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✭❝✮ ■♥t❡❣r❛t✐♦♥ ♦❢ s✉r❢❛❝❡ ♥♦r♠❛❧s ♦❜t❛✐♥❡❞ ❢r♦♠ ❋r❡s♥❡❧ ❡q✉❛t✐♦♥s✳ ◆♦t❡ t❤❡ ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t② ✭♦❜s❡r✈❡❞ ❛s ❛ ✄✐♣ ✐♥ t❤❡ s❤❛♣❡✮ ❛♥❞ ❞✐st♦rt✐♦♥

♦❢ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ ✭♦❜s❡r✈❡❞ ❛s ✄❛t♥❡ss ✐♥ t❤❡ s❤❛♣❡✮✳ ✭❞✮ ■♥t❡❣r❛t✐♦♥ ♦❢ s✉r❢❛❝❡ ♥♦r♠❛❧s ❛❢t❡r ❝♦rr❡❝t✐♥❣ ❢♦r ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t② r❡♠♦✈❡s t❤❡ ✄✐♣✱

❛♥❞ t❤❡ ✂♥❛❧ r❡s✉❧t ✐s s❤♦✇♥ ✐♥ ✭❡✮ ❛❢t❡r ❝♦rr❡❝t✐♥❣ ❢♦r ③❡♥✐t❤ ❞✐st♦rt✐♦♥ ❛♥❞ ✉s✐♥❣ ♣❤②s✐❝s✲❜❛s❡❞ ✐♥t❡❣r❛t✐♦♥✳

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

t❤r♦✉❣❤ ♣♦❧❛r✐③❛t✐♦♥ ❤❛s ♣♦t❡♥t✐❛❧ ❛❞✈❛♥t❛❣❡s ♦✈❡r ❙❢❙ ❛♥❞

P❙✱ ✐♥❝❧✉❞✐♥❣✿

➊ P❛ss✐✈❡ ❝❛♣t✉r❡✿ ❛ss✉♠✐♥❣ ❧✐❣❤t ✐♥❝✐❞❡♥t ♦♥ ❛♥ ♦❜❥❡❝t ✐s

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

t❛t✐♥❣ ❛ ♣♦❧❛r✐③❡r ❛t t❤❡ ✐♠❛❣✐♥❣ s❡♥s♦r✳

➊ ❘♦❜✉st♥❡ss t♦ ❞✐❢❢✉s❡ ✐♥t❡rr❡✄❡❝t✐♦♥s✿ ✉♥❧✐❦❡ ❙❢❙ ❛♥❞ P✲

❙✱ ❞✐❢❢✉s❡ ✐♥t❡rr❡✄❡❝t✐♦♥s ❞♦ ♥♦t s✐❣♥✐✂❝❛♥t❧② ❝♦rr✉♣t t❤❡

❡st✐♠❛t❡❞ s❤❛♣❡✳

➊ ▼❛t❡r✐❛❧ ✐♥✈❛r✐❛♥t ❝❛♣t✉r❡✿ t❤❡ ♣❤②s✐❝s ♦❢ t❤❡ s❤❛♣❡ ❢r♦♠

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

❡❧❡❝tr✐❝s t♦ ♠❡t❛❧s t♦ tr❛♥s❧✉❝❡♥t ♦❜❥❡❝ts✳

➊ ▲✐❣❤t✐♥❣ r♦❜✉st ❝❛♣t✉r❡✿ ✐❢ t❤❡ ✐♥❝✐❞❡♥t ❧✐❣❤t ✐s ✉♥♣♦❧❛r✲

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

❞♦♦rs✱ ♦✉t❞♦♦rs✱ ♦r ✉♥❞❡r ♣❛tt❡r♥❡❞ ✐❧❧✉♠✐♥❛t✐♦♥✳

❍♦✇❡✈❡r✱ t❤❡r❡ ❛♣♣❡❛rs t♦ ❜❡ ✉♥t❛♣♣❡❞ ♣♦t❡♥t✐❛❧ ❛s ♦❜t❛✐♥✲

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

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

❙♣❡❝✐✂❝ ♦♣❡♥ ♣r♦❜❧❡♠s ❬✸✶✱✹❪ ✐♥❝❧✉❞❡✿

✶✳ ❆♠❜✐❣✉✐t②✿ ❚❤❡ ❛③✐♠✉t❤ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ s✉r❢❛❝❡ ♥♦r✲

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

❛♠❜✐❣✉♦✉s ✄✐♣s ✐♥ t❤❡ ✸❉ s❤❛♣❡✳

✷✳ ❘❡❢r❛❝t✐✈❡ ❞✐st♦rt✐♦♥✿ ❖❜t❛✐♥✐♥❣ t❤❡ ③❡♥✐t❤ ❝♦♠♣♦♥❡♥t

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

t✐✈❡ ✐♥❞❡① t♦ ❡st✐♠❛t❡ ❛❝❝✉r❛t❡ ✸❉ s❤❛♣❡✳

✸✳ ❋r♦♥t♦✲♣❛r❛❧❧❡❧ s✉r❢❛❝❡s✿❲❤❡♥ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ ✐s ❝❧♦s❡

t♦ ③❡r♦✱ t❤❡ ♦❜t❛✐♥❡❞ ♥♦r♠❛❧s ❛r❡ ♥♦✐s②✳

✹✳ ❉❡♣t❤ ❞✐s❝♦♥t✐♥✉✐t✐❡s✿ ❊✈❡♥ ✐❢ t❤❡ ♥♦r♠❛❧s ❛r❡ ♦❜t❛✐♥❡❞

❝♦rr❡❝t❧②✱ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❣r❛❞✐❡♥ts ♠✉st ❜❡ ♣❡r❢♦r♠❡❞ t♦

r❡❝♦✈❡r t❤❡ ✸❉ s❤❛♣❡✳

✺✳ ❘❡❧❛t✐✈❡ ❞❡♣t❤✿ ■♥t❡❣r❛t✐♥❣ s✉r❢❛❝❡ ♥♦r♠❛❧s ♦❜t❛✐♥s ♦♥✲

❧② r❡❧❛t✐✈❡ ✸❉ s❤❛♣❡✱ ✉♣ t♦ ♦❢❢s❡t ❛♥❞ s❝❛❧✐♥❣ ❝♦♥st❛♥ts✳

❲❡ ❜❡❧✐❡✈❡ t❤❛t ❛ s♦❧✉t✐♦♥ t♦ t❤❡ ❛❜♦✈❡ ✺ ♣r♦❜❧❡♠s ✐s ❛ s✐❣✲

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

❛r❡ ♣❛rt✐❛❧ s♦❧✉t✐♦♥s ✐♥ ♣r✐♦r ❛rt✱ t❤❛t ❛❞❞r❡ss r❡str✐❝t❡❞ ❝❛s✲

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

✷ ❋♦r♠❛❧✐③❡❞ ❜② ❆✉❣✉st✐♥✲❏❡❛♥ ❋r❡s♥❡❧ ✭✶✼✽✽✲✶✽✷✼✮ ❛s t❤❡ ❢❛♠♦✉s

➇❋r❡s♥❡❧ ❊q✉❛t✐♦♥s➈✳

♥♦t ❜❡❡♥ ♣r❡s❡♥t❡❞✳ ■♥ t❤✐s ♣❛♣❡r✱ t❤❡ ✺ ❝❤❛❧❧❡♥❣❡s ❛r❡ ❛❞✲

❞r❡ss❡❞ ❜② st❛rt✐♥❣ ✇✐t❤ ❛ ❝♦❛rs❡ ❞❡♣t❤ ♠❛♣ ❛s ❛ ❝♦♥str❛✐♥t

t♦ ❝♦rr❡❝t t❤❡ ♥♦r♠❛❧s ♦❜t❛✐♥❡❞ ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥✳ ❲❤✐❧❡ ✇❡

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

t♦ r❡❛❧✐③❡ ❡❛r❧②✲st❛❣❡ ♣r❛❝t✐❝❛❧ r❡s✉❧ts ❛♥❞ ❤♦♣❡❢✉❧❧② s♣✉r ❢✉✲

t✉r❡ ✇♦r❦✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ♦✉r ❛♣♣r♦❛❝❤ ✐s s✉♠♠❛r✐③❡❞ ✐♥

❋✐❣✉r❡ ✶✳

❆ ♣r❡❧✐♠✐♥❛r② ✈❡rs✐♦♥ ♦❢ t❤✐s ✇♦r❦ ✇❛s ❞❡♠♦♥str❛t❡❞

❧✐✈❡ ❛t ❙■●●❘❆P❍ ✐♥ ❆✉❣✉st ✷✵✶✺ ❬✷✻❪ ❛♥❞ ❛♣♣❡❛r❡❞ ❛t ■❈✲

❈❱ ✐♥ ❉❡❝❡♠❜❡r ✷✵✶✺ ❬✷✺❪✳ ❚❤✐s ♣❛♣❡r ✐♥❝❧✉❞❡s ❛❞❞✐t✐♦♥❛❧

♠❛t❡r✐❛❧ ♣❡rt❛✐♥✐♥❣ t♦✿ ❛ t❤❡♦r❡t✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ♠✐①❡❞ r❡✄❡❝✲

t✐♦♥s ❜❛s❡❞ ♦♥ ✇❛✈❡ ✐♥t❡r❢❡r❡♥❝❡ ✭❙❡❝t✐♦♥ ✺✳✶✮✱ ❛ ♣r❛❝t✐❝❛❧

❛♥❛❧②s✐s ♦❢ t❤❡ ✉♥♣♦❧❛r✐③❡❞ ✇♦r❧❞ ❛ss✉♠♣t✐♦♥ ✭❙❡❝t✐♦♥ ✺✳✷✮✱

❛❞❞✐t✐♦♥❛❧ r❡s✉❧ts ✐♥❝❧✉❞✐♥❣ ❛ ❢❛✐❧✉r❡ ❝❛s❡ ❛♥❞ ❞❡♠♦♥str❛t✐♦♥

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

❞✐s❝✉ss✐♦♥ ♦❢ r❡❧❛t❡❞ ✇♦r❦s✳

✶✳✶ ❈♦♥tr✐❜✉t✐♦♥s

❈♦♥❝❡♣t✉❛❧❧②✱ ✇❡ ♣r♦♣♦s❡ ❛ t❡❝❤♥✐q✉❡ t❤❛t ❡①♣❧♦✐ts s✉r❢❛❝❡

♥♦r♠❛❧s ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s t♦ ❡♥❤❛♥❝❡ t❤❡ q✉❛❧✐t② ♦❢ ❛

❝♦❛rs❡ ❞❡♣t❤ ♠❛♣✳ ❚❤✐s ✐s t❤❡ ✂rst t❡❝❤♥✐q✉❡ t❤❛t ✉s❡s ❛ ❞❡♣t❤

♠❛♣ t♦ ❛❞❞r❡ss t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❛♠❜✐❣✉✐t✐❡s ✐♥ ❙❢P✳ ❱❡r②

s♣❡❝✐✂❝❛❧❧②✱ ✇❡ ❞❡✈✐s❡ ❛ ♣❤②s✐❝s✲❜❛s❡❞ ❢r❛♠❡✇♦r❦✱ ✇❤❡r❡✐♥

t❤❡ ❝♦❛rs❡ ❞❡♣t❤ ♠❛♣ ✐s ✉s❡❞ t♦ r❡s♦❧✈❡ ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t②

✭❛❞❞r❡ss✐♥❣ ♣r♦❜❧❡♠ ✶✮ ❛♥❞ ❝♦rr❡❝t ❢♦r r❡❢r❛❝t✐✈❡ ❞✐st♦rt✐♦♥

✭s♦❧✈✐♥❣ ♣r♦❜❧❡♠ ✷✮✳ ❚♦ r❡❝♦✈❡r ✸❉ s❤❛♣❡✱ ✇❡ ♣r♦♣♦s❡ ❛ s✲

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

❧❛r✐③❛t✐♦♥ ❛s ❛ ✇❡✐❣❤t✐♥❣ ♣❛r❛♠❡t❡r✳ ❚❤✐s ❛♣♣r♦❛❝❤✱ s♣❡❝✐✂✲

❝❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ♣♦❧❛r✐③❛t✐♦♥ ♥♦r♠❛❧s✱ ❛❞❞r❡ss❡s ♣r♦❜❧❡♠

✸✳ ❆s ✐s ✇❡❧❧✲❦♥♦✇♥✱ t❤❡ ❣❡♥❡r❛❧ ❢✉s✐♦♥ ♦❢ ❞❡♣t❤ ❛♥❞ ♥♦r♠❛❧s

s♦❧✈❡s ♣r♦❜❧❡♠s ✹ ❛♥❞ ✺✳

❚❛❦❡♥ t♦❣❡t❤❡r✱ ✇❡ t❤❡♥ ❛♥❛❧②③❡ ♦✉r t❡❝❤♥✐q✉❡ ❢♦r s✉✐t✲

❛❜✐❧✐t② ♦♥ r❡❛❧✲✇♦r❧❞✱ ♠✐①❡❞ s✉r❢❛❝❡s ✉s✐♥❣ ❛ ✇❛✈❡✲❜❛s❡❞

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

❛❣❛✐♥st ❣r♦✉♥❞ tr✉t❤ ❞❛t❛✱ ❑✐♥❡❝t ❞❛t❛ ❛♥❞ st❛t❡✲♦❢✲t❤❡✲❛rt

✸❉ ❡♥❤❛♥❝❡♠❡♥t t❡❝❤♥✐q✉❡s ❬✻✵❪✱ ❞❡♠♦♥str❛t✐♥❣ ❝❧❡❛r ✐♠✲

♣r♦✈❡♠❡♥t ♦♥ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ s❝❡♥❡s✳



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✸

❚❛❜❧❡ ✶ ❚❤❡ ❢✉s✐♦♥ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ ❞❡♣t❤ ✇♦r❦s ♦♥ ❝♦♠♣❧❡① s❝❡♥❡s✱ ✇✐t❤ s❤✐♥② ♦❜❥❡❝ts✱ ✐♥t❡rr❡✄❡❝t✐♦♥s✱ ❛♥❞ ✉♥❝♦♥tr♦❧❧❡❞ ❧✐❣❤t✐♥❣✳ ❙✐♥❣❧❡✲s❤♦t

❝❛♣t✉r❡ ✐s ♣♦ss✐❜❧❡ ✉s✐♥❣ ❛ ♣♦❧❛r✐③❛t✐♦♥ ❝❛♠❡r❛✳ ❚❤❡s❡ ❝❛♠❡r❛s ❛r❡ s♦❧❞ ✇✐t❤ ❛ s❡♥s♦r ♠♦s❛✐❝ ❢♦r ♠✉❧t✐♣❧❡ ♣♦❧❛r✐③❛t✐♦♥ ❝❤❛♥♥❡❧s✳✹

❉❡♣t❤ Pr✐♦r

✰❳

▼❛t❡r✐❛❧

❆ss✉♠♣t✐♦♥

▲✐❣❤t✐♥❣

❆ss✉♠♣t✐♦♥

▲✐❣❤t✐♥❣

❚②♣❡

❉✐❢❢✉s❡

■♥t❡rr❡✄❡❝t✐♦♥s

❙♣❡❝✉❧❛r

■♥t❡rr❡✄❡❝t✐♦♥s

▼✐♥✐♠✉♠

■♠❛❣❡s

❈♦♠♣❛❝t

❙❡♥s♦r

P❤♦t♦♠❡tr✐❝ ❙t❡r❡♦

❬✻✼✱✶✼❪
▲❛♠❜❡rt✐❛♥ ❉✐st❛♥t ▲✐❣❤t✐♥❣ ❆❝t✐✈❡ ❛♥❞ ❈♦♥tr♦❧❧❡❞ ◆♦t r♦❜✉st ◆♦t r♦❜✉st ✸ ◆♦

❙❤❛♣❡ ❋r♦♠ ❙❤❛❞✐♥❣

❬✺✾✱✻✷✱✶✻✱✻✵✱✹✷❪
▲❛♠❜❡rt✐❛♥

❙♣❤❡r✐❝❛❧ ❍❛r♠♦♥✐❝

❙❡❡ ❇❛sr✐ ❬✺❪✳
P❛ss✐✈❡ ◆♦t r♦❜✉st ◆♦t r♦❜✉st ✶ ❬❘❡❣✉❧❛r ❈❛♠❡r❛❪ ❨❡s

❙❤❛♣❡ ❢r♦♠ P♦❧❛r✐③❛t✐♦♥

❬Pr♦♣♦s❡❞ ❈♦♠❜✐♥❛t✐♦♥❪

❉✐❡❧❡❝tr✐❝s ♦r

▲♦✇✲❢r❡q✉❡♥❝② ❚r❛♥s✐t✐♦♥
❯♥♣♦❧❛r✐③❡❞ P❛ss✐✈❡ ❘♦❜✉st ◆♦t r♦❜✉st

✸ ❬❈❛♠❡r❛ ✰ P♦❧③✳ ❋✐❧t✳❪

✶ ❬P♦❧③✳ ❈❛♠❡r❛❪
❨❡s

✷ ❘❡❧❛t❡❞ ❲♦r❦

❙❤❛♣❡ ❢r♦♠ P♦❧❛r✐③❛t✐♦♥ ✭❙❢P✮ ❡st✐♠❛t❡s s✉r❢❛❝❡ ♥♦r♠❛❧s ❜②

❛♥❛❧②③✐♥❣ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ r❡✄❡❝t❡❞ ❧✐❣❤t✳ ❆♥

♦✈❡r✈✐❡✇ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✹✹❪✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s ❤♦✇ t❤❡ ❞❡✲

❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ ♦r✐❡♥t❛t✐♦♥ ♦❢ s♣❡❝✉❧❛r r❡✄❡❝t✐♦♥✲

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

✐♥ s♣❡❝✉❧❛r❧② ♣♦❧❛r✐③❡❞ ❧✐❣❤t ❝❛♥ ❛❧s♦ ❜❡ ❡①t❡♥❞❡❞ t♦ tr❛♥s✲

♣❛r❡♥t ♦❜❥❡❝ts ❬✹✻✱✸✷❪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ ✐t ✐s ❛❧s♦ ♣♦s✲

s✐❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ s❤❛♣❡ ♦❢ ❞✐❡❧❡❝tr✐❝ ♦❜❥❡❝ts ✉s✐♥❣ t❤❡

❝✉❡s ❢r♦♠ ❞✐❢❢✉s❡❧② ♣♦❧❛r✐③❡❞ r❡✄❡❝t✐♦♥s ❬✸✹✱✹❪✳ ❆ ❢❡✇ ♥♦✲

t❛❜❧❡ ❡①t❡♥s✐♦♥s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ t♦ ❡♥❤❛♥❝❡ ❙❢P✳ ❋♦r

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

♣♦❧❛r✐③❡❞ ✐♥❢♦r♠❛t✐♦♥ ✐s ✉s❡❞ t♦ ✐♠♣r♦✈❡ t❤❡ ❙◆❘ ❝❤❛r❛❝✲

t❡r✐st✐❝s ♦❢ s❤❛♣❡ ❢r♦♠ ❞✐❢❢✉s❡ ♣♦❧❛r✐③❛t✐♦♥ ❬✻✻❪✳ ■♥ ❛♥♦t❤❡r

❡①❛♠♣❧❡✱ ❍✉②♥❤ ❡t ❛❧✳ ❝♦♠❜✐♥❡ s♣❡❝tr❛❧ ✭✇❛✈❡❧❡♥❣t❤✮ ✐♥❢♦r✲

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

♥♦r♠❛❧s ❛♥❞ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❬✷✵❪✳ ❘❡❝❡♥t❧②✱ ❙♠✐t❤ ❡t ❛❧✳✱

♣r♦♣♦s❡❞ ❛ ✈❡r② ✐♥t❡r❡st✐♥❣ ❛♣♣r♦❛❝❤ t❤❛t ❛❧❧♦✇s ❧✐♥❡❛r ❞❡♣t❤

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

♣❡❛r ♠♦r❡ ❣❡♥❡r❛❧ t♦ ♣r❡✈✐♦✉s ✇♦r❦✱ ❜✉t st✐❧❧ r❡q✉✐r❡ s❝❡♥❡

❝♦♥❞✐t✐♦♥s ❧✐❦❡ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① t♦ ❜❡ ❦♥♦✇♥ ❬✺✸❪✳ ❚❛❦✲

❡♥ t♦❣❡t❤❡r t❤❡s❡ ♣❛♣❡rs ✐❧❧✉str❛t❡ t❤❡ ❜❡♥❡✂t ♦❢ ✉s✐♥❣ ♣♦✲

❧❛r✐③❛t✐♦♥✱ ❜✉t➋r❡❣❛r❞❧❡ss ♦❢ ✇❤✐❝❤ ♣♦❧❛r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡

✐s ✉s❡❞➋t❤❡ ✂✈❡ ♣r♦❜❧❡♠s ✇❡ ✐❧❧✉str❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✶ ❛r❡

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

❛ ❧❛❝❦ ♦❢ ✉♥✐❝✐t② ✇❤❡♥ s♦❧✈✐♥❣ ❢♦r t❤❡ ❛③✐♠✉t❤ ❛♥❞ ③❡♥✐t❤

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

❛♠❜✐❣✉✐t✐❡s✱ ❬✸❪ ✉s❡s t✇♦ ✈✐❡✇♣♦✐♥ts t♦ ♦❜t❛✐♥ ♣♦❧❛r✐③❛t✐♦♥

♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ✇♦r❦ ❜② ❬✸✹❪ ✐♥st❡❛❞ ♦♣ts t♦ ✉s❡ ♣r✐♦rs

♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ s✉r❢❛❝❡ ♥♦r♠❛❧s✱ ✇❤✐❝❤ ✇❛s ❡①t❡♥❞❡❞

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

❬✸✸❪✳ ❋♦r ❛ ♠♦r❡ ❝♦♠♣❧❡t❡ ♣✐❝t✉r❡✱ t❤❡ r❡❛❞❡r ✐s ❞✐r❡❝t❡❞ t♦

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

❧② ❜② ❙t♦❧③ ❡t ❛❧✳ ❬✺✹❪ ❛s ✇❡❧❧ ❛s ❝❤❛♣t❡r ✶✵ ♦❢ ❘♦❜❧❡s✲❑❡❧❧②

❛♥❞ ❍✉②♥❤ ❬✹✺❪✳ ❖✉r ✇♦r❦ ✐s ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ t❤❛t ♦❢ ❬✸✾❪✱

✇❤✐❝❤ ✉s❡s ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ s❤❛❞✐♥❣ t♦ ❝♦♥str❛✐♥ ❙❢P✳ ■♥

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

❞❡♣t❤ t♦ s✉❢✂❝✐❡♥t❧② ❛❞❞r❡ss ♠❛❥♦r ❛rt✐❢❛❝ts ✐♥ ❝❧❛ss✐❝ ❙❢P✱

✇❤✐❝❤ ♣r❡s❡♥ts ❛♥ ❛❞❞✐t✐♦♥❛❧ ♦♣t✐♦♥ t❤❛t ✐s ❝♦♠♣❧❡♠❡♥t❛r②

t♦ ♣r❡✈✐♦✉s ✇♦r❦s✳

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

t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ ✸❉ ✐♥❢♦r♠❛t✐♦♥✳ ●❡♥❡r❛❧❧② s♣❡❛❦✐♥❣✱ ♣r✐✲

♦r ❛rt ❝♦♠❜✐♥❡s ❛ ❣❡♦♠❡tr✐❝✲❜❛s❡❞ t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ r♦✉❣❤

❞❡♣t❤ ✇✐t❤ ❛ ♣❤♦t♦♠❡tr✐❝✲❜❛s❡❞ t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ s✉r❢❛❝❡

♥♦r♠❛❧s ✭♦♥❡ ♦❢ t❤❡ ❡❛r❧② ✇♦r❦s ✐♥ t❤✐s ❧✐♥❡ ✐s ❍❡❧♠❤♦❧t③

❙t❡r❡♦♣s✐s ❬✼✵❪✮✳ ❙✉❝❤ ❛ ❢✉s✐♦♥ ✐s ✇❡❧❧✲♠♦t✐✈❛t❡❞✿ ✭✶✮ ❚❤❡

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

t♦♠❡tr✐❝ t❡❝❤♥✐q✉❡s✱ s✉❝❤ ❛s ❙❢❙ ♦r ✉♥❝❛❧✐❜r❛t❡❞ P❙❀ ✭✷✮ ❚❤❡

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

❝♦❛rs❡ ❞❡♣t❤ ♠❛♣ ❢r♦♠ t❤❡ ❣❡♦♠❡tr✐❝ ❞❛t❛❀ ❛♥❞ ✭✸✮ t❤❡ r♦✉❣❤

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

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

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

t❤❛t ♣❛rt✐❛❧❧② ♦r ❝♦♠♣❧❡t❡❧② r❡✄❡❝t t❤❡s❡ t❤r❡❡ ❛s♣❡❝ts✳ ❈♦♠✲

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

❜✐♥✐♥❣ ❛ ❧❛s❡r s❝❛♥ ✇✐t❤ P❙ ❬✸✽❪✱ ♠✉❧t✐✲✈✐❡✇ st❡r❡♦ ✇✐t❤ ❙❢❙

❬✺✾❪ ♦r P❙ ❬✻✺✱✷✸✱✾❪✱ ❝♦♥s✉♠❡r ❞❡♣t❤ s❡♥s✐♥❣ ✇✐t❤ ❙❢❙ ❬✻✷✱

✶✻✱✻✵❪✱ ❛♥❞ ❝♦♥s✉♠❡r ❞❡♣t❤ s❡♥s✐♥❣ ✇✐t❤ P❙ ❬✻✼✱✶✼✱✺✵❪✳ ■❢

❤✐❣❤✲q✉❛❧✐t② s✉r❢❛❝❡ ♥♦r♠❛❧s ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡✱ ❢✉s✐♥❣ ❛ s❡✲

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

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

s ❬✷✶❪ ♦r ❧❛r❣❡✲s❝❛❧❡✱ r❡❛❧✲t✐♠❡ s✉r❢❛❝❡ r❡❝♦♥str✉❝t✐♦♥ ❬✹✵❪✳

❚❛❜✳ ✶ s✉♠♠❛r✐③❡s t❤❡ ❜❡♥❡✂ts ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢ ♦✉r ♣r♦✲

♣♦s❡❞ ❛♣♣r♦❛❝❤✱ ✇❤✐❧❡ ❋✐❣✳ ✷ ♦✉t❧✐♥❡s t❤❡ ❧♦❣✐❝ ♦❢ ✉s✐♥❣ ♣♦✲

❧❛r✐③❛t✐♦♥ ✐♥st❡❛❞ ♦❢ ❙❢❙ ❛♥❞ P❙✳

P♦❧❛r✐③❛t✐♦♥ ✐♥ ❝♦♠♣✉t❛t✐♦♥❛❧ ✐♠❛❣✐♥❣✿ ❙♦♠❡ r❡s❡❛r❝❤❡r✲

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

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

❝❛♣t✉r❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ♣♦❧❛r✐③❡❞ ❧✐❣❤t tr❛♥s♣♦rt ❢♦r ❤✐❣❤✲

r❡s♦❧✉t✐♦♥ ❢❛❝✐❛❧ s❝❛♥♥✐♥❣ ♦❢ st❛t✐❝ ❡①♣r❡ss✐♦♥s ❬✷✾❪✱ ❡st✐✲

♠❛t✐♦♥ ♦❢ s♣❡❝✉❧❛r r♦✉❣❤♥❡ss ❛♥❞ ❛♥✐s♦tr♦♣② ❬✶✶❪✱ ✐♥❢❡r❡♥❝❡

♦❢ ♣❡r✲♣✐①❡❧ s✉r❢❛❝❡ r❡✄❡❝t❛♥❝❡ ♣❛r❛♠❡t❡rs t❤r♦✉❣❤ ❝✐r❝✉❧❛r

♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s ❬✶✷✱✶✹❪✱ ❛♥❞ ❢♦r ♠✉❧t✐✲✈✐❡✇ ❢❛❝✐❛❧ ♣❡r❢♦r✲

♠❛♥❝❡ ❝❛♣t✉r❡ ❬✶✸❪✳ P♦❧❛r✐③❛t✐♦♥ ❝✉❡s ❛r❡ ❛❧s♦ ✇✐❞❡❧② ✉s❡❞

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

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

♦❢ ❞✐❢❢✉s❡ ❛♥❞ s♣❡❝✉❧❛r r❡✄❡❝t✐♦♥s ❬✸✼✱✻✾❪✱ ❞❡❤❛③✐♥❣ ♦❢ ✐♠✲

❛❣❡s ❬✹✽❪✱ ✐♠❛❣❡ ♠♦s❛✐❝✐♥❣ ❛♥❞ ♣❛♥♦r❛♠✐❝ st✐t❝❤✐♥❣ ❬✹✾❪✱

✐❧❧✉♠✐♥❛t✐♦♥ ♠✉❧t✐♣❧❡①✐♥❣ ❬✼❪✱ ✈❡❤✐❝✉❧❛r ❞❡t❡❝t✐♦♥ ❬✽❪ ❛♥❞

❝❛♠❡r❛ ❬✸✵✱✷✷❪ ♦r ❞✐s♣❧❛② ❤❛r❞✇❛r❡ ❬✷✽❪✳ ■♥ ❛❞❞✐t✐♦♥✱ ♣♦✲

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

♦❜❥❡❝ts ❬✻❪✱ s❤❛♣❡ ♦❢ t❤❡ ♦❝❡❛♥ s✉r❢❛❝❡ ❬✻✹❪✱ ♦r ❛❞❞r❡ss s✲

❝❛tt❡r✐♥❣ ✉♥❞❡r✇❛t❡r ❬✺✺❪✳ ❋♦r ❛ ♠♦r❡ ❝♦♠♣❧❡t❡ ♦✈❡r✈✐❡✇ ♦❢

✹ ❆ s♣❡❝✐✂❝ ❡①❛♠♣❧❡ ♦❢ ❛ ♣♦❧❛r✐③❛t✐♦♥ ❝❛♠❡r❛ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛t t❤✐s

❯❘▲✿ ❤tt♣✿✴✴✇✇✇✳✹❞t❡❝❤♥♦❧♦❣②✳❝♦♠✴♣r♦❞✉❝ts✴♣♦❧❛r❝❛♠✳♣❤♣



✹ ❆❝❤✉t❛ ❑❛❞❛♠❜✐ ❡t ❛❧✳

❋✐❣✳ ✷ ❲❤② ✉s❡ ♣♦❧❛r✐③❛t✐♦♥ ❢♦r ♦❜t❛✐♥✐♥❣ s✉r❢❛❝❡ ♥♦r♠❛❧s❄ ❲❤❡♥

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

✐♥❝r❡❛s❡ ✐♥ ❝♦♠♣❧❡①✐t②✱ ❛❧t❡r♥❛t✐✈❡ t❡❝❤♥✐q✉❡s ♠❛② r❡q✉✐r❡ ♠♦r❡ ✐♠✲

❛❣❡s✳ ❇② ✐♠♣♦s✐♥❣ ❣❡♦♠❡tr✐❝ ❝♦♥str❛✐♥ts ♦♥ ♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s✱ ✐t ♠❛②

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

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

✂❣✉r❡ r❡❢❡r❡♥❝❡s ❛r❡✱ ❢r♦♠ ❧❡❢t✲t♦✲r✐❣❤t✿ ❬✺✽❪✱❬✶❪✱❬✺❪✱❬✺✶❪✱❬✶✾❪✱❬✻✶❪✳ ❚❤❡

♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐s s❤♦✇♥ ✐♥ t❤❡ r❡❞ ❜❛r✱ ✇✐t❤ ❛ ♣♦ss✐❜❧❡ ❡①t❡♥s✐♦♥✱

s❤♦✇♥ ✐♥ ♦r❛♥❣❡✳

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

❡❞ t♦ ❬✺✼❪ ❛♥❞ ❬✻✽❪✳

✸ ❇❛s✐❝s ♦❢ s❤❛♣❡ ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥

❚♦ ♣r♦✈✐❞❡ ❛ s❡❧❢✲❝♦♥t❛✐♥❡❞ ♦✈❡r✈✐❡✇✱ ✇❡ r❡✈✐❡✇ t❤❡ s❤❛♣❡

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

✸✳✶ ❙✉r❢❛❝❡ ♥♦r♠❛❧s ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s

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

❆t ❛ s✐♥❣❧❡ ✐♠❛❣❡ ♣♦✐♥t✱ t❤❡ ✐♥t❡♥s✐t② ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
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✇❤❡r❡ t❤❡ t❤r❡❡ ✉♥❦♥♦✇♥ ✈❛r✐❛❜❧❡s ✐♥ t❤✐s ❡q✉❛t✐♦♥ ❛r❡ ■♠❛①✱

■♠✐♥✱ ❛♥❞ ❥ ✱ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳ ❙❛♠♣❧✐♥❣ ❞✐❢❢❡r❡♥t ✈❛❧✉❡s ♦♥

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

t✐♦♥s ♦❢ t❤❡ ♣♦❧❛r✐③❡r ❛♥❣❧❡✳✺✳ ❲❡ ✉s❡ st❛♥❞❛r❞ s♣❤❡r✐❝❛❧ ❛♥❞

❝❛rt❡s✐❛♥ ❝♦♦r❞✐♥❛t❡s t♦ r❡♣r❡s❡♥t t❤❡ ♥♦r♠❛❧ ✈❡❝t♦rs✳ ■♥ t❤❡

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

t♦ ❞❡✂♥❡ t❤❡ s✉r❢❛❝❡ ♥♦r♠❛❧✳
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♣♦❧❛r✐③❡❞ ❛♠❜✐❡♥t ❧✐❣❤t❀ ✭✷✮ ♥♦ s♣❡❝✉❧❛r ✐♥t❡rr❡✄❡❝t✐♦♥s❀ ✭✸✮

♦♥❧② ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s ♦r ❧♦✇✲❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ✐♥ ♠❛✲

t❡r✐❛❧s❀ ❛♥❞ ✭✹✮ ❞✐❢❢✉s❡✲❞♦♠✐♥❛♥t ♦r s♣❡❝✉❧❛r✲❞♦♠✐♥❛♥t s✉r✲

❢❛❝❡s✳✼

✹✳✶ ❈♦rr❡❝t✐♥❣ ♥♦r♠❛❧s ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥

❲❡ ✉s❡ t❤❡ ♦❜t❛✐♥❡❞ ❞❡♣t❤ ♠❛♣ t♦ ❝♦rr❡❝t s②st❡♠❛t✐❝ ❞✐s✲

t♦rt✐♦♥s ✐♥ t❤❡ ♥♦r♠❛❧s ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥✳ ▲❡t ❉ ✷ ❘▼✂◆

❞❡♥♦t❡ t❤❡ ♦❜t❛✐♥❡❞ ❞❡♣t❤ ♠❛♣✳ ❖✉r ❝♦rr❡❝t✐♦♥ s❝❤❡♠❡ ♦♣✲

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

s ❢r♦♠ t❤❡ ❞❡♣t❤ ♠❛♣✱ ❞❡♥♦t❡❞ ❛s ◆❞❡♣t❤ ✷ ❘▼✂◆✂✸✳ ❋♦❧✲

❧♦✇✐♥❣ t❤❡ ✇♦r❦ ♦❢ ❬✷✼❪✱ ✇❡ ❡①♣r❡ss t❤❡ ❞❡♣t❤ ♠❛♣ ❉ ✷

❘
▼✂◆ ❛s ❛ ♣♦✐♥t ❝❧♦✉❞ ♦❢ r❡❛❧✲✇♦r❧❞ ❝♦♦r❞✐♥❛t❡s ❛s P①❀② ❂❤
� ✉

❢①
❉①❀② �

✈
❢①
❉①❀② ❉①❀②

✐❚
❀ ✇❤❡r❡ ✉ ❛♥❞ ✈ ❞❡♥♦t❡ ♣✐①❡❧ ❝♦✲

♦r❞✐♥❛t❡s ❛♥❞ ❢① ❛♥❞ ❢② ❞❡♥♦t❡ t❤❡ ❢♦❝❛❧ ❧❡♥❣t❤ ✐♥ ✉♥✐ts ♦❢

♣✐①❡❧s✳ ❋♦r ❡❛❝❤ s❝❡♥❡ ♣♦✐♥t P①❀②✱ ✇❡ ✂♥❞ ❏ ♣♦✐♥ts ✇❤♦s❡ ❊✉✲

❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ❛✇❛② ❢r♦♠ P①❀② ✐s ❧❡ss t❤❛♥ ❛ ✂①❡❞ ❛❜s♦❧✉t❡

❞✐st❛♥❝❡✳✽ ❚❤✉s✱ ❢♦r ❛ ❣✐✈❡♥ ♣♦✐♥t✱ P①❀②✱ ✇❡ ❤❛✈❡ ❛ s❡t t❤❛t ✐♥✲

✼ ❘❡❢❡r t♦ ❙❡❝t✐♦♥ ✺ ❢♦r ❛ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ♦❢ ❦❡② ❛ss✉♠♣t✐♦♥s✳
✽ ❋♦r ❛❧❧ ❡①♣❡r✐♠❡♥ts✱ t❤✐s ❞✐st❛♥❝❡ ✇❛s s❡t t♦ ✷✵ ♠✐❧❧✐♠❡t❡rs✳ ❚♦ ✂♥❞

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

✐♠♣❧❡♠❡♥t❡❞ ❜② t❤❡ ❘❆◆●❊❙❊❆❘❈❍ ❝♦♠♠❛♥❞ ✐♥ ▼❆❚▲❆❇✳

❝❧✉❞❡s t❤✐s ♣♦✐♥t ❛♥❞ ✐ts ♥❡✐❣❤❜♦rs✱
✟
P①❀②❀P①✶❀②✶ ❀ ✿ ✿ ✿ ❀P①❏ ❀②❏

✠
✳

❇② st❛❝❦✐♥❣ ❛❧❧ ♦❢ t❤❡s❡ ♣♦✐♥ts ✐♥t♦ ❛ ♠❛tr✐①✱

◗❂

✷✻✻✻✹
➋ P❚

①❀② ➋

➋ P❚
①✶❀②✶

➋
✳✳✳

➋ P❚
①❏ ❀②❏

➋

✸✼✼✼✺ ❀ ✭✺✮

✇❡ ✂♥❞ t❤❡ ♥♦r♠❛❧ ❜② s♦❧✈✐♥❣

◆❞❡♣t❤
①❀② ❂ ❛r❣♠✐♥

♥

✌✌✌✏◗� ❡◗✑♥✌✌✌✷
✷
❀

✇❤❡r❡ ❡❛❝❤ ✐❞❡♥t✐❝❛❧ r♦✇ ♦❢ t❤❡ ♠❛tr✐① ❡◗ ✷ ❘✭❏✰✶✮✂✸ ❝♦♥✲

t❛✐♥s t❤❡ ♠❡❛♥ ❛❝r♦ss t❤❡ ✂rst ❞✐♠❡♥s✐♦♥ ♦❢ ◗ ✭✐✳❡✳✱ ❛ ♣♦✐♥t

t❤❛t ✐s t❤❡ ❛✈❡r❛❣❡ ♦❢ ❛❧❧ t❤❡ ♣♦✐♥ts ✐♥◗✮✳ ❚❤❡ s♠♦♦t❤♥❡ss ♦❢

◆❞❡♣t❤ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❜② ❝♦♥tr♦❧❧✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ♥❡✐❣❤✲

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

✹✳✶✳✶ ❘❡♠♦✈✐♥❣ ❧♦✇✲❢r❡q✉❡♥❝② ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t②

❈♦♥s✐❞❡r t❤❡ ❝♦r♥❡r s❝❡♥❡ ✐♥ ❋✐❣✳ ✹✳ ❯s✐♥❣ ❛ ❝♦❛rs❡ ❞❡♣t❤

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

✭♥♦t❡ t❤❡ s♠♦♦t❤♥❡ss ✐♥ t❤❡ ✸❉ s❤❛♣❡ ✐♥ ❋✐❣✳ ✹❜✮✳ ❖♥ t❤❡ ♦t❤✲

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

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

❜❡ r❡❝♦✈❡r❡❞✳



✻ ❆❝❤✉t❛ ❑❛❞❛♠❜✐ ❡t ❛❧✳

▲❡t ◆♣♦❧❛r ✷ ❘▼✂◆✂✸ ❞❡♥♦t❡ t❤❡ ♥♦r♠❛❧ ♠❛♣ ♦❜t❛✐♥❡❞

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

t❤❛t r❡❧❛t❡s◆♣♦❧❛r ❛♥❞◆❞❡♣t❤✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ♥✉♠❡r✲

✐❝❛❧❧② ❛s

❝❆ ❂ ❛r❣♠✐♥
❆

✌✌✌◆❞❡♣t❤�❆
✏
◆♣♦❧❛r

✑✌✌✌✷
✷
✿

❲✐t❤♦✉t ❛♥② ❛❞❞✐t✐♦♥❛❧ ❝♦♥str❛✐♥ts✱ t❤✐s ♦♣t✐♠✐③❛t✐♦♥ ✐s ✐❧❧✲

♣♦s❡❞✳ ❍♦✇❡✈❡r✱ t♦ r❡s♦❧✈❡ ♣♦❧❛r✐③❛t✐♦♥ ❛♠❜✐❣✉✐t② ✇❡ ❛r❡

♦♥❧② ✐♥t❡r❡st❡❞ ✐♥ r❡♣r❡s❡♥t✐♥❣ ❆ ❛s ❛ ❜✐♥❛r② ♦♣❡r❛t♦r✱ ✐✳❡✳✱

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

▼✂◆✱ ✇❤❡r❡ ❆ ✷ ✵❀✶ ✳ ❍❡r❡✱ t❤❡ ❜✐♥❛r② st❛t❡ ♦❢ ❡❛❝❤ ❡❧✲

❡♠❡♥t✱ ❆♠♥✱ ❝♦rr❡s♣♦♥❞s t♦ ✇❤❡t❤❡r ❛ ♥♦r♠❛❧ ❛t ❛ s♣❡❝✐❢✲

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

❚❤❡ ♦♣❡r❛t♦r✬s ❢✉♥❝t✐♦♥ ❢♦❧❧♦✇s s✉✐t✿ ❛t ❡❛❝❤ ♣✐①❡❧✱ t❤❡ ♦♣❡r✲

❛t♦r ❆ ❡✐t❤❡r r♦t❛t❡s t❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡ ❜② ♣ ♦r ❞♦❡s ♥♦t❤✲

✐♥❣ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❜✐♥❛r② ✈❛❧✉❡ ♦❢ ❆♠♥✳ ❙✐♥❝❡ t❤❡ ❣♦❛❧ ✐s

t♦ s♦❧✈❡ ❧♦✇✲❢r❡q✉❡♥❝② ❛♠❜✐❣✉✐t②✱ ✇❡ ✐♠♣♦s❡ ❛♥ ❛❞❞✐t✐♦♥✲

❛❧ ❝♦♥str❛✐♥t t❤❛t t❤❡ ♠❛tr✐① r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❆ ✐s s♠♦♦t❤

✐♥ t❤❡ s❡♥s❡ ♦❢ t♦t❛❧ ✈❛r✐❛t✐♦♥✳ ❚❛❦❡♥ t♦❣❡t❤❡r✱ t❤✐s ❝❛♥ ❜❡

❡①♣r❡ss❡❞ ❛s ❛ ♠✐♥✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✿

❝❆ ❂❛r❣♠✐♥
❆

✌✌✌◆❞❡♣t❤�❆
✏
◆♣♦❧❛r

✑✌✌✌✷
✷
✰ ❣❚✷ ✭❆✮

s✉❜❥❡❝t t♦ ❆ ✷
✟
✵❀✶

✠
❀

✭✻✮

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

♦❢ t❤❡ s♦❧✉t✐♦♥ ❛♥❞ ❚✷ ✐s t❤❡ st❛♥❞❛r❞ ✷❉ ❚❱ r❡❣✉❧❛r✐③❡r✱

s✉❝❤ t❤❛t ❚✷ ✭❆✮ ❂ å♠å✐❥Ñ①❆♠♥❥✰ ❥Ñ②❆♠♥❥✱ ✇❤❡r❡ Ñ① ❛♥❞

Ñ② ❛r❡ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ❣r❛❞✐❡♥ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s✐♥❝❡

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

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

❢♦r❡❣r♦✉♥❞ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ♣❛t❝❤❡s✳ ✶✵ ❆❢t❡r ♦❜t❛✐♥✐♥❣ ❝❆
✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦rr❡❝t ❧♦✇✲❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ✐♥ t❤❡ ❛♠❜✐✲

❣✉✐t② ❜② ❛♣♣❧②✐♥❣ t❤❡ ♦♣❡r❛t♦r t♦ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♥♦r♠❛❧✿

◆❝♦rr ❂ ❝❆ ✏
◆♣♦❧❛r

✑
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❆❢t❡r ❝♦rr❡❝t✐♥❣ ❢♦r ❧♦✇✲❢r❡q✉❡♥❝② ❛♠❜✐❣✉✐t②✱ ✇❡ ❝❛♥ r❡t✉r♥

t♦ t❤❡ ♣❤②s✐❝❛❧ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡ ❝♦r♥❡r✳ ❇② ❛♣♣❧②✐♥❣ t❤❡

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

t❤❡ ❛♠❜✐❣✉♦✉s ♥♦r♠❛❧s ✐♥ ❋✐❣✳ ✹❣ t♦ t❤❡ ❝♦rr❡❝t❧② ✄✐♣♣❡❞

♥♦r♠❛❧s ✐♥ ❋✐❣✳ ✹❤✳ ❋♦r t❤✐s ❡①❛♠♣❧❡✱ t❤❡ ❛♠❜✐❣✉✐t② ✇❛s ❧♦✇✲

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

✹✳✶✳✷ ❘❡♠♦✈✐♥❣ ❤✐❣❤✲❢r❡q✉❡♥❝② ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t②

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

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

✾ ◆♣♦❧❛r ✐s ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ s❤❛♣❡ ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ t❤✐s ♥♦r♠❛❧

♠❛♣ ✇✐❧❧ s✉❢❢❡r ❢r♦♠ t❤❡ ♣❤②s✐❝s✲❜❛s❡❞ ❛rt✐❢❛❝ts ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✳

❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ✈✐s✉❛❧❧② ✐♥ ❋✐❣✉r❡ ✶❝✳
✶✵ ❚❤❡ ✷❉✲❚❱ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣❛r❛❧❧❡❧s t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❣r❛♠

❢r♦♠ ♣r✐♦r ✇♦r❦ ❬✷✹❪✳

0

40

0

120

(a) 3D.Shape

Ground.Truth

(b).3D.Shape

Kinect

(c) 3D.Shape

Polarization

(d) 3D.Shape

Our.Result

(e) Surface.Normals

Ground.Truth

(f) Surface.Normals

Kinect

(g).Surface.Normals

Polarization

(h) Surface.Normals

Our.Result

(i).Shape.Error

Kinect.95.4.mmg

9j) Shape.Error

Polarization.937.6.mmg

(k).Shape.Error

Our.Result.93.6.mmg

(l).Normal.Error

Kinect.920.9.degg

(m) Normal.Error

Polarization.968.5.degg

(n) Normal.Error

Our.Result.94.6.degg

Scene

❋✐❣✳ ✹ ❆ ❝♦♠♠♦♥❧② ✉s❡❞ ❜❡♥❝❤♠❛r❦ s❝❡♥❡ ❬✶✺✱✸✻❪✳ ❈♦♠❜✐♥✐♥❣ ♣♦✲

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

s❤♦✇s t❤❡ ✸❉ s❤❛♣❡ ♦❢ ❛ ❝♦r♥❡r✳ ❚❤❡ s❡❝♦♥❞ r♦✇ s❤♦✇s t❤❡ s✉r❢❛❝❡

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

t❡rs ❛♥❞ t❤❡ ❢♦✉rt❤ r♦✇ ❞❡♣✐❝ts t❤❡ ❡st✐♠❛t❡❞ ❛♥❣✉❧❛r ❡rr♦r ♦❢ s✉r❢❛❝❡

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

❤✐❣❤✲❢r❡q✉❡♥❝② ❛♠❜✐❣✉✐t②✳ ❚♦ ❛❞❞r❡ss t❤✐s ❝❤❛❧❧❡♥❣❡ ✇❡ ❢♦r❝❡

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

❋✐❣✳ ✺❛ ✐❧❧✉str❛t❡s ❛ ❝♦♥❝❡♣t✉❛❧ ❡①❛♠♣❧❡ ✇✐t❤ ❛ ❤✐❣❤✲

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

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

❜✐❣✉❛t❡❞ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✶✳✶✳ ■♥ ♣❛rt✐❝✉✲

❧❛r✱ ♦❜s❡r✈❡ t❤❛t t❤❡ ❤✐❣❤✲❢r❡q✉❡♥❝② r✐❞❣❡ ❝❛♥ t❛❦❡ ♦♥❡ ♦❢

s✐① ❢♦r♠s✳ ❚♦ ❝♦♥str❛✐♥ t❤❡ ♣r♦❜❧❡♠✱ ✇❡ ❞❡✂♥❡ ❛♥ ❛♥❝❤♦r

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

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

t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ❤✐❣❤✲❢r❡q✉❡♥❝② r✐❞❣❡ ❛♥❞ t❤❡

♣✐✈♦t ♣♦✐♥t ♦❝❝✉rs ♦♥ ❛♥ ❡❞❣❡ ♥♦t ♦♥ t❤❡ ❜♦✉♥❞❛r②✳

●✐✈❡♥ t❤❡ ❛♥❝❤♦r ❛♥❞ ♣✐✈♦t ♣♦✐♥ts✱ ✇❡ ❞❡✂♥❡ ❛ ❢❛❝❡t ❛s

t❤❡ s❡t ♦❢ ♣♦✐♥ts ❜❡t✇❡❡♥ t❤❡ ❛♥❝❤♦r ❛♥❞ ♣✐✈♦t ♣♦✐♥ts ✭s❡❡

❋✐❣✳ ✺❜✮✳ ❆ ❢❛❝❡t ❝❛♥ ❢♦r♠ ❛ ♣❧❛♥❛r ♦r ♥♦♥♣❧❛♥❛r s✉r❢❛❝❡✳

❆ss✉♠✐♥❣ t❤❡r❡ ❛r❡ ❑ ❢❛❝❡ts✱ t❤❡r❡ ❛r❡ ✷✂ ✷❑ �❱ ♣♦ss✐❜❧❡

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

❝❧♦s❡❞ s✉r❢❛❝❡s✳✶✶ ❚❤✐s s✉r❢❛❝❡ ❤❛s t✇♦ ❢❛❝❡ts ❛♥❞ t✇♦ ❝❧♦s❡❞

✶✶ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ✷✂ ✷❑ �❱ ✿ ❡❛❝❤ ❢❛❝❡t ❝❛♥ ❤❛✈❡ ✷ ♣♦ss✐❜❧❡ ♥♦r♠❛❧

♦r✐❡♥t❛t✐♦♥s ❞✉❡ t♦ t❤❡ ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t②✱ ❧❡❛❞✐♥❣ t♦ ✷❑ ♣♦ss✐❜❧❡ s✉r✲



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✼

(a) Point Identification

(c) Six Possible Orientations 

(b) Facets

Anchor Points Pivot Points

❋✐❣✳ ✺ ❆❞❞r❡ss✐♥❣ ❤✐❣❤✲❢r❡q✉❡♥❝② ❛♠❜✐❣✉✐t②✳ ❈♦♥s✐❞❡r ❛ ♣❧❛♥❛r s✉r✲

❢❛❝❡ ✇✐t❤ ❛ ❤✐❣❤✲❢r❡q✉❡♥❝② ♣✐t✳ ✭❛✮ ❆♥❝❤♦r ❛♥❞ ♣✐✈♦t ♣♦✐♥ts ❛r❡ ✐❞❡♥t✐✲

✂❡❞ t♦ ❣r♦✉♣ ♣♦✐♥ts ♦♥ t❤❡ ❛♠❜✐❣✉✐t② r❡❣✐♦♥ ✐♥t♦ ✭❜✮ ❢❛❝❡ts✳ ✭❝✮ ❊❛❝❤

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

❝♦♥✂❣✉r❛t✐♦♥s✱ ❛♥❞ t❤❡r❡❢♦r❡ s✐① ♣♦ss✐❜❧❡ s✉r❢❛❝❡ ❝♦♥✂❣✉r❛✲

t✐♦♥s✳ ❋♦✉r ♦❢ t❤❡s❡ ❛r❡ ♥♦t ❝❧♦s❡❞✱ ✐✳❡✳✱ t❤❡ ❤✐❣❤✲❢r❡q✉❡♥❝②

r❡❣✐♦♥ ❤❛s ❛ ❞✐s❝♦♥t✐♥✉✐t② ❛t ❛♥ ❛♥❝❤♦r ♣♦✐♥t✳ ❚❤❡ ❞✐s❝♦♥t✐✲

♥✉✐t② ✐s ♣❤②s✐❝❛❧❧② ♣♦ss✐❜❧❡➋✐✳❡✳✱ t❤❡ ❱✲❣r♦♦✈❡ ❝♦✉❧❞ ❛❝t✉✲

❛❧❧② ❜❡ ❛ r❛♠♣ ✐♥ t❤❡ r❡❛❧ ✇♦r❧❞➋❜✉t ✐t ✐s ❧❡ss ❧✐❦❡❧② t❤❛t t❤❡

❤✐❣❤ ❢r❡q✉❡♥❝② ❞❡t❛✐❧ ❤❛s s✉❝❤ ❛ ❞✐s❝♦♥t✐♥✉✐t② ❡①❛❝t❧② ❛t t❤❡

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

❢❛❝❡ ✐s ❝❧♦s❡❞✳✶✷ ❖❢ t❤❡ t✇♦ ❝❧♦s❡❞ s✉r❢❛❝❡s✱ ♦♥❡ ✐s ❝♦♥❝❛✈❡

❛♥❞ t❤❡ ♦t❤❡r ✐s ❝♦♥✈❡①✳ ❚❤❡r❡ ✐s ♥♦ ✇❛② t♦ ❞✐st✐♥❣✉✐s❤ ❜❡✲

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

♥✐q✉❡ t♦ ♣♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t✿ t❤❡ ❝♦♥✈❡①✴❝♦♥❝❛✈❡ ❛♠✲

❜✐❣✉✐t② ❛♣♣❧✐❡s t♦ t❤❡ ❡♥t✐r❡ s✉r❢❛❝❡ ❢r♦♠ ❙❢❙ ❬✹✶❪ ❛♥❞ ✉♥✲

❝❛❧✐❜r❛t❡❞ P❙ ❬✻✸❪✳

✹✳✶✳✸ ❈♦rr❡❝t✐♥❣ ❢♦r r❡❢r❛❝t✐✈❡ ❞✐st♦rt✐♦♥

❘❡❝❛❧❧ t❤❛t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ r❡q✉✐r❡s ❦♥♦✇❧✲

❡❞❣❡ ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳ ❋♦r ♠❛t❡r✐❛❧s ✇✐t❤✐♥ t❤❡ ❞✐❡❧❡❝✲

tr✐❝ r❛♥❣❡✱ ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ❡st✐♠❛t❡❞ ③❡♥✐t❤ ❛♥❣❧❡ ✐s ♦♥❧② ❛

♠✐♥♦r s♦✉r❝❡ ♦❢ ❡rr♦r ✭❋✐❣✳ ✻✮✳ ❍♦✇❡✈❡r✱ ❢♦r ♥♦♥✲❞✐❡❧❡❝tr✐❝s✱

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

✐♥t❡❣r❛t❡❞✱ ❝❛✉s❡s ❞✐st♦rt✐♦♥s t♦ t❤❡ ✸❉ s❤❛♣❡✳

❚♦ ✉♥❞✐st♦rt t❤❡ ③❡♥✐t❤ ❛♥❣❧❡✱ ✇❡ ✂rst ✂♥❞ t❤❡ r❡❣✐♦♥s

♦❢ t❤❡ ❞❡♣t❤ ♠❛♣ t❤❛t ♣r♦✈✐❞❡ ❛ ❣♦♦❞ ❡st✐♠❛t❡ ♦❢ t❤❡ ❝♦❛rs❡

❢❛❝❡ ❝♦♥✂❣✉r❛t✐♦♥s ❞✉❡ ♦♥❧② t♦ t❤❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ♦❢ t❤❡ ❢❛❝❡ts✳ ❇②
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❛ss✉♠❡ t❤❛t t❤❡ ❢❛❝❡t ✐s ❝♦♥t✐♥✉♦✉s ✇✐t❤ t❤❡ ❛♥❝❤♦r ♣♦✐♥t✱ t❤❡ ♦✈❡r❛❧❧
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t❤r❡s❤♦❧❞ ✐s ✉s❡❞➋t❤❡ ❡st✐♠❛t❡❞ s✉r❢❛❝❡ ♥♦r♠❛❧s s❤♦✇♥ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ♦❢ ✭❛✮✲✭❝✮ ❡①❤✐❜✐t s❧✐❣❤t ❞✐st♦rt✐♦♥✳ ❲❤❡♥ t❤❡ s✉r❢❛❝❡s ❛r❡ ✐♥t❡❣r❛t❡❞✱

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

✹✳✷✳✶ ❙♣❛♥♥✐♥❣ tr❡❡ ❝♦♥str❛✐♥t

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

❦♥♦✇♥ P♦✐ss♦♥ ❡q✉❛t✐♦♥✱ ✇r✐tt❡♥ ❛s Ñ✷❜❉ ❂ Ñ❚◆❝♦rr ❢♦r ♦✉r

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

sq✉❛r❡s ❛♥❞ ✇♦r❦s ✇❡❧❧ ✇❤❡♥ t❤❡ ♥♦✐s❡ ♠♦❞❡❧ ✐s ❛s②st❡♠❛t✐❝✳

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

s②st❡♠❛t✐❝ ❡rr♦r✳ ■♥t✉✐t✐✈❡❧②✱ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ❛✈♦✐❞ ✐♥t❡❣r❛✲

t✐♦♥ ✉s✐♥❣ ✉♥r❡❧✐❛❜❧❡ s✉r❢❛❝❡ ♥♦r♠❛❧s ✭s❡❡ ❋✐❣✳ ✼✮✳ ■♥ ♣❛rt✐❝✲

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

♦♥❧② t❤❡ ♠✐♥✐♠✉♠ s♣❛♥♥✐♥❣ tr❡❡ ♦✈❡r ❛ ✇❡✐❣❤t❡❞✱ ✷❉ ❣r❛♣❤

✭t❤❡ s♣❛♥♥✐♥❣ tr❡❡ ✐s ❢♦✉♥❞ ✉s✐♥❣ ❑r✉s❦❛❧✬s ❛❧❣♦r✐t❤♠✮✳ ❚❤❡

♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ✐s ✇r✐tt❡♥ ❛s

Ñ✷
❙
❜❉❂ Ñ❚

❙◆
❝♦rr❀ ✭✶✶✮

✇❤❡r❡ ❙ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ❣r❛❞✐❡♥ts ✉s❡❞ ✐♥ t❤❡ r❡❝♦♥str✉❝✲

t✐♦♥ ❛♥❞ Ñ✷
❙ ❛♥❞ Ñ❚

❙ r❡♣r❡s❡♥t ▲❛♣❧❛❝❡ ❛♥❞ ❞✐✈❡r❣❡♥❝❡ ♦♣✲

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

✐♥❝❧✉❞❡s ❛ s♣❛♥♥✐♥❣ tr❡❡ ♦❢ t❤❡ ❣r❛♣❤✳ ▲❡t ❲①❀② ❞❡♥♦t❡ t❤❡

✇❡✐❣❤ts ♦❢ t❤❡ ✷❉ ❣r✐❞✳ ❚♦ ✂♥❞ t❤❡ ✇❡✐❣❤ts✱ ♠♦st ♣r❡✈✐♦✉s

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

❝♦♥str❛✐♥ts ♦♥ ✐♥t❡❣r❛❜✐❧✐t② ❬✷✱✶✵❪✳

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

❧❡❝t✐♦♥ ♦❢ ❣r❛♣❤ ✇❡✐❣❤ts✳ ❙♣❡❝✐✂❝❛❧❧②✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♥♦r✲

♠❛❧s ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ♥♦✐s② ✇❤❡♥ t❤❡ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛✲

t✐♦♥ r ✐s ❧♦✇✳✶✹ ❆ ❧♦✇ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ♠♦st ❝♦♠♠♦♥✲

❧② ♦❝❝✉rs ✇❤❡♥ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ ✐s ❝❧♦s❡ t♦ ③❡r♦ ✭✐✳❡✳ ❢r♦♥t♦✲

♣❛r❛❧❧❡❧ s✉r❢❛❝❡s✮✳ ❋♦r t❤❡ ❞❡♣t❤ ♠❛♣✱ t❤❡ ♠❛s❦ ♦♣❡r❛t♦r▼✱

❞❡✂♥❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✶✳✸✱ ♣r♦✈✐❞❡s ❛ ✇❡✐❣❤t ♦❢ ❝♦♥✂❞❡♥❝❡✳

❲❡ ✐♥✐t✐❛❧✐③❡ ❙✱ t❤❡ s❡t ♦❢ ❣r❛❞✐❡♥ts ✉s❡❞ ✐♥ t❤❡ ✐♥t❡❣r❛✲

t✐♦♥✱ ❛s t❤❡ ❡♠♣t② s❡t✳ ❚❤❡ ✂rst ❣r❛❞✐❡♥ts t❤❛t ❛r❡ ❛❞❞❡❞ t♦

❙ ❛r❡ t❤♦s❡ t❤❛t ❧✐❡ ♦♥ t❤❡ ♠✐♥✐♠✉♠ s♣❛♥♥✐♥❣ tr❡❡ ♦❢ t❤❡

✶✹ ❊st✐♠❛t✐♦♥ ♦❢ t❤❡ s✐♥✉s♦✐❞❛❧ ♣❛r❛♠❡t❡rs ❢r♦♠ ❊q✉❛t✐♦♥ ✶ ❜❡❝♦♠❡s

✉♥st❛❜❧❡ ✇❤❡♥ t❤❡r❡ ✐s ❧✐tt❧❡ ❝♦♥tr❛st ❜❡t✇❡❡♥ ■♠✐♥ ❛♥❞ ■♠❛①✳

✇❡✐❣❤t❡❞ ❣r❛♣❤ ✇✐t❤ ✇❡✐❣❤ts

❲①❀② ❂ r①❀② ✐❢ r①❀② ❃ t ❛♥❞ ▼①❀② ❂ ✵❀ ❲①❀② ❂ t ♦t❤❡r✇✐s❡❀

✭✶✷✮

✇❤❡r❡ t r❡✄❡❝ts t❤❡ ❧❡✈❡❧ ♦❢ ❝♦♥✂❞❡♥❝❡ ✐♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥

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

❛✲❛♣♣r♦❛❝❤ ❞❡s❝r✐❜❡❞ ✐♥ ❬✷❪ ❜② ✉s✐♥❣ ◆❝♦rr ✐♥ t❤❡ ✉♣❞❛t❡

♣r♦❝❡ss✳ ❚♦ ✐♥❝♦r♣♦r❛t❡ ◆❞❡♣t❤ ✐♥t♦ t❤❡ ❛♣♣r♦❛❝❤✱ ✇❡ ✉♣❞❛t❡

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

✐✳❡✳✱

◆❝♦rr
①❀② ✿❂ ◆❞❡♣t❤

①❀② ✐❢ ❲①❀② ✔ t✿ ✭✶✸✮

✹✳✷✳✷ ❉❡♣t❤ ✂❞❡❧✐t② ❝♦♥str❛✐♥t

❲❤❡♥ ✐♥t❡❣r❛t✐♥❣ s✉r❢❛❝❡ ♥♦r♠❛❧s✱ ♦♥❧② ❛ r❡❧❛t✐✈❡ ✸❉ s❤❛♣❡

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

❞❡♣t❤ ✂❞❡❧✐t② ❝♦♥str❛✐♥t s❡r✈❡s t♦ ♣r❡s❡r✈❡ t❤❡ ❣❧♦❜❛❧ ❝♦♦r❞✐✲

♥❛t❡ s②st❡♠ ❛♥❞ ❡♥❢♦r❝❡ ❝♦♥s✐st❡♥❝② ❜❡t✇❡❡♥ t❤❡ ✐♥t❡❣r❛t❡❞

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

t❤❡ ❞❡♣t❤ ❝♦♥str❛✐♥t t❛❦❡s t❤❡ ❢♦r♠ ♦❢✌✌✌❱❊❈✏▼☞✏❜❉�❉✑✑✌✌✌✷
✷
❀ ✭✶✹✮

✇❤❡r❡ ❱❊❈ ❞❡♥♦t❡s t❤❡ ✈❡❝t♦r✐③❛t✐♦♥ ♦♣❡r❛t♦r ❛♥❞ ☞ r❡♣r❡✲

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

♠✉❧t✐♣❧✐❝❛t✐♦♥ ✇✐t❤ t❤❡ ♠❛s❦ t♦ ❡♥❢♦r❝❡ ✂❞❡❧✐t② ♦♥❧② ✇❤❡r❡

t❤❡ ❞❡♣t❤ ♠❛♣ ✐s r❡❧✐❛❜❧❡✳ ❇♦t❤ t❤❡ ❞❡♣t❤ ✂❞❡❧✐t② ❛♥❞ s♣❛♥✲

♥✐♥❣ tr❡❡ ❝♦♥str❛✐♥ts ❛r❡ ✐♥❝♦r♣♦r❛t❡❞ ✐♥t♦ ❛ s♣❛rs❡ ❧✐♥❡❛r

s②st❡♠✧
❧▼☞ ■

Ñ✷
❙

★
❱❊❈

✏❜❉✑❂

✧
❧❱❊❈ ✭▼☞❉✮

Ñ❚
❙ ✭◆

❝♦rr✮

★
❀ ✭✶✺✮



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✾

Full Gradients

Combined NormalsGround Truth Polarization Coarse Depth

Ground Truth Surface

Spanning Tree Integration

Full Integration Spanning Tree Integration

Minimum Spanning Tree

❋✐❣✳ ✼ ❯s✐♥❣ ♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s t♦ ✂♥❞ t❤❡ ❜❡st ❣r❛❞✐❡♥ts t♦ ✐♥t❡❣r❛t❡

t❤❡ s✉r❢❛❝❡ ✭s✐♠✉❧❛t❡❞ ❡①❛♠♣❧❡✮✳ ❘❡♣r❡s❡♥t t❤❡ ✐♠❛❣❡ ♣♦✐♥ts ❛s ♥♦❞❡s

❛♥❞ ❣r❛❞✐❡♥ts ❛s ❡❞❣❡s✳ ❚❤❡ ❢✉❧❧ ❣r❛❞✐❡♥ts ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ✉♣♣❡r✲❧❡❢t✳

❲❡ ❜r❡❛❦ t❤❡ ❡❞❣❡s t❤❛t ❤❛✈❡ ❛ ❧♦✇ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ t♦ ✂♥❞ ❛

♠✐♥✐♠✉♠ s♣❛♥♥✐♥❣ tr❡❡ ❢♦r t❤❡ ❣r✐❞ ✭✉♣♣❡r r✐❣❤t✮✳ ❲❡ ✈❛❧✐❞❛t❡ t❤✐s ✐♥

s✐♠✉❧❛t✐♦♥✱ s❤♦✇♥ ❛t ❜♦tt♦♠✱ ✇❤❡r❡ t❤❡ ♥♦r♠❛❧s ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥ ❤❛✈❡

❡rr♦r ✐♥ ❢r♦♥t♦✲♣❛r❛❧❧❡❧ r❡❣✐♦♥s✳ ❋✉❧❧ ✐♥t❡❣r❛t✐♦♥ r❡s✉❧ts ✐♥ ❛ ♥♦✐s② ❞❡♣t❤

♠❛♣✱ ✇❤✐❧❡ t❤❡ s♣❛♥♥✐♥❣ tr❡❡ ✐♥t❡❣r❛t✐♦♥ ♣r❡s❡r✈❡s t❤❡ s❤❛♣❡ ♦❢ t❤❡

❝♦♥t♦✉r✳

✇❤❡r❡ ■ ✐s t❤❡ ✐❞❡♥t✐t② ♠❛tr✐① ♦❢ s✐③❡ ▼◆ ✂▼◆ ❛♥❞ ❧ ✐s

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

tr❡❡ ❛♥❞ ❞❡♣t❤ ✂❞❡❧✐t② ❝♦♥str❛✐♥ts✳✶✺

✺ ❘❡✄❡❝t✐♦♥ ❛♥❞ ▲✐❣❤t✐♥❣ ❆ss✉♠♣t✐♦♥s

❚❤✐s s❡❝t✐♦♥ ❛♥❛❧②t✐❝❛❧❧② ✈❛❧✐❞❛t❡s t❤❡ ♣r❛❝t✐❝❛❧✐t② ♦❢ ♦✉r t❡❝❤✲

♥✐q✉❡ ❜② ❥✉st✐❢②✐♥❣ t❤❡ r❡✄❡❝t❛♥❝❡ ❛♥❞ ❧✐❣❤t✐♥❣ ❛ss✉♠♣t✐♦♥✲

s✱ ✂rst ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳ ❙♣❡❝✐✂❝❛❧❧②✱ ❙❡❝t✐♦♥ ✺✳✶ ✐♥✲

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

❡r ❢♦r t❤❡ ③❡♥✐t❤ ❛♥❣❧❡✱ t♦ ❡①♣❧❛✐♥ ✇❤② t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞

✇✐❧❧ ✇♦r❦ ♦♥ ❝❡rt❛✐♥ ❝❧❛ss❡s ♦❢ ♠✐①❡❞ s✉r❢❛❝❡s ❜✉t ♥♦t ♦t❤❡r✲

s ✭❡✳❣✳✱ ✐❢ ❛ r❡✄❡❝t✐♦♥ ✐s ✼✺ ♣❡r❝❡♥t s♣❡❝✉❧❛r ❛♥❞ ✷✺ ♣❡r❝❡♥t

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

❛r❡ ❡q✉❛❧✮✳ ■♥ ❙❡❝t✐♦♥ ✺✳✷ t❤❡ ✉♥♣♦❧❛r✐③❡❞ ✇♦r❧❞ ❛ss✉♠♣t✐♦♥

✐s ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧✳

✶✺ ❆ ✈❛❧✉❡ ♦❢ ❧ ❂ ✵✿✵✷ ✐s r❡❝♦♠♠❡♥❞❡❞✳

✺✳✶ ❆♥❛❧②③✐♥❣ ♠✐①❡❞ r❡✄❡❝t✐♦♥s

❘❡✄❡❝t✐♦♥s ❢r♦♠ r❡❛❧✲✇♦r❧❞ ♦❜❥❡❝ts ❛r❡ ♠✐①❡❞ ❛s t❤❡② ✐♥✲

❝❧✉❞❡ ❜♦t❤ s♣❡❝✉❧❛r ❛♥❞ ❞✐❢❢✉s❡ ❝♦♠♣♦♥❡♥ts✳✶✻ ■♥ t❤✐s ♣❛♣❡r✱

✇❡ ❛r❡ ❛❜❧❡ t♦ r❡❝♦✈❡r ✸❉ ❣❡♦♠❡tr② ❢♦r ♠✐①❡❞ s✉r❢❛❝❡s✱ s✉❜✲

❥❡❝t t♦ t❤❡ ❝♦♥str❛✐♥t t❤❛t t❤❡ r❡✄❡❝t✐♦♥ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛♥ ✉♥✲

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

t❤✐s t❤❡ ➇❞✐❢❢✉s❡ ♦r s♣❡❝✉❧❛r ❞♦♠✐♥❛♥t➈ ❛ss✉♠♣t✐♦♥✱ ✂rst ❧✐st✲

❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳

❖♥❡ ♦❢ t❤❡ r❡❛s♦♥s ❢♦r t❤✐s ❛ss✉♠♣t✐♦♥ ✐s t❤❛t ✇❤❡♥ t❤❡

♠❡❛s✉r❡❞ ✐rr❛❞✐❛♥❝❡ ❢r♦♠ ❞✐❢❢✉s❡ ❛♥❞ s♣❡❝✉❧❛r r❡✄❡❝t✐♦♥ ❝♦♠✲

♣♦♥❡♥ts ✐s s♠❛❧❧ ✇rt✳ ♥♦✐s❡✱ t❤❡♥ t❤❡ ❛③✐♠✉t❤❛❧ ❛♥❣❧❡ ❡♥✲

❝♦✉♥t❡rs ❛ st♦❝❤❛st✐❝ ❛❞❞✐t✐♦♥❛❧ ❛♠❜✐❣✉✐t② ♦❢ ♣❂✷ r❛❞✐❛♥s✳

❲❡ r❡❢❡r t♦ t❤✐s ❡rr♦r ❛s st♦❝❤❛st✐❝ ❛③✐♠✉t❤❛❧ ❛♠❜✐❣✉✐t②✳ ■♥

❝♦♠♣❛r✐s♦♥✱ ✇❤❡♥ t❤❡ ♠❡❛s✉r❡❞ ✐rr❛❞✐❛♥❝❡ ❢r♦♠ t❤❡ r❡✄❡❝✲

t✐♦♥ ❝♦♠♣♦♥❡♥ts ✐s ❧❛r❣❡ ✇rt✳ ♥♦✐s❡✱ t❤❡♥ t❤❡ ❛③✐♠✉t❤❛❧ ❛♥✲

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

❝♦♠♣♦♥❡♥ts✳

Pr♦♣♦s✐t✐♦♥ ✶✿ ❙t♦❝❤❛st✐❝ ❛♠❜✐❣✉✐t✐❡s ✐♥ t❤❡ ❛③✐♠✉t❤❛❧ ❛♥✲

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

♦r s♣❡❝✉❧❛r ❞♦♠✐♥❛♥t✳

Pr♦♦❢✿ ❈♦♥s✐❞❡r ❛ s✐♥❣❧❡ s❝❡♥❡ ♣♦✐♥t ✇❤❡r❡ t❤❡ ✐♠❛❣❡ ✐♥✲

t❡♥s✐t② ♦❢ ❛ ♠✐①❡❞ r❡✄❡❝t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

■ ❂ ■❙✰ ■❉❀ ✭✶✻✮

✇❤❡r❡ ■❙ ✐s t❤❡ ✐♥t❡♥s✐t② ❞✉❡ t♦ ❛ s♣❡❝✉❧❛r r❡✄❡❝t✐♦♥✱ ✇❤✐❧❡

■❉ ✐s ❞✉❡ t♦ ❛ ❞✐❢❢✉s❡ r❡✄❡❝t✐♦♥✳ ❇♦t❤ s♣❡❝✉❧❛r ❛♥❞ ❞✐❢❢✉s❡

r❡✄❡❝t✐♦♥s ✇✐❧❧ ❤❛✈❡ ♣♦❧❛r✐③❡❞ ✭❞❡♥♦t❡❞ ❜② ■
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❛s
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❡❙
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❲r✐t✐♥❣ t❤✐s ✐♥ t❡r♠s ♦❢ ❡❧❡❝tr✐❝ ✂❡❧❞ ✈❡❝t♦rs✱

❊❂ ❊✵✰❊
❡❉
✰❊

❡❙
❀ ✭✶✽✮

✇❤❡r❡ t❤❡ ✉♥♣♦❧❛r✐③❡❞ ❡❧❡❝tr✐❝ ✂❡❧❞ ✈❡❝t♦r ❊✵ ❝❛♥ ❤❛✈❡ ❛♥②

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

♥❡♥ts ❞✐❢❢❡r ✐♥ ♣❤❛s❡ ❜② ❛ ❢❛❝t♦r ♦❢ ♣❂✷✱ ✇❡ ✇r✐t❡

❊❂ ❊✵✰❊
❡❉
s✐♥
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✁
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❡❙
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✁
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✇❤❡r❡ ❢♣♦❧ ✐s t❤❡ ♣♦❧❛r✐③❡r ❛♥❣❧❡✱ ❛♥❞ ❥ t❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡ ❛t

t❤✐s s❝❡♥❡ ♣♦✐♥t✳ ❙✐♥❝❡ t❤❡ ❧✐❣❤t s♦✉r❝❡ ✐s ✐♥❝♦❤❡r❡♥t✱ ✉♣♦♥

t❛❦✐♥❣ t❤❡ ♠❛❣♥✐t✉❞❡✱ ✇❡ ♦❜t❛✐♥

■ ❂ ❥❊❥❂ ■✵✰ ■
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✁
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✁
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✶✻ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ✉s❡ t❤❡ t❡r♠ ➇r❡✄❡❝t✐♦♥ ❝♦♠♣♦♥❡♥ts➈ ❢♦❧❧♦✇✐♥❣

❛♥ ♦♣t✐❝❛❧ ✐♠❛❣✐♥❣ ❝♦♥✈❡♥t✐♦♥✳ ❚❤✐s ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ t❡r♠ ➇r❡✄❡❝t❛♥❝❡

❝♦♠♣♦♥❡♥ts➈✱ ✇❤✐❝❤ ♠❛② ❜❡ ♠♦r❡ ❢❛♠✐❧✐❛r t♦ s♦♠❡ r❡❛❞❡rs✳



✶✵ ❆❝❤✉t❛ ❑❛❞❛♠❜✐ ❡t ❛❧✳

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

♣♦♥❡♥t ✐s ❣r❡❛t❡r✱ ❊q✉❛t✐♦♥ ✷✶ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
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✇❤❡r❡ ♥♦✇ t❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡ ❤❛s s❤✐❢t❡❞ ❜② ♣❂✷ r❛❞✐❛♥s✳

❖♥❧② ❢♦r s♠❛❧❧ ✈❛❧✉❡s ♦❢ ❉ ✇✐❧❧ t❤❡ ✄✐♣ ✐♥ ❛③✐♠✉t❤❛❧ ❛♥❣❧❡

❜❡ r❛♥❞♦♠❧② ❞❡♣❡♥❞❡♥t ♦♥ ♥♦✐s❡✳ ❙♣❡❝✐✂❝❛❧❧②✱ ✐❢ ❉ ✐s ❧❛r❣❡✱

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

✐♥ ❊q✉❛t✐♦♥ ✷✸✱ ✇❤✐❝❤ ✐s t❤❡ ❞❡s✐r❡❞ r❡s✉❧t✳ ☎

❚❤❡ ❦❡② ✐♠♣❧✐❝❛t✐♦♥ ♦❢ Pr♦♣♦s✐t✐♦♥ ✶ ✐s t❤❛t ❛③✐♠✉t❤❛❧

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

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

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

❲❡ ♥♦✇ s❡❡❦ t♦ s❤♦✇ t❤❛t ❛♥② ♣❡rt✉r❜❛t✐♦♥ ✐♥ ③❡♥✐t❤ ❛♥✲

❣❧❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♠✐①❡❞ r❡✄❡❝t❛♥❝❡ ❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ ❢♦r

✇✐t❤ ❞❡♣t❤ ❝♦♥str❛✐♥ts✳

Pr♦♣♦s✐t✐♦♥ ✷✿ ❆ss✉♠✐♥❣ t❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ Pr♦♣♦s✐t✐♦♥ ✶

❤♦❧❞✱ ♣❡rt✉r❜❛t✐♦♥s ✐♥ ③❡♥✐t❤ ❛♥❣❧❡ ❞✉❡ t♦ ♠✐①❡❞ r❡✄❡❝t✐♦♥✲

s ❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ ❜② ❛♣♣❧②✐♥❣ t❤❡ r♦t❛t✐♦♥ ♦♣❡r❛t♦r ❜❘✱ ❛s

❞❡s❝r✐❜❡❞ ✐♥ ❊q✉❛t✐♦♥ ✶✵ ✳

Pr♦♦❢✿ ❯♥❞❡r t❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ Pr♦♣♦s✐t✐♦♥ ✶✱ ✐t ✐s ❛ss✉♠❡❞

t❤❛t t❤❡ r❡✄❡❝t✐♦♥ ❝♦♠♣♦♥❡♥t ✐s ❡✐t❤❡r ✭✶✮ s♣❡❝✉❧❛r ❞♦♠✐♥❛♥✲

t✱ ♦r ✭✷✮ ❞✐❢❢✉s❡ ❞♦♠✐♥❛♥t✳ ❋✐rst✱ ❝♦♥s✐❞❡r ❝❛s❡ ✭✶✮✳ ❉❡♥♦t❡
➫■♠✐♥✱ ➫■♠✐♥✱ ❛♥❞ ➫r ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛r✐❛❜❧❡s ♦❢ ■♠✐♥✱ ■♠✐♥✱

❛♥❞ r ❢♦r ♠✐①❡❞ r❡✄❡❝t✐♦♥s✳ ❙✐♥❝❡✱ ❢♦r ❝❛s❡ ✭✶✮✱ ■ ❂ ■❙✰ ■❉ ✙

■❙✱ ✐t ❢♦❧❧♦✇s ❢r♦♠ ❊q✉❛t✐♦♥s ✶ ❛♥❞ ✷✶ t❤❛t✿
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◆♦✇✱ ➫r ✐s ❞❡♣❡♥❞❡♥t ♦♥ ❜♦t❤ ❞✐❢❢✉s❡ ❛♥❞ s♣❡❝✉❧❛r ❝♦♠♣♦✲

♥❡♥ts✳ ❯♥❞❡r ❝❛s❡ ✭✶✮✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ ❞✐❢❢✉s❡ ❝♦♠♣♦♥❡♥t

(a) Input Depth: Kinect (Time of Flight)

(b) Proposed Technique: Captured in Office Lighting

(c) Proposed Technique: Captured in Disco Ball Lighting

(d) Proposed Technique: Captured in Outdoor Lighting

Depth Map (mm)SURF plot

Colorbar (mm)

❋✐❣✳ ✽ P♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t ✇♦r❦s ✐♥ ❛ r❛♥❣❡ ♦❢ ❧✐❣❤t✐♥❣ ❝♦♥❞✐✲

t✐♦♥s ✭r❡❛❧ ❡①♣❡r✐♠❡♥t✮✳ ✭❛✮ ❚♦❋ ❑✐♥❡❝t✱ ❞✉❡ t♦ ♠✉❧t✐♣❛t❤✱ ❢❛✐❧s t♦ ❝❛♣✲

t✉r❡ ❛♥ ❛❝❝✉r❛t❡ ❝♦r♥❡r✳ ✭❜✮ P♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t ✐♥❞♦♦rs✳ ✭❝✮ P♦✲

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

r❡❝t✐♦♥❛❧ ✉♥❡✈❡♥ ❧✐❣❤t✐♥❣ ✐♥t♦ t❤❡ ❝♦r♥❡r ❛♥❞ ✐♥tr♦❞✉❝❡s ❝❛✉st✐❝ ❡❢❢❡❝ts✳

✭❞✮ P♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t ♦✉t❞♦♦rs ♦♥ ❛ ♣❛rt❧② s✉♥♥②✱ ✇✐♥t❡r ❞❛②✳

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

✉❧❛r ❝♦♠♣♦♥❡♥t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡❧❛t✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✶✻ ❛❧✲

❧♦✇s ✉s t♦ ❡①♣r❡ss t❤❡ ♠❡❛s✉r❡❞ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥✱ ❛❢t❡r

s✐♠♣❧✐✂❝❛t✐♦♥✱ ❛s✿
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❛❝ts ❛s ❛ s❝❛❧✐♥❣ ❢❛❝t♦r ♦♥ t❤❡ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛✲

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

r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ ③❡♥✐t❤ ❛♥❣❧❡✱ ✐t ❢♦❧❧♦✇s t❤❛t ✾ ❛ r♦t❛t✐♦♥ ♦♣✲

❡r❛t♦r t❤❛t ❛❧✐❣♥s t❤❡ ♠✐①❡❞ ③❡♥✐t❤ ❛♥❣❧❡ ✇✐t❤ t❤❡ tr✉❡ ③❡♥✐t❤

❛♥❣❧❡✳ ❋♦r ❝❛s❡ ✭✷✮✱ t❤❡ ♦♣♣♦s✐t❡ ✐s ❛ss✉♠❡❞✱ s✉❝❤ t❤❛t t❤❡

♠❡❛s✉r❡❞ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ✐s ❡①♣r❡ss❡❞ ❛s✿
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❆♥❛❧♦❣♦✉s t♦ ❝❛s❡ ✭✶✮✱
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❛❝ts ❛s ❛ s❝❛❧✐♥❣ ❢❛❝t♦r ♦♥ t❤❡

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



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✶✶

(b) Three polarization photos (c) Depth Skeleton (d) Pol. Enhanced(a) Scene
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❋✐❣✳ ✾ P♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t ✇♦r❦s ❢♦r ✈❛r✐❡❞ ♠❛t❡r✐❛❧ ❝♦♥❞✐t✐♦♥s✳ ❙✐♥❝❡ ♦♥❡ ♦❢ t❤❡ ♦❜❥❡❝ts ✐s s❤✐♥②✱ ❛ s✐♠✉❧❛t❡❞ ❞❡♣t❤ s❦❡❧❡t♦♥ ✇✐t❤ ❛❞❞✐t✐✈❡

●❛✉ss✐❛♥ ♥♦✐s❡ ✐s ✉s❡❞ ❛s t❤❡ ❞❡♣t❤ t❡♠♣❧❛t❡❀ t❤✐s ❞❡♠♦♥str❛t❡s t❤❛t ♦✉r ❦❡② ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❝♦♠❜✐♥✐♥❣ ❛ ❣❡♥❡r❛❧ ❞❡♣t❤ ♠❛♣ ✇✐t❤ ♣♦❧❛r✐③❛t✐♦♥

♥♦r♠❛❧s ❝❛♥ ✇♦r❦ ❢♦r ❛ r❛♥❣❡ ♦❢ ♠❛t❡r✐❛❧ ❝♦♥❞✐t✐♦♥s✳ ❆ ❝❤❛❧❧❡♥❣✐♥❣ ♦❜❥❡❝t ❝❛♥ ♣r❡❝❧✉❞❡ r❡❝♦✈❡r② ♦❢ ❛ ❝♦❛rs❡ ❞❡♣t❤ ♠❛♣✱ ❧❡❛❞✐♥❣ t♦ ✐♥st❛♥❝❡s ❧✐❦❡

t❤❡ ❢❛✐❧✉r❡ ❝❛s❡ ✐♥ ❋✐❣✳ ✶✹✳

Pr♦♣♦s✐t✐♦♥s ✶ ❛♥❞ ✷ ♣r♦✈✐❞❡ ❛♥❛❧②t✐❝❛❧ ❥✉st✐✂❝❛t✐♦♥ ❢♦r t❤❡

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

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

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

❛r❡ ♥❡❛r❧② ❡q✉❛❧ ✭❢♦❧❧♦✇✐♥❣ ❢r♦♠ Pr♦♣♦s✐t✐♦♥ ✶✮✳ ❚❤✐s ✇✐❧❧

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

♣❡♥ ❛t ♠❛♥② s❝❡♥❡ ♣♦✐♥ts✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ③❡♥✐t❤ ♣❡rt✉r❜❛t✐♦♥✱

Pr♦♣♦s✐t✐♦♥ ✷ s❤♦✇s t❤❛t t❤❡ ♣❡rt✉r❜❛t✐♦♥ ❛♠♦✉♥ts t♦ ❛ s✲

❝❛❧✐♥❣ ♦♥ t❤❡ ❣r♦✉♥❞ tr✉t❤ ❞❡❣r❡❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱

t❤❡ ❝♦rr❡❝t✐♦♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ ♠♦t✐✈❛t❡❞ ✂rst ❜②

r❡❢r❛❝t✐✈❡ ❡rr♦r ✭✐✳❡✳✱ r♦t❛t✐♥❣ t❤❡ ③❡♥✐t❤ ❛♥❣❧❡ t♦ ♠❛t❝❤ t❤❡

❞❡♣t❤ ♥♦r♠❛❧✮ ❛❧s♦ s❡r✈❡s t♦ ❝♦rr❡❝t ❢♦r t❤❡ ❞✐❢❢✉s❡✴s♣❡❝✉❧❛r

♣❡rt✉r❜❛t✐♦♥ ✐♥ ③❡♥✐t❤ ❛♥❣❧❡✳ ◆❡✈❡rt❤❡❧❡ss✱ ♠♦r❡ st✉❞② ✐s r❡✲

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

✺✳✷ ❯♥♣♦❧❛r✐③❡❞ ✇♦r❧❞ ❛ss✉♠♣t✐♦♥

❚❤✐s ♣❛♣❡r ❢♦❧❧♦✇s t❤❡ st❛♥❞❛r❞ ❙❢P ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ❧✐❣❤t

✐♥❝✐❞❡♥t ♦♥ t❤❡ ♦❜❥❡❝t ✐s ✉♥♣♦❧❛r✐③❡❞✱ s✉❝❤ t❤❛t ❛♥② ♣♦❧❛r✐③❛✲

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

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

s❝❡♥❡ ♠✉st ♥♦t ❝♦♥s✐st ♦❢ s♣❡❝✉❧❛r ✐♥t❡rr❡✄❡❝t✐♦♥s✳

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

t❤❡ s✉♥✱ ❛r❡ ✉♥♣♦❧❛r✐③❡❞✳ ▼♦st t②♣❡s ♦❢ ✐♥❞♦♦r ❧✐❣❤t✐♥❣ ❛r❡

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

t✐♠❡s✱ s♦❧✐❞✲st❛t❡ ❧✐❣❤t s♦✉r❝❡s ❛r❡ ✉s❡❞ ✐♥❞♦♦rs✱ ❧✐❦❡ ▲❊❉

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

♣❧❛❝❡❞ ♦✈❡r t❤❡ ❧✐❣❤t s♦✉r❝❡✱ ✇❤✐❝❤ ❛❝ts t♦ ❞❡♣♦❧❛r✐③❡ t❤❡

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

✈❛❧✐❞✳

◆♦ s♣❡❝✉❧❛r ✐♥t❡rr❡✄❡❝t✐♦♥s ❛ss✉♠♣t✐♦♥ ❆ss✉♠✐♥❣ t❤❡ ❧✐❣❤t

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

♣♦❧❛r✐③❡❞✳ ■❢ t❤✐s ✐s ✐♥❝✐❞❡♥t ♦♥ t❤❡ s❝❡♥❡ ♣♦✐♥t ♦❢ ✐♥t❡r❡st✱

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

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

❧❛r ✐♥t❡rr❡✄❡❝t✐♦♥s ✐s ❛ ❧✐♠✐t✐♥❣ ❢❛❝t♦r ❢♦r ♠♦st ♦❢ t❤❡ ♣♦♣✉✲

❧❛r s❤❛♣❡ ❞❡♣t❤ s❡♥s✐♥❣ t❡❝❤♥♦❧♦❣✐❡s ✭❡✳❣✳✱ str✉❝t✉r❡❞ ❧✐❣❤t✱

t✐♠❡ ♦❢ ✄✐❣❤t✱ ♣❤♦t♦♠❡tr✐❝ st❡r♦✱ s❤❛♣❡✲❢r♦♠✲s❤❛❞✐♥❣✮✳ ❲❡

❢❡❡❧ t❤❛t t❤✐s ✐s ❧✐❦❡❧② t❤❡ ♠♦st s❡r✐♦✉s ❧✐♠✐t❛t✐♦♥ ❢♦r ❙❢✲

P ❛♥❞✱ ❜② ❡①t❡♥s✐♦♥✱ ♦✉r ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡✳ ❋♦r ❡①❛♠♣❧❡✱

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

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

❢❛❝t♦rs ❧✐❦❡ t❤❡ ✇❡❛t❤❡r ❛♥❞ t✐♠❡ ♦❢ ❞❛②✳ ❆♥ ♦♣❡♥ ♣r♦❜❧❡♠

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

❛❜❧❡ ✐♥ ♦✉t❞♦♦r ❡♥✈✐r♦♥♠❡♥ts✳

✻ ❆ss❡ss♠❡♥t ❛♥❞ ❘❡s✉❧ts

Pr❡✈✐♦✉s t❡❝❤♥✐q✉❡s ✐♥ s❤❛❞✐♥❣ ❡♥❤❛♥❝❡♠❡♥t ❤❛✈❡ ❤❛❞ ❧✐♠✐t✲

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

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

♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ s❝❡♥❡s✳

✻✳✶ ❘♦❜✉st♥❡ss ✐♥ t❤❡ ✇✐❧❞

❘♦❜✉st♥❡ss t♦ ❧✐❣❤t✐♥❣ ❝♦♥❞✐t✐♦♥s✿ ❆ss✉♠✐♥❣ ✉♥♣♦❧❛r✐③❡❞

✐♥❝✐❞❡♥t ❧✐❣❤t✱ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐s r♦❜✉st t♦ ✈❛r②✐♥❣
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❋✐❣✳ ✶✵ ❚❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ❝❛♥ ❝♦rr❡❝t ♠✉❧t✐♣❛t❤ ✐♥t❡r❢❡r❡♥❝❡ ✐♥ ❚♦❋ s❡♥s♦rs✳ ❈♦♠♣❛r✐♥❣ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ❛❣❛✐♥st ◆❛✐❦ ❡t ❛❧✳ ❬✸✻❪✱

✇❤✐❝❤ ❝♦♠❜✐♥❡s ❚♦❋ ✇✐t❤ str✉❝t✉r❡❞ ✐❧❧✉♠✐♥❛t✐♦♥ ♣❛tt❡r♥s ❢r♦♠ ❛ ♣r♦❥❡❝t♦r✳ ❚❤❡ t❡❝❤♥✐q✉❡ ❜② ◆❛✐❦ ❡t ❛❧✳ ✉s❡s ✷✺ ❝♦❞❡❞ ✐❧❧✉♠✐♥❛t✐♦♥ ♣❤♦t♦❣r❛♣❤s✳

❲✐t❤ ✸ ♣❤♦t♦❣r❛♣❤s ❢r♦♠ ❛ ♣♦❧❛r✐③❡r ❛♥❞ t❤❡ ❑✐♥❡❝t ❞❡♣t❤ ♠❛♣✱ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ♣r❡s❡r✈❡s t❤❡ s❤❛r♣ ❡❞❣❡ ♦❢ ❣r♦✉♥❞ tr✉t❤✳

❧✐❣❤t✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✱ ❞❡♣t❤ ❡♥❤❛♥❝❡♠❡♥t

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

✭❋✐❣✳ ✽❜✮ ✐♥❞♦♦r ❧✐❣❤t✐♥❣❀ ✭❋✐❣✳ ✽❝✮ ✉♥❞❡r ✐♥t❡r❢❡r✐♥❣ ✐❧❧✉♠✐✲

♥❛t✐♦♥ ❢r♦♠ ❛ ❞✐s❝♦ ❜❛❧❧❀ ❛♥❞ ✭❋✐❣✳ ✽❞✮ ❡✈❡♥ ♦✉t❞♦♦rs✳ ❚❤❡

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

❘♦❜✉st♥❡ss t♦ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✿ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✾ t❤❡

♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐s ❡✈❛❧✉❛t❡❞ ♦♥ t❤r❡❡ ♠❛t❡r✐❛❧s✿ ✭✶✮ ❞✐❢✲

❢✉s❡❀ ✭✷✮ ❣❧♦ss②❀ ❛♥❞ ✭✸✮ ♠✐rr♦r✲❧✐❦❡✳ P♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡✲

♠❡♥t ✐s ❝♦♥s✐st❡♥t ❢♦r ❡❛❝❤ ♠❛t❡r✐❛❧✱ t❤♦✉❣❤ s❧✐❣❤t❧② ✇♦rs❡

❢♦r t❤❡ ♠✐rr♦r✲❧✐❦❡ ♦❜❥❡❝t✳ ❈♦♠♣❛r✐s♦♥ ♣❛♣❡rs t❤❛t ✉s❡ s❤❛❞✲

✐♥❣ ❡♥❤❛♥❝❡♠❡♥t ❝❛♥ ♦♥❧② ✇♦r❦ ♦♥ ▲❛♠❜❡rt✐❛♥ s✉r❢❛❝❡s ❬✻✷✱

✶✻✱✻✵✱✹✷❪✳

❘♦❜✉st♥❡ss t♦ ❞✐❢❢✉s❡ ♠✉❧t✐♣❛t❤✿ ❉✐❢❢✉s❡ ♠✉❧t✐♣❛t❤ ❤❛s ❜❡❡♥

❛♥ ❛❝t✐✈❡ ❝❤❛❧❧❡♥❣❡ ✐♥ t❤❡ ❚♦❋ ❝♦♠♠✉♥✐t② ❬✹✸✱✶✺✱✸✻❪✳ ❚❤❡

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

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

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

♦❢ ❋✐❣✳ ✶✵ ❢♦r ❞❡t❛✐❧s✳

✻✳✷ ❘❡s✉❧ts ♦♥ ✈❛r✐♦✉s s❝❡♥❡s

❋✐❣✳ ✶✶ s❤♦✇s r❡s✉❧ts ♦♥ ✈❛r✐♦✉s s❝❡♥❡s ❛❧♦♥❣ ✇✐t❤ q✉❛❧✐t❛✲

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

❜② ❲✉ ❡t ❛❧ ❬✻✵❪✳

❉✐❢❢✉s❡ ❢❛❝❡ s❝❡♥❡✿ ❚❤❡ ♠❛♥♥❡q✉✐♥ s❝❡♥❡✱ s❤♦✇♥ ✐♥ ❋✐❣✳

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

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

✐③❛t✐♦♥ ❡♥❤❛♥❝❡♠❡♥t✳ ❙♣❡❝✐✂❝❛❧❧②✱ t❤❡ ♠❛♥♥❡q✉✐♥ ✐s ❝♦❛t❡❞

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

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

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

s t♦ s❧✐❣❤t❧② ✐♠♣r♦✈❡❞ ✸❉ r❡❝♦♥str✉❝t✐♦♥✳ ❆s s❤♦✇♥ ✐♥ t❤❡

❝❧♦s❡✲✉♣✱ t❤❡ ❝♦♥❝❛✈❡ ❡②❡ s♦❝❦❡t ❝❛✉s❡s ❝❤❛❧❧❡♥❣❡s ❢♦r s❤❛❞✲

✐♥❣ r❡✂♥❡♠❡♥t ❞✉❡ t♦ ❞✐❢❢✉s❡ ✐♥t❡rr❡✄❡❝t✐♦♥s✳

❈♦❢❢❡❡ ❝✉♣ s❝❡♥❡✿ ❋✐❣✳ ✶✶❜ s❤♦✇s ❞❡♣t❤ r❡❝♦♥str✉❝t✐♦♥ ❢♦r

❛ ❝♦❢❢❡❡ ❝✉♣ ♠❛❞❡ ♦❢ ❙t②r♦❢♦❛♠✳ ❙✉❝❤ ❛ s✉r❢❛❝❡ ✐s ♥♦t ▲❛♠✲

❜❡rt✐❛♥✱ ❛♥❞ ❝❛✉s❡s ❛rt✐❢❛❝ts ✐♥ s❤❛❞✐♥❣ r❡✂♥❡♠❡♥t✳ ❚❤❡ ♣r♦✲

♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐s ❞r❛♠❛t✐❝❛❧❧② ❜❡tt❡r t❤❛♥ s❤❛❞✐♥❣ r❡✂♥❡✲

♠❡♥t✱ ❛♥❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✷✱ ✐s ❛❜❧❡ t♦ ❝❧❡❛♥❧② r❡❝♦✈❡r t❤❡

❣r♦♦✈❡s ✭✸✵✵ ♠✐❝r♦♥ ❢❡❛t✉r❡ s✐③❡✮✳ ❋♦r t❤✐s s❝❡♥❡✱ t❤❡ ♣r♦✲

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

t♦ ❋✐❣✉r❡ ✶✷ ❢♦r t❤❡ ❝♦♠♣❛r✐s♦♥✮✳

❚✇♦✲❢❛❝❡ s❝❡♥❡✿ ❚♦ ✐❧❧✉str❛t❡ r♦❜✉st♥❡ss t♦ ♠✐①❡❞✲♠❛t❡r✐❛❧s✱

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

✐❢❢❡r❡♥t ♣✐❣♠❡♥ts ❛♥❞ s♣❡❝✉❧❛r✐t✐❡s✳ ❙❤❛❞✐♥❣ ❡♥❤❛♥❝❡♠❡♥t

❝❛♥♥♦t ❤❛♥❞❧❡ t❤❡ s❤✐♥✐♥❡ss ♦❢ t❤❡ ❢❛❝❡✱ s♦ t❤❡ ❡♥t✐r❡ r❡❝♦♥✲

str✉❝t✐♦♥ ✐s ♣♦♦r✳ ▼♦r❡♦✈❡r✱ ❛t t❤❡ ♣♦✐♥t ♦❢ ♠❛t❡r✐❛❧ tr❛♥s✐✲

t✐♦♥✱ ❧♦❝❛❧ ❛rt✐❢❛❝ts ❛r❡ ✈✐s✐❜❧❡ ✭❜❡st s❡❡♥ ✐♥ t❤❡ ❝❧♦s❡✲✉♣✮✳

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

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

t❡r✐❛❧ ❝❤❛♥❣❡ ✭s❡❡ ❝❧♦s❡✲✉♣✮✳ ◆♦t❡ t❤❛t t❤❡ ❧❛❝❦ ♦❢ ❛rt✐❢❛❝ts

❛t t❤❡ ♣♦✐♥t ♦❢ ♠❛t❡r✐❛❧ tr❛♥s✐t✐♦♥ ✈❡r✐✂❡s t❤❛t ❛ss✉♠♣t✐♦♥ ✹

♥❡❡❞ ♥♦t ❜❡ str✐❝t ✭s✐♥❝❡ t❤❡ ♣❛✐♥ts ❤❛✈❡ ❞✐❢❢❡r❡♥t ♣r♦♣♦rt✐♦♥s

♦❢ ❞✐❢❢✉s❡ ❛♥❞ s♣❡❝✉❧❛r r❡✄❡❝t✐✈✐t②✮✳

❚r❛s❤ ❝❛♥ s❝❡♥❡✿ ❋✐❣✳ ✶✶❞ ❞❡♣✐❝ts ❛ s❝❡♥❡ ❢♦r ❡✈❡r②❞❛② ♦❜✲

❥❡❝ts ✉♥❞❡r ♥❛t✉r❛❧ ❧✐❣❤t✐♥❣✳ ❚❤❡ s❝❡♥❡ ❝♦♥s✐sts ♦❢ ❛ ❤❛r❞✱

♣❧❛st✐❝ tr❛s❤ ❝❛♥ ✇✐t❤ ❛ s❤✐♥②✱ ♣❧❛st✐❝ ❧✐♥❡r ✐♥ ❛ ✇❡❧❧✲✐❧❧✉♠✐♥❛t❡❞

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

❞❡♣t❤ ❡♥❤❛♥❝❡♠❡♥t✱ ✇✐t❤ ✉♥❝♦♥tr♦❧❧❡❞ ❧✐❣❤t✐♥❣✱ ♠✐①❡❞ ♠❛t❡✲

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

❞r❛st✐❝❛❧❧② ❜❡tt❡r t❤❛♥ s❤❛❞✐♥❣ r❡✂♥❡♠❡♥t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡

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

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

t❤❡ ✐♠❛❣❡✳ ❋✉rt❤❡r♠♦r❡✱ s✐♥❝❡ t❤❡ ❧✐♥❡r ✐s ❤✐❣❤❧② s♣❡❝✉❧❛r✱

s❤❛❞✐♥❣ r❡✂♥❡♠❡♥t ❝❛♥♥♦t r❡s♦❧✈❡ t❤❡ r✐❞❣❡s✳ ■♥ ❝♦♠♣❛r✐✲

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

✐♥ t❤❡ ❧✐♥❡r✳

❊♥❤❛♥❝✐♥❣ ❛ ❧❛s❡r s❝❛♥♥❡r✿ ❋✐❣✳ ✶✸ s❤♦✇s t❤❛t ♣♦❧❛r✐③❛t✐♦♥

❡♥❤❛♥❝❡♠❡♥t ❝❛♥ ❜❡ ❛ ❜❡♥❡✂❝✐❛❧ ❛❞❞✐t✐♦♥❛❧ t♦ ❡✈❡♥ ❤✐❣❤❡r✲

q✉❛❧✐t② ❞❡♣t❤ s❡♥s♦rs✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸❝✱ ❣✐✈❡♥ ❛ ❧❛s❡r

s❝❛♥ ♦❢ t❤❡ ❝✉♣✱ ✇❡ ❝♦rr✉♣t ✐t ✇✐t❤ q✉❛♥t✐③❛t✐♦♥ ❛♥❞ ❛❞❞✐t✐✈❡



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✶✸

(a) Diffuse Face Scene

Depth from Kinect

Shading-Enhancement [Wu-2014]

Polarization-Enhancement [Proposed]

(b) Coffee Cup Scene

Depth from Kinect

Shading-Enhancement [Wu-2014]

Polarization-Enhancement [Proposed]

Depth from Kinect

Shading-Enhancement [Wu-2014]

Polarization-Enhancement [Proposed]

(d) Trash Can Scene

Depth from Kinect

Shading-Enhancement [Wu-2014]

Polarization-Enhancement [Proposed]

(c) Two-Face Scene

Controlled Lighting, Lambertian Object Controlled Lighting, Glossy Object Uncontrolled Lighting, Complex Object Uncontrolled Lighting, Complex Object

❋✐❣✳ ✶✶ ❱❛r✐♦✉s ❝❛♣t✉r❡s✱ r❛♥❣✐♥❣ ❢r♦♠ ❝♦♥tr♦❧❧❡❞ s❝❡♥❡s t♦ ❝♦♠♣❧❡① s❝❡♥❡s✳ P❧❡❛s❡ ③♦♦♠ ✐♥ ✉s✐♥❣ ②♦✉r P❉❋ ✈✐❡✇❡r✳

❚❛❜❧❡ ✷ ▼❡❛♥ ❛❜s♦❧✉t❡ ❡rr♦r ✭♠♠✮ ✇✐t❤ r❡s♣❡❝t t♦ ❛ ❧❛s❡r s❝❛♥♥❡r✳

■♥✐t✳ ❉❡♣t❤ ❙❤❛❞✐♥❣ ❬✻✵❪ Pr♦♣♦s❡❞

❈♦r♥❡r✱ ❋✐❣✳ ✹ ✺✳✸✾ ✹✳✼✽ ✸✳✻✸

▼✐rr♦r ❇❛❧❧✱ ❋✐❣✳ ✾ ✽✳✺✵ ✶✼✳✺✽ ✽✳✷✺

❉✐❢❢✉s❡ ❋❛❝❡✱ ❋✐❣✳ ✶✶❛ ✶✽✳✺✽ ✶✽✳✸✵ ✶✽✳✷✽

❈♦❢❢❡❡ ❈✉♣✱ ❋✐❣✳ ✶✶❜ ✸✳✼✾ ✸✳✽✹ ✸✳✹✽

♥♦✐s❡ t♦ ❢♦r♠ t❤❡ ❞❡♣t❤ s❦❡❧❡t♦♥✳ ❆❧❧ ❞❡t❛✐❧s ❛r❡ ❧♦st ✐♥ t❤✐s

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

t❤❡ ✸✵✵ ♠✐❝r♦♥ ❣r♦♦✈❡s ❛r❡ ♠❛❞❡ ✈✐s✐❜❧❡✳ ❆❞❞✐♥❣ ❛ ♣♦❧❛r✐③❡r

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

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

q✉❛❧✐t② ❧❛s❡r s❝❛♥♥❡r✳

❋❛✐❧✉r❡ ❝❛s❡✿ ❋❛✐❧✉r❡ ❝❛s❡s ♦❝❝✉r ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❛❧❧ ❧✐♠✐t❛✲

t✐♦♥s ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ♣❛♣❡r✳ ❲❡ ✐❧❧✉str❛t❡ ♦♥❡ s✉❝❤ ❢❛✐❧✉r❡ ❝❛s❡

✐♥ ❋✐❣✳ ✶✹✳ ❚❤❡ ❞❡♣t❤ ♠❛♣ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❝❤r♦♠❡ s♣❤❡r❡

❝♦♥t❛✐♥s s✐❣♥✐✂❝❛♥t ❡rr♦r ✐♥ ❧♦✇✲❢r❡q✉❡♥❝② ❝♦♥t❡♥t✳ ❖✉r ➇❡♥✲

❤❛♥❝❡❞➈ s❤❛♣❡ tr✐❡s t♦ ♣r❡s❡r✈❡ ❧♦✇✲❢r❡q✉❡♥❝② ✂❞❡❧✐t② ✇✐t❤

t❤❡ ♥♦✐s② ❞❡♣t❤ ♠❛♣ ✐♥st❡❛❞ ♦❢ r❡❝♦✈❡r✐♥❣ t❤❡ ❝♦rr❡❝t s❤❛♣❡✳

✻✳✸ ◗✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s✐s ♦❢ ❡♥❤❛♥❝❡♠❡♥t

❚❛❜✳ ✷ s❤♦✇s t❤❡ ♠❡❛♥ ❛❜s♦❧✉t❡ ❡rr♦r ✇rt✳ ❛ ❧❛s❡r s❝❛♥ ❢♦r

❛ s❛♠♣❧✐♥❣ ♦❢ s❝❡♥❡s ❢r♦♠ t❤✐s ♣❛♣❡r✳ ❙✐♥❝❡ s❤❛❞✐♥❣✲❜❛s❡❞

t❡❝❤♥✐q✉❡s ❬✻✵❪ ❝❛♥♥♦t ❤❛♥❞❧❡ s❤✐♥② ♦❜❥❡❝ts ❧✐❦❡ t❤❡ ❝❤r♦♠❡

s♣❤❡r❡ ♦r ❣❧♦ss② ❝♦❢❢❡❡ ❝✉♣✱ t❤❡ ❡rr♦r ❛❝t✉❛❧❧② ✐♥❝r❡❛s❡s ✇rt✳

t❤❡ ✐♥♣✉t ❞❡♣t❤✳ ■♥ ❝♦♥tr❛st✱ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ♦❢ ♣♦❧❛r✲

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

❤❛♥❞❧❡ ✐♥t❡rr❡✄❡❝t✐♦♥s ✭✇❤✐❝❤ t❤❡ ❑✐♥❡❝t ❝❛♥♥♦t✮✱ ♣♦❧❛r✐③❛✲

t✐♦♥ s❤♦✇s t❤❡ ♠♦st ✐♠♣r♦✈❡♠❡♥t ♦♥ t❤❡ ❝♦r♥❡r s❝❡♥❡✳ ❘❡❢❡r

t♦ ❋✐❣✳ ✹ ❢♦r ❛❞❞✐t✐♦♥❛❧ ♠❡tr✐❝s✳

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

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

♦❢ t❤❡ ❝✉♣ ✐♥ ❋✐❣✳ ✶✶❝ ❛t ✸✵✵ ♠✐❝r♦♥s✳ ❚❤❡ ♣r♦♣♦s❡❞ t❡❝❤✲

♥✐q✉❡ ❝❛♥ r❡s♦❧✈❡ ✂♥❡r ❞❡t❛✐❧ t❤❛♥ s♦♠❡ ❧❛s❡r s❝❛♥♥❡rs✳

✻✳✹ ■♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s

❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✱ t❤❡ ❝❛♣t✉r❡ s❡t✉♣ ✐♥❝❧✉❞❡s t❤❡ ❢♦❧❧♦✇✲

✐♥❣✿ ❛ ❈❛♥♦♥ ❘❡❜❡❧ ❚✸✐ ❉❙▲❘ ❝❛♠❡r❛ ✇✐t❤ st❛♥❞❛r❞ ❈❛♥♦♥

❊❋✲❙ ✶✽✲✺✺♠♠ ❢✴✸✳✺✲✺✳✻ ■❙ ■■ ❙▲❘ ❧❡♥s✱ ❛ ❧✐♥❡❛r ♣♦❧❛r✐③❡r

✇✐t❤ q✉❛rt❡r✲✇❛✈❡ ♣❧❛t❡✱ ♠♦❞❡❧ ❍♦②❛ ❈■❘✲P▲✳ ❈❛❧✐❜r❛t✐♦♥

✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ♣♦❧❛r✐③❡r✬s tr❛♥s♠✐ss✐♦♥ ❛①✐s✳ ❱❛❧✉❡s ❢♦r

t ❛♥❞ ❡ ❛r❡ t❤❡ s❛♠❡ ❢♦r ❛❧❧ s❝❡♥❡s✳ ❚❤❡ ❧❛t❡st ♠♦❞❡❧ ♦❢ ▼✐✲

❝r♦s♦❢t ❑✐♥❡❝t ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ ♠♦st ❞❡♣t❤ ♠❛♣s✳ ◆♦r♠❛❧

♠❛♣s ❛♥❞ ❞❡♣t❤ ♠❛♣s ❛r❡ r❡❣✐st❡r❡❞ ✉s✐♥❣ t❤❡ ✐♥tr✐♥s✐❝ ♣❛✲

r❛♠❡t❡rs ♦❢ t❤❡ ❑✐♥❡❝t ❛♥❞ r❡❧❛t✐✈❡ ♣♦s❡ ✭tr❛♥s❧❛t✐♦♥ ♦♥❧②✮✳

❚♦ ♠❡❛s✉r❡ ♣♦❧❛r✐③❛t✐♦♥ ❝✉❡s t❤❡ s❡♥s♦r r❡s♣♦♥s❡ ♠✉st ❜❡

❧✐♥❡❛r✱ ❡♥❢♦r❝❡❞ ❜② ♣r❡♣r♦❝❡ss✐♥❣ ❈❘✷ r❛✇ ✂❧❡s ❢r♦♠ t❤❡



✶✹ ❆❝❤✉t❛ ❑❛❞❛♠❜✐ ❡t ❛❧✳

(a) Setup (b) Enhancing the laser scan (c) Corrupted Depth Skeleton

Laser Scanner Output Our Enhancement Corrupted Laser Scan Our Enhancement

❋✐❣✳ ✶✸ ❖✉r t❡❝❤♥✐q✉❡ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛✉❣♠❡♥t ❡✈❡♥ ❤✐❣❤ q✉❛❧✐t② ❞❡♣t❤ ♠❛♣s ✭♣❤②s✐❝❛❧ ❡①♣❡r✐♠❡♥t✮✳ ✭❛✮ ❚❤❡ ❙t②r♦❢♦❛♠ ❝✉♣ ❜❡✐♥❣ ❧❛s❡r s❝❛♥♥❡❞

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

❧❛s❡r s❝❛♥♥❡r ♦✉t♣✉t ✐s ❝♦rr✉♣t❡❞ ✇✐t❤ ❛❞❞✐t✐✈❡ ●❛✉ss✐❛♥ ❛♥❞ q✉❛♥t✐③❛t✐♦♥ ♥♦✐s❡✳ P♦❧❛r✐③❛t✐♦♥ ❝✉❡s ❛r❡ st✐❧❧ ❛❜❧❡ t♦ r❡❝♦✈❡r t❤❡ r✐❞❣❡s ♦♥ t❤❡ ❝✉♣✳

❚❤❡ r✐❞❣❡s ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② ✸✵✵ ♠✐❝r♦♥s ✐♥ ❞❡♣t❤✳ ❚❤✐s ✂❣✉r❡ ✐s ❜❡st ✈✐❡✇❡❞ ❞✐❣✐t❛❧❧②✳

(a) Enhanced Kinect Depth (b) Laser Scanner Depth
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❋✐❣✳ ✶✷ ◗✉❛❧✐t❛t✐✈❡ ❝♦♠♣❛r✐s♦♥ t♦ ❛ ♠✉❧t✐str✐♣❡ ❧❛s❡r s❝❛♥♥❡r✳ ✭❛✮ ❖✉r

r❡s✉❧t✱ ✉s✐♥❣ ❛ ❑✐♥❡❝t ❛♥❞ t❤r❡❡ ♣♦❧❛r✐③❡❞ ♣❤♦t♦❣r❛♣❤s✳ ✭❜✮ ❚❤❡ s✉r❢❛❝❡

❢r♦♠ t❤❡ ❧❛s❡r s❝❛♥♥❡r✳ ◆♦t✐❝❡ t❤❛t t❤❡ ❑✐♥❡❝t ❤❛s ❜❡❡♥ ❡♥❤❛♥❝❡❞ t♦ t❤❡

♣♦✐♥t ♦❢ ❝❛♣t✉r✐♥❣ t❤❡ ❣r♦♦✈❡s ✐♥ t❤❡ ❝✉♣✱ ❛♣♣r♦①✐♠❛t❡❧② ✸✵✵ ♠✐❝r♦♥s

✐♥ ❞❡♣t❤✳

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

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

■❈P ❛❧✐❣♥♠❡♥t✳✶✼

✼ ❉✐s❝✉ss✐♦♥

■♥ s✉♠♠❛r②✱ ✇❡ ❤❛✈❡ ♣r♦♣♦s❡❞ t❤❡ ✂rst t❡❝❤♥✐q✉❡ ♦❢ ❞❡♣t❤

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

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

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

s t♦ ❞❡♠♦♥str❛t❡ ❝♦♠♣❧❡♠❡♥t❛r② ❛❞✈❛♥t❛❣❡s✳

❇❡♥❡✂ts✿ ❇② ✉s✐♥❣ t❤❡ ❞❡♣t❤ ♠❛♣ t♦ ♣❧❛❝❡ ♥✉♠❡r♦✉s ❝♦♥✲

str❛✐♥ts ♦♥ t❤❡ s❤❛♣❡✲❢r♦♠✲♣♦❧❛r✐③❛t✐♦♥ ♣r♦❜❧❡♠✱ t❤✐s ♣❛♣❡r

✶✼ ▲❛s❡r ❙❝❛♥♥❡r✿ ♥❡①t❡♥❣✐♥❡✳❝♦♠✴❛ss❡ts✴♣❞❢✴s❝❛♥♥❡r✲t❡❝❤s♣❡❝s✳♣❞❢

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

r❡s❡❛r❝❤ ✇❤✐❧❡ ❞❡♠♦♥str❛t✐♥❣ ❝♦♠♣❡❧❧✐♥❣ ❛❞✈❛♥t❛❣❡s ♦✈❡r

❛❧t❡r♥❛t✐✈❡ t❡❝❤♥✐q✉❡s ✭❙❢❙ ❛♥❞ P❙✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❙❢❙ ❛♥❞

P❙ ❛ss✉♠❡ ▲❛♠❜❡rt✐❛♥ ♦❜❥❡❝ts ❛♥❞ ❞✐st❛♥t✴❝♦♥tr♦❧❧❡❞ ❧✐❣❤t✲

✐♥❣✱ ✇❤✐❧❡ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ❤❛s ❞❡♠♦♥str❛t❡❞ r❡s✉❧ts

♦♥ ❞✐❢❢✉s❡ t♦ ♠✐rr♦r✲❧✐❦❡ ♦❜❥❡❝ts ✐♥ ❝♦♥tr♦❧❧❡❞ ❛♥❞ ✉♥❝♦♥✲

tr♦❧❧❡❞ s❡tt✐♥❣s✳✶✽ ▼♦r❡♦✈❡r✱ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ❝❛♥ ❜❡

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

q✉✐r❡s ♥♦ ❜❛s❡❧✐♥❡ ✭❚❛❜✳ ✶✮✳ ❲❤✐❧❡ ♥♦t s♣❡❝✐✂❝ t♦ ♠✉❧t✐♣❛t❤

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

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

t✐♣❛t❤ ❝♦rr❡❝t✐♦♥ ✭❋✐❣✳ ✶✵✮✳

▼❛t❡r✐❛❧ ❛ss✉♠♣t✐♦♥s ❆❧t❤♦✉❣❤ ✇❡ ❤❛✈❡ ♣r❡s❡♥t❡❞ ♣r❛❝t✐✲

❝❛❧ r❡s✉❧ts ♦♥ ❛ r❛♥❣❡ ♦❢ ♠❛t❡r✐❛❧s✱ t❤❡ t❡❝❤♥✐q✉❡ ✐s st✐❧❧ s❡♥✲

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

♠❛t❡r✐❛❧ ❝❤❛♥❣❡ ✐s r❛♣✐❞ ✐♥ ❛ s❝❡♥❡ ✭❧✐❦❡ ❣❧✐tt❡r ♦♥ ❛♥ ♦❜✲

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

❡s ✇✐t❤ ✂①❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✮✳ ❆♥ ❡♥❣✐♥❡❡r✐♥❣ ✐♠♣r♦✈❡✲

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

s❡♥s♦rs ❝♦♥t✐♥✉❡ t♦ ✐♥❝r❡❛s❡ ✐♥ r❡s♦❧✉t✐♦♥✳ ❖♥ ❛ ♠♦r❡ ❢✉♥✲

❞❛♠❡♥t❛❧ ❧❡✈❡❧✱ ✐♥s♣✐r❡❞ ❜② t❤❡ ✇♦r❦ ♦❢ ❍✉②♥❤ ❡t ❛❧✳ ❬✷✵❪✱

✐t ♠❛② ❜❡ ♣♦ss✐❜❧❡ t♦ ✉s❡ ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❞✐❢✲

❢❡r❡♥t s♣❡❝tr❛❧ ❝❤❛♥♥❡❧s t♦ r❡❝♦✈❡r t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①✳ ❆♥✲

♦t❤❡r ❛r❡❛ ♦❢ ❢✉t✉r❡ ✇♦r❦ ✇♦✉❧❞ ❜❡ t♦ ❡①♣❧♦r❡ ❤♦✇ ❧❛②❡r❡❞

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

♣r♦❛❝❤✳ ❆ ❝❧❡❛r ❛❞✈❛♥t❛❣❡ ♦❢ ❛♣♣r♦❛❝❤❡s t❤❛t r❡❧② ♦♥ ♣♦❧❛r✲

✐③❛t✐♦♥ ✐s t❤❛t t❤❡② ❣❡♥❡r❛❧✐③❡ t♦ ♥♦♥✲▲❛♠❜❡rt✐❛♥ s✉r❢❛❝❡s✱

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

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

♠❡t❛❧❧✐❝ ♦❜❥❡❝t✳

✶✽ ❲❤✐❧❡ t❤❡r❡ ❛r❡ ✈❛r✐❛♥ts ♦❢ ❣❡♥❡r❛❧✐③❡❞ ♣❤♦t♦♠❡tr✐❝ st❡r❡♦ ❢♦r ♥♦♥✲

▲❛♠❜❡rt✐❛♥ ♦❜❥❡❝ts ❛♥❞ ♥❛t✉r❛❧ ❡♥✈✐r♦♥♠❡♥t ❧✐❣❤t✐♥❣✱ t❤❡② ✉s✉❛❧❧② r❡✲

q✉✐r❡ ❛❜♦✉t ✺✵✲✶✵✵ ✐♠❛❣❡s ❛❝❝♦r❞✐♥❣ t♦ ❛ r❡❝❡♥t s✉r✈❡② ✐♥ ❬✺✷❪✳



❉❡♣t❤ ❙❡♥s✐♥❣ ✉s✐♥❣ ●❡♦♠❡tr✐❝❛❧❧② ❈♦♥str❛✐♥❡❞ P♦❧❛r✐③❛t✐♦♥ ◆♦r♠❛❧s ✶✺

(a) Chrome Sphere (b) Kinect Depth (c) Polarization Enhanced

❋✐❣✳ ✶✹ ❆ ❢❛✐❧✉r❡ ❝❛s❡ ❞✉❡ t♦ ❧❛❝❦ ♦❢ ❧♦✇✲❢r❡q✉❡♥❝② s❤❛♣❡ ✐♥❢♦r♠❛t✐♦♥

✐♥ t❤❡ ❞❡♣t❤ s❦❡❧❡t♦♥ ✭♣❤②s✐❝❛❧ ❡①♣❡r✐♠❡♥t✮✳ ✭❛✮ ❚❤❡ s❝❡♥❡ ✐s ❛ ❝❤r♦♠❡

s♣❤❡r❡✳ ✭❜✮ ❚❤❡ ❑✐♥❡❝t ❞❡♣t❤ ❤❛s ❛♥ ✐♥❝♦rr❡❝t s❤❛♣❡ ❞✉❡ t♦ t❤❡ s♣❡❝✉❧❛r✲

✐t✐❡s✳ ✭❝✮ ❖✉r ♣♦❧❛r✐③❛t✐♦♥ ❡♥❤❛♥❝❡❞ ❛❧❣♦r✐t❤♠ t❛❦❡s t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s

♦❢ t❤❡ ❞✐st♦rt❡❞ ❞❡♣t❤ s❦❡❧❡t♦♥✳

❙❤❛♣❡ ❢r♦♠ ♠✐①❡❞ ♣♦❧❛r✐③❛t✐♦♥✿ ❆s ♦❢ t♦❞❛②✱ t❤❡ ❝♦♠♠✉♥✐✲

t② ❤❛s ❞❡✈❡❧♦♣❡❞ ♠♦❞❡❧s ❢♦r ❞✐❢❢✉s❡ ♦r s♣❡❝✉❧❛r ♣♦❧❛r✐③❛t✐♦♥

✭❊q✉❛t✐♦♥ ✸ ❛♥❞ ✹✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❇✉t ❛ ➈❵♠✐①❡❞ r❡✄❡❝t✐♦♥➈✬

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

✄❡❝t❡❞✳ ❚❤✐s ❝❛✉s❡s ♠♦❞❡❧ ♠✐s♠❛t❝❤ ✭❛s t❤❡ ♠♦❞❡❧ ❞♦❡s ♥♦t

❝♦♥❢♦r♠ t♦ ❡✐t❤❡r ❊q✉❛t✐♦♥ ✸ ❛♥❞ ✹✮✳ ▼✐①❡❞ r❡✄❡❝t✐♦♥s ❤❛✈❡

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

✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡

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

♠✐①❡❞ r❡✄❡❝t✐♦♥s✳ ❚❤✐s ❤❛s ❜❡❡♥ s❤♦✇♥ ❛♥❛❧②t✐❝❛❧❧② ✐♥ ❙❡❝✲

t✐♦♥ ✺✳✶ ♦❢ t❤✐s ♣❛♣❡r ❛♥❞ ✈❡r✐✂❡❞ ✇✐t❤ ♣r❛❝t✐❝❛❧ r❡s✉❧ts✳ ❲❡

♠✉st ❡♠♣❤❛s✐③❡ t❤❛t ♦✉r s♦❧✉t✐♦♥ ✐s ♥♦t ♣❡r❢❡❝t ➊ ✇❡ st✐❧❧

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

t❤❛t ✇❡ ❝❛♥ ♣✐❝❦ ✇❤❡t❤❡r t♦ ✉s❡ ❊q✉❛t✐♦♥ ✸ ❛♥❞ ✹ ❢♦r t❤❡

✐♥✐t✐❛❧ ♥♦r♠❛❧ ♠❛♣ ❢r♦♠ ♣♦❧❛r✐③❛t✐♦♥✮✳

Pr❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✿ ❚❤❡ ♣r♦♣♦s❡❞ ✇♦r❦ ♦❢❢❡rs ❝♦♠♣❧❡✲

♠❡♥t❛r② ❜❡♥❡✂ts t♦ s❤❛❞✐♥❣ ♦r ♣❤♦t♦♠❡tr✐❝ s♦❧✉t✐♦♥s✱ ♦❢❢❡r✲

✐♥❣ ✸❉ s❝❛♥s ♦❢ ♦❜❥❡❝ts t❤❛t ♠❛② ❜❡ s❤✐♥② ♦r ❧✐t ❜② ❛r❡❛

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

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

r♦t❛t✐♦♥s✮✱ t❤❡r❡ ❛r❡ ♦❢❢✲t❤❡✲s❤❡❧❢ ❝❛♠❡r❛ s②st❡♠s t❤❛t ❛❧❧♦✇

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

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

t✐♠❡ t❡❝❤♥✐q✉❡ ✭t❤❡ ✷ ❢r❛♠❡s ✇♦✉❧❞ ❜❡ ❛ ❞❡♣t❤ ❢r❛♠❡✱ ❛♥❞

t❤❡ s✐♥❣❧❡✲s❤♦t ❢r❛♠❡ ❢r♦♠ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❛rr❛② ❝❛♠❡r❛✮✳

❍♦✇❡✈❡r✱ t❤❡ ♠❡t❤♦❞ ❤❛s ✈❛❧✉❡ ❡✈❡♥ ❛s ❛ st❛t✐❝ t❡❝❤♥✐q✉❡

✭❛s ❞❡♠♦♥str❛t❡❞ ✐♥ t❤✐s r❡s❡❛r❝❤ ♣❛♣❡r✮ ✇❤❡r❡ t❤❡ ♦❜t❛✐♥❡❞

r❡s✉❧ts ❝❛♥ ❜❡ s❡❡♥ ❛s ❝♦♠♣❡❧❧✐♥❣❀ ❢♦r ❡①❛♠♣❧❡✱ ✐♥ ❋✐❣✉r❡ ✶✷✱

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

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

❣r❛❞❡ ✸❉ s❝❛♥♥❡r ✭t❤❛t ✐s ❛❧s♦ ♥♦t r❡❛❧✲t✐♠❡✮✳ ▼♦r❡♦✈❡r✱ t❤❡

♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✭❞❡♣t❤ ❛♥❞ ♣♦❧❛r✐③❛t✐♦♥✮ ✐s ❛ ♥❡✇ ❞✐r❡❝✲

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

♦❢ ✐♥❢♦r♠❛t✐♦♥✳

▲✐♠✐t❛t✐♦♥s✿ ❚❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ r❡q✉✐r❡s ✸ ✐♠❛❣❡s ❢♦r

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

s♦❧✉t✐♦♥s ❛❧❧♦✇ s✐♥❣❧❡✲s❤♦t ♣♦❧❛r✐♠❡tr✐❝ ❝❛♣t✉r❡✳✶✾ ❋♦r r♦✲

✶✾ P♦❧❛r✐③❛t✐♦♥ ♠♦s❛✐❝✿ ♠♦①t❡❦✳❝♦♠✴♦♣t✐❝s✲♣r♦❞✉❝t✴♣✐①❡❧❛t❡❞✲

♣♦❧❛r✐③❡r

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

❛♥❞ ❚❛❜✳ ✶ ♠✉st ❜❡ ♠❡t✳ ◆♦t❡ t❤❛t s♦♠❡ ♦❢ t❤❡s❡ ❧✐♠✐t❛t✐♦♥s

❛r❡ ❛❧s♦ ♣r❡s❡♥t ✐♥ ❙❢❙ ❛♥❞ P❙ ❝♦♥t❡①ts✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡

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

❜✉t ❙❢❙ ♦r P❙ ♠❡t❤♦❞s ❝❛♥♥♦t ❤❛♥❞❧❡ ❛♥② ✐♥t❡rr❡✄❡❝t✐♦♥s✱

✇❤❡t❤❡r ❞✐❢❢✉s❡ ♦r s♣❡❝✉❧❛r✳

❖♣❡♥ ❝❤❛❧❧❡♥❣❡s✿ ❲❤✐❧❡ t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ✐s ❝❛♣❛✲

❜❧❡ ♦❢ ♦❜t❛✐♥✐♥❣ ❡♥❝♦✉r❛❣✐♥❣ r❡s✉❧ts ✭❡✳❣✳ ❋✐❣✳ ✶✶❞✮✱ s❡✈❡r❛❧

s❝✐❡♥t✐✂❝ ❝❤❛❧❧❡♥❣❡s r❡♠❛✐♥✱ ✐♥❝❧✉❞✐♥❣✿ ✭✶✮ ❜❡tt❡r ♠❡t❤♦❞s

t♦ ❤❛♥❞❧❡ ♠✐①❡❞ r❡✄❡❝t✐♦♥s✱ ✇❤❡r❡ t❤❡ ❝❛♠❡r❛ ♠❡❛s✉r❡s ❛

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

♣♦✐♥t✱ ✭✷✮ ✇❤❡t❤❡r t❤❡r❡ ✐s ❛ ✇❛② t♦ ❝♦rr❡❝t❧② r❡s♦❧✈❡ ❤✐❣❤✲

❢r❡q✉❡♥❝② ❞❡t❛✐❧ ✇✐t❤♦✉t r❡s♦rt✐♥❣ t♦ t❤❡ ❝❧♦s❡❞ s✉r❢❛❝❡ ❤❡✉r✐s✲

t✐❝ ✭❙❡❝✳ ✹✳✶✳✷✮✱ ❛♥❞ ✭✸✮ ❛❧t❡r♥❛t❡ ✇❛②s t♦ ❝✐r❝✉♠✈❡♥t ❛ ❧♦✇
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