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❷❡s❦é ✈②s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ Pr❛③❡
❋❛❦✉❧t❛ ❡❧❡❦tr♦t❡❝❤♥✐❝❦á

❑❛t❡❞r❛ ♣♦↔ít❛↔➲

❇❛❦❛❧á➦s❦á ♣rá❝❡

❊❞✐t♦r ❤r❛♥✐❝ ♣❧♦❝❤ ♣r♦ ♣r♦❣r❛♠ ❆r❝❤✐❘❡❝✸❉

P❡tr ❇❡rá♥❡❦

❱❡❞♦✉❝í ♣rá❝❡✿ ■♥❣✳ ❉❛✈✐❞ ❙❡❞❧á↔❡❦✱ P❤✳❉✳

❙t✉❞✐❥♥í ♣r♦❣r❛♠✿ ❖t❡✈➦❡♥á ✐♥❢♦r♠❛t✐❦❛✱ ❇❛❦❛❧á➦s❦ý

❖❜♦r✿ ❙♦❢t✇❛r♦✈é s②sté♠②

✶✽✳ ❦✈➙t♥❛ ✷✵✶✺
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✈

P♦❞➙❦♦✈á♥í

❩❞❡ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t ✈❡❞♦✉❝í♠✉ ♣rá❝❡✱ ■♥❣✳ ❉❛✈✐❞✉ ❙❡❞❧á↔❦♦✈✐✱ P❤✳❉✳✱ ③❛ ❦♦♥③✉❧t❛❝❡ ❛
③❛ ❝❡♥♥é r❛❞②✳ ❉á❧❡ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t s✈é r♦❞✐♥➙ ③❛ ♣♦❞♣♦r✉ ❜➙❤❡♠ ❝❡❧é❤♦ ♠é❤♦ st✉❞✐❛
❛ ♣➦❡❞❡✈➨í♠ ✈ ❞♦❜➙ ♣s❛♥í tét♦ ♣rá❝❡✳ ❩ár♦✈❡➡ ❜②❝❤ rá❞ ♣♦❞➙❦♦✈❛❧ ✈➨❡♠ ❧✐❞❡♠✱ ❦t❡➦í s❡
③ú↔❛st♥✐❧✐ t❡st♦✈á♥í ❛♣❧✐❦❛❝❡✱ ↔í♠➸ ♠✐ ♣♦s❦②t❧✐ ❝❡♥♥♦✉ ③♣➙t♥♦✉ ✈❛③❜✉✳
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Pr♦❤❧á➨❡♥í

Pr♦❤❧❛➨✉❥✐✱ ➸❡ ❥s❡♠ ♣➦❡❞❧♦➸❡♥♦✉ ♣rá❝✐ ✈②♣r❛❝♦✈❛❧ s❛♠♦st❛t♥➙ ❛ ➸❡ ❥s❡♠ ✉✈❡❞❧ ✈❡➨❦❡ré ♣♦✉➸✐té
✐♥❢♦r♠❛↔♥í ③❞r♦❥❡ ✈ s♦✉❧❛❞✉ s ▼❡t♦❞✐❝❦ý♠ ♣♦❦②♥❡♠ ♦ ❞♦❞r➸♦✈á♥í ❡t✐❝❦ý❝❤ ♣r✐♥❝✐♣➲ ♣➦✐
♣➦í♣r❛✈➙ ✈②s♦❦♦➨❦♦❧s❦ý❝❤ ③á✈➙r❡↔♥ý❝❤ ♣r❛❝í✳
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❆❜str❛❝t

❚❤❡ ❣♦❛❧ ♦❢ t❤✐s t❤❡s✐s ✐s t♦ ❛♥❛❧②③❡ ✸❉ r❡❝♦♥str✉❝t✐♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❆r❝❤✐❘❡❝✸❉ ❛♥❞ t♦ ❞❡s✐❣♥
❛♥❞ ✐♠♣❧❡♠❡♥t s❡✈❡r❛❧ t♦♦❧s✱ ✇❤✐❝❤ ❣✐✈❡ ✉s❡r ♥❡✇ ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ♣❧❛♥❡ ❡❞✐t✐♥❣✳ ❖♥❡ ♦❢ t❤❡
t♦♦❧s ❛❧❧♦✇s ✉s❡r t♦ ❝r❡❛t❡✴♠♦❞✐❢② ❜♦r❞❡rs✱ ✇❤✐❝❤ ❛r❡ ✉s❡❞ t♦ tr✐♠ t❤❡ ♣❧❛♥❡s✳ ❖t❤❡r t♦♦❧
❛❧❧♦✇s ✉s❡r t♦ ❛♣♣❧② t❡①t✉r❡ t♦ t❤❡s❡ tr✐♠♠❡❞ ♣❧❛♥❡s✳ ❚❤❡ ♥❡①t ✐♠♣♦rt❛♥t t♦♦❧ ❛❧❧♦✇s ✉s❡r t♦
❝r❡❛t❡ ✸❉ ♦❜❥❡❝ts ❢♦r♠ tr✐♠♠❡❞ ♣❧❛♥❡✳ ❚❤❡s✐s ❝♦♥t❛✐♥s ❛♥❛❧②s✐s ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛rts ♦❢
t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ ❝❤❛♣t❡rs ❝♦♥t❛✐♥✐♥❣ ♣r♦❜❧❡♠ ❛♥❛❧②s✐s✱ ❞❡s✐❣♥✱ ✐♠♣❧❡♠❡♥t❛t✐♦♥
❛♥❞ t❡st✐♥❣ ♦❢ t❤❡s❡ t♦♦❧s✳ ❚❤❡ r❡s✉❧t ✐s t❤❡ ♠♦❞✐✜❡❞ ❛♣♣❧✐❝❛t✐♦♥ ✇❤✐❝❤ ❛❧❧♦✇s ✉s❡r t♦ ❝r❡❛t❡
♠♦r❡ ❞❡t❛✐❧❡❞ t❡①t✉r❡❞ ♦❜❥❡❝ts✱ ✇❤✐❝❤ ✇❛s ♥♦t ♣♦ss✐❜❧❡ ❜❡❢♦r❡✳

❑❡②✇♦r❞s✿ ❆r❝❤✐❘❡❝✸❉✱ ✉s❡r ❛ss✐st❡❞ ✸❉ r❡❝♦♥str✉❝t✐♦♥✱ t❡①t✉r❡ ❡①tr❛❝t✐♦♥✱ str✉❝t✉r❡
❢r♦♠ ♠♦t✐♦♥✱ ❝♦♠♣✉t❡r ✈✐s✐♦♥✱ ❝♦♠♣✉t❡r ❣r❛♣❤✐❝s

❆❜str❛❦t

❈í❧❡♠ ♠é ♣rá❝❡ ❜②❧♦ ❛♥❛❧②③♦✈❛t ♣r♦❣r❛♠ ♣r♦ ✸❉ r❡❦♦♥str✉❦❝✐ ❆r❝❤✐❘❡❝✸❉ ❛ ✐♠♣❧❡♠❡♥t♦✈❛t
♥ástr♦❥❡ ♣r♦ ③❛❞á✈á♥í✱ ♠♦❞✐✜❦❛❝✐ ❛ ❛♣❧✐❦❛❝✐ ❤r❛♥✐❝❡ ♥❛ r❡❦♦♥str✉♦✈❛♥é ♣❧♦❝❤②✳ ❉á❧❡ ✈②t✈♦✲
➦❡♥í ♥ástr♦❥➲ ♣r♦ t❡①t✉r♦✈á♥í t➙❝❤t♦ ✉♣r❛✈❡♥ý❝❤ ♣❧♦❝❤ ❛ ✈②t✈á➦❡♥í ✸❉ t➙❧❡s ♥❛ ❥❡❥✐❝❤ ③á❦❧❛❞➙✳
Prá❝❡ ❦r♦♠➙ ❛♥❛❧ý③② stá✈❛❥í❝í❤♦ st❛✈✉ ♣r♦❣r❛♠✉ ♦❜s❛❤✉❥❡ ♣➦❡❞❡✈➨í♠ ↔ást✐ tý❦❛❥í❝í s❡ ✈②✲
t✈á➦❡♥ý❝❤ ♥ástr♦❥➲✳ ❑♦♥❦rét♥➙ ❛♥❛❧ý③✉ ♣r♦❜❧é♠✉✱ ♥á✈r❤ ➦❡➨❡♥í ❛ ♣♦♣✐s ✐♠♣❧❡♠❡♥t❛❝❡ t➙❝❤t♦
♥ástr♦❥➲✳ ❱ýs❧❡❞❦❡♠ tét♦ ♣rá❝❡ ❥❡ ♠♦❞✐✜❦♦✈❛♥ý ♣r♦❣r❛♠✱ ❦t❡rý ♥②♥í ♦❜s❛❤✉❥❡ ✈ý➨❡ ③♠í♥➙♥é
♥ástr♦❥❡✱ ↔í♠➸ ✉♠♦➸➡✉❥❡ ✉➸✐✈❛t❡❧✐ ✈②t✈á➦❡t ❞❡t❛✐❧♥í t❡①t✉r♦✈❛♥é ♦❜❥❡❦t②✱ ❝♦➸ ❞➦í✈❡ ✈ t♦♠t♦
♣r♦❣r❛♠✉ ♥❡❜②❧♦ ♠♦➸♥é✳

❑❧í↔♦✈á s❧♦✈❛✿ ❆r❝❤✐❘❡❝✸❉✱ ✉➸✐✈❛t❡❧❡♠ ➦í③❡♥á ✸❉ r❡❦♦♥str✉❦❝❡✱ ❡①tr❛❦❝❡ t❡①t✉r✱ r❡❦♦♥✲
str✉❦❝❡ ③ ❢♦t♦❣r❛✜í✱ ♣♦↔ít❛↔♦✈é ✈✐❞➙♥í✱ ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛
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✷✳✶✷ ■❧✉str❛❝❡ P✐♥❤♦❧❡ ❝❛♠❡r❛ ♠♦❞❡❧✉✳ O ✲ ♦♣t✐❝❦á ♦s❛✱ z ✲ ♦s❛ Z✱ y ✲ ♦s❛ Y ✱ f ✲
♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ a ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ P ✲ ♦❜❥❡❦t✱ A ✲
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✷✳✶✸ ■❧✉str❛❝❡ P✐♥❤♦❧❡ ❝❛♠❡r❛ ♠♦❞❡❧✉✳ O ✲ ♦♣t✐❝❦á ♦s❛✱ z ✲ ♦s❛ Z✱ y ✲ ♦s❛ Y ✱ f ✲
♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ a ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ b ✲ ♣➦✐❞❛♥á ♦❜r❛③♦✈á r♦✈✐♥❛✱ S ✲
st➦❡❞ ❦❛♠❡r②✱ P ✲ ♦❜❥❡❦t✱ A ✲ ♣r➲♠➙t ♦❜❥❡❦t✉ P ♥❛ a✱ B ✲ ♣r➲♠➙t ♦❜❥❡❦t✉ P
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✷✳✶✹ ■❧✉str❛❝❡ ♣r♦♠ítá♥í ❤r❛♥✐❝❡ ♥❛ ♣❧♦❝❤✉✳ x✱y✱z ✲ ♦s② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②s✲
té♠②✱ x′✱y′✱z′ ✲ ♦s② ❦❛♠❡r♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ b ✲
♦❜r❛③♦✈á r♦✈✐♥❛ ❦❛♠❡r②✱ R ✲ r♦✈✐♥❛ ❞♦ ❦t❡ré ♣r♦♠ítá♠❡✱ b1✲b5 ✲ ♣r♦♠ít❛♥é
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✸✳✶ ■❧✉str❛❝❡ ♣r♦♠ítá♥í ✸❉ ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡✳ x✱y✱z ✲ ♦s② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦
s②sté♠✉✱ x′✱y′✱z′ ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❦❛♠❡r②✱ x′′✱y′′✱z′′ ✲ ♦s② s♦✉➦❛❞♥é❤♦
s②sté♠✉ ❢♦t♦❣r❛✜❡✱ b ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ B ✲ ♣r♦♠ít❛♥ý ❜♦❞✱ S ✲ st➦❡❞ ❦❛♠❡r②✱
O ✲ ♣r➲s❡↔í❦ ♦♣t✐❝❦é ♦s② s r♦✈✐♥♦✉ b ❛ t❛❦é ♣♦↔át❡❦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❢♦✲
t♦❣r❛✜❡✱ p ✲ ♣r♦♠ít❛❝í ♣❛♣rs❡❦ ♣r♦❝❤á③❡❥í❝í ❜♦❞❡♠ B ❛ st➦❡❞❡♠ ❦❛♠❡r② S✱ P
✲ ♣r➲s❡↔í❦ ♣r♦♠ít❛❝í❤♦ ♣❛♣rs❦✉ p ❛ r♦✈✐♥② b✱ Px✱Py ✲ s♦✉➦❛❞♥✐❝❡ ❜♦❞✉ P ✈
s♦✉➦❛❞♥é s♦✉st❛✈➙ ❢♦t♦❣r❛✜❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✷ ■❧✉str❛❝❡ tr❛♥s❢♦r♠❛❝❡ s♦✉➦❛❞♥✐❝ ❜♦❞✉✳ P ′ ✲ ❜♦❞ ♣r♦♠ít♥✉tý ❞♦ ❢♦t♦❣r❛✜❡✱ h
✲ ✈ý➨❦❛ ❢♦t♦❣r❛✜❡✱ w ✲ ➨í➦❦❛ ❢♦t♦❣r❛✜❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✸ ■❧✉str❛❝❡ tr❛♥s❢♦r♠❛❝❡ s♦✉➦❛❞♥✐❝ ❜♦❞✉✳ x✱y ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ ❦t❡rý
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♣♦s✉♥✉tí✱ v′ ✲ ❦♦❧♠ý ♣r➲♠➙t v ❞♦ r♦✈✐♥②XZ✱ α ✲ ú❤❡❧ ♦③♥❛↔✉❥í❝í ✈❡❧✐❦♦st r♦t❛❝❡
✈ ❦♦❧❡♠ ♦s② ❨✱ β ✲ ú❤❡❧ ♦③♥❛↔✉❥í❝í ✈❡❧✐❦♦st ♦❞❦❧♦♥✉ ✈ ♦❞ r♦✈✐♥② XZ✱ ♣r♦ ③♠➙♥✉
s♠➙r✉ ✈❡❦t♦r✉ ❜✉❞❡ ❦ ú❤❧✉ α ♣➦✐↔t❡♥❛ ❤♦❞♥♦t❛ ú❤❧✉ yaw✱ ❦t❡r♦✉ ③❛❞á ✉➸✐✈❛t❡❧✱
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♥í♠ t❡①t✉r② ❛ ✈♣r❛✈♦ ❥❡ ♥❛ t♠❛✈➙♠♦❞r♦✉✱ ➸❧✉t♦✉ ❛ ③❡❧❡♥♦✉ ♦➦í③♥✉t♦✉ ♣❧♦❝❤✉
❛♣❧✐❦♦✈á♥❛ t❡①t✉r❛ ③ ❥❡❞♥é ③ ❢♦t♦❣r❛✜í✳ ❖➦í③♥✉té ♣❧♦❝❤② ❥s♦✉ s❝❤♦❞♥é s ♣❧♦✲
❝❤❛♠✐ ③ ♦❜rá③❦✉ ✺✳✶✮✱ ❥❡♥ ❦❛➸❞á s✈é♥❛ ❥❡ ③♦❜r❛③❡♥❛ ③ ❥✐♥é❤♦ ú❤❧✉✳✭❩❞❡ ❥❡ ❞♦❜➦❡
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✺✳✸ ■❧✉str❛❝❡ ♣♦✉➸✐tí s❧♦➸✐t➙❥➨í ❤r❛♥✐❝❡✳ ❱❧❡✈♦ ❥❡ ❢♦t♦❣r❛✜❡ ✈ ❡❞✐t♦r✉ s ❤r❛♥✐❝í✳
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✺✳✹ ■❧✉str❛❝❡ ✈②t✈á➦❡♥í ✸❉ t➙❧❡s❛✳ ❱❧❡✈♦ ❥❡ ❢♦t♦❣r❛✜❡ ✈❡ ③❛❞❛♥♦✉ ➸❧✉t♦✉ ♣❧♦❝❤♦✉
❛ ❤r❛♥✐❝í✱ ③❡ ❦t❡ré ❜②❧♦ ✈②t✈♦➦❡♥♦ ✸❉ t➙❧❡s♦✳✭➆❡❞é ❜♦❞② s ↔❡r♥ý♠ ♦❦r❛❥❡♠
❥s♦✉ ❜♦❞② ✷✳ ♣♦❞st❛✈② t➙❧❡s❛ ♣r♦♠ít♥✉té ❞♦ ❢♦t♦❣r❛✜❡✳✮ ❯♣r♦st➦❡❞ ❥❡ t➙❧❡s♦ ✈❡
✸❉ s❝é♥➙ ✈ ♥♦r♠á❧♥í♠ ♠ó❞✉ ③♦❜r❛③❡♥í✳ ❱♣r❛✈♦ ❥❡ st❡❥♥é t➙❧❡s♦ ✈❡ ✸❉ s❝é♥➙
③♦❜r❛③❡♥é ✈❡ ✇✐r❡❢r❛♠❡ ♠ó❞✉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹



❑❛♣✐t♦❧❛ ✶

Ú✈♦❞

❱ ❝❡❧é s✈é ♣rá❝✐ s❡ ❜✉❞✉ ♣➦❡✈á➸♥➙ ③❛❜ý✈❛t ❡①♣❡r✐♠❡♥tá❧♥í♠ ♣r♦❣r❛♠❡♠ ❆r❝❤✐❘❡❝✸❉❬✻❪✱
❥❡♥➸ s❧♦✉➸í ❦ ✈②t✈á➦❡♥í ✸❉ r❡❦♦♥str✉❦❝í ❜✉❞♦✈✳ ❯➸✐✈❛t❡❧ ✈ t♦♠t♦ ♣r♦❣r❛♠✉ ♣r❛❝✉❥❡ s❡ s❝é♥♦✉
✭✷✳✶✳✷✮ ❛ ♠➲➸❡ ✈ ♥í ✈②t✈á➦❡t ♣❧♦❝❤②✱ ❞í❦② ↔❡♠✉➸ ❥❡ s❝❤♦♣❡♥ ✈ ❦rát❦é♠ ↔❛s❡ ✈②t✈♦➦✐t ❤r✉❜ý ♠♦✲
❞❡❧ r❡♣r❡③❡♥t✉❥í❝í r❡❦♦♥str✉♦✈❛♥ý ♦❜❥❡❦t✳ ❉➲r❛③ ❥❡ ③❞❡ ♣➦❡❞❡✈➨í♠ ❦❧❛❞❡♥ ♥❛ t♦✱ ❛❜② ✉➸✐✈❛t❡❧
♥❡♠✉s❡❧ ③❛❞á✈❛t ✈❡❧✐❦é ♠♥♦➸st✈í ❞❛t✱ ❛ t❛❦é ❛❜② t❛t♦ ❞❛t❛ ♥❡♠✉s❡❧❛ ❜ýt ♥❛♣r♦st♦ ♣➦❡s♥á✳

❯➸✐✈❛t❡❧ s✐❝❡ ♠➲➸❡ ✈②t✈á➦❡t ♦❜❥❡❦t② ✈ ♣♦♠➙r♥➙ ❦rát❦é♠ ↔❛s❡✱ ❛❧❡ ❛❦t✉á❧♥í ✐♠♣❧❡♠❡♥t❛❝❡
♥❛❜í③í ♣♦✉③❡ ♠❛❧é ♠♥♦➸st✈í ♥ástr♦❥➲✱ ❦t❡rý♠✐ ♠➲➸❡ ✉➸✐✈❛t❡❧ ❞♦ s❝é♥② ③❛s❛❤♦✈❛t✳ ❩ár♦✈❡➡
♣❧♦❝❤②✱ ❦t❡ré ✉➸✐✈❛t❡❧ ✈②t✈á➦í✱ ♠❛❥í ✈❡❧♠✐ ♦♠❡③❡♥é t✈❛r②✳ ✭♣❧♦❝❤❛ ♠á ♦❜❞é❧♥í❦♦✈ý t✈❛r ❛
❞✈➙ ♣❧♦❝❤② s❡ ♠♦❤♦✉ ♥❛✈③á❥❡♠ ♦➦❡③á✈❛t ✈ ♠íst➙ ❥❡❥✐❝❤ ♣r➲s❡↔í❦✉✳✮ ❱②t✈♦➦❡♥í ♥❡❦♦♥✈❡①♥í❝❤
♣♦❧②❣♦♥➲ ③ ♣❧♦❝❤ ♦➦❡③á✈á♥í♠ ♥❡♥í ♠♦➸♥é ❛ ✈②t✈á➦❡♥í s❧♦➸✐t➙❥➨í❝❤ ❦♦♥✈❡①♥í❝❤ ♣♦❧②❣♦♥➲ ❥❡
♣♦♠➙r♥➙ ♥ár♦↔♥é✳ ❑ t♦♠✉ ✈➨❡♠✉ ❥❡ ❦❛➸❞á ♣❧♦❝❤❛ ♦❜❛r✈❡♥❛ ❥❡❞♥♦✉ ❜❛r✈♦✉✱ ❦t❡rá ❥í ❜②❧❛
✉r↔❡♥❛✳

✶✳✶ ❈í❧ ♣rá❝❡

▼ý♠ ❝í❧❡♠ ✈ tét♦ ♣rá❝✐ ❜✉❞❡ ❛♥❛❧②③♦✈❛t ✐♠♣❧❡♠❡♥t❛❝✐ t♦❤♦t♦ ♣r♦❣r❛♠✉ ❛ ♥❛ ③á❦❧❛❞➙ tét♦
❛♥❛❧ý③② ♥ás❧❡❞♥➙ ♥❛✈r❤♥♦✉t ❛ ✐♠♣❧❡♠❡♥t♦✈❛t s❛❞✉ ♥ástr♦❥➲✳ ❱ tét♦ s❛❞➙ ❜✉❞♦✉ ♣➦❡❞❡✈➨í♠
♥ástr♦❥❡ ♣r♦ ③❛❞á♥í✱ ✉♣r❛✈❡♥í ❛ ❛♣❧✐❦❛❝✐ ❤r❛♥✐❝❡✱ ❦t❡rá ❜✉❞❡ ♦➦❡③á✈❛t ♣➦ís❧✉➨♥♦✉ ♣❧♦❝❤✉✳
❚í♠ ❜✉❞❡ ✉➸✐✈❛t❡❧ s❝❤♦♣❡♥ ✈②t✈á➦❡t ♣❧♦❝❤② ❧✐❜♦✈♦❧♥➙ s❧♦➸✐tý❝❤ t✈❛r➲✳ ❉❛❧➨í ♥ástr♦❥ ❜✉❞❡
♣r♦ t❡①t✉r♦✈á♥í t❛❦t♦ ♦➦í③♥✉tý❝❤ ♣❧♦❝❤ ♣♦♠♦❝í ✈②❜r❛♥é ❢♦t♦❣r❛✜❡✳ ❆ ♥❛❦♦♥❡❝ ♥ástr♦❥✱ ❦t❡rý
✉➸✐✈❛t❡❧✐ ❞♦✈♦❧í ③ ♦➦í③♥✉té ♣❧♦❝❤② ✈②t✈♦➦✐t tr♦❥r♦③♠➙r♥é t➙❧❡s♦✳

❏❛❦ ❜②❧♦ ✈ý➨❡ ③♠í♥➙♥♦✱ ♣r♦❣r❛♠ ♣♦✉➸í✈á ❞❛t❛ s❝é♥②✱ ❦t❡r♦✉ ❥❡ ♥❡③❜②t♥é ♣➦❡❞ ♣♦↔át❦❡♠
♣rá❝❡ ✐♠♣♦rt♦✈❛t✳ ❚✉t♦ s❝é♥✉ ❥❡ ♠♦➸♥é ③ís❦❛t ♥❛♣➦í❦❧❛❞ ♣r♦❣r❛♠❡♠ ❇✉♥❞❧❡r ❬✶✵❪✳ ❖❜❞♦❜♥ý
t②♣ s❝é♥② ❥❡ ✈②t✈á➦❡♥ ✐ ♣r♦❣r❛♠❡♠ ❱✐s✉❛❧❙❋▼ ❬✶✶❪ ❬✶✷❪✱ ❛❧❡ ♠á ❧❡❤❝❡ ♦❞❧✐➨♥ý ❢♦r♠át✳ ◆❛✲
♣r♦t✐ t♦♠✉ ❥❡ ♣r♦❣r❛♠ ❱✐s✉❛❧❙❋▼ ♣♦♠➙r♥➙ s♥❛❞♥ý ♥❛ ♣♦✉➸í✈á♥í✳ Pr♦t♦ ❦r♦♠➙ ♣➦❡❞❝❤♦③í❝❤
♥ástr♦❥➲ ❜✉❞✉ ❥❡➨t➙ ✈②t✈á➦❡t ✐♠♣♦rt♥í ♠♦❞✉❧ ♣r♦ ❞❛t❛ ③ t♦❤♦t♦ ♣r♦❣r❛♠✉✳

✶
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✷



❑❛♣✐t♦❧❛ ✷

❆♥❛❧ý③❛

❱ tét♦ ↔ást✐ s❡ ❜✉❞✉ ③❛❜ý✈❛t ❛♥❛❧ý③♦✉ st❛✈✉ ♣r♦❣r❛♠✉ ❆r❝❤✐❘❡❝✸❉ ❛ ❥❡❤♦ ③á❦❧❛❞♥í ❛r✲
❝❤✐t❡❦t✉r♦✉✳ ❉á❧❡ ③❞❡ ❜✉❞❡ ❛♥❛❧ý③❛ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r♦❜❧é♠➲✱ ❦t❡ré s❡ ♣➦✐ ♠♦❞✐✜❦❛❝✐ ♣r♦❣r❛♠✉
✈②s❦②t✉❥í✳ ◆❛ ❛♥❛❧ý③✉ t➙❝❤t♦ ♣r♦❜❧é♠➲ ❜✉❞❡ ♥ás❧❡❞♥➙ ♥❛✈❛③♦✈❛t ♥á✈r❤ ❥❡❥✐❝❤ ➦❡➨❡♥í✳

✷✳✶ P♦♣✐s ♣r♦❣r❛♠✉ ❆r❝❤✐❘❡❝✸❉

◆②♥í ③❞❡ ♣♦♣í➨✐ ③á❦❧❛❞♥í str✉❦t✉r✉ ♣r♦❣r❛♠✉✳ ❚❛t♦ ↔ást ♦❜s❛❤✉❥❡ ♣♦✉③❡ ✈②❜r❛♥♦✉ ↔ást
♣r♦❣r❛♠✉✱ ❦t❡rá s❡ ✈③t❛❤✉❥❡ ❦ ❥❡❤♦ ③á❦❧❛❞♥í♠ ❢✉♥❦❝í♠ ❛ ❦ ♣r♦❜❧é♠➲♠✱ ❦t❡ré ❜✉❞❡ ♥✉t♥é
✈②➦❡➨✐t✭✈✐③✳ ✶✳✶✮✳

✷✳✶✳✶ ❆r❝❤✐❘❡❝✸❉

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ú✈♦❞✉✱ ❆r❝❤✐❘❡❝✸❉ ❥❡ ❡①♣❡r✐♠❡♥tá❧♥í ♣r♦❣r❛♠ ♣r♦ ✸❉ r❡❦♦♥str✉❦❝✐
❜✉❞♦✈✳ ❈❡❧ý ♣r♦❣r❛♠ ❥❡ ♣sá♥ ✈ ❥❛③②❝❡ ❏❛✈❛ ❛ ♣r♦ ✈✐③✉❛❧✐③❛❝✐ ✈②✉➸í✈á ❦♥✐❤♦✈♥✉ ❏❛✈❛ ✸❉✳
Pr♦ r❡❦♦♥str✉♦✈á♥í ♦❜❥❡❦t✉ ❥❡ ❦r♦♠➙ ✈st✉♣➲ ♦❞ ✉➸✐✈❛t❡❧❡ ♥❡③❜②t♥é ♣➦❡❞ ③❛↔át❦❡♠ ♣rá❝❡
✐♠♣♦rt♦✈❛t s❝é♥✉✭✷✳✶✳✷✮✳

✷✳✶✳✷ ❙❝é♥❛

❙❝é♥❛ ❥❡ ♦❜❥❡❦t✱ ❦t❡rý ♦❜❛❧✉❥❡ ♠♥♦➸✐♥✉ ❢♦t♦❣r❛✜í✱ ❦❛♠❡r✭✷✳✶✳✸✮ ❛ ♠r❛↔♥❛ ❜♦❞➲✭✷✳✶✳✹✮✳
❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡✱ t❛❦♦✈♦✉t♦ s❝é♥✉ ❥❡ ♠♦➸♥é ③ís❦❛t ♥❛♣➦í❦❧❛❞ ♣♦♠♦❝í ♣r♦❣r❛♠➲
❥❛❦♦ ❇✉♥❞❧❡r ♥❡❜♦ ❱✐s✉❛❧❙❋▼✳ ❙❝é♥❛ ③ís❦❛♥á t➙♠✐t♦ ♣r♦❣r❛♠② ✈②✉➸í✈á ❢♦r♠át ✧❇✉♥❞❧❡ ✜❧❡
✈✵✳✸✧❬✾❪✳

✷✳✶✳✸ ❑❛♠❡r❛

❙❝é♥❛ ❥❡ ✈②t✈á➦❡♥❛ ③ ❢♦t♦❣r❛✜í ❛ ❜➙❤❡♠ ❥❡❥í❤♦ ✈②t✈á➦❡♥í ❥s♦✉ ♦❞❤❛❞♥✉t② ♣♦③✐❝❡✱ ③❡ ❦t❡ré
❜②❧② ❢♦t♦❣r❛✜❡ ♣♦➦í③❡♥②✱ ❛ t❛❦é s♠➙r✱ ❦t❡rý♠ ❜②❧❛ ❢♦t♦❣r❛✜❡ ❢♦❝❡♥❛✳ ❚②t♦ ♣❛r❛♠❡tr② ❥s♦✉
s♣♦❧✉ s ❞❛❧➨í♠✐ ♣❛r❛♠❡tr② ❢♦t♦❛♣❛rát✉ ✉❧♦➸❡♥② ❞♦ ♦❜❥❡❦t✉ ❦❛♠❡r②✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❦❛♠❡r❛
✈❡ s❝é♥➙ r❡♣r❡③❡♥t✉❥❡ ♠íst♦✱ ♦❞❦✉❞ ✈❡ s❝é♥➙ ❜②❧❛ ❢♦t♦❣r❛✜❡ ♣♦➦í③❡♥❛ ❛ ❞á❧❡ ✉❝❤♦✈á✈á ♣❛r❛✲
♠❡tr② ③❛➦í③❡♥í✱ ❦t❡ré ❢♦t♦❣r❛✜✐ ♣♦➦í❞✐❧♦✳ ❑r♦♠➙ ♣♦③✐❝❡ ❛ r♦t❛❝❡ ❦❛♠❡r❛ ♦❜s❛❤✉❥❡ t❛❦é s✈♦✉
♦❤♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st✱ ❞✈❛ r❛❞✐❛❧ ❞✐st♦rt✐♦♥ ♣❛r❛♠❡tr② ❛ ♦❞❦❛③ ♥❛ s✈♦✉ ❢♦t♦❣r❛✜✐✳

✸
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✷✳✶✳✹ ▼r❛↔♥♦ ❜♦❞➲

▼r❛↔♥♦ ❜♦❞➲ ❥❡ ♠♥♦➸✐♥❛ tr♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲ ✈ ♣r♦st♦r✉✳ ❑❛➸❞ý ③ t➙❝❤t♦ ❜♦❞➲ ❥❡ r❡♣r❡✲
③❡♥t♦✈á♥ s✈♦✉ ♣♦③✐❝í✱ ❜❛r✈♦✉ ❛ t❛❦é s❡③♥❛♠❡♠ ❢♦t♦❣r❛✜í✱ ✈❡ ❦t❡rý❝❤ s❡ t❡♥t♦ ❜♦❞ ✈②s❦②t✉❥❡✳
❩ár♦✈❡➡ ❥❡ ✈ t♦♠t♦ ❧✐st✉ t❛❦é ♣♦③✐❝❡✱ ❦❞❡ s❡ t❡♥t♦ ❜♦❞ ✈ ❞❛♥é ❢♦t♦❣r❛✜✐ ✈②s❦②t✉❥❡✳

❖❜rá③❡❦ ✷✳✶✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ✈③❤❧❡❞ ❝❡❧é ❛♣❧✐❦❛❝❡✳

✹
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❖❜rá③❡❦ ✷✳✷✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ♦❦♥♦ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜í✳

❖❜rá③❡❦ ✷✳✸✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ♦❦♥♦ ✸❉ s❝é♥②✳

✺
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❖❜rá③❡❦ ✷✳✹✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ♦❦♥♦ ✐♥❢♦ ♣❛♥❡❧✉✳

❖❜rá③❡❦ ✷✳✺✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ♦❦♥♦ ❧♦❣✉✳

✻



✷✳✶✳ P❖P■❙ P❘❖●❘❆▼❯ ❆❘❈❍■❘❊❈✸❉

❖❜rá③❡❦ ✷✳✻✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ✉➸✐✈❛t❡❧♦✈② ♠♦➸♥♦st✐✳

✼



❑❆P■❚❖▲❆ ✷✳ ❆◆❆▲Ý❩❆

✷✳✶✳✺ ▼♦➸♥♦st✐ ✉➸✐✈❛t❡❧❡

Pr♦❣r❛♠ s❡ s❦❧á❞á ♣➦❡❞❡✈➨í♠ ③ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡ ❛ ✸❉ s❝é♥②✳ ❯➸✐✈❛t❡❧ s✐ ♠➲➸❡ ✈ ❡❞✐✲
t♦r✉ ③♦❜r❛③✐t ❧✐❜♦✈♦❧♥♦✉ ❢♦t♦❣r❛✜✐ s❝é♥②✳ ◆ás❧❡❞♥➙ ✉➸✐✈❛t❡❧ ♠➲➸❡ ♣➦✐❞❛t ❧✐❜♦✈♦❧♥é ♠♥♦➸st✈í
♣❧♦❝❤✳Pr♦ ③♦❜r❛③❡♥í ♣❧♦❝❤ ✈❡ ✸❉ s❝é♥➙ ❥❡ ♥❡③❜②t♥é✱ ❛❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ♣r♦ ❞❛♥♦✉ ♣❧♦❝❤✉ ❞♦
❢♦t♦❣r❛✜❡ ❞❛t❛ ♣r♦ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡✳

❚❛t♦ ❞❛t❛ s❡ ③❛❞á✈❛❥í ❦r❡s❧❡♥í♠ ♣♦♠♦❝í ❦✉r③♦r✉ ✈❡ ❢♦t♦❣r❛✜✐✳ ❑ ♣r♦❜➙❤♥✉tí s❡❣♠❡♥t❛❝❡
❢♦t♦❣r❛✜❡✱ ✉➸✐✈❛t❡❧ ♠✉sí ③❛❞❛t ❞❛t❛ ❛❧❡s♣♦➡ ♣r♦ ❞✈➙ ♣❧♦❝❤② ✈ ❥❡❞♥é ❢♦t♦❣r❛✜✐✳ ❑❞②➸ ❥❡ ③❛❞á♥♦
❞♦st❛t❡↔♥é ♠♥♦➸st✈í ❞❛t✱ ❥❡ ♣r♦✈❡❞❡♥❛ s❡❣♠❡♥t❛❝❡ ❢♦t♦❣r❛✜❡✳ ❚í♠ ③ís❦á♠❡ ♦❜❧❛st✐ ✈❡ ❢♦t♦❣r❛✲
✜✐✱ ❦t❡ré ♦❞♣♦✈í❞❛❥í ❥❡❞♥♦t❧✐✈ý♠ ♣❧♦❝❤á♠✳ ❉í❦② ③♥❛❧♦st✐✱ ❦❞❡ s❡ ✈ ❞❛♥é ❢♦t♦❣r❛✜✐ ♥❛❝❤á③❡❥í
❜♦❞② ③ís❦❛♥é ♣➦✐ ❦❛❧✐❜r❛❝✐ s❝é♥②✱ ❥❡ ♠♦➸♥é ✉r↔✐t✱ ❦t❡rý ❜♦❞ ♦❞♣♦✈í❞á ❦t❡ré ♣❧♦➨❡✳

❚②t♦ ❜♦❞② ♣r♦❣r❛♠ ♣r♦❧♦➸í r♦✈✐♥♦✉ ❛ r♦✈✐♥✉ ♦➦í③♥❡✳ ❖➦í③♥✉té r♦✈✐♥② r❡♣r❡③❡♥t✉❥í ♣❧♦❝❤②
❛ ❥s♦✉ ③♦❜r❛③❡♥② ✈ ✸❉ s❝é♥➙✳ ❯➸✐✈❛t❡❧ t❛❦é ♠➲➸❡ ♥❛st❛✈✐t✱ ❛❜② s❡ ♥➙❦t❡ré ♣❧♦❝❤② ♠❡③✐ s❡❜♦✉
♥❛✈③á❥❡♠ ♦➦❡③á✈❛❧②✳ ❚♦ ✉♠♦➸➡✉❥❡ ✈②t✈á➦❡t ♣➦❡s♥é r♦❤② st➙♥ ❛ ❜✉❞♦✈✳

❖❜rá③❡❦ ✷✳✼✿ ■❧✉str❛❝❡ ✈②t✈á➦❡♥í ♣❧♦❝❤✳ ❯➸✐✈❛t❡❧ ✈ ❡❞✐t♦r✉ ✭✈❧❡✈♦✮ ③❛❞❛❧ ❞❛t❛ ♣r♦ ✸ ♣❧♦❝❤②
✭➸❧✉tá✱ ③❡❧❡♥á t②r❦②s♦✈á✮✳ ❚②t♦ ♣❧♦❝❤② ❥s♦✉ ③♦❜r❛③❡♥② ✈❡ ✸❉ s❝é♥➙ ✭✈♣r❛✈♦✮
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❖❜rá③❡❦ ✷✳✽✿ ■❧✉str❛❝❡ ♦➦❡③á✈á♥í ♣❧♦❝❤ ♠❡③✐ s❡❜♦✉✳ ❩❞❡ ❥❡ ♠♦➸♥é ✈✐❞➙t ❡❞✐t♦r s❡ ③❛❞❛♥ý♠✐
❞❛t② ♣r♦ ✹ ♣❧♦❝❤② ❞♦ ❢♦t♦❣r❛✜❡ ✭✈❧❡✈♦✮ ❛ ✸❉ s❝é♥✉ ❦❞❡ t♠❛✈➙ ♠♦❞rá ♣❧♦❝❤❛ ♦➸❡③á✈á ➸❧✉t♦✉✱
t②r❦②s♦✈♦✉ ❛ ③❡❧❡♥♦✉ ♣❧♦❝❤✉ ✭✈♣r❛✈♦✮

❖❜rá③❡❦ ✷✳✾✿ ■❧✉str❛❝❡ ♦➦❡③á✈á♥í ♣❧♦❝❤ ♠❡③✐ s❡❜♦✉✳ ❩❞❡ ❥❡ ♠♦➸♥é ✈✐❞➙t ❡❞✐t♦r s❡ ③❛❞❛♥ý♠✐
❞❛t② ♣r♦ ✺ ♣❧♦❝❤② ❞♦ ❢♦t♦❣r❛✜❡ ✭✈❧❡✈♦✮ ❛ ✸❉ s❝é♥✉ ❦❞❡ ❥s♦✉ t②t♦ ♥❛✈③á❥❡♠ s❡ ♦➦❡③á✈❛❥í❝í
♣❧♦❝❤② ③♦❜r❛③❡♥②✳

✾
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✷✳✷ ❉➲❧❡➸✐té ❦♦♠♣♦♥❡♥t② ❛♣❧✐❦❛❝❡

❱ tét♦ ↔ást✐ s❡ ♥❛❝❤á③í ♣♦♣✐s ③á❦❧❛❞♥í❝❤ t➦í❞ ♣r♦❣r❛♠✉ ❆r❝❤✐❘❡❝✸❉✳ ❏s♦✉ ③❞❡ ♣♦♣sá♥②
♣♦✉③❡ ✈➙t➨í t➦í❞② tý❦❛❥í❝í s❡ ➦❡➨❡♥ý❝❤ ♣r♦❜❧é♠➲ ✭✶✳✶✮

✷✳✷✳✶ ▼❉■❴♣❝❴❣✐s

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦❡ s♣✉➨t➙♥í ❝❡❧é ❛♣❧✐❦❛❝❡✳ P➦✐ s♣✉➨t➙♥í ♣r♦❣r❛♠✉ ✈②t✈♦➦í ❤❧❛✈♥í ♦❦♥♦ ❛
❦ ♥➙♠✉ ✈②t✈♦➦í ✈➨❡❝❤♥❛ ❞❛❧➨í ♦❦♥❛✱ ❦t❡rá ❜✉❞♦✉ ✉➸✐✈❛t❡❧❡♠ ♣♦✉➸í✈á♥❛✳ ❖❦♥❛✱ ❦t❡rá ❥s♦✉ ✈
t♦♠t♦ ❦r♦❦✉ ✈②t✈♦➦❡♥❛✱ ❥s♦✉✿ ❊❞✐t♦r ✭t➦í❞❛ ▼❉■❴❡❞✐t♦r❴✈✶✮✱ ✸❉ s❝é♥❛ ✭t➦í❞❛ ▼❉■❴♣❝❴✸❉✮✱
■♥❢♦ ✭t➦í❞❛ ▼❉■❴■♥❢♦✮❛ ▲♦❣ ✭t➦í❞❛ ▼❉■❴▲♦❣✮✳ ❩ár♦✈❡➡ ❥s♦✉ t②t♦ ❦♦♠♣♦♥❡♥t② ✉❧♦➸❡♥② ❞♦
st❛t✐❝❦ý❝❤ ♣r♦♠➙♥♥ý❝❤ t➦í❞② ▼❉■❴❛♣♣❴st❛t❡✳

❚❛t♦ t➦í❞❛ t❛❦é ✉➸✐✈❛t❡❧✐ ♣♦s❦②t✉❥❡ ♠♦➸♥♦st ♥❛↔ít❛t ❞❛t❛✳ ◆❛♣➦í❦❧❛❞ s❝é♥✉ ③ís❦❛♥♦✉ ♣r♦✲
❣r❛♠❡♠ ❇✉♥❞❧❡r✳ ◆❛↔ítá♥í tét♦ s❝é♥② ❥❡ r❡❛❧✐③♦✈á♥♦ t➦í❞♦✉ ❇✉♥❞❧❡r▲♦❛❞❡r✳

✷✳✷✳✷ ❇✉♥❞❧❡r▲♦❛❞❡r

❚➦í❞❛ r❡❛❧✐③✉❥í❝í ♥❛↔ítá♥í ❞❛t ③ís❦❛♥ý❝❤ ♣r♦❣r❛♠❡♠ ❇✉♥❞❧❡r✳ ❚❛t♦ t➦í❞❛ ❥❡ ❥❡❞♥í♠ ③ ➦❛❞②
❧♦❛❞❡r➲ ♣♦✉➸✐tý❝❤ ✈ ❛♣❧✐❦❛❝✐✳ ❩❡ s❧♦➸❦② s❡ s❝é♥♦✉ ♦t❡✈➦❡ s♦✉❜♦r ✧❜✉♥❞❧❡✳♦✉t✧❛ ❥❡❤♦ ♦❜s❛❤
r♦③♣❛rs✉❥❡ ❛ ✉❧♦➸í✳ ❩ t♦❤♦t♦ s♦✉❜♦r✉ ③ís❦á ♣♦↔❡t ❦❛♠❡r✱ ❥❡❥✐❝❤ tr❛♥s❢♦r♠❛❝❡✱ ♦❤♥✐s❦♦✈♦✉
✈③❞á❧❡♥♦st ❛ r❛❞✐❛❧ ❞✐st♦rt✐♦♥ ♣❛r❛♠❡tr②✳ ❉á❧❡ ③ís❦á ♠♥♦➸✐♥✉ ✸❉ ❜♦❞➲✱ ❦❞❡ ❦❛➸❞ý ❜♦❞ ❥❡
r❡♣r❡③❡♥t♦✈á♥ s✈♦✉ ♣♦③✐❝í✱ ❜❛r✈♦✉ ❛ s❡③♥❛♠❡♠ ❦❛♠❡r ❛ ♣♦③✐❝✳ ❑❛♠❡r❛ ❥❡ ✈ s❡③♥❛♠✉✱ ♣♦❦✉❞
✈ ❥í ♦❞♣♦✈í❞❛❥í❝í ❢♦t♦❣r❛✜✐ ❜②❧ ❜♦❞ ♥❛❧❡③❡♥ ❛ ♣♦③✐❝❡ ♦❞♣♦✈í❞á ♠íst✉ ✈ ❞❛♥é ❢♦t♦❣r❛✜✐✳ ❉á❧❡ ❥❡
③❡ s♦✉❜♦r✉ ✧❧✐st✳t①t✧③ís❦á♥ s❡③♥❛♠ ❢♦t♦❣r❛✜í✱ ❦t❡ré ♦❞♣♦✈í❞❛❥í ❦❛♠❡rá♠ ✭✈ ❞❛♥é♠ ♣♦➦❛❞í✮✳

✷✳✷✳✸ ▼❉■❴■♥❢♦

❚➦í❞❛ ♣r♦ ✈②t✈♦➦❡♥í ❛ ♦❜s❧✉❤✉ ✐♥❢♦ ♦❦♥❛✳ ❚♦t♦ ♦❦♥♦ ♦❜s❛❤✉❥❡ s❡③♥❛♠ ❢♦t♦❣r❛✜í✱ ❦t❡rý ❥❡
✉➸✐✈❛t❡❧✐ ③♦❜r❛③❡♥ ❥❛❦♦ s❡③♥❛♠ ❥❡❥✐❝❤ ♥á③✈➲✳ ❯➸✐✈❛t❡❧ ♠á ♠♦➸♥♦st ✈②❜r❛t ❧✐❜♦✈♦❧♥♦✉ ③ ♥✐❝❤
❦❧✐❦♥✉tí♠ ♥❛ ❥❡❥í ❥♠é♥♦✳ ❱②❜rá♥í ❢♦t♦❣r❛✜❡ ③♣➲s♦❜í✱ ➸❡ ❢♦t♦❣r❛✜❡ s❡ ♥❛st❛✈í ❥❛❦♦ ❛❦t✉á❧♥í
✈❡ st❛t✐❝❦ý❝❤ ♣r♦♠➙♥♥ý❝❤ t➦í❞② ▼❉■❴❛♣♣❴st❛t❡✱ ❢♦t♦❣r❛✜❡ s❡ ③♦❜r❛③í ✈ ❡❞✐t♦r✉✱ ❛ ♣♦❦✉❞
❥❡ ♥❛st❛✈❡♥❛ ♠♦➸♥♦st ▲♦♦❦❚❤r♦✉❣❤✱ ♣♦✉➸✐❥❡ s❡ ♣r♦ ❦❛♠❡r✉ ♣♦❤❧❡❞✉ tr❛♥s❢♦r♠❛❝❡ ❦❛♠❡r②✱
③❡ ❦t❡ré ❜②❧❛ ❞❛♥á ❢♦t♦❣r❛✜❡ ✈②❢♦❝❡♥❛✳ P♦❦✉❞ ✉➸✐✈❛t❡❧ ❦✉r③♦r❡♠ ✉❦á➸❡ ♥❛ ♥á③❡✈ ❢♦t♦❣r❛✜❡
❜❡③ ❦❧✐❦♥✉tí✱ ❥s♦✉ ③♦❜r❛③❡♥② ✐♥❢♦r♠❛❝❡ ♦ ❢♦t♦❣r❛✜✐✳ P♦❦✉❞ ❥❡ ✈ ❞❛♥♦✉ ❝❤✈í❧✐ ✈②❜rá♥❛ ❥✐♥á
❢♦t♦❣r❛✜❡✱ ③♦❜r❛③í s❡ ✐♥❢♦r♠❛❝❡ ♦ ✈③t❛❤✉ ♠❡③✐ ❢♦t♦❣r❛✜❡♠✐✳ ■♥❢♦r♠❛❝❡ ♦❜s❛❤✉❥í ③♠❡♥➨❡♥ý
♥á❤❧❡❞ ❢♦t♦❣r❛✜❡✱ ❥❡❥í ♥á③❡✈✱ ♣♦↔❡t ❜♦❞➲✱ ❦t❡ré ❜②❧② ✈ tét♦ ❢♦t♦❣r❛✜✐ ♥❛❧❡③❡♥② ♣➦✐ r❡❦♦♥str✉❦❝✐
❛ ♣♦❦✉❞ ✉➸ ❜②❧❛ ✉➸✐✈❛t❡❧❡♠ ✈②❜rá♥❛ ♥➙❥❛❦á ❢♦t♦❣r❛✜❡✱ ❥❡ ③❞❡ ③♦❜r❛③❡♥♦ ❦♦❧✐❦ ③❛r❡❣✐str♦✈❛♥ý❝❤
❜♦❞➲ t②t♦ ❢♦t♦❣r❛✜❡ s❞í❧í✳

✷✳✷✳✹ ▼❉■❴❡❞✐t♦r❴✈✶

❚➦í❞❛ ♣r♦ ✈②t✈♦➦❡♥í ❛ ♦❜s❧✉❤✉ ♦❦♥❛ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳ ❱ ♦❦♥➙ t✈♦➦❡♥é♠ t♦✉t♦ t➦í❞♦✉ ❥❡
③♦❜r❛③❡♥❛ ✉➸✐✈❛t❡❧❡♠ ✈②❜r❛♥á ❢♦t♦❣r❛✜❡ ❛ ✉➸✐✈❛t❡❧ s ♥í ♠➲➸❡ ♠❛♥✐♣✉❧♦✈❛t✳ ❯➸✐✈❛t❡❧ ♠➲➸❡

✶✵



✷✳✷✳ ❉➋▲❊➎■❚➱ ❑❖▼P❖◆❊◆❚❨ ❆P▲■❑❆❈❊

♥❛♣➦í❦❧❛❞ ③✈➙t➨✐t ♥❡❜♦ ③♠❡♥➨✐t ❢♦t♦❣r❛✜✐✱ ♣r♦✈ést ❥❡❥í r♦t❛❝✐ ♦ ♥ás♦❜❦② ✾✵ st✉♣➡➲ ♥❡❜♦ ❥✐ ♣♦s✉✲
♥♦✉t✳ ❑r♦♠➙ ❢♦t♦❣r❛✜❡ s✐ ✉➸✐✈❛t❡❧ ♠➲➸❡ ♥❡❝❤❛t ③♦❜r❛③✐t ❞♦❞❛t❡↔♥é ✐♥❢♦r♠❛❝❡✱ ❥❛❦♦ ♥❛♣➦í❦❧❛❞
❜♦❞② ③❛r❡❣✐str♦✈❛♥é ✈ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐✱ ♥❡❜♦ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡✳

✷✳✷✳✺ ▼❉■❴❛♣♣❴st❛t❡

❚❛t♦ t➦í❞❛ ❥❡ ✈❧❛st♥➙ ❦♦❧❡❦❝í st❛t✐❝❦ý❝❤ ♠❡t♦❞ ❛ st❛t✐❝❦ý❝❤ ♣r♦♠➙♥♥ý❝❤✳ ❯❞r➸✉❥❡ s❡ ✈ ♥í
✉❧♦➸❡♥ ✈❡➨❦❡rý st❛✈ ❛♣❧✐❦❛❝❡✳ ❱➨❡❝❤♥❛ ♦❦♥❛✱ ♣r♦❥❡❦t✱ s❝é♥❛✱ ♥❛st❛✈❡♥í ♣r♦❥❡❦t✉ ❛ ❛♣❧✐❦❛❝❡✱
✉➸✐✈❛t❡❧❡♠ ✈②❜r❛♥á ❢♦t♦❣r❛✜❡✱ ✐♥st❛♥❝❡ ✈➨❡❝❤ ❦❛♠❡r✱ ✐♥st❛♥❝✐ t➦í❞② ❙❡❣♠❡♥t❛t✐♦♥❲r❛♣♣❡r
❛ ❞❛❧➨í ❞➲❧❡➸✐té ❦♦♠♣♦♥❡♥t②✳ ❚❡♥t♦ ③♣➲s♦❜ ✉❧♦➸❡♥í ❞♦✈♦❧✉❥❡ ✈➨❡♠ t➦í❞á♠ ♣➦íst✉♣ ❦ ❞❛t➲♠
s❝é♥② ❛ ✉♠♦➸➡✉❥❡ ❦♦♠✉♥✐❦❛❝✐ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ❦♦♠♣♦♥❡♥t❛♠✐✳

❖❜s❛❤✉❥❡ ♣➦❡❞❡✈➨í♠ ♠❡t♦❞② ♣r♦ ✉❦❧á❞á♥í st❛✈✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♦❦❡♥ ✭♣➦✐ ✉❦♦♥↔❡♥í ❛♣❧✐❦❛❝❡
s❡ ✉❦❧á❞á r♦③♠íst➙♥í✱ ✈❡❧✐❦♦st ❛ ❞❛❧➨í ✐♥❢♦r♠❛❝❡ ♦ ♦❦♥❡❝❤✮ ❛ t❛❦é ♠❡t♦❞② ♣r♦ ❛❦t✉❛❧✐③❛❝✐
❥❡❞♥♦t❧✐✈ý❝❤ ❦♦♠♣♦♥❡♥t ♣r♦❣r❛♠✉✶✳

✷✳✷✳✻ ▼❉■❴♣❝❴✸❉

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ ✈②t✈♦➦❡♥í ❛ ♦❜s❧✉③❡ ♦❦♥❛ s ✸❉ s❝é♥♦✉✳ ❩♦❜r❛③❡♥á s❝é♥❛ ❥❡ s❧♦➸❡♥❛ ③
♠r❛↔❡♥ ❜♦❞➲✱ ❦❛♠❡r ❛ ♣❧♦❝❤✳ ▼r❛↔♥♦ ❜♦❞➲ ♦❞♣♦✈í❞á ❜♦❞➲♠✱ ❦t❡ré ❜②❧② ③ís❦á♥② ③ ✐♠♣♦rt♦✲
✈❛♥é s❝é♥②✳ ❑❛♠❡r② ♦❞♣♦✈í❞❛❥í ❦❛♠❡rá♠ ✐♠♣♦rt♦✈❛♥é s❝é♥② ❛ ❥s♦✉ r❡♣r❡③❡♥t♦✈á♥② ❥❡❞♥♦❞✉✲
❝❤ý♠✐ ♦❜❥❡❦t②✱ ❦t❡ré ✉❦❛③✉❥í ♣♦③✐❝✐ ❛ s♠➙r ♣♦❤❧❡❞✉ ❦❛♠❡r②✳ P❧♦❝❤② ❥s♦✉ ③❞❡ r❡♣r❡③❡♥t♦✈á♥②
❜❛r❡✈♥ý♠✐✷ ♦❜❞é❧♥í❦②✳ ❙❝é♥❛ t❛❦é ♠➲➸❡ ♦❜s❛❤♦✈❛t ❜♦❞② ❛ ❛♥♦t❛❝❡✳ ❇♦❞② ③ ✈ý➨❡ ③♠í♥➙♥é❤♦
♠r❛↔♥❛ ❥❡ ♠♦➸♥é ✈②❜r❛t ❦❧✐❦♥✉tí♠ ♠②➨✐✱ ♣♦❦✉❞ ❥❡ ③❛➨❦rt♥✉t❛ ♠♦➸♥♦st ✧❝✉rs♦r✧✳ ❚❛❦t♦ ✈②✲
❜r❛♥ý ❜♦❞ ❥❡ ♦③♥❛↔❡♥ ❛ ✈ t✉t♦ ❝❤✈í❧✐ ❥❡ ♠♦➸♥é t♦♠✉t♦ ❜♦❞✉ ♣➦✐❞❛t ❛♥♦t❛❝✐✱ ❝♦➸ ❥❡ ✈❧❛st♥➙
♣♦♣✐s❡❦✱ ❦t❡rý s❡ ❜✉❞❡ ③♦❜r❛③♦✈❛t ✈❡ ✸❉ s❝é♥➙✳ ❉á❧❡ ❥❡ ③❞❡ ♠♦➸♥♦st ♠➙➦✐t ✈③❞á❧❡♥♦st ♠❡③✐
❜♦❞②✳ ▼➙➦❡♥í s❡ ♣r♦✈á❞í t❡❤❞②✱ ❥❡✲❧✐ ❦r♦♠➙ ♠♦➸♥♦st✐ ✧❝✉rs♦r✧③❛➨❦rt♥✉t❛ ✐ ♠♦➸♥♦st ✧♠❡❛✲
s✉r❡✧✳ ◆ás❧❡❞♥➙ s❝é♥❛ ✉❞á✈á ✐♥❢♦r♠❛❝❡ ♦ ✈③❞á❧❡♥♦st✐ ♠❡③✐ ❞✈➙♠❛ ③❛ s❡❜♦✉ ✈②❜r❛♥ý♠✐ ❜♦❞②
✈❡ s❝é♥➙✳ ❚❛t♦ ✈③❞á❧❡♥♦st ♥❡r❡♣r❡③❡♥t✉❥❡ s❦✉t❡↔♥é ✈③❞á❧❡♥♦st✐ r❡á❧♥é❤♦ ♦❜❥❡❦t✉✳ ◆ástr♦❥
✧s❡t✧✉♠♦➸➡✉❥❡ ✉➸✐✈❛t❡❧✐ ③♠➙♥✐t ♠➙➦ít❦♦ s❝é♥②✳ P♦❦✉❞ ✉➸✐✈❛t❡❧ ③♠➙➦✐❧ ✈③❞á❧❡♥♦st ♠❡③✐ ♥➙✲
❥❛❦ý♠✐ ❜♦❞② ✈❡ s❝é♥➙✱ ❥❡ t♦✉t♦ ✈♦❧❜♦✉ ✉➸✐✈❛t❡❧✐ ③♦❜r❛③❡♥♦✱ ❥❛❦ ✈❡❧✐❦á t❛t♦ ✈③❞á❧❡♥♦st ❥❡ ❛
✉➸✐✈❛t❡❧ ♠á ♠♦➸♥♦st ❛♣❧✐❦❛❝✐ ➦í❝✐✱ ♥❛ ❥❛❦♦✉ ❤♦❞♥♦t✉ t✉t♦ ✈③❞á❧❡♥♦st ❝❤❝❡ ♥❛st❛✈✐t✳ ❚í♠ ❞♦✲
❥❞❡ ❦❡ ③✈➙t➨❡♥í✴③♠➙♥➨❡♥í s❝é♥②✳ ❩♠➙♥❛ ♠➙➦ít❦❛ ❝❡❧é s❝é♥② ③♣➲s♦❜í ③♠➙♥✉ ✈ ❝❤♦✈á♥í ♣♦❤②❜✉
❦❛♠❡r②✳ ❯➸✐✈❛t❡❧ ♠á ♠♦➸♥♦st s✈♦✉ ❦❛♠❡r♦✉ ✈❡ s❝é♥➙ ♣♦❤②❜♦✈❛t ❛ tí♠ ♠➙♥✐t ♣♦③✐❝✐✱ ③❡ ❦t❡ré
♣♦③♦r✉❥❡ s❝é♥✉✳ ❑❛♠❡r♦✉ ❥❡ ♠♦➸♥é ♣♦s✉♥♦✉t ♣♦❞é❧ ❥❡❥í❝❤ ♦s ✭♣♦❤②❜ ✈ r♦✈✐♥➙ ❳❨ ♣♦❤②❜❡♠
♠②➨✐ ❛ ♣♦ ♦s❡ ❩ ❦♦❧❡↔❦❡♠ ♠②➨✐✱ ✈➨❡ ✈ s♦✉➦❛❞♥✐❝í❝❤ ❦❛♠❡r②✮✱ ♥❡❜♦ r♦t♦✈❛t ❦♦❧❡♠ ♣♦↔át❦✉
s❝é♥②✳ ❱③❞á❧❡♥♦st✱ ♦ ❦t❡r♦✉ s❡ ❦❛♠❡r❛ ♣♦s✉♥❡✱ ❛❧❡ ♥❡♥í ③á✈✐s❧á ♥❛ ✈❡❧✐❦♦st✐ s❝é♥②✱ t✉❞í➸ ✈❡
✈➙t➨í s❝é♥➙ s❡ ❜✉❞❡ ③❞át✱ ➸❡ s❡ ❦❛♠❡r❛ ♣♦❤②❜✉❥❡ ♣♦♠❛❧❡❥✐✳

✶◆❛♣➦í❦❧❛❞ ♣♦ ✈②❜rá♥í ❥✐♥é ❢♦t♦❣r❛✜❡ ❥❡ ♥❡③❜②t♥é ❛❦t✉❛❧✐③♦✈❛t ❢♦t♦❣r❛✜✐ ③♦❜r❛③❡♥♦✉ ✈ ❡❞✐t♦r✉ ❛ ③♠➙♥✐t
♣♦❤❧❡❞ ✈❡ ✸❉ s❝é♥➙✱ ♥❡❜♦ ♣♦ ♣r♦✈❡❞❡♥í s❡❣♠❡♥t❛❝❡ ❢♦t♦❣r❛✜❡ ❥❡ ♥✉t♥é ✈②❣❡♥❡r♦✈❛t ♥♦✈é ♣❧♦❝❤② ❛ ③♦❜r❛③✐t ❥❡
✈❡ ✸❉ s❝é♥➙

✷❇❛r✈❛ ❥❡ ③á✈✐s❧á ♥❛ ✐♥❞❡①✉ ♣❧♦❝❤②✱ t❥✳ ❥❡ ③á✈✐s❧á ♥❛ ♣♦➦❛❞í✱ ✈ ❥❛❦é♠ ❥s♦✉ ♣❧♦❝❤② ✉➸✐✈❛t❡❧❡♠ ♣➦✐❞á♥②✳

✶✶
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✷✳✷✳✼ ▼❉■❴▲♦❣

❚➦í❞❛ ♣r♦ ✈②t✈♦➦❡♥í ❛ ♦❜s❧✉❤✉ ♦❦♥❛ s ❧♦❣❡♠✳ ❱ ♦❦♥➙ s❡ ③♦❜r❛③✉❥í ✐♥❢♦r♠❛❝❡ ♦ t♦♠✱ ❝♦
♣r♦❣r❛♠ ✈②❦♦♥❛❧ s♣♦❧✉ s ❞❛❧➨í♠✐ ✐♥❢♦r♠❛❝❡♠✐ ♦ ♣r♦✈❡❞❡♥é ❛❦❝✐✳ ❚➦í❞❛ ♦❜s❛❤✉❥❡ ♣♦✉③❡ ♣ár
♠❡t♦❞ ♣r♦ ✈❧♦➸❡♥í t❡①t✉ ❞♦ ❧♦❣✉ s ✉❦❛③❛t❡❧✐✱ ③❞❛ ❥❡ t♦ ✐♥❢♦r♠❛↔♥í t❡①t✱ ❡rr♦r✱ ♥❡❜♦ ♥➙❥❛❦ý
❥✐♥ý t②♣ t❡①t✉✳

✷✳✷✳✽ ■♠❛❣❡

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ❢♦t♦❣r❛✜✐✱ ❦t❡rá ♣❛t➦í ❦ ♥❛↔t❡♥é s❝é♥➙✳ ❑❛➸❞á ✐♥st❛♥❝❡ s✐ ✉❝❤♦✈á✈á
r♦③♠➙r② ❢♦t♦❣r❛✜❡✱ ✉r❧✱ ♠♥♦➸✐♥✉ ✷❉ ❜♦❞➲✱ ❦t❡ré ❜②❧② ✈ tét♦ ❢♦t♦❣r❛✜✐ ③❛r❡❣✐str♦✈á♥② ❛ ♦❞❦❛③
♥❛ ❦❛♠❡r✉✱ ③❡ ❦t❡ré ❜②❧❛ ❢♦t♦❣r❛✜❡ ③ís❦á♥❛✳

✷✳✷✳✾ P✐♥❤♦❧❡❈❛♠❡r❛

■♥st❛♥❝❡ tét♦ t➦í❞② r❡♣r❡③❡♥t✉❥í ❥❡❞♥♦t❧✐✈é ❦❛♠❡r② ♣❛t➦í❝í ❦❡ s❝é♥➙✳ ❱ ♣r♦♠➙♥♥ý❝❤ ❥s♦✉
✉❞r➸♦✈á♥② ✐♥❢♦r♠❛❝❡ ❥❛❦♦ tr❛♥s❧❛❝❡✱ r♦t❛❝❡ ♥❡❜♦ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✳ ❩ár♦✈❡➡ s✐ ✈ ❥❡❞♥é
♣r♦♠➙♥♥é ✉❞r➸✉❥❡ ♦❞❦❛③ ♥❛ ❢♦t♦❣r❛✜✐ ✭■♠❛❣❡✮✱ ❦t❡rý tét♦ ❦❛♠❡➦❡ ♦❞♣♦✈í❞á✳

✷✳✷✳✶✵ ❙❡❣♠❡♥t❛t✐♦♥❲r❛♣♣❡r

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ ♦❞stí♥➙♥í ✉➸✐✈❛t❡❧❡ ♦❞ s❛♠♦t♥é s❡❣♠❡♥t❛❝❡ ❢♦t♦❣r❛✜❡✳ ◆❡❥❞➲❧❡➸✐t➙❥➨í
♠❡t♦❞② tét♦ t➦í❞② ❥s♦✉ s❡❣♠❡♥t❛t✐♦♥ ❛ r❡❜✉✐❧❞❙❝❡♥❡❆❢t❡r❙❡❣♠❡♥t❛t✐♦♥✳ Pr✈♥í ③ t➙❝❤t♦ ♠❡t♦❞
❞❡❧❡❣✉❥❡ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡ ♥❛ ❦♦♥❦rét♥í ✐♠♣❧❡♠❡♥t❛❝✐✸✳ ❉r✉❤á ♠❡t♦❞❛ s❧♦✉➸í ❦ t♦♠✉✱
❛❜② ❜②❧❛ ③♥♦✈✉ ✈②t✈♦➦❡♥❛ ✸❉ s❝é♥❛✳ ❑ tét♦ ♠❡t♦❞➙ s❡ t❛❦é ✈á➸❡ ♠❡t♦❞❛ r❡❝♦♥str✉❝tP❧❛♥❡✳ ❱
tét♦ ♠❡t♦❞➙ s❡ ♥❡❥♣r✈❡ ♣♦♠♦❝í ✐♥st❛♥❝❡ t➦í❞② ❘❛♥s❛❝P❧❛♥❡❋✐tt✐♥❣ ③ís❦á r♦✈✐♥❛ ♦❞♣♦✈í❞❛❥í❝í
❜♦❞➲♠ ③❡ s❡❣♠❡♥t❛❝❡✳ ◆ás❧❡❞♥➙ s❡ r♦✈✐♥❛ ✉❧♦➸í ❞♦ ✐♥st❛♥❝❡ t➦í❞② ❈❙●❴P❧❛♥❡ ♦❞♣♦✈í❞❛❥í❝í
tét♦ ♣❧♦➨❡ ❛ ♥❛❦♦♥❡❝ ❥❡ ❞♦ té s❛♠é ✐♥st❛♥❝❡ ✉❧♦➸❡♥❛ ✐ ❣❡♦♠❡tr✐❡ tét♦ ♣❧♦❝❤② ③ís❦❛♥é ♣♦♠♦❝í
♠❡t♦❞② ✜♥❞❇❡st❱✐s✉❛❧✐s❛t✐♦♥✹ t➦í❞② P❧❛♥❡✸❉❯t✐❧s✳

✷✳✷✳✶✶ ❘❛♥s❛❝P❧❛♥❡❋✐tt✐♥❣

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ t♦♠✉✱ ❛❜② ♣r♦ ♠♥♦➸✐♥✉ ✸❉ ❜♦❞➲ ❜②❧❛ ♥❛❧❡③❡♥❛ ❝♦ ♥❡❥❧❡♣➨í ♠♦➸♥á
r♦✈✐♥❛✳ ❑ ③ís❦á♥í tét♦ r♦✈✐♥② ✈②✉➸í✈á r❛♥s❛❝ ❛❧❣♦r✐t♠✉s✳

✷✳✷✳✶✷ P❧❛♥❡✸❉❯t✐❧s

❚❛t♦ t➦í❞❛ ♦❜s❛❤✉❥❡ s❛❞✉ st❛t✐❝❦ý❝❤ ♠❡t♦❞ ♣r♦ ♣rá❝✐ s r♦✈✐♥❛♠✐ ❛ ♣r♦ ✈②t✈á➦❡♥í ❣❡♦♠❡t✲
r✐í✳ ❏❡❞♥♦✉ ③ ♥❡❥❞➲❧❡➸✐t➙❥➨í❝❤ ♠❡t♦❞ tét♦ t➦í❞② ❥❡ ♠❡t♦❞❛ ✜♥❞❇❡st❱✐③✉❛❧✐③❛t✐♦♥✹✱ ❦t❡rý s❧♦✉➸í
❦ ✈②t✈♦➦❡♥í ❣❡♦♠❡tr✐❡ ♣❧♦❝❤② ③ ♠♥♦➸✐♥② ❜♦❞➲ ❛ r♦✈✐♥②✱ ✈❡ ❦t❡ré t❛t♦ ♣❧♦❝❤❛ ♠á ❜ýt✳ ❚❛t♦
♠❡t♦❞❛ ♣r♦♠ít♥❡ ✈ý➨❡ ③♠í♥➙♥♦✉ ♠♥♦➸✐♥✉ ❜♦❞➲ ❞♦ r♦✈✐♥② ❛ ♥ás❧❡❞♥➙ ✈②t✈♦➦í ♥❡❥♠❡♥➨í ♦❜❛✲
❧♦✈é t➙❧❡s♦✳ ❉á❧❡ ❥❡ ③❞❡ ♥❛♣➦í❦❧❛❞ ♠❡t♦❞❛ ❣❡t❚r❛♥s❢♦r♠❋r♦♠P❧❛♥❡❚♦P❧❛♥❡✵✵✶ ❦t❡rý ✈②t✈♦➦í
tr❛♥s❢♦r♠❛❝✐ t❛❦♦✈♦✉✱ ➸❡ ❜♦❞② ③❡ ③❛❞❛♥é r♦✈✐♥② ❜✉❞♦✉ tr❛♥s❢♦r♠♦✈á♥② ❞♦ r♦✈✐♥② ①②✳ ❚❛t♦
♠❡t♦❞❛ ❥❡ ✈②✉➸í✈á♥❛ ♥❛♣➦í❦❧❛❞ ✈❡ ✈ý➨❡ ③♠í♥➙♥é ✜♥❞❇❡st❱✐③✉❛❧✐③❛t✐♦♥✹✳

✸❚➦í❞ ➦❡➨í❝í❝❤ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡ ❥❡ ✈ ❛♣❧✐❦❛❝✐ ♥➙❦♦❧✐❦✱ ✈➨❡❝❤♥② ❛❧❡ s❞í❧❡❥í ✐♥t❡r❢❛❝❡ ●r❛♣❤❈✉t❙❡❣♠❡♥✲
t❛t✐♦♥

✶✷



✷✳✷✳ ❉➋▲❊➎■❚➱ ❑❖▼P❖◆❊◆❚❨ ❆P▲■❑❆❈❊

✷✳✷✳✶✸ Pr♦❥❡❝t

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ♣rá✈➙ ♦t❡✈➦❡♥ý ♣r♦❥❡❦t✳ P➦✐ s♣✉➨t➙♥í ❛♣❧✐❦❛❝❡ ❥❡ ♣r♦❥❡❦t ♣rá③❞♥ý
❛ ❦❛➸❞á ❞❛❧➨í ♥❛↔t❡♥á s❝é♥❛ s❡ ❞♦ ♥➙❥ ✉❦❧á❞á✳ ■♥st❛♥❝❡ tét♦ t➦í❞② ♦❜s❛❤✉❥❡ ♣➦❡❞❡✈➨í♠ ❧✐st
✐♥st❛♥❝í t➦í❞② ❙❝❡♥❡❚r✳ ❱➨❡❝❤♥② s❝é♥②✱ ❦t❡ré ♣r♦❥❡❦t ♦❜s❛❤✉❥❡✱ ❥s♦✉ ③♦❜r❛③❡♥② ✈❡ ✸❉ s❝é♥➙✱
❛❧❡ ✉➸✐✈❛t❡❧ ♠➲➸❡ ♣r❛❝♦✈❛t ✈ ❥❡❞♥✉ ❝❤✈í❧✐ ♣♦✉③❡ s ❥❡❞✐♥ý♠ ♣r♦❥❡❦t❡♠✳

✷✳✷✳✶✹ ❙❝❡♥❡❚r

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ❥❡❞♥♦t❧✐✈é ♥❛↔t❡♥é s❝é♥②✳ ◆♦✈á ✐♥st❛♥❝❡ s❡ ✈②t✈á➦í ♣➦✐ ❦❛➸❞é♠
✐♠♣♦rt♦✈á♥í ♥♦✈é s❝é♥② ❛ ❥❡ ♣➦✐❞á♥❛ ❞♦ ♣r♦❥❡❦t✉✳ ❚➦í❞❛ ♦❜❛❧✉❥❡ ♠♥♦➸✐♥② ♠r❛↔❡♥ ❜♦❞➲✱
tr❛♥s❢♦r♠❛❝✐ ❝❡❧é s❝é♥② ❛ ❥❡❞♥✉ ✐♥st❛♥❝✐ t➦í❞② ❈❙● ✳

✷✳✷✳✶✺ ❈❙●

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❥❛❦♦ ❦♦♥t❡❥♥❡r ♣r♦ ♠♥♦➸✐♥② ❈❙● ♦❜❥❡❦t➲ ✭❈❙●❴P❧❛♥❡✱ ❈❙●❴▲✐♥❡✱
❈❙●❴P♦✐♥t✱ ❈❙●❴❙♣❤❡r❡✮✱ ❦t❡ré ♣❛t➦í ❦ ❥❡❞♥é ❦♦♥❦rét♥í s❝é♥➙✳ ❚➦í❞❛ ♦❜s❛❤✉❥❡ ♠❡t♦❞② ♣r♦
♣➦íst✉♣ ❦ ❝❡❧ý♠ ❦♦❧❡❦❝í♠ s ♦❜❥❡❦t② ♥❡❜♦ ✐ ❦ ❥❡❞♥♦t❧✐✈ý♠ ♦❜❥❡❦t➲♠ ✭♥❛♣➦í❦❧❛❞ ♣➦íst✉♣ ❦
✐♥st❛♥❝í♠ ❈❙●❴P❧❛♥❡ ♣♦♠♦❝í ✐♥❞❡①➲ ♣❧♦❝❤✮✳

✷✳✷✳✶✻ ❈❙●❴P❧❛♥❡

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ❥❡❞♥✉ ❦♦♥❦rét♥í ♣❧♦❝❤✉✳ ❖❜s❛❤✉❥❡ ❥❛❦ r♦✈✐♥✉✱ ❦t❡rá ❞❛♥é ♣❧♦➨❡
♦❞♣♦✈í❞á✱ t❛❦ ✐ ❥❡❥í ❣❡♦♠❡tr✐✐ r❡♣r❡③❡♥t♦✈❛♥♦✉ ♦❜❥❡❦t❡♠ ●❡♦♠❡tr②❆rr❛②✹❬✶❪✳ ❉á❧❡ t➦í❞❛ ♦❜✲
s❛❤✉❥❡ ❜❛r✈✉ ♣❧♦❝❤② ❛ ✐♥❞❡① tét♦ ♣❧♦❝❤②✳ ■♥❞❡① ♣❧♦❝❤② ♦❞♣♦✈í❞á ♣♦➦❛❞í ❥❡❥í❤♦ ✈②t✈♦➦❡♥í✱ ❦❞❡
♣r✈♥í ♣❧♦❝❤❛ ♠á ✐♥❞❡① ✶✳

✷✳✷✳✶✼ ❈❙●✸❉

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❥❛❦♦ ❦♦❧❡❦❝❡ st❛t✐❝❦ý❝❤ ♠❡t♦❞ ♣r♦ ✈②t✈á➦❡♥í ❦♦♥❦rét♥í❝❤ ♦❜❥❡❦t➲✱ ❦t❡ré
❜✉❞♦✉ ③♦❜r❛③❡♥② ✈❡ ✸❉ s❝é♥➙ ③ ❥❡❞♥♦t❧✐✈ý❝❤ ❈❙● ♦❜❥❡❦t➲ ✭❈❙●❴P❧❛♥❡✴▲✐♥❡✴P♦✐♥t✴❙♣❤❡r❡✮✳
❖❜s❛❤✉❥❡ ♣➦❡❞❡✈➨í♠ ♠❡t♦❞✉ ❝r❡❛t❡P❧❛♥❡✱ ❦t❡rá ③ ✐♥st❛♥❝❡ t➦í❞② ❈❙●❴♣❧❛♥❡ ✈②t✈♦➦í ③♦❜r❛③✐✲
t❡❧♥ý ♦❜❥❡❦t✳ ❚❛t♦ ♠❡t♦❞❛ t❛❦é ✈②t✈á➦í ♠❛t❡r✐á❧ ♣r♦ ♦❜❥❡❦t ❛ ✉r↔✉❥❡✱ ❥❛❦ý♠ ③♣➲s♦❜❡♠ ❜✉❞❡
✈ýs❧❡❞♥é t➙❧❡s♦ ③♦❜r❛③❡♥♦ ✭③❞❛ t➙❧❡s♦ ❜✉❞❡ ✈②♣❧♥➙♥é ♥❡❜♦ t➦❡❜❛ ♣♦✉③❡ ✇✐r❡❢r❛♠❡✮✳

✹■♥st❛♥❝❡ tét♦ t➦í❞② ✉❝❤♦✈á✈á ✐♥❢♦r♠❛❝❡ ♦ ✈r❝❤♦❧❡❝❤✱ ❤r❛♥á❝❤ ❛ ♣❧♦❝❤á❝❤ tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛✳ ❩ ●❡♦✲
♠❡tr②❆rr❛② s❡ ♥ás❧❡❞♥➙ ✈②t✈á➦í ♦❜❥❡❦t✱ ❦t❡rý s❡ ♣➦✐♣♦❥í ❦❡ ❣r❛❢✉ s❝é♥② ❛ ❥❡ ✈②❦r❡s❧❡♥ ✈ ✸❉ s❝é♥➙✳

✶✸



❑❆P■❚❖▲❆ ✷✳ ❆◆❆▲Ý❩❆

❖❜rá③❡❦ ✷✳✶✵✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ③á❦❧❛❞♥í t➦í❞② ♣r♦❣r❛♠✉ ❛ ❥❡❥✐❝❤ ♣r♦♣♦❥❡♥í ♠❡③✐ s❡❜♦✉✳✻

✷✳✸ ❱②t✈á➦❡♥í ♣❧♦❝❤

●❡♦♠❡tr✐❡ r❡♣r❡③❡♥t✉❥í❝í ♣❧♦❝❤②✱ ❦t❡ré ❜✉❞♦✉ ♥ás❧❡❞♥➙ ✈②❦r❡s❧❡♥② ✈❡ ✸❉ s❝é♥➙✱ ❥s♦✉ ✉❧♦✲
➸❡♥② ✈ ♦❜❥❡❦t❡❝❤ t➦í❞② ❈❙●❴P❧❛♥❡✳ ❱➨❡❝❤♥② t②t♦ ♦❜❥❡❦t② ❥s♦✉ ✉❧♦➸❡♥② ✈ ✐♥st❛♥❝✐ t➦í❞② ❈❙●✱
❦t❡rá ♦❜❛❧✉❥❡ ✈➨❡❝❤♥② ♦st❛t♥í ♦❜❥❡❦t② ♣r♦ ✈②❦r❡s❧♦✈á♥í ✈❡ ✸❉ s❝é♥➙✳ ■♥st❛♥❝❡ ❈❙● ❥❡ ✉❧♦✲
➸❡♥❛ ✈ ✐♥st❛♥❝✐ t➦í❞② ❙❝❡♥❡❚r✳ ■♥st❛♥❝❡ ❙❝❡♥❡❚r ❥❡ ❞♦st✉♣♥á ♣➦❡s st❛t✐❝❦♦✉ ♣r♦♠➙♥♥♦✉ t➦í❞②
▼❉■❴s❝❡♥❡❴❛♣♣✳

❱ ❛❦t✉á❧♥í♠ st❛✈✉ ❥❡ ♣r♦ ✈②t✈♦➦❡♥í ♣❧♦❝❤ ✈♦❧á♥❛ ♠❡t♦❞❛ r❡❜✉✐❧❞❙❝❡♥❡❆❢t❡r❙❡❣♠❡♥t❛t✐♦♥
♥❛ ✐♥st❛♥❝✐ t➦í❞② ❙❡❣♠❡♥t❛t✐♦♥ ❲r❛♣♣❡r✳ ❩❞❡ ❥❡ ♣r♦ ❦❛➸❞♦✉ ♣❧♦❝❤✉ ③❛✈♦❧á♥❛ ♠❡t♦❞❛ r❡❝♦♥✲
str✉❝tP❧❛♥❡ s ✐♥❞❡①❡♠ ♣❧♦❝❤② ❛ ♠♥♦➸✐♥♦✉ ❜♦❞➲✱ ❦t❡rá ♣❛t➦í ❞❛♥é ♣❧♦➨❡✳

✻❚❡♥t♦ ❞✐❛❣r❛♠ ❥❡ ③♥❛↔♥➙ ③❥❡❞♥♦❞✉➨❡♥ý✳ ❏s♦✉ ③❞❡ ③♦❜r❛③❡♥② ♣♦✉③❡ t➦í❞② ❦t❡ré s♦✉✈✐s❡❥í s ♣r♦❜❧é♠② ➦❡➨❡✲
♥ý♠✐ ✈ tét♦ ♣rá❝✐✳ ❩ár♦✈❡➡ ❥s♦✉ ✈②♥❡❝❤á♥② ❛tr✐❜✉t② ❥❡❞♥♦t❧✐✈ý❝❤ t➦í❞ ❛ ♣r❛❦t✐❝❦② ✈➙t➨✐♥❛ ❥❡❥✐❝❤ ♠❡t♦❞✳ ❯ t➦í❞
❥s♦✉ ③♦❜r❛③❡♥② ♣♦✉③❡ ✈ý③♥❛♠❡♥é ♠❡t♦❞② ❦t❡ré ❥s♦✉ ✈ t❡①t✉ tét♦ ♣rá❝❡ ③♠í♥➙♥②✳ P♦❦✉❞ ③♦❜r❛③❡♥é ♠❡t♦❞②
♠❛❥í ♣❛r❛♠❡tr②✱ ❥s♦✉ ♥❛❤r❛③❡♥② ✧✳✳✳✧✳ ❚❛t♦ ③❥❡❞♥♦❞✉➨❡♥í ❜②❧❛ ♣r♦✈❡❞❡♥❛ ✈ ③á❥♠✉ ♣➦❡❤❧❡❞♥♦st✐ ❞✐❛❣r❛♠✉ ❛
❛❜② ♥❡♠✉s❡❧ ❜ýt ❞➙❧❡♥ ♥❛ ♠❡♥➨í ↔ást✐✳

✶✹
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❱ r❡❝♦♥str✉❝tP❧❛♥❡ ❥❡ ♣♦♠♦❝í ✐♥st❛♥❝❡ t➦í❞② ❘❛♥s❛❝P❧❛♥❡❋✐tt✐♥❣ ③ís❦á♥❛ r♦✈✐♥❛✱ ❦t❡rá
♦❞♣♦✈í❞á ③❛❞❛♥ý♠ ❜♦❞➲♠✳ ◆ás❧❡❞♥➙ s❡ ③ ▼❉■❴❛♣♣❴st❛t❡ ③ís❦á ✐♥st❛♥❝❡ ❈❙●❴P❧❛♥❡ s
✐♥❞❡①❡♠ ♦❞♣♦✈í❞❛❥í❝í♠ ③❛❞❛♥é ❤♦❞♥♦t➙ ❛ ❥❡ ③❛✈♦❧á♥❛ ♠❡t♦❞❛ ✜♥❞❇❡st❱✐s✉❛❧✐s❛t✐♦♥✹✱ ❥❡❥í➸
✈ýs❧❡❞♥á ❣❡♦♠❡tr✐❡ ✭✐♥st❛♥❝❡ t➦í❞② ●❡♦♠❡tr②❆rr❛②✮ ❥❡ ✉❧♦➸❡♥❛ ❞♦ ❞➦í✈❡ ③ís❦❛♥é ✐♥st❛♥❝❡
❈❙●❴P❧❛♥❡✳

❖❜rá③❡❦ ✷✳✶✶✿ ❉✐❛❣r❛♠ ③♥á③♦r➡✉❥í❝í r❡❦♦♥str✉❦❝✐ ♣❧♦❝❤ ♣♦ s❡❣♠❡♥t❛❝✐

❱ ♠➙t♦❞➙ ✜♥❞❇❡st❱✐s✉❛❧✐s❛t✐♦♥✹ ❥❡ ♥❡❥♣r✈❡ ✈②t✈♦➦❡♥❛ tr❛♥s❢♦r♠❛❝❡ ❚✳ ❚❛t♦ tr❛♥s❢♦r♠❛❝❡
❥❡ t❛❦♦✈á✱ ➸❡ r♦✈✐♥✉✱ ❥❡➸ ❜②❧❛ ♠❡t♦❞➙ ♣➦❡❞á♥❛ ❥❛❦♦ ♣❛r❛♠❡tr ✭t❛✱ ❥❡➸ ❜②❧❛ ③ís❦á♥❛ ♣♦♠♦❝í
✐♥st❛♥❝❡ t➦í❞② ❘❛♥s❛❝P❧❛♥❡❋✐tt✐♥❣✮✱ tr❛♥s❢♦r♠✉❥❡ ❞♦ r♦✈✐♥② XY ✳ ❈♦➸ ③♥❛♠❡♥á✱ ➸❡ ❦❞②➸ s❡
t❛t♦ tr❛♥s❢♦r♠❛❝❡ ❛♣❧✐❦✉❥❡ ♥❛ ❜♦❞② ✈ ♣r♦st♦r✉✱ ❥❡❥✐❝❤ s♦✉➦❛❞♥✐❝❡ ❩ ❜✉❞❡ ♦③♥❛↔♦✈❛t ✈③❞á❧❡✲
♥♦st ❜♦❞✉ ♦❞ r♦✈✐♥②✳ ❚✉t♦ tr❛♥s❢♦r♠❛❝✐ ❛♣❧✐❦✉❥❡♠❡ ♥❛ ❜♦❞②✳ P♦té ❥❡ ♣r♦✈❡❞❡♥♦ ✈②♥✉❧♦✈á♥í

✶✺
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s♦✉➦❛❞♥✐❝❡ z ✉ ✈➨❡❝❤ tr❛♥s❢♦r♠♦✈❛♥ý❝❤ ❜♦❞➲ ✭❥❡❧✐❦♦➸ ❜② ❜♦❞② ♠➙❧② ♦❞♣♦✈í❞❛t ❥❡❞♥é r♦✈♥é
r♦✈✐♥➙ ❛ r♦✈✐♥❛ ❥❡ ♣r♦❧♦➸❡♥❛ t➙♠✐t♦ ❜♦❞②✱ s♦✉➦❛❞♥✐❝❡ z ❜② ♠➙❧❛ ❜ýt ♠✐♥✐♠á❧♥í✮✳ ◆ás❧❡❞♥➙
❥❡ ✈②t✈♦➦❡♥♦ ♦❜❛❧♦✈é t➙❧❡s♦ ♣r♦ ♠♥♦➸✐♥✉ ❜♦❞➲✳ P♦❦✉❞ s❡ ❥❡❞♥♦t❧✐✈é ♣❧♦❝❤② ♠❛❥í ♠❡③✐ s❡❜♦✉
♦➦❡③á✈❛t✱ ✈❡③♠♦✉ s❡ ♣➦í♠❦② ♦❞♣♦✈í❞❛❥í❝í ♣r➲s❡↔í❦➲♠ ❥❡❥✐❝❤ r♦✈✐♥✳ P♦❦✉❞ ♣r♦❣r❛♠ ♥❡♠á ❞♦✲
st❛t❡↔♥é ♠♥♦➸st✈í ♣➦í♠❡❦✱ ❥s♦✉ ♥❛❧❡③❡♥② min ❛ max ❤♦❞♥♦t② s♦✉➦❛❞♥✐❝ x ❛ y ❜♦❞➲✳ ❚②t♦
❤♦❞♥♦t② s❡ ③✈➙t➨í ❛ ♣♦✉➸✐❥í s❡ ♣r♦ ✈②t✈♦➦❡♥í ♣➦í♠❡❦✱ ❦t❡ré ✈❡ ✈ýs❧❡❞❦✉ ✈②t✈♦➦í ♦❜❞é❧♥í❦ ❦♦❧❡♠
❜♦❞➲✳

❑❞②➸ ✉➸ ❥❡ ❞♦st❛t❡❦ ♣➦í♠❡❦✱ ❥s♦✉ ♥❛❧❡③❡♥② ♣r➲s❡↔í❦② ♣➦í♠❡❦✱ ♣➦í♠❦② ❥s♦✉ r♦③❞➙❧❡♥② ♥❛
s❡❣♠❡♥t②✳ ❚②t♦ s❡❣♠❡♥t② ❥s♦✉ ♦❤♦❞♥♦❝❡♥② ❛ ❥❡ ♥❛❧❡③❡♥❛ ✉③❛✈➦❡♥á ❝❡st❛ t❛❦♦✈á✱ ➸❡ t➙❧❡s♦✱
❦t❡ré♠✉ ❥❡ t❛t♦ ❝❡st❛ ❤r❛♥✐❝í✱ ♦❜s❛❤✉❥❡ ✈➨❡❝❤♥② ❜♦❞② ❛ ❥❡ ♥❡❥♠❡♥➨í ♠♦➸♥é✳ ◆ás❧❡❞♥➙ ❥❡ ♥❛
❜♦❞② ❞❡✜♥✉❥í❝í t✉t♦ ❝❡st✉ ❛♣❧✐❦♦✈á♥❛ ✐♥✈❡r③♥í tr❛♥s❢♦r♠❛❝❡ ❦ tr❛♥s❢♦r♠❛❝✐ ❚✳ ❏❡❧✐❦♦➸ ♠➙❧②
t②t♦ ❜♦❞② s♦✉➦❛❞♥✐❝✐ z r♦✈♥✉ ♥✉❧❡✱ ✈ýs❧❡❞♥é ❜♦❞② ❜✉❞♦✉ ✈ ❥❡❞♥é r♦✈✐♥➙✳ ❚②t♦ ❜♦❞② ❥s♦✉ ♣♦té
✈❧♦➸❡♥② ❞♦ ✐♥st❛♥❝❡ t➦í❞② ●❡♦♠❡tr②■♥❢♦✱ ❦t❡rá ③ ♥✐❝❤ ✈②r♦❜í ●❡♦♠❡tr②❆rr❛②✳ ●❡♦♠❡tr②❆rr❛②
❥❡ ♥ás❧❡❞♥➙ ✉❧♦➸❡♥ ❞♦ ♦❜❥❡❦t✉ ♦❞♣♦✈í❞❛❥í❝í ♣❧♦❝❤②✳ ❩ t♦❤♦t♦ ♦❜❥❡❦t✉ s❡ ♣➦✐ ✈②t✈á➦❡♥í ✸❉ s❝é♥②
✈②t✈á➦í t➙❧❡s♦✱ ❦t❡ré ❥❡ ♣➦✐❞á♥♦ ❞♦ ❣r❛❢✉ s❝é♥② ✼ ✳

✷✳✹ ■♠♣♦rt♥í ♠♦❞✉❧ ♣r♦ ❱✐s✉❛❧❙❋▼

❏❡❞♥í♠ ③ ❝í❧➲ ♣rá❝❡ ❥❡ ✈②t✈♦➦✐t ♠♦❞✉❧✱ ❥❡♥➸ ❞♦✈♦❧í ✉➸✐✈❛t❡❧✐ ✐♠♣♦rt♦✈❛t ❞♦ ♣r♦❣r❛♠✉ s❝é♥✉
③ís❦❛♥♦✉ ♣r♦❣r❛♠❡♠ ❱✐s✉❛❧❙❋▼✳

✷✳✹✳✶ Ú↔❡❧ ♠♦❞✉❧✉

❆❜② ✉➸✐✈❛t❡❧ ♠♦❤❧ ③❛↔ít s ♣r♦❣r❛♠❡♠ ♣r❛❝♦✈❛t✱ ❥❡ ♥❡③❜②t♥é ♥❡❥❞➦í✈ ✐♠♣♦rt♦✈❛t s❝é♥✉✳
❉❛t❛ tét♦ s❝é♥② ❥s♦✉ ♥ás❧❡❞♥➙ ♣♦✉➸✐t❛ s♣♦❧✉ s❡ ✈st✉♣② ♦❞ ✉➸✐✈❛t❡❧❡ ♣r♦ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r✲
♥é❤♦ ♦❜❥❡❦t✉✱ ❦t❡rý ❜✉❞❡ r❡♣r❡③❡♥t♦✈❛t r❡❦♦♥str✉♦✈❛♥ý ♦❜❥❡❦t✳ ❱❡ stá✈❛❥í❝í♠ st❛✈✉ ♣r♦❣r❛♠
❞♦✈♦❧✉❥❡ ✐♠♣♦rt♦✈❛t ♣♦✉③❡ s❝é♥✉ ❣❡♥❡r♦✈❛♥♦✉ ♣r♦❣r❛♠❡♠ ❇✉♥❞❧❡r✱ ❦t❡rý ❥❡ ♣♦♠➙r♥➙ t➙➸❦♦✲
♣á❞♥ý ♥❛ ♣♦✉➸✐tí✳ Pr♦❣r❛♠ ❱✐s✉❛❧❙❋▼ ❥❡ ❦ ✉➸✐✈❛t❡❧✐ ✈í❝❡ ♣➦í✈➙t✐✈ý✳

✷✳✹✳✷ ❇✉♥❞❧❡r ❛ ❱✐s✉❛❧❙❋▼

❖❜❛ t②t♦ ♣r♦❣r❛♠② s❧♦✉➸í ❦ ✸❉ r❡❦♦♥str✉❦❝✐ ✈②✉➸í✈❛❥í❝ ❙tr✉❝t✉r❡ ❢r♦♠ ▼♦t✐♦♥✭✈✐③✳ ✷✳✹✳✸✮
❖❜❛ ❞✈❛ ♣r♦❣r❛♠② ✈②✉➸í✈❛❥í ❥❛❦♦ ✈st✉♣ ♥❡✉s♣♦➦á❞❛♥♦✉ ♠♥♦➸✐♥✉ ❢♦t♦❣r❛✜í✳ ❱ýst✉♣❡♠ ❥❡
❛❞r❡sá➦ ♦❜s❛❤✉❥í❝í s❝é♥✉ ❛ ❞❛❧➨í ❞♦❞❛t❡↔♥á ❞❛t❛✳

✷✳✹✳✸ ❙tr✉❝t✉r❡ ❢r♦♠ ▼♦t✐♦♥

❏❞❡ ♦ ③♣➲s♦❜ ✸❉ r❡❦♦♥str✉❦❝❡ ♦❜❥❡❦t✉ ♣♦❞❧❡ ❢♦t♦❣r❛✜í✱ ❦t❡ré r❡❦♦♥str✉♦✈❛♥ý ♦❜❥❡❦t ③❛✲
❝❤②❝✉❥í ③ r➲③♥ý❝❤ ú❤❧➲✳ P♦❞r♦❜♥➙❥➨í ✐♥❢♦r♠❛❝❡ ❥❡ ♠♦➸♥é ③ís❦❛t ♥❛♣➦í❦❧❛❞ ③ ❘♦❜✉st str✉❝t✉r❡
❢r♦♠ ♠♦t✐♦♥ ✉s✐♥❣ ♠♦t✐♦♥ ♣❛r❛❧❧❛①❬✷❪✳

✼P♦❞r♦❜♥➙❥➨í ✐♥❢♦r♠❛❝❡ ♦ ❣r❛❢✉ s❝é♥② ✈ ❏❛✈❛ ✸❉ Pr♦❣r❛♠♠✐♥❣ ❬✼❪✱ ❦❛♣✐t♦❧❛ ✹

✶✻



✷✳✺✳ ◆➪❙❚❘❖❏ P❘❖ ❱❨❚❱➪➄❊◆❮ ❍❘❆◆■❈ P▲❖❈❍

✷✳✹✳✹ ❱st✉♣♥í ❞❛t❛ ♣r♦❣r❛♠✉

Pr♦st✉❞♦✈á♥í♠ ✈ýst✉♣♥í❝❤ ❞❛t ③ ♦❜♦✉ ♣r♦❣r❛♠➲ ❥s❡♠ ❞♦➨❡❧ ❦ ③á✈➙r✉✱ ➸❡ r♦③❞í❧ ♠❡③✐
✈ýst✉♣♥í♠✐ ❞❛t② ♦❜♦✉ ♣r♦❣r❛♠➲ ❥❡ ✈❡❧♠✐ ♠❛❧ý✳ ❩á❦❧❛❞♥í s♦✉❜♦r ♦❜s❛❤✉❥í❝í ❞❛t❛ ♦❤❧❡❞♥➙ ❦❛✲
♠❡r ❛ ❜♦❞➲ ③ís❦❛♥ý ③ ♣r♦❣r❛♠✉ ❇✉♥❞❧❡r ❥❡ ✧✳✴❜✉♥❞❧❡✴❜✉♥❞❧❡✳♦✉t✧❛ ✈②✉➸í✈á ❢♦r♠át ✧❇✉♥❞❧❡
✜❧❡ ✈✵✳✸✧✳ ❱ ❞❛t❡❝❤ ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧❙❋▼ s❡ ✐♥❢♦r♠❛❝❡ ♦ ❦❛♠❡rá❝❤ ♥❛❝❤á③❡❥í ✈ s♦✉❜♦r✉
✧✳✴❜✉♥❞❧❡✳r❞✳♦✉t✧❛ ♠❛❥í ♥❛♣r♦st♦ st❡❥♥ý ❢♦r♠át ✧❇✉♥❞❧❡ ✜❧❡ ✈✵✳✸✧✳ ❉❛❧➨í ❞❛t❛ ♥❡③❜②t♥á ♣r♦
s❝é♥✉ ❥❡ s❡③♥❛♠ ❢♦t♦❣r❛✜í✱ ❦t❡ré ❥s♦✉ ✈ ❞❛♥é s❝é♥➙ ♣♦✉➸✐t② ❛ ❢♦t♦❣r❛✜❡ s❛♠♦t♥é✳ ❱❡ ✈ýst✉♣✉
♣r♦❣r❛♠✉ ❇✉♥❞❧❡r ❥❡ s❡③♥❛♠ ✉❧♦➸❡♥ ✈ s♦✉❜♦r✉ ✧✳✴❧✐st✳t①t✧❛ ♦❜s❛❤✉❥❡ ♥❛ ③❛↔át❦✉ ❦❛➸❞é❤♦
➦á❞❦✉ ❝❡st✉ ❦ ❢♦t♦❣r❛✜✐ ❛ ♥ás❧❡❞♥➙ ❞❛❧➨í ♣❛r❛♠❡tr② ♦❞❞➙❧❡♥é ♠❡③❡r❛♠✐✳ ❱❡ ✈ýst✉♣✉ ③ ♣r♦✲
❣r❛♠✉ ❱✐s✉❛❧❙❋▼ ❥❡ ❧✐st ✉❧♦➸❡♥ ♥❛ st❡❥♥é♠ ♠íst➙ s❡ st❡❥♥ý♠ ❥♠é♥❡♠✳ ❏❡❞✐♥ý r♦③❞í❧ ❥❡✱ ➸❡
❝❡st② ❦ ❢♦t♦❣r❛✜í♠ ♥❡❥s♦✉ ♥ás❡❞♦✈á♥② ✈ý↔t❡♠ ♣❛r❛♠❡tr➲✱ ❝♦➸ ❛❧❡ ♥❡✈❛❞í✱ ♥❡❜♦➫ t②t♦ ♣❛r❛♠❡✲
tr② ❆r❝❤✐❘❡❝✸❉ ♥❡♣♦✉➸í✈á✳ ❉❛❧➨í ❞❛t❛✱ ❦t❡rá ♣r♦❣r❛♠ ❥❡➨t➙ ♣♦✉➸í✈á✱ ❥s♦✉ ❦❧í↔♦✈é ❜♦❞② ✭✈✐③✳
✷✳✹✳✺✮✱ ❦t❡ré ❥s♦✉ ✉❧♦➸❡♥② ✈ s♦✉❜♦r❡❝❤ ✧✯✳❦❡②✳❣③✧✱ ❦❞❡ ✯ ❥❡ ♥á③❡✈ ❢♦t♦❣r❛✜❡✱ ❦❡ ❦t❡ré ❦❧í↔♦✈é
❜♦❞② ♣❛t➦í✽✳ ❚②t♦ s♦✉❜♦r② ♦✈➨❡♠ ✈ýst✉♣ ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧❙❋▼ ♥❡♦❜s❛❤✉❥❡✳

❚❛t♦ ❞❛t❛ s❡ ♣♦✉➸í✈❛❥í✱ ❦❞②➸ ✉➸✐✈❛t❡❧ ③✈♦❧í ✈ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡ ♠♦➸♥♦st ③♦❜r❛③✐t ❦❡②♣♦✐♥t②✳
❑❡②♣♦✐♥t② ❥s♦✉ ♣♦té ✈②❦r❡s❧♦✈á♥② ❞♦ ❢♦t♦❣r❛✜❡✱ ❛❧❡ ♥✐❦❞❡ ❥✐♥❞❡ s❡ ♥❡♣♦✉➸í✈❛❥í✱ ❛ t✉❞í➸ ♥✐❥❛❦
♥❡♦✈❧✐✈➡✉❥í s❡❣♠❡♥t❛❝✐✱ r❡❦♦♥str✉❦❝✐ ❛♥✐ ❥✐♥é ❞➲❧❡➸✐té ❢✉♥❦❝❡ ♣r♦❣r❛♠✉✳ Pr♦❣r❛♠ ❥❡ ③ár♦✈❡➡
♦➨❡t➦❡♥ ❛ ❦♦♥tr♦❧✉❥❡✱ ③❞❛ t②t♦ s♦✉❜♦r② ❡①✐st✉❥í ♣➦❡❞ ❥❡❥✐❝❤ ♥❛↔ítá♥í♠✱ t❛❦➸❡ ♣♦❦✉❞ ❝❤②❜➙❥í✱
♥❡♥❛st❛♥❡ ➸á❞♥á ❦♦♠♣❧✐❦❛❝❡✳

✷✳✹✳✺ ❑❧í↔♦✈é ❜♦❞②

❑❧í↔♦✈é ❜♦❞② ❥s♦✉ ❞✈♦❥r♦③♠➙r♥é ❜♦❞②✱ ❦t❡ré ❜②❧② ✈❡ ❢♦t♦❣r❛✜í❝❤ ♥❛❧❡③❡♥② ♣➦✐ ✈②t✈á➦❡♥í
s❝é♥②✳ ❚②t♦ ❜♦❞② ❥s♦✉ ♣♦s❦②t♥✉t② ♣♦✉③❡ ✈❡ s❝é♥➙ ❣❡♥❡r♦✈❛♥é ♣r♦❣r❛♠❡♠ ❇✉♥❞❧❡r✳ ❑❧í↔♦✈é
❜♦❞② ♥❡❥s♦✉ ♣r♦ s♣rá✈♥♦✉ ❢✉♥❦❝✐ ♣r♦❣r❛♠✉ ❆r❝❤✐❘❡❝✸❉ ✈②➸❛❞♦✈á♥②✳

✷✳✺ ◆ástr♦❥ ♣r♦ ✈②t✈á➦❡♥í ❤r❛♥✐❝ ♣❧♦❝❤

❏❛❦ ❥✐➸ ❜②❧♦ ✈ ú✈♦❞✉ ③♠í♥➙♥♦✱ ❥❡❞♥í♠ ③ ♥♦✈ý❝❤ ♥ástr♦❥➲ ♣r♦❣r❛♠✉ ❜✉❞❡ ♥ástr♦❥ ♣r♦
✈②t✈♦➦❡♥í ❤r❛♥✐❝❡ ♣❧♦❝❤✳

✷✳✺✳✶ ❆❦t✉á❧♥í st❛✈ ♣r♦❣r❛♠✉

❱ ❛❦t✉á❧♥í♠ st❛✈✉ ❛♣❧✐❦❛❝❡ ✉➸✐✈❛t❡❧ ♠➲➸❡ ❞♦ s❝é♥② ♣➦✐❞á✈❛t ♣❧♦❝❤②✱ ❦t❡ré ♣r♦❦❧á❞❛❥í
♠♥♦➸✐♥② tr♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲✳ P❧♦❝❤❛ ✈❡ s❝é♥➙ r❡♣r❡③❡♥t♦✈á♥❛ ♦❜❞é❧♥í❦❡♠✱ ♣➦í♣❛❞♥➙ ❥✐♥ý♠
t✈❛r❡♠✱ ♣♦❦✉❞ s❡ ♠❡③✐ s❡❜♦✉ ♣❧♦❝❤② ♦➦❡③á✈❛❥í✳ ❱❡❧✐❦♦st t♦❤♦t♦ út✈❛r✉ ❥❡ ③á✈✐s❧á ♥❛ r♦③♠➙r❡❝❤
❦♦❧♠é❤♦ ♣r➲♠➙t✉ ♠♥♦➸✐♥② ❜♦❞➲✱ ❦t❡ré tét♦ ♣❧♦➨❡ ♣❛t➦í✱ ❞♦ r♦✈✐♥②✱ ✈❡ ❦t❡ré s❡ t❛t♦ ♣❧♦❝❤❛
♥❛❝❤á③í✾✳

✽❦ ❢♦t♦❣r❛✜✐ ✧t❡st✳❥♣❣✧❜✉❞❡ ♣❛t➦✐t s♦✉❜♦r s ❦❧í↔♦✈ý♠✐ ❜♦❞② ✧t❡st✳❦❡②✳❣③✧
✾❱❡③♠♦✉ s❡ ♠✐♥✐♠á❧♥í ❛ ♠❛①✐♠á❧♥í ❤♦❞♥♦t② x ❛ y s♦✉➦❛❞♥✐❝ ❜♦❞➲✳ ❚②t♦ ♠❛①✐♠❛ ❛ ♠✐♥✐♠❛ s❡ ♥ás❧❡❞♥➙

✉♣r❛✈í t❛❦✱ ❛❜② ✈ýs❧❡❞♥é t➙❧❡s♦ ❜②❧♦ ✈➙t➨í ♥❡➸ ♠♥♦➸✐♥❛✳ ◆ás❧❡❞♥➙ s❡ ③ ♦❜❞é❧♥í❦✉ t✈♦➦❡♥é❤♦ t➙♠✐t♦ ❜♦❞② ❛ ③
♣➦í♠❡❦ ♣r♦ ♦➦❡③á✈á♥í r♦✈✐♥② ✈②t✈♦➦í ✈ýs❧❡❞♥ý ♦❜❥❡❦t ♣❧♦❝❤②✳

✶✼



❑❆P■❚❖▲❆ ✷✳ ❆◆❆▲Ý❩❆

❚♦t♦ ♥❡♥í ♣➦í❧✐➨ ✈❤♦❞♥é✱ ♣♦❦✉❞ ❜② ✉➸✐✈❛t❡❧ ❝❤t➙❧ r❡♣r❡③❡♥t♦✈❛t ♥➙❥❛❦é s❧♦➸✐t➙❥➨í út✈❛r②✳
❑r♦♠➙ t♦❤♦ ❥❡ ♣➦✐ ❦❛➸❞é ú♣r❛✈➙ s❝é♥② ♥❡③❜②t♥é ③♥♦✈✉ ✈②♣♦↔ít❛t ♥❡❥❧❡♣➨í ❤r❛♥✐❝❡ ✈➨❡❝❤ ♣❧♦❝❤
✈❡ s❝é♥➙✳ P➦✐ ✈➙t➨í♠ ♠♥♦➸st✈í ♣❧♦❝❤✱ ❦t❡ré s❡ ♠❡③✐ s❡❜♦✉ ✈③á❥❡♠♥➙ ♦➦❡③á✈❛❥í✱ ③♥❛↔♥➙ r♦st❡
♥ár♦↔♥♦st ❥❡❞♥é ❛❦t✉❛❧✐③❛❝❡ s❝é♥② ❛ ❛♣❧✐❦❛❝❡ s❡ ✈ýr❛③♥➙ ③♣♦♠❛❧✉❥❡✳

✷✳✺✳✷ ❈í❧

▼ý♠ ❝í❧❡♠ ❥❡ t❡❞② ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý ❜② ✉➸✐✈❛t❡❧✐ ❞♦✈♦❧✐❧ ✈②t✈♦➦✐t ♣❧♦❝❤✉✱ ❥❡❥í➸ t✈❛r
❜② ♣➦❡s♥➙ ♦❞♣♦✈í❞❛❧ ✉➸✐✈❛t❡❧♦✈✉ ♣➦á♥í✳ ◆❛ ❞r✉❤♦✉ str❛♥✉ ❥❡ ♣♦t➦❡❜❛ ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý
❜② ❜②❧ ♣r♦ ✉➸✐✈❛t❡❧❡ ♣♦❦✉❞ ♠♦➸♥♦ ❥❡❞♥♦❞✉❝❤ý ❦ ♣♦✉➸✐tí✱ ❛❜② ✉➸✐✈❛t❡❧❡ ♥❡♦❞r❛❞✐❧ ♦❞ ♣♦✉➸í✈á♥í
♣r♦❣r❛♠✉ ❛ ❛❜② ❜②❧❛ ♣rá❝❡ s ♣r♦❣r❛♠❡♠ ❡❢❡❦t✐✈♥í✳

✷✳✺✳✸ ▼♦➸♥♦st✐ ③❛❞á♥í ❤r❛♥✐❝❡

❏❡❞♥♦✉ ③ ♠♦➸♥♦stí ❥❡ ❞át ✉➸✐✈❛t❡❧✐ s❛❞✉ ♣r✐♠✐t✐✈✱ ③❡ ❦t❡rý❝❤ ❜② s✐ ♠♦❤❧ s❧♦➸✐t ✈ýs❧❡❞✲
♥♦✉ ♣❧♦❝❤✉✳ ❘❡á❧♥é ♦❜❥❡❦t② ❛❧❡ ✈➙t➨✐♥♦✉ ♥❡♠í✈❛❥í ♥❛♣r♦st♦ ♣➦❡s♥ý t✈❛r✱ ❦t❡rý ❜② ♦❞♣♦✈í❞❛❧
↔t✈❡r❝➲♠✱ ♦❜❞é❧♥í❦➲♠ ♥❡❜♦ t➦❡❜❛ tr♦❥ú❤❡❧♥í❦➲♠✳ ❩ár♦✈❡➡ ✉➸✐✈❛t❡❧ ❜② t②t♦ ♦❜❥❡❦t② ③❛❞á✈❛❧
❞♦ ❢♦t♦❣r❛✜❡✱ ❦❞❡ ❥s♦✉ ♦❜❥❡❦t② ❞í❦② ♣❡rs♣❡❦t✐✈➙ ③❦r❡s❧❡♥②✳ ❚♦ ❜② ❛❧❡ ③♥❛♠❡♥❛❧♦✱ ➸❡ ❜② ✉➸✐✈❛✲
t❡❧ ♠✉s❡❧ t②t♦ ♦❜❥❡❦t② ♥➙❥❛❦ý♠ ③♣➲s♦❜❡♠ ✉♣r❛✈♦✈❛t✴❞❡❢♦r♠♦✈❛t✱ ♣r♦t♦➸❡ ❜② ♥❡❜②❧♦ ♠♦➸♥é
♠✉ ③❛❥✐st✐t ✈➨❡❝❤♥② ♠♦➸♥é t✈❛r②✳ ❚②t♦ ú♣r❛✈② ❜② ③✈ý➨✐❧② ♥ár♦↔♥♦st ③❛❞á✈á♥í ❤r❛♥✐❝❡✳

❉❛❧➨í✱ ♣r♦ ✉➸✐✈❛t❡❧❡ ♠♥♦❤❡♠ ♣➦í❥❡♠♥➙❥➨í✱ ♠♦➸♥♦st ③❛❞á✈á♥í ❤r❛♥✐❝❡ ❜② ♠♦❤❧❛ ❜ýt ❦r❡s❧❡✲
♥í♠ ❞♦ s❝é♥②✳ ❚♦t♦ ❜② ❜②❧♦ ♣r♦ ✉➸✐✈❛t❡❧❡ ♣♦♠➙r♥➙ ♣➦✐r♦③❡♥é ❛ ③❛❥✐st✐❧♦ ❜② t♦ ✉➸✐✈❛t❡❧✐✱ ➸❡
❤r❛♥✐❝❡ ❜✉❞❡ ♣➦❡s♥➙ ♦❞♣♦✈í❞❛t ❥❡❤♦ ♣➦á♥í♠✳ ❚❛❦t♦ ❜② ❜②❧❛ ❤r❛♥✐❝❡ ♣❧♦❝❤② ✈❡❧♠✐ ♣♦❞r♦❜♥á✳
■ ❦❞②❜② ✉➸✐✈❛t❡❧ ❦r❡s❧✐❧ ♣➦í♠❦✉✱ ❦t❡rá ❜② ➨❧❛ r❡♣r❡③❡♥t♦✈❛t ❥❡♥ ❞✈➙♠❛ ❜♦❞②✱ ❜②❧❛ ❜② r❡♣r❡✲
③❡♥t♦✈á♥❛ ♠♥♦❤♦♥ás♦❜♥➙ ✈➙t➨í♠ ♠♥♦➸st✈í♠ ❜♦❞➲✳ ❑❛➸❞ý ③ t➙❝❤t♦ ❜♦❞➲ ❜② ♠✉s❡❧ ❜ýt ♣➦✐
❦❛➸❞é ③♠➙♥➙ s❝é♥② ♣r♦♠ít♥✉t ❞♦ r♦✈✐♥② ❛ ✈ýs❧❡❞♥á ❣❡♦♠❡tr✐❡ ♣❧♦❝❤② ❜② ❜②❧❛ t❛❦é ③❜②t❡↔♥➙
✈❡❧♠✐ s❧♦➸✐tá✳ ❩ár♦✈❡➡ ❜② ❜②❧ ③♥❛↔♥ý ♣r♦❜❧é♠ ♣r♦ ✉➸✐✈❛t❡❧❡ ✉♣r❛✈♦✈❛t stá✈❛❥í❝í ❤r❛♥✐❝✐✱ ❦❞②❜②
❜➙❤❡♠ ❦r❡s❧❡♥í ✉❞➙❧❛❧ ♥➙❥❛❦♦✉ ❝❤②❜✉✳

❩♣➲s♦❜ ③❛❞á✈á♥í✱ ❦t❡rý ❜② ♦❞str❛♥✐❧ ♥❡✈ý❤♦❞② t♦❤♦ ♣➦❡❞❝❤♦③í❤♦✱ ❜② ❜②❧♦ ③❛❞á✈á♥í ♣♦✉③❡
♠❡♥➨í❤♦ ♠♥♦➸st✈í ❜♦❞➲ ❦❧✐❦á♥í♠ ❞♦ ❢♦t♦❣r❛✜❡✳ ❚í♠t♦ ③♣➲s♦❜❡♠ ❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ❜♦❞②
♣♦✉③❡ t❛♠✱ ❦❞❡ ❥❡ t♦ ♣♦t➦❡❜❛✳ ❚❛t♦ ♠♦➸♥♦st ❜② t❛❦é ③✈ý➨✐❧❛ ♣➦❡s♥♦st r♦✈♥ý❝❤ ↔❛r✱ ❦t❡ré ❥s♦✉
✈ ❛r❝❤✐t❡❦t✉➦❡ ✈❡❧♠✐ ↔❛stý♠ ❥❡✈❡♠✱ ❛❧❡ s♥í➸✐❧❛ ❜② s❡ s♥❛❞♥♦st ③❛❞á✈á♥í ③❛❦✉❧❛❝❡♥ý❝❤ ❤r❛♥✐❝✳
❯➸✐✈❛t❡❧ ❜② ♠✉s❡❧ ③❛❞❛t ✈➙t➨í ♠♥♦➸st✈í ❜♦❞➲✳ ◆❛ ❞r✉❤♦✉ str❛♥✉✱ ♣➦❡s♥♦st ❜② ❜②❧❛ ✈➙t➨í✱
♥❡❜♦➫ ✉➸✐✈❛t❡❧ ❜② ♠➙❧ ↔❛s ✈ ♣r➲❜➙❤✉ ③❛❞á✈á♥í ❢♦t♦❣r❛✜✐ tr❛♥s❢♦r♠♦✈❛t✶✵✱ ❛❜② s✐ ③❥❡❞♥♦❞✉➨✐❧
③❛❞á✈á♥í✳ ❩ár♦✈❡➡ ❜② ✉➸✐✈❛t❡❧ ♠♦❤❧ ③✈♦❧✐t✱ ❥❛❦ ♣♦❞r♦❜♥➙ ❝❤❝❡ ❞❛♥♦✉ ③❛❦✉❧❛❝❡♥♦✉ ❤r❛♥✐❝✐
r❡♣r❡③❡♥t♦✈❛t✳

✷✳✺✳✹ ❯❧♦➸❡♥í ❤r❛♥✐❝❡ ♣❧♦❝❤②

❑❞②➸ ❜✉❞❡ ✉➸✐✈❛t❡❧ ❜♦❞② ③❛❞á✈❛t ❦❧✐❦á♥í♠ ❞♦ ❢♦t♦❣r❛✜❡✱ ③ís❦á♠❡ ✉s♣♦➦á❞❛♥♦✉ ♠♥♦➸✐♥✉
❜♦❞➲✳ ❍r❛♥✐❝❡ ❜✉❞❡ t✈♦➦❡♥❛ ✉③❛✈➦❡♥♦✉ ❝❡st♦✉ ús❡↔❡❦✱ ❦t❡ré ③ís❦á♠❡ s♣♦❥♦✈á♥í♠ ❦❛➸❞ý❝❤

✶✵③✈➙t➨✐t✴③♠❡♥➨✐t ♥❡❜♦ ♣♦s✉♥♦✉t

✶✽



✷✳✺✳ ◆➪❙❚❘❖❏ P❘❖ ❱❨❚❱➪➄❊◆❮ ❍❘❆◆■❈ P▲❖❈❍

❞✈♦✉ ♣♦ s♦❜➙ ❥❞♦✉❝í❝❤ ❜♦❞➲ ❛ ♣r✈♥í❤♦ s ♣♦s❧❡❞♥í♠✳ ❩ár♦✈❡➡ ❛❜② ♠♦❤❧❛ ♥➙❥❛❦á ❤r❛♥✐❝❡ ❜ýt
✈②t✈♦➦❡♥❛✱ ❜✉❞❡ ♥❡③❜②t♥é✱ ❛❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ❛❧❡s♣♦➡ ✸ ❜♦❞②✱ ♥❡❜♦➫ tr♦❥ú❤❡❧♥í❦ ❥❡ ♥❡❥♠❡♥➨í✶✶

♠♦➸♥é t➙❧❡s♦ s ♣❧♦❝❤♦✉✳ ▼♥♦➸✐♥❛ ❜♦❞➲ t❡❞② ♠✉sí ❜ýt ✉s♣♦➦á❞❛♥á ❛ ♠✉sí ♠ít ♥❡❥♠é♥➙ ✸ ♣r✈❦②✱
❥✐♥❛❦ ❜✉❞❡ ♠✉s❡t ❜ýt ♣♦✉➸✐t❛ ♥❡♦➦í③♥✉tá ♣❧♦❝❤❛ ❥❛❦♦ s❡ t♦♠✉ ❞➙❥❡ t❡↕✳

❩ár♦✈❡➡ ❜✉❞❡ ♥❡③❜②t♥é ✉❧♦➸✐t s✐ ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ❦❡ ❦t❡ré ♣❧♦➨❡ ❞❛♥á ♠♥♦➸✐♥❛ ❜♦❞➲ ♣❛t➦í✳
❏❡❧✐❦♦➸ ✈➨❡❝❤♥② ❜♦❞② ❥❡❞♥é ♠♥♦➸✐♥② ♣❛t➦í ❥❡❞♥é ♣❧♦➨❡✱ ♥❡♥í t➦❡❜❛✱ ❛❜② s✐ ❦❛➸❞ý ❜♦❞ ✉❞r➸♦✈❛t
t✉t♦ ✐♥❢♦r♠❛❝✐✳ ❚♦t♦ ♣r♦♣♦❥❡♥í ♠❡③✐ ♠♥♦➸✐♥♦✉ ❛ ♣❧♦❝❤♦✉ ❜② ❜②❧♦ ♠♦➸♥é ✉❞r➸♦✈❛t ♥❛♣➦í❦❧❛❞
t❛❦✱ ➸❡ ❦❛➸❞á ♠♥♦➸✐♥❛ ❜② s✐ ✉❦❧á❞❛❧❛ ✐♥❞❡①✱ ❦t❡rý ❥❡ ♣r♦ ❦❛➸❞♦✉ ♣❧♦❝❤✉ ❥❡❞✐♥❡↔♥ý✳ ❚♦ ❜②
❛❧❡ ♥❡➦❡➨✐❧♦ ♣r♦❜❧é♠✱ ❦❛♠ ♠♥♦➸✐♥✉ ✉❧♦➸✐t✳ ❉á❧❡ ❜② ➨❧♦ ♣♦✉➸ít ❦♦❧❡❦❝✐✱ ❦❞❡ ❜② ♣r♦ ❦❛➸❞♦✉
♣❧♦❝❤✉ ❜②❧❛ ✉❧♦➸❡♥❛ t❛t♦ ♠♥♦➸✐♥❛ ♣♦❞ ❥❡❥í♠ ✐♥❞❡①❡♠✳ ❚♦t♦ ❜② ❛❧❡ ✈②➸❛❞♦✈❛❧♦ ❦♦❧❡❦❝✐ ✉❧♦➸✐t
♥❛ ♠íst♦✱ ❦❞❡ ❜② ✈➨❡❝❤♥② t➦í❞②✱ ❦t❡ré ♠♥♦➸✐♥② ❜♦❞➲ ❜✉❞♦✉ ✈②✉➸í✈❛t✱ ♠➙❧✐ ❦❡ ❦♦❧❡❦❝✐ ♣➦íst✉♣✳
❩ár♦✈❡➡ t②t♦ ♠♥♦➸✐♥②✱ r❡♣r❡③❡♥t✉❥í❝í ❤r❛♥✐❝❡✱ ❥s♦✉ ✈❧❛st♥♦st♠✐ ❥❡❞♥♦t❧✐✈ý❝❤ ♣❧♦❝❤✳ Pr♦t♦ ❜②
❜②❧♦ ❥✐st➙ ✈ý❤♦❞♥➙❥➨í✱ ❛❜② t②t♦ ♠♥♦➸✐♥② ❜②❧② ✉❧♦➸❡♥② ✉ ♣❧♦❝❤✱ ❦❡ ❦t❡rý♠ ♣❛t➦í✳ ■♥st❛♥❝❡ t➦í❞②
r❡♣r❡③❡♥t✉❥í❝í ♣❧♦❝❤② ❥s♦✉ ♣➦íst✉♣♥é ❞í❦② t➦í❞➙ ▼❉■❴❛♣♣❴st❛t❡✳

✷✳✺✳✺ ▼♦❞❡❧ ❦❛♠❡r②

❱ ❛♣❧✐❦❛❝✐ ❥❡ ♣r♦ ❦❛♠❡r✉ ♣♦✉➸✐t P✐♥❤♦❧❡ ❝❛♠❡r❛ ♠♦❞❡❧❬✸❪ ❬✹❪✳ ❯✈❛➸✉❥❡♠❡ t❡❞②✱ ➸❡ ❦❛♠❡r❛
♥❡♠á ➸á❞♥♦✉ ↔♦↔❦✉ ❛ ❝❧♦♥❛ ♠á ✈ s♦❜➙ ♥❡❦♦♥❡↔♥➙ ♠❛❧ý ♦t✈♦r✱ ❦t❡rý ♣r♦♣✉stí ♣♦✉③❡ ❥❡❞❡♥
♣❛♣rs❡❦ s✈➙t❧❛✳

▼♦❞❡❧ ✭♦❜r✳ ✷✳✶✷✮ ❢✉♥❣✉❥❡ t❛❦✱ ➸❡ ♠á♠❡ ♦♣t✐❝❦♦✉ ♦s✉ o ✱ ❝♦➸ ❥❡ ♣➦í♠❦❛ ✈ ♣r♦st♦r✉✳ ◆❛
♦♣t✐❝❦é ♦s❡ s❡ ♥❛❝❤á③í st➦❡❞ ❦❛♠❡r② S✳ ❙t➦❡❞ ❦❛♠❡r② ♦❞♣♦✈í❞á ♦♥♦♠✉ ♠❛❧é♠✉ ♦t✈♦r✉ ✈
❝❧♦♥➙✳ ❖♣t✐❝❦á ♦s❛ ❜✉❞❡ s❤♦❞á s ♦s♦✉ z✳ ❉á❧❡ ♠á♠❡ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ a✱ ❦t❡rá ❥❡ r♦✈♥♦❜➙➸♥á
s r♦✈✐♥♦✉ XY ✱ t❥✳ ❥❡ ❦♦❧♠á ❦ ♦♣t✐❝❦é ♦s❡✳ ❖❜r❛③♦✈á r♦✈✐♥❛ a s❡ ♥❛❝❤á③í ✈❡ ✈③❞á❧❡♥♦st✐ f ♦❞
st➦❡❞✉ ❦❛♠❡r②✱ ❦❞❡ f ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❦❛♠❡r②✳

❑❛➸❞ý ♣➦✐❝❤á③❡❥í❝í ♣❛♣rs❡❦ ♣r♦❝❤á③í st➦❡❞❡♠ ❦❛♠❡r② ❛ ❞♦♣❛❞á ♥❛ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ a✱ ❦❞❡
✈②t✈á➦í ♦❜r❛③✳ ❚❡♥t♦ ♦❜r❛③ ❥❡ ♣➦❡✈rá❝❡♥ý ♣♦❞❧❡ ♦s x ❛ y ✭❥❛❦♦ ♣♦↔át❡❦ s♦✉➦❛❞♥é❤♦ s②sté♠✉
♦❜r❛③✉ ❜❡r❡♠❡ ♣r➲♥✐❦ ♦♣t✐❝❦é ♦s② ❛ ♦❜r❛③♦✈é r♦✈✐♥② a✱ ❦❞❡ ♦s❛ z ♦❞♣♦✈í❞á s♠➙r✉ ♦♣t✐❝❦é
♦s②✮✳ ❱❡❧✐❦♦st ♦❜r❛③✉ ❥❡ ♣➦í♠♦ ú♠➙r♥á ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐✳

P➦❡❞st❛✈♠❡ s✐ ✈ t♦♠t♦ ♠♦❞❡❧✉ ❥❡➨t➙ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ b✱ r♦✈♥♦❜➙➸♥♦✉ s ♣➲✈♦❞♥í ♦❜r❛③♦✲
✈♦✉ r♦✈✐♥♦✉ ✭♦❜r✳ ✷✳✶✸✮✳ ❖❜r❛③♦✈á r♦✈✐♥❛ b ❥❡ ♣♦s✉♥✉t❛ ♦❞ st➦❡❞✉ ❦❛♠❡r② t❛❦é ♦ ✈③❞á❧❡♥♦st
f ✱ ❛❧❡ ♥❛ ❞r✉❤♦✉ str❛♥✉ ♣♦❞❧❡ ♦♣t✐❝❦é ♦s②✱ ♥❡➸ ❥❡ ♦❜r❛③♦✈á r♦✈✐♥❛ a✳ ❏❡❧✐❦♦➸ t❡♥t♦ ♠♦❞❡❧ ♥❡✲
♣♦✉➸í✈á ➸á❞♥♦✉ ↔♦↔❦✉✱ ❦t❡rá ❜② ❧á♠❛❧❛ ♣❛♣rs❦②✱ ✈➨❡❝❤♥② ♣➦✐❝❤á③❡❥í❝í ♣❛♣rs❦② ❥s♦✉ ♣♦ ❝❡❧♦✉
❞♦❜✉ ♣➦í♠❦②✳ ❱ t♦♠t♦ ✉♣r❛✈❡♥é♠ ♠♦❞❡❧✉ ✈➨❡❝❤♥② ♣❛♣rs❦② ♥❡❥❞➦í✈❡ ♣r♦❝❤á③í ♦❜r❛③♦✈♦✉ r♦✲
✈✐♥♦✉ b✱ ♥❛ ❦t❡ré♠ ✈②t✈á➦❡❥í ♦❜r❛③ B✳ ◆ás❧❡❞♥é ♣♦❦r❛↔✉❥í ❞á❧❡ ❥❛❦♦ ✈ ♥❡✉♣r❛✈❡♥é♠ ♠♦❞❡❧✉✳
❚❛❦t♦ ③ís❦❛♥ý ♦❜r❛③ B ❥❡ st➦❡❞♦✈➙ s♦✉♠➙r♥ý s ♣➲✈♦❞♥í♠ ♦❜r❛③❡♠ A ♣♦❞❧❡ st➦❡❞✉ ❦❛♠❡r②✳
❖❜r❛③ B ♠á ♦♣r♦t✐ A t✉ ✈ý❤♦❞✉✱ ➸❡ ♥❡♥í ♣➦❡✈rá❝❡♥ý✳

✶✶◆❡❥♠❡♥➨í♠ ❥❡ ③❞❡ ♠②➨❧❡♥♦ t➙❧❡s♦ t✈♦➦❡♥♦ ♥❡❥♠❡♥➨í♠ ♠♥♦➸st✈í♠ ✈r❝❤♦❧➲✳
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❖❜rá③❡❦ ✷✳✶✷✿ ■❧✉str❛❝❡ P✐♥❤♦❧❡ ❝❛♠❡r❛ ♠♦❞❡❧✉✳ O ✲ ♦♣t✐❝❦á ♦s❛✱ z ✲ ♦s❛ Z✱ y ✲ ♦s❛ Y ✱ f ✲
♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ a ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ P ✲ ♦❜❥❡❦t✱ A ✲ ♣r➲♠➙t ♦❜❥❡❦t✉
P ♥❛ a✱ p ✲ ♣r♦♠ít❛❝í ♣❛♣rs❡❦ ✭♦s❛ X s♠➙➦✐❥❡ ❦ ♣♦③♦r♦✈❛t❡❧✐✮
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❖❜rá③❡❦ ✷✳✶✸✿ ■❧✉str❛❝❡ P✐♥❤♦❧❡ ❝❛♠❡r❛ ♠♦❞❡❧✉✳ O ✲ ♦♣t✐❝❦á ♦s❛✱ z ✲ ♦s❛ Z✱ y ✲ ♦s❛ Y ✱ f ✲
♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ a ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ b ✲ ♣➦✐❞❛♥á ♦❜r❛③♦✈á r♦✈✐♥❛✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ P
✲ ♦❜❥❡❦t✱ A ✲ ♣r➲♠➙t ♦❜❥❡❦t✉ P ♥❛ a✱ B ✲ ♣r➲♠➙t ♦❜❥❡❦t✉ P ♥❛ b✱ p ✲ ♣r♦♠ít❛❝í ♣❛♣rs❡❦ ✭♦s❛
X s♠➙➦✐❥❡ ❦ ♣♦③♦r♦✈❛t❡❧✐✮

✷✳✺✳✻ Pr♦♠ít♥✉tí ❜♦❞✉

▼➙❥♠❡ t❡❞② ♥➙❥❛❦ý ♦❜r❛③ B ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ b✳ ❑❛➸❞ý ❜♦❞ ✈ ♦❜r❛③✉ B r❡♣r❡③❡♥t✉❥❡
♣➦í♠❦✉ ✈ ♣r♦st♦r✉✳ ❱➨❡✱ ❝♦ ❥❡ ♥❛ tét♦ ♣➦í♠❝❡✱ s❡ ✈ ♦❜r❛③✉ B st❛♥❡ ❥❡❞✐♥ý♠ ❜♦❞❡♠✳ ❚❛t♦
♣➦í♠❦❛ ♣r♦❝❤á③í s✈ý♠ ❜♦❞❡♠ ✈ ♦❜r❛③✉ B ❛ st➦❡❞❡♠ ❦❛♠❡r②✳ ◆②♥í ♥❛❤r❛↕♠❡ ♦❜r❛③ B ♥➙❥❛✲
❦♦✉ ❢♦t♦❣r❛✜í ③ ♥❛➨í s❝é♥②✳ P♦❦✉❞ t❡❞② ♠á♠❡ ❞♦ ❢♦t♦❣r❛✜❡ ♣➦✐❞á♥ ❜♦❞✱ ♠➲➸❡♠❡ s♥❛❞♥♦ ♥❛❥ít
♣➦í♠❦✉ ✈❡ ✸❉ ♣r♦st♦r✉✱ ♣♦ ❦t❡ré s❡ ♦♥❡♥ ❜♦❞ ♣r♦♠ítá✳ ❙t❛↔í ♥á♠ ✈③ít st➦❡❞ ❦❛♠❡r② ✭s♦✉➦❛❞✲
♥✐❝❡ (0, 0, 0)✮ ❛ ❜♦❞ ③❛❞❛♥ý ❞♦ ❢♦t♦❣r❛✜❡✱ ❦❞❡ s♦✉➦❛❞♥✐❝❡ x ❛ y ♦❞♣♦✈í❞❛❥í s♦✉➦❛❞♥✐❝í♠ ❜♦❞✉
✈❡ ❢♦t♦❣r❛✜✐ ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡ ✭st➦❡❞ ❢♦t♦❣r❛✜❡ ❥❡ ♣r➲s❡↔í❦ ♦❜r❛③♦✈é r♦✈✐♥② b ❛ ♦♣t✐❝❦é ♦s②
o✮ ❛ s♦✉➦❛❞♥✐❝❡ z ❜✉❞❡ −f ✱ ❦❞❡ f ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❦❛♠❡r②✳ P➦í♠❦❛ ♣r♦❧♦➸❡♥á t➙♠✐t♦
❞✈➙♠❛ ❜♦❞② ❜✉❞❡ r❡♣r❡③❡♥t♦✈❛t ♣r♦♠ít❛❝í ♣❛♣rs❡❦✳ ❑❞②➸ t❡❞② ❜✉❞❡♠❡ ♣r♦♠ít❛t ♥➙❥❛❦ý ❜♦❞
③ ❢♦t♦❣r❛✜❡ ❞♦ r♦✈✐♥②✱ ❜✉❞❡ st❛↔✐t ✈②t✈♦➦✐t ❥❡❤♦ ♣r♦♠ít❛❝í ♣❛♣rs❡❦ ❛ ♣❛❦ s♣♦↔ít❛t ♣r➲s❡↔í❦
♣❛♣rs❦✉ s r♦✈✐♥♦✉✳

✷✵
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✷✳✺✳✼ ❆♣❧✐❦❛❝❡ ❤r❛♥✐❝❡ ♣❧♦❝❤②

❑❞②➸ ✉➸ ♠á♠❡ ♣❧♦❝❤✉✱ ♦③♥❛↔♠❡ s✐ ❥✐ ❥❛❦♦ R✱ ❛ ❥❡❥í ❤r❛♥✐❝✐✱ ❜✉❞❡ t➦❡❜❛ t✉t♦ ❤r❛♥✐❝✐
❛♣❧✐❦♦✈❛t ♥❛ R✳ ❍r❛♥✐❝✐ R ♠á♠❡ ✉❧♦➸❡♥♦✉ ❥❛❦♦ ✉s♣♦➦á❞❛♥♦✉ ♠♥♦➸✐♥✉ ❞✈♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲✳
❑ ♦➦í③♥✉tí R ❥❡ ❛❧❡ ♥❡③❜②t♥é ❞♦st❛t t②t♦ ❜♦❞② ❞♦ ♣r♦st♦r✉✳ R ❥❡ r❡♣r❡③❡♥t♦✈á♥❛ ❥❛❦♦ r♦✈✐♥❛
❛ ♠♥♦➸✐♥❛ ❜♦❞➲✱ ❦t❡ré ❞♦ ♥í ♣❛t➦í✳ ❑ t♦♠✉✱ ❛❜②❝❤♦♠ ♠♦❤❧✐ ❜♦❞② ♣r♦♠ít♥♦✉t✱ ♣♦t➦❡❜✉❥❡♠❡
✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ✈ ❥❛❦é ❢♦t♦❣r❛✜✐ ❜②❧ ❜♦❞ ③❛❞á♥✳ ❆ ♣♦❦✉❞ t✉t♦ ✐♥❢♦r♠❛❝✐ ❜✉❞❡♠❡ ✉❞r➸♦✈❛t
♣r♦ ❦❛➸❞ý ❜♦❞ ❤r❛♥✐❝❡ ③✈❧á➨➫✱ ❞♦✈♦❧í t♦ ✉➸✐✈❛t❡❧✐ ③❛❞á✈❛t ❜♦❞② ♣r♦ ❥❡❞♥✉ ❤r❛♥✐❝✐ ✈❡ ✈í❝❡
♥❡➸ ❥❡❞♥é ❢♦t♦❣r❛✜✐✳ ❚♦t♦ ❜② ♠♦❤❧❛ ❜ýt ✈ý❤♦❞❛ ✈ ♣➦í♣❛❞➙✱ ➸❡ ↔ást ♦❜❥❡❦t✉✱ ❦t❡rý ✉➸✐✈❛t❡❧
r❡❦♦♥str✉✉❥❡✱ ❥❡ ③❛❦r②t ❥✐♥ý♠ ♦❜❥❡❦t❡♠✶✷✳

▼á♠❡ ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ✈❡ ❦t❡ré ❢♦t♦❣r❛✜✐ ❥❡ ❜♦❞ ③❛❞á♥✳ ❉í❦② t♦♠✉ ♠á♠❡ ✐♥❢♦r♠❛❝✐ ♦ ♣♦③✐❝✐
❛ ♥❛t♦↔❡♥í ❦❛♠❡r②✱ ♥❡❜♦➫ ❦❛➸❞é ❢♦t♦❣r❛✜✐ ♦❞♣♦✈í❞á ❦❛♠❡r❛✱ ③❡ ❦t❡ré ❜②❧❛ t❛t♦ ❢♦t♦❣r❛✜❡
③ís❦á♥❛✳✶✸ ❚❛❦é ♠á♠❡ ✐♥❢♦r♠❛❝✐ ♦ r♦✈✐♥➙✱ ✈❡ ❦t❡ré ❧❡➸í ♣❧♦❝❤❛ R ❛ ❞♦ ❦t❡ré ♣♦t➦❡❜✉❥❡♠❡
③ís❦❛t ♣r➲♠➙t t♦❤♦t♦ ❜♦❞✉✳ ❇♦❞ t❡❞② ❜✉❞❡ st❛↔✐t ♣r♦♠ít♥♦✉t ♣♦♠♦❝í ❦❛♠❡r② ❞♦ tét♦ r♦✈✐♥②✱
↔í♠➸ ③ís❦á♠❡ ✸❉ ❜♦❞✳ ❑❞②➸ t♦t♦ ♣r♦✈❡❞❡♠❡ s ❦❛➸❞ý♠ ❜♦❞❡♠ tét♦ ❤r❛♥✐❝❡✱ ③ís❦á♠❡ ♠♥♦➸✐♥✉
✸❉ ❜♦❞➲✱ ❦t❡rá ❜✉❞❡ ❥❡❞♥♦③♥❛↔♥➙ r❡♣r❡③❡♥t♦✈❛t ♦➦í③♥✉t♦✉ ♣❧♦❝❤✉ R✳

❱ ❦❛➸❞é♠ ♣➦í♣❛❞➙ ❜✉❞❡ ♥❡③❜②t♥é ③♦❜r❛③✐t ✈ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡ ③❛❞❛♥é ❜♦❞② ✐ ❤r❛♥✐❝✐ t❛❦✱
❛❜② ✉➸✐✈❛t❡❧ ♠➙❧ ✐♥❢♦r♠❛❝❡✱ ❦❛♠ ❜♦❞ ③❛❞❛❧ ❛ ❥❛❦é ❥❡ ❥❡❥✐❝❤ ♣♦➦❛❞í ✈ ❤r❛♥✐❝✐✳

x

y

z
x'

y'

z'

b

R

p2

p1

p3

p4

p5

b1

b2
b3

b4

b5

b1'

b2'

b3'

b4'

b5'

S

❖❜rá③❡❦ ✷✳✶✹✿ ■❧✉str❛❝❡ ♣r♦♠ítá♥í ❤r❛♥✐❝❡ ♥❛ ♣❧♦❝❤✉✳ x✱y✱z ✲ ♦s② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②s✲
té♠②✱ x′✱y′✱z′ ✲ ♦s② ❦❛♠❡r♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ b ✲ ♦❜r❛③♦✈á r♦✈✐♥❛
❦❛♠❡r②✱ R ✲ r♦✈✐♥❛ ❞♦ ❦t❡ré ♣r♦♠ítá♠❡✱ b1✲b5 ✲ ♣r♦♠ít❛♥é ❜♦❞②✱ p1✲p5 ✲ ♣r♦♠ít❛❝í ♣❛♣rs❦②
❜♦❞➲ b1✲b5✱ b1′✲b5′ ✲ ❜♦❞② b1✲b5 ♣r♦♠ít♥✉té ❞♦ r♦✈✐♥② R

✶✷◆❛♣➦í❦❧❛❞ r♦❤ ❜✉❞♦✈② ♠➲➸❡ ❜ýt ✈ ❥❡❞♥é ❢♦t♦❣r❛✜✐ ③❛❦r②t ❦♦r✉♥♦✉ str♦♠✉
✶✸❑❛➸❞é ❢♦t♦❣r❛✜✐ ♦❞♣♦✈í❞á ♣➦❡s♥➙ ❥❡❞♥❛ ❦❛♠❡r❛ ❛ ❦❛➸❞é ❦❛♠❡➦❡ ♦❞♣♦✈í❞á ♣➦❡s♥➙ ❥❡❞♥❛ ❢♦t♦❣r❛✜❡✳ ❚♦ t❛❦é

③♥❛♠❡♥á✱ ➸❡ ♣♦❦✉❞ ♠á♠❡ ❦❛♠❡r✉✱ ♠á♠❡ ♣➦íst✉♣ ❦ ❥❡❥í ❢♦t♦❣r❛✜✐ ❛ ♦❜rá❝❡♥➙✳

✷✶
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✷✳✺✳✽ ❇♦❞② ✈❡ ✈í❝❡ ❢♦t♦❣r❛✜í❝❤

❏❛❦ ✉➸ ❥s❡♠ ✈ ♣➦❡❞❝❤♦③í❝❤ ♦❞st❛✈❝í❝❤ ③♠í♥✐❧✱ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠♦❝✐ ③❛❞á✈❛t ❜♦❞② ❥❡❞♥é
❤r❛♥✐❝❡ ✈❡ ✈í❝❡ ♣♦❤❧❡❞❡❝❤✴❢♦t♦❣r❛✜í❝❤✳ ❚♦t♦ ♣➦✐♥á➨í ♣r♦❜❧é♠ ✈ t♦♠✱ ➸❡ ❥✐♥á ❢♦t♦❣r❛✜❡ ❜②❧❛
❢♦❝❡♥❛ ③ ❥✐♥é❤♦ ♠íst❛ ❥✐♥♦✉ ❦❛♠❡r♦✉✳ P♦❦✉❞ t❡❞② ❜✉❞❡♠❡ ♠ít ③♦❜r❛③❡♥♦✉ ❢♦t♦❣r❛✜✐ ❛ ❞❛♥ý
❜♦❞ ❜②❧ ③❛❞á♥ ✈ ❥✐♥é ❢♦t♦❣r❛✜✐✱ ♥❡❜✉❞❡♠❡ s❝❤♦♣♥✐ t❡♥t♦ ❜♦❞ ③♦❜r❛③✐t✳ ❚í♠ ♣á❞❡♠ ❜✉❞❡
♥❡③❜②t♥é ❜♦❞② ♥❡❥♣r✈❡ ♣r♦♠ít♥♦✉t ③ ❦❛♠❡r②✱ ❦t❡rá ♦❞♣♦✈í❞á ❢♦t♦❣r❛✜✐✱ ✈❡ ❦t❡ré ❜②❧② ③❛❞á♥②✱
❞♦ r♦✈✐♥② ♣❧♦❝❤② ❛ ♣♦té ③♣➙t ❞♦ ❦❛♠❡r②✱ ❥❡❥í➸ ❢♦t♦❣r❛✜❡ ❥❡ ③r♦✈♥❛ ③♦❜r❛③❡♥❛ ✈ ❡❞✐t♦r✉✳ ❩ár♦✈❡➡
❜② ♥❡❥s♣í➨ ❜②❧♦ ✈❤♦❞♥é ✉➸✐✈❛t❡❧✐ ✉❦á③❛t✱ ③❞❛ ❞❛♥ý ❜♦❞ ❜②❧ ✈ tét♦ ❢♦t♦❣r❛✜✐ ③❛❞á♥✱ ♥❡❜♦ ③❞❛
❥❡ ♣r♦♠ít♥✉t ③ ❥✐♥é ❢♦t♦❣r❛✜❡✳

✷✳✻ ❩♣➦❡s➡♦✈á♥í ❤r❛♥✐❝❡ ♣❧♦❝❤②

❉❛❧➨í♠ ♥ástr♦❥❡♠✱ ❦t❡rý ❜✉❞❡ ♣➦✐❞á♥ ❞♦ ♣r♦❣r❛♠✉✱ ❜✉❞❡ ♥ástr♦❥ ♣r♦ ③♣➦❡s➡♦✈á♥í ❤r❛♥✐❝❡
♣❧♦❝❤②✳ Pr✐♠ár♥í♠ ú↔❡❧❡♠ t♦❤♦t♦ ♥ástr♦❥❡ ❥❡ ✉♠♦➸♥✐t ✉➸✐✈❛t❡❧✐ ✈ ♣➦í♣❛❞➙✱ ➸❡ ✉❞➙❧❛❧ ❝❤②❜✉ ♣➦✐
③❛❞á✈á♥í ❜♦❞➲✱ t✉t♦ ❝❤②❜✉ ♥❛♣r❛✈✐t✳ ❉á❧❡ t❡♥t♦ ♥ástr♦❥ ✉♠♦➸♥í✱ ➸❡ ✉➸✐✈❛t❡❧ ♠➲➸❡ ♥❡❥❞➦í✈❡
♥❡♣➦❡s♥➙ ③❛❞❛t ❤r❛♥✐❝❡ ♣❧♦❝❤✱ ↔í♠➸ s✐ ③❤r✉❜❛ ♥❛↔rt♥❡ ❥❡❥✐❝❤ t✈❛r② ❛ ❛➸ ♥ás❧❡❞♥➙ ♣➦❡s♥➙ ✉♠ístí
③❛❞❛♥é ❜♦❞② ♥❛ ❥❡❥✐❝❤ s♣rá✈♥é ♣♦③✐❝❡✳

✷✳✻✳✶ ❩♣➲s♦❜ ③♣➦❡s➡♦✈á♥í

P♦❦✉❞ ♠á ❜ýt ✉➸✐✈❛t❡❧ s❝❤♦♣❡♥ ③ ❥✐♥ý❝❤ ♣♦❤❧❡❞➲ ✭t❥✳ ✈ ❥✐♥ý❝❤ ❢♦t♦❣r❛✜í❝❤✮ ③♣➦❡s➡♦✈❛t
❤r❛♥✐❝❡ ♣❧♦❝❤✱ ❜✉❞❡ ♥❡③❜②t♥é ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý ✉➸✐✈❛t❡❧✐ ❞♦✈♦❧í ③♠➙♥✐t ♣♦③✐❝✐ ❞❛♥é❤♦
❜♦❞✉✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠✉s❡t ❜ýt s❝❤♦♣❡♥ ♥➙❥❛❦ý♠ ♥ástr♦❥❡♠ ✈②❜r❛t ❜♦❞✱
❦t❡rý ❝❤❝❡ ✉♣r❛✈✐t ❛ ♣♦té ③♠➙♥✐t ❥❡❤♦ ♣♦③✐❝✐✳ ◆❡❥✈ý❤♦❞♥➙❥➨í ③♣➲s♦❜ ✈②❜rá♥í ❜♦❞✉✱ ❛ ③ár♦✈❡➡
✐ ♥❡❥♣♦❤♦❞❧♥➙❥➨í ♣r♦ ✉➸✐✈❛t❡❧❡✱ ❜✉❞❡ ❦❧✐❦♥✉tí ♥❛ ❜♦❞✱ ❦t❡rý ❝❤❝❡ ✈②❜r❛t✳ ❏❡❧✐❦♦➸ ❛❧❡ ❜♦❞
③❛❜írá ♣♦✉③❡ ❥❡❞❡♥ ♣✐①❡❧ ✈❡ ❢♦t♦❣r❛✜✐✱ ❜✉❞❡ ✈❤♦❞♥➙❥➨í ✈②❜r❛t ❜♦❞ ♥❡❥❜❧í➸❡ ❦ ♠íst✉✱ ❦❞❡
✉➸✐✈❛t❡❧ ❦❧✐❦♥✉❧✳ P➦❡♠íst➙♥í ❜♦❞✉ ❜✉❞❡ ♥❡❥❧é♣❡ ♣r♦✈❡❞❡♥♦ ♣➦❡t❛➸❡♥í♠ ❜♦❞✉ ③ ❥❡❞♥♦❤♦ ♠íst❛
♥❛ ❞r✉❤é ♣♦♠♦❝í ❦✉r③♦r✉✱ ♣➦✐↔❡♠➸ s❡ ♥❛❤r❛❞í ♣➲✈♦❞♥í ❜♦❞ ♥♦✈ý♠ ❜♦❞❡♠✳ ❱ t✉t♦ ❝❤✈í❧✐ ❜✉❞❡
♠✉s❡t ❜ýt ❞❡❛❦t✐✈♦✈á♥ ♥ástr♦❥ ♣r♦ ❦r❡s❧❡♥í ❞♦ ❢♦t♦❣r❛✜❡ ❛ ♣➦❡❞❡✈➨í♠ ✐ ♥ástr♦❥✱ ♣r♦ ③❛❞á✈á♥í
❜♦❞➲ ❦❧✐❦♥✉tí♠✳ ❯➸✐✈❛t❡❧ ❜② t♦t✐➸ ③ár♦✈❡➡ s ú♣r❛✈♦✉ ❜♦❞➲ ❜♦❞② ♣➦✐❞á✈❛❧ ❛ ③❛❞á✈❛❧ ❞❛t❛ ♣r♦
s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡✳

❱②❜r❛♥ý ❜♦❞ ❜✉❞❡ ♠✉s❡t ❜ýt ③♦❜r❛③❡♥ ❥✐♥❛❦✱ ❛❜② ✉➸✐✈❛t❡❧ ✈➙❞➙❧✱ ③❞❛ ♦♣r❛✈❞✉ ✈②❜r❛❧ ❜♦❞✱
❦t❡rý ❝❤t➙❧✳

✷✳✻✳✷ ◆❡♣➦❡s♥♦st✐ ♠❡③✐ ✈②❦r❡s❧❡♥í♠✐

❘♦✈✐♥❛✱ ❦t❡rá ❥❡ ③ís❦á♥❛ ♣♦♠♦❝í r❛♥s❛❝ ❛❧❣♦r✐t♠✉✱ ❛❧❡ ♥❡♥í ú♣❧♥➙ ♣➦❡s♥á✱ ♥❡❜♦➫ ③á❧❡➸í ♥❛
♠♥♦➸✐♥➙ ❜♦❞➲✱ ❦t❡rá ❥❡ ♣♦✉➸✐t❛✱ ❛ ♥❛ ♥á❤♦❞♥ý❝❤ ✈③♦r❝í❝❤ ③ tét♦ ♠♥♦➸✐♥②✳ ❚✉❞í➸ ❜♦❞✱ ❦t❡rý ✈
❥❡❞♥é ❢♦t♦❣r❛✜✐ ❧❡➸í ♣➦❡s♥➙ ✈ r♦❤✉ st➙♥②✱ ♠➲➸❡ ❜ýt ✈ ❥✐♥é ❢♦t♦❣r❛✜✐ ③♦❜r❛③❡♥ ♥❛ tr♦❝❤✉ ❥✐♥é♠
♠íst➙✳ ❩ár♦✈❡➡ t❛❦é ♣♦❦✉❞ ✉➸✐✈❛t❡❧ ③❛❞á ❜♦❞ ❤r❛♥✐❝❡ ✈ ❥❡❞♥é ❢♦t♦❣r❛✜✐✱ ✈ ❞r✉❤é ❢♦t♦❣r❛✜✐
s❡ t❡♥t♦ ❜♦❞ ♠➲➸❡ ③♦❜r❛③✐t ❥✐♥❞❡✳ ❯➸✐✈❛t❡❧ t❡❞② ♣➦❡s✉♥❡ t❡♥t♦ ❜♦❞ ✈❡ ❞r✉❤é ❢♦t♦❣r❛✜✐ ♥❛
s♣rá✈♥é ♠íst♦✳ P♦❦✉❞ ♣♦té ✉➸✐✈❛t❡❧ ③♦❜r❛③í ♣r✈♥í ❢♦t♦❣r❛✜✐✱ ❜♦❞ ❜✉❞❡ ♥❛ ❥✐♥é♠ ♠íst➙✳

✷✷



✷✳✼✳ ❖❚❊❳❚❯❘❖❱➪◆❮ ❖➄❮❩◆❯❚➱ P▲❖❈❍❨

✷✳✻✳✸ ❏❡❞❡♥ ❜♦❞ ✈❡ ✈í❝❡ ❢♦t♦❣r❛✜í❝❤

❯➸✐✈❛t❡❧ ❥❡ ❛❧❡ ♣➦❡s✈➙❞↔❡♥✱ ➸❡ ♦❜➙ ❞✈➙ ♣♦③✐❝❡ ❜♦❞✉ ❥s♦✉ t② s♣rá✈♥é✳ Pr♦t♦ ❜② ❜②❧♦ ✈❤♦❞♥é✱
❛❜② ❜②❧② ✉❧♦➸❡♥② ♦❜❛ t②t♦ ❜♦❞②✱ ♣r♦ ❦❛➸❞♦✉ ❢♦t♦❣r❛✜✐ ❥❡❞❡♥✱ ❛ ♦❜❛ ❞✈❛ ❜②❧② ♣♦✉➸✐t② ♣➦✐
♣r♦♠ítá♥í ❞♦ r♦✈✐♥② ❛ ✈②t✈á➦❡♥í ❥❡❞♥♦❤♦ tr♦❥r♦③♠➙r♥é❤♦ ❜♦❞✉✳

❚❛t♦ ú♣r❛✈❛ ❛❧❡ ❜✉❞❡ ✈②➸❛❞♦✈❛t✱ ❛❜② ❜②❧❛ ♣r♦✈❡❞❡♥❛ ③♠➙♥❛ ✈ ✉❦❧á❞á♥í ❤r❛♥✐❝❡✳ ❱ ♦♥é
✉s♣♦➦á❞❛♥é ♠♥♦➸✐♥➙ ❜♦❞➲ ✭♦❞ t❡↕ ❜✉❞✉ ♥❛③ý✈❛t ❜♦❞② ❤r❛♥✐❝ ♥❡❜♦ ❤r❛♥✐↔♥í ❜♦❞②✮✱ ❦t❡rá
r❡♣r❡③❡♥t✉❥❡ ❤r❛♥✐❝✐ ❥❡❞♥é ♣❧♦❝❤②✱ ♥❡❜✉❞♦✉ ✉❧♦➸❡♥② ✷❉ ❜♦❞②✱ ❛❧❡ ♦❜❥❡❦t② r❡♣r❡③❡♥t✉❥í❝í ♠♥♦✲
➸✐♥② ❜♦❞➲ ❛ ❢♦t♦❣r❛✜í✱ ✈❡ ❦t❡rý❝❤ ❜②❧② ♦♥② ❜♦❞② ③❛❞á♥②✳

❚♦t♦ ❜② ❛❧❡ ♠♦❤❧♦ ♣➦✐♥ést ❥❡❞❡♥ ♣r♦❜❧é♠✳ P♦❦✉❞ ❜② ✉➸✐✈❛t❡❧ ❥❡❞♥♦✉ ➦❡❦❧✱ ➸❡ ✈ ❞❛♥é ❢♦t♦❣r❛✜✐
❥❡ ❜♦❞ s♣rá✈♥➙✱ ✉➸ ❜② ♥❡♠♦❤❧ ③ ❞❛♥é ❢♦t♦❣r❛✜❡ ❜♦❞ ♦❞str❛♥✐t✱ ❦❞②➸ ❜② s❡ r♦③❤♦❞❧ ❥✐♥❛❦✳ Pr♦t♦
❜✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý ✉➸✐✈❛t❡❧✐ ❞♦✈♦❧í ➦í❝✐ ❛♣❧✐❦❛❝✐✱ ➸❡ ✈②❜r❛♥ý ❜♦❞ s❡ ③ ❞❛♥é
❢♦t♦❣r❛✜❡ ♥❡♠á ♣r♦♠ít❛t ❞♦ s❝é♥②✳ ❚❡♥t♦ ♥ástr♦❥ ❜② ♠➙❧ ❡❢❡❦t ♣♦✉③❡ ♥❛ ❜♦❞②✱ ❦t❡ré ✈ ❞❛♥é
❢♦t♦❣r❛✜✐ ❜②❧② ③❛❞á♥②✳ Pr♦t♦ ❜② ♥❡❜②❧♦ ➨♣❛t♥é ♣➦✐❞❛t t♦♠✉t♦ ♥ástr♦❥✐ ❢✉♥❦❝✐✱ ➸❡ ♣♦❦✉❞ ❜✉❞❡
♣♦✉➸✐t ♥❛ ❜♦❞✱ ❦t❡rý ❥❡ ❞♦ ❢♦t♦❣r❛✜❡ ♣♦✉③❡ ♣r♦♠ít♥✉t✱ t❛❦ ❤♦ ❞♦ ❢♦t♦❣r❛✜❡ ♣➦✐❞á ❛ ❜♦❞ ❜✉❞❡
♣♦✉➸✐t ♣➦✐ ♣r♦♠ítá♥í✳

❇✉❞❡ ♥❡③❜②t♥é ♦❞❧✐➨✐t ♦❞ s❡❜❡ ❜♦❞②✱ ❦t❡ré ❥s♦✉ ❞♦ ❢♦t♦❣r❛✜❡ ♣r♦♠ítá♥② ❛ ❦t❡ré ❜②❧② ❞♦
❢♦t♦❣r❛✜❡ ③❛❞á♥②✳

✷✳✼ ❖t❡①t✉r♦✈á♥í ♦➦í③♥✉té ♣❧♦❝❤②

Pr♦ ♣➦✐❞á♥í t❡①t✉r② ♣❧♦➨❡ ❜✉❞❡ ♥❡③❜②t♥é ♣➦✐❞❛t ♥ástr♦❥✱ ❦t❡rý♠ ✉➸✐✈❛t❡❧ ♣r♦❣r❛♠✉ ➦❡❦♥❡✱
❦t❡r♦✉ ❢♦t♦❣r❛✜✐ ❜✉❞❡ ❝❤tít ♣r♦ t❡①t✉r♦✈á♥í ♣♦✉➸ít ❛ ♣➦❡❞❡✈➨í♠✱ ➸❡ ❞❛♥♦✉ ♣❧♦❝❤✉ ❝❤❝❡ ♦t❡①t✉✲
r♦✈❛t✳ ❚♦t♦ ❜② ➨❧♦ ♥❡❥❧é♣❡ ♣r♦✈ést t❛❦✱ ➸❡ ❜✉❞❡ ♣➦✐❞á♥♦ t❧❛↔ít❦♦ ✈ ❡❞✐t♦r✉✱ ❦t❡ré ♣r♦ ✈②t✈♦➦❡♥í
t❡①t✉r② ♣♦✉➸✐❥❡ ❛❦t✉á❧♥í ❢♦t♦❣r❛✜✐✳

❉á❧❡ ❜✉❞❡ ♥❡③❜②t♥é ✈②♣♦↔ít❛t s♣rá✈♥é t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✳ ❚♦t♦ ❜② ♦✈➨❡♠ ♥❡♠➙❧ ❜ýt
♣r♦❜❧é♠✳

❯➸✐✈❛t❡❧ ③❛❞á✈á ❤r❛♥✐❝✐ ♣❧♦❝❤② ♣♦❞❧❡ ♥➙❥❛❦é❤♦ ♦❜❥❡❦t✉✱ ❦t❡rý ❥❡ ♥❛ ❢♦t♦❣r❛✜✐✳ ▲③❡ t❡❞②
♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ t❡♥t♦ ♦❜❥❡❦t ♥❛ ❢♦t♦❣r❛✜✐ ♠á ♥❡❥❡♥ s♣rá✈♥ý t✈❛r✱ ❛❧❡ ✐ ✈③❤❧❡❞ ❛ t❛❦ ✉➸✐✈❛t❡❧
❜✉❞❡ ❝❤tít ♣♦✉➸ít t❡①t✉r✉ ③ t♦❤♦t♦ ♠íst❛✳ ❆ ❥❡❧✐❦♦➸ ♠á♠❡ ❜♦❞② ③❛❞❛♥é ❞♦ ❢♦t♦❣r❛✜❡✱ ❦t❡r♦✉
❝❤❝❡♠❡ ♥❛ t❡①t✉r✉ ♣♦✉➸ít✱ ♥❡❜♦ ♠á♠❡ ❜♦❞② ♣r♦♠ít♥✉té ❞♦ tét♦ ❢♦t♦❣r❛✜❡✱ ♠➲➸❡♠❡ ③ ♥✐❝❤ ❛
③ r♦③♠➙r➲ ❢♦t♦❣r❛✜❡ ❞♦♣♦↔ít❛t t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✳

✷✳✽ ❱②t✈♦➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♣❧♦❝❤②

▼ý♠ ❝í❧❡♠ ❥❡ ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý ❜② ❞♦✈♦❧✐❧ ✉➸✐✈❛t❡❧✐ ✈②t✈♦➦✐t ③ ♣❧♦❝❤② ✸❉ t➙❧❡s♦✳
❖❜❥❡♠ t➙❧❡s❛ ❜② s❡ ✈②t✈á➦❡❧ ✈②t❛➸❡♥í♠ ♣❧♦❝❤② ❞♦ t➦❡tí❤♦ r♦③♠➙r✉✳ ❚í♠ ❜② s❡ ♣➲✈♦❞♥í ♣❧♦❝❤❛
st❛❧❛ ♣♦❞st❛✈♦✉✱ ❞r✉❤♦✉ ♣♦❞st❛✈♦✉ ❜② ❜②❧❛ ❦♦♣✐❡ ♣➲✈♦❞♥í ♣❧♦❝❤② ❛ st➙♥② ❜② ❜②❧② ♠❡③✐

✷✸
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❞✈➙♠❛ ❜♦❞② ♣♦❞st❛✈② ❛ ❥✐♠ ♦❞♣♦✈í❞❛❥í❝í♠✐ ❜♦❞② ✈ ❞r✉❤é ♣♦❞st❛✈➙✳ ❉r✉❤á ♣♦❞st❛✈❛ ❜② ❜②❧❛
✈②t✈♦➦❡♥❛ ③ ♣➲✈♦❞♥í t❛❦✱ ➸❡ ❜② s❡ ❥❡❥í ❜♦❞② ✈③❛❧② ❛ ♣➦✐↔❡t❧ ❜② s❡ ❦ ♥✐♠ ♥➙❥❛❦ý ✈❡❦t♦r ✭t❡♥t♦
✈❡❦t♦r ♦❞ t❡↕ ❜✉❞✉ ♥❛③ý✈❛t ✈❡❦t♦r ♣♦s✉♥✉tí✮✱ ❦t❡rý ❜② ✉r↔♦✈❛❧ s♠➙r ✐ ✈③❞á❧❡♥♦st✱ ♦ ❦t❡r♦✉
♠❛❥í ❜ýt ❜♦❞② ♣♦s✉♥✉t②✳ ❋✉♥❦❝❡ t♦❤♦t♦ ♥ástr♦❥❡ ❜✉❞❡ ③❤r✉❜❛ ♦❞♣♦✈í❞❛t ♦♣❡r❛❝✐ ✧❡①tr✉❞❡✧✱
❦t❡rá ❥❡ ✈②✉➸í✈á♥❛ ♥❛♣➦í❦❧❛❞ ♣➦✐ ✸❉ ♠♦❞❡❧♦✈á♥í✳ ❬✽❪
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❖❜rá③❡❦ ✷✳✶✺✿ ■❧✉str❛❝❡ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♦➦í③♥✉té ♣❧♦❝❤②✳x✱y✱z ✲ ♦s② s✈➙t♦✲
✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ A ✲ ♦➦í③♥✉tá ♣❧♦❝❤❛✱v ✲ ✈❡❦t♦r ♣♦s✉♥✉tí✱ B ✲ ♦➦í③♥✉tá ♣❧♦❝❤❛ A
♣♦s✉♥✉tá ♦ ✈❡❦t♦r v✳

✷✳✽✳✶ ❩ís❦á♥í ✈❡❦t♦r✉ ♣♦s✉♥✉tí

❏❛❦♦ ✈❡❦t♦r ♣♦s✉♥✉tí ♠➲➸❡ ❜ýt ③✈♦❧❡♥❛ ♥♦r♠á❧❛ ♣❧♦❝❤②✱ ♥❡❜♦ t➦❡❜❛ ✈❡❦t♦r ♦❞♣♦✈í❞❛❥í❝í
s♠➙r✉ ❦❛♠❡r②✳ ❑❛➸❞é ③ t➙❝❤t♦ ➦❡➨❡♥í ❜② ♣➦✐♥á➨❡❧♦ ♣r♦❜❧é♠✳

P➦✐ ♣♦✉➸✐tí ♥♦r♠á❧② ❜② ❜②❧ ♣r♦❜❧é♠ t❡♥✱ ➸❡ r♦✈✐♥❛ ③ís❦❛♥á ♣♦♠♦❝í r❛♥s❛❝ ❛❧❣♦r✐t♠✉ ❥❡ ♣♦✲
❦❛➸❞é tr♦❝❤✉ ❥✐♥á✶✹ t✉❞í➸ ✈②t❛➸❡♥í ♦❜❥❡♠✉ ③ ♣❧♦❝❤② ✈❡ s♠➙r✉ ♥♦r♠á❧② ❜② ♣➦✐ ❦❛➸❞é ❛❦t✉❛❧✐③❛❝✐
s❝é♥② ❞á✈❛❧♦ ❥✐♥é ✈ýs❧❡❞❦②✳

P➦✐ ♣♦✉➸✐tí s♠➙r✉ ❦❛♠❡r② ❛❧❡ ♥❛stá✈á ❥✐♥ý ♣r♦❜❧é♠✳ ❏❡ ✈❡❧♠✐ ♣r❛✈❞➙♣♦❞♦❜♥é✱ ➸❡ ✉➸✐✈❛t❡❧
❜✉❞❡ ❝❤tít ✈②tá❤♥♦✉t ♦❜❥❡♠ ✈❡ s♠➙r✉ ❦♦❧♠é♠ ❦ ③á❦❧❛❞♥í ♣❧♦➨❡✱ ♥❡❜♦ ✈❡ s♠➙r✉✱ ❦t❡rý s❡ ❦❡
❦♦❧♠é♠✉ s♠➙r✉ ❜❧í➸í✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ❜② ❜②❧♦ ♣♦t➦❡❜❛ ♣♦✉➸ít ❢♦t♦❣r❛✜✐✱ ✈❡ ❦t❡ré ❜✉❞♦✉ ✈✐❞➙t
♣♦✉③❡ ♣♦❞st❛✈② ✈ýs❧❡❞♥é❤♦ t➙❧❡s❛ ❛ ♥❡❜✉❞♦✉ ✈✐❞➙t ❜♦↔♥í st➙♥②✳ ✭st➙♥❛ ❜② ❜②❧❛ r♦✈♥♦❜➙➸♥á
s❡ s♠➙r❡♠ ❦❛♠❡r②✮ ❛ ✉➸✐✈❛t❡❧ ❜② ✈ t✉ ❝❤✈í❧✐ ♥❡♠➙❧ ➸á❞♥é ✐♥❢♦r♠❛❝❡ ♦ ♦♥é st➙♥➙✳❚♦ ❥❡ ❛❧❡
♣r♦❜❧é♠✱ ♥❡❜♦➫ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠✉s❡t ♠➙♥✐t ♣♦❤❧❡❞②✱ ❛❜② ✈✐❞➙❧✱ ❥❛❦ ♣➦❡s♥➙ ③ís❦❛♥é t➙❧❡s♦ ♣❛s✉❥❡
♥❛ r❡❦♦♥str✉♦✈❛♥ý ♦❜❥❡❦t✳

❚➦❡tí ♠♦➸♥♦st ❜② ❜②❧❛ ♣♦✉➸ít ♥♦r♠á❧✉ ✈❡ ❝❤✈í❧✐ ♣r✈♥í❤♦ ♣♦✉➸✐tí t♦❤♦t♦ ♥ástr♦❥❡ ❛ ♥❡♠➙♥✐t
❥✐ ♣➦✐ ❦❛➸❞é ③♠➙♥➙ r♦✈✐♥② ♣❧♦❝❤②✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ❥❡ ♣r♦❜❧é♠ t❡♥✱ ➸❡ ✉➸✐✈❛t❡❧ ♠➲➸❡ ♥❛ ③❛↔át❦✉
♦♠②❧❡♠ ③❛❞❛t ♣❧♦❝❤✉ t❛❦✱ ➸❡ ♥❡❜✉❞❡ ✈➲❜❡❝ ♦❞♣♦✈í❞❛t st➙♥➙✱ ❦t❡r♦✉ ♠á r❡♣r❡③❡♥t♦✈❛t✶✺✳ ❩

✶✹❷í♠ ✈í❝❡ ❥s♦✉ ❜♦❞② ♣♦✉➸✐té ♥❛ ✈②t✈♦➦❡♥í r♦✈✐♥② ✈ ❥❡❞♥é r♦✈✐♥➙✱ tí♠ ♠❡♥➨í ❜✉❞♦✉ ③♠➙♥② ♠❡③✐ ♣❧♦❝❤❛♠✐
③ís❦❛♥ý♠✐ ♣➦✐ ❥❡❞♥♦t❧✐✈ý❝❤ ❣❡♥❡r❛❝í❝❤✳

✶✺❯➸✐✈❛t❡❧ ♠➲➸❡ ③❛❞❛t ♣r♦ s❡❣♠❡♥t❛❝✐ ❜♦❞② ✐ ③ ❥✐♥ý❝❤ st➙♥✱ ♥❡❜♦ ♥❡③❛❞á ❞♦st ❜♦❞➲✳ ❱ t♦♠ ♣➦í♣❛❞➙ ❜✉❞❡
♠ít st➙♥❛ s ♥➙❥✈➙t➨í ♣r❛✈❞➙♣♦❞♦❜♥♦stí ❥✐♥é ♥❛t♦↔❡♥í ✐ ❥✐♥♦✉ ♣♦③✐❝✐

✷✹



✷✳✾✳ ❚❊❳❚❯❘❖❱➪◆❮ ❚❘❖❏❘❖❩▼❹❘◆➱❍❖ ❚❹▲❊❙❆

tét♦ ♣❧♦❝❤② ✈②t✈♦➦í tr♦❥r♦③♠➙r♥é t➙❧❡s♦✳ P♦③❞➙❥✐ s✐ s✈♦✉ ❝❤②❜✉ ✉✈➙❞♦♠í ❛ ♥❛st❛✈í ♣❧♦❝❤✉
❞♦ s♣rá✈♥é r♦✈✐♥②✳ ❱❡❦t♦r ♣♦s✉♥✉tí ❜✉❞❡ stá❧❡ ♥❛st❛✈❡♥ ♥❛ ❤♦❞♥♦t✉ ♥♦r♠á❧② ✈❡ ❝❤✈í❧✐✱ ❦❞②
♥ástr♦❥ ♣♦✉➸✐❧✳ Pr♦t♦ ❜✉❞❡ ♣♦t➦❡❜❛ ❞♦✈♦❧✐t ✉➸✐✈❛t❡❧✐ ③♠➙♥✐t ✈❡❦t♦r ♣♦s✉♥✉tí ❛ ♥❛st❛✈✐t ❤♦
♥❛ ❤♦❞♥♦t✉ ♥♦r♠á❧② ♣❧♦❝❤② ✈ ❞❛♥é ❝❤✈í❧✐✳ ❙ ♠♦➸♥♦stí ♥❛st❛✈✐t ✈❡❦t♦r ♥❛ ❛❦t✉á❧♥í ❤♦❞♥♦t✉
♥♦r♠á❧② ♣❧♦❝❤② ❥❡ t♦t♦ ➦❡➨❡♥í ♥❡❥✈ý❤♦❞♥➙❥➨í ③ ✈ý➨❡ ③♠í♥➙♥ý❝❤✳

❉❛❧➨í♠ ♣r♦❜❧é♠❡♠ ❥❡ ❢❛❦t✱ ➸❡ ♥❡ ✈➸❞② ❥s♦✉ s♠➙r ♣♦❤❧❡❞✉ ❦❛♠❡r②✱ ♥❡❜♦ ♥♦r♠á❧❛ tí♠ ♣r❛✲
✈ý♠✳ Pr♦t♦ ❜② ❜②❧♦ t➦❡❜❛ ✉➸✐✈❛t❡❧✐ ❞♦✈♦❧✐t ③♠➙♥✐t s♠➙r t♦❤♦t♦ ✈❡❦t♦r✉✱ ❦t❡rý ❜✉❞❡ ♣♦✉➸✐t
♣r♦ ✈②t❛➸❡♥í ♦❜❥❡♠✉ ③ ♣❧♦❝❤②✳

✷✳✽✳✷ ❩♦❜r❛③❡♥í ✈ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡

Pr♦ ♣rá❝✐ s tí♠t♦ ♥ástr♦❥❡♠ ❜✉❞❡ ✉➸✐✈❛t❡❧ ♣♦t➦❡❜♦✈❛t ♥➙❥❛❦♦✉ ③♣➙t♥♦✉ ✈❛③❜✉✳ ❚❛❦♦✈♦✉✱
❦t❡rá ❜② ♠✉ ♣♦♠♦❤❧❛ s ♥❛st❛✈❡♥í♠ s♣rá✈♥é ❞é❧❦② ❛ s♠➙r✉ ✈❡❦t♦r✉✱ ♦ ❦t❡rý s❡ ♠❛❥í ❜♦❞②
♣♦s✉♥♦✉t✳ ▼♦❤❧② ❜② ❜ýt ✉➸✐✈❛t❡❧✐ ③♦❜r❛③❡♥② ✈➨❡❝❤♥② ❜♦❞② t➙❧❡s✱ ♥❡ ♣♦✉③❡ ❜♦❞② ③ ♣➲✈♦❞♥í❝❤
♣❧♦❝❤✳ ❚♦t♦ ❜② ❛❧❡ ♠♦❤❧♦ ❜ýt ♣r♦ ✉➸✐✈❛t❡❧❡ ✈❡❧♠✐ ♠❛t♦✉❝í✱ ♣r♦t♦➸❡ ❜② ✈❡ s❝é♥➙ ♣➦✐❜②❧♦ ③♥❛↔♥é
♠♥♦➸st✈í ❜♦❞➲✳ Pr♦t♦ ❜② ❜②❧♦ ✈❤♦❞♥é ③♦❜r❛③✐t ❥❡♥ ♠❡♥➨í ♠♥♦➸st✈í ❜♦❞➲✳ ◆❛♣➦í❦❧❛❞ ❥❡♥
❜♦❞② ♣❛t➦í❝í ♣rá✈➙ ✈②❜r❛♥é ♣❧♦➨❡✳ ❚❛❦é ❜✉❞❡ ♥❡③❜②t♥é ♦❞❧✐➨✐t ❜♦❞② ③❛❞❛♥é ❞♦ ③♦❜r❛③❡♥é
❢♦t♦❣r❛✜❡✱ ❜♦❞② ③❛❞❛♥é ✈ ❥✐♥é ❢♦t♦❣r❛✜✐ ❛ ♣r♦♠ít♥✉té ❞♦ tét♦ ❢♦t♦❣r❛✜❡ ❛ t❛❦é ❜♦❞②✱ ♥❛ ❦t❡ré
❜②❧ ❛♣❧✐❦♦✈á♥ ✈❡❦t♦r ♣♦s✉♥✉tí✱ ❛ ♣❛❦ ❜②❧② ♣r♦♠ít♥✉t② ❞♦ ❢♦t♦❣r❛✜❡✳

✷✳✾ ❚❡①t✉r♦✈á♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛

❉á❧❡ ❜✉❞❡ t➦❡❜❛ ✈②➦❡➨✐t✱ ❥❛❦ s♣♦❥✐t t♦t♦ t➙❧❡s♦ s t❡①t✉r♦✉✱ ❦t❡rá ❜②❧❛ ❛♣❧✐❦♦✈á♥❛ ♥❛ ♣➲✲
✈♦❞♥í ♣❧♦❝❤✉✳

✷✳✾✳✶ Ú↔❡❧ t♦❤♦t♦ ♥ástr♦❥❡

❚❡♥t♦ ♥ástr♦❥ ❥❡ ✉r↔❡♥ ♣➦❡❞❡✈➨í♠ ❦ t♦♠✉✱ ❛❜② ❜②❧ ↔❧♦✈➙❦ s❝❤♦♣❡♥ ❞♦sá❤♥♦✉t ❦♦♥❦rét♥í❤♦
t✈❛r✉✱ ✐ ❦❞②➸ ♣r♦ ❥❡❤♦ r❡❦♦♥str✉❦❝✐ ♥❡♥í ❞♦st❛t❡❦ ❞❛t✱ ♥❡❜♦ t✈❛r✉✱ ❦t❡rý ♥❡♦❞♣♦✈í❞á ❥❡❞♥é
r♦✈✐♥➙✳ ❚♦t♦ ❜② ♠♦❤❧♦ ❜ýt ✈②✉➸✐t♦ ♥❛♣➦í❦❧❛❞ ♣r♦ ➦í♠s②✱ ♥❡❜♦ ❥✐♥é út✈❛r②✱ ❦t❡ré ♠❛❥í ♣♦ ❝❡❧é
s✈é ❞é❧❝❡ st❡❥♥ý t✈❛r✳ ❉❛❧➨í ♠♦➸♥♦stí ❛♣❧✐❦❛❝❡ ❜② ❜②❧❛ ♥❛♣➦í❦❧❛❞ t❛➨❦♦✈á st➦❡❝❤❛✳

❚❛❦♦✈ét♦ út✈❛r②✱ ♥❛♣➦í❦❧❛❞ st➙♥② s ➦í♠s♦✉✱ ❜② ❜②❧② ♥❡❥❞➦í✈❡ ✈②t✈♦➦❡♥② ❥❛❦♦ ♣❧♦❝❤② ✈ r♦✈✐♥➙
❦♦❧♠é ❦ té✱ ✈❡ ❦t❡ré s❡ ❜✉❞♦✉ ♥❛❝❤á③❡t✳ ❚í♠ ✈③♥✐❦♥❡ ♣♦❞st❛✈❛ ❜✉❞♦✉❝í❤♦ tr♦❥r♦③♠➙r♥é❤♦
t➙❧❡s❛✳ P♦té s❡ ③ ♣❧♦❝❤② ✈②t✈♦➦í tr♦❥r♦③♠➙r♥é t➙❧❡s♦✳ ❇♦↔♥í st➙♥② t♦❤♦t♦ t➙❧❡s❛ ❜✉❞♦✉ r❡✲
♣r❡③❡♥t♦✈❛t ❞❛♥♦✉ st➙♥✉ s ➦í♠s♦✉✳ ◆ás❧❡❞♥➙ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♣r❛✈❞➙♣♦❞♦❜♥➙ ❝❤tít t♦t♦ t➙❧❡s♦
✈②✉➸ít ❥❛❦♦ ♦❜②↔❡❥♥♦✉ ♣❧♦❝❤✉ ❛ ♣r♦♠ít♥♦✉t ♥❛ ♥í t❡①t✉r✉✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✉➸✐✈❛t❡❧ ✈❧❛st♥➙
♣♦✉➸✐❥❡ ♣♦✉③❡ ♥➙❦t❡ré ③ ❜♦↔♥í❝❤ st➙♥ t➙❧❡s❛✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ❜✉❞❡ ♣r♦ ✉➸✐✈❛t❡❧❡ ♥❡❥✈❤♦❞♥➙❥➨í
♣r♦♠ít♥♦✉t t❡①t✉r✉ ③ ♣♦❤❧❡❞✉ ❦♦❧♠é❤♦ ♥❛ ♦♥✉ r❡❦♦♥str✉♦✈❛♥♦✉ st➙♥✉ st❡❥♥➙ t❛❦✱ ❥❛❦♦ ♣➦✐
♣r♦♠ítá♥í ♥❛ ♦❜②↔❡❥♥♦✉ ♣❧♦❝❤✉✳
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❑❆P■❚❖▲❆ ✷✳ ❆◆❆▲Ý❩❆

❚❛❦t♦ ❜②❝❤♦♠ ♣r♦♠ít❧✐ ✈➨❡❝❤♥② ❜♦❞② t➙❧❡s❛ ❞♦ ❢♦t♦❣r❛✜❡✱ ♣♦♠♦❝í ❦t❡ré s❡ t❡①t✉r✉❥❡✳ Pr♦✲
❜❧é♠ ♠➲➸❡ ♥❛st❛t ✈ ♣➦í♣❛❞➙✱ ➸❡ s❡ ✉❤❡❧ ♠❡③✐ ♥♦r♠á❧♦✉ t❡①t✉r♦✈❛♥é st➙♥② ❛ ✈❡❦t♦r❡♠ ♣♦❤❧❡❞✉
❦❛♠❡r② ❜❧í➸í ❦ 90◦✳ ❚♦ ❜② ③♣➲s♦❜✐❧♦ ♠❛♣♦✈á♥í ❝❡❧é st➙♥② ♥❛ ♠❛❧é ♠♥♦➸st✈í ♣✐①❡❧➲✶✻✳ ❉á❧❡ ❜②
♠♦❤❧ ♥❛st❛t ♣r♦❜❧é♠ ♣➦✐ ✈②t✈á➦❡♥í s❧♦➸✐tý❝❤ t➙❧❡s✳ ❷í♠ s❧♦➸✐t➙❥➨í t➙❧❡s♦ ❜② ✉➸✐✈❛t❡❧ ✈②t✈á➦❡❧✱
tí♠ ❤➲➦❡ ❜② t❡①t✉r❛ s❡❞➙❧❛✳

P♦❦✉❞ ❜② ✉➸✐✈❛t❡❧ ❝❤t➙❧ s♣rá✈♥➙ ♦t❡①t✉r♦✈❛t ✈➨❡❝❤♥② str❛♥② t➙❧❡s❛✱ ❜②❧♦ ❜② ✈②➸❛❞♦✈á♥♦
✈②✉➸✐tí ♥➙❥❛❦é❤♦ ♦❜❛❧♦✈é❤♦ t➙❧❡s❛✱ ♣➦❡s ❦t❡ré ❜② s❡ t❡①t✉r❛ ♠❛♣♦✈❛❧❛✱ ♥❡❜♦ ❜② ✉➸✐✈❛t❡❧ ♠✉s❡❧
♠❛♣♦✈❛t t❡①t✉r✉ ♥❛ ❦❛➸❞♦✉ st➙♥✉ t➙❧❡s❛ ③✈❧á➨➫✳ ❚♦t♦ ❜② ✉➸✐✈❛t❡❧✐ ③♥❛↔♥➙ ❦♦♠♣❧✐❦♦✈❛❧♦ ❥❡❤♦
♣rá❝✐ ❛ ③trá❝❡❧❛ ❜② s❡ ❤❧❛✈♥í ♠②➨❧❡♥❦❛ ♣r♦❣r❛♠✉✳ ❚♦✱ ❛❜② ❜②❧ ❝♦ ♥❡❥❥❡❞♥♦❞✉➨➨í ♥❛ ♣♦✉➸✐tí
✉➸✐✈❛t❡❧❡♠✳

❩ár♦✈❡➡ ❜② ❜②❧♦ ♥❡③❜②t♥é ♣r♦ t❡①t✉r✉ ♣♦✉➸ít ✈í❝❡ ♥❡➸ ❥❡♥ ❥❡❞♥✉ ❢♦t♦❣r❛✜✐✱ ♥❡❜♦➫ ❜② ❝❤②❜➙❧②
✈➨❡❝❤♥② str❛♥② t➙❧❡s❛✱ ❦t❡ré ❥s♦✉ ♥❛ ❢♦t♦❣r❛✜✐ ♦❞✈rá❝❡♥②✳ ❚♦t♦ ❜② ✉➸✐✈❛t❡❧✐ ③♥❛↔♥➙ ❦♦♠♣❧✐❦♦✲
✈❛❧♦ t❡①t✉r♦✈á♥í ✐ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤é❤♦ t➙❧❡s❛✳

❱③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ♥ástr♦❥ ♠á ❜ýt ❥❡❞♥♦❞✉❝❤ý ❛ ❡❢❡❦t✐✈♥í ❛ ✐♠♣❧❡♠❡♥t❛❝❡ t♦❤♦t♦ ♥á✲
str♦❥❡ ♥❡♥í ♠ý♠ ú❦♦❧❡♠✱ ♣♦✉➸✐❥✐ ♣r✈♥í ♠♦➸♥♦st✳ ❇♦❞② t➙❧❡s❛ ❜✉❞♦✉ ♣r♦♠ít♥✉t② ❞♦ ❥❡❞♥é
❢♦t♦❣r❛✜❡ ❛ ③ t➙❝❤t♦ ♣r➲♠➙t➲ ❜✉❞♦✉ ✈②♣♦↔ítá♥② t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✳

✶✻❚♦t♦ ♠❛❧é ♠♥♦➸st✈í ♣✐①❡❧➲ ❜② ❜②❧♦ r♦③t❛➸❡♥♦ ♣♦ ❝❡❧é st➙♥➙ ❛ t❛❦ ❜② ♥❛ ♥í ✈③♥✐❦❧② ❜❛r❡✈♥é ➨♠♦✉❤②✳

✷✻



❑❛♣✐t♦❧❛ ✸

◆á✈r❤

❱ tét♦ ↔ást✐ ♣♦♣í➨✐ ♥á✈r❤ ➦❡➨❡♥í ♣r♦❜❧é♠➲ ③♠í♥➙♥ý❝❤ ✈ ♣➦❡❞❝❤♦③í❝❤ ❦❛♣✐t♦❧á❝❤ ✭✷✳✹ ✲ ✷✳✽✮✳

✸✳✶ ■♠♣♦rt♥í ♠♦❞✉❧ ♣r♦ ❱✐s✉❛❧❙❋▼

◆❛↔t❡♥í ❞❛t ❞♦ ♣r♦❣r❛♠✉ s❡ ♣r♦✈á❞í ✈♦❧❜♦✉ ■♠♣♦rt ❇✉♥❞❧❡r ✈ ❤❧❛✈♥í♠ ♦❦♥➙ ♣r♦❣r❛♠✉✳
◆❛ t❡♥t♦ ❡❧❡♠❡♥t ❥❡ ♣♦s❧✉❝❤❛↔❡♠ ♥❛✈á③á♥❛ ♦❜s❧✉➸♥á ❢✉♥❦❝❡✳ ❖❜s❧✉➸♥á ❢✉♥❦❝❡ ♥❡❝❤á ✉➸✐✈❛t❡❧❡
✈②❜r❛t ❛❞r❡sá➦✱ ③❡ ❦t❡ré❤♦ ❝❤❝❡ s❝é♥✉ ♥❛↔íst✱ ❛ ❝❡st✉ ❦ t♦♠✉t♦ ❛❞r❡sá➦✐ ♣♦✉➸✐❥❡ s♣♦❧✉ s ❦♦♥✲
st❛♥t❛♠✐ ❦ ✈②t✈♦➦❡♥í ❝❡st ❦ ❥❡❞♥♦t❧✐✈ý♠ s♦✉❜♦r➲♠✱ ❦t❡ré s❡ ❜✉❞♦✉ ♥❛↔ít❛t✳ P♦té ❥❡ ✈②t✈♦➦❡♥❛
✐♥st❛♥❝❡ t➦í❞② ❇✉♥❞❧❡r▲♦❛❞❡r✱ ❦t❡ré ❥s♦✉ ♣➦❡❞á♥② t②t♦ ❝❡st②✱ ♦❞❦✉❞ ♥❛↔ít❛t s❝é♥✉ ❛ ♠❡t♦❞♦✉
❧♦❛❞ ❥❡ s❝é♥❛ ♥❛↔t❡♥❛ ❛ ♥ás❧❡❞♥➙ ❥❡ ✉❧♦➸❡♥❛ ❞♦ st❛t✐❝❦ý❝❤ ♣r♦♠➙♥♥ý❝❤ t➦í❞② ▼❉■❴❛♣♣❴st❛t❡✳
❏❡❧✐❦♦➸ s❡ ❞❛t❛ ③ís❦❛♥á ③ ♦❜♦✉ ♣r♦❣r❛♠➲ ✈❧❛st♥➙ ❧✐➨í ♣♦✉③❡ ❛❞r❡sá➦♦✈♦✉ str✉❦t✉r♦✉ ❛ ♥á③✈②
s♦✉❜♦r➲✱ ❜✉❞❡ st❛↔✐t ♣♦✉➸ít ♠❡t♦❞✉ ♣r♦ ♥❛↔ítá♥í ❞❛t ③ís❦❛♥ý❝❤ ❇✉♥❞❧❡r❡♠ ❛ ♣♦✉③❡ ♥❛❤r❛❞✐t
❦♦♥st❛♥t②✱ ❦t❡ré ❥s♦✉ ✈②✉➸í✈á♥② ♣➦✐ ✈②t✈á➦❡♥í s♣rá✈♥ý❝❤ ❝❡st✳

✸✳✷ ◆ástr♦❥ ♣r♦ ✈②t✈á➦❡♥í ❤r❛♥✐❝ ♣❧♦❝❤

✸✳✷✳✶ ❩❛❞á✈á♥í ❤r❛♥✐❝❡

❍r❛♥✐❝✐ ♣❧♦❝❤② ❜✉❞❡ ✉➸✐✈❛t❡❧ ③❛❞á✈❛t ❞♦ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❜✉❞❡ ♥❡③❜②t♥é
✉♣r❛✈✐t t➦í❞✉ ▼❉■❴❡❞✐t♦r❴✈✶✳

❱ ❛❦t✉á❧♥í♠ st❛✈✉ ♣r♦❣r❛♠✉ ❥❡ ♣➦✐ ③✈♦❧❡♥í ♣❧♦❝❤② ③ ♣❛❧❡t② ♣❧♦❝❤ ❛✉t♦♠❛t✐❝❦② ❛❦t✐✈♦✈á♥
♥ástr♦❥ ♣r♦ ❦r❡s❧❡♥í ❞♦ ❢♦t♦❣r❛✜❡✳ ❚í♠t♦ ♥ástr♦❥❡♠ ✉➸✐✈❛t❡❧ ③❛❞á✈á ❞❛t❛ ♣r♦ s❡❣♠❡♥t❛❝✐
❢♦t♦❣r❛✜❡✳ ❏❛❦ ✉➸ ❥s❡♠ ❞➦í✈❡ ③♠í♥✐❧✱ t❡♥t♦ ♥ástr♦❥ ❜✉❞❡ ♥❡③❜②t♥é ❞❡❛❦t✐✈♦✈❛t ♣➦✐ ③❛❞á✈á♥í
❜♦❞➲ ❛ ♥ás❧❡❞♥➙ ✐ ♣➦✐ ú♣r❛✈➙ ❜♦❞➲✳ Pr♦t♦ ❥❡ ♥❡③❜②t♥é ♣➦✐❞❛t ♠♦➸♥♦st ♣r♦ ✉➸✐✈❛t❡❧❡ ✲ ♣➦❡♣í♥❛t
♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ♥ástr♦❥✐✳

❱ ❥❡❞♥✉ ❝❤✈í❧✐ t❡❞② ❜✉❞❡ ♠♦❝✐ ❜ýt ❛❦t✐✈♥í ♣♦✉③❡ ❥❡❞❡♥ ♥ástr♦❥✳ Pr♦ ✈ý❜➙r ❥❡❞♥♦❤♦ ♣r✈❦✉ ③ ♥
♥❡❥❧é♣❡ ♦❞♣♦✈í❞á ❘❛❞✐♦❇✉tt♦♥✱ ❦❞❡ ❥❡❞✐♥ý ✈②❜r❛♥ý ♣r✈❡❦ ❜✉❞❡ ♦❞♣♦✈í❞❛t ♣rá✈➙ ✈②❜r❛♥é♠✉
♥ástr♦❥✐✳ ❉❛❧➨í ♠♦➸♥♦stí ❜② ❜②❧♦ ✈②✉➸ít t❧❛↔ít❦♦ ❦ ❝②❦❧✐❝❦é♠✉ ♣➦❡♣í♥á♥í ♠❡③✐ ♥ástr♦❥✐✳
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❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

❱ý❤♦❞♦✉ ♣r✈♥í ♠♦➸♥♦st✐ ❥❡ ♥❛♣➦í❦❧❛❞ r②❝❤❧á ♠♦➸♥♦st ♣➦❡♣í♥á♥í✱ ♣♦❦✉❞ ♠á ↔❧♦✈➙❦ ✈í❝❡
st❛✈➲✳ ◆❡✈ý❤♦❞♦✉ ♣r✈♥í ♠♦➸♥♦st✐ ❥❡ ❧✐♥❡ár♥➙ r♦st♦✉❝í ✈❡❧✐❦♦st s ♣➦✐❜ý✈❛❥í❝í♠ ♣♦↔t❡♠ ♥á✲
str♦❥➲✳ ❱ý❤♦❞② ❞r✉❤é ♠♦➸♥♦st✐ ❥s♦✉ ❦♦♥st❛♥t♥í ✈❡❧✐❦♦st✳ ◆❛ ❞r✉❤♦✉ str❛♥✉ ↔❛s ✈②❜rá♥í
s♣rá✈♥é❤♦ ♥ástr♦❥❡ r♦st❡ s ♣➦✐❜ý✈❛❥í❝í♠ ♠♥♦➸st✈í♠ ♥ástr♦❥➲✳

❱ t♦♠t♦ ♣➦í♣❛❞➙ ❥❡ ✈❡❧✐❦♦st ●❯■ ♣♦♠➙r♥➙ ♦♠❡③❡♥á✱ ♥❡❜♦➫ ③✈➙t➨♦✈á♥í ♣❛♥❡❧✉ ♥ástr♦❥➲
❜② ✈❡❞❧♦ ❦ ③♠❡♥➨♦✈á♥í ♣r❛❝♦✈♥í ♣❧♦❝❤② ❡❞✐t♦r✉✳ ❩ár♦✈❡➡ ❜✉❞♦✉ ❦ ❞✐s♣♦③✐❝✐ ♣♦✉③❡ t➦✐ ♥á✲
str♦❥❡✱ t❛❦➸❡ ❝②❦❧✐❝❦é ♣r♦❝❤á③❡♥í ♥ástr♦❥➲ ♥❡❜✉❞❡ ✉➸✐✈❛t❡❧❡ ♣➦í❧✐➨ ③❞r➸♦✈❛t✳ ❑r♦♠➙ t♦❤♦ s❡
❞á ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ✉➸✐✈❛t❡❧ ♥❡❥❞➦í✈❡ ③❛❞á ❞❛t❛ ♣r♦ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜í✱ ♣♦té ③❛❞á ❤r❛♥✐❝❡
❥❡❞♥♦t❧✐✈ý❝❤ ♣❧♦❝❤ ❛ ♥❛❦♦♥❡❝ ③♣➦❡s♥í ♣♦③✐❝✐ ✈r❝❤♦❧➲ t➙❝❤t♦ ♣❧♦❝❤✱ t✉❞í➸ ♥❡❜✉❞❡ ♠✉s❡t ♣➦í❧✐➨
♣➦❡♣í♥❛t ♠❡③✐ ♥ástr♦❥✐✳ ❩ ❞➲✈♦❞✉ ✉➨❡t➦❡♥í ♣r♦st♦r✉ t❡❞② ✈♦❧í♠ ❝②❦❧✐❝❦é ♣r♦❝❤á③❡♥í ♥ástr♦❥➲✳

✸✳✷✳✷ ◆ástr♦❥❡

❯❞á❧♦st✐ ♠②➨✐✱ ❦t❡ré ❡❞✐t♦r r❡❣✐str✉❥❡✱ ❥s♦✉ ✧❝❧✐❝❦✧✱ ✧❞r❛❣✧❛ ✧r❡❧❡❛s❡✧✳ ❱ ❦❛➸❞é ③ ♦❜s❧✉➸✲
♥ý❝❤ ♠❡t♦❞ ♣r♦ t②t♦ ✉❞á❧♦st✐ ❥❡ ♥❛♣❡✈♥♦ ♣➦✐♣♦❥❡♥❛ ❛❦❝❡✱ ❦t❡rá ❜✉❞❡ ✈②❦♦♥á♥❛✳ Pr♦t♦ ❜✉❞❡
t➦❡❜❛ ♣➦✐❞❛t ❞♦ ♦❜s❧✉➸♥ý❝❤ ♠❡t♦❞ s✇✐t❝❤✱ ❦t❡rý ❜✉❞❡ ♣♦♠♦❝í ✈②❜r❛♥é❤♦ ♥ástr♦❥❡ r♦③❤♦❞♦✲
✈❛t✱ ❦t❡rá ↔ást ❦ó❞✉ ❜✉❞❡ ③❛✈♦❧á♥❛✳ ❚♦t♦ ✉♠♦➸♥í ✈ ❜✉❞♦✉❝♥♦st✐ r❡❧❛t✐✈♥➙ s♥❛❞♥é ♣➦✐❞á✈á♥í
❞❛❧➨í❝❤ ♥ástr♦❥➲✱ ❦❞②➸ ❦❛➸❞ý ♥ástr♦❥ ❜✉❞❡ ♦❞ ♦st❛t♥í❝❤ ❦♦♠♣❧❡t♥➙ ♦❞❞➙❧❡♥✳ ❑♦♠♣❧❡t♥í ♦❞✲
❞➙❧❡♥í ♥ástr♦❥➲ ♦❞ s❡❜❡ s✐❝❡ ③♣➲s♦❜í ✈③♥✐❦ ❞✉♣❧✐❝✐t♥í❤♦ ❦ó❞✉✶✱ ❛❧❡ t➙❝❤t♦ ↔ástí ❜✉❞❡ ♣♦✉③❡
♠❛❧é ♠♥♦➸st✈í✳

✸✳✷✳✸ ❩♣r❛❝♦✈á♥í ✉❞á❧♦st✐

P➦✐ ❦❧✐❦♥✉tí ❞♦ ❢♦t♦❣r❛✜❡ ❥❡ ✈②❣❡♥❡r♦✈á♥❛ ✉❞á❧♦st✱ s❡ ❦t❡r♦✉ ❥❡ ③❛✈♦❧á♥❛ ♦❜s❧✉➸♥á ♠❡t♦❞❛✳
❩ ✉❞á❧♦st✐ ③ís❦á♠❡ ♣♦③✐❝✐ ❦✉r③♦r✉ ✈ ❞♦❜➙ ❦❧✐❦♥✉tí✳P♦③✐❝❡ ❦✉r③♦r✉ ❥❡ ✈➲↔✐ ♦❦♥✉ ❡❞✐t♦r✉✳ ❚❡♥t♦
❜♦❞ ♠✉sí ❜ýt ♥❡❥❞➦í✈❡ ③♣r❛❝♦✈á♥✱ ❛❜② ♠♦❤❧ ❜ýt ♣♦✉➸✐t ❦ ♣r♦♠ít♥✉tí ❞♦ r♦✈✐♥②✳ ❋♦t♦❣r❛✜❡ ✈
❡❞✐t♦r✉ t♦t✐➸ ♠➲➸❡ ❜ýt ③✈➙t➨❡♥á✴③♠❡♥➨❡♥á✱ ♦t♦↔❡♥❛ ♦ ♥ás♦❜❦② 90◦ ❛ ♣♦s✉♥✉tá ✈ ♦sá❝❤ x ❛
y✳ ❚②t♦ tr❛♥s❢♦r♠❛❝❡ ❥s♦✉ ✉❧♦➸❡♥② ❥❛❦♦ ✐♥st❛♥❝❡ t➦í❞② ❆✣♥❡❚r❛♥s❢♦r♠✳ ❚❛t♦ tr❛♥s❢♦r♠❛❝❡
s❡ ✈②✉➸í✈á ♣r♦ s♣rá✈♥é ✈②❦r❡s❧❡♥í ♦❜❥❡❦t➲ ❞♦ ❢♦t♦❣r❛✜❡✳ ❊❞✐t♦r s✐ ③ár♦✈❡➡ ✉❝❤♦✈á✈á ✐ ✐♥✲
✈❡r③♥í tr❛♥s❢♦r♠❛❝✐ ❦ tét♦ tr❛♥s❢♦r♠❛❝✐ ♣r♦ ♣➦í♣❛❞ ③❛❞á✈á♥í ❞❛t✳ ❚✉❞í➸ ❛♣❧✐❦✉❥❡♠❡ ✐♥✈❡r③♥í
tr❛♥s❢♦r♠❛❝✐ ♥❛ ③❛❞❛♥ý ❜♦❞✳ ◆②♥í ❥❡➨t➙ ③❜ý✈á ♣➦❡✈rát✐t ♦s✉ ② ❛ ❜♦❞ ❥❡ ♣➦✐♣r❛✈❡♥ ❦ ✉❧♦➸❡♥í✳

✸✳✷✳✹ ❯❧♦➸❡♥í ❤r❛♥✐❝❡

❏❛❦ ✈②♣❧ý✈á ③ ♣➦❡❞❝❤♦③í❝❤ ↔ástí ✭ ✷✳✺✳✹ ❛ ✷✳✻✳✸ ✮✱ ❤r❛♥✐❝❡ ❜② ♠➙❧❛ ❜ýt ✉❧♦➸❡♥❛ ❥❛❦♦
✉s♣♦➦á❞❛♥á ♠♥♦➸✐♥❛ ❤r❛♥✐↔♥í❝❤ ❜♦❞➲✳ ❑❛➸❞ý ③ ❤r❛♥✐↔♥í❝❤ ❜♦❞➲ ❜✉❞❡ ✉❝❤♦✈á✈❛t ♠♥♦➸✐♥✉ ✷❉
❜♦❞➲✱ ❦❞❡ ❦❡ ❦❛➸❞é♠✉ ③ t➙❝❤t♦ ❜♦❞➲ ❜✉❞❡ ♣➦✐➦❛③❡♥❛ ♣rá✈➙ ❥❡❞♥❛ ❦❛♠❡r❛ ✭❦❛♠❡r❛ ♦❞♣♦✈í❞❛❥í❝í
❢♦t♦❣r❛✜✐✱ ✈❡ ❦t❡ré ❜②❧ ❜♦❞ ③❛❞á♥✮✳ ❚❛t♦ ♠♥♦➸✐♥❛ ❜♦❞➲ ❛ ❦❛♠❡r ♥❡♠á ♦♠❡③❡♥♦✉ ✈❡❧✐❦♦st✱ ❛❧❡
♠✉sí ♦❜s❛❤♦✈❛t ❛❧❡s♣♦➡ ❥❡❞♥✉ ❞✈♦❥✐❝✐ ❦❛♠❡r❛✲❜♦❞✳ ❉✈♦❥✐❝❡ ❜✉❞❡ ♠♦➸♥é ❞♦ ♠♥♦➸✐♥② ♣➦✐❞á✈❛t
✐ ♦❞❡❜ír❛t✱ ❛❧❡ ❦❛➸❞á ❦❛♠❡r❛ ♠➲➸❡ ❜ýt ✈ ♠♥♦➸✐♥➙ ♥❡❥✈ý➨❡ ❥❡❞❡♥❦rát✳ Pr♦ ✈②❦r❡s❧♦✈á♥í ❜♦❞➲
❞♦ ❢♦t♦❣r❛✜í ❜✉❞❡ ♥❡③❜②t♥é✱ ❛❜② ❜②❧♦ ♠♦➸♥é ③❥✐st✐t✱ ❥❡st❧✐ ♣r♦ ❞❛♥♦✉ ❦❛♠❡r✉ ✉➸ ✈ ♠♥♦➸✐♥➙
♥➙❥❛❦á ❞✈♦❥✐❝❡ t✉t♦ ❦❛♠❡r✉ ♦❜s❛❤✉❥í❝í ❛ ♣♦❦✉❞ ❛♥♦✱ t❛❦ ③ís❦❛t t❡♥t♦ ❜♦❞✳ ❉á❧❡ ♣r♦ ✈ý♣♦↔❡t

✶❏❡❞♥♦✉ ③ t➙❝❤t♦ ❞✉♣❧✐❝✐t ♠➲➸❡ ❜ýt ♥❛♣➦í❦❧❛❞ tr❛♥s❢♦r♠❛❝❡ ♣♦③✐❝❡ ❦✉r③♦r✉ ✈➲↔✐ ♦❦♥✉ ❞♦ ♣♦③✐❝❡ ✈➲↔✐
❢♦t♦❣r❛✜✐✳

✷✽



✸✳✷✳ ◆➪❙❚❘❖❏ P❘❖ ❱❨❚❱➪➄❊◆❮ ❍❘❆◆■❈ P▲❖❈❍

♣r➲♠➙r✉ ♣r➲♠➙t➲ ❜♦❞➲ ❜✉❞❡ t➦❡❜❛ ♠♦❝✐ ✐t❡r♦✈❛t ♣➦❡s ✈➨❡❝❤♥② ❞✈♦❥✐❝❡✳ ❉❧❡ ♠é❤♦ ♥á③♦r✉
t♦♠✉t♦ ♥❡❥❧é♣❡ ♦❞♣♦✈í❞á ❍❛s❤▼❛♣❛✱ ❦❞❡ ❦❛♠❡r❛ ❜✉❞❡ ❦❧í↔❡♠ ❛ ✷❉ ❜♦❞ ❤♦❞♥♦t♦✉✳ ❉í❦②
❍❛s❤▼❛♣➙ ❜✉❞❡ r②❝❤❧é ③❥✐➨➫♦✈á♥í✱ ③❞❛ ❥❡ ✉➸ ❞❛♥ý ❦❧í↔ ✭❦❛♠❡r❛✮ ♣♦✉➸✐t✱ ✐ ❜❡③ ♥✉t♥♦st✐ ✐t❡r♦✈❛t
♣➦❡s ✈➨❡❝❤♥② ♣r✈❦② ♠♥♦➸✐♥②✳

❏❛❦ ❜②❧♦ ❞➦í✈❡ ③♠í♥➙♥♦ ✭✷✳✺✳✹✮✱ t❛t♦ ♠♥♦➸✐♥❛ ❤r❛♥✐↔♥í❝❤ ❜♦❞➲ ❜② ♠➙❧❛ ❜ýt ✉❧♦➸❡♥❛ ✈
♦❜❥❡❦t✉ ♣❧♦❝❤②✳ ❖❜❥❡❦t ♣❧♦❝❤② ❥❡ t➦í❞② ❈❙●❴P❧❛♥❡ ❛ ❦❡ s♣rá✈♥é ✐♥st❛♥❝✐ ❥❡ ♠♦➸♥é s❡ ❞♦st❛t
♣➦❡s ♣rá✈➙ ♣♦✉➸í✈❛♥♦✉ s❝é♥✉ ✉❧♦➸❡♥♦✉ ✈ ▼❉■❴❛♣♣❴st❛t❡✳

✸✳✷✳✺ ❆♣❧✐❦❛❝❡ ❤r❛♥✐❝❡

❉❛❧➨í♠ ❦r♦❦❡♠ ❥❡ ♣r♦♠ít♥✉tí ❤r❛♥✐❝❡ ♥❛ ♣❧♦❝❤✉✳ ❏❛❦ ✉➸ ❥s❡♠ ✈ý➨❡ ③♠í♥✐❧✱ ♣❧♦❝❤❛ ❥❡
r❡♣r❡③❡♥t♦✈á♥❛ ♠♥♦➸✐♥♦✉ ❜♦❞➲ ❛ r♦✈✐♥♦✉✳ ❘♦✈✐♥❛ ❥❡ r❡♣r❡③❡♥t♦✈á♥❛ ↔t②➦♠✐ ♣❛r❛♠❡tr② a✱ b✱
c✱ d✱ ❦t❡ré ♦❞♣♦✈í❞❛❥í ♣❛r❛♠❡tr➲♠ ♦❜❡❝♥é r♦✈♥✐❝❡ r♦✈✐♥②✱ t❥✳ a ∗ x+ b ∗ y + c ∗ z + d = 0✳

❚❛❦é ❥s♠❡ s❝❤♦♣♥✐ ♣r♦♠ít♥♦✉t ❜♦❞ ③ ❢♦t♦❣r❛✜❡ ♣♦♠♦❝í ❥❡❥í ❦❛♠❡r②✳ ❑ t♦♠✉ ❛❧❡ ❜✉❞❡
♥❡③❜②t♥é tr❛♥s❢♦r♠♦✈❛t ❜♦❞② ❤r❛♥✐❝❡✱ ♥❡❜♦➫ ❜②❧② ③❛❞á♥② ✈ ❥✐♥é s♦✉➦❛❞♥é s♦✉st❛✈➙✳

✸✳✷✳✻ ❚r❛♥s❢♦r♠❛❝❡ ❜♦❞✉ ❛ ❦❛♠❡r②

❇♦❞② ❤r❛♥✐❝❡ ❜②❧② ③❛❞á♥② ✈➲↔✐ ♦❦♥✉ ❡❞✐t♦r✉✱ ❦❞❡ ♣♦↔át❡❦ s♦✉➦❛❞♥é s♦✉st❛✈② ❥❡ ✈ ❧❡✈é♠
❤♦r♥í♠ r♦❤✉✱ ❦❧❛❞♥á ♦s❛ X s♠➙➦✉❥❡ ✈♣r❛✈♦ ❛ ❦❧❛❞♥á ♦s❛ Y s♠➙➦✉❥❡ ❞♦❧✉✳ ◆❡❥❞➦í✈❡ ❜✉❞❡
♥❡③❜②t♥é tr❛♥s❢♦r♠♦✈❛t ✷❉ ❜♦❞ ❤r❛♥✐❝❡ t❛❦✱ ❛❜② ❥❡❤♦ s♦✉➦❛❞♥✐❝❡ ❜②❧② ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡✳
❚♦❤♦ ❞♦sá❤♥❡♠❡ ♣♦s✉♥✉tí♠ ❜♦❞✉ ♦ ♣♦❧♦✈✐♥✉ ➨í➦❦② ❢♦t♦❣r❛✜❡ ♣♦ ♦s❡ X ❛ ♦ ♣♦❧♦✈✐♥✉ ✈ý➨❦②
❢♦t♦❣r❛✜❡ ✈ ♦s❡ Y ✳ ❉á❧❡ ❜✉❞❡ t➦❡❜❛ ♦❜rát✐t ♦s✉ Y t❛❦✱ ❛❜② ❥❡❥í ❦❧❛❞♥á ↔ást s♠➙➦♦✈❛❧❛ ✈③❤➲r✉✱
❦ ↔❡♠✉➸ ♥á♠ ♣♦st❛↔í ③♠➙♥✐t ③♥❛♠é♥❦♦ y s♦✉➦❛❞♥✐❝❡ ❜♦❞✉✳ ❚②t♦ tr❛♥s❢♦r♠❛❝❡ ❜✉❞❡ ✈❤♦❞♥é
♣♦✉➸ít ✉➸ ♣➦✐ ✉❦❧á❞á♥í ❜♦❞✉✱ ❦t❡rý ✉➸✐✈❛t❡❧ ③❛❞❛❧✱ ♥❡❜♦➫ ♣r♦♠ítá♥í s❡ ❜✉❞❡ ✈②❦♦♥á✈❛t ♣♦
❦❛➸❞é ♣r♦✈❡❞❡♥é ③♠➙♥➙ ✈❡ s❝é♥➙ ❛ ❜②❧♦ ❜② ③❜②t❡↔♥é ♣♦❦❛➸❞é ♣r♦✈á❞➙t t✉t♦ tr❛♥s❢♦r♠❛❝✐✳ ❚♦
③♥❛♠❡♥á✱ ➸❡ ✈➨❡❝❤♥② ❤r❛♥✐↔♥í ❜♦❞② ❜✉❞♦✉ ♠ít s♦✉➦❛❞♥✐❝❡ ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡✱ ❞♦ ❦t❡ré
❜②❧② ③❛❞á♥②✳

◆②♥í✱ ❛❜②❝❤♦♠ ♠♦❤❧✐ ✈②t✈♦➦✐t ♣r♦♠ít❛❝í ♣➦í♠❦✉ p✱ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ③ ❜♦❞✉ ❤r❛♥✐❝❡✱
❦t❡rý s✐ ♦③♥❛↔í♠❡ ❥❛❦♦ ❜♦❞ H✱ ✈②t✈♦➦✐t tr♦❥r♦③♠➙r♥ý ❜♦❞✱ ❦t❡rý ♣♦✉➸✐❥❡♠❡ ♣➦✐ ♣r♦♠ítá♥í✳
❚❡♥t♦ ❜♦❞ s✐ ♦③♥❛↔♠❡ ❥❛❦♦ ❜♦❞ P ✳ ❏❛❦ ✉➸ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡ ✷✳✺✳✺✱ ❜♦❞②✱ ❦t❡ré ❜✉❞♦✉
♣♦✉➸✐t② ♣r♦ ♣r♦♠ítá♥í✱ ❥s♦✉ ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ b✳ ❚❛t♦ r♦✈✐♥❛ b ❥❡ ❦♦❧♠á ♥❛ ♦s✉ Z ✈ s♦✉➦❛❞♥é
s♦✉st❛✈➙ ❦❛♠❡r② ❛ ❥❡ ♦❞ st➦❡❞✉ ❦❛♠❡r② ♣♦s✉♥✉t❛ ♦ ✈③❞á❧❡♥♦st f ✈ ③á♣♦r♥é♠ s♠➙r✉ ♦s② Z✳
❱③❞á❧❡♥♦st f ✱ t❡❞② ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❦❛♠❡r②✱ t❡❞② ❜✉❞❡ ✉r↔♦✈❛t s♦✉➦❛❞♥✐❝✐ z ❜♦❞✉ P ✱
♥❡❜♦➫ ♣♦③✐❝❡ ❜♦❞✉ ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ ♥❡♠➲➸❡ ♦✈❧✐✈♥✐t s♦✉➦❛❞♥✐❝✐ z✷✳ ◆②♥í ❥❡ ♣♦t➦❡❜❛ ③ís❦❛t
❤♦❞♥♦t② s♦✉➦❛❞♥✐❝ x ❛ y ❜♦❞✉ P ✳ ❚② s♥❛❞♥♦ ③ís❦á♠❡ ③ ❜♦❞✉ H✳ ❙♦✉➦❛❞♥✐❝❡ t♦❤♦t♦ ❜♦❞✉ ❛♥✐
♥❡❜✉❞❡ t➦❡❜❛ ♥✐❥❛❦ ❞á❧❡ ✉♣r❛✈♦✈❛t✱ ♥❡❜♦➫ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❥❡ ✈❡ st❡❥♥ý❝❤ ❥❡❞♥♦t❦á❝❤ ❥❛❦♦
s♦✉➦❛❞♥✐❝❡ ❜♦❞✉ ✈❡ ❢♦t♦❣r❛✜✐✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ③ ❜♦❞✉ H s❡ s♦✉➦❛❞♥✐❝❡♠✐ (x, y) ✈②t✈♦➦í♠❡
❜♦❞ P t❛❦✱ ➸❡ ❜♦❞✉ H ♣➦✐❞á♠❡ s♦✉➦❛❞♥✐❝✐ z✳ ❙♦✉➦❛❞♥✐❝❡ ❜♦❞✉ P t❡❞② ❜✉❞♦✉ (x, y,−f)✳
Pr♦♠ít❛❝í ♣➦í♠❦✉ ③ís❦á♠❡ t❛❦✱ ➸❡ ♣r♦❧♦➸í♠❡ ♣➦í♠❦✉ ❜♦❞❡♠ (0, 0, 0)✱ ❦t❡rý ♦❞♣♦✈í❞á st➦❡❞✉
❦❛♠❡r②✱ ❛ ❜♦❞❡♠ P ✳

✷❖❜r❛③♦✈á r♦✈✐♥❛ ❥❡ r♦✈♥♦❜➙➸♥á s r♦✈✐♥♦✉ XY ✈ s♦✉st❛✈➙ ❦❛♠❡r②✳

✷✾



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

❱ ♣➦❡❞❝❤♦③í♠ ♦❞st❛✈❝✐ ❥s♠❡ ✈➨❡ ➦❡➨✐❧✐ ✈ s♦✉➦❛❞♥é s♦✉st❛✈➙ ❦❛♠❡r②✱ ❛❧❡ ♣r♦ ❞❛❧➨í ♣♦✉➸✐tí
❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ♣r♦♠ít❛❝í ♣➦í♠❦✉ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳ ❏❡❧✐❦♦➸ ❥❡ ♣➦í♠❦❛ ✉r↔❡♥❛
❞✈➙♠❛ ❜♦❞②✱ st❛↔í tr❛♥s❢♦r♠♦✈❛t ♦❜❛ ➦í❞í❝í ❜♦❞② ♣➦í♠❦②✱ t❥✳ st➦❡❞ ❦❛♠❡r② ❛ ♣r♦♠ít❛❝í ❜♦❞ P ✱
♣♦♠♦❝í tr❛♥s❢♦r♠❛❝í ❦❛♠❡r② ❛ ♥ás❧❡❞♥➙ ❥✐♠✐ ♣r♦❧♦➸✐t ♣➦í♠❦✉✳ ❑❞②➸ ✉➸ ③ís❦á♠❡ t✉t♦ ♣➦í♠❦✉✱
s♥❛❞♥♦ ❞♦♣♦↔ítá♠❡ ❥❡❥í ♣r➲s❡↔í❦ s r♦✈✐♥♦✉✳

✸✳✷✳✼ ◆❛❧❡③❡♥í ✸❉ ❜♦❞✉ r❡♣r❡③❡♥t✉❥í❝í❤♦ ❤r❛♥✐↔♥í ❜♦❞

▼á♠❡ t❡❞② r♦✈✐♥✉ ❛ ❤r❛♥✐❝✐ ♣❧♦❝❤②✳ ❍r❛♥✐❝❡ ❦❛➸❞é ♣❧♦❝❤② ❥❡ ✉s♣♦➦á❞❛♥á ♠♥♦➸✐♥❛ ❤r❛♥✐↔✲
♥í❝❤ ❜♦❞➲✱ ❦❞❡ ❦❛➸❞ý ③ t➙❝❤t♦ ♦❜❥❡❦t➲ ✉❞r➸✉❥❡ ♠♥♦➸✐♥✉ ❞✈♦❥✐❝ ❦❛♠❡r❛✲❜♦❞✳ P♦❦✉❞ t❡❞② ♣r♦
❦❛➸❞♦✉ ❞✈♦❥✐❝✐ ❦❛♠❡r❛✲❜♦❞ ♣r♦♠ít♥❡♠❡ ♦♥❡♥ ❜♦❞ ♦♥♦✉ ❦❛♠❡r♦✉ ❞♦ r♦✈✐♥② ♣❧♦❝❤②✱ ③ís❦á♠❡
✸❉ ❜♦❞✳ ❑❞②➸ ✉➸ ♠á♠❡ ♣r♦ ❞❛♥ý ❤r❛♥✐↔♥í ❜♦❞ ♣r♦ ✈➨❡❝❤♥② ❞✈♦❥✐❝❡ ❦❛♠❡r❛✲❜♦❞ ③ís❦á♥② ✸❉
❜♦❞②✱ ❜✉❞❡ t➦❡❜❛ ③ís❦❛t ❥❡❞❡♥ ❜♦❞✱ ❦t❡rý ❜✉❞❡ t✉t♦ ♠♥♦➸✐♥✉ ✸❉ ❜♦❞➲ r❡♣r❡③❡♥t♦✈❛t✳ ❏❛❦♦
t❡♥t♦ ❥❡❞✐♥ý ❜♦❞ ❥s❡♠ s❡ r♦③❤♦❞❧ ♣♦✉➸ít t➙➸✐➨t➙ ♠♥♦➸✐♥② ❜♦❞➲✸✳ ❚í♠t♦ ③♣➲s♦❜❡♠ ③ís❦á♠❡
♣r♦ ❦❛➸❞ý ❤r❛♥✐↔♥í ❜♦❞ ✈ ❤r❛♥✐❝✐ ❥❡❞❡♥ tr♦❥r♦③♠➙r♥ý ❜♦❞✳ ❚❡♥t♦ ❜♦❞ ♠➲➸❡♠❡ ♣♦✉➸ít ♣r♦
✈②t✈♦➦❡♥í ✜♥á❧♥í ❣❡♦♠❡tr✐❡✳

✸✳✷✳✽ ❱②t✈á➦❡♥í ❣❡♦♠❡tr✐❡

▼♦♠❡♥tá❧♥➙ ❥❡ ❣❡♦♠❡tr✐❡ ♣❧♦❝❤② ✈②t✈á➦❡♥❛ ✈❡ st❛t✐❝❦é ♠❡t♦❞➙ ✜♥❞❇❡st❱✐s✉❛❧✐③❛t✐♦♥✹
t➦í❞② P❧❛♥❡✸❉✉t✐❧s✳ ❚❛t♦ ♠❡t♦❞❛ ❥❡ ✈♦❧á♥❛ ✈ ♠❡t♦❞➙ r❡❝♦♥str✉❝tP❧❛♥❡ t➦í❞② ❙❡❣♠❡♥t❛t✐✲
♦♥❲r❛♣♣❡r✱ ❦❞❡ ❥❡ ♠❡t♦❞➙ ✜♥❞❇❡st❱✐s✉❛❧✐③❛t✐♦♥✹ ♣➦❡❞á♥❛ r♦✈✐♥❛✱ ❜♦❞②✱ ♦➦❡③á✈❛❝í ♣➦í♠❦②✹ ❛
✐♥❞❡① ♣❧♦❝❤②✱ ❦t❡rá ❥❡ ✈②t✈á➦❡♥❛✳ ❱ýs❧❡❞❡❦ ✜♥❞❇❡st❱✐s✉❛❧✐③❛t✐♦♥✹ ❥❡ ✉❧♦➸❡♥ ❞♦ ♦❞♣♦✈í❞❛❥í❝í
✐♥st❛♥❝❡ t➦í❞② ❈❙●❴P❧❛♥❡✳

Pr♦t♦ ❜✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ♠❡t♦❞✉✱ ❦t❡rá ♣r♦♠ít♥❡ ❤r❛♥✐❝✐ ❞♦ r♦✈✐♥② ❛ ♣♦✉➸✐❥❡ ③ís❦❛♥é ❜♦❞②
❦ ✈②t✈♦➦❡♥í ❣❡♦♠❡tr✐❡✳ ▼♦♠❡♥tá❧♥➙ ❥❡ ❦ ✈②t✈♦➦❡♥í ❣❡♦♠❡tr✐❡ ♣♦✉➸í✈á♥ ♦❜❥❡❦t ●❡♦♠❡tr②■♥❢♦✱
❦t❡rý ❞♦✈♦❧✉❥❡ ✈②t✈á➦❡♥í ♥❡❦♦♥✈❡①♥í❝❤ t➙❧❡s ③❛❞á♥í♠ ❥❡❥✐❝❤ ❤r❛♥✐❝❡✳ ❩ t♦❤♦t♦ ♦❜❥❡❦t✉ ❥❡
✈②t✈♦➦❡♥ ♦❜❥❡❦t ●❡♦♠❡tr②❆rr❛②✱ ❦t❡rý r❡♣r❡③❡♥t✉❥❡ ❣❡♦♠❡tr✐✐ ✈ýs❧❡❞♥é ♣❧♦❝❤② ❛ ❥❡ ♠♦➸♥é ③
♥➙❥ ✈②t✈♦➦✐t ♦❜❥❡❦t ③♦❜r❛③✐t❡❧♥ý ✈❡ s❝é♥➙✳

❑t❡rá ③ t➙❝❤t♦ ♠❡t♦❞ ❜✉❞❡ ✈ r❡❝♦♥str✉❝tP❧❛♥❡ ③❛✈♦❧á♥❛ ♣r♦ ✈②t✈♦➦❡♥í ❣❡♦♠❡tr✐❡✱ s❡ ③✈♦❧í
♥❛ ③á❦❧❛❞➙ t♦❤♦✱ ③❞❛ ❥❡ ③❛❞á♥♦ ❞♦st❛t❡↔♥é ♠♥♦➸st✈í ❜♦❞➲ ❞♦ ❤r❛♥✐❝❡✱ t❥✳ ❛❧❡s♣♦➡ 3 ❜♦❞②✳

✸✳✷✳✾ ❩♦❜r❛③❡♥í ❤r❛♥✐❝❡ ✈ ❡❞✐t♦r✉

❈❡❧á ❤r❛♥✐❝❡ ♣❧♦❝❤② ❥❡ t✈♦➦❡♥❛ ❤r❛♥✐↔♥í♠✐ ❜♦❞②✳ ❑❛➸❞ý ❜♦❞ ❤r❛♥✐❝❡ ❥❡ ③❛❞á♥ ✈ ♥ r➲③♥ý❝❤
❢♦t♦❣r❛✜í❝❤ ❛ ❦❛➸❞ý ③ t➙❝❤t♦ ❜♦❞➲ ❤r❛♥✐❝❡ ❜✉❞❡ t➦❡❜❛ ✈②❦r❡s❧✐t ✈❡ ❢♦t♦❣r❛✜✐ ③♦❜r❛③❡♥é ✈
❡❞✐t♦r✉✳ P♦❦✉❞ ❥❡ ❤r❛♥✐↔♥í ❜♦❞ ③❛❞á♥ ✈ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐✱ ♠➲➸❡♠❡ ❤♦ ♣♦✉➸ít✳ P♦❦✉❞
③❛❞á♥ ♥❡❜②❧✱ ❜✉❞❡♠❡ ♠✉s❡t ✈③ít ❤r❛♥✐↔♥í ❜♦❞ ❛ ♣r♦♠ít♥♦✉t ❤♦ ❞♦ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜❡✳ ❚♦
③♥❛♠❡♥á✱ ➸❡ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ✸❉ r❡♣r❡③❡♥t❛❝✐ ❤r❛♥✐↔♥í❤♦ ❜♦❞✉ ✭✈✐③✳ ✸✳✷✳✼✮✳ ❑ ♣r♦♠ít♥✉tí
✸❉ r❡♣r❡③❡♥t❛❝❡ ❤r❛♥✐↔♥í❤♦ ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡ ❜✉❞❡ ♠♦➸♥é ♣♦✉➸ít ♦❜❞♦❜♥ý ♣r✐♥❝✐♣✱ ❥❛❦ý♠
❜②❧ ❜♦❞ ♣r♦♠ít♥✉t ③ ❢♦t♦❣r❛✜❡ ❞♦ r♦✈✐♥② ✭✸✳✷✳✻✮✳

✸❘♦③❞í❧② ✈ ♣♦③✐❝✐ t➙❝❤t♦ ❜♦❞➲ ❜② ✈ rá♠❝✐ s❝é♥② ♠➙❧② ❜ýt ♠✐♥✐♠á❧♥í✱ ♣♦❦✉❞ ✉➸✐✈❛t❡❧ ③❛❞á✈á ❞♦❜rá ❞❛t❛✳
❷í♠ ❤♦r➨í ❞❛t❛ ✉➸✐✈❛t❡❧ ❜✉❞❡ ③❛❞á✈❛t✱ tí♠ ♥❡♣➦❡s♥➙❥➨í ✈ýs❧❡❞❦② ❜✉❞❡ ♣r♦❣r❛♠ ❞á✈❛t✳

✹P➦í♠❦❛ r❡♣r❡③❡♥t✉❥í❝í ♣r➲s❡↔í❦ ❞✈♦✉ ♣❧♦❝❤✱ ❦t❡ré s❡ ♠❛❥í ♥❛✈③á❥❡♠ ♦➦❡③á✈❛t✳

✸✵



✸✳✷✳ ◆➪❙❚❘❖❏ P❘❖ ❱❨❚❱➪➄❊◆❮ ❍❘❆◆■❈ P▲❖❈❍

✸✳✷✳✶✵ Pr♦♠ít♥✉tí ❞♦ ❢♦t♦❣r❛✜❡

▼á♠❡ ✸❉ ❜♦❞ B✱ ❦t❡rý ❜✉❞❡♠❡ ♣r♦♠ít❛t✱ ❛ ♠á♠❡ ✐ ❦❛♠❡r✉ ❢♦t♦❣r❛✜❡✱ ❞♦ ❦t❡ré ❤♦
❜✉❞❡♠❡ ♣r♦♠ít❛t✳ Pr♦ t♦t♦ ♣r♦♠ítá♥í ♠➲➸❡♠❡ ♦♣➙t ✈②✉➸ít ✉♣r❛✈❡♥ý P✐♥❤♦❧❡ ❈❛♠❡r❛ ▼♦✲
❞❡❧✭✈✐③✳ ✷✳✺✳✺✮✳ ❙t➦❡❞ ❦❛♠❡r② S ③ís❦á♠❡ ③ ♦❜❥❡❦t✉ ❦❛♠❡r②✳ P❛♣rs❡❦ ③ís❦á♠❡ t❛❦✱ ➸❡ ✈②t✈♦➦í♠❡
♣➦í♠❦✉ ♣r♦❝❤á③❡❥í❝í ❜♦❞❡♠ S ❛ ❜♦❞❡♠ B✳ ◆②♥í ❜✉❞❡ t➦❡❜❛ ③ís❦❛t r♦✈✐♥✉ ♦❞♣♦✈í❞❛❥í❝í ♦❜r❛✲
③♦✈é r♦✈✐♥➙ b✳ ❑ t♦♠✉ ♣♦t➦❡❜✉❥❡♠❡ ❥❡❞❡♥ ❜♦❞ ✈ tét♦ r♦✈✐♥➙ ❛ ♥♦r♠á❧✉ r♦✈✐♥②✳ P♦❦✉❞ ❜②❝❤♦♠
♠➙❧✐ ❜♦❞✱ ♦❞♣♦✈í❞❛❥í❝í ♣r➲♥✐❦✉ ♦❜r❛③♦✈é r♦✈✐♥② b ❛ ♦♣t✐❝❦é ♦s② ✭♦s❛ Z ✈ s♦✉➦❛❞♥é♠ s②s✲
té♠✉ ❦❛♠❡r②✮✱ ❜✉❞❡♠❡ ♠ít ❥❛❦ ❜♦❞ ✈ ♦♥é r♦✈✐♥➙✱ t❛❦ ❞♦❦á➸❡♠❡ s♣♦↔ít❛t ♥♦r♠á❧♦✈ý ✈❡❦t♦r
s ♣♦♠♦❝í st➦❡❞✉ ❦❛♠❡r②✳ ❚❡♥t♦ ❜♦❞ ♦✈➨❡♠ ❞♦❦á➸❡♠❡ ③ís❦❛t ❛ ♦③♥❛↔í♠❡ s✐ ❤♦ O✳ ❏❡ t♦ t♦t✐➸
❜♦❞ (0, 0,−f) ✈ s♦✉➦❛❞♥✐❝í❝❤ ❦❛♠❡r②✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ st❛↔í ❛♣❧✐❦♦✈❛t tr❛♥s❢♦r♠❛❝❡ ❦❛♠❡r②
❛ ③ís❦á♠❡ s✈➙t♦✈é s♦✉➦❛❞♥✐❝❡ t♦❤♦t♦ ❜♦❞✉ O✳ ❙t❡❥♥♦✉ tr❛♥s❢♦r♠❛❝✐ ❛♣❧✐❦✉❥❡♠❡ ✐ ♥❛ st➦❡❞
❦❛♠❡r② S✳ ❖❞❡↔t❡♥í♠ ❜♦❞➲ O ❛ S ③ís❦á♠❡ ♥♦r♠á❧✉ r♦✈✐♥②✱ ❥❛❦♦ ❜♦❞ ✈ r♦✈✐♥➙ ♣♦✉➸✐❥❡♠❡ ❜♦❞
O✳ ❚❛❦t♦ ♠➲➸❡♠❡ ✈②t✈♦➦✐t r♦✈♥✐❝✐ ♦❜r❛③♦✈é r♦✈✐♥② b✳ P❛r❛♠❡tr② a✱ b ❛ c ③ís❦á♠❡ ③ ♥♦r♠á❧②
❛ d ✈②♣♦↔t❡♠❡ ♣♦♠♦❝í ❜♦❞✉ O✳ ◆②♥í ✈②t✈♦➦í♠❡ ♣➦í♠❦✉ ♠❡③✐ ♣r♦♠ít❛♥ý♠ ❜♦❞❡♠ ❛ st➦❡❞❡♠
❦❛♠❡r② ❛ ♥❛❥❞❡♠❡ ♣r➲s❡↔í❦ s ♦❜r❛③♦✈♦✉ r♦✈✐♥♦✉ b✳ ❚❡♥t♦ ♣r➲s❡↔í❦ s✐ ♦③♥❛↔í♠❡✱ ❥❛❦♦ ❜♦❞ P ✳
◆❛ ❜♦❞ P ❛♣❧✐❦✉❥❡♠❡ ✐♥✈❡r③♥í tr❛♥s❢♦r♠❛❝✐ ❦ tr❛♥s❢♦r♠❛❝✐ ❦❛♠❡r② ❛ tí♠ ③ís❦á♠❡ ❜♦❞ P ′✳
❚❛❦t♦ ③ís❦á♠❡ s♦✉➦❛❞♥✐❝❡ ❜♦❞✉ P ✈ s♦✉➦❛❞♥é♠ s②sté♠✉ ❦❛♠❡r②✳ ❇♦❞ P ′ ❜✉❞❡ ♠ít s♦✉➦❛❞♥✐❝✐
③ r♦✈♥✉ −f ❛ s♦✉➦❛❞♥✐❝❡ x✱y ❜✉❞♦✉ ♣♦③✐❝❡ ♣r♦♠ít♥✉té❤♦ ❜♦❞✉ ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡✳

❱ý➨❡ ③♠í♥➙♥ý ③♣➲s♦❜ ♣r♦♠ítá♥í ♥❡♥í ❥❡❞✐♥ý✳ ❈❡❧é ♣r♦♠ítá♥í ❥❡ ♠♦➸♥é r❡♣r❡③❡♥t♦✈❛t ❥❛❦♦
♠❛t✐❝♦✈é ♥ás♦❜❡♥í✳

✸✳✷✳✶✶ Pr♦♠ít♥✉tí ❞♦ ❢♦t♦❣r❛✜❡ ✭♠❛t✐❝♦✈➙✮

❩ ❜♦❞✉ B✱ ❝♦➸ ❥❡ ♥➙❥❛❦ý ✸❉ ❜♦❞ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✱ ♣♦t➦❡❜✉❥❡♠❡ ③ís❦❛t ✷❉ ❜♦❞
P ′ ✈ s♦✉➦❛❞♥✐❝í❝❤ ❢♦t♦❣r❛✜❡✳ Pr♦ t✉t♦ ♣r♦❥❡❦❝✐ ❥❡ ♥❡③❜②t♥é ♣♦✉➸ít ❤♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡✭✈✐❝❡
✈ ❦❛♣✐t♦❧❡ ✸✳✷✳✶✷✮ ❛ ✈ýs❧❡❞♥á ♣r♦❥❡❦❝❡ ❧③❡ ✈②❥á❞➦✐t ♥ás❧❡❞✉❥í❝í r♦✈♥✐❝í✳





Px
Py
1



 = C ×









Bx
By
Bz
1









Px ❛ Py ❥s♦✉ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít♥✉té❤♦ ❜♦❞✉ ✭❜♦❞ P ′✮ ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡✱ Bx✱By✱Bz
❥s♦✉ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít❛♥é❤♦ ❜♦❞✉ ✭❜♦❞ B✮ ✈➲↔✐ s✈➙t♦✈é♠✉ s♦✉➦❛❞♥é♠ s②sté♠✉ ❛ C ❥❡ ♣r♦✲
♠ít❛❝í ♠❛t✐❝❡ 3 × 4✳ ▼❛t✐❝✐ C ❥❡ ♠♦➸♥é r♦③❞➙❧✐t ♥❛ ♠❛t✐❝✐ I ❛ E✱ ❦❞❡ ♠❛t✐❝✐ I ❜✉❞❡♠❡
♦③♥❛↔♦✈❛t ❥❛❦♦ ✈♥✐t➦♥í ♣❛r❛♠❡tr② ❦❛♠❡r②✺ ❛ ♠❛t✐❝✐ E ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ✈♥➙❥➨í ♣❛r❛✲
♠❡tr② ❦❛♠❡r②✻✳ ▼❛t✐❝❡ I ♠á r♦③♠➙r② 3×4✱ ♠❛t✐❝❡ E ♠á r♦③♠➙r② 4×4 ❛ ♣❧❛tí✱ ➸❡ C = I×E✳

❏❡❧✐❦♦➸ ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♥❡❞♦❝❤á③í ❦❡ ③❦♦s❡♥í ❢♦t♦❣r❛✜❡✱ ♣✐①❡❧② ❥s♦✉ ↔t✈❡r❝♦✈é ❛ ♦♣t✐❝❦á
♦s❛ ♣r♦❝❤á③í st➦❡❞❡♠ ❢♦t♦❣r❛✜❡✱ ♠➲➸❡♠❡ ♠❛t✐❝✐ I ③❥❡❞♥♦❞✉➨✐t ❞♦ ♥ás❧❡❞✉❥í❝í❤♦ t✈❛r✉✳

I =





f 0 0 0
0 f 0 0
0 0 1 0





✺③ ❛♥❣❧✐❝❦é❤♦ ✧■♥tr✐♥s✐❝ ♣❛r❛♠❡t❡rs✴♠❛tr✐①✧
✻③ ❛♥❣❧✐❝❦é❤♦ ✧❊①tr✐♥s✐❝ ♣❛r❛♠❡t❡rs✴♠❛tr✐①✧

✸✶



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

❱ t♦♠t♦ ♣í♣❛❞➙ ♣❛r❛♠❡tr f ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ ❦t❡rý ❥❡ ✈②❥á❞➦❡❛♥❛ ✈ ♣✐①❡❧❡❝❤✳ ▼❛t✐❝✐
E ♠➲➸❡♠❡ ✈②❥á❞➦✐t ❥❛❦♦ s♦✉↔✐♥ ❞✈♦✉ ♠❛t✐❝ T ❛ R✱ ❦❞❡ ♦❜➙ ♠❛t✐❝❡ ❥s♦✉ r♦③♠➙r➲ 4 × 4✳ ❱
t♦♠t♦ ♣➦í♣❛❞➙ ♠❛t✐❝❡ T ♦③♥❛↔✉❥❡ tr❛♥s❧❛❝✐✼ ❛ ♠❛t✐❝❡ R ③♥❛♠❡♥á r♦t❛❝✐✽✳

E = T ×R

E =









1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1









×









r1,1 r1,2 r1,3 0
r2,1 r2,2 r2,3 0
r3,1 r3,2 r3,3 0
0 0 0 1









❉➲❧❡➸✐té ❥❡ ③♠í♥✐t✱ ➸❡ ♠❛t✐❝❡ T ❛ R✱ t✉❞í➸ ✐ ♠❛t✐❝❡ E✱ ♥❡r❡♣r❡③❡♥t✉❥í tr❛♥s❢♦r♠❛❝✐ ❦❛♠❡r② ✈➲↔✐
s✈➙t♦✈é s♦✉➦❛❞♥é s♦✉st❛✈➙✱ ❛❧❡ tr❛♥s❢♦r♠❛❝✐ s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ✈➲↔✐ ❦❛♠❡➦❡✳ ❚♦
③♥❛♠❡♥á✱ ➸❡ ❜♦❞ ✈❡ s♠➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ✈②♥ás♦❜❡♥ý ③❧❡✈❛ ♠❛t✐❝í ❊ ❜✉❞❡ tr❛♥s❢♦r♠♦✈á♥
❞♦ s②sté♠✉ ❦❛♠❡r②✳ ◆ás❧❡❞♥➙ s❡ t❛❦t♦ tr❛♥s❢♦r♠♦✈❛♥ý ❜♦❞ ③❧❡✈❛ ✈②♥ás♦❜í ♠❛t✐❝í ■ ❛ tí♠
③ís❦á♠❡ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít♥✉té❤♦ ❜♦❞✉ ✈❡ ❢♦t♦❣r❛✜✐✳

✸✳✷✳✶✷ ❍♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡

❍♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡❬✺❪ ❥s♦✉ ③♣➲s♦❜ r❡♣r❡③❡♥t❛❝❡ ✷❉ ❛ ✸❉ ❜♦❞➲✳ ▼á♠❡✲❧✐ ❜♦❞ A✱ ❦t❡ý
❥❡ ✈ ❦❛rté③s❦ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ✈②❥á❞➦❡♥ ❥❛❦♦ A = (Ax,Ay)✱ ❜✉❞❡ t❡♥t♦ ❜♦❞ ✈②❥á❞➦❡♥ ✈
❤♦♠♦❣❡♥♥í❝❤ s♦✉➦❛❞♥✐❝í❝❤ ❥❛❦♦ (x, y, z) ♣➦✐↔❡♠➸ ♣❧❛tí✱ ➸❡ Ax = x

z
, Ay = y

z
❛ ③ár♦✈❡➡ ♣❧❛tí✱

➸❡ z 6= 0✾✳

❖❜❞♦❜♥➙ ❥❡ t♦♠✉ ✐ ✉ tr♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲✱ ❦t❡ré ❥s♦✉ r♦③➨í➦❡♥② ♦ s❧♦➸❦✉ w✳ P♦t♦♠ ③
tr♦❥r♦③♠➙r♥é❤♦ ❜♦❞✉ ✈ ❦❛rté③s❦ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ❇ ❂ ✭❇①✱ ❇②✱ ❇③✮ ❜✉❞❡ ✈ ❤♦♠♦❣❡♥♥í❝❤
s♦✉➦❛❞♥✐❝í❝❤ ❜♦❞ ❇ ❂ ✭①✱ ②✱ ③✱ ✇✮ ♣➦✐↔❡♠➸ ❜✉❞❡ ♣❧❛t✐t ➸❡ Bx = x

w
, By = y

w
, Bz = z

w
❛ w 6= 0✳

❚❛t♦ r❡♣r❡③❡♥t❛❝❡ ❥❡ ✈②✉➸í✈á♥❛ ♣➦❡❞❡✈➨í♠ ❦✈➲❧✐ t♦♠✉✱ ➸❡ ❤♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡ ♥á♠ ❞♦✲
✈♦❧✉❥í r❡♣r❡③❡♥t♦✈❛t ♣♦s✉♥✉tí ♠❛t✐❝♦✈ý♠ ♥ás♦❜❡♥í♠ ✭t♦ ✈ ❦❛rté③s❦ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ♥❡♥í
♠♦➸♥é✱ ③❞❡ ❥❡ ♥✉t♥é ♣♦✉➸ít s↔ítá♥í✮✳ ❉r✉❤♦✉ ✈ý❤♦❞♦✉✱ ❦t❡r♦✉ ♥á♠ ❤♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡
♣➦✐♥á➨❡❥í ❥❡ t♦✱ ➸❡ ❜♦❞ ✈ ❤♦♠♦❣❡♥♥í❝❤ s♦✉➦❛❞♥✐❝í❝❤ ✈❧❛st♥➙ r❡♣r❡③❡♥t✉❥❡ ♣➦í♠❦✉ ♣r♦❝❤á③❡❥í❝í
st➦❡❞❡♠ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ✈ ♦ ❥❡❞♥✉ ❞✐♠❡♥③✐ ✈②➨➨í♠ ♣r♦st♦r✉✶✵✮ ✶✶✳

✼P❛r❛♠❡tr② tx✱ ty ❛ tz ♦③♥❛↔✉❥í s♦✉➦❛❞♥✐❝❡ ♣♦↔át❦✉ s✈➙t♦✈é s♦✉➦❛❞♥é s♦✉st❛✈② ✈ ❦❛♠❡r♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳
❱í❝❡ ✐♥❢♦r♠❛❝í ♦ tr❛♥s❧❛❝✐ ✈ ▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✺❪✱ ↔ást ❊✱ ❦❛♣✐t♦❧❛ ✷✶✳✸✳✶

✽P❛r❛♠❡tr② ri,j r❡♣r❡③❡♥t✉❥í r♦t❛↔♥í ♠❛t✐❝✐✳ ❱í❝❡ ✐♥❢♦r♠❛❝í ♦ r♦t❛❝✐ ✈ ▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✺❪✱ ↔ást
❊✱ ❦❛♣✐t♦❧❛ ✷✶✳✸✳✷

✾P♦❦✉❞ ❞✈♦❥r♦③♠➙r♥é♠✉ ❜♦❞✉ ✈ ❦❛rté③s❦ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ A = (Ax,Ay) ♦❞♣♦✈í❞á ❜♦❞ ✈ ❤♦♠♦❣❡♥♥í❝❤
s♦✉➦❛❞♥✐❝í❝❤ A′ = (A′x,A′y,A′z)✱ ♣♦t♦♠ ♣❧❛tí✱ ➸❡ A = (A

′x
A′z

, A′y

A′z
) ❛ A′ = (kAx, kAy, k), k ∈ R− 0

✶✵❚♦❤♦ ❥❡ ✈②✉➸✐t♦ ♣➦á✈➙ ♣➦✐ ♣r♦♠ítá♥í ❞♦ ❢♦t♦❣r❛✜❡ ♣➦✐ ♣♦✉➸✐tí ♠❛t✐❝ ✭✈✐③✳ ✸✳✷✳✶✶✮✳
✶✶❱í❝❡ ✐♥❢♦r♠❛❝í ♦ ❤♦♠♦❣❡♥♥í❝❤ s♦✉➦❛❞♥✐❝í❝❤ ✈ ▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✺❪✱ ↔ást ❊✱ ❦❛♣✐t♦❧❛ ✷✶✳✶

✸✷



✸✳✷✳ ◆➪❙❚❘❖❏ P❘❖ ❱❨❚❱➪➄❊◆❮ ❍❘❆◆■❈ P▲❖❈❍

b

S

O

z'

y'

x'

B

P

x

y

z

x''

y''

Px

Py

p

❖❜rá③❡❦ ✸✳✶✿ ■❧✉str❛❝❡ ♣r♦♠ítá♥í ✸❉ ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡✳ x✱y✱z ✲ ♦s② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦
s②sté♠✉✱ x′✱y′✱z′ ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❦❛♠❡r②✱ x′′✱y′′✱z′′ ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❢♦t♦✲
❣r❛✜❡✱ b ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ B ✲ ♣r♦♠ít❛♥ý ❜♦❞✱ S ✲ st➦❡❞ ❦❛♠❡r②✱ O ✲ ♣r➲s❡↔í❦ ♦♣t✐❝❦é ♦s② s
r♦✈✐♥♦✉ b ❛ t❛❦é ♣♦↔át❡❦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❢♦t♦❣r❛✜❡✱ p ✲ ♣r♦♠ít❛❝í ♣❛♣rs❡❦ ♣r♦❝❤á③❡❥í❝í
❜♦❞❡♠ B ❛ st➦❡❞❡♠ ❦❛♠❡r② S✱ P ✲ ♣r➲s❡↔í❦ ♣r♦♠ít❛❝í❤♦ ♣❛♣rs❦✉ p ❛ r♦✈✐♥② b✱ Px✱Py ✲
s♦✉➦❛❞♥✐❝❡ ❜♦❞✉ P ✈ s♦✉➦❛❞♥é s♦✉st❛✈➙ ❢♦t♦❣r❛✜❡✳

✸✸
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❖❜rá③❡❦ ✸✳✷✿ ■❧✉str❛❝❡ tr❛♥s❢♦r♠❛❝❡ s♦✉➦❛❞♥✐❝ ❜♦❞✉✳ P ′ ✲ ❜♦❞ ♣r♦♠ít♥✉tý ❞♦ ❢♦t♦❣r❛✜❡✱ h ✲
✈ý➨❦❛ ❢♦t♦❣r❛✜❡✱ w ✲ ➨í➦❦❛ ❢♦t♦❣r❛✜❡

✸✳✷✳✶✸ ❚r❛♥s❢♦r♠❛❝❡ ❜♦❞✉ ♣r♦ ③♦❜r❛③❡♥í ✈ ❡❞✐t♦r✉

◆②♥í ✈②t✈♦➦í♠❡ ✷❉ ❜♦❞ ③ tr❛♥s❢♦r♠♦✈❛♥é❤♦ ❜♦❞✉ P ③❛❤♦③❡♥í♠ s❧♦➸❦② z ❛ tr❛♥s❢♦r♠✉❥❡♠❡
❤♦ ❞♦ s♦✉➦❛❞♥✐❝ ❢♦t♦❣r❛✜❡ t❛❦✱ ➸❡ ♣♦s✉♥❡♠❡ ♦s② x ❛ y ❛ ♦s✉ y ♣➦❡✈rátí♠❡✳ ◆❛❦♦♥❡❝ ❛♣❧✐❦✉❥❡♠❡
tr❛♥s❢♦r♠❛❝✐ ❢♦t♦❣r❛✜❡✳ ❚❛❦t♦ ③ís❦á♠❡ ♣➦❡s♥♦✉ ♣♦③✐❝✐ ❜♦❞✉ ✈ ♦❦♥➙ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳

✸✳✷✳✶✹ ❇❛r✈❛ ❤r❛♥✐❝❡

Pr♦ ✉r↔❡♥í ❜❛r✈② ♣❧♦❝❤② ❥❡ ♣♦✉➸✐t ❜❛r❡✈♥ý ♠♦❞❡❧ ❍❙❇✳ P♦❦✉❞ ✉✈❛➸✉❥❡♠❡✱ ➸❡ ❜❛r❡✈♥ý
tó♥ ✭❤✉❡✮✱ s②t♦st ✭s❛t✉r❛t✐♦♥✮ ✐ ❥❛s ✭❜r✐❣❤t♥❡ss✮ ♥❛❜ý✈❛❥í ❤♦❞♥♦t ③ ✐♥t❡r✈❛❧✉ < 0, 1 >✱ t❛❦
♣r♦ r♦✈✐♥✉ s ✐♥❞❡①❡♠ ✐ ❥❡ ❜❛r❡✈♥ý tó♥ ♥❛st❛✈❡♥ ♥❛ ❤♦❞♥♦t✉ (i ∗ 40/255)mod(1) ❛ s②t♦st ✐ ❥❛s
❥s♦✉ ♥❛st❛✈❡♥② ♥❛ ♠❛①✐♠✉♠✳

✸✳✷✳✶✺ ❩♣➲s♦❜ ③♦❜r❛③❡♥í ❤r❛♥✐❝❡ ❛ ❥❡❥✐❝❤ ❜♦❞➲

◆❡❥✈❤♦❞♥➙❥➨í ❜✉❞❡ ③♦❜r❛③✐t ❜♦❞② ❤r❛♥✐❝❡ ❛ s♣♦❥♥✐❝❡ ♠❡③✐ ♥✐♠✐✳ ❙♣♦❥♥✐❝❡ r❡♣r❡③❡♥t♦✈❛♥é
ús❡↔❦❛♠✐ ❜✉❞♦✉ s♣♦❥♦✈❛t ✈➸❞② ❞✈❛ s♦✉s❡❞♥í ❜♦❞②✳ ❆❜② ✉➸✐✈❛t❡❧ ♠➙❧ ♥➙❥❛❦é ✐♥❢♦r♠❛❝❡ ♦
♣♦↔át❦✉ ❛ ❦♦♥❝✐ ❤r❛♥✐❝❡✱ ♣r✈♥í ❜♦❞ s ♣♦s❧❡❞♥í♠ ♥❡❜✉❞❡ s♣♦❥❡♥✳ ❚♦t♦ ✉♠♦➸♥í ✉➸✐✈❛t❡❧✐ ♣♦③♥❛t✱
♠❡③✐ ❦t❡ré ❞✈❛ ❜♦❞② ❜✉❞❡ ♣➦✐❞á♥ ❞❛❧➨í ❜♦❞✳

✸✳✷✳✶✻ ❩♣➲s♦❜ ✈②❦r❡s❧♦✈á♥í ✈ ❡❞✐t♦r✉

❍❧❛✈♥í ♣r♦❜❧é♠ ❥❡ ✈ t♦♠✱ ❥❛❦ý♠ ③♣➲s♦❜❡♠ ❜♦❞② ❛ ❤r❛♥✐❝❡ ✈②❦r❡s❧✐t✳ ❱ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜í s❡
✈➨❡ ✈②❦r❡s❧✉❥❡ ♣♦ ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst✈á❝❤✳ ◆❡❥s♣♦❞♥➙❥➨í ✈rst✈❛ ❥❡ ❢♦t♦❣r❛✜❡✳ ◆❛ ♥í ❥❡ ✈②❦r❡s❧❡♥❛
♣♦❧♦♣r➲❤❧❡❞♥á ✈rst✈❛ ❞á✈❛❥í❝í ✉➸✐✈❛t❡❧✐ ✐♥❢♦r♠❛❝❡ ♦ s❡❣♠❡♥t❛❝✐ ❢♦t♦❣r❛✜❡✳ ❑❛➸❞ý s❡❣♠❡♥t
♦❞♣♦✈í❞❛❥í❝í ❥❡❞♥é ♣❧♦➨❡ ♠á ❜❛r✈✉ ♦❞♣♦✈í❞❛❥í❝í tét♦ ♣❧♦➨❡✳ P➦❡s t✉t♦ ✈rst✈✉ s❡ ③♦❜r❛③✉❥í
♦❜r❛③❝❡ ♥❛❦r❡s❧❡♥é ✉➸✐✈❛t❡❧❡♠✱ ❦❞②➸ ③❛❞á✈❛❧ ❞❛t❛ ♣r♦ s❡❣♠❡♥t❛❝✐✳

❇♦❞② ❛ ❤r❛♥✐❝❡ ❜✉❞❡ ✈❤♦❞♥é ✈②❦r❡s❧♦✈❛t ✈ ú♣❧♥➙ ♥❡❥✈②➨➨í ✈rst✈➙✱ ♥❡❜♦➫ ❥s♦✉ t♦ ♥❡❥♠❡♥➨í
♦❜❥❡❦t② ❛ ♥❡♠➙❧② ❜② ❜ýt ♣➦❡❦r②t②✳ Pr♦❜❧é♠ ③♠í♥➙♥ý ✈ý➨❡ ❥❡ ❛❧❡ t❡♥✱ ❥❛❦ ③✈♦❧✐t ❜❛r✈②✱ ❛❜②
❜♦❞② ❜②❧② ✈✐❞➙t✳

✸✹
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◆❛♣➦í❦❧❛❞ ♠á♠❡ ♣❧♦❝❤✉✱ ❦t❡ré ♦❞♣♦✈í❞á ➸❧✉tá ❜❛r✈❛✳ ❍r❛♥✐❝✐ tét♦ ♣❧♦❝❤② ❜✉❞❡♠❡ ♣r❛✈✲
❞➙♣♦❞♦❜♥➙ ③❛❞á✈❛t ♥❛ ♦❜❧❛st✐✱ ❦t❡rá ♦❞♣♦✈í❞á tét♦ ♣❧♦➨❡✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ♦❜❧❛st ❜✉❞❡ ✈❡
❢♦t♦❣r❛✜✐ ♣♦ s❡❣♠❡♥t❛❝✐ ♣➦❡❦r②t❛ ♣♦❧♦♣r➲❤❧❡❞♥♦✉ ➸❧✉t♦✉ ✈rst✈♦✉✳ ◆ás❧❡❞♥➙ s❡ ♠➲➸❡ stát✱
➸❡ ✈ ♠íst➙ ❜♦❞✉ ❜✉❞❡ ♦❜r❛③❡❝ ♥❛❦r❡s❧❡♥ý ✉➸✐✈❛t❡❧❡♠✱ ❦t❡rý ❜✉❞❡ ➸❧✉tý ❛ ♥❡♣r➲❤❧❡❞♥ý✳ P♦✲
❦✉❞ ❜②❝❤♦♠ ❜♦❞ ✈②❦r❡s❧✐❧✐ ➸❧✉t♦✉ ❜❛r✈♦✉✱ ❜✉↕ ♥❡❜✉❞❡ ✈✐❞➙t ✈➲❜❡❝✱ ❛ ♥❡❜♦ ❤♦ ❜✉❞❡ ❞í❦②
♣♦❧♦♣r➲❤❧❡❞♥é ✈rst✈➙ ➨♣❛t♥➙ ✈✐❞➙t✳

✸✳✷✳✶✼ ➄❡➨❡♥í ✈✐❞✐t❡❧♥♦st✐

▲♦❣✐❝❦é ➦❡➨❡♥í ❜② ❜②❧♦ ♣♦✉➸ít ✐♥✈❡r③♥í ❜❛r✈✉✳ ❚❛ ❜② ❜②❧❛ ❦♦♥tr❛st♥í ❦ ❜❛r✈➙ ♣❧♦❝❤② ❛ ❜♦❞
❜② ❜②❧ ✈ý❜♦r♥➙ ✈✐❞➙t✳ ❯➸✐✈❛t❡❧ ❛❧❡ ♥❡♠✉sí ③♥át ❦❡ ❦❛➸❞é ❜❛r✈➙ ❥❡❥í ✐♥✈❡r③♥í ❜❛r✈✉ ❛ ❜②❧♦ ❜②
t♦ ♣r♦ ♥➙❥ ♠❛t♦✉❝í✳ ❩ár♦✈❡➡ ❜② s❡ ♠♦❤❧♦ stát✱ ➸❡ ✐♥✈❡r③♥í ❜❛r✈❛ ❜✉❞❡ ♦❞♣♦✈í❞❛t ❜❛r✈➙ ❥✐♥é
♣❧♦❝❤② ❛ ❦❞②❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ❜♦❞ ❞♦ ♦❜❧❛st✐ tét♦ ♣❧♦❝❤②✱ ♦♣➙t ❜② ♥❡❜②❧ ✈✐❞➙t✳

Pr♦t♦ ♥❡❥✈❤♦❞♥➙❥➨í ❜✉❞❡ ♣♦✉➸ít ❜♦❞ ✈ ❜❛r✈➙ ♦❞♣♦✈í❞❛❥í❝í ♣❧♦➨❡ ❛ ❞át ♠✉ ❦♦♥tr❛st♥í ♦❦r❛❥✱
♥❛♣➦í❦❧❛❞ ③ ✐♥✈❡r③♥í ❜❛r✈②✳ P➦í♣❛❞✱ ➸❡ ❜② ✐♥✈❡r③♥í ❜❛r✈❛ ❜②❧❛ s❤♦❞♥á s ♣➲✈♦❞♥í✱ ♥❛st❛t
♥❡♠➲➸❡✳ ❚♦ ❜② ✈②➸❛❞♦✈❛❧♦✱ ❛❜② s②t♦st ♣➲✈♦❞♥í ❜❛r✈② ❜②❧❛ ♠✐♥✐♠á❧♥í ❛ ❥❛s ♠➙❧ ❤♦❞♥♦t✉
0, 5✳ ❏❡❧✐❦♦➸ s②t♦st ✐ ❥❛s ♣➲✈♦❞♥í ❜❛r✈② ❥s♦✉ ✈➸❞② 1✱ t❥✳ ♠❛①✐♠✉♠✱ t❡♥t♦ ♣r♦❜❧é♠ ♥❡♥❛st❛♥❡✳
❉á❧❡ ❜②❝❤♦♠ ♠♦❤❧✐ ♣♦✉➸ít ♦❦r❛❥ ✈ ♦❞stí♥❡❝❤ ➨❡❞✐✱ ♥❡❜♦➫ ➸á❞♥é ③ r♦✈✐♥ ♥❡❜✉❞♦✉ t②t♦ ❜❛r✈②
♦❞♣♦✈í❞❛t✳

❉á❧❡ ♠✉sí♠❡ r♦③❧✐➨✐t✱ ③❞❛ ❜②❧ ③♦❜r❛③♦✈❛♥ý ❜♦❞ ③❛❞á♥ ✈ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐✱ ♥❡❜♦ ③❞❛ ❥❡ ❞♦
♥í ♣♦✉③❡ ♣r♦♠ítá♥✳ ❩❛❞❛♥ý ❜♦❞ t❡❞② ❜✉❞❡ ✈②❦r❡s❧❡♥ s ♦❦r❛❥❡♠ ✈ ✐♥✈❡r③♥í ❜❛r✈➙ ❛ ♣r♦♠ít❛♥ý
❜♦❞ s ➨❡❞✐✈ý♠ ♦❦r❛❥❡♠✳ ❚❛❦t♦ ✉➸✐✈❛t❡❧ s♥❛❞♥♦ ♣♦③♥á✱ ❦t❡rý ③ ❜♦❞➲ ❜②❧ ✈ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐
③❛❞á♥ ❛ ❦t❡rý ♥❡✳

✸✳✸ ❩♣➦❡s➡♦✈á♥í ❤r❛♥✐❝❡ ♣❧♦❝❤②

❉♦ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡ ❜✉❞❡ ♥✉t♥é ♣➦✐❞❛t ❞❛❧➨í ♥ástr♦❥✳ P➦✐ ♣♦✉➸í✈á♥í t♦❤♦t♦ ♥ástr♦❥❡ ♠✉sí
❜ýt ✈②♣♥✉t② ♥ástr♦❥❡ ♣r♦ ❦r❡s❧❡♥í ❞♦ ❢♦t♦❣r❛✜❡ ✐ ♣r♦ ③❛❞á✈á♥í ❜♦❞➲✳ ❇✉❞❡ t❡❞② ♣➦✐❞á♥ ❞♦
❝②❦❧✐❝❦é❤♦ ♣➦❡♣í♥á♥í ♠❡③✐ ♥ástr♦❥✐✳

✸✳✸✳✶ ❱ý❜➙r ❜♦❞✉

◆❡❥♣r✈❡ ❜✉❞❡ t➦❡❜❛ ✈②❜r❛t ❜♦❞ ❤r❛♥✐❝❡✱ ❦t❡rý s❡ ❜✉❞❡ ✉♣r❛✈♦✈❛t✳ P♦❞❧❡ ❞➦í✈➙❥➨í ❦❛♣✐t♦❧②
❜♦❞ ❜✉❞❡ ✈②❜rá♥ ❦❧✐❦♥✉tí♠ ♣♦❜❧í➸ ♥➙❥✳ ❚♦t♦ ✈②❜írá♥í ❜♦❞➲ s❡ ❜✉❞❡ ♣r♦✈á❞➙t ♣♦✉③❡ ♠❡③✐ ❜♦❞②✱
❦t❡ré ♣❛t➦í ❞♦ ♣❧♦❝❤②✱ ❦t❡rá ❥❡ ♠♦♠❡♥tá❧♥➙ ✈②❜rá♥❛✳ ❚♦ s♥í➸í ♣♦↔❡t ❜♦❞➲✱ ♠❡③✐ ❦t❡rý♠✐ s❡
❜✉❞❡ ✈②❜ír❛t✱ ❛ ❧é♣❡ s❡ ❜✉❞♦✉ ✈②❜ír❛t ❜♦❞②✱ ❦t❡ré ❥s♦✉ ✈❡❧♠✐ ❜❧í③❦♦ ❥✐♥ý❝❤ ❜♦❞➲✳

✸✳✸✳✷ ❩♠➙♥❛ ♣♦③✐❝❡ ❜♦❞✉

❱ ♠❡t♦❞➙ ♦❜s❧✉❤✉❥í❝í ✉❞á❧♦st ✧❝❧✐❝❦✧t❡❞② ❜✉❞❡ ♣♦t➦❡❜❛ ♣r♦♠ít♥♦✉t ✈➨❡❝❤♥② ❜♦❞② ❞❛♥é
♣❧♦❝❤② ❞♦ ❢♦t♦❣r❛✜❡✱ ❦t❡rá ❥❡ ③♦❜r❛③❡♥❛ ✈ ❡❞✐t♦r✉✳ ◆ás❧❡❞♥➙ s❡ ♥❛❧❡③♥❡ ♥❡❥❜❧✐➸➨í ❜♦❞ ❦ ♣♦③✐❝✐
❦✉r③♦r✉ ✈ ❞♦❜➙ ❦❧✐❦♥✉tí ❛ t❡♥t♦ ❜♦❞ s❡ ♥❛st❛✈í ❥❛❦♦ ✈②❜r❛♥ý✳

✸✺



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

◆❛ ✈②❜r❛♥ý ❜♦❞ ❜✉❞❡ ✈❤♦❞♥é ✉❝❤♦✈á✈❛t r❡❢❡r❡♥❝✐ ♣➦í♠♦ ✈ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳

◆②♥í ♣♦❦✉❞ ✉➸✐✈❛t❡❧ st✐s❦♥❡ ❧✐❜♦✈♦❧♥é t❧❛↔ít❦♦ ♠②➨✐ ❛ ♣♦❤♥❡ s ♠②➨í✱ ✈②❜r❛♥ý ❜♦❞ ❜② s❡ ♠➙❧
♥❛st❛✈✐t ♥❛ ♣♦③✐❝✐ ❦✉r③♦r✉✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❜✉❞❡ t➦❡❜❛ ✉♣r❛✈✐t ♠❡t♦❞✉ ♦❜s❧✉❤✉❥í❝í ✉❞á❧♦st
✧❞r❛❣✧✳ ❩❞❡ ❜✉❞❡ t➦❡❜❛ ③❥✐st✐t✱ ③❞❛ ✈②❜r❛♥ý ❜♦❞ ❤r❛♥✐❝❡ ✉➸ ❜②❧ ✈ tét♦ ❢♦t♦❣r❛✜✐ ③❛❞á♥✳ P♦❦✉❞
❛♥♦✱ ♥❛st❛✈✐t ♣♦③✐❝✐ ❜♦❞✉ t♦❤♦t♦ ❜♦❞✉ ✈ tét♦ ❢♦t♦❣r❛✜✐ ♥❛ ♣♦③✐❝✐ ❦✉r③♦r✉ ❛ ♣♦❦✉❞ ♥❡✱ ♣➦✐❞❛t
❤r❛♥✐↔♥í♠✉ ❜♦❞✉ ♣r♦ t✉t♦ ❢♦t♦❣r❛✜✐ ❜♦❞ ♦❞♣♦✈í❞❛❥í❝í ♣♦③✐❝✐ ❦✉r③♦r✉✳ ❚❛t♦ ✉❞á❧♦st ❥❡ ✈♦❧á♥❛
♣➦✐ ③♠➙♥➙ ♣♦③✐❝❡ ❦✉r③♦r✉✱ ♣r♦t♦ ❥❡ ✈♦❧á♥❛ ♠♥♦❤♦❦rát ❜➙❤❡♠ ♣➦❡♠✐s➫♦✈á♥í ❜♦❞✉✳ ■ ❦❞②➸ ❥❡
✈ t✉t♦ ❝❤✈í❧✐ ♣♦t➦❡❜❛ ♣➦❡❦r❡s❧♦✈❛t ♦❦♥♦ ❡❞✐t♦r✉✱ ❛❜② ✉➸✐✈❛t❡❧ ♠➙❧ ♣➦❡❤❧❡❞ ♦ ❛❦t✉á❧♥í ♣♦③✐❝✐
❜♦❞✉✱ ♥❡♥í ✈❤♦❞♥é ♣♦❦❛➸❞é ✉♣r❛✈♦✈❛t ✸❉ s❝é♥✉✱ ❥❡❥í➸ ✈②t✈á➦❡♥í ❥❡ ♥ár♦↔♥➙❥➨í✳ ❇✉❞❡ ✈❤♦❞♥é
✉♣r❛✈✐t ❥❡➨t➙ ♠❡t♦❞✉ ♦❜s❧✉❤✉❥í❝í ✉❞á❧♦st ✧r❡❧❡❛s❡✧✱ ❛❜② ❜②❧❛ ③❛✈♦❧á♥❛ ❛❦t✉❛❧✐③❛❝❡ ✸❉ s❝é♥②✳
❚❛❦t♦ s❡ ✸❉ s❝é♥❛ ③♥♦✈✉ ✈②t✈♦➦í✱ ❛➸ ✉➸✐✈❛t❡❧ ♣✉stí t❛➸❡♥ý ❜♦❞✳

✸✳✸✳✸ ◆ástr♦❥ ♣r♦ ③♠➙♥✉ st❛✈✉ ❜♦❞✉

❉á❧❡ ❜✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ♥ástr♦❥✱ ❦t❡rý ✉♠♦➸♥í ♦❞❡❜rá♥í ✈②❜r❛♥é❤♦ ❤r❛♥✐↔♥í❤♦ ❜♦❞✉ ③
❢♦t♦❣r❛✜❡✱ ♣♦❦✉❞ ✈ ♥í ❜②❧ ③❛❞á♥✱ ♥❡❜♦ ♣➦✐❞á♥í ❜♦❞✉ ❛ ❢♦t♦❣r❛✜❡ ❞♦ ✈②❜r❛♥é❤♦ ❤r❛♥✐↔♥í❤♦
❜♦❞✉✱ ♣♦❦✉❞ ❞♦ ❢♦t♦❣r❛✜❡ ③❛❞á♥ ♥❡❜②❧✳ Pr♦ t♦t♦ ❜✉❞❡ ✈❤♦❞♥é ♣➦✐❞❛t ❞♦ ❡❞✐t♦r✉ t❧❛↔ít❦♦✱
❦t❡ré ✉♠♦➸♥í ③♠➙♥✉ t➙❝❤t♦ ❞✈♦✉ st❛✈➲✳ ❱ ♣➦í♣❛❞➙✱ ➸❡ ✈②❜r❛♥ý ❤r❛♥✐↔♥í ❜♦❞ ♥❡❜②❧ ✈ tét♦
❢♦t♦❣r❛✜✐ ③❛❞á♥✱ ♣➦✐❞á s❡ ♠✉ ❞✈♦❥✐❝❡ ❦❛♠❡r❛✲❜♦❞✱ ❦❞❡ ❦❛♠❡r❛ ❜✉❞❡ ♦❞♣♦✈í❞❛t ③♦❜r❛③❡♥é
❢♦t♦❣r❛✜✐ ❛ ❜♦❞ ❜✉❞❡ ♣r➲♠➙t ✈②❜r❛♥é❤♦ ❜♦❞✉ ❞♦ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜❡✳ P♦❦✉❞ ❜②❧ ❜♦❞ ③❛❞á♥
✈ tét♦ ❢♦t♦❣r❛✜✐ ❛ ❜②❧ ③❛❞á♥ ✐ ✈ ❥✐♥ý❝❤ ❢♦t♦❣r❛✜í❝❤✱ ❜✉❞❡ ✈②❜r❛♥ý ❤r❛♥✐↔♥í ❜♦❞ ♦❞str❛♥➙♥
③❡ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜❡✳ P♦❦✉❞ ❥❡ ✈②❜r❛♥ý ❜♦❞ ③❛❞á♥ ♣♦✉③❡ ✈ tét♦ ❢♦t♦❣r❛✜✐✱ ♥❡♠➲➸❡ ❜ýt
♦❞❡❜rá♥✱ ♣r♦t♦➸❡ ❜② ✈②❜r❛♥ý ❜♦❞ ♥❡❜②❧ ③❛❞á♥ ✈ ➸á❞♥é ❢♦t♦❣r❛✜✐ ❛ ♥❡❜②❧♦ ❜② ♠♦➸♥é ❥❡❥
♣r♦♠ít♥♦✉t ❞♦ r♦✈✐♥② ♣❧♦❝❤②✳

✸✳✸✳✹ ◆❡♣➦❡s♥♦st

❏❛❦ ✉➸ ❥s❡♠ ❞➦í✈❡ ③♠í♥✐❧✱ ❦❞②➸ ❥❡ ❥❡❞❡♥ ❜♦❞ ③❛❞á♥ ✈❡ ✈í❝❡ ❢♦t♦❣r❛✜í❝❤ ❛ ✈ýs❧❡❞♥ý ✸❉ ❜♦❞
✭❞á❧❡ ❥❡♥ ♣r➲♠➙r♥ý ❜♦❞✮ s❡ ✈②♣♦↔ítá✈á ❥❛❦♦ t➙➸✐➨t➙ ♣r➲♠➙t➲ ✈➨❡❝❤ t➙❝❤t♦ ❜♦❞➲ ❞♦ r♦✈✐♥②✱
③❛↔í♥❛❥í ③❞❡ ✈③♥✐❦❛t ♥❡♣➦❡s♥♦st✐✳ P➦❡s♥➙❥✐ ➦❡↔❡♥♦ ♣♦❦✉❞ ❥❡ ✈ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐ ③❛❞á♥ ❜♦❞✱
♣r➲♠➙t ♣r➲♠➙r♥é❤♦ ❜♦❞✉ s❡ ♠➲➸❡ ③♦❜r❛③✐t ♥❛ ú♣❧♥➙ ❥✐♥é♠ ♠íst➙✱ ♥❡➸ ❜♦❞ ③❛❞❛♥ý ✉➸✐✈❛t❡❧❡♠✳
❚✉t♦ ♥❡♣➦❡s♥♦st ❥❡ ✉➸✐✈❛t❡❧✐ ♥❡③❜②t♥é ♥➙❥❛❦ ♥❛③♥❛↔✐t✱ ❛❜② ✈➙❞➙❧✱ ➸❡ ♥➙❝♦ ♥❡③❛❞❛❧ ♣➦❡s♥➙✱ ♥❡❜♦
➸❡ ♠♦➸♥á ♥➙❝♦ ③❛❞❛❧ ❝❤②❜♥➙✳

Pr♦❜❧é♠❡♠ ❥❡ ❥❛❦ ✉➸✐✈❛t❡❧❡ ✐♥❢♦r♠♦✈❛t ♦ ♥❡♣➦❡s♥♦st✐ ❛ ❥❡❥í ✈❡❧✐❦♦st✐ ❜❡③ t♦❤♦✱ ❛❜② ❜②❧♦ ♣➦❡s
❢♦t♦❣r❛✜✐ ✈②❦r❡s❧♦✈á♥♦ ♣➦í❧✐➨ ♠♥♦❤♦ ✐♥❢♦r♠❛❝í✳ ❑r♦♠➙ ✈➙❝í ③♠í♥➙♥ý❝❤ ❞➦í✈❡ ✭✈✐③✳ ✸✳✷✳✶✻✮✱
❜✉❞♦✉ ✈②❦r❡s❧♦✈á♥② ❜♦❞② ❛ ❤r❛♥✐❝❡✱ ❦t❡ré ✉➸✐✈❛t❡❧ ③❛❞❛❧✱ ❛ ♥ás❧❡❞♥➙ ✐ ❜♦❞② t➙❧❡s❛✱ ♣♦❦✉❞
❥s♦✉ ♥➙❦t❡ré ③ ♣❧♦❝❤ r♦③➨í➦❡♥② ♦ t➦❡tí r♦③♠➙r ✷✳✽✳✷✳

❩♦❜r❛③❡♥í♠ ♣♦③✐❝❡ ❜♦❞✉✱ ❦❛♠ s❡ ♣r➲♠➙r♥ý ❜♦❞ ❞♦ ❢♦t♦❣r❛✜❡ ♣r♦♠ít♥❡✱ ❜② ♣➦✐❞❛❧♦ ❞❛❧➨í
❜♦❞ ❞♦ ❢♦t♦❣r❛✜❡ ❛ ♥❡❜②❧♦ ❜② ú♣❧♥➙ ❥❛s♥é✱ ❦❡ ❦t❡ré♠✉ ❜♦❞✉ ♣❛t➦í✶✷✱ ❛ ♣➦❡❞❡✈➨í♠ ❜② t♦

✶✷Pr➲♠➙r♥ý ❜♦❞ ♠➲➸❡ ♣r♦♠ít♥♦✉t ♣r❛❦t✐❝❦② ❦❞❡❦♦❧✐✈✱ ♣♦❦✉❞ ❜♦❞② ❥❡♠✉ ♦❞♣♦✈í❞❛❥í❝í ❜②❧② ✈ ❥✐♥ý❝❤ ❢♦t♦✲
❣r❛✜í❝❤ ③❛❞á♥② ♥❛ ✈❡❧♠✐ ♦❞❧✐➨♥ý❝❤ ♠íst❡❝❤✳

✸✻



✸✳✹✳ ❖❚❊❳❚❯❘❖❱➪◆❮ ❖➄❮❩◆❯❚➱ P▲❖❈❍❨

✉➸✐✈❛t❡❧❡ ✈❡❞❧♦ ❦ t♦♠✉✱ ❛❜② ♣➦❡s✉♥✉❧ ❞❛♥ý ❜♦❞ ❞♦ ♠íst❛✱ ❦❛♠ s❡ ♣r➲♠➙r♥ý ❜♦❞ ♣r♦♠ítá✳
❚í♠t♦ ❜② s♥í➸✐❧ ♦❞❝❤②❧❦✉ ❜♦❞✉ ✈❡ ❢♦t♦❣r❛✜✐ ♦❞ ♣r➲♠➙t✉ ♣r➲♠➙r♥é❤♦ ❜♦❞✉✱ ❝♦➸ ❛❧❡ ♥❡♠✉sí
♣r♦❜❧é♠ ➦❡➨✐t✱ ♥❡❜♦➫ ➨♣❛t♥➙ ✉♠íst➙♥é ♠♦❤♦✉ ❜ýt ❜♦❞② ✈ ❥✐♥ý❝❤ ❢♦t♦❣r❛✜í❝❤✱ ♥❡❜♦ ♠➲➸❡ ❜ýt
❝❤②❜❛ ✈ r♦✈✐♥➙ tét♦ ♣❧♦❝❤②✶✸✳

❚❛t♦ ♥❡♣➦❡s♥♦st ❜② ➨❧❛ ✈②❥á❞➦✐t ♥❛♣➦í❦❧❛❞ ✈②❦r❡s❧❡♥í♠ ❦r✉➸♥✐❝❡ ❦♦❧❡♠ ❜♦❞✉✱ ❦❞❡ ♣♦❧♦♠➙r
❦r✉➸♥✐❝❡ ❜✉❞❡ ✈③❞á❧❡♥♦st ♦❞ ♣r➲♠➙t✉ ♣r➲♠➙r♥é❤♦ ❜♦❞✉✳ ❚❛❦t♦ ❜✉❞❡ ✉➸✐✈❛t❡❧✐ ❣r❛✜❝❦② ③♥á✲
③♦r♥➙♥♦✱ ❥❛❦ ♠♦❝ s❡ ❜♦❞② ♦❞ s❡❜❡ ❧✐➨í✳ ❑❡ ❦t❡ré♠✉ ❜♦❞✉ ❞❛♥á ❦r✉➸♥✐❝❡ ♣❛t➦í✱ ③❥✐stí s♥❛❞♥♦✱
♥❡❜♦➫ ♦♥❡♥ ❜♦❞ ❥❡ st➦❡❞❡♠ tét♦ ❦r✉➸♥✐❝❡✳ ❯➸✐✈❛t❡❧ ♥❛ ♣r✈♥í ♣♦❤❧❡❞ ♣♦③♥á✱ ③❞❛ ❥❡ s ♥➙❦t❡✲
rý♠ ③ t➙❝❤t♦ ❜♦❞➲ ♣r♦❜❧é♠✱ ♣r♦t♦➸❡ ✈❡❧✐❦á ❦r✉➸♥✐❝❡ ❜✉❞❡ ❥❡♥ t➙➸❦♦ ♣➦❡❤❧é❞♥✉t❡❧♥á✳ ❚❛❦é ❞♦
❢♦t♦❣r❛✜❡ ♥❡♣➦✐❜✉❞❡ ♣➦í❧✐➨ ♠♥♦❤♦ ❞❛❧➨í❝❤ ✈➙❝í✳ P➦❡❞❡✈➨í♠ ♣♦❦✉❞ ❜✉❞♦✉ ❦r✉➸♥✐❝❡ ③♦❜r❛③❡♥②
♣♦✉③❡ ✉ ✈②❜r❛♥é ♣❧♦❝❤②✳

✸✳✹ ❖t❡①t✉r♦✈á♥í ♦➦í③♥✉té ♣❧♦❝❤②

✸✳✹✳✶ ❯❧♦➸❡♥í t❡①t✉r②

❏❡❧✐❦♦➸ t❡①t✉r❛ ❥❡ ❥❡❞♥❛ ③ ✈❧❛st♥♦stí ♣❧♦❝❤✱ ♠➙❧❛ ❜② ❜ýt ✉❧♦➸❡♥❛ ✈❡ t➦í❞➙ ♣❧♦❝❤✉ r❡♣r❡③❡♥✲
t✉❥í❝í✳ ❚♦✉t♦ t➦í❞♦✉ ❥❡ ❈❙●❴P❧❛♥❡✳

✸✳✹✳✷ ❚❡①t✉r♦✈❛❝í ♥ástr♦❥

❇✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ♥ástr♦❥ ✈ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳ ❏❛❦ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡ ✭✷✳✼✮✱ ✈❤♦❞♥ý♠
➦❡➨❡♥í♠ ❜✉❞❡ t❧❛↔ít❦♦✳ P♦ ❥❡❤♦ st✐s❦♥✉tí s❡ ♥❛ ✈②❜r❛♥♦✉ ♣❧♦❝❤✉ ❛♣❧✐❦✉❥❡ t❡①t✉r❛ ③ ❢♦t♦❣r❛✜❡
③♦❜r❛③❡♥é ✈ ❡❞✐t♦r✉✳ ❱ ♠❡t♦❞➙ ♦❜s❧✉❤✉❥í❝í ✉❞á❧♦st st✐s❦♥✉tí ❜✉❞❡ ♥❡③❜②t♥é ✈③ít ❢♦t♦❣r❛✜✐
③♦❜r❛③❡♥♦✉ ✈ ❡❞✐t♦r✉ ❛ ♣♦♠♦❝í ♥í t❡①t✉r✉ ✈②t✈♦➦✐t✳ ❏❡❧✐❦♦➸ ❥❡ ③❞❡ ❢♦t♦❣r❛✜❡ ♥❛↔t❡♥á✱ ❜②❧♦
❜② ③❜②t❡↔♥é ✉❦❧á❞❛t ♣♦✉③❡ ♦❜❥❡❦t t➦í❞② ■♠❛❣❡✳ ❚❡♥t♦ ♦❜❥❡❦t s✐❝❡ ❢♦t♦❣r❛✜✐ r❡♣r❡③❡♥t✉❥❡✱ ❛❧❡
♥❡✉❝❤♦✈á✈á ❥✐ ♥❛↔t❡♥♦✉✱ ❝♦➸ ③♥❛♠❡♥á✱ ➸❡ ❜② ❜②❧♦ ♣➦✐ ♣♦✉➸✐tí ♥❡③❜②t♥é ❢♦t♦❣r❛✜✐ ③♥♦✈✉ ♥❛✲
↔íst✳ ◆❛↔t❡♥á ❢♦t♦❣r❛✜❡ ❥❡ ✉❧♦➸❡♥❛ ✈ ♣r♦♠➙♥♥é ❝✉rr❡♥t❘❛st❡r ✭✐♥st❛♥❝❡ t➦í❞② ❇✉✛❡r❡❞■♠❛❣❡✮✳
❚❛❦t♦ ❥s♠❡ s❝❤♦♣♥✐ ♣♦♠♦❝í ✐♥st❛♥❝❡ t➦í❞② ❚❡①t✉r❡▲♦❛❞❡r ③ís❦❛t ③ ❞❛t ✉❧♦➸❡♥ý❝❤ ✈ ❝✉rr❡♥t✲
❘❛st❡r ✐♥st❛♥❝✐ t➦í❞② ❚❡①t✉r❡✱ ❦t❡r♦✉ ❜✉❞❡♠❡ ♠♦❝✐ ♣♦✉➸ít ♣➦í♠♦ ♣➦✐ ✈②t✈á➦❡♥í ♣❧♦❝❤②✳ ❚❛❦t♦
③ís❦❛♥♦✉ t❡①t✉r✉ ♣♦té ✉❧♦➸í♠❡ ❞♦ ♦❜❥❡❦t✉ ♦❞♣♦✈í❞❛❥í❝í♠✉ ♣❧♦➨❡✳

✸✳✹✳✸ ❱②t✈á➦❡♥í ♣❧♦❝❤② ❛ ❛♣❧✐❦❛❝❡ t❡①t✉r②

❖❜❥❡❦t r❡♣r❡③❡♥t✉❥í❝í ♣❧♦❝❤✉✱ ❦t❡rý ❜✉❞❡ ③♦❜r❛③❡♥ ✈❡ ✸❉ s❝é♥➙✱ ❥❡ ✈②t✈á➦❡♥ ✈❡ t➦í❞➙
❈❙●✸❉ ✈ ♠❡t♦❞➙ ❝r❡❛t❡P❧❛♥❡✳ ❱ tét♦ ♠❡t♦❞➙ ❥❡ ✈②✉➸í✈á♥ ♦❜❥❡❦t ●❡♦♠❡tr②❆rr❛②✶✹ ♦❞♣♦✈í✲
❞❛❥í❝í ♣❧♦❝❤② ❛ ❥❡ t✉ ✐ ✈②t✈á➦❡♥ ♠❛t❡r✐á❧ ❛ ❝❡❧❦♦✈ý ✈③❤❧❡❞ ✈ýs❧❡❞♥é ♣❧♦❝❤②✳ ❩❞❡ ❜✉❞❡ t➦❡❜❛ ③
♣♦✉➸í✈❛♥é ✐♥st❛♥❝❡ ❈❙●❴P❧❛♥❡ ✈③ít ✉❧♦➸❡♥♦✉ t❡①t✉r✉ ❛ ❛♣❧✐❦♦✈❛t ❥✐✳ ❚♦ s❡ ♣r♦✈❡❞❡ ♣➦✐♣♦❥❡✲
♥í♠ ♦❜❥❡❦t✉ t❡①t✉r② ❦ ✐♥st❛♥❝✐ ❆♣♣❡❛r❛♥❝❡✳ ■♥st❛♥❝❡ trí❞② ❆♣♣❡❛r❛♥❝❡ ❥❡ ③❞❡ ✈②t✈á➦❡♥❛ ❛
r❡♣r❡③❡♥t✉❥❡ ✈ýs❧❡❞♥ý ✈③❤❧❡❞ ♦❜❥❡❦t✉✳

✶✸r♦✈✐♥❛ ♠➲➸❡ ♠ít ♠á❧♦ ❜♦❞➲✱ ♥❡❜♦ ♠➲➸❡ ♦❜s❛❤♦✈❛t ✐ ❜♦❞② ❦t❡ré ♣❛t➦í ❥✐♥é ↔ást✐ s❝é♥②
✶✹❚❡♥t♦ ♦❜❥❡❦t ●❡♦♠❡tr②❆rr❛② ❥❡ ✈②t✈á➦❡♥ ❛ ✉❦❧á❞á♥ ❞♦ ✐♥st❛♥❝❡ ❈❙●❴P❧❛♥❡ ✈ ♠❡t♦❞➙ r❡❝♦♥str✉❝tP❧❛♥❡✱

❦❞❡ ❞♦❝❤á③í ♦➦❡③á✈á♥í r♦✈✐♥② ♣♦♠♦❝í ❤r❛♥✐❝❡✳ ✈✐③✳ ✷✳✸

✸✼



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

✸✳✹✳✹ ❚❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡

❑❛➸❞é♠✉ ✸❉ ❜♦❞✉ ♣♦✉➸✐té♠✉ ❦ ✈②t✈♦➦❡♥í ✈ýs❧❡❞♥é ♣❧♦❝❤② ❜✉❞❡ ♥❡③❜②t♥é ✈②♣♦↔ít❛t t❡①✲
t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ✉ ❛ ✈ t❛❦✱ ❛❜② s❡ s♣rá✈♥é ✈r❝❤♦❧② ♣❧♦❝❤② ♠❛♣♦✈❛❧② ♥❛ s♣rá✈♥á ♠íst❛ ✈
t❡①t✉➦❡✳ ❑ t♦♠✉ ♥á♠ ♣♦s❧♦✉➸í ♣r♦♠ítá♥í ✸❉ ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡✱ ❦t❡ré ❥❡ ✈②✉➸í✈á♥♦ ♣➦✐ ③♦❜r❛✲
③♦✈á♥í ❜♦❞➲✭✈✐③✳ ✸✳✷✳✶✵✮✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❜✉❞❡♠❡ ❦r♦♠➙ t❡①t✉r② ✉ ♦❜❥❡❦t✉ ♣❧♦❝❤② ✉❝❤♦✈á✈❛t
✐ ✐♥❢♦r♠❛❝✐✱ ③❡ ❦t❡ré ❢♦t♦❣r❛✜❡ t❡①t✉r✉❥❡♠❡✱ ❛❜②❝❤♦♠ ♠➙❧✐ ♣➦íst✉♣ ❦❡ ❦❛♠❡➦❡ ♦❞♣♦✈í❞❛❥í❝í
tét♦ ❢♦t♦❣r❛✜✐✳ ❉í❦② tét♦ ❦❛♠❡➦❡ ❜✉❞❡♠❡ ♠♦❝✐ ♣r♦♠ít♥♦✉t ❜♦❞② ❤r❛♥✐❝❡ ❞♦ ❢♦t♦❣r❛✜❡ ❛ ③ís❦❛t
t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✳ ❚❛❦t♦ ③ís❦❛♥é s♦✉➦❛❞♥✐❝❡ ❜✉❞❡ ♥❡③❜②t♥é ♣➦❡♣♦↔ít❛t✱ ♥❡❜♦➫ t❡①t✉r♦✲
✈❛❝í s♦✉➦❛❞♥✐❝❡ ✉ ❛ ✈ ♥❛❜ý✈❛❥í ❤♦❞♥♦t ✈ ✐♥t❡r✈❛❧✉ < 0, 1 >✳ Pr♦♠ít♥✉tí♠ ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡
③ís❦á♠❡ ✷❉ ❜♦❞ s❡ s♦✉➦❛❞♥✐❝❡♠✐ ✈➲↔✐ st➦❡❞✉ ❢♦t♦❣r❛✜❡ ✭✈✐③✳ ♦❜rá③❡❦ ✸✳✶✮✳ Pr♦t♦ ❜✉❞❡ ♥❡✲
③❜②t♥é ❦ s♦✉➦❛❞♥✐❝í♠ x ❛ y ❜♦❞✉ ♣➦✐↔íst ♣♦❧♦✈✐♥✉ ➨í➦❦②✱ r❡s♣❡❦t✐✈❡ ✈ý➨❦② ❢♦t♦❣r❛✜❡✳ ❚í♠
③ís❦á♠❡ s♦✉➦❛❞♥✐❝❡ ❜♦❞✉ ✈➲↔✐ ❧❡✈é♠✉ ❞♦❧♥í♠✉ r♦❤✉ ❢♦t♦❣r❛✜❡✳ ◆ás❧❡❞♥➙ ✈②❞➙❧í♠❡ s♦✉➦❛❞✲
♥✐❝❡ x ❛ y ➨í➦❦♦✉✱ r❡s♣❡❦t✐✈❡ ✈ý➨❦♦✉ ❢♦t♦❣r❛✜❡✱ ↔í♠➸ ③❡ s♦✉➦❛❞♥✐❝ x ❛ y ③ís❦á♠❡ t❡①t✉r♦✈❛❝í
s♦✉➦❛❞♥✐❝❡ u ❛ v ❞❛♥é❤♦ ❜♦❞✉✳

P'

x

y

{
{

w

h

{ {h/2

w/2

P'

x

y

w

h

0
0

P'

x

y

1

1

0
0

❖❜rá③❡❦ ✸✳✸✿ ■❧✉str❛❝❡ tr❛♥s❢♦r♠❛❝❡ s♦✉➦❛❞♥✐❝ ❜♦❞✉✳ x✱y ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ ❦t❡rý
tr❛♥s❢♦r♠✉❥❡♠❡✱ P ′ ✲ ❜♦❞ ♣r♦♠ít♥✉tý ❞♦ ❢♦t♦❣r❛✜❡✱ w ✲ ➨í➦❦❛ ❢♦t♦❣r❛✜❡✱ h ✲ ✈ý➨❦❛ ❢♦t♦❣r❛✜❡✳

✸✳✹✳✺ ❆♣❧✐❦❛❝❡ t❡①t✉r♦✈❛❝í❝❤ s♦✉➦❛❞♥✐❝

❚❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ s❡ ③❛❞á✈❛❥í ❦❡ ❦❛➸❞é♠✉ ❜♦❞✉ ♣➦✐ ✈②t✈á➦❡♥í ❣❡♦♠❡tr✐❡ ♣❧♦❝❤②✳
❚❛❦➸❡ ❦ ♠❡t♦❞➙✱ ❦t❡rá ❜✉❞❡ ③❛❥✐➨➫♦✈❛t ♦➦❡③á✈á♥í ♣❧♦❝❤② ♣♦♠♦❝í ❤r❛♥✐❝❡✱ ♣➦✐❞á♠❡ ✐ t❡♥t♦
✈ý♣♦↔❡t t❡①t✉r♦✈❛❝í❝❤ s♦✉➦❛❞♥✐❝✳ ◆ás❧❡❞♥➙ s❡ ✈②♣♦↔ít❛♥é t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ✉❧♦➸í ❞♦
♦❜❥❡❦t✉ ●❡♦♠❡tr②■♥❢♦✳

✸✽



✸✳✺✳ ❱❨❚❱❖➄❊◆❮ ❚❘❖❏❘❖❩▼❹❘◆➱❍❖ ❚❹▲❊❙❆ ❩ P▲❖❈❍❨

✸✳✺ ❱②t✈♦➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♣❧♦❝❤②

❏❛❦ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡ ✭✈✐③✳ ✷✳✽✮✱ ♣➦✐ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ s❡ ♣➲✈♦❞♥í ♣❧♦❝❤❛
st❛♥❡ ♣♦❞st❛✈♦✉ t♦❤♦t♦ t➙❧❡s❛✱ ❦♦♣✐❡ ♣♦❞st❛✈② ♣♦s✉♥✉tá ♦ ♥➙❥❛❦ý ✈❡❦t♦r ❜✉❞❡ ❞r✉❤♦✉ ♣♦❞✲
st❛✈♦✉ ❛ t②t♦ ♣♦❞st❛✈② ❜✉❞♦✉ s♣♦❥❡♥② ❜♦↔♥í♠✐ st➙♥❛♠✐✳ ❉á❧❡ ✭✷✳✽✳✶✮ ❥s♠❡ ❞♦s♣➙❧✐ ❦ t♦♠✉✱ ➸❡
❥❛❦♦ ③á❦❧❛❞ t♦❤♦t♦ ✈❡❦t♦r✉ s❡ ♣♦✉➸✐❥❡ ♥♦r♠á❧❛ ♣❧♦❝❤②✱ ③❡ ❦t❡ré t➙❧❡s♦ ✈②t✈á➦í♠❡✱ ❛ ✉➸✐✈❛t❡❧
❞á❧❡ t❡♥t♦ ✈❡❦t♦r ✉♣r❛✈í✱ ♣♦❦✉❞ ❜✉❞❡ ❝❤tít✳ Ú♣r❛✈❛♠✐ ❥❡ ③❞❡ ♠②➨❧❡♥❛ ③♠➙♥❛ ✈❡❧✐❦♦st✐ ✈❡❦t♦r✉
❛ t❛❦é ③♠➙♥❛ ❥❡❤♦ s♠➙r✉✳

✸✳✺✳✶ ◆ástr♦❥ ♣r♦ ✈②t✈♦➦❡♥í t➙❧❡s❛

Pr♦ ✈②t✈♦➦❡♥í t➙❧❡s❛ ③ ♦➦í③♥✉té ♣❧♦❝❤② ♣♦t➦❡❜✉❥❡♠❡ ③♥át ♣♦✉③❡ ✐♥❢♦r♠❛❝❡ ♦ ❞❛♥é ♣❧♦➨❡✳
❑♦♥❦rét♥➙ ❥❡❥í ♥♦r♠á❧♦✈ý ✈❡❦t♦r✳ ◆❡❥✈❤♦❞♥➙❥➨í t❡❞② ❜✉❞❡ ♣➦✐❞❛t ❞♦ ●❯■ ❡❞✐t♦r✉ t❧❛↔ít❦♦✱
♣♦ ❥❡❤♦➸ st✐s❦♥✉tí ❜✉❞❡ ③ ♣❧♦❝❤②✱ ❦t❡rá ❥❡ ✈②❜rá♥❛ ✈ ♣❛❧❡t➙ ♣❧♦❝❤✱ ✈②t✈♦➦❡♥♦ tr♦❥r♦③♠➙r♥é
t➙❧❡s♦✳ ◆♦r♠á❧✉ ♣❧♦❝❤② ♣♦✉➸✐❥❡♠❡ ❥❛❦♦ ✈❡❦t♦r✱ ❦t❡rý♠ ♣♦s✉♥❡♠❡ ❜♦❞② ❞r✉❤é ♣♦❞st❛✈②✳

❉á❧❡ ❜✉❞❡ t➦❡❜❛ ♣➦✐❞❛t✱ ❥❛❦ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡ ✭✷✳✽✳✶✮✱ ♠♦➸♥♦st t❡♥t♦ ✈❡❦t♦r ♥❛st❛✈✐t ♥❛
❛❦t✉á❧♥í ❤♦❞♥♦t✉ ♥♦r♠á❧② ♣❧♦❝❤②✳ ❑ t♦♠✉t♦ ú↔❡❧✉ ♣➦✐❞á♠❡ ❞❛❧➨í t❧❛↔ít❦♦✳

✸✳✺✳✷ ❩♠➙♥❛ s♠➙r✉ ❛ ✈❡❧✐❦♦st✐ ✈❡❦t♦r✉

❆❜② ✉➸✐✈❛t❡❧ ♥❡❜②❧ ♦♠❡③❡♥ ♣♦✉③❡ s♠➙r❡♠ ❛ ✈❡❧✐❦♦stí ✈❡❦t♦r✉✱ ❜✉❞❡ t➦❡❜❛ ✉♠♦➸♥✐t ♠✉
③♠➙♥✐t ❥❡❤♦ ❤♦❞♥♦t②✳ Pr♦ ✈❡❧✐❦♦st ✈❡❦t♦r✉ ❜✉❞❡ st❛↔✐t✱ ❛❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ❤♦❞♥♦t✉✱ ♥❛ ❦t❡r♦✉
❝❤❝❡ ♥❛st❛✈✐t ✈❡❧✐❦♦st ✈❡❦t♦r✉✳ ❏❡❧✐❦♦➸ ✈❡❦t♦r ❜②❧ ③ís❦á♥ ③ ♥♦r♠á❧② ♣❧♦❝❤②✱ t❛❦ ♠á ❥❡❞♥♦t❦♦✈♦✉
✈❡❧✐❦♦st✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✈②♥ás♦❜❡♥í♠ t♦❤♦t♦ ✈❡❦t♦r✉ ❤♦❞♥♦t♦✉ ③❛❞❛♥♦✉ ✉➸✐✈❛t❡❧❡♠ ♠✉
♥❛st❛✈í♠❡ s♣rá✈♥♦✉ ❞é❧❦✉✳

❩♠➙♥❛ s♠➙r✉ ✉➸ ❜✉❞❡ tr♦❝❤✉ s❧♦➸✐t➙❥➨í✱ ♥❡❜♦➫ ♣r♦ ✉➸✐✈❛t❡❧❡ ♠✉sí ❜ýt ❥❛s♥é✱ ❥❛❦ s❡ ❥❡❤♦
♣rá❝❡ s tí♠t♦ ♥ástr♦❥❡♠ ♣r♦❥❡✈í ♥❛ ✈ýs❧❡❞♥é ♣♦❞♦❜➙ t➙❧❡s❛✳

✸✳✺✳✸ ❩♣➲s♦❜ ③♠➙♥② s♠➙r✉ ✈❡❦t♦r✉

❏❡❞♥♦✉ ③ ♠♦➸♥♦stí ❜② ❜②❧♦ ♥❡❝❤❛t ✉➸✐✈❛t❡❧❡✱ ❛➫ ③❛❞á ♦s✉✱ ♦❦♦❧♦ ❦t❡ré ❝❤❝❡ r♦t♦✈❛t ✈❡❦t♦✲
r❡♠ ❛ ♦ ❦♦❧✐❦ st✉♣➡➲ s ♥í♠ ❝❤❝❡ r♦t♦✈❛t✳ ❚♦ ❜② ❛❧❡ ♥❡❜②❧♦ ♣r♦ ✉➸✐✈❛t❡❧❡ s♥❛❞♥é ❛ ✈②➸❛❞♦✈❛❧♦
❜② t♦ ♦❞ ♥➙❥ ❞♦❜r♦✉ ♣r♦st♦r♦✈♦✉ ♣➦❡❞st❛✈✐✈♦st ❛ t❛❦é ❜② ❜②❧♦ t➦❡❜❛ ♥❛❥ít ③♣➲s♦❜✱ ❥❛❦ ❜②
③ís❦❛❧ ♣➦❡s♥é ♣❛r❛♠❡tr② ✈ý➨❡ ③♠í♥➙♥é ♦s②✳ ❙t❡❥♥➙ t❛❦ ✉♠♦➸♥✐t ✉➸✐✈❛t❡❧✐ ✈❡❦t♦r❡♠ r♦t♦✈❛t
♣♦❞❧❡ ♦s X✱ Y ❛ Z ✈ ✉r↔✐té♠ ♣♦➦❛❞í ❜② ③♣➲s♦❜♦✈❛❧♦ ❦♦♠♣❧✐❦❛❝❡ ❛ ♥❡❜②❧♦ ❜② ♣r♦ ✉➸✐✈❛t❡❧❡
s♥❛❞♥é ❞♦st❛t ✈❡❦t♦r ❞♦ s♣rá✈♥é ♣♦③✐❝❡✳ ❩ár♦✈❡➡ ❜② ✈❡❧♠✐ ③á❧❡➸❡❧♦ ♥❛ ♣♦➦❛❞í tr❛♥s❢♦r♠❛❝í✱
❦t❡ré ❜② ✉➸✐✈❛t❡❧✐ ♥❡♠✉s❡❧♦ ✈②❤♦✈♦✈❛t✳

❉❧❡ ♠é❤♦ ♥á③♦r✉ ❜✉❞❡ ♥❡❥❧❡♣➨í ♣♦✉➸ít ♥➙❝♦✱ ❝♦ ✉➸✐✈❛t❡❧ ③♥á ③ ❜➙➸♥é❤♦ ➸✐✈♦t❛✳ ◆❛♣➦í❦❧❛❞
♣♦❤②❜ ✈②❦♦♥á✈❛♥ý ♣➦✐ ♦tá↔❡♥í ❤❧❛✈②✳ ❚í♠ ♠②s❧í♠ ❞♦✈♦❧✐t ✉➸✐✈❛t❡❧✐ r♦t♦✈❛t ✈❡❦t♦r❡♠ ❦♦❧❡♠
♦s② ♦❞♣♦✈í❞❛❥í❝í s♠➙r✉ ✈③❤➲r✉ ❛ t❛❦é r♦t♦✈❛t ❦♦❧❡♠ ♦s② ❦♦❧♠é ❦ r♦✈✐♥➙ t✈♦➦❡♥é ♦s♦✉ s♠➙➦✉❥í❝í
✈③❤➲r✉ ❛ r♦t♦✈❛♥ý♠ ✈❡❦t♦r❡♠✳ ❚♦t♦ ❜② ♦❞♣♦✈í❞❛❧♦ ♦tá↔❡♥í ❤❧❛✈♦✉ ③❡ str❛♥② ♥❛ str❛♥✉ ❛
♥❛❤♦r✉✴❞♦❧➲✳ ❏❡❧✐❦♦➸ ❥❡ t♦t♦ ♣♦❤②❜✱ ❦t❡rý ❧✐❞é ✈②❦♦♥á✈❛❥í ♣r❛❦t✐❝❦② ♥❡✉stá❧❡✱ ♠➙❧♦ ❜② ❜ýt
♣r♦ ✉➸✐✈❛t❡❧❡ ♣♦♠➙r♥➙ s♥❛❞♥é ♣➦❡❞st❛✈✐t s✐ ✈ýs❧❡❞♥♦✉ tr❛♥s❢♦r♠❛❝✐ ✈❡❦t♦r✉✳

✸✾



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

❯➸✐✈❛t❡❧ t❡❞② ❜✉❞❡ ♠✉s❡t ③❛❞❛t ✈❡❧✐❦♦st ✈❡❦t♦r✉✱ ú❤❡❧✱ ♦ ❦t❡rý ✈❡❦t♦r❡♠ ♦t♦↔✐t ♦❦♦❧♦ ♦s②
s♠➙➦✉❥í❝í ✈③❤➲r✉ ✭❦t❡rý ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ú❤❡❧ yaw✮✱ ❛ ú❤❡❧✱ ♦ ❦t❡rý ③✈❡❞♥♦✉ ✈❡❦t♦r
♦❞ r♦✈✐♥② ❦♦❧♠é ♥❛ ♦s✉ s♠➙➦✉❥í❝í ✈③❤➲r✉ ✭❦t❡rý ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ú❤❡❧ pitch✮✳

z x

y

β
α

v

v'

❖❜rá③❡❦ ✸✳✹✿ ■❧✉str❛❝❡ r♦t❛❝❡ ✈❡❦t♦r❡♠ ♣♦s✉♥✉tí✳ x✱y✱z ✲ ♦s② s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ ✈ ✲ ✈❡❦t♦r
♣♦s✉♥✉tí✱ v′ ✲ ❦♦❧♠ý ♣r➲♠➙t v ❞♦ r♦✈✐♥② XZ✱ α ✲ ú❤❡❧ ♦③♥❛↔✉❥í❝í ✈❡❧✐❦♦st r♦t❛❝❡ ✈ ❦♦❧❡♠ ♦s②
❨✱ β ✲ ú❤❡❧ ♦③♥❛↔✉❥í❝í ✈❡❧✐❦♦st ♦❞❦❧♦♥✉ ✈ ♦❞ r♦✈✐♥② XZ✱ ♣r♦ ③♠➙♥✉ s♠➙r✉ ✈❡❦t♦r✉ ❜✉❞❡ ❦
ú❤❧✉ α ♣➦✐↔t❡♥❛ ❤♦❞♥♦t❛ ú❤❧✉ yaw✱ ❦t❡r♦✉ ③❛❞á ✉➸✐✈❛t❡❧✱ ❦ ú❤❧✉ β ❜✉❞❡ ♣➦✐↔t❡♥❛ ❤♦❞♥♦t❛
ú❤❧✉ pitch

✸✳✺✳✹ ❖r✐❡♥t❛❝❡ s❝é♥②

Pr♦❜❧é♠ ♦✈➨❡♠ ♥❛stá✈á ✈ t♦♠✱ ❥❛❦ ✉r↔✐t ✈❡❦t♦r ✈③❤➲r✉✳

❙❝é♥❛ ③ís❦❛♥á ♣r♦❣r❛♠❡♠ ❇✉♥❞❧❡r ♦❜s❛❤✉❥❡ ❦❛♠❡r② ♣➦✐❜❧✐➸♥➙ ✈ r♦✈✐♥❡ XZ ❛ ❦❧❛❞♥á ↔ást
♦s② Y ♠í➦í ♣➦✐❜❧✐➸♥➙ ✈③❤➲r✉✳ ❙❝é♥❛ ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧❙❋▼ ♠á ❦❛♠❡r② t❛❦é ♣➦✐❜❧✐➸♥➙ ✈ r♦✈✐♥➙
XZ✱ ❛❧❡ ❝❡❧á s❝é♥❛ ❥❡ ♦t♦↔❡♥❛ ❦♦❧❡♠ ♦s② X ♦ 180◦✱ t❛❦➸❡ ♣r♦ s❝é♥✉ ❥s♦✉ ♦s② Y ❛ Z ♣➦❡✈rá❝❡♥②✳
P➦❡s♥♦✉ ♦r✐❡♥t❛❝✐ s❝é♥② ♥❡❥s♠❡ s❝❤♦♣♥✐ ③ís❦❛t ③ ♣♦③✐❝❡ ❛♥✐ ③ ♦r✐❡♥t❛❝❡ ❦❛♠❡r✳ ■ ❦❞②❜② ❜②❧②
❦❛♠❡r② ♣➦❡s♥➙ ✈ ❥❡❞♥é r♦✈✐♥➙✱ t❛❦ ❜②❝❤♦♠ stá❧❡ ♥❡♠♦❤❧✐ ➦í❝✐✱ ➸❡ t❛t♦ r♦✈✐♥❛ ❥❡ r♦✈♥♦❜➙➸♥á
s❡ ③❡♠í✱ ♥❡❜♦➫ r❡❦♦♥str✉♦✈❛♥ý ♦❜❥❡❦t ♠♦❤❧ ❜ýt ❢♦❝❡♥ ③❡ s✈❛❤✉✳

▼♦➸♥♦stí ❜② ❜②❧♦ ♥❡❝❤❛t ✉➸✐✈❛t❡❧❡✱ ❛❜② ③❛❞❛❧ ✈❡❦t♦r s♠➙➦✉❥í❝í ✈③❤➲r✉✱ ❛❧❡ t♦ ❜② ✉➸✐✈❛t❡❧✐
③❜②t❡↔♥➙ ♣➦✐❞➙❧á✈❛❧♦ ❞❛❧➨í st❛r♦st✱ ♥❡❜♦➫ ❜② ♠✉s❡❧ sá♠ ③❛❞á✈❛t ❤♦❞♥♦t② ✈❡❦t♦r✉✳

✹✵



✸✳✺✳ ❱❨❚❱❖➄❊◆❮ ❚❘❖❏❘❖❩▼❹❘◆➱❍❖ ❚❹▲❊❙❆ ❩ P▲❖❈❍❨

❩✈♦❧í♠ ♣r♦t♦ r♦✈✐♥✉ XZ ❥❛❦♦ ③❡♠✐ ❛ ❦❧❛❞♥♦✉ ↔ást ♦s② Y ❥❛❦♦ s♠➙r ✈③❤➲r✉✳ ❚♦ ③♥❛♠❡♥á✱
➸❡ r♦t❛❝❡ ✈❡ s❝é♥➙ ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧❙❋▼ ❜✉❞♦✉ ♣r♦✈á❞➙♥② ♥❛ ❞r✉❤♦✉ str❛♥✉ ♥❡➸ ✈❡ s❝é♥➙
③ ♣r♦❣r❛♠✉ ❇✉♥❞❧❡r✱ ❛❧❡ t♦ ❜② ✉➸✐✈❛t❡❧✐ ♥❡♠➙❧♦ ↔✐♥✐t ♣r♦❜❧é♠✳

✸✳✺✳✺ ❩❛❞á♥í ú♣r❛✈ ✈❡❦t♦r✉

❇✉❞❡ t➦❡❜❛✱ ❛❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ✸ ❤♦❞♥♦t② ✭✈❡❧✐❦♦st ❛ ✷ ú❤❧②✮✳ ❑✈➲❧✐ ♣➦❡s♥♦st✐ ❜✉❞♦✉
✈②➸❛❞♦✈á♥❛ ❞❡s❡t✐♥♥á ↔ís❧❛✳

❏❡❞♥♦✉ ③ ♠♦➸♥♦stí ❥❡ ♣♦✉➸ít t❡①t♦✈á ♣♦❧❡✱ ❦❛♠ ✉➸✐✈❛t❡❧ ♥❛♣í➨❡ ❤♦❞♥♦t✉✱ ❦t❡rá s❡ ♠á ♣♦✉➸ít✳
❚❛❦t♦ ③❛❞❛♥ý ➦❡t➙③❡❝ ③♥❛❦➲ s❡ ♥ás❧❡❞♥➙ ♣➦❡♣❛rs✉❥❡ ♥❛ ❤♦❞♥♦t✉✳ Pr♦❜❧é♠ ♥❛st❛♥❡✱ ♣♦❦✉❞
✉➸✐✈❛t❡❧ ③❛❞á ❝♦❦♦❧✐✈ ❥✐♥é❤♦ ♥❡➸ ❞❡s❡t✐♥♥é ↔ís❧♦✳

❉❛❧➨í ♠♦➸♥♦stí ❜② ❜②❧♦ ♣♦✉➸ít s❧✐❞❡r✳ ❚á❤❧♦✱ ❦t❡rý♠ ❜② ✉➸✐✈❛t❡❧ ♥❛st❛✈✐❧ ❦♦♥❦rét♥í ❤♦❞♥♦t✉✳
❚❛t♦ ♠♦➸♥♦st ❜② ✉♠♦➸♥✐❧❛ r②❝❤❧❡❥➨í ♥❛st❛✈❡♥í ❤♦❞♥♦t✱ ❛❧❡ s ♠❡♥➨í ♣➦❡s♥♦stí✳ Pr♦❜❧é♠ tét♦
♠♦➸♥♦st✐ ❥❡ ✈ ♥❡③❜②t♥♦st✐ r♦③s❛❤✉✱ ✈ ❥❛❦é♠ ♠➲➸❡ s❧✐❞❡r ♥❛❜ý✈❛t ❤♦❞♥♦t✳ ❱ ♣➦í♣❛❞➙ ú❤❧➲
t♦t♦ ♥❡♥í ♣r♦❜❧é♠✱ ❥❡❧✐❦♦➸ ♥❛❜ý✈❛❥í ❤♦❞♥♦t ♦❞ 0◦ ❞♦ 360◦✱ ❛❧❡ ✈③❞á❧❡♥♦st ♦♠❡③❡♥á ♥❡♥í✳ ❯
✈③❞á❧❡♥♦st✐ ❜② ❜②❧♦ t➦❡❜❛ ♥❛st❛✈✐t ♥➙❥❛❦♦✉ ③á❦❧❛❞♥í ❤♦❞♥♦t✉ ❛ ✈ ♣➦í♣❛❞➙✱ ➸❡ ❜② ✉➸✐✈❛t❡❧
♣♦t➦❡❜♦✈❛❧ ✈➙t➨í r♦③s❛❤ ✭❞♦❥❡❧ ❜② s❧✐❞❡r❡♠ ♥❛ ♠❛①✐♠á❧♥í ❤♦❞♥♦t✉✮ ③✈➙t➨✐❧❛ ❜② s❡ ♠❛①✐♠á❧♥í
❤♦❞♥♦t❛ ❛ s❧✐❞❡r ❜② s❡ ❛❦t✉❛❧✐③♦✈❛❧ ♥❛ ♥♦✈ý st❛✈✳ ❉❛❧➨í♠ ♣r♦❜❧é♠❡♠ ❥❡ ✈❡❧✐❦♦st s❧✐❞❡r✉✳ ❷í♠
✈➙t➨í ❜✉❞❡✱ tí♠ ♣➦❡s♥➙❥➨í ❜✉❞❡ ❤♦❞♥♦t❛ ③❛❞❛♥á ✉➸✐✈❛t❡❧❡♠✱ ❛❧❡ tí♠ ✈í❝❡ ♠íst❛ ✈ ●❯■ ③❛❜❡r❡✳

❖❜➙ t②t♦ ♠♦➸♥♦st✐ ♠❛❥í ♥➙❥❛❦á ♣r♦ ❛ ♣r♦t✐✳ ❑❛➸❞é♠✉ ✉➸✐✈❛t❡❧✐ ♠➲➸❡ ✈②❤♦✈♦✈❛t ❥✐♥ý ♥ástr♦❥✳
Pr♦t♦ ♣♦✉➸✐❥✐ ♣r♦ ✈❡❧✐❦♦st ✈❡❦t♦r✉ t❡①t♦✈é ♣♦❧❡ ❛ ♣r♦ ú❤❧② ❥❛❦ t❡①t♦✈á ♣♦❧❡✱ t❛❦ s❧✐❞❡r②✳ ❚❛t♦
✈❛r✐❛♥t❛ ❜✉❞❡ ♦✈➨❡♠ ✈②➸❛❞♦✈❛t ③✈➙t➨❡♥í ♦❦♥❛ ❡❞✐t♦r✉✱ ❛❜② s❡ ❞♦ ♥➙❥ ✈❡➨❧❛ ♥♦✈á t❡①t♦✈á ♣♦❧❡
❛ s❧✐❞❡r②✳ ❩ár♦✈❡➡ ❜✉❞❡ ♥❡③❜②t♥é s②♥❝❤r♦♥✐③♦✈❛t t❡①t♦✈á ♣♦❧❡ ♣r♦ ú❤❧② s ❥❡❥✐❝❤ s❧✐❞❡r②✱ ❛❜②
✈➸❞② ✉❦❛③♦✈❛❧✐ st❡❥♥é ❤♦❞♥♦t②✳

✸✳✺✳✻ ❯❧♦➸❡♥í ❤♦❞♥♦t

❑❛➸❞á ♣❧♦❝❤❛ ❜✉❞❡ ♣♦t➦❡❜♦✈❛t ✈❡❦t♦r✱ ✷ ú❤❧② ❛ ✈❡❧✐❦♦st ✈ýs❧❡❞♥é❤♦ ✈❡❦t♦r✉✱ ❛❜②❝❤♦♠
♠♦❤❧✐ ✈②t✈♦➦✐t tr♦❥r♦③♠➙r♥é t➙❧❡s♦✳ ❚②t♦ ♣r♦♠➙♥♥é ❜✉❞❡ t➦❡❜❛ ♣➦✐❞❛t ❞♦ t➦í❞② r❡♣r❡③❡♥t✉❥í❝í
♣❧♦❝❤②✱ t❥✳ ❈❙●❴P❧❛♥❡✳

❚❛❦é ❜✉❞❡ ✈❤♦❞♥é ♣➦✐❞❛t ♣r♦♠➙♥♥é ♣r♦ ú❤❧② ❛ ✈③❞á❧❡♥♦st ❞♦ t➦í❞② ❡❞✐t♦r✉✱ t❥✳ ▼❉■❴❡❞✐t♦r❴✈✶✳
❉í❦② t♦♠✉ ❜✉❞❡ ♠♦➸♥é s♥❛❞♥♦ s②♥❝❤r♦♥✐③♦✈❛t ✈②❜r❛♥♦✉ ♣❧♦❝❤✉ s❡ st❛✈❡♠ ●❯■✳ ❩ár♦✈❡➡
♥á♠ t♦t♦ ❞♦✈♦❧í ♥á✈r❛t ❦ ♣♦s❧❡❞♥í s♣rá✈♥é ❤♦❞♥♦t➙✱ ♣♦❦✉❞ ✉➸✐✈❛t❡❧ ③❛❞á ❞♦ t❡①t♦✈é❤♦ ♣♦❧❡
♥❡↔ís❡❧♥♦✉ ❤♦❞♥♦t✉✶✺✳

✶✺❚❡♦r❡t✐❝❦② ❜② ❜②❧♦ ♠♦➸♥é ♣♦✉➸ít ❞❛t❛ s❧✐❞❡r✉ ♣r♦ ✉❝❤♦✈á♥í ❤♦❞♥♦t② ú❤❧✉✱ ❛❧❡ ❤♦❞♥♦t② s❧✐❞❡r✉ ♠♦❤♦✉
❜ýt ♣♦✉③❡ ❝❡❧á ↔ís❧❛✳ ■ ❦❞②➸ ✉r↔í♠❡✱ ➸❡ ❥❡❞♥❛ ❥❡❞♥♦t❦❛ ♥❛ s❧✐❞❡r✉ ♦❞♣♦✈í❞á ♥❛♣➦í❦❧❛❞ 0.1◦ ♦t♦↔❡♥í ✈❡❦t♦r✉✱
♥❡❜✉❞❡ s❧✐❞❡r ♥❛❜ý✈❛t t❛❦♦✈é❤♦ ♠♥♦➸st✈í ❤♦❞♥♦t ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ❞❛t♦✈ý t②♣ ✢♦❛t✳

✹✶



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

✸✳✺✳✼ ❆❦t✉❛❧✐③❛❝❡ ●❯■

❚❛❦é ❜✉❞❡ ♥❡③❜②t♥é ♣r♦✈á❞➙t ❛❦t✉❛❧✐③❛❝❡ ❤♦❞♥♦t ✈ ●❯■ ❡❞✐t♦r✉✱ ♣♦❦✉❞ ✉➸✐✈❛t❡❧ ③✈♦❧í
❥✐♥♦✉ ♣❧♦❝❤✉ ✈ ♣❛❧❡t➙ ♣❧♦❝❤✳ ❱ t✉ ❝❤✈í❧✐ ❥❡ ♣♦t➦❡❜❛ ♥❛st❛✈✐t ❤♦❞♥♦t② ♦❜♦✉ ú❤❧➲ ✐ ✈③❞á❧❡♥♦st
✈ ❡❞✐t♦r✉ ♥❛ ❤♦❞♥♦t② ✈②❜r❛♥é ♣❧♦❝❤②✳ P♦❦✉❞ ③ ♣❧♦❝❤② ♥❡♥í ✈②t✈♦➦❡♥♦ tr♦❥r♦③♠➙r♥é t➙❧❡s♦✱
♥❛st❛✈✐❧② ❜② s❡ ③á❦❧❛❞♥í ❤♦❞♥♦t②✱ t❥✳ ✈❡❧✐❦♦st ✈❡❦t♦r✉ r♦✈♥❛ ❥❡❞♥é ❛ ú❤❧② r♦✈♥② ♥✉❧❡✳

✸✳✺✳✽ ❯❧♦➸❡♥í ❣❡♦♠❡tr✐❡ tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛

▼íst♦ ❣❡♦♠❡tr✐❡ ❥❡❞♥é ♣❧♦❝❤② t❡↕ ❜✉❞❡ ♣♦t➦❡❜❛ ✈②t✈á➦❡t ❣❡♦♠❡tr✐✐ ❝❡❧é❤♦ t➙❧❡s❛✳ ❏❛❦ ✉➸
❥s❡♠ ③♠í♥✐❧ ❞rí✈❡ ✭✸✳✷✳✽✮✱ ③♣➲s♦❜ ✈②t✈á➦❡♥í ❣❡♦♠❡tr✐❡ ❥❡ ✈♦❧❡♥ ✈ ♠❡t♦❞➙ r❡❝♦♥str✉❝tP❧❛♥❡
t➦í❞② ❙❡❣♠❡♥t❛t✐♦♥❲r❛♣♣❡r✳ ❖❞t✉❞ ❥❡ ✈♦❧á♥❛ ❦♦♥❦rét♥í ♠❡t♦❞❛ ✈②t✈á➦❡❥í❝í ❣❡♦♠❡tr✐✐ ❛ ❥❡❥í
✈ýs❧❡❞❡❦ s❡ ✉❦❧á❞á ❞♦ ✐♥st❛♥❝❡ ♣❧♦❝❤②✳

P♦❦✉❞ t❡❞② ♣❧♦❝❤❛ ♠á ❤r❛♥✐❝✐ t✈♦➦❡♥♦✉ ③ ♥ ❜♦❞➲✱ ❝❡❧é t➙❧❡s♦ ❜✉❞❡ ♠ít ♥✰✷ str❛♥✳ P♦❦✉❞ s❡
t❡❞② ♠íst♦ ❥❡❞♥♦❤♦ ♦❜❥❡❦t✉ ●❡♦♠❡tr②❆rr❛② ✈②t✈♦➦í ♣♦❧❡ s n+2 ♦❜❥❡❦t② ●❡♦♠❡tr②❆rr❛②✱ ❜✉❞❡
♠♦➸♥é ✈②✉➸ít stá✈❛❥í❝í ❛❧❣♦r✐t♠② ♣r♦ ✈②t✈á➦❡♥í ✸❉ s❝é♥②✳ ❩♥❛♠❡♥❛❧♦ ❜② t♦ t❡❞②✱ ➸❡ ❜② ❜②❧
t➦í❞❛ ❈❙●❴P❧❛♥❡ ♠➙❧❛ ❦r♦♠➙ ❥❡❞♥é ♣r♦♠➙♥♥é t②♣✉ ●❡♦♠❡tr②❆rr❛② ✉❝❤♦✈á✈❛❥í❝í ❣❡♦♠❡tr✐✐
♣❧♦❝❤② ❥❡➨t➙ ❥❡❞♥♦ ♣♦❧❡ t②♣✉ ●❡♦♠❡tr②❆rr❛②❬❪✱ ❦t❡ré ❜② ✉❝❤♦✈á✈❛❧♦ ❞r✉❤♦✉ ♣♦❞st❛✈✉ t➙❧❡s❛
❛ ❜♦↔♥í st➙♥②✳

✸✳✺✳✾ ❱②t✈á➦❡♥í ❣❡♦♠❡tr✐❡ tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛

◆②♥í ♣♦t➦❡❜✉❥❡♠❡ ✈②t✈♦➦✐t ♣♦❧❡ ✐♥st❛♥❝í ●❡♦♠❡tr②❆rr❛②✱ ❦t❡ré r❡♣r❡③❡♥t✉❥❡ tr♦❥r♦③♠➙r♥é
t➙❧❡s♦✳ ❑ t♦♠✉ ♣♦t➦❡❜✉❥❡♠❡ ♠♥♦➸✐♥✉ ✸❉ r❡♣r❡③❡♥t❛❝í ❜♦❞➲ ❤r❛♥✐❝❡ ❞❛♥é ♣❧♦❝❤②✳ ❚② ♦❜st❛✲
rá♠❡ ♦❜❞♦❜♥ý♠ ③♣➲s♦❜❡♠✱ ❥❛❦♦ ♣➦✐ ♦➦❡③á✈á♥í ♣❧♦❝❤② ♣♦♠♦❝í ❤r❛♥✐❝❡ ✭✈✐③✳ ✸✳✷✳✼✮✳ ❉á❧❡ ❜✉❞❡
t➦❡❜❛ ③♥át ✈❡❦t♦r✱ ❦t❡rý ❜✉❞❡ ♣♦✉➸✐t ❛ ú♣r❛✈②✱ ❦t❡ré ♥❛ ♥➙❥ ✉➸✐✈❛t❡❧ ♣♦✉➸✐t✳ ❚♦ ③♥❛♠❡♥á ✷
ú❤❧②✶✻ ❛ ❞é❧❦✉ ✈❡❦t♦r✉✳

P♦t➦❡❜✉❥❡♠❡ ③ ♣➲✈♦❞♥í❤♦ ✈❡❦t♦r✉ ✈②♣♦↔ít❛t ✈ýs❧❡❞♥ý ✈❡❦t♦r✳ ◆❡❥♣r✈❡ s❡ ♥❛ ✈❡❦t♦r ❛♣❧✐✲
❦✉❥❡ r♦t❛❝❡ ❦♦❧❡♠ ♦❜❡❝♥é ♦s②✶✼ ♦ ú❤❡❧ pitch✳ ❚✉t♦ ♦s✉ ③ís❦á♠❡ ✈❡❦t♦r♦✈ý♠ s♦✉↔✐♥❡♠ ♠❡③✐
✈❡❦t♦r❡♠✱ ❦t❡rý tr❛♥s❢♦r♠✉❥❡♠❡ ❛ ✈❡❦t♦r❡♠ ✈③❤➲r✉✱ t❥✳ ♦s♦✉ Y ✳ ❚❛t♦ r♦t❛❝❡ ✈❧❛st♥➙ ③♠➙♥í
ú❤❡❧ ♠❡③✐ tr❛♥s❢♦r♠♦✈❛♥ý♠ ✈❡❦t♦r❡♠ ❛ r♦✈✐♥♦✉ XZ✳ ❉á❧❡ ❛♣❧✐❦✉❥❡♠❡ r♦t❛❝✐ ❦♦❧❡♠ ♦s② Y
♦ ú❤❡❧ yaw ❛ ✈ýs❧❡❞♥ý ✈❡❦t♦r ✈②♥ás♦❜í♠❡ ✈❡❧✐❦♦stí✱ ❦t❡r♦✉ ❥s♠❡ ③ís❦❛❧✐ ♦❞ ✉➸✐✈❛t❡❧❡✳ ❚í♠t♦
❥s♠❡ ③ís❦❛❧✐ ✈❡❦t♦r ♣♦s✉♥✉tí✳

▼♥♦➸✐♥✉ tr♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲✱ t❥✳ ♣r➲♠➙r♥ý❝❤ ❜♦❞➲ ❤r❛♥✐❝❡✱ ♣♦✉➸✐❥❡♠❡ ❥❛❦♦ ❜♦❞② ♣r✈♥í
♣♦❞st❛✈②✳ ❇♦❞② ❞r✉❤é ♣♦❞st❛✈② ③ís❦á♠❡ ③ ❜♦❞➲ ♣r✈♥í ♣♦❞st❛✈②✱ ❦❡ ❦t❡rý♠ ♣➦✐↔t❡♠❡ ✈ý➨❡
③♠í♥➙♥ý ✈❡❦t♦r ♣♦s✉♥✉tí✳

✶✻ú❤❧② yaw ❛ pitch
✶✼P♦❞r♦❜♥➙❥➨í ✐♥❢♦r♠❛❝❡ ♦ r♦t❛❝✐ ❦♦❧❡♠ ♦❜❡❝♥é ♦s② ✈ ▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✺❪✱ ↔ást ❊✱ ❦❛♣✐t♦❧❛ ✷✶✳✸✳✸✳

✹✷



✸✳✺✳ ❱❨❚❱❖➄❊◆❮ ❚❘❖❏❘❖❩▼❹❘◆➱❍❖ ❚❹▲❊❙❆ ❩ P▲❖❈❍❨

Pr♦ ✈②t✈á➦❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✐♥st❛♥❝í ●❡♦♠❡tr②❆rr❛② ♣♦✉➸✐❥❡♠❡ t➦í❞✉ ●❡♦♠❡tr②■♥❢♦ ❥❛❦♦ ♣➦✐
✈②t✈á➦❡♥í ♣❧♦❝❤②✳ Pr♦ ❣❡♦♠❡tr✐✐ ♣r✈♥í ♣♦❞st❛✈② ♣♦✉➸✐❥❡♠❡ ♥❡♣♦s✉♥✉té ❜♦❞②✳ Pr♦ ❣❡♦♠❡tr✐✐
❞r✉❤é ♣♦❞st❛✈② ♣♦✉➸✐❥❡♠❡ ♣♦s✉♥✉té ❜♦❞②✳ ❆ ♣r♦ ❜♦↔♥í st➙♥② ✈②✉➸✐❥❡♠❡ ✈➸❞② ❞✈❛ ♣♦ s♦❜➙
❥❞♦✉❝í ♣♦s✉♥✉té ❜♦❞② ❛ ❥✐♠ ♦❞♣♦✈í❞❛❥í❝í ♥❡♣♦s✉♥✉té ❜♦❞② ✭♣r✈♥í ❛ ♣♦s❧❡❞♥í ❜♦❞ ❥s♦✉ t❛❦é
❜rá♥② ❥❛❦♦ ♣♦ s♦❜➙ ❥❞♦✉❝í ❜♦❞②✮✳

✸✳✺✳✶✵ ❱ý♣♦↔❡t t❡①t✉r♦✈❛❝í❝❤ s♦✉➦❛❞♥✐❝ tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛

P♦❞❧❡ ✈ýs❧❡❞❦✉ ↔ást✐ ✷✳✾✳✶ ❜✉❞❡ tr♦❥r♦③♠➙r♥é t➙❧❡s♦ t❡①t✉r♦✈á♥♦ t❛❦✱ ➸❡ tr♦❥r♦③♠➙r♥é
❜♦❞② t➙❧❡s❛ ❜✉❞♦✉ ♣r♦♠ít♥✉t② ❞♦ ❢♦t♦❣r❛✜❡ ❛ t❛❦t♦ ③ís❦❛♥é s♦✉➦❛❞♥✐❝❡ ❜✉❞♦✉ ♣➦❡✈❡❞❡♥②
♥❛ t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ❥❛❦♦ ✈ ↔ást✐ ✸✳✹✳✹✳ ❚❛❦t♦ ③ís❦❛♥é t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ❜✉❞♦✉
♣➦✐❞á♥② ❦❡ ❣❡♦♠❡tr✐í♠ ♣➦✐ ❥❡❥✐❝❤ ✈②t✈á➦❡♥í✳

✸✳✺✳✶✶ ❩♦❜r❛③❡♥í t➙❧❡s❛ ✈❡ s❝é♥➙

Pr♦ ♣➦✐♣♦❥❡♥í ❣❡♦♠❡tr✐❡ ♣❧♦❝❤② ❦❡ s❝é♥➙ s❧♦✉➸í ♠❡t♦❞❛ ❝r❡❛t❡P❧❛♥❡ t➦í❞② ❈❙●✸❉✳ ❚✉t♦
♠❡t♦❞✉ ❜✉❞❡ t➦❡❜❛ ✉♣r❛✈✐t t❛❦✱ ➸❡ ❦r♦♠➙ ✈②t✈á➦❡♥í ♣❧♦❝❤② ③❥✐stí✱ ③❞❛ ♠á ❜ýt ✈②t✈♦➦❡♥♦ ✐
tr♦❥r♦③♠➙r♥é t➙❧❡s♦ ③ ♣❧♦❝❤②✳ P♦❦✉❞ ❛♥♦✱ ✈②t✈♦➦í ✈➨❡❝❤♥② ③❜②❧é st➙♥② t♦❤♦t♦ t➙❧❡s❛✱ ♣➦✐♣♦❥í
❦ ♥✐♠ ♠❛t❡r✐á❧ ❛ ✈③❤❧❡❞✱ ❦t❡rý ❥❡ ♣➦✐♣♦❥♦✈á♥ ❦ ♣➲✈♦❞♥í ♣❧♦➨❡ ❛ ♥ás❧❡❞♥➙ ♣➦✐♣♦❥í t②t♦ st➙♥②
❦❡ s❝é♥➙✳

✹✸



❑❆P■❚❖▲❆ ✸✳ ◆➪❱❘❍

✹✹



❑❛♣✐t♦❧❛ ✹

■♠♣❧❡♠❡♥t❛❝❡

❱ tét♦ ↔ást✐ ♣rá❝❡ ♣♦♣í➨✐ ✐♠♣❧❡♠❡♥t❛❝✐ ✈②❜r❛♥ý❝❤ t➦í❞ ❛ ♠❡t♦❞✱ ❦t❡ré ❜②❧② ♥❛✈r❤♥✉t② ✈
♣➦❡❞❝❤♦③í❝❤ ❦❛♣✐t♦❧á❝❤ ✭✸✳✶ ✲ ✸✳✺✮✳

✹✳✶ ■♠♣♦rt♥í ♠♦❞✉❧ ♣r♦ ❱✐s✉❛❧❙❋▼

❉♦ ♥❛❜í❞❦② ✈ ❤❧❛✈♥í♠ ♦❦♥➙ ♣r♦❣r❛♠✉ ❥s❡♠ ❦ ■♠♣♦rt ❇✉♥❞❧❡r ♣➦✐❞❛❧ ♠♦➸♥♦st ■♠♣♦rt
❱✐s✉❛❧❙❋▼✳ ❉á❧❡ ❥s❡♠ ✈②t✈♦➦✐❧ ♠❡t♦❞✉ ❧♦❛❞❙❝❡♥❡✭❙tr✐♥❣ ♣❛t❤✮ ❦t❡rá ❥❛❦♦ ♣❛r❛♠❡tr ♣➦✐❥í♠á
❝❡st✉ ❦ s♦✉❜♦r✉ s ✐♥❢♦r♠❛❝❡♠✐ ♦ ❦❛♠❡rá❝❤ ❛ ❜♦❞❡❝❤ ✭✧❜✉♥❞❧❡✳♦✉t✧♥❡❜♦ ✧❜✉♥❞❧❡✳r❞✳♦✉t✧✮ ❛
❥❡❥í ♦❜s❛❤ ❥❡ ❦♦♣✐í ♦❜s❧✉➸♥é ♠❡t♦❞② ♣r♦ ♥❛↔ítáí ❞❛t ③ ❇✉♥❞❧❡r✉✳ ◆②♥í ♦❜s❧✉❤❛ ♦❜♦✉ ●❯■ ❡❧❡✲
♠❡♥t➲ ✭■♠♣♦rt ❜✉♥❞❧❡r✱ ■♠♣♦rt ❱✐s✉❛❧❙❋▼✮ ✈♦❧á ❧♦❛❞❙❝❡♥❡✱ ❛❧❡ ❦❛➸❞á s ❥✐♥ý♠ ♣❛r❛♠❡tr❡♠✳
❚í♠t♦ ③♣➲s♦❜❡♠ ❥s❡♠ s❡ ✈②❤♥✉❧ ❞✉♣❧✐❝✐tá♠ ✈ ❦ó❞✉✳

❱ ❜✉❞♦✉❝♥✉ t✉❞í➸ ♠➲➸❡ ♥❛st❛t ♣r♦❜❧é♠✱ ♣♦❦✉❞ ❜② s❡ ③♠➙♥✐❧ ❢♦r♠át ✈ýst✉♣♥í❝❤ ❞❛t ✈
❥❡❞♥♦♠ ③ t➙❝❤t♦ ♣r♦❣r❛♠➲✳ ❱ t♦♠ ♣➦í♣❛❞➙ ❜✉❞❡ ♥✉t♥é ♦❜s❧✉❤✉ t➙❝❤t♦ ❡❧❡♠❡♥t➲ ♦♣➙t r♦③❞➙❧✐t✳

✹✳✷ ◆❡❥✈ý③♥❛♠♥➙❥sí ③♠➙♥② ✈ ❛♣❧✐❦❛❝✐

❩❡ ✈➨❡❝❤ ✐♠♣❧❡♠❡♥t♦✈❛♥ý❝❤ ✈➙❝í ❥s❡♠ ✈②❜r❛❧ ♣♦✉③❡ t② ↔ást✐✱ ❦t❡ré ✈ý③♥❛♠♥➙ ♦✈❧✐✈♥✐❧②
❢✉♥❦❝❡✱ ✈♥✐t➦♥í str✉❦t✉r② ♥❡❜♦ ✈③❤❧❡❞ ♣r♦❣r❛♠✉✳

✹✳✷✳✶ ❘❡♣r❡③❡♥t❛❝❡ ❤r❛♥✐❝❡ ♣❧♦❝❤②

❱②t✈♦➦✐❧ ❥s❡♠ t➦í❞✉ P♦✐♥t❇♦r❞❡r✱ ❦t❡rá r❡♣r❡③❡♥t✉❥❡ ❥❡❞❡♥ ❜♦❞ ❤r❛♥✐❝❡✳ ❚❡♥t♦ ❜♦❞ s✐
✉❝❤♦✈á✈á ✐♥❢♦r♠❛❝✐✱ ✈❡ ❦t❡rý❝❤ ❢♦t♦❣r❛✜í❝❤ ❜②❧ ③❛❞á♥ ❛ ♥❛ ❥❛❦ý❝❤ ♣♦③✐❝í❝❤ ❜②❧ ③❛❞á♥✳ ❚❛❦é
♠á ✐♥❢♦r♠❛❝✐ ❞♦ ❦t❡ré r♦✈✐♥② ❜✉❞❡ ♣r♦♠ítá♥✳ ❉á❧❡ t❛t♦ t➦í❞❛ ♦❜s❛❤✉❥❡ ♠❡t♦❞② ♣r♦ ♣r♦♠ítá♥í
❥❡❞♥♦t❧✐✈ý❝❤ ❤r❛♥✐↔♥í❝❤ ❜♦❞➲ ✐ ❥❡❥✐❝❤ ❦♦❧❡❦❝í ❞♦ r♦✈✐♥②✱ ♥❡❜♦ ♣r♦ ♣r♦♠ítá♥í tr♦❥r♦③♠➙r♥ý❝❤
❜♦❞➲ ❞♦ ❢♦t♦❣r❛✜í✳ ❉❛❧➨í♠✐ ♠❡t♦❞❛♠✐ ❥s♦✉ ♥❛♣➦í❦❧❛❞ ♠❡t♦❞② ♣r♦ ✈ý♣♦↔t② t❡①t✉r♦✈❛❝í❝❤
s♦✉➦❛❞♥✐❝✱ ♣➦✐❞á♥í ❞❛❧➨í❝❤ ❢♦t♦❣r❛✜í✱ ✈❡ ❦t❡rý❝❤ ❜②❧ ❜♦❞ ③❛❞á♥ ❛ ♣♦③✐❝✱ ♥❛ ❦t❡rý❝❤ ❜②❧ ③❛❞á♥✱
❛ t❛❦é ♦❞str❛➡♦✈á♥í t➙❝❤t♦ ✐♥❢♦r♠❛❝í✳

✹✺



❑❆P■❚❖▲❆ ✹✳ ■▼P▲❊▼❊◆❚❆❈❊

P➦✐ ♣r♦♠ítá♥í ❥❡ t❡♥t♦ ❤r❛♥✐↔♥í ❜♦❞ ♣r♦♠ít♥✉t ❞♦ r♦✈✐♥② ③❡ ✈➨❡❝❤ ❢♦t♦❣r❛✜í✱ ✈❡ ❦t❡rý❝❤ ❜②❧
③❛❞á♥✳ ❱ýs❧❡❞♥ý tr♦❥r♦③♠➙r♥ý ❜♦❞ ❥❡ ③ís❦á♥ ❥❛❦♦ t➙➸✐➨t➙ ♣r♦♠ít♥✉tý❝❤ ❜♦❞➲✳ P➦✐ ♦❜rá❝❡♥é♠
♣♦st✉♣✉✱ t❥✳ ♣➦✐ ♣r♦♠ítá♥í ❜♦❞✉ ❞♦ ❢♦t♦❣r❛✜❡✱ s❡ ♣♦✉➸✐❥❡ tr♦❥r♦③♠➙r♥ý ❜♦❞✱ ❦t❡rý ❥❡ ♥ás❧❡❞♥➙
♣r♦♠ít♥✉t ❞♦ ❢♦t♦❣r❛✜❡✳

✹✳✷✳✷ Pr♦♠ítá♥í ❜♦❞➲ ❦❛♠❡r♦✉

❚❛❦é ❜②❧♦ ♥❡③❜②t♥é ✈②t✈♦➦✐t ♥♦✈♦✉ ♠❡t♦❞✉ ♣r♦❥❡❝t✷❉P♦✐♥t✷ ✈❡ t➦í❞➙ P✐♥❤♦❧❡❈❛♠❡r❛✶✳
❚❛t♦ ♠❡t♦❞❛ ✈②t✈á➦í ③ ✷❉ ❜♦❞✉ ♣➦í♠❦✉✱ ❦❞❡ ♣➦í♠❦❛ ♦❞♣♦✈í❞á ♣r♦♠ít❛❝í♠✉ ♣❛♣rs❦✉ ✭✷✳✺✳✺✮✳

✹✳✷✳✸ ❱②t✈á➦❡♥í ❣❡♦♠❡tr✐❡ ♣❧♦❝❤

❱❡ t➦í❞➙ P❧❛♥❡✸❉✉t✐❧ ❥s❡♠ ❦ ♠❡t♦❞➙ ✜♥❞❇❡st❱✐s✉❛❧✐③❛t✐♦♥✹ ✈②t✈♦➦✐❧ ❞❛❧➨í ❞✈➙ ♠❡t♦❞②
♣❧❛♥❡❲✐t❤❇♦r❞❡r ❛ ♣❧❛♥❡❲✐t❤❇♦r❞❡r❆♥❞❊①tr✉s✐♦♥✳ ▼❡t♦❞❛ ♣❧❛♥❡❲✐t❤❇♦r❞❡r s❧♦✉➸í ❦ ✈②✲
t✈♦➦❡♥í ❣❡♦♠❡tr✐❡ ♣❧♦❝❤② ♦➦í③♥✉té ❤r❛♥✐❝í✳ ▼❡t♦❞❛ ♣❧❛♥❡❲✐t❤❇♦r❞❡r❆♥❞❊①tr✉s✐♦♥ s❧♦✉➸í ❦
✈②t✈♦➦❡♥í ❣❡♦♠❡tr✐í r❡♣r❡③❡♥t✉❥í❝í❝❤ tr♦❥r♦③♠➙r♥é t➙❧❡s♦ ✈②t✈♦➦❡♥é ③ ♣❧♦❝❤②✳ Pr✈♥í ③ t➙❝❤t♦
♠❡t♦❞ ♣r♦ s✈♦✉ ❢✉♥❦❝✐ ✈②➸❛❞✉❥❡✱ ❛❜② ❜②❧❛ ♣❧♦➨❡ ③❛❞á♥❛ ❤r❛♥✐❝❡ ③ ❛❧❡s♣♦➡ ✸ ❜♦❞➲✳ ❉r✉❤á ♠❡✲
t♦❞❛ ♥❛✈í❝ ✈②➸❛❞✉❥❡✱ ❛❜② ♠➙❧❛ ♣❧♦❝❤❛ ♥❛st❛✈❡♥② ❤♦❞♥♦t② ♣r♦ ✈②t✈♦➦❡♥í ✈❡❦t♦r✉ ♣♦s✉♥✉tí✭✈✐③✳
✷✳✽✳✶✮✳

❩ t➙❝❤t♦ t➦í ♠❡t♦❞ ❥❡ ✈ ♠❡t♦❞➙ r❡❝♦♥str✉❝tP❧❛♥❡ t➦í❞② ❙❡❣♠❡♥t❛t✐♦♥❲r❛♣♣❡r ✈②❜írá♥♦ ♥❛
③á❦❧❛❞➙ ❞❛t✱ ❦t❡rá ✉➸✐✈❛t❡❧ ③❛❞❛❧✳

✹✳✷✳✹ ❩♦❜r❛③❡♥í ♣❧♦❝❤ ✈ ✸❉ s❝é♥➙

❏❡❧✐❦♦➸ ♥②♥í ♣❧♦❝❤❛ ♥❡♠✉sí ❜ýt t✈♦➦❡♥❛ ♣♦✉③❡ ❥❡❞♥♦✉ ❣❡♦♠❡tr✐í✱ ❛❧❡ ♠➲➸❡ ③ ♥í ❜ýt ✈②t✈♦✲
➦❡♥♦ tr♦❥r♦③♠➙r♥é t➙❧❡s♦✱ ❜②❧♦ ♥❡③❜②t♥é ✉♣r❛✈✐t ♠❡t♦❞✉ ❝r❡❛t❡P❧❛♥❡ ✈❡ t➦í❞➙ ❈❙●✸❉✳ ◆②♥í
t❛t♦ ♠❡t♦❞❛✱ ♣♦❦✉❞ ❜②❧♦ ③ ♣❧♦❝❤② ✈②t✈♦➦❡♥♦ tr♦❥r♦③♠➙r♥é t➙❧❡s♦✱ ✈②t✈á➦í ✈➨❡❝❤♥② st➙♥② t♦✲
❤♦t♦ t➙❧❡s❛ ❛ ♣➦✐♣♦❥✉❥❡ ❥❡ ❦❡ ❣r❛❢✉ s❝é♥②✳

✹✳✷✳✺ ◆ástr♦❥❡ ♣➦✐❞❛♥é ❞♦ ❡❞✐t♦r✉

❉♦ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡ ❥s❡♠ ✈②t✈♦➦✐❧ ❦ ❡①✐st✉❥í❝í♠✉ ♥ástr♦❥✐ ♣r♦ ❦r❡s❧❡♥í ❞♦ ❢♦t♦❣r❛✜❡ t❛❦é
♥ástr♦❥❡ ♣r♦ ③❛❞á✈á♥í ❜♦❞➲ ❤r❛♥✐❝❡✱ ✉♣r❛✈♦✈á♥í ❜♦❞➲ ❤r❛♥✐❝❡✱ t❡①t✉r♦✈á♥í ♣❧♦❝❤② ❛ ✈②t✈á➦❡♥í
tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♣❧♦❝❤②✳

✹✳✷✳✻ ❩♠➙♥② ✈ ●❯■ ❡❞✐t♦r✉

❑✈➲❧✐ ♣➦✐❞á♥í ❞❛❧➨í❝❤ ♥ástr♦❥➲ ❞♦ ❡❞✐t♦r✉ ❜②❧♦ ♥❡③❜②t♥é ♣r♦✈ést ➦❛❞✉ ③♠➙♥ ✈ ●❯■ ❡❞✐t♦r✉✳
❉♦ ❤♦r♥í ❧✐➨t② ❥s❡♠ ♣➦✐❞❛❧ ♠♦➸♥♦st ③♠➙♥② ♣♦✉➸í✈❛♥é❤♦ ♥ástr♦❥❡✱ t❧❛↔ít❦♦ ♣r♦ ♦t❡①t✉r♦✈á♥í
♣rá✈➙ ✈②❜r❛♥é ♣❧♦❝❤② ❛ ♠♦➸♥♦st ③❛✜①♦✈❛t ♥❡❜♦ ✉✈♦❧♥✐t ❜♦❞ ✈❡ ❢♦t♦❣r❛✜✐ ✭❄❄✮✳

✶P➲✈♦❞♥í ♠❡t♦❞❛ ♣r♦❥❡❝t✷❉P♦✐♥t ♥❡♣r♦✈á❞➙❧❛ ♣r♦❥❡❦❝✐ t❛❦✱ ❥❛❦ s❡ ❞❛❧♦ ♦❞ ♠❡t♦❞② s tí♠t♦ ♥á③✈❡♠ ♦↔❡✲
❦á✈❛t✳ ❩ ❞➲✈♦❞✉✱ ➸❡ ❥❡ t❛t♦ ♠❡t♦❞❛ ♣♦✉➸í✈á♥❛ ✈ ❥✐♥ý❝❤ t➦í❞á❝❤✱ r♦③❤♦❞❧ ❥s❡♠ s❡ r❛❞➙❥✐ ✐♠♣❧❡♠❡♥t♦✈❛t ♥♦✈♦✉
♠❡t♦❞✉ ♠íst♦ ✉♣r❛✈♦✈á♥í stá✈❛❥í❝í ♠❡t♦❞②✳

✹✻



✹✳✷✳ ◆❊❏❱Ý❩◆❆▼◆❹❏❙❮ ❩▼❹◆❨ ❱ ❆P▲■❑❆❈■

❉á❧❡ ❥s❡♠ ♣➦✐❞❛❧ ♣♦str❛♥♥í ♣❛♥❡❧ ♣r♦ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛✳ ❚❡♥t♦ ♣❛♥❡❧ ♦❜s❛✲
❤✉❥❡ ❞✈❛ s❧✐❞❡r② ❛ ❥✐♠ ❞✈➙ ♦❞♣♦✈í❞❛❥í❝í t❡①t♦✈é ♣♦❧❡ ♣r♦ ♥❛st❛✈❡♥í ú❤❧➲✳ ❉á❧❡ ❥❡ ③❞❡ t❡①t♦✈é
♣♦❧❡ ♣r♦ ♥❛st❛✈❡♥í ✈❡❧✐❦♦st✐ ✈❡❦t♦r✉ ♣♦s✉♥✉tí✱ t❧❛↔ít❦♦ ♣r♦ ✈②t✈♦➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛
❛ t❛❦é t❧❛↔ít❦♦ ♣r♦ ♥❛st❛✈❡♥í ③á❦❧❛❞✉ ✈❡❦t♦r✉ ♣♦s✉♥✉tí ♥❛ ❛❦t✉á❧♥í ♥♦r♠á❧✉ ♣❧♦❝❤②✱ ❦t❡r♦✉
✉♣r❛✈✉❥❡♠❡✳

✹✳✷✳✼ ❖t❡st♦✈á♥í ❛ ú♣r❛✈❛ ❡❞✐t♦r✉

P♦ ♦t❡st♦✈á♥í ♥ástr♦❥❡ ♣r♦ ✈②t✈á➦❡♥í t➙❧❡s❛ ③ ♣❧♦❝❤② ❥s❡♠ ❥❡➨t➙ ♣➦✐❞❛❧ ❦ ♣♦str❛♥♥í♠✉
♣❛♥❡❧✉ ❝❤❡❝❦❇♦① ✧❛✉t♦✲❡①tr✉❞❡✧✳ P♦❦✉❞ ❥❡ ❝❤❡❝❦❇♦① ③❛➨❦rt♥✉t✱ ♣➦✐ ❥❛❦ý❝❤❦♦❧✐✈ ③♠➙♥á❝❤
♣r♦✈❡❞❡♥ý❝❤ ✈ ❦♦♠♣♦♥❡♥tá❝❤ ♣♦str❛♥♥í❤♦ ♣❛♥❡❧✉ ❥s♦✉ ③♠➙♥② ♦❦❛♠➸✐t➙ ❛♣❧✐❦♦✈á♥② ♥❛ tr♦❥✲
r♦③♠➙r♥é t➙❧❡s♦ ✈②t✈♦➦❡♥é ③ ♣❧♦❝❤②✳ ❚✉t♦ ③♠➙♥✉ ❥s❡♠ ♣r♦✈❡❞❧ ③ ❞➲✈♦❞✉✱ ➸❡ ♣♦❦✉❞ s❡ ✉➸✐✈❛t❡❧
s♥❛➸í ♥❛st❛✈✐t ♣➦❡s♥é ú❤❧②✱ ❛❧❡ ♥❡♠á ✈❡❧♠✐ ❞♦❜rý ♦❞❤❛❞✱ ❜✉❞❡ ♣♦t➦❡❜♦✈❛t ❛♣❧✐❦♦✈❛t t②t♦
③♠➙♥② ♥➙❦♦❧✐❦rát✳ ❯➸✐✈❛t❡❧ ❜② ♠✉s❡❧ ♣➦✐ ❦❛➸❞é tét♦ ③♠➙♥➙ st✐s❦♥♦✉t t❧❛↔ít❦♦✱ ❛❧❡ t♦ ❜② ❤♦
③♥❛↔♥➙ ③❞r➸♦✈❛❧♦ ✷✳

❖❜rá③❡❦ ✹✳✶✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ✉♣r❛✈❡♥é ♦❦♥♦ ❡❞✐t♦r✉ ❢♦t♦❣r❛✜❡✳

✹✳✷✳✽ ❖t❡st♦✈á♥í ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ♣❧♦❝❤②

P♦ ♦t❡st♦✈á♥í ♥ástr♦❥❡ ♣r♦ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥ý❝❤ t➙❧❡s ③ ♣❧♦❝❤② ❥s❡♠ s❡ r♦③❤♦❞❧ ❦
♣r♦✈❡❞❡♥í ❞r♦❜♥é ③♠➙♥② ✈ ●❯■ ♦❦♥❛ s ✸❉ s❝é♥♦✉✳ ❉♦ ●❯■ ❥s❡♠ ♣➦✐❞❛❧ ❝❤❡❝❦❇♦① ♦③♥❛↔❡♥ý
❥❛❦♦✧✇✐r❡❢r❛♠❡✧✳ ❩ár♦✈❡➡ ❥s❡♠ ♣r♦✈❡❞❧ ③♠➙♥✉ ✈ ♠❡t♦❞➙✱ ❦t❡rá ✈②t✈á➦í ✈③❤❧❡❞ ♦❜❥❡❦t✉✱ ❥❡♥➸
❜✉❞❡ ③♦❜r❛③❡♥ ✈❡ s❝é♥➙✳ P♦❦✉❞ ❥❡ ❝❤❡❝❦❇♦① ✈②❜rá♥✱ ✈➨❡❝❤♥② ♦❜❥❡❦t② ✭♣❧♦❝❤② ✐ tr♦❥r♦③♠➙r♥á
t➙❧❡s❛✮ ❜✉❞♦✉ ③♦❜r❛③♦✈á♥② ❥❛❦♦ ✇✐r❡❢r❛♠❡✸✳ ❑ t♦♠✉t♦ r♦③❤♦❞♥✉tí ♠➙ ✈❡❞❧ ❢❛❦t✱ ➸❡ ❥❡❧✐❦♦➸
✈❡ s❝é♥➙ ♥❡❥s♦✉ ➸á❞♥á s✈➙t❧❛ ❛ ✈➨❡❝❤♥② ♦❜❥❡❦t② ♠❛❥í ❦♦♥st❛♥t♥í ❜❛r✈✉✱ ❥❡ ♣♦♠➙r♥➙ ♦❜tí➸♥é

✷Pr♦ ❦❛➸❞♦✉ ③♠➙♥✉ ❜② ♠✉s❡❧ ✉➸✐✈❛t❡❧ ③♠➙♥✐t ♣♦③✐❝✐ ❦✉r③♦r✉✱ st✐s❦♥♦✉t t❧❛↔ít❦♦ ❛ ③♥♦✈✉ ✉♣r❛✈✐t ❤♦❞♥♦t✉✳
❚♦t♦ ❜② ♠✉ s♣♦t➦❡❜♦✈❛❧♦ ❤♦❞♥➙ ↔❛s✉ ♦❜②↔❡❥♥ý♠✐ ↔✐♥♥♦st♠✐✳

✸◆❡❥s♦✉ ✈②❦r❡s❧♦✈á♥② ♣❧♦❝❤②✱ ❛❧❡ ♣♦✉③❡ ❤r❛♥② t➙❧❡s❛✳

✹✼



❑❆P■❚❖▲❆ ✹✳ ■▼P▲❊▼❊◆❚❆❈❊

♦❞ s❡❜❡ r♦③❡③♥❛t ❥❡❞♥♦t❧✐✈é st➙♥② t➙❧❡s❛ ❛ ❤r❛♥② ♠❡③✐ ♥✐♠✐✱ ♥❡❜♦➫ ♠❛❥í ❦♦♥st❛♥t♥í ❜❛r✈② ✭✈
♣➦í♣❛❞➙✱ ➸❡ ♥❡❥s♦✉ t❡①t✉r♦✈á♥②✮✳ ❲✐r❡❢r❛♠❡ ♠ó❞ ✉♠♦➸➡✉❥❡ ✉➸✐✈❛t❡❧✐ ❧❡♣➨í ♦r✐❡♥t❛❝✐ ✈❡ s❝é♥➙
❛ ❥❡❞♥♦❞✉➨➨í ♥❛st❛✈❡♥í ✈❡❦t♦r✉ ♣♦s✉♥✉tí ♣r♦ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♣❧♦❝❤②✳

✹✳✸ ❚❡st♦✈á♥í

■ ❦❞②➸ t♦ ♥❡❜②❧♦ ✈ ③❛❞á♥í ♠é ♣rá❝❡✱ ♣r♦✈❡❞❧ ❥s❡♠ t❡st② s ✉➸✐✈❛t❡❧✐✳ ❚♦t♦ t❡st♦✈á♥í ❥s❡♠
♣r♦✈❡❞❧ s❡ t➦❡♠✐ ✉➸✐✈❛t❡❧✐ ❛ ❜②❧♦ ♥❡③❜②t♥é ✉♣r❛✈✐t ♣♦❞♠í♥❦② t❡st♦✈á♥í✳ ❯♣r❛✈❡♥í ♣♦❞♠í♥❡❦
❜②❧♦ ♥❡③❜②t♥é✱ ♥❡❜♦➫ ♣r♦❣r❛♠ ❥❡ ♣♦✉③❡ ❡①♣❡r✐♠❡♥tá❧♥í✳ ❱ ●❯■ ✈❡❧♠✐ ↔❛st♦ ❝❤②❜➙❥í ♣♦♣✐s❦②
t❧❛↔ít❡❦ ❛ ♥➙❦t❡ré ♥ástr♦❥❡ ③ ♣➲✈♦❞♥í ✈❡r③❡ ♣r♦❣r❛♠✉ ♠✉s❡❧② ❜ýt ✉➸✐✈❛t❡❧➲♠ ✈②s✈➙t❧❡♥②✳ ➆❧♦
♣➦❡❞❡✈➨í♠ ♦ t❡st♦✈á♥í✱ ③❞❛ ✉➸✐✈❛t❡❧ ❞♦❦á➸❡ ♥❛❥ít ❛ s♣rá✈♥➙ ♣♦✉➸ít ♥ástr♦❥❡ ♣➦✐❞❛♥é ✈ rá♠❝✐
tét♦ ♣rá❝❡✳ ❉❛❧➨í♠ ❝í❧❡♠ t❡st♦✈á♥í ❜②❧♦ ③❥✐st✐t✱ ❥❡st❧✐ ✉➸✐✈❛t❡❧é ❜✉❞♦✉ s❝❤♦♣♥✐ ❜❡③ ✈➙t➨í❝❤
♣r♦❜❧é♠➲ ♥ástr♦❥❡ ♣♦✉➸í✈❛t✱ ❦❞②➸ ✉➸ ❥❡ ✈②③❦♦✉➨❡❧✐ ❛ ✈➙❞í✱ ❥❛❦ ❢✉♥❣✉❥í✳ ❩❞❡ ➨❧♦ ♣➦❡❞❡✈➨í♠ ♦
♥ástr♦❥ ♣r♦ ✈②t✈á➦❡♥í tr♦❥r♦③♠➙r♥é❤♦ t➙❧❡s❛ ③ ♣❧♦❝❤② ❛ ♥ástr♦❥❡ ♣r♦ ú♣r❛✈② ✈❡❦t♦r✉ ♣♦s✉♥✉tí✳
❖↔❡❦á✈❛❧ ❥s❡♠✱ ➸❡ t❛t♦ ↔ást ❜② ♠♦❤❧❛ ❜ýt ③♥❛↔♥ý ♣r♦❜❧é♠ ♣r♦ ❧✐❞✐ s❡ ➨♣❛t♥♦✉ ♣r♦st♦r♦✈♦✉
♣➦❡❞st❛✈✐✈♦stí✹✳

✹✳✹ ❱ýs❧❡❞❦② t❡st♦✈á♥í

❱ tét♦ ❦❛♣✐t♦❧❡ ♣♦♣í➨✐ ♣r♦❧é♠② ♥❛❧❡③❡♥é ♣➦✐ t❡st♦✈á♥í ❛ t❛❦é ♥á✈r❤②✱ ❥❛❦ ❜② ❜②❧♦ ♠♦➸♥é
♣r♦❧é♠② ♦❞str❛♥✐t✳

✹✳✹✳✶ ✶✳ ♥á❧❡③ ✲ ❝②❦❧✐❝❦ý ✈ý❜➙r ♥ástr♦❥➲

Pr✈♥í♠ ♣r♦❜❧é♠❡♠✱ ♥❛ ❦t❡rý ✈➨✐❝❤♥✐ t➦✐ ✉➸✐✈❛t❡❧é ♥❛r❛③✐❧✐ ❜②❧♦ ❝②❦❧✐❝❦é ♣➦❡♣í♥á♥í ♥ástr♦❥✐
✭✸✳✷✳✶✮✳ P♦✉③❡ ❥❡❞✐♥ý ③ t❡st✉❥í❝í❝❤ ✉➸✐✈❛t❡❧➲ sá♠ ♣➦✐➨❡❧ ♥❛ t♦✱ ➸❡ ❥❡ ♠♦➸♥é ♥ástr♦❥❡ ♣➦❡♣í♥❛t✱
❛❧❡ ❥❡♥ ♣r♦t♦✱ ➸❡ ③❦♦✉➨❡❧ ✈➨❡❝❤♥❛ t❧❛↔ít❦❛ ♣r♦❣r❛♠✉ ❛❜② ✈➙❞➙❧✱ ❝♦ ❞➙❧❛❥í✳ ❑❞②➸ ✉➸ ✉➸✐✈❛t❡❧é ♦
❝②❦❧✐❝❦é♠ ♣➦❡♣í♥á♥í ✈➙❞➙❧✐✱ ❞♦❦á③❛❧✐ t❡♥t♦ ✈ý➙r ❜❡③ ♣r♦❜❧é♠➲ ♣♦✉➸ít✳

➄❡➨❡♥í♠ ♣r♦❜❧é♠✉ ❜② ♠♦❤❧♦ ❜ýt ♣➦✐❞á♥í t❧❛↔ít❡❦✱ ❦❞❡ ❦❛➸❞é♠✉ ♥ástr♦❥✐ ❜② ♦❞♣♦✈í❞❛❧♦
❥❡❞♥♦✳ ❉❛❧➨í ➦❡➨❡♥í✱ st❡❥♥➙ ♣r♦st♦r♦✈➙ ús♣♦r♥é ❥❛❦♦ ❝②❦❧✐❝❦ý ✈ý❜➙r✱ ❥❡ ♣♦✉➸✐tí ✧❞r♦♣❞♦✇♥
♠❡♥✉✧✳ ❚❛❦t♦ ❜② ✉➸✐✈❛t❡❧é ♠♦❤❧✐ s♥❛❞♥♦ ✈②❜r❛t ♥ástr♦❥ ✐ ✈ ♣➦í♣❛❞➙✱ ➸❡ ❜② ❥✐❝❤ ✈ ❜✉❞♦✉❝♥♦st✐
❜②❧♦ ✈➙t➨í ♠♥♦➸st✈í✳ ❩ár♦✈❡➡ ✈➙t➨✐♥❛ ✉➸✐✈❛t❡❧➲ ❥❡ ③✈②❦❧á ♥❛ ❦❧❛s✐❝❦é ✧❞r♦♣❞♦✇♥ ♠❡♥✉✧✺✱ ❝♦➸
❜② ❥❡ ❤♥❡❞ ✉♣♦③♦r♥✐❧♦ ♥❛ t♦✱ ➸❡ ③❞❡ ♠♦❤♦✉ ♥➙❝♦ ✈②❜ír❛t✳

✹✳✹✳✷ ✷✳ ♥á❧❡③ ✲ ❢♦t♦❣r❛✜❡

❙ tí♠t♦ ♣r♦❜❧é♠❡♠ s❡ s❡t❦❛❧✐ ✈➨✐❝❤♥✐ ✉➸✐✈❛t❡❧é✱ ❦t❡➦í ♣r♦❣r❛♠ t❡st♦✈❛❧✐✳ ❑❞②➸ ✉➸✐✈❛t❡❧
♣r❛❝✉❥❡ ✈❡ ✈í❝❡ ❢♦t♦❣r❛✜í❝❤✱ ♣➦❡❞❡✈➨í♠ ❦❞②➸ ③❛❞á✈á ❤r❛♥✐❝❡ ♣❧♦❝❤ ❛ ♥ás❧❡❞♥➙ ❥❡ ✉♣r❛✈✉❥❡
✈❡ ✈í❝❡ ❢♦t♦❣r❛✜í❝❤✱ ♣♦♠❛❧✉ ③❛↔♥❡ ③trá❝❡t ♣➦❡❤❧❡❞ ♦ t♦♠✱ ✈❡ ❦t❡ré ❢♦t♦❣r❛✜✐ ♥➙❝♦ ✉♣r❛✈✐❧✳
Pr♦❜❧é♠ ③♥❛↔♥➙ ③♣♦♠❛❧✉❥❡ ✉➸✐✈❛t❡❧❡ ♣➦✐ ♣rá❝✐✱ ❦❞②➸ s❝é♥❛ ♦❜s❛❤✉❥❡ ♥➙❦♦❧✐❦ ❞❡sít❡❦ ❢♦t♦❣r❛✜í
❛ ✉➸✐✈❛t❡❧ ✉♣r❛✈✉❥❡ ❞➦í✈❡ ③❛❞❛♥é ❜♦❞②✳

✹Pr♦t♦ ❥s❡♠ ✈♦❧✐❧ ♣r♦ t❡st♦✈á♥í ✉➸✐✈❛t❡❧❡✱ ❦t❡➦í ♠❛❥í s ♣r♦st♦r♦✈♦✉ ♣➦❡❞st❛✈✐✈♦stí ♣r♦❜❧é♠✳
✺❑❧❛s✐❝❦ý♠ ❥❡ ♠②➨❧❡♥♦ ❜➙➸♥é ③♦❜r❛③❡♥í✱ ❦❞❡ ❥❡ ✈❡❞❧❡ ✈②❜r❛♥é ♣♦❧♦➸❦② ③♦❜r❛③❡♥❛ ➨✐♣❦❛ s♠➙➦✉❥í❝í ❞♦❧➲✳

✹✽



✹✳✹✳ ❱Ý❙▲❊❉❑❨ ❚❊❙❚❖❱➪◆❮

❊❢❡❦t✐✈♥í♠ ➦❡➨❡♥í♠ t♦❤♦t♦ ♣r♦❜❧é♠✉ ❜② ❜②❧♦ ♦③♥❛↔♦✈á♥í ❢♦t♦❣r❛✜í ✈ ■♥❢♦ ♣❛♥❡❧✉✱ ♣♦❦✉❞
❜②❧♦ ❞♦ tét♦ ❢♦t♦❣r❛✜❡ ♥➙❝♦ ♣➦✐❞á♥♦✱ ♥❡❜♦ ✈ ♥í ❜②❧♦ ♥➙❝♦ ✉♣r❛✈❡♥♦✳

✹✳✹✳✸ ✸✳ ♥á❧❡③ ✲ ♣♦❤②❜ ✈❡ ✸❉ s❝é♥➙

❯➸✐✈❛t❡❧é ♠➙❧✐ ♣♦♠➙r♥➙ ✈❡❧✐❦ý ♣r♦❜❧é♠ s ♣♦❤②❜❡♠ ✈❡ ✸❉ s❝é♥➙✳ P➦❡❞❡✈➨í♠ ♣r♦❜❧é♠ s
r♦t♦✈á♥í♠ ♣♦❤❧❡❞♦✈é ❦❛♠❡r② ❦♦❧❡♠ st➦❡❞✉ s♦✉➦❛❞♥é s♦✉st❛✈② s❝é♥②✳ ❉❛❧➨í ♣r♦❜❧é♠ ❜②❧ ✈
t♦♠✱ ➸❡ s❡ ✉➸✐✈❛t❡❧➲♠ ↔❛st♦ ♦t♦↔✐❧❛ ❦❛♠❡r❛ ♣♦❞❧❡ ❥❡❥í ♦s② Z ❛ ✉➸✐✈❛t❡❧é ♥❡♠♦❤❧✐ ♣➦✐❥ít ♥❛ t♦✱
❥❛❦ ❦❛♠❡r✉ ♥❛t♦↔✐t ③♣➙t✳

❚❡♥t♦ ♣r♦❜❧é♠ ❜② ❜②❧♦ s♥❛❞♥é ✈②➦❡➨✐t tí♠✱ ➸❡ ❜② ✉➸✐✈❛t❡❧➲♠ ❜②❧♦ ✉♠♦➸♥➙♥♦ r♦t♦✈❛t ♣♦✲
❤❧❡❞♦✈♦✉ ❦❛♠❡r♦✉ ✈➲↔✐ st➦❡❞✉ ❥❡❥í s♦✉➦❛❞♥é s♦✉st❛✈②✳

✹✳✹✳✹ ✹✳ ♥á❧❡③ ✲ ♥ástr♦❥❡ ✈ ❡❞✐t♦r✉

❉✈❛ ③❡ t➦í t❡st✉❥í❝í❝❤ ✉➸✐✈❛t❡❧➲ ♠❡❧✐ ♣r♦❜❧é♠ ♣➦❡❞❡✈➨í♠ s tí♠✱ ➸❡ ♣➦✐ ❥❛❦é♠❦♦❧✐✈ ❦❧✐❦♥✉tí
❞♦ ❢♦t♦❣r❛✜❡ ❜②❧❛ ♣r♦✈❡❞❡♥❛ ♥➙❥❛❦á ↔✐♥♥♦st✳ ■ ❦❞②➸ s❡ s♥❛➸✐❧✐ ♣♦✉③❡ ❞♦st❛t ♦❦♥♦ s ❡❞✐t♦r❡♠
❞♦ ♣♦♣➦❡❞í✳ ❩ár♦✈❡➡ s❡ ✉➸✐✈❛t❡❧é s♥❛➸✐❧✐ ♣♦❤②❜♦✈❛t s ❢♦t♦❣r❛✜í ✈ ❡❞✐t♦r✉ ♣♦♠♦❝í ♠②➨✐ ♠íst♦
♣♦♠♦❝í ✧s❝r♦❧❧ ❜❛r➲✧✳

❚♦t♦ ❜② ❜②❧♦ ♠♦➸♥é ✈②➦❡➨✐t ♣➦✐❞á♥í♠ ♥❡✉trá❧♥í❤♦ ♥ástr♦❥❡✱ ❦t❡rý ♥❡❜✉❞❡ ❞➙❧❛t ♥✐❝ ♣➦✐
❦❧✐❦♥✉tí ❞♦ ❢♦t♦❣r❛✜❡✱ ♥❡❜♦ ❥❡➨t➙ ❧é♣❡ ♣➦✐❞á♥í♠ ♥ástr♦❥❡✱ ❦t❡rý ❞♦✈♦❧í ♣♦s✉♥ ❢♦t♦❣r❛✜❡ ♠②➨í✳

✹✳✹✳✺ ▼❡♥➨í ♣r♦❜❧é♠②

❷❡r♥é ♦③♥❛↔❡♥í ✈②❜r❛♥é❤♦ ❜♦❞✉ ♠➲➸❡ ❜ýt tr♦❝❤✉ ♠❛t♦✉❝í ♣r♦ ♥➙❦t❡ré ✉➸✐✈❛t❡❧❡✳ ❉✈❛ ③
t❡st✉❥í❝í❝❤ ✉➸✐✈❛t❡❧➲ s✐ ♠②s❧❡❧✐✱ ➸❡ ✈②❜r❛♥ý ❜♦❞ ❜②❧ ♦❞str❛♥➙♥✳ ❉á❧❡ ✉ ✈②❜r❛♥é❤♦ ❜♦❞✉ ♥❡♥í
♣♦③♥❛t✱ ③❞❛ ❥❡ ③❛❞á♥ ✈❡ ③♦❜r❛③❡♥é ❢♦t♦❣r❛✜✐✱ ♥❡❜♦ ③❞❛ ❥❡ ❞♦ ♥í ♣♦✉③❡ ♣r♦♠ítá♥✱ ❦❞②➸ ♥❡♥í
✈✐❞➙t ♦❦r❛❥ ❜♦❞✉✳

❯➸✐✈❛t❡❧é s❡ s♥❛➸✐❧✐ ❢♦t♦❣r❛✜✐ ✈ ❡❞✐t♦r✉ ③✈➙t➨♦✈❛t ❛ ③♠➙♥➨♦✈❛t ♣♦♠♦❝í ❦♦❧❡↔❦❛ ♠②➨✐✳ ❚♦
♣♦✉③❡ ③♣➲s♦❜♦✈❛❧♦ ♣♦s✉♥ ❢♦t♦❣r❛✜❡ ✈ ❡❞✐t♦r✉✳

◆ástr♦❥ ♣r♦ ③✈➙t➨♦✈á♥í ❛ ③♠➙♥➨♦✈á♥í ❢♦t♦❣r❛✜❡ ♠á ♥❛ ✈ý❜➙r ♣♦✉③❡ ✈❡❧♠✐ ♦♠❡③❡♥é ♠♥♦➸st✈í
❤♦❞♥♦t✳ ❚♦ ❜rá♥✐❧♦ ♣➦❡❞❡✈➨í♠ ♣➦✐ ③♠❡♥➨♦✈á♥í ❢♦t♦❣r❛✜❡ ❦ ♥❛st❛✈❡♥í ♣♦➸❛❞♦✈❛♥é ✈❡❧✐❦♦st✐✻✳
❚♦t♦ ❜② ❜②❧♦ ♠♦➸♥é ✈②➦❡➨✐t ③✈➙t➨♦✈á♥í♠ ❛ ③♠➙♥➨♦✈á♥í♠ ❢♦t♦❣r❛✜❡ ♣♦♠♦❝í ♦tá↔❡♥í ❦♦❧❡↔❦❛
♠②➨✐✱ ❦❞❡ ❜② s❡ ♣r♦❝❤á③❡❧♦ ✈➙t➨í ♠♥♦➸st✈í ❤♦❞♥♦t✳

✹✳✹✳✻ ❩á✈❡r t❡st♦✈á♥í

❱➨❡❝❤♥② ✈ý➨❡ ③♠í♥➙♥é ♥á❧❡③② ❜② ❜②❧♦ ✈❤♦❞♥é ✈ ❜✉❞♦✉❝♥✉ ♦❞str❛♥✐t✱ ❛❧❡ ➸á❞♥ý ③ ♥✐❝❤
♥❡♥í t❛❦ ✈á➸♥ý✱ ➸❡ ❜② ❜rá♥✐❧ ✈ ♣♦✉➸✐tí ❛♣❧✐❦❛❝❡✳

✻Pr♦ ❤♦❞♥♦t✉ ③✈➙t➨❡♥í ✵✳✷✺ ❜②❧❛ ❢♦t♦❣r❛✜❡ ❥❡➨t➙ ♣➦í❧✐➨ ✈❡❧✐❦á✱ ❛❧❡ ♣r♦ ❤♦❞♥♦t✉ ✵✳✶ ❜②❧❛ ❢♦t♦❣r❛✜❡ ✉➸ ♣➦í❧✐➨
♠❛❧á✳

✹✾
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❍❧❛✈♥í ♣r♦❜❧é♠✱ ❦t❡rý s❡ ✈②s❦②t❧✱ ❜②❧ t❡♥✱ ➸❡ ✉➸✐✈❛t❡❧é t❡st✉❥í❝í ♣r♦❣r❛♠ ♠➙❧✐ ♣r♦❜❧é♠
s♣♦❥✐t s✐ s♣rá✈♥ý ♥ástr♦❥ s ↔✐♥♥♦stí✱ ❦t❡r♦✉ ♠➙❧✐ ✈②❦♦♥❛t✳ ❚♦ ❜②❧♦ ✈ýr❛③♥➙ ♦✈❧✐✈♥➙♥♦ tí♠✱ ➸❡
✉➸✐✈❛t❡❧é ♥❡❜②❧✐ ♦❜❡③♥á♠❡♥✐ s ♣♦❥♠② ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ✧t❡①t✉r❛✧♥❡❜♦ ✧❡①tr✉❞❡✧✳ ❚❛❦é úr♦✈❡➡
❛♥❣❧✐↔t✐♥② ♥➙❦t❡rý❝❤ t❡st✉❥í❝í❝❤ ✉➸✐✈❛t❡❧➲ ♥❡❜②❧❛ ♣➦í❧✐➨ ✈②s♦❦á✳ ❚❛❦➸❡ ♥❡♥í ♠♦➸♥é ➦í❝✐✱ ➸❡ t❡♥t♦
♣r♦❜❧é♠ ❜②❧ ③♣➲s♦❜❡ ♣♦✉③❡ ♣r♦❣r❛♠❡♠✱ ❛❧❡ ❜②❧♦ ❜② ✈❤♦❞♥é s❡ ♥❛ ♥➙❥ ✈ ❜✉❞♦✉❝♥✉ ✈í❝❡ ③❛♠➙➦✐t
❛ ♣♦❞❧❡ t♦❤♦ ✉♣r❛✈✐t ●❯■✳ P➦❡❞❡✈➨í♠ ♥ástr♦❥❡ ♣r♦ r♦t❛❝✐ ❛ ③✈➙t➨❡♥í✴③♠➙♥➨❡♥í ❢♦t♦❣r❛✜❡
♥❡❥s♦✉ ♣♦♣sá♥② ✈➲❜❡❝ ❛ ♥ástr♦❥ ♣r♦ ♣➦✐❞á♥í ❞❛❧➨í❝❤ ♣❧♦❝❤ ❥❡ ♣♦♣sá♥ ✧P❧✧❝♦➸ ✉➸✐✈❛t❡❧✐✱ ❦t❡rý
s ♣r♦❣r❛♠❡♠ ❞➦í✈ ♥❡♣r❛❝♦✈❛❧✱ ♥✐❝ ♥❡➦❡❦♥❡✳

❇➙❤❡♠ t❡st♦✈á♥í ❜②❧♦ t❛❦é ③❥✐➨t➙♥♦✱ ➸❡ ❦❞②➸ ✉➸✐✈❛t❡❧é ♣➦✐➨❧✐ ♥❛ t♦✱ ❥❛❦ ♣♦✉➸í✈❛t ♥ástr♦❥
♣r♦ ✈②t✈á➦❡♥í ✸❉ t➙❧❡s❛ ③ ♣❧♦❝❤② ❛ ♥ástr♦❥ ♣r♦ ú♣r❛✈✉ ✈❡❦t♦r✉ ♣♦s✉♥✉tí✱ ✉➸ ❥✐♠ ♥❡❞➙❧❛❧♦
♣r❛❦t✐❝❦② ➸á❞♥ý ♣r♦❜❧é♠ s ❥❡❤♦ ♣♦✉➸✐tí♠✼✳

✼❑❞②➸ ✉➸✐✈❛t❡❧é ♣➦✐➨❧✐ ♥❛ ❛♥❛❧♦❣✐✐ ♠❡③✐ r♦t❛❝í ✈❡❦t♦r❡♠ ❛ ♣♦❤②❜❡♠ ❤❧❛✈② ✭✈✐③✳ ✸✳✺✳✸✮✱ ❞♦❦á③❛❧✐ ✉♣r❛✈✐t
s♠➙r ✈❡❦t♦r✉ ✈❡ ✈❡❧♠✐ ❦rát❦é♠ ↔❛s❡ ❜❡③ ❥❡❞✐♥é❤♦ ♣r♦❜❧é♠✉✳

✺✵



❑❛♣✐t♦❧❛ ✺

❩á✈➙r

Pr♦❣r❛♠ ♣➦❡❞tí♠ ✉♠♦➸➡♦✈❛❧ ✉➸✐✈❛t❡❧✐ ♣r♦❦❧á❞á♥í ♠♥♦➸✐♥ ❜♦❞➲ ♣❧♦❝❤❛♠✐ ❛ ♦➦❡③á✈á♥í
♣❧♦❝❤ ♠❡③✐ s❡❜♦✉✳ ❚♦t♦ ❜②❧♦ ✈❤♦❞♥é ♣r♦ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤é ♠♦❞❡❧② ❜✉❞♦✈✳ ◆②♥í ✉➸✐✈❛t❡❧
♠➲➸❡ ✈②t✈á➦❡t st➙♥② s ♣♦♠➙r♥➙ s❧♦➸✐tý♠✐ t✈❛r②✱ ❦t❡ré ❜✉❞♦✉ ♣➦❡s♥➙ ♦❞♣♦✈í❞❛t ❥❡❤♦ ♣➦á♥í♠✳
❉á❧❡ ♠➲➸❡ ♥❛ t②t♦ st➙♥② ❛♣❧✐❦♦✈❛t t❡①t✉r✉ ③ ❧✐❜♦✈♦❧♥é ❢♦t♦❣r❛✜❡✱ ❦t❡r♦✉ ♠á ❦ ❞✐s♣♦③✐❝✐ ✈❡
s❝é♥➙✳ ◆❛✈í❝ ❥❡ ✉➸✐✈❛t❡❧ s❝❤♦♣❡♥ ✈②t✈á➦❡t tr♦❥r♦③♠➙r♥é ♦❜❥❡❦t② ❦ r❡♣r❡③❡♥t❛❝✐ s❧♦➸✐t➙❥➨í❝❤
t✈❛r➲ ❥❛❦♦ ❥s♦✉ ➦í♠s②✱ s❧♦✉♣② ♥❡❜♦ st➦❡❝❤②✳ ❙ t➙♠✐t♦ ♥ástr♦❥✐ ✉➸ ❥❡ ✉➸✐✈❛t❡❧ s❝❤♦♣❡♥ ✈②t✈á➦❡t
♣♦♠➙r♥➙ s❧♦➸✐té ♦❜❥❡❦t② ❛ ❜✉❞♦✈② ✈ ❦rát❦é♠ ↔❛s❡✳ ❱➨❡❝❤♥② ♥ástr♦❥❡✱ ❦t❡ré ❜②❧② ❞♦ ♣r♦❣r❛♠✉
♣➦✐❞á♥② ❥s♦✉ ♣♦♠➙r♥➙ ❡❢❡❦t✐✈♥í✱ ❦❞②➸ ✉➸✐✈❛t❡❧ ✈í✱ ❥❛❦ ♥ástr♦❥❡ ❢✉♥❣✉❥í ❛ ❥❛❦ s ♥✐♠✐ ♣r❛❝♦✈❛t✳
❩ár♦✈❡➡ ♠♥♦➸st✈í ♣➦✐❞❛♥ý❝❤ ♥ástr♦❥➲ ♥❡♥í ✈❡❧✐❦é✱ t❛❦➸❡ ❜② ♥❡♠➙❧♦ ❞♦❥ít ❦ t♦♠✉✱ ➸❡ ❜② s❡
✉➸✐✈❛t❡❧ ✈ ❛♣❧✐❦❛❝✐ ③trá❝❡❧✳

✺✶
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❖❜rá③❡❦ ✺✳✶✿ ■❧✉str❛❝❡ ♣❧♦❝❤ s ❛♣❧✐❦♦✈❛♥ý♠✐ ❤r❛♥✐❝❡♠✐✳ ❱❧❡✈♦ ❥❡ ♠♦➸♥é ✈✐❞➙t ❢♦t♦❣r❛✜✐ s ❞❛t②
♣r♦ ✈②t✈♦➦❡♥í ♣❧♦❝❤ ❛ ❤r❛♥✐❝❡♠✐ ③❛❞❛♥ý♠✐ ♣r♦ ❥❡❞♥♦t❧✐✈é ♣❧♦❝❤②✳ ❱♣r❛✈♦ ❥❡ ✈✐❞➙t ✸❉ s❝é♥✉ s
♣❧♦❝❤❛♠✐ ♦➦í③♥✉tý♠✐ ♣♦❞❧❡ ❤r❛♥✐❝✳

❖❜rá③❡❦ ✺✳✷✿ ■❧✉str❛❝❡ ♦t❡①t✉r♦✈❛♥ý❝❤ ♣❧♦❝❤✳ ❱❧❡✈♦ ❥❡ ♠♦➸♥é ✈✐❞➙t ✸❉ s❝é♥✉ ♣➦❡❞ ❛♣❧✐❦♦✈á♥í♠
t❡①t✉r② ❛ ✈♣r❛✈♦ ❥❡ ♥❛ t♠❛✈➙♠♦❞r♦✉✱ ➸❧✉t♦✉ ❛ ③❡❧❡♥♦✉ ♦➦í③♥✉t♦✉ ♣❧♦❝❤✉ ❛♣❧✐❦♦✈á♥❛ t❡①t✉r❛
③ ❥❡❞♥é ③ ❢♦t♦❣r❛✜í✳ ❖➦í③♥✉té ♣❧♦❝❤② ❥s♦✉ s❝❤♦❞♥é s ♣❧♦❝❤❛♠✐ ③ ♦❜rá③❦✉ ✺✳✶✮✱ ❥❡♥ ❦❛➸❞á s✈é♥❛
❥❡ ③♦❜r❛③❡♥❛ ③ ❥✐♥é❤♦ ú❤❧✉✳✭❩❞❡ ❥❡ ❞♦❜➦❡ ✈✐❞➙t ❥❛❦ ✜❛❧♦✈á ♣❧♦❝❤❛ ♠á ♣♦❦❛➸❞é ❥✐♥ý s❦❧♦♥✱ t♦ ❥❡
③♣➲s♦❜❡♥♦ tí♠✱ ➸❡ ❜②❧② ♣❧♦➨❡ ♣➦✐➦❛③❡♥② ✐ ❜♦❞②✱ ❦t❡ré ❜② ❞♦ ♥í ♣❛t➦✐t ♥❡♠➙❧②✳ P❧♦❝❤❛ s❡ ♣♦té
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