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.'❛❜❛❧❤♦ ❛♣'❡+❡♥.❛ ✉♠❛ ❝♦♠♣❛'❛<I♦ ❝'✐.❡'✐♦+❛ ❡♥.'❡ ❛+ ❛❜♦'❞❛❣❡♥+ ❞❡ ❝❧❛++✐✜❝❛<I♦ .❡'✲

♥?'✐❛ ❡ ❞✉♦❜✐♥?'✐❛ ♥❛ ♠✐♥❡'❛<I♦ ❞❡ ♦♣✐♥✐4❡+ ❡♠ #✇❡❡#%✳ ❖ ♦❜❥❡.✐✈♦ ❞❡++❛ ❝♦♠♣❛'❛<I♦ J

'❡+♣♦♥❞❡' E G✉❡+.I♦ ❞❡ ♣❡+G✉✐+❛ ✐❞❡♥.✐✜❝❛❞❛ ❡ ❞✐+❝✉.✐❞❛ ♥❡+.❛ ❞✐++❡'.❛<I♦✿ ♥❛ ♠✐♥❡'❛✲

<I♦ ❞❡ ♦♣✐♥✐4❡+ ❡♠ #✇❡❡#%✱ G✉❛❧ ❛❜♦'❞❛❣❡♠ ♦❜.J♠ ♦ ♠❡❧❤♦' ❞❡+❡♠♣❡♥❤♦✿ ❛ ❛❜♦'❞❛❣❡♠

.❡'♥?'✐❛ ♦✉ ❛ ❛❜♦'❞❛❣❡♠ ❞✉♦❜✐♥?'✐❛❄ ❆ ✜♠ ❞❡ ❝♦♠♣❛'❛' ❛+ ❛❜♦'❞❛❣❡♥+✱ ❞✐❢❡'❡♥.❡+ ❛❧✲

❣♦'✐.♠♦+ ❞❡ ❛♣'❡♥❞✐③❛❞♦ ❞❡ ♠?G✉✐♥❛ ❡ ♠J.♦❞♦+ ❞❡ ♣'J✲♣'♦❝❡++❛♠❡♥.♦ .❡①.✉❛❧ ❞✐+.✐♥.♦+

❢♦'❛♠ ✉.✐❧✐③❛❞♦+ ♥♦+ ❡①♣❡'✐♠❡♥.♦+ ❝♦♠♣✉.❛❝✐♦♥❛✐+✳ ❉❡ ❛❝♦'❞♦ ❝♦♠ ♦+ '❡+✉❧.❛❞♦+ ♦❜.✐❞♦+✱

✉.✐❧✐③❛♥❞♦✲+❡ ✉♠ ❝♦♥❥✉♥.♦ ❞❡ ✶✷ ❜❛+❡+ ❞❡ ❞❛❞♦+ ❞❡ #✇❡❡#%✱ ❛ ❛❜♦'❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛<I♦
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 ❛❧❛✈$❛%✲❝❤❛✈❡✿ ♠✐♥❡'❛<I♦ ❞❡ ♦♣✐♥✐4❡+✱ ❛♥?❧✐+❡ ❞❡ +❡♥.✐♠❡♥.♦+✱ ❝❧❛++✐✜❝❛<I♦ ❞❡ +✉❜❥❡✲

.✐✈✐❞❛❞❡✱ ❝❧❛++✐✜❝❛<I♦ ❞❡ ♣♦❧❛'✐❞❛❞❡✱ ❛❜♦'❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛<I♦ .❡'♥?'✐❛✱ ❛❜♦'❞❛❣❡♠ ❞❡

❝❧❛++✐✜❝❛<I♦ ❞✉♦❜✐♥?'✐❛✱ #✇❡❡#%✳
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✉♠❛ ❡(❛♣❛✱ ♦-  ✇❡❡ # -=♦ ❝❧❛--✐✜❝❛❞♦- ❝♦♠♦ ♣♦-✐(✐✈♦-✱ ♥❡❣❛(✐✈♦- ♦✉ ♥❡✉(1♦-✱ ❞❡ ❛❝♦1❞♦

❝♦♠ ♦ (✐♣♦ ❞❡ ♦♣✐♥✐=♦ 7✉❡ ❡❧❡- ❝♦♥(C♠✳ ◆❡--❡ ❝❛-♦✱ ❝♦♠♦ ❛ ✜♥❛❧✐❞❛❞❡ ❞❛ ❝❧❛--✐✜❝❛<=♦ ?

❞✐-❝❡1♥✐1 ❡♥(1❡ (1C- ♣♦--V✈❡✐- ❝❧❛--❡-✱ (1❛(❛✲-❡ ❞❡ ✉♠❛ ❛❜♦1❞❛❣❡♠ ❞❡ ❝❧❛--✐✜❝❛<=♦ (❡1♥+1✐❛✳

❊♠ ❝♦♥(1❛♣❛1(✐❞❛✱ ❛ ♣♦❧❛1✐❞❛❞❡ ❞❛- ♦♣✐♥✐>❡- ❝♦♥(✐❞❛- ❡♠  ✇❡❡ # ♣♦❞❡ -❡1 ❞❡(❡1♠✐♥❛❞❛ ❡♠

❞✉❛- ❡(❛♣❛- ❞✐-(✐♥(❛-✳ W1✐♠❡✐1♦✱ ♦-  ✇❡❡ # -=♦ ❝❧❛--✐✜❝❛❞♦- ❝♦♠♦ -✉❜❥❡(✐✈♦- ♦✉ ♦❜❥❡(✐✈♦-✱

♦✉ -❡❥❛✱ 1❡-♣❡❝(✐✈❛♠❡♥(❡✱ -❡ ♦-  ✇❡❡ # ❝♦♥(C♠ ♦♣✐♥✐>❡- ♦✉ -❡ ❝♦♥(C♠ ❢❛(♦-✱ ♥♦(V❝✐❛- ♦✉

✐♥❢♦1♠❛<>❡- 7✉❡ ♥=♦ ❝❛1❛❝(❡1✐③❛♠ ♦♣✐♥✐>❡-✳ ❊--❛ ❡(❛♣❛ ? ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝❧❛--✐✜❝❛<=♦ ❞❡

-✉❜❥❡(✐✈✐❞❛❞❡✳ ◆❛ ❡(❛♣❛ -❡❣✉✐♥(❡✱ ♦-  ✇❡❡ # -✉❜❥❡(✐✈♦- -=♦ ❝❧❛--✐✜❝❛❞♦- 7✉❛♥(♦ 5- -✉❛-

♣♦❧❛1✐❞❛❞❡-✱ ♦✉ -❡❥❛✱ ♣♦-✐(✐✈♦- ♦✉ ♥❡❣❛(✐✈♦-✳ ❊--❛ ❡(❛♣❛ ? ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝❧❛--✐✜❝❛<=♦

❞❡ ♣♦❧❛1✐❞❛❞❡✳ ◆❡-(❡ (1❛❜❛❧❤♦✱ ❡--❛ ❡-(1❛(?❣✐❛ ❞❡ ❝❧❛--✐✜❝❛<=♦ ? ❞❡♥♦♠✐♥❛❞❛ ❛❜♦1❞❛❣❡♠

❞❡ ❝❧❛--✐✜❝❛<=♦ ❞✉♦❜✐♥+1✐❛✱ ✉♠❛ ✈❡③ 7✉❡✱ ❡♠ ❝❛❞❛ ✉♠❛ ❞❛- ❞✉❛- ❡(❛♣❛-✱ ❛ ✜♥❛❧✐❞❛❞❡ ?

❞✐-❝❡1♥✐1 ❡♥(1❡ ❞✉❛- ♣♦--V✈❡✐- ❝❧❛--❡- ✭-✉❜❥❡(✐✈❛ ♦✉ ♦❜❥❡(✐✈❛ ❡✱ ❡♠ -❡❣✉✐❞❛✱ ♣♦-✐(✐✈❛ ♦✉ ♥❡✲

❣❛(✐✈❛✮✳ ➱ ✐♠♣♦1(❛♥(❡ ❞❡-(❛❝❛1 7✉❡✱ ♥❡-(❡ (1❛❜❛❧❤♦✱ ❛- ❝❧❛--❡- ♦❜❥❡(✐✈❛ ❡ ♥❡✉(1❛ 1❡❢❡1❡♠✲-❡

❛  ✇❡❡ # 7✉❡ ♥=♦ ❝♦♥(C♠ 7✉❛❧7✉❡1 ♦♣✐♥✐=♦✳ ❈❛❜❡ ♦❜-❡1✈❛1 (❛♠❜?♠ 7✉❡ ❛❧❣✉♥- (1❛❜❛❧❤♦-

(1❛(❛♠ ❛♣❡♥❛- ✉♠❛ ♣❛1(❡ ❞♦ ♣1♦❜❧❡♠❛✿ ❛ ❝❧❛--✐✜❝❛<=♦ ❞❡ -✉❜❥❡(✐✈✐❞❛❞❡ ♦✉ ❛ ❝❧❛--✐✜❝❛<=♦

❞❡ ♣♦❧❛1✐❞❛❞❡ ❬✼✱ ✶✵✱ ✶✸✱ ✷✺✱ ✷✾✱ ✸✵✱ ✸✷✱ ✹✵✱ ✹✹✱ ✹✺✱ ✼✷✱ ✾✷✱ ✾✸✱ ✶✵✽✱ ✶✵✾✱ ✶✶✶✱ ✶✶✷✱ ✶✶✸✱ ✶✶✹✱

✶✷✸✱ ✶✷✽✱ ✶✸✶✱ ✶✸✾❪✳

❆♣❡-❛1 ❞❡ ❛- ❛❜♦1❞❛❣❡♥- ❞❡ ❝❧❛--✐✜❝❛<=♦ (❡1♥+1✐❛ ❡ ❞✉♦❜✐♥+1✐❛ -❡1❡♠ ❛♠♣❧❛♠❡♥(❡

❛❞♦(❛❞❛- ❡♠ ♠✉✐(♦- (1❛❜❛❧❤♦- 7✉❡ ❡①♣❧♦1❛♠ ❛ ♠✐♥❡1❛<=♦ ❞❡ ♦♣✐♥✐>❡- ❡♠  ✇❡❡ #✱ ♥❡♥❤✉♠

❡-(✉❞♦ ❢♦✐ ❡♥❝♦♥(1❛❞♦ ❝♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ✐♥✈❡-(✐❣❛1 ❡ ❝♦♠♣❛1❛1 ♦ ❞❡-❡♠♣❡♥❤♦ ❞❛- ❞✉❛-

❛❜♦1❞❛❣❡♥- ❞❡ ❢♦1♠❛ ❛♠♣❧❛ ❡ ❝♦♥❝❧✉-✐✈❛✳ ❉❡♥(1❡ ♦- (1❛❜❛❧❤♦- 7✉❡ 1❡❛❧✐③❛1❛♠ ❛❧❣✉♠ (✐♣♦
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❞❡ ❛✈❛❧✐❛&'♦ ❡ ❝♦♠♣❛,❛&'♦ ❡♥.,❡ ❛/ ❛❜♦,❞❛❣❡♥/ ❬✺✶✱ ✸✹✱ ✶✷✹✱ ✶✹✹✱ ✶✹✽❪✱ ❛♣❡♥❛/ ❡♠ ❬✺✶❪✱

♦/ ❡❧❡♠❡♥.♦/ ❞❡ ❡♥.,❛❞❛ /'♦  ✇❡❡ #✳ ◆♦/ ❞❡♠❛✐/ .,❛❜❛❧❤♦/✱ ♦/ ❡❧❡♠❡♥.♦/ ❞❡ ❡♥.,❛❞❛ /'♦✿

♣❛❧❛✈,❛/ ♦✉ ❡①♣,❡//A❡/ ❬✸✹✱ ✶✹✽❪✱ ❝♦♠❡♥.B,✐♦/ ❞❡ ❥♦,♥❛✐/ ❬✶✷✹❪ ❡✱ ♠❡♥/❛❣❡♥/ ❞❡ ✉♠ ♠✐❝'♦❜❧♦❣

❝❤✐♥D/✱ ❝❤❛♠❛❞♦ ❲❡✐❜♦ ❬✶✹✹❪✳

❖ .,❛❜❛❧❤♦ ♣,❡❝✉,/♦,✱ ❛♣,❡/❡♥.❛❞♦ ❡♠ ❬✸✹❪✱ ❛✈❛❧✐❛ .,D/ ❡/.,❛.G❣✐❛/ ❞✐/.✐♥.❛/ ♣❛,❛ ❛

❝❧❛//✐✜❝❛&'♦ ❞❡ /✉❜❥❡.✐✈✐❞❛❞❡ ❡ ❞❡ ♣♦❧❛,✐❞❛❞❡ ❞❡ ✉♠ ❝♦♥❥✉♥.♦ ❞❡ .❡,♠♦/ ✭♣❛❧❛✈,❛/ ❡

❡①♣,❡//A❡/✮✳ ❆ ♣,✐♠❡✐,❛ ❡/.,❛.G❣✐❛ ❛✈❛❧✐❛❞❛✱ ❞❡♥♦♠✐♥❛❞❛ ❊✶✱ G ❜❛/❡❛❞❛ ♥❛ ❛❜♦,❞❛❣❡♠

❞✉♦❜✐♥B,✐❛✱ ❡♠ M✉❡✱ ♣,✐♠❡✐,♦✱ ♦/ .❡,♠♦/ /'♦ ❝❧❛//✐✜❝❛❞♦/ ❝♦♠♦ /✉❜❥❡.✐✈♦/ ♦✉ ♦❜❥❡.✐✈♦/

❡✱ ❡♠ /❡❣✉✐❞❛✱ ❛/ ♣♦❧❛,✐❞❛❞❡/ ❞♦/ .❡,♠♦/ ❝❧❛//✐✜❝❛❞♦/ ❝♦♠♦ /✉❜❥❡.✐✈♦/ /'♦ ❞❡.❡,♠✐♥❛✲

❞❛/✳ ❆ /❡❣✉♥❞❛ ❡/.,❛.G❣✐❛✱ ❊✷✱ .❛♠❜G♠ ❜❛/❡❛❞❛ ♥❛ ❛❜♦,❞❛❣❡♠ ❞✉♦❜✐♥B,✐❛✱ ❞✐/❝❡,♥❡ ❡♥.,❡

.❡,♠♦/ /✉❜❥❡.✐✈♦/ ♣♦/✐.✐✈♦/✱ /✉❜❥❡.✐✈♦/ ♥❡❣❛.✐✈♦/ ❡ ♦❜❥❡.✐✈♦/ ✭♦✉ ♥❡✉.,♦/✮✳ ◆❡//❡ ❝❛/♦✱

❡♥M✉❛♥.♦ ♦ ♣,✐♠❡✐,♦ ❝❧❛//✐✜❝❛❞♦, ❜✐♥B,✐♦ ❝❧❛//✐✜❝❛ ♦/ .❡,♠♦/ ❝♦♠♦ ✏♣♦/✐.✐✈♦✑ ♦✉ ❝♦♠♦

/❡✉ ❝♦♠♣❧❡♠❡♥.♦✱ ✏♥'♦ ♣♦/✐.✐✈♦✑✱ ♦ /❡❣✉♥❞♦✱ ❞❡ ❢♦,♠❛ /❡♠❡❧❤❛♥.❡✱ ❝❧❛//✐✜❝❛ ♦/ .❡,♠♦/

❝♦♠♦ ✏♥❡❣❛.✐✈♦✑ ♦✉ ❝♦♠♦ ✏♥'♦ ♥❡❣❛.✐✈♦✑✳ ❖/ .❡,♠♦/ M✉❡ /'♦ ❝❧❛//✐✜❝❛❞♦/ ❝♦♠♦ ✏♣♦/✐.✐✈♦✑

♣❡❧♦ ♣,✐♠❡✐,♦ ❝❧❛//✐✜❝❛❞♦, ❡ ❝♦♠♦ ✏♥'♦ ♥❡❣❛.✐✈♦✑ ♣❡❧♦ /❡❣✉♥❞♦✱ /'♦✱ ❛♦ ✜♥❛❧✱ ❝♦♥/✐❞❡,❛❞♦/

♣♦/✐.✐✈♦/✳ ❖/ .❡,♠♦/ ❝❧❛//✐✜❝❛❞♦/ ❝♦♠♦ ✏♥'♦ ♣♦/✐.✐✈♦✑ ♣❡❧♦ ♣,✐♠❡✐,♦ ❝❧❛//✐✜❝❛❞♦, ❡ ❝♦♠♦

✏♥❡❣❛.✐✈♦✑ ♣❡❧♦ /❡❣✉♥❞♦✱ /'♦ ❝♦♥/✐❞❡,❛❞♦/ ♥❡❣❛.✐✈♦/✳ ❖/ .❡,♠♦/ ♦❜❥❡.✐✈♦/ /'♦ ❛M✉❡❧❡/

❝❧❛//✐✜❝❛❞♦/ .❛♥.♦ ❝♦♠♦ ✏♥'♦ ♣♦/✐.✐✈♦✑ ❡ ✏♥'♦ ♥❡❣❛.✐✈♦✑ ♦✉ ❝♦♠♦ ✏♣♦/✐.✐✈♦✑ ❡ ✏♥❡❣❛.✐✈♦✑✳

R♦, ✜♠✱ ❛ .❡,❝❡✐,❛ ❡/.,❛.G❣✐❛✱ ❊✸✱ G ❜❛/❡❛❞❛ ♥❛ ❛❜♦,❞❛❣❡♠ .❡,♥B,✐❛✱ ❡♠ M✉❡ ♦/ .❡,♠♦/

/'♦ ❝❧❛//✐✜❝❛❞♦/ ❝♦♠♦ ♥❡✉.,♦/✱ ♣♦/✐.✐✈♦/ ♦✉ ♥❡❣❛.✐✈♦/✱ ❡♠ ❛♣❡♥❛/ ✉♠❛ ❡.❛♣❛✳ ❉❡♥.,❡ ♦/

✶✷✵ ❡①♣❡,✐♠❡♥.♦/ ,❡❛❧✐③❛❞♦/✱ ♦ ♠❡❧❤♦, ,❡/✉❧.❛❞♦ ❢♦✐ ♦❜.✐❞♦ ♣❡❧❛ ❡/.,❛.G❣✐❛ ❊✷✱ /❡❣✉✐❞❛ ❞❛

❡/.,❛.G❣✐❛ ❊✸✳ ❖/ ,❡/✉❧.❛❞♦/ ♠❡♥♦/ /✐❣♥✐✜❝❛.✐✈♦/ ❢♦,❛♠ ♦❜.✐❞♦/ ♣❡❧❛ ❡/.,❛.G❣✐❛ ❊✶✳

❊♠ ❬✶✹✽❪✱ ✉♠❛ ❡/.,❛.G❣✐❛ ♣❛,❛ ✐❞❡♥.✐✜❝❛, ❛ ♣♦❧❛,✐❞❛❞❡ ❝♦♥.❡①.✉❛❧ ❞❡ ❡①♣,❡//A❡/ G

♣,♦♣♦/.❛✱ ❝♦♥/✐❞❡,❛♥❞♦ M✉❡ ✉♠❛ ♣❛❧❛✈,❛ ❞❡♥.,♦ ❞❡ ❞❡.❡,♠✐♥❛❞♦ ❝♦♥.❡①.♦ ♣♦❞❡ .❡, ✉♠❛

♣♦❧❛,✐❞❛❞❡ ❞✐❢❡,❡♥.❡ ❞❡ /✉❛ ♣♦❧❛,✐❞❛❞❡ ♣❛❞,'♦✳ ◆♦/ ❡①♣❡,✐♠❡♥.♦/ ,❡❛❧✐③❛❞♦/✱ ♦ ♦❜❥❡.✐✈♦

G ✐❞❡♥.✐✜❝❛, /❡ ❞❡.❡,♠✐♥❛❞❛ ❡①♣,❡//'♦ ♣♦//✉✐ ♦✉ ♥'♦ ♣♦❧❛,✐❞❛❞❡✱ ✐✳❡✳✱ /❡ ✉♠❛ ❡①♣,❡//'♦

G ♥❡✉.,❛ ♦✉ /✉❜❥❡.✐✈❛✱ ❡✱ ❝❛/♦ /❡❥❛ /✉❜❥❡.✐✈❛✱ /✉❛ ♣♦❧❛,✐❞❛❞❡ ❝♦♥.❡①.✉❛❧ G ❞❡.❡,♠✐♥❛❞❛✳

❈♦♠ ❡//❡ ♣,♦♣W/✐.♦✱ G ✉.✐❧✐③❛❞❛ ❛ ❛❜♦,❞❛❣❡♠ ❞❡ ❝❧❛//✐✜❝❛&'♦ ❞✉♦❜✐♥B,✐❛✳ ❈♦♥.✉❞♦✱ ✉♠ ❞♦/

❡①♣❡,✐♠❡♥.♦/ ,❡♣♦,.❛❞♦/ .❡♠ ❝♦♠♦ ♦❜❥❡.✐✈♦ ✐♥✈❡/.✐❣❛, ♦ ❞❡/❡♠♣❡♥❤♦ ♦❜.✐❞♦ ♣❡❧❛ ❛❜♦,✲

❞❛❣❡♠ ❞❡ ❝❧❛//✐✜❝❛&'♦ .❡,♥B,✐❛ ❡ ♦/ ,❡/✉❧.❛❞♦/ ❞❡ ❛♠❜❛/ ❛/ ❛❜♦,❞❛❣❡♥/ /'♦ ❝♦♠♣❛,❛❞♦/✳

❊//❛ ❛✈❛❧✐❛&'♦ ♠♦/.,♦✉ M✉❡ ❛ ❛❜♦,❞❛❣❡♠ ❞❡ ❝❧❛//✐✜❝❛&'♦ ❞✉♦❜✐♥B,✐❛ ❛♣,❡/❡♥.♦✉ ✉♠ ✈❛❧♦,

❞❡ ❋✲▼❡❛#✉'❡ /✉♣❡,✐♦, ♣❛,❛ ❛ ❝❧❛//❡ ♥❡✉.,❛✱ ❡♥M✉❛♥.♦ M✉❡ ❛ ❛❜♦,❞❛❣❡♠ .❡,♥B,✐❛ ♦❜.❡✈❡

❋✲▼❡❛#✉'❡ /✉♣❡,✐♦, ♣❛,❛ ❛/ ❝❧❛//❡/ ❞❡ ♣♦❧❛,✐❞❛❞❡ ✭♣♦/✐.✐✈❛ ❡ ♥❡❣❛.✐✈❛✮✳

❖ .,❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ❬✶✷✹❪ ❛♣,❡/❡♥.❛ ✉♠❛ ❛❜♦,❞❛❣❡♠ ♣❛,❛ ❛ ♠✐♥❡,❛&'♦ ❞❡ ♦♣✐✲
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♥✐"❡$ ❜❛$❡❛❞❛ ❡♠ ❛$♣❡❝+♦$ ✭$❛.❞❡ ❡ ❡❞✉❝❛01♦✮ 3❡❧❛❝✐♦♥❛❞♦$ 5 ❝❛♠♣❛♥❤❛ ♣♦❧7+✐❝❛✱ ✉+✐❧✐✲

③❛♥❞♦ ❢♦♥+❡$ ❞❡ ♦♣✐♥✐"❡$ ❢3❛❝❛♠❡♥+❡ ❡$+3✉+✉3❛❞❛$✱ ❝♦♠♦ ❝♦♠❡♥+<3✐♦$ ❞❡ ♥♦+7❝✐❛$ ❞♦ ❥♦3♥❛❧

❋♦❧❤❛ ❞❡ ❙1♦ @❛✉❧♦✳ ▼❛✐$ ❡$♣❡❝✐✜❝❛♠❡♥+❡✱ ❢♦✐ ❞❡$❡♥✈♦❧✈✐❞♦ ✉♠ ❝♦♥❥✉♥+♦ ❞❡ ❡①♣❡3✐♠❡♥+♦$

♣❛3❛ ❛✈❛❧✐❛3 +F❝♥✐❝❛$ ❞❡ ✐❞❡♥+✐✜❝❛01♦ ❞❡ ❛$♣❡❝+♦$ ♥❡$$❛$ ❢♦♥+❡$ ❞❡ ♦♣✐♥✐1♦ ❡ ✉♠ ♠F+♦❞♦

♣❛3❛ ❞✐$+✐♥❣✉✐3 ❛ ♦♣✐♥✐1♦ ❣❧♦❜❛❧ $♦❜3❡ ✉♠ ❝❛♥❞✐❞❛+♦ ♣♦❧7+✐❝♦✱ ❡ $❡✉$ ❛$♣❡❝+♦$✳ @♦3 ❡①❡♠✲

♣❧♦✱ ❞❡$❡❥❛✲$❡ ✐❞❡♥+✐✜❝❛3 $❡ ❛ ♣❡3❝❡♣01♦ $♦❜3❡ ✉♠ ❝❛♥❞✐❞❛+♦✱ ❡♠ 3❡❧❛01♦ ❛ $❛.❞❡✱ F ♠❛✐$

♣♦$✐+✐✈❛ ✭♥❡❣❛+✐✈❛✮ ❞♦ H✉❡ ❛ ❞❡ ♦✉+3♦ ❝❛♥❞✐❞❛+♦✳ ◆❡$$❡ ❝♦♥+❡①+♦✱ ❢♦3❛♠ 3❡❛❧✐③❛❞♦$ ❡①♣❡✲

3✐♠❡♥+♦$ ❝♦♠ ❛$ ❞✉❛$ ❛❜♦3❞❛❣❡♥$ ❞❡ ❝❧❛$$✐✜❝❛01♦ +♦♠❛♥❞♦ ♣♦3 ❜❛$❡ ♦ ❝❧❛$$✐✜❝❛❞♦3 ❙❱▼

✭❙✉♣♣♦$% ❱❡❝%♦$ ▼❛❝❤✐♥❡. ✮✳ ◆♦$ ❡①♣❡3✐♠❡♥+♦$ 3❡❛❧✐③❛❞♦$✱ ❛$ ❛❜♦3❞❛❣❡♥$ ❢♦3❛♠ ❛✈❛❧✐❛❞❛$

❡ ❛ ❛❜♦3❞❛❣❡♠ ❞❡ ❝❧❛$$✐✜❝❛01♦ ❞✉♦❜✐♥<3✐❛ ❛♣3❡$❡♥+♦✉ ❞❡$❡♠♣❡♥❤♦ $✉♣❡3✐♦3 ❡♠ +❡3♠♦$ ❞❡

❆❝✉3<❝✐❛ H✉❛♥❞♦ ❝♦♠♣❛3❛❞❛ 5 ❛❜♦3❞❛❣❡♠ +❡3♥<3✐❛✳

◆♦ ❝♦♥+❡①+♦ ❞❛ ❝❧❛$$✐✜❝❛01♦ ❞❡ ♦♣✐♥✐"❡$ ❝♦♥+✐❞❛$ ❡♠ ♠❡♥$❛❣❡♥$ ♣✉❜❧✐❝❛❞❛$ ❡♠ ♠✐✲

❝$♦❜❧♦❣.✱ ♦ +3❛❜❛❧❤♦ ❛♣3❡$❡♥+❛❞♦ ❡♠ ❬✶✹✹❪ ♣3♦♣P$ ✉♠ ♠♦❞❡❧♦ ❞❡ ❛♣3❡♥❞✐③❛❞♦ ❞❡ ♠<H✉✐♥❛

❜❛$❡❛❞♦ ♥♦ ❛❧❣♦3✐+♠♦ ◆❛✐✈❡ ❇❛②❡. ♣❛3❛ ♠✐♥❡3❛01♦ ❞❡ ♦♣✐♥✐"❡$ ❡♠ ✉♠❛ ❜❛$❡ ❞❡ ❞❛❞♦$ ❝♦♠

✶✳✺✽✹ ♠❡♥$❛❣❡♥$ ♣✉❜❧✐❝❛❞❛$ ♥❛ ♣❧❛+❛❢♦3♠❛ ❲❡✐❜♦✱ ♥❛ ❧7♥❣✉❛ ❝❤✐♥❡$❛✳ ◆♦$ ❡①♣❡3✐♠❡♥+♦$✱

❛$ ❛❜♦3❞❛❣❡♥$ +❡3♥<3✐❛ ❡ ❞✉♦❜✐♥<3✐❛ ❢♦3❛♠ ❛✈❛❧✐❛❞❛$ ❡ $❡✉$ 3❡$✉❧+❛❞♦$ ❢♦3❛♠ ❝♦♠♣❛3❛❞♦$

❡♠ +❡3♠♦$ ❞❡ ❋✶✲▼❡❛.✉$❡✳ ❖$ 3❡$✉❧+❛❞♦$ ❞❡$$❛ ❝♦♠♣❛3❛01♦ ❞❡♠♦♥$+3❛3❛♠ H✉❡✱ ♣❛3❛ ❡$$❡

+✐♣♦ ❞❡ ♠❡♥$❛❣❡♠✱ ❛ ❛❜♦3❞❛❣❡♠ ❞✉♦❜✐♥<3✐❛ ❛♣3❡$❡♥+♦✉ ✉♠ ♠❡❧❤♦3 ❞❡$❡♠♣❡♥❤♦✳

◆♦ +3❛❜❛❧❤♦ ❛♣3❡$❡♥+❛❞♦ ❡♠ ❬✺✶❪✱ ❢♦✐ 3❡❛❧✐③❛❞♦ ✉♠ ❡$+✉❞♦ $♦❜3❡ ❛ ♠✐♥❡3❛01♦ ❞❡ ♦♣✐✲

♥✐"❡$ ❡♠ ❜❛$❡$ ❞❡ ❞❛❞♦$ ❞❡ %✇❡❡%.✳ ◆❡$$❡ +3❛❜❛❧❤♦✱ ❢♦3❛♠ 3❡✈✐$❛❞♦$ ❡$+✉❞♦$ ❛♥+❡3✐♦✲

3❡$ ❡ ❛♣3❡$❡♥+❛❞❛$ ❛$ ❡$+3❛+F❣✐❛$ ❝♦♠✉♠❡♥+❡ ✉+✐❧✐③❛❞❛$ ♣❛3❛ +3❛+❛3 ❛ ♠✐♥❡3❛01♦ ❞❡ ♦♣✐✲

♥✐"❡$✳ ❋♦3❛♠ 3❡❛❧✐③❛❞♦$ +❛♠❜F♠ ❞✐✈❡3$♦$ ❡①♣❡3✐♠❡♥+♦$ ❝♦♠ ❞✐❢❡3❡♥+❡$ +F❝♥✐❝❛$ ❞❡ ♣3F✲

♣3♦❝❡$$❛♠❡♥+♦✱ +✐♣♦$ ❞❡ ❛+3✐❜✉+♦$✱ +❛♠❛♥❤♦$ ❞❡ ❜❛$❡ ❞❡ +3❡✐♥❛♠❡♥+♦ ❡ ♠F+♦❞♦$ ❞❡ ❛♣3❡♥✲

❞✐③❛❞♦ ❞❡ ♠<H✉✐♥❛✳ ❊♠ ✉♠ ❞♦$ ❞✐✈❡3$♦$ ❡①♣❡3✐♠❡♥+♦$ 3❡❛❧✐③❛❞♦$ ❝♦♠ ♦$ ❛❧❣♦3✐+♠♦$ ❙❱▼

❡ ▼◆❇ ✭▼✉❧%✐♥♦♠✐❛❧ ◆❛✐✈❡ ❇❛②❡. ✮✱ ❛$ ❞✉❛$ ❛❜♦3❞❛❣❡♥$ ❞❡ ❝❧❛$$✐✜❝❛01♦ ❢♦3❛♠ ❝♦♠♣❛3❛❞❛$

❡✱ ♣❛3❛ ♦$ ❞♦✐$ ❛❧❣♦3✐+♠♦$✱ ❛ ❛❜♦3❞❛❣❡♠ +❡3♥<3✐❛ ❛♣3❡$❡♥+♦✉ ♠❡❧❤♦3❡$ 3❡$✉❧+❛❞♦$✳

❆♣❡$❛3 ❞❡ ❛ ❝♦♠♣❛3❛01♦ ❡♥+3❡ ❛$ ❛❜♦3❞❛❣❡♥$ +❡3♥<3✐❛ ❡ ❞✉♦❜✐♥<3✐❛ +❡3 $✐❞♦ 3❡❛❧✐③❛❞❛

❡♠ ❛❧❣✉♥$ +3❛❜❛❧❤♦$✱ ❞❡ ❢♦3♠❛ ❣❡3❛❧✱ ❡$$❛ ❝♦♠♣❛3❛01♦ ❢♦✐ 3❡❛❧✐③❛❞❛ ♣❛3❛ ❜❛$❡$ ❞❡ ❞❛❞♦$

❝♦♥+❡♥❞♦ ♣❛❧❛✈3❛$ ❡ ❡①♣3❡$$"❡$ ❬✸✹✱ ✶✹✽❪✱ ❝♦♠❡♥+<3✐♦$ ❞❡ ❥♦3♥❛✐$ ❬✶✷✹❪ ♦✉ ♠❡♥$❛❣❡♥$ ❞❡ ✉♠

♠✐❝$♦❜❧♦❣ ❝❤✐♥Y$ ❬✶✹✹❪✳ ❊♠ ❬✺✶❪✱ ❛♣❡$❛3 ❞❡ ♦ ❡$+✉❞♦ +❡3 $✐❞♦ 3❡❛❧✐③❛❞♦ ❡♠ ❜❛$❡$ ❞❡ ❞❛❞♦$ ❞❡

%✇❡❡%.✱ ❛ ❝♦♠♣❛3❛01♦ ❞❛$ ❛❜♦3❞❛❣❡♥$ ❢♦✐ 3❡❛❧✐③❛❞❛ ❞❡ ❢♦3♠❛ $✉♣❡3✜❝✐❛❧ ❡ ♥1♦ ❝♦♥❝❧✉$✐✈❛✱

♣♦✐$ ♥1♦ ❡3❛ ♦ ♣3✐♥❝✐♣❛❧ ♦❜❥❡+✐✈♦ ❞♦ +3❛❜❛❧❤♦ ❛♣3❡$❡♥+❛❞♦✳ ❉❡$$❛ ❢♦3♠❛✱ ♥❡$+❛ ❞✐$$❡3+❛01♦✱

❛♣3❡$❡♥+❛✲$❡ ✉♠❛ ❝♦♠♣❛3❛01♦ ❝3✐+❡3✐♦$❛ ❡♥+3❡ ❛$ ❛❜♦3❞❛❣❡♥$ +❡3♥<3✐❛ ❡ ❞✉♦❜✐♥<3✐❛ ♥♦

❝♦♥+❡①+♦ ❞❛ ♠✐♥❡3❛01♦ ❞❡ ♦♣✐♥✐"❡$ ❡♠ %✇❡❡%.✱ ❝♦♥$✐❞❡3❛♥❞♦ H✉❡ ❛♠❜❛$ ❛$ ❛❜♦3❞❛❣❡♥$
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 !♦ ❛♠♣❧❛♠❡♥)❡ ✉)✐❧✐③❛❞❛ ♥❛ ❧✐)❡.❛)✉.❛ ❡ /✉❡ ♥!♦ ❤1 ✉♠❛ ❝♦♠♣❛.❛3!♦ ❝♦♥❝❧✉ ✐✈❛ ❞♦

❞❡ ❡♠♣❡♥❤♦ ❞❛ ❞✉❛ ❛❜♦.❞❛❣❡♥ ✳ ❖ ♦❜❥❡)✐✈♦ ❞❡  ❛ ❝♦♠♣❛.❛3!♦ : .❡ ♣♦♥❞❡. ; /✉❡ )!♦ ❞❡

♣❡ /✉✐ ❛ ✐❞❡♥)✐✜❝❛❞❛ ❡ ❞✐ ❝✉)✐❞❛ ♥❡ )❛ ❞✐  ❡.)❛3!♦✿ ♥❛ ♠✐♥❡.❛3!♦ ❞❡ ♦♣✐♥✐>❡ ❡♠  ✇❡❡ #✱

/✉❛❧ ❛❜♦.❞❛❣❡♠ ♦❜):♠ ♦ ♠❡❧❤♦. ❞❡ ❡♠♣❡♥❤♦✿ ❛ ❛❜♦.❞❛❣❡♠ )❡.♥1.✐❛ ♦✉ ❛ ❛❜♦.❞❛❣❡♠

❞✉♦❜✐♥1.✐❛❄

◆❡ )❛ ❞✐  ❡.)❛3!♦✱ ❛ ❛✈❛❧✐❛3!♦ ❡ ❝♦♠♣❛.❛3!♦ ❞❛ ❛❜♦.❞❛❣❡♥ : .❡❛❧✐③❛❞❛ ❝♦♥ ✐❞❡.❛♥❞♦
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<✉❛♥#♦ O" "✉❛" ♣♦❧❛-✐❞❛❞❡"✱ ♦✉ "❡❥❛✱ "❡ ",♦ ♦♣✐♥✐7❡" ♣♦"✐#✐✈❛" ♦✉ ♥❡❣❛#✐✈❛" ❬✶✸✻❪✳

✷✳✶✳✶ ❉❡✜♥✐()❡* +,✐♥❝✐♣❛✐*

❯♠❛ ♦♣✐♥✐,♦ : ❢♦-♠❛❞❛ ♣♦- ✉♠❛ <✉'♥#✉♣❧❛ ✭e, a, s, h, t✮✱ ♦♥❞❡ e -❡♣-❡"❡♥#❛ ❛ ❡♥#✐❞❛❞❡ O

<✉❛❧ ❛ ♦♣✐♥✐,♦ "❡ -❡❢❡-❡✱ a : ✉♠ ❛"♣❡❝#♦ ❞❛ ❡♥#✐❞❛❞❡✱ s : ♦ "❡♥#✐♠❡♥#♦ "♦❜-❡ ♦ ❛"♣❡❝#♦ a ❞❛

❡♥#✐❞❛❞❡✱ h ✭♦♣✐♥✐♦♥ ❤♦❧❞❡( ✮ : ♦ ♣-♦♣-✐❡#4-✐♦ ❞❛ ♦♣✐♥✐,♦ ❡ t ✭)✐♠❡✮ -❡♣-❡"❡♥#❛ ♦ ♠♦♠❡♥#♦
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❡♠ "✉❡ ❛ ♦♣✐♥✐)♦ ❢♦✐ ❡♠✐+✐❞❛ ❬✼✽❪✳ 2♦3 ❡①❡♠♣❧♦✱ ❝♦♥8✐❞❡3❡ ♦ 8❡❣✉✐♥+❡ ❞♦❝✉♠❡♥+♦✱ 3❡❢❡3❡♥+❡

: ❛✈❛❧✐❛<)♦ ❞❡ ✉♠ ♣3♦❞✉+♦ ✭❛❞❛♣+❛❞♦ ❞❡ ❬✼✾❪✮✳

❊①❡♠♣❧♦ ■✿  ♦"#❛❞♦ ♣♦' ❈❛'❧♦" ❡♠ ✵✼✴✶✵✴✷✵✶✻ ✲ ✏✭✶✮ ❈♦♠♣'❡✐ ✉♠ ✐ ❤♦♥❡ ❤: ❛❧✲

❣✉♥" ❞✐❛" ❛#':"✳ ✭✷✮ ❊'❛ ✉♠ #❡❧❡❢♦♥❡ ❜♦♠✳ ✭✸✮ ❆ #❡❧❛ #♦✉❝❤"❝'❡❡♥ ❡'❛ '❡❛❧♠❡♥#❡ ♠✉✐#♦

❜♦❛✳ ✭✹✮ ❆ D✉❛❧✐❞❛❞❡ ❞❛ ✈♦③ ❡'❛ ♠✉✐#♦ ❧✐♠♣❛ #❛♠❜G♠✳ ✭✺✮ ◆♦ ❡♥#❛♥#♦✱ ♠✐♥❤❛ ♠K❡ ✜❝♦✉

❝❤❛#❡❛❞❛ ❝♦♠✐❣♦ ♣♦'D✉❡ ❡✉ ♥K♦ ❛ ❛✈✐"❡✐ ❛♥#❡" ❞❡ ❝♦♠♣'❛'✳ ✭✻✮ ❊❧❛ #❛♠❜G♠ ❛❝❤♦✉ D✉❡ ♦

#❡❧❡❢♦♥❡ ❡'❛ ♠✉✐#♦ ❝❛'♦✱ ❡ D✉❡'✐❛ D✉❡ ❡✉ ❞❡✈♦❧✈❡""❡ ❛ ❧♦❥❛✳✳✳✑

◆❡8+❡ ❊①❡♠♣❧♦✱ B ♣♦88C✈❡❧ ♦❜8❡3✈❛3 ❛❧❣✉♥8 ❛8♣❡❝+♦8 ✐♠♣♦3+❛♥+❡8 ❛88♦❝✐❛❞♦8 : ♠✐♥❡✲

3❛<)♦ ❞❡ ♦♣✐♥✐F❡8✳ ❆ 8❡♥+❡♥<❛ ✭✶✮ ❛♣3❡8❡♥+❛ ✉♠ ❢❛+♦ ❡ ♥)♦ ✉♠❛ ♦♣✐♥✐)♦✳ ❆ 8❡♥+❡♥<❛ ✭✷✮

❝♦♥+B♠ ✉♠❛ ♦♣✐♥✐)♦ ❣❡3❛❧✱ ❛88♦❝✐❛❞❛ : ❡♥+✐❞❛❞❡ ❛✈❛❧✐❛❞❛ ✭✐ ❤♦♥❡✮✳ ❆8 8❡♥+❡♥<❛8 ✭✸✮ ❡ ✭✹✮

❝♦♥+L♠ ♦♣✐♥✐F❡8 8♦❜3❡ ❛8♣❡❝+♦8 ❞♦ ✐ ❤♦♥❡✱ ❝♦♠♦ ✭#♦✉❝❤"❝'❡❡♥ ❡ "✉❛❧✐❞❛❞❡ ❞❛ ✈♦③✮✳ ❆

8❡♥+❡♥<❛ ✭✺✮ ❝♦♥+B♠ ✉♠ 8❡♥+✐♠❡♥+♦ ❛ 3❡8♣❡✐+♦ ❞❡ "✉❡♠ ❡♠✐+✐✉ ❛ ♦♣✐♥✐)♦ ♠❛8 ♥)♦ 8♦❜3❡

❛ ❡♥+✐❞❛❞❡ ❛✈❛❧✐❛❞❛✳ 2♦3 ✜♠✱ ❛ 8❡♥+❡♥<❛ ✭✻✮ ❝♦♥+B♠ ✉♠❛ ♦♣✐♥✐)♦ 8♦❜3❡ ♦ ✐ ❤♦♥❡✱ ♣♦3B♠

♥)♦ B ✉♠❛ ♦♣✐♥✐)♦ ❡♠✐+✐❞❛ ♣❡❧♦ ♣3♦♣3✐❡+Q3✐♦ ❞❛ ♦♣✐♥✐)♦ ✭❈❛3❧♦8✮✳

❖❜8❡3✈❛✲8❡ +❛♠❜B♠ "✉❡✱ ❡♠ ✉♠ ♠❡8♠♦ ❞♦❝✉♠❡♥+♦✱ ♣♦❞❡♠ 8❡3 ❡①♣3❡88♦8 8❡♥+✐♠❡♥+♦8

❞✐8+✐♥+♦8 ❛ 3❡8♣❡✐+♦ ❞❡ ❞✐❢❡3❡♥+❡8 ❛8♣❡❝+♦8 ❞❡ ✉♠❛ ♠❡8♠❛ ❡♥+✐❞❛❞❡ ♦✉ ♦ 8❡♥+✐♠❡♥+♦ ❣❡3❛❧

3❡❢❡3❡♥+❡ : ❡♥+✐❞❛❞❡ ❛✈❛❧✐❛❞❛✱ ❝♦♥8✐❞❡3❛♥❞♦ ♦ ❞♦❝✉♠❡♥+♦ ❡♠ 8✉❛ +♦+❛❧✐❞❛❞❡✳ 2♦3 ❡88❛

3❛③)♦✱ ✉♠ ❞♦❝✉♠❡♥+♦ ♣♦❞❡ 8❡3 ❛♥❛❧✐8❛❞♦ ❡♠ ❞✐❢❡3❡♥+❡8 ♥C✈❡✐8 ❞❡ ❣3❛♥✉❧❛3✐❞❛❞❡✱ 8❡♥❞♦ "✉❡

❛ ❞❡❝✐8)♦ ❞♦ ♥C✈❡❧ ❡8+Q 8✉❥❡✐+❛ ❛♦ ❝♦♥+❡①+♦ ❡ ❛♣❧✐❝❛<)♦✳ ❉❡88❡ ♠♦❞♦✱ ✉♠❛ ♦♣✐♥✐)♦ ♣♦❞❡

8❡3 ❝❧❛88✐✜❝❛❞❛ ❡♠ +3L8 ♥C✈❡✐8✿

❼ ◆*✈❡❧ ❞❡ ❉♦❝✉♠❡♥1♦ ✭❞♦❝✉♠❡♥#✲❧❡✈❡❧✮✿

❆ ♠✐♥❡3❛<)♦ ❞❡ ♦♣✐♥✐F❡8 ❡♠ ♥C✈❡❧ ❞❡ ❞♦❝✉♠❡♥+♦ ❝♦♥8✐❞❡3❛ ❛ ♦♣✐♥✐)♦ ❡①♣3❡88❛ ❞❡

❢♦3♠❛ ❣❡3❛❧✳ ◆❡88❡ ❝❛8♦✱ ❛88✉♠❡✲8❡ "✉❡ ❛ ♦♣✐♥✐)♦ ❞❡ ❝❛❞❛ ❞♦❝✉♠❡♥+♦ B ❡♠✐+✐❞❛

♣♦3 ✉♠ W♥✐❝♦ ♣3♦♣3✐❡+Q3✐♦ ❞❛ ♦♣✐♥✐)♦ ❡ 8♦❜3❡ ✉♠ W♥✐❝♦ ❛8♣❡❝+♦ ♦✉ ❡♥+✐❞❛❞❡✳ 2♦3

❡88❛ 3❛③)♦✱ ✉♠❛ ✈❡③ "✉❡ ♦ ❞♦❝✉♠❡♥+♦ B ❛♥❛❧✐8❛❞♦ ❝♦♠♦ ✉♠ +♦❞♦✱ ❛ ✐❞❡♥+✐✜❝❛<)♦ ❞❛

❡♥+✐❞❛❞❡ ❡ 8❡✉8 ❛8♣❡❝+♦8 B ❞❡8♥❡❝❡88Q3✐❛ ❬✼✸✱ ✼✽❪✳

❼ ◆*✈❡❧ ❞❡ ❙❡♥1❡♥3❛ ✭"❡♥#❡♥❝❡✲❧❡✈❡❧✮✿

◆❛ ♠✐♥❡3❛<)♦ ❞❡ ♦♣✐♥✐F❡8 ❡♠ ♥C✈❡❧ ❞❡ 8❡♥+❡♥<❛✱ ❛ ♣♦❧❛3✐❞❛❞❡ ❞❛ ♦♣✐♥✐)♦ ❝♦♥+✐❞❛

❡♠ ❝❛❞❛ 8❡♥+❡♥<❛ B ✐❞❡♥+✐✜❝❛❞❛✳ ❆88✉♠❡✲8❡ "✉❡ ❝❛❞❛ 8❡♥+❡♥<❛ ❝♦♥+B♠ ❛♣❡♥❛8 ✉♠❛

♦♣✐♥✐)♦ ❡ "✉❡ ❛❧❣✉♠❛8 8❡♥+❡♥<❛8 ♣♦❞❡♠ ♥)♦ ❝♦♥+❡3 ♦♣✐♥✐)♦✳ 2♦3 ❡①❡♠♣❧♦✱ ❛ 8❡♥✲

+❡♥<❛ ✭✸✮ ❞♦ ❊①❡♠♣❧♦ ■ ✏❆ #❡❧❛ #♦✉❝❤"❝'❡❡♥ ❡'❛ '❡❛❧♠❡♥#❡ ♠✉✐#♦ ❜♦❛✑ ✱ ♣♦❞❡ 8❡3

❛♥❛❧✐8❛❞❛ ✐♥❞✐✈✐❞✉❛❧♠❡♥+❡ ❡ ✐❞❡♥+✐✜❝❛❞❛ ❝♦♠♦ ♣♦8✐+✐✈❛✳
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❼ ◆!✈❡❧ ❞❡ ❊♥(✐❞❛❞❡ ❡ ❆,♣❡❝(♦, ✭❛!♣❡❝%✲❧❡✈❡❧✮✿

❆ ♠✐♥❡&❛()♦ ❞❡ ♦♣✐♥✐-❡. ❡♠ ♥/✈❡❧ ❞❡ ❛.♣❡❝3♦ ♦❝♦&&❡ ❞❡ ♠❛♥❡✐&❛ ♠❛✐. ❡.♣❡❝/✜❝❛ ❞♦

5✉❡ ♥♦. ♥/✈❡✐. ❛♥3❡&✐♦&❡.✳ ❊♠❜♦&❛ ❛. ❝❧❛..✐✜❝❛(-❡. ❡♠ ♥/✈❡❧ ❞❡ ❞♦❝✉♠❡♥3♦ ❡ .❡♥✲

3❡♥(❛ .❡❥❛♠ <3❡✐. ❡♠ ♠✉✐3♦. ❝❛.♦.✱ ❡❧❛. ♥)♦ ❢♦&♥❡❝❡♠ ♦ ♥/✈❡❧ ❞❡ ❞❡3❛❧❤❡ ♥❡❝❡..@&✐♦

♣❛&❛ ❛❧❣✉♠❛. ❛♣❧✐❝❛(-❡.✳ ▼✉✐3❛. ✈❡③❡.✱ ♦♣✐♥✐-❡. ♣♦.✐3✐✈❛. ❡ ♥❡❣❛3✐✈❛. .)♦ ❡①♣&❡.✲

.❛. ❛ &❡.♣❡✐3♦ ❞❡ ❛.♣❡❝3♦. ❞✐.3✐♥3♦. ❞❡ ✉♠❛ ♠❡.♠❛ ❡♥3✐❞❛❞❡✱ ❝♦♠♦ ❛♣&❡.❡♥3❛❞♦ ♥♦

❊①❡♠♣❧♦ ■✳

❆ ♠✐♥❡&❛()♦ ❞❡ ♦♣✐♥✐-❡. ❡♠ ♥/✈❡❧ ❞❡ ❛.♣❡❝3♦ F ❜❛.❡❛❞❛ ♥❛ ✐❞❡✐❛ ❞❡ 5✉❡ ✉♠❛ ♦♣✐♥✐)♦

❝♦♥.✐.3❡ ❞❡ ✉♠ .❡♥3✐♠❡♥3♦ ❡ ✉♠ ❛❧✈♦✳ ◆❡..❡ ❝♦♥3❡①3♦✱ F ♣&❡❝✐.♦ ✐❞❡♥3✐✜❝❛& ♦. ❛❧✈♦.

.♦❜&❡ ♦. 5✉❛✐. ❛. ♦♣✐♥✐-❡. .)♦ ❡①♣&❡..❛. ❡✱ ❡♥3)♦✱ ✐❞❡♥3✐✜❝❛& .❡ .)♦ ♦♣✐♥✐-❡. ♣♦.✐3✐✈❛.✱

♥❡❣❛3✐✈❛. ♦✉ ♥❡✉3&❛.✳ ❖. ❛❧✈♦. .)♦ ❝♦♠❜✐♥❛(-❡. ❞❡ ❡♥3✐❞❛❞❡. ✭♣&♦❞✉3♦.✱ ♣❡..♦❛.✱

❡✈❡♥3♦.✱ ❡♠♣&❡.❛.✱ 3❡♠❛. ❡3❝✳✮ ❡ .❡✉. ❛.♣❡❝3♦. ❝♦♠♦ ♣❡.♦✱ 5✉❛❧✐❞❛❞❡ ❞♦ .♦♠ ❡

3❛♠❛♥❤♦ ❞❛ 3❡❧❛ ❞❡ ✉♠ ❝❡❧✉❧❛&✳

◆❡..❡ ♥/✈❡❧ ❞❡ ❣&❛♥✉❧❛&✐❞❛❞❡✱ ♥❛ .❡♥3❡♥(❛ ✭✸✮ ❞♦ ❊①❡♠♣❧♦ ■✿ ✏❆ %❡❧❛ %♦✉❝❤!❝0❡❡♥

❡0❛ 0❡❛❧♠❡♥%❡ ♠✉✐%♦ ❜♦❛✳✑ ✱ ♦ ❝♦♠❡♥3@&✐♦ F .♦❜&❡ ❛ ✏%❡❧❛ %♦✉❝❤!❝0❡❡♥✑ ❞❛ ❡♥3✐❞❛❞❡

✏✐7❤♦♥❡✑ ❡ ❛ ♦♣✐♥✐)♦ F ♣♦.✐3✐✈❛✳ ◆❛ .❡♥3❡♥(❛ ✭✹✮ ✏❆ 8✉❛❧✐❞❛❞❡ ❞❛ ✈♦③ ❡0❛ ♠✉✐%♦

❧✐♠♣❛ %❛♠❜;♠✳✑ ✱ ♦ ❝♦♠❡♥3@&✐♦ F .♦❜&❡ ♦ ❛.♣❡❝3♦ ✏8✉❛❧✐❞❛❞❡ ❞❛ ✈♦③✑ ✱ ❞❛ ❡♥3✐❞❛❞❡

✏✐7❤♦♥❡✑ ✱ 5✉❡ 3❛♠❜F♠ F ♣♦.✐3✐✈❛✳ ❆. ♦♣✐♥✐-❡. ❡①♣&❡..❛. .♦❜&❡ ❝❛❞❛ ❛.♣❡❝3♦ .)♦

✐♠♣♦&3❛♥3❡. ♣&✐♥❝✐♣❛❧♠❡♥3❡ ♣❛&❛ ❛♣❧✐❝❛(-❡. 5✉❡ ❜✉.❝❛♠ ❞❡3❡❝3❛& ❛ .❛3✐.❢❛()♦ ❞❡

✉.✉@&✐♦. ❛ &❡.♣❡✐3♦ ❞❡ ♣&♦❞✉3♦.✳ ◆❡..❡ 3✐♣♦ ❞❡ ❛♣❧✐❝❛()♦✱ F ♥❡❝❡..@&✐❛ ❛ ✐❞❡♥3✐✜❝❛()♦

❞❛ ♦♣✐♥✐)♦ .♦❜&❡ ❝❛❞❛ ❛.♣❡❝3♦✱ ♣❛&❛ 5✉❡ ❝❛❞❛ ❝❛&❛❝3❡&/.3✐❝❛ ❞♦ ♣&♦❞✉3♦ ♣♦..❛ .❡&

❛♥❛❧✐.❛❞❛ .❡♣❛&❛❞❛♠❡♥3❡ ❬✼✽❪✳

✷✳✶✳✷ ▼$%♦❞♦( ♣❛+❛ ▼✐♥❡+❛/0♦ ❞❡ ❖♣✐♥✐2❡(

❖. ♠F3♦❞♦. ♣❛&❛ ♠✐♥❡&❛()♦ ❞❡ ♦♣✐♥✐-❡. ♣♦❞❡♠ .❡& ❞✐✈✐❞✐❞♦. ❡♠ ❞✉❛. ❝❛3❡❣♦&✐❛. ♣&✐♥❝✐♣❛✐.✿

✭✐✮ ♠F3♦❞♦. ❜❛.❡❛❞♦. ❡♠ ❛♣&❡♥❞✐③❛❞♦ ❞❡ ♠@5✉✐♥❛ ❡ ✭✐✐✮ ♠F3♦❞♦. ❜❛.❡❛❞♦. ❡♠ ❞✐❝✐♦♥@&✐♦.✳

✷✳✶✳✷✳✶ ▼4(♦❞♦, ❇❛,❡❛❞♦, ❡♠ ❆♣7❡♥❞✐③❛❞♦ ❞❡ ▼9:✉✐♥❛

❖. ♠F3♦❞♦. ♣❛&❛ ❛ ♠✐♥❡&❛()♦ ❞❡ ♦♣✐♥✐-❡. ❜❛.❡❛❞♦. ❡♠ ❛♣&❡♥❞✐③❛❞♦ ❞❡ ♠@5✉✐♥❛ .)♦

❝❛&❛❝3❡&✐③❛❞♦. ♣❡❧❛ ✉3✐❧✐③❛()♦ ❞❡ ❛❧❣♦&✐3♠♦. ❞❡ ❛♣&❡♥❞✐③❛❞♦ ❡ ✉♠❛ ❜❛.❡ ❞❡ ❞❛❞♦. ❞❡ 3&❡✐✲

♥❛♠❡♥3♦✳ ❊..❡. ♠F3♦❞♦. ✉3✐❧✐③❛♠ ❜❛.✐❝❛♠❡♥3❡ ❞✉❛. ❢❛.❡.✿ ✉♠❛ ❢❛.❡ ❞❡ 3&❡✐♥❛♠❡♥3♦ ❡ ✉♠❛

❢❛.❡ ❞❡ ✐♥❢❡&Q♥❝✐❛✳ ◆❛ ❢❛.❡ ❞❡ 3&❡✐♥❛♠❡♥3♦✱ ✉♠ ❛❧❣♦&✐3♠♦ ❞❡ ❛♣&❡♥❞✐③❛❞♦ ❞❡ ♠@5✉✐♥❛ F

✉3✐❧✐③❛❞♦ ♣❛&❛ 3&❡✐♥❛& ✉♠ ♠♦❞❡❧♦ ❞❡ ❝❧❛..✐✜❝❛()♦ ✉3✐❧✐③❛♥❞♦ ✉♠ ❝♦♥❥✉♥3♦ ❞❡ ❛3&✐❜✉3♦.
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❡①"#❛%❞♦( ❞♦( ❞♦❝✉♠❡♥"♦( ❞❛ ❜❛(❡ ❞❡ "#❡✐♥❛♠❡♥"♦✳ ◆❛ ❢❛(❡ ❞❡ ✐♥❢❡#2♥❝✐❛✱ ♦ ♠♦❞❡❧♦ "#❡✐✲

♥❛❞♦ ♥❛ ❢❛(❡ ❛♥"❡#✐♦# 6 ✉"✐❧✐③❛❞♦ ♣❛#❛ ✐♥❢❡#✐# #9"✉❧♦( ❞❡ ♣♦❧❛#✐❞❛❞❡ ❞❡ ❞♦❝✉♠❡♥"♦( (❡♠

#9"✉❧♦ ❬✶✶✵❪✳

❖( "#❛❜❛❧❤♦( ♣#❡❝✉#(♦#❡( ♥❛ @#❡❛ ❞❡ ♠✐♥❡#❛AB♦ ❞❡ ♦♣✐♥✐C❡( ❢♦#❛♠ #❡❛❧✐③❛❞♦( (♦❜#❡ ❛

❛✈❛❧✐❛AB♦ ❞❡ ✜❧♠❡( #❡"✐#❛❞♦( ❞❛ ❲❡❜ ❬✶✵✶❪✳ ◆♦( #✐%❡# ✉"✐❧✐③❛❞♦(✱ ❛( ♣❡((♦❛( ♣♦❞❡♠ ✐♥❢♦#✲

♠❛# (✉❛( ♦♣✐♥✐C❡( (♦❜#❡ ✜❧♠❡( ❛"#❛✈6( ❞❡ ✉♠❛ ❛✈❛❧✐❛AB♦ "❡①"✉❛❧ ❡ ♣♦# ✉♠❛ ♣♦♥"✉❛AB♦✱

❣❡#❛❧♠❡♥"❡ ♥♦ ❢♦#♠❛"♦ ❞❡ ✉♠❛ ❛ ❝✐♥❝♦ ❡("#❡❧❛(✱ ❡♠ G✉❡✱ "✐♣✐❝❛♠❡♥"❡✱ ❞❡ ✉♠❛ ❛ ❞✉❛( ❡("#❡✲

❧❛( #❡♣#❡(❡♥"❛♠ ✉♠❛ ❛✈❛❧✐❛AB♦ #✉✐♠✱ ❞❡ G✉❛"#♦ ❛ ❝✐♥❝♦ ❡("#❡❧❛( #❡♣#❡(❡♥"❛♠ ✉♠❛ ❛✈❛❧✐❛AB♦

❜♦❛ ❡ "#2( ❡("#❡❧❛( #❡♣#❡(❡♥"❛♠ ✉♠❛ ❛✈❛❧✐❛AB♦ ♥❡✉"#❛✳ ◆❡((❡ ❝♦♥"❡①"♦✱ ❞♦❝✉♠❡♥"♦( ❡ (✉❛(

❝❧❛((✐✜❝❛AC❡( ♣♦❞❡♠ (❡# ❡①"#❛%❞♦( ❢❛❝✐❧♠❡♥"❡ ♣❛#❛ ❛ ❝#✐❛AB♦ ❞❡ ❜❛(❡( ❞❡ ❞❛❞♦( ❞❡ "#❡✐♥❛✲

♠❡♥"♦✳ ❊((❡ ❢❛"♦ ❝♦♥"#✐❜✉✐✉ ♣❛#❛ ♦ ❞❡(❡♥✈♦❧✈✐♠❡♥"♦ ❞❡ ♠✉✐"♦( ♠6"♦❞♦( ❞❡ ❛♣#❡♥❞✐③❛❞♦

❞❡ ♠@G✉✐♥❛ (✉♣❡#✈✐(✐♦♥❛❞♦✳

◆♦ "#❛❜❛❧❤♦ ♣#❡❝✉#(♦# ❛♣#❡(❡♥"❛❞♦ ❡♠ ❬✶✵✶❪✱ ❢♦#❛♠ ✉"✐❧✐③❛❞♦( "#2( ❛❧❣♦#✐"♠♦( ❞❡ ❛♣#❡♥✲

❞✐③❛❞♦ ❞❡ ♠@G✉✐♥❛✱ "❛✐( ❝♦♠♦ ◆❛✐✈❡ ❇❛②❡# ✭◆❇✮✱ ❙✉♣♣♦/% ❱❡❝%♦/ ▼❛❝❤✐♥❡# ✭❙❱▼✮ ❡

▼❛①✐♠✉♠ ❊♥%/♦♣② ✭▼❊✮✱ ♣❛#❛ ❛ ❝❧❛((✐✜❝❛AB♦ ❞❛( ♦♣✐♥✐C❡( ❝♦♥"✐❞❛( ❡♠ ❛✈❛❧✐❛AC❡( ❞❡ ✜❧✲

♠❡(✱ ❝♦♠♦ ♣♦(✐"✐✈❛ ♦✉ ♥❡❣❛"✐✈❛✳ ❊♠ ❬✶✵✶❪✱ ❢♦✐ ✈❡#✐✜❝❛❞♦ G✉❡ ❛ ❡("#❛"6❣✐❛ ❞❡ ❛♣#❡♥❞✐③❛❞♦

(✉♣❡#✈✐(✐♦♥❛❞♦ ♦❜"❡✈❡ ❞❡(❡♠♣❡♥❤♦ (✉♣❡#✐♦# ❛♦ ❜❛#❡❧✐♥❡ ✉"✐❧✐③❛❞♦✳ ◆❡((❡ "#❛❜❛❧❤♦✱ ❢♦#❛♠

✉"✐❧✐③❛❞♦( ♥✲❣#❛♠❛( ❝♦♠♦ ❛"#✐❜✉"♦(✱ G✉❡ ❝♦♥(✐("❡♠ ❡♠ ❛❣#✉♣❛♠❡♥"♦( ❞❡ n "❡#♠♦( ❝♦♥(❡✲

❝✉"✐✈♦( ❝♦♥"✐❞♦( ❡♠ ❞♦❝✉♠❡♥"♦( "❡①"✉❛✐(✳ O♦# ❡①❡♠♣❧♦✱ ❛ (❡♥"❡♥A❛ ✭✸✮ ❞♦ ❊①❡♠♣❧♦ ■ ✏❆

%❡❧❛ %♦✉❝❤#❝/❡❡♥ ❡/❛ /❡❛❧♠❡♥%❡ ♠✉✐%♦ ❜♦❛✑ ♣♦❞❡ (❡# #❡♣#❡(❡♥"❛❞❛ ♣❡❧♦( ❜✐❣#❛♠❛( ✭♥✲❣#❛♠❛(

❝♦♠ n = 2✮✿ ✏❆ %❡❧❛✑ ✱ ✏%❡❧❛ %♦✉❝❤#❝/❡❡♥✑ ✱ ✏%♦✉❝❤#❝/❡❡♥ ❡/❛✑ ❡"❝✳ ❋♦✐ ♠♦("#❛❞♦ G✉❡ ❝♦♠

❛ ✉"✐❧✐③❛AB♦ ❞❡ ✉♥✐❣#❛♠❛( ❝♦♠♦ ❛"#✐❜✉"♦( ♥❛ ❝❧❛((✐✜❝❛AB♦ ❢♦✐ ♦❜"✐❞♦ ♠❡❧❤♦# ❞❡(❡♠♣❡♥❤♦

G✉❛♥❞♦ ❝♦♠♣❛#❛❞♦ ❛ ✉♥✐❣#❛♠❛( ❡ ❜✐❣#❛♠❛( ♦✉ (♦♠❡♥"❡ ❜✐❣#❛♠❛(✱ "❛♥"♦ ❝♦♠ ♦ ❛❧❣♦#✐"♠♦

◆❇ G✉❛♥"♦ ❝♦♠ ♦ ❙❱▼✳ ❖ ❛❧❣♦#✐"♠♦ G✉❡ ♦❜"❡✈❡ ♠❛✐♦# ❆❝✉#@❝✐❛ ❢♦✐ ♦ ❙❱▼✱ ♥♦ ✈❛❧♦# ❞❡

✽✷✱✾✪✳

◆♦ ❛♣#❡♥❞✐③❛❞♦ ❞❡ ♠@G✉✐♥❛ (✉♣❡#✈✐(✐♦♥❛❞♦✱ ❛ ✈❛#✐❛AB♦ ❞♦ "✐♣♦ ❞❡ ❛"#✐❜✉"♦ ✉"✐❧✐③❛❞♦

❛❧"❡#❛ ♦ ❞❡(❡♠♣❡♥❤♦ ❞♦ ❝❧❛((✐✜❝❛❞♦#✳ ❉❡✈✐❞♦ ❛ ❡((❡ ❢❛"♦✱ ♠✉✐"♦( "#❛❜❛❧❤♦( ✈2♠ "❡♥"❛♥❞♦

❡♥❝♦♥"#❛# ❛ ♠❡❧❤♦# ❝♦♠❜✐♥❛AB♦ ❞❡ ❛"#✐❜✉"♦(✳ ◆♦ "#❛❜❛❧❤♦ ❛♣#❡(❡♥"❛❞♦ ❡♠ ❬✾✵❪✱ ❢♦✐ ❡①❛✲

♠✐♥❛❞♦ ♦ ❞❡(❡♠♣❡♥❤♦ ❞❡ ❛"#✐❜✉"♦( ❡①"#❛%❞♦( ❞❡ ❞✐❢❡#❡♥"❡( ❢♦♥"❡( ❡ ❛"#✐❜✉"♦( ❜❛(❡❛❞♦(

❡♠ ✉♠ "9♣✐❝♦✱ ✐✳❡✳✱ ❢♦✐ ❝♦♥(✐❞❡#❛❞♦ (❡ ✉♠❛ ❢#❛(❡ ❝✐"❛ ♦ "9♣✐❝♦ ❡♠ ❞✐(❝✉((B♦✳ ❆❧6♠ ❞♦(

❛"#✐❜✉"♦( #❡❧❛❝✐♦♥❛❞♦( ❛♦ "9♣✐❝♦✱ "❛♠❜6♠ ❢♦#❛♠ ✉"✐❧✐③❛❞♦( ❝♦♠♦ ❛"#✐❜✉"♦( ✈❛❧♦#❡( ❞❡ O▼■

✭<♦✐♥%✇✐#❡ ▼✉%✉❛❧ ■♥❢♦/♠❛%✐♦♥ ✮ ❬✶✸✼❪✱ ❡①"#❛%❞♦( ❛"#❛✈6( ❞♦ ❝@❧❝✉❧♦ ❞❛ ❝♦♦❝♦##2♥❝✐❛ ❞❡

✉♠❛ ♣❛❧❛✈#❛ ❝♦♠ ❛( ♣❛❧❛✈#❛( ❝♦♠ ♣♦❧❛#✐❞❛❞❡( ♣♦(✐"✐✈❛( ❡ ♥❡❣❛"✐✈❛(✱ ♣❛❞#C❡( (✐♥"@"✐❝♦(

✭❡①✳✿ (✉❜("❛♥"✐✈♦( (❡❣✉✐❞♦( ❞❡ ❛❞❥❡"✐✈♦(✮ ❡ ❢❛"♦#❡( (❡♠\♥"✐❝♦( ❞❡ ❖(❣♦♦❞✱ ✐✳❡✳✱ ✈❛❧♦#❡( G✉❡
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❝♦""❡$♣♦♥❞❡♠ ) ♣♦*+♥❝✐❛ ✭❢♦"*❡ ♦✉ ❢"❛❝❛✮✱ ) ❛*✐✈✐❞❛❞❡ ✭❛*✐✈❛ ♦✉ ♣❛$$✐✈❛✮ ❡ ❛♦$ ❢❛*♦"❡$

❛✈❛❧✐❛*✐✈♦$ ✭❜♦♥$ ♦✉ ♠❛✉$✮ ✐♥*"♦❞✉③✐❞♦$ ♥❛ ❚❡♦"✐❛ ❞❛ ❉✐❢❡"❡♥❝✐❛9:♦ ❙❡♠<♥*✐❝❛ ❞❡ ❈❤❛"❧❡$
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'✐✈♦✱ ❛❞✈V+❜✐♦ ❡'❝✳✮✳ ◗✉❛♥❞♦ ♦) ❞♦✐) ❝❧❛))✐✜❝❛❞♦+❡) ❢♦+❛♠ ❝♦♠❜✐♥❛❞♦) ♣+♦❞✉③✐+❛♠ ✉♠❛

❆❝✉+*❝✐❛ ❞❡ ✼✹✪ ❡♠ ❜❛)❡) ❞❡ ❞❛❞♦) ❞❡  ✇❡❡ $✳

❊♠ ❬✹✾❪✱ ❢♦✐ ❝♦♥)'+✉S❞❛ ✉♠❛ ❜❛)❡ ❞❡ ❞❛❞♦) ❞❡ ♠❡♥)❛❣❡♥) )❛+❝*)'✐❝❛) ❡ ♠❡♥)❛❣❡♥)

♣♦)✐'✐✈❛) ❡ ♥❡❣❛'✐✈❛) ❞♦ ❚✇✐''❡+✱ ❛'+❛✈V) ❞❛ ❜✉)❝❛ ♣♦+ ❤❛$❤ ❛❣$ ❝♦♠♦ ★❤❛♣♣②✱ ★$❛❞ ❡

★$❛)❝❛$♠✳ ❖ ♦❜❥❡'✐✈♦ ❞❡))❡ '+❛❜❛❧❤♦ V ✐♥✈❡)'✐❣❛+ ♦ ✉)♦ ❞❡ ❢❛'♦+❡) ❧V①✐❝♦) ♣❛+❛ ❞✐)'✐♥❣✉✐+

♦ )❛+❝❛)♠♦ ❞❡ )❡♥'✐♠❡♥'♦) ♣♦)✐'✐✈♦) ❡ ♥❡❣❛'✐✈♦) ❡①♣+❡))♦) ❡♠  ✇❡❡ $✳ ❈♦♠ ❡))❛ ✜♥❛✲

❧✐❞❛❞❡✱ ❢♦+❛♠ +❡❛❧✐③❛❞♦) ❞✐✈❡+)♦) ❡①♣❡+✐♠❡♥'♦)✱ ✐♥❝❧✉✐♥❞♦ ❛ ❝❧❛))✐✜❝❛89♦ ❞❡ ♣♦❧❛+✐❞❛❞❡✱

1✉❡ ❝♦♥)✐❞❡+❛ ❛♣❡♥❛) ❛) ❝❧❛))❡) ♣♦)✐'✐✈❛) ❡ ♥❡❣❛'✐✈❛)✳ ◆❡))❛ ✐♥✈❡)'✐❣❛89♦ ❢♦✐ ❝♦♠♣❛+❛❞♦

♦ ❞❡)❡♠♣❡♥❤♦ ❞❡ 'V❝♥✐❝❛) ❞❡ ❛♣+❡♥❞✐③❛❞♦ ❞❡ ♠*1✉✐♥❛ ❝♦♠ ❛ ❝❧❛))✐✜❝❛89♦ +❡❛❧✐③❛❞❛ ♣♦+

❡)♣❡❝✐❛❧✐)'❛)✳ ❈♦♠♦ ❝❧❛))✐✜❝❛❞♦+❡)✱ ❢♦+❛♠ ✉'✐❧✐③❛❞♦) ♦ ❙❱▼ ❡ ♦ ▲♦❣✐$ ✐❝ ❘❡❣)❡$$✐♦♥ ✭▲❘✮✳

❖) +❡)✉❧'❛❞♦) ♠♦)'+❛+❛♠ 1✉❡ ❞❡'❡❝'❛+ )❛+❝❛)♠♦ ❛✐♥❞❛ V ✉♠❛ '❛+❡❢❛ ♠✉✐'♦ ❞✐❢S❝✐❧ '❛♥'♦

♣❛+❛ ❡)♣❡❝✐❛❧✐)'❛) 1✉❛♥'♦ ♣❛+❛ ❛❧❣♦+✐'♠♦) ❞❡ ❛♣+❡♥❞✐③❛❞♦✳ ◆❛ ❝❧❛))✐✜❝❛89♦ ❞❡ ♣♦❧❛+✐❞❛❞❡

❢♦✐ ♦❜'✐❞❛ ✉♠❛ ❆❝✉+*❝✐❛ ❞❡ ✼✺✱✽✾✪ ❝♦♠ ♦ ❝❧❛))✐✜❝❛❞♦+ ▲❘✳

▼✉✐'♦) ♦✉'+♦) '+❛❜❛❧❤♦) '6♠ ✐♥✈❡)'✐❞♦ ♥❛ ✉'✐❧✐③❛89♦ ❞❡ ❛❧❣♦+✐'♠♦) ❞❡ ❛♣+❡♥❞✐③❛❞♦ ❞❡

♠*1✉✐♥❛✳ ❊♠ ❬✾✾❪✱ ❛❧V♠ ❞♦ ▼◆❇✱ ❢♦+❛♠ ✉'✐❧✐③❛❞♦) ♦) ❝❧❛))✐✜❝❛❞♦+❡) ❙❱▼ ❡ ❈♦♥❞✐ ✐♦♥❛❧

❘❛♥❞♦♠ ❋✐❡❧❞ ✭❈❘❋✮✳ ❊♠ ❬✻❪✱ ❢♦+❛♠ ✉'✐❧✐③❛❞♦) ♦) ❛❧❣♦+✐'♠♦) ▼◆❇ ❡ ❉❚ ♣❛+❛ ♦) ❡①♣❡+✐✲
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♠❡♥#♦%✳ ◆♦ #(❛❜❛❧❤♦ (❡❛❧✐③❛❞♦ ❡♠ ❬✶✷✶❪✱ ❢♦(❛♠ ✉#✐❧✐③❛❞♦% ♥♦% ❡①♣❡(✐♠❡♥#♦% ♦% ❛❧❣♦(✐#♠♦%

◆❇✱ ❉❚ ❡ ❙❱▼✳ ❊♠ ❬✶✵✵❪✱ ❢♦(❛♠ ✉#✐❧✐③❛❞♦% ❝✐♥❝♦ ❛❧❣♦(✐#♠♦% ❞❡ ❛♣(❡♥❞✐③❛❞♦ ❞❡ ♠CD✉✐♥❛✿

◆❇✱ ❙❱▼✱ ❱♦"❡❞ %❡&❝❡♣"&♦♥ ✭❱G✮✱ ❇❛②❡-✐❛♥ ▲♦❣✐-"✐❝ ❘❡❣&❡--✐♦♥ ✭❇▲❘✮ ❡ ❆❞❛♣"✐✈❡ ❇♦✲

♦-"✐♥❣ ✭❆❇✮✳ ◆♦% #(❛❜❛❧❤♦% (❡♣♦(#❛❞♦% ❡♠ ❬✷✱ ✶✶✱ ✻✺❪✱ ♦ ❝❧❛%%✐✜❝❛❞♦( ✉#✐❧✐③❛❞♦ ❢♦✐ ♦ ❙❱▼✳

❊♠ ❬✶✻❪✱ ❝♦♠♦ ❝❧❛%%✐✜❝❛❞♦(❡% ♣❛(❛ ❜❛%❡% ❞❡ ❞❛❞♦% ❞❡ "✇❡❡"-✱ ❢♦(❛♠ ✉#✐❧✐③❛❞♦% ♦% ❛❧❣♦(✐#✲

♠♦% ❈❧❛--✐✜❝❛"✐♦♥ ❛♥❞ ❘❡❣&❡--✐♦♥ ❚&❡❡- ✭❈❆❘❚✮✱ ❉❚✱ ◆❇✱ ▲❘✱ ❡ ❙❱▼✳ ❊♠ ❬✼✵❪✱ ❢♦(❛♠

✉#✐❧✐③❛❞♦% ♦% ❛❧❣♦(✐#♠♦% ❙❱▼ ❡ ◆❇✱ ❡♥D✉❛♥#♦ ❡♠ ❬✾✻❪✱ ❢♦(❛♠ ✉#✐❧✐③❛❞♦% ❙❱▼ ❡ ▼◆❇✳

❊%%❡% #(❛❜❛❧❤♦% %S♦ ❛♣(❡%❡♥#❛❞♦% ❡♠ ♠❛✐% ❞❡#❛❧❤❡% ♥♦% ❈❛♣T#✉❧♦% ✸ ❡ ✹✳ ❖% ♣(✐♥❝✐♣❛✐%

❛❧❣♦(✐#♠♦% ❞❡ ❛♣(❡♥❞✐③❛❞♦ ❞❡ ♠CD✉✐♥❛ ❡ %❡✉ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥#♦ %S♦ ❛♣(❡%❡♥#❛❞♦%

♥❛ ❙❡XS♦ ✷✳✸✳ ◆❛ ❚❛❜❡❧❛ ✷✳✶✱ Y ❛♣(❡%❡♥#❛❞♦ ✉♠ D✉❛❞(♦ ❞❡♠♦♥%#(❛#✐✈♦ ❝♦♠ ♦% ❞✐❢❡(❡♥#❡%

❛❧❣♦(✐#♠♦% ❞❡ ❛♣(❡♥❞✐③❛❞♦ ❞❡ ♠CD✉✐♥❛ ✉#✐❧✐③❛❞♦% ♥♦% #(❛❜❛❧❤♦% ❝✐#❛❞♦% ♥❡%#❛ %✉❜%❡XS♦✳

❚❛❜❡❧❛ ✷✳✶✿ ◗✉❛❞(♦ ❞❡♠♦♥%#(❛#✐✈♦ ❝♦♠ ♦% #(❛❜❛❧❤♦% ❡ ❛❧❣♦(✐#♠♦% ❞❡ ❛♣(❡♥❞✐③❛❞♦ ❞❡

♠CD✉✐♥❛ ✉#✐❧✐③❛❞♦%✳

❘❡❢❡#$♥❝✐❛ ❙❱▼ ▼◆❇ ◆❇ ❘❋ ❉❚ ▼❊ ▲❘ ❱3 ❈❘❋ ❈❆❘❚ ❇▲❘ ❆❇

❆❣❛#✇❛❧ ❡' ❛❧✳ ❬✷❪ X

❆✐-♦♣♦- ❡' ❛❧✳ ❬✻❪ X X

❇❛#❜♦-❛ ❡ ❋❡♥❣ ❬✶✶❪ X

❇#❛✈♦✲▼❛#9✉❡③ ❡' ❛❧✳ ❬✶✻❪ X X X X X

❈❛#✈❛❧❤♦ ❡ >❧❛-'✐♥♦ ❬✷✵❪ X

●❛♠♦♥ ❬✹✷❪ X

●♦ ❡' ❛❧✳ ❬✹✹❪ X X X

●♦♥③C❧❡③✲■❜C♥❡③ ❡' ❛❧✳ ❬✹✾❪ X X

❏✐❛♥❣ ❡' ❛❧✳ ❬✻✺❪ X

❑♦❧❝❤②♥❛ ❡' ❛❧✳ ❬✼✵❪ X X

▼✉❧❧❡♥ ❡ ❈♦❧❧✐❡# ❬✾✵❪ X

❖✬❍❛#❡ ❡' ❛❧ ❬✾✻❪ X X

>❛❦ ❡ >❛#♦✉❜❡❦ ❬✾✾❪ X X X

>❛♥❞❡② ❡ ■②❡# ❬✶✵✵❪ X X X X X

>❛♥❣ ❡' ❛❧✳ ❬✶✵✶❪ X X X

❘❡❛❞ ❬✶✵✼❪ X X

❙✐❞♦#♦✈ ❡' ❛❧✳ ❬✶✷✶❪ X X X

✷✳✶✳✷✳✷ ▼$%♦❞♦( ❇❛(❡❛❞♦( ❡♠ ❉✐❝✐♦♥12✐♦(

❖% ♠Y#♦❞♦% ❜❛%❡❛❞♦% ❡♠ ❞✐❝✐♦♥C(✐♦% ❝♦♥%✐❞❡(❛♠ D✉❡ ❛ ♣♦❧❛(✐❞❛❞❡ ❞♦ %❡♥#✐♠❡♥#♦ ❞❡ ✉♠

❞❛❞♦ ❞♦❝✉♠❡♥#♦ Y ♦❜#✐❞❛ ❛#(❛✈Y% ❞❛ ♣♦❧❛(✐❞❛❞❡ ❞❛% ♣❛❧❛✈(❛% ♦✉ ❡①♣(❡%%\❡% ❝♦♥#✐❞❛% ♥♦
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❞♦❝✉♠❡♥'♦✳ ❊**❡ ♠+'♦❞♦ ❜❛*❡✐❛✲*❡ ❡♠ ❞✐❝✐♦♥01✐♦* ❞❡ *❡♥'✐♠❡♥'♦✱ ✐✳❡✳✱ ❞✐❝✐♦♥01✐♦* ❞❡

*❡♥'✐♠❡♥'♦ ♣1+✲❝♦♥*'1✉4❞♦* ♣♦1 ♣❛❧❛✈1❛* ❝♦♠ ✈❛❧♦1❡* ❞❡ *❡♥'✐♠❡♥'♦ ❛**♦❝✐❛❞♦*✳ ❊♠ ❣❡✲

1❛❧✱ ♣❛❧❛✈1❛* ❝♦♥'✐❞❛* ♥♦ ❞♦❝✉♠❡♥'♦ ❛ *❡1 ❝❧❛**✐✜❝❛❞♦ *9♦ ❜✉*❝❛❞❛* ♥❡**❡* ❞✐❝✐♦♥01✐♦*

❝♦♠ ♦ ♦❜❥❡'✐✈♦ ❞♦ ❝0❧❝✉❧♦ ❞❡ ✉♠❛ ♠+❞✐❛ ❞♦* ✈❛❧♦1❡* ❞❡ *❡♥'✐♠❡♥'♦ ❞❡**❛* ♣❛❧❛✈1❛*✱ ♦❜✲

'❡♥❞♦ ♦ *❡♥'✐♠❡♥'♦ ❣❡1❛❧ ❞♦ ❞♦❝✉♠❡♥'♦✳ ;❛1❛ ❡**❡ ✜♠✱ ✈01✐♦* ❞✐❝✐♦♥01✐♦* ❢♦1❛♠ ❝♦♥*✲

'1✉4❞♦* '❛❧ ❝♦♠♦ ❙❡♥'✐❲♦1❞◆❡' ❬✾❪✱ ❇✐♥❣ ▲✐✉✬* ♦♣✐♥✐♦♥ ❧❡①✐❝♦♥ ❬✼✾❪✱ ◆❘❈✲❡♠♦)✐♦♥ ❬✽✽❪✱

◆❘❈✲❤❛,❤)❛❣ ❬✽✼❪✱ ❙❡♥'✐❙'1❡♥❣'❤ ❬✶✸✺❪✱ ❖♣✐♥✐♦♥❋✐♥❞❡1 ❬✶✹✼❪ ❡ ▼✉❧)✐✲1❡2,♣❡❝)✐✈❡ ◗✉❡,)✐♦♥

❆♥,✇❡2✐♥❣ ✭▼;◗❆✮ ❖♣✐♥✐♦♥ ❈♦2♣✉, ❬✶✹✺❪✳

◆♦ ❡*'✉❞♦ 1❡♣♦1'❛❞♦ ❡♠ ❬✾✺❪✱ ❢♦✐ ✉'✐❧✐③❛❞♦ ♦ ❞✐❝✐♦♥01✐♦ ❞❡ *❡♥'✐♠❡♥'♦ ▼;◗❆ ❖♣✐♥✐♦♥

❈♦2♣✉, ♣❛1❛ ✐❞❡♥'✐✜❝❛1 ♦ *❡♥'✐♠❡♥'♦ ❡♠ )✇❡❡), W✉❡ ❝✐'❛♠ ❇❛1❛❝❦ ❖❜❛♠❛✳ ;❛1❛ ❝❧❛**✐✜❝❛1

❛ ♣♦❧❛1✐❞❛❞❡ ❞❛ ♦♣✐♥✐9♦ ❝♦♥'✐❞❛ ❡♠ ✉♠ ❞❡'❡1♠✐♥❛❞♦ )✇❡❡)✱ + 1❡❛❧✐③❛❞❛ ✉♠❛ ❝♦♥'❛❣❡♠ ❞❛

W✉❛♥'✐❞❛❞❡ ❞❡ ♣❛❧❛✈1❛* ♣♦*✐'✐✈❛* ❡ ♥❡❣❛'✐✈❛* ♣1❡*❡♥'❡* ♥♦ )✇❡❡)✱ ❛ ♣❛1'✐1 ❞❛ ✉'✐❧✐③❛Y9♦ ❞♦

❞✐❝✐♦♥01✐♦ ▼;◗❆✳ ❙❡ ❛ W✉❛♥'✐❞❛❞❡ ❞❡ ♣❛❧❛✈1❛* ♣♦*✐'✐✈❛* ❢♦1 ♠❛✐♦1 W✉❡ ❛ W✉❛♥'✐❞❛❞❡ ❞❡

♣❛❧❛✈1❛* ♥❡❣❛'✐✈❛*✱ ❛ ♦♣✐♥✐9♦ + ❝❧❛**✐✜❝❛❞❛ ❝♦♠♦ ♣♦*✐'✐✈❛ ❡✱ ♥❡❣❛'✐✈❛✱ ❝❛*♦ ❝♦♥'101✐♦✳

❊♠ ❬✶✸✺❪✱ ❢♦✐ ♣1♦♣♦*'♦ ✉♠ ❞✐❝✐♦♥01✐♦ ❝❤❛♠❛❞♦ ❙❡♥'✐❙'1❡♥❣'❤✱ W✉❡ '❡♠ ❝♦♠♦ ♦❜❥❡'✐✈♦

✐❞❡♥'✐✜❝❛1 ❛ ✐♥'❡♥*✐❞❛❞❡ ❞❡ *❡♥'✐♠❡♥'♦* ♣♦*✐'✐✈♦* ❡ ♥❡❣❛'✐✈♦* ❡♠ ♣❡W✉❡♥♦* '❡①'♦* ❞❡ ♠4✲

❞✐❛* *♦❝✐❛✐* ❞❛ ❲❡❜✳ ❊**❡ ❞✐❝✐♦♥01✐♦ ❝♦♥'+♠ ✉♠❛ ❧✐*'❛ ❞❡ ♣❛❧❛✈1❛* ❡♠ W✉❡✱ ❝❛❞❛ ✉♠❛

♣♦**✉✐ ♣♦♥'✉❛Y[❡* ❞❡ ✐♥'❡♥*✐❞❛❞❡ ❞❡ ♣♦❧❛1✐❞❛❞❡ ♣♦*✐'✐✈❛✱ ♥♦ ✐♥'❡1✈❛❧♦ ❬✶✱✺❪✱ ❡ ♥❡❣❛'✐✈❛✱ ♥♦

✐♥'❡1✈❛❧♦ ❬✲✶✱✲✺❪✳

❊♠ ❬✽✸❪✱ ❢♦1❛♠ ❞✐*❝✉'✐❞♦* ♦* ❞❡*❛✜♦* ❞❛ ♠✐♥❡1❛Y9♦ ❞❡ ♦♣✐♥✐[❡* ♥♦ ❞♦♠4♥✐♦ ❞❡ ♠❡♥✲

*❛❣❡♥* ❞❡ ♠4❞✐❛* *♦❝✐❛✐* ❡ ❢♦✐ ♣1♦♣♦*'❛ ✉♠❛ ❛❜♦1❞❛❣❡♠ ❜❛*❡❛❞❛ ❡♠ 1❡❣1❛* ❝♦♥*'1✉4❞❛* ❛

♣❛1'✐1 ❞❡ ✉♠❛ ❛♥0❧✐*❡ ❧✐♥❣✉4*'✐❝❛✱ ✐♥❝❧✉✐♥❞♦ ❛ ❡①'1❛Y9♦ ❞❡ ❡♥'✐❞❛❞❡* ❡ ♦ 1❡❝♦♥❤❡❝✐♠❡♥'♦

❞❡ ❡✈❡♥'♦* ♣❛1❛ ✐♥❢❡1✐1 ❛ ♣♦❧❛1✐❞❛❞❡ ❡ 1♦'✉❧❛1 )✇❡❡),✳ ❊♠ ✉♠ ❞♦* ❡①♣❡1✐♠❡♥'♦*✱ ❢♦✐ 1❡❛❧✐✲

③❛❞❛ ❛ ❝❧❛**✐✜❝❛Y9♦ ❞❡ ♣♦❧❛1✐❞❛❞❡✱ W✉❡ ♦❜'❡✈❡ ✉♠❛ ❆❝✉10❝✐❛ ❞❡ ✻✻✪ ❡ ♣❛1❛ ❛ ❡①'1❛Y9♦ ❞❡

❡♥'✐❞❛❞❡*✱ ❢♦✐ ♦❜'✐❞❛ ✉♠❛ ;1❡❝✐*9♦ ❞❡ ✾✷✪✳

◆♦ '1❛❜❛❧❤♦ 1❡♣♦1'❛❞♦ ❡♠ ❬✻✽❪✱ ❢♦✐ ❛♣1❡*❡♥'❛❞♦ ✉♠ *✐*'❡♠❛ W✉❡✱ ❞❛❞♦ ✉♠ '_♣✐❝♦ ❡

✉♠❛ *+1✐❡ ❞❡ '❡①'♦* *♦❜1❡ ❡**❡ '_♣✐❝♦✱ ❡♥❝♦♥'1❛ ❛✉'♦♠❛'✐❝❛♠❡♥'❡ ♦* *❡♥'✐♠❡♥'♦* ❡①♣1❡*✲

*♦* *♦❜1❡ ♦ '_♣✐❝♦ ❡♠ ❝❛❞❛ '❡①'♦ ❡ ✐❞❡♥'✐✜❝❛ ♦* ♣1♦♣1✐❡'01✐♦* ❞❡ ❝❛❞❛ ♦♣✐♥✐9♦✳ ❖ *✐*'❡♠❛

❝♦♥'+♠ ✉♠ ♠_❞✉❧♦ ♣❛1❛ ❞❡'❡1♠✐♥❛1 ❛ ♣♦❧❛1✐❞❛❞❡ ♥♦ ♥4✈❡❧ ❞❡ ♣❛❧❛✈1❛* ❡ ♦✉'1♦ ♥♦ ♥4✈❡❧

❞❡ *❡♥'❡♥Y❛*✳ ;❛1❛ ♦ ❞❡*❡♥✈♦❧✈✐♠❡♥'♦ ❞♦ *✐*'❡♠❛✱ ❢♦1❛♠ ❝1✐❛❞❛* ♠❛♥✉❛❧♠❡♥'❡ ❞✉❛* ❧✐*'❛*

❝♦♠ ♣❛❧❛✈1❛*✲*❡♠❡♥'❡ W✉❡ ❝♦♥*✐*'❡♠ ❡♠ ✈❡1❜♦* ❡ ❛❞❥❡'✐✈♦*✱ ♣♦*✐'✐✈♦* ❡ ♥❡❣❛'✐✈♦*✳ ;♦*'❡✲

1✐♦1♠❡♥'❡✱ ❛* ❧✐*'❛* ❢♦1❛♠ ❡①♣❛♥❞✐❞❛* ❛'1❛✈+* ❞❛ ❡①'1❛Y9♦ ❞❡ *✐♥`♥✐♠♦* ❡ ❛♥'`♥✐♠♦* ❞❛*

♣❛❧❛✈1❛*✲*❡♠❡♥'❡ ❡♥❝♦♥'1❛❞❛* ♥♦ ❞✐❝✐♦♥01✐♦ ❲♦1❞◆❡' ❬✽✺❪✳ ❉❡**❛ ❢♦1♠❛✱ ❛ ✐♥'❡♥*✐❞❛❞❡ ❞♦

*❡♥'✐♠❡♥'♦ ❞❡ ♥♦✈❛* ♣❛❧❛✈1❛* ❢♦1❛♠ ❞❡'❡1♠✐♥❛❞❛*✳



✷✳✷ ❚#❝♥✐❝❛( ❞❡ +,#✲♣,♦❝❡((❛♠❡♥1♦ ✶✺

❯♠❛ ❞❛$ ❞❡$✈❛♥(❛❣❡♥$ ❞❛$ ❡$(*❛(+❣✐❛$ ❜❛$❡❛❞❛$ ❡♠ ❞✐❝✐♦♥0*✐♦$ + 1✉❡ ♦ ✈♦❝❛❜✉❧0*✐♦ $❡

*❡$(*✐♥❣❡ 4$ ♣❛❧❛✈*❛$ ❝♦♥(✐❞❛$ ❡♠ ✉♠ ❞❡(❡*♠✐♥❛❞♦ ❞✐❝✐♦♥0*✐♦ ❡✱ ❛❧+♠ ❞✐$$♦✱ ♥♦ ❝♦♥(❡①(♦

❡$♣❡❝8✜❝♦ ❞❡  ✇❡❡ #✱ 1✉❡ $:♦ ❞♦❝✉♠❡♥(♦$ (❡①(✉❛✐$ ✐♥❢♦*♠❛✐$ ❡ $✉♣♦*(❛♠ ❛♣❡♥❛$ ✶✹✵ ❝❛✲

*❛❝(❡*❡$✱ ♦❝♦**❡♠ ♠✉✐(❛$ ❣8*✐❛$ ❡ ❡**♦$ ❞❡ ♦*(♦❣*❛✜❛✱ ♦ 1✉❡ ❞✐✜❝✉❧(❛ ❛ ✉(✐❧✐③❛A:♦ ❞❡$$❡$

❞✐❝✐♦♥0*✐♦$✳

❈♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ❝♦♠♣❛*❛* ♦$ ❞♦✐$ ♠+(♦❞♦$ ❞❡ ❝❧❛$$✐✜❝❛A:♦ ♥❛ ♠✐♥❡*❛A:♦ ❞❡ ♦♣✐♥✐E❡$

♥♦ ❝♦♥(❡①(♦ ❞❡  ✇❡❡ #✱ ❡♠ ❬✼✵❪✱ ❢♦✐ ❢❡✐(♦ ✉♠ ❡$(✉❞♦ ❞❛$ (+❝♥✐❝❛$ ❜❛$❡❛❞❛$ ❡♠ ❞✐❝✐♦♥0*✐♦$ ❡

❞❛1✉❡❧❛$ ❜❛$❡❛❞❛$ ❡♠ ❛♣*❡♥❞✐③❛❞♦ ❞❡ ♠01✉✐♥❛✳ ❆❧❣✉♠❛$ (+❝♥✐❝❛$ ❢♦*❛♠ ❛✈❛❧✐❛❞❛$✱ ❛$$✐♠

❝♦♠♦ ❛♣*❡$❡♥(❛❞❛$ ♠❛♥❡✐*❛$ ❞❡ ❝♦♠❜✐♥0✲❧❛$✱ ❝♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ❛✉♠❡♥(❛* ♦ ❞❡$❡♠♣❡♥❤♦ ♥❛

♠✐♥❡*❛A:♦ ❞❡ ♦♣✐♥✐E❡$ ❡♠  ✇❡❡ #✳ ❖$ *❡$✉❧(❛❞♦$ ♠♦$(*❛*❛♠ 1✉❡ ♦ ♠+(♦❞♦ ❞❡ ❛♣*❡♥❞✐③❛❞♦

❞❡ ♠01✉✐♥❛ ❜❛$❡❛❞♦ ❡♠ ❙❱▼ ❡ ◆❇ $✉♣❡*❛*❛♠ ♦$ ♠+(♦❞♦$ ❜❛$❡❛❞♦$ ❡♠ ❞✐❝✐♦♥0*✐♦$✳

◆❛ ❚❛❜❡❧❛ ✷✳✷✱ + ❛♣*❡$❡♥(❛❞♦ ✉♠ 1✉❛❞*♦ ❞❡♠♦♥$(*❛(✐✈♦ ❝♦♠ ♦$ ❞✐❢❡*❡♥(❡$ ❞✐❝✐♦♥0*✐♦$

✉(✐❧✐③❛❞♦$ ♥♦$ (*❛❜❛❧❤♦$ ❝✐(❛❞♦$ ♥❡$(❛ $✉❜$❡A:♦✳

❚❛❜❡❧❛ ✷✳✷✿ ◗✉❛❞*♦ ❞❡♠♦♥$(*❛(✐✈♦ ❝♦♠ ♦$ (*❛❜❛❧❤♦$ ❡ ❞✐❝✐♦♥0*✐♦$ ✉(✐❧✐③❛❞♦$✳

❘❡❢❡#$♥❝✐❛ ▼*◗❆ ❙❡♥.✐❙.#❡♥❣.❤ ▲✐✉✬4 ❖♣✐♥✐♦♥ ▲❡①✐❝♦♥ ❲♦#❞◆❡.

❑✐♠ ❡ ❍♦✈② ❬✻✽❪ X

❑♦❧❝❤②♥❛ ❡1 ❛❧✳ ❬✼✵❪ X

▼❛②♥❛6❞ ❡1 ❛❧✳ ❬✽✸❪ X

❖✬❈♦♥♥♦6 ❡1 ❛❧✳ ❬✾✺❪ X

❚❤❡❧❲❛❧❧ ❡1 ❛❧✳ ❬✶✸✺❪ X

✷✳✷ ❚#❝♥✐❝❛( ❞❡ +,#✲♣,♦❝❡((❛♠❡♥1♦

◆❡$(❛ $❡A:♦✱ $:♦ ❛♣*❡$❡♥(❛❞❛$ (+❝♥✐❝❛$ ✉(✐❧✐③❛❞❛$ ♥♦ ♣*+✲♣*♦❝❡$$❛♠❡♥(♦ (❡①(✉❛❧ 1✉❡ $:♦

♥♦*♠❛❧♠❡♥(❡ ❛♣❧✐❝❛❞❛$ ♥❛ ♠✐♥❡*❛A:♦ ❞❡ ♦♣✐♥✐E❡$✳

❖ ❚✇✐((❡* + ✉♠❛ *❡❞❡ $♦❝✐❛❧ ❝♦♠ ♠❛✐$ ❞❡ ❞♦✐$ ❜✐❧❤E❡$ ❞❡ ✉$✉0*✐♦$ ❡ ♣♦$$✉✐ ✉♠❛ ❆♣✲

♣❧✐❝❛ ✐♦♥ -.♦❣.❛♠♠✐♥❣ ■♥ ❡.❢❛❝❡ ✭❆W■✮

✶

1✉❡ ❢❛❝✐❧✐(❛ ❛ ❝♦❧❡(❛ ❞❡ ♠❡♥$❛❣❡♥$ ❞❡ $✉❛ ❜❛$❡ ❞❡

❞❛❞♦$✳ ◆♦ ❡♥(❛♥(♦✱ ❛$ ♣✉❜❧✐❝❛AE❡$ ♥❡$$❛$ *❡❞❡$ ♥:♦ ♣♦$$✉❡♠ ♣❛❞*E❡$ ❞❡ ❢♦*♠❛(❛A:♦ ♣*❡❞❡✲

✜♥✐❞♦$ ❡ ♠✉✐(❛$ ✈❡③❡$ ♥❡❝❡$$✐(❛♠ ❞❡ ✉♠ ♣*♦❝❡$$♦ ❞❡ ❧✐♠♣❡③❛✱ (*❛♥$❢♦*♠❛A:♦ ❡ *❡❞✉A:♦ ❞❛

❜❛$❡ ❞❡ ❞❛❞♦$✱ ❝❤❛♠❛❞♦ ♣*+✲♣*♦❝❡$$❛♠❡♥(♦ (❡①(✉❛❧ ❬✺✹❪✳ ◆♦ (*❛❜❛❧❤♦ ❛♣*❡$❡♥(❛❞♦ ❡♠ ❬✺✹❪✱

❢♦✐ ❢❡✐(♦ ✉♠ ❡$(✉❞♦ $♦❜*❡ ♦ ♣❛♣❡❧ ❞♦ ♣*+✲♣*♦❝❡$$❛♠❡♥(♦ ♥❛ ♠✐♥❡*❛A:♦ ❞❡ ♦♣✐♥✐E❡$✱ 1✉❡

❝♦♠♣*♦✈♦✉ $✉❛ ❡❢❡(✐✈✐❞❛❞❡ ♥♦ ❞❡$❡♠♣❡♥❤♦ ❞❛ ❝❧❛$$✐✜❝❛A:♦✳ ❖✉(*♦ (*❛❜❛❧❤♦ ✐♠♣♦*(❛♥(❡✱

✶

❉✐B♣♦♥D✈❡❧ ❡♠✿ ❤!!♣#✿✴✴❞❡✈✳!✇✐!!❡,✳❝♦♠✴♦✈❡,✈✐❡✇✴❛♣✐✳
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❛♣"❡$❡♥&❛❞♦ ❡♠ ❬✷❪✱ "❡❛❧✐③♦✉ ❛ ♠✐♥❡"❛23♦ ❞❡ ♦♣✐♥✐4❡$ ❡♠  ✇❡❡ # ❡ "❡♣♦"&♦✉ ✉♠❛ "❡❞✉23♦
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♠✐♥❣ .❡❞✉③ ♦ ♥=♠❡.♦ ❞❡ ❛!.✐❜✉!♦3 ❝♦♠ 3✐❣♥✐✜❝❛❞♦3 3❡♠❡❧❤❛♥!❡3✱ ❝♦♠♦ ♥❛3 ✈❛.✐❛9C❡3 ❞❛

♣❛❧❛✈.❛ ✏❝♦♥❡❝!❛/✑ ✳ ❊33❛ .❡❞✉9:♦ ❞❡ ❛!.✐❜✉!♦3✱ ❝♦♥❢♦.♠❡ ❛♣.❡3❡♥!❛❞❛ ❡♠ !.❛❜❛❧❤♦3 ♥❛

F.❡❛ ❞❡ ❘❡❝✉♣❡.❛9:♦ ❞❛ ■♥❢♦.♠❛9:♦ ✭■♥❢♦/♠❛!✐♦♥ ❘❡!/✐❡✈❛❧ ✮ ❬✻✶✱ ✾✽❪✱ ♣♦❞❡ ♠❡❧❤♦.❛. ♦
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❞❡ ❡3♣❛.3✐❞❛❞❡ ♠❡❞❡ ❛ ♣♦.❝❡♥!❛❣❡♠ ❞❡ ❡❧❡♠❡♥!♦3 ♥✉❧♦3 ❡♠ ✉♠❛ ❜❛3❡ ❞❡ ❞❛❞♦3✳ >♦❞❡ 3❡.
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!♦3✳ ❉✐♠✐♥✉✐. ♦ ❣.❛✉ ❞❡ ❡3♣❛.3✐❞❛❞❡ ❞❡ ✉♠❛ ❜❛3❡ ❞❡ ❞❛❞♦3 3✐❣♥✐✜❝❛ ❞✐♠✐♥✉✐. ❝♦♥3✉♠♦ ❞❡

♠❡♠Q.✐❛ ❡ ❞❡ ♣.♦❝❡33❛♠❡♥!♦ 3♦❜.❡ ❛ ❜❛3❡ ❞❡ ❞❛❞♦3✳

❉✐✈❡.3♦3 !.❛❜❛❧❤♦3 ❞❡ ♠✐♥❡.❛9:♦ ❞❡ ♦♣✐♥✐C❡3 ❡♠ !✇❡❡! ✉!✐❧✐③❛♠ ❡33❛ !"❝♥✐❝❛ ❬✶✵✱ ✸✸✱

✻✺✱ ✼✼✱ ✽✵✱ ✽✷✱ ✽✾✱ ✶✶✽✱ ✶✹✶✱ ✶✹✻❪✳ ❆ 3❡❣✉✐. 3:♦ ❞❡!❛❧❤❛❞♦3 ❞♦✐3 ❛❧❣♦.✐!♠♦3 ❞❡  !❡♠♠✐♥❣

✉!✐❧✐③❛❞♦3 ♥❡3!❡ !.❛❜❛❧❤♦✳

❼ ▲♦✈✐♥%

>.♦♣♦3!♦ ❡♠ ✶✾✻✽✱ ♦ ♣♦♣✉❧❛. ❛❧❣♦.✐!♠♦ ❞❡  !❡♠♠✐♥❣ ❝❤❛♠❛❞♦ ▲♦✈✐♥3 ❬✽✶❪ ♣♦33✉✐
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✈❡③ @✉❡ ♦ 3✉✜①♦ " .❡♠♦✈✐❞♦✱ ♦ 3❡❣✉♥❞♦ ♣❛33♦ !❡♠ ♦ ♣❛♣❡❧ ❞❡ ❝♦♥✈❡.!❡. ❛ ♣❛❧❛✈.❛
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3❡❣✉♥❞❛ !❛❜❡❧❛ ❝♦♠ ✉♠ ❝♦♥❥✉♥!♦ ❞❡ .❡❣.❛3 ❞❡ !.❛♥3❢♦.♠❛9:♦✳

❯♠❛ ❞❛3 ✈❛♥!❛❣❡♥3 ❞❡3!❡ ❛❧❣♦.✐!♠♦ " 3❡. ❜❛3!❛♥!❡ .F♣✐❞♦ ❡ ♣♦❞❡. ❧✐❞❛. ❝♦♠ ♠✉✐!♦3

♣❧✉.❛✐3 ✐..❡❣✉❧❛.❡3 ❝♦♠♦✿ ✏!♦♦!❤✑ ❡ ✏!❡❡!❤✑ ✱ ✏♠❛!/✐①✑ ❡ ✏♠❛!/✐❝❡ ✑ ❡!❝ ❬✻✻❪✳

❼ ❙♥♦✇❜❛❧❧

❖ ❛❧❣♦.✐!♠♦ ❙♥♦✇❜❛❧❧✱ !❛♠❜"♠ ❝❤❛♠❛❞♦ >♦.!❡.✱ ❢♦✐ ♣.♦♣♦3!♦ ❡♠ ✶✾✽✵ ❬✶✵✸❪✳ ❊33❡

❛❧❣♦.✐!♠♦ ❜❛3❡✐❛✲3❡ ♥❛ ✐❞❡✐❛ ❞❡ @✉❡ ♦3 3✉✜①♦3 3:♦✱ ♥❛ 3✉❛ ♠❛✐♦.✐❛✱ ❝♦♠♣♦3!♦3 ❞❡ ✉♠❛

❝♦♠❜✐♥❛9:♦ ❞❡ 3✉✜①♦3 ♠❡♥♦.❡3 ❡ ♠❛✐3 3✐♠♣❧❡3✳ ❊❧❡ ♣♦33✉✐ ❝✐♥❝♦ ♣❛33♦3 ❡✱ ❞❡♥!.♦

❞❡ ❝❛❞❛ ♣❛33♦✱ ❞✐❢❡.❡♥!❡3 .❡❣.❛3 3:♦ ❛♣❧✐❝❛❞❛3 ♣❛.❛ .❡♠♦9:♦ ❞♦3 3✉✜①♦3✳ ❙❡ ✉♠❛
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n = 1✱ n = 2 ❡ n = 3✳

❚❛❜❡❧❛ ✷✳✸✿ ❘❡♣ ❡*❡♥(❛EF♦ ❞❡ ✉♥✐❣ ❛♠❛*✱ ❜✐❣ ❛♠❛* ❡ ( ✐❣ ❛♠❛* ♣❛ ❛ ♦ (✇❡❡( ❞♦ ❊①❡♠✲

♣❧♦ ■■✳

❯♥✐❣$❛♠❛'✱ ♥ ❂ ✶ ❇✐❣$❛♠❛'✱ ♥ ❂ ✷ ❚$✐❣$❛♠❛'✱ ♥ ❂ ✸

❖✱ ▲✐✈,♦✱ ❞❡✱ ❊❧✐✱ #✱

✉♠✱ =1✐♠♦✱ ✜❧♠❡✱ ✦✦✦✱

★▲✐✈,♦❉❡❊❧✐

❖ ▲✐✈,♦✱ ▲✐✈,♦ ❞❡✱ ❞❡ ❊❧✐✱

❊❧✐ #✱ # ✉♠✱ ✉♠ =1✐♠♦✱

=1✐♠♦ ✜❧♠❡✱ ✜❧♠❡ ✦✦✦✱

✦✦✦ ★▲✐✈,♦❉❡❊❧✐

❖ ▲✐✈,♦ ❞❡✱ ▲✐✈,♦ ❞❡

❊❧✐✱ ❞❡ ❊❧✐ #✱ ❊❧✐ # ✉♠✱

# ✉♠ =1✐♠♦✱ ✉♠ =1✐♠♦

✜❧♠❡✱ =1✐♠♦ ✜❧♠❡ ✦✦✦✱

✜❧♠❡ ✦✦✦ ★▲✐✈,♦❉❡❊❧✐



✷✳✸ ❆❧❣♦'✐)♠♦+ ❞❡ ❆♣'❡♥❞✐③❛❞♦ ❞❡ ▼34✉✐♥❛ ❙✉♣❡'✈✐+✐♦♥❛❞♦ ✷✵

✷✳✸ ❆❧❣♦'✐)♠♦+ ❞❡ ❆♣'❡♥❞✐③❛❞♦ ❞❡ ▼34✉✐♥❛

❙✉♣❡'✈✐+✐♦♥❛❞♦

◆❡"#❛ "❡%&♦✱ "&♦ ❛♣*❡"❡♥#❛❞♦" ♦" ❛❧❣♦*✐#♠♦" ❞❡ ❛♣*❡♥❞✐③❛❞♦ ❞❡ ♠23✉✐♥❛ "✉♣❡*✈✐"✐♦♥❛❞♦

❝♦♠✉♠❡♥#❡ ✉#✐❧✐③❛❞♦" ♥❛ ♠✐♥❡*❛%&♦ ❞❡ ♦♣✐♥✐7❡" ❬✶✱ ✶✶✱ ✶✹✱ ✶✺✱ ✶✻✱ ✷✹✱ ✸✸✱ ✹✹✱ ✻✺✱ ✼✵✱ ✽✷✱

✽✾✱ ✾✵✱ ✾✾✱ ✶✵✵✱ ✶✵✶✱ ✶✵✼✱ ✶✵✽✱ ✶✷✶✱ ✶✷✾✱ ✶✹✻✱ ✶✺✵✱ ✶✺✷❪✳

✷✳✸✳✶ ◆❛✐✈❡ ❇❛②❡+ ✭◆❇✮

❖ ❛❧❣♦*✐#♠♦ ◆❛✐✈❡ ❇❛②❡' ✭◆❇✮ ❬✻✼❪ I ✉♠ ❝❧❛""✐✜❝❛❞♦* ♣*♦❜❛❜✐❧L"#✐❝♦ "✐♠♣❧❡" ✐♥"♣✐*❛❞♦

♥♦ ❚❡♦*❡♠❛ ❞❡ ❇❛②❡" ❡ ❜❛"❡✐❛✲"❡ ♥❛ ❤✐♣Q#❡"❡ ❞❡ ✐♥❞❡♣❡♥❞R♥❝✐❛ ❡♥#*❡ ♦" ❛#*✐❜✉#♦" ❞❛❞♦ ♦

✈❛❧♦* ❞❛ ❝❧❛""❡✳ S♦* ❝❛✉"❛ ❞❡""❛ "✉♣♦"✐%&♦✱ 3✉❡ ♥❡♠ "❡♠♣*❡ I ✈❡*❞❛❞❡✱ ❡❧❡ I ❝❤❛♠❛❞♦ ❞❡

✏♥❛✐✈❡✑ ✭✐♥❣R♥✉♦✮✳

❊♠ #❡*♠♦" ❣❡*❛✐"✱ ❝❛❧❝✉❧❛✲"❡ ❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ❞♦❝✉♠❡♥#♦ ❞❡ ❡♥#*❛❞❛ ♣❡*#❡♥❝❡* ❛

❝❛❞❛ ✉♠❛ ❞❛" ❝❧❛""❡"✳ ❆ ❝❧❛""❡ ❞♦ ❞♦❝✉♠❡♥#♦ "❡*2 ❛3✉❡❧❛ 3✉❡ ❞❡* ♦*✐❣❡♠ X ♠❛✐♦* ♣*♦❜❛❜✐✲

❧✐❞❛❞❡✳ ❆""✉♠❡✲"❡ 3✉❡ ❝❛❞❛ ❞♦❝✉♠❡♥#♦ I *❡♣*❡"❡♥#❛❞♦ ❝♦♠♦ ✉♠ ✈❡#♦* d = (t1, t2, ..., t|d|)✱

♦♥❞❡ ti I ♦ ✈❛❧♦* ❞♦ i✲I"✐♠♦ ❛#*✐❜✉#♦✱ ❡ |d| I ♦ ♥Y♠❡*♦ #♦#❛❧ ❞❡ ❛#*✐❜✉#♦" ❡①#*❛L❞♦" ❞❛ ❜❛"❡✳

❉❡""❛ ❢♦*♠❛✱ ❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ❞♦❝✉♠❡♥#♦ d ♣❡*#❡♥❝❡* ❛ ❝❧❛""❡ c I ❞❛❞❛ ♣♦* P (c|d)✳

❆#*❛✈I" ❞♦ ❚❡♦*❡♠❛ ❞❡ ❇❛②❡"✱ ❡""❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ I ❝❛❧❝✉❧❛❞❛ ❞❡ ❛❝♦*❞♦ ❝♦♠ ❛ ❊3✉❛%&♦

✷✳✶ ❛ "❡❣✉✐*✿

P (c|d) =
P (d|c)× P (c)

P (d)
✭✷✳✶✮

❉❡✈❡✲"❡ ❡♥#&♦ ❝❛❧❝✉❧❛* ❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ P (ck|d)✱ 3✉❡ *❡♣*❡"❡♥#❛ ❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ ❞❡

✉♠ ❞♦❝✉♠❡♥#♦ d ♣❡*#❡♥❝❡* ❛ ❝❛❞❛ ❝❧❛""❡ ck✳ ❆" ♣*♦❜❛❜✐❧✐❞❛❞❡" P (d)✱ P (c) ❡ P (d|c)

"&♦ ❡"#✐♠❛❞❛" ❛ ♣❛*#✐* ❞❛" ❛♠♦"#*❛" ❞❡ #*❡✐♥❛♠❡♥#♦ *♦#✉❧❛❞❛"✳ ❆ ♣*♦❜❛❜✐❧✐❞❛❞❡ ❞❡ P (d) I

❝♦♥"#❛♥#❡ ♣❛*❛ #♦❞❛" ❛" ❝❧❛""❡" ❡✱ ♣♦*#❛♥#♦✱ "♦♠❡♥#❡ P (d|c) ❡ P (c) ♣*❡❝✐"❛♠ "❡* ❝❛❧❝✉❧❛❞❛"✱

♣♦✐" ♦ ♠❛✐♦* ✈❛❧♦* ❞❡ P (c|d) "❡*2 ❞❛❞♦ ♣❡❧♦ ♠❛✐♦* ✈❛❧♦* ❞❡ P (d|c)×P (c)✳ P (c) *❡♣*❡"❡♥#❛

❛ ♣*♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ❝❧❛""❡ c ♦❝♦**❡*✱ ❡ I ❞❡#❡*♠✐♥❛❞❛ ♣❡❧❛ ♣❡❧❛ *❛③&♦ ❡♥#*❡ ❛ 3✉❛♥#✐❞❛❞❡

❞❡ ❞♦❝✉♠❡♥#♦" 3✉❡ ♣❡*#❡♥❝❡♠ X ❝❧❛""❡ c ❡ ❛ 3✉❛♥#✐❞❛❞❡ #♦#❛❧ ❞❡ ❞♦❝✉♠❡♥#♦" ♥❛ ❜❛"❡ ❞❡

❞❛❞♦"✳ ❆""✉♠✐♥❞♦ ❛ ❤✐♣Q#❡"❡ ❞❡ ✐♥❞❡♣❡♥❞R♥❝✐❛ ❝♦♥❞✐❝✐♦♥❛❧ ❡♥#*❡ ♦" ❛#*✐❜✉#♦"✱ ❞❛❞♦ ♦ ✈❛❧♦*

❞❛ ❝❧❛""❡✱ P (d|c) I ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ♦ ♣*♦❞✉#♦ ❞❛" ♣*♦❜❛❜✐❧✐❞❛❞❡" ❞❡ ♦❝♦**R♥❝✐❛ ❞❡ ❝❛❞❛

✈❛❧♦* ❞❡ ❛#*✐❜✉#♦ ti ♣❡*#❡♥❝❡♥#❡ X ❝❧❛""❡ c ♥❛ ❜❛"❡ ❞❡ #*❡✐♥❛♠❡♥#♦✳ ❊""❛ ♣*♦❜❛❜✐❧✐❞❛❞❡

I ❝❛❧❝✉❧❛❞❛ "❡❣✉♥❞♦ ❛ ❊3✉❛%&♦ ✷✳✷✳ S❛*❛ *♦#✉❧❛* ✉♠ ♥♦✈❛ ✐♥"#^♥❝✐❛✱ ❛ ❊3✉❛%&♦ ✷✳✶ I

❝❛❧❝✉❧❛❞❛ ♣❛*❛ ❝❛❞❛ ❝❧❛""❡ ❡ ❛ 3✉❡ ❞❡* ♦*✐❣❡♠ ❛♦ ♠❛✐♦* ✈❛❧♦* ❞❡ ♣*♦❜❛❜✐❧✐❞❛❞❡ "❡*2 ❛



✷✳✸ ❆❧❣♦'✐)♠♦+ ❞❡ ❆♣'❡♥❞✐③❛❞♦ ❞❡ ▼34✉✐♥❛ ❙✉♣❡'✈✐+✐♦♥❛❞♦ ✷✶

❝❧❛##❡ ❞❛ ♥♦✈❛ ✐♥#*+♥❝✐❛✳

P (d|c) = P ((t1, t2, ..., t|d|)|c) =

|d|∏

i=1

P (ti|c) ✭✷✳✷✮

❉❡♥*1❡ ❛# ♣1✐♥❝✐♣❛✐# ✈❛♥*❛❣❡♥# ❞♦ ❛❧❣♦1✐*♠♦ ◆❇✱ ❞❡#*❛❝❛♠✲#❡ ❛ #✉❛ #✐♠♣❧✐❝✐❞❛❞❡ ❞❡

✐♠♣❧❡♠❡♥*❛:;♦ ❡ ❜❛✐①♦ ❝✉#*♦ ❞❡ ♣1♦❝❡##❛♠❡♥*♦✳

✷✳✸✳✷ ▼✉❧&✐♥♦♠✐❛❧ ◆❛✐✈❡ ❇❛②❡1 ✭▼◆❇✮

❖ ❛❧❣♦1✐*♠♦ ▼✉❧#✐♥♦♠✐❛❧ ◆❛✐✈❡ ❇❛②❡. ✭▼◆❇✮ ❬✽✹❪✱ ❛##✐♠ ❝♦♠♦ ♦ ◆❇ ✉*✐❧✐③❛ ♦ ❚❡♦1❡♠❛

❞❡ ❇❛②❡. ❝♦♠♦ #✉❛ ♣1✐♥❝✐♣❛❧ ❡F✉❛:;♦✱ #♦❜ ✉♠❛ ❤✐♣H*❡#❡ ✏✐♥❣J♥✉❛✑ ❞❡ ✐♥❞❡♣❡♥❞J♥❝✐❛ ❝♦♥✲

❞✐❝✐♦♥❛❧✿ ♦# ❛*1✐❜✉*♦# #;♦ #✉♣♦#*❛♠❡♥*❡ ✐♥❞❡♣❡♥❞❡♥*❡# ✉♥# ❞♦# ♦✉*1♦# ❞❛❞♦ ♦ ✈❛❧♦1 ❞❛

❝❧❛##❡✳ ◆❛ ❢♦1♠✉❧❛:;♦ ❞♦ ❛❧❣♦1✐*♠♦ ▼◆❇✱ ❛ ❝❧❛##❡ ❞❡ ✉♠ ❞♦❝✉♠❡♥*♦ N ❞❡*❡1♠✐♥❛❞❛ ♥;♦

❛♣❡♥❛# ♣❡❧♦# ❛*1✐❜✉*♦# F✉❡ ♥❡❧❡ ♦❝♦11❡♠✱ ♠❛# *❛♠❜N♠ ♣❡❧❛ ❢1❡F✉J♥❝✐❛ ❝♦♠ F✉❡ ♦❝♦11❡♠✳

❆ ❞✐❢❡1❡♥:❛ ♥♦ ❝P❧❝✉❧♦ ❞❛# ♣1♦❜❛❜✐❧✐❞❛❞❡# ❞♦ ❛❧❣♦1✐*♠♦ ▼◆❇ ❡♠ 1❡❧❛:;♦ ❛♦ ❛❧❣♦1✐*♠♦

◆❇ ❡#*P ♥♦ ❝P❧❝✉❧♦ ❞❛# ♣1♦❜❛❜✐❧✐❞❛❞❡# ❝♦♥❞✐❝✐♦♥❛✐# P (d|c)✳ ❯♠❛ ✈❡③ F✉❡ ♦ ▼◆❇ ✉*✐❧✐③❛ ❛

❢1❡F✉J♥❝✐❛ ❞❡ ♦❝♦11J♥❝✐❛ ❞♦# ❛*1✐❜✉*♦# ♥❛ ❜❛#❡ ❞❡ *1❡✐♥❛♠❡♥*♦✱ ❛# ♣1♦❜❛❜✐❧✐❞❛❞❡# #❡❣✉❡♠

✉♠❛ ❞✐#*1✐❜✉✐:;♦ ♠✉❧*✐♥♦♠✐❛❧✳ R❛1❛ ❡##❛ ❞✐#*1✐❜✉✐:;♦✱ ❛ ♣1♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ❞♦❝✉♠❡♥*♦

d✱ ❞❛❞❛ ❛ ❝❧❛##❡ c✱ ❝❛❧❝✉❧❛✲#❡ ❝♦♥❢♦1♠❡ ❛ ❊F✉❛:;♦ ✷✳✸✳

P (d|c) = N !×
k∏

i=1

(Pi)
ni

ni!
✭✷✳✸✮

❖# ✈❛❧♦1❡# n1, n2, ..., nk  ❡♣ ❡#❡♥%❛♠ ♦ ♥)♠❡ ♦ ❞❡ ✈❡③❡# -✉❡ ♦ ❛% ✐❜✉%♦ i ♦❝♦  ❡ ♥♦

❞♦❝✉♠❡♥%♦✱ ❡ P1, P2, ..., Pk  ❡♣ ❡#❡♥%❛♠ ❛# ♣ ♦❜❛❜✐❧✐❞❛❞❡# ❞❡ ♦❝♦  4♥❝✐❛ ❞♦ ❛% ✐❜✉%♦ i ♥❛

❝❧❛##❡ c✳ ❖ ✈❛❧♦ N  ❡♣ ❡#❡♥%❛ ❛ #♦♠❛ ❞♦ ♥)♠❡ ♦ ❞❡ ✈❡③❡# -✉❡ ♦ ❛% ✐❜✉%♦ i ♦❝♦  ❡ ♥♦

❞♦❝✉♠❡♥%♦ (N = n1 + n2 + ...+ nk)✳ Pi 7 ❡#%✐♠❛❞♦ ♣❡❧♦ ❝8❧❝✉❧♦ ❞❛ ❢ ❡-✉4♥❝✐❛  ❡❧❛%✐✈❛ ❞♦

❛% ✐❜✉%♦ i ♥♦ ❝♦♥%❡)❞♦ ❞❡ %♦❞♦# ♦# ❞♦❝✉♠❡♥%♦# ♣❡ %❡♥❝❡♥%❡# : ❝❧❛##❡ c ❬✶✹✾❪✳ ❈♦♠ ♦ ❝8❧❝✉❧♦

❞❡##❛# ❢ ❡-✉4♥❝✐❛#✱ 7 ♣♦##A✈❡❧ ❝❛❧❝✉❧❛ P (d|c) ❡✱ ♣♦#%❡ ✐♦ ♠❡♥%❡✱ ❛% ❛✈7# ❞❛ ❊-✉❛CD♦ ✷✳✶✱

❛ ♣ ♦❜❛❜✐❧✐❞❛❞❡ P (c|d)✳

❊♠ ❣❡ ❛❧✱ ♦ ▼◆❇ ♣♦##✉✐ ✉♠ ❞❡#❡♠♣❡♥❤♦ ♠❡❧❤♦ ❞♦ -✉❡ ♦ ❛❧❣♦ ✐%♠♦ ◆❇ ♣❛ ❛ ❝❧❛##✐✲

✜❝❛CD♦ ❞❡ ❞♦❝✉♠❡♥%♦#✱ ❡#♣❡❝✐❛❧♠❡♥%❡ ♣❛ ❛ ❣ ❛♥❞❡# ❜❛#❡# ❞❡ ❞❛❞♦# ❬✶✹✾❪✳



✷✳✸ ❆❧❣♦'✐)♠♦+ ❞❡ ❆♣'❡♥❞✐③❛❞♦ ❞❡ ▼34✉✐♥❛ ❙✉♣❡'✈✐+✐♦♥❛❞♦ ✷✷

✷✳✸✳✸ ❉❡❝✐'✐♦♥ ❚+❡❡ ✭❉❚✮

❖ ❛❧❣♦%✐'♠♦ ❉❡❝✐$✐♦♥ ❚(❡❡ ✭❉❚✮ ❬✶✵✻❪ ✉'✐❧✐③❛ ✉♠❛ ❛❜♦%❞❛❣❡♠ ❞❡ ❞✐✈✐89♦ ❡ ❝♦♥<✉✐8'❛

✭❞✐✈✐❞❡✲❛♥❞✲❝♦♥-✉❡( ✮ ♣❛%❛ ♦ ♣%♦❜❧❡♠❛ ❞❡ ❝❧❛88✐✜❝❛?9♦✳ ❊♠ ✉♠❛ ❡8'%❛'B❣✐❛ /♦♣✲❞♦✇♥✱ B

❞❡✜♥✐❞♦ ❡♠ ❝❛❞❛ ❡8'D❣✐♦ ✉♠ ❛'%✐❜✉'♦ <✉❡ ♠❡❧❤♦% ❞✐✈✐❞❡ ❛8 ❝❧❛88❡8 ❡✱ ❡♠ 8❡❣✉✐❞❛✱ 89♦

♣%♦❝❡88❛❞♦8 %❡❝✉8✐✈❛♠❡♥'❡ ♦8 8✉❜♣%♦❜❧❡♠❛8 <✉❡ %❡8✉❧'❛♠ ❞❛ ❞✐✈✐89♦✳ ❊88❛ ❡8'%❛'B❣✐❛ ❣❡%❛

✉♠❛ ❡8'%✉'✉%❛ ❞❡ D%✈♦%❡✱ ♦♥❞❡ ❝❛❞❛ ♥F ✐♥'❡%♥♦ ✭♥F ♥9♦✲❢♦❧❤❛✮ ❞❡♥♦'❛ ✉♠ '❡8'❡ ❡♠ ✉♠

❛'%✐❜✉'♦✱ ❝❛❞❛ %❛♠♦ %❡♣%❡8❡♥'❛ ✉♠ %❡8✉❧'❛❞♦ ❞♦ '❡8'❡✱ ❡ ❝❛❞❛ ♥F ❢♦❧❤❛ ✭♦✉ ♥F '❡%♠✐♥❛❧✮

❝♦♥'B♠ ✉♠ %F'✉❧♦ ❞❡ ❝❧❛88❡ ❬✺✻❪✳

❊①✐8'❡♠ ❛❧❣✉♠❛8 ✈❛%✐❛♥'❡8 ❞♦ ❛❧❣♦%✐'♠♦ ❉❚✱ ♣♦%B♠ ✉♠ ❞♦8 ♠❛✐8 ✉'✐❧✐③❛❞♦8 B ♦ ❛❧❣♦✲

%✐'♠♦ ❈✹✳✺ ❬✶✵✻❪✱ 8✉❝❡88♦% ❞♦ ■❉✸ ❬✶✵✺❪✳ ❈♦♠♦ ❡♥'%❛❞❛✱ 89♦ ♥❡❝❡88D%✐♦8 '%O8 ♣❛%P♠❡'%♦8✿

✐♥8'P♥❝✐❛8 ❞❡ '%❡✐♥❛♠❡♥'♦ ❝♦♠ 8❡✉8 %❡8♣❡❝'✐✈♦8 %F'✉❧♦8✱ ❧✐8'❛ ❞❡ ❛'%✐❜✉'♦8 ❡①'%❛R❞♦8 ❞❛

❜❛8❡ ❞❡ '%❡✐♥❛♠❡♥'♦ ❡ ✉♠ ♠B'♦❞♦ ♣❛%❛ ❛✈❛❧✐❛% ❛ <✉❛❧✐❞❛❞❡ ❞♦8 ❛'%✐❜✉'♦8✳ ❖ ♠B'♦❞♦ ❞❡

❛✈❛❧✐❛?9♦ ❞❡ ❛'%✐❜✉'♦8 ❡8♣❡❝✐✜❝❛ ❛ ❤❡✉%R8'✐❝❛ <✉❡ 8❡%D ✉'✐❧✐③❛❞❛ ♣❛%❛ 8❡❧❡❝✐♦♥❛% ♦ ❛'%✐❜✉'♦

<✉❡ ♠❡❧❤♦% %❡♣%❡8❡♥'❛ ❛8 ✐♥8'P♥❝✐❛8 ❞❡ ❛❝♦%❞♦ ❝♦♠ ❛ ❝❧❛88❡✳ ❖ ♠B'♦❞♦ ❞❡ ❛✈❛❧✐❛?9♦ ❞❡

❛'%✐❜✉'♦8 ✉'✐❧✐③❛ ✉♠ ❝%✐'B%✐♦ ❞❡ ✏♣✉%❡③❛✑ ♣❛%❛ ❡8❝♦❧❤❡% ♦ ❛'%✐❜✉'♦ <✉❡ ♠❡❧❤♦% ♣❛%'✐❝✐♦♥❛ ❛8

✐♥8'P♥❝✐❛8 ❞❛ ❜❛8❡ ❡♠ ❞✐❢❡%❡♥'❡8 ❝❧❛88❡8✳ ❯♠❛ ♣❛%'✐?9♦ B '♦'❛❧♠❡♥'❡ ✏♣✉%❛✑ <✉❛♥❞♦ '♦❞❛8

❛8 8✉❛8 ✐♥8'P♥❝✐❛8 ♣❡%'❡♥❝❡♠ V ♠❡8♠❛ ❝❧❛88❡ ❬✺✻❪✳ ❆♣F8 ♦ ❛'%✐❜✉'♦ 8❡% ❡8❝♦❧❤✐❞♦✱ ❡❧❡ 8❡

'%❛♥8❢♦%♠❛ ❡♠ ✉♠ ♥F ❞❛ D%✈♦%❡ ❡ ✉♠ %❛♠♦ ❞❛ D%✈♦%❡ B ❝%✐❛❞♦ ♣❛%❛ ❝❛❞❛ ✈❛❧♦% ❞♦ ❛'%✐❜✉'♦✳

❖ ❛❧❣♦%✐'♠♦ ✉'✐❧✐③❛ ♦ ♠❡8♠♦ ♣%♦❝❡88♦ %❡❝✉%8✐✈❛♠❡♥'❡ ♣❛%❛ ♦8 ❛'%✐❜✉'♦8 %❡8'❛♥'❡8✳

✷✳✸✳✹ ❘❛♥❞♦♠ ❋♦+❡'4' ✭❘❋✮

❖ ❛❧❣♦%✐'♠♦ ❘❛♥❞♦♠ ❋♦(❡$/$ ✭❘❋✮ ❬✶✼❪ ✉'✐❧✐③❛ ✉♠ ♠B'♦❞♦ ❞❡ ❡♥$❡♠❜❧❡✱ ✐✳❡✳✱ ❝♦♠❜✐♥❛ ✈D%✐♦8

❝❧❛88✐✜❝❛❞♦%❡8✱ ♥♦ ❝❛8♦✱ ✈D%✐♦8 ❛❧❣♦%✐'♠♦8 ❉❚✱ ❢♦%♠❛♥❞♦ ✢♦%❡8'❛8 ❞❡ D%✈♦%❡8 ❞❡ ❞❡❝✐89♦✱

♦ <✉❡ ❞D ♦%✐❣❡♠ ❛ 8❡✉ ♥♦♠❡✳ ❖ ❛❧❣♦%✐'♠♦ ❘❋ ❣❡%❛ k D%✈♦%❡8 ❞❡ ❞❡❝✐89♦ ♣❛%❛ ♦ ❡♥$❡♠❜❧❡✳

❈❛❞❛ D%✈♦%❡ B ❝%✐❛❞❛ ❛ ♣❛%'✐% ❞❡ ✉♠❛ ❛♠♦8'%❛ ❛❧❡❛'F%✐❛ di ❞❛ ❜❛8❡ ❞❡ '%❡✐♥❛♠❡♥'♦ D✳

❆8 ❛♠♦8'%❛8 89♦ %❡'✐%❛❞❛8 ❞❛ ❜❛8❡ ❞❡ ❞❛❞♦8 ❝♦♠ %❡♣♦8✐?9♦✱ ♣♦%'❛♥'♦ ❛❧❣✉♠❛8 ✐♥8'P♥❝✐❛8

♣♦❞❡♠ 8❡ %❡♣❡'✐% ♠❛✐8 ❞❡ ✉♠❛ ✈❡③ ❡♠ di✱ ❡♥<✉❛♥'♦ ♦✉'%❛8 ✐♥8'P♥❝✐❛8 ♣♦❞❡♠ ♥9♦ 8❡%

✉'✐❧✐③❛❞❛8✳ \❛%❛ ❝❛❞❛ ❛♠♦8'%❛ ❝%✐❛❞❛ di✱ B ❝♦♥8'%✉R❞❛ ✉♠❛ ❉❚ ❝♦♥❢♦%♠❡ ❢♦✐ ❛♣%❡8❡♥'❛❞♦

♥♦ ❛❧❣♦%✐'♠♦ ❉❚✳

❆♣F8 ❛ ❝%✐❛?9♦ ❞❛8 D%✈♦%❡8✱ ♣❛%❛ ❝❧❛88✐✜❝❛% ✉♠❛ ♥♦✈❛ ✐♥8'P♥❝✐❛✱ ❝❛❞❛ ❝❧❛88✐✜❝❛❞♦% ❢❛③

❛ ♣%❡❞✐?9♦ ❞❛ ❝❧❛88❡ ❞❡ ❛❝♦%❞♦ ❝♦♠ ♦ <✉❡ ❢♦✐ ♠♦❞❡❧❛❞♦ ❡♠ 8❡✉ '%❡✐♥❛♠❡♥'♦✳ ❊88❛ ♣%❡❞✐?9♦

B ❝♦♥8✐❞❡%❛❞❛ ✉♠ ✈♦'♦ ❞♦ ❝❧❛88✐✜❝❛❞♦% ♣❛%❛ ❞❡'❡%♠✐♥❛❞❛ ❝❧❛88❡ ❡ ❛ ✐♥8'P♥❝✐❛ B %♦'✉❧❛❞❛

❞❡ ❛❝♦%❞♦ ❝♦♠ ❛ ♠❛✐♦%✐❛ ❞♦8 ✈♦'♦8 ♦❜'✐❞♦8 ♣❡❧♦8 ✈D%✐♦8 ❝❧❛88✐✜❝❛❞♦%❡8✳



x w b

y(x) = wTx+ b
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✷✳✹ ▼❡❞✐❞❛( ❞❡ ❆✈❛❧✐❛,-♦ ❞♦( ❈❧❛((✐✜❝❛❞♦2❡( ✷✹

✷✳✸✳✻ ▼❛①✐♠✉♠ ❊♥,-♦♣② ✭▼❊✮

❖ ❛❧❣♦%✐'♠♦ ▼❛①✐♠✉♠ ❊♥()♦♣② ✭▼❊✮ ❬✼✹❪ ✉'✐❧✐③❛ ♦ ❝♦♥❝❡✐'♦ ❞❡ ❡♥'%♦♣✐❛ ♣❛%❛ ❛ '❛%❡❢❛

❞❡ ❝❧❛99✐✜❝❛;<♦✳ ❆ ❡♥'%♦♣✐❛ ♠❡❞❡ ♦ ✏❡@✉✐❧A❜%✐♦✑ ❞♦9 ❞❛❞♦9 ❡✱ @✉❛♥❞♦ ❛ ❞✐9'%✐❜✉✐;<♦ ❞❡

♣%♦❜❛❜✐❧✐❞❛❞❡9 E ❛ ♠❛✐9 ✉♥✐❢♦%♠❡ ✭✏❡@✉✐❧✐❜%❛❞❛✑✮ ♣♦99A✈❡❧✱ ❞✐③✲9❡ @✉❡ ♣♦99✉✐ ❡♥'%♦♣✐❛ ♠H✲

①✐♠❛✱ ✐✳❡✳✱ ❝❛❞❛ ❡✈❡♥'♦ ♥♦ ❡9♣❛;♦ ❞❡ ❛♠♦9'%❛ '❡♠ ✉♠❛ ❝❤❛♥❝❡ ✐❣✉❛❧ ❞❡ ♦❝♦%%❡%✳ ❆ ❢✉♥;<♦

❞♦ ❝❧❛99✐✜❝❛❞♦% ▼❊ E ❡♥❝♦♥'%❛% ♦ ♠♦❞❡❧♦ ♣%♦❜❛❜✐❧A9'✐❝♦ ❝♦♠ ❡♥'%♦♣✐❛ ♠H①✐♠❛ ❝♦♥9✐9✲

'❡♥'❡ ❝♦♠ %❡9'%✐;K❡9 ❡♥❝♦♥'%❛❞❛9 ♥♦9 ❞❛❞♦9 ❞❡ '%❡✐♥❛♠❡♥'♦✳ ❆9 %❡9'%✐;K❡9 9<♦ ❝%✐❛❞❛9

♣❛%❛ '♦❞♦9 ♦9 ♣❛%❡9 ♣❛❧❛✈%❛✲❝❧❛99❡ ♣❛%❛ ❛9 @✉❛✐9 ❤H ♣❡❧♦ ♠❡♥♦9 ✉♠❛ ♦❝♦%%L♥❝✐❛ ♥❛ ❜❛9❡

❞❡ '%❡✐♥❛♠❡♥'♦✳ ❆9 %❡9'%✐;K❡9 ♣♦❞❡♠ 9❡% %❡♣%❡9❡♥'❛❞❛9 ♣♦% ❛'%✐❜✉'♦9 ❜✐♥H%✐♦9✱ ❡♠ @✉❡

1 ✐♥❞✐❝❛ ❛ ♣%❡9❡♥;❛ ❞❛ %❡9'%✐;<♦ ❡ 0 ❛ 9✉❛ ❛✉9L♥❝✐❛✳ ❉✐❢❡%❡♥'❡♠❡♥'❡ ❞♦9 ❛❧❣♦%✐'♠♦9 @✉❡

✉'✐❧✐③❛♠ ❛ ✐♥❞❡♣❡♥❞L♥❝✐❛ ❡♥'%❡ ♦9 ❛'%✐❜✉'♦9✱ ❝♦♠♦ ♦ ◆❇ ❡ ▼◆❇✱ ❛9 %❡9'%✐;K❡9 ♣♦❞❡♠

✐♥❝❧✉✐% ✐♥❢♦%♠❛;K❡9 ❞❡ ❞❡♣❡♥❞L♥❝✐❛ ❡♥'%❡ ♦9 ❛'%✐❜✉'♦9 ✭❡①✳✿ ❛ ♣❛❧❛✈%❛ ✏✐♥'❡❧✐❣L♥❝✐❛✑ ♦❝♦%%❡

9❡❣✉✐❞❛ ❞❛ ♣❛❧❛✈%❛ ✏❛%'✐✜❝✐❛❧✑ ❡♠ ✽✵✪ ❞❛9 ✈❡③❡9✮ ❡ '❡♠ ❝♦♠♦ ♦❜❥❡'✐✈♦ %❡9'%✐♥❣✐% ♦ ❡9♣❛;♦

❞❡ ❜✉9❝❛ ❞❡ ♣%♦❜❛❜✐❧✐❞❛❞❡9 ♣❛%❛ ♦ ♠♦❞❡❧♦ ❬✾✹❪✳ ❖ ♠♦❞❡❧♦ ❞❡ ❡♥'%♦♣✐❛ ♠H①✐♠❛ E ❞❛❞♦ ♣❡❧❛
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exp(x) = ex✱ ❡ C %❡♣%❡9❡♥'❛ ♦ ❝♦♥❥✉♥'♦ ❞❡ ❝❧❛99❡9✳ ❆ ♣%♦❜❛❜✐❧✐❞❛❞❡ ❝♦♥❞✐❝✐♦♥❛❧ P (c|d)

E ❝❛❧❝✉❧❛❞❛ ♣❛%❛ ❝❛❞❛ ❝❧❛99❡ c ∈ C ❡ ♦ ♠❛✐♦% ✈❛❧♦% ✐♥❞✐❝❛%H ❛ ❝❧❛99❡ ❛ 9❡% ❛'%✐❜✉A❞❛ Z

✐♥9'[♥❝✐❛ ❛ 9❡% ❝❧❛99✐✜❝❛❞❛✳

P (c|d) =
exp(

∑N

i=0
wcifi)∑

c′∈C exp(
∑N

i=0
wc′ifi)

✭✷✳✺✮
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❚❛❜❡❧❛ ✷✳✹✿ ❘❡♣+❡,❡♥.❛01♦ ❞❛ ♠❛.+✐③ ❞❡ ❝♦♥❢✉,1♦ ❝♦♠ ❞✉❛, ❝❧❛,,❡,✳

❈❧❛##❡ ♣&❡❞✐)❛

♣♦"✐$✐✈♦ ♥❡❣❛$✐✈♦

❈
❧
❛
#
#
❡

&
❡
❛
❧

♣♦"✐$✐✈♦ TP FN

♥❡❣❛$✐✈♦ FP TN

❆ ❆❝✉+M❝✐❛ T ✉♠❛ ♠❡❞✐❞❛ ❝♦♠✉♠❡♥.❡ ✉.✐❧✐③❛❞❛ ♣❛+❛ ❛ ❛✈❛❧✐❛01♦ ❞❡ ❝❧❛,,✐✜❝❛❞♦+❡,

.❛♥.♦ ♣❛+❛ ❝❧❛,,✐✜❝❛01♦ ❜✐♥M+✐❛ I✉❛♥.♦ ♣❛+❛ ❝❧❛,,✐✜❝❛01♦ ♠✉❧.✐❝❧❛,,❡ ✭♠❛✐, ❞❡ ❞✉❛, ❝❧❛,✲

,❡,✮ ❬✺✾❪✳ ❆ ❆❝✉+M❝✐❛ ❝♦♥,✐,.❡ ♥❛ +❛③1♦ ❡♥.+❡ ❛ ,♦♠❛ ❞❛ I✉❛♥.✐❞❛❞❡ ❞❡ ✐♥,.H♥❝✐❛, ❝❧❛,✲

,✐✜❝❛❞❛, ❝♦++❡.❛♠❡♥.❡ ✭TP + TN✮ ❡ ❛ I✉❛♥.✐❞❛❞❡ .♦.❛❧ ❞❡ ✐♥,.H♥❝✐❛, ♥❛ ❜❛,❡ ❞❡ ❞❛❞♦,

✭TP + TN + FP + FN✮✱ ❝♦♠♦ ♠♦,.+❛ ❛ ❊I✉❛01♦ ✷✳✻✳

Acurácia =
TP + TN

TP + TN + FP + FN
✭✷✳✻✮

❆ ♠❡❞✐❞❛ E+❡❝✐,1♦ ✭$!❡❝✐&✐♦♥✮ T ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ .❛①❛ ❞❡ ✐♥,.H♥❝✐❛, ❝❧❛,,✐✜❝❛❞❛, ❝♦♠♦

✉♠❛ ❞❡.❡+♠✐♥❛❞❛ ❝❧❛,,❡ ❡ I✉❡ ,1♦ ❞❡,,❛ ❝❧❛,,❡✱ ❝♦♥❢♦+♠❡ ,1♦ ♠♦,.+❛❞❛, ♥❛, ❊I✉❛0X❡, ✷✳✼✳
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Precisionpos =
TP

TP + FP
✭✷✳✼✮

Precisionneg =
TN

TN + FN

❆ ♠❡❞✐❞❛ ❘❡✈♦❝❛/0♦ ✭❘❡❝❛❧❧ ✮ 1 ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ 4❛①❛ ❞❡ ✐♥647♥❝✐❛6 ❞❡ ✉♠❛ ❞❡4❡9♠✐✲

♥❛❞❛ ❝❧❛66❡ ❡ <✉❡ ❢♦9❛♠ ❝❧❛66✐✜❝❛❞❛6 ❝♦♠♦ 6❡♥❞♦ ❞❡66❛ ❝❧❛66❡✱ ❝♦♥❢♦9♠❡ 60♦ ♠♦649❛❞❛6

♥❛6 ❊<✉❛/@❡6 ✷✳✽✳

Recallpos =
TP

TP + FN
✭✷✳✽✮

Recallneg =
TN

TN + FP

❆6 ♠❡❞✐❞❛6 B9❡❝✐60♦ ❡ ❘❡✈♦❝❛/0♦ 4❡♥❞❡♠ ❛ ♣♦66✉✐9 ✉♠❛ 9❡❧❛/0♦ ✐♥✈❡96❛✱ ♦♥❞❡ 1 ♣♦66D✲

✈❡❧ ♦ ❛✉♠❡♥4♦ ❞❡ ✉♠❛ ❞❡❧❛6 ❛ ❝✉64❛ ❞❛ 9❡❞✉/0♦ ❞❛ ♦✉49❛✳ B♦94❛♥4♦✱ ❛ ♠❡❞✐❞❛ ❋✶✲▼❡❛&✉(❡

6❡ 49❛❞✉③ ❡♠ ✉♠❛ ❢♦9♠❛ ❞❡ ❝♦♠❜✐♥❛9 ❛6 ❞✉❛6 ♠❡❞✐❞❛6 ❬✺✻❪✳ ❆ ♠❡❞✐❞❛ ❋✶✲▼❡❛&✉(❡✱ 4❛♠✲

❜1♠ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❋✶✲❙❝♦(❡ ♦✉ ❛♣❡♥❛6 ❋✲▼❡❛&✉(❡✱ 1 ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ❛ ♠1❞✐❛ ❤❛9♠N♥✐❝❛

❡♥49❡ ❛6 ♠❡❞✐❞❛6 B9❡❝✐60♦ ❡ ❘❡✈♦❝❛/0♦✱ <✉❡ 60♦ ♠❡❞✐❞❛6 ♠✉✐4♦ ✉4✐❧✐③❛❞❛6 ♥❛ ❛✈❛❧✐❛/0♦ ❞❡

❛❧❣♦9✐4♠♦6 ❞❡ ❝❧❛66✐✜❝❛/0♦✳

❯♠❛ ✈❛9✐❛/0♦ ❞❛ ♠❡❞✐❞❛ ❋✶✲▼❡❛&✉(❡✱ ❝❤❛♠❛❞❛ ▼❛❝9♦✲❋✶✱ 1 ♥♦9♠❛❧♠❡♥4❡ ✉4✐❧✐③❛❞❛

❡♠ 49❛❜❛❧❤♦6 ❞❛ R9❡❛✳ ❱❛❧♦9❡6 ▼❛❝9♦✲❋✶ 60♦ ❝❛❧❝✉❧❛❞♦6 ♣9✐♠❡✐9❛♠❡♥4❡ ♣❛9❛ ❝❛❞❛ ❝❧❛66❡

❞❡ ❢♦9♠❛ ✐6♦❧❛❞❛✱ ❝♦♠♦ ❡①❡♠♣❧✐✜❝❛❞♦ ♥❛6 ❊<✉❛/@❡6 ✷✳✾✱ ❡ ♣♦64❡9✐♦9♠❡♥4❡ 1 ❝❛❧❝✉❧❛❞❛ ❛

♠1❞✐❛ ♣❛9❛ 4♦❞❛6 ❛6 ❝❧❛66❡6✳ ❆ ♠❡❞✐❞❛ ▼❛❝9♦✲❋✶ ❝♦♥6✐❞❡9❛ ✐❣✉❛❧♠❡♥4❡ ✐♠♣♦94❛♥4❡ ❛

❡✜❝R❝✐❛ ❞❛ ❝❧❛66✐✜❝❛/0♦ ❡♠ ❝❛❞❛ ❝❧❛66❡✱ ✐♥❞❡♣❡♥❞❡♥4❡♠❡♥4❡ ❞♦ 4❛♠❛♥❤♦ 9❡❧❛4✐✈♦ ❞❡ ❝❛❞❛

❝❧❛66❡✳ ❉❡66❛ ❢♦9♠❛✱ ❛ ❆❝✉9R❝✐❛ ❡ ❛ ❋✶✲▼❡❛&✉(❡ ❛♣9❡6❡♥4❛♠ ❛✈❛❧✐❛/@❡6 ❝♦♠♣❧❡♠❡♥4❛9❡6 ❞❛

❝❧❛66✐✜❝❛/0♦ ❬✹✻❪✳ ❆ ▼❛❝9♦ ❋✶✲▼❡❛&✉(❡ 1 ✉4✐❧✐③❛❞❛ ♣9✐♥❝✐♣❛❧♠❡♥4❡ <✉❛♥❞♦ ❛ ❞✐649✐❜✉✐/0♦

❞❡ ❝❧❛66❡6 ❞❛6 ❜❛6❡6 ❞❡ ❞❛❞♦6 1 ❞❡6❜❛❧❛♥❝❡❛❞❛✳



✷✳✹ ▼❡❞✐❞❛( ❞❡ ❆✈❛❧✐❛,-♦ ❞♦( ❈❧❛((✐✜❝❛❞♦2❡( ✷✼

❋✶✲▼❡❛&✉(❡pos = 2×
Precisionpos ×Recallpos

Precisionpos +Recallpos
✭✷✳✾✮

❋✶✲▼❡❛&✉(❡neg = 2×
Precisionneg ×Recallneg

Precisionneg +Recallneg

❖ ✈❛❧♦* ✜♥❛❧ ❞❡ ▼❛❝*♦ ❋✶✲▼❡❛&✉(❡ ✉5✐❧✐③❛❞♦ ♥❛8 ❛✈❛❧✐❛9:❡8 ❞♦8 ❝❧❛88✐✜❝❛❞♦*❡8 ❝♦♥8✐85❡

♥❛ ♠<❞✐❛ ❛*✐5♠<5✐❝❛ ❡♥5*❡ ♦8 ✈❛❧♦*❡8 ❋✶✲▼❡❛&✉(❡ ❞❡ ❝❛❞❛ ❝❧❛88❡✱ ❝♦♥❢♦*♠❡ ❛♣*❡8❡♥5❛❞❛ ♥❛

❊A✉❛9B♦ ✷✳✶✵✳

▼❛❝(♦ ❋✶✲▼❡❛&✉(❡avg =
❋✶✲▼❡❛&✉(❡pos + ❋✶✲▼❡❛&✉(❡neg

2
✭✷✳✶✵✮

◆❡85❡ ❝❛♣E5✉❧♦✱ ❢♦*❛♠ ❛♣*❡8❡♥5❛❞♦8 ❝♦♥❝❡✐5♦8 ✐♠♣♦*5❛♥5❡8 ❞❛ F*❡❛ ❞❡ ♠✐♥❡*❛9B♦ ❞❡

♦♣✐♥✐:❡8 A✉❡ ❢♦*❛♠ ✉5✐❧✐③❛❞♦8 ♥♦ ❞❡8❡♥✈♦❧✈✐♠❡♥5♦ ❞❡85❛ ❞✐88❡*5❛9B♦✳ ◆♦ ♣*G①✐♠♦ ❝❛♣E5✉❧♦✱

< ❛♣*❡8❡♥5❛❞❛ ❛ ❛❜♦*❞❛❣❡♠ ❞❡ ❝❧❛88✐✜❝❛9B♦ 5❡*♥F*✐❛ ♣❛*❛ ❛ ♠✐♥❡*❛9B♦ ❞❡ ♦♣✐♥✐:❡8 ❡ ♦8

♣*✐♥❝✐♣❛✐8 5*❛❜❛❧❤♦8 *❡♣♦*5❛❞♦8 ♥❛ ❧✐5❡*❛5✉*❛✳



❈❛♣#$✉❧♦ ✸

❆❜♦+❞❛❣❡♠ ❞❡ ❈❧❛00✐✜❝❛45♦ ❚❡+♥8+✐❛

◆❡"#❡ ❝❛♣'#✉❧♦✱ , ❛♣-❡"❡♥#❛❞❛ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ #❡-♥7-✐❛ ♣❛-❛ ❛ ♠✐♥❡-❛56♦ ❞❡

♦♣✐♥✐8❡"✱ -❡❛❧✐③❛❞❛ ❡♠ ❛♣❡♥❛" ✉♠❛ ❡#❛♣❛ ❞❡ ❝❧❛""✐✜❝❛56♦✳ ❚❛♠❜,♠ "6♦ ❛♣-❡"❡♥#❛❞♦" ♦"

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

✸✳✶ ❉❡✜♥✐()♦ ❞❛ ❆❜♦/❞❛❣❡♠

◆❛ ♠✐♥❡-❛56♦ ❞❡ ♦♣✐♥✐8❡"✱ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ #❡-♥7-✐❛ ❝♦♥"✐"#❡ ❡♠ #-❡✐♥❛- ❡

❡①❡❝✉#❛- ✉♠ ?♥✐❝♦ ❝❧❛""✐✜❝❛❞♦- =✉❡ ❞❡✈❡-7 -❡❝❡❜❡- ❞♦❝✉♠❡♥#♦" #❡①#✉❛✐" ❝♦♠♦ ❡♥#-❛❞❛

❡✱ ❡♠ ❛♣❡♥❛" ✉♠❛ ❡#❛♣❛✱ ❞❡#❡-♠✐♥❛- "❡ ♦ ❝♦♥#❡?❞♦ ❞❡""❡" ❞♦❝✉♠❡♥#♦" , ♦❜❥❡#✐✈♦ ✭♦✉

♥❡✉#-♦✮✱ "✉❜❥❡#✐✈♦ ♣♦"✐#✐✈♦ ♦✉ "✉❜❥❡#✐✈♦ ♥❡❣❛#✐✈♦ ❬✷✱ ✻✱ ✹✽✱ ✻✷✱ ✼✵✱ ✼✶✱ ✾✻✱ ✾✾✱ ✶✷✶❪✳ N❛-❛

"❡- ♣♦""'✈❡❧ ❣❡-❛- ❡""❡ ?♥✐❝♦ ❝❧❛""✐✜❝❛❞♦- #❡-♥7-✐♦✱ ❛ ❜❛"❡ ❞❡ ❞❛❞♦" ❞❡ #-❡✐♥❛♠❡♥#♦ ❞❡✈❡-7

♣♦""✉✐- ❞♦❝✉♠❡♥#♦" -♦#✉❧❛❞♦" ❝♦♠ #-O" ❝❧❛""❡"✿ ♥❡✉#-♦✱ ♣♦"✐#✐✈♦ ❡ ♥❡❣❛#✐✈♦✳

❆ ❋✐❣✉-❛ ✸✳✶ ✐❧✉"#-❛ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ #❡-♥7-✐❛ ♣❛-❛ ❛ ♠✐♥❡-❛56♦ ❞❡ ♦♣✐♥✐8❡"

❡♠ ❞♦❝✉♠❡♥#♦" #❡①#✉❛✐"✳ ❆ ♣❛-#✐- ❞❛ ❜❛"❡ ❞❡ ❞❛❞♦" ❞❡ #-❡✐♥❛♠❡♥#♦✱ ✉♠ ❛❧❣♦-✐#♠♦ ❞❡

❝❧❛""✐✜❝❛56♦ ❝♦♥"#-T✐ ♦ ♠♦❞❡❧♦ ❞❡ ❝❧❛""✐✜❝❛56♦ #❡-♥7-✐♦✱ =✉❡ , ❝❛♣❛③ ❞❡ -❡❝❡❜❡- ✉♠ ♥♦✈♦

❞♦❝✉♠❡♥#♦ ❞❡ ❡♥#-❛❞❛ ❡ ❝❧❛""✐✜❝7✲❧♦ ❝♦♠♦ ♥❡✉#-♦✱ ♣♦"✐#✐✈♦ ♦✉ ♥❡❣❛#✐✈♦✳

✸✳✷ ❘❡✈✐5)♦ ❇✐❜❧✐♦❣/8✜❝❛

◆❡"#❛ "❡56♦✱ "6♦ ❛♣-❡"❡♥#❛❞♦" ♦" ♣-✐♥❝✐♣❛✐" #-❛❜❛❧❤♦" ❞❛ ❧✐#❡-❛#✉-❛ =✉❡ ✉#✐❧✐③❛♠ ❛ ❛❜♦-❞❛✲

❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ #❡-♥7-✐❛ ♣❛-❛ ❛ ♠✐♥❡-❛56♦ ❞❡ ♦♣✐♥✐8❡" ❬✷✱ ✻✱ ✹✽✱ ✻✷✱ ✼✵✱ ✼✶✱ ✾✾✱ ✶✷✶❪✳

◆❡""❡" #-❛❜❛❧❤♦"✱ ❛""✐♠ ❝♦♠♦ ♥❡"#❛ ❞✐""❡-#❛56♦✱ ♦" ❞♦❝✉♠❡♥#♦" ❛♥❛❧✐"❛❞♦" "6♦  ✇❡❡ #✳

❊♠ ❬✹✽✱ ✻✷❪✱ ❛❧,♠ ❞❡  ✇❡❡ #✱ #❛♠❜,♠ ❢♦-❛♠ ✉#✐❧✐③❛❞❛" ❛✈❛❧✐❛58❡" ❞❡ ♣-♦❞✉#♦" ❡ ✜❧♠❡"✱
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✸✳✷ ❘❡✈✐'(♦ ❇✐❜❧✐♦❣./✜❝❛ ✸✵

❝✉❧❛❞♦& ❛♥(❡*✐♦*♠❡♥(❡✱ .✉❡ ❡♠ ❣❡*❛❧✱ ✈❛*✐❛♠ ❞❡ ✲✶ ❛(3 ✰✶✱ ✐♥❞✐❝❛♥❞♦ ♦ .✉5♦ ♥❡❣❛(✐✈❛

✭✲✶✮ ♦✉ ♣♦&✐(✐✈❛ ✭✰✶✮ 3 ❛ ♣❛❧❛✈*❛✳ :❛*❛ ❛ ✐❞❡♥(✐✜❝❛<5♦ ❞❡ ♣❛❧❛✈*❛& ♥❡✉(*❛&✱ 3 ❞❡✜♥✐❞❛

✉♠❛ ❢❛✐①❛ ❞❡ ✈❛❧♦* ♣*?①✐♠❛ ❞♦ ③❡*♦✳ ❖& ❛(*✐❜✉(♦& ❞♦ (✐♣♦  ❖❙✲$❛❣' ❢♦*❛♠ ✉(✐❧✐③❛❞♦& &❡✲

❣✉✐♥❞♦ ✉♠ ♠♦❞❡❧♦ ❞❡ C*✈♦*❡ ❞❡♥♦♠✐♥❛❞♦ $(❡❡ ❦❡(♥❡❧✳ ❊&&❡ ♠♦❞❡❧♦ ❞❡ C*✈♦*❡ ❢♦✐ ✉(✐❧✐③❛❞♦

♣❛*❛ *❡♣*❡&❡♥(❛* ❞❡ ❢♦*♠❛ &✉❝✐♥(❛ ❛ ❝♦♠❜✐♥❛<5♦ ❞❡ ✈C*✐❛& ❝❛(❡❣♦*✐❛& ❞❡ ❛(*✐❜✉(♦&✳ ❖&

❛(*✐❜✉(♦& ✉(✐❧✐③❛❞♦& ❢♦*❛♠ ❜❛&❡❛❞♦& ❡♠ ✉♠ ❞✐❝✐♦♥C*✐♦ ❞❡ ❡♠♦$✐❝♦♥'✱ ♦♥❞❡ ♦& ❡♠♦$✐❝♦♥'

❢♦*❛♠ *♦(✉❧❛❞♦& ❞❡ ❛❝♦*❞♦ ❝♦♠ ❛& &✉❛& ♣♦❧❛*✐❞❛❞❡&✱ ✐♥❝❧✉✐♥❞♦✿ ❡①(*❡♠❛♠❡♥(❡✲♣♦&✐(✐✈♦✱

❡①(*❡♠❛♠❡♥(❡✲♥❡❣❛(✐✈♦✱ ♣♦&✐(✐✈♦✱ ♥❡❣❛(✐✈♦ ❡ ♥❡✉(*♦✱ ❡ ❡♠ ✉♠ ❞✐❝✐♦♥C*✐♦ ❞❡ ❛❝*F♥✐♠♦&

❝♦♠ ✺✳✶✽✹ ❛❝*F♥✐♠♦& ✭❡①✳✿ ❧♦❧ ✲ ❧❛✉❣❤✐♥❣ ♦✉$ ❧♦✉❞ ✮✳ ◆♦& ❡①♣❡*✐♠❡♥(♦&✱ ❢♦✐ ✉(✐❧✐③❛❞❛ ❛

❝❧❛&&✐✜❝❛<5♦ (❡*♥C*✐❛✱ ❝♦♥&✐❞❡*❛♥❞♦ ♦& &❡♥(✐♠❡♥(♦& ♣♦&✐(✐✈♦✱ ♥❡❣❛(✐✈♦ ❡ ♥❡✉(*♦✱ ❡ ❛ ❝❧❛&✲

&✐✜❝❛<5♦ ❞❡ ♣♦❧❛*✐❞❛❞❡✱ ✐✳❡✳✱ ❝♦♥&✐❞❡*❛♥❞♦ ❛♣❡♥❛& ♦& &❡♥(✐♠❡♥(♦& ♣♦&✐(✐✈♦ ❡ ♥❡❣❛(✐✈♦✳ ❖&

$✇❡❡$' ❢♦*❛♠ ♣*3✲♣*♦❝❡&&❛❞♦& ❞❛ &❡❣✉✐♥(❡ ❢♦*♠❛✿ ❛✮ ♦& ❡♠♦$✐❝♦♥' ❡♥❝♦♥(*❛❞♦& ❢♦*❛♠ &✉❜&✲

(✐(✉K❞♦& ♣❡❧❛ ♣♦❧❛*✐❞❛❞❡ ❡♥❝♦♥(*❛❞❛ ♥♦ ❞✐❝✐♦♥C*✐♦✱ ❜✮ ❛& ❯❘▲& ❢♦*❛♠ &✉❜&(✐(✉K❞❛& ♣❡❧❛ $❛❣

✏❯✑✱ ❝✮ ❛& ♣♦♥(✉❛<Q❡& (❛♠❜3♠ ❢♦*❛♠ ♠❛*❝❛❞❛& ❝♦♠ $❛❣' ❡&♣❡❝K✜❝❛&✱ ❞✮ ♠❡♥<Q❡& ❛ ✉&✉C✲

*✐♦& ❞♦ ❚✇✐((❡* ♣♦* ✏❚✑✱ ❡✮ ❛& ♥❡❣❛<Q❡& ✭❡①&✳✿ ♥♦$✱ ♥♦✱ ♥❡✈❡(✱ ♥✬$✱ ❝❛♥♥♦$ ✮ ♣♦* ✏◆❖❚✑✱ ❡

❢✮ &❡.✉T♥❝✐❛& ❞❡ ❝❛*❛❝(❡*❡& *❡♣❡(✐❞♦&✱ ♠✉✐(♦ ❝♦♠✉♥& ♥♦ ❚✇✐((❡* ♣❛*❛ *❡♣*❡&❡♥(❛* ❡♥(♦♥❛✲
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❞✐&&♦✱ ❢♦✐ ✈❡$✐✜❝❛❞♦ G✉❡ ❛❧❣♦$✐+♠♦& +$❡✐♥❛❞♦& ❡♠ ✉♠ ❞♦♠Q♥✐♦ ❞❡ ❛♣❧✐❝❛4I♦ ♥I♦ ♦❜+K♠ ❜♦♥&

$❡&✉❧+❛❞♦& G✉❛♥❞♦ +❡&+❛❞♦& ❡♠ ♦✉+$♦& ❞♦♠Q♥✐♦&✳ ❊♠ ✉♠ ❞❡&&❡& ❡①♣❡$✐♠❡♥+♦&✱ ❢♦✐ ✐❞❡♥+✐✜✲

❝❛❞❛ ✉♠❛ ❆❝✉$/❝✐❛ ❞❡ ✻✾✪ ❝♦♠ ❙❱▼ ✉+✐❧✐③❛♥❞♦ ❛ ❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛&&✐✜❝❛4I♦ +❡$♥/$✐❛ ❡

✽✺✱✽✪ ✉+✐❧✐③❛♥❞♦ ❛ ❝❧❛&&✐✜❝❛4I♦ ❞❡ ♣♦❧❛$✐❞❛❞❡✱ ❝♦♥+❡♥❞♦ ❛♣❡♥❛& ❞✉❛& ❝❧❛&&❡&✳ ❆❧,♠ ❞✐&&♦✱

❛✐♥❞❛ ❢♦✐ $❡❛❧✐③❛❞♦ ✉♠ ❡①♣❡$✐♠❡♥+♦ ❝♦♠ ❛& G✉❛+$♦ ❝❧❛&&❡& $♦+✉❧❛❞❛& ❛♥+❡$✐♦$♠❡♥+❡ ❡✱ ♥❡&&❡

❡①♣❡$✐♠❡♥+♦✱ ❛ ♠❡❧❤♦$ ❆❝✉$/❝✐❛ ♦❜+✐❞❛ ❢♦✐ ❞❡ ✻✶✪✳

❊♠ ❬✼✵❪✱ ❢♦$❛♠ ❞❡&❝$✐+❛& ✈/$✐❛& +,❝♥✐❝❛& ♣❛$❛ ✐♠♣❧❡♠❡♥+❛$ ❛& ❛❜♦$❞❛❣❡♥& ❞❡ ❞✐❝✐♦♥/$✐♦&
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❡ ❞❡ ❛♣$❡♥❞✐③❛❞♦ ❞❡ ♠*+✉✐♥❛✱ ❡ ❞✐.❝✉0✐$ ❝♦♠♦ ❡❧❛. ♣♦❞❡♠ .❡$ ❛❞♦0❛❞❛. ♥❛ ❝❧❛..✐✜❝❛34♦

❞❡ ♦♣✐♥✐5❡. ❡♠  ✇❡❡ #✳ ❆❧8♠ ❞✐..♦✱ 0❛♠❜8♠ ❢♦✐ ❞✐.❝✉0✐❞❛ ❛ ✐♠♣♦$0;♥❝✐❛ ❞♦. ♣$♦❝❡..♦. ❞❡

❣❡$❛34♦ ❡ .❡❧❡34♦ ❞❡ ❛0$✐❜✉0♦. ♣❛$❛ ❛ ❝❧❛..✐✜❝❛34♦ ❞❡ ♦♣✐♥✐5❡. ❜❛.❡❛❞❛ ❡♠ ❛♣$❡♥❞✐③❛❞♦ ❞❡

♠*+✉✐♥❛✳ ❈♦♠♦ ♠80♦❞♦. ❞❡ ♣$8✲♣$♦❝❡..❛♠❡♥0♦ ❢♦$❛♠ ✉0✐❧✐③❛❞♦.✿ # ❡♠♠✐♥❣✱ $❡♠♦34♦ ❞❡

# ♦♣✇♦*❞#✱ 0$❛0❛♠❡♥0♦ ❞❡ ♥❡❣❛34♦✱ .✉❜.0✐0✉✐34♦ ❞❡  ♦❦❡♥# ❡.♣❡❝@✜❝♦. ♣♦$  ❛❣# ❡.♣❡❝✐❛✐.✱

❡♥0$❡ ♦✉0$♦.✳ ❋♦✐ ❛♣$❡.❡♥0❛❞❛ ❝♦♠♦ $❡.✉❧0❛❞♦ ✉♠❛ ❝♦♥.✐❞❡$*✈❡❧ ♠❡❧❤♦$✐❛ ♥❛ ❆❝✉$*❝✐❛

❝♦♠ ❛ ✉0✐❧✐③❛34♦ ❞❡ ❞✐❝✐♦♥*$✐♦. ❞❡ .❡♥0✐♠❡♥0♦ ❝♦♠ ❡♠♦ ✐❝♦♥#✱ ❛❜$❡✈✐❛35❡. ❡ ❡①♣$❡..5❡.

✐❞✐♦♠*0✐❝❛. ❞❡ $❡❞❡. .♦❝✐❛✐.✱ ❝♦♠♣❛$❛❞♦ ❛ ♠80♦❞♦. 0$❛❞✐❝✐♦♥❛✐. ❜❛.❡❛❞♦. ❡♠ ❞✐❝✐♦♥*$✐♦✳

▼❡.♠♦ ❝♦♠ ❛ ♠❡❧❤♦$✐❛ ♦❜0✐❞❛ ❝♦♠ ♦. ♠80♦❞♦. ❞❡ ❞✐❝✐♦♥*$✐♦✱ ❢♦✐ ♠♦.0$❛❞♦ 0❛♠❜8♠ +✉❡

♦. ❛❧❣♦$✐0♠♦. ❞❡ ❛♣$❡♥❞✐③❛❞♦ ❞❡ ♠*+✉✐♥❛ ❙❱▼ ❡ ◆❇ .✉♣❡$❛$❛♠ ❡..❡. ♠80♦❞♦.✳

❯♠ ❞♦. ♣$✐♠❡✐$♦. 0$❛❜❛❧❤♦. +✉❡ $❡❛❧✐③❛$❛♠ ❛ ❝❧❛..✐✜❝❛34♦ ❞❡ ♦♣✐♥✐5❡. ❞❡ ❢♦$♠❛ 0❡$✲

♥*$✐❛ 0✐♥❤❛ ❝♦♠♦ ♦❜❥❡0✐✈♦ ❞❡0❡❝0❛$ ❛ ♣♦❧❛$✐❞❛❞❡ ❞❛. ♦♣✐♥✐5❡. ❡♠ ❜❧♦❣# ♥♦ ❞♦♠@♥✐♦ ❞❡

✜♥❛♥3❛. ❬✾✻❪✳ ▼❛✐. ❡.♣❡❝✐✜❝❛♠❡♥0❡✱ ❢♦$❛♠ ♣$♦♣♦.0❛. ❛❜♦$❞❛❣❡♥. ♣❛$❛ ❞❡0❡❝0❛$ ♦♣✐♥✐5❡.

❡♠ ♥@✈❡❧ ❞❡ ❡♥0✐❞❛❞❡✱ ♦✉ .❡❥❛✱ ❞❡0❡❝0❛$ ❛ ♣♦❧❛$✐❞❛❞❡ ❞❛. ♦♣✐♥✐5❡. .♦❜$❡ ✉♠ ❞❡0❡$♠✐♥❛❞♦

❛❧✈♦✱ ♥❡..❡ ❝❛.♦✱ ❡♠♣$❡.❛. ✜♥❛♥❝❡✐$❛. ❡ .✉❛. ✜❧✐❛✐.✳ ❈♦♠ ❡..❡ ♣$♦♣P.✐0♦✱ ♣✉❜❧✐❝❛35❡. ❝♦♥0✐✲

❞❛. ❡♠ ✷✸✷ ❜❧♦❣# ♥♦ ❞♦♠@♥✐♦ ❞❡ ✜♥❛♥3❛. ❢♦$❛♠ ❝♦❧❡0❛❞❛. ❡ .✉❛. ♦♣✐♥✐5❡. ❢♦$❛♠ $♦0✉❧❛❞❛.

+✉❛♥0♦ S. .✉❛. ♣♦❧❛$✐❞❛❞❡. ♣♦$ ❡.♣❡❝✐❛❧✐.0❛. ♣❛$❛ ❛ ❝$✐❛34♦ ❞❡ ✉♠❛ ❜❛.❡ ❞❡ ❞❛❞♦. ❞❡

❜❧♦❣# .♦❜$❡ ✜♥❛♥3❛.✳ ◆♦ ♣$♦❝❡..♦ ❞❡ $♦0✉❧❛34♦✱ ❢♦$❛♠ ❝♦♥.✐❞❡$❛❞❛. ❛. ♦♣✐♥✐5❡. ❡♠ ♥@✈❡❧

❞❡ ❞♦❝✉♠❡♥0♦✱ ✐✳❡✳✱ ❝♦♥.✐❞❡$❛♥❞♦ ❛ ♦♣✐♥✐4♦ ❣❡$❛❧ ❡①♣$❡..❛ ❡♠ ❝❛❞❛ ♣✉❜❧✐❝❛34♦✱ ❡ ❡♠ ♥@✲

✈❡❧ ❞❡ ♣❛$*❣$❛❢♦✱ +✉❛♥❞♦ ❛ ♦♣✐♥✐4♦ ❝♦♥0✐❞❛ ❡♠ ❝❛❞❛ ♣❛$*❣$❛❢♦ 8 ✐❞❡♥0✐✜❝❛❞❛ ❡ $♦0✉❧❛❞❛✳

T❛$❛ ✐..♦✱ ❢♦$❛♠ ❞❡✜♥✐❞❛. ❛. .❡❣✉✐♥0❡. ❝❧❛..❡.✿ ♠✉✐0♦ ♥❡❣❛0✐✈♦✱ ♥❡❣❛0✐✈♦✱ ♥❡✉0$♦✱ ♣♦.✐0✐✈♦✱

♠✉✐0♦ ♣♦.✐0✐✈♦✱ ♠✐.0✉$❛❞♦ ❡ ✐$$❡❧❡✈❛♥0❡✳ ❈♦♠♦ ♣$8✲♣$♦❝❡..❛♠❡♥0♦✱ ❢♦$❛♠ ✉0✐❧✐③❛❞❛. ❛.

08❝♥✐❝❛. ❞❡ $❡♠♦34♦ ❞❡ # ♦♣✇♦*❞#✱ ❝♦♥✈❡$.4♦ ❞❡ ❝❛$❛❝0❡$❡. ♣❛$❛ ♠✐♥U.❝✉❧❛. ❡ # ❡♠♠✐♥❣✳

◆♦. ❡①♣❡$✐♠❡♥0♦.✱ ❢♦$❛♠ ✉0✐❧✐③❛❞♦. ♦. ❛❧❣♦$✐0♠♦. ▼◆❇✱ ❙❱▼ ❡ ✉♠ ❝❧❛..✐✜❝❛❞♦$ ❜❛#❡❧✐♥❡✱

0♦❞♦. ❛❞♦0❛♥❞♦ ❛ ❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛34♦ 0❡$♥*$✐❛✱ ❝♦♥.✐❞❡$❛♥❞♦ 0$V. ❝❧❛..❡.✿ ♣♦.✐0✐✈♦✱

♥❡❣❛0✐✈♦ ❡ ♥❡✉0$♦✱ ❡ ♣❛$❛ ❛ ❝❧❛..✐✜❝❛34♦ ❞❡ ♣♦❧❛$✐❞❛❞❡✱ ❝♦♥.✐❞❡$❛♥❞♦ ❛♣❡♥❛. ❞✉❛. ❝❧❛.✲

.❡.✿ ♣♦.✐0✐✈♦ ❡ ♥❡❣❛0✐✈♦✳ ❖ ❛❧❣♦$✐0♠♦ ▼◆❇ ♦❜0❡✈❡ ♠❡❧❤♦$ ❆❝✉$*❝✐❛ ♥❛. ❞✉❛. .✐0✉❛35❡.

0❡.0❛❞❛.✳

❈♦♥❢♦$♠❡ ❢♦✐ ❝♦♥.0❛0❛❞♦✱ ❛ ♠❛✐♦$ ♣❛$0❡ ❞♦. 0$❛❜❛❧❤♦. ✉0✐❧✐③❛ 08❝♥✐❝❛. ❞❡ ❛♣$❡♥❞✐③❛❞♦

❞❡ ♠*+✉✐♥❛ ♣❛$❛ ✐❞❡♥0✐✜❝❛$ ❛ ♣♦❧❛$✐❞❛❞❡ ❞❛. ♦♣✐♥✐5❡.✳ ◆♦ ❡♥0❛♥0♦✱ ♦ 0$❛❜❛❧❤♦ ❛♣$❡.❡♥✲

0❛❞♦ ❡♠ ❬✻✷❪ ✉0✐❧✐③♦✉ ❞✐❝✐♦♥*$✐♦. ♣❛$❛ ❞❡.❡♥✈♦❧✈❡$ ✉♠ .✐.0❡♠❛ ♣❛$❛ ♠✐♥❡$❛34♦ ❞❡ ♦♣✐♥✐5❡.

❜❛.❡❛❞♦ ❡♠ $❡❣$❛.✳ ❋♦✐ ❞❡.❡♥✈♦❧✈✐❞❛ ✉♠❛ ❢❡$$❛♠❡♥0❛✱ ❝❤❛♠❛❞❛ ❱❆❉❊❘ ✭❱❛❧❡♥❝❡ ❆✇❛*❡

❉✐❝ ✐♦♥❛*② ❢♦* #❊♥ ✐♠❡♥ ❘❡❛#♦♥✐♥❣ ✮✱ ♣❛$❛ ❝♦♥0❡①0♦. ❞❡ ♠@❞✐❛. .♦❝✐❛✐.✱ ❛✈❛❧✐❛35❡. ❞❡

♣$♦❞✉0♦.✱ ✜❧♠❡. ❡ ❝♦♠❡♥0*$✐♦. ❞❡ ❛$0✐❣♦. ❞❡ ♥♦0@❝✐❛.✱ ❝♦♠ ♦ ♦❜❥❡0✐✈♦ ❞❡ ♠❡❧❤♦$❛$ ♦ ❞❡✲

.❡♠♣❡♥❤♦ ❞❛ ♠✐♥❡$❛34♦ ❞❡ ♦♣✐♥✐5❡. ♥❡..❡. ❝♦♥0❡①0♦.✳ ❊..❛ ❢❡$$❛♠❡♥0❛ 8 ❜❛.❡❛❞❛ ❡♠ ✉♠
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♠♦❞❡❧♦ ❞❡ %❡❣%❛( )✉❡ ✉+✐❧✐③❛ ❤❡✉%/(+✐❝❛( ❝♦♠ ❜❛(❡ ❡♠ ❛♥3❧✐(❡( )✉❛❧✐+❛+✐✈❛( ❞❡ ♣%♦♣%✐❡❞❛❞❡(

+❡①+✉❛✐( ❡ ❝❛%❛❝+❡%/(+✐❝❛( )✉❡ ❛❢❡+❛♠ ❛ ✐♥+❡♥(✐❞❛❞❡ ❞♦( (❡♥+✐♠❡♥+♦( ❡①♣%❡((♦( ♥♦ +❡①+♦✳

❋♦%❛♠ ✐❞❡♥+✐✜❝❛❞❛( ❝✐♥❝♦ ❤❡✉%/(+✐❝❛( ❜❛(❡❛❞❛( ❡♠ ❞✐❝❛( ❣%❛♠❛+✐❝❛✐( ❡ (✐♥+3+✐❝❛( ♣❛%❛ ❛❧+❡✲

%❛% ❛ ✐♥+❡♥(✐❞❛❞❡ ❞♦( (❡♥+✐♠❡♥+♦(✳ ❆( ❤❡✉%/(+✐❝❛( ✐♥❝❧✉❡♠ +%❛+❛♠❡♥+♦( ♣❛%❛✿ ❛✮ ♣♦♥+✉❛?@♦

✭❡①✳✿ ♥B♠❡%♦ ❞❡ ❡①❝❧❛♠❛?C❡(✮✱ ❜✮ ❝❛♣✐+❛❧✐③❛?@♦ ✭❡①✳✿ ✏❊❯ ❚❊ ❖❉❊■❖✑ M ♠❛✐( ✐♥+❡♥(♦ ❞♦
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♥Q3❝✉❧❛3 ❡ ♥♦#♠❛❧✐③❛56♦ ❞❡

❛❜#❡✈✐❛5S❡3

❖✬❍❛#❡ ❡' ❛❧ ❬✾✻❪ ❜❧♦❣# ❞❡

✜♥❛♥5❛3

❙❱▼ ❡ ▼◆❇ ✲ ✉♥✐❣#❛♠❛3 ✲ #❡♠♦56♦ ❞❡ # ♦♣✇♦&❞#✱ ❝♦♥✲

✈❡#36♦ ❞❛3 ❧❡'#❛3 ♣❛#❛ ♠✐✲

♥Q3❝✉❧❛3 ❡ # ❡♠♠✐♥❣

W❛❦ ❡ W❛#♦✉❜❡❦ ❬✾✾❪  ✇❡❡ # ❙❱▼✱ ▼◆❇ ❡

❈❘❋

✲ ✉♥✐❣#❛♠❛3✱

❜✐❣#❛♠❛3 ❡

'#✐❣#❛♠❛3

X #❡♠♦56♦ ❞❡ ❯❘▲✬3✱

# ♦♣✇♦&❞#✱ ❡♠♦ ✐❝♦♥#

❡ ♠❡♥5S❡3 ❛ ✉3✉?#✐♦3 ❞♦

❚✇✐''❡#

❙✐❞♦#♦✈ ❡' ❛❧ ❬✶✷✶❪  ✇❡❡ # ❙❱▼✱ ◆❇ ❡

❉❚

✲ ❞❡ ✶✲❣#❛♠❛

❛'^

✻✲❣#❛♠❛3

X ❝♦##❡56♦ ❞❡ ❡##♦3 ❞❡ ❡3✲

❝#✐'❛✱ 3✉❜3'✐'✉✐56♦ ❞❡  ♦✲

❦❡♥# ❡3♣❡❝<✜❝♦3 ❡ '#❛'❛✲

♠❡♥'♦ ❞❡ ♥❡❣❛56♦



❈❛♣#$✉❧♦ ✹

❆❜♦+❞❛❣❡♠ ❞❡ ❈❧❛00✐✜❝❛45♦ ❉✉♦❜✐♥8+✐❛

◆❡"#❡ ❝❛♣'#✉❧♦✱ , ❛♣-❡"❡♥#❛❞❛ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ ❞✉♦❜✐♥7-✐❛ ♣❛-❛ ❛ ♠✐♥❡-❛56♦

❞❡ ♦♣✐♥✐8❡"✱ -❡❛❧✐③❛❞❛ ❡♠ ❞✉❛" ❡#❛♣❛" ❞❡ ❝❧❛""✐✜❝❛56♦✳ ❚❛♠❜,♠ "6♦ ❛♣-❡"❡♥#❛❞♦" ♦"

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

✹✳✶ ❉❡✜♥✐()♦ ❞❛ ❆❜♦/❞❛❣❡♠

◆❛ ♠✐♥❡-❛56♦ ❞❡ ♦♣✐♥✐8❡"✱ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ ❞✉♦❜✐♥7-✐❛ ❝♦♥"✐"#❡ ❡♠ #-❡✐♥❛- ❡

❡①❡❝✉#❛- ❞♦✐" ❝❧❛""✐✜❝❛❞♦-❡" ❜✐♥7-✐♦" =✉❡ ❞❡✈❡-6♦ -❡❝❡❜❡- ❞♦❝✉♠❡♥#♦" #❡①#✉❛✐" ❝♦♠♦ ❡♥✲

#-❛❞❛ ❡✱ ❡♠ ✉♠❛ ♣-✐♠❡✐-❛ ❡#❛♣❛✱ ❞❡#❡-♠✐♥❛- "❡ ♦ ❝♦♥#❡A❞♦ ❞❡""❡" ❞♦❝✉♠❡♥#♦" , ♦❜❥❡#✐✈♦

✭♦✉ ♥❡✉#-♦✮ ♦✉ "✉❜❥❡#✐✈♦ ❡✱ ❡♠ ✉♠❛ "❡❣✉♥❞❛ ❡#❛♣❛✱ ❞❡#❡-♠✐♥❛- "❡ ♦" #❡①#♦" ❝❧❛""✐✜❝❛❞♦"

❝♦♠♦ "✉❜❥❡#✐✈♦" "6♦ ♣♦"✐#✐✈♦" ♦✉ ♥❡❣❛#✐✈♦" ❬✶✱ ✶✶✱ ✶✻✱ ✻✺✱ ✽✵✱ ✶✵✵✱ ✶✶✼✱ ✶✹✸✱ ✶✹✻❪✳ O❛-❛

"❡- ♣♦""'✈❡❧ ❣❡-❛- ❡""❡" ❞♦✐" ❝❧❛""✐✜❝❛❞♦-❡" ❜✐♥7-✐♦"✱ "6♦ ♥❡❝❡""7-✐❛" ❞✉❛" ❜❛"❡" ❞❡ #-❡✐✲

♥❛♠❡♥#♦✳ ❆ ♣-✐♠❡✐-❛ ❞❡✈❡-7 ❝♦♥#❡- ❞♦❝✉♠❡♥#♦" -♦#✉❧❛❞♦" ❝♦♠ ❞✉❛" ❝❧❛""❡"✿ ♦❜❥❡#✐✈♦ ❡

"✉❜❥❡#✐✈♦✳ O❛-❛ ✐""♦✱ #❡①#♦" -♦#✉❧❛❞♦" ❝♦♠♦ ♣♦"✐#✐✈♦ ❡ ♥❡❣❛#✐✈♦ ♣❛""❛♠ ❛ "❡- -♦#✉❧❛❞♦"

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

✭❇❛"❡ ❞❡ ❚-❡✐♥❛♠❡♥#♦ ✶✮✳ O❛-❛ ❣❡-❛- ♦ "❡❣✉♥❞♦ ❝❧❛""✐✜❝❛❞♦- ❜✐♥7-✐♦✱ ❛ ❜❛"❡ ❞❡ ❞❛❞♦" ❞❡

#-❡✐♥❛♠❡♥#♦ ❞❡✈❡-7 ♣♦""✉✐- ❞♦❝✉♠❡♥#♦" -♦#✉❧❛❞♦" ❛♣❡♥❛" ❝♦♠ ❛" ❝❧❛""❡" ♣♦"✐#✐✈♦ ❡ ♥❡❣❛✲

#✐✈♦✳ O❛-❛ ✐""♦✱ #❡①#♦" -♦#✉❧❛❞♦" ❝♦♠♦ ♦❜❥❡#✐✈♦ ✭♦✉ ♥❡✉#-♦✮ "6♦ ❡①❝❧✉'❞♦" ❞❡""❛ ❜❛"❡ ❞❡

#-❡✐♥❛♠❡♥#♦ ✭❇❛"❡ ❞❡ ❚-❡✐♥❛♠❡♥#♦ ✷✮✳

❆ ❋✐❣✉-❛ ✹✳✶ ✐❧✉"#-❛ ❛ ❛❜♦-❞❛❣❡♠ ❞❡ ❝❧❛""✐✜❝❛56♦ ❞✉♦❜✐♥7-✐❛ ♣❛-❛ ❛ ♠✐♥❡-❛56♦ ❞❡

♦♣✐♥✐8❡" ❡♠ ❞♦❝✉♠❡♥#♦" #❡①#✉❛✐"✳ ❆ ♣❛-#✐- ❞❛ ❇❛"❡ ❞❡ ❚-❡✐♥❛♠❡♥#♦ ✶✱ ✉♠ ❛❧❣♦-✐#♠♦

❞❡ ❝❧❛""✐✜❝❛56♦ ❝♦♥"#-U✐✱ ♥❛ ♣-✐♠❡✐-❛ ❡#❛♣❛ ❞❡ ❝❧❛""✐✜❝❛56♦✱ ♦ ♠♦❞❡❧♦ ❞❡ ❝❧❛""✐✜❝❛56♦

❞❡ "✉❜❥❡#✐✈✐❞❛❞❡ ✭❝❧❛""✐✜❝❛❞♦- ❜✐♥7-✐♦✮✱ =✉❡ , ❝❛♣❛③ ❞❡ -❡❝❡❜❡- ✉♠ ♥♦✈♦ ❞♦❝✉♠❡♥#♦ ❞❡

❡♥#-❛❞❛ ❡ ❝❧❛""✐✜❝7✲❧♦ ❝♦♠♦ "✉❜❥❡#✐✈♦ ♦✉ ♦❜❥❡#✐✈♦✳ ◆❛ "❡❣✉♥❞❛ ❡#❛♣❛ ❞❡ ❝❧❛""✐✜❝❛56♦✱
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✹✳✷ ❘❡✈✐'(♦ ❇✐❜❧✐♦❣./✜❝❛ ✸✽

❆❞❛♣$✐✈❡ ❇♦♦*$✐♥❣ ❡ !✉❛$%♦ $'❝♥✐❝❛+ ❞❡ +❡❧❡./♦ ❞❡ ❛$%✐❜✉$♦+✱ ❜❛+❡❛❞❛+ ♥❛+ +❡❣✉✐♥$❡+ ♠❡✲

❞✐❞❛+✿ ●❛✐♥ ❘❛$✐♦✱ ■♥❢♦2♠❛$✐♦♥ ●❛✐♥✱ ❙②♠♠❡$2✐❝ ❯♥❝❡2$❛✐♥$② ❡ ❈❤✐✲❙;✉❛2❡❞✳ 7❛%❛ ✐++♦✱

✷✺✳✵✵✵ $✇❡❡$* ❢♦%❛♠ ❝♦❧❡$❛❞♦+ ❡ %♦$✉❧❛❞♦+ ♠❛♥✉❛❧♠❡♥$❡ ❝♦♠ ❛+ +❡❣✉✐♥$❡+ ❝❧❛++❡+✿ ♥❡❣❛$✐✈♦✱

♣♦✉❝♦✲♥❡❣❛$✐✈♦✱ ♥❡✉$%♦✱ ♣♦✉❝♦✲♣♦+✐$✐✈♦ ❡ ♣♦+✐$✐✈♦✳ 7♦%'♠✱ ♥♦+ ❡①♣❡%✐♠❡♥$♦+✱ ❢♦✐ ✉$✐❧✐③❛❞❛

❛ ❛❜♦%❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛./♦ ❞✉♦❜✐♥A%✐❛ ❝♦♠ ❛+ ❝❧❛++❡+ ♣♦+✐$✐✈♦✱ ♥❡❣❛$✐✈♦ ❡ ♥❡✉$%♦✳ ❈♦♠♦

♣%'✲♣%♦❝❡++❛♠❡♥$♦✱ ❢♦%❛♠ ✉$✐❧✐③❛❞♦+✿ %❡♠♦./♦ ❞❡ *$♦♣✇♦2❞*✱ ❝♦♠♣%❡++/♦ ❞❡ ♣❛❧❛✈%❛+ ❝♦♠

❧❡$%❛+ %❡♣❡$✐❞❛+✱ ❝♦♥✈❡%+/♦ ❞❡ ❧❡$%❛+ ♠❛✐C+❝✉❧❛+ ♣❛%❛ ♠✐♥C+❝✉❧❛+✱ +✉❜+$✐$✉✐./♦ ❞❡ ❯❘▲+✱

❡♠♦$✐❝♦♥* ❡ ♣♦♥$✉❛.G❡+ ♣♦% $❛❣* ❡+♣❡❝H✜❝❛+✱ ❡♥$%❡ ♦✉$%♦+✳ ◆♦+ ❡①♣❡%✐♠❡♥$♦+✱ ❛+ ❞✉❛+ ❡$❛✲

♣❛+ ❞❛ ❛❜♦%❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛./♦ ❞✉♦❜✐♥A%✐❛ ❢♦%❛♠ ❛✈❛❧✐❛❞❛+ ✐♥❞✐✈✐❞✉❛❧♠❡♥$❡ ❡✱ ❞❡♥$%❡

♦✉$%❛+ ♦❜+❡%✈❛.G❡+✱ ♦+ %❡+✉❧$❛❞♦+ ❞♦+ ❡①♣❡%✐♠❡♥$♦+ ❛♣♦♥$❛%❛♠ ❝♦♠♦ ♠❡❧❤♦%❡+ ❛❧❣♦%✐$♠♦+

♦ ❙❱▼ ❡ ♦ ❱♦$❡❞ ?❡2❝❡♣$2♦♥ ❡✱ ❝♦♠♦ ♠❡❧❤♦% $'❝♥✐❝❛ ❞❡ +❡❧❡./♦ ❞❡ ❛$%✐❜✉$♦+✱ ❛ ❜❛+❡❛❞❛

❡♠ ❈❤✐✲❙;✉❛2❡❞✳

◆♦ $%❛❜❛❧❤♦ %❡❛❧✐③❛❞♦ ❡♠ ❬✶✶❪✱ ❢♦✐ ❛♣%❡+❡♥$❛❞❛ ✉♠❛ ❛❜♦%❞❛❣❡♠ ❝♦♥+✐❞❡%❛❞❛ ♠❛✐+

❛❜+$%❛$❛ ♣❛%❛ ❞❡$❡❝$❛% ♦♣✐♥✐G❡+ ❡♠ $✇❡❡$*✳ ❋♦%❛♠ ❡①♣❧♦%❛❞❛+ ❛❧❣✉♠❛+ ❝❛%❛❝$❡%H+$✐❝❛+

❞❡ ❝♦♠♦ ♦+ $✇❡❡$* ❢♦%❛♠ ❡+❝%✐$♦+ ✭❡①+✳✿ !✉❛♥$✐❞❛❞❡ ❞❡ ❧❡$%❛+ ♠❛✐C+❝✉❧❛+✱ ♣♦♥$✉❛.G❡+✱

❡♠♦$✐❝♦♥* ❡$❝✳✮ ❡ ♠❡$❛✲✐♥❢♦%♠❛.G❡+ ❞❛+ ♣❛❧❛✈%❛+ !✉❡ ❝♦♠♣G❡♠ ♦+ $✇❡❡$*✱ ❝♦♠♦ ❛ ❝❧❛++❡

❣%❛♠❛$✐❝❛❧ ❞❛+ ♣❛❧❛✈%❛+ ✭?❖❙✲$❛❣*✮✱ ❝♦♠♦ ❛❞❥❡$✐✈♦+ ♦✉ ✐♥$❡%❥❡✐.G❡+✱ ❛❧'♠ ❞❛ ♣♦❧❛%✐❞❛❞❡

❞❛+ ♣❛❧❛✈%❛+✱ ❡①$%❛H❞❛+ ❛ ♣❛%$✐% ❞❡ ❞✐❝✐♦♥A%✐♦+ ❞❡ +❡♥$✐♠❡♥$♦+✳ ❈♦♠ ❡++❛ ✜♥❛❧✐❞❛❞❡✱ ❡

♣❛%❛ ❡✈✐$❛% ♦ ❡+❢♦%.♦ ❞❛ %♦$✉❧❛./♦ ❞❛ ❜❛+❡ ❞❡ ❞❛❞♦+✱ ❢♦%❛♠ ❝♦❧❡$❛❞♦+ $✇❡❡$* ❥A %♦$✉❧❛❞♦+

❛ ♣❛%$✐% ❞❡ $%U+ +✐+$❡♠❛+ !✉❡ %❡❛❧✐③❛♠ ❛ ♠✐♥❡%❛./♦ ❞❡ ♦♣✐♥✐G❡+ ♦♥❧✐♥❡ ✿ ❚✇❡♥❞③✱ ❚✇✐$$❡%

❙❡♥$✐♠❡♥$ ❡ ❚✇❡❡$❋❡❡❧✳ ❖ ❛❧❣♦%✐$♠♦ ❙❱▼ ❢♦✐ ✉$✐❧✐③❛❞♦ ♥❛+ ❞✉❛+ ❡$❛♣❛+ ❞❡ ❝❧❛++✐✜❝❛./♦

❡ ❛❧❣✉♥+ ❞♦+ ❛$%✐❜✉$♦+ ❡①$%❛H❞♦+ ❞♦+ $✇❡❡$* ❢♦%❛♠ ❛+ ❢%❡!✉U♥❝✐❛+ ❞❡✿ 2❡$✇❡❡$*✱ ❤❛*❤$❛❣*✱

❧✐♥❦*✱ ❡♠♦$✐❝♦♥*✱ ♣❛❧❛✈%❛+ ❡♠ ♠❛✐C+❝✉❧❛+ ❡ +✐♥❛✐+ ❞❡ ❡①❝❧❛♠❛./♦ ❡ ✐♥$❡%%♦❣❛./♦✳ ◆♦+

❡①♣❡%✐♠❡♥$♦+✱ ❡++❛ ❛❜♦%❞❛❣❡♠ ♠❛✐+ ❛❜+$%❛$❛ ♥❛ %❡♣%❡+❡♥$❛./♦ ❞❛+ ♠❡♥+❛❣❡♥+ ❛♥❛❧✐+❛❞❛+✱

❝❤❛♠❛❞❛ ♠❡$❛✲✐♥❢♦%♠❛./♦✱ ♦❜$❡✈❡ ♠❡❧❤♦% ❞❡+❡♠♣❡♥❤♦✱ !✉❛♥❞♦ ❝♦♠♣❛%❛❞❛ ❝♦♠ ❛$%✐❜✉$♦+

$%❛❞✐❝✐♦♥❛✐+ ❝♦♠♦ ✉♥✐❣%❛♠❛+✳

◆♦ $%❛❜❛❧❤♦ ❛♣%❡+❡♥$❛❞♦ ❡♠ ❬✶✹✸❪✱ ❢♦✐ ✉$✐❧✐③❛❞♦ ✉♠ ♥♦✈♦ ♠'$♦❞♦ ♣❛%❛ ✐❞❡♥$✐✜❝❛% ❛+

♦♣✐♥✐G❡+ ❝♦♥$✐❞❛+ ❡♠ ❤❛*❤$❛❣* ❞✐+♣♦♥H✈❡✐+ ❡♠ $✇❡❡$*✱ ❡♠ ✈❡③ ❞❛ ✉$✐❧✐③❛./♦ ❞♦ $✇❡❡$ ❡♠ +✉❛

$♦$❛❧✐❞❛❞❡✳ 7❛%❛ ❡++❛ ✜♥❛❧✐❞❛❞❡✱ ❢♦✐ ♣%♦♣♦+$♦ ✉♠ ♠♦❞❡❧♦ ❜❛+❡❛❞♦ ❡♠ ❣%❛❢♦+✱ !✉❡ ✐♥❝♦%♣♦%❛

❛+ ✐♥❢♦%♠❛.G❡+ ❞❡ ❝♦♦❝♦%%U♥❝✐❛ ❞❛+ ❤❛*❤$❛❣* ❡ ❛❞♦$❛ $%U+ ❛❧❣♦%✐$♠♦+ ❞❡ ✐♥❢❡%U♥❝✐❛ ♣❛%❛

❛ ❝❧❛++✐✜❝❛./♦✿ ▲♦♦♣② ❇❡❧✐❡❢ ?2♦♣❛❣❛$✐♦♥ ✭▲❇7✮✱ ❘❡❧❛①❛$✐♦♥ ▲❛❜❡❧✐♥❣ ✭❘▲✮ ❡ ■$❡2❛$✐✈❡

❈❧❛**✐✜❝❛$✐♦♥ ❆❧❣♦2✐$❤♠* ✭■❈❆✮✳ ◆❡++❡ ♠♦❞❡❧♦ ❞❡ ❣%❛❢♦✱ ❝❛❞❛ ❛%❡+$❛ %❡♣%❡+❡♥$❛ ✉♠ ❧✐♥❦

✉♥✐❞✐%❡❝✐♦♥❛❧ ❡♥$%❡ ❤❛*❤$❛❣* !✉❡ ❝♦♦❝♦%%❡♠ ❡♠ ♣❡❧♦ ♠❡♥♦+ ✉♠ $✇❡❡$ ❡ ♦+ ❛❧❣♦%✐$♠♦+

❞❡ ✐♥❢❡%U♥❝✐❛ ❞❡❝✐❞❡♠ +✉❛ ♣♦❧❛%✐❞❛❞❡ ❝♦❧❡$✐✈❛♠❡♥$❡✳ ◆♦+ ❡①♣❡%✐♠❡♥$♦+✱ ❢♦%❛♠ ✉$✐❧✐③❛❞♦+

❛$%✐❜✉$♦+ ❝♦♠♦ ❛ ♣%❡+❡♥.❛ ❞❡ ✉♥✐❣%❛♠❛+✱ ♣♦♥$✉❛.G❡+ ❡ ❡♠♦$✐❝♦♥*✱ ❛❧'♠ ❞❛ ❝♦♥$❛❣❡♠



✹✳✷ ❘❡✈✐'(♦ ❇✐❜❧✐♦❣./✜❝❛ ✸✾

❞❡ ♣❛❧❛✈&❛' ♣♦'✐*✐✈❛' ❡ ♥❡❣❛*✐✈❛' ♣&❡'❡♥*❡' ♥♦  ✇❡❡ ✳ ◆♦' ❡①♣❡&✐♠❡♥*♦' 1✉❡ ❝♦♥'✐❞❡&❛♠

❛♣❡♥❛' ❤❛%❤ ❛❣%✱ ❛ ♠❡❧❤♦& ❆❝✉&7❝✐❛ ♦❜*✐❞❛ ❢♦✐ ❞❡ ✼✼✱✼✷✪✳ ◆♦ ❡♥*❛♥*♦✱ *❛♠❜=♠ ❢♦&❛♠

&❡❛❧✐③❛❞♦' ❡①♣❡&✐♠❡♥*♦' ❝♦♥'✐❞❡&❛♥❞♦ ♦'  ✇❡❡ % ❡✱ ♥❛ ❛❜♦&❞❛❣❡♠ ❞✉♦❜✐♥7&✐❛✱ ❢♦✐ ♦❜*✐❞❛

✉♠❛ ❆❝✉&7❝✐❛ ❞❡ ✽✹✱✶✸✪✳

❊♠ ❬✻✺❪✱ ❛' ♦♣✐♥✐H❡' ❝♦♥*✐❞❛' ❡♠  ✇❡❡ % 'I♦ ❝❧❛''✐✜❝❛❞❛' ❞❡ ❛❝♦&❞♦ ❝♦♠ ✉♠ ❛❧✈♦ ❡'✲

♣❡❝L✜❝♦✳ ❉❛❞❛ ✉♠❛ ❝♦♥'✉❧*❛ ✭❡①'✳✿ ✏●♦♦❣❧❡✑✱ ✏✐S❛❞✑✮✱ ♦ ♦❜❥❡*✐✈♦ = ✐❞❡♥*✐✜❝❛& ❛ ♣♦❧❛&✐❞❛❞❡

❞♦'  ✇❡❡ % ❛ &❡'♣❡✐*♦ ❞❛ ❝♦♥'✉❧*❛ &❡❛❧✐③❛❞❛✱ ✐✳❡✳✱ ❞♦ ❛❧✈♦✱ ❝♦♥'✐❞❡&❛♥❞♦ '❡✉ ❝♦♥*❡①*♦✳ ❖

❝♦♥*❡①*♦ = ❝♦♥'✐❞❡&❛❞♦ ❛*&❛✈=' ❞❛ ✉*✐❧✐③❛WI♦ ❞❡  ✇❡❡ % &❡❧❛❝✐♦♥❛❞♦' ❛♦ ❛❧✈♦✱ ✐✳❡✳✱  ✇❡❡ %

♣✉❜❧✐❝❛❞♦' ♣❡❧❛ ♠❡'♠❛ ♣❡''♦❛✱ '❡ ✇❡❡ % ❡*❝✳ ❈♦♠♦ ❡'*&❛*=❣✐❛ ♣❛&❛ ❛ ❝❧❛''✐✜❝❛WI♦ ❞❛'

♦♣✐♥✐H❡'✱ ❢♦✐ ❛❞♦*❛❞❛ ❛ ✐♥❝♦&♣♦&❛WI♦ ❞❡ ❛*&✐❜✉*♦' ❞❡♣❡♥❞❡♥*❡' ❞♦ ❛❧✈♦ ❡①*&❛L❞❛' ❛*&❛✈='

❞❡ &❡❣&❛' '✐♥*7*✐❝❛' ❞❡ ❜❛'❡' ❞❡ ❞❛❞♦' ❞❡  ✇❡❡ %✳ ❆ ❡'*&❛*=❣✐❛ ❛❞♦*❛❞❛ = &❡❛❧✐③❛❞❛ ❡♠

*&Y' ❡*❛♣❛'✿ ❛✮ ❝❧❛''✐✜❝❛WI♦ ❞❡ '✉❜❥❡*✐✈✐❞❛❞❡✱ ❜✮ ❝❧❛''✐✜❝❛WI♦ ❞❡ ♣♦❧❛&✐❞❛❞❡ ❡ ❝✮ ♦*✐♠✐③❛✲

WI♦ ❜❛'❡❛❞❛ ❡♠ ❣&❛❢♦ ♣❛&❛ ❛✉♠❡♥*❛& ♦ ❞❡'❡♠♣❡♥❤♦✱ ❝♦♥'✐❞❡&❛♥❞♦ ♦'  ✇❡❡ % &❡❧❛❝✐♦♥❛❞♦'✳

◆❛' ❞✉❛' ♣&✐♠❡✐&❛' ❡*❛♣❛'✱ ❢♦✐ ✉*✐❧✐③❛❞♦ ♦ ❙❱▼✳ S❛&❛ ❛ ❣❡&❛WI♦ ❞♦' ❛*&✐❜✉*♦' ♣❛&❛ ♦

❝❧❛''✐✜❝❛❞♦&✱ ♦'  ✇❡❡ % ❢♦&❛♠ ♥♦&♠❛❧✐③❛❞♦' ✭❡①'✳✿ ✏❣♦♦♦♦❞✑ ♣❛&❛ ✏❣♦♦❞✑ ❡ ✏❧✉✈❡✑ ♣❛&❛

✏❧♦✈❡✑✮✱ ❢♦&❛♠ ❛♣❧✐❝❛❞❛' ❛' *=❝♥✐❝❛' ❞❡ (❖❙✲ ❛❣❣✐♥❣✱ % ❡♠♠✐♥❣ ❡ ❛♥7❧✐'❡ '✐♥*7*✐❝❛✳ ❈♦♠♦

&❡'✉❧*❛❞♦✱ ❝♦♥❝❧✉✐✉✲'❡ 1✉❡ ❡''❛ ❛❜♦&❞❛❣❡♠ ❛✉♠❡♥*♦✉ ❝♦♥'✐❞❡&❛✈❡❧♠❡♥*❡ ♦ ❞❡'❡♠♣❡♥❤♦ ❞❛

♠✐♥❡&❛WI♦ ❞❡ ♦♣✐♥✐H❡' ❞❡♣❡♥❞❡♥*❡' ❞❡ ❛❧✈♦✱ ❝♦♠ ✉♠❛ ❆❝✉&7❝✐❛ ❞❡ ✻✽✱✷✪✳

❊♠ ❬✽✵❪✱ ❢♦✐ ❛♣&❡'❡♥*❛❞♦ ✉♠ ♠♦❞❡❧♦ ❝❤❛♠❛❞♦ ❊♠♦ ✐❝♦♥ ❙♠♦♦ ❤❡❞ ▲❆♥❣✉❛❣❡ ▼♦❞❡❧

✭❊❙▲❆▼✮✱ 1✉❡ ✐♥*❡❣&❛ ❞❛❞♦' &♦*✉❧❛❞♦' ♠❛♥✉❛❧♠❡♥*❡ ❡ ❞❛❞♦' &♦*✉❧❛❞♦' ❞❡ ❢♦&♠❛ ♥♦✐%②✳

◆❛ &♦*✉❧❛WI♦ ♥♦✐%②✱ ❝♦♥'✐❞❡&❛✲'❡ 1✉❡  ✇❡❡ % 1✉❡ ♣♦''✉❡♠ ❡♠♦ ✐❝♦♥ ♣♦'✐*✐✈♦ ✭♥❡❣❛*✐✈♦✮

❝♦♥*Y♠ ♦♣✐♥✐I♦ ♣♦'✐*✐✈❛ ✭♥❡❣❛*✐✈❛✮✳ ❊''❛ ✐♥*❡❣&❛WI♦ = &❡❛❧✐③❛❞❛ ♥♦ ♠❡'♠♦ ❢'❛♠❡✇♦'❦ ❞❡

❛♣&❡♥❞✐③❛❞♦✱ ❝♦♠ ♦ ♦❜❥❡*✐✈♦ ❞❡ ❛*✐♥❣✐& ♠❡❧❤♦& ❞❡'❡♠♣❡♥❤♦ ♥❛ ♠✐♥❡&❛WI♦ ❞❡ ♦♣✐♥✐H❡' ❡♠

 ✇❡❡ %✳ ◆❛ ❢❛'❡ ❞❡ ♣&=✲♣&♦❝❡''❛♠❡♥*♦✱ ❢♦&❛♠ ✉*✐❧✐③❛❞❛' ❛' '❡❣✉✐♥*❡' *=❝♥✐❝❛'✿ &❡♠♦WI♦ ❞❡

% ♦♣✇♦'❞% ❡  ✇❡❡ % ❞✉♣❧✐❝❛❞♦'✱ % ❡♠♠✐♥❣✱ ❝♦♥✈❡&'I♦ ❞❡ ❧❡*&❛' ♠❛✐_'❝✉❧❛' ♣❛&❛ ♠✐♥_'❝✉❧❛'

❡ ❛ '✉❜'*✐*✉✐WI♦ ❞❡  ♦❦❡♥% ❡'♣❡❝L✜❝♦' ❞♦ ❚✇✐**❡&✱ ❯❘▲' ❡ ❞L❣✐*♦' ♣♦&  ❛❣% ❡'♣❡❝✐❛✐'✳

❖ ♠♦❞❡❧♦ ❊❙▲❆▼ ♦❜*❡✈❡ ♠❡❧❤♦& ❞❡'❡♠♣❡♥❤♦ ❝♦♠♣❛&❛❞♦ ❛ ✉♠ ♠♦❞❡❧♦ ❞❡ ❧✐♥❣✉❛❣❡♠

*♦*❛❧♠❡♥*❡ '✉♣❡&✈✐'✐♦♥❛❞♦ ❡ &❡♣♦&*♦✉ ✉♠❛ ❆❝✉&7❝✐❛ ❞❡ ✼✾✱✺✪ ❝♦♠♦ '❡✉ ♠❡❧❤♦& &❡'✉❧*❛❞♦

♣❛&❛ ❛ ❝❧❛''✐✜❝❛WI♦ ❞❡ '✉❜❥❡*✐✈✐❞❛❞❡ ❡ ✽✷✱✺✪ ♣❛&❛ ❛ ❝❧❛''✐✜❝❛WI♦ ❞❡ ♣♦❧❛&✐❞❛❞❡✳

❊♠ ❬✶✻❪✱ ❢♦✐ ♣&♦♣♦'*❛ ❛ ✉*✐❧✐③❛WI♦ ❞❡ ❞✐❢❡&❡♥*❡' ❝❛*❡❣♦&✐❛' ❞❡ '❡♥*✐♠❡♥*♦'✱ ✉*✐❧✐③❛❞❛'

❝♦♠♦ ♠❡*❛✲❛*&✐❜✉*♦'✱ ❝♦♠ ♦ ♦❜❥❡*✐✈♦ ❞❡ ♠❡❧❤♦&❛& ♦ ❞❡'❡♠♣❡♥❤♦ ❞❛ ♠✐♥❡&❛WI♦ ❞❡ ♦♣✐✲

♥✐H❡' ❡♠  ✇❡❡ %✳ ❋♦&❛♠ ❝♦♠❜✐♥❛❞♦' ❛*&✐❜✉*♦' ❝♦♠♦ ❛ ✐♥*❡♥'✐❞❛❞❡ ❞❛ ♦♣✐♥✐I♦ ✭%❝♦'❡ ❞❡
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❆) ❜❛)❡) ❞❡ $✇❡❡$) ■-♦♥② ❡ ❙❛-❝❛)♠✱ ♣✉❜❧✐❝❛❞❛) ❡♠ ❬✹✺❪✱ ❢♦,❛♠ ❝,✐❛❞❛) ♥♦ ♣❡,W♦❞♦
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✐❞✐♦♠❛ ❞♦  ✇❡❡ ✳ I❛1❛ ❝1✐❛1 ❛% ❜❛%❡% ❞❡ ❝❛❞❛ ✐❞✐♦♠❛✱ ❡❧❡% ❝♦♠♣❛1❛1❛♠ ❛ ❧_♥❣✉❛
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❼ ❈❛♠❛❞❛ ❞❡ %&'✲%&♦❝❡++❛♠❡♥-♦ ✷ ✭❈%%✷✮

◆❛ 2❡❣✉♥❞❛ ❝❛♠❛❞❛✱ ❈TT✷✱ ❛❧$♠ ❞❛ ;❡♠♦K3♦ ❞❡ # ♦♣✇♦+❞#✱  ♦❦❡♥# ❡2♣❡❝R✜❝♦2 ❢♦;❛♠

2✉❜2#✐#✉R❞♦2 ♣♦;  ❛❣# ❡2♣❡❝✐❛✐2

✶✼

✳ T❛❧❛✈;❛2 ✐♥✐❝✐❛❞❛2 ❝♦♠ ❤❛#❤ ❛❣ ✭❡①❡♠♣❧♦✿ ★◆❡②✲

♠❛;✮ ❢♦;❛♠ 2✉❜2#✐#✉R❞❛2 ♣♦; ❍❆❙❍❚❆●✱ ♥♦♠❡2 ❞❡ ✉2✉\;✐♦2 ✭❡①❡♠♣❧♦✿ ❅❖❜❛♠❛✮

2✉❜2#✐#✉R❞♦2 ♣♦; ❯❙❊❘◆❆▼❊ ❡ ❯❘▲# ✭❡①❡♠♣❧♦✿ ❤##♣2✿✴✴#✇✐##❡;✳❝♦♠✴✮ ♣♦; ❯❘▲✳

✶✻

◆❡"#❛ ❞✐""❡'#❛()♦✱ ❢♦✐ ✉#✐❧✐③❛❞❛ ❛ ❧✐"#❛ ❞❡  !♦♣✇♦%❞ ❞✐"♣♦♥2✈❡❧ ❡♠ ❤!!♣✿✴✴%♥♦✇❜❛❧❧✳!❛-!❛-✉%✳♦-❣✴

❛❧❣♦-✐!❤♠%✴❡♥❣❧✐%❤✴%!♦♣✳!①!✳

✶✼

❈♦♠ ❡①❝❡()♦ ❞❡"#❛ #9❝♥✐❝❛✱ :✉❡ ❢♦✐ ✐♠♣❧❡♠❡♥#❛❞❛ ♣❡❧♦ ❛✉#♦'✱ #♦❞❛" ❛" #9❝♥✐❝❛" ❞❡ ♣'9✲♣'♦❝❡""❛♠❡♥#♦

✉#✐❧✐③❛❞❛" ♥❡"#❛ ❞✐""❡'#❛()♦ ❢♦'❛♠ ❡①❡❝✉#❛❞❛" ✉#✐❧✐③❛♥❞♦✲"❡ ❛ ❆=■ ❞❛ ❢❡''❛♠❡♥#❛ ❲❡❦❛✳
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❆❧"♠ ❞✐&&♦✱ ♦& ❡♠♦#✐❝♦♥' ❢♦*❛♠ &✉❜&.✐.✉/❞♦& ♣♦* ❊▼❖❚■❈❖◆ ❡ ❛& ♣♦♥.✉❛34❡& &✉❜&✲

.✐.✉/❞❛& ♣♦* /❯◆❈❚❯❆❚■❖◆✳ ❊♠♦#✐❝♦♥' ❡ ♣♦♥.✉❛34❡& ❝♦♥&✐❞❡*❛❞♦& ❡&.8♦ ❛♣*❡&❡♥✲

.❛❞♦& ♥❛ ❚❛❜❡❧❛ ✺✳✷✳

❚❛❜❡❧❛ ✺✳✷✿ =♦♥.✉❛34❡& ❡ ❡♠♦#✐❝♦♥' &✉❜&.✐.✉/❞♦& ♣♦* #❛❣' ❡&♣❡❝✐❛✐&✳

=♦♥.✉❛34❡& ❊♠♦.✐❝♦♥&

✳ ✳✳ ✳✳✳ ✳✳✳✳ ✿✮ ❂✴ ✿✭ ✿⑤ ✿✴ ✿✲✮ ✿✲✭

✱ ✒ ✿♣ ✿♦ ❀✮ ✿❉ ✿❞ ✿❪ ✿❬

❀ ❀❀ ✿❙ ❀✲✮ ❀✲✭ ✿✲❉ ✿✲= ✿✲❪ ✿✲❬

✿ ✿✿ ✿✿✿ ✿✲❙ ❁✸ ✿✲✴ ✿✲⑤ ✿✬✭ ❂✮ ❂❉

✦ ✦✦ ✦✦✦ ✦✦✦✦ ✦✦✦✦✦ ❂= ❂❪ ❂❬ ❂✭ ✽✲✮ ✽✲✭ ✽✲❪

❄ ❄❄ ❄❄❄ ❄❄❄❄ ❄❄❄❄❄ ✽✲❬ ✿❅ ✿❖ ✽✮ ✽✭

❼ ❈❛♠❛❞❛ ❞❡ %&'✲%&♦❝❡++❛♠❡♥-♦ ✸ ✭❈%%✸✮

◆❛ .❡*❝❡✐*❛ ❝❛♠❛❞❛✱ ❈==✸✱ ❛❧"♠ ❞❛& ."❝♥✐❝❛& ❛♣❧✐❝❛❞❛& ♥❛& ❝❛♠❛❞❛& ❈==✶ ❡ ❈==✷✱

❢♦✐ ❛❞✐❝✐♦♥❛❞❛ ❛ ."❝♥✐❝❛ ❞❡ '#❡♠♠✐♥❣ ❝♦♠ ♦ ❛❧❣♦*✐.♠♦ ❙♥♦✇❜❛❧❧✳

❼ ❈❛♠❛❞❛ ❞❡ %&'✲%&♦❝❡++❛♠❡♥-♦ ✹ ✭❈%%✹✮

◆❛ V✉❛*.❛ ❝❛♠❛❞❛✱ ❈==✹✱ ❢♦✐ ✉.✐❧✐③❛❞❛ ❛ ♠❡&♠❛ ❝♦♥✜❣✉*❛38♦ ❞❛ ❝❛♠❛❞❛ ❛♥.❡*✐♦*

✭❈==✸✮✱ ♠❛& ❝♦♠ ♦✉.*❛ ."❝♥✐❝❛ ❞❡ '#❡♠♠✐♥❣✱ ♦ ❛❧❣♦*✐.♠♦ ▲♦✈✐♥'✳

❆♣Z& ❛ *❡❛❧✐③❛38♦ ❞♦ ♣*"✲♣*♦❝❡&&❛♠❡♥.♦✱ ❢♦*❛♠ ❣❡*❛❞♦& ♦& ❛.*✐❜✉.♦& ♣*❡❞✐.✐✈♦& ❛ &❡*❡♠

✉.✐❧✐③❛❞♦& ♣❡❧♦& ❝❧❛&&✐✜❝❛❞♦*❡&✳ ◆❡&.❡ .*❛❜❛❧❤♦✱ ❢♦✐ ✉.✐❧✐③❛❞❛ ❛ *❡♣*❡&❡♥.❛38♦ ❞♦& ❛.*✐❜✉.♦&

❡♠ ❢♦*♠❛.♦ ❞❡ ♥✲❣*❛♠❛&✱ ❥^ ❞❡.❛❧❤❛❞♦& ♥♦ ❈❛♣/.✉❧♦ ✷✳ ❯♠❛ ❝♦♥✜❣✉*❛38♦ ♠✉✐.♦ ✉.✐❧✐③❛❞❛

" ❛ ❝♦♠❜✐♥❛38♦ ❞❡ ✉♥✐❣*❛♠❛& ✭n = 1✮ ❡ ❜✐❣*❛♠❛& ✭n = 2✮ ❬✸✱ ✶✷✱ ✾✻✱ ✾✾✱ ✶✵✶✱ ✶✷✷✱ ✶✹✷❪✱

V✉❡ .❛♠❜"♠ ❢♦✐ ✉.✐❧✐③❛❞❛ ♥❡&.❡ .*❛❜❛❧❤♦✳ ❯♠❛ ❢♦*♠❛ ❞❡ ✉.✐❧✐③❛* ♦& ♥✲❣*❛♠❛& " ❛.*❛✈"& ❞❛

❝♦♥.❛❜✐❧✐③❛38♦ ❞❛& ❢*❡V✉c♥❝✐❛& ♦✉ ❛ ♣*❡&❡♥3❛ ❞♦& ♥✲❣*❛♠❛& ❡♠ ✉♠ #✇❡❡#✳ ◆❡&.❡ .*❛❜❛❧❤♦✱

❢♦✐ ✉.✐❧✐③❛❞❛ ❛ ♣*❡&❡♥3❛ ❞♦& ✉♥✐❣*❛♠❛& ❡ ❜✐❣*❛♠❛& ♥♦& #✇❡❡#' ❝♦♠♦ ❛.*✐❜✉.♦& ❞♦& ♣*❡❞✐.✐✈♦&✳

✺✳✷✳✷ ▼❡❞✐❞❛( ❞❡ ❆✈❛❧✐❛,-♦

=❛*❛ ❛ ❛✈❛❧✐❛38♦ ❞♦& ❝❧❛&&✐✜❝❛❞♦*❡&✱ ❢♦✐ ✉.✐❧✐③❛❞♦ ♦ ♠".♦❞♦ ❞❡ ✈❛❧✐❞❛38♦ ❝*✉③❛❞❛ ❡&.*❛.✐✲

✜❝❛❞❛ ❝♦♠ ✶✵ ✐.❡*❛34❡& ❬✺✻✱ ✻✾❪ ✭'#:❛#✐✜❡❞ ❦✲❢♦❧❞ ❝:♦'' ✈❛❧✐❞❛#✐♦♥✱ ❝♦♠ k = 10✮✱ ♣♦* &❡*

✉♠ ♠".♦❞♦ ❛♠♣❧❛♠❡♥.❡ ❛❞♦.❛❞♦✳ ◆❛ ✈❛❧✐❞❛38♦ ❝*✉③❛❞❛ ❝♦♠ k ✐.❡*❛34❡&✱ ❛ ❜❛&❡ ❞❡ ❞❛❞♦&

♦*✐❣✐♥❛❧ " ❛❧❡❛.♦*✐❛♠❡♥.❡ ❞✐✈✐❞✐❞❛ ❡♠ k &✉❜❝♦♥❥✉♥.♦&✱ ♦✉ ❢♦❧❞'✱ ❝♦♠ ❛♣*♦①✐♠❛❞❛♠❡♥.❡ ♦

♠❡&♠♦ .❛♠❛♥❤♦✳ ❖ .*❡✐♥❛♠❡♥.♦ ❡ .❡&.❡ &8♦ *❡❛❧✐③❛❞♦& k ✈❡③❡&✳ ❆ ❝❛❞❛ ✐.❡*❛38♦✱ ✉♠❛
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♣❛"#✐%&♦ ( ✉#✐❧✐③❛❞❛ ♣❛"❛ #❡.#❡ ❡ ❛. ♦✉#"❛. k − 1 ♣❛"❛ #"❡✐♥♦✳ ❈♦♠ ❛ ✉#✐❧✐③❛%&♦ ❞❛ ✈❛❧✐❞❛✲

%&♦ ❝"✉③❛❞❛ ❡.#"❛#✐✜❝❛❞❛✱ ❛♦ ❞✐✈✐❞✐" ❛ ❜❛.❡✱ ( ♠❛♥#✐❞❛ ❛ ♣"♦♣♦"%&♦ ❞❡ ✐♥.#9♥❝✐❛. ❞❡ ❝❛❞❛

❝❧❛..❡ ❡♠ ❝❛❞❛ ♣❛"#✐%&♦✳

◆❛ ❛❜♦"❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛%&♦ #❡"♥<"✐❛ .&♦ ❣❡"❛❞♦. ✉♠ #♦#❛❧ ❞❡ ✶✵ ♠♦❞❡❧♦. ♣♦" ❝❧❛.✲

.✐✜❝❛❞♦"✱ ✉♠ ❡♠ ❝❛❞❛ ✐#❡"❛%&♦✳ ❏< ♥❛ ❛❜♦"❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛%&♦ ❞✉♦❜✐♥<"✐❛✱ .&♦ ❣❡"❛❞♦.

✉♠ #♦#❛❧ ❞❡ ✷✵ ♠♦❞❡❧♦. ♣♦" ❝❧❛..✐✜❝❛❞♦"✱ ♣♦✐. .&♦ ❣❡"❛❞♦. ✶✵ ♠♦❞❡❧♦. ♣❛"❛ ❛ ❝❧❛..✐✜❝❛%&♦

❞❡ .✉❜❥❡#✐✈✐❞❛❞❡ ❡ ✶✵ ♠♦❞❡❧♦. ♣❛"❛ ❛ ❝❧❛..✐✜❝❛%&♦ ❞❡ ♣♦❧❛"✐❞❛❞❡✳

B❛"❛ ❛ ❛✈❛❧✐❛%&♦ ❞♦. ❝❧❛..✐✜❝❛❞♦"❡.✱ ❝❛❞❛ ♠♦❞❡❧♦ ❣❡"❛❞♦ ( ✉#✐❧✐③❛❞♦ ♣❛"❛ ❛ ❝❧❛..✐✜❝❛%&♦

❞❛. ✐♥.#9♥❝✐❛. ❞❛ ❜❛.❡ ❞❡ #❡.#❡✳ ❆ .♦♠❛ ❞♦. ❛❝❡"#♦. ❡ ❡""♦. ❞♦ ❝❧❛..✐✜❝❛❞♦" ❞❡ ❝❛❞❛ ❝❧❛..❡✱

❝♦♥.✐❞❡"❛♥❞♦✲.❡ #♦❞❛. ❛. ✐#❡"❛%D❡.✱ .&♦ ❛♣"❡.❡♥#❛❞❛. ♥❛ ♠❛#"✐③ ❞❡ ❝♦♥❢✉.&♦✱ ❝♦♥❢♦"♠❡

❛♣"❡.❡♥#❛❞❛ ♥♦ ❈❛♣F#✉❧♦ ✷✳

◆❛ ❚❛❜❡❧❛ ✺✳✸✱ ❛♣"❡.❡♥#❛✲.❡ ❛ "❡♣"❡.❡♥#❛%&♦ ❞❛ ♠❛#"✐③ ❞❡ ❝♦♥❢✉.&♦ ❝♦♥.✐❞❡"❛♥❞♦✲.❡

❛. #"J. ❝❧❛..❡. ✏♥❡✉#"♦✑✱ ✏♣♦.✐#✐✈♦✑ ❡ ✏♥❡❣❛#✐✈♦✑ ♥❛ ❛❜♦"❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛%&♦ #❡"♥<"✐❛✱

"❡❛❧✐③❛❞❛ ❡♠ ❛♣❡♥❛. ✉♠❛ ❡#❛♣❛✳

❚❛❜❡❧❛ ✺✳✸✿ ❘❡♣"❡.❡♥#❛%&♦ ❞❛ ♠❛#"✐③ ❞❡ ❝♦♥❢✉.&♦ ♥❛ ❛❜♦"❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛%&♦ #❡"♥<"✐❛✳

❈❧❛##❡ ♣&❡❞✐)❛

♥❡✉#$♦ ♣♦'✐#✐✈♦ ♥❡❣❛#✐✈♦

❈
❧
❛
#
#
❡

&
❡
❛
❧

♥❡✉#$♦ a b c

♣♦'✐#✐✈♦ d e f

♥❡❣❛#✐✈♦ g h i

◆❛ ❛❜♦"❞❛❣❡♠ ❞❡ ❝❧❛..✐✜❝❛%&♦ #❡"♥<"✐❛✱ ❛ ❆❝✉"<❝✐❛ ❞❛ ❝❧❛..✐✜❝❛%&♦ ❝♦♥.✐.#❡ ♥❛ "❛③&♦

❡♥#"❡ ❛ O✉❛♥#✐❞❛❞❡ ❞❡  ✇❡❡ # ❝❧❛..✐✜❝❛❞♦. ❝♦""❡#❛♠❡♥#❡ (a + e + i) ❡ ❛ O✉❛♥#✐❞❛❞❡ #♦#❛❧

❞❡  ✇❡❡ # ❡♠ ✉♠❛ ❞❡#❡"♠✐♥❛❞❛ ❜❛.❡ ❞❡ ❞❛❞♦. (a+ b+ c+ d+ e+ f + g+h+ i)✱ ❝♦♥❢♦"♠❡

❞❡✜♥✐❞❛ ♥❛ ❊O✉❛%&♦ ✺✳✶✳ ❆. ♠❡❞✐❞❛. $%❡❝✐#✐♦♥✱ ❘❡❝❛❧❧ ❡ ❋✶✲▼❡❛#✉%❡ ❥< ❢♦"❛♠ ❛♣"❡.❡♥#❛✲

❞❛. ♥♦ ❈❛♣F#✉❧♦ ✷ ❡ #❛♠❜(♠ ♣♦❞❡♠ .❡" ❡①#"❛F❞❛. ❞❛ ♠❛#"✐③ ❞❡ ❝♦♥❢✉.&♦ ❛♣"❡.❡♥#❛❞❛ ♥❛

❚❛❜❡❧❛ ✺✳✸✳

Acurácia =
a+ e+ i

a+ b+ c+ d+ e+ f + g + h+ i
✭✺✳✶✮

◆❛ ❛❜♦"❞❛❣❡♠ ❞✉♦❜✐♥<"✐❛✱ ❡①✐.#❡♠ ❞✉❛. ♠❛#"✐③❡. ❞❡ ❝♦♥❢✉.&♦✱ ❝♦♥❢♦"♠❡ ✐❧✉.#"❛❞♦ ♥❛

❚❛❜❡❧❛ ✺✳✹✳ ❉❡ ❢♦"♠❛ ❛ #♦"♥❛" ♦. "❡.✉❧#❛❞♦. ❞❡ ❛♠❜❛. ❛. ❛❜♦"❞❛❣❡♥. ❝♦♠♣❛"<✈❡✐.✱ ❛ ❛✈❛✲
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❧✐❛#$♦ ❞❛ ❛❜♦(❞❛❣❡♠ ❞✉♦❜✐♥.(✐❛ /❡(. (❡❛❧✐③❛❞❛ ❝♦♥/✐❞❡(❛♥❞♦ ♦ ❞❡/❡♠♣❡♥❤♦ ♦❜4✐❞♦ ♣❡❧♦/

❞♦✐/ ❝❧❛//✐✜❝❛❞♦(❡/ ❝♦♥❥✉♥4❛♠❡♥4❡✱ ❡♠ ✈❡③ ❞❡ ❛✈❛❧✐❛( ♦ ❞❡/❡♠♣❡♥❤♦ ❞❡ ❝❛❞❛ ❝❧❛//✐✜❝❛❞♦(

✐♥❞✐✈✐❞✉❛❧♠❡♥4❡✳ ❆❧;♠ ❞✐//♦✱ /❡($♦ ❝♦♥/✐❞❡(❛❞❛/✱ ♣♦( <✉❡/4=❡/ ❞❡ ❝♦♠♣❛4✐❜✐❧✐❞❛❞❡✱ ❛/

❝❧❛//❡/ ♦❜❥❡4✐✈♦ ✭♥❡✉4(♦✮✱ ♣♦/✐4✐✈♦ ❡ ♥❡❣❛4✐✈♦✳

❚❛❜❡❧❛ ✺✳✹✿ ❘❡♣(❡/❡♥4❛#$♦ ❞❛/ ♠❛4(✐③❡/ ❞❡ ❝♦♥❢✉/$♦ ❞❛ ♣(✐♠❡✐(❛ ❡ /❡❣✉♥❞❛ ❡4❛♣❛/ ❞❛

❛❜♦(❞❛❣❡♠ ❞❡ ❝❧❛//✐✜❝❛#$♦ ❞✉♦❜✐♥.(✐❛✳

❈❧❛##❡ ♣&❡❞✐)❛

♦❜❥❡$✐✈♦ '✉❜❥❡$✐✈♦

❈
❧
❛
#
#
❡
&
❡
❛
❧

♦❜❥❡$✐✈♦ ❛ ❜

'✉❜❥❡$✐✈♦ ❝ ❞

❈❧❛##❡ ♣&❡❞✐)❛

♣♦'✐$✐✈♦ ♥❡❣❛$✐✈♦

♣♦'✐$✐✈♦ ❡ ❢

♥❡❣❛$✐✈♦ ❣ ❤

❉❡//❛ ❢♦(♠❛✱ ❞❡ ❛❝♦(❞♦ ❝♦♠ ❛/ ♠❛4(✐③❡/ ❞❡ ❝♦♥❢✉/$♦ ❛♣(❡/❡♥4❛❞❛/ ♥❛ ❚❛❜❡❧❛ ✺✳✹✱ ❞❛❞❛

✉♠❛ ❜❛/❡ ❞❡ ❞❛❞♦/ ❞❡  ✇❡❡ #✱ ❛ ❆❝✉(.❝✐❛ ❞❛ ❝❧❛//✐✜❝❛#$♦ ♥❛ ❛❜♦(❞❛❣❡♠ ❞✉♦❜✐♥.(✐❛ /❡(.

❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ❛ (❛③$♦ ❡♥4(❡ ❛ <✉❛♥4✐❞❛❞❡ ❞❡  ✇❡❡ # ❝❧❛//✐✜❝❛❞♦/ ❝♦((❡4❛♠❡♥4❡ (a+e+h)

❡ ❛ <✉❛♥4✐❞❛❞❡ 4♦4❛❧ ❞❡  ✇❡❡ # ♥❛ ❜❛/❡ ❞❡ ❞❛❞♦/ (a + b + c + e + f + g + h)✱ ❝♦♥❢♦(♠❡

❞❡✜♥✐❞❛ ♥❛ ❊<✉❛#$♦ ✺✳✷✳

Acurácia =
a+ e+ h

a+ b+ c+ e+ f + g + h
✭✺✳✷✮

✺✳✷✳✸ ▼❡❞✐❞❛ )*♦♣♦-.❛✿ ❊**♦ ❈*2.✐❝♦

I❛(❛ ❛ ❝♦♠♣❛(❛#$♦ ❞❛/ ❛❜♦(❞❛❣❡♥/✱ ❢♦(❛♠ ✉4✐❧✐③❛❞❛/ ❛/ ♠❡❞✐❞❛/ ❆❝✉(.❝✐❛✱ ❋✶✲▼❡❛#✉'❡ ❡

✉♠❛ ♥♦✈❛ ♠❡❞✐❞❛✱ ❞❡♥♦♠✐♥❛❞❛ ❊((♦ ❈(N4✐❝♦✱ <✉❡ ✈✐/❛ ❛✈❛❧✐❛( ✉♠ 4✐♣♦ ❞❡ ❡((♦ ❝♦♥/✐❞❡(❛❞♦✱

♥❡/4❡ 4(❛❜❛❧❤♦✱ ♠❛✐/ ❣(❛✈❡ ♥❛ ♠✐♥❡(❛#$♦ ❞❡ ♦♣✐♥✐=❡/✳ ❈♦♠♦ ✉♠ ❞♦/ ♣(✐♥❝✐♣❛✐/ ♦❜❥❡4✐✈♦/ ❞❛

♠✐♥❡(❛#$♦ ❞❡ ♦♣✐♥✐=❡/ ; ✐❞❡♥4✐✜❝❛( ❛ ♣♦❧❛(✐❞❛❞❡ ✭♣♦/✐4✐✈❛ ♦✉ ♥❡❣❛4✐✈❛✮ ❞❛ ♦♣✐♥✐$♦ ❞❡ ✉♠

❣(✉♣♦ ❞❡ ♣❡//♦❛/ /♦❜(❡ ✉♠ ❞❡4❡(♠✐♥❛❞♦ 4O♣✐❝♦ ❞❡ ✐♥4❡(❡//❡ ✭♣(♦❞✉4♦✱ ✜❧♠❡✱ ❝❡❧❡❜(✐❞❛❞❡✱

♣♦❧N4✐❝♦✱ ❡♠♣(❡/❛ ❡4❝✳✮✱ ❝♦♥/✐❞❡(❛✲/❡✱ ♥❡/4❡ 4(❛❜❛❧❤♦✱ <✉❡ ❝❧❛//✐✜❝❛( ❡((♦♥❡❛♠❡♥4❡  ✇❡❡ #

♥❡✉4(♦/ ✭♦❜❥❡4✐✈♦/✮ ❝♦♠♦ ♣♦/✐4✐✈♦/ ♦✉ ♥❡❣❛4✐✈♦/ ✭/✉❜❥❡4✐✈♦/✮ ; ♠❛✐/ ❝(N4✐❝♦ ❞♦ <✉❡ ♦ ❡((♦

❞❡ ❝❧❛//✐✜❝❛(  ✇❡❡ # /✉❜❥❡4✐✈♦/ ❝♦♠♦ ♦❜❥❡4✐✈♦/✳ ■//♦ ♣♦(<✉❡✱ ♥♦ ♣(✐♠❡✐(♦ ❝❛/♦✱  ✇❡❡ #

♥❡✉4(♦/ /$♦ ❝♦♥4❛❜✐❧✐③❛❞♦/ ❡((♦♥❡❛♠❡♥4❡ ♥❛ ♣♦❧❛(✐❞❛❞❡ ❞♦ 4O♣✐❝♦✱ ❡♥<✉❛♥4♦✱ ♥♦ /❡❣✉♥❞♦

4✐♣♦ ❞❡ ❡((♦✱  ✇❡❡ # /✉❜❥❡4✐✈♦/ /$♦ ❞❡/❝♦♥/✐❞❡(❛❞♦/ ❡ ❞❡✐①❛♠ ❞❡ ❝♦♥4(✐❜✉✐( ♣❛(❛ ❛ ❛✈❛❧✐❛#$♦

❞❛ ♣♦❧❛(✐❞❛❞❡ ❞♦ 4O♣✐❝♦ ❡♠ <✉❡/4$♦✳ I♦(4❛♥4♦✱ ♥❡/4❡ ❝♦♥4❡①4♦✱ ✉♠ ♠❡♥♦( ✈❛❧♦( ❞❡ ❊((♦

❈(N4✐❝♦ ❛♣(❡/❡♥4❛❞♦ ♣♦( ✉♠❛ ❛❜♦(❞❛❣❡♠ ✐♥❞✐❝❛(. ✉♠ ♠❡❧❤♦( ❞❡/❡♠♣❡♥❤♦✳
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◆❛ ❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛./♦ 0❡$♥2$✐❛✱ ❛ ♠❡❞✐❞❛ ❊$$♦ ❈$60✐❝♦ ✭❊❈✮ ❝♦♥+✐+0❡ ♥❛ $❛③/♦

❡♥0$❡ ❛ +♦♠❛ ❞❛+ :✉❛♥0✐❞❛❞❡+ ❞❡  ✇❡❡ # ♥❡✉0$♦+ ❝❧❛++✐✜❝❛❞♦+ ❝♦♠♦ ♣♦+✐0✐✈♦+ ♦✉ ♥❡❣❛0✐✈♦+

(b+c) ❡ ❛ :✉❛♥0✐❞❛❞❡ 0♦0❛❧ ❞❡  ✇❡❡ # ♥❡✉0$♦+ ❝❧❛++✐✜❝❛❞♦+ ❡$$♦♥❡❛♠❡♥0❡ ❡  ✇❡❡ # ❝❧❛++✐✜❝❛✲

❞♦+ ❡$$♦♥❡❛♠❡♥0❡ ❝♦♠♦ ♥❡✉0$♦+ (b+c+d+g)✱ ❝♦♥❢♦$♠❡ ❛♣$❡+❡♥0❛❞❛ ♥❛ ❊:✉❛./♦ ✺✳✸✳ ❊+0❛

❡:✉❛./♦ C ❞❡✜♥✐❞❛ ❛ ♣❛$0✐$ ❞❛ ♥♦0❛./♦ ❛♣$❡+❡♥0❛❞❛ ♥❛ ♠❛0$✐③ ❞❡ ❝♦♥❢✉+/♦ ❞❛ ❝❧❛++✐✜❝❛./♦

0❡$♥2$✐❛✱ $❡♣$❡+❡♥0❛❞❛ ♥❛ ❚❛❜❡❧❛ ✺✳✸✳

EC =
b+ c

b+ c+ d+ g
✭✺✳✸✮

◆❛ ❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛++✐✜❝❛./♦ ❞✉♦❜✐♥2$✐❛✱ ❛ ♠❡❞✐❞❛ ❊❈ ❝♦♥+✐+0❡ ♥❛ $❛③/♦ ❡♥0$❡ ❛

:✉❛♥0✐❞❛❞❡ ❞❡  ✇❡❡ # ♦❜❥❡0✐✈♦+ ✭♥❡✉0$♦+✮ ❝❧❛++✐✜❝❛❞♦+ ❝♦♠♦ +✉❜❥❡0✐✈♦+ ✭♣♦+✐0✐✈♦+ ♦✉ ♥❡❣❛✲

0✐✈♦+✱ $❡♣$❡+❡♥0❛❞♦+ ♣♦$ b✮ ❡ ❛ :✉❛♥0✐❞❛❞❡ 0♦0❛❧ ❞❡  ✇❡❡ # ♦❜❥❡0✐✈♦+ ✭♥❡✉0$♦+✮ ❝❧❛++✐✜❝❛❞♦+

❝♦♠♦ +✉❜❥❡0✐✈♦+ ✭♣♦+✐0✐✈♦+ ❡ ♥❡❣❛0✐✈♦+✮ ❡  ✇❡❡ # +✉❜❥❡0✐✈♦+ ❝❧❛++✐✜❝❛❞♦+ ❝♦♠♦ ♦❜❥❡0✐✈♦+

(b + c)✱ ❝♦♥❢♦$♠❡ ❛♣$❡+❡♥0❛❞❛ ♥❛ ❊:✉❛./♦ ✺✳✹✳ ❊+0❛ ❡:✉❛./♦ C ❞❡✜♥✐❞❛ ❛ ♣❛$0✐$ ❞❛ ♥♦✲

0❛./♦ ❛♣$❡+❡♥0❛❞❛ ♥❛ ♠❛0$✐③ ❞❡ ❝♦♥❢✉+/♦ ❞❛ ❝❧❛++✐✜❝❛./♦ ❞✉♦❜✐♥2$✐❛✱ $❡♣$❡+❡♥0❛❞❛ ♥❛

❚❛❜❡❧❛ ✺✳✹✳

EC =
b

b+ c
✭✺✳✹✮
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❚❡'♥<'✐❛

◆❡+0❛ +❡./♦✱ +/♦ ❛♣$❡+❡♥0❛❞♦+ ♦+ $❡+✉❧0❛❞♦+ ❝♦♠♣✉0❛❝✐♦♥❛✐+ ♦❜0✐❞♦+ ♣❡❧❛ ❛❜♦$❞❛❣❡♠ ❞❡

❝❧❛++✐✜❝❛./♦ 0❡$♥2$✐❛ ♣❛$❛ ❛ ♠✐♥❡$❛./♦ ❞❡ ♦♣✐♥✐G❡+✳ ❊+0❡ ❡①♣❡$✐♠❡♥0♦ 0❡♠ ❝♦♠♦ ♦❜❥❡✲

0✐✈♦ ❛ ✐❞❡♥0✐✜❝❛./♦ ❞♦+ ❞♦✐+ ♠❡❧❤♦$❡+ ❝❧❛++✐✜❝❛❞♦$❡+ ❡ ❞❛+ ❞✉❛+ ♠❡❧❤♦$❡+ ❝❛♠❛❞❛+ ❞❡

♣$C✲♣$♦❝❡++❛♠❡♥0♦ ♣❛$❛ ❡+0❛ ❛❜♦$❞❛❣❡♠✱ :✉❡ +❡$/♦ ✉0✐❧✐③❛❞♦+ ♥❛ ❝♦♠♣❛$❛./♦ ❝♦♠ ❛ ❛❜♦$✲
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◆❛ ❚❛❜❡❧❛ ✺✳✺✱ ❛ ♣❛*+✐* ❞♦/ ✈❛❧♦*❡/ ❡♠ ♥❡❣*✐+♦ ❡ ❞♦ ♥4♠❡*♦ +♦+❛❧ ❞❡ ✈✐+5*✐❛/✱ 6 ♣♦//7✈❡❧

♦❜/❡*✈❛* 8✉❡ ♦ ❛❧❣♦*✐+♠♦ ❙❱▼ ❛♣*❡/❡♥+❛ ❞❡/❡♠♣❡♥❤♦ /✉♣❡*✐♦* ❛♦/ ❞❡♠❛✐/✳

❆ ❚❛❜❡❧❛ ✺✳✻ ❛♣*❡/❡♥+❛ ♦ ♥4♠❡*♦ +♦+❛❧ ❞❡ ✈✐+5*✐❛/ ❞❡ ❝❛❞❛ ❛❧❣♦*✐+♠♦✱ 8✉❡ ❝♦♥/✐/+❡ ♥❛

/♦♠❛ ❞❛/ ✈✐+5*✐❛/ ❞❡ ❝❛❞❛ ❛❧❣♦*✐+♠♦ ✭★✈✐+5*✐❛/✮ ♣❛*❛ ❝❛❞❛ ❝❛♠❛❞❛ ❞❡ ♣*6✲♣*♦❝❡//❛♠❡♥+♦✳

❖ ♥4♠❡*♦ +♦+❛❧ ❞❡ ✈✐+5*✐❛/ 8✉❡ ✉♠ ❛❧❣♦*✐+♠♦ ♣♦❞❡ ❛❧❝❛♥F❛* 6 ✹✽ ✭✶✷ ❜❛/❡/ ❞❡ ❞❛❞♦/ × ✹
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❝❛♠❛❞❛$ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦✮✳ ❊♠ '❡❧❛12♦ ❛♦ ♥3♠❡'♦ ❞❡ ✈✐,6'✐❛$✱ ( ♣♦$$8✈❡❧ ♦❜$❡'✈❛'

:✉❡ ♦ ❛❧❣♦'✐,♠♦ ❙❱▼ ❛♣'❡$❡♥,❛ ❞❡$❡♠♣❡♥❤♦ $✉♣❡'✐♦'✱ ❝♦♠ ✉♠ ,♦,❛❧ ❞❡ ✹✵ ✈✐,6'✐❛$✳

❚❛❜❡❧❛ ✺✳✻✿ ◆3♠❡'♦ ,♦,❛❧ ❞❡ ✈✐,6'✐❛$ ❞♦$ ❛❧❣♦'✐,♠♦$ ❝♦♠ ❜❛$❡ ♥♦$ ✈❛❧♦'❡$ ♦❜,✐❞♦$ ❞❡

❆❝✉'I❝✐❛✳

❙❱▼ ◆❇ ▼◆❇ ❘❋ ❉❚ ▼❊

◆*♠❡-♦ ❞❡ ❱✐12-✐❛4 ✹✵ ✷ ✷✱✺ ✶✱✺ ✷ ✵

J❛'❛ ❛ ❡$❝♦❧❤❛ ❞♦$ ❞♦✐$ ♠❡❧❤♦'❡$ ❛❧❣♦'✐,♠♦$✱ ❛❧(♠ ❞♦ ♥3♠❡'♦ ❞❡ ✈✐,6'✐❛$✱ ❢♦✐ ✉,✐❧✐③❛❞♦

✉♠  ❛♥❦✐♥❣✱ ❞❡♥♦♠✐♥❛❞♦✱ ♥❡$,❛ ❞✐$$❡',❛12♦✱ ❞❡  ❛♥❦✐♥❣ ♠(❞✐♦✳ ❆ ♠❡,♦❞♦❧♦❣✐❛ ❛❞♦,❛❞❛

♣❛'❛ ♦ ❝I❧❝✉❧♦ ❞❡$$❡  ❛♥❦✐♥❣ ( ❞❡$❝'✐,❛ ❛ $❡❣✉✐' ❡ ❛$ ♣♦♥,✉❛1M❡$ ♦❜,✐❞❛$ $2♦ ❛♣'❡$❡♥,❛❞❛$

♥❛ ❚❛❜❡❧❛ ✺✳✼✳ J❛'❛ ♦❜,❡' ♦  ❛♥❦✐♥❣ ♠(❞✐♦ ❞♦$ ❛❧❣♦'✐,♠♦$✱ ♣❛'❛ ❝❛❞❛ ❜❛$❡ ❞❡ ❞❛❞♦$

❡ ❝❛♠❛❞❛ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦✱ ❢♦'❛♠ ❛,'✐❜✉8❞❛$ ♣♦♥,✉❛1M❡$ ❞❡ ✶ ❛ ✻ ♣❛'❛ ❝❛❞❛ ❛❧❣♦✲

'✐,♠♦✱ ❡♠ ♦'❞❡♠ ❞❛ ♠❛✐♦' ❆❝✉'I❝✐❛ ✭♣♦♥,✉❛12♦ ✶✮ ♣❛'❛ ❛ ♠❡♥♦' ✭♣♦♥,✉❛12♦ ✻✮✳ ❉❡$,❛

❢♦'♠❛✱ ♠❡♥♦'❡$ ✈❛❧♦'❡$ $✐❣♥✐✜❝❛♠ ♠❡❧❤♦'❡$ ❛❧❣♦'✐,♠♦$ ❡ ♠❛✐♦'❡$ ✈❛❧♦'❡$✱ ♣✐♦'❡$ ❛❧❣♦'✐,✲

♠♦$✳ ◆♦$ ❝❛$♦$ ❞❡ ❡♠♣❛,❡✱ ❢♦✐ ❢❡✐,❛ ❛ ♠(❞✐❛ ❞❛$ ♣♦♥,✉❛1M❡$ ❞♦$ ❛❧❣♦'✐,♠♦$ ❡♠♣❛,❛❞♦$✳

J♦' ❡①❡♠♣❧♦✱ ♣❛'❛ ❛ ❜❛$❡ ■'♦♥②✱ ❝♦♥$✐❞❡'❛♥❞♦ ❛ ❝❛♠❛❞❛ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦ ❈JJ✶✱

,❛♥,♦ ♦ ❛❧❣♦'✐,♠♦ ▼◆❇ :✉❛♥,♦ ♦ ❘❋ ❛♣'❡$❡♥,❛'❛♠ ❛ ♠❡❧❤♦' ❆❝✉'I❝✐❛ ✭✺✶✱✽✺✪✮✱ ❝♦♠♦

❛♣'❡$❡♥,❛❞♦ ♥❛ ❚❛❜❡❧❛ ✺✳✺✳ ◆❡$$❡ ❝❛$♦✱ ❝♦♠♦ ❡$$❡$ ❞♦✐$ ❛❧❣♦'✐,♠♦$ '❡♣'❡$❡♥,❛♠ ♦$ ❞♦✐$

♠❡❧❤♦'❡$✱ ❡❧❡$ ❞❡✈❡'✐❛♠ '❡❝❡❜❡' ❛$ ❞✉❛$ ♠❡❧❤♦'❡$ ♣♦♥,✉❛1M❡$ ❞♦  ❛♥❦✐♥❣✱ ♦✉ $❡❥❛✱ ✶ ❡ ✷✳

◆♦ ❡♥,❛♥,♦✱ ❝♦♠♦ ❤♦✉✈❡ ✉♠ ❡♠♣❛,❡✱ ❛♠❜♦$ '❡❝❡❜❡♠ ❛ ♠(❞✐❛ ❡♥,'❡ ❡$,❛$ ❞✉❛$ ♣♦♥,✉❛1M❡$✱

✐$,♦ (✱ ✶✱✺✳ J❛'❛ ❝❛❞❛ ❝❛♠❛❞❛ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦✱ ❛ ❧✐♥❤❛ ❘❛♥❦✐♥❣ ❛♣'❡$❡♥,❛ ❛ ♠(❞✐❛

❞❛$ ♣♦♥,✉❛1M❡$ ❡♥,'❡ ❛$ ✶✷ ❜❛$❡$ ❞❡ ❞❛❞♦$✱ ♣❛'❛ ❝❛❞❛ ❛❧❣♦'✐,♠♦✳ J♦' ✜♠✱ ♣❛'❛ ♦❜,❡'

♦  ❛♥❦✐♥❣ ♠(❞✐♦ ❞♦$ ❛❧❣♦'✐,♠♦$✱ ❝❛❧❝✉❧❛✲$❡ ❛ ♠(❞✐❛ ❞♦$ ✈❛❧♦'❡$ ❞❡  ❛♥❦✐♥❣ ❞❛$ :✉❛,'♦

❝❛♠❛❞❛$ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦✳

❆ ❚❛❜❡❧❛ ✺✳✽ ❛♣'❡$❡♥,❛ ♦  ❛♥❦✐♥❣ ♠(❞✐♦ ❞♦$ ❛❧❣♦'✐,♠♦$✳ ❆ ♠❡❧❤♦' ♣♦♥,✉❛12♦ ( ❛ :✉❡

$❡ ❛♣'♦①✐♠❛ ❞♦ ✈❛❧♦' ✶✳ ❉❡$,❛ ❢♦'♠❛✱ ( ♣♦$$8✈❡❧ ♦❜$❡'✈❛' :✉❡ ♦$ ❞♦✐$ ♠❡❧❤♦'❡$ ❛❧❣♦'✐,♠♦$✱

❞❡ ❛❝♦'❞♦ ❝♦♠ ♦  ❛♥❦✐♥❣ ♠(❞✐♦✱ $2♦ ❙❱▼ ❡ ▼◆❇✱ ❝♦♠ ✶✱✺✵ ❡ ✷✱✼✵✱ '❡$♣❡❝,✐✈❛♠❡♥,❡✱

❞❡$,❛❝❛❞♦$ ❡♠ ♥❡❣'✐,♦✳

❈♦♠ ♦ ♦❜❥❡,✐✈♦ ❞❡ ❡❧❡❣❡' ❛$ ❞✉❛$ ♠❡❧❤♦'❡$ ❝❛♠❛❞❛$ ❞❡ ♣'(✲♣'♦❝❡$$❛♠❡♥,♦✱ ❢♦'❛♠

❝❛❧❝✉❧❛❞♦$✱ ❛♥❛❧♦❣❛♠❡♥,❡✱ ♦ ♥3♠❡'♦ ❞❡ ✈✐,6'✐❛$ ❡ ♦  ❛♥❦✐♥❣ ♠(❞✐♦ ♣❛'❛ ❛$ :✉❛,'♦ ❝❛♠❛❞❛$✳

❖$ ✈❛❧♦'❡$ ♦❜,✐❞♦$ ❡♥❝♦♥,'❛♠✲$❡ ♥❛ ❚❛❜❡❧❛ ✺✳✾✳
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♦❜1✐❞♦3 ❞❡ ❋✶✲▼❡❛(✉ ❡✳

❙❱▼ ◆❇ ▼◆❇ ❘❋ ❉❚ ▼❊

◆*♠❡-♦ ❞❡ ❱✐12-✐❛4 ✸✹ ✵ ✶✵ ✶ ✷ ✶

❘❛♥❦✐♥❣ ▼9❞✐♦ ✶✱✹✹ ✸✱✻✺ ✷✱✶✾ ✺✱✸✺ ✹✱✶✺ ✹✱✷✸

◆❛ ❚❛❜❡❧❛ ✺✳✶✶✱ 4 ♣♦33<✈❡❧ ♦❜3❡,✈❛, =✉❡ ♦ ♠❡❧❤♦, ,❡3✉❧1❛❞♦ ❢♦✐ ♦❜1✐❞♦ ❝♦♠ ♦ ❙❱▼ ❝♦♠

✶✱✹✹✱ 3❡❣✉✐❞♦ ❞♦ ▼◆❇✱ ❝♦♠ ✷✱✶✾✱ ❡♠ ,❡❧❛HI♦ ❛♦  ❛♥❦✐♥❣ ♠4❞✐♦✳ ❖ ♥*♠❡,♦ ❞❡ ✈✐12,✐❛3

1❛♠❜4♠ 4 ♠❛✐♦, ♣❛,❛ ❡33❡3 ❛❧❣♦,✐1♠♦3✱ ♦✉ 3❡❥❛✱ ❙❱▼ ❝♦♠ ✸✹ ❡ ▼◆❇ ❝♦♠ ✶✵✳

❚❛❜❡❧❛ ✺✳✶✷✿ ◆*♠❡,♦ ❞❡ ✈✐12,✐❛3 ❡  ❛♥❦✐♥❣ ♠4❞✐♦ ❞❛3 ❝❛♠❛❞❛3 ❞❡ ♣,4✲♣,♦❝❡33❛♠❡♥1♦ ❝♦♠

❜❛3❡ ♥♦3 ✈❛❧♦,❡3 ♦❜1✐❞♦3 ❞❡ ❋✶✲▼❡❛(✉ ❡✳

❈>>✶ ❈>>✷ ❈>>✸ ❈>>✹

◆*♠❡-♦ ❞❡ ❱✐12-✐❛4 ✶✻✱✺ ✶✶✱✺ ✷✺ ✶✾

❘❛♥❦✐♥❣ ▼9❞✐♦ ✷✱✼✾ ✷✱✼✽ ✷✱✶✸ ✷✱✸✶

◆❛ ❚❛❜❡❧❛ ✺✳✶✷✱ ♦❜3❡,✈❛✲3❡ ❛ ❝❛♠❛❞❛ ❈OO✸ ❡♠ ♣,✐♠❡✐,♦ ❧✉❣❛,✱ ❝♦♠ ✷✱✶✸✱ ❡ ❛ ❝❛♠❛❞❛

❈OO✹ ❡♠ 3❡❣✉♥❞♦✱ ❝♦♠ ✷✱✸✶✱ ♥♦  ❛♥❦✐♥❣ ♠4❞✐♦ ❡ ❝♦♠ ♦3 ✈❛❧♦,❡3 ✷✺ ❡ ✶✾ ♥♦ ♥*♠❡,♦ ❞❡

✈✐12,✐❛3✱ ,❡3♣❡❝1✐✈❛♠❡♥1❡✳

O❛,❛ ❛ ✐❞❡♥1✐✜❝❛HI♦ ❞♦3 ♠❡❧❤♦,❡3 ❛❧❣♦,✐1♠♦3 ❡ 14❝♥✐❝❛3 ❞❡ ♣,4✲♣,♦❝❡33❛♠❡♥1♦ ❞❛ ❛❜♦,✲

❞❛❣❡♠ ❞❡ ❝❧❛33✐✜❝❛HI♦ 1❡,♥Q,✐❛✱ ♦♣1♦✉✲3❡ ♣♦, ✉1✐❧✐③❛, ♦3 ✈❛❧♦,❡3 ❞❡  ❛♥❦✐♥❣ ♠4❞✐♦✱ ♣♦✐3 ❡31❡

❢❛③ ✉♠❛ ❛✈❛❧✐❛HI♦ ❞❡ ❞❡3❡♠♣❡♥❤♦ ♠❛✐3 ❛♠♣❧❛ ♣♦, ❝♦♥3✐❞❡,❛, ❛ ♣♦3✐HI♦ ❞♦3 ❛❧❣♦,✐1♠♦3 ❡

14❝♥✐❝❛3 ❞❡ ♣,4✲♣,♦❝❡33❛♠❡♥1♦ ♥♦  ❛♥❦✐♥❣ ❡ ♥I♦ ❛♣❡♥❛3 ✉♠❛ ❝♦♥1❛❜✐❧✐③❛HI♦ ❞♦ ♥*♠❡,♦ ❞❡

✈❡③❡3 ❡♠ =✉❡ ❛ ❡31,❛14❣✐❛ ✈❡♥❝❡✱ ,❡♣,❡3❡♥1❛❞♦ ♣❡❧♦ ♥*♠❡,♦ ❞❡ ✈✐12,✐❛3✳ ❋♦,❛♠ ✉1✐❧✐③❛❞❛3

❛3 ♠4❞✐❛3 ❡♥1,❡ ♦3 ✈❛❧♦,❡3 ❞♦  ❛♥❦✐♥❣ ♠4❞✐♦ ♦❜1✐❞♦3 ❝♦♠ ❜❛3❡ ♥❛ ❆❝✉,Q❝✐❛ ✭❘❛♥❦✐♥❣✲

❆❝✉ .❝✐❛✮ ❡ ♥❛ ♠❡❞✐❞❛ ❋✶✲▼❡❛(✉ ❡ ✭❘❛♥❦✐♥❣✲❋✶✲▼❡❛(✉ ❡✮✳ ❖3 ,❡3✉❧1❛❞♦3 ♦❜1✐❞♦3 ❡31I♦

❛❣,✉♣❛❞♦3 ♥❛3 ❚❛❜❡❧❛3 ✺✳✶✸ ❡ ✺✳✶✹✳



✺✳✹ ❊①♣❡'✐♠❡♥+♦ ■■ ✿ ❆❜♦'❞❛❣❡♠ ❞❡ ❈❧❛66✐✜❝❛9:♦ ❉✉♦❜✐♥='✐❛ ✻✵

❚❛❜❡❧❛ ✺✳✶✸✿ ▼+❞✐❛ ❡♥/0❡ ♦2  ❛♥❦✐♥❣& ♠+❞✐♦2 ♦❜/✐❞♦2 ❛ ♣❛0/✐0 ❞❛2 ♠❡❞✐❞❛2 ❆❝✉08❝✐❛ ❡

❋✶✲▼❡❛&✉ ❡ ❞♦2 ❛❧❣♦0✐/♠♦2✳

❆❜♦#❞❛❣❡♠ ❚❡#♥+#✐❛ ❙❱▼ ◆❇ ▼◆❇ ❘❋ ❉❚ ▼❊

❘❛♥❦✐♥❣✲❆❝✉*+❝✐❛ ✶✱✺✵ ✹✱✷✸ ✷✱✼✵ ✹✱✷✺ ✹✱✵✻ ✹✱✷✻

❘❛♥❦✐♥❣✲❋✶✲▼❡❛0✉*❡ ✶✱✹✹ ✸✱✻✺ ✷✱✶✾ ✺✱✸✺ ✹✱✶✺ ✹✱✷✸

▼6❞✐❛ ✶✱✹✼ ✸✱✾✹ ✷✱✹✺ ✹✱✽✵ ✹✱✶✶ ✹✱✷✺

❚❛❜❡❧❛ ✺✳✶✹✿ ▼+❞✐❛ ❡♥/0❡ ♦2  ❛♥❦✐♥❣& ♠+❞✐♦2 ♦❜/✐❞♦2 ❛ ♣❛0/✐0 ❞❛2 ♠❡❞✐❞❛2 ❆❝✉08❝✐❛ ❡

❋✶✲▼❡❛&✉ ❡ ❞❛2 ❝❛♠❛❞❛2 ❞❡ ♣0+✲♣0♦❝❡22❛♠❡♥/♦✳

❆❜♦#❞❛❣❡♠ ❚❡#♥+#✐❛ ❈>>✶ ❈>>✷ ❈>>✸ ❈>>✹

❘❛♥❦✐♥❣✲❆❝✉*+❝✐❛ ✷✱✼✷ ✷✱✼✼ ✷✱✶✹ ✷✱✸✼

❘❛♥❦✐♥❣✲❋✶✲▼❡❛0✉*❡ ✷✱✼✾ ✷✱✼✽ ✷✱✶✸ ✷✱✸✶

▼6❞✐❛ ✷✱✼✻ ✷✱✼✽ ✷✱✶✹ ✷✱✸✹

➱ ♣♦22>✈❡❧ ♦❜2❡0✈❛0 @✉❡✱ ♥❛ ❛❜♦0❞❛❣❡♠ ❞❡ ❝❧❛22✐✜❝❛CD♦ /❡0♥80✐❛✱ ♦2 ❞♦✐2 ♠❡❧❤♦0❡2 ❛❧❣♦✲

0✐/♠♦2 ❢♦0❛♠ ❙❱▼✱ ❝♦♠ ♠+❞✐❛ ✶✱✹✼✱ ❡ ▼◆❇✱ ❝♦♠ ♠+❞✐❛ ✷✱✹✺✳ ❆2 ❞✉❛2 ♠❡❧❤♦0❡2 ❝❛♠❛❞❛2

❞❡ ♣0+✲♣0♦❝❡22❛♠❡♥/♦ ❢♦0❛♠ ❈NN✸✱ ❝♦♠ ♠+❞✐❛ ✷✱✶✹✱ ❡ ❈NN✹✱ ❝♦♠ ♠+❞✐❛ ✷✱✸✹✳ ❊2/❛

❝♦♥✜❣✉0❛CD♦ ❢♦✐ ❛ @✉❡ ❛♣0❡2❡♥/♦✉ ♠❡❧❤♦0 ❞❡2❡♠♣❡♥❤♦ ❡ 2❡08 ✉/✐❧✐③❛❞❛ ♣❛0❛ 0❡♣0❡2❡♥/❛0

❛ ❛❜♦0❞❛❣❡♠ ❞❡ ❝❧❛22✐✜❝❛CD♦ /❡0♥80✐❛ ♥❛ ❝♦♠♣❛0❛CD♦ ❝♦♠ ❛ ❛❜♦0❞❛❣❡♠ ❞❡ ❝❧❛22✐✜❝❛CD♦

❞✉♦❜✐♥80✐❛✱ ♥❛ ❙❡CD♦ ✺✳✺✳

✺✳✹ ❊①♣❡'✐♠❡♥+♦ ■■ ✿ ❆❜♦'❞❛❣❡♠ ❞❡ ❈❧❛66✐✜❝❛9:♦

❉✉♦❜✐♥='✐❛

◆❡2/❛ 2❡CD♦✱ 2D♦ ❛♣0❡2❡♥/❛❞♦2 ♦2 0❡2✉❧/❛❞♦2 ❝♦♠♣✉/❛❝✐♦♥❛✐2 ♦❜/✐❞♦2 ♣❡❧❛ ❛❜♦0❞❛❣❡♠ ❞❡

❝❧❛22✐✜❝❛CD♦ ❞✉♦❜✐♥80✐❛ ♣❛0❛ ❛ ♠✐♥❡0❛CD♦ ❞❡ ♦♣✐♥✐Q❡2✳ ❊2/❡ ❡①♣❡0✐♠❡♥/♦ /❡♠ ❝♦♠♦ ♦❜✲

❥❡/✐✈♦ ❛ ✐❞❡♥/✐✜❝❛CD♦ ❞♦2 ❞♦✐2 ♠❡❧❤♦0❡2 ❝❧❛22✐✜❝❛❞♦0❡2 ❡ ❞❛2 ❞✉❛2 ♠❡❧❤♦0❡2 ❝❛♠❛❞❛2 ❞❡

♣0+✲♣0♦❝❡22❛♠❡♥/♦ ♣❛0❛ ❡2/❛ ❛❜♦0❞❛❣❡♠✱ @✉❡ 2❡0D♦ ✉/✐❧✐③❛❞♦2 ♥❛ ❝♦♠♣❛0❛CD♦ ❝♦♠ ❛ ❛❜♦0✲

❞❛❣❡♠ ❞❡ ❝❧❛22✐✜❝❛CD♦ /❡0♥80✐❛ ♥❛ ❙❡CD♦ ✺✳✺✳

❆ ❝❧❛22✐✜❝❛CD♦ ❞✉♦❜✐♥80✐❛✱ ❞❡/❛❧❤❛❞❛ ♥♦ ❈❛♣>/✉❧♦ ✹✱ ❝♦♠♦ ♦ ♣0T♣0✐♦ ♥♦♠❡ 2✉❣❡0❡✱

♦❝♦00❡ ❡♠ ❞✉❛2 ❡/❛♣❛2 ❜✐♥80✐❛2✳ ❆ ♣0✐♠❡✐0❛ ❡/❛♣❛ 0❡❛❧✐③❛ ❛ ❝❧❛22✐✜❝❛CD♦ ❞❡ 2✉❜❥❡/✐✈✐❞❛❞❡

✭❝❧❛22✐✜❝❛CD♦ ❜✐♥80✐❛✮✱ @✉❡ ❝♦♥2✐2/❡ ❡♠ ❞✐2/✐♥❣✉✐0 *✇❡❡*& @✉❡ ♣♦22✉❡♠ ❛❧❣✉♠❛ ♦♣✐♥✐D♦



✺✳✹ ❊①♣❡'✐♠❡♥+♦ ■■ ✿ ❆❜♦'❞❛❣❡♠ ❞❡ ❈❧❛66✐✜❝❛9:♦ ❉✉♦❜✐♥='✐❛ ✻✶

✭!✉❜❥❡&✐✈♦!✮ ❞♦!  ✇❡❡ # ,✉❡ ♥.♦ ♣♦!!✉❡♠ ♦♣✐♥✐.♦ ✭♦❜❥❡&✐✈♦! ♦✉ ♥❡✉&1♦!✮✳ ❆ !❡❣✉♥❞❛ ❡&❛♣❛

❜❛!❡✐❛✲!❡ ♥❛ ❝❧❛!!✐✜❝❛:.♦ ❞❡ ♣♦❧❛1✐❞❛❞❡ ✭❝❧❛!!✐✜❝❛:.♦ ❜✐♥;1✐❛✮✱ ,✉❡ ❝♦♥!✐!&❡ ❡♠ ❝❧❛!!✐✜❝❛1

♦!  ✇❡❡ # ,✉❡ ❢♦1❛♠ ❝❧❛!!✐✜❝❛❞♦! ❝♦♠♦ !✉❜❥❡&✐✈♦! ♥❛ ♣1✐♠❡✐1❛ ❡&❛♣❛✱ ❡♠ ♣♦!✐&✐✈♦! ♦✉

♥❡❣❛&✐✈♦!✳

❆!!✐♠ ❝♦♠♦ ♥❛ ❛❜♦1❞❛❣❡♠ ❞❡ ❝❧❛!!✐✜❝❛:.♦ &❡1♥;1✐❛✱ ❢♦1❛♠ ✉&✐❧✐③❛❞♦! ♦! ❛❧❣♦1✐&♠♦!

❙❱▼✱ ◆❇✱ ▼◆❇✱ ❘❋✱ ❉❚ ❡ ▼❊✱ ❛! ❝❛♠❛❞❛! ❞❡ ♣1I✲♣1♦❝❡!!❛♠❡♥&♦ ❈KK✶✱ ❈KK✷✱ ❈KK✸

❡ ❈KK✹ ❡ ❛! ♠❡❞✐❞❛! ❆❝✉1;❝✐❛ ❡ ❋✶✲▼❡❛#✉'❡ ♣❛1❛ ❛ ❛✈❛❧✐❛:.♦ ❞♦! 1❡!✉❧&❛❞♦!✳

❆ ❚❛❜❡❧❛ ✺✳✶✺ ❛♣1❡!❡♥&❛ ♦! 1❡!✉❧&❛❞♦! ♦❜&✐❞♦!✱ ♣❛1❛ ❝❛❞❛ ❜❛!❡ ❞❡ ❞❛❞♦!✱ ❛&1❛✈I! ❞❛

❛❜♦1❞❛❣❡♠ ❞❡ ❝❧❛!!✐✜❝❛:.♦ ❞✉♦❜✐♥;1✐❛✱ ❡♠ &❡1♠♦! ❞❡ ❆❝✉1;❝✐❛✱ ❝♦♥❢♦1♠❡ ❞❡✜♥✐❞♦ ♥❛
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'❡♠♣❡♥❤♦ F ♦ ❙❱▼✱ ❝♦♠ ✶✱✸✶✱ ❡ ❡♠ '❡❣✉✐❞❛ ♦ ▼◆❇✱ ❝♦♠ ✷✱✶✽✳ ❖ ❞❡'❡♠♣❡♥❤♦ '❡ ,❡♣❡ ❡

❡♠ ,❡❧❛/0♦ ❛♦ ♥C♠❡,♦  ♦ ❛❧ ❞❡ ✈✐ E,✐❛'✿ ❙❱▼ ❡♠ ♣,✐♠❡✐,♦✱ ❝♦♠ ✸✼ ✈✐ E,✐❛'✱ ❡ ▼◆❇ ❡♠

'❡❣✉♥❞♦✱ ❝♦♠ ✶✵ ✈✐ E,✐❛'✳



✺✳✹ ❊①♣❡'✐♠❡♥+♦ ■■ ✿ ❆❜♦'❞❛❣❡♠ ❞❡ ❈❧❛66✐✜❝❛9:♦ ❉✉♦❜✐♥='✐❛ ✻✹

❆ ❚❛❜❡❧❛ ✺✳✷✵ ❛♣+❡,❡♥.❛ ♦ ♥0♠❡+♦ .♦.❛❧ ❞❡ ✈✐.5+✐❛, ❡ ♦  ❛♥❦✐♥❣ ♠6❞✐♦ ❞❛, ❝❛♠❛❞❛,

❞❡ ♣+6✲♣+♦❝❡,,❛♠❡♥.♦ ❝♦♠ ❜❛,❡ ♥♦, ✈❛❧♦+❡, ♦❜.✐❞♦, ❞❡ ❋✶✲▼❡❛(✉ ❡✳

❚❛❜❡❧❛ ✺✳✷✵✿ ◆0♠❡+♦ ❞❡ ✈✐.5+✐❛, ❡  ❛♥❦✐♥❣ ♠6❞✐♦ ❞❛, ❝❛♠❛❞❛, ❞❡ ♣+6✲♣+♦❝❡,,❛♠❡♥.♦ ❝♦♠

❜❛,❡ ♥♦, ✈❛❧♦+❡, ♦❜.✐❞♦, ❞❡ ❋✶✲▼❡❛(✉ ❡✳

❈!!✶ ❈!!✷ ❈!!✸ ❈!!✹

◆'♠❡*♦ ❞❡ ❱✐/0*✐❛2 ✷✶ ✶✵ ✶✻✱✺ ✷✹✱✺

❘❛♥❦✐♥❣ ▼6❞✐♦ ✷✱✻✽ ✷✱✻✽ ✷✱✹✶ ✷✱✷✸

❊♠ +❡❧❛>?♦ ❛♦  ❛♥❦✐♥❣ ♠6❞✐♦✱ 6 ♣♦,,A✈❡❧ ♦❜,❡+✈❛+ B✉❡ ❛ ❝❛♠❛❞❛ ❈EE✹ ❛♣+❡,❡♥.❛

♠❡❧❤♦+ ❞❡,❡♠♣❡♥❤♦✱ ❝♦♠ ✷✱✷✸✱ ❡ ❡♠ ,❡❣✉✐❞❛ ❛ ❝❛♠❛❞❛ ❈EE✸✱ ❝♦♠ ✷✱✹✶✳ ❊♠ +❡❧❛>?♦ ❛♦

♥0♠❡+♦ ❞❡ ✈✐.5+✐❛,✱ ❈EE✹ ♣♦,,✉✐ ♦ ♠❡❧❤♦+ ❞❡,❡♠♣❡♥❤♦✱ ,❡❣✉✐❞♦ ❞❡ ❈EE✶✿ ✷✹✱✺ ✈✐.5+✐❛,

❡ ✷✶ ✈✐.5+✐❛,✱ +❡,♣❡❝.✐✈❛♠❡♥.❡✳

❆,,✐♠ ❝♦♠♦ ♥❛ ❛❜♦+❞❛❣❡♠ ❞❡ ❝❧❛,,✐✜❝❛>?♦ .❡+♥K+✐❛✱ ❢♦+❛♠ ❝❛❧❝✉❧❛❞❛, ❛, ♠6❞✐❛, ❞♦,

✈❛❧♦+❡, ❞❡  ❛♥❦✐♥❣( ♠6❞✐♦ ❝♦♥,✐❞❡+❛♥❞♦ ❛, ♠❡❞✐❞❛, ❆❝✉+K❝✐❛ ✭❘❛♥❦✐♥❣✲❆❝✉ .❝✐❛✮ ❡ ❋✶✲

▼❡❛(✉ ❡ ✭❘❛♥❦✐♥❣✲❋✶✲▼❡❛(✉ ❡✮✳ ❖, +❡,✉❧.❛❞♦, ❞♦, ❛❧❣♦+✐.♠♦, ,?♦ ❛♣+❡,❡♥.❛❞♦, ♥❛ ❚❛✲

❜❡❧❛ ✺✳✷✶ ❡ ♦, +❡,✉❧.❛❞♦, ❞❛, ❝❛♠❛❞❛, ❞❡ ♣+6✲♣+♦❝❡,,❛♠❡♥.♦ ♥❛ ❚❛❜❡❧❛ ✺✳✷✷✳

❚❛❜❡❧❛ ✺✳✷✶✿ ▼6❞✐❛ ❡♥.+❡ ♦,  ❛♥❦✐♥❣( ♠6❞✐♦, ♦❜.✐❞♦, ❛ ♣❛+.✐+ ❞❛, ♠❡❞✐❞❛, ❆❝✉+K❝✐❛ ❡

❋✶✲▼❡❛(✉ ❡ ❞♦, ❛❧❣♦+✐.♠♦,✳

❆❜♦*❞❛❣❡♠ ❉✉♦❜✐♥=*✐❛ ❙❱▼ ◆❇ ▼◆❇ ❘❋ ❉❚ ▼❊

❘❛♥❦✐♥❣✲❆❝✉*+❝✐❛ ✶✱✹✸ ✹✱✵✹ ✷✱✾✷ ✹✱✶✾ ✹✱✸✺ ✹✱✵✼

❘❛♥❦✐♥❣✲❋✶✲▼❡❛0✉*❡ ✶✱✸✶ ✸✱✽✽ ✷✱✶✽ ✺✱✹✵ ✹✱✸✺ ✸✱✾✶

▼6❞✐❛ ✶✱✸✼ ✸✱✾✻ ✷✱✺✺ ✹✱✽✵ ✹✱✸✺ ✸✱✾✾

❚❛❜❡❧❛ ✺✳✷✷✿ ▼6❞✐❛ ❡♥.+❡ ♦,  ❛♥❦✐♥❣( ♠6❞✐♦, ♦❜.✐❞♦, ❛ ♣❛+.✐+ ❞❛, ♠❡❞✐❞❛, ❆❝✉+K❝✐❛ ❡

❋✶✲▼❡❛(✉ ❡ ❞❛, ❝❛♠❛❞❛, ❞❡ ♣+6✲♣+♦❝❡,,❛♠❡♥.♦✳

❆❜♦*❞❛❣❡♠ ❉✉♦❜✐♥=*✐❛ ❈!!✶ ❈!!✷ ❈!!✸ ❈!!✹

❘❛♥❦✐♥❣✲❆❝✉*+❝✐❛ ✷✱✼✻ ✷✱✺✶ ✷✱✸✸ ✷✱✹✵

❘❛♥❦✐♥❣✲❋✶✲▼❡❛0✉*❡ ✷✱✻✽ ✷✱✻✽ ✷✱✹✶ ✷✱✷✸

▼6❞✐❛ ✷✱✼✷ ✷✱✻✵ ✷✱✸✼ ✷✱✸✷

➱ ♣♦,,A✈❡❧ ♦❜,❡+✈❛+ B✉❡✱ ♥❛ ❛❜♦+❞❛❣❡♠ ❞❡ ❝❧❛,,✐✜❝❛>?♦ ❞✉♦❜✐♥K+✐❛✱ ♦, ❞♦✐, ♠❡❧❤♦+❡,



✺✳✺ ❆❜♦%❞❛❣❡♠ ❞❡ ❈❧❛--✐✜❝❛12♦ ❚❡%♥5%✐❛ ❱❡%-✉- ❉✉♦❜✐♥5%✐❛ ✻✺

❛❧❣♦$✐&♠♦( ❡ ❛( ❞✉❛( ♠❡❧❤♦$❡( ❝❛♠❛❞❛( ❞❡ ♣$/✲♣$♦❝❡((❛♠❡♥&♦ ❢♦$❛♠ ♦( ♠❡(♠♦( ❞❛ ❛❜♦$✲

❞❛❣❡♠ ❞❡ ❝❧❛((✐✜❝❛56♦ &❡$♥7$✐❛✿ ❙❱▼ ❡ ▼◆❇✱ ❡ ❈@@✸ ❡ ❈@@✹✳ ❖ ❙❱▼ ✜❝♦✉ ❡♠ ♣$✐♠❡✐$♦

❧✉❣❛$ ❝♦♠  ❛♥❦✐♥❣ ♠/❞✐♦ ❞❡ ✶✱✸✼✱ (❡❣✉✐❞♦ ❞♦ ▼◆❇ ❝♦♠ ✷✱✺✺✳ ❆ ♠❡❧❤♦$ ❝❛♠❛❞❛ ❞❡ ♣$/✲

♣$♦❝❡((❛♠❡♥&♦ ❢♦✐ ❛ ❈@@✹ ❝♦♠  ❛♥❦✐♥❣ ♠/❞✐♦ ❞❡ ✷✱✸✷✱ (❡❣✉✐❞❛ ❞❛ ❈@@✸ ❝♦♠ ✷✱✸✼✳ ❊(&❛

❝♦♥✜❣✉$❛56♦ ❢♦✐ ❛ K✉❡ ❛♣$❡(❡♥&♦✉ ♠❡❧❤♦$ ❞❡(❡♠♣❡♥❤♦ ❡ (❡$7 ✉&✐❧✐③❛❞❛ ♣❛$❛ $❡♣$❡(❡♥&❛$ ❛

❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛((✐✜❝❛56♦ ❞✉♦❜✐♥7$✐❛ ♥❛ ❝♦♠♣❛$❛56♦ ❝♦♠ ❛ ❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛((✐✜❝❛56♦

&❡$♥7$✐❛✱ ♥❛ ❙❡56♦ ✺✳✺✳

✺✳✺ ❆❜♦%❞❛❣❡♠ ❞❡ ❈❧❛--✐✜❝❛12♦ ❚❡%♥5%✐❛ ❱❡%-✉-

❉✉♦❜✐♥5%✐❛

◆❡(&❛ (❡56♦✱ / $❡❛❧✐③❛❞❛ ❛ ❝♦♠♣❛$❛56♦ ❡♥&$❡ ❛( ❞✉❛( ❛❜♦$❞❛❣❡♥( ❞❡ ❝❧❛((✐✜❝❛56♦ ✭&❡$♥7✲

$✐❛ ❡ ❞✉♦❜✐♥7$✐❛✮✱ ✉&✐❧✐③❛♥❞♦✲(❡ ♦( ♠❡❧❤♦$❡( ❛❧❣♦$✐&♠♦( ❡ ❝❛♠❛❞❛( ❞❡ ♣$/✲♣$♦❝❡((❛♠❡♥&♦

✐❞❡♥&✐✜❝❛❞♦( ♣❛$❛ ❝❛❞❛ ❛❜♦$❞❛❣❡♠✱ ♥❛( ❙❡5O❡( ✺✳✸ ❡ ✺✳✹✳ ❖ ♦❜❥❡&✐✈♦ ❞❡(&❛ ❝♦♠♣❛$❛56♦

/ $❡(♣♦♥❞❡$ R K✉❡(&6♦ ❞❡ ♣❡(K✉✐(❛ ✐❞❡♥&✐✜❝❛❞❛ ❡ ❞✐(❝✉&✐❞❛ ♥❡(&❛ ❞✐((❡$&❛56♦✿ ♥❛ ♠✐♥❡$❛✲

56♦ ❞❡ ♦♣✐♥✐O❡( ❡♠ &✇❡❡&)✱ K✉❛❧ ❛❜♦$❞❛❣❡♠ ♦❜&/♠ ♦ ♠❡❧❤♦$ ❞❡(❡♠♣❡♥❤♦✿ ❛ ❛❜♦$❞❛❣❡♠

&❡$♥7$✐❛ ♦✉ ❛ ❛❜♦$❞❛❣❡♠ ❞✉♦❜✐♥7$✐❛❄

❉❡ ❛❝♦$❞♦ ❝♦♠ ♦( ❡①♣❡$✐♠❡♥&♦( $❡❛❧✐③❛❞♦(✱ ♦( ❛❧❣♦$✐&♠♦( ❝♦♠ ♠❡❧❤♦$❡( ❞❡(❡♠♣❡✲

♥❤♦( ♥❛( ❞✉❛( ❛❜♦$❞❛❣❡♥( ❢♦$❛♠ ❙❱▼ ❡ ▼◆❇✱ ❡ ❛( ❞✉❛( ❝❛♠❛❞❛( ❞❡ ♣$/✲♣$♦❝❡((❛♠❡♥&♦

❝♦♠ ♠❡❧❤♦$❡( ❞❡(❡♠♣❡♥❤♦( ❢♦$❛♠ ❈@@✸ ❡ ❈@@✹✳ ❊((❡( ❛❧❣♦$✐&♠♦( ❡ ❝❛♠❛❞❛( ❞❡ ♣$/✲

♣$♦❝❡((❛♠❡♥&♦ (6♦ ❝♦♠♣❛$❛❞♦( ❡♠ &❡$♠♦( ❞❡ ❆❝✉$7❝✐❛ ❡ ❋✶✲▼❡❛)✉ ❡✱ ❛♣$❡(❡♥&❛❞❛( ♥♦

❈❛♣W&✉❧♦ ✷✱ ❡ ❊$$♦ ❈$W&✐❝♦✱ ❝✉❥❛ ❞❡✜♥✐56♦ ❢♦✐ ❛♣$❡(❡♥&❛❞❛ ♥❛ ❙✉❜(❡56♦ ✺✳✷✳✸ ❞❡(&❡ ❝❛♣W✲

&✉❧♦✳

◆❛ ❚❛❜❡❧❛ ✺✳✷✸✱ (6♦ ❛♣$❡(❡♥&❛❞❛( ❛( ❆❝✉$7❝✐❛( ♦❜&✐❞❛( ❛&$❛✈/( ❞❛( ❛❜♦$❞❛❣❡♥( ❞❡ ❝❧❛(✲

(✐✜❝❛56♦ &❡$♥7$✐❛ ❡ ❞✉♦❜✐♥7$✐❛✱ ✉&✐❧✐③❛♥❞♦✲(❡ ♦( ❛❧❣♦$✐&♠♦( ❙❱▼ ❡ ▼◆❇ ❝♦♠ ❛( ❝❛♠❛❞❛(

❞❡ ♣$/✲♣$♦❝❡((❛♠❡♥&♦ ❈@@✸ ❡ ❈@@✹✳ ❖( $❡(✉❧&❛❞♦( ❡♠ ♥❡❣$✐&♦ ❞❡(&❛❝❛♠ ❛ ❛❜♦$❞❛❣❡♠

✈❡♥❝❡❞♦$❛ ❡♠ ❝❛❞❛ ❝♦♠♣❛$❛56♦✳ ❆( ♠❡❧❤♦$❡( ❆❝✉$7❝✐❛( ♣♦$ ❜❛(❡ ❞❡ ❞❛❞♦( ❡♥❝♦♥&$❛♠✲(❡

(✉❜❧✐♥❤❛❞❛(✳ ❆ Y❧&✐♠❛ ❧✐♥❤❛ ❞❛ &❛❜❡❧❛ ✭★✈✐&[$✐❛(✮ ❛♣$❡(❡♥&❛ ♦ ♥Y♠❡$♦ ❞❡ ✈✐&[$✐❛( ❞❡ ❝❛❞❛

❛❜♦$❞❛❣❡♠ ♣❛$❛ ❝❛❞❛ ❛❧❣♦$✐&♠♦✳

❉❡ ❛❝♦$❞♦ ❝♦♠ ♦( ✈❛❧♦$❡( ❞❡(&❛❝❛❞♦( ❡♠ ♥❡❣$✐&♦✱ ♣♦❞❡ (❡$ ♦❜(❡$✈❛❞♦ K✉❡✱ ❡♠ ❣❡$❛❧✱ ❛

❛❜♦$❞❛❣❡♠ ❞❡ ❝❧❛((✐✜❝❛56♦ &❡$♥7$✐❛ ❛♣$❡(❡♥&❛ ❞❡(❡♠♣❡♥❤♦ (✉♣❡$✐♦$✳ ➱ ♣♦((W✈❡❧ ♦❜(❡$✈❛$
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❬✸✷❪ ❉♦♥❣✱ ▲✳✱ ❲❡✐✱ ❋✳✱ ❚❛♥✱ ❈✳✱ ❚❛♥❣✱ ❉✳✱ ❩❤♦✉✱ ▼✳✱ ❳✉✱ ❑✳ ❆❞❛♣5✐✈❡ )❡❝✉)3✐✈❡

♥❡✉)❛❧ ♥❡5✇♦)❦ ❢♦) 5❛)❣❡5✲❞❡♣❡♥❞❡♥5 5✇✐55❡) 3❡♥5✐♠❡♥5 ❝❧❛33✐✜❝❛5✐♦♥✳ ■♥  !♦❝❡❡❞✐♥❣)

♦❢ +❤❡ ✺✷♥❞ ❆♥♥✉❛❧ ▼❡❡+✐♥❣ ♦❢ +❤❡ ❆))♦❝✐❛+✐♦♥ ❢♦! ❈♦♠♣✉+❛+✐♦♥❛❧ ▲✐♥❣✉✐)+✐❝) ✭❆❈▲✮

✭✷✵✶✹✮✱ ❆❈▲✱ ♣✳ ✹✾✕✺✹✳

❬✸✸❪ ❉✉✇❛✐3✐✱ ❘✳✱ ❊❧✲❖3❢❛❧✐✱ ▼✳ ❆ 35✉❞② ♦❢ 5❤❡ ❡✛❡❝53 ♦❢ ♣)❡♣)♦❝❡33✐♥❣ 35)❛5❡❣✐❡3

♦♥ 3❡♥5✐♠❡♥5 ❛♥❛❧②3✐3 ❢♦) ❛)❛❜✐❝ 5❡①5✳ ❏♦✉!♥❛❧ ♦❢ ■♥❢♦!♠❛+✐♦♥ ❙❝✐❡♥❝❡ ✹✵✱ ✹ ✭✷✵✶✹✮✱

✺✵✶✕✺✶✸✳

❬✸✹❪ ❊C✉❧✐✱ ❆✳✱ ❙❡❜❛C'✐❛♥✐✱ ❋✳ ❉❡5❡)♠✐♥✐♥❣ 5❡)♠ 3✉❜❥❡❝5✐✈✐5② ❛♥❞ 5❡)♠ ♦)✐❡♥5❛5✐♦♥

❢♦) ♦♣✐♥✐♦♥ ♠✐♥✐♥❣✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✶✶+❤ ❈♦♥❢❡!❡♥❝❡ ♦❢ +❤❡ ❊✉!♦♣❡❛♥ ❈❤❛♣+❡!

♦❢ +❤❡ ❆))♦❝✐❛+✐♦♥ ❢♦! ❈♦♠♣✉+❛+✐♦♥❛❧ ▲✐♥❣✉✐)+✐❝) ✭❊❆❈▲✮ ✭✷✵✵✻✮✱ ❆❈▲✱ ♣✳ ✶✾✸✕✷✵✵✳

❬✸✺❪ ❋❡3♥❛♥❞❡C ❋✐❧❤♦✱ ❈✳ ❆✳✱ ❈❛3✈❛❧❤♦✱ ❏✳✱ )❧❛C'✐♥♦✱ ❆✳ ▼✐♥❡)❛WX♦ ❞❡ ♦♣✐♥✐Y❡3✿

❯♠ ❝❧❛33✐✜❝❛❞♦) 5❡)♥[)✐♦ ♦✉ ❞♦✐3 ❜✐♥[)✐♦3❄ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ■❱ ❙②♠♣♦)✐✉♠ ♦♥

❑♥♦✇❧❡❞❣❡ ❉✐)❝♦✈❡!②✱ ▼✐♥✐♥❣ ❛♥❞ ▲❡❛!♥✐♥❣ ✭❑❉▼✐▲❡✮ ✭✷✵✶✻✮✱ ♣✳ ✶✹✸✕✶✺✵✳



❘❡❢❡#$♥❝✐❛) ✼✼

❬✸✻❪ ❋❡"#❝❤❦❡✱ ❖✳✱ ●✉"❡✈②❝❤✱ ■✳✱ ❘✐11❜❡"❣❡"✱ ▼✳ ❋❧❛✇✜♥❞❡,✿ ❆ ♠♦❞✉❧❛, 2②24❡♠

❢♦, ♣,❡❞✐❝4✐♥❣ :✉❛❧✐4② ✢❛✇2 ✐♥ ✇✐❦✐♣❡❞✐❛✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ♦❢ ❈♦♥❢❡!❡♥❝❡ ❛♥❞

▲❛❜) ♦❢ +❤❡ ❊✈❛❧✉❛+✐♦♥ ❋♦!✉♠ ✭❈▲❊❋✮ ✭✷✵✶✷✮✳

❬✸✼❪ ❋❡"#✐♥✐✱ ❊✳✱ ▼❡##✐♥❛✱ ❊✳✱ 8♦③③✐✱ ❋✳ ❊①♣,❡22✐✈❡ 2✐❣♥❛❧2 ✐♥ 2♦❝✐❛❧ ♠❡❞✐❛ ❧❛♥❣✉❛❣❡2

4♦ ✐♠♣,♦✈❡ ♣♦❧❛,✐4② ❞❡4❡❝4✐♦♥✳ ❏♦✉!♥❛❧ ♦❢ ■♥❢♦!♠❛+✐♦♥  !♦❝❡))✐♥❣ ✫ ▼❛♥❛❣❡♠❡♥+

✺✷✱ ✶ ✭✷✵✶✻✮✱ ✷✵✕✸✺✳

❬✸✽❪ ❋❡"#✐♥✐✱ ❊✳✱ ▼❡##✐♥❛✱ ❊✳✱ 8♦③③✐✱ ❋✳ ❆✳ ❙❡♥4✐♠❡♥4 ❛♥❛❧②2✐2✿ ❇❛②❡2✐❛♥ ❡♥2❡♠❜❧❡

❧❡❛,♥✐♥❣✳ ❏♦✉!♥❛❧ ♦❢ ❉❡❝✐)✐♦♥ ❙✉♣♣♦!+ ❙②)+❡♠) ✻✽ ✭✷✵✶✹✮✱ ✷✻✕✸✽✳

❬✸✾❪ ❋❡"#✐♥✐✱ ❊✳✱ 8♦③③✐✱ ❋✳ ❆✳✱ ▼❡##✐♥❛✱ ❊✳ ❉❡4❡❝4✐♥❣ ✐,♦♥② ❛♥❞ 2❛,❝❛2♠ ✐♥ ♠✐❝,♦✲

❜❧♦❣2✿ ❚❤❡ ,♦❧❡ ♦❢ ❡①♣,❡22✐✈❡ 2✐❣♥❛❧2 ❛♥❞ ❡♥2❡♠❜❧❡ ❝❧❛22✐✜❡,2✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡

■♥+❡!♥❛+✐♦♥❛❧ ❈♦♥❢❡!❡♥❝❡ ♦♥ ❉❛+❛ ❙❝✐❡♥❝❡ ❛♥❞ ❆❞✈❛♥❝❡❞ ❆♥❛❧②+✐❝) ✭❉❙❆❆✮ ✭✷✵✶✺✮✱

■❊❊❊✱ ♣✳ ✶✕✽✳

❬✹✵❪ ❋❧❡❦♦✈❛✱ ▲✳✱ ❋❡"#❝❤❦❡✱ ❖✳✱ ●✉"❡✈②❝❤✱ ■✳ ❯❦♣❞✐♣❢✿ ❆ ❧❡①✐❝❛❧ 2❡♠❛♥4✐❝ ❛♣✲

♣,♦❛❝❤ 4♦ 2❡♥4✐♠❡♥4 ♣♦❧❛,✐4② ♣,❡❞✐❝4✐♦♥ ✐♥ 4✇✐44❡, ❞❛4❛✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✽+❤

■♥+❡!♥❛+✐♦♥❛❧ ❲♦!❦)❤♦♣ ♦♥ ❙❡♠❛♥+✐❝ ❊✈❛❧✉❛+✐♦♥ ✭❙❡♠❊✈❛❧✮ ✭✷✵✶✹✮✱ ❆❈▲✱ ♣✳ ✼✵✹✕

✼✶✵✳

❬✹✶❪ ●❛♠❛❧❧♦✱ 8✳✱ ●❛"❝✐❛✱ ▼✳ ❈✐4✐✉2✿ ❆ ♥❛✐✈❡✲❜❛②❡2 24,❛4❡❣② ❢♦, 2❡♥4✐♠❡♥4 ❛♥❛❧②2✐2

♦♥ ❡♥❣❧✐2❤ 4✇❡❡42✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✽+❤ ■♥+❡!♥❛+✐♦♥❛❧ ❲♦!❦)❤♦♣ ♦♥ ❙❡♠❛♥+✐❝

❊✈❛❧✉❛+✐♦♥ ✭❙❡♠❊✈❛❧✮ ✭✷✵✶✹✮✱ ❆❈▲✱ ♣✳ ✶✼✶✕✶✼✺✳

❬✹✷❪ ●❛♠♦♥✱ ▼✳ ❙❡♥4✐♠❡♥4 ❝❧❛22✐✜❝❛4✐♦♥ ♦♥ ❝✉24♦♠❡, ❢❡❡❞❜❛❝❦ ❞❛4❛✿ ♥♦✐2② ❞❛4❛✱ ❧❛,❣❡

❢❡❛4✉,❡ ✈❡❝4♦,2✱ ❛♥❞ 4❤❡ ,♦❧❡ ♦❢ ❧✐♥❣✉✐24✐❝ ❛♥❛❧②2✐2✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✷✵+❤ ■♥+❡!✲

♥❛+✐♦♥❛❧ ❈♦♥❢❡!❡♥❝❡ ♦♥ ❈♦♠♣✉+❛+✐♦♥❛❧ ▲✐♥❣✉✐)+✐❝) ✭❈❖▲■◆●✮ ✭✷✵✵✹✮✱ ❆❈▲✱ ♣✳ ✽✹✶✳

❬✹✸❪ ●✐♠♣❡❧✱ ❑✳✱ ❙❝❤♥❡✐❞❡"✱ ◆✳✱ ❖✬❈♦♥♥♦"✱ ❇✳✱ ❉❛#✱ ❉✳✱ ▼✐❧❧#✱ ❉✳✱ ❊✐#❡♥#1❡✐♥✱

❏✳✱ ❍❡✐❧♠❛♥✱ ▼✳✱ ❨♦❣❛1❛♠❛✱ ❉✳✱ ❋❧❛♥✐❣❛♥✱ ❏✳✱ ❙♠✐1❤✱ ◆✳ ❆✳ X❛,4✲♦❢✲2♣❡❡❝❤

4❛❣❣✐♥❣ ❢♦, 4✇✐44❡,✿ ❆♥♥♦4❛4✐♦♥✱ ❢❡❛4✉,❡2✱ ❛♥❞ ❡①♣❡,✐♠❡♥42✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡

✹✾+❤ ❆♥♥✉❛❧ ▼❡❡+✐♥❣ ♦❢ +❤❡ ❆))♦❝✐❛+✐♦♥ ❢♦! ❈♦♠♣✉+❛+✐♦♥❛❧ ▲✐♥❣✉✐)+✐❝)✿ ❍✉♠❛♥

▲❛♥❣✉❛❣❡ ❚❡❝❤♥♦❧♦❣✐❡) ✭❆❈▲✿❍▲❚✮ ✭✷✵✶✶✮✱ ❆❈▲✱ ♣✳ ✹✷✕✹✼✳

❬✹✹❪ ●♦✱ ❆✳✱ ❇❤❛②❛♥✐✱ ❘✳✱ ❍✉❛♥❣✱ ▲✳ ❚✇✐44❡, 2❡♥4✐♠❡♥4 ❝❧❛22✐✜❝❛4✐♦♥ ✉2✐♥❣ ❞✐24❛♥4

2✉♣❡,✈✐2✐♦♥✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ▼❛❝❤✐♥❡ ▲❡❛!♥✐♥❣ ❋✐♥❛❧  !♦❥❡❝+) ✭❈❙ ✷✷✹◆✮

❙+❛♥❢♦!❞ ❯♥✐✈❡!)✐+② ✭✷✵✵✾✮✱ ♣✳ ✶✷✳

❬✹✺❪ ●♦♥K❛❧✈❡#✱ 8✳✱ ❉❛❧✐♣✱ ❉✳✱ ❘❡✐#✱ ❏✳✱ ▼❡##✐❛#✱ ❏✳✱ ❘✐❜❡✐"♦✱ ❋✳✱ ▼❡❧♦✱ 8✳✱

●♦♥K❛❧✈❡#✱ ▼✳✱ ❇❡♥❡✈❡♥✉1♦✱ ❋✳ ❈❛,❛❝4❡,✐③❛♥❞♦ ❡ ❞❡4❡❝4❛♥❞♦ 2❛,❝❛2♠♦ ❡ ✐,♦♥✐❛

♥♦ 4✇✐44❡,✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✹+❤ ❇!❛③✐❧✐❛♥ ❲♦!❦)❤♦♣ ♦♥ ❙♦❝✐❛❧ ◆❡+✇♦!❦ ❆♥❛❧②)✐)

❛♥❞ ▼✐♥✐♥❣ ✭❇!❛❙◆❆▼✮ ✭✷✵✶✺✮✳

❬✹✻❪ ●♦♥K❛❧✈❡#✱ 8✳ ❯♠ ❜❡♥❝❤♠❛,❦ ♣❛,❛ ❝♦♠♣❛,❛Z[♦ ❞❡ ♠\4♦❞♦2 ♣❛,❛ ❛♥]❧✐2❡ ❞❡

2❡♥4✐♠❡♥4♦2✳ ❉✐22❡,4❛Z[♦ ❞❡ ▼❡24,❛❞♦✱ ❯♥✐✈❡,2✐❞❛❞❡ ❋❡❞❡,❛❧ ❞❡ ▼✐♥❛2 ●❡,❛✐2✱ ✷✵✶✺✳

❬✹✼❪ ●♦♥K❛❧✈❡#✱ 8✳✱ ❆"❛L❥♦✱ ▼✳✱ ❇❡♥❡✈❡♥✉1♦✱ ❋✳✱ ❈❤❛✱ ▼✳ ❈♦♠♣❛,✐♥❣ ❛♥❞

❝♦♠❜✐♥✐♥❣ 2❡♥4✐♠❡♥4 ❛♥❛❧②2✐2 ♠❡4❤♦❞2✳ ■♥  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ✶)+ ❆❈▼ ❈♦♥❢❡!❡♥❝❡

♦♥ ❖♥❧✐♥❡ ❙♦❝✐❛❧ ◆❡+✇♦!❦) ✭❈❖❙◆✮ ✭✷✵✶✸✮✱ ❆❈▼✱ ♣✳ ✷✼✕✸✽✳



❘❡❢❡#$♥❝✐❛) ✼✽

❬✹✽❪ ●♦♥#❛❧✈❡(✱ *✳✱ ❆-❛.❥♦✱ ▼✳✱ ❘✐❜❡✐-♦✱ ❋✳✱ ❇❡♥❡✈❡♥✉7♦✱ ❋✳✱ ●♦♥#❛❧✈❡(✱
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