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

❑❛t❡❞r❛ ♣♦↔ít❛↔♦✈é ❣r❛✜❦② ❛ ✐♥t❡r❛❦❝❡

❉✐♣❧♦♠♦✈á ♣rá❝❡

❙②sté♠ ♣r♦ ❛✉t♦♠❛t✐❝❦é s♥í♠á♥í ♣♦♠♦❝í ✸❉ ❧❛s❡r s❝❛♥♥❡r✉ ❛
❢♦t♦❛♣❛rát✉

P❡tr ❇❡rá♥❡❦

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

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

❖❜♦r✿ P♦↔ít❛↔♦✈á ❣r❛✜❦❛ ❛ ✐♥t❡r❛❦❝❡

✶✽✳ ❦✈➙t♥❛ ✷✵✶✼
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P♦❞➙❦♦✈á♥í

❩❞❡ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t ✈❡❞♦✉❝í♠✉ ♣rá❝❡✱ ■♥❣✳ ❉❛✈✐❞✉ ❙❡❞❧á↔❦♦✈✐✱ P❤✳❉✳✱ ③❛ ❦♦♥③✉❧t❛❝❡ ❛
❝❡♥♥é r❛❞②✳ ❉á❧❡ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t s✈é r♦❞✐♥➙ ③❛ ♣♦❞♣♦r✉ ❜➙❤❡♠ ❝❡❧é❤♦ ♠é❤♦ st✉❞✐❛ ❛
♣➦❡❞❡✈➨í♠ ✈ ❞♦❜➙ ♣s❛♥í tét♦ ♣rá❝❡✳
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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❡ ❙❉❑s ❢♦r ✸❉ s❝❛♥♥❡r ❱■❱■❉ ✾✐✱ ❝❛♠❡r❛ ❈❛♥♦♥ ❊❖❙ ✶✵✵❉
❛♥❞ ❝♦♥tr♦❧ ✉♥✐t ▼❆❘❙ ✷ ❛♥❞ ✉s❡ t❤❡♠ t♦ ✐♠♣❧❡♠❡♥t ❛♣♣❧✐❝❛t✐♦♥ t❤❛t ❛❧❧♦✇s s❝❛♥♥✐♥❣ ♦❢
✉s❡r ❞❡✜♥❡❞ ♦❜❥❡❝t ✉s✐♥❣ t❤✐s ❤❛r❞✇❛r❡✳ ❙❝❛♥♥❡r ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ ❣❡♦♠❡tr✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥✱
❝❛♠❡r❛ ✐s ❢♦r ❝♦❧♦r ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ▼❆❘❙ ✷ ✇✐t❤ t✉r♥t❛❜❧❡ ✐s t♦ ❡♥❛❜❧❡ ❡❛s② ❣❛t❤❡r✐♥❣ ♦❢
❞❛t❛ ❢r♦♠ ♠♦r❡ ❞✐r❡❝t✐♦♥s✳ ❚❤❡s✐s ❝♦♥t❛✐♥s ♣r♦❜❧❡♠ ❛♥❛❧②s✐s✱ ❞❡s✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢
❛♣♣❧✐❝❛t✐♦♥✳ ■♠♣♦rt❛♥t ♣❛rt ✐s t❤❡ t❡st✐♥❣ ♦❢ ❧✐❣❤t✬s ✐♥✢✉❡♥❝❡ ♦♥ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② s❝❛♥♥❡r✳
❚❤❡ r❡s✉❧t ✐s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✇❤✐❝❤ ❛❧❧♦✇s ✉s❡r t♦ ❝r❡❛t❡ ✸❉ ♠♦❞❡❧ ♦❢ s❝❛♥♥❡❞ ♦❜❥❡❝t ❛♥❞
❡①♣♦rt ✐t ✐♥ ❜✉♥❞❧❡ ♦r P▲❨ ❢♦r♠❛t✳

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

❆❜str❛❦t

❈í❧❡♠ tét♦ ♣rá❝❡ ❜②❧♦ ♥❛st✉❞♦✈❛t ❙❉❑ ❞♦❞á✈❛♥á ❦❡ ✸❉ s❦❡♥❡r✉ ❱■❱■❉ ✾✐✱ ❢♦t♦❛♣❛rát✉ ❈❛✲
♥♦♥ ❊❖❙ ✶✵✵❉ ❛ ➦í❞í❝í ❥❡❞♥♦t❝❡ ▼❆❘❙ ✷ ❛ ✈②✉➸ít ❥❡ ♣r♦ ✐♠♣❧❡♠❡♥t❛❝✐ ❛♣❧✐❦❛❝❡✱ ❦t❡rá ✉♠♦➸♥í
♥❛s❦❡♥♦✈á♥í ✉➸✐✈❛t❡❧❡♠ ③✈♦❧❡♥é❤♦ ♦❜❥❡❦t✉ s ♣♦✉➸✐tí♠ ③♠í♥➙♥ý❝❤ ③❛➦í③❡♥í✳ ❙❦❡♥❡r ✉♠♦➸➡✉❥❡
③ís❦á♥í ❣❡♦♠❡tr✐❝❦é ✐♥❢♦r♠❛❝❡✱ ❢♦t♦❛♣❛rát ③ís❦á♥í ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ❛ ♦t♦↔♥ý st♦❧❡❦ s ❥❡❞♥♦t✲
❦♦✉ ▼❆❘❙ ✷ ❥❡ ③❞❡ ♣r♦ ③❥❡❞♥♦❞✉➨❡♥í s❦❡♥♦✈á♥í ③ ✈í❝❡ str❛♥ ♦❜❥❡❦t✉✳ Prá❝❡ s❛♠♦t♥á ♦❜s❛❤✉❥❡
♣➦❡❞❡✈➨í♠ ❛♥❛❧ý③✉ ♣r♦❜❧é♠✉✱ ♥á✈r❤ ➦❡➨❡♥í ❛ ✐♠♣❧❡♠❡♥t❛❝✐ ❛♣❧✐❦❛❝❡ s♣♦❧✉ s t❡st♦✈á♥í♠ ✈❧✐✈✉
♦s✈➙t❧❡♥í ♥❛ ❞❛t❛ ③ís❦❛♥á s❦❡♥❡r❡♠✳ ❱ýs❧❡❞❦❡♠ tét♦ ♣rá❝❡ ❥❡ ❛♣❧✐❦❛❝❡✱ ❥❡➸ ✉♠♦➸➡✉❥❡ ✉➸✐✈❛t❡❧✐
✈②t✈♦➦❡♥í ♠♦❞❡❧✉ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ✈ ❜✉♥❞❧❡ ♥❡❜♦ P▲❨ ❢♦r♠át✉✳

❑❧í↔♦✈á s❧♦✈❛✿ ✸❉ s❝❛♥♥❡r✱ ✉➸✐✈❛t❡❧❡♠ ➦í③❡♥á ✸❉ r❡❦♦♥str✉❦❝❡✱ ❡①tr❛❦❝❡ t❡①t✉r✱ ♣♦↔ít❛✲
↔♦✈é ✈✐❞➙♥í✱ ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛
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❱ ❝❡❧é tét♦ ♣rá❝✐ s❡ ❜✉❞✉ ③❛❜ý✈❛t ♣➦❡❞❡✈➨í♠ ✸❉ s❦❡♥❡r❡♠ ❱■❱■❉ ✾✐✱ ❢♦t♦❛♣❛rát❡♠ ❈❛♥♦♥
❊❖❙ ✶✵✵❉ ❛ ♦t♦↔♥ý♠ st♦❧❦❡♠ s ➦í❞í❝í ❥❡❞♥♦t❦♦✉ ▼❆❘❙ ✷✳ ❱ ♥ás❧❡❞✉❥í❝í❝❤ ❦❛♣✐t♦❧á❝❤ s❡
❞♦↔t❡t❡ ♦ ♣♦♣✐s✉ ❥❡❞♥♦t❧✐✈ý❝❤ ③❛➦í③❡♥í✱ ♦ ❙❉❑✴❆P■ ❦ ♥✐♠ ♣♦s❦②t♦✈❛♥ý♠ ❛ t❛❦é ♦ ❛♥❛❧ý③❡
♣r♦❜❧é♠✉✱ ♥á✈r❤✉ ➦❡➨❡♥í✱ ✐♠♣❧❡♠❡♥t❛❝✐ ❛ t❡st♦✈á♥í ❛♣❧✐❦❛❝❡✱ ❦t❡rá ✉♠♦➸♥í s❦❡♥♦✈á♥í ♦❜❥❡❦t➲
s ♣♦✉➸✐tí♠ t➙❝❤t♦ ③❛➦í③❡♥í✳

✶✳✶ ❈í❧ ♣rá❝❡

❈í❧❡♠ ♠é ♣rá❝❡ ❥❡ ♥❛✈r❤♥♦✉t ❛ ✐♠♣❧❡♠❡♥t♦✈❛t ❛♣❧✐❦❛❝✐ ♣r♦ s❡♠✐✲❛✉t♦♠❛t✐❝❦é ♥❛s❦❡♥♦✈á♥í
♦❜❥❡❦t✉ s ♣♦♠♦❝í ✸❉ s❦❡♥❡r✉✱ ❢♦t♦❛♣❛rát✉ ❛ ♦t♦↔♥é❤♦ st♦❧❦✉✳ ❱ýst✉♣❡♠ s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉
❜✉❞❡ s❝é♥❛ ✈ ♥➙❦t❡ré♠ ③ ❜➙➸♥➙ ♣♦✉➸í✈❛♥ý❝❤ ❢♦r♠át➲✱ ❦t❡rá ✈③♥✐❦♥❡ s❧♦➸❡♥í♠ ❥❡❞♥♦t❧✐✈ý❝❤
s❦❡♥➲ ❞♦❤r♦♠❛❞②✳ ❚❛t♦ s❝é♥❛ ❜✉❞❡ ♦❜s❛❤♦✈❛t ♠r❛↔♥♦ ❜♦❞➲ ❛ ♠♦❞❡❧ ③ís❦❛♥ý ♣♦♠♦❝í s❦❡♥❡r✉✳
❩ár♦✈❡➡ t❡♥t♦ ♠♦❞❡❧ ❜✉❞❡ ♦t❡①t✉r♦✈á♥ ♣♦♠♦❝í ❢♦t♦❣r❛✜í ③ís❦❛♥ý❝❤ ❢♦t♦❛♣❛rát❡♠✳ ❉á❧❡ ♣➲❥❞❡
t❛❦é ♦ ♦✈➙➦❡♥í ✈❤♦❞♥♦st✐ ♦s✈➙t❧❡♥í ♣♦✉➸í✈❛♥é❤♦ ♣➦✐ s❦❡♥♦✈á♥í ❛ ♣➦í♣❛❞♥ý ♥á✈r❤ ③❧❡♣➨❡♥í✳

✶
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✷



❑❛♣✐t♦❧❛ ✷

▼♦t✐✈❛❝❡

❚❛t♦ ❛♣❧✐❦❛❝❡ ❥❡ ✈②✈í❥❡♥❛ ♣r♦ ❦♦♥❦rét♥í t②♣ ✸❉ s❦❡♥❡r✉ ❑♦♥✐❝❛ ▼✐♥♦❧t❛ ❱■❱■❉ ✾✐ ❬✷✵❪✳
❘♦③❧✐➨❡♥í t♦❤♦t♦ s❦❡♥❡r✉ ❥❡ 640× 480 ❜♦❞➲ ♣r♦ ❤❧♦✉❜❦♦✈♦✉ ♠❛♣✉✳

Pr♦ ❤❧♦✉❜❦♦✈♦✉ ♠❛♣✉ ❥❡ t♦t♦ r♦③❧✐➨❡♥í ✈❡❧♠✐ ✈②s♦❦é✱ ❛❧❡ st❡❥♥é r♦③❧✐➨❡♥í ❥❡ ✐ ♣r♦ ❜❛r❡✈♥♦✉
✐♥❢♦r♠❛❝✐✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ♣r♦ ❦❛➸❞ý ❜♦❞ ❤❧♦✉❜❦♦✈é ♠❛♣② ③ís❦á♠❡ ♣♦✉③❡ ❥❡❞❡♥ ♣✐①❡❧ ❜❛r❡✈♥é
✐♥❢♦r♠❛❝❡✳ Pr♦ ♠r❛↔♥♦ ❜♦❞➲ t♦ ♥❡♥í ♣r♦❜❧é♠✱ ❥❡❧✐❦♦➸ ❜♦❞ ♠á ♣♦✉③❡ ❥❡❞♥✉ s♣❡❝✐✜❝❦♦✉ ❜❛r✈✉✱
❛❧❡ ♣r♦ ♠♦❞❡❧ ✈②t✈♦➦❡♥ý ♥❛ t♦♠t♦ ♠r❛↔♥➙ ❜♦❞➲ ❥❡ ❜❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ♥❡❞♦st❛↔✉❥í❝í✱ ♣♦❦✉❞
❜② ❜②❧❛ ♣♦✉➸✐t❛ ❥❛❦♦ t❡①t✉r❛ ✭❚♦ ❜② ③♥❛♠❡♥❛❧♦✱ ➸❡ ♥❛ ❥❡❞❡♥ tr♦❥ú❤❡❧♥í❦ ♠♦❞❡❧✉ ❜② ♣➦✐♣❛❞❧②
♣♦✉③❡ t➦✐ ♣✐①❡❧②✳✮✳

❑ ✈②t✈á➦❡♥í ✈ýs❧❡❞♥é s❝é♥②✱ ❦t❡rá s❡ ❜✉❞❡ s❦❧á❞❛t ③ ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧✉✱ ❢♦t♦❣r❛✜í ❛
❦❛♠❡r✱ ❜✉❞❡ ♣♦✉➸✐t♦ ♥➙❦♦❧✐❦ ③❛➦í③❡♥í✳ ✸❉ s❦❡♥❡r ❦ ③ís❦á♥í ❤❧♦✉❜❦♦✈é ♠❛♣②✱ ③á❦❧❛❞♥í ❜❛r❡✈♥é
✐♥❢♦r♠❛❝❡ ❛ ✸❉ ♠♦❞❡❧✉✱ ❢♦t♦❛♣❛rát ♣r♦ ③ís❦á♥í ❞❡t❛✐❧♥í ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ❛ ♦t♦↔♥ý st♦❧❡❦✱
❦t❡rý ✉♠♦➸♥í s❜➙r ❞❛t ③ ✈í❝❡ str❛♥ ♦❜❥❡❦t✉✳
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❑❛♣✐t♦❧❛ ✸

❆♥❛❧ý③❛

❱ tét♦ ❦❛♣✐t♦❧❡ s❡ ❜✉❞✉ ③❛❜ý✈❛t ♣➦❡❞❡✈➨í♠ ❛♥❛❧ý③♦✉ ❥❡❞♥♦t❧✐✈ý❝❤ ③❛➦í③❡♥í✱ ③♣➲s♦❜❡♠
❥❡❥✐❝❤ ♦✈❧á❞á♥í✱ ❙❉❑ ❛ ♣r♦t♦❦♦❧➲ ♣r♦ ♣rá❝✐ s ♥✐♠✐✳ ❱ý③♥❛♠♥♦✉ ↔ástí ❥❡ ③❞❡ ✐ ❛♥❛❧ý③❛ ♣r♦❜❧é♠➲✱
❦t❡rý ♣♦t➦❡❜✉❥❡♠❡ ✈②➦❡➨✐t ✭◆❛s❦❡♥♦✈á♥í ❞❛t✱ s❧♦➸❡♥í s❝é♥②✳✮✳

✸✳✶ P♦✉➸✐tý ❤❛r❞✇❛r❡

✸✳✶✳✶ ✸❉ s❦❡♥❡r

✸❉ s❦❡♥❡r✱ ♣r♦ ❦t❡rý ❥❡ t❛t♦ ❛♣❧✐❦❛❝❡ ✈②✈í❥❡♥❛✱ ❥❡ ❱■❱■❉ ✾✐❬✷✵❪ ♦❞ ✜r♠② ❑♦♥✐❝❛ ▼✐♥♦❧t❛✳
❏❡ t♦ ❜❡③❦♦♥t❛❦t♥í ✸❉ s❦❡♥❡r ✈②✉➸í✈❛❥í❝í ❧❛s❡r♦✈ý ♣❛♣rs❡❦ ❛ ❦❛♠❡r✉ ♣r♦ ③ís❦á♥í ♠r❛↔♥❛ ❜♦❞➲
♦ r♦③♠➙r❡❝❤ 640×480 ✶✱ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ♦ ♣♦✈r❝❤✉ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ❛ tr♦❥r♦③♠➙r♥é❤♦
♠♦❞❡❧✉✳ ✸❉ s❦❡♥❡r ♠á ❥❛❦♦ ✈ýst✉♣ ❙❈❙■ ♣♦rt ❛ ♣r♦ ♣➦✐♣♦❥❡♥í ❦ ♣♦↔ít❛↔✐ ❥❡ ♥❡③❜②t♥é ♣♦✉➸✐tí
❦♦♥✈❡rt♦r✉ ③ ❙❈❙■ ♥❛ ❯❙❇❬✷✾❪✱ ♥❡❜♦➫ ✈➙t➨✐♥❛ ❜➙➸♥ý❝❤ ♣♦↔ít❛↔➲ ♥❡♠á ✈ ❞♥❡➨♥í ❞♦❜➙ s♥❛❞♥♦
♣➦íst✉♣♥ý ❙❈❙■ ♣♦rt✳

✸✳✶✳✷ ❋♦t♦❛♣❛rát

❋♦t♦❛♣❛rát✱ ♣r♦ ❦t❡rý ❥❡ ❛♣❧✐❦❛❝❡ ✈②✈í❥❡♥❛ ❥❡ ❊❖❙ ✶✵✵❉❬✶✺❪ ♦❞ ✜r♠② ❈❛♥♦♥✳ ❏❡ t♦ ❞✐❣✐tá❧♥í
③r❝❛❞❧♦✈❦❛ s r♦③❧✐➨❡♥í♠ ✶✽ ♠❡❣❛♣✐①❡❧➲ ✭r♦③❧✐➨❡♥í 5184×3456✮ ❛ ♣❛t➦í ♠❡③✐ ♠❡♥➨í ❢♦t♦❛♣❛rát②✳
❋♦t♦❛♣❛rát ❜✉❞❡ ❦ ♣♦↔ít❛↔✐ ♣➦✐♣♦❥❡♥ ♣➦í♠♦ ♣♦♠♦❝í ❯❙❇✳

✸✳✶✳✸ ❖t♦↔♥ý st♦❧❡❦

❙t♦❧❡❦ ❥❡ ♦✈❧á❞á♥ ♣♦♠♦❝í ➦í❞í❝í ❥❡❞♥♦t❦② ▼❆❘❙ ✷❬✷✼❪ ♦❞ ✜r♠② P✐❑❘❖◆ s✳r✳♦✳✳ ❚❛ ❥❡
✉r↔❡♥❛ ♣r♦ r❡❣✉❧❛❝✐ ♣♦❧♦❤② ❛➸ t➦í st❡❥♥♦s♠➙r♥ý❝❤ ♠♦t♦r➲ s ✐♥❦r❡♠❡♥tá❧♥í♠✐ ↔✐❞❧② ♣➦ír➲st❦✉
♣♦❧♦❤②❬✷✺❪✳ ❚❛t♦ ❥❡❞♥♦t❦❛ ♠á ❯❙❇ ♣♦rt ✉♠♦➸➡✉❥í❝í ❥❡❥í ♣➦✐♣♦❥❡♥í ❦ ♣♦↔ít❛↔✐ ❛ ❦♦♠✉♥✐❦✉❥❡ s❡
s ♥í ♣♦♠♦❝í sér✐♦✈é❤♦ ♣♦rt✉✳

✶❙❦❡♥❡r ❢✉♥❣✉❥❡ t❛❦✱ ➸❡ ③❡ s♣♦❞♥í ↔ást✐ s❦❡♥❡r✉ ❥❡ ✈②sí❧á♥ ❧❛s❡r♦✈ý ♣r✉❤ ✭❱ ♦r✐❣✐♥á❧✉ ♦③♥❛↔❡♥ ✧❧❛s❡r
str✐♣❡✧✳✮✳ ▲❛s❡r♦✈é ♣❛♣rs❦② s❡ ♦❞ ♣♦✈r❝❤✉ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ♦❞rá➸❡❥í ❛ ❥s♦✉ ③❛❝❤②❝❡♥② ❦❛♠❡r♦✉✱ ❦t❡ré ❥❡
✉♠íst➙♥❛ ♥❛❞ ♠íst❡♠✱ ♦❞❦✉❞ s❡ ♣❛♣rs❦② ✈②sí❧❛❥í✳ ◆ás❧❡❞♥➙ ❥❡ tr✐❛♥❣✉❧❛❝í ✈②♣♦↔t❡♥❛ ✐♥❢♦r♠❛❝❡ ♦ ❤❧♦✉❜❝❡✱ ❥❡
③ís❦á♥♦ ♠r❛↔♥♦ ❜♦❞➲ ✭❱❡ ③❜②t❦✉ ♣rá❝❡ ❜✉❞♦✉ ❥❡❞♥♦t❧✐✈é ♠r❛↔♥❛ ❜♦❞➲ ③ís❦á♥❛ ♣♦♠♦❝í ❥❡❞♥♦❤♦ s❦❡♥♦✈á♥í
♦③♥❛↔♦✈á♥❛ t❛❦é ❥❛❦♦ s❦❡♥②✳ ❚❡r♠í♥ s❦❡♥ ❜✉❞❡ ♦❜↔❛s t❛❦é ✈②✉➸í✈á♥ ♣r♦ ♠r❛↔♥♦ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧ ❞♦❤r♦♠❛❞②✱
❛❜② s❡ ♣➦❡❞❡➨❧♦ ♥❡✉stá❧é♠✉ r♦③❡♣✐s♦✈á♥í ✧♠r❛↔♥♦ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧✧✳ ✮ ❛ ✸❉ ♠♦❞❡❧✳
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❑❆P■❚❖▲❆ ✸✳ ❆◆❆▲Ý❩❆

❖❜rá③❡❦ ✸✳✶✿ ❋♦t♦❣r❛✜❡ s❦❡♥❡r✉ ❱■❱■❉ ✾✐✳❬✽❪

✸✳✷ ❖✈❧á❞á♥í ✸❉ s❦❡♥❡r✉

❑❡ ✸❉ s❦❡♥❡r✉ ❱■❉■❱ ✾✐ ✜r♠❛ ❑♦♥✐❝❛ ▼✐♥♦❧t❛ t❛❦é ♣♦s❦②t✉❥❡ ❙❉❑ ✭s♦❢t✇❛r❡ ❞❡✈❡✲
❧♦♣♠❡♥t ❦✐t✮✱ ❦t❡ré ✉♠♦➸➡✉❥❡ ❛♣❧✐❦❛❝✐✱ ❛❜② s❡ s❦❡♥❡r✉ ♣➦✐♣♦❥✐❧❛ ❛ ♦✈❧á❞❛❧❛ ❤♦✳ ❚♦t♦ ❙❉❑
♠á ✉r↔✐tá ♦♠❡③❡♥í✱ ❛❧❡ ❥❡❧✐❦♦➸ ❥❡ ❛♣❧✐❦❛❝❡ ✐♠♣❧❡♠❡♥t♦✈á♥❛ ♣r♦ t❡♥t♦ ❦♦♥❦rét♥í t②♣ s❦❡♥❡r✉
✭❱■❱■❉ ✾✐✮✱ ❜✉❞❡ ♥❡③❜②t♥é ♣➦✐③♣➲s♦❜✐t s❡ ♣♦➸❛❞❛✈❦➲♠ ❛ ❧✐♠✐t➲♠ ❥❡❥í❤♦ ❙❉❑✳

❙❉❑ ❥❡ ❞♦❞á✈á♥♦ s ❦♥✐❤♦✈♥❛♠✐ ❥❛❦ ♣r♦ ✸✷✲❜✐t♦✈♦✉ ✈❡r③✐ s②sté♠✉✱ t❛❦ ♣r♦ ✻✹✲❜✐t♦✈♦✉ ✈❡r③✐✱
❛❧❡ ❙❉❑ ❥❡ ✈ ❥❛③②❝❡ ❈✰✰✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❛♣❧✐❦❛❝❡ ❜✉❞❡ ♠✉s❡t ❜ýt ♣sá♥❛ ✈ ↔✐sté♠ ❈✰✰ ♥❡❜♦
♠➲➸❡ ❜ýt ✐♠♣❧❡♠❡♥t♦✈á♥❛ ♥❛♣➦í❦❧❛❞ ✈ ✳◆❊❚❬✷✹❪ ❢r❛♠❡✇♦r❦✉ s ♣♦✉➸✐tí♠ ✐ ❞❛❧➨í❝❤ ❥❛③②❦➲✱ ❥❛❦♦
❥❡ ♥❛♣➦í❦❧❛❞ ❈★✳

◆❡❥✈ýr❛③♥➙❥➨í ♦♠❡③❡♥í ❦❧❛❞❡♥é tí♠t♦ ❙❉❑ ❥❡ t♦✱ ➸❡ ✈②➸❛❞✉❥❡ ❤❧❛✈✐↔❦♦✈ý s♦✉❜♦r ✧✇✐♥✲
❞♦✇s✳❤✧❛ ♠♥♦❤♦ ❞❛❧➨í❝❤✱ ❦t❡ré ❥s♦✉ ♣➦❡s ✧✇✐♥❞♦✇s✳❤✧♣➦✐♣♦❥❡♥②✳ ❚♦ ❛♣❧✐❦❛❝✐ ♦♠❡③✉❥❡ ♣♦✉③❡
♥❛ ♣❧❛t❢♦r♠✉ ✇✐♥❞♦✇s✳ ▲③❡ ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ❙❉❑ ♣r♦ ❞❛❧➨í ♣❧❛t❢♦r♠② ♥❡♥í ♣❧á♥♦✈á♥♦✱ ♥❡❜♦➫
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✸✳✸✳ ❖❱▲➪❉➪◆❮ ❋❖❚❖❆P❆❘➪❚❯

❖❜rá③❡❦ ✸✳✷✿ ❋♦t♦❣r❛✜❡ s❛♠♦t♥é❤♦ s❦❡♥❡r✉ ❱■❱■❉ ✾✐ ❜❡③ tr✐♣♦❞✉✳❬✾❪

❱■❱■❉ ✾✐ ❥❡ s❦❡♥❡r ③ r♦❦✉ ✷✵✵✻ ❛ ♣♦s❧❡❞♥í ❛❦t✉❛❧✐③❛❝❡ ❙❉❑ ❛ ❥❡❤♦ ❞♦❦✉♠❡♥t❛❝❡ ❜②❧❛ ✈ r♦❝❡
✷✵✶✵✳

❑r♦♠➙ t♦❤♦ ❥❡➨t➙ ❙❉❑ ✈②➸❛❞✉❥❡ ♣r♦ ♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉✱ ❛❜② ❛♣❧✐❦❛❝❡ ❜➙➸❡❧❛ ✈ ❛❞♠✐♥✐strá✲
t♦rs❦é♠ r❡➸✐♠✉ ❛ ♠➙❧❛ ❦ ❞✐s♣♦③✐❝✐ ❦♥✐❤♦✈♥✉ ✇♥❛s♣✐✻✹✳❞❧❧ ✈ ✻✹✲❜✐t♦✈é ✈❡r③✐ ♥❡❜♦ ✇♥❛s♣✐✸✷✳❞❧❧
✈❡ ✸✷✲❜✐t♦✈é ✈❡r③✐✱ ♣♦❦✉❞ ❥❡ ♣➦✐♣♦❥❡♥❛ ♣♦♠♦❝í ❯❙❇✲❙❈❙■ ❦♦♥✈❡rt♦r✉✳

✸✳✸ ❖✈❧á❞á♥í ❢♦t♦❛♣❛rát✉

❑ ❢♦t♦❛♣❛rát✉ ❊❖❙ ✶✵✵❉ ✜r♠❛ ❈❛♥♦♥ ♣♦s❦②t✉❥❡ ❙❉❑❬✶✹❪✱ ❦t❡ré ✉♠♦➸➡✉❥❡ ❥❡❤♦ ♦✈❧á✲
❞á♥í✳ ❑r♦♠➙ ❊❖❙ ✶✵✵❉ ❙❉❑ ♣♦❞♣♦r✉❥❡ ✐ ♠♥♦❤♦ ❞❛❧➨í❝❤ ❢♦t♦❛♣❛rát➲ ③♥❛↔❦② ❈❛♥♦♥✱ t❛❦➸❡
❛♣❧✐❦❛❝❡ ♥❡♥í ❧✐♠✐t♦✈á♥❛ ♥❛ ❥❡❞❡♥ ❦♦♥❦rét♥í t②♣ ❢♦t♦❛♣❛rát✉✳ ❙❉❑ ❥❡ ✈ ❥❛③②❝❡ ❈✰✰ ❛ ♠á
✸✷✲❜✐t♦✈♦✉ ✈❡r③✐ ❛ ✻✹✲❜✐t♦✈♦✉ ✈❡r③✐✳ ❱ ✻✹✲❜✐t♦✈é ✈❡r③✐ ❥s♦✉ ✉♠♦➸♥➙♥② ♣♦✉③❡ ③á❦❧❛❞♥í ❢✉♥❦❝❡
❥❛❦♦ ③♣r❛❝♦✈á♥í ❢♦t♦❣r❛✜í ❛ r➲③♥é ❦♦♥✈❡r③❡ ❢♦r♠át➲✳ ❑♦♠✉♥✐❦❛❝❡ s ❢♦t♦❛♣❛rát❡♠ ✈ ✻✹✲❜✐t♦✈é
✈❡r③✐ ♥❡♥í ❛ ♠✉sí ❜ýt ✈②✉➸✐t❛ ✸✷✲❜✐t♦✈á ✈❡r③❡ ❙❉❑✳ ❚♦ ❦❧❛❞❡ ♥❛ ❛♣❧✐❦❛❝✐ ❞❛❧➨í ♦♠❡③❡♥í✱ t❥✳
♠✉sí t♦ ❜ýt ✸✷✲❜✐t♦✈á ❛♣❧✐❦❛❝❡✳ ❑r♦♠➙ t♦❤♦ ❙❉❑ ✈②➸❛❞✉❥❡✱ st❡❥♥➙ ❥❛❦♦ ❙❉❑ ♣r♦ s❦❡♥❡r✱
❤❧❛✈✐↔❦♦✈é s♦✉❜♦r② ✧✇✐♥❞♦✇s✳❤✧✳

✸✳✹ ❖✈❧á❞á♥í ♦t♦↔♥é❤♦ st♦❧❦✉

❖t♦↔♥ý st♦❧❡❦ ❥❡ ♦✈❧á❞á♥ ♣♦♠♦❝í ➦í❞í❝í ❥❡❞♥♦t❦② ▼❆❘❙ ✷ ♣➦✐♣♦❥❡♥é ❦ ♣♦↔ít❛↔✐✱ ❥❛❦ ❥✐➸
❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✶✳✸✳ ❑ ❥❡❞♥♦t❝❡ ▼❆❘❙ ✷ ♥❡♥í ♣♦s❦②t♦✈á♥♦ ➸á❞♥é ❙❉❑✱ ❛❧❡ ❥❡ s ♥í
♣➦í♠♦ ❦♦♠✉♥✐❦♦✈á♥♦ ♣➦❡s sér✐♦✈ý ♣♦rt ♣♦♠♦❝í s♣❡❝✐✜❝❦é❤♦ ♣r♦t♦❦♦❧✉❬✷✺❪✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡
❜✉❞❡ ♣♦t➦❡❜❛ ♥❛✐♠♣❧❡♠❡♥t♦✈❛t ✈❧❛st♥í ♦✈❧❛❞❛↔ ♣r♦ t✉t♦ ❥❡❞♥♦t❦✉ ♣r♦ ❧❡♣➨í ♠❛♥✐♣✉❧❛❝✐ s ♥í✳
◆❛ r♦③❞í❧ ♦❞ ♣➦❡❞❝❤♦③í❝❤ ③❛➦í③❡♥í t❡❞② ♦✈❧á❞á♥í ♦t♦↔♥é❤♦ st♦❧❦✉ ♥❡✈②➸❛❞✉❥❡ ♥✐❝✱ ❝♦ ❜② ♠♦❤❧♦
③♣➲s♦❜♦✈❛t ✈➙t➨í ♣r♦❜❧é♠② ❛ ♥❡❦❧❛❞❡ ♥❛ ❛♣❧✐❦❛❝✐ ➸á❞♥á ♦♠❡③❡♥í✳
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❖❜rá③❡❦ ✸✳✸✿ ❋♦t♦❣r❛✜❡ ❢♦t♦❛♣❛rát✉ ❈❛♥♦♥ ❊❖❙ ✶✵✵❉✳

✸✳✺ ❖♠❡③❡♥í ❦❧❛❞❡♥á ♥❛ ❛♣❧✐❦❛❝✐

P♦❞❧❡ ✐♥❢♦r♠❛❝í ③ ♣➦❡❞❝❤♦③í❝❤ ♦❞st❛✈❝➲ ✈②♣❧ý✈á✱ ➸❡ ❝♦ s❡ s♦❢t✇❛r♦✈ý❝❤ ♦♠❡③❡♥í tý↔❡✱
❛♣❧✐❦❛❝❡ ❜✉❞❡ ♠✉s❡t ❜ýt ✐♠♣❧❡♠❡♥t♦✈á♥❛ ❥❛❦♦ ❈✰✰ ♥❡❜♦ ✳◆❊❚ ❛♣❧✐❦❛❝❡ ♣♦✉③❡ ♣r♦ ✇✐♥❞♦✇s
❛ ♣➦❡❞❡✈➨í♠ ❥❡➨t➙ ✈❡ ✸✷✲❜✐t♦✈é ✈❡r③✐✳ ❩ ❤❛r❞✇❛r♦✈ý❝❤ ♣♦➸❛❞❛✈❦➲ ❥❡ ③❞❡ ♣♦✉③❡ t♦✱ ➸❡ ♣♦↔ít❛↔
♠✉sí ♠ít ❛❧❡s♣♦➡ t➦✐ ❯❙❇ ♣♦rt② ♣r♦ ♣➦✐♣♦❥❡♥í ✈➨❡❝❤ ③❛➦í③❡♥í✳

✸✳✻ ▼♦❞❡❧ ❦❛♠❡r②

❏❡❧✐❦♦➸ ❥❛❦ s❦❡♥❡r✱ t❛❦ ❢♦t♦❛♣❛rát ❥s♦✉ ✈ ♣♦❞st❛t➙ ❦❛♠❡r②✱ ♠✉sí♠❡ s✐ ③❞❡ ❦❛♠❡r✉ ❞❡✜♥♦✈❛t✳

✸✳✻✳✶ P✐♥❤♦❧❡ ❦❛♠❡r❛

❑❛♠❡r❛ ❥❡ ③❞❡ r❡♣r❡③❡♥t♦✈á♥❛ ❥❛❦♦ t❛❦③✈❛♥á ✧♣✐♥❤♦❧❡✧❦❛♠❡r❛✳ ❯✈❛➸✉❥❡♠❡ t❡❞②✱ ➸❡ ❦❛✲
♠❡r❛ ♥❡♠á ➸á❞♥♦✉ ↔♦↔❦✉ ❛ ❝❧♦♥❛ ♠á ✈ s♦❜➙ ♥❡❦♦♥❡↔♥➙ ♠❛❧ý ♦t✈♦r t❛❦♦✈ý✱ ➸❡ ③ ❦♦❤❡r❡♥t♥í❤♦
s✈❛③❦✉ ♣❛♣rs❦➲ ♣r♦❥❞❡ ♣♦✉③❡ ❥❡❞❡♥✷✳

✷❚♦ ③♥❛♠❡♥á✱ ➸❡ ♦t✈♦r ♣r♦♣✉stí ③ ❦❛➸❞é ♠♦➸♥é❤♦ s♠➙r✉ ♥❡❥✈ý➨❡ ❥❡❞❡♥ ♣❛♣rs❡❦✳
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✸✳✻✳ ▼❖❉❊▲ ❑❆▼❊❘❨

▼♦❞❡❧ ❦❛♠❡r②✱ ✈✐③ ♦❜rá③❡❦ ✸✳✹✱ ❢✉♥❣✉❥❡ t❛❦✱ ➸❡ ♠á♠❡ ❞❡✜♥♦✈❛♥ý ♣r♦st♦r L ✈ R
3 s ♦rt♦✲

♥♦r♠á❧♥í ♣r❛✈♦t♦↔✐✈♦✉ ❜á③í✸ s❦❧á❞❛❥í❝í s❡ ③ ✈❡❦t♦r➲ x✱ y ❛ z ❛ ♣♦↔át❦❡♠ O✳ ❚❡♥t♦ ♣r♦st♦r L
❜✉❞❡♠❡ ♥❛③ý✈❛t ❧♦❦á❧♥í♠ s♦✉➦❛❞♥ý♠ s②sté♠❡♠ ❦❛♠❡r②✳

◆②♥í s✐ ❞❡✜♥✉❥❡♠❡ ♦♣t✐❝❦♦✉ ♦s✉ o✱ ❝♦➸ ❥❡ ♣➦í♠❦❛ ✈ ♣r♦st♦r✉ L✱ ❛ ❜♦❞ S ✈ ♣r♦st♦r✉ L✱
❦t❡rý ♦③♥❛↔í♠❡ ❥❛❦♦ st➦❡❞ ❦❛♠❡r②✳ Pr♦ ❥❡❞♥♦❞✉❝❤♦st ❞❡✜♥✉❥♠❡✱ ➸❡ ♦♣t✐❝❦á ♦s❛ o ♣r♦❝❤á③í
♣♦↔át❦❡♠ O ❛ ❥❡❥í s♠➙r ✉r↔✉❥❡ ✈❡❦t♦r z✳ ❇♦❞ S ✉♠ístí♠❡ ❞♦ ♣♦↔át❦✉ O✳ ❚í♠ ❥s♠❡ ③ís❦❛❧✐ ♦s✉
o✱ ❦t❡rá ✉r↔✉❥❡ s♠➙r ♣♦❤❧❡❞✉ ❦❛♠❡r② ❛ ❜♦❞ S ♦❞♣♦✈í❞á ♦♥♦♠✉ ♥❡❦♦♥❡↔♥➙ ♠❛❧é♠✉ ♦t✈♦r✉ ✈
❝❧♦♥➙✳

❉á❧❡ ③❞❡ ♠á♠❡ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ a✱ ❝♦➸ ❥❡ r♦✈✐♥❛ ❦♦❧♠á ♥❛ ♦♣t✐❝❦♦✉ ♦s✉ o ❛ ❥❡ ✈❡ ✈③❞á✲
❧❡♥♦st✐ f ♦❞ ❜♦❞✉ S ✈❡ s♠➙r✉ ✈❡❦t♦r✉ z✳ ❱③❞á❧❡♥♦st f ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ③❛ ♦❤♥✐s❦♦✈♦✉
✈③❞á❧❡♥♦st✳

❑❛➸❞ý ♣➦✐❝❤á③❡❥í❝í ♣❛♣rs❡❦✱ ❦t❡rý ♣r♦❝❤á③í ♦t✈♦r❡♠ ✈ ❝❧♦♥➙ S✱ ♠✉sí ✈ ♥➙❥❛❦é♠ ❜♦❞➙ ♣r♦✲
t♥♦✉t✹ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ a✱ ❦❞❡ ✈②t✈á➦í ③ís❦❛♥ý ♦❜r❛③✳ ❚❡♥t♦ ♦❜r❛③✱ ✈③♥✐❦❛❥í❝í ♥❛ a✱ ❥❡ ♣➦❡✈rá✲
❝❡♥ý ♣♦❞❧❡ ♦s X ❛ Y ✳ P➦❡✈rá❝❡♥í ❥❡ ♣r♦ ♥ás ♥❡✈ý❤♦❞♥é✱ ❛ ♣r♦t♦ s✐ ✉❞➙❧á♠❡ ✉♣r❛✈❡♥ý ♠♦❞❡❧✱
✈✐③ ♦❜rá③❡❦ ✸✳✺✳ ❩❞❡ s✐ ♠➲➸❡♠❡ ♣➦❡❞st❛✈✐t ❥❡➨t➙ ❥❡❞♥✉ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ b✱ r♦✈♥♦❜➙➸♥♦✉ s a
❛ ✈❡ ✈③❞á❧❡♥♦st✐ f ♦❞ st➦❡❞✉ S✱ ❛❧❡ ✈ ♦♣❛↔♥é♠ s♠➙r✉✱ t❡❞② ✈❡ s♠➙r✉ ✈❡❦t♦r✉ −z✳ ❱ t♦♠t♦
♠♦❞❡❧✉ ♥❡❥s♦✉ ➸á❞♥é ↔♦↔❦②✱ ❦t❡ré ❜② ♣❛♣rs❦② ❧á♠❛❧②✱ ♣❛♣rs❦② ♣r♦❝❤á③❡❥í st➦❡❞❡♠ S ❛ r♦✈✐♥②
a ❛ b ❥s♦✉ ♣♦❞❧❡ S st➦❡❞♦✈➙ s♦✉♠➙r♥é✳ ❩ t♦❤♦ ✈②♣❧ý✈á✱ ➸❡ ✈ r♦✈✐♥➙ b ❜✉❞❡ ✈③♥✐❦❛t st❡❥♥ý
♦❜r❛③✱ ❥❛❦♦ ✈ r♦✈✐♥➙ a✱ ❛❧❡ ♥❡❜✉❞❡ ♣➦❡✈rá❝❡♥ ♣♦❞❧❡ ➸á❞♥é ③ ♦s✳ ❖❞ tét♦ ❝❤✈í❧❡ ❜✉❞❡♠❡ ③❛
✧♦❜r❛③♦✈♦✉ r♦✈✐♥✉✧♦③♥❛↔♦✈❛t ♣♦✉③❡ r♦✈✐♥✉ b✳

❏❡ ❞♦❜ré s✐ ♣♦✈➨✐♠♥♦✉t✱ ➸❡ ✈❡❧✐❦♦st ♦❜r❛③✉ ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ ❥❡ ♣➦í♠♦ ú♠➙r♥á ♦❤♥✐s❦♦✈é
✈③❞á❧❡♥♦st✐ f ✳ ❩✈➙t➨❡♥í f ③✈➙t➨í ✐ ♦❜r❛③✳ P♦❦✉❞ t❡❞② ➦❡❦♥❡♠❡✱ ➸❡ ♦❜r❛③ ♥❛ ♦❤♥✐s❦♦✈é r♦✈✐♥➙
♠á ❦♦♥st❛♥t♥í r♦③♠➙r②✱ ③♠➙♥② ✈ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ③♠➙♥í ✈❡❧✐❦♦st ❦ó♥✉s✉ ♣❛♣rs❦➲✱ ❦t❡rý
❜✉❞❡ ♠♦❝✐ ♣r♦❥ít st➦❡❞❡♠ S ❛ ♥❛➨í ♦❜❧❛stí ✈ ♦❜r❛③♦✈é r♦✈✐♥➙✳

✸✳✻✳✷ ▼❛t❡♠❛t✐❝❦á r❡♣r❡③❡♥t❛❝❡ ❦❛♠❡r②

❩ ❜♦❞✉ X✱ ❝♦➸ ❥❡ ♥➙❥❛❦ý ✸❉ ❜♦❞ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✱ ♣♦t➦❡❜✉❥❡♠❡ ③ís❦❛t ✷❉ ❜♦❞
U ✈ s♦✉➦❛❞♥✐❝í❝❤ ❢♦t♦❣r❛✜❡✳ Pr♦ t✉t♦ ♣r♦❥❡❦❝✐ ❥❡ ♥❡③❜②t♥é ♣♦✉➸ít ❤♦♠♦❣❡♥♥í s♦✉➦❛❞♥✐❝❡❬✷✽❪
❛ ✈ýs❧❡❞♥á ♣r♦❥❡❦❝❡ ❧③❡ ✈②❥á❞➦✐t ♥ás❧❡❞✉❥í❝í r♦✈♥✐❝í✳





Ux
Uy
1



 = P









Xx
Xy
Xz
1









Ux ❛ Uy ❥s♦✉ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít♥✉té❤♦ ❜♦❞✉ ✭❜♦❞ U✮ ✈➲↔✐ ❧❡✈é♠✉ ❤♦r♥í♠✉ ♦❦r❛❥✐ ❢♦t♦✲
❣r❛✜❡✱ Xx✱ Y y✱ Zz ❥s♦✉ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít❛♥é❤♦ ❜♦❞✉ ✭❜♦❞ X✮ ✈➲↔✐ s✈➙t♦✈é♠✉ s♦✉➦❛❞♥é♠✉

✸❇á③❡ s❡ s❦❧á❞á ③❡ t➦í ✈❡❦t♦r➲✱ ❦❞❡ ✈➨❡❝❤♥② t➦✐ ♠❛❥í ❥❡❞♥♦t❦♦✈♦✉ ✈③❞á❧❡♥♦st✱ ❥s♦✉ ♥❛ s❡❜❡ ❦♦❧♠é ❛ ✈❡❦t♦r♦✈ý
s♦✉↔✐♥ ♣r✈♥í❤♦ ❛ ❞r✉❤é❤♦ ✈❡❦t♦r✉ ❞á t➦❡tí ✈❡❦t♦r✳ x× y = z

✹❙❛♠♦③➦❡❥♠➙ ♣♦❦✉❞ ♣❛♣rs❡❦ ♥❡♥í ❦♦❧♠ý ♥❛ ♦♣t✐❝❦♦✉ ♦s✉✱ ✈ t♦♠ ♣➦í♣❛❞➙ ❥í ♥❡♣r♦t♥❡ ♥✐❦❞②✱ ❛❧❡ t❛❦♦✈ét♦
♣❛♣rs❦② ♥❡♣♦t➦❡❜✉❥❡♠❡✳

✾
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z

y

S o

a

p

{ f

P

A

❖❜rá③❡❦ ✸✳✹✿ ▼♦❞❡❧ ❦❛♠❡r② t②♣✉ ✧♣✐♥❤♦❧❡✧✳ S ✲ st➦❡❞ ❦❛♠❡r②✱ o ✲ ♦♣t✐❝❦á ♦s❛ ❦❛♠❡r②✱ y ✲
✈❡❦t♦r ❧♦❦á❧♥í❤♦ s②sté♠✉ ❦❛♠❡r② s♠➙➦✉❥í❝í ✈③❤➲r✉✱ z ✲ ✈❡❦t♦r ❧♦❦á❧♥í❤♦ s②sté♠✉ ❦❛♠❡r②✱ f
✲ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ a ✲ ♦❜r❛③♦✈á r♦✈✐♥❛✱ P ✲ ③♦❜r❛③♦✈❛♥ý ♦❜❥❡❦t✱ A ✲ ♦❜r❛③ ♦❜❥❡❦t✉ P
③♦❜r❛③❡♥ý ♥❛➨í ❦❛♠❡r♦✉ ♥❛ ♦❜r❛③ A ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ a✳ P❛♣rs❡❦ p ③♥á③♦r➡✉❥❡ ③♦❜r❛③❡♥í
❜♦❞✉✱ ❦t❡rý ♦❞♣♦✈í❞á ✈r❝❤♦❧✉ ♦❜❥❡❦t✉ P ❞♦ r♦✈✐♥② a✳

s②sté♠✉ ❛ P ❥❡ ♣r♦❥❡❦↔♥í ♠❛t✐❝❡ 3×4✳ ▼❛t✐❝✐ P ❥❡ ♠♦➸♥é r♦③❞➙❧✐t ♥❛ ♠❛t✐❝✐K ❛ E✱ ❦❞❡ ♠❛t✐❝✐
K ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ✈♥✐t➦♥í ♣❛r❛♠❡tr② ❦❛♠❡r②✺✭◆❡❜♦ t❛❦é ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r②✳✮
❛ ♠❛t✐❝✐ E ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ✈♥➙❥➨í ♣❛r❛♠❡tr② ❦❛♠❡r②✻ ✭♣ó③❛ ❦❛♠❡r②✮✳ ▼❛t✐❝❡ K ♠á
r♦③♠➙r② 3× 3✱ ♠❛t✐❝❡ E ♠á r♦③♠➙r② 3× 4 ❛ ♣❧❛tí✱ ➸❡ P = KE✳

P➦❡❞♣♦❦❧á❞❡❥♠❡✱ ➸❡ ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♥❡❞♦❝❤á③í ❦❡ ③❦♦s❡♥í ❢♦t♦❣r❛✜❡ ❛ ♠➲➸❡♠❡ ♠❛t✐❝✐ K
③❥❡❞♥♦❞✉➨✐t ❞♦ ♥ás❧❡❞✉❥í❝í❤♦ t✈❛r✉✳

K =





fx 0 Sx
0 fy Sy
0 0 1





❱ t♦♠t♦ ♣➦í♣❛❞➙ ♣❛r❛♠❡tr fx ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st✱ ❦t❡rá ❥❡ ✈②❥á❞➦❡♥❛ ✈ ❥❡❞♥♦t❦á❝❤
✈❡❧✐❦♦st✐ ♣✐①❡❧✉ ✈ ♦s❡ X✱ ♦❜❞♦❜♥➙ ❥❡ t♦♠✉ ✐ ♣r♦ fy✳ P♦❦✉❞ ❥s♦✉ ♣✐①❡❧② ↔t✈❡r❝♦✈é✱ t❛❦ ♣❧❛tí✱ ➸❡
fx = fy✳ ❍♦❞♥♦t② Sx ❛ Sy ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♦③♥❛↔✉❥í ♣♦③✐❝✐ ♣r➲s❡↔í❦✉ ♦♣t✐❝❦é ♦s② ❦❛♠❡r②
✈❡ ❢♦t♦❣r❛✜✐ ✭❱ ♥❛♣r♦sté ✈➙t➨✐♥➙ ♣➦í♣❛❞➲ ❥❡ t♦ st➦❡❞ ❢♦t♦❣r❛✜❡✳✮✳

▼❛t✐❝✐ E ♠➲➸❡♠❡ ✈②❥á❞➦✐t ❥❛❦♦ s❧♦➸❡♥í ♠❛t✐❝❡ R ❛ ✈❡❦t♦r✉ C ′✱ ❦❞❡ R ❥❡ r♦t❛↔♥í ♠❛t✐❝❡
3×3 ❛ C ′ ❥❡ tr♦❥r♦③♠➙r♥ý ✈❡❦t♦r✳ ❱❡❦t♦r C ′ ❛ ❥❡❤♦ ❥❡❞♥♦t❧✐✈é s❧♦➸❦② C ′x✱ C ′y ❛ C ′z ♦③♥❛↔✉❥í
s♦✉➦❛❞♥✐❝❡ ♣♦↔át❦✉ s✈➙t♦✈é s♦✉➦❛❞♥é s♦✉st❛✈② ✈ ❦❛♠❡r♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳ ▼➲➸❡♠❡ t❡❞②

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

✶✵
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A

❖❜rá③❡❦ ✸✳✺✿ ❘♦③➨í➦❡♥ý ♠♦❞❡❧ ❦❛♠❡r② t②♣✉ ✧♣✐♥❤♦❧❡✧♣♦st❛✈❡♥ý ♥❛ ♠♦❞❡❧✉ ✸✳✹✳ ❩❞❡ ❜②❧❛
♣➦✐❞á♥❛ ♦❜r❛③♦✈á r♦✈✐♥❛ b✱ ♥❛ ❦t❡ré s❡ ✈②t✈á➦í ♦❜r❛③ B ③♦❜r❛③♦✈❛♥é❤♦ ♦❜❥❡❦t✉ P ✳ ❖♣r♦t✐
♦❜r❛③✉ A✱ ♦❜r❛③ B ✉➸ ♥❡♥í ♣➦❡✈rá❝❡♥ ❛♥✐ ♣♦❞❧❡ ❥❡❞♥é ③ ♦s✳ ❉í❦② tr♦❥ú❤❡❧♥í❦♦✈é ♣♦❞♦❜♥♦st✐
❛ s②♠❡tr✐✐ b ❛ a ♣♦❞❧❡ S✱ A ✐ B s❡ ♥❡❧✐➨í ♥✐↔í♠ ❦r♦♠➙ ♣➦❡✈rá❝❡♥í ♦s✳

➦í❝✐✱ ➸❡ ❦ ❜♦❞✉ C ′ ❡①✐st✉❥❡ ❥❡➨t➙ ❜♦❞ C t❛❦♦✈ý✱ ➸❡ ♦③♥❛↔✉❥❡ ♣♦③✐❝✐ st➦❡❞✉ ❦❛♠❡r② ✈❡ s✈➙t♦✈ý❝❤
s♦✉➦❛❞♥✐❝í❝❤✱ ❛ ♣❧❛tí✱ ➸❡ C ′ = −RC✳

E =
[

R −RC
]

=
[

R C ′
]

❉➲❧❡➸✐té ❥❡ ③♠í♥✐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 E ❜✉❞❡ tr❛♥s❢♦r♠♦✲
✈á♥ ❞♦ s②sté♠✉ ❦❛♠❡r②✳ ◆ás❧❡❞♥➙ s❡ t❛❦t♦ tr❛♥s❢♦r♠♦✈❛♥ý ❜♦❞ ③❧❡✈❛ ✈②♥ás♦❜í ♠❛t✐❝í K ❛
tí♠ ③ís❦á♠❡ s♦✉➦❛❞♥✐❝❡ ♣r♦♠ít♥✉té❤♦ ❜♦❞✉ ✈❡ ❢♦t♦❣r❛✜✐✳

Pr♦❥❡❦↔♥í ♠❛t✐❝✐ P ♥❛❦♦♥❡❝ ③ís❦á♠❡ s❧♦➸❡♥í♠ ♠❛t✐❝ K ❛ R ❛ ✈❡❦t♦r✉ C t❛❦t♦✳

P =
[

KR | −KRC
]

✸✳✼ ❖❜❡❝♥ý ♣♦♣✐s ❢✉♥❦❝❡ ❛♣❧✐❦❛❝❡

✸✳✼✳✶ ❩❥❡❞♥♦❞✉➨❡♥ý ♣♦♣✐s ❝❡❧é❤♦ ♣r♦❝❡s✉

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ú✈♦❞✉ ✶✳✶✱ ❛♣❧✐❦❛❝❡ ♠á ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥✐t ♥❛s❦❡♥♦✈❛t ③✈♦❧❡♥ý
♦❜❥❡❦t✳ ❚♦ ❦♦♥❦rét♥➙ ③♥❛♠❡♥á✱ ➸❡ ❛♣❧✐❦❛❝❡ s ✈②✉➸✐tí♠ ③❛➦í③❡♥í ③♠í♥➙♥ý❝❤ ✈ ↔ást✐ ✸✳✶✱ t❥✳
s ✈②✉➸✐tí♠ ✸❉ s❦❡♥❡r✉✱ ❢♦t♦❛♣❛rát✉ ❛ ♦t♦↔♥é❤♦ st♦❧❦✉✱ ♠✉sí ❜ýt s❝❤♦♣♥❛ ♦❜st❛r❛t ♠r❛↔♥♦
❜♦❞➲ r❡♣r❡③❡♥t✉❥í❝í s❦❡♥♦✈❛♥ý ♦❜❥❡❦t✱ ❥❡❤♦ ✸❉ ♠♦❞❡❧ ❛ ❢♦t♦❣r❛✜❡✱ ❛ ③ár♦✈❡➡ t♦t♦ ✈➨❡❝❤♥♦
③ís❦❛t ③ ❝♦ ♥❡❥✈í❝❡ s♠➙r➲✳

✶✶
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◆ás❧❡❞♥➙ ❛♣❧✐❦❛❝❡ s❧♦➸í ③ís❦❛♥á ❞❛t❛ ❞♦❤r♦♠❛❞② ❞♦ ❥❡❞♥é s❝é♥②✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❥❡❞♥♦t✲
❧✐✈é s❦❡♥② ✭♠r❛↔♥❛ ❜♦❞➲✮ ❛ ✸❉ ♠♦❞❡❧②✱ ❦t❡ré ❜②❧② ③ís❦á♥② ♣♦st✉♣♥ý♠ s❦❡♥♦✈á♥í♠✱ ❜✉❞♦✉ ✈
♣r♦st♦r✉ ✉♠íst➙♥② t❛❦✱ ❛❜② ♥❛ s❡❜❡ ❝♦ ♥❡❥❧é♣❡ ♥❛✈❛③♦✈❛❧②✭❆❜② ✈ýs❧❡❞♥ý ♠♦❞❡❧ ❛ ✈ýs❧❡❞♥é
♠r❛↔♥♦ ❜♦❞➲ ❝♦ ♥❡❥♣➦❡s♥➙❥✐ r❡♣r❡③❡♥t♦✈❛❧② s❦❡♥♦✈❛♥ý ♦❜❥❡❦t✳✮✳ ❩ár♦✈❡➡ ❜✉❞❡ t➦❡❜❛ ♣r♦ ❦❛➸✲
❞♦✉ ❢♦t♦❣r❛✜✐ ③ís❦❛t ❝♦ ♥❡❥❧❡♣➨í ♦❞❤❛❞ ♣♦③✐❝❡✱ ❦❞❡ s❡ ✈ ♣r♦st♦r✉ ♥❛❝❤á③❡❧ ❢♦t♦❛♣❛rát✱ ❛ ❥❛❦á
❜②❧❛ ❥❡❤♦ ♦r✐❡♥t❛❝❡✱ ❦❞②➸ ❞❛♥♦✉ ❢♦t♦❣r❛✜✐ ♣♦➦✐③♦✈❛❧✳ ❚♦ ♥á♠ ✉♠♦➸♥í✱ ❛❜② t❡①t✉r❛ ✈②t✈á➦❡♥á
③ ❢♦t♦❣r❛✜❡ s♣rá✈♥➙ ♣❛s♦✈❛❧❛ ♥❛ ♠♦❞❡❧ ③ís❦❛♥ý ✸❉ s❦❡♥❡r❡♠✳

❱❡ ❝❤✈í❧✐✱ ❦❞② ❥s♦✉ ❞❛t❛ ♣♦➦í③❡♥á ✈ ♣r✈♥í♠ ❦r♦❦✉ s❧♦➸❡♥❛ ❞♦❤r♦♠❛❞② ❞♦ ❥❡❞♥é s❝é♥②✱ ✉➸
♥✐❝ ♥❡❜rá♥í ✈ t♦♠✱ ❛❜② ❜②❧❛ t❛t♦ s❝é♥❛ ✉❧♦➸❡♥❛✳ ▲③❡ ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ✉➸✐✈❛t❡❧ ❜✉❞❡ ❝❤tít ❞á❧❡
✈ýs❧❡❞♥♦✉ s❝é♥② ♥➙❥❛❦ý♠ ③♣➲s♦❜❡♠ ♣♦✉➸í✈❛t✱ t❛❦➸❡ ❜✉❞❡ ✈❤♦❞♥é ♣r♦ ❥❡❥í ✉❧♦➸❡♥í ③✈♦❧✐t ❥✐➸
♣♦✉➸í✈❛♥ý ❢♦r♠át ♣♦❞♣♦r♦✈❛♥ý ❞❛❧➨í♠✐ ❛♣❧✐❦❛❝❡♠✐✳

✸✳✼✳✷ ❩ís❦á♥í ❞❛t

❙❜➙r ❞❛t ♦ s❦❡♥♦✈❛♥é♠ ♦❜❥❡❦t✉ ❜✉❞❡ ❢✉♥❣♦✈❛t ♥❛ ❥❡❞♥♦❞✉❝❤é♠ ♣r✐♥❝✐♣✉ ✧♥❛s❦❡♥✉❥ ♦❜✲
❥❡❦t✧✱ ✧✈②❢♦t♦❣r❛❢✉❥ ♦❜❥❡❦t✧✱ ✧♦t♦↔ st♦❧❡❦✧✱ ✧♦♣❛❦✉❥ t♦❧✐❦rát✱ ❦♦❧✐❦rát ❥❡ t➦❡❜❛✧✳

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✶✳✶✱ ❙❉❑ ✸❉ s❦❡♥❡r✉ ✉♠♦➸➡✉❥❡ ♥❛s❦❡♥♦✈á♥í ♦❜❥❡❦t✉ ❛
♥ás❧❡❞♥é st❛➸❡♥í ❞❛t ❞♦ ♣♦↔ít❛↔❡✳ ❙❉❑ ✉♠♦➸➡✉❥❡ ③ís❦❛t ③❡ s❦❡♥❡r✉ ♠r❛↔♥♦ ❜♦❞➲✱ ♣♦❧②❣♦♥á❧♥í
✸❉ ♠♦❞❡❧ ✐ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐✳ ❱➨❡❝❤♥② t②t♦ t➦✐ t②♣② ❞❛t ❜✉❞❡♠❡ ❞á❧❡ ♣♦t➦❡❜♦✈❛t ♣r♦
s❡st❛✈❡♥í ✈ýs❧❡❞♥é s❝é♥②✳ ❈♦ s❡ tý↔❡ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡✱ t❛❦ t❛ ❥❡ ♣♦t➦❡❜❛ ♣➦❡❞❡✈➨í♠ ❥❛❦♦
❜❛r✈❛ ♣r♦ ✈r❝❤♦❧② ③ ♠r❛↔♥❛ ❜♦❞➲✳ ❯ ♠r❛↔♥❛ ❜♦❞➲ ♥á♠ ♥í③❦é r♦③❧✐➨❡♥í ❢♦t♦❣r❛✜❡ ♥❡✈❛❞í✱
♥❡❜♦➫ ❜✉❞❡♠❡ ♠ít ❥❡❞❡♥ ♣✐①❡❧ ♥❛ ❦❛➸❞ý ❜♦❞✱ ❝♦➸ ❥❡ ♥❛♣r♦st♦ ❞♦st❛t❡↔♥é✳

❉á❧❡ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ③ís❦❛t ❢♦t♦❣r❛✜✐ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉✳ ❑ t♦♠✉ ❜✉❞❡ ✈②✉➸✐t♦ ❙❉❑
❢♦t♦❛♣❛rát✉✱ ❦t❡ré ✉♠♦➸➡✉❥❡ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡ ❛ ❥❡❥í st❛➸❡♥í ❞♦ ♣♦↔ít❛↔❡✳ ◆ás❧❡❞♥➙ ❜✉❞❡
t➦❡❜❛ ♦t♦↔✐t st♦❧❦❡♠ ♦ ✉r↔✐tý ú❤❡❧✱ ❝♦➸ ③♥❛♠❡♥á✱ ➸❡ ♠✉sí♠❡ ✈②t✈♦➦✐t ♦✈❧❛❞❛↔ ♣r♦ st♦❧❡❦✱
❦t❡rý ✉♠♦➸♥í ❥❡❤♦ r♦t❛❝✐ ♦ ❦♦♥❦rét♥í ú❤❡❧✳

❑ ♣r♦✈❡❞❡♥í t♦❤♦t♦ ♣r♦❝❡s✉ ♣♦t➦❡❜✉❥❡♠❡ ③♥át✱ ❦❛♠ ✉❦❧á❞❛t ③ís❦❛♥á ❞❛t❛✱ ❦♦❧✐❦ s❦❡♥➲✴❢♦✲
t♦❣r❛✜í ♣r♦✈ést ❛ ♦ ❥❛❦ý ú❤❡❧ ♦tá↔❡t st♦❧❡❦✳

✸✳✼✳✸ P♦③✐❝❡ ❛ ♦r✐❡♥t❛❝❡ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉

❑ t♦♠✉✱ ❛❜②❝❤♦♠ ❜②❧✐ s❝❤♦♣♥✐ s❧♦➸✐t ✈ýs❧❡❞♥♦✉ s❝é♥✉✱ ❥❡ ♥❡③❜②t♥é ✈➙❞➙t✱ ❦❞❡ ✈ ♣r♦st♦r✉
❜②❧ s❦❡♥❡r✴❢♦t♦❛♣❛rát ✉♠íst➙♥ ✈➲↔✐ ♦t♦↔♥é♠✉ st♦❧❦✉ ❛ ❥❛❦á ❜②❧❛ ❥❡❥✐❝❤ ♦r✐❡♥t❛❝❡ ✭❉á❧❡ ❜✉❞♦✉
♣♦③✐❝❡ ❛ ♦r✐❡♥t❛❝❡ ❞❛♥é❤♦ ③❛➦í③❡♥í ♦③♥❛↔♦✈á♥② ❥❛❦♦ ❥❡❤♦ ♣ó③❛✳✮✳

❚♦ ❥❡ ♣♦♠➙r♥➙ ♣r♦❜❧❡♠❛t✐❝❦é✳ ❯ s❦❡♥➲ ❛ ✸❉ ♠♦❞❡❧➲ ♠á♠❡ ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ❦❞❡ s❡ ✈
♣r♦st♦r✉ ❥❡❞♥♦t❧✐✈é ❜♦❞② ♥❛❝❤á③❡❥í ❛ ❥❡❥✐❝❤ ♣♦③✐❝❡ ❥s♦✉ ✈ r❡á❧♥ý❝❤ ❥❡❞♥♦t❦á❝❤✱ ♣➦❡s♥➙❥✐ ✈
♠✐❧✐♠❡tr❡❝❤✳ P♦③✐❝❡ ❜♦❞➲ ❥❡ ♦✈➨❡♠ ✈ ❧♦❦á❧♥í♠ s♦✉➦❛❞♥é♠ s②sté♠✉ ❦❛♠❡r② ✭✸✳✻✮✳ ▲♦❦á❧♥í
s♦✉➦❛❞♥ý s②sté♠ ❦❛♠❡r② ❥❡ ❞❡✜♥♦✈á♥ t❛❦✱ ➸❡ ❦❛♠❡r❛ ❥❡ ✉♠íst➙♥❛ ❞♦ ♣♦↔át❦✉ t♦❤♦t♦ s②sté♠✉✱
❥❡❥í s♠➙r ✈③❤➲r✉ ❥❡ ✈❡ s♠➙r✉ ❦❧❛❞♥é ♦s② ❨ ❛ s♠➙r ♣♦❤❧❡❞✉ ❥❡ ✈ ③á♣♦r♥é♠ s♠➙r✉ ♦s② ❩✳ ❈♦

✶✷
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s❡ ❛❧❡ ♦r✐❡♥t❛❝❡ ❛ ♣♦③✐❝❡ ❦❛♠❡r② ✈➲↔✐ ♦t♦↔♥é♠✉ st♦❧❦✉ tý↔❡✱ ❥s♠❡ s❝❤♦♣♥✐ ♣♦✉③❡ ✉❞➙❧❛t
♦❞❤❛❞ ✈③❞á❧❡♥♦st✐ s❦❡♥❡r✉ ♦❞ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ✭❱③❞á❧❡♥♦st ♦❞ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉
♠➲➸❡♠❡ ③ís❦❛t ③ ✸❉ ♠♦❞❡❧✉ ♥❡❜♦ ♠r❛↔♥❛ ❜♦❞➲✳ Pr♦❜❧é♠ ❛❧❡ ❥❡✱ ➸❡ ✈ ♥❡❥❤♦r➨í♠ ♣➦í♣❛❞➙ s❡
♥❡♣♦❞❛➦í ♥❛♠➙➦✐t ✈➲❜❡❝ ➸á❞♥é ❜♦❞② ♣➦✐ s❦❡♥♦✈á♥í✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ s t➙♠✐t♦ ✐♥❢♦r♠❛❝❡♠✐
♥❡❧③❡ s♣♦❧❡❤❧✐✈➙ ♣r❛❝♦✈❛t✳✮✳ ❈♦ s❡ tý↔❡ ❢♦t♦❣r❛✜❡ ❛ ❢♦t♦❛♣❛rát✉✱ ③❞❡ ♥❡♠á♠❡ ✈➲❜❡❝ ➸á❞♥é
✐♥❢♦r♠❛❝❡ ♦ ❥❡❤♦ ♣ó③❡✳

❚♦t♦ ♣➦✐♥á➨í ③♥❛↔♥ý ♣r♦❜❧é♠✱ ♥❡❜♦➫ ❜❡③ t♦❤♦✱ ❛❜②❝❤♦♠ ③♥❛❧✐ ♣ó③② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛✲
rát✉ ✈➲↔✐ ♦t♦↔♥é♠✉ st♦❧❦✉✱ ♥❡❥s♠❡ s❝❤♦♣♥✐ s❦❡♥②✱ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡ s❧♦➸✐t ❞♦❤r♦♠❛❞② ❞♦
✈ýs❧❡❞♥é s❝é♥②✳

✸✳✼✳✹ ❉❡✜♥✐❝❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝

❏❡❧✐❦♦➸ ✈ r❡á❧♥é♠ s✈➙t➙ ♥❡♥í ❞❡✜♥♦✈á♥♦ ♥✐❝ ❥❛❦♦ s✈➙t♦✈ý s♦✉➦❛❞♥ý s②sté♠✱ ♠✉sí♠❡ s✐
❤♦ ③❛❞❡✜♥♦✈❛t✳ ▼á♠❡ t➦✐ ③❛➦í③❡♥í ✭✸❉ s❦❡♥❡r✱ ❢♦t♦❛♣❛rát ❛ ♦t♦↔♥ý st♦❧❡❦✮ ✈ ♣r♦st♦r✉ ❛
❜❡③ s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ♠➲➸❡♠❡ ♣r❛❝♦✈❛t ❥❡♥ s ♣♦③✐❝❡♠✐ ❛ ♦r✐❡♥t❛❝❡♠✐ ❥❡❞♥♦❤♦
③❛➦í③❡♥í ✈➲↔✐ ❥✐♥é♠✉✱ t❥✳ ✈ ❥❡❥✐❝❤ ❧♦❦á❧♥í❝❤ s②sté♠❡❝❤✳

Pr♦t♦ s✐ ❞❡✜♥✉❥❡♠❡ s✈➙t♦✈ý s♦✉➦❛❞♥ý s②sté♠ ❥❛❦♦ ♦rt♦♥♦r♠á❧♥í tr♦❥r♦③♠➙r♥ý ♣r❛✈♦t♦↔✐✈ý
s②sté♠✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ♥á➨ s♦✉➦❛❞♥ý s②sté♠ ❜✉❞❡ ♠ít t➦✐ ❜á③♦✈é ✈❡❦t♦r②✱ ❦t❡ré ❥s♦✉ ♥❛ s❡❜❡
♥❛✈③á❥❡♠ ❦♦❧♠é ❛ ✈➨❡❝❤♥② ✈❡❦t♦r② ♠❛❥í st❡❥♥♦✉ ❞é❧❦✉✳ ❉é❧❦✉ ♣r♦ ❜á③♦✈é ✈❡❦t♦r② ③✈♦❧í♠❡ ✈
r❡á❧♥ý❝❤ ❥❡❞♥♦t❦á❝❤✱ ❛❜②❝❤♦♠ ♠➙❧✐ s♥❛❞♥♦ ✉r↔✐t❡❧♥ý ✈③t❛❤ ♠❡③✐ tí♠t♦ s②sté♠❡♠ ❛ r❡á❧♥ý♠
s✈➙t❡♠✳ Pr♦ ♣➦❡❤❧❡❞♥♦st ❛ ❥❡❞♥♦❞✉❝❤♦st ❞❡✜♥✉❥❡♠❡ ❞é❧❦✉ ❦❛➸❞é❤♦ ③ ❜á③♦✈ý❝❤ ✈❡❦t♦r➲ ❥❛❦♦
❥❡❞❡♥ ♠❡tr✳ ❱ rá♠❝✐ ❦♦♥✈❡♥❝í ❛ ♣r♦ ③❥❡❞♥♦❞✉➨❡♥í ♦r✐❡♥t❛❝❡✱ ♦③♥❛↔í♠❡ ❜á③♦✈é ✈❡❦t♦r② ❥❛❦♦
✈❡❦t♦r② x✱ y ❛ z ✈ t♦♠t♦ ♣♦➦❛❞í ❛ t②t♦ ❜á③♦✈é ✈❡❦t♦r② ❞❡✜♥✉❥í ♦s② X✱ Y ❛ Z✱ ❦t❡ré ❥s♦✉
❞❡✜♥♦✈á♥② ♣♦↔át❦❡♠ ♥❛➨❡❤♦ s②sté♠✉ ❛ ❥❡❞♥♦t❧✐✈ý♠✐ ❜á③♦✈ý♠✐ ✈❡❦t♦r②✳

Pr♦ ③❥❡❞♥♦❞✉➨❡♥í s❦❧á❞á♥í s❦❡♥➲✱ ♠♦❞❡❧➲ ❛ ❢♦t♦❣r❛✜í ❞♦❤r♦♠❛❞②✱ ❞❡✜♥✉❥♠❡ ♣♦↔át❡❦ s✈➙✲
t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❥❛❦♦ ❜♦❞✱ ❦❞❡ s❡ ♥❛❝❤á③í ♣r➲♥✐❦ ♣❧♦❝❤② ♦t♦↔♥é❤♦ st♦❧❦✉ s ♦s♦✉✱
♣♦❞❧❡ ❦t❡ré ♦t♦↔♥ý st♦❧❡❦ r♦t✉❥❡✳ ❉á❧❡ ❞❡✜♥✉❥♠❡✱ ➸❡ ♦s❛ r♦t❛❝❡ ♦t♦↔♥é❤♦ st♦❧❦✉ ❥❡ ♦s❛ Y
♥❛➨❡❤♦ s✈➙t♦✈é❤♦ s②sté♠✉ s♦✉➦❛❞♥✐❝✳

❚♦ ③♥❛♠❡♥á✱ ➸❡ ♣♦❦✉❞ ❞♦❦á➸❡♠❡ s♣♦↔ít❛t ♣ó③✉ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ✈ t♦♠t♦ s♦✉➦❛❞♥é♠
s②sté♠✉✱ s♣rá✈♥é ✉♠íst➙♥í ❥❡❞♥♦t❧✐✈ý❝❤ s❦❡♥➲✱ ♠♦❞❡❧➲ ❛ ❢♦t♦❣r❛✜í ❜✉❞❡ ✈②➦❡➨❡♥♦ ❥❡❞♥♦❞✉✲
❝❤♦✉ r♦t❛❝í ♦❜❥❡❦t➲ ♣♦❞❧❡ s✈➙t♦✈é ♦s② ❨ ♦ ❞❛♥ý ú❤❡❧✳

✸✳✼✳✺ ❘❡❦♦♥str✉❦❝❡ ♣ó③②

❚í♠ s❡ ❞♦stá✈á♠❡ ❦ ♣r♦❜❧é♠✉✱ ❥❛❦ ❥❡❞♥♦t❧✐✈é ♣ó③② ✈➲❜❡❝ ③ís❦❛t✳ ❚é♠❛ r❡❦♦♥str✉❦❝❡
♣ó③② ♥❡♣❛t➦í ♠❡③✐ tr✐✈✐á❧♥í ♣r♦❜❧é♠② ♣♦↔ít❛↔♦✈é❤♦ ✈✐❞➙♥í ❛ ❡①✐st✉❥í r➲③♥é ♠❡t♦❞②✱ ❥❛❦ ♣ó③②
r❡❦♦♥str✉♦✈❛t✳ ❑❛➸❞á ♠❡t♦❞❛ ♠á s❛♠♦③➦❡❥♠➙ r➲③♥♦✉ ♣➦❡s♥♦st ✈ýs❧❡❞❦➲ ❛ ✈②➸❛❞✉❥❡ ❥✐♥á
✈st✉♣♥í ❞❛t❛✳
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z
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Os

ys

xs

-zs

Oc

yc

xc

-zc

❖❜rá③❡❦ ✸✳✻✿ ❙♦✉➦❛❞♥é s②sté♠② s❦❡♥❡r✉✱ ❢♦t♦❛♣❛rát✉ ❛ ♦t♦↔♥é❤♦ st♦❧❦✉ ✭s✈➙t♦✈ý s♦✉➦❛❞♥ý
s②sté♠✮✳ ❇♦❞ O ❛ ✈❡❦t♦r② x✱ y ❛ z ❞❡✜♥✉❥í s✈➙t♦✈ý s♦✉➦❛❞♥ý s②sté♠✳ ❇♦❞ Oc ❛ ✈❡❦t♦r② xc✱
yc ❛ zc ❞❡✜♥✉❥í ❧♦❦á❧♥í s♦✉➦❛❞♥ý s②sté♠ ❢♦t♦❛♣❛rát✉ ❛ ❜♦❞ Os s ✈❡❦t♦r② xs✱ ys ❛ zs ❞❡✜♥✉❥í
❧♦❦á❧♥í s♦✉➦❛❞♥ý s②sté♠ s❦❡♥❡r✉✳ ❱❡❧✐❦♦st✐ ❜á③♦✈ý❝❤ ✈❡❦t♦r➲ ✈ ✐❧✉str❛❝✐ ♥❡♦❞♣♦✈í❞❛❥í ❥❡❥✐❝❤
s❦✉t❡↔♥ý♠ r♦③♠➙r➲♠✳ ❱❡❦t♦r② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❜② ♠➙❧② ♠ít ❞é❧❦✉ ❥❡❞❡♥ ♠❡tr
❛ ✈❡❦t♦r② ♦❜♦✉ ❧♦❦á❧♥í❝❤ s②sté♠➲ ❜② ♠➙❧② ♠➙➦✐t ❥❡❞❡♥ ♠✐❧✐♠❡tr✳

❇✉❞❡ t➦❡❜❛ r❡❦♦♥str✉♦✈❛t ♣ó③✉ ❥❛❦ ♣r♦ ✸❉ s❦❡♥❡r✱ t❛❦ ♣r♦ ❢♦t♦❛♣❛rát ❛ ♦❜➙ ❞✈➙ ♣ó③② ♠✉sí
❜ýt ✈③❤❧❡❞❡♠ ❦ ♦t♦↔♥é♠✉ st♦❧❦✉✳ ◆❡♠á♠❡ ✈➸❞② ③❛r✉↔❡♥♦✱ ➸❡ s❦❡♥❡r ❞♦❦á➸❡ ♥❛♠➙➦✐t ♥➙❥❛❦é
❜♦❞②✱ ♣r♦t♦ ♥❛ ♥➙ ♥❡♠➲➸❡♠❡ ♣➦✐ r❡❦♦♥str✉❦❝✐ s♣♦❧é❤❛t✳

❱➙❝✱ ❦t❡r♦✉ s♣♦❧✉ ♠❛❥í s❦❡♥❡r ✐ ❢♦t♦❛♣❛rát s♣♦❧❡↔♥é✱ ❥❡ ❢❛❦t✱ ➸❡ ♦❜➙ ③❛➦í③❡♥í ❥s♦✉ ❦❛♠❡r②✳
❖❜➙ ③❛➦í③❡♥í ✉♠♦➸➡✉❥í ✉r↔✐tý♠ ③♣➲s♦❜❡♠ ③❛③♥❛♠❡♥❛t ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ❛ ③ t♦❤♦ ✉➸ ♠➲✲
➸❡♠❡ ✈②❝❤á③❡t ♣➦✐ r❡❦♦♥str✉❦❝✐ ♣ó③②✳

Pr♦ r❡❦♦♥str✉❦❝✐ ♣ó③② ③ ❢♦t♦❣r❛✜í ❡①✐st✉❥❡ ➦❛❞❛ ❛❧❣♦r✐t♠➲✱ ❦t❡ré s❡ ❧✐➨í ♣♦❞❧❡ ♣➦í♣❛❞✉✱ ✈❡
❦t❡ré♠ s❡ ❞❛❥í ✈②✉➸ít ❛ ♣♦❞❧❡ t♦❤♦✱ ❦♦❧✐❦ ✐♥❢♦r♠❛❝í ✉➸ ③♥á♠❡✳ ❱➙t➨✐♥❛ t➙❝❤t♦ ❛❧❣♦r✐t♠➲ ✈②✲
❝❤á③í ③ t♦❤♦✱ ➸❡ ♠á♠❡ ✈❡ ❢♦t♦❣r❛✜✐ ③❛❝❤②❝❡♥② ♥➙❥❛❦é ✈ý③♥❛♠♥é ❜♦❞② ✈ ♣r♦st♦r✉✳ Pr♦❥❡❦❝❡
t➙❝❤t♦ ❜♦❞➲ ❞♦ ❢♦t♦❣r❛✜í ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ❦❧í↔♦✈é ❜♦❞②✳ ❚②t♦ ❦❧í↔♦✈é ❜♦❞② ❥❡ ♠♦➸♥é
③ís❦❛t ✈í❝❡ ③♣➲s♦❜②✳ ◆❡❥❥❡❞♥♦❞✉➨➨í♠ ③♣➲s♦❜❡♠ ❥❡ ♥❡❝❤❛t ✉➸✐✈❛t❡❧❡✱ ❛❜② t②t♦ ❜♦❞② ③❛❞❛❧ sá♠✳
❉❛❧➨í ♠♦➸♥♦stí ❜② ❜②❧♦ ✈②✉➸ít ♥➙❦t❡rý ③ ❛❧❣♦r✐t♠➲ ♣r♦ ❛✉t♦♠❛t✐❝❦é ❤❧❡❞á♥í ❦❧í↔♦✈ý❝❤ ❜♦❞➲✱
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❝♦➸ ❥❡ ♦✈➨❡♠ ♣♦❦r♦↔✐❧❡❥➨í♠ té♠❛t❡♠ ♣♦↔ít❛↔♦✈é❤♦ ✈✐❞➙♥í✳ Pr♦t♦ s❡ s♣♦❦♦❥í♠❡ s tí♠✱ ➸❡ ✉➸✐✲
✈❛t❡❧ ❦❧í↔♦✈é ❜♦❞② ❞♦ ❢♦t♦❣r❛✜í ③❛❞á r✉↔♥➙✳ ❆❜②❝❤♦♠ ❞♦❦á③❛❧✐ ③ís❦❛t ♣ó③✉ ✈❡ s✈➙t♦✈ý❝❤
s♦✉➦❛❞♥✐❝í❝❤✱ ♠✉sí♠❡ ♠ít ♥➙❥❛❦♦✉ ✐♥❢♦r♠❛❝✐ ♦ ✈③t❛❤✉ ❦❛♠❡r② ❛ s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é♠✉ s②s✲
té♠✉✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ❜② ❜②❧♦ ♥❡❥❥❡❞♥♦❞✉➨➨í✱ ❦❞②❜②❝❤♦♠ ③♥❛❧✐ ♣♦③✐❝❡ ❦❧í↔♦✈ý❝❤ ❜♦❞➲ ✈❡
s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳

✸✳✼✳✻ ❑❛❧✐❜r❛↔♥í ♦❜❥❡❦t

◆❡❥❥❡❞♥♦❞✉➨➨í♠ ➦❡➨❡♥í♠ t♦❤♦t♦ ♣r♦❜❧é♠✉ ❜② ❜②❧♦ ♣♦✉➸✐tí ♥➙❥❛❦é❤♦ s♣❡❝✐✜❝❦é❤♦ ♦❜❥❡❦t✉✱
❦t❡rý ❜✉❞❡ ♠ít ❥❡❞♥♦❞✉❝❤ý t✈❛r✱ ❥❡❤♦ ✈❡❧✐❦♦st ❜✉❞❡ s♥❛❞♥é ③♠➙➦✐t ❛ ❜✉❞❡ ♠ít ✈ýr❛③♥é r②s②✱
♥❛ ❦t❡rý❝❤ ♣➲❥❞❡ s♥❛❞♥♦ r♦③♣♦③♥❛t ❦❧í↔♦✈é ❜♦❞②✳ ◆❡❥❥❡❞♥♦❞✉➨➨í ❛ ♥❡❥❧❡♣➨í ♦❜❥❡❦t ♣r♦ t❡♥t♦
♣➦í♣❛❞ ❜② ❜②❧❛ ❦r②❝❤❧❡✳ ❏❡❥í t✈❛r ❥❡ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤ý ❛ ❜➙➸♥ý ✭❙❡❤♥❛t ♦❜❥❡❦t ✈❡ t✈❛r✉
❦r②❝❤❧❡ ❜② ♥❡♠➙❧ ❜ýt ♣r♦❜❧é♠✳✮ ❛ ♠á ✽ ✈r❝❤♦❧➲❀ ③ ♥✐❝❤ ❥❡ ♠♦➸♥é ✈ ❞❛♥♦✉ ❝❤✈í❧✐ ✈✐❞➙t ✼ ♥❛rá③✱
❦❞②➸ s❡ ③✈♦❧í s♣rá✈♥é ♥❛t♦↔❡♥í✳ Pr♦ t➙❝❤t♦ ✼ ❦❧í↔♦✈ý❝❤ ❜♦❞➲ ❜② ❜②❧♦ ♣♦♠➙r♥➙ s♥❛❞♥é ③❛❞❛t
s♦✉➦❛❞♥✐❝❡ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳ P♦❦✉❞ ❜②❝❤♦♠ ✉♠íst✐❧✐ ♦❜❥❡❦t ♥❛ ♦t♦↔♥ý st♦❧❡❦ t❛❦✱
➸❡ ❜② ❥❡❞❡♥ ③ ✈r❝❤♦❧➲ ❧❡➸❡❧ ♣➦❡s♥➙ ♥❛ ♣♦③✐❝✐✱ ❦❞❡ ♦s❛ r♦t❛❝❡ st♦❧❦✉ ♣r♦tí♥á ❥❡❤♦ ♣❧♦❝❤✉✱ t❡♥t♦
✈r❝❤♦❧ ❜②❝❤♦♠ ♦③♥❛↔✐❧✐ s♦✉➦❛❞♥✐❝❡♠✐ [0, 0, 0]✳ ❉í❦② ♣r❛✈♦ú❤❧♦st✐ ❦r②❝❤❧❡ ❜② ❞❛❧➨í ✈r❝❤♦❧✱ t❡♥
♥❛❞ ✈r❝❤♦❧❡♠ ✈❡ st➦❡❞✉ st♦❧❦✉✱ ❜②❧ ♦③♥❛↔❡♥ s♦✉➦❛❞♥✐❝❡♠✐ [0, A, 0]✱ ❦❞❡ A ♦③♥❛↔✉❥❡ ❞é❧❦✉
❤r❛♥② ❦r②❝❤❧❡✳ ❉❛❧➨í❝❤ ♣➙t ✈r❝❤♦❧➲ ❜②❝❤♦♠ ♦③♥❛↔✐❧✐ ♦❜❞♦❜♥ý♠ ③♣➲s♦❜❡♠✳

✸✳✼✳✼ ❩♥á♠é ♣❛r❛♠❡tr② ❦❛♠❡r

❱♦❧❜❛ ❛❧❣♦r✐t♠✉ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③② ③á❧❡➸í t❛❦é ♥❛ t♦♠✱ ❥❛❦é ✐♥❢♦r♠❛❝❡ ♠á♠❡ ♦ ❦❛♠❡➦❡✳
❖❜❡❝♥➙ ♣❧❛tí✱ ↔í♠ ♠é♥➙ t♦❤♦ ③♥á♠❡✱ tí♠ ✈í❝❡ ❜♦❞➲ ❜✉❞❡♠❡ ❦ r❡❦♦♥str✉❦❝✐ ♣♦t➦❡❜♦✈❛t✳

P♦❞❧❡ ↔ást✐ ✸✳✻✳✷ ✈í♠❡✱ ➸❡ ❦❛♠❡r❛ ❥❡ ❞❡✜♥♦✈á♥❛ ✈♥✐t➦♥í♠✐ ✭❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✮ ❛ ✈♥➙❥➨í♠✐
♣❛r❛♠❡tr② ✭♣ó③❛✮✳ ❱♥➙❥➨í ♣❛r❛♠❡tr② ♥❡③♥á♠❡✱ ❛❧❡ ♣♦❦✉❞ ❜②❝❤♦♠ ③♥❛❧✐ ✈♥✐t➦♥í ♣❛r❛♠❡tr②✱
♠♦❤❧♦ ❜② t♦ ✉❧❡❤↔✐t ♥❛➨í ♣rá❝✐✳ ❑ r❡❦♦♥str✉❦❝✐ ❦❛❧✐❜r❛↔♥í❝❤ ♠❛t✐❝ ♣♦t➦❡❜✉❥❡♠❡ ③ís❦❛t ♦❤♥✐s✲
❦♦✈♦✉ ✈③❞á❧❡♥♦st ✈②❥á❞➦❡♥♦✉ ✈ ♣✐①❡❧❡❝❤ ❥❛❦ ✈ ♦s❡ ❳ t❛❦ ✈ ♦s❡ ❨ ❛ ♣♦s✉♥✉tí st➦❡❞➲ ❦❛♠❡r
✭❜♦❞ ❦❞❡ ♦♣t✐❝❦á ♦s❛ ❦❛♠❡r② ♣r♦tí♥á ♦❜r❛③♦✈♦✉ r♦✈✐♥✉✮ ✈ ♦s❡ ❳ ❛ ♦s❡ ❨ té➸ ✈②❥á❞➦❡♥é ✈
♣✐①❡❧❡❝❤✳ ❩ ✐♥❢♦r♠❛❝í ♦ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ✈í♠❡✱ ➸❡ ✧s❤❡❛r✼✧♣❛r❛♠❡tr ❥❡ ♥✉❧♦✈ý ♣r♦ ♦❜➙
❦❛♠❡r② ✭❖❜➙ ♦s②✱ ✐ X ✐ Y ❥s♦✉ ♥❛ s❡❜❡ ❦♦❧♠é✳✮✱ t❛❦➸❡ t❡♥t♦ ♣❛r❛♠❡tr ➦❡➨✐t ♥❡♠✉sí♠❡✳

❈♦ s❡ tý↔❡ s❦❡♥❡r✉✱ ✉ t♦❤♦ ❥❡ t♦ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤é✳ ❯ t♦❤♦ ❥❡ ♣❡✈♥➙ st❛♥♦✈❡♥é r♦③❧✐➨❡♥í
s❡♥③♦r✉✱ t❥✳ 640 × 480✳ ❈♦ s❡ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ tý↔❡✱ t❛❦ ♥á♠ st❛↔í ③ ♥➙❥❛❦é❤♦ s❦❡♥✉
③ís❦❛t ✷ ❜♦❞② ❛ ③ ♥✐❝❤ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ❞♦♣♦↔ít❛t ❞♦❦á➸❡♠❡✳

◆❛➨í♠ ❝í❧❡♠ ❥❡ ③ís❦❛t ♦❤♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st ✈②❥á❞➦❡♥♦✉ ✈ ♣✐①❡❧❡❝❤✳ ❱②❥❞➙♠❡ ③ ♠♦❞❡❧✉
❦❛♠❡r② ✸✳✻✱ ✈✐③ ♦❜rá③❡❦ ✸✳✺✳ ❖❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❥❡ ✈❧❛st♥➙ ✈③❞á❧❡♥♦st ♦❜r❛③♦✈é r♦✈✐♥②
❦❛♠❡r②✳ P♦❦✉❞ ♠á♠❡ ♥➙❥❛❦ý ❜♦❞ B ✈ ♣r♦st♦r✉ ❛ ✈②t✈♦➦í♠❡ ♣➦í♠❦✉ p t❛❦♦✈♦✉✱ ➸❡ ♣r♦tí♥á
st➦❡❞ ❦❛♠❡r② ❛ ❜♦❞ B✱ t❛❦ ♣r➲s❡↔í❦ ♣➦í♠❦② p ❛ ♦❜r❛③♦✈é r♦✈✐♥② r❡♣r❡③❡♥t✉❥❡ ♣♦③✐❝✐ ❞❛♥é❤♦
❜♦❞✉ ✈❡ ❢♦t♦❣r❛✜✐✳ ❱❡③♠➙♠❡ t❡❞② ♥➙❥❛❦ý s❦❡♥ ♣♦➦í③❡♥ý s❦❡♥❡r❡♠✳ ◆❛❥❞➙♠❡ ✈❡ s❦❡♥✉ ❞✈❛
❜♦❞② A1 = [a1x, a1y, a1z] ❛ A2 = [a2x, a2y, a2z] ♥❛ ♣♦③✐❝í❝❤ U1 = [u1, v1] U2 = [u2, v2]✳
P♦③✐❝❡♠✐ U1 ❛ U2 ❥❡ ♠②➨❧❡♥❛ ♣♦③✐❝❡ ✈ ❤❧♦✉❜❦♦✈é ♠❛♣➙ ③ís❦❛♥é s❦❡♥❡r❡♠✱ ♣♦③✐❝❡ A1 ❛ A2

✼❙❤❡❛r ❥❡ ③❦♦s❡♥í ♣✐①❡❧➲✳ ❏❡❧✐❦♦➸ ♦s② X ❛ Y ❥s♦✉ ♥❛ s❡❜❡ ❦♦❧♠é✱ ❦❡ ③❦♦s❡♥í ♥❡❞♦❝❤á③í✳

✶✺
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❥s♦✉ s♦✉➦❛❞♥✐❝❡ ❜♦❞➲ ✈ ❧♦❦á❧♥í♠ s♦✉➦❛❞♥é♠ s②sté♠✉ ❦❛♠❡r②✳ ❇♦❞② ✈♦❧í♠❡ t❛❦✱ ❛❜② ♣❧❛t✐❧♦
➸❡ u1! = u2 ❛ v1! = v2✳ ◆②♥í ✈②t✈♦➦í♠❡ ❜♦❞② B1 ❛ B2 ③ ❜♦❞➲ A1 ❛ A2 t❛❦♦✈ý♠ ③♣➲s♦❜❡♠✱
➸❡ B# = A#/a#z✳ ❚í♠ ❥s♠❡ ♣r♦♠ít❧✐ ❜♦❞② A1 ❛ A2 ❞♦ ❥❡❞♥é r♦✈✐♥②✱ ❦t❡rá ❥❡ r♦✈♥♦❜➙➸♥á
s r♦✈✐♥♦✉ XY ❛ tí♠ ❥❡ r♦✈♥♦❜➙➸♥á s ♦❜r❛③♦✈♦✉ r♦✈✐♥♦✉ ❦❛♠❡r②✳ ❱ t✉t♦ ❝❤✈í❧✐ ❜②❝❤♦♠ ♠♦❤❧✐
➦í❝✐✱ ➸❡ ♣♦❦✉❞ ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❦❛♠❡r② r♦✈♥❛ ❥❡❞♥é✱ t❥✳ f = 1✱ t❛❦ ✈❡❧✐❦♦st ❥❡❞♥♦❤♦
♣✐①❡❧✉ ✈ ♦s❡ X ❥❡ dX = (a2x − a1x)/(u2 − u1) ❛ ♦❜❞♦❜♥é ♣❧❛tí ✐ ♣r♦ ✈❡❧✐❦♦st ✈ ♦s❡ Y
dY ✳ ❚❡♥t♦ ✈ý♣♦↔❡t ✈②❝❤á③í ③ ♣r✐♥❝✐♣✉ ♣♦❞♦❜♥♦st✐ tr♦❥ú❤❡❧♥í❦➲✱ ✈✐③ ♦❜rá③❡❦ ✸✳✺✳ ▼② ♦✈➨❡♠
♥❡❝❤❝❡♠❡ ❥❡❞♥♦t❦♦✈♦✉ ♦❤♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st✱ ❛❧❡ ❥❡❞♥♦t❦♦✈♦✉ ✈❡❧✐❦♦st ♣✐①❡❧✉✳ ❚♦ ✈②➦❡➨í♠❡
s♥❛❞♥♦✳ ❖❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ✈②❥á❞➦❡♥á ✈❡ ♣✐①❡❧❡❝❤ ❥❡ ♣r♦ ♦s✉ X ❥❡ fX = f/dX ❛ ♣r♦ ♦s✉
Y ❥❡ fY = f/dY ✳ ❑ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ♥á♠ ✉➸ ❝❤②❜í ♣♦✉③❡ ✐♥❢♦r♠❛❝❡ ♦ t♦♠✱ ❦❞❡ ♦♣t✐❝❦á
♦s❛ ❦❛♠❡r② ♣r♦tí♥á ♦❜r❛③♦✈♦✉ r♦✈✐♥✉✳ ❑ t♦♠✉ ♥á♠ ♣♦s❧♦✉➸í r♦③♠➙r② s❦❡♥❡r✉ 640 × 480 ❛
♣♦③✐❝❡ ♣r➲♥✐❦✉ ❜✉❞❡ ❜♦❞ S = [sx, sy]✱ ❦❞❡ sx = 640/2 ❛ sy = 480/2✳ ❩ t➙❝❤t♦ ♣❛r❛♠❡tr➲ ✉➸
❞♦❦á➸❡♠❡ s❡st❛✈✐t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝✐ K1✳

K1 =





fX 0 sx
0 fY sy
0 0 1





◆②♥í ❜②❝❤♦♠ ♣♦t➦❡❜♦✈❛❧✐ ③ís❦❛t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝✐ ❢♦t♦❛♣❛rát✉ K2✳ ❩❞❡ ✉➸ ♥❡❜✉❞❡♠❡
s❝❤♦♣♥✐ ③ís❦❛t ♣❛r❛♠❡tr② t❛❦t♦ s♥❛❞♥♦✱ ❥❛❦♦ t♦♠✉ ❜②❧♦ ✉ s❦❡♥❡r✉✳ ❈♦ ♦✈➨❡♠ ♠➲➸❡♠❡ ✈②✲
✉➸ít✱ ❥❡ ③♥❛❧♦st ✐♥❢♦r♠❛❝í ♦ ❢♦t♦❛♣❛rát✉✳ ◆❛♣r♦stá ✈➙t➨✐♥❛ ♠♦❞❡r♥í❝❤ ❢♦t♦❛♣❛rát➲ ✉❦❧á❞á
❞♦ ❢♦t♦❣r❛✜í ➦❛❞✉ ♠❡t❛❞❛t ✈❡ ❢♦r♠át✉ ❊❳■❋❬✶✻❪❬✶✼❪✳ ❩ t➙❝❤t♦ ♠❡t❛❞❛t ❞♦❦á➸❡♠❡ ③ís❦❛t r♦③✲
♠➙r② ❢♦t♦❣r❛✜❡ ❛ t❛❦é ♦❤♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st ✈ ❞♦❜➙ ③ís❦á♥í ❢♦t♦❣r❛✜❡✳ Pr♦❜❧é♠ s ♦❤♥✐s❦♦✈♦✉
✈③❞á❧❡♥♦stí ❥❡ ✈ t♦♠✱ ➸❡ ❥❡ ✈②❥á❞➦❡♥❛ ✈ r❡á❧♥ý❝❤ ❥❡❞♥♦t❦á❝❤ ✭♦❜✈②❦❧❡ ✈ ♠✐❧✐♠❡tr❡❝❤✮✱ ❛❧❡ ♠②
❥✐ ♣♦t➦❡❜✉❥❡♠❡ ✈ ♣✐①❡❧❡❝❤✳ ❑ t♦♠✉ ♥á♠ ♠♦❤♦✉ ♣♦♠♦❝✐ ❞❛❧➨í ♣❛r❛♠❡tr② ✉❦❧á❞❛♥é ❞♦ ♠❡✲
t❛❞❛t ❢♦t♦❣r❛✜í✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ❥s♦✉ t♦ ❦♦♥❦rét♥➙ ♣❛r❛♠❡tr② FocalP laneXResolution ❛
FocalP laneY Resolution✳ ❚②t♦ ❞✈❛ ♣❛r❛♠❡tr② ♥á♠ ➦í❦❛❥í✱ ❦♦❧✐❦ ♣✐①❡❧➲ s❡ ✈ ❞❛♥é ♦s❡ ✈❡❥❞❡ ♥❛
ús❡❦ ♦ ✈❡❧✐❦♦st FocalP laneResolutionUnit✳ FocalP laneResolutionUnit ❥❡ ❞❛❧➨í ③ ❜➙➸♥ý❝❤
♣❛r❛♠❡tr➲ ✈ ♠❡t❛❞❛t❡❝❤ ❛ ♠➲➸❡ ♥❛❜ý✈❛t ❤♦❞♥♦t ❜✉↕ ❥❡❞❡♥ ❝❡♥t✐♠❡tr✱ ♥❡❜♦ ❥❡❞❡♥ ♣❛❧❡❝✳
❱ ♥❛➨❡♠ ♣➦í♣❛❞➙ ❥❡ t♦ ♣r♦ ❞❛♥ý ❢♦t♦❛♣❛rát ❥❡❞❡♥ ♣❛❧❡❝✳ ❑❞②➸ ❥❡➨t➙ ❜✉❞❡♠❡ ♠ít ➨í➦❦✉ W
❛ ✈ý➨❦✉ ❢♦t♦❣r❛✜❡ H✱ ❥❡❥✐❝❤➸ ③ís❦á♥í ❥❡ tr✐✈✐á❧♥í✱ ♠➲➸❡♠❡ s❡st❛✈✐t ♠❛t✐❝✐ K2 t❛❦✱ ➸❡ fX =
f ∗mmToInch∗FocalP laneXresolution ❛ fY = f ∗mmToInch∗FocalP laneY resolution✱
❦❞❡ f ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ✈ ♠✐❧✐♠❡tr❡❝❤ ❛ mmToInch ❥❡ ❦♦♥st❛♥t❛ ♣r♦ ♣➦❡✈❡❞❡♥í ♠✐❧✐✲
♠❡tr➲ ♥❛ ♣❛❧❝❡✳ P♦③✐❝✐ ♣r➲s❡↔í❦✉ ♦♣t✐❝❦é ♦s② ❦❛♠❡r② ❛ ♦❜r❛③♦✈é r♦✈✐♥② ✈②♣♦↔t❡♠❡ ❥❛❦♦ ❜♦❞
S = [sx, sy]✱ ❦❞❡ sx = W/2 ❛ sy = H/2 ❛ s❡st❛✈í♠❡ ✈ýs❧❡❞♥♦✉ ♠❛t✐❝✐✿

K2 =





fX 0 sx
0 fY sy
0 0 1





✸✳✼✳✽ ❆❧❣♦r✐t♠✉s r❡❦♦♥str✉❦❝❡ ♣ó③②

❏❛❦ ③ ♣➦❡❞❝❤♦③í ↔ást✐ ✈②♣❧ý✈á✱ ❥s♠❡ s❝❤♦♣♥✐ ❦♦♠♣❧❡t♥➙ ③r❡❦♦♥str✉♦✈❛t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡
♦❜♦✉ ❞✈♦✉ ❦❛♠❡r ✭s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✮✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❥❡❞✐♥é✱ ❝♦ ♣♦t➦❡❜✉❥❡♠❡ ③ís❦❛t✱

✶✻
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❥s♦✉ ✈♥➙❥➨í ♣❛r❛♠❡tr②✱ t❡❞② ♣ó③❛✳ ❑ t♦♠✉ ♠➲➸❡♠❡ ♣♦✉➸ít ♥❛♣➦í❦❧❛❞ ❛❧❣♦r✐t♠✉s P❡rs♣❡❝t✐✈❡✲
✸✲P♦✐♥ts✽✳

❚❡♥t♦ ❛❧❣♦r✐t♠✉s ✉♠♦➸➡✉❥❡ r❡❦♦♥str✉❦❝✐ ♣ó③② ❦❛♠❡r②✱ ♣♦❦✉❞ ♠á♠❡ t➦✐ ❜♦❞② ✈ ♣r♦st♦r✉
A✱ B✱ C✱ ③♥á♠❡ ❥❡❥✐❝❤ ✸❉ s♦✉➦❛❞♥✐❝❡ ✈ s②sté♠✉✱ ✈ ♥➙♠➸ ❝❤❝❡♠❡ r❡❦♦♥str✉♦✈❛t ♣ó③✉ ❦❛♠❡r②
❛ t❛❦é ♠á♠❡ ❥❡❥✐❝❤ ♣r➲♠➙t② ❞♦ ♦❜r❛③♦✈é r♦✈✐♥② ❦❛♠❡r②✳ ❉á❧❡ t❡♥t♦ ❛❧❣♦r✐t♠✉s ✈②➸❛❞✉❥❡
③♥❛❧♦st ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r②✱ ❦t❡r♦✉ ❥s♠❡ r❡❦♦♥str✉♦✈❛❧✐ ✈ ♠✐♥✉❧é♠ ❦r♦❦✉ ✈ ↔ást✐ ✸✳✼✳✼
✭❑❞②❜②❝❤♦♠ ♥❡③♥❛❧✐ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝✐ ❦❛♠❡r②✱ ♠✉s❡❧✐ ❜②❝❤♦♠ ♣♦✉➸ít ❥✐♥ý t②♣ ❛❧❣♦r✐t♠✉✳
❚❛❦♦✈é ❛❧❣♦r✐t♠② ❢✉♥❣✉❥í ♦❜❞♦❜♥➙✱ ❛❧❡ ❦✈➲❧✐ ✈í❝❡ ♥❡③♥á♠ý♠ ✈②➸❛❞✉❥í ✈í❝❡ ❜♦❞➲✳✮✳

❙ tí♠t♦ ❛❧❣♦r✐t♠❡♠ ♥á♠ ❜✉❞❡ ❜♦❤❛t➙ st❛↔✐t✱ ❛❜② ✉➸✐✈❛t❡❧ ❞♦ ❢♦t♦❣r❛✜❡ ③❛❞❛❧ t➦✐ ❜♦❞②✱ ❦❡
❦❛➸❞é♠✉ ③❛❞❛❧ ❥❡❤♦ s♦✉➦❛❞♥✐❝❡ ✈❡ s✈➙t♦✈ý❝❤ s②sté♠✉ ❛ ❛❧❣♦r✐t♠✉s s❡ ♣♦st❛rá ♦ r❡❦♦♥str✉❦❝✐
s❛♠♦t♥♦✉✳ ❙ ✈②✉➸✐tí♠ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ❛ ❥❡❤♦ ✈❤♦❞♥ý♠ ✉♠íst➙♥í♠ ♥❛ ♦t♦↔♥ý st♦❧❡❦✱
✈✐③ ↔ást ✸✳✼✳✹✱ ❜✉❞❡ ♠♦❝✐ ✉➸✐✈❛t❡❧ s♥❛❞♥♦ ③r❡❦♦♥str✉♦✈❛t ♣ó③✉ ❦❛♠❡r②✳ ❚♦t♦ ❜✉❞❡ ♥❡③❜②t♥é
♣r♦✈ést ❥❛❦ ♣r♦ s❦❡♥❡r✱ t❛❦ ♣r♦ ❢♦t♦❛♣❛rát✳

✸✳✼✳✾ ◆❡♣➦❡s♥♦st✐ r❡❦♦♥str✉❦❝❡ ♣ó③②

Pr♦❜❧é♠ ✉ ✈ý➨❡ ③♠í♥➙♥é❤♦ ❛❧❣♦r✐t♠✉ ❥❡ ♥❡♣➦❡s♥♦st ✈ýs❧❡❞❦✉✳ ❚❛t♦ ♥❡♣➦❡s♥♦st ❥❡ ③♣➲✲
s♦❜❡♥❛ tí♠✱ ➸❡ ✉➸✐✈❛t❡❧ ♠✉sí ③❛❞❛t ❜♦❞② ❞♦ ❢♦t♦❣r❛✜❡✳ ❩❛❞á✈á♥í ❞♦ ❢♦t♦❣r❛✜❡ s❛♠♦ ♦ s♦❜➙
③♥❛♠❡♥á ♥❡♣➦❡s♥♦st✱ ❛ ↔í♠ ♠❡♥➨í ❥❡ r♦③❧✐➨❡♥í ❢♦t♦❣r❛✜❡✱ tí♠ ✈②➨➨í ♥❡♣➦❡s♥♦st ❜✉❞❡✳ Pr♦ ❢♦t♦✲
❛♣❛rát ❥❡ r♦③❧✐➨❡♥í ❢♦t♦❣r❛✜❡ 5184×3456✱ ❝♦➸ ❥❡ ❞♦❝❡❧❛ ✈②s♦❦é r♦③❧✐➨❡♥í✱ ❛❧❡ ❢♦t♦❣r❛✜❡ ③ís❦❛♥á
s❦❡♥❡r❡♠ ♠á ♣♦✉③❡ 640 × 480✳ ▲③❡ t❛❦é ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ✉➸✐✈❛t❡❧ ♥❡❜✉❞❡ ♥❛♣r♦st♦ ♣➦❡s♥ý
♣➦✐ ③❛❞á✈á♥í ❛ ❜♦❞② ❜✉❞♦✉ r➲③♥➙ ♣♦s✉♥✉t②✳

❚♦t♦ ❜② ♠♦❤❧♦ ③♥❛♠❡♥❛t ✈ýr❛③♥ý ♣r♦❜❧é♠✱ ♥❡❜♦➫ ♣r♦ s❧♦➸❡♥í s❦❡♥➲ ❛ ❢♦t♦❣r❛✜í ❞♦ ✜♥á❧♥í
s❝é♥② ♣♦t➦❡❜✉❥❡♠❡ ♣➦❡s♥♦st ♣ó③ ❝♦ ♥❡❥✈②➨➨í✳ ❩ t♦❤♦ ❞➲✈♦❞✉ ❜② ❜②❧♦ ✈❤♦❞♥é ✈②t✈♦➦✐t ♥➙❥❛❦ý
♥ástr♦❥✱ ❦t❡rý ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥í ♣r♦✈á❞➙t ♠❛❧é ❦♦r❡❦❝❡ ✈ r♦t❛❝✐ ❛ ♣♦s✉♥✉tí ❦❛♠❡r✳ ❚♦✱ ❝♦ ♥ás
❜✉❞❡ ♥❡❥✈í❝❡ trá♣✐t ③ ♥❡♣➦❡s♥♦stí✱ ❥❡ ♣♦③✐❝❡✳ ■ ♠❛❧á ♥❡♣➦❡s♥♦st ✈ ♣♦③✐❝✐ ③♣➲s♦❜í ✈✐❞✐t❡❧♥é ❞ír②
♥❡❜♦ ♣➦❡❦r②✈② ✈ ♠♦❞❡❧✉✳ ❏❡❥í ③♣➦❡s♥➙♥í ❥❡ ♥❛ ❞r✉❤♦✉ str❛♥✉ ♣♦♠➙r♥➙ s♥❛❞♥é✳ ❈♦ s❡ tý↔❡
r♦t❛❝❡✱ t❛❦ ❦ t♦♠✉ ✉➸ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♣♦t➦❡❜♦✈❛t ♣♦♠➙r♥➙ ❞♦❜r♦✉ ♣r♦st♦r♦✈♦✉ ♣➦❡❞st❛✈✐✈♦st✱
❝♦➸ ♠➲➸❡ ❜ýt ♣r♦❜❧❡♠❛t✐❝❦é ❛ ✐ ♣➦❡s t♦ ♠➲➸❡ ❜ýt r♦t♦✈á♥í ♦❜❥❡❦t❡♠ ✈ ♣r♦st♦r✉ ♥ár♦↔♥é✳ ❇✉❞❡
♣r♦t♦ ✈❤♦❞♥é ✈②♠②s❧❡t ❝♦ ♥❡❥❥❡❞♥♦❞✉➨➨í ♥ástr♦❥✱ ❛❜② s❡ ✉➸✐✈❛t❡❧✐ ❝♦ ♥❡❥✈í❝❡ ✉s♥❛❞♥✐❧❛ ♣rá❝❡✳

✸✳✼✳✶✵ ❙❧♦➸❡♥í ✈ýs❧❡❞♥é s❝é♥②

❱❡ ❝❤✈í❧✐✱ ❦❞② ♠á♠❡ ③ís❦á♥❛ ✈➨❡❝❤♥❛ ❞❛t❛ ❛ ③r❡❦♦♥str✉♦✈❛♥é ♣ó③② ❢♦t♦❛♣❛rát✉ ❛ s❦❡♥❡r✉✱
✉➸ ♥✐❝ ♥❡❜rá♥í t♦♠✉✱ ❛❜②❝❤♦♠ ✈②t✈♦➦✐❧✐ ✈ýs❧❡❞♥♦✉ s❝é♥✉✳ ❚❛ s❡ ❜✉❞❡ s❦❧á❞❛t ③ ♠r❛↔♥❛ ❜♦❞➲✱
✸❉ ♠♦❞❡❧✉✱ ❦t❡rý ❥❡ r❡♣r❡③❡♥t♦✈á♥ sítí tr♦❥ú❤❡❧♥í❦➲✱ ❦❛♠❡r ❛ ❢♦t♦❣r❛✜í✳ ❑❛♠❡r❛ ③❞❡ ❜✉❞❡
r❡♣r❡③❡♥t♦✈á♥❛ s✈♦✉ ♣ó③♦✉ ❛ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝í✳

✽P♦♣✐s t♦❤♦t♦ ❛❧❣♦r✐t♠✉ ❥❡ ✈ ❬✷✻❪ ❦❛♣✐t♦❧② 7.2 ❛ 7.3

✶✼



❑❆P■❚❖▲❆ ✸✳ ❆◆❆▲Ý❩❆

❏❡❧✐❦♦➸ ❥s♠❡ s✐ ✈ ↔ást✐ ✸✳✼✳✹ ✈❤♦❞♥➙ ③✈♦❧✐❧✐ s✈➙t♦✈ý s♦✉➦❛❞♥ý s②sté♠✱ ❜✉❞❡ s❡ ♥á♠ s❦❧á❞á♥í
❥❡❞♥♦t❧✐✈ý❝❤ ♦❜❥❡❦t➲ ✭s❦❡♥➲✱ ♠♦❞❡❧➲✱ ❢♦t♦❣r❛✜í✮ ♣r♦✈á❞➙t ❝❡❧❦❡♠ s♥❛❞♥♦✳ ▼♦❞❡❧② ❛ ♠r❛↔♥❛
❜♦❞➲ ③❡ s❦❡♥❡r✉ ❥s♦✉ ✈ ❥❡❤♦ ❧♦❦á❧♥í♠ s②sté♠✉ ✈ ♠✐❧✐♠❡tr❡❝❤✳ Pr✈♥í ✈➙❝✱ ❦t❡r♦✉ t❡❞② ♣r♦✲
✈❡❞❡♠❡ ❥❡✱ ➸❡ tr❛♥s❢♦r♠✉❥❡♠❡ ♠r❛↔♥❛ ✐ ♠♦❞❡❧② t❛❦✱ ❛❜② ♦❞♣♦✈í❞❛❧② ❥❡❞♥♦t❦á♠ ❣❧♦❜á❧♥í❤♦
s②sté♠✉✱ t❥✳ ♠❡tr➲♠✳ ❑ t♦♠✉ ✈②✉➸✐❥❡♠❡ tr❛♥s❢♦r♠❛❝✐ ♣r♦ ➨❦á❧♦✈á♥í✾ ❛ ♣♦③✐❝❡ s❡ ✈②♥ás♦❜í
❢❛❦t♦r❡♠ 10−3✳ ❏❡❧✐❦♦➸ ♠á♠❡ ♣ó③✉ s❦❡♥❡r✉ ✈ ❣❧♦❜á❧♥í♠ s②sté♠✉✱ ♣♦✉➸✐❥❡♠❡ t✉t♦ ♣ó③✉ ❥❛❦♦
tr❛♥s❢♦r♠❛❝✐✶✵ ❛ tr❛♥s❢♦r♠✉❥❡♠❡ ❥❛❦ ♠♦❞❡❧✱ t❛❦ ♠r❛↔♥♦ ❜♦❞➲ ③ ❧♦❦á❧♥í❤♦ ❞♦ ❣❧♦❜á❧♥í❤♦
s♦✉➦❛❞♥é❤♦ s②sté♠✉✳ ❚❛❦t♦ ❥s♠❡ ③ís❦❛❧✐ ✈➨❡ ✈②❥á❞➦❡♥♦ ✈ ❣❧♦❜á❧♥í♠ s♦✉➦❛❞♥é♠ s②sté♠✉✳ ❚♦
③♥❛♠❡♥á✱ ➸❡ t❡↕ ♠✉sí♠❡ s♣rá✈♥➙ ♥❛t♦↔✐t ♠r❛↔♥❛ ✐ ♠♦❞❡❧② t❛❦✱ ❥❛❦ s❡ ♦tá↔❡❧ st♦❧❡❦ ♠❡③✐
s❦❡♥♦✈á♥í♠✳ ❏❡❧✐❦♦➸ ✈í♠❡✱ ❥❛❦ý ❜②❧ ú❤❡❧ ♦t♦↔❡♥í st♦❧❦✉ ♠❡③✐ s❦❡♥♦✈á♥í♠ ❛ s♦✉➦❛❞♥♦✉ s♦✉✲
st❛✈✉ ❥s♠❡ ③✈♦❧✐❧✐ t❛❦✱ ➸❡ s❡ st♦❧❡❦ ♦tá↔í ❦♦❧❡♠ ♦s② Y ✱ st❛↔í ♥á♠ ✈②t✈♦➦✐t r♦t❛❝✐✶✶ ♦ ❞❛♥ý
ú❤❡❧ ❦♦❧❡♠ ♦s② Y ✳ ❖❜❞♦❜♥é ♣r♦✈❡❞❡♠❡ ✐ ♣r♦ ❢♦t♦❛♣❛rát✳ ❩❞❡ ♥á♠ st❛↔í ♣♦♦t♦↔✐t ♥❛➨❦á❧♦✈❛♥é
♣ó③② ❢♦t♦❛♣❛rát✉ ❦♦❧❡♠ ♦s② Y st❡❥♥♦✉ r♦t❛↔♥í ♠❛t✐❝í✱ ❥❛❦♦ ❜②❧❛ ♣♦✉➸✐t❛ ✉ ♠r❛↔❡♥ ❜♦❞➲ ❛
♠♦❞❡❧➲✳

✸✳✼✳✶✶ ❚❡①t✉r♦✈á♥í ✸❉ ♠♦❞❡❧✉

❑❞②➸ ♠á♠❡ s❡st❛✈❡♥é ✈➨❡❝❤♥② ❣❡♦♠❡tr✐❝❦é ♣r✈❦② s❝é♥②✱ ♥②♥í ❜✉❞❡ t➦❡❜❛ ❛♣❧✐❦♦✈❛t t❡①✲
t✉r✉ ❛ ✈ýs❧❡❞♥ý ✸❉ ♠♦❞❡❧✳

Pr✈♥í ♣r♦❜❧é♠✱ ❦t❡rý ❜✉❞❡ t➦❡❜❛ ✈②➦❡➨✐t ❥❡ t♦✱ ➸❡ ❢♦t♦❛♣❛rát ❛ s❦❡♥❡r ♠♦❤♦✉ ♠ít ❧✐❜♦✈♦❧♥♦✉
♣♦③✐❝✐ ✈❡ s❝é♥➙✳ P♦③✐❝❡ ③á❧❡➸í ♣♦✉③❡ ♥❛ t♦♠✱ ❥❛❦ ✉➸✐✈❛t❡❧ t②t♦ ③❛➦í③❡♥í ✉♠ístí ✈ ♣r♦st♦r✉ ❛ ♥❛
t♦ ♥❡♠á♠❡ ➸á❞♥é ♣❡✈♥➙ ❞❛♥é ♣♦➸❛❞❛✈❦②✳ ❖❜❡❝♥ý♠ ♣➦❡❞♣♦❦❧❛❞❡♠ ❥❡✱ ➸❡ s❦❡♥♦✈❛♥ý ♦❜❥❡❦t
❥❡ ✉♠íst➙♥ ♥❛ ♦t♦↔♥é♠ st♦❧❦✉ ❛ t✉❞í➸ s❦❡♥❡r ✐ ❢♦t♦❛♣❛rát ❥s♦✉ ♠✐♠♦ s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ❛
❢♦tí✴s❦❡♥✉❥í ❥❡❥ ③ ✈❡♥❦✉✳ ❉á❧❡ ❧③❡ ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ❢♦t♦❛♣❛rát ✐ s❦❡♥❡r ❥s♦✉ ✉♠íst➙♥② t❛❦✱
➸❡ s♠➙r② ❥❡❥✐❝❤ ♣♦❤❧❡❞➲ ❥s♦✉ ❝♦ ♥❡❥❦♦❧♠➙❥➨í ♥❛ s✈➙t♦✈♦✉ ♦s✉ Y ✭❏❞❡ ♣➦❡❞❡✈➨í♠ ♦ t♦✱ ➸❡
♦❜❥❡❦t r♦t✉❥❡ ❦♦❧❡♠ ♦s② Y ✱ ❦t❡rá ✈ ♥❛➨í s❝é♥➙ ✉r↔✉❥❡ s♠➙r ✈③❤➲r✉✳ P♦❦✉❞ ❜② t❡❞② ✉➸✐✈❛t❡❧
s❦❡♥♦✈❛❧✴❢♦t✐❧ ♦❜❥❡❦t s❤♦r❛✴③❞♦❧❛✱ r♦t♦✈á♥í ♦❜❥❡❦t❡♠ ❜② ❜②❧♦ ♥❛♣r♦st♦ ③❜②t❡↔♥é✱ ♥❡❜♦➫ ❜② s❡
✈ýs❧❡❞❦② ❧✐➨✐❧② ❥❡♥ ♣♦♦t♦↔❡♥í♠ ♣♦❞❧❡ ♦♣t✐❝❦é ♦s② ❦❛♠❡r②✳✮✳

❏❡❧✐❦♦➸ t❡❞② ♠á♠❡ ♣ó③② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ r➲③♥é✱ ❜✉❞❡ ♥❡③❜②t♥é ✉r↔✐t ❦❡ ❦❛➸❞é♠✉
♠♦❞❡❧✉✱ ❦t❡rá ❢♦t♦❣r❛✜❡ ❜②❧❛ ③ís❦á♥❛ ③❡ s♠➙r✉ ❝♦ ♥❡❥❜❧✐➸➨í❤♦ s♠➙r✉ s❦❡♥♦✈á♥í ❛ t✉t♦ ❢♦t♦❣r❛✜✐
♣♦✉➸ít ♣r♦ t❡①t✉r♦✈á♥í✳ ❚♦ s❡ ❞á ♣r♦✈ést ♣♦♠➙r♥➙ s♥❛❞♥♦✱ ♥❡❜♦➫ ♣♦③✐❝❡ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉
✈❧❛st♥➙ r♦t✉❥í ❦♦❧❡♠ ♦s② y ✈ ♥❛➨❡♠ ♠♦❞❡❧✉ ✭✸✳✼✳✹✮✳ Pr♦t♦ ♥á♠ st❛↔í ♣r♦♠ít♥♦✉t ♣♦③✐❝❡ ❞♦
r♦✈✐♥② XZ✱ s♣♦↔ít❛t ú❤❧② ♠❡③✐ ✈❡❦t♦r② ♣♦③✐❝ s❦❡♥❡r✉ ❛ ✈➨❡♠✐ ✈❡❦t♦r② ♣♦③✐❝ ❢♦t♦❛♣❛rát➲ ❛
③✈♦❧✐t t❡♥✱ ❥❡❤♦➸ ♣♦③✐↔♥í ✈❡❦t♦r s✈írá s ♣♦③✐↔♥í♠ ✈❡❦t♦r❡♠ s❦❡♥❡r✉ ♥❡❥♠❡♥➨í ú❤❡❧✳

❱❡ ❝❤✈í❧✐✱ ❦❞② ♠á♠❡ ✉r↔❡♥é ❦♦r❡s♣♦♥❞❡♥❝❡ ♠❡③✐ s❦❡♥❡♠ ✭♠♦❞❡❧❡♠✮ ❛ ❢♦t♦❣r❛✜í✱ s❛♠♦t♥é
♦t❡①t✉r♦✈á♥í ❥❡ ✉➸ ♣♦✉③❡ ✈➙❝í ♣r♦♠ít♥✉tí ✈r❝❤♦❧➲ ♠♦❞❡❧✉ ♣♦♠♦❝í ♣r♦❥❡❦↔♥í ♠❛t✐❝❡ ❢♦t♦❛♣❛✲
rát✉✳ ❏❡❧✐❦♦➸ ③♥á♠❡ ✈♥➙❥➨í ✭♣ó③❛✮ ✐ ✈♥✐t➦♥í ✭❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✮ ♣❛r❛♠❡tr② ❦❛♠❡r②✱ ♣r♦❥❡❦↔♥í
♠❛t✐❝✐ ③ís❦á♠❡ ❥❡❞♥♦❞✉❝❤ý♠ ✈②♥ás♦❜❡♥í♠ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ s ♣ó③♦✉✱ ✈✐③ ↔ást ✸✳✻✳✷✳ ❱❡ ❝❤✈í❧✐✱

✾▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✷✽❪ ↔ást ✷✶✳✸✳✹
✶✵▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✷✽❪ ↔ást ✷✶✳✸
✶✶▼♦❞❡r♥í ♣♦↔ít❛↔♦✈á ❣r❛✜❦❛❬✷✽❪ ↔ást ✷✶✳✸✳✷ ❛ ✷✶✳✸✳✸

✶✽
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❦❞② ♠á♠❡ ✐ t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✱ ♠á♠❡ ❦♦♠♣❧❡t♥➙ s❡st❛✈❡♥♦✉ ✜♥á❧♥í s❝é♥✉ ❛ ♠➲➸❡♠❡ ❥✐
❡①♣♦rt♦✈❛t ❞♦ ♥➙❥❛❦é❤♦ ③ ❜➙➸♥ý❝❤ ❢♦r♠át➲✳

✸✳✼✳✶✷ ❋♦r♠át ✉❧♦➸❡♥í ✈ýs❧❡❞♥é s❝é♥②

❏❡❧✐❦♦➸ ✈ t♦♠t♦ ♠♦♠❡♥t➙ ✉➸ ❜✉❞❡ ❝❡❧á s❝é♥❛ s❡st❛✈❡♥❛ ❛ ❜✉❞❡ ③❜ý✈❛t ♣♦✉③❡ ❥❡❥í ✉❧♦➸❡♥í
❞♦ ♥➙❥❛❦é❤♦ ❢♦r♠át✉✱ ♠✉sí♠❡ ③✈♦❧✐t✱ ❥❛❦ý ❢♦r♠át ♣♦✉➸✐❥❡♠❡✳ ◆❛♥❡➨t➙stí ♥❡❡①✐st✉❥❡ ➸á❞♥ý ❥❡❞✲
♥♦t♥ý ✉♥✐✈❡r③á❧♥í ❢♦r♠át✱ ❦t❡rý ❜② ❜②❧ ♣♦✉➸í✈á♥ ✈➨❡♠✐ ❛♣❧✐❦❛❝❡♠✐ ❛ ✉♠♦➸➡♦✈❛❧ r❡♣r❡③❡♥t❛❝✐
✈➨❡❤♦✱ ❝♦ ♣♦t➦❡❜✉❥❡♠❡✳ ◆❛➨❡ s❝é♥❛ ♦❜s❛❤✉❥❡ ♠r❛↔♥♦ ❜♦❞➲✱ t❡①t✉r♦✈❛♥ý ✸❉ ♠♦❞❡❧ r❡♣r❡③❡♥✲
t♦✈❛♥ý ❥❛❦♦ sí➫ tr♦❥ú❤❡❧♥í❦➲ ❛ t❛❦é ❦❛♠❡r② ♦❞♣♦✈í❞❛❥í❝í ❥❡❞♥♦t❧✐✈ý♠ ❢♦t♦❣r❛✜í♠ ✭t❡①t✉rá♠✮✳
❚♦ ❥s♦✉ ✈❡❧♠✐ s♣❡❝✐✜❝❦á ❞❛t❛✱ ❦t❡rá ❝❤❝❡♠❡ ✉❦❧á❞❛t✳ Pr♦❜❧é♠❡♠ ❥❡✱ ➸❡ ✈➙t➨✐♥❛ ❜➙➸♥ý❝❤ ❢♦r✲
♠át➲✱ ❦t❡ré ♣♦❞♣♦r✉❥í ✸❉ t❡①t✉r♦✈❛♥é ♠♦❞❡❧② ✭✳♦❜❥❬✶✷❪✱ ✳❢❜①❬✶✶❪❬✸✷❪✮✱ ♥❡♣♦❞♣♦r✉❥í ♠r❛↔♥❛
❜♦❞➲✱ ♥❡♠❧✉✈➙ ♦ ✈❧❛st♥í❝❤ ❞❛t❡❝❤✱ ❥❛❦♦ ❥s♦✉ ❦❛♠❡r② ✭❑❛♠❡r② ✈ t♦♠t♦ ♣➦í♣❛❞➙ ♥❡❞➙❧❛❥í ✈❡❧✐❦é
♣r♦❜❧é♠②✳ ❚② ❜② ❜②❧♦ ♠♦➸♥é ♥❛❤r❛❞✐t ♥➙❥❛❦ý♠✐ ❥✐♥ý♠✐ ❡❧❡♠❡♥t②✱ ♥❡❜♦ ❜② ♠♦❤❧② ❜ýt ✉❧♦➸❡♥②
❞♦ ❥✐♥é❤♦ s♦✉❜♦r✉✳ Pr♦❜❧é♠❡♠ ❥❡ ③❞❡ ♣➦❡❞❡✈➨í♠ ✸❉ ♠♦❞❡❧ ❛ ③ár♦✈❡➡ ♠r❛↔♥❛ ❜♦❞➲✳✮✳

◆á➨ ♣r♦❜❧é♠ ❜② ♠♦❤❧ ❜ýt ✈②➦❡➨❡♥ ♣♦♠♦❝í ❞✈♦✉ ❦♦♥❦rét♥í❝❤ ❢♦r♠át➲✳ ❋♦r♠át② ❜✉♥❞❧❡❬✸✵❪ ❛
P▲❨❬✶✸❪✳ Pr✈♥í ③ t➙❝❤t♦ ❢♦r♠át➲✱ t❥✳ ❜✉♥❞❧❡✱ ❥❡ ❢♦r♠át ♣♦✉➸í✈❛♥ý ♣r♦❣r❛♠② ❥❛❦♦ ❇✉♥❞❧❡r❬✸✶❪
❛ ❱✐s✉❛❧ ❙❋▼❬✸✸❪ ♣r♦ ✸❉ r❡❦♦♥str✉❦❝✐ s❝é♥② ③❡ s❛❞② ❢♦t♦❣r❛✜í✳ Pr♦❜❧é♠❡♠ ❥❡✱ ➸❡ t❡♥t♦
❢♦r♠át ✉♠♦➸➡✉❥❡ ♣♦✉③❡ r❡♣r❡③❡♥t❛❝✐ ♠r❛↔♥❛ ❜♦❞➲ ❛ ❦❛♠❡r✳ ❚♦ ❜② ♦✈➨❡♠ ➨❧♦ ✈②✉➸ít s♣♦❧✉
s ♥➙❥❛❦ý♠ ❢♦r♠át❡♠ ♣r♦ ✸❉ ♠♦❞❡❧② ❛ ♠ít s❝é♥✉ ❡①♣♦rt♦✈❛♥♦✉ ❞♦ ❞✈♦✉ s♦✉❜♦r➲✳ ❉r✉❤ý ③
❢♦r♠át➲✱ t❥✳ P▲❨✱ ❥❡ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤ý ❢♦r♠át✱ ❦t❡rý ✉♠♦➸➡✉❥❡ ✉❦❧á❞á♥í ❜♦❞➲✱ ♠♦❞❡❧➲✱ ❛
❥❡❧✐❦♦➸ P▲❨ ♥❡♠á ➸á❞♥♦✉ ♣❡✈♥♦✉ s♣❡❝✐✜❦❛❝✐ ✭✉➸✐✈❛t❡❧ s✐ ♠➲➸❡ ❧✐❜♦✈♦❧♥➙ ❞❡✜♥♦✈❛t s✈é ✈❧❛st♥í
❡❧❡♠❡♥t②✮✱ ♠➲➸❡♠❡ s✐ ✈ ♥➙♠ ❞❡✜♥♦✈❛t ❛ r❡♣r❡③❡♥t♦✈❛t ✐ ❦❛♠❡r②✳ ❱ý❤♦❞♦✉ t♦❤♦t♦ ❢♦r♠át✉
❥❡ ♣➦❡❞❡✈➨í♠ t♦✱ ➸❡ ❥❡ ♠♦➸♥é ✈ýs❧❡❞♥♦✉ s❝é♥✉ ♦t❡✈➦ít✱ ♠♦❞✐✜❦♦✈❛t ❛ ✈②❦r❡s❧✐t ♥❛♣➦í❦❧❛❞
♣r♦❣r❛♠❡♠ ▼❡s❤▲❛❜❬✸❪✱ ❝♦➸ ❥❡ ♦♣❡♥✲s♦✉r❝❡ ♣r♦❣r❛♠ ♣r♦ ♣♦❦r♦↔✐❧é ③♣r❛❝♦✈á♥í ✸❉ ❣❡♦♠❡tr✐í
❛ ♣rá✈➙ ✉♠♦➸➡✉❥❡ ♣rá❝✐ ❥❛❦ s ✸❉ ♠♦❞❡❧②✱ t❛❦ ✐ s ♠r❛↔♥② ❜♦❞➲✳

✸✳✽ ❆❧❣♦r✐t♠✉ ♣✸♣

❏❛❦ ❥✐➸ ❜②❧♦ ➦❡↔❡♥♦ ✈ ↔ást✐ ✸✳✼✳✽✱ ❛❧❣♦r✐t♠✉s ♣✸♣ s❧♦✉➸í ❦ r❡❦♦♥str✉❦❝✐ ♣ó③② ❦❛♠❡r②✳ ❑
t♦♠✉ ❥❡ ♥❡③❜②t♥é✱ ❛❜②❝❤♦♠ ③♥❛❧✐ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝✐ ❦❛♠❡r② ❛ ♠➙❧✐ t➦✐ ❜♦❞② ✈ ♣r♦st♦r✉✱ ✈❡
❦t❡ré♠ ♣ó③✉ ❤❧❡❞á♠❡✱ ❛ t❛❦é ❛❜②❝❤♦♠ ③♥❛❧✐ ♣♦③✐❝❡ ♣r➲♠➙t➲ t➙❝❤t♦ ❜♦❞➲ ✈ ♦❜r❛③♦✈é r♦✈✐♥➙
❦❛♠❡r②✳

✸✳✽✳✶ ❉❡✜♥✐❝❡ ♣❛r❛♠❡tr➲

❑❛♠❡r❛✱ ❥❡❥í➸ ♣ó③✉ ❤❧❡❞á♠❡ ✭❞á❧❡ ♥❛③ý✈á♥❛ ❥❡♥ ❦❛♠❡r❛✮✱ ♠á ♣r♦❥❡❦↔♥í ♠❛t✐❝✐ P ✱ ✈❡ t✈❛r✉
❞❡✜♥♦✈❛♥é♠ ✈ ↔ást✐ ✸✳✻✳✷✳ P s❡ t✉❞í➸ s❦❧á❞á ③ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ K✱ r♦t❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r② R
❛ ✈❡❦t♦r✉ ♣♦③✐❝❡ ❦❛♠❡r② Cδ✳ ❩ t➙❝❤t♦ ♣❛r❛♠❡tr➲ ③♥á♠❡ ♣♦✉③❡ K ❛ ❤❧❡❞á♠❡ R ❛ C✳ ❙✈➙t♦✈ý
s♦✉➦❛❞♥ý s②sté♠✱ ✈❡ ❦t❡ré♠ ❤❧❡❞á♠❡ ♣ó③✉ ❦❛♠❡r②✱ ♦③♥❛↔í♠❡ ❥❛❦♦ ♣r♦st♦r δ s ♦rt♦♥♦r♠á❧♥í
❜á③í s❧♦➸❡♥♦✉ ③ ✈❡❦t♦r➲ d1✱ d2 ❛ d3✳ ❉í❦② ♠❛t✐❝í♠ K✱ R ❛ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ♠á♠❡
♣r♦st♦r➲ ♠♥♦❤❡♠ ✈í❝❡✶✷✳

✶✷❚②t♦ ♣r♦st♦r② ❥s♦✉ ❞♦❜➦❡ ♣♦♣sá♥② ✈ ❬✷✻❪ ✈ ↔ást✐ ✼✳✶ ❛ ✈ ❞❛❧➨í❝❤ ↔ást❡❝❤ tét♦ ♣rá❝❡ s❡ ♣➦❡❞♣♦❦❧á❞á ③♥❛❧♦st
t➙❝❤t♦ ♣r♦st♦r➲✱ ✈③t❛❤➲ ♠❡③✐ ♥✐♠✐ ❛ ❥❡❥✐❝❤ ✈❧❛st♥♦stí✳

✶✾
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❱st✉♣♥í♠✐ ♣❛r❛♠❡tr② ❥s♦✉ t➦✐ ❜♦❞② ✈ ♣r♦st♦r✉ δ ❛ ❥s♦✉ t♦ ❜♦❞② X1✱ X2 ❛ X3✳ ❑ t➙♠t♦
❜♦❞➲♠ ♠á♠❡ t❛❦é ③❛❞❛♥é ❥❡❥✐❝❤ ♣♦③✐❝❡ ✈ ♣r♦st♦r✉ α✭♣♦③✐❝❡ ♣✐①❡❧➲ ✈❡ ❢♦t♦❣r❛✜✐✮ ❛ t♦ ❥s♦✉
❜♦❞② x1✱ x2 ❛ x3✱ ❦t❡ré ❥s♦✉ ♣r➲♠➙t② ❜♦❞➲ ③ δ ❞♦ ♦❜r❛③♦✈é r♦✈✐♥② ❦❛♠❡r②✳

❖❜rá③❡❦ ✸✳✼✿ ■❧✉str❛❝❡ ③♥á③♦r➡✉❥í❝í ③á❦❧❛❞ ♥❛ ❦t❡ré♠ ♣r❛❝✉❥❡ ♣✸♣ ❛❧❣♦r✐t♠✉s✳ ▼á♠❡ ③❞❡
s✈➙t♦✈ý s♦✉➦❛❞♥ý s②sté♠✱ ✈❡ ❦t❡ré♠ s❡ ✈➨❡ ♥❛❝❤á③í ❛ ❥❡ ❞❡✜♥♦✈á♥ ♣♦↔át❦❡♠ O ❛ ✈❡❦t♦r②
d1✱ d2 ❛ d3✳ ❉á❧❡ ③❞❡ ♠á♠❡ ❧♦❦á❧♥í s♦✉➦❛❞♥ý s②sté♠ ❦❛♠❡r② s ♣♦↔át❦❡♠ C✳ ❘♦✈✐♥❛ π ③❞❡
③♥á③♦r➡✉❥❡ ♦❜r❛③♦✈♦✉ r♦✈✐♥✉ ❦❛♠❡r② ♦❞♣♦✈í❞❛❥í❝í r♦✈✐♥➙ b ✈ ♠♦❞❡❧✉ ♥❛ ♦❜rá③❦✉ ✸✳✺✳ ❉á❧❡
③❞❡ ♠á♠❡ t➦✐ ❜♦❞② X1✱ X2 ❛ X3✱ ❦t❡ré ❥s♦✉ ✈②❥á❞➦❡♥② ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ❛ ❥❡❥✐❝❤
♣r♦❥❡❦❝❡ ❞♦ π ♥❛ ❜♦❞② x1✱ x2 ❛ x3✱ ❥❡❥✐❝❤➸ ♣♦③✐❝❡ ③♥á♠❡ ♣♦✉③❡ ✈ tét♦ r♦✈✐♥➙✳ ❍♦❞♥♦t② dij
♦③♥❛↔✉❥í ✈③❞á❧❡♥♦st✐ ♠❡③✐ ❜♦❞② Xi ❛ Xj ❛ ❤♦❞♥♦t② ηi ❥s♦✉ ✈③❞á❧❡♥♦st✐ ♠❡③✐ ❜♦❞❡♠ xi ❛ Xj ✳
Ú❤❧② cij ♠❡③✐ ✈❡❦t♦r② xi ❛ xj ❥s♦✉ ✈ ✐❧✉str❛❝✐ ③♥á③♦r♥➙♥②✱ ❛❧❡ ♥❡❥s♦✉ ♣♦♣sá♥②✳

✸✳✽✳✷ Ú❤❧② ❛ ✈③❞á❧❡♥♦st✐

Pr✈♥í♠ ❦r♦❦❡♠ ❛❧❣♦r✐t♠✉ ❥❡ ✈ý♣♦↔❡t ú❤❧➲ ♠❡③✐ ♣❛♣rs❦② ♣r♦❝❤á③❡❥í❝í♠✐ st➦❡❞❡♠ ❦❛♠❡r②
❛ ♥❛➨✐♠✐ ❜♦❞② ✭P❛♣rs❡❦ ✈➸❞② ♣r♦❝❤á③í ❜♦❞❡♠ Xi✱ xi ❛ st➦❡❞❡♠ ❦❛♠❡r②✳✮✳ ❚♦ ❞♦❦á➸❡♠❡
♣♦♠♦❝í s❦❛❧ár♥í❤♦ s♦✉↔✐♥✉ ♠❡③✐ ✈❡❦t♦r② x1✱ x2 ❛ x3✳ ▼✉sí♠❡ ❥❡ ❛❧❡ ♠ít ✈②❥á❞➦❡♥é ✈ ♥➙❥❛❦é
♦rt♦♥♦r♠á❧♥í s♦✉➦❛❞♥é s♦✉st❛✈➙✳ ▼② ❥❡ ♠á♠❡ ✈②❥á❞➦❡♥é ✈ ♣r♦st♦r✉ α✳ ❏❡❥✐❝❤ r♦③➨í➦❡♥í♠ ♦

✷✵
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❤♦❞♥♦t✉ 1 ❥❡ ✈②❥á❞➦í♠❡ ✈ ♣r♦st♦r✉ β✱ ❛❧❡ t❡♥ t❛❦é ♥❡♥í ♦rt♦♥♦r♠á❧♥í✳ ◆❡❥❜❧✐➸➨í ♦rt♦♥♦r♠á❧♥í
♣r♦st♦r ❥❡ ♣r♦ ♥ás ♣r♦st♦r γ✱ ❦t❡rý ③ís❦á♠❡ tr❛♥s❢♦r♠❛❝í ✈❡❦t♦r➲ xi ③ β ♣♦♠♦❝í ♠❛t✐❝❡ K✳

xiβ =

[

xiβ
1

]

xiγ = K−1xiβ

◆②♥í ❦❞②➸ ♠á♠❡ ✈❡❦t♦r② xi ✈②❥á❞➦❡♥② ✈ ♦rt♦♥♦r♠á❧♥í♠ ♣r♦st♦r✉ γ✳ ❱②♣♦↔t❡♠❡ ❦♦s✐♥②
ú❤❧➲ cjk ♠❡③✐ ✈➨❡♠✐ ❞✈♦❥✐❝❡♠✐ ♣❛♣rs❦➲ s❦❛❧ár♥í♠ s♦✉↔✐♥❡♠ ♥♦r♠❛❧✐③♦✈❛♥ý❝❤ ✈❡❦t♦r➲ xi✳

❉❛❧➨í♠ ❦r♦❦❡♠ ❥❡ ✈②♣♦↔t❡♥í ✈③❞á❧❡♥♦stí djk ♠❡③✐ ❞✈➙♠❛ ❜♦❞② Xj ❛ Xk ✈ ♣r♦st♦r✉ δ✱ ❝♦➸
❥❡ tr✐✈✐á❧♥í ♣r♦❜❧é♠✱ ❥❡❧✐❦♦➸ ❜♦❞② Xi ❥s♠❡ ♥❛ ✈st✉♣✉ ❞♦st❛❧✐ ✈②❥á❞➦❡♥é ✈ δ✳

✸✳✽✳✸ ❱③❞á❧❡♥♦st ❜♦❞➲ Xi ♦❞ ❦❛♠❡r②

◆②♥í ♣♦t➦❡❜✉❥❡♠❡ ③❥✐st✐t✱ ❥❛❦é ❥s♦✉ ✈③❞á❧❡♥♦st✐ ❜♦❞➲ Xi ♦❞ st➦❡❞✉ ❦❛♠❡r②✳ ❚í♠t♦ ③ís❦á♠❡
tr♦❥✐❝❡ ♣❛r❛♠❡tr➲ ηi t❛❦♦✈é✱ ➸❡ ♣❧❛tí✳

ηi
xiγ

||xiγ ||
= Xiγ

❚❛❦é ✈í♠❡✱ ➸❡ ❥❡❧✐❦♦➸ Xi ❥s♦✉ ✈✐❞➙t ✈❡ ❢♦t♦❣r❛✜í❝❤✱ t❛❦ ✈➨❡❝❤♥② ηi ♠✉sí ❜ýt ❦❧❛❞♥á ✭❏✐♥❛❦
❜② t♦ ③♥❛♠❡♥❛❧♦✱ ➸❡ ❞❛♥é Xj ❥❡ ③❛ ❦❛♠❡r♦✉✳✮✳

❩ ❤♦❞♥♦t✱ ❦t❡ré ❥s♠❡ ③ís❦❛❧✐ ❞♦❦á➸❡♠❡ ✈②❥á❞➦✐t t➦✐ r♦✈♥✐❝❡✶✸✳

d212 = η21 + η22 − 2η1η1c12

d223 = η22 + η23 − 2η2η3c23

d231 = η23 + η21 − 2η3η1c31

❚í♠ ♠á♠❡ s♦✉st❛✈✉ t➦í ❦✈❛❞r❛t✐❝❦ý❝❤ r♦✈♥✐❝ ♦ t➦❡❝❤ ♥❡③♥á♠ý❝❤✳ P➦❡✈❡❞❡♠❡ ❥❡ ♥❛ ❥❡❞♥✉
r♦✈♥✐❝✐ ♦ ❥❡❞♥é ♥❡③♥á♠é ❛ ✈②♣♦↔t❡♠❡✳

P➦❡✈❡❞❡♥í tét♦ s♦✉st❛✈② ♥❡♥í tr✐✈✐á❧♥í ❛ ✈❡❞❡ ❦ r♦✈♥✐❝✐ ↔t✈rté❤♦ st✉♣♥➙✳ ❱②❥á❞➦❡♥í ❛ ✈②➦❡➨❡♥í
tét♦ r♦✈♥✐❝❡ ❥❡ ❞❡t❛✐❧♥➙ ♣♦♣sá♥♦ ✈ ❬✷✻❪ ✈ ➓✸✻ ❛➸ ➓✹✸✳

✸✳✽✳✹ ❘❡❦♦♥str✉❦❝❡ R ❛ Cδ

❱❡ ❝❤✈í❧✐✱ ❦❞② ③♥á♠❡ η1✱ η2 ❛ η3✱ ♥á♠ ✉➸ ♥✐❝ ♥❡❜rá♥í ✈ t♦♠✱ ❛❜②❝❤♦♠ ③r❡❦♦♥str✉♦✈❛❧✐
♠❛t✐❝✐ R ❛ ♣♦③✐❝✐ ❦❛♠❡r② Cδ✳

✶✸P♦♠♦❝í ❦♦s✐♥♦✈é ✈➙t②✳

✷✶
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◆❡❥♣r✈❡ s✐ ✈②❥á❞➦í♠❡ ❜♦❞② Xi r❡♣r❡③❡♥t♦✈❛♥é ✈ s♦✉st❛✈➙ δ ❥❛❦♦ ✈❡❦t♦r② Yiǫ ✈ ♦rt♦♥♦r♠á❧✲
♥í♠ s②sté♠✉ ❦❛♠❡r② (C, ǫ)✶✹ ❞í❦② ③♥❛❧♦st✐ ηi✳

Yiǫ = ηiyiǫ = ηi
xiǫ

||xiǫ ||
= ηi

fxiγ
||fxiγ ||

= ηi
xiγ

||xiγ ||

❱③t❛❤ ♠❡③✐ Xiδ ❛ Yiǫ ❥❡ t❡❞②✿

Y1ǫ = R(X1δ − Cδ)

Y2ǫ = R(X2δ − Cδ)

Y3ǫ = R(X3δ − Cδ)

❚í♠ ❞♦stá✈á♠❡ t➦✐ ✈❡❦t♦r♦✈é r♦✈♥✐❝❡ ✈ tr♦❥r♦③♠➙r♥é♠ ♣r♦st♦r✉✱ ❝♦➸ ❞á✈á ❞❡✈➙t r♦✈♥✐❝
♦ ❞✈❛♥á❝t✐ ♥❡③♥á♠ý❝❤✳ ❉í❦② ♣♦❞♠í♥❦á♠ ♥❛ ♦rt♦♥♦r♠á❧♥♦st r♦t❛↔♥í ♠❛t✐❝❡ R ③ís❦á✈á♠❡
❞❛❧➨í❝❤ s❡❞♠ r♦✈♥✐❝✳

Pr♦ ✈ý♣♦↔❡t R ♥❡❥♣r✈❡ ❡❧✐♠✐♥✉❥❡♠❡ ③ r♦✈♥✐❝ Cδ ❛ ③ís❦á♠❡ s♦✉st❛✈✉✿

Y2ǫ − Y1ǫ = R(X2δ −X1δ)

Y3ǫ − Y1ǫ = R(X3δ −X1δ)

❉á❧❡ ✈②✉➸✐❥❡♠❡ ✈❧❛st♥♦st ✈❡❦t♦r♦✈é❤♦ s♦✉↔✐♥✉ ♣➦✐ ③♠➙♥➙ ❜á③í ✶✺✱ ↔í♠➸ ❞♦st❛♥❡♠❡✿

(Y2ǫ − Y1ǫ)× (Y3ǫ − Y1ǫ) = R((X2δ −X1δ)× (X3δ −X1δ))

❩ t♦❤♦ ❞♦st❛♥❡♠❡ tr♦❥✐❝✐ ♥❡③á✈✐s❧ý❝❤ ✈❡❦t♦r➲ Zi ✈②❥á❞➦❡♥é ✈ ❜á③í❝❤ δ ❛ ǫ✳

Z2ǫ = Y2ǫ − Y1ǫ, Z2δ
= X2δ −X1δ

Z3ǫ = Y3ǫ − Y1ǫ, Z3δ
= X3δ −X1δ

Z1ǫ = Z2ǫ × Z3ǫ , Z1δ
= Z2δ

× Z3δ

❘♦t❛❝✐ R t❡❞② ❞♦❦á➸❡♠❡ ③ís❦❛t t❛❦✱ ➸❡✿

[

Z1ǫ Z2ǫ Z3ǫ

]

= R
[

Z1δ
Z2δ

Z3δ

]

❉í❦② ❧✐♥❡ár♥í ♥❡③á✈✐s❧♦st✐ ✈❡❦t♦r➲ Zi ❛ ❢❛❦t✉✱ ➸❡ r♦t❛↔♥í ♠❛t✐❝❡ ♠á ♣❧♥♦✉ ❤♦❞♥♦st ✭◆❡✲
③á✈✐s❧á ♠♥♦➸✐♥❛ ✈❡❦t♦r➲ ♣♦ r♦t❛❝✐ ③➲st❛♥❡ ♥❡③á✈✐s❧á✳✮✱ ♠➲➸❡♠❡ ♣r♦✈ést ú♣r❛✈✉✿

R =
[

Z1ǫ Z2ǫ Z3ǫ

] [

Z1δ
Z2δ

Z3δ

]

−1

❚r❛♥s❧❛↔♥í ✈❡❦t♦r Cδ ③ís❦á♠❡ ❞í❦② ③♥❛❧♦st✐ R ❥❛❦♦✿

Cδ = Xiδ −RTYiǫ
✶✹❚♦t♦ ❥❡ ✈❧❛st♥➙ ❧♦❦á❧♥í s②sté♠ ❦❛♠❡r② r❡♣r❡③❡♥t♦✈❛♥ý ✈❡ st❡❥♥ý❝❤ ❥❡❞♥♦t❦á❝❤✱ ❥❛❦♦ s✈➙t♦✈ý s♦✉➦❛❞♥ý

s②sté♠ ❛ ✈②✉➸í✈á ❜á③✐ ✈❡❦t♦r➲ s✈➙t♦✈é❤♦ s②sté♠✉ tr❛♥s❢♦r♠♦✈❛♥é ♣♦♠♦❝í ♠❛t✐❝❡ R✳ ❩ár♦✈❡➡ ♣♦↔át❡❦ t♦❤♦t♦
s②sté♠✉ ❥❡ ♣♦s✉♥✉t ♦ ✈❡❦t♦r C ♦♣r♦t✐ s✈➙t♦✈é♠✉ s♦✉➦❛❞♥é♠✉ s②sté♠✉✳

✶✺xβ′ × yβ′ = A−T

|A−T |
(xβ × yβ)

✷✷
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✸✳✾ ❘♦③❞➙❧❡♥í ❛♣❧✐❦❛❝❡ ♥❛ ❢á③❡

❩ ♣➦❡❞❝❤♦③í❝❤ ↔ástí ✸✳✼ ❛ ✸✳✽ ✈②♣❧ý✈á✱ ➸❡ ❝❡❧ý ♣r♦❝❡s ♦❞ ③ís❦á♥í ❞❛t ♣♦ ✉❧♦➸❡♥í ✈ýs❧❡❞♥é
s❝é♥② ❜✉❞❡ ♣♦♠➙r♥➙ ❦♦♠♣❧✐❦♦✈❛♥ý ❛ ❜✉❞❡ ③❛❤r♥♦✈❛t ➦❛❞✉ ↔✐♥♥♦stí✳ Pr♦t♦ ❜✉❞❡ ✈❤♦❞♥é r♦③✲
❞➙❧✐t ❝❡❧ý ♣r♦❝❡s ♥❛ ♠❡♥➨í ❝❡❧❦②✱ ❦t❡ré ♦❞ s❡❜❡ ❜✉❞♦✉ ❝♦ ♠♦➸♥á ♥❡❥✈í❝❡ ♦❞❞➙❧❡♥é✱ ❜✉❞❡ ❥❡
♠♦➸♥é ♣r♦✈á❞➙t ♦❞❞➙❧❡♥➙ ❛ t②t♦ ❝❡❧❦② ❜✉❞♦✉ ❝♦ ♠♦➸♥á ♥❡❥✈í❝❡ ❦♦♥③✐st❡♥t♥í ✈ t♦♠✱ ❝♦ ✈ ♥✐❝❤
✉➸✐✈❛t❡❧ ❜✉❞❡ ♣r♦✈á❞➙t✳

❏❛❦♦ ♣r✈♥í s❛♠♦st❛t♥ý ❝❡❧❡❦ ❜✉❞❡ ✈❤♦❞♥é ③✈♦❧✐t s❦❡♥♦✈á♥í ❛ ❢♦❝❡♥í ♠♦❞❡❧✉✱ ❦t❡ré ❜✉❞❡♠❡
♦③♥❛↔♦✈❛t ③❛ ❢á③✐ ✧❩ís❦á♥í ❞❛t✧✳ ◆❛ ❦♦♥❝✐ ❝❡❧é❤♦ ♣r♦❝❡s✉ ❥❡ s❡st❛✈❡♥í ❛ ❡①♣♦rt s❝é♥② ❞♦ ❦♦♥✲
❦rét♥í❤♦ ❢♦r♠át✉✳ ❚✉t♦ ❢á③✐ ❜✉❞❡♠❡ ♦③♥❛↔♦✈❛t ❥❛❦♦ ✧❊①♣♦rt s❝é♥②✧✳ ❚♦✱ ❝♦ ③ ♣r♦❝❡s✉ ③❜ý✈á✱
❥❡ ✈②t✈á➦❡♥í ♣ó③ ❢♦t♦❛♣❛rát✉ ❛ s❦❡♥❡r✉✳ ❚✉t♦ ↔ást ❜✉❞❡ ✈❤♦❞♥é r♦③❞➙❧✐t ♥❛ ❢á③❡ ✧r❡❦♦♥str✉❦❝❡
♣ó③②✧❛ ♥❛ ✧③♣➦❡s➡♦✈á♥í ♣ó③②✧✳ ❘♦③❞➙❧❡♥í ❥❡ ✈❤♦❞♥é ❦✈➲❧✐ t♦♠✉✱ ➸❡ ♣r✈♥í ❛ ❞r✉❤á ↔ást s❡
♦❞ s❡❜❡ ✈❡❧♠✐ ❧✐➨í✳ ❱ ♣r✈♥í ↔ást✐ ✉➸✐✈❛t❡❧ ③ís❦á ❤r✉❜ý ♦❞❤❛❞ ♣ó③②✱ ❥❡❤♦➸ ♣➦❡s♥♦st ❥❡ ③á✈✐s❧á
♥❛ ♣➦❡s♥♦st✐ ✉➸✐✈❛t❡❧❡✳ ❈♦ s❡ ❞r✉❤é ❢á③❡ tý↔❡✱ t❛❦ ✈ té ✉➸✐✈❛t❡❧ ♣♦✉③❡ ✉♣r❛✈✉❥❡ ❞➦í✈❡ ③ís❦❛♥á
❞❛t❛✭♣ó③②✮✳

✸✳✾✳✶ ▼❡③✐✈ýs❧❡❞❦②

❏❡❧✐❦♦➸ ❝❡❧ý ♣r♦❝❡s ❜✉❞❡ r♦③❞➙❧❡♥ ♥❛ ❥❡❞♥♦t❧✐✈é ❢á③❡✱ ❦t❡ré ♦❞ s❡❜❡ ❜✉❞♦✉ ❦♦♠♣❧❡t♥➙ ♦❞✲
❞➙❧❡♥② ✭❑♦♠♣❧❡t♥í♠ ♦❞❞➙❧❡♥í♠ ❥❡ ♠②➨❧❡♥♦ t♦✱ ➸❡ ✉➸✐✈❛t❡❧ ♥❡❜✉❞❡ ♠✉s❡t ♣r♦✈á❞➙t ❝❡❧ý ♣r♦❝❡s
♥❛❥❡❞♥♦✉✱ ❜✉❞❡ ♠♦❝✐ ❛♣❧✐❦❛❝✐ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ❢á③❡♠✐ ✈②♣♥♦✉t ❛ ❜✉❞❡ ♠♦❝✐ ♣♦❦r❛↔♦✈❛t
❥✐♥❞② ✈ ❞❛❧➨í❝❤ ❢á③í❝❤✳ ❙❛♠♦③➦❡❥♠➙ ③❞❡ ❜✉❞❡ ♥á✈❛③♥♦st ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ❢á③❡♠✐✱ t❥✳ ♣➦❡❞
r❡❦♦♥str✉❦❝í ♣ó③② ❛ ❡①♣♦rt❡♠ ♠✉sí ❜ýt ♣r♦✈❡❞❡♥ s❜➙r ❞❛t ❛ ❡①♣♦rt ♠➲➸❡ ❜ýt ♣r♦✈❡❞❡♥ ❛➸
♣♦ r❡❦♦♥str✉❦❝✐ ♣ó③②✱ ❡t❝✳✮✳ ❑ t♦♠✉ ❜✉❞❡ ♥❡③❜②t♥é✱ ❛❜② ❜②❧❛ ✈ ❦❛➸❞é ❢á③✐ ❞❛t❛✱ ❦t❡rá ❜✉❞♦✉
✈②➸❛❞♦✈á♥❛ ✈ ❞❛❧➨í❝❤ ❢á③í❝❤✱ ✉❧♦➸❡♥❛✳

✸✳✾✳✷ ❩ís❦á♥í ❞❛t

❩ís❦á♥í ❞❛t ❥❡ ♣r✈♥í ❢á③❡ ❝❡❧é❤♦ ♣r♦❝❡s✉✳ ❈í❧❡♠ tét♦ ❢á③❡✱ ❥❛❦ ❥✐➸ ♥á③❡✈ ♥❛♣♦✈í❞á✱ ❜✉❞❡
s❦❡♥♦✈á♥í ❛ ❢♦t♦❣r❛❢♦✈á♥í ♦❜❥❡❦t✉✳ ❇➙❤❡♠ t♦❤♦t♦ ♣r♦❝❡s✉ t❛❦é ❜✉❞❡ ✈❤♦❞♥é ③ís❦❛t s❦❡♥ ❛
❢♦t♦❣r❛✜❡ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ③♠í♥➙♥é❤♦ ✈ ↔ást✐ ✸✳✼✳✻✳ ❚í♠ s❡ t❛t♦ ❢á③❡ st❛♥❡ ❥❡❞✐♥♦✉ ❢á③í✱
❦t❡rá ❜✉❞❡ ✈②➸❛❞♦✈❛t ♣♦✉➸✐tí s❦❡♥❡r✉✱ ❢♦t♦❛♣❛rát✉ ❛ ♦t♦↔♥é❤♦ st♦❧❦✉✳ ❩ár♦✈❡➡ t❛t♦ ❢á③❡
♥❡✈②➸❛❞✉❥❡ ♣➦í❧✐➨ ✈❡❧✐❦é ③❛♣♦❥❡♥í ✉➸✐✈❛t❡❧❡✳ ❏❡❞✐♥é ❝♦ ♦❞ ♥➙❥ ❜✉❞❡ ✈②➸❛❞♦✈á♥♦✱ ❥❡ ③❛❞á♥í
♣❛r❛♠❡tr➲ s❦❡♥♦✈á♥í ✭♣♦↔❡t s❦❡♥➲✱ ú❤❡❧ ♦t♦↔❡♥í st♦❧❦✉✮✱ ♣♦❧♦➸❡♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ♥❛
st♦❧❡❦✱ ❥❡❤♦ ♥❛s❦❡♥♦✈á♥í ❛ ♥ás❧❡❞♥➙ ♣♦❧♦➸❡♥í ♦❜❥❡❦t✉✱ ❦t❡rý ❝❤❝❡ ✉➸✐✈❛t❡❧ s❦❡♥♦✈❛t ❛ s♣✉➨t➙♥í
s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉✳

❉❛t❛ ③ís❦❛♥á ✈ tét♦ ❢á③✐ ❜✉❞♦✉ ♣➦❡❞❡✈➨í♠ ♠r❛↔♥❛ ❜♦❞➲✱ ❥❡❥✐❝❤ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡✱ ✸❉
♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡✳ ❩❞❡ ❥❡ ✈✐❞➙t✱ ➸❡ t♦ ✉➸ ❜✉❞❡ ♣♦♠➙r♥➙ ✈❡❧✐❦é ♠♥♦➸st✈í ❞❛t✳ Pr♦t♦ ❜✉❞❡
✈❤♦❞♥é ✈②t✈♦➦✐t s♣❡❝✐á❧♥í ❛❞r❡sá➦♦✈♦✉ str✉❦t✉r✉ ♣r♦ ❧♦❣✐❝❦é r♦③❞➙❧❡♥í ❞❛t ♥❛ ♠❡♥➨í ❝❡❧❦②✳
❉❛❧➨í ✐♥❢♦r♠❛❝❡✱ ❦t❡ré ✈ tét♦ ❢á③✐ ❜✉❞♦✉ ③ís❦❛♥ý✱ ❥s♦✉ ✐♥❢♦r♠❛❝❡ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✳ ❚♦
❜✉❞❡ ❞❛❧➨í ♠r❛↔♥♦ ❜♦❞➲✱ ❢♦t♦❣r❛✜❡ ❛ ✸❉ ♠♦❞❡❧✳ ❉á❧❡ ③❞❡ ♠á♠❡ ❥❡➨t➙ ✐♥❢♦r♠❛❝❡ ♦ t♦♠✱ ❦♦❧✐❦
s❦❡♥➲ ♠á ❜ýt ♣r♦✈❡❞❡♥♦ ❛ ❥❛❦é ❜②❧② ú❤❧② ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥②✳

✷✸
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❏❡❧✐❦♦➸ ❥s♦✉ ❥❡❞♥♦t❧✐✈é s❦❡♥②✱ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡ ✉❧♦➸❡♥② ❥❛❦♦ s❛♠♦st❛t♥é s♦✉❜♦r②✱ ❜✉❞❡
♣♦t➦❡❜❛ ✉❝❤♦✈á✈❛t ✐♥❢♦r♠❛❝❡ ♦ t♦♠✱ ✈ ❥❛❦é♠ ♣♦➦❛❞í ❜②❧② s❦❡♥② ♣♦➦í③❡♥②✱ ❥❛❦á ❥s♦✉ ❥♠é♥❛
s♦✉❜♦r➲ ❛ ❥❡➨t➙ ❞❛❧➨í ✐♥❢♦r♠❛❝❡✳ Pr♦t♦ ❜✉❞❡ ✈❤♦❞♥é ✈②t✈♦➦✐t s♣❡❝✐á❧♥í s♦✉❜♦r✱ ❦t❡rý ❜✉❞❡♠❡
♦③♥❛↔♦✈❛t ❥❛❦♦ ✧❛ss❡♠❜❧② s❝r✐♣t✧✳ ❉♦ t♦❤♦t♦ s♦✉❜♦r✉ s❡ ✉❧♦➸í ❥♠é♥❛ ✈➨❡❝❤ s♦✉❜♦r➲ s ♠r❛↔♥②
❜♦❞➲✱ ♠♦❞❡❧➲✱ ❢♦t♦❣r❛✜í✱ ✐♥❢♦r♠❛❝❡ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✱ ú❤❧② ♠❡③✐ s❦❡♥② ❛ ✈➨❡❝❤♥② ❞❛❧➨í
✐♥❢♦r♠❛❝❡ ③♠í♥➙♥é ✈ ♣➦❡❞❝❤♦③í♠ ♦❞st❛✈❝✐✳

❏❡❧✐❦♦➸ ✈ tét♦ ❢á③✐ t❛❦é ③ís❦á✈á♠❡ ✐♥❢♦r♠❛❝❡ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✱ ♠➲➸❡♠❡ ♥②♥í r♦✈♥♦✉
✈②t✈♦➦✐t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r ❞♦❦✉❞ ♠á♠❡ ✈❡➨❦❡ré ♣♦t➦❡❜♥é ✐♥❢♦r♠❛❝❡ ♥❛↔t❡♥é ✈ ♣❛♠➙t✐✳
❚②t♦ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♠♦❤♦✉ ❜ýt r♦✈♥➙➸ ♣➦✐❞á♥② ❞♦ ❛ss❡♠❜❧② s❝r✐♣t✉✳

✸✳✾✳✸ ❘❡❦♦♥str✉❦❝❡ ♣ó③②

❚❛t♦ ❢á③❡ s❛♠❛ ♦ s♦❜➙ ❜✉❞❡ ✈②➸❛❞♦✈❛t ♥❡❥✈í❝❡ ♣rá❝❡ ✉➸✐✈❛t❡❧❡✳ ❇✉❞❡ ♣♦t➦❡❜❛ ♥❛↔íst ❢♦✲
t♦❣r❛✜❡ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ❉♦ t➙❝❤ ♥ás❧❡❞♥➙ ✉➸✐✈❛t❡❧ ③❛❞á ❦❧í↔♦✈é ❜♦❞②✭↔ást ✸✳✼✳✻✮ ❛ ❦❡
❦❛➸❞é♠✉ ③ ♥✐❝❤ ❞♦♣❧♥í ♣♦③✐❝✐ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳ ❚♦ ❜✉❞❡ ♠✉s❡t ♣r♦✈ést ❥❛❦ ♣r♦
s❦❡♥❡r✱ t❛❦ ♣r♦ ❢♦t♦❛♣❛rát✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠✉s❡t ③❛❞❛t ❛❧❡s♣♦➡ t➦✐ ❜♦❞② ❞♦
❦❛➸❞é ❢♦t♦❣r❛✜❡✱ ❛❜② ❛❧❣♦r✐t♠✉s ♠♦❤❧ ♣r❛❝♦✈❛t✳ Pr♦ ③✈ý➨❡♥í ♣➦❡s♥♦st✐ ❜✉❞❡ ✉➸✐✈❛t❡❧✐ ✉♠♦➸✲
♥➙♥♦ ③❛❞❛t ❧✐❜♦✈♦❧♥é ♠♥♦➸st✈í ✈r❝❤♦❧➲✳ ❆❧❣♦r✐t♠✉s ♥ás❧❡❞♥➙ ♣r♦❜➙❤♥❡ ♣r♦ ❦❛➸❞♦✉ tr♦❥✐❝✐
✈r❝❤♦❧➲ ❛ ✈②❜❡r❡ s❡ t❡♥ ✈ýs❧❡❞❡❦✱ ♣r♦ ❦t❡rý ❜✉❞❡ ③♣➙t♥á ♣r♦❥❡❦❝❡ ❜♦❞➲ ♠ít ❝♦ ♥❡❥♠❡♥➨í
♦❞❝❤②❧❦✉ ♦❞ ♣➲✈♦❞♥í❝❤ ♣♦③✐❝✶✻✳ ❑ t♦♠✉✱ ❛❜② ❜②❧♦ ♠♦➸♥é ③r❡❦♦♥str✉♦✈❛t ♣ó③②✱ ❜✉❞❡ ♣♦t➦❡❜❛
③ís❦❛t ✉♠íst➙♥í ❛ ❥♠é♥❛ s♦✉❜♦r➲ s ✐♥❢♦r♠❛❝❡♠✐ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉ ✭❢♦t♦❣r❛✜❡✮ ❛ t❛❦é
❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♦❜♦✉ ❦❛♠❡r✳ ❚♦ ✈➨❡ ❜✉❞❡ ♠♦➸♥é ③ís❦❛t ③ ✧❛ss❡♠❜❧②
s❝r✐♣t✉✧✈②t✈♦➦❡♥é❤♦ ♣➦✐ ③ís❦á✈á♥í ❞❛t✳

❱ýst✉♣❡♠ tét♦ ❢á③❡ ❜✉❞♦✉ ♣ó③② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✱ ❦t❡ré s❡ s❦❧á❞❛❥í ✈➸❞② ③ tr❛♥s❧❛↔♥í❤♦
✈❡❦t♦r✉ ❛ r♦t❛↔♥í ♠❛t✐❝❡✳ Pó③② ✉❧♦➸í♠❡ ❞♦ s❛♠♦st❛t♥é❤♦ s♦✉❜♦r✉✱ ❦t❡rý ✉♠ístí♠❡ ❞♦ ♥❛➨í
❛❞r❡sá➦♦✈é str✉❦t✉r② ✈②t✈♦➦❡♥é ♣➦✐ ③ís❦á✈á♥í ❞❛t✳

✸✳✾✳✹ ❩♣➦❡s♥➙♥í ♣ó③②

❚❛t♦ ❢á③❡ ❜✉❞❡ ♥❛✈❛③♦✈❛t ♥❛ r❡❦♦♥str✉❦❝✐ ♣ó③② ❛ s❛♠❛ ♦ s♦❜➙ ✈❧❛st♥➙ ♥❡♥í ♣♦✈✐♥♥á✳
P♦❦✉❞ ✉➸✐✈❛t❡❧ ❞♦❦á➸❡ ♣ó③② ❞♦st❛t❡↔♥➙ ③r❡❦♦♥str✉♦✈❛t ✈ ♣➦❡❞❝❤♦③í ❢á③✐✱ ♥❡❜✉❞❡ t➦❡❜❛ ♥✐❝
③♣➦❡s➡♦✈❛t ❛ ♠➲➸❡ ❥ít r♦✈♥♦✉ ♥❛ ❢á③✐ ❡①♣♦rt♦✈á♥í✳

❚❛t♦ ❢á③❡ ❜✉❞❡ ✈②➸❛❞♦✈❛t✱ ❛❜② ✉➸✐✈❛t❡❧ ✈②❧❡♣➨✐❧ ✉➸ ❡①✐st✉❥í❝í ♣ó③②✳ ❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈
↔ást✐ ✸✳✼✳✾✱ ❜✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ♥ástr♦❥ ♣r♦ ③♣➦❡s➡♦✈á♥í ♣♦③✐❝❡✳ ❑ t♦♠✉ ❜② ♠♦❤❧♦ ♣♦♠➙r♥➙
❞♦❜➦❡ ♣♦s❧♦✉➸✐t✱ ❦❞②❜②❝❤♦♠ ✉➸✐✈❛t❡❧✐ ✈②❦r❡s❧✐❧✐ s❝é♥✉✱ ❦t❡rá ❜✉❞❡ ♦❜s❛❤♦✈❛t s❦❡♥ ❦❛❧✐❜r❛↔♥í❤♦
♦❜❥❡❦t✉ ❛ ③á❦❧❛❞♥í ♦s② s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ✭♦s② X✱ Y ❛ Z✮✳ ◆ás❧❡❞♥➙ ❜② ✉➸✐✈❛t❡❧
♠♦❤❧ s❦❡♥ ✈❡ s❝é♥➙ ❧✐❜♦✈♦❧♥➙ ♣♦s♦✉✈❛t ❛ r♦t♦✈❛t s ♥í♠✳ ❏❛❦♦ ③á❦❧❛❞ ♣r♦ ♣♦③✐❝✐ s❦❡♥✉ ❜②
❜②❧❛ ♣♦✉➸✐t❛ ♣ó③❛ ③ís❦❛♥á ✈ ♠✐♥✉❧é ❢á③✐✳ ❯➸✐✈❛t❡❧ ❜② s❡ s♥❛➸✐❧ ③❛r♦✈♥❛t ♦❜❥❡❦t t❛❦✱ ❛❜②

✶✻❚í♠ ❥❡ ♠②➨❧❡♥♦✱ ➸❡ s❡ ♣♦ r❡❦♦♥str✉❦❝✐ ♣ó③② s❡st❛✈í ③ ♣ó③② ❛ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♣r♦❥❡❦↔♥í ♠❛t✐❝❡ ❛ ✈➨❡❝❤♥②
✉➸✐✈❛t❡❧❡♠ ③❛❞❛♥é ❜♦❞② ✭✉➸✐✈❛t❡❧❡♠ ③❛❞❛♥é tr♦❥r♦③♠➙r♥é ❜♦❞②✮ s❡ t♦✉t♦ ♣r♦❥❡❦↔♥í ♠❛t✐❝í ♣r♦♠ít♥♦✉ ❞♦
❢♦t♦❣r❛✜❡ ❛ ③♠➙➦í s❡ ❝❤②❜❛ ✈ ♣r♦❥❡❦❝✐ ❥❛❦♦ ✈③❞á❧❡♥♦st ♠❡③✐ ♣r♦♠ít♥✉tý♠ ❜♦❞❡♠ ❛ ♣♦③✐❝í✱ ❦❛♠ t❡♥t♦ ❜♦❞ ❜②❧
✈❡ ❢♦t♦❣r❛✜✐ ③❛❞á♥ ✉➸✐✈❛t❡❧❡♠✳ ◆❛❦♦♥❡❝ ③✈♦❧í♠❡ t✉ ♣ó③②✱ ❦t❡rá ♠á ♥❡❥♠❡♥➨í ❝❤②❜②✳

✷✹
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✈r❝❤♦❧ ♦③♥❛↔❡♥ý ❥❛❦♦ st➦❡❞ s♦✉➦❛❞♥é s♦✉st❛✈② ❜②❧ ✈❡ s❦✉t❡↔♥é♠ st➦❡❞✉ ❛ ♦st❛t♥í ✈r❝❤♦❧②
❜② ❜②❧② ♥❛ ♦❞♣♦✈í❞❛❥í❝í❝❤ ♠íst❡❝❤✳ P♦❦✉❞ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♣♦✉➸í✈❛t ❦❡ ❦❛❧✐❜r❛❝✐ ❦r②❝❤❧✐✱ ❥❛❦
❜②❧♦ ❞♦♣♦r✉↔❡♥♦ ✈ ↔ást✐ ✸✳✼✳✻✱ ❜✉❞❡ ③❛r♦✈♥á♥í ♦❜❥❡❦t✉ s ♦s❛♠✐ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤é✳ ❚❛❦é
❜② ❜②❧♦ ♠♦➸♥é ✈②❦r❡s❧♦✈❛t ✈❡ s❝é♥➙ ❦r②❝❤❧✐ t❛❦✱ ❛❜② ✉s♥❛❞♥✐❧❛ ✉➸✐✈❛t❡❧✐ ♣➦❡s♥é ③❛r♦✈♥á♥í
❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ✭❯➸✐✈❛t❡❧ ❜② s❡ s♥❛➸✐❧ ✉♠íst✐t s❦❡♥ ♣➦í♠♦ ❞♦ ❞❛♥é ❦r②❝❤❧❡✳✮✳

❈♦ s❡ tý↔❡ ❢♦t♦❛♣❛rát✉✱ s tí♠ ❜✉❞❡ ♣rá❝❡ tr♦❝❤✉ ♥ár♦↔♥➙❥➨í✳ ❏❡❧✐❦♦➸ ♠á♠❡ ❦ ❞✐s♣♦③✐❝✐ ♣♦✉③❡
❢♦t♦❣r❛✜✐✱ ♥❡♠á♠❡ ♠♦❝ ♠♦➸♥♦stí✱ ❝♦ ❜② ✉➸✐✈❛t❡❧ ♠♦❤❧ ❞➙❧❛t✳ ◆❡❥❥❡❞♥♦❞✉➨➨í♠✱ ❛ ✈ t♦♠t♦
♣➦í♣❛❞➙ ❛s✐ ♥❡❥❧❡♣➨í♠✱ ➦❡➨❡♥í♠ ❜✉❞❡ ✉♠♦➸♥✐t ✉➸✐✈❛t❡❧✐ ♣♦❤❧❡❞ s❦r③❡ ❦❛♠❡r✉ ❢♦t♦❛♣❛rát✉ ❛
③♦❜r❛③✐t ♠✉ ♥❛ ♦❜r❛③♦✈❝❡ ♣♦❧♦♣r➲❤❧❡❞♥♦✉ ❢♦t♦❣r❛✜✐ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ❈í❧❡♠ ❜② ♥ás❧❡❞♥➙
❜②❧♦ ③❛r♦✈♥❛t ❦❛♠❡r✉ s ♦s❛♠✐ s♦✉➦❛❞♥é❤♦ s②sté♠✉✱ s❦❡♥❡♠ ♥❡❜♦ s ✈②❦r❡s❧♦✈❛♥♦✉ ❦r②❝❤❧í ♣r♦
❧❡♣➨í ③❛r♦✈♥á♥í s❦❡♥➲✳

❑❞②➸ ✉➸✐✈❛t❡❧ ❞♦❦♦♥↔í t✉t♦ ♣rá❝✐✱ ✉❧♦➸í ♥♦✈é ♣ó③② ❞♦ s♦✉❜♦r✉✱ ③❡ ❦t❡ré❤♦ ❜②❧② ♥❛↔t❡♥②✳

✸✳✾✳✺ ❊①♣♦rt s❝é♥②

❱ tét♦ ❢á③✐ ❜✉❞❡ ♦❞ ✉➸✐✈❛t❡❧❡ ✈②➸❛❞♦✈❛♥é ♣♦✉③❡ ♠✐♥✐♠á❧♥í ♠♥♦➸st✈í ♣rá❝❡✳ ❇✉❞❡ ♣♦t➦❡❜❛
❥❡♥ ✈②❜r❛t ❢♦r♠át✱ ❞♦ ❦t❡ré❤♦ ❝❤❝❡ ❞❛t❛ ❡①♣♦rt♦✈❛t ❛ ❝♦ ✈➨❡ ❝❤❝❡ ❡①♣♦rt♦✈❛t✳

Pr♦ s❛♠♦t♥é ❡①♣♦rt♦✈á♥í ❜✉❞❡ ♣♦t➦❡❜❛ ③ís❦❛t ♣♦③✐❝❡ ❛ ❥♠é♥❛ s♦✉❜♦r➲✱ ❦❞❡ ❥s♦✉ ✉❧♦➸❡♥❛
♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡✱ ♣♦↔❡t s❦❡♥➲ ❛ r♦t❛❝❡ ♠❡③✐ ♥✐♠✐ ❛ ♣➦❡❞❡✈➨í♠ t❛❦é ♣ó③②
s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✱ ❛❜② ❜②❧♦ ♠♦➸♥é s♣rá✈♥é ♣♦③✐❝♦✈á♥í ❜♦❞➲✱ ♠♦❞❡❧➲✱ ❡t❝✳ ❚❛t♦ ❞❛t❛ s❡
s♥❛❞♥♦ ③ís❦❛❥í ③ ✧❛ss❡♠❜❧② s❝r✐♣t✉✧✱ ③❡ s♦✉❜♦r✉ s ♣ó③❛♠✐ ❛ ♣➦❡❞❡✈➨í♠ ③❡ s♦✉❜♦r➲ s ❞❛t②
s❛♠♦t♥ý♠✐✳ ❱ýs❧❡❞❡❦ tét♦ ❢á③❡ ❜✉❞❡ ♥ás❧❡❞♥➙ ✉❧♦➸❡♥ ❞♦ ✈ýst✉♣♥í❤♦ s♦✉❜♦r✉✱ ❦t❡rý ❜✉❞❡
✉❧♦➸❡♥ ✈ ♥❛➨í ❛❞r❡sá➦♦✈é str✉❦t✉➦❡✳

✸✳✶✵ ❯➸✐✈❛t❡❧s❦é r♦③❤r❛♥í

❏❛❦ ❥❡ ③ ♣➦❡❞❝❤♦③í❝❤ ↔ástí ✸✳✾✳✸ ❛ ✸✳✾✳✹ ✈✐❞➙t✱ ❝❡❧ý ♣r♦❝❡s r❡❦♦♥str✉❦❝❡ ♥❡♥í ú♣❧♥➙ ❥❡❞✲
♥♦❞✉❝❤ý✱ ❝♦ s❡ ♣rá❝❡ ✉➸✐✈❛t❡❧❡ tý↔❡✳ ❘❡❦♦♥str✉❦↔♥í ↔ást✱ ❦t❡rá ✈②➸❛❞✉❥❡ ③❛❞á✈á♥í ❜♦❞➲✱ ❛
③♣➦❡s➡♦✈❛❝í ↔ást✱ ❦t❡rá ❜✉❞❡ ✈②➸❛❞♦✈❛t ♠❛♥✐♣✉❧❛❝✐ ♦❜❥❡❦t② ✈❡ ✸❉ s❝é♥➙✱ ③♥❛♠❡♥❛❥í✱ ➸❡ ♥❡✲
❜✉❞❡ st❛↔✐t✱ ❛❜② ✈ýs❧❡❞♥á ❛♣❧✐❦❛❝❡ ❜②❧❛ ♣♦✉③❡ ❦♦♥③♦❧♦✈á✳ ❇✉❞❡ ♣♦t➦❡❜❛ ✈②t✈♦➦✐t ❣r❛✜❝❦é
r♦③❤r❛♥í ✭●❯■✮✱ s❡ ❦t❡rý♠ ❜② ✉➸✐✈❛t❡❧ ♠♦❤❧ ♣r❛❝♦✈❛t✳

✸✳✶✶ ❱■❱■❉ ✾✐ ❙❉❑

❱■❱■❉ ❙❉❑ ❥❡ s❦✉♣✐♥❛ ❦♥✐❤♦✈❡♥ ❛ ❤❧❛✈✐↔❦♦✈ý❝❤ s♦✉❜♦r➲ ❞♦❞á✈❛♥ý❝❤ s❡ s❦❡♥❡r❡♠ ❱■❱■❉
✾✐ ❛ ♣♦s❦②t✉❥❡ ♣➦❡❞❡✈➨í♠ ❞✈➙ ③á❦❧❛❞♥í ❢✉♥❦❝❡✳ Pr✈♥í ❥❡ ♦✈❧á❞á♥í s❦❡♥❡r✉ s❛♠♦t♥é❤♦ ❛ ❞r✉❤♦✉
❢✉♥❦❝í ❥❡ ③♣r❛❝♦✈á♥í ❞❛t ♣♦➦í③❡♥ý❝❤ s❦❡♥❡r❡♠✳ ◆ás ❜✉❞❡ ③❛❥í♠❛t ♣➦❡❞❡✈➨í♠ ♣r✈♥í ❢✉♥❦❝❡✱ t❡❞②
♦✈❧á❞á♥í s❦❡♥❡r✉✳

❑ ❙❉❑ ❥s♦✉ ❞♦❞á✈á♥② t❛❦é ❞✈❛ ✉❦á③❦♦✈é ♣r♦❥❡❦t②✭◆❛❞á❧❡ ❜✉❞♦✉ ♦③♥❛↔♦✈á♥② ❥❛❦♦ ✧s❛♠✲
♣❧❡✧♣r♦❥❡❦t②✳✮✱ ❦❞❡ ❦❛➸❞ý ③ ♥✐❝❤ ❞❡♠♦♥str✉❥❡ ♥➙❦♦❧✐❦ ③á❦❧❛❞♥í❝❤ ❢✉♥❦❝í ❙❉❑✳

✷✺



❑❆P■❚❖▲❆ ✸✳ ❆◆❆▲Ý❩❆

❉♦❦✉♠❡♥t❛❝❡ ❞♦❞á✈❛♥á s ❙❉❑ ♥❡♥í ♣➦í❧✐➨ r♦③sá❤❧á ❛ ♣♦s❦②t✉❥❡ s♣í➨❡ ③á❦❧❛❞♥í ✐♥❢♦r♠❛❝❡✳
Pr♦t♦ ③♥❛↔♥á ↔ást ❛♥❛❧ý③② ✈②❝❤á③í ♣➦❡❞❡✈➨í♠ ③❡ ③❦♦✉♠á♥í s❛♠♣❧❡ ♣r♦❥❡❦t➲ ❛ ③ ♣♦❦✉s➲ ♥❛
♥✐❝❤ ♣r♦✈❡❞❡♥ý❝❤✳

✸✳✶✶✳✶ ❈❱■❙❡♥s♦r

❚♦t♦ ❥❡ ③á❦❧❛❞♥í t➦í❞❛✱ ❥❡❥í➸ ✐♥st❛♥❝❡ r❡♣r❡③❡♥t✉❥❡ s❦❡♥❡r s❛♠♦t♥ý✳ ■♥st❛♥❝❡ s❡ ✈②t✈á➦í ♣➦✐
♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉ ❛ ✈②✉➸í✈á s❡ ❦ ✈♦❧á♥í ❢✉♥❦❝í s ♥í♠ s♣♦❥❡♥ý❝❤✳

P♦s❦②t✉❥❡ ♣➦❡❞❡✈➨í♠ ❢✉♥❦❝❡ ♣r♦ ♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉✱ ♣➦✐♣r❛✈❡♥í s❦❡♥❡r✉ ♥❛ s❦❡♥♦✈á♥í✭❢✉♥❦❝❡
✧❘❡❛❞②✧✮✱ ③❛♦st➦❡♥í s❦❡♥❡r✉✭❢✉♥❦❝❡ ✧❋♦❝✉s✧✮ ❛ ❦❡ s❦❡♥♦✈á♥í✭❢✉♥❦❝❡ ✧▼❡❛s✉r❡✧✮✳ ❉á❧❡ ♣♦s❦②✲
t✉❥❡ ❢✉♥❦❝❡ ♣r♦ ③ís❦á♥í ❛ ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ s❦❡♥❡r✉✱ ❦❛❧✐❜r❛❝✐ s❦❡♥❡r✉ ❛ ➦❛❞✉ ❢✉♥❦❝í ♣r♦
③ís❦á✈á♥í ❞❛t✳ ▼❡③✐ ❞❛t❛ ③ís❦á✈❛❥í❝í ❢✉♥❦❝❡ ♣❛t➦í ♥❛♣➦í❦❧❛❞ ③ís❦á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ❢♦t♦❣r❛✜❡✱
✸❉ ♠♦❞❡❧✉ ♥❡❜♦ ↔✐stý❝❤ ♥❡③♣r❛❝♦✈❛♥ý❝❤ ❞❛t ③❡ s❦❡♥❡r✉✶✼✳

✸✳✶✶✳✶✳✶ ❘✉t✐♥❛ ♣rá❝❡ s❡ s❦❡♥❡r❡♠

P➦✐ ✈♦❧á♥í ♣➦í❦❛③➲✱ ❦t❡ré ♠á s❦❡♥❡r ✈②❦♦♥❛t s❡ ✈➸❞② ♣r♦✈á❞í ✉r↔✐tá r✉t✐♥❛✳ ◆❡❥♣r✈❡ s❡ ③ís❦á
❛❦t✉á❧♥í ♥❛st❛✈❡♥í s❦❡♥❡r✉✱ t♦ s❡ ✉♣r❛✈í ❞❧❡ ♣♦t➦❡❜② ❛ ✉♣r❛✈❡♥é s❡ ③❛♣í➨❡ ❞♦ s❦❡♥❡r✉✳ ◆ás❧❡❞♥➙
s❡ ♣r♦✈❡❞❡ ♣➦í❦❛③✱ ❦t❡rý ♠➙❧ ❜ýt ✈②❦♦♥á♥✳ P♦ ❦❛➸❞é ♣r♦✈❡❞❡♥é ❛❦❝✐ s❡ ♠✉sí ❦♦♥tr♦❧♦✈❛t✱ ③❞❛
❢✉♥❦❝❡ ✈rát✐❧❛ ❤♦❞♥♦t✉ TRUE✶✽ ♥❡❜♦ FALSE ♦③♥❛↔✉❥í❝í ús♣➙❝❤ ♥❡❜♦ ♥❡ús♣➙❝❤ ❢✉♥❦❝❡✳ ❙❉❑
s❦❡♥❡r✉ ♥❡✈②✉➸í✈á ✈ý❥✐♠❦②✱ ❛❧❡ ♣rá✈➙ ♥á✈r❛t♦✈é ❤♦❞♥♦t②✳ P♦❦✉❞ s❡ ✉➸✐✈❛t❡❧ ❝❤❝❡ ❞♦③✈➙❞➙t✱ ❝♦
s❡ st❛❧♦ ♣➦✐ ❞❛♥é ❛❦❝✐✱ ♠✉sí ③ís❦❛t ↔ís❧♦ ❝❤②❜♦✈é ❤❧á➨❦② ♣➦❡s ❢✉♥❦❝✐ ✧●❡t❊rr❈♦❞❡✧♥❛ ✐♥st❛♥❝✐
❈❱■❙❡♥s♦r✳

✸✳✶✶✳✶✳✷ P➦✐♣♦❥❡♥í

P➦✐♣♦❥❡♥í s❡ ❦❡ s❦❡♥❡r✉ ♠á tr♦❝❤✉ ♦❞❧✐➨♥♦✉ r✉t✐♥✉ ♦❞ ✈♦❧á♥í ❜➙➸♥ý❝❤ ♣➦í❦❛③➲✱ ✐ ❦❞② ✐ ③❞❡
♣r♦❜í❤á ❦♦♥tr♦❧❛ ús♣➙❝❤✉ ✈♦❧á♥í ❢✉♥❦❝❡ st❡❥♥➙✳ ❚♦ ♣r♦❜í❤á ③❛✈♦❧á♥í♠ ❢✉♥❦❝❡ ✧❈■❙❡♥s♦r❈r❡✲
❛t❡✧s ♣❛r❛♠❡tr❡♠✱ ❥❛❦ý t②♣ s❦❡♥❡r✉ ❝❤❝❡♠❡ ♣➦✐♣♦❥✐t ✭❚♦ ❥❡ ❱■❉■❱ ✾✐✱ ❞r✉❤♦✉ ♠♦➸♥♦stí ❜②
❜②❧♦ ❱■❱■❉ ✾✶✵✱ ❦t❡rý ❛❧❡ ♥❡♣♦❞♣♦r✉❥❡♠❡✳✮

✸✳✶✶✳✷ ❈❱■❙❡♥s♦rP❛r❛

■♥st❛♥❝❡ tét♦ t➦í❞② r❡♣r❡③❡♥t✉❥❡ ♥❛st❛✈❡♥í s❦❡♥❡r✉✳ ❙❧♦✉➸í ♣➦❡❞❡✈➨í♠ ❦ ③ís❦á♥í ✐♥❢♦r♠❛❝í ♦
s❦❡♥❡r✉✭■♥st❛♥❝❡ s❡ ♣♦✉➸í✈á ❥❛❦♦ ✈st✉♣♥í ♣❛r❛♠❡tr ♣r♦ ❢✉♥❦❝✐ ❛ ❢✉♥❦❝❡ ❞♦ ♥í ✉❦❧á❞á s❦✉t❡↔♥é
♣❛r❛♠❡tr② s❦❡♥❡r✉✳✮ ❛ ❦ ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ s❦❡♥❡r✉✳ Pr♦ ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ s❦❡♥❡r✉ ❥❡
♥❡❥❞➦í✈❡ ♥✉t♥é ♣❛r❛♠❡tr② ❞♦ ✐♥st❛♥❝❡ ♥❛↔íst ❛ ♥ás❧❡❞♥➙ ✉♣r❛✈✐t ❛ ③❛♣s❛t✱ ♥❡❜♦➫ ♣♦ ✈②t✈♦➦❡♥í
✐♥st❛♥❝❡ ♦❜s❛❤✉❥❡ ❞❡❢❛✉❧t♥í ❤♦❞♥♦t②✱ ❦t❡ré ❜② ♠♦❤❧② ③♣➲s♦❜✐t ➨♣❛t♥é ♥❛st❛✈❡♥í s❦❡♥❡r✉✳

✶✼❘❛✇ ❞❛t❛✳ ❙❧♦✉➸í ♣➦❡❞❡✈➨í♠ ❦ t♦♠✉✱ ❛❜② ❜②❧② ♥ás❧❡❞♥➙ ③♣r❛❝♦✈á♥② ✉➸✐✈❛t❡❧❡♠✱ ♥❡❜♦ ♣♦♠♦❝í ❢✉♥❦❝í
♣♦s❦②t♦✈❛♥ý❝❤ ❙❉❑ ③♠í♥➙♥ý❝❤ ♥❛ ③❛↔át❦✉ ↔ást✐ ✸✳✶✶✳

✶✽❩❞❡ s❡ ♥❡✈②✉➸í✈❛❥í ♥♦r♠á❧♥í ❧♦❣✐❝❦é ❤♦❞♥♦t② true ❛ false✱ ❛❧❡ ♠❛❦r❛ ❞❡✜♥♦✈❛♥á ✈❡ ❲✐♥❞♦✇s✳❤✳

✷✻



✸✳✶✶✳ ❱■❱■❉ ✾■ ❙❉❑

✸✳✶✶✳✸ ❈❱✐✈✐❞■♠♣♦rtP❛r❛

■♥st❛♥❝❡ tét♦ t➦í❞② s❧♦✉➸í ❥❛❦♦ ❦♦❧❡❦❝❡ ♣❛r❛♠❡tr➲✱ ❦t❡ré ❥s♦✉ ♣➦❡❞á✈á♥② s❦❡♥❡r✉✱ ❦❞②➸
❥s♦✉ ③ ♥➙❥ ③ís❦á✈á♥② ❞❛t❛ ❞♦ ♣❛♠➙t✐ ♣♦↔ít❛↔❡✳ ❱②✉➸í✈á s❡ ♣➦✐ ③ís❦á✈á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉
♠♦❞❡❧✉ ✐ ❢♦t♦❣r❛✜❡✳ P❛r❛♠❡tr② ♦❜s❛❤✉❥í ✐♥❢♦r♠❛❝❡ ♦ t♦♠✱ ❝♦ ✈➨❡ ♠á ❜ýt ③❡ s❦❡♥❡r✉ ③ís❦á♥♦
❛ ❥❛❦ ♠❛❥í ❜ýt ❞❛t❛ ♣➦❡❞③♣r❛❝♦✈á♥❛✳ ◆❛♣➦í❦❧❛❞ ③❞❛ ♠❛❥í ❜ýt ✈②♣❧♥➙♥② ❞ír② ✈ ✸❉ ♠♦❞❡❧✉✱
③❞❛ ♠á ❜ýt ♣♦t❧❛↔♦✈á♥ ➨✉♠✱ ❥❛❦ý♠ ③♣➲s♦❜❡♠ ♠á ❜ýt ♣♦t❧❛↔❡♥ ❛ ♠♥♦❤♦ ❞❛❧➨í❝❤ ♣❛r❛♠❡tr➲✳

✸✳✶✶✳✹ ❈❱■❱❡rt❡①❉❛t❛

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❥❛❦♦ r❡♣r❡③❡♥t❛❝❡ ♠r❛↔♥❛ ❜♦❞➲✳ ❯❝❤♦✈á✈á ✈ s♦❜➙ ♠❛t✐❝✐ ❜♦❞➲ ♦ r♦③✲
♠➙r❡❝❤ 640 × 480✱ ♣➦✐↔❡♠➸ ❜♦❞ B = [Bx, By, Bz] ♥❛ ♣♦③✐❝✐ [Bi, Bj ] ✈ ♠➦í➸❝❡ ❧❡➸í ♥❛ ♣➦í♠❝❡
♣r♦❝❤á③❡❥í❝í st➦❡❞❡♠ ❦❛♠❡r② ❛ ❜♦❞❡♠ b = [Bi, Bj ]✱ ❦t❡rý ❧❡➸í ✈ ♦❜r❛③♦✈é r♦✈✐♥➙ ❦❛♠❡r② s❦❡✲
♥❡r✉✳ P♦❞r♦❜♥➙❥➨í ✐♥❢♦r♠❛❝❡ ❥s♦✉ ✈ ↔ást✐ ✸✳✻✶✾✳ ❇♦❞② ❥s♦✉ ✈②❥á❞➦❡♥② ✈ ♠✐❧✐♠❡tr❡❝❤ ❛ ❥s♦✉ ✈
❧♦❦á❧♥í❝❤ s♦✉➦❛❞♥✐❝í❝❤ ❦❛♠❡r② s❦❡♥❡r✉✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ s♠➙r ♣♦❤❧❡❞✉ ❦❛♠❡r② ❥❡ ♣♦❧♦♦s❛ −Z
❛ s♠➙r ✈③❤➲r✉ ❥❡ ♣♦❧♦♦s❛ Y s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❦❛♠❡r②✳

✸✳✶✶✳✺ ❈❱✈❞■♠❛❣❡

■♥st❛♥❝❡ tét♦ t➦í❞② s❧♦✉➸í ❦ r❡♣r❡③❡♥t❛❝✐ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ③ís❦❛♥é ❥❡❞♥í♠ s❦❡♥♦✈á♥í♠✳
❇❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ♠➲➸❡ ❜ýt ③ís❦á♥❛ ❜✉↕ ✈ ❜❛r❡✈♥é✱ ♥❡❜♦ ✈ ↔❡r♥♦❜í❧é ♣♦❞♦❜➙✳

✸✳✶✶✳✻ ❈❱■❖❜❥❡❝t

■♥st❛♥❝❡ tét♦ t➦í❞② s❧♦✉➸í ❦ r❡♣r❡③❡♥t❛❝✐ ❦♦❧❡❦❝❡ ✸❉ ♠♦❞❡❧➲ ③ís❦❛♥ý❝❤ s❦❡♥❡r❡♠✳ ❖❜❥❡❦t②
❥s♦✉ ♣♦✉③❡ ❦♦♥t❡❥♥❡r② ✉❝❤♦✈á✈❛❥í❝í ✐♥❢♦r♠❛❝❡ ♦ ♣♦↔t✉ ♠♦❞❡❧➲ ❛ ❢♦t♦❣r❛✜í✱ ❛ ❦t❡ré s❛♠♦③➦❡❥♠➙
t❛❦é ♦❜s❛❤✉❥í ♠♥♦➸✐♥② ♠♦❞❡❧➲ ❛ ❢♦t♦❣r❛✜í s❛♠♦t♥ý❝❤✳ ❖❜❥❡❦t② tét♦ t➦í❞② ❥❡ ♠♦➸♥é s♥❛❞♥♦
✉❧♦➸✐t ♥❡❜♦ ♥❛↔íst s ✈②✉➸✐tí♠ ❢✉♥❦❝í ♣♦s❦②t♦✈❛♥ý❝❤ t➦í❞♦✉ ❈❱■❙❡♥s♦rP♦❧②❣♦♥❋✐❧❡Pr♦❝❡ss ✈❡
❢♦r♠át✉ ✳✈✈❞✳

✸✳✶✶✳✻✳✶ ❈❱■▼♦❞❡❧

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ✸❉ ♠♦❞❡❧② ✉❧♦➸❡♥é ✈ ❈❱■❖❜❥❡❝t ❦♦❧❡❦❝✐✳ ■♥st❛♥❝❡ ❈❱■▼♦❞❡❧
♦❜s❛❤✉❥❡ ✈r❝❤♦❧② ❞❛♥é ❣❡♦♠❡tr✐❡ ❛ ✈ ✐♥st❛♥❝✐ t➦í❞② ❈❱■▼♦❞❡❧❉❛t❛ ♠á ✉❝❤♦✈á♥② t♦♣♦❧♦❣✐❝❦é
✐♥❢♦r♠❛❝❡✭❱ ❈❱■▼♦❞❡❧❉❛t❛ ❥s♦✉ ✉❧♦➸❡♥② ♣❧♦➨❦② ♣♦♠♦❝í ✐♥❞❡①➲ ♥❛ ✈r❝❤♦❧②✱ ♥❛ ❦t❡rý❝❤ ❥s♦✉
✈②t✈♦➦❡♥②✳✮

✸✳✶✶✳✼ ❈❱■❙❡♥s♦rP♦❧②❣♦♥❋✐❧❡Pr♦❝❡ss

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ ♣rá❝✐ s ✸❉ ♠♦❞❡❧②✳ ❏❡❞✐♥é ❞✈➙ ♠❡t♦❞②✱ ❦t❡ré ♣♦s❦②t✉❥❡ ✭❑r♦♠➙ ♠❡t♦❞②
♣r♦ ③ís❦á♥í ♣♦s❧❡❞♥í ❝❤②❜②✱ ❦t❡rá ♥❛st❛❧❛ ❛ ❦♦♥str✉❦t♦r✉✳✮ ❥s♦✉ ♠❡t♦❞② ♣r♦ ✉❧♦➸❡♥í ♠♦❞❡❧✉
❞♦ s♦✉❜♦r✉ ❛ ❥❡❤♦ ♦♣➙t♦✈♥é ♥❛↔t❡♥í ③❡ s♦✉❜♦r✉✳

✶✾❩❥❡❞♥♦❞✉➨❡♥➙ ➦❡↔❡♥♦ ❜♦❞ ♥❛ ♣♦③✐❝✐ [Bi, Bj ] ✈ ♠➦í➸❝❡ ♦❞♣♦✈í❞á ❜♦❞✉ ③❛❝❤②❝❡♥é♠✉ ✈❡ ❢♦t♦❣r❛✜✐ ♥❛ ♣✐①❡❧✉
[Bi, Bj ]✳

✷✼



❑❆P■❚❖▲❆ ✸✳ ❆◆❆▲Ý❩❆

✸✳✶✷ ❈❛♥♦♥ ❊❉❙❉❑

❈❛♥♦♥ ♣♦s❦②t✉❥❡ ❦❡ s✈ý♠ ❢♦t♦❛♣❛rát➲♠ ❙❉❑ ✭♥❛③ý✈❛♥é ❊❉❙❉❑✮✱ ❦t❡ré ✉♠♦➸➡✉❥❡ ♣➦✐✲
♣♦❥❡♥í✱ ♦✈❧á❞á♥í ❛ ♠❛♥✐♣✉❧❛❝✐ s ❥❡❥✐❝❤ ❢♦t♦❛♣❛rát②✳ ◆❛ r♦③❞í❧ ♦❞ ❙❉❑ s❦❡♥❡r✉ ♥❡♥í ♦♠❡③❡♥♦
♣♦✉③❡ ♥❛ ♣ár ❦♦♥❦rét♥í❝❤ ③❛➦í③❡♥í✳

❖❜❞♦❜♥➙ ❥❛❦♦ ❥❡ t♦♠✉ ✉ ❙❉❑ s❦❡♥❡r✉✱ ✐ ③❞❡ ❥s♦✉ ♣♦s❦②t♥✉t② ❞✈❛ s❛♠♣❧❡ ♣r♦❥❡❦t②✱ ❦t❡ré
❞❡♠♦♥str✉❥í ③á❦❧❛❞♥í ♦✈❧á❞á♥í ❢♦t♦❛♣❛rát✉ ❛ ③♣r❛❝♦✈á♥í ❢♦t♦❣r❛✜í ❛ t❛❦é ♣♦s❦②t✉❥í ♣♦♠➙r♥➙
r♦③sá❤❧♦✉ ❞♦❦✉♠❡♥t❛❝✐ ❝❡❧é❤♦ ❙❉❑✳

❊❉❙❉❑ ♠á ♦♣r♦t✐ ❙❉❑ s❦❡♥❡r✉ tr♦❝❤✉ ❥✐♥ý ♠♦❞❡❧ ♦✈❧á❞á♥í✳ ❱ ❙❉❑ s❦❡♥❡r✉ ✈➨❡❝❤♥②
❢✉♥❦❝❡ ✈rát✐❧② ✈❧á❦♥✉✱ ❦t❡ré ❥❡ ③❛✈♦❧❛❧♦✱ ➦í③❡♥í ❛➸ ✈❡ ❝❤✈í❧✐✱ ❦❞② ❜②❧❛ ❝❡❧á ♣rá❝❡ ❞♦❦♦♥↔❡♥❛✳
❑♦♠✉♥✐❦❛❝❡ ❛♣❧✐❦❛❝❡ s ❢♦t♦❛♣❛rát❡♠ ♣➦❡s ❊❉❙❉❑ ♣r♦❜í❤á ❛s②♥❝❤r♦♥♥➙✳ ❊❉❙❉❑ ♣♦s❦②t✉❥❡
❦r♦♠➙ ❢✉♥❦❝í ♣r♦ ♣➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉ ❛ ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ ♣➦❡❞❡✈➨í♠ s❛❞✉ ❛s②♥❝❤r♦♥✲
♥í❝❤ ♣➦í❦❛③➲✳

✸✳✶✷✳✶ ❑♦♠✉♥✐❦❛❝❡ ❊❉❙❉❑ s ❛♣❧✐❦❛❝í

❆❜② ❜②❧❛ ③❛❥✐➨t➙♥❛ ❦♦r❡❦t♥í ❦♦♠✉♥✐❦❛❝❡ ❊❉❙❉❑ ❛ ❛♣❧✐❦❛❝❡✱ ♠✉sí ❛♣❧✐❦❛❝❡ ✐♠♣❧❡♠❡♥✲
t♦✈❛t ➦❛❞✉ t❛❦③✈❛♥ý❝❤ ✧❝❛❧❧❜❛❝❦✧✷✵ ❢✉♥❦❝í✱ ❦t❡ré ♠✉sí ❜ýt ❊❉❙❉❑ ✈ rá♠❝✐ ♣➦✐♣♦❥♦✈á♥í ❦
❢♦t♦❛♣❛rát✉ ♣♦s❦②t♥✉t②✳ ❩á❦❧❛❞♥í ↔t②➦✐ ❝❛❧❧❜❛❝❦ ❢✉♥❦❝❡✱ ❦t❡ré ❥s♦✉ ♣♦t➦❡❜❛✱ ❥s♦✉ ✧❖❜❥❡❝t❊✲
✈❡♥t❍❛♥❞❧❡r✧✱ ✧Pr♦♣❡rt②❊✈❡♥t❍❛♥❞❧❡r✧✱ ✧❙t❛t✉s❊✈❡♥t❍❛♥❞❧❡r✧❛ ✧Pr♦❣r❡ss❍❛♥❞❧❡r✧✳ ❖❜❥❡❝✲
t❊✈❡♥t❍❛♥❞❧❡r ❢✉♥❦❝❡ ❥❡ ✈♦❧á♥❛ t❡❤❞②✱ ❦❞②➸ ♠á ❢♦t♦❛♣❛rát ✈ ♣❛♠➙t✐ ❞❛t❛✱ ❦t❡rá ✉➸✐✈❛t❡❧ ❝❤❝❡✱
❝♦➸ ❥❡ ♥❛♣➦í❦❧❛❞ ♣♦➦í③❡♥á ❢♦t♦❣r❛✜❡✳ P♦ ❞♦❦♦♥↔❡♥í ③ís❦á✈á♥í ❢♦t♦❣r❛✜❡ ❥❡ ③❛✈♦❧á♥❛ t❛t♦ ❝❛❧❧✲
❜❛❝❦ ❢✉♥❦❝❡ s ♦❜❥❡❦t❡♠ r❡♣r❡③❡♥t✉❥í❝í♠ ♣♦③✐❝✐ ❢♦t♦❣r❛✜❡ ♥❛ ♣❛♠➙➫♦✈é ❦❛rt➙ ❢♦t♦❛♣❛rát✉✳❉❛❧➨í
✉❞á❧♦st✐ ♠♦❤♦✉ ❜ýt ♥❛♣➦í❦❧❛❞ ✈②t✈♦➦❡♥í ♥♦✈é❤♦ s♦✉❜♦r✉✱ s♠❛③á♥í s♦✉❜♦r✉✱ ♠♦❞✐✜❦❛❝❡ ❛❞✲
r❡sá➦♦✈é str✉❦t✉r② ❛ ♠♥♦❤♦ ❞❛❧➨í❝❤✱ s♦✉❜♦r♦✈é❤♦ s②sté♠✉ ❛ ♣❛♠➙t✐ s❡ tý❦❛❥í❝í❝❤✱ ✉❞á❧♦stí✳
Pr♦♣❡rt②❊✈❡♥t❍❛♥❞❧❡r ❥❡ ✈♦❧á♥❛ ✈ ♣➦í♣❛❞➙✱ ➸❡ ❞♦❥❞❡ ❦❡ ③♠➙♥➙ ♣❛r❛♠❡tr✉ ❢♦t♦❛♣❛rát✉✳ ❚í♠t♦
③♣➲s♦❜❡♠ ❧③❡ ③❛❥✐st✐t✱ ➸❡ ❛♣❧✐❦❛❝❡ ❜✉❞❡ ♠ít ✈➸❞② ❛❦t✉á❧♥í ✐♥❢♦r♠❛❝❡ ♦ ♥❛st❛✈❡♥í ❢♦t♦❛♣❛rát✉✳
❋✉♥❦❝❡ ❙t❛t❡❊✈❡♥t❍❛♥❞❧❡r ❥❡ ✈♦❧á♥❛ ✈ ♣➦í♣❛❞➙✱ ➸❡ s❡ ③♠➙♥í st❛✈ ❢♦t♦❛♣❛rát✉✳ ❚♦ ♠♦❤♦✉ ❜ýt
♥❛♣➦í❦❧❛❞ ❝❤②❜♦✈é ❤❧á➨❦② ❊❉❙❉❑✱ ✐♥❢♦r♠❛❝❡✱ ➸❡ ❢♦t♦❛♣❛rát ❜②❧ ♦❞♣♦❥❡♥✱ ♥❡❜♦ ❞❛❧➨í ✉❞á❧♦st✐
♦❜❞♦❜♥é❤♦ rá③✉✳

❈♦ s❡ Pr♦❣r❡ss❍❛♥❞❧❡r tý↔❡✱ t❛t♦ ❢✉♥❦❝❡ ❥❡ ✈♦❧á♥❛ ③ ❊❉❙❉❑ ✈❡ ❝❤✈í❧✐✱ ❦❞② ♣r♦❜í❤á ♥➙❥❛❦ý
♣r♦❝❡s✱ ❦t❡rý ③❛❜írá ❞❡❧➨í ↔❛s✳ ❏❡ ♠♦➸♥é ♥❛st❛✈✐t✱ ③❞❛ ♠á ❜ýt t❛t♦ ❢✉♥❦❝❡ ✈♦❧á♥❛ ♣r➲❜➙➸♥➙ s
♣❛r❛♠❡tr❡♠✱ ❦♦❧✐❦ ♣r♦❝❡♥t ❥❡ ③ ❢✉♥❦❝❡ ✉➸ ✈②❦♦♥á♥♦✱ ♥❡❜♦ ➸❡ ♠á ❜ýt ③❛✈♦❧á♥❛ ❛➸ ❥❡ ♣r♦❝❡s
ú♣❧♥➙ ❞♦❦♦♥↔❡♥✳ ❚í♠ ❥❡ ♠♦➸♥é ③❛❥✐st✐t✱ ➸❡ s❡ ❛♣❧✐❦❛❝❡ ❞♦③✈í ♦ ❞♦❦♦♥↔❡♥í ♣r♦❝❡s✉✳

✸✳✶✷✳✷ P➦í❦❛③②

❩ ❝❡❧é s❛❞② ♣➦í❦❛③➲ ❥s♦✉ ♣r♦ ♥ás ❞➲❧❡➸✐té ♣➦❡❞❡✈➨í♠ ♣➦í❦❛③② ♣r♦ ③ís❦á♥í ❢♦t♦❣r❛✜❡ ❛ ♣r♦
❥❡❥í st❛➸❡♥í ❞♦ ❢♦t♦❛♣❛rát✉✳

✷✵❋✉♥❦❝❡✱ ❦t❡ré ❥s♦✉ ✈♦❧á♥② ❊❉❙❉❑ ③ ❥✐♥é❤♦ ✈❧á❦♥❛✳ ❯♠♦➸➡✉❥í ❊❉❙❉❑ ❦♦♠✉♥✐❦♦✈❛t s ❛♣❧✐❦❛❝í

✷✽



✸✳✶✷✳ ❈❆◆❖◆ ❊❉❙❉❑

✸✳✶✷✳✷✳✶ P➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉

❘✉t✐♥❛ ♣r♦ ♣➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉ ♦❜s❛❤✉❥❡ ♣♦♠➙r♥➙ ✈❡❧✐❦é ♠♥♦➸st✈í ❦r♦❦➲✳ ◆❡❥♣r✈❡✱ ♣♦✲
❦✉❞ t♦ ✉➸ ♥❡❜②❧♦ ♣r♦✈❡❞❡♥♦ ❞➦í✈❡✱ ❥❡ ♥❡③❜②t♥é ✐♥✐❝✐❛❧✐③♦✈❛t ❙❉❑ ✈♦❧á♥í♠ ✧❊❞s■♥✐t✐❛❧✐③❡❙❉❑✧✳
❉❛❧➨í♠ ❦r♦❦❡♠ ❥❡ ③ís❦á♥í s❡③♥❛♠✉ ❢♦t♦❛♣❛rát➲ ❛ ✈②❜rá♥í♠ ♥❛➨❡❤♦ ❢♦t♦❛♣❛rát✉ ♣♦♠♦❝í ❢✉♥❦❝í
✧❊❞s●❡t❈❛♠❡r❛▲✐st✧✱ ✧❊❞s●❡t❈❤✐❧❞❈♦✉♥t✧❛ ✧❊❞s●❡t❈❤✐❧❞❆t■♥❞❡①✧✳ ❉á❧❡ ♥ás❧❡❞✉❥❡ ③ís❦á♥í
♣❛r❛♠❡tr➲ ❢♦t♦❛♣❛rát✉ ♣♦♠♦❝í ✧❊❞s●❡t❉❡✈✐❝❡■♥❢♦✧✱ ✉✈♦❧♥➙♥í ❧✐st✉ ❦❛♠❡r✭✧❊❞s❘❡❧❡❛s❡✧✮✱
♥❛st❛✈❡♥í ❝❛❧❧❜❛❝❦ ❢✉♥❦❝í ③♠í♥➙♥ý❝❤ ✈ ↔ást✐ ✸✳✶✷✳✶ ♣♦♠♦❝í ✧❊❞s❙❡t❖❜❥❡❝t❊✈❡♥t❍❛♥❞❧❡r✧✱
✧❊❞s❙❡tPr♦♣❡rt②❊✈❡♥t❍❛♥❞❧❡r✧❛ ✧❊❞s❙❡t❙t❛t❡❊✈❡♥t❍❛♥❞❧❡r✧✳

❱ t✉t♦ ❝❤✈í❧✐ ✉➸ ③❜ý✈á ❥❡♥ ♥❛✈á③❛t s♣♦❥❡♥í ♣➦í♠♦ s ❢♦t♦❛♣❛rát❡♠ ✭❱ ❞♦❦✉♠❡♥t❛❝✐ ❥❡ s♣♦❥❡♥í
s ❢♦t♦❛♣❛rát❡♠ ♥❛③ý✈á♥♦ ✧s❡ss✐♦♥✧✳✮✳ ❚♦ ✉♠♦➸♥í ✈♦❧á♥í ❢✉♥❦❝í ♥❛ ❢♦t♦❛♣❛rát✉ ❛ ➸❡ ❊❉❙❉❑
❜✉❞❡ ✈ ❛♣❧✐❦❛❝✐ ✈♦❧❛t ❝❛❧❧❜❛❝❦ ❢✉♥❦❝❡ s♣♦❥❡♥é s ❞❛♥ý♠ ❢♦t♦❛♣❛rát❡♠✳ ❚♦ ♣r♦❜í❤á ③❛✈♦❧á♥í♠
❢✉♥❦❝❡ ✧❊❞s❖♣❡♥❙❡ss✐♦♥✧♥❛ ♦❜❥❡❦t r❡♣r❡③❡♥t✉❥í❝í ❢♦t♦❛♣❛rát✳ ◆ás❧❡❞♥➙ ❥❡ ♥✉t♥é ♥❛st❛✈✐t✱
❦❛♠ ♠❛❥í ❜ýt ❢♦t♦❣r❛✜❡ ✉❦❧á❞á♥② ✭✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ❥❡ ❝❤❝❡♠❡ ✉❦❧á❞❛t ♣♦✉③❡ ♥❛ ❞✐s❦ ♣♦↔í✲
t❛↔❡✳✮ ❛ s tí♠ ❦♦♥↔í ❢á③❡ ♣➦✐♣♦❥♦✈á♥í ❦ ❢♦t♦❛♣❛rát✉✳ ❱ t✉t♦ ❝❤✈í❧✐ ✉➸ ❥❡ ♠♦➸♥é s ❢♦t♦❛♣❛rát❡♠
♣r❛❝♦✈❛t ✭P♦❦✉❞ ✈➨❡❝❤♥② ✈ý➨❡ ③♠í♥➙♥é ❦r♦❦② ✉s♣➙❧②✳ ✮✳

✸✳✶✷✳✷✳✷ P♦➦í③❡♥í ❢♦t♦❣r❛✜❡

❑ ③ís❦á♥í ❢♦t♦❣r❛✜❡ ❢♦t♦❛♣❛rát❡♠ s❧♦✉➸í ♣➦í❦❛③ ✧❦❊❞s❈❛♠❡r❛❈♦♠♠❛♥❞❴Pr❡ss❙❤✉tt❡r❇✉tt♦♥✧✱
❦t❡rý s❧♦✉➸í ❦ s✐♠✉❧❛❝✐ st✐s❦♥✉tí t❧❛↔ít❦❛ ❢♦t♦❛♣❛rát✉ ♣r♦ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡✳ ❚❧❛↔ít❦♦ ♠➲➸❡
♠ít ❝❡❧❦❡♠ t➦✐ st❛✈②✱ ❦t❡ré ❥s♦✉ ✧♥❡st✐s❦♥✉té✧✭❖✛✮✱ ✧st✐s❦♥✉té ♥❛♣➲❧✧✭❍❛❧❢✇❛②✮ ❛ ✧st✐s❦✲
♥✉té ú♣❧♥➙✧✭❈♦♠♣❧❡t❡❧②✮✳ ❙ t➙♠✐t♦ st❛✈② s❡ ✈á➸❡ ♣rá✈➙ ✈ý➨❡ ③♠í♥➙♥ý ♣➦í❦❛③ ✧❦❊❞s❈❛♠❡r❛✲
❈♦♠♠❛♥❞❴Pr❡ss❙❤✉tt❡r❇✉tt♦♥✧✱ s❡ ❦t❡rý♠ s❡ ♣♦sí❧á ♣❛r❛♠❡tr✱ ♥❛ ❥❛❦♦✉ ❤♦❞♥♦t✉ t❧❛↔ít❦♦
♥❛st❛✈✐t✳ ❱ ♣➦í♣❛❞➙ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡ t❡❞② ♥❡❥♣r✈❡ ③❛✈♦❧á♠❡ t❡♥t♦ ♣➦í❦❛③ s ♣❛r❛♠❡tr❡♠
✧❦❊❞s❈❛♠❡r❛❈♦♠♠❛♥❞❴❙❤✉tt❡r❇✉tt♦♥❴❈♦♠♣❧❡t❡❧②✧❛ ❤♥❡❞ ③❛ tí♠ s ♣❛r❛♠❡tr❡♠ ✧❦❊❞✲
s❈❛♠❡r❛❈♦♠♠❛♥❞❴❙❤✉tt❡r❇✉tt♦♥❴❖❋❋✧✳ ❚í♠ ♥❛s✐♠✉❧✉❥❡♠❡ ❥❡❞♥♦ st✐s❦♥✉tí ❛ ✉✈♦❧♥➙♥í
t❧❛↔ít❦❛✷✶✳

✸✳✶✷✳✷✳✸ ❙t❛➸❡♥í ③ís❦❛♥é ❢♦t♦❣r❛✜❡

❖♣r♦t✐ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡ ❥❡ ❥❡❥í st❛➸❡♥í tr♦❝❤✉ ❦♦♠♣❧✐❦♦✈❛♥➙❥➨í ♣r♦❝❡s✳ ❙t❛❤♦✈❛❝í ♣r♦❝❡s
♠✉sí ③❛↔í♥❛t ③❛ ✧❖❜❥❡❝t❊✈❡♥t❍❛♥❞❧❡r✧❢✉♥❦❝í✱ ♥❡❜♦➫ t❛ ❞♦st❛♥❡ ❥❛❦♦ ♣❛r❛♠❡tr ♦❞ ❊❉❙❉❑
r❡❢❡r❡♥❝✐ ♥❛ ✉♠íst➙♥í ❢♦t♦❣r❛✜❡ ♥❛ ♣❛♠➙➫♦✈é ❦❛rt➙ ❢♦t♦❛♣❛rát✉✳ ❩ r❡❢❡r❡♥❝❡ ♥❛ ♣♦③✐❝✐ s❡ ♠✉sí
✈②t✈♦➦✐t ♦❜❥❡❦t ✧❊❞s❉✐r❡❝t♦r②■t❡♠■♥❢♦✧✱ ❦t❡rý r❡♣r❡③❡♥t✉❥❡ ❞❛t❛ ♥❛ ✉r↔✐té ♣♦③✐❝✐ ♥❛ ❦❛rt➙✳
◆ás❧❡❞♥➙ s❡ ♠✉sí ✈②t✈♦➦✐t ❞❛t♦✈ý ♣r♦✉❞ ✧❊❞s❙tr❡❛♠❘❡❢✧✱ ❦t❡rý ❥❡ s♣♦❥❡♥ s ❧♦❦❛❝í✱ ❦❛♠ ♠á
❜ýt ❢♦t♦❣r❛✜❡ ✉❧♦➸❡♥❛ ♥❛ ❞✐s❦✉ ♣♦↔ít❛↔❡ ❛ ❥❡ ✈②✉➸✐t ♣➦✐ s❛♠♦t♥é♠ st❛❤♦✈á♥í✳ ❏❛❦♦ ❞❛❧➨í ❦r♦❦
s❡ ♠✉sí ♥❛st❛✈✐t ♣r♦ ❞❛♥ý ♣r♦✉❞ ♣rá✈➙ ♦♥❛ ✈ý➨❡ ③♠í♥➙♥á ❝❛❧❧❜❛❝❦ ❢✉♥❦❝❡ ✧Pr♦❣r❡ss❍❛♥❞❧❡r✧✱
❦t❡rá ♠á ❜ýt ✈♦❧á♥❛ ✈ ♣r➲❜➙❤✉✴♣♦ ❞♦❦♦♥↔❡♥í st❛❤♦✈á♥í✳ ❉á❧❡ ♥ás❧❡❞✉❥❡ ③❛✈♦❧á♥í sér✐❡ ❢✉♥❦❝í
✧❊❞s❉♦✇♥❧♦❛❞✧✱ ❦t❡rá ③❛❤á❥í st❛❤♦✈á♥í s♦✉❜♦r✉✱ ✧❊❞s❉♦✇♥❧♦❛❞❈♦♠♣❧❡t❡✧✱ ❦t❡rá ♠✉sí ❜ýt
③❛✈♦❧á♥❛ ♣♦ ❞♦❦♦♥↔❡♥í st❛❤♦✈á♥í ❛ ❢✉♥❦❝❡ ♣r♦ ✉✈♦❧♥➙♥í ✈st✉♣♥í r❡❢❡r❡♥❝❡ ♥❛ ♣♦③✐❝✐ ❢♦t♦❣r❛✜❡
❛ ✉✈♦❧♥➙♥í ❞❛t♦✈é❤♦ ♣r♦✉❞✉✳

✷✶❑❞②❜② ♥❡❜②❧ ③❛✈♦❧á♥ ♣➦í❦❛③ s ♣❛r❛♠❡tr❡♠ ✧❖✛✧✱ ❊❉❙❉❑ ✐ ❢♦t♦❛♣❛rát ❜② s✐ stá❧❡ ♠②s❧❡❧②✱ ➸❡ t❧❛↔ít❦♦ ♠á
❜ýt ❞r➸❡♥♦ ✈❡ st✐s❦♥✉té ♣♦❧♦③❡✱ ♥❡❜♦➫ ✈➨❡❝❤♥② st❛✈② ❥s♦✉ ✉❞r➸♦✈á♥② ✈ ♣♦s❧❡❞♥í ♥❛st❛✈❡♥é ♣♦❧♦③❡✳

✷✾



❑❆P■❚❖▲❆ ✸✳ ❆◆❆▲Ý❩❆

✸✳✶✸ ❖✈❧á❞á♥í ❥❡❞♥♦t❦② ▼❆❘❙ ✷

➄í❞í❝í ❥❡❞♥♦t❦❛ ▼❆❘❙ ✷ ❦ s♦❜➙ ♥❡♣♦s❦②t✉❥❡ ➸á❞♥é ❙❉❑✱ ❛❧❡ ❦♦♠✉♥✐❦✉❥❡ s❡ s ♥í ♣➦í♠♦
♣♦♠♦❝í ❦♦♥❦rét♥í❤♦ t❡①t♦✈é❤♦ ♣r♦t♦❦♦❧✉ ♣➦❡s sér✐♦✈ý ♣♦rt✳ ❱➨❡❝❤♥② ♠♦➸♥é ♣➦í❦❛③② ❥❡ ♠♦➸♥é
♥❛❥ít ✈❡ ✈♦❧♥➙ ❞♦st✉♣♥é ❞♦❦✉♠❡♥t❛❝✐ ❬✷✺❪✳

Pr♦ s♣rá✈♥♦✉ ❦♦♠✉♥✐❦❛❝✐ ♣♦↔ít❛↔❡ ❛ ❥❡❞♥♦t❦② ▼❆❘❙ ✷ ❥❡ ♥✉t♥é s♣rá✈♥é ♥❛st❛✈❡♥í ♣♦rt✉✳
P❛r❛♠❡tr② ♠✉sí ❜ýt✿

♣➦❡♥♦s♦✈á r②❝❤❧♦st✿ ✾✻✵✵ ❜✴s
♣♦↔❡t ❞❛t♦✈ý❝❤ ❜✐t➲ ✈ ❜❛❥t✉✿ ✽
➸á❞♥á ♣❛r✐t❛
✷ st♦♣ ❜✐t②

❈❡❧ý ♣r♦t♦❦♦❧ ♣r♦ ❦♦♠✉♥✐❦❛❝✐ s ▼❆❘❙ ✷ s❡ s❦❧á❞á ③❡ s❛❞② t❡①t♦✈ý❝❤ ♣➦í❦❛③➲✱ ❞♦t❛③➲ ❛
♣♦t✈r③♦✈❛❝í❝❤ ③♥❛❦➲✳ ❩♣rá✈② s❡ ♠♦❤♦✉ s❦❧á❞❛t ③❡ ❥♠é♥❛✱ ♦♣❡r❛↔♥í❤♦ ③♥❛❦✉ ❛ ♣❛r❛♠❡tr✉✳
❏♠é♥♦ ❥❡ ❞❡✜♥♦✈á♥♦ ♣r♦ ❦❛➸❞ý ♣➦í❦❛③✴❞♦t❛③✱ ❛❧❡ ♦♣❡r❛↔♥í ③♥❛❦ ❛ ♣❛r❛♠❡tr② ❥s♦✉ ③á✈✐s❧é
♥❛ t♦♠✱ ❥❛❦é ❥♠é♥♦ ❜②❧♦ ③✈♦❧❡♥♦✳ ◆➙❦t❡ré ③♣rá✈②✱ tý❦❛❥í❝í s❡ ❦♦♥❦rét♥í❤♦ ♠♦t♦r✉ ✭▼❆❘❙ ✷
❞♦❦á➸❡ ➦í❞✐t ❛➸ t➦✐ ♠♦t♦r② ♥❛❥❡❞♥♦✉✳✮✱ ♠✉sí ♥❛ ❦♦♥❝✐ ❥♠é♥❛ ♠ít ✈❧♦➸❡♥♦ ♣ís♠❡♥♦ A✱ B ♥❡❜♦ C✱
❛❜② ❜②❧❛ ③♣rá✈❛ ❛♣❧✐❦♦✈á♥❛ ✈➲↔✐ s♣rá✈♥é♠✉ ♠♦t♦r✉✳ ❚❛❦♦✈ét♦ ③♣rá✈② ❜✉❞♦✉ ♠ít ✈❡ ❥♠é♥➙ ♥❛
❦♦♥❝✐ ♣ís♠❡♥♦ ✧♠✧✱ ♥❛♣➦í❦❧❛❞ ✧❆P♠✧❥❡ ❥❡ ❞♦t❛③✱ ❦t❡rý ➦í❦á ▼❆❘❙ ✷✱ ❛❜② ✈rát✐❧❛ ❛❦t✉á❧♥í
♣♦❧♦❤✉ ♠♦t♦r✉ ✧♠✧✳ ❖♣❡r❛↔♥í ③♥❛❦ ♦❞ s❡❜❡ ♦❞❧✐➨✉❥❡ ♣➦í❦❛③② ✧✿✧❛ ❞♦t❛③② ✧❄✧✳ P❛r❛♠❡tr②
♠♦❤♦✉ ❜ýt ❝❡❧á ♥❡❜♦ ❞❡s❡t✐♥♥á ↔ís❧❛ s ♥❡❜♦ ❜❡③ ③♥❛♠é♥❦❛ ✈ ✉r↔✐tý❝❤ r♦③♠❡③í❝❤ ❤♦❞♥♦t✱ ❝♦➸
❥❡ s♣❡❝✐✜❦♦✈á♥♦ ✉ ❦❛➸❞é❤♦ ❞♦t❛③✉✴♣➦í❦❛③✉✳

▼♦➸♥ý❝❤ ③♣rá✈ ❦❡ ❦♦♠✉♥✐❦❛❝✐ s ▼❆❘❙ ✷ ❥❡ ♣♦s❦②t♦✈á♥♦ ♣♦♠➙r♥➙ ✈❡❧✐❦é ♠♥♦➸st✈í✱ ❛❧❡ ♣r♦
♥❛➨í ♣♦t➦❡❜✉ ❜✉❞❡ st❛↔✐t ♣♦✉③❡ ♥➙❦♦❧✐❦ ③ ♥✐❝❤✳ ❉➲❧❡➸✐tý♠ ③ ♥✐❝❤ ❜✉❞♦✉✿ ♣➦í❦❛③ ✧●❘♠✧✱ ❦t❡rý
✉♠♦➸➡✉❥❡ ♥❛st❛✈✐t ♣r♦ ♠♦t♦r ✧♠✧r❡❧❛t✐✈♥í ♣♦❤②❜ ♦ ③❛❞❛♥♦✉ ✈③❞á❧❡♥♦st✱ ❛❦t✉á❧♥í ♣♦❧♦❤❛
♠♦t♦r✉ ✧♠✧❧③❡ ③ís❦❛t ♣♦♠♦❝í ❞♦t❛③✉ ✧❆P♠✧✱ ♣➦í❦❛③ ✧❈▲❊❆❘♠✧✱ ❦t❡rý ✈②♣♥❡ ♠♦t♦r ✧♠✧❛
♥❛st❛✈í ❥❡❤♦ ❛❦t✉á❧♥í ♣♦③✐❝✐ ♥❛ ❤♦❞♥♦t✉ ✧✵✧✱ ♣➦í❦❛③ ✧❘❊●▼❙♠✧✱ ❦t❡rý ♥❛st❛✈í ♠❛①✐♠á❧♥í
♣♦✈♦❧❡♥♦✉ r②❝❤❧♦st ♠♦t♦r✉ ✧♠✧✱ ✧❘❊▲❊❆❙❊♠✧✱ ❦t❡rý ♦❞♣♦❥í r❡❣✉❧át♦r② ♠♦t♦r✉ ✧♠✧✷✷ ♥❡❜♦
♣➦í❦❛③ ✧❘❊❆❉❨✧✱ ❦t❡rý ♦③♥á♠í ▼❆❘❙ ✷✱ ➸❡ ❛➸ ❞♦❦♦♥↔í ♣♦❤②❜ ✈➨❡❝❤ ♠♦t♦r➲✱ ♠á ♥❛ sér✐♦✈ý
♣♦rt ③❛♣s❛t ③♣rá✈✉ ✧❘✦✧✳

✷✷❙t♦❧❡❦ s❡ ③❛st❛✈í ❛ ❥❡ ✉♠♦➸♥➙♥♦ ♠❛♥✉á❧♥í ♥❛st❛✈❡♥í ♣♦③✐❝❡✳

✸✵



❑❛♣✐t♦❧❛ ✹

◆á✈r❤

❱ tét♦ ↔ást✐ s❡ ♥❛❝❤á③í ♥á✈r❤ ❝❡❧é❤♦ s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉✱ ➦❡➨❡♥í ❢✉♥❦❝í✱ ❦t❡ré ❜✉❞❡ ❛♣❧✐✲
❦❛❝❡ ✉➸✐✈❛t❡❧✐ ♣♦s❦②t♦✈❛t✱ ③♣➲s♦❜✉ ❛ ❢♦r♠át✉ ✉❦❧á❞á♥í ❞❛t✱ ❛❧❣♦r✐t♠➲ ♣♦✉➸✐tý❝❤ ♣r♦ ❢✉♥❦❝✐
❛♣❧✐❦❛❝❡ ❛ t❛❦é ❣r❛✜❝❦é❤♦ ✉➸✐✈❛t❡❧s❦é❤♦ r♦③❤r❛♥í✳

✹✳✶ ❖✈❧❛❞❛↔ s❦❡♥❡r✉

❙❉❑ s❦❡♥❡r✉ ♣♦s❦②t✉❥❡✱ ❥❛❦ ❜②❧♦ ♣♦♣sá♥♦ ✈ ↔ást✐ ✸✳✶✶ ♣♦✉③❡ ♣♦♠➙r♥➙ ③á❦❧❛❞♥í ❢✉♥❦❝❡✳
Pr♦t♦ ❜✉❞❡ ♣♦t➦❡❜❛ ♥❛✐♠♣❧❡♠❡♥t♦✈❛t ♦✈❧❛❞❛↔✱ ❦t❡rý ✉♠♦➸♥í ❧❡♣➨í ❦♦♥tr♦❧✉ ♥❛❞ s❦❡♥❡r❡♠ ❛
❜✉❞❡ ♠ít tr♦❝❤✉ ✈②➨➨í úr♦✈❡➡ ❛❜str❛❦❝❡✱ ♥❡➸ ❥❡ t♦♠✉ ✉ ❙❉❑✳

✹✳✶✳✶ ❖❜❡❝♥ý ♣♦♣✐s ♦✈❧❛❞❛↔❡

❖✈❧❛❞❛↔ ❜✉❞❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ❥❛❦♦ ❈✰✰ t➦í❞❛✱ ❦t❡rá ❜✉❞❡ ③❛❥✐➨➫♦✈❛t ♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉✱
♣r♦✈❡❞❡♥í s❦❡♥♦✈á♥í✱ ③ís❦á♥í ❦❛❧✐❜r❛↔♥í❝❤ ❞❛t ❛ ❞❛❧➨í ✈➙❝✐✱ ❦t❡ré ✈②➸❛❞✉❥í ♣rá❝✐ ♣➦í♠♦ s ❙❉❑
s❦❡♥❡r✉✳

❉á❧❡ ③❞❡ ❜✉❞❡ ♣➦✐❞á♥❛ ➦❛❞❛ st❛t✐❝❦ý❝❤ ♠❡t♦❞ ♣r♦ ✉❦❧á❞á♥í ❛ ♥❛↔ítá♥í ❞❛t ③ís❦❛♥ý❝❤ s❦❡♥❡✲
r❡♠ ❞♦✴③❡ s♦✉❜♦r➲✳ ❙✐❝❡ ♥➙❦t❡ré ③ t➙❝❤t♦ ❢✉♥❦❝í ♥❡❜✉❞♦✉ ✈②➸❛❞♦✈❛t ♣rá❝✐ s ❙❉❑✱ ❛❧❡ ✈ rá♠❝✐
✉❞r➸❡♥í ✉r↔✐té ❦♦❤❡r❡♥❝❡ ❜✉❞❡ ❧❡♣➨í ♠ít ✈➨❡✱ ❝♦ s❡ tý❦á s❦❡♥❡r✉ ❛ ❥❡❤♦ ❙❉❑ ♣♦❤r♦♠❛❞➙✳

✹✳✶✳✷ P➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉

Pr✈♥í ❦r♦❦✱ ❦t❡rý ♠✉sí ❜ýt ♣r♦✈❡❞❡♥ ♣➦❡❞ s❛♠♦t♥♦✉ ♣r❛❝í s❡ s❦❡♥❡r❡♠ ❥❡ ♣➦✐♣♦❥❡♥í ❦
♥➙♠✉✳ ❱ ♣r➲❜➙❤❡♠ ♣➦✐♣♦❥❡♥í ♣➲❥❞❡ ♣➦❡❞❡✈➨í♠ ♦ ✐♥✐❝✐❛❧✐③❛❝✐ ♦❜❥❡❦t✉✱ ❦t❡rý ❜✉❞❡ s❦❡♥❡r r❡✲
♣r❡③❡♥t♦✈❛t✱ ♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉ s❛♠♦t♥é♠✉ ❛ ♥❛st❛✈❡♥í ❥❡❤♦ ♣❛r❛♠❡tr➲✳ ❚❛t♦ ↔ást ❦ó❞✉
❜✉❞❡ ♣r❛❦t✐❝❦② s❤♦❞♥á s ♣➦✐♣♦❥❡♥í♠ ❦❡ s❦❡♥❡r✉✱ ❦t❡ré ❜②❧♦ ♣♦✉➸✐t♦ ✈ s❛♠♣❧❡ ❛♣❧✐❦❛❝✐ ♣➦✐❧♦✲
➸❡♥é ❦❡ ❙❉❑ ♥❡❜♦➫ ③❞❡ ♥❡♥í ♠♥♦❤♦ ❥✐♥ý❝❤ ❝❡st✳

✸✶



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

✹✳✶✳✸ P➦í♣r❛✈❛ s❦❡♥❡r✉ ♥❛ s❦❡♥♦✈á♥í

❚❛t♦ ❢✉♥❦❝❡ ③❛❥✐stí s♣rá✈♥é ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ s❦❡♥❡r✉ ♣r♦ s❦❡♥♦✈á♥í ♦❜❥❡❦t✉✳ ▼✉sí
❜ýt ♣r♦✈❡❞❡♥❛ t➙s♥➙ ♣➦❡❞ s❛♠♦t♥ý♠ s❦❡♥♦✈á♥í ③❛ ♣♦❞♠í♥❡❦ ❦t❡ré ♣➦✐ s❦❡♥♦✈á♥í ❜✉❞♦✉✳ ❏❞❡
♣➦❡❞❡✈➨í♠ ♦ t♦✱ ➸❡ s❦❡♥❡r ♣➦✐ tét♦ ♦♣❡r❛❝✐ t❡st✉❥❡✱ ③❞❛ ❞♦❦á➸❡ ❧❛s❡r♦✈ý ♣❛♣rs❡❦ ♦❞r❛➸❡♥ý ♦❞
♦❜❥❡❦t✉ ③❛❝❤②t✐t ❦❛♠❡r♦✉✳ Pr♦t♦ ❥❡ ♣r♦✈❡❞❡♥♦ ♥➙❦♦❧✐❦ t❡st➲ ✶ ❛ ♣♦❞❧❡ ♥✐❝❤ ✉r↔í✱ ❥❛❦ s✐❧♥ý
❧❛s❡r♦✈ý ♣❛♣rs❡❦ ♠✉sí ♣♦✉➸ít✱ ❛❜② ❞❛t❛ ③ís❦❛❧✳ ❱ýs❧❡❞❦② ③á✈✐sí ♣➦❡❞❡✈➨í♠ ♥❛ ♦s✈➙t❧♦✈❛❝í❝❤
♣♦❞♠í♥❦á❝❤✳ P♦❦✉❞ ❥❡ ♦❜❥❡❦t ❤♦❞♥➙ ♦s✈➙t❧❡♥✱ s❦❡♥❡r ❜✉❞❡ ♠✉s❡t ♣♦✉➸ít ❧❛s❡r s ♠♥♦❤❡♠ ✈➙t➨í
s✐❧♦✉✱ ❛❧❡ t♦ t❛❦é ③♣➲s♦❜✉❥❡ ➸❡ ♣r✉❤ ♦s✈í❝❡♥ý ❧❛s❡r♦✈ý♠ ♣❛♣rs❦❡♠ ♥❛ ♦❜❥❡❦t✉ ❜✉❞❡ s✐❧♥➙❥➨í ❛
❞❛t❛ ♥❛♠➙➦❡♥á s❦❡♥❡r❡♠ ❜✉❞♦✉ ♥❡♣➦❡s♥➙❥➨í✳

P➦✐ tét♦ ❢á③✐ ♠♦❤♦✉ ♥❛st❛t ♣r♦❜❧é♠②✱ ♣♦❦✉❞ ❥❡ s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ♣➦í❧✐➨ ♠❛❧ý✳ ❏❞❡ ♣➦❡❞❡✈➨í♠
♦ t♦✱ ➸❡ ♣♦❦✉❞ s❡ s❦❡♥❡r✉ ♥❡♣♦❞❛➦í ❛♥✐ ♥❛ ❥❡❞♥é ③❡ ✈③♦r❦♦✈❛❝í❝❤ ♣♦③✐❝ ③❛❝❤②t✐t ❦❛♠❡r♦✉
♦❞r❛➸❡♥ý ❧❛s❡r♦✈ý ♣❛♣rs❡❦✱ s❦❡♥❡r ♥❡❞♦❦á➸❡ ♣r♦✈ést ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ ♣r♦ s❦❡♥♦✈á♥í ❛
♥❛❤❧ásí ❝❤②❜✉✳ ◆❛♥❡➨t➙stí ♥❡♥í ✈ ❞♦❦✉♠❡♥t❛❝✐✱ ✈ ❤❧❛✈✐↔❦♦✈ý❝❤ s♦✉❜♦r❡❝❤ ❛ ❛♥✐ ✈ s❛♠♣❧❡
❛♣❧✐❦❛❝✐ st❛♥♦✈❡♥♦✱ ❝♦ s❡ s❡ s❦❡♥❡r❡♠ st❛♥❡✳ ❩❞❛ s✐ ③❛❝❤♦✈á ♥❛st❛✈❡♥í ③ ♣♦s❧❡❞♥í❤♦ s❦❡♥♦✈á♥í
❛ ❥❡ ♠♦➸♥é ♣r♦✈ést s❦❡♥♦✈á♥í✱ ♥❡❜♦ ③❞❛ s❦❡♥♦✈á♥í ♣♦ s❡❧❤á♥í ♣➦í♣r❛✈② ③♣➲s♦❜í✱ ➸❡ ❞❛t❛ ③ís❦❛♥á
♥ás❧❡❞♥ý♠ s❦❡♥♦✈á♥í♠ ❜✉❞♦✉ ♣♦➨❦♦③❡♥á✳ ❱ s❛♠♣❧❡ ❛♣❧✐❦❛❝✐ ❥❡ t♦t♦ ➦❡➨❡♥♦ t❛❦✱ ➸❡ ♣♦❦✉❞ s❡
♥❡③❞❛➦✐❧❛ ♣➦í♣r❛✈❛✱ ❥❡ ✉➸✐✈❛t❡❧✐ ③♦❜r❛③❡♥❛ ❝❤②❜♦✈á ❤❧á➨❦❛✱ ➸❡ ♠á ③❦♦♥tr♦❧♦✈❛t✱ ❥❡st❧✐ ❧❛s❡r ♥❡♥í
❜❧♦❦♦✈á♥ ♥➙❥❛❦♦✉ ❜❛r✐❡r♦✉ ❛ s❦❡♥♦✈á♥í ❥❡ ♣➦❡r✉➨❡♥♦✳

Pr♦t♦ s❡ ✈ tét♦ ❛♣❧✐❦❛❝✐ ❜✉❞✉ ❞r➸❡t ♦❜❞♦❜♥é❤♦ ♣➦íst✉♣✉✳✷ ❱ ♠♦♠❡♥t➙✱ ❦❞② s❡ ♥❡♣♦❞❛➦í
③ís❦❛t ❞❛t❛ ❞♦❥❞❡ ❦ ♣➦❡r✉➨❡♥í s❦❡♥♦✈á♥í ❛ ♥❛❤❧á➨❡♥í ❝❤②❜②✭s❦❡♥ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✮ ♥❡❜♦
❜✉❞❡ ✉❧♦➸❡♥♦ ♠r❛↔♥♦ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧ s ❞❡❢❛✉❧t♥í♠✐ ❤♦❞♥♦t❛♠✐ ✭s❦❡♥♦✈❛♥í ♦❜❥❡❦t✉✮✳

✹✳✶✳✹ Pr♦✈❡❞❡♥í s❦❡♥✉

❱ tét♦ ❢✉♥❦❝✐✱ ❥❛❦ ❥✐➸ ♥á③❡✈ ♥❛♣♦✈í❞á✱ ♣➲❥❞❡ ♦ t♦✱ ❛❜② ❜②❧② s♣rá✈♥➙ ♥❛st❛✈❡♥② ♣❛r❛♠❡tr②
s❦❡♥♦✈á♥í ❛ ❜②❧ ♣r♦✈❡❞❡♥ s❦❡♥ s❛♠♦t♥ý✳ P♦ ♣r♦✈❡❞❡♥í s❦❡♥✉ ❥s♦✉ ✈➨❡❝❤♥❛ ❞❛t❛ ✭❜❛r❡✈♥á ✐♥❢♦r✲
♠❛❝❡ ❛ ❤❧♦✉❜❦♦✈á ♠❛♣❛✮ ③❡ s❦❡♥♦✈á♥í ✉❝❤♦✈á♥❛ ✈❡ s❦❡♥❡r✉ s❛♠♦t♥é♠ ❛ ❥❡ ♠♦➸♥é ♠❡t♦❞❛♠✐
❙❉❑ ♣♦♣s❛♥ý♠✐ ✈ ↔ást✐ ✸✳✶✶✳✶ ③ís❦❛t ❞❛t❛ ✈ ♣♦❞♦❜➙ ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧✉ ❛ ❜✐t♠❛♣②
✭❜❛r❡✈♥á ✐♥❢♦r♠❛❝❡✮✳

❚❛t♦ ❢✉♥❦❝❡ t❡❞② ♠✉sí ❜ýt ♣➦❡❞❝❤á③❡♥❛ ♣➦í♣r❛✈♦✉ s❦❡♥❡r✉ ❛ t❛ ♠✉sí ✉s♣➙t✳ P♦❦✉❞ ❦ ♣➦í✲
♣r❛✈➙ ♥❡❞♦❥❞❡ ❛ ❥❡ ♣r♦✈❡❞❡♥ s❦❡♥✱ s♣rá✈♥♦st ✈ýs❧❡❞❦➲ ❛ ❛♥✐ s♣rá✈♥♦st s❦❡♥♦✈á♥í ♥❡❧③❡ ③❛r✉↔✐t✳

✹✳✶✳✺ ❩ís❦á♥í ❞❛t

❉➲❧❡➸✐t♦✉ ❢✉♥❦❝í ♦✈❧❛❞❛↔❡ ❜✉❞❡ ♣➦❡❞❡✈➨í♠ ③ís❦á♥í ❞❛t ③❡ s❦❡♥❡r✉✳ ❩❞❡ ❥❞❡ ♣➦❡❞❡✈➨í♠ ♦
③ís❦á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧✉ ❛ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡✳ ❑ t♦♠✉ ❙❉❑ ♣♦s❦②t✉❥❡ ♥➙❦♦❧✐❦ ♠❡t♦❞✱
❦t❡ré ❜②❧② ♣♦♣sá♥② ✈ ↔ást✐ ✸✳✶✶✳✶✳ ❚②t♦ ♠❡t♦❞② ❜❡r♦✉ ❥❛❦♦ ♣❛r❛♠❡tr ♦❜❥❡❦t s ♥❛st❛✈❡♥í♠✱
❦t❡ré ✉r↔✉❥❡✱ ❥❛❦é ✈❧❛st♥♦st✐ ❜✉❞♦✉ ♠ít ③ís❦❛♥á ❞❛t❛ ✸✳

✶❙❦❡♥❡r ♣r♦✈❡❞❡ ♥➙❦♦❧✐❦ t❡st➲ ❧❛s❡r✉ ♥❛ ♣➦❡❞❡♠ ❞❛♥ý❝❤ ♠íst❡❝❤✳
✷P➦❡❞❡✈➨í♠ ♣r♦t♦✱ ➸❡ ♥❡♥í ❞❡✜♥♦✈á♥♦ ❝❤♦✈á♥í s❦❡♥❡r✉ ♣➦✐ s❦❡♥♦✈á♥í ♣♦ s❡❧❤á♥í ♣➦í♣r❛✈②✳
✸❩❞❡ ❥❞❡ ♥❛♣➦í❦❧❛❞ ♦ ♥❛st❛✈❡♥í ③❞❛ ✸❉ ♠♦❞❡❧ ♠á ♠ít ❞ír② ✈②♣❧♥➙♥é tr♦❥ú❤❡❧♥í❦②✱ ③❞❛ ❜❛r❡✈♥á ✐♥❢♦r♠❛❝❡

♠á ❜ýt ❜❛r❡✈♥á✱ ♥❡❜♦ ↔❡r♥♦❜í❧á ❛ ❞❛❧➨í✳

✸✷



✹✳✷✳ ❖❱▲❆❉❆❷ ❋❖❚❖❆P❆❘➪❚❯

✹✳✶✳✻ ❯❦❧á❞á♥í ❛ ♥❛↔ítá♥í ❞❛t

❉❛❧➨í♠✐ ♠❡t♦❞❛♠✐ ❜✉❞❡ ✉❦❧á❞á♥í ❞❛t ❞♦ s♦✉❜♦r➲ ❛ ❥❡❥✐❝❤ ♦♣➙t♦✈♥é ♥❛↔ítá♥í✳ P➲❥❞❡ ♦
✉❦❧á❞á♥í ❛ ♥❛↔ítá♥í ♠r❛↔❡♥ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧➲✳ ❈♦ s❡ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ tý↔❡✱ t❛ s❡ ❜✉❞❡
✉❦❧á❞❛t s♣♦❧❡↔♥➙ s ♠r❛↔♥❡♠ ❜♦❞➲✱ ♥❡❜♦ s❛♠♦st❛t♥➙ ✈❡ ❢♦r♠át✉ ✳♣♥❣✳ ❇❧✐➸➨í ✐♥❢♦r♠❛❝❡ ♦
❢♦r♠át❡❝❤ ✉❧♦➸❡♥í ❞❛t ❛ ❞➲✈♦❞② ❦ ③♣➲s♦❜✉ ❥❡❥✐❝❤ ✉❧♦➸❡♥í ❥s♦✉ ✈ ↔ást❡❝❤ ✹✳✹✳✷✱ ✹✳✹✳✸ ❛ ✹✳✹✳✹✳

✹✳✶✳✼ ❱ý♣♦↔❡t ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ③ ♠r❛↔♥❛ ❜♦❞➲

❉❛❧➨í ❢✉♥❦❝❡✱ ❦t❡rá ❜✉❞❡ ♣♦s❦②t♦✈á♥❛ ♦✈❧❛❞❛↔❡♠ s❦❡♥❡r✉ ❥❡ ✈ý♣♦↔❡t ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐
✈ ♣✐①❡❧❡❝❤ ③ ♠r❛↔♥❛ ❜♦❞➲✳ ❚♦t♦ ❜✉❞❡ t➦❡❜❛ ✈ r❡❦♦♥str✉❦❝✐ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✳ ❉❛❧➨í ✐♥❢♦r♠❛❝❡
♦ tét♦ ❢✉♥❦❝✐ ♥❛❥❞❡t❡ ✈ ↔ást✐ ✸✳✼✳✼✳

✹✳✷ ❖✈❧❛❞❛↔ ❢♦t♦❛♣❛rát✉

❖✈❧❛❞❛↔ ❢♦t♦❛♣❛rát✉ ❜✉❞❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ♣♦❞♦❜♥➙ ❥❛❦♦ ♦✈❧❛❞❛↔ s❦❡♥❡r✉✳ ❇✉❞❡ t♦ t➦í❞❛
✈ ❈✰✰✱ ❦t❡rá ✉♠♦➸♥í ♣➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉ ❛ ♣♦s❦②t♥❡ ♠❡t♦❞② ♣r♦ ♣rá❝✐ s ♥í♠✳ ❏❛❦ ✉➸ ❛❧❡
❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✶✷✱ ✈ ❊❉❙❉❑ s❡ s❡ ③❛➦í③❡♥í♠ ❦♦♠✉♥✐❦✉❥❡ ❛s②♥❝❤r♦♥♥➙ ♣♦♠♦❝í ♣➦í❦❛③➲
✹✳ Pr♦t♦ ❜✉❞❡ ♣♦t➦❡❜❛ ♥❛✐♠♣❧❡♠❡♥t♦✈❛t ❥❛❦ ❢✉♥❦❝❡ ♣r♦ ❛❦❝❡✱ ❦t❡ré ❜✉❞❡♠❡ ❝❤tít ♣r♦✈á❞➙t✱
t❛❦ ❢✉♥❦❝❡✱ ❦t❡ré ✉♠♦➸♥í ❢♦t♦❛♣❛rát✉ ➦í❝✐✱ ➸❡ ❜②❧❛ ✉r↔✐tá ❛❦❝❡ ❞♦❦♦♥↔❡♥❛ ❛ ♣r♦ ♣♦sí❧á♥í ❞❛t
❛♣❧✐❦❛❝✐✳

✹✳✷✳✶ Pr♦❝❡❞✉r❛ ❢♦❝❡♥í

❈♦ s❡ ❢♦t♦❛♣❛rát✉ tý↔❡✱ ♥❡❥❞➲❧❡➸✐t➙❥➨í ❛❦❝❡✱ ❦t❡ré ✉➸✐✈❛t❡❧ ❦r♦♠➙ ♣➦✐♣♦❥❡♥í s❡ ❦ ❢♦t♦❛✲
♣❛rát✉ ♣♦t➦❡❜✉❥❡✱ ❥❡ ③ís❦á♥í ❢♦t♦❣r❛✜❡ s❛♠♦t♥é ❛ ❥❡❥í st❛➸❡♥í ♥❛ ♣♦↔ít❛↔✳ ❱ ♥❛➨❡♠ ♣➦í♣❛❞➙
❛❧❡ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t✱ ❛❜② ❛♣❧✐❦❛❝❡ ♣♦↔❦❛❧❛✱ ♥❡➸ ❜✉❞❡ ❢♦t♦❣r❛✜❡ ♣♦➦í③❡♥❛ ❛ st❛➸❡♥❛ ❞♦
♣♦↔ít❛↔❡✱ ♥❡➸ ❜✉❞❡ s❦❡♥♦✈á♥í ♣♦❦r❛↔♦✈❛t✳ ❈❡❧á ❢♦tí❝í ♣r♦❝❡❞✉r❛ ❜✉❞❡ ↔ást❡↔♥➙ ♣♦❞♦❜♥á ♣r♦✲
❝❡❞✉➦❡ ♣♦✉➸✐té ✈ s❛♠♣❧❡ ❛♣❧✐❦❛❝✐ ❞♦❞á✈❛♥é s ❊❉❙❉❑✳ ❘♦③❞í❧ ❥❡ ♣➦❡❞❡✈➨í♠ ✈ t♦♠✱ ➸❡ ❥✐ ❝❤❝❡♠❡
♥❛✐♠♣❧❡♠❡♥t♦✈❛t s②♥❝❤r♦♥♥➙ t❛❦✱ ❛❜② ❢♦tí❝í ♣r♦❝❡❞✉r❛ s❦♦♥↔✐❧❛ ❛➸ ♣♦ ❞♦st❛❤♦✈á♥í ❢♦t♦❣r❛✜❡✳

◆❡❥♣r✈❡ ❜✉❞❡♠❡ ♠✉s❡t ✈②➦❡➨✐t ♣➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉✳ ❇➙❤❡♠ t♦❤♦ ❞♦❝❤á③í t❛❦é ❦ ♥❛st❛✲
✈❡♥í ❢✉♥❦❝í✱ ❦t❡ré ♠á ❊❉❙❉❑ ③❛✈♦❧❛t✱ ♣♦❦✉❞ ❢♦t♦❛♣❛rát ❜✉❞❡ ♥➙❝♦ ♣♦t➦❡❜♦✈❛t✱ ❜✉❞❡ ❝❤tít
❦♦♠✉♥✐❦♦✈❛t✱ ♥❡❜♦ ❜✉❞❡ ♣♦sí❧❛t ❞❛t❛✳ ❚②t♦ ❢✉♥❦❝❡ ❥s♦✉ t➦✐ ✭❍❛♥❞❧❡Pr♦♣❡rt②❊✈❡♥t✱ ❍❛♥❞❧❡✲
❖❜❥❡❝t❊✈❡♥t ❛ ❍❛♥❞❧❡❙t❛t❡❊✈❡♥t✮✳ ◆ás ❜✉❞❡ ③❛❥í♠❛t ♣➦❡❞❡✈➨í♠ ❍❛♥❞❧❡❖❜❥❡❝t❊✈❡♥t✱ ♥❡❜♦➫
t❛t♦ ❢✉♥❦❝❡ ❥❡ ✈♦❧á♥❛ ✈❡ ❝❤✈í❧✐✱ ❦❞② ❢♦t♦❛♣❛rát ♠á ♣➦✐♣r❛✈❡♥♦✉ ❢♦t♦❣r❛✜✐ ❦❡ st❛➸❡♥í✳ ❩ár♦✈❡➡
❊❉❙❉❑ ♣➦❡❞á ♦❜❥❡❦t ❦t❡rý ♦❜s❛❤✉❥❡ ❧♦❦❛❝✐✱ ♦❞❦✉❞ ③ ❢♦t♦❛♣❛rát✉ ♠á ❜ýt ❢♦t♦❣r❛✜❡ st❛➸❡♥❛✳

✹❆♣❧✐❦❛❝❡ ♥❛♣➦í❦❧❛❞ ③❛✈♦❧á ♠❡t♦❞✉ ❙❡♥❞❈♦♠♠❛♥❞ s ♣➦í❦❛③❡♠✱ ❛❜② ❢♦t♦❛♣❛rát ♣♦➦í❞✐❧ ❢♦t♦❣r❛✜✐✳ ❚❛t♦
♠❡t♦❞❛ s❦♦♥↔í ♣r❛❦t✐❝❦② ♦❦❛♠➸✐t➙ ❛ ♣r♦❣r❛♠ ♣♦❦r❛↔✉❥❡ ✈ ❜➙❤✉✳ ❇➙❤❡♠ t♦❤♦ ❢♦t♦❛♣❛rát ❢♦t♦❣r❛✜✐ ♣♦➦í❞í
♥❡③á✈✐s❧❡ ♥❛ ❛♣❧✐❦❛❝✐✳

✸✸



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

Pr♦❝❡❞✉r❛ ❢♦❝❡♥í t❡❞② ③❛↔♥❡ tí♠✱ ➸❡ s❡ ③❛✈♦❧❛❥í ❞✈❛ ♣➦í❦❛③②✱ ✧❙❤✉tt❡r❇✉tt♦♥❴❈♦♠♣❧❡t❡❧②✧❛
✧❙❤✉tt❡r❇✉tt♦♥❴❖✛✧✱ ❦t❡ré ③♣➲s♦❜í ✈②❢♦❝❡♥í ♦❜❥❡❦t✉ ❛ ✉❧♦➸❡♥í ❢♦t♦❣r❛✜❡ ✈ ♣❛♠➙t✐ ❢♦t♦❛♣❛✲
rát✉✳ P♦❦✉❞ ♦❜❛ ♣➦í❦❛③② ✉s♣➙❧②✱ ❤❧❛✈♥í ✈❧á❦♥♦✱ ♥❛ ❦t❡ré♠ ❜➙➸í ❛♣❧✐❦❛❝❡ ③❛↔♥❡ ↔❡❦❛t✳ ❱❡ ❝❤✈í❧✐✱
❦❞② ❢♦t♦❛♣❛rát ❞♦❦♦♥↔í ❢♦t♦❣r❛❢♦✈á♥í✱ ❥❡ ③ ❥✐♥é❤♦ ✈❧á❦♥❛ ③❛✈♦❧á♥❛ ❢✉♥❦❝❡ ✧❍❛♥❞❧❡❖❜❥❡❝t❊✲
✈❡♥t✧✱ ❦t❡rá ❞♦st❛♥❡ ♦❜❥❡❦t r❡♣r❡③❡♥t✉❥í❝í ❧♦❦❛❝✐✱ ③❡ ❦t❡ré ♠á ❜ýt ❢♦t♦❣r❛✜❡ ③ ❢♦t♦❛♣❛rát✉
st❛➸❡♥❛✳ ❱ rá♠❝✐ tét♦ ❢✉♥❦❝❡ ❞♦❥❞❡ ❦ ③❛✈♦❧á♥í ♣➦í❦❛③✉ ♣r♦ st❛➸❡♥í ❛ ♥❛st❛✈❡♥í ❝❛❧❧❜❛❝❦ ❢✉♥❦❝❡✱
❦t❡rá ❜✉❞❡ ③❛✈♦❧á♥❛ ✈❡ ❝❤✈í❧✐✱ ❦❞② ❥❡ st❛❤♦✈á♥í ❞♦❦♦♥↔❡♥♦ ✭❍❛♥❞❧❡❉♦✇♥❧♦❛❞Pr♦❣r❡ss✮✳ ❚❛t♦
❢✉♥❦❝❡ ♥á♠ ✉♠♦➸♥í ♣r♦❜✉③❡♥í ❤❧❛✈♥í❤♦ ✈❧á❦♥❛✱ ❛❜② ♣♦❦r❛↔♦✈❛❧♦ ✈ ♣rá❝✐✳

✹✳✷✳✷ ❲✐♥❞♦✇s ▼❡ss❛❣❡ ▲♦♦♣

❱ rá♠❝✐ ♣♦❦✉s➲ ♣r♦✈❡❞❡♥ý❝❤ ♥❛ ♣r♦t♦t②♣✉ ♦✈❧❛❞❛↔❡ ❥s❡♠ ♥❛r❛③✐❧ ♥❛ ♣r♦❜❧é♠✳ ❚❡♥t♦
♣r♦❜❧é♠ s♣♦↔í✈❛❧ ✈ t♦♠✱ ➸❡ ✈ ♣➦í♣❛❞➙✱ ❦❞② ♥❡❜②❧ ❢♦t♦❛♣❛rát ♦✈❧á❞á♥ s❛♠♣❧❡ ❛♣❧✐❦❛❝í✱ ❛❧❡
❥✐♥ý♠ ♣r♦❣r❛♠❡♠ ✭❑t❡rý ♥❡♦❜s❛❤♦✈❛❦ ●❯■ ♣♦st❛✈❡♥é ♥❛ ③á❦❧❛❞➙ ▼❋❈✭▼✐❝r♦s♦t ❋♦✉♥✲
❞❛t✐♦♥ ❈❧❛ss✮❬✷✷❪✳✮✱ ❊❉❙❉❑ ♣♦ ✈②❢♦❝❡♥í ❢♦t♦❣r❛✜❡ ♥❡③❛✈♦❧❛❧♦ ➸á❞♥♦✉ ③ ❍❛♥❞❧❡✳✳✳❊✈❡♥t ❢✉♥❦❝í✳
❱➨❡❝❤♥② ❢✉♥❦❝❡ ❜②❧② ③❛✈♦❧á♥② ❛➸ ✈❡ ❝❤✈í❧✐✱ ❦❞②➸ s❡ ❛♣❧✐❦❛❝❡ ✈②♣♥✉❧❛✱ ③♥♦✈❛ s♣✉st✐❧❛ ❛ ❞♦➨❧♦
❦ ♦♣➙t♦✈♥é♠✉ ♥❛st❛✈❡♥í ❝❛❧❧❜❛❝❦ ❢✉♥❦❝í ✈ ❊❉❙❉❑✳ ❚♦ ♦✈➨❡♠ ❜②❧♦ ♣♦③❞➙✱ ♥❡❜♦➫ ❢♦t♦❣r❛✜❡ ✈
♣❛♠➙t✐ ❢♦t♦❛♣❛rát✉ ✉➸ ❜②❧② s♠❛③á♥②✳

➄❡➨❡♥í s❡ ♣♦❞❛➦✐❧♦ ♥❛❧é③t ❤❧❡❞á♥í♠ ✐♥❢♦r♠❛❝í ♣♦ r➲③♥ý❝❤ ✐♥t❡r♥❡t♦✈ý❝❤ strá♥❦á❝❤ ❛ ❢ór❡❝❤
❬✹❪❬✺❪✳ Pr♦❜❧é♠ s♣♦↔í✈❛❧ ✈ t♦♠✱ ➸❡ ❊❉❙❉❑ ♣r♦ s✈♦✉ s♣rá✈♥♦✉ ❢✉♥❦❝✐ ✈②➸❛❞✉❥❡ ✐♠♣❧❡♠❡♥t❛❝✐
t❛❦③✈❛♥é ✧❲✐♥❞♦✇s ▼❡ss❛❣❡ ▲♦♦♣✧❬✷✶❪✳ ❚❡♥t♦ ❦♦♥str✉❦t ❥❡ ✈❧❛st♥➙ ♥❡❦♦♥❡↔♥ý ❝②❦❧✉s✱ ❦t❡rý
♦❞❝❤②tí ③♣rá✈✉ ♣♦s❧❛♥♦✉ s②sté♠❡♠ ✇✐♥❞♦✇s ❛♣❧✐❦❛❝✐✱ ③♣r❛❝✉❥❡ ❥✐ ❛ ♥ás❧❡❞♥➙ ❥✐ r♦③❡➨❧❡ ❞á❧✳

▼❙● ♠s❣❀
✇❤✐❧❡ ●❡t▼❡ss❛❣❡✭✫♠s❣✱ ◆❯▲▲✱ ✵✱ ✵✮✮ ✦❂ ✵ ❞♦

❚r❛♥s❧❛t❡▼❡ss❛❣❡✭✫♠s❣✮❀
❉✐s♣❛t❝❤▼❡ss❛❣❡✭✫♠s❣✮❀

❡♥❞

✧▼❡ss❛❣❡ ▲♦♦♣✧❥❡ ✈②✉➸í✈á♥ ✉ st❛r➨í❝❤ ❈✰✰ ❛♣❧✐❦❛❝í ♣r♦ ✇✐♥❞♦✇s✱ ♣r♦ ✐♠♣❧❡♠❡♥t❛❝✐ r❡❛❦❝í
♥❛ ✉❞á❧♦st✐ ✈②✈♦❧❛♥é ♥❛ ●❯■ ❡❧❡♠❡♥t❡❝❤✳ ◆❡✈ý❤♦❞♦✉ t♦❤♦t♦ ❦♦♥str✉❦t✉ ❥❡✱ ➸❡ ♠✉sí ❜➙➸❡t ♥❛
✈❧á❦♥➙✱ ♥❛ ❦t❡ré♠ ❜➙➸í ❛♣❧✐❦❛❝❡ ✭❖❞❦✉❞ s❡ ♣r❛❝✉❥❡ s ❢♦t♦❛♣❛rát❡♠ ❛ ❊❉❙❉❑✳ ❑❛➸❞é ✈❧á❦♥♦
❞♦stá✈á ♣♦✉③❡ ③♣rá✈②✱ ❦t❡ré ❥s♦✉ ♣r♦ ♥➙❥ r❡❧❡✈❛♥t♥í✮✱ ❛❜② ③♣r❛❝♦✈❛❧ s♣rá✈♥é ③♣rá✈②✳ ❚♦ ❥❡
♦✈➨❡♠ ♣r♦❜❧é♠✱ ♥❡❜♦➫ ❥❡ t♦ ♥❡❦♦♥❡↔♥ý ❝②❦❧✉s ❛ ♠② ❜②❝❤♦♠ ♣♦t➦❡❜♦✈❛❧✐✱ ❛❜② ❝②❦❧✉s ❜➙➸❡❧ ♥❛
♥➙❥❛❦é♠ ✈❧á❦♥➙ ✈ ♣♦③❛❞í✳

❚❡♥t♦ ♣r♦❜❧é♠ s❡ t❛❦é ♣♦❞❛➦✐❧♦ ✈②➦❡➨✐t✳ P♦ ➦❛❞➙ ♣♦❦✉s➲ ❥s❡♠ ❞♦➨❡❧ ❦ ③á✈➙r✉✱ ➸❡ ♣♦st❛↔í✱
❦❞②➸ ❥❡ ✧▼❡ss❛❣❡ ▲♦♦♣✧❛❦t✐✈♥í ❛➸ ♦❞ ❝❤✈í❧❡✱ ❦❞② ❥s♦✉ ③❛✈♦❧á♥② ♣➦í❦❛③② ♣r♦ ✈②❢♦❝❡♥í ❢♦t♦❣r❛✲
✜❡✱ ❞♦ ❝❤✈í❧❡✱ ❦❞② ❥❡ st❛❤♦✈á♥í ❞♦❦♦♥↔❡♥♦✳ ❱ t✉ ❝❤✈í❧✐ ❥❡ ♠♦➸♥é ❝②❦❧✉s ✉❦♦♥↔✐t ❛ ♣♦❦r❛↔♦✈❛t
✈ ❝❤♦❞✉ ❛♣❧✐❦❛❝❡✳

P♦♠♦❝í ✧▼❡ss❛❣❡ ▲♦♦♣✧s❡ ③ár♦✈❡➡ ✈②➦❡➨✐❧ ♣r♦❜❧é♠ s ♥✉t♥♦stí ↔❡❦❛t✱ ♥❡➸ ❥❡ st❛❤♦✈á♥í ❞♦✲
❦♦♥↔❡♥♦✳ ❋✉♥❦❝❡ ♣r♦ ③ís❦á♥í ③♣rá✈② ❜❧♦❦✉❥❡ ❛➸ ❞♦ ❝❤✈í❧❡✱ ♥❡➸ ♣➦✐❥❞❡ ❞❛❧➨í ③♣rá✈❛✱ t❛❦➸❡ ♥❡✲
❞♦❝❤á③í ❦ ❛❦t✐✈♥í♠✉ ↔❡❦á♥í✳

✸✹



✹✳✸✳ ❖❱▲❆❉❆❷ ❖❚❖❷◆➱❍❖ ❙❚❖▲❑❯

✹✳✷✳✸ ❉❛❧➨í ❢✉♥❦❝❡

❈♦ s❡ tý↔❡ ❞❛❧➨í❝❤ ❢✉♥❦❝í ♦✈❧❛❞❛↔❡✱ ❜✉❞❡ ✈❤♦❞♥é ❞♦ ♥➙❥ ♣➦✐❞❛t ❢✉♥❦❝❡ ♣r♦ ③ís❦á✈á♥í ♦❤✲
♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐✭❦✈➲❧✐ ✉❞r➸❡♥í ❦♦❤❡r❡♥❝❡✮ ③ ❊❳■❋ ♠❡t❛❞❛t ❢♦t♦❣r❛✜❡✳

✹✳✸ ❖✈❧❛❞❛↔ ♦t♦↔♥é❤♦ st♦❧❦✉

❖✈❧❛❞❛↔ st♦❧❦✉ ❜✉❞❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ♦❜❞♦❜♥➙ ❥❛❦♦ ♣➦❡❞❝❤♦③í ❞✈❛ ♦✈❧❛❞❛↔❡ t➦í❞♦✉ ✈ ❈✰✰✳
❙t❡❥♥➙ ❥❛❦♦ ♦st❛t♥í ♦✈❧❛❞❛↔❡ ❜✉❞❡ ✉♠♦➸➡♦✈❛t ♣➦✐♣♦❥❡♥í ❛♣❧✐❦❛❝❡ ❦ ❞❛♥é♠✉ ③❛➦í③❡♥í✱ ✈ t♦♠t♦
♣➦í♣❛❞➙ ❦ ➦í❞í❝í ❥❡❞♥♦t❝❡ ▼❆❘❙ ✷✳ ❉á❧❡ ❜✉❞❡ ♣♦s❦②t♦✈❛t s❛❞✉ ♠❡t♦❞ ♣r♦ ♦✈❧á❞á♥í st♦❧❦✉
♣➦❡s ▼❆❘❙ ✷✳ ❑ t♦♠✉ ❜✉❞❡ ♣♦✉➸✐t ♣r♦t♦❦♦❧ ❦♦♠✉♥✐❦❛❝❡ ♣♦♣s❛♥ý ✈ ↔ást✐ ✸✳✶✸✳

✹✳✸✳✶ P➦✐♣♦❥❡♥í ❛ ❦♦♠✉♥✐❦❛❝❡

❑ ♣➦✐♣♦❥❡♥í ❦ ▼❆❘❙ ✷ ❛ ❦❡ ❦♦♠✉♥✐❦❛❝✐ s ♥í ❥❡ ♣♦✉➸í✈á♥ sér✐♦✈ý ♣♦rt✳ Prá❝❡ s ♥í♠ ❥❡
♠♦➸♥á ♣➦í♠♦ ✈ ↔✐sté♠ ❈✰✰✳ ❉❛❧➨í ♠♦➸♥♦stí ❥❡ ♥❛♣➦í❦❧❛❞ ♣♦✉➸✐tí ❦♥✐❤♦✈❡♥ ♣♦s❦②t♦✈❛♥ý❝❤
✳◆❊❚ ❢r❛♠❡✇♦r❦❡♠❬✷✹❪ ♣r♦ ♣rá❝✐ s❡ sér✐♦✈ý♠ ♣♦rt❡♠✳ ❑r♦♠➙ ✈ýr❛③♥é❤♦ ③❥❡❞♥♦❞✉➨❡♥í ♣rá❝❡
s❡ sér✐♦✈ý♠ ♣♦rt❡♠ ❞í❦② ✳◆❊❚ ✇r❛♣♣❡r➲♠ ♠á ✳◆❊❚ ❢r❛♠❡✇♦r❦ ✐ ❞❛❧➨í ✈ý❤♦❞②✱ ❥❛❦♦ ❥❡
♥❛♣➦í❦❧❛❞ ✐♠♣❧❡♠❡♥t❛❝❡ ●❯■ ♣♦♠♦❝í ❲✐♥❋♦r♠s❬✷✸❪✱ ♣♦✉➸✐tí ✈í❝❡ ❥❛③②❦➲✱ ❥❛❦♦ ❥❡ ♥❛♣➦í❦❧❛❞
❈✰✰ ❛ ❈★ ❛ ❞❛❧➨í✳

✹✳✸✳✷ P♦t➦❡❜♥é ♣➦í❦❛③② ♣r♦ ▼❆❘❙ ✷

❆❜②❝❤♦♠ ♠♦❤❧✐ ♣r❛❝♦✈❛t s ♦t♦↔♥ý♠ st♦❧❦❡♠✱ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t s❛❞✉ ♣➦í❦❛③➲✳ ❑ t♦♠✉
❛❧❡ ♣♦t➦❡❜✉❥❡♠❡ ✈➙❞➙t✱ ❝♦ ❝❤❝❡♠❡ s❡ st♦❧❦❡♠ ♣r♦✈á❞➙t✳ ◆á♠ ♣➲❥❞❡ ♣➦❡❞❡✈➨í♠ ♦ t♦✱ ❛❜②❝❤♦♠
♠➙❧✐ ❦ ❞✐s♣♦③✐❝✐ ❢✉♥❦❝✐✱ ❦t❡rá ✉♠♦➸♥í ♦t♦↔❡♥í st♦❧❦✉ ♦ ✉r↔✐tý ú❤❡❧ ✈ ✉r↔✐té♠ s♠➙r✉ ❛ ❢✉♥❦❝❡
s❦♦♥↔í t❡♣r✈❡ ✈❡ ❝❤✈í❧✐✱ ❦❞② ♦tá↔❡♥í st♦❧❦✉ s❦♦♥↔✐❧♦ ❛ st♦❧❡❦ s❡ ③❛st❛✈✐❧✳ ❇❧♦❦♦✈á♥í ❝❤❝❡♠❡
♣➦❡❞❡✈➨í♠ ③ t♦❤♦ ❞➲✈♦❞✉✱ ❛❜② ❞❛❧➨í s❦❡♥♦✈á♥í ♥❡③❛↔❛❧♦ ✈ ♣r➲❜➙❤✉ ♦tá↔❡♥í st♦❧❦✉✳

❚✉t♦ ❢✉♥❦❝✐ ❜✉❞❡♠❡ ♠✉s❡t r♦③❞➙❧✐t ❞♦ ❞í❧↔í❝❤ ❦r♦❦➲ ♥❡❜♦➫ ➸á❞♥ý ♣♦❞♦❜♥ý ♣➦í❦❛③✭✸✳✶✸✮
♥❡♥í ♣♦❞♣♦r♦✈á♥✱ ❦ ❞✐s♣♦③✐❝✐ ♠á♠❡ ♣♦✉③❡ ③á❦❧❛❞♥í ♣➦í❦❛③②✳

◆❡❥♣r✈❡ ❜✉❞❡ ♣♦t➦❡❜❛ ♣♦s❧❛t ♣➦í❦❛③✱ ❦t❡rý st♦❧❦✉ ➦❡❦♥❡✱ ➸❡ s❡ ♠á ♦t♦↔✐t ♦ ❦♦♥❦rét♥í ú❤❡❧✳
❑ t♦♠✉ ✈②✉➸✐❥❡♠❡ ♣➦í❦❛③ ♣r♦ r❡❧❛t✐✈♥í r♦t❛❝✐ ♠♦t♦r✉✳ ◆ás❧❡❞♥➙ ❜✉❞❡ ♣♦t➦❡❜❛ ♣♦↔❦❛t ❛➸ ❞♦
❝❤✈í❧❡✱ ♥❡➸ s❡ ♠♦t♦r② ③❛st❛✈í✳ ❚♦ ❥❡ ♠♦➸♥é ♣♦♠♦❝í ♣➦í❦❛③✉ ✧r❡❛❞②✧✱ ❦t❡rý ❥❡❞♥♦t❝❡ ▼❆❘❙ ✷
➦❡❦♥❡✱ ➸❡ ❛➸ s❡ ✈➨❡❝❤♥② ♠♦t♦r② ③❛st❛✈í✱ ♠á ♥❛ sér✐♦✈ý ♣♦rt ③❛♣s❛t ➦❡t➙③❡❝ ✧❘✦✧✳ ❑ t♦♠✉ ❜✉❞❡
♣♦t➦❡❜❛ ♥❛✐♠♣❧❡♠❡♥t♦✈❛t ❢✉♥❦❝✐ ♣r♦ ↔t❡♥í ❞❛t ③❡ sér✐♦✈é❤♦ ♣♦rt✉✱ ❦t❡rá ❜✉❞❡ ↔❡❦❛t✱ ❞♦❦✉❞
♥❛ sér✐♦✈ý ♣♦rt ♥❡♣➦✐❥❞♦✉ ❞❛t❛✱ t② s❡ ♣➦❡↔t♦✉ ❛ ❢✉♥❦❝❡ s❦♦♥↔í✳ P♦ ③❛st❛✈❡♥í ♠♦t♦r➲ ✈ ❝í❧♦✈é
♣♦③✐❝✐ ❜✉❞❡ ♥✉t♥é ♠♦t♦r② ✉✈♦❧♥✐t✺✳ ❑ t♦♠✉ s❡ ✈②✉➸✐❥❡ ♣➦í❦❛③ ✧r❡❧❡❛s❡✧✳ ❉❛❧➨í♠ ♣♦t➦❡❜♥ý♠
♣➦í❦❛③❡♠✱ ❦t❡rý ❜✉❞❡ ✈❤♦❞♥é ✈②✉➸ít✱ ❥❡ ♥❛st❛✈❡♥í ♠❛①✐♠á❧♥í ♣♦✈♦❧❡♥é r②❝❤❧♦st✐ ♠♦t♦r✉✻✳ ❚♦
❥❡ ♣➦❡❞❡✈➨í♠ ③ ❜❡③♣❡↔♥♦st♥í❝❤ ❞➲✈♦❞➲✱ ♦❝❤r❛♥➙ s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ❛ ❦ ③❛♠❡③❡♥í ❝❤②❜✳

✺❉➲❧❡➸✐tý♠ ❞➲✈♦❞❡♠ ❥❡ ❤❧✉❦✱ ❦t❡rý ③♣➲s♦❜✉❥í ♣r❛❝✉❥í❝í ♠♦t♦r② st♦❧❦✉✳ P♦❦✉❞ ♥❡❥s♦✉ ♠♦t♦r② ✉✈♦❧♥➙♥②✱
▼❆❘❙ ✷ s❡ ❜✉❞❡ ♥❡✉stá❧❡ s♥❛➸✐t ✉♣r❛✈♦✈❛t ♣♦❧♦❤✉ ❛ ❜✉❞❡ ♦s❝✐❧♦✈❛t ❦♦❧❡♠ ❝í❧♦✈é ♣♦❧♦❤② s ♠❛❧ý♠✐ ♦❞❝❤②❧❦❛♠✐✳

✻❑ t♦♠✉t♦ ❥s❡♠ ❞♦➨❡❧ ♣♦ ♣r✈♥í❝❤ ♣♦❦✉s❡❝❤ s❡ st♦❧❦❡♠✱ ❦❞② ♣➦✐ ❞❡❢❛✉❧t♥í ♠❛①✐♠á❧♥í r②❝❤❧♦st✐✱ ❦t❡r♦✉ ♠➙❧
♥❛st❛✈❡♥♦✉✱ ❝♦➸ ❜②❧❛ ❦♦♥st❛♥t❛ 2000✭❱ ❞♦❦✉♠❡♥t❛❝✐ ♥❡♥í ♦③♥❛↔❡♥♦✱ ❝♦ t❛t♦ ❤♦❞♥♦t❛ ❦♦♥❦rét♥➙ ③♥❛♠❡♥á ❛
③❞❛ ♠á ♥➙❥❛❦é r❡á❧♥é ❥❡❞♥♦t❦②✳✮✳ ❷❛st♦ s❡ stá✈❛❧♦✱ ➸❡ st♦❧❡❦ ③❛↔❛❧ ♦s❝✐❧♦✈❛t ❦♦❧❡♠ ❝í❧♦✈é ♣♦③✐❝❡✱ ♦❞❝❤②❧♦✈❛❧ s❡
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❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

✹✳✹ ❙♦✉❜♦r②✱ ♠❡③✐✈ýs❧❡❞❦② ❛ ❥❡❥✐❝❤ ❢♦r♠át②

✹✳✹✳✶ ❆❞r❡sá➦♦✈á str✉❦t✉r❛

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ❞➦í✈❡✱ s♦✉❜♦r➲ ③ís❦❛♥ý❝❤ s❦❡♥♦✈á♥í♠ ❛ ♣♦t➦❡❜♥ý❝❤ ♣r♦ r❡❦♦♥str✉❦❝✐
✈ýs❧❡❞♥é s❝é♥② ❜✉❞❡ ♠♥♦❤♦✳ Pr♦t♦ ❜✉❞❡ ✈❤♦❞♥é ❥❡ str✉❦t✉r♦✈❛t ❛ ✈②t✈♦➦✐t ♣r♦ ♥➙ ♣➦❡❤❧❡❞♥♦✉
❛❞r❡sá➦♦✈♦✉ str✉❦t✉r✉✳ Pr♦ ❛❞r❡sá➦♦✈♦✉ str✉❦t✉r✉ ❥s❡♠ s❡ r♦③❤♦❞❧ ✈②✉➸ít str✉❦t✉r✉ ♣♦✉➸í✲
✈❛♥♦✉ ♣r♦ ✈ýst✉♣② ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧ ❙❋▼✳ ❚í♠ ❜✉❞❡ ♠♦➸♥é ♠❡③✐✈ýs❧❡❞❦② ✐ ✈ýst✉♣② ✉❧♦➸✐t
❞♦ st❡❥♥é str✉❦t✉r② ❛ ✈➨❡ ❜✉❞❡ ♦r❣❛♥✐③♦✈❛♥é✳ ❈♦ s❡ tý↔❡ P▲❨ ✈ýst✉♣✉✱ t❡♥ ♦❜s❛❤✉❥❡ ♣♦✉③❡
❥❡❞❡♥ s♦✉❜♦r s ❞❛t② ♣➦í♣❛❞♥➙ t❡①t✉r②✱ ♥❛ ❦t❡ré s❡ ✈ýst✉♣♥í s♦✉❜♦r ♦❞❦❛③✉❥❡ r❡❧❛t✐✈♥í ❝❡st♦✉✳

❆❞r❡á➦♦✈á str✉❦t✉r❛ ♠á t✈❛r✿
♣❛t❤✴t♦✴str✉❝t✉r❡✴Pr♦❥❡❝t❴♥❛♠❡ ✲ ❆❞r❡sá➦ ❦❞❡ ❥s♦✉ ✈➨❡❝❤♥❛ ❞❛t❛ ✉❧♦➸❡♥❛
♣❛t❤✴t♦✴str✉❝t✉r❡✴Pr♦❥❡❝t❴♥❛♠❡✴✈✐s✉❛❧✐③❡ ✲ ❆❞r❡sá➦ ♣r♦ ✉❧♦➸❡♥í ❢♦t♦❣r❛✜í
♣❛t❤✴t♦✴str✉❝t✉r❡✴Pr♦❥❡❝t❴♥❛♠❡✴❧✐st✳t①t ✲ ❙❡③♥❛♠ ❢♦t♦❣r❛✜í ✼

♣❛t❤✴t♦✴str✉❝t✉r❡✴Pr♦❥❡❝t❴♥❛♠❡✴❜✉♥❞❧❡✳r❞✳♦✉t ✲ ❙❝é♥❛ ✲ ✈ýst✉♣ ❱✐s✉❛❧ ❙❋▼

❑ tét♦ str✉❦t✉➦❡ ❥❡➨t➙ ♣➦✐❞á♠❡ ❞❛❧➨í ❛❞r❡sá➦ ❦❛♠ ❜✉❞❡♠❡ ✉❦❧á❞❛t ♠❡③✐✈ýs❧❡❞❦②✿
♣❛t❤✴t♦✴str✉❝t✉r❡✴Pr♦❥❡❝t❴♥❛♠❡✴r❛✇

✹✳✹✳✷ ❘❡♣r❡③❡♥t❛❝❡ s❦❡♥✉ ✲ ❜♦❞②

Pr♦ r❡♣r❡③❡♥t❛❝✐ ♠r❛↔♥❛ ❜♦❞➲ ❥s❡♠ s❡ r♦③❤♦❞❧ ✈②✉➸ít ❝♦ ♥❡❥❥❡❞♥♦❞✉➨➨í ❢♦r♠át ❛ ✉❦❧á❞❛t
❞❛t❛ ❥❛❦♦ ♦❜②↔❡❥♥ý t❡①t✱ ❦t❡rý ❜✉❞❡ ♣➦❡❤❧❡❞♥ý✱ s♥❛❞♥♦ ❡❞✐t♦✈❛t❡❧♥ý ❛ ♣➲❥❞❡ ❜❡③♣r♦❜❧é♠♦✈➙
❞á❧❡ ✈②✉➸í✈❛t✳ Pr♦ ❦❛➸❞ý s❦❡♥ ❜✉❞❡ ✈➸❞② ✈②t✈♦➦❡♥ ♥♦✈ý s♦✉❜♦r✉✳ ❆❜② ❜②❧② s❦❡♥② ♦❞❞➙❧❡♥②
❛ ❜②❧♦ ♠♦➸♥é s ♥✐♠✐ ♣r❛❝♦✈❛t s❛♠♦st❛t♥➙✳ ❉❛t❛ s❡ ❜✉❞♦✉ s❦❧á❞❛t ③❡ t➦í ↔ástí✿ ③ ❤❧❛✈✐↔❦②✱ ❞❛t
s❛♠♦t♥ý❝❤ ❛ ♣❛t✐↔❦②✳

❍❧❛✈✐↔❦❛ ❜✉❞❡ t✈♦➦❡♥❛ ③á❦❧❛❞♥í♠✐ ✐♥❢♦r♠❛❝❡♠✐ ♦ s❦❡♥✉ ❛ ❜✉❞❡ ✈❡ t✈❛r✉✿

✪✪ s❝❛♥ ❞❛t❛
✇✐❞t❤✿ ❁✇✐❞t❤❃
❤❡✐❣❤t✿ ❁❤❡✐❣❤t❃
✈❡rts✿ ❁♠❛① ✈❡rt❡① ❝♦✉♥t❃

P❛r❛♠❡tr < width > ③❞❡ ♦③♥❛↔✉❥❡ ➨í➦❦✉ ❤❧♦✉❜❦♦✈é ♠❛♣② ❛ ♣❛r❛♠❡tr < height > ♦③♥❛✲
↔✉❥❡ ❥❡❥í ✈ý➨❦✉✳ Pr♦ ♥á➨ s❦❡♥❡r t♦ ❜♦✉❞♦✉ ❦♦♥st❛♥t② 640 ❛ 480✳ P❛r❛♠❡tr ❁♠❛① ✈❡rt❡①

♦ ❞❡sít❦② st✉♣➡➲ ♥❛ ♦❜➙ str❛♥② ❛ ♥❡❜②❧ s❝❤♦♣❡♥ ③❛st❛✈✐t ✈ ❝í❧✐ ❜❡③ t❧✉♠❡♥í ♣➲s♦❜í❝í❤♦ ③ ✈♥➙❥➨❦✉✳ ❖❜↔❛s s❡
t❛❦é stá✈❛❧♦✱ ➸❡ st♦❧❡❦ ③❛↔❛❧ r♦t❛❝✐ ❛ ♣➦❡❦r♦↔✐❧ ❝í❧♦✈♦✉ ♣♦③✐❝✐✳ ❖♣r♦t✐ ♣➦❡❞❝❤♦③í♠✉ ♣➦í♣❛❞✉ ❛❧❡ ♥❡③♠➙♥✐❧ s♠➙r
r♦t❛❝❡✱ ❛❧❡ ③❛↔❛❧ r♦t♦✈❛t ↔í♠ ❞á❧ ✈②➨➨í r②❝❤❧♦stí ✈ ❥❡❞♥♦♠ s♠➙r✉ ♥❡➸ s❡ ♥❛❦♦♥❡❝ ③❛st❛✈✐❧ ♥❛ ♣♦③✐❝✐✱ ❦t❡rá s❡
♦❞ ♣♦➸❛❞♦✈❛♥é ♣♦③✐❝❡ ❧✐➨✐❧❛ ♦ ➦❛❞✉ st✉♣➡➲ ✭❖❞❝❤②❧❦❛ ❜②❧❛ ✈➙t➨✐♥♦✉ ❞♦ 45◦✳✮✳ ❚♦t♦ r♦t♦✈á♥í✱ ♣r❛❦t✐❝❦② ✈➸❞②
✈❡❞❧♦ ❦ ✈r➸❡♥í s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ❞♦ ✈③❞á❧❡♥♦st✐ ❛➸ 5 ♠❡tr➲ ♦❞ st♦❧❦✉✳

✼❋♦t♦❣r❛✜❡ ❥s♦✉ s❡➦❛③❡♥② t❛❦✱ ❥❛❦ ♦❞♣♦✈í❞❛❥í ❦❛♠❡rá♠✳ ❑❛➸❞ý ③á③♥❛♠ ❥❡ ✉❧♦➸❡♥ ♥❛ ❥❡❞♥♦♠ ➦á❞❦✉ ✈❡ t✈❛r✉
✈✐s✉❛❧✐③❡✴♣❤♦t♦✳❥♣❣

✸✻



✹✳✹✳ ❙❖❯❇❖❘❨✱ ▼❊❩■❱Ý❙▲❊❉❑❨ ❆ ❏❊❏■❈❍ ❋❖❘▼➪❚❨

❝♦✉♥t❃ ♦③♥❛↔✉❥❡ ♣♦↔❡t ✈r❝❤♦❧➲ ✉❧♦➸❡♥ý❝❤ ✈ s♦✉❜♦r✉✳ ❱ ❜➙➸♥é s✐t✉❛❝✐ ❜✉❞❡ ♠ít ❤♦❞♥♦t✉
< width > ∗ < height >✱ ❝♦➸ ❥❡ 307200✳ ❱ ♣➦í♣❛❞➙✱ ➸❡ s❡ s❦❡♥❡r✉ ♥❡♣♦❞❛➦✐❧♦ ♥❛s❦❡♥♦✈❛t
➸á❞♥á ❞❛t❛✱ ❥❡ ③❜②t❡↔♥é✱ ❛❜② s❡ ✉❦❧á❞❛❧♦ 307200 ➦á❞❦➲ s ❞❡❢❛✉❧t♥í♠✐ ❤♦❞♥♦t❛♠✐ ❛ t❛❦ ❜✉❞❡
♣❛r❛♠❡tr ❁♠❛① ✈❡rt❡① ❝♦✉♥t❃ ♥❛st❛✈❡♥ ♥❛ ❤♦❞♥♦t✉ −1✳ ❚í♠ ❞♦❥❞❡ ❦ ❥❛s♥é♠✉ ♦③♥❛↔❡♥í✱ ➸❡
♠❛❥í ❜ýt ♣➦✐ ♥❛↔ítá♥í s❦❡♥✉ ♣♦✉➸✐t② ❞❡❢❛✉❧t♥í ❤♦❞♥♦t② ❛ ♥❛↔ítá♥í ❜✉❞❡ ③❦rá❝❡♥♦✳

❉á❧❡ ❜✉❞❡ ♥ás❧❡❞♦✈❛t ús❡❦ s ❞❛t②✳ ❚❡♥ ❜✉❞❡ ✈❡ t✈❛r✉✿

< px1.x > < px1.y > < px1.z > < px1.r > < px1.g > < px1.b >
< px2.x > < px2.y > < px1.z > < px2.r > < px2.g > < px2.b >

. . . . . .

. . . . . .
< pxX.x > < pxX.y > < px1.z > < pxX.r > < pxX.g > < pxX.b >
❉❛t❛ ❥s♦✉ t❡❞② ✉❧♦➸❡♥❛ t❛❦✱ ➸❡ ❥❡❞❡♥ ❜♦❞ ❥❡ ♥❛ ❥❡❞♥♦♠ ➦á❞❦✉✳ ❯❦❧á❞á♥í ♣r♦❜í❤á ♣♦st✉♣♥➙
♣♦ ➦á❞❝í❝❤✱ t❥✳ ♠á♠❡✲❧✐ ♥❛ ③❛↔át❦✉ ❤❧♦✉❜❦♦✈♦✉ ♠❛♣✉ ♦ ✈❡❧✐❦♦st✐ 640× 480✱ ♥❡❥♣r✈❡ s❡ ✉❧♦➸í
480 ❤♦❞♥♦t ♣r✈♥í❤♦ ➦á❞❦✉✱ ♣♦té 480 ❤♦❞♥♦t ❞r✉❤é❤♦ ➦á❞❦✉ ❛ t❛❦ ❞á❧❡✱ ❞♦❦✉❞ s❡ ♥❡✉❧♦➸í ❝❡❧á
♠❛♣❛✳ ❑r♦♠➙ s♦✉➦❛❞♥✐❝ x✱ y ❛ z ♣r♦ ❦❛➸❞ý ❜♦❞ s❡ ✉❦❧á❞❛❥í ❥❡➨t➙ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ r✱ g ❛ b ❛
✈➨❡❝❤♥② ❤♦❞♥♦t② ❜✉❞♦✉ ✉❧♦➸❡♥② ❥❛❦♦ ❞❡s❡t✐♥♥á ↔ís❧❛ ❛ ♦❞❞➙❧❡♥❛ ♠❡③❡r♦✉✳ ❇❛r❡✈♥á ✐♥❢♦r♠❛❝❡
❜✉❞❡ ✈ r♦③♠❡③í 0− 255 ❛ ♣♦③✐❝❡ ❜✉❞❡ ✉❧♦➸❡♥❛ ✈ ♠✐❧✐♠❡tr❡❝❤ ♣➦❡s♥➙ t❛❦✱ ❥❛❦ ❜②❧❛ ③ís❦á♥❛ ③❡
s❦❡♥❡r✉✳

❩❛ ❞❛t② ♥ás❧❡❞✉❥❡ ♣❛t✐↔❦❛ s ❞♦❞❛t❡↔♥ý♠✐ ✐♥❢♦r♠❛❝❡♠✐ ✈❡ t✈❛r✉✿

✈❡rts❴r❡❞✉❝❡❞✿ ❁✈❛❧✐❞ ✈❡rt❡① ❝♦✉♥t❃
✪✪❡♥❞

P❛r❡♠❡tr ❁✈❛❧✐❞ ✈❡rt❡① ❝♦✉♥t❃ ③❞❡ ♦③♥❛↔✉❥❡ ♣♦↔❡t ✈r❝❤♦❧➲✱ ❦t❡ré ❥s♦✉ ✈❡ s❦✉t❡↔♥♦st✐
♦❜s❛➸❡♥② ✈ t♦♠t♦ s❦❡♥✉ ✽✳ ❚❛t♦ ✐♥❢♦r♠❛❝❡ s❡ ♥ás❧❡❞♥➙ ❜✉❞❡ ❤♦❞✐t ♣➦✐ s❦❧á❞á♥í ✈ýs❧❡❞♥é
s❝é♥② ✭◆❡❜✉❞❡ ♥✉t♥é t✉t♦ ✐♥❢♦r♠❛❝✐ ♣♦↔ít❛t ✐t❡r♦✈á♥í♠ s❦r③ ✈r❝❤♦❧② s❦❡♥✉ ❛ ♣♦r♦✈♥á✈á♥í♠✱
♥❡❜♦➫ ❜✉❞❡ r♦✈♥♦✉ ❦ ❞✐s♣♦③✐❝✐✳✮

❆❜② ❜②❧♦ s♥❛❞♥é r♦③♣♦③♥❛t s♦✉❜♦r s ♠r❛↔♥❡♠ ❜♦❞➲ ♦❞ ♦st❛t♥í❝❤ s♦✉❜♦r➲✱ ❜✉❞❡ ♣r♦
✈➨❡❝❤♥② s♦✉❜♦r② s ♠r❛↔♥② ❜♦❞➲ ♣♦✉➸✐t❛ ♣➦í♣♦♥❛ ✳s❝♥✾ ♠íst♦ ✳t①t✳

Pr♦ ✉❧♦➸❡♥í t➙❝❤t♦ s♦✉❜♦r➲ ❜✉❞❡ ✈②✉➸✐t❛ s❧♦➸❦❛ ✧r❛✇✧✈ ♥❛➨í ❛❞r❡sá➦♦✈é str✉❦t✉➦❡ ✭✹✳✹✳✶✮✱
❛❜②❝❤♦♠ ♦❞❞➙❧✐❧✐ t②t♦ ♠❡③✐✈ýs❧❡❞❦② ♦❞ ♦st❛t♥í❝❤ ❞❛t✳

✹✳✹✳✸ ❘❡♣r❡③❡♥t❛❝❡ s❦❡♥✉ ✲ ❜❛r✈❛

❇❛r✈❛✱ ❥❛❦ ❜②❧♦ ③♠í♥➙♥♦ ✈ ♠✐♥✉❧é ↔ást ✹✳✹✳✷✱ ❜✉❞❡ ✉❦❧á❞á♥❛ s♣♦❧✉ s ♠r❛↔♥❡♠ ❜♦❞➲✱ ❛❜②
✈➨❡❝❤♥❛ ❞❛t❛✱ ❦t❡rá ♣❛t➦í ❦ s♦❜➙ ❜②❧❛ ✉❧♦➸❡♥❛ ✈➸❞② ♣♦❤r♦♠❛❞➙ ✈ ❥❡❞♥♦♠ s♦✉❜♦r✉✳ ❱❡ ❢á③✐

✽➎á❞♥ý ③❡ s❦❡♥➲ ♥❡♠á ♥✐❦❞② ✈➨❡❝❤ 640 × 480 ✈r❝❤♦❧➲✳ ❩á❧❡➸í ♣➦❡❞❡✈➨í♠ ♥❛ t♦♠✱ ③❞❛ ❥❡ ③❛❜írá♥ ❝❡❧ý
s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ♥❡❜♦ ❥❡♥ ↔ást✱ ❥❛❦ ✈❡❧✐❦é ❥s♦✉ r♦③❞í❧② ✈ ❤❧♦✉❜❝❡ ✭❙❦❡♥❡r ✉♠í ♠➙➦✐t ♣♦✉③❡ ✈ ❤❧♦✉❜❦á❝❤ ✵✳✺
♠❡tr✉ ❛➸ ✶✳✺ ♠❡tr✉✳ ✮✱ ❥❛❦é ❥s♦✉ s✈➙t❡❧♥é ♣♦❞♠í♥❦②✱ ❥❛❦ý ♣♦✈r❝❤ ♠á s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ❛ ♠♥♦❤♦ ❞❛❧➨í❝❤✳

✾❩❦rá❝❡♥é s❧♦✈♦ ✧s❝❛♥✧✳

✸✼



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

r❡❦♦♥str✉❦❝❡ ♣ó③② ✭✸✳✾✳✸✮ ❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ♣♦✉③❡ ❢♦t♦❣r❛✜✐ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ Pr♦t♦
❜✉❞❡ ✈❤♦❞♥é ♠ít ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉ ✉❧♦➸❡♥♦✉ ♣➦í♠♦ ♥➙❦t❡ré♠ ③ ❣r❛✲
✜❝❦ý❝❤ ❢♦r♠át➲✳ ❑❞②❜②❝❤♦♠ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ♥❡✉❧♦➸✐❧✐ ③✈❧á➨➫✱ ♠✉s❡❧✐ ❜②❝❤♦♠ ♥❛↔íst ❝❡❧ý
s❦❡♥ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✱ ♣r♦❥ít ✈➨❡❝❤♥② ✈r❝❤♦❧② ❛ ③ ♥✐❝❤ t❡♣r✈❡ ✈②❜r❛t ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐✳
❉❛❧➨í ✈ý❤♦❞❛ ♣♦✉➸✐tí ♥➙❥❛❦é❤♦ ❜➙➸♥é❤♦ ❣r❛✜❝❦é❤♦ ❢♦r♠át✉ ❥❡✱ ➸❡ ✉➸✐✈❛t❡❧ s✐ ❜✉❞❡ ♠♦❝✐ s♥❛❞♥♦
♣r♦❤❧é❞♥♦✉t ✐ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ③❡ s❦❡♥❡r✉✳

Pr♦t♦ ❜❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ♠r❛↔♥❛ ❜♦❞➲ ❜✉❞❡ ♣r♦ ❦❛❧✐❜r❛↔♥í ♦❜❥❡❦t ✉❧♦➸❡♥❛ ♥❡❥❡♥♦♠ ✉ ❜♦❞➲✱
❥❛❦ ❜②❧♦ ♣♦♣sá♥♦ ✈ ♣➦❡❞❝❤♦③í ↔ást✐ ✹✳✹✳✷✱ ❛❧❡ t❛❦é ✈❡ ❢♦r♠át✉ ✳♣♥❣❬✼❪ ♣r♦ ✉s♥❛❞♥➙♥í ♣➦íst✉♣✉
❦ ❜❛r❡✈♥é ✐♥❢♦r♠❛❝✐ ❛ ✉r②❝❤❧❡♥í ❥❡❥í❤♦ ♥❛↔ítá♥í✳

✹✳✹✳✹ ❘❡♣r❡③❡♥t❛❝❡ s❦❡♥✉ ✲ ♠♦❞❡❧

❯❦❧á❞á♥í ❛ ♥❛↔ítá♥í ✸❉ ♠♦❞❡❧✉ ♥❡❜✉❞❡ ③♣➲s♦❜♦✈❛t ♥❡❥♠❡♥➨í ♣r♦❜❧é♠✳ ❙❉❑ s❦❡♥❡r✉ ♣➦í♠♦
♣♦s❦②t✉❥❡ ♠❡t♦❞② ♣r♦ ✉❦❧á❞á♥í ✸❉ ♠♦❞❡❧✉ ❞♦ s♦✉❜♦r✉ ❛ t❛❦é ♠❡t♦❞② ♣r♦ ♥❛↔ítá♥í ♠♦❞❡❧➲
③ t➙❝❤t♦ s♦✉❜♦r➲✳ ❯❦❧á❞á s❡ ♣➦í♠♦ ♦❜❥❡❦t ❈❱■❖❜❥❡❝t ✭✸✳✶✶✳✻✮ s❡ ✈➨❡♠✐ ❞❛t②✱ ❦t❡ré ♦❜s❛❤✉❥❡✳
P➦í♣♦♥❛ t➙❝❤t♦ s♦✉❜♦r➲ ❥❡ ✳✈✈❞✶✵✳

❱➨❡❝❤♥② ♠♦❞❡❧② ❜✉❞♦✉ ✉❦❧á❞á♥② ❞♦ s❧♦➸❦② ✧r❛✇✧✈ ♥❛➨í ❛❞r❡sá➦♦✈é str✉❦t✉➦❡✳

✹✳✹✳✺ ❘❡♣r❡③❡♥t❛❝❡ ❢♦t♦❣r❛✜❡

❯❦❧á❞á♥í ❢♦t♦❣r❛✜í ♥❡❜✉❞❡ ♣r♦❜❧é♠✱ ♥❡❜♦➫ ❊❉❙❉❑✭❙❉❑ ❢♦t♦❛♣❛rát✉✮ ♣➦✐ st❛➸❡♥í ❢♦✲
t♦❣r❛✜❡ ③ ♣❛♠➙t✐ ❢♦t♦❛♣❛rát✉ ♥❛ ❞✐s❦ ♣♦↔ít❛↔❡ ❢♦t♦❣r❛✜✐ r♦✈♥♦✉ ✉❦❧á❞á ✈❡ ❢♦r♠át✉ ✳❏P●✳
❙ t❛❦t♦ ✉❧♦➸❡♥ý♠✐ ❢♦t♦❣r❛✜❡♠✐ ✉➸ ♥❡♠✉sí♠❡ ♣r♦✈á❞➙t ➸á❞♥é ú♣r❛✈② ❛ ♠➲➸❡♠❡ ❥❡ r♦✈♥♦✉
♣♦✉➸ít✳

❋♦t♦❣r❛✜❡ ③ís❦❛♥é ❢♦t♦❛♣❛rát❡♠ ❜✉❞♦✉ ✈❡ ✈➙t➨✐♥➙ ♣➦í♣❛❞➲ ✉❦❧á❞á♥② ❞♦ s❧♦➸❦② ✧✈✐s✉❛❧✐③❡✧✈
♥❛➨í ❛❞r❡sá➦♦✈é str✉❦t✉➦❡✳ ❏❡❞✐♥á ✈ý❥✐♠❦❛ ❜✉❞❡ ❢♦t♦❣r❛✜❡ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✱ ❦t❡rá ❜✉❞❡
✉❧♦➸❡♥❛ ✈❡ s❧♦➸❝❡ ✧r❛✇✧✳ ❚❛ ❥❡ t♦t✐➸ ❥❡♥ ♠❡③✐✈ýs❧❡❞❦❡♠ ❛ ♥❡♥í ♣♦✉➸✐t❛ ✈❡ ✈ýs❧❡❞♥é s❝é♥➙✳

✹✳✹✳✻ ❑❛❧✐❜r❛↔♥í ♦❜❥❡❦t

Pr♦ ♣r♦✈❡❞❡♥í r❡❦♦♥str✉❦❝❡ ♣ó③② ❛ ♣r♦ ❥❡❥í ③♣➦❡s♥➙♥í ❜✉❞❡ ♣♦t➦❡❜❛ ✉❝❤♦✈❛t ✐♥❢♦r♠❛❝❡ ♦
❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✳ ❩❞❡ ❜✉❞❡♠❡ ♣➦❡❞❡✈➨í♠ ♣♦t➦❡❜♦✈❛t ✉❧♦➸✐t ❢♦t♦❣r❛✜✐ ③ís❦❛♥♦✉ ❢♦t♦❛♣❛✲
rát❡♠✱ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ♣♦➦í③❡♥♦✉ s❦❡♥❡r❡♠ ✭✹✳✹✳✸✮ ❛ ♠r❛↔♥♦ ❜♦❞➲ ③ís❦❛♥é s❦❡♥❡r❡♠✳

❱➨❡❝❤♥❛ t❛t♦ ❞❛t❛ ❜✉❞♦✉ ✉❧♦➸❡♥❛ ✈❡ s❧♦➸❝❡ ✧r❛✇✧❛ ❜✉❞♦✉ ♠ít s♣❡❝✐✜❝❦á ❥♠é♥❛ ♣r♦ ❥❡❥✐❝❤
s♥❛❞♥é ♦❞❧✐➨❡♥í ♦❞ ♦st❛t♥í❝❤ ❞❛t✳ ❚②t♦ s♦✉❜♦r② ❜✉❞♦✉✿

❝❛❧✐❜❴❝❛♠❡r❛✳❥♣❣ ✲ ❇❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ③ís❦❛♥á ❢♦t♦❛♣❛rát❡♠✳
❝❛❧✐❜❴s❝❛♥♥❡r✳s❝♥ ✲ ▼r❛↔♥♦ ❜♦❞➲ ③ís❦❛♥é s❦❡♥❡r❡♠✳
❝❛❧✐❜❴s❝❛♥♥❡r✳♣♥❣ ✲ ❇❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ③ís❦❛♥á s❦❡♥❡r❡♠✳

✶✵❚♦t♦ ❥❡ ♣➦í♣♦♥❛ ♣♦✉➸í✈❛♥á ♣r♦ ✸❉ ♠♦❞❡❧② ✉❧♦➸❡♥é ♣r♦❣r❛♠② ♦❞ ✜r♠② ❑♦♥✐❝❛ ▼✐♥♦❧t❛✳

✸✽



✹✳✹✳ ❙❖❯❇❖❘❨✱ ▼❊❩■❱Ý❙▲❊❉❑❨ ❆ ❏❊❏■❈❍ ❋❖❘▼➪❚❨

✹✳✹✳✼ ❙❦❡♥♦✈❛♥ý ♦❜❥❡❦t

❖ s❦❡♥♦✈❛♥é♠ ♦❜❥❡❦t✉ ❜✉❞❡ ♣♦t➦❡❜❛ ✉❧♦➸✐t ➦❛❞✉ ✐♥❢♦r♠❛❝í✳ ❏❡❞♥❛ s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r❛✶✶

❜✉❞❡ ♦❜s❛❤♦✈❛t ③ís❦á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧✉ ❛ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡✳ ❚❛t♦ ♣r♦❝❡❞✉r❛ ❜✉❞❡
♣r♦✈❡❞❡♥❛ t♦❧✐❦rát✱ ❦♦❧✐❦rát ✉➸✐✈❛t❡❧ ❝❤❝❡✳ Pr♦t♦ ❞❡✜♥✉❥♠❡✱ ❥❛❦ ❜✉❞♦✉ ❥❡❞♥♦t❧✐✈é ♠r❛↔♥❛
❜♦❞➲✱ ✸❉ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡ ♣♦❥♠❡♥♦✈á✈á♥②✳

s❝❛♥★✳s❝♥ ✲ ▼r❛↔♥♦ ❜♦❞➲
♣♦❧②★✳✈✈❞ ✲ ✸❉ ♠♦❞❡❧
♣❤♦t♦★✳❥♣❣ ✲ ❋♦t♦❣r❛✜❡

❩♥❛❦ ★ ✈ t♦♠t♦ ♣➦í♣❛❞➙ ♦③♥❛↔✉❥❡ ↔ís❧♦ s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r②✱ ✈❡ ❦t❡ré ❜②❧② ❞❛t❛ ♣♦➦í③❡♥②✳
■♥❞❡①♦✈á♥í ③❛↔í♥á ♦❞ ❤♦❞♥♦t② 0✳

✹✳✹✳✽ ❘❡♣r❡③❡♥t❛❝❡ ♣ó③②

❈♦ s❡ tý↔❡ ♣ó③② ❢♦t♦❛♣❛rát✉ ❛ s❦❡♥❡r✉✱ ③❡ ❜✉❞❡ ♣♦t➦❡❜❛ r❡♣r❡③❡♥t♦✈❛t tr❛♥s❧❛❝✐ ❦❛♠❡r ✈❡
s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ ✭✈➲↔✐ ♦t♦↔♥é♠✉ st♦❧❦✉ ✈ ♠❡tr❡❝❤✮ ❛ ❥❡❥✐❝❤ r♦t❛❝✐✳ Pó③② ❜✉❞♦✉ ✉❧♦➸❡♥②
✈ s♦✉❜♦r✉ s ♥á③✈❡♠ ✧♣♦s❡s✧✱ ❦t❡rý ❜✉❞❡ ✉❧♦➸❡♥ ✈❡ s❧♦➸❝❡ ✧r❛✇✧s♣♦❧✉ s ♦st❛t♥í♠✐ ♠❡③✐✈ý✲
s❧❡❞❦②✳ ❏❛❦♦ ♣➦í♣♦♥✉ ❜✉❞❡ s♦✉❜♦r ♠ít ✳❛ss✭③❦rá❝❡♥♦ ③❡ s❧♦✈❛ ✧❛ss❡♠❜❧②✧✮✳ ❚❛t♦ ♣➦í♣♦♥❛ ❜✉❞❡
♣♦✉➸✐t❛ ✐ ♣r♦ ✧❛ss❡♠❜❧② s❝r✐♣t✧✭✸✳✾✳✷ ❛ ✹✳✹✳✶✵✮✳ ❙tr✉❦t✉r❛ s♦✉❜♦r✉ ❜✉❞❡✿

%%scannertranslation
< scan.T.x > < scan.T.y > < scan.T.z >

%%scannerrotation
< scan.R.00 > < scan.R.01 > < scan.R.02 >
< scan.R.10 > < scan.R.11 > < scan.R.12 >
< scan.R.20 > < scan.R.21 > < scan.R.22 >

%%cameratranslation
< cam.T.x > < cam.T.y > < cam.T.z >

%%camerarotation
< cam.R.00 > < cam.R.01 > < cam.R.02 >
< cam.R.10 > < cam.R.11 > < cam.R.12 >
< cam.R.20 > < cam.R.21 > < cam.R.22 >

❈♦ s❡ tý↔❡ ♣❛r❛♠❡tr➲✱ T ③❞❡ ♦③♥❛↔✉❥❡ tr❛♥s❧❛↔♥í ✈❡❦t♦r ❦❛♠❡r② ❛ R ♦③♥❛↔✉❥❡ r♦t❛↔♥í ♠❛t✐❝✐
❦❛♠❡r②✳ ❈♦ s❡ ✐♥❞❡①♦✈á♥í R tý↔❡✱ R.IJ ③❞❡ ③♥❛↔í ♣r✈❡❦ ♠❛t✐❝❡ R ♥❛ ➦á❞❦✉ I ✈❡ s❧♦✉♣❝✐ J ✳
❏❡❞♥♦t❧✐✈é ❤♦❞♥♦t② ♥❛ ➦á❞❦✉ ✈ s♦✉❜♦r✉ ❜✉❞♦✉ ❞❡s❡t✐♥♥á ↔ís❧❛ ❛ ❜✉❞♦✉ ♦❞❞➙❧❡♥② ♠❡③❡r♦✉✳

✹✳✹✳✾ ❘❡♣r❡③❡♥t❛❝❡ ❦♦♥st❛♥t♥í❝❤ ♣❛r❛♠❡tr➲ ❢♦t♦❛♣❛rát✉

❚❡♥t♦ s♦✉❜♦r ❜✉❞❡ ♦❜s❛❤♦✈❛t ✐♥❢♦r♠❛❝❡ ♦ ❢♦t♦❛♣❛rát✉✱ ❦t❡rý ❥❡ ✈②✉➸í✈á♥ ♣r♦ s❦❡♥♦✈á♥í✳
❏❞❡ ♣➦❡❞❡✈➨í♠ ♦ t♦♠✱ ➸❡ ③ís❦á♥í ♥➙❦t❡rý❝❤ ♣❛r❛♠❡tr➲ ③ ♠❡t❛❞❛t ❢♦t♦❣r❛✜í ✭❊❳■❋✮ ♠➲➸❡ ❜ýt
♣r♦❜❧❡♠❛t✐❝❦é ✭◆➙❦t❡ré st❛r➨í ❢♦t♦❛♣❛rát② ♥❡♠✉s❡❥í ✉❦❧á❞❛t ♥➙❦t❡ré ♣♦t➦❡❜♥é ✐♥❢♦r♠❛❝❡✱ ♣➦❡✲
❞❡✈➨í♠ ↔❛st♦ ❝❤②❜í t❛❣ FocalP laneXResolution ❛ FocalP laneY Resolution✳✮✳ ❱ t❛❦♦✈ý❝❤t♦

✶✶❏❛❦♦ s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r✉ ③❞❡ ♦③♥❛↔✉❥✐ ♣r♦✈❡❞❡♥í ❥❡❞♥♦❤♦ s❦❡♥♦✈á♥í ♦❜❥❡❦t✉ ❜➙❤❡♠ ③ís❦á✈á♥í ❞❛t✳ ◆á✲
s❧❡❞♥➙ ❞♦❝❤á③í ❦ ♣♦♦t♦↔❡♥í ♦t♦↔♥é❤♦ st♦❧❦✉ ❛ ♣r♦❜í❤á ❞❛❧➨í s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r❛✳

✸✾
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♣➦í♣❛❞❡❝❤ ♥❡♠➲➸❡♠❡ s♣♦❧é❤❛t ♥❛ ✐♥❢♦r♠❛❝❡ ✉❧♦➸❡♥é ✈❡ ❢♦t♦❣r❛✜í❝❤✳ ❏❡❧✐❦♦➸ ❥❡ ❛♣❧✐❦❛❝❡ ✈②✈í✲
❥❡♥❛ ♣r♦ ❦♦♥❦rét♥í t②♣ ❢♦t♦❛♣❛rát✉✱ ♠♦➸♥♦stí ❜② ❜②❧♦ ♣♦✉➸ít ❦♦♥st❛♥t② ❞❛♥é❤♦ ❢♦t♦❛♣❛rát✉✱
❛❧❡ ♣r♦ ✉♠♦➸♥➙♥í ♣♦✉➸✐tí ✐ ❥✐♥ý❝❤ ❢♦t♦❛♣❛rát➲ ❜✉❞❡ ✉❧♦➸❡♥í ❦♦♥st❛♥t ✈ s♦✉❜♦r✉ ❜❡③♣❡↔♥➙❥➨í✳

❙♦✉❜♦r ❜✉❞❡ ✉❧♦➸❡♥ ✈ ❛❞r❡sá➦✐ ❛♣❧✐❦❛❝❡ s❡ ❥♠é♥❡♠ ✧❝❛♠✳❝❛❧✐❜✧✳ ❑♦♥❦rét♥í ♦❜s❛❤ s♦✉❜♦r✉
❥❡✿

❡①✐❢❲ ❁✇✐❞t❤❃
❡①✐❢❍ ❁❤❡✐❣❤t❃
❡①✐❢❳ ❁r❡s❳❃
❡①✐❢❨ ❁r❡①❨❃

P❛r❛♠❡tr② ❁✇✐❞t❤❃ ❛ ❁❤❡✐❣❤t❃ ③❞❡ ♦③♥❛↔✉❥í ✈ý➨❦✉ ❛ ➨í➦❦✉ ❢♦t♦❣r❛✜í✳ P❛r❛♠❡tr② ❁r❡s❳❃
❛ ❁r❡①❨❃ ③❞❡ ♦③♥❛↔✉❥í r♦③❧✐➨❡♥í s❡♥③♦r✉ ❦❛♠❡r② ✈ ♣✐①❡❧❡❝❤ ♥❛ ❥❡❞♥✉ ❥❡❞♥♦t❦✉ ❞é❧❦② ✭❥❡❞❡♥
♣❛❧❡❝✮ ✈ ♦sá❝❤ X ❛ Y ✳

✹✳✹✳✶✵ ❆ss❡♠❜❧② s❝r✐♣t

❆ss❡♠❜❧② s❝r✐♣t ❥❡ ♣r❛❦t✐❝❦② ♥❡❥❞➲❧❡➸✐t➙❥➨í♠ s♦✉❜♦r❡♠ ♣r♦ ❝❡❧é s❦❡♥♦✈á♥í✳ ❚❡♥t♦ s♦✉❜♦r
❜✉❞❡ ♦❜s❛❤♦✈❛t ♣❛r❛♠❡tr② ③❛❞❛♥é ✉➸✐✈❛t❡❧❡♠ ♣r♦ s❦❡♥♦✈á♥í✱ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❛ ❝❡st② ❦
s♦✉❜♦r➲♠✱ ❥❛❦ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✾✳✷✳

✹✵



✹✳✹✳ ❙❖❯❇❖❘❨✱ ▼❊❩■❱Ý❙▲❊❉❑❨ ❆ ❏❊❏■❈❍ ❋❖❘▼➪❚❨

❑♦♥❦rét♥í s❧♦➸❡♥í ✧❛ss❡♠❜❧② s❝r✐♣t✉✧❥❡✿

✪✪ ❝❛❧✐❜r❛t✐♦♥ ♣❤♦t♦s
❁s❝❛♥♥❡r ❝❛❧✐❜r❛t✐♦♥❃
❁❝❛♠❡r❛ ❝❛❧✐❜r❛t✐♦♥ ♣❤♦t♦❃

✪✪ s❝❛♥♥❡r ❝❛❧✐❜r❛t✐♦♥ ♠❛tr✐①
❁❦✵✵❃ ❁❦✵✶❃ ❁❦✵✷❃
❁❦✶✵❃ ❁❦✶✶❃ ❁❦✶✷❃
❁❦✷✵❃ ❁❦✷✶❃ ❁❦✷✷❃

✪✪ ❝❛♠❡r❛ ❝❛❧✐❜r❛t✐♦♥ ♠❛tr✐①
❁❦✵✵❃ ❁❦✵✶❃ ❁❦✵✷❃
❁❦✶✵❃ ❁❦✶✶❃ ❁❦✶✷❃
❁❦✷✵❃ ❁❦✷✶❃ ❁❦✷✷❃

✪✪ s❝❛♥♥✐♥❣ ♣❛r❛♠❡t❡rs
❁❞❡❧t❛ ❛♥❣❧❡❃
❁♥✉♠❜❡r ♦❢ s❝❛♥s❃

✪✪ s❝❛♥ ✜❧❡s
✪✪ ♣❤♦t♦s
s❝ ❁s❝❛♥✵✶❃
♣♦ ❁♣♦❧②✵✶❃
♣❤ ❁♣❤♦t♦✵✶❃
s❝ ❁s❝❛♥✵✷❃
♣♦ ❁♣♦❧②✵✷❃
♣❤ ❁♣❤♦t♦✵✷❃
✳
✳
s❝ ❁s❝❛♥◆❃
♣♦ ❁♣♦❧②◆❃
♣❤ ❁♣❤♦t♦◆❃

◆❛ ③❛↔át❦✉ ❥s♦✉ ♥á③✈② s♦✉❜♦r➲ ❁s❝❛♥♥❡r ❝❛❧✐❜r❛t✐♦♥❃ ❛ ❁❝❛♠❡r❛ ❝❛❧✐❜r❛t✐♦♥ ♣❤♦t♦❃✳ P❛r❛✲
♠❡tr ❁s❝❛♥♥❡r ❝❛❧✐❜r❛t✐♦♥❃ ❥❡ ♣♦✉③❡ ♥á③❡✈ s♦✉❜♦r✉ ❜❡③ ♣➦í♣♦♥② ❛ ♦❞❦❛③✉❥❡ ❥❛❦ ♥❛ ♠r❛↔♥♦
❜♦❞➲ ③ís❦❛♥é ③ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ✭❞❡❢❛✉❧t♥➙ ❝❛❧✐❜❴s❝❛♥♥❡r✳s❝♥✮✱ t❛❦ ♥❛ ❢♦t♦❣r❛✜✐ ❦❛❧✐❜✲
r❛↔♥í❤♦ ♦❜❥❡❦t✉ ♣♦➦í③❡♥♦✉ s❦❡♥❡r❡♠ ✭❞❡❢❛✉❧t♥➙ ❝❛❧✐❜❴s❝❛♥♥❡r✳♣♥❣✮✳ ❈♦ s❡ tý↔❡ ♣❛r❛♠❡tr✉
❁❝❛♠❡r❛ ❝❛❧✐❜r❛t✐♦♥ ♣❤♦t♦❃✱ t❡♥ ♦❜s❛❤✉❥❡ ♥á③❡✈ ❢♦t♦❣r❛✜❡ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ♣♦➦í③❡♥é
❢♦t♦❛♣❛rát❡♠ ❛ ♠á ✐ ♣➦í♣♦♥✉✭❞❡❢❛✉❧t♥➙ ❝❛❧✐❜❴❝❛♠❡r❛✳❥♣❣✮✳

❉á❧❡ ♥ás❧❡❞✉❥í ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♣r♦ s❦❡♥❡r ❛ ♣r♦ ❢♦t♦❛♣❛rát✳ ❖❜➙ ♠❛t✐❝❡ ♠❛❥í r♦③♠➙r 3x3
❛ ♣r✈❡❦ ♠❛t✐❝❡ kIJ ♦❞❦❛③✉❥❡ ♥❛ ♣r✈❡❦ ♠❛t✐❝❡ ♥❛ ➦á❞❦✉ I ❛ ✈❡ s❧♦✉♣❝✐ J ✳ ▼❛t✐❝❡ ❥s♦✉ ✉❦❧á❞á♥②
♣♦ ➦á❞❝í❝❤ ❥❛❦♦ ❞❡s❡t✐♥♥á ↔ís❧❛ ❛ ❥❡❞♥♦t❧✐✈é ❤♦❞♥♦t② ♥❛ ➦á❞❦✉ ❥s♦✉ ♦❞❞➙❧❡♥② ♠❡③❡r♦✉✳
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◆ás❧❡❞✉❥í❝í ❞✈❛ ♣❛r❛♠❡tr② ❥s♦✉ ❁❞❡❧t❛ ❛♥❣❧❡❃✱ ❝♦➸ ❥❡ ú❤❡❧ ♦t♦↔❡♥í st♦❧❦✉ ♠❡③✐ ❞✈➙♠❛ s❦❡✲
♥♦✈❛❝í♠✐ ♣r♦❝❡❞✉r❛♠✐✱ ❛ ❁♥✉♠❜❡r ♦❢ s❝❛♥s❃ ❝♦➸ ❥❡ ❝❡❧❦♦✈ý ♣♦↔❡t s❦❡♥➲✱ ❦t❡rý ❜②❧ ♣r♦✈❡❞❡♥✳

❖❞ t♦❤♦t♦ ❜♦❞✉ ❛➸ ❞♦ ❦♦♥❝❡ s♦✉❜♦r✉ ♥ás❧❡❞✉❥í tr♦❥✐❝❡ ➦á❞❦➲✳ ❑❛➸❞á tr♦❥✐❝❡ ♣♦♣✐s✉❥❡ ✈ý✲
st✉♣② ❥❡❞♥é s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r② ❛ t②t♦ ✈ýst✉♣② ❥s♦✉ ❁s❝❛♥★❃✱ ❁♣♦❧②★❃ ❛ ❁♣❤♦t♦★❃✱
❦t❡ré ♦❜s❛❤✉❥í ❥♠é♥❛ s♦✉❜♦r➲ s ♠r❛↔♥② ❜♦❞➲✱ ✸❉ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡♠✐ ♣r♦ s❦❡♥ s ↔ís❧❡♠
★✭✐♥❞❡①✉❥❡♠❡ ♦❞ ✵✮✳ ❉❡❢❛✉❧t♥í♠✐ ❤♦❞♥♦t❛♠✐ ❥s♦✉ ❥♠é♥❛ ❞❡✜♥♦✈❛♥á ✈ ↔ást✐ ✹✳✹✳✼✳ ❚➙❝❤t♦ tr♦✲
❥✐❝ s❡ ✈ s♦✉❜♦r✉ ✈②s❦②t✉❥❡ t♦❧✐❦✱ ❦♦❧✐❦ ❜②❧♦ ♣r♦✈❡❞❡♥♦ s❦❡♥➲ ✭❤♦❞♥♦t❛ ♣❛r❛♠❡tr✉ ❁♥✉♠❜❡r
♦❢ s❝❛♥s❃✮✳

✹✳✺ ❱ýst✉♣② ✲ ❱✐s✉❛❧ ❙❋▼

❏❡❞♥í♠ ③ ♣♦❞♣♦r♦✈❛♥ý❝❤ ❢♦r♠át➲✱ ✈❡ ❦t❡ré♠ ❜✉❞❡ ♠♦➸♥é ✉❧♦➸✐t ✈ýs❧❡❞♥♦✉ s❧♦➸❡♥♦✉ s❝é♥✉
❜✉❞❡ ❜✉♥❞❧❡ ❢♦r♠át❬✸✵❪ ✈❡ st❡❥♥é♠ t✈❛r✉✱ ❥❛❦♦ ❥❡ ♠♦➸♥é ③ís❦❛t ③ ♣r♦❣r❛♠✉ ❱✐s✉❛❧ ❙❋▼❬✸✸❪✳
❱ýst✉♣ ♠✉sí ♠ít t➦✐ ③á❦❧❛❞♥í s❧♦➸❦②✳ ❚➙♠✐t♦ s❧♦➸❦❛♠✐ ❥s♦✉ s♦✉❜♦r ❜✉♥❞❧❡✳r❞✳♦✉t✱ ❦t❡rý ♦❜✲
s❛❤✉❥❡ ❜♦❞②✱ ❦❛♠❡r② ❛ ❞❛❧➨í ♣❛r❛♠❡tr② s❝é♥②✱ ❧✐st✳t①t✱ ❦t❡rý ♦❜s❛❤✉❥❡ s❡③♥❛♠ ❢♦t♦❣r❛✜í ✭✈❡
❢♦r♠➙ r❡❧❛t✐✈♥í ❝❡st② ❦ ♥✐♠✮ ♣♦✉➸✐tý❝❤ ✈❡ s❝é♥➙ ✈ ♣♦➦❛❞í t❛❦✱ ❥❛❦ ♦❞♣♦✈í❞❛❥í ❦❛♠❡rá♠ ✈❡
s❝é♥➙✱ ❛ ♥❛❦♦♥❡❝ ❢♦t♦❣r❛✜❡ s❛♠♦t♥é✳

❙❡st❛✈❡♥í s♦✉❜♦r✉ ❧✐st✳t①t ❥❡ ♣♦♠➙r♥➙ tr✐✈✐á❧♥í✳ ◆❛ ❦❛➸❞é♠ ➦á❞❦✉ s♦✉❜♦r✉ ❥❡ ❥❡❞♥❛ ❝❡st❛ s
r❡❧❛t✐✈♥í ❝❡st♦✉ ❦ ❥❡❞♥é ❢♦t♦❣r❛✜✐✳

❙♦✉❜♦r ❜✉♥❞❧❡✳r❞✳♦✉t ♠á s♣❡❝✐✜❝❦♦✉ str✉❦t✉r✉✱ ❦t❡rá t✉ ❜✉❞❡ ♣♦st✉♣♥➙ r♦③❡❜rá♥❛✳ ❈❡❧ý
s♦✉❜♦r ❥❡ t❡①t♦✈ý ❛ t❛❦ ❥❡ s♥❛❞♥é ❥❛❦ ❥❡❤♦ ↔t❡♥í✱ t❛❦ ❥❡❤♦ ú♣r❛✈②✳

★ ❇✉♥❞❧❡ ✜❧❡ ✈✵✳✸
❁♥✉♠❴❝❛♠❡r❛s❃ ❁♥✉♠❴♣♦✐♥ts❃
❁❝❛♠❡r❛✶❃
❁❝❛♠❡r❛✷❃
✳✳✳
❁❝❛♠❡r❛◆❃
❁♣♦✐♥t✶❃
❁♣♦✐♥t✷❃
✳✳✳
❁♣♦✐♥t▼❃

P❛r❛♠❡tr② ❁♥✉♠❴❝❛♠❡r❛s❃ ❛ ❁♥✉♠❴♣♦✐♥ts❃ ❥s♦✉ ♣♦↔❡t ❦❛♠❡r ❛ ❜♦❞✉ ✈❡ s❝é♥➙ r❡♣r❡✲
③❡♥t♦✈❛♥é ❝❡❧ý♠ ↔ís❧❡♠ ♦❞❞➙❧❡♥é ♠❡③❡r♦✉✳

❑❛➸❞á ♣♦❧♦➸❦❛ ❁❝❛♠❡r❛❳❃ r❡♣r❡③❡♥t✉❥❡ ❥❡❞♥✉ ❦❛♠❡r✉ ✈❡ s❝é♥➙ ❛ ❥❡ ♥❛❤r❛③❡♥❛ ♣♦♠♦❝í ♦❤♥✐s✲
❦♦✈é ✈③❞á❧❡♥♦st✐ f ✱ ❞✈♦✉ ♣❛r❛♠❡tr➲ ♣r♦ ✒r❛❞✐❛❧ ❞✐st♦rt✐♦♥✏ k1 ❛ k2✱ r♦t❛↔♥í ♠❛t✐❝❡ R ✭3× 3✮
❛ ❥❡❞♥í♠ tr❛♥s❧❛↔♥í♠ ✸❉ ✈❡❦t♦r❡♠ t✳ ▼❛t✐❝❡ R ❥❡ ✈ s♦✉❜♦r✉ ③❛♣sá♥❛ ♦❜❞♦❜♥➙ ❥❛❦♦ t♦♠✉ ❥❡
✉ ✧❛ss❡♠❜❧② s❝r✐♣t✉✧✳ ❈♦➸ ③♥❛♠❡♥á✱ ➸❡ ❥❡ ③❛♣sá♥❛ ♥❛ t➦✐ ➦á❞❦② ❛ ❦❛➸❞ý ➦á❞❡❦ ♦❜s❛❤✉❥❡ t➦✐
❤♦❞♥♦t② ♦❞❞➙❧❡♥é ♠❡③❡r♦✉✳ ❙t❡❥♥➙ t❛❦ ✈❡❦t♦r t ❥❡ ③❛♣sá♥ ❥❛❦♦ t➦✐ ❤♦❞♥♦t② ♥❛ ➦á❞❝❡ ♦❞❞➙❧❡♥é

✹✷
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♠❡③❡r♦✉✳

❁❢❃ ❁❦✶❃ ❁❦✷❃
❁❘❃
❁t❃

❑❛➸❞ý ❜♦❞ ❁♣♦✐♥t❳❃ ❥❡ r❡♣r❡③❡♥t♦✈á♥ ♣♦♠♦❝✐ ✈❡❦t♦r✉ position✱ ❦t❡rý ♦❜s❛❤✉❥❡ ✸❉ ♣♦✲
③✐❝✐ ✈ ♣r♦st♦r✉✱ ✸❉ ✈❡❦t♦r✉ color✱ ❦t❡rý ♦❜s❛❤✉❥❡ t➦✐ s❧♦➸❦② ❘●❇✱ ♣➦✐↔❡♠➸ ❦❛➸❞á s❧♦➸❦❛ ❥❡ ✈
r♦③♠❡③í ✵ ❛➸ ✷✺✺✳

❁♣♦s✐t✐♦♥❃
❁❝♦❧♦r❃
❁✈✐❡✇ ❧✐st❃

❱✐❡✇ ❧✐st ♣r♦ ❦❛➸❞♦✉ ❦❛♠❡r✉ ♠á t✈❛r t❛❦♦✈ý✱ ➸❡ ♥❡❥♣r✈❡ ❥❡ ♥❛ ➦á❞❝❡ ❝❡❧é ↔ís❧♦ ◆✱ ✉❞á✈❛✲
❥í❝í ✈ ❦♦❧✐❦❛ ❦❛♠❡rá❝❤ ❥❡ ❞❛♥ý ❜♦❞ ③❛♠➙➦❡♥ ❛ t♦ ❥❡ ♥ás❧❡❞♦✈á♥♦ ◆ ↔t✈❡➦✐❝❡♠✐ ❁❝❛♠❡r❛❃
❁❦❡②❃ ❁①❃ ❁②❃✱ ❦❞❡ ♣r✈♥í ♣❛r❛♠❡tr ✉❞á✈á ✐♥❞❡① ❦❛♠❡r②✱ ❦❞❡ ❥❡ ❜♦❞ ✈✐❞➙t✱ ❁❦❡②❃ ❥❡ ✐♥✲
❞❡① ❜♦❞✉ ♣♦✉➸✐té❤♦ ♣➦✐ r❡❦♦♥str✉❦❝✐ ❛ ❁①❃ ❁②❃ ❥s♦✉ ♣♦③✐❝❡ ♣✐①❡❧✉✱ ♥❛ ❦t❡ré♠ ❥❡ ❜♦❞ ✈✐❞➙t
✈❡ ❢♦t♦❣r❛✜✐✳ ❏❡❧✐❦♦➸ t②t♦ ✐♥❢♦r♠❛❝❡ ♥❡♠á♠❡ ✭t♦t♦ ❥❡ ✈②✉➸✐t♦ ♣➦✐ str✉❝t✉r❡✲❢r♦♠✲♠♦t✐♦♥ r❡✲
❦♦♥str✉❦❝✐✱ ❦t❡r♦✉ ❇✉♥❞❧❡r ✐ ❱✐s✉❛❧ ❙❋▼ ♣r♦✈á❞➙❥í✮✱ ❝❡❧ý ❁✈✐❡✇ ❧✐st❃ ❜✉❞❡ ♥❛❤r❛③❡♥ ❥❡❞♥í♠
↔ís❧❡♠ 0✳
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P❧② ❢♦r♠át ❥❡ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤ý ❢♦r♠át ♣r♦ r❡♣r❡③❡♥t❛❝✐ ❣❡♦♠❡tr✐í ❛ t♦♣♦❧♦❣✐í ✈ ♣r♦✲
st♦r✉✱ ❥❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✼✳✶✷✳ ❋♦r♠át ♥❡♠á ♣❡✈♥➙ ❞❡✜♥♦✈á♥♦✱ ❥❛❦é ♣r✈❦② ♠✉sí
♦❜s❛❤♦✈❛t ❛ ❞❡ ❢❛❝t♦ ❥❡ ♥❛ t✈➲r❝✐✱ ❥❛❦é ♣r✈❦② s✐ ③❛❞❡✜♥✉❥❡✳ Pr♦❜❧é♠ s tí♠t♦ ❥❡ ✈ t♦♠✱ ➸❡
♣♦❦✉❞ t②t♦ ♣r✈❦② ♠❛❥í ❜ýt r♦③♣♦③♥á♥② ♥➙❥❛❦♦✉ ❛♣❧✐❦❛❝í✱ ♠✉sí ♠ít ✉r↔✐t♦✉ s♣❡❝✐✜❝❦♦✉ ❢♦r♠✉✳
Pr♦t♦ ❥s❡♠ s❡ r♦③❤♦❞❧ ✈②❝❤á③❡t ③ ❢♦r♠át✉ ♣♦✉➸í✈❛♥é❤♦ ♣r♦❣r❛♠❡♠ ▼❡s❤▲❛❜❬✸❪✳ ❱ý❤♦❞♦✉ ❥❡✱
➸❡ t❡♥t♦ ♣r♦❣r❛♠ ✉♠♦➸➡✉❥❡ ♣rá❝✐ s ♠r❛↔♥② ❜♦❞➲✱ ✸❉ ♠♦❞❡❧② ❛ ❞❛❧➨í♠✐ ♣r✈❦② ❛ ❦❡ ✈➨❡♠✉ ❥❡
♦♣❡♥✲s♦✉r❝❡✱ t❛❦➸❡ ❤♦ ♠➲➸❡ ♣♦✉➸í✈❛t ♣r❛❦t✐❝❦② ❦❞♦❦♦❧✐✈✳

❈❡❧á s❝é♥❛ ❥❡ ✈ t♦♠t♦ ❢♦r♠át✉ r❡♣r❡③❡♥t♦✈á♥❛ ❥❡❞♥í♠ ❥❡❞✐♥ý♠ s♦✉❜♦r❡♠ s ♣➦í♣♦♥♦✉ ✳♣❧②✱
❦t❡rý ♦❜s❛❤✉❥❡ s❦♦r♦ ✈➨❡❝❤♥❛ ❞❛t❛ ✭✈➨❡❝❤♥❛ ❦r♦♠➙ t❡①t✉r②✱ t② ❥s♦✉ ✈ s❛♠♦st❛t♥ý❝❤ s♦✉❜♦✲
r❡❝❤✮✳ ❙tr✉❦t✉r❛ ✈ýst✉♣♥í❤♦ s♦✉❜♦r✉ ❥❡ r♦③❞➙❧❡♥á ❞♦ ❤❧❛✈✐↔❦♦✈é ↔ást✐ ❛ ❞♦ ❞❛t s❛♠♦t♥ý❝❤✳

❍❧❛✈✐↔❦❛ s♦✉❜♦r✉ ♥❛ ♣r✈♥í♠ ➦á❞❦✉ ♦❜s❛❤✉❥❡ ➦❡t➙③❡❝ ✧♣❧②✧♦③♥❛↔✉❥í❝í✱ ➸❡ s❡ ❥❡❞♥á ♦ ✳♣❧②
s♦✉❜♦r✳ ❉❛❧➨í ➦á❞❦② ♦③♥❛↔✉❥í❝í ✈❛r✐❛♥t✉ ❢♦r♠át✉ ③❛↔í♥❛❥í ♥❛ ❦❧í↔♦✈é s❧♦✈♦ ✧❢♦r♠❛t✧❛ ❥s♦✉
♥ás❧❡❞♦✈á♥② ♥➙❥❛❦ý♠ ❦❧í↔♦✈ý♠ s❧♦✈❡♠ ❥❛❦♦ ❥❡ ✧❛s❝✐✐✧✱ ✧❜✐♥❛r②❴❜✐❣❴❡♥❞✐❛♥✧✱ ❡t❝✳ ❛ ♥❛ ❦♦♥❝✐
➦á❞❦✉ ❥❡ ↔ís❧♦ ✈❡r③❡✳ ❏❡❧✐❦♦➸ ♠② ❜✉❞❡♠❡ ✈ýs❧❡❞❡❦ ✉❦❧á❞❛t ✈ t❡①t♦✈é♠ ❢♦r♠át✉✱ ♣♦✉➸✐❥❡♠❡
✧❢♦r♠❛t ❛s❝✐✐ ✶✳✵✧✳ ❩❛ ❞❡✜♥✐❝❡♠✐ ❢♦r♠át✉ s❡ ♥❛❝❤á③í s❡③♥❛♠ t❡①t✉r ♣♦✉➸✐tý❝❤ ✈❡ s❝é♥➙ ❥❛❦♦
✧❝♦♠♠❡♥t ❚❡①t✉r❡❋✐❧❡ ❳❳❳✧❦❞❡ ♥❛ ♣♦③✐❝✐ ✧❳❳❳✧❥❡ ❝❡st❛ ❦ ❢♦t♦❣r❛✜✐✴♦❜rá③❦✉✳ ▼❡s❤▲❛❜
♣♦❞♣♦r✉❥❡ t❡①t✉r② ✈❡ ❢♦r♠át✉ ✳❥♣❣ ✐ ✳♣♥❣ ❝♦➸ ♣r♦ ♥❛➨❡ ♣♦t➦❡❜② st❛↔í✳

❱ ❞❛❧➨í ↔ást✐ ❤❧❛✈✐↔❦② ♥ás❧❡❞✉❥í ❞❡✜♥✐❝❡ ❡❧❡♠❡♥t➲ s ❥❡❥✐❝❤ ♣♦↔t❡♠✳ ❯➸ ✈❡ ❝❤✈í❧✐ ③á♣✐s✉
❞❡✜♥✐❝❡ ❡❧❡♠❡♥t✉ t❡❞② ♠✉sí♠❡ ♣➦❡s♥➙ ✈➙❞➙t✱ ❦♦❧✐❦ ❥✐❝❤ ❜✉❞❡♠❡ ❝❤tít ③❛♣✐s♦✈❛t✳ P♦ ❞❡✜♥✐❝✐
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❡❧❡♠❡♥t➲ ③❛↔í♥á ↔ást s ❞❛t② s❛♠♦t♥ý♠✐✳ ❷ást s ❞❛t② ✭♣r♦ ❛s❝✐✐ ❢♦r♠✉✮ ✈②♣❛❞á t❛❦✱ ➸❡ ♥❛
❦❛➸❞é♠ ➦á❞❦✉ ❥❡ ❥❡❞❡♥ ❡❧❡♠❡♥t ❛ ✈➨❡❝❤♥② ❥❡❤♦ ♣r✈❦② ❥s♦✉ ❤♦❞♥♦t✉ ♣♦ ❤♦❞♥♦t➙ ③❛♣sá♥② ♥❛
❞❛♥ý ➦á❞❡❦✳ ❖❞❞➙❧♦✈❛↔❡♠ ♣r✈❦➲ ❥❡ ✈ t♦♠t♦ ♣➦í♣❛❞➙ ♠❡③❡r❛✳

✹✳✻✳✶ ▼r❛↔♥♦ ❜♦❞➲

◆❡❥❞➲❧❡➸✐t➙❥➨í♠ ❡❧❡♠❡♥t❡♠ ♥❛➨❡❤♦ ✈ýst✉♣✉ ❜✉❞❡ ✈r❝❤♦❧✱ ❞á❧❡ ♦③♥❛↔♦✈❛♥ý ❥❛❦♦ ✧✈❡rt❡①✧✳
❱❡rt❡①② ❜✉❞♦✉ ♣♦✉➸✐t② ❥❛❦ ♣r♦ r❡♣r❡③❡♥t❛❝✐ ❝❡❧é❤♦ ♠r❛↔♥❛ ❜♦❞➲✱ t❛❦ ♣r♦ ✈r❝❤♦❧② ✸❉ ♠♦❞❡❧✉✳
❑❛➸❞ý ✈❡rt❡① ❥❡ ❞❡✜♥♦✈á♥ s✈♦✉ ✸❉ ♣♦③✐❝í✱ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝í ✈❡ ❢♦r♠➙ ❘●❇ ❛ ♠② s✐ ❦ ♥➙♠✉
❥❡➨t➙ ♣➦✐❞á♠❡ ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ❦❡ ❦♦❧✐❦áté♠✉ ♠r❛↔♥✉ ❜♦❞➲✴✸❉ ♠♦❞❡❧✉ ♣❛t➦í✳

❱ýs❧❡❞♥á ❤❧❛✈✐↔❦❛ ♣♦t♦♠ ❜✉❞❡ ✈②♣❛❞❛t✳

❡❧❡♠❡♥t ✈❡rt❡① ★
♣r♦♣❡rt② ✢♦❛t ①
♣r♦♣❡rt② ✢♦❛t ②
♣r♦♣❡rt② ✢♦❛t ③
♣r♦♣❡rt② ✉❝❤❛r r❡❞
♣r♦♣❡rt② ✉❝❤❛r ❣r❡❡♥
♣r♦♣❡rt② ✉❝❤❛r ❜❧✉❡
♣r♦♣❡rt② ✉❝❤❛r s❝❛♥

P❛r❛♠❡tr ★ ③❞❡ ♦③♥❛↔✉❥❡ ♣♦↔❡t ✈r❝❤♦❧➲✱ ❦t❡rý ❜✉❞❡ ③❛♣sá♥ ✈ ❞❛t♦✈é ↔ást✐✳

✹✳✻✳✷ ✸❉ ♠♦❞❡❧

✸❉ ♠♦❞❡❧ ③❞❡ ❜✉❞❡ r❡♣r❡③❡♥t♦✈á♥ ❥❛❦♦ tr♦❥ú❤❡❧♥í❦♦✈á sí➫✳ ▼✉sí♠❡ t❡❞② ③❛❞❡✜♥♦✈❛t ❡❧❡✲
♠❡♥t ✧❢❛❝❡✧✱ ❦t❡rý r❡♣r❡③❡♥t✉❥❡ ❥❡❞♥✉ ♣❧♦➨❦✉ ♠♦❞❡❧✉✳ Pr♦❣r❛♠ ▼❡s❤▲❛❜ ♣♦❞♣♦r✉❥❡ ♣♦✉③❡
tr♦❥ú❤❡❧♥í❦♦✈é ♣❧♦➨❦②✱ ✐ ❦❞②➸ ❢♦r♠át ❜② ✉♠♦➸➡♦✈❛❧ t✈❛r② s ❧✐❜♦✈♦❧♥ý♠ ♣♦↔t❡♠ ✈r❝❤♦❧➲✳ ❑❛➸❞á
♣❧♦➨❦❛ s❡ t❡❞② s❦❧á❞á ③❡ s❡③♥❛♠✉ ✐♥❞❡①➲ ✈r❝❤♦❧➲✱ s❡③♥❛♠✉ t❡①t✉r♦✈❛❝í❝❤ s♦✉➦❛❞♥✐❝ ❛ ♥ás❧❡❞♥➙
✐♥❞❡①✉ ♦❞❦❛③✉❥í❝í❤♦ ♥❛ t❡①t✉r✉ ♣♦✉➸✐t♦✉ ♣r♦ ❞❛♥♦✉ ♣❧♦➨❦✉✳

❉❡✜♥✐❝❡ ✈②♣❛❞á t❛❦t♦✿

❡❧❡♠❡♥t ❢❛❝❡ ★
♣r♦♣❡rt② ❧✐st ✉❝❤❛r ✐♥t ✈❡rt❡①❴✐♥❞✐❝❡s
♣r♦♣❡rt② ❧✐st ✉❝❤❛r ✢♦❛t t❡①❝♦♦r❞s
♣r♦♣❡rt② ✐♥t t❡①♥✉♠❜❡r

❖❜❞♦❜♥➙ ❥❛❦♦ ✉ ✈r❝❤♦❧➲ ✐ ③❞❡ ♣❛r❛♠❡tr ★ ③❞❡ ♦③♥❛↔✉❥❡ ♣♦↔❡t ❡❧❡♠❡♥t➲ t♦❤♦t♦ t②♣✉✱ ❦t❡ré
✈❡ s❝é♥➙ ❜✉❞♦✉✳ ▲✐st② ✈ t♦♠t♦ ❢♦r♠át✉ ❢✉♥❣✉❥í t❛❦✱ ➸❡ ❥❛❦♦ ♣r✈♥í ❤♦❞♥♦t❛ ❥❡ ♣♦↔❡t ♣r✈❦➲
❧✐st✉✱ ✈ t♦♠t♦ ♣➦í♣❛❞➙ t♦ ❜✉❞❡ ✉ ✐♥❞❡①➲ ✈❡rt❡①➲ ↔ís❧♦ 3 ❛ ♣r♦ t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ 6✳ ❩❛
tí♠t♦ ↔ís❧❡♠ ♥ás❧❡❞✉❥í s❛♠♦t♥é ♣r✈❦②✳ ❱ ♣➦í♣❛❞➙ s❡③♥❛♠✉ ✧✈❡rt❡①❴✐♥❞✐❝❡s✧❥s♦✉ t♦ ❝❡❧á ↔ís❧❛
✭✐♥t✮ ❛ ✉ s❡③♥❛♠✉ ✧t❡①❝♦♦r❞s✧❥❡ t♦ ❞❡s❡t✐♥♥é ↔ís❧♦ ✭✢♦❛t✮✳ ■♥❞❡①♦✈á♥í t❡①t✉r ❥❡ ♦❞ ♥✉❧②✳

✹✹



✹✳✼✳ ❩❮❙❑➪◆❮ ❉❆❚ ❆ ❑❆▲■❇❘❆❈❊ ❑❆▼❊❘

✹✳✻✳✸ ❑❛♠❡r②

❏❡❧✐❦♦➸ ❦❛♠❡r② ♥❡❥s♦✉ ♣r♦❣r❛♠❡♠ ▼❡s❤▲❛❜ ♣♦❞♣♦r♦✈á♥②✱ ✈②t✈♦➦í♠❡ s✐ ✈❧❛st♥í ❡❧❡♠❡♥t✱
❦t❡rý ❜✉❞❡ s❧♦✉➸✐t ❦ ♥❛➨í r❡♣r❡③❡♥t❛❝✐ ❦❛♠❡r✳ ❏❞❡ ♥á♠ ♣➦❡❞❡✈➨í♠ ♦ ✉❧♦➸❡♥í ♣ó③② ❦❛♠❡r② ❛
♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ✈ ♣✐①❡❧❡❝❤✳ ❖st❛t♥í ♣❛r❛♠❡tr② ✉➸ ❞♦♣♦↔ít❛t ❞♦❦á➸❡♠❡✳

❉❡✜♥✐❝❡ ❦❛♠❡r② ❜✉❞❡✿

❡❧❡♠❡♥t ❝❛♠❡r❛ ★
♣r♦♣❡rt② ✢♦❛t ♦①
♣r♦♣❡rt② ✢♦❛t ♦②
♣r♦♣❡rt② ✢♦❛t ♦③
♣r♦♣❡rt② ✢♦❛t ❘✵✵
♣r♦♣❡rt② ✢♦❛t ❘✵✶
♣r♦♣❡rt② ✢♦❛t ❘✵✷
♣r♦♣❡rt② ✢♦❛t ❘✶✵
♣r♦♣❡rt② ✢♦❛t ❘✶✶
♣r♦♣❡rt② ✢♦❛t ❘✶✷
♣r♦♣❡rt② ✢♦❛t ❘✷✵
♣r♦♣❡rt② ✢♦❛t ❘✷✶
♣r♦♣❡rt② ✢♦❛t ❘✷✷
♣r♦♣❡rt② ✢♦❛t ❢♦❝

❙t❡❥♥➙ ❥❛❦♦ ✉ ♣➦❡❞❝❤♦③í❝❤✱ ✐ ③❞❡ ★ ♦③♥❛↔✉❥❡ ♣♦↔❡t t➙❝❤t♦ ❡❧❡♠❡♥t➲ ✈❡ s❝é♥➙✳

✹✳✼ ❩ís❦á♥í ❞❛t ❛ ❦❛❧✐❜r❛❝❡ ❦❛♠❡r

❏❛❦ ❥✐➸ ❜②❧♦ ♣♦♣sá♥♦ ✈ ↔ást ✸✳✾✳✷✱ ✈ tét♦ ↔ást✐ ❜✉❞♦✉ ③ís❦á♥❛ ✈➨❡❝❤♥❛ ♣♦t➦❡❜♥á ❞❛t❛ ♦
s❦❡♥♦✈❛♥é♠ ♦❜❥❡❦t✉ ❛ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✳

❇✉❞❡ ③❞❡ ♣r♦✈á❞➙♥♦ ♣➦❡❞❡✈➨í♠ ✈②t✈á➦❡♥í ❛❞r❡sá➦♦✈é str✉❦t✉r② ♣r♦ ✉❧♦➸❡♥í ❞❛t✱ ③ís❦á♥í
❞❛t ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✱ ③ís❦á♥í ❞❛t ♦ s❦❡♥♦✈❛♥é♠ ♦❜❥❡❦t✉ ❛ s❡st❛✈♦✈á♥í ❛ss❡♠❜❧② s❝r✐♣t✉
✭✹✳✹✳✶✵✮✳

✹✳✼✳✶ ❱②t✈♦➦❡♥í ❛❞r❡sá➦♦✈é str✉❦t✉r②

❱ tét♦ ❢á③✐ ✉➸✐✈❛t❡❧ ♥❡❥♣r✈❡ ✈②t✈♦➦í ❛❞r❡sá➦♦✈♦✉ str✉❦t✉r✉ ♣♦♣s❛♥♦✉ ✈ ↔ást✐ ✹✳✹✳✶ ♥❛ ❥í♠
③✈♦❧❡♥é♠ ♠íst➙ ♥❛ ❞✐s❦✉✳ ❱➨❡❝❤♥❛ ❞❛❧➨í ③ís❦❛♥á ♥❡❜♦ ✈②t✈♦➦❡♥á ❞❛t❛ ❜✉❞♦✉ ✉❧♦➸❡♥❛ ✈ tét♦
str✉❦t✉➦❡✳

✹✳✼✳✷ ❙❡st❛✈♦✈á♥í ❛ss❡♠❜❧② s❝r✐♣t✉

❑ s❡st❛✈❡♥í ❛ss❡♠❜❧② s❝r✐♣t✉ ❥❡ ♣♦t➦❡ ♠ít ✉r↔✐té ✐♥❢♦r♠❛❝❡✳ P♦t➦❡❜✉❥❡♠❡ ③❞❡ ③♥át ❦♦❧✐✲
❦rát ❜✉❞❡ ♦❜❥❡❦t s❦❡♥♦✈á♥✱ ❥❛❦ý ❜✉❞❡ ú❤❡❧ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥②✱ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ✸✳✼✳✼
s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ❛ ❥♠é♥❛ ✈➨❡❝❤ s♦✉❜♦r➲ s ❞❛t②✱ ❦t❡ré ❜②❧② ③ís❦á♥② ✈ ❝❡❧é tét♦ ❢á③✐✳

✹✺



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

❈♦ s❡ tý↔❡ ú❤❧✉ ❛ ♣♦↔t✉ s❦❡♥➲✱ t②t♦ ♣❛r❛♠❡tr② ❜✉❞♦✉ ③❛❞á♥② ✉➸✐✈❛t❡❧❡♠ ❛ ♠② s✐ ❥❡ tí♠
♣á❞❡♠ ♠➲➸❡♠❡ ♦❞ ✉➸✐✈❛t❡❧ ✈②➸á❞❛t ❦❞② ❝❤❝❡♠❡✳ ❑❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❢♦t♦❛♣❛rát✉ ❛ s❦❡♥❡r✉
♠➲➸❡♠❡ s❡st❛✈✐t ❛➸ ♣♦ ♣r♦✈❡❞❡♥í s❦❡♥♦✈á♥í ❛ ❢♦❝❡♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✱ ♥❡❜♦➫ ♣♦t➦❡❜✉❥❡♠❡
❛❧❡s♣♦➡ ❥❡❞♥✉ ❢♦t♦❣r❛✜✐ ♣r♦ ③ís❦á♥í ❛❦t✉á❧♥í ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ ❢♦t♦❛♣❛rát✉ ❛ ❛❧❡s♣♦➡
❥❡❞❡♥ s❦❡♥ ♣r♦ r❡❦♦♥str✉❦❝✐ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐ s❦❡♥❡r✉✳ ❈♦ s❡ tý↔❡ ❥♠❡♥ s♦✉❜♦r➲✱ ❛♣❧✐❦❛❝❡
❜✉❞❡ ✈➨❡❝❤♥② s♦✉❜♦r② ✈②t✈á➦❡t s ❞❡❢❛✉❧t♥í♠✐ ❥♠é♥②✱ ❥❛❦ ❜②❧♦ ❞❡✜♥♦✈á♥♦ ✈ ↔ást✐ ✹✳✹✱ t❛❦➸❡
♥❛ ❥❡❥✐❝❤ ✈②t✈♦➦❡♥í ♥❡♥í t➦❡❜❛ ↔❡❦❛t✳

Pr♦t♦ ♥❡❥✈ý❤♦❞♥➙❥➨í ♠íst♦ ♣r♦ ✈②t✈á➦❡♥í ❜✉❞❡ ❝❤✈í❧❡✱ ❦❞② ③ís❦á♠❡ s❦❡♥ ❛ ❢♦t♦❣r❛✜✐ ❦❛✲
❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ◆ás❧❡❞♥➙ t♦t✐➸ ③r❡❦♦♥str✉✉❥❡♠❡ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✱ ✈❡③♠❡♠❡ ♣❛r❛♠❡tr②
s❦❡♥♦✈á♥í ③❛❞❛♥é ✉➸✐✈❛t❡❧❡♠ ❛ ❥♠é♥❛ s♦✉❜♦r➲ ♣♦✉➸✐❥❡♠❡ ❞❡❢❛✉❧t♥í✳

❚í♠t♦ ③♣➲s♦❜❡♠ ③❛❥✐stí♠❡✱ ➸❡ ✉➸✐✈❛t❡❧ ♥❡③❛♣♦♠❡♥❡ ♥❛ ✈②t✈♦➦❡♥í ❛ss❡♠❜❧② s❝r✐♣t✉✱ ✈➨❡❝❤♥❛
❞❛t❛ ✈ ♥➙♠ ❜✉❞♦✉ ❛❦t✉á❧♥í ❛ ♥❡❜✉❞❡♠❡ ♠✉s❡t ✈ ♣r♦❣r❛♠✉ ✉❝❤♦✈á✈❛t ➸á❞♥á ❞❛t❛ ♠❡③✐
❥❡❞♥♦t❧✐✈ý♠✐ ❛❦❝❡♠✐ ✭▼✉s❡❧✐ ❜②❝❤♦♠ s✐ ♣❛♠❛t♦✈❛t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♥❡❜♦ ♣❛r❛♠❡tr② ♣r♦
❥❡❥✐❝❤ r❡❦♦♥str✉❦❝✐ ❛➸ ❞♦ ❝❤✈í❧❡✱ ♥❡➸ ❜②❝❤♦♠ ❛ss❡♠❜❧② s❝r✐♣t s❡st❛✈♦✈❛❧✐✳✮

✹✳✼✳✸ ❙❦❡♥♦✈á♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉

❉❛❧➨í♠ ❦r♦❦❡♠✱ ❦t❡rý ✉➸✐✈❛t❡❧ ♣r♦✈❡❞❡ ❥❡ s❦❡♥♦✈á♥í ❛ ❢♦❝❡♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ◆❡❥♣r✈❡
❞♦❥❞❡ ❦ t♦♠✉✱ ➸❡ s❡ ❛♣❧✐❦❛❝❡ ♣♦❦✉sí ♣➦✐♣♦❥✐t ❦❡ ✈➨❡♠ ♣♦t➦❡❜♥ý♠ ③❛➦í③❡♥í♠✱ t❥✳ s❦❡♥❡r✉✱
❢♦t♦❛♣❛rát✉ ❛ ➦í❞í❝í ❥❡❞♥♦t❝❡ ▼❆❘❙ ✷✳ P♦❦✉❞ s❡ ♣➦✐♣♦❥❡♥í ❦❡ ❦t❡ré♠✉❦♦❧✐✈ ③❛➦í③❡♥í ♥❡③❞❛➦í✱
❝❡❧ý ♣r♦❝❡s s❦❡♥♦✈á♥í ③❞❡ ❦♦♥↔í✳

❏s♦✉✲❧✐ ✈➨❡❝❤♥❛ ③❛➦í③❡♥í ♣➦✐♣♦❥❡♥❛ ❦♦r❡❦t♥➙✱ ❛♣❧✐❦❛❝❡ ♦❞ ✉➸✐✈❛t❡❧❡ ③ís❦á ❞♦❞❛t❡↔♥é ✐♥❢♦r✲
♠❛❝❡ ✭ú❤❡❧ ♦t♦↔❡♥í st♦❧❦✉ ❛ ♣♦↔❡t s❦❡♥➲✮✱ ❦t❡ré ❜✉❞♦✉ ✈②✉➸✐t② ❦ s❡st❛✈❡♥í ❛ss❡♠❜❧② s❝r✐♣t✉✳

❆♣❧✐❦❛❝❡ ♥ás❧❡❞♥➙ ♥❛s❦❡♥✉❥❡ ❦❛❧✐❜r❛↔♥í ♦❜❥❡❦t✱ stá❤♥❡ ❞♦ ♣♦↔ít❛↔❡ ❛ ✉❧♦➸í ♠r❛↔♥♦ ❜♦❞➲ s
✸❉ ♠♦❞❡❧❡♠ ❛ ③ís❦á ❢♦t♦❣r❛✜✐ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✶✷✳✶✱ ③❞❡ ❜✉❞❡ ♣♦t➦❡❜❛ ♣♦↔❦❛t✱ ❛➸ s❡ ❢♦t♦❣r❛✜❡ ❞♦st❛❤✉❥❡✱
❛❜② ❜②❧♦ ♦✈➙➦❡♥♦✱ ➸❡ ❜②❧❛ ♦♣r❛✈❞✉ st❛➸❡♥❛ ❛ ♠♦❤❧❛ ❜ýt ③❦♦♣ír♦✈á♥❛ ♥❛ s♣rá✈♥é ♠íst♦ ✈
❛❞r❡sá➦♦✈é str✉❦t✉➦❡✳ Pr♦t♦ ❜✉❞❡ t➦❡❜❛✱ ❛❜② ♠❡t♦❞❛ ♣r♦ ♣♦➦í③❡♥í ❛ st❛➸❡♥í ❢♦t♦❣r❛✜❡ ❜②❧❛
❜❧♦❦✉❥í❝í ❞♦ té ❞♦❜②✱ ♥❡➸ ❥❡ ❢♦t♦❣r❛✜❡ ❦♦♠♣❧❡t♥➙ ❞♦st❛❤♦✈á♥❛ ❛ ✉❧♦➸❡♥❛ ♥❛ ❞✐s❦✉ ✈ ♣♦↔ít❛↔✐✳

❏❛❦♦ ❞❛❧➨í ❦r♦❦ ❜✉❞❡ ③ís❦á♥❛ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ❢♦t♦❛♣❛rát✉ ③ ♣rá✈➙ ✉❧♦➸❡♥é ❢♦t♦❣r❛✜❡
❛ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ③ ✉❧♦➸❡♥é❤♦ ♠r❛↔♥❛ ❜♦❞➲✳ ❙ ♦❤♥✐s❦♦✈ý♠✐ ✈③❞á❧❡♥♦st♠✐ ❥❡ ♠♦➸♥é
s❡st❛✈✐t ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ♦❜♦✉ ③❛➦í③❡♥í ❛ ✈❡ ❝❤✈í❧✐✱ ❦❞② ♠á♠❡ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✱ ♠➲➸❡♠❡
s❡st❛✈✐t ❛ ✉❧♦➸✐t ❛ss❡♠❜❧② s❝r✐♣t✳

❱ tét♦ ❝❤✈í❧✐ ❥s♦✉ ✉➸ ✈➨❡❝❤♥❛ ❞❛t❛ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉ ✉❧♦➸❡♥❛ ✈ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡
✈❡ s❧♦➸❝❡ ✧r❛✇✧s♣♦❧✉ s ♥♦✈➙ ✈③♥✐❦❧ý♠ ✧❛ss❡♠❜❧② s❝r✐♣t❡♠✧✱ ❦t❡rý ♦❜s❛❤✉❥❡ ❦❧í↔♦✈é ✐♥❢♦r♠❛❝❡
♣r♦ s❡st❛✈❡♥í ✈ýs❧❡❞♥é s❝é♥②✳

✹✻



✹✳✽✳ ❘❊❑❖◆❙❚❘❯❑❈❊ PÓ❩❨

◆❛❦♦♥❡❝ ❞♦❥❞❡ ❦❡ ❦♦r❡❦t♥í♠✉ ♦❞♣♦❥❡♥í ✈➨❡❝❤ ③❛➦í③❡♥í✳

✹✳✼✳✹ ❙❦❡♥♦✈❛❝í ♣r♦❝❡s

❙❦❡♥♦✈❛❝í ♣r♦❝❡s ❜✉❞❡ ③❡ ③❛↔át❦✉ s❤♦❞♥ý s ♣r♦❝❡s❡♠ s❦❡♥♦✈á♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ■ ✈
tét♦ ↔ást✐ s❡ ❛♣❧✐❦❛❝❡ ♣➦✐♣♦❥í ❦ ❥❡❞♥♦t❧✐✈ý♠ ③❛➦í③❡♥í♠ ❛ ③ís❦á ✐♥❢♦r♠❛❝❡ ♦ s❦❡♥♦✈❛❝í♠ ♣r♦❝❡s✉
♦❞ ✉➸✐✈❛t❡❧❡✶✷✳

❉á❧❡ ✉➸ ♥ás❧❡❞✉❥❡ s❛♠♦t♥ý s❜➙r ❞❛t✳ ❱ ❝②❦❧✉ s❡ ♣r♦✈á❞í ♦♣❡r❛❝❡ ✧♣r♦✈❡↕ s❦❡♥✧✱ ✧✉❧♦➸
♠r❛↔♥♦ ❜♦❞➲✧✱ ✧✉❧♦➸ ✸❉ ♠♦❞❡❧✧✱ ✧♣♦➦✐↕ ❢♦t♦❣r❛✜✐✧❛ ✧♦t♦↔ st♦❧❡❦✧✳ ◆➙❦❞② s❡ ♠➲➸❡ s❡ stát✱
➸❡ ③ ❞❛♥é❤♦ ú❤❧✉ s❡ s❦❡♥❡r✉ ♥❡♣♦❞❛➦í ♣r♦✈ést ♣➦í♣r❛✈✉ ♥❛ s❦❡♥♦✈á♥í ❛ t❛❦ ♥❡❜✉❞❡ ♠♦➸♥é
♦❜❥❡❦t ♥❛s❦❡♥♦✈❛t✳ ❑❞②❜② s❡ t♦t♦ st❛❧♦ ✈ ♣♦❦r♦↔✐❧é ↔ást✐ s❦❡♥♦✈á♥í✱ ❦❞② ❥❡ ❥✐❝❤ ✉➸ ③♥❛↔♥é
♠♥♦➸st✈í ♣♦➦í③❡♥♦ ❛ ❝❡❧ý ♣r♦❝❡s s❡ ❜❧í➸í ❦❡ ❦♦♥❝✐✱ ③♥❛♠❡♥❛❧♦ ❜② t♦✱ ➸❡ ✈➨❡❝❤♥❛ ③ís❦❛♥á ❞❛t❛
♠➲➸❡ ✉➸✐✈❛t❡❧ ✈②❤♦❞✐t ❛ ♠✉sí ③❛↔ít ③♥♦✈✉✳ Pr♦t♦ ✈ ♣➦í♣❛❞➙✱ ➸❡ s❡ ♥❡♣♦❞❛➦í ♣♦➦í❞✐t s❦❡♥✱ ❜✉❞❡
♠íst♦ ♠r❛↔♥❛ ❜♦❞➲ ✉❧♦➸❡♥ s♦✉❜♦r ♦③♥❛↔✉❥í❝í✱ ➸❡ ♣➦✐ ♥❛↔ítá♥í ♠❛❥í ❜ýt ♣r♦ ✈➨❡❝❤♥② ✈r❝❤♦❧②
♣♦✉➸✐t② ❞❡❢❛✉❧t♥í ❤♦❞♥♦t② ✹✳✹✳✷✳ Pr♦ ✸❉ ♠♦❞❡❧ ❥❡ t♦ ♦❜❞♦❜♥é✱ ③❞❡ s❡ ❛❧❡ ✉❧♦➸í ❦♦♠♣❧❡t♥➙
♣rá③❞♥ý s♦✉❜♦r ✶✸

✹✳✽ ❘❡❦♦♥str✉❦❝❡ ♣ó③②

❘❡❦♦♥str✉❦❝❡ ♣ó③②✱ ♥❛ r♦③❞í❧ ♦❞ ③ís❦á✈á♥í ❞❛t✱ ❜✉❞❡ ✉♠♦➸➡♦✈❛t ♣♦✉③❡ ❥❡❞♥✉ ❛❦❝✐ ❛ t♦
r❡❦♦♥str✉❦❝✐ ♣ó③②✳

❱ rá♠❝✐ tét♦ ❛❦❝❡ ✉➸✐✈❛t❡❧ ♥❡❥♣r✈❡ ③✈♦❧í✱ ♦❞❦✉❞ ③ ❞✐s❦✉ ❝❤❝❡ ♥❛↔íst ❞❛t❛ ♣r♦ r❡❦♦♥str✉❦❝✐
♣ó③② ❛ ❦❛♠ ✐ ♥ás❧❡❞♥➙ ❜✉❞❡ ♣ó③❛ ✉❧♦➸❡♥❛✳ ❚í♠ ❞♦❥❞❡ ❦ ♥❛↔t❡♥í ❛ ③♦❜r❛③❡♥í ♦❜♦✉ ❢♦t♦❣r❛✜í
❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ✭❥❛❦ ❢♦t♦❣r❛✜❡ ♣♦➦í③❡♥é s❦❡♥❡r❡♠✱ t❛❦ ❢♦t♦❣r❛✜❡ ♣♦➦í③❡♥é ❢♦t♦❛♣❛rát❡♠✮✳
❱❡ ❝❤✈í❧✐ ❦❞② ❥s♦✉ ❢♦t♦❣r❛✜❡ ♥❛↔t❡♥②✱ ✉➸✐✈❛t❡❧ ♠✉sí ③❛❞❛t ❞♦ ❦❛➸❞é ❢♦t♦❣r❛✜❡ ❞♦st❛t❡↔♥é
♠♥♦➸st✈í ❜♦❞➲ ❛ ❦❡ ❦❛➸❞é♠✉ ❜♦❞✉ ♣➦✐➦❛❞✐t ✸❉ s♦✉➦❛❞♥✐❝❡ ✭s♦✉➦❛❞♥✐❝❡ ❦t❡ré ♠á ❜♦❞ ✈❡
s✈➙t♦✈é♠ s♦✉➦❛❞♥é♠ s②sté♠✉ ✭✸✳✼✳✹✮ ✈ ♠❡tr❡❝❤✮✳

✶✷❏✐st➙ ③❞❡ ❦❛➸❞é❤♦ ♥❛♣❛❞♥❡✱ ♣r♦↔ ✈②✉➸í✈❛t ♣❛r❛♠❡tr② ③❛❞❛♥é ✉➸✐✈❛t❡❧❡♠✱ ❦❞②➸ ♠➲➸❡♠❡ ✐♥❢♦r♠❛❝❡ ✈②↔íst
③ ✧❛ss❡♠❜❧② s❝r✐♣t✉✧✳ ❏❡❞♥í♠ ③ ❞➲✈♦❞➲ ❥❡✱ ➸❡ ♦❜❛ ♣r♦❝❡s② ❜✉❞♦✉ s❞í❧❡t s♣♦❧❡↔♥é ●❯■✳ ❱ t✉t♦ ❝❤✈í❧✐ ❜② ♠♦❤❧♦
❜ýt ♣r♦ ✉➸✐✈❛t❡❧❡ ♠❛t♦✉❝í✱ ♣r♦↔ ❥❡ ♣♦t➦❡❜❛ ❞❛♥é ✐♥❢♦r♠❛❝❡ ♣r♦ ❦❛❧✐❜r❛❝✐✱ ❛❧❡ ♥❡❥s♦✉ ✈②➸❛❞♦✈á♥② ♣r♦ s❛♠♦t♥é
s❦❡♥♦✈á♥í✳ ❉❛❧➨í ✈➙❝í ❥❡✱ ➸❡ t❛❦t♦ ❥❡ s❦❡♥♦✈á♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ❦♦♠♣❧❡t♥➙ ♦❞❞➙❧❡♥♦ ♦❞ s❦❡♥♦✈❛❝í❤♦
♣r♦❝❡s✉✳ ❱❡ ❝❤✈í❧✐✱ ❦❞② ✉➸✐✈❛t❡❧ ♠á ✉r↔✐té ♥❛st❛✈❡♥í ③❛➦í③❡♥í ✭♦r✐❡♥t❛❝❡ ③❛➦í③❡♥í ✈ ♣r♦st♦r✉✮✱ ♣r❛✈❞➙♣♦❞♦❜♥➙
❜✉❞❡ ✈②✉➸í✈❛t st❡❥♥é ♥❛st❛✈❡♥í ✐ ♣r♦ ❞❛❧➨í s❦❡♥②✳ ❱ t✉ ❝❤✈í❧✐ ♠✉ st❛↔í ♣♦✉③❡ ♣r♦✈❡❞❡♥í ❥❡❞♥é ❦❛❧✐❜r❛❝❡✱ ♥ás❧❡❞♥➙
♣r♦✈❡❞❡♥í s❦❡♥➲ ❳ ♦❜❥❡❦t➲✳ ◆❛ ❦♦♥❝✐ ♣♦✉③❡ ✈❡③♠❡ ❥❡❞❡♥ ♣♦✉➸✐tý ❛ss❡♠❜❧② s❝r✐♣t✱ ❧❡❤❝❡ ❤♦ ♠♦❞✐✜❦✉❥❡ ♣r♦
♦st❛t♥í ♣r♦ ❞❛❧➨í s❝é♥②✱ ♣♦❦✉❞ ✈②✉➸í✈❛❥í ❥✐♥é ♣❛r❛♠❡tr② ❛ ✐ s ❢♦t♦❣r❛✜❡♠✐✴s❦❡♥② ❦❛❧✐❜✳ ♦❜❥❡❦t✉ ❥❡ r♦③❦♦♣ír✉❥❡
❦ ♦❞♣♦✈í❞❛❥í❝í♠ ❞❛t➲♠✳

✶✸P➦✐ t❡st♦✈á♥í ❢✉♥❦❝í ❥s❡♠ ❞♦➨❡❧ ❦ ♦❜❥❡✈✉✱ ➸❡ ✉❧♦➸❡♥í ❞❡❢❛✉❧t♥➙✭❜❡③ t♦❤♦ ❛❜② ❞♦ ♥➙❥ s❦❡♥❡r ✉❧♦➸✐❧ ❞❛t❛✮
✈②t✈♦➦❡♥é❤♦ ♦❜❥❡❦t✉ ❈❱■❖❜❥❡❝t ③♣➲s♦❜í✱ ➸❡ s♦✉❜♦r✱ ❦❛♠ ♠➙❧ ❜ýt ✉❧♦➸❡♥ ❜✉❞❡ ♣rá③❞♥ý✳ P➦✐ ♥❛↔ítá♥í t♦t♦
♥❡✈❛❞í✱ ♥❡❜♦➫ ♥❛↔ít❛❝í ❢✉♥❦❝❡ ♥❛❤❧ásí✱ ➸❡ s❡❧❤❛❧❛ ❛ ✈ t✉ ❝❤✈í❧✐ ❜✉❞❡♠❡ ✈➙❞➙t✱ ➸❡ ♠á♠❡ ♣♦✉➸ít ❞❡❢❛✉❧t♥í
♦❜❥❡❦t✳ ❉í❦② ♣rá③❞♥é♠✉ s♦✉❜♦r✉ ✉➸✐✈❛t❡❧ ❜✉❞❡ ✈➙❞➙t✱ ➸❡ ♥❡❞♦➨❧♦ ❦ ➸á❞♥é ❝❤②❜➙✱ ♥❡❜♦➫ t❛♠ s♦✉❜♦r ❜✉❞❡ ♠ít✱
✐ ❦❞②➸ ❜✉❞❡ ♣rá③❞♥ý✳

✹✼



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

❱❡ ❝❤✈í❧✐✱ ❦❞② ✉➸✐✈❛t❡❧ ③❛❞á ✈➨❡❝❤♥❛ ❞❛t❛✱ ❦t❡rá ③❛❞❛t ❝❤t➙❧✱ ③❛↔♥❡ s❛♠♦t♥á r❡❦♦♥str✉❦❝❡✳
❉♦❥❞❡ ❦ ♥❛↔t❡♥í ❦❛❧✐❜r❛↔♥í❝❤ ♠❛t✐❝ ❦❛♠❡r ③ ✧❛ss❡♠❜❧② s❝r✐♣t✉✧❛ ✈➨❡❝❤♥❛ ❞❛t❛ s❡ ♣➦❡❞❛❥í
♠♦❞✐✜❦♦✈❛♥é♠✉✶✹ ♣✸♣ ✭✸✳✽✮ ❛❧❣♦r✐t♠✉✱ ❦t❡rý ③ ❜♦❞➲ ♣ó③✉ ♦❞❤❛❞♥❡✳

❏❡❧✐❦♦➸ ❛❧❣♦r✐t♠✉s ♣✸♣ ❢✉♥❣✉❥❡ t❛❦✱ ➸❡ ♣➦❡❞♣♦❦❧á❞á✱ ➸❡ ❦❛♠❡r❛ ❤❧❡❞í ✈❡ s♠➙r✉ ♦s② Z✱ ♦s❛
Y s♠➙➦✉❥❡ ❞♦❧➲ ❛ ♦s❛ X ✈♣r❛✈♦✱ ♠✉sí ❜ýt ✈ýs❧❡❞♥á r♦t❛❝❡ ❦❛♠❡r② ❥❡➨t➙ ✈②♥ás♦❜❡♥❛ r♦t❛❝í
♦ 180◦ ❦♦❧❡♠ ♦s② X✱ ❛❜②❝❤♦♠ ❞♦st❛❧✐ st❛♥❞❛r❞♥í ❦❛♠❡r✉✱ ❥❛❦♦ ❥s♠❡ ❥✐ ❞❡✜♥♦✈❛❧✐ ✈ ↔ást✐
✸✳✻✳ ❱ýs❧❡❞♥á ♣ó③❛ ❥❡ ♣❛❦ ✉❧♦➸❡♥❛ ❞♦ s♦✉❜♦r✉ s ♣ó③❛♠✐ ✧♣♦s❡s✳❛ss✧✹✳✹✳✽ ❞♦ ❛❞r❡sá➦❡✱ ♦❞❦✉❞
s❡ ♥❛↔ít❛❧② ❢♦t♦❣r❛✜❡ ❛ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✳ ❉➲❧❡➸✐té ❥❡ ♣❛♠❛t♦✈❛t s✐ ❢❛❦t✱ ➸❡ r♦t❛❝❡ ❦❛♠❡r②
❥❡ ✈❧❛st♥➙ tr❛♥s❢♦r♠❛❝❡ ③❡ s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦ s②sté♠✉ ❞♦ s②sté♠✉ ❦❛♠❡r② ✭s❛♠♦③➦❡❥♠➙
t❡↕ ♥❡♠❧✉✈í♠❡ ♦ tr❛♥s❧❛❝✐✮✳ ❚♦ ♥❛♣➦í❦❧❛❞ ③♥❛♠❡♥á✱ ➸❡ ♣♦❦✉❞ ♠á♠❡ ❦❛♠❡r✉ s r♦t❛❝í R ❛
❝❤❝❡♠❡ ✈❡ s❝é♥➙ ✈②❦r❡s❧✐t ♦❜❥❡❦t r❡♣r❡③❡♥t✉❥í❝í t✉t♦ ❦❛♠❡r✉✱ ♠✉sí♠❡ ♣♦✉➸ít ❥❛❦♦ tr❛♥s❢♦r♠❛❝✐
♦❜❥❡❦t✉ ✐♥✈❡r③✐ ♠❛t✐❝❡ R✳

✹✳✾ ❩♣➦❡s♥➙♥í ♣ó③②

❱ tét♦ ❢á③✐ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♣r♦✈á❞➙t ú♣r❛✈② ✉➸ ❡①✐st✉❥í❝í ♣ó③②✳ ❱ ♣r✈♥í♠ ❦r♦❦✉ t❡❞② ♠✉sí
✉➸✐✈❛t❡❧ ③❛❞❛t✱ ♦❞❦✉❞ ♠á ❜ýt ♣ó③❛ ♥❛↔t❡♥❛ ❛ t❛❦é s✐ ✈②❜❡r❡✱ ❝♦ ❦♦♥❦rét♥➙ ❝❤❝❡ ③♦❜r❛③✐t✱ ③❞❛
❝❤❝❡ ♠r❛↔♥♦ ❜♦❞➲✱ ♣r♦ ú♣r❛✈✉ ♣ó③② s❦❡♥❡r✉✱ ❢♦t♦❣r❛✜✐✱ ♣r♦ ú♣r❛✈✉ ♣ó③② ❢♦t♦❛♣❛rát✉✱ ♥❡❜♦
♦❜➙ ❞✈➙ ♥❛❥❡❞♥♦✉✳

P♦❦✉❞ ✉➸✐✈❛t❡❧ ③✈♦❧í ♠♥♦➸♥♦st ♥❛↔t❡♥í ♠r❛↔♥❛ ❜♦❞➲✱ ❛♣❧✐❦❛❝❡ ♥❛↔t❡ ♣ó③✉ s❦❡♥❡r✉ ③❡ s♦✉✲
❜♦r✉ ✧♣♦s❡s✳❛ss✧✱ ❜✉❞❡ ♥❛↔t❡♥♦ ♠r❛↔♥♦ ❜♦❞➲ r❡♣r❡③❡♥t✉❥í❝í ❦❛❧✐❜r❛↔♥í ♦❜❥❡❦t ❛ ♠r❛↔♥♦ s❡
✈②❦r❡s❧í✳ P♦❦✉❞ ✉➸✐✈❛t❡❧ ③✈♦❧í ♥❛↔t❡♥í ❢♦t♦❣r❛✜❡✱ ❛♣❧✐❦❛❝❡ ♥❛↔t❡ ❢♦t♦❣r❛✜✐ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉
♣♦➦í③❡♥♦✉ ❢♦t♦❛♣❛rát❡♠✱ ♥❛↔t❡ ♣ó③✉ ❢♦t♦❛♣❛rát✉✱ ✉♣r❛✈í tr❛♥s❢♦r♠❛❝✐ ❦❛♠❡r② ✈❡ s❝é♥➙✱ ♥❛
♣ó③✉ ❢♦t♦❛♣❛rát✉ ❛ ✈②❦r❡s❧í ❢♦t♦❣r❛✜✐ ♥❛ ♦❜r❛③♦✈❦✉✳ ❉❡t❛✐❧♥➙❥➨í ✐♥❢♦r♠❛❝❡ ♦ ✈②❦r❡s❧♦✈á♥í
❥s♦✉ ❞♦st✉♣♥é ✈ ↔ást✐ ✹✳✾✳✶✳

❯➸✐✈❛t❡❧ ❜✉❞❡ ♥ás❧❡❞♥➙ ♠♦❝✐ ♠♦❞✐✜❦♦✈❛t ♣ó③✉ ❢♦t♦❛♣❛rát✉ ♣♦♠♦❝í ♣♦❤②❜✉ ✈❡ s❝é♥➙✳ P♦❤②❜
✈❡ s❝é♥➙ ❜✉❞❡ ✐♠♣❧❡♠❡♥t♦✈á♥ t❛❦✱ ➸❡ ♣♦❤②❜ ❜✉❞❡ r❡❛❧✐③♦✈á♥ ♣♦♠♦❝í ❦❧á✈❡s ♥❛ ❦❧á✈❡s♥✐❝✐ ❛
r♦t❛❝❡ ❦❛♠❡r♦✉ ♣♦♠♦❝í ♣♦❤②❜✉ ♠②➨✐✳ ▼♦❞✐✜❦❛❝❡ ♣ó③② s❦❡♥❡r✉ ❜✉❞❡ ♣r♦❜í❤❛t ♣➦✐❞á✈á♥í♠
tr❛♥s❧❛❝❡ ✈ ✉r↔✐té♠ s♠➙r✉✭✈➸❞② ♣♦ ❥❡❞♥é ♦s❡✮ ❛ r♦t❛❝❡♠✐ ❦♦❧❡♠ ♦s s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦
s②sté♠✉✳ ❏❡❧✐❦♦➸ ❛♣❧✐❦❛❝❡ ❜✉❞❡ ✈②➸❛❞♦✈❛t ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í✱ ❥❛❦ ❜②❧♦ ③♠í♥➙♥♦ ✈
↔ást✐ ✸✳✶✵✱ t②t♦ tr❛♥s❢♦r♠❛❝❡ ❜✉❞♦✉ ♣r♦✈á❞➙♥② ♣♦♠♦❝í t❧❛↔ít❡❦ ✈ ●❯■ ❛ ❤♦❞♥♦t②✱ ♦ ❦t❡ré
❜✉❞❡ ♣r♦✈❡❞❡♥❛ r♦t❛❝❡ ♥❡❜♦ tr❛♥s❧❛❝❡✱ ❜✉❞❡ ✉➸✐✈❛t❡❧ ♠♦❝✐ ✉♣r❛✈✐t✳

❱❡ ❝❤✈í❧✐✱ ❦❞② ❥❡ ✉➸✐✈❛t❡❧ s ✈ýs❧❡❞❦② s♣♦❦♦❥❡♥✱ ❜✉❞❡ ♠✉ ✉♠♦➸♥➙♥♦ ✉❧♦➸✐t ♠♦❞✐✜❦♦✈❛♥é
♣ó③② s❦❡♥❡r✉✱ ❢♦t♦❛♣❛rát✉ ♥❡❜♦ ♦❜➙ ❞✈➙ ③♣át❦② ❞♦ s♦✉❜♦r✉✱ ③❡ ❦t❡ré❤♦ ❜②❧② ♥❛↔t❡♥②✳

✶✹❆❧❣♦r✐t♠✉ ♣✸♣✱ ❥❛❦ ♥á③❡✈ ♥❛♣♦✈í❞á✱ ✈②✉➸í✈á ❦ ✈ý♣♦↔t➲♠ ♣♦✉③❡ t➦✐ ❜♦❞②✳ ▼♦❞✐✜❦❛❝❡ s♣♦↔í✈á ✈ t♦♠✱ ➸❡
❛❧❣♦r✐t♠✉s ♣➦✐❥♠❡ ❧✐❜♦✈♦❧♥ý ♣♦↔❡t ❜♦❞➲✱ ❛♣❧✐❦✉❥❡ ♥❛ ❦❛➸❞♦✉ tr♦❥✐❝✐ ❜♦❞➲ st❛♥❞❛r❞♥í ♣✸♣ ❛❧❣♦r✐t♠✉s ❛ ✈②❜❡r❡
t❡♥ ✈ýs❧❡❞❡❦✱ ❦❞❡ ③♣➙t♥á ♣r♦❥❡❦❝❡ ❜♦❞➲ ❞♦ ❢♦t♦❣r❛✜í ♠á ♥❡❥♠❡♥➨í ♦❞❝❤②❧❦✉✳

✹✽
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✹✳✾✳✶ ❱②❦r❡s❧♦✈á♥í

❏❛❦ ❥✐➸ ❜②❧♦ ✈ ♠✐♥✉❧é♠ ♦❞st❛✈❝✐ ③♠í♥➙♥♦✱ ❜✉❞❡ t➦❡❜❛ ✈②❦r❡s❧♦✈á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ❢♦t♦❣r❛✜í
❛ ❞❛❧➨í❝❤ ♦❜❥❡❦t➲✳ ❑ t♦♠✉ ❜✉❞❡ ✈❤♦❞♥é ♣♦✉➸ít ❖♣❡♥●▲❬✻❪✳ ❱ý❤♦❞♦✉ ❖♣❡♥●▲ ❥❡ ♣♦♠➙r♥➙
r②❝❤❧é ❛ ❡❢❡❦t✐✈♥í ✈②❦r❡s❧♦✈á♥í ❣r❛✜❝❦ý❝❤ ♣r✐♠✐t✐✈ ❛ ♣r♦ ♥❛➨❡ ♣♦t➦❡❜② ❜✉❞❡ ✈í❝ ♥❡➸ ❞♦st❛t❡↔♥é✳

❱ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♣➲❥❞❡ ♣➦❡❞❡✈➨í♠ ♦ ✈②❦r❡s❧♦✈á♥í ♦❜❛r✈❡♥ý❝❤ ❜♦❞➲ ✭♠r❛↔♥♦ ❜♦❞➲✮✱ ♣➦í✲
♠❡❦ ✭✈②❦r❡s❧❡♥í ♦s s♦✉➦❛❞♥é❤♦ s②sté♠✉✮ ❛ t❡①t✉r♦✈❛♥ý❝❤ tr♦❥ú❤❡❧♥í❦➲ ✭♣❧♦❝❤❛ r❡♣r❡③❡♥t✉❥í❝í
♦❜r❛③♦✈♦✉ r♦✈✐♥✉ ❦❛♠❡r② s t❡①t✉r♦✉ ♦❞♣♦✈í❞❛❥í❝í ❢♦t♦❣r❛✜✐✮✳ ❱ý❤♦❞♦✉ ♣♦✉➸✐tí ❖♣❡♥●▲ ❜✉❞❡
t❛❦é ❦♥✐❤♦✈♥❛ ●▲▼❬✶❪✱ ❦t❡rá ♣♦s❦②t✉❥❡ ♠♥♦❤♦ ✈❡❦t♦r♦✈ý❝❤ ❛ ♠❛t✐❝♦✈ý❝❤ ♦♣❡r❛❝í✳ P➦❡❞❡✲
✈➨í♠ ✈②t✈á➦❡♥í tr❛♥s❢♦r♠❛↔♥í❝❤ ♠❛t✐❝✱ ♣r♦❥❡❦↔♥í❝❤ ♠❛t✐❝ ❦❛♠❡r ❛ ♠♥♦❤♦ ❞❛❧➨í❝❤ ✈➙❝í✱ ❝♦ s❡
♠❛t✐❝♦✈ý❝❤ ♦♣❡r❛❝í tý↔❡✳

✹✳✶✵ ❊①♣♦rt s❝é♥②

❱ tét♦ ❢á③✐ ❜✉❞♦✉ ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥➙♥② ❞✈➙ ❛❦❝❡✱ ❡①♣♦rt ✈❡ ❢♦r♠át✉ ❜✉♥❞❧❡ ❛ ❡①♣♦rt
✈❡ ❢♦r♠át✉ P▲❨✳ ❖❜➙ ❛❦❝❡ ❜✉❞♦✉ s❞í❧❡t ú✈♦❞♥í ♥❛↔ít❛❝í ↔ást✱ ❦❞❡ ❞♦❥❞❡ ❦ ♥❛↔t❡♥í ✈➨❡❝❤
♣♦t➦❡❜♥ý❝❤ ❞❛t ③❡ s♦✉❜♦r➲ ❞♦ ♣❛♠➙t✐ ♣♦↔ít❛↔❡✳ ▲✐➨✐t s❡ ❜✉❞♦✉ ♣♦✉③❡ ✈ ③❛♣✐s♦✈á♥í t➙❝❤t♦ ❞❛t
❞♦ s♦✉❜♦r✉✳

✹✳✶✵✳✶ ◆❛↔ít❛❝í ↔ást

◆❡❥♣r✈❡ ❥❡ ♦❞ ✉➸✐✈❛t❡❧❡ ③ís❦á♥❛ ❝❡st❛ ❦ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡✱ ♦❞❦✉❞ ♠❛❥í ❜ýt ❞❛t❛ ③ís✲
❦á♥❛ ❛ ✈❡ ❝❤✈í❧✐✱ ❦❞② ❛♣❧✐❦❛❝❡ ♠á t✉t♦ ✐♥❢♦r♠❛❝✐✱ ♥❛↔ítá♥í ♠➲➸❡ ③❛↔ít✳ ❏❛❦♦ ♣r✈♥í ❥❡ ♥❛↔t❡♥
✧❛ss❡♠❜❧② s❝r✐♣t✧❛ ③ ♥➙❥ ❥s♦✉ ③ís❦á♥② ✈➨❡❝❤♥② ❞❛❧➨í ♣♦t➦❡❜♥é ✐♥❢♦r♠❛❝❡✳ ❏❞❡ ♣➦❡❞❡✈➨í♠ ♦
✐♥❢♦r♠❛❝❡ ♦ ♣♦↔t✉ s❦❡♥➲✱ ♦t♦↔❡♥í st♦❧❦✉ ♠❡③✐ s❦❡♥②✱ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ③❛➦í③❡♥í ❛ ✈➨❡❝❤♥②
❥♠é♥❛ s♦✉❜♦r➲✱ ❦t❡ré ♠❛❥í ❜ýt ♣♦✉➸✐t②✳ ◆ás❧❡❞♥➙ ❥s♦✉ ③❡ s♦✉❜♦r✉ ✧♣♦s❡s✳❛ss✧♥❛↔t❡♥② ♣ó③②
❢♦t♦❛♣❛rát✉ ❛ s❦❡♥❡r✉ ❛ ❥s♦✉ ✈②t✈♦➦❡♥② tr❛♥s❢♦r♠❛↔♥í ♠❛t✐❝❡ ③❡ ③ís❦❛♥ý❝❤ ❤♦❞♥♦t✳ ❚❛❦é ❥❡
✈②t✈♦➦❡♥❛ r♦t❛↔♥í ♠❛t✐❝❡ Rp r❡♣r❡③❡♥t✉❥í❝í ✐♥✈❡r③✐ r♦t❛❝❡✶✺ st♦❧❦✉ ♠❡③✐ ❞✈➙♠❛ s❦❡♥②✳

❱ ❞❛❧➨í ↔ást✐ ♥ás❧❡❞✉❥❡ ❝②❦❧✉s✱ ✈❡ ❦t❡ré♠ ❥❡ ✈➸❞② ♥❛↔t❡♥♦ ♠r❛↔♥♦ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧✱ ❥s♦✉
✈②t✈♦➦❡♥② ♦❜❥❡❦t② r❡♣r❡③❡♥t✉❥í❝í ❦❛♠❡r② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✳ ❑❛♠❡r② ❥s♦✉ ♠♦❞✐✜❦♦✈á♥②
♣♦♠♦❝í r♦t❛↔♥í ♠❛t✐❝❡ Rs t❛❦✱ ➸❡ r♦t❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r② R ❥❡ ③♣r❛✈❛ ✈②♥ás♦❜❡♥❛ r♦t❛↔♥í
♠❛t✐❝í Rs✱ ❦❞❡ ♠❛t✐❝❡ Rs ❥❡ ❦✉♠✉❧❛t✐✈♥í r♦t❛❝❡✳ ▼❛t✐❝❡ Rs ❥❡ ♣r♦ ♣r✈♥í s❦❡♥ r♦✈♥❛ I✶✻

❛ ✈ ❦❛➸❞é♠ ❝②❦❧✉ ❥❡ ③♣r❛✈❛ ✈②♥ás♦❜❡♥❛ ♠❛t✐❝í ↔ást❡↔♥é r♦t❛❝❡ Rp✳ ❚í♠ ❞♦❝í❧í♠❡ t♦❤♦✱ ➸❡
❦❛➸❞ý s❦❡♥ ❜✉❞❡ ♦♣r♦t✐ t♦♠✉ ♣➦❡❞❝❤♦③í♠✉ ♦t♦↔❡♥ ♣➦❡s♥➙ ♦ ❥❡❞♥♦ ♣♦♦t♦↔❡♥í st♦❧❦✉ ❜❡③ t♦❤♦✱
❛❜②❝❤♦♠ ♠✉s❡❧✐ ✈ ❦❛➸❞é♠ ✐✲té♠ ❝②❦❧✉ ♣♦↔ít❛t Rpi✱ ❝♦➸ ❜② ❜②❧♦ ③❜②t❡↔♥➙ ✈ý♣♦↔❡t♥➙ ♥ár♦↔♥é✳

◆ás❧❡❞♥➙ ❥s♦✉ ♠r❛↔♥♦ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧✱ ❦❛♠❡r❛ ❢♦t♦❛♣❛rát✉ ❛ ❦❛♠❡r❛ s❦❡♥❡r✉ ✉❧♦➸❡♥② ❞♦
s❡③♥❛♠➲✱ ❛ tí♠ ❥s♦✉ ♣➦✐♣r❛✈❡♥② ♥❛ ❞❛❧➨í ③♣r❛❝♦✈á♥í✳ ❚❡♥t♦ ❝❡❧ý ❝②❦❧✉s s❡ ♦♣❛❦✉❥❡ t♦❧✐❦rát✱
❦♦❧✐❦rát ♣r♦❜➙❤❧❛ s❦❡♥♦✈❛❝í ♣r♦❝❡❞✉r❛✳

✶✺■♥✈❡r③❡ ❥❡ ♣♦✉➸✐t❛ ③ t♦❤♦ ❞➲✈♦❞➲✱ ➸❡ r♦t❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r② ❥❡ tr❛♥s❢♦r♠❛❝❡ ③❡ s✈➙t♦✈é❤♦ s♦✉➦❛❞♥é❤♦
s②sté♠✉ ❞♦ ❧♦❦á❧♥í❤♦ s②sté♠✉ ❦❛♠❡r②✭❛➸ ♥❛ tr❛♥s❧❛❝✐✮✱ ❝♦➸ ❥❡ ✐♥✈❡r③♥í ♦♣❡r❛❝❡ ♥❡➸ t❛✱ ❦t❡r♦✉ ❝❤❝❡♠❡✱ t❥✳
♦t♦↔✐t ❦❛♠❡r✉ ✈❡ s✈➙t♦✈é♠ s♦✉➦❛❞♥é♠ s②sté♠✉✳

✶✻▼❛t✐❝❡ ✐❞❡♥t✐t②✱ ♥❡✉trá❧♥í ♣r✈❡❦ ♣r♦ r♦t❛❝✐✳

✹✾



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

❑❞②➸ ♠á♠❡ ✈➨❡❝❤♥❛ ❞❛t❛ t❛❦t♦ ③♣r❛❝♦✈❛♥á ❛ ♣➦✐♣r❛✈❡♥á✱ ♠➲➸❡ s❡ ♣➦❡❥ít ❦ s❛♠♦t♥é♠✉
❡①♣♦rt♦✈á♥í✱ ❦t❡ré s❡ ❧✐➨í ♣r♦ ❦❛➸❞ý ③ ❢♦r♠át➲✳

✹✳✶✵✳✷ ❊①♣♦rt ❜✉♥❞❧❡

P➦✐ ❡①♣♦rt♦✈á♥í ❞♦ ❢♦r♠át✉ ❜✉♥❞❧❡✱ ❦t❡rý ❜②❧ ♣♦♣sá♥ ✈ ↔ást✐ ✹✳✺ ❥❡ ♥❡❥♣r✈❡ ✈②t✈♦➦❡♥
s♦✉❜♦r ❜✉♥❞❧❡✳r❞✳♦✉t✱ ❞♦ ❦t❡ré❤♦ ❜✉❞❡ ❝❡❧á s❝é♥❛ ✉❧♦➸❡♥❛✳

❉❛❧➨í♠ ❦r♦❦❡♠ ♣➦✐ ❡①♣♦rt♦✈á♥í ❥❡ s❡st❛✈❡♥í ❤❧❛✈✐↔❦② s♦✉❜♦r✉✳ ❑ t♦♠✉ ❥❡ ♣♦t➦❡❜❛ ③♥át ♣♦↔❡t
❜♦❞➲ ❛ ♣♦↔❡t ❦❛♠❡r✱ ❦t❡ré ✈❡ s❝é♥➙ ❜✉❞♦✉✳ P♦↔❡t ❦❛♠❡r ③ís❦á♠❡ s♥❛❞♥♦ ③ ♣♦↔t✉ ♣r♦✈❡❞❡♥ý❝❤
s❦❡♥➲ ❛ ♣♦↔❡t ✈r❝❤♦❧➲ s♥❛❞♥♦ ③ís❦á♠❡ ③ ✐♥❢♦r♠❛❝í ♦ ♠r❛↔♥✉ ❜♦❞➲✱ ♥❡❜♦➫ ❥s♠❡ ✐♥❢♦r♠❛❝✐ ♦
t♦♠✱ ❦♦❧✐❦ ✈❛❧✐❞♥í❝❤✶✼ ❜♦❞➲ s❡ ✈ ♠r❛↔♥✉ ♥❛❝❤á③í✱ ✉❦❧á❞❛❧✐✳ ❚í♠ ♣á❞❡♠ ♥❡♥í t➦❡❜❛ ♣r♦❝❤á③❡t
❝❡❧é ❤❧♦✉❜❦♦✈é ♠❛♣② ❥❡♥ ❦✈➲❧✐ ③ís❦á♥í tét♦ ✐♥❢♦r♠❛❝❡✳

❉❛❧➨í♠ ❦r♦❦❡♠ ❥❡ ③á♣✐s ❥❡❞♥♦t❧✐✈ý❝❤ ❦❛♠❡r ❞♦ s♦✉❜♦r✉✳ ❑ t♦♠✉ ♣♦t➦❡❜✉❥❡♠❡ ③♥át ♦❤✲
♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st ✈ ♣✐①❡❧❡❝❤✱ r♦t❛↔♥í ♠❛t✐❝✐ ❛ tr❛♥s❧❛❝✐ ❦❛♠❡r② ❞❡✜♥♦✈❛♥é ✈ ↔ást✐ ✸✳✻✳✷✳
P❛r❛♠❡tr② tý❦❛❥í❝í s❡ ✧r❛❞✐❛❧ ❞✐st♦rt✐♦♥✧♥❛st❛✈í♠❡ ♥❛ ❤♦❞♥♦t✉ ✵✱ ♥❡❜♦➫ ♥❡♠á♠❡ ➸á❞♥♦✉ ✐♥✲
❢♦r♠❛❝✐ ♦ t➙❝❤t♦ ❤♦❞♥♦tá❝❤✳ ❚②t♦ ❤♦❞♥♦t② ♣♦st✉♣♥➙ ③❛♣í➨❡♠❡ ❞♦ ✈ýst✉♣♥í❤♦ s♦✉❜♦r✉ ♣➦❡s♥➙
t❛❦✱ ❥❛❦ ❜②❧♦ ❞❡✜♥♦✈á♥♦ ✈ ↔ást✐ ✹✳✺✳

❑❞②➸ ♠á♠❡ ❞♦ s♦✉❜♦r✉ ③❛♣sá♥② ✈➨❡❝❤♥② ❦❛♠❡r②✱ ❥❡ ♥❛↔❛s❡ ③❛↔ít ③❛♣✐s♦✈❛t ❥❡❞♥♦t❧✐✈é ❜♦❞②✳
Pr♦ ❦❛➸❞ý ❜♦❞ ❦❛➸❞é❤♦ ♠r❛↔♥❛ ♣r♦✈❡❞❡♠❡ t♦✱ ➸❡ ♣♦❦✉❞ ❥❡ t❡♥t♦ ❜♦❞ ✈❛❧✐❞♥í✱ ❛♣❧✐❦✉❥❡♠❡ ♥❛
♥➙❥ ✐♥✈❡r③✐ tr❛♥s❢♦r♠❛❝❡ ❦❛♠❡r② ✭❚r❛♥s❢♦r♠❛❝❡ ③ís❦❛♥é ③ ♣ó③②✳✮✳ ❏❡❧✐❦♦➸ tr❛♥s❢♦r♠❛❝❡ ❦❛♠❡r②
E ❥❡ t❛❦♦✈á tr❛♥s❢♦r♠❛❝❡✱ ❦t❡rá ❜♦❞ X ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤ tr❛♥s❢♦r♠✉❥❡ ♥❛ ❜♦❞ W ✱
❝♦➸ ❥❡ ❜♦❞ ✈ ❧♦❦á❧♥í♠ s♦✉➦❛❞♥é♠ s②sté♠✉✱ ♣♦❞❧❡ W = E ∗X✳ ❩ t♦❤♦ ♥á♠ ✈②♣❧ý✈á✱ ➸❡ ♣♦❦✉❞
✉♣r❛✈í♠❡ r♦✈♥✐❝✐✱ t❛❦ ❞♦st❛♥❡♠❡ X = E−1 ∗W ✳ ❈♦➸ ③♥❛♠❡♥á✱ ➸❡ ❦ t♦♠✉✱ ❛❜②❝❤♦♠ ③ ❜♦❞✉
W ✱ ❦t❡rý ♦❞♣♦✈í❞á ♥❛➨❡♠✉ ❜♦❞✉ ③ ♠r❛↔♥❛✱ ✈②t✈♦➦✐❧✐ ❜♦❞ X✱ ♣♦t➦❡❜✉❥❡♠❡ ✐♥✈❡r③✐ ❦ ♠❛t✐❝✐
E✳ ❏❡❧✐❦♦➸ ♠❛t✐❝❡ E ❥❡ s❧♦➸❡♥❛ ♣♦❞❧❡ ✸✳✻✳✷ ③ r♦t❛↔♥í ♠❛t✐❝❡ R ❛ tr❛♥s❧❛❝❡ C✱ ✈ýs❧❡❞♥á ♠❛t✐❝❡
E ❜✉❞❡ ✐♥✈❡rt♦✈❛t❡❧♥á✱ ♥❡❜♦➫ tr❛♥s❧❛↔♥í ♠❛t✐❝❡ ✐ r♦t❛↔♥í ♠❛t✐❝❡ ♠❛❥í ♣❧♥♦✉ ❤♦❞♥♦st ❛ ❥s♦✉
t❡❞② ✐♥✈❡rt♦✈❛t❡❧♥é✳ ❏❡ ③❞❡ ♣♦t➦❡❜❛ ❞át ♣♦③♦r ♥❛ t♦✱ ✈ ❥❛❦ý❝❤ ❥❡❞♥♦t❦á❝❤ ♣r❛❝✉❥❡♠❡✱ ♥❡❜♦➫
❜♦❞② ♠r❛↔♥❛ ❥s♦✉ ✈ ❧♦❦á❧♥í♠ s②sté♠✉ ❦❛♠❡r②✱ ❦t❡rý ❥❡ ✈ ♠✐❧✐♠❡tr❡❝❤ ❛ s✈➙t♦✈ý s②sté♠ ❥❡
✈ ♠❡tr❡❝❤✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❜♦❞② ❥❡ ♥✉t♥é ♣➦❡❞ tr❛♥s❢♦r♠❛❝❡♠✐ ❥❡➨t➙ ♣➦❡➨❦á❧♦✈❛t✭✈②♥ás♦❜✐t✮
❦♦♥st❛♥t♦✉ 10−3✳ ❚❛❦t♦ ♣➦❡tr❛♥s❢♦r♠♦✈❛♥é ❜♦❞② ❥❡ ✉➸ ♠♦➸♥é ③❛♣s❛t ♣➦í♠♦ ❞♦ s♦✉❜♦r✉ ✈❡
t✈❛r✉ ❞❡✜♥♦✈❛♥é♠ ✈ ↔ást✐ ✹✳✺✳

❱❡ ❝❤✈í❧✐ ❦❞② ❥s♦✉ ✈➨❡❝❤♥② ❜♦❞② ③❛♣s❛♥é ❞♦ s♦✉❜♦r✉✱ ③❜ý✈á ✉➸ ❥❡♥ ❥❡❞✐♥á ❛❦❝❡ ❛ t♦ ✈②t✈♦➦✐t
s♦✉❜♦r ✧❧✐st✳t①t✧♦❜s❛❤✉❥í❝í s❡③♥❛♠ ❢♦t♦❣r❛✜í ✈ ♣♦➦❛❞í t❛❦♦✈é♠✱ ✈ ❥❛❦é♠ ❥❡❥✐❝❤ ❦❛♠❡r② ❜②❧②
③❛♣sá♥② ❞♦ ✈ýst✉♣♥í❤♦ s♦✉❜♦r✉ ❜✉♥❞❧❡✳r❞✳♦✉t✳ ❚í♠ ❝❡❧ý ♣r♦❝❡s ❡①♣♦rt♦✈á♥í ❦♦♥↔í ❛ s❝é♥❛ ❥❡
❦♦♠♣❧❡t♥í✳

✶✼❇♦❞②✱ ❦t❡ré s❦❡♥❡r ❞♦❦á③❛❧ ③♠➙➦✐t✳

✺✵
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✹✳✶✵✳✸ ❊①♣♦rt P▲❨

❊①♣♦rt ❞♦ ❢♦r♠át✉ P▲❨ st❡❥♥➙ ❥❛❦♦ ❡①♣♦rt ❞♦ ❢♦r♠át✉ ❜✉♥❞❧❡ ✈②➸❛❞✉❥❡✱ ❛❜② ♣r♦❜➙❤❧♦
♥❛↔ítá♥í ❞❛t✳ ❑r♦♠➙ t♦❤♦ ❜✉❞❡ ✈②➸❛❞♦✈❛t ❥❡➨t➙ ❞♦❞❛t❡↔♥é ✐♥❢♦r♠❛❝❡ ♦❞ ✉➸✐✈❛t❡❧❡ ❛ t♦ ❦♦♥✲
❦rét♥➙ ❥❛❦á ❞❛t❛ ♠❛❥í ❜ýt ❞♦ ✈ýst✉♣♥í❤♦ s♦✉❜♦r✉ ✉❧♦➸❡♥❛✳ ❯➸✐✈❛t❡❧ ♠➲➸❡ ③✈♦❧✐t✱ ③❞❛ ❜✉❞❡
❞♦ s❝é♥② ✉❦❧á❞á♥♦ ♠r❛↔♥♦ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧②✱ ❦❛♠❡r② ❛ ♥❡❜♦ ❧✐❜♦✈♦❧♥á ❦♦♠❜✐♥❛❝❡ ③ ♥✐❝❤✳

Pr♦ ③❥❡❞♥♦❞✉➨❡♥í ❥❡ ③❞❡ ♣♦♣sá♥ ♣r♦❝❡s✱ ❦❞❡ s❡ ✉❦❧á❞❛❥í ✈➨❡❝❤♥❛ ♠♦➸♥á ❞❛t❛✳ P♦❦✉❞ s❡
♥➙❥❛❦á ❞❛t❛ ✉❦❧á❞❛t ♥❡♠❛❥í✱ ♣➦ís❧✉➨♥á ↔ást ❥❡ ✈②♥❡❝❤á♥❛ ✐ ③ ❞❡✜♥✐❝✱ ✐ ③ ❞❛t♦✈é ↔ást✐✳

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✹✳✻✱ P▲❨ ❢♦r♠át ✈②➸❛❞✉❥❡ ✉➸ ✈ ❞❡✜♥✐❝í❝❤ ♥❛ ③❛↔át❦✉ s♦✉❜♦r✉
③♥❛❧♦st✱ ❦♦❧✐❦ ❡❧❡♠❡♥t➲ ❞❛♥é❤♦ t②♣✉ ❜✉❞❡ ✈ ❞❛t♦✈é ↔ást✐ ③❛♣sá♥♦✳ P♦↔❡t ❡❧❡♠❡♥t➲ t②♣✉
✧✈❡rt❡①✧❜✉❞❡ t♦❧✐❦✱ ❦♦❧✐❦ s❝é♥❛ ♦❜s❛❤✉❥❡ ❜♦❞➲ ✈ ♠r❛↔♥❡❝❤ ♣❧✉s ♣♦↔❡t ✈r❝❤♦❧➲ ✈ ✸❉ ♠♦❞❡❧❡❝❤✳
P♦↔❡t ❡❧❡♠❡♥t➲ t②♣✉ ✧❢❛❝❡✧❜✉❞❡ s♦✉↔❡t ✈➨❡❝❤ tr♦❥ú❤❡❧♥í❦♦✈ý❝❤ ♣❧♦➨❡❦ ✈➨❡❝❤ ✸❉ ♠♦❞❡❧➲ ❛
♣♦↔❡t ❦❛♠❡r ❜✉❞❡ ♦❞♣♦✈í❞❛t ♣♦↔t✉ ❦❛♠❡r✱ ❦t❡ré ♠❛❥í ❜ýt ❡①♣♦rt♦✈á♥②✳

P➦✐ ③❛♣✐s♦✈á♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✸❉ ♠♦❞❡❧➲ ♣♦t➦❡❜✉❥❡♠❡ ③♥át ♣r♦ ❦❛➸❞♦✉ ♣❧♦➨❦✉ ✐♥❞❡①② ✈r✲
❝❤♦❧➲✱ ③❡ ❦t❡rý❝❤ s❡ ♣❧♦➨❦❛ s❦❧á❞á✳ ❑❛➸❞ý ♠♦❞❡❧ ♠á ✈r❝❤♦❧② ✐♥❞❡①♦✈❛♥é ♦❞ ♥✉❧②✳ ❏❡❧✐❦♦➸ ❛❧❡
✈❡ ✈ýs❧❡❞♥é s❝é♥➙ ❜✉❞♦✉ ✈➨❡❝❤♥② ✈r❝❤♦❧② ❛ ♣❧♦➨❦② ♣♦❤r♦♠❛❞➙✱ ❜✉❞❡ ♥✉t♥é ♣➦❡♣♦↔ít❛t ✐♥❞❡①②
✈ ♣❧♦➨❦á❝❤ t❛❦✱ ❛❜② ♦❞♣♦✈í❞❛❧② s♣rá✈♥ý♠ ✈r❝❤♦❧➲♠✳

❑ t♦♠✉ ✈②✉➸✐❥❡♠❡ ♣r❡✜①♦✈ý s♦✉↔❡t✳ Pr♦ ❦❛➸❞ý ♠♦❞❡❧ Mi ✈②♣♦↔t❡♠❡ ♣♦↔❡t ✈r❝❤♦❧➲ ci✱
❦t❡ré ♠❛❥í ✈➨❡❝❤♥② ♠r❛↔♥❛ ❜♦❞➲ ❛ ♠♦❞❡❧② Mj t❛❦♦✈é✱ ➸❡ j < i✱ ❞♦❤r♦♠❛❞②✳ ❚♦t♦ ❧③❡ s♥❛❞♥♦
♣r♦✈ést ❥❡❞♥♦✉ ✐t❡r❛❝í ♣➦❡s ✈➨❡❝❤♥② ♠r❛↔♥❛ ❜♦❞➲ ❛ ♣➦❡s ♠♦❞❡❧②✳ ◆❡❥♣r✈❡ ♥❛st❛✈í♠❡ c0 r♦✈♥♦
s♦✉↔t✉ ✈r❝❤♦❧➲ ✈➨❡❝❤ ♠r❛↔❡♥ ❜♦❞➲✳ Pr♦ ❦❛➸❞é i > 0 ♣♦t♦♠ ♣❧❛tí ➸❡ ci = ci−1 + Ki−1✱ ❦❞❡
Kq ❥❡ ♣♦↔❡t ✈r❝❤♦❧➲✱ ❦t❡ré ♠á ♠♦❞❡❧ s ✐♥❞❡①❡♠ q✳ ❚❛❦t♦ ❜✉❞❡♠❡ ♠ít s♥❛❞♥♦ ❛ ❡❢❡❦t✐✈♥➙
s♣♦↔t❡♥é ❤♦❞♥♦t②✱ ♦ ❦t❡ré ♠✉sí♠❡ ✐♥❞❡①② ✈r❝❤♦❧➲ ♣r♦ ❞❛♥ý ♠♦❞❡❧ ♣♦s✉♥♦✉t✳

◆ás❧❡❞♥➙ ③❛♣í➨❡♠❡ ✈➨❡❝❤♥② ❞❡✜♥✐❝❡ t❛❦✱ ❥❛❦ ❜②❧② ♣♦♣sá♥② ✈ ↔ást❡❝❤ ✹✳✻✳✶✱ ✹✳✻✳✷ ❛ ✹✳✻✳✸✳
❙❛♠♦③➦❡❥♠➙ ♣♦✉③❡ ③✈♦❧í♠❡ t②✱ ❦t❡ré s❡ ❜✉❞♦✉ ✈❡ ✈ýs❧❡❞♥é s❝é♥➙ ✈②s❦②t♦✈❛t✳ ❚í♠ ❥❡ ❝❡❧á
❤❧❛✈✐↔❦❛ s❝é♥② ❞♦❦♦♥↔❡♥á ❛ ♥❛ ➦❛❞➙ ❥❡ ③❛♣✐s♦✈á♥í ❞❛t✳

◆❡❥♣r✈❡ ❥s♦✉ ③❛♣sá♥② ✈➨❡❝❤♥② ❡❧❡♠❡♥t② t②♣✉ ✧✈❡rt❡①✧✳ ❱r❝❤♦❧② ③❛♣✐s✉❥❡♠❡ t❛❦✱ ➸❡ ♥❡❥♣r✈❡
③❛♣í➨❡♠❡ ♠r❛↔♥❛ ❜♦❞➲ ❛ ❛➸ ③❛ ♥➙ ❥❡❞♥♦t❧✐✈é ✸❉ ♠♦❞❡❧②✳ ❱r❝❤♦❧② ♥❡❥♣r✈❡ tr❛♥s❢♦r♠✉❥❡♠❡
st❡❥♥ý♠ ③♣➲s♦❜❡♠✱ ❥❛❦♦ ❥s♠❡ t♦ ♣r♦✈á❞➙❧✐ ♣➦✐ ❡①♣♦rt♦✈á♥í ❞♦ ❜✉♥❞❧❡ ❢♦r♠át✉✳

❱❡ ❝❤✈í❧✐✱ ❦❞② ❜✉❞❡♠❡ ③❛♣✐s♦✈❛t ♣❧♦➨❦② ♠♦❞❡❧➲✱ ❜✉❞❡♠❡ ✉ ✈r❝❤♦❧➲ ♠✉s❡t ③♥át ❥❡❥✐❝❤ t❡①t✉✲
r♦✈❛❝í s♦✉➦❛❞♥✐❝❡✳ ❏❡❧✐❦♦➸ ❥❡ ♥❡❡❢❡❦t✐✈♥í✱ ❛❜②❝❤♦♠ ♣➦✐ ③á♣✐s✉ ❦❛➸❞é ♣❧♦➨❦② ♣♦↔ít❛❧✐ t❡①t✉r♦✈❛❝í
s♦✉➦❛❞♥✐❝❡ ♣r♦ ❦❛➸❞ý ✈r❝❤♦❧ ✭❑❛➸❞ý ✈r❝❤♦❧ ❜✉❞❡ ✈ ♠♦❞❡❧✉ ♣♦✉➸✐t ✈í❝❡❦rát ❛ t❛❦ ♥❡♠á ❝❡♥✉
s♦✉➦❛❞♥✐❝❡ ♣♦↔ít❛t ✈í❝❡ ♥❡➸ ❥❡❞♥♦✉✳✮✳ Pr♦t♦ ❜✉❞❡ ✈❤♦❞♥é ✉➸ ♣➦✐ ③♣r❛❝♦✈á♥í ❞❛♥é❤♦ ✈r❝❤♦❧✉
✈②♣♦↔ít❛t t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ❛ ✉❧♦➸✐t s✐ ❥❡ t❛❦✱ ❛❜②❝❤♦♠ ❥❡ ♣♦③❞➙❥✐ ♠➙❧✐ ♣➦✐ r✉❝❡✳ ❚❡①t✉✲
r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ✈②♣♦↔t❡♠❡ t❛❦✱ ➸❡ s❡st❛✈í♠❡ ♣r♦❥❡❦↔♥í ♠❛t✐❝✐ ❦❛♠❡r② ❛ ❜♦❞② ♣r♦♠ít♥❡♠❡
t❛❦✱ ❥❛❦ ❥❡ t♦ ♣♦♣sá♥♦ ✈ ↔ást✐ ✸✳✻✳✷✳ ❏❡❧✐❦♦➸ ♥❡ ❦❛➸❞á ❢♦t♦❣r❛✜❡ ♠✉sí ③❛❜ír❛t ❝❡❧ý ♦❜❥❡❦t✱ ❜✉❞❡
♥✉t♥é ♦➦í③♥♦✉t t❡①t✉r♦✈❛❝í s♦✉➦❛❞♥✐❝❡ ❞♦ ✐♥t❡r✈❛❧✉ < 0, 1 >✱ ❛❜② ♥❡❞♦❝❤á③❡❧♦ ❦ ♦♣❛❦♦✈á♥í
t❡①t✉r②✳

✺✶



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

❈♦ s❡ tý↔❡ ③á♣✐s✉ ♣❧♦➨❡❦✱ ③❞❡ ❥❡ ♣♦t➦❡❜❛ ✈②➦❡➨✐t ✉r↔✐tý ♣r♦❜❧é♠✳ ❋♦r♠át P▲❨ s✐❝❡ ♣♦❞♣♦r✉❥❡
♣❧♦➨❦② s ❧✐❜♦✈♦❧♥ý♠ ♣♦↔t❡♠ ✈r❝❤♦❧➲✱ ❛❧❡ ♣r♦❣r❛♠ ▼❡s❤▲❛❜✱ ♣r♦ ❦t❡rý ♠á ❜ýt ✈ýs❧❡❞♥á s❝é♥❛
st❛✈➙♥❛✱ ♣♦❞♣♦r✉❥❡ ♣♦✉③❡ tr♦❥ú❤❡❧♥í❦②✳ ❚♦ ❥❡ ♣r♦❜❧❡♠❛t✐❝❦é ③ t♦❤♦ ❞➲✈♦❞✉✱ ➸❡ ✸❉ ♠♦❞❡❧②
♣♦➦í③❡♥é ♥❛➨í♠ s❦❡♥❡r❡♠ ♦❜s❛❤✉❥í ♣➦❡✈á➸♥➙ ♣❧♦➨❦② s❡ ↔t②➦♠✐ ✈r❝❤♦❧② ✶✽✳ Pr♦t♦ ❜✉❞❡ ♣♦t➦❡❜❛
✈ ♣➦í♣❛❞➙ ↔t②➦✲✈r❝❤♦❧♦✈é ♣❧♦➨❦② ❞❛♥♦✉ ♣❧♦➨❦✉ r♦③❞➙❧✐t ♥❛ ❞✈❛ tr♦❥ú❤❡❧♥í❦②✳ ❚♦t♦ s❡ ③ár♦✈❡➡
♠✉sí ♦❞rá➸❡t ✐ ✈ ↔ást✐✱ ❦❞❡ ♣♦↔ítá♠❡ ❝❡❧❦♦✈ý ♣♦↔❡t ♣❧♦➨❡❦✳

◆❛ ❦♦♥❝✐ ③❛♣í➨❡♠❡ ❥❡❞♥♦t❧✐✈é ❦❛♠❡r②✳ ❏❡❥✐❝❤ ③á♣✐s ❥❡ tr✐✈✐á❧♥í ❛ ❞❛t❛ ♣➦❡❞ ③á♣✐s❡♠ ♥❡♥í
t➦❡❜❛ ♥✐❥❛❦ ♠♦❞✐✜❦♦✈❛t✳

✹✳✶✶ ●r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✸✳✶✵✱ ❜✉❞❡ t➦❡❜❛ ✈②t✈♦➦✐t ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í✱ ❛❜②
❜②❧❛ ✉➸✐✈❛t❡❧✐ ✉s♥❛❞♥➙♥❛ ♣rá❝❡✶✾✳ ❆♣❧✐❦❛❝❡ t❡❞② ❜✉❞❡ ✉➸✐✈❛t❡❧✐ ✉♠♦➸➡♦✈❛t ➦❛❞✉ ❛❦❝í✱ ❦t❡ré
❜✉❞♦✉ r♦③❞➙❧❡♥② ♥❛ ↔t②➦✐ ③á❦❧❛❞♥í ❢á③❡ ♣♦♣s❛♥é ✈ ↔ást✐ ✸✳✾✳

Pr♦ ✐♠♣❧❡♠❡♥t❛❝✐ ●❯■ ❥s❡♠ s❡ r♦③❤♦❞❧ ✈②✉➸ít ❦♥✐❤♦✈♥✉ ❲✐♥❋♦r♠s❬✷✸❪✳ ❚❛t♦ ❦♥✐❤♦✈♥❛ ❥❡
s♦✉↔ástí ✳◆❊❚ ❢r❛♠❡✇♦r❦✉✱ ❦t❡rý ♣♦❞♣♦r✉❥❡ ❥❛③②❦② ❈✰✰✱ ❈★ ❛ ❞❛❧➨í✳ ❩ár♦✈❡➡ ♣♦✉➸✐tí ✳◆❊❚
❢r❛♠❡✇♦r❦✉ ③❥❡❞♥♦❞✉➨í ♣rá❝✐ s ✉r↔✐tý♠✐ ✈➙❝♠✐✱ ❥❛❦♦ ❥❡ ♥❛♣➦í❦❧❛❞ ❦♦♠✉♥✐❦❛❝❡ ♣♦ sér✐♦✈é♠
♣♦rt✉ ③♠í♥➙♥á ✈ ↔ást✐ ✹✳✸✳✶✱ ♣rá❝❡ s❡ s♦✉❜♦r② ❛ ❞❛❧➨í✳ ❩ár♦✈❡➡ ❲✐♥❋♦r♠s ♣♦❞♣♦r✉❥í ♣♦♠➙r♥➙
s♥❛❞♥é ③❛❦♦♠♣♦♥♦✈á♥í ♦❦♥❛ s ❖♣❡♥●▲ ❞♦ ❢♦r♠✉❧á➦❡ ❛ ♣➦✐♣♦❥❡♥í ❞❛❧➨í❝❤ ●❯■ ❡❧❡♠❡♥t➲ ❦
♥➙♠✉✳ ❚♦ ✈②✉➸✐❥❡♠❡ ✈ ↔ást✐ ✹✳✾✳✶✱ ❦❞❡ s❡ ❜✉❞♦✉ ♣➦✐ ③♣➦❡s➡♦✈á♥í ♣ó③② ❞♦ s❝é♥② ✈②❦r❡s❧♦✈❛t
♠r❛↔♥❛ ❜♦❞➲ ❛ ❞❛❧➨í ♦❜❥❡❦t② ♣♦♠♦❝í ❖♣❡♥●▲✳

❈♦ s❡ tý↔❡ ●❯■ s❛♠♦t♥é❤♦✱ ❜✉❞❡ ✈❤♦❞♥é ✉❞➙❧❛t ♣r♦ ❦❛➸❞♦✉ ❢á③✐ ♣r♦❝❡s✉ ❥❡❞❡♥ ✈❧❛st♥í
❢♦r♠✉❧á➦✳ ❚í♠ s❡ ③❛❥✐stí✱ ➸❡ ❦❛➸❞á ❢á③❡ ❜✉❞❡ ♦❞❞➙❧❡♥❛ ♦❞ ♦st❛t♥í❝❤✱ ♣♦❤r♦♠❛❞➙ ❜✉❞♦✉ ❥❡♥ t②
❢✉♥❦❝❡✱ ❦t❡ré ❦ s♦❜➙ s❦✉t❡↔♥➙ ♣❛t➦í ❛ ♥❡❞♦❥❞❡ ❦ ③❛❤❧❝❡♥í ✉➸✐✈❛t❡❧❡ ♣➦í❧✐➨ ✈❡❧❦ý♠ ♠♥♦➸st✈í♠
♠♦➸♥♦stí ❦ ❞✐s♣♦③✐❝✐✳ ❚❛❦é ❜✉❞❡ ♣♦t➦❡❜❛ ♣➦✐❞❛t ❢♦r♠✉❧á➦ ♣r♦ ❤❧❛✈♥í ♠❡♥✉✱ ❦t❡ré ❜✉❞❡ s❧♦✉➸✐t
❥❛❦♦ r♦③❝❡stí ❦ ❥❡❞♥♦t❧✐✈ý♠ ❢á③í♠✳

❱ rá♠❝✐ ③❛❝❤♦✈á♥í ✉r↔✐té ❦♦❤❡r❡♥❝❡ ♣r♦✈á❞➙♥í ↔✐♥♥♦stí✱ ❜✉❞❡ ✈❤♦❞♥é ♣➦✐❞❛t ♣➦íst✉♣ ❞♦
❢♦r♠✉❧á➦❡ ♣r♦ ③♣➦❡s➡♦✈á♥í ♣ó③② ❛➸ ❞♦ ❢♦r♠✉❧á➦❡ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③②✱ ♥❡ ❞♦ ❤❧❛✈♥í❤♦ ♠❡♥✉✳
Pr✈♥í♠ ❞➲✈♦❞❡♠ ❦ t♦♠✉ ❥❡ ❢❛❦t✱ ➸❡ ♦❜➙ ❛❦❝❡ ❥s♦✉ s✐ ✈❡❧♠✐ ♣♦❞♦❜♥é✳ ❖❜➙ s❡ tý❦❛❥í ♣ó③② s❦❡✲
♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ✈ ♣r♦st♦r✉✳ ❉r✉❤ý♠ ❞➲✈♦❞❡♠ ❥❡ ❢❛❦t✱ ➸❡ ③♣➦❡s➡♦✈á♥í ♣ó③② ♠✉sí ♣r♦❜í❤❛t
❛➸ ♣♦ ❥❡❥í r❡❦♦♥str✉❦❝✐✳ ❚➦❡tí♠ ❞➲✈♦❞❡♠ ❥❡✱ ➸❡ ③♣➦❡s➡♦✈á♥í ❥❡ ♣♦✉③❡ ♥❡♣♦✈✐♥♥á ❢á③❡✱ ❦t❡rý s❡
t❛❦t♦ ❧✐➨í ♦❞ ♦st❛t♥í❝❤ ❢á③í✳

✶✽❏❡❧✐❦♦➸ ❥❡ ❤❧♦✉❜❦♦✈á ♠❛♣❛ ✈❡ ❢♦r♠➙ ♣r❛✈✐❞❡❧♥é ↔t✈❡r❝♦✈é ♠➦í➸❦②✱ ❦❛➸❞ý ✧↔t✈❡r❡❝✧❥❡ r❡♣r❡③❡♥t♦✈á♥ ❥❡❞♥♦✉
♣❧♦➨❦♦✉✳ ❚r♦❥ú❤❡❧♥í❦② ✈③♥✐❦❛❥í ♣♦✉③❡ t❡❤❞②✱ ♣♦❦✉❞ s❡ ✈ ♥➙❥❛❦é♠ ③❡ ✧↔t✈❡r❝➲✧♥❡♣♦❞❛➦✐❧♦ ❥❡❞❡♥ ③ ✈r❝❤♦❧➲
③♠➙➦✐t

✶✾❱ ♥➙❦t❡rý❝❤ ↔ást❡❝❤ ❜② ♣rá❝❡ ❜②❧❛ ♣r❛❦t✐❝❦② ♥❡♠♦➸♥á✱ ❜❡③ ♣♦✉➸✐tí ●❯■✳

✺✷



✹✳✶✶✳ ●❘❆❋■❈❑➱ ❯➎■❱❆❚❊▲❙❑➱ ❘❖❩❍❘❆◆❮

❩ís❦á♥í ❞❛t✱ r❡❦♦♥str✉❦❝❡ ♣ó③② ✐ ❡①♣♦rt s❝é♥② ❥❡ ♥❡③❜②t♥é ♣r♦✈ést✳ ❱ ❦❛➸❞é♠ ③ t➙❝❤t♦ t➦í
❦r♦❦➲ ❥s♦✉ ✈②t✈á➦❡♥❛ ♥♦✈á ❞❛t❛✳ ❩♣➦❡s♥➙♥í ♣ó③② ❥❡ ♣♦✉③❡ ♦♣❡r❛❝❡ ♥❛✈í❝✱ ❦t❡rá ♠♦❞✐✜❦✉❥❡
❡①✐st✉❥í❝í ❞❛t❛✱ ❛ ♣♦❦✉❞ s❡ ♣ó③✉ ♣♦❞❛➦✐❧♦ ③r❡❦♦♥str✉♦✈❛t ❞♦st❛t❡↔♥➙ ♣➦❡s♥➙ ✭♥❡❜♦ ✉➸✐✈❛t❡❧✐
❞❛♥á ♣➦❡s♥♦st st❛↔í✮✱ ♥❡♠✉sí s❡ t❡♥t♦ ❦r♦❦ ✈➲❜❡❝ ♣r♦✈á❞➙t✳

✹✳✶✶✳✶ ❍❧❛✈♥í ♠❡♥✉

❚❡♥t♦ ❢♦r♠✉❧á➦ ❜✉❞❡ ♦❜s❛❤♦✈❛t ♣♦✉③❡ ♣ár ♣r✈❦➲✱ ♥❡❜♦➫ ❜✉❞❡ s❧♦✉➸✐t ♣♦✉③❡ ❥❛❦♦ r♦③❝❡stí
♣r♦ ❞❛❧➨í ↔✐♥♥♦st✐✳ ❏❡❧✐❦♦➸ ❢♦r♠✉❧á➦ ♣r♦ ③♣➦❡s➡♦✈á♥í ♣ó③② ❜✉❞❡ ♣➦íst✉♣♥ý ③ ❢♦r♠✉❧á➦❡ ♣r♦
r❡❦♦♥str✉❦❝✐ ♣ó③②✱ ③ ❤❧❛✈♥í❤♦ ♠❡♥✉ ❜✉❞♦✉ ♣➦íst✉♣♥é ♣♦✉③❡ t➦✐ ❞❛❧➨í ❢♦r♠✉❧á➦❡✱ ❦t❡rý♠✐ ❥s♦✉
❢♦r♠✉❧á➦❡ ♣r♦ ✧③ís❦á♥í ❞❛t✧✱ ✧r❡❦♦♥str✉❦❝❡ ♣ó③②✧❛ ✧❡①♣♦rt♦✈á♥í s❝é♥②✧✳

Scanning Tool

Pose Reconstruction Tool

Export Tool

❖❜rá③❡❦ ✹✳✶✿ ◆á✈r❤ ❤❧❛✈♥í❤♦ ♠❡♥✉ ❛♣❧✐❦❛❝❡✳

✹✳✶✶✳✷ ❩ís❦á♥í ❞❛t

❋♦r♠✉❧á➦ ♣r♦ ❢á③✐ ✒③ís❦á♥í ❞❛t✏ ♥❡♠✉sí ❜ýt ♥✐❥❛❦ ③✈❧á➨➫ s❧♦➸✐tý✳ ❇✉❞❡ ✉➸✐✈❛t❡❧✐ ✉♠♦➸➡♦✈❛t
♣r♦✈❡❞❡♥í ♥➙❦♦❧✐❦❛ ❛❦❝í✱ ❦t❡ré ✉➸ ❜②❧② ♣♦♣sá♥② ✈ ↔ást✐ ✹✳✼✳ Pr✈♥í ③ t➙❝❤t♦ ❛❦❝í ❜✉❞❡ ✈②t✈á➦❡t
❛❞r❡sá➦♦✈♦✉ str✉❦t✉r✉✱ ❦t❡rá ❜✉❞❡ ♠ít ❦♦♥st❛♥t♥í ✈③❤❧❡❞ ♣♦❞❧❡ ❞❡✜♥✐❝❡ ✈ ↔ást✐ ✹✳✹✳✶✳ ❑
t♦♠✉ ❥❡ ♣♦t➦❡❜❛ ♣♦✉③❡ ❥❡❞✐♥á ✐♥❢♦r♠❛❝❡ ❛ t♦ ❦♦♥❦rét♥➙ ✉♠íst➙♥í✱ ❦❞❡ ♠á ❜ýt str✉❦t✉r❛
✈②t✈♦➦❡♥❛✳ Pr♦ s♥í➸❡♥í ❝❤②❜♦✈♦st✐ ✈ t♦♠t♦ ❦r♦❦✉ ❜✉❞❡ ③❛❦á③á♥♦ ✈②t✈á➦❡t ✈➨❡❝❤♥② ❛❞r❡sá➦❡
❦r♦♠➙ ✉❧♦➸✐➨t➙ s❝é♥② ❛ ❛❞r❡sá➦❡ ✉✈♥✐t➦ ♥❛➨í str✉❦t✉r②✳ ❚í♠ ❥❡ ♠②➨❧❡♥♦✱ ➸❡ ♣♦❦✉❞ ✉➸✐✈❛t❡❧ ③❛❞á
❝❡st✉ ✳✳✳✴❞✐r✶✴❞✐r✷✴❞✐r✸✱ ❞✐r✸ ❜✉❞❡ ✈②t✈♦➦❡♥ ❥❛❦♦ ❤❧❛✈♥í ❛❞r❡sá➦ ♥❛➨í ❛❞r❡sá➦♦✈é str✉❦t✉r②✱
❛❧❡ ❜✉❞❡ ✈②t✈♦➦❡♥ ♣♦✉③❡ t❡❤❞②✱ ♣♦❦✉❞ ❛❞r❡sá➦❡ ❞✐r✷✱ ❞✐r✶ ❛ ✈➨❡❝❤♥② ❞❛❧➨í ❛❞r❡sá➦❡✱ ❦t❡ré ❥❡
♥❛ ❝❡st➙ ♣➦❡❞❝❤á③❡❥í✱ ❡①✐st✉❥í✳ ❚í♠ s❡ ③❛r✉↔í ❛s♣♦➡ ✉r↔✐tá ♦❝❤r❛♥❛ ♣r♦t✐ ♣➦❡❦❧❡♣➲♠✳ P♦❦✉❞
✉➸✐✈❛t❡❧ ③❛❞á ✈❡❧♠✐ ❞❧♦✉❤♦✉ ❝❡st✉ ❛ ❤♥❡❞ ♥❛ ③❛↔át❦✉ ✉❞➙❧❛❧ ♣➦❡❦❧❡♣✱ ♥❡✈②t✈♦➦í s❡ ③❜②t❡↔♥➙
✈❡❧❦é ♠♥♦➸st✈í ❛❞r❡sá➦➲ ♥❛ ➨♣❛t♥é♠ ♠íst➙ ✳

❱❡ ❞r✉❤é ❛❦❝✐ ❜✉❞❡ ♣r♦✈❡❞❡♥ ❥❡❞❡♥ s❦❡♥ ❛ ❜✉❞❡ ③ís❦á♥❛ ❥❡❞♥❛ ❢♦t♦❣r❛✜❡ ❦❛❧✐❜r❛↔♥í❤♦ ♦❜✲
❥❡❦t✉✳ ❙❦❡♥ ✐ ❢♦t♦❣r❛✜❡ ❜✉❞♦✉ ✉❧♦➸❡♥② ♥❛ s♣❡❝✐✜❝❦é♠ ♠íst➙ ✈ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡ ✈②t✈♦➦❡♥é
✈ ♣➦❡❞❝❤♦③í♠ ❦r♦❦✉✱ t❛❦➸❡ ♣r✈♥í ❛❦❝❡ ♠✉sí t✉t♦ ❛❦❝✐ ♣➦❡❞❝❤á③❡t✳ ❉á❧❡ ❜✉❞❡ ✈②t✈♦➦❡♥ ❛s✲
s❡♠❜❧② s❝r✐♣t s❡ ✈➨❡♠✐ ✐♥❢♦r♠❛❝❡♠✐ ♦ ❞❛♥é♠ s❦❡♥♦✈á♥í✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ❦r♦♠➙ ❝❡st②✱ ❦❛♠

✺✸



❑❆P■❚❖▲❆ ✹✳ ◆➪❱❘❍

✉❦❧á❞❛t ③ís❦❛♥á ❞❛t❛ ❛ ❛ss❡♠❜❧② s❝r✐♣t✭❧③❡ ♣♦✉➸ít st❡❥♥♦✉ ❝❡st✉ ❥❛❦♦ ♣r♦ ❛❦❝✐ ↔ís❧♦ ❥❡❞♥❛✮✱
❜✉❞❡♠❡ ♣♦t➦❡❜♦✈❛t ✈í❝❡ ✐♥❢♦r♠❛❝í✳

❩❞❡ ❜✉❞❡ ♣♦t➦❡❜❛ ❥❡➨t➙ ③ís❦❛t ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ❦♦❧✐❦ s❦❡♥➲ ♠á ❜ýt ♣r♦✈❡❞❡♥♦✱ ❛ ♦ ❥❛❦ý
ú❤❡❧ s❡ ♠á st♦❧❡❦ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥② ♣♦♦t♦↔✐t✳ ◆❛ ♣♦↔❡t s❦❡♥➲ ❥❡ ❥❡❞✐♥á ♣♦❞♠í♥❦❛✱ ➸❡
❜✉❞❡ ❝❡❧é ↔ís❧♦ ✈➙t➨í ♥❡➸ ♥✉❧❛ ❛ ❝♦ s❡ ú❤❧✉ tý↔❡✱ t❛❦ t❡♥ ♠➲➸❡ ♥❛❜ý✈❛t ❧✐❜♦✈♦❧♥ý❝❤ r❡á❧♥ý❝❤
❤♦❞♥♦t r➲③♥ý❝❤ ♦❞ ♥✉❧②✳

❉❛❧➨í ♣❛r❛♠❡tr②✱ ❦t❡ré ❜✉❞♦✉ t➦❡❜❛ ♣➦✐ ✈②t✈á➦❡♥í ❛ss❡♠❜❧② s❝r✐♣t✉✭♣❛r❛♠❡tr② ❢♦t♦❛♣❛rát✉✱
♣❛r❛♠❡tr② s❦❡♥❡r✉✱ ♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐✮✱ ✉➸ ♣♦té ♥❡♥í t➙➸❦é ③ís❦❛t✳

P♦s❧❡❞♥í t❥✳ t➦❡tí ❛❦❝❡ ♣r♦✈❡❞❡ s❛♠♦t♥é s❦❡♥♦✈á♥í ❛ ❢♦❝❡♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ❑ t♦♠✉
❜✉❞❡ ✈②➸❛❞♦✈á♥❛ ❝❡st❛ ❦ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡✱ ❦❛♠ ♠❛❥í ❜ýt s❦❡♥② ❛ ❢♦t♦❣r❛✜❡ ✉❧♦➸❡♥②✳ ❉á❧❡
❜✉❞❡ t➦❡❜❛ ✐♥❢♦r♠❛❝❡ ❦♦❧✐❦ s❦❡♥➲ ♣r♦✈ést ❛ ♦ ❥❛❦ý ú❤❡❧ ♠á ❜ýt st♦❧❡❦ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥②
♣♦♦t♦↔❡♥✳ ❚②t♦ ♣❛r❛♠❡tr② s❡ s❤♦❞✉❥í s ♣❛r❛♠❡tr② ③ ♣➦❡❞❝❤♦③í❤♦ ❦r♦❦✉ ❛ ❜✉❞❡ t❡❞② ✈❤♦❞♥é
❥❡ ③ís❦❛t st❡❥♥ý♠ ③♣➲s♦❜❡♠✱ ❛❜② s❡ ③r❡❞✉❦♦✈❛❧ ♣♦↔❡t ❯■ ❡❧❡♠❡♥t➲♠✱ ❦t❡rý♠ ❜✉❞❡ ✉➸✐✈❛t❡❧
✈②st❛✈❡♥✷✵✳ ❑r♦♠➙ t♦❤♦ ❛❧❡ ❜✉❞❡ ♣♦t➦❡❜❛ ❥❡➨t➙ ③♥❛❧♦st t♦❤♦✱ ♥❛ ❦t❡ré♠ sér✐♦✈é♠ ♣♦rt✉
❥❡ ▼❆❘❙ ✷ s❡ st♦❧❦❡♠ ♣➦✐♣♦❥❡♥✱ ❛❜② ❞♦➨❧♦ ❦ ♣➦✐♣♦❥❡♥í ❦❡ s♣rá✈♥é♠✉ ♣♦rt✉ s❡ s♣rá✈♥ý♠
③❛➦í③❡♥í♠✳

❩ t♦❤♦ ✈②♣❧ý✈á✱ ➸❡ ❢♦r♠✉❧á➦ ❜✉❞❡ ♠✉s❡t ♦❜s❛❤♦✈❛t ❛❧❡s♣♦➡ t➦✐ t❧❛↔ít❦❛✱ ❦❛➸❞é ♣r♦ ❥❡❞♥✉
❛❦❝✐✱ ↔t②➦✐ t❡①t♦✈á ♣♦❧❡ ♣r♦ ✈st✉♣♥í ♣❛r❛♠❡tr② ✭❝❡st❛✱ ♣♦↔❡t s❦❡♥➲✱ ú❤❡❧✱ sér✐♦✈ý ♣♦rt✮ ❛
♥➙❥❛❦ý ③♣➲s♦❜✱ ❥❛❦ ✉➸✐✈❛t❡❧✐ ❞át ♥❛❥❡✈♦✱ ➸❡ ❛❦❝❡ ✈②➨❧❛✱ ♥❡❜♦ ➸❡ s❡❧❤❛❧❛ ❛ ♣r♦↔ t♦♠✉ t❛❦ ❜②❧♦✳

✹✳✶✶✳✸ ❘❡❦♦♥str✉❦❝❡ ♣ó③②

❋♦r♠✉❧á➦ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ❜✉❞❡ ♦ ♥➙❝♦ ❦♦♠♣❧✐❦♦✈❛♥➙❥➨í✱ ♥❡➸
❢♦r♠✉❧á➦ ♣r♦ ③ís❦á♥í s❦❡♥✉✳ ❚❡♥t♦ ❢♦r♠✉❧á➦ ❜✉❞❡ ✉➸✐✈❛t❡❧✐ ✉♠♦➸➡♦✈❛t ♣r♦✈ést r❡❦♦♥str✉❦❝✐
♣ó③② s❦❡♥❡r✉✴❢♦t♦❛♣❛rát✉ ❛ t❛❦é ❜✉❞❡ ♦❜s❛❤♦✈❛t t❧❛↔ít❦♦ ♣r♦ ♣➦❡❝❤♦❞ ❞♦ ❢♦r♠✉❧á➦❡ ♣r♦
✧③♣➦❡s➡♦✈á♥í ♣ó③②✧✳

❆❦❝❡✱ ❦t❡rá s❡ ✈ t♦♠t♦ ❢♦r♠✉❧á➦✐ ❜✉❞❡ ♣r♦✈á❞➙t✱ ❥❡ t❡❞② r❡❦♦♥str✉❦❝❡ ♣ó③②✳ ❑♦♥❦rét♥í ♣♦♣✐s
❝❡❧é❤♦ ♣♦st✉♣✉ ❜②❧ ✉➸ ♣♦♣sá♥ ✈ ↔ást✐ ✹✳✽✳ Pr✈♥í ✈➙❝✱ ❦t❡rá ❥❡ ✈ r❡❦♦♥str✉❦❝✐ ♣ó③② ♣♦t➦❡❜❛✱
❥❡ ❝❡st❛ ❦ ❞❛t➲♠ ✉❧♦➸❡♥ý♠ ✈ rá♠❝✐ s❦❡♥♦✈á♥í ♦❜❥❡❦t✉✳ ❩❞❡ ❥❡ ♣♦t➦❡❜❛ ♣➦❡❞❡✈➨í♠ ❛ss❡♠❜❧②
s❝r✐♣t ❦✈➲❧✐ ❦❛❧✐❜r❛↔♥í♠ ♠❛t✐❝í♠ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ❛ ❦✈➲❧✐ ❝❡stá♠ ❦ ❢♦t♦❣r❛✜✐✴s❦❡♥✉
❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳ ❚❡♥t♦ ♣r♦❜❧é♠ ❜✉❞❡ ✈②➦❡➨❡♥ ♦❜❞♦❜♥➙ ❥❛❦♦ ✉ ❢♦r♠✉❧á➦❡ ♣r♦ ③ís❦á♥í
❞❛t✳

❑❞②➸ ✉➸ ❥s♦✉ ❞❛t❛ ♥❛↔t❡♥á✱ ❜✉❞❡ ♣♦t➦❡❜❛ ♣r♦ ❛❧❣♦r✐t♠✉s r❡❦♦♥str✉❦❝❡ ♣ó③② ✭♣✸♣ ✸✳✽✮ ③ís❦❛t
❦❧í↔♦✈é ❜♦❞② ✈❡ ❢♦t♦❣r❛✜í❝❤ ✭❢♦t♦❣r❛✜❡ ③ís❦❛♥é ❢♦t♦❛♣❛rát❡♠ ❛ s❦❡♥❡r❡♠✮ ❛ t❛❦é ♣♦③✐❝✐ t➙❝❤t♦
❦❧í↔♦✈ý❝❤ ❜♦❞➲ ✈❡ s✈➙t♦✈ý❝❤ s♦✉➦❛❞♥✐❝í❝❤✳ ❑ t♦♠✉ ❜✉❞❡ ♥❡③❜②t♥é ✈ t♦♠t♦ ❢♦r♠✉❧á➦✐ ③♦❜r❛③✐t
♦❜➙ ❞✈➙ ❢♦t♦❣r❛✜❡✱ ❥❛❦ ❢♦t♦❣r❛✜✐ ③ís❦❛♥♦✉ s❦❡♥❡r❡♠✱ t❛❦ t✉ ③ís❦❛♥♦✉ ❢♦t♦❛♣❛rát❡♠✳ ❉á❧❡

✷✵ ❆❜② ✉➸✐✈❛t❡❧ ♥❡❜②❧ ③❛❤❧❝❡♥ ♣➦í❧✐➨ ✈❡❧✐❦ý♠ ♠♥♦➸st✈í♠ t❧❛↔ít❡❦✱ t❡①t♦✈ý❝❤ ♣♦❧í✱ ❡t❝✳
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Prepare dir structures

Perform calibration

Perform scanning

Path:

Scan count:

Angle:

Serial port name:

Text output     Text output    

❖❜rá③❡❦ ✹✳✷✿ ◆á✈r❤ ❢♦r♠✉❧á➦❡ ♣r♦ ③ís❦á♥í ❞❛t✳

❜✉❞❡ t➦❡❜❛ ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥✐t ③❛❞á✈❛t ❜♦❞② ❞♦ ❢♦t♦❣r❛✜❡ ❦❧✐❦♥✉tí♠✱ ❝♦➸ ③♥❛♠❡♥á r❡❣✐str♦✈❛t
✉❞á❧♦st✐ ✈②✈♦❧❛♥é ♠②➨í ♥❛ ❢♦t♦❣r❛✜í❝❤✳

❉á❧❡ ❜✉❞❡ ♣♦t➦❡❜❛ ♣➦✐❞❛t ♥➙❥❛❦ý ♥ástr♦❥ ♣r♦ ③❛❞á✈á♥í tr♦❥r♦③♠➙r♥ý❝❤ s♦✉➦❛❞♥✐❝ ❦❡ ❦❛➸✲
❞é♠✉ ③❛❞❛♥é♠✉ ❜♦❞✉✳ ❚❡♥t♦ ♣r♦❜❧é♠ ❧③❡ s♥❛❞♥♦ ✈②➦❡➨✐t ♣➦✐❞á♥í♠ ♠♦➸♥♦st✐ ✐t❡r♦✈❛t ♣➦❡s ✉➸
③❛❞❛♥é ❜♦❞② ❛ ♠♦➸♥♦st✐ ✉♣r❛✈✐t ❛❦t✉á❧♥➙ ✈②❜r❛♥ý ❜♦❞✳ ❆❜② s✐ ✉➸✐✈❛t❡❧ ♥❡♠✉s❡❧ ♣❛♠❛t♦✈❛t
♠♥♦❤♦ ✐♥❢♦r♠❛❝í✱ ❜✉❞❡ t➦❡❜❛ ✉➸✐✈❛t❡❧✐ ✉❦á③❛t✱ ❦t❡rý ❜♦❞ ♠á ♣rá✈➙ ✈②❜r❛♥ý ✈❡ ❢♦t♦❣r❛✜✐✳
❩❛❞á♥í tr♦❥r♦③♠➙r♥ý❝❤ s♦✉➦❛❞♥✐❝ ❜♦❞✉ ♣♦t♦♠ ❜✉❞❡ ✉♠♦➸♥➙♥♦ s❦r③❡ t➦✐ t❡①t♦✈á ♣♦❧❡ ❛ ♣♦✲
t✈r③♦✈❛❝í t❧❛↔ít❦♦✱ ❦t❡rý♠ ✉➸✐✈❛t❡❧ ♣♦t✈r❞í ✉♣r❛✈❡♥í s♦✉➦❛❞♥✐❝✳

◆ás❧❡❞♥➙ ❥❡ ♣♦t➦❡❜❛ ✈②➦❡➨✐t ♣r♦❜❧é♠ s tí♠✱ ➸❡ ♠á♠❡ ❞✈➙ s❛❞② ❜♦❞➲✱ ❦t❡ré ❝❤❝❡♠❡ ❡❞✐t♦✈❛t✳
❩❞❡ ❡①✐st✉❥í ❞✈➙ ♠♦➸♥♦st✐✱ ❥❛❦ ❜② t♦ ➨❧♦ ✈②➦❡➨✐t✳

Pr✈♥í ♠♦➸♥♦stí ❥❡ ③❞✈♦❥✐t ❡❧❡♠❡♥t② ♣r♦ ③❛❞á✈á♥í tr♦❥r♦③♠➙r♥ý❝❤ s♦✉➦❛❞♥✐❝ ❛ tí♠ ❜② ❦❛➸❞á
s❛❞❛ ❜♦❞➲ ♠➙❧❛ s✈➲❥ ③❛❞á✈❛❝í ♣❛♥❡❧✳ ❚í♠ ❜② ❛❧❡ ❞♦➨❧♦ ❦❡ ③❞✈♦❥❡♥í t➙❝❤t♦ ❯■ ❡❧❡♠❡♥t➲✳
❉r✉❤♦✉ ♠♦➸♥♦stí ❜② ❜②❧♦ ♥❡❝❤❛t ♣♦✉③❡ ❥❡❞❡♥ ③❛❞á✈❛❝í ♣❛♥❡❧✱ ❛❧❡ ♣➦✐❞❛t ♠♦➸♥♦st ♣➦❡♣í♥á♥í
♠❡③✐ ❡❞✐t❛❝í ❜♦❞➲ ♣r♦ s❦❡♥❡r ♥❡❜♦ ♣r♦ ❢♦t♦❛♣❛rát✳

❚❛t♦ ✈❛r✐❛♥t❛ ♦✈➨❡♠ ③❛s❡ ♠➲➸❡ ✈ést ❦ ✈②➨➨í ❝❤②❜♦✈♦st✐ ✉➸✐✈❛t❡❧❡✳ P➦❡❞❡✈➨í♠✱ ♣♦❦✉❞ ❜② s✐
♣➦❡❞ ❡❞✐t❛❝í ❜♦❞➲ ♥❡③❦♦♥tr♦❧♦✈❛❧✱ ③❞❛ ❡❞✐t✉❥❡ s♣rá✈♥♦✉ s❛❞✉ ❜♦❞➲✱ ♠♦❤❧ ❜② s✐ ③♥✐↔✐t ✉➸ ❞➦í✈❡

✺✺
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③❛❞❛♥é s♦✉➦❛❞♥✐❝❡✳ ❩ár♦✈❡➡ ✉➸✐✈❛t❡❧ ③❛❞á✈❛❧ ❜♦❞② ❞♦ ❞✈♦✉ r➲③♥ý❝❤ ❢♦t♦❣r❛✜í✱ ❛❧❡ ♥❛❥❡❞♥♦✉
♠á ♣♦③✐❝❡ ③❛❞á✈❛t ♣♦✉③❡ ✈ ❥❡❞♥♦♠ ♣❛♥❡❧✉✱ ❝♦➸ ❜② ♠♦❤❧♦ ✈ést ❦❡ ③♠❛t❡♥♦st✐ ✉➸✐✈❛t❡❧❡ ❛ ✐♥✲
❦♦♥③✐st❡♥❝✐ ❯■✳ ❉❛❧➨í♠ ❛r❣✉♠❡♥t❡♠ ♣r♦ ③❞✈♦❥❡♥í ❯■ ❡❧❡♠❡♥t➲ ❥❡ ❢❛❦t✱ ➸❡ ❦❞②➸ ✉➸✐✈❛t❡❧ ❜✉❞❡
♠♦❝✐ ✐t❡r♦✈❛t s❦r③ ♦❜➙ s❛❞② ❜♦❞➲ ♥❡③á✈✐s❧❡ ♥❛ s♦❜➙✱ ♠➲➸❡ s✐ ❧❡❤❝❡ ♣r♦✈ést ❦♦♥tr♦❧✉✱ ➸❡ st❡❥✲
♥ý♠ ❦❧í↔♦✈ý♠ ❜♦❞➲♠ ✭❜♦❞➲♠✱ ❦t❡ré ♥á❧❡➸í st❡❥♥é♠✉ ❜♦❞✉ ✈❡ s❦✉t❡↔♥é♠ s✈➙t➙✮ ③❛❞❛❧ st❡❥♥é
tr♦❥r♦③♠➙r♥é s♦✉➦❛❞♥✐❝❡✱ ❝♦➸ ❜② s❡ ♣➦✐ ♣➦❡♣í♥á♥í ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❛❞❛♠✐ ❜♦❞➲ ♣r♦✈á❞➙❧♦
➨♣❛t♥➙✳ Pr♦t♦ ❜✉❞❡ ❧❡♣➨í ③❞✈♦❥✐t ❯■ ❡❧❡♠❡♥t②✱ ✐ ❦❞②➸ t♦ ❜✉❞❡ ③❛❜ír❛t ✈í❝❡ ♠íst❛ ❛ ❜✉❞♦✉ ③❞❡
❞✉♣❧✐❝✐t② ❯■ ❡❧❡♠❡♥t➲✳

❑❞②➸ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠ít ✈➨❡❝❤♥② ❜♦❞② ③❛❞❛♥é ❛ ✈➨❡❝❤♥② ❜♦❞② ❜✉❞♦✉ ♠ít ♥❛st❛✈❡♥é s♦✉✲
➦❛❞♥✐❝❡✱ ✉➸ ♥✐❝ ♥❡❜rá♥í t♦♠✉✱ ❛❜② ❜②❧② s♣♦↔ítá♥② ♣ó③② s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✳ ❉á❧❡ ❥❡➨t➙ ❜✉❞❡
✈❤♦❞♥é ✉♠♦➸♥✐t ✉➸✐✈❛t❡❧✐ ✈ ♣➦í♣❛❞➙ ♥➙❥❛❦é ❝❤②❜② ❛❧❡s♣♦➡ ③❛↔ít ③♥♦✈✉✱ t❛❦➸❡ ♣➦✐❞á♠❡ t❧❛↔ít❦♦
♣r♦ s♠❛③á♥í ③❛❞❛♥ý❝❤ ❜♦❞➲✳ ❱ýs❧❡❞♥é ♣ó③② ③r❡❦♦♥str✉♦✈❛♥é ✈ t♦♠t♦ ❜♦❞➙ ❜✉❞♦✉ ✉❧♦➸❡♥② ✈
s♦✉❜♦r✉ ♣♦s❡✳❛ss ✈ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡ ♥❛ ♣♦③✐❝✐ ❦❛♠ ✈❡❞❡ ❝❡st❛ ③❛❞❛♥á ✉➸✐✈❛t❡❧❡♠✱ ❥❛❦ ❥✐➸
❜②❧♦ ③♠í♥➙♥♦ ✈ ↔ást✐ ✹✳✹✳✶✳

Path:

Load Images

Clear Points

Compute Pose

Enter 3D location of points:

Im
ag

e sc
an

ner
  

Im
ag

e c
am

er
a  

Text output     Text output    Text output    Text output    Text output  

X:

Y:

Z:

Prev Selected point:  3/7 Next

Save Point

Camera

X:

Y:

Z:

Prev Selected point:  2/5 Next

Save Point

Scanner

❖❜rá③❡❦ ✹✳✸✿ ◆á✈r❤ ❢♦r♠✉❧á➦❡ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③②✳

✹✳✶✶✳✹ ❩♣➦❡s♥➙♥í ♣ó③②

❋♦r♠✉❧á➦ ♣r♦ ③♣➦❡s♥➙♥í ♣ó③② ❥s♠❡ ✉➸ ♣♦♣s❛❧✐ ✈ ↔ást✐ ✹✳✾✳ ❯➸✐✈❛t❡❧ ♠✉sí ❜ýt s❝❤♦♣❡♥ ③❛❞❛t
❝❡st✉✱ ♦❞❦✉❞ ♠❛❥í ❜ýt ❡①✐st✉❥í❝í ♣ó③② ♥❛↔t❡♥②✳ ❙t❡❥♥á ❝❡st❛ ❜✉❞❡ ✈②✉➸✐t❛ ♣r♦ ♥❛↔t❡♥í ❢♦t♦❣r❛✜í

✺✻
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❛ ♠r❛↔♥❛ ❜♦❞➲ r❡♣r❡③❡♥t✉❥í❝í❤♦ ❦❛❧✐❜r❛↔♥í ♦❜❥❡❦t✳ ❚② ❜✉❞♦✉ ♥❡③❜②t♥é ♣r♦ ♠♦❞✐✜❦❛❝❡ ♣ó③✳
❩❛❞á♥í ❝❡st② ❜✉❞❡ ➦❡➨❡♥♦ st❡❥♥ý♠ ③♣➲s♦❜❡♠✱ ❥❛❦ ✉ ♣➦❡❞❝❤♦③í❝❤ ♦❦❡♥✱ t❥✳ ✉ ③ís❦á✈á♥í ❞❛t ❛
r❡❦♦♥str✉❦❝❡ ♣ó③②✳

❉á❧❡ ❜✉❞❡ ♣♦t➦❡❜❛ ♣❛♥❡❧✱ ✈ ♥➙♠➸ s❡ ❜✉❞❡ ✈②❦r❡s❧♦✈❛t ❝❡❧á s❝é♥❛ ❛ ❦ ♥➙♠✉ ❜✉❞❡ ♣➦✐♣♦❥❡♥♦
♦✈❧á❞á♥í ♣♦❤②❜✉ ❛ r♦t❛❝❡ ❦❛♠❡r♦✉✳ ❖✈❧á❞á♥í ❜✉❞❡ st❛♥❞❛r❞♥í ♣♦❤②❜ ♣♦ s❝é♥➙ ♣♦♠♦❝í ➨✐♣❡❦
❛ r♦t❛❝❡ ♣♦♠♦❝í ♠②➨✐✳ Pr❛✈❞➙♣♦❞♦❜♥➙ ❜✉❞❡ ✈❤♦❞♥é ❥❡➨t➙ ♣➦✐♣♦❥✐t ♣♦❤②❜ ❦❛♠❡r② ♥❛❤♦r✉ ❛
❞♦❧➲ ❛ r♦t❛❝❡ ❦♦❧❡♠ ♦♣t✐❝❦é ♦s② ❦❛♠❡r② ✭✸✳✻✮✷✶✳

❏❡❧✐❦♦➸ ✉➸✐✈❛t❡❧ ❜✉❞❡ ✉♣r❛✈♦✈❛t ❦❛♠❡r✉ ♣rá✈➙ ♣♦♠♦❝í t♦❤♦t♦ ♦✈❧á❞á♥í✱ ❥❡ ♥❡③❜②t♥é ✉♠♦➸♥✐t
✉➸✐✈❛t❡❧✐ ♣➦í♠♦ ♠♦❞✐✜❦♦✈❛t r②❝❤❧♦st ♣♦❤②❜✉ ❦❛♠❡r② ♣♦ s❝é♥➙ ❛ r②❝❤❧♦st ♦tá↔❡♥í ❦❛♠❡r②✳ ❚♦
✉♠♦➸♥í ✉➸✐✈❛t❡❧✐ ❥❡♠♥é ♣♦❤②❜② ❦❛♠❡r♦✉ ✐ ✈❡❧❦é ③♠➙♥② ♣♦③✐❝❡✴r♦t❛❝❡✱ ♣♦❦✉❞ ❜✉❞❡ ❝❤tít✳ ❚♦
❧③❡ ✈②➦❡➨✐t ❞✈➙♠❛ t❡①t♦✈ý♠✐ ♣♦❧✐ ❛ ❛❧❡s♣♦➡ ❥❡❞♥í♠ ♣♦t✈r③♦✈❛❝í♠ t❧❛↔ít❦❡♠✳

❯➸✐✈❛t❡❧✐ t❛❦é ❜✉❞❡ ♠✉s❡t ❜ýt ✉♠♦➸♥➙♥♦ ♥❛↔íst s❦❡♥✱ ❢♦t♦❣r❛✜✐✱ ♥❡❜♦ ♦❜➙ ❞✈➙ ♥❛❥❡❞♥♦✉✳
❉á❧❡ ❜✉❞❡ t➦❡❜❛ ✉♠♦➸♥✐t ✉➸✐✈❛t❡❧✐ ♣r♦✈á❞➙t tr❛♥s❢♦r♠❛❝❡ s❦❡♥✉ s❛♠♦t♥é❤♦✳ ❩❞❡ ❜✉❞❡ t➦❡❜❛
✉➸✐✈❛t❡❧✐ ✉♠♦➸♥✐t ♣♦❤②❜ ✈❡ t➦❡❝❤ ♦sá❝❤✱ r♦t❛❝✐ ❦♦❧❡♠ t➦í ♦s ❛ ♥❛st❛✈❡♥í ✈❡❧✐❦♦st✐ ♣♦s✉♥✉✴r♦✲
t❛❝❡✳

❑❞②➸ ✉➸✐✈❛t❡❧ ③♣➦❡s➡♦✈á♥í ❞♦❦♦♥↔í✱ ♠✉sí ❜ýt s❝❤♦♣❡♥ ❡①♣♦rt♦✈❛t ♥♦✈♦✉ ♣ó③✉ s❦❡♥❡r✉ ♥❡❜♦
❢♦t♦❛♣❛rát✉✳ ❏❡❧✐❦♦➸ ✉➸✐✈❛t❡❧ ♠➲➸❡ ❝❤tít ✉♣r❛✈✐t ♣ó③✉ ♣♦✉③❡ ❥❡❞♥♦❤♦ ③❛➦í③❡♥í✱ ❜✉❞❡ ✈❤♦❞♥é
✉♠♦➸♥✐t ✉❧♦➸❡♥í ❥❡♥ ❥❡❞♥é ♣ó③② ❜❡③ ♠♦❞✐✜❦❛❝❡ té ❞r✉❤é✳ ❩ár♦✈❡➡ ✉➸✐✈❛t❡❧ ♠➲➸❡ ❝❤②❜♦✈❛t ❛
❝❤tít ③❛↔ít ♠♦❞✐✜❦♦✈❛t ♣ó③✉ ③♥♦✈✉ ♦❞ ③❛↔át❦✉✳ ❩❛↔ít ③♥♦✈✉ ♥❛↔ít❛t ❢♦t♦❣r❛✜✐ ♥❡❜♦ s❦❡♥ ❜②
❜②❧♦ ③❜②t❡↔♥é✱ t❛❦➸❡ ❜✉❞❡ ✈❤♦❞♥é ✉♠♦➸♥✐t ③r❡s❡t♦✈❛t ♥❡✉❧♦➸❡♥é ♠♦❞✐✜❦❛❝❡ ♣ó③✳

✹✳✶✶✳✺ ❊①♣♦rt s❝é♥②

❋♦r♠✉❧á➦ ♣r♦ ❡①♣♦rt♦✈á♥í s❝é♥② ❜✉❞❡ ♣♦♠➙r♥➙ ❥❡❞♥♦❞✉❝❤ý✳ ❙t❡❥♥➙ ❥❛❦♦ ✉ ♣➦❡❞❝❤♦③í❝❤ ❢♦r✲
♠✉❧á➦➲✱ ✐ ③❞❡ ❜✉❞❡ t➦❡❜❛✱ ❛❜② ✉➸✐✈❛t❡❧ ③❛❞❛❧ ❝❡st✉ ❦ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡ s ❞❛t②✳ ❑❞②➸ ❥❡ ❝❡st❛
③❛❞á♥❛✱ ✉➸✐✈❛t❡❧✐ ❜✉❞❡ st❛↔✐t ③✈♦❧✐t ❢♦r♠át✱ ❞♦ ❦t❡ré❤♦ ♠á ❜ýt ♣r♦✈❡❞❡♥ ❡①♣♦rt✳ P➦✐ ❡①♣♦rt✉
❞♦ ❜✉♥❞❧❡ ❢♦r♠át✉ ♥❡❥s♦✉ ✈②➸❛❞♦✈á♥② ➸á❞♥é ❞❛❧➨í ✐♥❢♦r♠❛❝❡✳ ❈♦ s❡ tý↔❡ P▲❨ ❢♦r♠át✉✱ ③❞❡
s✐ ✉➸✐✈❛t❡❧ ♠➲➸❡ ③✈♦❧✐t✱ ❝♦ ✈➨❡ ❝❤❝❡ ❡①♣♦rt♦✈❛t✳ P▲❨ ❢♦r♠át ♥❡♠á ♣❡✈♥➙ st❛♥♦✈❡♥♦✱ ❝♦ ♠✉sí
♦❜s❛❤♦✈❛t✳ ❯➸✐✈❛t❡❧ ③❞❡ ♠➲➸❡ ❡①♣♦rt♦✈❛t ♠r❛↔♥❛ ❜♦❞➲✱ ♦t❡①t✉r♦✈❛♥ý ♠♦❞❡❧✱ ❦❛♠❡r② ✭♣ó③② ❛
♣❛r❛♠❡tr② ❢♦t♦❛♣❛rát✉ ♦❞❦✉❞ ❜②❧② ❢♦t♦❣r❛✜❡ ③❛❝❤②❝❡♥②✮✱ ♥❡❜♦ ❥❡❥✐❝❤ ❧✐❜♦✈♦❧♥♦✉ ❦♦♠❜✐♥❛❝✐✳

✷✶r♦❧❧ ✲ ❘♦t❛❝❡ ❦♦❧❡♠ ✈❡❦t♦r✉ s♠➙➦✉❥í❝í❤♦ ✈♣➦❡❞ ✈ ❧♦❦á❧♥í♠ s♦✉➦❛❞♥é♠ s②sté♠✉ ❦❛♠❡r②✳

✺✼
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Ren
der

ed
 sc

en
e

Path:

Load scan pose Reset scan modification Save new scan pose

Load cam pose Reset cam modification Save new cam pose

X:

Y:

Z:

+-

+-

+-

Scan translation:

X:

Y:

Z:

+-

+-

+-

Scan rotation:

Camera movement speed:

Camera rotation speed:

Apply

Apply

Text output     Text output    Text output    Text output    Text output    Text output    Text output    Text output  

❖❜rá③❡❦ ✹✳✹✿ ◆á✈r❤ ❢♦r♠✉❧á➦❡ ♣r♦ ③♣➦❡s♥➙♥í ♣ó③②✳

Path:

Export Bundle

Export Ply
Export points

Export polygons

Export cameras

Text output     

❖❜rá③❡❦ ✹✳✺✿ ◆á✈r❤ ❢♦r♠✉❧á➦❡ ♣r♦ ❡①♣♦rt♦✈á♥í ❞❛t✳

✺✽



❑❛♣✐t♦❧❛ ✺

■♠♣❧❡♠❡♥t❛❝❡

✺✳✶ P♦✉➸✐té ❦♥✐❤♦✈♥②✱ ❆P■✱ ❢r❛♠❡✇♦r❦②

Pr♦ ③❥❡❞♥♦❞✉➨❡♥í ❛ ③r②❝❤❧❡♥í ✐♠♣❧❡♠❡♥t❛❝❡ ❥s❡♠ ✈②✉➸✐❧ ➦❛❞✉ ❡①t❡r♥í❝❤ ❦♥✐❤♦✈❡♥ ❛ ❆P■
♣r♦ ➦❡➨❡♥í ✉r↔✐tý❝❤ ♣r♦❜❧é♠➲✳ ❩❞❡ ❥❡ s♦✉♣✐s ❥❡❞♥♦t❧✐✈ý❝❤ ❦♥✐❤♦✈❡♥ ❛ ❥❡❥✐❝❤ ✈②✉➸✐tí✳

✺✳✶✳✶ ✳◆❊❚❬✷✹❪

❋r❛♠❡✇♦r❦ ✳◆❊❚ ❥❡ ✈②✉➸í✈á♥ ♣r♦ ③♥❛↔♥♦✉ ↔ást ❛♣❧✐❦❛❝❡✳ ❏❡ ♣♦✉➸í✈á♥ ♣➦❡❞❡✈➨í♠ ♣r♦
③❥❡❞♥♦❞✉➨❡♥í ♣rá❝❡ s❡ sér✐♦✈ý♠✐ ♣♦rt② ✈ rá♠❝✐ ♣rá❝❡ ❛ ❦♦♠✉♥✐❦❛❝❡ s ➦í❞í❝í ❥❡❞♥♦t❦♦✉ ▼❆❘❙
✷✳ ◆❡❥✈í❝❡ ❥s♦✉ ✈②✉➸í✈á♥② ❦♥✐❤♦✈♥② ❲✐♥❋♦r♠s✱ ❥❡➸ ❥s♦✉ s♦✉↔ástí ✳◆❊❚ ❢r❛♠❡✇♦r❦✉✳ ❚② ❥s♦✉
✈②✉➸✐t② ♣r♦ ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í ✈ ❛♣❧✐❦❛❝✐✳

✺✳✶✳✷ ❖♣❡♥●▲❬✻❪

❖♣❡♥●▲ ❛ ❦♥✐❤♦✈♥② s ♥í♠ s♣♦❥❡♥é ❥s♦✉ ✈②✉➸✐t② ✈❡ ❢á③✐ ✧③♣➦❡s♥➙♥í ♣ó③②✧♣r♦ ✈②t✈♦➦❡♥í
✸❉ s❝é♥②✱ ♠❛♥✐♣✉❧❛❝✐ s ♥í ❛ ♣➦❡❞❡✈➨í♠ ♣r♦ ❥❡❥í ✈②❦r❡s❧❡♥í✳

✺✳✶✳✸ ●▲▼❛t❤❡♠❛t✐❝s❬✶❪

❑♥✐❤♦✈♥❛ ●▲▼ ❥❡ ✈②✉➸í✈á♥❛ ♥❡❥❡♥ ✈ rá♠❝✐ ↔ástí s♣♦❥❡♥ý❝❤ s ❖♣❡♥●▲✱ ❛❧❡ ✈➨✉❞❡ ❦❞❡
s❡ ♣r❛❝✉❥❡ s ❜♦❞②✱ ♠❛t✐❝❡♠✐ ❛ tr❛♥s❢♦r♠❛❝❡♠✐ ✈❡ ✸❉ ♣r♦st♦r✉✳ ❏❡❞✐♥ý ♣➦í♣❛❞✱ ❦❞② s❡ ●▲▼
♥❡✈②✉➸í✈á✱ ❥s♦✉ ♠❛t✐❝♦✈é ❛ ✈❡❦t♦r♦✈é ♦♣❡r❛❝❡✱ ❦❞❡ ❥❡ ♣♦✉➸✐t❛ ❦♥✐❤♦✈♥❛ ❊✐❣❡♥✳

✺✳✶✳✹ ❊✐❣❡♥❬✶✽❪

❑♥✐❤♦✈♥❛ ❊✐❣❡♥ ❥❡ ✈②✉➸í✈á♥❛ ♣r♦ ♣♦❦r♦↔✐❧❡❥➨í ♦♣❡r❛❝❡ ❧✐♥❡ár♥í ❛❧❣❡❜r②✳ ❏❡❥í ✈②✉➸✐tí ❥❡ ✈
❛❧❣♦r✐t♠✉ ♣✸♣ ♣r♦ r❡♣r❡③❡♥t❛❝✐ ♠❛t✐❝ ✭❑t❡ré ♠❛❥í r♦③♠➙r② ✈➙t➨í ♥❡➸ 4 × 4 ❛ ♥❡❥❞❡ s ♥✐♠✐
♣r❛❝♦✈❛t ♣♦♠♦❝í ●▲▼✳✮ ❛ ♣r♦ ♣r♦✈á❞➙♥í ♦♣❡r❛❝í✱ ❥❛❦♦ ❥❡ ✈ý♣♦↔❡t ✈❧❛st♥í❝❤ ↔ís❡❧✭❈♦➸ ❥❡ ❢✉♥❦❝❡✱
❦t❡r♦✉ ●▲▼ ♥❡♣♦❞♣♦r✉❥❡✳✮✳

✺✾



❑❆P■❚❖▲❆ ✺✳ ■▼P▲❊▼❊◆❚❆❈❊

✺✳✶✳✺ ■♠❛❣❡▼❛❣✐❝❦❬✷❪

❚❛t♦ ❦♥✐❤♦✈♥❛ ❥❡ ✈ ❛♣❧✐❦❛❝✐ ✈②✉➸í✈á♥❛ ♣r♦ ♥❛↔ítá♥í s♦✉❜♦r➲ ✈❡ ❢♦r♠át✉ ✳❥♣❣✳ ❚♦❤♦ s❡
✈②✉➸í✈á ✈❡ ❢á③✐ ✧③♣➦❡s➡♦✈á♥í ♣ó③②✧✱ ❦❞❡ ❥❡ ♣♦t➦❡❜❛ ♥❛↔íst ❢♦t♦❣r❛✜✐ ❛ ♣♦✉➸ít ❥✐ ❥❛❦♦ t❡①t✉r✉
♣r♦ ✸❉ ♠♦❞❡❧✳

✺✳✶✳✻ ❧✐❜♣♥❣❬✶✵❪

❚❛t♦ ❦♥✐❤♦✈♥❛ ❥❡ ✈ ❛♣❧✐❦❛❝✐ ✈②✉➸✐t❛ ♣r♦ ✉❦❧á❞á♥í ❞❛t ✈❡ ❢♦r♠át✉ ✳♣♥❣✳ ❚♦ ❥❡ ♥❛♣➦í❦❧❛❞
♣♦✉➸✐t♦ ♣➦✐ ✉❦❧á❞á♥í ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ③ís❦❛♥é s❦❡♥❡r❡♠ ♦ ❦❛❧✐❜r❛↔♥í♠ ♦❜❥❡❦t✉✳

✺✳✷ ❖✈❧❛❞❛↔❡ ③❛➦í③❡♥í

❱ tét♦ ↔ást✐ ❥s♦✉ ♣♦♣sá♥② ♦✈❧❛❞❛↔❡ ✈②t✈♦➦❡♥é ♣r♦ ❥❡❞♥♦t❧✐✈á ③❛➦í③❡♥í✳ ❱❡➨❦❡rá ♣rá❝❡ s
❡①t❡r♥í♠✐ ③❛➦í③❡♥í✱ ❦t❡r♦✉ ❜✉❞❡ ❛♣❧✐❦❛❝❡ ✈②❦♦♥á✈❛t ❜✉❞❡ ♣r♦❜í❤❛t ✈ý❤r❛❞♥➙ ♣➦❡s t②t♦ t➦✐
t➦í❞②✳

✺✳✷✳✶ ❱✐✈✐❞❈♦♥tr♦❧

❚❛t♦ t➦í❞❛ s❛♠❛ ♦ s♦❜➙ s❧♦✉➸í ❥❛❦♦ ✇r❛♣♣❡r✶ ♣r♦ ❢✉♥❦❝❡ ❙❉❑ s❦❡♥❡r✉ ❛ ♣r♦ ♦❞stí♥➙♥í
③❜②t❦✉ ❛♣❧✐❦❛❝❡ ♦❞ t♦❤♦t♦ ❙❉❑✳ ❈í❧❡♠ ❜②❧♦ ③❥❡❞♥♦❞✉➨✐t ♣rá❝✐ s❡ s❦❡♥❡r❡♠✱ ❛❜② ❦❛➸❞á ❛❦❝❡✱
❦t❡rá ♠á ❜ýt ♣r♦✈❡❞❡♥❛ ✭♣➦✐♣r❛✈ s❦❡♥❡r ♥❛ s❦❡♥♦✈á♥í✱ ♥❛s❦❡♥✉❥✱ ③ís❦❡❥ ❞❛t❛✱ ❡t❝✳✮ ❜②❧❛ ♣r♦✲
✈á❞➙♥❛ ♣♦✉③❡ ❥❡❞♥♦✉ ❢✉♥❦❝í✳

❩á❦❧❛❞♥í ❢✉♥❦❝í ✈ tét♦ t➦í❞➙ ❥❡ ♣➦✐♣♦❥❡♥í ❦❡ s❦❡♥❡r✉✳ ❉á❧❡ ❥s♦✉ ♣♦s❦②t♦✈á♥② ❢✉♥❦❝❡ ♣r♦
♣➦✐♣r❛✈❡♥í s❦❡♥❡r✉ ♥❛ s❦❡♥♦✈á♥í ♦❜❥❡❦t✉✱ s❦❡♥♦✈á♥í s❛♠♦t♥é ❛ ③ís❦á♥í ♠r❛↔♥❛ ❜♦❞➲✱ ❜❛r❡✈♥é
✐ ↔❡r♥♦❜í❧é ✐♥❢♦r♠❛❝❡ ❛ ✸❉ ♠♦❞❡❧✉✳ ❉í❦② t➙♠t♦ ❢✉♥❦❝í♠ ❥❡ ♠♦➸♥é ③ís❦❛t ③❡ ③❛➦í③❡♥í ✈➨❡❝❤♥❛
❞❛t❛✱ ❦t❡rá ♣♦t➦❡❜✉❥❡♠❡✳

❉❛❧➨í ↔ástí ❥s♦✉ ❢✉♥❦❝❡ ♣r♦ ✉❦❧á❞á♥í ❛ ♥❛↔ítá♥í ❞❛t ③✴❞♦ s♦✉❜♦r➲✳ ❋♦r♠át② t➙❝❤t♦ ❞❛t
❥s♦✉ ♣♦♣sá♥② ✈ ↔ást✐ ✹✳✹ ❛ ❥❞❡ ♦ ✉❦❧á❞á♥í ♠r❛↔❡♥ ❜♦❞➲ s ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝í✱ ✸❉ ♠♦❞❡❧➲
❛ s❛♠♦t♥é ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ✈❡ ❢♦r♠át✉ P◆●✳ ❈♦ s❡ ♥❛↔ítá♥í ❞❛t ③❡ s♦✉❜♦r➲ tý↔❡✱ ❦❛➸❞á
✉❦❧á❞❛❝í ❢✉♥❦❝❡✷ ♠á ❦ s♦❜➙ ♦❜❞♦❜♥♦✉ ❢✉♥❦❝✐ ♣r♦ ♥❛↔ítá♥í ❞❛t✳ ❉á❧❡ ❥s♦✉ ③❞❡ ♣♦s❦②t♥✉t②
s❧♦✉↔❡♥é ✉❦❧á❞❛❝í ❢✉♥❦❝❡ ❦t❡ré ❞♦❤r♦♠❛❞② s♣♦❥✉❥í ♥❛↔t❡♥í ❞❛t ③❡ s❦❡♥❡r✉ ❛ ❥❡❥✐❝❤ ♣➦í♠é
✉❧♦➸❡♥í ❞♦ s♦✉❜♦r✉✱ ❝♦➸ ♦♣➙t ③❥❡❞♥♦❞✉➨í ♣♦✉➸✐tí t♦❤♦t♦ ♦✈❧❛❞❛↔❡✳

◆❛❦♦♥❡❝ ❥s♦✉ ✈ tét♦ t➦í❞➙ ❢✉♥❦❝❡ tý❦❛❥í❝í s❡ st❛✈❜② ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ s❦❡♥❡r✉ ❛ ✈ý♣♦↔t✉
♦❤♥✐s❦♦✈é ✈③❞á❧❡♥♦st✐✱ ❥❡➸ ❜②❧② ♣♦♣sá♥② ✈ ↔ást✐ ✸✳✼✳✼✳

✶❚➦í❞❛ ♦❜❛❧✉❥í❝í ❥✐♥é t➦í❞② ❛ ♦❜❥❡❦t② ③❛ ú↔❡❧❡♠ ③♠➙♥② r♦③❤r❛♥í✱ ❦t❡ré ❥❡ ♥❛✈❡♥❡❦ ♣♦s❦②t♦✈á♥♦✳ ❩❞❡ ❥❡
❞➲✈♦❞❡♠ ♣➦❡❞❡✈➨í♠ ③❥❡❞♥♦❞✉➨❡♥í ♣➦íst✉♣✉ ❛ ♣r♦✈á❞➙♥í ♦♣❡r❛❝í✳

✷❑r♦♠➙ ✉❦❧á❞á♥í ❞♦ P◆●✳ ❋✉♥❦❝❡ ♣r♦ ♥❛↔t❡♥í P◆● s♦✉❜♦r✉ ❥❡ ♣♦s❦②t♦✈á♥❛ ✳◆❊❚ ❢r❛♠❡✇♦r❦❡♠✳

✻✵



✺✳✸✳ ❑❖▲❊❑❈❊ ❋❯◆❑❈❮

✺✳✷✳✷ ❈❛♠❈♦♥tr♦❧

❚➦í❞❛ ❈❛♠❈♦♥tr♦❧ ❥❡ ♣♦st❛✈❡♥❛ ♥❛ ♦❜❞♦❜♥ý❝❤ ♣r✐♥❝✐♣❡❝❤✱ ❥❛❦♦ ❱✐❞✐✈❈♦♥tr♦❧✳ ❚❛❦é ❢✉♥✲
❣✉❥❡ ❥❛❦♦ ✇r❛♣♣❡r✱ ❛❜② ♦❞stí♥✐❧❛ ❛♣❧✐❦❛❝✐ ♦❞ ❊❉❙❉❑ ❛ ♣♦s❦②t❧❛ ❥❡❞♥♦❞✉❝❤é ❢✉♥❦❝❡ ♣r♦
♣♦✉➸✐tí ③á❦❧❛❞♥í❝❤ ❢✉♥❦❝í ❢♦t♦❛♣❛rát✉✳

❩á❦❧❛❞♥í ❥❡ ♦♣➙t ❢✉♥❦❝❡ ♣r♦ ♣➦✐♣♦❥❡♥í ❦ ❢♦t♦❛♣❛rát✉✱ ❦t❡rá ✐♥✐❝✐❛❧✐③✉❥❡ ❊❉❙❉❑✱ ♥❛❧❡③♥❡
s♣rá✈♥ý ❢♦t♦❛♣❛rát ❛ ♣➦✐♣♦❥í s❡ ❦ ♥➙♠✉✳ ❉❛❧➨í ❢✉♥❦❝í ❥❡ ③❞❡ ✧❚❛❦❡P✐❝t✉r❡❙②♥❝❤✭✮✧✱ ❥❡➸ s❧♦✉➸í
❦ ♣♦➦í③❡♥í ❢♦t♦❣r❛✜❡ ❛ ❦ ❥❡❥í♠✉ ❦♦r❡❦t♥í♠✉ st❛➸❡♥í ③ ♣❛♠➙t✐ ❢♦t♦❛♣❛rát✉ ♥❛ ❞✐s❦ ♣♦↔ít❛↔❡✳
❉á❧❡ ❥s♦✉ ③❞❡ r➲③♥é ✧❤❛♥❞❧❡✧❢✉♥❦❝❡ ✭✸✳✶✷✳✶✮✱ ❦t❡ré ✈♦❧á s❛♠♦ ❊❉❙❉❑ ❛ t❛❦é ❢✉♥❦❝❡ ♣r♦
❡①tr❛❦❝✐ ✐♥❢♦r♠❛❝í✱ ❥❛❦♦ ❥❡ ♦❤♥✐s❦♦✈á ✈③❞á❧❡♥♦st ③ ❊❳■❋ ♠❡t❛❞❛t ❢♦t♦❣r❛✜❡✳

✺✳✷✳✸ ▼❆❘❙❈♦♥tr♦❧

❚❛t♦ t➦í❞❛ ❥❡ ✈②t✈♦➦❡♥❛ ♦❞❧✐➨♥➙ ♥❡➸ ♣➦❡❞❝❤♦③í ❞✈❛ ♦✈❧❛❞❛↔❡ ✭P➦❡❞❡✈➨í♠ ♣r♦t♦✱ ➸❡ ▼❆❘❙✷
♥❡♠á ➸á❞♥é ❙❉❑✳✮✳ ❚❛t♦ t➦í❞❛ ✐♠♣❧❡♠❡♥t✉❥❡ ❢✉♥❦❝✐ ♣r♦ ♣➦✐♣♦❥❡♥í ❦ sér✐♦✈é♠✉ ♣♦rt✉ s ♥❛st❛✲
✈❡♥í♠ ♣❛r❛♠❡tr➲ ❦♦♠✉♥✐❦❛❝❡ ♥❛ ❞❛♥é♠ ♣♦rt✉ ❛ t❛❦é s❛❞✉ ❢✉♥❦❝í s ❥❡❞♥♦❞✉❝❤ý♠✐ ✐ s❧♦➸❡♥ý♠✐
♣➦í❦❛③②✱ ❦t❡ré ❜②❧② ♣♦♣sá♥② ✈ ↔ást❡❝❤ ✸✳✶✸ ❛ ✹✳✸✳✷✳

✺✳✸ ❑♦❧❡❦❝❡ ❢✉♥❦❝í

❱ tét♦ ↔ást✐ ❥s♦✉ ♣♦♣sá♥② t➦í❞② s❧♦✉➸í❝í ❥❛❦♦ ❦♦❧❡❦❝❡ st❛t✐❝❦ý❝❤ ♠❡t♦❞✳ ❇②❧② ✈②t✈♦➦❡♥②
♣➦❡❞❡✈➨í♠ ③ t♦❤♦ ❞➲✈♦❞✉✱ ❛❜② ③❛❜❛❧✐❧✐ ❢✉♥❦❝❡ s ♣♦❞♦❜♥ý♠ ú↔❡❧❡♠✱ ♥❡❜♦ ❢✉♥❦❝❡✱ ❦t❡ré ❥s♦✉
♣♦✉➸✐t② ♣r♦ ♥➙❥❛❦ý s♣❡❝✐✜❝❦ý ú↔❡❧✳

✺✳✸✳✶ ❈❛♠❡r❛❚♦♦❧

❚❛t♦ ❦♦❧❡❦❝❡ s❧♦✉➸í ❦ ♦❜❛❧❡♥í ♣✸♣ ❛❧❣♦r✐t♠✉ ✭✸✳✽✮✱ ♣➦✐↔❡♠➸ ♥❛✈❡♥❡❦ ❥s♦✉ ❞➲❧❡➸✐té ♣♦✉③❡
❢✉♥❦❝❡ ✧●❡t❈❛♠❡r❛■♥tr✐♥s✐❝✧✱ ❦t❡rá ✈②♣♦↔t❡ ③❡ ③❛❞❛♥ý❝❤ ♣❛r❛♠❡tr➲ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝✐ ❢♦t♦✲
❛♣❛rát✉✱ ✧▲♦❛❞❈❛♠❈❛❧✐❜r❛t✐♦♥❋r♦♠❋✐❧❡✧✱ ❦t❡r♦✉ s❡ ♥❛↔ít❛❥í ❦❛❧✐❜r❛↔♥í ♣❛r❛♠❡tr② ❢♦t♦❛♣❛✲
rát✉ ❛ ✧❈♦♠♣✉t❡❈❛♠❡r❛❊①tr✐♥s✐❝✧✱ ❝♦➸ ❥❡ ③❛↔át❡❦ ♣✸♣ ❛❧❣♦r✐t♠✉✳ ❚❛t♦ ❢✉♥❦❝❡ s♣✉stí ♥❛❞
③❛❞❛♥ý♠✐ ♣❛r❛♠❡tr② ✈ý♣♦↔❡t ♣ó③✱ ❦t❡ré ❥s♦✉ ❥❡❥í♠ ✈ýs❧❡❞❦❡♠✳

❱➨❡❝❤♥② ♦st❛t♥í ❢✉♥❦❝❡ ✭P➦❡❞❡✈➨í♠ t②✱ ❥❡➸ ③❛↔í♥❛❥í ♥❛ ✧♣✸♣✧✳✮ s❧♦✉➸í ❥❛❦♦ ↔ást✐ ♣✸♣ ❛❧❣♦✲
r✐t♠✉✳

✺✳✸✳✷ ❊①♣♦rt❚♦♦❧

❚❛t♦ ❦♦❧❡❦❝❡ s❧♦✉➸í ♣➦❡❞❡✈➨í♠ ❦ ❡①♣♦rt♦✈á♥í ✉➸ ♣➦✐♣r❛✈❡♥ý❝❤ ❞❛t ❞♦ ✜♥á❧♥í s❝é♥②✳ ❑ t♦♠✉
❥s♦✉ ③❞❡ ❢✉♥❦❝❡ ✧❇✉✐❧❞❇✉♥❞❧❡✧❛ ✧❇✉✐❧❞P❧②✧✱ ❦t❡ré ❞♦st❛♥♦✉ ♠r❛↔♥❛ ❜♦❞➲✱ ❞❡✜♥✐❝❡ ❦❛♠❡r✱
❥♠é♥❛ t❡①t✉r ❛ ❞❛❧➨í ❞❛t❛✱ ③❡ ❦t❡rý❝❤ ♥ás❧❡❞♥➙ ✈②t✈♦➦í ✜♥á❧♥í s❝é♥✉ ❛ ✉❧♦➸í ❥✐ ❞♦ s♦✉❜♦r✉✳
❉á❧❡ ❥s♦✉ ③❞❡ ♣♦♠♦❝♥é ❢✉♥❦❝❡ ✈②✉➸✐té ♣r♦ s❡st❛✈♦✈á♥í s❝é♥✱ ❥❛❦♦ ❢✉♥❦❝❡ ♣r♦ ③❛♣sá♥í ❞❛t
♦❜❥❡❦t➲ ❞♦ str❡❛♠✉ ✈❡ ❢♦r♠át✉ ❜✉♥❞❧❡ ♥❡❜♦ P▲❨✱ ♣r♦ ❣❡♥❡r♦✈á♥í ♥❡❥❧❡♣➨í❝❤ ❦♦r❡s♣♦♥❞❡♥❝í
♠❡③✐ ♣ó③❛♠✐ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉ ✭✸✳✼✳✶✶✮✱ ♥❡❜♦ ❦ ✈ý♣♦↔t➲♠ t❡①t✉r♦✈❛❝í❝❤ s♦✉➦❛❞♥✐❝✳

✻✶



❑❆P■❚❖▲❆ ✺✳ ■▼P▲❊▼❊◆❚❆❈❊

✺✳✸✳✸ ❋✐❧❡❚♦♦❧

❚❛t♦ ❦♦❧❡❦❝❡ ♦❜s❛❤✉❥❡ ➦❛❞✉ ❢✉♥❦❝í ♣r♦ ♠❛♥✐♣✉❧❛❝✐ s❡ s♦✉❜♦r②✱ ✈②t✈á➦❡♥í ♥♦✈ý❝❤ s♦✉❜♦r➲
❛ ♣r♦ ❛♥❛❧ý③✉ ♦❜❥❡❦t➲✱ ♥❛ ❦t❡ré ✉❦❛③✉❥❡ ③❛❞❛♥á ❝❡st❛✸✳ ❉á❧❡ ❥s♦✉ ③❞❡ ❢✉♥❦❝❡ ♣r♦ ✈②t✈á➦❡♥í
❥♠❡♥ s♦✉❜♦r➲ ✭✹✳✹✮✱ ♣➦í♣r❛✈✉ ❝❡st ✈ ❛❞r❡sá➦♦✈é str✉❦t✉➦❡ ✭✹✳✹✳✶✮ ❛ ♣➦❡❞❡✈➨í♠ ❦♦♥st❛♥t② s❡
❥♠é♥② s♦✉❜♦r➲✱ ❛❞r❡sá➦➲✱ ♣➦í♣♦♥ ❛ ✈➨❡❝❤ ❞❛❧➨í❝❤ ✈ ❛♣❧✐❦❛❝✐ ♣♦✉➸✐tý❝❤ ➦❡t➙③❝➲✱ ❦t❡ré s❡ tý❦❛❥í
s♦✉❜♦r➲ ❛ ❛❞r❡sá➦➲✳

✺✳✸✳✹ ❙❝❛♥♥❡r❚♦♦❧

❚❛t♦ t➦í❞❛ ❥❡ ❦♦❧❡❦❝í st❛t✐❝❦ý❝❤ ♠❡t♦❞✱ ❦t❡ré s❡ ✈②✉➸í✈❛❥í ♣➦❡❞❡✈➨í♠ ✉ s❦❡♥♦✈❛❝í❤♦ ♣r♦✲
❝❡s✉ ❛ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③②✭❆❧❡ ♥❡❤♦❞✐❧② s❡ s✈♦✉ ♣♦✈❛❤♦✉ ❞♦ ❦♦❧❡❦❝❡ ❈❛♠❡r❛❚♦♦❧✳✮✳ ❏❡❞♥á
s❡ ♦ ❢✉♥❦❝❡ ♣r♦ ♥❛↔ítá♥í ❛ ✉❦❧á❞á♥í ♣ó③ ③✴❞♦ s♦✉❜♦r➲✱ ♥❛↔ítá♥í ❦❛❧✐❜r❛↔♥í❝❤ ♠❛t✐❝ ❛ ♦❤♥✐s✲
❦♦✈ý❝❤ ✈③❞á❧❡♥♦stí ③ ✧❛ss❡♠❜❧② s❝r✐♣t➲✧❛ ♣➦❡❞❡✈➨í♠ ❥❡ ③❞❡ ❢✉♥❦❝❡ ✧❈♦♠♣✉t❡P♦s❡s✧✱ ❦t❡rá
③❥❡❞♥♦❞✉➨✉❥❡ r❡❦♦♥str✉❦❝✐ ❛ ✉❧♦➸❡♥í ♣ó③ ♥❛ ❥❡❞✐♥é ✈♦❧á♥í ❢✉♥❦❝❡✱ ❦t❡ré♠✉ s❡ ♣➦❡❞á ❝❡st❛ ❦
✉❧♦➸✐➨t✐ ❛ ↔t②➦✐ s❡③♥❛♠② ❜♦❞➲✱ ③❡ ❦t❡rý❝❤ ♠á s♣♦↔ít❛t ♣ó③② ❥❛❦ ♣r♦ ❢♦t♦❛♣❛rát✱ t❛❦ ♣r♦ s❦❡♥❡r✳

✺✳✹ ❘✐❣✐❞▼♦❞❡❧s

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ ✐♥✐❝✐❛❧✐③❛❝✐✱ ✉❧♦➸❡♥í ❛ ❦ s♠❛③á♥í ❣❡♦♠❡tr✐í✱ ❦t❡ré ❜✉❞♦✉ ✈②❦r❡s❧♦✈á♥② ✈
❖♣❡♥●▲ s❝é♥➙ ✈ rá♠❝✐ ③♣➦❡s➡♦✈á♥í ♣ó③✳ ❏❞❡ ♣➦❡❞❡✈➨í♠ ♦ ♠♦❞❡❧②✱ ❦t❡ré r❡♣r❡③❡♥t✉❥í ♣➦í♠❦✉✱
t❡①t✉r♦✈❛♥ý ↔t✈❡r❡❝ ❛ ♠r❛↔♥♦ ❜♦❞➲✳ ▼r❛↔♥♦ ❜♦❞➲ ❥❡ ③❞❡ r❡♣r❡③❡♥t♦✈á♥♦ ❥❛❦♦ ♥♦r♠á❧♥í ♠♦❞❡❧
♣♦♠♦❝í sítí tr♦❥ú❤❡❧♥í❦➲✱ ❛❦♦rát ❥❡ r❡♣r❡③❡♥t♦✈❛♥ý ús♣♦r♥➙❥✐✱ ♥❡❜♦➫ s❡ s❦❡♥ ✈②❦r❡s❧✉❥❡ ❥❡♥
❥❛❦♦ ♠♥♦➸✐♥❛ ❜♦❞➲✹✳

✺✳✺ ❈❛♠❡r❛❉❛t❛

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ r❡♣r❡③❡♥t❛❝✐ ❞❛t ❥❡❞♥é ❦❛♠❡r②✳ P➦❡❞❡✈➨í♠ ❥❞❡ ♦ ♣ó③✉ ❦❛♠❡r② ❛ ♦❤✲
♥✐s❦♦✈♦✉ ✈③❞á❧❡♥♦st✳ ❈♦ s❡ tý↔❡ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡✱ t✉ ❥❡ ♥✉t♥é s✐ ✉❞r➸♦✈❛t ❡①t❡r♥➙✳ ❚❛t♦
t➦í❞❛ ✉♠♦➸➡✉❥❡ ♦♣❡r❛❝❡ ♣r♦ tr❛♥s❢♦r♠❛❝✐ ❜♦❞➲ ✈❡ s✈➙t♦✈é♠ s♦✉➦❛❞♥é♠ s②sté♠✉ ❞♦ ❧♦❦á❧♥í❤♦
s♦✉➦❛❞♥é❤♦ s②sté♠✉✺ ❛ t❛❦é ♦❜rá❝❡♥ý♠ ③♣➲s♦❜❡♠✳ ❚❛❦é ♣♦s❦②t✉❥❡ ❢✉♥❦❝✐ ♣r♦ ✈②❣❡♥❡r♦✈á♥í
♣r♦❥❡❦↔♥í ♠❛t✐❝❡ ❦❛♠❡r②✱ ♣♦❦✉❞ ❥❡ ❥í ③❛❞á♥❛ ❦❛❧✐❜r❛↔♥í ♠❛t✐❝❡ ❦❛♠❡r② ✭✸✳✻✳✷✮✳

✺✳✻ ❱❡rt❡①❈♦❧❧❡❝t✐♦♥

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❦ ús♣♦r♥➙❥➨í♠✉ ✉❧♦➸❡♥í ♠r❛↔♥❛ ❜♦❞➲ s♣♦❧✉ s ❥❡❤♦ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝í✻

❚❛t♦ t➦í❞❛ s❧♦✉➸í ❥❛❦♦ ❡❦✈✐✈❛❧❡♥t ❦ r❡♣r❡③❡♥t❛❝✐ ♠r❛↔♥❛ ❜♦❞➲ ♣♦♠♦❝í ❈❱■❱❡rt❡①❉❛t❛ ✭✸✳✶✶✳✹✮
✸❩❞❛ ❥❡ ♥❛ ❝❡st➙ s♦✉❜♦r✱ ❛❞r❡sá➦✱ ③❞❛ ❥❡ ❝❡st❛ ✈❛❧✐❞♥í✱ ③❞❛ ❥❡ ♦❜❥❡❦t ❞♦st✉♣♥ý✳
✹❇♦❞② ❥s♦✉ ✈ ♠♦❞❡❧✉ ✉❧♦➸❡♥② ♣♦st✉♣♥➙ ♣♦ ➦á❞❝í❝❤✳ ❱ ❖♣❡♥●▲ ❥s♦✉ tr♦❥ú❤❡❧♥í❦② ✈②❦r❡s❧♦✈á♥② t❛❦✱ ➸❡

❥s♦✉ ❜♦❞② ❜rá♥② ♣♦ tr♦❥✐❝í❝❤✳ Pr✈♥í t➦✐ ❜♦❞② t✈♦➦í ❥❡❞❡♥ tr♦❥ú❤❡❧♥í❦✱ ❞r✉❤é t➦✐ ❜♦❞② ❞❛❧➨í tr♦❥ú❤❡❧♥í❦ ❛ t❛❦
❞á❧❡✳ ❚♦ ❜② ✈❡❞❧♦ ❦ t♦♠✉✱ ➸❡ ✈➙t➨✐♥❛ tr♦❥ú❤❡❧♥í❦➲ ❜② t✈♦➦✐❧❛ s♦✉st❛✈✉ r♦✈♥♦❜➙➸♥ý❝❤ ♣➦í♠❡❦✳ ❏❡❧✐❦♦➸ ❜✉❞♦✉
✈②❦r❡s❧♦✈á♥② ❥❡♥ ❥❛❦♦ ❜♦❞②✱ t❛❦ ♥ás t❛t♦ ❞❡❣❡♥❡r❛❝❡ ♠♦❞❡❧✉ ♥❡trá♣í ❛ ➨❡t➦í ♥á♠ ♣❛♠➙➫✳

✺❖❜❛ ♠❛❥í ♠❡tr ❥❛❦♦ ③á❦❧❛❞♥í ❥❡❞♥♦t❦✉ ❞é❧❦②✳ ❇♦❞② ③ís❦❛♥é s❦❡♥❡r❡♠ ❥❡ ♥❡❥♣r✈❡ ♥✉t♥é ✈②♥ás♦❜✐t ❦♦♥✲
st❛♥t♦✉ 10−3✱ ❛❜② ❜②❧② ♣➦❡✈❡❞❡♥② ♥❛ ♠❡tr② ③ ♠✐❧✐♠❡tr➲✳

✻▼r❛↔♥♦ ❜♦❞➲ ✐ ❢♦t♦❣r❛✜❡ ❥❡ r❡♣r❡③❡♥t♦✈á♥♦ ❥❡❞♥í♠ ♣r♦❦❧á❞❛♥ý♠ ♣♦❧❡♠ ❞❡s❡t✐♥♥ý❝❤ ↔ís❡❧✭✢♦❛t✮ ♦ r♦③♠➙✲
r❡❝❤ 6 ∗ 640 ∗ 480✭✻ ❤♦❞♥♦t ♥❛ ❜♦❞✮✳

✻✷



✺✳✼✳ ●❯■

s♣♦❧✉ s ❈❱✈❞■♠❛❣❡ ✭✸✳✶✶✳✺✮ ❛❦♦rát s tí♠ r♦③❞í❧❡♠✱ ➸❡ ③❞❡ s❡ ✈②✉➸í✈á ♣♦✉③❡ ❥❡❞❡♥ ♦❜❥❡❦t ❛
❡❢❡❦t✐✈♥➙❥➨í ✉❧♦➸❡♥í s❡ s♥❛❞♥➙❥➨í♠ ♣➦íst✉♣❡♠✼✳

✺✳✼ ●❯■

❚❛t♦ s❦✉♣✐♥❛ t➦í❞ r❡♣r❡③❡♥t✉❥❡ ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í✱ s❡ ❦t❡rý♠ ✉➸✐✈❛t❡❧ ♣r❛❝✉❥❡✳
❉♦❝❤á③í ③❞❡ ❦ ✈②t✈á➦❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ❣r❛✜❝❦ý❝❤ ❡❧❡♠❡♥t➲✱ ❦t❡ré ❥s♦✉ ♣➦✐♣♦❥❡♥② ❦ ❢♦r♠✉❧á✲
➦➲♠✱ ❛ ❦ ♦❜s❧✉❤♦✈á♥í ✉❞á❧♦stí ✈②✈♦❧❛♥ý❝❤ ✉➸✐✈❛t❡❧❡♠ ♥❛ t➙❝❤t♦ ❡❧❡♠❡♥t❡❝❤✳ ❱➨❡❝❤♥② t➦í❞②
r❡♣r❡③❡♥t✉❥í❝í ❢♦r♠✉❧á➦❡ ❞➙❞í ♦❢ t➦í❞ ❋♦r♠ ♥❡❜♦ ◆❛t✐✈❡❲✐♥❞♦✇ ③ ❲✐♥❋♦r♠s ❦♥✐❤♦✈❡♥ ❛ ❥s♦✉
✐♠♣❧❡♠❡♥t♦✈á♥② ✈ ✳◆❊❚ ❢r❛♠❡✇♦r❦✉✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✐ ♣➦❡s t♦✱ ➸❡ s❡ ❥❡❞♥á ♦ ❈✰✰✱ t❡♥t♦
❦ó❞ ❥❡ ✧♠❛♥❛❣❡❞✧✽✱ ❞í❦ý ↔❡♠✉➸ s❡ ♥❡♠✉sí♠❡ st❛r❛t ♦ s♣rá✈✉ ♣❛♠➙t✐ ♣r♦ ♣♦✉➸✐té ♠❛♥❛❣❡❞
♦❜❥❡❦t②✳

✺✳✼✳✶ ❲✐♥❞♦✇▼❛✐♥

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ❤❧❛✈♥í ♠❡♥✉ ❛♣❧✐❦❛❝❡✳ P♦ s♣✉➨t➙♥í ❛♣❧✐❦❛❝❡ ❥❡ ✈②t✈♦➦❡♥ ❛ ③♦❜r❛③❡♥
t❡♥t♦ ❢♦r♠✉❧á➦✱ ❦t❡rý ❜➙❤❡♠ s✈é ✐♥✐❝✐❛❧✐③❛❝❡ ✈②t✈♦➦í ✈➨❡❝❤♥② ❞❛❧➨í ❢♦r♠✉❧á➦❡✱ ♥❛ ❦t❡ré s❡ ③
♥➙❥ ❞á ❞♦st❛t✱ t❥✳ ❲✐♥❞♦✇❙❝❛♥✱ ❲✐♥❞♦✇P♦s❡ ❛ ❲✐♥❞♦✇❊①♣♦rt❡r✳ ❖❜s❛❤✉❥❡ ♣♦✉③❡ ③á❦❧❛❞♥í
❢✉♥❦❝❡ ♣r♦ ♦t❡✈➦❡♥í ♦st❛t♥í❝❤ ♦❦❡♥✳

✺✳✼✳✷ ❲✐♥❞♦✇❙❝❛♥

❚❛t♦ t➦í❞❛ r❡♣r❡③❡♥t✉❥❡ ❢♦r♠✉❧á➦✱ ✈❡ ❦t❡ré♠ ♣r♦❜í❤á ❢á③❡ ✧③ís❦á♥í ❞❛t✧✭✹✳✼ ❛ ✹✳✶✶✳✷✮✳
❆❦❝❡ ✉♠♦➸♥➙♥é ✉➸✐✈❛t❡❧✐ ③ t♦❤♦t♦ ❢♦r♠✉❧á➦❡ ❥s♦✉ ✈❡ ❢✉♥❦❝í❝❤ r❡❛❣✉❥í❝í❝❤ ♥❛ ✉❞á❧♦st✐ ✈②✈♦❧❛♥é
●❯■ ❡❧❡♠❡♥t② ✐♠♣❧❡♠❡♥t♦✈á♥② ♣r❛❦t✐❝❦② ❝❡❧é✳ ❏❡❞♥á s❡ ♣➦❡❞❡✈➨í♠ ♦ ♣♦st❛✈❡♥í ❛❞r❡sá➦♦✈é
str✉❦t✉r②✱ t➙❧♦ s❦❡♥♦✈❛❝í ♣r♦❝❡❞➲r② ❛ t❛❦é s❦❡♥♦✈á♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳

✺✳✼✳✸ ❲✐♥❞♦✇P♦s❡

❩❞❡ ❥❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ❢♦r♠✉❧á➦ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③②✳ ❖❜❞♦❜♥➙ ❥❛❦♦ ✉ ✧❲✐♥❞♦✇❙❝❛♥✧✐
③❞❡ s❡ ❥❡❞♥á ♣➦❡❞❡✈➨í♠ ♦ ❢✉♥❦❝❡ r❡❛❣✉❥í❝í ♥❛ ✉❞á❧♦st✐ ✈②✈♦❧❛♥é ✉➸✐✈❛t❡❧❡♠✱ ❦t❡ré ♦❜s❧✉❤✉❥í
❥❡❞♥♦t❧✐✈é ●❯■ ❡❧❡♠❡♥t② ❛ ❥❡ ③❞❡ ✈②✉➸í✈á♥ ♣✸♣ ❛❧❣♦r✐t♠✉s ✐♠♣❧❡♠❡♥t♦✈❛♥ý ✈ rá♠❝✐ t➦í❞②
✧❈❛♠❡r❛❚♦♦❧✧♣r♦ s❛♠♦t♥♦✉ r❡❦♦♥str✉❦❝✐✳ ❚❛t♦ t➦í❞❛ ♠á t❛❦é ♥❛ st❛r♦st ✈②t✈♦➦❡♥í ❢♦r♠✉❧á➦❡
❲✐♥❞♦✇❖●▲ ❛ ♣➦íst✉♣ ❦ ♥➙♠✉✳

✼❉❛t❛ ❥s♦✉ ③❞❡ ✉❧♦➸❡♥❛ ✈ ❥❡❞♥♦♠ ♣♦❧✐ ♥❛ r♦③❞í❧ ♦❞ ♦❜❥❡❦t➲♠✱ ❦t❡ré ❥s♦✉ ♣♦✉➸✐t② ✈ ✉✈♥✐t➦ ❈❱■❱❡rt❡①❉❛t❛
❛ ❈❱✈❞■♠❛❣❡✳

✽▼❛♥❛❣❡❞ ❈✰✰ ❦ó❞ ❥❡ ♣➦❡❦❧á❞á♥ ❞♦ ■♥t❡r♠❡❞✐❛t❡ ▲❛♥❣✉❛❣❡✱ ❦t❡rý ❥❡ ❥✉st✲✐♥✲t✐♠❡ ❦♦♠♣✐❧♦✈á♥ ✈ r✉♥t✐♠❡
♣r♦st➦❡❞í ✳◆❊❚✉✳ ❱➨❡❝❤♥② ❦♥✐❤♦✈♥②✱ ❦t❡ré ✳◆❊❚ ❢r❛♠❡✇♦r❦ ♣♦s❦②t✉❥❡ ❥s♦✉ ♠❛♥❛❣❡❞✳ ❱ý❤♦❞♦✉ ♠❛♥❛❣❡❞
❦ó❞✉ ❥❡✱ ➸❡ ❥❡❤♦ ♣❛♠➙➫ ❥❡ s♣r❛✈♦✈á♥❛ ♣♦♠♦❝í ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r✉ ✳◆❊❚ r✉♥t✐♠❡ ♣r♦st➦❡❞í✳ ◆❡✈ý❤♦❞♦✉ ❥❡
tr♦❝❤✉ ❥✐♥á s②♥t❛①❡✱ ♥ár♦↔♥➙❥➨í ♣➦❡✈á❞➙♥í ♥❡♣r✐♠✐t✐✈♥í❝❤ ❞❛t♦✈ý❝❤ t②♣➲ ♠❡③✐ ♠❛♥❛❣❡❞ ❛ ✉♥♠❛♥❛❣❡❞ ❦ó❞❡♠
❛ ♥✉t♥♦st ✳◆❊❚ r✉♥t✐♠❡ ♣r♦ ❜➙❤ ❛♣❧✐❦❛❝❡✳

✻✸



❑❆P■❚❖▲❆ ✺✳ ■▼P▲❊▼❊◆❚❆❈❊

✺✳✼✳✹ ❲✐♥❞♦✇❖●▲

❱ tét♦ t➦í❞➙ ❥❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ❢♦r♠✉❧á➦ ♣r♦ ③♣➦❡s➡♦✈á♥í ♣ó③ s❦❡♥❡r✉ ❛ ❢♦t♦❛♣❛rát✉✳ ❉➲✲
❧❡➸✐tý♠ ♣r✈❦❡♠ t♦❤♦t♦ ♦❦♥❛ ❥❡ ♣➦✐♣♦❥❡♥ý ❢♦r♠✉❧á➦❡ ❈❛♥✈❛s❖♣❡♥●▲ ❥❛❦♦ ❡❧❡♠❡♥t✳ ❩❞❡ ❥❡
✐♠♣❧❡♠❡♥t♦✈á♥♦ ♣➦❡❞❡✈➨í♠ ♣➦❡♣♦sí❧á♥í ♣❛r❛♠❡tr➲ ❛ ✉❞á❧♦stí ❞♦ ❈❛♥✈❛s❖♣❡♥●▲ ❢♦r♠✉❧á➦❡✳
❏❡❞♥á s❡ ♣➦❡❞❡✈➨í♠ ♦ ✉❞á❧♦st✐ ♠❛♥✐♣✉❧❛❝❡ ♣ó③❛♠✐ ✈❡ ✸❉ s❝é♥➙✱ ❥❡❥✐❝❤ ♥❛↔ítá♥í ❛ ✉❦❧á❞á♥í✳

✺✳✼✳✹✳✶ ❈❛♥✈❛s❖♣❡♥●▲

❚❛t♦ t➦í❞❛ ❥❡ ♥❛ r♦③❞í❧ ♦❞ ♦st❛t♥í❝❤ ♦❦❡♥ ✐♠♣❧❡♠❡♥t♦✈á♥❛ ❥❛❦♦ ♣♦t♦♠❡❦ t➦í❞② ◆❛t✐✈❡❲✐♥✲
❞♦✇ ♥❛♠íst♦ t➦í❞② ❋♦r♠✳ ❏❡❞♥á s❡ ♣♦✉③❡ ♦ ✈②❦r❡s❧♦✈á♥í ❖♣❡♥●▲ s❝é♥②✱ t❛❦➸❡ t❡♥t♦ ❢♦r♠✉❧á➦
♥❡♠á sá♠ ♦ s♦❜➙ ➸á❞♥é ●❯■ ❡❧❡♠❡♥t② ❛♥✐ ❥✐♥é ♦✈❧á❞❛❝í ♣r✈❦②✳ ❈♦ s❡ ♠❛♥✐♣✉❧❛❝❡ tý↔❡✱ t❛❦
❥❡ ③á✈✐s❧ý ♥❛ ❲✐♥❞♦✇❖●▲✱ ❛❜② ♠✉ ♣➦❡❞❛❧♦✱ ❝♦ ❥❡ t➦❡❜❛✳

❏❡ ③❞❡ ✐♠♣❧❡♠❡♥t♦✈á♥♦ ♣➦❡❞❡✈➨í♠ ✈②❦r❡s❧♦✈á♥í s❝é♥②✱ ❛❧❡ t❛❦é tr❛♥s❢♦r♠❛❝❡ ✈②❦r❡s❧♦✈❛✲
♥ý❝❤ ♦❜❥❡❦t➲✱ ❣❡♥❡r♦✈á♥í ♥♦✈ý❝❤ ♣ó③ ♥❛ ③á❦❧❛❞➙ t♦❤♦✱ ❥❛❦ ❜②❧♦ s ♦❜❥❡❦t② ♠❛♥✐♣✉❧♦✈á♥♦ ❛
s♣rá✈❛ ♦❜❥❡❦t➲ ✈②t✈♦➦❡♥ý❝❤ ♣♦♠♦❝í t➦í❞② ❘✐❣✐❞▼♦❞❡❧s✳

✺✳✼✳✺ ❲✐♥❞♦✇❊①♣♦rt❡r

❱ tét♦ t➦í❞➙ ❥❡ ✐♠♣❧❡♠❡♥t♦✈á♥ ❢♦r♠✉❧á➦ ♣r♦ ❡①♣♦rt♦✈á♥í s❝é♥✳ ❚❡♥t♦ ❢♦r♠✉❧á➦ ❥❡ ♣♦♠➙r♥➙
❥❡❞♥♦❞✉❝❤ý ❛ st❡❥♥➙ ❥❛❦♦ ♣➦❡❞❝❤♦③í ❢♦r♠✉❧á➦❡✱ ♥❡❥✈í❝❡ ♣rá❝❡ ❥❡ ✈②❦♦♥á♥♦ ✈❡ ❢✉♥❦❝í❝❤ ✈♦❧❛♥ý❝❤
✈ r❡❛❦❝✐ ♥❛ ✉❞á❧♦st ✈②✈♦❧❛♥♦✉ ●❯■ ❡❧❡♠❡♥t②✳ ❩ ❡①♣♦rt♦✈❛❝í❤♦ ♣r♦❝❡s✉ ❥❡ ③❞❡ ♥❛✐♠♣❧❡♠❡♥✲
t♦✈á♥❛ ♣➦❡❞❡✈➨í♠ ↔ást ♥❛↔t❡♥í ❛ ♣➦❡❞③♣r❛❝♦✈á♥í ❞❛t ❛ ♣r♦ s❛♠♦t♥é ❡①♣♦rt♦✈á♥í s❡ ✈②✉➸í✈❛❥í
❢✉♥❦❝❡ t➦í❞② ❊①♣♦rt❚♦♦❧✳

✻✹



❑❛♣✐t♦❧❛ ✻

❚❡st♦✈á♥í

✻✳✶ ❋✉♥❦❝❡ ♣♦s❦②t♥✉té ✉➸✐✈❛t❡❧✐

❱ rá♠❝✐ t❡st♦✈á♥í ❢✉♥❦❝✐♦♥❛❧✐t② ❛♣❧✐❦❛❝❡ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ❜② s❡ ✉➸✐✈❛t❡❧➲♠ ♠♦❤❧② ❤♦❞✐t
♥➙❦t❡ré ❞❛❧➨í ❢✉♥❦❝❡✱ ❦t❡ré ♠♦❤♦✉ ③❧❡♣➨✐t ❦✈❛❧✐t✉ ♣rá❝❡ ♥❡❜♦ r♦③➨í➦í ✈②✉➸✐tí ❛♣❧✐❦❛❝❡✳ ❑ t♦♠✉
❜②❧♦ ♣♦t➦❡❜❛ ♣➦ís❧✉➨♥➙ ✉♣r❛✈✐t ✐ ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í✳

✻✳✶✳✶ ❩ís❦á♥í ❞❛t

❱ tét♦ ❢á③✐ ❜②❧② ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥➙♥② ❞❛❧➨í ❛❦❝❡✳ Pr✈♥í ③ ♥✐❝❤ ❥❡ ✧❚❡st t❛❜❧❡✧✳ ❚❛t♦ ❢✉♥❦❝❡
✉➸✐✈❛t❡❧✐ ✉♠♦➸➡✉❥❡ ♦✈➙➦✐t ♣➦✐♣♦❥❡♥í ❛♣❧✐❦❛❝❡ ❦ ♦t♦↔♥é♠✉ st♦❧❦✉ ❛ ❥❡❤♦ s♣rá✈♥♦✉ ❢✉♥❦❝✐✳ ❚♦t♦
✉♠♦➸➡✉❥❡ ✉➸✐✈❛t❡❧✐ s♥❛❞♥♦ ③❥✐st✐t✱ ♥❛ ❥❛❦é♠ sér✐♦✈é♠ ♣♦rt✉ s❡ ▼❆❘❙ ✷ ♥❛❝❤á③í ❛ ③❞❛ ❢✉♥❣✉❥❡
t❛❦✱ ❥❛❦ ♠á✳

❉r✉❤♦✉ ③ ❛❦❝í ❥❡ ✧❚❡st ❆❋✧✳ ❱ ③ás❛❞➙ s❡ ❥❡❞♥á ♦ ♦t❡st♦✈á♥í✱ ③❞❛ s❦❡♥❡r ❞♦❦á➸❡ ③❛❝❤②t✐t
s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ✈ rá♠❝✐ ♣➦í♣r❛✈② ♥❛ s❦❡♥✳ ❚♦t♦ ❥❡ r②❝❤❧ý ③♣➲s♦❜ ❥❛❦ ♦✈➙➦✐t✱ ③❞❛ ♣r♦❥❞❡ ✈
❞❛♥é♠ ♣➦í♣❛❞➙ ♣➦í♣r❛✈❛ ♥❛ s❦❡♥♦✈á♥í ❜❡③ t♦❤♦✱ ❛❜② s❡ ✉❦❧á❞❛❧❛ ♥➙❥❛❦á ❞❛t❛✳

◆ás❧❡❞✉❥í❝í ❛❦❝❡ ✧❚❡st ✈✐s✐❜✐❧✐t②✧s❡ tr♦❝❤✉ ✈á➸❡ ♥❛ ♣➦❡❞❝❤♦③í ❛❦❝✐✳ ❏❞❡ ♦ t♦✱ ➸❡ ❦❞②❦♦❧✐✈
❜➙❤❡♠ ❝❡❧é❤♦ s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉ ♠➲➸❡ ❞♦❥ít ❦ t♦♠✉✱ ➸❡ s❡ s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ♦t♦↔í t♦ t❛❦♦✈é
♣♦❧♦❤②✱ ➸❡ s❦❡♥❡r ♥❡❞♦❦á➸❡ ❜➙❤❡♠ ♣➦í♣r❛✈② ♥❛ s❦❡♥♦✈á♥í ♥❛❧é③t ➸á❞♥ý ♦❞r❛③ ❧❛s❡r♦✈é❤♦
♣❛♣rs❦✉ ❛ ♣r♦ ❞❛♥é ♦t♦↔❡♥í ♥❡❞♦❥❞❡ ❦ ③ís❦á♥í s❦❡♥✉ ✭♠r❛↔♥❛ ❜♦❞➲ ✐ ✸❉ ♠♦❞❡❧✉✮✳ ❚❛t♦
❛❦❝❡ t❡❞② ♣r♦✈❡❞❡ s✐♠✉❧❛❝✐ s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉ ❜❡③ s❛♠♦t♥é❤♦ ③ís❦á✈á♥í ❞❛t ❛ ✈❡ ✈ýs❧❡❞❦✉
✉➸✐✈❛t❡❧✐ ✈rátí ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ③❞❛ ❜② s❡ ♣♦✈❡❞❧♦ ③ís❦❛t ✈➨❡❝❤♥② s❦❡♥②✱ ♥❡❜♦ ❦t❡ré s❦❡♥② s❡
③ís❦❛t ♥❡♣♦❞❛➦✐❧♦✳ ❚í♠t♦ ③♣➲s♦❜❡♠ ✉➸✐✈❛t❡❧ ❞♦❦á➸❡ r②❝❤❧❡ ③ís❦❛t ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ③❞❛ ♠á
❝❡♥✉ s♥❛➸✐t s❡ ♦ s❦❡♥♦✈á♥í s ❞❛♥ý♠ ♥❛st❛✈❡♥í♠ ❛ ♥❡❜♦ ③❞❛ ❥❡ t➦❡❜❛ ♦❜❥❡❦t ❧é♣❡ ✉♠íst✐t✳

❉♦➨❧♦ t❛❦é ❦ ú♣r❛✈➙ ❛❦❝❡ s❦❡♥♦✈á♥í ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉ ❛ s❦❡♥♦✈á♥í ✉➸✐✈❛t❡❧❡♠ ③✈♦❧❡♥é❤♦
♦❜❥❡❦t✉✳ ◆②♥í✱ ♣♦❦✉❞ ♥❡♥í ♣➦✐♣♦❥❡♥ ❢♦t♦❛♣❛rát✱ ❛♣❧✐❦❛❝❡ s❡ ✉➸✐✈❛t❡❧❡ ③❡♣tá✱ ③❞❛ ❝❤❝❡ ♣♦❦r❛✲
↔♦✈❛t ❜❡③ ❢♦t♦❛♣❛rát✉ ✭❞➦í✈❡ ❜② ❛♣❧✐❦❛❝❡ ❞á❧❡ ♥❡♣♦❦r❛↔♦✈❛❧❛✮✳ P♦❦✉❞ ✉➸✐✈❛t❡❧ ❜✉❞❡ ❝❤tít✱
❜✉❞♦✉ ♥❛s❜írá♥② ♣♦✉③❡ ♠r❛↔♥❛ ❜♦❞➲ ❛ ✸❉ ♠♦❞❡❧②✳ ■ t❛t♦ ❞❛t❛ ♠♦❤♦✉ ❜ýt ✉➸✐t❡↔♥á ♣r♦ ❞❛❧➨í
③♣r❛❝♦✈á♥í ❛ ✉➸✐✈❛t❡❧ ♥❡❜✉❞❡ ✈á③á♥ ♣♦✉③❡ ♥❛ ❦♦♥❦rét♥í ❢♦t♦❛♣❛rát✱ ❦t❡rý ♥❡♠✉sí ❜ýt ✈➸❞②
❞♦st✉♣♥ý✳

✻✺



❑❆P■❚❖▲❆ ✻✳ ❚❊❙❚❖❱➪◆❮

✻✳✶✳✷ ❘❡❦♦♥str✉❦❝❡ ♣ó③②

❱ tét♦ ❢á③✐ ❞♦➨❧♦ ♣♦✉③❡ ❦ ♠❡♥➨í♠ ú♣r❛✈á♠✳ ❑ ✉❦❧á❞á♥í ♥♦✈ý❝❤ ✸❉ s♦✉➦❛❞♥✐❝ ❜♦❞➲ ❥s♦✉
✈②✉➸í✈á♥❛ t❧❛↔ít❦❛ ♣r♦ ♣➦❡❝❤♦❞ ♥❛ ♣➦❡❞❝❤♦③í✱ ♥❡❜♦ ♥ás❧❡❞✉❥í❝í ❜♦❞✱ ❦t❡rá ♥❡❥♣r✈❡ ✉❧♦➸í ♥♦✈♦✉
♣♦③✐❝✐ ❜♦❞✉ ❛ ❛➸ ♣♦té ♣r♦✈❡❞♦✉ ♣♦s✉♥✳ ❏❡ t♦ ♣➦❡❞❡✈➨í♠ ♣r♦ ♣➦❡❞❝❤á③❡♥í ❝❤②❜á♠✱ ❦t❡ré ❜②
♠♦❤❧② ♥❛st❛t✱ ❦❞②➸ ✉➸✐✈❛t❡❧ ③❛♣♦♠❡♥❡ st✐s❦♥♦✉t t❧❛↔ít❦♦ ♣r♦ ❛♣❧✐❦❛❝✐ ③♠➙♥ ❛ r♦✈♥♦✉ ♣➦❡❥❞❡
♥❛ ❞❛❧➨í ❜♦❞✳

❉❛❧➨í ③♠➙♥❛✱ ❦t❡rá ❜②❧❛ ♣r♦✈❡❞❡♥❛ ✈ rá♠❝✐ r❡❦♦♥str✉❦❝❡ ♣ó③② ❥❡ ♠♦➸♥♦st ③✈➙t➨❡♥í ❛ ③♠❡♥✲
➨❡♥í ❢♦t♦❣r❛✜í✳ ❏❞❡ ♣➦❡❞❡✈➨í♠ ♦ t♦✱ ➸❡ ♣➦✐ ③❛❞á✈á♥í ❜♦❞➲ ❥❡ ♣♦t➦❡❜❛ ❦❧✐❦❛t ❝♦ ♥❡❥♣➦❡s♥➙❥✐ ❛
✈❡❧✐❦♦st ❥❡❞♥♦❤♦ ♣✐①❡❧✉ ❥❡ ③♥❛↔♥➙ ♠❛❧á✳ Pr♦t♦ ❥❡ ✈❤♦❞♥é ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥✐t ❢♦t♦❣r❛✜✐ ✈❤♦❞♥➙
♥❛➨❦á❧♦✈❛t✳ ❯ ❢♦t♦❣r❛✜❡ ③ís❦❛♥é ❢♦t♦❛♣❛rát❡♠ ❞♦❝❤á③❡❧♦ ❦ ♣r♦❜❧é♠✉✱ ➸❡ ❜②❧❛ ♣➦í❧✐➨ ✈❡❧✐❦á ❛
✉➸✐✈❛t❡❧ ♥❡❞♦❦á③❛❧ ✈✐❞➙t ❝❡❧ý ❦❛❧✐❜r❛↔♥í ♦❜❥❡❦t ✈ ♦❦♥➙ ❢♦t♦❣r❛✜❡✳ ❯ ❢♦t♦❣r❛✜❡ s❦❡♥❡r✉ ③❛s❡
❞♦❝❤á③❡❧♦ ❦ ♥❡♣➦❡s♥♦st❡♠✱ ♥❡❜♦➫ r♦③❧✐➨❡♥í 640 × 480 ❥❡ ✈❡❧♠✐ ♠❛❧é ❛ ♥❡♣➦❡s♥♦st ♥➙❦♦❧✐❦❛
♣✐①❡❧➲ ❥❡ ③♥át ♥❛ ③r❡❦♦♥str✉♦✈❛♥é ♣ó③❡✳

Pr♦t♦ ❜②❧② ♣➦✐❞á♥② ✷ ❡❧❡♠❡♥t② t②♣✉ ✧s❧✐❞❡r✧❞♦ ❢♦r♠✉❧á➦❡ r❡❦♦♥str✉❦❝❡✱ ❦t❡rý♠✐ ✉➸✐✈❛t❡❧
♠➲➸❡ ❥❡❞♥♦t❧✐✈é ❢♦t♦❣r❛✜❡ ♣➦✐❜❧í➸✐t ♥❡❜♦ ♦❞❞á❧✐t✳ ❊❧❡♠❡♥t ✧s❧✐❞❡r✧❜②❧ ③✈♦❧❡♥ ♠íst♦ ❜➙➸♥➙❥➨í❤♦
♣➦íst✉♣✉✱ t❥✳ ③✈➙t➨♦✈á♥í✴③♠❡♥➨♦✈á♥í ♣♦♠♦❝í ♦tá↔❡♥í ❦♦❧❡↔❦❛ ♠②➨✐✱ ♣r♦t♦✱ ❛❜② ❜②❧❛ ✉s♥❛❞♥➙♥❛
♣rá❝❡ ✉➸✐✈❛t❡❧➲♠✱ ❦t❡➦í ♥❡♠❛❥í ❦ ❞✐s♣♦③✐❝✐ ♠②➨ s ❦♦❧❡↔❦❡♠✳ ❚❛❦t♦ ♠♦❤♦✉ ❛♣❧✐❦❛❝✐ s♥❛❞♥♦
✈②✉➸í✈❛t ❥❛❦ ✉➸✐✈❛t❡❧é P❈✱ t❛❦ ✉➸✐✈❛t❡❧é s ♥♦t❡❜♦♦❦❡♠✳

✻✳✶✳✸ ❩♣➦❡s♥➙♥í ♣ó③②

❱ rá♠❝✐ tét♦ ❢á③❡ ❞♦➨❧♦ ♣♦✉③❡ ❦ ♠❡♥➨í♠ ú♣r❛✈á♠✳ ❇②❧♦ ③❞❡ ♣➦✐❞á♥♦ ♥➙❦♦❧✐❦ ♥❛st❛✈❡♥í ♣r♦
✈②❦r❡s❧♦✈á♥í ❦r②❝❤❧❡ ✈ ♣♦↔át❦✉ ♣r♦ s♥❛❞♥➙❥➨í ③❛r♦✈♥á✈á♥í s❦❡♥➲✴❢♦t♦❣r❛✜í✳ ◆②♥í ③❞❡ ✉➸✐✈❛t❡❧
♠➲➸❡ ③❛❞❛t ✈❡❧✐❦♦st ❤r❛♥② ❛ ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ③❞❛ ♠á ❜ýt ❦r②❝❤❧❡ ✐♥✈❡rt♦✈❛♥á ✈ ♥➙❥❛❦é♠
s♠➙r✉✭❩❞❛ ♠á ❜ýt ❦r②❝❤❧❡ ③r❝❛❞❧❡♥❛ ♣♦❞❧❡ r♦✈✐♥② ♣r♦❝❤á③❡❥í❝í ♣♦↔át❦❡♠✱ ❦♦❧♠é ♥❛ ③❛❞❛♥♦✉
♦s✉✳✮✳

❉❛❧➨í ♠♦❞✐✜❦❛❝í ❥❡ ♣➦✐❞á♥í ♠♦➸♥♦st✐ ♥❛st❛✈✐t ♣r➲❤❧❡❞♥♦st ❢♦t♦❣r❛✜❡✳ ❚♦ ✉♠♦➸♥í ✉➸✐✈❛t❡❧✐
③♦❜r❛③✐t ❢♦t♦❣r❛✜✐ ♣➦❡s♥➙ t❛❦✱ ❥❛❦ ❜✉❞❡ ❝❤tít✳ ❇✉❞❡ ♠♦➸♥é✱ ❛❜② ❜②❧❛ ú♣❧♥➙ ♣r➲❤❧❡❞♥á ❛
✉➸✐✈❛t❡❧✐ ♥❡❜rá♥✐❧❛ ✈ ♠♦❞✐✜❦❛❝✐ ♣ó③② s❦❡♥❡r✉✱ ♥❡❜♦ ❛❜② ❜②❧❛ ♠é♥➙ ♣r➲❤❧❡❞♥á ❛ ❜②❧② ❞♦❜➦❡
✈✐❞➙t ♦❜r②s② ❦❛❧✐❜r❛↔♥í❤♦ ♦❜❥❡❦t✉✳

P♦s❧❡❞♥í ♠♦❞✐✜❦❛❝í ❥❡ ✉♠♦➸♥➙♥í ✉➸✐✈❛t❡❧✐ ♠➙♥✐t ③♦r♥ý ú❤❡❧ ❦❛♠❡r②✳ ❚♦ ❥❡ ♣➦❡❞❡✈➨í♠ ♣r♦
③✈➙t➨❡♥í ♦❜❥❡❦t➲ ✈❡ s❝é♥➙ ❛ ③❥❡❞♥♦❞✉➨❡♥í ③❛r♦✈♥á✈á♥í ❢♦t♦❣r❛✜❡✳

✻✳✶✳✹ ❊①♣♦t s❝é♥②

❱ rá♠❝✐ ❡①♣♦rt♦✈á♥í s❝é♥② ♥❡❜②❧② ✉➸✐✈❛t❡❧✐ ♣➦✐❞á♥② ➸á❞♥é ♥♦✈é ❛❦❝❡ ❦ ♣♦✉➸✐tí✱ ❛❧❡ ♣➦✐
❡①♣♦rt♦✈á♥í ✸❉ ♠♦❞❡❧➲ ❞♦ P▲❨ ❢♦r♠át✉ ❜✉❞❡ ❞♦❝❤á③❡t ♥❡❥❡♥ ❦ ✈②t✈♦➦❡♥í ❝❡❧é ✈ýs❧❡❞♥é s❝é♥②✱
❛❧❡ ❜✉❞♦✉ ✉❦❧á❞á♥② ✐ ❥❡❞♥♦t❧✐✈é ✸❉ ♠♦❞❡❧② t❛❦✱ ❥❛❦ ♠❛❥í ❜ýt ✈❡ s❝é♥➙✳ ❏❡ t♦ ♣➦❡❞❡✈➨í♠ ❦✈➲❧✐
t♦♠✉✱ ❛❜② ✉➸✐✈❛t❡❧ ♠♦❤❧ ♣r❛❝♦✈❛t s ❥❡❞♥♦t❧✐✈ý♠✐ ✸❉ ♠♦❞❡❧② ✈ ❞❛❧➨í❝❤ ♣r♦❣r❛♠❡❝❤✱ ♣r♦t♦➸❡ s
❥❡❞♥♦✉ ❝❡❧♦✉ ✸❉ s❝é♥♦✉ ✉➸ ♠♦❝ ú♣r❛✈ ♣r♦✈ést ♥❡♠➲➸❡✳ ❚❛❦t♦ ✉➸✐✈❛t❡❧ ❜✉❞❡ ♠♦❝✐ ③♣r❛❝♦✈❛t

✻✻



✻✳✷✳ ❱▲■❱ ❙❱❹❚▲❆

❥❡❞♥♦t❧✐✈é ✸❉ ♠♦❞❡❧② s❛♠♦st❛t♥➙ ❛ ❥❡❥✐❝❤ ✈ýs❧❡❞♥♦✉ s❝é♥✉ ③ís❦á ❥❡❥✐❝❤ s❧♦➸❡♥í♠ ♥❛♣➦í❦❧❛❞ ✈
♣r♦❣r❛♠✉ ▼❡s❤▲❛❜✳ ❩ár♦✈❡➡ ❜✉❞❡ stá❧❡ ✉❧♦➸❡♥❛ ❝❡❧á s❧♦➸❡♥á s❝é♥❛✳

❚♦t♦ ✉➸✐✈❛t❡❧✐ ✉♠♦➸♥í ③♣r❛❝♦✈á♥í ❥❡❞♥♦t❧✐✈ý❝❤ ♠♦❞❡❧➲ s❛♠♦st❛t♥➙✱ ❥❡❥✐❝❤ ♣➦❡s♥➙❥➨í ♥❛♣♦✲
③✐❝♦✈á♥í ❛ ♣➦❡❞❡✈➨í♠✱ ♣♦❦✉❞ s❡ ✸❉ ♠♦❞❡❧② ♣➦í❧✐➨ ♣➦❡❦rý✈❛❥í✱ ♥➙❦t❡ré ✈②♥❡❝❤❛t✱ ♥❡❜♦ ♦❞❡❜r❛t
♥➙❦t❡ré tr♦❥ú❤❡❧♥í❦② ❛ ↔ást✐ ♠♦❞❡❧➲✳

✻✳✷ ❱❧✐✈ s✈➙t❧❛

❱ tét♦ ↔ást✐ ❜✉❞❡ ♣♦♣sá♥♦ t❡st♦✈á♥í ✈❧✐✈✉ ♦s✈➙t❧❡♥í ♥❛ ✈ýs❧❡❞❦② ③ís❦❛♥é s❦❡♥❡r❡♠✳

✻✳✷✳✶ P❛r❛♠❡tr② t❡st♦✈á♥í

❉❧❡ ✐♥❢♦r♠❛❝í ③ ❞♦❦✉♠❡♥t❛❝❡ ❛ ✐♥str✉❦↔♥í❤♦ ♠❛♥✉á❧✉❬✶✾❪ ❦❡ s❦❡♥❡r✉✱ ♣r♦ ♣rá❝✐ s❦❡♥❡r✉ ❥❡
✈❤♦❞♥é ③✈♦❧✐t t♠❛✈➨í ♣r♦st➦❡❞í✳ ❙❦❡♥❡r sá♠ ♦ s♦❜➙ ♠♦❞✐✜❦✉❥❡ ✈ rá♠❝✐ ♣➦í♣r❛✈② ♥❛ s❦❡♥♦✈á♥í
sí❧✉ ❧❛s❡r♦✈é❤♦ ♣❛♣rs❦✉✱ ❦t❡rý ❜✉❞❡ ♣♦✉➸✐t✱ t❛❦✱ ❛❜② ✈ ❞❛♥ý❝❤ ♣♦❞♠í♥❦á❝❤ ♣r♦ ❞❛♥ý ♣➦❡❞♠➙t
③❛❝❤②t✐❧ ❝♦ ♥❡❥✈➙t➨í ♠♥♦➸st✈í ❞❛t s ❝♦ ♥❡❥✈➙t➨í ♣➦❡s♥♦stí✳

❱ rá♠❝✐ t❡st♦✈á♥í t❡❞② ♣➲❥❞❡ ♦ ③❥✐➨t➙♥í✱ ❥❛❦ ✈❡❧✐❦ý ✈❧✐✈ ♥❛ ✈ýs❧❡❞❦② ♠á r➲③♥á ❦✈❛❧✐t❛
♦s✈➙t❧❡♥í s❦❡♥♦✈❛♥é❤♦ ♦❜❥❡❦t✉ ❛ ✈ ❥❛❦é♠ ♦s✈➙t❧❡♥í ❜②❧② ③ís❦á♥② ♥❡❥❧❡♣➨í ✈ýs❧❡❞❦②✳ ❏❡❧✐❦♦➸
❞❧❡ ✐♥str✉❦❝í ❥❡ s❦❡♥❡r st❛✈➙♥ ♣♦✉③❡ ♣r♦ ♣rá❝✐ ✈❡ ❜✉❞♦✈á❝❤ ❛ ♥❡ ✈ t❡ré♥✉✱ ❧③❡ ♣➦❡❞♣♦❦❧á❞❛t✱
➸❡ ♣r♦ ♥ás ❜✉❞❡ ♥❡❥✈ý③♥❛♠♥➙❥➨í ✉♠➙❧é ♦s✈➙t❧❡♥í ❛ ♥❡❜♦ s❧✉♥❡↔♥í s✈➙t❧♦ ♣➦✐❝❤á③❡❥í❝í ♦❦♥❡♠✳
❱ rá♠❝✐ t❡st♦✈á♥í t❡❞② ♣➲❥❞❡ ♣➦❡❞❡✈➨í♠ ♦ t➦✐ s❝é♥á➦❡✳ Pr✈♥í s❝é♥á➦ ❥❡ ♦❜❥❡❦t ✈ ♦s✈➙t❧❡♥é
♠íst♥♦st✐ s❡ s❧✉♥❡↔♥í♠ s✈➙t❧❡♠ ♣➦✐❝❤á③❡❥í❝í♠ ③ ♦❦♥❛✳ ❚❛❦t♦ ❜✉❞❡ ♦❜❥❡❦t ♦s✈➙t❧❡♥ ❥❛❦ ♥❡❥✈í❝❡
❥❡ t♦ ♠♦➸♥é ❛ ③ár♦✈❡➡ ❜✉❞❡ ♦s✈➙t❧❡♥ ✈í❝❡ ③ ❥❡❞♥é str❛♥②✳ ❉r✉❤ý s❝é♥á➦ ❥❡ t❛❦♦✈ý✱ ➸❡ ♦❜❥❡❦t
❜✉❞❡ ♦s✈➙t❧❡♥ ♣♦✉③❡ ③á➦✐✈❦❛♠✐ ♥❛ str♦♣➙ ♠íst♥♦st✐✳ ❚♦t♦ ❥❡ ♥❡❥♣r❛✈❞➙♣♦❞♦❜♥➙❥➨í s❝é♥á➦✱ ❦t❡rý
❜✉❞❡ ♥❛stá✈❛t✳ ❱❡ t➦❡tí♠ s❝é♥á➦✐ ❥❡ ♦❜❥❡❦t ✈ ♠íst♥♦st✐ s❡ ③❛t❛➸❡♥ý♠✐ ➸❛❧✉③✐❡♠✐ ❛ ③❤❛s♥✉tý♠
s✈➙t❧❡♠ t❛❦✱ ❛❜② ❜②❧ ✈ ❝♦ ♥❡❥✈➙t➨í ♠♦➸♥é t♠➙✳

Pr♦ t❡st♦✈á♥í ❜✉❞♦✉ ♣r♦✈❡❞❡♥② t❡st② s❡ t➦❡♠✐ r➲③♥ý♠✐ ♦❜❥❡❦t②✳ Pr✈♥í♠ ♦❜❥❡❦t❡♠ ❥❡ ♠➙➦í❝í
♣➦ístr♦❥ ③♥❛↔❦② ❇♦s❝❤✱ ❦t❡rý ❥❡ ✈②r♦❜❡♥ý ③ t♠❛✈é❤♦ ❧❡s❦❧é❤♦ ♣❧❛st♦✈é❤♦ ♠❛t❡r✐á❧✉ ❛ ♠á
❤♦❞♥➙ ❞r♦❜♥ý❝❤ ❞❡t❛✐❧➲ ♥❛ s✈é♠ ♣♦✈r❝❤✉✳ ❉r✉❤ý♠ ♦❜❥❡❦t❡♠ ❥❡ ♣❧❛st♦✈ý ❤r❛♥♦❧ s ♠❛t♥ý♠
♣♦✈r❝❤❡♠✳ ❚➦❡tí♠ ♦❜❥❡❦t❡♠ ❥❡ ♣❧❛st♦✈ý ♦❜❛❧ ♦❞ ➸✈ý❦❛↔❡❦ ✈②r♦❜❡♥ý ③ ✈❡❧♠✐ ❧❡s❦❧é❤♦ ♣❧❛st✉
s ❤❧❛❞❦ý♠ ♣♦✈r❝❤❡♠ ❜❡③ ❞❡t❛✐❧➲✳

❱ rá♠❝✐ t❡st➲ ♣r♦✈❡❞❡♥ý❝❤ ♥❛ ❥❡❞♥♦♠ ♦❜❥❡❦t✉ ❜✉❞❡ ❥❡❞✐♥ý ♣❛r❛♠❡tr✱ ❦t❡rý s❡ ❜✉❞❡ ♠➙♥✐t✱
♦s✈➙t❧❡♥í✳ ❙❝é♥❛ s❛♠❛ ♦ s♦❜➙✱ ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ♣♦③✐❝❡ s❦❡♥❡r✉✱ ♣♦③✐❝❡ ♦❜❥❡❦t➲ ♥❡❜♦ ♣➦❡❞♠➙t②
✈❡ s❝é♥➙ s❡ ♠➙♥✐t ♥❡❜✉❞♦✉✳ ❚í♠ s❡ ③❛r✉↔í ❝♦ ♥❡❥✈➙t➨í ♣♦❞♦❜♥♦st ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ t❡st② ♥❛
❥❡❞♥♦♠ ♦❜❥❡❦t✉ ❛ ✈②❧♦✉↔í s❡ ✈❧✐✈②✱ ❦t❡ré s ♦s✈➙t❧❡♥í♠ ♥❡s♦✉✈✐sí✳

Pr♦ ❦❛➸❞ý ♦❜❥❡❦t ♣r♦ ❦❛➸❞ý s❝é♥á➦ ❜✉❞❡ ③ís❦á♥♦ ✸✺✲✺✵ s❦❡♥➲ ❞❛♥é❤♦ ♦❜❥❡❦t✉✳
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✻✳✷✳✷ ❩♣➲s♦❜ ③♣r❛❝♦✈á♥í ❞❛t

◆❛➨í♠ ❝í❧❡♠ ❥❡ ③❥✐st✐t ✈❧✐✈ ♦s✈➙t❧❡♥í ♥❛ ❦✈❛❧✐t✉ s❦❡♥➲✳ Pr✈♥í ♦tá③❦♦✉ ❥❡✱ ❦♦❧✐❦ ❜♦❞➲ ❞♦❦á➸❡
♣➦✐ ❥❡❞♥♦t❧✐✈ý❝❤ s❝é♥á➦í❝❤ s❦❡♥❡r ③❛❝❤②t✐t✳ ❉r✉❤♦✉ ♦tá③❦♦✉ ❥❛❦ ❦✈❛❧✐t♥í ❜♦❞② ❥s♠❡ ③ís❦❛❧✐✳

◆❛ ♣r✈♥í ♦tá③❦✉ ❞♦❦á➸❡♠❡ ♦❞♣♦✈➙❞➙t s♥❛❞♥♦✳ ❩❛❥í♠❛t ♥ás ❜✉❞❡ ♣➦❡❞❡✈➨í♠ ♠♥♦➸st✈í ❜♦❞➲
③ís❦❛♥ý❝❤ s❦❡♥❡r❡♠ ♣r♦ ❦❛➸❞ý s❝é♥á➦✳ ▲③❡ ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ♠♥♦➸st✈í ❜♦❞➲ ✈ rá♠❝✐ ❥❡❞♥♦❤♦
s❝é♥á➦❡ ♣r♦ ❥❡❞❡♥ ♦❜❥❡❦t ❜✉❞❡ st❡❥♥é✱ ♥❡❜♦ ✈❡❧♠✐ ♣♦❞♦❜♥é✳

Pr♦ ③♦❞♣♦✈➙③❡♥í ❞r✉❤é ♦tá③❦② ❜✉❞❡ ♥❡❥♣r✈❡ ♥✉t♥é ❞❡✜♥♦✈❛t✱ ❝♦ ♠②s❧í♠❡ ❦✈❛❧✐t♦✉ ❜♦❞➲✳
❏❞❡ ♥á♠ ♣➦❡❞❡✈➨í♠ ♦ t♦✱ ❛❜② ❜♦❞② ❝♦ ♥❡❥❧é♣❡ ♦❞♣♦✈í❞❛❧② s❦✉t❡↔♥ý♠ ❜♦❞➲♠✳ ❚②t♦ s❦✉t❡↔♥é
❜♦❞② s✐❝❡ ③♠➙➦✐t s ♥❛♣r♦st♦✉ ♣➦❡s♥♦stí ♥❡❞♦❦á➸❡♠❡✳ ▲③❡ ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡ ♥❛♠➙➦❡♥é ❜♦❞② s❡
✈②❝❤②❧✉❥í ♦❞ s❦✉t❡↔♥é ♣♦③✐❝❡ ❞♦ ✈➨❡❝❤ str❛♥ ❛ s ♥♦r♠á❧♥í♠ r♦③❞➙❧❡♥í♠✭❚❥✳ ♥❡❥✈í❝❡ ❜✉❞❡ ❜❧í③❦♦
s❦✉t❡↔♥é❤♦ ❜♦❞✉ ❛ s ✈➙t➨í ✈③❞á❧❡♥♦stí ❜✉❞❡ ↔❡t♥♦st ❜♦❞➲ r❛♣✐❞♥➙ ❦❧❡s❛t✳✮✳ ▲③❡ ♣➦❡❞♣♦❦❧á❞❛t✱
➸❡ ♣♦❦✉❞ ✈➨❡❝❤♥❛ ♠➙➦❡♥í ❥❡❞♥♦❤♦ ❜♦❞✉ ❜✉❞♦✉ ♠ít ③❛ ✈ýs❧❡❞❡❦ st❡❥♥é ❤♦❞♥♦t②✱ t❛❦ ❥❡ t❡♥t♦
❜♦❞ ③♠➙➦❡♥ ♣➦❡s♥➙ ✭♥❡❜♦ ❞♦➨❧♦ ❦❡ st❡❥♥é s②st❡♠❛t✐❝❦é ❝❤②❜➙ ✉ ✈➨❡❝❤ ♠➙➦❡♥í✳✮✳ ❷í♠ ✈í❝❡ s❡
❜✉❞♦✉ ❜♦❞② ♦❞ s❡❜❡ ❧✐➨✐t✱ tí♠ ♥❡❦✈❛❧✐t♥➙❥✐ ♠á♠❡ ❜♦❞② ♥❛♠➙➦❡♥é✳

❑❛➸❞ý s❦❡♥♠ s❡ s❦❧á❞á ③ ♠❛t✐❝❡ 640× 480 tr♦❥r♦③♠➙r♥ý❝❤ ❜♦❞➲✳ ❑❛➸❞á s❛❞❛ ♦❜s❛❤✉❥❡ 35
❛➸ 50 s❦❡♥➲✳ Pr♦ ❦❛➸❞♦✉ s❛❞✉ ❞❛t ❥❡ ✈②♣♦↔t❡♥❛ ♠❛t✐❝❡ ♣r➲♠➙r♥ý❝❤ ❜♦❞➲ t❛❦✱ ➸❡ ♣r➲♠➙r♥ý
❜♦❞ ♥❛ ♣♦③✐❝✐ [i, j] ❥❡ ✈②♣♦↔t❡♥ ❥❛❦♦ ❛r✐t♠❡t✐❝❦ý ♣r➲♠➙r✭t➙➸✐➨t➙✮ ❜♦❞➲ ♥❛ ♣♦③✐❝✐ [i, j] ✈➨❡❝❤
s❦❡♥➲ ✈ ❞❛♥é s❛❞➙✳ ❚í♠ ③ís❦á♠❡ ♥❡❥❧❡♣➨í❤♦ r❡♣r❡③❡♥t❛♥t❛ ✈ýs❧❡❞♥é ♣♦③✐❝❡✳

◆ás❧❡❞♥➙ s♣♦↔ítá♠❡ ♣r♦ ❦❛➸❞ý ❜♦❞ ❡✉❦❧✐❞♦✈s❦♦✉ ✈③❞á❧❡♥♦st✭♦❞❝❤②❧❦✉✮ ♦❞ ❥❡❤♦ ♣r➲♠➙r♥é❤♦
❜♦❞✉ ❛ t♦t♦ ♣r♦✈❡❞❡♠❡ ♣r♦ ✈➨❡❝❤♥② ❜♦❞② ✈❡ ✈➨❡❝❤ ✸✺ ❛➸ ✺✵ ♠❛t✐❝í❝❤✳ ◆ás❧❡❞♥➙ s♣♦↔t❡♠❡
♣r➲♠➙r ③❡ ✈➨❡❝❤ t➙❝❤t♦ ♦❞❝❤②❧❡❦ ♦❞ ♣r➲♠➙r♥ý❝❤ ❜♦❞➲ ❛ t❛❦é ♠❛①✐♠á❧♥í ❤♦❞♥♦t✉ ♦❞❝❤②❧❦②✳
❚í♠ ③ís❦á♠❡ ♣➦❡❞st❛✈✉ ♦ t♦♠✱ ♦ ❥❛❦♦✉ ✈③❞á❧❡♥♦st s❡ ♣➦✐❜❧✐➸♥➙ ❦❛➸❞ý ③ís❦❛♥ý ❜♦❞ ❧✐➨✐❧ ♦❞
♣♦③✐❝❡✱ ♥❛ ❦t❡ré s❡ ♠➙❧ ✈②s❦②t♦✈❛t ❛ t❛❦é ✐♥❢♦r♠❛❝✐ ♦ t♦♠✱ ❥❛❦á ❜②❧❛ ♥❡❥✈➙t➨í ❝❤②❜❛ ♣r♦
✈➨❡❝❤♥② ❜♦❞② ❞❛♥é s❛❞② s❦❡♥➲✳

✻✳✷✳✸ ◆❛♠➙➦❡♥é ✈ýs❧❡❞❦②

❖❜rá③❡❦ ✻✳✶✿ ❋♦t♦❣r❛✜❡ ♣♦➦í③❡♥é s❦❡♥❡r❡♠ ③ ♣r✈♥í❤♦ ♠➙➦❡♥í✳ P♦st✉♣♥➙ ③❧❡✈❛ ❞♦♣r❛✈❛ ❥s♦✉ t♦
✧s❧✉♥❝❡♠ ♦s✈➙t❧❡♥á s❝é♥❛✧✱ ✧✉♠➙❧é s✈➙t❧♦✧✱ ✧➨❡r♦✧✳
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❖❜rá③❡❦ ✻✳✷✿ ❋♦t♦❣r❛✜❡ ♣♦➦í③❡♥é s❦❡♥❡r❡♠ ③ ❞r✉❤é❤♦ ♠➙➦❡♥í✳ P♦st✉♣♥➙ ③❧❡✈❛ ❞♦♣r❛✈❛ ❥s♦✉
t♦ ✧s❧✉♥❝❡♠ ♦s✈➙t❧❡♥á s❝é♥❛✧✱ ✧✉♠➙❧é s✈➙t❧♦✧✱ ✧➨❡r♦✧✳

❖❜rá③❡❦ ✻✳✸✿ ❋♦t♦❣r❛✜❡ ♣♦➦í③❡♥é s❦❡♥❡r❡♠ ③ t➦❡tí❤♦ ♠➙➦❡♥í✳ P♦st✉♣♥➙ ③❧❡✈❛ ❞♦♣r❛✈❛ ❥s♦✉ t♦
✧s❧✉♥❝❡♠ ♦s✈➙t❧❡♥á s❝é♥❛✧✱ ✧✉♠➙❧é s✈➙t❧♦✧✱ ✧➨❡r♦✧✳

❩ ♣r✈♥í❝❤ t➦í ❣r❛❢➲ ✭✻✳✹✱ ✻✳✺✱ ✻✳✻✮ ❥❡ ❞♦❜➦❡ ✈✐❞➙t✱ ❥❛❦ s❡ ✈ rá♠❝✐ ❥❡❞♥♦t❧✐✈ý❝❤ ♠➙➦❡♥í ♠➙♥✐❧②
♣♦↔t② ❜♦❞➲ ③ís❦❛♥é s❦❡♥❡r❡♠✳ ❏❡ ③❞❡ ✈❡❧♠✐ ❞♦❜➦❡ ✈✐❞➙t✱ ➸❡ ❝♦ s❡ ♠♥♦➸st✈í ❜♦❞➲ tý↔❡✱ ❥s♦✉ ③❞❡
♦❤r♦♠♥é r♦③❞í❧② ✈ ♣♦↔t❡❝❤ ❜♦❞➲ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥② st❡❥♥é s❝é♥② ③❛ st❡❥♥ý❝❤ ♣♦❞♠í♥❡❦✳
❷❛st♦ s❡ ③❞❡ ♠❡③✐ ❞✈➙♠❛ s❦❡♥②✱ ❦t❡ré ❜② ♠➙❧② ♠ít st❡❥♥é ✈ýs❧❡❞❦②✱ ✈②s❦②t✉❥í ✈➙t➨í r♦③❞í❧②✱
♥❡➸ ♠❡③✐ s❦❡♥② ③❛ ❥✐♥ý❝❤ s✈➙t❡❧♥ý❝❤ ♣♦❞♠í♥❡❦✳ ❯ ♣r✈♥í❤♦ ♠➙➦❡♥í s❡ ✈ ♣♦③❞➙❥➨í ❢á③✐ s❦❡♥♦✈á♥í
❞❛➦✐❧♦ ③ís❦á✈❛t ❧❡♣➨í ✈ýs❧❡❞❦② ✉ s❦❡♥♦✈á♥í ✈ ➨❡r✉ ♥❡➸ ✉ ♦st❛t♥í❝❤ ❞✈♦✉✱ ❛❧❡ ✉ ❞❛t ③ ❞r✉❤é❤♦ ❛
t➦❡tí❤♦ ♠➙➦❡♥í ♥❡❧③❡ ➦í❝✐ ♥✐❝ ♦ t♦♠✱ ➸❡ ❜② ❞❛t❛ ♣r♦ ❥❡❞❡♥ ③❡ s❝é♥á➦➲ ❜②❧❛ ❧❡♣➨í ♥❡➸ ♣r♦ ♦st❛t♥í
s❝é♥á➦❡✳

♠➙➦❡♥í ↔✳✶ ↔✳✷ ↔✳✸
♦s✈➙t❧❡♥í ❙❧✉♥❝❡ ❩á➦✐✈❦② ➆❡r♦ ❙❧✉♥❝❡ ❩á➦✐✈❦② ➆❡r♦ ❙❧✉♥❝❡ ❩á➦✐✈❦② ➆❡r♦
❞❊rr❆✈❣ ✵✳✶✺✽ ✵✳✶✺✸ ✵✳✵✽✸ ✵✳✵✼✸ ✵✳✵✻ ✵✳✵✻✼ ✵✳✶✺✹ ✵✳✵✽ ✵✳✸✸✵
❞❊rr▼❛① ✻✳✶✻✺ ✹✳✻✼✷ ✺✳✹✺✸ ✸✳✷✷✺ ✸✳✵✹ ✷✳✵✵✺ ✺✳✵✽✽ ✶✳✽✼✵ ✷✳✷✶✷

❚❛❜✉❧❦❛ ✻✳✶✿ ❚❛❜✉❧❦❛ ♦❜s❛❤✉❥í❝í ✈ýs❧❡❞❦② ♠➙➦❡♥í ❦✈❛❧✐t② ❜♦❞➲✳ ❞❊rr❆✈❣ ♦③♥❛↔✉❥❡ ♣r➲♠➙r♥♦✉
❤♦❞♥♦t✉ ♦❞❝❤②❧❦② ❦❛➸❞é❤♦ ❜♦❞✉ ♦❞ ♣r➲♠➙r♥ý❝❤ ❜♦❞➲ ✈ ♠✐❧✐♠❡tr❡❝❤✳ ❞❊rr▼❛① ♦③♥❛↔✉❥❡
♥❡❥✈②➨➨í ❤♦❞♥♦t✉ ♦❞❝❤②❧❦② ♥❛♠➙➦❡♥ý❝❤ ❜♦❞➲ ♦❞ ♣r➲♠➙r♥ý❝❤ ❜♦❞➲✳

✻✾
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❖❜rá③❡❦ ✻✳✹✿ P♦↔t② ❜♦❞➲ ✈❡ s❦❡♥❡❝❤ ③ ♣r✈♥í❤♦ ♠➙➦❡♥í✳ ❖s❛ x ♦③♥❛↔✉❥❡ ♣♦➦❛❞í s❦❡♥➲ ❛ ♦s❛ y
♦③♥❛↔✉❥❡ ♣♦↔❡t ❜♦❞➲ ✈ ❞❛♥é♠ ♠➙➦❡♥í✳ ❱ýs❧❡❞❦② ♠➙➦❡♥í ③❛ s❧✉♥❡↔♥í❤♦ s✈➙t❧❛ ❥s♦✉ ♦③♥❛↔❡♥❛
♠♦❞➦❡✱ ♣♦✉③❡ s ✉♠➙❧ý♠ s✈➙t❧❡♠ ↔❡r✈❡♥➙ ❛ ✈ ➨❡r✉ ♠♦❞➦❡✳

◆❡❥♣r❛✈❞➙♣♦❞♦❜♥➙❥➨í ✈②s✈➙t❧❡♥í t➙❝❤t♦ r♦③❞í❧➲ ♠❡③✐ s❦❡♥② st❡❥♥é s❝é♥② ③❛ st❡❥♥ý❝❤ ♣♦❞♠í✲
♥❡❦✱ ❥❡ ♣➦í♣r❛✈❛ s❦❡♥❡r✉ ♥❛ s❦❡♥♦✈á♥í✳ P➦❡❞ ❦❛➸❞ý♠ s❦❡♥❡♠ ♣r♦❜í❤❛❧❛ ♣➦í♣r❛✈❛ s❦❡♥❡r✉ ♥❛
s❦❡♥♦✈á♥í✱ ♣➦✐ ❦t❡ré s❡ ♥❛st❛✈✉❥❡ ✐♥t❡♥③✐t❛ ❧❛s❡r✉✱ ❦t❡rá ❜✉❞❡ ♣♦✉➸✐t❛ ♣➦✐ s❛♠♦t♥é♠ s❦❡♥✉✳
Prá✈➙ r➲③♥á ✐♥t❡♥③✐t❛ ❧❛s❡r♦✈é❤♦ ♣❛♣rs❦✉ ❜②❧❛ ♣♦③♦r♦✈á♥❛ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥②✱ ❝♦➸ ❥❡
❞➲✈♦❞✱ ♣r♦↔ s❡ ♣➦✐❦❧á♥í♠ ❦ t♦♠✉t♦ ✈②s✈➙t❧❡♥í✳ Pr♦↔ ✈ tét♦ ❢á③✐ ❞♦❝❤á③í ❦ t❛❦t♦ ✈❡❧✐❦ý♠ ✐♥✲
❦♦♥③✐st❡♥❝í♠ ♥❡♥í ③♥á♠♦✳ ❏❡❧✐❦♦➸ r♦③❞í❧② ❥s♦✉ t❛❦ ♦❜r♦✈s❦é✱ ♥❡❧③❡ ➦í❝✐✱ ➸❡ ❜② ❦✈❛❧✐t❛ ♦s✈➙t❧❡♥í
❤rá❧❛ ♥➙❥❛❦ ✈ý③♥❛♠♥♦✉ r♦❧✐ ✈❡ s❦❡♥♦✈❛❝í♠ ♣r♦❝❡s✉✱ ❝♦ s❡ ♣♦↔t✉ ③ís❦❛♥ý❝❤ ❜♦❞➲ tý↔❡✳

❈♦ s❡ ❦✈❛❧✐t② ❜♦❞➲ tý↔❡✱ ❛♥✐ ③❞❡ ♥❡❧③❡ ➦í❝✐✱ ➸❡ ❜② ♥➙❦t❡ré ③ ♦s✈➙t❧❡♥í ♠➙❧♦ ♥➙❥❛❦ý ✈ý③♥❛♠♥ý
✈❧✐✈ ♥❛ ♣r➲♠➙r♥é ♥❡❜♦ ♠❛①✐♠á❧♥í ♦❞❝❤②❧❦② ❜♦❞➲✳ ❏❛❦ ❥❡ ✈✐❞➙t ③ ✈ýs❧❡❞❦➲ ✈ t❛❜✉❧❝❡ ✻✳✶✱
❛♥✐ ✈ ❥❡❞♥♦♠ ③ ♦s✈➙t❧❡♥í s❡ ♥❡❥❡✈í✱ ➸❡ ❜② ❞♦❝❤á③❡❧♦ ❦ ✈ý③♥❛♠♥é♠✉ ③❧❡♣➨❡♥í ♣➦❡s♥♦st✐ ♦♣r♦t✐
♦st❛t♥í♠ t②♣➲♠ ♦s✈➙t❧❡♥í✳ ❯ ♣r✈♥í❤♦ ♠➙➦❡♥í s✐❝❡ ❞♦➨❧♦ ✉ s❦❡♥♦✈á♥í ✈ ➨❡r✉ ❦ ✈❡❧♠✐ ✈ýr❛③♥é♠✉
③❧❡♣➨❡♥í ♣r➲♠➙r♥é ♦❞❝❤②❧❦②✱ ❛❧❡ ✉ ♠➙➦❡♥í ↔ís❧♦ ❞✈❛ ❞♦➨❧♦ ♣➦✐ s❦❡♥♦✈á♥í ✈ ➨❡r✉ ❦ ❤♦r➨í ♣r➲♠➙r♥é
♦❞❝❤②❧❝❡ ❛ ✉ t➦❡tí❤♦ ♠➙➦❡♥í ➨❡r♦ ❞♦♣❛❞❧♦ ♥❡❥❤➲➦❡✳ ❆♥✐ ❝♦ s❡ tý↔❡ ♠❛①✐♠á❧♥í ♦❞❝❤②❧❦② ♥❡❧③❡
➦í❝✐✱ ➸❡ ❜② ♥➙❦t❡ré ③ ♦s✈➙t❧❡♥í ♠➙❧♦ ❧❡♣➨í ✈ýs❧❡❞❦② ♥❡➸ ♦st❛t♥í✳

✻✳✷✳✹ ❩á✈➙r ♦ ✈❧✐✈✉ s✈➙t❧❛

❙ ♠♥♦➸st✈í♠ ♥❛♠➙➦❡♥ý❝❤ ❞❛t s❡ ♥❡♣♦❞❛➦✐❧♦ ♣r♦❦á③❛t✱ ➸❡ ❜② ♥➙❦t❡ré ③ ♦s✈➙t❧❡♥í s❦❡♥♦✈❛✲
♥é❤♦ ♦❜❥❡❦t✉ ❛ s❝é♥② ✈❡❞❧♦ ❦ ✈ýr❛③♥➙ ❧❡♣➨í♠ ♥❡❜♦ ❤♦r➨í♠ ✈ýs❧❡❞❦➲♠ ❝♦ s❡ ♣♦↔t✉ ③ís❦❛♥ý❝❤
❜♦❞➲ ❛ ❥❡❥✐❝❤ ❦✈❛❧✐t② tý↔❡✳ ❩ár♦✈❡➡ s❡ ❛❧❡ ♣♦❞❛➦✐❧♦ ③❥✐st✐t✱ ➸❡ ✐ ✈ ♣♦❞♠í♥❦á❝❤✱ ❦t❡ré s❡ ♥❡♠➙♥✐❧②
❞♦❝❤á③❡❧♦ ❦ ✈❡❧✐❦é♠✉ ✈ý❦②✈✉ ♠♥♦➸st✈í ❜♦❞➲ ③ís❦❛♥ý❝❤ s❦❡♥❡r❡♠✳
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❖❜rá③❡❦ ✻✳✺✿ P♦↔t② ❜♦❞➲ ✈❡ s❦❡♥❡❝❤ ③ ❞r✉❤é❤♦ ♠➙➦❡♥í✳ ❖s❛ x ♦③♥❛↔✉❥❡ ♣♦➦❛❞í s❦❡♥➲ ❛ ♦s❛ y
♦③♥❛↔✉❥❡ ♣♦↔❡t ❜♦❞➲ ✈ ❞❛♥é♠ ♠➙➦❡♥í✳ ❱ýs❧❡❞❦② ♠➙➦❡♥í ③❛ s❧✉♥❡↔♥í❤♦ s✈➙t❧❛ ❥s♦✉ ♦③♥❛↔❡♥❛
♠♦❞➦❡✱ ♣♦✉③❡ s ✉♠➙❧ý♠ s✈➙t❧❡♠ ↔❡r✈❡♥➙ ❛ ✈ ➨❡r✉ ♠♦❞➦❡✳

❱ ❜✉❞♦✉❝♥✉ ❜② t❡❞② ❜②❧♦ ✈❤♦❞♥é ✈➙♥♦✈❛t s❡ t♦♠✉t♦ ú❦❛③✉ ❜❧í➸❡ ❛ ③❥✐st✐t✱ ♣r♦↔ ❦ t♦♠✉
❞♦❝❤á③í✱ ❥❛❦ t♦♠✉ ③❛❜rá♥✐t✱ ❥❛❦ ③❛❥✐st✐t ♥❛st❛✈❡♥í✱ ❦t❡ré ③ís❦á ❝♦ ♥❡❥✈➙t➨í ♠♦➸♥ý ♣♦↔❡t ❜♦❞➲
❛ ❥❛❦ s❡ ❦✈❛❧✐t❛ t➙❝❤t♦ ❜♦❞➲ ❜✉❞❡ ❧✐➨✐t ♦❞ ❦✈❛❧✐t② ❜♦❞➲ ③ís❦❛♥ý❝❤ ♣➦✐ ♥❛st❛✈❡♥í ③✈♦❧❡♥é♠
s❦❡♥❡r❡♠✱ ❥❛❦♦ ❥❡ t♦♠✉ t❡↕✳

◆❛ ③á✈➙r ❦ ♦s✈➙t❧❡♥í ❥❡ ❥❡➨t➙ ♣♦t➦❡❜❛ ③♠í♥✐t ❥❡❞♥✉ ✈➙❝✳ P♦❦✉❞ ♥á♠ ❥❞❡ ♣♦✉③❡ ♦ s❦❡♥②✱
s✈➙t❧♦ ♥á♠ ♥❡❞➙❧á ❛➸ t❛❦ ✈❡❧✐❦é ♣r♦❜❧é♠②✱ ❛❧❡ ♣♦❦✉❞ ❝❤❝❡♠❡ ③ís❦❛t ✐ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ❛➫
❢♦t♦❛♣❛rát❡♠✱ ♥❡❜♦ s❦❡♥❡r❡♠ s❛♠♦t♥ý♠✱ ❜✉❞❡ ❧❡♣➨í ✈♦❧✐t s❝é♥✉ s ❧❡♣➨í♠ ♦s✈➙t❧❡♥í♠✳ ❚♦ ❥❡
♠♦➸♥é ✈✐❞➙t ♥❛ ❢♦t♦❣r❛✜í❝❤ ✻✳✶✱ ✻✳✷ ❛ ✻✳✸✳ ◆❛ ❢♦t♦❣r❛✜í❝❤ ③ís❦❛♥ý❝❤ ✈ ➨❡r✉ ❥❡ ♦❜❥❡❦t s♦t✈❛
✈✐❞➙t ❛ ❥❛❦♦ t❡①t✉r❛ t②t♦ ❢♦t♦❣r❛✜❡ ♥❡❥s♦✉ ✈ ❤♦❞♥é✳ ❈♦ s❡ tý↔❡ ✉♠➙❧é❤♦ ♦s✈➙t❧❡♥í ③á➦✐✈❦❛♠✐✱
t②t♦ ❢♦t♦❣r❛✜❡ ❥s♦✉ ♣♦♠➙r♥➙ ❞♦❜ré✱ ❜❛r✈❛ ♦❜❥❡❦t✉ ♥❡♥í ♣➦í❧✐➨ ③❦r❡s❧❡♥á ❛ ❝❡❧á s❝é♥❛ ❥❡ ❞♦❜➦❡
✈✐❞✐t❡❧♥á✳ ❈♦ s❡ tý↔❡ s❧✉♥❡↔♥í❤♦ s✈➙t❧❛ s♣♦❧✉ s ✉♠➙❧ý♠✱ ❥❡ ③❞❡ ✈✐❞➙t ✈ýr❛③♥é ❜❛r❡✈♥é ③❦r❡s❧❡♥í
❛ ❥❡❧✐❦♦➸ ❥s♦✉ ♦❜❥❡❦t② ♦s✈➙t❧❡♥② ③❧❡✈❛ ③❡③❛❞✉✱ ❞♦❝❤á③í ✈❧✐✈❡♠ s✈➙t❧❡❥➨í❝❤ ♦❜❥❡❦t➲ ✈ ♣♦③❛❞í ❦
❛✉t♦♠❛t✐❝❦é♠✉ ③t♠❛✈❡♥í ❝❡❧é ❢♦t♦❣r❛✜❡✳ Pr♦t♦ ✈ t♦♠t♦ ♣➦í♣❛❞➙ ❜✉❞❡ ♥❡❥❧❡♣➨í ③✈♦❧✐t ❧é♣❡
♦s✈➙t❧❡♥é s❝é♥②✱ ❛❜② ❜②❧❛ ❜❛r❡✈♥á ✐♥❢♦r♠❛❝❡ ③ís❦á♥❛ ✈ ❝♦ ♥❡❥❧❡♣➨í ❦✈❛❧✐t➙✳ ◆❡❥✈❤♦❞♥➙❥➨í ❜②
❜②❧♦✱ ❛❜② ❜②❧ s❦❡♥♦✈❛♥ý ♦❜❥❡❦t ♦s✈➙t❧❡♥ ❝♦ ♥❡❥r♦✈♥♦♠➙r♥➙❥✐ ③❡ ✈➨❡❝❤ str❛♥✳

❈♦ s❡ tý↔❡ ♣♦✉➸✐tí ❜❧❡s❦✉ ♣➦í ③ís❦á✈á♥í ❢♦t♦❣r❛✜❡ ❢♦t♦❛♣❛rát❡♠✱ ③❞❡ ❜✉❞❡ ❞♦❝❤á③❡t ❦ ♦❞✲
❧❡s❦➲♠ ❛ ❦ ❛rt❡❢❛❦t➲♠ s tí♠ s♣♦❥❡♥ý❝❤✭P➦✐✈rá❝❡♥é ♣❧♦❝❤② ❜✉❞♦✉ ❧é♣❡ ♦s✈➙t❧❡♥② ♥❡➸ ♣❧♦❝❤② s
♥♦r♠á❧♦✉ ❦♦❧♠♦✉ ♥❛ s♠➙r ❢♦t♦❣r❛❢♦✈á♥í✳✮✳ ❚♦ ❥❡ ✈➙❝✱ ❦t❡r♦✉ ✉ t❡①t✉r ♥❡❝❤❝❡♠❡ ❛ ♣r♦t♦ ❜✉❞❡
✈❤♦❞♥é ❢♦t✐t ❜❡③ ❜❧❡s❦✉ ✈ ♠íst♥♦st✐ s r♦✈♥♦♠➙r♥ý♠ ♦s✈➙t❧❡♥í♠ ③❡ ✈➨❡❝❤ str❛♥✱ ❦t❡ré ♥❡❜✉❞❡
♣➦í❧✐➨ ♦stré✳

✼✶



❑❆P■❚❖▲❆ ✻✳ ❚❊❙❚❖❱➪◆❮

❖❜rá③❡❦ ✻✳✻✿ P♦↔t② ❜♦❞➲ ✈❡ s❦❡♥❡❝❤ ③ t➦❡tí❤♦ ♠➙➦❡♥í✳ ❖s❛ x ♦③♥❛↔✉❥❡ ♣♦➦❛❞í s❦❡♥➲ ❛ ♦s❛ y
♦③♥❛↔✉❥❡ ♣♦↔❡t ❜♦❞➲ ✈ ❞❛♥é♠ ♠➙➦❡♥í✳ ❱ýs❧❡❞❦② ♠➙➦❡♥í ③❛ s❧✉♥❡↔♥í❤♦ s✈➙t❧❛ ❥s♦✉ ♦③♥❛↔❡♥❛
♠♦❞➦❡✱ ♣♦✉③❡ s ✉♠➙❧ý♠ s✈➙t❧❡♠ ↔❡r✈❡♥➙ ❛ ✈ ➨❡r✉ ♠♦❞➦❡✳

▼íst♥♦st✱ ✈❡ ❦t❡ré s❡ ✸❉ s❦❡♥❡r ♥❛❝❤á③í ❛ ♣♦✉➸í✈á✱ ❥❡ ✈②❜❛✈❡♥❛ str♦♣♥í♠✐ ③á➦✐✈❦❛♠✐ ♣r♦✲
❞✉❦✉❥í❝í♠✐ ❜í❧é s✈➙t❧♦ ❛ ❞í❦② ❜í❧ý♠ st➙♥á♠ ❞♦❝❤á③í ❦ ❞♦❜ré♠✉ ♦s✈➙t❧❡♥í ♦❜❥❡❦t➲ ③❡ str❛♥
❜❡③ ✈③♥✐❦á♥í ♣➦í❧✐➨ ✈❡❧✐❦é❤♦ ♠♥♦➸st✈í ♦❞❧❡s❦➲✳ ❚♦ ❥❡ ❞♦❜➦❡ ✈✐❞➙t ♥❛ ❢♦t♦❣r❛✜í❝❤ ✻✳✷ ❛ ✻✳✸✱
❦❞❡ ♣r♦st➦❡❞♥í ❢♦t♦❣r❛✜❡ ❥❡ ♣rá✈➙ ③❛ ♣♦✉➸✐tí t♦❤♦t♦ ♦s✈➙t❧❡♥í ❛ ♠❛❥í ♥❡❥❧❡♣➨í ❦✈❛❧✐t✉ ♦♣r♦t✐
♦st❛t♥í♠ ❞✈➙♠❛✳ P♦✉➸✐tí ❜❧❡s❦✉✱ ❥❛❦ ❜②❧♦ ③♠í♥➙♥♦ ✈ý➨❡✱ ♥❡♥í ♣➦✐ ❢♦t♦❣r❛❢♦✈á♥í ✈❤♦❞♥é✳ ❈♦
s❡ tý↔❡ ❢♦t♦❣r❛❢♦✈á♥í ♦❜❥❡❦t✉ ✻✳✶✱ ③❞❡ ✐ ♣➦❡s st❡❥♥é s✈➙t❡❧♥é ♣♦❞♠í♥❦② ❥❛❦♦ ✉ ♦st❛t♥í❝❤ ❞♦➨❧♦
❦ ✈ýr❛③♥é♠✉ ③t♠❛✈❡♥í ❢♦t♦❣r❛✜í✳ ❑ ③ís❦á♥í ❜❛r❡✈♥é ✐♥❢♦r♠❛❝❡ ❛❧❡ ❜✉❞❡ ♣♦✉➸✐t ❢♦t♦❛♣❛rát ❛
✉ ♥➙❥ ❥❡ ♠♦➸♥é ✈ ♥❛st❛✈❡♥í ③❛❜rá♥✐t t♦♠✉✱ ❛❜② ❞♦❝❤á③❡❧♦ ❦ ❛❞❛♣t❛❝✐ ♥❛ s✈➙t❧♦✳

✼✷



❑❛♣✐t♦❧❛ ✼

❩á✈➙r

❱ýs❧❡❞❦❡♠ tét♦ ♣rá❝❡ ❥❡ ❛♣❧✐❦❛❝❡✱ s ❥❡❥í➸ ♣♦♠♦❝í ✉➸✐✈❛t❡❧ ♠➲➸❡ ♣♦✉➸ít ✸❉ s❦❡♥❡r ❱■❱■❉
✾✐✱ ❢♦t♦❛♣❛rát ❈❛♥♦♥ ❊❖❙ ✶✵✵❉ ❛ ♦t♦↔♥ý st♦❧❡❦ ➦í③❡♥ý s❦r③ ➦í❞í❝í ❥❡❞♥♦t❦✉ ▼❆❘❙ ✷ ❦
♥❛s❦❡♥♦✈á♥í ✉➸✐✈❛t❡❧❡♠ ③✈♦❧❡♥é❤♦ ♦❜❥❡❦t✉ ③❡ ✈➨❡❝❤ str❛♥✳ Pr♦ ❥❡❞♥♦❞✉❝❤♦st ♣rá❝❡✱ ❛♣❧✐❦❛❝❡
♣♦s❦②t✉❥❡ ❣r❛✜❝❦é ✉➸✐✈❛t❡❧s❦é r♦③❤r❛♥í s ❝♦ ♥❡❥♠❡♥➨í♠ ♠♥♦➸st✈í♠ ❡❧❡♠❡♥t➲ t❛❦✱ ❛❜② ✉➸✐✈❛t❡❧
♠♦❤❧ ♣r❛❝♦✈❛t ❛ ♥❡❜②❧ ♣➦í❧✐➨ ③❛❤❧❝❡♥ ✈❡❧✐❦ý♠ ♠♥♦➸st✈í♠ ♠♦➸♥♦stí✳ ❯➸✐✈❛t❡❧✐ ❥❡ ✉♠♦➸♥➙♥♦
③ís❦❛t ♠r❛↔♥❛ ❜♦❞➲✱ ✸❉ ♠♦❞❡❧② ❛ ❢♦t♦❣r❛✜❡ ♦❜❥❡❦t✉ ♣r♦ ❧✐❜♦✈♦❧♥é ♠♥♦➸st✈í ♣♦③✐❝ ♦t♦↔♥é❤♦
st♦❧❦✉✳

P♦♠♦❝í ♥ástr♦❥❡ ♣r♦ r❡❦♦♥str✉❦❝✐ ♣ó③② ❥❡ ♠✉ ✉♠♦➸♥➙♥♦ ❥❡❞♥♦❞✉❝❤ý♠ ③♣➲s♦❜❡♠ ③❥✐st✐t✱ ❥❛❦
❜②❧② s❦❡♥❡r ✐ ❢♦t♦❛♣❛rát ✉♠íst➙♥② ✈ ♣r♦st♦r✉ ✈➲↔✐ ♦t♦↔♥é♠✉ st♦❧❦✉✱ ③✈♦❧❡♥í♠ ♥➙❦♦❧✐❦❛ ❜♦❞➲
✈❡ ❢♦t♦❣r❛✜í❝❤ ❛ ♥❛st❛✈❡♥í♠ ❥❡❥✐❝❤ s❦✉t❡↔♥é ♣♦③✐❝❡✳ ❱ ♣➦í♣❛❞➙✱ ➸❡ ✉➸✐✈❛t❡❧ ♥❡❜②❧ ♣➦í❧✐➨ ♣➦❡s♥ý
♣➦✐ r❡❦♦♥str✉❦❝✐ ♣ó③②✱ ♥ástr♦❥❡♠ ♣r♦ ③♣➦❡s♥➙♥í ♣ó③② ❥❡ ♠✉ ✉♠♦➸♥➙♥♦ ♣ó③② ❢♦t♦❛♣❛rát✉ ✐
s❦❡♥❡r✉ ❥❡➨t➙ ✈í❝❡ ③♣➦❡s♥✐t ❞♦ ♣♦➸❛❞♦✈❛♥é ❦✈❛❧✐t②✳

◆❛❦♦♥❡❝ ✉➸✐✈❛t❡❧ ♠➲➸❡ ✈ýs❧❡❞♥♦✉ s❝é♥✉ ❡①♣♦rt♦✈❛t ❞♦ ❢♦r♠át✉ ❜✉♥❞❧❡✱ ♥❡❜♦ ❞♦ ❢♦r♠át✉
P▲❨✳ Pr♦ P▲❨ ❢♦r♠át s✐ ♠➲➸❡ ③✈♦❧✐t✱ ③❞❛ ❝❤❝❡ ❡①♣♦rt♦✈❛t ❜♦❞②✱ ✸❉ ♠♦❞❡❧②✱ ❦❛♠❡r② ♥❡❜♦
❧✐❜♦✈♦❧♥♦✉ ❦♦♠❜✐♥❛❝✐ ♣➦❡❞❝❤♦③í❝❤ ♠♦➸♥♦stí✳ P➦✐ ❡①♣♦rt♦✈á♥í ✸❉ ♠♦❞❡❧➲ ❥❡ ❦r♦♠➙ ✈②t✈♦➦❡♥í
❥❡❞♥é ú♣❧♥é s❝é♥② ✈②t✈♦➦❡♥❛ ❥❡❞♥❛ s❝é♥❛ ♣r♦ ❦❛➸❞ý ✸❉ ♠♦❞❡❧✱ ❛❜② ❥❡ ✉➸✐✈❛t❡❧ ♠♦❤❧ ❞á❧❡
③♣r❛❝♦✈á✈❛t ✐ s❛♠♦st❛t♥➙✱ ♣♦❦✉❞ ❜✉❞❡ ❝❤tít✳

❈♦ s❡ tý↔❡ ✈❧✐✈✉ s✈➙t❧❛ ♥❛ ❦✈❛❧✐t✉ s❦❡♥♦✈á♥í✱ ♥❡♣♦❞❛➦✐❧♦ s❡ ♣r♦❦á③❛t✱ ➸❡ ❜② ✐♥t❡♥③✐t❛ ♦❦♦❧✲
♥í❤♦ ♦s✈➙t❧❡♥í ❤rá❧❛ ♥➙❥❛❦♦✉ r♦❧✐ ✈❡ ✈ýs❧❡❞❝í❝❤ s❦❡♥♦✈❛❝í❤♦ ♣r♦❝❡s✉✳ ❏❡❞♥♦t❧✐✈é s❦❡♥② ③❛
st❡❥♥ý❝❤ ♣♦❞♠í♥❡❦ s❡ ♦❞ s❡❜❡ ❧✐➨✐❧② ✈í❝❡✱ ♥❡➸ ❥❛❦ s❡ ✈ýs❧❡❞❦② ❧✐➨✐❧② ♣➦✐ r➲③♥ý❝❤ ✐♥t❡♥③✐tá❝❤
♦s✈➙t❧❡♥í✳ ❑✈❛❧✐t❛ ♦s✈➙t❧❡♥í ♠á ♦✈➨❡♠ ✈ýr❛③♥ý ✈❧✐✈ ♥❛ ③ís❦❛♥♦✉ ❜❛r❡✈♥♦✉ ✐♥❢♦r♠❛❝✐ ♦ s❝é♥➙ ❛
♣r♦t♦ ❥❡ ❧❡♣➨í ♠ít s❦❡♥♦✈❛♥ý ♦❜❥❡❦t r♦✈♥♦♠➙r♥➙ ❞♦❜➦❡ ♦s✈➙t❧❡♥ ③❡ ✈➨❡❝❤ str❛♥✱ ❛❜② ✈ýs❧❡❞♥á
t❡①t✉r❛ ♠➙❧❛ ❝♦ ♥❡❥♠é♥➙ ♦strý❝❤ ❜❛r❡✈♥ý❝❤ ♣➦❡❝❤♦❞➲ ❛ ♠➙❧❛ ❝♦ ♥❡❥✈②➨➨í ❦✈❛❧✐t✉✳

❱③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ♦s✈➙t❧❡♥í ✈ ♠íst♥♦st✐ s❦❡♥❡r✉ ❥❡ ❞♦st❛t❡↔♥é✱ ♥❡♥í t➦❡❜❛ ❞➙❧❛t ➸á❞♥é
ú♣r❛✈②✳

✼✳✵✳✶ ❱ýst✉♣♥í s❝é♥②

✼✸



❑❆P■❚❖▲❆ ✼✳ ❩➪❱❹❘

❖❜rá③❡❦ ✼✳✶✿ ❍❧❛✈♥í ♠❡♥✉ ✲ ✜♥á❧♥í ✈❡r③❡ ●❯■

❖❜rá③❡❦ ✼✳✷✿ ❋♦r♠✉❧á➦ ③ís❦á♥í ❞❛t ✲ ✜♥á❧♥í ✈❡r③❡ ●❯■

✼✹



❖❜rá③❡❦ ✼✳✸✿ ❋♦r♠✉❧á➦ r❡❦♦♥str✉❦❝❡ ♣ó③② ✲ ✜♥á❧♥í ✈❡r③❡ ●❯■

❖❜rá③❡❦ ✼✳✹✿ ❋♦r♠✉❧á➦ ③♣➦❡s♥➙♥í ♣ó③② ✲ ✜♥á❧♥í ✈❡r③❡ ●❯■

✼✺



❑❆P■❚❖▲❆ ✼✳ ❩➪❱❹❘

❖❜rá③❡❦ ✼✳✺✿ ❋♦r♠✉❧á➦ ❡①♣♦rt✉ s❝é♥② ✲ ✜♥á❧♥í ✈❡r③❡ ●❯■

❖❜rá③❡❦ ✼✳✻✿ ❋✐♥á❧♥í s❝é♥❛ ✲ ❦♦♥✈✐↔❦❛ ✶✳ ◆ás❧❡❞❦② ♥❡❞♦❦♦♥❛❧é❤♦ ③❛r♦✈♥á♥í ❞í❧↔í❝❤ ♠♦❞❡❧➲ ✈
❞➲s❧❡❞❦✉ ♥❡♣➦❡s♥♦st✐ ✈ ♣ó③❡ ❥❡ ♠♦➸♥é ✈✐❞➙t ♥❛ ✉❝❤✉ ❦♦♥✈✐↔❦②✳ ❉á❧❡ ❥❡ ♠♦➸♥é ✈✐❞➙t ❛rt❡❢❛❦t②
✈③♥✐❦❧é ♣➦✐ t❡①t✉r♦✈á♥í ♦❦r❛❥♦✈ý❝❤ tr♦❥ú❤❡❧♥í❦➲ ✈ ❞➲s❧❡❞❦✉ ♥❡♣➦❡s♥é ♣ó③② ❢♦t♦❛♣❛rát✉ ✭✈
♣♦③❛❞í ❜②❧ ➨❡❞ý ❦♦❜❡r❡❝✮✳

✼✻



❖❜rá③❡❦ ✼✳✼✿ ❋✐♥á❧♥í s❝é♥❛ ✲ ❦♦♥✈✐↔❦❛ ✷✳

❖❜rá③❡❦ ✼✳✽✿ ❋✐♥á❧♥í s❝é♥❛ ✲ ❦♦♥✈✐↔❦❛ ✸✳ ❩❞❡ ❥❡ ✈✐❞➙t✱ ❥❛❦ ♥❡♣➦❡s♥♦st ♣ó③② s❦❡♥❡r✉ ♦✈❧✐✈♥í
✈ýs❧❡❞♥é s❧♦➸❡♥í ♠♦❞❡❧➲✳ Pr♦t♦ ❥s♦✉ ✸❉ ♠♦❞❡❧② ❡①♣♦rt♦✈ý♥② ✐ s❛♠♦st❛t♥➙✱ ❛❜② ✉➸✐✈❛t❡❧ ♠♦❤❧
♣♦③✐❝❡ ♠♦❞❡❧➲ ❞♦❞❛t❡↔♥➙ ♣♦✉♣r❛✈✐t✳

✼✼



❑❆P■❚❖▲❆ ✼✳ ❩➪❱❹❘
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