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❞❡/❡♥✈♦❧✈✐❞♦/✳
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❣✉*❛♥L❛ ❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡✱ ❢❛③✲"❡ ♥❡❝❡""S*✐♦ ❝♦♥❤❡❝❡* ♦ "❡✉ ❡"(❛❞♦ ❞❡ ♦♣❡*❛L,♦✱ ♣*✐♥❝✐♣❛❧♠❡♥(❡ ❞❛"

❝J♠❛*❛" ❞❡ ❡①(✐♥L,♦ ❞❡ ❛*❝♦✱ ♦♥❞❡ ❡"(,♦ ✐♥"(❛❧❛❞♦" ♦" ❝♦♥(❛(♦" ♣*✐♥❝✐♣❛❧ ❡ ❞❡ ❛*❝♦✳ ❖ ❝♦♥(❛(♦ ♣*✐♥❝✐✲

♣❛❧ M *❡"♣♦♥"S✈❡❧ ♣❡❧❛ ❝♦♥❞✉L,♦ ❞❛ ❝♦**❡♥(❡ ❞❡ ❝❛*❣❛✱ ❡♠ ❝♦♥❞✐LO❡" ♥♦*♠❛✐" ❞❡ ♦♣❡*❛L,♦ ❡ ♦ ❝♦♥(❛(♦

❞❡ ❛*❝♦ M *❡"♣♦♥"S✈❡❧ ♣❡❧❛ ❝♦♥❞✉L,♦ ❞❛ ❝♦**❡♥(❡ ❞❡ ❛*❝♦✳

◆♦" ^❧(✐♠♦" ❛♥♦" ❞✐✈❡*"❛" (M❝♥✐❝❛" ❞❡ ♠♦♥✐(♦*❛♠❡♥(♦ ❡ ♠❛♥✉(❡♥L,♦ ❡♠ ❡2✉✐♣❛♠❡♥(♦" ❞❡ ❛❧(❛

(❡♥",♦ (9♠ "✐❞♦ ❞❡"❡♥✈♦❧✈✐❞❛" ❡✴♦✉ ❛♣❡*❢❡✐L♦❛❞♦"✳ ❊"♣❡❝✐✜❝❛♠❡♥(❡ ♣❛*❛ ❞✐"❥✉♥(♦*❡"✱ ♦ ❣✉✐❛ ♠❛✐" ❛(✉❛❧

❡ ❛❞❡2✉❛❞♦ ♣❛*❛ "❡❧❡L,♦ ❞♦ "✐"(❡♠❛ ❞❡ ♠♦♥✐(♦*❛♠❡♥(♦ M ♦ ●✉✐❛ ♣❛*❛ ❙❡❧❡L,♦ ❞❡ ▼♦♥✐(♦*❛♠❡♥(♦ ♣❛*❛

❉✐"❥✉♥(♦*❡" ❞♦ ■❊❊❊✱ ❞♦ ✐♥❣❧9" ●✉✐❞❡ ❢♦# )❤❡ ❙❡❧❡❝)✐♦♥ ♦❢ ▼♦♥✐)♦#✐♥❣ ❢♦# ❈✐#❝✉✐) ❇#❡❛❦❡#.✱ ♣✉❜❧✐❝❛❞♦
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❝♦♥(✉♠✐❞♦0❡( ❞❡ ❡♥❡0❣✐❛ ❡❧.)0✐❝❛✱ ✐♥)0♦❞✉③✐♥❞♦ ♦( ❝♦♥❝❡✐)♦( ❞❡ ❛✈❛❧✐❛BF♦ ❞❡ 0✐(❝♦✱ ♦♥❞❡ ❛ ♣0✐♦0✐❞❛❞❡

❡ ❛♥9❧✐(❡ ❡❝♦♥G♠✐❝❛ ♣♦❞❡♠ (❡0 ✉(❛❞❛( ♣❛0❛ ❞❡)❡0♠✐♥❛0 H✉❛♥❞♦ ❡ ♦♥❞❡ ♦ ♠♦♥✐)♦0❛♠❡♥)♦ ❞♦ ❞✐(❥✉♥)♦0

(❡ ❥✉()✐✜❝❛ ✭❙❲❊❊❚❙❊❘ ❡) ❛❧✳✱ ✷✵✵✷✮✳
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❡ ❞❡ ❛0❝♦ (F♦ ❛✈❛❧✐❛❞❛( ✐♥❞✐✈✐❞✉❛❧♠❡♥)❡✱ ♦ H✉❡ ♣❡0♠✐)❡ ✉♠❛ ❡()✐♠❛)✐✈❛ ❞♦ ♥X✈❡❧ ❞❡ ❞❡(❣❛()❡ ❞❡ ❝❛❞❛

❝♦♥)❛)♦✳

✶✳✶ ▼♦$✐✈❛()♦

❉✐✈❡0(♦( 0❡❧❛)♦( ❞❡ ❢❛❧❤❛( ❡♠ ❞✐(❥✉♥)♦0❡( ❞❡✈✐❞♦ ❛ ❞❛♥♦( ♥❛ ❝P♠❛0❛ ❞❡ ❡①)✐♥BF♦ ❝♦♥()❛♠ ♥❛ ❧✐)❡0❛)✉0❛✳

❊♠ ♠✉✐)♦( ❝❛(♦(✱ ❛❧❣✉♠❛( ❞❡((❛( ❢❛❧❤❛( ♣♦❞❡0✐❛♠ )❡0 (✐❞♦ ❡✈✐)❛❞❛(✱ ❝♦♠ ❛ ✐♠♣❧❛♥)❛BF♦ ❞❡ ✉♠

♣0♦❣0❛♠❛ ❞❡ ♠❛♥✉)❡♥BF♦ ❜❡♠ ❞❡✜♥✐❞♦✱ ❡ ❝♦♠ ❛ ❛♣❧✐❝❛BF♦ ❞❡ ).❝♥✐❝❛( ❞❡ ❞✐❛❣♥Y()✐❝♦ ♠❛✐( ❡✜❝✐❡♥)❡(

✭❍❨❉❘❖V❖❲❊❘✱ ✶✾✾✾✮✳

◆❛ ❣0❛♥❞❡ ♠❛✐♦0✐❛ ❞❛( ❝♦♥❝❡((✐♦♥90✐❛✱ ❛ ❛♥9❧✐(❡ ❞♦( ❝♦♥)❛)♦( ♥❛( ❝P♠❛0❛( ❞❡ ❡①)✐♥BF♦ (❡

0❡()0✐♥❣❡ ❛ )❡()❡( ❞❛ ▼❘❊✱ ♠✉✐)❛( ✈❡③❡( ❛♣❧✐❝❛♥❞♦ ❡H✉✐♣❛♠❡♥)♦( ❞❡ )❡()❡ ✐♥❛❞❡H✉❛❞♦( ✭❏❊❨❆❘❆❏❀

❍❆❇❚❆❨✱ ✷✵✶✶✮✳ ❖ ❡♥(❛✐♦ ❞❛ ▼❘❊ ✐♥❢❡0❡ (♦♠❡♥)❡ (♦❜0❡ ❛ ❝♦♥❞✐BF♦ ❞♦( ❝♦♥)❛)♦( ♣0✐♥❝✐♣❛✐(✳ V❛0❛

❛✈❛❧✐❛0 ❛ ❝♦♥❞✐BF♦ ❞♦ ❝♦♥)❛)♦ ❞❡ ❛0❝♦✱ ❤9 ❛ ♥❡❝❡((✐❞❛❞❡ ❞❡ ✐♥(♣❡❝BF♦ ✐♥)❡0♥❛ ♥❛ ❝P♠❛0❛ ❞❡ ❡①✲

)✐♥BF♦✱ ✐♥❞✐(♣♦♥✐❜✐❧✐③❛♥❞♦ ♦ ❞✐(❥✉♥)♦0 ♣♦0 ❧♦♥❣♦ )❡♠♣♦ ❡ ❞❡♠❛♥❞❛♥❞♦ ❛❧)♦( ❝✉()♦( ❞❡ ♠❛♥✉)❡♥BF♦✱

♣♦❞❡♥❞♦ ❛✐♥❞❛ ❞❛0 ♦0✐❣❡♠ ♦✉ ❛❝❡❧❡0❛0 ♦ (✉0❣✐♠❡♥)♦ ❞❡ ♥♦✈♦( ♣0♦❜❧❡♠❛( ♥♦ ❡H✉✐♣❛♠❡♥)♦ ♥❛ ❡)❛♣❛ ❞❡

0❡♠♦♥)❛❣❡♠ ✭▲❆◆❉❘❨ ❡) ❛❧✳✱ ✷✵✵✽✮✳
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❆♦ ❝♦♥%&'&✐♦ ❞❛ ▼❘❊✱ ❛ ▼❘❉ ♣♦11✐❜✐❧✐%❛ ✉♠ ❞✐❛❣♥71%✐❝♦ ♠❛✐1 ❡✜❝✐❡♥%❡ ❡ %❡♠ 1❡ ❝❛&❛❝%❡&✐③❛❞♦

❝♦♠♦ ✉♠❛ %;❝♥✐❝❛ ♣&♦♠✐11♦&❛ ♥❛ ❛✈❛❧✐❛=>♦ ❞♦ ❡1%❛❞♦ ❞❛1 ❝?♠❛&❛1 ❞❡ ❡①%✐♥=>♦ ❞❡ ❛&❝♦ ❞♦1 ❞✐1❥✉♥%♦&❡1✳

◆♦1 D❧%✐♠♦1 ❛♥♦1 ❞✐✈❡&1♦1 %&❛❜❛❧❤♦1 %F♠ 1✐❞♦ ❞❡1❡♥✈♦❧✈✐❞♦1 ♥❡1%❡ %❡♠❛ ❞❡ ♣❡1G✉✐1❛✱ ❡♥%&❡%❛♥%♦✱ ♥>♦

❡①✐1%❡ ❛✐♥❞❛ ✉♠❛ ♠❡%♦❞♦❧♦❣✐❛ ❝♦♥1❡♥1✉❛❧ ❞❡ ♠❡❞✐=>♦ ❡ ❛♥'❧✐1❡✱ G✉❡ ❞❡✜♥❛ ♣❛&?♠❡%&♦1 ❞❡ &❡❢❡&F♥❝✐❛✱

♦♥❞❡ 1❡ ♣♦11❛ ❝♦&&❡❧❛❝✐♦♥❛& ♦1 &❡1✉❧%❛❞♦1 ❞❛ ▼❘❉ ❛♦ ♥I✈❡❧ ❞❡ ❞❡1❣❛1%❡ ❞♦1 ❝♦♥%❛%♦1✳

❊♠❜♦&❛ ❛♣&❡1❡♥%❡ &❡1✉❧%❛❞♦1 ❝♦♠♣&♦✈❛❞❛♠❡♥%❡ ♠❛✐1 ❡✜❝✐❡♥%❡1 G✉❡ ♦ ❡♥1❛✐♦ ❞❛ ▼❘❊✱ ❛ ❢❛❧%❛

❞❡ ♣❛&❛♠❡%&✐③❛=>♦ ❞♦1 ♠;%♦❞♦1 ❛♣❧✐❝❛❞♦1 ♥❛ ♦❜%❡♥=>♦ ❞❛ ❝✉&✈❛ ❞❛ ▼❘❉ ❡ ❛ ❛♥'❧✐1❡ ❞❛ ♣&7♣&✐❛ ❝✉&✈❛✱

❞✐✜❝✉❧%❛♠ ❛ ❛❞♦=>♦ ❞❛ %;❝♥✐❝❛ ❞❛ ▼❘❉ ♣♦& ♣❛&%❡ ❞❛1 ❝♦♥❝❡11✐♦♥'&✐❛1✱ ✜❝❛♥❞♦ ❛ ❛♥'❧✐1❡ ❞♦1 ❝♦♥%❛%♦1

&❡1%&✐%❛ ❛ %❡1%❡1 ❞❡ &❡1✐1%F♥❝✐❛ ❡1%'%✐❝❛✳

J♦& 1❡ %&❛%❛& ❞❡ ✉♠ ♠;%♦❞♦ ❡♠ ♥I✈❡❧ ✐♥❝✐♣✐❡♥%❡✱ ❤' ❛ ♥❡❝❡11✐❞❛❞❡ ❞♦ ❞❡1❡♥✈♦❧✈✐♠❡♥%♦ ❞❡

♣❡1G✉✐1❛1 G✉❡ ❞❡♠♦♥1%&❡♠ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡ ✈✐❛❜✐❧✐❞❛❞❡ %;❝♥✐❝❛ ❞❛ ❛♣❧✐❝❛=>♦ ❞❛ ▼❘❉✱ ❝♦♠♦ ❢♦&♠❛

❞❡ ❞✐❛❣♥71%✐❝♦ ❞❛1 ❝♦♥❞✐=K❡1 ♦♣❡&❛❝✐♦♥❛✐1 ❞♦1 ❝♦♥%❛%♦1 ❞❡ ❞✐1❥✉♥%♦&❡1✳

✶✳✷ ❖❜❥❡'✐✈♦+

✶✳✷✳✶ ❖❜❥❡'✐✈♦ ❣❡,❛❧

❖ ♦❜❥❡%✐✈♦ ❣❡&❛❧ ❞❡1%❡ %&❛❜❛❧❤♦ ; ❛♣&❡1❡♥%❛& ✉♠❛ ♠❡%♦❞♦❧♦❣✐❛ ❞❡1%✐♥❛❞❛ M ♠❡❞✐=>♦✱ ♣&♦❝❡11❛♠❡♥%♦

❡ ❡①%&❛=>♦ ❞❡ ♣❛&?♠❡%&♦1 ❞❡ &❡1✐1%F♥❝✐❛ ❞❡ ❝♦♥%❛%♦✱ G✉❡ ♣❡&♠✐%❛ ❝❧❛11✐✜❝❛& ♥I✈❡✐1 ❞❡ ❞❡❣&❛❞❛=>♦ ❡♠

❝♦♥%❛%♦1 ❞❛1 ❝?♠❛&❛1 ❞❡ ❡①%✐♥=>♦ ❞❡ ❛&❝♦✱ ❡♠ ❞✐1❥✉♥%♦&❡1 ❞❡ ♠;❞✐❛ ❡ ❛❧%❛ %❡♥1>♦✳ J❛&❛ ❛%❡♥❞❡&

%❛❧ ♦❜❥❡%✐✈♦✱ ❜✉1❝❛✲1❡ ❢♦♠❡♥%❛& ♦ ✉1♦ ❞❛ %;❝♥✐❝❛ ❞❛ ▼❘❉✱ ❡ 1✉❛1 &❡1%&✐=K❡1 ❞❡ ♠❡❞✐=>♦✱ ❝♦♠ ❛♣❡&✲

❢❡✐=♦❛♠❡♥%♦ ❞♦1 ♠;%♦❞♦1 ❞❡ ❞✐❛❣♥71%✐❝♦ ❡ ❞❡♠♦♥1%&❛=>♦ ❞❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛ %;❝♥✐❝❛ ❞❛ ▼❘❉✱ ❝♦♠♦

❢❡&&❛♠❡♥%❛ ❝♦♥✜'✈❡❧ ♣❛&❛ ❛✈❛❧✐❛=>♦ ❞♦ ❡1%❛❞♦ ❡✈♦❧✉%✐✈♦ ❞❛ ❞❡❣&❛❞❛=>♦ ❞♦1 ❝♦♥%❛%♦1✳

❆ ❝❧❛11✐✜❝❛=>♦ ❞♦ ♥I✈❡❧ ❞❡ ❞❡❣&❛❞❛=>♦ ❞♦1 ❝♦♥%❛%♦1 ❞❛&' 1✉❜1I❞✐♦1 ❞❡ ❢♦&♠❛ ❝♦♠♣❧❡♠❡♥%❛&

❛ ♦✉%&❛1 %;❝♥✐❝❛1 ❞❡ ❞✐❛❣♥71%✐❝♦✱ ❝♦♠♦ ❢❡&&❛♠❡♥%❛ ❞❡ ❛♣♦✐♦ M ❞❡❝✐1>♦ ❞❡ &❡%✐&❛❞❛ ❞♦ ❡G✉✐♣❛♠❡♥%♦ ❞❡

♦♣❡&❛=>♦✳

✶✳✷✳✷ ❖❜❥❡'✐✈♦/ ❡/♣❡❝2✜❝♦/

❖1 ♦❜❥❡%✐✈♦1 ❡1♣❡❝I✜❝♦1 ❞❛ ❛✈❛❧✐❛=>♦ ❞♦ ♥I✈❡❧ ❞❡ ❞❡❣&❛❞❛=>♦ ❞♦1 ❝♦♥%❛%♦1 1>♦✿

• ♣&♦❥❡%❛&✱ ❞❡1❡♥✈♦❧✈❡& ❡ ❛♣❧✐❝❛& ✉♠ 1✐1%❡♠❛ ❛❧%❡&♥❛%✐✈♦ ♣❛&❛ ♠❡❞✐=>♦ ❞❛ &❡1✐1%F♥❝✐❛ ❞✐♥?♠✐❝❛

❞❡ ❝♦♥%❛%♦ ❡♠ ❞✐1❥✉♥%♦&❡1✱ ❝♦♠ ❛❜❡&%✉&❛ ❞♦1 ❝♦♥%❛%♦1 ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❡ ✈❡❧♦❝✐❞❛❞❡
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!❡❞✉③✐❞❛❀

• !❡❛❧✐③❛! ❡♥+❛✐♦+ ❞❡ ❧❡✈❛♥.❛♠❡♥.♦ ❞❛+ ❝✉!✈❛+ ❞❛ ▼❘❉ ❞❡ ❞✐+❥✉♥.♦!❡+ ❞❡ ♠5❞✐❛ ❡ ❛❧.❛ .❡♥+6♦✱

✉.✐❧✐③❛♥❞♦ ♦ +✐+.❡♠❛ ❛❧.❡!♥❛.✐✈♦ ❞❡+❡♥✈♦❧✈✐❞♦✱ ❞❡ ♠♦❞♦ ❛ ❝♦♠♣!♦✈❛! ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❡ +❡ !❡❛❧✐③❛!

♦ ♠♦♥✐.♦!❛♠❡♥.♦ ❞❡ ❝♦♥.❛.♦+ ❞❡ ❞✐+❥✉♥.♦!❡+ ❡♠ ❢✉♥;6♦ ❞❛ ♠❡❞✐;6♦ ❞❛ !❡+✐+.<♥❝✐❛ ❞✐♥=♠✐❝❛ ❞❡

❝♦♥.❛.♦❀

• ❛♣!❡+❡♥.❛! ✉♠❛ ♥♦✈❛ ♣❡!+♣❡❝.✐✈❛ ❞❡ ❛♥>❧✐+❡ ❞♦+ ♣❛!=♠❡.!♦+ ❞❛ ▼❘❉ ♥❛ ❛✈❛❧✐❛;6♦ ❞❛ ❞❡❣!❛❞❛;6♦

❞♦+ ❝♦♥.❛.♦+❀

• ❛✈❛❧✐❛! ❛ ✐♥✢✉<♥❝✐❛ ♥♦ ♥A✈❡❧ ❞❛ ❝♦!!❡♥.❡ ❞❡ .❡+.❡ ♥♦ ❡♥+❛✐♦ ❞❛ ▼❘❉❀

• !❡❛❧✐③❛! ❡♥+❛✐♦+ ❞❡ ❞❡❣!❛❞❛;6♦ ❛❝❡❧❡!❛❞❛ ❡♠ ❝♦♥.❛.♦+ ♥♦✈♦+ ❡ ❞❡❣!❛❞❛❞♦+✱ ❞❡ ♠♦❞♦ ❛ ❛✈❛❧✐❛!

❛ ✐♥✢✉<♥❝✐❛ ♥❛ ❞❡❣!❛❞❛;6♦ ♥♦+ ♣❛!=♠❡.!♦+ ❞❛ ▼❘❉❀

• ❞❡+❡♥✈♦❧✈❡! ✉♠ +✐+.❡♠❛ ❡+♣❡❝✐❛❧✐+.❛ ❞❡ ❛♣♦✐♦ B .♦♠❛❞❛ ❞❡ ❞❡❝✐+6♦✱ ❢✉♥❞❛♠❡♥.♦ ❡♠ ❧C❣✐❝❛

❋✉③③②✱ ♣❛!❛ ❛♣❧✐❝❛;6♦ ❡♠ ❡+.✉❞♦+ ❞❡ ❝❛+♦✱ ❞❡ ♠♦❞♦ ❛ D✉❛♥.✐✜❝❛! ♦ ♥A✈❡❧ ❞❡ ❞❡❣!❛❞❛;6♦ ❞♦+

❝♦♥.❛.♦+✱ ❡♠ ❢✉♥;6♦ ❞♦+ ♣❛!=♠❡.!♦+ ❝❛!❛❝.❡!A+.✐❝♦+ ❞❛ ▼❘❉ ❡ ❞❛+ ❝❛!❛❝.❡!A+.✐❝❛+ ❞♦ ❞✐+❥✉♥.♦!✳

❖♣.♦✉✲+❡ ♣♦! ✉.✐❧✐③❛! ❛ ❧C❣✐❝❛ ❋✉③③② ❡♠ ✈✐!.✉❞❡ ❞♦ !❡+.!✐.♦ ♥I♠❡!♦ ❞❡ ❛♠♦+.!❛+ ❞❡ ❞✐+❥✉♥.♦✲

!❡+ ✉.✐❧✐③❛❞♦+✳ ❊++❛ !❡+.!✐;6♦ ✐♠♣❧✐❝❛ ❞✐!❡.❛♠❡♥.❡ ♥✉♠ ❧✐♠✐.❛❞♦ ♥I♠❡!♦ ❞❡ ❝✉!✈❛+ ❞❛ ▼❘❉✳

❙❡❣✉♥❞♦ ✭▲■◆●❏■❊ ❡. ❛❧✳✱ ✷✵✵✽✮✱ ❛ ❧C❣✐❝❛ ❋✉③③② +✉♣❡!❛ ❛+ ❞✐✜❝✉❧❞❛❞❡+ ❛♣!❡+❡♥.❛❞❛+ ♣❡❧♦+ ♦+

+✐+.❡♠❛+ ❜❛+❡❛❞♦+ ❡♠ ❘❡❞❡+ ◆❡✉!❛✐+✱ D✉❡ ♣!❡❝✐+❛♠ ❞❡ ❣!❛♥❞❡+ D✉❛♥.✐❞❛❞❡+ ❞❡ ❞❛❞♦+ ♥❛ ❢❛+❡

❞❡ .!❡✐♥❛♠❡♥.♦✳ ❖ ❞✐❛❣♥C+.✐❝♦ ❞❡ ❢❛❧❤❛+ ❜❛+❡❛❞♦ ❡♠ ♠♦❞❡❧♦+ ❋✉③③② ❛♣!❡+❡♥.❛ ❝♦♠♦ ♣!✐♥❝✐♣❛❧

✈❛♥.❛❣❡♠✱ ♦ ❢❛.♦ ❞❡ ♣❡!♠✐.✐!❡♠ ❛❞♦.❛! ❛+ ❝❛!❛❝.❡!A+.✐❝❛+ ❡++❡♥❝✐❛✐+ ❞♦ ❝♦♠♣♦!.❛♠❡♥.♦✱ ❧❡✈❛♥❞♦

❡♠ ❝♦♥+✐❞❡!❛;6♦ ❛+ ✐♥❝❡!.❡③❛+ ❡ ✐♠♣!❡❝✐+W❡+ ❛++♦❝✐❛❞❛+ ❛ ❝❛❞❛ ♣❛!=♠❡.!♦✳

✶✳✸ #$✐♥❝✐♣❛✐* ❈♦♥-$✐❜✉✐01❡* ❞❛ #❡*4✉✐*❛

❉❡+.❛❝❛♠✲+❡ ❛+ +❡❣✉✐♥.❡+ ❝♦♥.!✐❜✉✐;W❡+ ❞❡+.❡ .!❛❜❛❧❤♦ ♣❛!❛ ♦ ❡+.❛❞♦ ❞❛ ❛!.❡✿

• ◆♦ D✉❡ .❛♥❣❡ ❛ !❡❛❧✐③❛;6♦ ❞♦ ❡♥+❛✐♦ ❞❛ ▼❘❉✱ ❞❡+❡♥✈♦❧✈❡✉✲+❡ ✉♠ +✐+.❡♠❛ ❞❡ ♠❡❞✐;6♦ ❞❡

❜❛✐①♦ ❝✉+.♦✱ ❝♦♠ ❝❛!❛❝.❡!A+.✐❝❛+ ♣❛!❛ ❛♣❧✐❝❛;6♦ ❡♠ ❡♥+❛✐♦+ ❞❡ !❡+✐+.<♥❝✐❛ ❞❡ ❝♦♥.❛.♦✱ ❝♦♠ ❛❧.❛

♣!❡❝✐+6♦✱ ♦ D✉❛❧ ♣♦❞❡ +❡! ❢❛❝✐❧♠❡♥.❡ !❡♣❧✐❝❛❞♦ ❡ ❛❞♦.❛❞♦ ❡♠ ❡+.✉❞♦+ ❞❡ !❡+✐+.<♥❝✐❛ ❞❡ ❝♦♥.❛.♦

❡♠ ❞✐+❥✉♥.♦!❡+ ❡ ♦✉.!♦+ ❡D✉✐♣❛♠❡♥.♦+✱ ❡♠ ♦✉.!❛+ ✐♥+.✐.✉✐;W❡+ ❞❡ ♣❡+D✉✐+❛ ❡ ❝♦♥❝❡++✐♦♥>!✐❛+ ❞❡

❡♥❡!❣✐❛ ❡❧5.!✐❝❛✱ .❛♥.♦ ❡♠ ❧❛❜♦!❛.C!✐♦✱ D✉❛♥.♦ ❡♠ +✉❜❡+.❛;6♦✳
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• ❊♠ #❡❧❛'(♦ ❛♦* ♣❛#,♠❡-#♦* ❞❛ ▼❘❉ ❛✈❛❧✐❛❞♦*✱ ❢♦✐ ♣#♦♣♦*-♦ ✉♠❛ ♠❡-♦❞♦❧♦❣✐❛ ♠❛✐* ❝#✐-❡#✐♦*❛

♥❛ ❛✈❛❧✐❛'(♦ ❡ ❞✐❛❣♥:*-✐❝♦ ❞♦ ♥;✈❡❧ ❞❡ ❞❡❣#❛❞❛'(♦ ❞♦* ❝♦♥-❛-♦* ❡♠ ❞✐*❥✉♥-♦#❡* ❞❡ ♠=❞✐❛ ❡

❛❧-❛ -❡♥*(♦✱ ♥(♦ *❡ ❧✐♠✐-❛♥❞♦ ❛♣❡♥❛* ❛ ❛✈❛❧✐❛'(♦ ❞❛ >#❡❛ ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉ ♦✉ ❛ ♠❡❞✐'(♦ ❞♦

❝♦♠♣#✐♠❡♥-♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛#❝♦✳

• ◗✉❛♥-♦ A ♠❡-♦❞♦❧♦❣✐❛ ♣❛#❛ ✐♥*❡#'(♦ ❞❡ ♥;✈❡✐* ❞❡ ❞❡❣#❛❞❛'(♦ ❡♠ ❝♦♥-❛-♦* ❞❡ *❡❝❝✐♦♥❛❞♦#❛*✱

❢♦✐ ❛♣❧✐❝❛❞❛ ❛ -=❝♥✐❝❛ ❞❡ ✐♠❡#*(♦ ❡♠ :❧❡♦ ♠✐♥❡#❛❧ ❛B✉❡❝✐❞♦ ✭❊❘❇❘■◆❑✱ ✷✵✶✶✮✱ ❡ ♦✉-#❛* ❢♦#❛♠

✐❞❡❛❧✐③❛❞❛*✱ ❛* B✉❛✐* ♣♦❞❡#(♦ *❡# ❛♣❧✐❝❛❞❛* ❡♠ ❞✐✈❡#*♦* -#❛❜❛❧❤♦* ❢✉-✉#♦*✱ ♥♦ ❞❡*❡♥✈♦❧✈✐♠❡♥-♦

❡ -❡*-❡ ❞❡ *✐*-❡♠❛* ❞❡ ❞✐❛❣♥:*-✐❝♦ ❞❡ ❞❡❣#❛❞❛'(♦ ❞❡ ❝♦♥-❛-♦* ❞❡ ❞✐*❥✉♥-♦#❡* ❡ ♦✉-#♦* ❡B✉✐♣❛✲

♠❡♥-♦* ❞♦ *✐*-❡♠❛ ❡❧=-#✐❝♦ B✉❡ ❛❞♦-❡♠ ❛ -=❝♥✐❝❛ ❞❡ *❡❝❝✐♦♥❛♠❡♥-♦ ♦✉ ❝♦♠✉-❛'(♦ ❞❡ ❝❛#❣❛ ♣♦#

♠❡✐♦ ❞❡ ❝♦♥-❛-♦* ♠:✈❡✐*✱ ❝♦♠♦ ♣♦# ❡①❡♠♣❧♦✱ ❝❤❛✈❡* *❡❝❝✐♦♥❛❞♦#❛*✱ #❡❧✐❣❛❞♦#❡*✱ #❡❣✉❧❛❞♦#❡* ❞❡

-❡♥*(♦✱ ❡♥-#❡ ♦✉-#♦*✳

✶✳✹ ❖$❣❛♥✐③❛*+♦ ❞♦ ❚$❛❜❛❧❤♦

❖ ♣#❡*❡♥-❡ -#❛❜❛❧❤♦ = ❝♦♠♣♦*-♦ ♣♦# ✻ ❝❛♣;-✉❧♦*✱ ❞✐*❝✉-✐❞♦* ❛ *❡❣✉✐#✳

❖ ❈❛♣;-✉❧♦ ✷ ❛❜♦#❞❛ ✉♠❛ ❢✉♥❞❛♠❡♥-❛'(♦ -❡:#✐❝❛ *♦❜#❡ ❞✐*❥✉♥-♦#❡* ❡ *✉❛* ♣#✐♥❝✐♣❛✐* ❝❛#❛❝✲

-❡#;*-✐❝❛*✳ ❆♣#❡*❡♥-❛✲*❡ -❛♠❜=♠ ♥❡**❡ ❝❛♣;-✉❧♦ ✉♠ ❡♠❜❛*❛♠❡♥-♦ -❡:#✐❝♦ ❛❝❡#❝❛ ❞❛ ❧:❣✐❝❛ ❋✉③③② ❡

*✉❛* ♣❛#-✐❝✉❧❛#✐❞❛❞❡*✳

❖ ❈❛♣;-✉❧♦ ✸ ❛❜♦#❞❛ ✉♠❛ #❡✈✐*(♦ ❜✐❜❧✐♦❣#>✜❝❛ ❛❝❡#❝❛ ❞♦* ♠=-♦❞♦* ❞❡ ♠♦♥✐-♦#❛♠❡♥-♦ ❞❛*

❝,♠❛#❛* ❞❡ ❡①-✐♥'(♦ ❞❡ ❛#❝♦✱ ❝♦♠ V♥❢❛*❡ ♣❛#❛ ❛* -=❝♥✐❝❛* B✉❡ ❡♠♣#❡❣❛♠ ❝♦♠♦ ♣❛#,♠❡-#♦ ❞❡ ❞✐❛❣✲

♥:*-✐❝♦✱ ❛ #❡*✐*-V♥❝✐❛ ❞❡ ❝♦♥-❛-♦✳

❖ ❈❛♣;-✉❧♦ ✹ ❛❜♦#❞❛ ♦ ♠❛-❡#✐❛❧ ❡ ♣#♦❝❡❞✐♠❡♥-♦* ❡①♣❡#✐♠❡♥-❛✐* ❡ ❡♥*❛✐♦* ❞❛ ▼❘❉✳ ❖ ♦❜❥❡-✐✈♦

❞♦* ❡♥*❛✐♦* ❞❛ ▼❘❉ = ❢♦#♥❡❝❡# *✉❜*;❞✐♦* A ✐❞❡♥-✐✜❝❛'(♦ ❞♦ ❡*-❛❞♦ ❞❡ ♦♣❡#❛'(♦ ❞❡ ❝♦♥-❛-♦* ❞❡

❞✐*❥✉♥-♦#❡*✱ ❞❡ ♠♦❞♦ ❛ ♣♦**✐❜✐❧✐-❛# ♦ ♣#♦✈✐♠❡♥-♦ ❞❡ ✉♠ ❞✐❛❣♥:*-✐❝♦ ❞♦ ❡*-❛❞♦ ❞♦* ❝♦♥-❛-♦* ❝♦♠

❜❛*❡ ♥❛* ❝❛#❛❝-❡#;*-✐❝❛* ❡①-#❛;❞❛* ❞❛ ▼❘❉✳ ◆❡*-❡ ❝❛♣;-✉❧♦ *(♦ ❛♣#❡*❡♥-❛❞♦* ❛✐♥❞❛ ♦* ♣#♦❝❡❞✐♠❡♥-♦*

❞❡ ❡♥*❛✐♦* ❞❡ ❞❡❣#❛❞❛'(♦ ❛❝❡❧❡#❛❞❛ ❡♠ ❝♦♥-❛-♦* ❞❡ ❞✐*❥✉♥-♦#❡*✳ ❈♦♠ ♦* ❡♥*❛✐♦* ❞❡ ❞❡❣#❛❞❛'(♦

❛❝❡❧❡#❛❞❛ = ♣♦**;✈❡❧ #❡♣#♦❞✉③✐# ❡♠ ❧❛❜♦#❛-:#✐♦✱ ❞❡❣#❛❞❛'(♦ ♥♦* ❝♦♥-❛-♦*✱ ❝♦♠ ❝❛#❛❝-❡#;*-✐❝❛* *✐♠✐❧❛#❡*

❛♦* ❝♦♥-❛-♦* ❞❡ ❞✐*❥✉♥-♦#❡* ❡♠ *❡#✈✐'♦✳ ❖ ♦❜❥❡-✐✈♦ ❞♦* ❡♥*❛✐♦* ❞❡ ❞❡❣#❛❞❛'(♦ ❢♦✐ ❛♠♣❧✐❛# ♦ ❜❛♥❝♦

❞❡ ❞❛❞♦* ❞❛* ❝✉#✈❛* ❞❛ ▼❘❉✳ ❚♦❞♦* ♦* ❡♥*❛✐♦* ❢♦#❛♠ ❡①❡❝✉-❛❞♦* ♥♦ ▲❛❜♦#❛-:#✐♦ ❞❡ ❆❧-❛ ❚❡♥*(♦ ❞❛

❯❋❈●✳ ❊ ❛♦ ✜♥❛❧ ❞♦ ❝❛♣;-✉❧♦ = ❛♣#❡*❡♥-❛❞♦ ♦ *✐*-❡♠❛ ❞❡ ❛♣♦✐♦ A -♦♠❛❞❛ ❞❡ ❞❡❝✐*(♦ ❜❛*❡❛❞♦ ❡♠ ❧:❣✐❝❛
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❋✉③③②✱ ❞❡$❡♥✈♦❧✈✐❞♦ ♣❛,❛ -✉❛♥/✐✜❝❛, ♦ ♥2✈❡❧ ❞❡ ❞❡❣,❛❞❛45♦ ❞♦$ ❝♦♥/❛/♦$✱ ❡♠ ❢✉♥45♦ ❞♦$ ♣❛,8♠❡/,♦$

❝❛,❛❝/❡,2$/✐❝♦$ ❞❛ ▼❘❉ ❡ ❞❛$ ❝❛,❛❝/❡,2$/✐❝❛$ ❞♦ ❞✐$❥✉♥/♦,✳

❖ ❈❛♣2/✉❧♦ ✺ ❛❜♦,❞❛ ♦$ ,❡$✉❧/❛❞♦$ ♦❜/✐❞♦$ ❛ ♣❛,/✐, ❞♦ ❡♠♣,❡❣♦ ❞❛ ▼❘❉✱ ❛$$✐♠ ❝♦♠♦✱ ❛$

$✉❛$ ,❡$♣❡❝/✐✈❛$ ❛♥B❧✐$❡$✳ ◆❡$/❡ ❝❛♣2/✉❧♦ D ❛❜♦,❞❛❞♦ /❛♠❜D♠ ♦$ ,❡$✉❧/❛❞♦$ ❞❛ ❛♣❧✐❝❛45♦ ❞♦ $✐$/❡♠❛

❞❡$❡♥✈♦❧✈✐❞♦✱ ♣❛,❛ ❛♣❧✐❝❛45♦ ❡♠ ❡$/✉❞♦$ ❞❡ ❝❛$♦✱ ❞❡ ♠♦❞♦ ❛ -✉❛♥/✐✜❝❛, ♦ ♥2✈❡❧ ❞❡ ❞❡❣,❛❞❛45♦ ❞♦$ ❝♦♥✲

/❛/♦$✱ ❡♠ ❢✉♥45♦ ❞♦$ ♣❛,8♠❡/,♦$ ❝❛,❛❝/❡,2$/✐❝❛$ ❞❛ ▼❘❉ ❡ ❞❛$ ❝❛,❛❝/❡,2$/✐❝❛$ ❞♦ ❞✐$❥✉♥/♦,✱ ✉/✐❧✐③❛♥❞♦

/D❝♥✐❝❛$ ❞❡ ❛♣♦✐♦ G /♦♠❛❞❛ ❞❡ ❞❡❝✐$5♦ ❢✉♥❞❛♠❡♥/❛❞❛ ♥❛ ❧H❣✐❝❛ ❋✉③③②✳

I♦, ✜♠✱ ❖ ❈❛♣2/✉❧♦ ✻ ❛❜♦,❞❛ ❛$ ❝♦♥❝❧✉$K❡$ ❡ ❝♦♥/,✐❜✉✐4K❡$ ❞❡$/❡ /,❛❜❛❧❤♦✳



❈❛♣#$✉❧♦ ✷

❋✉♥❞❛♠❡♥$❛./♦ ❚❡12✐❝❛

◆❡"#❡ ❝❛♣'#✉❧♦ + ❛♣,❡"❡♥#❛❞❛ ✉♠❛ ❜❛"❡ #❡1,✐❝❛ ♣❛,❛ ❛✉①✐❧✐❛, ♦ ❧❡✐#♦, ♥♦ ❡♥#❡♥❞✐♠❡♥#♦ ❞❛ ♣❡"4✉✐"❛✱

"❡♥❞♦ ❞❡"❝,✐#♦" ♦" ♣,✐♥❝✐♣❛✐" #1♣✐❝♦" ,❡❧❛❝✐♦♥❛❞♦" ❛ ❞✐"❥✉♥#♦,❡" ❞❡ ♠+❞✐❛ ❡ ❛❧#❛ #❡♥"7♦✱ ❡♥❢♦❝❛♥❞♦

#✐♣♦" ❞❡ ❞✐"❥✉♥#♦,❡"✱ ❝❛,❛❝#❡,'"#✐❝❛" ❡ ♠+#♦❞♦" ❞❡ ♠♦♥✐#♦,❛♠❡♥#♦✳ ◆♦" ♠+#♦❞♦" ❞❡ ♠♦♥✐#♦,❛♠❡♥#♦

+ ❞❛❞❛ ♠❛✐♦, :♥❢❛"❡ ❛♦ ♠♦♥✐#♦,❛♠❡♥#♦ ❛#,❛✈+" ❞❛ ♠❡❞✐<7♦ ❞❛ ,❡"✐"#:♥❝✐❛ ❞❡ ❝♦♥#❛#♦✱ ❢♦❝♦ ♣,✐♥❝✐♣❛❧

❞❡"#❛ ♣❡"4✉✐"❛✳

✷✳✶ ❉✐%❥✉♥)♦+❡% ❞❡ ❆❧)❛ ❚❡♥%2♦

❖" ❞✐"❥✉♥#♦,❡" "7♦ ❡4✉✐♣❛♠❡♥#♦" ❡❧❡#,♦♠❡❝>♥✐❝♦" ❝✉❥❛ ❢✉♥<7♦ ♣,❡❝'♣✉❛ ♥♦ "✐"#❡♠❛ ❡❧+#,✐❝♦ + ✐♥#❡,,♦♠✲

♣❡, ❛" ❝♦,,❡♥#❡" ❞❡ ❞❡❢❡✐#♦"✱ ❡♠ ❡"♣❡❝✐❛❧ ❛" ❝♦,,❡♥#❡" ♣,♦✈❡♥✐❡♥#❡" ❞❡ ❝✉,#♦✲❝✐,❝✉✐#♦ ♥❛ ,❡❞❡ ❡❧+#,✐❝❛

✭❆◆❙■✴■❊❊❊✱ ✶✾✾✷✮✳ ❖" ❞✐"❥✉♥#♦,❡" ❞❡✈❡♠ "❡, ♠❡❝❛♥✐❝❛♠❡♥#❡ ❝❛♣❛③❡" ❞❡ ❛❜,✐, ❡♠ #❡♠♣♦" #7♦ ❝✉,✲

#♦" 4✉❛♥#♦ ♦ "✐"#❡♠❛ ♥❡❝❡""✐#❛✱ ❣❡,❛❧♠❡♥#❡ ❞❡ ✸ ❛ ✺ ❝✐❝❧♦"✱ ♠❡"♠♦ #❡♥❞♦ ♣❡,♠❛♥❡❝✐❞♦ ♥❛ ♣♦"✐<7♦

❢❡❝❤❛❞❛ ♣♦, ✈O,✐♦" ♠❡"❡"✱ ❞❡ ♠♦❞♦ ❛ ❧✐♠✐#❛, ♦" ❡❢❡✐#♦" ❞❡ ❞❡❣,❛❞❛<7♦ ❞♦" "❡✉" ❝♦♥#❛#♦"✱ ❜❡♠ ❝♦♠♦

♣❛,❛ ❝♦♥#,♦❧❛, ♦ #❡♠♣♦ ❞❡ ❞✉,❛<7♦ ❞❛ ❢❛❧#❛ ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳ ❈♦♥❝♦♠✐#❛♥#❡♠❡♥#❡✱ ❡❧❡" ❞❡✈❡♠ "❡,

❝❛♣❛③❡" ❞❡ ❡"#❛❜❡❧❡❝❡, ❡ ✐♥#❡,,♦♠♣❡, ❛ ❝♦,,❡♥#❡ ♥♦♠✐♥❛❧ ♦✉ ✐♥❢❡,✐♦,✱ ❡ ❞❡ ✐"♦❧❛, #,❡❝❤♦" ❞❛ ,❡❞❡ ❡❧+#,✐❝❛

4✉❛♥❞♦ ♥❛ ♣♦"✐<7♦ ❛❜❡,#❛ ✭❋❘❖◆❚■◆✱ ✷✵✶✸✮✳

◗✉❛♥❞♦ ♦" ❝♦♥#❛#♦" ❞♦ ❞✐"❥✉♥#♦, "❡ ❡♥❝♦♥#,❛♠ ♥❛ ♣♦"✐<7♦ ❢❡❝❤❛❞❛✱ ❡❧❡" ❞❡✈❡♠ ❛♣,❡"❡♥#❛,

❡♥#,❡ "✐ ✉♠❛ ✐♠♣❡❞>♥❝✐❛ ♠✉✐#♦ ♣❡4✉❡♥❛✱ ❡ 4✉❛♥❞♦ "❡ ❡♥❝♦♥#,❛♠ ♥❛ ♣♦"✐<7♦ ❛❜❡,#❛✱ #❡♠✲"❡ ✐❞❡❛❧♠❡♥#❡

✉♠❛ ✐♠♣❡❞>♥❝✐❛ ❞❡ ✈❛❧♦, ✐♥✜♥✐#♦ ❡ ♥❛ ♣,O#✐❝❛ ✉♠❛ ✐♠♣❡❞>♥❝✐❛ ❡①#,❡♠❛♠❡♥#❡ ❡❧❡✈❛❞❛✳ ❖ ❞✐"❥✉♥#♦,

❞❡✈❡ "❡, ❝❛♣❛③ ❞❡ ❛❧#❡,❛, ♦ "❡✉ ❡"#❛❞♦ ❞❡ ❢❡❝❤❛❞♦ ♣❛,❛ ❛❜❡,#♦ ♦✉ ❞❡ ❛❜❡,#♦ ♣❛,❛ ❢❡❝❤❛❞♦ ❛ ♣❛,#✐,

❞❡ 4✉❛✐"4✉❡, ❝♦♥❞✐<Y❡" ❞♦ ❝✐,❝✉✐#♦✱ 4✉❛♥❞♦ ❛""✐♠ "♦❧✐❝✐#❛❞♦✱ ❛ ✉♠❛ #❛①❛ ❞❡ ✈❛,✐❛<7♦ ❞❛ ✐♠♣❡❞>♥❝✐❛✱

4✉❡ + ❝♦♠♣❛#'✈❡❧ ❝♦♠ ♦" ♣❛,>♠❡#,♦" ❞♦ ❝✐,❝✉✐#♦✳ ❙❡ ❛ #❛①❛ ❞❡ ✈❛,✐❛<7♦ ❞❛ ✐♠♣❡❞>♥❝✐❛ ❡♥#,❡ ♦"

✽
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❝♦♥$❛$♦& ❞♦ ❞✐&❥✉♥$♦+ ♦❝♦++❡ ❡♠ ✉♠ $❡♠♣♦ +❡❧❛$✐✈❛♠❡♥$❡ ❧♦♥❣♦✱ ❛ ❝♦♠✉$❛34♦ ❡♥✈♦❧✈❡ ✉♠❛ ❡♥❡+❣✐❛

$5+♠✐❝❛ ❝♦♥&✐❞❡+6✈❡❧✱ ♥♦ 7✉❛❧ ♦ ❞✐&❥✉♥$♦+ ❞❡✈❡+6 ❛❜&♦+✈❡+ ❡ ❞✐&&✐♣❛+✱ $♦+♥❛♥❞♦ ♦ ❞✐&♣♦&✐$✐✈♦ ♠❛✐♦+ ❡

♠❛✐& ♦♥❡+♦&♦ ✭❋▲❯❘❙❈❍❊■▼✱ ✶✾✽✷✮✳

❖& ❞✐&❥✉♥$♦+❡& ❡♠ ♦♣❡+❛34♦ ❞❡✈❡♠ &❛$✐&❢❛③❡+ ❛& &❡❣✉✐♥$❡& ❝♦♥❞✐3L❡& ✭❋❘❖◆❚■◆✱ ✷✵✶✸✮✿

• ❛❜+✐+ ❡ ❢❡❝❤❛+ ♦ ❝✐+❝✉✐$♦ ♥♦ ♠❡♥♦+ $❡♠♣♦ ♣♦&&S✈❡❧❀

• ❝♦♥❞✉③✐+ ❡ &✉♣♦+$❛+ $❡+♠✐❝❛♠❡♥$❡ ❛ ❝♦++❡♥$❡ ❞❡ ❝❛+❣❛ ❞♦ &✐&$❡♠❛❀

• &✉♣♦+$❛+ $5+♠✐❝❛ ❡ ♠❡❝❛♥✐❝❛♠❡♥$❡ ❛ ❝♦++❡♥$❡ ❞❡ ❝✉+$♦✲❝✐+❝✉✐$♦ ❞♦ &✐&$❡♠❛ ♣♦+ ✉♠ ❞❡$❡+♠✐♥❛❞♦

$❡♠♣♦ &❡❣✉♥❞♦ ❡&♣❡❝✐✜❝❛3L❡& ❞♦ ❢❛❜+✐❝❛♥$❡❀

• ✐&♦❧❛+ ❛ $❡♥&4♦ ❞♦ &✐&$❡♠❛✱ ❡♠ +❡❧❛34♦ ❛♦ $❡++❛✱ ❡ ❡♥$+❡ &❡✉& ♣W❧♦&✱ &♦❜ 7✉❛✐&7✉❡+ ❝♦♥❞✐3L❡& ❞♦

♠❡✐♦ ❛♠❜✐❡♥$❡ ✭&♦❜ ❝❤✉✈❛✱ ❛ &❡❝♦✱ ❡♠ ❛$♠♦&❢❡+❛ ♣♦❧✉S❞❛✱ ❡$❝✳✮❀

• &❡+ ❝♦♠♣❛❝$♦✱ ❝♦♠ ❛❞❡7✉❛❞❛ +❡&✐&$X♥❝✐❛ ♠❡❝Y♥✐❝❛✱ ❞❡ ♠♦❞♦ ❛ &✉♣♦+$❛+ ❛& ✈✐❜+❛3L❡& ♦❝❛&✐♦♥❛❞❛&

♥❛& ♦♣❡+❛3L❡& ❞❡ ❢❡❝❤❛♠❡♥$♦ ❡ ❛❜❡+$✉+❛❀

• +❡7✉❡+❡+ ♣♦✉❝❛ ♠❛♥✉$❡♥34♦✳

❆ ♥❡❝❡&&✐❞❛❞❡ ❞❡ +❡❛❧✐③❛+ $♦❞❛& ❡&&❛& $❛+❡❢❛& ❞❡ ❢♦+♠❛ ❛❜&♦❧✉$❛♠❡♥$❡ ❝♦♥✜6✈❡❧✱ ♣❛+❛ ✐♠♣❡❞✐+

❞❛♥♦& ❛♦& ❞❡♠❛✐& ❡7✉✐♣❛♠❡♥$♦&✱ ✐♥❝❧✉✐ ♦& ❞✐&❥✉♥$♦+❡& ❡♥$+❡ ♦& ❡7✉✐♣❛♠❡♥$♦& ❞❡ ♠❛✐♦+ ❝♦♠♣❧❡①✐❞❛❞❡

✐♥&$❛❧❛❞♦& ♥❛& &✉❜❡&$❛3L❡& ❞❡ ❣❡+❛34♦✱ $+❛♥&♠✐&&4♦ ❡ ❞✐&$+✐❜✉✐34♦ ❞❡ ❡♥❡+❣✐❛ ❡❧5$+✐❝❛ ✭❋❘❖◆❚■◆✱

✷✵✶✸✮✳

❖& ❞✐&❥✉♥$♦+❡& ❞❡ ❛❧$❛ $❡♥&4♦ &4♦ ❝♦♥&$✐$✉S❞♦& ♣♦+ $+X& ❝♦♠♣♦♥❡♥$❡& ♣+✐♥❝✐♣❛✐& ✭◆❆❙❘❆▲▲❆❍

❡$ ❛❧✳✱ ✷✵✵✼❛✮✿

• ❝Y♠❛+❛ ❞❡ ✐♥$❡++✉♣34♦ ❡ ❡①$✐♥34♦ ❞❡ ❛+❝♦✿ ❝♦♠♣❛+$✐♠❡♥$♦ ❢❡❝❤❛❞♦ ❞♦ ❞✐&❥✉♥$♦+ 7✉❡ ❡♥✈♦❧✈❡

❞❡ ❢♦+♠❛ ❡&$❛♥7✉❡ ♦& ❝♦♥$❛$♦& ❡❧5$+✐❝♦& ❡♠ ✉♠ ♠❡✐♦ ✐&♦❧❛♥$❡ ✭❛+ ❝♦♠♣+✐♠✐❞♦✱ W❧❡♦✱ ❣6& ❙❋6✱

✈6❝✉♦✮ ✉$✐❧✐③❛❞♦ ♣❛+❛ ♦ ✐&♦❧❛♠❡♥$♦ ❡♥$+❡ ♦& ♣W❧♦& ❡ ❛ ❝❛+❝❛3❛✱ ❜❡♠ ❝♦♠♦ ❛ ❡①$✐♥34♦ ❞♦ ❛+❝♦

❡❧5$+✐❝♦❀

• ♠❡❝❛♥✐&♠♦ ❞❡ ♦♣❡+❛34♦✿ &✐&$❡♠❛ ♠❡❝Y♥✐❝♦ ❝♦♠♣♦&$♦ ♣♦+ ♠♦❧❛&✱ ♠❡❝❛♥✐&♠♦ ♣♥❡✉♠6$✐❝♦ ♦✉

❤✐❞+6✉❧✐❝♦ 7✉❡ ❢♦+♥❡❝❡♠ ❛ ❡♥❡+❣✐❛ ♥❡❝❡&&6+✐❛ ♣❛+❛ ❢❡❝❤❛+ ♦✉ ❛❜+✐+ ♦& ❝♦♥$❛$♦& ❞♦ ❞✐&❥✉♥$♦+✳

❖♣❡+❛♠ ❞❡ ❢♦+♠❛ ♠❛♥✉❛❧ ❛$+❛✈5& ❞❡ ♠❛♥♦♣❧❛& ♦✉ ❛$+❛✈5& ❞❡ ❛$✉❛❞♦+❡& ❡❧5$+✐❝♦&❀
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• ❝✐$❝✉✐&♦ ❞❡ ❝♦♥&$♦❧❡✿ -✐-&❡♠❛ ❡❧0&$✐❝♦✱ ❛--♦❝✐❛❞♦ ❛♦- $❡❧0- ❞❡ ♣$♦&❡34♦✱ ❝♦♠ ❛❝✐♦♥❛♠❡♥&♦ ❧♦❝❛❧

❡✴♦✉ $❡♠♦&♦✱ $❡-♣♦♥-6✈❡❧ ♣❡❧❛- ❛38❡- ❞❡ ❝♦♠❛♥❞♦ ♣❛$❛ ❛- ♦♣❡$❛38❡- ❞❡ ❢❡❝❤❛♠❡♥&♦ ❡ ❛❜❡$&✉$❛

❞♦- ❝♦♥&❛&♦- ❞♦ ❞✐-❥✉♥&♦$✳

❖- ❞✐-❥✉♥&♦$❡- -4♦ ❝❧❛--✐✜❝❛❞♦- ❜❛-❡❛♥❞♦✲-❡ ❡♠ ❝$✐&0$✐♦-✱ &❛✐- ❝♦♠♦✿ &❡♥-4♦ ❞❡ ❛♣❧✐❝❛34♦✱

❧♦❝❛❧ ❞❡ ✐♥-&❛❧❛34♦ ✭✐♥&❡$♥♦ ♦✉ ❡①&❡$♥♦✮✱ ❝❛$❛❝&❡$D-&✐❝❛- ❞❡ ❝♦♥-&$✉34♦ ❡ ♦ ♠❛✐- ✐♠♣♦$&❛♥&❡✱ ♦ ♣$✐♥❝D♣✐♦

✉&✐❧✐③❛❞♦ ♥❛ ❡①&✐♥34♦ ❞♦ ❛$❝♦ ❡❧0&$✐❝♦ ♣$♦✈❡♥✐❡♥&❡ ❞❛ ❛❜❡$&❛ ❡♠ ♣♦&❡♥❝✐❛✐- ❡❧❡✈❛❞♦- ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

◗✉❛♥&♦ M- ❝❛$❛❝&❡$D-&✐❝❛- ❞❡ ❝♦♥-&$✉34♦✱ ❤6 ❞✉❛- ❝❛&❡❣♦$✐❛- ❞❡ ❞✐-❥✉♥&♦$❡-✿ ✉♠❛ ♦♥❞❡ ❛

❝O♠❛$❛ ❞❡ ❡①&✐♥34♦ 0 ♠❡&6❧✐❝❛ ❡ ❛&❡$$❛❞❛✱ ❞❡♥♦♠✐♥❛❞♦ &❛♥P✉❡ ♠♦&♦$ ✭❞❡❛❞ #❛♥❦✮✱ ❡ ♦✉&$❛ ♦♥❞❡ ❛

❝O♠❛$❛ 0 ✐-♦❧❛❞❛ ❞♦ &❡$$❛✱ ❞❡♥♦♠✐♥❛❞♦ &❛♥P✉❡ ✈✐✈♦ ✭❧✐✈❡ #❛♥❦✮✳ ◆♦- ❞✐-❥✉♥&♦$❡- ❞♦ &✐♣♦ &❛♥P✉❡ ♠♦$&♦✱

♦ Q❧❡♦ ✐-♦❧❛♥&❡ ♦✉ ❣6-✱ ♣♦--✉❡ ❛❧0♠ ❞❛ ❢✉♥34♦ ❞❡ ❡①&✐♥❣✉✐$ ♦ ❛$❝♦ ❡❧0&$✐❝♦✱ ♣$♦♣♦$❝✐♦♥❛$ ♦ ✐-♦❧❛♠❡♥&♦

❡♥&$❡ ❛- ♣❛$&❡- ❡♥❡$❣✐③❛❞❛- ❡ ♦ &❛♥P✉❡ ❞❡ ♠❡&❛❧ ❧✐❣❛❞♦ ❛♦ &❡$$❛ ✭❇❍❊▲✱ ✷✵✵✼✮✳ W♦--✉❡♠ ❝♦♠♦ ♣$✐♥❝✐♣❛❧

✈❛♥&❛❣❡♠ ❛ ♣♦--✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥-&❛❧❛34♦ ❞❡ &$❛♥-❢♦$♠❛❞♦$❡- ❞❡ ❝♦$$❡♥&❡ ✭❚❈✮ ♥♦ ♣$Q♣$✐♦ ❡P✉✐♣❛♠❡♥&♦✱

❡♠ ❛♠❜♦- ♦- ❧❛❞♦- ❞♦ ♣Q❧♦✱ ❡♠ -✐-&❡♠❛- P✉❡ $❡P✉❡$❡♠ ♠Z❧&✐♣❧♦- ❚❈ ♣❛$❛ ♣$♦&❡34♦✱ ✐♠♣❧✐❝❛♥❞♦ ✉♠❛

$❡❞✉34♦ ❞❡ ❝✉-&♦- ✭❙▼❊❊❚❙ ❡& ❛❧✳✱ ✷✵✶✹✮✳ ◆♦- ❞✐-❥✉♥&♦$❡- ❞♦ &✐♣♦ &❛♥P✉❡ ✈✐✈♦ ❛ P✉❛♥&✐❞❛❞❡ ❞❡

Q❧❡♦ ♦✉ ❣6- ✉&✐❧✐③❛❞♦ ♣❛$❛ ✐♥&❡$$♦♠♣❡$ ♦ ❛$❝♦ 0 ♠✐♥✐♠✐③❛❞❛✱ &❡♥❞♦ ❡♠ ✈✐-&❛ P✉❡ ♥❡♥❤✉♠❛ P✉❛♥&✐❞❛❞❡

❛❞✐❝✐♦♥❛❧ 0 ♥❡❝❡--6$✐❛ ♣❛$❛ ♦ ✐-♦❧❛♠❡♥&♦ ❞♦ &❛♥P✉❡ ❛♦ &❡$$❛ ✭▼❈❉❖◆❆▲❉✱ ✷✵✶✷✮✳ W♦--✉❡♠ ❝♦♠♦

♣$✐♥❝✐♣❛❧ ✈❛♥&❛❣❡♠ ♦ ❞❡)✐❣♥ ❝♦♠♣❛❝&♦✱ ♦ P✉❡ ✐♠♣❧✐❝❛$ ❡♠ ✉&✐❧✐③❛$ ❜❛✐①❛ P✉❛♥&✐❞❛❞❡ ❞❡ ♠❡✐♦ ✐-♦❧❛♥&❡

✭Q❧❡♦ ♦✉ ❣6-✮ ❡ ♥❡❝❡--✐&❛$ ❞❡ ♣❡P✉❡♥❛ 6$❡❛ ♣❛$❛ ✐♥-&❛❧❛34♦ ✭❙▼❊❊❚❙ ❡& ❛❧✳✱ ✷✵✶✹✮✳ ◆❛ ❋✐❣✉$❛ ✷✳✶

-4♦ ❛♣$❡-❡♥&❛❞❛- ✐❧✉-&$❛38❡- ❞❡ ❞✐-❥✉♥&♦$❡- ❞♦ &✐♣♦ &❛♥P✉❡ ♠♦$&♦ ❡ &❛♥P✉❡ ✈✐✈♦✳

◆♦ P✉❡ -❡ $❡❢❡$❡ ❛♦ ♣$✐♥❝D♣✐♦ ❞❡ ❡①&✐♥34♦ ❞♦ ❛$❝♦✱ P✉❡ -❡ ❢♦$♠❛ ❛ ♣❛$&✐$ ❞♦ ♠❡✐♦ ✐♦♥✐③❛❞♦✱

❡♥&$❡ ♦- ❝♦♥&❛&♦- ❥6 -❡♣❛$❛❞♦-✱ ❛ ❝♦$$❡♥&❡ -Q ♣♦❞❡$6 -❡$ ✐♥&❡$$♦♠♣✐❞❛ ♣♦$ ✉♠ ❞✐-❥✉♥&♦$ ❝❛♣❛③ ❞❡

❡①&✐♥❣✉✐$ ♦ ❛$❝♦ ❡❧0&$✐❝♦ ✭▼❈❉❖◆❆▲❉✱ ✷✵✶✷✮✳ ❆- &❡❝♥♦❧♦❣✐❛- ❞♦ ♠❡✐♦ ❡①&✐♥&♦$ ♣❛$❛ ❛ ✐♥&❡$$✉♣34♦ ❞♦

❛$❝♦ ❡❧0&$✐❝♦ -4♦ ❙❋6✱ Q❧❡♦ ♠✐♥❡$❛❧✱ ❛$ ❝♦♠♣$✐♠✐❞♦ ❡ ✈6❝✉♦✳ ◆❛ ❋✐❣✉$❛ ✷✳✷ 0 ❛♣$❡-❡♥&❛❞♦ ✉♠ ❣$6✜❝♦

❝♦♠♣❛$❛&✐✈♦ ❡♥&$❡ &❡♥-4♦ ✈❡$-✉- ❞✐-&O♥❝✐❛ ❡♥&$❡ ❡❧❡&$♦❞♦- ✐♠❡$-♦- ❡♠ ♠❡✐♦ ✐-♦❧❛♥&❡ ❝♦♠♦ Q❧❡♦✱ ❛$

❝♦♠♣$✐♠✐❞♦✱ ❙❋6 ❡ ✈6❝✉♦✳
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❊♠ ❞✐&❥✉♥*♦,❡& ❛ /❧❡♦✱ ❛ ❛❜❡,*✉,❛ ❞♦& ❝♦♥*❛*♦& ♦❝♦,,❡ ♥♦ ✐♥*❡,✐♦, ❞❛ ❝4♠❛,❛ ❞❡ ❡①*✐♥67♦ 8✉❡ ❝♦♥*9♠

/❧❡♦ ♠✐♥❡,❛❧ ✐&♦❧❛♥*❡ ♥❛❢*;♥✐❝♦ ♦✉ ♣❛,❛❢=♥✐❝♦ ✭❋▲❯❘❙❈❍❊■▼✱ ✶✾✽✷✮✳ ❖ /❧❡♦ 9 ✉&❛❞♦ ❝♦♠♦ ♠❡❝❛♥✐&♠♦

❞❡ ❛,,❡❢❡❝✐♠❡♥*♦ ♣❛,❛ ❞✐♠✐♥✉✐, ❛ *❡♠♣❡,❛*✉,❛ ❞♦ ❛,❝♦ ❡ ✉&❛, ❛ ♣,❡&&7♦ ❞♦ /❧❡♦ ♣❛,❛ ❛❧♦♥❣❛, ♦ ❛,❝♦

❛*,❛✈9& ❞❡ ✉♠ ❞❡✢❡*♦,✱ ♣❡,♠✐*✐♥❞♦ ❡①*✐♥67♦ ❞♦ ❛,❝♦✱ 8✉❛♥❞♦ ❛ ❝♦,,❡♥*❡ ♣❛&&❛ ♣❡❧♦ ③❡,♦ ✭▼❈❉❖◆❆▲❉✱
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◆❡&*❡ *✐♣♦ ❞❡ ❞✐&❥✉♥*♦, ♦& ❝♦♥*❛*♦& ♠/✈❡✐& &7♦ ❣❡,❛❧♠❡♥*❡ ❞❡ ❢♦,♠❛ ❝✐❧=♥❞,✐❝❛ ❝♦♠ ✉♠❛

♣♦♥*❛ ❢♦,♠❛❞❛ ♣♦, ✉♠❛ ❧✐❣❛ ❞❡ ❝♦❜,❡✲*✉♥❣&*;♥✐♦ ♠✉✐*♦ ,❡&✐&*❡♥*❡ W ❛67♦ ❝♦,,♦&✐✈❛ ❞♦ ❛,❝♦ ❡❧9*,✐❝♦

✭❙❚❊❲❆❘❚✱ ✷✵✵✹✮✳ ❖& ❝♦♥*❛*♦& ✜①♦& &7♦ ❝♦♥&*,✉=❞♦& ❡♠ ❢♦,♠❛ ❞❡ *✉❧✐♣❛ ❝♦♠ ❛ ❡①*,❡♠✐❞❛❞❡ ♦✈❛❧❛❞❛

✭◆❆❙❘❆▲▲❆❍ ❡* ❛❧✳✱ ✷✵✵✼❛✮✳

❖& ❞✐&❥✉♥*♦,❡& ❛ /❧❡♦ &❡ ❝❧❛&&✐✜❝❛♠ ❡♠ ❞♦✐& ❞✐❢❡,❡♥*❡& *✐♣♦& ♥♦ 8✉❡ &❡, ,❡❢❡,❡ ❛♦ ✈♦❧✉♠❡✱

&❡♥❞♦ ❡❧❡&✿ ❣,❛♥❞❡ ✈♦❧✉♠❡ ❞❡ /❧❡♦ ✭●❱❖✮ ❡ ♣❡8✉❡♥♦ ✈♦❧✉♠❡ ❞❡ /❧❡♦ ✭`❱❖✮✳
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❞♦& *,;& ♣/❧♦& ✐♥&*❛❧❛❞♦& ♥♦ ✐♥*❡,✐♦, ❞❡ ✉♠ f♥✐❝♦ ,❡❝✐♣✐❡♥*❡ ❝♦♥*❡♥❞♦ ✉♠❛ ❣,❛♥❞❡ 8✉❛♥*✐❞❛❞❡ ❞❡ /❧❡♦
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❝#♠❛&❛ ❞❡ ❡①*✐♥-.♦ ❞♦ ❛&❝♦✱ ♦♥❞❡ ♦1 ❝♦♥*❛*♦1 ✜①♦ ❡ ♠3✈❡❧ 1.♦ ♠♦♥*❛❞♦1 ♥♦ ✐♥*❡&✐♦& ❞❛ ❝#♠❛&❛ 6

✈7❝✉♦✳ ❖1 ♠❛*❡&✐❛✐1 ♠❛✐1 ✉1❛❞♦1 ♥❛ ❢❛❜&✐❝❛-.♦ ❞♦1 ❝♦♥*❛*♦1 1.♦ ❛1 ❧✐❣❛1 ❈✉❇✐✱ ❈✉❈& ♦& ❈✉❆❣✳ ❙❡♥❞♦

♦ ❈✉❈& ♦ B✉❡ ❛♣&❡1❡♥*❛ ❛1 ❝❛&❛❝*❡&D1*✐❝❛1 ♠❡❧❤♦&❡1 ♣❛&❛ *♦❞♦1 ♦1 ♥D✈❡✐1 ❞❡ ❝♦&&❡♥*❡ ❞❡ ✽ ❦❆ ❛ ✻✸ ❦❆

✭❇❍❊▲✱ ✷✵✵✼✮✳

❊♠❜♦&❛ ❛ ❡①♣&❡11.♦ ❛!❝♦ ✈♦❧&❛✐❝♦ ♥♦ ✈)❝✉♦ ❛ ♣&✐♥❝D♣✐♦ ♣❛&❡-❛ ❝♦♥*&❛❞✐*3&✐❛✱ ✈✐1*♦ B✉❡ ♣❛&❛

❛ ❡①✐1*Q♥❝✐❛ ❞❡ ❛&❝♦✱ ♣&❡1✉♠❡✲1❡ ❛ ❡①✐1*Q♥❝✐❛ ❞❡ D♦♥1 ♣♦1✐*✐✈♦1 ❡ ❡❧S*&♦♥1 B✉❡ ❧❤❡ 1✐&✈❛♠ ❞❡ ❝❛♠✐♥❤♦✱ ❡

♥♦ ✈7❝✉♦ ♥.♦ ❡①✐1*❡♠ ❡♠ ♣&✐♥❝D♣✐♦ ❡1*❛1 ♣❛&*D❝✉❧❛1✳ ◆♦ ❝❛1♦ ❞❡ ❞✐1❥✉♥*♦&❡1 ❛ ✈7❝✉♦✱ ♦1 D♦♥1 ♣♦1✐*✐✈♦1

❡ ❡❧S*&♦♥1 1.♦ ❢♦&♥❡❝✐❞♦1 ♣❡❧❛ ♥✉✈❡♠ ❞❡ ♣❛&*D❝✉❧❛1 ♠❡*7❧✐❝❛1 ♣&♦✈❡♥✐❡♥*❡1 ❞❛ ❡✈❛♣♦&❛-.♦ ❞♦1 ❝♦♥*❛*♦1

❢♦&♠❛♥❞♦ ❞✉&❛♥*❡ ♦ ♣&♦❝❡11♦ ❞❡ ❛❜❡&*✉&❛ ❞♦1 ❝♦♥*❛*♦1 ✭❇❍❊▲✱ ✷✵✵✼✮✳

◗✉❛♥❞♦ ♦1 ❝♦♥*❛*♦1 1❡ 1❡♣❛&❛♠✱ ✉♠❛ ❞❡1❝❛&❣❛ ❡♠ ❢♦&♠❛ ❞❡ ✈❛♣♦& ♠❡*7❧✐❝♦ S ❡1*❛❜❡❧❡❝✐❞❛

♣❡❧❛ ❝♦&&❡♥*❡ ❛ 1❡& ✐♥*❡&&♦♠♣✐❞❛✱ ❛ B✉❛❧ ✢✉✐ ❛*&❛✈S1 ❞❡1*❡ ♣❧❛1♠❛ ❛*S ❛ ♣&3①✐♠❛ ♣❛11❛❣❡♠ ♣♦& ③❡&♦✳

❖ ❛&❝♦ S ❡♥*.♦ ❡①*✐♥*♦ ❡ ♦ ✈❛♣♦& ♠❡*7❧✐❝♦ ❝♦♥❞✉*✐✈♦ ❝♦♥❞❡♥1❛ 1♦❜&❡ 1✉♣❡&❢D❝✐❡1 ♠❡*7❧✐❝❛1 ❡♠ ♣♦✉✲

❝♦1 ♠✐❝&♦11❡❣✉♥❞♦1✱ &❡1*❛❜❡❧❡❝❡♥❞♦ &❛♣✐❞❛♠❡♥*❡ ❛ &✐❣✐❞❡③ ❞✐❡❧S*&✐❝❛ ❡♥*&❡ ♦1 ❝♦♥*❛*♦1 ✭◆❖●❯❊■❘❆✱

✷✵✵✻✮✳

❆ ✐♥*❡♥1✐❞❛❞❡ ❞❛ ♥✉✈❡♠ ❞❡ ✈❛♣♦& ♠❡*7❧✐❝♦ S ❞✐&❡*❛♠❡♥*❡ ♣&♦♣♦&❝✐♦♥❛❧ ❛ ✐♥*❡♥1✐❞❛❞❡ ❞❛

❝♦&&❡♥*❡ ❞❡ ❛&❝♦✱ ❞❡11❡ ♠♦❞♦✱ ❝♦&&❡♥*❡1 ❞❡ ♣❡B✉❡♥❛ ✐♥*❡♥1✐❞❛❞❡ ♥.♦ ♠❛♥*Q♠ ❛ ❞❡1❝❛&❣❛ ❞♦ ✈❛♣♦&

♠❡*7❧✐❝♦✱ 1❡♥❞♦ ✐♥*❡&&♦♠♣✐❞❛1 ❛♥*❡1 ❞❛ ♣❛11❛❣❡♠ ❞♦ ③❡&♦ ✭❋■▲❍❖✱ ✷✵✵✺✮✳

❖ ❛&❝♦ B✉❡ 1❡ ❢♦&♠❛ ♥♦1 ❞✐1❥✉♥*♦&❡1 ❛ ✈7❝✉♦ ♥.♦ S &❡1❢&✐❛❞♦✳ ❖ ♣❧❛1♠❛ ❞❡ ✈❛♣♦& ♠❡*7❧✐❝♦ S

❛❧*❛♠❡♥*❡ ❝♦♥❞✉*✐✈♦✱ &❡1✉❧*❛♥❞♦ ❡♠ ✉♠❛ *❡♥1.♦ ❞❡ ❛&❝♦ ❡①❝❡♣❝✐♦♥❛❧♠❡♥*❡ ❜❛✐①❛ ❝♦♠ ✈❛❧♦&❡1 ❧✐♠✐*❛❞♦1

❛ ✷✵✵ ❱ ✭❋■▲❍❖✱ ✷✵✵✺✮✳ `♦& ❡1*❡ ♠♦*✐✈♦✱ ❡ ❞❡✈✐❞♦ 6 ♣❡B✉❡♥❛ ❞✉&❛-.♦ ❞♦ ❛&❝♦✱ ❛ ❡♥❡&❣✐❛ ❞✐1♣❡&1❛❞❛

♥♦ ❧♦❝❛❧ ❞❡ ❡①*✐♥-.♦ S ♠✉✐*♦ &❡❞✉③✐❞❛✳ ■11♦ ❡①♣❧✐❝❛ ❛ ❡❧❡✈❛❞❛ ❡①♣❡❝*❛*✐✈❛ ❞❡ ✈✐❞❛ ❡❧S*&✐❝❛ ❞♦1 ❝♦♥*❛*♦1✳

❖1 ❞✐1❥✉♥*♦&❡1 ❛ ✈7❝✉♦ 1.♦ ❡1♣❡❝✐❛❧♠❡♥*❡ ✉*✐❧✐③❛❞♦1 ❡♠ 1✐1*❡♠❛ ❞❡ ♠S❞✐❛ *❡♥1.♦✱ ❞❡ ✸ ❦❱ ❛*S

❝❡&❝❛ ❞❡ ✷✵ ❦❱✱ ❢❛✐①❛ ❡♠ B✉❡ ❛♣&❡1❡♥*❛♠ *❡❝♥♦❧♦❣✐❛ ❞♦♠✐♥❛♥*❡✱ ❢&❡♥*❡ ❛♦1 ♦✉*&♦1 *✐♣♦1 ❞❡ ❞✐1❥✉♥*♦&❡1

✭●❆❘❩❖◆✱ ✷✵✵✷✮✳ ◆❛ ❋✐❣✉&❛ ✷✳✻✭❛✮ S ❛♣&❡1❡♥*❛❞❛ ❛ ✐❧✉1*&❛-.♦ ❞❡ ✉♠ ❞✐1❥✉♥*♦& ❛ ✈7❝✉♦ ❞❡ ♠S❞✐❛

*❡♥1.♦✱ ✉*✐❧✐③❛❞♦ ❡♠ ♣❛✐♥S✐1 ❡❧S*&✐❝♦1✳ ❙❡♥❞♦✿ ✶ ✲ ❚❡&♠✐♥❛❧ 1✉♣❡&✐♦&❀ ✷ ✲ ❚❡&♠✐♥❛❧ ✐♥❢❡&✐♦&❀ ✸ ✲ `3❧♦

❡♠ &❡1✐♥❛❀ ✹ ✲ ❆♠♣♦❧❛ ❛ ✈7❝✉♦❀ ✺ ✲ ❙❡♥1♦& ❞❡ ❝♦&&❡♥*❡❀ ✻ ✲ ❈♦♥❡①.♦ ✢❡①D✈❡❧❀ ✼ ✲ ▼♦❧❛ ❞❡ ♣&❡11.♦

❞♦1 ❝♦♥*❛*♦1❀ ✽ ✲ ❇✐❡❧❛ ✐1♦❧❛♥*❡❀ ✾ ✲ ❊✐①♦ ❞❡ *&❛♥1♠✐11.♦❀ ✶✵ ✲ ❘❡❣✉❧❛❞♦& ❞♦ ❝✉&1♦❀ ✶✶ ✲ ❙❡♥1♦&❡1 ❞❡

♣♦1✐-.♦❀ ✶✷ ✲ ❇♦❜✐♥❛ ❞❡ ❢❡❝❤❛♠❡♥*♦❀ ✶✸ ✲ ❮♠.1 ♣❡&♠❛♥❡♥*❡1❀ ✶✹ ✲ ●❛♥❝❤♦ ♠3✈❡❧❀ ✶✺ ✲ ❇♦❜✐♥❛ ❞❡

❛❜❡&*✉&❛❀ ✶✻ ✲ ❉✐1♣♦1✐*✐✈♦ ♠❛♥✉❛❧ ❞❡ ❛❜❡&*✉&❛ ❞❡ ❡♠❡&❣Q♥❝✐❛❀ ✶✼ ✲ ❊1*&✉*✉&❛ ❞❡ 1✉♣♦&*❡✳ ◆❛ ❋✐❣✉&❛

✷✳✻✭❜✮ S ❛♣&❡1❡♥*❛❞❛ ❛ ✐❧✉1*&❛-.♦ ❞❡ ✉♠❛ ❛♠♣♦❧❛ ❛ ✈7❝✉♦✱ ❝♦♠ ❞❡*❛❧❤❡1 ❞♦1 ♣&✐♥❝✐♣❛✐1 ❝♦♠♣♦♥❡♥*❡1✱
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"❡♥❞♦✿ ❆✳ ❈+♠❛.❛ ❝❡.+♠✐❝❛❀ ❇✳ ❇❧✐♥❞❛❣❡♠❀ ❈✳ ❈♦♥5❛5♦ ✜①♦❀ ❉✳ ❈♦♥5❛5♦ ♠9✈❡❧❀ ❊✳ ❋♦❧❡ ♠❡5=❧✐❝♦✳

❋✐❣✉$❛ ✷✳✻ ✕ ❉✐#❥✉♥'♦) ❛ ✈,❝✉♦ ❞❡ ♠1❞✐❛ '❡♥#2♦✳

✭❛✮ ❉✐#❥✉♥'♦) ❛ ✈,❝✉♦✳ ✭❜✮ ❈♦♠♣♦♥❡♥'❡# ❞♦ ✐♥'❡))✉♣'♦) ❛ ✈,❝✉♦✳

❋♦♥'❡✿ ✭❛✮ ✭❆❇❇✱ ✷✵✵✾✮✱ ✭❜✮ ✭❙❈❍◆❊■❉❊❘✱ ✷✵✶✹✮✳

✷✳✷ ❈#♠❛&❛ ❞❡ ❊①+✐♥./♦ ❞❡ ❆&❝♦

❆ ❝+♠❛.❛ ❞❡ ❡①5✐♥>?♦ ❞❡✈❡ "❡. ♣.♦❥❡5❛❞❛ ♣❛.❛ .❡"✐"5✐. B" "♦❧✐❝✐5❛>C❡" 5D.♠✐❝❛" ❡ ♠❡❝+♥✐❝❛" ❞♦ ❛.❝♦✱

♣.♦♣♦.❝✐♦♥❛♥❞♦ ❡♠ ❝♦♥❥✉♥5♦ ❝♦♠ ♦ ♠❡✐♦ ✐"♦❧❛♥5❡✱ ❝♦♥❞✐>C❡" ❢❛✈♦.=✈❡✐" B ❡①5✐♥>?♦ ❞♦ ❛.❝♦ ❡❧D5.✐❝♦✳

❆❧D♠ ❞✐""♦✱ ❛ ❝+♠❛.❛ ❡ ❝♦♠♣♦♥❡♥5❡" ❞❡✈❡♠ "❡. ♣.♦❥❡5❛❞♦" ♣❛.❛ "✉♣♦.5❛. ❛" "♦❧✐❝✐5❛>C❡" H✉I♠✐❝❛"✱

H✉❡ ♣♦❞❡♠ ❞❡5❡.✐♦.❛. ♦" ❝♦♠♣♦♥❡♥5❡" ✐♥5❡.♥♦" ❡ ❛" ✈❡❞❛>C❡" ❞❛ ❝+♠❛.❛✱ ❞❛♥❞♦ ♦.✐❣❡♠ ❛ ✈❛③❛♠❡♥5♦"

❞♦ ♠❡✐♦ ✐"♦❧❛♥5❡✳

❖ ❢❡❝❤❛♠❡♥5♦ ❡♥5.❡ ♦" ♣9❧♦" ✭❧❛❞♦ ❢♦♥5❡ ❡ ❧❛❞♦ ❝❛.❣❛✮ ❞♦ ❞✐"❥✉♥5♦. ♦❝♦..❡ ♥♦ ✐♥5❡.✐♦. ❞❛

❝+♠❛.❛ ❞❡ ❡①5✐♥>?♦✳ ❖ ❞✐"❥✉♥5♦. "❡ ❡♥❝♦♥5.❛ ♥❛ ♣♦"✐>?♦ ❢❡❝❤❛❞❛ H✉❛♥5♦ ❤= ♦ ❝♦♥5❛5♦ ❣❛❧✈+♥✐❝♦ ❡♥5.❡

♦" ❝♦♥5❛5♦" ♣.✐♥❝✐♣❛✐" ❞♦" ❝♦♥5❛5♦" ✜①♦ ❡ ♠9✈❡❧✱ ❞❡ ♠♦❞♦ ❝♦♠♣❧❡♠❡♥5❛.✱ ♦ ❞✐"❥✉♥5♦. "❡ ❡♥❝♦♥5.❛ ♥❛

♣♦"✐>?♦ ❛❜❡.5❛✱ H✉❛♥❞♦ ♥?♦ ❤= ♦ ❝♦♥5❛5♦ ❣❛❧✈+♥✐❝♦ ❡♥5.❡ ♦" ❝♦♥5❛5♦" ✜①♦ ❡ ♠9✈❡❧✳ ◆❛ ❋✐❣✉.❛ ✷✳✼

D ❛♣.❡"❡♥5❛❞❛ ❛ ✐❧✉"5.❛>?♦ ❞❡ ✉♠❛ ❝+♠❛.❛ ❞❡ ❡①5✐♥>?♦ ♣❛.❛ ✉♠ ❞✐"❥✉♥5♦. ❙❋6✱ 5✐♣♦ ❞✉♣❧❛ ♣.❡""?♦✱

❢❛❜.✐❝❛>?♦ ❆❇❇✳

❖" ❝♦♥5❛5♦" ✜①♦ ❡ ♠9✈❡❧ ♣♦""✉❡♠ ❞❡ ❞✉❛" .❡❣✐C❡" ❞✐"5✐♥5❛"✱ ❞❡♥♦♠✐♥❛❞❛" ❞❡ ❝♦♥5❛5♦ ♣.✐♥❝✐✲

♣❛❧ ❡ ❝♦♥5❛5♦ ❞❡ ❛.❝♦✳ ❈♦♠ ♦ ❞✐"❥✉♥5♦. ♥❛ ♣♦"✐>?♦ ❢❡❝❤❛❞❛✱ ❛ ❝♦..❡♥5❡ ❡❧D5.✐❝❛ ❝✐.❝✉❧❛ ❡♥5.❡ ♦ ❝♦♥5❛5♦
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❈❛♣#$✉❧♦ ✷ ✕ ❋✉♥❞❛♠❡♥$❛/0♦ ❚❡23✐❝❛ ✶✾

❡♥❝♦♥&'❛ ♥❛ ♣♦*✐,-♦ ❢❡❝❤❛❞❛ ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

◆♦ =✉❡ &❛♥❣❡ @* ♣'♦♣'✐❡❞❛❞❡* ❞❡ ❝♦♥❞✉,-♦✱ ♦* ❝♦♥&❛&♦* ❢❛❜'✐❝❛❞♦* ❛ ♣❛'&✐' ❞❡ &✉♥❣*&B♥✐♦

❛♣'❡*❡♥&❛♠ ❡①❝❡❧❡♥&❡* ♣'♦♣'✐❡❞❛❞❡* ❞❡ '❡*✐*&B♥❝✐❛ ❛♦ ❛'❝♦ ❡❧F&'✐❝♦✱ ❞❡✈✐❞♦ ❛♦ *❡✉ ❡❧❡✈❛❞♦ ♣♦♥&♦ ❞❡

❢✉*-♦ ✭✸✳✻✺✸ ❑✮✱ *❡♥❞♦ ✉&✐❧✐③❛❞♦* ♥❛ ❢❛❜'✐❝❛,-♦ ❞♦* ❝♦♥&❛&♦* ❞❡ ❛'❝♦✳ ❆ ❛❧&❛ '❡*✐*&✐✈✐❞❛❞❡ ✭✺✱✺ ①

✶✵

−6 Ω✳❝♠✮ ❞♦ &✉♥❣*&B♥✐♦ ♦* &♦'♥❛♠ ✐♥❛❞❡=✉❛❞♦* ♣❛'❛ *❡'❡♠ ✉&✐❧✐③❛❞♦* ❝♦♠♦ ❝♦♥&❛&♦ ♣'✐♥❝✐♣❛❧✳ ❖*

❝♦♥&❛&♦* ♣'♦❞✉③✐❞♦* ❛ ♣❛'&✐' ❞❡ ❧✐❣❛* ❞❡ &✉♥❣*&B♥✐♦ &B♠ ❣❡'❛❧♠❡♥&❡ ❛ *✉❛ *✉♣❡'❢M❝✐❡ ❜❛♥❤❛❞❛ ❝♦♠

♣'❛&❛ ♣❛'❛ ♠❡❧❤♦'❛' ❛ ❝♦♥❞✉&✐✈✐❞❛❞❡ ✭◆❆❙❘❆▲▲❆❍ ❡& ❛❧✳✱ ✷✵✵✼❛✮✳

R♦' ♦✉&'♦ ❧❛❞♦✱ ♦* ❝♦♥&❛&♦* ❛ ❜❛*❡ ❞❡ ❝♦❜'❡ ❡ ♣'❛&❛ ❛♣'❡*❡♥&❛♠ ♠❛✐♦' ❝♦♥❞✉&✐✈✐❞❛❞❡✱ ♠❛*

❛♣'❡*❡♥&❛♠ ♣'♦♣'✐❡❞❛❞❡* '❡❧❛&✐✈❛♠❡♥&❡ ✐♥❢❡'✐♦'❡* ❞❡ '❡*✐*&B♥❝✐❛ ❛♦ ❛'❝♦ ❡❧F&'✐❝♦✱ =✉❛♥❞♦ ❝♦♠♣❛'❛❞♦*

❛♦ &✉♥❣*&B♥✐♦✱ *❡♥❞♦ ✉&✐❧✐③❛❞♦* ♣'✐♥❝✐♣❛❧♠❡♥&❡ ♥❛ ❢❛❜'✐❝❛,-♦ ❞♦* ❝♦♥&❛&♦* ♣'✐♥❝✐♣❛✐* ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

◆❛ ❚❛❜❡❧❛ ✷✳✶ *-♦ ❛♣'❡*❡♥&❛❞❛* ❛* ❝❛'❛❝&❡'M*&✐❝❛* ❡❧F&'✐❝❛* ❡ &F'♠✐❝❛* ❞♦* ♣'✐♥❝✐♣❛✐* ♠❛&❡'✐❛✐* ✉&✐❧✐③❛❞♦*

♥❛ ❢❛❜'✐❝❛,-♦ ❞❡ ❝♦♥&❛&♦ ❡❧F&'✐❝♦✳

❚❛❜❡❧❛ ✷✳✶ ✕ ❖"✐❣❡♠ ❞❛) ❢❛❧❤❛) ❡♠ ❞✐)❥✉♥0♦"✳

▼❛0❡"✐❛❧

❘❡)✐)0✐✈✐❞❛❞❡ ▼6❞✉❧♦ ❞❡ ❊❧❛)0✐❝✐❞❛❞❡ ❚❡♠♣❡"❛0✉"❛ ❞❡ ❚❡♠♣❡"❛0✉"❛

ρ ✭✶✵

−6 Ω✳❝♠✮ ❍ ✭✶✵

3
❦❣✴❝♠

2
✮ ❆♠♦❧❡❝✐♠❡♥0♦ ✭❑✮ ❞❡ ❋✉)E♦ ✭❑✮

❖✉"♦ ✷✱✷ ✷ ✲ ✼ ✸✼✸ ✶✶✸✻

L"❛0❛ ✶✱✻✸ ✸ ✲ ✼ ✹✷✸ ✶✷✸✸

❆❧✉♠N♥✐♦ ✷✱✾ ✶✱✽ ✲ ✹ ✹✷✸ ✾✸✶

❩✐♥❝♦ ✻✱✶✻ ✸ ✲ ✹ ✹✹✸ ✻✾✷

❈♦❜"❡ ✶✱✽ ✹ ✲ ✼ ✹✻✸ ✶✸✺✻

◆NV✉❡❧ ✾ ✼ ✲ ✷✵ ✼✾✸ ✶✼✷✽

L"❛0❛ ✶✶ ✹ ✲ ✽ ✽✶✸ ✷✵✹✻

▼♦❧✐❜❞W♥✐♦ ✹✱✽ ✶✽ ✶✶✼✷ ✷✽✽✸

❚✉♥❣)0W♥✐♦ ✺✱✺ ✶✷ ✲ ✹✵ ✶✷✼✸ ✸✻✺✸

❋♦♥0❡✿ ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

◆♦ =✉❡ *❡ '❡❢❡'❡ @ ❣❡♦♠❡&'✐❛✱ ♦* ❝♦♥&❛&♦* *-♦ ❣❡'❛❧♠❡♥&❡ ❝♦♥*&'✉M❞♦* ❞❡ ❞✉❛* ❢♦'♠❛*✳ ❆

♣'✐♠❡✐'❛✱ ♦ ❝♦♥&❛&♦ F ❢♦'♠❛❞♦ ♣♦' ✉♠❛ ❤❛*&❡ *T❧✐❞❛ ♦❝❛ ♦✉ ♥-♦✱ =✉❡ *❡ ❞❡*❧♦❝❛ ❞✉'❛♥&❡ ❛ ❛❜❡'&✉'❛ ❡

❢❡❝❤❛♠❡♥&♦✱ ❞❡♥♦♠✐♥❛❞♦ ❝♦♥&❛&♦ ♠T✈❡❧✳ ❆ *❡❣✉♥❞❛✱ ♦ ❝♦♥&❛&♦ F ❢♦'♠❛❞♦ ♣♦' ✉♠❛ ❝❛'❝❛,❛ ❝✐❧M♥❞'✐❝❛

❝♦♠ ❞❡❞♦* ❞❡ ❝♦♥&❛&♦✱ =✉❡ ♣❡'♠❛♥❡❝❡ ✐♠T✈❡❧ ❞✉'❛♥&❡ ❛ ❛❜❡'&✉'❛ ❡ ❢❡❝❤❛♠❡♥&♦✱ ❞❡♥♦♠✐♥❛❞♦ ❝♦♥&❛&♦



❈❛♣#$✉❧♦ ✷ ✕ ❋✉♥❞❛♠❡♥$❛/0♦ ❚❡23✐❝❛ ✷✵

✜①♦ ✭◆❆❙❘❆▲▲❆❍ ❡- ❛❧✳✱ ✷✵✵✼❛✮✳

◆❛ ❋✐❣✉8❛ ✷✳✽ : ❛♣8❡<❡♥-❛❞❛ ✉♠❛ ✐❧✉<-8❛@A♦ ❞♦< ❞❡-❛❧❤❡< ❝♦♥-8✉-✐✈♦< ❞♦ ❝♦♥-❛-♦ ✜①♦ ❞❡ ✉♠

❞✐<❥✉♥-♦8 ❞❡ ♠:❞✐❛ -❡♥<A♦ -✐♣♦ F❱❖✱ ♠♦❞❡❧♦ ✸❆❈✱ ❢❛❜8✐❝❛@A♦ ❙✐❡♠❡♥<✳

❋✐❣✉$❛ ✷✳✽ ✕ ❉❡#❛❧❤❡' ❝♦♥'#+✉#✐✈♦' ❞♦ ❝♦♥#❛#♦ ✜①♦ ❞♦ ❞✐'❥✉♥#♦+ ✸❆❈ ✲ ❙✐❡♠❡♥'✳

❋♦♥#❡✿ <+=♣+✐♦ ❛✉#♦+✳

❖< ❞❡❞♦< ❞❡ ❝♦♥-❛-♦ -M♠ ♣♦8 ♦❜❥❡-✐✈♦ ♠❡❧❤♦8❛8 ♦ ❝♦♥-❛-♦ ❣❛❧✈N♥✐❝♦ ❡♥-8❡ ♦< ❝♦♥-❛-♦< ✜①♦

❡ ♠O✈❡❧✱ <❡♥❞♦ ❛ ♣8❡<<A♦ ❡♠ ❝❛❞❛ ❞❡❞♦ ❞♦ ❝♦♥-❛-♦ ❡①❡8❝✐❞❛ ♣♦8 ♠♦❧❛< ✭▲❊❱■✱ ✷✵✶✶✮✳ ❙❡❣✉♥❞♦

✭▲❆◆❉❘❨ ❡- ❛❧✳✱ ✷✵✵✽✮ ❛♣✉❞ ✭F❆❯▲❑❊ ❡- ❛❧✳✱ ✷✵✵✷✮ ❛ 8❡<✐<-M♥❝✐❛ ❞❡ ❝♦♥-❛-♦ ✭❘❝✮ ❢♦8♠❛❞❛ ❡♥-8❡

♦< ❞❡❞♦< ❞♦ ❝♦♥-❛-♦ ✜①♦ ❡ ♦ ❝♦♥-❛-♦ ♠O✈❡❧ ♣♦❞❡ <❡8 ❞❡-❡8♠✐♥❛❞❛ ♣❡❧❛ ❊W✉❛@A♦ ✷✳✶✳ ❙❡♥❞♦✿ ρ ✲

8❡<✐<-✐✈✐❞❛❞❡ ❡<♣❡❝Z✜❝❛ ❞♦ ♠❛-❡8✐❛❧❀ ❍k ✲ ♠O❞✉❧♦ ❞❡ ❡❧❛<-✐❝✐❞❛❞❡ ❞♦ ♠❛-❡8✐❛❧❀ ❋T ✲ ❢♦8@❛ -♦-❛❧ <♦❜8❡ ♦

❝♦♥-❛-♦✳

Rc =
ρ×

√
π ×Hk

2×
√
FT

✭✷✳✶✮

%❛'❛ ❡✈✐+❛' ❛ ,✉❡✐♠❛ ❡①❝❡11✐✈❛ ❞♦1 ❞❡❞♦1 ❞❡ ❝♦♥+❛+♦ ❞✉'❛♥+❡ ♦ ❛'❝♦ ❡❧6+'✐❝♦✱ ♦ ❝♦♥+❛+♦ ✜①♦

6 ❢♦'♠❛❞♦ ♣♦' ✉♠ ❛♥❡❧ ❞❡ ❛'❝♦ ✭◆❆❙❘❆▲▲❆❍ ❡+ ❛❧✳✱ ✷✵✵✼❛✮✳ ◆❛ ❋✐❣✉'❛ ✷✳✾✭❛✮ 1F♦ ❛♣'❡1❡♥+❛❞❛1 ✐❧✉1✲

+'❛HI❡1 ❞❛1 ♣❛'+❡1 ,✉❡ ❝♦♠♣I❡♠ ✉♠ +✐♣♦ ❝♦♠✉♠ ❞❡ ❝♦♥+❛+♦ ✜①♦✳ ◆❛ ❋✐❣✉'❛ ✷✳✾✭❜✮ 1F♦ ❛♣'❡1❡♥+❛❞♦1

✐❧✉1+'❛HI❡1 ❞❡ ❞✐❢❡'❡♥+❡1 +✐♣♦1 ❞❡ ❝♦♥+❛+♦ ♠K✈❡❧✱ 1❡♥❞♦ ♦ ❝♦♥+❛+♦ ❞❡ ❛'❝♦ ❛ '❡❣✐F♦ ♠❛✐1 ❡1❝✉'❛ ♥❛

❡①+'❡♠✐❞❛❞❡ ❞♦ ❝♦♥+❛+♦✳ ❙❡♥❞♦✿ ✶ ✲ ❞❡❞♦1 ❞❡ ❝♦♥+❛+♦ ♣'✐♥❝✐♣❛❧❀ ✷ ✲ ♠♦❧❛ ❞❡ ♣'❡11F♦ ❞♦1 ❞❡❞♦1 ❞❡

❝♦♥+❛+♦❀ ✸ ✲ ❝❛'❝❛H❛ ❝✐❧O♥❞'✐❝❛ ❞♦ ❝♦♥+❛+♦ ✜①♦❀ ✹ ✲ ❤❛1+❡ ❞♦ ❝♦♥+❛+♦ ❞❡ ❛'❝♦❀ ✺ ✲ ❛♥❡❧ ❞❡ ❛'❝♦ ❡ ✻ ✲

❝♦♥+❛+♦ ✜①♦✳



❈❛♣#$✉❧♦ ✷ ✕ ❋✉♥❞❛♠❡♥$❛/0♦ ❚❡23✐❝❛ ✷✶

❋✐❣✉$❛ ✷✳✾ ✕ ❈♦♥$❛$♦& ❞❡ ❞✐&❥✉♥$♦,❡& ❞❡ ❛❧$❛ $❡♥&.♦✳

✭❛✮ ❈♦♥$❛$♦ ✜①♦✳

✭❜✮ ❈♦♥$❛$♦ ♠6✈❡❧✳

❋♦♥$❡✿ ✭:▲❆◆❙❊❊✱ ✷✵✶✹✮✱ ✭❜✮✭❱■:✱ ✷✵✶✹✮✳

❖✉$%❛ ❝❛%❛❝$❡%)*$✐❝❛ ❞❛ ❣❡♦♠❡$%✐❛ ❞♦* ❝♦♥$❛$♦* 1 2✉❡ *✉❛ ❝♦♥✜❣✉%❛45♦ ♣♦**❛ ❝♦♥$%✐❜✉✐%

♣❛%❛ ♣%♦♣♦%❝✐♦♥❛% ❛ %❡♠♦45♦ ❞❡ ♣❛%$❡ ❞♦* *✉❜♣%♦❞✉$♦* ♥❡❧❡* ❞❡♣♦*✐$❛❞♦*✱ ♣%♦✈❡♥✐❡♥$❡* ❞♦* ❣❛*❡* ❡

♣❛%$)❝✉❧❛* ❞♦* ❝♦♥$❛$♦* ❢♦%♠❛❞♦* ❡♠ ✈✐%$✉❞❡ ❞♦ ❛%❝♦ ✈♦❧$❛✐❝♦✳

❖* *✉❜♣%♦❞✉$♦* ❞❡♣♦*✐$❛❞♦* ♥♦* ❝♦♥$❛$♦* ♣♦❞❡♠ ❞✐♠✐♥✉✐% ♦* ♥)✈❡✐* ❞❡ ✐*♦❧❛45♦ ✐♥$❡%♥❛

♣%♦✈♦❝❛♥❞♦ %❡✐❣✐♥✐45♦ ❞♦ ❛%❝♦ ❞✉%❛♥$❡ ❛ ❛❜❡%$✉%❛ ❞♦* ❝♦♥$❛$♦* ❡♠ ❜❛✐①❛* ❝♦%%❡♥$❡* ✭?❖◆❙ ❡$ ❛❧✳✱

✶✾✾✸✮✳ ❆❧1♠ ❞✐**♦✱ ♦* *✉❜♣%♦❞✉$♦* ♣♦❞❡♠ ❢♦%♠❛% ✉♠❛ ❝❛♠❛❞❛ ✐*♦❧❛♥$❡ ♥♦ ❝♦♥$❛$♦ ❛✉♠❡♥$❛♥❞♦ ❛

%❡*✐*$F♥❝✐❛ ❡♥$%❡ ♦* ❝♦♥$❛$♦* ♥❛ ♣♦*✐45♦ ❢❡❝❤❛❞❛ ✭◆❆❙❘❆▲▲❆❍ ❡$ ❛❧✳✱ ✷✵✵✼❜✮✳

❆ ❛45♦ ❞❡ ❧✐♠♣❡③❛ ♥♦* ❝♦♥$❛$♦* 1 ❡①❡❝✉$❛❞❛ ♥❛ ♦♣❡%❛45♦ ❞❡ ❢❡❝❤❛♠❡♥$♦✱ 2✉❛♥❞♦ ♦ ❝♦♥$❛$♦

♠N✈❡❧ ❞❡*❧✐③❛ *♦❜%❡ ♦* ❞❡❞♦* ❞♦ ❝♦♥$❛$♦ ✜①♦✱ ❛$1 ♣❛%❛% ♥❛ ♣♦*✐45♦ ❢❡❝❤❛❞❛✱ ♣%♦♣♦%❝✐♦♥❛♥❞♦ ✉♠

♠❡❧❤♦% ❝♦♥$❛$♦ ❣❛❧✈O♥✐❝♦ ❡ ❝♦♥$%✐❜✉✐♥❞♦ ♣❛%❛ %❡♠♦45♦ ❞♦* *✉❜♣%♦❞✉$♦* ❞❡♣♦*✐$❛❞♦* ♥❛ *✉♣❡%❢)❝✐❡ ❞♦*

❝♦♥$❛$♦* ✭◆❆❙❘❆▲▲❆❍ ❡$ ❛❧✳✱ ✷✵✵✼❜✮✳

◆❛ ❋✐❣✉%❛ ✷✳✶✵ 1 ✐❧✉*$%❛❞♦ ♦ ♣%✐♥❝)♣✐♦ ✉$✐❧✐③❛❞♦ ♥❛ ❧✐♠♣❡③❛ ❞♦* ❝♦♥$❛$♦*✱ ❞✉%❛♥$❡ ✉♠❛

♦♣❡%❛45♦ ❞❡ ❢❡❝❤❛♠❡♥$♦ ❞♦* ❝♦♥$❛$♦* ❞♦ ❞✐*❥✉♥$♦%✳ ◆♦ ❡*$R❣✐♦ a)✱ ♦* ❝♦♥$❛$♦* *❡ ❡♥❝♦♥$%❛♠ ♥❛

♣♦*✐45♦ ❛❜❡%$❛✱ ❡ ♥♦ ❡*$R❣✐♦ d)✱ ♦* ❝♦♥$❛$♦* *❡ ❡♥❝♦♥$%❛♠ ♥❛ ♣♦*✐45♦ ❢❡❝❤❛❞❛✳ ◆♦* ❡*$R❣✐♦* b) ❡ c)✱

♦♥❞❡ ❤R ✉♠ ❝♦♥$❛$♦ ❣❛❧✈O♥✐❝♦ ❡♥$%❡ ♦* ❝♦♥$❛$♦* ✜①♦ ❡ ♠N✈❡❧✱ ♦ ❝♦♥$❛$♦ ♠N✈❡❧ ❞❡*❧✐③❛ *♦❜%❡ ♦ ❝♦♥$❛$♦
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✜①♦✱ ❛✉①✐❧✐❛♥❞♦ ♥❛ ❧✐♠♣❡③❛ ❡♥/0❡ ♦1 ❡❧❡1✳

❋✐❣✉$❛ ✷✳✶✵ ✕ !"♦❝❡&&♦ ❞❡ ❧✐♠♣❡③❛ ❞♦& ❝♦♥/❛/♦& ✲ ❉✐&❥✉♥/♦" /✐♣♦ ❙❋6✳

❋♦♥/❡✿ ✭●❘❊▼▼❊▲❀ ❑❖!❆❚❙❈❍✱ ✷✵✵✶✮✳

✷✳✸ #$✐♥❝(♣✐♦ ❞❡ ❊①/✐♥01♦ ❞♦ ❆$❝♦ ❊❧4/$✐❝♦

❖ ❛0❝♦ ❡❧5/0✐❝♦ 5 ✉♠❛ ❞❡1❝❛0❣❛ ❡❧5/0✐❝❛ ❛✉/♦✲1✉1/❡♥/8✈❡❧✱ :✉❡ 1❡ ❢♦0♠❛ ❡♥/0❡ ♣❡❧♦ ♠❡♥♦1 ❞♦✐1 ❡❧❡/0♦❞♦1✱

1❡♣❛0❛❞♦1 ❛/0❛✈51 ❞❡ ✉♠ ♠❛/❡0✐❛❧ ♥♦0♠❛❧♠❡♥/❡ ♥<♦ ❝♦♥❞✉/✐✈♦✳ ◗✉❛♥❞♦ ❡1/❛❜❡❧❡❝✐❞♦✱ ❡❧❡ ❛♣0❡1❡♥/❛

✉♠❛ ❜❛✐①❛ :✉❡❞❛ ❞❡ /❡♥1<♦ ❡♥/0❡ ♦1 ❡❧❡/0♦❞♦1 ❡✱ 5 ❝❛♣❛③ ❞❡ ❝♦♥❞✉③✐0 ❣0❛♥❞❡1 ❝♦00❡♥/❡1✱ ❝♦♠♣♦0/❛♥❞♦✲

1❡ ❝♦♠♦ ✉♠❛ 0❡1✐1/?♥❝✐❛ ♥<♦✲❧✐♥❡❛0 ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

❖ ❛0❝♦ ❡❧5/0✐❝♦ 5 ❝♦♥1/✐/✉H❞♦ ♣♦0 ♣❧❛1♠❛ /50♠✐❝♦ :✉❡ 5 ❝♦♠♣♦1/♦ ❞❡ H♦♥1 ❡ ❡❧5/0♦♥1 ♣0♦✲

✈❡♥✐❡♥/❡1 ❞♦ ❞✐❡❧5/0✐❝♦ ✭❛0✱ I❧❡♦✱ ❙❋6✮ ❡ ❛ ♣❛0/✐0 ❞❡ ✈❛♣♦0❡1 ♠❡/8❧✐❝♦1✱ ♣0♦✈❡♥✐❡♥/❡ ❞♦1 ❝♦♥/❛/♦1 ❞♦

❞✐1❥✉♥/♦0 ✭❩■❆◆■❀ ▼❖❯▲❆■✱ ✷✵✵✾✮✳ ❖ ❛0❝♦ ❡❧5/0✐❝♦ ♣0♦❞✉③✐❞♦ /❡♠ ✉♠❛ ❡❧❡✈❛❞❛ :✉❛♥/✐❞❛❞❡ ❞❡ ❡♥❡0❣✐❛✱

♣♦❞❡♥❞♦ 1✉❛ /❡♠♣❡0❛/✉0❛ ❛/✐♥❣✐0 ❛♣0♦①✐♠❛❞❛♠❡♥/❡ ✸✵✳✵✵✵ ❑ ✭❈❆❖ ❡/ ❛❧✳✱ ✷✵✶✶✮✳ ❖1 ♥H✈❡✐1 ❞❡ /❡♠✲

♣❡0❛/✉0❛ ❛❧❝❛♥W❛❞♦1 ✈❛0✐❛♠ ❡♠ ❢✉♥W<♦ ❞❛ ✐♥/❡♥1✐❞❛❞❡ ❞♦ ❛0❝♦ ❡ ❞♦ ♠❡✐♦ ❡①/✐♥/♦0 ✉/✐❧✐③❛❞♦ ✭❋■▲❍❖✱

✷✵✵✺✮✳

◆❛ ♦♣❡0❛W<♦ ❞❡ ❛❜❡0/✉0❛ ❞♦1 ❝♦♥/❛/♦1 ❞♦ ❞✐1❥✉♥/♦0✱ :✉❛♥❞♦ ❤8 ❝♦00❡♥/❡ ❡❧5/0✐❝❛ ❡♥/0❡ ♦1

❝♦♥/❛/♦1✱ ♦ ✢✉①♦ ❞❡ ❝♦00❡♥/❡ ❡❧5/0✐❝❛✱ ❢♦0♠❛❞♦ ❛ ♣❛0/✐0 ❞♦1 ❣❛1❡1 ✐♦♥✐③❛❞♦1✱ ♣♦❞❡ ❝♦♥/✐♥✉❛0 ❛/0❛✈51

❞♦ ❛0❝♦ ❡❧5/0✐❝♦✱ ♠❡1♠♦ ❝♦♠ ♦1 ❝♦♥/❛/♦1 1❡♣❛0❛❞♦1✳

\❛0❛ 1❡ ❡①/✐♥❣✉✐0 ♦ ❛0❝♦ ❡❧5/0✐❝♦✱ ❛ ❢♦0♠❛ ♠❛✐1 ❡✜❝✐❡♥/❡ 5 ❞❡✐♦♥✐③❛0 ❛ ③♦♥❛ ❞♦ ❛0❝♦✱ ✐♥❥❡/❛♥❞♦

✉♠ ✢✉①♦ ❝♦♥1/❛♥/❡ ❞❡ ❣81 ❞❡✐♦♥✐③❛❞♦ ♦✉ ♦✉/0♦ ❝♦♠♣♦1/♦ :✉❡ /❡♥❤❛ ❝❛0❛❝/❡0H1/✐❝❛ ✐1♦❧❛♥/❡✱ ❝♦♠♦ ❛0✱
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"❧❡♦ ♦✉ ❙❋6 ✭●❯,❚❆ ❡/ ❛❧✳✱ ✷✵✶✵✮✳ ❖ ❝♦♠♣♦:/♦ ;❡❞✉③ ❛ /❡♠♣❡;❛/✉;❛ ❞♦ ♠❡✐♦ ✐♦♥✐③❛❞♦✱ ;❡:❢;✐❛♥❞♦✲♦ ❡

❝♦♥/;✐❜✉✐♥❞♦ ♣❛;❛ ❛ ❡①/✐♥DE♦ ❞♦ ♠❡:♠♦ ✭,■◆◆❊❑❆▼,✱ ✷✵✵✼✮✳ ❈♦♠ ✐::♦✱ ♦ ❛;❝♦ M ❡①/✐♥/♦ ♥❛ ♣;"①✐♠❛

♣❛::❛❣❡♠ ❞❛ ❝♦;;❡♥/❡ ♣♦; ③❡;♦✳ ❖ ✢✉①♦ ❝♦♥/P♥✉♦ ❞♦ ❝♦♠♣♦:/♦ ❞❡✐♦♥✐③❛ ♦ ♠❡✐♦ ❡♥/;❡ ♦: ❝♦♥/❛/♦: ❡

❡:/❛❜❡❧❡❝❡ ❛ ;✐❣✐❞❡③ ❞✐❡❧M/;✐❝❛ ♣❛;❛ ❡✈✐/❛; ✉♠❛ ;❡✐❣♥✐DE♦ ❞♦ ❛;❝♦ ✭❙❚❊❲❆❘❚✱ ✷✵✵✹✮✳

❆ ❋✐❣✉;❛ ✷✳✶✶ ❛♣;❡:❡♥/❛ ♦ ♣;♦❝❡::♦ ❞❡ ❡①/✐♥DE♦ ❞♦ ❛;❝♦✱ ❞❡ ✉♠ ❞✐:❥✉♥/♦; ❙❋6 ❞♦ /✐♣♦

❛✉/♦❝♦♠♣;❡::E♦✱ ❞❡ ❛❝♦;❞♦ ❝♦♠ ❛ :❡❣✉✐♥/❡ :❡V✉W♥❝✐❛ ❞❡ ♦♣❡;❛DE♦✳

❋✐❣✉$❛ ✷✳✶✶ ✕ !"✐♥❝&♣✐♦ ❞❡ ❡①,✐♥-.♦ ❞❡ ❛"❝♦ ❡♠ ✉♠ ❉✐3❥✉♥,♦" ,✐♣♦ ❙❋6✳

A B C D E F

❋♦♥,❡✿ ✭❆❇❇✱ ✷✵✶✸✮✳

❊:/X❣✐♦ ❆ ✲ ❉✐:❥✉♥/♦; ♥❛ ♣♦:✐DE♦ ❢❡❝❤❛❞❛✿ ❛ ❝♦;;❡♥/❡ ❞❡ ❝❛;❣❛ M ❝♦♥❞✉③✐❞❛ ❛/;❛✈M: ❞♦:

❝♦♥/❛/♦: ♣;✐♥❝✐♣❛✐:✳

❊:/X❣✐♦ ❇ ✲ ,;♦❝❡::♦ ❞❡ :❡♣❛;❛DE♦ ❞♦: ❝♦♥/❛/♦: ♣;✐♥❝✐♣❛✐:✿ ❝♦♠ ♦: ❝♦♥/❛/♦: ❡♠ ♠♦✈✐♠❡♥/♦✱

❤X ❛ :❡♣❛;❛DE♦ ❞♦: ❝♦♥/❛/♦: ♣;✐♥❝✐♣❛✐:✳ ❆ ❝♦;;❡♥/❡ M ❝♦♠✉/❛❞❛ ♣❛;❛ ♦: ❝♦♥/❛/♦: ❞❡ ❛;❝♦✳ ❍X ♦

❛✉♠❡♥/♦ ❞❛ ♣;❡::E♦ ♥♦ ❝♦♠♣❛;/✐♠❡♥/♦ ❞❛ ❝^♠❛;❛ ❞♦ :♦♣;❛❞♦;✳

❊:/X❣✐♦ ❈ ✲ ,;♦❝❡::♦ ❞❡ :❡♣❛;❛DE♦ ❞♦: ❝♦♥/❛/♦: ❞❡ ❛;❝♦✿ ❛♣": ❛ :❡♣❛;❛DE♦ ❞♦: ❝♦♥/❛/♦:

❞❡ ❛;❝♦✱ ♦ ❛;❝♦ ❡❧M/;✐❝♦ M ❡:/❛❜❡❧❡❝✐❞♦ ❡♥/;❡ ♦: ❝♦♥/❛/♦: ❥X :❡♣❛;❛❞♦:✳ ❖ ❝❛❧♦; ❞♦ ❛;❝♦ ♣;♦✈♦❝❛ ♦

❛✉♠❡♥/♦ ❞❛ ♣;❡::E♦ ♥❛ ❝^♠❛;❛ ❞♦ :♦♣;❛❞♦;✳

❊:/X❣✐♦ ❉ ✲ ❊①/✐♥DE♦ ❞♦ ❛;❝♦✿ ❛ ❝♦;;❡♥/❡ :❡ ❛♣;♦①✐♠❛ ❞❡ ③❡;♦ ❡ ♦ ❣X: ❞❛ ❝^♠❛;❛ ❞♦ :♦♣;❛❞♦; M
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✐♥❥❡&❛❞♦ *♦❜,❡ ♦* ❝♦♥&❛&♦* ❞❡ ❛,❝♦ ❛&,❛✈/* ❞♦ ❜♦❝❛❧✱ ❝❛✉*❛♥❞♦ ♦ ❛,,❡❢❡❝✐♠❡♥&♦ ❞♦ ❛,❝♦ ❡ ❡①&✐♥❣✉✐♥❞♦✲♦✳

❆ ♣,❡**;♦ ❡①❝❡**✐✈❛ ♥❛ ❝<♠❛,❛ ❞♦ *♦♣,❛❞♦, / ❧✐❜❡,❛❞❛ ❛&,❛✈/* ❞♦ ❜♦❝❛❧✳

❊*&>❣✐♦ ❊ ✲ ❈♦♥&❛&♦* ❛❜❡,&♦*✿ ♦* ❝♦♥&❛&♦* ❡*&;♦ ❛❣♦,❛ &♦&❛❧♠❡♥&❡ ❛❜❡,&♦*✳ ❖ ♠❡❝❛♥✐*♠♦

❞❡ ♦♣❡,❛B;♦ ❛♠♦,&❡❝❡ ♦ ♠♦✈✐♠❡♥&♦ ❞❡ ❛❜❡,&✉,❛ ❛&/ ❛ ♣♦*✐B;♦ ✜♥❛❧ ❞♦* ❝♦♥&❛&♦*✳

❊*&>❣✐♦ ❋ ✲ ❋❡❝❤❛♠❡♥&♦ ❞♦* ❝♦♥&❛&♦*✿ ❞✉,❛♥&❡ ♦ ❢❡❝❤❛♠❡♥&♦ ❞♦* ❝♦♥&❛&♦*✱ ♦ ❝♦♠♣❛,&✐♠❡♥&♦

❞❛ ❝<♠❛,❛ ♦♥❞❡ ♦❝♦,,❡✉ ♦ ❛,❝♦ / ,❡❝❛,,❡❣❛❞♦ ❝♦♠ ❣>* ❢,✐♦✱ &♦,♥❛♥❞♦✲*❡ ❛♣&❛ ♣❛,❛ ❛ ♣,F①✐♠❛ ♦♣❡,❛B;♦
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✜♥❛❧✐❞❛❞❡ ❞❡ ✈❡&✐✜❝❛&✱ ♠❛♥$❡& ♦✉ &❡/$❛❜❡❧❡❝❡& ❛/ ❝♦♥❞✐JQ❡/ ❞❡ ❝✉♠♣&✐& ❝♦♠ /❡❣✉&❛♥J❛ ❡ ❡✜❝✐*♥❝✐❛

/✉❛/ ❢✉♥JQ❡/ ✭❈❆❘❱❆▲❍❖ ❡$ ❛❧✳✱ ✶✾✾✺✮✳

❖/ ❞✐/❥✉♥$♦&❡/ N✉❡ /❡❣✉❡♠ ✉♠ ♣❛❞&1♦ ❞❡ ♠❛♥✉$❡♥J1♦ ❜❛/❡❛❞♦ ♥♦/ &❡/✉❧$❛❞♦/ ❞❡ ✐♥/♣❡JQ❡/

❡ ♠♦♥✐$♦&❛♠❡♥$♦✱ ✐♥❝♦&♣♦&❛♥❞♦✲/❡ ❛♥L❧✐/❡/ ❡/$❛$@/$✐❝❛/ ❡ ❡①♣❡&✐*♥❝✐❛ ❛❝✉♠✉❧❛❞❛✱ ♣♦❞❡♠ ♣&♦♣♦&❝✐♦♥❛&

✉♠❛ ✈✐❞❛ ❜❡♠ ♠❛✐/ ❧♦♥❣❛ ❞❡ /❡&✈✐J♦/ ♠❛✐/ ❧♦♥❣♦/ ❞♦ N✉❡ ♦ ❡/♣❡&❛❞♦✳ ❙❡ ❛/ ❛✈❛❧✐❛JQ❡/ ❞❡//❛/ ❛JQ❡/
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❞❡$❡%♠✐♥❛%❡♠ *✉❡ ✉♠ ❞✐,❥✉♥$♦% ❡,$/ ❡♠ ❜♦❛, ❝♦♥❞✐23❡,✱ ♦ ♠❡,♠♦ ♣♦❞❡ ❝♦♥$✐♥✉❛% ❛ ♦♣❡%❛% ❡♠ ✈❡③ ❞❡

,❡% ,✉❜,$✐$✉8✲❧♦✳ ❊♥$%❡$❛♥$♦✱ $♦❞♦, ❡,,❡, ♣%♦❝❡❞✐♠❡♥$♦, ❞❡✈❡♠ ❡,$/ ❡♠❜❛,❛❞♦, ❡♠ ♠=$♦❞♦, ❡✜❝✐❡♥$❡,

❞❡ ❞✐❛❣♥@,$✐❝♦ ♣❛%❛ ,❡ ♦❜$❡% ❝♦♥✜❛❜✐❧✐❞❛❞❡ ♥❛, ❞❡❝✐,3❡,✳

❆ ❞❡,♠♦♥$❛❣❡♠ ❞❡ ❞✐,❥✉♥$♦%❡, *✉❡ ♥B♦ ♣♦,,✉❡♠ ❞❡❢❡✐$♦, ✐♠♣❧✐❝❛ ❣❛,$♦, ❞❡,♥❡❝❡,,/%✐♦,✱ ♣♦✲

❞❡♥❞♦ ❛✐♥❞❛ ❞❛% ♦%✐❣❡♠ ♦✉ ❛❝❡❧❡%❛% ♦ ,✉%❣✐♠❡♥$♦ ❞❡ ♥♦✈♦, ♣%♦❜❧❡♠❛, ♥♦ ❡*✉✐♣❛♠❡♥$♦✱ ♥❛ ❡$❛♣❛ ❞❡

%❡♠♦♥$❛❣❡♠ ✭▲❆◆❉❘❨ ❡$ ❛❧✳✱ ✷✵✵✻✮✳ L♦% ♦✉$%♦ ❧❛❞♦✱ ♠❛♥$❡% ❞✐,❥✉♥$♦%❡, ❡♠ ,❡%✈✐2♦ ,❡♠ ❛ ❝♦♥✜❛❜✐✲

❧✐❞❛❞❡ ♥❡❝❡,,/%✐❛ ♣♦❞❡ ♣%♦✈♦❝❛% ❢❛❧❤❛, ✐%%❡♣❛%/✈❡✐, ♥♦ ❞✐,❥✉♥$♦% ❡ %✐,❝♦ N ,❡❣✉%❛♥2❛ ❞♦, ♦♣❡%❛❞♦%❡, ❡

❞♦ ,✐,$❡♠❛ ❡❧=$%✐❝♦ ❛♦ *✉❛❧ ♦ ❡*✉✐♣❛♠❡♥$♦ ❡,$/ ❛,,♦❝✐❛❞♦ ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

❆,,✐♠✱ ❛❞♦$❛% $=❝♥✐❝❛, ❡ ♠❡$♦❞♦❧♦❣✐❛, ❞❡ ❞✐❛❣♥@,$✐❝♦ ❞♦ ❡,$❛❞♦ ❞❡ ♦♣❡%❛2B♦ ❞♦, ❞✐,❥✉♥$♦%❡, =

♣%♦✈❡% ♠❡❝❛♥✐,♠♦, ♣❛%❛ *✉❡ ,❡ ♣♦,,❛ ❛✈❛❧✐❛% ♦ ❣%❛✉ ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ❡*✉✐♣❛♠❡♥$♦ ♥♦ ❞❡,❡♠♣❡♥❤♦

❞❛, ,✉❛, ❢✉♥23❡, ✭❋❯❏■❊ ❡$ ❛❧✳✱ ✶✾✾✽✮✳

❖ ♠♦♥✐$♦%❛♠❡♥$♦ ❞❡ ✉♠ ❞✐,❥✉♥$♦% ❡♠ ♣❛%$✐❝✉❧❛% = ♠✉✐$♦ ❞❡♣❡♥❞❡♥$❡ ❞❛ $❡❝♥♦❧♦❣✐❛ ✐♥❝♦%✲

♣♦%❛❞❛✱ ❞❡ ,✉❛ ✐❞❛❞❡✱ ❞❡ ❞❡$❛❧❤❡, ❡,♣❡❝8✜❝♦, ❞❛ ,✉❛ ❛♣❧✐❝❛2B♦ ❡ ❞♦, %✐,❝♦, ❛,,♦❝✐❛❞♦, ❛♦ ,✐,$❡♠❛

❞❡ ♣♦$Y♥❝✐❛ ♣❛%❛ ❛, ♣♦,,8✈❡✐, ❢❛❧❤❛, ❞♦ ❞✐,❥✉♥$♦% ✭❙❲❊❊❚❙❊❘ ❡$ ❛❧✳✱ ✷✵✵✷✮✳ ❚=❝♥✐❝❛, ❡✜❝❛③❡, ❞❡

♠♦♥✐$♦%❛♠❡♥$♦ ,B♦ ♥❡❝❡,,/%✐❛, ♣❛%❛ ✐❞❡♥$✐✜❝❛% ♣%♦❜❧❡♠❛,✱ %❡❝♦♥❤❡❝❡% ♦, ♠❡❝❛♥✐,♠♦, ❞❛ ❞❡$❡%✐♦%❛✲

2B♦ ❡ ♣%♦♣♦%❝✐♦♥❛% ♠❡✐♦, ♣❛%❛ ♣%❡✈❡♥✐%✱ %❡$❛%❞❛% ♦✉ ❡❧✐♠✐♥❛% ❛ ❞❡$❡%✐♦%❛2B♦✱ ❛♥$❡, *✉❡ ♦, ♥8✈❡✐, ❞❡

❞❡❣%❛❞❛2B♦ ,❡ $♦%♥❡♠ ❝%8$✐❝♦,✳

❆, $=❝♥✐❝❛, ✉,✉❛✐, ❞❡ ♠❛♥✉$❡♥2B♦ ❝♦♥,✐,$❡♠ ❡♠ ,❡ %❡❛❧✐③❛% ✐♥,♣❡23❡, ❞❡ %♦$✐♥❛ ❡ $❡,$❡,

❡❧=$%✐❝♦, ❡ ♠❡❝]♥✐❝♦, ♥♦ ❞✐,❥✉♥$♦%✳ ❊,,❛, $=❝♥✐❝❛, ❞❡✈❡♠ ♣%♦❞✉③✐% ❞❛❞♦, ♣%❡❝✐,♦, ♣❛%❛ ♦ ❝♦%%❡$♦

❞✐❛❣♥@,$✐❝♦ ❞♦ ❡,$❛❞♦ ❞♦ ❞✐,❥✉♥$♦%✳ ❆, $=❝♥✐❝❛, ✉,✉❛❧♠❡♥$❡ ❛❞♦$❛❞❛, ,B♦ ✭●■▲▲✱ ✷✵✵✽✮✿

• $❡♠♣♦ ❞❡ ❢❡❝❤❛♠❡♥$♦ ❞♦, ❝♦♥$❛$♦, ✭✐♥$❡%✈❛❧♦ ❞❡ $❡♠♣♦ ❞❡,❞❡ ♦ ✐♥8❝✐♦ ❞♦ ❝♦♠❛♥❞♦ ❛$= ♦❝♦%%❡%

♦ ❝♦♥$❛$♦ ❣❛❧✈]♥✐❝♦ ❞♦, ❝♦♥$❛$♦, ❡♠ $♦❞♦, ♦, ♣@❧♦,✮❀

• $❡♠♣♦ ❞❡ ❛❜❡%$✉%❛ ❞♦, ❝♦♥$❛$♦, ✭✐♥$❡%✈❛❧♦ ❞❡ $❡♠♣♦ ❞❡,❞❡ ♦ ✐♥8❝✐♦ ❞♦ ❝♦♠❛♥❞♦ ❛$= ♦❝♦%%❡% ❛

,❡♣❛%❛2B♦ ❣❛❧✈]♥✐❝❛ ❞♦, ❝♦♥$❛$♦, ❡♠ $♦❞♦, ♦, ♣@❧♦,✮❀

• ,✐♥❝%♦♥✐③❛2B♦ ❞❡ ♦♣❡%❛2B♦ ❞♦, ❝♦♥$❛$♦,❀

• $❡,$❡, ❞❡ ✈✐❜%❛2B♦ ❞✉%❛♥$❡ ♥❛, ♦♣❡%❛23❡, ❞❡ ❛❜❡%$✉%❛ ❡ ❢❡❝❤❛♠❡♥$♦❀

• ❝✉%✈❛ ❞❡ ❞❡,❧♦❝❛♠❡♥$♦ ❞♦, ❝♦♥$❛$♦, ♣%✐♥❝✐♣❛❧ ❡ ❞❡ ❛%❝♦ ❡♠ ❢✉♥2B♦ ❞♦ $❡♠♣♦✱ ❞✉%❛♥$❡ ♦♣❡%❛23❡,

❞❡ ❢❡❝❤❛♠❡♥$♦ ❡ ❛❜❡%$✉%❛ ❞♦, ❝♦♥$❛$♦,❀
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❖ $❡❣✉♥❞♦ )❡❧❛"W)✐♦✱ ♣✉❜❧✐❝❛❞♦ ❡♠ ✶✾✾✹✱ ❛♣)❡$❡♥"❛ ❞❛❞♦$ )❡❢❡)❡♥"❡$ ❛ ❞✐$❥✉♥"♦)❡$ ❛ ❙❋6 ❞❡

♣)❡$$5♦ `♥✐❝❛✱ ❛✈❛❧✐❛❞♦$ ♥♦ ♣❡)[♦❞♦ ❞❡ ❥❛♥❡✐)♦ ❞❡ ✶✾✼✽ ❛ ❞❡③❡♠❜)♦ ❞❡ ✶✾✾✶✱ ❝♦♠ ✉♠❛ "❡♥$5♦ ♥♦♠✐♥❛❧

❞❡ ✼✷✱✺ ❦❱ ♦✉ $✉♣❡)✐♦)✳ ◆♦ ❡$"✉❞♦ ❢♦)❛♠ ❛♥❛❧✐$❛❞♦$ ✼✵✳✼✵✽ ❞✐$❥✉♥"♦)❡$ ❞❡ ✶✵✷ ❝♦♥❝❡$$✐♦♥D)✐❛$ ❞❡ ✷✷

♣❛[$❡$✱ ❞❡$"❛$ ✶✹ ❝♦♥❝❡$$✐♦♥D)✐❛$ ❧♦❝❛❧✐③❛❞❛$ ♥♦ ❇)❛$✐❧✳

❖ $❡❣✉♥❞♦ ❡$"✉❞♦ $❡ )❡$")✐♥❣✐✉ ❛ ✐♥✈❡$"✐❣❛) ❛$ ❢❛❧❤❛$ ❡ ♦$ ❞❡❢❡✐"♦$ >✉❡ ♦❝♦))❡♠ ♥♦ ❞✐$❥✉♥"♦)✱

♥5♦ ❝♦♥$✐❞❡)❛♥❞♦ ❢❛❧❤❛$ ❡ ❞❡❢❡✐"♦$ ❞❡ >✉❛❧>✉❡) ❡>✉✐♣❛♠❡♥"♦ ❛✉①✐❧✐❛) ♦✉ ❝♦♥❞✉"♦)❡$ ❡❧;")✐❝♦$ >✉❡ ♥5♦

$5♦ ♣❛)"❡$ ✐♥"❡❣)❛♥"❡$ ❞♦ ❞✐$❥✉♥"♦)✳ ❈♦♠♦ )❡$✉❧"❛❞♦ ❢♦)❛♠ )❡❣✐$")❛❞❛$ ✸✳✽✸✸ ❢❛❧❤❛$✱ ❞❡$"❛$ ✹✼✺ ❢❛❧❤❛$

❢♦)❛♠ ❝❧❛$$✐✜❝❛❞❛$ ❝♦♠ ▼❛✐♦) ❋❛❧❤❛

✷

❡ ✸✳✸✺✽ ❝♦♠♦ ▼❡♥♦) ❋❛❧❤❛

✸

❖ )❡❧❛"W)✐♦ ❛❣)✉♣❛ ❛$ ❢❛❧❤❛$ ❡♠

✷

▼❛✐♦3 ❋❛❧❤❛ ✭▼❋✮ ✲ ❢❛❧❤❛ ❞❡ ✉♠ ❞✐<❥✉♥$♦3 >✉❡ ❝♦♠♣3♦♠❡$❡ ✉♠❛ ♦✉ ♠❛✐< ❞❡ <✉❛< ❢✉♥/?❡< ❡<<❡♥❝✐❛✐<✱ >✉❡

♣3♦✈♦❝❛ ♠✉❞❛♥/❛ ♥❛< ❝♦♥❞✐/?❡< ❞❡ ♦♣❡3❛/0♦ ❞♦ <✐<$❡♠❛ ♣❛3❛ 3❡♠♦/0♦ ❞❛ ❢❛❧❤❛✱ ♦✉ 3❡<✉❧$❛3B ♥❛ 3❡♠♦/0♦

♦❜3✐❣❛$23✐❛ ❞❡ <❡3✈✐/♦ ♣❛3❛ ♠❛♥✉$❡♥/0♦ ♥0♦✲♣3♦❣3❛♠❛❞❛✳ ■♥$❡3✈❡♥/0♦ ♥❡❝❡<<B3✐❛ ♥♦ ♣3❛③♦ ❞❡ ✸✵ ♠✐♥✉$♦<

✭❋▲❊❚❈❍❊❘❀ ❉❊●❊◆✱ ✶✾✾✺✮✳

✸

▼❡♥♦3 ❋❛❧❤❛ ✭♠❋✮ ✲ ❢❛❧❤❛ ❞❡ ✉♠ ❞✐<♣♦<✐$✐✈♦ ♦✉ ❛❝❡<<23✐♦< ❞♦ ❞✐<❥✉♥$♦3 >✉❡ ♥0♦ ❝♦♠♣3♦♠❡$❡ ✉♠❛ ♦✉ ♠❛✐<

❞❡ <✉❛< ❢✉♥/?❡< ❡<<❡♥❝✐❛✐<✱ ❡ >✉❡ ♥0♦ ♣3♦♣♦3❝✐♦♥❛ ❣3❛♥❞❡< 3✐<❝♦< ♥❛ ♦♣❡3❛/0♦ ❞♦ ❡>✉✐♣❛♠❡♥$♦ ✭❋▲❊❚❈❍❊❘❀

❉❊●❊◆✱ ✶✾✾✺✮✳
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❝✐♥❝♦ ❣'✉♣♦*✳ ❆ ❚❛❜❡❧❛ ✷✳✷ ❛♣'❡*❡♥2❛ ❛* ♣♦'❝❡♥2❛❣❡♥* ❛**♦❝✐❛❞❛* ❛♦* ❣'✉♣♦* ▼❛✐♦' ❋❛❧❤❛ ❡ ▼❡♥♦'

❋❛❧❤❛✳

❚❛❜❡❧❛ ✷✳✷ ✕ ❖"✐❣❡♠ ❞❛) ❢❛❧❤❛) ❡♠ ❞✐)❥✉♥0♦"✳

❋❛❧❤❛

4"✐♠❡✐"♦ ❘❡❧❛06"✐♦ ✭✶✾✽✶✮ ❙❡❣✉♥❞♦ ❘❡❧❛06"✐♦ ✭✶✾✾✹✮

▼❛✐♦" ❋❛❧❤❛ ▼❡♥♦" ❋❛❧❤❛ ▼❛✐♦" ❋❛❧❤❛ ▼❡♥♦" ❋❛❧❤❛

▼❡❝❛♥✐)♠♦ ❞❡ ♦♣❡"❛AB♦ ✹✹✱✵✵✪ ✸✾✱✹✵✪ ✲ ✲

❖✉0"❛) ♣❛"0❡) ♠❡❝H♥✐❝❛) ✶✵✱✹✵✪ ✾✱✾✵✪ ✼✵✱✸✵✪ ✽✺✱✻✵✪

❊❧M0"✐❝❛ ✭❝✐"❝✉✐0♦ ♣"✐♥❝✐♣❛❧✮ ✶✸✱✾✵✪ ✵✱✾✵✪ ✶✵✱✻✵✪ ✷✱✼✵✪

❊❧M0"✐❝❛ ✭❝✐"❝✉✐0♦ ❛✉①✐❧✐❛"✮ ✷✹✱✺✵✪ ✶✵✱✷✵✪ ✶✾✱✶✵✪ ✶✶✱✼✵✪

❙✐)0❡♠❛ ❞❡ ❣P) ❙❋6 ✼✱✷✵✪ ✸✾✱✻✵✪ ✲ ✲
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❆ ❞❡♣❡♥❞❡' ❞❛* ❝❛'❛❝2❡'7*2✐❝❛* ❞❛ ✉♥✐❞❛❞❡✱ ❜❡♠ ❝♦♠♦ ❞❛* ❝♦♥❞✐:;❡* ❞❡ ♦♣❡'❛:<♦ ❞♦ ❞✐*✲

❥✉♥2♦'✱ ♦ ♣❡'7♦❞♦ ❞❡ ♠❛♥✉2❡♥:<♦ ♣♦❞❡ ✈❛'✐❛' ♣❛'❛ ❝❛❞❛ ❡@✉✐♣❛♠❡♥2♦✳ ❯*✉❛❧♠❡♥2❡✱ ♦* ❡@✉✐♣❛♠❡♥2♦*

*<♦ ✐♥*♣❡❝✐♦♥❛❞♦* ❝❡'❝❛ ❞❡ ✻ ♠❡*❡* ❛♣C* ❛ ✐♥*2❛❧❛:<♦✱ ♠❛♥2❡♥❞♦ ✉♠ ♠♦♥✐2♦'❛♠❡♥2♦ *✐*2❡♠D2✐❝♦ ❡♠

✐♥2❡'✈❛❧♦* @✉❡ ✈❛'✐❛♠ ❞❡ ✶ ❛ ✸ ❛♥♦*✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛* ❝♦♥❞✐:;❡* ♦♣❡'❛❝✐♦♥❛✐* ❡ ❛♠❜✐❡♥2❛✐* ✐♠♣♦*2❛*

❛♦ ❡@✉✐♣❛♠❡♥2♦ ✭●■▲▲✱ ✷✵✵✽✮✳ ❆ ❢'❡@✉N♥❝✐❛ ❞❛* ✐♥*♣❡:;❡* ❡ ♠❛♥✉2❡♥:;❡* O ♠❛✐* ✐♥2❡♥*❛ @✉❛♥❞♦ ♦*

*❡❣✉✐♥2❡* ❢❛2♦'❡* ❡*2<♦ ♣'❡*❡♥2❡* ✭●■▲▲✱ ✷✵✵✽✮✿

• ❛2♠♦*❢❡'❛ ❛❣'❡**✐✈❛ ✭♣'❡*❡♥:❛ ❞❡ ❡❧❡♠❡♥2♦* ♥♦ ❛' @✉❡ ♣♦**❛♠ ❝❛✉*❛' ♦ ❞❡*❣❛*2❡ ❡ ♦①✐❞❛:<♦ ❞♦

❡@✉✐♣❛♠❡♥2♦✮❀

• ❡①❝❡**♦ ❞❡ ♣♦❡✐'❛ ♦✉ *✉❥❡✐'❛❀

• 2❡♠♣❡'❛2✉'❛ ❛♠❜✐❡♥2❡ ❛❧2❛ ❡ ✉♠✐❞❛❞❡ ❛❧2❛❀

• ❡@✉✐♣❛♠❡♥2♦* ♠❛✐* ❛♥2✐❣♦*❀

• ✐♥2❡''✉♣:;❡* ❢'❡@✉❡♥2❡* ❞❡ ❢❛❧❤❛* ♥♦ ❝✐'❝✉✐2♦✳

❊♠❜♦'❛ ❡①✐*2❛♠ ❞✐❢❡'❡♥2❡* 2✐♣♦* ❡ ♠♦❞❡❧♦* ❞❡ ❞✐*❥✉♥2♦'❡*✱ ❝♦♠ ❝❛'❛❝2❡'7*2✐❝❛* ♣❛'2✐❝✉❧❛'❡*✱

♦ ♣'✐♥❝7♣✐♦ ❞❡ ♦♣❡'❛:<♦ O ❝♦♠✉♠ ❛ ♣'❛2✐❝❛♠❡♥2❡ 2♦❞♦* ♦* ♠♦❞❡❧♦*✳ ❆ ♠❛♥✉2❡♥:<♦ ❞❡ ❞✐*❥✉♥2♦'❡*

O ♥♦'♠❛❧♠❡♥2❡ ❡❢❡2✉❛❞❛ ❝♦♠ ♦ ❡@✉✐♣❛♠❡♥2♦ ❞❡*❡♥❡'❣✐③❛❞♦✳ ❆♥2❡* ❞❡ ♣'♦❝❡❞❡' ❛ ✉♠❛ ❛:<♦ ❞❡
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♠❛♥✉&❡♥()♦ ♥♦ ❞✐-❥✉♥&♦/✱ ♦ ♠❡-♠♦ 1 ❞❡-❝♦♥❡❝&❛❞♦ ❞♦ ❝✐/❝✉✐&♦✱ ✜❝❛♥❞♦ ♦ ♠❡-♠♦ ❢♦/❛ ❞❡ -❡/✈✐(♦✱ ❛

✜♠ ❞❡ &❡-&6✲❧♦✳ ❉❡✈❡✲-❡ ❛✐♥❞❛ ❛&❡//6✲❧♦ ❡ ❣❛/❛♥&✐/ <✉❡ ♦ ♠❡-♠♦ ♥)♦ ✈❡♥❤❛ ❛ -❡/ /❡❡♥❡/❣✐③❛❞♦ ❞❡

❢♦/♠❛ ✐♥❞❡✈✐❞❛ ❞✉/❛♥&❡ ❛ ❢❛-❡ ❞❡ &❡-&❡-✳ ❊♠ -❡❣✉✐❞❛✱ ✈❡/✐✜❝❛/✲-❡ ❛- ❝♦♥❞✐(@❡- ❞❡ ✐-♦❧❛♠❡♥&♦✱ ♣❛/❛

-❡ ❞❡&❡/♠✐♥❛/ -❡ 1 -❡❣✉/♦ /❡❛❧✐③❛/ ♦- ❞❡♠❛✐- &❡-&❡- ♣❛/❛ ❛✈❛❧✐❛()♦ ❞♦ ❡<✉✐♣❛♠❡♥&♦✳ ❆ ❛✈❛❧✐❛()♦ ❞❛-

❝♦♥❞✐(@❡- ❞♦ ❞✐-❥✉♥&♦/ ❡♠ -❡/✈✐(♦ 1 /❡❛❧✐③❛❞❛ ❛&/❛✈1- ❞❡ ❡♥-❛✐♦- <✉❡ ♣♦❞❡♠ -❡/ ❞✐✈✐❞✐❞♦-✱ ❞❡ ✉♠❛

♠❛♥❡✐/❛ ❣❡/❛❧✱ ♥❛ ❛✈❛❧✐❛()♦ ❞❡ &/C- ❣/❛♥❞❡- ❝♦♠♣♦♥❡♥&❡- ✭❙❆◆❚❖❙ ❡& ❛❧✳✱ ✷✵✶✸✮✿

• ♠❡✐♦ ✐-♦❧❛♥&❡❀

• ♣❛/&❡ ♠❡❝O♥✐❝❛❀

• ❝♦♥&❛&♦-✳

❈♦♥❢♦/♠❡ ♦- /❡-✉❧&❛❞♦- ♦❜&✐❞♦- ♥❛ ❛✈❛❧✐❛()♦ ❞♦- ♣❛/O♠❡&/♦- ❛♣/❡-❡♥&❛❞♦- ❛♥&❡/✐♦/♠❡♥&❡✱

♣/♦❝❡❞❡✲-❡ ❛ ✉♠❛ ❛♥6❧✐-❡ ❞♦ ❡-&❛❞♦ ♦♣❡/❛&✐✈♦ ❞♦ ❞✐-❥✉♥&♦/✳ ❊♠ ✈✐/&✉❞❡ ❞♦ ❞✐❛❣♥R-&✐❝♦ ❞♦ -❡✉ ❡-&❛❞♦

♦♣❡/❛&✐✈♦✱ ❛❧❣✉♥- -❡/✈✐(♦- ❞❡ ♠❛♥✉&❡♥()♦ ♣♦❞❡♠ -❡/ ♥❡❝❡--6/✐♦-✱ ♥❡-&❡ ❝❛-♦✱ ♦ ❞✐-❥✉♥&♦/ 1 -✉❜♠❡&✐❞♦

❛ ✉♠❛ /♦&✐♥❛ ❛❥✉-&❡- ♦✉ /❡♣❛/♦-✱ -❡♥❞♦ ♦ ❞✐-❥✉♥&♦/ -✉❜♠❡&✐❞♦ ❛ ♥♦✈♦- ❡♥-❛✐♦- ❛♣R- ❛ /❡❛❧✐③❛()♦ ❞♦-

-❡/✈✐(♦- ❞❡ ♠❛♥✉&❡♥()♦✳

✷✳✹✳✶ ❆✈❛❧✐❛)*♦ ❞♦ ♠❡✐♦ ✐/♦❧❛♥1❡

❆ ♣/✐♥❝✐♣❛❧ ❢✉♥()♦ ❞♦ ❞✐-❥✉♥&♦/ ♥♦ -✐-&❡♠❛ ❡❧1&/✐❝♦ 1 ✐♥&❡//♦♠♣❡/ ❛- ❝♦//❡♥&❡- ❞❡ ❞❡❢❡✐&♦-✳ S♦/&❛♥&♦✱

❛✈❛❧✐❛/ ❛ ❝♦♥❞✐()♦ ❞♦ ♠❡✐♦ ✐-♦❧❛♥&❡ 1 ❢✉♥❞❛♠❡♥&❛❧ ♣❛/❛ <✉❡ ♦ ❡<✉✐♣❛♠❡♥&♦ &❡♥❤❛ ✉♠ ❞❡-❡♠♣❡♥❤♦

-❛&✐-❢❛&R/✐♦ ❡♠ <✉❛✐-<✉❡/ ❝♦♥❞✐(@❡- ❞❡ ❝♦//❡♥&❡ ❡ &❡♥-)♦ ❞❡♥&/♦ ❞♦- -❡✉- ❧✐♠✐&❡- ❞❡ ♣/♦❥❡&♦✳ ❆ ❛✈❛❧✐❛()♦

❞♦ ✐-♦❧❛♠❡♥&♦ ❞♦ ❡<✉✐♣❛♠❡♥&♦ ✈✐-❛ ❣❛/❛♥&✐/ <✉❡ ♦ ❞✐-❥✉♥&♦/ ♠❛♥&❡♥❤❛ -✉❛- ❝❛/❛❝&❡/T-&✐❝❛- &1❝♥✐❝❛-

♥♦/♠❛✐-✱ ❣❛/❛♥&✐♥❞♦ ❛ -❡❣✉/❛♥(❛ ❞♦- ♦♣❡/❛❞♦/❡- ❡ ❛ ❛❞❡<✉❛❞❛ ♦♣❡/❛()♦ ❞♦ ♣/R♣/✐♦ ❡<✉✐♣❛♠❡♥&♦ ♥♦

-✐-&❡♠❛✳

❖- ❞✐-❥✉♥&♦/❡- ♣♦❞❡♠ ❛♣/❡-❡♥&❛/ ❞♦✐- ♠❡✐♦- ❞✐❡❧1&/✐❝♦-✱ ♦ ♠❡✐♦ ✐-♦❧❛♥&❡ ❡ ♦ ♠❡✐♦ ❡①&✐♥&♦/✳ ❆

/❛③)♦ ♣/✐♥❝✐♣❛❧ ❞❛ -❡♣❛/❛()♦ ❡♥&/❡ ♦ ♠❡✐♦ ❡①&✐♥&♦/ ❡ ♦ ♠❡✐♦ ✐-♦❧❛♥&❡ ✈✐-❛ V -✉❜-&✐&✉✐()♦ ♦✉ &/❛&❛♠❡♥&♦

❞❡ -♦♠❡♥&❡ ♣❛/&❡ ❞♦ ❞✐❡❧1&/✐❝♦ ❞❡&❡/✐♦/❛❞♦✱ /❡❞✉③✐♥❞♦ ❛--✐♠ ♦ &❡♠♣♦ ❞❡ ♠❛♥✉&❡♥()♦ ✭❙❆◆❚❖❙ ❡&

❛❧✳✱ ✷✵✶✸✮✳

❖ ♠❡✐♦ ✐-♦❧❛♥&❡ 1 /❡-♣♦♥-6✈❡❧ ♣♦/ ✐-♦❧❛/ ♣❛/&❡- ❞♦ ❞✐-❥✉♥&♦/ <✉❡ ❡-&)♦ -♦❜ &❡♥-)♦ ♥♦♠✐♥❛❧✱

♣/♦♣♦/❝✐♦♥❛♥❞♦ ♦ ✐-♦❧❛♠❡♥&♦ ❡♥&/❡ ❛- ♣❛/&❡- ❡♥❡/❣✐③❛❞❛- ❡ ❛ &❡//❛ ❡ ❡♥&/❡ ♦- ♣R❧♦-✳ ❖ ♠❡✐♦ ✐-♦❧❛♥&❡ 1
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"✉❜♠❡'✐❞♦ ❛ ♠❡♥♦" ❛❣❡♥'❡" ❝♦♥'❛♠✐♥❛♥'❡" /✉❛♥❞♦ ❝♦♠♣❛1❛❞♦ ❛♦ ♠❡✐♦ ❡①'✐♥'♦1✱ ❝♦♥"❡/✉❡♥'❡♠❡♥'❡✱

"✉❛ ❞❡'❡1✐♦1❛45♦ 6 ♠❛✐" ❧❡♥'❛ /✉❡ ♦ ♠❡✐♦ ❡①'✐♥'♦1 ✭●■▲▲✱ ✷✵✵✽✮✳

❖ ♠❡✐♦ ❡①'✐♥'♦1 6 1❡"♣♦♥"A✈❡❧ ♣❡❧❛" ❛4C❡" ❞❡ ❡①'✐♥❣✉✐1 ♦ ❛1❝♦ ❡❧6'1✐❝♦✱ ❝♦♠ ✐""♦✱ '❡♥❞❡ ❛

❞❡'❡1✐♦1❛1✲"❡ ❝♦♠ ♠❛✐♦1 1❛♣✐❞❡③✱ ❡♠ ✈✐1'✉❞❡ ❞❛ ❝♦♥'❛♠✐♥❛45♦ ❞♦" ❣❛"❡" ❡ "✉❜♣1♦❞✉'♦" ❣❡1❛❞♦" ❞✉1❛♥'❡

❛ ❡①'✐♥45♦ ❞♦ ❛1❝♦ ✭❙❆◆❚❖❙ ❡' ❛❧✳✱ ✷✵✶✸✮✳

❆ ❛✈❛❧✐❛45♦ ❞♦ ✐"♦❧❛♠❡♥'♦ ❞❡ ❞✐"❥✉♥'♦1❡" ❝♦♠♣1❡❡♥❞❡ ❜❛"✐❝❛♠❡♥'❡ ♦" "❡❣✉✐♥'❡" '❡"'❡" ✭●■▲▲✱

✷✵✵✽✮✿

• '❡"'❡" ❞❡ 1✐❣✐❞❡③ ❞✐❡❧6'1✐❝❛ ❞♦ M❧❡♦ ✐"♦❧❛♥'❡✱ ❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞❡ ❛❢❡1✐1 ❛ "✉♣♦1'❛❜✐❧✐❞❛❞❡ ❞✐❡❧6'1✐❝❛

❞♦ M❧❡♦❀

• ❡♥"❛✐♦ ❞❡ ❝1♦♠❛'♦❣1❛✜❛ ❞❡ ❣❛"❡"✱ ❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞❡ ❞❡'❡1♠✐♥❛1 ❛ ❝♦♥❝❡♥'1❛45♦ ❞♦" ❣❛"❡"

❞✐""♦❧✈✐❞♦" ♥♦ M❧❡♦ ♠✐♥❡1❛❧ ✐"♦❧❛♥'❡❀

• ❛♥A❧✐"❡ ❢Q"✐❝♦ /✉Q♠✐❝❛✱ ❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞❡ ✈❡1✐✜❝❛1 ❛ ♣1❡"❡♥4❛ ❞❡ ❛❣❡♥'❡" ❝♦♥'❛♠✐♥❛♥'❡" ❞❡♥'1♦

❞❡ ✉♠❛ ❛♠♦"'1❛✱ ❝♦♠♦ '❛♠❜6♠ "✉❛ ♦1✐❣❡♠ ❡ ❝♦♥"❡/✉R♥❝✐❛ ❞✐1❡'❛ ❛♦ ❡/✉✐♣❛♠❡♥'♦❀

• ✈❡1✐✜❝❛45♦ ❞❛ ♣1❡""5♦ ❞♦ ❣A" ✭❙❋6 ♦✉ ❛1 ❝♦♠♣1✐♠✐❞♦✮ ♣❛1❛ ✐♠♣❡❞✐1 "❡✉ ❢❡❝❤❛♠❡♥'♦ ♦✉ "✉❛

❛❜❡1'✉1❛ "♦❜ ♣1❡""C❡" ✐♥❢❡1✐♦1❡" ❛ ♥Q✈❡✐" ♣1❡✜①❛❞♦"✳

• ✈❡1✐✜❝❛45♦ ❞❛ ♣1❡"❡♥4❛ ❞❡ "✉❜♣1♦❞✉'♦" ❞♦ ❣A" ❙❋6 ❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞❡ ♠✐'✐❣❛1 ❛ ❡♠✐""5♦ ❞❛

♠♦❧6❝✉❧❛ ❞❡ ❙❋6✱ /✉❡ /✉❛♥❞♦ ❞✐""♦❝✐❛❞❛ ♣♦❞❡ "❡ 1❡❝♦♠❜✐♥❛1 ❝♦♠ ♦✉'1❛" ♠♦❧6❝✉❧❛"✱ ♣1✐♥❝✐♣❛❧✲

♠❡♥'❡ ❝♦♠ ❛ A❣✉❛✱ ❢♦1♠❛♥❞♦ ❝♦♠♣♦"'♦" ❝♦♠♦ ♦ ❙❖❋✹✱ ❙❖❋✷✱ ❙❖✷❋✷✱ ❙❖✷✱ ❍❋ ✭W❊◆● ❡' ❛❧✳✱

✷✵✶✸✮✳ ❊""❡" "✉❜♣1♦❞✉'♦" ♣♦❞❡♠ ❞❛♥✐✜❝❛1 ❛" ✈❡❞❛4C❡" ❞♦ ❞✐"❥✉♥'♦1 ❡ ♣1♦✈♦❝❛1 ♦" ♣1❡♦❝✉♣❛♥'❡"

✈❛③❛♠❡♥'♦"✳ W♦1 ♠❡✐♦ ❞❡ ♠6'♦❞♦" ❛❞❡/✉❛❞♦" ❞❡ ❞❡'❡❝45♦ ❡ ❛♥A❧✐"❡ ❞♦" "✉❜♣1♦❞✉'♦"✱ "❡ ♣♦❞❡

❡✜❝✐❡♥'❡♠❡♥'❡ ❞✐❛❣♥♦"'✐❝❛1 /✉❡ '✐♣♦ ❞❡ ❢❛❧❤❛ ♦❝♦11❡✉ ❡♠ ✉♠ ●■❙ ✭"❡❝❝✐♦♥❛❞♦1 ❝♦♠ ✐"♦❧❛♠❡♥'♦

❛ ❣A"✮ ✭❩❊◆● ❡' ❛❧✳✱ ✷✵✶✹✮✳

✷✳✹✳✷ ❆✈❛❧✐❛()♦ ❞❛ ♣❛-.❡ ♠❡❝2♥✐❝❛

❆ ♣❛1'❡ ♠❡❝Z♥✐❝❛ ❞♦ ❞✐"❥✉♥'♦1 1❡/✉❡1 ❝✉✐❞❛❞♦" ❡"♣❡❝✐❛✐"✱ ♣♦✐" ❞❡❧❛ ❞❡♣❡♥❞❡ ♦ ❜♦♠ ❞❡"❡♠♣❡♥❤♦ ❞♦

❞✐"❥✉♥'♦1✳ W❛1❛ "❡ ❛✈❛❧✐❛1 ❛ ❝♦♥❞✐45♦ ♠❡❝Z♥✐❝❛ ❞♦ ❞✐"❥✉♥'♦1✱ ♣❛1'❡" ♠M✈❡✐" ❞♦ ❡/✉✐♣❛♠❡♥'♦ "5♦

❛✈❛❧✐❛❞❛" ♣❡1✐♦❞✐❝❛♠❡♥'❡✱ ❝♦♠ ✐♥'✉✐'♦ ❞❡ ♦❜"❡1✈❛1 "❡ ♦ ❝♦♠♣♦1'❛♠❡♥'♦ ♠❡❝Z♥✐❝♦ ❡"'A ❞❡♥'1♦ ❞❡
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❧✐♠✐%❡' ♣)*✲❡'%❛❜❡❧❡❝✐❞♦✳ ◆❛ ❛✈❛❧✐❛45♦ ♠❡❝6♥✐❝❛ ♥♦ ❡8✉✐♣❛♠❡♥%♦ '5♦ )❡❛❧✐③❛❞♦' ♣)✐♥❝✐♣❛❧♠❡♥%❡✱ ♦'

'❡❣✉✐♥%❡' %❡'%❡' ✭●■▲▲✱ ✷✵✵✽✮✿

• %❡♠♣♦ ❞❡ ❛❜❡)%✉)❛ ❞♦' ❝♦♥%❛%♦' ✭✐♥%❡)✈❛❧♦ ❞❡ %❡♠♣♦ ❞❡'❞❡ ♦ ✐♥F❝✐♦ ❞♦ ❝♦♠❛♥❞♦ ❛%* ❛ '❡♣❛)❛45♦

❣❛❧✈6♥✐❝❛ ❞♦' ❝♦♥%❛%♦' ❡♠ %♦❞♦' ♦' ♣G❧♦'✮❀

• '✐♥❝)♦♥✐③❛45♦ ❞❛ ♦♣❡)❛45♦ ❞♦' ❝♦♥%❛%♦'❀

• %❡'%❡' ❞❡ ✈✐❜)❛45♦ ❡♠ '❡)✈✐4♦ ❡ ❞✉)❛♥%❡ ♦♣❡)❛4I❡' ❞❡ ❛❜❡)%✉)❛ ❡ ❢❡❝❤❛♠❡♥%♦ ❞♦ ❞✐'❥✉♥%♦)✳

❚❡♠♣♦ ❞❡ ❢❡❝❤❛♠❡♥%♦ ❞♦' ❝♦♥%❛%♦' ✭✐♥%❡)✈❛❧♦ ❞❡ %❡♠♣♦ ❞❡'❞❡ ♦ ✐♥F❝✐♦ ❞♦ ❝♦♠❛♥❞♦ ❛%* ♦❝♦))❡) ♦

❝♦♥%❛%♦ ❣❛❧✈6♥✐❝♦ ❡♠ %♦❞♦' ♦' ♣G❧♦'✮❀

✷✳✹✳✸ ❆✈❛❧✐❛)*♦ ❞♦- ❝♦♥0❛0♦-

❯♠ ❞♦' ♣)✐♥❝✐♣❛✐' ❝♦♠♣♦♥❡♥%❡' ❞♦ ❞✐'❥✉♥%♦) '5♦ ♦' ❝♦♥%❛%♦' ✜①♦' ❡ ❝♦♥%❛%♦' ♠G✈❡✐' 8✉❡ %Q♠ ❛ ❢✉♥45♦

❞❡ ❝♦♥❞✉③✐) ❛ ❝♦))❡♥%❡ ❡❧*%)✐❝❛ ❡♠ ❝♦♥❞✐4I❡' ♥♦)♠❛✐' ❡ ❛♥♦)♠❛✐' ❞♦ '✐'%❡♠❛✳ ❊♠❜♦)❛ ♦' ❝♦♥%❛%♦'

✜①♦ ❡ ♠G✈❡❧ '❡❥❛♠ ❢❛❜)✐❝❛❞♦' ❛ ♣❛)%✐) ❞❡ ♠❛%❡)✐❛✐' 8✉❡ ❛♣)❡'❡♥%❛♠ ❜♦❛ ❝❛♣❛❝✐❞❛❞❡ ♣❛)❛ '✉♣♦)%❛) ♦'

❡❢❡✐%♦' ❞♦ ❛)❝♦ ❡❧*%)✐❝♦✱ ❡''❡' ❝♦♥%❛%♦' '♦❢)❡♠ ❛✈❛)✐❛' 8✉❡ )❡'✉❧%❛♠ ♥❛ ❞✐♠✐♥✉✐45♦ ❞♦ ❞❡'❡♠♣❡♥❤♦ ❞♦

❞✐'❥✉♥%♦) ✭▼❈❉❖◆❆▲❉✱ ✷✵✶✷✮✳

❖ ❞❡'❣❛'%❡ ❞♦' ❝♦♥%❛%♦' ❡❧*%)✐❝♦' ❞♦' ❞✐'❥✉♥%♦)❡' * ✉♠ ♣)♦❝❡''♦ ♣)❡✈✐'F✈❡❧ ❡ ♥♦)♠❛❧✳ ❖

♣)♦❝❡''♦ '❡ ✐♥✐❝✐❛ %5♦ ❧♦❣♦ ♦ ❡8✉✐♣❛♠❡♥%♦ ❡♥%)❛ ❡♠ ♦♣❡)❛45♦✳ ❊♠❜♦)❛ '❡ ❝♦♥❤❡4❛ ❛' ♣)✐♥❝✐♣❛✐'

❝❛✉'❛' ❞❡ ❞❡'❣❛'%❡ ❞♦' ❝♦♥%❛%♦'✱ ❛ '✉❛ ❞❡%❡)✐♦)❛45♦ ❞❡✈❡ '❡) ♠♦♥✐%♦)❛❞❛✱ ❝♦♠ ♦❜❥❡%✐✈♦ ❞❡ ❡✈✐%❛) 8✉❡

♦' ❝♦♥%❛%♦' ❛%✐♥❥❛♠ ♥F✈❡✐' ❞❡ ❞❡'❣❛'%❡ 8✉❡ ♣♦''❛♠ ❝❛✉'❛) ❞✐♠✐♥✉✐45♦ ❞♦ ❞❡'❡♠♣❡♥❤♦ ❞♦ ❞✐'❥✉♥%♦)✱

❝❛✉'❛♥❞♦ ❢❛❧❤❛' ❞❡ ♦♣❡)❛45♦✳ ❆' ♣)✐♥❝✐♣❛✐' ❝❛✉'❛' ❞❡ ❞❡'❣❛'%❡ ❞♦' ❝♦♥%❛%♦' '5♦ ✭▲❆◆❉❘❨ ❡% ❛❧✳✱

✷✵✵✻✮✿

• ❛%)✐%♦ ❡♥%)❡ ♦' ❝♦♥%❛%♦'❀

• ❝♦))❡♥%❡ ❡❧*%)✐❝❛ ❞❡ ❝❛)❣❛❀

• ❛)❝♦ ❡❧*%)✐❝♦✳

❆!"✐!♦ ❡♥!"❡ ♦' ❝♦♥!❛!♦'

❈♦♠ ♦' ❝♦♥%❛%♦' ❞♦ ❞✐'❥✉♥%♦) ♥❛ ♣♦'✐45♦ ❢❡❝❤❛❞❛✱ ❛ ♣)❡''5♦ ❡♥%)❡ ♦' ❝♦♥%❛%♦' ❞❡✈❡ '❡)

'✉✜❝✐❡♥%❡ ♣❛)❛ ❣❛)❛♥%✐) ✉♠❛ ❜❛✐①❛ )❡'✐'%Q♥❝✐❛ ❡♥%)❡ ❡❧❡'✱ ❞❡ ♠♦❞♦ ❛ ♥5♦ ♣)♦♣♦)❝✐♦♥❛) '♦❜)❡❛8✉❡❝✐♠❡♥%♦
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♥❛ ❝%♠❛'❛ ❞❡ ❡①+✐♥-.♦✱ ❞✉'❛♥+❡ ❛ ❝♦♥❞✉-.♦ ❞❛ ❝♦''❡♥+❡ ❡❧3+'✐❝❛✳ ❊♥+'❡+❛♥+♦✱ ♦ ♥6✈❡❧ ❞❡ ♣'❡99.♦ ❡♥+'❡

♦9 ❝♦♥+❛+♦9 ❞❡✈❡ 9❡' ❝✉✐❞❛❞♦9❛♠❡♥+❡ ♣'♦❥❡+❛❞♦✱ ❝❛9♦ ❝♦♥+';'✐♦✱ ♣♦❞❡ ❤❛✈❡' ✉♠ ♠❛✐♦' ❞❡9❣❛9+❡ ♣♦'

❛+'✐+♦ ❡♥+'❡ ❡❧❡9✱ ♥❛9 ♦♣❡'❛->❡9 ❞❡ ❛❜❡'+✉'❛ ❡ ❢❡❝❤❛♠❡♥+♦ ❞♦9 ❝♦♥+❛+♦9✱ ♣'♦♣♦'❝✐♦♥❛♥❞♦ ♦ ❛✉♠❡♥+♦

❞❛ '❡9✐9+A♥❝✐❛ ❡♥+'❡ ♦9 ♠❡9♠♦9 ✭◆❆❙❘❆▲▲❆❍ ❡+ ❛❧✳✱ ✷✵✵✼❛✮✳

❖ ❛+'✐+♦ ❡♥+'❡ ♦9 ❝♦♥+❛+♦9 +❛♠❜3♠ ♣♦❞❡ ❝❛✉9❛' ♦ ❞❡9❛❧✐♥❤❛♠❡♥+♦ ❞❡ ❞❡❞♦9 ❞❡ ❝♦♥+❛+♦✱ ❞❡

♠♦❞♦ M✉❡ ❛ ♣'❡99.♦ 9♦❜'❡ ♦9 ❝♦♥+❛+♦9 ♥.♦ ✜M✉❡ ✉♥✐❢♦'♠❡♠❡♥+❡ ❞✐9+'✐❜✉6❞❛✳ ❈♦♠ ❛ ♣❡'❞❛ ❞❡ ♣'❡99.♦

❡♥+'❡ ♦9 ❝♦♥+❛+♦9 ❤; ✉♠ ❝♦♥9❡M✉❡♥+❡ ❛✉♠❡♥+♦ ♥♦ ✈❛❧♦' ❞❛ '❡9✐9+A♥❝✐❛ ❞❡ ❝♦♥+❛+♦✳

P❛'❛ ♦9 ❞✐9❥✉♥+♦'❡9 ❝♦♥❞✉③✐♥❞♦ ❜❛✐①❛9 ❝♦''❡♥+❡9✱ ♦♥❞❡ ♦ ❡❢❡✐+♦ +3'♠✐❝♦ ♥.♦ 3 ♣'❡❞♦♠✐♥❛♥+❡✱

♦ ❛+'✐+♦ ❡♥+'❡ ♦9 ❝♦♥+❛+♦9 3 ♦ ♣'✐♥❝✐♣❛❧ ❛❣❡♥+❡ ❞❡ ❞❡9❣❛9+❡ ❞♦9 ❝♦♥+❛+♦9 ✭❙❆◆❚❖❙ ❡+ ❛❧✳✱ ✷✵✶✸✮✳

P❛'❛ ❞✐9❥✉♥+♦'❡9 ♥♦✈♦9✱ ❞✉'❛♥+❡ ♦ ♣'♦❝❡99♦ ❞❡ ♠♦♥+❛❣❡♠ ❞❛ ❝%♠❛'❛ ❞❡ ❡①+✐♥-.♦✱ ❛9 ❝%♠❛'❛9

9.♦ +❡9+❛❞❛9 ❡ ❛❧✐♥❤❛❞❛9 ❝'✐+❡'✐♦9❛♠❡♥+❡✱ ♣❛'❛ M✉❡ ♦9 ❝♦♥+❛+♦9 ♥.♦ ❡①❡'-❛♠ ❞❡♠❛9✐❛❞♦ ❛+'✐+♦ ❡♥+'❡

❛9 ♣❛'+❡9✳ ◆♦'♠❛❧♠❡♥+❡✱ 9♦♠❡♥+❡ ♦9 ❢❛❜'✐❝❛♥+❡9 ♣♦99✉❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛✈❛❧✐❛' ❡ ❝♦''✐❣✐' ❛❧❣✉♠❛

❛♥♦'♠❛❧✐❞❛❞❡ ♥❛ ❝%♠❛'❛ ✭❙❆◆❚❖❙ ❡+ ❛❧✳✱ ✷✵✶✸✮✳

❈♦""❡♥%❡ ❡❧'%"✐❝❛ ❞❡ ❝❛"❣❛

❈♦♠ ♦ ❞✐9❥✉♥+♦' ♥❛ ♣♦9✐-.♦ ❢❡❝❤❛❞❛✱ ♦9 ❝♦♥+❛+♦9 ❡9+.♦ ❣❛❧✈❛♥✐❝❛♠❡♥+❡ ❝♦♥❡❝+❛❞♦9 ✉♠ ❛♦

♦✉+'♦✱ ❞❡✈✐❞♦ T ♣'❡99.♦ ♠❡❝%♥✐❝❛ ❛♣❧✐❝❛❞❛ ❡♥+'❡ ❡❧❡9✳ ◆❡99❛ ♣♦9✐-.♦✱ ♦ ❝♦♥+❛+♦ ❣❛❧✈%♥✐❝♦ 9❡ ❞; ❡♥+'❡

♦ ❝♦♥+❛+♦ ♣'✐♥❝✐♣❛❧ ❞♦ ❝♦♥+❛+♦ ♠U✈❡❧ ❡ ♦ ❝♦♥+❛+♦ ♣'✐♥❝✐♣❛❧ ❞♦ ❝♦♥+❛+♦ ✜①♦✳ ❈♦♥9❡M✉❡♥+❡♠❡♥+❡✱ ❛

❝♦♥❞✉-.♦ ❞❛ ❝♦''❡♥+❡ ❡❧3+'✐❝❛ 9❡ ❡9+❛❜❡❧❡❝❡ ❛+'❛✈39 ❞♦9 ❝♦♥+❛+♦9 ♣'✐♥❝✐♣❛✐9 ✜①♦ ❡ ♠U✈❡❧✳

❊♠ ❝♦♥❞✐->❡9 ♥♦'♠❛✐9 ❞❡ ♦♣❡'❛-.♦✱ ❛ ❝♦♥❞✉-.♦ ❞❛ ❝♦''❡♥+❡ ❡❧3+'✐❝❛ ❞❡ ❝❛'❣❛ ♣♦❞❡ 9❡'

❝♦♥❞✉③✐❞❛ ✐♥✐♥+❡''✉♣+❛♠❡♥+❡ ❞✉'❛♥+❡ ♠❡9❡9 ✭❋■▲❍❖✱ ✷✵✵✺✮✳ ❊99❛ ❝♦''❡♥+❡ ❞❡ ❝❛'❣❛ 3 ♦ ♣'✐♥❝✐♣❛❧

❛❣❡♥+❡ ❝❛✉9❛❞♦' ❞❛ ❞❡❣'❛❞❛-.♦ ❞♦9 ❝♦♥+❛+♦9 ♣'✐♥❝✐♣❛✐9✱ ❛+'❛✈39 ❞♦ ❡❢❡✐+♦ +3'♠✐❝♦ ❞❛ ❝♦''❡♥+❡ ❡❧3+'✐❝❛✳

❊♥+'❡+❛♥+♦✱ ♦9 ❝♦♥+❛+♦9 ❞♦9 ❞✐9❥✉♥+♦'❡9 9.♦ ♣'♦❥❡+❛❞♦9 ♣❛'❛ ❝♦♥❞✉③✐' ❡ 9✉♣♦'+❛' +❡'♠✐❝❛♠❡♥+❡ ♦9

❡❢❡✐+♦9 ❞❛ ❝♦''❡♥+❡ ❡❧3+'✐❝❛ ❞♦ 9✐9+❡♠❛✱ 9❡♠ M✉❡ ❛♣'❡9❡♥+❡ ❞❡❣'❛❞❛-.♦ 9✐❣♥✐✜❝❛+✐✈❛ ❡♠ ❝✉'+♦9 ♣❡'6♦❞♦9

❞❡ +❡♠♣♦✳

❆ ❝♦''❡♥+❡ ❞❡ ❝❛'❣❛✱ ❛❧✐❛❞❛ T9 ♣❛'+6❝✉❧❛9 ❞❡ ♠❛+❡'✐❛✐9 +'❛♥9❢❡'✐❞❛9 ❡♥+'❡ ❝♦♥+❛+♦9 ❞✉'❛♥+❡

♦9 ❝✐❝❧♦9 ❞❡ ♦♣❡'❛-.♦ ❞♦ ❞✐9❥✉♥+♦'✱ ♣'♦✈♦❝❛ ♦ ❛✉♠❡♥+♦ ❞❛ '❡9✐9+A♥❝✐❛ ❞♦9 ❝♦♥+❛+♦9 ♣'✐♥❝✐♣❛✐9 ✭❈❍❊◆❀

❙❆❲❆✱ ✶✾✾✺✮✳ ❈♦♠ ❛ ❞❡❣'❛❞❛-.♦ ❞♦9 ❝♦♥+❛+♦9 ❤; ✉♠ ❝♦♥9❡M✉❡♥+❡ ❛✉♠❡♥+♦ ♥♦ ✈❛❧♦' ❞❛ '❡9✐9+A♥❝✐❛

❡♥+'❡ ♦9 ❝♦♥+❛+♦9 ♣'✐♥❝✐♣❛✐9✱ ♣'♦✈♦❝❛♥❞♦ ♦ ❛M✉❡❝✐♠❡♥+♦ ✐♥❞❡9❡❥❛❞♦ ♥♦ ✐♥+❡'✐♦' ❞❛ ❝%♠❛'❛ ❞❡ ❡①+✐♥-.♦

❞♦ ❞✐9❥✉♥+♦'✱ ♠❡9♠♦ ❡♠ ❝♦♥❞✐->❡9 ♥♦'♠❛✐9 ❞❡ ♦♣❡'❛-.♦ ❞♦ 9✐9+❡♠❛✳ ❆ +❡♠♣❡'❛+✉'❛ ♥❛ ❝%♠❛'❛ ♣♦❞❡

❛+✐♥❣✐' ♥6✈❡✐9 M✉❡ ♣'♦✈♦M✉❡♠ ♦ ❞❡+❡'✐♦'❛♠❡♥+♦ ❞♦ ♠❛+❡'✐❛❧ ✐9♦❧❛♥+❡✱ ❝♦♠ ♣♦99✐❜✐❧✐❞❛❞❡ ❞❡ ❞❡9❝❛'❣❛9
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❡♥#$❡ ♦& ♣(❧♦& ♦✉ ❡♥#$❡ ♣(❧♦ ❡ ❛ #❡$$❛ ✭◆❆❙❘❆▲▲❆❍ ❡# ❛❧✳✱ ✷✵✵✼❛✮✳

❆!❝♦ ❡❧&'!✐❝♦

❆ ❡♥❡$❣✐❛ ❧✐❜❡$❛❞❛ ♣❡❧♦ ❛$❝♦ ❡❧>#$✐❝♦ #❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣$♦✈♦❝❛$ ♦ ❞❡&❣❛&#❡ ❛❝❡❧❡$❛❞♦

❞♦& ❝♦♥#❛#♦&✳ ❈♦♠ ❛ ❞❡❣$❛❞❛BC♦ ❞♦& ❝♦♥#❛#♦& ❞❡ ❛$❝♦✱ ❤E ✉♠ ❝♦♥&❡F✉❡♥#❡ ❛✉♠❡♥#♦ ♥♦ ✈❛❧♦$ ❞❛

$❡&✐&#G♥❝✐❛ ❡♥#$❡ ♦& ♠❡&♠♦& ✭▲■ ❡# ❛❧✳✱ ✷✵✵✵✮✳

❖ ❛❧#♦ ♥J✈❡❧ ❞❡ ❞❡&❣❛&#❡ ❞♦& ❝♦♥#❛#♦& ❞❡ ❛$❝♦ ❞♦& ❞✐&❥✉♥#♦$❡& $❡✢❡#❡ ❞✐$❡#❛♠❡♥#❡ ❡♠ ✉♠❛

❞✐♠✐♥✉✐BC♦ &✐❣♥✐✜❝❛#✐✈❛ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡①#✐♥BC♦ ❞❡ ❛❧#❛& ❝♦$$❡♥#❡&✱ ❞✉$❛♥#❡ ❛ ♦♣❡$❛BC♦ ❡♠ ❢❛❧#❛ ♥♦

❝✐$❝✉✐#♦ ❡❧>#$✐❝♦ ❛&&♦❝✐❛❞♦ ✭▲❆◆❉❘❨ ❡# ❛❧✳✱ ✷✵✵✽✮✳ ❈♦♠ ✐&&♦✱ ❤❛✈❡$E ✉♠ ❛✉♠❡♥#♦ ❞♦ $✐&❝♦✱ ♣♦$ ❡①❝❡&&♦

❞❡ ❝❛❧♦$ ♥♦ ✐♥#❡$✐♦$ ❞♦ ❞✐&❥✉♥#♦$✱ ❝♦♠ ♣♦&&✐❜✐❧✐❞❛❞❡ ❞❡ ❛❧❝❛♥B❛$ #❡♠♣❡$❛#✉$❛& ❡♠ ♥J✈❡✐& &✉♣❡$✐♦$❡& ♣❛$❛

♦ F✉❛❧ ♦ ❞✐&❥✉♥#♦$ ❢♦✐ ♣$♦❥❡#❛❞♦✱ ❡ ❛&&✐♠✱ ❞❡#❡$✐♦$❛♥❞♦ ♦ ♠❛#❡$✐❛❧ ✐&♦❧❛♥#❡ ❡ ♣$♦✈♦❝❛♥❞♦ ✉♠ ❞❡&❣❛&#❡

❛♥♦$♠❛❧ ❞♦ ❡F✉✐♣❛♠❡♥#♦✳

■♥❞❡♣❡♥❞❡♥#❡♠❡♥#❡ ❞❛ ❝❛✉&❛ ❞❡ ❞❡&❣❛&#❡ ❞♦& ❝♦♥#❛#♦&✱ &❡❥❛ ❛#$❛✈>& ❞❛ ❝♦$$❡♥#❡ ❡❧>#$✐❝❛ ♦✉

❛#$❛✈>& ❞♦ ❛#$✐#♦ ♠❡❝S♥✐❝♦ ❡♥#$❡ ❡❧❡&✱ ❛ $❡&✐&#G♥❝✐❛ ❞❡ ❝♦♥#❛#♦ ❞❡✈❡ &❡$ ♠♦♥✐#♦$❛❞❛✳ ❙❡ ♦& ❝♦♥#❛#♦& ♥C♦

&C♦ ♠❛♥#✐❞♦& ❝♦♠ ✉♠❛ &✉♣❡$❢J❝✐❡ $❡❣✉❧❛$✱ &❡♠ ❝♦$$♦&C♦ ❡①❝❡&&✐✈❛✱ &✉❛ $❡&✐&#G♥❝✐❛ ❡❧>#$✐❝❛ ❛✉♠❡♥#❛✱

$❡&✉❧#❛♥❞♦ ❡♠ ✉♠❛ $❡❞✉BC♦ &✐❣♥✐✜❝❛#✐✈❛ ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❝♦♥#❛#♦ ♣❛$❛ ❝♦♥❞✉③✐$ ❛ ❝♦$$❡♥#❡ ❡❧>#$✐❝❛✱

❝♦❧♦❝❛♥❞♦ ❡♠ $✐&❝♦ ♦ ❞❡&❡♠♣❡♥❤♦ &❡❣✉$♦ ❞♦ ❞✐&❥✉♥#♦$ ✭●■▲▲✱ ✷✵✵✽✮✳

❙❡ ♦& ❝♦♠♣♦♥❡♥#❡& ✐♥#❡$♥♦& ❞♦ ❞✐&❥✉♥#♦$ ♣✉❞❡$❡♠ &❡$ ❛✈❛❧✐❛❞♦& &❡♠ ❛ ♥❡❝❡&&✐❞❛❞❡ ❞❡ ❞❡&✲

♠♦♥#❛❣❡♠✱ &❡$E ♣♦&&J✈❡❧ ❛❝♦♠♣❛♥❤❛$ ❛ ❡✈♦❧✉BC♦ ❞♦ ❞❡&❣❛&#❡ ❞♦& ❝♦♠♣♦♥❡♥#❡& ❞❡ ♠❛♥❡✐$❛ ❡✜❝✐❡♥#❡✱

❢❛③❡♥❞♦ ❝♦♠ F✉❡ ♦ ♣$♦❝❡&&♦ ❞❡ ♠❛♥✉#❡♥BC♦ &❡❥❛ ♦#✐♠✐③❛❞♦✳ ❯♠❛ ♠❛♥❡✐$❛ ❞❡ ❛✈❛❧✐❛$ ♦ ❡&#❛❞♦ ❞♦&

❝♦♥#❛#♦& > ♣♦$ ♠❡✐♦ ❞❛ ♠❡❞✐BC♦ ❞❛ $❡&✐&#G♥❝✐❛ ❞❡ ❝♦♥#❛#♦✱ ❝♦♠ ♦& ❝♦♥#❛#♦& ❞♦ ❞✐&❥✉♥#♦$ ♥❛ ♣♦&✐BC♦

❢❡❝❤❛❞❛✱ &❡♠ ❛ ♥❡❝❡&&✐❞❛❞❡ ❞❡ $❡♠♦BC♦ ❞♦ ♠❡✐♦ ✐&♦❧❛♥#❡ ❞❛ ❝S♠❛$❛ ❞❡ ❡①#✐♥BC♦ ❞❡ ❛$❝♦ ✭❖❍▲❊◆

❡# ❛❧✳✱ ✶✾✾✺✮❀ ✭●❆❘❩❖◆✱ ✷✵✵✷✮❀ ✭▲❆◆❉❘❨ ❡# ❛❧✳✱ ✷✵✵✻✮❀ ✭❲`❈❑▲>◆ ❡# ❛❧✳✱ ✷✵✵✽✮❀ ✭●■▲▲✱ ✷✵✵✽✮❀

✭❚❯❘❈❖❚❚❊❀ ●❆❯❚❍■❊❘✱ ✷✵✵✽✮❀ ✭❙❚❆◆■❙■❈❀ ◆❊■▼❆◆■❙✱ ✷✵✶✵✮❀ ✭❏❊❨❆❘❆❏❀ ❍❆❇❚❆❨✱ ✷✵✶✶✮❀

✭❙❖❉❍❆ ❡# ❛❧✳✱ ✷✵✶✷✮❀ ✭▼❈❉❖◆❆▲❉✱ ✷✵✶✷✮❀ ✭❚■◆●❚■◆● ❡# ❛❧✳✱ ✷✵✶✹✮❀ ✭▲■◆ ❡# ❛❧✳✱ ✷✵✶✹✮❀ ✭❇❍❖▲❊❀

●❆◆❉❍❆❘❊✱ ✷✵✶✺✮✳

✷✳✺ ▼❡❞✐'(♦ ❞❛ ❘❡,✐,-.♥❝✐❛ ❞❡ ❈♦♥-❛-♦ ❡♠ ❉✐,❥✉♥-♦✲

7❡,

❖& ❝♦♥#❛#♦& ❞♦& ❞✐&❥✉♥#♦$❡& ❞❡✈❡♠ ❝♦♥❞✉③✐$ ❛ ❝♦$$❡♥#❡ ❞❡ ❝❛$❣❛ &❡♠ &✉♣❡$❛F✉❡❝✐♠❡♥#♦ ❡ &❡♠ ❞❡❣$❛❞❛✲

BC♦ ❡①❝❡&&✐✈❛✱ ❡ ❞❡✈❡ ❢❛③G✲❧♦ ❞❡♥#$♦ ❞❡ ❧✐♠✐#❡& $❛③♦E✈❡✐& ❞❡ ❝♦♥&✉♠♦ ❞❡ ❡♥❡$❣✐❛✱ ❝♦♠ ✉♠❛ $❡&✐&#G♥❝✐❛
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❡♥$%❡ ♦' ❝♦♥$❛$♦' ♠❛♥$✐❞❛ $-♦ ❜❛✐①❛ 0✉❛♥$♦ ♣♦''3✈❡❧ ✭❋◆■◆❊❈❍❊❀ ❆■❚❑❊◆✱ ✷✵✶✷✮✳ ❆❞✐❝✐♦♥❛❧♠❡♥$❡✱

♥❛' ❝♦♥❞✐GH❡' ❞❡ ❝✉%$♦✲❝✐%❝✉✐$♦ ❡ '♦❜%❡❝❛%❣❛✱ ♦' ❝♦♥$❛$♦' ❞❡✈❡♠ '❡% ❝❛♣❛③❡' ❞❡ ❝♦♥❞✉③✐% ❛❧$❛' ❝♦%✲

%❡♥$❡' ♣♦% ✉♠ ♣❡%3♦❞♦ ❡'♣❡❝3✜❝♦ ❞❡ $❡♠♣♦ ❡✱ ♥♦✈❛♠❡♥$❡✱ ❡❧❡' ❞❡✈❡♠ ❢❛③N✲❧♦ '❡♠ '✉♣❡%❛0✉❡❝✐♠❡♥$♦

❡ '❡♠ ❞❡❣%❛❞❛G-♦ ❡①❝❡''✐✈❛✳

O❛%❛ ❛$❡♥❞❡% ❛ ❡''❡' %❡0✉✐'✐$♦'✱ P ✐♥❞✐'♣❡♥'Q✈❡❧ 0✉❡ ❛ Q%❡❛ ❡♥$%❡ ♦' ❝♦♥$❛$♦' '❡❥❛ ♠❛①✐♠✐③❛❞❛✱

❡ ♦' ❝♦♥$❛$♦' '❡❥❛♠ ♣%♦❞✉③✐❞♦' ❛ ❜❛'❡ ❞❡ ♠❛$❡%✐❛✐' ❝❛♣❛③❡' ❞❡ '✉♣♦%$❛% ♦' ❡❢❡✐$♦' $P%♠✐❝♦' ❡ ♠❡❝S♥✐❝♦'

✐♠♣♦'$♦' ❛♦ ❞✐'❥✉♥$♦% ❡♠ '❡%✈✐G♦✳ ❆❧P♠ ❞✐''♦✱ ❛ ❢♦%G❛ ❛♣❧✐❝❛❞❛ ❛♦' ❝♦♥$❛$♦' ❞❡✈❡ '❡% ❛❞❡0✉❛❞❛✱ ❝♦♠

❝♦♥✜❣✉%❛G-♦ ❡ ♠❛''❛ ❞♦' ❝♦♥$❛$♦' 0✉❡ ♣♦''✐❜✐❧✐$❡ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♦♣❡%❛G-♦✱ '✉✜❝✐❡♥$❡' ♣❛%❛ ❧✐♠✐$❛%

❛ ❡%♦'-♦ ❞♦' ❝♦♥$❛$♦' ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

O❛%❛ '❡ ❛✈❛❧✐❛% ♦ ❡'$❛❞♦ ❞♦' ❝♦♥$❛$♦' ❞♦' ❞✐'❥✉♥$♦%❡'✱ ♦ ♠P$♦❞♦ ♠❛✐' ✉$✐❧✐③❛❞♦ P ❛ ♠❡❞✐G-♦

❞❛ %❡'✐'$N♥❝✐❛ ❞❡ ❝♦♥$❛$♦✱ ❝♦♠ ❛♣❧✐❝❛G-♦ ❞✐%❡$❛ ❞❛ ❧❡✐ ❞❡ ❖❤♠✳ ❆♣❧✐❝❛✲'❡ ✉♠ '✐♥❛❧ ❞❡ ❝♦%%❡♥$❡ ❈❈

❡♥$%❡ ♦' ❝♦♥$❛$♦' ❢❡❝❤❛❞♦' ❡ ♠❡❞❡✲'❡ ❛ 0✉❡❞❛ ❞❡ $❡♥'-♦ ❡♥$%❡ ❡❧❡'✱ '❡♥❞♦ ❛ %❡'✐'$N♥❝✐❛ ❝❛❧❝✉❧❛❞❛ ❛

♣❛%$✐% ❞❛ ❞✐✈✐'-♦ ❡♥$%❡ ❛ 0✉❡❞❛ ❞❡ $❡♥'-♦ ♥♦' ❝♦♥$❛$♦' ♣❡❧❛ ❝♦%%❡♥$❡ ❛♣❧✐❝❛❞❛ ✭◆❆❙❘❆▲▲❆❍ ❡$ ❛❧✳✱

✷✵✵✼❛✮✳

❖ ❞✐❛❣♥\'$✐❝♦ ❞♦ ❡'$❛❞♦ ❞♦ ❞✐'❥✉♥$♦% ♣♦% ♠❡✐♦ ❞❛ ❛♥Q❧✐'❡ ❞♦ ✈❛❧♦% ❞❛ %❡'✐'$N♥❝✐❛ ❞❡ ❝♦♥$❛$♦

$❡♠ ❝♦♠♦ ❢✉♥❞❛♠❡♥$❛G-♦ ❛' ✐♠♣❡%❢❡✐GH❡' ♠✐❝%♦♠P$%✐❝❛' ❞♦' ❝♦♥$❛$♦' ❞❛' ❝S♠❛%❛' ❞❡ ❡①$✐♥G-♦ ❞❡

❛%❝♦ ✭❍❖▲▼ ❡$ ❛❧✳✱ ✶✾✹✾✮✳ ❆ ❞❡❣%❛❞❛G-♦ ❞♦' ❝♦♥$❛$♦' ❝♦♥$%✐❜✉✐ '✉❜'$❛♥❝✐❛❧♠❡♥$❡ ♣❛%❛ ♦ ❛✉♠❡♥$♦

❞❛ %❡'✐'$N♥❝✐❛ ❞❡ ❝♦♥$❛$♦ ❡♥$%❡ ♦' ❡❧❡$%♦❞♦' ✭▲❆◆❉❘❨ ❡$ ❛❧✳✱ ✷✵✵✻✮✳

✷✳✺✳✶ ▼❡❞✐()♦ ❞❛ ,❡-✐-./♥❝✐❛ ❡-.2.✐❝❛ ❞❡ ❝♦♥.❛.♦ ✭▼❘❊✮

❖ ❡♥'❛✐♦ ❞❡ ♠❡❞✐G-♦ ❞❡ %❡'✐'$N♥❝✐❛ ❞❡ ❝♦♥$❛$♦ P %❡❛❧✐③❛❞♦ ♣❛%❛ ❛✈❛❧✐❛% ❛ ❝♦♥❞✐G-♦ ❞♦ ❝♦♥$❛$♦ ♣%✐♥❝✐♣❛❧

❞♦ ❞✐'❥✉♥$♦%✳ ❈♦♠♦ ❞✐'❝✉$✐❞♦ ❛♥$❡%✐♦%♠❡♥$❡✱ ♦ ❛✉♠❡♥$♦ ❛♥♦%♠❛❧ ❞❛ %❡'✐'$N♥❝✐❛ ❡♥$%❡ ♦' ❝♦♥$❛$♦'

♣%✐♥❝✐♣❛✐' ❞♦ ❞✐'❥✉♥$♦% ♣♦❞❡ '❡% ✉♠❛ ✐♥❞✐❝❛G-♦ ❞❡ ♠❛$❡%✐❛❧ ❡'$%❛♥❤♦ ♥♦' ❝♦♥$❛$♦'✱ ❞❡'❣❛'$❡ ❞♦'

❝♦♥$❛$♦' ♣%✐♥❝✐♣❛✐'✱ ♣❡%❞❛ ❞❡ ♣%❡''-♦ ♥♦' ❞❡❞♦' ❞♦' ❝♦♥$❛$♦' ♦✉ ♣❡%❞❛ ❞❡ ❝♦♥❡①-♦ ❞❛' ❜✉❝❤❛'✳

◗✉❛❧0✉❡% ✉♠ ❞❡'$❡' ♣%♦❜❧❡♠❛' ♥♦ ❞✐'❥✉♥$♦% ♣♦❞❡ ❝❛✉'❛% ♦ ❛0✉❡❝✐♠❡♥$♦ ❧♦❝❛❧✐③❛❞♦ ♦✉ ❛ ❞❡$❡%✐♦%❛G-♦

❞♦' ❝♦♥$❛$♦' ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

❆' ▼❘❊ '-♦ ❣❡%❛❧♠❡♥$❡ %❡❛❧✐③❛❞❛' ❛♥$❡' ❡ ❛♣\' ❛' ♦♣❡%❛GH❡' ❞❡ ❞❡'♠♦♥$❛❣❡♠ ❡ ❧✐♠♣❡③❛

%❡❛❧✐③❛❞♦' '♦❜%❡ ♦' ❝♦♥$❛$♦' ❞♦ ❞✐'❥✉♥$♦% ✭O❖◆❙ ❡$ ❛❧✳✱ ✶✾✾✸✮✱ ✭●■▲▲✱ ✷✵✵✽✮✳ ❆' ♦♣❡%❛GH❡' ❞❡

❞❡'♠♦♥$❛❣❡♠ ❡ ❧✐♠♣❡③❛ '-♦ ❣❡%❛❧♠❡♥$❡ ♣%❡❝❡❞✐❞❛' ❞❡ ❞❡❝✐'H❡' $P❝♥✐❝❛' ✐♠♣❧❛♥$❛❞❛' ❡♠ ❢✉♥G-♦ ❞❛

❛♥Q❧✐'❡ ❞❡ %❡'✉❧$❛❞♦' ♦❜$✐❞♦' ❛$%❛✈P' ❞♦ ♠♦♥✐$♦%❛♠❡♥$♦ ♣❡%✐\❞✐❝♦ ❞♦ ❞✐'❥✉♥$♦%✳ ◆❛ ♠❛✐♦%✐❛ ❞❛'
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❡♠♣%❡&❛& ♦& ♣❧❛♥♦& ❞❡ ♠❛♥✉-❡♥./♦ ❞❡ ❞✐&❥✉♥-♦%❡& ♥♦%♠❛❧♠❡♥-❡ ❡&-❛❜❡❧❡❝❡♠ ❡♠ ❝♦♥❞✐.4❡& ♥♦%♠❛✐&

❞❡ ♦♣❡%❛./♦ ❞♦ ❡5✉✐♣❛♠❡♥-♦✱ ✉♠ ♥7♠❡%♦ ♠8①✐♠♦ ❞❡ ♠❛♥♦❜%❛&✱ -❡♠♣♦ ❞❡ &❡%✈✐.♦ ❡✴♦✉ ❝♦%%❡♥-❡&
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❞❡ ❝♦&&❡♥$❡ ✈❛&✐❛ ❝♦♥❢♦&♠❡ ♠♦❞❡❧♦ ❞❡ ❝❛❞❛ ❢❛❜&✐❝❛♥$❡✳

❖/ ❛♥❛❧✐/❛❞♦&❡/ ❞❡ ❞✐/❥✉♥$♦& ♦♣❡&❛♠ ❝♦♥❡❝$❛❞♦/ ❛♦ ❝✐&❝✉✐$♦ ❞♦ /✐/$❡♠❛ ❞❡ ❝♦♥$&♦❧❡ ❞♦ ❞✐/✲

❥✉♥$♦&✱ ♦✉ /❡❥❛✱ ❛$&❛✈1/ ❞❛ ♦♣❡&❛67♦ ❞❛/ ❜♦$♦❡✐&❛/ ❞♦ ❛♥❛❧✐/❛❞♦& 1 ♣♦//@✈❡❧ ❡①❡❝✉$❛& ❛/ ♦♣❡&❛6I❡/ ❞❡

❢❡❝❤❛♠❡♥$♦✴❛❜❡&$✉&❛ ❞♦ ❞✐/❥✉♥$♦&✱ ♦♣❡&❛67♦ ♥❡❝❡//K&✐❛ ♣❛&❛ ♠♦♥✐$♦&❛♠❡♥$♦ ❞❛ ♠❛✐♦&✐❛ ❞♦/ $❡/$❡/ ♥♦

❞✐/❥✉♥$♦&✳

❖/ ♠♦❞❡❧♦/ ❞❡ ❛♥❛❧✐/❛❞♦&❡/ ❞❡ ❞✐/❥✉♥$♦&❡/ ❞✐/♣♦♥@✈❡✐/ ❝♦♠❡&❝✐❛❧♠❡♥$❡ ❛♣&❡/❡♥$❛♠ ❜❛/✐❝❛✲

♠❡♥$❡ ❛/ /❡❣✉✐♥$❡/ ❢✉♥6I❡/✿

• ♠❡❞✐67♦ ❞♦ $❡♠♣♦ ❞❡ ❢❡❝❤❛♠❡♥$♦ ❡✴♦✉ ❛❜❡&$✉&❛ /✐♠✉❧$N♥❡❛ ❞♦/ ✸ ❝♦♥$❛$♦/ ♣&✐♥❝✐♣❛✐/❀

• ❛✈❛❧✐❛67♦ ❞♦ /✐♥❝&♦♥✐/♠♦ ❡♥$&❡ ♦/ ♣Q❧♦/ ❞♦ ❞✐/❥✉♥$♦&❀

• ❞❡$❡&♠✐♥❛67♦ ❞❛/ ❝♦&&❡♥$❡/ ♠K①✐♠❛/ ❡ $❡♠♣♦/ ❞❡ ❛$✉❛67♦ ♥❛/ ❜♦❜✐♥❛/ ❞❡ ❢❡❝❤❛♠❡♥$♦ ❡ ❞❡

❛❜❡&$✉&❛❀

• ❞❡$❡&♠✐♥❛67♦ ❛✉$♦♠K$✐❝❛ ❞❛ &❡/✐/$R♥❝✐❛ ❞❡ ❝♦♥$❛$♦/✳

◆❛ ❋✐❣✉&❛ ✷✳✶✺ 1 ❛♣&❡/❡♥$❛❞❛ ✉♠❛ ✐❧✉/$&❛67♦ ❞♦ ♣❛✐♥❡❧ ❞❡ ❛♥❛❧✐/❛❞♦& ❞❡ ❝❤❛✈❡❛♠❡♥$♦ ❝♦✲

♠❡&❝✐❛❧✱ ❝♦♠ ❞❡$❛❧❤❛♠❡♥$♦ ❞♦/ ❜♦&♥❡/ ❞❡ ❝♦♥❡①7♦✳

❉❡ ❢♦&♠❛ ❛♥K❧♦❣❛ ❛♦ ❡♥/❛✐♦ ❞❡ &❡/✐/$R♥❝✐❛ ❡/$K$✐❝❛ 1 ✐♥❥❡$❛❞❛ ✉♠❛ ❝♦&&❡♥$❡ ❝♦♥$@♥✉❛ ❞❡ $❡/$❡

,✉❡ ❝✐&❝✉❧❛ ❡♥$&❡ ♦/ ❝♦♥$❛$♦/ ♣&✐♥❝✐♣❛✐/ ❡ ❞❡ ❛&❝♦ ❞♦ ❞✐/❥✉♥$♦&✱ /✐♠✉❧$❛♥❡❛♠❡♥$❡✱ ♠❡❞❡✲/❡ ❛ ,✉❡❞❛

❞❡ $❡♥/7♦ /♦❜&❡ ♦/ ❝♦♥$❛$♦/ ✭❜✉❝❤❛/ $❡&♠✐♥❛✐/✮ ❞✉&❛♥$❡ ✉♠❛ ♦♣❡&❛67♦ ❞❡ ❛❜❡&$✉&❛ ❞♦/ ❝♦♥$❛$♦/✳ ❆

&❡/✐/$R♥❝✐❛ 1 ❞❡$❡&♠✐♥❛❞❛ ✐♥$❡&♥❛♠❡♥$❡ ♥♦ ✐♥/$&✉♠❡♥$♦✱ ♣❡❧❛ ❛♣❧✐❝❛67♦ ❞✐&❡$❛ ❞❛ ❧❡✐ ❞❡ ❖❤♠✱ ❞✐✈✐❞✐♥❞♦✲

/❡ ♦ ✈❛❧♦& ❞❛ ,✉❡❞❛ ❞❡ $❡♥/7♦ ❡♥$&❡ ♦/ ❝♦♥$❛$♦/ ♣❡❧❛ ❝♦&&❡♥$❡ ❞❡ $❡/$❡ ✐♥❥❡$❛❞❛ ❞✉&❛♥$❡ $♦❞♦ ♦ ♣&♦❝❡//♦

❞❡ ❛❜❡&$✉&❛ ❞♦/ ❝♦♥$❛$♦/✱ &❡/✉❧$❛♥❞♦ ❡♠ ✉♠❛ ❝✉&✈❛ ❞❡ &❡/✐/$R♥❝✐❛✱ ,✉❡ ❛♣&❡/❡♥$❛ ❞❡ ❢♦&♠❛ ❞✐/$✐♥$❛ ❛

&❡/✐/$R♥❝✐❛ ❞♦/ ❝♦♥$❛$♦/ ♣&✐♥❝✐♣❛✐/ ❡ ❞♦/ ❝♦♥$❛$♦/ ❞❡ ❛&❝♦✳

V❛&❛ &❡❛❧✐③❛67♦ ❞♦ ❡♥/❛✐♦ ❞❛ ▼❘❉ ❡♠ /✉❜❡/$❛6I❡/ ❡♥❡&❣✐③❛❞❛/ ❛❧❣✉♠❛/ ✐♥$❡&✈❡♥6I❡/ ♥♦

❡,✉✐♣❛♠❡♥$♦ ❞❡ $❡/$❡ /7♦ ♥❡❝❡//K&✐❛/✳ ❊//❛/ ✐♥$❡&✈❡♥6I❡/ ♣♦❞❡♠ ♦✉ ♥7♦ ✐♥$❡&❢❡&✐& /✐❣♥✐✜❝❛$✐✈❛♠❡♥$❡



Entradas de contato
Uma entrada mede o contato 
principal e os resistores de 
pré-inserção simultaneamente.

Entradas de bobinas
Medição automática da tensão 
e da corrente da bobina.

Entradas auxiliares e de motor
Medição automática da tensão 
e da corrente do motor.

Mostrador
Mostra a sincronização dos 
contatos, a tensão/corrente do 
motor e da bobina e os valores 
de resistência estática.

Botões de operação
Usados para realizar testes no 
modo isolado.

Entradas para micro-ohmímetro
Conexões fáceis usando parafusos 
de polo para esse micro-ohmímet-
ro muito leve e compacto.

Entradas do transdutor
Usadas para transdutores analógi-
cos e/ou digitais. Também usadas 
para testes on-line.

Comunicação com computadores
Comunicação serial padrão 
RS232. Opção Bluetooth também 
disponível.

ente.
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.❛♠ ♠❡❞✐❞♦.❡2 ❞❡ .❡2✐2(S♥❝✐❛ ❞❡ ❝♦♥(❛(♦ ❝♦♠ ❝♦♠♣❡♥2❛E$♦ ❞❛ ❝♦..❡♥(❡ ✐♥❞✉③✐❞❛ ✭❲U❈❑▲)◆ ❡( ❛❧✳✱

✷✵✵✽✮✳ ◆❛ ❋✐❣✉.❛ ✷✳✶✸ ❢♦✐ ❛♣.❡2❡♥(❛❞♦ ✉♠ ❡2,✉❡♠❛ (I♣✐❝♦ ❞❡ ♠♦♥(❛❣❡♠ ❛❞♦(❛❞♦ ♥♦ ❡♥2❛✐♦ ❞❛ ▼❘❊✱

✉(✐❧✐③❛♥❞♦✲2❡ ❞❡ ✉♠ ♠✐❝.♦✲♦❤♠I♠❡(.♦ ❝♦♠❡.❝✐❛❧ ❝♦♠ ❛♠❜♦2 ♦2 ❧❛❞♦2 ❞♦ ♣G❧♦ ❞♦ ❞✐2❥✉♥(♦. ❛(❡..❛❞♦2✱

❡ ❝♦♠ ❝♦♠♣❡♥2❛E$♦ ❞❛ ❝♦♠♣♦♥❡♥(❡ ❞❛ ❝♦..❡♥(❡ ,✉❡ ✢✉✐ ❛(.❛✈)2 ❝❛❜♦ ❞❡ ❛(❡..❛♠❡♥(♦✳

❖2 ♣.♦❝❡❞✐♠❡♥(♦2 ♣❛.❛ .❡❛❧✐③❛E$♦ ❞♦ ❡♥2❛✐♦ ❞❛ ▼❘❉ ♣♦❞❡♠ 2❡. ❛22✐♠ ❡♥✉♠❡.❛❞♦2 ✭▲❆◆✲

❉❘❨ ❡( ❛❧✳✱ ✷✵✵✻✮✿

✶✳ ❝♦♥❡❝(❛. ❛2 ❡♥(.❛❞❛2 ❞❡ ❝♦♥(❛(♦2 ❞❛2 ❜♦❜✐♥❛2 ✭❛❜❡.(✉.❛ ❡ ❢❡❝❤❛♠❡♥(♦✮ ❞♦ ❞✐2❥✉♥(♦. ❛♦ ❛♥❛❧✐✲

2❛❞♦.❀
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✷✳ ❝♦♥❡❝(❛* ♦+ +❡♥+♦*❡+ ❞❡ ❝♦**❡♥(❡ ❡ (❡♥+-♦ ❞♦ ♠✐❝*♦✲♦❤♠2♠❡(*♦ ✭✐♥❝♦*♣♦*❛❞♦ ❛♦ ❛♥❛❧✐+❛❞♦*✮ ❛

✉♠ ❞♦+ ♣8❧♦+ ❞♦ ❞✐+❥✉♥(♦*✱ +✐♠✐❧❛*♠❡♥(❡ ❛♦ ❡♥+❛✐♦ ❞❡ ▼❘❊❀

✸✳ +❡❧❡❝✐♦♥❛* ❛ ❢✉♥A-♦ ❞❡ ♠❡❞✐A-♦ ❞❡ *❡+✐+(B♥❝✐❛ ❞❡ ❝♦♥(❛(♦❀

✹✳ *❡❛❧✐③❛* ❛ ♦♣❡*❛A-♦ ❞❡ ❢❡❝❤❛♠❡♥(♦ ❞♦+ ❝♦♥(❛(♦+ ❞♦ ❞✐+❥✉♥(♦*❀

✺✳ ❛❝✐♦♥❛* ♦ ❜♦(-♦ ❞❡ ❛❜❡*(✉*❛ ❞♦+ ❝♦♥(❛(♦+✳ ❆❧❣✉♥+ ♠✐❧✐++❡❣✉♥❞♦+ ❛♥(❡+ ❞❛ ❛❜❡*(✉*❛ ❞♦+ ❝♦♥(❛(♦+

❞♦ ❞✐+❥✉♥(♦*✱ ♦ ❛♥❛❧✐+❛❞♦* ✐♥❥❡(❛ ❛ ❝♦**❡♥(❡ ❡♥(*❡ ♦+ ❝♦♥(❛(♦+ ❞♦ ❞✐+❥✉♥(♦* ❡ ♠❡❞❡ ❛ *❡+✐+(B♥❝✐❛

❞❡ ❝♦♥(❛(♦✳ ❖ ❛♥❛❧✐+❛❞♦* ❞❡ ❞✐+❥✉♥(♦* ❞❡(❡*♠✐♥❛ ❛ ❝✉*✈❛ ❞❡ *❡+✐+(B♥❝✐❛ ❞❡ ❝♦♥(❛(♦ ❞✉*❛♥(❡

(♦❞♦ ♦ ♣*♦❝❡++♦ ❞❡ ❛❜❡*(✉*❛ ❞♦+ ❝♦♥(❛(♦+✱ ❛ ♣❛*(✐* ❞♦+ ✈❛❧♦*❡+ ❞❡ (❡♥+-♦ ❡ ❝♦**❡♥(❡ ❡♥(*❡ ♦+

(❡*♠✐♥❛✐+ ❞♦ ❞✐+❥✉♥(♦*❀

✻✳ *❡♣❡(✐* ♦+ ♣❛++♦+ ❛♥(❡*✐♦*❡+ ♣❛*❛ ♦+ ❞❡♠❛✐+ ♣8❧♦+ ❞♦ ❞✐+❥✉♥(♦*✳

❊♠ ❢✉♥A-♦ ❞♦+ *❡+✉❧(❛❞♦+ ❞♦ ❡♥+❛✐♦ ❞❛ ▼❘❉✱ ♦+ +❡❣✉✐♥(❡+ ❞❡❢❡✐(♦+ ❡♠ ❞✐+❥✉♥(♦*❡+ ♣♦❞❡♠

+❡* ✐❞❡♥(✐✜❝❛❞♦+ ✭❖❍▲❊◆ ❡( ❛❧✳✱ ✶✾✾✺✮✿

• ❞❡+❛❧✐♥❤❛♠❡♥(♦+ ❞♦+ ❝♦♥(❛(♦+❀

• ❢❛❧❤❛ ♥❛ ❧✐♠♣❡③❛ ❞♦+ ❝♦♥(❛(♦+ ♣*✐♥❝✐♣❛❧ ❡ ❞❡ ❛*❝♦❀

• ❡*♦+-♦ ✭❞❡❣*❛❞❛A-♦✮ ❞♦ ❝♦♥(❛(♦ ❞❡ ❛*❝♦❀

• ❡*♦+-♦ ✭❞❡❣*❛❞❛A-♦✮ ❞♦ ❝♦♥(❛(♦ ♣*✐♥❝✐♣❛❧❀

• ❡+(❛❞♦ ❞❡ ♦♣❡*❛A-♦ ❞♦ ♠❡❝❛♥✐+♠♦ ❞❡ ❛❝✐♦♥❛♠❡♥(♦ ❞♦+ ❝♦♥(❛(♦+❀

• *❡+✐+(B♥❝✐❛ ❞♦+ ❝♦♥(❛(♦+ ♣*✐♥❝✐♣❛❧ ❡ ❞❡ ❛*❝♦❀

• ❡+(❛❞♦ ❞❡ ♦♣❡*❛A-♦ ❞♦ +✐+(❡♠❛ ❞❡ ❛♠♦*(❡❝✐♠❡♥(♦❀

• ❝✉*✈❛ ❞❡ ❞❡+❧♦❝❛♠❡♥(♦ ❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❝♦♥(❛(♦ ♠8✈❡❧❀

• ❞❡+❛❧✐♥❤❛♠❡♥(♦ ❞♦ ❝♦♥(❛(♦ ♠8✈❡❧ ♣*♦✈❡♥✐❡♥(❡ ❞❛ ♠♦♥(❛❣❡♠❀

• ❞❡+❛❧✐♥❤❛♠❡♥(♦ ❞♦ ♣✐+(-♦ ❞♦ ♠❡❝❛♥✐+♠♦ ❞❡ ❝♦♥❞✉A-♦ ❞❛ ❝♦**❡♥(❡ ❡ ❤❛+(❡ ❞❡ ♦♣❡*❛A-♦❀

• ✐♥(❡❣*✐❞❛❞❡ ♠❡❝R♥✐❝❛ ❞❡ ✈S*✐♦+ ❝♦♠♣♦♥❡♥(❡+ ❞❛ ❝R♠❛*❛✳
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◆❛ ❋✐❣✉(❛ ✷✳✶✽ - ❛♣(❡0❡♥2❛❞❛ ✉♠❛ ❝✉(✈❛ 27♣✐❝❛ ❞❛ ▼❘❉✱ ♦❜2✐❞❛ ❝♦♠ ✉♠ ❛♥❛❧✐0❛❞♦( ❞❡

❞✐0❥✉♥2♦(✳ ◆❛ ❝✉(✈❛ ❡♠ @✉❡02A♦ 0A♦ ✐♥❞✐❝❛❞❛0 ❛❧-♠ ❞❛ ❝✉(✈❛ ❞❡ (❡0✐02B♥❝✐❛ ❞✐♥C♠✐❝❛✱ ❛0 ❝✉(✈❛0 ❞❡

❝♦((❡♥2❡✱ 2❡♥0A♦ ❡ ❞❡0❧♦❝❛♠❡♥2♦ ❞♦ ❝♦♥2❛2♦ ♠D✈❡❧✳ ❆ ❞✐❢❡(❡♥G❛ ❡♥2(❡ ❛0 ❝✉(✈❛0 ❛♣(❡0❡♥2❛❞❛0 ♥❛

❋✐❣✉(❛ ✷✳✶✹ ❡ ♥❛ ❋✐❣✉(❛ ✷✳✶✽ ❞❡✈❡✲0❡ ❛♦ ❢❛2♦ ❞❡ @✉❡ ❛ ♣(✐♠❡✐(❛✱ - ✉♠❛ ❝✉(✈❛ ✐❞❡❛❧✱ ♣❛(❛ ✉♠ ❝♦♥2❛2♦

♥♦✈♦✱ ❡♥@✉❛♥2♦ ❛ 0❡❣✉♥❞❛✱ - ✉♠❛ ❝✉(✈❛ (❡❛❧✱ ♦❜2✐❞❛ ♣❛(❛ ✉♠ ❝♦♥2❛2♦ ❝♦♠ ❡02I❣✐♦ ❞❡ ❞❡❣(❛❞❛GA♦

❛✈❛♥G❛❞♦ ✭❙❚❆◆■❙■❈✱ ✷✵✶✶✮✳

❋✐❣✉$❛ ✷✳✶✽ ✕ ❈✉#✈❛ &'♣✐❝❛ ❞❛ ▼❘❉ ❡♠ ❞✐1❥✉♥&♦#❡1✳

❋♦♥&❡✿ ❆❞❛♣&❛❞♦ ✭❙❚❆◆■❙■❈✱ ✷✵✶✶✮✳

❆♥❛❧✐0❛♥❞♦ ❛ ❝✉(✈❛ ❞❛ ▼❘❉ ❛♣(❡0❡♥2❛❞❛ ♥❛ ❋✐❣✉(❛ ✷✳✶✽✱ ❞❡02❛❝❛♠✲0❡ ❝♦♠♦ ♣❛(C♠❡2(♦0

♣(✐♥❝✐♣❛✐0✿

• ♦ ♣♦♥2♦ ❆ (❡♣(❡0❡♥2❛ ♦ ✐♥02❛♥2❡ ❞❡ 2❡♠♣♦ ♦♥❞❡ ♦0 ❝♦♥2❛2♦0 0❡ ❡♥❝♦♥2(❛♠ 2♦2❛❧♠❡♥2❡ ❢❡❝❤❛❞♦0✱

❞❡ ♦♥❞❡ 0❡ ✐♥✐❝✐❛ ♦ ♣(♦❝❡00♦ ❞❡ ❛❜❡(2✉(❛ ❞♦0 ❝♦♥2❛2♦0✳ ❖0 ♣♦♥2♦0 ❇ ❡ ❈ (❡♣(❡0❡♥2❛♠ ♦ ✐♥02❛♥2❡

❞❡ 2❡♠♣♦ ❞❛ 0❡♣❛(❛GA♦ ❞♦0 ❝♦♥2❛2♦0 ♣(✐♥❝✐♣❛✐0 ❡ ❞❡ ❛(❝♦✱ (❡0♣❡❝2✐✈❛♠❡♥2❡✳ ❊♥2(❡ ♦0 ♣♦♥2♦0

❈ ❡ ❉ ♦0 ❝♦♥2❛2♦0 ❥I ❡02A♦ 0❡♣❛(❛❞♦0 ❣❛❧✈❛♥✐❝❛♠❡♥2❡✱ ❡♥2(❡2❛♥2♦✱ ♦ ❞✐0❥✉♥2♦( ❛✐♥❞❛ ♥A♦ 0❡

❡♥❝♦♥2(❛ ❝♦♠ ♦0 ❝♦♥2❛2♦0 2♦2❛❧♠❡♥2❡ ❛❜❡(2♦0✳ ❖ ♣♦♥2♦ ❉ (❡♣(❡0❡♥2❛ ♦ ✐♥02❛♥2❡ ❞❡ 2❡♠♣♦

♦♥❞❡ ♦0 ❝♦♥2❛2♦0 0❡ ❡♥❝♦♥2(❛♠ 2♦2❛❧♠❡♥2❡ ❛❜❡(2♦0✱ ♦♥❞❡ 0❡ ❝♦♥❝❧✉✐ ♦ ♣(♦❝❡00♦ ❞❡ ❛❜❡(2✉(❛

❞♦0 ❝♦♥2❛2♦0✳ ❈✉(✈❛ ❞❡ ❝♦((❡♥2❡ ✭❆✮✿ ❛♣❧✐❝❛❞♦ ✉♠ 0✐♥❛❧ ❝♦♥27♥✉♦ ❞❡ ❛♣(♦①✐♠❛❞❛♠❡♥2❡ ✶✻✵ ❆
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❞✉$❛♥'❡ ❛ ❛❜❡$'✉$❛ ❞♦+ ❝♦♥'❛'♦+❀

• ❝✉$✈❛ ❞❡ '❡♥+/♦ ✭♠❱✮✿ 5✉❡❞❛ ❞❡ '❡♥+/♦ ♠❡❞✐❞❛ ❡♥'$❡ ♦+ '❡$♠✐♥❛✐+ ❞❡ ❡♥'$❛❞❛ ❡ +❛7❞❛ ❞❡ ✉♠

❞♦+ ♣9❧♦+✱ 5✉❡ $❡✢❡'❡ ❞✐$❡'❛♠❡♥'❡ ❛ 5✉❡❞❛ ❞❡ '❡♥+/♦ ❡♥'$❡ ♦+ ❝♦♥'❛'♦+ ❞✉$❛♥'❡ ❛ ❛❜❡$'✉$❛ ❞♦+

❝♦♥'❛'♦+❀

• ❝✉$✈❛ ❞❡ $❡+✐+'=♥❝✐❛ ✭µΩ✮✿ ❛♣$❡+❡♥'❛ ❛ $❡❧❛>/♦ ❡♥'$❡ ♦+ +✐♥❛✐+ ♠❡❞✐❞♦+ ❞❡ 5✉❡❞❛ ❞❡ '❡♥+/♦ ❡

❝♦$$❡♥'❡ ❛♣❧✐❝❛❞♦+ ❡♥'$❡ ♦+ ❝♦♥'❛'♦+ ❞✉$❛♥'❡ '♦❞♦ ♦ ♣$♦❝❡++♦ ❞❡ ❛❜❡$'✉$❛ ❞♦+ ❝♦♥'❛'♦+❀

• ❝✉$✈❛ ❞❡ ❞❡+❧♦❝❛♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ♠9✈❡❧✿ ❛♣$❡+❡♥'❛ ❛ ❞✐+'?♥❝✐❛ ♣❡$❝♦$$✐❞❛ ♣❡❧♦ ❝♦♥'❛'♦ ♠9✈❡❧

❞✉$❛♥'❡ ❛ ❛❜❡$'✉$❛ ❞♦+ ❝♦♥'❛'♦+✱ ❞❡+❞❡ ♦ ❡+'@❣✐♦ ✐♥✐❝✐❛❧✱ ❝♦♥'❛'♦+ '♦'❛❧♠❡♥'❡ ❢❡❝❤❛❞♦✱ ❛'D ♦

❡+'@❣✐♦ ✜♥❛❧✱ ❝♦♥'❛'♦+ '♦'❛❧♠❡♥'❡ ❛❜❡$'♦+✳ ❆ ❞✐❢❡$❡♥>❛ ❡♥'$❡ ♦+ ♣♦♥'♦+ ❆ ❡ ❇ ♥♦ ❡✐①♦ ✈❡$'✐❝❛❧

$❡♣$❡+❡♥'❛ ♦ ❝♦♠♣$✐♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ♣$✐♥❝✐♣❛❧ ✭≈ ✺✽ ♠♠✮✳ ❆ ❞✐❢❡$❡♥>❛ ❡♥'$❡ ♦+ ♣♦♥'♦+ ❇ ❡

❈ ♥♦ ❡✐①♦ ✈❡$'✐❝❛❧ $❡♣$❡+❡♥'❛ ♦ ❝♦♠♣$✐♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦ ✭≈ ✹✷ ♠♠✮❀

M❛$❛ ♦ ❞✐❛❣♥9+'✐❝♦ ❞❛ ❝♦♥❞✐>/♦ ❞♦+ ❝♦♥'❛'♦+ ❞♦✐+ ♣❛$?♠❡'$♦+ +/♦ ❛✈❛❧✐❛❞♦+✿

• ❛ @$❡❛ ❞❛ ❝✉$✈❛ ❞❛ ▼❘❉ ❡♠ ✭Ω✳+ ♦✉ Ω✳♠♠✮✱ ♦❜'✐❞❛ ❡♥'$❡ ♦ ❡✐①♦ ❞❛ ❛❜+❝✐++❛ ✭+ ♦✉ ♠♠✮ ❡ ❛

❝✉$✈❛ ❞❡ $❡+✐+'=♥❝✐❛ ✭Ω✮ +/♦ ♦+ ♣❛$?♠❡'$♦+ ❛✈❛❧✐❛❞♦+ ♣❛$❛ ❞❡'❡$♠✐♥❛$ ♦ ♥7✈❡❧ ❞❡ ❞❡❣$❛❞❛>/♦ ❞♦

❝♦♥'❛'♦✳ ❖+ $❡+✉❧'❛❞♦+ ♦❜'✐❞♦+ +/♦ ❣❡$❛❧♠❡♥'❡ ❝♦♥❢$♦♥'❛❞♦+ ❝♦♠ ❛+ ❝✉$✈❛+ ❞❛ ▼❘❉ ♦❜'✐❞❛+

❞✉$❛♥'❡ ♦ ❝♦♠✐++✐♦♥❛♠❡♥'♦ ❞❛ +✉❜❡+'❛>/♦✳ ❆ ❝✉$✈❛ ❞❛ ▼❘❉ ♦❜'✐❞❛ ♥♦ ❝♦♠✐++✐♦♥❛♠❡♥'♦ D

❞❡♥♦♠✐♥❛❞❛ ❞❡ impressodigital ♦✉ ❛++✐♥❛'✉$❛ ❞♦ ❞✐+❥✉♥'♦$✱ ❡ +❡$✈✐$@ ❞❡ $❡❢❡$=♥❝✐❛ ♣❛$❛ ❛+

❞❡♠❛✐+ ✐♥'❡$✈❡♥>S❡+ ♥♦ ❡5✉✐♣❛♠❡♥'♦✳ ❆ ♣❛$'✐$ ❞❛ ❝♦♠♣❛$❛>/♦ ❝♦♠ ❝✉$✈❛+ ♦❜'✐❞❛+ ❝♦♠ ♦

❝♦♥'❛'♦ ♥♦✈♦ ♦✉ ❡♠ ♠❡❞✐>S❡+ ❛♥'❡$✐♦$❡+✱ ❞❡✜♥❡✲+❡ ❛ ❝♦♥❞✐>/♦ ❞♦ ❝♦♥'❛'♦✳ ❙❡ ❞✉$❛♥'❡ ❛ ❛♥@❧✐+❡

❞❛ ❝✉$✈❛ ❝♦♥+'❛'❛✲+❡ 5✉❡ ❤♦✉✈❡ ✉♠ ❛✉♠❡♥'♦ ♥❛ @$❡❛ ❞❛ ❝✉$✈❛✱ ♦✉ +❡❥❛✱ ❛✉♠❡♥'♦ ❞❛ $❡+✐+'=♥❝✐❛

❞❡ ❝♦♥'❛'♦✱ ✐♠♣❧❛❝❛✲+❡ ❡♥'/♦✱ 5✉❡ ❤♦✉✈❡ ✐♥'❡♥+✐✜❝❛>/♦ ♥♦ ❞❡+❣❛+'❡ ❞♦ ❝♦♥'❛'♦✱ ✐♥❞✐❝❛♥❞♦ ✉♠

♠❛✐♦$ ♦ ♥7✈❡❧ ❞❡ ❞❡❣$❛❞❛>/♦ ♥♦+ ❝♦♥'❛'♦+ ✭▲❆◆❉❘❨ ❡' ❛❧✳✱ ✷✵✵✽✮✳

• ♦ ❝♦♠♣$✐♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦✱ ♦❜'✐❞♦ ❛ ♣❛$'✐$ ❞❛ ❞✐❢❡$❡♥>❛ ❡♥'$❡ ♦+ ♣♦♥'♦+ ❇ ❡ ❈ ♥♦ ❡✐①♦

✈❡$'✐❝❛❧ $❡♣$❡+❡♥'❛ ♦ ❝♦♠♣$✐♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦✳ ❆ ♣❛$'✐$ ❞❛ ❝♦♠♣❛$❛>/♦ ❝♦♠ ♦ ❝♦♠✲

♣$✐♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦ ♦❜'✐❞♦ ❝♦♠ ♦ ❝♦♥'❛'♦ ♥♦✈♦ ♦✉ ❡♠ ♠❡❞✐>S❡+ ❛♥'❡$✐♦$❡+✱ ❞❡✜♥❡✲+❡

❛ ❝♦♥❞✐>/♦ ❞♦ ❝♦♥'❛'♦✳ ❙❡ ❡♠ ✉♠❛ ♠❡❞✐>/♦ ❝♦♥+'❛'❛✲+❡ 5✉❡ ❤♦✉✈❡ ❞✐♠✐♥✉✐>/♦ ♥♦ ❝♦♠♣$✐✲

♠❡♥'♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦✱ ❤♦✉✈❡ ❡♥'/♦ ✐♥'❡♥+✐✜❝❛>/♦ ♥♦ ❞❡+❣❛+'❡ ❞♦ ❝♦♥'❛'♦✱ 5✉❛♥'♦ ♠❡♥♦$



❈❛♣#$✉❧♦ ✷ ✕ ❋✉♥❞❛♠❡♥$❛/0♦ ❚❡23✐❝❛ ✹✾

♦ ❝♦♠♣&✐♠❡♥*♦ ❞♦ ❝♦♥*❛*♦ ❞❡ ❛&❝♦✱ ♠❛✐♦& ♦ ♥.✈❡❧ ❞❡ ❞❡❣&❛❞❛23♦ ✭❚❯❘❈❖❚❚❊❀ ●❆❯❚❍■❊❘✱

✷✵✵✽✮✳

❖E ❞✐E❥✉♥*♦&❡E H✉❡ E3♦ ❝❧❛EE✐✜❝❛❞♦E ❝♦♠♦ ❛❧*♦ ✈❛❧♦& ❞❡ &❡E✐E*J♥❝✐❛ ❞❡ ❝♦♥*❛*♦✱ ❞❡✈❡♠ E❡&

E✉❜♠❡*✐❞♦E ❛ ♣&♦❝❡EE♦E ❞❡ ❞❡E♠♦♥*❛❣❡♠ ♣❛&❛ E✉❜E*✐*✉✐23♦ ♦✉ ❧✐♠♣❡③❛ ❞♦E ❝♦♥*❛*♦E✱ ♦ H✉❡ ♥3♦ M

✉♠❛ *❛&❡❢❛ E✐♠♣❧❡E✱ *❡♥❞♦ ❡♠ ✈✐E*❛ H✉❡ E❡ ❢❛③ ♥❡❝❡EEO&✐♦ E♦❧✐❝✐*❛& ❛✉*♦&✐③❛23♦ ❛♦E ♦&❣3♦ &❡❣✉❧❛❞♦&❡E✳

P♦❞❡♥❞♦ ❛✐♥❞❛ ❞✉&❛♥*❡ ♦ ♣&♦❝❡EE♦ ❞❡ ❞❡E♠♦♥*❛❣❡♠ ❡ &❡♠♦♥*❛❣❡♠ ✐♥E❡&✐& ❞❡❢❡✐*♦E ♥♦ E✐E*❡♠❛ ❞❡ ✈❡✲

❞❛23♦ ❞❛ ❝R♠❛&❛ ❞❡ ❡①*✐♥23♦ ❞❡ ❛&❝♦✱ ❞❡E❛❧✐♥❤❛♠❡♥*♦ ❞♦E ❝♦♥*❛*♦E✱ ❢❛❧❤❛ ♥♦ E✐E*❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥*♦✱

❡*❝ ✭●❆❘❩❖◆✱ ✷✵✵✷✮✳

❖ ❛❝❡♥*✉❛❞♦ ❞❡E❣❛E*❡ ❞♦E ❝♦♥*❛*♦E ♣♦❞❡ ❧❡✈❛& ♦ ❞✐E❥✉♥*♦& ❛ ❢❛❧❤❛E ✐&&❡♣❛&O✈❡✐E ❡ &✐E❝♦ W

E❡❣✉&❛♥2❛ ❞♦E ♦♣❡&❛❞♦&❡E ❡ ❞♦ E✐E*❡♠❛✳ ❉❡✈❡✲E❡ ❡♥❝♦♥*&❛& ✉♠ ❡H✉✐❧.❜&✐♦ ❞❡ ❢♦&♠❛ H✉❡ ✉♠❛ ✐♥E♣❡23♦

✐♥*❡&♥❛ ♥❛ ❝R♠❛&❛ ❞❡ ❡①*✐♥23♦ E♦♠❡♥*❡ E❡❥❛ &❡❛❧✐③❛❞❛ H✉❛♥❞♦ E❡ *❡♠ ❢♦&*❡E ✐♥❞.❝✐♦E ❞❡ H✉❡ ♦E ❝♦♥*❛*♦E

❡E*3♦ ❝♦♠ E✐❣♥✐✜❝❛*✐✈♦ ❞❡E❣❛E*❡✱ ❡✈✐*❛♥❞♦✲E❡ ❛♦ ♠O①✐♠♦ ❛ ❛❜❡&*✉&❛ ❞❛ ❝R♠❛&❛ ❞❡E♥❡❝❡EE❛&✐❛♠❡♥*❡

✭❙❆◆❚❖❙ ❡* ❛❧✳✱ ✷✵✶✸✮✳

◆❛E ❋✐❣✉&❛E ✷✳✶✾✭❛✮✱ ✭❜✮✱ ✭❝✮ ❡ ✭❞✮ E3♦ ❛♣&❡E❡♥*❛❞❛E ❢♦*♦❣&❛✜❛E ❞❡ ❝♦♥*❛*♦E ♠]✈❡❧ ❞❡ ✉♠

❞✐E❥✉♥*♦& ❛ ❛& ❝♦♠♣&✐♠✐❞♦ ♥♦✈♦ ❡ ❡♠ *&JE ❞✐❢❡&❡♥*❡E ♥.✈❡✐E ❞❡ ❞❡❣&❛❞❛23♦✳

❋✐❣✉$❛ ✷✳✶✾ ✕ ❈♦♥$❛$♦& ♠(✈❡❧ ❞❡ ❞✐&❥✉♥$♦0 ❞❡ ❛❧$❛ $❡♥&1♦ ❛ ❛0 ❝♦♠♣0✐♠✐❞♦✳

✭❛✮ ◆♦✈♦✳ ✭❜✮ ❉❡❣0❛❞❛;1♦ ❜❛✐①❛✳ ✭❝✮ ❉❡❣0❛❞❛;1♦ ♠=❞✐❛✳ ✭❞✮ ❉❡❣0❛❞❛;1♦ ❛❧$❛✳

❋♦♥$❡✿ ✭▲❆◆❉❘❨ ❡$ ❛❧✳✱ ✷✵✵✻✮✳

❉❡ ♠♦❞♦ ❛ &❡❞✉③✐& ❝✉E*♦E ❞❡ ♠❛♥✉*❡♥23♦✱ *❡♠♣♦ ❞❡ ✐♥❞✐E♣♦♥✐❜✐❧✐❞❛❞❡ ❞♦ ❞✐E❥✉♥*♦& ❡ ✐♥*&✉E3♦

❞❡E♥❡❝❡EEO&✐❛ ♥♦ ❡H✉✐♣❛♠❡♥*♦✱ ♦ ❞✐❛❣♥]E*✐❝♦ ❛ ♣❛&*✐& ❞♦ ❡♥E❛✐♦ ❞❡ ♠❡❞✐23♦ ❞❛ &❡E✐E*J♥❝✐❛ ❞❡ ❝♦♥*❛*♦

❞❡✈❡ &❡✢❡*✐& ♦ ♥.✈❡❧ ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡&❛23♦ ❞♦E ❝♦♥*❛*♦E ❞♦ ❞✐E❥✉♥*♦&✱ *❛♥*♦ ❡♠ ❝♦♥❞✐2_❡E



❈❛♣#$✉❧♦ ✷ ✕ ❋✉♥❞❛♠❡♥$❛/0♦ ❚❡23✐❝❛ ✺✵

♥♦$♠❛✐( ♦✉ ❛♥♦$♠❛✐( ❞♦ (✐(+❡♠❛✳

❊♠❜♦$❛ ❛ ▼❘❉ (❡ ❝❛$❛❝+❡$✐③❡ ❝♦♠♦ ✉♠❛ +5❝♥✐❝❛ ♣$♦♠✐((♦$❛ ♥❛ ❛✈❛❧✐❛9:♦ ❞♦ ❡(+❛❞♦ ❞❛(

❝;♠❛$❛( ❞❡ ❡①+✐♥9:♦ ❞❡ ❛$❝♦ ❞♦( ❞✐(❥✉♥+♦$❡(✱ ♥:♦ ❡①✐(+❡ ❛✐♥❞❛ ♠♦❞❡❧♦ ❝♦♥❝❧✉(✐✈♦✱ ?✉❡ ❝♦$$❡❧❛❝✐♦♥❡ ❛

❝✉$✈❛ ❞❛ $❡(✐(+@♥❝✐❛ ❞✐♥;♠✐❝❛ ❛♦ ♥A✈❡❧ ❞❡ ❞❡(❣❛(+❡ ❞♦( ❝♦♥+❛+♦(✳

❆ ♣❛$+✐$ ❞❡ ✉♠ ❜❛♥❝♦ ❞❡ ❞❛❞♦( ❛♠♣❧♦ ❡ ✉(♦ ❞❡ +5❝♥✐❝❛( ❞❡ ❛♣♦✐♦ D ❞❡❝✐(:♦✱ 5 ♣♦((A✈❡❧

✐♠♣❧❡♠❡♥+❛$ ✉♠ (✐(+❡♠❛ ❡(♣❡❝✐❛❧✐(+❛ ❞❡ ❝❛$❛❝+❡$✐③❛9:♦ ❞♦ ♥A✈❡❧ ❞❡ ❞❡+❡$✐♦$❛9:♦ ❞♦( ❝♦♥+❛+♦( ❝♦♠

❜❛(❡ ❡♠ ♣❛$;♠❡+$♦( ❝❛$❛❝+❡$A(+✐❝❛( ❞❛ ▼❘❉ ❡ ❞❛( ❝❛$❛❝+❡$A(+✐❝❛( ❞♦ ❞✐(❥✉♥+♦$✱ ❜❡♠ ❝♦♠♦ $❡❢❡$@♥❝✐❛(

❞❡ ❢❛❜$✐❝❛♥+❡(✱ ♣♦((✐❜✐❧✐+❛♥❞♦ ♦ ❞✐❛❣♥F(+✐❝♦ ❞♦ ❡(+❛❞♦ ❞♦( ❝♦♥+❛+♦( ♥♦( ❞✐(❥✉♥+♦$❡( ❞❡ ❢♦$♠❛ ♠❛✐(

❡✜❝✐❡♥+❡✳

❙❡♥❞♦ ♦ ♦❜❥❡+✐✈♦ ❞❡(+❡ +$❛❜❛❧❤♦ ❞❡(❡♥✈♦❧✈❡$ ✉♠ (✐(+❡♠❛ ❡(♣❡❝✐❛❧✐(+❛ ❞❡ ❝❛$❛❝+❡$✐③❛9:♦ ❞♦

♥A✈❡❧ ❞❡ ❞❡+❡$✐♦$❛9:♦ ❞♦( ❝♦♥+❛+♦(✱ (❡ ❢❛③ ♥❡❝❡((J$✐❛ ❛ ❛❞♦9:♦ ❞❡ +5❝♥✐❝❛( ❞❡ ❛♣♦✐♦ ❛ +♦♠❛❞❛ ❞❡

❞❡❝✐(:♦ ♣❛$❛ ❞❡+❡$♠✐♥❛9:♦ ❞♦ ♥A✈❡❧ ❞❡ ❞❡❣$❛❞❛9:♦ ❞♦( ❝♦♥+❛+♦(✳
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❆ ❧9❣✐❝❛ ❋✉③③② ♣♦❞❡ /❡2 ❛♣❧✐❝❛❞❛ ❡♠ /✐.✉❛$B❡/ ♥❛ (✉❛✐/ /❡ ❞❡/❡❥❛ ♠♦❞❡❧❛2 ❡ ♠❛♥✐♣✉❧❛2
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♠❛$❡♠❛$✐❝❛♠❡♥$❡ ✐♥❢♦+♠❛,-❡. ❞❡ ❢♦+♠❛ ❛ .❡ ❛..❡♠❡❧❤❛+ ❛♦ +❛❝✐♦❝2♥✐♦ ❤✉♠❛♥♦✳ ❆ ❧6❣✐❝❛ ❋✉③③② ♣❡+♠✐$❡

♦ ❞❡.❡♥✈♦❧✈✐♠❡♥$♦ ❞❡ .✐.$❡♠❛. :✉❡ +❡♣+❡.❡♥$❛♠ ❞❡❝✐.-❡. ❤✉♠❛♥❛.✱ ♦♥❞❡ ❛ ❧6❣✐❝❛ ❡ ❛ ♠❛$❡♠<$✐❝❛

❝♦♥✈❡♥❝✐♦♥❛❧ .=♦ ✐♥.✉✜❝✐❡♥$❡. ♦✉ ✐♥❡✜❝✐❡♥$❡. ♥❛. $♦♠❛❞❛. ❞❡ ❞❡❝✐.=♦ ✭❏❆◆➱✱ ✷✵✵✹✮✳

❙❡❣✉♥❞♦ ✭❆▼❊◆❉❖▲❆ ❡$ ❛❧✳✱ ✷✵✵✹✮✱ ♦ ♣+✐♠❡✐+♦ ❝♦♥❝❡✐$♦ ❡.$< ❛..♦❝✐❛❞♦ ❛ ❞❡✜♥✐,=♦ ❞❡

❝♦♥❥✉♥$♦. ❋✉③③②✳ ❯♠ .✉❜❝♦♥❥✉♥$♦ ❆ ❞❡ ✉♠ ❝♦♥❥✉♥$♦ ❯ O ❝♦♥.✐❞❡+❛❞♦ .✉❜❝♦♥❥✉♥$♦ ❋✉③③② ❞❡ ❯ .❡ ❢♦+

❞❡.❝+✐$♦ ❝♦♠♦ ✉♠ ❝♦♥❥✉♥$♦ ❞❡ ♣❛+❡. ♦+❞❡♥❛❞♦.✱ :✉❡ ♣♦❞❡ .❡+ ❞❡.❝+✐$♦ ♠❛$❡♠❛$✐❝❛♠❡♥$❡ ♣❡❧❛ ❊:✉❛,=♦

✷✳✷✳

A = {(x, µA (x)) ; x ∈ U µA (x) ∈ [0, 1]} ✭✷✳✷✮

❡♠ :✉❡✿

µA✭x✮ O ✉♠❛ ❢✉♥,=♦ ❞❡ ♣❡+$✐♥Q♥❝✐❛ :✉❡ ❞❡$❡+♠✐♥❛ ❝♦♠ :✉❡ ❣+❛✉ x ❡.$< ❡♠ ❆✳

❙❡♥❞♦ :✉❡✿

µA✭x✮ ❂ ✶✱ .❡ x ♣❡+$❡♥❝❡ $♦$❛❧♠❡♥$❡ ❛♦ ❝♦♥❥✉♥$♦ ❆✱

✵ < µA✭x✮ < 1✱ .❡ x ♣❡+$❡♥❝❡ ♣❛+❝✐❛❧♠❡♥$❡ ❛♦ ❝♦♥❥✉♥$♦ ❆✱

µA✭x✮ ❂ ✵✱ .❡ x ♥=♦ ♣❡+$❡♥❝❡ ❛♦ ❝♦♥❥✉♥$♦ ❆✳

❯♠ ❡①❡♠♣❧♦ ❜❡♠ ♣+<$✐❝♦ :✉❡ ✐❧✉.$+❛ ❛ ✉$✐❧✐③❛,=♦ ❞❛ ❧6❣✐❝❛ ❋✉③③② O ♥❛ ❛✈❛❧✐❛,=♦ ❞❛ $❡♠♣❡✲

+❛$✉+❛ $O+♠✐❝❛✳ ❆♥❛❧✐.❛♥❞♦✲.❡ ❞❡ ❢♦+♠❛ ✐♥$✉✐$✐✈❛ ❞❡ .❡♥$✐+ ❛ $❡♠♣❡+❛$✉+❛ ♣♦❞❡✲.❡ ❝♦♥.✐❞❡+❛+ :✉❡ ❛

.❡♥.❛,=♦ ❞❡ ❝♦♥❢♦+$♦ $O+♠✐❝♦ .❡♥$✐❞❛ ♥✉♠❛ .❛❧❛ ♣❡❧♦. .❡✉. ♦❝✉♣❛♥$❡. O ❣+❛❞❛$✐✈❛ ❡ ♥=♦ ❜+✉.❝❛✳

W❛+❛ ❡①❡♠♣❧✐✜❝❛+ ❛. ❢✉♥,-❡. ❞❡ ♣❡+$✐♥Q♥❝✐❛✱ ❝♦♥.✐❞❡+❛✲.❡ ❛ ❋✐❣✉+❛ ✷✳✷✵✱ ❡♠ :✉❡ $+Q. ✈❛+✐<✈❡✐.

$O+♠✐❝❛.✿ ❢+✐♦✱ ❝♦♥❢♦+$♦ ❡ :✉❡♥$❡ .=♦ +❡♣+❡.❡♥$❛❞❛. ♣♦+ ❝✉+✈❛.✳ ❊.$❛. ✈❛+✐<✈❡✐. .=♦ +❡❧❛$✐✈❛. ❛ ✉♠❛

❛♥<❧✐.❡ .♦❜+❡ $❡♠♣❡+❛$✉+❛ ❡ ❝♦♥❢♦+$♦✱ ❡♠ :✉❡ ❛ ✈❛+✐<✈❡❧ µA✭$✮ +❡♣+❡.❡♥$❛ ♦ ❣+❛✉ ❞❡ ♣❡+$✐♥Q♥❝✐❛✳ ◆❛

❧6❣✐❝❛ ❋✉③③② ❡..❛. ❝✉+✈❛. .=♦ ❞❡♥♦♠✐♥❛❞❛. ❞❡ ❢✉♥,-❡. ❞❡ ♣❡+$✐♥Q♥❝✐❛✱ ✉♠❛ ❢✉♥,=♦ ❞❡ ♣❡+$✐♥Q♥❝✐❛ ♣❛+❛

❝❛❞❛ ✈❛+✐<✈❡❧ ❋✉③③②✳

❆ :✉❛♥$✐❞❛❞❡ ❞❡ ❢✉♥,-❡. ❞❡ ♣❡+$✐♥Q♥❝✐❛ ❡ .❡✉ ❢♦+♠❛$♦ .=♦ ❡.❝♦❧❤✐❞♦. ❝♦♠ ❜❛.❡ ♥❛ ❡①♣❡+✐Q♥❝✐❛

❡ ❝♦♥❤❡❝✐♠❡♥$♦✱ ❡ ♥❛. ❝❛+❛❝$❡+2.$✐❝❛. ❞♦ ♣+♦❝❡..♦ ❛ .❡+ ❝♦♥$+♦❧❛❞♦ ♦✉ ❛✈❛❧✐❛❞♦✳ ◗✉❛♥$♦ ♠❛✐♦+ ♦

♥Z♠❡+♦ ❞❡ ❝♦♥❥✉♥$♦. ✭✈❛+✐<✈❡✐. ❧✐♥❣✉2.$✐❝❛.✮ ♠❛✐♦+ ❛ ♣+❡❝✐.=♦✱ ❝♦♥$✉❞♦✱ ❛. .♦❧✐❝✐$❛,-❡. ❝♦♠♣✉$❛❝✐♦♥❛✐.

.=♦ ♠❛✐. .✐❣♥✐✜❝❛$✐✈❛. ✭❙■▼\❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮✳ ❙❡❣✉♥❞♦ ✭❙■▼\❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮ ✉♠ ♥Z♠❡+♦ ♣+<$✐❝♦

❞❡ ✈❛+✐<✈❡✐. ❧✐♥❣✉2.$✐❝❛. O ❛❧❣♦ ❡♥$+❡ ✷ ❡ ✼✳

❙✉♣♦♥❞♦ :✉❡ ✉♠❛ $❡♠♣❡+❛$✉+❛ ❛❜❛✐①♦ ❞❡ ✷✵

◦
❈ .✐❣♥✐✜:✉❡ ❢+✐♦✱ ✉♠ ❛♠❜✐❡♥$❡ ❝♦♠ $❡♠♣❡+❛$✉+❛

✐❣✉❛❧ ❛ ✶✾

◦
❈ ❡.$❛+✐❛ ❢+✐♦ .❡❣✉♥❞♦ ❛ $❡♦+✐❛ ❝❧<..✐❝❛✳ ❈❛.♦ ❛ .✐$✉❛,=♦ ❢♦..❡ ❛♥❛❧✐.❛♥❞♦ ♣❡❧❛ $❡♦+✐❛ ❋✉③③②✱
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❋✐❣✉$❛ ✷✳✷✵ ✕ ❋✉♥$%♦ ❞❡ ♣❡*+✐♥-♥❝✐❛ ❝♦♠ +*-1 ✈❛*✐3✈❡✐1 ❧✐♥❣✉61+✐❝❛1✳

❋♦♥+❡✿ 9*:♣*✐♦ ❛✉+♦*✳

❛ #✐%✉❛'(♦ #❡+✐❛ ❡♥-✉❛❞+❛❞❛ #❡❣✉♥❞♦ ✉♠❛ ❢✉♥'(♦ ❞❡ ♣❡+%✐♥3♥❝✐❛ ♠♦❞❡❧❛❞❛ ♣♦+ ✉♠ ❡#♣❡❝✐❛❧✐#%❛ ❡♠

%❡♠♣❡+❛%✉+❛ ❞❡ ❝♦♥❢♦+%♦✱ -✉❡ ♣♦❞❡+✐❛ +❡#✉❧%❛+ ❡♠ ♠❛✐♦+ ♣❡+%✐♥3♥❝✐❛ ♥❛ ❢❛✐①❛ ❞❡ %❡♠♣❡+❛%✉+❛ ❢+✐❛✱ ❡

♠❡♥♦+ ♣❡+%✐♥3♥❝✐❛ ♥❛ ❢❛✐①❛ ❞❡ %❡♠♣❡+❛%✉+❛ ✐❞❡❛❧✱ ♣❡+♠✐%✐♥❞♦ -✉❡ ❡##❛ %❡♠♣❡+❛%✉+❛ ❡#%❡❥❛ ❡♥-✉❛❞+❛❞❛

❡♠ ✉♠❛ ❢❛✐①❛ ❧✐❣❡✐+❛♠❡♥%❡ ❛❜❛✐①♦ ❞❛ ❢❛✐①❛ ❞❡ ❝♦♥❢♦+%♦✳

❆ %❡♦+✐❛ ❞❡ ❝♦♥❥✉♥%♦# ❋✉③③② < ❜❛#❡❛❞❛ ♥♦ ❢❛%♦ ❞❡ -✉❡ ❛❧❣✉♥# ❝♦♥❥✉♥%♦# ❡①✐#%❡♥%❡# ♥♦ ♠✉♥❞♦

+❡❛❧ ♥(♦ ♣♦##✉❡♠ ❧✐♠✐%❡# ♣+❡❝✐#♦#✳ ❯♠ ❝♦♥❥✉♥%♦ ❋✉③③② < ✉♠ ❛❣+✉♣❛♠❡♥%♦ ✐♠♣+❡❝✐#♦ ❡ ✐♥❞❡✜♥✐❞♦✱ ♦♥❞❡

❛ %+❛♥#✐'(♦ ❞❡ ♥(♦ ♣❡+%✐♥3♥❝✐❛ ♣❛+❛ ♣❡+%✐♥3♥❝✐❛ < ❣+❛❞✉❛❧✱ ♥(♦ ❛❜+✉♣%❛ ✭❙■▼C❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮✳

❆ ❢✉♥'(♦ ❞❡ ♣❡+%✐♥3♥❝✐❛ µA(x) ♣♦❞❡ #❡+ ✉♠❛ ❢✉♥'(♦ ❝♦♥%L♥✉❛ ♦✉ ❞✐#❝+❡%❛✳ ◆♦ ❡①❡♠♣❧♦

❛♣+❡#❡♥%❛❞♦✱ ♦# ❝♦♥❥✉♥%♦# ❞✐#❝✉%✐❞♦# #(♦ ✜♥✐%♦#✱ ✐#%♦ <✱ ❝♦♥#✐#%❡♠ ❞❡ ✉♠ ♥N♠❡+♦ ✜♥✐%♦ ❞❡ ❡❧❡♠❡♥%♦#

❞✐#❝+❡%♦# ❞❡ ✉♠❛ ✈❛+✐P✈❡❧✱ ❡♠ #❡✉ ✉♥✐✈❡+#♦ ❞❡ ❞✐#❝✉+#♦✳ ❖ ✉♥✐✈❡+#♦ ❞❡ ❞✐#❝✉+#♦ +❡♣+❡#❡♥%❛ ♦ ✐♥%❡+✈❛❧♦

♥✉♠<+✐❝♦ ❞❡ %♦❞♦# ♦# ♣♦##L✈❡✐# ✈❛❧♦+❡# +❡❛✐# -✉❡ ✉♠❛ ✈❛+✐P✈❡❧ ❡#♣❡❝L✜❝❛ ♣♦❞❡ ❛##✉♠✐+✳ ❆ +❛③(♦ ♣❛+❛

✐#%♦ < -✉❡ ♥♦ ❝❛♠♣♦ ❞❛ ❡♥❣❡♥❤❛+✐❛✱ ❛ %❡♦+✐❛ ❋✉③③② < ✐♠♣❧❡♠❡♥%❛❞❛ ❡♠ ❝♦♠♣✉%❛❞♦+❡# ❞✐❣✐%❛✐#✱ -✉❡

+❡-✉❡+❡♠ ✈❛❧♦+❡# ✜♥✐%♦# ❡ ❞✐#❝+❡%♦# ✭❙■▼C❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮✳ T♦+%❛♥%♦✱ ❛# ❢✉♥'U❡# ❞❡ ♣❡+%✐♥3♥❝✐❛

#❡+(♦ %❛♠❜<♠ ❝♦♥#✐❞❡+❛❞❛# ❝♦♠♦ ✜♥✐%❛# ❡ ❞✐#❝+❡%❛#✳ ◆♦ ❝✐%❛❞♦ ❡①❡♠♣❧♦✱ ❛ ❋✐❣✉+❛ ✷✳✷✶✭❜✮ ✐❧✉#%+❛ ♦

❝♦♠♣♦+%❛♠❡♥%♦ ❞❛ ❢✉♥'(♦ ❝♦♠ ✵✱✻ ❞❡ ♣❡+%✐♥3♥❝✐❛ ♥♦ ❝♦♥❥✉♥%♦ ❢+✐♦✳

❆ +❡♣+❡#❡♥%❛'(♦ ❞❛ ❢✉♥'(♦ ❞❡ ♣❡+%✐♥3♥❝✐❛ ❞❛ ❋✐❣✉+❛ ✷✳✷✶ ♣❛+❛ ❛# ❞✉❛# ✈❛+✐P✈❡✐# ❧✐♥❣✉L#%✐❝❛#

❢+✐♦ ❡ ❝♦♥❢♦+%♦✱ %❛♠❜<♠ ♣♦❞❡♠ #❡+ +❡♣+❡#❡♥%❛❞❛# ❡♠ ✉♠ N♥✐❝♦ ❣+P✜❝♦✱ ❝♦♠ ❛ ✐❞❡♥%✐✜❝❛'(♦ ❞♦# ❧✐♠✐%❡#

❡♥%+❡ ❛# ✈❛+✐P✈❡✐# ❧✐♥❣✉L#%✐❝❛#✳ ❆ ❋✐❣✉+❛ ✷✳✷✷ ✐❧✉#%+❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥%♦ ❞❛ ❢✉♥'(♦ ❝♦♠ ✵✱✻ ❞❡ ♣❡+%✐♥3♥❝✐❛

♥♦ ❝♦♥❥✉♥%♦ ❞❡ %❡♠♣❡+❛%✉+❛ ❢+✐❛ ♦✉ ✵✱✹ ❞❡ ♣❡+%✐♥3♥❝✐❛ ♥♦ ❝♦♥❥✉♥%♦ ❞❡ %❡♠♣❡+❛%✉+❛ ❞❡ ❝♦♥❢♦+%♦✳

◆♦ ❡①❡♠♣❧♦ ❛♣+❡#❡♥%❛❞♦ ❛ ❢✉♥'(♦ ❞❡ ♣❡+%✐♥3♥❝✐❛ ♣♦❞❡ #❡+ ♠♦❞❡❧❛❞❛ ❞✐❢❡+❡♥%❡♠❡♥%❡✱ ♣♦+

♠❡✐♦ ❞❡ ❞✐✈❡+#♦# %✐♣♦# ❞❡ ❝✉+✈❛#✱ ♠❛# ❝♦♠✉♠❡♥%❡ %+3# #(♦ ✉%✐❧✐③❛❞❛#✿ ❣❛✉##✐❛♥❛✱ %+❛♣❡③♦✐❞❛❧ ❡ %+✐❛♥✲
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❋✐❣✉$❛ ✷✳✷✶ ✕ ❊①❡♠♣❧♦ ❞❡ ❢✉♥,-♦ ❞❡ ♣❡./✐♥1♥❝✐❛ ❞❛ ✈❛.✐5✈❡❧ ❧✐♥❣✉78/✐❝❛ ❢.✐♦✳

✭❛✮ ▲=❣✐❝❛ ❝❧588✐❝❛✳ ✭❜✮ ▲=❣✐❝❛ ❋✉③③②✳

❋♦♥/❡✿ A.=♣.✐♦ ❛✉/♦.✳

❋✐❣✉$❛ ✷✳✷✷ ✕ ❘❡♣.❡8❡♥/❛,-♦ ❞❛8 ❢✉♥,C❡8 ❞❡ ♣❡./✐♥1♥❝✐❛ ❞❛8 ✈❛.✐5✈❡✐8 ❧✐♥❣✉78/✐❝❛8 ❢.✐♦✱

❝♦♥❢♦./♦ ❡ E✉❡♥/❡✳

❋♦♥/❡✿ A.=♣.✐♦ ❛✉/♦.✳

❣✉❧❛& ✭❆▼❊◆❉❖▲❆ ❡0 ❛❧✳✱ ✷✵✵✹✮✳ 6♦& ❡80❛ &❛③:♦✱ ♥❡80❡ 0&❛❜❛❧❤♦✱ ❛♣❡♥❛8 ♣❛&❛ ❡80❡8 ❢♦&♠❛0♦8 8❡&:♦

❞✐8❝✉0✐❞❛8 ❛8 ♣&✐♥❝✐♣❛✐8 ❝❛&❛❝0❡&D80✐❝❛8✳

❋✉♥#$♦ ❞❡ ♣❡)*✐♥,♥❝✐❛ ❣❛✉00✐❛♥❛✿ ❙❡❣✉♥❞♦ ✭❆▼❊◆❉❖▲❆ ❡0 ❛❧✳✱ ✷✵✵✹✮✱ ❛8 ❢✉♥GH❡8 ❞❡

♣❡&0✐♥I♥❝✐❛ ❣❛✉88✐❛♥❛8 8:♦ ❝❛&❛❝0❡&✐③❛❞❛8 ♣♦& ✉♠ ❝♦♥❥✉♥0♦ ❞❡ ❞♦✐8 ✈❛❧♦&❡8 ✭m ❡ σ✮✱ ♦8 L✉❛✐8 &❡♣&❡✲

8❡♥0❛♠ ❛ ♠N❞✐❛ ❡ ♦ ❞❡8✈✐♦ ♣❛❞&:♦✱ &❡8♣❡❝0✐✈❛♠❡♥0❡✱ ♣♦❞❡♥❞♦ 8❡& &❡♣&❡8❡♥0❛❞❛ ♣❡❧❛ ❊L✉❛G:♦ ✷✳✸ ❡

✐❧✉80&❛❞❛ ♣❡❧❛ ❋✐❣✉&❛ ✷✳✷✸✳

µA

(

x
)

=







0 se x não pertence ao domínio,
(

x−m
)

2

2σ2 se x pertence ao domínio.
✭✷✳✸✮

❆8 ❢✉♥GH❡8 ❞❡ ♣❡&0✐♥I♥❝✐❛ 0&❛♣❡③♦✐❞❛✐8 8:♦ ❝❛&❛❝0❡&✐③❛❞❛8 ♣♦& ✉♠ ❝♦♥❥✉♥0♦ ❞❡ L✉❛0&♦ ✈❛❧♦&❡8

❞❡ ❛✱ ❜✱ ❝ ❡ ❞✱ ♦♥❞❡ ❛ ❡ ❞ ❞❡0❡&♠✐♥❛♠ ♦ ✐♥0❡&✈❛❧♦ ❞❡♥0&♦ ❞♦ L✉❛❧ ❛ ❢✉♥G:♦ ❞❡ ♣❡&0✐♥I♥❝✐❛ ❛88✉♠❡

✈❛❧♦&❡8 ❞✐❢❡&❡♥0❡8 ❞❡ ③❡&♦✱ ❡ ❜ ❡ ❝ ❞❡0❡&♠✐♥❛♠ ♦ ✐♥0❡&✈❛❧♦ ❞❡♥0&♦ ❞♦ L✉❛❧ ❛ ❢✉♥G:♦ ❞❡ ♣❡&0✐♥I♥❝✐❛ N
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❋✐❣✉$❛ ✷✳✷✸ ✕ ❘❡♣$❡%❡♥'❛)*♦ ❞❡ ✉♠❛ ❢✉♥)*♦ ❞❡ ♣❡$'✐♥1♥❝✐❛ ❣❛✉%%✐❛♥❛✳

❋♦♥'❡✿ 7$8♣$✐♦ ❛✉'♦$✳

♠"①✐♠❛ ❡ ✐❣✉❛❧ ❛ ✶✳

❋✉♥#$♦ ❞❡ ♣❡)*✐♥,♥❝✐❛ *)❛♣❡③♦✐❞❛❧✿ ❙❡❣✉♥❞♦ ✭❆▼❊◆❉❖▲❆ ❡9 ❛❧✳✱ ✷✵✵✹✮✱ ❛? ❢✉♥AB❡? ❞❡

♣❡D9✐♥E♥❝✐❛ 9D❛♣❡③♦✐❞❛✐? ?H♦ ❝❛D❛❝9❡D✐③❛❞❛? ♣♦D ✉♠ ❝♦♥❥✉♥9♦ ❞❡ J✉❛9D♦ ✈❛❧♦D❡? ✭a✱ b✱ c ❡ d✮✱ ❡♠ J✉❡

a ❡ d ❞❡9❡D♠✐♥❛♠ ♦ ✐♥9❡D✈❛❧♦ ❞❡♥9D♦ ❞♦ J✉❛❧ ❛ ❢✉♥AH♦ ❞❡ ♣❡D9✐♥E♥❝✐❛ ❛??✉♠❡ ✈❛❧♦D❡? ❞✐❢❡D❡♥9❡? ❞❡

③❡D♦✱ ❡ b ❡ c ❞❡9❡D♠✐♥❛♠ ♦ ✐♥9❡D✈❛❧♦ ❞❡♥9D♦ ❞♦ J✉❛❧ ❛ ❢✉♥AH♦ ❞❡ ♣❡D9✐♥E♥❝✐❛ L ♠"①✐♠❛ ❡ ✐❣✉❛❧ ❛ ✶✳

❆? ❛D❡?9❛? ✭❛✱ ❜✮ ❡ ✭❝✱ ❞✮ ♣♦??✉❡♠ ♦? ✈❛❧♦D❡? ✐♥9❡D♠❡❞✐"D✐♦?✱ ♣♦❞❡♥❞♦ ?❡D D❡♣D❡?❡♥9❛❞❛ ♣❡❧❛ ❊J✉❛AH♦

✷✳✹ ❡ ✐❧✉?9D❛❞❛ ♣❡❧❛ ❋✐❣✉D❛ ✷✳✷✹✳

µA

(

x
)

=































0 se x ≤ a,
x−a
b−a

se a < x ≤ b,

1 se b < x ≤ c,
d−x
d−c

se c < x ≤ d,

0 se x > d.

✭✷✳✹✮

❋✐❣✉$❛ ✷✳✷✹ ✕ ❘❡♣$❡%❡♥'❛)*♦ ❞❡ ✉♠❛ ❢✉♥)*♦ ❞❡ ♣❡$'✐♥1♥❝✐❛ '$❛♣❡③♦✐❞❛❧✳

❋♦♥'❡✿ 7$8♣$✐♦ ❛✉'♦$✳

❋✉♥#$♦ ❞❡ ♣❡)*✐♥,♥❝✐❛ *)✐❛♥❣✉❧❛)✿ ❙❡❣✉♥❞♦ ✭❆▼❊◆❉❖▲❆ ❡9 ❛❧✳✱ ✷✵✵✹✮✱ ❛? ❢✉♥AB❡? ❞❡

♣❡D9✐♥E♥❝✐❛ 9D✐❛♥❣✉❧❛D❡? ?H♦ ❝❛D❛❝9❡D✐③❛❞❛? ♣♦D ✉♠ ❝♦♥❥✉♥9♦ ❞❡ 9DE? ✈❛❧♦D❡? ✭❛✱ ❜ ❡ ❝✮✱ ❡♠ J✉❡ a ❡

c ❞❡9❡D♠✐♥❛♠ ♦ ✐♥9❡D✈❛❧♦ ❞❡♥9D♦ ❞♦ J✉❛❧ ❛ ❢✉♥AH♦ ❞❡ ♣❡D9✐♥E♥❝✐❛ ❛??✉♠❡ ✈❛❧♦D❡? ❞✐❢❡D❡♥9❡? ❞❡ ③❡D♦✱
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❡ b ❡♠ $✉❡ ❛ ♣❡()✐♥,♥❝✐❛ . ♠/①✐♠❛ ❡ ✐❣✉❛❧ ❛ ✶✳ ❆6 ❛(❡6)❛6 ✭❛✱ ❜✮ ❡ ✭❜✱ ❝✮ ♣♦66✉❡♠ ♦6 ✈❛❧♦(❡6

✐♥)❡(♠❡❞✐/(✐♦6✱ ♣♦❞❡♥❞♦ 6❡( (❡♣(❡6❡♥)❛❞❛ ♣❡❧❛ ❊$✉❛?@♦ ✷✳✺ ❡ ✐❧✉6)(❛❞❛ ♣❡❧❛ ❋✐❣✉(❛ ✷✳✷✺✳

µA

(

x
)

=























0 se x ≤ a,
x−a
b−a

se a < x ≤ b,
c−x
c−b

se b < x ≤ c,

0 se x > c.

✭✷✳✺✮

❋✐❣✉$❛ ✷✳✷✺ ✕ ❘❡♣$❡%❡♥'❛)*♦ ❞❡ ✉♠❛ ❢✉♥)*♦ ❞❡ ♣❡$'✐♥1♥❝✐❛ '$✐❛♥❣✉❧❛$✳

❋♦♥'❡✿ 8$9♣$✐♦ ❛✉'♦$✳

✷✳✻✳✶ ❙✐&'❡♠❛ ❧,❣✐❝♦ ❋✉③③②

❖ 6✐6)❡♠❛ ❧D❣✐❝♦ ❋✉③③② . ✉♠ ❝♦♥❥✉♥)♦ ❞❡ ♠.)♦❞♦6 ❜❛6❡❛❞♦6 ♥♦ ❝♦♥❝❡✐)♦ ❞❡ ❝♦♥❥✉♥)♦ ❞✐❢✉6♦ ❡ ♦♣❡(❛✲

?H❡6 ❞✐❢✉6❛6✱ $✉❡ ♣♦66✐❜✐❧✐)❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛✐6 (❡❛❧✐6)❛ ❡ ✢❡①J✈❡❧ ❞❡ 6✐6)❡♠❛6✳ ❖ (❛❝✐♦❝J♥✐♦ ❋✉③③②

. ❝♦♠♣♦6)♦ ♣♦( )(,6 ❡)❛♣❛6✱ ♦✉ ♣(♦❝❡66♦6✱ $✉❡ 6@♦✿ ❛ ❢✉③③✐✜❝❛?@♦✱ ❛ ✐♥❢❡(,♥❝✐❛ ❡ ❛ ❞❡❢✉③③✐✜❝❛?@♦✳ ❆

❋✐❣✉(❛ ✷✳✷✻ ✐❧✉6)(❛ ♦ ✢✉①♦❣(❛♠❛ ❞❡ )♦❞❛6 ❛6 ❡)❛♣❛6 ❞♦ 6✐6)❡♠❛ ❧D❣✐❝♦ ❋✉③③②✳

❋✐❣✉$❛ ✷✳✷✻ ✕ ❋❧✉①♦❣$❛♠❛ ❞❡ ❡'❛♣❛% ❞♦ %✐%'❡♠❛ ❧9❣✐❝♦ ❋✉③③②✳

❋♦♥'❡✿ ✭❈❖❳ ❡' ❛❧✳✱ ✶✾✾✽✮✳

❋✉③③✐✜❝❛'(♦
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❆ ♣$✐♠❡✐$❛ ❡)❛♣❛ ❞♦ $❛❝✐♦❝-♥✐♦ ❋✉③③② / ❛ ❢✉③③✐✜❝❛45♦✱ ♥❛ 7✉❛❧ 9❡ ❝♦♥9✐❞❡$❛♠ ❝♦♠♦ ❡♥)$❛❞❛9

❞❛❞♦9 ♣$❡❝✐9♦9✱ $❡9✉❧)❛♥)❡9 ❞❡ ♠❡❞✐4:❡9 ♦✉ ♦❜9❡$✈❛4:❡9✳ ➱ ♥❡9)❛ ❡)❛♣❛ 7✉❡ 9❡ ♠♦9)$❛ ❛ ❣$❛♥❞❡

✐♠♣♦$)@♥❝✐❛ ❞♦ ❡9♣❡❝✐❛❧✐9)❛ ❞♦ ♣$♦❝❡99♦ ❛ 9❡$ ❛♥❛❧✐9❛❞♦✱ ♣♦✐9 ❛ ❝❛❞❛ ✈❛$✐A✈❡❧ ❞❡ ❡♥)$❛❞❛ ❞❡✈❡♠ 9❡$

❛)$✐❜✉-❞♦9 )❡$♠♦9 ❧✐♥❣✉-9)✐❝♦9 7✉❡ $❡♣$❡9❡♥)❛♠ ♦9 ❡9)❛❞♦9 ❞❡9)❛ ✈❛$✐A✈❡❧ ❡✱ ❛ ❝❛❞❛ )❡$♠♦ ❧✐♥❣✉-9)✐❝♦✱

❞❡✈❡ 9❡$ ❛99♦❝✐❛❞♦ ✉♠ ❝♦♥❥✉♥)♦ ❋✉③③② ♣♦$ ✉♠❛ ❢✉♥45♦ ❞❡ ♣❡$)✐♥C♥❝✐❛ ✭❆▼❊◆❉❖▲❆ ❡) ❛❧✳✱ ✷✵✵✹✮✳

❆ ❢✉③③✐✜❝❛45♦ ❝♦♥9✐9)❡ ❡♠ )$❛♥9❢♦$♠❛$ ✉♠ ❞❛❞♦ ♥✉♠/$✐❝♦ ❡♠ ✉♠ )❡$♠♦ ❞❡ ❧✐♥❣✉❛❣❡♠

♥❛)✉$❛❧✳ O♦$ ❡①❡♠♣❧♦✱ ❛ )❡♠♣❡$❛)✉$❛ ❞♦ ❛♠❜✐❡♥)❡ / ❝❤❛♠❛❞❛ ❞❡ ✈❛$✐A✈❡❧ ❋✉③③②✳ ❆ ✈❛$✐A✈❡❧ ❋✉③③②

/ ❛)$✐❜✉-❞❛ ❛ ✉♠ ❝♦♥❥✉♥)♦ ❋✉③③②✱ ❝♦♠♦ ❢%✐♦✱ ❝♦♥❢♦%*♦ ♦✉ +✉❡♥*❡✳ ❊9)❡9 )✐♣♦9 ❞❡ ❛)$✐❜✉✐4:❡9 95♦

❝❤❛♠❛❞♦9 ❞❡ ✈❛❧♦$❡9 ❋✉③③②✳ ❆ ❢✉③③✐✜❝❛45♦ ❛✈❛❧✐❛ ♦ ❣$❛✉ ❞❡ ♣❡$)✐♥C♥❝✐❛ ❞❛ ❡♥)$❛❞❛ ♥✉♠/$✐❝❛ ❢♦$♥❡❝✐❞❛

*❡♠♣❡%❛*✉%❛ ❣❡$❛♥❞♦ ✈❛$✐A✈❡✐9 ❋✉③③②✱ ♣♦❞❡♥❞♦ ❡♥)5♦ 9❡$ ✉)✐❧✐③❛❞❛9 ♥♦ ♣$♦❝❡99♦ 9❡❣✉✐♥)❡ ❞❡ ✐♥❢❡$C♥❝✐❛✳

■♥❢❡$%♥❝✐❛

❆ ❡)❛♣❛ ❞❛ ✐♥❢❡$C♥❝✐❛ / ♦ ♠♦♠❡♥)♦ ❡♠ 7✉❡ 9❡$5♦ ❝$✐❛❞❛9 ❛9 $❡❣$❛9 ♦✉ ♣$♦♣♦9✐4:❡9 ❡♠ ❢✉♥45♦

❞❛ ❛99♦❝✐❛45♦ ❞❛9 ✈❛$✐A✈❡✐9 ❥A ❞❡✣♥✐❞❛9✳ ❊99❛9 $❡❣$❛9 ❝♦♠♣:❡♠ ♦ 7✉❡ / ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❜❛9❡ ❞❡

❝♦♥❤❡❝✐♠❡♥)♦ ❡✱ / ❡99❛ ❜❛9❡ 7✉❡ ❛99♦❝✐❛ ❛9 ❞✐✈❡$9❛9 ❢✉♥4:❡9 ❞❡ ♣❡$)✐♥C♥❝✐❛ ❞❛ ❡♥)$❛❞❛ ♣❛$❛ 9❡$❡♠

✐♥)❡$♣$❡)❛❞❛9 ♥❛ ❢❛9❡ ❞❡ ✐♥❢❡$C♥❝✐❛ ❋✉③③②✳ ❊9)❛ ❢❛9❡ )❡♠ ♣♦$ ✜♥❛❧✐❞❛❞❡ $❡❧❛❝✐♦♥❛$ ❛9 ♣♦99-✈❡✐9 ✈❛$✐A✈❡✐9

❡♥)$❡ 9✐✱ ♣♦$ ♠❡✐♦ ❞❡ $❡❣$❛9 ♣$/✲❡9)❛❜❡❧❡❝✐❞❛9 ✭❏❆◆➱✱ ✷✵✵✹✮

❊9)❛ ❢❛9❡ ❞♦ 9✐9)❡♠❛ ❧U❣✐❝♦ ❋✉③③② ♣♦❞❡ 9❡$ ❞✐✈✐❞✐❞❛ ❡♠ ❞♦✐9 ❝♦♠♣♦♥❡♥)❡9✿ ❛❣$❡❣❛45♦ ❡

❝♦♠♣♦9✐45♦✱ ❝♦♥❢♦$♠❡ ✐❧✉9)$❛❞♦ ♥❛ ❋✐❣✉$❛ ✷✳✷✼✳ ❖ ♣$✐♠❡✐$♦ ❞✐③ $❡9♣❡✐)♦ X ❝❤❛♠❛❞❛ ♣❛$❝❡❧❛ ❙❡ ❞❛9

$❡❣$❛9 7✉❡ ✐$5♦ $❡❣❡$ ♦ ♣$♦❝❡99♦ ❞❡ ✐♥❢❡$C♥❝✐❛✱ ❡ ♦ 9❡❣✉♥❞♦✱ $❡❢❡$❡✲9❡ X ♣❛$❝❡❧❛ ❊♥*2♦ ❞♦ ❝♦♥❥✉♥)♦ ❞❡

$❡❣$❛9 ❛99✐♠ ❝❤❛♠❛❞❛9✱ ❙❡✲❊♥*2♦✳ ❊9)❡9 ❝♦♠♣♦♥❡♥)❡9 ❞❡✜♥❡♠ ♦ ♣$♦❝❡99♦ ❞❡ ✐♥❢❡$C♥❝✐❛ ❧U❣✐❝❛ ❋✉③③②✱

❝♦♥)$♦❧❛♥❞♦ ❛9 $❡❧❛4:❡9 ❡♥)$❡ ✈❛$✐A✈❡✐9 ❧✐♥❣✉-9)✐❝❛9 ♣♦$ ♠❡✐♦ ❞❡ 9❡✉9 $❡9♣❡❝)✐✈♦9 ♦♣❡$❛❞♦$❡9 ❧U❣✐❝♦9✳

❋✐❣✉$❛ ✷✳✷✼ ✕ ■♥❢❡%&♥❝✐❛ ❋✉③③②✳

❋♦♥-❡✿ ✭❏❆◆➱✱ ✷✵✵✹✮✳

❙❡❣✉♥❞♦ ✭❙■▼[❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮✱ ♥❛9 $❡❣$❛9 ❞❡ ✐♥❢❡$C♥❝✐❛ ❋✉③③② ❤A ❞♦✐9 )✐♣♦9 ❜A9✐❝♦9
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❞❡ ✐♠♣❧✐❝❛*+❡, ❋✉③③② ✿ ♦ ♠♦❞✉, ♣♦♥❡♥, ✭♠♦❞♦ ❛✜3♠❛4✐✈♦✮ ❡ ♦ ♠♦❞✉, 4♦❧❧❡♥, ✭♠♦❞♦ ♥❡❣❛4✐✈♦✮✱

♦♥❞❡ ❛♠❜♦, ♦♣❡3❛♠ ❞❡ ❢♦3♠❛ ❛ ,❡ ❜❛,❡❛3 ❡♠ ♣3❡♠✐,,❛, ♦✉ ❝♦♥❞✐*+❡,✱ ;✉❡ ❣❡3❛♠ ✉♠❛ ❞❡4❡3♠✐♥❛❞❛

❝♦♥❝❧✉,<♦✳

◆♦ ♠♦❞✉, ♣♦♥❡♥, ❤@ ✉♠❛ ✐♥❢❡3A♥❝✐❛ ♣3♦❣3❡,,✐✈❛✳

B3❡♠✐,,❛ ✶ x ❂ ❆

▼♦❞✉, ♣♦♥❡♥,✿ B3❡♠✐,,❛ ✷✿ ❙❡ x ❂ ❆✱ ❡♥4<♦ y ❂ ❇

❈♦♥,❡;✉A♥❝✐❛✿ y ❂ ❇

◆♦ ♠♦❞✉, 4♦❧❧❡♥, ❤@ ✉♠❛ ✐♥❢❡3A♥❝✐❛ 3❡❣3❡,,✐✈❛✳

B3❡♠✐,,❛ ✶ x ❂ ♥<♦✲❇

▼♦❞✉, 4♦❧❧❡♥,✿ B3❡♠✐,,❛ ✷✿ ❙❡ x ❂ ❆✱ ❡♥4<♦ y ❂ ❇

❈♦♥,❡;✉A♥❝✐❛✿ y ❂ ♥<♦✲❆

❆, ♦♣❡3❛*+❡, ❞❡ ✐♠♣❧✐❝❛*<♦ ❋✉③③② 3❡❝❡❜❡♠ ❝♦♠♦ ❞❛❞♦, ❞❡ ❡♥43❛❞❛ ♦, ✈❛❧♦3❡, µ❆✭①✮ 3❡❝❡✲

❜✐❞♦, ❞❛ ❢✉③③✐✜❝❛*<♦✱ ❡ ♦, ✈❛❧♦3❡, ❞❡ ,❛N❞❛ µ❇✭①✮ ❝♦♥4✐❞♦, ♥❛ ✐♥❢❡3A♥❝✐❛✳ ❉❛ ✐♥❢❡3A♥❝✐❛ 3❡,✉❧4❛ ✉♠

❝♦♥❥✉♥4♦ ❞✐❢✉,♦✱ ♦ ;✉❛❧ ,❡3@ ❝♦♥✈❡34✐❞♦ ❡♠ ❡,❝❛❧❛3 ✭✈❛❧♦3 ❝♦♥❞❡♥,❛❞♦ ♦✉ ❞❡❢✉③③✐✜❝❛❞♦✮✱ ❢♦3♥❡❝❡♥❞♦ ❛

,❛N❞❛ ❞♦ ,✐,4❡♠❛✳

❉❡❢✉③③✐✜❝❛)*♦

◆❡,4❛ ❡4❛♣❛ ♦ ✈❛❧♦3 ❞❛ ✈❛3✐@✈❡❧ ❧✐♥❣✉N,4✐❝❛ ❞❡ ,❛N❞❛ ✐♥❢❡3✐❞❛ ♣❡❧❛, 3❡❣3❛, ❋✉③③② ,❡3@ ❝♦♥✈❡34✐❞♦

❡♠ ✉♠ ♥Q♠❡3♦✳ ❖ ♦❜❥❡4✐✈♦ S ♦❜4❡3 ✉♠ Q♥✐❝♦ ✈❛❧♦3 ♥✉♠S3✐❝♦ ;✉❡ ♠❡❧❤♦3 3❡♣3❡,❡♥4❡ ♦, ✈❛❧♦3❡, ❋✉③③②

✐♥❢❡3✐❞♦, ❞❛ ✈❛3✐@✈❡❧ ❧✐♥❣✉N,4✐❝❛ ❞❡ ,❛N❞❛✳

❍@ ♥❛ ❧✐4❡3❛4✉3❛ ❛❧❣✉♠❛, 4S❝♥✐❝❛, ❞❡ ❞❡❢✉③③✐✜❝❛*<♦✱ ♦♥❞❡ ❛ ,❡❧❡*<♦ ❞❡ ✉♠❛ ❞❡❧❛, S ❞❡✲

♣❡♥❞❡♥4❡ ❞❛ ❛♣❧✐❝❛*<♦ ❡♠ ❞❡,❡♥✈♦❧✈✐♠❡♥4♦✳ ❆ ,❡❣✉✐3 ,<♦ ♠♦,43❛❞❛, ❛❧❣✉♠❛, ❞❛, ♣3✐♥❝✐♣❛✐, 4S❝♥✐❝❛,

❞❡,4❛❝❛❞❛, ♣♦3 ✭❙■▼V❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮ ♣❛3❛ ✉♠ ❞♦♠N♥✐♦ ❞✐,❝3❡4♦ ✳

▼-.♦❞♦ ❞♦ ❈❡♥.2♦ ❞❡ ➪2❡❛ ♦✉ ❈❡♥.24✐❞❡✿ ♦ ✈❛❧♦3 ♥✉♠S3✐❝♦ ♦❜4✐❞♦ 3❡♣3❡,❡♥4❛ ♦ ❝❡♥43♦

❞❡ ❣3❛✈✐❞❛❞❡ ❞❛ ❞✐,43✐❜✉✐*<♦ ❞❡ ♣♦,,✐❜✐❧✐❞❛❞❡ ❞❡ ,❛N❞❛ ❞♦ ,✐,4❡♠❛ ❋✉③③②✳ ❖ ❝❡♥43♦ ❞❡ ❣3❛✈✐❞❛❞❡ ❞❛

❞✐,43✐❜✉✐*<♦ ♣♦❞❡ ,❡3 ❞❡4❡3♠✐♥❛❞♦ ♣♦3 ♠❡✐♦ ❞❛ ❊;✉❛*<♦ ✷✳✻✱ ❡♠ ;✉❡ µOUT

(

ui
)

S ❛ @3❡❛ ❞❡ ✉♠❛ ❢✉♥*<♦

❞❡ ♣❡34✐♥A♥❝✐❛ ❡ ui S ❛ ♣♦,✐*<♦ ❞♦ ❝❡♥43]✐❞❡ ❝♦♠♣♦,4♦✱ ♣❛3❛ ♦ ;✉❛❧ ❝♦♥43✐❜✉❡♠ ❛, ❞✉❛, ❢✉♥*+❡, ❞❡

♣❡34✐♥A♥❝✐❛ ✐♥❞✐❝❛❞❛,✳
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u =

N
∑

j=1

uiµOUT

(

ui
)

N
∑

j=1

µOUT

(

ui
)

✭✷✳✻✮

▼!"♦❞♦ ❞❛ ▼!❞✐❛ ❞♦' ▼(①✐♠♦'✿ ♣)♦❞✉③ ✉♠ ✈❛❧♦) ♥✉♠3)✐❝♦ 6✉❡ )❡♣)❡8❡♥9❛ ♦ ✈❛❧♦) ♠3❞✐♦

❞❡ 9♦❞♦8 ♦8 ✈❛❧♦)❡8 ❝❡♥9)❛✐8 ❛9✐✈❛❞♦8✳ ◆❡89❡ ♠39♦❞♦ ✐❣♥♦)❛♠✲8❡ ❛8 =)❡❛8 ❞❛8 ❢✉♥?@❡8 ❞❡ ♣❡)9✐♥A♥❝✐❛✳

❖ ✈❛❧♦) ♠3❞✐♦ ❞♦8 ✈❛❧♦)❡8 ❝❡♥9)❛✐8 ♣♦❞❡ 8❡) ❞❡9❡)♠✐♥❛❞♦ ♣♦) ♠❡✐♦ ❞❛ ❊6✉❛?D♦ ✷✳✼✱ 8❡♥❞♦ um ❛

♣♦8✐?D♦ ❞♦ m✲38✐♠♦ ❡❧❡♠❡♥9♦✱ ❡♠ 6✉❡ ❛ ❢✉♥?D♦ µOUT

(

ui
)

9❡♥❤❛ ✉♠ ♠=①✐♠♦✱ ❡ M 3 ♦ ♥I♠❡)♦ 9♦9❛❧

❞❡88❡8 ❡❧❡♠❡♥9♦8✳

u =

M
∑

m=1

um
M

✭✷✳✼✮

▼!"♦❞♦ ❞❛ ▼!❞✐❛ +♦♥❞❡.❛❞❛ ❞♦' ▼(①✐♠♦'✿ ♣)♦❞✉③ ✉♠ ✈❛❧♦) ♥✉♠3)✐❝♦ ❝♦♥8✐❞❡)❛♥❞♦ ❛

♠3❞✐❛ ♣♦♥❞❡)❛❞❛ ❞♦8 ✈❛❧♦)❡8 ❝❡♥9)❛✐8 ❛9✐✈❛❞♦8✱ 8❡♥❞♦ ♦8 ♣❡8♦8 ♦8 ❣)❛✉8 ❞❡ ♣❡)9✐♥A♥❝✐❛✳ ❖ ✈❛❧♦) ♠3❞✐♦

♣♦♥❞❡)❛❞♦ ❞♦8 ✈❛❧♦)❡8 ♠=①✐♠♦8 ♣♦❞❡ 8❡) ❞❡9❡)♠✐♥❛❞♦ ♣♦) ♠❡✐♦ ❞❛ ❊6✉❛?D♦ ✷✳✽✱ ❡♠ 6✉❡ µOUT

(

ui
)

✐♥❞✐❝❛♠ ♦8 ♣♦♥9♦8 ❡♠ 6✉❡ ♦❝♦))❡♠ ♦8 ♠=①✐♠♦8 ❞❛8 ❢✉♥?@❡8 ❞❡ ♣❡)9✐♥A♥❝✐❛✳

u =

N
∑

i=1

ui
N
∑

k=1

µOUT

(

ui
)

N
∑

i=1

N
∑

k=1

µOUT
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◆❛ ❋✐❣✉)❛ ✷✳✷✽ ❡89D♦ ❛8 )❡♣)❡8❡♥9❛?@❡8 ❣)=✜❝❛8 ❞❛8 93❝♥✐❝❛8 ❞❡ ❞❡❢✉③③✐✜❝❛?D♦ ❞❡8❝)✐9❛8

❛❝✐♠❛✳

❆8 ♣❛)9✐❝✉❧❛)✐❞❛❞❡8 ❞❡ ✉♠ 8✐89❡♠❛ ❋✉③③② ✈❛)✐❛♠ ❝♦♥❢♦)♠❡ ❛ ♥❡❝❡88✐❞❛❞❡ ❞♦ 8✐89❡♠❛ ♣)♦✲

❥❡9❛❞♦✳ ❊♠ ✉♠ 8✐89❡♠❛ ❜❛8❡❛❞♦ ❡♠ )❡❣)❛8✱ ♦♥❞❡ 8❡ ❡89❛❜❡❧❡❝❡ ✉♠❛ )❡❧❛?D♦ ❋✉③③② ❡♥9)❡ ❞❛❞♦8 ❞❡
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◆❡"#❡ ❝❛♣'#✉❧♦ "+♦ ❛♣,❡"❡♥#❛❞♦" ♦" ,❡"✉❧#❛❞♦" ❡ ❞✐"❝✉""0❡" ❞❛" ♣❡"1✉✐"❛" ❡ ❡"#✉❞♦" ❞❡ ❝❛"♦ ♠❛✐"

,❡❧❡✈❛♥#❡" "♦❜,❡ ♠♦♥✐#♦,❛♠❡♥#♦ ❡ ❞✐❛❣♥6"#✐❝♦ ❞❛ ❝♦♥❞✐7+♦ ❞♦" ❝♦♥#❛#♦" ❞❡ ❞✐"❥✉♥#♦,❡" ❡♠ ❢✉♥7+♦ ❞♦"

,❡"✉❧#❛❞♦" ❞❡ ❡♥"❛✐♦" ❞❛ ▼❘❉✳ ❚❛♠❜?♠ "❡,+♦ ,❡❧❛#❛❞❛" ♣❡"1✉✐"❛" "♦❜,❡ ♦ ✉"♦ ❞❛ ❧6❣✐❝❛ ❋✉③③② ♥❛

❛✈❛❧✐❛7+♦ ❞♦" ,❡"✉❧#❛❞♦" ❞♦ ♠♦♥✐#♦,❛♠❡♥#♦ ❞❡ ❡1✉✐♣❛♠❡♥#♦" ❡❧?#,✐❝♦" ❞❡ ♣♦#@♥❝✐❛✳

✸✳✶ ▼♦♥✐'♦(❛♠❡♥'♦ ❞❡ ❉✐.❥✉♥'♦(❡.

❖ ❞✐❛❣♥6"#✐❝♦ ❞❡ ❞✐"❥✉♥#♦,❡" ❞❡ ♣♦#@♥❝✐❛ ❝♦♠ ❜❛"❡ ♥♦ ♠♦♥✐#♦,❛♠❡♥#♦ ❡ ❛✈❛❧✐❛7+♦ ❞♦" ❝♦♥#❛#♦" ❡❧?#,✐❝♦"

#❡♠ "✐❞♦ ❞❡"❡♥✈♦❧✈✐❞♦ ❤C ♠✉✐#❛" ❞?❝❛❞❛"✳ ◆♦" D❧#✐♠♦" ❛♥♦" ❛❧❣✉♠❛" ♣❡"1✉✐"❛" #@♠ "✐❞♦ ❞❡"❡♥✈♦❧✈✐❞❛"

❛ ♣❛,#✐, ✉#✐❧✐③❛7+♦ ❞❛ ▼❘❉ ❝♦♠♦ ♣,✐♥❝✐♣❛❧ ♣❛,F♠❡#,♦ ❞❡ ❛✈❛❧✐❛7+♦ ❡ ❞✐❛❣♥6"#✐❝♦ ❞❛ ❝♦♥❞✐7+♦ ❞♦"

❝♦♥#❛#♦" ❞♦" ❞✐"❥✉♥#♦,❡"✳

❆" #?❝♥✐❝❛" ❞❡ ❞✐❛❣♥6"#✐❝♦" ❡ ♠♦♥✐#♦,❛♠❡♥#♦ ♣♦❞❡♠ "❡, ✉"❛❞♦" ♣❛,❛ ♦#✐♠✐③❛, ♣,C#✐❝❛" ❞❡

♠❛♥✉#❡♥7+♦✱ "✉❜"#✐#✉✐7+♦ ❡ ♣❡,♠❛♥@♥❝✐❛ ❞❡ ❞✐"❥✉♥#♦,❡" ✐♥"#❛❧❛❞♦" ♥♦ "✐"#❡♠❛ ✭❙❲❊❊❚❙❊❘ ❡# ❛❧✳✱

✷✵✵✷✮✳ ◆♦ #♦❝❛♥#❡ ❛♦ ♠♦♥✐#♦,❛♠❡♥#♦ ❞❡ ❞✐"❥✉♥#♦,❡" ❞❡ ❛❧#❛ #❡♥"+♦✱ ♦ ❣✉✐❛ ❝♦♠ ❛" ♣,✐♥❝✐♣❛✐" #?❝♥✐❝❛"

❞❡ ♠♦♥✐#♦,❛♠❡♥#♦ ♠❛✐" ❛♣❧✐❝❛❞♦ ? ♦ ●✉✐❛ ♣❛,❛ ❙❡❧❡7+♦ ❞❡ ▼♦♥✐#♦,❛♠❡♥#♦ ♣❛,❛ ❉✐"❥✉♥#♦,❡" ❞♦ ■❊❊❊✱

❞♦ ✐♥❣❧@" ●✉✐❞❡ ❢♦* +❤❡ ❙❡❧❡❝+✐♦♥ ♦❢ ▼♦♥✐+♦*✐♥❣ ❢♦* ❈✐*❝✉✐+ ❇*❡❛❦❡*7 ✭■❊❊❊✱ ✷✵✵✶✮✳

❖ ❞✐❛❣♥6"#✐❝♦ ❞❛" ❝♦♥❞✐70❡" ♦♣❡,❛❝✐♦♥❛✐" ❞❛ ❝F♠❛,❛ ❞❡ ❡①#✐♥7+♦ ❞❡ ❛,❝♦ ❞❡ ❞✐"❥✉♥#♦,❡" ❞❡

♠?❞✐❛ ❡ ❛❧#❛ #❡♥"+♦ #❡♠ "✐❞♦ ,❡❛❧✐③❛❞♦ ♣♦, ♠❡✐♦ ❞❛ ♠❡❞✐7+♦ ❞❛ ,❡"✐"#@♥❝✐❛ ❞❡ ❝♦♥#❛#♦✱ "❡❥❛ ❛❞♦#❛♥❞♦

❛ #?❝♥✐❝❛ ❞❛ ,❡"✐"#@♥❝✐❛ ❡"#C#✐❝❛ ♦✉ ♣❡❧❛ #?❝♥✐❝❛ ❞❛ ,❡"✐"#@♥❝✐❛ ❞✐♥F♠✐❝❛ ❞❡ ❝♦♥#❛#♦✳ ◗✉❛✐"1✉❡, ❞♦"

♠?#♦❞♦" ❛❞♦#❛❞♦" ❞❡✈❡♠ ♣,♦❞✉③✐, ,❡"✉❧#❛❞♦" 1✉❡ #,❛❞✉③❛♠ ❞✐,❡#❛♠❡♥#❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡,❛7+♦

❞❛ ❝F♠❛,❛ ❞❡ ❡①#✐♥7+♦ ❞❡ ❛,❝♦ ❡♠ ❝♦♥❞✐70❡" ♥♦,♠❛✐" ♦✉ ❛♥♦,♠❛✐" ❞♦ "✐"#❡♠❛✳

❖" ♣,✐♠❡✐,♦" ❡"#✉❞♦" "♦❜,❡ ,❡"✐"#@♥❝✐❛ ❞❡ ❝♦♥#❛#♦ ❞❛#❛♠ ❞❛ ❞?❝❛❞❛ ❞❡ ✶✾✹✵✱ ❝♦♠ ❘❛❣♥❛,
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❞❛ ❞B❝❛❞❛ ❞❡ ✶✾✽✵ ✭▲❆◆❉❘❨ ❡+ ❛❧✳✱ ✷✵✵✻✮ ❡✱ ❞❡4❞❡ ❡♥+G♦ ❛❧❣✉♥4 ❛♣6✐♠♦6❛♠❡♥+♦4 ❞❛ +B❝♥✐❝❛ ❢♦6❛♠

♣6♦♣♦4+♦4 ♣❛6❛ ♣6♦❞✉③✐6 6❡4✉❧+❛❞♦4 ♠❛✐4 ♣6❡❝✐4♦4✳

✭❖❍▲❊◆ ❡+ ❛❧✳✱ ✶✾✾✺✮ ❡4+✉❞❛6❛♠ ❛ ❛♣❧✐❝❛:G♦ ❞❛ 6❡4✐4+N♥❝✐❛ ❞✐♥O♠✐❝❛ ♥❛ ❛♥=❧✐4❡ ❞❛ ❝♦♥❞✐:G♦

❞♦4 ❝♦♥+❛+♦4 ❡♠ ❞✐4❥✉♥+♦6❡4✳ ❖4 ❛✉+♦6❡4 ❛✜6♠❛♠ Q✉❡ ❛ ♥❡❝❡44✐❞❛❞❡ ❞❡ ❝♦♠♣❛6❛:G♦ ❞♦4 6❡4✉❧+❛❞♦4 ❝♦♠

❞❛❞♦4 ❞❡ ❢❛❜6✐❝❛:G♦ ❡✴♦✉ 6❡4✉❧+❛❞♦4 ❞❡ +❡4+❡4 ❛♥+❡6✐♦6❡4✱ ♣❛6❛ +♦♠❛❞❛ ❞❡ ❞❡❝✐4G♦ 4♦❜6❡ ✐♥+❡6✈❡♥:G♦

♦✉ ♥G♦ ♣❛6❛ ♠❛♥✉+❡♥:G♦ ♥♦ ❞✐4❥✉♥+♦6 ❞✐✜❝✉❧+❛ ❛ ❛♣❧✐❝❛:G♦ ❞❡ ♥♦✈❛4 ♠❡+♦❞♦❧♦❣✐❛4✳ ❊♥+6❡+❛♥+♦✱ ♦4

❛✉+♦6❡4 ❛❝6❡❞✐+❛♠ Q✉❡ ❛ ▼❘❉ ✐6= 4❡ ❝♦♥4♦❧✐❞❛6 ❝♦♠♦ ✉♠ ♠B+♦❞♦ ❝♦♥✜=✈❡❧ ♥♦ ♠♦♥✐+♦6❛♠❡♥+♦ ❞♦4

❝♦♥+❛+♦4 ❞❡ ❞✐4❥✉♥+♦6❡4✳ ◆❛ ♦❜+❡♥:G♦ ❞❛4 ❝✉6✈❛4 ❞❛ ▼❘❉ ♦4 ❛✉+♦6❡4 ❛✜6♠❛♠ Q✉❡ ❛ ✉+✐❧✐③❛:G♦ ❞❡

❛❧+❛ ❝♦66❡♥+❡ ❞❡ +❡4+❡ B ♠❛✐4 ✈✐=✈❡❧ ♣❛6❛ 4❡ 6❡♣6♦❞✉③✐6 ❛ ❝♦♥❞✐:G♦ ❞♦4 ❝♦♥+❛+♦4✳ T❛6❛ ❛ ♦❜+❡♥:G♦ ❞❛4

❝✉6✈❛4 ❞❛ ▼❘❉✱ ♦4 ❛✉+♦6❡4 ♣6♦♣;❡♠ ✉♠ 4✐4+❡♠❛ ❝♦♠ ❛Q✉✐4✐:G♦ ❞❡ ❞❛❞♦4 ❞❡ ❛❧+❛ ♣6❡❝✐4G♦✱ ❝♦♠ ♣❡❧♦

♠❡♥♦4 ✶✷ ❜✐+4 ❞❡ 6❡4♦❧✉:G♦✱ ♣❛6❛ ♦4 4✐♥❛✐4 ❞❡ ❝♦66❡♥+❡ ❡ +❡♥4G♦ ❡ ✉♠❛ +❛①❛ ❞❡ ❛♠♦4+6❛❣❡♠ ♠V♥✐♠❛

❞❡ ✷✵ ❦❍③✱ +❡♥❞♦ ❡♠ ✈✐4+❛ Q✉❡ ♦4 ❞✐4❥✉♥+♦6❡4 ❛♣6❡4❡♥+❛♠ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡6+✉6❛ +V♣✐❝❛

❞❡ ✶✵ ♠✴4 ♦✉ ♠❛✐♦6✱ ♦ Q✉❡ 6❡4✉❧+❛6✐❛ ❡♠ ♣❡❧♦ ♠❡♥♦4 ✉♠❛ ❛♠♦4+6❛ ❛ ❝❛❞❛ ✵✱✺ ♠♠✳ ❆✐♥❞❛ 4❡❣✉♥❞♦ ♦4

❛✉+♦6❡4✱ ❛ ▼❘❉ ❞✉6❛♥+❡ ❛ ❛❜❡6+✉6❛ ❛♣6❡4❡♥+❛ ❝♦♥❞✐:;❡4 ♠❛✐4 ❡4+=✈❡✐4 ❞❡ ♠❡❞✐:G♦✱ ✈✐4+♦ Q✉❡ ❞✉6❛♥+❡

♦ ❢❡❝❤❛♠❡♥+♦ ❤= 4❛❧+♦4 ♠❡❝O♥✐❝♦4 ❞♦ ❝♦♥+❛+♦✱ ♣6♦✈❡♥✐❡♥+❡ ❞♦ ❛+6✐+♦ ❡♥+6❡ ♦4 ❝♦♥+❛+♦4✱ Q✉❡ ♣♦❞❡♠

♣6♦✈♦❝❛6 ❡66♦4 ♥❛ ♠❡❞✐:G♦✳ ◆❛ ❛♥=❧✐4❡ ❞❛ ▼❘❉ ❛ ❝✉6✈❛ ❞❡ 6❡4✐4+N♥❝✐❛ ✈❡64✉4 +❡♠♣♦ 4❡6= ❛ ❛44✐♥❛+✉6❛

❞♦ ❞✐4❥✉♥+♦6✱ ❡ ♣♦❞❡6= 4❡6 ✉+✐❧✐③❛❞❛ ❝♦♠♦ ❜❛4❡ ♣❛6❛ ❝♦♠♣❛6❛:G♦ ❝♦♠ ♦✉+6❛4 ♠❡❞✐:;❡4 ♣❛6❛ ♦ ♠❡4♠♦

+✐♣♦ ❞❡ ❞✐4❥✉♥+♦6✱ 4❡♥❞♦ ♦ ❞❡4❣❛4+❡ ❞♦4 ❝♦♥+❛+♦4 ❛44♦❝✐❛❞♦ ❛♦ ❝♦♠♣6✐♠❡♥+♦ ❞♦ ❝♦♥+❛+♦ ❞❡ ❛6❝♦✳ ❆

♣❡4Q✉✐4❛ 6❡❧❛+❛ ❞♦✐4 ❝❛4♦4✿

• ❡4+✉❞♦ ❞❡ ❝❛4♦ ✶✿ ♥❛ ❛✈❛❧✐❛:G♦ ❞❡ ✉♠ ❞✐4❥✉♥+♦6 ❛ ❙❋6 ✶✹✺ ❦❱✴✺✵ ❦❆ ❢♦✐ 6❡❛❧✐③❛❞❛ ✉♠❛ 6♦+✐♥❛ ❞❡

+❡4+❡4 ♣❛6❛ ❞❡❣6❛❞❛:G♦ ❞♦4 ❝♦♥+❛+♦4✱ ❝♦♠ ❛♣❧✐❝❛:G♦ ❞❡ ✉♠❛ 4♦❜6❡❝♦66❡♥+❡ ❞❡ ✶✺ ❦❆✱ ❞✉6❛♥+❡

✾ ♠4✱ ✉+✐❧✐③❛♥❞♦✲4❡ ❞❡ ✉♠ ❝✐6❝✉✐+♦ ❞❡ +❡4+❡4 ❞❡4❡♥✈♦❧✈✐❞♦✳ ◆♦ ♣❡6V♦❞♦ ❞❡ ✶✸ ♠❡4❡4 ❞❡ ❡♥4❛✐♦4

❢♦6❛♠ 6❡❣✐4+6❛❞❛4 ✸✹✵ ♦♣❡6❛:;❡4 4❡♠ ❢❛❧❤❛✳ ❆♣_4 ❛4 ✸✹✵ ♦♣❡6❛:;❡4 ♦ ❞✐4❥✉♥+♦6 ❛♣6❡4❡♥+♦✉

❢❛❧❤❛ ♥❛ ❛❜❡6+✉6❛ ❡ ♦ ♠❡4♠♦ ❢♦✐ ✐♥4♣❡❝✐♦♥❛❞♦✳ ❖4 ❝♦♥+❛+♦4 ❞❡ ❛6❝♦ ❛♣6❡4❡♥+❛6❛♠ 4✐❣♥✐✜❝❛+✐✈❛

❡6♦4G♦✱ Q✉❛♥❞♦ ❝♦♠♣❛6❛❞♦ ❝♦♠ ♦ ❝♦♥+❛+♦ Q✉❛♥❞♦ ♥♦✈♦❀

• ❡4+✉❞♦ ❞❡ ❝❛4♦ ✷✿ ♥❛ ❛✈❛❧✐❛:G♦ ❞❡ ✉♠ ❞✐4❥✉♥+♦6 ❙♣6❡❝❤❡6 ❍●❋ ✶✵✶✷ ❙❋6✱ ❛♣_4 ♦ ❛❝b♠✉❧♦

❞❡ ❡♥❡6❣✐❛ ❞❡ ✸✷ kA2s ✭✐♥+❡❣6❛❧ ❞❡ ❏♦✉❧❡✮ ❡♠ ✐♥+❡66✉♣:;❡4 ❝♦♠ ❢❛❧❤❛4✱ ❢♦✐ ❞❡+❡❝+❛❞❛ ✉♠❛

6❡❞✉:G♦ ♥♦ ❝♦♠♣6✐♠❡♥+♦ ❞♦ ❝♦♥+❛+♦ ❞❡ ❛6❝♦ ❞❡ ✹✷ ♠♠ ✭❝♦♥+❛+♦ ♥♦✈♦✮ ♣❛6❛ ✸✹ ♠♠ ✭❝♦♥+❛+♦
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❞❡❣%❛❞❛❞♦✮✱ %❡♣%❡+❡♥-❛♥❞♦ ✉♠❛ ❡%♦+0♦✴❞❡+❣❛+-❡ ❞❡ ❛♣%♦①✐♠❛❞❛♠❡♥-❡ ✽ ♠♠ ♥♦ ❝♦♠♣%✐♠❡♥-♦

❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✳

❖+ ❡+-✉❞♦+ ❞❡+❡♥✈♦❧✈✐❞♦+ ♣♦% ✭❖❍▲❊◆ ❡- ❛❧✳✱ ✶✾✾✺✮ ❛♣%❡+❡♥-❛%❛♠ %❡+✉❧-❛❞♦+ %❡❧❡✈❛♥-❡+

B✉❛♥-♦ C ❛♣❧✐❝❛D0♦ ❞❛ ▼❘❉ ❝♦♠♦ ✉♠❛ -H❝♥✐❝❛ ❡✜❝✐❡♥-❡ ♥❛ ❛✈❛❧✐❛D0♦ ❞♦+ ❞✐+❥✉♥-♦%❡+✳ ❊♥-%❡-❛♥-♦✱ ♦

❞✐❛❣♥K+-✐❝♦ ♣♦% ♠❡✐♦ ❞❛ ♠❡❞✐D0♦ +♦♠❡♥-❡ ❞♦ ❝♦♠♣%✐♠❡♥-♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦ ♥0♦ ❛♣%❡+❡♥-❛ %❡+✉❧-❛❞♦+

❝♦♥❝❧✉+✐✈♦+✱ -❡♥❞♦ ❡♠ ✈✐+-❛ B✉❡ ❛❧❣✉♥+ ♠♦❞❡❧♦+ ❞❡ ❞✐+❥✉♥-♦%❡+ ♣♦❞❡♠ ❛♣%❡+❡♥-❛% ❡❧❡✈❛❞❛ ❞❡❣%❛❞❛D0♦

❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ +❡♠ ❞✐♠✐♥✉✐D0♦ +✐❣♥✐✜❝❛-✐✈❛ ❞♦ +❡✉ ❝♦♠♣%✐♠❡♥-♦✳ ❖+ ❛✉-♦%❡+ ♥0♦ %❡❧❛-❛%❛♠ ❝❛+♦+

❞❡ ❛♥L❧✐+❡ ♦♥❞❡ +❡ %❡❣✐+-%♦✉ ✉♠❛ ❞❡❣%❛❞❛D0♦ ✐♥-❡%♠❡❞✐L%✐❛✱ +❡ ❧✐♠✐-❛♥❞♦ ❛ ❝❛+♦+ ❞❡ ❡①-%❡♠❛ ❞❡❣%❛❞❛D0♦

❞♦+ ❝♦♥-❛-♦+✱ ♣❛%❛ ♦+ B✉❛✐+ ♦ ❝♦♠♣%✐♠❡♥-♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦ ❡+-❛✈❛ ✈✐+✐✈❡❧♠❡♥-❡ ❢♦%❛ ❞❡ ♣❛❞%0♦✱

❢❛❝✐❧✐-❛♥❞♦ ❛ ✐♥-❡%♣%❡-❛D0♦ ❞♦+ %❡+✉❧-❛❞♦+✳ ◆♦ ❡+-✉❞♦ ♥0♦ ❢♦✐ ❛❞♦-❛❞❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛-❡♠L-✐❝❛

♣❛%❛ ❛♥L❧✐+❡ ❞❛+ ❝✉%✈❛+ ❞❛ ▼❘❉✱ +❡♥❞♦ ❛ -♦♠❛❞❛ ❞❡ ❞❡❝✐+0♦ %❡+-%✐-❛ C ♠❡❞✐D0♦ ❞♦ ❝♦♠♣%✐♠❡♥-♦ ❞♦

❝♦♥-❛-♦ ❞❡ ❛%❝♦✳ ❖ ❡+-✉❞♦ ❛♣%❡+❡♥-❛%✐❛ %❡+✉❧-❛❞♦+ ♠❛✐+ ❢✉♥❞❛♠❡♥-❛❞♦+ +❡ ❢♦++❡♠ ❛✈❛❧✐❛❞♦+ ❛❧H♠ ❞♦

❝♦♠♣%✐♠❡♥-♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ ♦+ ♣❛%N♠❡-%♦+ ❝♦♠♦ %❡+✐+-O♥❝✐❛ ❞♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧ ❡ %❡+✐+-O♥❝✐❛

❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ ♦ B✉❡ ♣♦++✐❜✐❧✐-❛%✐❛ ❛ ❛♣❧✐❝❛D0♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ♠❛-❡♠L-✐❝♦ ❡♠ ❢✉♥D0♦ ❞❡+-❡+ -%O+

♣❛%N♠❡-%♦+✳

✭▲❆◆❉❘❨ ❡- ❛❧✳✱ ✷✵✵✻✮ ❞❡+❝%❡✈❡%❛♠ ✉♠❛ ♠❡-♦❞♦❧♦❣✐❛ ❞❡ ♠❡❞✐D0♦ ❞❛ %❡+✐+-O♥❝✐❛ ❞✐♥N♠✐❝❛✱

+❡♥❞♦ ❛ ▼❘❉ ♦❜-✐❞❛ ❞✉%❛♥-❡ ❛ ❛❜❡%-✉%❛ ❞♦+ ❝♦♥-❛-♦+✳ ❆ ♠❡-♦❞♦❧♦❣✐❛ ❢♦✐ ❛♣❧✐❝❛❞❛ ❡♠ B✉❛-%♦ ❝♦♥❥✉♥-♦+

❞❡ ❝♦♥-❛-♦+ ❡♠ ❞✐❢❡%❡♥-❡+ ♥U✈❡✐+ ❞❡ ❞❡❣%❛❞❛D0♦✳ ❈♦♥❢♦%♠❡ %❡+✉❧-❛❞♦+ ♦❜-✐❞♦+ ❝♦♠ ❛ ♥♦✈❛ ♠❡-♦❞♦❧♦❣✐❛✱

♦+ ❛✉-♦%❡+ +✉❣❡%❡♠ B✉❡ ♣❛%❛ +❡ ♦❜-❡% ❞❛❞♦+ ♣%❡❝✐+♦+ ♥♦ ❡♥+❛✐♦✱ ❤L ❛ ♥❡❝❡++✐❞❛❞❡ ❞❛ %❡❞✉D0♦ ❞❛

✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❜❡%-✉%❛ ❞♦+ ❝♦♥-❛-♦+ ❞♦ ❞✐+❥✉♥-♦% ✭❞❡ ✵✱✵✵✷ ❛ ✵✱✷ ♠✴+✮✳ ❙❡❣✉♥❞♦ ♦+ ❛✉-♦%❡+✱ ❛

▼❘❉ ♥❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡%-✉%❛ %❡+✉❧-❛ ❡♠ ❝✉%✈❛+ ♥0♦ %❡♣%♦❞✉-U✈❡✐+ ❡♥-%❡ ♠❡❞✐DY❡+✱ ♦✉

+❡❥❛✱ ❞✉❛+ ❝✉%✈❛+ ♦❜-✐❞❛+ ❡♠ ♠❡❞✐DY❡+ ❝♦♥+❡❝✉-✐✈❛+ +0♦ ♠✉✐-♦ ❞✐+-✐♥-❛+✱ +❡♥❞♦ ❛+ ❝✉%✈❛+ ♦❜-✐❞❛+ ♥❛

♠❡+♠❛ ✐♥-❡%✈❡♥D0♦ ❞♦ ❞✐+❥✉♥-♦%✳ ❆❧H♠ ❞✐++♦✱ ❛+ ❝✉%✈❛+ ♦❜-✐❞❛+ ♥♦+ ❡♥+❛✐♦+ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧

♣♦++✉❡♠ ♠✉✐-♦+ ♣✐❝♦+✱ ❞✐✜❝✉❧-❛♥❞♦ ❛ ✐❞❡♥-✐✜❝❛D0♦ ❞♦ ♣♦♥-♦ ❞❡ +❡♣❛%❛D0♦ ❞♦+ ❝♦♥-❛-♦+ ♣%✐♥❝✐♣❛✐+✱

❡ ❝♦♥+❡B✉❡♥-❡♠❡♥-❡ ❞✐✜❝✉❧-❛♥❞♦ ♦ ❞✐❛❣♥K+-✐❝♦ ❞♦ ❝♦♥-❛-♦✳ ❖+ ❛✉-♦%❡+ ❛✜%♠❛♠ B✉❡ ❡♠ ✈❡❧♦❝✐❞❛❞❡

%❡❞✉③✐❞❛✱ ♦+ ♣♦♥-♦+ ❞❡ +❡♣❛%❛D0♦ ❞♦+ ❝♦♥-❛-♦+ ♣%✐♥❝✐♣❛✐+ ❡ ❞❡ ❛%❝♦ ♣♦❞❡♠ +❡% ❢❛❝✐❧♠❡♥-❡ ✈✐+✉❛❧✐③❛❞♦+

♥❛ ❝✉%✈❛ ❞❛ ▼❘❉✳ ❖ +✐+-❡♠❛ ♣%♦♣♦+-♦ ♣❡❧♦+ ❛✉-♦%❡+ ♣❛%❛ ♦ ❡♥+❛✐♦ ❞❛ ▼❘❉ ♣%❡✈O ❛ ♥❡❝❡++✐❞❛❞❡ ❞❡

✐♥❥❡D0♦ ❞❡ ✉♠❛ ❝♦%%❡♥-❡ ❝♦♥-U♥✉❛ ❞❡ -❡+-❡ ❝♦♠ ♣❡❧♦ ♠❡♥♦+ ✶✵✵ ❆ ❞❡ ❛♠♣❧✐-✉❞❡✳ ❆❞✐❝✐♦♥❛❧♠❡♥-❡✱ ♦

+✐+-❡♠❛ ✉-✐❧✐③❛ ✉♠ ♠K❞✉❧♦ ❞❡ ❛B✉✐+✐D0♦ ❞❡ ❞❛❞♦+ ♣❛%❛ ❣%❛✈❛D0♦ ❞♦+ +✐♥❛✐+ ❞❡ ❝♦%%❡♥-❡ ❡ B✉❡❞❛ ❞❡
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"❡♥%&♦ ♥♦% "❡(♠✐♥❛✐% ❞♦ ❞✐%❥✉♥"♦( ❝♦♠ ❛% %❡❣✉✐♥"❡% ❝❛(❛❝"❡(1%"✐❝❛%✿ ✸ ❝❛♥❛✐% ❛♥❛❧5❣✐❝♦% ❞❡ ❡♥"(❛❞❛✱

❝♦♠ (❡%♦❧✉7&♦ ❞❡ ✶✷ ❜✐"%✱ ❢(❡<✉=♥❝✐❛ ❞❡ ❛♠♦%"(❛❣❡♠ ♠❛✐♦( <✉❡ ✶✵ ❦❍③❀ "❡♠♣♦ ❞❡ ❛<✉✐%✐7&♦ "♦"❛❧

❞❡ ✸✵ ✲ ✶✵✵ %❀ ♣♦%%✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①&♦ ❝♦♠ ✉♠ ❝♦♠♣✉"❛❞♦( ♣♦("F"✐❧ ♣❛(❛ ♣(♦❝❡%%❛♠❡♥"♦ ❞♦% ❞❛❞♦%✳

H❛(❛ ♦ ❞✐❛❣♥5%"✐❝♦ ❞❛ ❝♦♥❞✐7&♦ ❞♦% ❝♦♥"❛"♦% ♦ ♣(✐♥❝✐♣❛❧ ♣❛(I♠❡"(♦ ❛✈❛❧✐❛❞♦ K ❛ F(❡❛ ❞❛ ❝✉(✈❛ ❞❛

▼❘❉ ❡♠ (Ω.s)✳ ◗✉❛♥"♦ ♠❛✐♦( ❛ F(❡❛ ❞❛ ❝✉(✈❛ ❞❛ ▼❘❉ ♠❛✐♦( ♦ ♥1✈❡❧ ❞❡ ❞❡❣(❛❞❛7&♦ ❞♦ ❝♦♥"❛"♦✳
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❞✐#❥✉♥(♦$ ❡ ♠❛✐♦$❡# ❝✉#(♦# ♣❛$❛ $❡❛❧✐③❛56♦ ❞♦ ❡♥#❛✐♦✳ ❍; ❛✐♥❞❛ ❞❡ #❡ ❝♦♥#✐❞❡$❛$ ❛ $❡#($✐56♦ ❞❡ ❡#♣❛5♦

❡♠ ❛❧❣✉♠❛# #✉❜❡#(❛58❡# ♣❛$❛ $❡❛❧✐③❛56♦ ❞♦ ❡♥#❛✐♦ ❡♠ #❡❣✉$❛♥5❛✳

✭▲■◆●❏■❊ ❡( ❛❧✳✱ ✷✵✵✽✮ ❞❡#❡♥✈♦❧✈❡$❛♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❞✐❛❣♥\#(✐❝♦ ❞❡ ❢❛❧❤❛ ♣❛$❛ ❞✐#❥✉♥(♦$❡#

❞❡ ❛❧(❛ (❡♥#6♦ ❞♦ (✐♣♦ ❙❋6✳ ❖# ❛✉(♦$❡# #✉❣❡$❡♠ ♦ ♠♦♥✐(♦$❛♠❡♥(♦ ♦♥❧✐♥❡ ❞❡ ♣❛$^♠❡($♦# ❝❛$❛❝(❡$?#(✐❝♦#

❞♦# ❞✐#❥✉♥(♦$❡#✱ ❝♦♠ ❜❛#❡ ❡♠ ❛♥;❧✐#❡ ❡#(❛(?#(✐❝❛ #♦❜$❡ ❛ ❝♦♥❞✐56♦ ♦♣❡$❛❝✐♦♥❛❧ ❞❡ ❞✐#❥✉♥(♦$❡# ❡ ❤✐#(\$✐❝♦

❞❡ ❢❛❧❤❛#✳ ❖ ♠♦❞❡❧♦ (❡♠ ❝♦♠♦ ♣❛$^♠❡($♦# ♦# ❞❛❞♦# ❞❡ ❢❛❧❤❛# ❛♣$❡#❡♥(❛❞♦# ♣❡❧♦# ❡#(✉❞♦# ❞♦ ❈■●❘❊

❲♦$❦✐♥❣ ●$♦✉♣ ✶✸✳✵✻ ❘❡❧✐❛❜✐❧✐(② ♦❢ ❍✐❣❤ ❱♦❧(❛❣❡ ❈✐0❝✉✐(✲❇0❡❛❦❡06 ❡ ♣❡❧❛ ❤✐#(\$✐❝♦ ❞♦# #✐#(❡♠❛ ❞❡

❡♥❡$❣✐❛ ❞❛ ❝♦♥❝❡##✐♦♥;$✐❛ ❈❤✐♥❛ ❊❧❡❝(0✐❝ 8♦✇❡0 ❘❡6❡❛0❝❤ ■♥6(✐(✉(❡✳ ❖ ♠♦❞❡❧♦ T ❢✉♥❞❛♠❡♥(❛❞♦ ❡♠

❧\❣✐❝❛ ❋✉③③②✱ ♣❛$❛ ❡#(✐♠❛$ ♦ (✐♣♦ ❞❡ ❢❛❧❤❛ ♥♦ ❞✐#❥✉♥(♦$ ❡♠ ❢✉♥56♦ ❞♦# ♣❛$^♠❡($♦# ♠♦♥✐(♦$❛❞♦#✳ ◆♦
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♠♦❞❡❧♦ &'♦ ♠♦♥✐*♦+❛❞♦& ✶✺ ♣❛+0♠❡*+♦& ❞♦ ❞✐&❥✉♥*♦+ ❡ ❞✐❛❣♥♦&*✐❝❛❞♦& ✶✹ *✐♣♦& ❞❡ ❢❛❧❤❛&✳ 9❛+❛ ❝❛❞❛ ✉♠

❞♦& ✶✺ ♣❛+0♠❡*+♦& ♠♦♥✐*♦+❛❞♦& : ❡&*❛❜❡❧❡❝✐❞❛ ✉♠❛ +❡❧❛<'♦ ❞❡ ♣❡+*✐♥=♥❝✐❛ ❝♦♠ ♦& ✶✹ *✐♣♦& ❞❡ ❢❛❧❤❛✳

❙❡❣✉♥❞♦ ♦& ❛✉*♦+❡&✱ ❛ ❧@❣✐❝❛ ❋✉③③② &✉♣❡+❛ ❛& ❞✐✜❝✉❧❞❛❞❡& ❛♣+❡&❡♥*❛❞❛& ♣❡❧♦& ♦& &✐&*❡♠❛& ❜❛&❡❛❞♦& ❡♠

+❡❞❡& ♥❡✉+❛✐&✱ B✉❡ ♣+❡❝✐&❛♠ ❞❡ ❣+❛♥❞❡& B✉❛♥*✐❞❛❞❡& ❞❡ ❞❛❞♦& ♥❛ ❢❛&❡ ❞❡ *+❡✐♥❛♠❡♥*♦✳ ❖ ❞✐❛❣♥@&*✐❝♦

❞❡ ❢❛❧❤❛& ❜❛&❡❛❞♦ ❡♠ ♠♦❞❡❧♦& ❋✉③③② ❛♣+❡&❡♥*❛ ❝♦♠♦ ♣+✐♥❝✐♣❛❧ ✈❛♥*❛❣❡♠✱ ♦ ❢❛*♦ ❞❡ ♣❡+♠✐*✐+❡♠ ❛❞♦*❛+

❛& ❝❛+❛❝*❡+E&*✐❝❛& ❡&&❡♥❝✐❛✐& ❞♦ ❝♦♠♣♦+*❛♠❡♥*♦✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥&✐❞❡+❛<'♦ ❛& ✐♥❝❡+*❡③❛& ❡ ✐♠♣+❡❝✐&G❡&

❛&&♦❝✐❛❞❛& ❛ ❝❛❞❛ ♣❛+0♠❡*+♦✳

❖ ❡&*✉❞♦ ❞❡&❡♥✈♦❧✈✐❞♦ ♣♦+ ✭▲■◆●❏■❊ ❡* ❛❧✳✱ ✷✵✵✽✮ ❡♥❞♦&&❛ S ❛♣❧✐❝❛<'♦ ❞❛ ❧@❣✐❝❛ ❋✉③③② ♥♦

♠♦♥✐*♦+❛♠❡♥*♦ ❞❡ ❡B✉✐♣❛♠❡♥*♦&✱ ♣+✐♥❝✐♣❛❧♠❡♥*❡ ♣❛+❛ ♦& ❝❛&♦& ❡♠ B✉❡ ❤T ✉♠ ❜❛♥❝♦ ❞❡ ❞❛❞♦& ❧✐♠✐*❛❞♦✱

&✐♠♣❧✐✜❝❛❞♦ ♦& +❡&✉❧*❛❞♦&✱ ♠❛& ♥'♦ ❝♦♠♣+♦♠❡*❡♥❞♦ ❛ ❡✜❝✐=♥❝✐❛ ❞♦ &✐&*❡♠❛✳ ❆❞✐❝✐♦♥❛❧♠❡♥*❡✱ ♦ ❡&*✉❞♦

&✉❣❡+❡ ♦ ♠♦♥✐*♦+❛♠❡♥*♦ ✐♥❞✐+❡*♦ ❞♦& ❝♦♥*❛*♦& ❡♠ ❢✉♥<'♦ ❞❛ *❡♠♣❡+❛*✉+❛ ❞❛ ❝0♠❛+❛✱ ♦ B✉❡ ♣♦❞❡ ♣+♦✈❡+

❡①❝❡❧❡♥*❡& +❡&✉❧*❛❞♦& &♦❜+❡ ❝♦♥❞✐<'♦ ❞♦& ❝♦♥*❛*♦& ♣+✐♥❝✐♣❛✐& ♣❛+❛ ❞✐&❥✉♥*♦+❡& ❡♠ &❡+✈✐<♦✳

✭9❆◆❈❯ ❡* ❛❧✳✱ ✷✵✵✽✮ ♣+♦♣✉&❡+❛♠ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛*❡♠T*✐❝❛ ♣❛+❛ ❡&*✐♠❛*✐✈❛ ❞♦ ♥E✈❡❧

❞❡ ❡+♦&'♦ ❞♦& ❝♦♥*❛*♦& ❛ ♣❛+*✐+ ❞♦ ✈♦❧✉♠❡ ❞❡ ♠❛&&❛ *+❛♥&❢❡+✐❞❛ ❞♦& ❝♦♥*❛*♦& ❞✉+❛♥*❡ ❛& ♦♣❡+❛<G❡&

❞❡ ❛❜❡+*✉+❛ ❡♠ ❝✉+*♦✲❝✐+❝✉✐*♦✳ ❙❡❣✉♥❞♦ ♦& ❛✉*♦+❡&✱ ❛ ❡❧❡*+♦❡+♦&'♦ ❞♦& ❝♦♥*❛*♦& ❡&*T ❞✐+❡*❛♠❡♥*❡

❛&&♦❝✐❛❞❛ ❛♦ ♥Z♠❡+♦ ❞❡ ❝♦♠✉*❛<G❡& ❡ ❛♦ ✈❛❧♦+ +♠& ❞❛ ❝♦++❡♥*❡ ❞❡ ❝✉+*♦✲❝✐+❝✉✐*♦ ❛&&♦❝✐❛❞♦ ❛ ❝❛❞❛

❝♦♠✉*❛<'♦✱ ❛❧:♠ ❞♦ ♣❡+E♦❞♦ ❞❡ ❞✉+❛<'♦ ❞♦ ❛+❝♦ ❡❧:*+✐❝♦✳

❆❞✐❝✐♦♥❛❧♠❡♥*❡✱ ♦ ♥E✈❡❧ ❞❡ ❡+♦&'♦ ❞♦& ❝♦♥*❛*♦& ❞❡♣❡♥❞❡ ❛✐♥❞❛ ❞❡ ♣❛+0♠❡*+♦& *❡+♠♦❢E&✐❝♦& ❞♦&

♠❛*❡+✐❛✐& ❞♦& ❝♦♥*❛*♦& ❡ ❞❛& ❝♦♥❞✐<G❡& ❛♠❜✐❡♥*❛✐& B✉❡ ♦ ❞✐&❥✉♥*♦+ ❡&*T &✉❜♠❡*✐❞♦✳ ❈♦♠ ❜❛&❡ ♥♦ ♥E✈❡❧

❞❛ ❝♦++❡♥*❡ ❞❡ ❝✉+*♦✲❝✐+❝✉✐*♦✱ ❞♦✐& ❡B✉❛❝✐♦♥❛♠❡♥*♦& ♣❛+❛ &❡ ❞❡*❡+♠✐♥❛+ ♦ ♥Z♠❡+♦ ❞❡ ♦♣❡+❛<G❡& &❡❣✉+❛&

B✉❡ ♦ ❞✐&❥✉♥*♦+ ♣♦❞❡ ❡①❡❝✉*❛+ ❢♦+❛♠ ♣+♦♣♦&*♦&✱ ✉♠ B✉❛♥❞♦ ❛ ❝♦++❡♥*❡ ❞❡ ❝✉+*♦✲❝✐+❝✉✐*♦ : ♠❡♥♦+ B✉❡

✸✺% ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❞✐&❥✉♥*♦+✱ ❡ ♦✉*+❛ ♣❛+❛ ❝♦++❡♥*❡& ❞❡ ❝✉+*♦✲❝✐+❝✉✐*♦ ♠❛✐♦+ B✉❡ ✸✺% ❞❛ ❝❛♣❛❝✐❞❛❞❡

❞♦ ❞✐&❥✉♥*♦+✳ ❈♦♠ ❜❛&❡ ♥❛ ♠♦❞❡❧❛❣❡♠ ♠❛*❡♠T*✐❝❛ ♣+♦♣♦&*❛✱ ✉♠ &✐&*❡♠❛ ❞❡ ♣+♦❝❡&&❛♠❡♥*♦ ❞❡ ❞❛❞♦&

✉*✐❧✐③❛♥❞♦ ✉♠ ♠✐❝+♦❝♦♥*+♦❧❛❞♦+ ❢♦✐ ❞❡&❡♥✈♦❧✈✐❞♦ ❡ ♣+♦❣+❛♠❛❞♦ ♣❛+❛ ❡&*✐♠❛+ ♦ ♥Z♠❡+♦ ❞❡ ♦♣❡+❛<G❡& ❞♦

❞✐&❥✉♥*♦+✳ 9♦+ ♠❡✐♦ ❞❡ &❡♥&♦+❡& ✐♥&*❛❧❛❞♦& ♥♦ ❞✐&❥✉♥*♦+ ❡\♦✉ ♥❛ &✉❜❡&*❛<'♦✱ ♦& ♣❛+0♠❡*+♦& ✭❝♦++❡♥*❡

❞❡ ❝✉+*♦✲❝✐+❝✉✐*♦✱ *❡♠♣♦ ❞❡ ❛+❝♦ ❡ ❝♦♥❞✐<G❡& ❛♠❜✐❡♥*❛✐&✮ ❢♦+❛♠ ✉*✐❧✐③❛❞♦& ❝♦♠♦ ❞❛❞♦& ❞❡ ❡♥*+❛❞❛ ♥♦

♠✐❝+♦❝♦♥*+♦❧❛❞♦+✳ ❈♦♠ ❛ ♠❛♥✐♣✉❧❛<'♦ ❞♦& ❞❛❞♦& ❞❡ ❡♥*+❛❞❛ ♦ &✐&*❡♠❛ ❢♦+♥❡❝❡ ✉♠❛ ❡&*✐♠❛*✐✈❛ ❞♦

♥E✈❡❧ ❞❡ ❡+♦&'♦ ❞♦& ❝♦♥*❛*♦&✱ ♦ ❞❡&❣❛&*❡ ❧✐♥❡❛+ ❞♦ ❝♦♥*❛*♦ ❞❡ ❛+❝♦ ✭❝♦♠♣+✐♠❡♥*♦ ❞♦ ❛+❝♦✮ ❡ ❡&*✐♠❛*✐✈❛

❞♦ ♥Z♠❡+♦ ♦♣❡+❛<G❡& ❞♦ ❞✐&❥✉♥*♦+✳ ❙❡❣✉♥❞♦ ♦& ❛✉*♦+❡&✱ ❝♦♠ ❛ ❡&*✐♠❛*✐✈❛ ❞❛ ❡❧❡*+♦❡+♦&'♦ +❡❛❧ ❞♦&

❝♦♥*❛*♦& &❡+T ♣♦&&E✈❡❧ ✐♥❞✐❝❛+ ♦ ♠♦♠❡♥*♦ ❞❛ &✉❜&*✐*✉✐<'♦ ❞♦& ❝♦♥*❛*♦&✱ ♦ B✉❡ ♣❡+♠✐*❡ B✉❡ ❤❛❥❛ ✉♠
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❝♦♥%&♦❧❡ ♠❛✐, ❡✜❝✐❡♥%❡ ,♦❜&❡ ❛ ♠❛♥✉%❡♥01♦ ❡ ♦♣❡&❛01♦ ❞♦, ❞✐,❥✉♥%♦&❡,✳

❖ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ♣♦& ✭8❆◆❈❯ ❡% ❛❧✳✱ ✷✵✵✽✮ ❛♣&❡,❡♥%❛ ❝♦♠ ♣&✐♥❝✐♣❛❧ ✈❛♥%❛❣❡♠ ❛ ♣♦,,✐❜✐❧✐✲

❞❛❞❡ ❞❡ ♠♦♥✐%♦&❛♠❡♥%♦ ❡♠ %❡♠♣♦ &❡❛❧ ❞♦ ❞✐,❥✉♥%♦&✳ ❊♥%&❡%❛♥%♦✱ ❛ ♣❡,F✉✐,❛ ♥1♦ ❛♣&❡,❡♥%❛ &❡,✉❧%❛❞♦,

❞❡ ✈❛❧✐❞❛0G❡, ❡♥%&❡ ♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ❡ ✐♥,♣❡0G❡, ❞❡ ❝♦♥%❛%♦, ❞❡ ❝H♠❛&❛, ❞❡ ❡①%✐♥01♦ ❡♠ ,❡&✈✐0♦✱

,❡♥❞♦ ❛♣&❡,❡♥%❛❞♦ ❛♣❡♥❛, ✉♠ ❝♦♠♣❛&❛%✐✈♦ ❞♦ ♥J♠❡&♦ ❞❡ ♦♣❡&❛0G❡, ❞♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ❝♦♠ ❞❛❞♦,

❞❡ ♠❛♥✉❢❛%✉&❛ ❞✐,♣♦♥✐❜✐❧✐③❛❞♦ ♣♦& ✉♠ ❢❛❜&✐❝❛♥%❡✳ ❊♠❜♦&❛ ♥1♦ ,❡ ❝♦♥❤❡0❛ ♦ ❣&❛✉ ❞❡ ❡✜❝✐N♥❝✐❛ ❞♦

,✐,%❡♠❛ ♣&♦♣♦,%♦✱ ♣&❡,✉♠❡✲,❡ F✉❡ ♦ ,✐,%❡♠❛ ,❡❥❛ ♠❛✐, ❡✜❝✐❡♥%❡ F✉❡ ❛, ❝✉&✈❛, ❞❡ ♥J♠❡&♦ ❞❡ ♠❛♥♦❜&❛,

❛❞♠✐,,O✈❡✐, ✈❡&,✉, ❝♦&&❡♥%❡ ❞❡ ✐♥%❡&&✉♣01♦ ❞♦ ❞✐,❥✉♥%♦&✱ ❞✐,♣♦♥✐❜✐❧✐③❛❞♦, ♣❡❧♦, ❢❛❜&✐❝❛♥%❡,✱ ✈✐,%♦ F✉❡

❛, ❝✉&✈❛, ,1♦ ♠♦❞❡❧❛❞❛, ❡♠ ❢✉♥01♦ ❞❛ ♠P①✐♠❛ ❝♦&&❡♥%❡ &❡❣✐,%&❛❞❛ ❞✉&❛♥%❡ ♦ ❝✉&%♦✲❝✐&❝✉✐%♦✱ ✐♥❞❡♣❡♥✲

❞❡♥%❡♠❡♥%❡ ❞♦ %❡♠♣♦ ❞❡ ❞✉&❛01♦ ❞♦ ❝✉&%♦✲❝✐&❝✉✐%♦✱ ❡♥F✉❛♥%♦ F✉❡ ♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ✉%✐❧✐③❛ ♦ ✈❛❧♦&

&♠, ❞❛ ❝♦&&❡♥%❡ ❞❡ ❝✉&%♦✲❝✐&❝✉✐%♦ ❡ %❡♠♣♦ ❞♦ ❝✉&%♦✲❝✐&❝✉✐%♦✳ 8❛&❛ ,❡ ❛✈❛❧✐❛& ❛ ❡✜❝✐N♥❝✐❛ ❞♦ ,✐,%❡♠❛✱

♦ %&❛❜❛❧❤♦ ❞❡✈❡&✐❛ %❡& ❝♦♥❢&♦♥%❛❞♦ ♦, &❡,✉❧%❛❞♦, ♦❜%✐❞♦, ❝♦♠ ♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ❡ ❝♦♠♣❛&❛❞♦ ❝♦♠ ❛

▼❘❉ ❡✴♦✉ ♦✉%&❛, %U❝♥✐❝❛, ❥P ❝♦♥,♦❧✐❞❛❞❛,✳

❖✉%&❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❛♣❧✐❝❛01♦ ❞♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦✱ U F✉❡ ♦ ♠❡,♠♦ ♥❡❝❡,,✐%❛ ♠♦♥✐%♦&❛& ♦,

♣❛&H♠❡%&♦, ❞❡ ❝✉&%♦✲❝✐&❝✉✐%♦ ❞❡,❞❡ ♦ ❝♦♠✐,,✐♦♥❛♠❡♥%♦ ❞♦ ❡F✉✐♣❛♠❡♥%♦✱ ✐♥✈✐❜✐❛❧✐③❛♥❞♦ ❛ %U❝♥✐❝❛ ♣❛&❛

❞✐,❥✉♥%♦&❡, ❥P ✐♥,%❛❧❛❞♦,✳

✭❙❚❆◆■❙■❈❀ ◆❊■▼❆◆■❙✱ ✷✵✶✵✮ ❞❡,❡♥✈♦❧✈❡&❛♠ ✉♠ ,✐,%❡♠❛ ❡❧❡%&[♥✐❝♦ ♣♦&%P%✐❧ ❝♦♠♦ ❛❧%❡&♥❛✲

%✐✈❛ ♣❛&❛ ♠❡❞✐01♦ ❞❛ &❡,✐,%N♥❝✐❛ ❞❡ ❝♦♥%❛%♦ ❡,%P%✐❝❛ ♦✉ ❞✐♥H♠✐❝❛✳ ❖, ❛✉%♦&❡, ❞❡,%❛❝❛♠ F✉❡ ♦ ✉,♦ ❞❡

❜❛%❡&✐❛, ❞❡ ❛❧❣✉♥, ,✐,%❡♠❛, ❝♦♥✈❡♥❝✐♦♥❛✐, ♣❛&❛ ♦ ❡♥,❛✐♦ ❞❛ ▼❘❉ %♦&♥❛ ♦ ,✐,%❡♠❛ ❜❛,%❛♥%❡ ♣❡,❛❞♦✱

❜❡♠ ❝♦♠♦ ❛ ❞❡,✈❛♥%❛❣❡♠ ❞♦, ❝♦♥✈❡&,♦&❡, ❈❈✴❈❈ ♣&❡,❡♥%❡, ❡♠ ❛❧❣✉♥, ❡F✉✐♣❛♠❡♥%♦, ❣❡&❛♠ ❛❧%♦

♥O✈❡❧ ❞❡ &✉O❞♦ ❞❡ ❝❤❛✈❡❛♠❡♥%♦✱ F✉❡ ♥❡❝❡,,✐%❛ ,❡& ✜❧%&❛❞♦✱ ❛✉♠❡♥%❛♥❞♦ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ,✐,%❡♠❛ ❞❡

♠❡❞✐01♦✳ 8❛&❛ ❛♣❧✐❝❛01♦ ❞❛ ❝♦&&❡♥%❡ ❞❡ %❡,%❡ ♣❛&❛ ❛ ▼❘❉✱ ♦, ❛✉%♦&❡, ♣&♦♣✉,❡&❛♠ ❛ ,✉❜,%✐%✉✐01♦ ❞❛,

❜❛%❡&✐❛, ♣♦& ✉♠ ✉❧%&❛ ❝❛♣❛❝✐%♦& ✭✶✵✵ ✲ ✻✵✵ ❋✮ ❝♦♠ ❜❛✐①O,,✐♠❛ &❡,✐,%N♥❝✐❛ ✐♥%❡&♥❛ ✭✵✱✺ ✲ ✸ mΩ✮✱ F✉❡

♣&♦❞✉③✐&✐❛ ✉♠❛ ❝♦&&❡♥%❡ ❞❡ %❡,%❡ ❞❡ ❛♣&♦①✐♠❛❞❛♠❡♥%❡ ✷✺✵ ❆✳ ❆❞✐❝✐♦♥❛❧♠❡♥%❡✱ ♦ ,✐,%❡♠❛ ✉%✐❧✐③❛ ✉♠

♠_❞✉❧♦ ❞❡ ❛F✉✐,✐01♦ ❞❡ ❞❛❞♦, ♣❛&❛ ❣&❛✈❛01♦ ❞♦, ,✐♥❛✐, ❞❡ ❝♦&&❡♥%❡ ❡ F✉❡❞❛ ❞❡ %❡♥,1♦ ♣♦& ♠❡✐♦ ❞❡

✉♠ ❝♦♥✈❡&,♦& ❆✴❉ ❞❡ ✶✷ ❜✐%,✱ ♦ F✉❡ ♣&♦♣♦&❝✐♦♥❛&✐❛ ✉♠❛ ❡①❛%✐❞1♦ ❞❛, ♠❡❞✐0G❡, ❞❡ ±✵✱✺%✳ ❖ ,✐,%❡♠❛

♣&♦♣♦,%♦ ♣♦,,✉✐ ✉♠ ❝✐&❝✉✐%♦ ❞❡ ❝♦♥%&♦❧❡ ♣❛&❛ ✐♥❥❡01♦ ❞❛ ❝♦&&❡♥%❡ ❡ ❛F✉✐,✐01♦ ❞♦, ❞❛❞♦,✳

❖ ,✐,%❡♠❛ ♣&♦♣♦,%♦ ♣♦& ✭❙❚❆◆■❙■❈❀ ◆❊■▼❆◆■❙✱ ✷✵✶✵✮ ❛♣&❡,❡♥%❛ ❝♦♠ ♣&✐♥❝✐♣❛❧ ✈❛♥%❛❣❡♠

❛ ♣♦,,✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥❞❡♣❡♥❞N♥❝✐❛ ❞♦, ,✐,%❡♠❛, ❛%✉❛❧♠❡♥%❡ ❝♦♠❡&❝✐❛❧✐③❛❞♦,✳ ❊♥%&❡%❛♥%♦✱ ❛ ♣❡,F✉✐,❛

♥1♦ ❛♣&❡,❡♥%❛ &❡,✉❧%❛❞♦, ❞❛ ▼❘❉ ♦❜%✐❞❛ ❝♦♠ ♦ ,✐,%❡♠❛ ♣&♦♣♦,%♦✱ ♦ F✉❡ ♣♦,,✐❜✐❧✐%❛&✐❛ ❛✈❛❧✐❛& ❛



❈❛♣#$✉❧♦ ✸ ✕ ❘❡✈✐./♦ ❇✐❜❧✐♦❣34✜❝❛ ✻✽

❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❡ ❡✜❝✐+♥❝✐❛ ❞♦ .✐./❡♠❛✳

✭❏❊❨❆❘❆❏❀ ❍❆❇❚❆❨✱ ✷✵✶✶✮ ❛✈❛❧✐❛B❛♠ ❛ ❡✜❝✐+♥❝✐❛ ❞❡ ❛❧❣✉♠❛. /E❝♥✐❝❛. ❞❡ ❛♥F❧✐.❡ ❞♦ ❡./❛❞♦

♦♣❡B❛/✐✈♦ ❞♦. ❞✐.❥✉♥/♦B❡.✱ ❞❡./❛❝❛♥❞♦ ❛ ♥❡❝❡..✐❞❛❞❡ ❞❡ ✐♠♣❧❛♥/❛HI♦ ❞❡ ♥♦✈❛. /E❝♥✐❝❛. ❝♦♠♣B♦✈❛❞❛✲

♠❡♥/❡ ♠❛✐. ❡✜❝✐❡♥/❡.✱ K✉❡ ❛. /E❝♥✐❝❛. ❝♦♥✈❡♥❝✐♦♥❛✐.✱ ❞❡ ♠♦❞♦ ❛ ❡❝♦♥♦♠✐③❛B /❡♠♣♦ ❡ ❞✐♥❤❡✐B♦ ♣♦B

♣❛B/❡ ❞❛. ❝♦♥❝❡..✐♦♥FB✐❛.✳ ❙❡❣✉♥❞♦ ♦. ❛✉/♦B❡. ❤F ✉♠❛ B❡❧✉/O♥❝✐❛ ♠✉✐/♦ ❣B❛♥❞❡ ♣♦B ♣❛B/❡ ❞❛. ❝♦♥✲

❝❡..✐♦♥FB✐❛. ♥❛ ❛❞♦HI♦ ❞❡ ♥♦✈❛. ♠❡/♦❞♦❧♦❣✐❛.✱ ✜❝❛♥❞♦ ❛ ❛♥F❧✐.❡ ❞❡ ❞✐.❥✉♥/♦B❡. B❡./B✐/❛ ❛ /❡./❡. ❞❡

B❡.✐./+♥❝✐❛ ❡./F/✐❝❛ ❡ ♠❡❞✐HI♦ ❞♦. /❡♠♣♦. ❞❡ ♦♣❡B❛HI♦ ♥❛ ❛❜❡B/✉B❛ ❡ ♥♦ ❢❡❝❤❛♠❡♥/♦ ❞♦. ❝♦♥/❛/♦.✱

♠✉✐/❛. ✈❡③❡. ♣♦B ♠❡✐♦ ❞❡ ✐♥❛❞❡K✉❛❞♦. ❡K✉✐♣❛♠❡♥/♦. ❞❡ /❡./❡✳ ❖. ❛✉/♦B❡. ❞❡./❛❝❛B❛♠ ❛ ✐♠♣♦B/O♥❝✐❛

❞❛ ❛♣❧✐❝❛HI♦ ❞❡ /E❝♥✐❝❛. ❝♦♠♦ ❛ ▼❘❉✱ ♠❡❞✐HI♦ ❞❛ ❝❛♣❛❝✐/O♥❝✐❛ ❞✐♥O♠✐❝❛ ✭▼❈❉✮ ❡ .✐♥❛✐. ❛❝U./✐❝♦.

B❡❧❛❝✐♦♥❛❞♦. ❛ ✈✐❜B❛HI♦ ❞♦. ❝♦♥/❛/♦. ♥❛ ❛✈❛❧✐❛HI♦ ❞❡ ❞✐.❥✉♥/♦B❡. ❞❡ ❛❧/❛ /❡♥.I♦ ❡♠ .❡B✈✐H♦✳ ❙❡❣✉♥❞♦

♦. ❛✉/♦B❡. ♥❡♥❤✉♠❛ /E❝♥✐❝❛ ❡♠ ♣❛B/✐❝✉❧❛B ❢♦B♥❡❝❡BF ✉♠ ❞✐❛❣♥V./✐❝♦ ❝♦♠♣❧❡/♦ ❞♦ ❞✐.❥✉♥/♦B✳ ❆❧E♠

❞✐..♦✱ ❛. /E❝♥✐❝❛. ❞❡✈❡♠ .❡B ❝❧❛B❛. ❡ ❞❡ ❢F❝✐❧ ✐♥/❡B♣B❡/❛HI♦✱ ❝❛.♦ ❝♦♥/BFB✐♦✱ ❛ /♦♠❛❞❛ ❞❡ ❞❡❝✐.I♦

.❡BF ❞❡♠♦B❛❞❛✱ ✐♥✈✐❛❜✐❧✐③❛♥❞♦ ❛ ✐♠♣❧❛♥/❛HI♦ ❞❛ /E❝♥✐❝❛✱ .❡♥❞♦ K✉❡ ❛ ❡✜❝✐+♥❝✐❛ ❞❛ /E❝♥✐❝❛ ❞❡♣❡♥❞❡

❞♦ /❡♠♣♦ ♥❡❝❡..FB✐♦ ♣❛B❛ B❡❛❧✐③❛B ♦. ❡♥.❛✐♦.✱ ❜❡♠ ❝♦♠♦ ❞❛ K✉❛❧✐❞❛❞❡ ❞♦. B❡.✉❧/❛❞♦. ❡ ❢❛❝✐❧✐❞❛❞❡ ❞❡

✐♥/❡B♣B❡/❛HI♦✳ ❊♠ ❢✉♥HI♦ ❞❡ ❛❧❣✉♥. ❡./✉❞♦. ❞❡ ❝❛.♦✱ ❛ /E❝♥✐❝❛ ❞❛ ▼❘❉ ❛..♦❝✐❛❞❛ ❝♦♠ .❡♥.♦B❡. ❞❡

❞❡.❧♦❝❛♠❡♥/♦ ❞♦ ❝♦♥/❛/♦ ♠V✈❡❧ ❢♦✐ ❛✈❛❧✐❛❞❛✱ .❡♥❞♦ ♦. .❡❣✉✐♥/❡. ❡./✉❞♦. ❞❡ ❝❛.♦ ❛♥❛❧✐.❛❞♦.✿

• ❡./✉❞♦ ❞❡ ❝❛.♦ ✶✿ ◆❛ ❛✈❛❧✐❛HI♦ ❞♦ ❞✐.❥✉♥/♦B ❙❋6 ❞❡ ✉♠ B❡❛/♦B ❞❡ ❜❛BB❛♠❡♥/♦ ❞❡ ✹✵✵ ❦❱ ❝♦♠

✽ ❛♥♦. ❡ ✶✹✵✵ ♦♣❡B❛H]❡.✱ ♦ ❡♥.❛✐♦ ❞❛ ▼❘❉ B❡.✉❧/♦✉ ❡♠ ✉♠❛ ❝✉B✈❛ ❢♦B❛ ❞♦ ♣❛❞BI♦✱ ♥I♦ .❡♥❞♦

✐❞❡♥/✐✜❝❛❞♦ ❛♥♦B♠❛❧✐❞❛❞❡ ♥♦. ♦✉/B♦. ❡♥.❛✐♦. ❞♦ ❞✐.❥✉♥/♦B✳ ❆♣V. ❛ ❛❜❡B/✉B❛ ❞❛ ❝O♠❛B❛ ❢♦✐

✐❞❡♥/✐✜❝❛❞♦ ❞❡❢♦B♠❛HI♦ ♥♦ ❝♦♥/❛/♦ ❛B❝♦ ♠V✈❡❧✱ ♣❛B❛❢✉.♦ ❞❡ ✜①❛HI♦ ❞♦ ❝♦♥/❛/♦ ♣B✐♥❝✐♣❛❧ ♠V✈❡❧

.♦❧/♦✱ ❜♦❝❛❧ ❞❡ /❡✢♦♥ /B✐♥❝❛❞♦✱ ❛BB❛♥❤]❡. ♥♦ ❝♦♥/❛/♦ ♣B✐♥❝✐♣❛❧ ♠V✈❡❧❀

• ❡./✉❞♦ ❞❡ ❝❛.♦ ✷✿ ◆❛ ❛✈❛❧✐❛HI♦ ❞♦ ❞✐.❥✉♥/♦B ❞❡ ✉♠ B❡❛/♦B ❞❡ ❜❛BB❛♠❡♥/♦ ❞❡ ✹✵✵❦❱✱ ✺✵▼❱❆❘✱

♦ ❡♥.❛✐♦ ❞❡ B❡.✐./+♥❝✐❛ ❡./F/✐❝❛ B❡.✉❧/♦✉ ❡♠ ✈❛❧♦B❡. ❛❝✐♠❛ ❞♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❖ ❡♥.❛✐♦ ❞❛ ▼❘❉

B❡.✉❧/♦✉ ❡♠ ✉♠❛ ❝✉B✈❛ ❢♦B❛ ❞♦ ♣❛❞BI♦✳ ❆♣V. ❛ ❛❜❡B/✉B❛ ❞❛ ❝O♠❛B❛ ❢♦✐ ✐❞❡♥/✐✜❝❛❞♦ ❞❡❢♦B♠❛HI♦

♥♦ ❝♦♥❥✉♥/♦ ❞♦ ❝♦♥/❛/♦ ♠V✈❡❧ ❡ ♥❛ ❝O♠❛B❛ ❞❡ ❝♦♠♣B❡..I♦✳

❖ ❡./✉❞♦ ❞❡.❡♥✈♦❧✈✐❞♦ ♣♦B ✭❏❊❨❆❘❆❏❀ ❍❆❇❚❆❨✱ ✷✵✶✶✮ ❛♣B❡.❡♥/❛ B❡.✉❧/❛❞♦. B❡❧❡✈❛♥/❡.

K✉❛♥/♦ a ❝♦♥.♦❧✐❞❛HI♦ ❞❛ ▼❘❉ ❝♦♠♦ ✉♠❛ /E❝♥✐❝❛ ❡✜❝✐❡♥/❡ ♥❛ ❛✈❛❧✐❛HI♦ ❞♦. ❞✐.❥✉♥/♦B❡.✳ ◆♦. ❞✐.✲

❥✉♥/♦B❡. ❡./✉❞❛❞♦. ❢♦✐ ♣♦..b✈❡❧ ❛ B❡❛❧✐③❛HI♦ ❞♦ ❡♥.❛✐♦ ♠❛✐. K✉❛❧✐/❛/✐✈♦ ❞❛ ▼❘❉✱ ✈✐./♦ K✉❡ ♦. ♠❡.♠♦.
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❞♦$❛✈❛♠ ❞❡ )❡♥)♦+❡) ❞❡ ❞❡)❧♦❝❛♠❡♥$♦ ❞♦ ❝♦♥$❛$♦ ♠.✈❡❧✱ ♦ 0✉❡ ♣❡+♠✐$✐✉ ❛ ❛✈❛❧✐❛45♦ ❞❛ ♣❛+$❡ ♠❡❝6✲

♥✐❝❛✱ ❛❧8♠ ❞❛ ❛✈❛❧✐❛45♦ ❞♦) ❝♦♥$❛$♦)✳ ❊♥$+❡$❛♥$♦✱ ♦) ❛✉$♦+❡) ♥5♦ +❡❧❛$❛+❛♠ ❝❛)♦) ❞❡ ❛♥;❧✐)❡ ♦♥❞❡ )❡

+❡❣✐)$+♦✉ ✉♠❛ ❞❡❣+❛❞❛45♦ ✐♥$❡+♠❡❞✐;+✐❛✱ ❧✐♠✐$❛♥❞♦✲)❡ ❛ ❝❛)♦) ❞❡ ❡①$+❡♠❛ ❞❡❣+❛❞❛45♦ ❞♦) ❝♦♥$❛$♦)✱

♣❛+❛ ♦) 0✉❛✐) ❛ ❝✉+✈❛ ❞❛ ▼❘❉ 8 ✈✐)✐✈❡❧♠❡♥$❡ ❢♦+❛ ❞❡ ♣❛❞+5♦✱ ❢❛❝✐❧✐$❛♥❞♦ ❛ ✐♥$❡+♣+❡$❛45♦ ❞♦) +❡)✉❧✲

$❛❞♦)✳ ◆♦ ❡)$✉❞♦ ♥5♦ ❢♦✐ ❛❞♦$❛❞❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛$❡♠;$✐❝❛ ♣❛+❛ ❛♥;❧✐)❡ ❞❛) ❝✉+✈❛) ❞❛ ▼❘❉✱

)❡♥❞♦ ❛ $♦♠❛❞❛ ❞❡ ❞❡❝✐)5♦ )♦❜+❡ ❛ +❡✈✐)5♦ ♦✉ ✐♥)♣❡45♦ ✐♥$❡+♥❛ ❞❡✜♥✐❞❛ ❤❡✉+✐)$✐❝❛♠❡♥$❡✱ ❝♦♠ ❜❛)❡

♥❛ ❛✈❛❧✐❛45♦ ✈✐)✉❛❧ ❞❡ ❛))✐♥❛$✉+❛) ❞❛ ▼❘❉✳

✭❙❖❉❍❆ ❡$ ❛❧✳✱ ✷✵✶✷✮ ❛✈❛❧✐❛+❛♠ ❛ ❛♣❧✐❝❛45♦ ❞❛ ▼❘❉ ❡♠ ❞✐)❥✉♥$♦+❡) ❞❡ ❛❧$❛ $❡♥)5♦ ❡♠

)❡+✈✐4♦ ♣♦+ ♠❡✐♦ ❞❛ ❛♥;❧✐)❡ ❞❡ ❛❧❣✉♥) ❡)$✉❞♦) ❞❡ ❝❛)♦✳ ❖) ❛✉$♦+❡) ❞❡)$❛❝❛♠ ❛ ✐♠♣♦+$6♥❝✐❛ ❞❛

▼❘❉ ❞✉+❛♥$❡ ♦ ❝♦♠✐))✐♦♥❛♠❡♥$♦ ❞❛ )✉❜❡)$❛45♦✱ ❞❡♥♦♠✐♥❛❞❛ ❞❡ impressodigital ♦✉ assinatura✱ ❛

0✉❛❧ 8 +❡❢❡+P♥❝✐❛ ♣❛+❛ ✐♥$❡+✈❡♥4Q❡) ♣♦)$❡+✐♦+❡) ♥♦ ❡0✉✐♣❛♠❡♥$♦✳ ❖) ❛✉$♦+❡) ❞❡)$❛❝❛♠ ❛ ✐♠♣♦+$6♥❝✐❛

❞❡ ✉♠ ❜❛♥❝♦ ❞❡ ❞❛❞♦) ❞❛ ▼❘❉✱ ♦❜$✐❞❛) ❛ ❝❛❞❛ ✐♥$❡+✈❡♥45♦ ♥♦ ❡0✉✐♣❛♠❡♥$♦✱ ❞❡ ❢♦+♠❛ 0✉❡ ❡))❡

❜❛♥❝♦ ❞❡ ❞❛❞♦) )❡❥❛ ✉♠❛ +❡❢❡+P♥❝✐❛ ♣❛+❛ ♦ ❞✐)❥✉♥$♦+ ❛♥❛❧✐)❛❞♦✱ ❜❡♠ ❝♦♠♦ ♣❛+❛ ♦✉$+♦) ❞✐)❥✉♥$♦+❡) ❞♦

♠❡)♠♦ ♠♦❞❡❧♦✳ ❆))✐♠✱ ♣♦+ ♠❡✐♦ ❞♦ ♠♦♥✐$♦+❛♠❡♥$♦ ♣❡+✐.❞✐❝♦✱ ❝♦♠ ❜❛)❡ ❡♠ ❝♦♥❞✐4Q❡) ❞❡ ♦♣❡+❛45♦✱

$❡♠✲)❡ ✉♠❛ ❡✈♦❧✉45♦ ❞❛ ❛))✐♥❛$✉+❛ ❞♦ ❞✐)❥✉♥$♦+ ✭❝✉+✈❛ ❞❛ ▼❘❉✮✱ ❝♦♠ ✐))♦✱ ❞✐✈❡+)♦) ❞❡❢❡✐$♦) ✜❝❛♠

❛♠♣❧✐✜❝❛❞♦) ♥❛ ❛))✐♥❛$✉+❛✱ ❡ ♣♦+ ♠❡✐♦ ❞♦ ❝+✉③❛♠❡♥$♦ ❞❡ ❝✉+✈❛) ❞❛ ▼❘❉ ♦❜$✐❞❛) ❡♠ ❞✐❢❡+❡♥$❡)

✐♥$❡+✈❡♥4Q❡) ♣♦❞❡♠ )❡+ ✐❞❡♥$✐✜❝❛❞♦)✳ ❖) ❛✉$♦+❡) ❞❡)$❛❝❛♠ 0✉❡ ❛ ❛♣❧✐❝❛45♦ ❡ ❛♥;❧✐)❡ ❞❛ $8❝♥✐❝❛ ❞❛

▼❘❉ +❡0✉❡+ ♣❡))♦❛❧ 0✉❛❧✐✜❝❛❞♦✱ ❝♦♠ ❝♦♥❤❡❝✐♠❡♥$♦ ❡♠ ❞✐)❥✉♥$♦+❡)✱ ❞❡)❞❡ ♦ ♠❡❝❛♥✐)♠♦ ❞❡ ♦♣❡+❛45♦

❛$8 ❛ ❝♦♥✜❣✉+❛45♦ ❞❛ ❝6♠❛+❛ ❞❡ ❡①$✐♥45♦ ❞❡ ❛+❝♦✳ S❛+❛ )❡ ❛✈❛❧✐❛+ ❛ ❛♣❧✐❝❛45♦ ❞❛ ▼❘❉ ❢♦+❛♠ ❛♥❛❧✐)❛❞♦)

♦) +❡)✉❧$❛❞♦) ♦❜$✐❞♦) ❡♠ ✹ ❡)$✉❞♦) ❞❡ ❝❛)♦✱ ❝♦♠ ❡♥)❛✐♦) ❞❛ ▼❘❉ +❡❛❧✐③❛❞♦) ❝♦♠ ✉♠ ❛♥❛❧✐)❛❞♦+ $U♣✐❝♦✱

❝♦♠ ✐♥❥❡45♦ ❞❡ ❝♦++❡♥$❡ ❞❡ ✶✵✵ ❆ ❡ ❢+❡0✉P♥❝✐❛ ❞❡ ❛♠♦)$+❛❣❡♠ ❞❡ ✶✵ ❦❍③✱ ❜❡♠ ❝♦♠♦ ❝♦♠ )❡♥)♦+❡)

❞❡ ❞❡)❧♦❝❛♠❡♥$♦ ❞♦ ❝♦♥$❛$♦ ♠.✈❡❧✳ ❖) )❡❣✉✐♥$❡) ❡)$✉❞♦) ❞❡ ❝❛)♦ ❢♦+❛♠ ❛♥❛❧✐)❛❞♦)✿

• ❡)$✉❞♦ ❞❡ ❝❛)♦ ✶✿ ♦ ❡♥)❛✐♦ ✐❞❡♥$✐✜❝♦✉ ❢♦❧❣❛ ❡♠ ✉♠ ❞♦) ♣❛+❛❢✉)♦) ❞♦ )✐)$❡♠❛ ❞❡ ❛❝♦♣❧❛♠❡♥$♦

❞♦ ❝♦♥$❛$♦ ♠.✈❡❧✱ ♥5♦ )❡♥❞♦ ✐❞❡♥$✐✜❝❛❞♦ ♥♦) ♦✉$+♦) ❡♥)❛✐♦) ❞♦ ❞✐)❥✉♥$♦+✳

• ❡)$✉❞♦ ❞❡ ❝❛)♦ ✷✿ ❞❡$❡❝$❛❞♦ ❞❡)❣❛)$❡ ♥♦) ❞❡❞♦) ❞❡ ❝♦♥$❛$♦ ❞❡ ❛+❝♦ ❞♦ ❝♦♥$❛$♦ ♠.✈❡❧✳

• ❡)$✉❞♦ ❞❡ ❝❛)♦ ✸✿ ❞❡$❡❝$❛❞♦ ♣+♦❜❧❡♠❛) ♥♦ ❢❡❝❤❛♠❡♥$♦ ❞♦ ❝♦♥$❛$♦ ♠.✈❡❧✱ ✐❞❡♥$✐✜❝❛♥❞♦ 0✉❡ ♦

❝♦♥$❛$♦ ♥5♦ ❡)$❛✈❛ ❢❡❝❤❛♥❞♦ ❝♦♠♣❧❡$❛♠❡♥$❡✳

• ❡)$✉❞♦ ❞❡ ❝❛)♦ ✹✿ ✐❞❡♥$✐✜❝❛45♦ ❞❡ ❞❡❢❡✐$♦) ❞❡ ❢❛❜+✐❝❛45♦ ❡♠ ❞✐)❥✉♥$♦+❡)✳ ❈♦♠♦ ✐♥)$❛❧❛45♦ ❞❡

❝6♠❛+❛ ❝♦♠ ♠❡♥♦+ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡①$✐♥45♦ ❡ ♠❡♥♦+ ♥U✈❡❧ ❞❡ ✐)♦❧❛♠❡♥$♦ 0✉❡ ♦ ❡)♣❡❝✐✜❝❛❞♦❀
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"♦$%✉❡ ❞♦ ♠❡❝❛♥✐.♠♦ ❞❡ ❛❝✐♦♥❛♠❡♥"♦ ♠❡♥♦$ %✉❡ ♦ ♥❡❝❡../$✐♦ ♣❛$❛ ♦ ❞✐.❥✉♥"♦$❀ ❞❡.❛❧✐♥❤❛♠❡♥"♦

❞♦. ❝♦♥"❛"♦.✳

❙❡❣✉♥❞♦ ♦. ❛✉"♦$❡. ❛ ✐♠♣❧❛♥"❛89♦ ❞❛ ":❝♥✐❝❛ "❡♠ $❡❞✉③✐❞♦ ❝♦♥.✐❞❡$❛✈❡❧♠❡♥"❡ ❛ "❛①❛ ❞❡

❢❛❧❤❛ ❞❡ ❞✐.❥✉♥"♦$❡.✱ ❣❡$❛♥❞♦ ❡❝♦♥♦♠✐❛ ❞❡ $❡❝✉$.♦.✱ ✈✐."♦ %✉❡ ♦. ❞✐.❥✉♥"♦$❡. ♥9♦ ♠❛✐. "@♠ .✐❞♦

❛❜❡$"♦. ♣❡$✐♦❞✐❝❛♠❡♥"❡✱ ♠❛. ❝♦♠ ❜❛.❡ ❡♠ ❝♦♥❞✐8B❡. ❞❡ ♦♣❡$❛89♦✱ ❛❧:♠ ❞❡ ❛✉①✐❧✐❛$ ♦. ❢❛❜$✐❝❛♥"❡. ❞❡

❞✐.❥✉♥"♦$❡. ♥❛ ♠❡❧❤♦$✐❛ ❞❛ %✉❛❧✐❞❛❞❡ ❞❡ ❢❛❜$✐❝❛89♦✳ ❆ ❞❡❝✐.9♦ .♦❜$❡ ❛ $❡✈✐.9♦ ♦✉ ✐♥.♣❡89♦ ✐♥"❡$♥❛

.❡♥❞♦ "♦♠❛❞❛ ❛♣❡♥❛. ❝♦♠ ❜❛.❡ ♥❛ ❛✈❛❧✐❛89♦ ❞❡ ❛..✐♥❛"✉$❛. ❞❛ ▼❘❉✳

❖ ❡."✉❞♦ ❞❡.❡♥✈♦❧✈✐❞♦ ♣♦$ ✭❙❖❉❍❆ ❡" ❛❧✳✱ ✷✵✶✷✮ ❛♣$❡.❡♥"❛ ❝♦♥"$✐❜✉✐89♦ $❡❧❡✈❛♥"❡ %✉❛♥"♦ M
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'❡❧❛8A'✐♦% ❞❡ ❡♥%❛✐♦% ❞❡ 8❡%8❡ 8'❛❞✐❝✐♦♥❛✐% ❡♠ ❞✐%❥✉♥8♦'❡%✱ ❝♦♠♦ ♣♦' ❡①❡♠♣❧♦✱ '❡%✐%8L♥❝✐❛ ❡%8M8✐❝❛ ❞❡

❝♦♥8❛8♦✱ D✉❡ ❞❡ ❛❝♦'❞♦ ❝♦♠ ♦% ❡%8✉❞♦% ❞❡ ✭▲❆◆❉❘❨ ❡8 ❛❧✳✱ ✷✵✵✻✮✱ ✭▲❆◆❉❘❨ ❡8 ❛❧✳✱ ✷✵✵✽✮✱ ✭❚❯❘✲

❈❖❚❚❊❀ ●❆❯❚❍■❊❘✱ ✷✵✵✽✮✱ ✭❇❍❖▲❊❀ ●❆◆❉❍❆❘❊✱ ✷✵✶✺✮✱ ❡♠ ♠✉✐8♦% ❝❛%♦% ❛♣'❡%❡♥8❛ ❝♦♠♣'♦✈❛❞❛

✐♥❡✜❝✐L♥❝✐❛✱ ♦ D✉❡ ❝♦♠♣'♦♠❡8❡ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦% '❡%✉❧8❛❞♦%✳

✭❯❑■▲ ❡8 ❛❧✳✱ ✷✵✶✸✮ ❛✈❛❧✐❛'❛♠ ♦ ❞❡%❣❛%8❡ ❞♦% ❝♦♥8❛8♦% ❞❡ ❛'❝♦ ❡♠ ❢✉♥+C♦ ❞❛ ❡♠✐%%C♦ ❞❡

%✐♥❛✐% ❛❝a%8✐❝♦% ❡ ♠♦♥✐8♦'❛♠❡♥8♦ ❞❛ ✈✐❜'❛+C♦ ❞♦% ❝♦♥8❛8♦% ♥❛% ♦♣❡'❛+b❡% ❞❡ ❛❜❡'8✉'❛✳ ◆♦ ❡%8✉❞♦

❢♦'❛♠ ❛✈❛❧✐❛❞♦% 8'L% ❝♦♥8❛8♦%✱ %❡♥❞♦ ♦ ♣'✐♠❡✐'♦ ❝♦♥8❛8♦ ♥♦✈♦✱ ♦ %❡❣✉♥❞♦ ❝♦♥8❛8♦ ❝♦♠ ❞❡❣'❛❞❛+C♦

♠K❞✐❛ ❡ ✉♠ 8❡'❝❡✐'♦ ❝♦♥8❛8♦ ❝♦♠ ❞❡❣'❛❞❛+C♦ ❛❧8❛✳ ❊♠ ❢✉♥+C♦ ❞♦% %✐♥❛✐% ❛❝a%8✐❝♦% ♠❡❞✐❞♦% ❢♦✐

♣♦%%<✈❡❧ ✐❞❡♥✜❝❛' ♦% ❝♦♥8❛8♦% ❝♦♠ ♠❛✐♦' ❞❡%❣❛%8❡✱ %❡♥❞♦ ♦% '❡%✉❧8❛❞♦% ❝♦♥❢'♦♥8❛❞♦% ❝♦♠ %❡♥%♦'❡%
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❞❡ ❞❡$❧♦❝❛♠❡♥+♦ ❞♦$ ❝♦♥+❛+♦$ ♣❛-❛ ❛❢❡-✐01♦ ❞❛ +2❝♥✐❝❛✳ ❖$ ❛✉+♦-❡$ ❞❡$+❛❝❛-❛♠ ❛ ✐♠♣♦-+6♥❝✐❛ ❞❛

❛♣❧✐❝❛01♦ ❞❡ +2❝♥✐❝❛$ ♥1♦ ❡✈❛$✐✈❛$✱ ❝♦♠♦ ❛ ❛✈❛❧✐❛01♦ ❞♦$ $✐♥❛✐$ ❛❝9$+✐❝♦$ -❡❧❛❝✐♦♥❛❞♦$ ❛ ✈✐❜-❛01♦ ❞♦$

❝♦♥+❛+♦$ ♥❛ ❛✈❛❧✐❛01♦ ❞❡ ❞✐$❥✉♥+♦-❡$ ❞❡ ❛❧+❛ +❡♥$1♦ ❡♠ $❡-✈✐0♦✳

❖ ❡$+✉❞♦ ❞❡$❡♥✈♦❧✈✐❞♦ ♣♦- ✭❯❑■▲ ❡+ ❛❧✳✱ ✷✵✶✸✮ ❛♣-❡$❡♥+❛ ✉♠❛ $✐❣♥✐✜❝❛+✐✈❛ ❝♦♥+-✐❜✉✐01♦ ♣❛-❛

❝♦♥$♦❧✐❞❛01♦ ❞❛ +2❝♥✐❝❛ ❞❛ ❛♥G❧✐$❡ ❛❝9$+✐❝❛ ❞♦$ $✐♥❛✐$ ♥❛$ ♦♣❡-❛0H❡$ ❞❡ ❛❜❡-+✉-❛ ❞♦$ ❝♦♥+❛+♦$✳ ◆♦

❡$+✉❞♦ ♥1♦ ❢♦✐ ❛❞♦+❛❞❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛+❡♠G+✐❝❛ ♣❛-❛ ❛♥G❧✐$❡ ❞❛$ ❢-❡J✉K♥❝✐❛$ ♣-❡$❡♥+❡$ ♥♦$ $✐♥❛✐$

❞❡ ❡♠✐$$1♦ ❛❝9$+✐❝❛✱ $❡♥❞♦ ❛ +♦♠❛❞❛ ❞❡ ❞❡❝✐$1♦ $♦❜-❡ ♦ ❡$+❛❞♦ ❞♦ ❝♦♥+❛+♦ ❞❡✜♥✐❞❛ ❡♠ ❢✉♥01♦ ❞♦

❝♦♠♣-✐♠❡♥+♦ ❞♦ ❝♦♥+❛+♦✱ ♦ J✉❡ ♣♦❞❡ $❡- ❢❡✐+♦ ❛♥❛❧✐$❛♥❞♦ $♦♠❡♥+❡ ❛ ❝✉-✈❛ ❞❡ ❞❡$❧♦❝❛♠❡♥+♦ ❞♦ ❝♦♥+❛+♦

♠L✈❡❧✳

✭❚■◆●❚■◆● ❡+ ❛❧✳✱ ✷✵✶✹✮ ❛✈❛❧✐♦✉ ❛ ✐♥✢✉K♥❝✐❛ ❞❛ ❝♦--❡♥+❡ ❞❡ +❡$+❡ ♥♦ ❡♥$❛✐♦ ❞❛ ▼❘❉✳ ◆♦

❡$+✉❞♦ ❢♦✐ ❞❡$❡♥✈♦❧✈✐❞♦ ✉♠ $✐$+❡♠❛ ♣❛-❛ ✐♥❥❡01♦ ❞❡ ❝♦--❡♥+❡ ❞❡ +❡$+❡$ ❞❡ ❛+2 ✶ ❦❆✳ ❆❞✐❝✐♦♥❛❧♠❡♥+❡✱

♦ $✐$+❡♠❛ ✉+✐❧✐③❛ ✉♠ ♠L❞✉❧♦ ❞❡ ❛J✉✐$✐01♦ ❞❡ ❞❛❞♦$ ♣❛-❛ ❣-❛✈❛01♦ ❞♦$ $✐♥❛✐$ ❞❡ ❝♦--❡♥+❡ ❡ J✉❡❞❛ ❞❡

+❡♥$1♦ ♣♦- ♠❡✐♦ ❞❡ ✉♠ ❝♦♥✈❡-$♦- ❆✴❉ ❞❡ ✶✷ ❜✐+$ ❡ ✶ ▼❍③✳ ◆♦$ ❡$+✉❞♦ ❢♦-❛♠ ✉+✐❧✐③❛❞♦$ ❞♦✐$ ♣❛-❡$

❞❡ ❝♦♥+❛+♦✱ $❡♥❞♦ ✉♠ ❝♦♥+❛+♦ ♥♦✈♦ ❡ ✉♠ ❝♦♥+❛+♦ ❝♦♠ ❡❧❡✈❛❞♦ ♥Y✈❡❧ ❞❡ ❞❡❣-❛❞❛01♦✳ ◆♦$ ❡♥$❛✐♦$ ❞❛

▼❘❉ ❢♦-❛♠ ❡$+❛❜❡❧❡❝✐❞♦$ ✽ ♥Y✈❡✐$ ❞❡ ❝♦--❡♥+❡ ❞❡ +❡$+❡$✱ ✐♥❝❧✉✐♥❞♦ ✶✹✵ ❆✱ ✷✹✵ ❆✱ ✸✼✵ ❆✱ ✹✻✵ ❆✱ ✻✵✵

❆✱ ✼✵✵ ❆✱ ✽✵✵ ❆ ❡ ✽✼✵ ❆✱ $❡♥❞♦ -❡❛❧✐③❛❞♦$ ✺ ❡♥$❛✐♦$ ❞❛ ▼❘❉ ♣❛-❛ ❝❛❞❛ ❝♦♥+❛+♦✳ ❙❡❣✉♥❞♦ ♦$ ❛✉+♦-❡$✱

❛ ❝♦--❡♥+❡ ❞❡ ❡♥$❛✐♦ +❡♠ ♠❡♥♦$ ✐♥✢✉K♥❝✐❛ ♥♦ ❝♦♥+❛+♦ ❝♦♠ ♠❛✐♦- ❞❡❣-❛❞❛01♦✳ ❆ -❡♣-♦❞✉+✐❜✐❧✐❞❛❞❡

❡♥+-❡ ❝✉-✈❛$ ❢♦✐ ❛✈❛❧✐❛❞❛ ❡♠ ❢✉♥01♦ ❞❡ ♣❛-6♠❡+-♦$ ❞❛ ❚-❛♥$❢♦-♠❛❞❛ ❞❡ ❋♦✉-✐❡- ✭❋❋❚✮✳

❖ $✐$+❡♠❛ ♣-♦♣♦$+♦ ♣♦- ✭❚■◆●❚■◆● ❡+ ❛❧✳✱ ✷✵✶✹✮ ❛♣-❡$❡♥+❛ ❝♦♠ ♣-✐♥❝✐♣❛❧ ✈❛♥+❛❣❡♠ ❛

♣♦$$✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥❞❡♣❡♥❞K♥❝✐❛ ❞♦$ $✐$+❡♠❛$ ❛+✉❛❧♠❡♥+❡ ❝♦♠❡-❝✐❛❧✐③❛❞♦$✳ ❊♥+-❡+❛♥+♦✱ ♦ ❡$+✉❞♦ $❡

❧✐♠✐+❛ ❛ ✉+✐❧✐③❛01♦ ❞❡ ❛♣❡♥❛$ ❞♦✐$ ❝♦♥+❛+♦$✱ ❝♦♠ ❝♦♥❞✐0H❡$ ♦♣❡-❛❝✐♦♥❛✐$ ❜❡♠ ❞✐$+✐♥+❛$ ✭✉♠ ♥♦✈♦ ❡ ✉♠

♠✉✐+♦ ❞❡❣-❛❞❛❞♦✮✳ ❆ ✉+✐❧✐③❛01♦ ❞❡ ✉♠ ♥9♠❡-♦ ♠❛✐♦- ❞❡ ❛♠♦$+-❛$✱ ❡♠ ♥Y✈❡✐$ ❞✐$+✐♥+♦$ ❞❡ ❞❡❣-❛❞❛01♦

♣♦$$✐❜✐❧✐+❛-✐❛ ❛✈❛❧✐❛- ♠❡❧❤♦- ❛ ✐♥✢✉K♥❝✐❛ ❞❛ ❝♦--❡♥+❡ ♥♦$ ♣❛-6♠❡+-♦$ ❞❛ ▼❘❉✳

✭▲■◆ ❡+ ❛❧✳✱ ✷✵✶✹✮ ❞❡$❡♥✈♦❧✈❡-❛♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❛✈❛❧✐❛01♦ ❞❛ ❝♦♥❞✐01♦ ❞❡ ♦♣❡-❛01♦ ❞❡

❞✐$❥✉♥+♦-❡$ ❢✉♥❞❛♠❡♥+❛❞♦ ❡♠ ❧L❣✐❝❛ ❋✉③③②✱ ♣-♦❝❡$$♦ ❛♥❛❧Y+✐❝♦ ❤✐❡-G-J✉✐❝♦ ❡ ♣-♦❜❛❜✐❧✐❞❛❞❡✳ ❖ ♠♦❞❡❧♦

❞❡ ❛✈❛❧✐❛01♦ ✉+✐❧✐③❛ J✉❛+-♦ ♣❛-6♠❡+-♦$ ❞❡ ❛✈❛❧✐❛01♦✿ ❝❛-❛❝+❡-Y$+✐❝❛$ ❡❧2+-✐❝❛$✱ ❝❛-❛❝+❡-Y$+✐❝❛$ ♠❡❝6♥✐❝❛$✱

❝❛-❛❝+❡-Y$+✐❝❛$ ✐$♦❧❛♠❡♥+♦ ❡ ✉♠❛ ♠✐$❝❡❧6♥✐❛ ❞❡ ♦✉+-♦$ ❢❛+♦-❡$ ✭❝♦♥❞✐0H❡$ ♦♣❡-❛❝✐♦♥❛✐$✱ +❡♠♣♦ ❞❡

$❡-✈✐0♦ ❡ ❞❛❞♦$ ❞❡ ♠❛♥✉+❡♥01♦✮✳ ◆♦ ♠♦❞❡❧♦ 2 ✉+✐❧✐③❛❞♦ ✉♠ $✐$+❡♠❛ ❞❡ Y♥❞✐❝❡ ❞❡ ❛✈❛❧✐❛01♦ ❤✐❡-G-J✉✐❝❛✱

❤❡✉-✐$+✐❝❛♠❡♥+❡ ❞❡✜♥✐❞❛✱ ❝♦♥$+-✉Y❞♦ ❝♦♠ ❜❛$❡ ❡♠ ❞❛❞♦$ ❞❡ +❡$+❡$✱ ❞❛❞♦$ ❞❡ ♠♦♥✐+♦-❛♠❡♥+♦ ♣♦- ♠❡✐♦

❞❡ ❞✐$♣♦$✐+✐✈♦$ ❡❧❡+-b♥✐❝♦$✱ ❞❛❞♦$ ❞❡ ♠❛♥✉+❡♥01♦ ❡ ❝♦♥❞✐0H❡$ ❛♠❜✐❡♥+❛✐$ ❞❡ ♦♣❡-❛01♦✳ ❊♠ ❢✉♥01♦
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❞♦ ♣❛&❡❝❡& ❞❡ ❡)♣❡❝✐❛❧✐),❛) ❡♠ ❞✐)❥✉♥,♦&❡)✱ ♣❛&❛ ♦) 2✉❛,&♦ ♣❛&3♠❡,&♦) ❞❡ ❛✈❛❧✐❛56♦ )6♦ ❛,&✐❜✉8❞♦)

♣❡)♦) ❡ ♥8✈❡❧ ❞❡ ❤✐❡&❛&2✉✐❛✳ ❖) ♣❛&3♠❡,&♦) )6♦ ♣&♦❝❡))❛❞♦) ❡♠ ✉♠ )✐),❡♠❛ ❋✉③③② 2✉❡ ❞❡,❡&♠✐♥❛ ❛

♣&♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❢❛❧❤❛ ❞♦ ❞✐)❥✉♥,♦&✳

❖ ❡),✉❞♦ ❞❡)❡♥✈♦❧✈✐❞♦ ♣♦& ✭▲■◆ ❡, ❛❧✳✱ ✷✵✶✹✮ ❛♣&❡)❡♥,❛ ❜❛)✐❝❛♠❡♥,❡ ♦ ♠❡)♠♦ ♠F,♦❞♦

❞❡ ❛✈❛❧✐❛56♦ ❞♦ ❡),✉❞♦ ❞❡)❡♥✈♦❧✈✐❞♦ ♣♦& ✭❘❆❩■✲❑❆❩❊▼■ ❡, ❛❧✳✱ ✷✵✶✸✮✳ ❆♠❜♦) ✉,✐❧✐③❛♠ ✉♠ ♠❛✐♦&

❜❛♥❝♦ ❞❡ ❞❛❞♦) ♥❛ ❛✈❛❧✐❛56♦ ❞❛ ❝♦♥❞✐56♦ 2✉❛♥❞♦ ❝♦♠♣❛&❛❞♦) ❛♦ ❡),✉❞♦ ❞❡)❡♥✈♦❧✈✐❞♦ ♣♦& ✭❙❆◆❚❖❙
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B ❝♦♥%"✐"✉3❞♦ ♣♦# ❞❡③ ❞❡❞♦% ❞❡ ❝♦♥"❛"♦ ❡ ♦ ❝♦♥"❛"♦ ❞❡ ❛#❝♦ B ❝♦♥%"✐"✉3❞♦ ♣♦# ✉♠❛ ❝❛#❝❛1❛ ❝✐❧3♥❞#✐❝❛✳

❖% ❝♦♥"❛"♦% ❢♦#❛♠ ❞❡%♠♦♥"❛❞♦% ❞♦ ❞✐%❥✉♥"♦# ♣❛#❛ ✜♥% ❞❡ #❡❣✐%"#♦ ❢♦"♦❣#S✜❝♦ ❡ ✐♥%♣❡14♦ ✈✐%✉❛❧ ❞♦

♥3✈❡❧ ❞❡ ❞❡❣#❛❞❛14♦✳

❋✐❣✉$❛ ✹✳✹ ✕ ❆♠♦$%&❛$ ❞❡ ❝♦♥%❛%♦$ ❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷ ❡ ❉✸✲❈❆❚✸✳

✭❛✮ ❈♦♥%❛%♦$ ✜①♦✳ ✭❜✮ ❈♦♥%❛%♦$ ♠:✈❡❧✳

❋♦♥%❡✿ ?&:♣&✐♦ ❛✉%♦&✳

◆♦ ❞✐%❥✉♥"♦# ❞❡ ❛❧"❛ "❡♥%4♦ ❞♦ "✐♣♦ ❙❋6 ❡%"4♦ %❡♥❞♦ ✉"✐❧✐③❛❞❛% "#$% ❛♠♦%"#❛% #❡❢❡#❡♥"❡% ❛

❝♦♥"❛"♦% ❞❡❣#❛❞❛❞♦% ❡♠ %❡#✈✐1♦✱ ❞❡♥♦♠✐♥❛❞❛% ❞❡ ❛♠♦%"#❛% ❉✹✲❈❆❚✶✱ ❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸✳ ❈❛❞❛

❛♠♦%"#❛ ❞♦ ❝♦♥"❛"♦ B ❝♦♥%"✐"✉3❞❛ ♣♦# ✉♠ ❝♦♥"❛"♦ ✜①♦ ❡ ✉♠ ❝♦♥"❛"♦ ♠E✈❡❧✱ ❝♦♠ ❝♦##❡♥"❡ ♥♦♠✐♥❛❧

❞❡ ✶✳✻✺✵ ❆✳ ❆% "#$% ❛♠♦%"#❛% ❞♦% ❞✐%❥✉♥"♦#❡% ❉✹ ♣♦%%✉❡♠ ❛% ♠❡%♠❛% ❝❛#❛❝"❡#3%"✐❝❛% ❞❡ ❢❛❜#✐❝❛14♦✳
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❖# ❝♦♥'❛'♦# ❞♦ ❞✐#❥✉♥'♦- ❉✹ ♥0♦ ❢♦-❛♠ -❡♠♦✈✐❞♦# ❞♦ ❡5✉✐♣❛♠❡♥'♦✱ '❡♥❞♦ ❡♠ ✈✐#'❛ 5✉❡ ♦ ❞✐#❥✉♥'♦-

#❡ ❡♥❝♦♥'-❛ ❡♠ #❡-✈✐8♦✱ #❡♥❞♦ 5✉❡ ♦ ♠❡#♠♦ ❢♦-❛ ❡♠♣-❡#'❛❞♦ ❛♣❡♥❛# ♣❛-❛ ❡♥#❛✐♦# ❞❛ ▼❘❉✱ #❡♠

❛✉'♦-✐③❛80♦ ♣❛-❛ ✐♥'❡-✈❡♥80♦ ♥❛ ❝<♠❛-❛ ❞❡ ❡①'✐♥80♦✳

✹✳✷ ▼$%♦❞♦(

✹✳✷✳✶ ❚❡&'❡& ❝♦♠ ♦ ❛♥❛❧✐&❛❞♦0 ❞❡ ❞✐&❥✉♥'♦0 ❙❆✶✵✱ ❢❛❜0✐❝❛9:♦ ❊▲✲

❈❖◆

■♥✐❝✐❛❧♠❡♥'❡ ❢♦-❛♠ -❡❛❧✐③❛❞♦# '❡#'❡# ❞❡ ❢✉♥❝✐♦♥❛♠❡♥'♦ ♣❛-❛ ♦ ❧❡✈❛♥'❛♠❡♥'♦ ❞❛# ❝❛-❛❝'❡-A#'✐❝❛# ❞❡

♦♣❡-❛80♦ ❡ ♣♦'❡♥❝✐❛❧✐❞❛❞❡# ❞♦ ❛♥❛❧✐#❛❞♦- ❞❡ ❞✐#❥✉♥'♦- ❙❆✶✵ ❞❡ ❢❛❜-✐❝❛80♦ ❞❛ ❊❧❝♦♥✳ ◆♦# ❡♥#❛✐♦# ❝♦♠

♦ ❙❆✶✵ ❢♦✐ ✉'✐❧✐③❛❞♦ ♦ ❞✐#❥✉♥'♦- ❉✷✳ ❆ ✜♥❛❧✐❞❛❞❡ ❞♦# '❡#'❡# J ❛✈❛❧✐❛- ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞♦ ❛♥❛❧✐#❛❞♦- ♥❛

♦❜'❡♥80♦ ❞❛ ▼❘❉ ❡♠ ❞✐❢❡-❡♥'❡# ✈❡❧♦❝✐❞❛❞❡# ❞❡ ❛❜❡-'✉-❛ ❞♦# ❝♦♥'❛'♦#✳

◆❛ ❋✐❣✉-❛ ✹✳✺ J ❛♣-❡#❡♥'❛❞❛ ✉♠❛ ✐❧✉#'-❛80♦ ❞♦ ❛--❛♥❥♦ ✉'✐❧✐③❛❞♦ ♥♦ ❡♥#❛✐♦ ❞❡ ♦❜'❡♥80♦ ❞❛

❝✉-✈❛ ❞❡ ✐♥❥❡80♦ ❞❡ ❝♦--❡♥'❡ ❝♦♠ ♦ ❙❆✶✵✳ ❆ ❝✉-✈❛ ❝❛-❛❝'❡-A#'✐❝❛ ❞❡ ❝♦--❡♥'❡ ❞♦ ❙❆✶✵ ❢♦✐ ♦❜'✐❞❛

♥♦ ❞✐#❥✉♥'♦- ❞❡ ♠J❞✐❛ '❡♥#0♦ N❱❖ ❞❡ ✻✸✵ ❆ ❝♦♠ ♦# ❝♦♥'❛'♦# ❢❡❝❤❛❞♦#✳ ❯'✐❧③❛♥❞♦✲#❡ ❞❡ ✉♠ #❡♥#♦-

❞❡ ❝♦--❡♥'❡ ♣♦- ❡❢❡✐'♦ ❤❛❧❧ ❝♦♠ -❡❧❛80♦ ✶✵ ♠❱✴❆ ❡ ✉♠ ♦#❝✐❧♦#❝V♣✐♦ ❢♦✐ ❢❡✐'❛ ❛ ♠❡❞✐80♦ ❞♦ #✐♥❛❧ ❞❛

❝♦--❡♥'❡ ❡♠ ❢✉♥80♦ ❞♦ '❡♠♣♦✳ ◆❛ ❋✐❣✉-❛ ✹✳✻ J ❛♣-❡#❡♥'❛❞❛ ❛ ❝✉-✈❛ ❞❡ ✐♥❥❡80♦ ❞❡ ❝♦--❡♥'❡ ❡♠ ❢✉♥80♦

❞♦ '❡♠♣♦ ♣❛-❛ ♦ ❙❆✶✵✱ ♦❜'✐❞❛ ♥♦ ♦#❝✐❧♦#❝V♣✐♦✳

❋✐❣✉$❛ ✹✳✺ ✕ ■❧✉$%&❛()♦ ❞♦ ❛&&❛♥❥♦ ♣❛&❛ ♦❜%❡♥()♦ ❞❛ ❝✉&✈❛ ✐ ① % ❞♦ ❛♥❛❧✐$❛❞♦& ❞❡ ❞✐$❥✉♥%♦&✱

♠♦❞❡❧♦ ❙❆✶✵ ✲ ❊▲❈❖◆✳

❋♦♥%❡✿ D&E♣&✐♦ ❛✉%♦&✳

❆♥❛❧✐#❛♥❞♦ ❛ ❝♦♥✜❣✉-❛80♦ ❞♦ #✐♥❛❧ ♠❡❞✐❞♦✱ ♦ ✈❛❧♦- ❞❡ ♣✐❝♦ ❞♦ #✐♥❛❧ ❢♦✐ ❞❡ ✶✱✾✵ ❱ ✭✶✱✾ ❞✐✈ ①
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❋✐❣✉$❛ ✹✳✻ ✕ ❈✉#✈❛ ❝❛#❛❝'❡#)*'✐❝❛ i(A) × t(ms) ♣❛#❛ ♦ ❛♥❛❧✐*❛❞♦# ❞❡ ❞✐*❥✉♥'♦#✱ ♠♦❞❡❧♦

❙❆✶✵ ✲ ❊▲❈❖◆✳

❋♦♥'❡✿ @#A♣#✐♦ ❛✉'♦#✳

✶ ❱✴❞✐✈✮✱ ❝♦♠♦ ❛ .❡❧❛12♦ ❞❡ 3.❛♥5❢♦.♠❛12♦ 7 ❞❡ ✶✵ ♠❱✴❆✱ ❛ ❝♦..❡♥3❡ ❞❡ ♣✐❝♦ ❢♦✐ ❞❡ ❛♣.♦①✐♠❛❞❛♠❡♥3❡

✶✾✵ ❆✱ ❝♦♠ ✉♠ 3❡♠♣♦ ❞❡ ✐♥❥❡12♦ ❞❡ ❝♦..❡♥3❡ ❞❡ ❛♣.♦①✐♠❛❞❛♠❡♥3❡ ✸✶ ♠5 ✭✼✱✼ ❞✐✈ ① ✹ ♠5✴❞✐✈✮✳

❈♦♥❢♦.♠❡ 5✐♥❛❧ ❝❛.❛❝3❡.D53✐❝♦ ixt ❞♦ ❙❆✶✵✱ ♦ 3❡♠♣♦ ❞❡ ✐♥❥❡12♦ ❞❡ ❝♦..❡♥3❡ ❞❡ ✸✶ ♠5 ❡F✉✐✈❛❧❡

❛ ❛♣.♦①✐♠❛❞❛♠❡♥3❡ ✷ ❝✐❝❧♦5 ❡♠ ✻✵ ❍③✳ ❖✉ 5❡❥❛✱ ♣❛.❛ 5❡ ❡❢❡3✉❛. ✉♠❛ ▼❘❉ ❡✜❝✐❡♥3❡✱ ♦ ❞✐5❥✉♥3♦. ❞❡✈❡

.❡❛❧✐③❛. ❛ ♦♣❡.❛12♦ ❞❡ ❛❜❡.3✉.❛ 3♦3❛❧ ❞♦5 ❝♦♥3❛3♦5 ❡♠ ❛37 ✸✶ ♠5✱ ❝❛5♦ ❝♦♥3.Q.✐♦✱ ❛ ✐♥❥❡12♦ ❞❡ ❝♦..❡♥3❡

♣❡❧♦ ❙❆✶✵ 5❡.Q .❡❞✉③✐❞❛ ❛ ③❡.♦ ❛♥3❡5 ❞❛ ❛❜❡.3✉.❛ 3♦3❛❧ ❞♦5 ❝♦♥3❛3♦5 ❞♦ ❞✐5❥✉♥3♦.✳ ❖5 .❡5✉❧3❛❞♦5

❞♦5 3❡53❡5 ✐♥✐❝✐❛✐5 ❞❡♠♦♥53.♦✉ F✉❡ ♦ ❛♥❛❧✐5❛❞♦. ❙❆✶✵ ♥2♦ 7 ❛❞❡F✉❛❞♦ ♣❛.❛ ♦5 ❡♥5❛✐♦5 ❞❛ ▼❘❉ ❡♠

✈❡❧♦❝✐❞❛❞❡ .❡❞✉③✐❞❛✳

❈♦♥5✐❞❡.❛♥❞♦ ❛5 .❡53.✐1R❡5 37❝♥✐❝❛5 ❞♦ ❙❆✶✵ ❡ ♣❛.❛ 5♦❧✉❝✐♦♥❛. ♦ ♣.♦❜❧❡♠❛ ❞❛ ❧✐♠✐3❛12♦ ❞♦

3❡♠♣♦ ❞❡ ✐♥❥❡12♦ ❞❛ ❝♦..❡♥3❡ ❞❡ 3❡53❡ ♥♦ ❡♥5❛✐♦ ❞❛ ▼❘❉ ❝♦♠ ❛❜❡.3✉.❛ ❞♦5 ❝♦♥3❛3♦5 ❡♠ ✈❡❧♦❝✐❞❛❞❡

.❡❞✉③✐❞❛✱ ✉♠ 5✐53❡♠❛ ♣❛.❛ ♠❡❞✐12♦ ❞❡ .❡5✐53S♥❝✐❛ ❞❡ ❝♦♥3❛3♦ ❞✐♥T♠✐❝❛ ❢♦✐ ❞❡5❡♥✈♦❧✈✐❞♦✳

◆❛ ♣.V①✐♠❛ 5❡12♦ 5❡.Q ❛♣.❡5❡♥3❛❞♦ ✉♠ ❜.❡✈❡ ❞❡3❛❧❤❛♠❡♥3♦ 5♦❜.❡ ♦ 5✐53❡♠❛ ❞❡ ♠❡❞✐12♦

❞❡5❡♥✈♦❧✈✐❞♦✳ ❖ ♣.♦❥❡3♦ ❞♦ 5✐53❡♠❛ ❞❡5❡♥✈♦❧✈✐❞♦ ❡53Q ❛♣.❡5❡♥3❛❞♦ ♥♦ ❈❛♣D3✉❧♦ ✺✱ 5❡12♦ ✺✳✶✳✶✳

✹✳✸ ❊♥%❛✐♦% ❞❛ ▼❘❉ ❝♦♠ ♦ %✐%/❡♠❛ ❞❡%❡♥✈♦❧✈✐❞♦

❖ ♦❜❥❡3✐✈♦ ❞♦5 ❡♥5❛✐♦5 7 ✐❞❡♥3✐✜❝❛.✱ ❛ ♣❛.3✐. ❞♦5 .❡5✉❧3❛❞♦5 ♦❜3✐❞♦5✱ F✉❡ ♣❛.T♠❡3.♦5 ♣♦❞❡♠ 5❡. ♠♦♥✐✲

3♦.❛❞♦5 ♣❛.❛ ♦ ❞✐❛❣♥V53✐❝♦ ❡ F✉❛♥3✐✜❝❛12♦ ❞♦ ♥D✈❡❧ ❞❛ ❞❡❣.❛❞❛12♦ ❞♦5 ❝♦♥3❛3♦5✳ [❛.❛ ♦5 ❞✐5❥✉♥3♦.❡5
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✉#✐❧✐③❛❞♦*✱ ❞❡*❝.✐#♦* ♥❛ *❡01♦ ✹✳✶✱ ❡♥*❛✐♦* ❞❡ ♠❡❞✐01♦ ❞❛ .❡*✐*#5♥❝✐❛ ❞❡ ❝♦♥#❛#♦ ❞✐♥6♠✐❝❛ ❢♦.❛♠ .❡❛❧✐✲

③❛❞♦*✱ ✉#✐❧✐③❛♥❞♦✲*❡ ♦ *✐*#❡♠❛ ❞❡*❡♥✈♦❧✈✐❞♦✳ ❆* ❝❛.❛❝#❡.;*#✐❝❛* ❞♦ *✐*#❡♠❛ ❞❡ ♠❡❞✐01♦ *1♦✿

• ✐♥❥❡01♦ ❞❡ ❝♦..❡♥#❡ ❝♦♥#;♥✉❛ ❝♦♠ ❛♠♣❛❝✐❞❛❞❡ ❞❡ ❛#? ✸✵✵ ❆ ✭❢♦♥#❡ ❞❡ #❡♥*1♦✿ ❜❛#❡.✐❛ ❡*#❛❝✐♦✲

♥D.✐❛ ✶✷ ❱✮ ❞✉.❛♥#❡ ✺ ♠✐♥✉#♦*❀

• ❛❥✉*#❡ ❞❛ ❝♦..❡♥#❡ ❞❛ ❜❛#❡.✐❛ ❛#.❛✈?* ❞❡ .❡*✐*#♦. .❡❣✉❧D✈❡❧ ❞❡ ❈.♦♠♦✲❆❧✉♠;♥✐♦✲❋❡..♦ ✭✵✱✵✸✻✷ Ω

✲ ✶✱✵✽✼ Ω ✴ ✸✳✽✽✸ ❲✮❀

• ♠❡❞✐01♦ ❞❛ ❝♦..❡♥#❡ ❞❡ #❡*#❡ ❝♦♠ *❤✉♥# ❞❡ ❝♦..❡♥#❡ ❞❡ ✭✷✵✵ ❆✴✻✵ ♠❱ ♦✉ ✺✵✵ ❆✴✻✵ ♠❱✮ ❡

#.❛♥*❞✉#♦. ❞❡ #❡♥*1♦ ✭✻✵ ♠❱✴✺ ❱✮❀

• ❛R✉✐*✐01♦ ❞♦* *✐♥❛✐* ✭❝♦..❡♥#❡ ❡ R✉❡❞❛ ❞❡ #❡♥*1♦ ♥♦* ❝♦♥#❛#♦*✮ ✉#✐❧✐③❛♥❞♦✲*❡ ❞❡ ♦*❝✐❧♦*❝S♣✐♦

❞✐❣✐#❛❧✱ ❝♦♠ #❛①❛ ❞❡ ❛♠♦*#.❛❣❡♠ ❞❡ ✶✷✺ ❦❍③❀

• ❝♦♥❢❡❝01♦ ❞❛* ❝✉.✈❛* ❞❡ .❡*✐*#5♥❝✐❛ ❛#.❛✈?* ❞❡ .♦#✐♥❛ ❝♦♠♣✉#❛❝✐♦♥❛❧ ❞❡*❡♥✈♦❧✈✐❞❛ ❡♠ ▼❛#❧❛❜

❘©✳

◆❛ ❋✐❣✉.❛ ✹✳✼ ? ❛♣.❡*❡♥#❛❞♦ ♦ ✢✉①♦❣.❛♠❛ ❞❡ ❡♥*❛✐♦ ❞❛ ▼❘❉ ♣❛.❛ ♦* ❞✐*❥✉♥#♦.❡* ❞❡ ♠?❞✐❛

❡ ❞❡ ❛❧#❛ #❡♥*1♦✳ ❆ ❡#❛♣❛ ❞❡ ❝♦♥✜❣✉.❛01♦ ❞♦* ♣❛.6♠❡#.♦* ❞♦ ❡♥*❛✐♦ ❞❛ ▼❘❉ ❝♦♠♣.❡❡♥❞❡ ♦ ❛❥✉*#❡ ❞♦

♥;✈❡❧ ❞❛ ❝♦..❡♥#❡ ❞❡ #❡*#❡ ❡ ❝♦♥✜❣✉.❛01♦ ❞♦ ♦*❝✐❧♦*❝S♣✐♦ ♣❛.❛ ♠❡❞✐01♦ ❞♦* *✐♥❛✐* ♣❛.❛ ❞❡#❡.♠✐♥❛01♦

❞❛ .❡*✐*#5♥❝✐❛ ❞❡ ❝♦♥#❛#♦✳

❋✐❣✉$❛ ✹✳✼ ✕ ❋❧✉①♦❣'❛♠❛ ❞❡ ❡♥-❛✐♦ ❞❛ ▼❘❉✳

Ajuste da corrente de
teste e configuração

do osciloscópio

Medição (∆V, I)

Grava sinais de corrente e 
queda de tensão nos 

contatos

Injetar corrente de
teste nos contatos do 

disjuntor

Contatos em 
abertura?

Reiniciar MRD

NãoSim

Curvas de MRD - RN

RN = 
∆VN
  IN

, N - número       
        de pontos

❋♦♥3❡✿ 5'6♣'✐♦ ❛✉3♦'✳
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❈♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ♣-♦❞✉③✐- -❡0✉❧(❛❞♦0 ♠❛✐0 ❝♦♥0✐0(❡♥(❡0✱ 6✉❡ ♣❡-♠✐(❛♠ ❛00❡❣✉-❛- ♦ ❝♦--❡(♦

❞✐❛❣♥80(✐❝♦ ❞♦ ❞✐0❥✉♥(♦-✱ ♦0 -❡0✉❧(❛❞♦0 ❞❛ ▼❘❉ ♥<♦ ❞❡✈❡♠ 0❡- ♣-♦✈❡♥✐❡♥(❡0 ❞❡ ✉♠ =♥✐❝♦ ❡♥0❛✐♦✳

?-❡❢❡-❡♥❝✐❛❧♠❡♥(❡✱ ♦0 ♣❛-A♠❡(-♦0 ❞❛ ▼❘❉ ❞❡✈❡♠ 0❡- ♦❜(✐❞♦0 ❛ ♣❛-(✐- ❞❡ ✈B-✐♦0 ❡♥0❛✐♦0✱ ❞❡

♠♦❞♦ ❛ ❛✈❛❧✐❛- ❛ 0✐♠✐❧❛-✐❞❛❞❡ ❞❡ -❡0✉❧(❛❞♦0 ❡♥(-❡ ❡♥0❛✐♦0✳ ❉❡ ♣♦00❡ ❞♦0 -❡0✉❧(❛❞♦0 ❞♦0 ❡♥0❛✐♦0✱ ♦0 ♣❛✲

-A♠❡(-♦0 ❞❛ ▼❘❉ ❞❡✈❡♠ 0❡- ❡①(-❛E❞♦0✱ ❛♣❧✐❝❛♥❞♦ (F❝♥✐❝❛0 ❛❞❡6✉❛❞❛0 ❞❡ ♣-♦❝❡00❛♠❡♥(♦ ♠❛(❡♠B(✐❝♦✳

◆❡0(❡ (-❛❜❛❧❤♦✱ ❝❛❞❛ ♣8❧♦ ❞♦ ❞✐0❥✉♥(♦- ❢♦✐ 0✉❜♠❡(✐❞♦ ❛ ✉♠❛ 0❡I<♦ ❞❡ ❡♥0❛✐♦ ❞❛ ▼❘❉ 6✉❡

❝♦♥(❡♠♣❧❛ ❞❡③ ♠❡❞✐IJ❡0✱ -❡0✉❧(❛♥❞♦ ❡♠ ❞❡③ ❝✉-✈❛0 ❞❛ ▼❘❉ ✭▼❘❉1✱ ▼❘❉2✱ ▼❘❉3✱ ▼❘❉4✱ ▼❘❉5✱

▼❘❉6✱ ▼❘❉7✱ ▼❘❉8✱ ▼❘❉9 ❡ ▼❘❉10✮✱ ♣❛-❛ ❝❛❞❛ ♣8❧♦✳ ❊♠ ❢✉♥I<♦ ❞❛0 ❞❡③ ❝✉-✈❛0 ❞❛ ▼❘❉ ♦❜(✐❞❛0

♥♦0 ❡♥0❛✐♦0✱ ✉♠❛ ❝✉-✈❛ ▼❘❉M F ❝❛❧❝✉❧❛❞❛✳ ❆ ❝✉-✈❛ ▼❘❉M F -❡0✉❧(❛❞♦ ❞❛ ❝✉-✈❛ ♠F❞✐❛ ❡♥(-❡ ❛0 ❞❡③

❝✉-✈❛0 ♦❜(✐❞❛0 ♥♦0 ❡♥0❛✐♦0 ❞❛ ▼❘❉✳

?❛-❛ ❡①(-❛I<♦ ❞♦0 ♣❛-A♠❡(-♦0 ❞❛ ▼❘❉✱ ❝✐♥❝♦ ❝✉-✈❛0✱ ❞❡♥(-❡ ❛0 ❞❡③ ♦❜(✐❞❛0 ♥♦0 ❡♥0❛✐♦0 0<♦

0❡❧❡❝✐♦♥❛❞❛0✳ ❖♣(♦✉✲0❡ ♣♦- ✉(✐❧✐③❛- 0♦♠❡♥(❡ ❝✐♥❝♦ ❞❛0 ❞❡③ ❝✉-✈❛0 ♠❡❞✐❞❛0✱ (❡♥❞♦ ❡♠ ✈✐0(❛ 6✉❡ ❞✉-❛♥(❡

❛❧❣✉♥0 ❡♥0❛✐♦0 ❢♦-❛♠ ♦❜(✐❞❛0 ❝✉-✈❛0 ❞❛ ▼❘❉ ❢♦-❛ ❞♦0 ♣❛❞-J❡0 ❞❡ ✉♠❛ ▼❘❉ (E♣✐❝❛✳

❆ ♥<♦ ♣❛❞-♦♥✐③❛I<♦ ❞❛0 ❝✉-✈❛0 ❞❛ ▼❘❉ F ♣-♦✈♦❝❛❞❛ ♣-✐♥❝✐♣❛❧♠❡♥(❡ ♣♦- ✈✐❜-❛IJ❡0 ♠❡❝A♥✐❝❛0✱

❡♠ ♥E✈❡✐0 ❛♥♦-♠❛✐0 ♥♦ ❞✐0❥✉♥(♦-✱ 6✉❡ ♣-♦✈❛❝❛♠ ✈✐❜-❛IJ❡0 ♣-✐♥❝✐♣❛❧♠❡♥(❡ ♥♦ ❝♦♥(❛(♦ ♠8✈❡❧ ❞✉-❛♥(❡ ♦

❡♥0❛✐♦ ❞❛ ▼❘❉✱ ♦ 6✉❡ ❝♦♠♣-♦♠❡(❡ ❛ ✜❞❡❧✐❞❛❞❡ ❞♦0 -❡0✉❧(❛❞♦0✳

❆0 ❝✐♥❝♦ ❝✉-✈❛0 0❡❧❡❝✐♦♥❛❞❛0 0<♦ ❛0 6✉❡ ❛♣-❡0❡♥(❛♠ ♠❛✐♦- 0✐♠✐❧❛-✐❞❛❞❡ ❝♦♠ ❛ ❝✉-✈❛ ▼❘❉M ✳

?❛-❛ ❞❡(❡-♠✐♥❛I<♦ ❞❛ 0✐♠✐❧❛-✐❞❛❞❡ ❡♥(-❡ ❝✉-✈❛0 ❢♦✐ ❛❞♦(❛❞♦ ♦ ❝♦❡✜❝✐❡♥(❡ ❞❡ ❞❡(❡-♠✐♥❛I<♦

❘

2
✳ ❙❡❣✉♥❞♦ ✭❉❯❋❖❯❘✱ ✷✵✶✶✮ ❡ ✭●❖❯❉❆❘❩■ ❡( ❛❧✳✱ ✷✵✶✹✮✱ ♦ ❘

2
F ✉♠❛ ♠❡❞✐❞❛ ❞❛ ❝❛♣❛❝✐❞❛❞❡ 6✉❡

✉♠ ♠♦❞❡❧♦ ❛❥✉0(❛❞♦ ♣♦- ✉♠ ♣❛-A♠❡(-♦✱ ♦✉ ✉♠ ❝♦♥❥✉♥(♦ ❞❡ ♣❛-A♠❡(-♦0✱ ♣♦00✉✐ ❡♠ -❡♣-❡0❡♥(❛- ✉♠

❞❡(❡-♠✐♥❛❞♦ ❝♦♥❥✉♥(♦ ❞❡ ❞❛❞♦0✳

❖ ❘

2
F ❞❡✜♥✐❞♦ ❞❡ ❛❝♦-❞♦ ❝♦♠ ❛ ❊6✉❛I<♦ ✹✳✶✱ ❛♣-❡0❡♥(❛❞❛ ❛ 0❡❣✉✐-✿

R2 = 1− SQres

SQtot
, ✭✹✳✶✮

❙❡♥❞♦ ✭❙◗res✮ F ❛ 0♦♠❛ ❞♦0 6✉❛❞-❛❞♦0 ❞♦0 -❡0E❞✉♦0 ❡ ✭❙◗tot✮ F 0♦♠❛ (♦(❛❧ ❞♦0 6✉❛❞-❛❞♦0✱

0❡♥❞♦ -❡♣-❡0❡♥(❛❞♦0 ♣❡❧❛0 ❊6✉❛IJ❡0 ✹✳✷ ❡ ✹✳✸✱ -❡0♣❡❝(✐✈❛♠❡♥(❡✳

SQres =
m
∑

j=1

||vm(j)− vs(j)||2, ✭✹✳✷✮

❡✱
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SQtot =

m
∑

j=1

||vm(j)− v̄m(j)||2, ✭✹✳✸✮

❙❡♥❞♦✱ vm ❡ vs✱ -❡.♣❡❝1✐✈❛♠❡♥1❡✱ ♦. ✈❛❧♦-❡. ❞❡ -❡❢❡-8♥❝✐❛ ❡ ♦❜.❡-✈❛❞♦.❀ m ; ♦ ♥<♠❡-♦ ❞❡

❛♠♦.1-❛.❀ v̄m ; ♦ ✈❛❧♦- ♠;❞✐♦ ❞❡ -❡❢❡-8♥❝✐❛✳

❈❛❞❛ ✉♠❛ ❞❛. ❝✉-✈❛. ✭▼❘❉1 ✳✳✳ ▼❘❉10✮ .B♦ ❝♦♥❢-♦♥1❛❞❛. ❝♦♠ ❛ ❝✉-✈❛ ▼❘❉M ❡ ❞❡✲

1❡-♠✐♥❛❞♦ ♦ -❡.♣❡❝1✐✈♦ ❝♦❡✜❝✐❡♥1❡ ❞❡ ❞❡1❡-♠✐♥❛EB♦ ✭❘

2
✮✱ -❡.✉❧1❛♥❞♦ ❛..✐♠✱ ❡♠ ❞❡③ ❝♦❡✜❝✐❡♥1❡. ❞❡

❞❡1❡-♠✐♥❛EB♦ ✭❘

2
1
✱ ❘

2
2
✱ ❘

2
3
✱ ❘

2
4
✱ ❘

2
5
✱ ❘

2
6
✱ ❘

2
7
✱ ❘

2
8
✱ ❘

2
9
❡ ❘

2
10
✮✳

❈♦♠ ❛. ❝✐♥❝♦ ❝✉-✈❛. .❡❧❡❝✐♦♥❛❞❛.✱ ✉♠❛ ♥♦✈❛ ❝✉-✈❛ ❞❛ ▼❘❉F ; ❞❡1❡-♠✐♥❛❞❛✳ ❆ ❝✉-✈❛ ▼❘❉F

; -❡.✉❧1❛❞♦ ❞❛ ❝✉-✈❛ ♠;❞✐❛ ❡♥1-❡ ❛. ❝✐♥❝♦ ❝✉-✈❛. ❝♦♠ ♠❛✐♦- ❝♦❡✜❝✐❡♥1❡ ❘

2
✳ ❆ ♣❛-1✐- ❞❛ ▼❘❉F .B♦

❡①1-❛I❞♦. ❞♦✐. ♣❛-J♠❡1-♦. Rp ❡ Ra✳ ❖ ♣❛-J♠❡1-♦ Rp -❡♣-❡.❡♥1❛ ❛ -❡.✐.18♥❝✐❛ ❞♦ ❝♦♥1❛1♦ ♣-✐♥❝✐♣❛❧✱

❞❡1❡-♠✐♥❛❞❛ ❝♦♠ ♦. ❝♦♥1❛1♦. ❝♦♠♣❧❡♠❡♥1❡ ❢❡❝❤❛❞♦.✳ ❖ ♣❛-J♠❡1-♦ Ra -❡♣-❡.❡♥1❛ ❛ -❡.✐.18♥❝✐❛ ♠;❞✐❛

❞♦ ❝♦♥1❛1♦ ❞❡ ❛-❝♦✱ ❞❡1❡-♠✐♥❛❞❛ ❝♦♠♦ ❛ ♠;❞✐❛ ❞❛. -❡.✐.18♥❝✐❛. -❡❢❡-❡♥1❡ M -❡❣✐B♦ ❞♦ ❝♦♥1❛1♦ ❞❡ ❛-❝♦✳

◆❛ ❋✐❣✉-❛ ✹✳✽ ; ❛♣-❡.❡♥1❛❞♦ ♦ ✢✉①♦❣-❛♠❛ ❝♦♠ ❛. ❡1❛♣❛. ♣❛-❛ ♦❜1❡♥EB♦ ❞♦. ♣❛-J♠❡1-♦. ❞❛ -❡.✐.18♥❝✐❛

❞❡ ❝♦♥1❛1♦✳
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❋✐❣✉$❛ ✹✳✽ ✕ ❋❧✉①♦❣'❛♠❛ ♣❛'❛ ♦❜,❡♥/0♦ ❞♦2 ♣❛'3♠❡,'♦2 ❞❛ ▼❘❉✳

Gravação dos sinais IN e 
∆VN 

Quantidade
de Ensaios

Configuração do Sistema 
de Medição 

Início

Ensaio da MRD Intervalo 5 Minutos
Repouso do Óleo

Geração de 10 MRD 
(MRD1, ..., MRD10)

Cálculo da MRD Média 
(MRDM)

Cálculo de R²N
(R²1, ..., R²10)

Seleciona as 5 curvas com 
maior R²

Cálculo da MRD Final 
(MRDF)

Determinação dos 
Parâmetros da MRDF

< 10

= 10

❋♦♥,❡✿ 9':♣'✐♦ ❛✉,♦'✳

"❛$❛ ❞❡'❡$♠✐♥❛+,♦ ❞♦. ♣❛$0♠❡'$♦. Rp ❡ Ra ♦. ❞✐.❥✉♥'♦$❡. ❞✐.♣♦♥✐❜✐❧✐③❛❞♦. ♥❡.'❛ ♣❡.6✉✐.❛

❢♦$❛♠ .✉❜♠❡'✐❞♦. ❛ ❡♥.❛✐♦. ❞❛ ▼❘❉✱ ❝♦♥❢♦$♠❡ ❞❡.❝$✐'♦ ❛ .❡❣✉✐$✳

✹✳✸✳✶ ❊♥&❛✐♦& ❞❛ ▼❘❉ ♥♦ ❞✐&❥✉♥0♦1 2❱❖ ❞❡ ✽✵✵ ❆ ✲ ❉✶

■♥✐❝✐❛❧♠❡♥'❡ ❢♦$❛♠ $❡❛❧✐③❛❞♦. ❡♥.❛✐♦. ❞❛ ▼❘❉ ♥❛. '$@. ❛♠♦.'$❛. $❡❢❡$❡♥'❡. ❛ ❝♦♥'❛'♦. ❞❡❣$❛❞❛❞♦.

❡♠ .❡$✈✐+♦ ✭❉✶✲❈▼❚✶✱ ❉✶✲❈▼❚✷ ❡ ❉✶✲❈▼❚✸✮✱ ❛. 6✉❛✐. ❥J .❡ ❡♥❝♦♥'$❛✈❛♠ ✐♥.'❛❧❛❞❛. ♥♦ ❞✐.❥✉♥'♦$✳

❆♣L. ♦. ❡♥.❛✐♦. ❞❛ ▼❘❉✱ ♦. ❝♦♥'❛'♦. ❢♦$❛♠ ❞❡.♠♦♥'❛❞♦. ❞♦ ❞✐.❥✉♥'♦$ ♣❛$❛ ✜♥. ❞❡ $❡❣✐.'$♦ ❢♦'♦❣$J✜❝♦

✭❋✐❣✉$❛ ✹✳✷✮ ❡ ✐♥.♣❡+,♦ ✈✐.✉❛❧✱ ❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞❡ .❡ ❛✈❛❧✐❛$ .❡ ❤❛✈✐❛ $❡❧❛+,♦ ❡♥'$❡ ♦ ♥Q✈❡❧ ❞❡ ❞❡❣$❛❞❛+,♦

❞♦. ❝♦♥'❛'♦. ❡ ❛ ❝✉$✈❛ ❞❛ ▼❘❉✳ "♦.'❡$✐♦$♠❡♥'❡✱ ❛ 6✉❛$'❛ ❛♠♦.'$❛✱ ❝♦♥'❛'♦. ♥♦✈♦. ✭❉✶✲❈▼❚✹✮✱ ❢♦✐

✐♥.'❛❧❛❞❛ ♥♦ ❞✐.❥✉♥'♦$ ♣❛$❛ $❡❛❧✐③❛+,♦ ❞❡ ❡♥.❛✐♦. ❞❛ ▼❘❉✳

❖. ❞❛❞♦. ♦❜'✐❞♦. ♥♦. ❡♥.❛✐♦. ❝♦♠ ♦. ❝♦♥'❛'♦. .❡$✈❡♠ ❝♦♠♦ $❡❢❡$@♥❝✐❛ ♣❛$❛ ❛✈❛❧✐❛$ ❛ ❝♦♥✜✲
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❣✉#❛%&♦ ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉ ❡♠ ❢✉♥%&♦ ❞♦ ♥2✈❡❧ ❞❡ ❞❡❣#❛❞❛%&♦ ❞♦4 ❝♦♥5❛5♦4 ❞♦ ❞✐4❥✉♥5♦# ❉✶✳

◆♦4 ❡♥4❛✐♦4 ♣❛#❛ ♠❡❞✐%&♦ ❞❛ #❡4✐45<♥❝✐❛ ❞❡ ❝♦♥5❛5♦✱ ♣❛#❛ ♦ ❞✐4❥✉♥5♦# ❉✶ ❢♦✐ ✉5✐❧✐③❛❞♦ ♦

❛##❛♥❥♦ ❡①♣❡#✐♠❡♥5❛❧ ❛♣#❡4❡♥5❛❞♦ ♥❛ ❋✐❣✉#❛ ✹✳✾✳ ❙❡♥❞♦ ✶ ✲ ❙✐45❡♠❛ ❞❡ ♠❡❞✐%&♦ ❡ ❛❥✉45❡ ❞♦ ♥2✈❡❧ ❞❡

❝♦##❡♥5❡❀ ✷ ✲ ❖4❝✐❧♦4❝H♣✐♦❀ ✸ ✲ ❉✐4❥✉♥5♦# J❱❖ ❞❡ ♠L❞✐❛ 5❡♥4&♦❀ ✹ ✲ ❇❛5❡#✐❛ ❡45❛❝✐♦♥N#✐❛✳

◆♦ ❞✐4❥✉♥5♦# ❉✶ 5❛♠❜L♠ ❢♦#❛♠ #❡❛❧✐③❛❞♦4 ♦4 4❡❣✉✐♥5❡4 ❡♥4❛✐♦4 ❞❡ ❞❡❣#❛❞❛%&♦✿

• ❝♦♠ ❛♣❧✐❝❛%&♦ ❞❡ ❝✉#5♦✲❝✐#❝✉✐5♦✱ 4❡%&♦ ✹✳✹✳✶❀

• ❝♦♠ ❛♣❧✐❝❛%&♦ ❞❡ 4♦❜#❡❝♦##❡♥5❡✱ 4❡%&♦ ✹✳✹✳✷❀

• ❝♦♠ ❛Q✉❡❝✐♠❡♥5♦ ❡♠ H❧❡♦ ♠✐♥❡#❛❧✱ 4❡%&♦ ✹✳✹✳✸✳

❋✐❣✉$❛ ✹✳✾ ✕ ❋♦#♦❣%❛✜❛ ❞♦ ❛%%❛♥❥♦ ♠♦♥#❛❞♦ ❡♠ ❧❛❜♦%❛#/%✐♦ ♣❛%❛ ♦2 ❡♥2❛✐♦2 ❞❛ ▼❘❉ ♥♦

❞✐2❥✉♥#♦% ❞❡ ♠7❞✐❛ #❡♥28♦ ❞❡ ✽✵✵ ❆✳

❋♦♥#❡✿ >%/♣%✐♦ ❛✉#♦%✳

✹✳✸✳✷ ❊♥&❛✐♦& ❞❛ ▼❘❉ ♥♦ ❞✐&❥✉♥0♦1 2❱❖ ❞❡ ✻✸✵ ❆ ✲ ❉✷

■♥✐❝✐❛❧♠❡♥5❡ ❢♦#❛♠ #❡❛❧✐③❛❞♦4 ❡♥4❛✐♦4 ❞❛ ▼❘❉ ♥❛4 5#<4 ❛♠♦45#❛4 #❡❢❡#❡♥5❡4 ❛ ❝♦♥5❛5♦4 ❞❡❣#❛❞❛❞♦4 ❡♠

4❡#✈✐%♦ ✭❉✷✲❈▼❚✶✱ ❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸✮✱ ❛4 Q✉❛✐4 ❥N 4❡ ❡♥❝♦♥5#❛✈❛♠ ✐♥45❛❧❛❞❛4 ♥♦ ❞✐4❥✉♥5♦#✳

❖4 ❞❛❞♦4 ♦❜5✐❞♦4 ♥♦4 ❡♥4❛✐♦4 ❝♦♠ ♦4 ❝♦♥5❛5♦4 4❡#✈❡♠ ❝♦♠♦ #❡❢❡#<♥❝✐❛ ♣❛#❛ ❛✈❛❧✐❛# ❛ ❝♦♥✜✲

❣✉#❛%&♦ ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉ ❡♠ ❢✉♥%&♦ ❞♦ ♥2✈❡❧ ❞❡ ❞❡❣#❛❞❛%&♦ ❞♦4 ❝♦♥5❛5♦4 ❞♦ ❞✐4❥✉♥5♦# ❉✷✳
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◆♦$ ❡♥$❛✐♦$ ♣❛*❛ ♠❡❞✐-.♦ ❞❛ *❡$✐$/0♥❝✐❛ ❞❡ ❝♦♥/❛/♦✱ ♣❛*❛ ♦ ❞✐$❥✉♥/♦* ❉✷ ❢♦✐ ✉/✐❧✐③❛❞♦ ♦

❛**❛♥❥♦ ❡①♣❡*✐♠❡♥/❛❧ ❛♣*❡$❡♥/❛❞♦ ♥❛ ❋✐❣✉*❛ ✹✳✶✵✳ ❙❡♥❞♦ ✶ ✲ ❙✐$/❡♠❛ ❞❡ ♠❡❞✐-.♦ ❡ ❛❥✉$/❡ ❞♦ ♥C✈❡❧ ❞❡

❝♦**❡♥/❡❀ ✷ ✲ ❖$❝✐❧♦$❝G♣✐♦❀ ✸ ✲ ❉✐$❥✉♥/♦* I❱❖ ❞❡ ♠K❞✐❛ /❡♥$.♦❀ ✹ ✲ ❇❛/❡*✐❛ ❡$/❛❝✐♦♥M*✐❛✳

❋✐❣✉$❛ ✹✳✶✵ ✕ ❋♦#♦❣%❛✜❛ ❞♦ ❛%%❛♥❥♦ ♠♦♥#❛❞♦ ❡♠ ❧❛❜♦%❛#/%✐♦ ♣❛%❛ ♦2 ❡♥2❛✐♦2 ❞❛ ▼❘❉ ♥♦

❞✐2❥✉♥#♦% ❞❡ ♠7❞✐❛ #❡♥28♦ ❞❡ ✻✸✵ ❆✳

❋♦♥#❡✿ ?%/♣%✐♦ ❛✉#♦%✳

✹✳✸✳✸ ❊♥%❛✐♦% ❞❛ ▼❘❉ ♥♦ ❞✐%❥✉♥/♦0 1❱❖ ❞❡ ✷✳✵✵✵❆ ✲ ❉✸

■♥✐❝✐❛❧♠❡♥/❡ ❢♦*❛♠ *❡❛❧✐③❛❞♦$ ❡♥$❛✐♦$ ❞❛ ▼❘❉ ♥❛$ /*0$ ❛♠♦$/*❛$ *❡❢❡*❡♥/❡$ ❛ ❝♦♥/❛/♦$ ❞❡❣*❛❞❛❞♦$ ❡♠

$❡*✈✐-♦ ✭❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷ ❡ ❉✸✲❈❆❚✸✮✱ ♦$ V✉❛✐$ ❥M $❡ ❡♥❝♦♥/*❛✈❛♠ ✐♥$/❛❧❛❞❛$ ♥♦$ ❞✐$❥✉♥/♦*❡$✳

❆♣G$ ♦$ ❡♥$❛✐♦$ ❞❛ ▼❘❉✱ ♦$ ❝♦♥/❛/♦$ ❢♦*❛♠ ❞❡$♠♦♥/❛❞♦$ ❞♦$ ❞✐$❥✉♥/♦*❡$ ♣❛*❛ ✜♥$ ❞❡ *❡❣✐$/*♦

❢♦/♦❣*M✜❝♦ ✭❋✐❣✉*❛ ✹✳✹✮ ❡ ✐♥$♣❡-.♦ ✈✐$✉❛❧✱ ❝♦♠ ♦ ♦❜❥❡/✐✈♦ ❞❡ $❡ ❛✈❛❧✐❛* $❡ ❤❛✈✐❛ *❡❧❛-.♦ ❡♥/*❡ ♦ ♥C✈❡❧

❞❡ ❞❡❣*❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$ ❡ ❛ ❝✉*✈❛ ❞❛ ▼❘❉✳ I♦$/❡*✐♦*♠❡♥/❡✱ ❛$ ❛♠♦$/*❛$ ❢♦*❛♠ *❡✐♥$/❛❧❛❞❛$ ♥♦$

❞✐$❥✉♥/♦*❡$✳

I♦$/❡*✐♦*♠❡♥/❡✱ ✉♠❛ V✉❛*/❛ ❛♠♦$/*❛ ❢♦✐ $✉❜♠❡/✐❞❛ ❛ ❡♥$❛✐♦$ ❞❛ ▼❘❉✳ ❆ V✉❛*/❛ ❛♠♦$/*❛✱

❞❡♥♦♠✐♥❛❞❛ ❞❡ ❉✸✲❈❆❚✹✱ ♥.♦ ❛♣*❡$❡♥/❛ ❞❡❣*❛❞❛-.♦ $✐❣♥✐✜❝❛/✐✈❛✱ ❡ ♣♦$$✉✐ ❛$ ♠❡$♠❛$ ❝❛*❛❝/❡*C$/❛$

❞❛$ ❛♠♦$/*❛ ♦*✐❣✐♥❛✐$ ❞♦ ❞✐$❥✉♥/♦* ❉✸✳

❖$ ❞❛❞♦$ ♦❜/✐❞♦$ ♥♦$ ❡♥$❛✐♦$ ❝♦♠ ♦$ ❝♦♥/❛/♦$ $❡*✈❡♠ ❝♦♠♦ *❡❢❡*0♥❝✐❛ ♣❛*❛ ❛✈❛❧✐❛* ❛ ❝♦♥✜✲

❣✉*❛-.♦ ❞❛ ❝✉*✈❛ ❞❛ ▼❘❉ ❡♠ ❢✉♥-.♦ ❞♦ ♥C✈❡❧ ❞❡ ❞❡❣*❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$ ❞♦ ❞✐$❥✉♥/♦* ❉✸✳

◆♦$ ❡♥$❛✐♦$ ♣❛*❛ ♠❡❞✐-.♦ ❞❛ *❡$✐$/0♥❝✐❛ ❞❡ ❝♦♥/❛/♦ ♣❛*❛ ♦ ❞✐$❥✉♥/♦* ❉✸ ❢♦✐ ✉/✐❧✐③❛❞♦ ♦ ❛**❛♥❥♦

❡①♣❡*✐♠❡♥/❛❧ ❛♣*❡$❡♥/❛❞♦ ♥❛ ❋✐❣✉*❛ ✹✳✶✶✳ ❖$ ❡♥$❛✐♦$ ❞❡ *❡$✐$/0♥❝✐❛ ❞❡ ❝♦♥/❛/♦ ❢♦*❛♠ *❡❛❧✐③❛❞♦$ ❝♦♠
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❛♣❧✐❝❛'(♦ ❞❡ ✉♠❛ ❝♦..❡♥0❡ ❞❡ 0❡10❡ ❞❡ ✸✵✵ ❆✳ ❙❡♥❞♦✿ ✶ ✲ ❙✐10❡♠❛ ❞❡ ♠❡❞✐'(♦ ❡ ❛❥✉10❡ ❞♦ ♥:✈❡❧ ❞❡

❝♦..❡♥0❡❀ ✷ ✲ ❖1❝✐❧♦1❝?♣✐♦❀ ✸ ✲ ❉✐1❥✉♥0♦. A❱❖ ❞❡ ❛❧0❛ 0❡♥1(♦ ❡ ✹ ✲ ❇❛0❡.✐❛ ❡10❛❝✐♦♥E.✐❛✳

❋✐❣✉$❛ ✹✳✶✶ ✕ ❋♦#♦❣%❛✜❛ ❞♦ ❛%%❛♥❥♦ ♠♦♥#❛❞♦ ❡♠ ❧❛❜♦%❛#/%✐♦ ♣❛%❛ ♦2 ❡♥2❛✐♦2 ❞❛ ▼❘❉ ♥♦

❞✐2❥✉♥#♦% ❞❡ ❛❧#❛ #❡♥27♦ #✐♣♦ 8❱❖✳

❋♦♥#❡✿ 8%/♣%✐♦ ❛✉#♦%✳

✹✳✸✳✹ ❊♥%❛✐♦% ❞❛ ▼❘❉ ♥♦ ❞✐%❥✉♥/♦0 ❙❋6 ❞❡ ✶✳✻✺✵ ❆ ✲ ❉✹
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✹✳✹ ❊♥$❛✐♦$ ❞❡ ❞❡❣+❛❞❛,-♦
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.,♦ )❡❛❧✐③❛❞♦. ❡♥.❛✐♦. ❞❛ ▼❘❉ ❛♣H. ❝❛❞❛ .❡+,♦ ❞❡ ❡♥.❛✐♦ ❞❡ ❞❡❣)❛❞❛+,♦✳

E❛)❛ ✐♠♣❧❡♠❡♥0❛+,♦ ❞♦. ❡♥.❛✐♦. ❞❡ ❞❡❣)❛❞❛+,♦✱ ❛. ❛♠♦.0)❛. ❞❡ ❝♦♥0❛0♦ ❉✶✲❈▼❚✶✱ ❉✶✲
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)❡♣)♦❞✉③✐❞❛ ❡♠ ❧❛❜♦)❛0H)✐♦✳
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❣❛❧✈H♥✐❝♦ ❡♥($❡ ♦ ❝♦♥(❛(♦ ✜①♦ ❡ ♦ ❝♦♥(❛(♦ ♠1✈❡❧❀
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• ❡♥$❛✐♦ ❞❡ ❞❡❣)❛❞❛24♦ '5)♠✐❝❛ ✲ ❖ ❡♥$❛✐♦ '❡♠ ❝♦♠♦ ♦❜❥❡'✐✈♦ ♣)♦♣♦)❝✐♦♥❛) ❞❡❣)❛❞❛24♦ ♥♦ ❝♦♥'❛'♦

♣)✐♥❝✐♣❛❧ ❡ ♥♦ ❝♦♥'❛'♦ ❞❡ ❛)❝♦✱ ❡♠ '♦❞❛ ❛ $✉♣❡)❢D❝✐❡ ❞♦$ ❝♦♥'❛'♦$ ✜①♦ ❡ ♠=✈❡❧✱ ❞❡ ❢♦)♠❛ ♠❛✐$

✐♥❝✐$✐✈❛ B✉❡ ❛ ❞❡❣)❛❞❛24♦ )❡❣✐$')❛❞❛ ♣❛)❛ ♦ ❝♦♥'❛'♦ ♣)✐♥❝✐♣❛❧ ❞❡✈✐❞♦ ❛ ❝♦♥❞✉24♦ ❞❛ ❝♦))❡♥'❡ ❞❡

❝❛)❣❛❀

• ❡♥$❛✐♦ ❞❡ ❞❡❣)❛❞❛24♦ ❝♦♠ $♦❜)❡❝♦))❡♥'❡ ❧♦❝❛❧✐③❛❞❛ ✲ ❖ ❡♥$❛✐♦ '❡♠ ❝♦♠♦ ♦❜❥❡'✐✈♦ ♣)♦♣♦)❝✐♦♥❛)

❞❡❣)❛❞❛24♦ ♥♦ ❝♦♥'❛'♦ ❞❡ ❛)❝♦ ❞♦ ❝♦♥'❛'♦ ♠=✈❡❧ ♥❛ ❡①')❡♠✐❞❛❞❡ $✉♣❡)✐♦) ❞♦ ❝♦♥'❛'♦✱ ❞❡ ❢♦)♠❛

♠❛✐$ ✐♥❝✐$✐✈❛ B✉❡ ❛ ❞❡❣)❛❞❛24♦ )❡❣✐$')❛❞❛ ♣❛)❛ ♦ ❝♦♥'❛'♦ ❞❡ ❛)❝♦ ❡♠ $❡)✈✐2♦❀

F❛)❛ ♠♦♥✐'♦)❛♠❡♥'♦ ❞♦ ♥D✈❡❧ ❞❡ ❞❡❣)❛❞❛24♦ ❡ ❛✈❛❧✐❛24♦ ❞❛ ♠❡'♦❞♦❧♦❣✐❛ ❛♣❧✐❝❛❞❛✱ ♦ ♣)♦❝❡$$♦

❞❡ ❞❡❣)❛❞❛24♦ ❢♦✐ ❢❡✐'♦ ❡♠ ❡'❛♣❛$ ♦✉ $❡23❡$✳ ❆♣=$ ❝❛❞❛ $❡24♦ ❞❡ ❞❡❣)❛❞❛24♦ ❛❝❡❧❡)❛❞❛✱ ❡♥$❛✐♦$ ❞❛

▼❘❉ ❢♦)❛♠ )❡❛❧✐③❛❞♦$✳

✹✳✹✳✶ ❊♥%❛✐♦% ❞❡ ❛♣❧✐❝❛./♦ ❞❡ ❝✉12♦✲❝✐1❝✉✐2♦

❖ ❡♥$❛✐♦ ❞❡ ❛♣❧✐❝❛24♦ ❞❡ ❝✉)'♦$✲❝✐)❝✉✐'♦$ ♥♦$ ❝♦♥'❛'♦$ ❝♦♥$✐$'❡ ❡♠ ❛♣❧✐❝❛) ✉♠ ❝✉)'♦✲❝✐)❝✉✐'♦ ❢)❛♥❝♦✱

❡♥')❡ ❛ )❡❣✐4♦ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛)❝♦ ❞♦ ❝♦♥'❛'♦ ♠=✈❡❧ ❡ ♦ ❝♦♥'❛'♦ ♣)✐♥❝✐♣❛❧ ❞♦ ❝♦♥'❛'♦ ✜①♦✱ ❞❡ ♠♦❞♦

❛ ♣)♦♣♦)❝✐♦♥❛) ❛ ❞❡❣)❛❞❛24♦ ❞♦$ ❝♦♥'❛'♦$✳ F)❡'❡♥❞❡✲$❡ ♣)♦✈♦❝❛) ❛ )❡♠♦24♦ ❞❡ ♠❛'❡)✐❛❧ ♥❛ )❡❣✐4♦ ❞♦

❝♦♥'❛'♦ ❞❡ ❛)❝♦✱ $✐♠✉❧❛♥❞♦ ❡♠ ❧❛❜♦)❛'=)✐♦✱ ✉♠ ❞❡$❣❛$'❡ ♥♦$ ❝♦♥'❛'♦$ ❞❡ ❛)❝♦ ❞❡ ❢♦)♠❛ ♠❛✐$ ✐♥❝✐$✐✈❛

B✉❡ ♦ ❞❡$❣❛$'❡ ♣)♦✈♦❝❛❞♦ ♣❡❧♦ ❛)❝♦ ❡❧5')✐❝♦✳

F❛)❛ ♦ ❡♥$❛✐♦ ❞❡ ❞❡❣)❛❞❛24♦ ❝♦♠ ❝✉)'♦$✲❝✐)❝✉✐'♦$ ❢♦✐ ✉'✐❧✐③❛❞❛ ❛ ❛♠♦$')❛ ❉✶✲❈▼❚✹✳ ❖

❝✐)❝✉✐'♦ ❞❡ ❛♣❧✐❝❛24♦ ❞♦ ❝✉)'♦✲❝✐)❝✉✐'♦ 5 ♣)♦✈✐❞♦ ❞❡ ✉♠ ❞✐$❥✉♥'♦) '❡)♠♦♠❛❣♥5'✐❝♦ ♠♦♥♦♣♦❧❛) ❞❡ ✶✵

❆ ✴ ✸✽✵ ❱ ✴ ✸ ❦❆ ❡ ✉♠❛ ❢♦♥'❡ ❞❡ '❡♥$4♦ ❞❡ ✷✷✵ ❱ ✲ ❘▼❙✳ ◆❛ ❋✐❣✉)❛ ✹✳✶✹✭❛✮ 5 ❛♣)❡$❡♥'❛❞❛ ✉♠❛

✐❧✉$')❛24♦ ❞♦ ❝✐)❝✉✐'♦ ❡B✉✐✈❛❧❡♥'❡ ✉'✐❧✐③❛❞♦ ♥♦ ❡♥$❛✐♦ ❡ ♥❛ ❋✐❣✉)❛ ✹✳✶✹✭❜✮ 5 ❛♣)❡$❡♥'❛❞❛ ✉♠❛ ❢♦'♦❣)❛✜❛



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✾✹

❞♦ ❡♥&❛✐♦ ❡♠ ❧❛❜♦,❛-.,✐♦✳ ❙❡♥❞♦✿ ✶ ✲ ❚❡,♠✐♥❛❧ &✉♣❡,✐♦, ❞♦ ❞✐&❥✉♥-♦, ❝♦♥❡❝-❛❞♦ ❛ ❢❛&❡ ✲ ✷✷✵ ❱ ❡ ✷ ✲

❚❡,♠✐♥❛❧ ✐♥❢❡,✐♦, ❞♦ ❞✐&❥✉♥-♦, ❝♦♥❡❝-❛❞♦ ❛♦ ❛-❡,,❛♠❡♥-♦✳

❋✐❣✉$❛ ✹✳✶✹ ✕ ❆""❛♥❥♦ ❞♦ ❡♥)❛✐♦ ❞❡ ❞❡❣"❛❞❛,-♦ ❞♦) ❝♦♥/❛/♦) ❝♦♠ ❛♣❧✐❝❛,-♦ ❞❡ ❝✉"/♦✲

❝✐❝✉✐/♦ ♥❛ ❛♠♦)/"❛ ❉✶✲❈▼❚✹✳

✭❛✮ ■❧✉)/"❛,-♦ ❞♦ ❝✐"❝✉✐/♦✳ ✭❜✮ ❋♦/♦❣"❛✜❛ ❞♦ ❛""❛♥❥♦✳

❋♦♥/❡✿ C"D♣"✐♦ ❛✉/♦"✳

◆❛ ❋✐❣✉,❛ ✹✳✶✺ A ❛♣,❡&❡♥-❛❞❛ ❛ &❡B✉C♥❝✐❛ ❡&B✉❡♠D-✐❝❛ ❞❡ ❛♣❧✐❝❛EF♦ ❞❡ ❝✉,-♦✲❝✐❝✉✐-♦ ❛♦

❝♦♥-❛-♦ ❞♦ ❞✐&❥✉♥-♦, G❱❖✳ ❆♣.& ,❡❛❧✐③❛EF♦ ❞❡ ❝❛❞❛ &❡EF♦ ❞❡ ❡♥&❛✐♦✱ &❡♥❞♦ B✉❡ ❝❛❞❛ &❡EF♦ ❝♦♥-❡♠♣❧❛

✉♠❛ &A,✐❡ ❞❡ ❞❡③ ❝✉,-♦&✲❝✐❝✉✐-♦&✱ ❡♥&❛✐♦& ❞❛ ▼❘❉ &F♦ ,❡❛❧✐③❛❞♦&✳ ❍D ✉♠ ✐♥-❡,✈❛❧♦ ❞❡ ✺ ♠✐♥✉-♦& ❡♥-,❡

❝✉,-♦&✲❝✐❝✉✐-♦&✱ ♦ ♦❜❥❡-✐✈♦ A ,❡&❢,✐❛, ♦& ❝♦♥-❛-♦& ❞♦ ❞✐&❥✉♥-♦, -❡,♠♦♠❛❣♥A-✐❝♦✱ ❞❡ ♠♦❞♦✱ B✉❡ ❡❧❡ ❛-✉❡

❡♠ ♥Q✈❡✐& ❞❡ ❝✉,-♦&✲❝✐,❝✉✐-♦& &✐♠✐❧❛,❡& ❡♥-,❡ ❡♥&❛✐♦&✳



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✾✺

❋✐❣✉$❛ ✹✳✶✺ ✕ ❙❡#✉%♥❝✐❛ ❞❡ ❡♥+❛✐♦ ❞❡ ❞❡❣.❛❞❛/0♦ ❝♦♠ ❝✉.2♦+✲❝✐.❝✉✐2♦+ ♥❛ ❛♠♦+2.❛ ❉✶✲

❈▼❚✹✳


  

 

















❋♦♥2❡✿ =.>♣.✐♦ ❛✉2♦.✳

◆♦ ❡♥&❛✐♦ ❞❡ ❝✉,-♦✲❝✐,❝✉✐-♦ ♦ ♥/✈❡❧ ❞❡ ❝♦,,❡♥-❡ ❛♣❧✐❝❛❞❛ ❢♦✐ ♥❛ ❢❛✐①❛ ❞❡ ✷ ❛ ✸ ❦❆✳ ❖ ✐♥-❡,✈❛❧♦

❞❡ ❞✉,❛;<♦ ❞♦ ❝✉,-♦✲❝✐,❝✉✐-♦ ♥<♦ ❢♦✐ ♠♦♥✐-♦,❛❞♦✱ -❡♥❞♦ ❡♠ ✈✐&-❛ ?✉❡ ♦ ♦❜❥❡-✐✈♦ B &♦♠❡♥-❡ ♣,♦♣♦,❝✐♦♥❛,

❞❡&❣❛&-❡ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛,❝♦✳

✹✳✹✳✷ ❊♥%❛✐♦% ❞❡ ❛♣❧✐❝❛./♦ ❞❡ %♦❜1❡❝♦11❡♥2❡

❖ ❡♥&❛✐♦ ❞❡ ❛♣❧✐❝❛;<♦ ❞❡ &♦❜,❡❝♦,,❡♥-❡ ❡♥-,❡ ♦& ❝♦♥-❛-♦& ❝♦♥&✐&-❡ ❡♠ ❛♣❧✐❝❛, ✉♠❛ ❝♦,,❡♥-❡ ❡❧B-,✐❝❛ ♥❛

❢,❡?✉D♥❝✐❛ ✐♥❞✉&-,✐❛❧ ?✉❡ ♣,♦♣♦,❝✐♦♥❡ ❛ ❞❡❣,❛❞❛;<♦ ❞❡ ,❡❣✐E❡& ♣,❡❞❡-❡,♠✐♥❛❞❛& ❞♦& ❝♦♥-❛-♦&✱ ❞✉,❛♥-❡

✉♠ ♣❡,/♦❞♦ ❞❡ ✹✽ ❤♦,❛&✳ ❉❡&&❡ ♠♦❞♦✱ ✉♠❛ &♦❜,❡❝♦,,❡♥-❡ ❡♥-,❡ ♦& ❝♦♥-❛-♦& ✜①♦ ❡ ♠K✈❡❧ ♣❛,❝✐❛❧♠❡♥-❡

❢❡❝❤❛❞♦& ✭M,❡❛ ❞❡ ❝♦♥-❛-♦ ❣❛❧✈N♥✐❝♦ ♠✐♥✐♠✐③❛❞❛✮ &❡,M ❛♣❧✐❝❛❞❛✳ Q,❡-❡♥❞❡✲&❡ ❛&&✐♠✱ ❡&-❛❜❡❧❡❝❡, ✉♠❛

♣❡?✉❡♥❛ M,❡❛ ❞❡ ❝♦♥-❛-♦ ❡♥-,❡ ♦ ❝♦♥-❛-♦ ❞❡ ❛,❝♦ ❞♦ ❝♦♥-❛-♦ ♠K✈❡❧ ❡ ♦ ❝♦♥-❛-♦ ♣,✐♥❝✐♣❛❧ ❞♦ ❝♦♥-❛-♦

✜①♦✱ ♣,♦♣♦,❝✐♦♥❛♥❞♦ ✉♠ ❛?✉❡❝✐♠❡♥-♦ ❡ ✉♠ ❞❡&❣❛&-❡ ♠❛✐& ✐♥-❡♥&♦ ♥❡&&❛ ,❡❣✐<♦ ❞♦& ❝♦♥-❛-♦&✳

◆❛ ❋✐❣✉,❛ ✹✳✶✻ &<♦ ❛♣,❡&❡♥-❛❞❛& ✐❧✉&-,❛;E❡& ❞♦& ❝♦♥-❛-♦& ✜①♦ ❡ ♠K✈❡❧ ❝♦♠♣❧❡-❛♠❡♥-❡ ❢❡✲

❝❤❛❞♦& ❡ ♣❛,❝✐❛❧♠❡♥-❡ ❢❡❝❤❛❞♦&✱ ❝♦♠ ❞❡-❛❧❤❡ ❞❛ ,❡❣✐<♦ ❞♦& ❝♦♥-❛-♦& ♦♥❞❡ ♦❝♦,,❡ ♦ ❝♦♥-❛-♦ ❣❛❧✈N♥✐❝♦

❡❢❡-✐✈❛♠❡♥-❡✳ ❖❜&❡,✈❛✲&❡ ♥❛ ✐❧✉&-,❛;<♦ ❞❛ ❋✐❣✉,❛ ✹✳✶✻✭❛✮✱ ?✉❡ ♦& ❝♦♥-❛-♦& ❡&-<♦ ♥❛ ♣♦&✐;<♦ ❝♦♠✲

♣❧❡-❛♠❡♥-❡ ❢❡❝❤❛❞❛ ✭M,❡❛ ❞❡ ❝♦♥-❛-♦ ❞✮✳ ◆❛ ❋✐❣✉,❛ ✹✳✶✻✭❜✮✱ ?✉❡ ✐❧✉&-,❛ ❛ ♣♦&✐;<♦ ❞♦& ❝♦♥-❛-♦& ♥♦

❡♥&❛✐♦ ❞❡ &♦❜,❡❝♦,,❡♥-❡✱ ❤M ❛♣❡♥❛& ♦ ❝♦♥-❛-♦ ❣❛❧✈N♥✐❝♦ ♣❛,❝✐❛❧ ✭M,❡❛ ❞❡ ❝♦♥-❛-♦ ❞

′
✮ ❡♥-,❡ ♦& ❝♦♥-❛-♦&

✜①♦ ❡ ♠K✈❡❧✱ &❡♥❞♦ ❞

′ ≪ ❞✳
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❋✐❣✉$❛ ✹✳✶✻ ✕ ❉❡#❛❧❤❡' ❞❛ )*❡❛ ❞❡ ❝♦♥#❛#♦ ♥♦ ❡♥'❛✐♦ ❞❡ '♦❜*❡❝♦**❡♥#❡ ♥♦ ❞✐'❥✉♥#♦* 2❱❖

❞❡ ♠6❞✐❛ #❡♥'7♦ ❞❡ ✽✵✵ ❆✳
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Rp ❡ Ra )❡!G♦ ♦❜0✐❞♦) ♥♦ ❡♥)❛✐♦ ❞❛ ▼❘❉✳
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❞❡ ❝♦!!❡♥0❡ ❞❡ ❛♥❛❧✐)❛❞♦!❡) ❞❡ ❞✐)❥✉♥0♦!❡) ❝♦♠❡!❝✐❛❧✐③❛❞♦)✳ ❖) ❡♥)❛✐♦) ❢♦!❛♠ !❡❛❧✐③❛❞♦) ❝♦♠ ❛❜❡!0✉!❛

❞♦) ❝♦♥0❛0♦) ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧✳

9❛!❛ ❛✈❛❧✐❛WG♦ ❞❛ ✐♥✢✉Q♥❝✐❛ ❞❛ ❝♦!!❡♥0❡ ❞❡ 0❡)0❡ ♥♦ ❡♥)❛✐♦ ❞❛ ▼❘❉ ❢♦✐ ✉0✐❧✐③❛❞❛ ❛ ❛♠♦)0!❛

❉✶✲❈▼❚✶✱ ❡♠ ❛✈❛♥W❛❞♦ ❡)0,❣✐♦ ❞❡ ❞❡❣!❛❞❛WG♦✳ 9❛!❛ ❝❛❞❛ ✉♠ ❞♦) ♥2✈❡✐) ❞❡ ❝♦!!❡♥0❡ ❞❡ 0❡)0❡ )❡!G♦

!❡❛❧✐③❛❞♦) ❞❡③ ❡♥)❛✐♦) ❞❛ ▼❘❉✳ ◆❛ ❋✐❣✉!❛ ✹✳✾ ❢♦✐ ❛♣!❡)❡♥0❛❞♦ ♦ ❛!!❛♥❥♦ ❡①♣❡!✐♠❡♥0❛❧ ✉0✐❧✐③❛❞♦✳
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❖# $❡#✉❧(❛❞♦# ♦❜(✐❞♦# ♥❡##❡# ❡♥#❛✐♦# ❞❡✈❡$0♦ #❡$ ❝♦♥❢$♦♥(❛❞♦# ❡♥($❡ #✐✱ ♣❛$❛ #✉❜#✐❞✐❛$ ❛

❛✈❛❧✐❛50♦ ❞❛ ✐♥✢✉7♥❝✐❛ ❞♦ ♥8✈❡❧ ❞❡ ❝♦$$❡♥(❡ ❞❡ (❡#(❡ ♥♦# ♣❛$9♠❡($♦# ❞❛ ▼❘❉✳

✹✳✻ ❙✐%&❡♠❛ ❋✉③③② ♣+♦♣♦%&♦

❆ ❧@❣✐❝❛ ❋✉③③② #❡$B ❡♠♣$❡❣❛❞❛ ❝♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ❡#(✐♠❛$ ♦ ♥8✈❡❧ ❞❡ ❞❡❣$❛❞❛50♦ ❞♦# ❝♦♥(❛(♦# ❞♦

❞✐#❥✉♥(♦$✱ ❝♦♠ ❜❛#❡ ♥♦# ♣❛$9♠❡($♦# Rp ❡ Ra✱ ♦❜(✐❞♦# ♥♦# ❡♥#❛✐♦# ❞❛ ▼❘❉✱ ❜❡♠ ❝♦♠♦ ❞♦# ♣❛$9♠❡($♦#

❝❛$❛❝(❡$8#(✐❝♦# ❞♦ ♠♦❞❡❧♦ ❞♦ ❞✐#❥✉♥(♦$ ❡ ❞❛# ❝♦♥❞✐5D❡# ❞❡ ♦♣❡$❛50♦ ❞♦ ❡E✉✐♣❛♠❡♥(♦✳ F❛$❛ (❛♥(♦✱ ✉♠

#✐#(❡♠❛ ❋✉③③② ❢♦✐ ♣$♦♣♦#(♦ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❛♣♦✐♦ ❛ (♦♠❛❞❛ ❞❡ ❞❡❝✐#0♦ #♦❜$❡ ✐♥(❡$✈❡♥50♦ ♦✉ ♥0♦

♥♦ ❡E✉✐♣❛♠❡♥(♦✳

❆ ❛♣❧✐❝❛50♦ ❞♦ #✐#(❡♠❛ ♣$♦♣♦#(♦ ✈✐#❛ ❛✉①✐❧✐❛$ ❛# ❡E✉✐♣❡# ❞❡ ♠❛♥✉(❡♥50♦ ♥❛ (♦♠❛❞❛ ❞❡

❞❡❝✐#0♦ #♦❜$❡ ❛ ♥❡❝❡##✐❞❛❞❡ ❞❡ ✐♥(❡$✈❡♥50♦ ♦✉ ♥0♦ ♥♦ ❡E✉✐♣❛♠❡♥(♦✱ ❞❡ ♠♦❞♦ ❛ ♣$♦♣♦$❝✐♦♥❛$ ✉♠❛

♠❛✐♦$ ❝♦♥✜❛❜✐❧✐❞❛❞❡ E✉❛♥(♦ ❛# ❝♦♥❞✐5D❡# ❞❡ ♦♣❡$❛50♦ ❞♦ ❞✐#❥✉♥(♦$✳ ❖# ♣❛$9♠❡($♦# ❞❡ ❝♦♥✜❣✉$❛50♦

❞♦ #✐#(❡♠❛ ❋✉③③② ♣❛$❛ ❡#(✐♠❛(✐✈❛ ❞♦ ♥8✈❡❧ ❞❡ ❞❡❣$❛❞❛50♦ ❞♦# ❝♦♥(❛(♦# ❢♦$❛♠ ❡#(❛❜❡❧❡❝✐❞♦# #❡❣✉✐♥❞♦

$❡❝♦♠❡♥❞❛5D❡# ❞❡ ❢❛❜$✐❝❛♥(❡#✱ ♥♦$♠❛# ❡#♣❡❝8✜❝❛# ❞❡ ❝♦♥❝❡##✐♦♥B$✐❛# ❡ ❜✐❜❧✐♦❣$❛✜❛# #♦❜$❡ ♦ (❡♠❛✳

❆ ❝♦♥#($✉50♦ ❞♦ #✐#(❡♠❛ ❋✉③③② ♣$♦♣♦#(♦ ✉(✐❧✐③❛ ♦ ♠J(♦❞♦ ♣$♦♣♦#(♦ ♣♦$ ▼❛♠❞❛♥✐ ✭▼❆▼✲

❉❆◆■✱ ✶✾✼✹✮✱ ♦ E✉❛❧ J ❛♣$♦♣$✐❛❞♦ ♣❛$❛ ❛ ❛♣❧✐❝❛50♦ ❞❡ #✐#(❡♠❛# ❞❡ ❛♣♦✐♦ ❛ (♦♠❛❞❛ ❞❡ ❞❡❝✐#0♦ ✭❍❆▼❆▼❀

●❊❖❘●❆◆❆❙✱ ✷✵✵✽✮✱ ✭❑❆❯❘❀ ❑❆❯❘✱ ✷✵✶✷✮✳ ❖ ♠J(♦❞♦ ▼❛♠❞❛♥✐ ❞❡✜♥❡ ✉♠ ♣$♦❝❡##♦ ❞❡ $❛❝✐♦❝8♥✐♦

❞✐✈✐❞✐❞♦ ❡♠ E✉❛($♦ ♣❛##♦#✿ ✭✶✮ ❢✉③③✐✜❝❛50♦✱ ✭✷✮ ❛✈❛❧✐❛50♦ ❞❛# $❡❣$❛# ❢✉③③②✱ ✭✸✮ ❛❣$❡❣❛50♦ ❞❛# $❡❣$❛#

❋✉③③② ✭✐♥❢❡$7♥❝✐❛✮ ❡ ✭✹✮ ❞❡❢✉③③✐✜❝❛+,♦✳

❆ ❡(❛♣❛ ❞❡ ❛❣$❡❣❛50♦ ❞❛# $❡❣$❛# ❋✉③③② ❝♦♠ ♦ ♠J(♦❞♦ ❞❡ ▼❛♠❞❛♥✐✱ ❢♦✐ ✐♠♣❧❡♠❡♥(❛❞❛ ❝♦♠ ♦

♦♣❡$❛❞♦$ ♠/♥✐♠♦✳ ❖✉ #❡❥❛✱ ❝♦♥#✐❞❡$❛♥❞♦ µ(Rp) ❡ µ(Ra) ♦# ✈❛❧♦$❡# ❞❡ ♣❡$(✐♥7♥❝✐❛ ♣❛$❛ ❛# ✈❛$✐B✈❡❧ ❞❡

❡♥($❛❞❛ Rp ❡ Ra✱ $❡#♣❡❝(✐✈❛♠❡♥(❡✱ ♦ ✈❛❧♦$ ❞❡ ♣❡$(✐♥7♥❝✐❛ ❞❛ ✈❛$✐B✈❡❧ ❞❡ #❛8❞❛ µ(ND)✱ #❡$B ❞❡✜♥✐❞♦

♣♦$✿

µ (ND) = min {µ (Rp) , µ (Ra)} ✭✹✳✹✮

◆❛ ❡(❛♣❛ ❞❡ ❞❡❢✉③③✐✜❝❛+,♦ ❢♦$❛♠ ❛❞♦(❛❞♦# ❞♦✐# ♠J(♦❞♦#✳ F❛$❛ ♦# ❝❛#♦# ❡♠ E✉❡ ❛# $❡#✐#(7♥✲

❝✐❛# ❞❡ ❝♦♥(❛(♦ Rp ❡ Ra✱ ♥0♦ ❛(✐♥❣✐$❛♠ ♦ ✈❛❧♦$ ♠B①✐♠♦ ❛❞♠✐##8✈❡❧✱ ♦✉ #❡❥❛✱ ♦# ❞❛❞♦# ❞❡ ❡♥($❛❞❛ Rp

❡ Ra ❛♣$❡#❡♥(❛♠ ❣$❛✉ ❞❡ ♣❡$(✐♥7♥❝✐❛ ♠❡♥♦$ E✉❡ ✶✱ ♣❛$❛ ❛# ✈❛$✐B✈❡✐# ❧✐♥❣✉8#(✐❝❛# ❘F✲❆ ❡ ❘❆✲❆✱ $❡#✲

♣❡❝(✐✈❛♠❡♥(❡✱ ❛ (J❝♥✐❝❛ ❛❞♦(❛❞❛ ❢♦✐ ❛ ♠J❞✐❛ ♣♦♥❞❡$❛❞❛ ❞♦# ♠B①✐♠♦#✳ F❛$❛ ♦# ❞❡♠❛✐# ❝❛#♦#✱ E✉❛♥❞♦
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#❡❥❛✱ ♦ ❝♦♥'❛'♦ ❥3 ❛♣$❡#❡♥'❛ ♥5✈❡❧ ❞❡ ❞❡❣$❛❞❛89♦ #✉♣❡$✐♦$ ❛ ✶✵✵✪✱ ❛ ';❝♥✐❝❛ ❛❞♦'❛ ❢♦✐ ♦ ♠3①✐♠♦✳

✹✳✻✳✶ ❊❧❛❜♦)❛*+♦ ❞♦ -✐-/❡♠❛ ❋✉③③②

❖ ♣$✐♠❡✐$♦ ♣❛##♦ ♥❛ ❝♦♥#'$✉89♦ ❞♦ #✐#'❡♠❛ ❋✉③③②✱ ♣❛$❛ ❛♥3❧✐#❡ ❞♦ ♥5✈❡❧ ❞❡ ❞❡❣$❛❞❛89♦ ❞♦# ❝♦♥'❛'♦#✱

❝♦♥#✐#'❡ ♥❛ ❜❛#❡ ❞❡ ❝♦♥❤❡❝✐♠❡♥'♦ #♦❜$❡ ♦ ♣$♦❜❧❡♠❛✳ ❈♦♠♦ ❡♠ B✉❛❧B✉❡$ ♣$♦❝❡##♦ ❞❡ ♠♦❞❡❧❛❣❡♠

❞❡✈❡✲#❡✱ ✐♥✐❝✐❛❧♠❡♥'❡✱ ❞❡'❡$♠✐♥❛$ B✉❛❧ ♦✉ B✉❛✐# #9♦ ❛# ✈❛$✐3✈❡✐# ❞❡ ❡♥'$❛❞❛ ❡ #❛5❞❛ ❞♦ #✐#'❡♠❛✳

◆♦ #✐#'❡♠❛ ❛ #❡$ ❛❞♦'❛❞♦ ♥❡#'❛ ♣❡#B✉✐#❛✱ #❡$9♦ ❝♦♥#✐❞❡$❛❞❛# ❝♦♠♦ ✈❛$✐3✈❡✐# ❞❡ ❡♥'$❛❞❛✱ ♦#

✈❛❧♦$❡# ❞❛ $❡#✐#'(♥❝✐❛ ❞♦ ❝♦♥'❛'♦ ♣$✐♥❝✐♣❛❧ ✭Rp✮✱ ♠❡❞✐❞❛ ❝♦♠ ♦# ❝♦♥'❛'♦# ❝♦♠♣❧❡'❛♠❡♥'❡ ❢❡❝❤❛❞♦#✱ ❡ ❛

$❡#✐#'(♥❝✐❛ ♠;❞✐❛ ❞♦ ❝♦♥'❛'♦ ❞❡ ❛$❝♦ ✭Ra✮✱ ❛ #❡$❡♠ ♦❜'✐❞❛# ♥♦ ❡♥#❛✐♦ ❞❛ ▼❘❉✳ J❛$❛ ❝❛❞❛ ✈❛$✐3✈❡❧✱ #❡$3

❛'$✐❜✉5❞♦ ♦ ♠❡#♠♦ ♣❡#♦✱ '❡♥❞♦ ❡♠ ✈✐#'❛ B✉❡ ❝❛❞❛ $❡❣✐9♦ ❞♦ ❝♦♥'❛'♦ '❡♠ ❢✉♥89♦ ❡#♣❡❝5✜❝❛ ❡ ❡##❡♥❝✐❛❧✱

❡ ♦ #❡✉ ♠❛✉ ❞❡#❡♠♣❡♥❤♦ ♣♦❞❡ ♣$♦✈♦❝❛$ ❢❛❧❤❛ ♥♦ ❞✐#❥✉♥'♦$✳ J❛$❛ ♦ ❝❛#♦ ❞❛ $❡#✐#'(♥❝✐❛ ❞♦ ❝♦♥'❛'♦

♣$✐♥❝✐♣❛❧✱ ❛ ❛❧'❛ $❡#✐#'(♥❝✐❛ ♣$♦♣♦$❝✐♦♥❛ #♦❜$❡❛B✉❡❝✐♠❡♥'♦ ♥❛ ❝L♠❛$❛ ❞❡ ❡①'✐♥89♦✱ ♠❡#♠♦ ❡♠ ❝♦♥❞✐8M❡#

♥♦$♠❛✐# ❞❡ ♦♣❡$❛89♦ ❞♦ #✐#'❡♠❛✳ ❖ #♦❜$❡❛B✉❡❝✐♠❡♥'♦ ♣♦❞❡ ♣$♦✈♦❝❛$ ♣❡$❞❛ ❞❡ ❡#'❛♥B✉❡✐❞❛❞❡ ❞❛

❝L♠❛$❛✱ ❞❛♥❞♦ ♦$✐❣❡♠ ❛ ✈❛③❛♠❡♥'♦ ❞♦ ♠❡✐♦ ❡①'✐♥'♦$ ♣❛$❛ ❛ ❛'♠♦#❢❡$❛✱ ♦ B✉❡ ♣♦❞❡ ♣$♦✈♦❝❛$ ❢❛❧❤❛#

❞❡ ♦♣❡$❛89♦ ❞✉$❛♥'❡ ❛ ❛❜❡$'✉$❛ ❞♦# ❝♦♥'❛'♦#✳ J♦$ ♦✉'$♦ ❧❛❞♦✱ ❛ ❛❧'❛ $❡#✐#'(♥❝✐❛ ♥♦ ❝♦♥'❛'♦ ❞❡

❛$❝♦ ♣♦❞❡ ♣$♦♣♦$❝✐♦♥❛$ #♦❜$❡❛B✉❡❝✐♠❡♥'♦ ❞✉$❛♥'❡ ❛♦# ♦♣❡$❛8M❡# ❞❡ ❛❜❡$'✉$❛ ❡♠ ❝✉$'♦✲❝✐$❝✉✐'♦✱ ❝♦♠

♣♦##✐❜✐❧✐❞❛❞❡ ❞❡ ❢❛❧❤❛ ❞❡ ♦♣❡$❛89♦ ❡ ❛'; ❛ ❡①♣❧♦#9♦ ❞♦ ❞✐#❥✉♥'♦$✳

❆# ♣♦♥❞❡$❛8M❡# ❡♠ ❢✉♥89♦ ❞♦ ✐♥'❡$✈❛❧♦ ♠3①✐♠♦ ❡ ♦# ❢♦$♠❛'♦# ❞❛# ❢✉♥8M❡# ❞❡ ♣❡$'✐♥(♥❝✐❛ ❞❡

❡♥'$❛❞❛ ❢♦$❛♠ ❤❡✉$✐#'✐❝❛♠❡♥'❡ ❛❞♦'❛❞♦#✱ ❝♦♥#✐❞❡$❛♥❞♦ B✉❡ ❛ ❞❡❣$❛❞❛89♦ ❞♦# ❝♦♥'❛'♦# ; ❧✐♥❡❛$♠❡♥'❡

❣$❛❞❛'✐✈❛ ❡ ❞✐$❡'❛♠❡♥'❡ ♣$♦♣♦$❝✐♦♥❛❧ ❛♦ ✈❛❧♦$ ❞❛ $❡#✐#'(♥❝✐❛ ❞❡ ❝♦♥'❛'♦✱ ♣♦❞❡♥❞♦ #❡$ $❡♣$❡#❡♥'❛❞❛

♣♦$ ❢✉♥8M❡# ❧✐♥❡❛$❡#✳ J❛$❛ '♦❞❛# ❛# ❢✉♥8M❡# ❞❡ ❡♥'$❛❞❛ ❡ #❛5❞❛ #❡$3 ❝♦♥#✐❞❡$❛❞❛ ✉♠❛ #✉♣❡$♣♦#✐89♦

❡♥'$❡ ❛# ✈❛$✐3✈❡✐# ❧✐♥❣✉5#'✐❝❛# ❞❡ ✺✵%✳

❈♦♠✉♠❡♥'❡✱ ❛ ❞❡❣$❛❞❛89♦ ❞❡ ✉♠ ❡B✉✐♣❛♠❡♥'♦ ; ❝❧❛##✐✜❝❛❞❛ ❡♠ ♥5✈❡✐# ✭❇❛✐①❛ ❉❡❣$❛❞❛89♦✱

▼;❞✐❛ ❉❡❣$❛❞❛89♦ ❡ ❆❧'❛ ❉❡❣$❛❞❛89♦✮✳ ❈♦♥'✉❞♦✱ ♥❡#'❡ '$❛❜❛❧❤♦ ❢♦$❛♠ ❛'$✐❜✉5❞♦# ❝✐♥❝♦ ♥5✈❡✐# ❞❡

❞❡❣$❛❞❛89♦✱ ❞❡ ♠♦❞♦ ❛ ❛✉♠❡♥'❛$ ❛ ♣$❡❝✐#9♦ ♥❛ ❛♥3❧✐#❡ ❞♦# ❝♦♥'❛'♦#✳ ❉❡##❡ ♠♦❞♦✱ ❛# ✈❛$✐3✈❡✐#

❧✐♥❣✉5#'✐❝❛# ❞❡ ❡♥'$❛❞❛ ♣❛$❛ ❛ ✈❛$✐3✈❡❧ Rp ❢♦$❛♠ ❛##✐♠ ❞❡✜♥✐❞❛#✿

• $❡#✐#'(♥❝✐❛ ❜❛✐①❛ ✭❘J✲❇✮❀

• $❡#✐#'(♥❝✐❛ ♠❡❞✐❛♥❛♠❡♥'❡ ❜❛✐①❛ ✭❘J✲▼❇✮❀



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✷

• #❡%✐%'(♥❝✐❛ ♠-❞✐❛ ✭❘1✲▼✮❀

• #❡%✐%'(♥❝✐❛ ♠❡❞✐❛♥❛♠❡♥'❡ ❛❧'❛ ✭❘1✲▼❆✮❀

• #❡%✐%'(♥❝✐❛ ❛❧'❛ ✭❘1✲❆✮✳

❙✐♠✐❧❛#♠❡♥'❡✱ ❛% ✈❛#✐<✈❡✐% ❧✐♥❣✉?%'✐❝❛% ❞❡ ❡♥'#❛❞❛ ♣❛#❛ ❛ ✈❛#✐<✈❡❧ Ra ❢♦#❛♠ ❛%%✐♠ ❞❡✜♥✐❞❛%✿

• #❡%✐%'(♥❝✐❛ ❜❛✐①❛ ✭❘❆✲❇✮❀

• #❡%✐%'(♥❝✐❛ ♠❡❞✐❛♥❛♠❡♥'❡ ❜❛✐①❛ ✭❘❆✲▼❇✮❀

• #❡%✐%'(♥❝✐❛ ♠-❞✐❛ ✭❘❆✲▼✮❀

• #❡%✐%'(♥❝✐❛ ♠❡❞✐❛♥❛♠❡♥'❡ ❛❧'❛ ✭❘❆✲▼❆✮❀

• #❡%✐%'(♥❝✐❛ ❛❧'❛ ✭❘❆✲❆✮✳

◗✉❛♥'♦ ❛♦ ❢♦#♠❛'♦✱ ❢♦✐ ❛'#✐❜✉?❞♦ ♦ ❢♦#♠❛'♦ '#❛♣❡③♦✐❞❛❧ ♣❛#❛ ❛% ✈❛#✐<✈❡✐% ❧✐♥❣✉?%'✐❝❛% ❘1✲

❇✱ ❘1✲❆✱ ❘❆✲❇ ❡ ❘❆✲❆✱ '❡♥❞♦ ❡♠ ✈✐%'❛ J✉❡ ❡%'❛% ✈❛#✐<✈❡✐% ♣♦%%✉❡♠ ♣❡❧♦ ♠❡♥♦% ✉♠ ✐♥'❡#✈❛❧♦ ❞❡

❝❧❛%%✐✜❝❛KL♦ ❞♦ ♥?✈❡❧ ❞❡ ❞❡❣#❛❞❛KL♦✱ ❜❡♠ ❞❡✜♥✐❞♦%✱ #❡♣#❡%❡♥'❛❞♦% ♣❡❧♦% ❧✐♠✐'❡% ✐♥❢❡#✐♦# ❡ %✉♣❡#✐♦# ❞❡

#❡%✐%'(♥❝✐❛✳

❆% ✈❛#✐<✈❡✐% ❧✐♥❣✉?%'✐❝❛% ❘1✲❇ ❡ ❘❆✲❇ ♣♦%%✉❡♠ ❣#❛✉ ❞❡ ♣❡#'✐♥(♥❝✐❛ ✶✱ ♣❛#❛ ✉♠❛ ❛♠♦%'#❛

❞❡ ❝♦♥'❛'♦ ♥♦✈❛✳ ❊♥'#❡'❛♥'♦✱ ♠❡%♠♦ %❡♥❞♦ ♥♦✈❛✱ J✉❛❧J✉❡# ❛♠♦%'#❛ ❥< ❛♣#❡%❡♥'❛ ✉♠❛ #❡%✐%'(♥❝✐❛ ❞❡

❝♦♥'❛'♦ ✭❘♠✐♥✮✱ ❝♦♥%❡J✉❡♥'❡♠❡♥'❡✱ J✉❛❧J✉❡# ✈❛❧♦# ❞❡ #❡%✐%'(♥❝✐❛ ❡♥'#❡ ③❡#♦ ❡ ❘♠✐♥ '❡♠ ♣❡#'✐♥(♥❝✐❛

✶✱ ♥♦ ❝♦♥❥✉♥'♦ #❡%✐%'(♥❝✐❛ ❜❛✐①❛✳ ❉♦ ♠❡%♠♦ ♠♦❞♦✱ ❛ ✈❛#✐<✈❡❧ ❧✐♥❣✉?%'✐❝❛ ❘1✲❆ ❡ ❘❆✲❆✱ ♣♦%%✉✐ ❣#❛✉

❞❡ ♣❡#'✐♥(♥❝✐❛ ✶✱ ♣❛#❛ ✉♠❛ ❛♠♦%'#❛ ❞❡ ❝♦♥'❛'♦ ❞❡❣#❛❞❛❞❛✱ ❛ J✉❛❧ ❥< ❛'✐♥❣✐✉ ♦ ❧✐♠✐'❡ ♠<①✐♠♦ ❞❡

#❡%✐%'(♥❝✐❛ ❞❡ ❝♦♥'❛'♦ ✭❘♠❛①✮✱ ❝♦♥%❡J✉❡♥'❡♠❡♥'❡✱ J✉❛❧J✉❡# ✈❛❧♦# ❞❡ #❡%✐%'(♥❝✐❛ ❡♥'#❡ ❘♠❛① ❡ ✐♥✜♥✐'♦

'❡♠ ♣❡#'✐♥(♥❝✐❛ ✶✱ ♥♦ ❝♦♥❥✉♥'♦ #❡%✐%'(♥❝✐❛ ❛❧'❛✳

1❛#❛ ❛% ❞❡♠❛✐% ✈❛#✐<✈❡✐% ❧✐♥❣✉?%'✐❝❛% ❢♦✐ ❛'#✐❜✉?❞♦ ♦ ❢♦#♠❛'♦ '#✐❛♥❣✉❧❛#✱ ❝♦♠ ✉♠ ❣#❛✉ ❞❡

%✉♣❡#♣♦%✐KL♦ ❡♥'#❡ ❛% ❢✉♥KP❡% ❞❡ ♣❡#'✐♥(♥❝✐❛ ❋✉③③② ❞❡ ✺✵%✳ ❖♣'♦✉✲%❡ ♣♦# ❡%'❡ ♥?✈❡❧ ❞❡ %✉♣❡#♣♦%✐KL♦✱

❛❞♠✐'✐♥❞♦✲%❡ J✉❡ ♣❛#❛ ❛% ✈❛#✐<✈❡✐% ❧✐♥❣✉?%'✐❝❛% ❞❡✜♥✐❞❛%✱ ♦ ✈❛❧♦# ❞❡ #❡%✐%'(♥❝✐❛ ❞❡ ❝♦♥'❛'♦ %❡♠♣#❡

♣❡#'❡♥❝❡ ❛ ❞♦✐% ❝♦♥❥✉♥'♦%✳

❆ ✐❧✉%'#❛KL♦ ❣#<✜❝❛ ❞❛% ❢✉♥KP❡% ❞❡ ♣❡#'✐♥(♥❝✐❛ J✉❡ #❡♣#❡%❡♥'❛ ❝❛❞❛ ✈❛#✐<✈❡❧ ❧✐♥❣✉?%'✐❝❛ ❡♠

❢✉♥KL♦ ❞❛ ❡♥'#❛❞❛Rp ❡%'< ❛♣#❡%❡♥'❛❞❛ ♥❛ ❋✐❣✉#❛ ✹✳✷✷✳ ❆% ❊J✉❛KP❡% ✹✳✺✱ ✹✳✻✱ ✹✳✼✱ ✹✳✽ ❡ ✹✳✾ ❛♣#❡%❡♥'❛♠



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✸

♦ $❡&✉♠♦ ❞♦& ♣❛$,♠❡-$♦& ♣❛$❛ ❛& ❢✉♥01❡& ❞❡ ♣❡$-✐♥3♥❝✐❛ ❞❛& ✈❛$✐6✈❡✐& ❧✐♥❣✉9&-✐❝❛&✱ ❡♠ ❢✉♥0;♦ ❞❛

❡♥-$❛❞❛ Rp✳

❋✐❣✉$❛ ✹✳✷✷ ✕ ❋✉♥$%❡' ❞❡ ♣❡*+✐♥-♥❝✐❛ ❞❛' ✈❛*✐1✈❡✐' ❧✐♥❣✉4'+✐❝❛' ♣❛*❛ Rp✳

❋♦♥+❡✿ 8*9♣*✐♦ ❛✉+♦*✳

=❛$,♠❡-$♦& ❞❛ ✈❛$✐6✈❡❧ ❧✐♥❣✉9&-✐❝❛ ❘=✲❇

µB

(

Rp
)

=































1 se Rp ≤ Rp1,

Rp2−Rp
Rp2−Rp1

se Rp1 < Rp ≤ Rp2,

0 se Rp > Rp2.

✭✹✳✺✮

=❛$,♠❡-$♦& ❞❛ ✈❛$✐6✈❡❧ ❧✐♥❣✉9&-✐❝❛ ❘=✲▼❇

µMB

(

Rp
)

=



















































0 se Rp ≤ Rp1,

Rp−Rp1
Rp2−Rp1

se Rp1 < Rp ≤ Rp2,

Rp3−Rp
Rp3−Rp2

se Rp2 < Rp ≤ Rp3,

0 se Rp > Rp3.

✭✹✳✻✮

=❛$,♠❡-$♦& ❞❛ ✈❛$✐6✈❡❧ ❧✐♥❣✉9&-✐❝❛ ❘=✲▼

µM

(

Rp
)

=



















































0 se Rp ≤ Rp2,

Rp−Rp2
Rp3−Rp2

se Rp2 < Rp ≤ Rp3,

Rp4−Rp
Rp4−Rp3

se Rp3 < Rp ≤ Rp4,

0 se Rp > Rp4.

✭✹✳✼✮
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#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘#✲▼❆

µM

(

Rp
)

=



















































0 se Rp ≤ Rp3,

Rp−Rp3
Rp4−Rp3

se Rp3 < Rp ≤ Rp4,

Rp5−Rp
Rp5−Rp4

se Rp4 < Rp ≤ Rp5,

0 se Rp > Rp5.

✭✹✳✽✮

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘#✲❆

µB

(

Rp
)

=































0 se Rp ≤ Rp4,

Rp−Rp4
Rp5−Rp4

se Rp4 < Rp ≤ Rp5,

1 se Rp > Rp5.

✭✹✳✾✮

❆ ✐❧✉+)%❛?@♦ ❣%/✜❝❛ ❞❛+ ❢✉♥?C❡+ ❞❡ ♣❡%)✐♥E♥❝✐❛ F✉❡ %❡♣%❡+❡♥)❛ ❝❛❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❡♠

❢✉♥?@♦ ❞❛ ❡♥)%❛❞❛ Ra ❡+)/ ❛♣%❡+❡♥)❛❞❛ ♥❛ ❋✐❣✉%❛ ✹✳✷✸✳ ❆+ ❊F✉❛?C❡+ ✹✳✶✵✱ ✹✳✶✶✱ ✹✳✶✷✱ ✹✳✶✸ ❡ ✹✳✶✹

❛♣%❡+❡♥)❛♠ ♦ %❡+✉♠♦ ❞♦+ ♣❛%&♠❡)%♦+ ♣❛%❛ ❛+ ❢✉♥?C❡+ ❞❡ ♣❡%)✐♥E♥❝✐❛ ❞❛+ ✈❛%✐/✈❡✐+ ❧✐♥❣✉4+)✐❝❛+✱ ❡♠

❢✉♥?@♦ ❞❛ ❡♥)%❛❞❛ Rp✳

❋✐❣✉$❛ ✹✳✷✸ ✕ ❋✉♥$%❡' ❞❡ ♣❡*+✐♥-♥❝✐❛ ❞❛' ✈❛*✐1✈❡✐' ❧✐♥❣✉4'+✐❝❛' ♣❛*❛ Ra✳

❋♦♥+❡✿ 8*9♣*✐♦ ❛✉+♦*✳

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘❆✲❇

µB

(

Ra
)

=































1 se Ra ≤ Ra1,

Ra2−Ra
Ra2−Ra1

se Ra1 < Ra ≤ Ra2,

0 se Ra > Ra2.

✭✹✳✶✵✮



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✺

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘❆✲▼❇

µMB

(

Ra
)

=



















































0 se Ra ≤ Ra1,

Ra−Ra1
Ra2−Ra1

se Ra1 < Ra ≤ Ra2,

Ra3−Ra
Ra3−Ra2

se Ra2 < Ra ≤ Ra3,

0 se Ra > Ra3.

✭✹✳✶✶✮

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘❆✲▼

µM

(

Ra
)

=



















































0 se Ra ≤ Ra2,

Ra−Ra2
Ra3−Ra2

se Ra2 < Ra ≤ Ra3,

Ra4−Ra
Ra4−Ra3

se Ra3 < Ra ≤ Ra4,

0 se Ra > Ra4.

✭✹✳✶✷✮

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘❆✲▼❆

µM

(

Ra
)

=



















































0 se Ra ≤ Ra3,

Ra−Ra3
Ra4−Ra3

se Ra3 < Ra ≤ Ra4,

Ra5−Ra
Ra5−Ra4

se Ra4 < Ra ≤ Ra5,

0 se Ra > Ra5.

✭✹✳✶✸✮

#❛%&♠❡)%♦+ ❞❛ ✈❛%✐/✈❡❧ ❧✐♥❣✉4+)✐❝❛ ❘❆✲❆

µB

(

Ra
)

=































0 se Ra ≤ Ra4,

Ra−Ra4
Ra5−Ra4

se Ra4 < Ra ≤ Ra5,

1 se Ra > Ra5.

✭✹✳✶✹✮

❖+ ❧✐♠✐)❡+ ♠/①✐♠♦+ ❡+)❛❜❡❧❡❝✐❞♦+ ❞❡ %❡+✐+)D♥❝✐❛ ❞❡ ❝♦♥)❛)♦ ♣❛%❛ ❝❛❞❛ ♠♦❞❡❧♦ ❞❡ ❞✐+❥✉♥)♦%

❢♦%❛♠ ❞❡✜♥✐❞♦+ ❡♠ ❢✉♥IJ♦ ❞❡ ❝♦♥+✉❧)❛ ❛♦+ ♠❛♥✉❛✐+ ❞♦+ ❞✐+❥✉♥)♦%❡+ ❡ ❛+ %❡❢❡%D♥❝✐❛+ ✭❲❊❙❚❊❘◆✱

✶✾✾✽✮✱ ✭■❊❊❊✱ ✷✵✵✼✮✱ ✭❘❊❉❊✱ ✷✵✵✽✮ ❡ ✭❆◆❙■✴◆❊❚❆✱ ✷✵✶✶✮✳

#❛%❛ ♦ ❞✐+❥✉♥)♦% ❉✶✱ ❢♦✐ ❛❞♦)❛❞❛ ✉♠❛ %❡+✐+)D♥❝✐❛ ♠/①✐♠❛ ❞❡ ✸✵✵ µΩ ♣❛%❛ ♦ ❝♦♥)❛)♦ ♣%✐♥❝✐♣❛❧✱

❝♦♥❢♦%♠❡ +✉❣❡%✐❞♦ ♣♦% ✭❲❊❙❚❊❘◆✱ ✶✾✾✽✮✳ #❛%❛ ♦ ❝♦♥)❛)♦ ❞❡ ❛%❝♦✱ ❡♠ ✈✐%)✉❞❡ ❞❛ ✐♥❡①✐+)D♥❝✐❛ ❞❡



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✻

#❡❢❡#&♥❝✐❛+ ❞❡ ❢❛❜#✐❝❛♥.❡+ ♦✉ ❝♦♥❝❡++✐♦♥1#✐❛+ +♦❜#❡ ♦ ❧✐♠✐.❡ ♠1①✐♠♦ +✉❣❡#✐❞♦✱ ❝♦♥+✐❞❡#♦✉✲+❡ ❝♦♠♦

❝#✐.8#✐♦ ♣❛#❛ ❡+.❛❜❡❧❡❝❡# ✉♠ ✈❛❧♦# ♠1①✐♠♦✱ ❛ #❡❧❛;<♦ ❡♥.#❡ ❛+ #❡+✐+.&♥❝✐❛+ ❞❡ ❝♦♥.❛.♦ ♣#✐♥❝✐♣❛❧ ❡ ❞❡

❛#❝♦ ♦❜.✐❞❛+ ♣❛#❛ ♦ ❝♦♥.❛.♦ ♥♦✈♦ ❞♦ ❞✐+❥✉♥.♦# ❉✶✳ ❈♦♥❢♦#♠❡ ♦+ ✈❛❧♦#❡+ ♦❜.✐❞♦+ ♥♦+ ❡♥+❛✐♦+ ♣❛#❛ ♦

❝♦♥.❛.♦ ♥♦✈♦✱ ❛ #❡+✐+.&♥❝✐❛ ❞❡ ❛#❝♦ 8 ❛♣#♦①✐♠❛❞❛♠❡♥.❡ ✷✱✺ ✈❡③❡+ +✉♣❡#✐♦# ❛ #❡+✐+.&♥❝✐❛ ❞♦ ❝♦♥.❛.♦

♣#✐♥❝✐♣❛❧✳ ❉❡++❡ ♠♦❞♦✱ ♣❛#❛ ❛ #❡+✐+.&♥❝✐❛ ♠1①✐♠❛ ❞♦ ❝♦♥.❛.♦ ❞❡ ❛#❝♦ ❞♦ ❞✐+❥✉♥.♦# ❉✶✱ ❢♦✐ ❛❞♦.❛❞❛ ❛

#❡❧❛;<♦ ❛♣#❡+❡♥.❛❞❛ ♥❛ ✹✳✶✺✳

Ra (µΩ) = 2, 5×Rp (µΩ) ✭✹✳✶✺✮

G❛#❛ ♦ ❞✐+❥✉♥.♦# ❉✷✱ ❢♦✐ ❛❞♦.❛❞❛ ✉♠❛ #❡+✐+.&♥❝✐❛ ♠1①✐♠❛ ❞❡ ✸✵✵ µΩ ♣❛#❛ ♦ ❝♦♥.❛.♦ ♣#✐♥❝✐♣❛❧✱

❝♦♥❢♦#♠❡ +✉❣❡#✐❞♦ ♣♦# ✭❲❊❙❚❊❘◆✱ ✶✾✾✽✮✳ G❛#❛ ♦ ❝♦♥.❛.♦ ❞❡ ❛#❝♦✱ ❡♠ ✈✐#.✉❞❡ ❞❛ ✐♥❡①✐+.&♥❝✐❛ ❞❡

#❡❢❡#&♥❝✐❛+ ❞❡ ❢❛❜#✐❝❛♥.❡+ ♦✉ ❝♦♥❝❡++✐♦♥1#✐❛+ +♦❜#❡ ♦ ❧✐♠✐.❡ ♠1①✐♠♦ +✉❣❡#✐❞♦✱ ❝♦♥+✐❞❡#♦✉✲+❡ ❛ #❡❧❛;<♦

❛♣#❡+❡♥.❛❞❛ ♥❛ ✹✳✶✺✳

G❛#❛ ♦+ ❞✐+❥✉♥.♦#❡+ ❉✸ ❡ ❉✹✱ ❢♦✐ ❛❞♦.❛❞❛ ✉♠❛ #❡+✐+.&♥❝✐❛ ♠1①✐♠❛ ❞❡ ✽✵ µΩ ♣❛#❛ ♦ ❝♦♥✲

.❛.♦ ♣#✐♥❝✐♣❛❧✱ Q✉❡ #❡♣#❡+❡♥.❛ ✉♠ ✈❛❧♦# ❜❡♠ +✉♣❡#✐♦# ❛ #❡+✐+.&♥❝✐❛ ♠1①✐♠❛ +✉❣❡#✐❞❛ Q✉❡ 8 ❞❡ ✺✵ µΩ✱

❝♦♥❢♦#♠❡ +✉❣❡#✐❞♦ ♣♦# ✭❲❊❙❚❊❘◆✱ ✶✾✾✽✮✳ G❛#❛ ♦ ❝♦♥.❛.♦ ❞❡ ❛#❝♦✱ ❡♠ ✈✐#.✉❞❡ ❞❛ ✐♥❡①✐+.&♥❝✐❛ ❞❡

#❡❢❡#&♥❝✐❛+ ❞❡ ❢❛❜#✐❝❛♥.❡+ ♦✉ ❝♦♥❝❡++✐♦♥1#✐❛+ +♦❜#❡ ♦ ❧✐♠✐.❡ ♠1①✐♠♦ +✉❣❡#✐❞♦✱ ❝♦♥+✐❞❡#♦✉✲+❡ ✉♠❛ #❡+✐+✲

.&♥❝✐❛ ♠1①✐♠❛ ❞❡ ✶✷✵ µΩ✳ ❊++❡+ ✈❛❧♦#❡+ ❢♦#❛♠ ❤❡✉#✐+.✐❝❛♠❡♥.❡ ❛❞♦.❛❞♦+✱ ❡♠ ✈✐#.✉❞❡ ❞❛ ❛♥1❧✐+❡ ✈✐+✉❛❧

❞♦+ ❝♦♥.❛.♦+ ❞♦ ❞✐+❥✉♥.♦# ❉✸✱ .❡♥❞♦ ❡♠ ✈✐+.❛ Q✉❡ ❡♠❜♦#❛ ♦+ ❝♦♥.❛.♦+ ♣#✐♥❝✐♣❛❧ ❛♣#❡+❡♥.❡ #❡+✐+.❡♥❝✐❛

+✉♣❡#✐♦# ❛♦ ✈❛❧♦# +✉❣❡#✐❞♦✱ ♦ ❝♦♥.❛.♦ ❛✐♥❞❛ ❛♣#❡+❡♥.❛ ❝♦♥❞✐;S❡+ +❛.✐+❢❛.T#✐❛+ ❞❡ ✉+♦✳ ❊♥.#❡.❛♥.♦✱ ♦

❝♦♥.❛.♦ ❞❡ ❛#❝♦ ❞❛ ❛♠♦+.#❛ ❉✸✲❈❆❚✸ ❛♣#❡+❡♥.❛ #❡+✐+.&♥❝✐❛ ♣#T①✐♠❛ ❛ ✶✷✵ µΩ✱ ❡+.❛♥❞♦ ♦ ❝♦♥.❛.♦

❝♦♠ ♥V✈❡❧ ❞❡ ❞❡❣#❛❞❛;<♦ ❛❝❡❧❡#❛❞♦✱ ❝♦♠ ♥❡❝❡++✐❞❛❞❡ ❞❡ +✉❜+.✐.✉✐;<♦✳

◆❛ ❚❛❜❡❧❛ ✹✳✺ +<♦ ❛♣#❡+❡♥.❛❞♦+ ♦+ ✈❛❧♦#❡+ ❧✐♠✐.❡+ ✭❘♣✶ ✳✳✳ ❘♣✺✱ ❘❛✶ ✳✳✳ ❘❛✺✮ ♣❛#❛ ❛+

✈❛#✐1✈❡✐+ ❧✐♥❣✉V+.✐❝❛+ ❞❡ ❡♥.#❛❞❛ ♣❛#❛ ❝❛❞❛ ❛♠♦+.#❛✳

◆♦ +✐+.❡♠❛ ❋✉③③② ♣#♦♣♦+.♦ ❢♦✐ ❝♦♥+✐❞❡#❛❞♦ ❝♦♠♦ ✈❛#✐1✈❡❧ ❞❡ +❛V❞❛✱ ♦ ♥V✈❡❧ ❞❡ ❞❡❣#❛❞❛;<♦

❞♦+ ❝♦♥.❛.♦+✱ ♦ Q✉❛❧ +❡#1 ❞❡.❡#♠✐♥❛❞♦ ♥♦ ♣#♦❝❡++❛♠❡♥.♦ ❞♦ +✐+.❡♠❛ ❋✉③③② ❡♠ ❢✉♥;<♦ ❞♦+ ♣❛#W♠❡.#♦+

Rp ❡ Ra✱ ♦❜.✐❞♦+ ♥♦+ ❡♥+❛✐♦+ ❞❛ ▼❘❉✳

❆+ ♣♦♥❞❡#❛;S❡+ ❡♠ ❢✉♥;<♦ ❞♦ ✐♥.❡#✈❛❧♦ ♠1①✐♠♦ ❡ ♦+ ❢♦#♠❛.♦+ ❞❛+ ❢✉♥;S❡+ ❞❡ ♣❡#.✐♥&♥❝✐❛ ❞❡

+❛V❞❛ +❡#<♦ ❛❞♦.❛❞♦+✱ ❝♦♥+✐❞❡#❛♥❞♦ Q✉❡ ❛ ❞❡❣#❛❞❛;<♦ ❞♦+ ❝♦♥.❛.♦+ 8 ❧✐♥❡❛#♠❡♥.❡ ❣#❛❞❛.✐✈❛✱ ♣♦❞❡♥❞♦

+❡# #❡♣#❡+❡♥.❛❞❛ ♣♦# ❢✉♥;S❡+ ❧✐♥❡❛#❡+✳ G❛#❛ .♦❞❛+ ❛+ ❢✉♥;S❡+ ❞❡ +❛V❞❛ ❢♦✐ ❝♦♥+✐❞❡#❛❞❛ ✉♠❛ +✉♣❡#♣♦+✐;<♦

❡♥.#❡ ❛+ ✈❛#✐1✈❡✐+ ❧✐♥❣✉V+.✐❝❛+ ❞❡ ✺✵%✳



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✼

❚❛❜❡❧❛ ✹✳✺ ✕ ❱❛❧♦%❡' ❧✐♠✐*❡' ❞❛' ✈❛%✐-✈❡✐' ❧✐♥❣✉1'*✐❝❛' ♣❛%❛ ♦' ♣❛%4♠❡*%♦' Rp ❡ Ra ❡♠

✭µΩ✮✳

❆♠♦'*%❛ ❉✶ ❉✷ ❉✸ ❉✹

❘♣✶✭µΩ✮ ✷✵✵ ✶✺✵ ✹✵ ✹✵

❘♣✷✭µΩ✮ ✷✷✺ ✶✽✼✱✺ ✺✵ ✺✵

❘♣✸✭µΩ✮ ✷✺✵ ✷✷✺ ✻✵ ✻✵

❘♣✹✭µΩ✮ ✷✼✺ ✷✻✷✱✺ ✼✵ ✼✵

❘♣✺✭µΩ✮ ✸✵✵ ✸✵✵ ✽✵ ✽✵

❘❛✶✭µΩ✮ ✺✵✵ ✺✵✵ ✻✵ ✻✵

❘❛✷✭µΩ✮ ✺✻✷✱✺ ✺✻✷✱✺ ✼✺ ✼✺

❘❛✸✭µΩ✮ ✻✷✺ ✻✷✺ ✾✵ ✾✵

❘❛✹✭µΩ✮ ✻✽✼✱✺ ✻✽✼✱✺ ✶✵✺ ✶✵✺

❘❛✺✭µΩ✮ ✼✺✵ ✼✺✵ ✶✷✵ ✶✷✵

❋♦♥*❡✿ H%I♣%✐♦ ❛✉*♦%✳

#❛%❛ ♦ '✐')❡♠❛ ❋✉③③② ♣%♦♣♦')♦ ❢♦%❛♠ ❛)%✐❜✉0❞♦' ❝✐♥❝♦ ♥0✈❡✐' ❞❡ ❞❡❣%❛❞❛67♦✱ ❞❡ ♠♦❞♦ ❛

❛✉♠❡♥)❛% ❛ ♣%❡❝✐'7♦ ♥❛ ❛✈❛❧✐❛67♦ ❞♦' ♥0✈❡✐' ❞❡ ❞❡❣%❛❞❛67♦ ✭◆❉✮ ❞♦' ❝♦♥)❛)♦'✳

❉❡''❡ ♠♦❞♦✱ ❛' ✈❛%✐?✈❡✐' ❧✐♥❣✉0')✐❝❛' ❞❡ '❛0❞❛ ◆❉ ❢♦%❛♠ ❛''✐♠ ❞❡✜♥✐❞❛'✿

• ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛67♦ ❜❛✐①❛ ✭◆❉✲❇✮❀

• ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛67♦ ♠❡❞✐❛♥❛♠❡♥)❡ ❜❛✐①❛ ✭◆❉✲▼❇✮❀

• ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛67♦ ♠G❞✐❛ ✭◆❉✲▼✮❀

• ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛67♦ ♠❡❞✐❛♥❛♠❡♥)❡ ❛❧)❛ ✭◆❉✲▼❆✮❀

• ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛67♦ ❛❧)❛ ✭◆❉✲❆✮✳

◗✉❛♥)♦ ❛♦ ❢♦%♠❛)♦✱ ❢♦✐ ❛)%✐❜✉0❞♦ ♦ ❢♦%♠❛)♦ )%✐❛♥❣✉❧❛% ♣❛%❛ )♦❞❛' ❛' ✈❛%✐?✈❡✐' ❧✐♥❣✉0')✐❝❛'

❞❡ '❛0❞❛✱ ❝♦♠ ✉♠ ❣%❛✉ ❞❡ '✉♣❡%♣♦'✐67♦ ❡♥)%❡ ❛' ❢✉♥6J❡' ❞❡ ♣❡%)✐♥K♥❝✐❛ ❋✉③③② ❞❡ ✺✵%✳ ❖♣)♦✉✲'❡

♣♦% ❡')❡ ♥0✈❡❧ ❞❡ '✉♣❡%♣♦'✐67♦✱ ❛❞♠✐)✐♥❞♦✲'❡ N✉❡ ♣❛%❛ ❛' ✈❛%✐?✈❡✐' ❧✐♥❣✉0')✐❝❛' ❞❡✜♥✐❞❛'✱ ♦ ♥0✈❡❧❧ ❞❡

❞❡❣%❛❞❛67♦ ❞♦ ❝♦♥)❛)♦ '❡♠♣%❡ ♣❡%)❡♥❝❡ ❛ ❞♦✐' ❝♦♥❥✉♥)♦'✳

❆ ✐❧✉')%❛67♦ ❣%?✜❝❛ ❞❛' ❢✉♥6J❡' ❞❡ ♣❡%)✐♥K♥❝✐❛ N✉❡ %❡♣%❡'❡♥)❛ ❝❛❞❛ ✈❛%✐?✈❡❧ ❧✐♥❣✉0')✐❝❛ ❡♠

❢✉♥67♦ ❞❛ ❡♥)%❛❞❛ Rp ❡')? ❛♣%❡'❡♥)❛❞❛ ♥❛ ❋✐❣✉%❛ ✹✳✷✹✳ ❆' ❊N✉❛6J❡' ✹✳✶✻✱ ✹✳✶✼✱ ✹✳✶✽✱ ✹✳✶✾ ❡ ✹✳✷✵



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✽

❛♣%❡'❡♥)❛♠ ♦ %❡'✉♠♦ ❞♦' ♣❛%.♠❡)%♦' ♣❛%❛ ❛' ❢✉♥01❡' ❞❡ ♣❡%)✐♥3♥❝✐❛ ❞❛ ✈❛%✐6✈❡❧ ❧✐♥❣✉9')✐❝❛ ❞❡ '❛9❞❛

◆❉✳

❋✐❣✉$❛ ✹✳✷✹ ✕ ❋✉♥$%❡' ❞❡ ♣❡*+✐♥-♥❝✐❛ ❞❛' ✈❛*✐1✈❡✐' ❧✐♥❣✉4'+✐❝❛' ♣❛*❛ ◆❉✳

❋♦♥+❡✿ :*;♣*✐♦ ❛✉+♦*✳

=❛%.♠❡)%♦' ❞❛ ✈❛%✐6✈❡❧ ❧✐♥❣✉9')✐❝❛ ◆❉✲❇

ND −B
(

µND

)

=











25− 25× µND se 0 < ND ≤ 25,

0 se ND > 25.

✭✹✳✶✻✮

=❛%.♠❡)%♦' ❞❛ ✈❛%✐6✈❡❧ ❧✐♥❣✉9')✐❝❛ ◆❉✲▼❇

ND −MB
(

µND

)

=































25× µND se 0 < ND ≤ 25,

50− 25× µND se 25 < ND ≤ 50,

0 se ND > 50.

✭✹✳✶✼✮

=❛%.♠❡)%♦' ❞❛ ✈❛%✐6✈❡❧ ❧✐♥❣✉9')✐❝❛ ◆❉✲▼

ND −M
(

µND

)

=



















































0 se ND < 25,

25× µND + 25 se 25 < ND ≤ 50,

75− 25× µND se 50 < ND ≤ 75,

0 se ND > 75.

✭✹✳✶✽✮

=❛%.♠❡)%♦' ❞❛ ✈❛%✐6✈❡❧ ❧✐♥❣✉9')✐❝❛ ◆❉✲▼❆



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✵✾

ND −MA
(

µND

)

=































0 se ND < 50,

25× µND + 50 se 50 < ND ≤ 75,

100− 25× µND se 75 < ND ≤ 100.

✭✹✳✶✾✮

'❛)*♠❡-)♦/ ❞❛ ✈❛)✐3✈❡❧ ❧✐♥❣✉8/-✐❝❛ ◆❉✲❆

ND −A
(

µND

)

=











0 se ND < 75,

25× µND + 75 se 75 < ND ≤ 100.

✭✹✳✷✵✮

❈♦♠ ♦/ ❞❛❞♦/ ❞❡ ❡♥-)❛❞❛ Rp ❡ Ra /❡)3 )❡❛❧✐③❛❞❛ ❛ ❢✉③③✐✜❝❛'(♦ ❞♦/ ❞❛❞♦/ ❞❡ ❡♥-)❛❞❛✱ B✉❡

❝♦♥/✐/-❡ ❡♠ ❞❡-❡)♠✐♥❛) ♦ ❣)❛✉ ❞❡ ♣❡)-✐♥D♥❝✐❛ ❝♦♠ B✉❡ Rp ❡ Ra ♣❡)-❡♥❝❡♠ ❛ ❝❛❞❛ ✉♠❛ ❞❛/ ✈❛)✐❛✈E✐/

❧✐♥❣✉8/-✐❝❛/ ❞❡ ❡♥-)❛❞❛✳

❆ ♣)F①✐♠❛ ❡-❛♣❛ ❞♦ /✐/-❡♠❛ ❋✉③③② E ❡/-❛❜❡❧❡❝❡) ❛/ )❡❣)❛/ ❡♥-)❡ ❛/ ✈❛)✐3✈❡✐/ ❞❡ ❡♥-)❛❞❛ ❡

✈❛)✐3✈❡✐/ ❞❡ /❛8❞❛✳

✹✳✻✳✷ ❘❡❣'❛) ❋✉③③② ♣❛'❛ ♦ )✐)-❡♠❛ ♣'♦♣♦)-♦

◆❛ ❡-❛♣❛ ❞♦ /✐/-❡♠❛ ❧F❣✐❝♦ ❋✉③③②✱ ❞❡♥♦♠✐♥❛❞❛ ✐♥❢❡)D♥❝✐❛ ❋✉③③②✱ E ♦♥❞❡ /❡ ❞❡✜♥❡♠ B✉❛✐/ /K♦ ♦/

❝♦♥❡❝-✐✈♦/ ❧F❣✐❝♦/ ✉/❛❞♦/ ♣❛)❛ ❡/-❛❜❡❧❡❝❡) ❛ )❡❧❛LK♦ ❋✉③③② B✉❡ ♠♦❞❡❧❛ ❛ ❜❛/❡ ❞❡ )❡❣)❛/✳ ◆❡/-❛ ❡-❛♣❛✱

❛/ ✈❛)✐3✈❡✐/ ❧✐♥❣✉8/-✐❝❛/ /❡)K♦ )❡❧❛❝✐♦♥❛❞❛/ ❡♥-)❡ /✐✱ ❛♣❧✐❝❛♥❞♦✲/❡ )❡❣)❛/ ♣)E✲❡/-❛❜❡❧❡❝✐❞❛/✱ ❞❡✜♥✐♥❞♦ ❛/

)❡❧❛LM❡/ ❡♥-)❡ ✈❛)✐3✈❡✐/ ❧✐♥❣✉8/-✐❝❛/ ♣♦) ♠❡✐♦ ❞❡ /❡✉/ )❡/♣❡❝-✐✈♦/ ♦♣❡)❛❞♦)❡/ ❧F❣✐❝♦/✳

❯♠❛ )❡❣)❛ ❞❡ ♣)♦❞✉LK♦ ♥♦)♠❛❧♠❡♥-❡ E ❢♦)♠❛❞❛ ❞❡ ❞✉❛/ ♣❛)-❡/ ♣)✐♥❝✐♣❛✐/✿

■❢ ❁❛♥-❡❝❡❞❡♥-❡❃ ❚❤❡♥ ❁❝♦♥/❡B✉D♥-❡❃

❖ ❛♥-❡❝❡❞❡♥-❡ E ❝♦♠♣♦/-♦ ♣♦) ✉♠ ❝♦♥❥✉♥-♦ ❞❡ ❝♦♥❞✐LM❡/ B✉❡✱ B✉❛♥❞♦ /❛-✐/❢❡✐-❛/ ✭♠❡/♠♦

♣❛)❝✐❛❧♠❡♥-❡✮✱ ❞❡-❡)♠✐♥❛♠ ♦ ♣)♦❝❡//❛♠❡♥-♦ ❞♦ ❝♦♥/❡B✉D♥-❡ ❞❛ )❡❣)❛ ♣♦) ✉♠ ♠❡❝❛♥✐/♠♦ ❞❡ ✐♥❢❡)D♥❝✐❛

❋✉③③②✳ ❖ ♣)♦❝❡//♦ ❛❝✐♠❛ ❞❡/❝)✐-♦✱ ❞❡♥♦♠✐♥❛✲/❡ ❞✐/♣❛)♦ ❞❡ ✉♠❛ )❡❣)❛✳ '♦) /✉❛ ✈❡③✱ ♦ ❝♦♥/❡B✉D♥-❡ E

❝♦♠♣♦/-♦ ❞❡ ✉♠ ❝♦♥❥✉♥-♦ ❞❡ ❞✐❛❣♥F/-✐❝♦/ B✉❡ /K♦ ❣❡)❛❞♦/ ❝♦♠ ♦ ❞✐/♣❛)♦ ❞❛ )❡❣)❛✳ ❖/ ❝♦♥/❡B✉D♥-❡/

❞❛/ )❡❣)❛/ ❞✐/♣❛)❛❞❛/ /K♦ ♣)♦❝❡//❛❞♦/ ❡♠ ❝♦♥❥✉♥-♦✱ ♣❛)❛ ❣❡)❛) ✉♠❛ )❡/♣♦/-❛ B✉❛♥-✐-❛-✐✈❛✱ ♣❛)❛ ❛

✈❛)8❛✈❡❧ ❞❡ /❛8❞❛ ❞♦ /✐/-❡♠❛✳

◆❛ ❞❡✜♥✐LK♦ ❞❛/ )❡❣)❛/✱ ♦ ❝♦♥/❡B✉D♥-❡ /❡)3 ❡/-❛❜❡❧❡❝✐❞♦ ❡♠ ❢✉♥LK♦ ❞❛ )❡❣✐K♦ ❞♦ ❝♦♥-❛-♦

B✉❡ ❛♣)❡/❡♥-❛) ♠❛✐♦) ♥8✈❡❧ ❞❡ ❞❡❣)❛❞❛LK♦✳ '❛)❛ ♦ /✐/-❡♠❛ ♣)♦♣♦/-♦✱ ❡♠ ❢✉♥LK♦ ❞❛/ ♣♦//✐❜✐❧✐❞❛❞❡/ ❡

❞♦ ♥T♠❡)♦ ❞❡ ✈❛)✐3✈❡✐/ ❧✐♥❣✉8/-✐❝❛/ ❞❡✜♥✐❞❛/✱ ♦ ❝♦♥❥✉♥-♦ ❞❡ )❡❣)❛/ ❢♦✐ ❛//✐♠ ❡/-❛❜❡❧❡❝✐❞♦✿
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• "❡❣"❛ ✶✿ '❡ Rp ❂ ❘♣✲❇ ❊ Ra ❂ ❘❛✲❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲❇❀

• "❡❣"❛ ✷✿ '❡ Rp ❂ ❘♣✲❇ ❊ Ra ❂ ❘❛✲▼❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❇❀

• "❡❣"❛ ✸✿ '❡ Rp ❂ ❘♣✲❇ ❊ Ra ❂ ❘❛✲▼✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❀

• "❡❣"❛ ✹✿ '❡ Rp ❂ ❘♣✲▼❇ ❊ Ra ❂ ❘❛✲❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❇❀

• "❡❣"❛ ✺✿ '❡ Rp ❂ ❘♣✲▼❇ ❊ Ra ❂ ❘❛✲▼❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❇❀

• "❡❣"❛ ✻✿ '❡ Rp ❂ ❘♣✲▼❇ ❊ Ra ❂ ❘❛✲▼✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❀

• "❡❣"❛ ✼✿ '❡ Rp ❂ ❘♣✲▼ ❊ Ra ❂ ❘❛✲❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❀

• "❡❣"❛ ✽✿ '❡ Rp ❂ ❘♣✲▼ ❊ Ra ❂ ❘❛✲▼❇✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❀

• "❡❣"❛ ✾✿ '❡ Rp ❂ ❘♣✲▼ ❊ Ra ❂ ❘❛✲▼✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❀

• "❡❣"❛ ✶✵✿ '❡ Rp 6= ❘♣✲❆ ❊ Ra ❂ ❘❛✲▼❆✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❆❀

• "❡❣"❛ ✶✶✿ '❡ Rp ❂ ❘♣✲▼❆ ❊ Ra 6= ❘❛✲❆✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲▼❆❀

• "❡❣"❛ ✶✷✿ '❡ Rp ❂ ❘♣✲❆ ❖❯ Ra ❂ ❘❛✲❆✱ ❡♥01♦ ❙❛4❞❛ ❂ ◆❉✲❆✳

❊♠ ❢✉♥I1♦ ❞❛' "❡❣"❛' ❞❡ ♣"♦❝❡''❛♠❡♥0♦ ❞♦ '✐'0❡♠❛ ❋✉③③②✱ ♦' ❣"❛✉' ❞❡ ♣❡"0✐♥L♥❝✐❛ ❞❛'

✈❛"✐N✈❡✐' ❞❡ ❡♥0"❛❞❛ '1♦ ❛''♦❝✐❛❞♦' ❛♦' ❝♦♥❥✉♥0♦' ❋✉③③② ❞❡ '❛4❞❛✳

◆❛ ❡0❛♣❛ ❞❡ ❞❡❢✉③③✐✜❝❛+,♦ ❢♦✐ ❡'❝♦❧❤✐❞♦ ♦ ♠R0♦❞♦ ❞❛ ▼R❞✐❛ S♦♥❞❡"❛❞❛ ❞♦' ▼N①✐♠♦'✱ ♣♦"

❛♣"❡'❡♥0❛" ♠❡❧❤♦" ❝♦♠♣"♦♠✐''♦ ❡♥0"❡ ♣♦''4✈❡✐' '❛4❞❛' ❝♦♠ ♠✉❧0✐♣❧✐❝✐❞❛❞❡ ❞❡ ❞✐'♣❛"♦ ❞♦ ❝♦♥❥✉♥0♦

❋✉③③② ✭❙■▼W❊❙❀ ❙❍❆❲✱ ✷✵✵✼✮✳ ❖✉ '❡❥❛✱ ❛ ❝❛"❛❝0❡"4'0✐❝❛ ❞♦ ♠R0♦❞♦ ✐♠♣❧✐❝❛ [✉❡ '❡ 0"L' "❡❣"❛' ❢♦"❡♠

❛❝✐♦♥❛❞❛' ♥♦ ♣"♦❝❡''♦ ❞❡ ❞❡❢✉③③✐✜❝❛+,♦✱ ❞✉❛' ✐♠♣♦♥❞♦ ❛ '❛4❞❛ ◆❉✲▼ ❡ ✉♠❛ ✐♠♣♦♥❞♦ ❛ '❛4❞❛ ◆❉✲❇✱

❛ '❛4❞❛ ◆❉✲▼ 0❡"N ♠❛✐♦" ♣❡'♦ ♣❡❧♦ ♠R0♦❞♦ ❞❡ ❞❡❢✉③③✐✜❝❛+,♦ ▼R❞✐❛ S♦♥❞❡"❛❞❛ ❞♦' ▼N①✐♠♦'✳

S❛"❛ ❛ ❛♥N❧✐'❡ ✜♥❛❧ ❞♦ ❡'0❛❞♦ ❞❡ ❞❡❣"❛❞❛I1♦ ❞♦' ❝♦♥0❛0♦' ❞♦ ❞✐'❥✉♥0♦"✱ ♦✉ '❡❥❛✱ ❛♥N❧✐'❡ ❞♦'

0"L' ♣]❧♦' ❞♦ ❞✐'❥✉♥0♦"✱ ❞❡✈❡♠ '❡" ❛♥❛❧✐'❛❞❛' ✻ ✈❛"✐N✈❡✐' ❞❡ ❡♥0"❛❞❛ ✶❘♣✱ ✶❘❛✱ ✷❘♣✱ ✷❘❛✱ ✸❘♣ ❡ ✸❘❛✱

'❡♥❞♦ ♦' ♥^♠❡"♦' ✶✱ ✷ ❡ ✸✱ ♦' 4♥❞✐❝❡' ♣❛"❛ ❝❛❞❛ ✉♠ ❞♦' ♣]❧♦ ❞♦ ❞✐'❥✉♥0♦"✳

S❛"❛ ✉♠❛ ❝♦♥❝❡''✐♦♥N"✐❛ ♦✉ ❡♠ ❝❛♠♣♦✱ ❛ ❞❡✜♥✐I1♦ ✜♥❛❧ '♦❜"❡ ♦ ❡'0❛❞♦ ❞♦ ❞✐'❥✉♥0♦" ✭❛♠♦'✲

0"❛✮ ❞❡✈❡ '❡" ❡'0❛❜❡❧❡❝✐❞❛ ❡♠ ❢✉♥I1♦ ❞♦ ♣]❧♦ [✉❡ ❛♣"❡'❡♥0❛" ♠❛✐♦" ♥4✈❡❧ ❞❡ ❞❡❣"❛❞❛I1♦ ♥♦' ❝♦♥0❛0♦'✳

❊♥0"❡0❛♥0♦✱ ♥❡'0❡ ❡'0✉❞♦✱ ❡♠ ✈✐"0✉❞❡ ♥♦ ❧✐♠✐0❛❞♦ ♥^♠❡"♦ ❞❡ ❛♠♦'0"❛' ❞❡ ❞✐'❥✉♥0♦"❡'✱ ♦ ❞✐❛❣♥]'0✐❝♦



❈❛♣#$✉❧♦ ✹ ✕ ▼❛$❡,✐❛❧ ❡ ▼.$♦❞♦0 ✶✶✶

❢♦✐ $❡❛❧✐③❛❞♦ ✐♥❞✐✈✐❞✉❛❧♠❡♥.❡ ♣❛$❛ ❝❛❞❛ ❛♠♦1.$❛ ❞❡ ❝♦♥.❛.♦✱ ❛♥❛❧✐1❛♥❞♦✲1❡ ❞❡11❛ ❢♦$♠❛✱ ♦1 ♣4❧♦1 ❞♦

❞✐1❥✉♥.♦$ ❞❡ ❢♦$♠❛ ✐♥❞✐✈✐❞✉❛❧✳

❆ ♣$4①✐♠❛ ❡.❛♣❛ ❝♦♠♣$❡❡♥❞❡ ❛ ❞❡❢✉③③✐✜❝❛)*♦✱ ♥❛ 9✉❛❧ ♦ 1✐1.❡♠❛ ▲4❣✐❝♦ ❋✉③③②✱ ❣❡$❛ ✉♠

✈❛❧♦$ ♥✉♠<$✐❝♦ ❞❡ 1❛=❞❛✱ ♣♦$ ♠❡✐♦ ❞❛ ❛.$✐❜✉✐?@♦ ❞♦1 ♣❡1♦1 ♣$♦♣♦$❝✐♦♥❛✐1 ❛♦1 ❣$❛✉1 ❞❡ ♣❡$.✐♥A♥❝✐❛ ❞❛

✈❛$✐B✈❡❧ $❡1✉❧.❛♥.❡ ❞♦ ♣$♦❝❡11♦ ❞❡ ✐♥❢❡/0♥❝✐❛ ❋✉③③②✳ ❆11✐♠✱ ♣❛$❛ ♦ 1✐1.❡♠❛ ♣$♦♣♦1.♦✱ ❛ 1❛=❞❛ ❛ 1❡$

❣❡$❛❞❛✱ ♣❡❧♦ 1✐1.❡♠❛ ❋✉③③②✱ ❞❡✈❡$B ❢❛③❡$ $❡❢❡$A♥❝✐❛ ❛♦ ♥=✈❡❧ ❞❡ ❞❡❣$❛❞❛?@♦ ❞♦1 ❝♦♥.❛.♦1✳

❖ 1✐1.❡♠❛ ♣$♦♣♦1.♦ ❢♦✐ ❛✈❛❧✐❛❞♦ ❡♠ ❡1.✉❞♦1 ❞❡ ❝❛1♦✱ ♣❛$❛ ❛1 1❡❣✉✐♥.❡1 ❛♠♦1.$❛1 ❞❡ ❞✐1❥✉♥✲

.♦$❡1✿

• ❛♠♦1.$❛ ❉✶ ✲ ❉✐1❥✉♥.♦$ .✐♣♦ F❱❖ ✭✽✵✵ ❆✴✶✺ ❦❱✴✶✷✳✺ ❦❆✮❀

• ❛♠♦1.$❛ ❉✷ ✲ ❉✐1❥✉♥.♦$ .✐♣♦ F❱❖ ✭✻✸✵ ❆✴✶✼✱✺ ❦❱✴✶✷✳✺ ❦❆✮❀

• ❛♠♦1.$❛ ❉✸ ✲ ❉✐1❥✉♥.♦$ .✐♣♦ F❱❖ ✭✷✳✵✵✵ ❆✴✼✷✳✺ ❦❱✴✸✶✳✺ ❦❆✮❀

• ❛♠♦1.$❛ ❉✹ ✲ ❉✐1❥✉♥.♦$ .✐♣♦ ❙❋6 ✭✶✳✻✺✵ ❆✴✼✷✳✺ ❦❱✴✷✺ ❦❆✮✳

F❛$❛ ♦ ❞❡1❡♥✈♦❧✈✐♠❡♥.♦ ❞♦ 1✐1.❡♠❛ ❡1♣❡❝✐❛❧✐1.❛ ❞❡ ❛♣♦✐♦ W .♦♠❛❞❛ ❞❡ ❞❡❝✐1@♦✱ ❢✉♥❞❛♠❡♥.♦

❡♠ ❧4❣✐❝❛ ❋✉③③②✱ ❢♦✐ ✉.✐❧✐③❛❞♦ ♦ ❛♠❜✐❡♥.❡ ❝♦♠♣✉.❛❝✐♦♥❛❧ ▼❛.❧❛❜

❘©✳

❖ 1✐1.❡♠❛ ❋✉③③② ❞❡1❡♥✈♦❧✈✐❞♦ ❢♦✐ ❛♣❧✐❝❛❞♦ ❡♠ ❡1.✉❞♦1 ❞❡ ❝❛1♦✱ ♥❛1 ❛♠♦1.$❛1 ❉✶✱ ❉✷✱

❉✸ ❡ ❉✹✱ ❞❡ ♠♦❞♦ ❛ 9✉❛♥.✐✜❝❛$ ♦ ♥=✈❡❧ ❞❡ ❞❡❣$❛❞❛?@♦ ❞♦1 ❝♦♥.❛.♦1✱ ❡♠ ❢✉♥?@♦ ❞♦1 ♣❛$Z♠❡.$♦1

❝❛$❛❝.❡$=1.✐❝❛1 ❞❛ ▼❘❉ ❡ ❞❛1 ❝❛$❛❝.❡$=1.✐❝❛1 ❞♦ ❞✐1❥✉♥.♦$✳

❖ ♣$4①✐♠♦ ❝❛♣=.✉❧♦ ❛♣$❡1❡♥.❛$B ♦1 $❡1✉❧.❛❞♦1✱ ❛♥B❧✐1❡1 ❡ ❞✐1❝✉11\❡1 ❞♦1 $❡1✉❧.❛❞♦1 ♦❜.✐❞♦1

❡①♣❡$✐♠❡♥.❛❧♠❡♥.❡ ♥♦1 ❡♥1❛✐♦1 ❞❛ ▼❘❉ ♥♦1 ❞✐1❥✉♥.♦$❡1 ❞✐1♣♦♥✐❜✐❧✐③❛❞♦1✳ ❙❡$@♦ .❛♠❜<♠ ❛♣$❡1❡♥.❛❞♦1

♦1 $❡1✉❧.❛❞♦1 ♦❜.✐❞♦1 ♥♦1 ❡♥1❛✐♦1 ❞❡ ❞❡❣$❛❞❛?@♦ ❛❝❡❧❡$❛❞❛✱ ❜❡♠ ❝♦♠♦ ❡1.✉❞♦1 ❞❡ ❝❛1♦ ❝♦♠ ♦ 1✐1.❡♠❛

❋✉③③② ❞❡1❡♥✈♦❧✈✐❞♦✳
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❘❡+✉❧$❛❞♦+ ❡ ❆♥/❧✐+❡+

◆❡"#❡ ❝❛♣'#✉❧♦ "+♦ ❛♣,❡"❡♥#❛❞♦" ♦" ,❡"✉❧#❛❞♦" ♦❜#✐❞♦" ❛♣1" ❛ ❛♣❧✐❝❛2+♦ ❞❛ ♠❡#♦❞♦❧♦❣✐❛ ♣❛,❛ ♠♦♥✐#♦,❛✲

♠❡♥#♦ ❞❡ ❝♦♥#❛#♦" ❞❡ ❞✐"❥✉♥#♦,❡" ❝♦♠ ❜❛"❡ ♥❛ ❛♥7❧✐"❡ ❞♦" ♣❛,8♠❡#,♦" ❞❛ ❝✉,✈❛ ❞❛ ▼❘❉✳ ■♥✐❝✐❛❧♠❡♥#❡✱

"+♦ ❛♣,❡"❡♥#❛❞♦" ❛❧❣✉♥" ,❡"✉❧#❛❞♦" ♦❜#✐❞♦" ❛ ♣❛,#✐, ❞❛ ❛♣❧✐❝❛2+♦ ❞❛ #@❝♥✐❝❛ ❞❡ ❡①#,❛2+♦ ❞❡ ♣❛,8♠❡#,♦"

❞❛ ❝✉,✈❛ ❞❛ ▼❘❉✳ ❊♠ "❡❣✉✐❞❛ "+♦ ❛♣,❡"❡♥#❛❞♦" ♦" ,❡"✉❧#❛❞♦" ♦❜#✐❞♦" ♥♦" ❡♥"❛✐♦" ❞❡ ❞❡❣,❛❞❛2+♦

❛❝❡❧❡,❛❞❛✳ C♦, ✜♠✱ "+♦ ❛♣,❡"❡♥#❛❞♦" ❡"#✉❞♦" ❞❡ ❝❛"♦ ❝♦♠ ❛ ❡"#✐♠❛#✐✈❛ ❞♦ ♥'✈❡❧ ❞❡ ❞❡❣,❛❞❛2+♦ ❞♦"

❝♦♥#❛#♦" ❞♦" ❞✐"❥✉♥#♦,❡" ❛♥❛❧✐"❛❞♦"✱ ❡♠ ❢✉♥2+♦ ❞♦" ♣❛,8♠❡#,♦" ❘♣ ❡ ❘❛✳

✺✳✶ ❆♥%❧✐(❡ ❞♦ (✐(,❡♠❛ ❞❛ ▼❘❉

❖ "✐"#❡♠❛ ❞❡ ♠❡❞✐2+♦ ❞❡ ,❡"✐"#G♥❝✐❛ ❞❡ ❝♦♥#❛#♦ ❞❡"❡♥✈♦❧✈✐❞♦✱ ♣♦""✐❧✐#♦✉ ❛ ,❡❛❧✐③❛2+♦ ❞❡ ✉♠ ❛♠♣❧♦
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❝❛,❛❝#❡,'"#✐❝❛" #@❝♥✐❝❛" ♥❡❝❡""7,✐❛" ♣❛,❛ ❛ ,❡❛❧✐③❛2+♦ ❞♦" ❡♥"❛✐♦" ❞❛ ▼❘❉✱ #❛♥#♦ ❡♠ ❧❛❜♦,❛#1,✐♦✱

J✉❛♥#♦ ❡♠ "✉❜❡"#❛2+♦ ❞❡ ❡♥❡,❣✐❛ ❡❧@#,✐❝❛✳

❖" ,❡"✉❧#❛❞♦" ♦❜#✐❞♦" ❝♦♠ ♦ "✐"#❡♠❛ ❞❛ ▼❘❉ ❛♣,❡"❡♥#❛ ,❡"✉❧#❛❞♦" ❡J✉✐✈❛❧❡♥#❡" ❛ ❛♥❛❧✐"❛✲

❞♦,❡" ❞❡ ❞✐"❥✉♥#♦, ❝♦♠❡,❝✐❛❧✐③❛❞♦"✳ C♦❞❡✲"❡ ❞❡"#❛❝❛, ❝♦♠♦ ✈❛♥#❛❣❡♠ ❞♦ "✐"#❡♠❛ ❞❛ ▼❘❉ ❡♠ ,❡❧❛2+♦

❛♦" ❛♥❛❧✐"❛❞♦,❡" ❞❡ ❞✐"❥✉♥#♦, ❝♦♠❡,❝✐❛❧✐③❛❞♦"✱ ♦ ❜❛✐①♦ ❝✉"#♦ ❞❡"♣❡♥❞✐❞♦ ♣❛,❛ ♦ ❞❡"❡♥✈♦❧✈✐♠❡♥#♦ ❞♦ "✐"✲

#❡♠❛✱ ❛❧@♠ ❞❡ ✉♠❛ ❛❧#❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣♦#G♥❝✐❛✱ ♦ J✉❡ ♣❡,♠✐#❡ ✉♠❛ ♠❛✐♦, ❛✉#♦♥♦♠✐❛ ♥❛ ,❡❛❧✐③❛2+♦ ❞❡

❡♥"❛✐♦" ❞❡ ,❡"✐"#G♥❝✐❛ ❞❡ ❝♦♥#❛#♦✱ #❛♥#♦ ❡♠ ❞✐"❥✉♥#♦,❡"✱ J✉❛♥#♦ ❡♠ ♦✉#,♦" ❞✐"♣♦"✐#✐✈♦" "❡❝❝✐♦♥❛❞♦,❡"✱

❜❡♠ ❝♦♠♦ ❡♠ ❝♦♠✉#❛❞♦, ❞❡ #❛♣❡ "♦❜ ❝❛,❣❛ ✭❖▲❚❈✮✳

❖ "✐"#❡♠❛ ♣❡,♠✐#❡ ❛✐♥❞❛ ❛ ,❡❛❧✐③❛2+♦ ❞❡ ❡♥"❛✐♦" ❞❛ ▼❘❉ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ,❡❞✉③✐❞❛ ❞❡ ❛❜❡,#✉,❛

❞♦" ❝♦♥#❛#♦"✳ ❖" #❡"#❡" ,❡❛❧✐③❛❞♦" ✐♥❞✐❝❛♠ J✉❡ ♦ "✐"#❡♠❛ ♣♦""✐❜✐❧✐#❛ ♦ ❢♦,♥❡❝✐♠❡♥#♦ ❞❡ ❝♦,,❡♥#❡ ❞❡

#❡"#❡ ❞❡ ❛#@ ✸✵✵ ❆ ❞✉,❛♥#❡ ✺ ♠✐♥✉#♦"✳

✶✶✷
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❞❡ .❡(.❡ ❞❡ ❛.9 ✷✺✵ ❆✱ ❞❡ ♠♦❞♦ ❛ $❡❛❧✐③❛$ ♦( ❡♥(❛✐♦( ❞❛ ▼❘❉ ❝♦♠ ❝♦$$❡♥.❡( ❞❡ .❡(.❡ ❡♥.$❡ ✺✵ ❡ ✷✺✵

❆✳ ❆❞✐❝✐♦♥❛❧♠❡♥.❡✱ ♦ (✐(.❡♠❛ .❛♠❜9♠ ❞❡✈❡$✐❛ (❡$ ❝❛♣❛③ ❞❡ ♣♦((✐❜✐❧✐.❛$ ❡♥(❛✐♦( ❞❛ ▼❘❉ ❡♠ ❞✐❢❡$❡♥.❡(

✈❡❧♦❝✐❞❛❞❡( ❞❡ ❛❜❡$.✉$❛ ❞♦( ❝♦♥.❛.♦(✱ ❞❡ ♠♦❞♦ ❛ $❡♣$♦❞✉③✐$ ♣❡❧♦ ♠❡♥♦(✱ .♦❞❛ ❛ ❢❛✐①❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡

✭✵✱✵✵✷ ✲ ✷ ♠�(✮ (✉❣❡$✐❞❛ ♣♦$ ✭▲❆◆❉❘❨ ❡. ❛❧✳✱ ✷✵✵✻✮✳ ❈♦♠ ✐((♦✱ ♦ (✐(.❡♠❛ ♣$♦♣♦(.♦ ❞❡✈❡ (✉♣$✐$ ♦

❢♦$♥❡❝✐♠❡♥.♦ ❞❛ ❝♦$$❡♥.❡ ❞❡ .❡(.❡ ♣❛$❛ ♦ ❡♥(❛✐♦ ❞❛ ▼❘❉ ❞✉$❛♥.❡ .♦❞♦ ♦ ♣$♦❝❡((♦ ❞❡ ❛❜❡$.✉$❛ ❞♦(

❝♦♥.❛.♦(✱ ♠❡(♠♦ ❝♦♠ ❛❜❡$.✉$❛ ❞♦( ❝♦♥.❛.♦( ❡♠ ✈❡❧♦❝✐❞❛❞❡ $❡❞✉③✐❞❛✳

❖ (✐(.❡♠❛ ♣$♦❥❡.❛❞♦ ❢♦✐ ✐♥✐❝✐❛❧♠❡♥.❡ ✐❞❡❛❧✐③❛❞♦ ♣❛$❛ ❛♣❧✐❝❛78♦ ♥♦ ❞✐(❥✉♥.♦$ ❉✶✳ "❛$❛ ❡(.❡

❞✐(❥✉♥.♦$✱ ♥♦ ♣$♦❝❡((♦ ❞❡ ❛❜❡$.✉$❛ ❞♦( ❝♦♥.❛.♦(✱ ♠❛♥.9♠✲(❡ ✉♠ ❝♦♥.❛.♦ ❣❛❧✈N♥✐❝♦ ❡♥.$❡ ♦( ❝♦♥.❛.♦(

✜①♦ ❡ ♠P✈❡❧ ❡♠ ✉♠ .$❡❝❤♦ ❞❡ ✷✻ ♠♠✱ ❝♦♥❢♦$♠❡ ✐❧✉(.$❛❞♦ ♥❛ ❋✐❣✉$❛ ✺✳✶✳ ❊((❡ ♣❡$❝✉$(♦ ❝♦♠♣$❡❡♥❞❡ ♦

❞❡(❧♦❝❛♠❡♥.♦ ❞♦ ❝♦♥.❛.♦ ✜①♦✱ ❡♥.$❡ ♦( ❝♦♥.❛.♦( .♦.❛❧♠❡♥.❡ ❢❡❝❤❛❞♦(✱ ❛.9 ❛ (❡♣❛$❛78♦ ❣❛❧✈N♥✐❝❛ ❞♦(

❝♦♥.❛.♦(✳

❋✐❣✉$❛ ✺✳✶ ✕ ■❧✉$%&❛()♦ ❞❛ &❡❣✐)♦ ❝♦♠ ❝♦♥%❛%♦ ❣❛❧✈3♥✐❝♦ ❡♥%&❡ ♦$ ❝♦♥%❛%♦$ ✜①♦ ❡ ♠6✈❡❧

❞✉&❛♥%❡ ❛ ❛❜❡&%✉&❛ ❞♦$ ❝♦♥%❛%♦$✳

✭❛✮ ❈♦♥%❛%♦$ ❢❡❝❤❛❞♦$✳ ✭❜✮ ❈♦♥%❛%♦$ ❛❜❡&%♦$✳

❋♦♥%❡✿ @&6♣&✐♦ ❛✉%♦&✳

◆❛ ❊0✉❛78♦ ✺✳✶ 9 ❛♣$❡(❡♥.❛❞♦ ♦ ❝T❧❝✉❧♦ ❞♦ .❡♠♣♦ ♠U♥✐♠♦ ✭tmin✮ ❞❡ ❛♣❧✐❝❛78♦ ❞❛ ❝♦$$❡♥.❡

❞❡ .❡(.❡✱ ❝♦♥(✐❞❡$❛♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ♠U♥✐♠❛ ❞❡ ✵✱✵✵✷ ♠�( ♣❛$❛ ✉♠ ♣❡$❝✉$(♦ ♠T①✐♠♦ ❞❡ ✷✻ ♠♠✳

tmin >
∆S (m)

vmin (m/s)
=

26× 10−3m

0, 002m/s
= 13 s, ✭✺✳✶✮

"❛$❛ ♦ ❞✐♠❡♥(✐♦♥❛♠❡♥.♦ ❞❛ ❜❛.❡$✐❛ ❛ (❡$ ✉.✐❧✐③❛❞❛ ♥♦ (✐(.❡♠❛✱ (❡ ❢❛③ ♥❡❝❡((T$✐♦ ❞❡✜♥✐$

♣$❡✈✐❛♠❡♥.❡ ❛ ♣♦.V♥❝✐❛ ❞♦ ❝✐$❝✉✐.♦ ❛ (❡$ ❛❧✐♠❡♥.❛❞♦ ♣❡❧❛ ❜❛.❡$✐❛✱ ❜❡♠ ❝♦♠♦ ♦ .❡♠♣♦ ❞❡ ❞❡(❝❛$❣❛ ❞❛

❜❛.❡$✐❛✳
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❈♦♥%✐❞❡)❛♥❞♦ ❛ +❡♥%,♦ ♥♦♠✐♥❛❧ ❞❛ ❜❛+❡)✐❛ ❞❡ ✶✷ ❱✱ ❛ ♣♦+4♥❝✐❛ ❞♦ ❝✐)❝✉✐+♦ ♥❡%+❛ ❝♦♥❞✐7,♦

%❡)8 ❞❡✜♥✐❞❛ ❝♦♥❢♦)♠❡ ❛ ❊<✉❛7,♦ ✺✳✷✿

P (W ) = V (V )× I(A) = 12× 250 = 3.000W, ✭✺✳✷✮

◆♦ ❝❛+8❧♦❣♦ ❞♦ ❢❛❜)✐❝❛♥+❡ ❞❛ ❜❛+❡)✐❛ ✉+✐❧✐③❛❞❛ ✭▼❖❯❘❆✱ ✷✵✵✵✮✱ ♦% ❞❛❞♦% ❡%♣❡❝✐✜❝❛❞♦%

)❡❢❡)❡♥+❡% K% %✉❛% ❜❛+❡)✐❛% %❡ ❧✐♠✐+❛♠ ❛♦ +❡♠♣♦ ❞❡ ✶✺ ♠✐♥✉+♦%✳ ❈♦♠ ✐%%♦✱ ♥♦% ❝8❧❝✉❧♦% ❞❛ ❜❛+❡)✐❛

%❡)8 ❛❞♠✐+✐❞♦ ✉♠ +❡♠♣♦ ❞❡ )❡❢❡)4♥❝✐❛ ❞❡ ✶✺ ♠✐♥✉+♦%✱ <✉❡ L ♠✉✐+♦ %✉♣❡)✐♦) ❛♦ +❡♠♣♦ ♠M♥✐♠♦ ✭✶✸ %✮

❞❡+❡)♠✐♥❛❞♦ ♣❛)❛ ♦% ❡♥%❛✐♦% ❡♠ ✈❡❧♦❝✐❞❛❞❡ )❡❞✉③✐❞❛✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❜❛+❡)✐❛ ✭❈+✮ L ❞❡✜♥✐❞❛ ❝♦♠♦ ♦ ♣)♦❞✉+♦ ❞❛ ❝♦))❡♥+❡ ❡♠ ❛♠♣P)❡% ♣❡❧♦ +❡♠♣♦

❡♠ ❤♦)❛% ✭❆❤✮✱ ❝♦))✐❣✐❞♦ ♣❛)❛ ❛ +❡♠♣❡)❛+✉)❛ ❞❡ )❡❢❡)4♥❝✐❛✱ ❢♦)♥❡❝✐❞❛ ♣❡❧♦ ❛❝✉♠✉❧❛❞♦) ❡♠ ❞❡+❡)♠✐♥❛❞♦

)❡❣✐♠❡ ❞❡ ❞❡%❝❛)❣❛✳ ❆%%✐♠✱ ❝♦♥❢♦)♠❡ ❛ ❊<✉❛7,♦ ✺✳✸ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❜❛+❡)✐❛ ❞❡✈❡)8 %❡) ❞❡ ♥♦ ♠M♥✐♥♦✳

Ctmin(Ah) = 250× 0, 25 = 62, 5Ah, ✭✺✳✸✮

❉❡%%❡ ♠♦❞♦✱ ❛ ❜❛+❡)✐❛ ❡%♣❡❝✐✜❝❛❞❛ ♣❛)❛ ♦ ❝✐)❝✉✐+♦ ❞❡✈❡ ❛♣)❡%❡♥+❛) ❛% %❡❣✉✐♥+❡% ❝❛)❛❝+❡)M%+✐❝❛%

♠M♥✐♠❛%✿

• ♣♦+4♥❝✐❛ ♠M♥✐♠❛ ❞❡ ✸✳✵✵✵ ❲❀ ✐+❡♠ ❝❛♣❛❝✐❞❛❞❡ ♠8①✐♠❛ ❞❡ ✻✷✱✺ ❆❤❀

❊♠ ❛♥8❧✐%❡ ❛♦ ❝❛+8❧♦❣♦ ❞♦ ❢❛❜)✐❝❛♥+❡✱ ♦ ♠♦❞❡❧♦ ✶✷▼❋✷✷✵ ❞♦ +✐♣♦ ❜❛+❡)✐❛ ❡%+❛❝✐♦♥8)✐❛ ❛+❡♥❞❡

%✐♠✉❧+❛♥❡❛♠❡♥+❡ ❛% ❝♦♥❞✐7X❡% ❛❝✐♠❛✱ ✈✐%+♦ <✉❡ ❛♣)❡%❡♥+❛ ❛% %❡❣✉✐♥+❡% ❝❛)❛❝+❡)M%+✐❝❛%✿

• ♣♦+4♥❝✐❛ ♠M♥✐♠❛ ❞❡ ✸✳✹✽✾ ❲❀ ✐+❡♠ ❝❛♣❛❝✐❞❛❞❡ ♠8①✐♠❛ ❞❡ ✼✷ ❆❤❀

❈♦♠ ♦ %✐%+❡♠❛ ♣)♦♣♦%+♦ %❡)8 ♣♦%%M✈❡❧ )❡❛❧✐③❛) ♦% ❡♥%❛✐♦% ❞❛ ▼❘❉ ❡♠ ♠❡♥♦) ✈❡❧♦❝✐❞❛❞❡ ❞❡

❛❜❡)+✉)❛ ❞♦% ❝♦♥+❛+♦%✱ ❡ ❝♦♠ ✉♠ ♥M✈❡❧ ❞❡ ❝♦))❡♥+❡ %✉♣❡)✐♦) ❛♦ %✉❣❡)✐❞♦ ♣♦) ✭▲❆◆❉❘❨ ❡+ ❛❧✳✱ ✷✵✵✻✮✳

^❛)❛ ❛ )❡❛❧✐③❛7,♦ ❞♦% ❡♥%❛✐♦% ❞❛ ▼❘❉ ♦ %✐%+❡♠❛ ❞❡%❡♥✈♦❧✈✐❞♦ ❛♣)❡%❡♥+❛ ❛% %❡❣✉✐♥+❡% ❝❛)❛❝+❡)M%+✐❝❛%✿

• ✐♥❥❡7,♦ ❞❡ ❝♦))❡♥+❡ ❝♦♥+M♥✉❛ ❝♦♠ ❛♠♣❧✐+✉❞❡ ❞❡ ❛+L ✷✺✵ ❆✱ ❝♦♠ ❝✐❝❧♦ ❞❡ ❞❡%❝❛)❣❛ ♠8①✐♠♦ ❞❡

✸✵ %❡❣✉♥❞♦%❀ ✐+❡♠ ❛<✉✐%✐7,♦ ❞♦% %✐♥❛✐% ❞❡ ❝♦))❡♥+❡ ❡ +❡♥%,♦ ♥♦% ❝♦♥+❛+♦% ✉+✐❧✐③❛♥❞♦✲%❡ ❞❡

♦%❝✐❧♦%❝a♣✐♦ ❞✐❣✐+❛❧ ❝♦♠ +❛①❛ ❞❡ ❛♠♦%+)❛❣❡♠ ❞❡ ❛+L ✶ ●❍③❀

• ❝♦♥❢❡❝7,♦ ❞❛% ❝✉)✈❛% ❞❛ )❡%✐%+4♥❝✐❛ ❞❡ ❝♦♥+❛+♦% ♣♦) ♠❡✐♦ ❞❡ )♦+✐♥❛ ❝♦♠♣✉+❛❝✐♦♥❛❧ ❞❡%❡♥✈♦❧✈✐❞❛

❡♠ ▼❛+❧❛❜ r✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✶✺

"❛$❛ ❛❥✉'(❛$ ❛ ❝♦$$❡♥(❡ ❞❡ (❡'(❡ ♣$♦✈❡♥✐❡♥(❡ ❞❛ ❜❛(❡$✐❛ ❡♠ ✷✺✵ ❆✱ ♦✉ ✈❛❧♦$❡' ❜❡♠ ♣$8①✐♠♦'✱

❜❡♠ ❝♦♠♦ ♣❛$❛ ♣$♦(❡❣❡$ ❛ ❜❛(❡$✐❛ ❝♦♥($❛ ✉♠ ❡✈❡♥(✉❛❧ ❝✉$(♦✲❝✐$❝✉✐(♦ ❞✉$❛♥(❡ ♦ ❡♥'❛✐♦ ❞❡ $❡'✐'(<♥❝✐❛

❞❡ ❝♦♥(❛(♦✱ ♣$♦❥❡(♦✉✲'❡ ✉♠ $❡'✐'(♦$ ✈❛$✐=✈❡❧ ♣$♦❞✉③✐❞♦ ❛ ♣❛$(✐$ ❞❡ ✜♦' ❑❛♥(❤❛❧ ❉❙ ✭❈$♦♠♦✲❆❧✉♠F♥✐♦✲

❋❡$$♦✮✱ '❡♥❞♦ ♦ $❡'✐'(♦$ ✐♥'(❛❧❛❞♦ ❡♠ 'I$✐❡ ❝♦♠ ♦' ❝♦♥(❛(♦' ❞♦ ❞✐'❥✉♥(♦$✳

◆❛ ❋✐❣✉$❛ ✺✳✷ I ❛♣$❡'❡♥(❛❞♦ ♦ ❝✐$❝✉✐(♦ '✐♠♣❧✐✜❝❛❞♦ ♣❛$❛ ♠❡❞✐LM♦ ❞❛ $❡'✐'(<♥❝✐❛ ❞❡ ❝♦♥(❛(♦

❝♦♠ ♦ '✐'(❡♠❛ ♣$♦♣♦'(♦✳ ❙❡♥❞♦✿ r ❛ $❡'✐'(<♥❝✐❛ ✐♥(❡$♥❛ ❞❛ ❜❛(❡$✐❛✱ RL ♦ $❡'✐'(♦$ ✈❛$✐=✈❡❧ ♣$♦❞✉③✐❞♦

❛ ♣❛$(✐$ ❞❡ ✜♦' ❑❛♥(❤❛❧ ❉❙ ❡ Rx ❛ $❡'✐'(<♥❝✐❛ ❞♦' ❝♦♥(❛(♦' ❞♦ ❞✐'❥✉♥(♦$✳

❋✐❣✉$❛ ✺✳✷ ✕ ❈✐#❝✉✐&♦ (✐♠♣❧✐✜❝❛❞♦ ♣❛#❛ ♠❡❞✐01♦ ❞❛ #❡(✐(&2♥❝✐❛ ❞❡ ❝♦♥&❛&♦ ❝♦♠ ♦ (✐(&❡♠❛

♣#♦♣♦(&♦✳

❋♦♥&❡✿ 7#8♣#✐♦ ❛✉&♦#✳

✺✳✶✳✷ ❘❡&✐&(♦* ❧✐♠✐(❛❞♦* ❞❡ ❝♦**❡♥(❡

"❛$❛ '❡ ♦❜(❡$ ❛ ❝♦$$❡♥(❡ (♦(❛❧ ❞❡ ✷✺✵ ❆✱ ♦ $❡'✐'(♦$ RL ♣$♦❥❡(❛❞♦ I ❝♦♠♣♦'(♦ ❞❡ ✶✷ $❛♠♦' ❞❡ $❡'✐'(♦$❡'

❡♠ ♣❛$❛❧❡❧♦✱ '❡♥❞♦ ✶✵ $❛♠♦' ♣❛$❛ ❝♦♥❞✉LM♦ ❞❡ ✸✵ ❆✱ ❝❛❞❛✱ ❡ ♦✉($♦' ✷ $❛♠♦' ♣❛$❛ ❝♦♥❞✉LM♦ ❞❡ ✶✵

❆✱ ❝❛❞❛✳ ❖ ♦❜❥❡(✐✈♦ ❞❡ '❡ ♣$♦❥❡(❛$ ✉♠ ♥Q♠❡$♦ ♠❛✐♦$ ❞❡ $❛♠♦' I ❞♦(❛$ ♦ $❡'✐'(♦$ ❞❡ $❛♠♦' $❡'❡$✈❛✱ ♦

R✉❡ ♣♦''✐❜✐❧✐(❛ ❛ ✉(✐❧✐③❛LM♦ ❞♦ ❡R✉✐♣❛♠❡♥(♦ ♠❡'♠♦ ♥❛ ❡✈❡♥(✉❛❧✐❞❛❞❡ ❞❡ ❢❛❧❤❛ ❡♠ ✸ $❛♠♦'✳

◆❛ ♣$=(✐❝❛✱ ♦ $❡'✐'(♦$ RL (❡♠ ❛ ❢✉♥LM♦ ❞❡ ❧✐♠✐(❛$ ❛ ❝♦$$❡♥(❡ ♣$♦✈❡♥✐❡♥(❡ ❞❛ ❜❛(❡$✐❛✱ ❜❡♠

❝♦♠♦ ❛❥✉'(❛$ ♦ ♥F✈❡❧ ❞❛ ❝♦$$❡♥(❡ ♣❛$❛ ♦ ❡♥'❛✐♦ ❞❛ ▼❘❉✳ ❖ '✐'(❡♠❛ ♣❡$♠✐(❡ ♦ ❛❥✉'(❡ ❞❛ ✐♥(❡♥'✐❞❛❞❡

❞❛ ❝♦$$❡♥(❡ ❡♠ ❞❡❣$❛✉' ❞❡ ✶✵ ❆✳

❈♦♠♦ ♦ $❡'✐'(♦$ RL '❡$= ❡♥❡$❣✐③❛❞♦ ❡♠ '❡$✈✐L♦ $=♣✐❞♦✱ ❝♦♠ ❝✐❝❧♦ ❞❡ ❞❡'❝❛$❣❛ ❛❞♠✐''F✈❡❧

♠=①✐♠♦ ❞❡ ✸✵ '❡❣✉♥❞♦'✱ ♦ ❝❛(=❧♦❣♦ ❞♦ ❢❛❜$✐❝❛♥(❡ ❞♦' ✜♦' '✉❣❡$❡ ❛ ✉(✐❧✐③❛LM♦ ❞♦' ✜♦' ❝♦♠ ❞✐V♠❡($♦

❞❡ ✶✱✺ ♠♠ ❡ ✷✱✺ ♠♠✱ ♦' R✉❛✐' ❛❞♠✐(❡♠ ✉♠❛ ❝♦$$❡♥(❡ ♠=①✐♠❛ ❞❡ ✷✵ ❆ ❡ ✸✵ ❆✱ $❡'♣❡❝(✐✈❛♠❡♥(❡

✭❑❆◆❚❍❆▲✱ ✶✾✾✽✮✳

❖' ✜♦' ❑❛♥(❤❛❧ ❉❙ ✉(✐❧✐③❛❞♦' ❛♣$❡'❡♥(❛♠ ❛' '❡❣✉✐♥(❡' ❝❛$❛❝(❡$F'(✐❝❛'✿

• ❝♦♠♣♦'✐LM♦ R✉F♠✐❝❛✿ ❈$ ✷✷✪❀ ❆❧ ✹✱✺✪❀ ❈♦ ✵✱✺✪❀ ❋❡ ✼✼✪❀ "♦♥(♦ ❞❡ ❢✉'M♦ ✶✳✺✶✵

◦
❈❀



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✶✻

• ✜♦ ❞❡ ∅ ✶✱✺ ♠♠✱ )❡*✐*,-♥❝✐❛ ❡*♣❡❝2✜❝❛ ❛ ✷✵

◦
❈ ✲ ✵✱✼✻✸✹ Ω� ♠❀

• ✜♦ ❞❡ ∅ ✷✱✺ ♠♠✱ )❡*✐*,-♥❝✐❛ ❡*♣❡❝2✜❝❛ ❛ ✷✵

◦
❈ ✲ ✵✱✷✼✺✵ Ω� ♠✳

❆**✐♠✱ ❛ )❡*✐*,-♥❝✐❛ ❡=✉✐✈❛❧❡♥,❡ ✭RL ✰ r✮ ✐♥*,❛❧❛❞❛ ❡♠ *D)✐❡ ❝♦♠ ♦ ❝♦♥,❛,♦ *❡)E ❞❡,❡)♠✐♥❛❞❛

❝♦♥❢♦)♠❡ ❛ ❊=✉❛HI♦ ✺✳✹✿

Req =
12

250
= 0, 048 Ω, ✭✺✳✹✮

K♦) ♠❡✐♦ ❞❡ ❡♥*❛✐♦* ❡❧D,)✐❝♦*✱ ❝♦♠ ❛ ❛♣❧✐❝❛HI♦ ❞❡ ✉♠❛ ❝♦))❡♥,❡ ❞❡ ,❡*,❡ ❞❡ ✶✺ ❆✱ ♣)♦✈❡♥✐❡♥,❡

❞❛ ❜❛,❡)✐❛✱ ❞❡,❡)♠✐♥♦✉✲*❡ ❛ )❡*✐*,-♥❝✐❛ ✐♥,❡)♥❛ r ❝♦♥❢♦)♠❡ ❊=✉❛HI♦ ✺✳✺✳

Req =
Vvazio − Vcarga

Iteste
=

12, 46− 12, 38

15
= 5, 33mΩ, ✭✺✳✺✮

K❛)❛ ♦ ❝E❧❝✉❧♦ ❞❛ )❡*✐*,-♥❝✐❛ ❞♦ )❡*✐*,♦) ❧✐♠✐,❛❞♦) ❞❡ ❝♦))❡♥,❡ ✭❘▲✮ ❞❡*♣)❡③♦✉✲*❡ )❡*✐*,-♥❝✐❛

❞♦ ❝♦♥,❛,♦ ❞♦ ❞✐*❥✉♥,♦) ✭≈ ✺✵✵ µΩ✮✱ ✈✐*,♦ =✉❡ ❛♣)❡*❡♥,❛ ♦)❞❡♠ ❞❡ ❣)❛♥❞❡③❛ ❜❡♠ ✐♥❢❡)✐♦) ❛ ❘▲ ✭≈

✷✵✵✮✱ ♦ =✉❡ ♣)♦✈♦❝❛)✐❛ ✉♠ ❡))♦ ❞❡ ❛♣)♦①✐♠❛❞❛♠❡♥,❡ ✵✱✺✪✳

❆❞♠✐,✐♥❞♦✲*❡ =✉❡ ❛ )❡*✐*,-♥❝✐❛ ✐♥,❡)♥❛ ❞❛ ❜❛,❡)✐❛ ♥I♦ *❡ ❛❧,❡)❡ ❡♠ ❢✉♥HI♦ ❞♦ ♥2✈❡❧ ❞❡ ❝♦))❡♥,❡✱

❛ ,❡♥*I♦ ❞❡ *❛2❞❛ ❞❛ ❜❛,❡)✐❛ ✭❱s✮ ♣❛)❛ ✉♠❛ ❝♦))❡♥,❡ ❞❡ ✷✺✵ ❆ *❡)E ❞❡,❡)♠✐♥❛❞❛ ❝♦♥❢♦)♠❡ ❛ ❊=✉❛HI♦

✺✳✻✳

Vs = Vvazio − r × Iteste = 12, 46− 5, 3× 10−3 × 250 = 11, 135 V, ✭✺✳✻✮

❈♦♥*✐❞❡)❛♥❞♦ ❝♦♠♦ )❡❢❡)-♥❝✐❛ ❛ ♣♦,-♥❝✐❛ ♠E①✐♠❛ ❢♦)♥❡❝✐❞❛ ♣❡❧❛ ❜❛,❡)✐❛ ❡ ❛ ,❡♥*I♦ ♥♦*

*❡✉* ,❡)♠✐♥❛✐* ❝♦♠ ❝❛)❣❛✱ ❛ ❝♦))❡♥,❡ ♠E①✐♠❛ ❞❡ ,❡*,❡ ✭■max✮ ❞❛ ❜❛,❡)✐❛ ❢♦✐ ❞❡,❡)♠✐♥❛❞❛ ❝♦♥❢♦)♠❡ ❛

❊=✉❛HI♦ ✺✳✼✳

Imax =
Pmax

Vs
=

3.489

12, 46− 5, 3× 10−3 × Imax
, ✭✺✳✼✮

❉❛ ❊=✉❛HI♦ ✺✳✼ ,❡♠✲*❡ ■♠❛① ❂ ✷✳✵✷✻ ❆ ❡ ■♠❛① ❂ ✸✷✺ ❆✳ K❛)❛ ❛ ❝♦))❡♥,❡ ❞❡ ✷✳✵✷✻ ❆✱ ❛

,❡♥*I♦ ♣)❡✈✐*,❛ ♥♦* ,❡)♠✐♥❛✐* ❞❛ ❜❛,❡)✐❛ ❝♦♠ ❝❛)❣❛ D ❞❡ ✶✱✼✷ ❱✳ ❊ ♣❛)❛ ❛ ❝♦))❡♥,❡ ❞❡ ✸✷✺ ❆✱ ❛ ,❡♥*I♦

♣)❡✈✐*,❛ ♥♦* ,❡)♠✐♥❛✐* ❞❛ ❜❛,❡)✐❛ ❝♦♠ ❝❛)❣❛ D ❞❡ ✶✵✱✼✹ ❱✳

K❛)❛ ❛ ❜❛,❡)✐❛ ✉,✐❧✐③❛❞❛✱ *✉❣❡)❡✲*❡ ✉♠❛ ,❡♥*I♦ ✜♥❛❧ ❞❡ ❞❡*❝❛)❣❛ ❞❡ ✶✵✱✺ ❱ ✭▼❖❯❘❆✱ ✷✵✵✵✮✳

❉❡*,❡ ♠♦❞♦✱ ❛ ❝♦))❡♥,❡ ♠E①✐♠❛ ❢♦)♥❡❝✐❞❛ ♣❡❧❛ ❜❛,❡)✐❛ ❡♠ ❝♦♥❞✐H[❡* ♥♦)♠❛✐* ❞❡ ❞❡*❝❛)❣❛ D ❞❡ ✸✷✺

❆✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✶✼

❆❞♠✐&✐♥❞♦✲*❡ ✉♠ &❡♠♣♦ ♠.①✐♠♦ ❞❡ ❞❡*❝❛2❣❛ ❞❡ ✺ ♠✐♥✉&♦*✱ ❡ ♣♦2 ♠❡✐♦ ❞❡ ✐♥&❡2♣♦❧❛78♦

♣♦❧✐♥♦♠✐❛❧ ❝♦♠ ♦* ❞❛❞♦* ❡*♣❡❝✐✜❝❛❞♦* ♣♦2 ✭▼❖❯❘❆✱ ✷✵✵✵✮✱ ♦❜&❡✈❡♠✲*❡ ✭❈t ❂ ✻✷✱✸✻ ❆❤ ❡ I ❂ ✺✳✻✶✻

❲✮✳ ◆❛ ❋✐❣✉2❛ ✺✳✸ ❡ ♥❛ ❋✐❣✉2❛ ✺✳✹✱ 2❡*♣❡❝&✐✈❛♠❡♥&❡✳

❋✐❣✉$❛ ✺✳✸ ✕ ❈✉#✈❛ ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❜❛,❡#✐❛✳

❋♦♥,❡✿ 2#3♣#✐♦ ❛✉,♦#✳

❈♦♥*✐❞❡2❛♥❞♦ ✉♠❛ &❡♥*8♦ ✜♥❛❧ ❞❡ ❞❡*❝❛2❣❛ ♠O♥✐♠❛ ❞❡ ✶✵✱✺ ❱ ♣❛2❛ ❛ ❜❛&❡2✐❛ ❛❞♦&❛❞❛✱ &❡♠✲*❡

✉♠ ■max✳ ❉❡*&❡ ♠♦❞♦✱ ❛ ❝♦22❡♥&❡ ♠.①✐♠❛ ❢♦2♥❡❝✐❞❛ ♣❡❧❛ ❜❛&❡2✐❛ ❡♠ ❝♦♥❞✐7T❡* ♥♦2♠❛✐* ❞❡ ❞❡*❝❛2❣❛

U ❞❡&❡2♠✐♥❛❞❛ ❝♦♥❢♦2♠❡ ❛ ❊W✉❛78♦ ✺✳✽✳

Imax =
Vvazio − Vs

r
=

12, 46− 10, 5

5, 3× 10−3
= 369, 81A, ✭✺✳✽✮

I❛2❛ ❛ ❝♦22❡♥&❡ ❞❡ ✸✻✾✱✽✶ ❆✱ ❛* *♦❧✐❝✐&❛7T❡* ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❡ ♣♦&Z♥❝✐❛ ❞❛ ❜❛&❡2✐❛ *❡28♦

❞❡&❡2♠✐♥❛❞❛* ❝♦♥❢♦2♠❡ ❛* ❊W✉❛7T❡* ✺✳✾ ❡ ✺✳✶✵✱ 2❡*♣❡❝&✐✈❛♠❡♥&❡✳

Ct = 369, 81× 5

60
= 30, 82Ah, ✭✺✳✾✮

P = 369, 81× 10, 5 = 3.883W, ✭✺✳✶✵✮

I♦2&❛♥&♦✱ ❝♦♥*✐❞❡2❛♥❞♦ ✉♠❛ &❡♥*8♦ ❞❡ ❞❡*❝❛2❣❛ ♠O♥✐♠❛ ❞❡ ✶✵✱✺ ❱ ❡ ♦* ✈❛❧♦2❡* ♦❜&✐❞♦* ♥❛

✐♥&❡2♣♦❧❛78♦ ♣♦❧✐♥♦♠✐❛❧✱ ❛ ❜❛&❡2✐❛ ♣♦❞❡2. ❢♦2♥❡❝❡2 ✉♠❛ ❝♦22❡♥&❡ ♠.①✐♠❛ ❞❡ ❛♣2♦①✐♠❛❞❛♠❡♥&❡ ✸✼✵ ❆

❞✉2❛♥&❡ ✺ ♠✐♥✉&♦*✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✶✽

❋✐❣✉$❛ ✺✳✹ ✕ ❈✉#✈❛ ❞❡ ♣♦*+♥❝✐❛ ❞❛ ❜❛*❡#✐❛✳

❋♦♥*❡✿ 3#4♣#✐♦ ❛✉*♦#✳

"❛$❛ %❡ ❡✈✐)❛$ ❞❡%❣❛%)❡ ❛❝❡❧❡$❛❞♦ ❞❛ ❜❛)❡$✐❛✱ ♥♦% ❡♥%❛✐♦% ❞❡ $❡%✐%)2♥❝✐❛ ❞❡ ❝♦♥)❛)♦ %❡$3 ❡%)✐✲

♣✉❧❛❞❛ ✉♠❛ ❝♦$$❡♥)❡ ♠3①✐♠❛ ❞❡ ✸✵✵ ❆✱ $❡%✉❧)❛♥❞♦ ❡♠ ✉♠❛ )❡♥%<♦ ❞❡ ❞❡%❝❛$❣❛ ❝♦♥❢♦$♠❡ ❛♣$❡%❡♥)❛❞♦

♥❛ ❊?✉❛@<♦ ✺✳✶✶✳

Vs = Vvazio − r × Iteste = 12, 46− 5, 3× 10−3 × 300 = 10, 87 V, ✭✺✳✶✶✮

"❛$❛ %❡ ♦❜)❡$ ❛ ❝♦$$❡♥)❡ ♠3①✐♠❛ ❞❡ ✶✵ ❡ ✸✵ ❆ $❡%✐%)2♥❝✐❛ ❡❧E)$✐❝❛ ❞❡ ❝❛❞❛ $❛♠♦ ❢♦✐ ❞✐♠❡♥✲

%✐♦♥❛❞❛ ❝♦♥❢♦$♠❡ ❊?✉❛@F❡% ✺✳✶✷ ❡ ✺✳✶✸✳

R10A =
Vs

Itest
=

10, 87

10
= 1, 09 Ω, ✭✺✳✶✷✮

R10A =
Vs

Itest
=

10, 87

30
= 0, 36 Ω, ✭✺✳✶✸✮

❆ ❛♠♣❧✐)✉❞❡ ❞❛ ❝♦$$❡♥)❡ ❞❡ )❡%)❡ ♥♦ ❡♥%❛✐♦ ❞❛ $❡%✐%)2♥❝✐❛ ❞❡ ❝♦♥)❛)♦ E ❞❡✜♥✐❞❛ ❡♠ ❢✉♥@<♦

❞❛ ?✉❛♥)✐❞❛❞❡ ❞❡ $❛♠♦% ❞❡ $❡%✐%)♦$❡% ✐♥%❡$✐❞♦% ❛♦ ❝✐$❝✉✐)♦ ❡ ❛ )❡♥%<♦ ❞❛ ❜❛)❡$✐❛✳ ❆ ✐♥%❡$@<♦ ❞♦%

$❛♠♦% ❞❡ $❡%✐%)♦$❡% ♥♦ ❝✐$❝✉✐)♦ %❡ ❞3 ♣♦$ ♠❡✐♦ ❞♦ ❛❝✐♦♥❛♠❡♥)♦ ❞❡ ❞✐%❥✉♥)♦$❡% )❡$♠♦♠❛❣♥E)✐❝♦% ❞♦

)✐♣♦ ♠♦♥♦♣♦❧❛$✳ ◆❡%)❡ ❝✐$❝✉✐)♦ ♦% ❞✐%❥✉♥)♦$❡% )❡$♠♦♠❛❣♥E)✐❝♦% ❞❡%❡♠♣❡♥❤❛♠ ❛ ❢✉♥@<♦ ❞❡ ♠❛♥♦❜$❛$

♦% $❛♠♦% ❞❡ $❡%✐%)♦$❡%✱ ♣❛$❛ ❝♦♥)$♦❧❡ ❞♦ ♥L✈❡❧ ❞❛ ❝♦$$❡♥)❡ ❞❡ )❡%)❡✱ ♥<♦ %❡ ❝❛$❛❝)❡$✐③❛♥❞♦ ❝♦♠♦ ✉♠

❡❧❡♠❡♥)♦ ❞❡ ♣$♦)❡@<♦✳ "❛$❛ ♣$♦)❡@<♦ ❞❡ ❝❛❞❛ $❛♠♦ ❞❡ $❡%✐%)♦$❡%✱ ❢✉%L✈❡✐% ❞♦ )✐♣♦ ❛✉)♦♠♦)✐✈♦ ❢♦$❛♠

✐♥%)❛❧❛❞♦%✳
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◆❛ ❋✐❣✉(❛ ✺✳✺ + ❛♣(❡.❡♥0❛❞♦ ♦ ❝✐(❝✉✐0♦ ❞♦ .✐.0❡♠❛ ✉0✐❧✐③❛❞♦ ♥♦ ❡♥.❛✐♦ ❞❛ (❡.✐.07♥❝✐❛ ❞❡

❝♦♥0❛0♦✳

❋✐❣✉$❛ ✺✳✺ ✕ ❈✉#✈❛ ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ❜❛,❡#✐❛✳

12 V

2R105R304R302R30 3R30 6R30 1R1010R307R30 9R308R301R30

F1 F3F2 F4 F6F5 F7 F9F8 F10 F12F11

Shunt 1
500 A / 60 mV

Transdutor de tensão
60 mV / 5 V

Contato do disjuntor
RX

Shunt 2
200 A / 60 mV Ch1

32 A 32 A 32 A 32 A 32 A 32 A 32 A 32 A 32 A 32 A 32 A32 A








❋♦♥#❡✿ &'(♣'✐♦ ❛✉#♦'✳

◆❛ ❋✐❣✉&❛ ✺✳✻ ❡+,- ❛♣&❡+❡♥,❛❞❛ ✉♠❛ ❢♦,♦❣&❛✜❛ ❞♦ +✐+,❡♠❛ ❞❛ ▼❘❉ ❞❡+❡♥✈♦❧✈✐❞♦✳ ❙❡♥❞♦✿ ✶

✲ Shunt ❞❡ ❝♦&&❡♥,❡ ✭✷✵✵ ❆✴✻✵ ♠❱✮❀ ✷ ✲ Shunt ❞❡ ❝♦&&❡♥,❡ ✭✺✵✵ ❆✴✻✵ ♠❱✮❀ ✸ ✲ ❘❡+✐+,♦&❡+ ❞❡ ✜♦+

❑❛♥,❤❛❧ ❉❙ ✭❈&✲❆❧✲❋❡✮❀ ✹ ✲ ❉✐+❥✉♥,♦&❡+ ,❡&♠♦♠❛❣♥M,✐❝♦+❀ ✺ ✲ ❚&❛♥+❞✉,♦& ❞❡ ,❡♥+O♦ ✻✵ ♠❱✴✺ ❱❀ ✻ ✲

❈❤❛✈❡ ❞♦ ,✐♣♦ ❙P❉❚ ♣❛&❛ +❡❧❡QO♦ ❞❛ +❛R❞❛ ❞♦ +❤✉♥, ❞❡ ❝♦&&❡♥,❡ ♣❛&❛ ♦ ,&❛♥+❞✉,♦&✳

❖ +✐+,❡♠❛ ❞❡ ♠❡❞✐QO♦ ❞❡+❡♥✈♦❧✈✐❞♦ ❛♣&❡+❡♥,❛ ❛+ +❡❣✉✐♥,❡+ ❝❛&❛❝,❡&R+,✐❝❛+✿

• ✐♥❥❡QO♦ ❞❡ ❝♦&&❡♥,❡ ❝♦♥,R♥✉❛ ❝♦♠ ❛♠♣❛❝✐❞❛❞❡ ❞❡ ❛,M ✸✵✵ ❆ ✭❢♦♥,❡ ❞❡ ,❡♥+O♦✿ ❜❛,❡&✐❛ ❡+,❛❝✐♦✲

♥-&✐❛ ✶✷ ❱✮ ❞✉&❛♥,❡ ✺ ♠✐♥✉,♦+❀

• ❛❥✉+,❡ ❞❛ ❝♦&&❡♥,❡ ❞❛ ❜❛,❡&✐❛ ❛,&❛✈M+ ❞❡ &❡+✐+,♦& &❡❣✉❧-✈❡❧ ❞❡ ❈&♦♠♦✲❆❧✉♠R♥✐♦✲❋❡&&♦ ✭✵✱✵✸✻✷ Ω

✲ ✶✱✵✽✼ Ω ✴ ✸✳✽✽✸ ❲✮❀

• ♠❡❞✐QO♦ ❞❛ ❝♦&&❡♥,❡ ❞❡ ,❡+,❡ ❝♦♠ +❤✉♥, ❞❡ ❝♦&&❡♥,❡ ❞❡ ✭✷✵✵ ❆✴✻✵ ♠❱ ♦✉ ✺✵✵ ❆✴✻✵ ♠❱✮ ❡

,&❛♥+❞✉,♦& ❞❡ ,❡♥+O♦ ✭✻✵ ♠❱✴✺ ❱✮❀

• ❛Y✉✐+✐QO♦ ❞♦+ +✐♥❛✐+ ✭❝♦&&❡♥,❡ ❡ Y✉❡❞❛ ❞❡ ,❡♥+O♦ ♥♦+ ❝♦♥,❛,♦+✮ ✉,✐❧✐③❛♥❞♦✲+❡ ❞❡ ♦+❝✐❧♦+❝[♣✐♦

❞✐❣✐,❛❧❀



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✷✵

❋✐❣✉$❛ ✺✳✻ ✕ ❋♦#♦❣%❛✜❛ ❞♦ )✐)#❡♠❛ ❞❛ ▼❘❉ ❞❡)❡♥✈♦❧✈✐❞♦✳

❋♦♥#❡✿ 5%6♣%✐♦ ❛✉#♦%✳

• ❝♦♥❢❡❝()♦ ❞❛, ❝✉.✈❛, ❞❡ .❡,✐,12♥❝✐❛ ❛1.❛✈3, ❞❡ .♦1✐♥❛ ❝♦♠♣✉1❛❝✐♦♥❛❧ ❞❡,❡♥✈♦❧✈✐❞❛ ❡♠ ▼❛1❧❛❜

❘©✳

◆❛ ❋✐❣✉.❛ ✺✳✼ 3 ❛♣.❡,❡♥1❛❞♦ ♦ ❞✐❛❣.❛♠❛ ❞❡ ❜❧♦❝♦ ❞♦ ,✐,1❡♠❛ ✉1✐❧✐③❛❞♦ ♥♦, ❡♥,❛✐♦, ❞❛ ▼❘❉✱

♦♥❞❡ Rx .❡♣.❡,❡♥1❛ ❛ .❡,✐,12♥❝✐❛ ❞❡ ❝♦♥1❛1♦ ♠❡❞✐❞❛✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✷✶

❋✐❣✉$❛ ✺✳✼ ✕ ❉✐❛❣%❛♠❛ ❞❡ ❜❧♦❝♦- -✐♠♣❧✐✜❝❛❞♦ ❞♦ -✐-0❡♠❛ ❞❛ ▼❘❉✳

Bateria Estacionária
(12 V – 220 Ah)

Shunt de Corrente
(500 A – 60 mV)

Transdutor de Tensão
(60 mV – 5 V)

Osciloscópio Digital
(Aquisição de Dados)

Sensor de Tensão
(0 ... 15 V)

Módulo de Aquisição
(porta USB)

Matlab®
(Curva de MRD)

Computador

Resistor (Cr-Al-Fe)
(0,036 – 1,087 Ω / 3,88 kW

Rx
(um pólo)

❋♦♥0❡✿ 7%8♣%✐♦ ❛✉0♦%✳

❖ #✐#%❡♠❛ ♣*♦♣♦#%♦ ✉%✐❧✐③❛ ✉♠ %*❛♥#❞✉%♦* ❞❡ %❡♥#1♦ ❝♦♠ ❡①❛%✐❞1♦ ❞❡ ✵✱✷✺% ❡ ✉♠ #❤✉♥% ❞❡

❝♦**❡♥%❡ ❝♦♠ ❡①❛%✐❞1♦ ❞❡ ✵✱✺% ❡ ♣♦♥%❛ ❞❡ ♣*♦✈❛ ❞♦ ♦#❝✐❧♦#❝9♣✐♦ ❝♦♠ ❡①❛%✐❞1♦ ❞❡ ✵✱✺%✳

✺✳✷ ❆♥%❧✐(❡ ❛♥❛❧+,✐❝❛ ❞❛( ❝✉0✈❛( ❞❛ ▼❘❉

✺✳✷✳✶ ❊♥&❛✐♦& ❞❛ ▼❘❉ ♥♦ ❞✐&❥✉♥0♦1 2❱❖ ❞❡ ✽✵✵ ❆ ✲ ❉✶

❆# ❡#♣❡❝✐✜❝❛=>❡# ❡ ❝❛*❛❝%❡*?#%✐❝❛# ❞♦ ❞✐#❥✉♥%♦* ❞❡ ♠A❞✐❛ %❡♥#1♦ ✭❉✶✮✱ ❢♦*❛♠ ❛♣*❡#❡♥%❛# ♥♦ ❈❛♣?%✉❧♦

✹✱ ❚❛❜❡❧❛ ✹✳✶✳ ❖# ♣*♦❝❡❞✐♠❡♥%♦# ❞♦# ❡♥#❛✐♦# ❢♦*❛♠ ❛♣*❡#❡♥%❛❞♦# ♥♦ ✐%❡♠ ✹✳✸✳✶✳

K❛*❛ ❛ ❛♥L❧✐#❡ ❛♥❛❧?%✐❝❛✱ ♦ ❞✐#❥✉♥%♦* ❉✶ ❢♦✐ #✉❜♠❡%✐❞♦ ❛ ❡♥#❛✐♦# ❞❛ ▼❘❉ ❡ ❢♦*❛♠ ✉%✐❧✐③❛❞❛#

❛# O✉❛%*♦ ❛♠♦#%*❛# ❞✐#♣♦♥✐❜✐❧✐③❛❞❛# ✭❉✶✲❈▼❚✶✱ ❉✶✲❈▼❚✷✱ ❉✶✲❈▼❚✸ ❡ ❉✶✲❈▼❚✹✮✳

❆ ✐♥#♣❡=1♦ ✈✐#✉❛❧ ❞♦# ❝♦♥%❛%♦# ❡ ♦# ❞❛❞♦# ♦❜%✐❞♦# ♥♦# ❡♥#❛✐♦# ❝♦♠ ♦# ❝♦♥%❛%♦# ❞❡❣*❛❞❛❞♦#

❡ ♥♦✈♦# ❢♦*❛♠ ❝♦♥❢*♦♥%❛❞♦# ❡♥%*❡ #✐✱ ❝♦♠ ♦ ♦❜❥❡%✐✈♦ ❞❡ ❛✈❛❧✐❛* ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❛ ▼❘❉ ♥❛ ❛✈❛❧✐❛=1♦

❞❛ ❝♦♥❞✐=1♦ ❞♦# ❝♦♥%❛%♦#✳
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❛$ )%3$ ❛♠♦$)%❛$ ❞✐$♣♦♥✐❜✐❧✐③❛❞❛$ ✭❉✷✲❈▼❚✶✱ ❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸✮✳

◆❛ ❋✐❣✉%❛ ✺✳✾ $:♦ ❛♣%❡$❡♥)❛❞❛$ ❛$ ❝✉%✈❛$ ▼❘❉F ✱ ❞❡)❡%♠✐♥❛❞❛$ ❝♦♥❢♦%♠❡ ✢✉①♦❣%❛♠❛ ❛♣%❡✲

$❡♥)❛❞♦ ♥❛ ❋✐❣✉%❛ ✹✳✽ ♣❛%❛ ♦$ ❝♦♥)❛)♦$ ❉✷✲❈▼❚✶✱ ❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸✳ ❆$ ❝✉%✈❛$ ❞❛ ▼❘❉ ❢♦%❛♠

♦❜)✐❞❛$ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡%)✉%❛ ❞♦$ ❝♦♥)❛)♦$✱ ❝♦♠ ❛♣❧✐❝❛9:♦ ❞❡ ❝♦%%❡♥)❡ ❞❡ )❡$)❡ ❞❡ ✸✵✵

❆✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✷✺

❋✐❣✉$❛ ✺✳✾ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✷✲❈▼❚✶✱ ❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸✱

♦❜.✐❞❛& ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡#.✉#❛ ❞♦& ❝♦♥.❛.♦& ❡ ❝♦##❡♥.❡ ❞❡ ✸✵✵ ❆✳

❋♦♥.❡✿ @#A♣#✐♦ ❛✉.♦#✳

#❛%❛ ❛✈❛❧✐❛% ♦* ♥,✈❡✐* ❞❡ ❞❡❣%❛❞❛01♦ ❞♦* ❝♦♥3❛3♦* ♣❛%❛ ♦ ❞✐*❥✉♥3♦% ❞❡ ♠8❞✐❛ 3❡♥*1♦ ❢♦%❛♠

❝♦♥❢%♦♥3❛❞♦* ❡♥3%❡ *✐✱ ♦* %❡*✉❧3❛❞♦* ❞♦* ❡♥*❛✐♦* ❞❡ %❡*✐*3;♥❝✐❛ ❡*3<3✐❝❛ ❡ %❡*✐*3;♥❝✐❛ ❞✐♥=♠✐❝❛ ♣❛%❛

❝❛❞❛ ❛♠♦*3%❛ ❡♥*❛✐❛❞❛✳ ❆ ❝✉%✈❛ ❞❛ ▼❘❉F ❞♦ ❝♦♥3❛3♦ ✭❉✷✲❈▼❚✷✮ ❢♦✐ ❛❞♦3❛❞❛ ❝♦♠♦ %❡❢❡%;♥❝✐❛ ♥❛

❛✈❛❧✐❛01♦ ❞❛ ❞❡❣%❛❞❛01♦ ❞♦* ❝♦♥3❛3♦*✱ 3❡♥❞♦ ❡♠ ✈✐*3❛ H✉❡ ❡*3❛ ❛♣%❡*❡♥3❛ ♠❡♥♦% ❞❡*❣❛*3❡ ♥❛ %❡❣✐1♦

❞♦ ❝♦♥3❛3♦ ❞❡ ❛%❝♦✳

❆♥❛❧✐*❛♥❞♦✲*❡ ❛* ❝✉%✈❛* ❞❛ ▼❘❉F ✭❋✐❣✉%❛ ✺✳✾✮✱ ♦❜*❡%✈❛✲*❡ H✉❡ ❡♠❜♦%❛ ❛* ❛♠♦*3%❛* ❉✷✲

❈▼❚✶✱ ❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸ ♣❡%3❡♥0❛♠ ❛♦ ♠❡*♠♦ ❞✐*❥✉♥3♦%✱ *❡♥❞♦ *✉❜♠❡3✐❞♦* ❜❛*✐❝❛♠❡♥3❡ ❛*

♠❡*♠❛* ❝♦♥❞✐0M❡* ❞❡ ❝❛%❣❛✱ ♦* ❝♦♥3❛3♦* ❛♣%❡*❡♥3❛♠ ♥,✈❡❧ ❞❡ ❞❡❣%❛❞❛01♦ ❞✐*3✐♥3♦*✱ ♣%✐♥❝✐♣❛❧♠❡♥3❡ ♥❛

%❡❣✐1♦ ❞♦ ❝♦♥3❛3♦ ❞❡ ❛%❝♦✳

◆❛ ❚❛❜❡❧❛ ✺✳✷ ❡*3< ❛♣%❡*❡♥3❛❞❛ ✉♠❛ *,♥3❡*❡ ❞♦* %❡*✉❧3❛❞♦* ♦❜3✐❞♦* ♥♦ ❡♥*❛✐♦ ❞❛ ▼❘❉ ♣❛%❛

❝❛❞❛ ❛♠♦*3%❛ ❡♥*❛✐❛❞❛✳

❆♦ ❛♥❛❧✐*❛% ♦* ♣❛%=♠❡3%♦* ❛♣%❡*❡♥3❛❞♦* ♥❛ ❚❛❜❡❧❛ ✺✳✷✱ ❞❡*3❛❝❛♠✲*❡✿

• ♦ ✈❛❧♦% ❞❡ ❘♣ ♣❛%❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✶ 8 ✶✻✪ ✐♥❢❡%✐♦% ❛♦ ✈❛❧♦% ❞❡ ❘♣ ♣❛%❛ ❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✷❀

• ♦ ✈❛❧♦% ❞❡ ❘❛ ♣❛%❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✶ 8 ✶✺✪ *✉♣❡%✐♦% ❛♦ ✈❛❧♦% ❞❡ ❘❛ ♣❛%❛ ❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✷❀

• ♦ ✈❛❧♦% ❞❡ ❘♣ ♣❛%❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✸ 8 ✻✪ *✉♣❡%✐♦% ❛♦ ✈❛❧♦% ❞❡ ❘♣ ♣❛%❛ ❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✷❀

• ♦ ✈❛❧♦% ❞❡ ❘❛ ♣❛%❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✸ 8 ✸✷✪ *✉♣❡%✐♦% ❛♦ ✈❛❧♦% ❞❡ ❘❛ ♣❛%❛ ❛ ❛♠♦*3%❛ ❉✷✲❈▼❚✷❀



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✷✻

❚❛❜❡❧❛ ✺✳✷ ✕ ❘❡#✉♠♦ ❞♦# ♣❛*+♠❡,*♦# ❞❛ ❝✉*✈❛ ❞❛ ▼❘❉F ♣❛*❛ ♦# ❝♦♥,❛,♦# ❉✷✲❈▼❚✶✱

❉✷✲❈▼❚✷ ❡ ❉✷✲❈▼❚✸✳

❆♠♦#,*❛ ❞❡ ❝♦♥,❛,♦

;❛*+♠❡,*♦# ❡①,*❛=❞♦# ❞❛# ❝✉*✈❛# ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

❉✷✲❈▼❚✶ ✶✻✸ ✼✸✽

❉✷✲❈▼❚✷ ✶✾✸ ✻✹✸

❉✷✲❈▼❚✸ ✷✵✹ ✽✹✻

❋♦♥,❡✿ ;*H♣*✐♦ ❛✉,♦*✳

#♦% ♠❡✐♦ ❞♦ ❝♦♥❢%♦♥-♦ ❡♥-%❡ ♦. %❡.✉❧-❛❞♦. ♦❜-✐❞♦. ♥♦. ❡♥.❛✐♦. ❞❛ ▼❘❊ ❡ ❞❛ ▼❘❉✱ ♣❡%♠✐-❡✲.❡

❛❞✐❝✐♦♥❛❧♠❡♥-❡✱ ❛. .❡❣✉✐♥-❡. ❛♥;❧✐.❡.✿

• ♦ ❞❡.❣❛.-❡ ♣%♦✈♦❝❛❞♦ ♥♦. ❝♦♥-❛-♦. ♣%♦✈❡♥✐❡♥-❡ ❞♦ ❡.-%❡..❡ ❡❧>-%✐❝♦ ❢♦✐ ♠❛✐. ✐♥❝✐.✐✈♦ ♥❛ %❡❣✐?♦

❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ ❝♦♠♦ ♣♦❞❡ .❡% ❞✐❛❣♥♦.-✐❝❛❞♦ ♣♦% ♠❡✐♦ ❞❛ ❛♥;❧✐.❡ ❞❛ ❝✉%✈❛ ❞❛ ▼❘❉F ✱

✐❧✉.-%❛❞❛ ♥❛ ❋✐❣✉%❛ ✺✳✾❀

• ♦. %❡.✉❧-❛❞♦. ♦❜-✐❞♦. ♥♦ ❡♥.❛✐♦ ❞❛ ▼❘❉ ♣❛%❛ ❛. -%E. ❛♠♦.-%❛.✱ ♣♦..✐❜✐❧✐-♦✉ ❛ ✐❞❡♥-✐✜❝❛G?♦ ❞♦

❞❡.❣❛.-❡ ❣❡%❛❞♦ ❡♠ -♦❞❛ ❛ %❡❣✐?♦ ❞♦ ❝♦♥-❛-♦✱ ♦ H✉❡ ♣❡%♠✐-✐✉ ❞✐❛❣♥♦.-✐❝❛% -❛♥-♦ ♦ ❞❡.❣❛.-❡ ❞♦

❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧✱ H✉❛♥-♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦❀

• ♦. %❡.✉❧-❛❞♦. ♦❜-✐❞♦. ♥♦ ❡♥.❛✐♦ ❞❛ ▼❘❊ ♥?♦ %❡✢❡-✐%❛♠ ♦. ❞❡.❣❛.-❡. ❣❡%❛❞♦. ♥❛ %❡❣✐?♦ ❞♦

❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ -❡♥❞♦ ❡♠ ✈✐.-❛ H✉❡ ❛ ❛♠♦.-%❛ ❉✷✲❈▼❚✶ ❛♣%❡.❡♥-❛ ♠❡♥♦% ❞❡❣%❛❞❛G?♦ ♥❛

%❡❣✐?♦ ❞♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧✱ ❝♦♥-✉❞♦✱ ❛♣%❡.❡♥-%❛ ♠❛✐♦% ❞❡❣%❛❞❛G?♦ ♥❛ %❡❣✐?♦ ❞♦ ❝♦♥-❛-♦ ❞❡

❛%❝♦❀

• ♦. %❡.✉❧-❛❞♦. ❡✈✐❞❡♥❝✐❛♠ H✉❡ ❛ ❡✈♦❧✉G?♦ ❞❛ %❡.✐.-E♥❝✐❛ ❞❡ ❝♦♥-❛-♦ > ❞✐%❡-❛♠❡♥-❡ ♣%♦♣♦%❝✐♦♥❛❧

❛♦ ♥L✈❡❧ ❞❡ ❞❡.❣❛.-❡ ❞♦. ❝♦♥-❛-♦. ♣%✐♥❝✐♣❛❧ ❡ ❞❡ ❛%❝♦✳

✺✳✷✳✸ ❊♥&❛✐♦& ❞❛ ▼❘❉ ♥♦ ❞✐&❥✉♥0♦1 2❱❖ ❞❡ ✷✳✵✵✵ ❆ ✲ ❉✸

❆. ❡.♣❡❝✐✜❝❛GN❡. ❡ ❝❛%❛❝-❡%L.-✐❝❛. ❞♦ ❞✐.❥✉♥-♦% ❞❡ ❛❧-❛ -❡♥.?♦ ✭❉✸✮✱ ❢♦%❛♠ ❛♣%❡.❡♥-❛. ♥♦ ❈❛♣L-✉❧♦ ✹✱

❚❛❜❡❧❛ ✹✳✸✳ ❖. ♣%♦❝❡❞✐♠❡♥-♦. ❞♦. ❡♥.❛✐♦. ❢♦%❛♠ ❛♣%❡.❡♥-❛❞♦. ♥♦ ✐-❡♠ ✹✳✸✳✸✳

#❛%❛ ❛ ❛♥;❧✐.❡ ❛♥❛❧L-✐❝❛✱ ♦ ❞✐.❥✉♥-♦% ❉✸ ❢♦✐ .✉❜♠❡-✐❞♦ ❛ ❡♥.❛✐♦. ❞❛ ▼❘❉ ❡ ❢♦%❛♠ ✉-✐❧✐③❛❞❛.

❛. H✉❛-%♦ ❛♠♦.-%❛. ❞✐.♣♦♥✐❜✐❧✐③❛❞❛. ✭❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷✱ ❉✸✲❈❆❚✸ ❡ ❉✸✲❈❆❚✹✮✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✷✼

◆❛ ❋✐❣✉)❛ ✺✳✶✵ -.♦ ❛♣)❡-❡♥3❛❞❛- ❛- ❝✉)✈❛- ▼❘❉F ✱ ❞❡3❡)♠✐♥❛❞❛- ❝♦♥❢♦)♠❡ ✢✉①♦❣)❛♠❛ ❛♣)❡✲

-❡♥3❛❞♦ ♥❛ ❋✐❣✉)❛ ✹✳✽ ♣❛)❛ ♦- ❝♦♥3❛3♦- ❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷✱ ❉✸✲❈❆❚✸ ❡ ❉✸✲❈❆❚✹✳ ❆- ❝✉)✈❛- ❞❛

▼❘❉ ❢♦)❛♠ ♦❜3✐❞❛- ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡)3✉)❛ ❞♦- ❝♦♥3❛3♦-✱ ❝♦♠ ❛♣❧✐❝❛H.♦ ❞❡ ❝♦))❡♥3❡ ❞❡

3❡-3❡ ❞❡ ✸✵✵ ❆✳

❋✐❣✉$❛ ✺✳✶✵ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷✱ ❉✸✲❈❆❚✸ ❡

❉✸✲❈❆❚✹✱ ♦❜.✐❞❛& ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡#.✉#❛ ❞♦& ❝♦♥.❛.♦& ❡ ❝♦##❡♥.❡ ❞❡ ✸✵✵ ❆✳

❋♦♥.❡✿ A#B♣#✐♦ ❛✉.♦#✳

I❛)❛ ❛✈❛❧✐❛) ♦- ♥J✈❡✐- ❞❡ ❞❡❣)❛❞❛H.♦ ❞♦- ❝♦♥3❛3♦- ♣❛)❛ ♦ ❞✐-❥✉♥3♦) ❞❡ ❛❧3❛ 3❡♥-.♦ ❢♦)❛♠

❝♦♥❢)♦♥3❛❞♦- ❡♥3)❡ -✐✱ ♦- )❡-✉❧3❛❞♦- ❞♦- ❡♥-❛✐♦- ❞❡ )❡-✐-3L♥❝✐❛ ❡-3M3✐❝❛ ❡ )❡-✐-3L♥❝✐❛ ❞✐♥N♠✐❝❛ ♣❛)❛

❝❛❞❛ ❛♠♦-3)❛ ❡♥-❛✐❛❞❛✳ ❆ ❝✉)✈❛ ❞❛ ▼❘❉F ❞♦ ❝♦♥3❛3♦ ✭❉✸✲❈❆❚✹✮ ❢♦✐ ❛❞♦3❛❞❛ ❝♦♠♦ )❡❢❡)L♥❝✐❛ ♥❛

❛✈❛❧✐❛H.♦ ❞❛ ❞❡❣)❛❞❛H.♦ ❞♦- ❝♦♥3❛3♦-✱ 3❡♥❞♦ ❡♠ ✈✐-3❛ Q✉❡ ❡-3❛ ❛♣)❡-❡♥3❛ ♠❡♥♦) ❞❡-❣❛-3❡ 3❛♥3♦ ♥❛

)❡❣✐.♦ ❞♦ ❝♦♥3❛3♦ ♣)✐♥❝✐♣❛❧✱ Q✉❛♥3♦ ♥❛ )❡❣✐.♦ ❞♦ ❝♦♥3❛3♦ ❞❡ ❛)❝♦✳

❆♥❛❧✐-❛♥❞♦✲-❡ ❛- ❝✉)✈❛- ❞❛ ▼❘❉F ✭❋✐❣✉)❛ ✺✳✶✵✮✱ ♦❜-❡)✈❛✲-❡ Q✉❡ ❡♠❜♦)❛ ❛- ❛♠♦-3)❛- ❉✸✲

❈❆❚✶✱ ❉✸✲❈❆❚✷ ❡ ❉✸✲❈❆❚✸ ♣❡)3❡♥H❛♠ ❛♦ ♠❡-♠♦ ❞✐-❥✉♥3♦)✱ -❡♥❞♦ -✉❜♠❡3✐❞♦- ❜❛-✐❝❛♠❡♥3❡ ❛- ♠❡-✲

♠❛- ❝♦♥❞✐HR❡- ❞❡ ❝❛)❣❛✱ ♦- ❝♦♥3❛3♦- ❛♣)❡-❡♥3❛♠ ♥J✈❡❧ ❞❡ ❞❡❣)❛❞❛H.♦ ❞✐-3✐♥3♦-✱ ♣)✐♥❝✐♣❛❧♠❡♥3❡ ♥❛

)❡❣✐.♦ ❞♦ ❝♦♥3❛3♦ ❞❡ ❛)❝♦✳

◆❛ ❚❛❜❡❧❛ ✺✳✸ ❡-3M ❛♣)❡-❡♥3❛❞❛ ✉♠❛ -J♥3❡-❡ ❞♦- )❡-✉❧3❛❞♦- ♦❜3✐❞♦- ♥♦ ❡♥-❛✐♦ ❞❛ ▼❘❉ ♣❛)❛

❝❛❞❛ ❛♠♦-3)❛ ❡♥-❛✐❛❞❛✳

❆♦ ❛♥❛❧✐-❛) ♦- ♣❛)N♠❡3)♦- ❛♣)❡-❡♥3❛❞♦- ♥❛ ❚❛❜❡❧❛ ✺✳✸✱ ❞❡-3❛❝❛♠✲-❡✿

• ♦ ✈❛❧♦) ❞❡ ❘♣ ♣❛)❛ ❛♠♦-3)❛ ❉✸✲❈❆❚✶ T ✺✵✪ -✉♣❡)✐♦) ❛♦ ✈❛❧♦) ❞❡ ❘♣ ♣❛)❛ ❛ ❛♠♦-3)❛ ❉✸✲❈❆❚✹❀
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❚❛❜❡❧❛ ✺✳✸ ✕ ❘❡#✉♠♦ ❞♦# ♣❛*+♠❡,*♦# ❞❛ ❝✉*✈❛ ❞❛ ▼❘❉F ♣❛*❛ ♦# ❝♦♥,❛,♦# ❉✸✲❈❆❚✶✱

❉✸✲❈❆❚✷ ❡ ❉✸✲❈❆❚✸✳

❆♠♦#,*❛ ❞❡ ❝♦♥,❛,♦

;❛*+♠❡,*♦# ❡①,*❛=❞♦# ❞❛# ❝✉*✈❛# ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

❉✸✲❈❆❚✶ ✼✷ ✾✵

❉✸✲❈❆❚✷ ✾✼ ✶✵✷

❉✸✲❈❆❚✸ ✺✷ ✶✶✻

❉✸✲❈❆❚✹ ✹✽ ✼✷

❋♦♥,❡✿ ;*I♣*✐♦ ❛✉,♦*✳

• ♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✶ 5 ✷✺✪ -✉♣❡'✐♦' ❛♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✹❀

• ♦ ✈❛❧♦' ❞❡ ❘♣ ♣❛'❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✷ 5 ✶✵✷✪ -✉♣❡'✐♦' ❛♦ ✈❛❧♦' ❞❡ ❘♣ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✹❀

• ♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✷ 5 ✹✷✪ -✉♣❡'✐♦' ❛♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✹❀

• ♦ ✈❛❧♦' ❞❡ ❘♣ ♣❛'❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✸ 5 ✽✪ -✉♣❡'✐♦' ❛♦ ✈❛❧♦' ❞❡ ❘♣ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✹❀

• ♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✸ 5 ✻✶✪ -✉♣❡'✐♦' ❛♦ ✈❛❧♦' ❞❡ ❘❛ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✹❀

◆❛ ❋✐❣✉'❛ ✺✳✶✶❛ 5 ❛♣'❡-❡♥.❛❞❛ ❢♦.♦❣'❛✜❛ ❞♦ ❝♦♥.❛.♦ ✜①♦ ❞❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✸ ❡ ♥❛ ❋✐❣✉'❛

✺✳✶✶❜ 5 ❛♣'❡-❡♥.❛❞❛ ✉♠❛ ❢♦.♦❣'❛✜❛ ❞♦ ❝♦♥.❛.♦ ♠H✈❡❧ ❞❛- ❛♠♦-.'❛- ❉✸✲❈❆❚✶✱ ❉✸✲❈❆❚✷ ❡ ❉✸✲❈❆❚✸✳

❊♠ ❛♠❜❛- ❛- ❢♦.♦❣'❛✜❛- ❡-.K♦ ❞❡-.❛❝❛❞❛- ❛- '❡❣✐L❡- ❞♦- ❝♦♥.❛.♦- ❡♠ M✉❡ ❛ ❞❡❣'❛❞❛NK♦ ❢♦✐ ♠❛✐-

✐♥❝✐-✐✈❛✳

O♦' ♠❡✐♦ ❞♦ ❝♦♥❢'♦♥.♦ ❡♥.'❡ ♦- '❡-✉❧.❛❞♦- ♦❜.✐❞♦- ♥♦- ❡♥-❛✐♦- ❞❛ ▼❘❉ ❡ ❞♦ ♥Q✈❡❧ ❞❡ ❞❡✲

❣'❛❞❛NK♦ ❞♦- ❝♦♥.❛.♦-✱ ❞✐❛❣♥♦-.✐❝❛❞♦ ♣❡❧❛ ❛♥R❧✐-❡ ✈✐-✉❛❧ ❞♦- ❝♦♥.❛.♦-✱ ✐❧✉-.'❛❞♦- ♥❛ ❋✐❣✉'❛ ✺✳✶✶✱

♣❡'♠✐.❡✲-❡ ❛❞✐❝✐♦♥❛❧♠❡♥.❡✱ ❛- -❡❣✉✐♥.❡- ❛♥R❧✐-❡-✿

• ♦ ❞❡-❣❛-.❡ ♣'♦✈♦❝❛❞♦ ♥♦- ❝♦♥.❛.♦- ♣'♦✈❡♥✐❡♥.❡ ❞♦ ❡-.'❡--❡ ❡❧5.'✐❝♦ ❢♦✐ ♠❛✐- ✐♥❝✐-✐✈♦ ♥❛ '❡❣✐K♦

❞♦ ❝♦♥.❛.♦ ❞❡ ❛'❝♦ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✸✱ ❡♥M✉❛♥.♦ M✉❡ ♣❛'❛ ❛ '❡❣✐K♦ ❞♦ ❝♦♥.❛.♦ ♣'✐♥❝✐♣❛❧✱

♦ ❞❡-❣❛-.❡ ❢♦✐ ♠❛✐- ✐♥❝✐-✐✈♦ ♣❛'❛ ❛ ❛♠♦-.'❛ ❉✸✲❈❆❚✷✱ ❝♦♠♦ ♣♦❞❡ -❡' ❞✐❛❣♥♦-.✐❝❛❞♦ ♣♦' ♠❡✐♦

❞❛ ✐♥-♣❡NK♦ ✈✐-✉❛❧ ❞♦- ❝♦♥.❛.♦- ✜①♦ ❡ ♠H✈❡❧ ✭❋✐❣✉'❛ ✺✳✶✶✮❀

• ♦- '❡-✉❧.❛❞♦- ♦❜.✐❞♦- ♥♦ ❡♥-❛✐♦ ❞❛ ▼❘❉ ♣❛'❛ ❛- .'V- ❛♠♦-.'❛-✱ ♣♦--✐❜✐❧✐.♦✉ ❛ ✐❞❡♥.✐✜❝❛NK♦ ❞♦

❞❡-❣❛-.❡ ❣❡'❛❞♦ ❡♠ .♦❞❛ ❛ '❡❣✐K♦ ❞♦ ❝♦♥.❛.♦✱ ♦ M✉❡ ♣❡'♠✐.✐✉ ❞✐❛❣♥♦-.✐❝❛' .❛♥.♦ ♦ ❞❡-❣❛-.❡ ❞♦
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❋✐❣✉$❛ ✺✳✶✶ ✕ ❆♠♦$%&❛$ ❞❡ ❝♦♥%❛%♦$ ❞♦ ❞✐$❥✉♥%♦& ❉✸✳

✭❛✮ ❈♦♥%❛%♦ ✜①♦✳ ✭❜✮ ❈♦♥%❛%♦$ ♠8✈❡❧✳

❋♦♥%❡✿ =&8♣&✐♦ ❛✉%♦&✳

❝♦♥&❛&♦ ♣)✐♥❝✐♣❛❧✱ -✉❛♥&♦ ❞♦ ❝♦♥&❛&♦ ❞❡ ❛)❝♦❀

• ♦2 )❡2✉❧&❛❞♦2 ♦❜&✐❞♦2 ♥♦ ❡♥2❛✐♦ ❞❛ ▼❘❊ ♥7♦ )❡✢❡&✐)❛♠ ♦2 ❞❡2❣❛2&❡2 ❣❡)❛❞♦2 ♥❛ )❡❣✐7♦ ❞♦

❝♦♥&❛&♦ ❞❡ ❛)❝♦ ❞❛ ❛♠♦2&)❛ ❉✸✲❈❆❚✸✱ &❡♥❞♦ ❡♠ ✈✐2&❛ -✉❡ ❡2&❛ ❛♠♦2&)❛ ❛♣)❡2❡♥&❛ ❞❡❣)❛❞❛B7♦

❡-✉✐✈❛❧❡♥&❡ ❛ ❛♠♦2&)❛ ❉✸✲❈❆❚✹ ♥❛ )❡❣✐7♦ ❞♦ ❝♦♥&❛&♦ ♣)✐♥❝✐♣❛❧✱ ❝♦♥&✉❞♦✱ ❛♣)❡2❡♥&❛ ✉♠❛ ❞❡❣)❛✲

❞❛B7♦ 2✉♣❡)✐♦) ❛ ✻✶✪ ♥❛ )❡❣✐7♦ ❞♦ ❝♦♥&❛&♦ ❞❡ ❛)❝♦✱ -✉❛♥❞♦ ❝♦♠♣❛)❛❞♦ ❛ ❛♠♦2&)❛ ❉✸✲❈❆❚✹❀

• ♦2 )❡2✉❧&❛❞♦2 ✐♥❞✐❝❛♠ -✉❡ ❛ ❡✈♦❧✉B7♦ ❞❛ )❡2✐2&F♥❝✐❛ ❞❡ ❝♦♥&❛&♦ G ❞✐)❡&❛♠❡♥&❡ ♣)♦♣♦)❝✐♦♥❛❧ ❛♦

♥H✈❡❧ ❞❡ ❞❡2❣❛2&❡ ❞♦2 ❝♦♥&❛&♦2 ♣)✐♥❝✐♣❛❧ ❡ ❞❡ ❛)❝♦✳

◆♦2 ❡♥2❛✐♦2 )❡❛❧✐③❛❞♦2 ❝♦♠ ❛ ❛♠♦2&)❛ ❉✸✲❈❆❚✷ ❢♦)❛♠ )❡❣✐2&)❛❞❛2 ❞✐2&♦)BM❡2 ♥❛2 ❝✉)✈❛2

❞❛ ▼❘❉✳ ❊22❛2 ❞✐2&♦)BM❡2 ♥7♦ ❢♦)❛♠ )❡♣)♦❞✉③✐❞❛2 ❡♠ &♦❞❛ ❛ 2G)✐❡ ❞❡ ❡♥2❛✐♦2✳ ❊♠ ❛❧❣✉♥2 ❡♥2❛✐♦2✱

❛❧&❡)❛BM❡2 ❜)✉2❝❛2 ♥❛ ❝♦♥✜❣✉)❛B7♦ ❞❛ ❝✉)✈❛ ❞❛ ▼❘❉ ♥❛ )❡❣✐7♦ ❞♦ ❝♦♥&❛&♦ ❞❡ ❛)❝♦ ❢♦)❛♠ )❡❣✐2&)❛❞❛2✱

❝♦♥❢♦)♠❡ ❛♣)❡2❡♥&❛❞♦ ♥❛2 ❝✉)✈❛2 ✐❧✉2&)❛❞❛2 ♥❛ ❋✐❣✉)❛ ✺✳✶✷✳
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❋✐❣✉$❛ ✺✳✶✷ ✕ ❈✉#✈❛& ❞❛ ▼❘❉ ♣❛#❛ ❛ ❛♠♦&.#❛ ❉✸✲❈❆❚✷✱ ♦❜.✐❞❛& ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧

❞❡ ❛❜❡#.✉#❛ ❞♦& ❝♦♥.❛.♦& ❡ ❝♦##❡♥.❡ ❞❡ ✸✵✵ ❆✳

❋♦♥.❡✿ ?#@♣#✐♦ ❛✉.♦#✳

❆♣%& ❛ ❞❡&♠♦♥-❛❣❡♠ ❡ ❛♥/❧✐&❡ ❞❛ ❛♠♦&-2❛ ❉✸✲❈❆❚✷✱ ❝♦♥&-❛-♦✉✲&❡ ;✉❡ ♦ ❝♦♥-❛-♦ ✜①♦ ❛♣2❡✲

&❡♥-❛✈❛ ❞❡&❛❧✐♥❤❛♠❡♥-♦ ♥♦& ❞❡❞♦& ❞♦& ❝♦♥-❛-♦&✳ A2❡&&✉♣B❡✲&❡ ;✉❡ ❞✉2❛♥-❡ ❛ ❛❜❡2-✉2❛ ❞♦& ❝♦♥-❛-♦&✱

♦ ❞❡&❛❧✐♥❤❛♠❡♥-♦ ♦❝❛&✐♦♥♦✉ ✈✐❜2❛DE♦ ♥♦& ❞❡❞♦& ❞♦ ❝♦♥-❛-♦ ✜①♦✱ ♣2♦✈♦❝❛♥❞♦ ❛& ❞✐&-♦2DB❡& ♥❛ ❝✉2✈❛ ❞❛

▼❘❉✳ ◆❛ ❋✐❣✉2❛ ✺✳✶✸ K ❛♣2❡&❡♥-❛❞❛ ✉♠❛ ❢♦-♦❣2❛✜❛ ❞♦ ❝♦♥-❛-♦ ✜①♦ ❞❛ ❛♠♦&-2❛ ❉✸✲❈❆❚✷✱ ♦♥❞❡ ♣♦❞❡

&❡2 ♦❜&❡2✈❛❞♦ ;✉❡ ♥E♦ ❤/ ✉♠❛ ❡&♣❛D❛♠❡♥-♦ ✉♥✐❢♦2♠❡ ❡♥-2❡ ♦& ❞❡❞♦& ❞❡ ❝♦♥-❛-♦✳ ❆ ♠❛❧ ❞✐&-2✐❜✉✐DE♦

❞♦& ❞❡❞♦& ❞❡ ❝♦♥-❛-♦ &❡ ❞❡✈❡ ❛ ♣❡2❞❛ ❞❡ ♣2❡&&E♦ ♥❛& ♠♦❧❛& ❞♦& ❞❡❞♦& ❞❡ ❝♦♥-❛-♦✳

❋✐❣✉$❛ ✺✳✶✸ ✕ ❈♦♥.❛.♦ ✜①♦ ❞❛ ❛♠♦&.#❛ ❉✸✲❈❆❚✷✳

❋♦♥.❡✿ ?#@♣#✐♦ ❛✉.♦#✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✸✶

✺✳✷✳✹ ❊♥&❛✐♦& ❞❛ ▼❘❉ ♥♦ ❞✐&❥✉♥0♦1 ❙❋6 ❞❡ ✶✳✻✺✵ ❆ ✲ ❉✹

❆# ❡#♣❡❝✐✜❝❛*+❡# ❡ ❝❛,❛❝-❡,.#-✐❝❛# ❞♦ ❞✐#❥✉♥-♦, ❞❡ ❛❧-❛ -❡♥#5♦ ✭❉✹✮✱ ❢♦,❛♠ ❛♣,❡#❡♥-❛# ♥♦ ❈❛♣.-✉❧♦ ✹✱

❚❛❜❡❧❛ ✹✳✹✳ ❖# ♣,♦❝❡❞✐♠❡♥-♦# ❞♦# ❡♥#❛✐♦# ❢♦,❛♠ ❛♣,❡#❡♥-❛❞♦# ♥♦ ✐-❡♠ ✹✳✸✳✹✳

B❛,❛ ❛ ❛♥C❧✐#❡ ❛♥❛❧.-✐❝❛✱ ♦ ❞✐#❥✉♥-♦, ❉✹ ❢♦✐ #✉❜♠❡-✐❞♦ ❛ ❡♥#❛✐♦# ❞❛ ▼❘❉ ❡ ❢♦,❛♠ ✉-✐❧✐③❛❞❛#

❛# -,G# ❛♠♦#-,❛# ❞✐#♣♦♥✐❜✐❧✐③❛❞❛# ✭❉✹✲❈❆❚✶✱ ❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸✮✳

◆❛ ❋✐❣✉,❛ ✺✳✶✹ #5♦ ❛♣,❡#❡♥-❛❞❛# ❛# ❝✉,✈❛# ▼❘❉F ✱ ❞❡-❡,♠✐♥❛❞❛# ❝♦♥❢♦,♠❡ ✢✉①♦❣,❛♠❛ ❛♣,❡✲

#❡♥-❛❞♦ ♥❛ ❋✐❣✉,❛ ✹✳✽ ♣❛,❛ ♦# ❝♦♥-❛-♦# ❉✹✲❈❆❚✶✱ ❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸✳ ❆# ❝✉,✈❛# ❞❛ ▼❘❉ ❢♦,❛♠

♦❜-✐❞❛# ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡,-✉,❛ ❞♦# ❝♦♥-❛-♦#✱ ❝♦♠ ❛♣❧✐❝❛*5♦ ❞❡ ❝♦,,❡♥-❡ ❞❡ -❡#-❡ ❞❡ ✷✺✵

❆✳

❋✐❣✉$❛ ✺✳✶✹ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✹✲❈❆❚✶✱ ❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸✱

♦❜.✐❞❛& ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡#.✉#❛ ❞♦& ❝♦♥.❛.♦& ❡ ❝♦##❡♥.❡ ❞❡ ✷✺✵ ❆✳

❋♦♥.❡✿ B#C♣#✐♦ ❛✉.♦#✳

B❛,❛ ❛✈❛❧✐❛, ♦# ♥.✈❡✐# ❞❡ ❞❡❣,❛❞❛*5♦ ❞♦# ❝♦♥-❛-♦# ♣❛,❛ ♦ ❞✐#❥✉♥-♦, ❞❡ ♠S❞✐❛ -❡♥#5♦ ❢♦,❛♠

❝♦♥❢,♦♥-❛❞♦# ❡♥-,❡ #✐✱ ♦# ,❡#✉❧-❛❞♦# ❞♦# ❡♥#❛✐♦# ❞❡ ,❡#✐#-G♥❝✐❛ ❡#-C-✐❝❛ ❡ ,❡#✐#-G♥❝✐❛ ❞✐♥T♠✐❝❛ ♣❛,❛

❝❛❞❛ ❛♠♦#-,❛ ❡♥#❛✐❛❞❛✳ ❆ ❝✉,✈❛ ❞❛ ▼❘❉F ❞♦ ❝♦♥-❛-♦ ✭❉✹✲❈❆❚✸✮ ❢♦✐ ❛❞♦-❛❞❛ ❝♦♠♦ ,❡❢❡,G♥❝✐❛ ♥❛

❛✈❛❧✐❛*5♦ ❞❛ ❞❡❣,❛❞❛*5♦ ❞♦# ❝♦♥-❛-♦#✱ -❡♥❞♦ ❡♠ ✈✐#-❛ U✉❡ ❡#-❛ ❛♣,❡#❡♥-❛ ♠❡♥♦, ❞❡#❣❛#-❡ -❛♥-♦ ♥❛

,❡❣✐5♦ ❞♦ ❝♦♥-❛-♦ ♣,✐♥❝✐♣❛❧✱ U✉❛♥-♦ ♥❛ ,❡❣✐5♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛,❝♦✳

❆♥❛❧✐#❛♥❞♦✲#❡ ❛# ❝✉,✈❛# ❞❛ ▼❘❉F ✭❋✐❣✉,❛ ✺✳✶✹✮✱ ♦❜#❡,✈❛✲#❡ U✉❡ ❡♠❜♦,❛ ❛# ❛♠♦#-,❛# ❉✹✲

❈❆❚✶✱ ❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸ ♣❡,-❡♥*❛♠ ❛♦ ♠❡#♠♦ ❞✐#❥✉♥-♦,✱ #❡♥❞♦ #✉❜♠❡-✐❞♦# ❜❛#✐❝❛♠❡♥-❡ ❛# ♠❡#✲

♠❛# ❝♦♥❞✐*+❡# ❞❡ ❝❛,❣❛✱ ♦# ❝♦♥-❛-♦# ❛♣,❡#❡♥-❛♠ ♥.✈❡❧ ❞❡ ❞❡❣,❛❞❛*5♦ ❞✐#-✐♥-♦#✱ ♣,✐♥❝✐♣❛❧♠❡♥-❡ ♥❛



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✸✷

#❡❣✐'♦ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛#❝♦✳

◆❛ ❚❛❜❡❧❛ ✺✳✹ ❡5,6 ❛♣#❡5❡♥,❛❞❛ ✉♠❛ 5:♥,❡5❡ ❞♦5 #❡5✉❧,❛❞♦5 ♦❜,✐❞♦5 ♥♦ ❡♥5❛✐♦ ❞❛ ▼❘❉ ♣❛#❛

❝❛❞❛ ❛♠♦5,#❛ ❡♥5❛✐❛❞❛✳

❚❛❜❡❧❛ ✺✳✹ ✕ ❘❡#✉♠♦ ❞♦# ♣❛*+♠❡,*♦# ❞❛ ❝✉*✈❛ ❞❛ ▼❘❉F ♣❛*❛ ♦# ❝♦♥,❛,♦# ❉✹✲❈❆❚✶✱

❉✹✲❈❆❚✷ ❡ ❉✹✲❈❆❚✸✳

❆♠♦#,*❛ ❞❡ ❝♦♥,❛,♦

<❛*+♠❡,*♦# ❡①,*❛>❞♦# ❞❛# ❝✉*✈❛# ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

❉✹✲❈❆❚✶ ✻✵ ✾✸

❉✹✲❈❆❚✷ ✼✽ ✶✵✸

❉✹✲❈❆❚✸ ✺✸ ✽✽

❋♦♥,❡✿ <*I♣*✐♦ ❛✉,♦*✳

❆♦ ❛♥❛❧✐5❛# ♦5 ♣❛#?♠❡,#♦5 ❛♣#❡5❡♥,❛❞♦5 ♥❛ ❚❛❜❡❧❛ ✺✳✹✱ ❞❡5,❛❝❛♠✲5❡✿

• ♦ ✈❛❧♦# ❞❡ ❘♣ ♣❛#❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✶ E ✶✸✪ 5✉♣❡#✐♦# ❛♦ ✈❛❧♦# ❞❡ ❘♣ ♣❛#❛ ❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✸❀

• ♦ ✈❛❧♦# ❞❡ ❘❛ ♣❛#❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✶ E ✼✪ 5✉♣❡#✐♦# ❛♦ ✈❛❧♦# ❞❡ ❘❛ ♣❛#❛ ❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✸❀

• ♦ ✈❛❧♦# ❞❡ ❘♣ ♣❛#❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✷ E ✹✼✪ 5✉♣❡#✐♦# ❛♦ ✈❛❧♦# ❞❡ ❘♣ ♣❛#❛ ❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✸❀

• ♦ ✈❛❧♦# ❞❡ ❘❛ ♣❛#❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✷ E ✶✼✪ 5✉♣❡#✐♦# ❛♦ ✈❛❧♦# ❞❡ ❘❛ ♣❛#❛ ❛ ❛♠♦5,#❛ ❉✹✲❈❆❚✸✳

I♦# ♠❡✐♦ ❞♦ ❝♦♥❢#♦♥,♦ ❡♥,#❡ ♦5 #❡5✉❧,❛❞♦5 ♦❜,✐❞♦5 ♥♦5 ❡♥5❛✐♦5 ❞❛ ▼❘❊ ❡ ❞❛ ▼❘❉✱ ♣❡#♠✐,❡✲5❡

❛❞✐❝✐♦♥❛❧♠❡♥,❡✱ ❛5 5❡❣✉✐♥,❡5 ❛♥6❧✐5❡5✿

• ♦ ❞❡5❣❛5,❡ ♣#♦✈♦❝❛❞♦ ♥♦5 ❝♦♥,❛,♦5 ♣#♦✈❡♥✐❡♥,❡ ❞♦ ❡5,#❡55❡ ❡❧E,#✐❝♦ ❢♦✐ ♠❛✐5 ✐♥❝✐5✐✈♦ ♥❛ #❡❣✐'♦

❞♦ ❝♦♥,❛,♦ ❞❡ ❛#❝♦✱ ❝♦♠♦ ♣♦❞❡ 5❡# ♦❜5❡#✈❛❞♦ ♥❛ ❛♥6❧✐5❡ ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉F ✱ ✐❧✉5,#❛❞❛ ♥❛

❋✐❣✉#❛ ✺✳✶✹❀

• ♦5 #❡5✉❧,❛❞♦5 ♦❜,✐❞♦5 ♥♦ ❡♥5❛✐♦ ❞❛ ▼❘❉ ♣❛#❛ ❛5 ,#M5 ❛♠♦5,#❛5✱ ♣♦55✐❜✐❧✐,♦✉ ❛ ✐❞❡♥,✐✜❝❛O'♦ ❞♦

❞❡5❣❛5,❡ ❣❡#❛❞♦ ❡♠ ,♦❞❛ ❛ #❡❣✐'♦ ❞♦ ❝♦♥,❛,♦✱ ♦ P✉❡ ♣❡#♠✐,✐✉ ❞✐❛❣♥♦5,✐❝❛# ,❛♥,♦ ♦ ❞❡5❣❛5,❡ ❞♦

❝♦♥,❛,♦ ♣#✐♥❝✐♣❛❧✱ P✉❛♥,♦ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛#❝♦❀

• ♦5 #❡5✉❧,❛❞♦5 ♦❜,✐❞♦5 ♥♦ ❡♥5❛✐♦ ❞❛ ▼❘❊ ♥'♦ #❡✢❡,✐#❛♠ ♣#♦♣♦#❝✐♦♥❛❧♠❡♥,❡ ♦5 ❞❡5❣❛5,❡5 ❣❡#❛❞♦5

♥❛ #❡❣✐'♦ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛#❝♦✱ ,❡♥❞♦ ❡♠ ✈✐5,❛ P✉❡ ❛ ❛♠♦5,#❛ ❉✹✲❈▼❚✷ ❛♣#❡5❡♥,❛ ✉♠❛ ❞❡❣#❛✲



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✸✸

❞❛$%♦ ♥❛ (❡❣✐%♦ ❞♦ ❝♦♥-❛-♦ ♣(✐♥❝✐♣❛❧ ❞❡ ✹✼✪✱ ❡♥4✉❛♥-♦ 4✉❡ ❛ ❞❡❣(❛❞❛$%♦ ✐♥❞✐❝❛❞❛ ♥❛ (❡❣✐%♦

❞♦ ❝♦♥-❛-♦ ❞❡ ❛(❝♦ ♥♦ ❡♥6❛✐♦ ❞❛ ▼❘❉ ❢♦✐ ❞❡ ❛♣❡♥❛6 ✶✼✪❀

• ♦6 (❡6✉❧-❛❞♦6 ❝♦♠♣(♦✈❛♠ 4✉❡ ❛ ❡✈♦❧✉$%♦ ❞❛ (❡6✐6->♥❝✐❛ ❞❡ ❝♦♥-❛-♦ ? ❞✐(❡-❛♠❡♥-❡ ♣(♦♣♦(❝✐♦♥❛❧

❛♦ ♥@✈❡❧ ❞❡ ❞❡6❣❛6-❡ ❞♦6 ❝♦♥-❛-♦6 ♣(✐♥❝✐♣❛❧ ❡ ❞❡ ❛(❝♦✳

✺✳✸ ❊♥%❛✐♦% ❞❡ ❞❡❣,❛❞❛-.♦ ❛❝❡❧❡,❛❞❛
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❛-❝♦✱ ♥❛ ❡①#-❡♠✐❞❛❞❡ *✉♣❡-✐♦- ❞♦ ❝♦♥#❛#♦ ♠4✈❡❧✱ ♥❛ -❡❣✐7♦ ♣-4①✐♠❛ ❛ ♣♦♥#❛ ✐*♦❧❛♥#❡✱ ❝♦♥❢♦-♠❡

♣-❡#❡♥❞✐❞♦❀

• ♦* ❡♥*❛✐♦* ❞❡ ❞❡❣-❛❞❛67♦ ❝♦♠ ❝✉-#♦*✲❝✐-❝✉✐#♦* #❛♠❜;♠ ♣-♦♣♦-❝✐♦♥❛-❛♠ ❞❡*❣❛*#❡ ♥♦ ❝♦♥#❛#♦

♣-✐♥❝✐♣❛❧✱ ♥❛ ❡①#-❡♠✐❞❛❞❡ ✐♥❢❡-✐♦- ❞♦ ❝♦♥#❛#♦ ✜①♦✳

◆❛ ❋✐❣✉-❛ ✺✳✶✻ *7♦ ❛♣-❡*❡♥#❛❞❛* ❛* ❢♦#♦❣-❛✜❛* ❞♦* ❝♦♥#❛#♦* ✜①♦ ❡ ♠4✈❡❧✱ -❡❣✐*#-❛❞❛* ❛♥#❡*

❡ ❛♣4* ❛ -❡❛❧✐③❛67♦ ❞♦* ❡♥*❛✐♦* ❞❡ ❝✉-#♦*✲❝✐-❝✉✐#♦*✳

✺✳✸✳✷ ❊♥&❛✐♦& ❞❡ ❞❡❣-❛❞❛./♦ ❝♦♠ &♦❜-❡❝♦--❡♥3❡

❖* ❡♥*❛✐♦* ❞❡ ❞❡❣-❛❞❛67♦ ❝♦♠ *♦❜-❡❝♦--❡♥#❡ ♦❜❥❡#✐✈❛-❛♠ ♦ ♣-♦♣♦-❝✐♦♥❛- ❞❡❣-❛❞❛67♦ ♥❛ ❡①#-❡♠✐❞❛❞❡

*✉♣❡-✐♦- ❞♦ ❝♦♥#❛#♦ ❞❡ ❛-❝♦✱ ❞♦ ❝♦♥#❛#♦ ♠4✈❡❧✱ ❝♦♠ ❞❡*❣❛*#❡* *✐♠✐❧❛-❡* ❛♦* ♣-♦✈♦❝❛❞♦* ♣❡❧♦ ❛-❝♦

❡❧;#-✐❝♦✳

◆♦ ❡♥*❛✐♦ ❞❡ ❛♣❧✐❝❛67♦ ❞❡ *♦❜-❡❝♦--❡♥#❡✱ ♦* ❝♦♥#❛#♦* ✜①♦ ❡ ♠4✈❡❧ ❞❛ ❛♠♦*#-❛ ❉✶✲❈▼❚✸

❢♦-❛♠ ♣❛-❝✐❛❧♠❡♥#❡ ❢❡❝❤❛❞♦*✱ ♠✐♥✐♠✐③❛♥❞♦ ❛ E-❡❛ ❞❡ ❝♦♥#❛#♦ ❣❛❧✈V♥✐❝♦✱ ❝♦♥❢♦-♠❡ ✐❧✉*#-❛67♦ ❛♣-❡*❡♥✲
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❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✸✼

❋✐❣✉$❛ ✺✳✶✼ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✶✲❈▼❚✸✱ ❡♠ ❢✉♥78♦ ❞♦ ❡♥&❛✐♦ ❞❡

❞❡❣#❛❞❛78♦ ❝♦♠ &♦❜#❡❝♦##❡♥.❡✳

❋♦♥.❡✿ @#A♣#✐♦ ❛✉.♦#✳

❚❛❜❡❧❛ ✺✳✻ ✕ ❘❡&✉♠♦ ❞♦& ♣❛#B♠❡.#♦& ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉F ♣❛#❛ ♦ ❝♦♥.❛.♦ ❉✶✲❈▼❚✸ ♥♦

❡♥&❛✐♦ ❞❡ ❞❡❣#❛❞❛78♦ ❝♦♠ &♦❜#❡❝♦##❡♥.❡✳

❉❡❣#❛❞❛78♦ ❝♦♠ &♦❜#❡❝♦##❡♥.❡ ✭❤✮

@❛#B♠❡.#♦& ❡①.#❛G❞♦& ❞❛& ❝✉#✈❛& ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

✵ ✷✾✶ ✺✺✵

✹✽ ✸✵✹ ✻✽✻

❋♦♥.❡✿ @#A♣#✐♦ ❛✉.♦#✳

• ❛♣%& ❛ ❛♣❧✐❝❛*+♦ ❞❡ ✹✽ ❤♦2❛& ❞❡ ❞❡❣2❛❞❛*+♦ ❝♦♠ &♦❜2❡❝♦22❡♥7❡ ❤♦✉✈❡ ✉♠ ❛❝2:&❝✐♠♦ ❞❡ ✹✪ ♥♦

✈❛❧♦2 ❞❛ 2❡&✐&7<♥❝✐❛ ♠:❞✐❛ ❞♦ ❝♦♥7❛7♦ ♣2✐♥❝✐♣❛❧✱ ❡ ✉♠ ❛❝2:&❝✐♠♦ ❞❡ ✷✺✪ ♥❛ 2❡&✐&7<♥❝✐❛ ♠:❞✐❛ ❞♦

❝♦♥7❛7♦ ❞❡ ❛2❝♦✱ 7♦♠❛♥❞♦✲&❡ ❝♦♠♦ 2❡❢❡2<♥❝✐❛ ♦ ❡&7B❣✐♦ ❞❡ ❞❡❣2❛❞❛*+♦ ❝♦♠ ♦ ❝♦♥7❛7♦ ❞❡❣2❛❞❛❞♦

❡♠ &❡2✈✐*♦❀

• ❛♣%& ❛ ❛♣❧✐❝❛*+♦ ❞❡ ✾✻ ❤♦2❛& ❞❡ ❞❡❣2❛❞❛*+♦ ❝♦♠ &♦❜2❡❝♦22❡♥7❡✱ ❤♦✉✈❡ ✉♠ ❛F✉❡❝✐♠❡♥7♦ ❡①✲

❝❡&&✐✈♦ ❞❡✈✐❞♦ H &♦❜2❡❝♦22❡♥7❡✱ ♦ F✉❡ ♣2♦♣♦2❝✐♦♥♦✉ ❛ ❞❡❢♦2♠❛*+♦ ❞❛ ❤❛&7❡ ❞♦ ❝♦♥7❛7♦ ♠%✈❡❧

❡ ❛ ❝❛2❜♦♥✐③❛*+♦ ❞♦ ♠❛7❡2✐❛❧ ✐&♦❧❛♥7❡ ♥❛ ♣♦♥7❛ ❞♦ ❝♦♥7❛7♦ ♠%✈❡❧✱ ❛✈❛2✐❛♥❞♦ ❞❡✜♥✐7✐✈❛♠❡♥7❡

❛ ❛♠♦&72❛✳ ❖ ❡♥&❛✐♦ ❞❛ ▼❘❉ ❝♦♠ ❛ ❛♠♦&72❛ ❛✈❛2✐❛❞❛✱ 2❡&✉❧7♦✉ ❡♠ ✉♠ ❛❝2:&❝✐♠♦ ❞❡ ✷✻✺✪

♥♦ ✈❛❧♦2 ❞❛ 2❡&✐&7<♥❝✐❛ ♠:❞✐❛ ❞♦ ❝♦♥7❛7♦ ♣2✐♥❝✐♣❛❧✱ ❡ ✉♠ ❛❝2:&❝✐♠♦ ❞❡ ✶✳✶✼✽✪ ♥❛ 2❡&✐&7<♥❝✐❛

♠:❞✐❛ ❞♦ ❝♦♥7❛7♦ ❞❡ ❛2❝♦✱ 7♦♠❛♥❞♦✲&❡ ❝♦♠♦ 2❡❢❡2<♥❝✐❛ ♦ ❡&7B❣✐♦ ❞❡ ❞❡❣2❛❞❛*+♦ ❝♦♠ ♦ ❝♦♥7❛7♦
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❋✐❣✉$❛ ✺✳✶✽ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✶✲❈▼❚✸✱ ❡♠ ❢✉♥78♦ ❞♦ ❡♥&❛✐♦ ❞❡

❞❡❣#❛❞❛78♦ ❝♦♠ &♦❜#❡❝♦##❡♥.❡✳

❋♦♥.❡✿ @#A♣#✐♦ ❛✉.♦#✳

❞❡❣&❛❞❛❞♦ ❡♠ *❡&✈✐-♦✳

❖* &❡*✉❧2❛❞♦* 2❛♠❜4♠ ♣❡&♠✐2❡♠ ❛* *❡❣✉✐♥2❡* ❛♥7❧✐*❡*✿

• ♦ ❡♥*❛✐♦ ❝♦♠ *♦❜&❡❝♦&&❡♥2❡ ❡♥2&❡ ♦* ❝♦♥2❛2♦* ♣❛&❝✐❛❧♠❡♥2❡ ❢❡❝❤❛❞♦* &❡♣&♦❞✉③✐✉ ❡♠ ❧❛❜♦&❛2=&✐♦

✉♠ ❞❡*❣❛*2❡ ♥♦ ❝♦♥2❛2♦ ❞❡ ❛&❝♦ ❞❡ ❢♦&♠❛ *✐♠✐❧❛& ❛♦ ❞❡*❣❛*2❡ ♣&♦✈♦❝❛❞♦ ♣❡❧♦ ❛&❝♦ ❡❧42&✐❝♦✳

• ♦* &❡*✉❧2❛❞♦* ♦❜2✐❞♦* ♣♦& ♠❡✐♦ ❞♦ ❡♥*❛✐♦ ❞❡ &❡*✐*2>♥❝✐❛ ❞✐♥?♠✐❝❛ ❡✈✐❞❡♥❝✐❛♠ @✉❡ ♥A♦ ❤♦✉✈❡

❞❡❣&❛❞❛-A♦ ❞♦ ❝♦♥2❛2♦ ♣&✐♥❝✐♣❛❧✱ 2❡♥❞♦ ❡♠ ✈✐*2❛✱ @✉❡ ❤♦✉✈❡ ✉♠ ❛❝&4*❝✐♠♦ ❞❡ ✹✪ ♥❛ &❡*✐*2>♥❝✐❛

❞♦ ❝♦♥2❛2♦ ♣&✐♥❝✐♣❛❧✱ ❡♠ &❡❢❡&>♥❝✐❛ ❛♦* ✈❛❧♦&❡* ♦❜2✐❞♦* @✉❛♥❞♦ ♦ ❝♦♥2❛2♦ ❢♦&❛ ❞❡❣&❛❞❛❞♦ *♦✲

♠❡♥2❡ ❡♠ *❡&✈✐-♦✳ ❆ ✈❛&✐❛-A♦ ❞❡ ✹✪ ♣♦❞❡ *❡& ❛2&✐❜✉G❞❛ H ♣&❡*❡♥-❛ ❞❡ *✉❜♣&♦❞✉2♦* ❞❡♣♦*✐2❛❞♦*

♥❛ *✉♣❡&❢G❝✐❡ ❞♦* ❝♦♥2❛2♦*✱ ❡♠ ✈✐&2✉❞❡ ❝❛&❜♦♥✐③❛-A♦ ❞♦ =❧❡♦ ♣❡❧♦ ❛@✉❡❝✐♠❡♥2♦ ♣&♦♣♦&❝✐♦♥❛❞♦

♣❡❧❛ *♦❜&❡❝♦&&❡♥2❡❀

• ♦ ❛@✉❡❝✐♠❡♥2♦ ❞❡✈✐❞♦ H *♦❜&❡❝♦&&❡♥2❡✱ ❛♣=* ❛ ❛♣❧✐❝❛-A♦ ❞❡ ✹✽ ❤♦&❛* ❞❡ ❡♥*❛✐♦✱ ♣&♦♣♦&❝✐♦♥♦✉ ♦

❞❡*❣❛*2❡ ♥❛ &❡❣✐A♦ ❞♦ ❝♦♥2❛2♦ ❞❡ ❛&❝♦ ❞♦ ❝♦♥2❛2♦ ♠=✈❡❧✱ *❡♥❞♦ ❡*2❛ ❞❡❣&❛❞❛-A♦ ♠❛✐* ✐♥❝✐*✐✈❛

♥❛ &❡❣✐A♦ ♣&=①✐♠❛ ❛ ♣♦♥2❛ ✐*♦❧❛♥2❡ ❞♦ ❝♦♥2❛2♦ ♠=✈❡❧✱ ❝♦♥❢♦&♠❡ ♣&❡2❡♥❞✐❞♦✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✸✾

✺✳✸✳✸ ❊♥%❛✐♦% ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛

❖$ ❡♥$❛✐♦$ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛ /✐✈❡,❛♠ ❝♦♠♦ ♦❜❥❡/✐✈♦ ♣,♦♣♦,❝✐♦♥❛, ❞❡❣,❛❞❛-.♦ ❡♠ /♦❞❛ ❛ $✉♣❡,❢9❝✐❡

❞♦$ ❝♦♥/❛/♦$ ✜①♦ ❡ ♠<✈❡❧✱ ❞❡ ❢♦,♠❛ ♠❛✐$ ✐♥❝✐$✐✈❛ ?✉❡ ❛ ❞❡❣,❛❞❛-.♦ ,❡❣✐$/,❛❞❛ ♣❛,❛ ♦ ❝♦♥/❛/♦ ♣,✐♥❝✐♣❛❧

❞❡✈✐❞♦ @ ❝♦♥❞✉-.♦ ❞❛ ❝♦,,❡♥/❡ ❞❡ ❝❛,❣❛✳

◆♦ ❡♥$❛✐♦ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛ ❡♠ <❧❡♦✱ ✉♠ ❧✐/,♦ ❞❡ <❧❡♦ ♠✐♥❡,❛❧ ♣❛,❛❢9♥✐❝♦ ✭<❧❡♦ ❞❡

/,❛♥$❢♦,♠❛❞♦,✮ ❢♦✐ ❛?✉❡❝✐❞♦ ♥❛ ❢❛✐①❛ ❞❡ ✷✵✵ ✲ ✷✶✵

◦
❈✱ ,❡$✉❧/❛♥❞♦ ♥❛ ❢♦,♠❛-.♦ ❞❡ ✉♠❛ ♣❡❧9❝✉❧❛ $♦❜,❡

/♦❞❛ ❛ $✉♣❡,❢9❝✐❡ ❞♦$ ❝♦♥/❛/♦$✳ ❈♦♠ ❛ /❡♠♣❡,❛/✉,❛ ❞♦ <❧❡♦ ❡$/❛❜✐❧✐③❛❞❛ ♥❛ ❢❛✐①❛ ❞❡ ✷✵✵ ✲ ✷✶✵

◦
❈✱ ♦$

❝♦♥/❛/♦$ ✜①♦ ❡ ♠<✈❡❧ ❞❛ ❛♠♦$/,❛ ❉✶✲❈▼❚✶ ❢♦,❛♠ ✐♠❡,$♦$ ♣♦, ✉♠ ♣❡,9♦❞♦ ❞❡ ✻ ❤♦,❛$✳ ❖❜$❡,✈♦✉✲$❡

?✉❡✱ ♦$ ♥9✈❡✐$ ❞❡ ❞❡❣,❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$ ♣,♦❞✉③✐❞♦$ ❞❡✈✐❞♦ @ ❛❧/❛ /❡♠♣❡,❛/✉,❛ ❞♦ <❧❡♦ $.♦ ❛♥O❧♦❣♦$

❛♦$ ,❡$✉❧/❛❞♦$ ❞❡$❝/,✐/♦$ ♣♦, ✭❊❘❇❘■◆❑✱ ✷✵✶✶✮✱ ?✉❡ ❞❡♠♦♥$/,♦✉ ?✉❡ ❞❡❣,❛❞❛-.♦ ❣❡,❛❞❛ 0 ❡?✉✐✈❛❧❡♥/❡

❛ ❛♥♦$ ❞❡ $❡,✈✐-♦✳

❈♦♠ ❛ ✐♠❡,$.♦ ❞♦$ ❝♦♥/❛/♦$ ❡♠ <❧❡♦ ❛?✉❡❝✐❞♦ ♥❛ ❢❛✐①❛ ❞❡ ✷✵✵ ✲ ✷✶✵

◦
❈ ❞✉,❛♥/❡ ✻ ❤♦,❛$✱

♦$ ♥9✈❡✐$ ❞❡ ❞❡❣,❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$ ♣,♦❞✉③✐❞♦$ ❞❡✈✐❞♦ @ ❛❧/❛ /❡♠♣❡,❛/✉,❛ ❞♦ <❧❡♦ $.♦ ❛♥O❧♦❣♦$ ❛

❞❡❣,❛❞❛-.♦ ❣❡,❛❞❛ ♣♦, ❛♥♦$ ❞❡ $❡,✈✐-♦ ✭❊❘❇❘■◆❑✱ ✷✵✶✶✮✳

❆ ♠❡/♦❞♦❧♦❣✐❛ ✉/✐❧✐③❛❞❛ ♥♦ ❞❡$❡♥✈♦❧✈✐♠❡♥/♦ ❞♦ ❡♥$❛✐♦ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛ ❢♦✐ ❛♣,❡$❡♥/❛❞❛

♥♦ ❈❛♣9/✉❧♦ ✹✱ ✐/❡♠ ✹✳✹✳✸✳ ◆❛ ❋✐❣✉,❛ ✹✳✷✵ ❢♦✐ ❛♣,❡$❡♥/❛❞♦ ♦ ❛,,❛♥❥♦ ❞♦ ❝✐,❝✉✐/♦ ✉/✐❧✐③❛❞♦ ♣❛,❛ ♦ ❡♥$❛✐♦

❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛ ❡ ♥❛ ❋✐❣✉,❛ ✹✳✷✶ ❢♦✐ ❛♣,❡$❡♥/❛❞❛ ❛ $❡?✉X♥❝✐❛ ❞♦ ❡♥$❛✐♦ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛

♣❛,❛ ❛ ❛♠♦$/,❛ ❉✶✲❈▼❚✶✳

◆❛ ❋✐❣✉,❛ ✺✳✶✾ $.♦ ❛♣,❡$❡♥/❛❞❛$ ❛$ ❝✉,✈❛$ ❞❛ ▼❘❉ ♦❜/✐❞❛$ ♣❛,❛ ♦ ❝♦♥/❛/♦ ❉✶✲❈▼❚✶✱ ❛♥/❡$

❡ ❛♣<$ ❝❛❞❛ $❡-.♦ ❞❡ ❡♥$❛✐♦ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛✳ ❆$ ❝✉,✈❛$ ❞❛ ▼❘❉ ❢♦,❛♠ ♦❜/✐❞❛$ ❡♠ ✈❡❧♦❝✐❞❛❞❡

♥♦♠✐♥❛❧ ❞❡ ❛❜❡,/✉,❛ ❞♦$ ❝♦♥/❛/♦$✱ ❝♦♠ ❛♣❧✐❝❛-.♦ ❞❡ ❝♦,,❡♥/❡ ❞❡ /❡$/❡ ❞❡ ✷✺✵ ❆✳

Z❛,❛ ❛✈❛❧✐❛, ♦$ ♥9✈❡✐$ ❞❡ ❞❡❣,❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$ ♣❛,❛ ♦ ❞✐$❥✉♥/♦, ❞❡ ♠0❞✐❛ /❡♥$.♦ ❢♦,❛♠

❝♦♥❢,♦♥/❛❞♦$ ❡♥/,❡ $✐✱ ♦$ ,❡$✉❧/❛❞♦$ ❞♦$ ❡♥$❛✐♦$ ❞❡ ,❡$✐$/X♥❝✐❛ ❡$/O/✐❝❛ ❡ ,❡$✐$/X♥❝✐❛ ❞✐♥[♠✐❝❛ ♣❛,❛

❝❛❞❛ ❡$/O❣✐♦ ❞❡ ❞❡❣,❛❞❛-.♦ ❝♦♠ ❛♣❧✐❝❛-.♦ ❞❡ $❡-\❡$ ❞❡ ❝✉,/♦$✲❝✐,❝✉✐/♦$✳ ❆ ❝✉,✈❛ ❞❛ ▼❘❉ ❞♦ ❝♦♥/❛/♦

❞❡❣,❛❞❛❞♦ ❡♠ $❡,✈✐-♦ ❢♦✐ ❛❞♦/❛❞❛ ❝♦♠♦ ,❡❢❡,X♥❝✐❛ ♥❛ ❛✈❛❧✐❛-.♦ ❞❛ ❞❡❣,❛❞❛-.♦ ❞♦$ ❝♦♥/❛/♦$✳

◆❛ ❚❛❜❡❧❛ ✺✳✼ ❡$/O ❛♣,❡$❡♥/❛❞❛ ✉♠❛ $9♥/❡$❡ ❞♦$ ,❡$✉❧/❛❞♦$ ♦❜/✐❞♦$ ♥♦ ❡♥$❛✐♦ ❞❛ ▼❘❉ ♣❛,❛

❝❛❞❛ ❛♠♦$/,❛ ❡♥$❛✐❛❞❛✳ ❆♦ ❛♥❛❧✐$❛, ♦$ ♣❛,[♠❡/,♦$ ❛♣,❡$❡♥/❛❞♦$ ♥❛ ❚❛❜❡❧❛ ✺✳✼✱ ❞❡$/❛❝❛♠✲$❡✿

• ❛♣<$ ❛ ❛♣❧✐❝❛-.♦ ❞❡ ✶✷ ❤♦,❛$ ❞❡ ❞❡❣,❛❞❛-.♦ /0,♠✐❝❛ ❤♦✉✈❡ ✉♠ ❛❝,0$❝✐♠♦ ❞❡ ✷✽✪ ♥♦ ✈❛❧♦, ❞❛

,❡$✐$/X♥❝✐❛ ♠0❞✐❛ ❞♦ ❝♦♥/❛/♦ ♣,✐♥❝✐♣❛❧✱ ❡ ✉♠ ❞❡❝,0$❝✐♠♦ ❞❡ ✶✶✪ ♥❛ ,❡$✐$/X♥❝✐❛ ♠0❞✐❛ ❞♦ ❝♦♥/❛/♦



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✵

❋✐❣✉$❛ ✺✳✶✾ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❛& ❛♠♦&.#❛& ❉✶✲❈▼❚✶✱ ❡♠ ❢✉♥67♦ ❞♦ ❡♥&❛✐♦ ❞❡

❞❡❣#❛❞❛67♦ .:#♠✐❝❛✳

❋♦♥.❡✿ ?#@♣#✐♦ ❛✉.♦#✳

❞❡ ❛&❝♦✱ *♦♠❛♥❞♦✲.❡ ❝♦♠♦ &❡❢❡&0♥❝✐❛ ♦ ❡.*2❣✐♦ ❞❡ ❞❡❣&❛❞❛45♦ ❝♦♠ ♦ ❝♦♥*❛*♦ ❞❡❣&❛❞❛❞♦ ❡♠

.❡&✈✐4♦❀

• ❛♣9. ❛ ❛♣❧✐❝❛45♦ ❞❡ ✷✹ ❤♦&❛. ❞❡ ❞❡❣&❛❞❛45♦ *=&♠✐❝❛ ❤♦✉✈❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✸✾✪ ♥♦ ✈❛❧♦& ❞❛

&❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦ ♣&✐♥❝✐♣❛❧✱ ❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✺✸✪ ♥❛ &❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦

❞❡ ❛&❝♦✱ *♦♠❛♥❞♦✲.❡ ❝♦♠♦ &❡❢❡&0♥❝✐❛ ♦ ❡.*2❣✐♦ ❞❡ ❞❡❣&❛❞❛45♦ ❝♦♠ ♦ ❝♦♥*❛*♦ ❞❡❣&❛❞❛❞♦ ❡♠

.❡&✈✐4♦❀

• ❛♣9. ❛ ❛♣❧✐❝❛45♦ ❞❡ ✸✻ ❤♦&❛. ❞❡ ❞❡❣&❛❞❛45♦ *=&♠✐❝❛ ❤♦✉✈❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✺✾✪ ♥♦ ✈❛❧♦& ❞❛

&❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦ ♣&✐♥❝✐♣❛❧✱ ❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✸✻✪ ♥❛ &❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦

❞❡ ❛&❝♦✱ *♦♠❛♥❞♦✲.❡ ❝♦♠♦ &❡❢❡&0♥❝✐❛ ♦ ❡.*2❣✐♦ ❞❡ ❞❡❣&❛❞❛45♦ ❝♦♠ ♦ ❝♦♥*❛*♦ ❞❡❣&❛❞❛❞♦ ❡♠

.❡&✈✐4♦❀

• ❛♣9. ❛ ❛♣❧✐❝❛45♦ ❞❡ ✹✽ ❤♦&❛. ❞❡ ❞❡❣&❛❞❛45♦ *=&♠✐❝❛ ❤♦✉✈❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✽✺✪ ♥♦ ✈❛❧♦& ❞❛

&❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦ ♣&✐♥❝✐♣❛❧✱ ❡ ✉♠ ❛❝&=.❝✐♠♦ ❞❡ ✺✷✪ ♥❛ &❡.✐.*0♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥*❛*♦

❞❡ ❛&❝♦✱ *♦♠❛♥❞♦✲.❡ ❝♦♠♦ &❡❢❡&0♥❝✐❛ ♦ ❡.*2❣✐♦ ❞❡ ❞❡❣&❛❞❛45♦ ❝♦♠ ♦ ❝♦♥*❛*♦ ❞❡❣&❛❞❛❞♦ ❡♠

.❡&✈✐4♦✳

❖. &❡.✉❧*❛❞♦. *❛♠❜=♠ ♣❡&♠✐*❡♠ ❛. .❡❣✉✐♥*❡. ❛♥2❧✐.❡.✿



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✶

❚❛❜❡❧❛ ✺✳✼ ✕ ❘❡#✉♠♦ ❞♦# ♣❛*+♠❡,*♦# ❞❛ ❝✉*✈❛ ❞❛ ▼❘❉F ♣❛*❛ ♦ ❝♦♥,❛,♦ ❉✶✲❈▼❚✶ ♥♦

❡♥#❛✐♦ ❞❡ ❞❡❣*❛❞❛89♦ ,:*♠✐❝❛✳

❉❡❣*❛❞❛89♦ ,:*♠✐❝❛ ✭❤✮

?❛*+♠❡,*♦# ❡①,*❛A❞♦# ❞❛# ❝✉*✈❛# ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

✵ ✸✵✻ ✻✺✼

✶✷ ✸✾✸ ✺✽✽

✷✹ ✹✷✺ ✶✳✵✵✸

✸✻ ✹✽✺ ✽✾✸

✹✷ ✺✻✺ ✾✾✻

❋♦♥,❡✿ ?*M♣*✐♦ ❛✉,♦*✳

• ♦ ❡♥%❛✐♦ ❞❡ ❞❡❣*❛❞❛+,♦ -.*♠✐❝❛ *❡♣*♦❞✉③✐✉ ❡♠ ❧❛❜♦*❛-6*✐♦ ✉♠ ❞❡%❣❛%-❡ ♥♦ ❝♦♥-❛-♦ ♣*✐♥❝✐♣❛❧ ❞❡

❢♦*♠❛ %✐♠✐❧❛* ❛♦ ❞❡%❣❛%-❡ ♣*♦✈♦❝❛❞♦ ♣❡❧❛ ❝♦**❡♥-❡ ❞❡ ❝❛*❣❛ ♣❛*❛ ✉♠ ❞✐%❥✉♥-♦* ❡♠ %❡*✈✐+♦❀

• ♦% *❡%✉❧-❛❞♦% ♦❜-✐❞♦% ♣♦* ♠❡✐♦ ❞♦ ❡♥%❛✐♦ ❞❡ *❡%✐%-;♥❝✐❛ ❞✐♥<♠✐❝❛ ❡✈✐❞❡♥❝✐❛♠ ❛ ❞❡❣*❛❞❛+,♦ ❞♦

❝♦♥-❛-♦ ♣*✐♥❝✐♣❛❧ ❡ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛*❝♦✱ -❡♥❞♦ ❡♠ ✈✐%-❛ >✉❡ ♦ ❡♥%❛✐♦ ❞❡ ❞❡❣*❛❞❛+,♦ -.*♠✐❝❛

♣*♦♣♦*❝✐♦♥♦✉ ✉♠❛ ❡✈♦❧✉+,♦ ❞❡ ✽✺✪ ♥❛ *❡%✐%-;♥❝✐❛ ❞♦ ❝♦♥-❛-♦ ♣*✐♥❝✐♣❛❧✱ ❡♠ *❡❢❡*;♥❝✐❛ ❛♦ ❡%-B❣✐♦

❞❡ ❞❡❣*❛❞❛+,♦ ❞♦ ❝♦♥-❛-♦ ❛♥-❡% ❞♦% ❡♥%❛✐♦%✳

• ♦% ❡♥%❛✐♦% ❞❡ ❞❡❣*❛❞❛+,♦ -.*♠✐❝❛ ♣*♦♣♦*❝✐♦♥❛*❛♠ ❞❡%❣❛%-❡ ❡♠ -♦❞❛ *❡❣✐,♦ ❞♦% ❝♦♥-❛-♦% ♣*✐♥✲

❝✐♣❛❧ ❡ ❞❡ ❛*❝♦✱ %❡♥❞♦ ❡%-❛ ❞❡❣*❛❞❛+,♦ ♠❛✐% ✐♥❝✐%✐✈❛ ♥❛ *❡❣✐,♦ ❞♦ ❝♦♥-❛-♦ ♣*✐♥❝✐♣❛❧✱ ❝♦♥❢♦*♠❡

♣*❡-❡♥❞✐❞♦✳ ❖ ❞❡%❣❛%-❡ ♦❝♦**❡✉ ♣*✐♥❝✐♣❛❧♠❡♥-❡ ♥❛ *❡❣✐,♦ ❞♦ ❝♦♥-❛-♦ ♣*✐♥❝✐♣❛❧✱ ❞❡✈✐❞♦ ❛ ❡%-❛

*❡❣✐,♦ ❞♦ ❝♦♥-❛-♦ %❡* ❝♦♠♣♦%-❛ ♣*✐♥❝✐♣❛❧♠❡♥-❡ ♣♦* ❝♦❜*❡✱ >✉❡ . ✉♠ ♠❛-❡*✐❛❧ ♠❛✐% %✉%❝❡-F✈❡❧

G ❞❡❣*❛❞❛+,♦ ♣♦* ❛>✉❡❝✐♠❡♥-♦✱ >✉❛♥❞♦ ❝♦♠♣❛*❛❞♦ ❛♦ -✉♥❣%-;♥✐♦✱ >✉❡ . ♦ ♣*✐♥❝✐♣❛❧ ❡❧❡♠❡♥-♦

>✉❡ ❝♦♠♣H❡ ❛ *❡❣✐,♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛*❝♦✳

✺✳✹ ❊♥%❛✐♦% ❞❛ ▼❘❉ ❡♠ ❞✐❢❡0❡♥1❡% ♥2✈❡✐% ❞❡ ❝♦00❡♥1❡

❞❡ 1❡%1❡

❖% ❡♥%❛✐♦% ❞❛ ▼❘❉✱ ❡♠ ♥F✈❡✐% ❞✐%-✐♥-♦% ❞❡ ❝♦**❡♥-❡ ❞❡ -❡%-❡✱ ♦❜❥❡-✐✈♦✉ ❛✈❛❧✐❛* ❛ ✐♥✢✉;♥❝✐❛ ❞❛ ❛♠♣❧✐-✉❞❡

❞❛ ❝♦**❡♥-❡ ❞❡ -❡%-❡ ♥♦ ✈❛❧♦* ❞❛ *❡%✐%-;♥❝✐❛ ❞❡ ❝♦♥-❛-♦✳ ❆❞✐❝✐♦♥❛❧♠❡♥-❡✱ ❢♦✐ -❛♠❜.♠ ♦❜❥❡-✐✈♦ ❞❡%-❡

❡♥%❛✐♦ ❛✈❛❧✐❛* ❛ *❡♣*♦❞✉-✐❜✐❧✐❞❛❞❡ ❡♥-*❡ ❝✉*✈❛% ♦❜-✐❞❛% ♣❛*❛ ♦ ♠❡%♠♦ ❝♦♥-❛-♦✱ ♥❛ ♠❡%♠❛ %❡+,♦ ❞❡

❡♥%❛✐♦%✳ ◆❡%-❡ ❡♥%❛✐♦✱ ❛ ❛❜❡*-✉*❛ ❞♦ ❝♦♥-❛-♦% ❢♦✐ *❡❛❧✐③❛❞❛ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✷

◆♦ ❡♥'❛✐♦ ❢♦+❛♠ ♣+❡✈✐❛♠❡♥/❡ ❞❡✜♥✐❞♦' ✻ ♥3✈❡✐' ❞❡ ❝♦++❡♥/❡ ❞❡ /❡'/❡ ✭✺✵ ❆✱ ✶✵✵ ❆✱ ✶✺✵

❆✱ ✷✵✵ ❆✱ ✷✺✵ ❆ ❡ ✸✵✵ ❆✮✳ ◆❡'/❡ ❡♥'❛✐♦ ❢♦✐ ✉/✐❧✐③❛❞♦ ♦ ❝♦♥/❛/♦ ❉✶✲❈▼❚✶ ❡♠ ❛✈❛♥E❛❞♦ ❡'/F❣✐♦ ❞❡

❞❡❣+❛❞❛EH♦✳ ◆❛ ❋✐❣✉+❛ ✺✳✷✵ 'H♦ ❛♣+❡'❡♥/❛❞❛'✱ ❡♠ ❝❛❞❛ ❣+F✜❝♦✱ ❛' ❝✐♥❝♦ ❝✉+✈❛' ❝♦♠ ♠❛✐♦+ ❝♦❡✜❝✐❡♥/❡

❞❡ ❞❡/❡+♠✐♥❛EH♦ ✭R2
✮ ♣❛+❛ ♦ ❝♦♥/❛/♦ ❉✶✲❈▼❚✶✱ ♦❜/✐❞❛' ♣❛+❛ ❛' ❝♦++❡♥/❡' ❞❡ /❡'/❡ ❞❡✜♥✐❞❛'✳

❋✐❣✉$❛ ✺✳✷✵ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❉✶✲❈▼❚✶✱ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡#8✉#❛ ❞♦&

❝♦♥8❛8♦& ❡♠ ❞✐❢❡#❡♥8❡& ♥:✈❡✐& ❞❡ ❝♦##❡♥8❡ ❞❡ 8❡&8❡✳

✭❛✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✺✵ ❆✳ ✭❜✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✶✵✵ ❆✳

✭❝✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✶✺✵ ❆✳ ✭❞✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✷✵✵ ❆✳

✭❡✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✷✺✵ ❆✳ ✭❢✮ ❈✉%✈❛' ❞❛ ▼❘❉F ❡♠ ✸✵✵ ❆✳

❋♦♥;❡✿ =%>♣%✐♦ ❛✉;♦%✳

◆❛" ❋✐❣✉'❛ ✺✳✷✶ ",♦ ❛♣'❡"❡♥1❛❞❛" ❛" ❝✉'✈❛" '❡"✉❧1❛♥1❡" ✭▼❘❉F ✮ ♣❛'❛ ❝❛❞❛ ♥;✈❡❧ ❞❡ ❝♦''❡♥1❡



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✸

❞❡ %❡&%❡✱ ❝♦♥❢♦,♠❡ ✐❧✉&%,❛❞♦ ♥❛ ❋✐❣✉,❛ ✹✳✽✱ 6✉❡ ❛♣,❡&❡♥%❛ ♦ ✢✉①♦❣,❛♠❛ ❝♦♠ ❛& ❡%❛♣❛& ♣❛,❛ ♦❜%❡♥;<♦

❞♦& ♣❛,=♠❡%,♦& ❞❛ ,❡&✐&%>♥❝✐❛ ❞❡ ❝♦♥%❛%♦✳

❋✐❣✉$❛ ✺✳✷✶ ✕ ❈✉#✈❛& ❞❛ ▼❘❉F ♣❛#❛ ❉✶✲❈▼❚✶✱ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡#8✉#❛ ❞♦&

❝♦♥8❛8♦& ❡♠ ❢✉♥:;♦ ❞❛ ❝♦##❡♥8❡ ❞❡ 8❡&8❡✳

❋♦♥8❡✿ ?#@♣#✐♦ ❛✉8♦#✳

◆❛ ❚❛❜❡❧❛ ✺✳✽ ❡&%B ❛♣,❡&❡♥%❛❞❛ ✉♠❛ &C♥%❡&❡ ❞♦& ,❡&✉❧%❛❞♦& ♦❜%✐❞♦& ♥♦& ❡♥&❛✐♦& ❞❛ ▼❘❉ ❡♠

❢✉♥;<♦ ❞♦ ♥C✈❡❧ ❞❛ ❝♦,,❡♥%❡ ❞❡ %❡&%❡ ❛♣❧✐❝❛❞❛ ♥♦ ❡♥&❛✐♦✳

❚❛❜❡❧❛ ✺✳✽ ✕ ❘❡&✉♠♦ ❞♦& ♣❛#A♠❡8#♦& ❞❛ ❝✉#✈❛ ❞❛ ▼❘❉F ♣❛#❛ ♦ ❝♦♥8❛8♦ ❉✶✲❈▼❚✶ ❡♠

❢✉♥:;♦ ❞❛ ❝♦##❡♥8❡ ❞❡ 8❡&8❡✳

◆C✈❡❧ ❞❛ ❝♦##❡♥8❡ ❞❡ 8❡&8❡

?❛#A♠❡8#♦& ❡①8#❛C❞♦& ❞❛& ❝✉#✈❛& ❞❛ ▼❘❉F

❘♣✭µΩ✮ ❘❛✭µΩ✮

✺✵ ✺✼✽ ✷✳✹✺✾

✶✵✵ ✺✹✾ ✶✳✽✺✾

✶✺✵ ✺✹✵ ✶✳✺✸✺

✷✵✵ ✹✾✽ ✶✳✵✾✾

✷✺✵ ✹✼✺ ✶✳✶✶✷

✸✵✵ ✹✷✺ ✾✺✵

❋♦♥8❡✿ ?#@♣#✐♦ ❛✉8♦#✳

◆❛ ❋✐❣✉,❛ ✺✳✷✷ I ❛♣,❡&❡♥%❛❞♦ ✉♠ ❝♦♠♣❛,❛%✐✈♦ ❡♥%,❡ ♦& ✈❛❧♦,❡& ❞❡ ❘♣ ❡ ❘❛ ❡♠ ❢✉♥;<♦ ❞♦

♥C✈❡❧ ❞❡ ❝♦,,❡♥%❡ ❛♣❧✐❝❛❞♦ ♥♦ ❡♥&❛✐♦ ❞❛ ▼❘❉✳



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✹

❋✐❣✉$❛ ✺✳✷✷ ✕ ❈♦♠♣♦%&❛♠❡♥&♦ ❞❡ ❘♣ ❡ ❘❛ ❡♠ ❢✉♥./♦ ❞❛ ❝♦%%❡♥&❡ ❞❡ &❡1&❡ ♣❛%❛ ❉✶✲

❈▼❚✶✱ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❞❡ ❛❜❡%&✉%❛ ❞♦1 ❝♦♥&❛&♦1✳

❋♦♥&❡✿ ?%@♣%✐♦ ❛✉&♦%✳

"❛$❛ ❛✈❛❧✐❛$ ♦) $❡)✉❧,❛❞♦) ♦❜,✐❞♦) ♥♦) ❡♥)❛✐♦) ❞❛ ▼❘❉ ❡♠ ❢✉♥56♦ ❞♦ ♥7✈❡❧ ❞❛ ❝♦$$❡♥,❡ ❞❡

,❡),❡✱ ♦) $❡)✉❧,❛❞♦) ❞♦) ❡♥)❛✐♦) ❞❡ $❡)✐),:♥❝✐❛ ❡),;,✐❝❛ ❡ $❡)✐),:♥❝✐❛ ❞✐♥<♠✐❝❛ ❢♦$❛♠ ❝♦♥❢$♦♥,❛❞♦) ❡♥,$❡

)✐✱ ♣❛$❛ ❝❛❞❛ ♥7✈❡❧ ❞❡ ❝♦$$❡♥,❡ ❞❡ ,❡),❡✳ ❆♥❛❧✐)❛♥❞♦ ♦) ♣❛$<♠❡,$♦) ❞❛ ▼❘❉ ❛♣$❡)❡♥,❛❞♦) ♥❛ ❚❛❜❡❧❛

✺✳✽✱ ♦❜,✐❞♦) ♥♦) ❞✐❢❡$❡♥,❡) ♥7✈❡✐) ❞❡ ❝♦$$❡♥,❡ ❞❡ ,❡),❡ ❡✱ ❝♦♠♣❛$❛♥❞♦✲♦) ❝♦♠ ♦) ♣❛$<♠❡,$♦) ❞❛ ▼❘❉

♦❜,✐❞♦) ❝♦♠ ✸✵✵ ❆✱ ❞❡),❛❝❛♠✲)❡✿

• ❝♦♠ ✉♠❛ ❝♦$$❡♥,❡ ❞❡ ,❡),❡ ❞❡ ✺✵ ❆✱ ❤; ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✸✻✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦

♣$✐♥❝✐♣❛❧ ❡ ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✶✺✾✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛$❝♦✱ K✉❛♥❞♦ ❝♦♠♣❛$❛❞♦) ❝♦♠

♦) ♠❡)♠♦) ♣❛$<♠❡,$♦) ♦❜,✐❞♦) ♥❛ ▼❘❉ ❝♦♠ ✸✵✵ ❆❀

• ❝♦♠ ✉♠❛ ❝♦$$❡♥,❡ ❞❡ ,❡),❡ ❞❡ ✶✵✵ ❆✱ ❤; ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✷✾✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦

♣$✐♥❝✐♣❛❧ ❡ ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✾✻✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛$❝♦✱ K✉❛♥❞♦ ❝♦♠♣❛$❛❞♦) ❝♦♠

♦) ♠❡)♠♦) ♣❛$<♠❡,$♦) ♦❜,✐❞♦) ♥❛ ▼❘❉ ❝♦♠ ✸✵✵ ❆❀

• ❝♦♠ ✉♠❛ ❝♦$$❡♥,❡ ❞❡ ,❡),❡ ❞❡ ✶✺✵ ❆✱ ❤; ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✷✼✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦

♣$✐♥❝✐♣❛❧ ❡ ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✻✷✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛$❝♦✱ K✉❛♥❞♦ ❝♦♠♣❛$❛❞♦) ❝♦♠

♦) ♠❡)♠♦) ♣❛$<♠❡,$♦) ♦❜,✐❞♦) ♥❛ ▼❘❉ ❝♦♠ ✸✵✵ ❆❀

• ❝♦♠ ✉♠❛ ❝♦$$❡♥,❡ ❞❡ ,❡),❡ ❞❡ ✷✵✵ ❆✱ ❤; ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✶✼✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦

♣$✐♥❝✐♣❛❧ ❡ ✉♠ ✐♥❝$❡♠❡♥,♦ ❞❡ ✶✻✪ ♥❛ $❡)✐),:♥❝✐❛ ❞♦ ❝♦♥,❛,♦ ❞❡ ❛$❝♦✱ K✉❛♥❞♦ ❝♦♠♣❛$❛❞♦) ❝♦♠



❈❛♣#$✉❧♦ ✺ ✕ ❘❡,✉❧$❛❞♦, ❡ ❆♥0❧✐,❡, ✶✹✺

♦$ ♠❡$♠♦$ ♣❛)*♠❡+)♦$ ♦❜+✐❞♦$ ♥❛ ▼❘❉ ❝♦♠ ✸✵✵ ❆❀

• ❝♦♠ ✉♠❛ ❝♦))❡♥+❡ ❞❡ +❡$+❡ ❞❡ ✷✺✵ ❆✱ ❤< ✉♠ ✐♥❝)❡♠❡♥+♦ ❞❡ ✶✷✪ ♥❛ )❡$✐$+>♥❝✐❛ ❞♦ ❝♦♥+❛+♦

♣)✐♥❝✐♣❛❧ ❡ ✉♠ ✐♥❝)❡♠❡♥+♦ ❞❡ ✶✼✪ ♥❛ )❡$✐$+>♥❝✐❛ ❞♦ ❝♦♥+❛+♦ ❞❡ ❛)❝♦✱ A✉❛♥❞♦ ❝♦♠♣❛)❛❞♦$ ❝♦♠

♦$ ♠❡$♠♦$ ♣❛)*♠❡+)♦$ ♦❜+✐❞♦$ ♥❛ ▼❘❉ ❝♦♠ ✸✵✵ ❆✳

❖$ )❡$✉❧+❛❞♦$ +❛♠❜D♠ ♣❡)♠✐+❡♠ ❛$ $❡❣✉✐♥+❡$ ❛♥<❧✐$❡$✿

• ♦$ ✈❛❧♦)❡$ ❞❛ )❡$✐$+>♥❝✐❛ ❞❡ ❝♦♥+❛+♦ ♣)✐♥❝✐♣❛❧ ❡ ❞♦ ❝♦♥+❛+♦ ❞❡ ❛)❝♦ $H♦ ✐♥✢✉❡♥❝✐❛❞♦$ ❞✐)❡+❛♠❡♥+❡

♣❡❧♦ ♥J✈❡❧ ❞❛ ❝♦))❡♥+❡ ❞❡ +❡$+❡ ❛♣❧✐❝❛❞❛ ♥♦ ❡♥$❛✐♦❀

• ♦ ❛✉♠❡♥+♦ ❞♦ ♥J✈❡❧ ❞❛ ❝♦))❡♥+❡ ❞❡ +❡$+❡ ❛♣❧✐❝❛❞❛✱ ♣)♦♣♦)❝✐♦♥❛ ✉♠❛ )❡❞✉KH♦ $✐❣♥✐✜❝❛+✐✈❛ ♥♦$

✈❛❧♦)❡$ ❞❛ )❡$✐$+>♥❝✐❛ ❞❡ ❝♦♥+❛+♦✱ +❛♥+♦ ♥❛ )❡❣✐H♦ ❞♦ ❝♦♥+❛+♦ ♣)✐♥❝✐♣❛❧ ❝♦♠♦ ♥❛ )❡❣✐H♦ ❞♦

❝♦♥+❛+♦ ❞❡ ❛)❝♦❀

• ❛ ✐♥✢✉>♥❝✐❛ ❞❛ ❝♦))❡♥+❡ ❞❡ +❡$+❡ D ♠❛✐$ $✐❣♥✐✜❝❛+✐✈❛ ♥♦ ❡♥$❛✐♦ ❞❛ )❡$✐$+>♥❝✐❛ ❞✐♥*♠✐❝❛❀

• ❛ ✐♥✢✉>♥❝✐❛ ❞❛ ❝♦))❡♥+❡ ❞❡ +❡$+❡ D ♣❡A✉❡♥❛✱ ❝♦♠ ❝♦))❡♥+❡$ ❞❡ +❡$+❡ $✉♣❡)✐♦)❡$ ❛ ✷✵✵ ❆✱ ♣❛)❛ ♦$

❞✐$❥✉♥+♦)❡$ ❛✈❛❧✐❛❞♦$✳

✺✳✺ ❊#$✉❞♦# ❞❡ ❝❛#♦#

❊$+❛ ❡+❛♣❛ ❝♦♠♣)❡❡♥❞❡ ❛ ❛♣❧✐❝❛KH♦ ❞♦ $✐$+❡♠❛ ❋✉③③② ❞❡$❡♥✈♦❧✈✐❞♦✳ ❆ ❛♣❧✐❝❛KH♦ ❞♦ $✐$+❡♠❛ ❋✉③③②

♥♦$ ❡$+✉❞♦$ ❞❡ ❝❛$♦ $❡❧❡❝✐♦♥❛❞♦$✱ ❝♦♠♣)❡❡♥❞❡ ❛❧D♠ ❞❛ ❞❡+❡)♠✐♥❛KH♦ ❞♦$ ❧✐♠✐+❡$ ♦✉ ❝❛)❛❝+❡)J$+✐❝❛$

❡$♣❡❝✐✜❝❛$ ❞❡ )❡$✐$+>♥❝✐❛ ❞❡ ❝♦♥+❛+♦✱ ❛+D ❝)✐+D)✐♦$ ❝♦♠♦ ♥❛+✉)❡③❛ ❢J$✐❝❛ ✭♣♦) ❡①❡♠♣❧♦✱ +❡♠♣♦ ❞❡

♦♣❡)❛KH♦ ♦✉ ❛$ ❝♦♥❞✐KS❡$ ❛♠❜✐❡♥+❛✐$ ✐♠♣♦$+❛$ ❛♦ ❡A✉✐♣❛♠❡♥+♦✮✱ ❝♦♥❞✐KS❡$ ♦♣❡)❛❝✐♦♥❛✐$ ❡ ❣)❛✉ ❞❡

✐♠♣♦)+*♥❝✐❛ ❞♦ ❡A✉✐♣❛♠❡♥+♦ ♥♦ $✐$+❡♠❛ ❡❧D+)✐❝♦✳

❖ ❡$+❛❜❡❧❡❝✐♠❡♥+♦ ❞❡ ❝)✐+D)✐♦$ $❡❣✉)♦$ ♣)♦♣♦)❝✐♦♥❛)< ✉♠❛ ♠❛✐♦) ❝♦♥✜❛❜✐❧✐❞❛❞❡ ♥♦$ )❡$✉❧+❛❞♦$

♦❜+✐❞♦$✱ ♣)♦♣♦)❝✐♦♥❛♥❞♦ ❞❡$$❡ ♠♦❞♦✱ ✉♠❛ ♠❛✐♦) $❡❣✉)❛♥K❛ ♥❛ +♦♠❛❞❛ ❞❡ ❞❡❝✐$H♦ $♦❜)❡ ❛ ♥❡❝❡$$✐❞❛❞❡

❞❡ ✐♥+❡)✈❡♥KH♦ ♦✉ ♥H♦ ♥♦ ❡A✉✐♣❛♠❡♥+♦✳

❖ $✐$+❡♠❛ ❋✉③③② ❢♦✐ ❛♣❧✐❝❛❞♦ ♥❛$ A✉❛+)♦ ❛♠♦$+)❛$ ❞❡ ❞✐$❥✉♥+♦)❡$ ❞✐$♣♦♥✐❜✐❧✐③❛❞❛$✱ +❡♥❞♦

❝♦♠♦ ♣❛)*♠❡+)♦$ ❞❡ ❝♦♥✜❣✉)❛KH♦ ♦$ )❡$✉❧+❛❞♦$ ♦❜+✐❞♦$ ♥♦$ ❡♥$❛✐♦$ ❞❡ )❡$✐$+>♥❝✐❛ ♣❛)❛ ♦$ ❝♦♥+❛+♦$

❞❡❣)❛❞❛❞♦$ ❡♠ $❡)✈✐K♦✳ ❖$ ♣❛)*♠❡+)♦$ ❞❛ ▼❘❉F ♦❜+✐❞♦$ ❡♠ ❝❛❞❛ ✉♠ ❞♦$ ❡♥$❛✐♦$✱ ❞❛$ ❛♠♦$+)❛$ ❉✶✱

❉✷✱ ❉✸ ❡ ❉✹ ❢♦)❛♠ ❛♣❧✐❝❛❞♦$ ♥♦ $✐$+❡♠❛ ❋✉③③②✱ ❞❡ ♠♦❞♦ ❛ A✉❛♥+✐✜❝❛) ♦ ♥J✈❡❧ ❞❡ ❞❡❣)❛❞❛KH♦ ❞♦$

❝♦♥+❛+♦$✱ ❡♠ ❢✉♥KH♦ ❞♦$ ♣❛)*♠❡+)♦$ ❝❛)❛❝+❡)J$+✐❝❛$ ❞❛ ▼❘❉F ❡ ❞❛$ ❝❛)❛❝+❡)J$+✐❝❛$ ❞♦ ❞✐$❥✉♥+♦)✳
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#❛%❛ ♣%♦❝❡**❛♠❡♥-♦ ❞♦* ❞❛❞♦* ❞❡ ❡♥-%❛❞❛✱ ♦* ♣❛%0♠❡-%♦* ❘❛ ❡ ❘♣ ❢♦%❛♠ ❡♥3✉❛❞%❛❞♦* ❡♠

♣❡❧♦ ♠❡♥♦* ✉♠❛ ❞❛* ❢✉♥67❡* ❞❡ ♣❡%-✐♥9♥❝✐❛ ✭❘❆✲❇ ♦✉ ❘❆✲▼❇ ♦✉ ❘❆✲▼ ♦✉ ❘❆✲▼❆ ♦✉ ❘❆✲❆✮ ♣❛%❛

♦ ♣❛%0♠❡-%♦ ❘❛ ❡ ✭❘#✲❇ ♦✉ ❘#✲▼❇ ♦✉ ❘#✲▼ ♦✉ ❘#✲▼❆ ♦✉ ❘#✲❆✮ ♣❛%❛ ♦ ♣❛%0♠❡-%♦ ❘♣✱ ❝♦♥❢♦%♠❡

♠❡-♦❞♦❧♦❣✐❛ ❛♣%❡*❡♥-❛❞❛ ♥❛ ❡❧❛❜♦%❛6B♦ ❞♦* *✐*-❡♠❛ ❋✉③③②✱ ✐-❡♠ ✹✳✻✳✶✳ ❊♠ ❢✉♥6B♦ ❞❛* %❡❣%❛* ♣%E✲

❡*-❛❜❡❧❡❝✐❞❛*✱ ❛♣%❡*❡♥-❛❞❛* ♥♦ ✐-❡♠ ✹✳✻✳✷✱ ♦ *✐*-❡♠❛ ❋✉③③② ❡*-✐♠❛ ♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞♦* ❝♦♥-❛-♦*✳

❊♠ ❢✉♥6B♦ ❞❛* %❡❣%❛* ❞❡ ♣%♦❝❡**❛♠❡♥-♦ ❞♦ *✐*-❡♠❛ ❋✉③③②✱ ♦ ❣%❛✉ ❞❡ ♣❡%-✐♥9♥❝✐❛ ❞❛* ✈❛%✐I✈❡✐*

❞❡ ❡♥-%❛❞❛ ❢♦%❛♠ ❛**♦❝✐❛❞♦* ❛ ✉♠ ❞♦* ❝♦♥❥✉♥-♦* ❋✉③③② ❞❡ *❛G❞❛ ✭◆❉✲❇ ♦✉ ◆❉✲▼❇ ♦✉ ◆❉✲▼ ♦✉

◆❉✲▼❆ ♦✉ ◆❉✲❆✮✳ #❛%❛ ❞❡-❡%♠✐♥❛6B♦ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞♦* ❝♦♥-❛-♦* ❢♦✐ ✉-✐❧✐③❛❞♦ ♦ ♠E-♦❞♦

▼E❞✐❛ #♦♥❞❡%❛❞❛ ❞♦* ▼I①✐♠♦*✳

❆ 3✉❛♥-✐✜❝❛6B♦ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞♦* ❝♦♥-❛-♦* E ✉♠ ❞♦* ♣❛%0♠❡-%♦ ❞❡ ❛✈❛❧✐❛6B♦ 3✉❡

♣♦❞❡ ❞❡✜♥✐% *♦❜%❡ ❛ ♥❡❝❡**✐❞❛❞❡ ♦✉ ♥B♦ ❞❡ ✐♥-❡%✈❡♥6B♦ ♥♦ ❡3✉✐♣❛♠❡♥-♦ ♣❛%❛ %♦-✐♥❛* ❞❡ ♠❛♥✉-❡♥6B♦✳

◆❛ ❋✐❣✉%❛ ✺✳✷✸ E ❛♣%❡*❡♥-❛❞❛ ❛ ✐❧✉*-%❛6B♦ ❣%I✜❝❛ ❞♦* ♣%✐♥❝G♣✐♦* ❞♦ ❛❧❣♦%✐-♠♦ ❞♦ *✐*-❡♠❛

❋✉③③② ❞❡*❡♥✈♦❧✈✐❞♦✱ ❝♦♠♦ ❡①❡♠♣❧♦ -G♣✐❝♦✱ ♣❛%❛ ❡*-✐♠❛-✐✈❛ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞❛ ❛♠♦*-%❛ ❉✶✲

❈▼❚✶✱ *❡♥❞♦ ♦* ✈❛❧♦%❡* ❞❡ ❘♣ ❡ ❘❛ ✐❣✉❛✐* ❛ ✷✻✻ µΩ ❡ ✻✸✷ µΩ✱ %❡*♣❡❝-✐✈❛♠❡♥-❡✳

◆❛ *♦❧✉6B♦ ❛♣%❡*❡♥-❛❞❛ ❢♦✐ ✉-✐❧✐③❛❞❛ ❛ ✐♥❢❡%9♥❝✐❛ ♠I①✲♠✐♥✱ *❡♥❞♦ ♦ %❡*✉❧-❛❞♦ ❞❛ *❛G❞❛ ❞❡

❝❛❞❛ ✉♠❛ ❞❛* %❡❣%❛* ♦❜-✐❞♦ ♣♦% ♠❡✐♦ ❞❡ ✉♠ ♣%♦❞✉-♦ ❧U❣✐❝♦ ♠G♥✐♠♦✱ ❡♥-%❡ ♦* ✈❛❧♦%❡* ❞❡ ♣❡%-✐♥9♥❝✐❛

❞❛* ✈❛%✐I✈❡✐* ❘♣ ❡ ❘❛✳ ❆♥❛❧✐*❛♥❞♦✲*❡ ❛ %❡❣%❛ ✾✱ -❡♠✲*❡ µRp ❂ ✵✱✸✻ ♣❛%❛ ❛ ❢✉♥6B♦ ❞❡ ♣❡%-✐♥9♥❝✐❛

%❡*✐*-9♥❝✐❛ ♠E❞✐❛ ✭❘#✲▼✮ ❡ µRa ❂ ✵✱✽✽✽✱ ♣❛%❛ ❛ ❢✉♥6B♦ ❞❡ ♣❡%-✐♥9♥❝✐❛ %❡*✐*-9♥❝✐❛ ♠E❞✐❛ ✭❘❆✲▼✮✳

❆♣❧✐❝❛♥❞♦✲*❡ ♦ ♣%♦❞✉-♦ ❧U❣✐❝♦ ♠G♥✐♠♦ -❡♠✲*❡ 3✉❡ ❛ *❛G❞❛ ◆G✈❡❧ ❞❡ ❉❡❣%❛❞❛6B♦ -❡%I ♣❛%❛ ❡*-❛ %❡❣%❛

✉♠❛ ♣❡%-✐♥9♥❝✐❛ ❞❡ ✵✱✸✻✳ ◆❛ ❋✐❣✉%❛ ✺✳✷✹ E ❛♣%❡*❡♥-❛❞♦ ❛ ✐❧✉*-%❛6B♦ ❣%I✜❝❛ ❞♦ %❡*✉❧-❛❞♦ ✜♥❛❧ ❞❛

❛♥I❧✐*❡ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞❛ ❛♠♦*-%❛ ❉✶✲❈▼❚✶✳ ◆❛ ❊3✉❛6B♦ ✺✳✶✹ E ❛♣%❡*❡♥-❛❞♦ ♦ ❝I❧❝✉❧♦ ♣❛%❛

❞❡-❡%♠✐♥❛6B♦ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞❛ ❛♠♦*-%❛ ❉✶✲❈▼❚✶✱ ❝♦%%❡*♣♦♥❞❡♥-❡ ❛ ❋✐❣✉%❛ ✺✳✷✹✳

ND =

N
∑

i=1

ui
N
∑

k=1

µOUT

(

ui
)

N
∑

i=1

N
∑

k=1

µOUT

=
50× 0, 36 + 75× 0, 112 + 75× 0, 64

0, 36 + 0, 112 + 0, 64
= 66, 91% ✭✺✳✶✹✮

❆ ❞❡✜♥✐6B♦ ❞♦ ♣❡*♦ ❛-%✐❜✉G❞♦ Z* %❡*✐*-9♥❝✐❛* ❞♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧ ❡ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✱ ♥❛

❛♥I❧✐*❡ ❞♦ ♥G✈❡❧ ❞❡ ❞❡❣%❛❞❛6B♦ ❞♦* ❝♦♥-❛-♦*✱ ❞❡♣❡♥❞❡ ❞❛* ❝❛%❛❝-❡%G*-✐❝❛* ❞♦ ❞✐*❥✉♥-♦% ❡ ❞❛ ✐♥*-❛❧❛6B♦

❛ 3✉❛❧ ♦ ❞✐*❥✉♥-♦% ❡*-I ❛**♦❝✐❛❞♦✱ ♦✉ *❡❥❛✱ ❡♠ ✉♥✐❞❛❞❡* ❝♦♠ ❛❧-♦ ♥G✈❡❧ ❡✴♦✉ ❛❧-❛ ♣%♦❜❛❜✐❧✐❞❛❞❡ ❞❡
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❋✐❣✉$❛ ✺✳✷✸ ✕ !"✐♥❝&♣✐♦) ❞♦ ❛❧❣♦"&.♠♦ ❞♦ )✐).❡♠❛ ❋✉③③② ❞❡)❡♥✈♦❧✈✐❞♦✳

❋♦♥.❡✿ !"5♣"✐♦ ❛✉.♦"✳

❝✉%&♦✲❝✐%❝✉✐&♦✱ ❡♠ -✉❡ .❡ %❡❣✐.&%❛ ✉♠❛ ♠❛✐♦% ✐♥❝✐❞3♥❝✐❛ ❞❡ ❢❛❧❤❛. ♥❛ ❝7♠❛%❛ ❞❡ ❡①&✐♥9:♦ ❞❡✈✐❞♦ ❛♦

❞❡.❣❛.&❡ ♠❛✐. ✐♥❝✐.✐✈♦. ♥❛ %❡❣✐:♦ ❞♦ ❝♦♥&❛&♦ ❞❡ ❛%❝♦✱ ❞❡✈❡✲.❡ ❛&%✐❜✉✐% ✉♠ ♠❛✐♦% ✧♣❡.♦✧❛♦ ❝♦♥&❛&♦ ❞❡

❛%❝♦✳ ❉❡ ♠♦❞♦ ❝♦♥&%A%✐♦✱ ❡♠ ✉♥✐❞❛❞❡. ❝♦♠ ❜❛✐①♦ ♥B✈❡❧ ❡✴♦✉ ❜❛✐①❛ ♣%♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❝✉%&♦✲❝✐%❝✉✐&♦✱

❡♠ -✉❡ ❛ ❞❡❣%❛❞❛9:♦ ❞♦. ❝♦♥&❛&♦. .❡ ❞A ♣%✐♥❝✐♣❛❧♠❡♥&❡ ❞❡✈✐❞♦ D ❝♦%%❡♥&❡ ❞❡ ❝❛%❣❛✱ ❛♣%❡.❡♥&❛♥❞♦

❞❡..❡ ♠♦❞♦✱ ✉♠❛ ♠❛✐♦% ✐♥❝✐❞3♥❝✐❛ ❞❡ ❢❛❧❤❛. ♥❛ ❝7♠❛%❛ ❞❡ ❡①&✐♥9:♦ ❞❡✈✐❞♦ ❛♦ ❞❡.❣❛.&❡ ♠❛✐. ✐♥❝✐.✐✈♦.
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❋✐❣✉$❛ ✺✳✷✹ ✕ ◆"✈❡❧ ❞❡ ❞❡❣(❛❞❛*+♦ ❞❛ ❛♠♦./(❛ ❉✶✲❈▼❚✶ ♣❡❧♦ ♠7/♦❞♦ ❞❡ ❞❡❢✉③③✐✜❝❛)*♦

▼7❞✐❛ 9♦♥❞❡(❛❞❛ ❞♦. ▼;①✐♠♦.✳

❋♦♥/❡✿ 9(@♣(✐♦ ❛✉/♦(✳

♥❛ %❡❣✐)♦ ❞♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧✱ ❞❡✈❡✲3❡ ❛-%✐❜✉✐% ✉♠ ♠❛✐♦% ✧♣❡3♦✧❛♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧✳

◆♦ 3✐3-❡♠❛ ♣%♦♣♦3-♦✱ ♦ ♣❡3♦ ❛-%✐❜✉:❞♦ ❛ ❘♣ ✐♥❝✐❞❡ 3♦❜%❡ ❛3 %❡❣%❛3 ❡♠ <✉❡ ❘♣ = ♣%♦♣♦%❝✐♦✲

♥❛❧♠❡♥-❡ ♠❛✐♦% <✉❡ ❘❛✱ ❞❡3❞❡ <✉❡ ❘♣ ♥)♦ ♣❡%-❡♥>❛ ❛♦ ❝♦♥❥✉♥-♦ ❘@✲❆✳ ❆33✐♠✱ ♦ ♣❡3♦ ✐♥❝✐❞❡ 3♦❜%❡

❛3 %❡❣%❛3 ✹✱ ✼✱ ✽ ❡ ✶✶✳ ❉❡ ♠♦❞♦ 3✐♠✐❧❛%✱ ♦ ♣❡3♦ ❛-%✐❜✉:❞♦ ❛ ❘❛ ✐♥❝✐❞❡ 3♦❜%❡ ❛3 %❡❣%❛3 ❡♠ <✉❡ ❘❛

= ♣%♦♣♦%❝✐♦♥❛❧♠❡♥-❡ ♠❛✐♦% <✉❡ ❘♣✱ ❞❡3❞❡ <✉❡ ❘❛ ♥)♦ ♣❡%-❡♥>❛ ❛♦ ❝♦♥❥✉♥-♦ ❘❆✲❆✳ ❆33✐♠✱ ♦ ♣❡3♦

✐♥❝✐❞❡ 3♦❜%❡ ❛3 %❡❣%❛3 ✷✱ ✸✱ ✻ ❡ ✶✵✳ ❆♦ ❛-%✐❜✉✐% ♦ ♣❡3♦ ❛ ✉♠❛ ❞❛3 ✈❛%✐H✈❡✐3 ❞❡ ❡♥-%❛❞❛ ❘♣ ❡✴♦✉ ❘❛✱ ♦

%❡3✉❧-❛❞♦ ❞❛3 %❡❣%❛3 <✉❡ 3♦❢%❡%❛♠ ❛ ✐♥❝✐❞K♥❝✐❛ ❞♦ ♣❡3♦ 3❡%)♦ ♠✉❧-✐♣❧✐❝❛❞❛3 ♣❡❧♦ %❡3♣❡❝-✐✈♦ ♣❡3♦✳

◆❛ ❋✐❣✉%❛ ✺✳✷✺ = ❛♣%❡3❡♥-❛❞❛ ✉♠❛ ✐❧✉3-%❛>)♦ ❞❛ -❡❧❛ ❞❡ ✐♥-❡%❢❛❝❡ ❞♦ 3✐3-❡♠❛ ❋✉③③② ♣%♦❥❡-❛❞♦

♣❛%❛ ♦ ❝H❧❝✉❧♦ ❞❛ ❡3-✐♠❛-✐✈❛ ❞♦ ♥:✈❡❧ ❞❡ ❞❡❣%❛❞❛>)♦ ❞❛3 ❛♠♦3-%❛3 ❞❡ ❝♦♥-❛-♦✳ ❖3 ❝❛♠♣♦3 ♣❛33:✈❡✐3

❞❡ ❡❞✐>)♦ ❞❛ ✐♥-❡%❢❛❝❡ 3)♦✿

• ❉❆❉❖❙ ❉❊ ❊◆❚❘❆❉❆ ✲ %❡❢❡%❡✲3❡ ❛♦3 ❞❛❞♦3 ♦❜-✐❞♦3 ♥❛ ♠❡❞✐>)♦ ❞❡ %❡3✐3-K♥❝✐❛ ❞❡ ❝♦♥-❛-♦✳

❙❡♥❞♦ ❘♣ ✲ ❛ %❡3✐3-K♥❝✐❛ ❞♦ ❝♦♥-❛-♦ ♣%✐♥❝✐♣❛❧ ❡ ❘❛ ✲ ❛ %❡3✐3-K♥❝✐❛ ♠=❞✐❛ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛%❝♦✳

• ▲■▼■❚❊❙ ❉❆ ❘❊❙■❙❚✃◆❈■❆ ❉❊ ❈❖◆❚❆❚❖ ✲ %❡❢❡%❡✲3❡ ❛♦3 ❧✐♠✐-❡3 ♠:♥✐♠♦ ❡ ♠H①✐♠♦ ❞❡ ❘♣ ❡

❘❛ ♣❛%❛ ♦ ♠♦❞❡❧♦ ❞❡ ❛♠♦3-%❛ ❛♥❛❧✐3❛❞❛✳

• ❋❆❚❖❘ ❉❊ ■▼@❖❘❚➶◆❈■❆ ✲ %❡❢❡%❡✲3❡ ❛♦ ❣%❛✉ ❞❡ ✐♠♣♦%-Z♥❝✐❛ ✭♣❡3♦✮ ♣❛%❛ ❝❛❞❛ %❡❣✐)♦ ❞♦

❝♦♥-❛-♦✱ ❝♦♠ ✈❛❧♦%❡3 ❡♥-%❡ ✵ ❡ ✶✳

• ◆❮❱❊▲ ❉❊ ❉❊●❘❆❉❆➬➹❖ ✲ %❡❢❡%❡✲3❡ ❛♦ ♥:✈❡❧ ❞❡ ❞❡❣%❛❞❛>)♦ ❡3-✐♠❛❞♦ ♣❡❧♦ 3✐3-❡♠❛ ❋✉③③② ❡♠

❢✉♥>)♦ ❞♦3 ♣❛%Z♠❡-%♦3 ❛♣%❡3❡♥-❛❞♦3 ♥♦3 ✐-❡♥3 ❛♥-❡%✐♦%❡3✳

◆❛ ❚❛❜❡❧❛ ✺✳✾ 3)♦ ❛♣%❡3❡♥-❛❞♦3 ♦3 ♥:✈❡✐3 ❞❡ ❞❡❣%❛❞❛>)♦ ❞❛3 ❛♠♦3-%❛3 ❞♦3 ❞✐3❥✉♥-♦%❡3 ❉✶✱
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❋✐❣✉$❛ ✺✳✷✺ ✕ ■♥#❡%❢❛❝❡ ❞♦ +✐+#❡♠❛ ♣❛%❛ ❡+#✐♠❛#✐✈❛ ♥♦ ♥0✈❡❧ ❞❡ ❞❡❣%❛❞❛34♦ ❞❛+ ❛♠♦+#%❛+

❞❡ ❝♦♥#❛#♦+✳

❋♦♥#❡✿ 8%9♣%✐♦ ❛✉#♦%✳

❉✷✱ ❉✸ ❡ ❉✹✱ ❞❡❣*❛❞❛❞♦- ❡♠ -❡*✈✐1♦✱ ❡♠ ❢✉♥15♦ ❞♦- ♣❛*7♠❡8*♦- ❘♣ ❡ ❘❛✳ ;❛*❛ ✜♥- ❞❡ ❛♥=❧✐-❡ ❞♦

-✐-8❡♠❛ ❋✉③③② ♣*♦♣♦-8♦✱ ❡♠ 8♦❞♦- ♦- ❝❛-♦- ❛♥❛❧✐-❛❞♦- ❢♦✐ ❛8*✐❜✉A❞♦ ♦ ♠❡-♠♦ ❣*❛✉ ❞❡ ✐♠♣♦*87♥❝✐❛

✭♣❡-♦✮ ♣❛*❛ ♦ ❝♦♥8❛8♦ ♣*✐♥❝✐♣❛❧ ❡ ♣❛*❛ ♦ ❝♦♥8❛8♦ ❞❡ ❛*❝♦✱ ♦✉ -❡❥❛✱ ♥❛ ❛✈❛❧✐❛15♦ ❞♦ ♥A✈❡❧ ❞❡ ❞❡❣*❛❞❛15♦

❞❛ ❛♠♦-8*❛✱ ❛ *❡-✐-8E♥❝✐❛ ❞♦ ❝♦♥8❛8♦ ♣*✐♥❝✐♣❛❧ ❡ ❛ *❡-✐-8E♥❝✐❛ ❞♦ ❝♦♥8❛8♦ ❞❡ ❛*❝♦ -5♦ ✐❣✉❛❧♠❡♥8❡

✐♠♣♦*8❛♥8❡- ♣❛*❛ ❛ ❛♠♦-8*❛✱ 8❡♥❞♦ ❡♠ ✈✐-8❛ F✉❡ ❝❛❞❛ *❡❣✐5♦ ❞♦ ❝♦♥8❛8♦ ❞❡-❡♠♣❡♥❤❛ ✉♠❛ ❢✉♥15♦

❡-♣❡❝A✜❝❛✱ ❝♦♠ -✉❛ ❞❡✈✐❞❛ ✐♠♣♦*87♥❝✐❛✱ ❡ ♦ ♠❛✉ ❞❡-❡♠♣❡♥❤♦ ❞❡ -✉❛ *❡-♣❡❝8✐✈❛ ❢✉♥15♦ ♣♦❞❡ ♣*♦✈♦❝❛*

❢❛❧❤❛ ♥♦ ❞✐-❥✉♥8♦*✳

✺✳✻ ▼❡%♦❞♦❧♦❣✐❛ ♣❛-❛ ❛♣❧✐❝❛/0♦ ❞❛ %1❝♥✐❝❛ ❞❛ ▼❘❉

❊♠ ✈✐*8✉❞❡ ❞♦- *❡-✉❧8❛❞♦- ❛♣*❡-❡♥8❛❞♦- ♥❡-8❛ ♣❡-F✉✐-❛✱ I ♣♦--A✈❡❧ ❡-8❛❜❡❧❡❝❡* ✉♠❛ ♠❡8♦❞♦❧♦❣✐❛ ♣❛*❛

❛♣❧✐❝❛15♦ ❞❛ ▼❘❉ ❝♦♠♦ ❢❡**❛♠❡♥8❛ ❞❡ ❛♣♦✐♦ K 8♦♠❛❞❛ ❞❡ ❞❡❝✐-5♦✳ ;❛*❛ ♥♦*8❡❛* ❛- ❡F✉✐♣❡- ❞❡

♠❛♥✉8❡♥15♦ F✉❛♥8♦ ❛ ❛♣❧✐❝❛15♦ ❞❛ 8I❝♥✐❝❛✱ -✉❣❡*❡✲-❡ F✉❡ -❡❥❛♠ ❛❞♦8❛❞♦- ♦- -❡❣✉✐♥8❡- ♣❛--♦-✿

✶✳ ❞❡-❝♦♥❡❝8❛* ♦ ❞✐-❥✉♥8♦* ❞❛ *❡❞❡ ❡❧I8*✐❝❛✱ ♣*♦♠♦✈❡♥❞♦ ♦ ❛8❡**❛♠❡♥8♦ ❞♦ ❡F✉✐♣❛♠❡♥8♦✱ ♣❛*❛

♣*♦♣♦*❝✐♦♥❛* ✉♠❛ ♠❛✐♦* -❡❣✉*❛♥1❛ ♥❛ *❡❛❧✐③❛15♦ ❞♦ ❡♥-❛✐♦❀

✷✳ *❡❛❧✐③❛* ♣❡❧♦ ♠❡♥♦- ✺ ♦♣❡*❛1Q❡- ❞❡ ❛❜❡*8✉*❛ ❞♦- ❝♦♥8❛8♦- ❞♦ ❞✐-❥✉♥8♦*✱ ❞❡ ♠♦❞♦ ❛ ❛✉①✐❧✐❛* ♥❛

*❡♠♦15♦ ❞❡ ♣♦--A✈❡✐- -✉❜♣*♦❞✉8♦- ❞❡♣♦-✐8❛❞♦- ♥❛ -✉♣❡*❢A❝✐❡ ❞♦- ❝♦♥8❛8♦-✱ ♦- F✉❛✐- ❝♦♥8*✐❜✉❡♠
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❚❛❜❡❧❛ ✺✳✾ ✕ ◆"✈❡❧ ❞❡ ❞❡❣(❛❞❛*+♦ ❞❛- ❛♠♦-/(❛- ❞♦- ❞✐-❥✉♥/♦(❡- ❉✶✱ ❉✷✱ ❉✸ ❡ ❉✹✱

❞❡❣(❛❞❛❞♦- ❡♠ -❡(✈✐*♦✱ ❡♠ ❢✉♥*+♦ ❞♦- ♣❛(<♠❡/(♦- ❘♣ ❡ ❘❛✳

❆♠♦-/(❛ ❘♣✭µΩ✮ ❘❛✭µΩ✮ ◆"✈❡❧ ❞❡ ❞❡❣(❛❞❛*+♦✭%✮

❉✶✲❈▼❚✶ ✷✻✻ ✻✸✷ ✻✼

❉✶✲❈▼❚✷ ✷✽✵ ✻✻✻ ✼✽

❉✶✲❈▼❚✸ ✷✸✾ ✽✻✼ ✶✵✵

❉✷✲❈▼❚✶ ✶✻✸ ✼✸✽ ✾✺

❉✷✲❈▼❚✷ ✶✾✸ ✻✹✸ ✺✻

❉✷✲❈▼❚✸ ✷✵✹ ✽✹✻ ✶✵✵

❉✸✲❈❆❚✶ ✼✷ ✾✵ ✽✵

❉✸✲❈❆❚✷ ✾✼ ✶✵✷ ✶✵✵

❉✸✲❈❆❚✸ ✺✷ ✶✶✻ ✾✸

❉✹✲❈❆❚✶ ✻✵ ✾✸ ✺✺

❉✹✲❈❆❚✷ ✼✽ ✶✵✸ ✾✷

❉✹✲❈❆❚✸ ✺✸ ✽✽ ✹✼

❋♦♥/❡✿ N(O♣(✐♦ ❛✉/♦(✳

♣❛%❛ ♦ ❛✉♠❡♥+♦ ❞❛ %❡-✐-+/♥❝✐❛ ❞❡ ❝♦♥+❛+♦❀
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❝♦♥*❛*♦ ❡♠ ❞✐$❥✉♥*♦4❡$ ❞❡ ♠0❞✐❛ ❡ ❛❧*❛ *❡♥$7♦✱ ✐♥❞❡♣❡♥❞❡♥*❡ ❞❛ *❡❝♥♦❧♦❣✐❛ ❞♦ ♠❡✐♦ ❡①*✐♥*♦4✱

✶✺✷



❈❛♣#$✉❧♦ ✻ ✕ ❈♦♥❝❧✉,-❡, ✶✺✸

❝♦♠ ❛❜❡)*✉)❛ ❞♦- ❝♦♥*❛*♦- ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❡ ✈❡❧♦❝✐❞❛❞❡ )❡❞✉③✐❞❛✳ ❖ -✐-*❡♠❛ ❛♣)❡-❡♥*♦✉

❡①❝❡❧❡♥*❡- )❡-✉❧*❛❞♦- ♥♦- ❡♥-❛✐♦- ❡♠ ❧❛❜♦)❛*7)✐♦ ❡ ❡♠ -✉❜❡-*❛89♦✱ ♣♦❞❡♥❞♦ *❛♠❜;♠ -❡) ❛♣❧✐❝❛❞♦

❡♠ ❡♥-❛✐♦- ❞❡ )❡-✐-*<♥❝✐❛ ❞❡ ❝♦♥*❛*♦ ♣❛)❛ ♦✉*)♦- ❡=✉✐♣❛♠❡♥*♦- ❞♦ -✐-*❡♠❛ ❡❧;*)✐❝♦ =✉❡ ❛❞♦*❡♠

❛ *;❝♥✐❝❛ ❞❡ -❡❝❝✐♦♥❛♠❡♥*♦ ♦✉ ❝♦♠✉*❛89♦ ❞❡ ❝❛)❣❛ ♣♦) ♠❡✐♦ ❞❡ ❝♦♥*❛*♦- ✜①♦- ♦✉ ♠7✈❡✐-✱ ❝♦♠♦

♣♦) ❡①❡♠♣❧♦✱ ❝❤❛✈❡- -❡❝❝✐♦♥❛❞♦)❛-✱ )❡❧✐❣❛❞♦)❡-✱ )❡❣✉❧❛❞♦)❡- ❞❡ *❡♥-9♦✱ ❞❡♥*)❡ ♦✉*)♦-❀

• ❘❡❛❧✐③❛❞♦- ❡♥-❛✐♦- ❞❡ ❧❡✈❛♥*❛♠❡♥*♦ ❞❛- ❝✉)✈❛- ❞❛ ▼❘❉ ❞❡ ❞✐-❥✉♥*♦)❡- ❞❡ ♠;❞✐❛ ❡ ❛❧*❛ *❡♥-9♦✱

❡♠ ❧❛❜♦)❛*7)✐♦ ❡ ❡♠ -✉❜❡-*❛89♦ ❞❡ ❡♥❡)❣✐❛ ❡❧;*)✐❝❛✱ ✉*✐❧✐③❛♥❞♦ ♦ -✐-*❡♠❛ ❞❡-❡♥✈♦❧✈✐❞♦❀

• ❈♦♠♣)♦✈❛❞❛ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❡ -❡ )❡❛❧✐③❛) ♦ ♠♦♥✐*♦)❛♠❡♥*♦ ❞❡ ❝♦♥*❛*♦- ❞❡ ❞✐-❥✉♥*♦)❡- ❡♠ ❢✉♥89♦

❞❛ ♠❡❞✐89♦ ❞❛ )❡-✐-*<♥❝✐❛ ❞✐♥H♠✐❝❛ ❞❡ ❝♦♥*❛*♦❀

• ❆♣)❡-❡♥*❛❞❛ ✉♠❛ ♥♦✈❛ ♣❡)-♣❡❝*✐✈❛✱ ♠❛✐- ❝)✐*❡)✐♦-❛✱ ♥❛ ❛♥J❧✐-❡ ❞♦- ♣❛)H♠❡*)♦- ❞❛ ▼❘❉ ♥❛

❛✈❛❧✐❛89♦ ❞❛ ❞❡❣)❛❞❛89♦ ❞♦- ❝♦♥*❛*♦-✱ ❝♦♥-✐❞❡)❛♥❞♦ *❛♥*♦ ❛ ✐♥✢✉<♥❝✐❛ ❞♦- ❝♦♥*❛*♦- ❞❡ ❛)❝♦✱

❝♦♠♦ *❛♠❜;♠ ❞♦- ❝♦♥*❛*♦- ♣)✐♥❝✐♣❛✐-❀

• ❆✈❛❧✐❛❞❛ ❛ ✐♥✢✉<♥❝✐❛ ♥♦ ♥L✈❡❧ ❞❛ ❝♦))❡♥*❡ ❞❡ *❡-*❡ ♥♦- ♣❛)H♠❡*)♦- ❞❛ ▼❘❉ ❡ ❝♦♥❝❧✉✐✲-❡ ♦ =✉❡✱

♣❛)❛ ♦- ♠♦❞❡❧♦- ❞❡ ❞✐-❥✉♥*♦)❡- ❛✈❛❧✐❛❞♦-✱ ♦- ❡♥-❛✐♦- ❞❛ ▼❘❉ ♥9♦ ❛♣)❡-❡♥*❛♠ ❜♦♥- )❡-✉❧*❛❞♦-

♣❛)❛ ❝♦))❡♥*❡- ❞❡ *❡-*❡- ✐♥❢❡)✐♦)❡- ❛ ✷✵✵ ❆❀

• ❘❡❛❧✐③❛❞♦- ❡♥-❛✐♦- ❞❡ ❞❡❣)❛❞❛89♦ ❛❝❡❧❡)❛❞❛ ❡♠ ❝♦♥*❛*♦- ♥♦✈♦- ❡ ❞❡❣)❛❞❛❞♦-✱ ❝♦♠ ♦ ♦❜❥❡*✐✈♦

❞❡ ❛♠♣❧✐❛89♦ ❞♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦-❀

• ❉❡-❡♥✈♦❧✈✐❞♦ ❡♠ ❛♠❜✐❡♥*❡ ▼❛*❧❛❜

❘©✱ ✉♠ -✐-*❡♠❛ ❡-♣❡❝✐❛❧✐-*❛ ❞❡ ❛♣♦✐♦ P *♦♠❛❞❛ ❞❡ ❞❡❝✐-9♦✱

❢✉♥❞❛♠❡♥*♦ ❡♠ ❧7❣✐❝❛ ❋✉③③②✱ ♣❛)❛ ❛♣❧✐❝❛89♦ ❡♠ ❡-*✉❞♦- ❞❡ ❝❛-♦✱ ❞❡ ♠♦❞♦ ❛ =✉❛♥*✐✜❝❛) ♦

♥L✈❡❧ ❞❡ ❞❡❣)❛❞❛89♦ ❞♦- ❝♦♥*❛*♦-✱ ❡♠ ❢✉♥89♦ ❞♦- ♣❛)H♠❡*)♦- ❝❛)❛❝*❡)L-*✐❝♦- ❞❛ ▼❘❉ ❡ ❞❛-

❝❛)❛❝*❡)L-*✐❝❛- ❞♦ ❞✐-❥✉♥*♦)✳

◗✉❛♥❞♦ -❡ ❛♥❛❧✐-❛ ♦- )❡-✉❧*❛❞♦- ❞❛ ❛♣❧✐❝❛89♦ ❞❛ ♠❡*♦❞♦❧♦❣✐❛ ❞❡-❡♥✈♦❧✈✐❞❛ ♥❛ ▼❡❞✐89♦ ❞❡

❘❡-✐-*<♥❝✐❛ ❉✐♥H♠✐❝❛ ❝♦♥❝❧✉✐✲-❡✿

• ❖ ♥L✈❡❧ ❞❡ ❞❡-❣❛-*❡ ♥♦- ❝♦♥*❛*♦- *❡♠ -✐❞♦ ✐❞❡♥*✐✜❝❛❞♦ ♥♦- ❡♥-❛✐♦- ❞❡ )❡-✐-*<♥❝✐❛ ❞✐♥H♠✐❝❛✳ ❖-

❝♦♥*❛*♦- ✐❞❡♥*✐✜❝❛❞♦- ✈✐-✉❛❧♠❡♥*❡ ❝♦♠ ✉♠ ♠❛✐♦) ♥L✈❡❧ ❞❡ ❞❡❣)❛❞❛89♦ ❞♦ ❝♦♥*❛*♦ ❛♣)❡-❡♥*❛)❛♠

♠❛✐♦) )❡-✐-*<♥❝✐❛ ❞❡ ❝♦♥*❛*♦❀



❈❛♣#$✉❧♦ ✻ ✕ ❈♦♥❝❧✉,-❡, ✶✺✹

• ❖ ♥%✈❡❧ ❞❡ ❞❡*❣❛*-❡ ♥♦* ❝♦♥-❛-♦* ❞❡ ❛0❝♦ ♥1♦ -❡♠ *✐❞♦ ✐❞❡♥-✐✜❝❛❞♦ ♥♦ ❡♥*❛✐♦ ❞❡ 0❡*✐*-5♥❝✐❛

❡*-6-✐❝❛❀

• ❆ -9❝♥✐❝❛ ❞❛ ♠❡❞✐:1♦ ❞❛ 0❡*✐*-5♥❝✐❛ ❡*-6-✐❝❛ ❛✈❛❧✐❛ ❛♣❡♥❛* ♦ ❝♦♥-❛-♦ ♣0✐♥❝✐♣❛❧✱ *❡♥❞♦ ✐♥❡✜❝❛③

♣❛0❛ ❛✈❛❧✐❛:1♦ ❞♦ ❝♦♥-❛-♦ ❞❡ ❛0❝♦ ♥♦* ♠♦❞❡❧♦* ❞❡ ❞✐*❥✉♥-♦0 ❛♥❛❧✐*❛❞♦*✳ A❡❧♦ ❡①♣♦*-♦ ❛ ▼❘❊

♥1♦ ❞❡✈❡ *❡0 ❛♣❧✐❝❛❞❛ ✐*♦❧❛❞❛♠❡♥-❡ ♥♦ ❞✐❛❣♥F*-✐❝♦ ❞❡ ❞✐*❥✉♥-♦0❡*❀

• ❆* ❝✉0✈❛* ❞❛ ▼❘❉ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ♥♦♠✐♥❛❧ ❝♦♠ ❝♦00❡♥-❡ ❛♣❧✐❝❛❞❛ ❞❡ ✺✵ ❆ ❛ ✶✺✵ ❆✱ ♥1♦ ❛♣0❡*❡♥✲

-❛0❛♠ ❞✐*-✐♥-❛♠❡♥-❡✱ ♦* ♣♦♥-♦* ❞❡ *❡♣❛0❛:1♦ ❞♦* ❝♦♥-❛-♦* ❞❡ ❛0❝♦✱ ❛♣0❡*❡♥-❛♥❞♦ ❜❛*✐❝❛♠❡♥-❡

❛* ♠❡*♠❛* ✐♥❢♦0♠❛:L❡* ❞♦ ❡♥*❛✐♦ ❞❡ 0❡*✐*-5♥❝✐❛ ❡*-6-✐❝❛✳ ❆ ♣0♦✈6✈❡❧ 0❛③1♦ 9 ❛ ♣0❡*❡♥:❛ ❞❡

❝♦♠♣♦*-♦* M✉%♠✐❝♦* ❞❡♣♦*✐-❛❞♦* ♥❛ *✉♣❡0❢%❝✐❡ ❞♦* ❝♦♥-❛-♦*✱ M✉❡ ❣❡0❛♠ ✉♠❛ ♣❡❧%❝✉❧❛ ✐*♦❧❛♥-❡

❡ ✐♥✢✉❡♥❝✐❛♠ ❞✐0❡-❛♠❡♥-❡ ♥♦ ✈❛❧♦0 ❞❛ 0❡*✐*-5♥❝✐❛ ❞❡ ❝♦♥-❛-♦❀

• ❆ 0❡♣0♦❞✉-✐❜✐❧✐❞❛❞❡ ♥❛* ❝✉0✈❛* ❞❛ ▼❘❉ ♣❛0❛ ❛ ♠❡*♠❛ *❡:1♦ ❞❡ ❡♥*❛✐♦*✱ -5♠ ❛♣0❡*❡♥-❛❞♦

♠❡❧❤♦0❡* 0❡*✉❧-❛❞♦* M✉❛♥❞♦ ♦❜-✐❞❛* ❝♦♠ ❝♦00❡♥-❡* ❞❡ -❡*-❡ *✉♣❡0✐♦0❡* ❛ ✷✵✵ ❆❀

• ❖* ❡♥*❛✐♦* ❝♦♠♣0♦✈❛0❛♠ M✉❡ ❛ ♠❡❞✐:1♦ ❞❡ 0❡*✐*-5♥❝✐❛ ❞✐♥Q♠✐❝❛ ♣♦❞❡ *❡0 ❢❡✐-❛ ♥❛ ✈❡❧♦❝✐❞❛❞❡

♥♦♠✐♥❛❧ ❞❡ ❛❜❡0-✉0❛ ❞♦* ❝♦♥-❛-♦*✱ ❝♦♠ ❛♣❧✐❝❛:1♦ ❞❡ ❝♦00❡♥-❡ ❝♦♥-%♥✉❛ ❞❡ -❡*-❡ *✉♣❡0✐♦0 ❛ ✷✵✵

❆✱ ♣❛0❛ ♦* ❞✐*❥✉♥-♦0❡* A❱❖ ❞❡ ✶✺ ❦❱ ❡ ✼✷✱✺ ❦❱✱ ❜❡♠ ❝♦♠♦ ♣❛0❛ ♦ ❞✐*❥✉♥-♦0 ❙❋6 ❞❡ ✼✷✱✺ ❦❱✱

✉-✐❧✐③❛❞♦* ♥❛ ♣❡*M✉✐*❛❀

• ❖* ❡♥*❛✐♦* ❝♦♠♣0♦✈❛0❛♠ M✉❡✱ ❛❧9♠ ❞♦* ♣❛0Q♠❡-0♦* ❞❡ 0❡*✐*-5♥❝✐❛ ❞❡ ❝♦♥-❛-♦✱ ❛ ❝♦♥✜❣✉0❛:1♦

❞❛ ❝✉0✈❛ ❞❡ 0❡*✐*-5♥❝✐❛ ♣♦❞❡ ✐♥❞✐❝❛0 ♣♦**%✈❡✐* ♣0♦❜❧❡♠❛* ♥♦* ❝♦♥-❛-♦*✱ ❝♦♠♦ ❢♦❧❣❛ ♦✉ ❞❡*❛❧✐✲

♥❤❛♠❡♥-♦ ♥♦* ❞❡❞♦* ❞❡ ❝♦♥-❛-♦❀

• ❖* 0❡*✉❧-❛❞♦* ❞♦* ❡♥*❛✐♦* ❞❛ ▼❘❉ *♦♠❡♥-❡ ♣♦❞❡♠ *❡0 ❝♦♥❢0♦♥-❛❞♦* ❝♦♠ 0❡*✉❧-❛❞♦* ♦❜-✐❞♦*

♣❛0❛ ♦ ♠❡*♠♦ ♠♦❞❡❧♦ ❞❡ ❞✐*❥✉♥-♦0✱ M✉❛♥❞♦ ♦* ❡♥*❛✐♦* ❢♦0❡♠ 0❡❛❧✐③❛❞♦* *♦❜ ❛* ♠❡*♠❛* ❝♦♥❞✐:L❡*

✭▼❘❉ 0❡❛❧✐③❛❞❛ ♥❛ ♠❡*♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❜❡0-✉0❛ ❞♦* ❝♦♥-❛-♦* ❡ ❝♦♠ ♦ ♠❡*♠♦ ♥%✈❡❧ ❞❡ ❝♦00❡♥-❡

❞❡ -❡*-❡✮❀

• ❆ ❛♣❧✐❝❛:1♦ ❞♦ *✐*-❡♠❛ ❋✉③③② ♥♦* ❡*-✉❞♦* ❞❡ ❝❛*♦ *❡❧❡❝✐♦♥❛❞♦*✱ ♣❡0♠✐-✐✉ ❝❧❛**✐✜❝❛0 ♦ *✐*-❡♠❛

❝♦♠♦ ✉♠❛ ❢❡00❛♠❡♥-❛ ❡✜❝✐❡♥-❡ ❞❡ ❛♣♦✐♦ Y -♦♠❛❞❛ ❞❡ ❞❡❝✐*1♦✱ ✐♥❢❡0✐♥❞♦ ♦ ♥%✈❡❧ ❞❡ ❞❡❣0❛❞❛:1♦

❞♦* ❝♦♥-❛-♦*✳ ❖ ❞✐❛❣♥F*-✐❝♦ ❞❛ ❝♦♥❞✐:1♦ ❞♦* ❝♦♥-❛-♦* ♣♦**✐❜✐❧✐-❛ ❛ 0❡❞✉:1♦ ❞❡ ❝✉*-♦* ❞❡
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