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✐% "❤✐% %❦✐❧❧% ❜✉♥❞❧❡ "❤❛" ❞❡"❡0♠✐♥❡% ❧❛❜♦0 ♣0♦❞✉❝"✐✈✐"②✱ ❧❛❜♦0 ♠❛0❦❡" %✉❝❝❡%% ❛♥❞ ❡❝♦♥♦♠✐❝ ❛%%✐♠✐❧❛"✐♦♥ ♦❢

✐♠♠✐❣0❛♥"%✳

❲❡ ❜②♣❛%% "❤❡ ❝❡♥"0❛❧ ❞✐✣❝✉❧"② ✐♥ ❛%%❡%%✐♥❣ ✐♠♠✐❣0❛♥"%✬ ♠✉❧"✐♣❧❡ %❦✐❧❧% ❛%%✐♠✐❧❛"✐♦♥ ❜② ❛%%❡♠❜❧✐♥❣

%✉✐"❛❜❧❡ ❞❛"❛ ❢0♦♠ "❤❡ ❉✐❝"✐♦♥❛0② ♦❢ ❖❝❝✉♣❛"✐♦♥❛❧ ❚✐"❧❡% ✭❉❖❚✮ ❛♥❞ ❖❝❝✉♣❛"✐♦♥❛❧ ■♥❢♦0♠❛"✐♦♥ ◆❡"✇♦0❦

✭❖✯◆❊❚✮ ♠❡0❣❡❞ ✇✐"❤ "❤❡ ❯✳❙✳ ❈❡♥%✉%❡% ✶✾✾✵ ❛♥❞ ✷✵✵✵✱ ❛♥❞ "❤❡ ❆♠❡0✐❝❛♥ ❈♦♠♠✉♥✐"② ❙✉0✈❡②% ✭❆❈❙✮

✷✵✵✾✲✷✵✶✸✳

✷

❚❤❡ ❉❖❚ ❛♥❞ ❖✯◆❊❚ ♦✛❡0 ❞❡"❛✐❧❡❞ ❝❤❛0❛❝"❡0✐③❛"✐♦♥ ♦❢ %❦✐❧❧ 0❡6✉✐0❡♠❡♥"% ❢♦0 ♠✉❧"✐♣❧❡ ♦❝✲

❝✉♣❛"✐♦♥%✱ ❛♥❞ ❛0❡ ❜❛%❡❞ ♦♥ 0❛"✐♥❣% ❜② "0❛✐♥❡❞ ♦❝❝✉♣❛"✐♦♥❛❧ ❛♥❛❧②%"% 0❡❣❛0❞✐♥❣ ❤♦✇ ❥♦❜% ❛0❡ ♣❡0❢♦0♠❡❞

✐♥ ❡%"❛❜❧✐%❤♠❡♥"% ❛❝0♦%% "❤❡ ♥❛"✐♦♥✳ ❋0♦♠ "❤❡%❡ ♦❝❝✉♣❛"✐♦♥❛❧ %❦✐❧❧ 0❡6✉✐0❡♠❡♥"%✱ ✇❡ ❝❛0❡❢✉❧❧② ❝♦♠♣✉"❡

❢♦✉0 ❜0♦❛❞ ❝❛"❡❣♦0✐❡% ♦❢ ✇♦0❦❡0 %❦✐❧❧%✿ ❝♦♠♠✉♥✐❝❛"✐♦♥ %❦✐❧❧%✱ ❝♦❣♥✐"✐✈❡ %❦✐❧❧%✱ %♦❝✐♦✲❡♠♦"✐♦♥❛❧ %❦✐❧❧%✱ ❛♥❞

♣❤②%✐❝❛❧ %❦✐❧❧%✳ ❲❡ ❢♦❝✉% ♦✉0 ❡♠♣✐0✐❝❛❧ ❛♥❛❧②%✐% ❜② ♣♦♦❧✐♥❣ "❤❡%❡ ❞❛"❛ ❢♦0 ❝♦❤♦0"% ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣0❛♥"%

✶

❲❡ ❛❝❦♥♦✇❧❡❞❣❡ +❤❛+ ✏❛..✐♠✐❧❛+✐♦♥✑ ❛♥❞ ✏✐♥+❡❣2❛+✐♦♥✑ ❛2❡ ♠♦2❡ ❣❡♥❡2❛❧ ♣2♦❝❡..❡. +❤❡ ♣2♦❝❡.. ❜② ✇❤✐❝❤ ✐♠♠✐❣2❛♥+. ❜❡❝♦♠❡

❢✉❧❧✲✢❡❞❣❡❞ ♠❡♠❜❡2. ♦❢ +❤❡✐2 ❤♦.+ .♦❝✐❡+✐❡. ✭.❡❡ ❋✉❦✉②❛♠❛✱ ✷✵✵✻❀ A♦2+❡. ❛♥❞ ❘✉♠❜❛✉+✱ ✷✵✵✻❀ ❆❦❡2❧♦❢ ❛♥❞ ❈2❛♥+♦♥✱ ✷✵✶✵✮✳

❍❡2❡ ✇❡ ❢♦❝✉. ♦♥ +❤❡ ❤✉♠❛♥ ❝❛♣✐+❛❧ ❛♥❞ ✇♦2❦❡2✲♣2♦❞✉❝+✐✈✐+② ❡❧❡♠❡♥+. ♦❢ ✐♠♠✐❣2❛♥+.✬ ❡❝♦♥♦♠✐❝ ❛..✐♠✐❧❛+✐♦♥ ♦♥❧②✳

✷

❙❡❡ ❘✉❣❣❧❡. ❡+ ❛❧✳ ✭✷✵✶✺✮✳

✷



✇❤♦ ❛$$✐✈❡❞ ✐♥ *❤❡ ❯♥✐*❡❞ ❙*❛*❡- ❜❡*✇❡❡♥ ✶✾✻✵ ❛♥❞ ✷✵✵✺✳ ❲❡ ❛❧-♦ ✉*✐❧✐③❡ ♥♦✈❡❧ ❞❛*❛ ♦♥ *❤❡ ▲❡✈❡♥-❤*❡✐♥

❞✐-*❛♥❝❡ ♦❢ ♦♥❡✬- ❝♦✉♥*$② ♦❢ ♦$✐❣✐♥ *♦✇❛$❞- *❤❡ ❊♥❣❧✐-❤ ❧❛♥❣✉❛❣❡ *♦ ❝❧❛--✐❢② ✐♠♠✐❣$❛♥*-✬ ❆♥❣❧♦♣❤♦♥❡ ❛♥❞

♥♦♥✲❆♥❣❧♦♣❤♦♥❡ ♦$✐❣✐♥-✳

✸

❋✐♥❛❧❧②✱ ✇❡ ❝❛♣✐*❛❧✐③❡ ♦♥ *❤❡ ✐♥-✐❣❤* ♦❢ ▲❡♥♥❡❜❡$❣ ✭✶✾✻✼✮ ❛♥❞ ♦*❤❡$ ❝♦♥*$✐❜✉*✐♦♥-

*♦ *❤❡ ❝❤✐❧❞ ❞❡✈❡❧♦♣♠❡♥* ❧✐*❡$❛*✉$❡ ✭J✐♥❦❡$✱ ✶✾✾✹ ❛♥❞ ❇✐$❞-♦♥❣✱ ✷✵✵✻✮ *❤❛* ♣♦✐♥* *♦ ♠✐❞✲❝❤✐❧❞❤♦♦❞ ❛- ❛

♠❛❥♦$ *✉$♥✐♥❣ ♣♦✐♥* ✐♥ ❧✐♥❣✉✐-*✐❝✱ ❝♦❣♥✐*✐✈❡ ❛♥❞ ❜❡❤❛✈✐♦$❛❧ ❞❡✈❡❧♦♣♠❡♥* *♦ ❡①❛♠✐♥❡ ✐♠♠✐❣$❛♥*- ❛$$✐✈✐♥❣ ✐♥

*❤❡ ❯❙ ❛* ❞✐✛❡$❡♥* ❛❣❡-✳

❊①❛♠✐♥✐♥❣ *❤❡-❡ ❞❛*❛ ✇✐*❤ ❛ ❞✐✛❡$❡♥❝❡✲✐♥✲❞✐✛❡$❡♥❝❡- ❡♠♣✐$✐❝❛❧ -*$❛*❡❣② ✇❡ ✜♥❞ *❤❛* ❝❤✐❧❞$❡♥ ✇❤♦

❛$$✐✈❡ ❛* ❛♥ ❡❛$❧✐❡$ ❛❣❡ ❡♠♣❧♦② -❦✐❧❧- ✐♥ ❛❞✉❧*❤♦♦❞ *❤❛* ❛$❡ -✐♠✐❧❛$ *♦ ♦❜-❡$✈❛*✐♦♥❛❧❧② ❡R✉✐✈❛❧❡♥* ✇♦$❦❡$-

❜♦$♥ ✐♥ *❤❡ ❯♥✐*❡❞ ❙*❛*❡- ♦$ ❢$♦♠ ✭❝❧♦-❡ *♦✮ ❆♥❣❧♦♣❤♦♥❡ ♦$✐❣✐♥-✳ ❚❤✐- ✐- *$✉❡ ✇❤❡♥ ✐* ❝♦♠❡- *♦ *❤❡

❝♦♠♠✉♥✐❝❛*✐♦♥ -❦✐❧❧ $❡R✉✐$❡♠❡♥*- ♦❢ ♦❝❝✉♣❛*✐♦♥-✱ ❜✉* ✐- ❛❧-♦ *❤❡ ❝❛-❡ ❢♦$ ❝♦❣♥✐*✐✈❡✱ -♦❝✐♦✲❡♠♦*✐♦♥❛❧ ❛♥❞

♣❤②-✐❝❛❧ -❦✐❧❧- ❞✐♠❡♥-✐♦♥-✳ ■♥ ❝♦♥*$❛-*✱ *❤♦-❡ ✇❤♦ ❛$$✐✈❡ ❛* $❡❧❛*✐✈❡❧② ♦❧❞❡$ ❛❣❡- ✭✶✵ ♦$ ♠♦$❡✮✱ ❛♥❞ ✇❤♦-❡

♠♦*❤❡$ *♦♥❣✉❡- ❛$❡ ❞✐-*❛♥* ❢$♦♠ ❊♥❣❧✐-❤✱ ❛$❡ ❡♥❣❛❣❡❞ ✐♥ ♦❝❝✉♣❛*✐♦♥- *❤❛* ❛$❡ ♠❛$❦❡❞❧② ❞✐✛❡$❡♥* ❢$♦♠

❜♦"❤ *❤♦-❡ ✇❤♦ ♠✐❣$❛*❡❞ ❛* ②♦✉♥❣❡$ ❛❣❡- ❛♥❞ ✭❝❧♦-❡ *♦✮ ❆♥❣❧♦♣❤♦♥❡ ✐♥❞✐✈✐❞✉❛❧- ✐♥ ❣❡♥❡$❛❧✳

✹

❈❤✐❧❞❤♦♦❞

✐♠♠✐❣$❛♥*- ❜♦$♥ ✐♥ ❊♥❣❧✐-❤✲❞✐-*❛♥* ❝♦✉♥*$✐❡- ❛$$✐✈✐♥❣ ❛❢*❡$ *❤❡ ♣$✐♠❛$② -❝❤♦♦❧ ②❡❛$- ❛$❡ *❤❡ ♦♥❡- ✇❤♦ -❤♦✇

❛❜-♦❧✉*❡ ❛❞✈❛♥*❛❣❡ ✐♥ ♣❤②-✐❝❛❧ -❦✐❧❧- ❛- ❛❞✉❧*- ✭❛♣♣$♦①✐♠❛*❡❧② ✵✳✷ ♦❢ ♦♥❡ -*❛♥❞❛$❞ ❞❡✈✐❛*✐♦♥ ♦♥ *❤❛* -❦✐❧❧

❞✐-*$✐❜✉*✐♦♥✮ ❛♥❞ ❞✐-❛❞✈❛♥*❛❣❡ ♥♦* ♦♥❧② ✐♥ ❝♦♠♠✉♥✐❝❛*✐♦♥ -❦✐❧❧-✱ ❜✉* ❛❧-♦ ♦♥ ❝♦❣♥✐*✐✈❡ ❛♥❞ -♦❝✐♦✲❡♠♦*✐♦♥❛❧

♦♥❡- ✭✵✳✸✱ ✵✳✷ ❛♥❞ ✵✳✷ ♦❢ ♦♥❡ -*❛♥❞❛$❞ ❞❡✈✐❛*✐♦♥✱ $❡-♣❡❝*✐✈❡❧②✮✳ ●✐✈❡♥ *❤❡ $❡❧❛*✐✈❡ ❞✐✣❝✉❧*② ♦❢ ❧❡❛$♥✐♥❣ ❛

-❡❝♦♥❞ ❧❛♥❣✉❛❣❡ ❢♦$ ❝❤✐❧❞ ♠✐❣$❛♥*- ❢$♦♠ ❊♥❣❧✐-❤✲❞✐-*❛♥* ❝♦✉♥*$✐❡- ✇❤♦ ✐♠♠✐❣$❛*❡❞ ❛❢*❡$ ♠✐❞❞❧❡ ❝❤✐❧❞❤♦♦❞✱

♦♣*✐♠✐③✐♥❣ ❜❡❤❛✈✐♦$ ❧❡❛❞- *❤❡-❡ ♠✐❣$❛♥*- *♦ -♣❡❝✐❛❧✐③❡ ✐♥ -❦✐❧❧- ❛♣♣❧✐❝❛❜❧❡ *♦ ♠♦$❡ ♣❤②-✐❝❛❧ ♦❝❝✉♣❛*✐♦♥- ❛♥❞

-✐♠✉❧*❛♥❡♦✉-❧② $❡❢$❛✐♥ ❢$♦♠ ✐♥✈❡-*✐♥❣ ❤❡❛✈✐❧② ♦♥ *❤❡ ❛❝❝✉♠✉❧❛*✐♦♥ ♦❢ ❝♦♠♠✉♥✐❝❛*✐♦♥✱ ❝♦❣♥✐*✐✈❡ ❛♥❞ -♦❝✐♦✲

❡♠♦*✐♦♥❛❧ -❦✐❧❧-✳

✺

❚❤❡-❡ ❡✛❡❝*- ❛$❡ $❡❞✉❝❡❞ *♦ ❛♣♣$♦①✐♠❛*❡❧② ❤❛❧❢ ♦❢ *❤❡✐$ ♦$✐❣✐♥❛❧ -✐③❡ ✇❤❡♥ ✇❡ ❛❝❝♦✉♥* ❢♦$

*❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❢♦$♠❛❧ ❡❞✉❝❛*✐♦♥ ❛**❛✐♥♠❡♥*✳ ❲❡ ❝❛♥ ❛--❡$* ♥♦♥❡*❤❡❧❡-- *❤❛* ✐♥✐*✐❛❧ ❧❛♥❣✉❛❣❡ ❞❡✈❡❧♦♣♠❡♥*

❛♥❞ ❛❣❡✲❛*✲❛$$✐✈❛❧ ❝♦♥*✐♥✉❡ *♦ ❤❛✈❡ -✐❣♥✐✜❝❛♥* ✐♥*❡$❛❝*✐✈❡ ❛♥❞ ✐♥❞❡♣❡♥❞❡♥* ✐♠♣❛❝* ♦♥ ❛❞✉❧* -❦✐❧❧ ❛**❛✐♥♠❡♥*

✕ ♦✈❡$ ❛♥❞ ❛❜♦✈❡ *❤❡ ❡✛❡❝*- ♦❢ -❝❤♦♦❧✐♥❣✳

✸

❚❤✐# ♠❡❛#✉(❡ ✇❛# ♦(✐❣✐♥❛❧❧② ❞❡✈❡❧♦♣❡❞ ❜② 3❤❡ ▼❛① 6❧❛♥❝❦ ■♥#3✐3✉3❡ ♦❢ ❊✈♦❧✉3✐♦♥❛(② ❆♥3❤(♦♣♦❧♦❣② ✐♥ ●❡(♠❛♥② 3♦ ❛✐❞

3❤❡ #3✉❞② ❣❡♦❣(❛♣❤✐❝❛❧ ❧✐♥❣✉✐#3✐❝ ❞✐✈❡(#✐3② ❛♥❞ ❤❛# ❜❡❡♥ ♣(❡✈✐♦✉#❧② ❡♠♣❧♦②❡❞ ❜② ■#♣❤♦(❞✐♥❣ ❛♥❞ ❖33❡♥ ✭✷✵✶✸✮ 3♦ ❡①❛♠✐♥❡

✐♥3❡(♥❛3✐♦♥❛❧ 3(❛❞❡ ♣❛33❡(♥#✱ ❛♥❞ ❜② ❆❞#❡(❛ ❛♥❞ 6②3❧✐❦♦✈❛ ✭✷✵✶✷✮ 3♦ ❞✐#❝✉## ✐♥3❡(♥❛3✐♦♥❛❧ ♠✐❣(❛3✐♦♥ ♣❛33❡(♥#✳
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❚❤(♦✉❣❤♦✉3 3❤❡ ❛(3✐❝❧❡ ✇❡ ❝♦♥#✐❞❡( 3❤❛3 ❛♥ ✐♥❞✐✈✐❞✉❛❧✬# ♠♦3❤❡( 3♦♥❣✉❡ ✐# 3❤❡ ♠❛✐♥ ❧❛♥❣✉❛❣❡ #♣♦❦❡♥ ♦♥ ❤❡( ❝♦✉♥3(② ♦❢

❜✐(3❤✳
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■♥❝✐❞❡♥3❛❧❧②✱ 3❤❡ ❡①✐#3❡♥❝❡ ♦❢ 3❤❡#❡ ❝♦♠♣❧❡♠❡♥3❛(✐3✐❡# ✐♥✈✐3❡# ❛ (❡✐♥3❡(♣(❡3❛3✐♦♥ ♦❢ 3❤❡ ✉#❡ ♦❢ ❧✐♥❣✉✐#3✐❝ ❡♥❞♦✇♠❡♥3 ❛3

❛((✐✈❛❧ ❛# ❛♥ ✐♥#3(✉♠❡♥3❛❧ ✈❛(✐❛❜❧❡ ❢♦( ❛❞✉❧3 ❊♥❣❧✐#❤ ❦♥♦✇❧❡❞❣❡ ✐♥ 3❤❡ ❡#3✐♠❛3✐♦♥ ♦❢ 3❤❡ ❧❛33❡(✬# ❝❛✉#❛❧ ❡✛❡❝3# ♦✈❡( ❡✐3❤❡(

✇❛❣❡#✱ ❡♠♣❧♦②♠❡♥3 ❛♥❞ ♦3❤❡( #♦❝✐♦❡❝♦♥♦♠✐❝ ♦✉3❝♦♠❡# ✭❇❧❡❛❦❧❡② ❛♥❞ ❈❤✐♥✱ ✷✵✵✹✱ ✷✵✶✵❀ ●✉✈❡♥ ❛♥❞ ■#❧❛♠✱ ✷✵✶✺✮ ♦( ❡❞✉❝❛3✐♦♥❛❧

❛33❛✐♥♠❡♥3 ✭❇❡❝❦✱ ❈♦(❛❦✱ ❛♥❞ ❚✐❡♥❞❛✱ ✷✵✶✷✮✳
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❲❡ ❛♥❛❧②③❡ ❛ '✉❜'❛♠♣❧❡ ♦❢ ❝♦❧❧❡❣❡ ❣0❛❞✉❛2❡' 2♦ ❢✉02❤❡0 ❡①❛♠✐♥❡ 2❤❡ ❝♦♥♥❡❝2✐♦♥ ❜❡2✇❡❡♥ ♦♣2✐♠✐③✐♥❣ ❜❡✲

❤❛✈✐♦0 ❛♥❞ '♣❡❝✐❛❧✐③❛2✐♦♥ ✉♥❞❡0 ❧✐♥❣✉✐'2✐❝ ❡♥❞♦✇♠❡♥2 ❞✐✛❡0❡♥❝❡' ❛♥❞ '❦✐❧❧ ❛❝❝✉♠✉❧❛2✐♦♥ ❛♠♦♥❣ ✐♠♠✐❣0❛♥2'✳

❋♦0 2❤✐' ❣0♦✉♣✱ ✇❡ ✜0'2 '❤♦✇ 2❤❛2 2❤❡ '❦✐❧❧ ❛❝❝✉♠✉❧❛2✐♦♥ ♣❛22❡0♥' '❡❡♥ ❢♦0 ❛❧❧ ✐♠♠✐❣0❛♥2' ❛0❡ ❛❧'♦ ♣0❡'❡♥2

❛♠♦♥❣ 2❤❡'❡ ❤✐❣❤❧② ❡❞✉❝❛2❡❞ ✭❛♥❞ ❯❙ 20❛✐♥❡❞✮ ✐♠♠✐❣0❛♥2'✱ ♣❛02✐❝✉❧❛0❧② ✐♥ 2❤❡ ❝❛'❡ ♦❢ ❝♦♠♠✉♥✐❝❛2✐♦♥ ❛♥❞

'♦❝✐♦✲❡♠♦2✐♦♥❛❧ '❦✐❧❧'✳ ❙❡❝♦♥❞✱ ❜② ❝❛♣✐2❛❧✐③✐♥❣ ♦♥ 2❤❡ ✐♥❢♦0♠❛2✐♦♥ ❛❜♦✉2 ❝♦❧❧❡❣❡✲♠❛❥♦0 ❝❤♦✐❝❡' ❝♦❧❧❡❝2❡❞ ✐♥

2❤❡ ♠♦'2 0❡❝❡♥2 ✇❛✈❡' ♦❢ 2❤❡ ❆❈❙✱ ✇❡ ✐❞❡♥2✐❢② 2❤❛2 ❝♦❧❧❡❣❡✲❡❞✉❝❛2❡❞ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣0❛♥2' ❢0♦♠ ❊♥❣❧✐'❤✲

❞✐'2❛♥2 ❝♦✉♥20✐❡' ✇❤♦ ❛00✐✈❡❞ ✐♥ 2❤❡ ❯♥✐2❡❞ ❙2❛2❡' ❛❢2❡0 2❤❡ ♣0✐♠❛0② '❝❤♦♦❧ ②❡❛0' ❛0❡ 0❡❧❛2✐✈❡❧② ♠♦0❡ ❧✐❦❡❧②

2♦ ♠❛❥♦0 ✐♥ ❙❝✐❡♥❝❡✱ ❚❡❝❤♥♦❧♦❣②✱ ❊♥❣✐♥❡❡0✐♥❣ ❛♥❞ ▼❛2❤ ✭❙❚❊▼✮ ✜❡❧❞' 0❛2❤❡0 2❤❛♥ ✐♥ ❙♦❝✐❛❧ ❙❝✐❡♥❝❡' ♦0

❍✉♠❛♥✐2✐❡' ✇❤❡♥ ❝♦♠♣❛0❡❞ 2♦ ✭❝❧♦'❡0 2♦✮ ❆♥❣❧♦♣❤♦♥❡ ✐♠♠✐❣0❛♥2'✳ ❚❤✐' ✐' ❝♦♥'✐'2❡♥2 ✇✐2❤ ♦✉0 0❡❛'♦♥✐♥❣

2❤❛2 ✐♥❞✐✈✐❞✉❛❧' ❢❛❝✐♥❣ ❞✐✛❡0❡♥2 ❝♦'2' ❢♦0 2❤❡ ❛❝J✉✐'✐2✐♦♥ ♦❢ ❛❞❞✐2✐♦♥❛❧ '❦✐❧❧' ❡♥❞ ✉♣ ❞✐0❡❝2✐♥❣ ❡✛♦02 2♦✇❛0❞'

'♣❡❝✐❛❧✐③❛2✐♦♥ ✐♥ '②'2❡♠❛2✐❝ ✇❛②'✳ ❚❤✐' ✐' ❧✐❦❡❧② 2♦ ❜❡ 20✉❡ ❡✈❡♥ ❜❡❢♦0❡ ❝♦❧❧❡❣❡✱ ✇❤❡♥ 2❡❡♥❛❣❡0' ❝❤♦♦'❡ ✈♦✲

❝❛2✐♦♥❛❧ 20❛✐♥✐♥❣ ♦0 ❝♦✉0'❡' 2♦ 2❛❦❡ ✇❤✐❧❡ ✐♥ ❤✐❣❤✲'❝❤♦♦❧ ♦0 ❡✈❡♥ ✇❤❡♥ 2❤❡② ❞❡❝✐❞❡ ❤♦✇ ♠✉❝❤ ❡✛♦02 2♦ ♣✉2

✐♥ '2✉❞②✐♥❣ ❞✐✛❡0❡♥2 ❞✐'❝✐♣❧✐♥❡'✱ ❢♦0 ❡①❛♠♣❧❡✳
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✐❡'✬ ❧✐2❡0❛2✉0❡ ♦♥ ♦❝❝✉♣❛2✐♦♥❛❧ '❡❣0❡❣❛2✐♦♥ ❛♥❞ ✇♦0❦♣❧❛❝❡ ❝♦♥❝❡♥20❛2✐♦♥ ✭❆♥❞❡0''♦♥ ❡2 ❛❧✳✱ ✷✵✶✹❀ ❙20♦♠❣0❡♥

❡2 ❛❧✳✱ ✷✵✶✹❀ ❞❡❧ ❘✐♦ ❛♥❞ ❆❧♦♥'♦✲❱✐❧❧❛0✱ ✷✵✶✺✮✳ ❲❡ ❜❡❧✐❡✈❡ ✐2 ✐' ✉'❡❢✉❧ 2♦ ❝❤❛0❛❝2❡0✐③❡ 2❤❡ '❦✐❧❧ ❞✐♠❡♥'✐♦♥' ♦❢

❥♦❜' ✐♠♠✐❣0❛♥2' '♦02 ✐♥2♦✱ 0❛2❤❡0 2❤❛♥ ♦❝❝✉♣❛2✐♦♥ ❧❛❜❡❧'✳ ❖❝❝✉♣❛2✐♦♥ ❧❛❜❡❧' ❛0❡ ❧✐❦❡ ❛ ❜❧❛❝❦ ❜♦①✱ ❛0❡ ♥♦2 '✉❢✲

✜❝✐❡♥2❧② '❡❣0❡❣❛2❡❞ ♥♦0 ❧❡♥❞ 2❤❡♠'❡❧✈❡' 2♦ ❛ ♥❛2✉0❛❧ ♦0❞❡0✐♥❣✱ ✇❤✐❧❡ '❦✐❧❧ ❞✐♠❡♥'✐♦♥' ❛0❡ ♠♦0❡ ✐♥❢♦0♠❛2✐✈❡

♣❛02✐❝✉❧❛0❧② ✐❢ 2❤❡ ❣♦❛❧ ✐' 2♦ ✐♥❢♦0♠ 2❤❡ ♣♦❧✐❝②✲♦0✐❡♥2❡❞ ❞❡❜❛2❡ ♦♥ 2❤❡ 2②♣❡' ♦❢ ❤✉♠❛♥ ❝❛♣✐2❛❧ ✐♥✈❡'2♠❡♥2'

2❤❛2 '❤♦✉❧❞ ❜❡ ❡♥❤❛♥❝❡❞ ♦0 ✐♥❝❡♥2✐✈✐③❡❞ 2♦ ❛✐❞ 2❤❡ ❛''✐♠✐❧❛2✐♦♥ ♦❢ ✐♠♠✐❣0❛♥2'✳ ■♥ '✉♠✱ ♦✉0 '2✉❞② ❛❞✈❛♥❝❡'

2❤✐' ❜0♦❛❞❡0 ❧✐2❡0❛2✉0❡ ♦♥ ✐♠♠✐❣0❛2✐♦♥ ❜② ❢♦❝✉'✐♥❣ ♦♥ 2❤❡ '❦✐❧❧' ❛''✐♠✐❧❛2✐♦♥ ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣0❛♥2' ❜②

❛❣❡✲❛2✲❛00✐✈❛❧ ❛♥❞ '♦✉0❝❡ ❝♦✉♥20②✬' ❧✐♥❣✉✐'2✐❝ ❞✐'2❛♥❝❡ 2♦ ❊♥❣❧✐'❤ ✐♥ ✈✐❡✇✐♥❣ 2❤❡ ✐♠♠✐❣0❛♥2✲♥❛2✐✈❡ ❡❛0♥✐♥❣'

❞✐✛❡0❡♥2✐❛❧✳ ■♥ ❞♦❝✉♠❡♥2✐♥❣ 2❤❡ '❦✐❧❧' ❛''✐♠✐❧❛2✐♦♥ ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣0❛♥2'✱ ✇❡ ❞❡♠♦♥'20❛2❡ ❤♦✇ 2❤❡ '❦✐❧❧'

❛♠♦♥❣ 2❤♦'❡ ✇❤♦ ✐♠♠✐❣0❛2❡ ❛' ❝❤✐❧❞0❡♥ ♠❛② ❞❡2❡0♠✐♥❡ 2❤❡✐0 ❡❝♦♥♦♠✐❝ '✉❝❝❡'' ✇✐2❤ 0❡'♣❡❝2 2♦ ❯❙✲❜♦0♥

✇♦0❦❡0' ❛♥❞ ♠❛② ✉❧2✐♠❛2❡❧② ✐♥✢✉❡♥❝❡ 2❤❡ '❤❛♣❡ ♦❢ 2❤❡ ❞✐'20✐❜✉2✐♦♥ ♦❢ ❡❛0♥✐♥❣' ✐♥ 2❤❡ ♣♦♣✉❧❛2✐♦♥ ✭✐♠♠✐✲

❣0❛♥2' ❛♥❞ ♥❛2✐✈❡'✮✳ ■♥ ♦2❤❡0 ✇♦0❞'✱ ✇❡ '❡❡ ♦✉0 ❛♣♣0♦❛❝❤ ❛' ❢♦❝✉'✐♥❣ ♦♥ 2❤❡ ❢✉♥❞❛♠❡♥2❛❧' ♦❢ ✐♠♠✐❣0❛♥2'✬

❡❝♦♥♦♠✐❝ ❛''✐♠✐❧❛2✐♦♥✳

❚❤❡ 0❡♠❛✐♥❞❡0 ♦❢ ♦✉0 ♣❛♣❡0 ✐' ♦0❣❛♥✐③❡❞ ❛' ❢♦❧❧♦✇'✳ ❙❡❝2✐♦♥ ✷ 0❡✈✐❡✇' ❜❛❝❦❣0♦✉♥❞ ✐''✉❡' ❛♥❞ 2❤❡ 0❡❧❛2❡❞
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*✉❝❤ ❢2❛♠❡✇♦2❦✱ ❧❛♥❣✉❛❣❡✲❛❝(✉✐*✐+✐♦♥ ❢❛❝✐❧✐+② ✐* ❛♥ ❡♥❞♦✇♠❡♥+ +❤❛+ ♦♣❡2❛+❡* ❛* ❛ ❝❛+❛❧②*+ ❢♦2 ❧❡❛2♥✐♥❣ ♦+❤❡2

*❦✐❧❧*✳ ❚❤❡2❡❢♦2❡✱ ✇❤❡♥ ✇❡ ❡①❛♠✐♥❡ ❛❞✉❧+ ♦✉+❝♦♠❡* *✉❝❤ ❛* ✇❛❣❡*✱ ❛❣❡ ❛+ ❛22✐✈❛❧ ❛♥❞ ❆♥❣❧♦♣❤♦♥❡ ♦2✐❣✐♥

✭✇❤✐❝❤ ✐♥❞✐2❡❝+❧② 2❡♣2❡*❡♥+ ✐♥✐+✐❛❧ ❡♥❞♦✇♠❡♥+ ♦❢ ❧❛♥❣✉❛❣❡ *❦✐❧❧*✮ *❤♦✉❧❞ ♥♦+ ❜❡ ❝♦♥*✐❞❡2❡❞ ❛* ✐♥❞❡♣❡♥❞❡♥+

♦❢ *❦✐❧❧* +❤❛+ ❛2❡ ♥♦+ ✐♥❝❧✉❞❡❞ ✐♥ +❤❡ ♠♦❞❡❧✳ ❉♦✐♥❣ *♦ ✇♦✉❧❞ ❜✐❛* ❡*+✐♠❛+❡* ♦❢ 2❡+✉2♥* +♦ ❛❞✉❧+ ✢✉❡♥❝② *✐♥❝❡✿

✭✐✮ +❤❡ ❛❝(✉✐*✐+✐♦♥ ♦❢ *✉❝❤ *❦✐❧❧* ✐* ❝♦♠♣❧❡♠❡♥+❛2② ✐♥ ❞✐✛❡2❡♥+ ❞❡❣2❡❡* +♦ ❧❛♥❣✉❛❣❡ ❛❝(✉✐*✐+✐♦♥✱ ❛♥❞❀ ✭✐✐✮

+❤❡*❡ *❦✐❧❧* ❝♦♠♠❛♥❞ +❤❡♠*❡❧✈❡* 2❡✇❛2❞* ✐♥ +❤❡ ❧❛❜♦2 ♠❛2❦❡+✳

❈♦♠♣❡❧❧✐♥❣ ❡♠♣✐2✐❝❛❧ ❡✈✐❞❡♥❝❡ ✐♥ ❡❝♦♥♦♠✐❝*✱ ❞❡✈❡❧♦♣♠❡♥+❛❧ ♣*②❝❤♦❧♦❣②✱ ❛♥❞ ♥❡✉2♦❜✐♦❧♦❣② ♠❛❦❡ +❤❡

❝❛*❡ +❤❛+ ❞✐✛❡2❡♥+ *❦✐❧❧* ❛2❡ ♠❛❧❧❡❛❜❧❡ ❛+ ❞✐✛❡2❡♥+ ❛❣❡*✱ ❛♥❞ ♣♦✐♥+ +♦ ❝2✐+✐❝❛❧ ♣❡2✐♦❞* ✐♥ ❝❤✐❧❞ ❞❡✈❡❧♦♣♠❡♥+

✭❑♥✉❞*❡♥ ❡+ ❛❧✱ ✷✵✵✻✮✳ ❚❤❡ ❝❤✐❧❞ ❞❡✈❡❧♦♣♠❡♥+ ❧✐+❡2❛+✉2❡ ✐+*❡❧❢ ♣2♦♣♦*❡* ❛ ♠❛❥♦2 +✉2♥✐♥❣ ♣♦✐♥+ ❞✉2✐♥❣ ♠✐❞❞❧❡

❝❤✐❧❞❤♦♦❞ ✭❜❡+✇❡❡♥ ❛❣❡* ✼ +♦ ✶✶✮ ✐♥ ❝♦❣♥✐+✐✈❡ *❦✐❧❧* ❞❡✈❡❧♦♣♠❡♥+✳

✶✵

❚♦ ♣2♦✈✐❞❡ ❛ ❝♦♥❝2❡+❡ ❡①❛♠♣❧❡✱ ♠✐❞❞❧❡✲

❝❤✐❧❞❤♦♦❞ ✐* +❤❡ ♣❡2✐♦❞ ✇❤❡♥ ❝❤✐❧❞2❡♥ ♠❛❦❡ +❤❡ +2❛♥*✐+✐♦♥ ❢2♦♠ ✏❧❡❛2♥✐♥❣ +♦ 2❡❛❞✑ ✭♣2✐♠❛2✐❧② ❞❡❝♦❞✐♥❣

✇♦2❞*✮ +♦ ✏2❡❛❞✐♥❣ +♦ ❧❡❛2♥✑ ✭❢♦2 ✐♥❢♦2♠❛+✐♦♥ ❛♥❞ ❝♦♠♣2❡❤❡♥*✐♦♥✮✳ ❚❤❡2❡❢♦2❡✱ ❞✉2✐♥❣ +❤✐* ♣2✐♠❛2② *❝❤♦♦❧✲

❛❣❡ ♣❡2✐♦❞ ✭♦2 ❡✈❡♥ ❜❡❢♦2❡✮✱ ❛ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣2❛♥+✬* ❝♦❣♥✐+✐✈❡✱ ❧❛♥❣✉❛❣❡ ❛♥❞ *♦❝✐♦✲❡♠♦+✐♦♥❛❧ *❦✐❧❧* ❛2❡ ❜❡✐♥❣

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

❡❧❡❝+ +♦ ❞❡✈❡❧♦♣ ❜❡❢♦2❡ ❛♥❞ ❞✉2✐♥❣ ❛❝❝2✉❛❧ ♦❢ ❡①♣❡2✐❡♥❝❡ ✐♥ +❤❡ ❧❛❜♦2 ♠❛2❦❡+✳

✶✵

❏❡❛♥ $✐❛❣❡'✱ ♦♥❡ ♦❢ '❤❡ ✜-.' ♣.②❝❤♦❧♦❣✐.'. '♦ .'✉❞② ❝❤✐❧❞ ❝♦❣♥✐'✐✈❡ ❞❡✈❡❧♦♣♠❡♥'✱ ❝❛❧❧. '❤✐. '❤❡ ✏❝♦♥❝-❡'❡ ♦♣❡-❛'✐♦♥❛❧ .'❛❣❡✱✑

✇❤❡♥ ❝❤✐❧❞-❡♥ ❜❡❣✐♥ '❤✐♥❦✐♥❣ ❧♦❣✐❝❛❧❧② ❛❜♦✉' ❝♦♥❝-❡'❡ ❡✈❡♥'. ❜✉' .'✐❧❧ ❤❛✈❡ ❞✐✣❝✉❧'② ✇✐'❤ ❛❜.'-❛❝' ❝♦♥❝❡♣'.✳

✻



❚♦ ✐♥$❡&♣&❡$ ♦✉& ✜♥❞✐♥❣,✱ ✇❡ ✐♥✈♦❦❡ $❤❡ ❝♦♥❝❡♣$✉❛❧ ♠♦❞❡❧ ♦❢ ,❦✐❧❧ ❢♦&♠❛$✐♦♥ ❞❡✈❡❧♦♣❡❞ ✐♥ ❈✉♥❤❛ ❛♥❞

❍❡❝❦♠❛♥ ✭✷✵✵✼✱ ✷✵✵✽✮✳ ❚❤❡② ❜✉✐❧❞ ❛ ♠♦❞❡❧ $❤❛$ &❡❝♦❣♥✐③❡, ♠✉❧$✐♣❧❡ ,$❛❣❡, ♦❢ ❝❤✐❧❞❤♦♦❞✱ ✇✐$❤ ✐♥♣✉$,

❛$ ❞✐✛❡&❡♥$ ,$❛❣❡, ❜❡✐♥❣ ❝♦♠♣❧❡♠❡♥$, ✭✐✳❡✳✱ ❡❛&❧✐❡& ✐♥✈❡,$♠❡♥$, ❛✛❡❝$ $❤❡ ❛$$&❛❝$✐✈❡♥❡,, ♦❢ ❧❛$❡& ♦♥❡,✮✳

❚❤❡,❡ ❢❡❛$✉&❡, ,✉❣❣❡,$ $❤❛$ ✐♥✈❡,$♠❡♥$, ❞✉&✐♥❣ ❡❛&❧② ❝❤✐❧❞❤♦♦❞ ②✐❡❧❞ &❡❧❛$✐✈❡❧② ❤✐❣❤❡& &❡$✉&♥, $❤❛♥ ✐♥ ❧❛$❡&

❝❤✐❧❞❤♦♦❞✳ ❈❤✐❧❞&❡♥ ✇❤♦ ❛❝D✉✐&❡ ❣&❡❛$❡& ,$♦❝❦, ♦❢ ✭❝♦❣♥✐$✐✈❡ ❛♥❞ ,♦❝✐♦✲❡♠♦$✐♦♥❛❧✮ ,❦✐❧❧, ✐♥ ❡❛&❧② ❝❤✐❧❞❤♦♦❞

❛&❡ ♠♦&❡ ❡✣❝✐❡♥$ ❛$ ❧❡❛&♥✐♥❣ ✐♥ ❧❛$❡& ❝❤✐❧❞❤♦♦❞✳ ■♥ ♦$❤❡& ✇♦&❞,✱ ,❦✐❧❧ ❜❡❣❡$, ,❦✐❧❧✳ ❈♦♥,✐,$❡♥$ ✇✐$❤ $❤❡

❢&❛♠❡✇♦&❦✱ ✇❡ ❤②♣♦$❤❡,✐③❡ $❤❛$ ❛❣❡ ❛$ ❛&&✐✈❛❧ ❛♥❞ ❧✐♥❣✉✐,$✐❝ ❞✐,$❛♥❝❡ $♦ ❊♥❣❧✐,❤ ❤❛✈❡ ❛♥ ✐♥$❡&❛❝$✐✈❡ ❡✛❡❝$

♦♥ $❤❡ ,❦✐❧❧ ❢♦&♠❛$✐♦♥ ♦❢ ❝❤✐❧❞ ♠✐❣&❛♥$,✳ ❚❤♦,❡ ✇❤♦ ❛&&✐✈❡ ♣&✐♦& $♦ ♠✐❞❞❧❡ ❝❤✐❧❞❤♦♦❞ ❤❛✈❡ $❤❡ ❤✐❣❤❡,$ &❛$❡

♦❢ ❛,,✐♠✐❧❛$✐♦♥✱ ❛♥❞ $❤❡ ❞✐✛❡&❡♥$✐❛❧ ✇✐❧❧ ❜❡ ❣&❡❛$❡,$ ❢♦& $❤♦,❡ ✇❤♦ ❝♦♠❡ ❢&♦♠ ❧✐♥❣✉✐,$✐❝❛❧❧② ❝❧♦,❡ ❝♦✉♥$&✐❡,

♦❢ ♦&✐❣✐♥✳ ■♥ ♣❛&$✐❝✉❧❛&✱ $❤♦,❡ ✇✐$❤ ❛ ❧♦✇❡& ❧❡✈❡❧ ♦❢ ✐♥✐$✐❛❧ ❧❛♥❣✉❛❣❡ ❧❡❛&♥✐♥❣ ♣♦$❡♥$✐❛❧ ✇❤♦ ❛&&✐✈❡ ✐♥ ❧❛$❡

❝❤✐❧❞❤♦♦❞ ♦& ❛, ❛❞♦❧❡,❝❡♥$, ✇✐❧❧ ❡♥❞ ✉♣ ✇✐$❤ &❡❧❛$✐✈❡❧② ❧♦✇❡& ❧❡✈❡❧, ♦❢ ❝♦♠♠✉♥✐❝❛$✐♦♥ ,❦✐❧❧, ❛, ❛❞✉❧$, ❛♥❞✱

❣✐✈❡♥ $❤❡ ❝✐&❝✉♠,$❛♥❝❡, ♦❢ $❤❡ ♣&♦❝❡,,❡, ✐♥✈♦❧✈❡❞ ✐♥ ♠✉❧$✐♣❧❡ ,❦✐❧❧ ❛❝D✉✐,✐$✐♦♥✱ ✇✐❧❧ ✐♥✈❡,$ &❡❧❛$✐✈❡❧② ♠♦&❡ ✐,

,❦✐❧❧, ✇❤♦,❡ ❛❝D✉✐,✐$✐♦♥ ✐, ♥♦$ ❝♦♠♣❧❡♠❡♥$❡❞ ❜② ❧❛♥❣✉❛❣❡✳ ❚❤❡ ♣&♦❝❡,, ♦❢ $❡,$✐♥❣ $❤✐, ❤②♣♦$❤❡,✐, ❛❧❧♦✇, ✉,

$♦ ❤✐❣❤❧✐❣❤$ ❛ ❜&♦❛❞❡& ♠❡❝❤❛♥✐,♠ ❢♦& ✐♠♠✐❣&❛♥$,✬ ❡❛&♥✐♥❣, ❛,,✐♠✐❧❛$✐♦♥ $❤❛$ ❣♦❡, ❜❡②♦♥❞ ❧❛♥❣✉❛❣❡ ,❦✐❧❧,

✐♥ ❛❞✉❧$❤♦♦❞✳ ■♥❝♦&♣♦&❛$✐♥❣ $❤❡,❡ ♥✉❛♥❝❡, ✐, ✐♠♣♦&$❛♥$✳ ❖✉& &❡,✉❧$, ♣&♦✈✐❞❡ ❡✈✐❞❡♥❝❡ $❤❛$ ✐♠♠✐❣&❛♥$,

✏✜♥❡✲$✉♥❡✑ $❤❡✐& ♦♣$✐♠✐③❛$✐♦♥ ,$&❛$❡❣✐❡, ✇✐$❤ &❡,♣❡❝$ $♦ ✐♥✈❡,$♠❡♥$, ✐♥ ❛❝D✉✐&✐♥❣ ,❦✐❧❧,✳ ❚❤❡ &❡,✉❧$, ❤❛✈❡

✐♠♣❧✐❝❛$✐♦♥, ❜♦$❤ ❢♦& ❛,,✐♠✐❧❛$✐♦♥ $❤❡♦&② ❛♥❞ ✐♠♠✐❣&❛$✐♦♥ ♣♦❧✐❝②✳

■$ ✐, ✐♠♣♦&$❛♥$ $♦ ♥♦$❡ $❤❛$ ❝❤✐❧❞&❡♥ ✐♥ ✐♠♠✐❣&❛♥$ ❢❛♠✐❧✐❡, ✕ ❞❡✜♥❡❞ ❛, ♣❡♦♣❧❡ ✉♥❞❡& ❛❣❡ ✶✽ ✇❤♦ ❛&❡

❢♦&❡✐❣♥ ❜♦&♥ ♦& ✇❤♦ ❧✐✈❡ ✇✐$❤ ❛$ ❧❡❛,$ ♦♥❡ ❢♦&❡✐❣♥✲❜♦&♥ ♣❛&❡♥$ ✕ ❤❛✈❡ ❞♦✉❜❧❡❞ ✐♥ $❤❡ ❯✳❙✳ ♣♦♣✉❧❛$✐♦♥ ,✐♥❝❡
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✇♦"❞ ✏②♦✉✑ ❛♥❞ ●❡"♠❛♥ ✇♦"❞ ✏❞✉✳✑ ▼❡❛♥✇❤✐❧❡✱ $♦ $"❛♥#❢❡" ✏♠❛✉♥'✸♥✑✱ ✇❤✐❝❤ ✐# $❤❡ $"❛♥#❝"✐♣$✐♦♥ ♦❢ ✏♠♦✉♥'❛✐♥✑✱ ✐♥$♦ ✏❜❊,❣✑✱

♦♥❡ ❤❛# $♦ "❡♠♦✈❡ ♦" #✉❜#$✐$✉$❡ ❡❛❝❤ ❝♦♥#♦♥❛♥$ ❛♥❞ ✈♦✇❡❧✳

✽



■♥ ❡##❡♥❝❡✱ &❤✐# ♠❡❛#✉,❡ ♦❢ ❞✐#&❛♥❝❡ ✭▲❉◆❉✮ ❣✐✈❡# ❛♥ ❛♣♣,♦①✐♠❛&✐♦♥ ♦❢ &❤❡ ♥✉♠❜❡, ♦❢ ❝♦❣♥❛&❡# ❜❡✲

&✇❡❡♥ ❊♥❣❧✐#❤ ❛♥❞ ❛♥♦&❤❡, ❧❛♥❣✉❛❣❡✳ ▼♦,❡ ❝♦❣♥❛&❡# ✐♥❞✐❝❛&❡# ❧❛♥❣✉❛❣❡# ❛,❡ ❝❧♦#❡, &♦ ❤❛✈✐♥❣ ❝♦♠♠♦♥

❛♥❝❡#&,✐❡#✳ ❚❤❡,❡❢♦,❡✱ ❛ #♠❛❧❧❡, ▲❡✈❡♥#❤&❡✐♥ ❞✐#&❛♥❝❡ ✐♥❞✐❝❛&❡# ❛ ❤✐❣❤❡, ♣,♦❜❛❜✐❧✐&② &❤❛& ❛ ❧❛♥❣✉❛❣❡ #❤❛,❡#

❝❤❛,❛❝&❡,✐#&✐❝# ✇✐&❤ ❊♥❣❧✐#❤ ❛♥❞ ✐# ❧✐❦❡❧② ❝♦,,❡❧❛&❡❞ ✇✐&❤ &❤❡ ❡❛#❡ ♦❢ ❛❝A✉✐,✐♥❣ ❊♥❣❧✐#❤ ❛# ❛ #❡❝♦♥❞ ❧❛♥❣✉❛❣❡✳

❚❛❜❧❡ ❆✶✱ ✐♥ &❤❡ ❆♣♣❡♥❞✐①✱ #❤♦✇# &❤❡ ❝❧♦#❡#& ❛♥❞ ❢✉,&❤❡#& ✐♠♠✐❣,❛♥& ❧❛♥❣✉❛❣❡# &♦ ❊♥❣❧✐#❤ ✐♥ ♦✉,

#❛♠♣❧❡✳ ❈♦✉♥&,✐❡# #✉❝❤ ❛# ❈❛♥❛❞❛ ❛♥❞ ◆❡✇ ❩❡❛❧❛♥❞ ❤❛✈❡ LDND = 0✳ ❚❤❡ ❝❧♦#❡#& ♥♦♥✲❆♥❣❧♦♣❤♦♥❡

✐♠♠✐❣,❛♥& ❧❛♥❣✉❛❣❡ ✐♥ ♦✉, ❞❛&❛ ✐# ❱✐♥❝❡♥&✐❛♥ ❈,❡♦❧❡ ❊♥❣❧✐#❤ ✭LDND = 41.57✮✱ ✇❤✐❧❡ &❤❡ ❢✉,&❤❡#& ❧❛♥❣✉❛❣❡

✐# ❱✐❡&♥❛♠❡#❡ ✭LDND = 104.06✮✳ ■♥ ❛♥ ❛&&❡♠♣& &♦ ♣,♦✈✐❞❡ ❛ ❜❡&&❡, ✉♥❞❡,#&❛♥❞✐♥❣ ♦❢ &❤✐# #❝❛❧❡ ✇❡ ♣,❡#❡♥&

✐♥ ❋✐❣✉,❡ ✶ ❛❧&❡,♥❛&✐✈❡ ✐❧❧✉#&,❛&✐♦♥# ♦❢ ❝♦,,❡❧❛&❡❞ A✉❛♥&✐&✐❡#✳ ❋✐,#& ✇❡ ❡#&✐♠❛&❡ ♣,♦❜✐& ♠♦❞❡❧# ✉#✐♥❣ ❧✐♥❣✉✐#&✐❝

❞✐#&❛♥❝❡ ❛# &❤❡ ♦♥❧② ♣,❡❞✐❝&♦, ❢♦, ❆♥❣❧♦♣❤♦♥❡ ♦,✐❣✐♥ ❜❛#❡❞ ♦♥ &❤❡ ❜✐♥❛,② ❝❧❛##✐✜❝❛&✐♦♥ ♦❢ ♦✣❝✐❛❧ ❧❛♥❣✉❛❣❡#

❛❝❝♦,❞✐♥❣ &♦ ❚❤❡ ❲♦(❧❞ ❆❧♠❛♥❛❝ ❛♥❞ ❇♦♦❦ ♦❢ ❋❛❝45 ✭✶✾✾✾✮ ❛♥❞ ❛❞♦♣&❡❞ ❜② ❇❧❡❛❦❧❡② ❛♥❞ ❈❤✐♥ ✭✷✵✵✹✮✳ ❚❤❡♥

✇❡ ♣❧♦& &❤❡ ,❡❧❛&✐♦♥#❤✐♣ ❜❡&✇❡❡♥ &❤❡ ❧✐♥❣✉✐#&✐❝ ❞✐#&❛♥❝❡ ♠❡❛#✉,❡ ❛♥❞ ♠♦❞❡❧✲❜❛#❡❞ ♣,♦❥❡❝&❡❞ ♣,♦❜❛❜✐❧✐&✐❡#✳

■♥ &❤❡ #❛♠❡ ✜❣✉,❡ ✇❡ ❛❧#♦ ♣❧♦& &❤❡ ❧♦❝❛❧ ♣♦❧②♥♦♠✐❛❧ ,❡❧❛&✐♦♥ ❜❡&✇❡❡♥ ❧✐♥❣✉✐#&✐❝ ❞✐#&❛♥❝❡# ❛♥❞ #❝♦,❡# ♦❢ &❤❡

✷✵✵✺✴✷✵✵✻ ❚❡#& ♦❢ ❊♥❣❧✐#❤ ❛# ❛ ❋♦,❡✐❣♥ ▲❛♥❣✉❛❣❡ ✭❚❖❊❋▲✮✱ ✇❤✐❝❤ ✐# ❛♣♣❧✐❡❞ ❛❧❧ ♦✈❡, &❤❡ ✇♦,❧❞✳

✶✻

❚❤❡

✜❣✉,❡ ❝❧❡❛,❧② ,❡✈❡❛❧# &❤❛& ♦✉, ♠❡❛#✉,❡ ♦❢ ❧✐♥❣✉✐#&✐❝ ❞✐#&❛♥❝❡ ❞♦❡# ❝♦♥&❛✐♥ ✐♥❢♦,♠❛&✐♦♥ &❤❛& ✐# ,❡❧❡✈❛♥& ❢♦,

♦✉, ❛♣♣❧✐❝❛&✐♦♥✳ ❲❡ ♣,♦❝❡❡❞ &♦ ✉#❡ #✉❝❤ ♠❡❛#✉,❡ &♦ ❞❡✜♥❡ ♠✉❧&✐♣❧❡ #✉❜✲❣,♦✉♣# ✐♥ &❤❡ ❛♥❛❧②#❡# &❤❛& ❢♦❧❧♦✇✳

✸✳✷ ❖❝❝✉♣❛(✐♦♥❛❧ ❙❦✐❧❧/ ❉❛(❛❜❛/❡/

❖❝❝✉♣❛&✐♦♥❛❧ ✐♥❢♦,♠❛&✐♦♥ ✐♥ &❤❡ ❉✐❝&✐♦♥❛,② ♦❢ ❖❝❝✉♣❛&✐♦♥❛❧ ❚✐&❧❡# ✭❉❖❚✮ ❛♥❞ ✐♥ &❤❡ ❖❝❝✉♣❛&✐♦♥❛❧ ■♥✲

❢♦,♠❛&✐♦♥ ◆❡&✇♦,❦ ✭❖✯◆❊❚✮ ❛,❡ &❤❡ ,❡#✉❧& ♦❢ ❝♦♠♣,❡❤❡♥#✐✈❡ #&✉❞✐❡# ♦❢ ❤♦✇ ❥♦❜# ❛,❡ ♣❡,❢♦,♠❡❞ ✐♥ ❡#&❛❜✲

❧✐#❤♠❡♥&# ❛❝,♦## &❤❡ ♥❛&✐♦♥ ❛♥❞ ❛,❡ ❝♦❧❧❡❝&❡❞ ❢,♦♠ ♠✉❧&✐♣❧❡ #♦✉,❝❡#✿ #✉,✈❡②# ✜❧❧❡❞ ❜② ✇♦,❦❡,# ♣❡,❢♦,♠✐♥❣

&❤❡ ❥♦❜✱ ♠❡♠❜❡,# ♦❢ &,❛❞❡ ❛♥❞ ♣,♦❢❡##✐♦♥❛❧ ❛##♦❝✐❛&✐♦♥#✱ ❛♥❞ #✐&❡ ✈✐#✐&# ❜② &,❛✐♥❡❞ ♦❝❝✉♣❛&✐♦♥❛❧ ❛♥❛❧②#&#✳

❲❡ ❝♦♠♣✉&❡ ❥♦❜ #❦✐❧❧ ♠❡❛#✉,❡# ❛# ❝♦♠♣♦#✐&❡# ♦❢ #✉❝❤ ❞❛&❛✱ ❛♥❞ ♠❡,❣❡ &❤❡♠ ✇✐&❤ ✇♦,❦❡,✲❧❡✈❡❧ ✐♥❢♦,♠❛&✐♦♥

✉#✐♥❣ ❛ ❝,♦##✇❛❧❦ ♠❛&❝❤✐♥❣ ❉❖❚ ❛♥❞ ❖✯◆❊❚ ♦❝❝✉♣❛&✐♦♥ ❝♦❞❡# &♦ ✶✾✾✵ ❈❡♥#✉# ♦❝❝✉♣❛&✐♦♥ ❝♦❞❡# ❢,♦♠ &❤❡

◆❛&✐♦♥❛❧ ❈,♦##✇❛❧❦ ❙❡,✈✐❝❡ ❈❡♥&❡, ✐♥❝❧✉❞❡❞ ♦♥ ❛❧❧ ■Z❯▼❙ ❞❛&❛ #❡&#✳

❚❤❡ ♣❡,✐♦❞ ❝♦✈❡,❡❞ ✐♥ ♦✉, #&✉❞② ♦✈❡,❧❛♣# ✇❡❧❧ ✇✐&❤ ♦❝❝✉♣❛&✐♦♥❛❧ ✐♥❢♦,♠❛&✐♦♥ ❢,♦♠ ❜♦&❤ &❤❡ ❉❖❚ ❛♥❞

&❤❡ ❖✯◆❊❚✳ ❖❝❝✉♣❛&✐♦♥ #❦✐❧❧# ✐♥❢♦,♠❛&✐♦♥ ✐♥ &❤❡ ❘❡✈✐#❡❞ ✹&❤ ❡❞✐&✐♦♥ ♦❢ &❤❡ ❉❖❚ ✇❛# ❝♦❧❧❡❝&❡❞ ❜❡&✇❡❡♥

✶✾✼✽ ❛♥❞ ✶✾✾✵ ❛♥❞ ♣✉❜❧✐#❤❡❞ ✐♥ ✶✾✾✶✳ ▼❡❛♥✇❤✐❧❡✱ &❤❡ ❖✯◆❊❚ ♣,♦❣,❛♠ ,❡♣❧❛❝❡❞ &❤❡ ❉❖❚ ❛♥❞ ❜❡❣❛♥ ❞❛&❛

✶✻

❲❡ ✉#❡ $❤❡ &❡♣♦&$# ❞♦✇♥❧♦❛❞❡❞ ❢&♦♠ $❤❡ ❊❞✉❝❛$✐♦♥❛❧ ❚❡#$✐♥❣ ❙❡&✈✐❝❡ ✭❊❚❙✮ ✇❡❜✲♣❛❣❡ ✇✐$❤ $❛❜❧❡# $❤❛$ ❧✐#$ ❛✈❡&❛❣❡ #❝♦&❡#

♣❡& ❝♦✉♥$&② ♦❢ $❡#$✲$❛❦❡&✬# ♥❛$✐✈✐$②✳

✾



❝♦❧❧❡❝$✐♦♥ ✐♥ ❏✉♥❡ ✷✵✵✶✳ ❚❤❡ ❖✯◆❊❚ ✶✸✳✵ ❞❛$❛❜❛7❡ ✐♥❝❧✉❞❡7 ♦❝❝✉♣❛$✐♦♥❛❧ 7❦✐❧❧7 ❝♦❧❧❡❝$❡❞ ❜❡$✇❡❡♥ ✷✵✵✶ ❛♥❞

✷✵✵✼✳ ❲❤✐❧❡ =❡❧❡❛7❡7 ❡❛=❧✐❡= $❤❛♥ ✈❡=7✐♦♥ ✶✸✳✵ ♦❢ ❖✯◆❊❚ ❡①✐7$✱ $❤❡② ♠❛✐♥❧② ❝♦♥$❛✐♥ ❡①$=❛♣♦❧❛$❡❞ ❞❛$❛ ❢=♦♠

$❤❡ ❉❖❚✳

✶✼

❚❤✉7✱ ✐♥ ✉7✐♥❣ ❜♦$❤ $❤❡ ❉❖❚ ❛♥❞ $❤❡ ❖✯◆❊❚✱ ✇❡ ❛=❡ ❛❜❧❡ $♦ ❝❛♣$✉=❡ $❤❡ ♦❝❝✉♣❛$✐♦♥❛❧ $❛7❦7

❛♥❞ 7❦✐❧❧7 ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣=❛♥$7 ✇❤♦ ✇❡=❡ ✐♥ $❤❡ ❧❛❜♦= ❢♦=❝❡ ♦✈❡= ✶✾✾✵✲✷✵✶✵✳

❙✐♠✐❧❛= $♦ ♣=❡✈✐♦✉7 7$✉❞✐❡7 $❤❛$ ✉$✐❧✐③❡ ✐♥❢♦=♠❛$✐♦♥ ❢=♦♠ ♦❝❝✉♣❛$✐♦♥❛❧ ❞❛$❛❜❛7❡7✱ ✐$ ✐7 ♥♦$ ♣♦77✐❜❧❡

$♦ 7✐♠✉❧$❛♥❡♦✉7❧② ✉7❡ ❛❧❧ ♦❢ $❤❡ ✈❛=✐❛❜❧❡7 ❝❛♣$✉=✐♥❣ ❥♦❜ 7❦✐❧❧7✳ ❍✐❣❤ ❝♦❧❧✐♥❡❛=✐$② ♠❛❦❡7 ♣=❡❝✐7❡ ❡7$✐♠❛$✐♦♥

✐♠♣♦77✐❜❧❡✳ ❲❡ ✉7❡ $❤❡ $❡①$✉❛❧ ❞❡✜♥✐$✐♦♥7 ♦❢ ❉❖❚ ❛♥❞ ❖✯◆❊❚ ✈❛=✐❛❜❧❡7 ❛♥❞ $❤❡ ❖✯◆❊❚ ❈♦♥$❡♥$ ▼♦❞❡❧

$♦ ❝♦♥7$=✉❝$ ✐♥$❡=♣=❡$❛❜❧❡ ♠❡❛7✉=❡7 ♦❢ ✇♦=❦❡= 7❦✐❧❧7✳ ❚❤❡7❡ ❜=♦❛❞ 7❦✐❧❧ ❝❛$❡❣♦=✐❡7 ❛=❡✿ ❈♦♠♠✉♥✐❝❛$✐♦♥ ♦=

▲❛♥❣✉❛❣❡ 7❦✐❧❧7✱ ❈♦❣♥✐$✐✈❡ 7❦✐❧❧7✱ ❙♦❝✐♦✲❊♠♦$✐♦♥❛❧ 7❦✐❧❧7✱ ❛♥❞ Q❤②7✐❝❛❧ 7❦✐❧❧7✳ ❚❤❡7❡ 7❦✐❧❧ ✐♥❞✐❝❡7 ❛=❡ ❝=❡❛$❡❞

✉7✐♥❣ ♣=✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥$ ✭❢❛❝$♦=✮ ❛♥❛❧②7✐7✳ ❚❤❡ ✐♥❞✐❝❡7 ❛=❡ ❝♦♥7$=✉❝$❡❞ ❢=♦♠ $❤❡ ✜=7$ ❢❛❝$♦= ❛♥❞ ❛=❡

=❡✲7❝❛❧❡❞ $♦ ❤❛✈❡ ❛ ♠❡❛♥ ♦❢ 0 ❛♥❞ ❛ 7$❛♥❞❛=❞ ❞❡✈✐❛$✐♦♥ ♦❢ 1✳✶✽ ❚❤❡ 7♣❡❝✐✜❝ ❉❖❚ ❛♥❞ ❖✯◆❊❚ ✈❛=✐❛❜❧❡7

✐♥❝❧✉❞❡❞ ❢♦= ❡❛❝❤ 7❦✐❧❧ ♠❡❛7✉=❡ ❛=❡ ❞❡7❝=✐❜❡❞ ✐♥ Q❛♥❡❧7 ❆ ❛♥❞ ❇ ♦❢ ❚❛❜❧❡ ❆✷✱ =❡7♣❡❝$✐✈❡❧②✳

❲❡ $✉=♥ $♦ ♣=❡✈✐♦✉7 7$✉❞✐❡7 ✉7✐♥❣ $❤❡ ❉❖❚ ✭❡✳❣✳ ❇❛❝♦❧♦❞ ❛♥❞ ❇❧✉♠✱ ✷✵✶✵❀ ❇❛❝♦❧♦❞ ❇❧✉♠ ❛♥❞ ❙$=❛♥❣❡✱

✷✵✵✾✮ ❢♦= ❝♦♥7$=✉❝$✐♥❣ ✐♥❞✐❝❡7 ❢=♦♠ $❤❡ ❉❖❚✳ ❋♦= ❡①❛♠♣❧❡✱ $❤❡ ♠❡❛7✉=❡ ♦❢ ❧❛♥❣✉❛❣❡ 7❦✐❧❧7 ❢=♦♠ $❤❡ ❉❖❚

✐7 ❝♦♥7$=✉❝$❡❞ ❢=♦♠ ✈❛=✐❛❜❧❡7 7✉❝❤ ❛7 ❣❡❞❧✱ ✇✐$❤ ✺ ❧❡✈❡❧7 $♦ ❝❛♣$✉=❡ =❡❛❞✐♥❣✱ ✇=✐$✐♥❣✱ ❛♥❞ 7♣❡❛❦✐♥❣ 7❦✐❧❧7

=❡Y✉✐=❡❞ $♦ ♣❡=❢♦=♠ $❤❡ ❥♦❜✳ ❆$ ❤✐❣❤ ❣❡❞❧ ❧❡✈❡❧7✱ ✇♦=❦❡=7 ❛=❡ =❡Y✉✐=❡❞ $♦ =❡❛❞ ❧✐$❡=❛$✉=❡ ❛♥❞ ✇=✐$❡ ❝=✐$✐Y✉❡7✱

✇❤✐❧❡ ❛$ ❧♦✇ ❣❡❞❧ ❧❡✈❡❧7✱ ✇♦=❦❡=7 ♥❡❡❞ ♦♥❧② ✇=✐$❡ ❛♥❞ 7♣❡❛❦ 7✐♠♣❧❡ 7❡♥$❡♥❝❡7✳ ❙✐♠✐❧❛=❧②✱ 7❡✈❡=❛❧ ✈❛=✐❛❜❧❡7 ❢=♦♠

❖✯◆❊❚ ❈♦♥$❡♥$ ▼♦❞❡❧ ❛=❡ ✉7❡❞ $♦ ❝♦♥7$=✉❝$ ❛ ❧❛♥❣✉❛❣❡ 7❦✐❧❧ ✐♥❞❡①✳ ❚❤❡7❡ =❡❧❛$❡ $♦ ❛ ✇♦=❦❡=✬7 ✏❞❡✈❡❧♦♣❡❞

❝❛♣❛❝✐$✐❡7 ✐♥ ❧❛♥❣✉❛❣❡ 7❦✐❧❧7 ❛♥❞ ✈❡=❜❛❧ ❛❜✐❧✐$✐❡7✑ ❛♥❞ ❝♦♠❡ ❢=♦♠ =❡7♣♦♥7❡7 $♦ $❤❡ 7✉=✈❡② Y✉❡7$✐♦♥✱ ✏❍♦✇

✐♠♣♦=$❛♥$ ✐7 ✭❡✳❣✳ $❤❡ ✈❛=✐❛❜❧❡ ❖%❛❧ ❊①♣%❡**✐♦♥✮ $♦ ②♦✉= ❝✉==❡♥$ ❥♦❜❄✧ ❘❡7♣♦♥❞❡♥$7 =❛$❡ $❤❡ 7❦✐❧❧

♦♥ ❛ ✶ $♦ ✺ 7❝❛❧❡✱ ✇✐$❤ ✶ ❛7 ✏♥♦$ ✐♠♣♦=$❛♥$✧ ❛♥❞ ✺ ❛7 ✏❡①$=❡♠❡❧② ✐♠♣♦=$❛♥$✳✑ ❆$ $❤❡ ♦❝❝✉♣❛$✐♦♥ ✭❙❖❈✮

❧❡✈❡❧✱ ❡❛❝❤ ❖✯◆❊❚ 7❦✐❧❧ ✐7 ❛ ✇❡✐❣❤$❡❞ ❛✈❡=❛❣❡ ♦❢ =❡7♣♦♥❞❡♥$7✬ =❛$✐♥❣7 ✭♦♥ ❛✈❡=❛❣❡ $❤❡=❡ ❛=❡ ✸✶ =❛$❡=7 ♣❡=

♦❝❝✉♣❛$✐♦♥✮✳

❙❡✈❡=❛❧ ✈❛=✐❛❜❧❡7 ❢=♦♠ $❤❡ ❖✯◆❊❚ ❛=❡ ✉7❡❞ $♦ ❝♦♥7$=✉❝$ $❤❡ ❈♦❣♥✐$✐✈❡ 7❦✐❧❧7✳ ❚❤❡7❡ ❛=❡ $❤❡ ♥♦♥✲❧❛♥❣✉❛❣❡

=❡❧❛$❡❞ ✈❛=✐❛❜❧❡7 ❝❛$❡❣♦=✐③❡❞ ✉♥❞❡= ✏❇❛7✐❝ ❙❦✐❧❧7✑ ❛♥❞ ✏❈♦♠♣❧❡① ❙❦✐❧❧7✑ ✐♥ $❤❡ ❖✯◆❊❚ ❈♦♥$❡♥$ ▼♦❞❡❧✱ ❛♥❞

=❡❧❛$❡ $♦ ❛ ✇♦=❦❡=✬7 ✏❞❡✈❡❧♦♣❡❞ ❝❛♣❛❝✐$✐❡7 $❤❛$ ❢❛❝✐❧✐$❛$❡ ❧❡❛=♥✐♥❣ ♦= ♠♦=❡ =❛♣✐❞ ❛❝Y✉✐7✐$✐♦♥ ♦❢ ❦♥♦✇❧❡❞❣❡

✶✼

❖❝❝✉♣❛%✐♦♥❛❧ ❛♥❛❧②+%+ ✇❡.❡ ❛+❦❡❞ %♦ ♠❛♣ ♦❝❝✉♣❛%✐♦♥❛❧ ❞❛%❛ ❢.♦♠ %❤❡ ❉❖❚ %♦ %❤❡ ❖✯◆❊❚ ❈♦♥%❡♥% ▼♦❞❡❧✱ ❛ ❝♦♥❝❡♣%✉❛❧

❢.❛♠❡✇♦.❦ ❞❡✈❡❧♦♣❡❞ ✉+✐♥❣ ✐❞❡❛+ ✐♥ ♦.❣❛♥✐③❛%✐♦♥❛❧ ❛♥❛❧②+✐+✳ ❆♣♣.♦①✐♠❛%❡❧② ✶✵✵ ♦❝❝✉♣❛%✐♦♥+ ❛ ②❡❛. ✇❡.❡ ❣.❛❞✉❛❧❧② %.❛♥+✐%✐♦♥❡❞

❢.♦♠ ❡①%.❛♣♦❧❛%❡❞ ❞❛%❛✳ ❇② ✈❡.+✐♦♥ ✶✸✳✵ ♦❢ %❤❡ ❖✯◆❊❚ ❞❛%❛❜❛+❡✱ ♦❝❝✉♣❛%✐♦♥❛❧ ❞❛%❛ ❝♦❧❧❡❝%❡❞ ❜❡%✇❡❡♥ ✷✵✵✶ %♦ ✷✵✵✼ ❢.♦♠

♠♦.❡ %❤❛♥ ✶✷✽✱✵✵✵ ✇♦.❦❡.+ ✐♥ ✾✺✱✵✵✵ ❡+%❛❜❧✐+❤♠❡♥%+ ❛.❡ ✐♥❝❧✉❞❡❞✳ ✭❙♦✉.❝❡✿ ❯✳❙✳ ❉❡♣❛.%♠❡♥% ♦❢ ▲❛❜♦. ✷✵✵✽✮

✶✽

❚❤❡ ✜.+% ❢❛❝%♦. ❛❝❝♦✉♥%+ ❢♦. 96 %♦ 100% ✭❖✯◆❊❚✮ ♦❢ ✈❛.✐❛%✐♦♥ ✐♥ ❛❧❧ %❤❡ ✈❛.✐❛❜❧❡+ ✐♥❝❧✉❞❡❞ ✐♥ ❡❛❝❤ ✐♥❞❡①✳

✶✵



 ❡❧❛$❡❞ $♦ ✇♦ ❦ ♣❡ ❢♦ ♠❛♥❝❡✳✑ ❆ ❤✐❣❤ ✈❛❧✉❡ ♦♥ $❤❡ ❈♦❣♥✐$✐✈❡ 7❦✐❧❧7 ✐♥❞❡① ✐♥❞✐❝❛$❡7 ❤✐❣❤❡ ❝♦❣♥✐$✐♦♥ ❛♥❞

$❤❛$ 7❦✐❧❧7 7✉❝❤ ❛7 ❈ ✐$✐❝❛❧ ❚❤✐♥❦✐♥❣✱ ▼❛$❤❡♠❛$✐❝7✱ ❛♥❞ < ♦❜❧❡♠✲❙♦❧✈✐♥❣✱ ❛ ❡ ✈❡ ② ✐♠♣♦ $❛♥$ ✐♥ ❝❛  ②✐♥❣

♦✉$ $❤❡ ❥♦❜✳ ❆7 ✇✐$❤ $❤❡ ❈♦❣♥✐$✐✈❡ 7❦✐❧❧7 ✐♥❞❡① ❢ ♦♠ $❤❡ ❖✯◆❊❚✱ $❤❡ ❉❖❚ ❈♦❣♥✐$✐✈❡ 7❦✐❧❧7 ✐♥❞❡① ❝❛♣$✉ ❡

❛7♣❡❝$7 ♦❢ ❝♦❣♥✐$✐♦♥✳

❖✉ ♠❡❛7✉ ❡ ♦❢ 7♦❝✐♦✲❡♠♦$✐♦♥❛❧ 7❦✐❧❧7 ❛ ❡ ❝♦♥7$ ✉❝$❡❞ ✉7✐♥❣ ✈❛ ✐❛❜❧❡7 $❤❛$ ✐♥❞✐❝❛$❡ $❤❡ 7❦✐❧❧7  ❡G✉✐ ❡❞

❢♦ ✇♦ ❦❡ 7 $♦ ♣❡ ❢♦ ♠ $❤❡✐ ❥♦❜ ✐♥  ❡❧❛$✐♦♥ $♦ ♣❡♦♣❧❡ $♦ ❛❝❤✐❡✈❡ ❣♦❛❧7 ✐♥ $❤❡ ✇♦ ❦♣❧❛❝❡✳ ❚❤❡7❡ ✈❛ ✐❛❜❧❡7

✐♥❞✐❝❛$❡ ❤♦✇ ❛✇❛ ❡ ❛ ✇♦ ❦❡ ❤❛7 $♦ ❜❡ ♦❢ ♦$❤❡ 7✬  ❡❛❝$✐♦♥7✱ ❛❞❛♣$❛❜✐❧✐$②✱ ❛❜✐❧✐$② $♦ ✇♦ ❦ ✉♥❞❡ 7$ ❡77✱

❛♥❞ ♣❡ 7✉❛7✐♦♥✱ ❛♠♦♥❣ ♦$❤❡ 7✳ ▼❡❛♥✇❤✐❧❡✱ $❤❡ <❤②7✐❝❛❧ 7❦✐❧❧7 ♠❡❛7✉ ❡7 ❢ ♦♠ $❤❡ ❉❖❚ ❛♥❞ ❖✯◆❊❚ ❛ ❡

❝♦♥7$ ✉❝$❡❞ $♦ ✐♥❞✐❝❛$❡ $❤❡ ♣❤②7✐❝❛❧ ❞❡♠❛♥❞7  ❡G✉✐ ❡❞ ❢♦ ❥♦❜ ♣❡ ❢♦ ♠❛♥❝❡✳ ❋♦ ✐♥7$❛♥❝❡✱ ✐♥ $❤❡ ❉❖❚ ✜✈❡

❧❡✈❡❧7 ❛ ❡ ✉7❡❞ $♦ ❝❛♣$✉ ❡ $❤❡ ❞❡❣ ❡❡ ♦❢ 7$ ❡♥❣$❤  ❡G✉✐ ❡♠❡♥$7 ❛7 ♠❡❛7✉ ❡❞ ❜② $❤❡ ❥♦❜✬7 ✐♥✈♦❧✈❡♠❡♥$ ✐♥

7$❛♥❞✐♥❣✱ ✇❛❧❦✐♥❣✱ 7✐$$✐♥❣✱ ❧✐❢$✐♥❣✱ ❛♥❞ ❝❛  ②✐♥❣ ♦❜❥❡❝$7✳

✸✳✸ ❉❛$❛ ♦♥ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛.❛❝$❡.✐0$✐❝0 ❛♥❞ ✐♠♠✐❣.❛$✐♦♥ 0$❛$✉0

❖✉ ♠❛✐♥ 7❛♠♣❧❡ ✐7 ❝♦♠♣♦7❡❞ ♦❢ ✇♦ ❦❡ 7 ❛❣❡❞ ✷✺ $♦ ✸✽ ❛$ $❤❡ $✐♠❡ ♦❢ $❤❡ ✐♥$❡ ✈✐❡✇ ❢♦ $❤❡ ✶✾✾✵ ❛♥❞ ✷✵✵✵

❈❡♥7✉7❡7 ❛♥❞ $❤❡ ✷✵✵✾ $♦ ✷✵✶✸ ❆♠❡ ✐❝❛♥ ❈♦♠♠✉♥✐$② ❙✉ ✈❡②7 ✭❆❈❙✮✱ ❛♥❞ ✇❡✐❣❤$7 ❛ ❡ ❛❞❥✉7$❡❞ $♦  ❡✢❡❝$

❞✐✛❡ ❡♥❝❡7 ✐♥ 7❛♠♣❧✐♥❣ ❜❡$✇❡❡♥ $❤❡ ❢♦ ♠❡ ✭✺✪ 7❛♠♣❧❡✮ ❛♥❞ $❤❡ ❧❛$$❡ ✭✶✪ 7❛♠♣❧❡✮✳ ❚❤❡ ♠❛✐♥ 7✉❜❣ ♦✉♣

♦❢ ✐♥$❡ ❡7$ ✐7 ❝♦♠♣♦7❡❞ ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣ ❛♥$7 ✇❤♦ ✇❡ ❡ ❧❡77 $❤❛♥ ❛❣❡ ✶✽ ❛$ $❤❡ $✐♠❡ ♦❢ ❡♥$ ② ✐♥$♦ $❤❡

❯♥✐$❡❞ ❙$❛$❡7 ❛♥❞ ❢♦ ✇❤✐❝❤ ✇❡ ❤❛✈❡ ✇❡❧❧✲❞❡✜♥❡❞ ❝♦✉♥$ ②✲♦❢✲❜✐ $❤ ✐♥❢♦ ♠❛$✐♦♥✳ ❲❡ ❡①❝❧✉❞❡ ✐♠♠✐❣ ❛♥$7 ❢ ♦♠

❝♦✉♥$ ✐❡7 ❢♦ ✇❤✐❝❤ ❛ ❧✐♥❣✉✐7$✐❝ ❞✐7$❛♥❝❡ ❝♦✉❧❞ ♥♦$ ❜❡ ✉♥❡G✉✐✈♦❝❛❧❧② ❞❡$❡ ♠✐♥❡❞✱ ❢♦ ❡①❛♠♣❧❡✱ ✏❆♠❡ ✐❝❛7✱

♥7✱✑ ✏❯❙❙❘✱ ♥7✱✑ ❛♥❞ ✏■♥❞♦❝❤✐♥❛✱ ♥7✳✑ ❚❤❡ 7❛♠♣❧❡ ✐♥❝❧✉❞❡7 ♣ ✐♠❡✲❛❣❡❞ ✇♦ ❦❡ 7 ✇❤♦ ❝❛♠❡ $♦ $❤❡ ❯❙ ❛7

❝❤✐❧❞ ❡♥ ❛♥❞ ❤❛✈❡ ❜❡❡♥ ✐♥ $❤❡ ❝♦✉♥$ ② ❢♦ ✽ $♦ ✸✽ ②❡❛ 7 ✭♠♦ ❡  ❡❝❡♥$ ✇❛✈❡7 ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣ ❛♥$7 ❛ ❡

❡①❝❧✉❞❡❞ ❜❡❝❛✉7❡ $❤❡② ❛ ❡ 7$✐❧❧ ♦❢ 7❝❤♦♦❧ ❛❣❡✱ ❛♥❞ ♠♦7$ ❛ ❡ ♥♦$ ❢✉❧❧② ♣❛ $✐❝✐♣❛$✐♥❣ ✐♥ $❤❡ ❧❛❜♦ ♠❛ ❦❡$✮✳

■♠♣♦ $❛♥$❧②✱ ✐♥ ♦✉ 7❛♠♣❧❡ ♦❢ ✐♠♠✐❣ ❛♥$7 ❛♥❞ ♥❛$✐✈❡ ✇♦ ❦❡ 7 ❛ ❡ 7✐♠✐❧❛ ✇✐$❤  ❡7♣❡❝$ $♦ ❧♦❝❛$✐♦♥7 ♦❢ $❤❡

❡①♣❡ ✐❡♥❝❡✲❡❛ ♥✐♥❣7 ♣ ♦✜❧❡✳

❲❡ ❢✉ $❤❡ ❞❡✜♥❡ 7✉❜❣ ♦✉♣7 ❜② ❡①♣❧♦ ✐♥❣ ✈✐7✉❛❧ ❝✉❡7 ✐♥ $❤❡  ❡❧❛$✐♦♥7❤✐♣ ❜❡$✇❡❡♥ ♦✉ ♠❡❛7✉ ❡ ♦❢ ❧✐♥✲

❣✉✐7$✐❝ ❞✐7$❛♥❝❡ ❛♥❞ ♣❡ ❢♦ ♠❛♥❝❡ ♦♥ ❚❖❊❋▲ ❡①❛♠7✳ ❲❡ ✐❞❡♥$✐❢② $❤ ❡❡ ❞✐7$✐♥❝$ $②♣❡7 ♦❢ ❝♦✉♥$ ✐❡7✿ ✭✐✮

❆♥❣❧♦♣❤♦♥❡✱ ❢♦ ✇❤✐❝❤ ❧✐♥❣✉✐7$✐❝ ❞✐7$❛♥❝❡ ✐7 ③❡ ♦ ♦ 7♠❛❧❧❡ $❤❛♥ ✻✵ ✭❧♦❝❛❧✲❛✈❡ ❛❣❡❞ ❚❖❊❋▲ ❛❜♦✈❡ ✶✵✵✮❀

✭✐✐✮ ▲✐♥❣✉✐7$✐❝❛❧❧② ❝❧♦7❡✱ ❢♦ ✇❤✐❝❤ ❧✐♥❣✉✐7$✐❝ ❞✐7$❛♥❝❡ ✐7 ❜❡$✇❡❡♥ ✻✵ ❛♥❞ ✽✵ ✭❧♦❝❛❧✲❛✈❡ ❛❣❡❞ ❚❖❊❋▲ ❜❡$✇❡❡♥

✾✵ ❛♥❞ ✶✵✵✮✱ ❛♥❞❀ ✭✐✐✐✮ ▲✐♥❣✉✐7$✐❝❛❧❧② ❢❛ ✱ ❢♦ ✇❤✐❝❤ ❧✐♥❣✉✐7$✐❝ ❞✐7$❛♥❝❡ ✐7 ❛❜♦✈❡ ✽✵ ✭❚❖❊❋▲ 7❝♦ ❡7 ❜❡❧♦✇
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✾✵✮✳ ❲❡ ❛❧(♦ ❝❛♣✐-❛❧✐③❡ ♦♥ -❤❡ ❛❣❡ ❛- ✐♠♠✐❣3❛-✐♦♥ -♦ ❣❡♥❡3❛-❡ ✐❞❡♥-✐✜❡3( ❢♦3 ✐♠♠✐❣3❛♥-( -❤❛- ❛33✐✈❡❞ ✐♥

-❤❡ ❯♥✐-❡❞ ❙-❛-❡( ❡❛3❧② ✭❜❡❢♦3❡ ❛❣❡ ✶✵✮ ♦3 ❧❛-❡ ✭❛❢-❡3 ❛❣❡ ✾✮✳ ❋✐♥❛❧❧② ✇❡ ❛❧(♦ (✐♥❣❧❡ ♦✉- ❛ ❣3♦✉♣ ♦❢ ❝❤✐❧❞

✐♠♠✐❣3❛♥-( -❤❛- ✇❡3❡ ❜♦3♥ ❛❜3♦❛❞ ✭✐♥ ❆♥❣❧♦♣❤♦♥❡ ❝♦✉♥-3✐❡( ♦3 ♥♦-✮ -♦ ❯❙✲❜♦3♥ ♣❛3❡♥-(✱ ✇❤♦ ❛3❡ ❣3❛♥-❡❞

❛✉-♦♠❛-✐❝ ❝✐-✐③❡♥(❤✐♣ ❜✉- ✇❤♦ ❤❛✈❡ ❡①♣❡3✐❡♥❝❡( ❛❜3♦❛❞ -❤❛- ♠❛② ♠✐♠✐❝ -❤♦(❡ ♦❢ ♦-❤❡3 ✐♠♠✐❣3❛♥-(✳ ■♥ ❚❛❜❧❡

❆✸ ✇❡ ♣3❡(❡♥- ❞❡(❝3✐♣-✐✈❡ (-❛-✐(-✐❝( ✭❊♥❣❧✐(❤ ✢✉❡♥❝②✱ ❞❡♠♦❣3❛♣❤✐❝(✱ ❡❞✉❝❛-✐♦♥❛❧ ❛--❛✐♥♠❡♥- ❛♥❞ ❡❝♦♥♦♠✐❝

♦✉-❝♦♠❡(✮ ❢♦3 -❤❡(❡ ❣3♦✉♣(✳ ❋♦3 3❡❢❡3❡♥❝❡ ✐♥ -❤❡ ✜3(- ❝♦❧✉♠♥ ✇❡ 3❡♣♦3- ♠❡❛♥ ❛♥❞ (-❛♥❞❛3❞✲❞❡✈✐❛-✐♦♥ ❢♦3

❯❙✲❜♦3♥ ✇♦3❦❡3(✳ ❚❤❡ 3❡♠❛✐♥✐♥❣ ❝♦❧✉♠♥( ♣3❡(❡♥- (-❛-✐(-✐❝( ❢♦3 -❤❡ (✉❜❣3♦✉♣( ❧✐(-❡❞ ❛❜♦✈❡✳

■♥ -❡3♠( ♦❢ ✉(❡ ♦❢ ❛ (❡❝♦♥❞ ❧❛♥❣✉❛❣❡ ❛- ❤♦♠❡ ❛♥❞ ❊♥❣❧✐(❤ ✢✉❡♥❝② -❤❡ ♣❛--❡3♥( ❛❝3♦(( ❝♦❧✉♠♥( ❛3❡ -❤❡

♦♥❡( ✇❡ ❡①♣❡❝-❡❞✳ ■♥❞✐✈✐❞✉❛❧( ❢3♦♠ ❧✐♥❣✉✐(-✐❝❛❧❧② ❢❛3 ❛♥❞ -❤♦(❡ ✐♠♠✐❣3❛-✐♥❣ ❛- ♦❧❞❡3 ❛❣❡( ❛3❡ ♠♦3❡ ❧✐❦❡❧②

-♦ ✉(❡ ❛ (❡❝♦♥❞ ❧❛♥❣✉❛❣❡ ❛♥❞ ✉♥❞❡3♣❡3❢♦3♠ ✐♥ -❡3♠( ♦❢ ✭(❡❧❢✲3❡♣♦3-❡❞✮ ❊♥❣❧✐(❤ ❛❜✐❧✐-②✳ ❲❤❡♥ ✇❡ ❢♦❝✉( ♦♥

3❛❝✐❛❧ ❛♥❞ ❡-❤♥✐❝ ❝♦♠♣♦(✐-✐♦♥ ✇❡ (❡❡ -❤❛- ❍✐(♣❛♥✐❝( ❛3❡ ♠♦3❡ ❝♦♥❝❡♥-3❛-❡❞ ❛♠♦♥❣ -❤♦(❡ ❢3♦♠ ❧✐♥❣✉✐(-✐❝❛❧❧②

❢❛3 ❣3♦✉♣( ✇❤✐❧❡ ❇❧❛❝❦( ❛3❡ ♠♦3❡ ❢3❡M✉❡♥-❧② ✐♥ -❤❡ ❆♥❣❧♦♣❤♦♥❡ ♦♥❡(✳ ❚❤❡3❡ ✐( ❛❧(♦ ❛ ❧❛3❣❡3 (❤❛3❡ ♦❢ ♠❛❧❡(

❛♠♦♥❣ -❤❡ ❢♦3♠❡3✳ ■♥ -❡3♠( ♦❢ ❡❞✉❝❛-✐♦♥❛❧ ❛--❛✐♥♠❡♥-✱ ❡❛3♥✐♥❣( ❛♥❞ ♣♦✈❡3-② (-❛-✉( ✇❤❛- ✇❡ ♦❜(❡3✈❡ ✭❛♥❞

❝♦♥✜3♠ ✐♥ ❡❝♦♥♦♠❡-3✐❝ ❡①❡3❝✐(❡( ❜❡❧♦✇✮ ✐( -❤❛- ❜♦-❤ -❤❡ ❧✐♥❣✉✐(-✐❝ ❞✐(-❛♥❝❡ ❛♥❞ -❤❡ ❛❣❡ ❛- ✐♠♠✐❣3❛-✐♦♥

(❡❡♠ -♦ ❤❛✈❡ (-3♦♥❣ ❝♦33❡❧❛-✐♦♥ ✇✐-❤ ❢♦3♠❛❧ ❡❞✉❝❛-✐♦♥ ❛--❛✐♥♠❡♥- ❛♥❞ ♠❡❛(✉3❡( ♦❢ ❡❝♦♥♦♠✐❝ (✉❝❝❡((✳

■♥-❡3❡(-✐♥❣❧②✱ ✐♥ ❚❛❜❧❡ ❆✹ ✇❡ ❞♦❝✉♠❡♥- -❤❛- ♠♦(- ♦❢ -❤❡ ♣❛--❡3♥( ♦❜(❡3✈❡❞ ❛♠♦♥❣ ❛❧❧ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐✲

❣3❛♥-( ❛3❡ ❛❧(♦ ♣3❡(❡♥- ❛♠♦♥❣ -❤♦(❡ -❤❛- ✇❡3❡ ❜♦3♥ ❛❜3♦❛❞ -♦ ❯❙✲❜♦3♥ ♣❛3❡♥-(✳ ❚❤✐( (✉❣❣❡(-( -❤❛- -❤❡3❡ ✐(

❛- ❧❡❛(- (♦♠❡ ✐♠♣❛❝- ♦❢ -❤❡ ❡♥✈✐3♦♥♠❡♥- (✉33♦✉♥❞✐♥❣ -❤❡(❡ ✐♥❞✐✈✐❞✉❛❧( ❜❡❢♦3❡ ✐♠♠✐❣3❛-✐♦♥ -♦ -❤❡ ❯♥✐-❡❞

❙-❛-❡(✳ ❲❡ ❢✉3-❤❡3 ❡①♣❧♦3❡ -❤✐( 3❡❛(♦♥✐♥❣ ❜❡❧♦✇✳

❚❛❜❧❡( ❆✺ ❛♥❞ ❆✻ 3❡♣3♦❞✉❝❡ -❤❡ ❛♥❛❧②(✐( ❜② ❢♦❝✉(✐♥❣ ❡①❝❧✉(✐✈❡❧② ♦♥ -❤❡ ✈❛3✐❛❜❧❡( ♦❢ ♠❛✐♥ ✐♥-❡3❡(- ✐♥

-❤❡ ♣3❡(❡♥- ❛3-✐❝❧❡✿ (❦✐❧❧ ✐♥❞✐❝❡( ✭③✲(❝♦3❡(✮✳ ❖♥❝❡ ❛❣❛✐♥ ✇❡ ♦❜(❡3✈❡ (-3♦♥❣ ❣3❛❞✐❡♥-(✱ ✇✐-❤ ❧✐♥❣✉✐(-✐❝ ❞✐(-❛♥❝❡

❛♥❞ ❛❣❡ ❛- ✐♠♠✐❣3❛-✐♦♥ ❜♦-❤ ❛((♦❝✐❛-❡❞ ✇✐-❤ ❧♦✇❡3 ❝♦♠♠✉♥✐❝❛-✐♦♥✱ ❝♦❣♥✐-✐✈❡ ❛♥❞ (♦❝✐♦✲❡♠♦-✐♦♥❛❧ (❦✐❧❧(

❛♥❞ ❣3❡❛-❡3 ♣❤②(✐❝❛❧ (❦✐❧❧(✬ ❛❝❝✉♠✉❧❛-✐♦♥✳ ❙✐♠✐❧❛3 ❜✉- ♠♦3❡ ♠✉-❡❞ ♣❛--❡3♥( ❝❤❛3❛❝-❡3✐③❡ ✐♠♠✐❣3❛♥-( ❜♦3♥

❛❜3♦❛❞ -♦ ❯❙✲❜♦3♥ ♣❛3❡♥-(✳

✹ ❊♠♣✐%✐❝❛❧ )♣❡❝✐✜❝❛,✐♦♥

❚❤❡ ♦❜❥❡❝-✐✈❡ ♦❢ ♦✉3 ❡(-✐♠❛-✐♦♥ (-3❛-❡❣② ✐( -♦ ✐❞❡♥-✐❢② -❤❡ 3♦❧❡ ♦❢ ❊♥❣❧✐(❤✲❧❡❛3♥✐♥❣ ♣♦-❡♥-✐❛❧ ✐♥ ❞❡-❡3♠✐♥✐♥❣

(❦✐❧❧ ❧❡✈❡❧( ✐♥ ❛❞✉❧-❤♦♦❞ ♦❢ -❤♦(❡ ✇❤♦ ✇❡3❡ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣3❛♥-(✳ ❙✉❝❤ ❡✈❛❧✉❛-✐♦♥ ❝♦33❡(♣♦♥❞( -♦ -❤❡
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❡!"✐♠❛"✐♦♥ ♦❢ ❞✐✛❡+❡♥❝❡! ✐♥ ❛♥ ✐♥❞✐✈✐❞✉❛❧✬! skill ✭♦✉"❝♦♠❡ ♦❢ ✐♥"❡+❡!"✮ ✉♥❞❡+ "✇♦ ❞✐!"✐♥❝" ❝♦♥❞✐"✐♦♥!✱ ❤✐❣❤

❛♥❞ ❧♦✇ ❧❡❛♥✐♥❣ ♣♦"❡♥"✐❛❧✳ ❇✉" ❢♦+ ❡❛❝❤ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣+❛♥" ♦♥❧② ♦♥❡ ❧❡❛+♥✐♥❣ ❝♦♥❞✐"✐♦♥ ✐! ♦❜!❡+✈❡❞✳

❚❤❡+❡❢♦+❡✱ ✇❡ ❞❡✈❡❧♦♣ ❝♦♠♣❛+✐!♦♥! ❜❡"✇❡❡♥ "❤❡♠ ❛♥❞ ❣+♦✉♣! "❤❛" ❝❛♥ ♣❧❛✉!✐❜❧② ✐❧❧✉!"+❛"❡ ✇❤❛" ✇♦✉❧❞

❤❛✈❡ ❜❡❡♥ "❤❡ ❝♦✉♥"❡+✲❢❛❝"✉❛❧ "+❛❥❡❝"♦+② ♦❢ !❦✐❧❧ ❛❝❝✉♠✉❧❛"✐♦♥✳

❖✉+ !"+❛"❡❣② ✐♥✈♦❧✈❡! ❞✐✛❡+❡♥❝❡✲✐♥✲❞✐✛❡+❡♥❝❡! ❡!"✐♠❛"❡! ❛♥❞ "+✐♣❧❡✲❞✐✛❡+❡♥❝❡! ❡!"✐♠❛"❡!✳ ❚❤❡ ♥♦"❛"✐♦♥

❤❡+❡ ✐! "❤❡ ♦♥❡ ✉!❡❞ ✐♥ "❤❡ ❝❛✉!❛❧✲✐♥❢❡+❡♥❝❡ ❧✐"❡+❛"✉+❡✿ ❧❡" skillic +❡♣+❡!❡♥" "❤❡ +❡❛❧✐③❡❞ ♦✉"❝♦♠❡ ✭❡✳❣✳✿ ❖✯◆❊❚

!❦✐❧❧ ✐♥❞❡①✮ ❢♦+ ✐♠♠✐❣+❛♥" i ✇❤♦ ✇❛! ❜♦+♥ ✐♥ ❝♦✉♥"+② c✳ ▲❡" AEic ❜❡ ❛♥ ✐♥❞✐❝❛"♦+ ❢✉♥❝"✐♦♥✱ ❛!!✉♠✐♥❣ "❤❡

✉♥✐" ✈❛❧✉❡ ✐❢ "❤❡ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣+❛♥" ❡♥"❡+! "❤❡ ❯♥✐"❡❞ ❙"❛"❡! ❛❢"❡+ ❛❣❡ ♥✐♥❡✳ ■♥ ❛❞❞✐"✐♦♥✱ ❧❡" Dfar
ic ❜❡ "❤❡

✐♥❞✐❝❛"♦+ ♦❢ ♠♦"❤❡+ "♦♥❣✉❡✬! ❧✐♥❣✉✐!"✐❝ ❝❧♦!❡♥❡!! "♦ ❊♥❣❧✐!❤✳

❉❡✜♥❡ skillic(1) ❛♥❞ skillic(0) ❛! "❤❡ "❤❡♦+❡"✐❝❛❧ ♦✉"❝♦♠❡! ♦❢ ✐♥❞✐✈✐❞✉❛❧ i ✇❤❡♥ ❡①♣♦!❡❞ ❛♥❞ ♥♦♥✲❡①♣♦!❡❞

"♦ ❧♦✇❡+ ❊♥❣❧✐!❤✲❧❡❛+♥✐♥❣ ♣♦"❡♥"✐❛❧✱ +❡!♣❡❝"✐✈❡❧②✳ ❈♦♥!❡N✉❡♥"❧②✱ "❤❡ ❡✛❡❝" ♦❢ "❤❡ ✏"+❡❛"♠❡♥"✑ ✭❧♦✇❡+ ❊♥❣❧✐!❤

❧❡❛+♥✐♥❣ ♣♦"❡♥"✐❛❧✮ ❢♦+ ✐♥❞✐✈✐❞✉❛❧ i ❝❛♥ ❜❡ +❡♣+❡!❡♥"❡❞ ❜② "❤❡ ❞✐✛❡+❡♥❝❡ skillic(1) − skillic(0)✳ ❚❤✐! ❧❡❛❞!

✉! "♦ "❤❡♦+❡"✐❝❛❧❧② +❡♣+❡!❡♥" "❤❡ ❡①♣❡❝"❡❞ ❡✛❡❝" ♦❢ ✐♥❝+❡❛!✐♥❣ ❧❡❛+♥✐♥❣ ❞✐✣❝✉❧"✐❡! ❛♠♦♥❣ ♦❧❞❡+ ❝❤✐❧❞❤♦♦❞

✐♠♠✐❣+❛♥"! ❢+♦♠ ❛ ❧✐♥❣✉✐!"✐❝❛❧❧② ❢❛+ ❝♦✉♥"+② ❜②✿

τ far(X) = E[skillic(1)− skillic(0) | Xic, θc, D
far
ic = 1, AEic = 1], ✭✶✮

✇❤❡+❡ X ✐! ❛ ✈❡❝"♦+ ♦❢ ♦❜"❡$✈❡❞ ✐♥❞✐✈✐❞✉❛❧ ❞❡♠♦❣+❛♣❤✐❝ ❝❤❛+❛❝"❡+✐!"✐❝!✱ ❛♥❞ θc +❡♣+❡!❡♥"! ❣❡♥❡+❛❧ ❝❤❛+✲

❛❝"❡+✐!"✐❝! ♦❢ ❤❡+ ❝♦✉♥"+②✲♦❢✲❜✐+"❤✳

❚❤❡ ✐❞❡♥"✐✜❝❛"✐♦♥ ♦❢ !✉❝❤ ❛ ♣❛+❛♠❡"❡+ +❡N✉✐+❡!✱ "❤❡+❡❢♦+❡✱ ❛ !♣❡❝✐✜❝ ♠♦❞❡❧✐♥❣ ♦❢ "❤❡ ✭♥♦" ❞✐+❡❝"❧②

♦❜!❡+✈❡❞✮ ❝♦✉♥"❡+✲❢❛❝"✉❛❧ ❢✉♥❝"✐♦♥ skillic(0)✳ ❲❤✐❧❡ ♦♥❡ ❛❧"❡+♥❛"✐✈❡ ✇♦✉❧❞ ❜❡ "♦ ❝♦♥"+❛!" ♦✉"❝♦♠❡! ❢♦+

"❤❡ ✐♥❞✐✈✐❞✉❛❧! ❝♦♠✐♥❣ ❢+♦♠ "❤❡ !❛♠❡ ❝♦✉♥"+② ❜❡❢♦+❡ ❛❣❡ ✶✵✱ "❤❡ +❡❧❡✈❛♥❝❡ ♦❢ ❛❣❡✲❡✛❡❝"! ♦♥ ❛!!✐♠✐❧❛"✐♦♥

♣❛""❡+♥! ♠✐❣❤" ❝♦♥❢♦✉♥❞ "❤❡ ✐♥❢❡+❡♥❝❡✳ ❍♦✇❡✈❡+✱ ✐❢ ✇❡ ❝❛♥ !❛❢❡❧② ❛!!✉♠❡ "❤❛" "❤❡ ❛!!✐♠✐❧❛"✐♦♥✬! ❛❣❡✲♣❛""❡+♥

♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣+❛♥"! ✐! ✐♥❞❡♣❡♥❞❡♥" ♦❢ "❤❡ ♠♦"❤❡+ "♦♥❣✉❡ ✭❡①❝❡♣" ❢♦+ "❤❡✐+ ❡✛❡❝" ♦✈❡+ ❊♥❣❧✐!❤✲❧❡❛+♥✐♥❣

♣♦"❡♥"✐❛❧✱ ♦❢ ❝♦✉+!❡✮✱ "❤❡♥ ❛ !❛♠♣❧❡ ♦❢ ❝♦♠♣❛+❛❜❧❡ ✏♥♦♥✲"+❡❛"❡❞✑ ♦❜!❡+✈❛"✐♦♥! ✭✇❤✐❝❤ ❛+❡ ❡N✉❛❧❧② ❛✛❡❝"❡❞

❜② "❤❡ ❛❧"❡+♥❛"✐✈❡ ❡❧❡♠❡♥"!✮ ❝❛♥ ❜❡ ✉!❡❞ "♦ ♥❡" ♦✉" ❡✛❡❝"! ♦❢ ❛♥② ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝"♦+!✳ V❤+❛!❡❞ ✐♥ ❛ !❧✐❣❤"❧②

❞✐✛❡+❡♥" ✇❛②✱ "❤❡ ♠♦❞❡❧✐♥❣ ♦❢ "❤❡ ❝♦✉♥"❡+✲❢❛❝"✉❛❧ ♦✉"❝♦♠❡! ❢♦+ "❤❡ "+❡❛"❡❞ ❣+♦✉♣ ❝❛♥ ❜❡ ❜❛!❡❞ ♦♥ "❤❡

♦❜!❡+✈❛"✐♦♥ ♦❢ ❛ ❝♦♥"+♦❧✲❣+♦✉♣ ✭✐♠♠✐❣+❛♥"! ❢+♦♠ ❝❧♦!❡✲"♦ ❆♥❣❧♦♣❤♦♥❡ ❝♦✉♥"+✐❡!✮✳ ■♥ "❤✐! ✇❛②✱ ❛! ❧♦♥❣ ❛!

❜♦"❤ ❣+♦✉♣! ✇❡+❡ "♦ ❢♦❧❧♦✇ ♣❛+❛❧❧❡❧ ♣❛"❤! ✐❢ ♠♦"❤❡+ "♦♥❣✉❡ ❤❛❞ ♥♦ ❛❣❡✲!♣❡❝✐✜❝ ❡✛❡❝"! ♦✈❡+ ♦✉"❝♦♠❡!✱ "❤❡

✶✸



❝❛✉#❛❧✲✐♥❢❡*❡♥❝❡ ❝❛♥ ❜❡ *❡✇*✐--❡♥ ✐♥ -❡*♠# ♦❢ ❛ ❞✐✛❡*❡♥❝❡✲✐♥✲❞✐✛❡*❡♥❝❡# ♣❛*❛♠❡-❡*✿

τ far(X) =
{

E
[

skillic | Xic, θc, D
far
ic = 1, AEic = 1

]

− E
[

skillic | Xic, θc, D
far
ic = 1, AEic = 0

]}

✭✷✮

−
{

E
[

skillic | Xic, θc, D
far
ic = 0, AEic = 1

]

− E
[

skillic | Xic, θc, D
far
ic = 0, AEic = 0

]}

.

❚❤❡*❡❢♦*❡✱ ❧❡- ✉# ❝♦♥#✐❞❡* ❛ ♣❛*❛♠❡-*✐❝ #♣❡❝✐✜❝❛-✐♦♥ ♦❢ -❤❡ ❝♦✉♥-❡*❢❛❝-✉❛❧ ♠♦❞❡❧✳ ■♥ ♣❛*-✐❝✉❧❛*✱ ❛##✉♠❡

❛ ❧✐♥❡❛* ✈❡*#✐♦♥ ♦❢ -❤❡ ♦✉-❝♦♠❡ ❢♦* ✐♥❞✐✈✐❞✉❛❧ i ❢*♦♠ ❝♦✉♥-*② c ✉♥❞❡* ❛ ♥♦✲-*❡❛-♠❡♥- #-❛-✉#✿

skillic(0) = α0 + AEicα1 +Dfar
ic α2 +Xic · β + θc + ηic, ✭✸✮

✇❤❡*❡ -❤❡ ❡✛❡❝-# ♦❢ ✐♠♠✐❣*❛-✐♥❣ ❛❢-❡* ❛❣❡ ♥✐♥❡ ✭α1✮✱ ❛♥❞ ♦❜#❡*✈❡❞ ❝♦✈❛*✐❛-❡# ✭β✮ ❛*❡ ❝♦♠♠♦♥ -♦ ❛❧❧ ✐♥❞✐✲

✈✐❞✉❛❧#✱ ❛♥❞ θc+ηic ❝♦❧❧❛♣#❡ ❛❧❧ ✉♥♦❜#❡*✈❛❜❧❡ ❝❤❛*❛❝-❡*✐#-✐❝# ✭♦*✐❣✐♥✲❧❡✈❡❧ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧✲❧❡✈❡❧✮✳ ❈♦♥#✐❞❡*✐♥❣

❝♦♥#-❛♥- -*❡❛-♠❡♥- ❡✛❡❝-# τ far(X) ≡ τ far✱ -❤❡ ❢♦❧❧♦✇✐♥❣ ❡♠♣✐*✐❝❛❧ ♠♦❞❡❧ ✭✐♥ -❡*♠# ♦❢ -❤❡ *❡❛❧✐③❡❞ ♦✉-❝♦♠❡#✮

❝❛♥ ❜❡ ❡①♣❧♦*❡❞✿

✶✾

skillic = α0 + AEicα1 +Dfar
ic α2 +Xis · β +

(

Dfar
ic AEic

)

· τ far + θc + ηic. ✭✹✮

❋*♦♠ -❤✐# ♣❛*❛♠❡-*✐❝ ❢♦*♠✉❧❛-✐♦♥✱ ✐- ✐# ❝❧❡❛* -❤❛- -❤❡ #✉✣❝✐❡♥- ✐❞❡♥-✐❢②✐♥❣ ❛##✉♠♣-✐♦♥ ✐♠♣❧✐❝✐- ✐♥ -❤❡

❝❤♦✐❝❡ ♦❢ ❛ ❝♦♥-*♦❧ ❣*♦✉♣ ❝❛♥ ❜❡ *❡♣*❡#❡♥-❡❞ ❜②✿

E[ηic | θc, Xic, D
far
ic , AEic] = 0 ✭✺✮

❚❤✐# ❝♦♥❞✐-✐♦♥ ✇♦✉❧❞ ❛❧❧♦✇ -❤❡ ❝♦♥#✐#-❡♥- ❡#-✐♠❛-✐♦♥ ♦❢ τ far ❜② #-❛♥❞❛*❞ ♦*❞✐♥❛*② ❧❡❛#- #H✉❛*❡# ✭✐♥✲

❝❧✉❞✐♥❣ ❝♦✉♥-*②✲♦❢✲❜✐*-❤ ✜①❡❞✲❡✛❡❝-#✮ ♦♥ -❤❡ ♣♦♦❧❡❞ ❝*♦##✲#❡❝-✐♦♥❛❧ #❛♠♣❧❡# ♦❢ -❤❡ -*❡❛-♠❡♥- ❛♥❞ ❝♦♥-*♦❧

♣♦♣✉❧❛-✐♦♥#✱ -❤❛- ✐#✿ ✐♠♠✐❣*❛♥- ♣♦♣✉❧❛-✐♦♥# ❢*♦♠ ❆♥❣❧♦♣❤♦♥❡✱ ▲✐♥❣✉✐#-✐❝❛❧❧② ❝❧♦#❡ ❛♥❞ ▲✐♥❣✉✐#-✐❝❛❧❧② ❢❛*

❝♦✉♥-*✐❡# ❛**✐✈✐♥❣ ✐♥ -❤❡ ❯♥✐-❡❞ ❙-❛-❡# ❜❡❢♦*❡ ❛♥❞ ❛❢-❡* ❛❣❡ -❡♥✳

■♥ ♦*❞❡* -♦ ❝♦♥✜*♠ -❤❡ ♠❛✐♥ ♣❛--❡*♥# ✐♥ -❤❡ ❞❛-❛ ✇❡ ❛❧#♦ ❛♣♣❧② -❤❡ #❛♠❡ ♠♦❞❡❧ -♦ ❛ ❣*♦✉♣ ♦❢ ✐♠♠✐❣*❛♥-#

✇❤♦ ✇❡*❡ ❜♦*♥ ❛❜*♦❛❞ -♦ ❯❙✲❜♦*♥ ♣❛*❡♥-# ❛♥❞ ❡♥-❡*❡❞ -❤❡ ❝♦✉♥-*② ❛- ❞✐✛❡*❡♥- ❛❣❡#✳ ▲✐❦❡ ❛ ❢❛❧#✐✜❝❛-✐♦♥

✶✾

❚❤❡ ❝♦♥&'❛♥' ')❡❛'♠❡♥' ❡✛❡❝' ✐& ❛&&✉♠❡❞ ❤❡)❡ ❢♦) ❡①♣♦&✐'✐♦♥❛❧ ❝♦♥✈❡♥✐❡♥❝❡✳ ■♥ '❤❡ ❡♠♣✐)✐❝❛❧ &❡❝'✐♦♥ ❜❡❧♦✇ ✇❡ ❡①❛♠✐♥❡

❤❡'❡)♦❣❡♥❡✐'② ✐♥ ')❡❛'♠❡♥' ❡✛❡❝'& ❛❝)♦&& ❣❡♥❞❡)& ❛♥❞ )❛❝✐❛❧ ❣)♦✉♣&✳

✶✹



❡①❡"❝✐%❡ &❤❡ ♦❜❥❡❝&✐✈❡ ♦❢ ❢♦❝✉%✐♥❣ ♦♥ &❤❡%❡ ✐♥❞✐✈✐❞✉❛❧% ✐% &♦ ❡①❛♠✐♥❡ ✐❢ ❝♦✉♥&"② ♦❢ ♦"✐❣✐♥ ❝❧❛%%✐✜❝❛&✐♦♥% ❛"❡
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"❤❡♥ ♣❧♦" "❤❡ ❛✈❡+❛❣❡ +❡.✐❞✉❛❧ ❝❛❧❝✉❧❛"❡❞ ❢♦+ ❡❛❝❤ ❛❣❡✲❛"✲❛++✐✈❛❧ ❛♥❞ ❢♦+ "❤❡ "✇♦ "②♣❡. ♦❢ ♦+✐❣✐♥✲❝♦✉♥"+②✱

✇❤✐❝❤ ❛+❡ "❤❡♥ ❝♦♠❜✐♥❡❞ ✉.✐♥❣ ❛ ❧♦❝❛❧ ♣♦❧②♥♦♠✐❛❧ .♠♦♦"❤❡+✳

❚❤❡ ♣❛""❡+♥. "❤❛" ❡♠❡+❣❡ ❛+❡ ❝❧❡❛+❧② ❝♦♠♣❛"✐❜❧❡ ✇✐"❤ "❤❡ +❡❛.♦♥✐♥❣ ✇❡ ♦✛❡+✳ ❖❝❝✉♣❛"✐♦♥❛❧ ❧❛♥❣✉❛❣❡

.❦✐❧❧. ❛+❡ ❧♦✇❡+ ❛♠♦♥❣ ✐♠♠✐❣+❛♥". ❢+♦♠ ❧✐♥❣✉✐."✐❝❛❧❧② ❢❛+ ❝♦✉♥"+✐❡. "❤❛♥ ❢♦+ "❤♦.❡ ❢+♦♠ ✭❝❧♦.❡ "♦✮ ❊♥❣❧✐.❤✲
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 ♣❡❛❦✐♥❣ ❝♦✉♥+,✐❡ ✳ ▼♦ + ✐♠♣♦,+❛♥+❧②✱ ✐+ ✐ ❝❧❡❛, +❤❛+ ♠✐❣,❛+✐♥❣ ❛+ ②♦✉♥❣❡, ✐ ❛  ♦❝✐❛+❡❞ ✇✐+❤ ,❡❧❛+✐✈❡❧②

❜❡++❡, ❝♦♠♠✉♥✐❝❛+✐♦♥✱ ❝♦❣♥✐+✐✈❡ ❛♥❞  ♦❝✐♦✲❡♠♦+✐♦♥❛❧  ❦✐❧❧ ✐♥ ❛❞✉❧+❤♦♦❞✱ ♣❛,+✐❝✉❧❛,❧② ❢♦, +❤♦ ❡ ✇❤♦ ❡

♠♦+❤❡, +♦♥❣✉❡ ✐ ✈❡,② ❞✐✛❡,❡♥+ ❧✐♥❣✉✐ +✐❝❛❧❧② ❢,♦♠ ❊♥❣❧✐ ❤✳ ❋♦, +❤❡ ❧❛++❡,✱ ❛♥ ❛❞❞✐+✐♦♥❛❧ ②❡❛,✬ ❞❡❧❛② ✐♥

❛,,✐✈❛❧ ✕  +❛,+✐♥❣ ❛+ ❛❣❡ ✺✱ ❜✉+ ♣❛,+✐❝✉❧❛,❧②  +,♦♥❣❧② ❜② ❛❣❡ ✶✶✕ ✐ ❛  ♦❝✐❛+❡❞ ✇✐+❤ ♣,♦❣,❡  ✐✈❡❧② ❧❡   ❦✐❧❧ ✳

❚❤❡ ❜♦++♦♠✲,✐❣❤+ ♣❛♥❡❧ ✐♥ ❋✐❣✉,❡ ✷ ❢♦❝✉ ❡ ♦♥ +❤❡ ♣❛++❡,♥ ❢♦, ♣❤② ✐❝❛❧  ❦✐❧❧ ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐✲

❣,❛♥+ ✳ ❆♠♦♥❣ ✐♠♠✐❣,❛♥+ ❢,♦♠ ❊♥❣❧✐ ❤✲ ♣❡❛❦✐♥❣ ❝♦✉♥+,✐❡ ✱ ♣❤② ✐❝❛❧  ❦✐❧❧ ,❡♠❛✐♥ ❡  ❡♥+✐❛❧❧② ✢❛+ ✇✐+❤

❛❣❡✲❛+✲❛,,✐✈❛❧✳ ■♥  +,✐❦✐♥❣ ❝♦♥+,❛ + +♦ +❤❡ ♥❡❣❛+✐✈❡ ,❡❧❛+✐♦♥ ❤✐♣ ❜❡+✇❡❡♥ ❛❣❡✲❛+✲❛,,✐✈❛❧ ✈ ✳ ❝♦♠♠✉♥✐❝❛+✐♦♥✱

 ♦❝✐♦✲❡♠♦+✐♦♥❛❧✱ ❛♥❞ ❝♦❣♥✐+✐✈❡  ❦✐❧❧ ✱ ❤♦✇❡✈❡,✱ ✐♠♠✐❣,❛♥+ ❢,♦♠ ♥♦♥✲❊♥❣❧✐ ❤✲ ♣❡❛❦✐♥❣ ❝♦✉♥+,✐❡ +❡♥❞ +♦

♣,♦❣,❡  ✐✈❡❧② ❛❝F✉✐,❡ ,❡❧❛+✐✈❡❧② ♠♦"❡ ♣❤② ✐❝❛❧  ❦✐❧❧ +❤❡ ♦❧❞❡, +❤❡② ❛,❡ ✇❤❡♥ +❤❡② ❛,,✐✈❡ ✐♥ +❤❡ ❯✳❙✳

❋✐❣✉,❡ ✸  ✉♠♠❛,✐③❡ +❤❡ ❡ ✜♥❞✐♥❣ ❜② ♣♦,+,❛②✐♥❣ ❞✐✛❡,❡♥❝❡✲✐♥✲❞✐✛❡,❡♥❝❡ ♣❛++❡,♥ ✳ ❚❤✐ ✐ ♦❜+❛✐♥❡❞ ❜②

❝♦♥+,❛ +✐♥❣ ✐♥❞✐✈✐❞✉❛❧ ❢,♦♠ ✭❝❧♦ ❡ +♦✮ ❆♥❣❧♦♣❤♦♥❡ ❛♥❞ ❧✐♥❣✉✐ +✐❝❛❧❧② ❢❛, ♦,✐❣✐♥ ❜② ✜, + ❝♦♠♣✉+✐♥❣  ❦✐❧❧

❧❡✈❡❧ ,❡❧❛+✐✈❡ +♦ +❤♦ ❡ ✐♠♠✐❣,❛♥+ ❛,,✐✈✐♥❣ ❜❡❢♦,❡ ❝♦♠♣❧❡+✐♥❣ +❤❡ ✜, + ②❡❛, ♦❢ ❛❣❡✳ ❚❤✐ ✇✐+❤✐♥ ❣,♦✉♣

❞✐✛❡,❡♥❝❡ ✐ +❤❡♥ ❝♦♠❜✐♥❡❞ ✇✐+❤ ❛♥ ❛❝,♦  ✲❣,♦✉♣ ❝♦♠♣❛,✐ ♦♥ ♣❡, ❛❣❡✲❛+✲✐♠♠✐❣,❛+✐♦♥ ❧❡✈❡❧✳ ❲❤❛+ ✇❡ ♣❧♦+

✐ +❤❡ ,❡ ✉❧+ ♦❢ +❤❡ ❡ +✇♦ ♦♣❡,❛+✐♦♥ ✳ ❆ ❜❡❢♦,❡✱ ❛❧❧ ❝♦♥❞✐+✐♦♥✐♥❣ ♦♥ ❞❡♠♦❣,❛♣❤✐❝ ✐ ♣❡,❢♦,♠❡❞ ❜❡❢♦,❡ +❤❡ ❡

❛,❡ ❝♦♠♣✉+❡❞✳ ❲❡ ❝❛♥  ❡❡ ❢,♦♠ +❤❡ ♣❛++❡,♥ ❡♠❡,❣✐♥❣ ❤❡,❡ +❤❛+ ❛❣❡ ♦❢ ❛,,✐✈❛❧ ❝❧❡❛,❧② ✐♠♣❧✐❡ ❛ ♣❛++❡,♥ ♦❢

 ❦✐❧❧ ❛❝❝✉♠✉❧❛+✐♦♥ ❛❝,♦  ❛❧❧ ❢♦✉, ❞✐♠❡♥ ✐♦♥  +✉❞✐❡❞✳ ❲❤✐❧❡ ❧❡✈❡❧ ♦❢ +❤❡ ❡ ❞✐✛❡,❡♥+  ❦✐❧❧ ❛,❡ ♥♦+ ❞✐,❡❝+❧②

❝♦♠♣❛,❛❜❧❡ ✭✉♥✐+ ♦❢ ♠❡❛ ✉,❡♠❡♥+ ❞♦ ♥♦+ ❧❡♥❞ +❤❡♠ ❡❧✈❡ +♦  ✉❝❤ ❝♦♠♣❛,✐ ♦♥ ✮ ✇❡ ❝❛♥ ❧❡❛,♥ ❢,♦♠  ❧✐❣❤+

❞✐✛❡,❡♥❝❡ ✐♥ +❤❡ ❛❣❡✲❛+✲❛,,✐✈❛❧ ❣,❛❞✐❡♥+✳ ■+ ✐ ✐♥+❡,❡ +✐♥❣ +♦ ♥♦+❡✱ ✐♥ ♣❛,+✐❝✉❧❛,✱ +❤❛+ ❛❣❡  ❡❡♠ +♦ ❤❛✈❡ ❛

 +,♦♥❣❡, ❡✛❡❝+ ♦♥ ♣❤② ✐❝❛❧ ❛♥❞ ❝♦♠♠✉♥✐❝❛+✐♦♥  ❦✐❧❧ ✭❛♥❞ ❢,♦♠ ❛♥ ❡❛,❧✐❡, ❧✐❢❡✲ +❛❣❡✱ ❛+ ❧❡❛ + ✐♥ +❤❡ ❖✯◆❊❚

❝❧❛  ✐✜❝❛+✐♦♥✮✳

✺✳✸ ❙❡♥&✐(✐✈✐(② ❛♥❞ &✉❜✲❣1♦✉♣ ❛♥❛❧②&✐&

■+ ✐ ✐♠♣♦,+❛♥+ +♦ ❡♠♣❤❛ ✐③❡ +❤❛+ +❤❡  ❦✐❧❧ ❛  ✐♠✐❧❛+✐♦♥ ♣,♦✜❧❡ ❞✐ ❝✉  ❡❞ ❛❜♦✈❡ ❛,❡  ✐♠✐❧❛, +♦ +❤♦ ❡ ♦❜ ❡,✈❡❞

❢♦, +❤❡ ❛❝❝✉♠✉❧❛+✐♦♥ ♦❢ ❡❞✉❝❛+✐♦♥❛❧ ❝,❡❞❡♥+✐❛❧ ✳ ■+ ✐ ♥❛+✉,❛❧ +♦ ❛ ❦✱ +❤❡,❡❢♦,❡✱ ✐❢ +❤❡ ❡ ♣❛++❡,♥ ❛,❡ ♥♦+

,❡✢❡❝+✐♥❣ +❤❡  ❛♠❡ ✜♥❞✐♥❣✳ ■♥ ♦,❞❡, +♦ ♣,♦✈✐❞❡ ❡✈✐❞❡♥❝❡ +❤❛+ +❤❡ ❡✛❡❝+ ♦❢ ❛❣❡✲❛+✲❛,,✐✈❛❧ ❛♥❞ ❧✐♥❣✉✐ +✐❝

❞✐ +❛♥❝❡ ♦♥  ❦✐❧❧ ❛  ✐♠✐❧❛+✐♦♥ ✇❡ ♠❡❛ ✉,❡ ❣♦ ❜❡②♦♥❞ ❡✛❡❝+ +❤❛+ ❛,✐ ❡ ❜❡❝❛✉ ❡ ♦❢ ❡❞✉❝❛+✐♦♥❛❧ ❛++❛✐♥♠❡♥+

✇❡ ,❡✲❡ +✐♠❛+❡ ♦✉, ♠♦❞❡❧ ❡✐+❤❡, ✉ ✐♥❣ ❡❞✉❝❛+✐♦♥❛❧ ❛++❛✐♥♠❡♥+ ❛ ❝♦♥+,♦❧ ♦, ❜② ❢♦❝✉ ✐♥❣ ♦♥  ✉❜ ❛♠♣❧❡ 

❞❡✜♥❡❞ ❜② ❤✐❣❤❡ + ❞❡❣,❡❡ ❛++❛✐♥❡❞✳ ❚❤✐ +✐♠❡ ✇❡ ❢♦❝✉  ♦❧❡❧② ♦♥ ❞✐✛❡,❡♥❝❡✲✐♥✲❞✐✛❡,❡♥❝❡ ❡ +✐♠❛+✐♦♥ ❜❛ ❡❞

♦♥ ❛❧❧ ✐♠♠✐❣,❛♥+ ✇❤♦ ❛,❡ ♥♦+ ❢,♦♠ ❧✐♥❣✉✐ +✐❝❛❧❧② ❢❛, ♦,✐❣✐♥ ❛ ❝♦♥+,♦❧ ✭✐♥❝❧✉❞✐♥❣ ❛❧❧ +❤♦ ❡ ❜♦,♥ ❛❜,♦❛❞ +♦
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❧❡❛%♥✐♥❣ ♣♦*❡♥*✐❛❧ ❛* ❛%%✐✈❛❧ ✐+ +*✐❧❧ +❡❡♥ ❛♠♦♥❣ *❤♦+❡ ✇❤♦ ❛%❡ ❤✐❣❤✲+❝❤♦♦❧ ❣%❛❞✉❛*❡+ ✭❜✉* ❤❛✈❡ ♥♦ ♠♦%❡

❡❞✉❝❛*✐♦♥ *❤❛♥ *❤❛*✮✳ ❋✐♥❛❧❧②✱ ❛♥❞ ✐♥*❡%❡+*✐♥❣❧②✱ ✇❡ ✜♥❞ ✐♥ 3❆◆❊▲ ❉ *❤❛* ❛♠♦♥❣ ❝♦❧❧❡❣❡ ❣%❛❞✉❛*❡+ *❤❡

♣❛**❡%♥+ ♦❢ +❦✐❧❧ ❛❝❝✉♠✉❧❛*✐♦♥ ❛%❡ +*✐❧❧ +❡♥+✐*✐✈❡ *♦ ❧✐♥❣✉✐+*✐❝ ❡♥❞♦✇♠❡♥* ❜✉* ❛❧+♦ *❤❛* ♠♦+* ♦❢ *❤❡ ❡✛❡❝*+ ❛%❡

❝♦♥❝❡♥*%❛*❡❞ ♦♥ ❝♦♠♠✉♥✐❝❛*✐♦♥ ❛♥❞ +♦❝✐♦✲❡♠♦*✐♦♥❛❧ +❦✐❧❧+✳ ■* ✐+ ✐♥*❡%❡+*✐♥❣ *♦ ♥♦*❡ *❤❛* *❤❡ ❞✐+❛❞✈❛♥*❛❣❡+

❢♦% *❤❡+❡ *✇♦ +❦✐❧❧+ ✐+ ♥♦* +❡❡♥ ❢♦% ❝♦❣♥✐*✐✈❡ +❦✐❧❧+✱ +✉❣❣❡+*✐♥❣ *❤❛* ❤✐❣❤❧②✲❡❞✉❝❛*❡❞ ✐♠♠✐❣%❛♥*+ ♠❛② ❤❛✈❡

✐♥✈❡+*❡❞ P✉✐*❡ +❡❧❡❝*✐✈❡❧②✳

❚❤✐+ ❧❛**❡% ✜♥❞✐♥❣ ❤❛+ ✐♥❞❡❡❞ ♠♦*✐✈❛*❡❞ ♦♥❡ ❛❞❞✐*✐♦♥❛❧ ❡♠♣✐%✐❝❛❧ ❡①❡%❝✐+❡ ❢♦❝✉+❡❞ ♦♥ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐✲

❣%❛♥*+ ✇✐*❤ ❛ ❯❙✲❝♦❧❧❡❣❡ ❞❡❣%❡❡✳ ■♥ ♦%❞❡% *♦ +♦ ✇❡ %❡*✉%♥❡❞ *♦ *❤❡ ✷✵✵✾ *♦ ✷✵✶✸ ❆❈❙ ❞❛*❛ ❛♥❞ %❡✲+❡❧❡❝*❡❞

❛ +❛♠♣❧❡ ❜❛+❡❞ ♦♥ ❛❧❧ ❇❛❝❤❡❧♦% ❞❡❣%❡❡ ❤♦❧❞❡%+ ✇❤♦ %❡♣♦%* *❤❡✐% ❝❤♦✐❝❡ ♦❢ ♠❛❥♦% ❝❛♣*✉%❡❞ ✐♥ *❤❛* +✉%✈❡②✳

❲❡ ❦❡♣* *❤❡ %❡+*%✐❝*✐♦♥ ✐♥ *❡%♠+ ♦❢ ❛❣❡ ❛* ✐♠♠✐❣%❛*✐♦♥ ❜✉* %❡♠♦✈❡❞ *❤❡ ✉♣♣❡% ❧✐♠✐* ♦♥ ❝✉%%❡♥* ❛❣❡ ❛♥❞

✇♦%❦✐♥❣ +*❛*✉+ ✐♥ ♦%❞❡% *♦ ❞%❛✇ ♠♦+* ♦❢ *❤❡ ❞❛*❛ ❛✈❛✐❧❛❜❧❡✳

✷✷

❲❡ ❡♠♣❧♦② ❛♥ ❡❝♦♥♦♠❡*%✐❝ +*%❛*❡❣② ✐❞❡♥*✐❝❛❧

*♦ *❤❡ ♦♥❡ ✉+❡❞ ❢♦% *❤❡ ♠❡❛+✉%❡+ ♦❢ +❦✐❧❧ ♣%❡+❡♥*❡❞ ❛❜♦✈❡ ✐♥ ♦%❞❡% *♦ ✈❡%✐❢② ❞✐✛❡%❡♥*✐❛❧ ♣❛**❡%♥+ ♦❢ ♠❛❥♦%

❝❤♦✐❝❡ ❛♠♦♥❣ ❝♦❧❧❡❣❡ ❡❞✉❝❛*❡❞ ✐♠♠✐❣%❛♥*+✳

❖✉% ✜♥❞✐♥❣+ ❛%❡ ❡①*%❡♠❡❧② ✐♥*❡%❡+*✐♥❣✳ ■♥ ❚❛❜❧❡ ✹✱ ✇❡ ❝❛♥ +❤♦✇ *❤❡ +*❛*✐+*✐❝❛❧ ❛♥❞ +✉❜+*❛♥*✐✈❡ +✐❣✲

♥✐✜❝❛♥❝❡ ♦❢ *❤❡ ✐♠♣❛❝* ♦❢ ❊♥❣❧✐+❤✲❧❡❛%♥✐♥❣ ♣♦*❡♥*✐❛❧ ❛* ✐♠♠✐❣%❛*✐♦♥ ✇✐*❤ %❡+♣❡❝* *♦ *❤❡ ❝❤♦✐❝❡ ♦❢ ❙❚❊▼

♠❛❥♦%+ ♦✈❡% ❙♦❝✐❛❧ ❙❝✐❡♥❝❡+ ❛♥❞ ❍✉♠❛♥✐*✐❡+ ♠❛❥♦%+✳ ❖❧❞❡% ✐♠♠✐❣%❛♥*+ ❢%♦♠ ❧✐♥❣✉✐+*✐❝❛❧❧② ❢❛% ❝♦✉♥*%✐❡+ ❛%❡

✺✳✹ ♣❡%❝❡♥*❛❣❡ ♣♦✐♥*+ ♠♦%❡ ❧✐❦❡❧② *♦ ❣%❛❞✉❛*❡ ✇✐*❤ ❛ ❙❚❊▼ ♠❛❥♦%✱ ❛♥❞ *❤❡② ❛%❡ ✹✳✻ ♣❡%❝❡♥*❛❣❡ ♣♦✐♥*+ ❧❡++

❧✐❦❡❧② *♦ ✉♥❞❡%*❛❦❡ ❙♦❝✐❛❧ ❙❝✐❡♥❝❡+ ♦% ❍✉♠❛♥✐*✐❡+ *%❛✐♥✐♥❣✳ ❚❤❡+❡ ♣❛**❡%♥+ ❛%❡ ❛❧+♦ ❞❡♣✐❝*❡❞ ✐♥ ❋✐❣✉%❡ ✹✱

%❡✈❡❛❧✐♥❣ ❛ %❡♠❛%❦❛❜❧❡ +✐♠✐❧❛%✐*② ✇✐*❤ *❤❡ +❦✐❧❧ ✜❣✉%❡+ +❤♦✇♥ ❛❜♦✈❡✳ ❚❤✐+ ✐+ ❛ ♥♦✈❡❧ %❡+✉❧* *❤❛* ✐♥❞✐❝❛*❡+

✷✶

❋♦" "❡❢❡"❡♥❝❡ ✇❡ "❡✲❡)*✐♠❛*❡ *❤❡ ♠♦❞❡❧ ✇✐*❤ *❤✐) ♥❡✇ ❞❡✜♥✐*✐♦♥ ♦❢ ❝♦♥*"♦❧ ❣"♦✉♣ ❢♦" *❤❡ ✇❤♦❧❡ )❛♠♣❧❡ ♦♥ 5❆◆❊▲ ❆ ❛♥❞

✜♥❞ "❡)✉❧*) *❤❛* ❛"❡ ♥❡❛"❧② ✐❞❡♥*✐❝❛❧ *♦ *❤❡ ♦♥❡) ❞✐)❝✉))❡❞ ❛❜♦✈❡✳

✷✷

❚❤✐) ♥❡✇ ✇♦"❦✐♥❣ )❛♠♣❧❡ ❤❛) ❞❡)❝"✐♣*✐✈❡ )*❛*✐)*✐❝) ♣"❡)❡♥*❡❞ ✐♥ ❚❛❜❧❡ ❆✼✳

✶✾



 ❤❡ #♦❧❡ ♦❢ ✏✐♥♥❛ ❡✑ ❊♥❣❧✐.❤ ❧❛♥❣✉❛❣❡ ❛❜✐❧✐ ② ❢♦#  ❤❡ ❝❤♦✐❝❡ ♦❢ ❝♦❧❧❡❣❡ ♠❛❥♦#✳ ❲❡ ❢❡❡❧  ❤✐. ❤❛. ✐♠♣♦# ❛♥ 

✐♠♣❧✐❝❛ ✐♦♥.✱ ❛♥❞  ❤❛  ❤✐. #❡❛.♦♥✐♥❣ ❝❛♥ ❛❧.♦ ❜❡ ❛♣♣❧✐❡❞  ♦  ❤❡ ✉♥❞❡#. ❛♥❞✐♥❣ ❝♦✉#.❡✲❝❤♦✐❝❡ ✐♥ ❤✐❣❤✲.❝❤♦♦❧

♦# ❡✈❡♥ ❡✛♦# ❛❧❧♦❝❛ ✐♦♥ ❛❝#♦.. ❞✐.❝✐♣❧✐♥❡.✳ ■ ❛❧.♦ #❛✐.❡. >✉❡. ✐♦♥. ❛❜♦✉  ❤❡ ♣#♦❢♦✉♥❞ ✐♠♣❛❝ ❜♦ ❤ ❊♥❣❧✐.❤

 ❡❛❝❤✐♥❣ ❢♦# ✐♠♠✐❣#❛♥ . ❛. ✇❡❧❧ ❛. ❞✉❛❧ ❧❛♥❣✉❛❣❡ .❝❤♦♦❧✐♥❣ ❝❛♥ ❤❛✈❡ ✐♥  ❤❡ ❧♦♥❣ #✉♥✳

❲❡ ❝♦♥❝❧✉❞❡ ♦✉# ❛♥❛❧②.✐. .❤♦✇✐♥❣ ✐♥ ❚❛❜❧❡ ✺  ❤❛  ❤❡ ♣❛  ❡#♥. ♦❢ .❦✐❧❧ ❛❝❝✉♠✉❧❛ ✐♦♥ .❡❡♥ ✐♥  ❤❡ ♦✈❡#❛❧❧

♣♦♣✉❧❛ ✐♦♥ .❛♠♣❧❡ ❛❧.♦ ❤♦❧❞ ❛❝#♦.. .✉❜.❛♠♣❧❡. ❞❡✜♥❡❞ ❜② ❣❡♥❞❡# ❛♥❞ #❛❝❡✳ ❖♥❝❡ ❛❣❛✐♥ ✇❡ ❝❛♥ .❡❡ ❢#♦♠

 ❤❡ ♣❛  ❡#♥ ❡♠❡#❣✐♥❣ ❤❡#❡  ❤❛ ❛❣❡ ♦❢ ❛##✐✈❛❧ ❝❧❡❛#❧② ✐♠♣❧✐❡. ❛ ♣❛  ❡#♥ ♦❢ .❦✐❧❧ ❛❝❝✉♠✉❧❛ ✐♦♥ ❛❝#♦.. ❛❧❧ ❢♦✉#

❞✐♠❡♥.✐♦♥. ♦❢ .❦✐❧❧.✱ ❢♦# ♠❡♥✱ ❢♦# ✇♦♠❡♥✱ ❢♦# ❇❧❛❝❦.✴♦ ❤❡# ❛♥❞ ❢♦# ❲❤✐ ❡✴❆.✐❛♥.✳ ❚❤❡ ✐♠♣❛❝ ♦❢ ❊♥❣❧✐.❤✲

❧❡❛#♥✐♥❣ ♣♦ ❡♥ ✐❛❧ ❛ ❛##✐✈❛❧ .❡❡♠. #❡❧❡✈❛♥ ❛❝#♦.. ❛❧❧  ❤❡.❡ ✇❡❧❧✲❞❡✜♥❡❞ ✭❛♥❞ ✐♠♣♦# ❛♥ ✮ ❞❡♠♦❣#❛♣❤✐❝

❣#♦✉♣.✳

✻ ❙✉♠♠❛%② ❛♥❞ ❈♦♥❝❧✉-✐♦♥-

❖✉# ❛♥❛❧②.✐. ♦❢ ❯❙ ❈❡♥.✉.❡.✴❆❈❙✱ ❞✐. ❛♥❝❡ ♦❢ ♦♥❡✬. ♠♦ ❤❡#  ♦♥❣✉❡  ♦  ❤❡ ❊♥❣❧✐.❤ ❧❛♥❣✉❛❣❡✱ ❛♥❞ .❦✐❧❧

❝♦♥ ❡♥ ♦❢ ♦❝❝✉♣❛ ✐♦♥. ✭❉❖❚ ❛♥❞ ❖✯◆❊❚✮ #❡✈❡❛❧ ✐♠♣♦# ❛♥ ❢✉♥❞❛♠❡♥ ❛❧ ❡❧❡♠❡♥ . ♦❢  ❤❡ ❡❝♦♥♦♠✐❝ ❛.✲

.✐♠✐❧❛ ✐♦♥ ♦❢ ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣#❛♥ . ✐♥  ❤❡ ❯✳❙✳ ❧❛❜♦# ♠❛#❦❡ ✳ ■♥ ❞♦❝✉♠❡♥ ✐♥❣ ❛..✐♠✐❧❛ ✐♦♥ ♦❢ ❝❤✐❧❞❤♦♦❞

✐♠♠✐❣#❛♥ . ❛  ❤❡ .❦✐❧❧ ❧❡✈❡❧✱ ✇❡ ❞❡♠♦♥. #❛ ❡ ❤♦✇  ❤❡ .❦✐❧❧. ❛♠♦♥❣  ❤♦.❡ ✇❤♦ ✐♠♠✐❣#❛ ❡ ❛. ❝❤✐❧❞#❡♥ ♠❛②

❞❡ ❡#♠✐♥❡  ❤❡✐# ❡❝♦♥♦♠✐❝ .✉❝❝❡.. ✇✐ ❤ #❡.♣❡❝  ♦ ❯❙✲❜♦#♥ ✇♦#❦❡#. ❛♥❞ ♠❛② ✉❧ ✐♠❛ ❡❧② ✐♥✢✉❡♥❝❡  ❤❡ .❤❛♣❡

♦❢  ❤❡ ❞✐. #✐❜✉ ✐♦♥ ♦❢ ❡❛#♥✐♥❣. ✐♥  ❤❡ ♣♦♣✉❧❛ ✐♦♥✳ ■♥  ❤✐. ✇❛② ♦✉# ✇♦#❦ ✐. #❡❧❛ ❡❞  ♦ ❛ ❧❛#❣❡ ❧✐ ❡#❛ ✉#❡ ✐♥

❊❝♦♥♦♠✐❝. ♦♥  ❤❡ ✇❛❣❡ ❡✛❡❝ . ♦❢ ✐♠♠✐❣#❛ ✐♦♥ ♦♥  ❤❡ ❯✳❙✳ ❧❛❜♦# ♠❛#❦❡ ✇❤✐❝❤ .❤♦✇.  ❤❛  ❤❡ ❡✛❡❝ ♦❢

✐♠♠✐❣#❛ ✐♦♥ ♦♥  ❤❡ ✇❛❣❡. ♦❢ ♥❛ ✐✈❡✲❜♦#♥ ✇♦#❦❡#. ✐. ❧✐  ❧❡  ♦ ♥♦♥✲.✐❣♥✐✜❝❛♥ ✭❡✳❣✳ ❇♦#❥❛. ❛♥❞ ❑❛ ③ ✷✵✵✼✱

❈❛#❞ ✶✾✾✵✱ ❛♠♦♥❣ ♠❛♥② ♦ ❤❡#.✮ ✇❤✐❧❡ ❜❡✐♥❣ #❡❧❛ ✐✈❡❧② ❧❛#❣❡ ❛♠♦♥❣ ♣#❡✈✐♦✉. ✐♠♠✐❣#❛♥ . ✭❡✳❣✳ ❈♦# ❡. ✷✵✵✽✱

❖  ❛✈✐❛♥♦ ❛♥❞ Z❡#✐ ✷✵✶✵✮✳ ❚❤❡✐# ✜♥❞✐♥❣. ❛#❡ ❝♦♠♣❛ ✐❜❧❡ ✇✐ ❤  ❤❡ ✐❞❡❛  ❤❛ ✐♠♠✐❣#❛♥ . ❛♥❞ ❯❙✲❜♦#♥ ✇♦#❦✲

❡#. ✕ ❡✈❡♥  ❤♦.❡ ✇✐ ❤ .✐♠✐❧❛# ❡❞✉❝❛ ✐♦♥ ❛♥❞ ✇♦#❦ ❡①♣❡#✐❡♥❝❡ ✕ ♣♦..❡.. ✉♥✐>✉❡ .❦✐❧❧.  ❤❛ ❧❡❛❞  ❤❡♠  ♦

.♣❡❝✐❛❧✐③❡ ✐♥ ❞✐✛❡#❡♥ ♦❝❝✉♣❛ ✐♦♥.✱ ❛♥❞  ❤✐. ♣✉#.✉✐ ♦❢  ❤❡✐# ❛❞✈❛♥ ❛❣❡. ✐♥ .❦✐❧❧ ❧❡❛❞.✱ ✐♥ ❡>✉✐❧✐❜#✐✉♠✱  ♦ ❛

♠✐ ✐❣❛ ✐♦♥ ♦❢ ❧♦❝❛❧.✬ ✇❛❣❡ ❧♦..❡. ❢#♦♠ ✐♠♠✐❣#❛ ✐♦♥✳

✷✸

❲❡ .❤♦✇  ❤❛ ❝❤✐❧❞#❡♥  ❤❛ ❛##✐✈❡ ❛ ❛♥ ❡❛#❧✐❡# ❛❣❡ .♦#  ❤❡♠.❡❧✈❡. ❛. ❛❞✉❧ . ✐♥ ♦  ❛.❦.✴♦❝❝✉♣❛ ✐♦♥.

✷✸

❘❡❝❡♥$ %$✉❞✐❡% ❤❛✈❡ ❛,❣✉❡❞ ❢♦, $❤✐% ✐♠♣❡,❢❡❝$ %✉❜%$✐$✉$❛❜✐❧✐$② ✐♥ $❤❡ ❯✳❙✳ ✭▲❡✇✐% ✷✵✶✷✱ ❖$$❛✈✐❛♥♦ ❛♥❞ @❡,✐ ✷✵✶✵✱ @❡,✐ ❛♥❞

❙♣❛,❜❡, ✷✵✵✾✮✱ ●❡,♠❛♥② ✭❉✬❆♠✉,✐✱ ❖$$❛✈✐❛♥♦ ❛♥❞ @❡,✐✱ ✷✵✶✵✮✱ ❙♣❛✐♥ ✭❆♠✉❡❞♦✲❉♦,❛♥$❡% ❛♥❞ ❉❡ ❧❛ ❘✐❝❛♥ ✷✵✶✶✮✱ ❛♥❞ $❤❡ ❯❑

✭▼❛♥❛❝♦,❞❛✱ ▼❛♥♥✐♥❣ ❛♥❞ ❲❛❞%✇♦,$❤✱ ✷✵✵✼✮✳

✷✵



 ❤❛ ❛#❡ ♠♦#❡ '✐♠✐❧❛#  ♦  ❤❡ ♦♥❡' ❝❤♦'❡♥ ❜② ♦❜'❡#✈❛ ✐♦♥❛❧❧② ❡/✉✐✈❛❧❡♥  ♦ ♥❛ ✐✈❡ ✇♦#❦❡#'✳ ■♥ ❝♦♥ #❛' ✱  ❤♦'❡

✇❤♦ ❛##✐✈❡ ❛ ♦❧❞❡# ❛❣❡' ✕ ♣❛# ✐❝✉❧❛#❧② ❛❢ ❡#  ❤❡ ♣#✐♠❛#② '❝❤♦♦❧ ②❡❛#' ✕ ❢#♦♠ ❊♥❣❧✐'❤✲❞✐' ❛♥ ❝♦✉♥ #✐❡' ❛#❡

✐♥  ❛'❦'✴♦❝❝✉♣❛ ✐♦♥'  ❤❛ ❛#❡ ♠♦#❡ ♣❤②'✐❝❛❧❧② ✐♥ ❡♥'✐✈❡ #❡❧❛ ✐✈❡  ♦  ❤♦'❡ ✇❤♦ ♠✐❣#❛ ❡❞ ❛ ②♦✉♥❣❡# ❛❣❡' ❛♥❞

 ♦ ♥❛ ✐✈❡✲❜♦#♥ ✇♦#❦❡#'✳ ❇②  ❤❡ '❛♠❡  ♦❦❡♥  ❤❡② ❛#❡ ❧❡'' ❧✐❦❡❧②  ♦ ❜❡ ❡♠♣❧♦②✐♥❣ ❝♦❣♥✐ ✐✈❡✱ '♦❝✐♦✲❡♠♦ ✐♦♥❛❧

❛♥❞ ❝♦♠♠✉♥✐❝❛ ✐♦♥ '❦✐❧❧' ✇❤❡♥ ♣❡#❢♦#♠✐♥❣  ❛'❦' ✐♥  ❤❡✐# ❥♦❜'✳ ❚❤❡ '✐❣♥✐✜❝❛♥❝❡ ♦❢  ❤✐' ✐♥ ❡#❛❝ ✐♦♥ ♦❢ ❛❣❡✲❛ ✲

❛##✐✈❛❧ ❛♥❞ ❧✐♥❣✉✐' ✐❝ ❞✐' ❛♥❝❡ ✭✇❤✐❝❤ ✇❡ ❝❛❧❧ ❊♥❣❧✐'❤✲❧❡❛#♥✐♥❣ ♣♦ ❡♥ ✐❛❧✮ ✐♥ ❞❡ ❡#♠✐♥✐♥❣ ❛❞✉❧ ❛  ❛✐♥♠❡♥ ♦❢

❝♦♠♠✉♥✐❝❛ ✐♦♥✱ ❝♦❣♥✐ ✐✈❡✱ ♣❤②'✐❝❛❧✱ ❛♥❞ '♦❝✐♦✲❡♠♦ ✐♦♥❛❧ '❦✐❧❧' ♦❢ ❝❤✐❧❞ ♠✐❣#❛♥ ' ❛❧'♦ ❣♦ ❛❜♦✈❡ ❛♥❞ ❜❡②♦♥❞

 ❤❡ ❡✛❡❝ ♦❢ ♠✐❣#❛♥ '✬ ❛❝/✉✐'✐ ✐♦♥ ♦❢ ❢♦#♠❛❧ ❡❞✉❝❛ ✐♦♥✳

❲❡ ✈✐❡✇  ❤✐' ❛' ❡✈✐❞❡♥❝❡ ❢♦#  ❤❡ ❝♦♠♣❧❡♠❡♥ ❛#② ♥❛ ✉#❡ ♦❢ ♦❜'❡#✈❡❞ ❤✉♠❛♥ ❝❛♣✐ ❛❧ ❛♥❞ '❦✐❧❧'✬ ❛❝/✉✐'✐ ✐♦♥

❛♥❞  ❤❡ ❞②♥❛♠✐❝ ✐♥ ❡#♣❧❛② ❜❡ ✇❡❡♥  ❤❡♠✳ ❊♥❣❧✐'❤✲❧❡❛#♥✐♥❣ ♣♦ ❡♥ ✐❛❧ ❛ ❛##✐✈❛❧ ✐' ❛ ♠❛❥♦# ❞❡ ❡#♠✐♥❛♥ ♦❢

❞✐✛❡#❡♥ ✐❛❧ ✐♥✈❡' ♠❡♥ ' ✐♥ ♠✉❧ ✐♣❧❡ '❦✐❧❧'✳ ❙♣❡❝✐✜❝❛❧❧②✱ ❝❤✐❧❞ ♠✐❣#❛♥ '✬ ❊♥❣❧✐'❤ ❢❛❝✐❧✐ ② ❛ ❛##✐✈❛❧ ❝♦♠♣❧❡♠❡♥ '

✐♥✈❡' ♠❡♥ ' ✐♥ ❡❞✉❝❛ ✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥ ♦❢ ❝♦❣♥✐ ✐✈❡✱ '♦❝✐♦✲❡♠♦ ✐♦♥❛❧✱ ❛♥❞ ❧❛♥❣✉❛❣❡ '❦✐❧❧' ❡♠♣❧♦②❡❞ ✐♥

 ❤❡ ❧❛❜♦# ♠❛#❦❡ ✱ ❜✉ ✇✐ ❤♦✉ ♣❛#❛❧❧❡❧ ❡♥❤❛♥❝❡♠❡♥ ♦❢ ♣❤②'✐❝❛❧ '❦✐❧❧'✳ ❈❤✐❧❞ ♠✐❣#❛♥ ' ✇❤♦ ❛##✐✈❡ ②♦✉♥❣✱

♣❛# ✐❝✉❧❛#❧② ♣#✐♦#  ♦  ❤❡ ❝♦♥❝❧✉'✐♦♥ ♦❢ ♠✐❞❞❧❡ ❝❤✐❧❞❤♦♦❞✱ ❛#❡ ❢❛❝❡❞ ✇✐ ❤ ❢❡✇❡# #❡' #✐❝ ✐♦♥' ✐♥ '❦✐❧❧ ❢♦#♠❛ ✐♦♥✱

❛♥❞ ❛#❡  ❤✉' ♠♦#❡ ❧✐❦❡❧②  ♦ ❛''✐♠✐❧❛ ❡  ♦ ♥❛ ✐✈❡ ♦✉ ❝♦♠❡'✳ ❚❤❡ ♦♣♣♦'✐ ❡ ✐'  #✉❡ ❢♦# ❝❤✐❧❞❤♦♦❞ ✐♠♠✐❣#❛♥ '

✇❤♦ ❛##✐✈❡ ❢#♦♠ ❊♥❣❧✐'❤✲❞✐' ❛♥ ❝♦✉♥ #✐❡' ❛❢ ❡# ❛❣❡ ✾✳

❚❤✐' #❡❛'♦♥✐♥❣ ✐' ❝♦♥✜#♠❡❞ ❜② ❛♥ ✐♥✈❡' ✐❣❛ ✐♦♥ ♦❢ ❝♦❧❧❡❣❡ ♠❛❥♦# ❝❤♦✐❝❡✱ ✇❤✐❝❤ '✉❣❣❡' '  ❤❛ ❧♦✇❡#

❡♥❞♦✇♠❡♥ ' ♦❢ ❊♥❣❧✐'❤✲❧❡❛#♥✐♥❣ ♣♦ ❡♥ ✐❛❧ ❛ ❛##✐✈❛❧ ❞✐#❡❝ ❧② ✐♥✢✉❡♥❝❡  ❤❡  ❡♥❞❡♥❝②  ♦ ❝❤♦♦'❡ ❙❚❊▼ ❝♦♥✲

❝❡♥ #❛ ✐♦♥' ♦✈❡# ❙♦❝✐❛❧ ❙❝✐❡♥❝❡' ♦# ❍✉♠❛♥✐ ✐❡' ✭❜♦ ❤ ♦❢ ✇❤✐❝❤ #❡/✉✐#❡ ❣#❡❛ ❡# ❧❛♥❣✉❛❣❡ ❛♥❞ ❝♦♠♠✉♥✐❝❛ ✐♦♥

'❦✐❧❧'✮✳ ❚❤❛ ✐'  ♦ '❛②✱  ❤✐' ✐' ❝♦♥'✐' ❡♥ ✇✐ ❤ ✐♥❞✐✈✐❞✉❛❧' ❢❛❝✐♥❣ ❞✐✛❡#❡♥ ❝♦' ' ❢♦#  ❤❡ ❛❝/✉✐'✐ ✐♦♥ ♦❢ ❛❞❞✐✲

 ✐♦♥❛❧ '❦✐❧❧' ❞✐#❡❝ ✐♥❣ ❡✛♦#  ♦✇❛#❞' '♣❡❝✐❛❧✐③❛ ✐♦♥ ✐♥ ✈❡#② '②' ❡♠❛ ✐❝ ✇❛②'✳

❖✉# ✇♦#❦ ❝♦♥ #✐❜✉ ❡'  ♦  ❤❡ #❡❝❡♥ ♣♦♣✉❧❛ ✐♦♥ ' ✉❞✐❡'✬ ❧✐ ❡#❛ ✉#❡ ♦♥ ♦❝❝✉♣❛ ✐♦♥❛❧ '❡❣#❡❣❛ ✐♦♥ ❛♥❞

✇♦#❦♣❧❛❝❡ ❝♦♥❝❡♥ #❛ ✐♦♥ ❛♠♦♥❣ ✐♠♠✐❣#❛♥ ' ✭❆♥❞❡#''♦♥ ❡ ❛❧✳✱ ✷✵✶✹❀ ❙ #♦♥❣❡♥ ❡ ❛❧✳✱ ✷✵✶✹❀ ❞❡❧ ❘✐♦ ❛♥❞

❆❧♦♥'♦✲❱✐❧❧❛# ✱ ✷✵✶✺✮✳ ❲❡ ❜❡❧✐❡✈❡  ❤❡ ❡♠♣✐#✐❝❛❧ ❡✈✐❞❡♥❝❡ ♣#❡'❡♥ ❡❞ ❤❡#❡ ❤❡❧♣' ❝❤❛#❛❝ ❡#✐③❡  ❤❡ '❦✐❧❧ ❞✐♠❡♥✲

'✐♦♥' ♦❢ ❥♦❜' ✐♠♠✐❣#❛♥ ' '♦# ✐♥ ♦✱ ❣♦✐♥❣ ♠✉❝❤ ❞❡❡♣❡#  ❤❛♥ ♦❝❝✉♣❛ ✐♦♥ ❧❛❜❡❧'✳ ■♥  ❤❛ '❡♥'❡✱ ♦✉# ✇♦#❦ ✐'

♠♦#❡ ✐♥❢♦#♠❛ ✐✈❡  ♦  ❤❡ ♣♦❧✐❝②✲♦#✐❡♥ ❡❞ ❞❡❜❛ ❡ ♦♥  ❤❡  ②♣❡' ♦❢ ❤✉♠❛♥ ❝❛♣✐ ❛❧ ✐♥✈❡' ♠❡♥ '  ❤❛ '❤♦✉❧❞

❜❡ ❡♥❤❛♥❝❡❞ ♦# ✐♥❝❡♥ ✐✈✐③❡❞ ✐♥ ♦#❞❡#  ♦ ❛✐❞  ❤❡ ❛''✐♠✐❧❛ ✐♦♥ ♦❢ ✐♠♠✐❣#❛♥ '✳

✷✹

■ ❛❧'♦ ❝♦♠♣❧❡♠❡♥ ' ♦ ❤❡#

❡♠♣✐#✐❝❛❧ ' ✉❞✐❡' ♦♥ ❛''✐♠✐❧❛ ✐♦♥  ❤❡♦#② ✇❤✐❝❤ '✉❣❣❡'  ❤❛ ❛❝/✉✐'✐ ✐♦♥ ♦❢ ❧❛♥❣✉❛❣❡ ✢✉❡♥❝② ✭❛♥❞ ♦♥❧②  ❤❛ 

✷✹

❚❤✐# ✐♥❝❧✉❞❡# #❝❤♦♦❧✲❧❡✈❡❧ ▲✐♠✐/❡❞ ❊♥❣❧✐#❤ 23♦✜❝✐❡♥❝② ♣3♦❣3❛♠#✱ ♦3 ❞✉❛❧✲▲❛♥❣✉❛❣❡ ❡❞✉❝❛/✐♦♥✱ ❢♦3 ❡①❛♠♣❧❡✳

✷✶



 ❦✐❧❧ ❞✐♠❡♥ ✐♦♥✮ ❛❝❝♦✉♥- ❢♦/ ✐♠♠✐❣/❛♥- ✬ ❢❛ -❡/ ❡❛/♥✐♥❣ ❣/♦✇-❤ ❝♦♠♣❛/❡❞ -♦ ♥❛-✐✈❡✲❜♦/♥ ♦/ ❆♥❣❧♦♣❤♦♥❡

✇♦/❦❡/ ✭❇♦/❥❛ ✱ ✷✵✶✸❀ ❇❧❡❛❦❧❡② ❛♥❞ ❈❤✐♥✱ ✷✵✵✹❀ ❛♥❞ ●✉✈❡♥ ❛♥❞ ■ ❧❛♠✱ ✷✵✶✺✮✳ ❲❡ ♣/♦✈✐❞❡ ❡✈✐❞❡♥❝❡ -❤❛-
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Table 1: Educational Attainment by Immigrant Status, Linguistic Distance, and Age at Arrival

Pooled 1990/2000 Censuses and 2009-2013 ACS data

9<Age<18 at 

entry

Age<10 at 

entry Diff. Diff. Diff-in-Diffs Triple Diffs Triple Diffs

[1] [2] [3] [4] [5] [6] [7]

Non-US-born parents and�

    Ling. ``far'' origin 71.0 89.4 -18.38*** -15.22*** -14.61*** -13.14*** -12.85***

(1.360) (0.822) (0.819) (1.167) (1.143)

    Ling. ``close'' origin 95.0 95.6 -0.66 -0.83

(0.579) (0.579)

    Angloph. origin 95.4 95.9 -0.42 -0.63**

(0.309) (0.249)

US-born parents and�

    Ling. ``far'' origin 90.2 96.0 -5.86*** -2.14*** -1.47

(0.983) (0.749) (0.959)

    Ling. ``close'' origin 96.2 95.8 0.35 0.17

(0.563) (0.552)

    Angloph. origin 94.6 96.2 -1.64** -1.46*

(0.801) (0.766)

Non-US-born parents and�

    Ling. ``far'' origin 23.8 32.4 -8.61*** -7.24*** -6.70*** -8.47*** -9.04***

(0.919) (0.745) (0.845) (1.810) (1.795)

    Ling. ``close'' origin 38.6 33.3 5.31** 3.25

(2.072) (2.010)

    Angloph. origin 38.9 41.4 -2.53*** -1.44*

(0.964) (0.843)

US-born parents and�

    Ling. ``far'' origin 40.0 40.9 -0.87 1.04 1.77

(1.247) (1.203) (1.700)

    Ling. ``close'' origin 34.0 34.7 -0.74 -1.90

(1.637) (1.647)

    Angloph. origin 42.7 41.1 1.57 1.73

(1.944) (1.878)

Country-of-brith FE Yes Yes Yes Yes

Excludes US-born workers Yes

Conditional mean

Notes: Sample is 4,830,465 observations (347,644 after excluding US-born workers). Standard-errors in parentheses under parameter estimates are

clustered at the occupation-code level (similar results are obtained with two-way clustering at occupational code and country-of-birth following Cameron,

Gelbach, and Miller, 2006). All models control for interview-year indicators; female, hispanic, asian, other race and black indicator variables. The influence of

age at interview is accounted for semi-parametrically using indicator functions. Linguistic distance computation follows Max Planck Institute of Evolutionary

Anthropology methodology discussed in the text and used by Isphording and Otten (2011). *** p<0.01, ** p<0.05, * p<0.1

PANEL A: 1{High School Graduate or more}

PANEL B: 1{College Graduate or more}



Table 2: Workplace Skills (z-scores) by Immigrant Status, Linguistic Distance, and Age at Arrival

Pooled 1990/2000 Censuses and 2009-2013 ACS

Diff-in-Diffs Triple Diffs Diff-in-Diffs Triple Diffs Diff-in-Diffs Triple Diffs Diff-in-Diffs Triple Diffs

[1] [2] [3] [4] [5] [6] [7] [8]

Non-US-born parents and�

    Ling. ``far'' origin -0.30*** -0.26*** -0.27*** -0.23*** -0.23*** -0.23*** 0.20*** 0.18***

(0.031) (0.043) (0.034) (0.045) (0.030) (0.041) (0.032) (0.041)

US-born parents and�

    Ling. ``far'' origin -0.04 -0.04 -0.00 0.02

(0.031) (0.032) (0.028) (0.032)

Non-US-born parents and�

    Ling. ``far'' origin -0.34*** -0.28*** -0.21*** -0.19*** -0.22*** -0.20*** 0.26*** 0.22***

(0.035) (0.040) (0.033) (0.043) (0.029) (0.038) (0.027) (0.043)

US-born parents and�

    Ling. ``far'' origin -0.06* -0.02 -0.01 0.04

(0.035) (0.030) (0.030) (0.034)

Country-of-brith FE Yes Yes Yes Yes Yes Yes Yes Yes

Communication skills

PANEL A: DOT classification

PANEL B: O*NET classification

Notes: Sample is 4,830,465 observations. Standard-errors in parentheses under parameter estimates are clustered at the occupation-code level (similar results are obtained

with two-way clustering at occupational code and country-of-birth following Cameron, Gelbach, and Miller, 2006). All models control for interview-year indicators; female,

hispanic, asian, other race and black indicator variables. The influence of age at interview is accounted for semi-parametrically using indicator functions. Linguistic distance

computation follows Max Planck Institute of Evolutionary Anthropology methodology discussed in the text and used by Isphording and Otten (2011). *** p<0.01, ** p<0.05, *

p<0.1

Cognitive skills Socio-Emotional skills Physical skills



Table 3: Difference-in-Differences Estimates for Workplace Skills (z-scores) after conditioning on Educational Attainment

Pooled 1990/2000 Censuses and 2009-2013 ACS
DOT O*NET

Communication 

skills

Cognitive skills Socio-Emotional 

skills

Physical 

skills

Communication 

skills

Cognitive skills Socio-Emotional 

skills

Physical 

skills

Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs

[1] [2] [3] [4] [5] [6] [7] [8]

Non-US-born parents and�

    Ling. ``far'' origin -0.29*** -0.25*** -0.23*** 0.21*** -0.33*** -0.20*** -0.20*** 0.26***

(0.026) (0.028) (0.029) (0.028) (0.033) (0.031) (0.028) (0.023)

Non-US-born parents and�

    Ling. ``far'' origin -0.14*** -0.11*** -0.12*** 0.11*** -0.18*** -0.08*** -0.11*** 0.14***

(0.017) (0.018) (0.019) (0.019) (0.020) (0.020) (0.018) (0.016)

Non-US-born parents and�

    Ling. ``far'' origin -0.19*** -0.16*** -0.13*** 0.15*** -0.24*** -0.11*** -0.12*** 0.19***

(0.029) (0.031) (0.030) (0.031) (0.036) (0.031) (0.030) (0.029)

Non-US-born parents and�

    Ling. ``far'' origin -0.07** -0.05 -0.13*** 0.04** -0.12*** -0.06 -0.12*** 0.04*

(0.030) (0.030) (0.034) (0.015) (0.024) (0.041) (0.028) (0.021)

Country-of-brith FE Yes Yes Yes Yes Yes Yes Yes Yes

Notes: Standard-errors in parentheses under parameter estimates are clustered at the occupation-code level (similar results are obtained with two-way clustering at occupational code and country-of-birth following

Cameron, Gelbach, and Miller, 2006). All models control for interview-year indicators; female, hispanic, asian, other race and black indicator variables. The influence of age at interview is accounted for semi-

parametrically using indicator functions. Education attainment controls are indicators for high-school, some college, and college or more. Linguistic distance computation follows Max Planck Institute of Evolutionary

Anthropology methodology discussed in the text and used by Isphording and Otten (2011). *** p<0.01, ** p<0.05, * p<0.1

PANEL A: Whole sample of immigrants without education attainment as controls (N=347,644)

PANEL B: Whole sample with education attainment as controls (N=347,644)

PANEL C: Sample of High-School graduates only (N=100,024)

PANEL D: Sample of College graduates only (N=98,696)



Table 4: Difference-in-Differences Estimates for Choice of College Major (%) 

Pooled 2009-2013 ACS

STEM major Social Sciences or 

Humanities major

Bio-Medical major Business major

Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs

[1] [2] [3] [4]

Non-US-born parents and�

    Ling. ``far'' origin 5.39*** -4.59*** -0.89 0.65

(1.301) (1.052) (0.772) (1.032)

Non-US-born parents and�

    Ling. ``far'' origin 4.16*** -4.33*** 0.04 0.14

(1.222) (1.122) (0.735) (1.015)

Non-US-born parents and�

    Ling. ``far'' origin 4.92*** -4.69*** -0.81 1.04

(1.184) (1.076) (0.784) (1.007)

Country-of-brith FE Yes Yes Yes Yes

Mean among US-born: 14 43 13 20

PANEL A: Whole sample of natives and childhood immigrants with a Bachelor's degree (N=2,714,985)

PANEL B: Sample of natives and childhood immigrants (under 16 at entry) with a Bachelor's degree (N=2,700,231)

PANEL C: Whole sample excluding natives (N=122,508)

Notes: Standard-errors in parentheses under parameter estimates are clustered at the country-of-birth level. All models control for interview-year

indicators; female, hispanic, asian, other race and black indicator variables. The influence of age at interview is accounted for semi-parametrically

using indicator functions. Linguistic distance computation follows Max Planck Institute of Evolutionary Anthropology methodology discussed in the

text and used by Isphording and Otten (2011). *** p<0.01, ** p<0.05, * p<0.1



Table 5: Difference-in-Differences Estimates for Workplace Skills (z-scores), by demographic subgroups

Pooled 1990/2000 Censuses and 2009-2013 ACS
DOT O*NET

Communication 

skills

Cognitive skills Socio-Emotional 

skills

Physical 

skills

Communication 

skills

Cognitive skills Socio-Emotional 

skills

Physical 

skills

Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs Diff-in-Diffs

[1] [2] [3] [4] [5] [6] [7] [8]

Non-US-born parents and�

    Ling. ``far'' origin -0.31*** -0.27*** -0.22*** 0.13*** -0.39*** -0.24*** -0.24*** 0.26***

(0.039) (0.037) (0.046) (0.032) (0.060) (0.053) (0.049) (0.039)

Non-US-born parents and�

    Ling. ``far'' origin -0.26*** -0.23*** -0.23*** 0.24*** -0.28*** -0.17*** -0.18*** 0.24***

(0.028) (0.031) (0.028) (0.035) (0.029) (0.031) (0.027) (0.027)

Non-US-born parents and�

    Ling. ``far'' origin -0.29*** -0.26*** -0.20*** 0.21*** -0.36*** -0.19*** -0.18*** 0.28***

(0.040) (0.044) (0.037) (0.044) (0.046) (0.042) (0.038) (0.038)

Non-US-born parents and�

    Ling. ``far'' origin -0.30*** -0.26*** -0.25*** 0.23*** -0.34*** -0.21*** -0.22*** 0.27***

-0.026 (0.027) (0.030) (0.026) (0.033) (0.032) (0.029) (0.023)

Country-of-brith FE Yes Yes Yes Yes Yes Yes Yes Yes

PANEL A: Excludes natives, females only (N=155,990)

PANEL B: Excludes natives, males only (N=191,654)

PANEL C: Excludes natives, Blacks/Other race only (N=110,816)

PANEL D: Excludes natives, Whites/Asians only (N=291,439)

Notes: Standard-errors in parentheses under parameter estimates are clustered at the occupation-code level (similar results are obtained with two-way clustering at occupational code and country-of-birth following

Cameron, Gelbach, and Miller, 2006). All models control for interview-year indicators; female, hispanic, asian, other race and black indicator variables. The influence of age at interview is accounted for semi-

parametrically using indicator functions. Education attainment controls are indicators for high-school, some college, and colleg or more. Linguistic distance computation follows Max Planck Institute of Evolutionary

Anthropology methodology discussed in the text and used by Isphording and Otten (2011). *** p<0.01, ** p<0.05, * p<0.1
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Figure 1: Projected relationship between Levenshtein Distance and  TOEFL scores and Anglophone Classification (a la 

Bleakley and Chin, 2004)



Figure 2: Relationship Between Skills and Age at Immigration, smoothed polynomials (regression-adjusted z-scores)
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Figure 3: Difference in Differences - Workplace Skills and Age at Immigration, smoothed polynomials after regression-

adjusted z-scores (age, gender, race and year of observation) 
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Figure 4: Difference in Differences - Choice of College Major and Age at Immigration, smoothed polynomials after 

regression-adjusted z-scores (age, gender, race and year of observation) 



 

Table A1: Closest and Furthest Immigrant Levenshtein Distances to English 

 

Closest Furthest 

Country LDND Country LDND 

St Vincent 41.57 Vietnam 104.06 

Jamaica 41.95 Somalia 103.03 

Netherlands; Suriname 63.22 Burma/Myanmar 102.3 

Aruba; Netherlands Antilles 63.22 Jordan 101.68 

    

 

  



Table A2: Occupation-Based Measures of Immigrant Skills 

Panel A. Variables from the DOT used for skill measures 

DOT VARIABLES DESCRIPTION 

 Communication Skills Index: 

gedl general educational development in language required, from lowest to highest:  

 
 (1) read at rate of 95-120 words per minute or vocabulary of 2,500 two- or three-syllable words; print and speak 

simple sentences 

 

(2) read at rate of 190-215 words per minute or passive vocabulary of 5,000-6,000 words; write compound and 

complex sentences, with cursive style, using adjectives and adverbs; speak clearly with correct pronunciation and 

proper tenses    

 
(3) read novels, magazines, safety rules and instruction manuals; write reports with proper format using all parts of 

speech; speak before an audience using correct English. 

 
(4) read novels, newspapers, encyclopedia; prepare business letters, reports; speak extemporaneously on various 

subjects, participate in discussions. 

  (5) read literature, journals, reports; write editorials, manuals, critiques; conversant in persuasive speaking & debate. 

aptv 
segment of the population possessing verbal aptitude for the job:  lowest 10% of popn; lowest third except bottom 

10%; middle third; top 1/3 except top 10%; top 10% of popn. 

talk job requires talking and/or hearing 

aptq clerical perception (ability to proofread) 

 Cognitive Skills Index: 

data 
complexity at which worker performs job in relation to data, from lowest to highest: comparing, copying, computing, 

compiling, analyzing, coordinating, synthesizing. 

gedr 

general educational development in reasoning required for job, ranging from being able to apply commonsense 

understanding to carry out simple instructions, to being able to apply logical or scientific thinking to wide range of 

intellectual and practical problems. 

gedm 
general educational development in mathematics required to perform job, from simple addition and subtraction, to 

knowledge of advanced calculus, modern algebra and statistics. 

aptg 
segment of the population possessing intelligence (or general learning ability) aptitude for the job: lowest 10% of 

popn; lowest third except bottom 10%; middle third; top 1/3 except top 10%; top 10% of popn. 

aptn 
segment of the population possessing numerical aptitude for the job:  lowest 10% of popn; lowest third except 

bottom 10%; middle third; top 1/3 except top 10%; top 10% of popn. 

 Physical Skills Index: 

streng degree of strength requirements of job as measured by involvement in standing, walking, sitting, lifting, carrying:  

 
(1) sedentary, sitting most of the time, walking and standing required only occasionally; exert up to 10 lbs of force 

occasionally to move objects 

 (2) light work, more than sedentary; exert up to 20 lbs of force occasionally, up to 10 lbs frequently to move objects 

 (3) medium physical work; exert 20-50 lbs of force occasionally, 10-25 lbs force frequently to move objects 

 (4) heavy work; exert 50-100 lbs force occasionally, 25-50 lbs frequently, 10-20 lbs force constantly to move objects 

 (5) very heavy physical demands; exert 100+ lbs of force occasionally, 50+ lbs frequently, 20+ lbs constantly. 

climb job requires climbing stairs, scaffolding, etc. 

stoop job requires stooping, kneeling, crouching 

reach job requires reaching, handling, fingering 

hazard environmental conditions on job 

out job involves outside activities 

repcon performing repetitive work  

 Socio-Emotional Skills Index: 

people 
complexity at which worker performs job in relation to people, from lowest to highest: taking instructions; serving; 

speaking-signaling; persuading; diverting; supervising; instructing; negotiating; mentoring.  

depl dealing with people beyond instructions 

dcp responsibility for direction control planning 

influ influencing people in their opinions, attitudes 

pus performing under stress 

sjc adaptability to making decisions 

 

  



Table A2: (con’t) 

Panel B. Variables from the O*NET used in constructing skill indices 
O*NET VARIABLES DESCRIPTION 

 Communication Skills Index: 

Reading Comprehension Understanding written sentences and paragraphs in work related documents 

Writing Communicating effectively in writing as appropriate for the needs of the audience 

Speaking Talking to others to convey information effectively 

Oral Comprehension 
Ability to listen to and understand information and ideas presented through spoken 

words and sentences 

Written Comprehension Ability to read and understand information and ideas presented in writing 

Oral Expression Ability to communicate information and ideas in speaking so others will understand 

Written Expression Ability to communicate information and ideas in writing so others will understand 

  

 Cognitive Skills Index: 

Active Learning 
Understanding the implications of information for current, future problem-solving & 

decision-making 

Critical Thinking 
Using logic & reasoning to identify the strengths, weaknesses of alternative solutions, 

conclusions or approaches to problems 

Learning Strategies 
Selecting & using training/instructional methods, procedures appropriate for the 

situation when learning or teaching new things 

Mathematics Using mathematics to solve problems 

Monitoring 
Monitoring/assessing performance of yourself, other individuals or organizations to 

make improvements or take corrective action 

Science Using scientific rules and methods to solve problems 

Problem-Solving Skills 
Identifying complex problems, reviewing related information to develop, evaluate 

options & implement solutions 

  

   Physical Skills Index: 

Dynamic Strength Ability to exert muscle force repeatedly or continuously over time 

Explosive Strength 

Ability to use short bursts of muscle force to propel oneself as in jumping or sprinting 

or throw objects 

Static Strength Ability to exert maximum muscle force to lift, push, pull or carry objects 

Trunk Strength 

Ability to use abdominal & lower back muscles to support part of the body repeatedly 

or continuously over time without fatiguing 

Stamina 

Ability to exert physically over long periods of time without getting winded or out of 

breath 

Dynamic Flexibility 

Ability to quickly and repeatedly bend, stretch, twist, or reach with body, arms, and/or 

legs 

Extent Flexibility Ability to bend, stretch, twist, or reach with your body, arms, and/or legs 

Gross Body Coordination 

Ability to coordinate the movement of arms, legs, and torso together when the whole 

body is in motion 

Gross Body Equilibrium Ability to keep or regain body balance or stay upright when in an unstable position 

  

   Socio-Emotional Skills Index: 

Coordination Adjusting actions in relation to others' actions 

Instructing Teaching others how to do something 

Negotiation Bringing others together and trying to reconcile differences 

Persuasion Persuading others to change their minds or behavior 

Social Perceptiveness Being aware of others' reactions and understanding why they react as they do 
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❆4✐❛♥ ✵✳✵✶ ✵✳✵✺ ✵✳✵✻ ✵✳✵✻ ✵✳✵✸ ✵✳✵✸ ✵✳✷✻ ✵✳✷✵

✵✳✶✵ ✵✳✷✷ ✵✳✷✹ ✵✳✷✸ ✵✳✶✻ ✵✳✶✼ ✵✳✹✹ ✵✳✹✵

❖6❤❡% %❛❝❡ ✵✳✵✹ ✵✳✵✽ ✵✳✵✺ ✵✳✵✼ ✵✳✵✷ ✵✳✵✹ ✵✳✷✼ ✵✳✸✷

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

❍✐4♣❛♥✐❝ ✵✳✵✽ ✵✳✶✷ ✵✳✵✶ ✵✳✵✷ ✵✳✵✷ ✵✳✵✸ ✵✳✺✼ ✵✳✻✻

✵✳✷✼ ✵✳✸✷ ✵✳✶✷ ✵✳✶✷ ✵✳✶✺ ✵✳✶✼ ✵✳✺✵ ✵✳✹✼

▼❛❧❡ ✵✳✺✶ ✵✳✺✷ ✵✳✹✾ ✵✳✹✺ ✵✳✺✶ ✵✳✺✶ ✵✳✺✸ ✵✳✻✶

✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✹✾

❙❝❤♦♦❧✐♥❣ ✭②%4✮ ✶✸✳✺✾ ✶✹✳✵✵ ✶✹✳✶✺ ✶✸✳✽✹ ✶✸✳✼✾ ✶✹✳✵✸ ✶✸✳✸✹ ✶✶✳✼✷

✷✳✶✶ ✷✳✶✺ ✷✳✵✻ ✷✳✶✺ ✷✳✵✵ ✷✳✶✺ ✷✳✻✹ ✸✳✺✹

❍❙ ❣%❛❞✰ ✵✳✾✹ ✵✳✾✻ ✵✳✾✼ ✵✳✾✻ ✵✳✾✻ ✵✳✾✻ ✵✳✽✽ ✵✳✻✽

✵✳✷✹ ✵✳✶✾ ✵✳✶✼ ✵✳✷✵ ✵✳✶✾ ✵✳✷✵ ✵✳✸✷ ✵✳✹✼

❙♦♠❡ ❝♦❧❧✰ ✵✳✻✶ ✵✳✼✶ ✵✳✼✸ ✵✳✻✽ ✵✳✻✽ ✵✳✼✵ ✵✳✺✽ ✵✳✸✽

✵✳✹✾ ✵✳✹✻ ✵✳✹✺ ✵✳✹✼ ✵✳✹✼ ✵✳✹✻ ✵✳✹✾ ✵✳✹✾

❈♦❧❧✳ ❣%❛❞✰ ✵✳✸✷ ✵✳✹✵ ✵✳✹✶ ✵✳✸✻ ✵✳✸✹ ✵✳✹✵ ✵✳✸✷ ✵✳✷✵

✵✳✹✻ ✵✳✹✾ ✵✳✹✾ ✵✳✹✽ ✵✳✹✼ ✵✳✹✾ ✵✳✹✼ ✵✳✹✵

▲♥ ❤♦✉%❧② ❡❛%♥✳ ✷✳✺✻ ✷✳✺✼ ✷✳✻✼ ✷✳✻✸ ✷✳✻✺ ✷✳✻✹ ✷✳✺✸ ✷✳✸✽

✵✳✼✵ ✵✳✼✶ ✵✳✼✶ ✵✳✻✾ ✵✳✻✾ ✵✳✼✻ ✵✳✼✹ ✵✳✼✹

< 130% ♣♦✈✳ ❧✐♥❡ ✵✳✵✾ ✵✳✵✾ ✵✳✵✽ ✵✳✵✾ ✵✳✵✽ ✵✳✵✾ ✵✳✶✸ ✵✳✷✶

✵✳✷✾ ✵✳✷✽ ✵✳✷✼ ✵✳✷✾ ✵✳✷✼ ✵✳✷✾ ✵✳✸✸ ✵✳✹✶

< 185% ♣♦✈✳ ❧✐♥❡ ✵✳✶✽ ✵✳✶✻ ✵✳✶✹ ✵✳✶✽ ✵✳✶✺ ✵✳✶✺ ✵✳✷✸ ✵✳✸✻

✵✳✸✽ ✵✳✸✼ ✵✳✸✺ ✵✳✸✽ ✵✳✸✺ ✵✳✸✻ ✵✳✹✷ ✵✳✹✽

❙❛♠♣❧❡ ✹✱✹✽✷✱✽✷✶ ✹✸✱✻✻✷ ✶✸✱✽✶✼ ✶✷✱✼✶✷ ✹✱✼✽✶ ✶✱✺✶✼ ✶✵✻✱✾✷✼ ✶✻✹✱✷✷✽

◆♦(❡)✿ ▼❡❛♥4 ✭❧✐♥❡ ✶✮ ❛♥❞ 46❛♥❞❛%❞✲❞❡✈✐❛6✐♦♥4 ✭❧✐♥❡ ✷✮ %❡♣♦%6❡❞✳ ■J❯▼❙ ✇❡✐❣❤64 ❛%❡ ❡♠♣❧♦②❡❞ ♦♥ ❡46✐♠❛6✐♦♥4✳ ❙❛♠♣❧❡ ❝♦♥4✐464

♦❢ ❛❧❧ ❯❙✲❜♦%♥ ❛♥❞ ✐♠♠✐❣%❛♥6 ✇♦%❦❡%4 ✇✐6❤ ♦❜4❡%✈❡❞ ❤♦✉%❧② ❡❛%♥✐♥❣4 ❛♥❞ ❜❡6✇❡❡♥ ✷✺ ❛♥❞ ✸✽ ②❡❛%4 ♦❢ ❛❣❡ ✇❤❡♥ ✐♥6❡%✈✐❡✇❡❞

❢♦% 6❤❡ ✶✾✾✵✱ ✷✵✵✵✱ ✷✵✵✾✱ ✷✵✶✵✱ ✷✵✶✶✱ ✷✵✶✷ ❛♥❞ ✷✵✶✸ ❡❞✐6✐♦♥4 ♦❢ 6❤❡ ❈❡♥4✉4✴❆♠❡%✐❝❛♥ ❈♦♠♠✉♥✐6② ❙✉%✈❡② ✭❆❈❙✮✳ ❈❤✐❧❞❤♦♦❞

✐♠♠✐❣%❛♥64 ♦♥❧② ✭✉♥❞❡% ❛❣❡ ✶✽ ❛6 ❡♥6%②✮✳ ❆♥❣❧♦♣❤♦♥❡ ♦%✐❣✐♥ ❝❧❛44✐✜❝❛6✐♦♥ ✉4❡4 ❧✐♥❣✉✐46✐❝ ❞✐46❛♥❝❡ ❝♦♠♣✉6❛6✐♦♥ ❢♦❧❧♦✇✐♥❣ ▼❛①

J❧❛♥❝❦ ■♥46✐6✉6❡ ♦❢ ❊✈♦❧✉6✐♦♥❛%② ❆♥6❤%♦♣♦❧♦❣② ♠❡6❤♦❞♦❧♦❣② ✉4❡❞ ❜② ■4♣❤♦%❞✐♥❣ ❛♥❞ ❖66❡♥ ✭✷✵✶✶✮✳

✸✽



❚❛❜❧❡ ❆✹✿ (♦♦❧❡❞ ✶✾✾✵✴✷✵✵✵ ❈❡♥2✉2❡2 ❛♥❞ ✷✵✵✾✲✷✵✶✸ ❆❈❙ ❞❛7❛ ✕ ❉❡2❝;✐♣7✐✈❡ 27❛7✐27✐❝2✱ ■♥❞✐✈✐❞✉❛❧2 ❜♦;♥

❛❜;♦❛❞ 7♦ ❆♠❡;✐❝❛♥ ♣❛;❡♥72 ✇❤♦ ✐♠♠✐❣;❛7❡❞ 7♦ ❯❙ ❞✉;✐♥❣ ❝❤✐❧❞❤♦♦❞

❆♥❣❧♦♣❤✳ ▲✐♥❣✳ ❈❧♦+❡ ▲✐♥❣✳ ❋❛/

❛❣❡❁✶✵ ✾❁❛❣❡❁✶✽ ❛❣❡❁✶✵ ✾❁❛❣❡❁✶✽ ❛❣❡❁✶✵ ✾❁❛❣❡❁✶✽

❛5 ❡♥5/② ❛5 ❡♥5/② ❛5 ❡♥5/② ❛5 ❡♥5/② ❛5 ❡♥5/② ❛5 ❡♥5/②

❬✶❪ ❬✷❪ ❬✸❪ ❬✹❪ ❬✺❪ ❬✻❪

❙❡❝✳ ❧❛♥❣✉❛❣❡ ✵✳✵✺ ✵✳✵✾ ✵✳✵✽ ✵✳✷✺ ✵✳✷✸ ✵✳✻✵

✵✳✷✷ ✵✳✷✾ ✵✳✷✼ ✵✳✹✸ ✵✳✹✷ ✵✳✹✾

❊♥❣❧✐+❤ ✢✉❡♥5 ✵✳✾✾ ✵✳✾✾ ✵✳✾✾ ✵✳✾✽ ✵✳✾✼ ✵✳✽✸

✵✳✵✽ ✵✳✶✷ ✵✳✶✶ ✵✳✶✸ ✵✳✶✼ ✵✳✸✼

▲✐♥❣✉✐+5 ❉✐+5 ✶✳✵✹ ✺✳✹✷ ✼✷✳✸✺ ✼✷✳✶✼ ✾✺✳✼✶ ✾✹✳✽✼

✻✳✺✷ ✶✹✳✵✽ ✶✳✺✷ ✶✳✽✽ ✸✳✾✼ ✸✳✽✶

E/♦❥❡❝5❡❞ ❚❖❊❋▲ ✶✶✾✳✼✵ ✶✶✽✳✹✺ ✾✼✳✶✵ ✾✼✳✶✷ ✼✽✳✹✸ ✼✽✳✻✹

✶✳✽✼ ✹✳✵✸ ✵✳✸✵ ✵✳✸✸ ✶✳✶✽ ✶✳✶✸

❆❣❡ ❛5 ✐♠♠✐❣ ✷✳✽✷ ✶✸✳✺✺ ✷✳✷✽ ✶✸✳✸✽ ✷✳✼✾ ✶✸✳✼✵

✷✳✹✹ ✷✳✹✸ ✷✳✷✵ ✷✳✸✷ ✷✳✺✶ ✷✳✹✶

❆❣❡ ✸✶✳✺✸ ✸✵✳✼✷ ✸✶✳✸✷ ✸✶✳✵✻ ✸✶✳✶✽ ✸✵✳✽✺

✹✳✵✷ ✹✳✶✸ ✸✳✾✻ ✸✳✾✸ ✹✳✵✸ ✹✳✵✻

❲❤✐5❡ ✵✳✽✾ ✵✳✼✵ ✵✳✽✼ ✵✳✽✸ ✵✳✼✽ ✵✳✼✷

✵✳✸✶ ✵✳✹✻ ✵✳✸✹ ✵✳✸✼ ✵✳✹✷ ✵✳✹✺

❇❧❛❝❦ ✵✳✵✼ ✵✳✷✹ ✵✳✵✾ ✵✳✶✶ ✵✳✵✺ ✵✳✵✺

✵✳✷✻ ✵✳✹✸ ✵✳✷✾ ✵✳✸✶ ✵✳✷✷ ✵✳✷✸

❆+✐❛♥ ✵✳✵✶ ✵✳✵✷ ✵✳✵✶ ✵✳✵✶ ✵✳✵✾ ✵✳✶✶

✵✳✶✵ ✵✳✶✸ ✵✳✶✵ ✵✳✶✶ ✵✳✷✾ ✵✳✸✷

❖5❤❡/ /❛❝❡ ✵✳✵✸ ✵✳✵✺ ✵✳✵✹ ✵✳✵✺ ✵✳✶✸ ✵✳✷✶

✵✳✶✼ ✵✳✷✶ ✵✳✶✾ ✵✳✷✸ ✵✳✸✸ ✵✳✹✵

❍✐+♣❛♥✐❝ ✵✳✵✷ ✵✳✵✷ ✵✳✵✹ ✵✳✵✺ ✵✳✶✽ ✵✳✹✵

✵✳✶✹ ✵✳✶✹ ✵✳✷✵ ✵✳✷✸ ✵✳✸✽ ✵✳✹✾

▼❛❧❡ ✵✳✺✸ ✵✳✺✷ ✵✳✺✶ ✵✳✺✶ ✵✳✺✷ ✵✳✺✺

✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵ ✵✳✺✵

❙❝❤♦♦❧✐♥❣ ✭②/+✮ ✶✹✳✷✵ ✶✹✳✶✹ ✶✸✳✾✶ ✶✸✳✽✻ ✶✹✳✶✶ ✶✸✳✺✻

✷✳✵✻ ✷✳✷✸ ✶✳✾✾ ✶✳✾✹ ✷✳✶✹ ✷✳✽✷

❍❙ ❣/❛❞✰ ✵✳✾✼ ✵✳✾✻ ✵✳✾✼ ✵✳✾✼ ✵✳✾✻ ✵✳✽✾

✵✳✶✻ ✵✳✷✵ ✵✳✶✼ ✵✳✶✼ ✵✳✶✽ ✵✳✸✷

❙♦♠❡ ❝♦❧❧✰ ✵✳✼✸ ✵✳✼✷ ✵✳✻✾ ✵✳✻✽ ✵✳✼✸ ✵✳✻✹

✵✳✹✹ ✵✳✹✺ ✵✳✹✻ ✵✳✹✼ ✵✳✹✹ ✵✳✹✽

❈♦❧❧✳ ❣/❛❞✰ ✵✳✹✸ ✵✳✹✹ ✵✳✸✻ ✵✳✸✺ ✵✳✹✷ ✵✳✸✽

✵✳✺✵ ✵✳✺✵ ✵✳✹✽ ✵✳✹✽ ✵✳✹✾ ✵✳✹✾

▲♥ ❤♦✉/❧② ❡❛/♥✳ ✷✳✻✶ ✷✳✺✻ ✷✳✺✹ ✷✳✺✷ ✷✳✺✾ ✷✳✺✶

✵✳✼✷ ✵✳✼✷ ✵✳✼✶ ✵✳✻✽ ✵✳✼✶ ✵✳✼✺

< 130% ♣♦✈✳ ❧✐♥❡ ✵✳✵✼ ✵✳✶✵ ✵✳✵✾ ✵✳✶✵ ✵✳✵✽ ✵✳✶✷

✵✳✷✻ ✵✳✸✵ ✵✳✷✽ ✵✳✷✾ ✵✳✷✼ ✵✳✸✷

< 185% ♣♦✈✳ ❧✐♥❡ ✵✳✶✹ ✵✳✶✽ ✵✳✶✻ ✵✳✶✼ ✵✳✶✺ ✵✳✷✷

✵✳✸✺ ✵✳✸✾ ✵✳✸✼ ✵✳✸✽ ✵✳✸✻ ✵✳✹✶

❙❛♠♣❧❡ ✻✱✸✶✹ ✾✾✹ ✶✺✱✻✺✼ ✶✱✶✷✵ ✶✻✱✶✵✻ ✸✱✹✼✶
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