❡t♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❡♥❝♦♥tr❛❞♦s ♥❛ ❞❡❝♦♠✲

♣♦s✐çã♦ ♣❛r❛ ♦s ✢✉①♦s ❞❡ ❘♦ss❧❡r ❡ ▲♦r❡♥③ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P♦r ✜♠✱ ❛s ❋✐❣✉r❛s ❉✳✹✶ ❡ ❉✳✹✷ ❝♦♠♣❛r❛♠ ♦s r❡s♣❡❝t✐✈♦s ❡s♣❛ç♦s ♥❛t✉r❛✐s ❝♦♠

♦s ❡s♣❛ç♦s ❞❡ ❢❛s❡s r❡❝♦♥str✉í❞♦s✳

✷✾✽



❋✐❣✉r❛ ❉✳✸✾✿ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t) ❞♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

❋✐❣✉r❛ ❉✳✹✵✿ ▼♦❞♦s ❞❡ ❞❡❝♦♠♣♦s✐çã♦ v̇(t) ❞♦ ✢✉①♦ ❞❡ ▲♦r❡♥③

❋✐❣✉r❛ ❉✳✹✶✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s
r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮ ♣❛r❛ ♦ ✢✉①♦ ❞❡ ❘♦ss❧❡r

✷✾✾



❋✐❣✉r❛ ❉✳✹✷✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦r✐❣✐♥❛❧ ✭❆✮ ❡ ♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s
r❡❝♦♥str✉í❞♦ ✈✐❛ ❉▼❉ ✭❇✮ ♣❛r❛ ♦ ✢✉①♦ ❞❡ ▲♦r❡♥③

✸✵✵



❆♣ê♥❞✐❝❡ ❊

❉❡s❝r✐çã♦ ❞♦ ❋❖❲▼

❊✳✶ ▼♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛

❖ ❋❖❲▼ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ❜❛s❡ ♥❛ ❛rq✉✐t❡t✉r❛ ❝♦♠♣❧❡t❛ ❞♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✱ q✉❡ é ❝♦♠♣♦st♦ ♣♦r q✉❛tr♦ s✉❜s✐st❡♠❛s✿ ❘❡s❡r✈❛tór✐♦✱

❆♥✉❧❛r✱ ❚✉❜❜✐♥❣ ❡ ❋❧♦✇❧✐♥❡✲❘✐s❡r✳ ❆s ❡q✉❛çõ❡s ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❡ ♠❛ss❛ ❞♦ s✐st❡♠❛

sã♦ ❞❛❞❛s ♣♦r✿

dmga

dt
= Wgc −Wiv ✭❊✳✶✮

dmgt

dt
= Wrαgr +Wiv −Wwhg ✭❊✳✷✮

dmlt

dt
= Wr (1− αgr)−Wwhl ✭❊✳✸✮

dmgb

dt
= (1− E)Wwhg −Wg ✭❊✳✹✮

dmgr

dt
= EWwhg +Wg −Wgout ✭❊✳✺✮

dmlr

dt
= Wwhl −Wlout ✭❊✳✻✮

❡♠ q✉❡ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❝♦rr❡s♣♦♥❞❡♠ ❛✿ mga ♠❛ss❛ ❞❡ ❣ás ♥❛ s❡çã♦ ❛♥✉❧❛r✱

mgt ♠❛ss❛ ❞❡ ❣ás ♥❛ s❡çã♦ ❞❡ t✉❜❜✐♥❣✱ mlt ♠❛ss❛ ❧íq✉✐❞❛ ♥❛ s❡çã♦ ❞❡ t✉❜❜✐♥❣✱ mgb

✸✵✶



♠❛ss❛ ❞❡ ❣ás ❞❛ ❜♦❧❤❛ ♥❛ ❧✐♥❤❛ ❞❡ ♣r♦❞✉çã♦ s✉❜♠❛r✐♥❛✱ mgr ❡ mlr✱ ❝♦rr❡s♣♦♥❞❡♠

❛ ♠❛ss❛ ❞❡ ❣ás ❡ ❧íq✉✐❞♦ ♥❛ s❡❝çã♦ ✢♦✇❧✐♥❡✴r✐s❡r✳ E ❝♦rr❡s♣♦♥❞❡ à ❢r❛çã♦ ❞❡ ♠❛ss❛

❞❡ ❣ás q✉❡ ❝♦♥t♦r♥❛ ❛ ❜♦❧❤❛ ♥♦ ❣❛s♦❞✉t♦ s✉❜♠❛r✐♥♦ ❡ αgr é ❛ ❢r❛çã♦ ❞❡ ♠❛ss❛ ❞♦

❣ás ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ❞♦ r❡s❡r✈❛tór✐♦✳ ❖s ✢✉①♦s ❞❡ ✢✉✐❞♦ ♥♦

♠♦❞❡❧♦ sã♦ ❞❡s❝r✐t♦s ♣❡❧❛s s❡❣✉✐♥t❡s ❡q✉❛çõ❡s✿

Wiv = Ka

√
ρai (Pai − Ptb) ✭❊✳✼✮

Wr = Kr

[
1−

(
0.2

Pbh

Pr

)
−
(
0.8

Pbh

Pr

)2
]

✭❊✳✽✮

Wwhg = Kw

√
ρl (Ptt − Prb)αgt ✭❊✳✾✮

Wwhl = Kw

√
ρl (Ptt − Prb) (1− αgt) ✭❊✳✶✵✮

Wg = Cg (Peb − Prb) ✭❊✳✶✶✮

Wgout = αgCoutz
√
ρl (Prt − Ps) ✭❊✳✶✷✮

Wlout = αlCoutz
√

ρl (Prt − Ps) ✭❊✳✶✸✮

❡♠ q✉❡ Wgc é ♦ ✢✉①♦ ❞❡ ♠❛ss❛ ❞❡ ❣❛s✲❧✐❢t ❡♥tr❛♥❞♦ ♥♦ ❛♥✉❧❛r✱ Wiv é ♦ ✢✉①♦ ❞❡ ♠❛ss❛

❞❡ ❣ás ❞♦ ❛♥✉❧❛r ♣❛r❛ ♦ t✉❜❜✐♥❣✱ Wr ❝♦rr❡s♣♦♥❞❡ ❛♦ ✢✉①♦ ❞❡ ♠❛ss❛ ♠✉❧t✐❢ás✐❝♦ ❞♦

r❡s❡r✈❛tór✐♦ ❡st✐♠❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ❱♦❣❡❧ ❬✷✽✶❪✳ ❖s ✢✉①♦s ❞❡ ♠❛ss❛ ❞❡ ❣ás ❡

❧íq✉✐❞♦ ❛tr❛✈és ❞❛ ár✈♦r❡ ❞❡ ◆❛t❛❧ sã♦✱ Wwhg ❡ Wwhl✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❣❡r❛çã♦

❞♦ s❧✉❣❣✐♥❣ é ♠♦❞❡❧❛❞❛ ♣❡❧❛ ✐♥❝❧✉sã♦ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ✈á❧✈✉❧❛ ✈✐rt✉❛❧ ❬✶✽✾❪✿ Wg é ♦

✢✉①♦ ♥❡st❡ ❞✐s♣♦s✐t✐✈♦ ♣r♦♣♦st♦✱ Wgout ❡ Wlout sã♦ ✢✉①♦s ❞❡ ❣ás ❡ ❧íq✉✐❞♦ q✉❡ ✢✉❡♠

❛tr❛✈és ❞❛ ✈á❧✈✉❧❛ ❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦ s✉♣❡r✐♦r✳ ❯♠❛ ✈❡③ q✉❡ ❡ss❡s ✢✉①♦s ❞❡ ♠❛ss❛

sã♦ ♠♦❞❡❧❛❞♦s ✈✐❛ ❡q✉❛çã♦ ❞❡ ✈á❧✈✉❧❛✱ ♦s ♣❛râ♠❡tr♦s Ka✱ Kr ❡ Kw ❝♦rr❡s♣♦♥❞❡♠

❛♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ✢✉①♦ ❡♥tr❡ ♦ ❛♥✉❧❛r ❡ ♦ t✉❜❜✐♥❣✱ ♦ ♣❛râ♠❡tr♦ ❞❡ ❱♦❣❡❧ ❬✶✹✼❪ ❡ ♦

❝♦❡✜❝✐❡♥t❡ ❞❡ ✢✉①♦ ♥❛ ✈á❧✈✉❧❛ ❞❡ ár✈♦r❡ ❞❡ ◆❛t❛❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆s ❝♦♥st❛♥t❡s ❞❛ ✈á❧✈✉❧❛ ✈✐rt✉❛❧ ❡ ❞❛ ✈á❧✈✉❧❛ ❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦ sã♦ r❡♣r❡s❡♥✲

t❛❞❛s ❝♦♠♦ Cg ❡ Cout✱ ❡♥q✉❛♥t♦ ❛ ❢r❛çã♦ ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❈❤♦❦❡ ❝♦rr❡s♣♦♥❞❡

❛ z✳ ❆s ♣r❡ssõ❡s ♥♦ ❢✉♥❞♦ ❞❛ ❝♦❧✉♥❛ ❞❡ ♣r♦❞✉çã♦ ❡ ♥♦ s❡♣❛r❛❞♦r ❣r❛✈✐t❛❝✐♦♥❛❧ ♥❛

✸✵✷



♣❧❛♥t❛ ❞❡ ♣r♦❝❡ss♦ sã♦ Pr ❡ Ps✳

❆ ❞❡♥s✐❞❛❞❡ ❞♦ ❧íq✉✐❞♦ ρl ❡♠ t♦❞♦ ♦ s✐st❡♠❛ é ❛ss✉♠✐❞❛ ❝♦♠♦ ✉♠❛ ❝♦♥st❛♥t❡✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❣ás ♥♦ ❛♥✉❧❛r ρai é ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ❊✳✶✹✳

ρai =
MPai

RT
✭❊✳✶✹✮

αgt =
mgt

mgt +mlt

✭❊✳✶✺✮

αgr =
mgr

mgr +mlr

✭❊✳✶✻✮

αlr = 1− αgr ✭❊✳✶✼✮

❈♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♥❛s ❊q✉❛çõ❡s ❊✳✶✺✲ ❊✳✶✼✱ αgt é ❛ ❢r❛çã♦ ❞❡ ♠❛ss❛ ❞❡ ❣ás ♥❛

s❡çã♦ ❞❡ t✉❜✉❧❛çã♦✱ ❡♥q✉❛♥t♦ αgr ❡ αlr sã♦ ❛s ❢r❛çõ❡s ❞❡ ♠❛ss❛ ❞❡ ❣ás ❡ ❧íq✉✐❞♦ ♥❛

s❡çã♦ ❞❡ t✉❜✉❧❛çã♦ s✉❜♠❛r✐♥❛✳

❆s ♦✉tr❛s ♣r❡ssõ❡s ♣r❡s❡♥t❡s ♥❛s ❊q✉❛çõ❡s ❊✳✶✲❊✳✻ sã♦ ❞❡s❝r✐t❛s ♣❡❧❛s ❡q✉❛çõ❡s

❊✳✶✽✲❊✳✷✺✳

Pai =

(
RT

VaM
− gLa

Va

)
mga ✭❊✳✶✽✮

Ptb = Ptt + ρmtgHvgl ✭❊✳✶✾✮

Pbh = Ppdg + ρremsg (Ht −Hpdg) ✭❊✳✷✵✮

Ppdg = Ptb + ρremsg (Hpdg −Hvgl) ✭❊✳✷✶✮

Ptt =
ρgtRT

M
✭❊✳✷✷✮

Prb = Prt +
(mlr +ml,still) gsin (θ)

Ass

✭❊✳✷✸✮

✸✵✸



Peb =
mgbRT

MVeb

✭❊✳✷✹✮

Prt =
mgrRT

M
(
Vr − mlr+ml,still

ρl

) ✭❊✳✷✺✮

❡♠ q✉❡✱ Pr é ❛ ♣r❡ssã♦ ❞♦ r❡s❡r✈❛tór✐♦✱ Pbh ❝♦rr❡s♣♦♥❞❡ à ♣r❡ssã♦ ♥♦ ❢✉♥❞♦ ❞♦ ♣♦ç♦✱

Ppdg é ❛ ♣r❡ssã♦ ♥❛ ♣♦s✐çã♦ P❉●✱ Pai r❡♣r❡s❡♥t❛ ♦ ♣r❡ssã♦ ♥♦ ♣♦♥t♦ ❞❡ ✐♥❥❡çã♦

❞❡ ❣ás ♥❛ s❡çã♦ ❛♥✉❧❛r✱ Ptb é ❛ ♣r❡ssã♦ ♥♦ ♣♦♥t♦ ❞❡ ✐♥❥❡çã♦ ❞❡ ❣ás ❡♠ r❡❧❛çã♦ ❛♦

t✉❜❜✐♥❣✱ Ptt é ❛ ♣r❡ssã♦ ♥♦ t♦♣♦ ❞❛ s❡çã♦ ❞❡ t✉❜❜✐♥❣✱ Prb ❝♦rr❡s♣♦♥❞❡ à ♣r❡ssã♦ ♥❛

s❡çã♦ ❞♦ ✢♦✇❧✐♥❡✱ Peb r❡♣r❡s❡♥t❛ ❛ ♣r❡ssã♦ ❞❛ ❜♦❧❤❛ ❡ Prt é ❛ ♣r❡ssã♦ ♥♦ t♦♣♦ ❞♦

r✐s❡r✳ ❆s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❣ás sã♦ ❡st✐♠❛❞❛s ❛ss✉♠✐♥❞♦ ❛ ❤✐♣ót❡s❡ ❞❡ ❣ás ✐❞❡❛❧❀ T

é ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❡♠ t♦❞♦ ♦ s✐st❡♠❛✱ R é ❛ ❝♦♥st❛♥t❡ ✉♥✐✈❡rs❛❧ ❞♦ ❣ás ❡ g

é ❛ ❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡✳ ❆ ❞❡♥s✐❞❛❞❡ ❞❛ ♠✐st✉r❛ ♠✉❧t✐❢ás✐❝❛ ♥♦ r❡s❡r✈❛tór✐♦

é ❝♦♥s✐❞❡r❛❞❛ ❝♦♥st❛♥t❡ ❡ r❡♣r❡s❡♥t❛❞❛ ♣♦r ρmres✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❛ ♠✐st✉r❛ ρmt ❡

❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❣ás ρgt ♥❛ s❡çã♦ ❞❡ t✉❜❜✐♥❣ sã♦ ❝❛❧❝✉❧❛❞♦s ♣❡❧❛s ❊q✉❛çõ❡s ❊✳✷✻

❡ ❊✳✷✼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♣❛râ♠❡tr♦s ❣❡♦♠étr✐❝♦s sã♦ ❞❡✜♥✐❞♦s✿ θ

r❡♣r❡s❡♥t❛♥❞♦ ❛ ✐♥❝❧✐♥❛çã♦ ❞♦ r✐s❡r✱ Va é ♦ ✈♦❧✉♠❡ ❛♥✉❧❛r✱ Veb é ♦ ✈♦❧✉♠❡ ❞❛ ❜♦❧❤❛✱

ml,still ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠í♥✐♠♦ ♠❛ss❛ ❞❡ ❧íq✉✐❞♦ ♥♦ ❞✉t♦ s✉❜♠❛r✐♥♦✱ ❡ Vr é ✉♠ ✈♦❧✉♠❡

❛♣❛r❡♥t❡ ✉s❛❞♦ ♣❛r❛ ❝♦rr✐❣✐r ♦ t❡♠♣♦ ♠é❞✐♦ ❞❡ r❡s✐❞ê♥❝✐❛ ♥♦ s✐st❡♠❛ ❬✻✻✱ ✶✽✾❪✳ ❖

❝♦♠♣r✐♠❡♥t♦ ✈❡rt✐❝❛❧ ❡♥tr❡ ❛ ár✈♦r❡ ❞❡ ◆❛t❛❧ ❡ ❛ ✈á❧✈✉❧❛ ❣❛s✲❧✐❢t✱ ♦ tr❛♥s♠✐ss♦r P❉●

❡ ♦ ❢✉♥❞♦ ❞♦ ♣♦ç♦ sã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r Hvgl✱ Hpdg ❡ Ht✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ✈♦❧✉♠❡

❞❡ ❣ás ♥❛ s❡çã♦ ❞❡ t✉❜❜✐♥❣ Vgt ❡ ❛ ár❡❛ ❞❡ s❡çã♦ tr❛♥s✈❡rs❛❧ ❞❛ t✉❜✉❧❛çã♦ s✉❜♠❛r✐♥❛

Ass sã♦ ❞❛❞♦s ♣❡❧❛s ❊q✉❛çõ❡s ❊✳✷✽ ❡ ❊✳✷✾✳

ρmt =
mgt +mlt

Vt

✭❊✳✷✻✮

ρgt =
mgt

Vgt

✭❊✳✷✼✮

Vgt = Vt −
mlr

ρl
✭❊✳✷✽✮

Ass =
πD2

ss

4
✭❊✳✷✾✮

◆♦ ❋❖❲▼✱ ❡①✐st❡♠ ♥♦✈❡ ♣❛râ♠❡tr♦s ❞❡ ♠♦❞❡❧♦ ❞❡ ❛❥✉st❡✿ ml,still✱ Cg✱ Cout✱

Veb✱ E✱ Kw✱ Ka✱ Kr ❡ Vr✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ✉s❛❞♦ ♣❛r❛ ❡st✐♠❛t✐✈❛ ❞❡ ♣❛râ♠❡tr♦s

✉s❛♥❞♦ ❞❛❞♦s ❞❡ ✉♠❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ♣r♦❞✉çã♦ ♦✛s❤♦r❡ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡
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❚❛❜❡❧❛ ❊✳✶✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ♣❛r❛ ✉♠ ❝❛s♦ r❡❛❧

P❛râ♠❡tr♦ ❱❛❧♦r ✭❯♥✐❞❛❞❡s✮
ρl (kg/m

3) 962.9
Pr (Pa) 3.030e7

Ps (Pa) 10.026e5

αgw 0.0188
ρmres (kg/m3) 905.4
M (kg/kmol) 18.0
T (K) 298
R (m3Pa/KmolK) 8314
g (m/s2) 9.81
Wgc (kg/s) 1.603
Lt (m) 1659
La (m) 940
Ht (m) 1433
Hpdg (m) 1387
Hvgl (m) 940
Dss (m) 0.1524
Dt (m) 0.150
Da (m) 0.140
θ (rads) π/4

❡♠ ❬✻✻❪✳ ❆s ❚❛❜❡❧❛s ❊✳✶ ❡ ❊✳✷ ❛♣r❡s❡♥t❛♠ ♦ ❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦ ❞❡ ♣❛râ♠❡tr♦s ❞❡

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

♣♦ç♦ r❡❛❧ ♦✛s❤♦r❡ ❞❛ P❊❚❘❖❇❘❆❙✳

❆s ❊q✉❛çõ❡s ❊✳✶✱ ❊✳✷✱ ❊✳✸✱ ❊✳✹✱ ❊✳✺ ❡ ❊✳✻ ❝♦♥st✐t✉❡♠ ♦ ♠♦❞❡❧♦ ❞♦ s✐st❡♠❛

❞❡ ♣r♦❞✉çã♦ s❡♠ ❝♦♥tr♦❧❡✳ ❆❧é♠ ❞✐ss♦✱ ♣r❡s✉♠❡✲s❡ q✉❡ ✉♠ ❝♦♥tr♦❧❛❞♦r P■ ❡stá

❝♦♥tr♦❧❛♥❞♦ ❛s ✐♥st❛❜✐❧✐❞❛❞❡s ❞♦ ♣r♦❝❡ss♦✱ ♠❛♥✐♣✉❧❛♥❞♦ ❛ ❢r❛çã♦ ❞❡ ❛❜❡rt✉r❛ ❞❛

✈á❧✈✉❧❛ ❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦ z✳ ◆♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ ❝♦♥s✐❞❡rá✲s❡ ✉♠ ♠❡❝❛♥✐s♠♦

❞❡ ❝♦♥tr♦❧❡ ❢❡❡❞❜❛❝❦ ❡♠ três ❝❡♥ár✐♦s ❞✐❢❡r❡♥t❡s✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♣r❡ssã♦ ♥❛ ♣♦s✐çã♦

P❉● Ppdg✱ ❛ ♣r❡ssã♦ ♥❛ s❡çã♦ ❞❛ ❧✐♥❤❛ ❞❡ ✢✉①♦ Prb ❡ ❛ ♣r❡ssã♦ ♥♦ t♦♣♦ ❞♦ r✐s❡r Prt

❚❛❜❡❧❛ ❊✳✷✿ P❛râ♠❡tr♦s ❞❡ ❛❥✉st❡ ❞♦ ❋❖❲▼

P❛râ♠❡tr♦ ❱❛❧♦r
ml,still 1.9656e4

Cg 2.0551e−5

Cout 6.8920e−3

Veb 53.3003
E 0.9166
Kw 0.0347
Ka 6.6005e−4

Kr 691.2173
Vr 93.9425

✸✵✺



❝♦♠♦ ✈❛r✐á✈❡❧ ❝♦♥tr♦❧❛❞❛✱ ❝♦♥st✐t✉✐♥❞♦✱ ❡♠ ❝❛❞❛ ❝❡♥ár✐♦✱ ✉♠ s✐st❡♠❛ ❙■❙❖✳

❆ ❞✐♥â♠✐❝❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P■ é ❞❡s❝r✐t❛ ♣❡❧❛ ❊q✉❛çã♦ ❊✳✸✵✿

z(t) = zbias +Kp



(
P̂ (t)− P̂sp

)
+

1

τ

t∫

0

(
P̂ (t)− P̂sp

)
dt


 ✭❊✳✸✵✮

s❡♥❞♦✿

I =
1

τ

t∫

0

(
P̂ (t)− P̂sp

)
dt ✭❊✳✸✶✮

❞❡ss❛ ❢♦r♠❛✱ ❛ r❡s♣❡❝t✐✈❛ ❞❡r✐✈❛❞❛ é ❞❛❞❛ ♣♦r✿

dI

dt
=

1

τ

(
P̂ (t)− P̂sp

)
✭❊✳✸✷✮

❆s ❊q✉❛çõ❡s ❊✳✶✱ ❊✳✷✱ ❊✳✸✱ ❊✳✹✱ ❊✳✺✱ ❊✳✻✱ ❊✳✸✵ ❡ ❊✳✸✷ ❢♦r♠❛♠ ♦ s✐st❡♠❛ ❞❡

❖❉❊s q✉❡ ♠♦❞❡❧❛ ♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ❝♦♠ ♦ ❝♦♥tr♦❧❛❞♦r P■✱ ♦♥❞❡ zbias é ♦ ✈✐és ❞❛

❢r❛çã♦ ❞❡ ❛❜❡rt✉r❛ ❞❛ ✈á❧✈✉❧❛ ❞❡ ❡str❛♥❣✉❧❛♠❡♥t♦✱ Kp é ❛ ❝♦♥st❛♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❞♦

❝♦♥tr♦❧❛❞♦r✱ τ é ❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ✐♥t❡❣r❛❧ ❡ P̂ (t) ❡ P̂sp ❝♦rr❡s♣♦♥❞❡♠ à ♣r❡ssã♦

❝♦♥tr♦❧❛❞❛ ❡ s❡✉ s❡t✲♣♦✐♥t✳ ❖ ❝❡♥ár✐♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡t❡r♠✐♥❛ ❛ ✈❛r✐á✈❡❧ ❞❡ ♣r❡ssã♦

❝♦♥tr♦❧❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

P̂ (t) =





Cenrio1, Ppdg

Cenrio2, Prb

Cenrio3, Prt

✭❊✳✸✸✮
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❆♣ê♥❞✐❝❡ ❋

▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❡st✐♠❛çã♦ ❞❡ ❏

❈♦♥s✐❞❡r❡✲s❡ q✉❡ ✉♠❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❞❡ ❞✐♠❡♥sã♦ ❧✐♥❡❛r N ❝♦♥té♠ N2 ❡♥tr❛❞❛s

✐♥❞❡♣❡♥❞❡♥t❡s✳ P♦r ♦✉tr❛ ♣❛rt❡✱ ❛ ❡q✉❛çã♦ ✸✳✶✶✵ ✐❣✉❛❧❛ ❞✉❛s ♠❛tr✐③❡s s✐♠étr✐❝❛s ❡✱

♣♦rt❛♥t♦✱ ✐♠♣õ❡ N(N + 1)/2 r❡str✐çõ❡s ❛♦s ❡❧❡♠❡♥t♦s ❞❡ J ✳ P♦rt❛♥t♦✱ ❡♠ q✉❛❧q✉❡r

❛♣❧✐❝❛çã♦ ❝♦♠ ♠ú❧t✐♣❧❛s ✈❛r✐á✈❡✐s (N > 1)✱ ♦ s✐st❡♠❛ é s✉❜❞❡t❡r♠✐♥❛❞♦ ❞❡ t❛❧ ❢♦r♠❛

q✉❡ ♥ã♦ é ♣♦ssí✈❡❧ r❡❝✉♣❡r❛r ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛ ❝♦♠♣❧❡t❛ ❛ ♣❛rt✐r ❞❛s sér✐❡s t❡♠♣♦✲

r❛✐s ❛ ♥ã♦ s❡r q✉❡ s❡ t❡♥❤❛ ✐♥❢♦r♠❛çõ❡s ❡str✉t✉r❛✐s ❞♦ s✐st❡♠❛✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❡♠

❣r❛♥❞❡s s✐st❡♠❛s ❡s♣❛❝✐❛❧♠❡♥t❡ ❝♦♠♣❧❡①♦s ♦✉ r❡❞❡s r❛③♦❛✈❡❧♠❡♥t❡ ❡s♣❛rs❛s✱ s❛❜❡✲s❡

q✉❡ ❝❡rt❛s ✈❛r✐á✈❡✐s ♥ã♦ ♣♦❞❡♠ ✐♥t❡r❛❣✐r ❡✱ ♣♦rt❛♥t♦✱ ♦s ❡❧❡♠❡♥t♦s ❝♦rr❡s♣♦♥❞❡♥t❡s

❞❛ ❏❛❝♦❜✐❛♥❛ ❞❡✈❡♠ s❡r ③❡r♦✳ ■ss♦ r❡s✉❧t❛ ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ r❡str✐çõ❡s ❡str✉t✉✲

r❛✐s ❞❛ ❢♦r♠❛ Jij = 0 ♣❛r❛ ❝❡rt♦s ♣❛r❡s (i; j)✳ ❉❡ss❛ ❢♦r♠❛✱ s❡ ❢♦r❡♠ ✐❞❡♥t✐✜❝❛❞❛s

♣❡❧♦ ♠❡♥♦s N(N − 1)/2 ❡♥tr❛❞❛s ③❡r♦✱ ❡♥tã♦ ❛ sér✐❡ t❡♠♣♦r❛❧ ❝♦♥té♠ ✐♥❢♦r♠❛çõ❡s

s✉✜❝✐❡♥t❡s ♣❛r❛ r❡❝♦♥str✉✐r t♦❞❛s ❛s ❡♥tr❛❞❛s r❡st❛♥t❡s ❞❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛✳

❈♦♥s✐❞❡r❡✲s❡ ✉♠ ❝❛s♦ ❜✐❞✐♠❡♥s✐♦♥❛❧✱ ❛ ❊q✉❛çã♦ ✸✳✶✶✵ ♣♦❞❡ s❡r ❡①♣r❡ss❛❞❛

❝♦♠♦✿

(
J11 J12

J21 J22

)(
Γ11 Γ12

Γ21 Γ22

)
+

(
Γ11 Γ12

Γ21 Γ22

)(
J11 J21

J12 J22

)
= −2

(
D11 D12

D21 D22

)

✭❋✳✶✮

❛ q✉❛❧ r❡q✉❡r ❛s s❡❣✉✐♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛✿

2J11Γ11 + 2J12Γ12 = −2D11 ✭❋✳✷✮

J11Γ12 + J12Γ22 + J21Γ11 + J22Γ12 = −2D12 ✭❋✳✸✮

2J21Γ12 + 2J22Γ22 = −2D22 ✭❋✳✹✮

✸✵✼



❝♦♠ ❛ s❡❣✉♥❞❛ ❝♦♥❞✐çã♦ s❡ ❛♣❧✐❝❛♥❞♦ ❛ ❛♠❜♦s ♦s t❡r♠♦s ❢♦r❛ ❞❛ ❞✐❛❣♦♥❛❧✳ ❖ ❧❛❞♦

❡sq✉❡r❞♦ ❞❡ss❛s ❡q✉❛çõ❡s é ✉♠ s✐st❡♠❛ ❧✐♥❡❛r✳

Bj = −2d ✭❋✳✺✮

♦♥❞❡ B é ✉♠❛ ♠❛tr✐③✱ j é ✉♠ ✈❡t♦r ❝♦❧✉♥❛ q✉❡ ❝♦♥tê♠ ❛s ❡♥tr❛❞❛s ❞❛ ♠❛tr✐③

❏❛❝♦❜✐❛♥❛✱ ✐✳❡✳ j = (J11, J21, J12, J22)
T ❡ d é ♦ ✈❡t♦r ❝♦rr❡s♣♦♥❞❡♥t❡ ❞❡ D✳ ❆ ❊q✉❛çã♦

❋✳✺ ♣♦❞❡ s❡r ❡①♣❛♥❞✐❞❛ ❝♦♠♦✿




2Γ11 0 2Γ12 0

Γ12 Γ11 Γ22 Γ12

Γ12 Γ11 Γ22 Γ12

0 2Γ12 0 2Γ22







J11

J21

J12

J22




= −2




D11

D12

D21

D22




✭❋✳✻✮

❆ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❋✳✻ s✉❣❡r❡ q✉❡ ♣♦❞❡✲s❡ r❡s♦❧✈❡r j ♠✉❧t✐♣❧✐❝❛♥❞♦ B−1

♥❛ ❡sq✉❡r❞❛✳ ◆♦ ❡♥t❛♥t♦✱ ❞❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡ B ♥ã♦ é ✐♥✈❡rtí✈❡❧ ♣♦rq✉❡ ❛s ❞✉❛s

❧✐♥❤❛s ❝❡♥tr❛✐s sã♦ ✐❞ê♥t✐❝❛s✱ ♦ q✉❡ é ✉♠❛ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❢❛❧t❛ ❞❡ ✐♥❢♦r♠❛çã♦ ♦✉

r❡str✐çõ❡s ❡str✉t✉r❛✐s✳ ❙✉♣♦♥❤❛✲s❡ q✉❡ ❛ ✈❛r✐á✈❡❧ 1 ♥ã♦ ♣♦❞❡ ❞❡♣❡♥❞❡r ❞❛ ✈❛r✐á✈❡❧ 2

❡✱ ♣♦rt❛♥t♦✱ J12 = 0✳ ❆ ❊q✉❛çã♦ ❋✳✻ ♣♦❞❡ s❡r r❡s❝r✐t❛ ❛❞✐❝✐♦♥❛♥❞♦ ❛ r❡str✐çã♦ ❝♦♠♦

✉♠❛ ❧✐♥❤❛ ❛❞✐❝✐♦♥❛❧✱




2Γ11 0 2Γ12 0

Γ12 Γ11 Γ22 Γ12

Γ12 Γ11 Γ22 Γ12

0 2Γ12 0 2Γ22

0 0 1 0







J11

J21

J12

J22




= −2




D11

D12

D21

D22

0




✭❋✳✼✮

◆❛ ♣rát✐❝❛✱ ♥♦r♠❛❧♠❡♥t❡ ❡①✐st❡♠ r❡str✐çõ❡s ❛❞✐❝✐♦♥❛✐s ❡✱ ♣♦rt❛♥t♦✱ ♦ s✐st❡♠❛

s❡rá s♦❜r❡❞❡t❡r♠✐♥❛❞♦✳ ◆❡ss❡ ❝❛s♦✱ é ✉s❛❞❛ ❛ ♦t✐♠✐③❛çã♦ ❞❡ ♠í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❛

❡♥❝♦♥tr❛r ✉♠❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛✳ ❆ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❋✳✼ é ♠✉✐t♦ ❝♦♥✈❡♥✐❡♥t❡

♣❛r❛ ❡♥❝♦♥tr❛r ❛ s♦❧✉çã♦ ❞❡ ♠í♥✐♠♦s q✉❛❞r❛❞♦s✳

P❛r❛ ♦ ❝❛s♦ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ N ✈❛r✐á✈❡✐s✱ é ♥❡❝❡ssár✐♦ ❞❡✜♥✐r ♦ ♦♣❡r❛❞♦r

❞❡ ✈❡t♦r✐③❛çã♦

vec(X) = (X11, X21,...,XN1, X12,...)
T ✭❋✳✽✮

❉❡ss❛ ❢♦r♠❛ ❛ ❡q✉❛çã♦ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

Bvec(J) = −2vec(D) ✭❋✳✾✮

✸✵✽



♦✉ s❡❥❛✱ ❛ ✈❡t♦r✐③❛çã♦ ❞❡ ✉♠❛ ♠❛tr✐③ sã♦ ❛s ❝♦❧✉♥❛s ❞❛ ♠❛tr✐③ ❡♠♣✐❧❤❛❞❛s ✉♠❛s

s♦❜r❡ ❛s ♦✉tr❛s✳ P❛r❛ ❡♥❝♦♥tr❛r ❛ ❢♦r♠❛ ❣❡r❛❧ ❞❡ B✱ sã♦ ✈❡t♦r✐③❛❞♦s ❛♠❜♦s ❧❛❞♦s ❞❛

❊q✉❛çã♦ ✸✳✶✶✵✱ ♦ q✉❡ ♣r♦❞✉③

vec(JΓ + ΓJT ) = vec(−2D) ✭❋✳✶✵✮

❈♦♠♦ ❛ ✈❡t♦r✐③❛çã♦ é ✉♠ ♦♣❡r❛❞♦r ❧✐♥❡❛r✱ ♣♦❞❡♠♦s ❡①tr❛✐r −2 ❞❛ ✈❡t♦r✐③❛✲

çã♦ ♥♦ ❧❛❞♦ ❞✐r❡✐t♦ ❡ ❛♣❧✐❝❛r ❛ ✈❡t♦r✐③❛çã♦ s❡♣❛r❛❞❛♠❡♥t❡ ❛♦s ❞♦✐s t❡r♠♦s ♥♦ ❧❛❞♦

❡sq✉❡r❞♦✱ ♣♦rt❛♥t♦

vec(JΓ) + vec(ΓJT ) = −2vec(D) ✭❋✳✶✶✮

❈♦♥s✐❞❡r❡✲s❡ ❛ ✐❞❡♥t✐❞❛❞❡✿

vec(XY Z) =
(
ZT ⊗X

)
vec(Y ) ✭❋✳✶✷✮

♦♥❞❡ ⊗ é ♦ ♣r♦❞✉t♦ ♠❛tr✐❝✐❛❧ ❑r♦♥❡❝❦❡r ❞❡✜♥✐❞♦ ♣♦r

X ⊗ Y =




X11Y X12Y · · ·
X21Y X22Y · · ·

✳✳✳
✳✳✳ ✳ ✳ ✳


 ✭❋✳✶✸✮

❙✉❜st✐t✉✐♥❞♦ Y = J ✱ Z = Γ ❡ X = I✱ ♦♥❞❡ I é ❛ ♠❛tr✐③ ✐❞❡♥t✐❞❛❞❡ ❞❡✳ ■ss♦

♣r♦❞✉③

vec(JΓ) = vec(IJΓ) = (Γ⊗ I) vec(J) ✭❋✳✶✹✮

q✉❡ tr❛③ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❊q✉❛çã♦ ❋✳✶✶✳ ❆♣❧✐❝❛♥❞♦ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛

♦ s❡❣✉♥❞♦ t❡r♠♦✱

vec(ΓJT ) = vec(ΓJT I) = (I ⊗ Γ) vec(JT ) ✭❋✳✶✺✮

q✉❡ ♥ã♦ é ❡①❛t❛♠❡♥t❡ ❛ ❢♦r♠❛ ❞❡s❡❥❛❞❛ ♣♦rq✉❡ ❛ ✈❡t♦r✐③❛çã♦ ❞❛ tr❛♥s♣♦st❛ ❞❡ J

❛♣❛r❡❝❡ ❡♠ ✈❡③ ❞❛ ✈❡t♦r✐③❛çã♦ ❞❡ J ❡♠ s✐✳ ❆ ✈❡t♦r✐③❛çã♦ ❞❡ ✉♠❛ ♠❛tr✐③ ❡ ❛ ✈❡t♦r✐✲

③❛çã♦ ❞❡ s✉❛ tr❛♥s♣♦st❛ ♥ã♦ sã♦ ✐❞ê♥t✐❝❛s✳ ❈♦♥s✐❞❡r❡ q✉❡ ♣❛r❛ ♦ ❝❛s♦ ❜✐❞✐♠❡♥s✐♦♥❛❧

❛s ❞✉❛s ✈❡t♦r✐③❛çõ❡s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ♣♦r

✸✵✾



vec(JT ) =




J11

J12

J21

J22




= C




J11

J21

J12

J22




= Cvec(J) ✭❋✳✶✻✮

❡♠ q✉❡

C =




1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1




✭❋✳✶✼✮

é ✉♠❛ ♠❛tr✐③ ❞❡ ♣❡r♠✉t❛çã♦✳ ◆♦ ❝❛s♦ ❣❡r❛❧✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r✿

vec(JT ) = Cvec(J) ✭❋✳✶✽✮

❡♠ q✉❡ C é ❛❣♦r❛ ✉♠❛ ♠❛tr✐③ ❞❡ ♣❡r♠✉t❛çã♦ ❞❡ t❛♠❛♥❤♦ N2N2✱ ♣♦❞❡✲s❡ ❝♦♥str✉✐r

❡st❛ ♠❛tr✐③ ❛ ♣❛rt✐r ❞❡ ❜❧♦❝♦s ❞❡ t❛♠❛♥❤♦ NN ❝♦♠♦

C =




C11 C12 · · ·
C21 C22 · · ·
✳✳✳

✳✳✳ ✳ ✳ ✳


 ✭❋✳✶✾✮

❡♠ q✉❡✱ Cnm é ✉♠❛ ♠❛tr✐③ NN ❞❡✜♥✐❞❛ ♣♦r

(Cnm)ij = δimδnj ✭❋✳✷✵✮

❡♠ q✉❡ δ é ♦ ❞❡❧t❛ ❑r♦♥❡❝❦❡r✳

❯s❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ ❝♦♠✉t❛çã♦ ❛ ❡q✉❛çã♦ ❋✳✶✺ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

vec(ΓJT ) = (I ⊗ Γ) vec(JT ) = (I ⊗ Γ)Cvec(J) ✭❋✳✷✶✮

❙✉❜st✐t✉✐♥❞♦ ❡st❛ r❡❧❛çã♦ ♥❛s ❊q✉❛çõ❡s ❋✳✶✹ ❡ ❋✳✶✶ ✱ ♦❜tê♠✲s❡✿




((Γ⊗ I) + (I ⊗ Γ)C)︸ ︷︷ ︸ vec(J)︸ ︷︷ ︸
B j

= −2
vec(D)︸ ︷︷ ︸

d
✭❋✳✷✷✮

❡st❡ s✐st❡♠❛ ✭Bj = −2d✮ ❛✐♥❞❛ ❡stá s✉❜❞❡t❡r♠✐♥❛❞♦✳ ❆s r❡str✐çõ❡s ❡str✉t✉r❛✐s ❞❡✲

✈❡♠ s❡r r❡♣r❡s❡♥t❛❞❛s ♥❛ ♠❛tr✐③ U ✳ P❛r❛ ❡st❡ ♣r♦♣ós✐t♦✱ sã♦ r❡✉♥✐❞♦s ♦s r❡s♣❡❝t✐✈♦s

❡❧❡♠❡♥t♦s ❞❡ j ❡♠ ✉♠❛ ❧✐st❛ ♦r❞❡♥❛❞❛ U ❡✱ ❡♠ s❡❣✉✐❞❛✱ ❞❡✜♥✐r U ❝♦♠♦ ✉♠❛ ♠❛tr✐③

✸✶✵



|U|xN ❝♦♠

Unm =




1 Se jnm não é entrada de U
0 em outro caso

✭❋✳✷✸✮

❈❛❞❛ ❧✐♥❤❛ ❞❡ss❛ ♠❛tr✐③ r❡♣r❡s❡♥t❛ ✉♠❛ ❞❛s r❡str✐çõ❡s ❛ ✐♠♣♦r✳ ❆ss✐♠✱ ❛ ❡①♣r❡ssã♦

r❡s✉❧t❛♥t❡ é✿

(
B

U

)
j = −2

(
d

0

)
✭❋✳✷✹✮

❡♠ q✉❡ 0 é ✉♠ ✈❡t♦r ❝♦❧✉♥❛ ❝♦♥t❡♥❞♦ ③❡r♦s |U|✳ ❖ () q✉❡ ❛♣❛r❡❝❡ ♥❡st❛ ❡q✉❛çã♦

❞❡✈❡ s❡r ❧✐❞♦ ❝♦♠♦ ✉♠❛ ♥♦t❛çã♦ ❡♠ ❜❧♦❝♦ ♣❛r❛ ♠❛tr✐③❡s ✴ ✈❡t♦r❡s✱ ♦♥❞❡ ❛s ❧✐♥❤❛s

sã♦ ❡♠♣✐❧❤❛❞❛s ✉♠❛s s♦❜r❡ ❛s ♦✉tr❛s✳ ❙❡❥❛

B̂ =

(
B

U

)
; d̂ = −2

(
d

0

)
✭❋✳✷✺✮

❆ ❡q✉❛çã♦ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

B̂j = d̂ ✭❋✳✷✻✮

◆❛ ♣rát✐❝❛✱ ❡st❡ s❡rá ❛❣♦r❛ ✉♠ s✐st❡♠❛ s♦❜r❡❞❡t❡r♠✐♥❛❞♦✱ ❞❡ ❢♦r♠❛ q✉❡ ♥❡✲

♥❤✉♠❛ s♦❧✉çã♦ ❡①❛t❛ ❡①✐st❡✳ ◆♦ ❡♥t❛♥t♦✱ ❡♥❝♦♥tr❛r ✉♠❛ ❛♣r♦①✐♠❛çã♦ q✉❡ ♠✐♥✐♠✐③❡

♦s q✉❛❞r❛❞♦s ❞♦s ❞❡s✈✐♦s ❡♠ ❝❛❞❛ ❧✐♥❤❛ é ✉♠ ♣r♦❜❧❡♠❛ ❜❡♠ ❝♦♥❤❡❝✐❞♦✳ ❆ s♦❧✉çã♦

❝♦♥❤❡❝✐❞❛ ♣❛r❛ ❡st❡ ♣r♦❜❧❡♠❛ é✿

j =
(
B̂TB

)−1

B̂T d̂ ✭❋✳✷✼✮

❡♠ q✉❡ ❛ ❡①♣r❡ssã♦
(
B̂TB

)−1

B̂T é ❛ ♣s❡✉❞♦✲✐♥✈❡rs❛ ❞❡ B̂✳

✸✶✶
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