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❆ ❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛ ❡ ❛ ❯♥✐✈❡rs✐❞❛❞❡ ◆♦✈❛ ❞❡ ▲✐s❜♦❛ t❡♠ ♦ ❞✐r❡✐t♦✱ ♣❡r♣é✲

t✉♦ ❡ s❡♠ ❧✐♠✐t❡s ❣❡♦❣rá✜❝♦s✱ ❞❡ ❛rq✉✐✈❛r ❡ ♣✉❜❧✐❝❛r ❡st❛ ❞✐ss❡rt❛çã♦ ❛tr❛✈és ❞❡ ❡①❡♠♣❧❛r❡s

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

❝✐❞♦ ♦✉ q✉❡ ✈❡♥❤❛ ❛ s❡r ✐♥✈❡♥t❛❞♦✱ ❡ ❞❡ ❛ ❞✐✈✉❧❣❛r ❛tr❛✈és ❞❡ r❡♣♦s✐tór✐♦s ❝✐❡♥tí✜❝♦s ❡

❞❡ ❛❞♠✐t✐r ❛ s✉❛ ❝ó♣✐❛ ❡ ❞✐str✐❜✉✐çã♦ ❝♦♠ ♦❜❥❡t✐✈♦s ❡❞✉❝❛❝✐♦♥❛✐s ♦✉ ❞❡ ✐♥✈❡st✐❣❛çã♦✱ ♥ã♦

❝♦♠❡r❝✐❛✐s✱ ❞❡s❞❡ q✉❡ s❡❥❛ ❞❛❞♦ ❝ré❞✐t♦ ❛♦ ❛✉t♦r ❡ ❡❞✐t♦r✳





❆❣r❛❞❡❝✐♠❡♥t♦s

❊♠ ♣r✐♠❡✐r♦ ❧✉❣❛r q✉❡r♦ ❛❣r❛❞❡❝❡r ♣r♦❢✉♥❞❛♠❡♥t❡ à ♣❡ss♦❛ q✉❡ ♠❛✐s ❝♦♥tr✐❜✉✐✉ ♣❛r❛ ❛

r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ♦ Pr♦❢❡ss♦r ▼ár✐♦ ❱✐❝❡♥t❡ ❞❛ ❙✐❧✈❛✱ ♠❡✉ ♦r✐❡♥t❛❞♦r ❝✐❡♥tí✜❝♦✳

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

♣❛❝✐ê♥❝✐❛ ❞❡♠♦♥str❛❞❛ ❛♦ ❧♦♥❣♦ ❞❛ r❡❛❧✐③❛çã♦ ❞❡st❛ ❉✐ss❡rt❛çã♦✳ ❆❝✐♠❛ ❞❡ t✉❞♦ ❛❣r❛❞❡ç♦

❛ s✉❛ ❛♠✐③❛❞❡✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦ ❊♥❣❡♥❤❡✐r♦ ◆✉♥♦ ❉❡✉s❞❛❞♦ ♣❡❧❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❛♣r❡s❡♥t❛❞❛ ❡♠

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

❞❡st❡ tr❛❜❛❧❤♦✳ ❆ t♦❞♦s ♦s ♣r♦❢❡ss♦r❡s ❞♦ ❞❡♣❛rt❛♠❡♥t♦ ❞❡ ❡♥❣❡♥❤❛r✐❛ ❝✐✈✐❧ ❞❛ ❋❈❚✲❯◆▲✱

❝♦♠ q✉❡♠ t✐✈❡ ❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ❛♣r❡♥❞❡r ❡ ❞❡ ♠❡ ❞❡s❡♥✈♦❧✈❡r✱ ♥ã♦ só ❝♦♠♦ ♣r♦✜ss✐♦♥❛❧

♠❛s t❛♠❜é♠ ❝♦♠♦ ♣❡ss♦❛✱ ❡ ❝♦♠ ♦s q✉❛✐s ♠❡ ♦r❣✉❧❤♦ ❞❡ t❡r tr❛❜❛❧❤❛❞♦✳ P♦r t♦❞❛ ❛ ❛❥✉❞❛

❡ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡✱ ♦❜r✐❣❛❞♦ ❛♦ Pr♦❢❡ss♦r ❆r♠❛♥❞♦ ❆♥tã♦✳

❯♠ ♦❜r✐❣❛❞♦ ❡s♣❡❝✐❛❧ à ❉r✳ ▼❛r✐❛ ❞♦ ❘♦sár✐♦ ❉✉❛rt❡ ❡ à ❉r✳ ❆♥❛ ❘♦①♦ ♣❡❧❛ ❛❥✉❞❛ ♥❛s

❝♦rr❡çõ❡s ❜✐❜❧✐♦❣rá✜❝❛s ❡ ♣❡❧❛s ♣❛❧❛✈r❛s ❞❡ ❝♦♥❢♦rt♦ ❡ ❞❡ ♠♦t✐✈❛çã♦ ❝♦♥st❛♥t❡s ❛♦ ❧♦♥❣♦

❞❛s ♥♦ss❛s ❝♦♥✈❡rs❛s✱ ❝✉rt❛s✱ ♠❛s ❜❛st❛♥t❡ r❡❝♦♥❢♦rt❛♥t❡s✳

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ♣❛✐s✱ à ♠✐♥❤❛ ❛✈ó ❡ à ♠✐♥❤❛ ✐r♠ã ❡♠ ♣❛rt✐❝✉❧❛r✱ ♣❡❧❛s ♣❛❧❛✈r❛s ❞❡

✐♥❝❡♥t✐✈♦ ❡ ♣♦r t♦❞♦s ♦s ❝♦♥❝❡❧❤♦s✳ ➚ ❈❧á✉❞✐❛ ✉♠ ♦❜r✐❣❛❞♦ ❡s♣❡❝✐❛❧ ♣❡❧♦ ❛♣♦✐♦ ❡ ❝♦♥✜✲

❛♥ç❛ q✉❡ s❡♠♣r❡ ♠❡ tr❛♥s♠✐t✐✉✳ ➚ s✉❛ ❡♥♦r♠❡ ♣❛❝✐ê♥❝✐❛ ❡ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ q✉❡ s❡♠♣r❡

❞❡♠♦♥str♦✉ ♣❛r❛ ❝♦♠✐❣♦ ❛♦ ❧♦♥❣♦ ❞❡st❡ ♣❡r❝✉rs♦✳

P♦r ú❧t✐♠♦ ♠❛s ♥ã♦ ♠❡♥♦s ✐♠♣♦rt❛♥t❡✱ ❛♦s ♠❡✉s ❛♠✐❣♦s✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦s q✉❡ ♣❛rt✐❧❤❛r❛♠✱

❛ ♣❛r ❞♦s s❡✉s ♣ró♣r✐♦s tr❛❜❛❧❤♦s✱ ❡st❛ ❡①♣❡r✐ê♥❝✐❛ ❝♦♠✐❣♦✳ P❡❧♦ ❛♣♦✐♦ q✉❡ ♠❡ ❞❡r❛♠

❡♠ t♦❞♦ ♦ ♣❡r❝✉rs♦✱ ♣♦r t♦❞♦s ♦s ♠♦♠❡♥t♦s ❞❡ ❤✉♠♦r✱ ❜♦❛ ❞✐s♣♦s✐çã♦ ❡ s♦❜r❡t✉❞♦ ♣❡❧❛

❛♠✐③❛❞❡ q✉❡ s❡♠♣r❡ ❞❡♠♦♥str❛r❛♠✳

❆q✉✐ ❞❡✐①♦ ♦ ♠❡✉ ❛❣r❛❞❡❝✐♠❡♥t♦ s✐♠♣❧❡s✱ ♠❛s s✐♥❝❡r♦✳
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❘❡s✉♠♦

◆❡st❡ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈❡✲s❡✱ ✐♠♣❧❡♠❡♥t❛✲s❡ ❡ ✈❛❧✐❞❛✲s❡ ✉♠❛ té❝♥✐❝❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣✲

t❛t✐✈♦ ❞❡ ♠❛❧❤❛ ❛♣❧✐❝❛❞❛ ❛ ✉♠ ♠♦❞❡❧♦ ✈❛r✐❛❝✐♦♥❛❧ ❞❡ ❢r❛t✉r❛✱ ❝❛♣❛③ ❞❡ ❝❛r❛❝t❡r✐③❛r ❡✜✲

❝❛③♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❧✐♥❡❛r✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❞❡ ●r✐✣t❤✱ ❝♦♥s✐❞❡r❛✲s❡ ❝♦♠♦ ♣r✐♥❝í♣✐♦ ✈❛r✐❛❝✐♦♥❛❧ ❜❛s❡ ❛ ✐♥t❡r✲

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

❝♦♥✜❣✉r❛çã♦ q✉❡ ♠✐♥✐♠✐③❛ ❛ ❡♥❡r❣✐❛ ❣❧♦❜❛❧ ❞♦ s✐st❡♠❛ ♠❡❝â♥✐❝♦✳ ❘❡❝♦rr❡✲s❡ ❛♦ ♠ét♦❞♦

❞❡♥♦♠✐♥❛❞♦ ♣♦r ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs ✭❆❉▼▼✮ ♥❛ ♥♦♠❡♥❝❧❛t✉r❛

❛♥❣❧♦✲s❛①ó♥✐❝❛✱ ❝♦♠♦ ❛❧❣♦r✐t♠♦ ❞❡ r❡s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❢✉♥❞❛♠❡♥t❛❧✳ ❆

❡✜❝á❝✐❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ♠ét♦❞♦ ❛❞❛♣t❛t✐✈♦ ♣r♦♣♦st♦ r❡s✉❧t❛ ❞❛ ❝♦♥❥✉❣❛çã♦ ❞❡ ❤✐♣ót❡s❡s

s✐♠♣❧✐✜❝❛t✐✈❛s ❞❡ ❛♥á❧✐s❡s ❡s♣❡❝í✜❝❛s✱ r❡❧❛t✐✈❛s à ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ♣❡r♠✐t✐♥❞♦

r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ s❡♠ ♣❡r❞❛ ❞❡ ♣r❡❝✐sã♦ ❡✱ s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ✉t✐❧✐③❛r

té❝♥✐❝❛s ❡ ❛❜♦r❞❛❣❡♥s ❞✐❢❡r❡♥❝✐❛❞♦r❛s✳ ❖s ❡①❡♠♣❧♦s ❞❡ ❛♣❧✐❝❛çã♦ ♠♦str❛♠ q✉❡ ❛ té❝♥✐❝❛

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

❡♠ ❜✐❜❧✐♦❣r❛✜❛✳ ❈♦♥t✉❞♦✱ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥♦✈❛çã♦ ❞♦ ♠ét♦❞♦ ✐♠♣❧❡♠❡♥t❛❞♦ r❡✈❡❧❛ q✉❡

❡st❛ ♥ã♦ é ✉♠❛ ár❡❛ ❞❡ ✐♥✈❡st✐❣❛çã♦ q✉❡ s❡ ♣♦ss❛ ❝♦♥s✐❞❡r❛r ❝♦♠♦ ❝♦♥❝❧✉í❞❛✱ ❤❛✈❡♥❞♦ ❛✐♥❞❛

q✉❡ ❡①♣❧♦r❛r s♦❧✉çõ❡s ❛❧t❡r♥❛t✐✈❛s ♣❡r♠✐t✐♥❞♦ ✉❧tr❛♣❛ss❛r ❛s ❧✐♠✐t❛çõ❡s ❡①✐st❡♥t❡s✳

P❛❧❛✈r❛s ❝❤❛✈❡✿

❼ ❋r❛t✉r❛ ❡❧ást✐❝❛ ❧✐♥❡❛r

❼ ❚❡♦r✐❛ ❞❡ ●r✐✣t❤

❼ ❖t✐♠✐③❛çã♦ ✭♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛✮

❼ ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs

❼ ▼ét♦❞♦ ❞♦s ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s

❼ ❘❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡ ♠❛❧❤❛

✐✐✐



✐✈



❆❜str❛❝t

■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ ✐s ❞❡✈❡❧♦♣❡❞✱ ✐♠♣❧❡♠❡♥t❡❞ ❛♥❞ ✈❛❧✐❞❛t❡❞ ❛♥ ❛❞❛♣t✐✈❡ ♠❡s❤ r❡✜♥❡♠❡♥t

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

❜❡❤❛✈✐♦r ♦❢ ❢r❛❝t✉r❡ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❧✐♥❡❛r ❡❧❛st✐❝✐t② ❝♦♥❞✐t✐♦♥s✳ ❆❝❝♦r❞✐♥❣ t♦ ●r✐✣t❤✬s t❤❡✲

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

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

♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ s②st❡♠✳ ❋♦r ✐ts r❡s♦❧✉t✐♦♥ ✐t ✐s ✉s❡❞ ❛ ♠❡t❤♦❞ ❦♥♦✇♥ ❛s ❆❧t❡r♥❛t✐♥❣

❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs ✭❆❉▼▼✮✱ ❛s ❛ r❡s♦❧✉t✐♦♥ ❛❧❣♦r✐t❤♠ ♦❢ ❢✉♥❞❛♠❡♥t❛❧ ♠✐♥✐✲

♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛❞❛♣t✐✈❡ ♠❡t❤♦❞ r❡s✉❧ts

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

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

s✐♠✉❧t❛♥❡♦✉s❧②✱ ✉s❡ ♦❢ ❞✐✛❡r❡♥t✐❛❧ t❡❝❤♥✐q✉❡s ❛♥❞ ❛♣♣r♦❛❝❤❡s✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❡①❛♠♣❧❡s

r❡✈❡❛❧ t❤❛t t❤❡ t❡❝❤♥✐q✉❡ ❞❡✈❡❧♦♣❡❞ ❧❡❛❞s t♦ s✐♠✐❧❛r r❡s✉❧ts t♦ t❤♦s❡ ♦❜t❛✐♥❡❞ ❜② ❞✐✛❡r❡♥t

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

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

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

❧✐♠✐t❛t✐♦♥s✳

❑❡②✇♦r❞s✿

❼ ▲✐♥❡❛r ❊❧❛st✐❝ ❋r❛❝t✉r❡

❼ ●r✐✣t❤✬s t❤❡♦r②

❼ ❖♣t✐♠✐③❛t✐♦♥ ✭▼❛t❤❡♠❛t✐❝❛❧ Pr♦❣r❛♠♠✐♥❣✮

❼ ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs

❼ ❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞

❼ ❆❞❛♣t✐✈❡ ♠❡s❤ r❡✜♥❡♠❡♥t

✈



✈✐



▲✐st❛ ❞❡ ❛❜r❡✈✐❛t✉r❛s✱ sí♠❜♦❧♦s ❡

♦♣❡r❛❞♦r❡s

❆♣r❡s❡♥t❛✲s❡ ✉♠❛ ❧✐st❛ ❞❡ ❛❜r❡✈✐❛t✉r❛s✱ sí♠❜♦❧♦s ❡ ♦♣❡r❛❞♦r❡s✳ ◗✉❛❧q✉❡r ❞❡st❡s ❡❧❡♠❡♥t♦s

♥ã♦ ✐❞❡♥t✐✜❝❛❞♦ ♥❡st❛ ❧✐st❛ ❡♥❝♦♥tr❛✲s❡ ❞❡✜♥✐❞♦ ♥❛ ③♦♥❛ ❞♦ t❡①t♦ ♦♥❞❡ é r❡❢❡r✐❞♦ ♣❡❧❛ ♣r✐✲

♠❡✐r❛ ✈❡③✳

❆❜r❡✈✐❛t✉r❛s

❆❉❆▲ ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ❆✉❣♠❡♥t❡❞ ▲❛❣r❛♥❣✐❛♥

❆❉▼▼ ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs

❆❘ r❛③ã♦ ❞❡ ❛s♣❡t♦ ✭❛s♣❡❝t r❛t✐♦✮

▼❊❋ ▼ét♦❞♦ ❞♦s ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s

▼❯▼P❙ ❛▼❯❧t✐❢r♦♥t❛❧ ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ s♣❛rs❡ ❞✐r❡❝t ❙♦❧✈❡r

◆●▲ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡

◆■♥❝r ♥ú♠❡r♦ t♦t❛❧ ❞❡ ✐♥❝r❡♠❡♥t♦s

◆■t❡r ♥ú♠❡r♦ t♦t❛❧ ❞❡ ✐t❡r❛çõ❡s

❚♦❧ t♦❧❡râ♥❝✐❛

❳❋❊▼ ❡❳t❡♥❞❡❞ ❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞

❙í♠❜♦❧♦s

a ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❢❡♥❞❛

ac ❝♦♠♣r✐♠❡♥t♦ ❝rít✐❝♦ ❞❡ ❢❡♥❞❛

A ♠❛tr✐③ ❞❡ r♦t❛çã♦ ❞♦ s✐st❡♠❛

B ♠❛tr✐③ ✐❞❡♥t✐❞❛❞❡

BN ♠❛tr✐③ ❝♦♠ ❛s ❞❡r✐✈❛❞❛s ♣❛r❝✐❛✐s ❞❛s ❢✉♥çõ❡s ❞❡ ✐♥t❡r♣♦❧❛çã♦

Csp ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ t❡♥❞♦ ❡♠ ❝♦♥t❛ ❞❡❢♦r♠❛çã♦ ♣♦r ♣❧❛st✐❝✐❞❛❞❡ ♥ã♦ ❞❡s♣r❡③á✈❡❧

d ❞❡s❧♦❝❛♠❡♥t♦ ♥♦❞❛❧ ❣❧♦❜❛❧

D ♠❛tr✐③ ❡❧ást✐❝❛ ♥♦ ❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sã♦

✈✐✐



✈✐✐✐

DG ❡♥❡r❣✐❛ s✉♣❡r✜❝✐❛❧ ❞❡ ❢r❛t✉r❛
−→e ij ✈❡rs♦r ✉♥✐tár✐♦

E ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡

E ✈❡t♦r ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧

E❡ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ ♥♦ ❡❧❡♠❡♥t♦ ❝rít✐❝♦

E❡❧ást✐❝❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♥♦ ✐♥❝r❡♠❡♥t♦

fb ❢♦rç❛s ❞❡ s✉♣❡r❢í❝✐❡

ft ❢♦rç❛s ❞✐str✐❜✉í❞❛s ♥❛ ❢r♦♥t❡✐r❛

F ✈❡t♦r ❞❛s ❢♦rç❛s ♥♦❞❛✐s

F ❢♦rç❛ ❞❡ r❡❛çã♦ ♥♦❞❛❧

FL ❢♦rç❛ ❞❡ ❧✐♠✐t❡ ❞❡ ❝❡❞ê♥❝✐❛

g ❝❡♥tr♦ ❞❡ ❣r❛✈✐❞❛❞❡ ❞♦ ❡❧❡♠❡♥t♦

G ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛

Gc ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛

h ❞✐♠❡♥sã♦ ❞❡ ♠❛❧❤❛

h❛✈❣ ❞✐♠❡♥sã♦ ♠é❞✐❛ ❞❛ ♠❛❧❤❛ ♦r✐❣✐♥❛❧

h♠❡❞ ❞✐♠❡♥sã♦ ♠é❞✐❛ ❞❛ ♠❛❧❤❛ ♣❛r❛ r❡✜♥❛♠❡♥t♦ ❤

h♠✐♥ ❞✐♠❡♥sã♦ ♠í♥✐♠❛ ❞❛ ♠❛❧❤❛

I ♠❛tr✐③ ✐❞❡♥t✐❞❛❞❡

J ❥♦✉❧❡

k ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❡❧❡♠❡♥t❛r

k ✐t❡r❛çõ❡s

K ❢❛t♦r ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞❡ t❡♥sã♦

K ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧

Ke ♠❛tr✐③ ❞❡ r✐❣✐❞❡③

l ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛

L ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❢r♦♥t❡✐r❛

L ❢✉♥çã♦ ❞❡ ❢♦r♠❛

L ♠❛tr✐③ tr✐❛♥❣✉❧❛r ✐♥❢❡r✐♦r ❞❛ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧

L❚♦t❛❧ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞❡ ❢❡♥❞❛ ♥✉♠ ✐♥❝r❡♠❡♥t♦

m ♠❡tr♦

N ❢✉♥çã♦ ❞❡ ❢♦r♠❛

pe ♣❛râ♠❡tr♦ ❞❡ ❡♥❡r❣✐❛ ❡❧❡♠❡♥t❛r
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ph ♣❛râ♠❡tr♦ ❞❡ ❞✐♠❡♥sã♦ ♠❛❧❤❛

q ❞❡s❧♦❝❛♠❡♥t♦ ♥♦❞❛❧ ❧♦❝❛❧

q ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛

r rá❝✐♦ ❞❡ ♣r♦♣❛❣❛çã♦

rd r❡sí❞✉♦ ❞✉❛❧

rp r❡sí❞✉♦ ♣r✐♠❛❧

R ♠❛tr✐③ ❞❡ r♦t❛çã♦ ❞♦ s✐st❡♠❛

R r❡s✉❧t❛♥t❡ ❞❛s t❡♥sõ❡s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s

Re rá❝✐♦ ❡♥❡r❣ét✐❝♦ ❡❧❡♠❡♥t❛r

Re ♠❛tr✐③ ❧♦❝❛❧ ❞❡ r♦t❛çã♦ ❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r

R ❝♦♥❥✉♥t♦ ❞♦s ♥ú♠❡r♦s r❡❛✐s

S ár❡❛ ❞❡ s✉♣❡r❢í❝✐❡

t ❝♦♦r❞❡♥❛❞❛s ❞♦ ♣♦♥t♦ ❞❡ ❢r♦♥t❡✐r❛

u ✈❡t♦r ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s

u ✈❡t♦r ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s

u ❝♦♦r❞❡♥❛❞❛s ❞♦ ♣♦♥t♦ ❞❡ ❢r♦♥t❡✐r❛

U ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞❡ ❞❡❢♦r♠❛çã♦

v ❝♦♦r❞❡♥❛❞❛s ❞♦ ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛

v❝rít✐❝♦ ❞❡✜♥✐çã♦ ❞♦ ✈❛❧♦r ❧✐♠✐t❡ ❞❛ ③♦♥❛ ❝rít✐❝❛

V ✈♦❧✉♠❡ ❞♦ ❝♦r♣♦

V❚♦t❛❧ ✈♦❧✉♠❡ t♦t❛❧ ❞♦ ❝♦r♣♦

W tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♣❡❧❛s ❢♦rç❛s ❡①t❡r✐♦r❡s

x ✈❡t♦r ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❣❧♦❜❛✐s

y ✈❛r✐á✈❡❧ ❞✉❛❧

z ✈❡t♦r ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❧♦❝❛✐s

▲❡tr❛s ●r❡❣❛s

α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ❞❡ ♣r♦❝✉r❛ ❞❛ ♠❛❧❤❛ ❛♥t✐❣❛

α â♥❣✉❧♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦

γp ❡♥❡r❣✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛

γs ❡♥❡r❣✐❛ ❞❡ t❡♥sã♦ s✉♣❡r✜❝✐❛❧

Γ ❢r♦♥t❡✐r❛ ❞♦ ❝♦r♣♦

Γc r❡❣✐ã♦ ❞❛s s✉♣❡r❢í❝✐❡s ❞❡ ❢r❛t✉r❛

Γe ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r
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Γt ❢r♦♥t❡✐r❛ ❡stát✐❝❛

Γµ ❢r♦♥t❡✐r❛ ❝✐♥❡♠át✐❝❛

ǫ ❡rr♦

ǫdual ❡rr♦ ❞✉❛❧

ǫprimal ❡rr♦ ♣r✐♠❛❧

θ â♥❣✉❧♦ ❞❡ ❢r❛t✉r❛

λ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ▲❛❣r❛♥❣❡

ν ❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥

Π ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦

Π❚♦t❛❧ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ t♦t❛❧

ρ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡

σ t❡♥sã♦

σI t❡♥sã♦ ♣r✐♥❝✐♣❛❧ ♠á①✐♠❛

σII t❡♥sã♦ ♣r✐♥❝✐♣❛❧ ♠í♥✐♠❛

σc t❡♥sã♦ ❝rít✐❝❛

ϕ ❡❧❡♠❡♥t♦ ♣❡rt❡♥❝❡♥t❡ ❛♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛

ω ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛

Ω ❞♦♠í♥✐♦ ❞♦ ❝♦r♣♦

❖♣❡r❛❞♦r❡s ❊s♣❡❝✐❛✐s

✭ ✮T ♠❛tr✐③ ✭✈❡t♦r✮ tr❛♥s♣♦st❛ ✭tr❛♥s♣♦st♦✮
t✭ ✮ ♣❛r❝❡❧❛ r❡❧❛t✐✈❛ ❛♦ t❡♠♣♦

˙✭ ✮ ❞❡r✐✈❛❞❛ ♣❛r❝✐❛❧ ❡♠ ♦r❞❡♠ à ✈❛r✐á✈❡❧ t❡♠♣♦

⑤ ⑤ ♠ó❞✉❧♦ ❞❡ ✉♠ ✈❡t♦r

∆✭ ✮ ✈❛r✐❛çã♦ ✐♥❝r❡♠❡♥t❛❧✲✐t❡r❛t✐✈❛

∂✭ ✮ ✈❛r✐❛çã♦ ✈✐rt✉❛❧

✭ ✮i ❡♠ ♦r❞❡♠ ❛ i



❈♦♥t❡ú❞♦

❆❣r❛❞❡❝✐♠❡♥t♦s ✐

❘❡s✉♠♦ ✐✐✐

❆❜str❛❝t ✈

▲✐st❛ ❞❡ ❛❜r❡✈✐❛t✉r❛s✱ s✐❣❧❛s ❡ sí♠❜♦❧♦s ✈✐✐

▲✐st❛ ❞❡ ❋✐❣✉r❛s ①✈✐✐

▲✐st❛ ❞❡ ❚❛❜❡❧❛s ①✐①

✶ ■♥tr♦❞✉çã♦ ✶
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✲ ♣r♦♣❛❣❛çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r❀ ✈❡r♠❡❧❤♦ ❛ ❝❤❡✐♦ ✲ ♣r♦♣❛❣❛çã♦ ❛♦ ❧♦♥❣♦ ❞❛s
❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✺✳✷ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❝♦♠ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✺✳✸ ▼♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r✿ ✭❛✮ ♠♦❞♦ ❞❡ ✶
❞✐✈✐sã♦❀ ✭❜✮ ♠♦❞♦ ❞❡ ✷ ❞✐✈✐sõ❡s❀ ✭❝✮ ♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✺✳✹ ❊sq✉❡♠❛ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦✿ ✭❛✮ ♠❛❧❤❛ t✐♣♦❀ ✭❜✮ ✐♥tr♦❞✉çã♦
❞❡ ♥ós ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠ ❞♦s ♣r♦❝❡ss♦s ❞❡ r❡✜♥❛♠❡♥t♦❀ ✭❝✮ ❛♣❧✐❝❛çã♦ ❞♦s
♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✺✳✺ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ r❡❢❡r❡♥t❡ à ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ✳ ✳ ✳ ✹✶

✺✳✻ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ✉♠ ♣♦ssí✈❡❧ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✿
✭❛✮ ❝❛♠✐♥❤♦ ♣♦ssí✈❡❧ ✭❧✐♥❤❛ ❛ ♥❡❣r♦✮❀ ✭❜✮ ❝❛♠✐♥❤♦ t♦t❛❧ ✭❧✐♥❤❛ ❛ ✈❡r♠❡❧❤♦✮ ✳ ✹✹

✺✳✼ ❊①♣❛♥sã♦ ❞❡ ③♦♥❛ ❝rít✐❝❛ ❛tr❛✈és ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❝rít✐❝♦ ❝❡♥tr❛❧✳ ❘❡♣r❡✲
s❡♥t❛çã♦ ❞❡ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ ❝♦r ❝✐♥③❛ ✐❧✉str❛♥❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ③♦♥❛ ❞❡
❛♥á❧✐s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

①✈



①✈✐

✺✳✽ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❤✿ ✭❛✮ r❡♣r❡s❡♥t❛çã♦ ❞❡ ✉♠ ❣r❛❞✐✲
❡♥t❡ ❞❡ ❝♦r ❝✐♥③❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ rá❝✐♦ ❞❡ ♣r♦♣❛❣❛çã♦❀ ✭❜✮ r❡✜♥❛♠❡♥t♦ ❧♦❝❛❧
❞♦ t✐♣♦ ❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✺✳✾ ❖r✐❡♥t❛çã♦ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r✿ ✭❛✮ r❡♣r❡s❡♥t❛çã♦ ❞❛s t❡♥sõ❡s ❞❡
tr❛çã♦✱ σI ✱ ❡ ❞❡ ❝♦♠♣r❡ssã♦✱ σII ❀ ✭❜✮ ❞❡✜♥✐çã♦ ❞❡ ♦r✐❡♥t❛çõ❡s ❡①✐st❡♥t❡s ✳ ✳ ✳ ✹✾

✺✳✶✵ ❖r✐❡♥t❛çõ❡s ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞❡ ✷ ❞✐✈✐sõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✶✶ ❖r✐❡♥t❛çã♦ ✐♥❝♦rr❡t❛ ❞❡ ❡❧❡♠❡♥t♦s✿ ✭❛✮ ♦r✐❡♥t❛çã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❝♦♥✈❡♥çã♦
❛❞♦t❛❞❛ ✭♠♦❞♦ ✶ ❉✐✈✐sã♦✮❀ ✭❜✮ ♦r✐❡♥t❛çã♦ ✐♥❝♦rr❡❝t❛ ❞❡✈✐❞♦ à ❝♦♠♣❛t✐❜✐✲
❧✐③❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s ✭♠♦❞♦ ❞❡ ✸ ❉✐✈✐sõ❡s✮❀ ✭❝✮ ♦r✐❡♥t❛çã♦ ❞♦
❡❧❡♠❡♥t♦ ❝♦rr✐❣✐❞❛ ✭♠✉❞❛♥ç❛ ❞❡ ♣♦s✐çã♦ ❞❛ ❢r♦♥t❡✐r❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✶✷ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ r❡❢❡r❡♥t❡ à ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦ ✺✶

✺✳✶✸ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ✭α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀ v ♣♦♥t♦ ❞❡ ♣r♦✲
❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✺✳✶✹ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❞❡ ✈✐s✐❜✐❧✐t② ✇❛❧❦ ✭α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀
q ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮ ✺✹

✺✳✶✺ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❞❡ str❛✐❣❤t ✇❛❧❦ ✭✈❡r❞❡ ❝❧❛r♦ ✲ ✐♥✐❝✐❛❧✐③❛çã♦❀ ✈❡r❞❡
❡s❝✉r♦ ✲ ❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✶✻ ❩♦♥❛ ♣r♦❜❧❡♠át✐❝❛s ❞❡ ♣r♦❝✉r❛ ✭✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♣r♦s❡❣✉✐r ♦ ❝❛♠✐♥❤♦ ✲
α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀ q ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω
❡❧❡♠❡♥t♦ ❛ ❡♥❝♦♥tr❛r ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮✿ ✭❛✮ ✈✐s✐❜✐❧✐t② ✇❛❧❦ ❀ ✭❜✮ str❛✐❣❤t ✇❛❧❦ ✺✻

✺✳✶✼ ❊❧❡♠❡♥t♦s ❞❡ ♣r♦❝✉r❛ ✐♥✐❝✐❛✐s α ❝♦♠ ✐♥❡①✐stê♥❝✐❛ ❞❡ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ✳ ✳ ✳ ✳ ✺✻

✺✳✶✽ ❘❡♣r❡s❡♥t❛çã♦ ❡st❛♥❞❛r❞✐③❛❞❛ ❞❡ ✉♠❛ ár✈♦r❡ ❜✐♥ár✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✶✾ ▼❛♣❡❛♠❡♥t♦ ❞❡ ✉♠ ♥♦✈♦ ♥ó q ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✻✳✶ ●❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛✳ ❉✐♠❡♥sõ❡s ❞❛ ✈✐❣❛✿ L = 6, b = 0.5 ❡
t❛♠❛♥❤♦ ❞❡ ❢❡♥❞❛ ✐♥✐❝✐❛❧ a = 1✳ ■♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✿ u✳ Pr♦♣r✐❡✲
❞❛❞❡s ❞♦ ♠❛t❡r✐❛❧✿ E = 1.06✱ ν = 0.27 ❡ Gc = 0.0001 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✻✳✷ ❉✐s❝r❡t✐③❛çã♦ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ✭❛✮ ▼✶❀ ✭❜✮ ▼✷❀ ✭❝✮ ▼✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✻✳✸ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡♠ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❞✐✲
❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦✳ ❈♦♠♣❛r❛çã♦ ❞✐r❡t❛ ❞❡ r❡s✉❧t❛❞♦s ❝♦♠ ♦s
❡①✐st❡♥t❡s ❡♠ ❜✐❜❧✐♦❣r❛✜❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✻✳✹ ❈✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✶❀ ✭❜✮ ▼✷❀ ✭❝✮ ▼✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✻✳✺ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛✿ ✭❛✮ ▼✶❀ ✭❜✮ ▼✷❀ ✭❝✮ ▼✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✻✳✻ ❉✐s❝r❡t✐③❛çã♦ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ✭❛✮ ▼✵◆❊❀ ✭❜✮ ▼✶◆❊❀ ✭❝✮ ▼✸◆❊ ✳ ✳ ✻✺

✻✳✼ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛✿ ✭❛✮ ▼✵◆❊❀ ✭❜✮ ▼✶◆❊❀ ✭❝✮ ▼✸◆❊ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✻✳✽ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❞✐❢❡r❡♥t❡s t✐♣♦❧♦❣✐❛s ❞❡ ♠❛❧❤❛✿
✭❛✮ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s ❝♦♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦❀ ✭❜✮ ❝♦♠✲
♣❛r❛çã♦ ❞✐r❡t❛ ❞❡ r❡s✉❧t❛❞♦s ❝♦♠ ♦❜t✐❞♦s ❞❡ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ❡ ❡①✐st❡♥t❡s
❡♠ ❜✐❜❧✐♦❣r❛✜❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✻✳✾ ❈✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✶◆❊❀ ✭❜✮ ▼✸◆❊ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✻✳✶✵ ❈✉r✈❛ ❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ r❡❢❡r❡♥t❡ ❛ ❝❛❞❛ ♠❛❧❤❛ ❡str✉t✉r❛❞❛ ❡ ♥ã♦ ❡str✉✲
t✉r❛❞❛ ❛♥❛❧✐s❛❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✻✳✶✶ ❩♦♥❛ ❝rít✐❝❛ ✐♥✐❝✐❛❧ u = 0 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
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✻✳✶✷ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ ❝♦♥s✐❞❡r❛♥❞♦ ✐s♦❧❛❞❛♠❡♥t❡✱ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡
r❡✜♥❛♠❡♥t♦ ❤ ♥❛ ♠❛❧❤❛ ▼✵◆❊✿ ✭❛✮ ph = 0.1❀ ✭❜✮ ph = 0.025 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✻✳✶✸ ❆♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✻✳✶✹ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❡ ❛♠❜❛s ❛s
❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ♥❛ ♠❛❧❤❛ ▼✵◆❊✿ ✭❛✮ ph = 0.1❀ ✭❜✮ ph = 0.025 ✳ ✳ ✼✸

✻✳✶✺ ❈✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✵◆❊❴❘✵✳✶❀ ✭❜✮ ▼✵◆❊❴❘✵✳✵✷✺ ✳ ✳ ✳ ✳ ✳ ✼✹

✻✳✶✻ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛♦ ❧♦♥❣♦ ❞❛ ♠❛❧❤❛ ▼✵◆❊ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❧✐❝❛çã♦ ✐s♦✲
❧❛❞❛ ❡ ❝♦♥❥✉♥t❛ r❡❢❡r❡♥t❡ às ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✻✳✶✼ ❇❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✵◆❊❴❘❖✵✳✶❀ ✭❜✮ ▼✵◆❊❴❘❖✵✳✵✷✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✻✳✶✽ ❈♦♠♣❛r❛çã♦ ✜♥❛❧ ❞❡ ♣r♦♣❛❣❛çõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✻✳✶✾ ❈♦♠♣❛r❛çã♦ ✜♥❛❧ ❞❡ ❝✉r✈❛s ❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✻✳✷✵ ●❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✷✶ ❉✐s❝r❡t✐③❛çã♦ ❞❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ✭❛✮ ▼✵◆❊❀ ✭❜✮ ▼✶◆❊❀ ✭❝✮ ▼✷◆❊❀
✭❞✮ ▼✸◆❊ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✻✳✷✷ ❖r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡s❧♦❝❛✲
♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✻✳✷✻ ❋r❛t✉r❛ ♦❝♦rr✐❞❛ t❡♥❞♦ ❡♠ ❝♦♥t❛ α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦ ✳ ✳ ✳ ✳ ✳ ✽✷

✻✳✷✼ ❖r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡s❧♦❝❛✲
♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✻✳✷✽ Pr♦♣❛❣❛çã♦ ❛❧é♠ ❞❛ ③♦♥❛ ❝rít✐❝❛ ❞❡✜♥✐❞❛✿ ✭❛✮ ③♦♥❛ ❝rít✐❝❛❀ ✭❜✮ r❡✜♥❛♠❡♥t♦
❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ③♦♥❛ ❝rít✐❝❛ ❞❡✜♥✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✻✳✷✾ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜✲
♥❛♠❡♥t♦ s♦❜r❡ ❛ ♠❛❧❤❛ ▼✵◆❊✱ ❝♦♥s✐❞❡r❛♥❞♦ α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮
0◦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✻✳✸✵ ❈❤❛♣❛ ✜♥❛ q✉❛❞r❛❞❛✿ ✭❛✮ ❣❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛❀ ✭❜✮ ❞✐s❝r❡t✐③❛✲
çã♦ ❞♦ ♣r♦❜❧❡♠❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✻✳✸✶ ❉❡✜♥✐çã♦ ❞❡ ❞✉❛s ③♦♥❛s ❝rít✐❝❛s ❞✐st✐♥t❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✻✳✸✷ ❆♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✻✳✸✸ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡♥tr❡ ❡♥t❛❧❤❡s ❡①✐st❡♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵
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▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✹✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ ❡❧❡♠❡♥t♦ ✜♥✐t♦ ✉t✐❧✐③❛❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✹✳✷ ❚❛❜❡❧❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ♥♦♠❡♥❝❧❛t✉r❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✻✳✶ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ✳ ✳ ✻✷

✻✳✷ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s ✻✺

✻✳✸ ❊rr♦ ❛ss♦❝✐❛❞♦ à ❢♦rç❛ ❞❡ ♣✐❝♦ ❞❡ r❡❢❡rê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✻✳✹ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ♠❛❧❤❛ ▼✵◆❊ t❡♥❞♦ ❡♠
❝♦♥t❛ ❞✐❢❡r❡♥t❡s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✭✈❛❧♦r❡s ♠é❞✐♦s t❡♥❞♦ ❡♠ ❝♦♥t❛
♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✻✳✺ ❆♥á❧✐s❡ ❞❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✻ ❆♥á❧✐s❡ ❞❛ ❝❤❛♣❛ q✉❛❞r❛❞❛ ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ ♠❛❧❤❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

①✐①
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

✶✳✶ ❊♥q✉❛❞r❛♠❡♥t♦ ●❡r❛❧

❉✐✈❡rs❛s ❛♣r♦①✐♠❛çõ❡s ♥✉♠ér✐❝❛s✱ r❡s✉❧t❛♥t❡s ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ t❡♦r✐❛ ❝❧áss✐❝❛ ❞❡ ●r✐✣t❤✱

tê♠ ✈✐♥❞♦ ❛ s❡r ❢♦r♠✉❧❛❞❛s✱ ✈❡r✐✜❝❛♥❞♦✲s❡ q✉❡ ❛ ♦❜t❡♥çã♦ ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ♣r♦♣❛❣❛çã♦

❞❡ ❢r❛t✉r❛ ❞❡ ♣r❡❝✐sã♦ ❛ss✐♥❛❧á✈❡❧ r❡q✉❡r❡♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ♥ú♠❡r♦ ❡❧❡✈❛❞♦ ❞❡

✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦✱ ✉s✉❛❧♠❡♥t❡ ❞❡♥♦♠✐♥❛❞♦s ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ♥❛ ♥♦♠❡♥❝❧❛t✉r❛

✉t✐❧✐③❛❞❛ ♥❛ ♠❡❝â♥✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❊st❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❣❛r❛♥t✐r ✉♠ ♥ú♠❡r♦

❝♦♥s✐❞❡rá✈❡❧ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ tr❛❞✉③✲s❡✱ ♥✉♠ t❡♠♣♦ ❞❡ ❝á❧❝✉❧♦ ❡❧❡✈❛❞♦ ❡

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

❡s❣♦t❛♠❡♥t♦ ❞♦s r❡❝✉rs♦s ❞❡ ❝á❧❝✉❧♦ ❞✐s♣♦♥í✈❡✐s ♥✉♠ ❝♦♠♣✉t❛❞♦r ❝♦♠✉♠✳ ❉♦ ♣♦♥t♦ ❞❡

✈✐st❛ ♥✉♠ér✐❝♦✱ t❡♠ s✐❞♦ ❞❡♠♦♥str❛❞♦ q✉❡ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❡ s♦❧✉çõ❡s ❛tr❛✈és ❞❡ ♠♦❞❡❧♦s

❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s r❡q✉❡r❡♠ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❛❞❛♣t❛çõ❡s ❞❡ ♠❛❧❤❛✱ ❛ ✜♠ ❞❡ ❡✈✐t❛r

❡❢❡✐t♦s ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♠❡s♠❛✳

❘❡❝❡♥t❡♠❡♥t❡✱ ❇♦✉r❞✐♥ ❡t ❛❧✳ ❬✶❪ ♣r♦♣✉s❡r❛♠ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ❞✐❢❡r❡♥❝✐❛❞♦r❛✱

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

❞❡t❡r♠✐♥❛çã♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ♠✐♥✐♠✐③❛ ❛ ❡♥❡r❣✐❛ ❣❧♦❜❛❧ ❞♦ s✐st❡♠❛ ♠❡❝â♥✐❝♦✱

❜❛s❡❛♥❞♦✲s❡ ♥❛ t❡♦r✐❛ ❝❧áss✐❝❛ ❞❡ ●r✐✣t❤ ❬✷❪ ❝♦♠♦ ♣r❡ss✉♣♦st♦ ❜❛s❡ ♣❛r❛ ♦ s❡✉

❞❡s❡♥✈♦❧✈✐♠❡♥t♦✳ ❚✐r❛♥❞♦ ♣❛rt✐❞♦ ❞❡st❛ ❛❜♦r❞❛❣❡♠✱ ❞❡s❡♥✈♦❧✈❡✲s❡ ♥❛ ♣r❡s❡♥t❡

❉✐ss❡rt❛çã♦ ✉♠❛ té❝♥✐❝❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡ ♠❛❧❤❛ ❛ss♦❝✐❛❞❛ ❛ ✉♠❛ ❢♦r♠✉❧❛çã♦

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

♠✐♥✐♠✐③❛çã♦ ❡♥❡r❣ét✐❝♦✳ ◆♦ ♣r❡s❡♥t❡ ♠♦❞❡❧♦ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❝❛♣❛③

❞❡ s✐♠✉❧❛r ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ✭♦✉ ❞✐✈❡rs❛s✮ ❢❡♥❞❛s✱ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡s♦❧✈❡r ✉♠

♣r♦❜❧❡♠❛ ♥ã♦ ❧✐♥❡❛r ❞❡ ♦t✐♠✐③❛çã♦ ♠❛t❡♠át✐❝❛✱ r❡❝♦rr❡♥❞♦✲s❡ ♣❛r❛ t❛❧ ❛♦ ♠ét♦❞♦

❞❡♥♦♠✐♥❛❞♦ ♣♦r ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs ✭❆❉▼▼✮ ❬✸❪ ♥❛

✶



✷ ✶ ■♥tr♦❞✉çã♦

♥♦♠❡♥❝❧❛t✉r❛ ❛♥❣❧♦✲s❛①ó♥✐❝❛✳ ◆❡st❡ ❝♦♥t❡①t♦✱ ♣r♦♣õ❡✲s❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ❞✉❛s

❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❞❡ ♠❛❧❤❛ q✉❡ ✈✐s❛♠ ♠✐t✐❣❛r ♦s ❡❢❡✐t♦s ❞❡ ❞❡♣❡♥❞ê♥❝✐❛

❞❡❝♦rr❡♥t❡s ❞❛ ❛♣❧✐❝❛çã♦ ❞✐r❡t❛ ❞❛ ❢♦r♠✉❧❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ✉t✐❧✐③❛❞❛✳

✶✳✷ ▼♦t✐✈❛çã♦

❉✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ♣r❡s❡♥t❡ ❉✐ss❡rt❛çã♦✱ ♦s ❢❛t♦r❡s ❞❡t❡r♠✐♥❛♥t❡s ♣❛r❛ ❛ ❝♦rr❡t❛

❡①❡❝✉çã♦ ❞❛ ♣r♦♣♦st❛ ❞❡ tr❛❜❛❧❤♦ ❜❛s❡❛r❛♠✲s❡ ❡♠ ❞✉❛s ✈❡rt❡♥t❡s ♠♦t✐✈❛❝✐♦♥❛✐s ❞✐st✐♥t❛s✿

❛ ♣❡ss♦❛❧ ❡ ❛ ❝✐❡♥tí✜❝❛✳

◆♦ ❛s♣❡t♦ ♣❡ss♦❛❧✱ ♦ ✐♥t❡r❡ss❡ ❡ ❛ ✈♦♥t❛❞❡ ❞❡ ❝♦♥tr✐❜✉✐r ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈❛s

❢❡rr❛♠❡♥t❛s ❞❡ ❛♥á❧✐s❡✱ q✉❡ ❛❣r✉♣❛ss❡♠ ♥❛ s✉❛ ❣é♥❡s❡✱ ❛ ♣r♦❣r❛♠❛çã♦ ❡ ✉t✐❧✐③❛çã♦ ❞❡

♠ét♦❞♦s ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s s✉r❣✐r❛♠ ❞❛ r❡❛❧✐③❛çã♦ ❞❛ ❞✐s❝✐♣❧✐♥❛ ❞❡ ▼♦❞❡❧♦s ❘❡❞✉③✐❞♦s

❡ ❈♦♠♣✉t❛❝✐♦♥❛✐s ❡♠ ❊♥❣❡♥❤❛r✐❛✱ ❧❡❝✐♦♥❛❞❛ ♣❡❧♦ Pr♦❢❡ss♦r ▼ár✐♦ ❱✐❝❡♥t❡ ❞❛ ❙✐❧✈❛✱

♦r✐❡♥t❛❞♦r ❝✐❡♥tí✜❝♦ ❞❛ ♣r❡s❡♥t❡ ❉✐ss❡rt❛çã♦✳ ❊♠❜♦r❛ ♦ ❣♦st♦ ❡ ✐♥t❡r❡ss❡ ♣❡❧❛s ár❡❛s

♠❡♥❝✐♦♥❛❞❛s✱ ♦ t❡♠❛ ❛ ❞❡s❡♥✈♦❧✈❡r ♠♦str❛✈❛✲s❡ ❝♦♠♣❧❡t❛♠❡♥t❡ ♥♦✈♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛

tr❛♥s✈❡rs❛❧✐❞❛❞❡ ❞♦ ♠❡s♠♦ ♥❛s ❞✐✈❡rs❛s ár❡❛s ❞❛ ❊♥❣❡♥❤❛r✐❛ ❈✐✈✐❧ ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡

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

✐♥t❡r❡ss❡ ♣❡❧♦ t❡♠❛✳

◆♦ q✉❡ ❝♦♥❝❡r♥❡ à ✈❡rt❡♥t❡ ❝✐❡♥tí✜❝❛✱ t❡♠ s✐❞♦ ❞❡♠♦♥str❛❞♦ q✉❡ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ▼❊❋

❝♦♠♦ ♠ét♦❞♦ ❞❡ r❡s♦❧✉çã♦ ❞❡ ♣r♦❜❧❡♠❛s ❞❡ ❢r❛t✉r❛✱ r❡q✉❡r ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❛❞❛♣t❛çõ❡s

❞❡ ♠❛❧❤❛✱ ❛ ✜♠ ❞❡ ❡✈✐t❛r ❡❢❡✐t♦s ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♠❡s♠❛✳ ❱ár✐❛s té❝♥✐❝❛s tê♠ s✐❞♦

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

s✲♦♣t✐♠✐③❛t✐♦♥✮ ♠❛s✱ ♦ ❢❛t♦r ❞✐❢❡r❡♥❝✐❛❞♦r ❡♠ ❝❛❞❛ ✉♠❛ ❞❡❧❛s✱ ♣❡r❢❛③ ✉♠ r❡s✉❧t❛❞♦ ú♥✐❝♦

❡ ✐♥♦✈❛❞♦r✳ ❆ss✐♠✱ ♦ ♠❛✐♦r ❞❡s❛✜♦ ♣r❡♥❞❡✲s❡ ❝♦♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r t❡♦r✐❛s ❡

❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♠ét♦❞♦s ❞❡ ❢r❛t✉r❛ ❝❛♣❛③❡s ❞❡ ❞❛r r❡s♣♦st❛ ❛♦s ♣r♦❜❧❡♠❛s ❛t✉❛✐s✱

❝♦♥❝❡❜❡♥❞♦ ♠♦❞❡❧♦s s✉✜❝✐❡♥t❡♠❡♥t❡ r♦❜✉st♦s ❡ ❣❡♥❡r❛❧✐③❛❞♦s ❝❛♣❛③❡s ❞❡ ❛✈❛❧✐❛r s✐t✉❛çõ❡s

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

❞✐t❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ✉t✐❧✐③❛♥❞♦ ♣❛r❛ t❛❧ ❛❜♦r❞❛❣❡♥s ✐♥♦✈❛❞♦r❛s✱ r❡s✉❧t❛♥❞♦ ♥❛

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

❞❡♥tr♦ ❞❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛✳

P♦r ú❧t✐♠♦✱ é ❞❡ ♥♦t❛r q✉❡ ❡st❡ r❡❧❛t✐✈♦ ✐♥s✉❝❡ss♦ ❞♦s ♠ét♦❞♦s ❡①✐st❡♥t❡s r❡✈❡❧❛ q✉❡ ❡st❛

♥ã♦ é ✉♠❛ ár❡❛ ❞❡ ✐♥✈❡st✐❣❛çã♦ q✉❡ s❡ ♣♦ss❛ ❝♦♥s✐❞❡r❛r ❝♦♠♦ ❝♦♥❝❧✉í❞❛✱ ❤❛✈❡♥❞♦ ❛✐♥❞❛ q✉❡

❡①♣❧♦r❛r s♦❧✉çõ❡s ❛❧t❡r♥❛t✐✈❛s ♣❡r♠✐t✐♥❞♦ ✉❧tr❛♣❛ss❛r ❛s ❧✐♠✐t❛çõ❡s ♦❜s❡r✈❛❞❛s ❛t✉❛❧♠❡♥t❡✳

✶ ❖ ♠❡❝❤♣② é ✉♠❛ ❜✐❜❧✐♦t❡❝❛ ✐♥❢♦r♠át✐❝❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦ ❞❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣✳ ❈✐✈✐❧ ❞❛ ❋❈❚✴❯◆▲✱ ❡♠
❛♠❜✐❡♥t❡ ♣②t❤♦♥✱ ♣❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❢♦r♠✉❧❛çõ❡s ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❡❧❡♠❡♥t♦s
✜♥✐t♦s✳



✶✳✸ ❖❜❥❡t✐✈♦s ✸

✶✳✸ ❖❜❥❡t✐✈♦s

❖ ♦❜❥❡t✐✈♦ ♣r✐♠♦r❞✐❛❧ ❞❛ ♣r❡s❡♥t❡ ❉✐ss❡rt❛çã♦ ❝♦♥s✐st❡ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✱ ✐♠♣❧❡♠❡♥t❛çã♦

❡ ✈❛❧✐❞❛çã♦ ❞❡ ✉♠❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡ ♠❛❧❤❛ ❛ss♦❝✐❛❞❛ ❛ ✉♠ ♠♦❞❡❧♦

♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❝❛♣❛③ ❞❡ ❝❛r❛❝t❡r✐③❛r ❡✜❝❛③♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♥♦ ❝♦♥t❡①t♦ ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r✳

❈♦♠ ❡st❡ ♣r♦♣ós✐t♦ ❞❡✜♥✐❞♦✱ ❝♦♥s✐❞❡r❛✲s❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ três ♦❜❥❡t✐✈♦s ❝r✉❝✐❛✐s ♣❛r❛ ✉♠❛

❝♦rr❡t❛ ❡①❡❝✉çã♦ ❞❛ s♦❧✉çã♦ ♣r♦♣♦st❛✳ ❖ ♣r✐♠❡✐r♦ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ ❝♦♥s✐st❡ ♥✉♠❛

✈❛❧✐❞❛çã♦ ✐♥✐❝✐❛❧ ❞❛ ♣r❡s❡♥t❡ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ r❡❝❡♥t❡♠❡♥t❡ ❞❡s❡♥✈♦❧✈✐❞❛✳ ❊♠

♣❛rt✐❝✉❧❛r✱ ♣r❡t❡♥❞❡✲s❡ q✉❡ ❡st❛ s❡❥❛ ❝❛♣❛③ ❞❡ ❝♦♥t❛❜✐❧✐③❛r ♦s s❡❣✉✐♥t❡s ❡❢❡✐t♦s✿ ✭✐✮ ❡♥tr❛❞❛

❞❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s❀ ✭✐✐✮ ♣r❡♣❛r❛çã♦ ❞♦ ♠♦❞❡❧♦ t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛s r❡str✐çõ❡s

❢ís✐❝❛s ✐♥❡r❡♥t❡s ❛♦ ♣r♦❜❧❡♠❛❀ ❡ ✭✐✐✐✮ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❝♦♠ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♠❛❧❤❛

t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❆❉▼▼✳ ❖ s❡❣✉♥❞♦ ♦❜❥❡t✐✈♦ ❝♦♥s✐st❡ ❡♠

❞❡s❡♥✈♦❧✈❡r✱ ❞❡ r❛✐③✱ ✉♠❛ ❜✐❜❧✐♦t❡❝❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡ ♠❛❧❤❛s ❡♠ ♣②t❤♦♥✷ q✉❡

♣❡r♠✐t❛✱ ❛tr❛✈és ❞❛ ❝♦♥❥✉❣❛çã♦ ❞❡ ❤✐♣ót❡s❡s s✐♠♣❧✐✜❝❛t✐✈❛s ❞❡ ❛♥á❧✐s❡s ❡s♣❡❝í✜❝❛s

r❡❧❛t✐✈❛s à ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ s❡♠ ♣❡r❞❛

❞❡ ♣r❡❝✐sã♦ ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡✱ s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ✉t✐❧✐③❛r té❝♥✐❝❛s ❡

❛❜♦r❞❛❣❡♥s ❞✐❢❡r❡♥❝✐❛❞♦r❛s✳ ❊st❛ ❜✐❜❧✐♦t❡❝❛ ❞❡✈❡rá s❡r ❛❞❛♣tá✈❡❧ ♣❛r❛ ❢✉t✉r❛

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

❝♦♠ t♦♣♦❧♦❣✐❛s ❞✐✈❡rs❛s ❡ ✢❡①✐❜✐❧✐❞❛❞❡ ❞❛ ♦♣çã♦ ❞❡ ♥♦✈❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ ❛♥á❧✐s❡ ✭❡✳❣✳✱

♥♦✈♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛s✮✱ ❡♥tr❡ ♦✉tr❛s✳ P♦r ú❧t✐♠♦✱ ❞✐s♣♦♥❞♦ ❞❛ r❡❢❡r✐❞❛

❢❡rr❛♠❡♥t❛ ❞❡ ❝á❧❝✉❧♦ t♦t❛❧♠❡♥t❡ ♦♣❡r❛❝✐♦♥❛❧✱ t♦r♥❛✲s❡ ✐♠♣r❡s❝✐♥❞í✈❡❧ ♣r♦❝❡❞❡r à ❛♥á❧✐s❡

❞❡ ❡①❡♠♣❧♦s ♥✉♠ér✐❝♦s✱ ✈❛❧✐❞❛♥❞♦ ❡ ❝♦♠♣❛r❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦s ❡①✐st❡♥t❡s

❡♠ ❜✐❜❧✐♦❣r❛✜❛✳

P❛r❛ q✉❡ ♦❜❥❡t✐✈♦ ♣r✐♠♦r❞✐❛❧ ❞❛ ♣r❡s❡♥t❡ ❉✐ss❡rt❛çã♦ s❡❥❛ ❝♦♥❝r❡t✐③❛❞♦ ❝♦♠ s✉❝❡ss♦✱ ♦

♠♦❞❡❧♦ ❞❡s❡♥✈♦❧✈✐❞♦✱ ✐♠♣❧❡♠❡♥t❛❞♦ ❡ ✈❛❧✐❞❛❞♦ ❞❡✈❡rá s❡r ❝❛♣❛③ ❞❡ ❡①✐❜✐r✿ ✭✐✮ r♦❜✉st❡③

✲ ❣❛r❛♥t✐❛ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ s♦❧✉çã♦ ♣❛r❛ s✐t✉❛çõ❡s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s s❡♠❡❧❤❛♥t❡s ❛♦s

❡①❡♠♣❧♦s ❞❡s❡♥✈♦❧✈✐❞♦s❀ ✭✐✐✮ ✈❡rs❛t✐❧✐❞❛❞❡ ✲ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠♦❞❡❧❛çã♦ ❡ ❡st✉❞♦ ❞❡ ♣r♦❜❧❡♠❛s

❝♦♠ t♦♣♦❧♦❣✐❛✱ ❝❛rr❡❣❛♠❡♥t♦s ♠♦♥♦tó♥✐❝♦s ❡ ♠❛t❡r✐❛✐s ❞✐✈❡rs♦s❀ ❡ ✭✐✐✐✮ ❛❞❛♣t❛❜✐❧✐❞❛❞❡ ✲

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

P♦r ú❧t✐♠♦✱ ♣r❡t❡♥❞❡✲s❡ ❝♦♥tr✐❜✉✐r ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ♣❧❛t❛❢♦r♠❛ ♠❡❝❤♣② ❛tr❛✈és

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

t❡♠át✐❝❛ ❡♠ q✉❡stã♦✳

✷ ▲✐♥❣✉❛❣❡♠ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞❡ ❛❧t♦ ♥í✈❡❧ ✭❱❡r② ❍✐❣❤ ▲❡✈❡❧ ▲❛♥❣✉❛❣❡ ✭❱❍▲▲✮✮✱ ✐♥t❡r♣r❡t❛❞❛ ❡ ✐♥t❡r❛t✐✈❛✱
❝r✐❛❞❛ ♣♦r ●✉✐❞♦ ❱❛♥ ❘♦ss✉♠✳ ❊st❛ é ✉♠❛ ❧✐♥❣✉❛❣❡♠ ♦r✐❡♥t❛❞❛ ❛ ♦❜❥❡t♦s✳



✹ ✶ ■♥tr♦❞✉çã♦

✶✳✹ ❖r❣❛♥✐③❛çã♦ ❞♦ ❉♦❝✉♠❡♥t♦

❆ ❉✐ss❡rt❛çã♦ ❞❡s❡♥✈♦❧✈❡✲s❡ ❛♦ ❧♦♥❣♦ ❞❡ s❡t❡ ❈❛♣ít✉❧♦s✱ ♦ ♣r✐♠❡✐r♦ ❞♦s q✉❛✐s é ❛ ♣r❡s❡♥t❡

✐♥tr♦❞✉çã♦✳ ❙❡❣✉❡♠✲s❡ ♦s ❈❛♣ít✉❧♦s ❝❡♥tr❛✐s ❞♦ ❞♦❝✉♠❡♥t♦ ❝✉❥♦ ❝♦♥t❡ú❞♦ é ❛q✉✐

s✉♠❛r✐③❛❞♦✳

❈❛♣ít✉❧♦ ✷ Pr♦❝❡❞❡✲s❡ ❛ ✉♠❛ ❞❡✜♥✐çã♦ ❜r❡✈❡ ❞♦s ❝♦♥❝❡✐t♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❛ t❡♠át✐❝❛

❡♠ ❛♥á❧✐s❡✳ P❛r❛ t❛❧✱ sã♦ r❡✈✐st♦s ❛❧❣✉♥s ❝♦♥❝❡✐t♦s ❡st❛❜❡❧❡❝✐❞♦s ♣❡❧❛ ▼❡❝â♥✐❝❛ ❞❛

❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r✱ ❝♦♥s✐❞❡r❛❞♦s ❡ss❡♥❝✐❛✐s ♣❛r❛ ❡st❛❜❡❧❡❝❡r ♦ ❡♥q✉❛❞r❛♠❡♥t♦

t❡ór✐❝♦ ❛❞❡q✉❛❞♦✳

❈❛♣ít✉❧♦ ✸ ❆♣r❡s❡♥t❛✲s❡ ❛ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ ✉t✐❧✐③❛❞❛✳ ❆q✉✐✱ ❡①♣õ❡✲s❡ ❛ ✉t✐❧✐③❛çã♦

❞❛ ♦t✐♠✐③❛çã♦ ♠❛t❡♠át✐❝❛ ❛♣❧✐❝❛❞❛ à ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛ ❛tr❛✈és ❞❛ ❛♣r❡s❡♥t❛çã♦

❞♦s ❝♦♥❝❡✐t♦s ❢✉♥❞❛♠❡♥t❛✐s ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ♠✐♥✐♠✐③❛çã♦ ♠❛t❡♠át✐❝❛ ❆❉▼▼✳

❈❛♣ít✉❧♦ ✹ ❘❡❛❧✐③❛✲s❡ ✉♠❛ ❞❡s❝r✐çã♦ ❞❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛✳ P❛r❛

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

❧ó❣✐❝❛ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❢r❛t✉r❛✳

❈❛♣ít✉❧♦ ✺ ❈♦♥s✐❞❡r❛✲s❡ ❝♦♠♦ s❡♥❞♦ ♦ ♣r✐♥❝✐♣❛❧ ❈❛♣ít✉❧♦ ❞❛ ❉✐ss❡rt❛çã♦✳ ◆❡st❡✱

❞❡s❡♥✈♦❧✈❡✲s❡ ❛ té❝♥✐❝❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ♣r♦♣♦st❛ ❞❡

s♦❧✉çã♦✳ ➱ ❢❡✐t❛ ✉♠❛ ❞❡s❝r✐çã♦ s✉❝✐♥t❛ ❞❡ t♦❞♦s ♦s ❝♦♥❝❡✐t♦s t❡ór✐❝♦s ✉t✐❧✐③❛❞♦s ❡

✉♠❛ ❛❜♦r❞❛❣❡♠ ❣rá✜❝❛ ❣❡r❛❧ às r♦t✐♥❛s ❞❡s❡♥✈♦❧✈✐❞❛s✳

❈❛♣ít✉❧♦ ✻ ❱❛❧✐❞❛✲s❡ ❡ ❛❢❡r❡✲s❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❡ ❞❛ ❢❡rr❛♠❡♥t❛

❞❡ r❡✜♥❛♠❡♥t♦ ♣r♦♣♦st❛✳ P❛r❛ t❛❧✱ ❛♣r❡s❡♥t❛♠✲s❡ ♥❡st❡ ❈❛♣ít✉❧♦ ❡①❡♠♣❧♦s

♥✉♠ér✐❝♦s ❞❛ s✉❛ ❛♣❧✐❝❛çã♦✳ ❖s ❡①❡♠♣❧♦s ❛♥❛❧✐s❛❞♦s ❛❞✈é♠ ❞❡ ♣r♦❜❧❡♠❛s

t✐♣✐❝❛♠❡♥t❡ ❛❝❛❞é♠✐❝♦s ❝♦♠ ❝♦♥t❡①t✉❛❧✐③❛çã♦ à ár❡❛ ❞❛ ❡♥❣❡♥❤❛r✐❛ ❝✐✈✐❧✱

♣r♦❝✉r❛♥❞♦ ✐❧✉str❛r ❛s ♣♦t❡♥❝✐❛❧✐❞❛❞❡ ✐♠♣❧❡♠❡♥t❛❞❛s✳

❈❛♣ít✉❧♦ ✼ P♦r ú❧t✐♠♦✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r✐♥❝✐♣❛✐s ❝♦♥❝❧✉sõ❡s r❡t✐r❛❞❛s ❞❡st❡ tr❛❜❛❧❤♦✱

❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛❧❣✉♠❛s s✉❣❡stõ❡s ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦s ❢✉t✉r♦s✳



❈❛♣ít✉❧♦ ✷

❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛

▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛

✷✳✶ ■♥tr♦❞✉çã♦

◆♦ ♣r❡s❡♥t❡ ❈❛♣ít✉❧♦ s❡rã♦ ✐♥tr♦❞✉③✐❞♦s ♦s ❝♦♥❝❡✐t♦s ❞❡ ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛ ❡str✐t❛♠❡♥t❡

♥❡❝❡ssár✐♦s ❛♦ s✉♣♦rt❡ ❞❛s ♠❛tér✐❛s tr❛t❛❞❛s ♥♦s ❈❛♣ít✉❧♦s s✉❜s❡q✉❡♥t❡s✳ ❆ ❧✐t❡r❛t✉r❛

s♦❜r❡ ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛ é ❜❛st❛♥t❡ ❡①t❡♥s❛ ❡ ❝♦♠♣❧❡①❛✳ ❚❡①t♦s ❝♦♠♣❧❡t♦s s♦❜r❡ ❡st❛

t❡♠át✐❝❛ ♣♦❞❡♠ s❡r ❝♦♥s✉❧t❛❞♦s ❡♠ ❬✹❪✕❬✻❪✳ ❆ ♠❛✐♦r ❛t❡♥çã♦ é ❞❛❞❛ ❛♦s ❝♦♥❝❡✐t♦s

❢✉♥❞❛♠❡♥t❛✐s r❡❢❡r❡♥t❡s à ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r✱ ❡♥❢❛t✐③❛♥❞♦ ❛ ❡①♣❧✐❝❛çã♦

♥♦ ❝r✐tér✐♦ ❡♥❡r❣ét✐❝♦ ♣r♦♣♦st♦ ♣♦r ●r✐✣t❤✳ ◆❡st❡ ❝♦♥t❡①t♦✱ ❛ ❡✈♦❧✉çã♦ ❤✐stór✐❝❛ ❡

♣r❡ss✉♣♦st♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ t❡♠át✐❝❛ sã♦ ❛❜♦r❞❛❞♦s ❞❡

❢♦r♠❛ ♠❛✐s ❡①t❡♥s❛✳

❆♣❡s❛r ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ♦✉tr♦s ❝r✐tér✐♦s ✐♥tr♦❞✉③✐❞♦s ♥❛ ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛ ❝♦♠♦ ❢♦r♠❛s

❛❧t❡r♥❛t✐✈❛s ❞❡ ♠❡❞✐r ❛ t❡♥❞ê♥❝✐❛ ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ❢❡♥❞❛s✱ ❣❡♥❡r❛❧✐③❛❞❛ ❛♦s ❝❛s♦s

❡♠ q✉❡ ❛ ❡①t❡♥sã♦ ❞❛ r❡❣✐ã♦ ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ é ✐♠♣♦rt❛♥t❡✱ ❡st❡s ♥ã♦ s❡rã♦ ❛q✉✐

❛♣r❡s❡♥t❛❞♦s ♣❡❧❛ r❛③ã♦ ❞♦ ♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❡st❛ ❉✐ss❡rt❛çã♦ ❡st❛r ❢♦❝❛❞♦ ♥❛ ❛♥á❧✐s❡

❧✐♥❡❛r ❡❧ást✐❝❛✳

❈♦♠♦ ❡♥q✉❛❞r❛♠❡♥t♦✱ r❡❢❡r❡♠✲s❡ ❛q✉✐ três ♦❜r❛s ❞❡ ♠❛✐♦r r❡❧❡✈â♥❝✐❛ ♥❛ ▼❡❝â♥✐❝❛ ❞❛

❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ❝✐t❛❞❛s ♥❡st❡ ❈❛♣ít✉❧♦✱ t❡♥❞♦ ❝♦♠♦ s❡✉s ❛✉t♦r❡s✱ ●r✐✣t❤ ❬✷❪✱

■r✇✐♥ ❬✼❪ ❡ ❖r♦✇❛♥ ❬✽❪✳ ❉❡st❡s✱ ❞❡st❛❝❛♠✲s❡ ♦s ❞♦✐s ♣r✐♠❡✐r♦s ❝♦♠♦ ✐♠♣✉❧s✐♦♥❛❞♦r❡s ❞❛

❛❜♦r❞❛❣❡♠ ❛♣r❡s❡♥t❛❞❛✳

✺



✻ ✷ ❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛

✷✳✷ ❈♦♥s✐❞❡r❛çõ❡s ●❡r❛✐s

❖s ❝r✐tér✐♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❝♦♥✈❡♥❝✐♦♥❛✐s ♣r♦❝✉r❛♠ ❡①♣❧✐❝❛r ♦ ❝♦♥❝❡✐t♦ ❞❡ r✉t✉r❛✱

❜❛s❡❛♥❞♦ ♦s s❡✉s ♣r❡ss✉♣♦st♦s ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ♠❛t❡r✐❛✐s✱ ❧✐♠✐t❛♥❞♦ ❛ t❡♥sã♦

♠á①✐♠❛ ♥❛s s❡❝çõ❡s ♦✉ r❡❣✐õ❡s ❝♦♥s✐❞❡r❛❞❛s ❝rít✐❝❛s ❞♦s ❡❧❡♠❡♥t♦s ❡str✉t✉r❛✐s ❛♦ ✈❛❧♦r ❞❛

t❡♥sã♦ ❞❡ s❡❣✉r❛♥ç❛✳ ❖ s✉❝❡ss♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞♦s ♣r♦❝❡❞✐♠❡♥t♦s tr❛❞✐❝✐♦♥❛✐s ❞❡

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

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

♥♦ ❝á❧❝✉❧♦ ❡✱ s✉✜❝✐❡♥t❡♠❡♥t❡ ❜❛✐①♦ ♣❛r❛ ❡✈✐t❛r ♣❡s♦ ❡①❝❡ss✐✈♦ ❡ ❞❡s♥❡❝❡ssár✐♦ ❝♦♥s✉♠♦ ❞❡

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

❞❡s✐❣♥❛❞❛♠❡♥t❡ ♥❛ ❡①♣❡r✐ê♥❝✐❛ ❛❝✉♠✉❧❛❞❛ ❬✾✱ ♣♣✳ ✸✺✲✸✻❪✳ ◆❛ ♣rát✐❝❛✱ ♣♦ré♠✱ ❡♥❝♦♥tr❛✲s❡

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

❧❡♥t❛♠❡♥t❡ ❝í❝❧✐❝❛s ♦✉ ❡stát✐❝❛s✱ ♣♦r ❛♠❜✐❡♥t❡s ❝♦rr♦s✐✈♦s ♦✉ ♥ã♦✱ ♣♦r ❞✐❢❡r❡♥t❡s

t❡♠♣❡r❛t✉r❛s ❞❡ s❡r✈✐ç♦ q✉❡ ♣♦❞❡♠ s❡r ❝♦♥st❛♥t❡s ♦✉ ✈❛r✐á✈❡✐s ❡✱ ❛✐♥❞❛ ♣❡❧♦s ♣r♦❝❡ss♦s

❞❡ ❢❛❜r✐❝❛çã♦ ✉t✐❧✐③❛❞♦s✱ q✉❡ ♣♦❞❡♠ ❞❡t❡r♠✐♥❛r ❛❧t❡r❛çõ❡s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♠❛t❡r✐❛✐s

❜❡♠ ❝♦♠♦ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ t❡♥sõ❡s r❡s✐❞✉❛✐s ❬✹✱ ♣♣✳ ✶✵✲✶✸❪✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❇r♦❡❦ ❬✻✱ ♣♣✳ ✷✹✲✹✽❪✱ à ♣❛rt❡ ❞♦s ♣r♦❝❡ss♦s q✉í♠✐❝♦s ❡♥✈♦❧✈✐❞♦s ♥❛

❞❡❣r❛❞❛çã♦ ❞♦s ♠❛t❡r✐❛✐s✱ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛çã♦ ♥❛s ❡str✉t✉r❛s ❛tr❛✈és ❞❡ ♣r♦❝❡ss♦s

❢ís✐❝♦s ✈❛r✐❛❞♦s✱ ♣♦❞❡ ✈❡r✐✜❝❛r✲s❡✿ ✭✐✮ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛❀ ✭✐✐✮ ♥❛ ♣r❡s❡♥ç❛

❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛❀ ♦✉ ✭✐✐✐✮ ❞❡ ♠♦❞♦ ❝♦♠❜✐♥❛❞♦✳ ❙❡❣✉♥❞♦ ♦ ♠❡s♠♦ ❛✉t♦r✱ q✉❛♥❞♦

♦❝♦rr❡ ✜ss✉r❛çã♦ ❛ t❡♥sõ❡s ❛❜❛✐①♦ ❞❛ t❡♥sã♦ ❧✐♠✐t❡ ❞♦ ♠❛t❡r✐❛❧ s❡♠ q✉❡ ❡①✐st❛

❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❛ ❢❡♥❞❛✱ ❡st❡ ♣r♦♠♦✈❡ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❢r❛t✉r❛

❢rá❣✐❧✳ ❆s ❢❡♥❞❛s ♣r♦♣❛❣❛♠✲s❡ ♠✉✐t♦ r❛♣✐❞❛♠❡♥t❡✱ ❡ sã♦ tã♦ ✐♥stá✈❡✐s q✉❡ ❛ ♣r♦♣❛❣❛çã♦

❞❛ ❢r❛t✉r❛ ♦❝♦rr❡ s❡♠ ❣r❛❞✉❛❧ ❛✉♠❡♥t♦ ❞❛ t❡♥sã♦ ✐♠♣♦st❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❡①✐stê♥❝✐❛

❞❡ ❢r❛t✉r❛ ♣r♦✈❡♥✐❡♥t❡ ❞❡ ♠❛t❡r✐❛✐s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞ú❝t✐❧ ♦❝♦rr❡ ♥❛ ♣r❡s❡♥ç❛ ❞❡

✉♠❛ ❡❧❡✈❛❞❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❛ ❢❡♥❞❛✳ ❊st❡s ❝❛s♦s sã♦ ❣❡r❛❧♠❡♥t❡

❝❛r❛t❡r✐③❛❞♦s ♣♦r ✉♠❛ ♣r♦❣r❡ssã♦ ❧❡♥t❛ ❡ ❝♦♥tr♦❧❛❞❛ ❞❛ ✜ss✉r❛✳ ❊st❛ ❢r❛t✉r❛ é ❡stá✈❡❧ ❡

♥ã♦ ♣r♦❣r✐❞❡ ❛ ♠❡♥♦s q✉❡ ❤❛❥❛ ✉♠ ❛✉♠❡♥t♦ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛✳

❆ ❡①✐stê♥❝✐❛ ❞❡ ♠❛t❡r✐❛✐s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ❞✐❢❡r❡♥❝✐❛❞❛s ❢❛③ ❝♦♠ q✉❡ ♦s ❝r✐tér✐♦s

❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ♥ã♦ s❡❥❛♠ s✉✜❝✐❡♥t❡♠❡♥t❡ r♦❜✉st♦s ♣❛r❛ ❡①♣❧✐❝❛r ♦

❛♣❛r❡❝✐♠❡♥t♦ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❢r❛t✉r❛s ❡♠ ❡str✉t✉r❛s s✉❥❡✐t❛s ❛ t❡♥sõ❡s ❞❡ tr❛❜❛❧❤♦

♥♦♠✐♥❛✐s ❛❜❛✐①♦ ❞❛ t❡♥sã♦ ❞❡ ❝❡❞ê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧✳ Pr♦❥❡t♦s ❞❡ ❝r❡s❝❡♥t❡ s♦✜st✐❝❛çã♦ ❡

r❛③õ❡s ❞❡ ❡❝♦♥♦♠✐❛ ❝r✐❛r❛♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠❡❧❤♦r❛r ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦s ♠❛t❡r✐❛✐s ♥❛s ❝♦♥❞✐çõ❡s ❞❡ s❡r✈✐ç♦ ❡✱ ❡♠ ♣❛rt✐❝✉❧❛r ❞♦s ♣r♦❜❧❡♠❛s ❞❡ ❢r❛t✉r❛ ❬✹✱ ♣♣✳

✶✲✸❪✳ ◆❛ ❞✐s❝✐♣❧✐♥❛ ❞❛ ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛✱ ♦ ❡st✉❞♦ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ❢❡♥❞❛s✱ tr❛❞✉③✲s❡

♥✉♠❛ ❛♥á❧✐s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ✜ss✉r❛s ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦✳ ❊st❡ ✐♥❝❧✉✐

♥❛ s✉❛ ❝♦♥st✐t✉✐çã♦✱ ❞✐✈❡rs♦s ❞❡❢❡✐t♦s ❡ ❝❛r❛❝t❡ríst✐❝❛s ♣ró♣r✐❛s q✉❡ ♦ ❞❡✜♥❡♠ ❡♥q✉❛♥t♦



✷✳✸ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ✼

❡❧❡♠❡♥t♦ ❞❡ ❛♥á❧✐s❡✳ ❙❡❣✉♥❞♦ ❑❛♥♥✐♥❡♥ ❡ P♦♣❡❧❛r ❬✺✱ ♣♣✳ ✶✸✽✲✶✸✾❪✱ ❛ ❢r❛t✉r❛ ❛

♣r♦♣❛❣❛r✲s❡✱ ♣♦❞❡rá ❢❛③ê✲❧♦ ❞❡ três ♠♦❞♦s ❞✐st✐♥t♦s✿ ✭✐✮ ♠♦❞♦ ■ ✲ ❛❜❡rt✉r❛ ♣❡r♣❡♥❞✐❝✉❧❛r

❛♦ ♣❧❛♥♦ ❞❡ ✜ss✉r❛ ❞❡✈✐❞♦ ❛ tr❛❝çõ❡s ✐♠♣♦st❛s❀ ✭✐✐✮ ♠♦❞♦ ■■ ✲ ❞❡s❧✐③❛♠❡♥t♦ ♥♦ ♣❧❛♥♦ ❡♥tr❡

❛s ❢❛❝❡s ❞❛ ✜ss✉r❛ ♥❛ ❞✐r❡çã♦ ❞♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡✈✐❞♦ à ♦❝♦rrê♥❝✐❛ ❞❡ ❢♦rç❛s ❞❡ ❝♦rt❡❀

❡ ✭✐✐✐✮ ♠♦❞♦ ■■■ ✲ ❞❡s❧✐③❛♠❡♥t♦ ❢♦r❛ ❞♦ ♣❧❛♥♦ ❡♥tr❡ ❛s ❢❛❝❡s ❞❛ ✜ss✉r❛ ♥❛ ❞✐r❡çã♦ ♥♦r♠❛❧

❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✜ss✉r❛✱ ✭✈❡r ❋✐❣✉r❛ ✷✳✶✮✳ ❆ ❞❡❢♦r♠❛çã♦ ❝❛✉s❛❞❛ ♣❡❧❛ ♦❝♦rrê♥❝✐❛ ❞❡

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

❜ás✐❝♦s ✐❞❡♥t✐✜❝❛❞♦s✳ ❈♦♥t✉❞♦✱ ♦ ♠♦❞♦ ■ é✱ ❡♠ r❡❣r❛✱ ♦ ♠❛✐s ❝rít✐❝♦ ❡ ❛q✉❡❧❡ q✉❡ ♦❝♦rr❡

❝♦♠ ♠❛✐♦r ❢r❡q✉ê♥❝✐❛ ♥❛ ♣rát✐❝❛✳

Modo I Modo II Modo III

❋✐❣✉r❛ ✷✳✶✿ ▼♦❞♦s ❞❡ ❢r❛t✉r❛ ✭❛❞❛♣t❛❞♦ ❞❡ ❑❛♥♥✐♥❡♥ ❡ P♦♣❡❧❛r ❬✺✱ ♣♣✳ ✶✸✽✲✶✸✾❪✮

◆♦ ❡♥t❛♥t♦✱ ❞❡ ❢♦r♠❛ ❛ ❝♦♠♣r❡❡♥❞❡r ♦ ❢❡♥ó♠❡♥♦ ❢ís✐❝♦ ❞❡ ♣r♦♣❛❣❛çã♦ é ♥❡❝❡ssár✐♦

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

❢r❛t✉r❛ ✐rã♦ ♦❝♦rr❡r ❡♠ ❡str✉t✉r❛s ✜ss✉r❛❞❛s ❞❡✈✐❞♦ às s♦❧✐❝✐t❛çõ❡s ♠❡❝â♥✐❝❛s ✐♠♣♦st❛s✳

✷✳✸ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r

❈♦♠♦ ♥♦t❛ ♣ré✈✐❛✱ r❡❢❡r❡✲s❡ q✉❡ ❛s s✉❜s❡❝çõ❡s ♣❡rt❡♥❝❡♥t❡s à ♣r❡s❡♥t❡ s❡❝çã♦✱ tê♠ ❝♦♠♦

❜✐❜❧✐♦❣r❛✜❛ ❜❛s❡ ❛s ♦❜r❛s ❞❡ ●❞♦✉t♦s ❬✹✱ ♣♣✳ ✼✾✲✶✶✼❪✱ ❑❛♥♥✐♥❡♥ ❡ P♦♣❡❧❛r ❬✺✱ ♣♣✳ ✸✲✹✻❪

❡ ❇r♦❡❦ ❬✻✱ ♣♣✳ ✸✲✷✹❪✳ ❙❡♠♣r❡ q✉❡ ♥❡❝❡ssár✐♦✱ s❡rã♦ ❛✐♥❞❛ ❝✐t❛❞❛s ♦✉tr❛s r❡❢❡r❡♥❝✐❛s ❞❡

r❡❧❡✈â♥❝✐❛ ♣❛r❛ ❛ t❡♠át✐❝❛ ❡♠ q✉❡stã♦✳

◆❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r✱ ♦s ♣r♦❜❧❡♠❛s sã♦ ❛♥❛❧✐s❛❞♦s ❛tr❛✈és ❞❡ ♠♦❞❡❧♦s

q✉❡ ❝♦♥s✐❞❡r❛♠ q✉❡ ♦s ❝♦r♣♦s s❡ ❞❡❢♦r♠❛♠ ❧✐♥❡❛r♠❡♥t❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ▲❡✐ ❞❡ ❍♦♦❦❡

❛té ❛♦ ♠♦♠❡♥t♦ ❞❛ ❢r❛t✉r❛ ✭✈❡r ❋✐❣✉r❛ ✷✳✷✮✳ P❛r❛ ❛❧é♠ ❞❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐t♦

♣❡r❢❡✐t❛♠❡♥t❡ ❢rá❣✐❧✱ ❡①✐st❡♠ t❛♠❜é♠ ♥❛ ✈❡r❞❛❞❡ ♦✉tr♦s ❢❡♥ó♠❡♥♦s ❢ís✐❝♦s ❡ ❣❡♦♠étr✐❝♦s



✽ ✷ ❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛

♥ã♦ ❧✐♥❡❛r❡s ❡♠ t♦❞❛s ❛s ❡str✉t✉r❛s✳ ❈♦♥t✉❞♦✱ ♥✉♠ ♥ú♠❡r♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❡ ❝❛s♦s✱ ❡st❡s

❡❢❡✐t♦s ❡stã♦ r❡str✐♥❣✐❞♦s ❛ ✉♠❛ ♣❡q✉❡♥❛ ③♦♥❛✱ ♥♦r♠❛❧♠❡♥t❡ ♥❡❣❧✐❣❡♥❝✐❛❞❛ ❢❛❝❡ à ár❡❛ q✉❡

❡st❛ ♦❝✉♣❛ r❡❧❛t✐✈❛♠❡♥t❡ ❛♦ t❛♠❛♥❤♦ ❞❡ ❢r❛t✉r❛ ❡①✐st❡♥t❡✳ ◗✉❛♥❞♦ t❛❧ ♥ã♦ s✉❝❡❞❡✱ ♦s

♣❛râ♠❡tr♦s ❞❡✜♥✐❞♦s ❛q✉✐✱ ♥ã♦ sã♦ ❛♣❧✐❝á✈❡✐s ❡ t♦r♥❛✲s❡ ♥❡❝❡ssár✐♦ ♣r♦❝✉r❛r ♥♦✈♦s

❝r✐tér✐♦s q✉❡ ❝❛r❛❝t❡r✐③❡♠ ❛ s✉❛ ♣r♦♣❛❣❛çã♦✳
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Mecânica de Fratura Elástica Linear 

Deslocamento

❋✐❣✉r❛ ✷✳✷✿ ❊st❛❞♦s ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ♥✉♠ ❝♦r♣♦ ❝♦♠ ❢❡♥❞❛

✷✳✸✳✶ ❊✈♦❧✉çã♦ ❍✐stór✐❝❛

❖ ♣r✐♠❡✐r♦ r❡❣✐st♦ ❞♦ ✐♥❞í❝✐♦ ❞❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ r❡s✐stê♥❝✐❛ ❞❡ ✉♠ ❝♦r♣♦ ❝♦♠ ❛ ❡①✐stê♥❝✐❛

❞❡ ❞❡❢❡✐t♦s r❡♠♦♥t❛ ❛♦ t❡♠♣♦ ❞❡ ▲❡♦♥❛r❞♦ ❞❛ ❱✐♥❝✐✱ ♥♦s ✜♥❛✐s ❞♦ sé❝✉❧♦ ❳❱✱ ♦ q✉❛❧

r❡❛❧✐③♦✉ ❡①♣❡r✐ê♥❝✐❛s ❞❡ tr❛çã♦ ❡♠ ❝❛❜♦s ❞❡ ❢❡rr♦ ❞❡ ✐❣✉❛❧ ❞✐â♠❡tr♦✱ t❡♥❞♦ ❝♦♥❝❧✉✐♥❞♦ q✉❡

❛ r❡s✐stê♥❝✐❛ ✈❛r✐❛✈❛ ♥❛ ♣r♦♣♦rçã♦ ✐♥✈❡rs❛ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ❝❛❜♦s✳ ❆té ❛♦ sé❝✉❧♦ ❳■❳✱ ♦

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

t♦t❛❧♠❡♥t❡ ❡♠♣ír✐❝♦✱ ❝♦♠ ❝❛r✐③ ❜❛st❛♥t❡ r✉❞✐♠❡♥t❛r✳

❆ ♣r♦❞✉çã♦ ❡♠ ♠❛ss❛ ❞❡ ♠❛t❡r✐❛✐s ❞✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❞❛ ❘❡✈♦❧✉çã♦ ■♥❞✉str✐❛❧ ✭sé❝✳ ❳❱■■■

✲ ❳■❳✮ ❢♦✐ ❛ ❣r❛♥❞❡ ❛❧❛✈❛♥❝❛ ♣❛r❛ ✉♠ ♠❛✐♦r ❝♦♥❤❡❝✐♠❡♥t♦ ♥❡st❛ ár❡❛✳ ◆♦ ❡♥t❛♥t♦✱ ❛

❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ❡s❝❛❧❛ ✐♥tr♦❞✉③✐❞❛ ♣♦r ▲❡♦♥❛r❞♦ ❞❛ ❱✐♥❝✐ ❢♦✐ ✐♥❝♦♠♣r❡❡♥❞✐❞❛ ❛té ❛♦ ✐♥í❝✐♦



✷✳✸ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ✾

❞♦ sé❝✉❧♦ ❳❳✱ ♦♥❞❡ ■♥❣❧✐s ❬✶✵❪ ❞❡♠♦♥str♦✉ q✉❡ ❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡❧í♣t✐❝❛ ♥✉♠❛

♣❧❛❝❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ✐♥✜♥✐t♦ s♦❧✐❝✐t❛❞❛ ♣♦r t❡♥sõ❡s ✉♥✐❛①✐❛✐s✱ ❛❧t❡r❛r✐❛ ♦ ❡st❛❞♦ ❞❡ t❡♥sã♦

❛♦ r❡❞♦r ❞♦ ❞❡❢❡✐t♦ ✐♥tr♦❞✉③✐❞♦✱ ❝♦♥❝❧✉✐♥❞♦ q✉❡ ❛s t❡♥sõ❡s ❣❡r❛❞❛s ♣❡❧❛ s✉❛ ✐♥tr♦❞✉çã♦

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

❞❡ r❡s✐stê♥❝✐❛ ✐♥✐❝✐❛✐s✳

❈♦♥t✉❞♦✱ ❛s t❡♦r✐❛s ♠♦❞❡r♥❛s r❡❢❡r❡♥t❡s ❛♦ ❢❡♥ó♠❡♥♦ ❞❡ ❢r❛t✉r❛ ✐♥✐❝✐❛♠✲s❡ ♣♦r ✈♦❧t❛ ❞❡

✶✾✷✵ ❝♦♠ ●r✐✣t❤✱ ❜❛s❡❛♥❞♦ ♦ s❡✉ tr❛❜❛❧❤♦ ❡①♣❡r✐♠❡♥t❛❧ ❛ ♣r♦❜❧❡♠❛s ❞❡ ❢r❛t✉r❛ ❡♠

♠❛t❡r✐❛✐s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❡r❢❡✐t❛♠❡♥t❡ ❢rá❣✐❧✱ ♦ ✈✐❞r♦✳ ❊st❡ ❛✉t♦r ❞❡s❡♥✈♦❧✈❡✉ ♦

tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♣♦r ■♥❣❧✐s✱ ♣r♦♣♦♥❞♦ ✉♠ ♥♦✈♦ ❝r✐tér✐♦ ❡♥❡r❣ét✐❝♦ ❞❡s✐❣♥❛❞♦ ♣♦r ❡♥❡r❣✐❛

❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ Gc✳ ◆♦ ❡♥t❛♥t♦✱ ♦s ♣r❡ss✉♣♦st♦s ❞❡ ●r✐✣t❤ ♥ã♦ t✐♥❤❛♠

❡♠ ❧✐♥❤❛ ❞❡ ❝♦♥t❛ ♣♦ssí✈❡✐s ❞❡❢♦r♠❛çõ❡s ♣❧ást✐❝❛s ♥❛ ♣♦♥t❛ ❞❛ ❢❡♥❞❛✱ ❝♦♥s✐❞❡r❛♥❞♦

s♦❜r❡t✉❞♦ ✉♠❛ ❛♥á❧✐s❡ ❛tó♠✐❝❛ ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❧✐❜❡rt❛çã♦ ❞❡ ❡♥❡r❣✐❛ s✉♣❡r✜❝✐❛❧ ❞♦

♠❛t❡r✐❛❧ ❛q✉❛♥❞♦ ❞❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛✳

❉✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❞❛ ❙❡❣✉♥❞❛ ●r❛♥❞❡ ●✉❡rr❛ ✭✶✾✸✾✲✶✾✹✺✮ ❡ ❛♣ós ❛ ♦❝♦rrê♥❝✐❛ ❞❡

❞❡s❛str❡s ❝♦♠ ✐♠♣♦rtâ♥❝✐❛ ❛ss✐♥❛❧á✈❡❧✱ ♥♦✈♦s ✐♥✈❡st✐❣❛❞♦r❡s ♣r♦ss❡❣✉✐r❛♠ ♦ tr❛❜❛❧❤♦

♣r♦t❛❣♦♥✐③❛❞♦ ♣♦r ●r✐✣t❤✳ ❖r♦✇❛♥✱ s✉❣❡r✐✉ q✉❡ ❛ ❡♥❡r❣✐❛ ❧✐❜❡rt❛❞❛ ♥❛ ♣r♦♣❛❣❛çã♦ ❞❡

✉♠❛ ✜ss✉r❛ ❡r❛ ❝♦♥s✉♠✐❞❛ ♥ã♦ só ❝♦♠♦ ❡♥❡r❣✐❛ ❞❡ t❡♥sã♦ s✉♣❡r✜❝✐❛❧ ♠❛s t❛♠❜é♠ ❡

s♦❜r❡t✉❞♦ ♥❛ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❢r❛t✉r❛✳

❉✉r❛♥t❡ ❛ ❞é❝❛❞❛ ❞❡ ✺✵✱ ■r✇✐♥ ✉t✐❧✐③♦✉ ♦s ♣r❡ss✉♣♦st♦s ❞❡ ●r✐✣t❤ ❡ ❞❡ ❖r♦✇❛♥✱ ❝❡♥tr❛♥❞♦

❛ s✉❛ ❛♥á❧✐s❡ ♥❛ ❡♥❡r❣✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ❛r♠❛③❡♥❛❞❛ ❡ ♥❛ ❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡ ♣r♦✈❡♥✐❡♥t❡

❞♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♥✉♠❛ ③♦♥❛ ❞❡ ❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛✳ ❉❡st❡ ❡st✉❞♦✱ r❡s✉❧t♦✉ ✉♠❛

♠♦❞✐✜❝❛çã♦ ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛✱ ♦♥❞❡ ♦ ❝♦♥❝❡✐t♦ ❞❡ ♣❧❛st✐❝✐❞❛❞❡ ❢♦✐ ✐♥tr♦❞✉③✐❞♦ ♥♦

❝♦♥❝❡✐t♦ ✐♥✐❝✐❛❧ ❞❡ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳

■r✇✐♥ ❬✶✶❪ ❞❡st❛❝♦✉✲s❡ t❛♠❜é♠ ♣❡❧❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ♣❛râ♠❡tr♦ ❧♦❝❛❧ à ❡①tr❡♠✐❞❛❞❡ ❞❛

❢❡♥❞❛✱ ♦ ❢❛t♦r ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞❡ t❡♥sã♦✱ K✱ ❡ ♣❡❧♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡ ✉♠❛ r❡❧❛çã♦

q✉❛♥t✐t❛t✐✈❛ ❡♥tr❡ ❡st❡ ❢❛t♦r ❡ ❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ P❛r❛ ❛ r❡s♦❧✉çã♦ ❞❡st❡

♣r♦❜❧❡♠❛ ♥♦ â♠❜✐t♦ ❞❛ ❡❧❛st✐❝✐❞❛❞❡✱ ❞✐s♣ôs ♥❛ ❛❧t✉r❛ ❡♠ q✉❡ r❡❛❧✐③♦✉ ♦ s❡✉ tr❛❜❛❧❤♦✱ ❞❛s

s♦❧✉çõ❡s ❞❡❞✉③✐❞❛s ♣♦r ❲❡st❡r❣❛❛r❞ ❬✶✷❪✳ ❊st❛s s♦❧✉çõ❡s✱ ❜❛s❡❛✈❛♠✲s❡ ♥✉♠❛ té❝♥✐❝❛

❛♥❛❧ít✐❝❛ ❞❡ tr❛t❛♠❡♥t♦ ❞♦ ♣r♦❜❧❡♠❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ t❡♥sõ❡s ❡ ❞❡❢♦r♠❛çõ❡s ❡♠

❝♦r♣♦s ✜ss✉r❛❞♦s✳

❉❡st❡ ❡st✉❞♦✱ r❡s✉❧t♦✉ ✉♠ ❛✈❛♥ç♦ s✐❣♥✐✜❝❛t✐✈♦ ♥❛ ❛♥á❧✐s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ ♦♥❞❡

■r✇✐♥ ❞❡♠♦♥str♦✉ q✉❡ ❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ❡r❛ ❡q✉✐✈❛❧❡♥t❡ ❛ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡

✐♥t❡♥s✐❞❛❞❡ ❞❡ t❡♥sã♦ ❧♦❝❛❧✱ s❡❣✉♥❞♦ ❛ q✉❛❧ ❛ ❢r❛t✉r❛ ♦❝♦rr❡r✐❛ q✉❛♥❞♦ ♦ ✈❛❧♦r ❞❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sõ❡s ♥❛ ♣♦♥t❛ ❞❛ ❢❡♥❞❛ ❛t✐♥❣✐❛ ✉♠ ✈❛❧♦r ❝rít✐❝♦✳ ❊st❛ ❞❡♠♦♥str❛çã♦

❞❡ ❡q✉✐✈❛❧ê♥❝✐❛ ❞❡ G ❡ K ❢♦r♥❡❝❡✉ ❛ ❜❛s❡ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ▼❡❝â♥✐❝❛ ❞❛

❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ❬✶✸❪✳



✶✵ ✷ ❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛

✷✳✸✳✷ ❈r✐tér✐♦ ❊♥❡r❣ét✐❝♦ Pr♦♣♦st♦ ♣♦r ●r✐✣t❤

❆ r❡s✐stê♥❝✐❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ à tr❛çã♦ ❞❡✈❡ s❡r ❡①♣❧✐❝❛❞❛✱ t❡♦r✐❝❛♠❡♥t❡✱ ♣♦r ❢♦rç❛s ❛♦ ♥í✈❡❧

❛tó♠✐❝♦✳ P♦ré♠✱ ❞❡✈✐❞♦ ❛ ❞❡❢❡✐t♦s ✈ár✐♦s✱ ❛ r❡s✐stê♥❝✐❛ ♣r❛t✐❝❛ é ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❡♥♦r

❞♦ q✉❡ ❛ ❡st✐♠❛t✐✈❛ t❡ór✐❝❛ ❬✷❪✳

●r✐✣t❤✱ ❢♦❝❛♥❞♦ ♦ s❡✉ tr❛❜❛❧❤♦ ♥❛ r❡s♦❧✉çã♦ ❞❡st❛ ❞✐❝♦t♦♠✐❛✱ ❞❡♠♦♥str♦✉ q✉❡ ❛ ✐❞❡✐❛ ❞❡

q✉❡ ❛ ❞✐s❝r❡♣â♥❝✐❛ ❡♥tr❡ ♦s ✈❛❧♦r❡s t❡ór✐❝♦s ❡ r❡❛✐s ❞❛ r❡s✐stê♥❝✐❛ à r✉t✉r❛ s❡ ❞❡✈❡r✐❛

❡①♣❧✐❝❛r ♣❡❧❛ ♣r❡s❡♥ç❛ ❞❡ ✜ss✉r❛s✱ ♣♦r✈❡♥t✉r❛ ♠✉✐t♦ ♣❡q✉❡♥❛s✱ ♥♦ ♠❛t❡r✐❛❧✳ ❆ ✐❞❡✐❛

♣r✐♥❝✐♣❛❧ ❞❛ t❡♦r✐❛ ♣r♦♣♦st❛✱ ❝❡♥tr❛✈❛✲s❡ ♥♦ ❝♦♥❝❡✐t♦ ❞❡ q✉❡ ♦❝♦rr❡r✐❛ ♣r♦♣❛❣❛çã♦ ❞❡

❢r❛t✉r❛ ❞❡✈✐❞♦ à ❡①✐stê♥❝✐❛ ❞❛ ❧✐❜❡rt❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❢❛❝❡ à r❡s✐stê♥❝✐❛ ❡①✐st❡♥t❡ ❞♦

♠❛t❡r✐❛❧ ❝♦♥st✐t✉✐♥t❡ ❞♦ ❝♦r♣♦✳ ❯t✐❧✐③❛♥❞♦ ❛ s♦❧✉çã♦ ❞♦ ❝❛♠♣♦ ❞❡ t❡♥sõ❡s ❞❡ ■♥❣❧✐s ❬✶✵❪

♣❛r❛ ✉♠❛ ♣❧❛❝❛ ❝♦♥t❡♥❞♦ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡❧í♣t✐❝❛ ❝❡♥tr❛❧ ✭✈❡r ❋✐❣✉r❛ ✷✳✸✮✱ ●r✐✣t❤ ❡st❛✈❛

❛♣t♦ ❛ ❢♦r♠✉❧❛r ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❡♥❡r❣ét✐❝❛✱ ♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛✱ U ✱ ❛r♠❛③❡♥❛❞❛ ♥♦

s✐st❡♠❛ s❡r✐❛✱

U =
σ2

2E
(V❚♦t❛❧ − 2πa2) ✭✷✳✶✮

♦♥❞❡ V❚♦t❛❧ t❡♥❞❡r✐❛ ♣❛r❛ ✐♥✜♥✐t♦ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ❞✐♠❡♥sõ❡s ❞❛ ♣❧❛❝❛ ❡ 2πa2

r❡♣r❡s❡♥t❛r✐❛ ♦ ✈♦❧✉♠❡ ❞❡ ❢❡♥❞❛ ✐♥tr♦❞✉③✐❞❛✳

σ

σ

2a

❋✐❣✉r❛ ✷✳✸✿ P❧❛❝❛ ❝♦♠ ❡①tr❡♠✐❞❛❞❡s ✜①❛s ❞❡ ❞✐♠❡♥sõ❡s ✐♥✜♥✐t❛s✱ ❞❡ ❡s♣❡ss✉r❛ ✉♥✐tár✐❛✱
❡♠ ❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sã♦✱ ❝♦♥t❡♥❞♦ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡❧í♣t✐❝❛ ❝❡♥tr❛❧ ❞❡ ❝♦♠♣r✐♠❡♥t♦ 2a
♣❡r♣❡♥❞✐❝✉❧❛r às t❡♥sõ❡s ✉♥✐❛①✐❛✐s ✐♠♣♦st❛s σ

❆❧é♠ ❞❛ ❛❧t❡r❛çã♦ ❞❛s t❡♥sõ❡s ❡❧ást✐❝❛s ♣r♦✈❡♥✐❡♥t❡s ❞❛ ✐♥tr♦❞✉çã♦ ❞❛ ✜ss✉r❛ ♥❛ ♣❧❛❝❛✱

●r✐✣t❤ ❛tr❛✈és ❞❛s s✉❛s ❡①♣❡r✐ê♥❝✐❛s ❝♦♠ ✜❜r❛s ❞❡ ✈✐❞r♦✱ ❛✜r♠♦✉✱ q✉❡ ♣❛r❛ ♠❛t❡r✐❛✐s ❝♦♠

❝♦♠♣♦rt❛♠❡♥t♦ ✐❞❡❛❧♠❡♥t❡ ❢rá❣✐❧✱ ❛ ✐♥tr♦❞✉çã♦ ❞❡st❡ ❞❡❢❡✐t♦ ❣❡r❛r✐❛ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❡



✷✳✸ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ✶✶

❡♥❡r❣✐❛ s✉♣❡r✜❝✐❛❧✱

DG = 2(2a)γs = 4γsa ✭✷✳✷✮

♦♥❞❡ ♦ ❢❛❝t♦r 2 r❡♣r❡s❡♥t❛r✐❛ ❛ ❝r✐❛çã♦ ❞❡ ❞✉❛s s✉♣❡r❢í❝✐❡s ❞❡ ❢r❛t✉r❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦

✐❣✉❛❧ à ❞❛ ❢❡♥❞❛ ✭♥♦ ❝❛s♦ 2a✮ ❡ γs ❛ ❡♥❡r❣✐❛ ❞❡ t❡♥sã♦ s✉♣❡r✜❝✐❛❧ ♣r♦✈❡♥✐❡♥t❡ ❞❡

❝♦♥s✐❞❡r❛çõ❡s ❛♦ ♥í✈❡❧ ❛tó♠✐❝♦✳ ●r✐✣t❤✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ ❝r✐❛çã♦ ❞❡ ♥♦✈❛s s✉♣❡r❢í❝✐❡s

❛❞✈✐♥❤❛ ❞❡ ♣r♦❝❡ss♦s t❡r♠♦❞✐♥â♠✐❝♦s ✐rr❡✈❡rsí✈❡✐s ❡♠ ❝♦♥❞✐çõ❡s ❡s♣❡❝í✜❝❛s✶ ❞❡ ❛♥á❧✐s❡ ❛

❝♦r♣♦s ❞❡❢♦r♠á✈❡✐s ❞❡✈✐❞♦ ❛ ❛❧t❡r❛çõ❡s ❡♥❡r❣ét✐❝❛s ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦

q✉❡ t♦❞❛s ❛s ❛❧t❡r❛çõ❡s q✉❡ ❞✐③✐❛♠ r❡s♣❡✐t♦ ❛ ❡st❡ r❡❢❡r✐❛♠✲s❡ à ♣r♦♣❛❣❛çã♦ ❞❛ ❢❡♥❞❛✱

❛✜r♠♦✉ q✉❡ ❛ ❢r❛t✉r❛ ♦❝♦rr❡r✐❛ ❝❛s♦ ♦ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ ❢♦ss❡ ❢❛✈♦rá✈❡❧✱

Π̇❚♦t❛❧ = U̇ − Ẇ + ḊG ≡
∂U

∂a
− ∂W

∂a
+
∂DG

∂a
> 0 ✭✷✳✸✮

♦♥❞❡W ❝♦rr❡s♣♦♥❞❡r✐❛ ❛♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♣❡❧❛s ❝❛r❣❛s ❛♣❧✐❝❛❞❛s✳ P❛r❛ t❛❧✱ ❡①✐st✐r✐❛ ✉♠❛

❞✐♠✐♥✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ✭U +W ✮✱ ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❧✐❜❡rt❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❡

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

s✉♣❡r❢í❝✐❡✱ r❡s✉❧t❛❞♦ ❞❛ ♦❝♦rrê♥❝✐❛ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ✭✈❡r ❋✐❣✉r❛ ✷✳✹✮✳ ◆♦ ❝❛s♦ ❞❡

✉♠❛ ♣❧❛❝❛ ❝♦♠ ❡①tr❡♠✐❞❛❞❡s ✜①❛s✱ ❛ ❝❛r❣❛ ❡①t❡r♥❛ ♥ã♦ r❡❛❧✐③❛ tr❛❜❛❧❤♦ ❡ ❛ss✐♠ ❛ ❡♥❡r❣✐❛

♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ♣r♦♣❛❣❛çã♦ t❡r✐❛ ❞❡ r❡s✉❧t❛r ❞❡ ✉♠❛ ❧✐❜❡rt❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧ást✐❝❛✳ ❉❡st❡

♠♦❞♦✱ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❛r♠❛③❡♥❛❞❛ ♥❛ ♣❧❛❝❛ ❝♦♠ ❡①✐stê♥❝✐❛ ❞❡ ✜ss✉r❛ ❞✐♠✐♥✉✐r✐❛✱ ❝♦♠

✐❣✉❛❧ ✈❛❧♦r ❛♦ ✈♦❧✉♠❡ ❞❡ t❡♥sã♦ ❧✐❜❡rt❛❞❛ ♣❡❧♦ ♠❛t❡r✐❛❧ ❢r❛t✉r❛❞♦✳

Energia
Energia Superficial

Potencial Energético Total

Energia de Deformação Elástica

Propagação de Fenda

Estável Instável

Tamanho de Fenda

❋✐❣✉r❛ ✷✳✹✿ ❇❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ r❡❧❛t✐✈♦ ❛ ✉♠❛ ♣❡q✉❡♥❛ ✜ss✉r❛ ✐♥s❡r✐❞❛ ♥✉♠❛ ♣❧❛❝❛ ❝♦♠
❡①tr❡♠✐❞❛❞❡s ✜①❛s ❞❡ ❞✐♠❡♥sõ❡s ✐♥✜♥✐t❛s ✭❛❞❛♣t❛❞♦ ❞❡ ❏❛♥ss❡♥ ❡t ❛❧✳ ❬✶✹✱ ♣♣✳ ✶✶❪✮

✶ ✭✐✮ ❝♦♥❞✐çõ❡s ❡stát✐❝❛s❀ ✭✐✐✮ ❞❡❢♦r♠❛çõ❡s ♣✉r❛♠❡♥t❡ ❡❧ást✐❝❛s❀ ✭✐✐✐✮ s✐st❡♠❛ ❛❞✐❛❜át✐❝♦ s❡♠ q✉❛❧q✉❡r ❢♦♥t❡
❞❡ ❝❛❧♦r ✐♥t❡r♥♦❀ ✭✐✈✮ ❢♦rç❛s ❡①t❡r✐♦r❡s ❝♦♥s❡r✈❛t✐✈❛s ✭❣r❛✈ít✐❝❛s✱ ❡❧ást✐❝❛s✮✱ r❡s✉❧t❛♥❞♦ ♥✉♠ ❞❡❝rés❝✐♠♦ ❞♦
tr❛❜❛❧❤♦ ❡①t❡r✐♦r r❡❛❧✐③❛❞♦



✶✷ ✷ ❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛

❆ss✐♠✱ ●r✐✣t❤ ♣♦st✉❧♦✉ ✉♠ ♥♦✈♦ ❝r✐tér✐♦ ❞❡ ❢r❛t✉r❛ ❡♥❡r❣ét✐❝♦✱ ♦♥❞❡ ❞❡✜♥✐✉ ♦ ❝♦♥❝❡✐t♦ ❞❡

❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ Gc ❬J/m2❪✱ ♣❛r❛ ♠❛t❡r✐❛✐s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦

❢rá❣✐❧ ❡♠ ❝♦♥❞✐çõ❡s ❡❧ást✐❝❛s✱ ♦♥❞❡✱ ♣❛r❛ q✉❡ ♥ã♦ ♦❝♦rr❡ss❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ ♦ ✈❛❧♦r

❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ t❡r✐❛ ❞❡ s❡r ✐♥❢❡r✐♦r ❛♦ ❡st✐♣✉❧❛❞♦ ♣♦r Gc✿

−∂Π
∂a
≤ Gc = 2γs ✭✷✳✹✮

❈❛s♦ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❧✐❜❡rt❛❞❛ ❢♦ss❡ ✐❣✉❛❧ à ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦✱ s❡r✐❛ ❝❛❧❝✉❧❛❞♦

♦ ✈❛❧♦r ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❝rít✐❝♦ ❞❡ ❢❡♥❞❛✱ ac✱ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛✱ ♦✉

✈❛❧♦r ❝rít✐❝♦ ❞❡ t❡♥sã♦✱ σc✱ ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❢❡♥❞❛ ♦❝♦rr✐❞♦✿

−∂Π
∂a

= Gc ⇒























ac =
GcE

πσ2

σc =

√

GcE

πa

✭✷✳✺✮

❋✐s✐❝❛♠❡♥t❡✱ ❛ ❡q✉❛çã♦ ✭✷✳✹✮ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ✭✐✮ à ❡sq✉❡r❞❛

❞❛ ❡q✉❛çã♦ r❡♣r❡s❡♥t❛✲s❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ q✉❡ ❡①✐st❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱

♦♥❞❡ ♦ s✐♥❛❧ ♥❡❣❛t✐✈♦ r❡♣r❡s❡♥t❛ ♦ ❞❡❝rés❝✐♠♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦❀ ❡ ✭✐✐✮ à ❞✐r❡✐t❛ ❞❛

❡q✉❛çã♦✱ ♦ ❢❛❝t♦r ✷ r❡♣r❡s❡♥t❛ ❛ ❝r✐❛çã♦ ❞❡ ❞✉❛s ♥♦✈❛s s✉♣❡r❢í❝✐❡s ❞❡✈✐❞♦ à ♦❝♦rrê♥❝✐❛ ❞❡

❢r❛t✉r❛ ❝♦♠ ✉♠❛ t❡♥sã♦ ❡♥❡r❣ét✐❝❛ s✉♣❡r✜❝✐❛❧ γs✳ ◆♦ ❡♥t❛♥t♦✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❡st❛ ❛♥á❧✐s❡

s❡ ❛ss♦❝✐❛ ❛ ♠❛t❡r✐❛✐s ❢rá❣❡✐s✱ ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♣✉r❛♠❡♥t❡ ❡❧ást✐❝♦✳ ❙❡❣✉♥❞♦ ❙♦❜♦②❡❥♦

❬✶✺✱ ♣♣✳ ✸✻✺✲✸✾✺❪✱ t✐♣✐❝❛♠❡♥t❡✱ ❡①✐st❡ ✉♠❛ ♣❡q✉❡♥❛ ③♦♥❛ ✐♥❡❧ást✐❝❛ ♥❛ ♣♦♥t❛ ❞❛ ❢r❛t✉r❛✱

♦♥❞❡ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ♠❛t❡r✐❛❧✱ ♣♦❞❡♠ ♦❝♦rr❡r ♣r♦❝❡ss♦s ✐rr❡✈❡rsí✈❡✐s✱ ♥♦♠❡❛❞❛♠❡♥t❡✿ ✭✐✮

❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ✭♠❡t❛✐s✮❀ ✭✐✐✮ ♠✐❝r♦✲❢r❛t✉r❛s ✭❝❡râ♠✐❝♦s✮❀ ✭✐✐✐✮ ❞❡s❝♦❧❛❣❡♠ ❞❡ ✜❜r❛s

✭❝♦♠♣♦s✐t♦s✮❀ ♦✉ ✭✐✈✮ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ✜ss✉r❛❞❛ ✭♣♦❧í♠❡r♦s✮✳ P❛r❛ ♠❛t❡r✐❛✐s

♠❛✐s ❞ú❝t❡✐s ❞♦ q✉❡ ♦ ✈✐❞r♦✱ ♦ ✈❛❧♦r ❞❡ Gc ❞❡✈❡ s❡r ❛ss♦❝✐❛❞♦ ❛ ✉♠❛ ❝♦♥st❛♥t❡✱ Csp✱

s❡♥❞♦ ❡st❛ ≫ ✷γs✳ ❖r♦✇❛♥ s✉❣❡r✐✉ q✉❡ ❛ ❡♥❡r❣✐❛ ❧✐❜❡rt❛❞❛ ♥❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ✜ss✉r❛

❡r❛ ❝♦♥s✉♠✐❞❛ ♥ã♦ só ❝♦♠♦ ❡♥❡r❣✐❛ ❞❡ t❡♥sã♦ s✉♣❡r✜❝✐❛❧ ♠❛s t❛♠❜é♠ ❡ s♦❜r❡t✉❞♦ ♥❛

❞❡❢♦r♠❛çã♦ ♣❧ást✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❡♥❡r❣✐❛✿

Csp = 2γs + γp ✭✷✳✻✮

❈♦♥t✉♥❞♦✱ ❖r♦✇❛♥ ❡ ■r✇✐♥ ❡s❝❧❛r❡❝❡r❛♠ q✉❡✱ ❞❡s❞❡ q✉❡ ♦s ♠ét♦❞♦s ❞❛ ❡❧❛st✐❝✐❞❛❞❡ ❧✐♥❡❛r

♣✉❞❡ss❡♠ s❡r ✉t✐❧✐③❛❞♦s ✭❡ ♣♦rt❛♥t♦ ❛ ❡①t❡♥sã♦ ❞❛ ③♦♥❛ ❞❡❢♦r♠❛❞❛ ♣❧❛st✐❝❛♠❡♥t❡ ❢♦ss❡

♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ❛ ❡①t❡♥sã♦ ❞❛ ❢❡♥❞❛✮✱ ❛ r❡s✐stê♥❝✐❛ à ❢r❛t✉r❛ s❡r✐❛ ❞♦♠✐♥❛❞❛ ♣❡❧♦

♣❛râ♠❡tr♦ ❞❛ t❡♥sã♦ ❡♥❡r❣ét✐❝❛ s✉♣❡r✜❝✐❛❧✳ ❆ss✐♠✱ ❛ ❝♦♥❞✐çã♦ ❝rít✐❝❛ ❞❡ ❢r❛t✉r❛ r❡s✉❧t❛♥t❡

❞♦ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ s❡r✐❛✱

Gc = 2γs ✭✷✳✼✮



✷✳✸ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛ ▲✐♥❡❛r ✶✸

♦♥❞❡ Gc s❡r✐❛ ❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❝rít✐❝❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛❣♦r❛ ❝♦♠♣♦rt❛♠❡♥t♦s

✐♥❡❧ást✐❝♦s ♥❛ ♣♦♥t❛ ❞❛ ❢r❛t✉r❛✳ ❊st❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦✱ s❡r✐❛ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡

✐♥trí♥s❡❝❛ ❞♦ ♠❛t❡r✐❛❧✱ ♠❡❞✐♥❞♦ ❛ s✉❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡s✐st✐r à ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛s✳

❉❡st❡ ♠♦❞♦✱ ❛❧é♠ ❞❛ ❞❡✜♥✐çã♦ ❞♦ ❝♦r♦❧ár✐♦ ✭✷✳✹✮ ♣❛r❛ ♠❛t❡r✐❛✐s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦

♣❡r❢❡✐t❛♠❡♥t❡ ❢rá❣✐❧✱ ♦ ❝r✐tér✐♦ ❞❛ ❢r❛t✉r❛ ❞❡ ●r✐✣t❤ ❝♦♥t✐♥✉❛✈❛ ✈á❧✐❞♦ ♣❛r❛ ♠❛t❡r✐❛✐s ❝♦♠

❝❛r❛❝t❡ríst✐❝❛s ❞❡ ♣❧❛st✐❝✐❞❛❞❡ ♥ã♦ ❞❡s♣r❡③á✈❡❧✱ ♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡

❢r❛t✉r❛ ✐♥❝❧✉✐r✐❛ ♥❛ s✉❛ ❣é♥❡s❡ ❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ ❞❡ss❛ ③♦♥❛ ✐♥❡❧ást✐❝❛ ♣r❡s❡♥t❡ ♥❛ ♣♦♥t❛

❞❛ ❢❡♥❞❛✳ ❆ss✐♠✱ ❛ ✐❞❡✐❛ ❝❡♥tr❛❧ ❞❛ t❡♦r✐❛ ❞❡ ●r✐✣t❤ ♣❡r♠❛♥❡❝✐❛ ✈á❧✐❞❛ ♣❛r❛ ❛

❣❡♥❡r❛❧✐❞❛❞❡ ❞❡ ♣r♦❜❧❡♠❛s ❞❡ ❢r❛t✉r❛✳



✶✹ ✷ ❇r❡✈❡ ❘❡✈✐sã♦ ❙♦❜r❡ ❈♦♥❝❡✐t♦s ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛



❈❛♣ít✉❧♦ ✸

❖t✐♠✐③❛çã♦ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ à

❋r❛t✉r❛

✸✳✶ ■♥tr♦❞✉çã♦

❆ t❡♦r✐❛ ❝❧áss✐❝❛ ❞❡ ●r✐✣t❤ r❡❢❡r❡♥t❡ à ❢r❛t✉r❛ ❢rá❣✐❧ t❡♠ s✐❞♦ r❡❢❡r❡♥❝✐❛❞❛ ❛♦ ❧♦♥❣♦ ❞♦s

ú❧t✐♠♦s ❛♥♦s ❛tr❛✈és ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❞❡❧♦s ♥✉♠ér✐❝♦s ❞❡s✐❣♥❛❞♦s ♣♦r ❢r❡❡ ❞✐s❝♦♥t✐♥✉✐t②

✭❣❡♥❡r❛❧✐③❛❞♦s à t❡♦r✐❛ ❞❡ ●r✐✣t❤❀ ✈❡r✱ ❡✳❣✳✱ ❬✶❪✱ ❬✶✻❪✕❬✶✽❪✮✳ ❖ t❡r♠♦ r❡❢❡r✐❞♦✱ ❢♦✐ ✐♥tr♦❞✉③✐❞♦

♣♦r ●✐♦r❣✐ ❡ ❆♠❜r♦s✐♦ ❬✶✾❪ q✉❡ ♣♦st✉❧❛♠ q✉❡ ❛ s♦❧✉çã♦ ♣♦❞❡ ❝♦♥t❡r ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ❡✱ ❡♠

❛❞✐çã♦✱ ❛ ❧♦❝❛❧✐③❛çã♦ ❞❛s ♠❡s♠❛s ❛♦ ❧♦♥❣♦ ❞♦s ❞✐✈❡rs♦s ✐♥❝r❡♠❡♥t♦s ❞❡ ❝❛r❣❛ é ❞❡s❝♦♥❤❡❝✐❞❛

❛ ♣r✐♦r✐✳

❆ ❛❜♦r❞❛❣❡♠ ♣r♦♣♦st❛ ♣♦r ❇♦✉r❞✐♥ ❡t ❛❧✳ ❬✶❪✱ ❛ q✉❛❧ s❡r✈✐✉ ❞❡ ✐♥s♣✐r❛çã♦ ♣❛r❛ ♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ ✉t✐❧✐③❛❞❛ ♥♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ ✐♥t❡r♣r❡t❛ ♦

♣r♦❜❧❡♠❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❝♦♠♦ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❝♦♥✜❣✉r❛çã♦

q✉❡ ♠✐♥✐♠✐③❛ ❛ ❡♥❡r❣✐❛ ❣❧♦❜❛❧ ❞♦ s✐st❡♠❛ ♠❡❝â♥✐❝♦✳ P❛r❛ ❛ s✉❛ ❛♣❧✐❝❛çã♦ ❛ ♣r♦❜❧❡♠❛s ❞❡

❢r❛t✉r❛✱ é ♥❡❝❡ssár✐♦ ❣❛r❛♥t✐r r❡str✐çõ❡s ❢ís✐❝❛s ♥♦ ♠♦❞❡❧♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♠♦❞♦ ❛

s❛t✐s❢❛③❡r ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❞♦ ❢❡♥ó♠❡♥♦✳ ❆ ❛❜♦r❞❛❣❡♠ ♠❛✐s ❝♦♠✉♠✱ ♣❛ss❛ ♣❡❧❛

♠✐♥✐♠✐③❛çã♦ s✉❝❡ss✐✈❛ ❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦s ❞✐✈❡rs♦s ✐♥❝r❡♠❡♥t♦s ❞❡ ❝❛r❣❛✱ q✉❡ ❣❡r❛♠ ♦✉

♥ã♦ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳ ❉✉r❛♥t❡ ♦ ✐♥❝r❡♠❡♥t♦✱ ❣❛r❛♥t❡♠✲s❡ r❡str✐çõ❡s ❢ís✐❝❛s ❞❡

✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❛té ❛♦ ❧✐♠✐t❡ ❞❡ ✐♥❝r❡♠❡♥t♦s ❡st✐♣✉❧❛❞♦s✳

❊st❡ t✐♣♦ ❞❡ ❢♦r♠✉❧❛çõ❡s ✈❛r✐❛❝✐♦♥❛✐s✱ ❧❡✈❛ ✐♥✈❛r✐❛✈❡❧♠❡♥t❡ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡s♦❧✈❡r ✉♠

♣r♦❜❧❡♠❛ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛✳ P❛r❛ t❛❧✱ ♥❡st❡ tr❛❜❛❧❤♦✱ r❡❝♦rr❡✲s❡ ❛♦ ♠ét♦❞♦

❞❡♥♦♠✐♥❛❞♦ ♣♦r ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥ ▼❡t❤♦❞ ♦❢ ▼✉❧t✐♣❧✐❡rs ✭❆❉▼▼✮ ❬✸❪ ♥❛ ♥♦♠❡♥❝❧❛t✉r❛

❛♥❣❧♦✲s❛①ó♥✐❝❛✱ ❝♦♠♦ ❛❧❣♦r✐t♠♦ ❞❡ r❡s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❢✉♥❞❛♠❡♥t❛❧✳

✶✺



✶✻ ✸ ❖t✐♠✐③❛çã♦ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ à ❋r❛t✉r❛

❊st❡ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ♣❡r♠✐t❡ r❡s♦❧✈❡r ♣r♦❜❧❡♠❛s ❞❡ ♦t✐♠✐③❛çã♦ ♥ã♦✲❧✐♥❡❛r❡s ❝♦♥✈❡①♦s

❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ✐t❡r❛t✐✈♦ ❜❛st❛♥t❡ ❡①♣❡❞✐t♦ ❡ ❡✜❝✐❡♥t❡✳ ❖ ♠ét♦❞♦

❞❡s❝r✐t♦✱ ❞❡❝♦♠♣õ❡ ♦ ♣r♦❜❧❡♠❛ ♦r✐❣✐♥❛❧ ❡♠ ❞♦✐s s✉❜✲♣r♦❜❧❡♠❛s✱ r❡s♦❧✈❡♥❞♦✲♦s ❛tr❛✈és ❞❡

♠✐♥✐♠✐③❛çõ❡s s✉❝❡ss✐✈❛s ❡ ❛❧t❡r♥❛❞❛s✳

✸✳✷ ❋♦r♠✉❧❛çã♦ ❱❛r✐❛❝✐♦♥❛❧

◆❡st❛ s❡❝çã♦ ❞❡s❝r❡✈❡✲s❡✱ ❝♦♠ ♦ ❞❡t❛❧❤❡ ♥❡❝❡ssár✐♦✱ ❛ ❢♦r♠✉❧❛çã♦ ✉t✐❧✐③❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❱✐❝❡♥t❡ ❞❛ ❙✐❧✈❛ ❬✷✵❪✱ ❝♦♥s✐❞❡r❛✲s❡ ✉♠ ❝♦r♣♦ Ω ❞❡ ❞♦♠í♥✐♦ ❝♦♥✈❡①♦✱

❝♦♥st✐t✉í❞♦ ♣♦r ✉♠ ♠❛t❡r✐❛❧ ❢rá❣✐❧ ❡❧ást✐❝♦ ❧✐♥❡❛r✱ ❞❡❧✐♠✐t❛❞♦ ♣♦r ✉♠❛ ❢r♦♥t❡✐r❛ Γ✱

❝♦♠♣♦st❛ ♣♦r três s✉❜✲r❡❣✐õ❡s ❝♦♠♣❧❡♠❡♥t❛r❡s✱ Γµ✱ Γt ❡ Γc✱

Γ = Γµ ∪ Γt ∪ Γc ✭✸✳✶❛✮

Γµ ∩ Γt = Γt ∩ Γc = Γµ ∩ Γc = ∅ ✭✸✳✶❜✮

♦♥❞❡ Γµ é ❛ r❡❣✐ã♦ ❞❛ ❢r♦♥t❡✐r❛ ♦♥❞❡ sã♦ ✐♠♣♦st❛s r❡str✐çõ❡s ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ❝♦r♣♦✱

❞❡♥♦♠✐♥❛❞❛ ♣♦r ❢r♦♥t❡✐r❛ ❝✐♥❡♠át✐❝❛✱ Γt é ❛ r❡❣✐ã♦ ❞❛ ❢r♦♥t❡✐r❛ ♦♥❞❡ s❡ ❝♦♥❤❡❝❡♠ ❛s ❢♦rç❛s

❡①t❡r✐♦r❡s ❛♣❧✐❝❛❞❛s✱ ❞❡♥♦♠✐♥❛❞❛ ♣♦r ❢r♦♥t❡✐r❛ ❡stát✐❝❛✱ ❡ Γc é ❛ r❡❣✐ã♦ r❡♣r❡s❡♥t❛t✐✈❛ ❞❛s

s✉♣❡r❢í❝✐❡s ❞❡ ❢r❛t✉r❛ ❡①✐st❡♥t❡s ✭✈❡r ❋✐❣✉r❛ ✸✳✶✮✳

Ω

Γu

Γt

Γc1
Γc2

Γc3

❋✐❣✉r❛ ✸✳✶✿ P❛rt✐çã♦ ❞♦ ❞♦♠í♥✐♦ Ω ♥❛s s✉❜✲r❡❣✐õ❡s ❝♦♠♣❧❡♠❡♥t❛r❡s ❞❡ Γ

❈♦♠♦ ♥♦t❛ ✐♥✐❝✐❛❧✱ ❝♦♥s✐❞❡r❛✲s❡ q✉❡ ❞❛q✉✐ ❡♠ ❞✐❛♥t❡✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ♥♦♠❡♥❝❧❛t✉r❛

♣❛rt✐❝✉❧❛r ❡♠ r❡❧❛çã♦ à ✈❛r✐á✈❡❧ t❡♠♣♦ ✭❡✳❣✳✱ Γc(t) =
tΓc✮✳ ❙❡❣✉♥❞♦ ❱✐❝❡♥t❡ ❞❛ ❙✐❧✈❛ ❬✷✵❪✱

❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ❢r❛t✉r❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ✜ss✉r❛ ✐♥✐❝✐❛❧ ✐♥❝r❡♠❡♥t❛❞❛

♣♦r ✉♠❛ ✈❛r✐❛çã♦ ♥❛ s✉♣❡r❢í❝✐❡✱

t+∆tΓc =
tΓc +∆Γc ✭✸✳✷✮



✸✳✷ ❋♦r♠✉❧❛çã♦ ❱❛r✐❛❝✐♦♥❛❧ ✶✼

♦♥❞❡ ❡st❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ♣r♦❝❡ss♦ ❢ís✐❝♦ ✐rr❡✈❡rsí✈❡❧✱

tΓc ⊆t+∆t Γc ✭✸✳✸✮

s❡♥❞♦ ♦ ❞♦♠í♥✐♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ tΩ✱ r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❡①❝❧✉sã♦ ❞❛ s✉❜✲r❡❣✐ã♦

r❡♣r❡s❡♥t❛t✐✈❛ ❞❛s s✉♣❡r❢í❝✐❡s ❢r❛t✉r❛❞❛s✿

tΩ = Ω \ tΓc ✭✸✳✹✮

❆ ♦❝♦rrê♥❝✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♣r❡ss✉♣õ❡ ❛ ❡①✐stê♥❝✐❛ ✐♥✐❝✐❛❧ ❞❡ ❝♦♥t❛❝t♦ ✉♥✐❧❛t❡r❛❧

❡♥tr❡ ❢❛❝❡s✱ ❞❡✜♥✐♥❞♦✲s❡ ❝♦♠♦ r❡str✐çã♦ ❢ís✐❝❛ ✐♠♣❧í❝✐t❛ ❛ ♥ã♦ ✐♥t❡r♣❡♥❡tr❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s

✈✐③✐♥❤♦s ❛q✉❛♥❞♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱

[|u|] · n > 0 ✭✸✳✺✮

♦♥❞❡ [|u|] ❝♦rr❡s♣♦♥❞❡ ❛♦s ❞❡s❧♦❝❛♠❡♥t♦s r❡❧❛t✐✈♦s ✭n, t✮ ❡♥tr❡ ❢❛❝❡s s❡♥❞♦ n ❛ ♥♦r♠❛❧

❡①t❡r✐♦r à s✉♣❡r❢í❝✐❡ ❢r❛t✉r❛❞❛ ❝♦♥❢♦r♠❡ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✳ ❆ ♦❝♦rrê♥❝✐❛ ❞❡st❛ ✜ss✉r❛

❞❡✈❡✲s❡ à ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❛♦ ❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ♠❡s♠❛✱ ♣r♦♣♦r❝✐♦♥❛❧ à ár❡❛

❞❡ ❢r❛t✉r❛çã♦ ♦❝♦rr✐❞❛✱ ♦r✐❣✐♥❛❞❛ ♣♦r ❢♦rç❛s ❡①t❡r✐♦r❡s ❛♦ ❝♦r♣♦ q✉❡ ✐♠♣✉❧s✐♦♥❛♠ ♦ s❡✉

❛✉♠❡♥t♦✳

−+

Γc

ΩΩ

Γu

Γt

−
+

Ω
Ω

Γc

Γ

Γ

❋✐❣✉r❛ ✸✳✷✿ ❉❡s❧♦❝❛♠❡♥t♦ ❛❞♠✐ssí✈❡❧ ❡♥tr❡ ❢❛❝❡s ❢r❛t✉r❛❞❛s Γc ♥✉♠ ❞♦♠í♥✐♦ Ω = {Ω⊕,Ω⊖}

❆ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠❛ ♥♦✈❛ s✉♣❡r❢í❝✐❡ ❢r❛t✉r❛❞❛ ❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ P❛♥❞♦❧✜ ❡ ❖rt✐③ ❬✷✶❪✱ r❡s✉❧t❛

❞❛ ❝♦♠❜✐♥❛çã♦ ❞❡ três ❢❛t♦r❡s ❢✉♥❞❛♠❡♥t❛✐s✱ q✉❡ ❝♦♠❜✐♥❛❞♦s✱ ❣❡r❛♠ ♦✉ ♥ã♦✱ ❛✉♠❡♥t♦ ❞❡

❢❡♥❞❛✿ ✭✐✮ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❧✐❜❡rt❛❞❛ ♣❡❧❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛❀ ✭✐✐✮ ❡♥❡r❣✐❛ ❡s♣❡❝í✜❝❛ ❞❡

❢r❛t✉r❛✱ q✉❡ ♣❡♥❛❧✐③❛ ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ ❛ ár❡❛ ❞❡ ❢r❛t✉r❛ ♦❝♦rr✐❞❛❀ ❡ ✭✐✐✐✮ ❝♦♥❞✐çõ❡s ❡

r❡str✐çõ❡s ❢ís✐❝❛s ✐♥❡r❡♥t❡s ❛♦ ♣r♦❝❡ss♦ ❞❡ ❢r❛t✉r❛✱ ♥♦♠❡❛❞❛♠❡♥t❡ ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❞♦

❢❡♥ó♠❡♥♦ ❛♣ós s♦❧✐❝✐t❛çõ❡s ✐♠♣♦st❛s✱ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ❝❛♠✐♥❤♦ ❢r❛t✉r❛❞♦ ♦r✐❣✐♥❛❞♦ ♣❡❧❛

❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❡ ❤✐st❡r❡s❡✳



✶✽ ✸ ❖t✐♠✐③❛çã♦ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ à ❋r❛t✉r❛

❙❡❣✉♥❞♦ ❇♦✉r❞✐♥ ❡t ❛❧✳ ❬✶❪ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ❛ ✉♠ ♣r♦❜❧❡♠❛ ❞❡

♠✐♥✐♠✐③❛çã♦✱ t❡♥❞♦ ❝♦♠♦ ♣r❡ss✉♣♦st♦ ❜❛s❡ ♦ ❝r✐tér✐♦ ❡♥❡r❣ét✐❝♦ ❞❡ ●r✐✣t❤✳ ❊st❡s ❛✉t♦r❡s

❝♦♥s✐❞❡r❛♠ q✉❡ s❡ ❛ ❡♥❡r❣✐❛ ❧✐❜❡rt❛❞❛ ❡①❝❡❞❡r ❛ ❡♥❡r❣✐❛ ❝rít✐❝❛ ♣r♦✈❡♥✐❡♥t❡ ❞❡ t♦❞♦s ♦s

❝❛♠✐♥❤♦s ♣♦ssí✈❡✐s ❝rít✐❝♦s ❛ ❛♥❛❧✐s❛r✱ ❛ ❢r❛t✉r❛ ♦❝♦rr❡rá ♣❡❧♦ ❝❛♠✐♥❤♦ q✉❡ ✐rá ♠✐♥✐♠✐③❛r

♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ t♦t❛❧ ❞♦ s✐st❡♠❛✱

♠✐♥✐♠✐③❛çã♦ t ΠTotal (u,Γc) =
t U(u,Γc)−t W (u,Γc) +

∫ t

0

DG

(τ |Γ̇c|
)

dτ ✭✸✳✻✮

❡♠ q✉❡✱

tU =
1

2

∫

Ω\Γc

(tu)Tk(tu) dV ✭✸✳✼✮

tW =

∫

Ω

(tfb)
Tu dV +

∫

Γσ

(tft)
Tu dS ✭✸✳✽✮

♦♥❞❡ u r❡♣r❡s❡♥t❛ ♦s ❞❡s❧♦❝❛♠❡♥t♦s✱ k ❛ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❡❧❡♠❡♥t❛r✱ fb ❛s ❢♦rç❛s ❞❡

s✉♣❡r❢í❝✐❡ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ❡ ft ❛s ❢♦rç❛s ❞❡ tr❛çã♦ ♣♦r ✉♥✐❞❛❞❡ ❞❡ s✉♣❡r❢í❝✐❡✳ ❖

ú❧t✐♠♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✭✸✳✻✮ r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛❜s♦r✈✐❞❛

❞✉r❛♥t❡ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛✱ DG✱ ❞❡✜♥✐❞♦ ❝♦♠♦ s❡♥❞♦✱

DG =

{

Gc|Γ̇c|, |Γ̇c| ≥ 0

∞, |Γ̇c| < 0
✭✸✳✾✮

♦♥❞❡ |Γ̇c| é ❛ ✈❛r✐❛çã♦ ❞❛ ár❡❛ ❞❡ ❢r❛t✉r❛ ✭❝♦♠♣r✐♠❡♥t♦ ♥♦ ❝❛s♦ ❜✐❞✐♠❡♥s✐♦♥❛❧✮ ❛♦ ❧♦♥❣♦

❞♦ t❡♠♣♦✳ ❙❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡st❡ ú❧t✐♠♦ t❡r♠♦✱ ♦ ♣r♦❜❧❡♠❛ r❡s✉♠❡✲s❡ s✐♠♣❧❡s♠❡♥t❡ ❛♦

♣r✐♥❝í♣✐♦ ❞❛ ❡st❛❝✐♦♥❛r✐❞❛❞❡ ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ✭U+W ✮✱ r❡❝✉♣❡r❛♥❞♦ ❛ss✐♠ ✉♠ ♣r♦❜❧❡♠❛

tí♣✐❝♦ ❞❡ ✈❛❧♦r ❞❡ ❢r♦♥t❡✐r❛ ❡❧ást✐❝♦ ❧✐♥❡❛r✳

✸✳✸ ❆❧❣♦r✐t♠♦ ❞❡ Pr♦❣r❛♠❛çã♦ ▼❛t❡♠át✐❝❛

❉❡ ❢♦r♠❛ ❛ r❡s♦❧✈❡r ♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡s❝r✐t♦ ♥❛ s❡❝çã♦ ❛♥t❡r✐♦r✱ ♣r♦♣õ❡✲s❡ ❛

✉t✐❧✐③❛çã♦ ❞♦ ❆❉▼▼✳ ❖ ❝♦♥❝❡✐t♦ ❞❡ ❆❉▼▼ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r ●❧♦✇✐♥s❦✐

❡ ▼❛rr♦❝♦ ❬✷✷❪ ❡ ●❛❜❛② ❡ ▼❡r❝✐❡r ❬✷✸❪ ❡♠ ♠❡❛❞♦s ❞♦s ❛♥♦s ✼✵✳

❊♠❜♦r❛ ❡①✐st❛♠ ❛❧❣✉♠❛s r❡❢❡rê♥❝✐❛s ✐♠♣❧í❝✐t❛s ❡♠ ❬✷✹❪✱ ♦ t❡r♠♦ ❆❉▼▼ ❢♦✐ ❝✉♥❤❛❞♦ ♥♦

✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✽✵✱ ✐♥í❝✐♦s ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵ ✭❣❡♥❡r❛❧✐③❛❞♦s ❛♦ ❝♦♥❝❡✐t♦ ❞♦ ❆❉▼▼❀ ✈❡r

❡✳❣✳✱ ❬✷✺❪✕❬✷✼❪✮✳ ❖ ♠ét♦❞♦ ❞❡s❝r✐t♦ t❛♠❜é♠ é ♣♦r ✈❡③❡s ❞❡s✐❣♥❛❞♦ ♣♦r ❆❧t❡r♥❛t✐♥❣ ❉✐r❡❝t✐♦♥

❆✉❣♠❡♥t❡❞ ▲❛❣r❛♥❣✐❛♥ ✭❆❉❆▲✮ ♦✉ ♠ét♦❞♦ ❞❡ ❞✐✈✐sã♦ ❞❡ ❇r❡❣♠❛♥ ❬✷✽❪✳



✸✳✸ ❆❧❣♦r✐t♠♦ ❞❡ Pr♦❣r❛♠❛çã♦ ▼❛t❡♠át✐❝❛ ✶✾

❉❡ ❛❝♦r❞♦ ❝♦♠ ❇♦②❞ ❡t ❛❧✳ ❬✸❪✱ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝♦ ❆❉▼▼✱ ❝♦♥s✐st❡ ♥❛

r❡s♦❧✉çã♦ s✉❝❡ss✐✈❛ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦✱ ✉t✐❧✐③❛♥❞♦ ❛❧t❡r♥❛❞❛ ❡ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡

❛s ✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦ r❡❧❛t✐✈❛s ❛♦ ♣r♦❜❧❡♠❛ ❡♠ q✉❡stã♦✳ ❆ ❡str❛té❣✐❛ ❞❡❧✐♥❡❛❞❛ ♣♦r ❡st❛

❢❡rr❛♠❡♥t❛ ❞❡ ❝á❧❝✉❧♦ ♣❡r♠✐t❡ q✉❡ ❛ ♥ã♦✲❧✐♥❡❛r✐❞❛❞❡ ❞♦ ♣r♦❜❧❡♠❛ ♣♦ss❛ s❡r tr❛t❛❞❛ ❞❡

❢♦r♠❛ s✐♠♣❧❡s ❡ ❞✐r❡t❛✳ ❖ ♠ét♦❞♦ ❛♣r❡s❡♥t❛❞♦ ✈✐s❛ ❝♦♠❜✐♥❛r ❛s ✈❛♥t❛❣❡♥s ❞❡ ✉♠ ♣r♦❜❧❡♠❛

❞❡ ♠✐♥✐♠✐③❛çã♦ ❞✉❛❧ ❝♦♠ ♦ ♠ét♦❞♦ ▲❛❣r❛♥❣❡❛♥♦ ❛✉♠❡♥t❛❞♦✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ t❛①❛ ❞❡

❝♦♥✈❡r❣ê♥❝✐❛ ❝♦♠♣❡t✐t✐✈❛ ❢❛❝❡ ❛ ♠ét♦❞♦s ❛❧t❡r♥❛t✐✈♦s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ❝♦♠ t♦❧❡râ♥❝✐❛s ♥ã♦

♠✉✐t♦ ❛♣❡rt❛❞❛s✳ ❊st❡ ❛❧❣♦r✐t♠♦ ❛♣r❡s❡♥t❛ ❛✐♥❞❛ ✉♠❛ r♦❜✉st❡③ ❛ss✐♥❛❧á✈❡❧ s❡♥❞♦ ❛ s✉❛

❝♦♥✈❡r❣ê♥❝✐❛ ♣r❛t✐❝❛♠❡♥t❡ ❣❛r❛♥t✐❞❛✳

❖ ♠ét♦❞♦ ❞❡s❝r✐t♦✱ ❡stá ❛♣t♦ ❛ r❡s♦❧✈❡r ♣r♦❜❧❡♠❛s q✉❡ ♣♦ss❛♠ s❡r ❡s❝r✐t♦s ♥❛ ❢♦r♠❛✱

♠✐♥✐♠✐③❛çã♦ f(x) + g(z) ✭✸✳✶✵❛✮

s✉❥❡✐t♦ ❛✿ Ax+ Bz ✭✸✳✶✵❜✮

♦♥❞❡ x ∈ R
n ❡ z ∈ R

m sã♦ ✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦✳ ❆q✉✐✱ A : Rn → R
l ❡ B : Rm → R

l sã♦

♠❛tr✐③❡s ❧✐♥❡❛r❡s ❞❡ tr❛♥s❢♦r♠❛çã♦✳ ◆❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✭✸✳✶✵❛✮✱ f ❡ g sã♦ ❢✉♥çõ❡s ❞❡ ✈❛❧♦r

❧✐♠✐t❡✱ s✐❣♥✐✜❝❛♥❞♦ q✉❡ ❢♦r❛ ❞♦ s❡✉ ❞♦♠í♥✐♦✱ ♦ ✈❛❧♦r ❛ r❡t♦r♥❛r s❡rá ∞✱ ❡✳❣✳✿

f(x) =

{

fℜ(x), x ∈ ❞♦♠ fℜ

∞, x /∈ ❞♦♠ fℜ
✭✸✳✶✶✮

❊♠ ❛❞✐çã♦✱ ❡st❛s ❢✉♥çõ❡s ❞❡✈❡♠ ❛♣r❡s❡♥t❛r ❝❛r❛❝t❡ríst✐❝❛s ❛❞✐❝✐♦♥❛✐s✱ ♥♦♠❡❛❞❛♠❡♥t❡

s❡r❡♠ ❢❡❝❤❛❞❛s ❡ ❝♦♥✈❡①❛s ❬✸❪✳ ➚ ♣❛rt❡ ❞❡st❛s ✐♠♣♦s✐çõ❡s✱ ♥ã♦ sã♦ ✐♠♣♦st❛s ♠❛✐s

r❡str✐çõ❡s r❡❧❛t✐✈❛♠❡♥t❡ ❛♦ ♣r♦❜❧❡♠❛ ❡♠ ❡st✉❞♦✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠ ❛♥❛❧✐s❛r ✉♠❛ ✈❛st❛

❣❛♠❛ ❞❡ ♣r♦❜❧❡♠❛s✳

❆♣ós ❛ ❝♦♥str✉çã♦ ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✭✸✳✶✵❛✮✱ ❞❡✜♥❡✲s❡ ❛ ❢✉♥çã♦ ▲❛♥❣r❛♥❣❡♥❛ ❛✉♠❡♥t❛❞❛

♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❛ ♠✐♥✐♠✐③❛r✳ ❆tr❛✈és ❞♦ ✉s♦ ❞❡ ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡✱ y✱ ❛ r❡str✐çã♦

❧✐♥❡❛r ✭✸✳✶✵❜✮ é ✐♥s❡r✐❞❛ ♥❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✭✸✳✶✵❛✮✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ é ❛❝r❡s❝❡♥t❛❞♦ ✉♠

t❡r♠♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡ q✉❛❞rát✐❝♦✱ ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ❞❡♥♦♠✐♥❛❞♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡ ρ✱

✉♠ ❡s❝❛❧❛r ♣♦s✐t✐✈♦ ✭ρ ∈ R
+✮✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ r❡❢♦rç❛r ❛ r❡str✐çã♦ ✐♥✐❝✐❛❧ ✐♠♣♦st❛ ✭✸✳✶✵❜✮✿

Lρ(x, z, y) = f(x) + g(z) + yT (Ax+ Bz) + ρ

2
||Ax+ Bz||2 ✭✸✳✶✷✮

❖ ❛❧❣♦r✐t♠♦ ✶ ❛♣r❡s❡♥t❛ ❛s ❧✐♥❤❛s ❣❡r❛✐s ❞♦ ♣r♦❝❡ss♦ ❞❡ s♦❧✉çã♦ ❞♦ ❆❉▼▼✳ ❖ ❝❡r♥❡ ❞❡st❡

❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝♦ ❝♦♥s✐st❡ ❢✉♥❞❛♠❡♥t❛❧♠❡♥t❡ ♥♦s ♣❛ss♦s ✹✱ ✺ ❡ ✼✱

♦♥❞❡ ❛ ❢✉♥çã♦ ▲❛❣r❛♥❣❡❛♥❛ é s✉❝❡ss✐✈❛ ❡ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ♠✐♥✐♠✐③❛❞❛ ✉t✐❧✐③❛♥❞♦ ♣❛r❛

t❛❧ ❛s ✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦✱ x ❡ z✱ ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✭✸✳✶✵❛✮✳ ➱ ❞❡ s❛❧✐❡♥t❛r q✉❡ ❡♠ ❝❛❞❛

❢❛s❡ ❞❡ ♠✐♥✐♠✐③❛çã♦✱ ❛♣❡♥❛s ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦ é ✉t✐❧✐③❛❞❛✱ ❡♥q✉❛♥t♦ ❛s r❡st❛♥t❡s

♣❡r♠❛♥❡❝❡♠ ✐♥❛❧t❡r❛❞❛s✳ ❉✉r❛♥t❡ ♦ ❞❡❝♦rr❡r ❞♦ ♣r♦❝❡ss♦✱ ❛ ✈❛r✐á✈❡❧ ❞✉❛❧✱ y✱ é



✷✵ ✸ ❖t✐♠✐③❛çã♦ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ à ❋r❛t✉r❛

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

❡✜❝✐ê♥❝✐❛ ❞♦ ❛❧❣♦r✐t♠♦✱ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡ ♣♦❞❡ s❡r ♠♦❞✐✜❝❛❞♦ ♥♦

❞❡❝♦rr❡r ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✳ ❈♦♥t✉❞♦✱ ♥ã♦ ❡①✐st❡ ♥❛ ❧✐t❡r❛t✉r❛ ✉♠❛ ❡str❛té❣✐❛

♣r❡❝✐s❛ ❡ ✐♥❡q✉í✈♦❝❛ ❞❡ ❝♦♠♦ ♣r♦❝❡❞❡r à ❛t✉❛❧✐③❛çã♦ ❞❡st❡ ♣❛râ♠❡tr♦✳ ❚❛✐s r❡s✉❧t❛❞♦s

♣♦❞❡♠ s❡r ❝♦♥s✉❧t❛❞♦s ❡♠ ❬✸❪ ❞❡ ❢♦r♠❛ ❛ ♦❜t❡r ✉♠ ♠❛✐♦r ❞❡t❛❧❤❡ ❛❝❡r❝❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡

♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝♦ ❆❉▼▼✳

❆❧❣♦r✐t♠♦ ✶ ❊sq✉❡♠❛ ❞❡ s♦❧✉çã♦ ❆❉▼▼

✶✿ ❆r❜✐tr❛r z0 ∈ Rm ❡ y0 ∈ Rl ⊲ ❋❛s❡ ❞❡ ✐♥✐❝✐❛❧✐③❛çã♦

✷✿ k ← 0

✸✿ r❡♣❡t✐r

✹✿ xk+1 ← ❛r❣♠✐♥
x

Lρ(x, z
k, yk) ⊲ ▼✐♥✐♠✐③❛çã♦ s❡❣✉♥❞♦ ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦ ①

✺✿ zk+1 ← ❛r❣♠✐♥
z

Lρ(x
k+1, z, yk) ⊲ ▼✐♥✐♠✐③❛çã♦ s❡❣✉♥❞♦ ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦ ③

✻✿ rk+1
p ← Axk+1 + Bzk+1 ⊲ ❱❛❧✐❞❛❞❡ ❞♦ ✈❛❧♦r r❡s✐❞✉❛❧ ♣r✐♠❛❧

✼✿ yk+1 ← yk + ρrk+1
p ⊲ ❆t✉❛❧✐③❛çã♦ ❞❛ ✈❛r✐á✈❡❧ ❞✉❛❧

✽✿ rk+1
d ← ρATB(zk+1 − zk) ⊲ ❱❛❧✐❞❛❞❡ ❞♦ ✈❛❧♦r r❡s✐❞✉❛❧ ❞✉❛❧

✾✿ ❆t✉❛❧✐③❛r ♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡ ρ ⊲ ❊t❛♣❛ ♦♣❝✐♦♥❛❧

✶✵✿ k ← k + 1

✶✶✿ ❛té ||rkp || < ǫprimal ❡ ||rkd || < ǫdual ⊲ ❈r✐tér✐♦ ❞❡ ♣❛r❛❣❡♠

❖ ❛❧❣♦r✐t♠♦ ✶ ♣❛ss❛ ♣❡❧❛ ♦❜t❡♥çã♦ ❛ ❝❛❞❛ ✐t❡r❛çã♦✱ k✱ ❞❡ ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦ à

♠✐♥✐♠✐③❛çã♦ ❞❛ ❢✉♥çã♦ ▲❛❣r❛♥❣❡❛♥❛ ✭❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❝♦rr❡♥t❡ ❞♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s✱

yk✮✳ ❆ t❛r❡❢❛ ❞❡ ♦❜t❡r ♦ ❡①❛t♦ ♠✐♥✐♠✐③❛❞♦r ❞♦ ▲❛❣r❛♥❣❡❛♥♦✱ ♣❛r❛ ❝❛❞❛ ✐t❡r❛çã♦ k✱ ♥ã♦ é

tr✐✈✐❛❧ ❡ ❡①✐❣❡ ✉♠ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ s✐❣♥✐✜❝❛t✐✈♦✳ ❆❧t❡r♥❛t✐✈❛♠❡♥t❡✱ ♦♣t❛✲s❡ ♣♦r ♦❜t❡r

✉♠❛ ❜♦❛ ❡st✐♠❛t✐✈❛ ❞♦ ♠✐♥✐♠✐③❛❞♦r ❞♦ ▲❛❣r❛♥❣❡❛♥♦✱ r❡❛❧✐③❛♥❞♦ s✉❝❡ss✐✈❛s ♠✐♥✐♠✐③❛çõ❡s

❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❡♠ r❡❧❛çã♦ ❛ ❝❛❞❛ ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦✳

❖ ♦❜❥❡t✐✈♦ ♣r✐♠♦r❞✐❛❧ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛ ❆❉▼▼✱ ♥♦

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

❡♠ ❞♦✐s s✉❜♣r♦❜❧❡♠❛s✳ ❖ ♣r✐♠❡✐r♦✱ ❝♦♥s✐❞❡r❛ ♦ ❝á❧❝✉❧♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❣❧♦❜❛✐s ❞❡✈✐❞♦

à ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛✳ P❛r❛ t❛❧✱ ♠✐♥✐♠✐③❛ ❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈❛r✐á✈❡❧ ❞❡

❞❡❝✐sã♦✱ x✱ ❡ r❡s♦❧✈❡ ❛ ❡q✉❛çã♦ ❧✐♥❡❛r ♦❜t✐❞❛✳ ❖ s❡❣✉♥❞♦✱ r❡❧❛❝✐♦♥❛ ❡ss❡s ❞❡s❧♦❝❛♠❡♥t♦s ❡

♣r♦❝✉r❛ ♦❜t❡r ♦ ♣♦t❡♥❝✐❛❧ ♠í♥✐♠♦ q✉❡ ♠✐♥✐♠✐③❡ ❛ s♦❧✉çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳ ❊st❡s

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

❢✉♥çã♦ ♦❜❥❡t✐✈♦ q✉❡ ❞❡✜♥❡♠ ♦ ♣r♦❜❧❡♠❛✳ ❖ ❞❡t❛❧❤❡ ♥❡❝❡ssár✐♦ ♣❛r❛ ❡①❡❝✉t❛r ❡st❛s ❞✉❛s

❢❛s❡s ❞❡ ♠✐♥✐♠✐③❛çã♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✹✳



✸✳✸ ❆❧❣♦r✐t♠♦ ❞❡ Pr♦❣r❛♠❛çã♦ ▼❛t❡♠át✐❝❛ ✷✶

❈♦♠♦ ♥♦t❛ ✜♥❛❧✱ t❡❝❡♠✲s❡ ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s s♦❜r❡ ♣❛râ♠❡tr♦s ❝♦♥s✐❞❡r❛❞♦s ❞❡

r❡❧❡✈â♥❝✐❛ ♥♦ ❛❧❣♦r✐t♠♦ ✶✿

✶✳ ❆ ❢❛s❡ ❞❡ ✐♥✐❝✐❛❧✐③❛çã♦ ✭♣❛ss♦ ✶✮ ♥ã♦ ♣r❡t❡♥❞❡ t❡r ✉♠ ♣❛♣❡❧ r❡str✐t✐✈♦ ♥♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ✐t❡r❛t✐✈♦✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛ss✐♠ ❛ ❝♦rr❡s♣♦♥❞❡♥t❡

❛r❜✐tr❛r✐❡❞❛❞❡ ❛♦s ✈❡t♦r❡s ✐❞❡♥t✐✜❝❛❞♦s✳ ❈♦♥t✉❞♦✱ ❝♦♥s✐❞❡r❛✲s❡ ❝♦♠♦ ❜♦♠ ♣r✐♥❝í♣✐♦✱

❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❛ ③❡r♦s ❞♦s ✈❡t♦r❡s r❡❢❡r❡♥❝✐❛❞♦s❀

✷✳ ❖ ✈❛❧♦r ✐♥✐❝✐❛❧ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡✱ ρ✱ ❛♣r❡s❡♥t❛ ✉♠ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ♥♦

r✐t♠♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ♠ét♦❞♦ ✐t❡r❛t✐✈♦ ❆❉▼▼✳ ❖ s❡✉ ✈❛❧♦r ♥ã♦ ❞❡✈❡ s❡r ♠✉✐t♦

❡❧❡✈❛❞♦ ♥❡♠ ♠✉✐t♦ r❡❞✉③✐❞♦✱ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r ✉♠❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❛❞❡q✉❛❞❛✳ ❈❛s♦

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

❝♦♥✈❡r❣ê♥❝✐❛✱ ❝♦♥✈❡r❣✐♥❞♦ ♣❛r❛ ✉♠ ✈❛❧♦r ♠❡♥♦s ♣r❡❝✐s♦ ❞♦ q✉❡ ❛q✉❡❧❡ q✉❡ ♦ ♠ét♦❞♦

é ❝❛♣❛③ ❞❡ ♣r♦❞✉③✐r✱ ✉♠❛ ✈❡③ q✉❡ ♦ ♣r♦❜❧❡♠❛ ✜❝❛ ♠❛❧ ❝♦♥❞✐❝✐♦♥❛❞♦✳ ❈❛s♦ ❡st❡ s❡❥❛

♠✉✐t♦ r❡❞✉③✐❞♦✱ ♣♦❞❡ ♣r♦✈♦❝❛r ✉♠ ♣r♦❝❡ss♦ ✐♥✈❡rs♦✱ ♦♥❞❡ ❛ ❡✈♦❧✉çã♦ ❞♦ ♣r♦❝❡ss♦

✐t❡r❛t✐✈♦ t♦r♥❛✲s❡ ❞❡♠❛s✐❛❞♦ ❧❡♥t❛✱ ❧❡✈❛♥❞♦ ❛ ✉♠ ❞❡❝rés❝✐♠♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛ t❛①❛ ❞❡

❝♦♥✈❡r❣ê♥❝✐❛✳ ❙❛❧✐❡♥t❛✲s❡ q✉❡ ❡st❡ ❢❛t♦r r❡❢♦rç❛ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❞♦

♣r♦❜❧❡♠❛❀

✸✳ ❖s ✈❛❧♦r❡s ❞❛s t♦❧❡râ♥❝✐❛s ❞❡ ❡rr♦ ♣r✐♠❛❧✱ ǫprimal✱ ❡ ❞✉❛❧✱ ǫdual✱ ❛ ❛❞♦t❛r ❞❡✈❡♠

s❛t✐s❢❛③❡r ❛s ♥❡❝❡ss✐❞❛❞❡s ❞❛ s♦❧✉çã♦ ♠❛t❡♠át✐❝❛ ❛ ❛♥❛❧✐s❛r✳ ❈❛s♦ ♦s ✈❛❧♦r❡s

❛❞♦t❛❞♦s s❡❥❛♠ ♠✉✐t♦ r❡❞✉③✐❞♦s✱ ♦ ♥ú♠❡r♦ ❞❡ ✐t❡r❛çõ❡s✱ k✱ t❡rá q✉❡ s❡r

s✉✜❝✐❡♥t❡♠❡♥t❡ ❡❧❡✈❛❞♦ ♣❛r❛ ❣❛r❛♥t✐r ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❡s❡❥❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱ ❛♣❡s❛r

❞❡ ♦❜t❡r ✉♠ r❡s✉❧t❛❞♦ ♠❛t❡♠át✐❝♦ ❝♦♠ ✉♠ ♥í✈❡❧ ❞❡ ♣r❡❝✐sã♦ s✉♣❡r✐♦r✱ ♦ t❡♠♣♦ ❞❡

❝á❧❝✉❧♦ ❛✉♠❡♥t❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✳ ❉❡ ♠♦❞♦ ❛ s✐♠♣❧✐✜❝❛r ♦ ♣r♦❝❡ss♦ ❞❡

❝♦♥✈❡r❣ê♥❝✐❛✱ ❝♦♥s✐❞❡r❛✲s❡ ❛ ♠❡s♠❛ t♦❧❡râ♥❝✐❛ ❛ ❛❞♦t❛r ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱

ǫprimal = ǫdual = ǫ✳

P❛r❛ q✉❡ ❤❛❥❛ ✉♠❛ s♦❧✉çã♦ ♠❛t❡♠át✐❝❛ ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛✱ é ♥❡❝❡ssár✐♦ ❝♦♥❥✉❣❛r

❝♦♥✈❡♥✐❡♥t❡♠❡♥t❡ ♦s ♣❛râ♠❡tr♦s r❡❢❡r✐❞♦s✳ P❛r❛ t❛❧✱ ♦s ✈❛❧♦r❡s ❛ ❛❞♦t❛r ❞❡✈❡♠ t❡r ❡♠ ❧✐♥❤❛

❞❡ ❝♦♥t❛ ❡①♣❡r✐ê♥❝✐❛s ♥✉♠ér✐❝❛s r❡❛❧✐③❛❞❛s ❞❡♥tr♦ ❞♦ â♠❜✐t♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳



✷✷ ✸ ❖t✐♠✐③❛çã♦ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ à ❋r❛t✉r❛



❈❛♣ít✉❧♦ ✹

❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

✹✳✶ ■♥tr♦❞✉çã♦

◆♦ ♣r♦❝❡ss♦ ❞❡ ♠♦❞❡❧❛çã♦ ♥✉♠ér✐❝❛ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❢ís✐❝♦✱ ✈ár✐❛s ❡t❛♣❛s sã♦

❞❡s❡♥✈♦❧✈✐❞❛s✳ ❖ ♣r♦❝❡ss♦ ✐♥✐❝✐❛✲s❡ ♣❡❧❛ ❢♦r♠✉❧❛çã♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❝❛♣❛③ ❞❡

❞❡s❝r❡✈❡r ♦ ♣r♦❜❧❡♠❛ ❢ís✐❝♦ r❡❛❧✳ P♦st❡r✐♦r♠❡♥t❡✱ r❡❝♦rr❡✲s❡ à ♦❜t❡♥çã♦ ❞❡ ✉♠ ♠ét♦❞♦

♥✉♠ér✐❝♦ q✉❡ ♣❡r♠✐t❛ ❝♦♥str✉✐r ✉♠❛ s♦❧✉çã♦✱ ✉s✉❛❧♠❡♥t❡ ❛♣r♦①✐♠❛❞❛✱ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛✳

❊st❡ é tr❛❞✉③✐❞♦ ♣♦r ✉♠ ❛❧❣♦r✐t♠♦ q✉❡ ♥ã♦ é ♠❛✐s ❞♦ q✉❡ ✉♠ ❝♦♠♣❧❡t♦ ❡ ♥ã♦ ❛♠❜í❣✉♦

❝♦♥❥✉♥t♦ ❞❡ ♣❛ss♦s q✉❡ ❝♦♥❞✉③❡♠ à s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛✳ ❊st❛ ❢❛s❡ ❝♦♥st✐t✉✐ ♦ ❝❡r♥❡ ❞❛

❛♥á❧✐s❡ ♥✉♠ér✐❝❛✳

◆♦ ♣r❡s❡♥t❡ ❈❛♣ít✉❧♦✱ ❛ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ ❞❡ ❢r❛t✉r❛ ❛♣r❡s❡♥t❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✸ é

❞✐s❝r❡t✐③❛❞❛ ❛tr❛✈és ❞❡ ✉♠❛ ❢♦r♠✉❧❛çã♦ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s✳ ❉❛í✱

r❡s✉❧t❛ ✉♠ ♣r♦❜❧❡♠❛ ♥ã♦✲❧✐♥❡❛r ❞❡ ♦t✐♠✐③❛çã♦ q✉❡ s❡rá r❡s♦❧✈✐❞♦ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞♦

❆❉▼▼✳ ◆❡st❡ ♠ét♦❞♦✱ ❛ ❣❛r❛♥t✐❛ ❞❡ q✉❡ ❛ s♦❧✉çã♦ ♦❜t✐❞❛ ❝♦♥✈❡r❣❡ ♣❛r❛ ❛ s♦❧✉çã♦ ❡①❛t❛

❡ q✉❡ ♦ ❣r❛✉ ❞❡ ♣r❡❝✐sã♦ ❞❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛ ♥ã♦ s❡ tr❛❞✉③ ♥❛ ❡①✐stê♥❝✐❛ ❞❡ ❡rr♦s

♥✉♠ér✐❝♦s ♣r♦✈❡♥✐❡♥t❡s ❞♦ ♠ét♦❞♦✱ ❝♦♥❝❡❜❡ ❞❡ ❢♦r♠❛ ❡❢❡t✐✈❛ ❛ ❜❛s❡ ♣❛r❛ ❛ ❝♦rr❡t❛

r❡s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛✳ ❆ss✐♠✱ ♥❛ s❡❝çã♦ ✹✳✷ ❞✐s❝✉t❡♠✲s❡ ♦s ❞❡t❛❧❤❡s ❞❡❝♦rr❡♥t❡s ❞❛

❛♣❧✐❝❛çã♦ ❞♦ ♠ét♦❞♦ ♥✉♠ér✐❝♦✱ ❞❡s❝r❡✈❡♥❞♦ ❛s ❤✐♣ót❡s❡s s✐♠♣❧✐✜❝❛t✐✈❛s ❛ss✉♠✐❞❛s ❡

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

❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ é ❞✐s❝✉t✐❞❛ ♥❛ s❡❝çã♦ ✹✳✸ ❛tr❛✈és ❞❛ ♦❜t❡♥çã♦ ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦

q✉❡ r❡❣❡ ♦ ♣r♦❜❧❡♠❛ ❞❡ ❢r❛t✉r❛✳ ◆❛ s❡❝çã♦ ✹✳✹ tr❛❞✉③✲s❡ ♦ ♣r♦❜❧❡♠❛ ♥ã♦✲❧✐♥❡❛r ❞❡

♦t✐♠✐③❛çã♦ ❛tr❛✈és ❞❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛ ❆❉▼▼✳

P♦r ✜♠✱ ♥❛ s❡❝çã♦ ✹✳✺ r❡❛❧✐③❛✲s❡ ✉♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞♦s ♣❛ss♦s ❢✉♥❞❛♠❡♥t❛✐s ♥❛

♣r❡♣❛r❛çã♦ ❞♦ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦ ❞❡ ❢r❛t✉r❛ ❛ ❛♥❛❧✐s❛r✳

✷✸



✷✹ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

✹✳✷ ❉✐s❝r❡t✐③❛çã♦ ❞♦ ❊❧❡♠❡♥t♦ ❋✐♥✐t♦

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦♠❡♥❝❧❛t✉r❛ ✐♥tr♦❞✉③✐❞❛ ♣♦r P✐❛♥ ❬✷✾❪✱ ❬✸✵❪✱ ❛ ♣r❡s❡♥t❡ ❢♦r♠✉❧❛çã♦ ❞❡

❡❧❡♠❡♥t♦s ✜♥✐t♦s é ❞❡s✐❣♥❛❞❛ ❝♦♠♦ s❡♥❞♦ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❤í❜r✐❞❛✳ ❊st❛✱ ❛♦ ❝♦♥trár✐♦

❞♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ♦ ▼ét♦❞♦ ❞♦s ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ✭▼❊❋✮ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❛♣r♦①✐♠❛

❝❛♠♣♦s t❛♥t♦ ♥♦ ❞♦♠í♥✐♦ ❝♦♠♦ ♥❛ ❢r♦♥t❡✐r❛✱ ♥ã♦ s❡♥❞♦ ❛ ♣r✐♦r✐ ❣❛r❛♥t✐❞❛ ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡

❡♥tr❡ ❡❧❡♠❡♥t♦s✳ ❉❡ ❢❛❝t♦✱ ❡st❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ é ✐♥tr♦❞✉③✐❞❛ ❛tr❛✈és ❞❡

✉♠❛ ❛♣r♦①✐♠❛çã♦ ❛❞✐❝✐♦♥❛❧ ❞♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s r❡❧❛t✐✈♦s✱ s❡♥❞♦ ❡st❛ ❛♣r♦①✐♠❛çã♦

✐♥❞❡♣❡♥❞❡♥t❡ ❞❛s r❡st❛♥t❡s✳ ❆ss✐♠✱ ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡①✐❣✐❞❛ ❡♥tr❡ ❡❧❡♠❡♥t♦s é ❣❛r❛♥t✐❞❛

❛tr❛✈és ❞❛ ✐♥tr♦❞✉çã♦ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ r❡str✐çã♦ ❛❞✐❝✐♦♥❛✐s ♥♦ ♣r✐♥❝í♣✐♦ ✈❛r✐❛❝✐♦♥❛❧✳ ❆

✉t✐❧✐③❛çã♦ ❞❡st❡ ❝❛♠♣♦ ♥❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ♣❡r♠✐t❡ ✐♥tr♦❞✉③✐r ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s

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

♠♦❞❡❧♦ ♥✉♠ér✐❝♦✳

❘❡❧❛t✐✈❛♠❡♥t❡ ❛♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♥♦ ❞♦♠í♥✐♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❡st❡ é ❧✐♥❡❛r

❡ r❡s✉❧t❛ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r ❞❡ ✸✲♥ós ❝♦♥✈❡♥❝✐♦♥❛❧ ❬✸✶❪✳ ❆♣❡s❛r ❞❛ s✉❛

r❡❞✉③✐❞❛ ✉t✐❧✐③❛çã♦ ♥♦ ♠❡✐♦ ❝✐❡♥tí✜❝♦ ❞❡✈✐❞♦ à ❡①✐stê♥❝✐❛ ❞❡ ❡❧❡♠❡♥t♦s ❝❛♣❛③❡s ❞❡ ♦❜t❡r

♠❡❧❤♦r❡s s♦❧✉çõ❡s✱ ❡✳❣✳✱ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r ❞❡ ✻✲♥ós ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❛ s✐♠♣❧✐✜❝❛çã♦ ❡①✐st❡♥t❡

❞✉r❛♥t❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❛♥á❧✐s❡ ✭✈❡r ❚❛❜❡❧❛ ✹✳✶✮✱ ❞❡t❡r♠✐♥❛ ❛ s✉❛ ✉t✐❧✐③❛çã♦ ♥✉♠❛ ❢❛s❡ ✐♥✐❝✐❛❧

❞❡ ♣r♦❥❡t♦✳

❚❛❜❡❧❛ ✹✳✶✿ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ ❡❧❡♠❡♥t♦ ✜♥✐t♦ ✉t✐❧✐③❛❞♦

❊❧❡♠❡♥t♦ ❉❡s❧♦❝❛♠❡♥t♦ ❉❡❢♦r♠❛çã♦

▲✐♥❡❛r ❈♦♥st❛♥t❡

✸✲♥ós

❆ss✐♠✱ ♥❛ ♣r❡s❡♥t❡ ❢♦r♠✉❧❛çã♦ ❡ ❝♦♥tr❛r✐❛♠❡♥t❡ ❛♦ q✉❡ ❛❝♦♥t❡❝❡ ♥♦ ▼❊❋✱ ❝❛❞❛ ♥ó é ú♥✐❝♦

❡ ♣❡rt❡♥❝❡ ❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡❧❡♠❡♥t♦✱ ❡①✐st✐♥❞♦ ♣♦r ✐ss♦ ♠ú❧t✐♣❧♦s ♥ós ❝♦♠ ❝♦♦r❞❡♥❛❞❛s

✐❣✉❛✐s✱ ♣❡rt❡♥❝❡♥❞♦ ♥♦ ❡♥t❛♥t♦ ❛ ❡❧❡♠❡♥t♦s ❞✐st✐♥t♦s✳

❈♦♥❢♦r♠❡ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♥❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ✐♥tr♦❞✉③✲s❡ ✉♠❛

❛♣r♦①✐♠❛çã♦ ❛❞✐❝✐♦♥❛❧ ♣❛r❛ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s r❡❧❛t✐✈♦s✱ [|u|]✳ ◆❡st❡ ❝❛s♦✱

❛ss✉♠❡✲s❡ t❛♠❜é♠ q✉❡ ❡st❡ ❝❛♠♣♦ é ❧✐♥❡❛r✳ ❆ss✐♠✱ ❛s ❛♣r♦①✐♠❛çõ❡s ❛❞♦t❛❞❛s ♣♦❞❡rã♦

s❡r ❡s❝r✐t❛s ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✱

u = {ux, uy}T = ΣNid
e
i ✭✹✳✶❛✮

[|u|] = {[|u|]n, [|u|]t}T = ΣLiqi ✭✹✳✶❜✮



✹✳✷ ❉✐s❝r❡t✐③❛çã♦ ❞♦ ❊❧❡♠❡♥t♦ ❋✐♥✐t♦ ✷✺

♦♥❞❡ ♦ í♥❞✐❝❡ i r❡♣r❡s❡♥t❛ ♦ ♥ó ❡ ♦ í♥❞✐❝❡ e ♦ ❡❧❡♠❡♥t♦ ✜♥✐t♦✱ ❛s ♠❛tr✐③❡s N ❡ L

r❡♣r❡s❡♥t❛♠ ❛s ❢✉♥çõ❡s ❞❡ ❢♦r♠❛ ♥♦❞❛✐s✱ ❝♦♥❢♦r♠❡ ✐♥❞✐❝❛❞♦ ❡♠ ❬✸✷✱ ♣♣✳ ✽✼✲✽✾❪✱ ❡ ♦s

✈❡t♦r❡s d ❡ q ❛ss♦❝✐❛♠ ♦ ✈❛❧♦r ❞❡ ❝❛❞❛ ❞❡s❧♦❝❛♠❡♥t♦ ♥♦❞❛❧✳ ➱ ❞❡ s❛❧✐❡♥t❛r q✉❡ ❛s ❢✉♥çõ❡s

❞❡ ❢♦r♠❛ ✉t✐❧✐③❛❞❛s✱ ♥♦ ❞♦♠í♥✐♦ ❞♦s ❡❧❡♠❡♥t♦s✱ ❝♦♥s✐❞❡r❛♠ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❧✐♥❡❛r ❞♦

❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ♥♦ ❞♦♠í♥✐♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❞❡✈✐❞♦ à ✉t✐❧✐③❛çã♦ ❞❡

❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ✸✲♥ós✳ ▼❛✐s✱ ❛s ❢✉♥çõ❡s Li sã♦ t❛♠❜é♠ ❢✉♥çõ❡s

❧✐♥❡❛r❡s✱ ❝♦♥t✉❞♦✱ ❡st❛s ❛♣r♦①✐♠❛çõ❡s sã♦ ❡①♣r❡ss❛s ♥♦ r❡❢❡r❡♥❝✐❛❧ ❧♦❝❛❧ ✭n, t✮✱ ♥♦r♠❛❧ ❡

t❛♥❣❡♥❝✐❛❧✱ ❞❛ ✐♥t❡r❢❛❝❡ ✭✈❡r ❋✐❣✉r❛ ✹✳✶✮✳ ❆ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡♥tr❡ ❡st❛s ❞✉❛s

❛♣r♦①✐♠❛çõ❡s✱ ✭✹✳✶❛✮ ❡ ✭✹✳✶❜✮✱ ♣♦❞❡ s❡r ❡s❝r✐t❛ ♣❛r❛ ✉♠ ♥ó ✐✱ ❛tr❛✈és ❞❛ ❝♦♥❞✐çã♦

s❡❣✉✐♥t❡✱

qi =

[

nx ny

ny −nx

]

(d⊕i − d⊖i ) ❡♠ Γe ✭✹✳✷✮

♦♥❞❡ ♦s sí♠❜♦❧♦s ⊕ ❡ ⊖ ❛ss♦❝✐❛♠ ❛ ❢r♦♥t❡✐r❛ ♣❛rt✐❧❤❛❞❛✱ Γe✱ ♣♦r ❞♦✐s ❡❧❡♠❡♥t♦s

❝♦♥s✐❞❡r❛❞♦s✱ ♣♦❞❡♥❞♦ ❛ s✉❛ ♦r❞❡♠ s❡r ❡s❝♦❧❤✐❞❛ ❞❡ ❢♦r♠❛ ❛r❜✐tr❛r✐❛ ✭✈❡r ❋✐❣✉r❛ ✹✳✶✮✳

❆ss♦❝✐❛❞❛ ❛ ❝❛❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r✱ ♦ ✈❡❝t♦r ♥♦r♠❛❧ é ❞❡✜♥✐❞♦✱ ❝♦♠ ❜❛s❡ ❞❛

❞✐r❡çã♦ ❡①t❡r✐♦r ❛♦ ❡❧❡♠❡♥t♦ ❝♦♠ s✐♥❛❧ ⊖✱ s❡♥❞♦ ❡st❛ ❛ ❝♦♥✈❡♥çã♦ ❛ s❡❣✉✐r✳ ❆

tr❛♥s❢♦r♠❛çã♦ ❞❡ ❡✐①♦s ♣r✐♥❝✐♣❛✐s ✭x, y✮ ❡♠ ❡✐①♦s ❧♦❝❛✐s ✭n, t✮ t♦r♥❛ ♦ ♣r♦❜❧❡♠❛

✜s✐❝❛♠❡♥t❡ ❝♦♠♣r❡❡♥sí✈❡❧ ❡♠ t❡r♠♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s r❡❧❛t✐✈♦s ❡①✐st❡♥t❡s✳

+

−

Γe

t

n
y

x

i

j

❋✐❣✉r❛ ✹✳✶✿ ❋r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r ✭❛❞❛♣t❛❞♦ ❞❡ ❬✷✵❪✮

◆♦ ❡♥t❛♥t♦✱ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rrê♥❝✐❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s r❡❧❛t✐✈♦s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✱

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

✐♥t❡r♣❡♥❡tr❛çã♦ ❡♥tr❡ ❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s✳ ❉❡st❡ ♠♦❞♦✱ ❝❛s♦ ♦ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦

♦❝♦rr❛ ❡ ♣r♦✈♦q✉❡ ❡st❛ s✐t✉❛çã♦✱ ❛ ❢♦r♠✉❧❛çã♦ ❞❡✈❡rá ✐♠♣♦ss✐❜✐❧✐t❛r ❡st❡ ❢❡♥ó♠❡♥♦✳ P❛r❛

t❛❧✱ ❡st❛❜❡❧❡❝❡✲s❡ ❛ s❡❣✉✐♥t❡ ❝♦♥❞✐çã♦✱

∆qn + nT (td⊕i − td⊖i ) ≥ 0 ✭✹✳✸✮

❣❛r❛♥t✐♥❞♦ q✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ r❡❧❛t✐✈♦ t♦t❛❧✱ ♥♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ t✱ ♥❛ ❞✐r❡çã♦ ♥♦r♠❛❧ à

s✉♣❡r❢í❝✐❡ ✐♥t❡r✲❡❧❡♠❡♥t❛r ♥ã♦ é ♥❡❣❛t✐✈♦✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ss✐♠ ❛ s♦❜r❡♣♦s✐çã♦ ❞❡

❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s✳



✷✻ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

✹✳✸ Pr♦❜❧❡♠❛ ❞❡ ❖t✐♠✐③❛çã♦ ❉✐s❝r❡t♦

❆ss✉♠❡✲s❡ q✉❡ ❛ s♦❧✉çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ é ❝♦♥❤❡❝✐❞❛ ♥♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ t✳

P❛r❛ ♦ ✐♥❝r❡♠❡♥t♦ s✉❜s❡q✉❡♥t❡ t + ∆t✱ ❛ s♦❧✉çã♦ ✜♥❛❧ ♣❛r❛ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ d

r❡s✉❧t❛ ❞❛ s♦♠❛ ❞❡ ✐♥❝r❡♠❡♥t♦s ∆d ♣r♦✈♦❝❛❞♦s ♣❡❧❛ ✐♠♣♦s✐çã♦ ❞❡ s♦❧✐❝✐t❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦

t❡♠♣♦✱ r❡s✉❧t❛♥❞♦✿

t+∆td = td+∆d ✭✹✳✹✮

❆t❡♥❞❡♥❞♦ à ❡q✉❛çã♦ ✭✸✳✻✮✱ ♦ ♣r✐♥❝í♣✐♦ ✈❛r✐❛❝✐♦♥❛❧ q✉❡ r❡❣❡ ♦ ♣r♦❜❧❡♠❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛

❢r❛t✉r❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❞❡ ●r✐✣t❤✱ ♣♦❞❡ s❡r ❡s❝r✐t♦ ♥❛ s❡❣✉✐♥t❡ ❢♦r♠❛ ❞✐s❝r❡t❛✱

♠✐♥✐♠✐③❛çã♦ t+∆tΠTotal =
t+∆tU(t+∆td)− t+∆tW (t+∆td) +DG(∆q) ✭✹✳✺✮

❡♠ q✉❡✿

t+∆tU =
1

2
(td)TKtd+

1

2
(∆d)TK(∆d) + (td)TK(∆d) ✭✹✳✻✮

t+∆tW = (t+∆tF )T td+ (t+∆tF )T∆d ✭✹✳✼✮

❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❡q✉❛çã♦ ✭✹✳✷✮ ❛ ♣❛r❝❡❧❛ ❞❡ ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛✱ DG✱ ❞❡✈✐❞♦ à

♣r♦♣❛❣❛çã♦ ❞❛ ❢r❛t✉r❛ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❡ ∆q✳ P♦r ú❧t✐♠♦✱ é ❛✐♥❞❛ ♥❡❝❡ssár✐♦

♥ã♦ ❡sq✉❡❝❡r ❞❛ ❝♦♥❞✐çã♦ ❞❡ ♥ã♦ s♦❜r❡♣♦s✐çã♦ ✭✹✳✸✮✳

❈♦♠❜✐♥❛♥❞♦ ❛s ❡q✉❛çõ❡s ✭✹✳✺✮✱ ✭✹✳✻✮ ❡ ✭✹✳✼✮ ❡ ✐♥tr♦❞✉③✐♥❞♦ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡

✭✹✳✷✮ ❡ ✭✹✳✸✮ ❢ís✐❝❛s ✐♥❡r❡♥t❡s ❛ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❢r❛t✉r❛ ♥♦ ♣r✐♥❝í♣✐♦ ✈❛r✐❛❝✐♦♥❛❧✱ r❡s✉❧t❛ ♦

♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ q✉❡ ❣♦✈❡r♥❛ ❛ ♣r❡s❡♥t❡ ❢♦r♠✉❧❛çã♦ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡❧❡♠❡♥t♦s

✜♥✐t♦s✿

♠✐♥✐♠✐③❛çã♦
1

2
(∆d)TK(∆d) + (td)TK(∆d)− (t+∆tF )T∆d+DG(∆q) ✭✹✳✽❛✮

s✉❥❡✐t♦ ❛✿ ✭t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✮

∆q =

[

nx ny

ny −nx

]

(∆d⊕i −∆d⊖i ) ✭✹✳✽❜✮

∆qn + nT (td⊕i − td⊖i ) ≥ 0 ✭✹✳✽❝✮

➱ ❞❡ s❛❧✐❡♥t❛r q✉❡ ♥❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✭✹✳✽❛✮ ♦s t❡r♠♦s ♥ã♦ ❞❡♣❡♥❞❡♥t❡s ❞❡ ∆d ♦✉ ∆q

♣✉❞❡r❛♠ s❡r ❡❧✐♠✐♥❛❞♦s✳ ❊st❛ s✐♠♣❧✐✜❝❛çã♦ ❛❞✈é♠ ❞♦ ❢❛❝t♦ ❞❡st❡s t❡r♠♦s s❡r❡♠ ❝♦♥st❛♥t❡s✱

✐✳❡✱ ♥ã♦ ❞❡♣❡♥❞❡r❡♠ ❞❛s ✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♥ã♦ ❛❢❡t❛r❡♠ ❛ s♦❧✉çã♦

❞✐t❛ ót✐♠❛✳
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✹✳✹ ■♠♣❧❡♠❡♥t❛çã♦ ❆❉▼▼

■♥tr♦❞✉③✐♥❞♦ ❛s r❡str✐çõ❡s ✭✹✳✽❜✮ ❡ ✭✹✳✽❝✮ ❡ ❞❛♥❞♦ ê♥❢❛s❡ ❛ ❡st❛ ú❧t✐♠❛✱ ♦ ❢✉♥❝✐♦♥❛❧

▲❛❣r❛♥❣❡❛♥♦ ❛✉♠❡♥t❛❞♦ ❞❡ ✭✹✳✽❛✮ é ❞❡✜♥✐❞♦ ❡♠ r❡❧❛çã♦ às ✈❛r✐á✈❡✐s ❞✐s❝r❡t❛s ❞♦

♣r♦❜❧❡♠❛ ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✱

▼✐♥
∆d,∆q

▼❛①
λ

L = f(∆d) + g(∆q) +

NB
∑

n=1

2
∑

n=1

λTi (∆qi −R∆di) +
ρ

2
||∆qi −R∆di||2 ✭✹✳✾❛✮

s✉❥❡✐t♦ ❛✿ ✭t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✮

∆qn + nT [td⊕i − td⊖i ] ≥ 0 ✭✹✳✾❜✮

♦♥❞❡✱ NB r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❢r♦♥t❡✐r❛s✱ λ ♦ ♠✉❧t✐♣❧✐❝❛❞♦r ▲❛❣r❛♥❣❡❛♥♦✱ R ❛ ♠❛tr✐③ ❞❡

r♦t❛çã♦ ❞♦ s✐st❡♠❛ ❡ ρ ♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡♥❛❧✐❞❛❞❡✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❢ís✐❝♦✱ ♦ ♣❛râ♠❡tr♦ ρ

♣r❡t❡♥❞❡ ✐❧✉str❛r ✉♠❛ ✐♥t❡r❢❛❝❡ ❡q✉✐✈❛❧❡♥t❡ ✐♥t❡r✲❡❧❡♠❡♥t❛r ✭✈❡r ❋✐❣✉r❛ ✹✳✷✮ r❡s♣❡t✐✈❛♠❡♥t❡

às ❢♦rç❛s ♥♦❞❛✐s ❡①✐st❡♥t❡s✳ ❙❛❧✐❡♥t❛✲s❡ q✉❡ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ✈❛❧♦r ✐♥✐❝✐❛❧ ❛❞♦t❛❞♦✱ ❛ss✐♠

s❡rá ♦ ❢❛✈♦r❡❝✐♠❡♥t♦ ✐♥✐❝✐❛❧ ❡♠ t❡r♠♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ♠ét♦❞♦✱ ❝♦♥❢♦r♠❡

✭✹✳✶✵✮✳

+

−

ρ

ρ

❋✐❣✉r❛ ✹✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❢ís✐❝❛ ❞♦ ♣❛râ♠❡tr♦ ρ

{

ρ→∞, ✭s♦❧✉çã♦ ❝♦♥tí♥✉❛✮

ρ→ 0, ✭s♦❧✉çã♦ ❞❡s❝♦♥tí♥✉❛✮

✭✹✳✶✵✮

◆❛ ♠❡❝â♥✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ λ ❛❧é♠ ❞❡ r❡♣r❡s❡♥t❛r ❛ ✐♠♣♦s✐çã♦ ❞❛ r❡str✐çã♦ ❧✐♥❡❛r ♥❛

❢✉♥çã♦ ♦❜❥❡t✐✈♦✱ ❡♠ r❡❣r❛✱ r❡♣r❡s❡♥t❛ t❛♠❜é♠ ✉♠❛ ❣r❛♥❞❡③❛ ❢ís✐❝❛✳ ❊st❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛

❢♦r♠✉❧❛çã♦ ✐♠♣❧❡♠❡♥t❛❞❛✱ ❛ss♦❝✐❛✲s❡ ❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❆q✉✐✱ ♦s

♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡ r❡♣r❡s❡♥t❛♠ ❛s ❢♦rç❛s ❡①✐st❡♥t❡s ❡♥tr❡ ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ✭✈❡r ❋✐❣✉r❛ ✹✳✸✮✳ ❊❢❡t✐✈❛♠❡♥t❡✱ ♦ s❡✉ ✈❛❧♦r tr❛❞✉③ ❞❡ ❢♦r♠❛ ❣❡♥ér✐❝❛ ❛

❢♦rç❛ ❞❡ r❡❛çã♦ ♥♦❞❛❧ Fi ♥❡❝❡ssár✐♦ ♣❛r❛ ❣❛r❛♥t✐r ❝♦♥t❛❝t♦✱ R = F1 + F2✱ ❡♥tr❡ ❡❧❡♠❡♥t♦s

❛❞❥❛❝❡♥t❡s✳

+

−
σ ijn i

F 1

F 2

R

❋✐❣✉r❛ ✹✳✸✿ ■❧✉str❛çã♦ ❞♦ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦ ❞♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡ λ



✷✽ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

❆ r❡s♦❧✉çã♦ ❞❡st❡ ♣r♦❜❧❡♠❛ é ❡❢❡t✉❛❞❛ ❛tr❛✈és ❞♦ ❛❧❣♦r✐t♠♦ ❞♦ ❆❉▼▼✱ ❛♣r❡s❡♥t❛❞♦ ♥♦

❈❛♣ít✉❧♦ ✸✳ ❉❡ ❢♦r♠❛ ❛ ✉♥✐❢♦r♠✐③❛r ❛ ♥♦♠❡♥❝❧❛t✉r❛ ✉t✐❧✐③❛❞❛✱ ❛♣r❡s❡♥t❛✲s❡ ♥❛ ❚❛❜❡❧❛ ✹✳✷

❛ ❝♦♥✈❡rsã♦ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦ ✶✳

❚❛❜❡❧❛ ✹✳✷✿ ❚❛❜❡❧❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ♥♦♠❡♥❝❧❛t✉r❛s

❆❉▼▼ ❊♠ ❬✷✵❪

x ∆d

z ∆q

y λ

A R

B I

fℜ(x)
1

2
(∆d)TK(∆d) + (td)TK(∆d)− (t+∆tF )T∆d

gℜ(z)

∫

t

DG(∆q)∂t

✹✳✹✳✶ ❆♣❧✐❝❛çã♦ ❞♦ ❆❧❣♦r✐t♠♦ ❆❉▼▼ à ❋♦r♠✉❧❛çã♦ ❞❡ ❊❧❡♠❡♥t♦s

❋✐♥✐t♦s

P♦st❡r✐♦r♠❡♥t❡ à ♦❜t❡♥çã♦ ❞♦ ❢✉♥❝✐♦♥❛❧ ▲❛❣r❛♥❣❡❛♥♦ ❛✉♠❡♥t❛❞♦ ✭✹✳✾❛✮✱ ♦t✐♠✐③❛♠✲s❡ ❛s

✈❛r✐á✈❡✐s ❞❡ ❞❡❝✐sã♦ ♣r✐♠❛✐s✱ ∆d ❡ ∆q✱ ❞♦ ♣r♦❜❧❡♠❛✳ P❛r❛ t❛❧✱ é ♥❡❝❡ssár✐♦ ♠✐♥✐♠✐③❛r ❝❛❞❛

✉♠❛✱ ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❡ s✉❝❡ss✐✈❛✳ ❙❡❣✉✐❞❛♠❡♥t❡✱ s❡rã♦ ❞❡t❛❧❤❛❞♦s ♦s ♣❛ss♦s ✹ ❡ ✺

❞♦ ❛❧❣♦r✐t♠♦ ✶✱ ❞❡s✐❣♥❛❞♦s ♣♦r ♠✐♥✐♠✐③❛çã♦ ❣❧♦❜❛❧ ❡ ❧♦❝❛❧✱ r❡s♣❡t✐✈❛♠❡♥t❡✳

✹✳✹✳✶✳✶ ▼✐♥✐♠✐③❛çã♦ ●❧♦❜❛❧

❖ ♣❛ss♦ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❣❧♦❜❛❧✱ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ♠✐♥✐♠✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ❞❡

❞❡s❧♦❝❛♠❡♥t♦s✱ q✉❡ ❡♥✈♦❧✈❡ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ t♦❞♦s ♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s

q✉❡ ❞❡✜♥❡♠ ♦ ❞♦♠í♥✐♦✳ ❖ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ ❡♥✈♦❧✈✐❞♦✱ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❝♦♠♦

s❡♥❞♦✱

▼✐♥
∆d

1

2
(∆d)TK(∆d) + (td)TK(∆d)− (t+∆tF )T∆d− λTR∆d− ρ(R∆d)T∆q ✭✹✳✶✶✮

♦♥❞❡ ❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ r❡s✉❧t❛ ❞❛ ♠❛♥✐♣✉❧❛çã♦ ❛❧❣é❜r✐❝❛ ❞❡ ✭✹✳✾❛✮ ❡♠ ♦r❞❡♠ ❛ ♠❛♥t❡r✱

❡①❝❧✉s✐✈❛♠❡♥t❡✱ t❡r♠♦s ❛❢❡t♦s à ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦ ❝♦rr❡♥t❡✱ ∆d✳ ❆ss✐♠✱ ❡st❛ ♦t✐♠✐③❛çã♦

t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❛ ♣r♦❝✉r❛ ❞♦ ♣♦♥t♦ ❡st❛❝✐♦♥ár✐♦ q✉❡ ♠✐♥✐♠✐③❡ ❛ ❢✉♥çã♦ ▲❛❣r❛♥❣✐❛♥❛



✹✳✹ ■♠♣❧❡♠❡♥t❛çã♦ ❆❉▼▼ ✷✾

❛✉♠❡♥t❛❞❛ ❡♠ r❡❧❛çã♦ ❛ ❡st❛ ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦✿

(td+∆d)TK − t+∆tF −RT (λ+ ρ∆q) = 0 ✭✹✳✶✷✮

❊st❛ ❡q✉❛çã♦ ❝♦♥❞✉③ ❛ ✉♠ s✐st❡♠❛ ❧✐♥❡❛r ❞❡ ❡q✉❛çõ❡s✳ ❆ ♠❛tr✐③ ❞❡st❡ s✐st❡♠❛ t❡♠

♣r♦♣r✐❡❞❛❞❡s ❛♥á❧♦❣❛s à ♠❛tr✐③ ❞♦ s✐st❡♠❛ ❣♦✈❡r♥❛t✐✈♦ ❞♦ ▼❊❋✳ ➱ s✐♠étr✐❝❛✱ ♣♦s✐t✐✈❛

❞❡✜♥✐❞❛ ❡ ❜❛st❛♥t❡ ❡s♣❛rs❛✳

✹✳✹✳✶✳✷ ▼✐♥✐♠✐③❛çã♦ ▲♦❝❛❧

❖ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ♣r❡s❡♥t❡ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❧♦❝❛❧ ♣♦rq✉❡

❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ♠✐♥✐♠✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧✱ q✉❡ é r❡str✐t♦ ❛

❝❛❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r✳ ❊st❛ ❢❛s❡ é r❡❛❧✐③❛❞❛ ❢r♦♥t❡✐r❛ ❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r

❞❡ ♠♦❞♦ ✐♥❞❡♣❡♥❞❡♥t❡✱ s❡♥❞♦ ♦ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ ❡♥✈♦❧✈✐❞♦✱

▼✐♥
∆q

DG(∆q) + λT∆q +
ρ

2
∆qT∆q − ρ(R∆d)T∆q ✭✹✳✶✸❛✮

s✉❥❡✐t♦ ❛✿ ✭t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✮

∆qn + nT [td⊕i − td⊖i ] ≥ 0 ✭✹✳✶✸❜✮

♦♥❞❡ ❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ r❡s✉❧t❛ ❞❛ ♠❛♥✐♣✉❧❛çã♦ ❛❧❣é❜r✐❝❛ ❞❡ ✭✹✳✾❛✮ ❡♠ ♦r❞❡♠ ❛ ♠❛♥t❡r✱

❡①❝❧✉s✐✈❛♠❡♥t❡✱ t❡r♠♦s ❛❢❡t♦s à ✈❛r✐á✈❡❧ ❞❡ ❞❡❝✐sã♦ ❝♦rr❡♥t❡✱ ∆q✳ ❙❡♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❡

❞✐ss✐♣❛çã♦✱ DG✱ ✉♠❛ ❢✉♥çã♦ ❞❡✜♥✐❞❛ ♣♦r r❛♠♦s ✭✸✳✾✮✱ ❡st❛ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❞❛ s❡❣✉✐♥t❡

❢♦r♠❛✱

DG =

{

0, ∆q = 0

ρGcL, ∆q 6= 0
✭✹✳✶✹✮

♦♥❞❡ L r❡♣r❡s❡♥t❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❢r♦♥t❡✐r❛ ❡♠ q✉❡stã♦✳ ❆ s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ✭✹✳✶✸✮

é ♦❜t✐❞❛ ❛tr❛✈és ❞♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦✿

✶✳ ❖❜t❡r ❛ s♦❧✉çã♦ ót✐♠❛ ❞❡ ✭✹✳✶✸❛✮ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ ❛❜❡rt✉r❛ ❞❡ ❢❡♥❞❛ ♦❝♦rr❡

♥❡❝❡ss❛r✐❛♠❡♥t❡✳ ❆ss✐♠ ♦ t❡r♠♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❞✐ss✐♣❛çã♦ é ✉♠❛ ❝♦♥st❛♥t❡ ❡ ❛

s♦❧✉çã♦ é ❞❛❞❛ ♣♦r✿

∆q =
λT

ρ
+ (R∆d)T ✭✹✳✶✺✮

✷✳ Pr♦❥❡t❛r ❛ s♦❧✉çã♦ ❛♥t❡r✐♦r ✭✹✳✶✺✮ ♥♦ ❡s♣❛ç♦ ❞❛s s♦❧✉çõ❡s ❛❞♠✐ssí✈❡✐s✳ P❛r❛ t❛❧✱ ❡ ❞❡

❛❝♦r❞♦ ❝♦♠ ✭✹✳✶✸❜✮✱ ❜❛st❛ ✐❣✉❛❧❛r ❛ ③❡r♦ t♦❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s

r❡❧❛t✐✈♦s ♥♦r♠❛✐s✱ ❝❛s♦ ❡st❛s s❡❥❛♠ ♥❡❣❛t✐✈❛s✳



✸✵ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

✸✳ P❛r❛ ❝♦♥❝❧✉✐r✱ ✈❡r✐✜❝❛r s❡ ♣❛r❛ ❛ s♦❧✉çã♦ ♦❜t✐❞❛ ♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ é ♥ã♦

♣♦s✐t✐✈❛✳ ❈❛s♦ ♥ã♦ s❡❥❛✱ ❛ s♦❧✉çã♦ ót✐♠❛ ❝♦rr❡s♣♦♥❞❡ à s♦❧✉çã♦ ♥✉❧❛✳

∆q = 0 ✭✹✳✶✻✮

◆♦t❡✲s❡ q✉❡ ❡st❛ ú❧t✐♠❛ s♦❧✉çã♦ ❝♦rr❡s♣♦♥❞❡ à ♥ã♦ ❛❜❡rt✉r❛ ❞❛ ❢❡♥❞❛✳ P♦r ú❧t✐♠♦✱

r❡❢❡r❡✲s❡ q✉❡ ❡st❛ ✈❡r✐✜❝❛çã♦ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❢r♦♥t❡✐r❛ e ❞❡

❝♦♠♣r✐♠❡♥t♦ L ❞♦ s❡❣✉✐♥t❡ ♠♦❞♦✱

{

Πe ≤ GcL ⇒ ∆qe = 0

Πe > GcL ⇒ ∆qe 6= 0
✭✹✳✶✼✮

❝♦♠✱

Πe =‖
[

λe − ρ
(

∆qe
2
−Re∆d

)]T

∆qe ‖2 ✭✹✳✶✽✮

✹✳✺ ❉❡t❛❧❤❡s ❞❡ ■♠♣❧❡♠❡♥t❛çã♦

❉❡ ❢♦r♠❛ ❛ ✐♠♣❧❡♠❡♥t❛r ♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝♦ ❆❉▼▼✱ ❞❡✜♥❡✲s❡ ❛q✉✐

✉♠ ♦r❣❛♥♦❣r❛♠❛ q✉❡ tr❛❞✉③❛ ❞❡ ❢♦r♠❛ ❣❡♥ér✐❝❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣✉t❛❝✐♦♥❛❧

❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ✭✈❡r ❋✐❣✉r❛ ✹✳✹✮✳ ❊st❡ ❝❡♥tr❛✲s❡ ❡♠ três ❡t❛♣❛s

♣r✐♥❝✐♣❛✐s✿ ✭✐✮ ❡♥tr❛❞❛ ❞❡ ❞❛❞♦s❀ ✭✐✐✮ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦❀ ❡ ✭✐✐✐✮ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✳

❋✐❣✉r❛ ✹✳✹✿ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦



✹✳✺ ❉❡t❛❧❤❡s ❞❡ ■♠♣❧❡♠❡♥t❛çã♦ ✸✶

❆ ❡t❛♣❛ ❞❡ ❡♥tr❛❞❛ ❞❡ ❞❛❞♦s tr❛❞✉③✲s❡ ♣❡❧❛ ❞❡✜♥✐çã♦ ❞❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❞♦

❡①❡♠♣❧♦ ♥✉♠ér✐❝♦✱ ♣r♦❝❡❞❡♥❞♦✲s❡ à s✉❛ ❝♦♥str✉çã♦ ❛tr❛✈és ❞❡ ✉♠ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s

❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡✳❣✳✱ ♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s ❣♠s❤ ❬✸✸❪✳ ❆✐♥❞❛ ♥❡st❛ ❢❛s❡✱ ❞❡✜♥❡♠✲s❡ ❛s

❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❢r♦♥t❡✐r❛✱ ♠❛t❡r✐❛✐s ❝♦♥st✐t✉✐♥t❡s✱ s♦❧✐❝✐t❛çõ❡s ✐♠♣♦st❛s ❡ ♣❛râ♠❡tr♦s

❜❛s❡ ❞❡ ❛♥á❧✐s❡✿ ✭✐✮ NIncr❀ ✭✐✐✮ NIter❀ ❡ ✭✐✐✐✮ Tol✳ P♦st❡r✐♦r♠❡♥t❡✱ ♣r♦❝❡❞❡✲s❡ à ❡t❛♣❛ ❞❡

♣ré✲♣r♦❝❡ss❛♠❡♥t♦✳ ❆q✉✐✱ ❛s ♠❛tr✐③❡s ❞❡ r✐❣✐❞❡③ ❡❧❡♠❡♥t❛r❡s ❡ ❞❡ r♦t❛çã♦ ❞♦ s✐st❡♠❛ sã♦

❞❡✜♥✐❞❛s✳ P♦r ✜♠✱ ♣r♦❝❡❞❡✲s❡ ❛✐♥❞❛ à ♠♦♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ❣♦✈❡r♥❛t✐✈♦ ❞❛ ♠✐♥✐♠✐③❛çã♦

❣❧♦❜❛❧✳ ❙❡❣✉❡✲s❡ ♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✳ ❊st❡s ✈ã♦ s❡♥❞♦ ✐♠♣♦st♦s ❛té

❛♦ ❧✐♠✐t❡ ❞❡ ✐♥❝r❡♠❡♥t♦s ❡st✐♣✉❧❛❞♦✱ Nincr✱ ♦♥❞❡ ❛ s♦❧✉çã♦ ✈❛✐ s❡♥❞♦ ❛♣r♦①✐♠❛❞❛ à

s♦❧✉çã♦ ❡①❛t❛ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ✶✱ t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦s ♣❛râ♠❡tr♦s NIter ❡

Tol ❞❡✜♥✐❞♦s✳ ❆s s♦❧✉çõ❡s ♦❜t✐❞❛s ❡♠ ❝❛❞❛ ✐♥❝r❡♠❡♥t♦ sã♦ ✈✐s✉❛❧✐③❛❞❛s ❛tr❛✈és ❞❛

✉t✐❧✐③❛çã♦ ❞♦ s♦❢t✇❛r❡ ♦♣❡♥✲s♦✉r❝❡ P❛r❛✈✐❡✇ ❬✸✹❪✳ P♦r ú❧t✐♠♦✱ ❛ s♦❧✉çã♦ ❞❡ ♣r♦♣❛❣❛çã♦

✜♥❛❧ ❞❡ ❢r❛t✉r❛ é ♦❜t✐❞❛✳ ❙❡❣✉✐❞❛♠❡♥t❡✱ ❞❡s❝r❡✈❡♠✲s❡ ❞❡ ❢♦r♠❛ s✉❝✐♥t❛✱ ♦s ♣❛ss♦s ❞❡

♠❛✐♦r r❡❧❡✈â♥❝✐❛ ❝♦♥st✐t✉✐♥t❡s ❞♦ ♦r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ✐❧✉str❛❞♦ ♥❛

❋✐❣✉r❛ ✹✳✹✳

✹✳✺✳✶ ◆✉♠❡r❛çã♦ ❞♦s ●r❛✉s ❞❡ ▲✐❜❡r❞❛❞❡

❆ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❜❛s❡✐❛✲s❡ ❡♠ ❞✉❛s ❛♥á❧✐s❡s ❝♦♠♣❧❡♠❡♥t❛r❡s✿ ✭✐✮ ❛♥á❧✐s❡ ❣❧♦❜❛❧ ❞♦

❡❧❡♠❡♥t♦❀ ❡ ✭✐✐✮ ❛♥á❧✐s❡ ❧♦❝❛❧ ❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r ❝♦♥st✐t✉✐♥t❡✳ ❈♦♠♦ t❛❧✱

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

❣❧♦❜❛❧ ❡ ❧♦❝❛❧ r❡s♣❡t✐✈❛♠❡♥t❡✳

✹✳✺✳✷ ❙♦❧✐❝✐t❛çõ❡s ■♠♣♦st❛s

◆❛ ❛♥á❧✐s❡ r❡❛❧✐③❛❞❛ ❝♦♥s✐❞❡r❛♠✲s❡ ❞♦✐s t✐♣♦s ❞❡ s♦❧✐❝✐t❛çõ❡s ♥♦❞❛✐s✿ ✭✐✮ ✈❛r✐á✈❡✐s❀ ❡ ✭✐✐✮

♣❡r♠❛♥❡♥t❡s✳ ❆♠❜❛s✱ sã♦ ❛♣❧✐❝❛❞♦s ♥❛ ❢❛s❡ ✐♥❞❡❢♦r♠❛❞❛ ❞♦ ❝♦r♣♦ ✭♦ ♣r✐♥❝í♣✐♦ ❞♦s ♣❡q✉❡♥♦s

❞❡s❧♦❝❛♠❡♥t♦s é ❛ss✉♠✐❞♦✮✳ ❉❛q✉✐ r❡s✉❧t❛ ✉♠ ✈❡t♦r ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♥♦❞❛✐s F ✱ ❝♦♠

F ∈ R
n ♦♥❞❡ n r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❣❧♦❜❛✐s ❡♠ ❡st✉❞♦✳

✹✳✺✳✸ Pr♦❝❡ss♦ ❞❡ ✏❆ss❡♠❜❧❛❣❡♠✑

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

✏❛ss❡♠❜❧❛❣❡♠✑ ❞❡ t♦❞❛s ❛s ♠❛tr✐③❡s ❞❡ r✐❣✐❞❡③✱ Ke✱ ❞♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s

❞♦ ❞♦♠í♥✐♦✱

Ke =

∫

∆

BN D BNT d∆ ✭✹✳✶✾✮



✸✷ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

♦♥❞❡ BN é ❛ ♠❛tr✐③ ❝♦♠ ❛s ❞❡r✐✈❛❞❛s ♣❛r❝✐❛✐s ❞❛s ❢✉♥çõ❡s ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❡♠ ♦r❞❡♠ às

❝♦♦r❞❡♥❛❞❛s ❣❧♦❜❛✐s ❡ D ❛ ♠❛tr✐③ ❡❧ást✐❝❛ ❛ss♦❝✐❛❞❛ ❛ ✉♠ ❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sã♦✱

❝♦♥t❡♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ❡♠ ❛♥á❧✐s❡✱ s❡♥❞♦ ❡st❡ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ s❡✉

♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡✱ E✱ ❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥✱ ν✳ ◆✉♠ ♣r♦❝❡ss♦ ❞❡ ✏❛ss❡♠❜❧❛❣❡♠✑

tr❛❞✐❝✐♦♥❛❧✱ ❡①✐st❡ ✉♠❛ s♦❜r❡♣♦s✐çã♦ ❞✐r❡t❛ ❞❡ ❡❢❡✐t♦s ❛q✉❛♥❞♦ ❞❛ r❡❞✉♥❞â♥❝✐❛ ❞❡ ♥ós ❝♦♠

❝♦♦r❞❡♥❛❞❛s ✐❣✉❛✐s✳ ❊st❛ ❝♦♥str✉çã♦ ♠❛tr✐❝✐❛❧ ❞❡ ♣r♦❝✉r❛ ❡ s♦❜r❡♣♦s✐çã♦ ❞❡ ❡❢❡✐t♦s ❛♦

❧♦♥❣♦ ❞♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s ❞♦ ❞♦♠í♥✐♦✱ ❡①✐❜❡ ✉♠ ❣❛st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧

❛ss✐♥á✈❡❧ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♠♦r♦s♦✳ ❉❡ ♠♦❞♦ ❛ ♦t✐♠✐③❛r ♦ ♣r♦❝❡ss♦ ❞❡ ❛ss❡♠❜❧❛❣❡♠

❞❡s❝r✐t♦✱ r❡❝♦rr❡✲s❡ à ✐♥tr♦❞✉çã♦ ✐♥❞✐✈✐❞✉❛❧✐③❛❞❛ ❡ s❡♣❛r❛❞❛ ❞❛s ♠❛tr✐③❡s ❞❡ r✐❣✐❞❡③ ♥❛

♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧ ❞♦ s✐st❡♠❛✿

Ke ⊆ K ✭✹✳✷✵✮

❆tr❛✈és ❞❛ ✐♥tr♦❞✉çã♦ ❞♦ ❢❛t♦r ❞❡ ♣❡♥❛❧✐❞❛❞❡ ρ ♥❛ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧✱ ❝♦♥s✐❞❡r❛✲s❡

♦ ❡❢❡✐t♦ ❞❡ s♦❜r❡♣♦s✐çã♦ ❞❡ ♥ós ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ❡①✐st❡♥t❡s✳

❙❛❧✐❡♥t❛✲s❡ ♦ ❢❛❝t♦ ❞♦ s✐♥❛❧ ♥❡❣❛t✐✈♦ ❞❡ ρ✳ ❊st❛ ❞✐❢❡r❡♥❝✐❛çã♦ ❞❡✈❡✲s❡ à r✐❣✐❞❡③ ❞❡ ❧✐❣❛çã♦

❡①✐st❡♥t❡s ❡♥tr❡ ♥ós ❞❡ ❞♦✐s ❡❧❡♠❡♥t♦s ❞✐st✐♥t♦s✱

Kii + ρ ∧Kij − ρ ❝♦♠ ij ∈ Γe ✭✹✳✷✶✮

♦♥❞❡ i ❡ j r❡♣r❡s❡♥t❛♠ ♦s í♥❞✐❝❡s ❞♦s ♥ós ❛ss♦❝✐❛❞♦s ❛♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s✳ ❉❛q✉✐ r❡s✉❧t❛

✉♠❛ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧ K s✐♠étr✐❝❛ ❞❡✜♥✐❞❛ ♣♦s✐t✐✈❛ ❜❛st❛♥t❡ ❡s♣❛rs❛ ❞❡ ❞✐♠❡♥sã♦

{n× n} ♦♥❞❡ n r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❣❧♦❜❛✐s ❡♠ ❡st✉❞♦✳

✹✳✺✳✹ ❈♦♥str✉çã♦ ❞❛ ▼❛tr✐③ ❘♦t❛çã♦

❆ ♠❛tr✐③ R r❡♣r❡s❡♥t❛ ❛ ♠❛tr✐③ ❞❡ r♦t❛çã♦ ❞♦ s✐st❡♠❛✱ tr❛♥s❢♦r♠❛♥❞♦ ♦s ❡✐①♦s ❧♦❝❛✐s ✭n, t✮

♥♦s ❡✐①♦s ❣❧♦❜❛✐s ✭x, y✮✳ ❊st❛ t❡♠ ❞❡ ❞✐♠❡♥sã♦ {m × n} ♦♥❞❡ m r❡♣r❡s❡♥t❛ ♦s ❣r❛✉s ❞❡

❧✐❜❡r❞❛❞❡ ❧♦❝❛✐s ❡ n ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❣❧♦❜❛✐s✳ ❈♦♥s✐❞❡r❡✲s❡ ❛ ❋✐❣✉r❛ ✹✳✺✳

∆x

∆yΓe

t

n
y

x

i

j

❋✐❣✉r❛ ✹✳✺✿ ❋r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r ❝♦♠ ♦s ❡✐①♦s ❣❧♦❜❛✐s ❡ ❧♦❝❛✐s r❡♣r❡s❡♥t❛❞♦s



✹✳✺ ❉❡t❛❧❤❡s ❞❡ ■♠♣❧❡♠❡♥t❛çã♦ ✸✸

❆ ♣❛rt✐r ❞♦ ❝á❧❝✉❧♦ ❞❛ ♥♦r♠❛❧ ❡①t❡r✐♦r à ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r Γe✱

n =
[

nx ny

]

=

[

∆y
√

∆x2 +∆y2
∆x

√

∆x2 +∆y2

]

✭✹✳✷✷✮

♦❜té♠✲s❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❡✐①♦s ❣❧♦❜❛✐s ❡ ❧♦❝❛✐s✱

[

x

y

]

= Re

[

n

t

]

✭✹✳✷✸✮

♦♥❞❡ Re r❡♣r❡s❡♥t❛ ❛ ♠❛tr✐③ ❧♦❝❛❧ ❞❡ r♦t❛çã♦ ❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r✱ Γe✱ ❞❛❞❛ ♣♦r✿

Re =

[

nx ny

ny −nx

]

✭✹✳✷✹✮

❖ ❡s♣❛❧❤❛♠❡♥t♦ ❞❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❛s ♠❛tr✐③❡s ❧♦❝❛✐s ❞❡ r♦t❛çã♦ ♥❛ ♠❛tr✐③ ❣❧♦❜❛❧ ❞❡

r♦t❛çã♦✱ R✱ ❢❛③✲s❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ♥✉♠❡r❛çõ❡s ❣❧♦❜❛❧ ❡ ❧♦❝❛❧ ❞❡✜♥✐❞❛s✳ ❙❛❧✐❡♥t❛✲s❡ q✉❡

❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ q✉❡ ♣❛rt✐❧❤❡♠ ♦ ♠❡s♠♦ ♥ó✱ tr♦❝❛♠ ❞❡ s✐♥❛❧ ❛q✉❛♥❞♦ ❞❛ s✉❛

✐♥tr♦❞✉çã♦ ❞❛ ♠❛tr✐③✳ ❆ s✉❛ ❡s❝♦❧❤❛ é ❢❡✐t❛ ❞❡ ❢♦r♠❛ ❛r❜✐trár✐❛✳

✹✳✺✳✺ ❋❛t♦r✐③❛çã♦

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ✭✹✳✶✷✮✱ ❛ ✐♥✈❡rs❛ ❞❛ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❣❧♦❜❛❧ é ❡①❡❝✉t❛❞❛ ♣❛r❛

♦❜t❡♥çã♦ ❞♦ ✈❡t♦r ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❣❧♦❜❛✐s✱ ∆d✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ ✐♥✈❡rsã♦ ❞❡

♠❛tr✐③❡s ♣r❡ss✉♣õ❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ r❡❝✉rs♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❜❛st❛♥t❡ ❛ss✐♥❛❧á✈❡❧✱ ♥ã♦ s❡♥❞♦

❡✜❝✐❡♥t❡ ❛♦ ♣♦♥t♦ ❞❡ s❡ ❝♦♥s✐❞❡r❛r ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✈✐á✈❡❧ ♥❛ r❡s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛✳ ❙❡❥❛

K ✉♠❛ ♠❛tr✐③ s✐♠étr✐❝❛ ❡ ❞❡✜♥✐❞❛ ♣♦s✐t✐✈❛ ✭✈❛❧♦r❡s ❞❛ ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧ ♠❛✐♦r❡s q✉❡ ③❡r♦✮

t♦r♥❛✲s❡ ♣♦ssí✈❡❧ ❞❡❝♦♠♣♦r ❛ ♠❛tr✐③ K ♣♦r ✉♠ ♣r♦❞✉t♦ ❞❡ ❞✉❛s ♦✉tr❛s ♠❛tr✐③❡s ✭L ❡ LT ✮✱

❡♠ q✉❡ ❛ ♠❛tr✐③ L ❝♦rr❡s♣♦♥❞❡ à ♠❛tr✐③ tr✐❛♥❣✉❧❛r ✐♥❢❡r✐♦r ❡ LT à ♠❛tr✐③ tr✐❛♥❣✉❧❛r s✉♣❡r✐♦r

❞❛ ♠❛tr✐③ K r❡s♣❡t✐✈❛♠❡♥t❡✳ ❊st❡ ♣r♦❝❡ss♦ ❞❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ♠❛tr✐③❡s ❞❡s✐❣♥❛✲s❡ ♣♦r

❢❛t♦r✐③❛çã♦ ❞❡ ❈❤♦❧❡s❦② ❬✸✺✱ ♣♣✳ ✹✷✶✲✹✷✺❪✿

K = LLT ✭✹✳✷✺✮

❆tr❛✈és ❞❛ r❡❧❛çã♦ ❞❡ ✭✹✳✷✺✮ ♦❜té♠✲s❡ ❛ ♠❛tr✐③ L ❝♦♥s✐❞❡r❛♥❞♦ ❛s r❡❧❛çõ❡s ❡①✐st❡♥t❡s ❡♠

❬✸✺✱ ♣♣✳ ✹✷✶✲✹✷✺❪✳ ❆ss✐♠✱ ❛ ❡q✉❛çã♦ ✭✹✳✶✷✮ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ♥❛ ❢♦r♠❛✱

(td+∆d)TLLT − t+∆tF −RT (λ+ ρ∆q) = 0 ✭✹✳✷✻✮

♦♥❞❡✱ ♣❛r❛ ❛ s✉❛ r❡s♦❧✉çã♦ ✭♦❜t❡♥çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❣❧♦❜❛✐s ∆d✮✱ r❡❝♦rr❡✲s❡ à ✉t✐❧✐③❛çã♦

❞♦ s♦❢t✇❛r❡ ▼❯▼P❙ ✲ ❛▼❯❧t✐❢r♦♥t❛❧ ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ s♣❛rs❡ ❞✐r❡❝t ❙♦❧✈❡r ❬✸✻❪✱ ❬✸✼❪✳



✸✹ ✹ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛

❙❛❧✐❡♥t❛✲s❡ ♦ ❢❛❝t♦ q✉❡✱ ❞❡❝♦rr❡♥t❡ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝♦

❆❉▼▼✱ ❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ ✐♥❝r❡♠❡♥t♦✱ ❡st❡ ❛✈❛❧✐❛ t♦❞♦ ♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❛té ❛♦

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

❞❡t❡r♠✐♥❛❞♦ ✐♥❝r❡♠❡♥t♦✱ ❡st❛ ♣r♦♣❛❣❛çã♦ s❡rá s❡♠♣r❡ ❛✈❛❧✐❛❞❛ ❛té ❛♦ tér♠✐♥♦ ❞♦

♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✳ ❊st❛ ❛♥á❧✐s❡ ❝♦♥st❛♥t❡ ❞❡ ✐♥❝r❡♠❡♥t♦s ❛♥t❡r✐♦r❡s✱ ❧❡✈❛♥t❛ ✉♠

♣r♦❜❧❡♠❛ ❣r❛✈❡ ❡♠ t❡r♠♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ♠ét♦❞♦ ✐♠♣❧❡♠❡♥t❛❞♦✳

❈♦♠♦ s♦❧✉çã♦✱ ❛♣ós ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♥✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥❝r❡♠❡♥t♦✱ r❡❝♦♥stró✐✲s❡ ❛

♠❛tr✐③ ❣♦✈❡r♥❛t✐✈❛ ❞♦ s✐st❡♠❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♦❝♦rr✐❞❛✳



❈❛♣ít✉❧♦ ✺

❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✶ ■♥tr♦❞✉çã♦

❉✐✈❡rs♦s ♠♦❞❡❧♦s ♥✉♠ér✐❝♦s✱ ❜❛s❡❛❞♦s ♥❛ t❡♦r✐❛ ❝❧áss✐❝❛ ❞❡ ●r✐✣t❤✱ tê♠ s✐❞♦ ❢♦r♠✉❧❛❞♦s✱

r❡❝♦rr❡♥❞♦ q✉❡r ❛ ❛♣r♦①✐♠❛çõ❡s ❝♦♥tí♥✉❛s ✭❞✐t❛s ❢r❛❝❛s✮ ❬✸✽❪ q✉❡r ❛♣r♦①✐♠❛çõ❡s

❞❡s❝♦♥tí♥✉❛s ✭❞✐t❛s ❢♦rt❡s✮ ❬✷✶❪✱ ❬✸✾❪✱ ❬✹✵❪ ♥❛s s✉❛s ♠♦❞❡❧❛çõ❡s ❞❛ ❢r❛t✉r❛✳ ❉♦ ♣♦♥t♦ ❞❡

✈✐st❛ ♥✉♠ér✐❝♦✱ t❡♠ s✐❞♦ ❞❡♠♦♥str❛❞♦ q✉❡ ❛ ♦❜t❡♥çã♦ ❞❡ s♦❧✉çõ❡s ✈á❧✐❞❛s ❞❡ ♠♦❞❡❧♦s ❢r❡❡

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

❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♠❡s♠❛ ❬✹✶❪✳

◆❡st❡ ❝♦♥t❡①t♦✱ ♣r♦♣õ❡✲s❡ ❛❝♦♣❧❛r à ❢♦r♠✉❧❛çã♦ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❞❡

❢r❛t✉r❛✱ ❞❡s❝r✐t♦ ♥♦ ❈❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ✉♠❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡ ♠❛❧❤❛

❡s♣❡❝✐❛❧♠❡♥t❡ ❝♦♥❝❡❜✐❞♦ ♣❛r❛ ❡st❛ ❢♦r♠✉❧❛çã♦✳ ❆ss✐♠✱ ♥❛ s❡❝çã♦ ✺✳✷✱ r❡❛❧✐③❛✲s❡ ✉♠ ❜r❡✈❡

❡♥q✉❛❞r❛♠❡♥t♦ ❞❛ ♣r♦❜❧❡♠át✐❝❛ r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛✱ ❞❡s❝r❡✈❡♥❞♦ ♣♦r

✜♠ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛✳ ❆q✉✐✱ ❛♣r❡s❡♥t❛✲s❡ ✉♠ ♦r❣❛♥♦❣r❛♠❛ ❞❡ ❝á❧❝✉❧♦ ❣❡r❛❧ ❝♦♥t❡♥❞♦ ❛s

❡t❛♣❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✐♠♣❧❡♠❡♥t❛❞❛s✳ ◆❛ s❡❝çã♦ ✺✳✸ ❞❡s❝r❡✈❡♠✲s❡ ❝♦♠ ❞❡t❛❧❤❡ s✉✜❝✐❡♥t❡ ♦s

♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛ ❝♦♥❝❡❜✐❞♦s ♣❛r❛ ❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲♥ós✱ ✉t✐❧✐③❛❞♦s ♥❛

♣r❡s❡♥t❡ ❢♦r♠✉❧❛çã♦✳ P♦r ✜♠✱ ♥❛s s❡❝çõ❡s ✺✳✹ ❡ ✺✳✺ r❡❛❧✐③❛✲s❡ ✉♠❛ ❡①♣❧✐❝❛çã♦ ❛❜r❛♥❣❡♥t❡ ❞♦s

♣r♦❝❡ss♦s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦s ❞❡s❡♥✈♦❧✈✐❞♦s✳ ➱ ❛✐♥❞❛ ❞❡ ♥♦t❛r✱ ♦ ❛❝♦♠♣❛♥❤❛♠❡♥t♦

r❡❝♦rr❡♥t❡ ❞❡ ♦r❣❛♥♦❣r❛♠❛s ❞❡ ❝á❧❝✉❧♦ r❡❢❡r❡♥t❡s às ❡t❛♣❛s ❞❡ r❡✜♥❛♠❡♥t♦✱ ❢❛❝✐❧✐t❛♥❞♦ ♦

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

✸✺



✸✻ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✷ ❊♥q✉❛❞r❛♠❡♥t♦ ●❡r❛❧

❆ ❝♦♥str✉çã♦ ❞❡ ✉♠❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ♣r❡ss✉♣õ❡ ❛ ❞❡✜♥✐çã♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦

❣r❛✉ ❞❡ r❡✜♥❛♠❡♥t♦✱ ✐✳❡✱ ❞❡✜♥✐r ♦ t❛♠❛♥❤♦ ❞♦s ❡❧❡♠❡♥t♦s q✉❡ ❝♦♥st✐t✉❡♠ ❛ ♠❛❧❤❛✳ ❈❛s♦

❡st❡ s❡❥❛ ❝♦♥s✐❞❡rá✈❡❧✱ ♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♥❡❝❡ssár✐♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ ❝á❧❝✉❧♦

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

❞❡ r❡✜♥❛♠❡♥t♦ s❡❥❛ ❡①❝❡ss✐✈❛♠❡♥t❡ ❣r♦ss❡✐r♦✱ ❛ q✉❛❧✐❞❛❞❡ ❞❛ s♦❧✉çã♦ ♦❜t✐❞❛ ♣♦❞❡rá ✜❝❛r

❝♦♠♣r♦♠❡t✐❞❛✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦s ♣r❡ss✉♣♦st♦s ❞♦ ♠♦❞❡❧♦✱ ✐♥tr♦❞✉③✐❞♦s ♥♦ ❈❛♣ít✉❧♦ ✹✱ ❛

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

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ❝♦♥st✐t✉✐♥t❡s ❞♦s ❡❧❡♠❡♥t♦s✳ P♦r s✉❛ ✈❡③✱ ❛❧é♠ ❞❛s r❡str✐çõ❡s ❢ís✐❝❛s

♣ró♣r✐❛s ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❢r❛t✉r❛✱ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ❢❡♥❞❛ ❡stá ✐♥tr✐♥s❡❝❛♠❡♥t❡ ❧✐❣❛❞❛

❛♦ ❣r❛✉ ❞❡ r❡✜♥❛♠❡♥t♦ q✉❡ ❝❛r❛t❡r✐③❛ ❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✳ ❈♦♥s✐❞❡r❡✲s❡ ✉♠

❝❛♠✐♥❤♦ ❞❡ ❢r❛t✉r❛ ❞❡ ❞✐♠❡♥sã♦ l✱ ❡ ✉♠ ✐♥❝r❡♠❡♥t♦ ❞❡ ❢❡♥❞❛ ∆a✳ ❯♠❛ ❞❛s s❡❣✉✐♥t❡s

s✐t✉❛çõ❡s ♣♦❞❡rá ♦❝♦rr❡r✿ ✭✐✮ l = ∆a ✭s✐t✉❛çã♦ ✐❞❡❛❧✮❀ ✭✐✐✮ l > ∆a ✭♥ã♦ ♦❝♦rr❡ ♣r♦♣❛❣❛çã♦

t♦t❛❧✮❀ ❡ ✭✐✐✐✮ l < ∆a ✭♣r♦♣❛❣❛çã♦ ♣❛r❛ ❛❧é♠ ❞♦ ❝❛♠✐♥❤♦✮✳ ❈❛s♦ l s❡❥❛ ✐♥❢❡r✐♦r ♦✉ s✉♣❡r✐♦r à

❞✐♠❡♥sã♦ ❞❡ ✐♥❝r❡♠❡♥t♦ ❞❡ ❢r❛t✉r❛ ∆a✱ ♦❝♦rr❡rã♦ ❡rr♦s ❣r♦ss❡✐r♦s ♥❛ ❛♥á❧✐s❡ ❡❢❡t✉❛❞❛✳ ❊st❛

❛✜r♠❛çã♦ ❛❞✈é♠ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ❢r♦♥t❡✐r❛s ❝♦♠ ❞✐♠❡♥sõ❡s ✐♥❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ ♣r♦❜❧❡♠❛✳

❈❛s♦ ♦❝♦rr❛ ❛❧❣✉♠❛ ❞❡st❛s s✐t✉❛çõ❡s✱ ♦ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦ ❡♥tr❛ ❡♠ ❝♦♥✢✐t♦ ❞✐r❡t♦ ❝♦♠ ♦

♣r✐♥❝í♣✐♦ ❞❡ ♣r♦♣❛❣❛çã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❡ ❞❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ♦ ❣r❛✉ ❞❡ r❡✜♥❛♠❡♥t♦ ♣♦r s✐ só✱

♥ã♦ s❡ ❛♣r❡s❡♥t❛ ❝♦♠♦ s♦❧✉çã♦ ✜♥❛❧ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛ ❝♦♥❢♦r♠❡

s❡ ✐❧✉str❛ ♥❛ ❋✐❣✉r❛ ✺✳✶✳

u

u

✭❛✮

u

u

✭❜✮

❋✐❣✉r❛ ✺✳✶✿ ❊sq✉❡♠❛ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛ ❝♦♠ ✐♠♣♦s✐çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ u✿ ✭❛✮
t✐♣♦ ❞❡ ♠❛❧❤❛❀ ✭❜✮ ♦r✐❡♥t❛çã♦ ✐♥❝♦rr❡t❛ ❞♦s ❡❧❡♠❡♥t♦s ✭❛③✉❧ ❛ tr❛❝❡❥❛❞♦ ✲ ♣r♦♣❛❣❛çã♦
♣❡r♣❡♥❞✐❝✉❧❛r❀ ✈❡r♠❡❧❤♦ ❛ ❝❤❡✐♦ ✲ ♣r♦♣❛❣❛çã♦ ❛♦ ❧♦♥❣♦ ❞❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✮

❆ ♦r✐❡♥t❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s✱ ❢❛❝❡ à ♣♦ssí✈❡❧ ♦❝♦rrê♥❝✐❛ ❞❡ ❢❡♥❞❛ ✭❡st❛ ❛ ♣r♦♣❛❣❛r✲s❡ ✐rá

❢❛③ê✲❧♦✱ ❡♠ r❡❣r❛✱ ♥❛ ❞✐r❡çã♦ ♥♦r♠❛❧ à ❞✐r❡çã♦ ❞❛s tr❛çõ❡s✮ ❞❡✈❡ s❡r t❛❧ q✉❡ ♦ ♣♦t❡♥❝✐❛❧

❡♥❡r❣ét✐❝♦ ❡①✐st❡♥t❡ ♥✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥❝r❡♠❡♥t♦ s❡❥❛ ❞❡s♣❡♥❞✐❞♦ ♥❛ ♣r♦♣❛❣❛çã♦ t♦t❛❧ ❞❡

❢r❛t✉r❛ ❡ ♥ã♦ ♥❛ tr❛♥s♣♦s✐çã♦ ❞❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ❝♦♠ ♦r✐❡♥t❛çõ❡s ✐♥❝♦♠♣❛tí✈❡✐s

❝♦♠ ❛ ❝♦♥✈❡♥çã♦ ❞❡ ♣r♦♣❛❣❛çã♦✳ ❈❛s♦ t❛❧ ❢❡♥ó♠❡♥♦ ♦❝♦rr❛✱ ♦ s✐st❡♠❛ ✐rá ♥❡❝❡ss✐t❛r ❞❡

♠❛✐s ❡♥❡r❣✐❛ ❞♦ q✉❡ s❡r✐❛ ♥❡❝❡ssár✐♦ ♥❛ r❡❛❧✐❞❛❞❡✳



✺✳✷ ❊♥q✉❛❞r❛♠❡♥t♦ ●❡r❛❧ ✸✼

✺✳✷✳✶ ❙♦❧✉çã♦ Pr♦♣♦st❛

❖ ♠ét♦❞♦ ♣r♦♣♦st♦ ♣r❡t❡♥❞❡ s♦❧✉❝✐♦♥❛r ♦s ❞♦✐s ♣r♦❜❧❡♠❛s ✐❞❡♥t✐✜❝❛❞♦s ❛tr❛✈és ❞❛

✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ❞✉❛s ❡t❛♣❛s ❞❡ r❡✜♥❛♠❡♥t♦✱ t❡♥❞♦ ❝❛❞❛ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛s ♣ró♣r✐❛s

❞❡ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛ q✉❡ ♣♦ss✐❜✐❧✐t❛♠ q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ❢r❛t✉r❛ s✐❣❛ ✉♠❛ tr❛❥❡tór✐❛

❝♦❡r❡♥t❡ ❢❛❝❡ à ❞✐r❡çã♦ ❞❛s tr❛çõ❡s ✐♠♣♦st❛s s❡♠ ❝♦♠♣r♦♠❡t❡r ❞❡ ❢♦r♠❛ ❛ss❡rt✐✈❛ ♦

❞❡s❡♠♣❡♥❤♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ P❛r❛ t❛❧✱ ♣r♦♣õ❡✲s❡ ❛ ♠♦❞✐✜❝❛çã♦ ❞♦ ♦r❣❛♥♦❣r❛♠❛ ❞❡

❝á❧❝✉❧♦ ♦r✐❣✐♥❛❧ ✭✈❡r ❋✐❣✉r❛ ✹✳✹✮ ❛tr❛✈és ❞❛ ✐♥❝❧✉sã♦ ❞❡ ❞✉❛s ❡t❛♣❛s ❞✐st✐♥t❛s ❞❡♥♦♠✐♥❛❞❛s

❞❡✿ ✭✐✮ r❡✜♥❛♠❡♥t♦❀ ❡ ✭✐✐✮ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦✱ ❞❛ ♠❛❧❤❛✳ ❆q✉✐✱ ❞❡✜♥❡✲s❡ ✉♠ ♦r❣❛♥♦❣r❛♠❛

❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❝♦♠ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛ ✭✈❡r ❋✐❣✉r❛ ✺✳✷✮ ❝♦♠ ❜❛s❡ ♥❛

❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❛♣r❡s❡♥t❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✹✳

❋✐❣✉r❛ ✺✳✷✿ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❝♦♠ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛



✸✽ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❖ ♠ét♦❞♦ ♣r♦♣♦st♦ ♣r❡t❡♥❞❡ ♠❡❧❤♦r❛r ❞❡ ❢♦r♠❛ ❛ss❡rt✐✈❛ ♦ ❝❛♠✐♥❤♦ ❞❡ ♣♦ssí✈❡❧

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❛tr❛✈és ❞❡ ✉♠ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❛ ♠❛❧❤❛✳ P❛r❛ t❛❧✱

❞❡✜♥❡✲s❡ ♥✉♠❛ ♣r✐♠❡✐r❛ ✐♥stâ♥❝✐❛ ✉♠❛ ③♦♥❛ ❧♦❝❛❧ ❞❡ ❛♥á❧✐s❡✱ ❞❡s✐❣♥❛❞❛ ♣♦r ③♦♥❛ ❝rít✐❝❛✳

❊st❛ é ❞❡✜♥✐❞❛ ❛tr❛✈és ❞❡ ✉♠❛ s♦❧✉çã♦ ♣✉r❛♠❡♥t❡ ❡❧ást✐❝❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ ♦❜t✐❞♦s ❞❛

❛♣❧✐❝❛çã♦ ❞♦ ❆❉▼▼✳ ◆♦t❡✲s❡ q✉❡ ❡st❡ ❝♦♥❝❡✐t♦ ❞❡ ✉t✐❧✐③❛r ✉♠❛ s♦❧✉çã♦ ♣✉r❛♠❡♥t❡

❡❧ást✐❝❛ ♣❛r❛ ❛✈❛❧✐❛r ❛ t❡♥❞ê♥❝✐❛ ♣❛r❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ❢❡♥❞❛ ♥ã♦ é ✐♥♦✈❛❞♦r ♥♦

❝♦♥t❡①t♦ ❞❛ ▼❡❝â♥✐❝❛ ❞❛ ❋r❛t✉r❛ ❊❧ást✐❝❛✳ ❊❢❡t✐✈❛♠❡♥t❡✱ ♣♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r q✉❡ ❡st❡

♣r✐♥❝í♣✐♦ ❥á t✐❞♦ s✐❞♦ ✐♥tr♦❞✉③✐❞♦ ♥♦s tr❛❜❛❧❤♦s ❞❡ ■r✇✐♥ ❬✼❪

❙♦❜r❡ ❛ ③♦♥❛ ❝rít✐❝❛✱ r❡❛❧✐③❛✲s❡ ♦ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ♣r♦♣♦st♦✱ ❛♣❧✐❝❛♥❞♦ ♦ r❡✜♥❛♠❡♥t♦

❤ ❡✴♦✉ r❡♦r✐❡♥t❛♥❞♦ ♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❞❛ ♠❡s♠❛✳ ❆♠❜❛s ❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦

sã♦ ❛♣❧✐❝❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❜✐❜❧✐♦t❡❝❛ ❞❡ ❞✐✈✐sã♦ ❞❡ ❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲

♥ós ❞❡s❡♥✈♦❧✈✐❞❛✳ ◆❡st❛✱ ❞❡✜♥❡♠✲s❡ três ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛ ✭✶ ❞✐✈✐sã♦✱ ✷ ❞✐✈✐sõ❡s

❡ ✸ ❞✐✈✐sõ❡s✮✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ q✉❡ ♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❝♦♥st✐t✉✐♥t❡s ❞❛ ③♦♥❛

❧♦❝❛❧ ❞❡✜♥✐❞❛ ♣♦ss❛♠ s❡r s✉❜❞✐✈✐❞✐❞♦s ❝♦♠ ❜❛s❡ ♥✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝r✐tér✐♦✳

◆✉♠❛ s❡❣✉♥❞❛ ❢❛s❡ ❡ ❝♦♥s❡q✉❡♥t❡ ♣r♦♣❛❣❛çã♦✱ ♦✉ ♥ã♦✱ ❞❡ ❢❡♥❞❛ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞♦

❆❉▼▼ ✭♥✉♠❛ s❡❣✉♥❞❛ ❢❛s❡✮✱ ♣r♦❝❡❞❡✲s❡ ❛♦ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦✳ ❆q✉✐✱ ♣r♦♣õ❡✲s❡ ❛

✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❉❡❧❛✉♥❛② ❬✹✷❪✱ ❬✹✸❪ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡

❝♦❧♠❛t❛r ❡✈❡♥t✉❛✐s ❞❡✜❝✐ê♥❝✐❛s✱ q✉❡r ❡♠ r❡❧❛çã♦ ❛♦ t❛♠❛♥❤♦ q✉❡r ❡♠ r❡❧❛çã♦ à ❞✐st♦rçã♦

❞♦s ❡❧❡♠❡♥t♦s✱ ♣r♦✈❡♥✐❡♥t❡s ❞❛ ❛♣❧✐❝❛çã♦ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✐♥✐❝✐❛✐s

✭r❡✜♥❛♠❡♥t♦ ❤ ❡ r❡♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✮ ❡ ♠❡❧❤♦r❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❛❧❣♦r✐t♠♦

❞❡s❡♥✈♦❧✈✐❞♦ ❛tr❛✈és ❞❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ✐♠♣❧✐❝✐t❛♠❡♥t❡

❝r✐❛❞♦s ♥❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦✳

❈♦♠♦ ♥♦t❛ ✜♥❛❧✱ ❛♣r❡s❡♥t❛♠✲s❡ ❛❧❣✉♠❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞✉❛s ❢❛s❡s ❝♦♥s✐❞❡r❛❞❛s ❞❡

r❡❧❡✈â♥❝✐❛ ♥♦ ♦r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ ❝♦♠ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛✿

✶✳ ❘❡❢❡r❡✲s❡ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠❛t❡♠át✐❝❛ ❡♠ ❞✉❛s s✐t✉❛çõ❡s

❞✐st✐♥t❛s✿ ✭✐✮ s♦❧✉çã♦ ♣✉r❛♠❡♥t❡ ❡❧ást✐❝❛❀ ❡ ✭✐✐✮ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳ ◆♦ ♣r✐♠❡✐r♦

❝❛s♦✱ ❛ ❛♥á❧✐s❡ ❡❢❡t✉❛❞❛ ✐♠♣♦ss✐❜✐❧✐t❛ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢❡♥❞❛✳ ◆❡st❛✱ ♦ ♦❜❥❡t✐✈♦

♣r✐♠♦r❞✐❛❧ ♣❛ss❛ ♣❡❧❛ ♦❜t❡♥çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❛ss♦❝✐❛❞♦ ❛ ❝❛❞❛

❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r✱ ❞❡✜♥✐♥❞♦✲s❡ ♣♦st❡r✐♦r♠❡♥t❡ ❛ ③♦♥❛ ❝rít✐❝❛ ❛ ❛♥❛❧✐s❛r✳ ❖

❞❡t❛❧❤❡ s♦❜r❡ ❡st❛ s♦❧✉çã♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡❝çã♦ ✺✳✹✳✶✳ ◆✉♠❛ ❢❛s❡ ♣♦st❡r✐♦r✱

r❡❛❧✐③❛✲s❡ ♥♦✈❛♠❡♥t❡ ♦ ❆❉▼▼✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛♥❛❧✐s❛r ❛ ♣r♦♣❛❣❛çã♦✱ ❞❡

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

♦r✐❣✐♥❛❧ ✭✈❡r ❋✐❣✉r❛ ✹✳✹✮❀

✷✳ ❙❡♠♣r❡ q✉❡ ❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s s♦❢r❡ ❛❧t❡r❛çã♦✱ ♦❝♦rr❡ ♦ ♣r♦❝❡ss♦ ❞❡

❢❛t♦r✐③❛çã♦ ✭✈❡r s❡❝çã♦ ✹✳✺✳✺✮✳ ❊st❡ ❛♣❡s❛r ❞❡ ♠❡❧❤♦r❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❢♦r♠✉❧❛çã♦✱ é

✉t✐❧✐③❛❞♦ ♥❛s ❞✉❛s ❡t❛♣❛s ❞❡ r❡✜♥❛♠❡♥t♦✱ ❧❡✈❛♥❞♦ ❛ q✉❡ ♦ ♣r♦❝❡ss♦ s❡❥❛



✺✳✸ ▼♦❞♦s ❞❡ ❉✐✈✐sã♦ ❍✐❡rárq✉✐❝❛ ❞❡ ✉♠ ❊❧❡♠❡♥t♦ ❚r✐❛♥❣✉❧❛r ✸✾

❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❡①✐❣❡♥t❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡

♣r♦✈❡♥✐❡♥t❡ ❞❛ ❛♣❧✐❝❛çã♦ ❞♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❉❡❧❛✉♥❛② ❢❛✈♦r❡❝❡ ❛

s✉❛ r❡♣❡t✐❞❛ ✉t✐❧✐③❛çã♦✳ ❊st❛ ❢❛s❡ ✐♠♣❧✐❝❛ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ♥♦✈❛

♠♦♥t❛❣❡♠ ❞❛ ♠❛tr✐③ ❣♦✈❡r♥❛t✐✈❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❣❧♦❜❛❧✳

✺✳✸ ▼♦❞♦s ❞❡ ❉✐✈✐sã♦ ❍✐❡rárq✉✐❝❛ ❞❡ ✉♠ ❊❧❡♠❡♥t♦

❚r✐❛♥❣✉❧❛r

Pr♦❝❡ss♦s ❞❡ r❡✜♥❛♠❡♥t♦ ❞❡ ♠❛❧❤❛s ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s tê♠ s✐❞♦ ✉♠ t❡♠❛ ❞❡ ✐♥t❡r❡ss❡

♥♦ ♠❡✐♦ ❞❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ❞✐✈❡rs❛s ❛❜♦r❞❛❣❡♥s tê♠ s✐❞♦

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

à r❡s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛✳ ❉❡st❛s✱ ❞❡st❛❝❛♠✲s❡ ❛q✉✐ ❛s ❛❜♦r❞❛❣❡♥s ❞✐t❛s ❤✐❡rárq✉✐❝❛s✳

❈♦♥s✐❞❡r❛✲s❡ q✉❡ ❛ ✐♥❝❧✉sã♦ ❞❡ ♣r♦❝❡ss♦s ❤✐❡rárq✉✐❝♦s ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ r❡✜♥❛♠❡♥t♦✱

♠❡❧❤♦r❛♠ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♦ ♣r♦♣ós✐t♦ ❣❡r❛❧ ❞❡ ❛♥á❧✐s❡✱ tr❛❞✉③✐♥❞♦✲s❡ ♥✉♠ ♣r♦❝❡ss♦

✐♥❞✐✈✐❞✉❛❧✱ ✢❡①í✈❡❧ ❡ ❡①t❡♥sí✈❡❧✳ ❊st❡s ❜❛s❡✐❛♠✲s❡ ♥✉♠❛ ✜❧♦s♦✜❛ ❤✐❡rárq✉✐❝❛ P❛✐ ♣❛r❛

❋✐❧❤♦✭s✮✱ ♦♥❞❡ ♦s ♥♦✈♦s ❡❧❡♠❡♥t♦s ✭❛q✉✐ ❞❡♥♦♠✐♥❛❞♦s ❞❡ ❡❧❡♠❡♥t♦s ❋✐❧❤♦s✮ ❤❡r❞❛♠ t♦❞❛s

❛ ❝❛r❛❝t❡ríst✐❝❛s ❞♦ s❡✉ ❛♥t❡❝❡ss♦r✱ ♦ ❡❧❡♠❡♥t♦ P❛✐✳ ❊st❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ❝❛r❛❝t❡ríst✐❝❛s

❡♥tr❡ ❡❧❡♠❡♥t♦s✱ t♦r♥❛ ♣♦ssí✈❡❧ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❡❧❡♠❡♥t♦ ❛♥t❡❝❡ss♦r ❛♦ ❡❧❡♠❡♥t♦

❝r✐❛❞♦✳ ❚❡♥❞♦ ♣♦r ❜❛s❡ ❛ ✜❧♦s♦✜❛ ❞❡s❝r✐t❛✱ ❞❡s❡♥✈♦❧✈❡♠✲s❡ ❛q✉✐ três ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❞❡

❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲♥ós✿ ✭✐✮ ♠♦❞♦ ❞❡ ✶ ❞✐✈✐sã♦❀ ✭✐✐✮ ♠♦❞♦ ❞❡ ✷ ❞✐✈✐sõ❡s❀ ❡ ✭✐✐✐✮

♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s ✭✈❡r ❋✐❣✉r❛ ✺✳✸✮✳ ❖ ♠♦❞♦ ❞❡ ✶ ❞✐✈✐sã♦ r❡s✉❧t❛ ❞❛ ❜✐ss❡❝çã♦ ❞❡ ❛♣❡♥❛s

✉♠ ❧❛❞♦ ❞♦ tr✐â♥❣✉❧♦✱ ♦ ♠♦❞♦ ✷ ❞✐✈✐sõ❡s ❞❛ ❜✐ss❡❝çã♦ ❞❡ ❞♦✐s ❧❛❞♦s ❞♦ tr✐â♥❣✉❧♦ ❡

✜♥❛❧♠❡♥t❡ ♦ ♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s à ❜✐ss❡❝çã♦ ❞❡ t♦❞♦s ♦s ❧❛❞♦s ❞♦ tr✐â♥❣✉❧♦✳ ❙❡♠♣r❡ q✉❡

♦❝♦rr❡ ✉♠❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ✭r❡✜♥❛♠❡♥t♦ ❤ ❡✴♦✉ r❡♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✮✱ ♦s

♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛ sã♦ ❡①❡❝✉t❛❞♦s ❝♦♠ ❜❛s❡ ♥♦ ♥ú♠❡r♦ ❞❡ ❞✐✈✐sõ❡s ❛ s❡r❡♠

r❡❛❧✐③❛❞❛s ♣♦r ❡❧❡♠❡♥t♦ ❛♥❛❧✐s❛❞♦✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✺✳✸✿ ▼♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r✿ ✭❛✮ ♠♦❞♦ ❞❡ ✶ ❞✐✈✐sã♦❀
✭❜✮ ♠♦❞♦ ❞❡ ✷ ❞✐✈✐sõ❡s❀ ✭❝✮ ♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s



✹✵ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✸✳✶ ❋✐❧♦s♦✜❛ ❞❡ ■♠♣❧❡♠❡♥t❛çã♦

❆ ❞❡✜♥✐çã♦ ❞♦s ♠♦❞♦s é ❢❡✐t❛ ❛tr❛✈és ❞❛ ✐♥❝❧✉sã♦ ❞❡ ♥♦✈♦s ♥ós ♥❛s ❢r♦♥t❡✐r❛s s❡❧❡❝✐♦♥❛❞❛s ❛

❞✐✈✐❞✐r✳ ❙❡♠♣r❡ q✉❡ é ❝r✐❛❞♦ ✉♠ ♥♦✈♦ ♥ó✱ q✉❡r ♣❡❧❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❤ q✉❡r ♣❡❧❛

r❡♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✱ ❡st❡ é ❝♦❧♦❝❛❞♦ ♥♦ ❝❡♥tr♦ ❞❛ ❢r♦♥t❡✐r❛✱ ❞✐✈✐❞✐♥❞♦✲❛ ❞❡ ❢♦r♠❛

s✐♠étr✐❝❛✳ P♦r ❝❛❞❛ ♥ó ♥♦✈♦ ❛❞✐❝✐♦♥❛❞♦✱ é ❝r✐❛❞♦ ✉♠❛ ♥♦✈❛ ❢r♦♥t❡✐r❛ ❝♦♠ ❛s ♠❡s♠❛s

❝❛r❛❝t❡ríst✐❝❛s q✉❡ ❛ s✉❛ ❛♥t❡❝❡ss♦r❛ ✭❛ ✜❧♦s♦✜❛ ❤✐❡rárq✉✐❝❛ ♠❛♥té♠✲s❡✮✳ ❆ ❋✐❣✉r❛ ✺✳✹

✐❧✉str❛ ✉♠ ♣r♦❝❡ss♦ ❞❡ r❡✜♥❛♠❡♥t♦ t✐♣♦✱ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ♥ú♠❡r♦ ❞❡ ♥♦✈♦s ♥ós

❡①✐st❡♥t❡s ♣♦r ❡❧❡♠❡♥t♦ ❛♥❛❧✐s❛❞♦✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✺✳✹✿ ❊sq✉❡♠❛ ❞❡ ❛♣❧✐❝❛çã♦ ❞♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦✿ ✭❛✮ ♠❛❧❤❛ t✐♣♦❀ ✭❜✮ ✐♥tr♦❞✉çã♦ ❞❡
♥ós ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠ ❞♦s ♣r♦❝❡ss♦s ❞❡ r❡✜♥❛♠❡♥t♦❀ ✭❝✮ ❛♣❧✐❝❛çã♦ ❞♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦

❖ ♠♦❞♦ ❞❡ ✶ ❞✐✈✐sã♦ é ❛♣❧✐❝❛❞♦ q✉❛♥❞♦ ❡①✐st❡ ❛♣❡♥❛s ✉♠❛ ❢r♦♥t❡✐r❛ ❞✐✈✐❞✐❞❛✳ ❆ ♣❛rt✐r

❞❡st❡✱ ♦❝♦rr❡ ❛ ❧✐❣❛çã♦ ❡♥tr❡ ❛ ❢r♦♥t❡✐r❛ ❞✐✈✐❞✐❞❛ ❡ ♦ ♥ó ♦♣♦st♦ ❛ ❡st❛✳ ❖ ♠♦❞♦ ❞❡ ✷

❞✐✈✐sõ❡s é ✉♠ ♠♦❞♦ ♠✐st♦✳ ◆❡st❡✱ ❛❧é♠ ❞❛ ❧✐❣❛çã♦ ❡♥tr❡ ❢r♦♥t❡✐r❛ ❞✐✈✐❞✐❞❛ ❡ ♥ó ♦♣♦st♦ é

❡❢❡t✉❛❞❛ t❛♠❜é♠ ❛ ❧✐❣❛çã♦ ❡♥tr❡ ❢r♦♥t❡✐r❛s ❞✐✈✐❞✐❞❛s✳ ➱ ❛✐♥❞❛ ❞❡ ♥♦t❛r q✉❡✱ ❝♦♥❢♦r♠❡

r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✱ ♦ ♠♦❞♦ ❞❡ ✷ ❞✐✈✐sõ❡s ♣♦❞❡ s❡r ❡①❡❝✉t❛❞♦ ❞❡ ❢♦r♠❛ ❞✐st✐♥t❛✳

❆ ❡s❝♦❧❤❛ ❞❡ ❝♦♠♦ é r❡❛❧✐③❛❞❛ ❛ ❞✐✈✐sã♦✱ ❞❡✈❡✲s❡ à ❞✐r❡çã♦ ❞❛s t❡♥sõ❡s ♣r✐♥❝✐♣❛✐s ♥♦

❡❧❡♠❡♥t♦✳ ❖ ❞❡t❛❧❤❡ ♥❡❝❡ssár✐♦ ♣❛r❛ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞❡st❛ s♦❧✉çã♦ s❡rá

❛♣r❡s❡♥t❛❞♦ ♥❛ s❡❝çã♦ ✺✳✹✳✹✳ P♦r ✜♠✱ ♦ ♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s é r❡❛❧✐③❛❞♦ ❛tr❛✈és ❞❛ ❧✐❣❛çã♦

❡♥tr❡ t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ❞✐✈✐❞✐❞❛s ❡①✐st❡♥t❡s ♥♦ ❡❧❡♠❡♥t♦✳ ➱ ❞❡ s❛❧✐❡♥t❛r q✉❡ ❛

✐♥tr♦❞✉çã♦ ❞❡ ♥ós ♣r♦✈❡♥✐❡♥t❡s ❞❛ ❛♣❧✐❝❛çã♦ ❞♦s ♣r♦❝❡ss♦s ❞❡ r❡✜♥❛♠❡♥t♦ ❝❛r❡❝❡ ❞❡

✐♥❢♦r♠❛çã♦ ❢❛❝❡ às r❡str✐çõ❡s ❢ís✐❝❛s ❡ ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦

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

❞❡ ❣❡♦♠❡tr✐❛ q✉❡r ❡♠ t❡r♠♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ❣❛r❛♥t❡✲s❡ ❛q✉✐ q✉❡✿

✶✳ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♥♦✈♦ ♥ó ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ♠é❞✐❛ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ♦❝♦rr✐❞♦s

❡♠ ❛♠❜♦s ♦s ♥ós q✉❡ ❝♦♠♣õ❡♠ ❛ ❢r♦♥t❡✐r❛ ♦♥❞❡ ❡st❡ ❢♦✐ ✐♥s❡r✐❞♦❀

✷✳ ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❢ís✐❝❛ ❞❡✈❡ s❡r ❣❛r❛♥t✐❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ❢ís✐❝❛s ❛ q✉❡

♦s ♥ós ♣❡rt❡♥❝❡♥t❡s à ❢r♦♥t❡✐r❛ ❡stã♦ s✉❥❡✐t♦s✳



✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛ ✹✶

✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛

❈♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❞✐✈✐❞❡✲s❡ ❡♠ três ❢❛s❡s

♣r✐♥❝✐♣❛✐s✳ ❈❛❞❛ ✉♠❛ ❞❡st❛s ❢❛s❡s ♣r❡t❡♥❞❡ ❡①❡❝✉t❛r t❛r❡❢❛s ✐♥❞✐✈✐❞✉❛❧✐③❛❞❛s ❞❡ ❛♥á❧✐s❡

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

❞♦♠í♥✐♦✳ ❆ ❜❛s❡ ❞❛ ❛♥á❧✐s❡ ❞❡s❡♥✈♦❧✈✐❞❛ ❝❡♥tr❛✲s❡ s♦❜r❡t✉❞♦ ♥❛ ❞❡✜♥✐çã♦ ❞❛ ③♦♥❛ ❝rít✐❝❛✱

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

✐♥❝r❡♠❡♥t❛❧ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s✳ ❙♦❜r❡ ❡st❛✱ ♣r♦❝❡❞❡✲s❡ ❞❡ ❢♦r♠❛ ✐s♦❧❛❞❛ ♦✉

❝♦♥❥✉♥t❛ ❛✿ ✭✐✮ ✉♠ r❡✜♥❛♠❡♥t♦ r❡❝✉rs✐✈♦ ✭r❡✜♥❛♠❡♥t♦ ❤✮✱ ❛té q✉❡ ❛ ❞✐♠❡♥sã♦ ❞❛ ♠❛❧❤❛

❡♠ ❡st✉❞♦ ❞✉r❛♥t❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❛ss♦ ✐♥❝r❡♠❡♥t❛❧ s❛t✐s❢❛ç❛ ❞❡t❡r♠✐♥❛❞❛ r❡str✐çã♦

✐♠♣♦st❛❀ ❡ ✭✐✐✮ r❡♦r✐❡♥t❛✲s❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ♣❡rt❡♥❝❡♥t❡ à ③♦♥❛ ❧✐♠✐t❛❞❛✱ ❢❛✈♦r❡❝❡♥❞♦ ❛

♣r♦♣❛❣❛çã♦ ❧✐♥❡❛r ❞❡ ❢r❛t✉r❛✳ ❆ ❡s❝♦❧❤❛ ✐s♦❧❛❞❛ ♦✉ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡

r❡✜♥❛♠❡♥t♦ é ❞❡✜♥✐❞❛ ♣❡❧♦ ✉t✐❧✐③❛❞♦r✳ ❖ ♦r❣❛♥♦❣r❛♠❛ ♣r♦♣♦st♦ ✭✈❡r ❋✐❣✉r❛ ✺✳✺✮✱ s❡rá

❞❡t❛❧❤❛❞♦ ❞✉r❛♥t❡ ❛s ♣ró①✐♠❛s s✉❜s❡❝çõ❡s ❞❛ ♣r❡s❡♥t❡ s❡❝çã♦✳

❋✐❣✉r❛ ✺✳✺✿ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ r❡❢❡r❡♥t❡ à ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦



✹✷ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✹✳✶ ❙♦❧✉çã♦ ❊❧ást✐❝❛ ✲ ❆❉▼▼

◆✉♠❛ s♦❧✉çã♦ ❡❧ást✐❝❛ ✭❝♦♥✈❡♥❝✐♦♥❛❧✮✱ ♦ ✉s♦ ❞❛ ❡q✉❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ▼❊❋✱

K∆d = F ✭✺✳✶✮

s❡r✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ♦❜t❡♥çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s✱ ∆d✱ ❡①✐st❡♥t❡s✳ ❆tr❛✈és ❞❡st❡s✱ s❡r✐❛

♣♦ssí✈❡❧ ♦ ❝á❧❝✉❧♦ ❞❛s t❡♥sõ❡s ❡①✐st❡♥t❡s ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❛s ❞❡❢♦r♠❛çõ❡s ❛ q✉❡ ♦s

❡❧❡♠❡♥t♦s ❡st❛r✐❛♠ s✉❥❡✐t♦s ♣❛r❛ ❢✉t✉r❛ ❛♥á❧✐s❡✳ ❆ss✐♠ s❡♥❞♦✱ t♦r♥❛✲s❡ ♣❡rt✐♥❡♥t❡ ❥✉st✐✜❝❛r

❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ♣r♦❝❡ss♦ ✐t❡r❛t✐✈♦✱ ♦ ❆❉▼▼✱ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ♠❛✐s ❞✐s♣❡♥❞✐♦s♦

♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡st❛ s♦❧✉çã♦✳

❊❢❡t✐✈❛♠❡♥t❡✱ ❡st❛ ♦♣çã♦ t❡✈❡ ❡♠ ❝♦♥t❛ ♥ã♦ só ♦ ♣r♦♣ós✐t♦ ❞♦ ❝á❧❝✉❧♦ ❞✐r❡t♦ ❞♦s

❞❡s❧♦❝❛♠❡♥t♦s ♦❝♦rr✐❞♦s ♠❛s t❛♠❜é♠ ❡ s♦❜r❡t✉❞♦ ❛ s✉❛ ✉t✐❧✐❞❛❞❡ ♥❛ ❞❡✜♥✐çã♦ ❞❡ ③♦♥❛s

♣♦t❡♥❝✐❛❧♠❡♥t❡ ♣r♦♣í❝✐❛s à ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❆q✉✐✱ ❛❧é♠ ❞❛ ♦❜t❡♥çã♦ ❞♦s

❞❡s❧♦❝❛♠❡♥t♦s ❣❧♦❜❛✐s ❡ ❧♦❝❛✐s ✭✈❡r s❡❝çã♦ ✹✳✹✮ ❞❡✜♥❡✲s❡ t❛♠❜é♠ ❛ ③♦♥❛ ❧♦❝❛❧ ❞❡ ❛♥á❧✐s❡✱

❞❡s✐❣♥❛❞❛ ❞❡ ③♦♥❛ ❝rít✐❝❛✳ ❆ s✉❛ ❞❡❧✐♠✐t❛çã♦ ❝♦♥s✐❞❡r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦

❧♦❝❛❧ ♣r❡s❡♥t❡ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ❝♦♥st✐t✉✐♥t❡s ❞♦ ❞♦♠í♥✐♦✳

❊st❡ é ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ✉♠❛ ❛♥á❧✐s❡ ♣✉r❛♠❡♥t❡ ❡❧ást✐❝❛✱ s❡♠ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rrê♥❝✐❛

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

❡♥❡r❣ét✐❝♦ ❧♦❝❛❧✱ ❝♦♥❢♦r♠❡ ❛❧❣♦r✐t♠♦ ✷✳

❆❧❣♦r✐t♠♦ ✷ ❊sq✉❡♠❛ ❞❡ ❛ss♦❝✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❛ ❝❛❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲
❡❧❡♠❡♥t❛r

✶✿ ∆q ← λT

ρ
+ (R∆d)T ⊲ ❉❡s❧♦❝❛♠❡♥t♦s ❧♦❝❛✐s

✷✿ ♣❛r❛ ❝❛❞❛ ❢r♦♥t❡✐r❛ i

✸✿ s❡ ∆qin < 0 ❡♥tã♦ ⊲ ❱❡r✐✜❝❛r s♦❜r❡♣♦s✐çã♦

✹✿ ∆qin ← 0 ⊲ ❆♥✉❧❛r s♦❜r❡♣♦s✐çã♦

✺✿ E ←
[

λ− ρ
(

∆q

2
−R∆d

)]T

∆q ⊲ P♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧

✻✿ ♣❛r❛ ❝❛❞❛ ❢r♦♥t❡✐r❛ i

✼✿ Πi ← ET
i Ei ⊲ ❆ss♦❝✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧

❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❛❧❣♦r✐t♠♦ ✷✱ ❛ ♥ã♦ s♦❜r❡♣♦s✐çã♦ ❞❡ ❡❧❡♠❡♥t♦s é ❣❛r❛♥t✐❞❛ ❛tr❛✈és ❞♦s

♣❛ss♦s ✷✱ ✸ ❡ ✹✳ ❆ ❛ss♦❝✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ é r❡❛❧✐③❛❞♦ ♣❛r❛ ❝❛❞❛ ❢r♦♥t❡✐r❛

✐♥t❡r✲❡❧❡♠❡♥t❛r ❛tr❛✈és ❞♦ ♣❛ss♦ ✻ ❡ ✼✳ ◆♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦✱ t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲

❡❧❡♠❡♥t❛r❡s sã♦ ❝❛r❛❝t❡r✐③❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ s❡✉ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❛♥t❡s ❞❡

q✉❛❧q✉❡r ❛♥á❧✐s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❆tr❛✈és ❞❡st❡✱ s❡rá ❥✉st✐✜❝❛❞❛ ❛ ✐♥❝❧✉sã♦✱ ♦✉

♥ã♦✱ ❞♦s ❡❧❡♠❡♥t♦s q✉❡ ❛ ❝♦♠♣õ❡ ❞❡♥tr♦ ❞❛ ③♦♥❛ ❝rít✐❝❛✳



✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛ ✹✸

✺✳✹✳✷ ❉❡✜♥✐çã♦ ❞❡ ❩♦♥❛ ❈rít✐❝❛

❉❡✜♥❡✲s❡ ③♦♥❛ ❝rít✐❝❛ ❝♦♠♦ s❡♥❞♦ ❛ ♣♦ssí✈❡❧ ③♦♥❛ ❞❡ ❡✈♦❧✉çã♦ ❞❡ ❢r❛t✉r❛✱ q✉❡ ♦❝♦rr❡rá ❝❛s♦

♦ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ s❡❥❛ ❢❛✈♦rá✈❡❧ à ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ❢❡♥❞❛✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ✉♠❛ ❛♥á❧✐s❡

❝❡♥tr❛❞❛ ❢❛❝❡ ❛♦ ❞♦♠í♥✐♦ t♦t❛❧ ❝♦♥s✐❞❡r❛❞♦✳ ❊st❛ é ❝♦♠♣♦st❛ ♣♦r ❡❧❡♠❡♥t♦s q✉❡✱ ❞❡ ❢♦r♠❛

❥✉st✐✜❝❛❞❛✱ ♣❡r♠✐t❡♠ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❛tr❛✈és ❞❛s s✉❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✳

❆ ❡st❡s ❡❧❡♠❡♥t♦s✱ ❞á✲s❡ ❛ ❞❡s✐❣♥❛çã♦ ❞❡ ❝rít✐❝♦s✳

✺✳✹✳✷✳✶ ❊❧❡♠❡♥t♦ ❈rít✐❝♦

❊❧❡♠❡♥t♦ ❝♦♥st✐t✉✐♥t❡ ❞❛ ③♦♥❛ ❝rít✐❝❛✳ ❆♣ós ❛ ❞❡✜♥✐çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧

✭❛❧❣♦r✐t♠♦ ✷✮✱ ❛ss♦❝✐❛✲s❡ ❛♦ ❡❧❡♠❡♥t♦✱ ♦ rá❝✐♦ ❡♥❡r❣ét✐❝♦✱ Re✱ q✉❡ ♦ ❝❛r❛❝t❡r✐③❛✳

❈♦♥s✐❞❡r❛✲s❡ q✉❡ ❡st❡ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧♦ ♠❛✐♦r ✈❛❧♦r ❞❡ ❡♥tr❡ ♦s três rá❝✐♦s ❛ss♦❝✐❛❞♦s às

três ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s q✉❡ ♦ ❝♦♠♣õ❡♠✱

R❡ = ♠❛①

{

Π1

DG1

,
Π2

DG2

,
Π3

DG3

}

✭✺✳✷✮

♦♥❞❡ Πi ❡ DGi
✭❝♦♠ i = 1, 2 ❡ 3✮ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ✈❛❧♦r❡s ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❡

❞❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♥❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r i q✉❡ ❝♦♥st✐t✉✐ ♦ ❡❧❡♠❡♥t♦✳

❆tr❛✈és ❞❡st❡✱ ❝❛r❛❝t❡r✐③❛✲s❡ ♦ s❡✉ ❡st❛❞♦ ❝♦♠♦ ❝rít✐❝♦ ♦✉ ♥ã♦ ❝rít✐❝♦✱ ❝♦♥❢♦r♠❡ ❡st❡ s❡❥❛

s✉♣❡r✐♦r ♦✉ ✐♥❢❡r✐♦r ❛♦ ✈❛❧♦r ❞❡ v❝rít✐❝♦✿

R❡ ≥ v❝rít✐❝♦, ❝rít✐❝♦

R❡ < v❝rít✐❝♦, ♥ã♦ ❝rít✐❝♦
✭✺✳✸✮

❖ ✈❛❧♦r ❞❡ v❝rít✐❝♦ é ❞❡✜♥✐❞♦ ❞❡ ❢♦r♠❛ ❛ ❝♦♥tr♦❧❛r ❛ ❞✐♠❡♥sã♦ ❞❛ ③♦♥❛ ❝rít✐❝❛ ❞❡ ❞❛♥♦ ✐♥✐❝✐❛❧✱

v❝rít✐❝♦ = ♠✐♥ {1; ♠❛① {0.5;R♠❛①}} ✭✺✳✹✮

♦♥❞❡ R♠❛① r❡♣r❡s❡♥t❛ ♦ ♠❛✐♦r ❞❡ t♦❞♦s ♦s rá❝✐♦s ❡♥❡r❣ét✐❝♦s ❡❧❡♠❡♥t❛r❡s✳ ❊♠ ✭✺✳✹✮ ♦ ✈❛❧♦r

0.5 r❡s✉❧t❛ ❞♦ ❝♦s❡♥♦ ❞♦ â♥❣✉❧♦ ❞❡ 60◦✳ ❆❞♠✐t✐♥❞♦✲s❡✱ ❞❡st❡ ♠♦❞♦✱ q✉❡ ❢❛❝❡ às ✐♥t❡r❢❛❝❡s

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

♠❡t❛❞❡ ❞❛ ❛♠♣❧✐t✉❞❡ ♠❡♥❝✐♦♥❛❞❛✳

✺✳✹✳✷✳✷ ❊①♣❛♥sã♦ ❞❡ ❩♦♥❛ ❈rít✐❝❛

❉❡❝♦rr❡♥t❡ ❞❛ r❡str✐çã♦ ✐♠♣♦st❛ ❡♠ ✭✺✳✸✮✱ ❛ ③♦♥❛ ❝rít✐❝❛ ✐♥✐❝✐❛❧♠❡♥t❡ ❞❡✜♥✐❞❛ ♣♦❞❡ s❡r

❝♦♥st✐t✉í❞❛ ♣♦r ❡❧❡♠❡♥t♦s ❡♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦✳ ❊❢❡t✐✈❛♠❡♥t❡✱ ♦ ❝r✐tér✐♦ ❛♣r❡s❡♥t❛❞♦

✐❞❡♥t✐✜❝❛✱ ❡♠ r❡❣r❛✱ ❛♣❡♥❛s ❡❧❡♠❡♥t♦s ♥❛ ♣♦♥t❛ ❞❛ ❢❡♥❞❛ ✭③♦♥❛ ❧♦❝❛❧ ❞❡ t❡♥sõ❡s ❡❧❡✈❛❞❛s✮✳



✹✹ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

◆♦ ❡♥t❛♥t♦ ❡①✐st❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧

s✉✜❝✐❡♥t❡♠❡♥t❡ ❡❧❡✈❛❞♦ q✉❡ ♣❡r♠✐t❛ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♣❛r❛ ❢♦r❛ ❞❛ ③♦♥❛ ❞❡

❛♥á❧✐s❡✳ ❈❛s♦ ❡st❡ ❢❡♥ó♠❡♥♦ ❛❝♦♥t❡ç❛✱ ♣❡r❞❡✲s❡ ♦ ❝♦♥tr♦❧♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳

❆ss✐♠✱ r❡s✉❧t❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡①♣❛♥❞✐r ❛ ③♦♥❛ ❝rít✐❝❛✱ ❝♦♠ ❝r✐tér✐♦ ❞❡✜♥✐❞♦✱ ❞❡ ❢♦r♠❛ ❛

❝♦❧♠❛t❛r ❛s s✐t✉❛çõ❡s ✐❞❡♥t✐✜❝❛❞❛s✳

❖ ♣r♦❜❧❡♠❛ é ❢❛❝✐❧♠❡♥t❡ ✐❞❡♥t✐✜❝❛❞♦ q✉❛♥❞♦ ❛ ❞✐♠❡♥sã♦✱ L✱ ❞❛s ❞✐✈❡rs❛s ❢r♦♥t❡✐r❛s ✐♥t❡r✲

❡❧❡♠❡♥t❛r❡s ❞♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s q✉❡ ❣❡r❛♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦✱ é

♠❡♥♦r q✉❡ ❛ ❞✐♠❡♥sã♦ t♦t❛❧✱ L❚♦t❛❧✱ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❢r❛t✉r❛✿

L❚♦t❛❧ =
∑ Π

Gc
≫

∑

L ✭✺✳✺✮

❈♦♥s✐❞❡r❡✲s❡ ❛ ❋✐❣✉r❛ ✺✳✻✳ ❆q✉✐✱ ✉♠ ❝❛♠✐♥❤♦ ❞❡ ❢r❛t✉r❛ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛s ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s ❛ ♥❡❣r♦ ✭✈❡r ❋✐❣✉r❛ ✺✳✻❛✮✱ s❡♥❞♦ ❡st❡ ✉♠ ❝❛♠✐♥❤♦ ❞❡ ❢r❛t✉r❛ ♣♦ssí✈❡❧

❞❡ ❡♥tr❡ ♦s ♥♦✈❡ ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❡①✐st❡♥t❡s ✭❡❧❡♠❡♥t♦s ❞❡ ❝♦r ❝✐♥③❛✮✳ ◆♦ ❡♥t❛♥t♦✱ ♦

❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❞✐✈✐sã♦ ❡♥tr❡ ✈❛❧♦r ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❡ ❛

t❡♥sã♦ s✉♣❡r✜❝✐❛❧ ❞♦ ♠❛t❡r✐❛❧ q✉❡ ❝❛r❛❝t❡r✐③❛ ❝❛❞❛ ❡❧❡♠❡♥t♦ ✭✈❡r ❋✐❣✉r❛ ✺✳✻❜✮ é s✉♣❡r✐♦r

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

❝♦♥st✐t✉✐♥t❡s ❞♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❛♥❛❧✐s❛❞♦s ♥ã♦ ❛♣r❡s❡♥t❛♠ t❛♠❛♥❤♦ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡

❛♣❡♥❛s s❡❥❛ ♣♦ssí✈❡❧ ❛♥❛❧✐s❛r ♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❝♦♥st✐t✉✐♥t❡s ❞❛ ③♦♥❛ ❞❡✜♥✐❞❛✳ ❆ss✐♠✱

t♦r♥❛✲s❡ ✐♠♣❡r❛t✐✈♦ ❛✉♠❡♥t❛r ❛ r❡❣✐ã♦ ❞❡ ♠♦❞♦ ❛ ❝♦♥t❡r ❡❧❡♠❡♥t♦s ❛❢❡t♦s à ♣r♦♣❛❣❛çã♦ ❞❛

❢❡♥❞❛ ❛❧é♠ ❞♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❥á ❝♦♥st✐t✉✐♥t❡s ❞❛ ③♦♥❛✳

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✺✳✻✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ✉♠ ♣♦ssí✈❡❧ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✿ ✭❛✮
❝❛♠✐♥❤♦ ♣♦ssí✈❡❧ ✭❧✐♥❤❛ ❛ ♥❡❣r♦✮❀ ✭❜✮ ❝❛♠✐♥❤♦ t♦t❛❧ ✭❧✐♥❤❛ ❛ ✈❡r♠❡❧❤♦✮

❉❡ ♠♦❞♦ ❛ t❡♥t❛r ❣❛r❛♥t✐r ✉♠❛ ③♦♥❛ ❞❡ ❛♥á❧✐s❡ q✉❡ ❝♦♥s✐❞❡r❡ ♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡

❢r❛t✉r❛ t♦t❛❧✱ ❞❡✜♥❡✲s❡ ✉♠ rá❝✐♦ ❞❡ ♣r♦♣❛❣❛çã♦✱

{

r = 1, ❝❛♠✐♥❤♦ ❝♦♠♣❧❡t♦

r = 0, ✐♥í❝✐♦ ❞♦ ❝❛♠✐♥❤♦
✭✺✳✻✮



✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛ ✹✺

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

❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ ♥♦ ❡❧❡♠❡♥t♦ ❝rít✐❝♦ ❝♦rr❡♥t❡✱

r =

∑

(gj − gi)(Gj
c +Gi

c)/2

E❡
✭✺✳✼✮

♦♥❞❡ ♦s í♥❞✐❝❡s i ❡ j r❡♣r❡s❡♥t❛♠ ♦s ❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s ❛ ❛♥❛❧✐s❛r✱ g ♦ ❝❡♥tr♦ ❞❡ ❣r❛✈✐❞❛❞❡

❞❡ ❝❛❞❛ ✉♠✱ Gc ❛ t❡♥sã♦ s✉♣❡r✜❝✐❛❧ ❞♦ ♠❛t❡r✐❛❧ q✉❡ ♦s ❝❛r❛❝t❡r✐③❛ ❡ E❡ ❛ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧

❛ss♦❝✐❛❞❛ ❛♦ ❡❧❡♠❡♥t♦ ❝rít✐❝♦ ♥❛q✉❡❧❡ ✐♥st❛♥t❡✳ ➱ ❞❡ ♥♦t❛r✱ q✉❡ à ♠❡❞✐❞❛ q✉❡ s❡ ♣r♦♣❛❣❛

♦ ❝❛♠✐♥❤♦ ❛tr❛✈és ❞❛ ❛❞✐çã♦ ❞❡ ♥♦✈♦s ❡❧❡♠❡♥t♦s✱ ♠❛✐♦r s❡rá ❛ ❡♥❡r❣✐❛ ❞❡ ♣r♦♣❛❣❛çã♦

❞❡ ❢r❛t✉r❛✳ ❊♥q✉❛♥t♦ ♦ ✈❛❧♦r ❞❡ r ❢♦r ♠❡♥♦r q✉❡ ✶✱ ♥♦✈♦s ❡❧❡♠❡♥t♦s sã♦ ❛❞✐❝✐♦♥❛❞♦s à

③♦♥❛ ❝rít✐❝❛ ✐♥✐❝✐❛❧✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❝r✐tér✐♦ ❞❡✜♥✐❞♦ ❡♠ ✭✺✳✻✮✳ ❉❡st❛ ❢♦r♠❛✱ ❛ ③♦♥❛ ❝rít✐❝❛

✜♥❛❧ r❡s✉❧t❛ ❞❛ ❛♥á❧✐s❡ ❞❡ t♦❞♦s ♦s ❝❛♠✐♥❤♦s ♣♦ssí✈❡✐s q✉❡ s❡ ✐♥✐❝✐❡♠ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦

❡❧❡♠❡♥t♦ ❝rít✐❝♦✱ ❝♦♥❢♦r♠❡ s❡ ✐❧✉str❛ ♥❛ ❋✐❣✉r❛ ✺✳✼✳

R
ác

io
 d

e 
P

ro
p
ag

aç
ão

0

1
r

❋✐❣✉r❛ ✺✳✼✿ ❊①♣❛♥sã♦ ❞❡ ③♦♥❛ ❝rít✐❝❛ ❛tr❛✈és ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❝rít✐❝♦ ❝❡♥tr❛❧✳ ❘❡♣r❡s❡♥t❛çã♦
❞❡ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ ❝♦r ❝✐♥③❛ ✐❧✉str❛♥❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ③♦♥❛ ❞❡ ❛♥á❧✐s❡

❆ ❛♥á❧✐s❡ ❞❡s❝r✐t❛ ♣r❡t❡♥❞❡ ❛ss✐♠ ♦❜t❡r ❞❡ ❢♦r♠❛ ❡①♣❡❞✐t❛ ❡ ❛♣r♦①✐♠❛❞❛ ✉♠❛ ③♦♥❛

s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❜r❛♥❣❡♥t❡✱ ❞❡ ♠♦❞♦ ❛ ❛♥❛❧✐s❛r ✉♠❛ ár❡❛ ❝❛♣❛③ ❞❡ ❝♦♥t❡r t♦❞♦s ♦s

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

✺✳✹✳✷✳✸ ❊♥❡r❣✐❛ ❉✐s♣♦♥í✈❡❧ ❡♠ ❈❛❞❛ ❊❧❡♠❡♥t♦ ❈rít✐❝♦

❖ ❝♦♥❝❡✐t♦ ❞❡ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ ❡♠ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❝rít✐❝♦ r❡q✉❡r ❛❧❣✉♠❛ ♣♦♥❞❡r❛çã♦ ♥❛

❢♦r♠❛ ❝♦♠♦ s❡ ♦❜té♠ ♦ s❡✉ ✈❛❧♦r✳ ❖ ♣r♦❝❡ss♦ ❞❡ ❛♥á❧✐s❡ ♣r❡t❡♥❞❡ q✉❡ ❛ ③♦♥❛ ❝rít✐❝❛

r❡s✉❧t❛♥t❡ ❞❡st❛ ❛❜♦r❞❛❣❡♠ s❡❥❛ ❛❜r❛♥❣❡♥t❡ ♠❛s ♥ã♦ t♦t❛❧♠❡♥t❡ ❝♦♥s❡r✈❛❞♦r❛✳ ❉❡ ❢♦r♠❛

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

♥✉♠ér✐❝❛✱ ❡st✉❞❛r❛♠✲s❡ ❛s s❡❣✉✐♥t❡s ❛❜♦r❞❛❣❡♥s✿ ✭✶✮ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞✉r❛♥t❡ ♦ ♣❛ss♦ ❞❡

✐♥❝r❡♠❡♥t♦❀ ✭✷✮ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ♠á①✐♠♦ ♣♦r ❡❧❡♠❡♥t♦❀ ✭✸✮ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦



✹✻ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❧♦❝❛❧ t♦t❛❧ ♣♦r ❡❧❡♠❡♥t♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣❛râ♠❡tr♦ v❝rít✐❝♦❀ ❡ ✭✹✮ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ r❡❢❡r❡♥t❡

❛♣❡♥❛s ❛♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❡①✐st❡♥t❡s✳ ❙❛❧✐❡♥t❛✲s❡ q✉❡ ♦ ❝♦♥❝❡✐t♦ ✉t✐❧✐③❛❞♦ ♥❛s q✉❛tr♦

❛❜♦r❞❛❣❡♥s ❡♥❡r❣ét✐❝❛s ♣r❡t❡♥❞❡✉ r❡♣r❡s❡♥t❛r ✉♠ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ s❡❣✉✐♥❞♦ ✉♠ ♣r✐♥❝í♣✐♦

❛♥á❧♦❣♦ ❞❛ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ ✉t✐❧✐③❛❞❛✿

✶✳ ❆ ♣r✐♠❡✐r❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ♣r❡t❡♥❞❡ q✉❡ t♦❞♦s ♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s t❡♥❤❛♠

❛ ♠❡s♠❛ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ♦❝♦rrê♥❝✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳ ❊st❛ r❡s✉❧t❛

❞❛ ♦❜t❡♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ❞✉r❛♥t❡ ♦ ♣❛ss♦ ❞❡ ✐♥❝r❡♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s

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

❡①❛❣❡r❛❞❛♠❡♥t❡ ❝♦♥s❡r✈❛❞♦r❛✱ ✈✐st♦ ❞✐s♣♦♥✐❜✐❧✐③❛r t♦❞❛ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ ♣❛r❛

♦❝♦rrê♥❝✐❛ ❞❡ ♣♦ssí✈❡❧ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ s❡♥❞♦ ❡①♣❡❝tá✈❡❧ ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠❛

③♦♥❛ ♠✉✐t♦ ❛❜r❛♥❣❡♥t❡✿

E❡❧ást✐❝❛ =
1

2
〈∆d,K∆dT 〉 ✭✺✳✽✮

✷✳ ❆ s❡❣✉♥❞❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ♣r❡t❡♥❞❡ q✉❡ ❛ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ ♣♦r ❡❧❡♠❡♥t♦

❝rít✐❝♦ tr❛❞✉③❛ ♦ ✈❛❧♦r ♠❛✐s ❡❧❡✈❛❞♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❞❛s ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s q✉❡ ❝♦♠♣õ❡♠ ♦ ❡❧❡♠❡♥t♦✳ ❆q✉✐✱ ♦ ♥í✈❡❧ ❞❡ ❝♦♥s❡r✈❛❞♦r✐s♠♦ é

❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ✐♥❢❡r✐♦r às r❡st❛♥t❡s ❛❜♦r❞❛❣❡♥s ❡♥❡r❣ét✐❝❛s✱ s❡♥❞♦ ❡①♣❡❝tá✈❡❧ ✉♠

❝♦♥❥✉♥t♦ ❞❡ ③♦♥❛s ❝♦♠ ♠❡♥♦r ❛❜r❛♥❣ê♥❝✐❛ ❞❡ ❡❧❡♠❡♥t♦s✿

Ee = max{Πi} ❝♦♠ i = 1, 2 ❡ 3 ✭✺✳✾✮

✸✳ ❆ t❡r❝❡✐r❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ❝♦rr❡s♣♦♥❞❡ à ✈❛r✐❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❝♦♥s♦❛♥t❡ ♦

♥ú♠❡r♦ ❞❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s q✉❡ s❛t✐s❢❛ç❛♠ v❝rít✐❝♦✳ ❖ ✈❛❧♦r ❞❛ ❡♥❡r❣✐❛ é

♦❜t✐❞♦ ❛tr❛✈és ❞❛ s♦♠❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❞❛s ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s q✉❡ ❝♦♠♣õ❡♠ ♦ ❡❧❡♠❡♥t♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ r❡str✐çã♦ ✐♠♣♦st❛✿

Ee =
∑

Πi ,Πi/DGi
≥ v❝rít✐❝♦ ❝♦♠ i = 1, 2 ❡ 3 ✭✺✳✶✵✮

✹✳ ❆ q✉❛rt❛ ❡ ú❧t✐♠❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛ ❛ss♦❝✐❛ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❛ ❝❛❞❛ ❡❧❡♠❡♥t♦

❝rít✐❝♦ ❛ s✉❛ ❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛✱ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ❝á❧❝✉❧♦ ❞♦ ♣♦♥t♦ ✶✳ ❊st❛ ❝♦rr❡s♣♦♥❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ à ♠❡s♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❞❛ t❡r❝❡✐r❛ ❛❜♦r❞❛❣❡♠ ❡♥❡r❣ét✐❝❛✳

❆♣ós ❛ ❛♥á❧✐s❡ ❞❡ t♦❞❛s ❛s ❛❜♦r❞❛❣❡♥s ❞❡s❝r✐t❛s✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♥ã♦

s❛t✐s❢❛③✐❛ ❛ ③♦♥❛ ❧♦❝❛❧ ♣r❡t❡♥❞✐❞❛✳ P♦r ✉♠ ❧❛❞♦✱ ❛ ✶➟ ❛❜♦r❞❛❣❡♠ ♠♦str♦✉✲s❡ ♠✉✐t♦

❝♦♥s❡r✈❛❞♦r❛✱ ♥ã♦ ❝❡♥tr❛♥❞♦ ♦ ❡st✉❞♦ ❡①❝❧✉s✐✈❛♠❡♥t❡ ♥✉♠❛ ③♦♥❛ ❧♦❝❛❧ ❞❡ ❛♥á❧✐s❡✳ ❊♠

❝♦♥tr❛♣❛rt✐❞❛✱ ❛s ❛❜♦r❞❛❣❡♥s ✷ ❡ ✸✱ ♠♦str❛r❛♠ ✉♠❛ ❣r❛♥❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛✱

❞❡✈✐❞♦ ❛♦ ❝á❧❝✉❧♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥❡r❣ét✐❝♦ ❧♦❝❛❧ ❞❡ ❝❛❞❛ ❢r♦♥t❡✐r❛ ✐♥t❡r✲❡❧❡♠❡♥t❛r✳ ❊st❛



✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛ ✹✼

❞❡♣❡♥❞ê♥❝✐❛ tr❛❞✉③✐❛✲s❡ ♥✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❡ ③♦♥❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t❛♠❛♥❤♦ ❞❡ ♠❛❧❤❛

✉t✐❧✐③❛❞♦✳ P♦r ú❧t✐♠♦✱ ❛ ✹➟ ❛❜♦r❞❛❣❡♠ ♥ã♦ ❛❝r❡s❝❡♥t♦✉ ♥❡♥❤✉♠❛ ❛❧t❡r❛çã♦ s✐❣♥✐✜❝❛t✐✈❛✳

➱ ❞❡ ♥♦t❛r q✉❡ ❞❡ ❡♥tr❡ ❛s q✉❛tr♦ ❛❜♦r❞❛❣❡♥s ❞❡s❝r✐t❛s✱ ❛ ✸➟ ❡ ✹➟✱ ❛♣r❡s❡♥t❛✈❛♠✲s❡ ❝♦♠♦

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

❣❛r❛♥t✐❛s ❞❡ ❛❜r❛♥❣ê♥❝✐❛ t♦t❛❧ ❞❛ ③♦♥❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳ ◆♦t❡✲s❡ q✉❡ ❛s

❝♦♥❝❧✉sõ❡s ❞❡s❝r✐t❛s ♥ã♦ s❡rã♦ ✐❧✉str❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ❞❡ ❡①❡♠♣❧♦s ✭❈❛♣✳ ✻✮ ❞❛ ♣r❡s❡♥t❡

❉✐ss❡rt❛çã♦✳

❉❡ ♠♦❞♦ ❛ ♠✐♥✐♠✐③❛r ♦ ❡❢❡✐t♦ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛✱ ♣r♦♣õ❡✲s❡✱ ♥❛ ❢❛s❡ ❞❡ ❡♥tr❛❞❛ ❞❡

❞❛❞♦s✱ ❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠ ♣❛râ♠❡tr♦ ❡♥❡r❣ét✐❝♦✱ pe✱ s❡♥❞♦ ❡st❡ ❞❡✜♥✐❞♦ ♣❡❧♦ ✉t✐❧✐③❛❞♦r✳

❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ❡st❡ ❞❡✈❡ r❡♣r❡s❡♥t❛r ♦ ♥ú♠❡r♦ ❞❡ ❢r♦♥t❡✐r❛s ♣♦ssí✈❡✐s ❛ ❢r❛t✉r❛r✱ s❡♥❞♦

♦ s❡✉ ✈❛❧♦r ❡st✐♠❛❞♦ ❝♦♠ ❜❛s❡ ♥❛ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✿

Ee = pe = Gc × ♥➸ ❞❡ ❢r♦♥t❡✐r❛s ❛ ❢r❛t✉r❛r ✭✺✳✶✶✮

◆♦t❡✲s❡ q✉❡ ❡st❛ s♦❧✉çã♦ ♥ã♦ ❣❛r❛♥t❡ q✉❡ ❛ ③♦♥❛ ♦❜t✐❞❛ ❛❜r❛♥❥❛ t♦t❛❧♠❡♥t❡ ♦ ❝❛♠✐♥❤♦ ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡ ♥ã♦ é ❝♦♥❤❡❝✐❞♦ ❛ ♣r✐♦r✐✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♥s✐❞❡r❛✲s❡

❛ s✉❛ ✉t✐❧✐③❛çã♦ ❡♠ t♦❞♦s ♦s ❡①❡♠♣❧♦s ♥✉♠ér✐❝♦s ✐❧✉str❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✻✳

✺✳✹✳✸ ❘❡✜♥❛♠❡♥t♦ ❤

❉❡ ♠♦❞♦ ❛ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛✱ ♣r♦❝❡❞❡✲s❡ ❛ ✉♠ r❡✜♥❛♠❡♥t♦

✐♥✐❝✐❛❧ ❞♦ t✐♣♦ ❤✳ ◆❡st❡ s❡♥t✐❞♦✱ ♣r❡t❡♥❞❡✲s❡ q✉❡ ♦s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s ❞❛ ③♦♥❛ ❝rít✐❝❛✱

s❡❥❛♠ ❞❡ t❛♠❛♥❤♦ ✐❣✉❛❧ ♦✉ s✉♣❡r✐♦r ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❞✐♠❡♥sã♦✱

h♠✐♥ = ph ✭✺✳✶✷✮

♦♥❞❡ ph é ❞❡✜♥✐❞♦ ♣❡❧♦ ✉t✐❧✐③❛❞♦r ✭♥❛ ❢❛s❡ ❞❡ ❡♥tr❛❞❛ ❞❡ ❞❛❞♦s✮ ❝♦♠♦ s❡♥❞♦ ✉♠ ♣❛râ♠❡tr♦

❞❡ ❞✐♠❡♥sã♦ ♠í♥✐♠❛ ❞❡ ♠❛❧❤❛✳ ❈❛s♦ ❡st❡ ✈❛❧♦r s❡❥❛ ♦♠✐t✐❞♦ ❛ ♣r✐♦r✐✱

h♠✐♥ = 0.5h❛✈❣ ✭✺✳✶✸✮

s❡♥❞♦ h❛✈❣ ♦ ✈❛❧♦r r❡♣r❡s❡♥t❛t✐✈♦ ❞❛ ❞✐♠❡♥sã♦ ♠é❞✐❛ ❞❛ ♠❛❧❤❛ ✐♥✐❝✐❛❧✳ ➚ ♠❡❞✐❞❛ q✉❡ ♦s

❡❧❡♠❡♥t♦s s❡ ❛❢❛st❛♠ ❞♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s✱ ♦ r❡✜♥❛♠❡♥t♦ ✈❛✐ s❡♥❞♦ ♠❡♥♦r✱ s❡❣✉✐♥❞♦ ❛

s❡❣✉✐♥t❡ tr❛❥❡tór✐❛ ❞❡ ❡✈♦❧✉çã♦✱

h = h♠✐♥ + (h❛✈❣ − h♠✐♥ )r ✭✺✳✶✹✮

♦♥❞❡ r r❡♣r❡s❡♥t❛ ♦ rá❝✐♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡✜♥✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ❡♠ ✭✺✳✼✮✳ ◆♦t❡✲s❡ q✉❡

q✉❛♥❞♦ r = 0✱ ♦ t❛♠❛♥❤♦ ❞❡ ♠❛❧❤❛ t♦♠❛ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❛❞♦t❛❞♦✱ ❛❢❡t❛♥❞♦ t♦❞♦s ♦s



✹✽ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❡❧❡♠❡♥t♦s ❝rít✐❝♦s ❡①✐st❡♥t❡s✳ ❈❛s♦ r = 1✱ s✐❣♥✐✜❝❛ q✉❡ ♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ t❡r♠✐♥♦✉

❡ ♦ r❡✜♥❛♠❡♥t♦ t♦♠❛ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ ♠❛❧❤❛ ✐♥✐❝✐❛❧✳ ❖ ✈❛❧♦r ❞❡ h ❝❛❧❝✉❧❛❞♦ é ❛ss♦❝✐❛❞♦ ❛

❝❛❞❛ ♥ó ❝♦♥st✐t✉✐♥t❡ ❞❛s ❢r♦♥t❡✐r❛s ❞♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s ♣❡rt❡♥❝❡♥t❡s à ③♦♥❛ ❝rít✐❝❛✳ ❖

♣r♦❝❡ss♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❤ ♦❝♦rr❡✱ s❡♠♣r❡ q✉❡ ✸✴✹ ❞♦ t❛♠❛♥❤♦ L ❞❛ ❢r♦♥t❡✐r❛ ❝♦♥st✐t✉✐♥t❡ ❞❡

✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡❧❡♠❡♥t♦ ♣❡rt❡♥❝❡♥t❡ à ③♦♥❛ ❝rít✐❝❛ s❡❥❛ s✉♣❡r✐♦r ❛♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦

♠é❞✐♦ h♠❡❞ ❛ss♦❝✐❛❞♦ ❛♦s ♥ós q✉❡ ❛ ❝♦♠♣õ❡♠✿

3

4
L > h♠❡❞ ✭✺✳✶✺✮

❖ ✈❛❧♦r ❞❡ L é ❛❢❡t❛❞♦ ♣❡❧❛ ❝♦♥st❛♥t❡ ❞❡✈✐❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❣❛r❛♥t✐r q✉❡ ❛ ❢r♦♥t❡✐r❛

❛♥❛❧✐s❛❞❛ é ❞✐✈✐❞❛✱ q✉❛♥❞♦ ❛ ❞✐♠❡♥sã♦ ❞❛ s✉❛ ♠❡t❛❞❡ é s✉♣❡r✐♦r ❛♦ t❛♠❛♥❤♦ ❞❡ ❞✐✈✐sã♦

♣r♦♣♦st❛ ✭❝♦❧♦❝❛çã♦ ❞❡ ✉♠ ♥♦✈♦ ♥ó ♥♦ ❝❡♥tr♦ ❞❛ ♠❡s♠❛✮✳ ❈❛s♦ ❝♦♥trár✐♦✱ ♣♦❞❡♠ ♦❝♦rr❡r

❞✐✈✐sõ❡s ✐♥❞❡s❡❥❛❞❛s✳ ❙❡♠♣r❡ q✉❡ ❛ ❝♦♥❞✐çã♦ ✭✺✳✶✺✮ s❡ ✈❡r✐✜q✉❡ ❛ ❢r♦♥t❡✐r❛ ❛♥❛❧✐s❛❞❛ é

s❡❧❡❝✐♦♥❛❞❛ ♣❛r❛ ❢✉t✉r❛ ❞✐✈✐sã♦✱ ✐♥✐❝✐❛♥❞♦✲s❡ ✉♠ ♣r♦❝❡ss♦ r❡❝✉rs✐✈♦ ❛té ❛♦ tér♠✐♥♦ ❞♦

♠❡s♠♦✳ ❆♣ós ❛ s❡❧❡çã♦ ❞❡ t♦❞❛s ❛s ❢r♦♥t❡✐r❛s✱ ♦❝♦rr❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❞✐✈✐sã♦ ❛tr❛✈és ❞❛

✉t✐❧✐③❛çã♦ ❞♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛s ✭✈❡r s❡❝çã♦ ✺✳✸✮✳ ❉✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ ❞✐✈✐sã♦✱

♦ ✈❛❧♦r ❞❡ h ♣❡rt❡♥❝❡♥t❡ ❛♦ ♥♦✈♦ ♥ó ❝r✐❛❞♦ s❡rá ✐❣✉❛❧ à ♠é❞✐❛ ❞♦ ✈❛❧♦r ❞❡ h ❞♦s ♥ós q✉❡

❝♦♠♣õ❡♠ ❛ ❢r♦♥t❡✐r❛ ♦♥❞❡ ❡st❡ ❢♦✐ ✐♥s❡r✐❞♦✳ ❖ ♣r♦❝❡ss♦ r❡♣❡t❡✲s❡ ❛té q✉❡ t♦❞❛s ❛s ❢r♦♥t❡✐r❛s

❝♦♥st✐t✉✐♥t❡s ❞♦s ❞✐✈❡rs♦s ❡❧❡♠❡♥t♦s ♣❡rt❡♥❝❡♥t❡s à ③♦♥❛ ❝rít✐❝❛ s❡❥❛♠ ❞❡ t❛♠❛♥❤♦ ✐♥❢❡r✐♦r

♦✉ ✐❣✉❛❧ ❛♦ ❣r❛✉ ❞❡ r❡✜♥❛♠❡♥t♦ ❛ss♦❝✐❛❞♦ ❛ ❝❛❞❛ ✉♠ ❞♦s s❡✉s ♥ós✳ ❆ ❋✐❣✉r❛ ✺✳✽ ♣r❡t❡♥❞❡

✐❧✉str❛r ❞❡ ❢♦r♠❛ ❡sq✉❡♠át✐❝❛ ✉♠ r❡✜♥❛♠❡♥t♦ t✐♣♦✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r❛ ✉♠ ❡❧❡♠❡♥t♦

❝rít✐❝♦ ❞♦s ♥♦✈❡ ❡①✐st❡♥t❡s ♥♦ ❡①❡♠♣❧♦ ✐❧✉str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✺✳✼✮ r❡✜♥❛♥❞♦

❝♦♠ ❝r✐tér✐♦ ❞❡✜♥✐❞♦ ♣♦r ✭✺✳✶✹✮ t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ ❣r❛✉ ❞❡ r❡✜♥❛♠❡♥t♦ ❛ ❛❞♦t❛r ❞❡♣❡♥❞❡♥❞♦

❞❛ ❢r♦♥t❡✐r❛ ❛♥❛❧✐s❛❞❛✳ ❙❛❧✐❡♥t❛✲s❡ q✉❡ ♦ ♣r♦❝❡ss♦ ✐♠♣❧✐❝❛ ❛ ❛♥á❧✐s❡ ❞❡ t♦❞♦s ♦s ❡❧❡♠❡♥t♦s

❝rít✐❝♦s ❡①✐st❡♥t❡s✳
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✭❛✮ ✭❜✮

❋✐❣✉r❛ ✺✳✽✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❤✿ ✭❛✮ r❡♣r❡s❡♥t❛çã♦ ❞❡ ✉♠ ❣r❛❞✐❡♥t❡
❞❡ ❝♦r ❝✐♥③❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ rá❝✐♦ ❞❡ ♣r♦♣❛❣❛çã♦❀ ✭❜✮ r❡✜♥❛♠❡♥t♦ ❧♦❝❛❧ ❞♦ t✐♣♦ ❤



✺✳✹ ❘❡✜♥❛♠❡♥t♦ ❞❡ ▼❛❧❤❛ ✹✾

✺✳✹✳✹ ❘❡♦r✐❡♥t❛çã♦ ❞❡ ❊❧❡♠❡♥t♦s

◆❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛✱ ❡st❛ ♣r♦♣❛❣❛r✲s❡✲á✱ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡✱ s❡❣✉♥❞♦ ❛ ♦r✐❡♥t❛çã♦

♥♦r♠❛❧ à ❞✐r❡çã♦ ❛ss♦❝✐❛❞❛ à ❝♦♠♣♦♥❡♥t❡ ♣r✐♥❝✐♣❛❧ ❞❡ t❡♥sã♦ ❞❡ tr❛çã♦✳ P❛rt✐♥❞♦ ❞❡st❡

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

❞♦s ❡❧❡♠❡♥t♦s ♣❡rt❡♥❝❡♥t❡s à ③♦♥❛ ❝rít✐❝❛ ❡st❡❥❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❡st❡ ♣r✐♥❝í♣✐♦✳ ❆ss✐♠

s❡♥❞♦✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦ σI ❡ σII ❝♦♠♦ t❡♥sõ❡s ❞❡ tr❛çã♦ ❡ ❝♦♠♣r❡ssã♦✱ r❡s♣❡t✐✈❛♠❡♥t❡

✭♦❜t✐❞❛s ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❡❧ást✐❝❛ ✭❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sã♦✮ ♥✉♠ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r ❞❡

✸✲♥ós ❝♦♠ ❞❡❢♦r♠❛çõ❡s ❝♦♥st❛♥t❡s ❛♦ ❧♦♥❣♦ ❞♦ s❡✉ ❞♦♠í♥✐♦✮✱ ❞❡✜♥❡♠✲s❡ ❛s ❞✐r❡çõ❡s ❞❛s

❢r♦♥t❡✐r❛s ❡ ❞❛s ♣♦ssí✈❡✐s ❞✐✈✐sõ❡s ❛ ❛❞♦t❛r ✭✈❡r ❋✐❣✉r❛ ✺✳✾✮✱ t♦t❛❧✐③❛♥❞♦ ♥♦✈❡

♣♦ss✐❜✐❧✐❞❛❞❡s✳ ❉❡st❛s✱ ❛ ❞✐r❡çã♦ ♠❛✐s ♣❡r♣❡♥❞✐❝✉❧❛r ❛ σI s❡rá ❛ ♦r✐❡♥t❛çã♦ s❡❧❡❝✐♦♥❛❞❛✳
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✭❜✮

❋✐❣✉r❛ ✺✳✾✿ ❖r✐❡♥t❛çã♦ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r✿ ✭❛✮ r❡♣r❡s❡♥t❛çã♦ ❞❛s t❡♥sõ❡s ❞❡ tr❛çã♦✱
σI ✱ ❡ ❞❡ ❝♦♠♣r❡ssã♦✱ σII ❀ ✭❜✮ ❞❡✜♥✐çã♦ ❞❡ ♦r✐❡♥t❛çõ❡s ❡①✐st❡♥t❡s

P❛r❛ t❛❧✱ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦❞✉t♦ ✐♥t❡r♥♦✱ ❡♥tr❡ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ ♦r✐❡♥t❛çã♦✱
−→e ij ✱ ❡ ❛ t❡♥sã♦ ♠á①✐♠❛ ❞❡ tr❛çã♦✱ σI ✱ ♦❜té♠✲s❡ ❛ ♦r✐❡♥t❛çã♦ ♠❛✐s ♣❡r♣❡♥❞✐❝✉❧❛r✿

(−→σI)T−→e ij ≈ 1 ✭✺✳✶✻✮

❉❡st❛ ❢♦r♠❛ s❡❧❡❝✐♦♥❛✭❛♠✮✲s❡ ❛✭❛s✮ ❢r♦♥t❡✐r❛✭❛s✮ ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❛ ❞✐✈✐❞✐r✳ ◆♦t❡✲s❡ q✉❡

❝❛s♦ ❛ ❞✐r❡çã♦ s❡❧❡❝✐♦♥❛❞❛ s❡❥❛ ✉♠❛ ❢r♦♥t❡✐r❛ ❥á ❡①✐st❡♥t❡ ❡ ♥ã♦ ✉♠❛ ♣♦ssí✈❡❧ ❞✐✈✐sã♦ ❛

❡❢❡t✉❛r✱ ❡st❛ ♥ã♦ s❡rá ❞✐✈✐❞✐❞❛✱ s✐❣♥✐✜❝❛♥❞♦ q✉❡ ✉♠❛ ❞❛s três ❢r♦♥t❡✐r❛s ❞♦ ❡❧❡♠❡♥t♦ ❡stá

❛❧✐♥❤❛❞❛ ❝♦♠ ❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ♣❛r❛ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳

❈♦♥❢♦r♠❡ ✐♥❞✐❝❛❞♦ ♥❛ s❡❝çã♦ ✺✳✸✱ ♦ ♠♦❞♦ ❞❡ ✷ ❞✐✈✐sõ❡s ✭✈❡r ❋✐❣✉r❛ ✺✳✸✮ é ♦❜t✐❞♦ ❞❡ ❞✉❛s

❢♦r♠❛s ❞✐st✐♥t❛s✳ ❆ s✉❛ ❝♦♥str✉çã♦ é r❡❛❧✐③❛❞❛ t❡♥❞♦ ♥♦✈❛♠❡♥t❡ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ❡st❛❞♦

❞❡ t❡♥sõ❡s ❛ q✉❡ ♦ ❡❧❡♠❡♥t♦ ❡stá s✉❥❡✐t♦✱ r❡❛❧✐③❛♥❞♦✲s❡ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ✭✺✳✶✻✮✱ ♠❛s

❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❞✉❛s ♦r✐❡♥t❛çõ❡s ❛❧t❡r♥❛t✐✈❛s✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✵✳ ❆

❞✐✈✐sã♦ ❞♦ ❡❧❡♠❡♥t♦ é s❡♠♣r❡ r❡❛❧✐③❛❞❛ ✐♥✐❝✐❛❧♠❡♥t❡ ❡♥tr❡ ❢r♦♥t❡✐r❛s ❞✐✈✐❞✐❞❛s✳

P♦st❡r✐♦r♠❡♥t❡✱ r❡❛❧✐③❛✲s❡ ♦ ♣r♦❞✉t♦ ✐♥t❡r♥♦ ❡♥tr❡ ❛s ❞✉❛s ❤✐♣ót❡s❡s ❞❡ ♦r✐❡♥t❛çã♦

❡①✐st❡♥t❡s✱ ♥✉♥❝❛ ♦❝♦rr❡♥❞♦ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥✢✐t♦ ❡♥tr❡ ❞✐r❡çõ❡s s❡❧❡❝✐♦♥❛❞❛s✳



✺✵ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❙❛❧✐❡♥t❛✲s❡✱ ♣♦r ú❧t✐♠♦✱ q✉❡ ❡st❡ ♠♦❞♦ ❞❡ ❞✐✈✐sã♦ é ✉t✐❧✐③❛❞♦ ✐❣✉❛❧♠❡♥t❡ ♥♦ r❡✜♥❛♠❡♥t♦

❤✱ s❡❣✉✐♥❞♦ ♦s ♠❡s♠♦s ♣r❡ss✉♣♦st♦s ❞❡s❝r✐t♦s ❛q✉✐✳
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e
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❋✐❣✉r❛ ✺✳✶✵✿ ❖r✐❡♥t❛çõ❡s ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞❡ ✷ ❞✐✈✐sõ❡s

✺✳✹✳✹✳✶ ❖♣❡r❛çã♦ ❞❡ ❚r♦❝❛ ❞❡ ❆r❡st❛s

❖ s✐st❡♠❛ ❞❡ ❞✐✈✐sã♦ ❞❡ ❡❧❡♠❡♥t♦s ❞❡s❡♥✈♦❧✈✐❞♦ ❜❛s❡✐❛✲s❡ ♥❛ ❝♦❧♦❝❛çã♦ ❞❡ ♥ós ❛ ♣r✐♦r✐

♥❛s ❢r♦♥t❡✐r❛s ❛ ❞✐✈✐❞✐r✳ ❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ♥ú♠❡r♦ ❞❡ ♥ós ❡①✐st❡♥t❡s ♥♦ ❡❧❡♠❡♥t♦✱

❛ss✐♠ s❡rá ❛ s✉❛ ❞✐✈✐sã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❛

❡str❛té❣✐❛ ❞❡ ❞✐✈✐sã♦ ♣♦ss✐❜✐❧✐t❛ q✉❡ ♦ ❡❧❡♠❡♥t♦ ♣♦ss❛ ❝♦♥t❡r ♥♦✈♦s ♥ós q✉❡ ♥ã♦ r❡♣r❡s❡♥t❡♠

❛ s✉❛ ♦r✐❡♥t❛çã♦ ❞❡ ❞✐✈✐sã♦✱ ✐✳❡✱ ❞❡✈✐❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝♦♠♣❛t✐❜✐❧✐③❛çã♦ ❡♥tr❡ ❡❧❡♠❡♥t♦s

❛❞❥❛❝❡♥t❡s✱ ♦ ❡❧❡♠❡♥t♦ ❛♥❛❧✐s❛❞♦ ✐rá ❝♦♥t❡r ♠❛✐s ♥ós q✉❡ ♦ ♣r❡✈✐st♦✳ ❊st❛ ❝♦♠♣❛t✐❜✐❧✐③❛çã♦

tr❛❞✉③✲s❡ ♥✉♠❛ ♣♦ssí✈❡❧ ✐♥❝♦♥❣r✉ê♥❝✐❛ ❞❡ ♦r✐❡♥t❛çõ❡s✱ ❧❡✈❛♥❞♦ q✉❡ ❛ ❞✐✈✐sã♦ ❞♦ ❡❧❡♠❡♥t♦

❡❢❡t✉❛❞❛ ♥ã♦ ❝♦♥t❡♥❤❛ ♥❡♥❤✉♠❛ ❛r❡st❛ ❝♦♠ ❛ ♦r✐❡♥t❛çã♦ ♣r❡t❡♥❞✐❞❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛

❛♥á❧✐s❡ ❞♦ ❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sõ❡s✳ ❉❡ ♠♦❞♦ ❛ ❝♦rr✐❣✐r ❡st❛ s✐t✉❛çã♦✱ ❛ ❢r♦♥t❡✐r❛ q✉❡

✐♠♣♦ss✐❜✐❧✐t❛ ❡ss❛ ♠❡s♠❛ ♦r✐❡♥t❛çã♦ é tr♦❝❛❞❛ ❞❡ ♣♦s✐çã♦ ✭✈❡r ❋✐❣✉r❛ ✺✳✶✶✮✳ ❉❡st❛ ❢♦r♠❛✱

❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡♥tr❡ ❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s é r❡❛❧✐③❛❞❛ s❡♠ q✉❡ ❡①✐st❛ ❝♦♠♣r♦♠❡t✐♠❡♥t♦

♥❛ ♦r✐❡♥t❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ❛♥t❡r✐♦r♠❡♥t❡ ❛♥❛❧✐s❛❞♦s✳ ➱ ❞❡ ♥♦t❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♥♦✈♦

♠♦❞♦ ❞❡ ❞✐✈✐sã♦ ✭✈❡r ❋✐❣✉r❛ ✺✳✶✶❝✮✱ ♥ã♦ s❡♥❞♦ ❡st❡✱ ♥♦ ❡♥t❛♥t♦✱ ♣❛ssí✈❡❧ ❞❡ s❡r ♦♣çã♦ s❡♠

q✉❡ ❡①✐st❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♠♣r♦♠❡t✐♠❡♥t♦ ❞❡ ♦r✐❡♥t❛çõ❡s✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✺✳✶✶✿ ❖r✐❡♥t❛çã♦ ✐♥❝♦rr❡t❛ ❞❡ ❡❧❡♠❡♥t♦s✿ ✭❛✮ ♦r✐❡♥t❛çã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❝♦♥✈❡♥çã♦
❛❞♦t❛❞❛ ✭♠♦❞♦ ✶ ❉✐✈✐sã♦✮❀ ✭❜✮ ♦r✐❡♥t❛çã♦ ✐♥❝♦rr❡❝t❛ ❞❡✈✐❞♦ à ❝♦♠♣❛t✐❜✐❧✐③❛çã♦ ❞❡
❡❧❡♠❡♥t♦s ❛❞❥❛❝❡♥t❡s ✭♠♦❞♦ ❞❡ ✸ ❉✐✈✐sõ❡s✮❀ ✭❝✮ ♦r✐❡♥t❛çã♦ ❞♦ ❡❧❡♠❡♥t♦ ❝♦rr✐❣✐❞❛ ✭♠✉❞❛♥ç❛
❞❡ ♣♦s✐çã♦ ❞❛ ❢r♦♥t❡✐r❛✮



✺✳✺ ❘❡✜♥❛♠❡♥t♦ ■♥✈❡rs♦ ❞❡ ▼❛❧❤❛ ✺✶

✺✳✺ ❘❡✜♥❛♠❡♥t♦ ■♥✈❡rs♦ ❞❡ ▼❛❧❤❛

❈♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥♦ ✐♥í❝✐♦ ❞♦ ♣r❡s❡♥t❡ ❈❛♣ít✉❧♦✱ ❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦✱

♣r❡t❡♥❞❡ ♣♦r ✉♠ ❧❛❞♦ ♠✐t✐❣❛r ❡✈❡♥t✉❛✐s ❛ss✐♠❡tr✐❛s ♥❛ ♠❛❧❤❛ ❛♣ós ❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❡

r❡✜♥❛♠❡♥t♦ ✭r❡✜♥❛♠❡♥t♦ ❤ ❡✴♦✉ r❡♦r✐❡♥t❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s✮ ❜❡♠ ❝♦♠♦ ♠❡❧❤♦r❛r ♦

❞❡s❡♠♣❡♥❤♦ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❛tr❛✈és ❞❛ ❞✐♠✐♥✉✐çã♦ ❛ss✐♥❛❧á✈❡❧ ❞♦ ♥ú♠❡r♦ ❞❡

❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡①✐st❡♥t❡s ♥❛ ③♦♥❛ ❡♠ ❛♥á❧✐s❡✳ P❛r❛ t❛❧✱ r❡❝♦rr❡✲s❡ à ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡

✉♠ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❞❡ ❉❡❧❛✉♥❛② ❬✹✷❪✱ ❬✹✸❪ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ✉♠❛

♠❛❧❤❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❛✐s s✐♠étr✐❝❛ ❡ r❡❣✉❧❛r q✉❡ ❛ ❛♥t❡r✐♦r✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛

❞❡❧✐♠✐t❛çã♦ ❞❡ ✉♠ ❞♦♠í♥✐♦ ❡s♣❡❝í✜❝♦ ❞❡ ❛♥á❧✐s❡✱ ❛tr❛✈és ❞❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡✿ ✭✐✮

❢r♦♥t❡✐r❛s❀ ✭✐✐✮ ✈ért✐❝❡s❀ ❡ ✭✐✐✐✮ ③♦♥❛s ❞❡ r❡❧❡✈â♥❝✐❛✳ ◆♦ ❡♥t❛♥t♦✱ ❡ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦

♦s ♣r❡ss✉♣♦st♦s ❞❡ ✉t✐❧✐③❛çã♦ ❞♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❞❡ ❉❡❧❛✉♥❛②✱ ❛

r❡❝♦♥str✉çã♦ ❞❡ ❡❧❡♠❡♥t♦s ♣r❡ss✉♣õ❡ ✉♠❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡♥tr❡ ♠❛❧❤❛s✱ ❞❡ ❢♦r♠❛ ❛

❣❛r❛♥t✐r q✉❡ ❛ ❛♥á❧✐s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧ ♥ã♦ é

❝♦♠♣r♦♠❡t✐❞❛✳ ➱ ❞❡ ♥♦t❛r ❛✐♥❞❛✱ q✉❡ ❛♦ ❝♦♥trár✐♦ ❞♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ❛ ♣r✐♠❡✐r❛ ❡t❛♣❛

❞❡ r❡✜♥❛♠❡♥t♦✱ ♦♥❞❡ ♦ ♥♦✈♦ ♥ó é ♠❛♣❡❛❞♦ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ✐♥❢♦r♠❛çã♦

❞✐s♣♦♥í✈❡❧ ♥❛ ❢r♦♥t❡✐r❛ ♦♥❞❡ ❡st❡ é ✐♥s❡r✐❞♦✱ ❛q✉✐ ♦ ♣r♦❝❡ss♦ ♥ã♦ é r❡❛❧✐③❛❞♦ ❞❡ ❢♦r♠❛

❞✐r❡t❛✳ ❉❡✈✐❞♦ ❛♦ ❞❡s❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❧♦❝❛❧ ❞❡ ✐♥s❡rçã♦ ❞♦ ♥♦✈♦ ♥ó ❢❛❝❡ à ♠❛❧❤❛ ❛♥t✐❣❛

✭♦♥❞❡ sã♦ ❝♦♥❤❡❝✐❞♦s ♦s ❞❡s❧♦❝❛♠❡♥t♦s ♦❝♦rr✐❞♦s✮✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠♣❛t✐❜✐❧✐③❛çã♦ é

r❡❛❧✐③❛❞♦ ♣r♦❝❡❞❡♥❞♦✲s❡ ❛♦ ♠❛♣❡❛♠❡♥t♦ ❛tr❛✈és ❞❛ ✉t✐❧✐③❛çã♦ ❞❛s té❝♥✐❝❛s ❞❡s✐❣♥❛❞❛s ❞❡

❲❛❧❦✐♥❣ ❆❧❣♦r✐t❤♠s ♥❛ ♥♦♠❡♥❝❧❛t✉r❛ ❛♥❣❧♦✲s❛①ó♥✐❝❛✳ ❖ ♦r❣❛♥♦❣r❛♠❛ ♣r♦♣♦st♦ q✉❡

✐❞❡♥t✐✜❝❛ ♦s ♣r♦❝❡ss♦s ❞❡s❝r✐t♦s ✭✈❡r ❋✐❣✉r❛ ✺✳✶✷✮✱ s❡rá ❞❡t❛❧❤❛❞♦ ❞✉r❛♥t❡ ❛s ♣ró①✐♠❛s

s✉❜s❡❝çõ❡s ❞❛ ♣r❡s❡♥t❡ s❡❝çã♦✳

❋✐❣✉r❛ ✺✳✶✷✿ ❖r❣❛♥♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦ r❡❢❡r❡♥t❡ à ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦



✺✷ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✺✳✶ ●❡r❛❞♦r ❞❡ ▼❛❧❤❛ ▲♦❝❛❧ ✲ ❉❡❧❛✉♥❛②

❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❛❧❤❛ r❡✢❡t❡✲s❡ ♥♦ ♥ú♠❡r♦✱ ♥❛ ❢♦r♠❛ ❡ ♥♦ t❛♠❛♥❤♦

❞♦s s❡✉s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s✳ ❆ s✉❛ ♦❜t❡♥çã♦ ✐♠♣❧✐❝❛ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✉♠ ❡s❢♦rç♦

❝♦♠♣✉t❛❝✐♦♥❛❧ ❛ss✐♥❛❧á✈❡❧✱ ♦♥❞❡ ♦ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ❡st❡s três ❢❛t♦r❡s ❞❡✈❡ s❡r s❛t✐s❢❡✐t♦✳ ◆♦

❡♥t❛♥t♦✱ ❡ ❛♣❡s❛r ❞❛ t❡♥t❛t✐✈❛ ❞❡ ❞❡s❡♥✈♦❧✈❡r ❡str❛té❣✐❛s q✉❡ ♠❛①✐♠✐③❡♠ ❡st❡ ❡q✉✐❧í❜r✐♦✱

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

❞❡t❡r✐♦r❛çã♦ ❞❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❡s♠❛✳ ❉✉r❛♥t❡ ❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦✱ ♦❝♦rr❡ ✉♠

❛✉♠❡♥t♦ ❝♦♥s✐❞❡rá✈❡❧ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡✱ tr❛❞✉③✐♥❞♦✲s❡ ❡♠ ❡❧❡♠❡♥t♦s ❝♦♠ t❛♠❛♥❤♦s ❡

❢♦r♠❛s ❞✐st✐♥t❛s✱ ❧❡✈❛♥❞♦ ❛ q✉❡ ♦ ♣r♦❝❡ss♦ ❝♦♥tí♥✉♦ ❞❡ ❛❞❛♣t❛çã♦ ♠♦r❢♦❧ó❣✐❝❛ ❞❛ ♠❛❧❤❛

❢❛❝❡ à ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❛♦ ❧♦♥❣♦ ❞♦s ❞✐✈❡rs♦s ✐♥❝r❡♠❡♥t♦s✱ ♣r♦✈♦q✉❡ ✉♠❛ ❛ss✐♠❡tr✐❛

s❡✈❡r❛ ♥❛ ♠❛❧❤❛ ♦r✐❣✐♥❛❧✳ ❉❡ ♠♦❞♦ ❛ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s ❞❡st❛ ♣r♦❜❧❡♠át✐❝❛✱ ♣r♦♣õ❡✲s❡ ❛

r❡❝♦♥str✉çã♦ ❞❛ ③♦♥❛ ❛♥❛❧✐s❛❞❛✱ ❛tr❛✈és ❞♦ ✉s♦ ❞❡ ✉♠ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❞❡

❉❡❧❛✉♥❛②✳ P❛r❛ ❛ s✉❛ ✉t✐❧✐③❛çã♦✱ ❞❡✜♥❡✲s❡ ✉♠ ❞♦♠í♥✐♦ ❡s♣❡❝í✜❝♦ ❞❡ r❡❝♦♥str✉çã♦✳ ❊st❡✱

❞✐✈✐❞❡✲s❡ ❡♠ três ❣r✉♣♦s ♣r✐♥❝✐♣❛✐s✿ ✭✐✮ ❢♦r❛ ❞❛ ③♦♥❛ ❝rít✐❝❛❀ ✭✐✐✮ ❢r♦♥t❡✐r❛ ❞❛ ③♦♥❛ ❝rít✐❝❛❀

❡ ✭✐✐✐✮ ❞♦♠í♥✐♦ ❞❛ ③♦♥❛ ❝rít✐❝❛✱ ❞❡✜♥✐♥❞♦✲s❡ ❝r✐tér✐♦s ❞❡ ❞❡❝✐sã♦ q✉❡ ♣♦ss✐❜✐❧✐t❛♠ ❛ ❡s❝♦❧❤❛

❞❡ ❡❧❡♠❡♥t♦s✱ ❢r♦♥t❡✐r❛s ❡ ♥ós ♣❡rt❡♥❝❡♥t❡s ❛♦ ❞♦♠í♥✐♦ ❛ ❝♦♥s✐❞❡r❛r✿

✶✳ ❉❡✜♥❡✲s❡ ❝♦♠♦ ❢❛t♦r ❞❡ ❞❡❝✐sã♦ ❣❡r❛❧ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡ t♦❞♦s ♦s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s

❞❛ ③♦♥❛ ❝rít✐❝❛✱ à ❡①❝❡çã♦ ❞❡ ❡❧❡♠❡♥t♦s q✉❡ ❢❛ç❛♠ ♣❛rt❡ ❞❛ ❢r♦♥t❡✐r❛ ❞❡ ♣r♦♣❛❣❛çã♦

❞❡ ❢r❛t✉r❛✳ ❈♦♥s✐❞❡r❛✲s❡ q✉❡ q✉❛❧q✉❡r ❢r♦♥t❡✐r❛ ❡①t❡r✐♦r ♣❡rt❡♥❝❡♥t❡ à ③♦♥❛ ❝rít✐❝❛

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

✷✳ ◗✉❛❧q✉❡r ❡❧❡♠❡♥t♦ q✉❡ t❡♥❤❛ s✐❞♦ ❞✐✈✐❞✐❞♦ ❞❡✈✐❞♦ ❛ ❢❛t♦r❡s ❞❡ ❝♦♠♣❛t✐❜✐❧✐③❛çã♦ ❢♦r❛

❞❛ ③♦♥❛ ❝rít✐❝❛✱ ❞❡✈❡ s❡r ❛♥❛❧✐s❛❞♦ ❝♦♥s♦❛♥t❡ ♦ s❡✉ ❢❛❝t♦r ❞❡ ❢♦r♠❛✱ ❞❡♥♦♠✐♥❛❞♦

r❛③ã♦ ❞❡ ❛s♣❡t♦✱ ❆❘ ✭s✐❣❧❛ r❡s✉❧t❛♥t❡ ❞❛ t❡r♠✐♥♦❧♦❣✐❛ ✐♥❣❧❡s❛✱ ❛s♣❡❝t r❛t✐♦✮ ❬✹✹✱ ♣♣✳

✶✾✻✲✶✾✾❪✱

AR =
1

8

|a||b||c|
(s− |a|)(s− |b|)(s− |c|) ✭✺✳✶✼✮

♦♥❞❡ s = (|a|+ |b|+ |c|)\2 ❡ |a|✱ |b| ❡ |c| ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❝♦♠♣r✐♠❡♥t♦s ❞♦s ❧❛❞♦s ❞♦

tr✐â♥❣✉❧♦✳ ❆q✉✐✱ ♦ ❢❛❝t♦r ❞❡ ❞❡❝✐sã♦✱ ❝♦rr❡s♣♦♥❞❡ à ❝♦♠♣❛r❛çã♦ ❞♦ AR ❞♦ ❡❧❡♠❡♥t♦

❝♦♠ ♦ ARmax ❞❛ ♠❛❧❤❛ ♦r✐❣✐♥❛❧✳ ❈❛s♦ ♦ ✈❛❧♦r ❞❡ AR ❞♦ ❡❧❡♠❡♥t♦ s❡❥❛ ♠❡♥♦r ❞❡

ARmax✱ ❡st❡ s❡rá ❡❧✐♠✐♥❛❞♦✳

❖ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞♦t❛❞♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❡ ♠❛❧❤❛ é ❞❡✜♥✐❞♦ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛

❛♣r♦①✐♠❛çã♦ à ár❡❛ ❞❡ ✉♠ tr✐â♥❣✉❧♦ ❡q✉✐❧át❡r♦ ❞❡ ❧❛❞♦ h❛✈❣ ✐❣✉❛❧ à ❞✐♠❡♥sã♦ ♦r✐❣✐♥❛❧ ❞❛

♠❛❧❤❛✳ ❚♦❞♦s ♦s ❡❧❡♠❡♥t♦s ❛ss✐♠ ❝r✐❛❞♦s t❡rã♦ ❞❡ ár❡❛ ❛♣r♦①✐♠❛❞❛✿

A =

√
3

4
h2❛✈❣ ✭✺✳✶✽✮



✺✳✺ ❘❡✜♥❛♠❡♥t♦ ■♥✈❡rs♦ ❞❡ ▼❛❧❤❛ ✺✸

✺✳✺✳✷ ▼❛♣❡❛♠❡♥t♦ ✲ ❲❛❧❦✐♥❣ ❆❧❣♦r✐t❤♠s

❉❡❝♦rr❡♥t❡ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s ❞❡ ❉❡❧❛✉♥❛②✱ ♦s ❞❡s❧♦❝❛♠❡♥t♦s

♦❝♦rr✐❞♦s ♥❛ ③♦♥❛ ❛♥❛❧✐s❛❞❛ ❞✉r❛♥t❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ❢❡♥❞❛ ♣❡r❞❡♠✲s❡ ❞❡✈✐❞♦ à s✉❜st✐t✉✐çã♦

❞❛ ♠❛❧❤❛ ❛♥t✐❣❛ ♣❡❧❛ ♠❛❧❤❛ ♥♦✈❛✳ ❉❡ ❢♦r♠❛ ❛ ❝♦❧♠❛t❛r ❡st❛ ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦✱ ♣r♦♣õ❡✲

s❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ ✉♠ ♠❛♣❡❛♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ❡♥tr❡ ❛♠❜❛s ❛s ♠❛❧❤❛s✱ t❡♥❞♦ ❝♦♠♦

♣r✐♥❝✐♣❛❧ ♦❜❥❡t✐✈♦✱ ❧♦❝❛❧✐③❛r ❛ ♣♦s✐çã♦ ❞♦ ♥♦✈♦ ♥ó ✐♥tr♦❞✉③✐❞♦ ❢❛❝❡ à s✉❛ ♣♦s✐çã♦ ♥❛ ♠❛❧❤❛

s✉❜st✐t✉í❞❛✱ ❝♦♥t❡♥❞♦ ❡st❛ ♦s ❞❡s❧♦❝❛♠❡♥t♦s ♦❝♦rr✐❞♦s ❛té à s✉❜st✐t✉✐çã♦ r❡❛❧✐③❛❞❛✳

❈♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ♣r♦❝❡ss♦ ❞❡ ♠❛♣❡❛♠❡♥t♦ ♥ã♦ é r❡❛❧✐③❛❞♦ ❞❡ ❢♦r♠❛

❞✐r❡t❛✱ ❞❡✈✐❞♦ ❛♦ ❞❡s❝♦♥❤❡❝✐♠❡♥t♦ ✐♥✐❝✐❛❧ ❞❛ ♣♦s✐çã♦ ❞♦ ♥♦✈♦ ♥ó✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❛ ♣r✐♦r✐✱

❞❡✜♥✐r ❛ ♣♦s✐çã♦ ❞❡st❡✳ P❛r❛ t❛❧✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ té❝♥✐❝❛ ❞❡ ♣r♦❝✉r❛ ❞❡ ❡❧❡♠❡♥t♦s✱ ❞❡s✐❣♥❛❞❛

❞❡ ❲❛❧❦✐♥❣ ❆❧❣♦r✐t❤♠s ♥❛ ♥♦♠❡♥❝❧❛t✉r❛ ❛♥❣❧♦✲s❛①ó♥✐❝❛✳ ❖ ♥♦♠❡ ❛❞✈é♠ ❞♦ ♠♦❞♦ ❝♦♠♦

♦ ♥ó ❞❡ ♣r♦❝✉r❛ é ❡♥❝♦♥tr❛❞♦✳ ❆ ❡str❛té❣✐❛ ❞♦s ❛❧❣♦r✐t♠♦s ♣r♦✈❡♥✐❡♥t❡s ❞❡st❛ té❝♥✐❝❛

❜❛s❡✐❛♠✲s❡ ❢✉♥❞❛♠❡♥t❛❧♠❡♥t❡ ♥❛ ❝♦♥❡❝t✐✈✐❞❛❞❡ ❞❡ ❡❧❡♠❡♥t♦s ❛tr❛✈és ❞❛s s✉❛s ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✱ s❛❧t❛♥❞♦ ❞❡ ❡❧❡♠❡♥t♦ ❡♠ ❡❧❡♠❡♥t♦ ❛té ❡♥❝♦♥tr❛r ♦ ♥ó ❞❡s❡❥❛❞♦ ✭✈❡r

❋✐❣✉r❛ ✺✳✶✸✮✳

α

ω
v

t

u

❋✐❣✉r❛ ✺✳✶✸✿ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ✭α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀ v ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛
♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮

❙❡❣✉♥❞♦ ❉❡✈✐❧❧❡rs ❡t ❛❧✳ ❬✹✺❪✱ ❛ ❡str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❞✐✈✐❞❡✲s❡ ❡♠ três t✐♣♦s✿ ✭✐✮ ✈✐s✐❜✐❧✐t②

✇❛❧❦ ❀ ✭✐✐✮ str❛✐❣❤t ✇❛❧❦ ❀ ❡ ✭✐✐✐✮ ♦rt❤♦❣♦♥❛❧ ✇❛❧❦✳ ◆❛ ♣r❡s❡♥t❡ ❉✐ss❡rt❛çã♦✱ ❛s té❝♥✐❝❛s ❞❡

✈✐s✐❜✐❧✐t② ✇❛❧❦ ❡ str❛✐❣❤t ✇❛❧❦ sã♦ ✐♠♣❧❡♠❡♥t❛❞❛s✳ ❆ s✉❛ ❡s❝♦❧❤❛ r❡✢❡t❡✲s❡ ♥❛ ♦r✐❡♥t❛çã♦

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

❢r♦♥t❡✐r❛s ❞♦s ❡❧❡♠❡♥t♦s ✭✺✳✶✾✮✳ ❊st❛ é ❞❡✜♥✐❞❛ ❛tr❛✈és ❞♦ ❞❡t❡r♠✐♥❛♥t❡ ❡♥tr❡ ❛s

❝♦♦r❞❡♥❛❞❛s ❞♦s ♥ós ❞❛ ❢r♦♥t❡✐r❛ ✭t, u✮ ❡ ❞♦ ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ✭v✮✿

♦r✐❡♥t❛çã♦(t, u, v) =

∣

∣

∣

∣

∣

(ux − tx) (vx − tx)
(uy − ty) (vy − ty)

∣

∣

∣

∣

∣

✭✺✳✶✾✮



✺✹ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

✺✳✺✳✷✳✶ ❱✐s✐❜✐❧✐t② ❲❛❧❦

❆ té❝♥✐❝❛ ✈✐s✐❜✐❧✐t② ✇❛❧❦ ✭✈❡r ❡✳❣✳ ❬✹✺❪✕❬✹✼❪✮ ❞❡t❡r♠✐♥❛ ♦ ❡❧❡♠❡♥t♦ s❡❣✉✐♥t❡✱ ψ✱ t❡st❛♥❞♦ ❛

♦r✐❡♥t❛çã♦ ❞❛s s✉❛s ❢r♦♥t❡✐r❛s ❢❛❝❡ ❛♦ ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ q ✭✈❡r ❋✐❣✉r❛ ✺✳✶✹✮✳

α

ω
q

l

rψ

❋✐❣✉r❛ ✺✳✶✹✿ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❞❡ ✈✐s✐❜✐❧✐t② ✇❛❧❦ ✭α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀
q ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮

❆q✉✐✱ ♦ ❝♦♥❝❡✐t♦ ❞❡ ♣r♦❝✉r❛ ❡st♦❝ást✐❝❛ é ✐♥tr♦❞✉③✐❞♦ ❬✹✺❪✱ ♦♥❞❡ ❛ ♦r❞❡♠ ❞❛ ❢r♦♥t❡✐r❛

♣❡rt❡♥❝❡♥t❡ ❛♦ ❡❧❡♠❡♥t♦ ♥ã♦ é r❡❧❡✈❛♥t❡✳ ❆❧é♠ ❞❡st❡ ❞❡t❛❧❤❡✱ ♦❝♦rr❡ ✉♠❛ ✈❡r✐✜❝❛çã♦ ❞❡

❡❧❡♠❡♥t♦s ❥á ✈✐s✐t❛❞♦s✱ ❞❡s✐❣♥❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ♣r♦❝✉r❛ ❝♦♠♦ r❡♠❡♠❜❡r✐♥❣ st♦❝❤❛st✐❝ ✇❛❧❦

❬✹✺❪✳ ❆❧é♠ ❞♦s ♣r❡ss✉♣♦st♦s ❜❛s❡ ✐❧✉str❛❞♦s ❡♠ ❬✹✺❪✱ ❛ ✜❧♦s♦✜❛ ❞❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❛❞♦t❛❞❛

é r❡♣r❡s❡♥t❛❞❛ ♥♦ ❛❧❣♦r✐t♠♦ ✸✳

❆❧❣♦r✐t♠♦ ✸ ❊sq✉❡♠❛ r❡♠❡♠❜❡r✐♥❣ st♦❝❤❛st✐❝ ✇❛❧❦

✶✿ ❊♥tr❛❞❛✿ α ❡ q ⊲ ❊❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ❞❡ ♣❛rt✐❞❛ ❡ ♣♦♥t♦ ❛ ♣r♦❝✉r❛r
✷✿ ❙❛í❞❛✿ ω ⊲ ❊❧❡♠❡♥t♦ q✉❡ ❝♦♥té♠ ♣♦♥t♦ q
✸✿ ❡❧❡♠❡♥t♦ ω ← α ⊲ ❋❛s❡ ❞❡ ■♥✐❝✐❛❧✐③❛çã♦
✹✿ ❡❧❡♠❡♥t♦ ψ ← ω
✺✿ ❜♦♦❧❡❛♥♦ encontrado← falso
✻✿ r❡♣❡t✐r
✼✿ encontrado← verdadeiro
✽✿ ♣❛r❛ ❝❛❞❛ ❢r♦♥t❡✐r❛ i ∈ ψ
✾✿ l← ♥ó1 ∈ ❢r♦♥t❡✐r❛ i ⊲ ◆ós ❞❛ ❢r♦♥t❡✐r❛ ❡♠ ❛♥á❧✐s❡

✶✵✿ r ← ♥ó2 ∈ ❢r♦♥t❡✐r❛ i
✶✶✿ vizinho← ❡❧❡♠❡♥t♦ q✉❡ ❛tr❛✈❡ss❛ ❢r♦♥t❡✐r❛ ✐ ⊲ ❊❧❡♠❡♥t♦ s❡❣✉✐♥t❡
✶✷✿ s❡ ψ 6= vizinho ⊲ ❱❡r✐✜❝❛r s❡ ♦ ❡❧❡♠❡♥t♦ ❥á ❢♦✐ ✈✐s✐t❛❞♦
✶✸✿ s❡ ♦r✐t❡♥t❛çã♦(l, r, q) < 0 ⊲ ❉✐r❡çã♦ ❊rr❛❞❛
✶✹✿ ψ ← ω ⊲ ❆t✉❛❧✐③❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s
✶✺✿ ω ← vizinho
✶✻✿ encontrado← falso
✶✼✿ sair
✶✽✿ ❛té encontrado← verdadeiro



✺✳✺ ❘❡✜♥❛♠❡♥t♦ ■♥✈❡rs♦ ❞❡ ▼❛❧❤❛ ✺✺

✺✳✺✳✷✳✷ ❙tr❛✐❣❤t ❲❛❧❦

❆ s❡❣✉♥❞❛ ❡str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ✐♠♣❧❡♠❡♥t❛❞❛ ❞❡s✐❣♥❛✲s❡ ♣♦r str❛✐❣❤t ✇❛❧❦ ❬✹✺❪✳ ❉❡ ✉♠

♠♦❞♦ ❣❡r❛❧✱ ❡st❛ ❡str❛té❣✐❛ ❞❡✜♥❡ ✉♠ ♠♦❞♦ ❞❡ ♣r♦❝✉r❛ ❝♦♠ ❜❛s❡ ♥❛ ❞❡✜♥✐çã♦ ❞❡ ✉♠

s❡❣♠❡♥t♦ ❞❡ r❡t❛ −→pq✱ q✉❡ ❧✐❣✉❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ✭p ∈ α✮ ❛♦ ♣♦♥t♦ ❞❡

❝❤❡❣❛❞❛ ✭q ∈ ω✮✱ ❝♦♥❢♦r♠❡ r❡♣r❡s❡♥t❛♥❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✺✳

ω
q

αp

δ

l

r

l

s

r τ

❋✐❣✉r❛ ✺✳✶✺✿ ❊str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❞❡ str❛✐❣❤t ✇❛❧❦ ✭✈❡r❞❡ ❝❧❛r♦ ✲ ✐♥✐❝✐❛❧✐③❛çã♦❀ ✈❡r❞❡ ❡s❝✉r♦
✲ ❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛✮

❊st❛ ❡str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ é ❝♦♠♣♦st❛ ♣♦r ❞♦✐s ♣❛ss♦s ❢✉♥❞❛♠❡♥t❛✐s✿ ✭✐✮ ✐♥✐❝✐❛❧✐③❛çã♦❀ ❡ ✭✐✐✮

❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛✳ ◆♦ ♣❛ss♦ ❞❡ ✐♥✐❝✐❛❧✐③❛çã♦ ✉♠ ❞♦s ✈ért✐❝❡s✱ p✱ ❞♦ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛✱

α✱ é s❡❧❡❝✐♦♥❛❞♦ ❡ ♣♦st❡r✐♦r♠❡♥t❡ é ❢❡✐t♦ ✉♠❛ ♣r♦❝✉r❛ ❞♦ ❡❧❡♠❡♥t♦ ✈✐③✐♥❤♦✱ δ✱ ✐♥t❡rs❡❝t❛❞♦

♣❡❧♦ s❡❣♠❡♥t♦ ❞❡ r❡t❛ −→pq✳ ❊st❛ ♣r♦❝✉r❛ é ❢❡✐t❛ ❝♦♠ ❜❛s❡ ♥❛ ♣♦s✐çã♦ ❞♦s ✈ért✐❝❡s l ❡ r q✉❡

❝♦♠♣õ❡♠ ♦ ❡❧❡♠❡♥t♦✳ ❆té s❡r ❡♥❝♦♥tr❛❞♦✱ ♦s ✈ért✐❝❡s l ❡ r ✈ã♦ ♣❡r♠✉t❛♥❞♦ ❡♥tr❡ s✐ ❛♦ ❧♦♥❣♦

❞♦s ❡❧❡♠❡♥t♦s ✈✐③✐♥❤♦s ❞❡ α✳ P♦st❡r✐♦r♠❡♥t❡ ❛♦ ♣❛ss♦ ❞❡ ✐♥✐❝✐❛❧✐③❛çã♦✱ ✐♥✐❝✐❛✲s❡ ♦ ♣r♦❝❡ss♦

❞❡ ❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛✳ ❈❛❞❛ ❡❧❡♠❡♥t♦ é s❡❧❡❝✐♦♥❛❞♦ ❝♦♠ ❜❛s❡ ♥❛ ♦r✐❡♥t❛çã♦ ❞❛s s✉❛s

❢r♦♥t❡✐r❛s✳ ❙❡♠♣r❡ q✉❡ ✉♠ ❡❧❡♠❡♥t♦ τ é s❡❧❡❝✐♦♥❛❞♦✱ ♦s ✈ért✐❝❡s l✱ r ❡ s ✈ã♦ ♣❡r♠✉t❛♥❞♦ ❞❡

❢♦r♠❛ ❛ ❣❛r❛♥t✐r q✉❡ ♦ ❡❧❡♠❡♥t♦ ✐♥t❡rs❡❝t❛ ♦ s❡❣♠❡♥t♦ −→pq✳ ❖ ❝❛♠✐♥❤♦ ❞❡ ♣r♦❝✉r❛ t❡r♠✐♥❛

q✉❛♥❞♦ ❛ ♦r✐❡♥t❛çã♦ ❞❡✜♥✐❞❛ ♣♦r t♦❞❛s ❛s ❢r♦♥t❡✐r❛s ❞♦ ❡❧❡♠❡♥t♦ τ ✉❧tr❛♣❛ss❛ ♦ ♣♦♥t♦ ❞❡

❝❤❡❣❛❞❛ q✳ ❆ss✐♠✱ ♦ ❡❧❡♠❡♥t♦ ❛ ♣r♦❝✉r❛r ω é ♦ ✉❧t✐♠♦ ❛ s❡r ✈✐s✐t❛❞♦✳ Pr♦♣õ❡✲s❡ ❛♦ ❧❡✐t♦r

❛ ❝♦♥s✉❧t❛ ❞♦ ❛❧❣♦r✐t♠♦ ❜❛s❡ ♣r♦✈❡♥✐❡♥t❡ ❞❡st❛ ❡str❛té❣✐❛ ❞❡ ♣r♦❝✉r❛ ❡♠ ❬✹✺❪✳

✺✳✺✳✷✳✸ ❉❡✜♥✐çã♦ ❞♦ ❊❧❡♠❡♥t♦ ❞❡ Pr♦❝✉r❛ ■♥✐❝✐❛❧

❆ ❛♣❧✐❝❛çã♦ ❞❡ ❡str❛té❣✐❛s ❞❡ ♣r♦❝✉r❛ ❲❛❧❦✐♥❣ ❆❧❣♦r✐t❤♠s✱ ♣r❡ss✉♣õ❡ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡

✉♠ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛ ♣❛r❛ ♦ ✐♥í❝✐♦ ❞❡ ♣r♦❝✉r❛✳ ❊st❡✱ ❤❛❜✐t✉❛❧♠❡♥t❡✱ ♣♦❞❡ s❡r ❡s❝♦❧❤✐❞♦

❞❡ ❢♦r♠❛ ❛r❜✐trár✐❛✳ ❖ t❡♠♣♦ ❞❡ ♣r♦❝✉r❛ ❞♦ ❡❧❡♠❡♥t♦ ❞❡ ❝❤❡❣❛❞❛ ♣♦❞❡ ❞❡♣❡♥❞❡r ❞♦ ❧♦❝❛❧

♦♥❞❡ ❡st❡ s❡ ❡♥❝♦♥tr❛ ❢❛❝❡ ❛♦ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛ ❡s❝♦❧❤✐❞♦✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❛ ❞❡✜♥✐çã♦✱

❡♠ r❡❣r❛✱ ♥ã♦ ❝♦♠♣r♦♠❡t❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ♣r♦❝✉r❛ ❞♦ ❛❧❣♦r✐t♠♦✱ ♠❛s s✐♠ ❛ ❡✜❝á❝✐❛ ❞❡



✺✻ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❧♦❝❛❧✐③❛çã♦ ❞♦ ❡❧❡♠❡♥t♦✳ ◆♦ ❝❛s♦ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ③♦♥❛s q✉❡ ❛♣r❡s❡♥t❡♠ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡

♥♦ ❞♦♠í♥✐♦ ✭❝❛✈✐❞❛❞❡s✱ ✜ss✉r❛s✱ ❡t❝✮✱ ❛s ❡str❛té❣✐❛s ❞❡ ♣r♦❝✉r❛ ✐♠♣❧❡♠❡♥t❛❞❛s ♥ã♦ ❡①✐❜❡♠

r♦❜✉st❡③ s✉✜❝✐❡♥t❡ ♣❛r❛ ❛✈❛❧✐❛r ♦ ❝❛♠✐♥❤♦ q✉❡ ❡✈✐t❡ ❛ ♣❛ss❛❣❡♠ ♣♦r ③♦♥❛s ♣r♦❜❧❡♠át✐❝❛s

❞❡ ♣r♦❝✉r❛ ✭✈❡r ❋✐❣✉r❛ ✺✳✶✻✮✳ ❉❡ ❢❛❝t♦✱ ❛s ✈❡rsõ❡s ❞♦s ❲❛❧❦✐♥❣ ❆❧❣♦r✐t❤♠s ❡♥❝♦♥tr❛❞❛s ♥❛

❧✐t❡r❛t✉r❛ ♥ã♦ ❣❛r❛♥t❡♠ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ♠ét♦❞♦ ♣❛r❛ ❞♦♠í♥✐♦s ♥ã♦ ❝♦♥✈❡①♦s✳

α

ω
q

l

r

ψ

✭❛✮

ω
q

αp

δ

l

r r
s

l

τ

✭❜✮

❋✐❣✉r❛ ✺✳✶✻✿ ❩♦♥❛ ♣r♦❜❧❡♠át✐❝❛s ❞❡ ♣r♦❝✉r❛ ✭✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♣r♦s❡❣✉✐r ♦ ❝❛♠✐♥❤♦ ✲
α ❡❧❡♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛❀ q ♣♦♥t♦ ❞❡ ♣r♦❝✉r❛ ♥❛ ♠❛❧❤❛ ♥♦✈❛❀ ω ❡❧❡♠❡♥t♦ ❛
❡♥❝♦♥tr❛r ♥❛ ♠❛❧❤❛ ❛♥t✐❣❛✮✿ ✭❛✮ ✈✐s✐❜✐❧✐t② ✇❛❧❦ ❀ ✭❜✮ str❛✐❣❤t ✇❛❧❦

❊st❡ ♣r♦❜❧❡♠❛ ♥ã♦ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ❞❡s♣✐❝✐❡♥t❡ ♥♦ ❛t✉❛❧ ❝♦♥t❡①t♦✳ ❉❡ ♠♦❞♦ ❛ ❝♦❧♠❛t❛r

❡st❛ ❧✐♠✐t❛çã♦✱ ♣r♦♣õ❡✲s❡ ✉♠❛ ♣r♦❝✉r❛ ♦t✐♠✐③❛❞❛ ❞♦ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛✳ P❛r❛ t❛❧✱ ❞❡✜♥❡✲

s❡ ✉♠ ❞♦♠í♥✐♦ ❝♦♥✈❡①♦ ❞❡ ♣r♦❝✉r❛ q✉❡ ❣❛r❛♥t❛ ❛ ✐♥❡①✐stê♥❝✐❛ ❞❡ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ❛♦ ❧♦♥❣♦

❞♦ ❝❛♠✐♥❤♦ ❛ ♣❡r❝♦rr❡r ❡♥tr❡ ♦ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛ α ❡ ♦ ❡❧❡♠❡♥t♦ ❞❡ ❝❤❡❣❛❞❛ ω ✭✈❡r ❋✐❣✉r❛

✺✳✶✼✮✳ ◗✉❛❧q✉❡r ❡❧❡♠❡♥t♦ ♣❡rt❡♥❝❡♥t❡ ❛ ❡st❡ ❞♦♠í♥✐♦✱ ❞❡✈❡ s❛t✐s❢❛③❡r ❛ ♣r❡♠✐ss❛ ❡♥✉♥❝✐❛❞❛✳

ω
q

α
α

α

α
α

α
α

α
α

α
α

α
α
α

α

❋✐❣✉r❛ ✺✳✶✼✿ ❊❧❡♠❡♥t♦s ❞❡ ♣r♦❝✉r❛ ✐♥✐❝✐❛✐s α ❝♦♠ ✐♥❡①✐stê♥❝✐❛ ❞❡ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s

❆ ❡str❛té❣✐❛ ❛❞♦t❛❞❛ ♣❛ss❛ ♣❡❧❛ ❞❡❧✐♠✐t❛çã♦ ❞❡ ③♦♥❛s ♣r♦❜❧❡♠át✐❝❛s ❛tr❛✈és ❞❛

✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠❛ ár✈♦r❡ ❜✐♥ár✐❛ ❝♦♥str✉✐❞❛ ♣❛r❛ ♦ ❡❢❡✐t♦ ❬✹✽✱ ♣♣✳ ✷✷✶✲✷✽✻❪ ✭✈❡r

❋✐❣✉r❛ ✺✳✶✽✮✳ ❊st❛ tr❛❞✐❝✐♦♥❛❧♠❡♥t❡✱ é ❝♦♥str✉í❞❛ ❛tr❛✈és ❞❡ ♣♦♥t♦s✱ ♦♥❞❡ ❝❛❞❛ ✉♠

❝♦♥té♠ ❛♣♦♥t❛❞♦r❡s à ❡sq✉❡r❞❛ ❡ à ❞✐r❡✐t❛✳ ❖ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛✱ ❞❡s✐❣♥❛❞♦ ❞❡ r♦♦t✱ é

❝♦❧♦❝❛❞♦ ♥♦ t♦♣♦ ❞❛ ár✈♦r❡✳ ❈❛❞❛ ❛♣♦♥t❛❞♦r ❛♣r❡s❡♥t❛ ✉♠❛ s✉❜✲ár✈♦r❡✳ ❈❛s♦ ❡st❛ ♥ã♦



✺✳✺ ❘❡✜♥❛♠❡♥t♦ ■♥✈❡rs♦ ❞❡ ▼❛❧❤❛ ✺✼

❛♣r❡s❡♥t❡ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ❝♦♠ ✉♠ ❞♦s s❡✉s ❛♣♦♥t❛❞♦r❡s✱ s✐❣♥✐✜❝❛ ♣♦rt❛♥t♦ q✉❡ ♦ ♣♦♥t♦

❛♣❡♥❛s ❛♣r❡s❡♥t❛ ✉♠❛ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣♦ssí✈❡❧✳ ❖ ♣r♦❝❡ss♦ r❡❝✉rs✐✈♦ ❞❡ ❝♦♥str✉çã♦

t❡r♠✐♥❛✱ q✉❛♥❞♦ t♦❞❛s ❛s ❝♦rr❡s♣♦♥❞ê♥❝✐❛s sã♦ ✐♥tr♦❞✉③✐❞❛s ♥❛ ár✈♦r❡✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦

❞❡st❡ t✐♣♦ ❞❡ ❡str❛té❣✐❛ ♣❡r♠✐t❡ ♦❜t❡r ❞✐✈❡rs❛s ✈❛♥t❛❣❡♥s✱ ♥♦♠❡❛❞❛♠❡♥t❡✿ ✭✐✮ r❡❧❛❝✐♦♥❛r ❛

✐♥❢♦r♠❛çã♦ ❞❡ ❢♦r♠❛ ❡str✉t✉r❛❧❀ ✭✐✐✮ r❡♣r❡s❡♥t❛çã♦ ❡ ❝♦♥str✉çã♦ ❤✐❡rárq✉✐❝❛ ✢❡①í✈❡❧❀ ❡ ✭✐✐✐✮

♣r♦❝✉r❛ ❡ ❝♦♥str✉çã♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡ ❢♦r♠❛ ❡✜❝✐❡♥t❡✳

root

sub-àrvore

apontadores esquerda/direita

apontador sem

conrespondência

Ponto

❋✐❣✉r❛ ✺✳✶✽✿ ❘❡♣r❡s❡♥t❛çã♦ ❡st❛♥❞❛r❞✐③❛❞❛ ❞❡ ✉♠❛ ár✈♦r❡ ❜✐♥ár✐❛

❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦s ♣r❡ss✉♣♦st♦s ❛♣r❡s❡♥t❛❞♦s✱ ❞❡✜♥❡✲s❡ ❛q✉✐ ✉♠❛ ❡str✉t✉r❛

❤✐❡rárq✉✐❝❛ ❞❡ ❢r♦♥t❡✐r❛s q✉❡ ❞❡❧✐♠✐t❡♠ ③♦♥❛s ❡①t❡r✐♦r❡s ❛♦s ♣♦ssí✈❡✐s ❝❛♠✐♥❤♦s ❛

♣❡r❝♦rr❡r✳ ❆ ♣❛rt✐r ❞❛ ❞❡✜♥✐çã♦ ❞❡st❛ ❡str✉t✉r❛✱ ❝♦♥stró✐✲s❡ ✉♠❛ ár✈♦r❡ ❜✐♥ár✐❛

❡s♣❡❝✐❛❧✐③❛❞❛ ❝♦♠♣♦st❛ ♣♦r ❢r♦♥t❡✐r❛s q✉❡ ❣❛r❛♥t❛♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❞♦♠í♥✐♦ ❝♦♥✈❡①♦✳

❊st❛ ♣♦r s✉❛ ✈❡③✱ é ❝♦♥str✉í❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣♦s✐çã♦ ❞❛ ♥♦r♠❛❧ ❡①t❡r✐♦r q✉❡

❝❛r❛❝t❡r✐③❛ ❝❛❞❛ ❢r♦♥t❡✐r❛✳ ➚ ♠❡❞✐❞❛ q✉❡ ❛ ár✈♦r❡ ✈❛✐ ❝r❡s❝❡♥❞♦✱ ✈❡r✐✜❝❛♠✲s❡ ❛s ♣♦s✐çõ❡s

❞♦s ♥ós ❛ ♣r♦❝✉r❛r ❢❛❝❡ à ❢r♦♥t❡✐r❛ ❛t✉❛❧ ❡♠ ❛♥á❧✐s❡✳ ◗✉❛♥❞♦ ✉♠ ❞♦s ❛♣♦♥t❛❞♦r❡s ❞❛

❡str✉t✉r❛ ❛♣r❡s❡♥t❛ ♠✉❞❛♥ç❛ ❞❡ ❞✐r❡çã♦✱ ❡ss❛ ❢r♦♥t❡✐r❛ ❛♣r❡s❡♥t❛✲s❡ ❝♦♠♦ ❢r♦♥t❡✐r❛ ❞❡

♣❛rt✐❞❛✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ♦s ♥ós q✉❡ s❡ ❛♣r❡s❡♥t❡♠ ❞❡ ✉♠ ❞♦s ❧❛❞♦s ❞❡st❛ t❡rã♦ ✉♠

❝❛♠✐♥❤♦ ✐♥❡①✐st❡♥t❡ ❞❡ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s✳ ❉❡st❛ ❢♦r♠❛✱ ♦ ❡❧❡♠❡♥t♦ ❞❡ ♣❛rt✐❞❛ s❡rá ♦

❝♦♥st✐t✉✐♥t❡ ❞❛ ú❧t✐♠❛ ❢r♦♥t❡✐r❛ ❛♥t❡s ❞❛ ♠✉❞❛♥ç❛ ❞❡ ❞✐r❡çã♦✳ ❆ ár✈♦r❡ é ❝♦♥❝❧✉í❞❛

q✉❛♥❞♦ ❛ ú❧t✐♠❛ ❢r♦♥t❡✐r❛ ♥ã♦ ❛♣r❡s❡♥t❛ ♥❡♥❤✉♠❛ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ❛❞✐❝✐♦♥❛❧✳ ➱ ❞❡ ♥♦t❛r✱

q✉❡ ❛ ♦r❞❡♠ ❞❡ ❝♦♥str✉çã♦ s❡❣✉❡ ❛ ♥✉♠❡r❛çã♦ ❞❡ ❝r✐❛çã♦ ❞❛s ❢r♦♥t❡✐r❛s ❡①✐st❡♥t❡s✱ ♥ã♦

s❡♥❞♦ ❝♦♥❤❡❝✐❞♦ ❛ ♣r✐♦r✐ ❛ ár✈♦r❡ ❡str✉t✉r❛❧ ❛ ❞❡s❡♥✈♦❧✈❡r✳

✺✳✺✳✷✳✹ ▼❛♣❡❛♠❡♥t♦

❋✐♥❛❧✐③❛❞❛ ❛ ♣r♦❝✉r❛ ❞♦ ❡❧❡♠❡♥t♦ ♣❡rt❡♥❝❡♥t❡ à ♠❛❧❤❛ ❛♥t✐❣❛✱ é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♦

♠❛♣❡❛♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ✭✺✳✷✵✮ ❞♦ ♥ó ♣❡rt❡♥❝❡♥t❡ à ♠❛❧❤❛ ♥♦✈❛ ✭✈❡r ❋✐❣✉r❛ ✺✳✶✾✮✳



✺✽ ✺ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦ ❞❡ ▼❛❧❤❛

❖ ♣r♦❝❡ss♦ ❞❡ ♠❛♣❡❛♠❡♥t♦ r❡❛❧✐③❛❞♦ s❡❣✉❡ ♦s ♠❡s♠♦s ♣r❡ss✉♣♦st♦s q✉❡ ❛ ❡q✉❛çã♦ ✭✹✳✶❛✮✱

❛ss♦❝✐❛♥❞♦✲s❡ ❛ ❝❛❞❛ ♥ó ❞♦ ❡❧❡♠❡♥t♦ ♦ s❡✉ ♣❡s♦✱ Ni✱ r❡s♣❡t✐✈♦ ❢❛❝❡ à ♣♦s✐çã♦ q✉❡ ♦ ♥♦✈♦

♥ó ♦❝✉♣❛ ♥♦ ❡❧❡♠❡♥t♦ ❡♥❝♦♥tr❛❞♦✳ ❆s ❢✉♥çõ❡s ❞❡ ❢♦r♠❛✱ Ni✱ s❡❣✉❡♠ ♦s ♣r✐♥❝í♣✐♦s ❞♦

▼❊❋✱ ♣♦❞❡♥❞♦ s❡r ❝♦♥s✉❧t❛❞❛s ❡♠ ❬✸✷✱ ♣♣✳ ✽✼✲✽✾❪✳

ω

q
(x,y)

1

32

❋✐❣✉r❛ ✺✳✶✾✿ ▼❛♣❡❛♠❡♥t♦ ❞❡ ✉♠ ♥♦✈♦ ♥ó q

∆dq =

3
∑

i=1

Ni(x, y)∆d
ω
i ✭✺✳✷✵✮



❈❛♣ít✉❧♦ ✻

❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

✻✳✶ ■♥tr♦❞✉çã♦

◆❡st❡ ❈❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞♦s três ❡①❡♠♣❧♦s ♥✉♠ér✐❝♦s ❞❡♠♦♥str❛t✐✈♦s ❞❛s

❝❛♣❛❝✐❞❛❞❡s ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ✐♠♣❧❡♠❡♥t❛❞❛ ❝♦♠ ❡ s❡♠ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❡

❛ s✉❜s❡q✉❡♥t❡ ❛♥á❧✐s❡ ❝rít✐❝❛ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✳ ❖ ♣r✐♠❡✐r♦ ♣r♦❜❧❡♠❛ ❝♦♥s✐st❡ ♥✉♠❛

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

❞❡s❧♦❝❛♠❡♥t♦s ♣♦♥t✉❛✐s ❞❡ tr❛çã♦ ✉♥✐❛①✐❛✐s✳ ❆q✉✐✱ ❝♦♠♣❛r❛♠✲s❡ ❛s s♦❧✉çõ❡s ♦❜t✐❞❛s ❝♦♠

❛s ❡①✐st❡♥t❡s ❡♠ ❬✷✶❪✱ ❞❡ ❢♦r♠❛ ❛ ❛♥❛❧✐s❛r ❡ ✈❛❧✐❞❛r ♦s r❡s✉❧t❛❞♦s✱ r❡❛❧✐③❛♥❞♦ ✉♠ ❝♦♥❥✉♥t♦

❞❡ s✐♠✉❧❛çõ❡s q✉❡ ♣♦ss✐❜✐❧✐t❡♠ ❛❢❡r✐r ❝♦♠ ♠❛✐♦r r✐❣♦r ♦ ❞❡s❡♠♣❡♥❤♦ ❞❛ ❢❡rr❛♠❡♥t❛

✐♠♣❧❡♠❡♥t❛❞❛✳ ❖ s❡❣✉♥❞♦ ❝❛s♦ ❞❡ ❛♥á❧✐s❡ ❛♣r❡s❡♥t❛✲s❡ ❝♦♠♦ s❡♥❞♦ ✉♠❛ ❝❤❛♣❛ ✜♥❛

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

tr❛çã♦✳ ❊st❡s✱ sã♦ ❛♣❧✐❝❛❞♦s ❡♠ ❞✉❛s ❞❛s s✉❛s ❢❛❝❡s rí❣✐❞❛s✳ ❖s r❡s✉❧t❛❞♦s ❛q✉✐ ♦❜t✐❞♦s

sã♦ ✈❛❧✐❞❛❞♦s ❢❛❝❡ às s♦❧✉çõ❡s ❡①✐st❡♥t❡s ❡♠ ❬✸✽❪✳ ❆♦ ❝♦♥trár✐♦ ❞♦ ♣r✐♠❡✐r♦ ❝❛s♦ ❞❡

❡st✉❞♦✱ ❛ ❡①❡♠♣❧✐✜❝❛çã♦ ❞❡st❡ ♠♦❞❡❧♦✱ ♣❡r♠✐t❡ ❛❢❡r✐r ❞❡ ✉♠ ♠♦❞♦ ❡①♣❡❞✐t♦ ❛

s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❢❛❝❡ à ✐♠♣♦s✐çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ❡♠ â♥❣✉❧♦s

❞✐✈❡rs♦s✳ P♦r ú❧t✐♠♦✱ s✉❣❡r❡✲s❡ ❛ ♠♦❞❡❧❛çã♦ ❞❡ ✉♠ t❡r❝❡✐r♦ ❡①❡♠♣❧♦✳ ❊st❡ ❝♦♥s✐st❡

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

❧❛t❡r❛✐s✱ s✉❜♠❡t✐❞❛ ❛ ❞❡s❧♦❝❛♠❡♥t♦s ❞❡ ❝♦rt❡ ♥❛s r❡st❛♥t❡s ❢❛❝❡s rí❣✐❞❛s✳ ❖s r❡s✉❧t❛❞♦s

❛q✉✐ ♦❜t✐❞♦s ✈❛❧✐❞❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❢❡rr❛♠❡♥t❛ ❞❡ ✐❞❡♥t✐✜❝❛r ③♦♥❛s ❧♦❝❛✐s ❞✐st✐♥t❛s

♣r♦♣í❝✐❛s à ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❚♦❞♦s ♦s ❝á❧❝✉❧♦s ❢♦r❛♠ ❡❢❡t✉❛❞♦s ♥✉♠ ❝♦♠♣✉t❛❞♦r

❞❡ ✉s♦ ♣❡ss♦❛❧✳ ❊st❡✱ é ❝♦♥st✐t✉í❞♦ ♣♦r ✉♠ ♠✐❝r♦♣r♦❝❡ss❛❞♦r ■♥t❡❧ ❈♦r❡ ✐✺✲✷✺✷✵▼❀ s❡♥❞♦

♦ ♠♦❞❡❧♦ ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡❧ó❣✐♦ ❞❡ ✷✳✺✵●❍③✳ ❆ ♠áq✉✐♥❛ ♣♦ss✉✐

❛✐♥❞❛ ✉♠❛ ♠❡♠ór✐❛ ❞❡ ✽✳✵✵●❜✳ ❖ ❛♠❜✐❡♥t❡ ✉t✐❧✐③❛❞♦ é s✉♣♦rt❛❞♦ ♣❡❧♦ s✐st❡♠❛ ♦♣❡r❛t✐✈♦

▲✐♥✉① ❯❜✉♥t✉ ✶✹✳✵✹✳✸ ▲❚❙✱ ✐♥st❛❧❛❞♦ ♥✉♠❛ ♠áq✉✐♥❛ ✈✐rt✉❛❧

✺✾



✻✵ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❈♦♥s✐❞❡r❛✲s❡ q✉❡ ❞❛q✉✐ ❡♠ ❞✐❛♥t❡✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ♥♦♠❡♥❝❧❛t✉r❛ ♣❛rt✐❝✉❧❛r ❡♠ r❡❧❛çã♦

à ❡str✉t✉r❛ ❡ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❝♦♠ x ∈ {0, 1, 2, 3} ❡

y ∈ {0.25, 0.1, 0.05, 0.025}✱ r❡s♣❡t✐✈❛♠❡♥t❡✳ ❆ss✐♠✿

▼① ♠❛❧❤❛ ❡str✉t✉r❛❞❛✱ s✐♠étr✐❝❛✱ ❝♦♠ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦

▼①◆❊ ♠❛❧❤❛ ♥ã♦ ❡str✉t✉r❛❞❛✱ s❡♠ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦

▼①◆❊❴❖ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s

▼①◆❊❴❘② ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❤

▼①◆❊❴❘❖② ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦

✻✳✷ ❊①❡♠♣❧♦ ✶

◆❡st❡ ♣r✐♠❡✐r♦ ❡①❡♠♣❧♦ ❝♦♥s✐❞❡r❛✲s❡ ✉♠❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✮✳ ❊st❛ é

❝♦♥st✐t✉í❞❛ ♣♦r ♠❛t❡r✐❛❧ ❡❧ást✐❝♦✱ ❝♦♠ ♠ó❞✉❧♦ ❞❡ ❨♦✉♥❣ E = 1.06 ❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥

ν = 0.27✳ ❆ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ é Gc = 0.0001✳ ❊st❛✱ ❝♦♥té♠ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠

❡♥t❛❧❤❡ ❞❡ a = 1✱ ✐❧✉str❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❢❡♥❞❛ ✐♥✐❝✐❛❧✳ ❖ t❛♠❛♥❤♦ ❞❛ ✈✐❣❛ é L = 6

❡ b = 0.5 ❞❡ ♠❡t❛❞❡ ❞❡ ❛❧t✉r❛✳ ❆ ✈✐❣❛ ❡♥❝♦♥tr❛✲s❡ tr❛❝✐♦♥❛❞❛ ❡♠ ❞♦✐s ❞♦s s❡✉s ✈ért✐❝❡s✳

❉❡ ❢♦r♠❛ ❣❛r❛♥t✐r ❛ ♣r♦♣❛❣❛çã♦ ♥♦ ♣❧❛♥♦ ❞❡ ❢r❛t✉r❛✱ ❝♦♥s✐❞❡r❛✲s❡ ✉♠❛ ♣r❡ssã♦ ❡①❡r❝✐❞❛

❡♠ ❛♠❜❛s ❛s ❢❛❝❡s ❞❡ σ = 0.035✳

σ σ

u

u

a

L

b

b

❋✐❣✉r❛ ✻✳✶✿ ●❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛✳ ❉✐♠❡♥sõ❡s ❞❛ ✈✐❣❛✿ L = 6, b = 0.5
❡ t❛♠❛♥❤♦ ❞❡ ❢❡♥❞❛ ✐♥✐❝✐❛❧ a = 1✳ ■♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✿ u✳ Pr♦♣r✐❡❞❛❞❡s ❞♦
♠❛t❡r✐❛❧✿ E = 1.06✱ ν = 0.27 ❡ Gc = 0.0001

❖ ❡st✉❞♦ ❡❢❡t✉❛❞♦ ❝❡♥tr❛✲s❡ ♥❛ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛✿ ✭✶✮ s❡♠ ❛♣❧✐❝❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦

❛❞❛♣t❛t✐✈♦❀ ❡ ✭✷✮ ❝♦♠ ❛♣❧✐❝❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✿

✶✳ ❝♦♠♣❛r❛♠✲s❡ ♦s r❡s✉❧t❛❞♦s ❝♦♠ ♦s ❞✐s♣♦♥í✈❡✐s ❡♠ ❬✷✶❪✳ P❛r❛ t❛❧✱ ♠♦❞❡❧❛✲s❡ ❛ ✈✐❣❛

r❡t❛♥❣✉❧❛r ✜♥❛ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✮ ❛tr❛✈és ❞❡ s❡✐s ♠❛❧❤❛s ❞✐st✐♥t❛s✳ ❆s ♣r✐♠❡✐r❛s três

✭❞❡ ❛❝♦r❞♦ ❝♦♠ P❛♥❞♦❧✜ ❡ ❖rt✐③ ❬✷✶❪✮ ❛♣r❡s❡♥t❛♠ ❛ ♣❛rt✐❝✉❧❛r✐❞❛❞❡ ❞❡ s❡r❡♠ ♠❛❧❤❛s

❡str✉t✉r❛❞❛s✱ s✐♠étr✐❝❛s ❝♦♠ ♦r✐❡♥t❛çã♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✱

✐✳❡✳✱ ♦s ❡❧❡♠❡♥t♦s ❛♣r❡s❡♥t❛♠ ✉♠❛ ♦r✐❡♥t❛çã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣r♦♣❛❣❛çã♦ ❡①♣❡❝tá✈❡❧
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❞❡ ❢r❛t✉r❛✳ ❆s r❡st❛♥t❡s✱ sã♦ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s✱ s❡♠ ♦r✐❡♥t❛çã♦ ❞❡ ❝❛♠✐♥❤♦

❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳ ❆tr❛✈és ❞❡st❛s✱ ❞❡♠♦♥str❛✲s❡ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝❧❛r❛

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

✷✳ ✐❧✉str❛✲s❡ ❛ ❡str❛té❣✐❛ ✐♠♣❧❡♠❡♥t❛❞❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛

✺✳✷✳ ▼♦❞❡❧❛✲s❡ ♦ ❡①❡♠♣❧♦ ❛tr❛✈és ❞❡ ✉♠❛ ♠❛❧❤❛ ♥ã♦ ❡str✉t✉r❛❞❛✱ s❡♠ ♦r✐❡♥t❛çã♦ ❞❡

❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳ ❆♥❛❧✐s❛✲s❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❢❡rr❛♠❡♥t❛

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

❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ✐♥❞✐✈✐❞✉❛❧ ❡✴♦✉ ❝♦♥❥✉♥t❛ ❞❛s ❡t❛♣❛s ❞❡✿ ✭✐✮ r❡✜♥❛♠❡♥t♦ ❤ ❡ ✭✐✐✮

r❡♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✳

✻✳✷✳✶ ❆♥á❧✐s❡ ❞❡ Pr♦♣❛❣❛çã♦ ❞❡ ❋r❛t✉r❛ s❡♠ ❆♣❧✐❝❛çã♦ ❞❡ ❘❡✜♥❛♠❡♥t♦

❆❞❛♣t❛t✐✈♦

❉❡♠♦♥str❛✲s❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ s❡♠ ❛♣❧✐❝❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦

❛❞❛♣t❛t✐✈♦✳ ■♥✐❝✐❛✲s❡ ❛ ❛♥á❧✐s❡ ❛tr❛✈és ❞❡ três ♠❛❧❤❛s✿ ✭✐✮ ▼✶❀ ✭✐✐✮ ▼✷❀ ❡ ✭✐✐✐✮ ▼✸✱

❡str✉t✉r❛❞❛s✱ s✐♠étr✐❝❛s ✭❧♦♥❣✐t✉❞✐♥❛❧♠❡♥t❡✮ ❝♦♠ ♦r✐❡♥t❛çã♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦

♣ré✲❡st❛❜❡❧❡❝✐❞♦✱ ❝♦♥st✐t✉í❞❛s ♣♦r ❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲♥ós ❛♦ ❧♦♥❣♦ ❞♦ s❡✉

❞♦♠í♥✐♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✮✱ ❛♣r❡s❡♥t❛♥❞♦ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦ ❞✐st✐♥t♦s ✭✈❡r ❚❛❜❡❧❛ ✻✳✶✮✳

h

✭❛✮

✭❜✮

✭❝✮

❋✐❣✉r❛ ✻✳✷✿ ❉✐s❝r❡t✐③❛çã♦ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ✭❛✮ ▼✶❀ ✭❜✮ ▼✷❀ ✭❝✮ ▼✸



✻✷ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❚❛❜❡❧❛ ✻✳✶✿ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s ❡str✉t✉r❛❞❛s

▼❛❧❤❛ ❚✐♣♦s ❞❡ ❊❧❡♠❡♥t♦s ❤ ◆ú♠❡r♦ ❞❡ ❊❧❡♠❡♥t♦s
◆●▲

●❧♦❜❛❧ ▲♦❝❛❧

▼✶

❧✐♥❡❛r

✵✳✶ ✶✷✵✵ ✼✶✾✵ ✻✽✽✵

▼✷ ✵✳✵✺ ✹✽✵✵ ✷✽✼✾✹ ✷✽✶✻✵

▼✸ ✵✳✵✷✺ ✶✾✷✵✵ ✶✶✺✶✾✹ ✶✶✸✾✷✵

❆ ❛♥á❧✐s❡ ❡❢❡t✉❛❞❛ ❝♦♥s✐❞❡r❛ ✉♠ t♦t❛❧ ❞❡ ❞❡③ ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ ◆■♥❝r❂✶✵✱

❝❛❞❛ ✉♠ ❞❡ ✈❛❧♦r u = 0.1✳ ➚ ♠❡❞✐❞❛ q✉❡ ♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧ ❡✈♦❧✉✐✱ r❡❣✐st❛✲s❡ ❛

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♦❝♦rr✐❞❛✳ P❛r❛ ❡❢❡✐t♦s ❞❡ ✈❛❧✐❞❛çã♦✱ ♦s r❡s✉❧t❛❞♦s ❛q✉✐ ♦❜t✐❞♦s sã♦

❝♦♠♣❛r❛❞♦s ❝♦♠ ♦s ❡①✐st❡♥t❡s ❡♠ ❬✷✶❪✱ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♠❛❧❤❛ ❞❡ ❡❧❡♠❡♥t♦s

✜♥✐t♦s ❝♦♠ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ s✉♣❡r✐♦r✳ ❖s ❛✉t♦r❡s r❡❢❡r❡♥❝✐❛❞♦s✱ r❡❝♦rr❡♠ à

❡str❛té❣✐❛ ❞❡ ❡❧✐♠✐♥❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❬✸✶✱ ♣♣✳ ✸✸✶❪ t❡♥❞♦ ❝♦♠♦ ♣r♦♣ós✐t♦ ❛ ♣r♦♣❛❣❛çã♦

❞❡ ❢❡♥❞❛ ❛♦ ❧♦♥❣♦ ❞♦ ❞♦♠í♥✐♦ ❝♦♥s✐❞❡r❛❞♦✱ ❛tr❛✈és ❞❛ ✐♠♣♦s✐çã♦ ❞❡ ✉♠ ♥ú♠❡r♦ ❡❧❡✈❛❞♦

✭♥ã♦ r❡❢❡r❡♥❝✐❛❞♦✮ ❞❡ ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✳ ❉❡ ❢❛❝t♦✱ ❛ ❝✉r✈❛ ❞❡ ❝♦♠♣❛r❛çã♦ é

♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ♠ét♦❞♦ ❡①♣❧í❝✐t♦✱ ♥❡❝❡ss✐t❛♥❞♦ ✐♥✈❛r✐❛✈❡❧♠❡♥t❡ ❞❡ ✉♠

♥ú♠❡r♦ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ❡❧❡✈❛❞♦ ❞❡ ♣❛ss♦s✳ ❙❛❧✐❡♥t❛✲s❡ ❛✐♥❞❛✱ q✉❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s

♣❡❧♦s ❛✉t♦r❡s ❝✐t❛❞♦s sã♦ r❡❢❡r❡♥t❡s ❛ ❡❧❡♠❡♥t♦s q✉❛❞rát✐❝♦s ✭❡❧❡♠❡♥t♦ tr✐❛♥❣✉❧❛r ❞❡

✻✲♥ós✮✱ tr❛❞✉③✐♥❞♦✲s❡ ❡①♣❡❝t❛✈❡❧♠❡♥t❡ ❡♠ r❡s✉❧t❛❞♦s ❞❡ ♠❛✐♦r ♣r❡❝✐sã♦✳ ❆ ❋✐❣✉r❛ ✻✳✸

✐❧✉str❛ ❛ ❡✈♦❧✉çã♦ ❞❡ ❢❡♥❞❛ ♣❛r❛ ❛s três ♠❛❧❤❛s t❡st❛❞❛s✱ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ♥ú♠❡r♦

❞❡ ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❜❛s❡ ❞♦ ❡①❡♠♣❧♦✳
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Deslocamento Imposto

[21] M1 M2 M3

❋✐❣✉r❛ ✻✳✸✿ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡♠ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❞✐❢❡r❡♥t❡s
♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦✳ ❈♦♠♣❛r❛çã♦ ❞✐r❡t❛ ❞❡ r❡s✉❧t❛❞♦s ❝♦♠ ♦s ❡①✐st❡♥t❡s ❡♠ ❜✐❜❧✐♦❣r❛✜❛
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❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✭✈❡r ❋✐❣✉r❛ ✻✳✸✮✱ ❛♣r♦①✐♠❛♠✲s❡ s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❞♦s ❡①✐st❡♥t❡s ❡♠

❬✷✶❪✳ ❆s três ❝✉r✈❛s ❞❡ ♣r♦♣❛❣❛çã♦ ♦❜t✐❞❛s✱ s❡❣✉❡♠ ❛ ♠❡s♠❛ tr❛❥❡tór✐❛ ❞❡ ❡✈♦❧✉çã♦✱

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

❞❡s❧♦❝❛♠❡♥t♦ ❡①✐st❡♥t❡ ♥❛ ❝✉r✈❛ ❞❡ ❝♦♠♣❛r❛çã♦✳ ◆♦t❡✲s❡ q✉❡ à ♠❡❞✐❞❛ q✉❡ ♦ ♥í✈❡❧ ❞❡

r❡✜♥❛♠❡♥t♦ ❛✉♠❡♥t❛✱ ❛s ❝✉r✈❛s t❡♥❞❡♠ ❛ s❡❣✉✐r ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✉❛✈❡✱ ♥ã♦ ❡①✐st✐♥❞♦

♣r❛t✐❝❛♠❡♥t❡ ♦s❝✐❧❛çõ❡s ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ ♣r♦♣❛❣❛çã♦✳ ❙❛❧✐❡♥t❛✲s❡ ♦ ❢❛❝t♦ ❞♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❝♦rr❡s♣♦♥❞❡r❡♠ à ❞✐s❝r❡t✐③❛çã♦ ❞♦ ❞♦♠í♥✐♦ ❛tr❛✈és ❞❡ ❡❧❡♠❡♥t♦s

tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲♥ós✳ ❆✐♥❞❛✱ ❛♦ ❝♦♥trár✐♦ ❞♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ❛ ❝✉r✈❛ ❞❡ ❝♦♠♣❛r❛çã♦

♦♥❞❡ ❡①✐st❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ♥ú♠❡r♦ ❡❧❡✈❛❞♦ ❞❡ ✐♥❝r❡♠❡♥t♦s✱ ❛q✉✐ ❝♦♥st❛t❛✲s❡ q✉❡✱

s❡♥❞♦ ❡st❡ ✉♠ ♠ét♦❞♦ ✐♠♣❧í❝✐t♦✱ ❝♦♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ✐♥❝r❡♠❡♥t♦s ♦❜té♠✲s❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ♠❡s♠❛ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦✳ ❆♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✱

❞❡st❛❝❛✲s❡ ❡♠ ❝❛❞❛ ✐♥❝r❡♠❡♥t♦ ❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛ ❡❧ást✐❝❛ t♦t❛❧

❞✐s♣♦♥í✈❡❧✱ ❝♦♥❢♦r♠❡ s❡ ✐❧✉str❛ ♥❛ ❋✐❣✉r❛ ✻✳✹✳
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❋✐❣✉r❛ ✻✳✹✿ ❈✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✶❀ ✭❜✮ ▼✷❀ ✭❝✮ ▼✸

◆♦t❡✲s❡✱ ❡♠ r❡❣r❛✱ ❛ t❡♥❞ê♥❝✐❛ ❞❡❝r❡s❝❡♥t❡ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❞✐ss✐♣❛çã♦ ❡①✐st❡♥t❡ ♥❛s três

♠❛❧❤❛s ❛♥❛❧✐s❛❞❛s✳ ➚ ♠❡❞✐❞❛ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❛✉♠❡♥t❛✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛ ❡♥❡r❣✐❛

❞❡ ❞✐ss✐♣❛çã♦ t❡♥❞❡ ❛ ❞✐♠✐♥✉✐r ❣r❛❞✉❛❧♠❡♥t❡✱ s❡♠ ♦❝♦rrê♥❝✐❛ ❞❡ ♦s❝✐❧❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s✱
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t♦r♥❛♥❞♦✲s❡ ❡✈✐❞❡♥t❡ ❛ ❛♣r♦①✐♠❛çã♦ ❞❛ ❝✉r✈❛ ❞❡ ❡♥❡r❣✐❛ ❡❧ást✐❝❛ t♦t❛❧ à ❝✉r✈❛ ❞❡ ❜❛❧❛♥ç♦

❡♥❡r❣ét✐❝♦✳ ❉❡ ❢❛❝t♦✱ ❡st❛ ♦❜s❡r✈❛çã♦ ♣♦❞❡ s❡r ❥✉st✐✜❝❛❞❛ ♣❡❧♦ ❛✉♠❡♥t♦ ❞❛ ✢❡①✐❜✐❧✐❞❛❞❡

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

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

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

♦s❝✐❧❛çõ❡s ❝♦♠ ♠❛✐♦r s✐❣♥✐✜❝❛❞♦✱ ♦❝♦rr❡♥❞♦ ✉♠❛ ♠❛✐♦r ♦✉ ♠❡♥♦r ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛

❞✉r❛♥t❡ ❝❛❞❛ ♣❛ss♦ ❞❡ ✐♥❝r❡♠❡♥t♦✳

❚❡♥❞♦ ♣♦r ❜❛s❡ ❛ ✐♥❢♦r♠❛çã♦ ❞❡s❝r✐t❛✱ ✐❧✉str❛✲s❡ ♥❛ ❋✐❣✉r❛ ✻✳✺ ❛ ♣r♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛

❡♠ ❝❛❞❛ ♠❛❧❤❛ ❛♥❛❧✐s❛❞❛✳ ❈♦♥❢♦r♠❡ ❡①♣❡❝tá✈❡❧✱ ❛ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❛♣r❡s❡♥t❛✲s❡

t♦t❛❧♠❡♥t❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❢❛❝❡ à ❞✐r❡çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s✳
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❈♦♥s✐❞❡r❡♠✲s❡ ❛❣♦r❛ três ♥♦✈❛s ♠❛❧❤❛s✿ ✭✐✮ ▼✵◆❊❀ ✭✐✐✮ ▼✶◆❊❀ ❡ ✭✐✐✐✮ ▼✸◆❊✱ ♥ã♦

❡str✉t✉r❛❞❛s s❡♠ ♦r✐❡♥t❛çã♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✱ ❝♦♥st✐t✉í❞❛s ♣♦r

❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s ❞❡ ✸✲♥ós ❛♦ ❧♦♥❣♦ ❞♦ s❡✉ ❞♦♠í♥✐♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✻✮✳ ❉❛s

❝❛r❛❝t❡ríst✐❝❛s ❞❡s❝r✐t❛s✱ ❞❡st❛❝❛✲s❡ ❛ ♥ã♦ ♦r✐❡♥t❛çã♦ ❞❡ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦✳

❘❡❢❡r❡✲s❡ ❛✐♥❞❛✱ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❛✉♠❡♥t♦ ❞❡ ❡❧❡♠❡♥t♦s ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❡ ♥ú♠❡r♦

❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♥tr❡ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ✭✈❡r ❚❛❜❡❧❛ ✻✳✶✮ ❡ ♥ã♦ ❡str✉t✉r❛❞❛s ✭✈❡r

❚❛❜❡❧❛ ✻✳✷✮ ♣❛r❛ ♦ ♠❡s♠♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦✳ ❊st❡ ❛✉♠❡♥t♦ ❞❡✈❡✲s❡ ❡♠ ♠❡❞✐❞❛ à ♥ã♦
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❡str✉t✉r❛çã♦ ❞❛ ♠❛❧❤❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ à t❡♥t❛t✐✈❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ❞❡ t♦❞♦s ♦s

❡❧❡♠❡♥t♦s ❛♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❡st✐♣✉❧❛❞♦✱ ♣♦r ♣❛rt❡ ❞♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s

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

❛ ❝♦♥s✐❞❡r❛r✲s❡ ✈á❧✐❞❛✱ ✉♠❛ ✈❡③✱ q✉❡ ♦ ❛✉♠❡♥t♦ ❞❡ ❡❧❡♠❡♥t♦s ❢❛✈♦r❡❝❡ ❛ q✉❛❧✐❞❛❞❡ ❞♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✳
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❚❛❜❡❧❛ ✻✳✷✿ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s

▼❛❧❤❛ ❚✐♣♦s ❞❡ ❊❧❡♠❡♥t♦s ❤ ◆ú♠❡r♦ ❞❡ ❊❧❡♠❡♥t♦s
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Pr❡t❡♥❞❡✲s❡ ❛❣♦r❛ ❝♦♠♣❛r❛r ♦s r❡s✉❧t❛❞♦s ❛q✉✐ ♦❜t✐❞♦s✱ ❝♦♠ ♦s ❛♥t❡r✐♦r♠❡♥t❡

❛♣r❡s❡♥t❛❞♦s ✭✈❡r ❋✐❣✉r❛ ✻✳✸✮ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ❞✐❢❡r❡♥ç❛s ✐♠♣❧í❝✐t❛s ♥❛

❝♦♥str✉çã♦ ❞❛s ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s ❛♥❛❧✐s❛❞❛s✱ ♥♦♠❡❛❞❛♠❡♥t❡ ♦ ♥ú♠❡r♦ ❡ ❛

♦r✐❡♥t❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s✳ ❚❡♥❞♦ ♣♦r ❜❛s❡ ❛ ✐♥❢♦r♠❛çã♦ ❞❡s❝r✐t❛✱ ✐❧✉str❛✲s❡

♥❛ ❋✐❣✉r❛ ✻✳✼ ❛ ♣r♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ ❡♠ ❝❛❞❛ ♠❛❧❤❛ ❛♥❛❧✐s❛❞❛✳
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❖s r❡s✉❧t❛❞♦s ♥ã♦ ❛♣r❡s❡♥t❛♠ ❡①❛t❛♠❡♥t❡ ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦

r❡❧❛t✐✈❛♠❡♥t❡ ❛♦s ❛♥t❡r✐♦r❡s ✭✈❡r ❋✐❣✉r❛ ✻✳✺✮✳ ❆♦ ❝♦♥trár✐♦ ❞❛s ♣r✐♠❡✐r❛s três ♠❛❧❤❛s

❡str✉t✉r❛❞❛s ❝♦♠ ♦r✐❡♥t❛çõ❡s ❞❡ ❢r❛t✉r❛ ♣ré✲❡st❛❜❡❧❡❝✐❞❛s✱ ♦♥❞❡ ❛ tr❛❥❡tór✐❛ ❛♣r❡s❡♥t❛✲s❡

❧✐♥❡❛r✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛q✉✐ ♦❜t✐❞♦✱ r❡♣r❡s❡♥t❛ ❡♠ r❡❣r❛✱ ♦s❝✐❧❛çõ❡s ❛ss✐♥❛❧á✈❡✐s✳ ▼❛✐s✱ à

♠❡❞✐❞❛ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❞✐♠✐♥✉✐✱ ❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❡ r❡s✉❧t❛❞♦s é ♠❛✐s ❛❝❡♥t✉❛❞❛✱

♦❝♦rr❡♥❞♦ ❛té ❛ s❡♣❛r❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❛♦ ❧♦♥❣♦ ❞♦ ❞♦♠í♥✐♦✳ ➱ ❞❡ ❞❡st❛❝❛r ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♥❛ ♠❛❧❤❛ ▼✵◆❊✳ ❉❡✈✐❞♦ à ❞✐♠❡♥sã♦ ❡

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

t❡r❝❡✐r♦ ✐♥❝r❡♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✱ ♥ã♦ ❝❤❡❣❛♥❞♦ ❛ ♦❝♦rr❡r ✉♠❛ ♣r♦♣❛❣❛çã♦ s❡♠❡❧❤❛♥t❡

às r❡st❛♥t❡s✳ ❙❛❧✐❡♥t❛✲s❡ ❛✐♥❞❛✱ ❛ ❛♥á❧✐s❡ ❞❡ ❝❛♠✐♥❤♦s ❞❡ ♣r♦♣❛❣❛çã♦ ❞✐st✐♥t♦s ♥❛s ♠❛❧❤❛s

▼✵◆❊ ❡ ▼✶◆❊✱ ♣r♦✈♦❝❛♥❞♦ ❛ s❡♣❛r❛çã♦ ♦✉ ❢r❛t✉r❛çã♦ ❝♦♠♣❧❡t❛ ❞♦ ♠♦❞❡❧♦✳ ❘❡❢❡r❡✲s❡ ♥♦

❡♥t❛♥t♦✱ q✉❡ ♣❛r❛ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦ s✉♣❡r✐♦r❡s ✭✈❡r ❋✐❣✉r❛ ✻✳✼❝✮✱ ❛ tr❛❥❡t♦r✐❛ ❣❧♦❜❛❧

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛♣r❡s❡♥t❛ ✉♠❛ ♠❛✐♦r ❧✐♥❡❛r✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ s❡r✐❛ ❡①♣❡❝tá✈❡❧✳

❉❡st❡ ♠♦❞♦✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡✱ ❛♣❡s❛r ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ♦s❝✐❧❛çõ❡s ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱ ❛s ♠❛❧❤❛s ▼✶◆❊ ❡ ▼✸◆❊✱ ❛♣r❡s❡♥t❛♠✱ ❡♠ r❡❣r❛✱ ✉♠❛ tr❛❥❡tór✐❛

✜♥❛❧ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❝♦♥s✐st❡♥t❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡❝tá✈❡✐s✳ ❆s ❝✉r✈❛s ❞❡

♣r♦♣❛❣❛çã♦ ♦❜t✐❞❛s sã♦ ✐❧✉str❛❞❛s ❡ ❝♦♠♣❛r❛❞❛s ♥❛ ❋✐❣✉r❛ ✻✳✽✳ ❊❢❡t✐✈❛♠❡♥t❡✱ ❛ ❝✉r✈❛

▼✶◆❊ t❡♥❞❡ ❛ ♦s❝✐❧❛r ❧✐❣❡✐r❛♠❡♥t❡ ❢❛❝❡ à ♠❛❧❤❛ ❡str✉t✉r❛❞❛ ▼✸ ♠❛✐s r❡✜♥❛❞❛ ✭✈❡r



✻✳✷ ❊①❡♠♣❧♦ ✶ ✻✼

❋✐❣✉r❛ ✻✳✽❛✮✳ ◆♦ ❡♥t❛♥t♦✱ t❡♥❞♦ ❡♠ ❝♦♥t❛ ✉♠ ♣❛♥♦r❛♠❛ ❣❡r❛❧ ✭✈❡r ❋✐❣✉r❛ ✻✳✽❜✮✱ ❛s

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

❢❡♥❞❛ ✭❛ ❝✉r✈❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♠❛❧❤❛ ▼✵◆❊ ♥ã♦ é r❡♣r❡s❡♥t❛❞❛✮✳
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✭❜✮

❋✐❣✉r❛ ✻✳✽✿ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❞✐❢❡r❡♥t❡s t✐♣♦❧♦❣✐❛s ❞❡ ♠❛❧❤❛✿
✭❛✮ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s ❝♦♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦❀ ✭❜✮ ❝♦♠♣❛r❛çã♦ ❞✐r❡t❛
❞❡ r❡s✉❧t❛❞♦s ❝♦♠ ♦❜t✐❞♦s ❞❡ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ❡ ❡①✐st❡♥t❡s ❡♠ ❜✐❜❧✐♦❣r❛✜❛



✻✽ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❉❡ ❢❛❝t♦✱ ❡st❛s ♦❜s❡r✈❛çõ❡s ♣♦❞❡♠ s❡r ❝♦rr♦❜♦r❛❞❛s ♣❡❧❛ ♦s❝✐❧❛çã♦ ❡①✐st❡♥t❡ ♥❛s ❝✉r✈❛s ❞❡

❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✱ ❞❡st❛❝❛♥❞♦✲s❡ ❡♠ ❝❛❞❛ ✐♥❝r❡♠❡♥t♦ ❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ ❡♠ r❡❧❛çã♦ à

❡♥❡r❣✐❛ ❡❧ást✐❝❛ t♦t❛❧ ❞✐s♣♦♥í✈❡❧ ❝♦♥❢♦r♠❡ s❡ ✐❧✉str❛ ♥❛ ❋✐❣✉r❛ ✻✳✾✳ ❊st❛ ❝♦♥st❛t❛çã♦ ❞❡

♦s❝✐❧❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦s ❞✐✈❡rs♦s ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✱ ❞❡✈❡✲s❡ ❡♠ ❣r❛♥❞❡ ♠❡❞✐❞❛ à

♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ♠❛✐♦r ❣❛st♦ ❡♥❡r❣ét✐❝♦ ♥❛ tr❛♥s♣♦s✐çã♦ ❞❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s

❞❡ ❡❧❡♠❡♥t♦s ♠❛❧ ♦r✐❡♥t❛❞♦s ❢❛❝❡ à r❡❛❧ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❊❢❡t✐✈❛♠❡♥t❡✱

❡st❛ tr❛♥s♣♦s✐çã♦ ❞❡ ❡❧❡♠❡♥t♦s ♠❛❧ ♦r✐❡♥t❛❞♦s tr❛❞✉③✲s❡ ♥✉♠❛ ♣❡r❞❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡

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

tr❛♥s♣♦s✐çã♦✳ ❚❛❧ ❢❡♥ó♠❡♥♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛tr❛✈és ❞❡ ❛✉♠❡♥t♦s sú❜✐t♦s ❞❡ ❡♥❡r❣✐❛

❞✐ss✐♣❛❞❛✳ ➚ ♠❡❞✐❞❛ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❞✐♠✐♥✉✐✱ ♠❛✐♦r❡s ♦s❝✐❧❛çõ❡s t❡♥❞❡♠ ❛ ❡①✐st✐r

❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ à ♠❡❞✐❞❛ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦

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

❣❛st♦ ❡♥❡r❣ét✐❝♦ ❛ss✐♥❛❧á✈❡❧✱ ❝♦♥st❛t❛♥❞♦✲s❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❝❧❛r❛ ❞❡ ❞❡❝rés❝✐♠♦ ❞❡ ❡♥❡r❣✐❛

❞✐ss✐♣❛❞❛✱ t❛❧ ❝♦♠♦ ❛❝♦♥t❡❝✐❛ ♥❛s ♠❛❧❤❛s ❝♦♠ ❝❛♠✐♥❤♦ ❞❡ ❢r❛t✉r❛ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳
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✭❜✮

❋✐❣✉r❛ ✻✳✾✿ ❈✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦✿ ✭❛✮ ▼✶◆❊❀ ✭❜✮ ▼✸◆❊

❆ss✐♠✱ ♣♦❞❡✲s❡ ❛✜r♠❛r q✉❡ ♣❛r❛ ♠❛❧❤❛s ❝♦♠ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦ ❡❧❡✈❛❞♦s✱ ♠❡s♠♦

❝♦♥s✐❞❡r❛♥❞♦ ❡❧❡♠❡♥t♦s ♠❛❧ ♦r✐❡♥t❛❞♦s✱ ❡①✐st❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ❛♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❞❛s ♠❛❧❤❛s ❡str✉t✉r❛❞❛s✳ ◆♦ ❡♥t❛♥t♦ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ♦s❝✐❧❛çõ❡s

✭ú❧t✐♠♦ ✐♥❝r❡♠❡♥t♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✾❜✮ ♣♦❞❡ ❢❛③❡r✲s❡ s❡♥t✐r✱ ❝❛s♦ ♦s ❡❧❡♠❡♥t♦s

❡st❡❥❛♠ ♠❛❧ ♦r✐❡♥t❛❞♦s ❡♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥❝r❡♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✳ ❉❡st❛ ❢♦r♠❛✱

✈❡r✐✜❝❛✲s❡ q✉❡ ❝❛s♦ ♦ r❡✜♥❛♠❡♥t♦ s❡❥❛ ❜❛✐①♦ ❡✴♦✉ ♦s ❡❧❡♠❡♥t♦s ❛♣r❡s❡♥t❡♠ ✉♠❛

♦r✐❡♥t❛çã♦ ✐♥❝♦rr❡t❛✱ ♠❛✐♦r❡s ♦s❝✐❧❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ✐rã♦ s❡r s❡♥t✐❞❛s✳ ❊♠ s✉♠❛✱

❡st❡ ❢❡♥ó♠❡♥♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛tr❛✈és ❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❣rá✜❝♦

❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✵✮✱ ♦♥❞❡ s❡ r❡♣r❡s❡♥t❛ ❛ ❢♦rç❛ ♠á①✐♠❛ ❛t✐♥❣✐❞❛ ❛♦

❧♦♥❣♦ ❞❡ t♦❞❛ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱ ❞❡♥♦♠✐♥❛❞❛ ❞❡ ❢♦rç❛ ❞❡ ♣✐❝♦✳ ➚ ❡①❝❡çã♦ ❞❛s

❛♥á❧✐s❡s ❛♥t❡r✐♦r❡s ♦♥❞❡ ❛ ♠❛❧❤❛ ▼✵◆❊ ❢♦✐ ❛♥❛❧✐s❛❞❛ t❡♥❞♦ ❡♠ ❝♦♥t❛ u = 0.1✱ ❛q✉✐

❝♦♥s✐❞❡r❛✲s❡ ♥❡❝❡ssár✐♦ r❡♣r❡s❡♥t❛r ❡st❛ ♠❡s♠❛ ♠❛❧❤❛ ❝♦♠ ❞❡s❧♦❝❛♠❡♥t♦ u = 0.05 ❝♦♠♦

♣❛râ♠❡tr♦ ❞❡ ❝♦♠♣❛r❛çã♦ ♥❛ ❛♥á❧✐s❡ ❛ s❡r ❡❢❡t✉❛❞❛ ♥❛ s❡❝çã♦ ✻✳✷✳✷✳
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❋✐❣✉r❛ ✻✳✶✵✿ ❈✉r✈❛ ❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ r❡❢❡r❡♥t❡ ❛ ❝❛❞❛ ♠❛❧❤❛ ❡str✉t✉r❛❞❛ ❡ ♥ã♦
❡str✉t✉r❛❞❛ ❛♥❛❧✐s❛❞❛

❚❛❜❡❧❛ ✻✳✸✿ ❊rr♦ ❛ss♦❝✐❛❞♦ à ❢♦rç❛ ❞❡ ♣✐❝♦ ❞❡ r❡❢❡rê♥❝✐❛

▼✸ ▼✸◆❊ ▼✷ ▼✶ ▼✶◆❊ ▼✵◆❊

❋♦rç❛ ❞❡ P✐❝♦ ×10−3 1.19 1.22 1.26 1.38 1.75 2.99

❊rr♦ ➐ 0.00 1.95 5.42 13.47 32.02 60.08

❖❜s❡r✈❡✲s❡ ♦s r❡s✉❧t❛❞♦s ✐❧✉str❛❞♦s ♥❛ ❚❛❜❡❧❛ ✻✳✸✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❢♦rç❛ ❞❡ ♣✐❝♦ ❞❛ ♠❛❧❤❛ ▼✸

❝♦♠♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛✳ P❛r❛ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❡❧❡✈❛❞♦s ✭❝✉r✈❛s

▼✷✱ ▼✸ ❡ ▼✸◆❊✮✱ ❛s ❢♦rç❛s ❞❡ ♣✐❝♦ sã♦ ♣r❛t✐❝❛♠❡♥t❡ ❛s ♠❡s♠❛✱ s✐❣♥✐✜❝❛♥❞♦ ✐st♦ q✉❡ ❛s

❝✉r✈❛s ❞❡ ❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ ❛♣r❡s❡♥t❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦✳ ◆♦

❡♥t❛♥t♦✱ ❛ ❞✐♠✐♥✉✐çã♦ ♣♦r s✐ só ❞♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ✭❝✉r✈❛ ▼✶✮✱ ♠❛♥t❡♥❞♦ ❛ ♦r✐❡♥t❛çã♦

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

❡①✐st✐♥❞♦ ✉♠ ❡rr♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 13.47➐✳ ❆❧✐❛❞♦ ❛ ❡st❛ ❞✐♠✐♥✉✐çã♦✱ ❛ ♥ã♦ ♦r✐❡♥t❛çã♦

❞❡ ❡❧❡♠❡♥t♦s ✭❝✉r✈❛ ▼✶◆❊ ❡ ▼✵◆❊✮ tr❛❞✉③✲s❡ ♥✉♠ ❡rr♦ ♠✉✐t♦ s✉♣❡r✐♦r✱ ❝❤❡❣❛♥❞♦ ❛t✐♥❣✐r

♥❛ ♠❛❧❤❛ ▼✵◆❊ ✉♠ ✈❛❧♦r ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 60.08➐✳

❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦✱ ❡st❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❡ ✈❛❧♦r❡s ♦❜s❡r✈❛❞❛ tr❛❞✉③✲s❡

♥✉♠ ❡rr♦ ❜❛st❛♥t❡ ❝♦♥s✐❞❡rá✈❡❧✳ ❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ❛ ❞✐❢❡r❡♥❝✐❛çã♦ ❞❡ ♠❛❧❤❛s t❡♥❞♦ ❡♠

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

❝♦♥❢♦r♠❡ s❡ ❝♦♥st❛t❛ ♣❡❧❛ ♠❛❧❤❛ ▼✸◆❊✳ ❆ ♦r✐❡♥t❛çã♦ ✐♥❝♦rr❡t❛ ❞❡ ❡❧❡♠❡♥t♦s

❛♣r❡s❡♥t❛✲s❡ ❝♦♠♦ ❢❛t♦r ✐♠♣♦rt❛♥t❡ ♥♦ ❛❢❛st❛♠❡♥t♦ ❡♥tr❡ ❝✉r✈❛s✳ ❆ss✐♠✱ ❝♦♥st❛t❛✲s❡ q✉❡



✼✵ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❛ ❝♦♥❥✉❣❛çã♦ ❞❡st❡s ❞♦✐s ❢❛t♦r❡s ♠❡♥❝✐♦♥❛❞♦s✱ ✐♠♣♦ss✐❜✐❧✐t❛ ❛ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛✳ ❉❡st❛

❢♦r♠❛✱ ♣r❡t❡♥❞❡✲s❡ q✉❡ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞♦ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❧♦❝❛❧ à ♠❛❧❤❛

▼✵◆❊✱ s❡❥❛ ♣♦ssí✈❡❧ ♦❜t❡r r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s ❛♦s ❞❛s r❡st❛♥t❡s ♠❛❧❤❛s✱ ❛♣r♦①✐♠❛♥❞♦

❛s ❝✉r✈❛s ❞❡ ♣r♦♣❛❣❛çã♦✱ s❡♠ q✉❡ ❡①✐st❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ❝♦♥s✐❞❡r❛r ✉♠ r❡✜♥❛♠❡♥t♦

❡❧❡✈❛❞♦ ❡♠ t♦❞♦ ♦ ❞♦♠í♥✐♦ ❞❛ ♠❛❧❤❛✳

✻✳✷✳✷ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❝♦♠ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦

❈♦♥❢♦r♠❡ r❡❢❡r✐❞♦✱ ♣r❡t❡♥❞❡✲s❡ ❞❡♠♦♥str❛r ❝♦♠ ❡st❡ ♣r✐♠❡✐r♦ ❡①❡♠♣❧♦ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛

❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❝♦♠ ❛ ❛♣❧✐❝❛çã♦ ❞♦ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r❡✲s❡ ❛

♠❛❧❤❛ ♠❛✐s ❣r♦ss❡✐r❛ ▼✵◆❊ ❝♦♠♦ ♠❛❧❤❛ ❜❛s❡✳ ◆❡st❛✱ ♣r♦♣õ❡✲s❡ ❛ s❡❣✉✐♥t❡ ♦r❞❡♠ ❞❡

tr❛❜❛❧❤♦s✿ ✭✶✮ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❤❀ ✭✷✮ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞❡

❡❧❡♠❡♥t♦s❀ ✭✸✮ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛✳ ◆❛ s❡❝çã♦ ✻✳✷✳✸ ❝♦♠♣❛r❛♠✲s❡ t♦❞♦s ♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛s ❞✐❢❡r❡♥t❡s ❡str❛té❣✐❛s ❛❞♦t❛❞❛s✳ ◆♦t❡✲s❡ q✉❡ ♥❛s ❛♥á❧✐s❡s

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

s♦❜r❡❝❛rr❡❣❛r ♦ ❞♦❝✉♠❡♥t♦✳ P♦r ú❧t✐♠♦✱ s❛❧✐❡♥t❛✲s❡ q✉❡ ♥❛s ❛♥á❧✐s❡s q✉❡ s❡ s❡❣✉❡♠✱

r❡❞✉③✐✉✲s❡ ♣❛r❛ ♠❡t❛❞❡ ♦ ♣❛ss♦ ❞❡ ❝❛r❣❛ ❞❡ ♠♦❞♦ ❛ ♣❡r♠✐t✐r ✉♠❛ ❛♣❧✐❝❛çã♦ ♠❛✐s ❡❢❡t✐✈❛

❞❛s té❝♥✐❝❛s ❛❞❛♣t❛t✐✈❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❞❡ ♠❛❧❤❛ ♣r❡❝♦♥✐③❛❞❛s✳

✻✳✷✳✷✳✶ ❉❡✜♥✐çã♦ ❞❛ ❩♦♥❛ ❈rít✐❝❛

❚♦❞❛s ❛s ❛♣❧✐❝❛çõ❡s sã♦ ❡①❡❝✉t❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥t❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❛râ♠❡tr♦ ❡♥❡r❣ét✐❝♦

❡❧❡♠❡♥t❛r✱ pe = 7 × 10−5✱ s❡♥❞♦ ❡st❡ ✉♠ ✈❛❧♦r ❡st✐♠❛❞♦ ❡♠♣✐r✐❝❛♠❡♥t❡✳ ◆♦t❡✲s❡ q✉❡ ♦

♣❛râ♠❡tr♦ ✐❞❡♥t✐✜❝❛❞♦ ♣♦❞❡ ✈❛r✐❛r ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❛❜r❛♥❣ê♥❝✐❛ q✉❡ ♦ ✉t✐❧✐③❛❞♦r ♣r❡t❡♥❞❡

♣❛r❛ ❞❡t❡r♠✐♥❛❞❛ ❛♣❧✐❝❛çã♦✳ ❆ ❋✐❣✉r❛ ✻✳✶✶ ✐❧✉str❛ ❛ ♣r✐♠❡✐r❛ ③♦♥❛ ❝rít✐❝❛ ✐❞❡♥t✐✜❝❛❞❛ ❡♠

t♦❞❛s ❛s ❛♣❧✐❝❛çõ❡s✳ ◆❡st❛✱ ❝♦♥st❛t❛✲s❡ ✉♠❛ ❞❡✜♥✐çã♦ ❞❡ ③♦♥❛s ❡s♣❡❝í✜❝❛s ❞❡ ❛♥á❧✐s❡✱ s❡♥❞♦

♦s ❡❧❡♠❡♥t♦s ❞❡ ❝♦r ✈❡r♠❡❧❤❛ ✐♥❞✐❝❛❞♦r❡s ❞♦s ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ✐♥✐❝✐❛❧♠❡♥t❡ ❞❡✜♥✐❞♦s✳ ❆

r❡❣✐ã♦ é ❡①♣❛♥❞✐❞❛ ❛té ♣❡r❢❛③❡r ✉♠❛ ár❡❛ ♣r❡✈✐sí✈❡❧ ❞❡ ♣♦ssí✈❡❧ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❊st❛

✈❛✐ ❡✈♦❧✉✐♥❞♦ à ♠❡❞✐❞❛ q✉❡ ♦s ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ✈ã♦ s❡♥❞♦ ✐♠♣♦st♦s✳ ❚♦❞♦s

♦s ❡❧❡♠❡♥t♦s ❞❡ ❝♦r ❛③✉❧ ❡s❝✉r♦ ♥ã♦ ♣❡rt❡♥❝❡♠ à ③♦♥❛ ❧♦❝❛❧ ❞❡ ❛♥á❧✐s❡✳

❋✐❣✉r❛ ✻✳✶✶✿ ❩♦♥❛ ❝rít✐❝❛ ✐♥✐❝✐❛❧ u = 0



✻✳✷ ❊①❡♠♣❧♦ ✶ ✼✶

✻✳✷✳✷✳✷ Pr♦♣❛❣❛çã♦ ❚♦t❛❧ ❞❡ ❋❡♥❞❛ ❈♦♥s✐❞❡r❛♥❞♦ ❉✐❢❡r❡♥t❡s ❆♣❧✐❝❛çõ❡s

❙❡❣✉✐♥❞♦ ❛ ♦r❞❡♠ ❞❡ tr❛❜❛❧❤♦s ❞❡✜♥✐❞❛ ❛♥t❡r✐♦r♠❡♥t❡✱ ✐❧✉str❛♠✲s❡ ♦s r❡s✉❧t❛❞♦s ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♦❜t✐❞♦s✳ ❊♠ ❝❛❞❛ ❛♣❧✐❝❛çã♦✱ ✐❧✉str❛♠✲s❡ ❛s ③♦♥❛s ❝rít✐❝❛s

r❡❢❡r❡♥t❡s ❛ q✉❛tr♦ ♣❛ss♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s u ✐♠♣♦st♦s ✭✵✳✷✺❀ ✵✳✺❀ ✵✳✼✺❀ ✶✳✵✵✮ ❡

♣r♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢❡♥❞❛✳

✶✳ ❆♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❤✳ ❆tr❛✈és ❞❡st❛ ♣r❡t❡♥❞❡✲s❡ ♦❜t❡r ♦

♠❡s♠♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❡①✐st❡♥t❡ ♥❛s ♠❛❧❤❛s ▼✶◆❊ ❡ ▼✸◆❊✳ P❛r❛ t❛❧✱ ❞❡✜♥❡✲s❡

♦ ♣❛râ♠❡tr♦ ph
✶ ❝♦♠ ♦s s❡❣✉✐♥t❡s ✈❛❧♦r❡s✿ ✭✐✮ ✵✳✶❀ ❡ ✭✐✐✮ ✵✳✵✷✺✱ r❡s♣❡t✐✈❛♠❡♥t❡✳

0.25 0.50

0.75 1.00

✭❛✮
0.25 0.50

0.75 1.00

✭❜✮

❋✐❣✉r❛ ✻✳✶✷✿ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ ❝♦♥s✐❞❡r❛♥❞♦ ✐s♦❧❛❞❛♠❡♥t❡✱ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡
r❡✜♥❛♠❡♥t♦ ❤ ♥❛ ♠❛❧❤❛ ▼✵◆❊✿ ✭❛✮ ph = 0.1❀ ✭❜✮ ph = 0.025

✶ P❛râ♠❡tr♦ ❛ss♦❝✐❛❞♦ ❛♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❡✜♥✐❞♦ ♣❡❧♦ ✉t✐❧✐③❛❞♦r ✭✈❡r s❡❝çã♦ ✺✳✹✳✸✮



✼✷ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

✷✳ ❆♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✳ ❆tr❛✈és ❞❡st❛ ♣r❡t❡♥❞❡✲

s❡ ♦❜t❡r ✉♠ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s t❡♥sõ❡s ❞❡ tr❛çã♦

❡①✐st❡♥t❡s✳ ❊st❛s sã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✻✳✶✸✱ ✐❧✉str❛♥❞♦ ❛s ♦r✐❡♥t❛çõ❡s ♥♦

✐♥❝r❡♠❡♥t♦ ♦♥❞❡ ♦❝♦rr❡ ❛ ♣r✐♠❡✐r❛ ❞✐✈✐sã♦ ❞❡ ❡❧❡♠❡♥t♦s✳ ❙❛❧✐❡♥t❛✲s❡ ♦ ♠♦❞❡❧♦ ❛❝❛❜❛

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

❞❛ ❡①✐stê♥❝✐❛ ❞❡ ❝❛♠✐♥❤♦✱ ❛ ❢❡♥❞❛ ♥ã♦ s❡ ♣r♦♣❛❣❛ ❝♦♠♦ s❡r✐❛ ❡①♣❡❝tá✈❡❧✳

Tensões Principais

Orientação e Divisão

tração

compressão

❋✐❣✉r❛ ✻✳✶✸✿ ❆♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s

❉❡s❞❡ ❥á r❡❢❡r❡✲s❡✱ q✉❡ ❞❡✈✐❞♦ ❛♦ r❡s✉❧t❛❞♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♦❜t✐❞♦ ♣❛r❛ ▼✵◆❊❴❖✱ ❡st❛

❛♣❧✐❝❛çã♦ ♥ã♦ s❡rá ❛♥❛❧✐s❛❞❛ ❝♦♠ ❞❡t❛❧❤❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛♣r❡s❡♥t❛✲s❡ ♦ s❡✉ r❡s✉❧t❛❞♦

❝♦♠♦ ❢❛t♦r ❞❡ ❝♦♠♣❛r❛çã♦✳
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✸✳ ❆♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❞✐s♣♦♥í✈❡✐s✳ ❆tr❛✈és ❞❡st❛s✱

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

❡❧❡♠❡♥t♦s ❛♣ós r❡✜♥❛♠❡♥t♦ ❤✳ ❆ss✐♠✱ ❛ ❋✐❣✉r❛ ✻✳✶✹❛ r❡♣r❡s❡♥t❛ ❛ ♣r♦♣❛❣❛çã♦ ❞❡

❢❡♥❞❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ph = 0.1 ❡♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ✻✳✶✹❜ ✐❧✉str❛ ❛ ♣r♦♣❛❣❛çã♦

❞❡ ❢r❛t✉r❛ ❝♦♥s✐❞❡r❛♥❞♦ ph = 0.025✳

0.25 0.50

0.75 1.00

✭❛✮
0.25 0.50

0.75 1.00

✭❜✮

❋✐❣✉r❛ ✻✳✶✹✿ Pr♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❡ ❛♠❜❛s ❛s
❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ♥❛ ♠❛❧❤❛ ▼✵◆❊✿ ✭❛✮ ph = 0.1❀ ✭❜✮ ph = 0.025

❈♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ♦s ❞♦✐s ❝❛s♦s ❞❡ ❡st✉❞♦ ❛♥❛❧✐s❛❞♦s ❝♦♠ s✉❝❡ss♦ ✭♣♦♥t♦ ✶ ❡ ✸✮✱

❝♦♥stró✐✲s❡ ❛ ❚❛❜❡❧❛ ✻✳✹✳ ◆❡st❛✱ r❡♣r❡s❡♥t❛✲s❡ ♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉✐♥t❡s

❡ ◆●▲ ❛ss♦❝✐❛❞♦s✱ r❡❧❛t✐✈❛♠❡♥t❡ à ♠❛❧❤❛ ▼✵◆❊ ❛❞❛♣t❛❞❛✳ ❆q✉✐ ❝♦♥st❛t❛✲s❡ q✉❡

❛❞❛♣t❛çã♦ ♠♦r❢♦❧ó❣✐❝❛ ❞❛ ♠❛❧❤❛✱ ♥ã♦ ♣❡♥❛❧✐③❛ ❡♠ ❡①❝❡ss♦ ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s

❝♦♥st✐t✉✐♥t❡s✱ ❢❛❝❡ às ♠❛❧❤❛s ♦r✐❣✐♥❛✐s ♣❛r❛ ❛q✉❡❧❡ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞♦t❛❞♦ ✭✈❡r

❚❛❜❡❧❛ ✻✳✷✮✱ ✈❡r✐✜❝❛♥❞♦✲s❡ ❛ss✐♠✱ ✉♠ ❝♦♠♣r♦♠✐ss♦ ❡♠ t❡r♠♦s ❞❡ ❝♦♥tr♦❧♦ ❞❡ ◆●▲✳



✼✹ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❚❛❜❡❧❛ ✻✳✹✿ ❆♥á❧✐s❡ ❞❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ♠❛❧❤❛ ▼✵◆❊ t❡♥❞♦ ❡♠
❝♦♥t❛ ❞✐❢❡r❡♥t❡s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✭✈❛❧♦r❡s ♠é❞✐♦s t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ ♣r♦❝❡ss♦
✐♥❝r❡♠❡♥t❛❧✮

▼❛❧❤❛ ❚✐♣♦s ❞❡ ❊❧❡♠❡♥t♦s ph
◆ú♠❡r♦ ❞❡ ❊❧❡♠❡♥t♦s ◆●▲ ✭♠é❞✐♦✮

✭♠é❞✐♦✮ ●❧♦❜❛❧ ▲♦❝❛❧

▼✵◆❊❴❘

❧✐♥❡❛r

✵✳✶ ✸✹✵ ✷✵✸✵ ✶✽✷✺

✵✳✵✷✺ ✻✼✽ ✹✵✺✼ ✸✼✵✸

▼✵◆❊❴❘❖
✵✳✶ ✶✺✷✹ ✾✶✸✹ ✽✻✾✾

✵✳✵✷✺ ✷✽✽✺ ✶✼✸✵✶ ✶✻✺✹✾

✻✳✷✳✸ ❈♦♠♣❛r❛çã♦ ❞❡ ❘❡s✉❧t❛❞♦s

❈♦♥s✐❞❡r❛♥❞♦ ❛s ♣r♦♣❛❣❛çõ❡s ✜♥❛✐s ❞❡ ❢r❛t✉r❛ ✐❧✉str❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✱ s✉♠❛r✐③❛♠✲s❡

❛q✉✐ ❛❧❣✉♠❛s ❝♦♥❝❧✉sõ❡s r❡❧❡✈❛♥t❡s✳ ❆ ♣r✐♠❡✐r❛ ♦❜s❡r✈❛çã♦ ❛ s❡r ❢❡✐t❛✱ r❡✈❡❧❛✲s❡ ❜❛st❛♥t❡

❛♥✐♠❛❞♦r❛✳ ➚ ❡①❝❡çã♦ ❞❛ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✱ ♦

❛✉♠❡♥t♦ ❧♦❝❛❧ ❞♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦✱ ♣♦r s✐ só✱ tr❛❞✉③ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛♥á❧✐s❡ ❞❛

♠❛❧❤❛ ▼✵◆❊✱ ♦♥❞❡ ❡st❛ ❛❝❛❜❛✈❛ ♣♦r ❢r❛t✉r❛r t♦t❛❧♠❡♥t❡ ♠❡s♠♦ ❛♥t❡s ❞❡ ❛t✐♥❣✐r ♦

♥ú♠❡r♦ ❞❡ ✐♥❝r❡♠❡♥t♦s t♦t❛❧ ❞❡✜♥✐❞♦✳ ❉❡ ❢❛❝t♦✱ ❛ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡

r❡✜♥❛♠❡♥t♦ ❤ r❡✈❡❧❛ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s ✭ph = 0.1 ❡ ph = 0.025✮✱ ✉♠❛ t❡♥❞ê♥❝✐❛ ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ♣❡r♣❡♥❞✐❝✉❧❛r à ❞✐r❡çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s✳ ❆✐♥❞❛ ❛ss✐♠✱

❝♦♥st❛t❛✲s❡ ❛❧❣✉♠❛ ✐rr❡❣✉❧❛r✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦✳ ❊st❛ é ♦❜s❡r✈❛❞❛ ♣❡❧❛s ♦s❝✐❧❛çõ❡s

s❡♥t✐❞❛s ♥❛s ❝✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛✱ ❝♦♥❢♦r♠❡ s❡ ✐❧✉str❛ ♥❛ ❋✐❣✉r❛ ✻✳✶✺✱ ♦♥❞❡ ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ ❣❛st♦ ❡♥❡r❣ét✐❝♦ ❡♠ tr❛♥s♣♦r ❡❧❡♠❡♥t♦s ♠❛❧ ♦r✐❡♥t❛❞♦s é ❛✐♥❞❛ ♥♦tór✐♦✳

❖❜s❡r✈❛✲s❡ ❛✐♥❞❛ ❛ ♠❡♥♦r ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♥✉♠❛ ❢❛s❡ ✐♥✐❝✐❛❧ ❝♦♥s✐❞❡r❛♥❞♦ ph = 0.1
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❆ ❛♣❧✐❝❛çã♦ ✐s♦❧❛❞❛ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s r❡✈❡❧❛✲s❡ ✐♥s✉✜❝✐❡♥t❡✳

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

❡str❛té❣✐❛✱ ❛ ♠❛❧❤❛ ❛❝❛❜❛ ♣♦r ❢r❛t✉r❛r✳ ❯♠❛ ♣♦ssí✈❡❧ ❥✉st✐✜❝❛çã♦ ♣❛r❛ ❛ ♦❝♦rrê♥❝✐❛ ❞❡st❡

❢❡♥ó♠❡♥♦ ❞❡✈❡✲s❡ ❡♠ ❝❡rt❛ ♠❡❞✐❞❛ à ❞✐♠❡♥sã♦ ❛✐♥❞❛ ❝♦♥s✐❞❡rá✈❡❧ ❞♦s ❡❧❡♠❡♥t♦s✱ ♠♦t✐✈♦

♣❡❧♦ q✉❛❧✱ ❛ ❢❡♥❞❛ ♥ã♦ t❡♥❞❡ ❛ ♣r♦♣❛❣❛r ❝♦♠♦ s❡r✐❛ ❡①♣❡❝tá✈❡❧✳ ◆♦ ❡♥t❛♥t♦✱ ❝❛s♦ s❡

❝♦♥s✐❞❡r❡ ❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❡ ❛♠❜❛s ❛s ❡str❛té❣✐❛s✱ ♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❡ ♣r♦♣❛❣❛çã♦

t❡♥❞❡ ❛ ♠❡❧❤♦r❛r s❛t✐s❢❛t♦r✐❛♠❡♥t❡✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛

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

❛ss✐♥❛❧á✈❡❧ ♥❛ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡✈✐❞♦ à ❛❞✐çã♦ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡
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✼✻ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

❈♦♥❢♦r♠❡ ❡①♣❡❝tá✈❡❧✱ ❛s ❝✉r✈❛s ❞❡ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✼✮ t❡♥❞❡♠

♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❛ ❧✐♥❡❛r✐③❛r ♣❛r❛ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦ ♠❛✐s ❡❧❡✈❛❞♦s✱ ❞❡✈✐❞♦ à

♦r✐❡♥t❛çã♦ ❝♦rr✐❣✐❞❛ ❞❡ ❡❧❡♠❡♥t♦s✳ ❆✐♥❞❛ ❛ss✐♠✱ ❛ ❝✉r✈❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❝♦♥❥✉♥t♦

❝♦♥s✐❞❡r❛♥❞♦ ph = 0.1 ❛✐♥❞❛ ❛♣r❡s❡♥t❛ ♦s❝✐❧❛çõ❡s ❛ss✐♥❛❧á✈❡✐s✳ ◗✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ♦s

♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✭❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❞❡ r❡✜♥❛♠❡♥t♦ ♣❛r❛

ph = 0.025✮ ❝♦♠ ♦s ❞❛s ♠❛❧❤❛s ▼✸✱ ▼✸◆❊ ❡ ❬✷✶❪ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✽✮✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛s

❝✉r✈❛s ❞❡ ♣r♦♣❛❣❛çã♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✽✮ t❡♥❞❡♠ ❛ ❛♣r❡s❡♥t❛r✱ ❡♠ r❡❣r❛✱ ♦ ♠❡s♠♦

❝♦♠♣♦rt❛♠❡♥t♦✱ ♠✉✐t♦ ❡♠❜♦r❛✱ ❡①✐st❛ ✉♠ ❧✐❣❡✐r♦ ❛✉♠❡♥t♦ ❞❡ ♦s❝✐❧❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦

♣r♦❝❡ss♦ ❞❡ ❢❡♥❞✐❧❤❛çã♦ r❡❧❛t✐✈❛♠❡♥t❡ à ❝✉r✈❛ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❝♦♥❥✉♥t❛ ▼✵◆❊❴❘❖✵✳✵✷✺✳
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❋✐❣✉r❛ ✻✳✶✽✿ ❈♦♠♣❛r❛çã♦ ✜♥❛❧ ❞❡ ♣r♦♣❛❣❛çõ❡s

P♦r ú❧t✐♠♦✱ ✐❧✉str❛✲s❡ ❛ ❝✉r✈❛ ❋♦rç❛✲❉❡s❧♦❝❛♠❡♥t♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✾✮ ✜♥❛❧ ✭r❡❧❛t✐✈❛ à ♠❛❧❤❛

▼✵◆❊❴❘❖✵✳✵✷✺✮✳ ❆tr❛✈és ❞❡st❛ ♦❜s❡r✈❛✲s❡ ✉♠❛ r❡❞✉çã♦ s✐❣♥✐✜❝❛t✐✈❛ ❢❛❝❡ à ❢♦rç❛ ❞❡ ♣✐❝♦

♦❜t✐❞❛ ❛♥t❡r✐♦r♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✻✳✶✵✮ tr❛❞✉③✐♥❞♦✲s❡ ❛❣♦r❛ ♥✉♠ ❡rr♦✱ r❡❧❛t✐✈❛♠❡♥t❡ à ❢♦rç❛

❞❡ ♣✐❝♦ ❞❡ r❡❢❡rê♥❝✐❛ ✭▼✸✮✱ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✽✳✽✵➐✳ ❉❡ ❢❛❝t♦✱ ❛ ❞✐♠✐♥✉✐çã♦ ❛ss✐♥❛❧á✈❡❧

❞♦ ✈❛❧♦r r❡s✉❧t❛ ❞❛ ❡str❛té❣✐❛ ❞❡❧✐♥❡❛❞❛ ♣❛r❛ ❞❡✜♥✐çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❝rít✐❝♦s ✐♥✐❝✐❛s ✭✈❡r

s❡❝çã♦ ✺✳✹✳✷ ❡q✉❛çã♦ ✭✺✳✹✮✮✳

❊♠ s✉♠❛✱ ❝♦♥st❛t❛✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✱ ♣♦❞❡♠ s❡r ❥✉st✐✜❝❛❞♦s ♣❡❧❛s ❡t❛♣❛s ❞❡

r❡✜♥❛♠❡♥t♦ ❛❞♦t❛❞❛s✳ ◆❛s ❛♣❧✐❝❛çõ❡s ❛♥❛❧✐s❛❞❛s ✈❡r✐✜❝❛✲s❡ ❛♦ ❧♦♥❣♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡

❢❡♥❞❛✱ ✉♠❛ ♣❡r❞❛ ❞❡ q✉❛❧✐❞❛❞❡ ❞❡ ♦r✐❡♥t❛çã♦✳ ❉❡ ❢❛❝t♦✱ ♦ r❡sí❞✉♦ ❞❡ ❛❞❛♣t❛çã♦ ❞❡ ♠❛❧❤❛

❥✉♥t♦ à ❢❡♥❞❛ ♣r♦♣❛❣❛❞❛ r❡✈❡❧❛✲s❡ ✉♠ ♣♦ssí✈❡❧ ♣r♦❜❧❡♠❛ ❛ r❡s♦❧✈❡r✳ ❆ ❛❞❛♣t❛çã♦ ❝♦♥st❛♥t❡

❞❛ ♠❛❧❤❛ ♣❡♥❛❧✐③❛ ❡♠ ❡①❝❡ss♦ ❛ q✉❛❧✐❞❛❞❡ ✐♥✐❝✐❛❧ ❞❛ ♠❡s♠❛✳ ➚ ♠❡❞✐❞❛ q✉❡ ❛ ❢❡♥❞❛ s❡

♣r♦♣❛❣❛✱ ❛s ❛ss✐♠❡tr✐❛s ✈ã♦ s❡♥❞♦ ♠❛✐s ❡✈✐❞❡♥t❡s✱ ♣r♦✈♦❝❛♥❞♦ ✐♥✈❛r✐❛✈❡❧♠❡♥t❡ ✉♠❛ ❛♥á❧✐s❡

✐♥❞❡s❡❥❛❞❛ ❞♦ ♣r♦❜❧❡♠❛✳
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◆❡st❡ s❡❣✉♥❞♦ ❡①❡♠♣❧♦ ❝♦♥s✐❞❡r❛✲s❡ ✉♠❛ ❝❤❛♣❛ ✜♥❛ r❡t❛♥❣✉❧❛r ❞❡ L×2b ✭✈❡r ❋✐❣✉r❛ ✻✳✷✵✮✳

❊st❛ é ❝♦♥st✐t✉í❞❛ ♣♦r ♠❛t❡r✐❛❧ ❡❧ást✐❝♦✱ ❝♦♠ ♠ó❞✉❧♦ ❞❡ ❨♦✉♥❣ E = 1.0 ❡ ❝♦❡✜❝✐❡♥t❡ ❞❡

P♦✐ss♦♥ ν = 0.2✳ ❆ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ é Gc = 0.01✳ ❆♣r❡s❡♥t❛ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠

❡♥t❛❧❤❡ ❞❡ a = 1✱ ✐❧✉str❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❢❡♥❞❛ ✐♥✐❝✐❛❧ ♣❛r❛❧❡❧❛ r❡❧❛t✐✈❛♠❡♥t❡ ❛ ❢❛❝❡

s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞❛ ❝❤❛♣❛✳ ❆ ❧❛r❣✉r❛ ❞❛ ❝❤❛♣❛ é L = 3 s❡♥❞♦ ♠❡t❛❞❡ ❞❛ s✉❛ ❛❧t✉r❛ b = 1✳

❊st❛ ❝♦♥té♠ ♥♦s s❡✉s t♦♣♦s ❞✉❛s ♣❧❛❝❛s rí❣✐❞❛s ❞❡ ❛❧t✉r❛ c = 0.5✱ ♥❛s q✉❛✐s sã♦ ✐♠♣♦st♦s ♦s

❞❡s❧♦❝❛♠❡♥t♦s u✱ ❝✉❥❛ ♦r✐❡♥t❛çã♦ é ❞❡✜♥✐❞❛ ♣❡❧♦ â♥❣✉❧♦ α✳ ❊st❛s ♣❧❛❝❛s ❛♣r❡s❡♥t❛♠ ❣r❛♥❞❡

r❡s✐stê♥❝✐❛ ✭Gc→∞✮✱ ✐♥✈✐❛❜✐❧✐③❛♥❞♦ ♦ ♣♦ssí✈❡❧ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❢❡♥❞❛s ❥✉♥t♦ às ③♦♥❛s ❞❡

❛♣❧✐❝❛çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s✳ ❖ ❡st✉❞♦ ❡❢❡t✉❛❞♦ ❝❡♥tr❛✲s❡ ♥❛ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛✿ ✭✶✮ s❡♠

❛♣❧✐❝❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦❀ ❡ ✭✷✮ ❝♦♠ ❛♣❧✐❝❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✿

✶✳ ♠♦❞❡❧❛✲s❡ ❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛ ❛tr❛✈és ❞❡ q✉❛tr♦ ♠❛❧❤❛s ❝♦♠ ♥í✈❡✐s ❞❡

r❡✜♥❛♠❡♥t♦ ❞✐st✐♥t♦s✳ ❊st❛s sã♦ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s s❡♠ ❝❛♠✐♥❤♦ ❞❡

♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳ ❙♦❜r❡ ❡st❛s✱ ✐♠♣õ❡♠✲s❡ ❞❡s❧♦❝❛♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s

â♥❣✉❧♦s α✿ ✭✐✮ 90◦ ❀ ✭✐✐✮ 45◦❀ ✭✐✐✐ ✮7◦❀ ❡ ✭✐✈✮ 0◦✱ ❞❡ ♠♦❞♦ ❛❢❡r✐r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛❀

✷✳ ❛tr❛✈és ❞❛ ♠❛❧❤❛ ❝♦♠ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ✐♥❢❡r✐♦r✱ ❛♥❛❧✐s❛✲s❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛

❢❡rr❛♠❡♥t❛ ❞❡s❡♥✈♦❧✈✐❞❛✱ ❢❛❝❡ ❛♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥♦ ♣♦♥t♦ ✶✳

◆♦t❡✲s❡✱ q✉❡ ♦ ❢❛t♦r ❞❡ ♠❛✐♦r r❡❧❡✈â♥❝✐❛ ♥❡st❡ ❡st✉❞♦ ♣❛ss❛ ♣❡❧❛ ♦❜s❡r✈❛çã♦ ❞♦ ❝❛♠✐♥❤♦

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱ t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛ ♦r✐❡♥t❛çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s✳
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u

u

α

α

θ

b

b

L

a

c

c

Gc → ∞

Gc → ∞

❋✐❣✉r❛ ✻✳✷✵✿ ●❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛

❊♠ ❛♠❜♦s ♦s ❝❛s♦s ❞❡ ❛♥á❧✐s❡✱ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s sã♦ ❝♦♠♣❛r❛❞♦s ❝♦♠ ♦s ❡①✐st❡♥t❡s ❡♠

❬✸✽❪✳ ❆ ❛♥á❧✐s❡ ❡❢❡t✉❛❞❛ ❝♦♥s✐❞❡r❛ ✉♠ ♣❛ss♦ ❞❡ ✐♥❝r❡♠❡♥t♦ ❞❡ ✈❛❧♦r u = 0.025✳ ❙❛❧✐❡♥t❛✲s❡

q✉❡ ♦ ✈❛❧♦r ❡st✐♣✉❧❛❞♦ ♥ã♦ ❝♦rr❡s♣♦♥❞❡ ❛ ♥❡♥❤✉♠❛ r❡❢❡rê♥❝✐❛ ❡♠ ❬✸✽❪✱ s❡♥❞♦ ❡st❡ ✉♠ ♣❛ss♦

❞❡ ❞❡s❧♦❝❛♠❡♥t♦ s✉❣❡r✐❞♦✳ ◆♦t❡✲s❡ q✉❡ ♦ ♣r♦❜❧❡♠❛ ❡♠ ❛♥á❧✐s❡ ♠♦❜✐❧✐③❛ ❡ss❡♥❝✐❛❧♠❡♥t❡ ♦

♠♦❞♦ ❞❡ ❢r❛t✉r❛ ■✱ q✉❛♥❞♦ α = 90◦✱ ♠♦❞♦ ■■✱ q✉❛♥❞♦ α = 0◦✱ ♦✉ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡

❛♠❜♦s✱ ♣❛r❛ â♥❣✉❧♦s α ✐♥t❡r♠é❞✐♦s ✭✈❡r ❋✐❣✉r❛ ✷✳✷✮✳

✻✳✸✳✶ ❆♥á❧✐s❡ ❞❡ Pr♦♣❛❣❛çã♦ ❞❡ ❋r❛t✉r❛ s❡♠ ❆♣❧✐❝❛çã♦ ❞❡ ❘❡✜♥❛♠❡♥t♦

❆❞❛♣t❛t✐✈♦

❆ ❛♥á❧✐s❡ é r❡❛❧✐③❛❞❛ tr❛✈és ❞❡ q✉❛tr♦ ♠❛❧❤❛s✱ ❝♦♥st✐t✉í❞❛s ♣♦r ❡❧❡♠❡♥t♦s tr✐❛♥❣✉❧❛r❡s

❞❡ ✸✲♥ós✿ ✭✐✮ ▼✵◆❊❀ ✭✐✐✮ ▼✶◆❊❀ ✭✐✐✐✮ ▼✷◆❊❀ ❡ ✭✐✈✮ ▼✸◆❊✳ ❊st❛s ♠❛❧❤❛s ❡♥❝♦♥tr❛♠✲s❡

r❡♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✻✳✷✶✱ ❡st❛♥❞♦ ❛s s✉❛s ❝❛r❛❝t❡ríst✐❝❛s ✭❞✐♠❡♥sõ❡s✱ ♥✉♠❡r♦ t♦t❛❧ ❞❡

❡❧❡♠❡♥t♦s ❡ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡✮ s✉♠❛r✐③❛❞❛s ♥❛ ❚❛❜❡❧❛ ✻✳✺✳

❚❛❜❡❧❛ ✻✳✺✿ ❆♥á❧✐s❡ ❞❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ♠❛❧❤❛s

▼❛❧❤❛ ❚✐♣♦s ❞❡ ❊❧❡♠❡♥t♦s ❤ ◆ú♠❡r♦ ❞❡ ❊❧❡♠❡♥t♦s
◆●▲

●❧♦❜❛❧ ▲♦❝❛❧

▼✵◆❊

❧✐♥❡❛r

✵✳✷✺ ✸✻✽ ✷✵✻✵ ✷✵✾✻

▼✶◆❊ ✵✳✶ ✷✸✶✷ ✶✸✺✵✵ ✶✸✺✾✷

▼✷◆❊ ✵✳✵✺ ✾✹✻✹ ✺✻✵✷✻ ✺✻✷✷✹

▼✸◆❊ ✵✳✵✷✺ ✸✼✾✷✽ ✷✷✻✵✺✹ ✷✷✻✹✹✽



✻✳✸ ❊①❡♠♣❧♦ ✷ ✼✾

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

❋✐❣✉r❛ ✻✳✷✶✿ ❉✐s❝r❡t✐③❛çã♦ ❞❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛✿ ✭❛✮ ▼✵◆❊❀ ✭❜✮ ▼✶◆❊❀ ✭❝✮ ▼✷◆❊❀ ✭❞✮
▼✸◆❊

❋✐♥❛❧♠❡♥t❡✱ ♥❛ ❋✐❣✉r❛ ✻✳✷✷ ✐❧✉str❛✲s❡ ❛ ♦r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢❡♥❞❛ ♣❛r❛ ❛s q✉❛tr♦ ♠❛❧❤❛s

t❡st❛❞❛s✱ ❝♦♠♣❛r❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛s ③♦♥❛s ❡①✐st❡♥t❡s ❡♠ ❬✸✽❪✱ ❛♥❛❧✐s❛♥❞♦✲

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

♦r✐❡♥t❛çõ❡s ♦❜t✐❞❛s ❢❛❝❡ à ❛♣❧✐❝❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ❞❡s❧♦❝❛♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s✱

♣♦❞❡ s❡ ❝♦♥❝❧✉✐r✿

❼ ♣❛r❛ α = 90◦✱ ❛ ❢❡♥❞❛ ♣r♦♣❛❣❛✲s❡ ❛ ♣❛rt✐r ❞❛ ❢❡♥❞❛ ❥á ❡①✐st❡♥t❡ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦

❤♦r✐③♦♥t❛❧ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✷❛✮✳ ❈♦♥t✉❞♦✱ ❛ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ❢❡♥❞❛

r❡s✉❧t❛♥t❡ ❞❛ ❛♥á❧✐s❡ ▼✵◆❊ t❡♥❞❡ ❛❢❛st❛r✲s❡ ❞❛ ③♦♥❛ ❡①♣❡❝tá✈❡❧✱ ♦❜s❡r✈❛♥❞♦✲s❡ ✉♠❛

❝❧❛r❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛❀

❼ ♣❛r❛ α = 45◦✱ ❛ ❢❡♥❞❛ ♣r♦♣❛❣❛✲s❡ ❛ ♣❛rt✐r ❞❛ ❢❡♥❞❛ ❥á ❡①✐st❡♥t❡✱ ❝♦♥❢❡r✐♥❞♦ ✉♠

❞❡t❡r♠✐♥❛❞♦ ✐♥t❡r✈❛❧♦ θ ∈ ❬−15◦;−30◦❪✳ ◆♦t❡✲s❡ ✉♠ ❧✐❣❡✐r♦ ❛❢❛st❛♠❡♥t♦ ❞❛ ③♦♥❛

❞❡✜♥✐❞❛ ❡♠ ❬✸✽❪ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✷❜✮✳ ◆❡st❡ ❝❛s♦✱ ♦s r❡s✉❧t❛❞♦s ❞❡ ▼✵◆❊ t❡♥❞❡♠

❛ ❝♦♠♣♦rt❛r✲s❡ ❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦s r❡st❛♥t❡s✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛

♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ♥❡st❛ ♠❛❧❤❛ é ❢❛✈♦rá✈❡❧ ❛ ❡st❛ tr❛❥❡tór✐❛ ❞❡ ♣r♦♣❛❣❛çã♦❀
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❼ ♣❛r❛ α = 7◦✱ ❛ ❢❡♥❞❛ ♣r♦♣❛❣❛✲s❡ ❛ ♣❛rt✐r ❞❛ ❢❡♥❞❛ ❥á ❡①✐st❡♥t❡✱ ❛✉♠❡♥t❛♥❞♦ ♦ ✈❛❧♦r

❞❡ θ ❢❛❝❡ ❛♦ ♣♦♥t♦ ❛♥t❡r✐♦r✳ ❆q✉✐ θ ∈ ❬−45◦;−60◦❪ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✷❝✮✳ ❆q✉✐✱ ♦s

r❡s✉❧t❛❞♦s ❞❡ ▼✵◆❊ t❡♥❞❡♠ ♥♦✈❛♠❡♥t❡ ❛ ❞✐✈❡r❣✐r❀

❼ ♣❛r❛ α = 0◦✱ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛♣r❡s❡♥t❛ ✉♠❛ ♦r✐❡♥t❛çã♦ s❡♠❡❧❤❛♥t❡ ❛ θ = 7◦

✭✈❡r ❋✐❣✉r❛ ✻✳✷✷❞✮✳ ◆♦ ❡♥t❛♥t♦ ❡♠ ❬✸✽❪ ♦s ❛✉t♦r❡s ❞❡✜♥❡♠ ❞✉❛s r❡❣✐õ❡s s✐♠étr✐❝❛s✳

◆♦ ❡♥t❛♥t♦✱ é ❞✐t♦ q✉❡ ❛ r❡❣✐ã♦ s✉♣❡r✐♦r ♥ã♦ ♦❝♦rr❡ ❡♠ ♠♦❞❡❧❛çõ❡s ❝❧áss✐❝❛s ❞❡ ❢❡♥❞❛✱

s❡♥❞♦ ❛ss✉♠✐❞♦ ♣❡❧♦s ♠❡s♠♦s ❛✉t♦r❡s ✉♠❛ ❛❜❡rt✉r❛ ❞❡ ❝❛r✐③ ❞✉✈✐❞♦s❛ ✭♣r♦❜❧❡♠❛s

❞❡ ✐♥t❡r✲♣❡♥❡tr❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✮✳
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✭❞✮

❋✐❣✉r❛ ✻✳✷✷✿ ❖r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡
❞❡s❧♦❝❛♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦



✻✳✸ ❊①❡♠♣❧♦ ✷ ✽✶

❙❛❧✐❡♥t❛✲s❡ ❛✐♥❞❛✱ q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ❢❡♥❞❛ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ sú❜✐t❛✱ ✐✳❡✱ ♦❜s❡r✈❛✲s❡ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ♠✉✐t♦ ❢rá❣✐❧ ❞❡ ♣r♦♣❛❣❛çã♦ t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦s ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡

❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s✳

❊♠ t♦❞❛s ❛s ❛♥á❧✐s❡s r❡❛❧✐③❛❞❛s✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦

✭♠❛❧❤❛ ▼✵◆❊✮ ♣♦❞❡ ❝♦♠♣r♦♠❡t❡r ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❛ ♦r✐❡♥t❛çã♦ ❞❡ ❢❡♥❞❛ ❞❡s❡❥❛❞❛✳ ◆♦

❡♥t❛♥t♦✱ ❝❛s♦ ❛s ♦r✐❡♥t❛çõ❡s ❞♦s ❡❧❡♠❡♥t♦s s❡❥❛♠ ❢❛✈♦rá✈❡✐s ❢❛❝❡ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ ✐♠♣♦st♦✱

❛ ❢❡♥❞❛ ♣♦❞❡ ♥ã♦ s♦❢r❡r ♦s❝✐❧❛çõ❡s ♠✉✐t♦ s✐❣♥✐✜❝❛t✐✈❛s✱ ❝♦♥❢♦r♠❡ s❡ ✈❡r✐✜❝❛ ♥❛ ❋✐❣✉r❛

✻✳✷✷❜✳ ❱❡r✐✜❝❛✲s❡ ❛✐♥❞❛ q✉❡ ❝❛s♦ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ♥ã♦ s❡❥❛ ❡①❝❡ss✐✈❛♠❡♥t❡ ❣r♦ss❡✐r♦✱

♦s r❡s✉❧t❛❞♦s t❡♥❞❡♠ ❛ ❝♦♥✈❡r❣✐r✱ ♠❡s♠♦ ❝♦♠ ❛❧❣✉♠❛s ♦s❝✐❧❛çõ❡s✱ ♣❛r❛ ❛ ♠❡s♠❛ ❣❛♠❛ ❞❡

✈❛❧♦r❡s ❞❡ θ✳

❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ♦r✐❡♥t❛çõ❡s ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s ❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❜❛s❡

❞♦ ❡①❡♠♣❧♦✱ ✐❧✉str❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✻✳✷✻ ❛s ♣r♦♣❛❣❛çõ❡s ❞❡ ❢r❛t✉r❛ ♦❜t✐❞❛s✳



✽✷ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

▼❛❧❤❛ ▼✵◆❊

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

▼❛❧❤❛ ▼✶◆❊

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

▼❛❧❤❛ ▼✷◆❊

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

▼❛❧❤❛ ▼✸◆❊

❋✐❣✉r❛ ✻✳✷✻✿ ❋r❛t✉r❛ ♦❝♦rr✐❞❛ t❡♥❞♦ ❡♠ ❝♦♥t❛ α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦



✻✳✸ ❊①❡♠♣❧♦ ✷ ✽✸

✻✳✸✳✷ ❋♦r♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❝♦♠ ❘❡✜♥❛♠❡♥t♦ ❆❞❛♣t❛t✐✈♦

Pr❡t❡♥❞❡✲s❡ ❞❡♠♦♥str❛r ❝♦♠ ❡st❡ s❡❣✉♥❞♦ ❡①❡♠♣❧♦ ❛ ♠✐♥✐♠✐③❛çã♦ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡

♠❛❧❤❛ ❢❛❝❡ à ❛♣❧✐❝❛çã♦ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✳ P❛r❛ t❛❧✱ ❝♦♥s✐❞❡r❛✲s❡ ❛

♠❛❧❤❛ ▼✵◆❊ ❝♦♠♦ ♠❛❧❤❛ ❛ ❛♥❛❧✐s❛r✳ ◆❡st❛✱ ❛♣❧✐❝❛✲s❡ ❞❡ ❢♦r♠❛ ❝♦♥❥✉♥t❛ ❛s ❡str❛té❣✐❛s ❞❡

r❡✜♥❛♠❡♥t♦✱ ❛❞♦t❛♥❞♦✲s❡ ✉♠ ✈❛❧♦r ❞❡ ph = 0.025✱ ❛♣r♦①✐♠❛♥❞♦ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦

❧♦❝❛❧ ❞❛ ♠❛❧❤❛ ▼✵◆❊ ❛♦ r❡✜♥❛♠❡♥t♦ ❞❡✜♥✐❞♦ ♥❛ ♠❛❧❤❛ ▼✸◆❊✳ ❏✉st✐✜❝❛✲s❡ ❛ ❡s❝♦❧❤❛ ❞❡

❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦✱ ❝♦♠ ❜❛s❡ ♥♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥♦

♣r✐♠❡✐r♦ ❡①❡♠♣❧♦ ❛♥❛❧✐s❛❞♦✳

❚♦❞❛s ❛s ❛♥❛❧✐s❡s sã♦ ❡①❡❝✉t❛❞❛s t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ ♠❡s♠♦ ♣❛râ♠❡tr♦ ❡♥❡r❣ét✐❝♦ ❡❧❡♠❡♥t❛r✱

pe = 5× 10−5✳ ❆ ❋✐❣✉r❛ ✻✳✷✼ ✐❧✉str❛ ❛ ♦r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢❡♥❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ❞✐❢❡r❡♥t❡s

â♥❣✉❧♦s ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✳ ◆♦t❡✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s ✐❧✉str❛❞♦s ❝♦♠♣❛r❛♠ ❛s

tr❛❥❡tór✐❛s ❞❡ ♣r♦♣❛❣❛çã♦ ❛q✉✐ ♦❜t✐❞❛s ❝♦♠ ❛s ❝✉r✈❛s ♣r♦✈❡♥✐❡♥t❡s ❞❛ ♠❛❧❤❛ ▼✵◆❊ s❡♠

❛❞❛♣t❛çã♦ ❡ ③♦♥❛s ❡①✐st❡♥t❡s ❡♠ ❬✸✽❪✳ ❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦s r❡s✉❧t❛❞♦s ✜♥❛✐s✱ ♣♦❞❡ s❡

❝♦♥❝❧✉✐r✿

❼ ♣❛r❛ α = 90◦✱ ❛ ❢❡♥❞❛ ▼✵◆❊ ❘❖ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❛st❛♥t❡ ♠❛✐s

❤♦r✐③♦♥t❛❧ ❢❛❝❡ ❛♦ r❡s✉❧t❛❞♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♦❜t✐❞♦ ♥❛ ♠❛❧❤❛ ▼✵◆❊ ♦r✐❣✐♥❛❧✱

❛♣r♦①✐♠❛♥❞♦✲s❡ s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❞♦s r❡s✉❧t❛❞♦s ❞❡ ♠❛✐♦r r❡❧❡✈â♥❝✐❛ ✭✈❡r ❋✐❣✉r❛

✻✳✷✼❛✮✳ ◆♦ ❡♥t❛♥t♦✱ ✈❡r✐✜❝❛✲s❡ ✉♠❛ ♣❡r❞❛ ❞❡ ♦r✐❡♥t❛çã♦ ❡♠ ❞❡t❡r♠✐♥❛❞♦ ♠♦♠❡♥t♦

❞❡ ♣r♦♣❛❣❛çã♦❀

❼ ♣❛r❛ α = 45◦✱ ❛ ❢❡♥❞❛ ▼✵◆❊ ❘❖ ✐❧✉str❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r à ❝✉r✈❛ ▼✸◆❊✱

♦❝♦rr❡♥❞♦ ✉♠ ♠❡❧❤♦r❛♠❡♥t♦ ❛ss✐♥❛❧á✈❡❧ ❢❛❝❡ à ❝✉r✈❛ ♦r✐❣✐♥❛❧ ▼✵◆❊ ✭✈❡r ❋✐❣✉r❛

✻✳✷✼❜✮✳ ❆✐♥❞❛ ❛ss✐♠✱ ♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ t❡♥❞❡ ❛ ❞✐✈❡r❣✐r ❧✐❣❡✐r❛♠❡♥t❡ ❞❛ ③♦♥❛

❞❡✜♥✐❞❛ ❡♠ ❬✸✽❪✳ ❊♠ t♦❞♦ ♦ ❝❛s♦✱ ❛ ❢❡♥❞❛ t❡♥❞❡ ❛❢❛st❛r✲s❡ ♥♦ ✜♥❛❧ ❞♦ ❝❛♠✐♥❤♦ ❞❡

♣r♦♣❛❣❛çã♦❀

❼ ♣❛r❛ α = 7◦✱ ❛ ❢❡♥❞❛ ▼✵◆❊ ❘❖ ❡♥q✉❛❞r❛✲s❡ ♥❛ ③♦♥❛ ❞❡✜♥✐❞❛ ❡♠ ❬✸✽❪✱ ✐❧✉str❛♥❞♦

✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣r♦①✐♠❛❞♦ ❛♦ ❞❛ ❝✉r✈❛ ▼✸◆❊ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✼❝✮✳ ❖ r❡s✉❧t❛❞♦

♦❜t✐❞♦ é ❡❧✉❝✐❞❛t✐✈♦ ❞❛ ♠❡❧❤♦r✐❛ ♦❝♦rr✐❞❛ ❡♠ t❡r♠♦s ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡

♣r♦♣❛❣❛çã♦ ❢❛❝❡ à ❝✉r✈❛ ♦r✐❣✐♥❛❧ ▼✵◆❊✳ ❖❜s❡r✈❛✲s❡ ♥♦ ❡♥t❛♥t♦✱ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

❞✐✈❡r❣❡♥t❡ ❡♠ ❝❡rt♦ ♠♦♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦❀

❼ ♣❛r❛ α = 0◦✱ ❛ ❢❡♥❞❛ ▼✵◆❊ ❘❖ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❛st❛♥t❡ ❛♣r♦①✐♠❛❞♦

❞❛ ❝✉r✈❛ ▼✸◆❊ ✭✈❡r ❋✐❣✉r❛ ✻✳✷✼❞✮ ❡♥q✉❛❞r❛♥❞♦✲s❡ ❞❡♥tr♦ ❞❛ ③♦♥❛ ❞❡✜♥✐❞❛ ❡♠ ❬✸✽❪✳

❱❡r✐✜❝❛✲s❡✱ ♥♦✈❛♠❡♥t❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐✈❡r❣❡♥t❡ ❛♦ ❧♦♥❣♦ ❞♦ ❝❛♠✐♥❤♦ ❞❡

♣r♦♣❛❣❛çã♦✳
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✭❞✮

❋✐❣✉r❛ ✻✳✷✼✿ ❖r✐❡♥t❛çã♦ ✜♥❛❧ ❞❡ ❢r❛t✉r❛ t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡
❞❡s❧♦❝❛♠❡♥t♦s ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦

❊♠ t♦❞♦s ♦s ❝❛s♦s ✐❧✉str❛❞♦s✱ ♦❜s❡r✈❛✲s❡ ✉♠❛ ♠❡❧❤♦r✐❛ s✐❣♥✐✜❝❛t✐✈❛ r❡❧❛t✐✈❛♠❡♥t❡ ❛♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ s❡♠ r❡✜♥❛♠❡♥t♦

❛❞❛♣t❛t✐✈♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ à ♠❛❧❤❛ ▼✵◆❊ ♦r✐❣✐♥❛❧✳ ◆♦ ❡♥t❛♥t♦✱ ❛s

❝✉r✈❛s ▼✵◆❊ ❘❖✱ ❡♠ t♦❞♦s ♦s â♥❣✉❧♦s ❛♥❛❧✐s❛❞♦s✱ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞✐s❝r❡♣â♥❝✐❛ ❛♦

❧♦♥❣♦ ❞♦ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ r❡❧❛t✐✈❛♠❡♥t❡ às ❝✉r✈❛s ❞❡ r❡❢❡rê♥❝✐❛✳ ❈♦♥❢♦r♠❡ r❡❢❡r✐❞♦

❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ sú❜✐t❛✱ ❧❡✈❛♥❞♦ à ❢r❛t✉r❛ ❝♦♠♣❧❡t❛

❞♦ ♠♦❞❡❧♦✳ ❊st❛ ❞✐s❝r❡♣â♥❝✐❛✱ ♣♦❞❡ s❡r ❥✉st✐✜❝❛❞❛ ❡♠ ♣❛rt❡ ♣❡❧❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❞❡✜♥✐çã♦

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



✻✳✸ ❊①❡♠♣❧♦ ✷ ✽✺

❡♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥❝r❡♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✳ ◆♦t❡✲s❡ ♥♦ ❡♥t❛♥t♦✱ q✉❡ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛

③♦♥❛ ❞❡ ❢r❛t✉r❛ ♥✉♥❝❛ é ♣♦st❛ ❡♠ ❝❛✉s❛✳ ❆ ❋✐❣✉r❛ ✻✳✷✽❛ ✐❧✉str❛ ❛ ú❧t✐♠❛ ③♦♥❛ ❝rít✐❝❛

❞❡✜♥✐❞❛ ❝♦♥s✐❞❡r❛♥❞♦ α = 90◦✳ ◆❛ ❋✐❣✉r❛ ✻✳✷✽❜ ♦❜s❡r✈❛✲s❡ ❛ ♣r♦♣❛❣❛çã♦ ✜♥❛❧ ❞❡ ❢❡♥❞❛

♦❝♦rr✐❞❛ ❛♣ós ❛ ❡t❛♣❛ ❝♦♥❥✉♥t❛ ❞❡ r❡✜♥❛♠❡♥t♦✳

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✻✳✷✽✿ Pr♦♣❛❣❛çã♦ ❛❧é♠ ❞❛ ③♦♥❛ ❝rít✐❝❛ ❞❡✜♥✐❞❛✿ ✭❛✮ ③♦♥❛ ❝rít✐❝❛❀ ✭❜✮ r❡✜♥❛♠❡♥t♦
❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ③♦♥❛ ❝rít✐❝❛ ❞❡✜♥✐❞❛

❆tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❡st❛s ❞✉❛s ✜❣✉r❛s✱ ❝♦♥st❛t❛✲s❡ q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♦❝♦rr❡ ♣❛r❛

❛❧é♠ ❞❛ ③♦♥❛ ❞❡✜♥✐❞❛✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ♦ ❝♦♥tr♦❧♦ t♦t❛❧ s♦❜r❡ ❛ ♠❡s♠❛✳ ❙❡♠♣r❡ q✉❡

♦❝♦rr❡ ✉♠❛ ♣r♦♣❛❣❛çã♦ q✉❡ ❧❡✈❡ à ❢r❛t✉r❛ t♦t❛❧ ❞♦ ♠♦❞❡❧♦✱ ♦ ❡st✉❞♦ ❞♦ ♣r♦❜❧❡♠❛ ❛tr❛✈és

❞❡ ③♦♥❛ ❧♦❝❛✐s ♣♦❞❡ ✜❝❛r ❝♦♠♣r♦♠❡t✐❞♦✳ ❈❛s♦ t❛❧ ❢❡♥ó♠❡♥♦ ♦❝♦rr❛✱ ❛ ❢❡♥❞❛ ♣r♦♣❛❣❛r✲s❡✲á

❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ♦r✐❣✐♥❛❧ ❞❛ ♠❛❧❤❛✱ ❛✉♠❡♥t❛♥❞♦ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❛

s✉❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♣r♦♣❛❣❛çã♦✳

❯♠❛ ♣♦ssí✈❡❧ s♦❧✉çã♦ s❡r✐❛ ❛✉♠❡♥t❛r ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ pe ❞❡ ♠♦❞♦ ❛ ❡①♣❛♥❞✐r ❛ ③♦♥❛

❧♦❝❛❧ ❛ ❛♥❛❧✐s❛r✱ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ❛❜r❛♥❣❡r ❛ ③♦♥❛ ❞❡ ♣r♦♣❛❣❛çã♦ ♣r❡✈✐sí✈❡❧✳ ◆♦ ❡♥t❛♥t♦✱

❡st❛ ❡①♣❛♥sã♦ ❝♦♥s✐❞❡rá✈❡❧ ❞❡ ③♦♥❛ ❧♦❝❛❧ ❞❡✐①❛r✐❛ ❞❡ ❢❛③❡r s❡♥t✐❞♦ ❡♠ s✐t✉❛çõ❡s ♦♥❞❡ ♦

❛✉♠❡♥t♦ s✐❣♥✐✜❝❛r✐❛ ✉♠❛ ❛♥á❧✐s❡ t♦t❛❧ ❞♦ ❞♦♠í♥✐♦ ❞♦ ♠♦❞❡❧♦✳ ❚❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s

♦r✐❡♥t❛çõ❡s ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s ❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❜❛s❡ ❞♦ ❡①❡♠♣❧♦✱ ✐❧✉str❛♠✲s❡

♥❛ ❋✐❣✉r❛ ✻✳✷✾ ❛s ♣r♦♣❛❣❛çõ❡s ✜♥❛✐s ♦❜t✐❞❛s✳
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✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

❋✐❣✉r❛ ✻✳✷✾✿ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡
r❡✜♥❛♠❡♥t♦ s♦❜r❡ ❛ ♠❛❧❤❛ ▼✵◆❊✱ ❝♦♥s✐❞❡r❛♥❞♦ α✿ ✭❛✮ 90◦❀ ✭❜✮ 45◦❀ ✭❝✮ 7◦❀ ✭❞✮ 0◦
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✻✳✹ ❊①❡♠♣❧♦ ✸

◆❡st❡ t❡r❝❡✐r♦ ❡ ú❧t✐♠♦ ❡①❡♠♣❧♦ ❝♦♥s✐❞❡r❛✲s❡ ✉♠❛ ❝❤❛♣❛ ✜♥❛ q✉❛❞r❛❞❛ r❡♣r❡s❡♥t❛❞❛ ♥❛

❋✐❣✉r❛ ✻✳✸✵❛✳ ❊st❛ é ❝♦♥st✐t✉í❞❛ ♣♦r ♠❛t❡r✐❛❧ ❡❧ást✐❝♦✱ ❝♦♠ ♠ó❞✉❧♦ ❞❡ ❨♦✉♥❣ E = 1.0 ❡

❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥ ν = 0.2✳ ❆ ❡♥❡r❣✐❛ ❝rít✐❝❛ ❞❡ ♣r♦♣❛❣❛çã♦ é Gc = 0.0001✳ ❆♦

❝♦♥trár✐♦ ❞♦ ❡①❡♠♣❧♦ ✷✱ ❛ ❝❤❛♣❛ ❛♣r❡s❡♥t❛ ❛ ✐♥❝❧✉sã♦ ❞❡ ❡♥t❛❧❤❡s ❡♠ ❛♠❜❛s ❛s ❢❛❝❡s

❧❛t❡r❛✐s✱ ✐❧✉str❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❞✉❛s ❢❡♥❞❛s ✐♥✐❝✐❛✐s✳ ❊st❛ ❝❤❛♣❛ ❡♥❝♦♥tr❛✲s❡ s✉❜♠❡t✐❞❛

❛ ❞❡s❧♦❝❛♠❡♥t♦s ❤♦r✐③♦♥t❛✐s ♦♣♦st♦s u = 0.1 ♥♦s t♦♣♦s✳ ❆s ❞✐♠❡♥sõ❡s ❞❛ ❝❤❛♣❛ sã♦ L = 3

❡ a = 1✳ ❚❛❧ ❝♦♠♦ ♥♦ ❡①❡♠♣❧♦ ❛♥t❡r✐♦r✱ ❛q✉✐ ✉t✐❧✐③❛♠✲s❡ ✐❣✉❛❧♠❡♥t❡ ❞✉❛s ♣❧❛❝❛s rí❣✐❞❛s ❞❡

❛❧t✉r❛ b = 0.5 ♥❛ ❜❛s❡ ❡ ♥♦ t♦♣♦ ❞❛ ❝❤❛♣❛✳ ❊st❛s ❛♣r❡s❡♥t❛♠ ✉♠ Gc→∞✱ ✐♥✈✐❛❜✐❧✐③❛♥❞♦

♦ ♣♦ssí✈❡❧ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❢❡♥❞❛s ❥✉♥t♦ às ③♦♥❛s ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✳

u

L

u

b

b

L/3

a

a

Gc → ∞

Gc → ∞

L/3

L/3

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✻✳✸✵✿ ❈❤❛♣❛ ✜♥❛ q✉❛❞r❛❞❛✿ ✭❛✮ ❣❡♦♠❡tr✐❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛❀ ✭❜✮ ❞✐s❝r❡t✐③❛çã♦
❞♦ ♣r♦❜❧❡♠❛

❚❛❜❡❧❛ ✻✳✻✿ ❆♥á❧✐s❡ ❞❛ ❝❤❛♣❛ q✉❛❞r❛❞❛ ✜♥❛✿ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ ♠❛❧❤❛

▼❛❧❤❛ ❚✐♣♦s ❞❡ ❊❧❡♠❡♥t♦s ❤ ◆ú♠❡r♦ ❞❡ ❊❧❡♠❡♥t♦s
◆●▲

●❧♦❜❛❧ ▲♦❝❛❧

▼✵◆❊ ❧✐♥❡❛r ✵✳✷✺ ✹✾✻ ✷✽✷✽ ✷✽✸✷



✽✽ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

✻✳✹✳✶ ■♠♣♦rtâ♥❝✐❛ ❞❛ ❆♥á❧✐s❡ ❊❢❡t✉❛❞❛

❘❡❛❧✐③❛♥❞♦ ✉♠ ♣❛r❛❧❡❧✐s♠♦ ❡♥tr❡ ❡st❡ ❡①❡♠♣❧♦ ❝♦♠ ♦s ❛♥t❡r✐♦r♠❡♥t❡ ❛♣r❡s❡♥t❛❞♦s✱ ✈❡r✐✜❝❛✲

s❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❡♠ t❡r♠♦s ❞❡ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛✳ ❊st❡ ♥ã♦ ❛♣r❡s❡♥t❛ ✉♥✐❝❛♠❡♥t❡ ✉♠❛

③♦♥❛ ❡❧✉❝✐❞❛t✐✈❛ ✭❞♦✐s ❡♥t❛❧❤❡s✮ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✳

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

③♦♥❛ ❧♦❝❛❧ ❞❡✜♥✐❞❛✳ ❆s ❢❡♥❞❛s ✐♥tr♦❞✉③✐❞❛s ❡♠ ❝❛❞❛ ♠♦❞❡❧♦✱ ❡✈✐❞❡♥❝✐❛♠ ✉♠ ú♥✐❝♦ ❧♦❝❛❧

❞❡ ♣♦ssí✈❡❧ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ◆♦ ❡♥t❛♥t♦✱ ♥❡♥❤✉♠ ❞❡❧❡s ✐❧✉str❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛

❢♦r♠✉❧❛çã♦ ❡♠ ✐❞❡♥t✐✜❝❛r ③♦♥❛s ❞✐st✐♥t❛s ❞❡ ❛♥á❧✐s❡✱ s❡♥❞♦ ❡st❛ ♣r❡❝♦♥✐③❛❞❛✱ ♦✉ ♥ã♦✱ ♣♦r

✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡♥t❛❧❤❡✳ ◆♦t❡✲s❡✱ q✉❡ ❛ ♣r✐♥❝✐♣❛❧ ✈❛♥t❛❣❡♠ ❞❛ ❛♥á❧✐s❡ ❞❡ r❡✜♥❛♠❡♥t♦

❧♦❝❛❧ ❛❞❛♣t❛t✐✈♦✱ ❞❡✈❡✲s❡ ❡♠ ❣r❛♥❞❡ ♠❡❞✐❞❛ à ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✐❞❡♥t✐✜❝❛r ③♦♥❛s ❞✐st✐♥t❛s

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛✳ ❆ss✐♠✱ ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞♦ ♣r❡s❡♥t❡ ♣r♦❜❧❡♠❛✱ ♣r❡t❡♥❞❡✲s❡

❞❡♠♦♥str❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❡ ❞❡ r❡✜♥❛♠❡♥t♦ ❡♠ ③♦♥❛s ❞✐❢❡r❡♥t❡s ❞❡ ❛♥á❧✐s❡✱

♦❜s❡r✈❛♥❞♦✲s❡ à ♣❛rt✐❞❛ ❛ ❞❡✜♥✐çã♦ ❞❡ ③♦♥❛s ❝rít✐❝❛s ❞✐st✐♥t❛s✳

✻✳✹✳✷ ❆♥á❧✐s❡ ❞♦ Pr♦❜❧❡♠❛

❚❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛♥á❧✐s❡ ✐❞❡♥t✐✜❝❛❞♦✱ ♠♦❞❡❧❛✲s❡ ❛ ❝❤❛♣❛ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛

✻✳✸✵❛ ❛tr❛✈és ❞❛ ♠❛❧❤❛ ▼✵◆❊ ✭✈❡r ❋✐❣✉r❛ ✻✳✸✵❜ ❡ ❚❛❜❡❧❛ ✻✳✻✮✳ P❛r❛ t❛❧✱ r❡❝♦rr❡✲s❡ à

❛♣❧✐❝❛çã♦ ❞✐r❡t❛ ❡ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ✐♠♣❧❡♠❡♥t❛❞❛s✱ ❞❡✜♥✐♥❞♦✲s❡

ph = 0.1✳ ◆♦t❡✲s❡ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ♥ã♦ ❛♣r❡s❡♥t❛ ♥❡♥❤✉♠❛ r❡str✐çã♦ ❞❡ ❛♥á❧✐s❡✱

s❡♥❞♦ ❡st❡ ❝♦♥s✐❞❡r❛❞♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ♦ ❝❛s♦✳

❯♠❛ ✈❡③ ♠❛✐s✱ ❥✉st✐✜❝❛✲s❡ ❛ ✉t✐❧✐③❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ♣❡❧♦s

r❡s✉❧t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡ ♦❜t✐❞♦s ❡♠ ❛♠❜♦s ♦s ❡①❡♠♣❧♦s ❛♥❛❧✐s❛❞♦s✳ ❊st❛ é ❡①❡❝✉t❛❞❛

t❡♥❞♦ ❡♠ ❝♦♥t❛✱ pe = 5 × 10−5✱ s❡♥❞♦ ❡st❡ ✉♠ ✈❛❧♦r ❡st✐♠❛❞♦ q✉❡ s❛❧✈❛❣✉❛r❞❡ ❛ ③♦♥❛ ❞❡

♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡♥tr❡ ❢✉t✉r❛s ③♦♥❛s ❝rít✐❝❛s✳

❚❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ s❡♥t✐❞♦ ❡ ❞✐r❡çã♦ ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❤♦r✐③♦♥t❛✐s ✐♠♣♦st♦s✱ é ❡①♣❡❝tá✈❡❧

q✉❡ ❛s ❢❡♥❞❛s ❡①✐st❡♥t❡s ♥♦ ♠♦❞❡❧♦ t❡♥❞❛♠ ❛ ❝♦♥✈❡r❣✐r✳ ◆♦ ❡♥t❛♥t♦✱ ❡ t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛

✐♠♣♦s✐çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ ❛ ❢❡♥❞❛ ❞❡✈❡rá ✈❡r✐✜❝❛r ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❛st❛♥t❡ ❢rá❣✐❧✱

t❛❧ ❝♦♠♦ s❡ ♦❜s❡r✈♦✉ ♥♦ ❡①❡♠♣❧♦ ❛♥t❡r✐♦r✳

✻✳✹✳✸ Pr♦♣❛❣❛çã♦ ❞❡ ❋❡♥❞❛

❆♣ós ❛♣❧✐❝❛çã♦ ❞❛s ❡str❛té❣✐❛s ❝♦♥❥✉♥t❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✱ ✐❧✉str❛♠✲s❡ ❛q✉✐ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✳ ❆ss✐♠ s❡♥❞♦✱ ✈❡r✐✜❝❛✲s❡✿



✻✳✹ ❊①❡♠♣❧♦ ✸ ✽✾

✶✳ ◆✉♠❛ ♣r✐♠❡✐r❛ ❢❛s❡✱ ✐❞❡♥t✐✜❝❛✲s❡ ❝❧❛r❛♠❡♥t❡✱ ❞✉❛s ③♦♥❛s ❝rít✐❝❛s ❜❡♠ ❞❡✜♥✐❞❛s ✭✈❡r

❋✐❣✉r❛ ✻✳✸✶✮✳ ❖s ❡❧❡♠❡♥t♦s ❞❡ ❝♦r ✈❡r♠❡❧❤❛ ❛♣r❡s❡♥t❛♠✲s❡ ❝♦♠♦ ❡❧❡♠❡♥t♦s ❝rít✐❝♦s

✐♥✐❝✐❛❧♠❡♥t❡ ✐❞❡♥t✐✜❝❛❞♦s✱ s❡♥❞♦ ❛ ③♦♥❛ ❡①♣❛♥❞✐❞❛ ❛té ♣❡r❢❛③❡r ✉♠❛ r❡❣✐ã♦

s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❜r❛♥❣❡♥t❡ ✭t❡♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ♣❛râ♠❡tr♦ pe ❞❡✜♥✐❞♦✮✳

◆♦t❡✲s❡ q✉❡ ❛s ③♦♥❛s ❝r✐t✐❝❛s ✐❞❡♥t✐✜❝❛❞❛s ♥ã♦ s❡ s♦❜r❡♣õ❡♠✱ ❡✈✐❞❡♥❝✐❛♥❞♦ ❛♥á❧✐s❡s

✐♥❞❡♣❡♥❞❡♥t❡s ❞♦ ♣r♦❜❧❡♠❛❀

❋✐❣✉r❛ ✻✳✸✶✿ ❉❡✜♥✐çã♦ ❞❡ ❞✉❛s ③♦♥❛s ❝rít✐❝❛s ❞✐st✐♥t❛s

✷✳ ❆♣ós ❛ ❞❡✜♥✐çã♦ ❞❛s ③♦♥❛s✱ ♦❝♦rr❡ ♦ r❡✜♥❛♠❡♥t♦ ❝♦♥❥✉♥t♦ ✭✈❡r ❋✐❣✉r❛ ✻✳✸✷✮✳

❈♦♥st❛t❛✲s❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❞❡ ✉♥✐✜❝❛r ❛♠❜❛s ❛s ③♦♥❛s✱ ❞❡ ♠♦❞♦ ❛ ❝♦♠♣r❡❡♥❞❡r ✉♠

❞❡t❡r♠✐♥❛❞♦ ❝❛♠✐♥❤♦ ❡♥tr❡ r❡❣✐õ❡s✳ ❊st❡ ❡❢❡✐t♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱ é ❡✈✐❞❡♥❝✐❛❞♦ ♣❡❧❛

✐♥tr♦❞✉çã♦ ❞❛ ❡str❛té❣✐❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❛♣ós ❡t❛♣❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❤❀

❋✐❣✉r❛ ✻✳✸✷✿ ❆♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦



✾✵ ✻ ❆♣❧✐❝❛çõ❡s ◆✉♠ér✐❝❛s

✸✳ P♦r ú❧t✐♠♦✱ ♦❝♦rr❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ✭✈❡r ❋✐❣✉r❛ ✻✳✸✸✮✮✳ ❚❛❧ ❝♦♠♦ ❡①♣❡❝tá✈❡❧✱

❛ ❢❡♥❞❛ ♣r♦♣❛❣❛✲s❡ ❡♥tr❡ ❡♥t❛❧❤❡s ❡①✐st❡♥t❡s✱ ✈❡r✐✜❝❛♥❞♦✲s❡ ❛ss✐♠ ✉♠❛ ❝♦♥✈❡r❣ê♥❝✐❛

t♦t❛❧✳ ◆♦t❡✲s❡ q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ♦❝♦rr✐❞❛ é t♦t❛❧♠❡♥t❡ ❛❜r❛♥❣✐❞❛ ♣❡❧❛s ③♦♥❛s ❝rít✐❝❛s

✐❞❡♥t✐✜❝❛❞❛s ❥✉♥t♦ às ❢❡♥❞❛s ✐♥✐❝✐❛✐s✳ ❘❡❢❡r❡✲s❡ ❛✐♥❞❛ ♦ ❢❛❝t♦ ❞❛ ♣r♦♣❛❣❛çã♦ ♦❝♦rr❡r

❞❡ ❢♦r♠❛ ♠✉✐t♦ ❢rá❣✐❧✳

❋✐❣✉r❛ ✻✳✸✸✿ Pr♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❡♥tr❡ ❡♥t❛❧❤❡s ❡①✐st❡♥t❡s

❊♠ s✉♠❛✱ ❡✈✐❞❡♥❝✐❛✲s❡ ❛tr❛✈és ❞❡ ✉♠ ❡①❡♠♣❧♦ s✐♠♣❧❡s ❞❡ ❛♥á❧✐s❡✱ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛

❢♦r♠✉❧❛çã♦ ❡♠ ✐❞❡♥t✐✜❝❛r ❝❧❛r❛♠❡♥t❡ ③♦♥❛s ❞✐st✐♥t❛s ❞❡ ❛♥á❧✐s❡✳ ❆tr❛✈és ❞❡st❛

♦❜s❡r✈❛çã♦✱ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦ ♥ú♠❡r♦ ❞❡ r❡❣✐õ❡s ♣r♦♣í❝✐❛s à

♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱ ❡st❛s sã♦ s❡♠♣r❡ ✐❞❡♥t✐✜❝❛❞❛s✱ ♣♦ss✐❜✐❧✐t❛❞♦ ❛❢❡r✐r ❝♦♠ ♠❛✐♦r r✐❣♦r

❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢r❛t✉r❛çã♦ ❛♦ ❧♦♥❣♦ ❞♦ ♠♦❞❡❧♦ ❡♠ ❡st✉❞♦✳



❈❛♣ít✉❧♦ ✼

❈♦♥❝❧✉sõ❡s ❡ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s

❋✉t✉r♦s

✼✳✶ ❈♦♥❝❧✉sõ❡s

◆❡st❡ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈❡✉✲s❡✱ ✐♠♣❧❡♠❡♥t♦✉✲s❡ ❡ ✈❛❧✐❞♦✉✲s❡ ✉♠❛ té❝♥✐❝❛ ❞❡ r❡✜♥❛♠❡♥t♦

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

❡✜❝❛③♠❡♥t❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❧✐♥❡❛r✳

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

❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❝♦♠♦ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❡♥❡r❣ét✐❝♦ ❣❧♦❜❛❧ ❞♦ s✐st❡♠❛

♠❡❝â♥✐❝♦✳ P❛r❛ ❛ s✉❛ r❡s♦❧✉çã♦ r❡❝♦rr❡✉✲s❡ ❛♦ ❆❉▼▼ ❝♦♠♦ ❛❧❣♦r✐t♠♦ ❞❡ r❡s♦❧✉çã♦ ❞♦

♣r♦❜❧❡♠❛ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❢✉♥❞❛♠❡♥t❛❧✳

❆ ✈❛❧✐❞❛çã♦ ❣❧♦❜❛❧ ❞❛ ❢♦r♠✉❧❛çã♦ ✐♠♣❧❡♠❡♥t❛❞❛ ❞✐✈✐❞✐✉✲s❡ ❡♠ ❞✉❛s ❡t❛♣❛s ❞✐st✐♥t❛s✿ ✭✶✮

✈❡r✐✜❝❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ t❡♥❞♦ ❡♠ ❝♦♥t❛ ❛♣❧✐❝❛çã♦ ❞✐r❡t❛ ❞❛ ❢♦r♠✉❧❛çã♦❀ ❡ ✭✷✮

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡ ✈❛❧✐❞❛çã♦ ❞♦ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ♣r♦♣♦st♦✳ ❊♠ ♣❛rt✐❝✉❧❛r✱

❝♦♥s✐❞❡r❛r❛♠✲s❡ ♦s s❡❣✉✐♥t❡s ❡❢❡✐t♦s ❣❡r❛✐s ❞❡ ❛♥á❧✐s❡✿ ✭✐✮ ✐♠♣♦s✐çã♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s

♥♦❞❛✐s ❞✐✈❡rs♦s❀ ✭✐✐✮ ❡♥❡r❣✐❛s ❞❡ ♣r♦♣❛❣❛çã♦ ❞✐❢❡r❡♥❝✐❛❞❛s❀ ❡ ✭✐✐✐✮ ③♦♥❛s ❧♦❝❛✐s ❞❡ ❛♥á❧✐s❡ ❞❡

❢r❛t✉r❛ ❞✐st✐♥t❛s✱ ❝♦♥❢❡r✐♥❞♦ à ❢♦r♠✉❧❛çã♦ ❛❞❛♣t❛❜✐❧✐❞❛❞❡ ❛ ♣r♦❜❧❡♠❛s ❞❡ ❢r❛t✉r❛

❣❡♥❡r❛❧✐③❛❞♦s✳

❆ ❡✜❝á❝✐❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❛ ❢♦r♠✉❧❛çã♦ ✈❛r✐❛❝✐♦♥❛❧ ✐♠♣❧❡♠❡♥t❛❞❛ r❡s✉❧t♦✉ ❞❛ ❛❞♦çã♦ ❞❡

❤✐♣ót❡s❡s s✐♠♣❧✐✜❝❛t✐✈❛s ♣❡r♠✐t✐♥❞♦✿ ✭✐✮ r❡❞✉③✐r ♦ ♥ú♠❡r♦ ❞❡ ✐♥❝r❡♠❡♥t♦s ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s

♥❡❝❡ssár✐♦s ♣❛r❛ ❛t✐♥❣✐r r❡s✉❧t❛❞♦s ♣r❡❝✐s♦s❀ ✭✐✐✮ ❛♥á❧✐s❡ ❧♦❝❛❧ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢r❛t✉r❛❀ ❡

✭✐✐✐✮ ❛❞❛♣t❛çã♦ ♠♦r❢♦❧ó❣✐❝❛ ❝♦♥st❛♥t❡ ❞❛ ♠❛❧❤❛ ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧ ❞❡✜♥✐❞♦✳

✾✶



✾✷ ✼ ❈♦♥❝❧✉sõ❡s ❡ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s

❖s ❡①❡♠♣❧♦s ❞❡ ❛♣❧✐❝❛çã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✻✱ ♠♦str❛r❛♠ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❞✐r❡t❛

❞❛ ❢♦r♠✉❧❛çã♦ s❡♠ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ t❡♥❞♦ ❡♠ ❝♦♥t❛ ♥í✈❡✐s ❞❡ r❡✜♥❛♠❡♥t♦

❡❧❡✈❛❞♦s✱ ❝♦♥❞✉③ ❛ r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s ❝♦♠ ♦s ❡①✐st❡♥t❡s ❡♠ ❜✐❜❧✐♦❣r❛✜❛✳ ➱ ❛✐♥❞❛

♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♣❛r❛ r❡✜♥❛♠❡♥t♦s r❡❞✉③✐❞♦s ♦❝♦rr❡ ✉♠❛ ❧✐❣❡✐r❛ ❞✐✈❡r❣ê♥❝✐❛ ❡ q✉❡ ❛

✐♥tr♦❞✉çã♦ ✐s♦❧❛❞❛ ♦✉ ❝♦♥❥✉♥t❛ ❞❛s ❡t❛♣❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ r❡s✉❧t❛♠ ❡♠

❤✐♣ót❡s❡s ❞❡ ❛♥á❧✐s❡ ❞✐st✐♥t❛s✱ ❞❡st❛❝❛♥❞♦✲s❡✱ ❛ ❡str❛té❣✐❛ ❝♦♥❥✉♥t❛ ❝♦♠♦ s♦❧✉çã♦ ♠❛✐s

❡q✉✐❧✐❜r❛❞❛✳ ◆♦ ❡♥t❛♥t♦ ❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❧✐♥❡❛r❡s✱ ♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s s♦❜r❡✲❡st✐♠❛r❛♠ ♦ ✐♥✐❝✐❛❧♠❡♥t❡ ❡①♣❡❝tá✈❡❧✳ ❙❛❧✐❡♥t❛✲s❡ ❛✐♥❞❛✱ ❛ ❞✐✜❝✉❧❞❛❞❡

❡①✐st❡♥t❡ ❡♠ ❝♦♥s❡❣✉✐r ❞❡✜♥✐r ③♦♥❛s ❝rít✐❝❛s ❛❜r❛♥❣❡♥t❡s ❞❡ ❢r❛t✉r❛✱ s❡♥❞♦ ❡st❛

r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ❛❞❛♣t❛çã♦ ❞❡ ♠❛❧❤❛ ❝♦♥st❛♥t❡✳

❊♠ ♣❛rt✐❝✉❧❛r✱ ♦s ❡①❡♠♣❧♦s ❛♣r❡s❡♥t❛❞♦s ♣❡r♠✐t✐r❛♠ ❡①tr❛✐r ❛s s❡❣✉✐♥t❡s ❝♦♥❝❧✉sõ❡s✿

❼ ❖ ♣r✐♠❡✐r♦ ❡①❡♠♣❧♦ ❛❜♦r❞♦✉ ❛♥á❧✐s❡ ❣❧♦❜❛❧ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ tí♣✐❝♦ ❞❡ ❢r❛t✉r❛✱

❛tr❛✈és ❞❛ ✐♠♣♦s✐çã♦ ♣♦♥t✉❛❧ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♥✉♠❛ ✈✐❣❛ r❡t❛♥❣✉❧❛r ✜♥❛ ❝♦♠

✐♥❝❧✉sã♦ ❞❡ ✉♠ ❡♥t❛❧❤❡ ❞❡ t❛♠❛♥❤♦ ✉♥✐tár✐♦✳ ▼♦str♦✉✲s❡ q✉❡ ♣❛r❛ ♠❛❧❤❛s

❡str✉t✉r❛❞❛s✱ s✐♠étr✐❝❛s ❡ ❝♦♠ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✱ ♦s

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

❞✐r❡t❛♠❡♥t❡ ❛ ❢♦r♠✉❧❛çã♦ ♥✉♠ér✐❝❛ s❡♠ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✱ ❞❡st❛❝❛♥❞♦✲s❡ ❛q✉✐

♦ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ✐♥❝r❡♠❡♥t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ r❡s✉❧t❛❞♦s

❝♦♥✈❡r❣❡♥t❡s✳ ❉❡ ♠♦❞♦ ❛ ✈❡r✐✜❝❛r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛✱ ❛♥❛❧✐s❛r❛♠✲s❡ três

♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s✱ s❡♠ ❝❛♠✐♥❤♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳ ❆tr❛✈és

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

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

t❛❧ ♠♦❞♦✱ q✉❡ ✐♠♣♦ss✐❜✐❧✐t❛r✐❛ ❛ ❛♥á❧✐s❡ ❞♦ ♣r♦❜❧❡♠❛✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛

❝♦♥s✐❞❡r❛çã♦ ❞❡ r❡✜♥❛♠❡♥t♦s ♠❛✐s ❡❧❡✈❛❞♦s t❡♥❞❡r✐❛ ♣♦r s✐ só ❛ ❛♣r♦①✐♠❛r ❛s ❝✉r✈❛s

❞❡ ♣r♦♣❛❣❛çã♦✳ ❉❡st❡ ♠♦❞♦✱ ♣r❡t❡♥❞❡✉✲s❡ ❛♥❛❧✐s❛r ❛ ♠❛❧❤❛ ❝♦♠ r❡✜♥❛♠❡♥t♦ ♠❛✐s

❣r♦ss❡✐r♦ ❛♣❧✐❝❛♥❞♦ ❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦✳ ❆q✉✐✱ ❝♦♥❝❧✉✐✲s❡ q✉❡

❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❞❡ ❛♣❧✐❝❛çã♦ ✭✐s♦❧❛❞❛ ♦✉ ❝♦♥❥✉♥t❛✮ ♦s r❡s✉❧t❛❞♦s t❡♥❞❡r✐❛♠ ❛

❞✐✈❡r❣✐r ♦✉ ❛ ❝♦♥✈❡r❣✐r✱ ❝♦♥st❛t❛♥❞♦✲s❡ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s

❞❡s❡♥✈♦❧✈✐❞❛s ✭r❡✜♥❛♠❡♥t♦ ❤ ❡ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s✮ ♠♦str❛✈❛✲s❡ ❝♦♠♦ ♠❡❧❤♦r

s♦❧✉çã♦ ❞❡ ❛♣r♦①✐♠❛çã♦✳ P❛r❛ ❛❧é♠ ❞❡st❛ ❝♦♥st❛t❛çã♦✱ ❛ ♦❜s❡r✈❛çã♦ ❞❡ ♠❛✐♦r

r❡❧❡✈â♥❝✐❛ tr❛❞✉③✐✉✲s❡ ♥❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛♥❛❧✐s❛r ❡ ♦❜t❡r r❡s✉❧t❛❞♦s ❛tr❛✈és ❞❡

✉♠❛ ♠❛❧❤❛ q✉❡ à ♣❛rt✐❞❛ ♠♦str❛✈❛✲s❡ ✐♥❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ ♣r♦❜❧❡♠❛✳ ◆♦ ❡♥t❛♥t♦✱

✈❡r✐✜❝♦✉✲s❡ t❛♠❜é♠ q✉❡ ❛ ❛❞❛♣t❛çã♦ ♠♦r❢♦❧ó❣✐❝❛ ❝♦♥st❛♥t❡ ❞❛ ♠❛❧❤❛ t❡♥❞❡r✐❛

♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❛ ❞❡t❡r✐♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ❛♦ ❧♦♥❣♦ ❞❛ ✈✐❣❛✳

❼ ◆♦ s❡❣✉♥❞♦ ❡①❡♠♣❧♦ ❡st✉❞♦✉✲s❡ ❛ ♣r❡❝✐sã♦ ❞❛ ❢♦r♠✉❧❛çã♦ ❡♠ r❡s♣♦♥❞❡r ❛

❞❡s❧♦❝❛♠❡♥t♦s ✐♠♣♦st♦s ❡♠ â♥❣✉❧♦s ❞✐✈❡rs♦s✱ ❛♣❧✐❝❛❞♦s ❛ ❞✉❛s ♣❧❛❝❛s rí❣✐❞❛s

❝♦❧♦❝❛❞❛s ♥❛s ❡①tr❡♠✐❞❛❞❡s ❞❡ ✉♠❛ ❝❤❛♣❛ r❡t❛♥❣✉❧❛r ✜♥❛ ❝♦♠ ✐♥❝❧✉sã♦ ❞❡ ✉♠



✼✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s ✾✸

❡♥t❛❧❤❡ ❞❡ t❛♠❛♥❤♦ ✉♥✐tár✐♦✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❞✐r❡t❛ ❞❛ ❢♦r♠✉❧❛çã♦ s❡♠

r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ r❡s✉❧t♦✉ ♥✉♠❛ ❛♣r♦①✐♠❛çã♦ ❜❛st❛♥t❡ s❛t✐s❢❛tór✐❛ ❢❛❝❡ ❛♦s

r❡s✉❧t❛❞♦s ❡①✐st❡♥t❡s ❡♠ ❜✐❜❧✐♦❣r❛✜❛✳ ❆✐♥❞❛ ❛ss✐♠✱ ♦s r❡s✉❧t❛❞♦s q✉❡ tr❛❞✉③✐r❛♠

♠❡❧❤♦r ❛♣r♦①✐♠❛çã♦ ❝♦rr❡s♣♦♥❞❡r❛♠ às ♠❛❧❤❛s ❝♦♠ r❡✜♥❛♠❡♥t♦s ♠❛✐s ❡❧❡✈❛❞♦s✳

❉❡st❡ ♠♦❞♦✱ ♣r❡t❡♥❞❡✉✲s❡ ❛♣❧✐❝❛r ❛ ❡str❛té❣✐❛ ❝♦♥❥✉♥t❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦

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

❣r♦ss❡✐r♦✳ ❆♦ ❝♦♥trár✐♦ ❞♦ ♣r✐♠❡✐r♦ ♣r♦❜❧❡♠❛✱ ♦♥❞❡ ❛ ❢r❛t✉r❛ ♦❝♦rr✐❛ ❞❡ ❢♦r♠❛

❣r❛❞✉❛❧✱ ❛q✉✐ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛ ♦❝♦rr✐❛ ❞❡ ❢♦r♠❛ ❜❛st❛♥t❡ ❢rá❣✐❧✳ ❆♣❡s❛r ❞❛

❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦✱ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❞❡✜♥✐r ✉♠❛ ③♦♥❛

❝rít✐❝❛✱ ❞❡✈✐❞♦ às ❧✐♠✐t❛çõ❡s ❛♥t❡r✐♦r♠❡♥t❡ ♠❡♥❝✐♦♥❛❞❛s✱ ✐♠♣♦ss✐❜✐❧✐t❛r❛♠ q✉❡ ❛

❢❡♥❞❛ ❛♣❡♥❛s s❡ ♣r♦♣❛❣❛ss❡ ❞❡♥tr♦ ❞❛ ③♦♥❛ ❧♦❝❛❧ ❞❡✜♥✐❞❛✳ ❆✐♥❞❛ ❛ss✐♠✱ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s tr❛❞✉③✐r❛♠✲s❡✱ ❡♠ r❡❣r❛✱ ❛ ♣r♦♣❛❣❛çõ❡s ❜❛st❛♥t❡ ♠❛✐s

❛♣r♦①✐♠❛❞❛s ❞❛s ❝✉r✈❛s ❞❡ ♠❛✐♦r r❡❧❡✈â♥❝✐❛✳

❼ ❖ t❡r❝❡✐r♦ ❡ ú❧t✐♠♦ ❡①❡♠♣❧♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ❝♦♠♦ s✉❣❡stã♦ ❞❡ ❡st✉❞♦✳ ❊st❡ s❡r✈✐✉

♣❛r❛ ✈❛❧✐❞❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❢♦r♠✉❧❛çã♦ ❡♠ ✐❞❡♥t✐✜❝❛r ③♦♥❛s ❞✐st✐♥t❛s ♣r♦♣í❝✐❛s ❞❡

❢r❛t✉r❛✳ ❉❡ ❢❛❝t♦✱ ♦ ❡①❡♠♣❧♦ ✐❧✉str❛❞♦ ♣♦ss✐❜✐❧✐t♦✉ ✈❡r✐✜❝❛r ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ❞✉❛s

③♦♥❛s ❞❡ ❛♥á❧✐s❡✱ r❡✜♥❛♥❞♦✲❛s ✐s♦❧❛❞❛♠❡♥t❡ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❝♦♥❥✉♥t❛ ❞❛s

❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦✳ ❆ss✐♠✱ ✈❛❧✐❞♦✉✲s❡ ❛ s✉❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡♠ ❡①❡♠♣❧♦s ❝♦♠

❢r❛t✉r❛s ✐♥✐❝✐❛✐s ❞✐✈❡rs❛s✳

❙❛❧✐❡♥t❛✲s❡ ❛✐♥❞❛✱ q✉❡ ❛ ❡str❛té❣✐❛ ✐❞❡❛❧✐③❛❞❛ ❞❡ ♦r✐❡♥t❛çã♦ ♥ã♦ s❡ ❛♣r❡s❡♥t❛ ❝♦♠♦ ♠❡❧❤♦r

s♦❧✉çã♦✱ ✐✳❡✱ ❛ ♦r✐❡♥t❛çã♦ t❛❧ ❝♦♠♦ ❡stá ✐❞❡❛❧✐③❛❞❛✱ ❛tr❛✈és ❞❡ ❞✐✈✐sõ❡s ❞❡ ❡❧❡♠❡♥t♦s✱ ♣❡r❢❛③

✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❡ ❡❧❡♠❡♥t♦s ❝♦♠ ❆❘ ♠❛❧ ❝♦♥❞✐❝✐♦♥❛❞♦✱ ♣r♦✈♦❝❛♥❞♦ ✉♠❛ ♠❛✐♦r

❛ss✐♠❡tr✐❛ ❞❛ ♠❛❧❤❛ ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ✐♥❝r❡♠❡♥t❛❧✳ ❆ ♦r✐❡♥t❛çã♦ ❞❡✈❡ s❡r r❡❛❧✐③❛❞❛ s✐♠✱

✈✐st♦ ♠❡❧❤♦r❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ♣r♦♣❛❣❛çã♦✱ ♠❛s ♥ã♦✱ ❞❡ ♠♦❞♦ ❛ ❛✉♠❡♥t❛r ♦ ♥ú♠❡r♦

❞❡ ◆●▲ ❛♦ ❧♦♥❣♦ ❞♦s ✐♥❝r❡♠❡♥t♦s✳ ❉❡st❡ ♠♦❞♦✱ ♦ ♣r♦❝❡ss♦ ❞❡✈❡rá ❝♦rr❡s♣♦♥❞❡r ❛ ✉♠

r❡✜♥❛♠❡♥t♦ ❡ r❡♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s ❛tr❛✈és ❞❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ r❡❛❧♦❝❛çã♦ ❞❡ ❢r♦♥t❡✐r❛s

✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✳ ❖❜s❡r✈❛✲s❡ ❛✐♥❞❛✱ q✉❡ à ❡①❝❡çã♦ ❞♦ ♠♦❞♦ ❞❡ ✸ ❞✐✈✐sõ❡s✱ ♦s r❡st❛♥t❡s

♠♦❞♦s t❡♥❞❡♠ ❛ ❢r❛❣✐❧✐③❛r ❜❛st❛♥t❡ ❛ t❡♥t❛t✐✈❛ ❞❡ ♠❛♥t❡r ✉♠❛ s✐♠❡tr✐❛ ❝♦♥s✐❞❡rá✈❡❧ ❞❛

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

✼✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s

❖ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ❝♦♥st✐t✉✐ ❛♣❡♥❛s ✉♠ ♣❛ss♦ ♥♦ s❡♥t✐❞♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡

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

❧✐♥❡❛r❡s ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛s✳ ❊♠ s✉♠❛✱ ♦s ♣r✐♥❝✐♣❛✐s ❞❡s❡♥✈♦❧✈✐♠❡♥t♦s ❢✉t✉r♦s sã♦

❛♣r❡s❡♥t❛❞♦s ❞❡ s❡❣✉✐❞❛✳



✾✹ ✼ ❈♦♥❝❧✉sõ❡s ❡ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s

❊♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ❛ ❢❡rr❛♠❡♥t❛ ❞❡s❡♥✈♦❧✈✐❞❛✱ ❞❡✈❡rá s❡r ♠❡❧❤♦r❛❞❛ ❞❡ ♠♦❞♦ ❛ ❢❛❝✐❧✐t❛r

♦s ♣r♦❝❡ss♦s ❞❡ ✐♥tr♦❞✉çã♦ ❞❡ ❞❛❞♦s ❡ tr❛t❛♠❡♥t♦ ❞❡ r❡s✉❧t❛❞♦s✱ ❡✳❣✳ ❛tr❛✈és ❞♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ✐♥t❡r❢❛❝❡ ❣rá✜❝♦✳ ❆ ❛rq✉✐t❡t✉r❛ ❞♦ ♣r♦❣r❛♠❛ ❞❡✈❡rá t❛♠❜é♠ s❡r

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

♣❛rt✐❝✉❧❛r✱ s✉❣❡r❡♠✲s❡ ❛s s❡❣✉✐♥t❡s ❛t✉❛❧✐③❛çõ❡s t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦ ❡st❛❞♦ ❛t✉❛❧✿

✶✳ ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ t♦♣♦❧♦❣✐❛s ❞✐✈❡rs❛s ❞❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❛❧é♠ ❞♦ ❡❧❡♠❡♥t♦ ✜♥✐t♦

tr❛❞✐❝✐♦♥❛❧ ❞❡ ✸✲♥ós✱ ❡✳❣✳ ❡❧❡♠❡♥t♦ ✜♥✐t♦ tr❛❞✐❝✐♦♥❛❧ ❞❡ ✻✲♥ós❀

✷✳ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♠♦❞♦s ❞❡ ❞✐✈✐sã♦ ❤✐❡rárq✉✐❝❛✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ✉♠❛ ♠❛✐♦r

❞✐✈❡rs✐❞❛❞❡ ❞❡ s✐t✉❛çõ❡s ❞❡ ❛♥á❧✐s❡❀

✸✳ ▼❡❧❤♦r❛♠❡♥t♦ ❞❛ ③♦♥❛ ❞❡ r❡✜♥❛♠❡♥t♦ ❥✉♥t♦ à ❢❡♥❞❛✳

❘❡❧❛t✐✈❛♠❡♥t❡ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈❛s ❝❛♣❛❝✐❞❛❞❡s ❞❡ ❛♥á❧✐s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡

❢r❛t✉r❛✱ s✉❣❡r❡✲s❡✿

✶✳ ❆ r❡♠♦❞❡❧❛çã♦ ❞❛s ❡str❛té❣✐❛s ❞❡ r❡✜♥❛♠❡♥t♦ ❛❞❛♣t❛t✐✈♦ ❞❡s❡♥✈♦❧✈✐❞❛s✱ ❛tr❛✈és ❞❛

✉t✐❧✐③❛çã♦ ❞❡ ❝♦♥❝❡✐t♦s s✐♠♣❧❡s ❡ ❞✐r❡t♦s ❞❡ ❛♥á❧✐s❡✱ ❞❡✜♥✐♥❞♦ ❛ s❡❣✉✐♥t❡ ❛ ♦r❞❡♠ ❞❡

tr❛❜❛❧❤♦s✿

✭❛✮ ❊♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ❛ ③♦♥❛ ❝rít✐❝❛ ❧♦❝❛❧ é ❞❡✜♥✐❞❛ ❛tr❛✈és ❞❛ ♦❜t❡♥çã♦ ❞♦s

❞❡s❧♦❝❛♠❡♥t♦s ♣r♦✈❡♥✐❡♥t❡s ❞♦ ❝á❧❝✉❧♦ ❞❛ ❡q✉❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ▼❊❋✳ ❖

♣r♦❝❡ss♦ ✐t❡r❛t✐✈♦ ❆❉▼▼ ♥❛ ❢❛s❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❡❧ást✐❝❛ ❞❡✐①❛ ❞❡ s❡r

❡❢❡t✉❛❞♦✱ ♣❛ss❛♥❞♦ ♦ ❝á❧❝✉❧♦ ❞♦ ♠✉❧t✐♣❧✐❝❛❞♦r ▲❛❣r❛♥❣❡❛♥♦ ❛ s❡r ❡st✐♠❛❞♦ ❝♦♠

❜❛s❡ ♥❛s ❢♦rç❛s ❞❡ ❧✐❣❛çã♦ ❡♥tr❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✳ ❆ ♣❛rt✐r ❞♦

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

③♦♥❛ ❧♦❝❛❧ ❞❡ ❛♥á❧✐s❡✳

✭❜✮ ❊♠ s❡❣✉♥❞♦ ❧✉❣❛r✱ ❛s r❡st❛♥t❡s ③♦♥❛s ❝♦♥st✐t✉✐♥t❡s ❞♦ ♠♦❞❡❧♦ ❞❡✐①❛♠ ❞❡

❝♦♥t❡r ❞❡s❝♦♥t✐♥✉✐❞❛❞❡s✱ ✐✳❡✱ ♦❝♦rr❡ ❛ ❡①❝❧✉sã♦ ❞❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s

❞❡✐①❛♥❞♦ s❡ s❡r ♣♦ssí✈❡❧ ❛ ♣r♦♣❛❣❛çã♦ ❢♦r❛ ❞❛ ③♦♥❛ ❝rít✐❝❛✳ ❊st❛ ❡①❝❧✉sã♦ ❞❡

③♦♥❛s tr❛❞✉③✲s❡ ♥✉♠❛ ❛♥á❧✐s❡ ♣✉r❛♠❡♥t❡ ❡❧ást✐❝❛ ❝♦♥❢♦r♠❡ ♦ ▼❊❋✱ ♣❡r♠✐t✐♥❞♦

r❡❞✉③✐r s✉❜st❛♥❝✐❛❧♠❡♥t❡ ♦ ♥ú♠❡r♦ ❞❡ ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡♠ ❛♥á❧✐s❡✱

♣r❡✈❡♥❞♦✲s❡ ♣♦rt❛♥t♦ ✉♠❛ ♠❡❧❤♦r✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❛

❢♦r♠✉❧❛çã♦✳

✭❝✮ ❙♦❜r❡ ❛ ③♦♥❛ ❝rít✐❝❛ ❞❡✜♥✐❞❛✱ ❛♣❧✐❝❛✲s❡ ♦ ❣❡r❛❞♦r ❞❡ ♠❛❧❤❛s tr✐❛♥❣✉❧❛r❡s

❉❛❧❛✉♥❛② ❞❡✜♥✐♥❞♦ ❞❡ ❢♦r♠❛ ❞✐r❡t❛ ♦ ♥í✈❡❧ ❞❡ r❡✜♥❛♠❡♥t♦ ❞❡s❡❥❛❞♦✳ ❉❡st❛

❢♦r♠❛ ❞❡✐①❛ ❞❡ s❡r ❛♣❧✐❝❛❞♦ ♦ ♣r♦❝❡ss♦ r❡❝✉rs✐✈♦ ❞❡ ❞✐✈✐sõ❡s ❛t✉❛❧✳



✼✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s ✾✺

✭❞✮ P♦st❡r✐♦r♠❡♥t❡✱ ♦❝♦rr❡ ❛ ♦r✐❡♥t❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s t❡♥❞♦ ❡♠ ❝♦♥t❛ ♦

♣r❡ss✉♣♦st♦ ❞❡ r❡❛❧♦❝❛çã♦ ❞❡ ❢r♦♥t❡✐r❛s ✐♥t❡r✲❡❧❡♠❡♥t❛r❡s✱ ❞❡✐①❛♥❞♦ ❞❡ s❡r

♥❡❝❡ssár✐❛ ❛ ❞✐✈✐sã♦ s✐st❡♠át✐❝❛ ❞❡ ❡❧❡♠❡♥t♦s✳

✭❡✮ P♦r ú❧t✐♠♦✱ ❛♣ós ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ❢❡♥❞❛✱ ❛♣❧✐❝❛✲s❡ ♦ r❡✜♥❛♠❡♥t♦ ✐♥✈❡rs♦

❝♦♥❢♦r♠❡ s❡ ❡♥❝♦♥tr❛ ✐♠♣❧❡♠❡♥t❛❞♦✳

✷✳ ❯t✐❧✐③❛çã♦ ❞❡ ❡❧❡♠❡♥t♦s t✐♣♦ ❳❋❊▼ ♥❛ ❛t✉❛❧ ❢♦r♠✉❧❛çã♦✳ ❊st❛ ❛❜♦r❞❛❣❡♠ ♠♦❞❡❧✐③❛

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

❢✉♥çõ❡s ❞❡s❝♦♥tí♥✉❛s✳ ➱ ✉♠❛ ❢❡rr❛♠❡♥t❛ ♣♦❞❡r♦s❛ ♥❛ ❞❡s❝r✐çã♦ ❞♦ ❢❡♥ó♠❡♥♦ ❞❛

❢r❛t✉r❛ ♣❡r♠✐t✐♥❞♦ ♣♦✉♣❛r ❡s❢♦rç♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ❥á q✉❡ ❛ s✐♠✉❧❛çã♦ ❞❛s ❢❡♥❞❛s é

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



✾✻ ✼ ❈♦♥❝❧✉sõ❡s ❡ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦s ❋✉t✉r♦s



❇✐❜❧✐♦❣r❛✜❛

❬✶❪ ❇✳ ❇♦✉r❞✐♥✱ ●✳ ❆✳ ❋r❛♥❝❢♦rt ❡ ❏✳✲❏✳ ▼❛r✐❣♦✱ ✓❚❤❡ ✈❛r✐❛t✐♦♥❛❧ ❛♣♣r♦❛❝❤ t♦ ❢r❛❝t✉r❡✔✱

❏♦✉r♥❛❧ ♦❢ ❊❧❛st✐❝✐t②✱ ✈♦❧✳ ✾✶✱ ♥➸ ✶✲✸✱ ♣♣✳ ✺✕✶✹✽✱ ✷✵✵✽✳

❬✷❪ ❆✳ ❆✳ ●r✐✣t❤✱ ✓❚❤❡ ♣❤❡♥♦♠❡♥❛ ♦❢ r✉♣t✉r❡ ❛♥❞ ✢♦✇ ✐♥ s♦❧✐❞s✔✱ P❤✐❧♦s♦♣❤✐❝❛❧

❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❘♦②❛❧ ❙♦❝✐❡t② ❆✿ ▼❛t❤❡♠❛t✐❝❛❧✱ P❤②s✐❝❛❧ ❛♥❞ ❊♥❣✐♥❡❡r✐♥❣

❙❝✐❡♥❝❡s✱ ✈♦❧✳ ✷✷✶✱ ♥➸ ✺✽✷✲✺✾✸✱ ♣♣✳ ✶✻✸✕✶✾✽✱ ✶✾✷✶✳

❬✸❪ ❙✳ ❇♦②❞✱ ◆✳ P❛r✐❦❤✱ ❊✳ ❈❤✉✱ ❇✳ P❡❧❡❛t♦ ❡ ❏✳ ❊❝❦st❡✐♥✱ ✓❉✐str✐❜✉t❡❞ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞

st❛t✐st✐❝❛❧ ❧❡❛r♥✐♥❣ ✈✐❛ t❤❡ ❛❧t❡r♥❛t✐♥❣ ❞✐r❡❝t✐♦♥ ♠❡t❤♦❞ ♦❢ ♠✉❧t✐♣❧✐❡rs✔✱ ❋♦✉♥❞❛t✐♦♥s

❛♥❞ ❚r❡♥❞s ✐♥ ▼❛❝❤✐♥❡ ▲❡❛r♥✐♥❣✱ ✈♦❧✳ ✸✱ ♥➸ ✶✱ ♣♣✳ ✶✕✶✷✷✱ ✷✵✶✵✳

❬✹❪ ❊✳ ❊✳ ●❞♦✉t♦s✱ ❋r❛❝t✉r❡ ▼❡❝❤❛♥✐❝s ✲ ❆♥ ■♥tr♦❞✉❝t✐♦♥✱ ✷➟✳ ❲❛t❡r❧♦♦✿ ❇❡r❧✐♥✱

❍❡✐❞❡❧❜❡r❣✿ ❙♣r✐♥❣❡r✲❱❡r❧❛❣✱ ✷✵✵✺✳

❬✺❪ ▼✳ ❋✳ ❑❛♥♥✐♥❡♥ ❡ ❈✳ ❍✳ P♦♣❡❧❛r✱ ❆❞✈❛♥❝❡❞ ❋r❛❝t✉r❡ ▼❡❝❤❛♥✐❝s✱ ✶➟✳ ❖①❢♦r❞ ❯♥✐✈❡rs✐t②

Pr❡ss✱ ✶✾✽✺✱ ✈♦❧✳ ✶✵✽✳

❬✻❪ ❉✳ ❇r♦❡❦✱ ❊❧❡♠❡♥t❛r② ❊♥❣✐♥❡❡r✐♥❣ ❋r❛❝t✉r❡ ▼❡❝❤❛♥✐❝s✱ ✶➟✳ ◆❡✇ ❨♦r❦✿ ❉♦r❞r❡❝❤t✿

❙♣r✐♥❣❡r✱ ✶✾✽✻✳

❬✼❪ ●✳ ❘✳ ■r✇✐♥✱ ✓❋r❛❝t✉r❡ ❞②♥❛♠✐❝s✔✱ ❚❤❡ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡rs✱

♣♣✳ ✶✹✼✕✶✻✻✱ ✶✾✹✽✳

❬✽❪ ❊✳ ❖r♦✇❛♥✱ ✓❋r❛❝t✉r❡ ❛♥❞ str❡♥❣t❤ ♦❢ s♦❧✐❞s✔✱ ✈♦❧✳ ✶✷✱ ♥➸ ✶✱ ♣✳ ✸✵✾✱ ✶✾✹✾✳

❬✾❪ ❘✳ ❈✳ ❍✐❜❜❡❧❡r✱ ▼❡❝❤❛♥✐❝s ♦❢ ▼❛t❡r✐❛❧s✱ ✺➟✳ ◆❡✇ ❏❡rs❡②✿ Pr❡♥t✐❝❡ ❍❛❧❧✱ ✷✵✵✷✳

❬✶✵❪ ❈✳ ❊✳ ■♥❣❧✐s✱ ✓❙tr❡ss❡s ✐♥ ❛ ♣❧❛t❡ ❞✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❝r❛❝❦s ❛♥❞ s❤❛r♣ ❝♦r♥❡rs✔✱

❚r❛♥s❛❝t✐♦♥s ♦❢ ■♥st✐t✉t❡ ♦❢ ◆❛✈❛❧ ❆r❝❤✐t❡❝ts✱ ✈♦❧✳ ✺✺✱ ♣♣✳ ✷✶✾✕✷✹✶✱ ✶✾✶✸✳

❬✶✶❪ ●✳ ❘✳ ■r✇✐♥✱ ✓❆♥❛❧②s✐s ♦❢ str❡ss❡s ❛♥❞ str❛✐♥s ♥❡❛r t❤❡ ❡♥❞ ♦❢ ❛ ❝r❛❝❦ tr❛✈❡rs✐♥❣ ❛

♣❧❛t❡✔✱ ❚❤❡ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡rs✱ ✈♦❧✳ ❙❡♣t❡♠❜❡r✱ ♣♣✳ ✸✻✶✕✸✻✹✱

✶✾✺✼✳
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