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;✉❡0*O♦✱ ❢♦✐ ♣1♦♣♦0*❛✱ ♥♦ ✜♥❛❧ ❞❛ ❞6❝❛❞❛ ❞❡ ✽✵✱ ❛ ▼✐♥❡1❛NO♦ ❞❡ ❉❛❞♦0 ✭❡♠ ✐♥❣❧V0✱ ❉❛%❛

▼✐♥✐♥❣ ✭❉▼✮✮✳

❉❡✜♥✐❞❛ ❝♦♠♦ ♦ ♣1♦❝❡00♦ ❞❡ ❞❡0❝♦❜❡1*❛ ❞❡ ♣❛❞1S❡0 ♥♦0 ❞❛❞♦0 ✭❋❆❨❨❆❉❀ D■❆❚❊❚❙❑❨✲

❙❍❆D■❘❖❀ ❙▼❨❚❍✱ ✶✾✾✻✮✱ ❛ ♠✐♥❡1❛NO♦ ❞❡ ❞❛❞♦0 *❡♠ ❝♦♠ ♦ ♦❜❥❡*✐✈♦ ❞❡ *1❛♥0❢♦1✲

♠❛1 ❞❛❞♦0 ❡♠ ✐♥❢♦1♠❛NO♦ ♥❛ ❢♦1♠❛ ❞❡ ❢❛*♦0✱ ♣❛❞1S❡0 ♦✉ 1❡❛❧✐③❛1 ♣1❡❞✐NS❡0 ❛ ♣❛1*✐1 ❞❛

♠❡0♠❛ ✭❲■❚❚❊◆❀ ❋❘❆◆❑❀ ❍❆▲▲✱ ✷✵✶✶✮✳ ❊0*❡0 ♣❛❞1S❡0 ♣♦❞❡♠ 0❡1 ❡①♣1❡00♦0 ❞❡ ♠❛♥❡✐1❛

;✉❡ 0❡❥❛♠ b*❡✐0 ❡ ♥♦0 ♣❡1♠✐*❛♠ 1❡❛❧✐③❛1 ♣1❡❞✐NS❡0 ♥O♦ *1✐✈✐❛✐0 ❣❡1❛♥❞♦ ♥♦✈♦0 ❞❛❞♦0✳

✷✳✸✳✷ ▼✐♥❡'❛)*♦ ❞❡ ❉❛❞♦1 ❊❞✉❝❛❝✐♦♥❛✐1

▼✐♥❡1❛NO♦ ❞❡ ❞❛❞♦0 ❊❞✉❝❛❝✐♦♥❛✐0 ✭❞♦ ✐♥❣❧V0✱❊❞✉❝❛%✐♦♥❛❧ ❉❛%❛ ▼✐♥✐♥❣ ✭❊❉▼✮✮ 6 ✉♠❛

Q1❡❛ ;✉❡ ♣1♦❝✉1❛ ❞❡0❡♥✈♦❧✈❡1 ♦✉ ❛❞❛♣*❛1 ♠6*♦❞♦0 ❡ ❛❧❣♦1✐*♠♦0 ❞❡ ♠✐♥❡1❛NO♦ ❡①✐0*❡♥*❡0✱



✷✸

❞❡ $❛❧ ♠♦❞♦ )✉❡ +❡ ♣-❡+$❡♠ ❛ ❝♦♠♣-❡❡♥❞❡- ♠❡❧❤♦- ♦+ ❞❛❞♦+ ❡♠ ❝♦♥$❡①$♦+ ❡❞✉❝❛❝✐♦♥❛✐+✱

♣-♦❞✉③✐❞♦+ ♣-✐♥❝✐♣❛❧♠❡♥$❡ ♣♦- ❡+$✉❞❛♥$❡+ ❡ ♣-♦❢❡++♦-❡+✱ ❝♦♥+✐❞❡-❛♥❞♦ ♦+ ❛♠❜✐❡♥$❡+ ♥♦+

)✉❛✐+ ❡❧❡+ ✐♥$❡-❛❣❡♠✱ $❛✐+ ❝♦♠♦ ❆♠❜✐❡♥$❡+ ❱✐-$✉❛✐+ ❞❡ ❆♣-❡♥❞✐③❛❣❡♠✱ ❙✐+$❡♠❛+ ❚✉$♦-❡+

■♥$❡❧✐❣❡♥$❡+✱ ❡♥$-❡ ♦✉$-♦+ ✭❈❖❙❚❆ ❡$ ❛❧✳✱ ✷✵✶✷✮✳

▼✉✐$♦+ ♠E$♦❞♦+ ❞❡ ❊❉▼ +✉-❣✐-❛♠ ❛♦ ❧♦♥❣♦ ❞♦+ H❧$✐♠♦+ ❛♥♦+✱ ❛❧❣✉♥+ +I♦ +❡♠❡❧❤❛♥$❡+

❛♦+ ❞❡ ♠✐♥❡-❛JI♦ ❞❡ ❞❛❞♦+ ✉+❛❞♦+ ❡♠ ♦✉$-♦+ ❞♦♠K♥✐♦+✱ ❡♥)✉❛♥$♦ ♦✉$-♦+ +I♦ H♥✐❝♦+ ♣❛-❛ ❛

♠✐♥❡-❛JI♦ ❞❡ ❞❛❞♦+ ❡❞✉❝❛❝✐♦♥❛❧ ✭❘❨❆◆❀ ❙❊■❏■❀ ❈❆❘❱❆▲❍❖✱ ✷✵✶✶✮✳ S♦-E♠✱ ♦+ ♣-✐♥❝✐♣❛✐+

♠E$♦❞♦+ )✉❡ +I♦ ✉+❛❞♦+ ❢-❡)✉❡♥$❡♠❡♥$❡ ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ❊❉▼ +I♦✿ S-❡❞✐JI♦ ✭ !❡❞✐❝✲

'✐♦♥✮✱ ▼✐♥❡-❛JI♦ ❞❡ -❡❧❛JU❡+ ✭❘❡❧❛'✐♦♥-❤✐♣ ▼✐♥✐♥❣ ✮✱ ❉❡+❝♦❜❡-$❛+ ❝♦♠ ♠♦❞❡❧♦+ ✭❉✐-❝♦✈❡!②

✇✐'❤ ▼♦❞❡❧-✮ ❡ ❉❡+❝♦❜❡-$❛ ❞❡ ❡+$-✉$✉-❛✭❙'!✉❝'✉!❡ ❉✐-❝♦✈❡!② ✮ ✭❇❆❑❊❘❀ ■◆❱❊◆❚❆❉❖✱

✷✵✶✹✮✳

◆I♦ ❡①✐+$❡ +♦♠❡♥$❡ ✉♠ ♦❜❥❡$✐✈♦ ♥❛ ❛♣❧✐❝❛JI♦ ❞❡ $E❝♥✐❝❛+ ❞❡ ❊❉▼✱ ❡①✐+$❡♠ ♦+ ♦❜❥❡$✐✈♦+

❞❡ ✐♥✈❡+$✐❣❛JI♦ ❛♣❧✐❝❛❞❛✱ ❝♦♠♦ ❛ ♠❡❧❤♦-✐❛ ❞♦ ♣-♦❝❡++♦ ❞❡ ❛♣-❡♥❞✐③❛❣❡♠ ❡ ♦-✐❡♥$❛JI♦ ❞❛

❛♣-❡♥❞✐③❛❣❡♠ ❞♦+ ❡+$✉❞❛♥$❡+✱ ❜❡♠ ❝♦♠♦ ❡①✐+$❡♠ ♦+ ♦❜❥❡$✐✈♦+ ❞❡ ✐♥✈❡+$✐❣❛JI♦ ♣✉-❛✱ ❝♦♠♦

❛ ♦❜$❡♥JI♦ ❞❡ ✉♠❛ ❝♦♠♣-❡❡♥+I♦ ♠❛✐+ ♣-♦❢✉♥❞❛ ❞♦+ ❢❡♥[♠❡♥♦+ ❡❞✉❝❛❝✐♦♥❛✐+✳ ❊++❛+ ♠❡$❛+

+I♦ \+ ✈❡③❡+ ❞✐❢K❝❡✐+ ❞❡ )✉❛♥$✐✜❝❛- ❡ ❡①✐❣❡♠ +❡✉ ♣-^♣-✐♦ ❝♦♥❥✉♥$♦ ❡+♣❡❝✐❛❧ ❞❡ $E❝♥✐❝❛+ ❞❡

♠❡❞✐JI♦ ✭❘❖▼❊❘❖❀ ❱❊◆❚❯❘❆✱ ✷✵✶✵✮✳

✷✳✸✳✸ ❚❛%❡❢❛( ❞❡ ▼✐♥❡%❛-.♦ ❞❡ ❉❛❞♦(

❉✐❢❡-❡♥$❡+ ❡+$-❛$E❣✐❛+ ♣♦❞❡♠ +❡- ✉$✐❧✐③❛❞❛+ ♣❛-❛ ♠✐♥❡-❛- ❛+ ❜❛+❡+ ❞❡ ❞❛❞♦+ ♥❛ ❜✉+❝❛

♣♦- ✐♥❞K❝✐♦+ )✉❡ ♣♦++❛♠ -❡❧❛❝✐♦♥❛- ❞❛❞♦+ ♦✉ ❢❛$♦+✳ ❆+ ♣-✐♥❝✐♣❛✐+ ❡+$-❛$E❣✐❛+ ❡♠♣-❡❣❛❞❛+✱

♥❡+$❛ $❛-❡❢❛✱ ✐♥❝❧✉❡♠ ❛ ❝❧❛++✐✜❝❛JI♦✱ ❛❣-✉♣❛♠❡♥$♦✱ ❛ ❛++♦❝✐❛JI♦ ❡ ❛ -❡❣-❡++I♦✳ ❊♠ $♦❞❛+

❡+$-❛$E❣✐❛+✱ ♦ ♦❜❥❡$✐✈♦ ♠❛✐♦- E ♦ ❞❡ ♣♦❞❡- ❣❡♥❡-❛❧✐③❛- ♦ ❝♦♥❤❡❝✐♠❡♥$♦ ❛❞)✉✐-✐❞♦ ♣❛-❛ ♥♦✈❛+

♦❝♦--`♥❝✐❛+ ❞♦ ❢❡♥[♠❡♥♦ ♦✉ ♣❛-❛ ♦✉$-♦+ ❝♦♥$❡①$♦+ ♦✉ +✐$✉❛JU❡+ ♣❛-❡❝✐❞❛+ ❝♦♠ ❛ ✉$✐❧✐③❛❞❛

♥❛ ❝♦♥+$-✉JI♦ ❞♦ ♠♦❞❡❧♦ ❝♦♠♣✉$❛❝✐♦♥❛❧✳ ❊♠ ❝❛❞❛ ✉♠❛ ❞❡+$❛+ ❡+$-❛$E❣✐❛+ ❞✐❢❡-❡♥$❡+

$E❝♥✐❝❛+ ❡ ❛❧❣♦-✐$♠♦+ ♣♦❞❡♠ +❡- ❛♣❧✐❝❛❞♦+✳

• ❈❧❛##✐✜❝❛'(♦ E ❛ ❡+$-❛$E❣✐❛ )✉❡ ❝♦♥+✐+$❡ ♥❛ ❜✉+❝❛ ♣♦- ✉♠ ♠♦❞❡❧♦ ❞❡ ❛❧❣✉♠ $✐♣♦ )✉❡

♣♦++❛ +❡- ❛♣❧✐❝❛❞♦ ❛ ❞❛❞♦+ ♥I♦ ❝❧❛++✐✜❝❛❞♦+ ✈✐+❛♥❞♦ ❝❛$❡❣♦-✐③a✲❧♦+ ❡♠ ❝❧❛++❡+✳ ❯♠

♦❜❥❡$♦ E ❡①❛♠✐♥❛❞♦ ❡ ❝❧❛++✐✜❝❛❞♦ ❞❡ ❛❝♦-❞♦ ❝♦♠ ✉♠❛ ❝❧❛++❡ ❞❡✜♥✐❞❛ ✭❍❆❘❘■❙❖◆✱

✶✾✾✽✮✳ ❆ ❝♦♥+$-✉JI♦ ❞♦ ♠♦❞❡❧♦ +❡❣✉♥❞♦ ❡+$❛ ❡+$-❛$E❣✐❛✱ ♣-❡++✉♣U❡ ♦ ❝♦♥❤❡❝✐♠❡♥$♦

♣-E✈✐♦ ❞❛+ ♣♦++K✈❡✐+ ❝❧❛++❡+ ❡ ❛ ❝♦--❡$❛ ❝❧❛++✐✜❝❛JI♦ ❞♦+ ❡①❡♠♣❧♦+ ✉+❛❞♦+ ♥❛ ♠♦❞❡✲

❧❛❣❡♠✳

• ❆❣,✉♣❛♠❡♥2♦ ✭♦✉ ❝❧✉#$❡&✐♥❣✮ E ✉♠ ♣-♦❝❡++♦ ❞❡ ♣❛-$✐JI♦ ❞❡ ✉♠❛ ♣♦♣✉❧❛JI♦ ❤❡✲

$❡-♦❣`♥❡❛ ❡♠ ✈a-✐♦+ +✉❜❣-✉♣♦+ ♦✉ ❝❧✉+$❡-+ ♠❛✐+ ❤♦♠♦❣`♥❡♦+ ✭❍❆❘❘■❙❖◆✱ ✶✾✾✽✮✳ ❆

♣-✐♥❝✐♣❛❧ ❞✐❢❡-❡♥J❛ ❡♥$-❡ ❡+$❛ ❛❜♦-❞❛❣❡♠ ❡ ❛ ❝❧❛++✐✜❝❛JI♦ E )✉❡ ♥♦ ❛❣-✉♣❛♠❡♥$♦ ♥I♦

+❡ $❡♠ ❝♦♥❤❡❝✐♠❡♥$♦ ♣-E✈✐♦ +♦❜-❡ ❛+ ❝❧❛++❡+ ♣-❡❞❡✜♥✐❞❛+✱ ♦+ -❡❣✐+$-♦+ +I♦ ❛❣-✉♣❛❞♦+

❞❡ ❛❝♦-❞♦ ❝♦♠ ❛ +❡♠❡❧❤❛♥J❛✳



✷✹

• ❆!!♦❝✐❛&'♦ "❡ ❜❛"❡✐❛ ❡♠ ✐❞❡♥*✐✜❝❛- ❢❛*♦" 0✉❡ ♣♦""❛♠ "❡- ❞✐-❡*❛ ♦✉ ✐♥❞✐-❡*❛♠❡♥*❡

❛""♦❝✐❛❞♦"✳ ❖ ❡①❡♠♣❧♦ ❝❧7""✐❝♦ 8 ❞❡*❡-♠✐♥❛- 0✉❛✐" ♣-♦❞✉*♦" ❝♦"*✉♠❛♠ "❡- ❝♦❧♦❝❛❞♦"

❥✉♥*♦" ❡♠ ✉♠ ❝❛--✐♥❤♦ ❞❡ "✉♣❡-♠❡-❝❛❞♦✱ ❞❛< ♦ *❡-♠♦ ✏❛♥7❧✐"❡ ❞❡ ♠❛"❦❡% ❜❛'❦❡% ✑✳

❆" ❝❛❞❡✐❛" ❞❡ ✈❛-❡❥♦ ✉"❛♠ ❛""♦❝✐❛AB♦ ♣❛-❛ ♣❧❛♥❡❥❛- ❛ ❞✐"♣♦"✐AB♦ ❞♦" ♣-♦❞✉*♦" ♥❛"

♣-❛*❡❧❡✐-❛" ❞❛" ❧♦❥❛" ♦✉ ❡♠ ✉♠ ❝❛*7❧♦❣♦✱ ❞❡ ♠♦❞♦ 0✉❡ ♦" ✐*❡♥" ❣❡-❛❧♠❡♥*❡ ❛❞0✉✐-✐❞♦"

♥❛ ♠❡"♠❛ ❝♦♠♣-❛ "❡❥❛♠ ✈✐"*♦" ♣-D①✐♠♦" ❡♥*-❡ "✐ ✭❍❆❘❘■❙❖◆✱ ✶✾✾✽✮✳

• ❘❡❣+❡!!'♦ ❝♦♥"✐"*❡ ♥❛ ❜✉"❝❛ ♣♦- ✉♠❛ ❢✉♥AB♦ 0✉❡ -❡♣-❡"❡♥*❡✱ ❞❡ ❢♦-♠❛ ❛♣-♦①✐✲

♠❛❞❛✱ ♦ ❝♦♠♣♦-*❛♠❡♥*♦ ❛♣-❡"❡♥*❛❞♦ ♣❡❧♦ ❢❡♥P♠❡♥♦ ❡♠ ❡"*✉❞♦✳ ❖✉ "❡❥❛✱ 8 ❛♣-❡♥✲

❞❡- ✉♠❛ ❢✉♥AB♦ 0✉❡ ♠❛♣❡✐❛ ✉♠ ✐*❡♠ ❞❡ ❞❛❞♦ ♣❛-❛ ✉♠❛ ✈❛-✐7✈❡❧ ❞❡ ♣-❡❞✐AB♦ -❡❛❧
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(✐♠♣❧❡( ❞❡ ❛❧❣♦&✐.♠♦( ❞❡ ❛♣&❡♥❞✐③❛❣❡♠ ❡ ❞❡ ♠✉✐.♦ (✉❝❡((♦✳ ❘❡❝❡❜❡ ❝♦♠♦ ❡♥.&❛❞❛ ✉♠

♦❜❥❡.♦ ♦✉ ✉♠❛ (✐.✉❛90♦ ❞❡(❝&✐.❛ ♣♦& ✉♠ ❝♦♥❥✉♥.♦ ❞❡ ♣&♦♣&✐❡❞❛❞❡( ♦✉ ❛.&✐❜✉.♦( ❡ &❡.♦&♥❛

❝♦♠♦ (❛U❞❛ ✉♠❛ ❞❡❝✐(0♦✳ ❊♠ .❡&♠♦( ❞❡ =&✈♦&❡ ❞❡ ❞❡❝✐(0♦✱ ✉♠ ❡①❡♠♣❧♦ ; ❞❡(❝&✐.♦ ♣❡❧♦(

✈❛❧♦&❡( ❞♦( ❛.&✐❜✉.♦( ❡ ♣❡❧♦ ♣&❡❞✐❝❛❞♦ ♠❡.❛✳ ❖ ✈❛❧♦& ❞♦ ♣&❡❞✐❝❛❞♦ ♠❡.❛ ; ❝❤❛♠❛❞♦

❝❧❛((✐✜❝❛90♦ ❞♦ ❡①❡♠♣❧♦✳ e❛&❛ ❝❛❞❛ ✉♠ ❞♦( ♣♦((U✈❡✐( ✈❛❧♦&❡( ❞❡ ❛.&✐❜✉.♦(✱ .❡♠✲(❡ &❛♠♦

♣❛&❛ ♦✉.&❛ =&✈♦&❡ ❞❡ ❞❡❝✐(0♦ ✭(✉❜✲=&✈♦&❡✮✳ ❈❛❞❛ (✉❜✲=&✈♦&❡ ❝♦♥.;♠ ❛ ♠❡(♠❛ ❡(.&✉.✉&❛

❞❡ ✉♠❛ =&✈♦&❡✳

❯♠❛ =&✈♦&❡ ❞❡ ❞❡❝✐(0♦ ; ❢♦&♠❛❞❛ ♣♦& ✉♠ ❝♦♥❥✉♥.♦ ❞❡ &❡❣&❛( ❞❡ ❝❧❛((✐✜❝❛90♦✳ ❈❛❞❛

❝❛♠✐♥❤♦ ❞❛ &❛✐③ ❛.; ✉♠❛ ❢♦❧❤❛ &❡♣&❡(❡♥.❛ ✉♠❛ ❞❡(.❛( &❡❣&❛(✳ ❈❛❞❛ ♣❡&❝✉&(♦ ❞❛ =&✈♦&❡

❞❡ ❞❡❝✐(0♦✱ ❞❡(❞❡ ✉♠ ♥^ &❛✐③ ❛.; ✉♠ ♥^ ❢♦❧❤❛ ; ❝♦♥✈❡&.✐❞♦ ❡♠ ✉♠❛ &❡❣&❛✱ ♦♥❞❡ ❛ ❝❧❛((❡

❞♦ ♥^ ❢♦❧❤❛ ❝♦&&❡(♣♦♥❞❡ f ❝❧❛((❡ ♣&❡✈✐(.❛ ♣❡❧♦ ❝♦♥(❡,✉❡♥.❡ ✭♣❛&.❡ ✏❊♥.0♦✑ ❞❛ &❡❣&❛✮ ❡



•

•

•



γ

•
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❝♦♥%❡❣✉✐* %❡♣❛*❛* ❞❛❞♦% ❧✐♥❡❛*♠❡♥0❡ ♦✉ ♥1♦✲❧✐♥❡❛*♠❡♥0❡ %❡♣❛*3✈❡✐%✳ ❆0*❛✈7% ❞❡❧❛✱ ♦

❙❱▼ ❝♦♥%0*<✐ ✉♠❛ %✉♣❡*❢>❝✐❡ ❞❡ ❞❡❝✐%1♦ ?✉❡ 7 ♥1♦✲❧✐♥❡❛* ♥♦ ❡%♣❛@♦ ❞❡ ❡♥0*❛❞❛✱ ♠❛% 7

❧✐♥❡❛* ♥♦ ❡%♣❛@♦ ❞❡ ❛0*✐❜✉0♦% ✭❍❆❨❑■◆✱ ✷✵✵✵✮✳ ❆ ❡%❝♦❧❤❛ ❞♦ ❑❡"♥❡❧ 7 ❞❡0❡*♠✐♥❛❞❛

❛ ♣*✐♦*✐ ❞❡ ❛❝♦*❞♦ ❝♦♠ ❛ ♥❛0✉*❡③❛ ❞♦ ♣*♦❜❧❡♠❛ ❡ *❡❛❧✐③❛❞❛ ❡♠♣✐*✐❝❛♠❡♥0❡✱ ❆❧❣✉♠❛%

❢✉♥@L❡% ❑❡"♥❡❧ ♠❛✐% ✉0✐❧✐③❛❞❛% %1♦✿ ❛% ♣♦❧✐♥♦♠✐❛✐%✱ ❢✉♥@1♦ ❞❡ ❜❛%❡ *❛❞✐❛❧ ✭❞♦ ✐♥❣❧N%✱

❘❛❞✐❛❧✲❇❛+✐+ ❋✉♥❝/✐♦♥ ✭❘❇❋✮ ❝♦♥❤❡❝✐❞❛ 0❛♠❜7♠ ❝♦♠♦ ●❛✉%%✐❛♥❛ ❡ %✐❣♠♦✐❞❛✐%✳ ❯♠

*❡%✉♠♦ ❞❛% ❢✉♥@L❡% ❑❡"♥❡❧ ♣♦❞❡♠ %❡* ✈✐%0❛ ♥❛ ❋✐❣✉*❛ ✺✳

❋✐❣✉$❛ ✺ ✕ ❘❡"✉♠♦ ❞❛" ❢✉♥*+❡" ❞❡ ❑❡"♥❡❧

❋♦♥*❡✿ ❆❞❛♣*❛❞♦✳ ✭❍❆❨❑■◆✱ ✷✵✵✵✮

•  ❛"#♠❡&"♦ γ✿ *❡♣*❡%❡♥0❛ ❛ ❧❛*❣✉*❛ ❞♦ ❑❡"♥❡❧ ❣❛✉%%✐❛♥♦ ✭❘❇❋✮ 7 ❡%♣❡❝✐✜❝❛❞♦ ♣❡❧♦

✉%✉3*✐♦✳

•  ❛"#♠❡&"♦  ✿ ➱ ✉♠ ♣❛*W♠❡0*♦ ✉0✐❧✐③❛❞♦ ♣❛*❛ ♦ ❑❡"♥❡❧ ♣♦❧✐♥♦♠✐❛❧✱ ♦ ♣❛*W♠❡0*♦

❝♦**❡%♣♦♥❞❡ ❛♦ ❣*❛✉ ❞♦ ♣♦❧✐♥X♠✐♦ ❡ 7 ❡%♣❡❝✐✜❝❛❞♦ ❛ ♣*✐♦*✐ ♣❡❧♦ ✉%✉3*✐♦✱ ❞❡ ❛❝♦*❞♦

❝♦♠ ✭❇❖❙❲❊▲▲✱ ✷✵✵✷✮✱ ♥❛ ♣*30✐❝❛ ♦ ✈❛❧♦* ❞❡ ♣ ✈❛*✐❛ ❞❡ ✶ ❛ ✶✵✳

•  ❛"#♠❡&"♦ ❈✿ ❈❤❛♠❛❞♦ ❞❡ ❝♦❡✜❝✐❡♥0❡ ❞❡ ❝✉%0♦✱ ❡%%❡ ♣❛*W♠❡0*♦ ❝♦♥0*♦❧❛ ❛ *❡✲

❧❛@1♦ ❡♥0*❡ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛ ♠3?✉✐♥❛ ❡ ♦ ♥`♠❡*♦ ❞❡ ❛♠♦%0*❛% ❞❡ 0*❡✐♥❛♠❡♥0♦

❝❧❛%%✐✜❝❛❞♦% ❞❡ ♠❛♥❡✐*❛ ✐♥❝♦**❡0❛✱ ♦ ?✉❛❧ ♣♦❞❡ %❡* ✈✐%0♦ ❝♦♠♦ ✉♠ ♣❛*W♠❡0*♦ ❞❡

*❡❣✉❧❛*✐③❛@1♦ ❡ %❡✉ ✈❛❧♦* ♣*❡❝✐%❛ %❡* ❞❡0❡*♠✐♥❛❞♦ ♣❡❧♦ ✉%✉3*✐♦✳ ◆♦*♠❛❧♠❡♥0❡✱ ❡%0❡

♣*♦❝❡%%♦ 7 *❡❛❧✐③❛❞♦ ❡♠♣✐*✐❝❛♠❡♥0❡ ❛0*❛✈7% ❞♦ ✉%♦ ♣❛❞*1♦ ❞❡ ✉♠ ❝♦♥❥✉♥0♦ ❞❡ 0*❡✐♥❛✲

♠❡♥0♦ ❡ 0❡%0❡ ✭✈❛❧✐❞❛@1♦✮✳ ❱❛❧♦*❡% ♠✉✐0♦ ❛❧0♦% ♣*♦♣✐❝✐❛♠ ❛ ❣❡*❛@1♦ ❞❡ ♠♦❞❡❧♦% ♠❛✐%

❝♦♠♣❧❡①♦%✱ ❛✉♠❡♥0❛♥❞♦ ♦ *✐%❝♦ ❞❡ ♦✈❡"✜//✐♥❣ ❡♥?✉❛♥0♦ ?✉❡ ✈❛❧♦*❡% ♠✉✐0♦ ❜❛✐①♦%

♣♦❞❡♠ ❛✉♠❡♥0❛* ♦ *✐%❝♦ ❞❡ ✉♥❡"✜//✐♥❣✳

✷✳✸✳✹✳✹ ❘❡❞❡' ◆❡✉*❛✐' ❆*.✐✜❝✐❛✐'

❘❡❞❡% ♥❡✉*❛✐% ♦✉ *❡❞❡% ♥❡✉*❛✐% ❛*0✐✜❝✐❛✐% ✭❘◆❆✮ *❡♣*❡%❡♥0❛♠ ✉♠❛ 0❡❝♥♦❧♦❣✐❛ ?✉❡ 0❡♠

*❛>③❡% ❡♠ ♠✉✐0❛% ❞✐%❝✐♣❧✐♥❛%✿ ♥❡✉*♦❝✐N♥❝✐❛✱ ♠❛0❡♠30✐❝❛✱ ❡%0❛0>%0✐❝❛✱ ❢>%✐❝❛✱ ❝✐N♥❝✐❛ ❞❛ ❝♦♠✲

♣✉0❛@1♦ ❡ ❡♥❣❡♥❤❛*✐❛ ✭❍❆❨❑■◆✱ ✷✵✵✵✮✳ ❈♦♥%✐%0❡ ❡♠ ✉♠ ♠70♦❞♦ ♣❛*❛ %♦❧✉❝✐♦♥❛* ♣*♦❜❧❡✲

♠❛% ❞❛ 3*❡❛ ❞❡ ✐♥0❡❧✐❣N♥❝✐❛ ❛*0✐✜❝✐❛❧✱ ❛0*❛✈7% ❞❛ ❝♦♥%0*✉@1♦ ❞❡ ✉♠ %✐%0❡♠❛ ?✉❡ 0❡♥❤❛



✷✾

❝✐$❝✉✐&♦( )✉❡ (✐♠✉❧❡♠ ♦ ❝-$❡❜$♦ ❤✉♠❛♥♦✱ ✐♥❝❧✉(✐✈❡ (❡✉ ❝♦♠♣♦$&❛♠❡♥&♦✱ ♦✉ (❡❥❛✱ ❛♣$❡♥✲

❞❡♥❞♦✱ ❡$$❛♥❞♦ ❡ ❢❛③❡♥❞♦ ❞❡(❝♦❜❡$&❛(✳ ❙<♦ &-❝♥✐❝❛( ❝♦♠♣✉&❛❝✐♦♥❛✐( )✉❡ ❛♣$❡(❡♥&❛♠ ✉♠

♠♦❞❡❧♦ ✐♥(♣✐$❛❞♦ ♥❛ ❡(&$✉&✉$❛ ♥❡✉$❛❧ ❞♦( ♦$❣❛♥✐(♠♦( ✐♥&❡❧✐❣❡♥&❡(✱ )✉❡ ❛❞)✉✐$❡♠ ❝♦♥❤❡❝✐✲

♠❡♥&♦ ❛&$❛✈-( ❞❛ ❡①♣❡$✐?♥❝✐❛ ✭●❖❊❇❊▲❀ ●❘❯❊◆❲❆▲❉✱ ✶✾✾✾✮✳

❆((✐♠ ❝♦♠♦✱ ♦ (✐(&❡♠❛ ♥❡$✈♦(♦ - ❝♦♠♣♦(&♦ ❞❡ ❜✐❧❤O❡( ❞❡ ❝-❧✉❧❛( ♥❡$✈♦(❛(✱ ❛ $❡❞❡

♥❡✉$❛❧ ❛$&✐✜❝✐❛❧ &❛♠❜-♠ - ❢♦$♠❛❞❛ ♣♦$ ♣❡)✉❡♥♦( ♠Q❞✉❧♦( ✭♥Q(✮ )✉❡ (✐♠✉❧❛♠ ♦ ❢✉♥❝✐♦✲

♥❛♠❡♥&♦ ❞❡ ✉♠ ♥❡✉$R♥✐♦✳ ❖ ♥❡✉$R♥✐♦ ❛$&✐✜❝✐❛❧ - ✉♠❛ ❡(&$✉&✉$❛ ❧Q❣✐❝♦✲♠❛&❡♠S&✐❝❛ )✉❡

♣$♦❝✉$❛ (✐♠✉❧❛$ ❛ ❢♦$♠❛✱ ❝♦♠♣♦$&❛♠❡♥&♦ ❡ ❛( ❢✉♥TO❡( ❞❡ ✉♠ ♥❡✉$R♥✐♦ ❜✐♦❧Q❣✐❝♦ ✭●❖❊✲

❇❊▲❀ ●❘❯❊◆❲❆▲❉✱ ✶✾✾✾✮✱ - ✉♠ ❡❧❡♠❡♥&♦ ❢✉♥❞❛♠❡♥&❛❧ ♥♦ ♣$♦❝❡((❛♠❡♥&♦ ❞❡ ✉♠❛ $❡❞❡

♥❡✉$❛❧ ✭❍❆❨❑■◆✱ ✷✵✵✵✮✳ ❖ ♣$♦❝❡((♦ ❞❡ ❛♣$❡♥❞✐③❛❞♦ - ♦ ❝♦♥❝❡✐&♦ )✉❡ ♥♦$&❡✐❛ ❛ $❡❞❡ ♥❡✉$❛❧

❡ - $❡❛❧✐③❛❞♦ ❛&$❛✈-( ❞♦( ♥❡✉$R♥✐♦(✳ ❆ ❋✐❣✉$❛ ✻ ✐❧✉(&$❛ ❛ ❡(&$✉&✉$❛ ❜S(✐❝❛ ❞❡ ✉♠ ♥❡✉$R♥✐♦

❛$&✐✜❝✐❛❧ ✭♣❡"❝❡♣$"♦♥✮✳

❋✐❣✉$❛ ✻ ✕ ❊!"#✉"✉#❛ ❞❡ ✉♠ ♥❡✉#*♥✐♦ ❛#"✐✜❝✐❛❧

❋♦♥*❡✿ ❆❞❛♣*❛❞♦✳ ✭❍❆◆❀ ❑❆▼❇❊❘❀ :❊■✱ ✷✵✶✶✮

• ❯♠ ❝♦♥❥✉♥&♦ ❞❡ (✐♥❛♣(❡( ♦✉ ❝♦♥❡①O❡( ❞❡ ❡♥&$❛❞❛ ♣♦♥❞❡$❛❞❛( ❝♦♠ ✉♠ ♣❡(♦ (✐♥S♣✲

&✐❝♦✳ ❉❡((❡ ♠♦❞♦✱ ✉♠ (✐♥❛❧ Xj ♥❛ ❡♥&$❛❞❛ ❞❛ (✐♥❛♣(❡ ❥ ❝♦♥❡❝&❛❞❛ ❛♦ ♥❡✉$R♥✐♦ ❦ -

♠✉❧&✐♣❧✐❝❛❞♦ ♣❡❧♦ ♣❡(♦ wkj❀

• ❯♠❛ ❥✉♥T<♦ ❞❡ (♦♠❛ $❡(♣♦♥(S✈❡❧ ♣❡❧❛ ❛❞✐T<♦ ❞♦( (✐♥❛✐( ❞❡ ❡♥&$❛❞❛ ♣♦♥❞❡$❛❞♦( ♣❡❧♦(

$❡(♣❡❝&✐✈♦( ♣❡(♦( ❞♦ ♥❡✉$R♥✐♦❀
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❢♦"♥❡❝❡ ♦% ♠❡❧❤♦"❡% "❡%✉❧&❛❞♦%✳ ❖% ❛✉&♦"❡% ❝♦♥%❡❣✉✐"❛♠ ❝❤❡❣❛" ❛ &❛①❛% ❞❡ ❛❝✉"!❝✐❛ ❞❡

❛&C ✾✸✳✺✶✪✳ ◆♦ ❡♥&❛♥&♦✱ ❛% ♠❡❧❤♦"❡% &❛①❛% %8♦ ❛♣"❡%❡♥&❛❞♦% ♥♦ ✜♥❛❧ ❞♦ ❝✉"%♦✳ [♦"&❛♥&♦✱

❝♦♥%✐❞❡"❛♥❞♦ 7✉❡ ♦ ♦❜❥❡&✐✈♦ ❞♦ ❡%&✉❞♦ C ♦ ❞❡ ✐❞❡♥&✐✜❝❛" ❡ ♣"❡✈❡" ♦ ✐♥%✉❝❡%%♦ ❝♦♠ ♠❛✐♦"

❛♥&❡❝❡❞+♥❝✐❛ ♣♦%%A✈❡❧✱ ♦ ❡%&✉❞♦ %❡"✐❛ ♠❛✐% "❡❧❡✈❛♥&❡ %❡ ♦% "❡%✉❧&❛❞♦% %❛&✐%❢❛&9"✐♦% ✭✾✸✳✺✶✪✮
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❢♦$$❡♠ ♦❜(✐❞♦$ ♥♦ ✐♥,❝✐♦ ❞♦ ❝✉/$♦✳ ◆♦$$♦ (/❛❜❛❧❤♦ ❞✐❢❡/❡ ❞❡$(❛ ❛❜♦/❞❛❣❡♠ ✉♠❛ ✈❡③ 8✉❡

$♦♠♦$ ❝❛♣❛③❡$ ❞❡ ♣/❡✈❡/ ♦ ✐♥$✉❝❡$$♦ ♠❛✐$ ❝❡❞♦✱ ❞❛♥❞♦ ♠❡❧❤♦/❡$ ❝❤❛♥❝❡$ ♣❛/❛ ❡❞✉❝❛❞♦/❡$

❡ ♣/♦❢❡$$♦/❡$ ❞❡ (♦♠❛/ ✉♠❛ ❞❡❝✐$;♦ ❛❞❡8✉❛❞❛✳ ❆❧=♠ ❞✐$$♦✱ ♦$ ❛✉(♦/❡$ ♠❡♥❝✐♦♥❛♠ ❛♣❡♥❛$

❛ ❡(❛♣❛ ❞❡ $❡❧❡>;♦ ❞❡ ❛(/✐❜✉(♦$ ♥❛ (❛/❡❢❛ ❞❡ ♣/=✲♣/♦❝❡$$❛♠❡♥(♦ ❞❡ ❞❛❞♦$✱ ❞❡ ❛❝♦/❞♦ ❝♦♠

♥♦$$♦ (/❛❜❛❧❤♦ ❡$$❛$ (❛①❛$ ❞❡ ♣/❡❝✐$;♦ ♣♦❞❡/✐❛♠ $❡/ ❛✉♠❡♥(❛❞❛$ $❡ ♦$ ❛✉(♦/❡$ ✉$❛$$❡♠

♦✉(/❛$ ❡(❛♣❛$ ❞❡ ♣/=✲♣/♦❝❡$$❛♠❡♥(♦ ❝♦♠♦ ❜❛❧❛♥❝❡❛♠❡♥(♦ ❞♦$ ❞❛❞♦$ ❡ ❛❥✉$(❡$ ✜♥♦$ ♥♦$

♣❛/C♠❡(/♦$ ❞♦$ ❛❧❣♦/✐(♠♦$✳

❖ (/❛❜❛❧❤♦ ❞❡ ✭❆❘❖❘❆❀ ❙■◆●❍❆▲❀ ❇❆◆❙❆▲✱ ✷✵✶✹✮✱ ✉(✐❧✐③❛ ❛♣❡♥❛$ ♦ ❛❧❣♦/✐(♠♦ ❞❡

♣/❡❞✐>;♦ ❜❛$❡❛❞♦ ♥❛ ❋✉♥>;♦ ❞❡ ❇❛$❡ ❘❛❞✐❛ ✭❘❇❋✮ ♣❛/❛ ♣/❡✈❡/ ❛$ ♥♦(❛$ ♦❜(✐❞❛$ ♣❡❧♦$

❡$(✉❞❛♥(❡$ ❡♠ ✉♠❛ ❞❡(❡/♠✐♥❛❞❛ ❞✐$❝✐♣❧✐♥❛ ❜❛$❡❛❞❛$ ♥❛$ ♥♦(❛$ ❞❛$ ❞✐$❝✐♣❧✐♥❛$ ❛♥(❡/✐♦/❡$✳

❉❡ ❛❝♦/❞♦ ❝♦♠ ♦$ /❡$✉❧(❛❞♦$ ♦❜(✐❞♦$✱ ♦$ ❡$(✉❞❛♥(❡$ $;♦ ❝❧❛$$✐✜❝❛❞♦$ ❡♠ ❣/✉♣♦$ $✉$❝❡♣(,✈❡✐$

❛♦ ✐♥$✉❝❡$$♦ ♦✉ ♥;♦✳ ❉✐❢❡/❡♥(❡♠❡♥(❡ ❞♦ ♥♦$$♦ (/❛❜❛❧❤♦✱ ♥❡$(❡ (/❛❜❛❧❤♦ ♦$ ❛✉(♦/❡$ ✉$❛♠

❛♣❡♥❛$ ✉♠ (✐♣♦ ❞❡ ❛❧❣♦/✐(♠♦ ❞❡ ♣/❡❞✐>;♦ ♣❛/❛ ❝/✐❛/ ♦ ♠♦❞❡❧♦ ❡ ♥;♦ ✉$❛♠ ♦$ /❡❝✉/$♦$ ❞❡

♣/=✲♣/♦❝❡$$❛♠❡♥(♦ ❞❡ ❞❛❞♦$ ❡①✐$(❡♥(❡$✳ ❆ ❛❜♦/❞❛❣❡♠ ♣/♦♣♦$(❛ ♣♦/ ♥T$✱ ❛❧=♠ ❞❡ ✉(✐❧✐③❛/

✈U/✐♦$ ♣❛$$♦$ ❞❡ ❞❛❞♦$ ❞❡ ♣/=✲♣/♦❝❡$$❛♠❡♥(♦ (❛♠❜=♠ ✉$❛ 8✉❛(/♦ ❛❧❣♦/✐(♠♦$ ❞❡ ♣/❡✈✐$;♦

8✉❡ ✉(✐❧✐③❛♠ ❞✐❢❡/❡♥(❡$ ♠=(♦❞♦$ ❞❡ ❛♣/❡♥❞✐③❛❣❡♠✳

❖ (/❛❜❛❧❤♦ ❞❡ ✭❛❊❙❀ ❈❘❯❩❀ ❛❖✱ ✷✵✶✹✮ ❛♣/❡$❡♥(❛ ✉♠❛ ❛/8✉✐(❡(✉/❛ 8✉❡ ✉(✐❧✐③❛ (=❝♥✐❝❛$

❞❡ ❊❉▼ ♣❛/❛ ♣/❡✈❡/ ❡ ✐❞❡♥(✐✜❝❛/ ♦$ ❡$(✉❞❛♥(❡$ 8✉❡ ❡$(;♦ ❡♠ /✐$❝♦ ❞❡ ❛❜❛♥❞♦♥♦✳ [❛/❛

❢❛③❡/ ✐$$♦✱ ❡❧❡$ ✉$❛♠ ❞❛❞♦$ ❞♦$ ❝✉/$♦$ ❞❡ ❡♥❣❡♥❤❛/✐❛ ❝✐✈✐❧✱ ♠❡❝C♥✐❝❛ ❡ ❞❡ ♣/♦❞✉>;♦ ❞❛

❯♥✐✈❡/$✐❞❛❞❡ ❋❡❞❡/❛❧ ❞♦ ❘✐♦ ❞❡ ❏❛♥❡✐/♦ ✭❯❋❘❏✮✳ ❉❡ ❛❝♦/❞♦ ❝♦♠ ♦ ❡①♣❡/✐♠❡♥(♦✱ ♦ ❝❧❛$$✐✲

✜❝❛❞♦/ ◆❛✐✈❡ ❇❛②❡$ ❛♣/❡$❡♥(❛ ❛ ♠❛✐♦/ (❛①❛ ❞❡ ✈❡/❞❛❞❡✐/♦ ♣♦$✐(✐✈♦ ♣❛/❛ (♦❞♦ ♦ ❝♦♥❥✉♥(♦

❞❡ ❞❛❞♦$ ✉$❛❞♦ ♥♦ ❡$(✉❞♦✳ ▼❛$ ♦$ ❛✉(♦/❡$ ♥;♦ ❢❛③❡♠ ✉$♦ ❞❛ ❡(❛♣❛ ❞❡ ♣/=✲♣/♦❝❡$$❛♠❡♥(♦

❞♦$ ❞❛❞♦$ ♥❡♠ ❛❥✉$(❡$ ✜♥♦$ ♥♦$ ♣❛/C♠❡(/♦$ ❞♦$ ❛❧❣♦/✐(♠♦$✳ ❊$(❡ ❛$♣❡❝(♦ ❞✐❢❡/❡ ❞♦ ♥♦$$♦

(/❛❜❛❧❤♦ ♣♦✐$ ✉$❛♠♦$ ❡$(❛ 8✉❡$(;♦ ♣❛/❛ ♦❜(❡/ ♠❡❧❤♦/❡$ /❡$✉❧(❛❞♦$✳

❖ (/❛❜❛❧❤♦ ❞❡ ✭❲❆❚❙❖◆❀ ▲■❀ ●❖❉❲■◆✱ ✷✵✶✸✮ ❛♣/❡$❡♥(❛ ✉♠ ♥♦✈♦ ❛❧❣♦/✐(♠♦ ❝❤❛♠❛❞♦

❲❛"✇✐♥✱ ✉♠ ❛❧❣♦/✐(♠♦ ❞✐♥C♠✐❝♦ ♣/♦❥❡(❛❞♦ ♣❛/❛ ♣/❡✈❡/ ♦ ❞❡$❡♠♣❡♥❤♦ ❞♦$ ❡$(✉❞❛♥(❡$ ❡♠

❝✉/$♦$ ❞❡ ♣/♦❣/❛♠❛>;♦✳ ❊$(❛ ❛❜♦/❞❛❣❡♠ = ❜❛$❡❛❞❛ ♥❛ ❛♥U❧✐$❡ ❞❡ ❞❛❞♦$✱ /❡$✉♠✐❞❛♠❡♥(❡ ❛

❛❜♦/❞❛❣❡♠ = /❡❛❧✐③❛❞❛ ❞❛ $❡❣✉✐♥(❡ ♠❛♥❡✐/❛✿ 8✉❛♥❞♦ ✉♠ ❡$(✉❞❛♥(❡ ❝♦♠♣✐❧❛ ♦ $❡✉ ♣/♦❣/❛♠❛

❡♠ ✉♠ ❝♦♠♣✉(❛❞♦/ ❞❛ ✉♥✐✈❡/$✐❞❛❞❡✱ ❛ ❛❜♦/❞❛❣❡♠ ❣/❛✈❛ ♦ ❝T❞✐❣♦ ❢♦♥(❡ ❞♦ ♣/♦❣/❛♠❛

❡ ❝♦❧❡(❛ ✐♥❢♦/♠❛>a❡$ $♦❜/❡ $✉❝❡$$♦ ♦✉ ♦ ❢/❛❝❛$$♦ ❞♦ ♣/♦❣/❛♠❛✱ ♦ (❡♠♣♦ ❞❡ ❡①❡❝✉>;♦✱

♠❡♥$❛❣❡♥$ ❞❡ ❡//♦ ❡ ♥b♠❡/♦ ❞❛ ❧✐♥❤❛ ❞❡ ❝T❞✐❣♦✳ ❊$(❛ ✐♥❢♦/♠❛>;♦ = ✉(✐❧✐③❛❞❛ ♣❡❧♦ ❛❧❣♦/✐(♠♦

❲❛"✇✐♥ ♣❛/❛ ♣/❡✈❡/ ❛ ❢❛❧❤❛ ❞♦$ ❡$(✉❞❛♥(❡$✳ ❖$ /❡$✉❧(❛❞♦$ ✐♥❞✐❝❛♠ 8✉❡ ♦ ♠=(♦❞♦ = ❝❛♣❛③

❞❡ ❛❧❝❛♥>❛/ ✉♠❛ ❡✜❝U❝✐❛ ❞❡ ❛(= ✼✺✪✳

❯♠ ♠♦❞❡❧♦ ♣❛/❛ ♣/❡✈❡/ ♦$ ♥,✈❡✐$ ❞❡ ❞❡$❡♠♣❡♥❤♦ ❞♦$ ❡$(✉❞❛♥(❡$ = ♣/♦♣♦$(♦ ♣♦/ ✭❊❘✱

✷✵✶✷✮✱ ✉(✐❧✐③❛♥❞♦ (/f$ ❛❧❣♦/✐(♠♦$ ❞❡ ❛♣/❡♥❞✐③❛❞♦ ❞❡ ♠U8✉✐♥❛ ✭❈❧❛$$✐✜❝❛❞♦/ ❞❡ ❛♣/❡♥❞✐③❛✲

❣❡♠ ❜❛$❡❛❞♦ ♥❛ ✐♥$(C♥❝✐❛ ✭❦✲❙(❛/✮✱ ➪/✈♦/❡ ❞❡ ❉❡❝✐$;♦ ✭❈✹✳✺✮ ❡ ◆❛✐✈❡ ❇❛②❡$✮✳ ❖ ♦❜❥❡(✐✈♦

❣❡/❛❧ ❞♦ ❡$(✉❞♦ = ♣/♦♣♦/ ✉♠ ♠=(♦❞♦ ♣❛/❛ ❛ ♣/❡✈✐$;♦ ❞♦$ ❡$(✉❞❛♥(❡$ ❡♠ /✐$❝♦ ❞❡ ✐♥$✉❝❡$$♦

♥❛ ♠♦❞❛❧✐❞❛❞❡ ❞❡ ❡♥$✐♥♦ ❛ ❞✐$(C♥❝✐❛✱ $♦♠❡♥(❡ ❝♦♠ ♦$ /❡❣✐$(/♦$ ❞♦ ❛♠❜✐❡♥(❡ ✈✐/(✉❛❧ ❞❡

❛♣/❡♥❞✐③❛❣❡♠✳ ❖ ❡①♣❡/✐♠❡♥(♦ ❢♦✐ /❡❛❧✐③❛❞♦ ❡♠ (/f$ ❡(❛♣❛$ 8✉❡ ❝♦//❡$♣♦♥❞❡♠ ❛ ❞✐❢❡/❡♥(❡$
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❞❡ ❛❝✉+$❝✐❛✳
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♦& ❡①❡4❝3❝✐♦& ❞❡ ♣4♦❣4❛♠❛#.♦ ♣4♦♣♦&*♦& ♣❡❧♦& ♣4♦❢❡&&♦4❡& ❡ ✉♠ ❥✉✐③ ♦♥❧✐♥❡ 4❡❛❧✐③❛ ❛& ❝♦44❡✲

#$❡& ✭❍❯❳▲❊❨✱ ✷✵✶✺✮✳ ❖& ❞❛❞♦& ❝♦♠♦ ❡①❡4❝3❝✐♦& 4❡❛❧✐③❛❞♦&✱ &✉❜♠❡*✐❞♦& ❡ ❝♦44❡*♦&✱ ♥♦*❛

❛*4✐❜✉3❞❛ ❛ ❝❛❞❛ ❡①❡4❝3❝✐♦ ❢♦4❛♠ ❡①*4❛3❞♦& ❞❡&&❛ ❢❡44❛♠❡♥*❛✳ ❆ ❥✉♥#.♦ ❞❡&*❛& ❞✉❛& ❢♦♥*❡&

❞❡ ❞❛❞♦& 4❡&✉❧*❛4❛♠ ♥♦& &❡❣✉✐♥*❡& ❛*4✐❜✉*♦&✿ ■❞✱ ✐❞❛❞❡✱ &❡①♦✱ 4❡♥❞❛✱ ❝✐❞❛❞❡✱ ❡&*❛❞♦ ❝✐✈✐❧✱

♠❛*4✐❝✉❧❛✱ &❡♠❡&*4❡✱ *✉4♠❛✱ ♣❡43♦❞♦✱ ❛♥♦ ❞❡ ✐♥❣4❡&&♦ ♥♦ ❝✉4&♦ ❞♦& ❡&*✉❞❛♥*❡&✱ T✉❛♥*✐❞❛❞❡

❞❡ ❡①❡4❝3❝✐♦& T✉❡ ♦ ❡&*✉❞❛♥*❡ 4❡❛❧✐③♦✉✱ T✉❛♥*✐❞❛❞❡ ❞❡ ❡①❡4❝3❝✐♦ &✉❜♠❡*✐❞♦&✱ T✉❛♥*✐❞❛❞❡ ❞❡

❡①❡4❝3❝✐♦& ❝♦44❡*♦&✱ ♥♦*❛& ❞♦& ❡&*✉❞❛♥*❡& ♥❛ ❞✐&❝✐♣❧✐♥❛ ❡ ❛ &✐*✉❛#.♦ ❞♦ ❡&*✉❞❛♥*❡ ✭❛♣4♦✈❛❞♦

♦✉ 4❡♣4♦✈❛❞♦✮✳

✹✳✷ ❙❡❧❡&'♦ ❞♦* ❆❧❣♦-✐/♠♦*

▼✉✐*♦& ♠1*♦❞♦& ❞❡ ❊❉▼ &✉4❣✐4❛♠ ❛♦ ❧♦♥❣♦ ❞♦& W❧*✐♠♦& ❛♥♦&✱ ❛❧❣✉♥& &.♦ &❡♠❡❧❤❛♥*❡&

❛♦& ❞❡ ♠✐♥❡4❛#.♦ ❞❡ ❞❛❞♦& ✉&❛❞♦& ❡♠ ♦✉*4♦& ❞♦♠3♥✐♦&✱ ❡♥T✉❛♥*♦ ♦✉*4♦& &.♦ W♥✐❝♦& ♣❛4❛

❛ ♠✐♥❡4❛#.♦ ❞❡ ❞❛❞♦& ❡❞✉❝❛❝✐♦♥❛✐& ✭❘❨❆◆❀ ❙❊■❏■❀ ❈❆❘❱❆▲❍❖✱ ✷✵✶✶✮✳ ❙❡❣✉♥❞♦✱ ✭●■✲

❇❊❘❚❀ ▼❆❘❘❊❀ ❈❖❉■◆❆✱ ✷✵✶✵✮✱ ❛ ❡&❝♦❧❤❛ ❞❛ *1❝♥✐❝❛ ❞❡ ♠✐♥❡4❛#.♦ ❞❡ ❞❛❞♦& ❞❡♣❡♥❞❡

❞♦ ♣4♦❜❧❡♠❛ ❞❡ ♥❡❣a❝✐♦ ❛ &❡4 &♦❧✉❝✐♦♥❛❞♦ ❡ ❞❛& ❝❛4❛❝*❡43&*✐❝❛& ❞♦& ❞❛❞♦& ❞✐&♣♦♥3✈❡✐& ♣❛4❛

❛♥5❧✐&❡✳ ◆❡&*❡ *4❛❜❛❧❤♦ ✉*✐❧✐③❛♠♦& ♦ ♠1*♦❞♦ ❞❡ ♣4❡❞✐#.♦✳ ◆♦ ❡♥*❛♥*♦✱ ❡①✐&*❡♠ *4A& *✐♣♦&

❞❡ ♣4❡❞✐#.♦✿ ❝❧❛&&✐✜❝❛#.♦✱ 4❡❣4❡&&.♦ ❡ ❡&*✐♠❛#.♦ ❞❡ ❞❡♥&✐❞❛❞❡✳ ❆ ❡&*✐♠❛#.♦ ❞❡ ❞❡♥&✐❞❛❞❡

1 4❛4❛♠❡♥*❡ ✉*✐❧✐③❛❞❛ ♥❛ ❊❉▼ ❞❡✈✐❞♦ ❛ ❢❛❧*❛ ❞❡ ✐♥❞❡♣❡♥❞A♥❝✐❛ ❡&*❛*3&*✐❝❛ ✭❘❨❆◆❀ ❙❊■❏■❀

❈❆❘❱❆▲❍❖✱ ✷✵✶✶✮✱ 4❡❣4❡&&.♦ ❡ ❝❧❛&&✐✜❝❛#.♦ &.♦ ♦& *✐♣♦& ♠❛✐& ❝♦♠✉♥& ❞❡ ♣4❡❞✐#.♦✳ ❊♠

4❡❣4❡&&.♦ ❛ ✈❛4✐5✈❡❧ ♣4❡❞✐*✐✈❛ ♣♦❞❡ &❡4 ♥✉♠14✐❝❛ ♦✉ ❝♦♥*3♥✉❛✱ ♥❛ ❝❧❛&&✐✜❝❛#.♦ ❛ ✈❛4✐5✈❡❧

♣4❡❞✐*✐✈❛ ♣♦❞❡ &❡4 ❝❛*❡❣a4✐❝❛ ♦✉ ❞✐&❝4❡*❛ ✭❘❖▼❊❘❖❀ ❱❊◆❚❯❘❆✱ ✷✵✶✵✮✳

❉❡ ❛❝♦4❞♦ ❝♦♠ ♦ ❝♦♥❥✉♥*♦ ❞❡ ❞❛❞♦& ❡ ♦ ♦❜❥❡*✐✈♦ ❞♦ ❡&*✉❞♦✱ ♦ *✐♣♦ ❞❡ ♣4❡❞✐#.♦ ♠❛✐&

❛♣4♦♣4✐❛❞♦ ♣❛4❛ ♦ ❡&*✉❞♦ 1 ♦ ❞❡ ❝❧❛&&✐✜❝❛#.♦✳

❖& ❛❧❣♦4✐*♠♦& ❞❡ ♣4❡❞✐#.♦ ✉*✐❧✐③❛❞♦& ❢♦4❛♠✿ ❝❧❛&&✐✜❝❛❞♦4 ♣4♦❜❛❜✐❧3&*✐❝♦ &✐♠♣❧❡& ❝♦♠

❜❛&❡ ♥❛ ❛♣❧✐❝❛#.♦ ❞♦ *❡♦4❡♠❛ ❞❡ ❇❛②❡& ✭✈❡4 ❙❡#.♦ ✷✳✸✳✹✳✶✮✱ ➪4✈♦4❡ ❞❡ ❉❡❝✐&.♦ ✭✈❡4 ❙❡✲

#.♦ ✷✳✸✳✹✳✷✮✱ ▼5T✉✐♥❛ ❞❡ ❱❡*♦4 ❞❡ ❙✉♣♦4*❡ ✭✈❡4 ❙❡#.♦ ✷✳✸✳✹✳✸✮❡ ❘❡❞❡ ◆❡✉4❛❧ ✭✈❡4 ❙❡✲

#.♦ ✷✳✸✳✹✳✹✮✳ ❊&&❡& ♠1*♦❞♦& ❢♦4❛♠ &❡❧❡❝✐♦♥❛❞♦&✱ ✉♠❛ ✈❡③ T✉❡ ❛♣4❡&❡♥*❛♠ ✉♠❛ ❜♦❛ ❡✜✲

❝5❝✐❛ ❡♠ ❞✐❢❡4❡♥*❡& ❞♦♠3♥✐♦& ✭❈❆❘❯❆◆❆❀ ◆■❈❯▲❊❙❈❯✲▼■❩■▲✱ ✷✵✵✻✮✳ ❆❧1♠ ❞♦& &❡✉&

4❡&♣❡❝*✐✈♦& &✉❝❡&&♦& ❡♠ ♦✉*4♦& ❞♦♠3♥✐♦&✱ &❡❣✉♥❞♦ ✭❲❯ ❡* ❛❧✳✱ ✷✵✵✽✮ *❡♠ &✐❞♦ ❜❛&*❛♥*❡

✉*✐❧✐③❛❞♦& ❡♠ ❛❜♦4❞❛❣❡♠ ❡①✐&*❡♥*❡& ♣❛4❛ ❛ *❛4❡❢❛ ❞❡ ♣4❡❞✐#.♦✳



✸✾

✹✳✷✳✶ ❱❛❧✐❞❛)*♦

❆ #❛%❡❢❛ ❞❡ ✈❛❧✐❞❛,-♦✱ ♥♦ ❞♦♠2♥✐♦ ❞❡ ♠✐♥❡%❛,-♦ ❞❡ ❞❛❞♦3✱ 4 ✉♠ ♣%♦❝❡33♦ 8✉❡ ❞❡#❡%♠✐♥❛

♦ ❣%❛✉ ❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ❝♦♥3#%✉2❞♦ ❡♠ %❡❧❛,-♦ ❛♦3 ❞❛❞♦3 ❛♣%❡3❡♥#❛❞♦3✳ ❆

♠❡#♦❞♦❧♦❣✐❛ ❞❡ #❡3#❡3 ❛❞♦#❛❞❛ ♥♦ #%❛❜❛❧❤♦ ❢♦✐ ❛ ✈❛❧✐❞❛,-♦ ❝%✉③❛❞❛ ❝♦♠ ❑✲❢♦❧❞3✳

◆♦ ♠4#♦❞♦ ❞❛ ✈❛❧✐❞❛,-♦ ❝%✉③❛❞❛ ❑✲❢♦❧❞3✱ ♦ ❝♦♥❥✉♥#♦ ❞❡ #%❡✐♥❛♠❡♥#♦ ♦%✐❣✐♥❛❧ 4 ❞✐✈✐❞✐❞♦

❡♠ ❑ 3✉❜❝♦♥❥✉♥#♦3✳ ❉❡3#❡3 ❑ 3✉❜❝♦♥❥✉♥#♦3✱ ✉♠ 3✉❜❝♦♥❥✉♥#♦ 4 %❡#✐%❛❞♦ ♣❛%❛ 3❡% ✉#✐❧✐③❛❞♦

♥❛ ✈❛❧✐❞❛,-♦ ❞♦ ♠♦❞❡❧♦ ❡ ♦3 ❑✲✶ 3✉❜❝♦♥❥✉♥#♦3 %❡3#❛♥#❡3 3-♦ ✉#✐❧✐③❛❞♦3 ♥♦ #%❡✐♥❛♠❡♥#♦✳

❖ ♣%♦❝❡33♦ ❞❡ ✈❛❧✐❞❛,-♦ ❝%✉③❛❞❛ 4✱ ❡♥#-♦✱ %❡♣❡#✐❞♦ ❑ ✈❡③❡3✱ ❞❡ ♠♦❞♦ 8✉❡ ❝❛❞❛ ✉♠ ❞♦3 ❑

3✉❜❝♦♥❥✉♥#♦3 3❡❥❛♠ ✉#✐❧✐③❛❞♦3 ❡①❛#❛♠❡♥#❡ ✉♠❛ ✈❡③ ❝♦♠♦ ❞❛❞♦ ❞❡ #❡3#❡ ♣❛%❛ ❛ ✈❛❧✐❞❛,-♦

❞♦ ♠♦❞❡❧♦ ✭❍❆◆❀ ❑❆▼❇❊❘❀ N❊■✱ ✷✵✶✶✮✳

❖ %❡3✉❧#❛❞♦ ✜♥❛❧ ❞❡33❡ ♣%♦❝❡33♦ 4 ♦ ❞❡3❡♠♣❡♥❤♦ ♠4❞✐♦ ❞♦ ❝❧❛33✐✜❝❛❞♦% ♥♦3 ❑✲✶ #❡3#❡3✳

❖ ♦❜❥❡#✐✈♦ ❞❡ %❡♣❡#✐% ♦3 #❡3#❡3 ♠S❧#✐♣❧❛3 ✈❡③❡3 4 ❛✉♠❡♥#❛% ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❛ ❡3#✐♠❛#✐✈❛

❞❛ ♣%❡❝✐3-♦ ❞♦ ❝❧❛33✐✜❝❛❞♦%✳

❆ ✈❛❧✐❞❛,-♦ ❝%✉③❛❞❛ 4 %❡❝♦♠❡♥❞❛❞❛ 8✉❛♥❞♦ 3❡ #%❛❜❛❧❤❛ ❝♦♠ ✉♠ ♣❡8✉❡♥♦ ♥S♠❡%♦ ❞❡

❛♠♦3#%❛3✳ ◗✉❛♥❞♦ #❡♠✲3❡ ✉♠ ♥S♠❡%♦ ♠❛✐♦% ❞❡ ❛♠♦3#%❛3✱ 4 %❡❝♦♠❡♥❞❛❞♦ ♦✉#%♦ ♠4#♦❞♦

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

✹✳✷✳✷ ▼-./✐❝❛

❉❛❞♦ 8✉❡ ♦3 ♠♦❞❡❧♦3 ❞❡ ♣%❡❞✐,-♦ 3-♦ ❞❡3❡♥✈♦❧✈✐❞♦3 ♣❛%❛ 3❡%❡♠ ❛♣❧✐❝❛❞♦3 ❛ ❞❛❞♦3

❞✐❢❡%❡♥#❡3 ❞❛8✉❡❧❡3 8✉❡ ❢♦%❛♠ ✉3❛❞♦3 ♣❛%❛ ♦3 ❝♦♥3#%✉✐%✱ #♦%♥❛✲3❡ ❡33❡♥❝✐❛❧ ❛✈❛❧✐U✲❧♦3 ♣❛%❛

♠❡❞✐% ♦ 3❡✉ ♣♦❞❡% ❞❡ ❣❡♥❡%❛❧✐③❛,-♦✳ N❛%❛ ♠❡❧❤♦% ❝❛%❛❝#❡%✐③❛% ❛ ❡✜❝U❝✐❛ ❞♦3 ♠4#♦❞♦3

❊❉▼ ❛♥❛❧✐3❛❞♦3 ♥❡3#❡ #%❛❜❛❧❤♦✱ ❞❡❝✐❞✐♠♦3 ❛❞♦#❛% ❛ ♠4#%✐❝❛ ❋✲▼❡❛%✉'❡ ✭❍❆◆❀ ❑❆▼❇❊❘❀

N❊■✱ ✷✵✶✶✮✱ 8✉❡ 4 ❛♠♣❧❛♠❡♥#❡ ✉#✐❧✐③❛❞♦ ❡♠ ❞♦♠2♥✐♦3 ❝♦♠♦ ❛ %❡❝✉♣❡%❛,-♦ ❞❡ ✐♥❢♦%♠❛,-♦✱

❛♣%❡♥❞✐③❛❞♦ ❞❡ ♠U8✉✐♥❛ ❡ ♦✉#%♦3 ❞♦♠2♥✐♦3 8✉❡ ❡♥✈♦❧✈❡♠ ❝❧❛33✐✜❝❛,-♦ ❜✐♥U%✐❛ ✭❖▲❙❖◆❀

❉❊▲❊◆✱ ✷✵✵✽✮✳ ❊♠ 3✉♠❛✱ ❋✲▼❡❛%✉'❡ 4 ❛ ♠4❞✐❛ ❤❛%♠Y♥✐❝❛ ❡♥#%❡ ('❡❝✐%✐♦♥ ❡ ❘❡❝❛❧❧ ✭❍❆◆❀

❑❆▼❇❊❘❀ N❊■✱ ✷✵✶✶✮✱ ❝♦♥❢♦%♠❡ ❞❡3❝%✐#♦ ❛❜❛✐①♦✿

N❛%❛ ♦ ❝U❧❝✉❧♦ ❞❡3#❛3 ♠❡❞✐❞❛3 4 ♥❡❝❡33U%✐♦ ❝❛#❡❣♦%✐③❛% ❛3 ❡♥#✐❞❛❞❡3 ❞❛ 3❡❣✉✐♥#❡ ❢♦%♠❛✿

• ❱❡%❞❛❞❡✐%♦ N♦3✐#✐✈♦ ✭❚N✮✿ 4 ♦ ♥S♠❡%♦ ❞❡ ❝❛3♦3 ♣♦3✐#✐✈♦3 ❝♦%%❡#❛♠❡♥#❡ ❝❧❛33✐✜❝❛❞♦3

❝♦♠♦ ♣♦3✐#✐✈♦✳

• ❱❡%❞❛❞❡✐%♦ ◆❡❣❛#✐✈♦ ✭❚◆✮✿ 4 ♦ ♥S♠❡%♦ ❞❡ ❝❛3♦3 ♥❡❣❛#✐✈♦3 ❝♦%%❡#❛♠❡♥#❡ ❝❧❛33✐✜❝❛❞♦3

❝♦♠♦ ♥❡❣❛#✐✈♦✳

• ❋❛❧3♦3 N♦3✐#✐✈♦3 ✭❋N✮✿ 4 ♦ ♥S♠❡%♦ ❞❡ ❝❛3♦3 ♥❡❣❛#✐✈♦3 ✐♥❝♦%%❡#❛♠❡♥#❡ ❝❧❛33✐✜❝❛❞♦3

❝♦♠♦ ♣♦3✐#✐✈♦✳

• ❋❛❧3❡ ◆❡❣❛#✐✈♦ ✭❋◆✮✿ 4 ♦ ♥S♠❡%♦ ❞❡ ❝❛3♦3 ♣♦3✐#✐✈♦3 ✐♥❝♦%%❡#❛♠❡♥#❡ ❝❧❛33✐✜❝❛❞♦3

❝♦♠♦ ♥❡❣❛#✐✈♦✳



✹✵

❘❡❝❛❧❧ ❡ %&❡❝✐(✐♦♥ #$♦ ❞✉❛# ♠❡❞✐❞❛# ❞❡ ❛✈❛❧✐❛-$♦ ❛♠♣❧❛♠❡♥0❡ ✉0✐❧✐③❛❞❛#✳ ❘❡❝❛❧❧ ♣♦❞❡

#❡3 ❝♦♥#✐❞❡3❛❞❛ ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ✐♥0❡❣3✐❞❛❞❡✱ ❡♥7✉❛♥0♦✱ %&❡❝✐(✐♦♥ ♣♦❞❡ #❡3 ❝♦♥#✐❞❡✲

3❛❞❛ ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ♣3❡❝✐#$♦ ♦✉ ❞❡ ✜❞❡❧✐❞❛❞❡✳ ❘❡❝❛❧❧ ♠❡❞❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✉♠

#✐#0❡♠❛ ❞❡ ❡♥❝♦♥03❛3 ♦ 7✉❡ #❡ 7✉❡3 ❡ %&❡❝✐(✐♦♥ ♠❡❞❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ♠❡#♠♦ #✐#0❡♠❛ ❡♠

3❡❥❡✐0❛3 ♦ 7✉❡ ♥$♦ #❡ 7✉❡3 ✭❍❆◆❀ ❑❆▼❇❊❘❀ E❊■✱ ✷✵✶✶✮✳ E♦❞❡♠♦# ♦❜0❡3 ❡#0❛# ♠❡❞✐❞❛# ❛

♣❛30✐3 ❞❛# ❢L3♠✉❧❛#✿

Precision :
TP

TP + FP
✭✹✳✶✮

Recall :
TP

TP + FN
✭✹✳✷✮

❋✲▼❡❛(✉&❡ ♠❡❞❡ ❛ ❡✜❝✐N♥❝✐❛ ❞♦ #✐#0❡♠❛ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥#✐❞❡3❛-$♦ ♦ ❡33♦ ♥❛# ❞✉❛#

❝❧❛##❡#✳ ➱ ♥❡❝❡##P3✐♦ 7✉❡ ♦ ❛❝❡30♦ ♥❛# ❞✉❛# ❝❧❛##❡# ❛✉♠❡♥0❡ ♣❛3❛ 7✉❡ ❛ ♠Q03✐❝❛ ❛✉♠❡♥0❡✳

➱ ♦❜0✐❞❛ ❞❛ #❡❣✉✐♥0❡ ❢♦3♠❛✿

F −measure :
2.P recison.Recall

Precison+Recall
✭✹✳✸✮

✹✳✸ ■♥%&'✉♠❡♥&❛,-♦

E❛3❛ ❡#❝♦❧❤❛ ❞❛# ❢❡33❛♠❡♥0❛# ❢♦3❛♠ ❧❡✈❛❞❛# ❡♠ ❝♦♥#✐❞❡3❛-$♦ ❛❧❣✉♥# ♣❛3T♠❡03♦#✱ 0❛✐#

❝♦♠♦✿ #❡ ❡①✐#0✐❛ ✉♠❛ ❝♦♥❡❝0✐✈✐❞❛❞❡ ❡♥03❡ ❛# ❢❡33❛♠❡♥0❛#✱ #❡ #✉❛# ❢✉♥❝✐♦♥❛❧✐❞❛❞❡# ❛0❡♥❞✐❛♠

❛# ♥❡❝❡##✐❞❛❞❡# ❡①✐❣✐❞❛# ♥♦ 03❛❜❛❧❤♦✱ ✉#❛❜✐❧✐❞❛❞❡✱ #❡✉ ❞❡#❡♠♣❡♥❤♦ ❝♦♠♣✉0❛❝✐♦♥❛❧ ❡ ♦

❝✉#0♦✳

◆$♦ #❡♥❞♦ ♦ ♦❜❥❡0✐✈♦ ❞❡#0❛ ❞✐##❡30❛-$♦ ❝♦♥#0✐0✉✐3 ✉♠ ♠❛♥✉❛❧ ❞❡ ✉0✐❧✐③❛-$♦ ❞❛# ❢❡33❛✲

♠❡♥0❛# ❡#❝♦❧❤✐❞❛# Q✱ ♥♦ ❡♥0❛♥0♦✱ ♦♣♦30✉♥♦ ❡❢❡0✉❛3 ✉♠❛ ❜3❡✈❡ ❞❡#❝3✐-$♦ ❞❛# ❢❡33❛♠❡♥0❛#

✉0✐❧✐③❛❞❛#✳ ❉❡#0❡ ♠♦❞♦✱ ❡♠ #❡❣✉✐❞❛ ❞❡#❝3❡✈❡3❡♠♦# ❛# ❢✉♥❝✐♦♥❛❧✐❞❛❞❡# ❡##❡♥❝✐❛✐# ❛♣3❡#❡♥✲

0❛❞❛# ♣❡❧♦# #✐#0❡♠❛# E❡♥0❛❤♦ ❡ ❲❡❦❛✱ ✉♠❛ ✈❡③ 7✉❡ #❡ 03❛0♦✉ ❞❛ ❢❡33❛♠❡♥0❛ 7✉❡ 3❡❝♦33❡♠♦#

♣❛3❛ ❛ 3❡❛❧✐③❛-$♦ ❞❡ 0♦❞❛# ❛# ❡①♣❡3✐N♥❝✐❛# ✐♥❡3❡♥0❡# ❛ ❡#0❡ 03❛❜❛❧❤♦✳

✹✳✸✳✶ 0❡♥&❛❤♦

❉❡ ❛❝♦3❞♦ ❝♦♠ ✭E❊◆❚❆❍❖✱ ✷✵✶✺✮✱ ❡#0❛ ♣❧❛0❛❢♦3♠❛ Q ❛ ❢❡33❛♠❡♥0❛ ❧✐✈3❡ ❞❡ ❇✉(✐♥❡((

✐♥0❡❧❧✐❣❡♥❝❡✭❇■✮ ❜❛#0❛♥0❡ ♣♦♣✉❧❛3✱ #❡♥❞♦ ❞✐#♣♦♥✐❜✐❧✐③❛❞❛ ♣❡❧❛ ❧✐❝❡♥-❛ ❞❡ ✉#♦ ❝♦♠❡3❝✐❛❧ ❡♠

#✉❛ ✈❡3#$♦ ❊♥0❡&♣&✐(❡ ❡ ♣❡❧❛ ❧✐❝❡♥-❛ ●◆❯ ●E▲ ❡♠ #✉❛ ✈❡3#$♦ ❈♦♠♠✉♥✐0②✳ ❖ ♣❛❝♦0❡

%❡♥0❛❤♦ ❖♣❡♥ ❇■ ❙✉✐0❡ Q ❞✐❢❡3❡♥0❡ ❞♦# ❢♦3♥❡❝❡❞♦3❡# 03❛❞✐❝✐♦♥❛✐# ❞❡ ♣❧❛0❛❢♦3♠❛# ❞❡ ❇■✱

♣♦✐# #✉❛ ♣❧❛0❛❢♦3♠❛ Q ❜❛#❡❛❞❛ ❡♠ ♣3♦❝❡##♦# ❡ Q ♦3✐❡♥0❛❞❛ ❛ #♦❧✉-_❡# ♣♦3 ❝♦♠♣♦♥❡♥0❡#

✐♥0❡❣3❛❞♦#✳

❖ ♣❛❝♦0❡ %❡♥0❛❤♦ ❖♣❡♥ ❇■✱ ❝♦♥#✐#0❡ ❞♦# #❡❣✉✐♥0❡# ❝♦♠♣♦♥❡♥0❡# ♠❛❝3♦#✿ ❋✉♥❝✐♦♥❛❧✐✲

❞❛❞❡# ❞❡ ❇■ ♣❛3❛ ✉#✉P3✐♦# ✜♥❛✐#✱ E❡♥0❛❤♦ ❉❡#✐❣♥ ❙0✉❞✐♦ ❡ ♣❧❛0❛❢♦3♠❛ ❞❡ ❇■✳

❆# ❢✉♥❝✐♦♥❛❧✐❞❛❞❡# ❞❡ ❇■ ♣❛3❛ ✉#✉P3✐♦# ✜♥❛✐# ✐♥❝❧✉❡♠ ❛# ❝❛♣❛❝✐❞❛❞❡# ❞❡✿ 3❡❧❛0L3✐♦#✱

❛♥P❧✐#❡#✱ ✇♦3❦✢♦✇✱ ♣❛✐♥❡❧ ❞❡ ✐♥#03✉♠❡♥0♦# ❡ ♠✐♥❡3❛-$♦ ❞❡ ❞❛❞♦#✳



✹✶

❖ #❡♥&❛❤♦ ❉❡+✐❣♥ ❙&✉❞✐♦ 1 ✉♠ ❝♦♥❥✉♥&♦ ❞❡ ❢❡66❛♠❡♥&❛+ ❞❡ ♣6♦❥❡&♦ ❡ ❛❞♠✐♥✐+&6❛89♦ :✉❡

✐♥&❡❣6❛❞❛+✱ ♣❡6♠✐&❡♠ ❛♦+ ❞❡+❡♥✈♦❧✈❡❞♦6❡+ ❛ ❝6✐❛89♦ ❞❡ 6❡❧❛&>6✐♦+✱ ♣❛✐♥❡❧ ❞❡ ✐♥+&6✉♠❡♥&♦+✱

♠♦❞❡❧♦+ ❞❡ ❛♥?❧✐+❡✱ 6❡❣6❛+ ❞❡ ♥❡❣>❝✐♦+ ❡ ♣6♦❝❡++♦+ ❞❡ ❇■✳

❆ ♣❧❛&❛❢♦6♠❛ ❞❡ ❇■ ❞❛ #❡♥&❛❤♦ 1 ♦ ♥D❝❧❡♦ ❞❡ +✉❛ ❛6:✉✐&❡&✉6❛✱ +❡♥❞♦ ❜❛+❡❛❞❛ ❡♠

♣6♦❝❡++♦+✱ ♣♦✐+ +❡ ❝♦♥+✉❜+&❛♥❝✐❛ ♥♦ ❝♦♥&6♦❧❛❞♦6 ❝❡♥&6❛❧ :✉❡ ✉&✐❧✐③❛ ❞❛+ ❞❡✜♥✐8H❡+ ❞♦+

♣6♦❝❡++♦+ ❝♦♠♦ ✐♥+✉♠♦ ♣❛6❛ ❛ ❞❡✜♥✐89♦ ❞♦+ ♣6♦❝❡++♦+ ❞❡ ❇■ ♥❛ ♣❧❛&❛❢♦6♠❛✳ ❆✐♥❞❛✱ 1

❝♦♥+✐❞❡6❛❞❛ ♦6✐❡♥&❛❞❛ ❛ +♦❧✉89♦✱ ❞❡✈✐❞♦ ❛♦ ❢❛&♦ ❞❡ :✉❡ ❛+ ♦♣❡6❛8H❡+ ♥❛ ♣❧❛&❛❢♦6♠❛ +9♦

❡+♣❡❝✐✜❝❛❞❛+ ♣❡❧♦+ ♣6♦❝❡++♦+ ❡ ♦♣❡6❛8H❡+ ❞❡ ❢♦6♠❛ ❝♦❧❡&✐✈❛ ♣❛6❛ ❛ ❞❡✜♥✐89♦ ❞❛+ +♦❧✉8H❡+

❞❡ ✉♠ ♣6♦❜❧❡♠❛ ❞❡ ❇■✳

❆ ♣❧❛&❛❢♦6♠❛ ❞❡ ❇■ ❞♦ #❡♥&❛❤♦ ✐♥❝♦6♣♦6❛ ❞✐✈❡6+♦+ ♠>❞✉❧♦+✱ :✉❡ ❡①❡❝✉&❛❞♦+ ❝♦♠♦

♣❛6&❡ ❞❡ ✉♠ ♣6♦❝❡++♦ ❤❛❜✐❧✐&❛♠ J +♦❧✉89♦✱ ♣6♦❝❡❞✐♠❡♥&♦+ ❞❡ ❇■✳ ❖+ ♣6✐♥❝✐♣❛✐+ ♠>❞✉❧♦+

+9♦✿

• #❡♥&❛❤♦ ❇■ #❧❛&❢♦6♠ ❛♥❞ ❙❡6✈❡6 ✭#❡♥&❛❤♦ ❯+❡6 ❈♦♥+♦❧❡ ❡ #❡♥&❛❤♦ ❆❞♠✐♥✐+&6❛&♦6

❈♦♥+♦❧❡✮❀

• #❡♥&❛❤♦ ❘❡♣♦6& ✭#❡♥&❛❤♦ ❘❡♣♦6&❡6 ❉❡+✐❣♥❡6✮❀

• #❡♥&❛❤♦ ❉❛&❛ ■♥&❡❣6❛&✐♦♥ ❈♦♠♠✉♥✐&② ❊❞✐&✐♦♥ ✕ #❉■ ❈❊ ✭❑❡&&❧❡✮❀

• #❡♥&❛❤♦ ❆♥❛❧②+✐+ ❙❡6✈✐❝❡+ ❈♦♠♠✉♥✐&② ❊❞✐&✐♦♥ ✕ #❆❙ ❈❊ ✭▼♦♥❞6✐❛♥✮❀

• #❡♥&❛❤♦ ❉❛&❛ ▼✐♥✐♥❣ ✭❲❡❦❛✮✳

◆❡+&❡ ❡+&✉❞♦ +❡6? ✉&✐❧✐③❛❞♦ +♦♠❡♥&❡ ♦ ❝♦♠♣♦♥❡♥&❡ #❡♥&❛❤♦ ❉❡+✐❣♥ ❙&✉❞✐♦ ❡ ♣❧❛&❛❢♦6♠❛

❞❡ ❇■ ❝♦♠ ♦ ♠>❞✉❧♦ ❞❡ #❡♥&❛❤♦ ❉❛&❛ ■♥&❡❣6❛&✐♦♥ ❈♦♠♠✉♥✐&② ❊❞✐&✐♦♥ ✕ #❉■ ❈❊ ✭❑❡&&❧❡✮✳
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♦$ ❡$)✉❞❛♥)❡$ A✉❡ )✐✈❡+❛♠ ♥♦)❛$ ✐♥❢❡+✐♦+ ❛ ✸✱✵ ♦✉ ♥♦)❛ ♥✉❧❛✳

• ◆♦ ❛)+✐❜✉)♦ ❝♦++❡$♣♦♥❞❡♥)❡ ❛ ❝✐❞❛❞❡ ♦♥❞❡ ♦$ ❡$)✉❞❛♥)❡$ +❡$✐❞❡♠ ❢♦+❛♠ ❡♥❝♦♥)+❛✲

❞❛$ ❛❧❣✉♠❛$ ✐♥❝♦♥$✐$)\♥❝✐❛$✳ K♦+ ❡①❡♠♣❧♦✿ ❡①✐$)✐❛♠ ♥♦♠❡♥❝❧❛)✉+❛$ ❞✐❢❡+❡♥)❡$ ♣❛+❛

+❡♣+❡$❡♥)❛+ ❛ ♠❡$♠❛ ❝✐❞❛❞❡✱ ❛$ ✐♥$)]♥❝✐❛$ ❞❡ ✏❖✉+♦ ❇+❛♥❝♦✑ ❡ ✏❖✉+♦ ❇+❛♥❝♦✴❆▲✑

❡$)5♦ +❡❧❛❝✐♦♥❛❞❛$ ❝♦♠ ❛ ♠❡$♠❛ ❝✐❞❛❞❡✳ ❊$)❡ ♣+♦❜❧❡♠❛ ❢♦✐ +❡$♦❧✈✐❞♦✱ ❝♦♠ ❛♣❧✐❝❛45♦

❞❡ )N❝♥✐❝❛$ ❞❡ ❛❣+✉♣❛♠❡♥)♦ ❞❡ ❛)+✐❜✉)♦$✳

• ❚❛♠❜N♠ ❢♦+❛♠ ❣❡+❛❞♦$ ♥♦✈♦$ ❛)+✐❜✉)♦$ ❛)+❛✈N$ ❞❡ ❝1❧❝✉❧♦$ ♠❛)❡♠1)✐❝♦$✳ K♦+ ❡①❡♠✲

♣❧♦✱ ♦ ❛)+✐❜✉)♦ ✏✐❞❛❞❡✑✱ A✉❡ ❝♦♥)N♠ ❛ ✐❞❛❞❡ ❞♦$ ❡$)✉❞❛♥)❡$✱ ❢♦✐ ❣❡+❛❞♦ ❛)+❛✈N$ ❞♦

❝❛❧❝✉❧♦ ❞❡ ✉♠ ♦✉)+♦ ❛)+✐❜✉)♦ A✉❡ ❝♦♥)✐♥❤❛ ❞✐❛✱ ♠\$ ❡ ❛♥♦ ❞❡ ♥❛$❝✐♠❡♥)♦ ❞♦$ ❡$)✉✲

❞❛♥)❡$✳

◆❛ ❋✐❣✉+❛ ✶✵ $5♦ ♠♦$)+❛❞❛$ )♦❞❛$ ❛$ ❡)❛♣❛$ ❡①❡❝✉)❛❞❛$ ♥♦ $♦❢)✇❛+❡ K❡♥)❛❤♦✱ ❞✉+❛♥)❡

❛ ❢❛$❡ ❞❡ ♣+N✲♣+♦❝❡$$❛♠❡♥)♦ ❞♦$ ❞❛❞♦$✱ ❝❛❞❛ A✉❛❞+❛❞♦ ❝♦++❡$♣♦♥❞❡ ❛ ✉♠❛ )❛+❡❢❛ ❞❡ ♣+N✲

♣+♦❝❡$$❛♠❡♥)♦ ❞❡ ❞❛❞♦$ +❡❛❧✐③❛❞❛✱ ❝♦♠❡4❛♥❞♦ ♣❡❧❛ ❡①)+❛45♦ ❞♦$ ❞❛❞♦$ ❛)N ✜♥❛❧✐③❛+ ❝♦♠

❛ ❣❡+❛45♦ ❞♦ ❛+A✉✐✈♦ ❝♦♠♣❛)d✈❡❧ ❝♦♠ ♦ $♦❢)✇❛+❡ ❞❡ ♠✐♥❡+❛45♦ ❲❡❦❛✳
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❋✐❣✉$❛ ✶✵ ✕ ❊!❛♣❛$ ❞♦ ♣'(✲♣'♦❝❡$$❛♠❡♥!♦ ❞♦$ ❞❛❞♦$

❋♦♥+❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❛✉+♦$

✺✳✶✳✹ ❙❡❧❡'(♦ ❞♦+ ❛-.✐❜✉-♦+

●❡$❛❧♠❡♥)❡✱ ♦, ❝♦♥❥✉♥)♦, ❞❡ ❞❛❞♦, 1✉❡ ♣❛,,❛$3♦ ♣❡❧♦, ♣$♦❝❡,,♦, ❞❡ ♠✐♥❡$❛53♦ ❞❡ ❞❛✲

❞♦,✱ ❛♣$❡,❡♥)❛♠ ❞♦✐, ♣$♦❜❧❡♠❛, )8♣✐❝♦, ✭❘❖▼❊❘❖ ❡) ❛❧✳✱ ✷✵✶✸✮✳ ❖ ♣$✐♠❡✐$♦ ❞✐③ $❡,♣❡✐)♦

E ❡❧❡✈❛❞❛ ❞✐♠❡♥,✐♦♥❛❧✐❞❛❞❡ ❞♦, ❞❛❞♦,✱ ✐,)♦ G✱ ♦ ♥H♠❡$♦ ❞❡ ❛)$✐❜✉)♦, ♦✉ ❝❛$❛❝)❡$8,)✐❝❛,

)♦$♥❛✲,❡ ❡①)❡♥,♦✳ ◆♦ ❡♥)❛♥)♦✱ ♥♦$♠❛❧♠❡♥)❡ ❛❧❣✉♥, ❞❡,,❡, ❛)$✐❜✉)♦, ♥3♦ ✐$3♦ ,❡$ ,✐❣♥✐✜❝❛✲

)✐✈♦, ♣❛$❛ ❛ ❝❧❛,,✐✜❝❛53♦ ❡ G ♣$♦✈M✈❡❧ 1✉❡ ❛❧❣✉♥, ❞❡,,❡, ❛)$✐❜✉)♦, ,❡❥❛♠ ❝♦$$❡❧❛❝✐♦♥❛❞♦,✳

❖ ,❡❣✉♥❞♦ ♣$♦❜❧❡♠❛✱ ❢$❡1✉❡♥)❡♠❡♥)❡ ❡♥❝♦♥)$❛❞♦ ♥❛, ❜❛,❡, ❞❡ ❞❛❞♦,✱ ,3♦ ♦, ❞❛❞♦, ❞❡,✲

❜❛❧❛♥❝❡❛❞♦,✱ ♦✉ ,❡❥❛✱ 1✉❛♥❞♦ ♦ ♥H♠❡$♦ ❞❡ ❝❛,♦, ❡♠ ✉♠❛ ❝❧❛,,❡ G ♠✉✐)♦ ♠❡♥♦$ ❞♦ 1✉❡ ♦

♥H♠❡$♦ ❞❡ ❝❛,♦, ❡♠ ♦✉)$❛ ❝❧❛,,❡ ✭✈❡$ ❙❡53♦ ✷✳✷✳✷✮✳ ❖, ♠G)♦❞♦, ✉)✐❧✐③❛❞♦, ♣❛$❛ $❡,♦❧✈❡$

❡,)❡ ,❡❣✉♥❞♦ ♣$♦❜❧❡♠❛ ,❡$3♦ ✈✐,)♦, ♥❛ ♣$P①✐♠❛ ❙❡53♦ ✭✺✳✶✳✺✮✳

R❛$❛ $❡,♦❧✈❡$ ♦ ♣$✐♠❡✐$♦ ♣$♦❜❧❡♠❛✱ )♦$♥❛✲,❡ $❡❝♦♠❡♥❞M✈❡❧ ❛ ✉)✐❧✐③❛53♦ ❞❡ )G❝♥✐❝❛, ❞❡

,❡❧❡53♦ ❞❡ ❛)$✐❜✉)♦, ✭✈❡$ ❙❡53♦ ✷✳✷✳✷✮✳

◗✉❛♥❞♦ ,❡ $❡❛❧✐③❛ ❛ ,❡❧❡53♦ ❞❡ ❛)$✐❜✉)♦,✱ ,❡ ❡,♣❡$❛ 1✉❡ ❛)$✐❜✉)♦, ✐$$❡❧❡✈❛♥)❡, ❡ $❡✲

❞✉♥❞❛♥)❡, ,❡❥❛♠ $❡♠♦✈✐❞♦,✱ ♦ 1✉❡ ♥♦$♠❛❧♠❡♥)❡ ❧❡✈❛ ✉♠ ❛✉♠❡♥)♦ ❞❛ ♣$❡❝✐,3♦ ❞♦ ♠G)♦❞♦

❞❡ ❛♣$❡♥❞✐③❛❞♦✳ ❖  ♦❢#✇❛&❡ ❲❡❦❛ ❞✐,♣V❡ ❞❡ ✈M$✐♦, ❛❧❣♦$✐)♠♦, ❞❡ ,❡❧❡53♦ ❞❡ ❛)$✐❜✉)♦,✱

1✉❡ ✉)✐❧✐③❛♠ ❞✐❢❡$❡♥)❡, ♠G)♦❞♦, ❝♦♠♦ ❋✐❧#❡&✱ ❲&❛♣♣❡& ❡ ❊♠❜❡❞❞❡❞ ✭✈❡$ ❙❡53♦ ✷✳✷✳✸✮✳

❉✉$❛♥)❡ ❛ $❡❛❧✐③❛53♦ ❞♦ )$❛❜❛❧❤♦ ❢♦$❛♠ )❡,)❛❞♦, ✈M$✐♦, ❛❧❣♦$✐)♠♦, ❝♦♠♦✿ ❈❢,❙✉❜,❡)❊✲

✈❛❧✱❈❤✐❙1✉❛$❡❞❆))$✐❜✉)❡❊✈❛❧✱ ❈♦♥,✐,)❡♥❝②✲❙✉❜,❡)❊✈❛❧✱ ❋✐❧)❡$❡❞❆))$✐❜✉)❡❊✈❛❧✱ ❖♥❡❘❆)✲

)$✐❜✉)❡❊✈❛❧✱ ❋✐❧)❡$❡❞❙✉❜,❡)❊✈❛❧✱ ●❛✐♥❘❛)✐♦❆))$✐❜✉)❡❊✈❛❧✱ ■♥❢♦●❛✐♥❆))$✐❜✉)❡❊✈❛❧✱ ❘❡❧✐✲

❡❢❋❆))$✐❜✉)❡❊✈❛❧✱ ❙②♠♠❡)$✐❝❛❧❯♥❝❡$)✲❆))$✐❜✉)❡❊✈❛❧ ✭❲■❚❚❊◆❀ ❋❘❆◆❑❀ ❍❆▲▲✱ ✷✵✶✶✮✳

◆♦ ❡♥)❛♥)♦✱ ♦ 1✉❡ ❛♣$❡,❡♥)♦✉ ♦ ♠❡❧❤♦$ $❡,✉❧)❛❞♦ ❡♠ )❡$♠♦, ❞❡ ♣$❡❝✐,3♦ ❢♦✐ ♦ ❛❧❣♦$✐)♠♦

■♥❢♦●❛✐♥❆##&✐❜✉#❡❊✈❛❧ ❜❛,❡❛❞♦ ♥♦ ♠G)♦❞♦ ❋✐❧#❡& ✭✈❡$ ❙❡53♦ ✷✳✷✳✷✮✳

❆ ♠❛♥❡✐$❛ ❞❡ ,❡ ♠❡❞✐$ ❛ 1✉❛❧✐❞❛❞❡ ❞❡ ✉♠ ❛)$✐❜✉)♦ ♣❛$❛ ❛ ❝❧❛,,✐✜❝❛53♦ G ❛✈❛❧✐❛$ ♦

,❡✉ ❣$❛✉ ❞❡ ❛,,♦❝✐❛53♦ ❝♦♠ ❛ ❝❧❛,,❡✳ R❛$❛ ❞❡)❡$♠✐♥❛$ ❡,,❡ )✐♣♦ ❞❡ ❛,,♦❝✐❛53♦✱ ❢♦$❛♠

♣$♦♣♦,)❛, ❞✐✈❡$,❛, ♠G)$✐❝❛,✳ ❊,,❛, ♠G)$✐❝❛, ,3♦ ❡♠♣$❡❣❛❞❛, ❡♠ ✉♠❛ ❜❛,❡ ❞❡ ❞❛❞♦,

D(A1, A2, ...An, C), n ≥ 1✱ ❝♦♠ n✰✶ ❛)$✐❜✉)♦,✱ ♦♥❞❡ C G ♦ ❛)$✐❜✉)♦ ❝❧❛,,❡ ❡ ♦ ,❡✉ ❞♦✲

♠8♥✐♦ G {c1, c2, ...cm}✱ m ≥ 2✳ ❆,,✉♠✐♥❞♦ 1✉❡ ♦, ✈❛❧♦$❡, ❞♦, ❛)$✐❜✉)♦, ❡ ❞❛ ❝❧❛,,❡ ,3♦
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❞✐$❝&❡(♦$✳

❆ ♠-(&✐❝❛ ✉(✐❧✐③❛❞❛ ♥♦ ❛❧❣♦&✐(♠♦ ■♥❢♦●❛✐♥❆(()✐❜✉(❡❊✈❛❧ - ♦ ❣❛♥❤♦ ❞❡ ✐♥❢♦&♠❛67♦ ❜❛✲

$❡❛❞♦ ♥♦ ❝♦♥❝❡✐(♦ ❞❡ ❡♥(&♦♣✐❛ ✭◗❯■◆▲❆◆✱ ✶✾✽✻✮✱ G✉❡ (❡♠ ♦&✐❣❡♠ ♥❛ H&❡❛ ❞❡ (❡♦&✐❛ ❞❛

✐♥❢♦&♠❛67♦✳ ❉❛❞♦ ✉♠ ❛(&✐❜✉(♦ A✱ ❝✉❥♦ ❞♦♠K♥✐♦ - {a1, a2, ..., ak}, K ≥ 1✱ ❞❡✜♥❡✲$❡ ❛ ♣&♦✲

❜❛❜✐❧✐❞❛❞❡ pi, 1 ≤ i ≤ k✱ ❞❡ ❝❛❞❛ ✈❛❧♦& ai ❞♦ ❛(&✐❜✉(♦ ❝♦♠♦ ❛ &❛③7♦ ❡♥(&❡ ♦ ♥N♠❡&♦ ❞❡

✐♥$(O♥❝✐❛ ❞❛ ❜❛$❡ ❡♠ G✉❡ ♦❝♦&&❡ ♦ ✈❛❧♦& ai ♣❛&❛ ♦ ❛(&✐❜✉(♦ A ❡ ♦ ♥N♠❡&♦ (♦(❛❧ ❞❡ ✐♥$(O♥❝✐❛$✳

❆ ❡♥(&♦♣✐❛ ❞❡$$❡ ❛(&✐❜✉(♦✱ &❡♣&❡$❡♥(❛❞❛ ♣♦& ❍✭❆✮ - ❞❛❞❛ ♣♦&✿

H(A) = −
k∑

i=1

[pi ∗ log2(pi)], ✭✺✳✶✮

❆ ❡♥(&♦♣✐❛ ❞❛ ❝❧❛$$❡✱ &❡♣&❡$❡♥(❛❞❛ ♣♦& ❍✭❈✮✱ ♣♦❞❡ $❡& ❝❛❧❝✉❧❛❞❛ ❞❛ ♠❡$♠❛ ❢♦&♠❛✱

❝♦♥$✐❞❡&❛♥❞♦ pj ❛ &❛③7♦ ❡♥(&❡ ♦ ♥N♠❡&♦ ❞❡ ✐♥$(O♥❝✐❛$ ❡♠ G✉❡ ♦ ✈❛❧♦& cj ❞❛ ❝❧❛$$❡✱ 1 ≤ j ≤

m✱ ♦❝♦&&❡ ♥❛ ❜❛$❡ ❡ ♦ ♥N♠❡&♦ (♦(❛❧ ❞❡ ✐♥$(O♥❝✐❛$✳

❙❡❥❛ ❛ ♣&♦❜❛❜✐❧✐❞❛❞❡ pj|i ❛ &❛③7♦ ❡♥(&❡ ♦ ♥N♠❡&♦ ❞❡ ✐♥$(O♥❝✐❛$ ❞❛ ❜❛$❡ G✉❡ ♣❡&(❡♥❝❡♠

U ❝❧❛$$❡ cj ❡♠ G✉❡ ♦❝♦&&❡ ♦ ✈❛❧♦& ai ❞♦ ❛(&✐❜✉(♦ ❆✱ ❡ ♦ ♥N♠❡&♦ (♦(❛❧ ❞❡ ✐♥$(O♥❝✐❛$ ❞❛ ❜❛$❡✳
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)] ✭✺✳✷✮
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'❛❧✿ ✭✐✮ ❛ *❛①❛ ❞❡ ❛♣'❡♥❞✐③❛❣❡♠ ✭❧❡❛&♥✐♥❣ &❛$❡✮❀ ✭✐✐✮ ♦ ✐♠♣✉❧,♦ ❛♣❧✐❝❛❞♦ ❛♦, ♣❡,♦,

❞✉'❛♥*❡ ❛ ,✉❛ ❛*✉❛❧✐③❛@>♦ ✭♠♦♠❡♥$✉♠✮❀ ✭✐✐✐✮ ♦ ♥=♠❡'♦ ❞❡ ❝❛♠❛❞❛, ❡,❝♦♥❞✐❞❛, ❡①✐,✲

*❡♥*❡, ♥❛ '❡❞❡ ✭❤✐❞❞❡♥ ❧❛②❡&)✮✳ ❉❡ ❛❝♦'❞♦ ❝♦♠ ✭❲■❚❚❊◆❀ ❋❘❆◆❑❀ ❍❆▲▲✱ ✷✵✶✶✮✱

♦ ❛❥✉,*❡ ✜♥♦ ❞❡,*❡, ♣❛'2♠❡*'♦, ♣♦❞❡♠ ♠❡❧❤♦'❛' ❛ ❡✜❝P❝✐❛ ❞♦ ❛❧❣♦'✐*♠♦ ❞❡ '❡❞❡

♥❡✉'❛❧✳

✭▼45✉✐♥❛ ❞❡ ❱❡8♦+ ❞❡ ❙✉♣♦+8❡✮ ❆ ♣'✐♠❡✐'❛ ♠✉❞❛♥@❛ ♥♦, ♣❛'2♠❡*'♦, ❞♦ ❛❧❣♦'✐*♠♦

❙❱▼ ❢♦✐ ❡♠ '❡❧❛@>♦ ❛♦ ❑❡&♥❡❧ ✭✈❡' ❙❡@>♦ ✷✳✸✳✹✳✸✮✳ ❋♦'❛♠ *❡,*❛❞❛, ✸ ♦♣@A❡, ❞❡

❑❡'♥❡❧✿ ♣♦❧✐♥♦♠✐❛❧✱ ❘❇❋ ❡ ❙✐❣♠d✐❞❡✱ ,❡♥❞♦ G✉❡ G✉❡♠ ❛♣'❡,❡♥*♦✉ ♦ ♠❡❧❤♦' '❡,✉❧*❛❞♦

❢♦✐ ♦ ❑❡&♥❡❧ ❣❛✉,,✐❛♥♦ ✭❘❇❋✮✳ %♦,*❡'✐♦'♠❡♥*❡✱ ❢♦'❛♠ ❛❧*❡'❛❞♦, ♦, ♣❛'2♠❡*'♦, γ G✉❡

♣❡'*❡♥❝❡♠ ❛♦ ❦❡'♥❡❧ ❘❇❋ ❡ ♦ ❝♦❡✜❝✐❡♥*❡ ❞❡ ❝✉,*♦ ✏❈✑✳

◆♦ ❡♥*❛♥*♦✱ ❡,❝♦❧❤❛ ♠❛♥✉❛❧ ❞♦, ♣❛'2♠❡*'♦, ✏❈✑ ❡ γ B ✐♥❞❡,❡❥P✈❡❧✱ ♣♦✐, B ✐♠♣'❡❝✐,❛ ❡

♥>♦ ❣❛'❛♥*❡ '❡,✉❧*❛❞♦, ❞❡ G✉❛❧✐❞❛❞❡ ✭■▼❇❆❯▲❚❀ ▲❊❇❆❘❚✱ ✷✵✵✹✮✳ ❆❧B♠ ❞❡ ❡①✐,*✐'

✉♠ ♥=♠❡'♦ ♠✉✐*♦ ,✐❣♥✐✜❝❛*✐✈♦ ❞❡ ❝♦♠❜✐♥❛@A❡, ❡♥*'❡ ♦, ♣❛'2♠❡*'♦, ✏❈✑ ❡ γ G✉❡

♣♦❞❡♠ ,❡' ✉,❛❞❛, ♣❛'❛ ♦ ❙❱▼✱ ❞❡ ❢♦'♠❛ G✉❡✱ *❡♥*❛' ❡♥❝♦♥*'❛' ❛ ♠❡❧❤♦' ❝♦♥✜❣✉'❛@>♦

❛*'❛✈B, ❞❡ ✉♠ ♣'♦❝❡,,♦ ❡①❛✉,*✐✈♦ B ❜❡♠ ❞✐❢3❝✐❧✳ %♦' ✐,,♦✱ ❢♦✐ ✉*✐❧✐③❛❞♦ ✉♠ ♠B*♦❞♦

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ●&✐❞✲❙❡❛&❝❤✳ ❆ *B❝♥✐❝❛ ❞❡ ●&✐❞✲❙❡❛&❝❤ B ✉*✐❧✐③❛❞❛ ♣❛'❛ ❜✉,❝❛' ♣❡❧♦,
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♠❡❧❤♦'❡( ♣❛'+♠❡,'♦( ❛,'❛✈.( ❞❛ ❛♥1❧✐(❡ ❞♦( '❡(✉❧,❛❞♦( ♦❜,✐❞♦( ❝♦♠ ❛ ❡①❡❝✉78♦ ❞♦

❛❧❣♦'✐,♠♦ ♣❛'❛ ✉♠ ✐♥,❡'✈❛❧♦ ❞❡ ♣❛'+♠❡,'♦(✳ ;♦✐(✱ ♥8♦ (❡ (❛❜❡ ♣'❡✈✐❛♠❡♥,❡ =✉❛❧ ♦✉

=✉❛✐( ♦( ♠❡❧❤♦'❡( ♣❛'+♠❡,'♦( ♣❛'❛ ♦ ♣'♦❜❧❡♠❛ ❡♠ =✉❡(,8♦✳ ❆♣?( ♦ ✉(♦ ❞♦ ♠.,♦❞♦

●!✐❞✲❙❡❛!❝❤ ❛❥✉(,❛♠♦( ♦( ♣❛'+♠❡,'♦( ♠❛♥✉❛❧♠❡♥,❡ ❝♦♠ ✈❛❧♦'❡( ❛♣'♦①✐♠❛❞♦( ❛♦

✐♥❢♦'♠❛❞♦ ♣❡❧♦ ♠.,♦❞♦✳ ❖✉ (❡❥❛✱ ♦ ♠.,♦❞♦ ●!✐❞✲❙❡❛!❝❤ (❡'✈✐✉ ❝♦♠♦ ❤❡✉'C(,✐❝❛

♣❛'❛ ♦( ❛❥✉(,❡( ♥♦( ♣❛'+♠❡,'♦( ❞♦ ❛❧❣♦'✐,♠♦ ❙❱▼✳
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✻ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙,❊❙

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

❙❡34♦ ✺✳ ◆❛ ❙❡34♦ ✻✳✷ ,❡"♣♦♥❞❡♠♦" 9" :✉❡"#;❡" ❞❡ ♣❡":✉✐"❛ ❧✐"#❛❞♦" ♥❛ ❙❡34♦ ✶✳✸✳ ❊

✜♥❛❧♠❡♥#❡ ♥❛ ❙❡34♦ ✻✳✸ ❞✐"❝✉#✐♠♦" ❛❧❣✉♠❛" ❛♠❡❛3❛" 9 ✈❛❧✐❞❛❞❡ ❞♦ ❡"#✉❞♦✳ ▼❛✐" ❞❡#❛❧❤❡"

❞♦" ,❡"✉❧#❛❞♦" ♣♦❞❡♠ "❡, ✈✐"#♦ ♥♦ ❛♣D♥❞✐❝❡ ❆

✻✳✶ ❉✐0❝✉003❡0 ❞♦0 ❘❡0✉❧8❛❞♦0

❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦✱ ❛♥#❡,✐♦,♠❡♥#❡✱ ❛" ❞✐"❝✐♣❧✐♥❛" ❞♦" ❝✉,"♦" ♥❛ ♠♦❞❛❧✐❞❛❞❡ ❛ ❞✐"#G♥❝✐❛

"4♦ ❞✐✈✐❞✐❞❛" ❡♠ ♦✐#♦ "❡♠❛♥❛"✳ ❈❛❞❛ "❡♠❛♥❛ ♦" ❡"#✉❞❛♥#❡" ,❡❝❡❜❡♠ ♥♦#❛" ❞❡ ❛❝♦,❞♦ ❝♦♠

❛" "✉❛" ❛#✐✈✐❞❛❞❡" ,❡❛❧✐③❛❞❛" ❡ ♥♦ ✜♠ ❞❛ :✉✐♥#❛ "❡♠❛♥❛ J ,❡❛❧✐③❛❞❛ ❛ ♣,✐♠❡✐,❛ ❛✈❛❧✐❛✲

34♦✳ ❖" ❛❧❣♦,✐#♠♦" ❢♦,❛♠ ❡①❡❝✉#❛❞♦" ❡♠ ❡#❛♣❛"❀ ♥❛ ♣,✐♠❡✐,❛ ❡#❛♣❛ ❢♦,❛♠ ✐♥❝❧✉'❞♦" ❞❛❞♦"

"♦♠❡♥#❡ ❛#J ♦ O❧#✐♠♦ ❞✐❛ ❞❛ ♣,✐♠❡✐,❛ "❡♠❛♥❛ ❞❡ ❛✉❧❛✱ ♥❛ "❡❣✉♥❞❛ ❡#❛♣❛✱ ❢♦,❛♠ ❛❝,❡"✲

❝❡♥#❛❞♦" ❞❛❞♦" ❛#J ♦ O❧#✐♠♦ ❞✐❛ ❞❛ "❡❣✉♥❞❛ "❡♠❛♥❛ ❞❡ ❛✉❧❛✱ ❡ ❛""✐♠ ❝♦♥"❡:✉❡♥#❡♠❡♥#❡

❛#J ❝❤❡❣❛, 9 "❡♠❛♥❛ ❞❛ ♣,✐♠❡✐,❛ ❛✈❛❧✐❛34♦✳ ❆♣P"✱ ❛ ❡①❡❝✉34♦ ❞♦" ❛❧❣♦,✐#♠♦" ❞❡ ♣,❡❞✐34♦✱

❢♦✐ ❝♦♥"#❛#❛❞♦ :✉❡ ♦" ,❡"✉❧#❛❞♦" ❢♦,❛♠ ♠❡❧❤♦,❛♥❞♦ ❛ ❝❛❞❛ "❡♠❛♥❛✱ ❝♦♠♦ ♠♦"#,❛❞♦ ♥❛

❋✐❣✉,❛ ✶✸✳

❋✐❣✉&❛ ✶✸ ✕ ❊✈♦❧✉./♦ ❞♦1 &❡1✉❧3❛❞♦1 1❡♠❛♥❛❧♠❡♥3❡ ❡♥1✐♥♦ ❛ ❞✐136♥❝✐❛

❋♦♥3❡✿ ❊❧❛❜♦&❛❞❛ ♣❡❧♦ ❛✉3♦&

◆❛ ♠♦❞❛❧✐❞❛❞❡ ❞❡ ❡♥"✐♥♦ ♣,❡"❡♥❝✐❛❧ ❝♦♠ ❡①❝❡34♦ ❞♦ ❛❧❣♦,✐#♠♦ ❞❡ R,✈♦,❡ ❞❡ ❞❡❝✐"4♦✱

#♦❞♦" ♦" ♦✉#,♦" ❛❧❣♦,✐#♠♦" #❛♠❜J♠ ♦❜#✐✈❡,❛♠ ♠❡❧❤♦,❛" ,❡"✉❧#❛❞♦" ❝♦♠ ♦ ❡♥,✐:✉❡❝✐♠❡♥#♦

❞♦" ❞❛❞♦" ❝♦♠♦ ♠♦"#,❛❞♦ ♥❛ ❋✐❣✉,❛ ✶✹✳

❆ ✜♠ ❞❡ ✈❡,✐✜❝❛, ❛ ✐♥✢✉❡♥❝✐❛ ❞♦" ❞❛❞♦" "♦❜,❡ ♦" ,❡"✉❧#❛❞♦"✱ ✐♥❝❧✉'♠♦" ❞❛❞♦" ❛♣P" ❛

♣,✐♠❡✐,❛ "❡♠❛♥❛ ❞❛ ❛✈❛❧✐❛34♦✳ ❈♦♠ ❡""❡" ❞❛❞♦" ❢♦✐ ♣♦""'✈❡❧ ❛❧❝❛♥3❛, #❛①❛" ❞❡ ♣,❡❝✐"4♦

❞❡ ❛#J ✵✱✾✽% ❡♥#,❡ ♦" ❛❧❣♦,✐#♠♦" ❞❡ ♣,❡❞✐34♦ ♥❛ ♠♦❞❛❧✐❞❛❞❡" ❞❡ ❡♥"✐♥♦ ♣,❡"❡♥❝✐❛❧ ❡ ❛



✺✹

❋✐❣✉$❛ ✶✹ ✕ ❊✈♦❧✉-.♦ ❞♦0 $❡0✉❧2❛❞♦0 0❡♠❛♥❛❧♠❡♥2❡ ❡♥0✐♥♦ ♣$❡0❡♥❝✐❛❧

❋♦♥2❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❛✉2♦$

❞✐$%&♥❝✐❛✳ ❊♠❜♦/❛ ❛$ %❛①❛$ ❢♦/❛♠ ❝♦♥$✐❞❡/❛✈❡❧♠❡♥%❡ ❛❧%❛$ ♦ ♦❜❥❡%✐✈♦ ❞❡ ♥♦$$♦ ❡$%✉❞♦

7 ❞❡%❡❝%❛/ ♦ ✐♥$✉❝❡$$♦ ♦ ♠❛✐$ ❜/❡✈❡ ♣♦$$9✈❡❧ ♣♦$$✐❜✐❧✐%❛♥❞♦ ✉♠❛ ✐♥%❡/✈❡♥:;♦ ♣❡❞❛❣=❣✐❝❛

%❡♠♣♦ ❤?❜✐❧✱ ♣♦/%❛♥%♦✱ ❡$$❡$ ❞❛❞♦$ ❢♦/❛♠ ❞❡$❝❛/%❛❞♦$✳

❋♦✐ ❛♣❧✐❝❛❞♦ $♦❜/❡ ❛$ ❢♦♥%❡$ ❞❡ ❞❛❞♦$ ♦ ❛❧❣♦/✐%♠♦ ❞❡ ♣/❡❞✐:;♦ ❑◆◆ ✭❑ ✈✐③✐♥❤♦$ ♠❛✐$

♣/=①✐♠♦$✮

✶

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝❧❛$$✐✜❝❛❞♦/❡$ ✏♣/❡❣✉✐:♦$♦$✑ ✭❆❍❆✱ ✶✾✾✼✮✳ ▼❡$♠♦ ❛♣=$ ❛$

❡%❛♣❛$ ❞❡ ♣/7✲♣/♦❝❡$$❛♠❡♥%♦ ❡ ❛❥✉$%❡$ ✜♥♦$✱ ♦$ /❡$✉❧%❛❞♦$ ❢♦/❛♠ ❛❜❛✐①♦ ❞❛ ♠7❞✐❛ ❡♠

❝♦♠♣❛/❛:;♦ ❝♦♠ ♦$ ♦✉%/♦$ Q✉❛%/♦ ❛❧❣♦/✐%♠♦$ ✉%✐❧✐③❛❞♦$ ♥❡$%❡ ❡$%✉❞♦✱ ♣♦/%❛♥%♦✱ ❡$%❡ ❛❧✲

❣♦/✐%♠♦ ❢♦✐ ❞❡$❝❛/%❛❞♦✳ ▼❛✐$ ❞❡%❛❧❤❡$ ❞♦$ /❡$✉❧%❛❞♦$ ♣♦❞❡♠ $❡/ ✈✐$%♦ ♥♦ ❛♣R♥❞✐❝❡ ❆ ♥❛$

❋✐❣✉/❛$ ✷✶ ❡ ✷✷✳

❚❛♠❜7♠ ❢♦/❛♠ ❛♣❧✐❝❛❞♦$ ♦✐%♦ ❛❧❣♦/✐%♠♦$ ❞❡ ❝❧❛$$✐✜❝❛:;♦ ✏❝❛✐①❛✲❜/❛♥❝❛✑ ✭▼❆❘◗❯❊❩✲

❱❊❘❆❀ ▼❖❘❆▲❊❙❀ ❙❖❚❖✱ ✷✵✶✸✮✱ %❛✐$ ❝♦♠♦ /❡❣/❛$ ❞❡ ✐♥❞✉:;♦ ❡ ?/✈♦/❡$ ❞❡ ❞❡❝✐$;♦✳ ❊$%❡$

❛❧❣♦/✐%♠♦$ ❢♦/❛♠ ❛♣❧✐❝❛❞♦$ ❛♣=$ ❛$ ❛$ ❡%❛♣❛$ ❞❡ ♣/7✲♣/♦❝❡$$❛♠❡♥%♦✱ ❛ ✜♠ ❞❡ ✐❞❡♥%✐✜❝❛/ ❛
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/❡$✉❧%❛❞♦$ ♣♦❞❡♠ $❡/ ✈✐$✉❛❧✐③❛❞♦$ ♥♦ ❛♣R♥❞✐❝❡ ❆ ♥❛$ ❋✐❣✉/❛$ ✷✸ ❡ ✷✹
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❊♠ $❡❣✉✐❞❛✱ ✈❛♠♦$ /❡$♣♦♥❞❡/ ❡ ❞✐$❝✉%✐/ ❛$ $❡❣✉✐♥%❡$ Q✉❡$%`❡$ ❞❡ ♣❡$Q✉✐$❛✿

✻✳✷✳✶ ◗✉❛❧ ❛ ❡✜❝4❝✐❛ ❞♦% ❛❧❣♦6✐(♠♦% ❞❡ ♣6❡❞✐89♦ ♣❛6❛ ✐❞❡♥(✐✜❝❛6 ❡%(✉❞❛♥(❡% ♣6♦♣❡♥%♦% ❛♦

✐♥%✉❝❡%%♦❄

❆ ✜♠ ❞❡ /❡$♣♦♥❞❡/ ❛ ❡$%❛ Q✉❡$%;♦✱ ❡①❡❝✉%❛♠♦$ ♦$ ❛❧❣♦/✐%♠♦$ ❞❡ ♣/❡❞✐:;♦✱ ❛♥❛❧✐$❛❞♦$
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✶
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❞❡ ❛!✐♥❣✐& ✉♠❛ ❡✜❝>❝✐❛ ✐❣✉❛❧ ❛ ✽✷✪ =✉❛♥❞♦ ♦, ❡,!✉❞❛♥!❡, !P♠ &❡❛❧✐③❛❞♦ ♣❡❧♦ ♠❡♥♦, ✻✵✪



✺✻

❞♦ ❝✉&'♦ ♦♥❧✐♥❡✱ ❡ ✉♠❛ ❡✜❝0❝✐❛ ✐❣✉❛❧ ❛ ✼✾✪ 5✉❛♥6♦ ♦' ❡'6✉❞❛♥6❡' 67♠ &❡❛❧✐③❛❞♦ ♣❡❧♦ ♠❡♥♦'
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❋J❛♥❝✐4❝♦✱ ❈❆✱ ❯❙❆✿ ▼♦J❣❛♥ ❑❛✉❢♠❛♥♥ `✉❜❧✐4❤❡J4 ■♥❝✳✱ ✶✾✾✺✳ ✭❯❆■✬✾✺✮✱ ♣✳ ✸✸✽✕✸✹✺✳

■❙❇◆ ✶✲✺✺✽✻✵✲✸✽✺✲✾✳ ❉✐4♣♦♥Y✈❡❧ ❡♠✿ ❁❤((♣✿✴✴❞❧✳❛❝♠✳♦J❣✴❝✐(❛(✐♦♥✳❝❢♠❄✐❞❂✷✵✼✹✶✺✽✳

✷✵✼✹✶✾✻❃✳
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❑❊❘◆■●❍❆◆✱ ❇✳ ❲✳ ❚❤❡ ❈ $%♦❣%❛♠♠✐♥❣ ▲❛♥❣✉❛❣❡✳ ✷♥❞✳ ❡❞✳ ❬❙✳❧✳❪✿ 67❡♥8✐❝❡ ❍❛❧❧

67♦❢❡>>✐♦♥❛❧ ❚❡❝❤♥✐❝❛❧ ❘❡❢❡7❡♥❝❡✱ ✶✾✽✽✳ ■❙❇◆ ✵✶✸✶✶✵✸✼✵✾✳

❑❖❍❆❱■✱ ❘✳❀ ❏❖❍◆✱ ●✳ ❍✳ ❆✉8♦♠❛8✐❝ ♣❛7❛♠❡8❡7 >❡❧❡❝8✐♦♥ ❜② ♠✐♥✐♠✐③✐♥❣ ❡>8✐♠❛8❡❞

❡77♦7✳ ■♥✿ ■♥ $%♦❝❡❡❞✐♥❣1 ♦❢ 3❤❡ ❚✇❡❧❢3❤ ■♥3❡%♥❛3✐♦♥❛❧ ❈♦♥❢❡%❡♥❝❡ ♦♥ ▼❛❝❤✐♥❡ ▲❡❛%♥✐♥❣ ✳

❬❙✳❧✳❪✿ ▼♦7❣❛♥ ❑❛✉❢♠❛♥♥✱ ✶✾✾✺✳ ♣✳ ✸✵✹✕✸✶✷✳

❑❖▲▲❊❘✱ ❉✳❀ ❙❆❍❆▼■✱ ▼✳ ❚♦✇❛7❞ ♦♣8✐♠❛❧ ❢❡❛8✉7❡ >❡❧❡❝8✐♦♥✳ ■♥✿ ■♥ ✶✸3❤ ■♥3❡%♥❛3✐♦♥❛❧

❈♦♥❢❡%❡♥❝❡ ♦♥ ▼❛❝❤✐♥❡ ▲❡❛%♥✐♥❣✳ ❬❙✳❧✳✿ >✳♥✳❪✱ ✶✾✾✻✳ ♣✳ ✷✽✹✕✷✾✷✳

❑❖❚❙■❆◆❚■❙✱ ❙✳ ❇✳❀ ❑❆◆❊▲▲❖6❖❯▲❖❙✱ ❉✳❀ 6■◆❚❊▲❆❙✱ 6✳ ❊✳ ❉❛3❛ ♣%❡♣%♦❝❡11✐♥❣

❢♦% 1✉♣❡%✈✐1❡❞ ❧❡❛%♥✐♥❣✳ ✷✵✵✻✳

▲❆❘❖❙❊✱ ❉✳ ❚✳ ❉✐1❝♦✈❡%✐♥❣ ❑♥♦✇❧❡❞❣❡ ✐♥ ❉❛3❛✿ ❆♥ ■♥3%♦❞✉❝3✐♦♥ 3♦ ❉❛3❛ ▼✐♥✐♥❣ ✳ ❬❙✳❧✳❪✿

❲✐❧❡②✲■♥8❡7>❝✐❡♥❝❡✱ ✷✵✵✹✳ ■❙❇◆ ✵✹✼✶✻✻✻✺✼✷✳

▲❖❇❖✱ ▼✳ ❇✳ ❈✳ ▼✳ 6❛♥♦7❛♠❛ ❞❛ ❡✈❛>]♦ ♥♦ ❡♥>✐♥♦ >✉♣❡7✐♦7 ❜7❛>✐❧❡✐7♦✿ ❆>♣❡❝8♦> ❣❡7❛✐>

❞❛> ❝❛✉>❛> ❡ >♦❧✉^_❡>✳ ■♥✿ ■♥13✐3✉3♦ ▲♦❜♦ ♣❛%❛ ❉❡1❡♥✈♦❧✈✐♠❡♥3♦ ❞❛ ❊❞✉❝❛AB♦✱ ❞❛ ❈✐D♥❝✐❛

❡ ❞❛ ❚❡❝♥♦❧♦❣✐❛✳ ❬❙✳❧✳✿ >✳♥✳❪✱ ✷✵✶✸✳

▲❨❑❖❯❘❊◆❚❩❖❯✱ ■✳ ❡8 ❛❧✳ ❉7♦♣♦✉8 ♣7❡❞✐❝8✐♦♥ ✐♥ ❡✲❧❡❛7♥✐♥❣ ❝♦✉7>❡> 8❤7♦✉❣❤ 8❤❡

❝♦♠❜✐♥❛8✐♦♥ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛7♥✐♥❣ 8❡❝❤♥✐b✉❡>✳ ❈♦♠♣✉3✳ ❊❞✉❝✳✱ ❊❧>❡✈✐❡7 ❙❝✐❡♥❝❡ ▲8❞✳✱

❖①❢♦7❞✱ ❯❑✱ ❯❑✱ ✈✳ ✺✸✱ ♥✳ ✸✱ ♣✳ ✾✺✵✕✾✻✺✱ ♥♦✈✳ ✷✵✵✾✳ ■❙❙◆ ✵✸✻✵✲✶✸✶✺✳ ❉✐>♣♦♥d✈❡❧ ❡♠✿

❁❤88♣✿✴✴❞①✳❞♦✐✳♦7❣✴✶✵✳✶✵✶✻✴❥✳❝♦♠♣❡❞✉✳✷✵✵✾✳✵✺✳✵✶✵❃✳

▼❆❘◗❯❊❩✲❱❊❘❆✱ ❈✳❀ ▼❖❘❆▲❊❙✱ ❈✳❀ ❙❖❚❖✱ ❙✳ 67❡❞✐❝8✐♥❣ >❝❤♦♦❧ ❢❛✐❧✉7❡ ❛♥❞

❞7♦♣♦✉8 ❜② ✉>✐♥❣ ❞❛8❛ ♠✐♥✐♥❣ 8❡❝❤♥✐b✉❡>✳ ❚❡❝♥♦❧♦❣✐❛1 ❞❡❧ ❆♣%❡♥❞✐③❛❥❡✱ ■❊❊❊ ❘❡✈✐13❛

■❜❡%♦❛♠❡%✐❝❛♥❛ ❞❡✱ ✈✳ ✽✱ ♥✳ ✶✱ ♣✳ ✼✕✶✹✱ ❋❡❜ ✷✵✶✸✳ ■❙❙◆ ✶✾✸✷✲✽✺✹✵✳

▼❆❘❚■◆❍❖✱ ❈✳ ❘✳ ❱✳❀ ◆❯◆❊❙✱ ❈✳❀ ❘✳✱ ▼✳ ❈✳ 67❡❞✐❝8✐♦♥ ♦❢ >❝❤♦♦❧ ❞7♦♣♦✉8 7✐>❦ ❣7♦✉♣

✉>✐♥❣ ♥❡✉7❛❧ ♥❡8✇♦7❦✳ $%♦❝❡❡❞✐♥❣1 ♦❢ 3❤❡ ✷✵✶✸ ❋❡❞❡%❛3❡❞ ❈♦♥❢❡%❡♥❝❡ ♦♥ ❈♦♠♣✉3❡% ❙❝✐❡♥❝❡

❛♥❞ ■♥❢♦%♠❛3✐♦♥ ❙②13❡♠1✱ ✷✵✶✸✳

▼❆❘❚■◆❍❖✱ ❱✳❀ ◆❯◆❊❙✱ ❈✳❀ ▼■◆❯❙❙■✱ ❈✳ 67❡❞✐❝8✐♦♥ ♦❢ >❝❤♦♦❧ ❞7♦♣♦✉8 7✐>❦ ❣7♦✉♣

✉>✐♥❣ ♥❡✉7❛❧ ♥❡8✇♦7❦✳ ■♥✿ ❈♦♠♣✉3❡% ❙❝✐❡♥❝❡ ❛♥❞ ■♥❢♦%♠❛3✐♦♥ ❙②13❡♠1 ✭❋❡❞❈❙■❙✮✱ ✷✵✶✸

❋❡❞❡%❛3❡❞ ❈♦♥❢❡%❡♥❝❡ ♦♥✳ ❬❙✳❧✳✿ >✳♥✳❪✱ ✷✵✶✸✳ ♣✳ ✶✶✶✕✶✶✹✳

▼❆❘❚■◆❙✱ ❆✳ ■♥>✉❝❡>>♦ ❛❝❛❞l♠✐❝♦ ♥❛ ✉♥✐✈❡7>✐❞❛❞❡✿ ❈❛✉>❛> ❡ ❡>87❛8l❣✐❛> ♣❛7❛

❛ >✉❛ ♠✐♥✐♠✐③❛^]♦✳ ❉♦❝❡♥❝✐❛ ❯♥✐✈❡%1✐3❛%✐❛✱ ✈✳ ✺✱ ♥✳ ✶ ② ✷✱ ✷✵✶✸✳ ❉✐>♣♦♥d✈❡❧ ❡♠✿

❁❤88♣✿✴✴>❛❜❡7✳✉❝✈✳✈❡✴♦❥>✴✐♥❞❡①✳♣❤♣✴7❡✈❴❞♦❝✉✴❛78✐❝❧❡✴✈✐❡✇✴✹✻✻✺❃✳

▼■❚❈❍❊▲▲✱ ❚✳ ❚❤❡ ❞✐1❝✐♣❧✐♥❡ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛%♥✐♥❣✳ ❈❛7♥❡❣✐❡ ▼❡❧❧♦♥ ❯♥✐✈❡7>✐8②✱

6✐88>❜✉7❣❤✿ ❬>✳♥✳❪✱ ✷✵✵✻✳

▼■❚❈❍❊▲▲✱ ❚✳ ▼✳ ▼❛❝❤✐♥❡ ▲❡❛%♥✐♥❣✳ ✶✳ ❡❞✳ ◆❡✇ ❨♦7❦✱ ◆❨✱ ❯❙❆✿ ▼❝●7❛✇✲❍✐❧❧✱ ■♥❝✳✱

✶✾✾✼✳ ■❙❇◆ ✵✵✼✵✹✷✽✵✼✼✱ ✾✼✽✵✵✼✵✹✷✽✵✼✷✳

▼❖◆❆❘❉✱ ▼✳ ❈✳❀ ❇❆❘❆◆❆❯❙❑❆❙✱ ❏✳ ❆✳ ❈♦♥❝❡✐8♦> >♦❜7❡ ❛♣7❡♥❞✐③❛❞♦ ❞❡ ♠nb✉✐♥❛✳ ■♥✿

✳ ❙✐13❡♠❛1 ■♥3❡❧✐❣❡♥3❡1 ✲ ❋✉♥❞❛♠❡♥3♦1 ❡ ❆♣❧✐❝❛AR❡1✳ ❬❙✳❧✳❪✿ ▼❛♥♦❧❡✱ ✷✵✵✸✳ ❝❛♣✳ ✹✱ ♣✳

✽✾✕✶✶✹✳

▼❖❖❉▲❊✳ ▼♦♦❞❧❡ ✲ ▼♦❞✉❧❛% ❖❜❥❡❝3✲❖%✐❡♥3❡❞ ❉②♥❛♠✐❝ ▲❡❛%♥✐♥❣ ❊♥✈✐%♦♥♠❡♥3 ✳ ✷✵✶✹✳

❁❤88♣>✿✴✴♠♦♦❞❧❡✳♦7❣✴❃✳ ❆❝❡>>♦ ❡♠ ♠❛✐♦ ✷✵✶✹✳
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❖▲❙❖◆✱ ❉✳ ▲✳❀ ❉❊▲❊◆✱ ❉✳ ❆❞✈❛♥❝❡❞ ❉❛(❛ ▼✐♥✐♥❣ ❚❡❝❤♥✐.✉❡0✳ ✶,-✳ ❡❞✳ ❬❙✳❧✳❪✿ ❙♣5✐♥❣❡5

9✉❜❧✐,❤✐♥❣ ❈♦♠♣❛♥②✱ ■♥❝♦5♣♦5❛-❡❞✱ ✷✵✵✽✳ ■❙❇◆ ✸✺✹✵✼✻✾✶✻✶✱ ✾✼✽✸✺✹✵✼✻✾✶✻✸✳

9❆❯❘❆✱ ▲✳❀ ❆❘❍■9❖❱❆✱ ■✳ ❈❛✉,❡ ❛♥❛❧②,✐, ♦❢ ,-✉❞❡♥-,✬ ❞5♦♣♦✉- 5❛-❡ ✐♥ ❤✐❣❤❡5 ❡❞✉❝❛-✐♦♥

,-✉❞② ♣5♦❣5❛♠✳ ✷♥❞ ❲♦4❧❞ ❈♦♥❢❡4❡♥❝❡ ❖♥ ❇✉0✐♥❡00✱ ❊❝♦♥♦♠✐❝0 ❆♥❞ ▼❛♥❛❣❡♠❡♥(✲

❲❈❇❊▼ ✷✵✶✸✱ ♣✳ ✶✷✽✷✕✶✷✽✻✱ ✷✵✶✸✳

9❊◆❚❆❍❖✳ A❡♥(❛❤♦ ✲ A❡♥(❛❤♦ ❉❛(❛ ■♥(❡❣4❛(✐♦♥✳ ✷✵✶✺✳ ❁❤--♣✿✴✴✇✇✇✳♣❡♥-❛❤♦✳❝♦♠✴❃✳

❆❝❡,,♦ ❡♠ ❏❛♥❡✐5♦ ✷✵✶✺✳

9❍❯❆✱ ❈✳❀ ❆▲❆❍❆❑❖❖◆✱ ❉✳❀ ▲❊❊✱ ❱✳ ▼✐♥♦5✐-② 5❡♣♦5- ✐♥ ❢5❛✉❞ ❞❡-❡❝-✐♦♥✿

❈❧❛,,✐✜❝❛-✐♦♥ ♦❢ ,❦❡✇❡❞ ❞❛-❛✳ ❙■●❑❉❉ ❊①♣❧♦4✳ ◆❡✇0❧✳✱ ❆❈▼✱ ◆❡✇ ❨♦5❦✱ ◆❨✱

❯❙❆✱ ✈✳ ✻✱ ♥✳ ✶✱ ♣✳ ✺✵✕✺✾✱ ❥✉♥✳ ✷✵✵✹✳ ■❙❙◆ ✶✾✸✶✲✵✶✹✺✳ ❉✐,♣♦♥b✈❡❧ ❡♠✿ ❁❤--♣✿

✴✴❞♦✐✳❛❝♠✳♦5❣✴✶✵✳✶✶✹✺✴✶✵✵✼✼✸✵✳✶✵✵✼✼✸✽❃✳

9❨❚❍❖◆✳ A②(❤♦♥✳ ✷✵✶✺✳ ❁❤--♣,✿✴✴✇✇✇✳♣②-❤♦♥✳♦5❣✴❃✳ ❆❝❝❡,,❡❞ ▼❛② ✷✵✶✹✳

◗❯■◆▲❆◆✱ ❏✳ ❘✳ ■♥❞✉❝-✐♦♥ ♦❢ ❞❡❝✐,✐♦♥ -5❡❡,✳ ▼❛❝❤✳ ▲❡❛4♥✳✱ ❑❧✉✇❡5 ❆❝❛❞❡♠✐❝ 9✉❜❧✐,❤❡5,✱
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