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3✉❛❧3✉❡# ♦❜❥❡/♦ 3✉❡ ♦❜,/#✉❛ ❛ ♣❛,,❛❣❡♠ ❞♦ ❝♦♥❞✉/♦# ❡ 3✉❡ ♣♦❞❡#B ❝❛✉,❛# ✉♠ ❛❝✐❞❡♥/❡✳

❉❡ ❢❛/♦✱ ❡,/❡ /#❛❜❛❧❤♦ ❡,/❛ ❢♦❝❛❞♦ ♥❛ ✐❞❡♥/✐✜❝❛)*♦ ❞❡ ♦✉/#♦, ✈❡=❝✉❧♦,✳

❖ ♣#❡,❡♥/❡ /#❛❜❛❧❤♦ ❛♣#❡,❡♥/❛ ✉♠ ❛❧❣♦#✐/♠♦ ❝❛♣❛③ ❞❡ ❞❡/❡❝/❛# ♦❜,/B❝✉❧♦, ♥❛ ♣✐,/❛

♣♦# ✈✐,*♦ ❝♦♠♣✉/❛❝✐♦♥❛❧✳ ❚#❛/❛✲,❡ ❞❡ ✉♠ ✈❡=❝✉❧♦ ❡3✉✐♣❛❞♦ ❝♦♠ ✉♠❛ ❝0♠❡#❛ ♠♦♥♦❝✉❧❛#

❡♠❜❛#❝❛❞❛✱ ❝♦♠ ♣#♦❝❡,,❛♠❡♥/♦ ❡ ✐❞❡♥/✐✜❝❛)*♦ ❞❡ ♦❜,/B❝✉❧♦, ❡♠ /❡♠♣♦ #❡❛❧✱ ❛♣♦✐❛♥❞♦

♦ ♠♦/♦#✐,/❛ ,♦❜#❡ ❛ ♣#❡,❡♥)❛ ❞❡,/❡, ♦❜,/B❝✉❧♦, ♥♦ ❝❛♠♣♦ ❞❡ ✈✐,*♦ ❞❛ ❝0♠❡#❛✱ ❡ ,♦❜#❡ ❛

❛♣#♦①✐♠❛)*♦ ❞❡,/❡, ❝♦♠ #✐,❝♦ ❞❡ ❝♦❧✐,*♦✳ ❖✉/#♦, ,❡♥,♦#❡,✱ ❝♦♠♦ #❛❞❛#✱ ✐♥❢#❛✲✈❡#♠❡❧❤♦✱

,♦♥❛# ♣♦❞❡#✐❛♠ ❛♣♦✐❛# ♥❛ ❞❡/❡❝)*♦ ❞❡ ♦❜,/B❝✉❧♦,✱ ♣♦#2♠✱ 2 ♣#❡♠✐,,❛ ❞❡,/❡ ❡,/✉❞♦✱

❞❡,❡♥✈♦❧✈❡# ♦ ❛❧❣♦#✐/♠♦ ✉/✐❧✐③❛♥❞♦ #❡❝✉#,♦, ❞❡ ❜❛✐①♦ ❝✉,/♦ ❡ ❢♦❝❛❞❛ ♥♦ ♣#♦❝❡,,❛♠❡♥/♦

❞❡ ✐♠❛❣❡♥,✳

■♥✐❝✐❛❧♠❡♥/❡✱ ♣#♦❝✉#❛#✲,❡✲B ❛ ❞❡❧✐♠✐/❛)*♦ ❞❛ #❡❣✐*♦ ❞❡ ❜✉,❝❛ ♣♦# ♦❜,/B❝✉❧♦,✱ /❛♠❜2♠

❝❤❛♠❛❞❛ ❞❡ #❡❣✐*♦ ❞❡ ✐♥/❡#❡,,❡✱ ❛/#❛✈2, ❞❛ ❞❡/❡❝)*♦ ❞❛, ❜♦#❞❛, ❞❛ ♣✐,/❛✳ ◆❛ ,❡3✉@♥❝✐❛

♦ ❞❡/❡❝/♦# /#❛❜❛❧❤❛#B ♥❛ ❣❡#❛)*♦ ❞❡ ❤✐♣5/❡,❡, ✭❍●✮✱ ❝♦♠ ❛ ✐❞❡♥/✐✜❝❛)*♦ ❞❡ ❝❛♥❞✐❞❛/♦, ❛

♦❜,/B❝✉❧♦,✱ ♣❛#❛ ,♦❜#❡ ❡❧❡, ♣#♦❝❡,,❛# ❛ ❡/❛♣❛ ❞❡ ✈❡#✐✜❝❛)*♦ ❞❛ ❤✐♣5/❡,❡ ❡ ❛,,✐♠ ❝♦♥✜#♠❛#

♦✉ ♥❡❣❛# ❛ ♣#❡,❡♥)❛ ❞❡ ♦❜,/B❝✉❧♦, #❡❛✐,✳ ❙*♦ ❝♦♥,✐❞❡#❛❞♦, ❛/#✐❜✉/♦, ❞❛ ✐♠❛❣❡♠ ❝♦♠♦

❝♦#✴✐♥/❡♥,✐❞❛❞❡✱ ,✐♠❡/#✐❛✱ 3✉✐♥❛,✱ ❜♦#❞❛,✱ ❧✐♥❤❛, ❤♦#✐③♦♥/❛✐, ❡ ✈❡#/✐❝❛✐,✱ ❡ ❝❛❧✐❜#❛)*♦ ❞❡

❝0♠❡#❛✳ ❆❧2♠ ❞✐,,♦✱ /#❡✐♥♦✉✲,❡ ✉♠ ❝❧❛,,✐✜❝❛❞♦# ❞❡ ❝❛,❝❛/❛ ❝♦♥,✐❞❡#❛♥❞♦ ✉♠ ❝♦♥❥✉♥/♦ ❞❡

❝❛#❛❝/❡#=,/✐❝❛, ❍❛❛#✳

 ❛❧❛✈$❛%✲❝❤❛✈❡✿ ❱✐,*♦ ❈♦♠♣✉/❛❝✐♦♥❛❧✱ U#♦❝❡,,❛♠❡♥/♦ ❞❡ ■♠❛❣❡♥,✱ ❉❡/❡❝)*♦ ❞❡

❖❜,/B❝✉❧♦,✱ ❙✐,/❡♠❛ ❞❡ ❆♣♦✐♦ ❛♦ ▼♦/♦#✐,/❛✳
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❚■❚▲❊✿ ✏❘❡❛❧✲❚✐♠❡ ❚*❛✣❝ ❉❡.❡❝.✐♦♥ ✉2✐♥❣ ❈♦♠♣✉.❡* ❱✐2✐♦♥✿ ❛♥ ❛❧❣♦*✐.❤♠ .♦ 2✉♣♣♦*.

.❤❡ ❞*✐✈❡*✑

❆❇❙❚❘❆❈❚

❚❤❡ ❝♦♥❝❡*♥ ❢♦* .*❛✣❝ 2❛❢❡.② ✐2 ❛2 ♦❧❞ ❛2 .❤❡ ❛✉.♦♠♦❜✐❧❡ ❤✐2.♦*②✱ ❛♥❞ ♠❛♥② ❛*❡

.❤❡ ❡✛♦*.2 ♦❢ ❝❛*♠❛❦❡*2✱ ♣✉❜❧✐❝ ❛❣❡♥❝✐❡2 ❛♥❞ *❡2❡❛*❝❤ ✐♥ ♦*❞❡* .♦ ❞❡❝*❡❛2❡ .❤❡ ♥✉♠❜❡*

♦❢ ❛❝❝✐❞❡♥.2 ❛♥❞ ✈✐❝.✐♠2 ♦❢ .*❛✣❝ ❛❝❝✐❞❡♥.2✳ ▼❛♥② ♦❢ .❤❡ ❛❝❝✐❞❡♥.2 .❤❛. ❤❛♣♣❡♥ ❛*❡

❛..*✐❜✉.❡❞ .♦ ❤✉♠❛♥ ❢❛✐❧✉*❡✳ ❇❡❝❛✉2❡ ♦❢ *❡❝❦❧❡22 ❞*✐✈✐♥❣ ❛♥❞ ✴ ♦* ♠❛❧♣*❛❝.✐❝❡✱ .❤❡② ❝❛♥

♥♦. 2❡❡ ♦❜2.❛❝❧❡2 ✇✐.❤ ❡♥♦✉❣❤ .✐♠❡ .♦ ❛✈♦✐❞ ❛ ❝♦❧❧✐2✐♦♥✳ ❚❤❡*❡ ❛*❡ ♠❛♥② .②♣❡2 ♦❢ ♦❜2.❛❝❧❡2✿

❛ ✈❡❤✐❝❧❡✱ ❛ ♣❡❞❡2.*✐❛♥✱ ❛ .*❡❡✱ ♦* ❡✈❡♥ ❛♥ ❛♥✐♠❛❧✳ ❆♥② ♦❜❥❡❝. .❤❛. ♦❜2.*✉❝.2 .❤❡ ♣❛22❛❣❡

♦❢ .❤❡ ❞*✐✈❡* ❝❛♥ ❝❛✉2❡ ❛♥ ❛❝❝✐❞❡♥.✳ ❚❤✐2 ✇♦*❦ ✐2 ❢♦❝✉2❡❞ ♦♥ ✐❞❡♥.✐❢②✐♥❣ ♦♥❧② ♦.❤❡* ✈❡❤✐❝❧❡2

❛2 ♦❜2.❛❝❧❡2✳

❚❤✐2 ✇♦*❦ ♣*❡2❡♥.2 ❛♥ ❛❧❣♦*✐.❤♠ ❝❛♣❛❜❧❡ ♦❢ ❞❡.❡❝.✐♥❣ ❛♥ ♦❜2.❛❝❧❡ ♦♥ .❤❡ .*❛❝❦ ❜②

❝♦♠♣✉.❡* ✈✐2✐♦♥✳ ❚❤❡ ♣*♦❥❡❝. ✉2❡2 ❛ ✈❡❤✐❝❧❡ ❡I✉✐♣♣❡❞ ✇✐.❤ ❛ ♠♦♥♦❝✉❧❛* ❝❛♠❡*❛✱ ❢♦*

♣*♦❝❡22✐♥❣ ❛♥❞ ✐❞❡♥.✐✜❝❛.✐♦♥ ♦❢ ♦❜2.❛❝❧❡2 ✐♥ *❡❛❧ .✐♠❡✱ 2✉♣♣♦*.✐♥❣ .❤❡ ❞*✐✈❡* ❛❜♦✉. .❤❡

♣*❡2❡♥❝❡ ♦❢ .❤❡♠ ♦♥ .❤❡ *♦❛❞✱ ❛♥❞ ❛❧❛*.✐♥❣ ❤✐♠ ❛❜♦✉. ❝♦❧❧✐2✐♦♥ *✐2❦2✳ ❖.❤❡* 2❡♥2♦*2✱ 2✉❝❤

❛2 *❛❞❛*✱ ✐♥❢*❛*❡❞✱ ♦* 2♦♥❛* ❝♦✉❧❞ ❛22✐2. ✐♥ ♦❜2.❛❝❧❡ ❞❡.❡❝.✐♥❣✱ ❤♦✇❡✈❡*✱ .❤❡ ♣*❡♠✐2❡ ♦❢ .❤✐2

2.✉❞② ✐2 .♦ ❞❡✈❡❧♦♣ ❛♥ ❛❧❣♦*✐.❤♠ ✉2✐♥❣ ❧♦✇✲❝♦2. *❡2♦✉*❝❡2 ❛♥❞ ❢♦❝✉2❡❞ ♦♥ ✐♠❛❣❡ ♣*♦❝❡22✐♥❣✳

■♥✐.✐❛❧❧②✱ ✇❡ ✇✐❧❧ 2.❛*. ✇✐.❤ .❤❡ ❞❡❧✐♥❡❛.✐♦♥ ♦❢ .❤❡ *❡❣✐♦♥ ❢♦* ♦❜2.❛❝❧❡2 2❡❛*❝❤✱ ❛❧2♦

❝❛❧❧❡❞ .❤❡ *❡❣✐♦♥ ♦❢ ✐♥.❡*❡2. ✭❘❖■✮✱ ❜② ❞❡.❡❝.✐♥❣ .❤❡ *✉♥✇❛② ❧❛♥❡2✳ ◆❡①.✱ .❤❡ ❞❡.❡❝.♦*

✇✐❧❧ ✇♦*❦ ♦♥ ❤②♣♦.❤❡2✐2 ❣❡♥❡*❛.✐♦♥ ✭❍●✮✱ ✐❞❡♥.✐❢②✐♥❣ ❝❛♥❞✐❞❛.❡2 ❢♦* ♦❜2.❛❝❧❡2✱ ❛♥❞ .❤❡♥

♣*♦❝❡22✐♥❣ .❤❡♠ ♦♥ .❤❡ ❤②♣♦.❤❡2✐2 ✈❡*✐✜❝❛.✐♦♥ 2.❛❣❡✱ .♦ ❝♦♥✜*♠ ♦* ❞❡♥② .❤❡ ♣*❡2❡♥❝❡ ♦❢

*❡❛❧ ♦❜2.❛❝❧❡2✳ ❚❤❡ ♠❛✐♥ ❛..*✐❜✉.❡2 ❝♦♥2✐❞❡*❡❞ ❛*❡ ✐♠❛❣❡ ❝♦❧♦* ✴ ✐♥.❡♥2✐.②✱ 2②♠♠❡.*②✱

❡❞❣❡2✱ ❜♦*❞❡*2✱ ❤♦*✐③♦♥.❛❧ ❛♥❞ ✈❡*.✐❝❛❧ ❧✐♥❡2 ❛♥❞ ❝❛♠❡*❛ ❝❛❧✐❜*❛.✐♦♥✳ ❆❧2♦✱ ✉2✐♥❣ ❍❛❛*

▲✐❦❡ ❋❡❛.✉*❡2✱ .❤❡ ❝❧❛22✐✜❡* ❝❛2❝❛❞❡ ✇❛2 .*❛✐♥❡❞✳

❑❡②✇♦*❞,✿ ■♠❛❣❡ V*♦❝❡22✐♥❣✱ ❈♦♠♣✉.❡* ❱✐2✐♦♥✱ ❖❜2.❛❝❧❡ ❉❡.❡❝.✐♦♥✳
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✶ ■◆❚❘❖❉❯➬➹❖

✶✳✶ ▼❖❚■❱❆➬➹❖

❉❡$❞❡ $✉❛ ❝♦♥❝❡♣,-♦✱ ♦ ❛✉/♦♠1✈❡❧ /4❛③ ✐♥/❡4♥❛❧✐③❛❞♦ ♦ ♦❜❥❡/✐✈♦ ❞❡ ♣4♦♣♦4❝✐♦♥❛4 ❛♦$

♦❝✉♣❛♥/❡$ ✉♠ ♠❡✐♦ ❞❡ /4❛♥$♣♦4/❡ 9✉❡✱ ❛❣4❡❣❛♥❞♦ /❡❝♥♦❧♦❣✐❛$✱ ✈✐$❛ $❡4 4;♣✐❞♦✱ ❝♦♥❢♦4/;✈❡❧ ❡

$❡❣✉4♦✳ ❆ ♣♦♣✉❧❛4✐③❛,-♦ ❞♦ ❛✉/♦♠1✈❡❧ /4♦✉①❡ ❝♦♥$✐❣♦ ❣4❛♥❞❡ ❛✈❛♥,♦ ❡✱ ❡♠ ❝♦♥/4❛♣❛4/✐❞❛✱

❣❡4♦✉ ♥♦✈♦$ ♣4♦❜❧❡♠❛$✳

◆♦ ❇4❛$✐❧ ❡♠ ✷✵✵✼✱ ♦❝♦44❡4❛♠ ✶✶✻✳✾✻✷ ❛❝✐❞❡♥/❡$ ❝♦♠ ✈G/✐♠❛$✱ ❣❡4❛♥❞♦ ✉♠ ✉♥✐✈❡4$♦

❞❡ ✶✺✶✳✶✽✻ ✈G/✐♠❛$ ♥-♦ ❢❛/❛✐$ ❡ ✻✳✽✽✺ ✈G/✐♠❛$ ❢❛/❛✐$ ✭❘❊◆❆❊❙❚✱ ✷✵✵✾✮✳ ❊♠ ❞❡③❡♠❜4♦ ❞❡

✷✵✵✼✱ ❛ ❢4♦/❛ ❜4❛$✐❧❡✐4❛ /♦/❛❧✐③❛✈❛ ❡♠ /♦4♥♦ ❞❡ ✺✵ ♠✐❧❤N❡$ ❞❡ ✈❡G❝✉❧♦$ ❡ ♠❛✐$ ❞❡ ✹✷ ♠✐❧❤N❡$

❞❡ ❝♦♥❞✉/♦4❡$ ❤❛❜✐❧✐/❛❞♦$✳

❙♦♠❡♥/❡ ♥♦ ❡$/❛❞♦ ❞♦ ❘❙ ♦ ♥R♠❡4♦ ❞❡ ❛❝✐❞❡♥/❡$ ♣❛$$♦✉ ❞❡ ✹✳✺✽✽ ❡♠ ✶✾✾✶ ♣❛4❛ ✶✵✳✵✾✵

❡♠ ✷✵✵✽ ✭❉❆❊❘✱ ✷✵✵✾✮✳ ◗✉❛♥/♦ ❛♦$ /✐♣♦$ ❞❡ ❛❝✐❞❡♥/❡$ ❛♣✉4❛❞♦$ ❡♠ ✷✵✵✽✱ ♦$ ♣4✐♥❝✐♣❛✐$

/✐♣♦$ $-♦ ❛❜❛❧4♦❛♠❡♥/♦✱ ❝❤♦9✉❡ ❡ ❝♦❧✐$-♦✱ 9✉❡ 4❡♣4❡$❡♥/❛♠ ✼✼ ✪ ❞♦$ ❛❝✐❞❡♥/❡$ 4❡❣✐$/4❛❞♦$

❝♦♥❢♦4♠❡ ❛ ❚❛❜❡❧❛ ✶✳✶✳

❚❛❜❡❧❛ ✶✳✶✿ W4✐♥❝✐♣❛✐$ /✐♣♦$ ❞❡ ❛❝✐❞❡♥/❡$

❚✐♣♦$ ❞❡ ❆❝✐❞❡♥/❡$ ✷✵✵✽

❆❜❛❧4♦❛♠❡♥/♦ ✸✳✸✼✺

❈❤♦9✉❡ ✷✳✺✼✷

❈♦❧✐$-♦ ✶✳✽✹✾

❈❛♣♦/❛♠❡♥/♦ ✻✽✷

❚♦♠❜❛♠❡♥/♦ ✻✹✸

◆-♦ ❆♣✉4❛❞♦ ✸✼✸

❆/4♦♣❡❧❛♠❡♥/♦ ❞❡ W❡$$♦❛ ✸✹✶

❆/4♦♣❡❧❛♠❡♥/♦ ❞❡ ❆♥✐♠❛❧ ✷✺✺

❚♦/❛❧ ✶✵✳✵✾✵

❆ ❝♦♥❞✉,-♦ ❛✉/Y♥♦♠❛ $✐❣♥✐✜❝❛ 9✉❡✱ ❛❧❣✉♠ ❞✐❛✱ ✈♦❝[ ♣♦❞❡4✐❛ 4❡✈✐$❛4 $❡✉ ❡✲♠❛✐❧✱

/♦♠❛4 ❝❛❢] ❞❛ ♠❛♥❤-✱ ♠❛9✉✐❛4✲$❡ ❡ ❛$$✐$/✐4 ✉♠ ✈G❞❡♦ ❡♥9✉❛♥/♦ ❞✐4✐❣❡✲$❡ ♣❛4❛ ♦ /4❛❜❛❧❤♦✱

❡①♣❧✐❝♦✉ ❘✐❝❦ ❲❛❣♦♥❡4 ❞✐4❡/♦4 ❞❛ ●▼ ✭●❡♥❡#❛❧ ▼♦(♦#)✮✳ ❙❡❣✉♥❞♦ ❲❛❣♦♥❡4✱ ❡♠

❛♣4❡$❡♥/❛,-♦ ♥♦ ❈❊❙ ✭❈♦♥)✉♠❡# ❊❧❡❝(#♦♥✐❝) ❙❤♦✇ ✮✱ ❡♠ ▲❛$ ❱❡❣❛$✱ ❡♠ ❥❛♥❡✐4♦ ❞❡ ✷✵✵✽✱ ♦

❢✉/✉4♦ ❞♦$ ❛✉/♦♠1✈❡✐$ ] ❜4✐❧❤❛♥/❡ ❡ ❝❛❞❛ ✈❡③ ♠❛✐$ ❡❧❡/4Y♥✐❝♦✳ ❲❛❣♦♥❡4 ❛❝4❡$❝❡♥/❛ 9✉❡ ✉♠❛

❞❛$ ♣4✐♥❝✐♣❛✐$ ♠❡/❛$ ] 9✉❡ ♦$ ❛✉/♦♠1✈❡✐$ $❡ ❝♦♠✉♥✐9✉❡♠ ❡♥/4❡ $✐✳ ❖$ ❝❛44♦$ ♣♦❞❡4✐❛♠

❛$$✐♠ 4❡❝❡❜❡4 $✐♥❛✐$ ❞❡ ♦✉/4♦$ ✈❡G❝✉❧♦$ ❡ ✉/✐❧✐③❛4 ❝♦♥/4♦❧❡$ ❝♦♠♣✉/❛❞♦4✐③❛❞♦$ ♣❛4❛ ❛❞♦/❛4

❛,N❡$ ❝♦♠♦ ❞❡$❛❝❡❧❡4❛4 ♣❛4❛ ❡✈✐/❛4 ✉♠❛ ❝♦❧✐$-♦✳

❊♥9✉❛♥/♦ ❛ ❝♦♠✉♥✐❝❛,-♦ ❡♥/4❡ ✈❡G❝✉❧♦$ ♥-♦ $❡ /♦4♥❛ ✉♠❛ 4❡❛❧✐❞❛❞❡✱ ❞❡✈❡✲$❡ ❛❞♦/❛4

❛ ❞❡/❡❝,-♦ ❞❡ ♦❜$/;❝✉❧♦$ ❛/4❛✈]$ ❞❡ $❡♥$♦4❡$ ❡♠❜❛4❝❛❞♦$✳ ❊♠ /❡4♠♦$ ♣4;/✐❝♦$✱ /❡♠✲$❡

✉♠ ❡①❡♠♣❧♦ ❞❡ ✉♠ ❈❤❡✈4♦❧❡/ ❚❛❤♦❡ /4❛♥$❢♦4♠❛❞♦✱ ❝❛♣❛③ ❞❡ $❡ ❞✐4✐❣✐4 $♦③✐♥❤♦✱ ✈❡♥❝❡♥❞♦
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✉♠ ❞❡&❛✜♦ ❞♦ ❉❡♣❛,-❛♠❡♥-♦ ❞❡ ❉❡❢❡&❛ ❛♠❡,✐❝❛♥♦✱ ♠❛♥♦❜,❛♥❞♦ ❡♠ ♠❡✐♦ ❛♦ -,4❢❡❣♦ ❞❡

✉♠❛ ❝✐❞❛❞❡✳ ❊♠ -❡,♠♦& ❛❝❛❞8♠✐❝♦&✱ 9 ♣♦&&:✈❡❧ ✐❞❡♥-✐✜❝❛, ✉♠❛ &9,✐❡ ❞❡ ♣,♦♣♦&-❛& ❞❡

✐❞❡♥-✐✜❝❛=>♦ ❞❡ ♦❜&-4❝✉❧♦&✱ ✐♥❝❧✉✐♥❞♦✲&❡ ♣❡❞❡&-,❡& ❡ ♦✉-,♦& ✈❡:❝✉❧♦&✱ ❛ ♣❛,-✐, ❞♦ ✉&♦ ❞❡

&❡♥&♦,❡& ♣❛&&✐✈♦& ♦✉ ❛-✐✈♦& ✭✈❡, ❈❛♣:-✉❧♦ ✸✮✳ ❊♥D✉❛♥-♦ ✉♠ &❡♥&♦, ♣❛&&✐✈♦ ♥>♦ ❛-✉❛ ❞❡

❢♦,♠❛ ✐♥-,✉&✐✈❛ ♣❛,❛ ❛ ❛D✉✐&✐=>♦ ❞❡ ❞❛❞♦&✱ ✉♠ &❡♥&♦, ❛-✐✈♦ 9 ✐♥-,✉&✐✈♦✱ ♣❡❧❛ ❡♠✐&&>♦ ❞❡

❛❧❣✉♠ &✐♥❛❧ D✉❡ 9 ,❡✢❡-✐❞♦ ♣❡❧♦ ♦❜❥❡-♦ ✭❙❯◆ ❡$ ❛❧✳✱ ✷✵✵✻✮✳ ❙❡♥&♦,❡& ❝♦♠♦ ,❛❞❛,❡&✱ ❧❛&❡,&✱

✐♥❢,❛✲✈❡,♠❡❧❤♦& &>♦ ❡①❡♠♣❧♦& ❞❡ &❡♥&♦,❡& ❛-✐✈♦&✱ ❡♥D✉❛♥-♦ D✉❡ ❝M♠❡,❛& &>♦ ❝❧❛&&✐✜❝❛❞♦&

❝♦♠♦ &❡♥&♦,❡& ♣❛&&✐✈♦&✳ ❊①❡♠♣❧♦ ❞❡ ✉♠ ✈❡:❝✉❧♦ ❝♦♠ ✈4,✐♦& &❡♥&♦,❡& ♣♦❞❡ &❡, ♦❜&❡,✈❛❞♦

♥❛ ❋✐❣✉,❛ ✶✳✶✳ ❆ ♣,❡&❡♥=❛ ❞❡&-❡& &❡♥&♦,❡& ❡♥❝❛,❡❝❡♠ ♦ ✈❛❧♦, -♦-❛❧ ❞❛ &♦❧✉=>♦✳

❋✐❣✉,❛ ✶✳✶✿ ❊①❡♠♣❧♦ ❙❡♥&♦,❡& ✭❏❖◆❊❙✱ ✷✵✵✷✮

❆ ❝♦♥❝❡♣=>♦ ❞❡ ✉♠ &✐&-❡♠❛ ❛✉-♦♠♦-✐✈♦ ❡♠❜❛,❝❛❞♦ ❞❡ &❡♥&♦,❡&✱ ❝♦♠♦ ♦& ,❡❢❡,✐❞♦&

❛❝✐♠❛✱ ❝❛♣❛③ ❞❡ ✐❞❡♥-✐✜❝❛, ♦ ❛♠❜✐❡♥-❡ ❡ ❛& ♣♦&&✐❜✐❧✐❞❛❞❡& ❞❡ ❝♦❧✐&>♦ ❝♦♠♦ ✉♠ -♦❞♦✱ 9 ✉♠

❣,❛♥❞❡ ❞❡&❛✜♦ ❡ ❛✐♥❞❛ ♥>♦ 9 &✉✜❝✐❡♥-❡♠❡♥-❡ &✐♠♣❧❡& ♣❛,❛ &❡ -♦,♥❛, ❞❡ ✉&♦ ❝♦♠✉♠✳ ❆❧9♠

❞✐&&♦✱ ❡♥❝❛,❡❝❡,✐❛ ❞❡♠❛&✐❛❞❛♠❡♥-❡ ♦ ✈❡:❝✉❧♦✳ ❊♥-,❡-❛♥-♦✱ ❣,❛♥❞❡ ♣❛,-❡ ❞♦& ❛❝✐❞❡♥-❡&

❣,❛✈❡& ♦❝♦,,❡ ❡♠ -,4❢❡❣♦ ♥>♦ ✉,❜❛♥♦✱ ❞❡✈✐❞♦ ❛♦& ❝❤♦D✉❡& ❡♥-,❡ ❛✉-♦♠R✈❡✐& ❡♠ ❛✉-♦

❡&-,❛❞❛&✳ ❉❡&-❛ ❢♦,♠❛✱ ❞❡&❡♥✈♦❧✈❡, ✉♠ &✐&-❡♠❛ ♠❛✐& &✐♠♣❧❡&✱ ,❡&-,✐-❛♠❡♥-❡ ❝❛♣❛③ ❞❡

❞❡-❡❝-❛, ❛ ♣,❡&❡♥=❛ ❞❡ ♦✉-,♦& ✈❡:❝✉❧♦& ♥❛ ♣✐&-❛✱ ✐♥-❡,❛❣✐♥❞♦ ❝♦♠ ♦ ❝♦♥❞✉-♦,✱ ❛❧❡,-❛♥❞♦✲♦✱

❛❥✉❞❛,✐❛ ❛ ❞✐♠✐♥✉✐, ❛& ❡&-❛-:&-✐❝❛& ❞❡ ❛❝✐❞❡♥-❡& ❣,❛✈❡&✱ ❛✉♠❡♥-❛♥❞♦ ❛ &❡❣✉,❛♥=❛ ❡♠
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✈✐❛❣❡♥( ❞❡ ✉♠❛ ♠❛♥❡✐,❛ ❣❡,❛❧✳ /♦, ✐(1♦✱ ♦ ♦❜❥❡1✐✈♦ ❞❡(1❡ 1,❛❜❛❧❤♦ 6 ♣,♦♣♦, ✉♠ (✐(1❡♠❛

❞❡ ❞❡1❡❝9:♦ ❞❡ 1,;❢❡❣♦ ❡♠ ❛✉1♦ ❡(1,❛❞❛(✱ ✉(❛♥❞♦ ✈✐(:♦ ❝♦♠♣✉1❛❝✐♦♥❛❧✱ ✐(1♦ 6✱ ❛ ♣❛,1✐, ❞❡

✐❞❡♥1✐✜❝❛9:♦ ❞❡ ♣❛❞,>❡( ❡♠ ✐♠❛❣❡♥( ♦❜1✐❞❛( ❞❡ ✉♠❛ (✐♠♣❧❡( ❝?♠❡,❛ ❡♠❜❛,❝❛❞❛✳ /❛,❛

✉♠ ❛✉1♦♠@✈❡❧ 1,❛❢❡❣❛♥❞♦ ♥✉♠❛ ♣✐(1❛✱ ♦ 1✐♣♦ ♠❛✐( ❝♦♠✉♠ ❡ ♠❛✐( ♣❡,✐❣♦(♦ ❞❡ ♦❜(1;❝✉❧♦✱

6 ❥✉(1❛♠❡♥1❡ ♦✉1,♦ ❛✉1♦♠@✈❡❧ ♥❛ ♣✐(1❛ ✭♥❛ ♠:♦ ♦✉ ♥❛ ❝♦♥1,❛✲♠:♦✮✳ /♦,1❛♥1♦✱ ♥❡(1❡

1,❛❜❛❧❤♦✱ ♦( ♦❜(1;❝✉❧♦( ❝♦♥(✐❞❡,❛❞♦( (:♦ ♦( ❛✉1♦♠@✈❡✐( ♥✉♠❛ ♠❡(♠❛ ♣✐(1❛✱ D✉❡ ❞♦,❛✈❛♥1❡✱
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♦♣❡'❛❞♦' 8 ❜❛)❡❛❞♦ ♥♦ ❝9❧❝✉❧♦ ❞♦ ❣'❛❞✐❡♥-❡ ❡ )✉❛ ♠❛❣♥✐-✉❞❡✳ ❙❡❣✉♥❞♦ ❙❡❛'❛ ✭✶✾✾✽✮✱ ♦

❝9❧❝✉❧♦ ❞♦ ❣'❛❞✐❡♥-❡ 8 ❞❛❞♦ ♣♦'✿

∇f =

[

Gx

Gy

]

=

[

∂f
∂x
∂f
∂y

]

✭✷✳✶✮

❊ )✉❛ ♠❛❣♥✐-✉❞❡ 8 ❞❛❞❛ ♣♦'✿

mag(∇f) = [G2

x +G2

y]
1

2
✭✷✳✷✮

❖♥❞❡✿

Gx =









1 2 1

0 0 0

−1 −2 −1









❡ Gy =









−1 0 1

−2 0 2

−1 0 1









❆❧8♠ ❞❡ ❙♦❜❡❧ ❤9 ✉♠❛ )8'✐❡ ❞❡ ♦♣❡'❛❞♦'❡) ❡ ❛❧❣♦'✐-♠♦) ❥9 ❝♦♥❤❡❝✐❞♦) ♣❛'❛ ❛ ❞❡-❡❝23♦

❞❡ ❜♦'❞❛)✿ ❖♣❡'❛❞♦' ❞❡ H'❡✇✐-- ✭✶✾✼✵✮✱ ❖♣❡'❛❞♦' ❞❡ ❑✐')❝❤ ✭✶✾✼✶✮✱ ❖♣❡'❛❞♦' ❞❡ ❈❛♥♥②

✭✶✾✽✻✮✳

H❛'❛ ♦ ❞❡)❡♥✈♦❧✈✐♠❡♥-♦ ❞♦ ❛❧❣♦'✐-♠♦ ❞❡)-❡ -'❛❜❛❧❤♦ ❢♦✐ ✉-✐❧✐③❛❞♦ ♦ ❖♣❡'❛❞♦' ❞❡

❈❛♥♥②✱ ❝♦♥)✐❞❡'❛❞♦ ♣♦' ♠✉✐-♦) ♦ ❞❡-❡❝-♦' ❞❡ ❜♦'❞❛) O-✐♠♦ ❡ 7✉❡ -❡♠ ❝♦♠♣♦'-❛♠❡♥-♦

❞❡)-❛❝❛❞♦ ♥♦ -'❛-❛♠❡♥-♦ ❞❡ ✐♠❛❣❡♥) ❝♦♠ '✉P❞♦✱ 7✉❡ 8 ♠✉✐-♦ ❢'❡7✉❡♥-❡ ❡♠ ✐♠❛❣❡♥) ❡♠

♠♦✈✐♠❡♥-♦✳ ❚❛❧ ♦♣❡'❛❞♦' ❢♦✐ ❞❡)❡♥✈♦❧✈✐❞♦ ♣♦' ❏♦❤♥ ❋✳ ❈❛♥♥② ❡♠ ✶✾✽✻ ✳ ➱ ✉♠ ♦♣❡'❛❞♦'

❣❛✉))✐❛♥♦ ❞❡ ♣'✐♠❡✐'❛ ❞❡'✐✈❛❞❛ 7✉❡ )✉❛✈✐③❛ ♦) '✉P❞♦) ❡ ❧♦❝❛❧✐③❛ ❛) ❜♦'❞❛)✳ ❊)-❡ ♣'♦❝❡))♦ ❞❡

❧♦❝❛❧✐③❛23♦✴❞❡-❡❝23♦ ❞❡ ❜♦'❞❛) ❞❡✈❡ ❛-❡♥❞❡' ❛ -'V) ❝'✐-8'✐♦) ❜9)✐❝♦) ❡)♣❡❝✐✜❝❛❞♦) ✭❈❆◆◆❨✱

✶✾✽✻✮✿

✶✳ ❚❛①❛ ❞❡ ❊''♦ ♦✉ ❜♦❛ ❉❡-❡❝23♦✿ 8 ❛ ♠❛①✐♠✐③❛23♦ ❞❛ '❛③3♦ )✐♥❛❧✴'✉P❞♦ ✭❘❙❘✮✳

❘❡♣'❡)❡♥-❛ ❛ ❡✜❝✐V♥❝✐❛ ❞♦ ✜❧-'♦ ❡♠ '❡❧❛23♦ ❛ ❢❛❧)♦) ♣♦)✐-✐✈♦)✳ ❈❛♥♥② ❞❡✜♥❡ ♦ ❝❛❧❝✉❧♦

❞❡ ❘❙❘ ♣❡❧❛ ❊7✉❛23♦✿

RSR =





∣

∣

∣

∫ w

−w
G(−x)f(x)dx

∣

∣

∣

n0

√

∫ w

−w
f 2(x)dx



 , ✭✷✳✸✮
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✉♠❛ ❜♦'❞❛ ✉♥✐❞✐♠❡♥)✐♦♥❛❧ n0 ❛ 7✉❛♥-✐✜❝❛23♦ ❞♦ '✉P❞♦ ❞❛ ✐♠❛❣❡♠✳ ❆))✉♠❡✲)❡ 7✉❡
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❛ ❜♦%❞❛ ❡()* ❝❡♥)%❛❞❛ ❡♠ ① ❂ ✵✳ 2❛%❛ ✭❈❆◆◆❨✱ ✶✾✽✻✮✱ 9✉❛♥)♦ ♠❛✐♦% ❢♦% ♦ ❘❙❘✱

♠❛✐♦% (❡%* ❛ ♣%♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❞❡)❡❝)❛% ❛( ❜♦%❞❛( ❞❛ ✐♠❛❣❡♠ ❡ ♠❡❧❤♦% ❛ ❞❡)❡❝CD♦❀

✷✳ ❇♦❛ ▲♦❝❛❧✐③❛CD♦✿ J ❛ ♣%❡♠✐((❛ ❞❡ 9✉❡ ❛ ❜♦%❞❛ ❞❡)❡❝)❛❞❛ ❞❡✈❡ ❡()❛% ♦ ♠❛✐( ♣%L①✐♠❛

♣♦((M✈❡❧ ❞❛( ♣♦(✐CN❡( ✈❡%❞❛❞❡✐%❛(✳ ➱ ♠❡♥(✉%❛❞♦ ❝♦♠♦ (❡♥❞♦ ♦ ✐♥✈❡%(♦ ❞❛ ❞✐()P♥❝✐❛

❡♥)%❡ ✉♠ ♣♦♥)♦ ❞❡)❡❝)❛❞♦ ❡ ❛ ♣♦(✐CD♦ ❢M(✐❝❛ ❞❛ ❜♦%❞❛✳ ❉❡()❛ ❢♦%♠❛✱ 9✉❛♥)♦ ♠❛✐♦%

❢♦% ❛ ❢✉♥CD♦ ▲♦❝❛❧✐③❛CD♦ ✭▲✮✱ ♠❛✐( ♣%L①✐♠♦( ❞❛( ♣♦(✐CN❡( %❡❛✐( ❡()❛%D♦ ♦( ♣♦♥)♦(

❞❡)❡❝)❛❞♦(❀

❈❛♥♥② ♣%♦♣T( ❛ (❡❣✉✐♥)❡ ❊9✉❛CD♦✿

L =





∣

∣

∣

∫ w

−w
G′(−x)f ′(x)dx

∣

∣

∣

n0

√

∫ w

−w
f ′2(x)dx



 , ✭✷✳✹✮

2❛%❛ ❛)❡♥❞❡% ❛♦ ❝%✐)J%✐♦ ❞❛ ❧♦❝❛❧✐③❛CD♦✱ J ✉)✐❧✐③❛❞♦ ♦ ♣%♦❝❡((♦ ❞❡ ❤✐()❡%❡(❡ ♦✉

❧✐♠✐❛%✐③❛CD♦ ❛❞❛♣)❛)✐✈❛ ✭❱❆▲❊ ❡( ❛❧✳✱ ✷✵✵✹✮✳ ❊()❡ ♣%♦❝❡((♦ ❝♦♥(✐()❡ ❡♠ ❛♣❧✐❝❛% ❞✉❛(

✈❡③❡( ♦ ♣%♦❝❡((♦ ❞❡ ❧✐♠✐❛%✐③❛CD♦ ❡♠ ✉♠❛ ♠❡(♠❛ ✐♠❛❣❡♠✱ ❝♦♠ ❛ ✉)✐❧✐③❛CD♦ ❞❡ ❞♦✐(

❧✐♠✐❛%❡(✱ T1 ❡ T2✱ ♦♥❞❡ T1 = 2T2 ♦✉ T1 = 3T2✳ ❆ ❧✐♠✐❛%✐③❛CD♦ (❡ ❞* ❞❛ (❡❣✉✐♥)❡

❢♦%♠❛✿

✭❛✮ ❱❡%✐✜❝❛% (❡ ❛ ❧✉♠✐♥P♥❝✐❛ ❞♦ ♣✐①❡❧ J ♠❛✐♦% 9✉❡ T1✳ ❙❡ ❢♦%✱ ❡❧❡ J ❛✉)♦♠❛)✐❝❛♠❡♥)❡

❛❝❡✐)♦ ❝♦♠♦ ❜♦%❞❛❀

✭❜✮ ❙❡ ❛ ❧✉♠✐♥P♥❝✐❛ ❞♦ ♣✐①❡❧ ❢♦% ♠❡♥♦% 9✉❡ T2✱ ❡()❡ ♣✐①❡❧ (❡%* ❛✉)♦♠❛)✐❝❛♠❡♥)❡

%❡❥❡✐)❛❞♦ ❝♦♠♦ ❜♦%❞❛❀

✭❝✮ ❙❡ ♦ ✈❛❧♦% ❞❛ ❧✉♠✐♥P♥❝✐❛ ❡()✐✈❡% ❡♥)%❡ ♦( ❞♦✐( ❧✐♠✐❛%❡(✱ ❡()❡ (❡%* ❛❝❡✐)♦ (♦♠❡♥)❡

(❡ ♦( (❡✉( ♣✐①❡❧( ✐♠❡❞✐❛)❛♠❡♥)❡ ✈✐③✐♥❤♦(✱ ❢♦%❡♠ ♣✐①❡❧( ❝♦♠ ❛❧)♦ ✈❛❧♦% ❞❡

❧✉♠✐♥P♥❝✐❛✳

✸✳ ❘❡(♣♦()❛ ▼M♥✐♠❛✿ ❖ ^❧)✐♠♦ ❞♦( ❝%✐)J%✐♦( ❝♦%%❡(♣♦♥❞❡ _ 9✉❛♥)✐❞❛❞❡ ❞❡ %❡(♣♦()❛(

❣❡%❛❞❛( ♣❡❧♦ ❞❡)❡❝)♦% ❡♠ %❡❧❛CD♦ ❛ ✉♠❛ ^♥✐❝❛ ❜♦%❞❛✳ 2❛%❛ ❝❛❞❛ ❜♦%❞❛ ❡①✐()❡♥)❡ ♥❛

✐♠❛❣❡♠✱ ♦ ✜❧)%♦ ❞❡✈❡ ❛♣♦♥)❛% (♦♠❡♥)❡ ✉♠❛ %❡(♣♦()❛✳ ❈♦♥(✐❞❡%❛♥❞♦ ❛ ❊9✉❛CD♦✿

xmax = 2π

(
∫∞

−∞
f ′2(x)dx

∫∞

−∞
f ′′2(x)dx

)1/2

, ✭✷✳✺✮

❛ ❡①♣%❡((D♦ ♠❛)❡♠*)✐❝❛ ♣❛%❛ ❛ ❞✐()P♥❝✐❛ (xmax) ❡♥)%❡ ♠*①✐♠♦( ❛❞❥❛❝❡♥)❡( ♥❛

%❡(♣♦()❛ ❞♦ ✜❧)%♦ f(x) ❞❡✈✐❞♦ ❛♦ %✉M❞♦✳ ❆((✐♠✱ ❛♦ ♠❛①✐♠✐③❛% ❛( ❝♦♥❞✐CN❡( ❞❛❞❛(

♣❡❧❛( ❊9✉❛CD♦( ✷✳✸ ❡ ✷✳✹✱ ❞❡✈❡✲(❡ )❛♠❜J♠ ❣❛%❛♥)✐% 9✉❡ xmax (❡❥❛ ♦ ♠❛✐♦% ♣♦((M✈❡❧✱

❛✉♠❡♥)❛♥❞♦ ❛ ♣♦((✐❜✐❧✐❞❛❞❡ ❞❡ (❡♣❛%❛CD♦ ❞❡ ♠*①✐♠♦( ✈❡%❞❛❞❡✐%♦( ❞♦( ❢❛❧(♦( ♥❛ (❛M❞❛

❞♦ ✜❧)%♦ f(x)✳ ❱✐❛ ❞❡ %❡❣%❛✱ ❛( ❜♦%❞❛( (D♦ %❡♣%❡(❡♥)❛❞❛( ♣♦% ♣✐①❡❧( 9✉❡ ♣♦((✉❡♠

❣%❛❞✐❡♥)❡ ❞❡ ❛❧)❛ ♠❛❣♥✐)✉❞❡✱ ♠❛( 9✉❡ (♦❢%❡♠ ❝♦♠ ❛ ♣%❡(❡♥C❛ ❞❡ %✉✐❞♦ ♥❛ ✐♠❛❣❡♠✳
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❛ ❝♦♥✈♦❧✉A5♦ ❞❛ ✐♠❛❣❡♠ ♦#✐❣✐♥❛❧ ❝♦♠ ❝❛❞❛ ✉♠❛ ❞❛' ♠6'❝❛#❛'❀

✸✳ ❈#✐❛A5♦ ❞❡ ▼❛♣❛'✿ ♣❛#❛ ❝❛❞❛ ♣✐①❡❧✱ & ✐❞❡♥"✐✜❝❛❞♦ ♦ ♠❛✐♦# #❡'✉❧"❛❞♦ ❞♦ ❣#❛❞✐❡♥"❡

♥❡''❡ ♣✐①❡❧✱ ❡ ♦ '❡♥"✐❞♦ ❞❛ ♠6'❝❛#❛ 8✉❡ ♣#♦❞✉③✐✉ ❡''❛ ❜♦#❞❛✳ ❆''✐♠✱ '5♦ ❝#✐❛❞♦'

❞♦✐' ♠❛♣❛'✱ ✉♠ ♣❛#❛ ❛ ✐♥"❡♥'✐❞❛❞❡ ❡ ♦ ♦✉"#♦ ♣❛#❛ ♦ '❡♥"✐❞♦ ❞♦ ❣#❛❞✐❡♥"❡❀

✹✳ ❉❡"❡❝A5♦ ❞❡ ❜♦#❞❛'✿ ❛♣❡'❛# ❞❡ ♦' ❣#❛❞✐❡♥"❡' ❝♦♠ ♠❛✐♦# ✐♥"❡♥'✐❞❛❞❡ "❡#❡♠

♣#♦❜❛❜✐❧✐❞❛❞❡ ♠❛✐♦# ❞❡ '❡#❡♠ ❜♦#❞❛'✱ ♥5♦ ❤6 ✉♠ ✈❛❧♦# ❛❜'♦❧✉"♦ 8✉❡ ❝♦♥✜#♠❡ ❡'"❛

❤✐♣O"❡'❡✳ P❛#❛ ✐'"♦✱ '5♦ ✉"✐❧✐③❛❞♦' ❞♦✐' ❧✐♠✐❛#❡'✱ ✉♠ '✉♣❡#✐♦# ❡ ♦✉"#♦ ✐♥❢❡#✐♦#✳ ❖

❧✐♠✐❛# '✉♣❡#✐♦# ✈✐'❛ ♠❛♣❡❛# ❛' ❜♦#❞❛' ♠❛✐' ❞❡'"❛❝❛❞❛' ❡✱ ❛ ♣❛#"✐# ❞❡'"❛'✱ ♦ ❧✐♠✐❛#

✐♥❢❡#✐♦# ❛❝♦♠♣❛♥❤❛♠ ♦ '❡♥"✐❞♦ ❞❛' ❜♦#❞❛' ♣#❡✈✐❛♠❡♥"❡ ✐❞❡♥"✐✜❝❛❞❛'✳ ❖ ♦❜❥❡"✐✈♦ &

'❡❣✉✐# ❧✐♥❤❛' ♠❡'♠♦ 8✉❡ ❞❡ ❜❛✐①❛ ✐♥"❡♥'✐❞❛❞❡✱ ♣♦✐' ❛' ❜♦#❞❛' "❡♥❞❡♠ ❛ '❡# ❧✐♥❤❛'

❝♦♥"✐♥✉❛'✳

❖ #❡'✉❧"❛❞♦ & ✉♠❛ ✐♠❛❣❡♠ ❜✐♥6#✐❛ 8✉❡ ❝♦♥'✐'"❡ ❞❡ ❜♦#❞❛ ❡ ♥5♦ ❜♦#❞❛✳

❆ ✈❛#✐❛A5♦ ❞♦' ♣❛#S♠❡"#♦' ✐♥✢✉❡♥❝✐❛ ❞✐#❡"❛♠❡♥"❡ ♥♦ "❡♠♣♦ ❞❡ ♣#♦❝❡''❛♠❡♥"♦ ❡ ♥❛

8✉❛❧✐❞❛❞❡ ❞❛ ❞❡"❡❝A5♦ ❞❛ ❜♦#❞❛✱ ❞❡✈❡♥❞♦ '❡# ❛❥✉'"❛❞❛ ❛♦' ♦❜❥❡"✐✈♦' ❞❛ ❛♣❧✐❝❛A5♦ ❡ ❛♦

♣❛❞#5♦ ❞❡ ✐♠❛❣❡♠✳ ❆ ❋✐❣✉#❛ ✷✳✺ ❞❡♠♦♥'"#❛ ❛ ✈❛#✐❛A5♦ ❞♦ #❡'✉❧"❛❞♦ ❞♦ ❞❡"❡❝"♦# ❝♦♠

❞✐❢❡#❡♥"❡' ♣❛#S♠❡"#♦' ✭❙■▼❯▲❆❉❖❘✳ ✳ ✳ ✱ ✷✵✶✵✮✳

✷✳✸ ■❉❊◆❚■❋■❈❆❉❖❘ ❉❊ ❘❊❚❆

❆ ♣❛#"✐# ❞♦ ♠♦♠❡♥"♦ ❡♠ 8✉❡ '❡ "❡♠ ❛' ❜♦#❞❛' ❞❛ ✐♠❛❣❡♠ ❞❡✜♥✐❞❛'✱ ❛❧❣✉♠❛'

❝❛#❛❝"❡#<'"✐❝❛' '5♦ ♣❛''<✈❡✐' ❞❡ '❡#❡♠ ✐♥✈❡'"✐❣❛❞❛'✳ ❯♠ ♣#♦❜❧❡♠❛ ❝♦♠✉♠ ♥❛ ❛♥6❧✐'❡

❞❡ ✐♠❛❣❡♥' & ❛ ❞❡"❡❝A5♦ ❞❡ ✉♠ ❝♦♥❥✉♥"♦ ❞❡ ♣♦♥"♦' ❞❡ ✉♠❛ ✐♠❛❣❡♠✱ 8✉❡ ♣❡#"❡♥❝❡♠ ❛

✉♠❛ ❝✉#✈❛ ❡'♣❡❝<✜❝❛✱ "❛❧ ❝♦♠♦ ❛ '❡❣♠❡♥"❛A5♦ ❞❡ ❝✐#❝✉♥❢❡#X♥❝✐❛✱ ❡❧✐♣'❡ ❡ #❡"❛✳ P❡❞#✐♥✐ ❡

❙❝❤✇❛#"③ ✭✷✵✵✼✮ ❡♥❢❛"✐③❛♠ 8✉❡ ❡'"❛' ❝✉#✈❛' ❝♦♥'"✐"✉❡♠ ✉♠❛ ❢❛♠<❧✐❛ #❡♣#❡'❡♥"❛❞❛ ❛''✐♠✿

f(v, p) = 0 ✭✷✳✻✮
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✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

❋✐❣✉&❛ ✷✳✺✿ ❘❡-✉❧/❛❞♦- ❞♦ ❞❡/❡❝/♦& ❞❡ ❜♦&❞❛- ❈❛♥♥②✿ ✭❛✮ ■♠❛❣❡♠ ♦&✐❣✐♥❛❧✳ ✭❜✮✭❝✮✭❞✮

❘❡-✉❧/❛❞♦- ♦❜/✐❞♦- ♣❡❧❛ ✈❛&✐❛=>♦ ❞❡ ♣❛&?♠❡/&♦-

❡♠ @✉❡ v A ✉♠ ✈❡/♦& ❞❡ ❝♦♦&❞❡♥❛❞❛- ❡ p A ✉♠ ✈❡/♦& ❞❡ ♣❛&?♠❡/&♦- ❝❛&❛❝/❡&B-/✐❝♦- ❞❛

❝✉&✈❛✳ ❉❡ ♣♦--❡ ❞❡ ✉♠ ❝♦♥❥✉♥/♦- ❞❡ ♣♦♥/♦- pi(xi, yi)✱ ♦ ♣&F①✐♠♦ ♣❛--♦ A ✐❞❡♥/✐✜❝❛& -❡

❡-/❡ ❝♦♥❥✉♥/♦ ♣❡&/❡♥❝❡ ❛ ✉♠❛ ❞❡/❡&♠✐♥❛❞❛ ❝✉&✈❛✳ ❊♠ -❡ /&❛/❛♥❞♦ ❞❡ ✉♠❛ &❡/❛✱ ♦ ❞❡-❛✜♦

A ❡♥❝♦♥/&❛& ✉♠ -✉❜❝♦♥❥✉♥/♦ ❞❡ ♣♦♥/♦- @✉❡ -❡❥❛♠ ❝♦❧✐♥❡❛&❡-✳ J❡❞&✐♥✐ ❡ ❙❝❤✇❛&/③ ✭✷✵✵✼✮

❝✐/❛♠ @✉❡✱ ✉♠❛ ♣♦--B✈❡❧ -♦❧✉=>♦ -❡&✐❛ ❡♥❝♦♥/&❛& /♦❞♦- ♦- -❡❣♠❡♥/♦- ❞❡ &❡/❛ ❢♦&♠❛❞♦-

❡♥/&❡ ❝❛❞❛ ♣❛& ❞❡ ♣♦♥/♦- ❡ ❜✉-❝❛& ♦- -✉❜❝♦♥❥✉♥/♦- ❞❡ ♣♦♥/♦- @✉❡ ❡-/❡❥❛♠ ♣&F①✐♠♦- ❞♦-

-❡❣♠❡♥/♦- ❞❡ &❡/❛-✳ ❊♥/&❡/❛♥/♦✱ ♦ ❝✉-/♦ ❝♦♠♣✉/❛❝✐♦♥❛❧ ♣❛&❛ ❡-/❛ ❛❜♦&❞❛❣❡♠ A ❡❧❡✈❛❞♦✳

❯♠❛ ❛❧/❡&♥❛/✐✈❛ A ♦ ✉-♦ ❞❛ ❚&❛♥-❢♦&♠❛❞❛ ❞❡ ❍♦✉❣❤✱ ❞❡-❡♥✈♦❧✈✐❞❛ ♣♦& J❛✉❧ ❍♦✉❣❤

✭✶✾✻✷✮✳ ❖ ♠A/♦❞♦ ❞❡-❡♥✈♦❧✈✐❞♦ ♣♦& ❍♦✉❣❤ ❝♦♥-✐-/❡ ❡♠ ❞❡/❡❝/❛& ♣♦♥/♦- ❝♦❧✐♥❡❛&❡- ♦✉ @✉❛-❡

❝♦❧✐♥❡❛&❡- ♥✉♠❛ ✐♠❛❣❡♠✳ ❈❛❞❛ ❜♦&❞❛ ❞❡ ✉♠❛ ✐♠❛❣❡♠ A /&❛♥-❢♦&♠❛❞❛ ♣❡❧♦ ♠❛♣❡❛♠❡♥/♦

♣❛&❛ ❞❡/❡&♠✐♥❛& ❝A❧✉❧❛- ♥♦ ❡-♣❛=♦ ❞❡ ♣❛&?♠❡/&♦-✱ ✐♥❞✐❝❛❞❛- ♣❡❧❛- ♣&✐♠✐/✐✈❛- ❞❡✜♥✐❞❛-

❛/&❛✈A- ❞♦ ♣♦♥/♦ ❛♥❛❧✐-❛❞♦✳ ❊--❛- ❝A❧✉❧❛- ->♦ ✐♥❝&❡♠❡♥/❛❞❛-✱ ❡ ✐♥❞✐❝❛&>♦✱ ♥♦ ✜♥❛❧ ❞♦

♣&♦❝❡--♦✱ ❛/&❛✈A- ❞❛ ♠Y①✐♠❛ ❧♦❝❛❧ ❞♦ ❛❝✉♠✉❧❛❞♦&✱ @✉❛✐- ♦- ♣❛&?♠❡/&♦- ❝♦&&❡-♣♦♥❞❡♥/❡-

Z ❢♦&♠❛ ❡-♣❡❝✐✜❝❛❞❛ ✭❡①❡♠♣❧♦ &❡/❛✮✳

❇♦♥❡- ❡ ❇&✉♥♦ ✭✷✵✵✼✮ ❡①♣❧✐❝❛♠ @✉❡ ✉♠❛ &❡/❛ ♣♦❞❡ -❡& ❞❡✜♥✐❞❛ ♣♦& ❞♦✐- ♣❛&?♠❡/&♦-✱

✉/✐❧✐③❛♥❞♦✲-❡ ❝♦♦&❞❡♥❛❞❛- ♣♦❧❛&❡- ✭p✱θ✮✱ ♦♥❞❡ p ✐♥❞✐❝❛ ❛ ❞✐-/?♥❝✐❛ ♠B♥✐♠❛ ❞❛ &❡/❛ Z ♦&✐❣❡♠

❞♦ ♣❧❛♥♦ ❝❛&/❡-✐❛♥♦ ❡✱ θ ♦ ❝♦❡✜❝✐❡♥/❡ ❛♥❣✉❧❛& @✉❡ ♦ -❡❣♠❡♥/♦ ❞❡ &❡/❛ r ❢❛③ ❝♦♠ ♦ ❡✐①♦ x



p = xcos(θ) + ysin(θ)
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❊#$❡ &❡❝✉&#♦ $❡♠ #✐❞♦ ❜❛#$❛♥$❡ ❡①♣❧♦&❛❞♦ ♥❛ ❞❡$❡❝34♦ ❞❡ ♦❜❥❡$♦#✱ ❝♦♠ ❞❡#$❛7✉❡ ♣❛&❛

❛ ✐❞❡♥$✐✜❝❛34♦ ❞❛ ❢❛❝❡ ❤✉♠❛♥❛✳ ❆ ♣&=♣&✐❛ ❜✐❜❧✐♦$❡❝❛ ❞❡ ❛❧❣♦&✐$♠♦# ❖♣❡♥❈❱ ✭❇❘❆❉❙❑■❡

❆❉❘■❆◆✱ ✷✵✵✽✮ ✉$✐❧✐③❛❞❛ ❞✉&❛♥$❡ ♦ ❡#$✉❞♦✱ ❡#$G ❝❛♣❛❝✐$❛❞❛ ❛ ✐❞❡♥$✐✜❝❛& ❢❛❝❡# ♥❛$✐✈❛♠❡♥$❡✳

❯♠ ♣&♦❝❡##♦ ❞❡ &❡❝♦♥❤❡❝✐♠❡♥$♦ ♣♦❞❡ #❡& ♠✉✐$♦ ♠❛✐# ❡✜❝❛③✱ #❡ ❜❛#❡❛❞♦ ♥❛ ❞❡$❡❝34♦

❞❡ ❝❛&❛❝$❡&J#$✐❝❛# 7✉❡ ❝♦❞✐✜❝❛♠ ❛❧❣✉♠❛# ✐♥❢♦&♠❛3K❡# #♦❜&❡ ❛ ❝❧❛##❡ ❛ #❡& ❞❡$❡❝$❛❞❛✱ ♦✉

#❡❥❛✱ L ♥❡❝❡##G&✐♦ &❡❝♦♥❤❡❝❡& ✉♠❛ ❛##✐♥❛$✉&❛ ♣❛&❛ ♦ ♦❜❥❡$✐✈♦✳ ❊#$❡ L ♦ ❝❛#♦ ❞❛# ❍❛❛"

❧✐❦❡ ❢❡❛(✉"❡*✱ 7✉❡ ❝♦❞✐✜❝❛♠ ❛ ❡①✐#$M♥❝✐❛ ❞❡ ✉♠ ♦❜❥❡$♦ ♣❡❧❛ ♦&✐❡♥$❛34♦ ❞❡ ❝♦♥$&❛#$❡# ❡♥$&❡

❛# &❡❣✐K❡# ❞❛ ✐♠❛❣❡♠✳ ❍❛❛" ❧✐❦❡ ❢❡❛(✉"❡* #4♦ ❛##✐♠ ❝❤❛♠❛❞♦# ♣♦&7✉❡ #4♦ ❝♦♠♣✉$❛❞♦#

#❡♠❡❧❤❛♥$❡ ❛♦# ❝♦❡✜❝✐❡♥$❡# ❞❛ $&❛♥#❢♦&♠❛❞❛ ✇❛✈❡❧❡( ✭❲■❑■*❊❉■❆✳ ✳ ✳ ✱ ✮✳

❍❛❛" ▲✐❦❡ ❋❡❛(✉"❡* ❝♦♥#✐#$❡ ❞❡ ✈G&✐♦# ❝❧❛##✐✜❝❛❞♦&❡# #✐♠♣❧❡# ✭❢❛#❡#✮✱ 7✉❡ #4♦

❛♣❧✐❝❛❞❛# ♥❛ #❡7✉M♥❝✐❛ ❞❡ ✉♠❛ &❡❣✐4♦ ❞❡ ✐♥$❡&❡##❡ ❛$L 7✉❡✱ ❡♠ ❛❧❣✉♠♠♦♠❡♥$♦✱ ♦ ❝❛♥❞✐❞❛$♦

L &❡❥❡✐$❛❞♦ ♦✉ $♦❞❛# ❛# ❡$❛♣❛# #4♦ ♣❡&❝♦&&✐❞❛# ❡ ♦ ♦❜❥❡$♦ L ✐❞❡♥$✐✜❝❛❞♦✳ ❆ ❛♣❧✐❝❛34♦

❞❡#$❛# ❝❛&❛❝$❡&J#$✐❝❛# #❡ ❞G ❛ ♣❛&$✐& ❞❡ ✉♠ ❛❧❣♦&✐$♠♦ ❞❡ ❇♦♦#$✐♥❣✳ ❇♦♦*(✐♥❣ ♣♦❞❡ *❡"

✐♠♣❧❡♠❡♥(❛❞♦ ❢❛❝✐❧♠❡♥(❡ ❛ ♣❛"(✐" ❞❡ ✉♠ ❝❧❛**✐✜❝❛❞♦" "❛③♦9✈❡❧✱ ("❛♥*❢♦"♠❛♥❞♦✲♦ ❡♠ ✉♠

❝♦♠✐(< ❞❡ ❝❧❛**✐✜❝❛=>♦ ❝♦♠ ❞❡*❡♠♣❡♥❤♦ ♠✉✐(♦ *✉♣❡"✐♦" ❛♦ ❝❧❛**✐✜❝❛❞♦" ♦"✐❣✐♥❛❧✳ ❇♦♦*(✐♥❣

❢✉♥❝✐♦♥❛ ❝♦♠❜✐♥❛♥❞♦ *❡B✉❡♥❝✐❛❧♠❡♥(❡ ❝❧❛**✐✜❝❛❞♦"❡* *✐♠♣❧❡*✱ ❞❛♥❞♦ ♠❛✐♦" ♣❡*♦ ❡♠ ❝❛❞❛

♣❛**♦ ❛* ♦❜*❡"✈❛=C❡* ❝❧❛**✐✜❝❛❞❛* ✐♥❝♦""❡(❛♠❡♥(❡ ♥♦ ♣❛**♦ ❛♥(❡"✐♦" ✭❘❯❇❊❙❆▼❡ ❉■❆❙✱

✷✵✵✹✮✳ ❆ ❋✐❣✉&❛ ✷✳✼ &❡♣&❡#❡♥$❛ ❡#$❡ ♣&♦❝❡##♦ ❞❡ ♣❡&❝♦&&❡& ✈G&✐♦# ❝❧❛##✐✜❝❛❞♦&❡# ❛$L ❛

✐❞❡♥$✐✜❝❛34♦ ❞♦ ♦❜❥❡$♦ ♣❡#7✉✐#❛❞♦✳

❋✐❣✉&❛ ✷✳✼✿ ❊#$G❣✐♦# ❞♦ ❈❧❛##✐✜❝❛❞♦&

❆ ✐❞❡✐❛ ❜G#✐❝❛ ❞♦ ❛❧❣♦&✐$♠♦ ♣&♦♣♦#$♦ ♣♦& ❱✐♦❧❛ ❡ ❏♦♥❡# ✭✷✵✵✹✮ L ❞❡#❧✐③❛& ✉♠❛ ❥❛♥❡❧❛

✭❲✮ ♥❛ ✐♠❛❣❡♠ ♣❛&❛ ♣&♦❝✉&❛& ♦# ❝❛♥❞✐❞❛$♦# U ❢❛❝❡✱ ♦ 7✉❡ #❡ ❛♣❧✐❝❛&✐❛ ❡①❛$❛♠❡♥$❡ ❞❛

♠❡#♠❛ ❢♦&♠❛ ♣❛&❛ ❛ ♣&♦❝✉&❛ ❞❡ ✈❡J❝✉❧♦✳ V❛&❛ ✐##♦✱ ♦# ❛✉$♦&❡# ✉$✐❧✐③❛♠ ✉♠ ❝♦♥❥✉♥$♦ ❞❡

❛$&✐❜✉$♦# ❤❛❛"✲❧✐❦❡ ❢❡❛(✉"❡* 7✉❡ ♣♦❞❡ #❡& ✈✐#✉❛❧✐③❛❞♦ ♥❛ ❋✐❣✉&❛ ✷✳✽✳ ❊##❡ ❝♦♥❥✉♥$♦ ❞❡

❛$&✐❜✉$♦# ❝♦❞✐✜❝❛♠ ❛# ❞✐❢❡&❡♥3❛# ♠L❞✐❛# ❞❡ ✐♥$❡♥#✐❞❛❞❡ ♥❛# &❡❣✐K❡# &❡$❛♥❣✉❧❛&❡# ✈✐③✐♥❤❛#

❞❛ ✐♠❛❣❡♠✳ ➱ ✉♠❛ $L❝♥✐❝❛ ❞❡ ❞❡$❡❝34♦ ❛$&❛✈L# ❞❡ ♣❛❞&K❡# ❣❡♦♠L$&✐❝♦#✳ ❯♠❛ ❢♦&♠❛

&❡$❛♥❣✉❧❛& #✐♠♣❧❡# ❍❛❛"✲❧✐❦❡ ❢❡❛(✉"❡ ♣♦❞❡ #❡& ❞❡✜♥✐❞❛ ❞❛ ❞✐❢❡&❡♥3❛ ❡♥$&❡ ❛ ❞✐❢❡&❡♥3❛ ❞❛

#♦♠❛ ❞♦# ✈❛❧♦&❡# ❞♦# ♣✐①❡❧# ❞❛# G&❡❛# ❞❡♥$&♦ ❞♦ &❡$X♥❣✉❧♦✳

V❛&❛ 7✉❡ $❛❧ ❝G❧❝✉❧♦ #❡❥❛ &G♣✐❞♦ L ♥❡❝❡##G&✐♦ ❛ ❛♣❧✐❝❛34♦ ❞❛ ■♥$❡❣&❛❧ ❞❛ ■♠❛❣❡♠ ❞❛❞❛



ii(x, y) =
∑

x′≤x,y′≤y

i(x, y)

i(x, y) ii(x, y)

(x, y)
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❋✐❣✉&❛ ✷✳✾✿ ❈❛❧❝✉❧♦ ❞❛ ■♠❛❣❡♠ ■♥4❡❣&❛❧

❋✐❣✉&❛ ✷✳✶✵✿ ❈♦♠♣♦♥❡♥4❡8 ❇:8✐❝♦8 ❞♦ ▼♦❞❡❧♦ ❞❡ ❱✐♦❧❛ ❡ ❏♦♥❡8

■❊❊❊ ■♥"❡$♥❛"✐♦♥❛❧ ❈♦♥❢❡$❡♥❝❡ ♦♥ ❉❛"❛ ▼✐♥✐♥❣ ✭■❈❉▼✮ ✭✶✷✴✷✵✵✻✮ ❝♦♠♦ ✉♠ ❞♦8 ✶✵ ♠❛✐8

✐♠♣♦&4❛♥4❡8 ❛❧❣♦&✐4♠♦8 ❡♠ ♠✐♥❡&❛DE♦ ❞❡ ❞❛❞♦8 ✭❲❯✱ ✷✵✵✽✮✳ ❆ ♠❛✐8 ❝♦♥❤❡❝✐❞❛ ✐♥84J♥❝✐❛

❞♦ ❆❞❛❇♦♦84✱ ♦ ✏❘♦❜✉84 &❡❛❧✲4✐♠❡ ❢❛❝❡ ❞❡4❡❝4✐♦♥✑ ✭❱■❖▲❆❡ ❏❖◆❊❙✱ ✷✵✵✹✮ R ✉♠ ❞♦8 ♠❛✐8

❝♦♥❤❡❝✐❞♦8 ❛❧❣♦&✐4♠♦8 ♣❛&❛ ❞❡4❡❝DE♦ ❞❡ ❢❛❝❡8✴♦❜❥❡4♦8✱ 8❡♥❞♦ ♦ ❛❧❣♦&✐4♠♦ ❞❡ ❞❡4❡❝DE♦ ❞❡

❢❛❝❡8 ❞♦ ❖♣❡♥❈❱✳

❖ ❛❧❣♦&✐4♠♦ ❣❡♥R&✐❝♦ ❞❡ ❍❛❛$ ❧✐❦❡ ❢❡❛"✉$❡2 ✭❋❘❊❯◆❉✱ ✶✾✾✼✮ ❝♦♥8✐❞❡&❛ ♦ 8❡❣✉✐♥4❡✿

❇♦♦84✐♥❣

✶✿ D ♦ ❝♦♥❥✉♥4♦ ❞❡ ❞❛❞♦8 ❞❡ 4&❡✐♥❛♠❡♥4♦ ♦&✐❣✐♥❛✐8

✷✿ K ♦ ♥U♠❡&♦ ❞❡ ❝❧❛88✐✜❝❛❞♦&❡8 ❜❛8❡

✸✿ T ♦8 ❞❛❞♦8 ❞❡ 4❡84❡

✹✿ ❢♦" i = 1 4♦ k ❞♦

✺✿ ❝&✐❡ ❝♦♥❥✉♥4♦ ❞❡ 4&❡✐♥♦ Di ❛ ♣❛&4✐& ❞❡ D

✻✿ ❈♦♥84&✉❛ ✉♠ ❝❧❛88✐✜❝❛❞♦& hi ❛ ♣❛&4✐& ❞❡ D

✼✿ ❡♥❞ ❢♦"

✽✿ ✇❤✐❧❡ ❝❛❞❛ &❡❣✐84&♦ ❞❡ 4❡84❡ x ∈ T ❞♦

✾✿ C ∗ (x) = V oto(h1(x), h2(x), ..., hk(x))

✶✵✿ ❡♥❞ ✇❤✐❧❡

❖ ❞❡4❡❝4♦& ❞❡ ♦❜❥❡4♦ ❞♦ ❖♣❡♥❈❱ ❢♦✐ ♣&♦♣♦84♦ ✐♥✐❝✐❛❧♠❡♥4❡ ♣♦& W❛✉❧ ❱✐♦❧❛ ❡



✷✽

♠❡❧❤♦'❛❞♦ ♣♦' ❘❛✐♥❡' ▲✐❡♥❤❛'/ ✭▲■❊◆❍❆❘❚ ❡) ❛❧✳✱ ✷✵✵✸✮✳ 6'✐♠❡✐'♦✱ ✉♠ ❝❧❛99✐✜❝❛❞♦' ;

/'❡✐♥❛❞♦ ❝♦♠ ❛❧❣✉♠❛9 ❝❡♥/❡♥❛9 ❞❡ ♣♦♥/♦9 ❞❡ ❛♠♦9/'❛❣❡♠ ❞❡ ✉♠ ♦❜❥❡/♦ ❡♠ ♣❛'/✐❝✉❧❛'

✭✉♠ ✈❡@❝✉❧♦ ♣♦' ❡①❡♠♣❧♦✮✱ ❝❤❛♠❛❞♦ ❞❡ ❛♠♦9/'❛9 ♣♦9✐/✐✈❛9✱ ❡ ❛♠♦9/'❛9 ♥❡❣❛/✐✈❛9✱ B✉❡ 9C♦

✐♠❛❣❡♥9 B✉❡ ♥C♦ ❝♦♥/❡♥❤❛♠ ♦ ♦❜❥❡/♦ ♣'♦❝✉'❛❞♦✳

❉❡♣♦✐9 ❞❡ ✉♠ ❝❧❛99✐✜❝❛❞♦' /'❡✐♥❛❞♦✱ ❡❧❡ ♣♦❞❡ 9❡' ❛♣❧✐❝❛❞♦ ❛ ✉♠❛ '❡❣✐C♦ ❞❡ ✐♥/❡'❡99❡✳

6❛'❛ ♣'♦❝✉'❛' ♦ ♦❜❥❡/♦ ❡♠ /♦❞❛ ❛ ✐♠❛❣❡♠✱ ♦ ❝❧❛99✐✜❝❛❞♦' ♣♦❞❡ ♠♦✈❡' ❛ ❥❛♥❡❧❛ ❞❡ ♣❡9B✉✐9❛

❛/'❛✈;9 ❞❛ ✐♠❛❣❡♠ ❡ ❛✈❛❧✐❛'✱ ❛ ❝❛❞❛ ❧♦❝❛❧✱ ❛ ♣♦99@✈❡❧ ♣'❡9❡♥E❛ ❞♦ ♦❜❥❡/♦ ♣❡9B✉✐9❛❞♦✳ ❖

❝❧❛99✐✜❝❛❞♦' ; ♣'♦❥❡/❛❞♦ ❞❡ ♠♦❞♦ B✉❡ ♣♦99❛ 9❡' ❢❛❝✐❧♠❡♥/❡ '❡❞✐♠❡♥9✐♦♥❛❞♦✱ ❛ ✜♠ ❞❡

❡♥❝♦♥/'❛' ♦9 ♦❜❥❡/♦9 ❞❡ ✐♥/❡'❡99❡ ❡♠ /❛♠❛♥❤♦9 ❞✐❢❡'❡♥/❡9✳ ❚❛❧ ♣'♦❝❡99♦ ; ❝❤❛♠❛❞♦ ❞❡

❞✐❣✐/❛❧✐③❛EC♦ ❡ ; ♠❛✐9 ❡✜❝✐❡♥/❡ ❞♦ B✉❡ '❡❞✐♠❡♥9✐♦♥❛' ❛ ✐♠❛❣❡♠ ❡♠ 9✐✳ ❆99✐♠✱ ♣❛'❛

❡♥❝♦♥/'❛' ✉♠ ♦❜❥❡/♦ ❞❡ /❛♠❛♥❤♦ ❞❡9❝♦♥❤❡❝✐❞♦ ♥❛ ✐♠❛❣❡♠✱ ♦ ♣'♦❝❡99♦ ❞❡ ❞✐❣✐/❛❧✐③❛EC♦

❞❡✈❡ 9❡' ❢❡✐/♦ ✈K'✐❛9 ✈❡③❡9✱ ❡♠ ❞✐❢❡'❡♥/❡9 ❡9❝❛❧❛9✳

6❛'❛ ❋'❡✉♥❞ ✭✶✾✾✼✮✱ ♦ ❆❞❛❇♦♦9/ ❝♦♥9✐❞❡'❛ ✉♠ ❝♦♥❥✉♥/♦ ❞❡ ◆ ❡①❡♠♣❧♦9 ❞❡

/'❡✐♥❛♠❡♥/♦ {(xi, yi)|i = 1, 2, ..., N} ✱ ♦♥❞❡ yi ∈ {+1,−1} ; ♦ 'R/✉❧♦ ❞❡ ❝❧❛99❡ ❛99♦❝✐❛❞♦

❝♦♠ ❛ ✐♥9/S♥❝✐❛ xi ∈ ℜ✳ ❉❛❞♦ ✉♠ ❝❧❛99✐✜❝❛❞♦' ❛♣❧✐❝❛❞♦ ❛♦ ❝♦♥❥✉♥/♦ ❞❡ /'❡✐♥❛♠❡♥/♦✱ ;

♥❡❝❡99K'✐♦ ❡9/✐♠❛' ❛ 9✉❛ /❛①❛ ❞❡ ❡''♦ ♥❛ ❝❧❛99✐✜❝❛EC♦ '❡❛❧✐③❛❞❛✳ ❆ ❛ /❛①❛ ❞❡ ❡''♦ ❞❡ ✉♠❛

❤✐♣R/❡9❡ ✭❝❧❛99✐✜❝❛❞♦' ❢'❛❝♦✮ h ; ❞❛❞❛ ♣♦'

ǫ = PriΛD(h(xi) 6= yi).

❆ ✐♠♣♦'/S♥❝✐❛ ❞❡ ✉♠ ❝❧❛99✐✜❝❛❞♦' ❢'❛❝♦ ; ❞❛❞❛ ♣❡❧♦ ♣❛'S♠❡/'♦

αt =
1

2
ln

(

1− ǫt
ǫt

)

,

♦♥❞❡ / ; ♦ @♥❞✐❝❡ ❞❡ ✐/❡'❛EC♦✳ 6♦'/❛♥/♦✱ B✉❛♥/♦ ♠❡♥♦' ❛ /❛①❛ ❞❡ ❡''♦✱ ♠❛✐♦' ; ❛ ✐♠♣♦'/S♥❝✐❛

❛/'✐❜✉@❞❛ ❛♦ ❝❧❛99✐✜❝❛❞♦' ❡♠ t✳ ❖ ♣❛'S♠❡/'♦ αt 9❡'K ✉9❛❞♦ ♣❛'❛ ❛/✉❛❧✐③❛' ♦9 ♣❡9♦9 ❞❡

/'❡✐♥❛♠❡♥/♦✳ ❈♦♥9✐❞❡'❛♥❞♦ ω
(t)
i ♦ ♣❡9♦ ❛/'✐❜✉@❞♦ ❛♦ ❡①❡♠♣❧♦ ✭xi✱yi✮ ♥❛ ✐/❡'❛EC♦ /✱ ❛

❛/✉❛❧✐③❛EC♦ ❞♦9 ♣❡9♦9 ; ❞❛❞❛ ♣♦'

ω
(t+1)
i =

ω
(t)
i

Zt

x

{

exp−αtSe ht(xi) = yi
expαtSe ht(xi) 6= yi

,

♦♥❞❡ Zt ; ♦ ❢❛/♦' ❞❡ ♥♦'♠❛❧✐③❛EC♦ ✉9❛❞♦ ♣❛'❛ ❛99❡❣✉'❛' B✉❡ ♦ 9♦♠❛/R'✐♦ ❞♦9 ♣❡9♦9 9❡❥❛ ✶✳ ❖

'❡9✉❧/❛❞♦ ✜♥❛❧ ❞♦ ❛❧❣♦'✐/♠♦ 9❡ ❜❛9❡✐❛ ♥❛ ❥✉♥EC♦ ❞♦9 '❡9✉❧/❛❞♦9 ♦❜/✐❞♦9 ♣❡❧♦9 ❝❧❛99✐✜❝❛❞♦'❡9

❢'❛❝♦9✱ ♣♦♥❞❡'❛❞❛ ♣❡❧♦ ♣❡9♦ ❝❛❧❝✉❧❛❞♦ ❞❡ ❝❛❞❛ ✉♠ ❞❡❧❡9✱ ♦✉ 9❡❥❛✱

Hf (x) = sign(
∑

t

αtht(x)).

❉❡9/❛ ❢♦'♠❛ ♦ ❛❧❣♦'✐/♠♦ ❞♦ ❆❞❛❇♦♦9/ 9❡ ❝♦♥9/✐/✉✐ ♥♦9 ♣❛99♦9 ❞❡9❝'✐/♦9 ♥♦ ❆❧❣♦'✐/♠♦

✷✳✺ ✭❋❘❊❯◆❉✱ ✶✾✾✼✮✿ ❬❤✦❪ ❆❞❛❇♦♦9/
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✶✿ ■♥✐❝✐❛❧✐③❛ ♦ ♣❡,♦ ♣❛-❛ .♦❞♦, ♦, N ❡①❡♠♣❧♦,

✷✿ ❙❡❥❛ . ♦ ♥4♠❡-♦ ❞❡ ✐.❡-❛56❡,

✸✿ ❢♦" i = 1 .♦ t ❞♦

✹✿ ❈-✐❛- ❝♦♥❥✉♥.♦ ❞❡ .-❡✐♥❛♠❡♥.♦ Di ♣❡❧❛ ❛♠♦,.-❛❣❡♠ ❞❡ D ❞❡ ❛❝♦-❞♦ ❝♦♠ ♦ ♣❡,♦

✺✿ ❚-❡✐♥❛- ✉♠ ❝❧❛,,✐✜❝❛❞♦- ❜❛,❡ ht ,♦❜-❡ Di

✻✿ ❆♣❧✐❝❛- ht ♣❛-❛ .♦❞♦, ♦, ❡①❡♠♣❧♦, ♥♦ ❝♦♥❥✉♥.♦ ❞❡ .-❡✐♥❛♠❡♥.♦ ♦-✐❣✐♥❛❧ D

✼✿ ❈❛❧❝✉❧❛- ❛ .❛①❛ ❞❡ ❡--♦ ❞❡ ht ✭ǫ✮

✽✿ ✐❢ .❛①❛ ❞❡ ❡--♦ ❢♦- ♠❛✐♦- A✉❡ ✺✵✪ %❤❡♥

✾✿ ❘❡✐♥✐❝✐❛❧✐③❛ ♦, ♣❡,♦, ♣❛-❛ .♦❞♦, ♦, N ❡①❡♠♣❧♦,

✶✵✿ ❱❛✐ ♣❛-❛ ♦ ♣❛,,♦ ✹

✶✶✿ ❡♥❞ ✐❢

✶✷✿ ❈❛❧❝✉❧❛- ❛ ✐♠♣♦-.H♥❝✐❛ ❞♦ ❝❧❛,,✐✜❝❛❞♦- ✭α✮

✶✸✿ ❈❛❧❝✉❧❛- ♦ ♥♦✈♦ ♣❡,♦ ♣❛-❛ ❝❛❞❛ ❡①❡♠♣❧♦ ✭ω✮

✶✹✿ ❡♥❞ ❢♦"

✶✺✿ ❈♦♥,.-J✐ ♦ ❝❧❛,,✐✜❝❛❞♦- ✜♥❛❧ ✭❢♦-.❡✮ ♣♦♥❞❡-❛♥❞♦ ❛, ✐♠♣♦-.H♥❝✐❛, ✭α✮ ❞❡ ❝❛❞❛

❝❧❛,,✐✜❝❛❞♦- ❢-❛❝♦

✷✳✻ ❈❖▼&❖◆❊◆❚❊❙ ❈❖◆❊❳❖❙

K♦♥.♦, ❞❡ ✉♠❛ ✐♠❛❣❡♠ A✉❡ ❛♣-❡,❡♥.❛♠ ♣-♦♣-✐❡❞❛❞❡, ,✐♠✐❧❛-❡, ♣♦❞❡♠ ,❡- ❛❣-✉♣❛❞♦,

♣❛-❛ ❢♦-♠❛- ✉♠❛ -❡❣✐L♦✳ ❊,.❡ O ♦ ♦❜❥❡.✐✈♦ ❞❡ ✉♠ ❝♦♠♣♦♥❡♥.❡ ❝♦♥❡①♦✱ ✐❞❡♥.✐✜❝❛- ✉♠

♣❛❞-L♦ ❞❡ ✐❣✉❛❧❞❛❞❡ ♦✉ ,❡♠❡❧❤❛♥5❛ ❡♥.-❡ ♣✐①❡❧, ❧✐❣❛❞♦,✱ ❡ ❛ ♣❛-.✐- ❞✐,.♦ .-❛.❛- ❡,.❡

❝♦♥❥✉♥.♦ ❞❡ ♣✐①❡❧, ❝♦♠♦ ✉♠ ❝♦♥❥✉♥.♦ 4♥✐❝♦✳

❊,.❡ ♣❛❞-L♦ ❞❡ ✐❣✉❛❧❞❛❞❡ ♣♦❞❡ ,❡- ♠❛♣❡❛❞♦ ,♦❜-❡ ✉♠ ♦✉ ❞✐❢❡-❡♥.❡, ❛.-✐❜✉.♦,✳ ❖,

♠❛✐, ❝♦♠✉♥, ,L♦ ✐♥.❡♥,✐❞❛❞❡ ❞❡ ❝✐♥③❛✱ ❝♦- ❡ ✐♥❢♦-♠❛56❡, ,♦❜-❡ .❡①.✉-❛✳

❯♠ ❝♦♠♣♦♥❡♥.❡ ❝♦♥❡①♦ ❞❡ ✉♠❛ ✐♠❛❣❡♠ ❜✐♥T-✐❛ O ♦ ♠❛✐♦- ❝♦♥❥✉♥.♦ ♣♦,,U✈❡❧ ❞❡

♣♦♥.♦, ❧✐❣❛❞♦, ✭+❊❉❘■◆■❡ ❙❈❍❲❆❘❚❩✱ ✷✵✵✼✮✳ ❆ ❛❞❥❛❝W♥❝✐❛ ❡♥.-❡ ♦, ♣✐①❡❧, ❞❡♣❡♥❞❡ ❞♦

❝-✐.O-✐♦ ❞❡ ✈✐③✐♥❤❛♥5❛ ❛❞♦.❛❞♦✳ ❯♠ ♣✐①❡❧ p O ❝♦♥❡①♦ ❛ ✉♠ ♣✐①❡❧ p2✱ ,❡ ❡①✐,.✐- ✉♠ ❝❛♠✐♥❤♦

❞❡ p ❛ p2 ♥♦ ❣-❛❢♦ ❞❡✜♥✐❞♦ ♣♦- A✱ ,❡♥❞♦ A ❛ -❡❧❛5L♦ ❞❡ ❛❞❥❛❝W♥❝✐❛✳ ❚❛❧ -❡❧❛5L♦ ❞❡

❛❞❥❛❝W♥❝✐❛✱ ♥❛❞❛ ♠❛✐, O A✉❡ ♦ -❡❣-❛♠❡♥.♦ ❞❛ ❞✐,.H♥❝✐❛ ❡✉❝❧❡❞✐❛♥❛ ❡♥.-❡ ❞♦✐, ♣♦♥.♦, ❡ ♦

,❡♥.✐❞♦ ✭✈❡-.✐❝❛❧✱ ❤♦-✐③♦♥.❛❧ ❡ ❞✐❛❣♦♥❛❧✮ ❛ ,❡- ❝♦♥,✐❞❡-❛❞♦✳

❆ ❡①.-❛5L♦ ❞❡ ❝♦♠♣♦♥❡♥.❡, ❝♦♥❡①♦,✱ ♣♦❞❡ ❝♦♥,✐❞❡-❛- ❛ ✉.✐❧✐③❛5L♦ ❞❡ ❞✐❢❡-❡♥.❡,

❛❧❣♦-✐.♠♦, ❞❡ ❜✉,❝❛ ❡♠ ❧❛-❣✉-❛ ♦✉ ♣-♦❢✉♥❞✐❞❛❞❡ ❞❛ .❡♦-✐❛ ❞❡ ❣-❛❢♦,✳ ❊♠ ✭❇❘❆❉❙❑■❡

❆❉❘■❆◆✱ ✷✵✵✽✮ -❡♣-❡,❡♥.❛ ❡,.❛ ❡①.-❛5L♦✱ ❛,,✉♠✐♥❞♦ ❛ ❡①✐,.W♥❝✐❛ ❞❡ ✉♠ ♣♦♥.♦ ,❡♠❡♥.❡ p

❝♦♥❤❡❝✐❞♦ ❡ ♣❡-.❡♥❝❡♥.❡ ❛♦ ❝♦♠♣♦♥❡♥.❡ ❝♦♥❡①♦ ♥❛ ✐♠❛❣❡♠ ■✳ ❆ ❡①.-❛5L♦ ♣♦❞❡ ,❡- -❡❛❧✐③❛❞❛

♣♦- ♠❡✐♦ ❞❡ ✉♠ ♣-♦❝❡,,♦ ✐.❡-❛.✐✈♦✱ ❞❛❞♦ ♣♦-✿

Xk = (Xk−1 ⊕ B)
⋃

I
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k = 1, 2, ...

❡♠ $✉❡ X0 = p ❡ B & ✉♠ ❡❧❡♠❡♥)♦ ❡+),✉)✉,❛♥)❡

✶

❛❞❡$✉❛❞♦✳ ❙❡ Xk = Xk−1✱ ❡♥)2♦ ♦

,❡+✉❧)❛❞♦ ❝♦♥✈❡,❣✐✉ ❡ ♦ ,❡+✉❧)❛❞♦ & ♦ ❝♦♥❥✉♥)♦ ❞❡ ♣✐①❡❧+ ❝♦♥❡①♦+ $✉❡ ❢♦,♠❛♠ ♦ ❝♦♠♣♦♥❡♥)❡

❝♦♥❡①♦✳

❆ ❋✐❣✉,❛ ✷✳✶✶ ❞❡♠♦♥+),❛ ✉♠❛ ✐♠❛❣❡♠ ❡♠ )♦♥+ ❞❡ ❝✐♥③❛ ❝♦♥)❡♥❞♦ ❞✉❛+ ,❡❣✐@❡+ ❞❡

❢♦,♠❛ ♦✈❛❧ ❡♠ )♦♥+ ♠❛✐+ ❝❧❛,♦+✳ ❆♦ ❛♣❧✐❝❛, ♦ ❞❡)❡❝)♦, ❞❡ ❜♦,❞❛+ ❢♦✐ ♣♦++B✈❡❧ ✐❞❡♥)✐✜❝❛,

❞♦✐+ ❝♦♠♣♦♥❡♥)❡+ ❝♦♥❡①♦+ ❣,❛D❛+ ❛ ,❡❣,❛ ❞❡ +❡♠❡❧❤❛♥D❛ ❞❡✜♥✐❞❛✳

❋✐❣✉,❛ ✷✳✶✶✿ ■❞❡♥)✐✜❝❛D2♦ ❞❡ ❈♦♠♣♦♥❡♥)❡ ❈♦♥❡①♦

✷✳✼ ❖$❊❘❆❉❖❘❊❙ ▼❖❘❋❖▲-●■❈❖❙

❖ ♣,♦❝❡++❛♠❡♥)♦ ❞❡ ✐♠❛❣❡♥+✱ ♣♦, ✈❡③❡+✱ ,❡$✉❡, ❛)✉❛❞♦,❡+ $✉❡✱ ❛❧&♠ ❞❡ ❛✈❛❧✐❛, ❡

❝♦♠♣,❡❡♥❞❡, ❛ +✉❛ ❡+),✉)✉,❛ ♠❛),✐❝✐❛❧ ✭♣✐①❡❧+✮✱ +❡❥❛ ❝❛♣❛③ ❞❡ ❛❣✐, +♦❜,❡ ❡❧❛✳ ❖+ ♦♣❡,❛❞♦,❡+

♠♦,❢♦❧L❣✐❝♦+ ♣♦❞❡♠ ♣,♦✈❡, ,❡+✉❧)❛❞♦+ ❝♦♠♦ ,❡❛❧❝❡✱ ✜❧),❛❣❡♠ ❡ ❡+$✉❡❧❡)✐③❛D2♦

✷

✳ M❛,❛

M❡❞,✐♥✐ ❡ ❙❝❤✇❛,)③ ✭✷✵✵✼✮✱ ❛ ❜❛+❡ ❞❛ ♠♦,❢♦❧♦❣✐❛ ❝♦♥+✐+)❡ ❡♠ ❡①),❛✐, ❞❡ ✉♠❛ ✐♠❛❣❡♠

❞❡+❝♦♥❤❡❝✐❞❛ ❛ +✉❛ ❣❡♦♠❡),✐❛ ❛),❛✈&+ ❞❛ ✉)✐❧✐③❛D2♦ ❞❛ ),❛♥+❢♦,♠❛D2♦ ❞❡ ✉♠❛ ♦✉),❛ ✐♠❛❣❡♠

❝♦♠♣❧❡)❛♠❡♥)❡ ❞❡✜♥✐❞❛✱ ♦✉ +❡❥❛✱ ❝♦♥+✐+)❡ ❡♠ ❡①),❛✐, ❛+ ✐♥❢♦,♠❛D@❡+ ,❡❧❛)✐✈❛+ ❛ ❣❡♦♠❡),✐❛

❡ ❛ )♦♣♦❧♦❣✐❛ ❞❡ ✉♠ ❝♦♥❥✉♥)♦ ❞❡+❝♦♥❤❡❝✐❞♦ ✭♥♦ ❝❛+♦ ✉♠❛ ✐♠❛❣❡♠✮ ♣❡❧❛ ),❛♥+❢♦,♠❛D2♦

❛),❛✈&+ ❞❡ ♦✉),♦ ❝♦♥❥✉♥)♦ ❜❡♠✲❞❡✜♥✐❞♦✱ ❝❤❛♠❛❞♦ ❡❧❡♠❡♥)♦ ❡+),✉)✉,❛♥)❡✳

❆ ♠♦,❢♦❧♦❣✐❛ ♠❛)❡♠Q)✐❝❛ ❢❛③ ✉+♦ ❞❛ )❡♦,✐❛ ❞❡ ❝♦♥❥✉♥)♦+ ♣❛,❛ ,❡♣,❡+❡♥)❛, ❛ ❢♦,♠❛

❞♦+ ♦❜❥❡)♦+ ❡♠ ✉♠❛ ✐♠❛❣❡♠✳ ❖,✐❣✐♥❛❧♠❡♥)❡ ❢♦✐ ❞❡+❡♥✈♦❧✈✐❞❛ ♣❛,❛ ),❛)❛, ✐♠❛❣❡♥+ ❜✐♥Q,✐❛+✳

❖+ ♣,✐♥❝✐♣❛✐+ ♦♣❡,❛❞♦,❡+ ♠♦,❢♦❧L❣✐❝♦+ +2♦ ❛ ❞✐❧❛)❛D2♦ ❡ ❛ ❡,♦+2♦✿

✶✳ ❆ ❞✐❧❛)❛D2♦ ✭⊕✮ ❝♦♠❜✐♥❛ ❞♦✐+ ❝♦♥❥✉♥)♦+ ✉+❛♥❞♦ ❛ ❛❞✐D2♦ ✈❡)♦,✐❛❧✳ ❙❡✉ ❡❢❡✐)♦ & ♦

✶

❊❧❡♠❡♥%♦ ❊'%(✉%✉(❛♥%❡✿ ➱ ❞❡✜♥✐❞♦ ♣♦( ✉♠❛ ♠❛%(✐③ 2✉❡ 3 ❝❛(❛❝%❡(✐③❛❞♦ ❝♦♠♦ ❝♦♥❥✉♥%♦' ❞❡✜♥✐❞♦'

❡ ❝♦♥❤❡❝✐❞♦' ✭❢♦(♠❛ ❡ %❛♠❛♥❤♦✮✱ ❡ 2✉❡ ';♦ ❝♦♠♣❛(❛❞♦' ❛♦ ❝♦♥❥✉♥%♦ ❞❡'❝♦♥❤❡❝✐❞♦ ❞❛ ✐♠❛❣❡♠✳ ❆❧❣✉♥'

❡①❡♠♣❧♦' ❞❡ ❡❧❡♠❡♥%♦ ❡'%(✉%✉(❛♥%❡✿ ❝(✉③✱ ❧✐♥❤❛ ❤♦(✐③♦♥%❛❧✱ ❧✐♥❤❛ ✈❡(%✐❝❛❧✱ ❞✐❛♠❛♥%❡✱ ❞✐'❝♦✱ 2✉❛❞(❛❞♦✳

✷

❈♦♥'✐'%❡ ❞❡ (❡❞✉③✐( ❛ ✐♠❛❣❡♠ ❛ ❛♥❛❧✐'❛❞❛ ❡♠ ✉♠❛ ❝❛❞❡✐❛ '✐♠♣❧❡' ❝♦♠ ❧❛(❣✉(❛ ❞❡ ✉♠ ♣✐①❡❧✱ ♠❛'

♣(❡'❡(✈❛♥❞♦ ❛' ❝❛(❛❝%❡(B'%✐❝❛' (❡❧❡✈❛♥%❡'



A⊕ B = {c|c = a+ b, a ∈ A, b ∈ B}

⊖

A⊖ B = (x|x+ b ∈ A para todo b ∈ B)

A ◦B = (A⊖ B)⊕ B



A •B = (A⊕ B)⊖ B,

xw = (xw, yw, zw)
T

u = (u, v)T

R x0

xc = R(xw − x0),

xc = (xc, yc, zc)

u

u =
fxc

zc
, v =

fyc
zc

,

f xw
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❜❛❡"②❛♥❛" ✭◆❖▲▲ ❡( ❛❧✳✱ ✶✾✾✺❀ ❙❈❍◆❊■❉❊❘▼❆◆✱ ✷✵✵✵✮✱ ❛❧4♠ ❞♦ ✉"♦ ❞❡ ❍❛❛& ✇❛✈❡❧❡* ❢❡❛*✉&❡#

✭❙❯◆ ❡( ❛❧✳✱ ✷✵✵✷✮✳
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❖ ♠$%♦❞♦ ❜❛*❡❛❞♦ ❡♠ ❛♣❛-.♥❝✐❛ ♣♦❞❡ *❡- ❞✐✈✐❞✐❞♦ ❡♠ ❞♦✐* ❣-✉♣♦*✿ ♠$%♦❞♦* ❞❡

❡①%-❛78♦ ❞❡ ❝❛-❛❝%❡-9*%✐❝❛* ❡ ❝❧❛**✐✜❝❛❞♦- ♣-♦♣-✐❛♠❡♥%❡ ❞✐%♦ ✭❙❯◆ ❡$ ❛❧✳✱ ✷✵✵✹✮✳ ❊♠

✭▼❆❚❚❍❊❲❙ ❡$ ❛❧✳✱ ✶✾✾✺✮ ♦ E❈❆ ✭ !✐♥❝✐♣❛❧ ❈♦♠♣♦♥❡♥, ❆♥❛❧②/✐/ ✮ $ ✉%✐❧✐③❛❞♦ ♣❛-❛ ❛

❡①%-❛78♦ ❞❡ ❝❛-❛❝%❡-9*%✐❝❛*✱ ♦♥❞❡ %♦❞♦* ♦* ❝❛♥❞✐❞❛%♦* ❛ ♦❜*%I❝✉❧♦* *8♦ -❡❞✐♠❡♥*✐♦♥❛❞♦*

♣❛-❛ 20 × 20✱ ❡♥%8♦ ❡*%❛ ✐♠❛❣❡♠ $ ❞✐✈✐❞✐❞❛ ❡♠ ✷✺ ❥❛♥❡❧❛* ❞❡ %❛♠❛♥❤♦ 4 × 4✳ ❖ E❈❆ $

❛♣❧✐❝❛❞♦ ❡♠ ❝❛❞❛ ✉♠❛ ❞❡*%❛* *✉❜✲❥❛♥❡❧❛* ❡ ♦ -❡*✉❧%❛❞♦ ❞♦ E❈❆ ❧♦❝❛❧ $ ❡♥❝❛♠✐♥❤❛❞♦ ♣❛-❛

❛ -❡❞❡ ♥❡✉-❛❧ %-❡✐♥❛❞❛ ♣❛-❛ ✈❡-✐✜❝❛- ❛ ❤✐♣M%❡*❡✳ ❊♠ ✭❙❯◆ ❡$ ❛❧✳✱ ✷✵✵✹✮ *8♦ ❝✐%❛❞❛* ♦✉%-❛*

❛❜♦-❞❛❣❡♥* ❞❡♥%-❡ ❛* N✉❛✐*✿

• ❯%✐❧✐③❛78♦ ❞♦ E❈❆ ❝♦♠❜✐♥❛❞♦ ❝♦♠ ♦ ❝❧❛**✐✜❝❛❞♦- ❞❡ ✈✐③✐♥❤♦ ♠❛✐* ♣-M①✐♠♦

✭♥❡❛!❡/,✲♥❡✐❣❤❜♦! ❝❧❛//✐✜❡! ✮❀

• ❯*♦ ❞❡ ♠$%♦❞♦ ▲❖❈ ✭▲♦❝❛❧ ❖!✐❡♥,❛,✐♦♥ ❈♦❞❡✮ ♣❛-❛ ❛ ❡①%-❛78♦ ❞❛* ✐♥❢♦-♠❛7S❡* ❞❡

❜♦-❞❛* ❞❛ ✐♠❛❣❡♠✱ ♦♥❞❡ ❛ ✐♥❢♦-♠❛78♦ ❞♦ ❤✐*%♦❣-❛♠❛ ❞♦ ▲❖❈ ❞❡♥%-♦ ❞❛ I-❡❛ ❞❡

✐♥%❡-❡**❡ $ ❡♥❝❛♠✐♥❤❛❞❛ ♣❛-❛ ❛ -❡❞❡ ◆❡✉-❛❧ ❢❛③❡- ❛ ❝❧❛**✐✜❝❛78♦❀

• ❖ ✜❧%-♦ ●❛❜♦- ❢♦-♥❡❝❡ ✉♠ ♠❡❝❛♥✐*♠♦ ♣❛-❛ ♦❜%❡- ❛ ♦-✐❡♥%❛78♦ ❡ ♠❡❞✐❞❛ ❛❥✉*%❛❞❛ ❞❡

❜♦-❞❛* ❡ ❧✐♥❤❛ ❞❛ ✐♠❛❣❡♠✳ ❱❡9❝✉❧♦* ♣♦**✉❡♠ ❜♦-❞❛* ❡ ❧✐♥❤❛* ❢♦-%❡* ❡♠ ❞✐❢❡-❡♥%❡*

❞✐-❡7S❡* ❡ ❡*❝❛❧❛*✱ *❡♥❞♦ ✉♠ ❝❧❛**✐✜❝❛❞♦- ❞❡ ✈❡9❝✉❧♦❀

❉❡ ✉♠ ♠♦❞♦ ❣❡-❛❧✱ ♦* ♠$%♦❞♦* ❜❛*❡❛❞♦* ❡♠ ❛♣❛-.♥❝✐❛ *8♦ ♠❛✐* ❡①❛%♦* N✉❡ ♠$%♦❞♦*

❜❛*❡❛❞♦* ❡♠ ♠♦❞❡❧♦* ✭❙❯◆ ❡$ ❛❧✳✱ ✷✵✵✻✮✳ E♦- ♦✉%-♦ ❧❛❞♦✱ ♦ ❝✉*%♦ ❝♦♠♣✉%❛❝✐♦♥❛❧ $ ♠❛✐♦- ♥♦

♠$%♦❞♦ ❜❛*❡❛❞♦ ♥❛ ❛♣❛-.♥❝✐❛ N✉❡ ♥♦ ❜❛*❡❛❞♦ ❡♠ ♠♦❞❡❧♦*✳ ❖✉%-❛ ❝❛-❛❝%❡-9*%✐❝❛ ♠❛-❝❛♥%❡

$ ❛ ❛**✐♥❛%✉-❛ ❞❡ ❢✉♥7S❡* ❞❡ ✐♥%❡❧✐❣.♥❝✐❛ ❛-%✐✜❝✐❛❧ ❡ ♣-$✲♣-♦❝❡**❛♠❡♥%♦ ♣❛-❛ ♦* ♠$%♦❞♦*

❜❛*❡❛❞♦* ❡♠ ❛♣❛-.♥❝✐❛✱ ♣♦- *✉❛ ✈❡③✱ ♥♦ ♠$%♦❞♦ ❜❛*❡❛❞♦ ❡♠ ♠♦❞❡❧♦* ❝-✐❛ -❡❣-❛* ❡①❡❝✉%❛❞❛*

❡♠ %❡♠♣♦ ❞❡ ❡①❡❝✉78♦✳



✹✶

✹ ▼❊❚❖❉❖▲❖●■❆ *❘❖*❖❙❚❆

❆ ♠❡%♦❞♦❧♦❣✐❛ ❛,✉✐ ♣/♦♣♦0%❛ ♣❛/❛ ❛ ❞❡%❡❝23♦ ❞❡ ♦❜0%5❝✉❧♦0 ❡♠ ♣✐0%❛0✱ 0❡ ❜❛0❡✐❛

♥❛0 ✐♠❛❣❡♥0 ♦❜%✐❞❛0 ❞❡ ✉♠❛ 8♥✐❝❛ ❝9♠❡/❛ ♠♦♥♦❝✉❧❛/ ✜①❛ ✐♥0%❛❧❛❞❛ ❡♠ ✉♠ ✈❡=❝✉❧♦✳

◆❡00❛0 ✐♠❛❣❡♥0✱ 0❡/3♦ ❛♣❧✐❝❛❞❛0 ❛0 %@❝♥✐❝❛0 ❞❡0❝/✐%❛0 ♥♦ ❝❛♣=%✉❧♦ ❞❡ ❝♦♥❝❡✐%♦0 ❜50✐❝♦0✱

❡ ♠❡♥❝✐♦♥❛❞❛0 ♥❛ /❡✈✐03♦ ❜✐❜❧✐♦❣/5✜❝❛✳ ◗✉❛♥%♦ ❛♦ %✐♣♦ ❞❡ ♦❜0%5❝✉❧♦✱ ❛ ♠❡%♦❞♦❧♦❣✐❛ ❡0%5

/❡0%/✐%❛ B ✐❞❡♥%✐✜❝❛23♦ ❞❡ ♦✉%/♦0 ✈❡=❝✉❧♦0 ,✉❡ 0❡ ♣♦0✐❝✐♦♥❡♠ ❝♦♠♦ ♦❜0%5❝✉❧♦ ♥❛ ♣✐0%❛

❝♦♥0✐❞❡/❛❞❛ ❡♠ /❡❧❛23♦ ❛♦ ✈❡=❝✉❧♦ ♣♦/%❛❞♦/ ❞❛ ❝9♠❡/❛✳

❖ ❢✉♥❝✐♦♥❛♠❡♥%♦ ❞❛ ♠❡%♦❞♦❧♦❣✐❛ ♣/♦♣♦0%❛ ♣♦❞❡ 0❡/ ♦/❣❛♥✐③❛❞❛ ❡♠ ,✉❛%/♦ ❡%❛♣❛0

♦✉ ▼G❞✉❧♦0 ♣/✐♥❝✐♣❛✐0✿

• ▼G❞✉❧♦ ✶✿ ❉❡❧✐♠✐%❛23♦ ❞❛ ❘❡❣✐3♦ ❞❡ ■♥%❡/❡00❡ ✭❘❉■✮✿ ❘❡0%/✐♥❣❡ ❛ ❛♣❧✐❝❛23♦ ❞♦

❞❡%❡❝%♦/ ❞❡ ♦❜0%5❝✉❧♦0 ❛♣❡♥❛0 ♣❛/❛ ❛ /❡❣✐3♦ ❞❛ ♣✐0%❛ ❝♦♥0✐❞❡/❛♥❞♦ ♠3♦ ❡ ❝♦♥%/❛✲♠3♦❀

• ▼G❞✉❧♦ ✷✿ ■❞❡♥%✐✜❝❛23♦ ❞♦ Q❛❞/3♦ ❞❡ Q✐0%❛✿ ▼❛♣❡✐❛ ❡ ♠♦❞❡❧❛✱ ❞❡♥%/♦ ❞❛ /❡❣✐3♦ ❞❡

✐♥%❡/❡00❡✱ ♦0 ♣✐①❡❧0 ❡♠ ♣✐0%❛ ❡ ♥3♦ ♣✐0%❛❀

• ▼G❞✉❧♦ ✸✿ ●❡/❛23♦ ❞❡ ❍✐♣G%❡0❡0✿ ❆%✉❛ 0♦❜/❡ ♦0 ❡❧❡♠❡♥%♦0 ❝♦♥0✐❞❡/❛❞♦0 ♥3♦ ♣✐0%❛✱

/❡❛❧✐③❛ ✜❧%/♦0 ❡ ❣❡/❛ ❝♦♠♣♦♥❡♥%❡0 ❝♦♥❡①♦0 ❝♦♠♦ ♣♦00=✈❡✐0 ♦❜0%5❝✉❧♦0❀

• ▼G❞✉❧♦ ✹✿ ❱❛❧✐❞❛23♦ ❞❛0 ❍✐♣G%❡0❡0✿ ❆♥❛❧✐0❛ ♦0 ♣♦00=✈❡✐0 ♦❜0%5❝✉❧♦0 ♥❛ ❜✉0❝❛ ❞❡

❝❛/❛❝%❡/=0%✐❝❛0 ❞❡ ✈❡=❝✉❧♦0✱ ✈❛❧✐❞❛♥❞♦ ♦✉ /❡❥❡✐%❛♥❞♦ ♦ ❝❛♥❞✐❞❛%♦ ❛ ♦❜0%5❝✉❧♦✳

❆❧@♠ ❞❡00❡0 ♠G❞✉❧♦0✱ ❝♦♥0✐❞❡/♦✉✲0❡ ✉♠❛ ❡%❛♣❛ ❞❡ ♣/@✲♣/♦❝❡00❛♠❡♥%♦✱ ♥❡❝❡005/✐❛

♣❛/❛ ♦ %/❡✐♥❛♠❡♥%♦ ❞♦ ❝❧❛00✐✜❝❛❞♦/ ❤❛❛" ❧✐❦❡ ❢❡❛(✉"❡✳ ❆ ✉%✐❧✐③❛23♦ ❞❛0 %❡❝♥♦❧♦❣✐❛0 ❞❡ ❍❛❛"

▲✐❦❡ ❋❡❛(✉"❡- ✐♥%❡❣/❛ ♦ ❛❧❣♦/✐%♠♦ ❡♠ ❞♦✐0 ♠♦♠❡♥%♦0 ❞✐0%✐♥%♦0✿ ♦ ♣/✐♠❡✐/♦ @ ♦ %/❡✐♥❛♠❡♥%♦

,✉❡ ❢♦/♠❛/5 ❛ 5/✈♦/❡ ❞❡ ❞❡❝✐03♦ ,✉❡ ❛✈❛❧✐❛/5 ❛ ♣/❡0❡♥2❛ ♦✉ ♥3♦ ❞❡ ✈❡=❝✉❧♦0 ♥❛ ✐♠❛❣❡♠✳

❖ 0❡❣✉♥❞♦ ♠♦♠❡♥%♦ @ ❛ ❛♣❧✐❝❛23♦ ❞♦ ❛❧❣♦/✐%♠♦ ❡♠ %❡♠♣♦ /❡❛❧✳ ❊♠ ❛♠❜♦0 ♦0 ❝❛0♦0✱ ❛

✉%✐❧✐③❛23♦ ❞❡0%❛ %❡❝♥♦❧♦❣✐❛ 0❡ ❢❛③ ❞❡ ❢♦/♠❛ ✐♥❞❡♣❡♥❞❡♥%❡ ❞♦ /❡0%♦ ❞♦ ❛❧❣♦/✐%♠♦✳

❖ %/❡✐♥❛♠❡♥%♦ @ ❛❧❣♦ ❛♥%❡/✐♦/ ❡ ✐♥❞❡♣❡♥❞❡♥%❡ ❞❛ ❡①❡❝✉23♦ ❞♦ ❛❧❣♦/✐%♠♦✳ ❙3♦

✉%✐❧✐③❛❞❛0 ❢❡//❛♠❡♥%❛0 ❡ /❡❝✉/0♦0 ❞✐0%/✐❜✉=❞♦0 ❥✉♥%❛♠❡♥%❡ ❝♦♠ ❛ ❜✐❜❧✐♦%❡❝❛ ❖♣❡♥❈❱ ♣❛/❛

❡0%❡ %/❡✐♥❛♠❡♥%♦ ✭❍❆❆❘❚❘❆■◆■◆●✱ ✮✳ ❆ ✐♠♣❧❡♠❡♥%❛23♦ ❞♦ ❖♣❡♥❈❱ ✉%✐❧✐③❛ ♦ ❆❞❛❇♦♦0%

❝♦♠♦ ❛❧❣♦/✐%♠♦✳

❖ %/❡✐♥❛♠❡♥%♦ ❝♦♥%❛ ❝♦♠ ✉♠ ❜❛♥❝♦ ❞❡ ✐♠❛❣❡♥0 ❞✐0♣♦♥✐❜✐❧✐③❛❞❛ ♣❡❧♦ ▼■❚

❈❇▲❉ ✭❈❡♥(❡" ❢♦" ❇✐♦❧♦❣✐❝❛❧ ❛♥❞ ❈♦♠♣✉(✐♦♥❛❧ ▲❡❛"♥✐♥❣ ✮ ✭'❊❉❊❙❚❘■❆◆✳ ✳ ✳ ✱ ✮ ❡ ✐♠❛❣❡♥0

❢♦/♥❡❝✐❞❛0 ♣♦/ ❋❛♥ ❏✐❛♥❣ ✭❏■❆◆●❡ ▲■◆✱ ✷✵✵✻✮✳ ❆♦ %♦❞♦ 03♦ ✷✷✻✽ ✐♠❛❣❡♥0 ❞❡ ❛✉%♦♠G✈❡✐0✿

03♦ ❢♦%♦0 ❞❛ ❢/❡♥%❡ ❡ ❞❛ %/❛0❡✐/❛ ❞♦0 ✈❡=❝✉❧♦0 ,✉❡ 0❡/✈✐/3♦ ❝♦♠♦ ✐♠❛❣❡♥0 ♣♦0✐%✐✈❛0✱ ❛❧@♠

❞❡ ✺✵✵✵ ✐♠❛❣❡♥0 ❞❡ ❛/,✉✐✈♦ ♣❡00♦❛❧ ✉%✐❧✐③❛❞❛0 ❝♦♠♦ ✐♠❛❣❡♥0 ♥❡❣❛%✐✈❛0✳

❆ ❛♣❧✐❝❛23♦ ❞♦ ❆❞❛❇♦♦0% 0❡ ❥✉0%✐✜❝❛ ♣❛/❛ /❡❢♦/2❛/ ♦ ❝❧❛00✐✜❝❛❞♦/ ❞❡ ♦❜0%5❝✉❧♦0 ❡

♣❛/❛ %❡♥%❛/ ❛♥%❡❝✐♣❛/ ❛ ✐❞❡♥%✐✜❝❛23♦ ❞❡ ♦✉%/♦0 ✈❡=❝✉❧♦0✱ ♠❡❧❤♦/❛♥❞♦ ♦ ❛❧❣♦/✐%♠♦ %❛♥%♦ ❡♠
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❛❝❡%&✐✈✐❞❛❞❡ *✉❛♥&♦ ❡♠ ❡✜❝✐0♥❝✐❛✱ ♣♦❞❡♥❞♦ ✐♥❢♦%♠❛% ❛♦ ♠♦&♦%✐4&❛ ❝♦♠ ♠❛✐♦% ❛♥&❡❝❡❞0♥❝✐❛

❞❛ ♣%❡4❡♥5❛ ❞❡ ♦❜4&7❝✉❧♦4✳

❖✉&%❛ ❡&❛♣❛ *✉❡ ♠❡%❡❝❡ %❡44❛❧✈❛ ; ❛ ❡&❛♣❛ ❞❡ ❝❛❧✐❜%❛❣❡♠ ❞❛ ❝=♠❡%❛✳ ❖4 ♣❛%=♠❡&%♦4

♣%♦✈❡♥✐❡♥&❡4 ❞❡4&❛ ❝❛❧✐❜%❛❣❡♠ 4>♦ ✐♠♣♦%&❛♥&❡4✱ &❛♥&♦ ♣❛%❛ ❛ ❞❡❧✐♠✐&❛5>♦ ❞❛ %❡❣✐>♦ ❞❡

✐♥&❡%❡44❡✱ *✉❛♥&♦ ♣❛%❛ ❛ ✈❛❧✐❞❛5>♦ ❞❛4 ❤✐♣@&❡4❡4✳

❆ ❋✐❣✉%❛ ✹✳✶ ; ❛ %❡♣%♦❞✉5>♦ ❞♦ ❝❡♥7%✐♦ ♣%♦♣♦4&♦ ♣❡❧♦ ❛❧❣♦%✐&♠♦✳ ❆ %❡❢❡%0♥❝✐❛

♠❛&❡♠7&✐❝❛ ♣❛%❛ ❛ ❝♦♥✈❡%4>♦ ❞❛4 ❝♦♦%❞❡♥❛❞❛4 ❞❡ ✐♠❛❣❡♠ ❡♠ ❝♦♦%❞❡♥❛❞❛ ❞❡ ♠✉♥❞♦ 4>♦

❞✐4❝✉&✐❞❛4 ♥❛4 4❡5D❡4 ✷✳✽ ❡ ✹✳✷

❋✐❣✉%❛ ✹✳✶✿ ❈❛❧✐❜%❛❣❡♠ ❞❛ ❈=♠❡%❛

H♦% I❧&✐♠♦✱ &❡♠✲4❡ ✉♠❛ ✐♥&❡%❢❛❝❡ ❝♦♠ ♦ ✉4✉7%✐♦✱ ♣❡❧♦ *✉❛❧ ❛4 ✐♥❢♦%♠❛5D❡4 ♦❜&✐❞❛4 ❞❛

♠❡&♦❞♦❧♦❣✐❛ ♣%♦♣♦4&❛ 4❡ &%❛♥4♠✐&❛♠ ❛♦ ♠♦&♦%✐4&❛ ❛&%❛✈;4 ❞❡ 4✐♥❛✐4✱ 4✐♥❛❧✐③❛♥❞♦ ❛ ♣♦44L✈❡❧

♣%❡4❡♥5❛ ❞❡ ♦❜4&7❝✉❧♦4 ♥❛ ♣✐4&❛✳ ❆44✐♠✱ &❡♠✲4❡ ✉♠❛ ❢❡%%❛♠❡♥&❛ ❞❡ ❛♣♦✐♦ ❛♦ ♠♦&♦%✐4&❛

*✉❡ ♣♦❞❡ 4❡% ♠✉✐&♦ I&✐❧ ♥♦ ❛✉♠❡♥&♦ ❞❛ 4❡❣✉%❛♥5❛ ❡♠ ✈✐❛❣❡♥4✱ ❞✐♠✐♥✉✐♥❞♦ ♦ ♥I♠❡%♦ ❞❡

❛❝✐❞❡♥&❡4✳

❆ ♠❡&♦❞♦❧♦❣✐❛ ❞❡ ❞❡&❡❝5>♦ ❞❡ ♦❜4&7❝✉❧♦4 ❛*✉✐ ♣%♦♣♦4&❛ ; ♦ ❡♥❝❛❞❡❛♠❡♥&♦ ❞❡ ❞✐✈❡%4♦4

♣%♦❝❡44♦4 *✉❡✱ ❡♠ 4✐✱ ♣♦44✉❡♠ 4✉❛4 4✉&✐❧❡③❛4✳ ❆ ❋✐❣✉%❛ ✹✳✷ ♠♦4&%❛ ♦ ✢✉①♦ ❧@❣✐❝♦ ❞♦

❛❧❣♦%✐&♠♦ *✉❡ 4❡%7 &%❛&❛❞♦ ❡ ❞❡&❛❧❤❛❞♦ ♥❛4 ♣%@①✐♠❛4 4❡5D❡4 ❞❡4&❡ ❝❛♣L&✉❧♦✳

✹✳✶ ▼$❉❯▲❖ ✶✿ ❉❊▲■▼■❚❆➬➹❖ ❉❆ ❘❊●■➹❖ ❉❊ ■◆❚❊❘❊❙❙❊

❖ ♣♦♥&♦ ❞❡ ♣❛%&✐❞❛ ❞♦ ❛❧❣♦%✐&♠♦ ; ❛ ❝❛♣#✉%❛ ❞❛ ✐♠❛❣❡♠✱ *✉❡ 4❡%7 %❡❛❧✐③❛❞❛ ❛

♣❛%&✐% ❞❡ ✉♠❛ ❝=♠❡%❛ ♠♦♥♦❝✉❧❛% ❡♠❜❛%❝❛❞❛ ❡♠ ✉♠ ✈❡L❝✉❧♦✳

❆ ✐♠❛❣❡♠ ❝❛♣&✉%❛❞❛ ♣❡❧❛ ❝=♠❡%❛ ♥♦%♠❛❧♠❡♥&❡ ❝♦♥&;♠ ❞✐✈❡%4❛4 ✐♥❢♦%♠❛5D❡4✳ ❆❧;♠

❞❛ ♣✐4&❛ O ❢%❡♥&❡ ❞♦ ♠♦&♦%✐4&❛✱ ❤7 &❛♠❜;♠ ♦ ✜%♠❛♠❡♥&♦ ✭❝;✉✮ ❡ ❛ %❡❣✐>♦ ❛♦ ❧❛❞♦ ❞❛ ♣✐4&❛✱

❝♦♥❢♦%♠❡ ❞❡♠♦♥4&%❛❞♦ ♥❛ ❋✐❣✉%❛ ✹✳✸✳ ❖4 ❝❛♥❞✐❞❛&♦4 ❛ ♦❜4&7❝✉❧♦ *✉❡ 4❡ ❞❡4❡❥❛ ❞❡&❡❝&❛%

4>♦ ❜❛4✐❝❛♠❡♥&❡ ♦✉&%♦4 ✈❡L❝✉❧♦4 &%❛❢❡❣❛♥❞♦ ♥❛ ♠❡4♠❛ %♦❞♦✈✐❛✱ ♦ *✉❡ ❧✐♠✐&❛ ❛ %❡❣✐>♦ ❞❡

❜✉4❝❛ ♣♦% ♦❜4&7❝✉❧♦4✳ ❆ ❧✐♠✐&❛5>♦ ❞❛ %❡❣✐>♦ ❞❡ ✐♥&❡%❡44❡ ❞❛ ✐♠❛❣❡♠ ♣❛%❛ 4❡✉ ♣♦4&❡%✐♦%

♣%♦❝❡44❛♠❡♥&♦ ❛♣%❡4❡♥&❛ ❛4 4❡❣✉✐♥&❡4 ✈❛♥&❛❣❡♥4✿

• ❖ &❡♠♣♦ ❞❡ ♣%♦❝❡44❛♠❡♥&♦ ❞❡✈❡ 4❡% ♠❡♥♦% ❡♠ ❢✉♥5>♦ ❞❛ ♠❡♥♦% *✉❛♥&✐❞❛❞❡ ❞❡

✐♥❢♦%♠❛5D❡4 ❛ 4❡%❡♠ ♣%♦❝❡44❛❞❛4❀
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❋✐❣✉&❛ ✹✳✷✿ ❋❧✉①♦ ▲/❣✐❝♦ ❞❡ ❉❡4❡♥✈♦❧✈✐♠❡♥8♦



•

xm

k(x) =

{

ak + bk(x− xm), x > xm,

ak + bk(x− xm) + ck(x− xm)
2, x ≤ xm



✹✺

❋✐❣✉&❛ ✹✳✹✿ ❉✐✈✐,-♦ ❞❛ ♣✐,1❛ ❡♠ ❝❛♠♣♦, ♣❛&❛ ❞❡1❡❝5-♦ ❞❡ ❜♦&❞❛, ❞❛ ♣✐,1❛

♦♥❞❡ k ∈ {l, r} ❞❡❧✐♠✐1❛ ♦ ❧✐♠✐❛& ❡♥1&❡ ❛, ♣✐,1❛, 9 ❞✐&❡✐1❛ ✭ ✐❣❤$✮ ❡ 9 ❡,<✉❡&❞❛ ✭❧❡❢$✮✳ ■,,♦

✐♥❞✐❝❛ <✉❡ ❝❛❞❛ ❢❛✐①❛ ❞❡ ❢&♦♥1❡✐&❛ @ ❝❛&❛❝1❡&✐③❛❞❛ ♣♦& 1&B, ❝♦❡✜❝✐❡♥1❡, (ak, bk, ck) ❡♠ <✉❡

bk &❡♣&❡,❡♥1❛ ❛ ♦&✐❡♥1❛5-♦ ❧♦❝❛❧ ❞❛ ❜♦&❞❛ ❡ ck &❡♣&❡,❡♥1❛ ❛ ❝✉&✈❛1✉&❛ ♣&❡,❡♥1❡ ♥♦ ❝❛♠♣♦

♠❛✐, ❞✐,1❛♥1❡ ❞❛ ❝D♠❡&❛✳

❯♠❛ ✈❡③ <✉❡ ❡,,❡, ♣❛&D♠❡1&♦, ,-♦ ❞❡1❡&♠✐♥❛❞♦, ♣♦& ✉♠ ❞❡1❡&♠✐♥❛❞♦ <✉❛❞&♦✱ ❛,

❜♦&❞❛, ❞❛ ✐♠❛❣❡♠ ,-♦ ❝♦♥,✐❞❡&❛❞❛, ❡♠ ✉♠❛ &❡❣✐-♦ ❞❡ ❜♦&❞❛, ❞❡ ♣✐,1❛ ❞❡1❡❝1❛❞❛, ♥♦

<✉❛❞&♦ ,❡❣✉✐♥1❡✳ ❖, ♣❛&D♠❡1&♦, (ak, bk, ck) ♣❛,,❛♠ ❛ ,❡& ♦❜1✐❞♦, ♣❡❧❛ ♠✐♥✐♠✐③❛5-♦ ❞♦

❡&&♦ <✉❛❞&H1✐❝♦ ♣♦♥❞❡&❛❞♦✳

❊

k =
∑m

i=1 M
k
ni

k
[

ykni
− fk(xk

ni
)
]2

+
∑n

j=1 M
k
fj

k
[

ykfj − fk(xk
fj
)
]2

✭✹✳✷✮

♦♥❞❡ (xk
ni
, ykni

)✱ ♣❛&❛ i = 1, ...,m✱ &❡♣&❡,❡♥1❛ ❛, ❝♦♦&❞❡♥❛❞❛ ❞♦ ♣✐①❡❧ ♥-♦ ③❡&♦ ♥♦ ❧✐♠✐❛& ♥♦

❝❛♠♣♦ ♠❛✐, ♣&K①✐♠♦ ❞❛ ✐♠❛❣❡♠✱ ❡ Mk
ni
❛ &❡,♣❡❝1✐✈❛ ♠❛❣♥✐1✉❞❡ ♣❛&❛ k = {l, r}✳ ❉❛ ♠❡,♠❛

❢♦&♠❛ (xk
fj
, ykfj) ❡ M

k
fi
♣❛&❛ j = 1, ..., n✱ ❞❡♥♦1❛✱ &❡,♣❡❝1✐✈❛♠❡♥1❡✱ ❡,1❛, ❝❛&❛❝1❡&L,1✐❝❛, ♣❛&❛

♦ ♣✐①❡❧ ❞❡ ❜♦&❞❛ j ♥♦ ❝❛♠♣♦ ♠❛✐, ❞✐,1❛♥1❡✳ ➱ &❡,1&✐5-♦ ❞♦ ♣&♦❝❡,,♦ ❞❡ ✐❞❡♥1✐✜❝❛5-♦

❞❛, ❜♦&❞❛, ❞❛ ♣✐,1❛ ❛ ♥❡❝❡,,✐❞❛❞❡ ❞❡ ♠❛&❝❛5N❡, ✭,✐♥❛❧✐③❛5-♦✮ ♥❛ ❡,1&❛❞❛✱ ✉♠❛ ✈❡③ <✉❡ ♦

❛❧❣♦&✐1♠♦ ,❡ ❜❛,❡✐❛ ♥❡,1❛ ✐♥❢♦&♠❛5-♦ ♣❛&❛ ♦ ♣&♦❝❡,,♦ ❞❡ ✐❞❡♥1✐✜❝❛5-♦ ❞❛, ❜♦&❞❛, ❞❛ ♣✐,1❛✳

❊,1❡ ❛❧❣♦&✐1♠♦ ♥❡❝❡,,✐1❛ ❞❛ ❡,♣❡❝✐✜❝❛5-♦ ❞❡ ❛❧❣✉♥, ♣❛&D♠❡1&♦, ♣❛&❛ ♦

♣♦,✐❝✐♦♥❛♠❡♥1♦ ✐♥✐❝✐❛❧ ❞♦ ❞❡1❡❝1♦& ❞❡ ❜♦&❞❛,✳ ❚❛✐, ♣❛&D♠❡1&♦, ✈❛&✐❛♠ ❡♠ ❢✉♥5-♦ ❞❛

&❡,♦❧✉5-♦ ❡ D♥❣✉❧♦ ❞❡ ✈✐,-♦ ❞❛ ❝D♠❡&❛ ❡ ❞❡✈❡♠ ,❡& ✐♥❢♦&♠❛❞♦, ❛♦ ✐♥✐❝✐❛❧✐③❛& ♦ ❞❡1❡❝1♦&✳

❈♦♥❢♦&♠❡ ❏✉♥❣ ❡ ❑❡❧❜❡& ✭✷✵✵✹❜✮ ❛ ✐♥✐❝✐❛❧✐③❛5-♦ ❞♦ ❞❡1❡❝1♦& ❞❡✈❡&H ,❛1✐,❢❛③❡& 9, ,❡❣✉✐♥1❡,

❝♦♥❞✐5N❡,✿

• ♦ ✈❡L❝✉❧♦ ❞❡✈❡&H ❡,1❛& ♣♦,✐❝✐♦♥❛❞♦ ❡♠ ✉♠ ♣♦&5-♦ &❡1❛ ❞❛ ♣✐,1❛❀

• ♦ ✈❡L❝✉❧♦ ❞❡✈❡&H ❡,1❛& ❛❧✐♥❤❛❞♦ ❝♦♠ ❛ ♣✐,1❛❀

• ♥-♦ ❞❡✈❡&-♦ ❝♦♥,1❛& ♥♦ ♣&✐♠❡✐&♦ <✉❛❞&♦ ❞♦ ❞❡1❡❝1♦& ♦✉1&❛, ❡,1&✉1✉&❛, ❧✐♥❡❛&❡, <✉❡
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♥#♦ ❛& ♠❛(❝❛*+❡& ❞❛& ❜♦(❞❛& ❞❛ ♣✐&1❛✳

3❛(❛ ❛ ♦❜"❡♥%&♦ ❞❛ )❡❣✐&♦ ❞❡ ✐♥"❡)❡,,❡ ✭♦✉ ❘❖■✱ ❞❡ ❘❡❣✐♦♥ ♦♥ ■♥'❡(❡)'✮✱ ❛

♣✐&1❛ ❞❡ (♦❧❛❣❡♠ ♦❜1✐❞❛ ♣❡❧♦& ❛❧❣♦(✐1♠♦& ❞❡ ❞❡1❡❝*#♦ ❞❡ ❜♦(❞❛ ❞❛ ♣✐&1❛✱ ❞❡✈❡ &❡( ❞✉♣❧✐❝❛❞❛

9 ❡&:✉❡(❞❛✱ ❝♦♥&✐❞❡(❛♥❞♦ ❛ ♣✐&1❛ ❞❡ ❝♦♥1(❛✲♠#♦✱ :✉❡ < ✉♠❛ ❡①"❡♥,&♦ ❞❛ )❡❣✐&♦ ❞❡

✐♥"❡)❡,,❡ ✐♥✐❝✐❛❧♠❡♥1❡ ❞❡❧✐♠✐1❛❞❛ ♣❡❧❛& ❜♦(❞❛& ❞❛ ♣✐&1❛✳

❉❡✈✐❞♦ 9 ♣❡(&♣❡❝1✐✈❛ ❞❛ ❝>♠❡(❛✱ (❡❣✐+❡& ♠❛✐& ♣(?①✐♠❛& ❞❛ ❝>♠❡(❛ ♦❝✉♣❛♠ ✉♠❛

:✉❛♥1✐❞❛❞❡ ♠❛✐♦( ❞❡ ♣✐①❡❧& ❞♦ :✉❡ (❡❣✐+❡& ♠❛✐& ❛❢❛&1❛❞❛&✳ 3❛(❛ (❡&♦❧✈❡( ❡&1❡ ♣(♦❜❧❡♠❛✱

❡♠ :✉❡ ♣(❡❝✐&❛✲&❡ (❡❧❛❝✐♦♥❛( ❛& ❞✐&1>♥❝✐❛& ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ♠✉♥❞♦ ❡♠ ❞✐&1>♥❝✐❛&

❡:✉✐✈❛❧❡♥1❡& ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ✐♠❛❣❡♠✳ 3❛(❛ ✐&1♦✱ ✉&❛✲&❡ ✉♠❛ ❝>♠❡(❛ ❝❛❧✐❜(❛❞❛ :✉❡

♣❡(♠✐1✐(B ❡&1✐♠❛( ❡&1❛ (❡❧❛*#♦✳ ❖ ✉&♦ ❞♦& ♣❛(>♠❡1(♦& ❞❛ ❝>♠❡(❛ ❝❛❧✐❜(❛❞❛✱ ♣♦&&✐❜✐❧✐1❛

♦ ♠❛♣❡❛♠❡♥1♦ ❞❡ ❝♦♦(❞❡♥❛❞❛& ❞❡ ♠✉♥❞♦ ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ✐♠❛❣❡♠✱ ❝♦♥❢♦(♠❡ ❛

❊:✉❛*#♦ ✭✷✳✶✵✮✳

❆&&✐♠✱ ♦ ♣(♦❝❡&&♦ ❞❡ ♦❜1❡♥*#♦ ❞❛ ❘❖■ < ❢❡✐1♦ ❧✐♥❤❛ ❛ ❧✐♥❤❛✱ ❞❛ ♣❛(1❡ ✐♥❢❡(✐♦(

❞❛ ✐♠❛❣❡♠ ❛1< ♦ ♣♦♥1♦ ❞❡ ❢✉❣❛ ❞❛ ♣✐&1❛ ✭♣♦♥1♦ :✉❡ ❝♦((❡&♣♦♥❞❡ 9 ❧✐♥❤❛ ❞♦ ❤♦(✐③♦♥1❡✱

❞❡1❡❝1❛❞♦ ❝♦♠♦ ♦ ♣♦♥1♦ ❞❡ ✐♥1❡(&❡❝*#♦ ❞❛& ❜♦(❞❛& ❞❛ ♣✐&1❛ ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ✐♠❛❣❡♠✮✳

3(✐♠❡✐(❛♠❡♥1❡ < ♠❡❞✐❞❛ ❛ ❞✐&1>♥❝✐❛ ❡♥1(❡ ❛& ❜♦(❞❛& ❞❛ ♣✐&1❛ :✉❡ ❢♦(❛♠ ♣(❡✈✐❛♠❡♥1❡

❞❡1❡❝1❛❞❛&✳ ❊&1❛ ✐♥❢♦(♠❛*#♦ < ❝♦♥✈❡(1✐❞❛ ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ♠✉♥❞♦ ❡ 1❡♠✲&❡ ✉♠ ✈❛❧♦(

❡♠ &✐&1❡♠❛ ♠<1(✐❝♦✳ ❊&1❡ ✈❛❧♦(✱ < ✉1✐❧✐③❛❞♦ ♣❛(❛ ♣(♦❥❡1❛( ❛ ❡&:✉❡(❞❛ ❛ ♠❡&♠❛ ❞✐&1>♥❝✐❛✱

❝♦♥✈❡(1✐❞♦ ❡♠ ❝♦♦(❞❡♥❛❞❛& ❞❡ ✐♠❛❣❡♠✱ ♦✉ &❡❥❛✱ ♣♦&✐*#♦ ❞♦& ♣✐①❡❧&✳

3(❡1❡♥❞❡✲&❡ ✉1✐❧✐③❛( ♦ ❛❧❣♦(✐1♠♦ ❞❡&❝(✐1♦ ❡♠ ✭❏❯◆● ❡% ❛❧✳✱ ✷✵✵✾✮ ♣❛(❛ (❡❛❧✐③❛( ✉♠❛

❝❛❧✐❜)❛❣❡♠ ❞❛ ❝8♠❡)❛ ❡♠❜❛(❝❛❞❛ ❞❡ ❢♦(♠❛ &❡♠✐✲❛✉1♦♠B1✐❝❛✱ ♣❛(❛ ♦❜1❡( ♦& ♣❛(>♠❡1(♦&

R✱ x0 ❡ f ✳ ◆♦ ❝❛&♦ ♣❛(1✐❝✉❧❛( ❞❛ ❝>♠❡(❛ ❡♠❜❛(❝❛❞❛ ❡♠ ✈❡R❝✉❧♦&✱ 1❡♠✲&❡

x0 = (h, 0, 0)T ❡ R =







cosα 0 − sinα

0 1 0

− sinα 0 cosα






, ✭✹✳✸✮

&✐❣♥✐✜❝❛♥❞♦ :✉❡ ❛ ❝>♠❡(❛ ♣♦&&✉✐ ✉♠❛ ❛❧1✉(❛ h ❝♦♠ (❡❧❛*#♦ ❛♦ ♣❧❛♥♦ ❞♦ ♣❛✈✐♠❡♥1♦✱ :✉❡

❝♦♠ ✉♠ >♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛*#♦ α ❝♦♠ (❡❧❛*#♦ ❛ ❡&&❡ ♣❧❛♥♦✱ ❝♦♥❢♦(♠❡ ✐❧✉&1(❛❞♦ ♥❛ ❋✐❣✉(❛ ✹✳✺✳

❏✉♥1❛♥❞♦ ❛& ❊:✉❛*+❡& ✭✷✳✾✮ ❡ ✭✷✳✶✵✮✱ 1❡♠✲&❡✿

u =
f(xw cosα− zw sinα− h cosα)

xw sinα + zw cosα− h sinα
, ✭✹✳✹✮

v =
fyw

xw sinα + zw cosα− h sinα
. ✭✹✳✺✮



(xc, yc, zc)
T

(xw, yw, zw)
T

xw = 0 yw zw

yw = −
vh

u cosα + f sinα
,

zw =
h(u sinα− f cosα)

u cosα + f sinα
,

(u, v)

(0, yw, zw)

xw = 0

(u0, v0)
T (u1, v1)

T





✹✾

"❡$ ❛♣$♦①✐♠❛❞❛♠❡♥-❡ ❤♦♠♦❣0♥❡♦"✱ ✉♠❛ ❞✐"-$✐❜✉✐45♦ ❣❛✉""✐❛♥❛ ♠✉❧-✐✈❛$✐❛❞❛ ♣♦❞❡ "❡$

❛♣$♦♣$✐❛❞❛ ♣❛$❛ $❡♣$❡"❡♥-❛$ ❡"-❡ ♣❛✈✐♠❡♥-♦✿

p(x) =
(2π)−N
√

|C|
exp

{

−
1

2
(x− µ)TC−1(x− µ)

}

, ✭✹✳✽✮

♦♥❞❡ x = ✉♠ ✈❡-♦$ -$✐❞✐♠❡♥"✐♦♥❛❧ ❝♦♥-❡♥❞♦ ❛" ❝♦$❡" ❘❇● ❞❡ ✉♠ ♣✐①❡❧✱ µ = ♦ ✈❡-♦$

♠=❞✐❛ ❞❛ ❞✐"-$✐❜✉✐45♦✱ ❡ C = ❛ ♠❛-$✐③ ❞❡ ❝♦✈❛$✐C♥❝✐❛✳ ❉❛❞♦ ✉♠ ❝♦♥❥✉♥-♦ S ❞❡ N ♣♦♥-♦"

♣❡$-❡♥❝❡♥-❡" ❛♦ ♣❛✈✐♠❡♥-♦✱ ♣♦❞❡✲"❡ ❝❛❧❝✉❧❛$ "✉❛ ♠=❞✐❛ ❡ ♠❛-$✐③ ❞❡ ❝♦✈❛$✐C♥❝✐❛ ❛-$❛✈=" ❞❡

µ =
1

N

∑

x∈S

x, ✭✹✳✾✮

C =
1

N

∑

x∈S

(x− µ)(x− µ)T . ✭✹✳✶✵✮

❉❛❞❛ ✉♠❛ ❛♠♦"-$❛ x✱ ♣♦❞❡✲"❡ ❛✈❛❧✐❛$ "✉❛ ❝♦❡$0♥❝✐❛ ❝♦♠ ✉♠❛ ❞✐"-$✐❜✉✐45♦ ●❛✉""✐❛♥❛

♥✲❞✐♠❡♥"✐♦♥❛❧ ❛-$❛✈=" ❞❛ ❞✐"-C♥❝✐❛ ❞❡ ▼❛❤❛❧❛♥♦❜✐"✱ J✉❡ $❡-♦$♥❛ ✉♠❛ ❞✐"-C♥❝✐❛ ❡♥-$❡ x ❡

♦ ❝❡♥-$♦ ❞❛ ❞✐"-$✐❜✉✐45♦ µ ♣♦♥❞❡$❛❞❛ ♣❡❧❛ ♠❛-$✐③ ❞❡ ❝♦✈❛$✐C♥❝✐❛ C✳ ❚❛❧ ❞✐"-C♥❝✐❛ = ❞❛❞❛

♣♦$

d(x) = (x− µ)TC−1(x− µ), ✭✹✳✶✶✮

❡ J✉❛♥-♦ ♠❛✐♦$ ♦ ✈❛❧♦$ ❞❡ d(x)✱ ♠❛✐♦$ ❛ ❝❤❛♥❝❡ ❞❛ ❛♠♦"-$❛ x ♥5♦ "❡$ ❜❡♠ ❡①♣❧✐❝❛❞❛ ♣❡❧❛

❞✐"-$✐❜✉✐45♦ ✭♦✉ "❡❥❛✱ ♠❛✐♦$ ❛ ❝❤❛♥❝❡ ❞❡ x ♥5♦ ♣❡$-❡♥❝❡$ L ❞✐"-$✐❜✉✐45♦ ❞♦ ♣❛✈✐♠❡♥-♦✮✳

❊♠❜♦$❛ ❛ ❛❜♦$❞❛❣❡♠ ❞❡"❝$✐-❛ ❛❝✐♠❛ "❡❥❛ "✐♠♣❧❡"✱ ❤N ❛❧❣✉♠❛" ❝♦♥❞✐4O❡" J✉❡

❝♦♠♣❧✐❝❛♠ "✉❛ ❛♣❧✐❝❛45♦ ♥❛ ♣$N-✐❝❛✳ ❆ ♣$✐♠❡✐$❛ J✉❡"-5♦ "❡ $❡❢❡$❡ ❛♦ ❝♦♥❥✉♥-♦ ❞❡ ❛♠♦"-$❛"

✉"❛❞❛" ♣❛$❛ ❝❛❧❝✉❧❛$ ♦" ♣❛$C♠❡-$♦" µ ❡ C ❞❛ ❞✐"-$✐❜✉✐45♦ ❞♦ ♣❛✈✐♠❡♥-♦✿ "❡ -❛❧ ❝♦♥❥✉♥-♦

❝♦♥-✐✈❡$ ❛♠♦"-$❛" J✉❡ ♥5♦ ❢❛③❡♠ ♣❛$-❡ ❞♦ ♣❛✈✐♠❡♥-♦ ✭♦✉"❧✐❡&'✮✱ ❛" ❡"-✐♠❛-✐✈❛" ❞❛ ♠=❞✐❛

❡ ♠❛-$✐③ ❞❡ ❝♦✈❛$✐C♥❝✐❛ ♣♦❞❡♠ "❡$ "✐❣♥✐✜❝❛-✐✈❛♠❡♥-❡ ❛❧-❡$❛❞❛"✱ ❡ ❛ ✐❞❡♥-✐✜❝❛45♦ ❞❛ ♣✐"-❛

✜❝❛$N ♣$❡❥✉❞✐❝❛❞❛✳ S♦""T✈❡✐" ♦✉"❧✐❡&' ♥♦ ❝♦♥-❡①-♦ ❞❡""❡" -$❛❜❛❧❤♦" "5♦ ♠❛$❝❛4O❡" ❞❡ ♣✐"-❛✱

"♦♠❜$❛✱ $✉T❞♦✱ ♦✉-$♦" ♦❜❥❡-♦" ❡ ❛-= ♦❜"-N❝✉❧♦"✳

❯♠❛ ♣♦""T✈❡❧ "♦❧✉45♦ ♣❛$❛ ❡""❡ ♣$♦❜❧❡♠❛ = ✉-✐❧✐③❛$ ♦ $❡"✉❧-❛❞♦ ❞♦ ❛❧❣♦$✐-♠♦ ❞❡

❞❡-❡❝45♦ ❞❛" ❜♦$❞❛" ❞❛ ♣✐"-❛✱ J✉❡ ❧♦❝❛❧✐③❛ ❛" ♠❛$❝❛4O❡" ❡①✐"-❡♥-❡" ♥❛" $♦❞♦✈✐❛"✱ ♣❛$❛

❡❧✐♠✐♥❛$ -❛✐" ♠❛$❝❛4O❡" ♥♦ ❝N❧❝✉❧♦ ❞♦" ♣❛$C♠❡-$♦" ❞❛ ❞✐"-$✐❜✉✐45♦✳ ❚❛❧ "♦❧✉45♦ ❞❡✈❡

❢✉♥❝✐♦♥❛$ J✉❛♥❞♦ ❛" ♠❛$❝❛4O❡" ❞❛ ♣✐"-❛ ❢♦$❡♠ ❛ V♥✐❝❛ ❢♦♥-❡ ❞❡ ♦✉"❧✐❡&'✱ ♠❛" ❛✐♥❞❛ ❞❡✈❡

❛♣$❡"❡♥-❛$ ♣$♦❜❧❡♠❛" "❡ ❤♦✉✈❡$ ♦✉-$♦" ❢❛-♦$❡" ✭"♦♠❜$❛" ♦✉ ♦✉-$♦" ♦❜❥❡-♦"✮✳

❯♠❛ "♦❧✉45♦ ♠❛✐" ❛❜$❛♥❣❡♥-❡ "❡$✐❛ ❞❡-❡❝-❛$ J✉❡✿ ♦ ❝♦♥❥✉♥-♦ ❞❡ -$❡✐♥❛♠❡♥-♦ ✉"❛❞♦

♣❛$❛ ❡"-✐♠❛$ ♦" ♣❛$C♠❡-$♦" ❞❛ ❞✐"-$✐❜✉✐45♦ ♠✉❧-✐✈❛$✐❛❞❛ ❝♦♥-=♠ ♦✉"❧✐❡&'✱ $❡-✐$N✲❧♦" ❡ ❡♥-5♦

❡"-✐♠❛$ ♦" ♣❛$C♠❡-$♦"✳ ❊①✐"-❡♠ ❛❧❣✉♠❛" ❛❜♦$❞❛❣❡♥" ♣❛$❛ ❡""❡ ♣$♦♣W"✐-♦ ✭ ❊◆❆❡  ❘■❊❚❖✱

✷✵✵✶✮✱ ♠❛" ❡①✐❣✐♥❞♦ ✉♠ ❝✉"-♦ ❝♦♠♣✉-❛❝✐♦♥❛❧ ❛❧-♦ ❞❡♠❛✐" ♣❛$❛ ✐♠♣❧❡♠❡♥-❛45♦ ❡♠ -❡♠♣♦

$❡❛❧✳

S❛$❛ ❞✐"-$✐❜✉✐4O❡" ♥♦$♠❛✐" ✉♥✐✈❛$✐❛❞❛"✱ ❤N "♦❧✉4O❡" $♦❜✉"-❛" ❡ ❝♦♠♣✉-❛❝✐♦♥❛❧♠❡♥-❡



✺✵
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✺✳✶ ▼$❉❯▲❖ ✶✿ ❉❊▲■▼■❚❆➬➹❖ ❉❆ ❘❊●■➹❖ ❉❊ ■◆❚❊❘❊❙❙❊

❆ ✐❞❡♥%✐✜❝❛9.♦ ❞❛ ♣✐$%❛ ❞❡ -♦❧❛❣❡♠ ❢♦✐ ♦❜%✐❞❛ ❛ ♣❛-%✐- ❞❛ ✐♠♣❧❡♠❡♥%❛9.♦ ❞❡

❛❧❣♦-✐%♠♦$ >✉❡ ❝♦♥$✐❞❡-❛♠ ❛$ ♠❛-❝❛9U❡$ ❞❛ ❡$%-❛❞❛ ✭❛$ ♣✐♥%✉-❛$ $♦❜-❡ ♦ ❛$❢❛❧%♦✮ ❞❡$❝-✐%❛

♣❡❧♦$ ❛-%✐❣♦$ ✭❏❯◆●❡ ❑❊▲❇❊❘✱ ✷✵✵✺❛✱ ✷✵✵✹❜✱ ✷✵✵✹❛✱ ✷✵✵✺❜✮✳

❖ ♣-♦❝❡$$♦ ❞❡ ✈❛❧✐❞❛9.♦ ❞♦ ❞❡%❡❝%♦- ❞❡ ❜♦-❞❛$ ❢♦✐ -❡❛❧✐③❛❞♦ ❡♠ ✹ ✈)❞❡♦$ ❞✐$%✐♥%♦$✳

❆♦ %♦❞♦ $.♦ ✺ ♠✐♥✉%♦$ ❞❡ ✜❧♠❛❣❡♠ ❝♦♠ ✉♠❛ -❡$♦❧✉9.♦ ❞❡ ✸✷✵①✷✹✵ ♣✐①❡❧$✱ ❝♦♠ ✷✺ >✉❛❞-♦$

♣♦- $❡❣✉♥❞♦✳ ❆$ ❛♠♦$%-❛$ ❝♦♥$✐$%❡♠ ❞❡ ❝❡♥❛$ ❝♦♥%❡♥❞♦✿ ♣✐$%❛$ ❡♠ ❧✐♥❤❛$ -❡%❛✱ ❝✉-✈❛$✱

%-♦❝❛$ ❞❡ ♣✐$%❛$✱ ♣✐$%❛$ $✐♠♣❧❡$ ❡ ♣✐$%❛$ ❞❡ ♠X❧%✐♣❧❛$ ❢❛✐①❛$✳

❈♦♠♦ ♦ ❛❧❣♦-✐%♠♦ = ❜❛$❡❛❞♦ ♥❛$ ♠❛-❝❛9U❡$ ❞❛ ♣✐$%❛ ❡ ♣♦- ✐❞❡♥%✐✜❝❛- ❛ ❜♦-❞❛

❡$>✉❡-❞❛ ❡ ❞✐-❡✐%❛ ❞❛ ♣♦$✐9.♦ ❞♦ ✈❡)❝✉❧♦ ✭♣✐$%❛ ❞❡ ♠.♦ ❞♦ ✈❡)❝✉❧♦✮✱ ❛$ %-♦❝❛$ ❞❡ ♣✐$%❛

✭♥❡❝❡$$Y-✐❛$ ❡♠ ✉♠❛ ✉❧%-❛♣❛$$❛❣❡♠✮ ❣❡-❛♠ ✉♠ ♣❡-)♦❞♦ ❞❡ %-❛♥$✐9.♦ ❡♠ >✉❡ ♦ ❝❛--♦ ❥Y

❡$%❛ ♥❛ ♥♦✈❛ ♣✐$%❛✱ ♠❛$ ❛✐♥❞❛ = ❝♦♥$✐❞❡-❛❞❛ ❛ ♠❛-❝❛9.♦ ❞❛ ♣✐$%❛ ❛♥%❡-✐♦-✳ ■$%♦ ♦❝♦--❡

♣♦->✉❡ ❛ %-♦❝❛ ❞❡ ♣✐$%❛ $♦♠❡♥%❡ = -❡❝♦♥❤❡❝✐❞❛ ❛♣R$ ❛❧❣✉♥$ >✉❛❞-♦$ ♥❛ ♥♦✈❛ ♣♦$✐9.♦ ❞♦

✈❡)❝✉❧♦✱ >✉❡ -❡❝♦♥❤❡❝❡ \ ♠❛-❝❛9.♦ ❞❛ ❜♦-❞❛ ❡$>✉❡-❞❛ ♥❛ -❡❛❧✐❞❛❞❡ ❛ ❞✐-❡✐%❛ ❞❛ ❝3♠❡-❛ ❡

❝♦♠♣-❡❡♥❞❡ >✉❡ ❤♦✉✈❡ ✉♠❛ %-♦❝❛ ❞❡ ♣✐$%❛ ♣❛-❛ ❛ ❡$>✉❡-❞❛✳

❆ ❋✐❣✉-❛ ✺✳✶ ♠♦$%-❛ ✉♠❛ ❝❡♥❛ ♦♥❞❡ ♦ ❝❛--♦ ♣-♦✈✐❞♦ ❞❡ ❝3♠❡-❛ ❡$%Y ❡♠ ✉♠❛ ❡$%-❛❞❛

-❡%✐❧)♥❡❛ %❡♥❞♦ ✉♠ ✈❡)❝✉❧♦ ❡♠ ♠♦✈✐♠❡♥%♦ ♥❛ ♣✐$%❛ ❞❡ ❝♦♥%-❛✲♠.♦ ♥❛ ❞✐-❡9.♦ ❝♦♥%-Y-✐❛ ❞♦

$❡♥%✐❞♦ ❞♦ ❝❛--♦✳ ❊♠ ♣-❡%♦ = ❡✈✐❞❡♥❝✐❛❞❛ ❛ ❞❡%❡❝9.♦ ❞❛$ ❜♦-❞❛$ ❞❛ ♣✐$%❛✱ ❡$%❛ ❧✐♥❤❛$ ❡♠

♣-❡%♦ $❡ $♦❜-❡♣U❡ ❛$ ♣✐♥%✉-❛$ ❞❛ ❡$%-❛❞❛ ❡ ❞❡♠❛-❝❛♠ ❛ ❜♦-❞❛ ❡$>✉❡-❞❛ ❡ ❞✐-❡✐%❛ ❞❛ ♣✐$%❛

❡♠ >✉❡ ♦ ❝❛--♦ ♣-♦✈✐❞♦ ❞❛ ❝3♠❡-❛ ❡$%❛ ♣♦$✐❝✐♦♥❛❞♦✳

◆❛ %♦%❛❧✐❞❛❞❡ ❞♦$ ❡①♣❡-✐♠❡♥%♦$✱ ❢♦✐ ♣♦$$)✈❡❧ ✐❞❡♥%✐✜❝❛- ❛$ ♠❛-❝❛9U❡$ ❞❛ ♣✐$%❛

-❡$♣❡✐%❛♥❞♦✲$❡ ♦$ ♣-=✲-❡>✉✐$✐%♦$ ❞❡$❝-✐%♦$ ♣♦- ❏✉♥❣ ❡ ❑❡❧❜❡- ✭✷✵✵✹❜✮✿
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• ♦ ✈❡:❝✉❧♦ ❞❡✈❡&< ❡70❛& ❛❧✐♥❤❛❞♦ ❝♦♠ ❛ ♣✐70❛❀

• ♥4♦ ❞❡✈❡&4♦ ❝♦♥70❛& ♥♦ ♣&✐♠❡✐&♦ A✉❛❞&♦ ❞♦ ❞❡0❡❝0♦& ♦✉0&❛7 ❡70&✉0✉&❛7 ❧✐♥❡❛&❡7 A✉❡

♥4♦ ❛7 ♠❛&❝❛3B❡7 ❞❛7 ❜♦&❞❛7 ❞❛ ♣✐70❛✳

8❛&❛ ❛ ❡❢❡0✐✈❛ ♦❜0❡♥34♦ ❞❛ &❡❣✐4♦ ❞❡ ✐♥0❡&❡77❡ D ♥❡❝❡77<&✐♦ ❛ ❝❛❧✐❜&❛❣❡♠ ❞❛ ❝E♠❡&❛✳

8❛&❛ ♦❜0❡♥34♦ ❞❡70❛ ❝❛❧✐❜&❛❣❡♠ 74♦ ♥❡❝❡77<&✐♦7 ❡7♣❡❝✐✜❝❛& ❞♦✐7 ♣❛&E♠❡0&♦7✿ ❧❛&❣✉&❛ ❞❛

♣✐70❛ ❡ ❞✐70E♥❝✐❛ ❞♦7 7❡❣♠❡♥0♦7 ❡♠ ♠❡0&♦7 ✭❛7 ♠❛&❝❛3B❡7 ♣♦♥0✐❧❤❛❞❛7 ❞❛ ♣✐70❛✮✳ ❚❛✐7

♣❛&E♠❡0&♦7 74♦ ❡7♣❡❝✐✜❝❛❞♦7 ❡♠ ❛&A✉✐✈♦ ❞❡ ❝♦♥✜❣✉&❛34♦ ❝♦♠ ♦7 ♥♦♠❡7 ❞❡ ❧❛&❣❴♣✐70❛ ❡

❞✐70❴7❡❣♠ ❡ &❡❝❡❜❡&❛♠ ♦7 7❡❣✉✐♥0❡7 ✈❛❧♦&❡7✿ ❧❛"❣❴♣✐'(❛❂✸✳✷ ❡ ❞✐'(❴'❡❣♠❂✺✳

❋♦&❛♠ &❡❛❧✐③❛❞♦7 ❡①♣❡&✐♠❡♥0♦7 &♦❞❛♥❞♦ ❛ ❝❛❧✐❜&❛❣❡♠ ❡♠ 0♦❞♦7 ♦7 A✉❛❞&♦7 ❞♦7 ✈:❞❡♦7

0❡70❛❞♦7✳ ❈♦♥0✉❞♦ ♥4♦ ❤♦✉✈❡ ✈❛&✐❛34♦ A✉❡ ❥✉70✐✜❝❛77❡ ❡70❡ ♣&♦❝❡77♦✳ ❉❡ ❢❛0♦✱ ♣❡&❝❡❜❡✉✲7❡

A✉❡ ❛7 ✈❛&✐❛3B❡7 ❞♦7 &❡7✉❧0❛❞♦7 ❞❛ ❝❛❧✐❜&❛❣❡♠ ♥4♦ 74♦ ❣&❛♥❞❡7 ♦ 7✉✜❝✐❡♥0❡ ♣❛&❛ ❣❡&❛&

✐♠♣❛❝0♦ ♥♦7 ❝<❧❝✉❧♦7 ❞❡ ❝♦♥✈❡&74♦ ❞❡ ❝♦♦&❞❡♥❛❞❛7 ❞❡ ✐♠❛❣❡♠ ♣❛&❛ ❝♦♦&❞❡♥❛❞❛7 ❞❡ ♠✉♥❞♦✳

❊♠ ❢✉♥34♦ ❞✐70♦✱ ♥4♦ D ♥❡❝❡77<&✐♦ A✉❡ 0❛❧ ♣&♦❝❡❞✐♠❡♥0♦ 7❡❥❛ &♦❞❛❞♦ ❡♠ 0♦❞♦7 ♦7 A✉❛❞&♦7✱

♠❛7 7✐♠ ❛♣❡♥❛7 ✉♠❛ ✈❡③✱ &❡❞✉③✐♥❞♦ ♦ ❝✉70♦ ❝♦♠♣✉0❛❝✐♦♥❛❧ ❞♦ ❛❧❣♦&✐0♠♦✳ ❈♦♠♦ ❡①❡♠♣❧♦✱

❛ ❋✐❣✉&❛ ✺✳✷✱ ❞❡♠♦♥70&❛ ♦ ❝♦♠♣♦&0❛♠❡♥0♦ 0:♣✐❝♦ ❞♦ ❝❛❧✐❜&❛❞♦& ♣❛&❛ ✺ A✉❛❞&♦7 ❞✐70✐♥0♦7✳

❙♦♠❡♥0❡ ✐❞❡♥0✐✜❝❛& ❛7 ♠❛&❝❛3B❡7 ❞❛ ♣✐70❛✱ ♥4♦ D 7✉✜❝✐❡♥0❡ ♣❛&❛ ❞❡❧✐♠✐0❛& ❛ &❡❣✐4♦

❞❡ ✐♥0❡&❡77❡ ❞♦ ❞❡0❡❝0♦& ❞❡ ♦❜70<❝✉❧♦7✱ ♣♦✐7 ❛❧D♠ ❞❛ ♣✐70❛ ♦♥❞❡ ♦ ✈❡:❝✉❧♦ ❡70❛ ♣♦7✐❝✐♦♥❛❞♦
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8❛&❛ ✐70♦ 74♦ ✉0✐❧✐③❛❞❛7 ❛7 ✐♥❢♦&♠❛3B❡7 ❞❡ ❝❛❧✐❜&❛❣❡♠ ❞❛ ❝E♠❡&❛ A✉❡ ♣❡&♠✐0❡♠ ✐❞❡♥0✐✜❝❛&

❛ ❞✐70E♥❝✐❛ ❡♥0&❡ ❛ ❜♦&❞❛ ❞✐&❡✐0❛ ❡ ❡7A✉❡&❞❛ ❞❛ ♠4♦ ❞♦ ✈❡:❝✉❧♦✱ ❡ ♣&♦❥❡0❛& ❛ ♠❡7♠❛

❞✐70E♥❝✐❛ ♣❛&❛ ❛ ♣✐70❛ ❞❛ ❡7A✉❡&❞❛ ✭♣✐70❛ ❞❡ ❝♦♥0&❛✲♠4♦✮✱ ❝♦♥❢♦&♠❡ ❞❡7❝&✐0♦ ♥❛ ❙❡34♦ ✹✳✶✳
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❋♦&❛♠ ❡①♣❧♦&❛❞♦. 0&?. ❞❡.❝&✐0♦&❡. ❡.0❛0G.0✐❝♦. ♣❛&❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ♣✐.0❛✱ ♦❜0✐❞♦. ❛

♣❛&0✐& ❞♦. ♣✐①❡❧. ♣♦.✐❝✐♦♥❛❞♦. ❡♥0&❡ ❛. ❜♦&❞❛. ❞✐&❡✐0❛ ❡ ❡.>✉❡&❞❛ ❞❛ ♣✐.0❛ ❞❡ ♠<♦✿

• ▼D❞✐❛ ❡ ❉❡.✈✐♦ =❛❞&<♦✿ 0❡✈❡ ✉♠ ❜♦♠ ❞❡.❡♠♣❡♥❤♦✱ ♣♦&D♠ ❛ ♣&❡.❡♥;❛ ❞❡ ♠❛&❝❛;K❡.

❞❡ ♣✐.0❛ ♦✉ >✉❛❧>✉❡& ♦✉0&♦ ❡❧❡♠❡♥0♦ ❣❡&❛❞♦& ❞❡ ♦✉"❧✐❡& ❞✐.0♦&❝❡ ❛ ♠D❞✐❛ ❡ ♦ ❞❡.✈✐♦

♣❛❞&<♦ .✐❣♥✐✜❝❛0✐✈❛♠❡♥0❡❀

• ▼❡❞✐❛♥❛ ❡ ▼❆❉✿ ❞❡♥0&♦ ♦. ❞❡.❝&✐0♦&❡. ❡.0❛0G.0✐❝♦. ✉.❛❞♦.✱ ❢♦✐ ♦ >✉❡ ♦❜0❡✈❡ ♠❡❧❤♦&

❞❡.❡♠♣❡♥❤♦✱ .❡ ❞✐❢❡&❡♥❝✐❛♥❞♦ ❞❡ ♠D❞✐❛ ❡ ❞❡.✈✐♦ ♣❛❞&<♦ ♣♦& ♥<♦ .❡& ♣❡♥❛❧✐③❛❞❛ ♣❡❧❛

♣&❡.❡♥;❛ ❞❡ ♦✉"❧✐❡&' ❀



✻✷

• ▼❛$%✐③ ❞❡ ❈♦✈❛%✐-♥❝✐❛✿ ❛ ✐♥$❡♥12♦ ❝♦♠ ♦ ✉5♦ ❞❡5$❡ ❞❡5❝%✐$♦% ❢♦✐ ❞❡ ❝♦♠❜✐♥❛%

♦5 ❞✐❢❡%❡♥$❡5 ❝❛♥❛✐5 ❞❡ ❝♦% ❡ ❡♥❝♦♥$%❛% ✉♠ ♠♦❞❡❧♦ ❞❡ ♣✐5$❛ ♠❛✐5 %♦❜✉5$♦✳

❈♦♥$✉❞♦✱ ♦ $%❛❜❛❧❤♦ ❝♦♠ ♠❛$%✐③❡5 ❣❡%♦✉ ❣%❛♥❞❡ 5♦❜%❡❝❛%❣❛ ❝♦♠♣✉$❛❝✐♦♥❛❧ ❡✱ ❝♦♠♦

❝♦♥5❡>✉?♥❝✐❛✱ ♦ ❛❧❣♦%✐$♠♦ 5❡ $♦%♥♦✉ ❡①$%❡♠❛♠❡♥$❡ ❧❡♥$♦✳ ❚❛❧ ❧❡♥$✐❞2♦ ❝❤❡❣♦✉ ❛

♣♦♥$♦ ❞❡ ✐♥✈✐❛❜✐❧✐③❛% ❛ ❡①❡❝✉12♦ ❞♦ ❞❡$❡❝$♦% ❞❡ ♦❜5$B❝✉❧♦5 ❡♠ $❡♠♣♦ %❡❛❧✱ ❝✉5$❛♥❞♦

✵✱✹ 5❡❣✉♥❞♦5 ♣♦% >✉❛❞%♦✳ ❊♠ ❞❡❝♦%%?♥❝✐❛ ❞✐55♦✱ ♥2♦ 5❡ ❛♣%♦❢✉♥❞♦✉ ♦ ❡5$✉❞♦ ♥❡5$❡

❞❡5❝%✐$♦%✳

❉✐❛♥$❡ ❞❡5$❛5 ❝♦♥5✐❞❡%❛1G❡5 ❢♦✐ ❡5❝♦❧❤✐❞♦ ♦5 ❞❡5❝%✐$♦%❡5 ▼❡❞✐❛♥❛ ❡ ▼❆❉ ♣❛%❛ ❛

♠♦❞❡❧❛❣❡♠ ❞❛ ♣✐5$❛✳ I❛%❛ ❡5$❡ ❞❡5❝%✐$♦%✱ ❢♦✐ %❡❛❧✐③❛❞❛ ✉♠❛ ❜❛$❡%✐❛ ❞❡ $❡5$❡5 ✈✐5❛♥❞♦

✐❞❡♥$✐✜❝❛% ❛ >✉❛♥$✐❞❛❞❡ n ❞❡ ▼❆❉5✱ ❞❡♥♦♠✐♥❛❞❛ ❞❡ %❡❧❛①❛♠❡♥$♦✱ ❝❛♣❛③ ❞❡ ❡>✉✐❧✐❜%❛% ✉♠❛

❜♦❛ ✐❞❡♥$✐✜❝❛12♦ ❞❡ ♥2♦ ♣✐5$❛ ❝♦♠ ♦ ♠❡♥♦% ♥K♠❡%♦ ♣♦55L✈❡❧ ❞❡ ❢❛❧5♦5 ♣♦5✐$✐✈♦5✳ ❉❡♥$%♦

❞❡ ❝❛❞❛ ❜❧♦❝♦ ❞❛ ✐♠❛❣❡♠✱ ❝❛❞❛ ♣✐①❡❧ M ❝♦♠♣❛%❛❞♦ ❝♦♠ ❛ ♠❡❞✐❛♥❛✳ ❙❡ ❡5$❛ ❞✐❢❡%❡♥1❛ ❢♦%

♠❡♥♦% >✉❡ n ▼❆❉5✱ ♦ ♣✐①❡❧ 5❡%B ❝❧❛55✐✜❝❛❞♦ ❝♦♠♦ ♣✐5$❛✳ ❈❛5♦ ❝♦♥$%B%✐♦✱ 5❡ ❛ ❞✐❢❡%❡♥$❡

❡♥$%❡ ♦ ✈❛❧♦% ❞♦ ♣✐①❡❧ ❛ ♠❡❞✐❛♥❛ ❢♦% ♠❛✐♦% >✉❡ ❢♦% ♠❛✐♦% >✉❡ ❛ ♠❡❞✐❛♥❛ n ▼❆❉5✱ ♦ ♣✐①❡❧

5❡%B ❝❧❛55✐✜❝❛❞♦ ❝♦♠♦ ♥2♦ ♣✐5$❛✳ ❊♠ ♦✉$%❛5 ♣❛❧❛✈%❛5✱ ♦ ✈❛❧♦% ❞❡ n %❡♣%❡5❡♥$❛ ❛ $♦❧❡%-♥❝✐❛

❡ ❛ ✢❡①✐❜✐❧✐❞❛❞❡ ❞♦ ❝❧❛55✐✜❝❛❞♦%✳ ❯♠ ✈❛❧♦% ❜❛✐①♦ ❞❡ n $❡♥❞❡ ❛ ❝❧❛55✐✜❝❛% ♠❡♥♦5 ♣✐①❡❧5

❝♦♠♦ ♣✐5$❛ $♦%♥❛♥❞♦ ♦ ❝❧❛55✐✜❝❛❞♦% ♠❛✐5 5❡♥5L✈❡❧ ❡ 5✉❥❡✐$♦ ❛ ❢❛❧5♦5 ♣♦5✐$✐✈♦5✳ ❯♠ ✈❛❧♦%

❛❧$♦ ❝❧❛55✐✜❝❛%B ♠❛✐5 ♣✐①❡❧5 ❝♦♠♦ ♣✐5$❛✱ ❡♥$%❡$❛♥$♦ $♦%♥❛%B ♦ ❝❧❛55✐✜❝❛❞♦% ♠❡♥♦5 5❡♥5L✈❡❧

❛ ❞❡$❡❝12♦✳

I❛%❛ ♠❡❞✐% ❛ ❡✜❝✐?♥❝✐❛ ❞♦ ❞❡5❝%✐$♦% ❢♦%❛♠ ❡5❝♦❧❤✐❞♦5 ✸ >✉❛❞%♦5✱ ♠❛♥✐♣✉❧❛❞♦5 ♣❛%❛

❝♦♥$❡% ♣✐5$❛ ❡ ♥2♦ ♣✐5$❛✳ ❊♠ ♦✉$%❛5 ♣❛❧❛✈%❛5✱ ❛5 ♣✐5$❛5 ♥♦5 >✉❛❞%♦5 ♣✐♥$❛❞❛5 ❞❡ ♠♦❞♦ ❛

❡♠❜✉$✐% ♣✐①❡❧5 ❞❡ ♥2♦ ♣✐5$❛✳ ❈♦♥$❛❞♦5 ♦5 ♣✐①❡❧5 ❞❡ ♣✐5$❛ ❡ ♥2♦ ♣✐5$❛ %❡❛❧ ❡ ❝♦♠♣❛%❛❞♦ ❝♦♠

♦ %❡5✉❧$❛❞♦ ♦❜$✐❞♦ ♣❡❧♦ ❝❧❛55✐✜❝❛❞♦% ❛♦ ✈❛%✐❛% ♦ ♥K♠❡%♦ ❞❡ ▼❆❉5✳ ❖5 $❡5$❡5 %❡❛❧✐③❛❞♦5

✈❛%✐❛%❛♠ ♦ ♥K♠❡%♦ ❞❡ ▼❆❉5 ❡♥$%❡ ✶ ❡ ✶✺ ▼❆❉5✳ ❖ ♠❡❧❤♦% %❡5✉❧$❛❞♦ ❢♦✐ ♦❜$✐❞♦ ❝♦♠ ♦

✶✵ ▼❆❉5✳

❯♠❛ ✈❡③ 5❡ ❞❡✜♥✐♥❞♦ ♦ ❞❡5❝%✐$♦% ❡5$❛$L5$✐❝♦ ♣♦% ▼❡❞✐❛♥❛ ❡ ▼❆❉✱ ❢♦%❛♠ %❡❛❧✐③❛❞♦5

❡①♣❡%✐♠❡♥$♦5 ♥♦5 ❞✐❢❡%❡♥$❡5 ❝❛♥❛✐5 ❞❡ ❝♦%✳ ❖5 ❛$%✐❜✉$♦5 ✉$✐❧✐③❛❞♦5 ♣❛%❛ ❛✈❛❧✐❛% 5❡ ✉♠

♣✐①❡❧ ♣❡%$❡♥❝❡ ❛ ♣✐5$❛ ❢♦%❛♠ ✜①❛❞♦5 ❝♦♠ ♦ ❞❡5❝%✐$♦% ❡5$❛$L5$✐❝♦ ▼❡❞✐❛♥❛ ❡ ▼❆❉✱ ♠❛5

♣❡%❝❡❜❡✉✲5❡ >✉❡ ❡5$❡5 ❛$%✐❜✉$♦5 $✐✈❡%❛♠ %❡5♣♦5$❛ ❞✐❢❡%❡♥$❡5✱ ♥♦5 ❞✐❢❡%❡♥$❡5 ❝❛♥❛✐5 ❞❡ ❝♦%❡5

✭❘●❇✮ ❡ ❣!❛②$❝❛❧❡✳

❖ ♠❡5♠♦ ❛❧❣♦%✐$♠♦✱ ❝♦♠ ♦5 ♠❡5♠♦5 ♣❛%-♠❡$%♦5 ❡ ♦5 ♠❡5♠♦5 ✈L❞❡♦5 ✭✹ ✈L❞❡♦5 ❝♦♠

%❡5♦❧✉12♦ ❞❡ ✸✷✵①✷✹✵✮ ❢♦%❛♠ $❡5$❛❞♦5 ✈❛%✐❛♥❞♦ ❛♣❡♥❛5 ♦ ❝❛♥❛❧ ❞❡ ❝♦%✳ ❖ ♠❡❧❤♦% %❡5✉❧$❛❞♦

❢♦✐ ♦❜$✐❞♦ ♥♦ ❝❛♥❛❧ ❞❡ ❝♦" ❛③✉❧✱ ❝♦♠ ♠❡♥♦% ♥K♠❡%♦ ❞❡ ❢❛❧5♦5 ♣♦5✐$✐✈♦5✱ 5❡♠ ❝♦♥$✉❞♦ ❞❡✐①❛%

❞❡ ✐❞❡♥$✐✜❝❛% ♦5 ♣✐①❡❧5 ❞❡ ♥2♦ ♣✐5$❛✳ ❆ ❋✐❣✉%❛ ✺✳✹ ❞❡♠♦♥5$%❛ ❛ %❡5♣♦5$❛5 ♥♦5 ❞✐❢❡%❡♥$❡5

❝❛♥❛✐5 ❘❇● ❡ ❣!❛②$❝❛❧❡✳ ❙♦❜%❡ ❛ ♣✐5$❛ 5❡ ♣%♦❥❡$❛ ❛ 5♦♠❜%❛ ❞❡ ✉♠❛ B%✈♦%❡✱ ❝✉❥❛ ❞❡$❡❝12♦

5❡%✐❛ ✉♠ ❢❛❧5♦ ♣♦5✐$✐✈♦✳ I❡%❝❡❜❡✲5❡ ❛ ❞✐❢❡%❡♥1❛ ❞❛ %❡5♣♦5$❛ ❞❡ ❝❧❛55✐✜❝❛12♦ ❞❡ ♥2♦ ♣✐5$❛

♥♦5 ❞✐❢❡%❡♥$❡5 ❝❛♥❛✐5✱ ❝♦♠ ✈❛♥$❛❣❡♠ ♣❛%❛ ♦ ❛③✉❧✳

◆❛ ❋✐❣✉%❛ ✺✳✺✱ ❡♠ ✈❡%♠❡❧❤♦ M ❞❡5$❛❝❛❞♦ ❛>✉✐❧♦ >✉❡ ♥2♦ M ♣✐5$❛ 5❡❣✉♥❞♦ ♦

❝❧❛55✐✜❝❛❞♦%✳ ◆♦ ❝❛5♦✱ ♦ ^♥✐❜✉5 M ♣❡%❝❡❜✐❞♦ ❝♦♠♦ ♥2♦ ♣✐5$❛✳ ❱❛❧❡ %❡55❛❧$❛% >✉❡ ❛ ♣❛%$❡





✻✹

❋♦$❛♠ $❡❛❧✐③❛❞♦, -❡,-❡, ❡♠ ❞♦✐, ✈/❞❡♦,✱ ❝♦♠ $❡,♦❧✉34♦ ✸✷✵①✷✹✵ ♣✐①❡❧, ❡ ✷✺ ;✉❛❞$♦,

♣♦$ ,❡❣✉♥❞♦, ❡ ✶✵ ;✉❛❞$♦, ❝♦♥-❡♥❞♦ ,♦♠❡♥-❡ ♣✐,-❛✳ ❖ ♦❜❥❡-✐✈♦ ❞♦ -❡,-❡ C ✐❞❡♥-✐✜❝❛$ ❛

;✉❛♥-✐❞❛❞❡ ❞❡ ❜❧♦❝♦, ❝❛♣❛③❡, ❞❡ ❡;✉✐❧✐❜$❛$ ❛ ♥❡❝❡,,✐❞❛❞❡ ❞❡ ,❡❣♠❡♥-❛34♦ ❡♠ ❢✉♥34♦ ❞❛

✈❛$✐❛34♦ ❞❛ ✐♥-❡♥,✐❞❛❞❡ ❞♦, ♣✐①❡❧, ♣❡❧♦ ❞✐,-❛♥❝✐❛♠❡♥-♦ ❞❛ ❝F♠❡$❛✱ ❡ ;✉❡ ❝♦♥-✐✈❡,,❡ ✉♠

♥G♠❡$♦ ,✉✜❝✐❡♥-❡ ❞❡ ❛♠♦,-$❛,✳ ❉♦, ❞♦✐, ✈/❞❡♦, ❢♦$❛♠ $❡❛❧✐③❛❞♦, -$❡✐♥❛♠❡♥-♦, ❝♦♠ ✶✱

✸✱ ✺ ❡ ✼ ❜❧♦❝♦, ❡ ❢♦$❛♠ ❝♦♥-❛❞♦, ♦, ♣✐①❡❧, ❝❧❛,,✐✜❝❛❞♦, ❝♦♠♦ ♥4♦ ♣✐,-❛✳ ❚❛❧ $❡,✉❧-❛❞♦

❞❡♣❡♥❞❡ ♠✉✐-♦ ❞♦ $❡❧❛①❛♠❡♥-♦ ❞♦ ❝❧❛,,✐✜❝❛❞♦$ ❡ ❞❛ $❡,♦❧✉34♦ ❞❛ ✐♠❛❣❡♠✳ ❯♠❛ $❡,♦❧✉34♦

♠❛✐♦$✱ ♥❡❝❡,,✐-❛ ❞❡ ♠❛✐, ❜❧♦❝♦,✱ ❡ ✉♠ $❡❧❛①❛♠❡♥-♦ ♠❡♥♦$ -❡♥❞❡ ❛ ♥❡❝❡,,✐-❛$ ❞❡ ♠❡♥♦,

❜❧♦❝♦, ❡♠ ❢✉♥34♦ ❞❛ ❛❧-❛ ;✉❛♥-✐❞❛❞❡ ❞❡ ❛♠♦,-$❛, ❡ ❞❛ ✈❛$✐❛34♦ ♠❛✐♦$ ♥♦ ✈❛❧♦$ ❞♦, ♣✐①❡❧,✳

❈♦♥,✐❞❡$❛♥❞♦ ♦ $❡❧❛①❛♠❡♥-♦ ❞❡ ✶✵ ▼❆❉, ❡ ♦, ✈/❞❡♦, ❡♠ ;✉❡,-4♦✱ ♦ ♠❡❧❤♦$ $❡,✉❧-❛❞♦ ❢♦✐

♦❜-✐❞♦ ❝♦♠ ✺ ❜❧♦❝♦, ❤♦$✐③♦♥-❛✐, ❝♦♥❢♦$♠❡ -❛❜❡❧❛ ✺✳✶✳

❚❛❜❡❧❛ ✺✳✶✿ ❖❝♦$$Q♥❝✐❛ ❞❡ ❢❛❧,♦, ♣♦,✐-✐✈♦, ✭❋S✮ ❡♠ ❢✉♥34♦ ❞♦ ♥G♠❡$♦ ❞❡ ❜❧♦❝♦, ✭◆❇✮

◆❇ ❋S ✭✪✮

✶ ✶✸

✸ ✾

✺ ✺

✼ ✽

❆ ❋✐❣✉$❛ ✺✳✻ ✐❧✉,-$❛ ♦ ♠♦❞❡❧♦ ❞❡ ❝♦$-❡, ❤♦$✐③♦♥-❛✐, ❞❛ ♣✐,-❛✳ ◆❛ ❝♦$ ❧❛$❛♥❥❛ ,4♦

$❡❛❧3❛❞❛, ❛, ❢$♦♥-❡✐$❛, ❡♥-$❡ ♦, ❜❧♦❝♦, ❤♦$✐③♦♥-❛✐,✳ ❊♠ ♣$❡-♦ ,4♦ ❛, ♠❛$❝❛3[❡, ❞❡ ♣✐,-❛

❞❡-❡❝-❛❞❛, ❡ ❡♠ ✈❡$♠❡❧❤♦ C ♦ ❧✐♠✐-❡ ❡,;✉❡$❞♦ ❞❛ $❡❣✐4♦ ❞❡ ✐♥-❡$❡,,❡✳

❋✐❣✉$❛ ✺✳✻✿ ❉✐✈✐,4♦ ❞❛ ♣✐,-❛ ❡♠ ❜❧♦❝♦, ❤♦$✐③♦♥-❛✐,

❆ ✉-✐❧✐③❛34♦ ❞❡ ◆❇ ❜❧♦❝♦, ❤♦$✐③♦♥-❛✐, $❡,✉❧-❛ ❡♠ ◆❇ ♠♦❞❡❧♦, ✭❞❡,❝$✐-♦$❡,

❡,-❛-/,-✐❝♦,✮ ❞❡ ♣✐,-❛, ✐♥❞❡♣❡♥❞❡♥-❡,✳ ❉❡,-❛ ✐♥❞❡♣❡♥❞Q♥❝✐❛ ♣♦❞❡ $❡,✉❧-❛$ ;✉❡ ♣✐①❡❧,

✈✐③✐♥❤♦,✱ ♠❡,♠♦ ;✉❡ ❞❡ ♠❡,♠❛ ❝♦$ ❡ ✐♥-❡♥,✐❞❛❞❡✱ ♠❛, ❞❡ ❜❧♦❝♦, ❞✐,-✐♥-♦,✱ -❡♥❤❛♠

❝❧❛,,✐✜❝❛3[❡, ❞✐❢❡$❡♥-❡, ❞❡ ♣✐,-❛ ❡ ♥4♦ ♣✐,-❛✳ ❆ ❋✐❣✉$❛ ✺✳✼ ❡✈✐❞❡♥❝✐❛ ✉♠❛ ❧✐♥❤❛ ❞✐✈✐,\$✐❛

❡♥-$❡ ❞♦✐, ❜❧♦❝♦,✱ ,❡♥❞♦ ;✉❡ ❡♠ ✉♠✱ ♦, ♣✐①❡❧, ,4♦ ❞❡,-❛❝❛❞♦, ❡♠ ❜$❛♥❝♦ ♣♦$ ,❡$❡♠

❝♦♥,✐❞❡$❛❞♦, ♥4♦ ♣✐,-❛✱ ❡♥;✉❛♥-♦ ;✉❡ ♥♦ ♦✉-$♦✱ ♦, ♣✐①❡❧, ,4♦ ❝♦♥,✐❞❡$❛❞♦, ♣✐,-❛✳ ❆

✐♠❛❣❡♠ ❞❡♠♦♥,-$❛ ✉♠❛ ]$❡❛ ❞❡ $❡❝❛♣❛❣❡♠ ❞❛ ♣✐,-❛ ;✉❡ $❡❛❧♠❡♥-❡ ❞✐❢❡$❡ ❞♦ ♣❛❞$4♦
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♦#✐❣✐♥❛❧✱ ♠❛+ ,✉❡ /❡✈❡ ✉♠❛ ❞✐❢❡#❡♥/❡ ❝❧❛++✐✜❝❛56♦ ♥♦+ ❜❧♦❝♦+✳ ❆ ✐♠❛❣❡♠ ❞❛ ❡+,✉❡#❞❛

: ❛ ✐♠❛❣❡♠ ♦#✐❣✐♥❛❧ ❝❛♣/✉#❛❞❛ ❝♦♥✈❡#/✐❞❛ ♣❛#❛ /♦♥+ ❞❡ ❝✐♥③❛✳ ❆ ✐♠❛❣❡♠ ❞❛ ❞✐#❡✐/❛ : ❛

✐♠❛❣❡♠ ❛❧/❡#❛❞❛ #❡❛❧5❛♥❞♦ ❡♠ ❜#❛♥❝♦ ♦+ ♣✐①❡❧+ ❝♦♥+✐❞❡#❛❞♦+ ♥6♦ ♣✐+/❛✳

❋✐❣✉#❛ ✺✳✼✿ ❉✐❢❡#❡♥/❡ ❝❧❛++✐✜❝❛56♦ ❞❡ ♣✐①❡❧ ♣❛#❛ ❜❧♦❝♦+ ✈✐③✐♥❤♦+

✺✳✸ ▼$❉❯▲❖ ✸✿ ●❊❘❆➬➹❖ ❉❊ ❍■2$❚❊❙❊❙

❱D#✐♦+ +6♦ ♦+ ❢❛/♦#❡+✱ ❛❧:♠ ❞❡ ♦❜+/D❝✉❧♦+✱ ,✉❡ ❛❢❡/❛♠ ❛ ❝❧❛++✐✜❝❛56♦ ❞❡ ✉♠ ♣✐①❡❧ ❡♠

♣✐+/❛ ♦✉ ♥6♦✱ ❞❡♥/#❡ ❡❧❡+ ❛+ ♠❛#❝❛5E❡+ ❡ ♣✐♥/✉#❛+ ♥❛ ♣✐+/❛✳ ❉❡♥/#❡ ❡❧❡+✱ +♦♠❜#❛✱ #❡♣❛#❛5E❡+

♥♦ ❛+❢❛❧/♦✱ ❡♥/#❡ ♦✉/#♦+ ❢❛/♦#❡+ ,✉❡ ♥6♦ ❥✉+/✐✜❝❛♠ ❛ ❝❧❛++✐✜❝❛56♦ ❞♦ ♣✐①❡❧ ❝♦♠♦ ❝❛♥❞✐❞❛/♦

❛ ♦❜+/D❝✉❧♦✳

❚♦❞♦ ♦ ♣✐①❡❧ ,✉❡ ♥6♦ : ❝♦♥+✐❞❡#❛❞♦ ♣✐+/❛ ♣❡❧♦ ♣❛❞#6♦ ❡+/❛❜❡❧❡❝✐❞♦ : ❝♦♥+✐❞❡#❛❞♦

❝♦♠♦ ♥6♦ ♣✐+/❛ ❡ : ♣♦+✐❝✐♦♥❛❞♦ ❡♠ ✉♠❛ ✐♠❛❣❡♠ ❜✐♥D#✐❛ ❞❡ ♠❡+♠❛+ ❞✐♠❡♥+E❡+ ,✉❡ ❛

✐♠❛❣❡♠ ♦#✐❣✐♥❛❧✳ ❆ ❋✐❣✉#❛ ✺✳✽✱ ❛ ✐♠❛❣❡♠ ❛ ❡+,✉❡#❞❛ : ❛ ✐♠❛❣❡♠ ♦#✐❣✐♥❛❧ ❝❛♣/✉#❛❞❛✱ ❥D

❛ ✐♠❛❣❡♠ ❛ ❞✐#❡✐/❛ ❞❡♠♦♥+/#❛ ❛ +♦♠❜#❛ ❞❡ ✉♠ ✈❡I❝✉❧♦ +❡♥❞♦ ✐❞❡♥/✐✜❝❛❞❛ ❝♦♠♦ ♥6♦ ♣✐+/❛

/❡♥❞♦ ❡+/❡+ ♣✐①❡❧+ #❡❛❧5❛❞♦+ ❡♠ ✈❡#♠❡❧❤♦ ♥❛ ❋✐❣✉#❛ ❞❛ ❞✐#❡✐/❛✳

❋✐❣✉#❛ ✺✳✽✿ ❈❧❛++✐✜❝❛56♦ ❞❡ ♣✐+/❛ ❡ ♥6♦ ♣✐+/❛

❆ ❋✐❣✉#❛ ✺✳✾ ❞❡+/❛❝❛ ❡♠ ✈❡#♠❡❧❤♦ ♦ ❝♦♥❥✉♥/♦ ❞❡ ♣✐①❡❧+ ❝❧❛++✐✜❝❛❞♦ ❝♦♠♦ ♥6♦ ♣✐+/❛✳

❚#❛/❛✲+❡ ❞❡ ✉♠ ❢❛❧+♦ ♣♦+✐/✐✈♦ ❞❡/❡❝/❛❞♦ ♣❡❧♦ ❛❧❣♦#✐/♠♦✳

❙♦❜#❡ ❛ ✐♠❛❣❡♠ ❜✐♥D#✐❛ ❞❡ ♣✐①❡❧+ ❝♦♥+✐❞❡#❛❞♦+ ♥6♦ ♣✐①❡❧+ +6♦ ❛♣❧✐❝❛❞❛+ ♦♣❡#❛5E❡+

♠♦#❢♦❧N❣✐❝❛+ ❞❡ ❞✐❧❛/❛56♦ ❡ ❡#♦+6♦✱ ,✉❡ ✈✐+❛♠ ✉♥✐✜❝❛# ♣✐①❡❧+ ❞❡ ♥6♦ ♣✐+/❛ ,✉❡ ❡+/6♦
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❋✐❣✉%❛ ✺✳✾✿ ❈❧❛--✐✜❝❛01♦ ❞❡ ♣✐①❡❧- ❝♦♠♦ ♥1♦ ♣✐-9❛ ✲ ❢❛❧-♦ ♣♦-✐9✐✈♦

♠✉✐9♦ ♣%=①✐♠♦- ❡ >✉❡ ❡-9%✉9✉%❛❧♠❡♥9❡ ♣♦❞❡%✐❛♠ ❢♦%♠❛% ✉♠ ♠❡-♠♦ ❜❧♦❝♦✱ ♠❛- ❢♦%❛♠

❝♦♥-✐❞❡%❛❞♦- ❝♦♠♦ ♣✐-9❛ ✭❢❛❧-♦ ♥❡❣❛9✐✈♦✮✳ ❯♠❛ ✈❡③ ✉♥✐✜❝❛❞♦-✱ ♦ ❛❧❣♦%✐9♠♦ ❣❡%❛ ♦-

❝♦♠♣♦♥❡♥9❡- ❝♦♥❡①♦- ✭❜❧♦❜#✮ ❞❡-9❡- ❝♦♥❥✉♥9♦- ❞❡ ♣✐①❡❧-✳

❆ ❋✐❣✉%❛ ✺✳✶✵ ♠♦-9%❛ ❛ ❞❡❧✐♠✐9❛01♦ ❞♦ ❝♦♠♣♦♥❡♥9❡ ❝♦♥❡①♦ ❛9%❛✈I- ❞❡ ✉♠ %❡9J♥❣✉❧♦

>✉❡ ❡♥✈♦❧✈❡ ♦- ♣✐①❡❧- ❞❡ ♥1♦ ♣✐-9❛✳ ❊-9❛ %❡❣✐1♦ ❝♦♥9✐❞❛ ♣❡❧♦ %❡9J♥❣✉❧♦ -❡%L ♣%♦❝❡--❛❞❛ ♥❛-

❡9❛♣❛- -❡❣✉✐♥9❡- ❞♦ ❛❧❣♦%✐9♠♦✳

❋✐❣✉%❛ ✺✳✶✵✿ ❉❡❧✐♠✐9❛01♦ ❞♦ ❝♦♠♣♦♥❡♥9❡ ❝♦♥❡①♦

✺✳✹ ▼$❉❯▲❖ ✹✿ ❱❆▲■❉❆➬➹❖ ❉❆❙ ❍■1$❚❊❙❊❙

❯♠ ❝♦♠♣♦♥❡♥9❡ ❝♦♥❡①♦ I ❞❡❧✐♠✐9❛❞♦ ♣♦% ✉♠ %❡9J♥❣✉❧♦✱ ❝❛♣❛③ ❞❡ ❝♦♥9❡% 9♦❞❛ ❛

❡①9❡♥-1♦ ❞♦ ❝♦♠♣♦♥❡♥9❡ ❝♦♥❡①♦✳ ❖ %❡9J♥❣✉❧♦ I ♠❡❞✐❞♦ ❡♠ ❝♦♦%❞❡♥❛❞❛- ❞❡ ♠✉♥❞♦ ❡

❞❡-❝❛%9❛❞♦ ❝❛-♦ ♥1♦ 9❡♥❤❛ 9❛♠❛♥❤♦ -✉♣❡%✐♦% ♦✉ ✐❣✉❛❧ ❛ ✶✱✺ ♠❡9%♦ ❞❡ ❧❛%❣✉%❛✳ ❊-9❛

❝♦♥✈❡%-1♦ ❞❛- ❝♦♦%❞❡♥❛❞❛- ❞❡ ✐♠❛❣❡♠ ❡♠ ❝♦♦%❞❡♥❛❞❛- ❞❡ ♠✉♥❞♦✱ I ♣♦--P✈❡❧ ♣❡❧❛

✉9✐❧✐③❛01♦ ❞❛ ❝❛❧✐❜%❛❣❡♠ ❞❛ ❝J♠❡%❛✱ ❞❡9❛❧❤❛❞♦- ♥❛- -❡0Q❡- ✷✳✽ ❡ ✹✳✷

◆♦- 9❡-9❡- %❡❛❧✐③❛❞♦-✱ ❛ >✉❛♥9✐❞❛❞❡ ❞❡ ❝♦♠♣♦♥❡♥9❡- ❝♦♥❡①♦- ❞❡ ♣✐①❡❧- ❝♦♥-✐❞❡%❛❞♦-

❝♦♠♦ ♥1♦ ♣✐-9❛✱ ❢♦✐ %❡❞✉③✐❞❛ ❡♠ ✾✹✪✱ ♣♦✐- ♥♦- ✈P❞❡♦- ✉9✐❧✐③❛❞♦- ❤❛✈✐❛♠ ♠✉✐9♦- ♦✉%❧✐❡(#✱

>✉❡ ❡%❛♠ ❞❡-9❛❝❛❞♦- ✐-♦❧❛❞❛♠❡♥9❡ 9❡♥❞♦ ❞✐♠❡♥-Q❡- ♠✉✐9♦ ❞✐-9❛♥9❡- ❞❛- ❞✐♠❡♥-Q❡- ❞❡ ✉♠
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✈❡$❝✉❧♦ )✉❡ *❡♣*❡,❡♥.❛*✐❛ ✉♠ ♦❜,.3❝✉❧♦✳

❆❧6♠ ❞✐,,♦✱ ❢♦*❛♠ ♠❛♥✐♣✉❧❛❞♦, ✷✵ )✉❛❞*♦, ❞❡ ✉♠ ✈$❞❡♦✱ ✐♥,❡*✐♥❞♦ ✉♠❛ ❢♦*♠❛

*❡.❛♥❣✉❧❛* ♥❛ ❝♦* ✈❡*♠❡❧❤❛ ❝♦♠ ❞✐❢❡*❡♥.❡, ❞✐♠❡♥,>❡,✳ ❖ ♦❜❥❡.✐✈♦ ❢♦✐ ✈❛❧✐❞❛* ❛ ❝❛♣❛❝✐❞❛❞❡
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◆❛ ❋✐❣✉(❛ ✺✳✶✽ - ❞❡01❛❝❛❞❛ ✉♠❛ ❝❡♥❛ ♦♥❞❡ ✉♠ ✈❡7❝✉❧♦ ♥♦ ♣(✐♠❡✐(♦ :✉❛❞(♦ ♥;♦ -

✐❞❡♥1✐✜❝❛❞♦✱ ♠❛0 ❛❧❣✉♥0 :✉❛❞(♦0 ❞❡♣♦✐0✱ ❞❡♥1(♦ ❞❛ ♠❡0♠❛ ❝❡♥❛✱ ❡❧❡ - (❡❝♦♥❤❡❝✐❞♦ ♣❡❧♦

❝❧❛00✐✜❝❛❞♦( ❆❞❛❇♦♦01✳ ◆❛ ✐♠❛❣❡♠ ❛ ❡0:✉❡(❞❛ ♦ ✈❡7❝✉❧♦ ♥;♦ ✐❞❡♥1✐✜❝❛❞♦ - ❡♥✈♦❧1♦ ❞❡ ✉♠

(❡1A♥❣✉❧♦ ❞❡ ❧✐♥❤❛0 ♣♦♥1✐❧❤❛❞❛0 ❡♠ ❛♠❛(❡❧♦✳ ◆❛ ✐♠❛❣❡♠ ❛ ❞✐(❡✐1❛✱ ♦ ♠❡0♠♦ ✈❡7❝✉❧♦✱ ♠❛✐0

♣(B①✐♠♦ ❞❛ ❝A♠❡(❛ - ✐❞❡♥1✐✜❝❛❞♦ ❡ ❞❡01❛❝❛❞♦ ♣♦( ✉♠ ❝7(❝✉❧♦ ❛③✉❧❛❞♦✳

❋✐❣✉(❛ ✺✳✶✽✿ ❙❡:✉❡♥❝✐❛ ❞❡ ❝❡♥❛0

◆;♦ ❢♦✐ ♣♦007✈❡❧ ❝♦♠ ❛0 H(✈♦(❡0 1(❡✐♥❛❞❛0 ✐❞❡♥1✐✜❝❛( ✈❡7❝✉❧♦0 ♣❛(❝✐❛❧♠❡♥1❡ ♦❝❧✉0♦0

♦✉ :✉❡ ♥;♦ ❛♣❛(❡❝❡00❡♠ ♣♦( ❝♦♠♣❧❡1♦ ♥❛ ✐♠❛❣❡♠ ♣(♦❝❡00❛❞❛✳

❆ ❛❜♦(❞❛❣❡♠ ❞♦ ❱❛❧✐❞❛❞♦( ❞❡ ❈❛♥❞✐❞❛1♦0 ✭▼B❞✉❧♦0 ✶✱ ✷✱ ✸ ❡ ✹✮ - ♠❛✐0 (7❣✐❞❛ ❡ ♠❛✐0

(H♣✐❞❛✱ ❝♦♥1✉❞♦ 1❡♠ ❛0 ❧✐♠✐1❛QR❡0 ✐♠♣♦01❛0 ♣❡❧❛ (❡01(✐Q;♦ ❞❛ (❡❣✐;♦ ❞❡ ✐♥1❡(❡00❡✱ ♣❡❧❛

♥❡❝❡00✐❞❛❞❡ ❞❛0 ♠❛(❝❛QR❡0 ❞❡ ♣✐01❛ ❡ ♣❡❧❛ 0✉0❝❡1✐❜✐❧✐❞❛❞❡ ♥❛ ✈❛(✐❛Q;♦ ❞❡ ❧✉♠✐♥♦0✐❞❛❞❡ ❡
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❞❛ ♣✐01❛ ♦✉ ❞♦ ✈❡7❝✉❧♦✳ ❆♦ ✐❞❡♥1✐✜❝❛( ♦0 ✈❡7❝✉❧♦0 ❡01❛ ✐❞❡♥1✐✜❝❛Q;♦ ♣♦❞❡ ❛♥1❡❝❡❞❡( ❛
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❛♦ ♠♦1♦(✐01❛ 0♦❜(❡ ✉♠ ♦❜01H❝✉❧♦✳ ❙;♦ ❛❜♦(❞❛❣❡♥0 ❞✐01✐♥1❛0✱ ♠❛0 ❝♦♠♣❧❡♠❡♥1❛(❡0 ❡ :✉❡

✉♥✐✜❝❛❞❛0 ♥❡01❡ ❛❧❣♦(✐1♠♦✳ ❈♦♠❜✐♥❛( ❛0 ✐♥❢♦(♠❛QR❡0 ♦❜1✐❞❛0 ✈✐❛ ✈❛❧✐❞❛Q;♦ ❞❡ ❝❛♥❞✐❞❛1♦0

❛ ♦❜01H❝✉❧♦0✱ ❝♦♠ ♦ (❡❝♦♥❤❡❝✐♠❡♥1♦ ❞❡ ✈❡7❝✉❧♦0 ❢❡✐1❛ ♣❡❧♦ ❆❞❛❇♦♦01✱ ✐♥❝(❡♠❡♥1❛♥❞♦ ❛

:✉❛❧✐❞❛❞❡ ❞♦0 (❡0✉❧1❛❞♦0 ❡ ❞❛ ✐♥1❡❧✐❣U♥❝✐❛ ✜♥❛❧ ❞♦ ❛❧❣♦(✐1♠♦✳



✼✺

✻ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊
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❛ ♣5❡/❡♥+❛ ❞❡ ♦❜/'0❝✉❧♦/ ❡ ✐♥❝❧✉/✐✈❡ ❝♦♠❛♥❞❛♠ ❛+E❡/ ❞❡ ❢5❡♥❛❣❡♠ ♥♦ ✈❡D❝✉❧♦ ✭❱▼✳ ✳ ✳ ✱ ✮✳
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❣❛5❛♥'✐♥❞♦ 9✉❡ ♥,♦ ❡①❝❡❞❛ ♦ ✈❛❧♦5 ❞❡✜♥✐❞♦✳ ❆❧7♠ ❞✐//♦✱ ♦ ❝♦♥'5♦❧❡ ❞❡ ❝5✉③❡✐5♦ ❛❞❛♣'❛'✐✈♦

♠❛♥'7♠ ❛✉'♦♠❛'✐❝❛♠❡♥'❡ ✉♠❛ ❞✐/'Q♥❝✐❛ ❝♦♥/'❛♥'❡ ❞♦ ✈❡D❝✉❧♦ V ❢5❡♥'❡✳ ❯♠❛ 5❡/'5✐+,♦ ❞♦

/✐/'❡♠❛ 7 9✉❡ ❡❧❡ ♥,♦ 5❡❛❣❡ ❡♠ ❝❛/♦ ❞❡ ♦❜❥❡'♦/ ♣❛5❛❞♦/ ✭❡/'❛❝✐♦♥❛❞♦/✮✳ ❆ ❋✐❣✉5❛ ✻✳✶ 7

♣❛5'❡ ❞❡ ✉♠ ✈D❞❡♦ ✐❧✉/'5❛'✐✈♦ ❞✐/♣♦♥✐❜✐❧✐③❛❞♦ ♣❡❧❛ ❆✉❞✐ 9✉❡ ❞❡♠♦/'5❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥'♦

❞♦ ❝♦♥'5♦❧❡ ❞❡ ❝5✉③❡✐5♦ ❛❞❛♣'❛'✐✈♦ ✭❆❯❉■✳ ✳ ✳ ✱ ✮✱ ♦♥❞❡ 7 ♣♦//D✈❡❧ ✐❞❡♥'✐✜❝❛5 ❛ ♣5❡/❡♥+❛ ❞❡

♦✉'5♦ ✈❡D❝✉❧♦ ♥❛ ♠❡/♠❛ ♣✐/'❛✳

❆♣❡/❛5 ❞❡ ❡✜❝✐❡♥'❡/ ❡ ❥0 ♣5❡/❡♥'❡/ ❡♠ ♣5♦❞✉'♦/ ❝♦♠❡5❝✐❛✐/✱ ❡/'❡/ 5❡❝✉5/♦/ /,♦ ❝❛5♦/ ❡

♣♦5 ✐/'♦ ❡/',♦ ♣5❡/❡♥'❡/ ❛♣❡♥❛/ ❡♠ ❝❛55♦/ ❝♦♠ ❡❧❡✈❛❞♦ ✈❛❧♦5 ❞❡ ♠❡5❝❛❞♦✱ /❡♥❞♦ ✐♥❛❝❡//D✈❡❧

♣❛5❛ ❛ ❛❜/♦❧✉'❛ ♠❛✐♦5✐❛ ❞❛/ ♣❡//♦❛/✳ ❖ ♠❡'♦❞♦ ♣5♦♣♦/'♦ ♥❡/'❡ '5❛❜❛❧❤♦ '❡✈❡ ❝♦♠♦

♦❜❥❡'✐✈♦ ❛ /✐♠♣❧✐❝✐❞❛❞❡ ❡ ❝♦♠♣❧❡'✉❞❡✱ ❢❛✈♦5❡❝❡♥❞♦ ♦ /❡✉ ❝✉/'♦✴❜❡♥❡✜❝✐♦✳ ❉❡ ❢❛'♦✱ ♦

❛❧❣♦5✐'♠♦ ♣5♦♣♦/'♦ ✉/❛ ❛♣❡♥❛/ ✉♠ 5❡❝❡♣'♦5 /✐♠♣❧❡/ ✭❝Q♠❡5❛ ♠♦♥♦❝✉❧❛5 ❡♠❜❛5❝❛❞❛✮✱ ❡

'❡♠ ❛ ✈❛♥'❛❣❡♠ ❞❡ ♣5♦✈❡5 ❛♦ ✉/✉05✐♦ ♦ ♠❡/♠♦ ❛♣♦✐♦ ❞❛❞♦ ♣❡❛❧❛/ ❢❡55❛♠❡♥'❛/ ❛❝✐♠❛

❝✐'❛❞❛/✱ /✐♠✉❧'❛♥❡❛♠❡♥'❡✳ ■/'♦ 7✱ ♦ ❛❧❣♦5✐'♠♦ 7 ❝❛♣❛③ ❞❡ 5❡❛❧✐③❛5✱ ❛♦ ♠❡/♠♦ '❡♠♣♦✱
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❋✐❣✉&❛ ✻✳✶✿ ❈♦♥.&♦❧❡ ❞❡ ❈&✉③❡✐&♦ ❆❞❛♣.❛.✐✈♦ ❞❛ ❆✉❞✐

❞❡.❡❝78❡9 9✐♠✐❧❛&❡9 ❛♦ ❆✉"♦♠❛"✐❝ ❉✐)"❛♥❝❡ ❈♦♥"-♦❧ ❡ ▲❛♥❡ ❍♦)" ❆))✐)" ❞❛ ❱♦❧❦9✈❛❣❡♠ ❡

❆✉❞✐ ▲❛♥❡ ❆))✐) ❡ ❆❞❛♣"❛"✐✈❡ ❈-✉✐)❡ ❈♦♥"-♦❧ ❞❛ ❆✉❞✐✳

❊♠ .❡&♠♦9 ❛❝❛❞>♠✐❝♦9✱ ✈@&✐♦9 .&❛❜❛❧❤♦9 ❢♦&❛♠ &❡❛❧✐③❛❞♦9 ❝♦♠ ♦ ♠❡9♠♦ ❡♥❢♦D✉❡✳ ❆

9❡❣✉✐&✱ 9❡&E♦ ✐❞❡♥.✐✜❝❛❞❛9 ❛9 ♣&✐♥❝✐♣❛✐9 ❝♦♥✈❡&❣>♥❝✐❛9 ❡ ❞✐❢❡&❡♥❝✐❛78❡9 ❞❡9.❡9 ❡9.✉❞♦9 ♣❛&❛

❝♦♠ ❡9.❡ .&❛❜❛❧❤♦✳

❆ ❡9.&✉.✉&❛ ❞♦ ❛❧❣♦&✐.♠♦ ❞❡9❡♥✈♦❧✈✐❞♦ .&❛.❛ 9❡♣❛&❛❞❛♠❡♥.❡ ❛ ✐❞❡♥.✐✜❝❛7E♦ ❞❡

❝❛♥❞✐❞❛.♦9 ❛ ♦❜9.@❝✉❧♦9 ✭❣❡&❛7E♦ ❞❡ ❤✐♣H.❡9❡9✮ ❞❡ 9✉❛9 ✈❛❧✐❞❛78❡9 ✭✈❛❧✐❞❛7E♦ ❞❡ ❤✐♣H.❡9❡9✮✳

❚❛❧ ❞✐✈✐9E♦ K ❜❛9❡❛❞❛ ♥♦9 ❝♦♥❝❡✐.♦9 ❞❡ ●❡&❛7E♦ ❞❡ ❍✐♣H.❡9❡9 ❡ ❱❛❧✐❞❛7E♦ ❞❡ ❍✐♣H.❡9❡9 D✉❡

9E♦ .&❛.❛❞♦9 ♣♦& ❙✉♥ ❡. ❛❧✳ ✭✷✵✵✻✮ ❡ .❛♠❜K♠ 9E♦ ✉.✐❧✐③❛❞❛9 ♣♦& ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮ ❡ ♣♦& ❚9❛✐

❡. ❛❧✳ ✭✷✵✵✼✮✳ ❖ ❛❧❣♦&✐.♠♦ ❞❡9❡♥✈♦❧✈✐❞♦ ✉.✐❧✐③❛ ✉♠❛ 9K&✐❡ ❞❡ .K❝♥✐❝❛9 D✉❡ 9E♦ ❞✐9.&✐❜✉S❞❛9

❡♥.&❡ ❛9 ❢✉♥78❡9 ❞❡ ✐❞❡♥.✐✜❝❛7E♦ ❡ ✈❛❧✐❞❛7E♦ ❝♦♥❢♦&♠❡ ♦ ♠♦❞❡❧♦ ❞❡9❝&✐.♦ ♥♦ ❈❛♣S.✉❧♦ ✹✳

❈♦♥.✉❞♦✱ ♥♦9 .&❛❜❛❧❤♦9 ♣❡9D✉✐9❛❞♦9✱ K ♣♦99S✈❡❧ ✐❞❡♥.✐✜❝❛& D✉❡ ✉♠❛ ♠❡9♠❛ ❛❜♦&❞❛❣❡♠

K ✉.✐❧✐③❛❞❛ ❡♠ ✉♠ .&❛❜❛❧❤♦ ❝♦♠♦ ●❡&❛❞♦& ❞❡ ❍✐♣H.❡9❡9 ❡ ❡♠ ♦✉.&♦✱ ♣♦❞❡ 9❡& ✉9❛❞❛ ♥❛

❱❛❧✐❞❛7E♦ ❞❛9 ❍✐♣H.❡9❡9✳

❊①❡♠♣❧♦ ❞✐9.♦✱ K ❛ ✉.✐❧✐③❛7E♦ ❞❡ ❍❛❛- ▲✐❦❡ ❋❡❛"✉-❡)✱ D✉❡ ❡♠ ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮ K

❢♦❝❛❞❛ ♥❛ ●❡&❛7E♦ ❞❡ ❍✐♣H.❡9❡9✳ ■9.♦ 9❡ ❞✐❢❡&❡♥❝✐❛ ❞♦ ❛❧❣♦&✐.♠♦ ♣&♦♣♦9.♦ ♥❡9.❡ .&❛❜❛❧❤♦ ❡

❡♠ ❙.❛♥❝✐✉❧❡9❝✉ ❡. ❛❧✳ ✭✷✵✵✾✮✱ D✉❡ ❝♦♥9✐❞❡&❛ ❛ ✉.✐❧✐③❛7E♦ ❞❡ ❍❛❛- ▲✐❦❡ ❋❡❛"✉-❡) ❝♦♠♦ ✉♠

♠H❞✉❧♦ ♣❛&❛ ✈❛❧✐❞❛& ❛ ❤✐♣H.❡9❡9✳ ❚❛❧ ❞✐❢❡&❡♥7❛ ❞❡ ❛❜♦&❞❛❣❡♠ 9❡ &❡✢❡.❡ ♥♦ .&❡✐♥❛♠❡♥.♦

❡ ♥♦ ♥X♠❡&♦ ❞❡ ❢❛❧9♦9 ♣♦9✐.✐✈♦9 D✉❡ .❡♥❞❡ ❛ 9❡& ♠✉✐.♦ ♠❛✐♦& ♥♦ ♣&♦❥❡.♦ ❞❡9❡♥✈♦❧✈✐❞♦

♣♦& ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮✳ ◆♦ ❡♥.❛♥.♦✱ ❝❛❜❡ &❡99❛❧.❛& ♦ ❞✐❢❡&❡♥.❡ ♣&♦♣H9✐.♦ ❞❛ ✉.✐❧✐③❛7E♦ ❞❡

❍❛❛- ▲✐❦❡ ❋❡❛"✉-❡)✱ D✉❡ K ❝♦♠♣❧❡♠❡♥.❛❞❛ ♣❡❧❛ ❞❡.❡&♠✐♥❛7E♦ ❞❛ 9✐♠❡.&✐❛ ❞♦ ❝♦♠♣♦♥❡♥.❡

❝❛♥❞✐❞❛.♦ ❛ ♦❜9.@❝✉❧♦✱ ♦✉ 9❡❥❛✱ K ❞❡ 9❡ ❡9♣❡&❛& D✉❡ ♠❡9♠♦ ❝♦♠ ✉♠ ♥X♠❡&♦ ♠❛✐♦& ❞❡ ❢❛❧9♦9

♣♦9✐.✐✈♦9✱ ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮ ❡❧✐♠✐♥❛♠ ❡9.❡9✱ ❛.&❛✈K9 ❞❛ ❞❡.❡❝7E♦ ❞❛ ❙✐♠❡.&✐❛✳

[♦9✐7E♦ ▼❡9♠❛ [✐9.❛ [✐9.❛ ❞❡ ❈♦♥.&❛♠E♦

❚❛①❛ ❞❡ ❉❡.❡❝7E♦ ✾✶✳✷✪ ✼✻✳✷✪

❚❛❜❡❧❛ ✻✳✶✿ ❘❡9✉❧.❛❞♦9 ❞♦ .&❛❜❛❧❤♦ ❞❡ ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮
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❈♦♠♣❛&❛& ♦' &❡'✉❧+❛❞♦' ♦❜+✐❞♦' ♣❡❧♦ ❛❧❣♦&✐+♠♦ ❡♠ &❡❧❛01♦ ❛ ♦✉+&♦' +&❛❜❛❧❤♦'✱ ♣♦❞❡

❛♣&❡'❡♥+❛& ❛❧❣✉♠❛' ♦'❝✐❧❛06❡'✱ ✈✐'+♦ 8✉❡✱ ♦ ❝♦♥❥✉♥+♦ ❞❡ ✈:❞❡♦' +❡'+❛❞♦' ; ❞✐❢❡&❡♥+❡✱ ❡

8✉❡✱ ❡❧❡♠❡♥+♦' ❝♦♠♦ ❧✉♠✐♥♦'✐❞❛❞❡✱ &❡'♦❧✉01♦ ❞❛ ✐♠❛❣❡♠ ❡ ❛+; ♠❡'♠♦ ✈❡❧♦❝✐❞❛❞❡ ♣♦❞❡♠

✐♥+❡&❢❡&✐& ♥♦ &❡'✉❧+❛❞♦✳ ❖' '❡❣✉✐♥+❡' &❡'✉❧+❛❞♦' ❝♦♥'✐❞❡&❛♠ ♦' ✹ ✈:❞❡♦' ✉+✐❧✐③❛❞♦' ❞✉&❛♥+❡ ♦

❞❡'❡♥✈♦❧✈✐♠❡♥+♦ ❞♦ ❛❧❣♦&✐+♠♦ ❡ ✉♠ ✉♥✐✈❡&'♦ ❞❡ ✸✺ ❝❛&&♦' ❛ '❡&❡♠ ✐❞❡♥+✐✜❝❛❞♦'✳ ◆❛ ❚❛❜❡❧❛

✻✳✶ '1♦ ❡①✐❜✐❞♦' ♦' &❡'✉❧+❛❞♦' ♦❜+✐❞♦' ♣♦& ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮✳ ❖ ❛❧❣♦&✐+♠♦ ❞❡'❡♥✈♦❧✈✐❞♦

❛♣&❡'❡♥+❛ &❡'✉❧+❛❞♦' ✐❣✉❛✐' ♦✉ '✉♣❡&✐♦&❡' ❛♦' ❛♣&❡'❡♥+❛❞♦' ♣♦& ❍❛♥ ❡ ❍❛♥ ✭✷✵✵✾✮✳

❏P ❙+❛♥❝✐✉❧❡'❝✉ ❡+ ❛❧✳ ✭✷✵✵✾✮ ✉+✐❧✐③♦✉ ❍❛❛" ▲✐❦❡ ❋❡❛(✉"❡* ❢♦❝❛♥❞♦ ♥❛ ✐❞❡♥+✐✜❝❛01♦

❡'♣❡❝:✜❝❛ ❞♦ ✈❡:❝✉❧♦✴♦❜'+P❝✉❧♦ ❡✱ ♣♦& ❝♦♥'❡❣✉✐♥+❡✱ +❡♠ ✉♠❛ ❛❜♦&❞❛❣❡♠ ♠❛✐' ♣&S①✐♠❛

❞❛ ✉+✐❧✐③❛❞❛ ♥♦ ❛❧❣♦&✐+♠♦ ❞❡'❡♥✈♦❧✈✐❞♦ ♥❡'+❡ +&❛❜❛❧❤♦✳ ❈♦♥+✉❞♦✱ ❙+❛♥❝✐✉❧❡'❝✉ ❡+ ❛❧✳✱

✉+✐❧✐③❛ '♦♠❡♥+❡ ♦' &❡❝✉&'♦' ❞❡ ❍❛❛" ▲✐❦❡ ❋❡❛(✉"❡*✱ ❡♥8✉❛♥+♦ ♦ ❛❧❣♦&✐+♠♦ ❞❡'❡♥✈♦❧✈✐❞♦
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❞❛ ❜✐❜❧✐♦)❡❝❛ ❣0C✜❝❛ ❖♣❡♥❈❱ ✭❖♣❡♥ ❈♦♠♣✉)❡0 ❱✐-✐♦♥ ▲✐❜0❛0②✮ ❡ ♣0♦❝❡❞❡ ❛ ✐❞❡♥)✐✜❝❛16♦

❞❡ ♦❜-)C❝✉❧♦- ❡♠ )❡♠♣♦ 0❡❛❧✳

❆♦ ✐♠♣❧❡♠❡♥)❛0 ♦ ❛❧❣♦0✐)♠♦ ❛- ✐♥❢♦0♠❛1N❡- ❞❡ ❝❛❧✐❜0❛❣❡♠ ❞❛ ❝2♠❡0❛✱ ❛♣❡-❛0 ❞❡ ♥6♦

-❡0❡♠ ❡①❛)❛-✱ ❞6♦ ✉♠❛ ♥♦16♦ ❞❡ ❣0❛♥❞❡③❛ ❡ ❝0✐❛ ✉♠❛ 0❡❧❛16♦ ❛❝❡✐)C✈❡❧ ❡♥)0❡ ❛- ❝♦♦0❞❡♥❛❞❛-

❞❡ ✐♠❛❣❡♠ ❡ ❝♦♦0❞❡♥❛❞❛ ❞❡ ♠✉♥❞♦✳ ❆ ✉)✐❧✐③❛16♦ ❞❡-)❛- ✐♥❢♦0♠❛1N❡- ❞❡ ❝❛❧✐❜0❛❣❡♠✱ ♣❛0❛

❡-)✐♠❛0 ♦ )❛♠❛♥❤♦ ❡♠ ❝♦♦0❞❡♥❛❞❛- ❞❡ ♠✉♥❞♦ ❞❡ ✉♠ ❝❛♥❞✐❞❛)♦ ❛ ♦❜-)C❝✉❧♦✱ ❢♦✐ ♠✉✐)♦

❜❡♠ -✉❝❡❞✐❞❛ ❡ ♣❡0♠✐)✐✉ 0❡❞✉③✐0 ♠✉✐)♦ ♦ ♥=♠❡0♦ ❞❡ ❢❛❧-♦- ♣♦-✐)✐✈♦-✳

❆ ✐❞❡♥)✐✜❝❛16♦ ❞❛ 0❡❣✐6♦ ❞❡ ✐♥)❡0❡--❡ )❡✈❡ -❡✉ -✉❝❡--♦ ❜❛-❡❛❞♦ ♥❛ ✐❞❡♥)✐✜❝❛16♦ ❞❛-

❜♦0❞❛- ✭♠❛0❝❛1N❡- ❞❛ ♣✐-)❛✮✳ ❯♠❛ ✈❡③ ✐❞❡♥)✐✜❝❛❞❛- ❛- ❜♦0❞❛- ✭ ❧❛♥❡$✮ ❞❛ ♣✐-)❛ ❞❡ ♠6♦✱

❡-)❡♥❞❡0 ❛ 0❡❣✐6♦ ❞❡ ✐♥)❡0❡--❡ ♣❛0❛ ❛ ♣✐-)❛ ❞❡ ❝♦♥)0❛✲♠6♦ 3 ✉♠ ♣❛--♦ -✐♠♣❧❡-✳ ❈♦♠♦

❛-♣❡❝)♦ 0❡-)0✐)✐✈♦ ❞❡ )❡0 ❛ 0❡❣✐6♦ ❞❡ ✐♥)❡0❡--❡ ❧✐♠✐)❛❞❛ ❛♦ ♣❧❛♥♦ ❞❛ ♣✐-)❛✱ ❡-)C ♦ ❢❛)♦ ❞❡

:✉❡ ♦- ✈❡D❝✉❧♦- -❡ ♣0♦❥❡)❛♠ ❛❝✐♠❛ ❞♦ ♣❧❛♥♦ ❞❛ ♣✐-)❛ ❡ ♣♦❞❡♠ ✜❝❛0 ❢♦0❛ ❞❛ 0❡❣✐6♦ ❞❡

✐♥)❡0❡--❡✳ ❊-)❡ ♣0♦❜❧❡♠❛ 3 ♠✐♥✐♠✐③❛❞♦ ♣❡❧❛ ✉)✐❧✐③❛16♦ ❞♦ ❝❧❛--✐✜❝❛❞♦0 ❆❞❛❇♦♦-)✳

S❛0❛ ♦ ▼❛♣❡❛♠❡♥)♦ ❞❡ S✐-)❛ ❡ ♥6♦ S✐-)❛✱ ❛ ✉)✐❧✐③❛16♦ ❞♦- ❞❡-❝0✐)♦0❡- ❡-)❛)D-)✐❝♦-

▼❡❞✐❛♥❛ ❡ ▼❆❉ -❡ ♠♦-)0♦✉ ♠❛✐- ❡✜❝✐❡♥)❡ :✉❡ ▼3❞✐❛ ❡ ❉❡-✈✐♦ S❛❞06♦✱ ♠❡-♠♦ ❛--✐♠✱ 3 ✉♠

❡❧❡♠❡♥)♦ ❛ ♠❡❧❤♦0❛0 ♥♦ ♠♦❞❡❧♦✳ ❉❡ ❢❛)♦✱ ♣❡0-✐-)❡♠ ✉♠❛ -30✐❡ ❞❡ ❢❛❧-♦- ♣♦-✐)✐✈♦-✱ ♦- :✉❛✐-

♥❡❝❡--✐)❛♠ -❡0 )0❛)❛❞♦- ❡♠ ♦✉)0❛- ❡)❛♣❛- ❞♦ ❛❧❣♦0✐)♠♦✳ ❋♦✐ ♦❜-❡0✈❛❞♦ ♥♦- ❡①♣❡0✐♠❡♥)♦-

❛- ❞✐❢❡0❡♥)❡- 0❡-♣♦-)❛- ❞♦- ❝❧❛--✐✜❝❛❞♦0❡- ❞❡ ♣✐-)❛ ❡ ♥6♦ ♣✐-)❛- ♥♦- ❞✐❢❡0❡♥)❡- ❝❛♥❛✐- ❘●❇

❡ ●&❛②$❝❛❧❡✱ -❡♥❞♦ ♦ ♠❡❧❤♦0 ❝❛♥❛❧ ❞❡ ❝♦0 ♦ ❝❛♥❛❧ ❆③✉❧✱ -❡♠ ❝♦♥)✉❞♦ ❞❡-:✉❛❧✐✜❝❛0 ♦✉

✐♥✈✐❛❜✐❧✐③❛0 ♦- )❡-)❡- -♦❜0❡ ♦- ❞❡♠❛✐- ❝❛♥❛✐-✱ ✈✐-)♦ -❡ )0❛)❛0 ❞❡ ♣❡:✉❡♥❛ ✈❛♥)❛❣❡♠✳ ❆



✽✵

✉#✐❧✐③❛()♦ ❞❛ ♠❛#-✐③ ❞❡ ❝♦✈❛-✐1♥❝✐❛ 3❡-✐❛ ✉♠❛ ❛❜♦-❞❛❣❡♠ 6✉❡ ❤❛❜✐❧✐#❛-✐❛ ❛ ❝♦♠❜✐♥❛()♦ ❞♦3

❞✐❢❡-❡♥#❡3 ❝❛♥❛✐3✱ ♣♦-;♠ ❢♦✐ ❝♦♥3✐❞❡-❛❞♦ ✉♠❛ ❛❜♦-❞❛❣❡♠ ✐♥✈✐<✈❡❧ ♣♦- ❝♦♥3✉♠✐- ❡①❝❡33✐✈♦

♣♦❞❡- ❝♦♠♣✉#❛❝✐♦♥❛❧ ❡ ✐♠♣♦33✐❜✐❧✐#❛- ❛ ❡①❡❝✉()♦ ❞♦ ❛❧❣♦-✐#♠♦ ❡♠ #❡♠♣♦ -❡❛❧✳ ❱❛❧❡

-❡33❛❧#❛- 6✉❡ -❡3#-✐(@❡3 ❞❡ ♣-♦❝❡33❛♠❡♥#♦ ❝♦♠♣✉#❛❝✐♦♥❛❧ 3)♦ ❝✐-❝✉♥3#1♥❝✐❛3 #❡♠♣♦-❛✐3

❡ 6✉❡ ♣❡❧❛ ❡✈♦❧✉()♦ ♥❛#✉-❛❧ ❞❛ #❡❝♥♦❧♦❣✐❛ ❞❡ ❝♦♠♣✉#❛❞♦-❡3 ❧♦❣♦ 3❡-< 3✉♣❡-❛❞❛✳

❆ ✐❞❡♥#✐✜❝❛()♦ ❞❡ -❡#❛3 ✉#✐❧✐③❛♥❞♦ ❛ #-❛♥3❢♦-♠❛❞❛ ❍♦✉❣❤ ❣❡-♦✉ ✉♠ ❝♦♥#-✐❜✉✐()♦

♣♦3✐#✐✈❛ ♣❛-❛ ♦ -❡3✉❧#❛❞♦ ✜♥❛❧ ❞♦ ❛❧❣♦-✐#♠♦✳ ❆ ♣-❡3❡♥(❛ ❞❛ -❡#❛ ; ❢♦-#❡ ✐♥❞✐❝❛❞♦- ❞❡

♦❜3#<❝✉❧♦ ❡ 3✉❛ ❛✉3C♥❝✐❛ ♣❡-♠✐#❡ ❛ ❡❧✐♠✐♥❛()♦ ❞❡ ❢❛❧3♦3 ♣♦3✐#✐✈♦3 ❝♦♠♦ ❛ ♣-♦❥❡()♦ ❞❡

3♦♠❜-❛3 ❞❡ <-✈♦-❡3 3♦❜-❡ ❛ ♣✐3#❛✳

❆♦ ❝♦♥#-<-✐♦ ❞❛ ✐❞❡♥#✐✜❝❛()♦ ❞❡ -❡#❛3✱ ❛ ✐❞❡♥#✐✜❝❛()♦ ❞❡ 6✉✐♥❛3 ♥)♦ ❝♦❧❛❜♦-♦✉ ♥❡♠

❝♦♠ ♦ -❡❢♦-(♦ ♣♦3✐#✐✈♦ ♥❛ ❝♦♥✜-♠❛()♦ ❞❡ ✉♠ ♦❜3#<❝✉❧♦ ❡ ♥❡♠ ♣❛-❛ ❛ ❡❧✐♠✐♥❛()♦ ❞❡ ❢❛❧3♦3

♣♦3✐#✐✈♦3❀

❆ #-❡✐♥❛♠❡♥#♦ ❞❛ <-✈♦-❡ ❞❡ ❞❡❝✐3)♦ ❢♦✐ ❛❧❣♦ ❜❛3#❛♥#❡ #-❛❜❛❧❤♦3♦ ♥♦ ❞❡3❡♥✈♦❧✈✐♠❡♥#♦

❞♦ ❛❧❣♦-✐#♠♦✱ ❡ ♣♦- ✈❡③❡3 ♥)♦ ♣-♦❞✉③✐❛ -❡3✉❧#❛❞♦ ❛❧❣✉♠✳ F♦-;♠ ♦3 -❡3✉❧#❛❞♦3 ✜♥❛✐3

♦❜#✐❞♦3 ❢♦-❛♠ ❛♥✐♠❛❞♦-❡3 ❡ ❛ ✉#✐❧✐③❛()♦ ❞❡ ❍❛❛& ▲✐❦❡ ❋❡❛,✉&❡- ❛❣-❡❣♦✉ ✈❛❧♦- ❢✉♥❝✐♦♥❛❧ ❛♦

♠♦❞❡❧♦✱ -❡3♦❧✈❡♥❞♦ -❡3#-✐(@❡3 ✐♠♣♦3#❛3 ♣❡❧❛ ❧✐♠✐#❛()♦ ❞❛ -❡❣✐)♦ ❞❡ ✐♥#❡-❡33❡✳ ❆❧;♠ ❞✐33♦✱

❡3#❡ ❡❧❡♠❡♥#♦ 3❡ ✉#✐❧✐③❛ ❞❛ ❛❜♦-❞❛❣❡♠ ❜❛3❡❛❞❛ ❡♠ ♠♦❞❡❧♦ ❡ ❞✐❢❡-❡ ❞❛3 ♦✉#-❛3 ❛❜♦-❞❛❣❡♥3

✉#✐❧✐③❛❞❛3 ♥♦ ❛❧❣♦-✐#♠♦ 3❡♥❞♦ ✉♠ ❡❧❡♠❡♥#♦ ❝♦♠♣❧❡♠❡♥#❛-✳

❆ ❝♦♠♣♦3✐()♦ ✜♥❛❧ ❞♦ ❛❧❣♦-✐#♠♦ ♣❡-♠✐#✐✉ ❛ ♦❜#❡♥()♦ ❞❡ ❜♦♥3 -❡3✉❧#❛❞♦3 ♣❛-❛ ♦ ❛♣♦✐♦

❛♦ ♠♦#♦-✐3#❛✳ ❆♣-❡3❡♥#♦✉ ♣♦✉❝♦3 ❢❛❧3♦3 ♣♦3✐#✐✈♦3✱ ♣❡6✉❡♥❛ ✐♥❝✐❞C♥❝✐❛ ❞❡ ♥)♦ ❞❡#❡❝(@❡3✱

♠❛3 ♣-❡✈❛❧❡❝❡♥❞♦ ✉♠ ❜♦♠ ❞❡3❡♠♣❡♥❤♦ ♥❛ ✐❞❡♥#✐✜❝❛()♦ ❞❡ ♦❜3#<❝✉❧♦3✳ ❆ ❞✐✈❡-3✐❞❛❞❡

❞❛3 #;❝♥✐❝❛3 #❡3#❛❞❛3 ❡ ✐♠♣❧❡♠❡♥#❛❞❛3✱ 3❡♠♣-❡ ♠❛♥#❡✈❡ ♦ ❢♦❝♦ ❡♠ ❛❧❣♦ 6✉❡ ♣✉❞❡33❡ 3❡-

♦♣❡-❛❞♦ ❡♠ #❡♠♣♦ -❡❛❧✱ ❡ #❛❧ ♣-❡♠✐33❛ ❢♦✐ ♠❛♥#✐❞❛ ❡ ❜❡♠ ❛#❡♥❞✐❞❛✳

✼✳✷ ❚❘❆❇❆▲❍❖❙ ❋❯❚❯❘❖❙

❆♦ ♣❛33♦ 6✉❡ ❡3#❡ #-❛❜❛❧❤♦ ; ✜♥❛❧✐③❛❞♦✱ ✈❛❧❡ -❡33❛❧#❛- 6✉❡ ❞✉-❛♥#❡ 3❡✉

❞❡3❡♥✈♦❧✈✐♠❡♥#♦ ❢♦-❛♠ ♣❡-❝❡❜✐❞❛3 ✉♠❛ 3;-✐❡ ❞❡ ♦♣♦-#✉♥✐❞❛❞❡3 ❞❡ ♠❡❧❤♦-✐❛3✱ 6✉❡ ❞❡✈❡-)♦

3❡- ❝♦♥3✐❞❡-❛❞❛3 ❝♦♠♦ ♣-G①✐♠♦3 ♣❛33♦3 ♣❛-❛ ❛ ❝♦♥3#-✉()♦ ❞❡ ✉♠ ❞❡#❡❝#♦- ❞❡ ♦❜3#<❝✉❧♦

♠❛✐3 -♦❜✉3#♦✳

❈♦♠♦ #-❛❜❛❧❤♦3 ❢✉#✉-♦3✱ ♣-♦♣@❡♠✲3❡ ✐♥#❡♥3✐✜❝❛- ❡3❢♦-(♦3 ♥❛ ✉#✐❧✐③❛()♦ ❞❡ ❍❛❛& ▲✐❦❡

❋❡❛,✉&❡-✱ ♣❛-❛ ✐3#♦ 3❡-)♦ #-❛❜❛❧❤❛❞♦3 3❡❣✉✐♥#❡3 ♣♦♥#♦3 ♣❛-❛ #-❡✐♥❛♠❡♥#♦ ❞♦ ❆❞❛❇♦♦3#✿

• ❆♠♣❧✐❛- ♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦3 ❞❡ ✐♠❛❣❡♥3 ❢-♦♥#❛❧ ❡ #-❛3❡✐-❛3 ❞❡ ✈❡L❝✉❧♦3❀

• ❘❡❛❧✐③❛- #-❡✐♥❛♠❡♥#♦3 ❞✐3#✐♥#♦3 ❝♦♠ 3♦♠❡♥#❡ ✐♠❛❣❡♥3 ❢-♦♥#❛✐3 ❡ ♦✉#-♦ ❝♦♠ ✐♠❛❣❡♥3

#-❛3❡✐-❛3✳ ❯♠❛ ✈❡③ #-❡✐♥❛❞♦ ❛♣❧✐❝❛- ❞✉❛3 ✈❡③❡3 ♦ ❞❡#❡❝#♦- ❝♦♠ ❛3 ❞✐3#✐♥#❛3 <-✈♦-❡3

✉♠❛ ❝♦♥3❡❝✉#✐✈❛ ❛ ♦✉#-❛❀

• ❘❡❛❧✐③❛- #-❡✐♥❛♠❡♥#♦3 ❡3♣❡❝L✜❝♦3 ❝♦♠♦ ❛♣❡♥❛3 ❛ ♣❛-#❡ 3✉♣❡-✐♦- ❞♦3 ✈❡L❝✉❧♦3 ♣❛-❛

✐❞❡♥#✐✜❝❛- ❥❛♥❡❧❛3 ❡ ♣❛-❛✲❜-✐3❛3❀



✽✶

• ❚#❡✐♥❛# ❛♣❡♥❛) ❛ ♠❡+❛❞❡ ✐♥❢❡#✐♦# ❞✐#❡✐+❛ ❡ ✐♥❢❡#✐♦# ❡)/✉❡#❞❛ ❞♦) ✈❡2❝✉❧♦)✱ ♣❛#❛

✐❞❡♥+✐✜❝❛# ✈❡2❝✉❧♦) ♦❝❧✉)♦) ♣❛#❝✐❛❧♠❡♥+❡✳

❯♠ ♥♦✈❛ ❛❜♦#❞❛❣❡♠ ♣❛#❛ ♠♦❞❡❧❛# ♣✐)+❛ ❡ ♥;♦ ♣✐)+❛ ♣♦❞❡#✐❛ ✉+✐❧✐③❛# ❛) ✐♥❢♦#♠❛=>❡)

❞❡ +❡①+✉#❛ ✭❑❆▲■◆❑❊ ❡' ❛❧✳✱ ✶✾✾✽✮ ❞❛ ♣✐)+❛ ❡♠ ❝♦♠♣❧❡♠❡♥+♦ ❛♦ ❞❡)❝#✐+♦# ▼❡❞✐❛♥❛ ❡

▼❆❉ ✉+✐❧✐③❛❞♦ ❛+✉❛❧♠❡♥+❡✳ ❆ ✉+✐❧✐③❛=;♦ ❞❛ +❡①+✉#❛ +❛♠❜F♠ ♣♦❞❡ )❡# ❡①♣❧♦#❛❞❛ ♣❛#❛

❛ ♠♦❞❡❧❛❣❡♠ ❞♦ ✈❡2❝✉❧♦✳

❆+F ♦ ♠♦♠❡♥+♦ ♦♣+♦✉✲)❡ ♣♦# ✉+✐❧✐③❛# ❛♣❡♥❛) ✉♠❛ ❝H♠❡#❛ ♠♦♥♦❝✉❧❛#✱ ✈✐)+♦ /✉❡

♦✉+#♦) )❡♥)♦#❡) ❝♦♠♦ #❛❞❛#✱ ❧❛)❡# );♦ )❡♥)♦#❡) ❞❡ ♠❛✐♦# ♠♦♥+❛ ✜♥❛♥❝❡✐#♦✳ ❘❡❝♦♠❡♥❞❛✲)❡

❛ #❡❛✈❛❧✐❛=;♦ ❞❛ ✉+✐❧✐③❛=;♦ ❞❡)+❡) )❡♥)♦#❡)✱ ❜❡♠ ❝♦♠♦ ❛ ❛❞✐=;♦ ❞❡ ♠❛✐) ✉♠❛ ❝H♠❡#❛ ❡♠

✉♠❛ ♣♦)✐=;♦ ❞✐❢❡#❡♥+❡ ❞♦ ✈❡2❝✉❧♦ ♣❛#❛ ❛))✐♠ ❝♦♠❜✐♥❛# ❞✉❛) ✈✐)>❡) ❡ ♣♦❞❡# +✐#❛# ❝♦♥❝❧✉)>❡)

♠❛✐) ♣#❡❝✐)❛)✳ ■♥+❡❣#❛# ♦ ❛❧❣♦#✐+♠♦ ❝♦♠ ❛) ✐♥❢♦#♠❛=>❡) ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❝❛##♦ ✭♦❜+✐❞❛)

♦✉ ♣❡❧♦ ✈❡❧♦❝2♠❡+#♦ ♦✉ ✈✐❛ ●L❙✮ ♣❡#♠✐+✐#;♦ ❡)+✐♠❛# ❡✈❡♥+✉❛❧ +❡♠♣♦ ❞❡ ❝♦❧✐);♦ ❝♦♠ ♦

♦❜)+N❝✉❧♦ ❞❡+❡❝+❛❞♦✳ ■♥+❡❣#❛# ❝♦♠ ✐♥❢♦#♠❛=>❡) ❞❡ ♠❛♣❛) ❡ ●L❙ ♣♦❞❡#N ♣♦)✐❝✐♦♥❛# ♦

✈❡2❝✉❧♦ ❡ ❝♦♥)✐❞❡#❛# ✐♥❢♦#♠❛=>❡) ❝♦♠♦ ❛ ♣#❡)❡♥=❛ ❞❡ ❝✉#✈❛) ❡ ♣❡#2♠❡+#♦ ✉#❜❛♥♦✳

❆ ✐♠♣❧❡♠❡♥+❛=;♦ ❞❡ ❋❧✉①♦ P♣+✐❝♦ F ✉♠ #❡❝✉#)♦ /✉❡ ♣♦❞❡ )❡# ❡①♣❧♦#❛❞♦ ♣❛#❛

✐❞❡♥+✐✜❝❛# ♦ )❡♥+✐❞♦ ❞♦) ♦❜)+N❝✉❧♦) ❡ ❡✈❡♥+✉❛✐) #♦+❛) ❞❡ ❝♦❧✐);♦✳ L♦✐) ❝♦♥)✐❞❡#❛♥❞♦ ✉♠❛

)❡/✉Q♥❝✐❛ ❞❡ ✐♠❛❣❡♥) ✈❛#✐❛♥❞♦ ♥♦ +❡♠♣♦✱ F ♣♦))2✈❡❧ ♦❜+❡#✱ ✉♠ ✈❡+♦# ❞❡ ✈❡❧♦❝✐❞❛❞❡ ♣❛#❛

❝❛❞❛ ♣✐①❡❧✳ ❆♦ ♣❛))♦ /✉❡ ✉♠❛ ❞❡+❡#♠✐♥❛❞❛ #❡❣✐;♦ ❛♣#❡)❡♥+❛# ✉♠❛ #❡❣✐;♦ ❞❡ ♣✐①❡❧) ❝✉❥♦

✈❡+♦# ✈❡❧♦❝✐❞❛❞❡ )❡❥❛ ❞❡)+♦❛♥+❡ ❞♦ ❝♦♥❥✉♥+♦ ❣❡#❛❧ ❞❛ ✐♠❛❣❡♠✱ ♣♦❞❡ )❡# ✉♠ )✐♥❛❧✐③❛❞♦# ❞❡

♦❜)+N❝✉❧♦)✳

❯♠❛ )F#✐❡ ❞❡ ❛✈❛❧✐❛=>❡) #❡❛❧✐③❛❞❛) ❞✉#❛♥+❡ ♦ +#❛❜❛❧❤♦ ❝♦♥)✐❞❡#♦✉ ♦) ❝❛♥❛✐) ❘●❇ ❡

+♦♥) ❞❡ ❝✐♥③❛✱ ✉♠❛ ♣♦))2✈❡❧ ❛❜♦#❞N❣❡♠ ❡♠ +#❛❜❛❧❤♦) F ❛ ❛✈❛❧✐♦✉ ♦ ❡)♣❛=♦ ❝#♦♠N+✐❝♦ ❍❙❱✳

❆ #❡❛❧✐③❛=;♦ ❞❡)+❡ +#❛❜❛❧❤♦✱ ✈✐♥❝✉❧❛❞❛ ❛ ✉♠ +❡#♠♦ ❞❡ ✐♥+❡# ❝♦♦♣❡#❛=;♦ ❡♥+#❡

L❯❈✲❘❙ ❡ ❯◆■❙■◆❖❙✱ ❡ ♣❛+#♦❝✐♥❛❞♦ ♣❡❧❛ ❋■◆❊L✱ +❡♠ ❜♦❛) ♣❡#)♣❡❝+✐✈❛) ❞❡ ❝♦♥+✐♥✉❛=;♦✳

❉✐)+♦✱ ♣♦))✐✈❡❧♠❡♥+❡ #❡)✉❧+❛#;♦ ❞❡)❡♥✈♦❧✈✐♠❡♥+♦ ❞❡ ✉♠ ♣#♦+[+✐♣♦✱ ❜❡♠ ❝♦♠♦ ❛#+✐❣♦) ♣❛#❛

♣✉❜❧✐❝❛=;♦✳



✽✷

❇■❇▲■❖●❘❆❋■❆

❆❇❈❘ ✲ ❆''♦❝✐❛,-♦ ❇.❛'✐❧❡✐.❛ ❞❡ ❈♦♥❝❡''✐♦♥3.✐❛' ❞❡ ❘♦❞♦✈✐❛'✳ ❉✐'♣♦♥8✈❡❧ ❡♠✿

<❤<<♣✿✴✴✇✇✇✳❛❜❝.✳♦.❣✳❜.✴♣✉❜❧✐✴'❡♠✐♥❛.✐♦pdf/0206.pdf❃.

❆❯❉■ ●❧♦''❛.②✳ ❉✐'♣♦♥8✈❡❧ ❡♠✿

<❤<<♣✿✴✴✇✇✇✳❛✉❞✐✳❝♦♠✴❝♦♠✴❜.❛♥❞✴❡♥✴<♦♦❧'✴❛❞✈✐❝❡✴❣❧♦''❛.②✳❜.♦✇'❡.✳❤<♠❧>✳

❇❆❘❘❖◆✱ ❏✳ ▲✳ ❡< ❛❧✳ L❡.❢♦.♠❛♥❝❡ ♦❢ ♦♣<✐❝❛❧ ✢♦✇ <❡❝❤♥✐O✉❡'✳ ■♥"❡$♥❛"✐♦♥❛❧

❏♦✉$♥❛❧ ♦❢ ❈♦♠♣✉"❡$ ❱✐0✐♦♥✱ ✈✳ ✶✷✱ ♥✳ ✶✱ ♣✳ ✹✸✕✼✼✱ ✶✾✾✹✳ ❉✐'♣♦♥8✈❡❧ ❡♠✿

<❤<<♣✿✴✴❝✐<❡'❡❡.①✳✐'<✳♣'✉✳❡❞✉✴✈✐❡✇❞♦❝✴'✉♠♠❛.②❄❞♦✐❂✶✵✳✶✳✶✳✹✷✳✺✸✶✸>✳

❇❊❘❚❖❩❩■✱ ▼✳❀ ❇❘❖●●■✱ ❆✳❀ ❈❆❙❚❊▲▲❯❈❈■❖✱ ❙✳ ❆ .❡❛❧✲<✐♠❡ ♦.✐❡♥<❡❞ '②'<❡♠ ❢♦.

✈❡❤✐❝❧❡ ❞❡<❡❝<✐♦♥✳ ❏✳ ❙②0"✳ ❆$❝❤✐"✳✱ ❊❧'❡✈✐❡. ◆♦.<❤✲❍♦❧❧❛♥❞✱ ■♥❝✳✱ ◆❡✇ ❨♦.❦✱ ◆❨✱ ❯❙❆✱

✈✳ ✹✸✱ ♥✳ ✶✲✺✱ ♣✳ ✸✶✼✕✸✷✺✱ ✶✾✾✼✳ ■❙❙◆ ✶✸✽✸✲✼✻✷✶✳

❇❖◆❊❙✱ ❈✳ ❈✳❀ ❇❘❯◆❖✱ ❖✳ ▼✳ ❆♥3❧✐'❡ ❞♦ ❞❡'❡♠♣❡♥❤♦ ❞❛ <.❛♥'❢♦.♠❛❞❛ ❞❡ ❤♦✉❣❤

♣❛.❛❧❡❧❛ ❡♠ ❛.O✉✐<❡<✉.❛' ❞❡ ♠❡♠e.✐❛ ❝♦♠♣❛.<✐❧❤❛❞❛✳ ■◆❋❖❈❖▼; ❏♦✉$♥❛❧ ♦❢

❈♦♠♣✉"❡$ ❙❝✐❡♥❝❡✱ ✈✳ ✻✱ ♥✳ ✸✱ ♣✳ ✼✺✕✽✷✱ ✷✵✵✼✳

❇❘❆❉❙❑■✱ ●✳❀ ❆❉❘■❆◆✱ ❑✳ ▲❡❛$♥✐♥❣ ❖♣❡♥❈❱ ✲ ❈♦♠♣✉"❡$ ❱✐0✐♦♥ ✇✐"❤ ❖♣❡♥❈❱

▲✐❜$❛$②✳ ✿ ❖✁❘❊■▲▲❨✱ ✷✵✵✽✳ ✺✺✺ ♣✳

❈❆◆◆❨✱ ❏✳ ❆ ❝♦♠♣✉<❛<✐♦♥❛❧ ❛♣♣.♦❛❝❤ <♦ ❡❞❣❡ ❞❡<❡❝<✐♦♥✳ ■❊❊❊ ❚$❛♥0✳

;❛""❡$♥ ❆♥❛❧✳ ▼❛❝❤✳ ■♥"❡❧❧✳✱ ■❊❊❊ ❈♦♠♣✉<❡. ❙♦❝✐❡<②✱ ❲❛'❤✐♥❣<♦♥✱ ❉❈✱ ❯❙❆✱

✈✳ ✽✱ ♥✳ ✻✱ ♣✳ ✻✼✾✕✻✾✽✱ ◆♦✈❡♠❜❡. ✶✾✽✻✳ ■❙❙◆ ✵✶✻✷✲✽✽✷✽✳ ❉✐'♣♦♥8✈❡❧ ❡♠✿

<❤<<♣✿✴✴♣♦.<❛❧✳❛❝♠✳♦.❣✴❝✐<❛<✐♦♥✳❝❢♠❄✐❞❂✶✶✷✼✺>✳

❈❍❖■✱ ❏✳ ❘❡❛❧"✐♠❡ ❖♥✲❘♦❛❞ ❱❡❤✐❝❧❡ ❉❡"❡❝"✐♦♥ ✇✐"❤ ❖♣"✐❝❛❧ ❋❧♦✇0 ❛♥❞ ❍❛❛$✲❧✐❦❡

❢❡❛"✉$❡ ❞❡"❡❝"♦$✳ ✷✵✵✽✳

❉❆❊❘✳ ❊0"❛"H0"✐❝❛ ❞❡ ❆❝✐❞❡♥"❡0 ❉❛❡$✳ ✷✵✵✾✳ ❉✐'♣♦♥8✈❡❧ ❡♠✿

<❤<<♣✿✴✴✇✇✇✳❞❛❡.✳.'✳❣♦✈✳❜.✴❣❡.❛❧❴✶✾✾✶❴✷✵✵✸✳♣❞❢>✳ ❆❝❡''♦ ❡♠✿ ✷✵✴✵✸✴✷✵✵✾✳

❉❆❱■❊❙✱ ❊✳ ▼❛❝❤✐♥❡ ❱✐0✐♦♥✿ ❚❤❡♦$②✱ ❆❧❣♦$✐"❤♠0✱ ;$❛❝"✐❝❛❧✐"✐❡0✱ ❚❤✐$❞ ❊❞✐"✐♦♥ ✳ ✿

❊❧'❡✈✐❡.✱ ✷✵✵✺✳

❋❆❈❊ ❉❡<❡❝<✐♦♥ ❘❡'❡❛.❝❤ ▼❡<❤♦❞♦❧♦❣② ✲ ❈❤❛♣<❡. ✸✳

❤<<♣✿✴✴②❝♦❞❡✳♦.❣✴✐♥❞❡①✳♣❤♣❄♦♣<✐♦♥❂❝♦♠❴❝♦♥<❡♥<✫✈✐❡✇❂❛.<✐❝❧❡✫✐❞❂✾✿❢❛❝❡✲❞❡<❡❝<✐♦♥✲.❡'❡❛.❝❤✲♠❡<❤♦❞♦❧♦❣②✲❝❤❛♣<❡.✲✸✫❝❛<✐❞❂✸✿❥❛✈❛✫■<❡♠✐❞❂✶✹✳

❉✐'♣♦♥8✈❡❧ ❡♠✿ <❤<<♣✿✴✴②❝♦❞❡✳♦.❣✴✐♥❞❡①✳♣❤♣❄♦♣<✐♦♥❂❝♦♠contentview = articleid =

9 : face− detection− research−methodology− chapter− 3catid = 3 : javaItemid =

14❃.



✽✸

❋❘❊❯◆❉✱ ❨✳ ❆ ❞❡❝✐0✐♦♥ 3❤❡♦5❡3✐❝ ❣❡♥❡5❛❧✐③❛3✐♦♥ ♦❢ ♦♥✲❧✐♥❡ ❧❡❛5♥✐♥❣ ❛♥❞ ❛♥ ❛♣♣❧✐❝❛3✐♦♥

3♦ ❜♦♦03✐♥❣✳ ❏♦✉#♥❛❧ ♦❢ ❈♦♠♣✉+❡# ❛♥❞ ❙②0+❡♠ ❙❝✐❡♥❝❡0✱ ♥♦✳ ✺✺✳✱ ✶✾✾✼✳

●❆❖✱ ❉✳ ❡3 ❛❧✳ ❆✉3♦♠❛3✐❝ ❞❡3❡❝3✐♦♥ 3❡❝❤♥✐E✉❡ ♦❢ ♣5❡❝❡❞✐♥❣ ❧❛♥❡ ❛♥❞ ✈❡❤✐❝❧❡✳ ■♥+❡❧❧✐❣❡♥+

■♥❢♦#♠❛+✐♦♥ ❚❡❝❤♥♦❧♦❣② ❆♣♣❧✐❝❛+✐♦♥✱ ✷✵✵✽✳ ■■❚❆ ✬✵✽✳ ❙❡❝♦♥❞ ■♥+❡#♥❛+✐♦♥❛❧ ❙②♠♣♦0✐✉♠

♦♥✱ ✈✳ ✶✱ ♣✳ ✹✵✽✕✹✶✷✱ ✷✵✵✽✳

●■❆❈❍❊❚❚■✱ ❆✳❀ ❈❆▼Q❆◆■✱ ▼✳❀ ❚❖❘❘❊✱ ❱✳ ❚❤❡ ✉0❡ ♦❢ ♦♣3✐❝❛❧ ✢♦✇ ❢♦5 3❤❡

❛✉3♦♥♦♠♦✉0 ♥❛✈✐❣❛3✐♦♥✳ ■♥✿ ❊❈❈❱ ✬✾✹✿ D#♦❝❡❡❞✐♥❣0 ♦❢ +❤❡ +❤✐#❞ ❊✉#♦♣❡❛♥ ❝♦♥❢❡#❡♥❝❡

♦♥ ❈♦♠♣✉+❡# ✈✐0✐♦♥ ✭✈♦❧✳ ✶✮✳ ❙❡❝❛✉❝✉0✱ ◆❏✱ ❯❙❆✿ ❙♣5✐♥❣❡5✲❱❡5❧❛❣ ◆❡✇ ❨♦5❦✱ ■♥❝✳✱

✶✾✾✹✳ ♣✳ ✶✹✻✕✶✺✶✳ ■❙❇◆ ✸✲✺✹✵✲✺✼✾✺✻✲✼✳

●❖❊❘■❈❑✱ ❈✳❀ ◆❖▲▲✱ ❉✳❀ ❲❊❘◆❊❘✱ ▼✳ ❆53✐✜❝✐❛❧ ♥❡✉5❛❧ ♥❡3✇♦5❦0 ✐♥ 5❡❛❧✲3✐♠❡ ❝❛5

❞❡3❡❝3✐♦♥ ❛♥❞ 35❛❝❦✐♥❣ ❛♣♣❧✐❝❛3✐♦♥0✳ D❛++❡#♥ ❘❡❝♦❣♥✳ ▲❡++✳✱ ❊❧0❡✈✐❡5 ❙❝✐❡♥❝❡ ■♥❝✳✱ ◆❡✇

❨♦5❦✱ ◆❨✱ ❯❙❆✱ ✈✳ ✶✼✱ ♥✳ ✹✱ ♣✳ ✸✸✺✕✸✹✸✱ ✶✾✾✻✳ ■❙❙◆ ✵✶✻✼✲✽✻✺✺✳

●❖◆❩❆▲❊❩✱ ❘✳ ❈✳❀ ❲❖❖❉❙✱ ❘✳ ❊✳ ❉✐❣✐+❛❧ ■♠❛❣❡ D#♦❝❡00✐♥❣ ✭✸#❞ ❊❞✐+✐♦♥✮✳ ❯♣♣❡5

❙❛❞❞❧❡ ❘✐✈❡5✱ ◆❏✱ ❯❙❆✿ Q5❡♥3✐❝❡✲❍❛❧❧✱ ■♥❝✳✱ ✷✵✵✻✳ ■❙❇◆ ✵✶✸✶✻✽✼✷✽❳✳

●❘❆❊❋❊✱ ❱✳❀ ❘❊●❊◆❙❇❯❘●❊❘✱ ❯✳ ❯❛ ♥♦✈❡❧ ❛♣♣5♦❛❝❤ ❢♦5 3❤❡ ❞❡3❡❝3✐♦♥ ♦❢ ✈❡❤✐❝❧❡

♦♥ ❢5❡❡✇❛②0 ❜② 5❡❛❧✲3✐♠❡ ✈✐0✐♦♥✳ ■♥+❡❧❧✐❣❡♥+ ❱❡❤✐❝❧❡0✱ ✶✾✾✻✳

●❘❯Q❖ ❖♣❡♥❈❱ ❨❛❤♦♦✳ ✷✵✵✾✳ ❉✐0♣♦♥c✈❡❧ ❡♠✿

<❤33♣✿✴✴3❡❝❤✳❣5♦✉♣0✳②❛❤♦♦✳❝♦♠✴❣5♦✉♣✴❖♣❡♥❈❱✴>✳ ❆❝❡00♦ ❡♠✿ ✷✵✴✵✸✴✷✵✵✾✳

❍❆❆❘❚❘❆■◆■◆●✳ ❚✉+♦#✐❛❧✿ ❖♣❡♥❈❱ ❤❛❛#+#❛✐♥✐♥❣ ✭❘❛♣✐❞ ❖❜❥❡❝+ ❉❡+❡❝+✐♦♥

❲✐+❤ ❆ ❈❛0❝❛❞❡ ♦❢ ❇♦♦0+❡❞ ❈❧❛00✐✜❡#0 ❇❛0❡❞ ♦♥ ❍❛❛#✲❧✐❦❡ ❋❡❛+✉#❡0✮ ✲ ◆❛♦+♦0❤✐

❙❡♦✳ ❤33♣✿✴✴♥♦3❡✳0♦♥♦30✳❝♦♠✴❙❝✐❙♦❢3✇❛5❡✴❤❛❛535❛✐♥✐♥❣✳❤3♠❧✳ ❉✐0♣♦♥c✈❡❧ ❡♠✿

<❤33♣✿✴✴♥♦3❡✳0♦♥♦30✳❝♦♠✴❙❝✐❙♦❢3✇❛5❡✴❤❛❛535❛✐♥✐♥❣✳❤3♠❧>✳

❍❆◆✱ ❙✳❀ ❍❆◆✱ ❨✳ ❱❡❤✐❝❧❡ ❞❡3❡❝3✐♦♥ ♠❡3❤♦❞ ✉0✐♥❣ ❤❛❛5✲❧✐❦❡ ❢❡❛3✉5❡ ♦♥ 5❡❛❧ 3✐♠❡

0②03❡♠✳ ❲♦#❧❞ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡✱ ❊♥❣✐♥❡❡#✐♥❣ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ✱ ♣✳ ✺✱ ✷✵✵✾✳

❍❆◆❉▼❆◆◆✱ ❯✳ ❡3 ❛❧✳ ❆♥ ■♠❛❣❡ D#♦❝❡00✐♥❣ ❙②0+❡♠ ❢♦# ❉#✐✈❡# ❆00✐0+❛♥❝❡✳ ✶✾✾✽✳

❍❆❘❘■❙✱ ❈✳❀ ❙❚❊Q❍❊◆❙✱ ▼✳ ❆ ❝♦♠❜✐♥❡❞ ❝♦5♥❡5 ❛♥❞ ❡❞❣❡ ❞❡3❡❝3✐♦♥✳ ■♥✿

D#♦❝❡❡❞✐♥❣0 ♦❢ ❚❤❡ ❋♦✉#+❤ ❆❧✈❡② ❱✐0✐♦♥ ❈♦♥❢❡#❡♥❝❡✳ ✶✾✽✽✳ ♣✳ ✶✹✼✕✶✺✶✳ ❉✐0♣♦♥c✈❡❧ ❡♠✿

<❤33♣✿✴✴✇✇✇✳❝00❡✳✉✇❛✳❡❞✉✳❛✉✴ ♣❦✴5❡0❡❛5❝❤✴♠❛3❧❛❜❢♥0✴❙♣❛3✐❛❧✴❉♦❝0✴❍❛55✐0✴❆CombinedCornerand ❃

❍❯❆◆●✱ ▲✳ ❘❡❛❧✲3✐♠❡ ♠✉❧3✐✲✈❡❤✐❝❧❡ ❞❡3❡❝3✐♦♥ ❛♥❞ 0✉❜✲❢❡❛3✉5❡ ❜❛0❡❞ 35❛❝❦✐♥❣ ❢♦5

35❛✣❝ 0✉5✈❡✐❧❧❛♥❝❡ 0②03❡♠0✳ ■♥❢♦#♠❛+✐❝0 ✐♥ ❈♦♥+#♦❧✱ ❆✉+♦♠❛+✐♦♥ ❛♥❞ ❘♦❜♦+✐❝0 ✭❈❆❘✮✱

✷✵✶✵ ✷♥❞ ■♥+❡#♥❛+✐♦♥❛❧ ❆0✐❛ ❈♦♥❢❡#❡♥❝❡ ♦♥✱ ■❊❊❊ Q5❡00✱ Q✐0❝❛3❛✇❛②✱ ◆❏✱ ❯❙❆✱ ♣✳ ✸✷✹

✕ ✸✷✽✱ ✷✵✶✵✳ ■❙❙◆ ✶✾✹✽✲✸✹✶✹✳



✽✹

❍❯❇❊❘✱ (✳ ❏✳ ❘♦❜✉$% ❙%❛%✐$%✐❝$✳ ◆❡✇ ❨♦0❦✿ ❏♦❤♥ ❲✐❧❡② ❛♥❞ ❙♦♥<✱ ✶✾✽✶✳

■❚❖✱ ❑✳ ❚✳❀ ❨❆▼❆❉❆✱ ❑✳ ◆✳ ❯♥❞❡0<G❛♥❞✐♥❣ ❞0✐✈✐♥❣ <✐G✉❛G✐♦♥< ✉<✐♥❣ ❛ ♥❡G✇♦0❦

♠♦❞❡❧✳ ■♥%❡❧❧✐❣❡♥% ❱❡❤✐❝❧❡$✱ ✶✾✾✺✳

❏❊❖◆●✱ (✳❀ ◆❊❉❊❱❙❈❍■✱ ❙✳ ❖❜<G❛❝❧❡ ❞❡G❡❝G✐♦♥ ❜❛<❡❞ ♦♥ G❤❡ ❤②❜0✐❞ 0♦❛❞ ♣❧❛♥❡

✉♥❞❡0 G❤❡ ✇❡❛❦ ❝❛❧✐❜0❛G✐♦♥ ❝♦♥❞✐G✐♦♥<✳ ■♥✿ ✳ ✷✵✵✽✳ ♣✳ ✹✹✻✕✹✺✶✳ ■❙❙◆ ✶✾✸✶✲✵✺✽✼✳

❏■❆◆●✱ ❋✳❀ ▲■◆✱ ❳✳ ❆ ❧❡❛0♥✐♥❣ ❜❛<❡❞ ❛♣♣0♦❛❝❤ ❢♦0 ✈❡❤✐❝❧❡ ❞❡G❡❝G✐♦♥✳ ■♥✿ ✳ ❍♦♥❣ ❑♦♥❣✿

✱ ✷✵✵✻✳ ♣✳ ✶ ✕ ✹✳ ■❙❇◆ ✶✲✹✷✹✹✲✵✺✹✽✲✸✳

❏❖◆❊❙✱ ❲✳ ❉✳ ❇✉✐❧❞✐♥❣ <❛❢❡0 ❝❛0<✳ ■❊❊❊ ❙♣❡❝%3✳✱ ■❊❊❊ (0❡<<✱ (✐<❝❛G❛✇❛②✱ ◆❏✱ ❯❙❆✱

✈✳ ✸✾✱ ♥✳ ✶✱ ♣✳ ✽✷✕✽✺✱ ✷✵✵✷✳ ■❙❙◆ ✵✵✶✽✲✾✷✸✺✳

❏❯◆●✱ ❈✳ ❘✳❀ ❑❊▲❇❊❘✱ ❈✳ ❘✳ ❆ ❧❛♥❡ ❞❡♣❛0G✉0❡ ✇❛0♥✐♥❣ <②<G❡♠ ❜❛<❡❞ ♦♥ ❛

❧✐♥❡❛0✲♣❛0❛❜♦❧✐❝ ❧❛♥❡ ♠♦❞❡❧✳ ■♥✿ ■❊❊❊ ■♥%❡❧❧✐❣❡♥% ❱❡❤✐❝❧❡$ ❙②♠♣♦$✐✉♠✳ (❛0♠❛✱ ■G❛❧②✿ ✱

✷✵✵✹✳

❏❯◆●✱ ❈✳ ❘✳❀ ❑❊▲❇❊❘✱ ❈✳ ❘✳ ❆ 0♦❜✉<G ❧✐♥❡❛0✲♣❛0❛❜♦❧✐❝ ♠♦❞❡❧ ❢♦0 ❧❛♥❡ ❢♦❧❧♦✇✐♥❣✳

❙✐❇●❘❆:■✱ ✷✵✵✹✳

❏❯◆●✱ ❈✳ ❘✳❀ ❑❊▲❇❊❘✱ ❈✳ ❘✳ ❆♥ ✐♠♣0♦✈❡❞ ❧✐♥❡❛0✲♣❛0❛❜♦❧✐❝ ♠♦❞❡❧ ❢♦0 ❧❛♥❡ ❢♦❧❧♦✇✐♥❣

❛♥❞ ❝✉0✈❡ ❞❡G❡❝G✐♦♥✳ ❙■❇●❘❆:■✱ ✷✵✵✺✳

❏❯◆●✱ ❈✳ ❘✳❀ ❑❊▲❇❊❘✱ ❈✳ ❘✳ ❆ ❧❛♥❡ ❞❡♣❛0G✉0❡ ✇❛0♥✐♥❣ <②<G❡♠ ✉<✐♥❣ ❧❛G❡0❛❧

♦✛<❡G ✇✐G❤ ✉♥❝❛❧✐❜0❛G❡❞ ❝❛♠❡0❛✳ ■♥✿ ■❊❊❊ ❈♦♥❢❡3❡♥❝❡ ♦♥ ■♥%❡❧❧✐❣❡♥% ❚3❛♥$♣♦3%❛%✐♦♥

❙②$%❡♠$✳ ✷✵✵✺✳

❏❯◆●✱ ❈✳ ❘✳❀ ❙❆▲❉❆◆❍❆✱ ❏✳ ❙✳❀ ❏❘✳✱ ▲✳ ●✳ ❞✳ ❙✳ ❱❡❤✐❝❧❡ ❞❡G❡❝G✐♦♥ ❛♥❞ 0❡❝♦❣♥✐G✐♦♥

✐♥ ❣0❡②<❝❛❧❡ ✐♠❛❣❡0②✳ ■♥✿ :3♦❝❝❡❞✐♥❣$ ♦❢ %❤❡ ❳■ ❙②♠♣♦$✐✉♠ ♦♥ ❱✐3%✉❛❧ ❛♥❞ ❆✉❣♠❡♥%❡❞

❘❡❛❧✐%②✳ ✷✵✵✾✳ ♣✳ ✷✾✕✸✻✳

❑❆▲■◆❑❊✱ ❚✳❀ ❚❩❖▼❆❑❆❙✱ ❈✳❀ ❙❊❊▲❊◆✱ ❲✳ ❱✳ ❆ G❡①G✉0❡✲❜❛<❡❞ ♦❜❥❡❝G ❞❡G❡❝G✐♦♥

❛♥❞ ❛♥ ❛❞❛♣G✐✈❡ ♠♦❞❡❧✲❜❛<❡❞ ❝❧❛<<✐✜❝❛G✐♦♥✳ ■♥✿ ✐♥ :3♦❝$✳ ■❊❊❊ ■♥%❡❧❧✐❣❡♥% ❱❡❤✐❝❧❡$

❙②♠♣♦$✐✉♠✳ ✶✾✾✽✳ ♣✳ ✸✹✶✕✸✹✻✳

❑❆❙(❘❩❆❑✱ ▲✳❀ ◆■❊▼❆◆◆✱ ❍✳ ❆♣♣❧②✐♥❣ ❛ ❉②♥❛♠✐❝ ❘❡❝♦❣♥✐%✐♦♥ ❙❝❤❡♠❡ ❢♦3 ❱❡❤✐❝❧❡

❘❡❝♦❣♥✐%✐♦♥ ✐♥ ▼❛♥② ❖❜❥❡❝% ❚3❛✣❝ ❙❝❡♥❡$✳ ✿ ■❆(❘ ❲♦0❦<❤♦♣ ♦♥ ▼❛❝❤✐♥❡ ❱✐<✐♦♥

❆♣♣❧✐❝❛G✐♦♥✱ ✶✾✾✻✳

❑❖❙❚■❆✱ ❘✳ ❱✐❞❡♦✲❇❛<❡❞ G0❛✣❝ ♠♦♥✐G♦0✐♥❣ ❛G ❞❛② ❛♥❞ ♥✐❣❤G✳ ■♥✿ ✳ ❙G✳ ▲♦✉✐<✱ ▼❖✱

❯❙❆✿ ✱ ✷✵✵✾✳



✽✺

▲■❊◆❍❆❘❚✱ ❘✳❀ ❑❯❘❆◆❖❱✱ ❊✳❀ 1■❙❆❘❊❱❙❑❨✱ ❱✳ ❊♠♣✐7✐❝❛❧ ❛♥❛❧②=✐= ♦❢ ❞❡B❡❝B✐♦♥

❝❛=❝❛❞❡= ♦❢ ❜♦♦=B❡❞ ❝❧❛==✐✜❡7= ❢♦7 7❛♣✐❞ ♦❜❥❡❝B ❞❡B❡❝B✐♦♥✳ ■♥✿ ■♥ ❉❆●▼ ✷✺(❤ *❛((❡-♥

❘❡❝♦❣♥✐(✐♦♥ ❙②♠♣♦7✐✉♠✳ ✷✵✵✸✳ ♣✳ ✷✾✼✕✸✵✹✳

▼❆❘❖▲❆✱ ●✳ ❯=✐♥❣ =②♠♠❡B7② ❢♦7 ❞❡B❡❝B✐♥❣ ❛♥❞ ❧♦❝❛B✐♥❣ ♦❜❥❡❝B= ✐♥ ❛ ♣✐❝B✉7❡✳

❈♦♠♣✉(✳ ❱✐7✐♦♥ ●-❛♣❤✳ ■♠❛❣❡ *-♦❝❡77✳✱ ❆❝❛❞❡♠✐❝ 17❡== 17♦❢❡==✐♦♥❛❧✱ ■♥❝✳✱ ❙❛♥ ❉✐❡❣♦✱

❈❆✱ ❯❙❆✱ ✈✳ ✹✻✱ ♥✳ ✷✱ ♣✳ ✶✼✾✕✶✾✺✱ ✶✾✽✾✳ ■❙❙◆ ✵✼✸✹✲✶✽✾❳✳

▼❆❚❚❍❊❲❙✱ ◆✳ ❡B ❛❧✳ ❱❡❤✐❝❧❡ ❞❡B❡❝B✐♦♥ ❛♥❞ 7❡❝♦❣♥✐B✐♦♥ ✐♥ ❣7❡②=❝❛❧❡ ✐♠❛❣❡7②✳ ■♥✿

✷♥❞ ■♥(✳ ❲♦-❦7❤♦♣ ♦♥ ■♥(❡❧❧✐❣❡♥( ❆✉(♦♥♦♠♦✉7 ❱❡❤✐❝❧❡7✳ ✶✾✾✺✳ ♣✳ ✶✖✻✳ ❉✐=♣♦♥\✈❡❧ ❡♠✿

<❤BB♣✿✴✴❡♣7✐♥B=✳❡❝=✳=♦B♦♥✳❛❝✳✉❦✴✸✻✻✴>✳

▼❖❘❆❱❊❈✱ ❍✳ 1✳ ❖❜7(❛❝❧❡ ❛✈♦✐❞❛♥❝❡ ❛♥❞ ♥❛✈✐❣❛(✐♦♥ ✐♥ (❤❡ -❡❛❧ ✇♦-❧❞ ❜② ❛ 7❡❡✐♥❣

-♦❜♦( -♦✈❡-✳ ❚❡=❡ ✭❉♦✉B♦7❛❞♦✮ ✖ ❙B❛♥❢♦7❞ ❯♥✐✈❡7=✐B②✱ ❙B❛♥❢♦7❞✱ ❈❆✱ ❯❙❆✱ ✶✾✽✵✳

▼❖❘1❍❖▲❖●❨✳ ❤BB♣✿✴✴❤♦♠❡♣❛❣❡=✳✐♥❢✳❡❞✳❛❝✳✉❦✴7❜❢✴❍■1❘✷✴♠♦7♦♣=✳❤B♠✳ ❉✐=♣♦♥\✈❡❧

❡♠✿ <❤BB♣✿✴✴❤♦♠❡♣❛❣❡=✳✐♥❢✳❡❞✳❛❝✳✉❦✴7❜❢✴❍■1❘✷✴♠♦7♦♣=✳❤B♠>✳

◆■❳❖◆✱ ▼✳❀ ❆●❯❆❉❖✱ ❆✳ ❋❡❛(✉-❡ ❊①(-❛❝(✐♦♥ ✫ ■♠❛❣❡ *-♦❝❡77✐♥❣✳ ✿ ❊❧=❡✈✐❡7✱ ✷✵✵✽✳

✸✾✾ ♣✳

◆❖▲▲✱ ❉✳❀ ❲❊❘◆❊❘✱ ▼✳❀ ❙❊❊▲❊◆✱ ❲✳ ✈♦♥✳ ❘❡❛❧✲B✐♠❡ ✈❡❤✐❝❧❡ B7❛❝❦✐♥❣ ❛♥❞

❝❧❛==✐✜❝❛B✐♦♥✳ ■♥✿ ■❊❊❊ ■♥(❡❧❧✐❣❡♥( ❱❡❤✐❝❧❡7 ❙②♠♣♦7✐✉♠ ✭■❱ ✶✾✾✺✮✳ ✶✾✾✺✳ ♣✳ ✶✵✶✕✶✵✻✳

❖1❊◆❈❱ ✲ ■♠❛❣❡ 17♦❝❡==✐♥❣ ❛♥❞ ❈♦♠♣✉B❡7 ❱✐=✐♦♥ ❘❡❢❡7❡♥❝❡ ▼❛♥✉❛❧✳ ✷✵✵✾✳ ❉✐=♣♦♥\✈❡❧

❡♠✿ <❤BB♣✿✴✴✇✇✇✳B❡❝❣7❛❢✳♣✉❝✲7✐♦✳❜7✴ ✄♠❛❧❢✴♦♣❡♥❝✈✴7❡❢✴♦♣❡♥❝✈7❡❢❴❝✈✳❤B♠>✳ ❆❝❡==♦

❡♠✿ ✷✵✴✵✸✴✷✵✵✾✳

❖♣❡♥❈❱ ❲✐❦✐✳ ✷✵✵✾✳ ❉✐=♣♦♥\✈❡❧ ❡♠✿

<❤BB♣✿✴✴♦♣❡♥❝✈✳✇✐❧❧♦✇❣❛7❛❣❡✳❝♦♠✴✇✐❦✐✴❲❡❧❝♦♠❡>✳ ❆❝❡==♦ ❡♠✿ ✷✵✴✵✸✴✷✵✵✾✳

1❊❉❊❙❚❘■❆◆ ❉❛B❛✳ ❤BB♣✿✴✴❝❜❝❧✳♠✐B✳❡❞✉✴=♦❢B✇❛7❡✲❞❛B❛=❡B=✴❈❛7❉❛B❛✳❤B♠❧✳

❉✐=♣♦♥\✈❡❧ ❡♠✿ <❤BB♣✿✴✴❝❜❝❧✳♠✐B✳❡❞✉✴=♦❢B✇❛7❡✲❞❛B❛=❡B=✴❈❛7❉❛B❛✳❤B♠❧>✳

1❊❉❘■◆■✱ ❍✳❀ ❙❈❍❲❆❘❚❩✱ ❲✳ ❆♥L❧✐7❡ ❞❡ ■♠❛❣❡♥7 ❉✐❣✐(❛✐7✿ *-✐♥❝N♣✐♦7✱ ❆❧❣♦-✐(♠♦7

❡ ❆♣❧✐❝❛PQ❡7✳ ✿ ❚❤♦♠=♦♥ ▲❡❛7♥✐♥❣✱ ✷✵✵✼✳ ✺✷✽ ♣♣✳ ♣✳ ■❙❇◆ ✾✼✽✲✽✺✲✷✷✶✲✵✺✾✺✲✸✳

1❊◆❆✱ ❉✳❀ 1❘■❊❚❖✱ ❋✳ ▼✉❧B✐✈❛7✐❛B❡ ♦✉B❧✐❡7 ❞❡B❡❝B✐♦♥ ❛♥❞ 7♦❜✉=B ❝♦✈❛7✐❛♥❝❡ ♠❛B7✐①

❡=B✐♠❛B✐♦♥✳ ❚❡❝❤♥♦♠❡(-✐❝7✱ ✈✳ ✹✸✱ ♣✳ ✷✽✻✕✸✶✵✱ ✷✵✵✶✳

❘❊◆❆❊❙❚✳ ❘❡❣✐7(-♦ ◆❛❝✐♦♥❛❧ ❞❡ ❆❝✐❞❡♥(❡7 ❡ ❊7(❛(N7(✐❝❛7 ❞❡ ❚-T♥7✐(♦ ✳ ✷✵✵✾✳ ❉✐=♣♦♥\✈❡❧

❡♠✿ <❤BB♣✿✴✴✇✇✇✷✳❝✐❞❛❞❡=✳❣♦✈✳❜7✴7❡♥❛❡=B✴❞❡B❛❧❤❡◆♦B✐❝✐❛✳❞♦❄♥♦B✐❝✐❛✳❝♦❞✐❣♦❂✶✶✺>✳

❆❝❡==♦ ❡♠✿ ✷✵✴✵✸✴✷✵✵✾✳



✽✻

❘❯❇❊❙❆▼✱ ❆✳❀ ❉■❆❙✱ ❘✳ ❊!"✐♠❛&'♦ ♥'♦ ♣❛+❛♠,"+✐❝❛ ❛♣❧✐❝❛❞❛ ❛ ♣+♦❜❧❡♠❛! ❞❡

❝❧❛!!✐✜❝❛&'♦ ✈✐❛ ❜❛❣❣✐♥❣ ❡ ❜♦♦!"✐♥❣✳ ❚❡0❡ ✭❉♦✉4♦5❛❞♦✮ ✖ ❯♥✐✈❡50✐❞❛❞❡ ❊04❛❞✉❛❧ ❞❡

❈❛♠♣✐♥❛0✱ ❈❛♠♣✐♥❛0✱ ❙A✱ ✷✵✵✹✳ ■♥04✐4✉4♦ ❞❡ ▼❛4❡♠❛4✐❝❛✱ ❊04❛4✐04✐❝❛ ❡ ❈♦♠♣✉4❛FG♦

❈✐❡♥4✐✜❝❛✳

❙❈❍◆❊■❉❊❘▼❆◆✱ ❍✳ ❆ 04❛4✐04✐❝❛❧ ❛♣♣5♦❛❝❤ 4♦ ✸❞ ♦❜❥❡❝4 ❞❡4❡❝4✐♦♥ ❛♣♣❧✐❡❞ 4♦ ❢❛❝❡0

❛♥❞ ❝❛50✳ ■♥✿ ✳ ✷✵✵✵✳ ♣✳ ✵✕✻✳

❙❊❆❘❆✱ ❉✳ ▼✳ ❆❧❣♦+✐"♠♦! ♣❛+❛ ❞❡"❡❝&'♦ ❞❡ ❜♦+❞❛!✳ ❋❧♦5✐❛♥S♣♦❧✐0✱ ✶✾✾✽✳ ❉✐0♣♦♥S✈❡❧

❡♠✿ <❤44♣✿✴✴✇✇✇✳✐♥❢✳✉❢0❝✳❜5✴ ✈✐0❛♦✴✶✾✾✽✴0❡❛5❛✴✐♥❞❡①✳❤4♠❧★✸>✳

❙❊❑■ ❆✳ ❖❑❯❚❖▼■✱ ▼✳ ❘♦❜✉04 ♦❜04❛❝❧❡ ❞❡4❡❝4✐♦♥ ✐♥ ❣❡♥❡5❛❧ 5♦❛❞ ❡♥✈✐5♦♥♠❡♥4

❜❛0❡❞ ♦♥ 5♦❛❞ ❡①45❛❝4✐♦♥ ❛♥❞ ♣♦0❡ ❡04✐♠❛4✐♦♥✳ ❵■♥"❡❧❧✐❣❡♥" ❱❡❤✐❝❧❡! ❙②♠♣♦!✐✉♠✱ ✷✵✵✻

■❊❊❊✱ ♣✳ ✹✸✼ ✕ ✹✹✹✱ ✵✾ ✷✵✵✻✳

❙■▼❯▲❆❉❖❘ ❞❡ ❈❛♥♥②✳ ✷✵✶✵✳ ❉✐0♣♦♥S✈❡❧ ❡♠✿ <❤44♣✿✴✴♠❛4❧❛❜0❡5✈❡5✳❝0✳5✉❣✳♥❧>✳

❆❝❡00♦ ❡♠✿ ✷✸✴✵✷✴✷✵✶✵✳

❙▼■❚❍✱ ❙✳ ▼✳❀ ❇❘❆❉❨✱ ❏✳ ▼✳ ❙✉0❛♥ ✲ ❛ ♥❡✇ ❛♣♣5♦❛❝❤ 4♦ ❧♦✇ ❧❡✈❡❧ ✐♠❛❣❡ ♣5♦❝❡00✐♥❣✳

■♥"❡+♥❛"✐♦♥❛❧ ❏♦✉+♥❛❧ ♦❢ ❈♦♠♣✉"❡+ ❱✐!✐♦♥✱ ✈✳ ✷✸✱ ♣✳ ✹✺✕✼✽✱ ✶✾✾✺✳

❙❚❆◆❈■❯▲❊❙❈❯✱ ❇✳❀ ❇❘❊❍❊❘❊❚✱ ❆✳❀ ▼❖❯❚❆❘❉❊✱ ❋✳ ■♥45♦❞✉❝✐♥❣ ♥❡✇ ❛❞❛❜♦♦04

❢❡❛4✉5❡0 ❢♦5 5❡❛❧✲4✐♠❡ ✈❡❤✐❝❧❡ ❞❡4❡❝4✐♦♥✳ ❈♦❘❘✱ ❛❜0✴✵✾✶✵✳✶✷✾✸✱ ✷✵✵✾✳

❙❯◆✱ ❩✳❀ ❇❊❇■❙✱ ●✳❀ ▼■▲▲❊❘✱ ❘✳ ◗✉❛♥4✐③❡❞ ✇❛✈❡❧❡4 ❢❡❛4✉5❡0 ❛♥❞ 0✉♣♣♦54 ✈❡❝4♦5

♠❛❝❤✐♥❡0 ❢♦5 ♦♥✲5♦❛❞ ✈❡❤✐❝❧❡ ❞❡4❡❝4✐♦♥✳ ■♥✿ ❙❡✈❡♥"❤ ■♥"❡+♥❛"✐♦♥❛❧ ❈♦♥❢❡+❡♥❝❡ ♦♥

❈♦♥"+♦❧✱ ❆✉"♦♠❛"✐♦♥✱ ❘♦❜♦"✐❝! ❛♥❞ ❱✐!✐♦♥✳ ✷✵✵✷✳ ♣✳ ✶✻✹✶✕✶✻✹✻✳

❙❯◆✱ ❩✳❀ ❇❊❇■❙✱ ●✳❀ ▼■▲▲❊❘✱ ❘✳ ❖♥✲5♦❛❞ ✈❡❤✐❝❧❡ ❞❡4❡❝4✐♦♥ ✉0✐♥❣ ♦♣4✐❝❛❧ 0❡♥0♦50✿ ❆

5❡✈✐❡✇✳ ■♥✿ ■♥ ■❊❊❊ ■♥"❡+♥❛"✐♦♥❛❧ ❈♦♥❢❡+❡♥❝❡ ♦♥ ■♥"❡❧❧✐❣❡♥" ❚+❛♥!♣♦+"❛"✐♦♥ ❙②!"❡♠! ✳

✷✵✵✹✳ ♣✳ ✺✽✺✕✺✾✵✳

❙❯◆✱ ❩✳❀ ❇❊❇■❙✱ ●✳❀ ▼■▲▲❊❘✱ ❘✳ ❖♥✲5♦❛❞ ✈❡❤✐❝❧❡ ❞❡4❡❝4✐♦♥✿ ❆ 5❡✈✐❡✇✳ F❛""❡+♥

❆♥❛❧②!✐! ❛♥❞ ▼❛❝❤✐♥❡ ■♥"❡❧❧✐❣❡♥❝❡✱ ■❊❊❊ ❚+❛♥!❛❝"✐♦♥! ♦♥ ✱ ✈✳ ✷✽✱ ♥✳ ✺✱ ♣✳ ✻✾✹✕✼✶✶✱

✷✵✵✻✳ ❉✐0♣♦♥S✈❡❧ ❡♠✿ <❤44♣✿✴✴❞①✳❞♦✐✳♦5❣✴✶✵✳✶✶✵✾✴❚A❆▼■✳✷✵✵✻✳✶✵✹>✳

❙❯◆✱ ❩✳ ❡4 ❛❧✳ ❆ 5❡❛❧✲4✐♠❡ ♣5❡❝5❛0❤ ✈❡❤✐❝❧❡ ❞❡4❡❝4✐♦♥ 0②04❡♠✳ ■♥✿ ■❊❊❊ ■♥"❡+♥❛"✐♦♥❛❧

❲♦+❦!❤♦♣ ♦♥ ❆♣♣❧✐❝❛"✐♦♥ ♦❢ ❈♦♠♣✉"❡+ ❱✐!✐♦♥✳ ✷✵✵✷✳ ♣✳ ✶✼✶✕✶✼✻✳

❚❘❆◆❙❋❖❘▼✱ ❍✳ ❈♦♠♣✉"❡+ ❱✐!✐♦♥ ❲❡❜!✐"❡ ❍❡❛❞❡+✳ ✷✵✵✾✳ ❉✐0♣♦♥S✈❡❧ ❡♠✿

<❤44♣✿✴✴✉0❡50✳❡❝0✳0♦4♦♥✳❛❝✳✉❦✴♠0♥✴❜♦♦❦✴♥❡✇❴❞❡♠♦✴❤♦✉❣❤✴>✳ ❆❝❡00♦ ❡♠✿

✷✵✴✵✸✴✷✵✵✾✳



✽✼

❚❙❆■✱ ▲✳❀ ❍❙■❊❍✱ ❏✳❀ ❋❆◆✱ ❑✳ ❱❡❤✐❝❧❡ ❞❡7❡❝7✐♦♥ ✉;✐♥❣ ♥♦=♠❛❧✐③❡❞ ❝♦❧♦= ❛♥❞ ❡❞❣❡

♠❛♣✳ ✈✳ ✶✻✱ ♥✳ ✸✱ ♣✳ ✽✺✵✕✽✻✹✱ ▼❛=❝❤ ✷✵✵✼✳

❱❆▲❊✱ ●✳ ▼✳❀ ●❆▲❱❆◆■◆✱ ❊✳ ❆✳❀ M❖❩✱ ❆✳ M✳ ❉✳ ❖ ❞❡7❡❝7♦= ❞❡ ❝❛♥♥②✲❡❞♣✿ ❯♠❛

❝♦♠❜✐♥❛➬➹♦ ❡♥7=❡ ❛; 7❡♦=✐❛; ❞❡ ❝❛♥♥② ❡ ❞❡ ❞✐❢✉;➹♦ ❛♥✐;♦7=Y♣✐❝❛ ♥➹♦ ❧✐♥❡❛=✳ ❘❡✈✐$%❛

❇(❛$✐❧❡✐(❛ ❞❡ ❈❛(%♦❣(❛✜❛✱ ♥✳ ✺✻✱ ♣✳ ✶✺✻ ✕ ✶✻✽✱ ✷✵✵✹✳

❱❆▲❊✱ ●✳ ▼✳❀ M❖❩✱ ❆✳ M✳ ❉✳ M=♦❝❡;;♦ ❞❡ ❞❡7❡❝Z[♦ ❞❡ ❜♦=❞❛; ❞❡ ❝❛♥♥②✳ ❇♦❧❡%✐♠ ❞❡

❈✐0♥❝✐❛$ ●❡♦❞4$✐❝❛$✱ ✈✳ ✽✱ ♥✳ ✷✱ ♣✳ ✻✼ ✕ ✼✽✱ ✷✵✵✷✳

❱■❖▲❆✱ M✳❀ ❏❖◆❊❙✱ ▼✳ ❏✳ ❘♦❜✉;7 =❡❛❧✲7✐♠❡ ❢❛❝❡ ❞❡7❡❝7✐♦♥✳ ■♥%✳ ❏✳ ❈♦♠♣✉%✳ ❱✐$✐♦♥✱

❑❧✉✇❡= ❆❝❛❞❡♠✐❝ M✉❜❧✐;❤❡=;✱ ❍✐♥❣❤❛♠✱ ▼❆✱ ❯❙❆✱ ✈✳ ✺✼✱ ♥✳ ✷✱ ♣✳ ✶✸✼✕✶✺✹✱ ✷✵✵✹✳ ■❙❙◆

✵✾✷✵✲✺✻✾✶✳

❱■❖▲❆✱ M✳ ❆✳❀ ❏❖◆❊❙✱ ▼✳ ❏✳ ❘❛♣✐❞ ♦❜❥❡❝7 ❞❡7❡❝7✐♦♥ ✉;✐♥❣ ❛ ❜♦♦;7❡❞ ❝❛;❝❛❞❡ ♦❢

;✐♠♣❧❡ ❢❡❛7✉=❡;✳ ■♥✿ ;(♦❝❡❡❞✐♥❣$ ♦❢ %❤❡ ■❊❊❊ ❈♦♥❢❡(❡♥❝❡ ♦♥ ❈♦♠♣✉%❡( ❱✐$✐♦♥ ❛♥❞

;❛%%❡(♥ ❘❡❝♦❣♥✐%✐♦♥✳ ❑❛✉❛✐✱ ❍■✿ ■❊❊❊ ❈♦♠♣✉7❡= ❙♦❝✐❡7②✱ ✷✵✵✶✳ ♣✳ ✺✶✶✕✺✶✽✳ ■❙❇◆

✵✲✼✻✾✺✲✶✷✼✷✲✵✳

❱▼ M❛;;❛7 ❈❈✳ ❉✐;♣♦♥b✈❡❧ ❡♠✿

<❤77♣✿✴✴;❡♠♣=❡♦♥✳❜❧♦❣;♣♦7✳❝♦♠✴✷✵✵✽✴✵✹✴✈✇✲♣❛;;❛7✲❝❝✳❤7♠❧>✳

❲■❑■M❊❉■❆ ❲❛✈❡❧❡7✳ ❉✐;♣♦♥b✈❡❧ ❡♠✿ <❤77♣✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦=❣✴✇✐❦✐✴❲❛✈❡❧❡7>✳

❲❯✱ ❱✳ ❑✳ ❳✳ ❚♦♣ ✶✵ ❛❧❣♦=✐7❤♠; ✐♥ ❞❛7❛ ♠✐♥✐♥❣✳ ❦♥♦✇❧❡❞❣❡ ❛♥❞ ✐♥❢♦=♠❛7✐♦♥ ;②;7❡♠;✳

❊✉(♦❈❖▲❚ ✾✺✿ ;(♦❝❡❡❞✐♥❣$ ♦❢ %❤❡ ❙❡❝♦♥❞ ❊✉(♦♣❡❛♥ ❈♦♥❢❡(❡♥❝❡ ♦♥ ❈♦♠♣✉%❛%✐♦♥❛❧

▲❡❛(♥✐♥❣ ❚❤❡♦(②✱ ▲♦♥❞♦♥✱ ❯❑✱ ♣✳ ✶✕✸✼✱ ✷✵✵✽✳


