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❆ !❤❡$✐$ $✉❜♠✐!!❡❞ ❢♦, !❤❡ ❞❡❣,❡❡ ♦❢ ❉♦❝!♦, ♦❢ 0❤✐❧♦$♦♣❤② ✐♥ ❊❝♦♥♦♠✐❝$✱
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■ ❡①❛♠✐♥❡ !❤❡ ✐♠♣♦,!❛♥❝❡ ♦❢ ❤✉♠❛♥ ❝❛♣✐!❛❧ ❢♦, ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥! ✐♥ ❚❤❛✐❧❛♥❞ ❞✉,✐♥❣

!❤❡ ♣❡,✐♦❞ ♦❢ ❤✐❣❤ ❡❝♦♥♦♠✐❝ ❣,♦✇!❤ ❛♥❞ $!,✉❝!✉,❛❧ !,❛♥$❢♦,♠❛!✐♦♥ ✭✶✾✽✺✲✷✵✵✵✮✱ ✉$✐♥❣ ❧❛❜♦✉,

❢♦,❝❡ $✉,✈❡② ❞❛!❛✳ ❚❤❡ !❤,❡❡ ♠❛✐♥ ❝❤❛♣!❡,$ ❛!!❡♠♣! !♦ ❡$!✐♠❛!❡ !❤❡ ❡✛❡❝!$ ♦❢ ❡❞✉❝❛!✐♦♥✱ ❛$

❛ ♠❡❛$✉,❡ ♦❢ ❤✉♠❛♥ ❝❛♣✐!❛❧✱ ♦♥ !❤,❡❡ ♠❛❥♦, ♦✉!❝♦♠❡$ ✐♥ !❤❡ ❚❤❛✐ ❧❛❜♦✉, ♠❛,❦❡!✱ ♥❛♠❡❧② ✭✐✮

❡❛,♥✐♥❣$❀ ✭✐✐✮ $❡❝!♦, ♦❢ ❡♠♣❧♦②♠❡♥!❀ ❛♥❞ ✭✐✐✐✮ ❡❛,♥✐♥❣$ ✐♥❡N✉❛❧✐!②✳ ■ ❛❞❞,❡$$ !❤❡ ❡♥❞♦❣❡♥❡✐!②

♣,♦❜❧❡♠ ♦❢ ❡❞✉❝❛!✐♦♥ ✉$✐♥❣ ❛♥ ❡❞✉❝❛!✐♦♥ ♣♦❧✐❝② $❤✐❢!✖!❤❡ ❝❤❛♥❣❡ ✐♥ !❤❡ ❝♦♠♣✉❧$♦,② $❝❤♦♦❧✐♥❣

❧❛✇✖!❤❛! ♣,♦❞✉❝❡$ ❡①♦❣❡♥♦✉$ ✈❛,✐❛!✐♦♥ ✐♥ ❡❞✉❝❛!✐♦♥✳ ❚❤❡ !❤,❡❡ ♠❛✐♥ ❝❤❛♣!❡,$ ❛❞♦♣! ❞✐$!✐♥❝!

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

❚❤❡ !❤✐,❞ ❝❤❛♣!❡, ✐♥✈❡$!✐❣❛!❡$ ❤♦✇ ❡❞✉❝❛!✐♦♥ ✐♥❝,❡❛$❡$ ❡❛,♥✐♥❣$ ❛♥❞ !❤❡ ♣,♦❜❛❜✐❧✐!② ♦❢

❜❡✐♥❣ ✐♥ !❤❡ ♥♦♥✲❛❣,✐❝✉❧!✉,❛❧ $❡❝!♦,✳ ❆$ !❤❡ ❡❞✉❝❛!✐♦♥ ♣♦❧✐❝② $❤✐❢! ✐♥✢✉❡♥❝❡$ ❡❞✉❝❛!✐♦♥❛❧

❛!!❛✐♥♠❡♥! ✐♥ ❛ ❞✐$❝♦♥!✐♥✉♦✉$ ✇❛②✱ ❛ ,❡❣,❡$$✐♦♥ ❞✐$❝♦♥!✐♥✉✐!② ✭❘❉✮ ❢,❛♠❡✇♦,❦ ✐$ ❛❞♦♣!❡❞

!♦ ✐❞❡♥!✐❢② !❤❡ ❛✈❡,❛❣❡ ,❡!✉,♥$ !♦ ❡❞✉❝❛!✐♦♥ ❛♥❞ !❤❡ ❡✛❡❝! ♦❢ ❡❞✉❝❛!✐♦♥ ♦♥ !❤❡ $❡❝!♦, ♦❢

❡♠♣❧♦②♠❡♥!✳ ■! ✐$ ✐♠♣♦,!❛♥! !♦ ❡♠♣❤❛$✐$❡ !❤❛! !❤❡ ❘❉ !❡❝❤♥✐N✉❡ ❝♦♥$!,❛✐♥$ !❤❡ ❡✛❡❝!$ ♦❢

❡❞✉❝❛!✐♦♥ ♦♥ !❤❡ !✇♦ ♦✉!❝♦♠❡$ !♦ ❜❡ ❧✐♥❡❛, ❛♥❞ !♦ ❜❡ ❛♣♣❧✐❝❛❜❧❡ ♦♥❧② !♦ $✉❜✲♣♦♣✉❧❛!✐♦♥$✳

▼② ,❡$✉❧!$ ❝♦♥✜,♠ $✐❣♥✐✜❝❛♥! ❡✛❡❝!$ ♦❢ ❡❞✉❝❛!✐♦♥ ♦♥ ❜♦!❤ ❡❛,♥✐♥❣$ ❛♥❞ !❤❡ $❡❝!♦,❛❧ $♦,!✐♥❣

♣,♦❝❡$$✳ ■♥ ❛❞❞✐!✐♦♥✱ !❤❡,❡ ❛,❡ ❤❡!❡,♦❣❡♥❡♦✉$ ❡✛❡❝!$ ♦❢ ❡❞✉❝❛!✐♦♥ ❜② ❣❡♥❞❡,✳

❚❤❡ ❢♦✉,!❤ ❝❤❛♣!❡, ✐$ ❛♥ ❡①!❡♥$✐♦♥ ♦❢ !❤❡ ♣,❡✈✐♦✉$ ❝❤❛♣!❡,✳ ■ ❛❧❧♦✇ !❤❡ ,❡!✉,♥$ !♦ ❡❞✉❝❛✲

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

!♦ ❡$!✐♠❛!❡ !❤❡ ,❡!✉,♥$ ❢♦, !❤❡ ❡♥!✐,❡ ♣♦♣✉❧❛!✐♦♥✳ ■ ✉$❡ ❛ ❝♦♥!,♦❧ ❢✉♥❝!✐♦♥ ✭❈❋✮ ❛♣♣,♦❛❝❤

❛♥❞ ❛ ❞♦✉❜❧❡ $❡❧❡❝!✐♦♥ ❝♦,,❡❝!✐♦♥ !♦ ❡$!✐♠❛!❡ !❤❡ $❡❝!♦,❛❧ ❡❛,♥✐♥❣$ ♣,♦❝❡$$✱ ✇❤✐❧❡ ❥♦✐♥!❧②

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

■ ✜♥❞ !❤❛! !❤❡ ,❡!✉,♥$ !♦ ❡❞✉❝❛!✐♦♥ ❛,❡ ♥♦♥✲❧✐♥❡❛, ❛♥❞ ❤✐❣❤❡, ✐♥ !❤❡ ♥♦♥✲❛❣,✐❝✉❧!✉,❛❧ $❡❝!♦,

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

❛ ❝,✉❝✐❛❧ ,♦❧❡ ✐♥ ❢❛❝✐❧✐!❛!✐♥❣ ❛ $!,✉❝!✉,❛❧ !,❛♥$❢♦,♠❛!✐♦♥ !♦✇❛,❞$ !❤❡ ♥♦♥✲❛❣,✐❝✉❧!✉,❛❧ $❡❝!♦,✳

■♥ !❤❡ ✜♥❛❧ ❝❤❛♣!❡,✱ ■ $!✉❞② ❤♦✇ !❤❡ ✐♥❝,❡❛$❡❞ ♣,✐♠❛,② ❡❞✉❝❛!✐♦♥ ❝♦♠♣❧❡!✐♦♥ ,❛!❡ ❛✛❡❝!$

❡❛,♥✐♥❣$ ✐♥❡N✉❛❧✐!②✳ ❲❤✐❧❡ !❤❡,❡ ❡①✐$!$ ❛ ❜✉,❣❡♦♥✐♥❣ ❧✐!❡,❛!✉,❡ ♦♥ !❤❡ ❛✈❡,❛❣❡ ,❡!✉,♥$ !♦

❡❞✉❝❛!✐♦♥✱ ❧❡$$ ❛!!❡♥!✐♦♥ ❤❛$ ❜❡❡♥ ❞❡✈♦!❡❞ !♦ ❡$!✐♠❛!✐♥❣ !❤❡ ❡✛❡❝!$ ♦❢ ❡❞✉❝❛!✐♦♥ ♦♥ !❤❡

❞✐$!,✐❜✉!✐♦♥ ♦❢ ❡❛,♥✐♥❣$✳ ■ ✐❞❡♥!✐❢② !❤❡ ❡✛❡❝!$ ♦❢ ♣,✐♠❛,② ❡❞✉❝❛!✐♦♥ ❝♦♠♣❧❡!✐♦♥ ♦♥ ❡❛,♥✐♥❣$

❛! ❞✐✛❡,❡♥! ♣♦✐♥!$ ♦❢ !❤❡ ❞✐$!,✐❜✉!✐♦♥✱ ❛♥❞ !❤✉$ ❡❛,♥✐♥❣$ ✐♥❡N✉❛❧✐!②✱ ✉$✐♥❣ ❛ ,❡❝❡♥!❧② ❞❡✈❡❧♦♣❡❞

❛♣♣,♦❛❝❤✱ ❝❛❧❧❡❞ ,❡❣,❡$$✐♦♥ ❞✐$❝♦♥!✐♥✉✐!② ❞✐$!,✐❜✉!✐♦♥❛❧ !,❡❛!♠❡♥! ❡✛❡❝!$✳ ▼② ,❡$✉❧!$ $✉❣❣❡$!

!❤❛! !❤❡ ✐♥❝,❡❛$❡❞ ♣,✐♠❛,② ❡❞✉❝❛!✐♦♥ ❝♦♠♣❧❡!✐♦♥ ,❛!❡ ,❡❞✉❝❡$ ❡❛,♥✐♥❣$ ✐♥❡N✉❛❧✐!② ❛$ !❤❡

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

✐



❲♦"❞ ❈♦✉♥' ❛♥❞ ❋♦"♠❛'

❚❤❡ ❝♦♠♣✉(❡)✐+❡❞ ✇♦)❞ ❝♦✉♥( ✐+ ✼✵✱✺✺✸✳ ❚❛❦✐♥❣ ♣❛❣❡ ✷ ❛+ ❛ )❡♣)❡+❡♥(❛(✐✈❡ ♣❛❣❡✱ (❤❡ (❤❡+✐+

❤❛+ ✹✵✵ ✇♦)❞+ ♣❡) ♣❛❣❡✳ ▼✉❧(✐♣❧②✐♥❣ (❤✐+ ❜② ✶✾✾ ♣❛❣❡+ ✭❡①❝❧✉❞✐♥❣ ❜✐❜❧✐♦❣)❛♣❤②✮ )❡+✉❧(+ ✐♥

❛♥ ♦✈❡)❛❧❧ ✇♦)❞ ❝♦✉♥( ♦❢ ✼✾✱✻✵✵✳

❚❤✐+ (❤❡+✐+ ❝♦♥+✐+(+ ♦❢ +✐① ❝❤❛♣(❡)+✱ ✐♥❝❧✉❞✐♥❣ (❤❡ ✐♥()♦❞✉❝(✐♦♥ ❛♥❞ ❝♦♥❝❧✉+✐♦♥ ❝❤❛♣(❡)+✳

❚❤❡ +❡❝♦♥❞ ❝❤❛♣(❡) ♣)♦✈✐❞❡+ ❜❛❝❦❣)♦✉♥❞ ♦♥ (❤❡ )❡❧❡✈❛♥( ❧✐(❡)❛(✉)❡ ♦♥ ❚❤❛✐❧❛♥❞ ❛♥❞ ❞❛(❛ ❢♦)

(❤❡ ❢♦❧❧♦✇✐♥❣ (❤)❡❡ ❝❤❛♣(❡)+ ♦❢ (❤❡ (❤❡+✐+✳ ❆ (②♣✐❝❛❧ ❝❤❛♣(❡) ❝♦♥(❛✐♥+ ❛ ♥✉♠❜❡) ♦❢ +❡❝(✐♦♥+✳

❙♦♠❡ ❝❤❛♣(❡)+ ❝♦♥(❛✐♥ ❛♣♣❡♥❞✐❝❡+✳ ❆❧❧ )❡❧❡✈❛♥( (❛❜❧❡+ ❛♥❞ ✜❣✉)❡+ ❛)❡ ❛( (❤❡ ❡♥❞ ♦❢ ❡❛❝❤

❝❤❛♣(❡)✳ ❚❛❜❧❡+ ❛)❡ ♣)❡+❡♥(❡❞ ✜)+(✱ ❢♦❧❧♦✇❡❞ ❜② ✜❣✉)❡+✳

❉❡❝❧❛"❛'✐♦♥

❈❤❛♣(❡) ✹ ♦❢ (❤❡ (❤❡+✐+ ❜✉✐❧❞+ ♦♥ ♠② ▼J❤✐❧ (❤❡+✐+✱ ✇❤✐❝❤ ✇❛+ +✉❜♠✐((❡❞ ✐♥ ❚)✐♥✐(② ❚❡)♠

✷✵✶✵ ❛+ ♣❛)( ♦❢ (❤❡ )❡K✉✐)❡♠❡♥(+ ❢♦) (❤❡ ❞❡❣)❡❡ ♦❢ ▼J❤✐❧ ✐♥ ❊❝♦♥♦♠✐❝+✱ ❯♥✐✈❡)+✐(② ♦❢ ❖①❢♦)❞✳
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✐%&✐♥❣ ❧✐&❡$❛&✉$❡ ♦♥ ❚❤❛✐❧❛♥❞ ✇❤✐❝❤ ✐% $❡❧❡✈❛♥& &♦ &❤❡ &❤❡%✐%✳ ■ ❛❧%♦ ❡①♣❧❛✐♥ &❤❡ ❡❞✉❝❛&✐♦♥

%②%&❡♠ ✐♥ ❚❤❛✐❧❛♥❞ ❛♥❞ &❤❡ ❡❞✉❝❛&✐♦♥ $❡❢♦$♠✱ ✇❤✐❝❤ ✐% ✉%❡❞ ✐♥ &❤❡ ✐❞❡♥&✐✜❝❛&✐♦♥ %&$❛&❡❣②✳

❙✉❜%❡G✉❡♥&❧②✱ ■ ❞❡%❝$✐❜❡ &❤❡ ✉♥❞❡$❧②✐♥❣ ❞❛&❛ %♦✉$❝❡% ❛♥❞ &❤❡ ❝♦♥%&$✉❝&✐♦♥ ♦❢ &❤❡ ❦❡② ✈❛$✐✲

❛❜❧❡%✳

■♥ &❤❡ &❤✐$❞ ❝❤❛♣&❡$✱ ■ ❡①❛♠✐♥❡ &❤❡ ♦✈❡$❛❧❧ ❡✛❡❝&% ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ ❡❛$♥✐♥❣% ❛♥❞ ♦♥ &❤❡

♣$♦❜❛❜✐❧✐&② ♦❢ ❜❡✐♥❣ ✐♥ &❤❡ ♥♦♥✲❛❣$✐❝✉❧&✉$❛❧ %❡❝&♦$✳ ❲❤✐❧❡ &❤❡ ❝❤❛♥❣❡ ✐♥ &❤❡ ❝♦♠♣✉❧%♦$②

%❝❤♦♦❧✐♥❣ ❧❛✇ ❜❡❤❛✈❡% %✐♠✐❧❛$❧② &♦ ❛♥ ✐♥%&$✉♠❡♥&✱ ✐& ✐♥✢✉❡♥❝❡% ❡❞✉❝❛&✐♦♥❛❧ ❛&&❛✐♥♠❡♥& ✐♥ ❛

❞✐%❝♦♥&✐♥✉♦✉% ✇❛② ❜② ❛%%✐❣♥✐♥❣ ♦❧❞❡$ ❛♥❞ ②♦✉♥❣❡$ ❝♦❤♦$&% &♦ ❞✐✛❡$❡♥& ❡❞✉❝❛&✐♦♥ $❡❣✐♠❡%✳

❆% ❛ $❡%✉❧&✱ ❛ $❡❣$❡%%✐♦♥ ❞✐%❝♦♥&✐♥✉✐&② ✭❘❉✮ ❢$❛♠❡✇♦$❦ ✐% ❛❞♦♣&❡❞ &♦ ❡%&✐♠❛&❡ &❤❡ ❛✈❡$❛❣❡

❡❞✉❝❛&✐♦♥ ❡✛❡❝&✳ ■& ✐% ✐♠♣♦$&❛♥& &♦ ❡♠♣❤❛%✐%❡ &❤❛& &❤❡ ❘❉ &❡❝❤♥✐G✉❡ ❝♦♥%&$❛✐♥% &❤❡ ❡%&✐♠❛&❡❞

❡✛❡❝&% ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ &❤❡ &✇♦ ♦✉&❝♦♠❡% &♦ ❜❡ ❧✐♥❡❛$✳ ■♥ ❛❞❞✐&✐♦♥✱ &❤❡ ❡%&✐♠❛&❡% ♦♥❧② ❛♣♣❧②

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

❡❞✉❝❛&✐♦♥ ♣♦❧✐❝② %❤✐❢& ❛♥❞ ♠❛② &❤✉% ♥♦& ❜❡ ❡♥&✐$❡❧② $❡♣$❡%❡♥&❛&✐✈❡ ❛& &❤❡ ♣♦♣✉❧❛&✐♦♥ ❧❡✈❡❧✳

■♥ $❡%♣♦♥%❡ &♦ &❤❡%❡ ❝♦♥%&$❛✐♥&% ✐♥ ✐♥&❡$♣$❡&✐♥❣ &❤❡ $❡%✉❧&% ❢$♦♠ &❤❡ ❘❉ ❡%&✐♠❛&❡%✱ ✐♥

&❤❡ ❢♦✉$&❤ ❝❤❛♣&❡$✱ ■ ❡%&✐♠❛&❡ &❤❡ ❡✛❡❝&% ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ &❤❡ %❡❝&♦$❛❧ %♦$&✐♥❣ ❛♥❞ ❡❛$♥✐♥❣%

♣$♦❝❡%%❡% ✐♥ ❛ ♠♦$❡ ✢❡①✐❜❧❡ ❢❛%❤✐♦♥ ✇✐&❤ ❛♥ ♦❜❥❡❝&✐✈❡ &♦ ❝♦♠♣❛$❡ &❤❡ $❡&✉$♥% &♦ ❡❞✉❝❛&✐♦♥

❛❝$♦%% %❡❝&♦$% ❛♥❞ ❧❡✈❡❧% ♦❢ ❡❞✉❝❛&✐♦♥✳ ❋✐$%&✱ ❞✉❡ &♦ ❛ %✉❜%&❛♥&✐❛❧ ♥✉♠❜❡$ ♦❢ ✉♥♣❛✐❞ ❢❛♠✐❧②

✇♦$❦❡$% ✐♥ &❤❡ ❛❣$✐❝✉❧&✉$❛❧ %❡❝&♦$✱ &❤❡ %❡❝&♦$❛❧ %♦$&✐♥❣ ♣$♦❝❡%% ✐% ❛❧❧♦✇❡❞ &♦ ❜❡ ❝♦$$❡❧❛&❡❞

✷



 ♦ ❤♦✇ ✇♦$❦❡$' '❡❧❡❝  ❤❡♠'❡❧✈❡' ✐♥ ♦ ♣❛✐❞ ♦$ ✉♥♣❛✐❞ ❡♠♣❧♦②♠❡♥ ✳ ❙❡❝♦♥❞✱  ❤❡ ❡✛❡❝ ' ♦❢

❡❞✉❝❛ ✐♦♥ ♦♥ ❡❛$♥✐♥❣' ❛$❡ ❛❧❧♦✇❡❞  ♦ ❜❡ ❡①♣❧✐❝✐ ❧② ❤❡ ❡$♦❣❡♥❡♦✉' ❛❝$♦'' '❡❝ ♦$'✱ ❧❡✈❡❧' ♦❢

❡❞✉❝❛ ✐♦♥✱ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧'✳ ❚❤❡'❡ ❤❡ ❡$♦❣❡♥❡♦✉' ❡✛❡❝ ' ❛❧❧♦✇ ♠❡  ♦ ❛♥❛❧②'❡ ❤♦✇ ❡❞✉❝❛ ✐♦♥

❢❛❝✐❧✐ ❛ ❡' ' $✉❝ ✉$❛❧  $❛♥'❢♦$♠❛ ✐♦♥✳ ▼♦$❡ '♣❡❝✐✜❝❛❧❧②✱ ✐❢ ❤✉♠❛♥ ❝❛♣✐ ❛❧ ✐' ♦♥❡ ♦❢  ❤❡ ❦❡②

❢❛❝ ♦$' ♦❢ ❣$♦✇ ❤ ❞$✐✈❡♥ ❜② ' $✉❝ ✉$❛❧  $❛♥'❢♦$♠❛ ✐♦♥✱ $❡ ✉$♥'  ♦ ❡❞✉❝❛ ✐♦♥ ✕ ♣❛$ ✐❝✉❧❛$❧② ❛ 

 ❤❡ ♠❡❞✐✉♠ ❛♥❞ ❤✐❣❤ ❧❡✈❡❧' ♦❢ ❡❞✉❝❛ ✐♦♥ ✕ '❤♦✉❧❞ ❜❡ ❧❛$❣❡$ ✐♥  ❤❡ ♥♦♥✲❛❣$✐❝✉❧ ✉$❛❧ '❡❝ ♦$✳

❚❤✐$❞✱ ■ ❛  ❡♠♣  ♦ ❡' ✐♠❛ ❡  ❤❡'❡ ❡✛❡❝ ' ♦❢ ❡❞✉❝❛ ✐♦♥ ❢♦$  ❤❡ ❡♥ ✐$❡ ♣♦♣✉❧❛ ✐♦♥✳ ❚♦ ❞♦

'♦✱ ■ ❡' ✐♠❛ ❡  ❤❡ ❡❛$♥✐♥❣' ❢✉♥❝ ✐♦♥' ❢♦$  ❤❡  ✇♦ '❡❝ ♦$' '❡♣❛$❛ ❡❧②✱ ✉'✐♥❣ ❛ ❞♦✉❜❧❡ '❡❧❡❝ ✐♦♥

 ❡❝❤♥✐A✉❡  ♦ ❝♦$$❡❝ ❢♦$  ❤❡ '❛♠♣❧❡ '❡❧❡❝ ✐♦♥ ❜✐❛' ❛♥❞ ❛ ❝♦♥ $♦❧ ❢✉♥❝ ✐♦♥ ✭❈❋✮ ❛♣♣$♦❛❝❤  ♦

❝♦♥ $♦❧ ❢♦$  ❤❡ ❡♥❞♦❣❡♥❡✐ ② ♦❢ ❡❞✉❝❛ ✐♦♥ ❛♥❞ ❤❡ ❡$♦❣❡♥❡♦✉' $❡ ✉$♥' ❛❝$♦'' ✐♥❞✐✈✐❞✉❛❧'✳

■♥  ❤❡ ✜❢ ❤ ❝❤❛♣ ❡$✱ ■ ' ✉❞② ❤♦✇  ❤❡ ✐♥❝$❡❛'❡❞ ♣$✐♠❛$② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ $❛ ❡✱ ✐♥✲

❞✉❝❡❞ ❜②  ❤❡ ❝❤❛♥❣❡ ✐♥ ❝♦♠♣✉❧'♦$② '❝❤♦♦❧✐♥❣✱ ❛✛❡❝ ' ❡❛$♥✐♥❣' ✐♥❡A✉❛❧✐ ②✳ ■ '❡❡❦  ♦ ✐❞❡♥ ✐❢②

 ❤❡ ❡✛❡❝ ' ♦❢ ♣$✐♠❛$② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ♦♥ ❡❛$♥✐♥❣' ❛ ❞✐✛❡$❡♥ ♣♦✐♥ ' ♦❢  ❤❡ ❞✐' $✐❜✉✲

 ✐♦♥✱ ❛♥❞  ❤✉' ❡❛$♥✐♥❣' ✐♥❡A✉❛❧✐ ②✱ ✉'✐♥❣ ❛ $❡❝❡♥ ❧② ❞❡✈❡❧♦♣❡❞ ❛♣♣$♦❛❝❤✖❝❛❧❧❡❞ $❡❣$❡''✐♦♥

❞✐'❝♦♥ ✐♥✉✐ ②  $❡❛ ♠❡♥ ❡✛❡❝ '✳ ❚❤❡ ❞✐' $✐❜✉ ✐♦♥❛❧  $❡❛ ♠❡♥ ❡✛❡❝ ' ❝❛♥ ❜❡ ♠❡❛'✉$❡❞ ✉♥❞❡$

 ❤❡ ❘❉ ❢$❛♠❡✇♦$❦ ✇❤❡♥  ❤❡ ❡✛❡❝ ' ♦❢ ♣$✐♠❛$② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛$❡ ❛❧❧♦✇❡❞  ♦ ❜❡ ❤❡ ✲

❡$♦❣❡♥❡♦✉' ❛❝$♦''  ❤❡ ❡❛$♥✐♥❣' ❞✐' $✐❜✉ ✐♦♥✳ ■ ✐♥✈❡' ✐❣❛ ❡ ✇❤❡ ❤❡$  ❤✐'  ②♣❡ ♦❢ ❤❡ ❡$♦❣❡♥❡✐ ②

❡①✐' '✱ ❛♥❞ ✐❢ '♦✱ ✇❤❡ ❤❡$ ✐ $❡❞✉❝❡' ♦$ ✐♥❝$❡❛'❡' ♦✈❡$❛❧❧ ✐♥❡A✉❛❧✐ ②✳ ❙✉❜'❡A✉❡♥ ❧②✱ ■ ❛❧'♦ ❛♥❛✲

❧②'❡  ❤❡'❡ ❞✐' $✐❜✉ ✐♦♥❛❧ ❡✛❡❝ ' ♦❢ ♣$✐♠❛$② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ♦♥ ❡❛$♥✐♥❣' ❢♦$  ❤❡ $✉$❛❧

❛♥❞ ✉$❜❛♥ ❛$❡❛' '❡♣❛$❛ ❡❧②✳

✸



❋
✐
❣
✉
$
❡
✶
✳
✶
✿
❖
✈
❡
$
✈
✐
❡
✇
♦
❢
❚
❤
❛
✐
❧
❛
♥
❞
✬
5
❙
7
$
✉
❝
7
✉
$
❛
❧
❚
$
❛
♥
5
❢
♦
$
♠
❛
7
✐
♦
♥

✭
❛
✮
●

❉
%

♣
❡
(
❈
❛
♣
✐
+
❛

✐
♥

❙
❡
❧
❡
❝
+
❡
❞

❉
❡
✈
❡
❧
♦
♣
✐
♥
❣

❈
♦
✉
♥
+
(
✐
❡
5

✭
❜
✮
❙
❡
❝
+
♦
(
❛
❧
%
(
♦
❞
✉
❝
+
✐
♦
♥

❙
❤
❛
(
❡

✭
❝
✮
❙
❡
❝
+
♦
(
❛
❧
❊
♠

♣
❧
♦
②
♠

❡
♥
+
❙
❤
❛
(
❡

✭
❞
✮
❘
❡
❧
❛
+
✐
✈
❡

▲
❛
❜
♦
✉
(
%
(
♦
❞
✉
❝
+
✐
✈
✐
+
②

✹



❈❤❛♣$❡& ✷

❇❛❝❦❣%♦✉♥❞ ❛♥❞ ❉❛+❛

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

■ )❡✈✐❡✇ '❤❡ ❡①✐#'✐♥❣ ❧✐'❡)❛'✉)❡ ♦♥ ❚❤❛✐❧❛♥❞ ✇❤✐❝❤ ✐# )❡❧❡✈❛♥' '♦ '❤❡ '❤❡#✐#✳ ■' ✐♥❝❧✉❞❡# '❤❡

❧✐'❡)❛'✉)❡ ♦♥ '❤❡ ❡✛❡❝'# ♦❢ ❡❞✉❝❛'✐♦♥ ♦♥ ❡❛)♥✐♥❣#✱ #❡❝'♦) ♦❢ ✇♦)❦✱ ❛♥❞ ❡❛)♥✐♥❣# ✐♥❡<✉❛❧✐'② ✐♥

❚❤❛✐❧❛♥❞✳ ❙❡❝♦♥❞✱ ■ ❡①♣❧❛✐♥ '❤❡ ❡❞✉❝❛'✐♦♥ #②#'❡♠ ✐♥ ❚❤❛✐❧❛♥❞ ❛♥❞ '❤❡ ❡❞✉❝❛'✐♦♥ )❡❢♦)♠✱

✇❤✐❝❤ ✐# ✉#❡❞ ✐♥ '❤❡ ✐❞❡♥'✐✜❝❛'✐♦♥ #')❛'❡❣②✳ ▲❛#'✱ ■ ❞❡#❝)✐❜❡ '❤❡ ✉♥❞❡)❧②✐♥❣ ❞❛'❛ #♦✉)❝❡#✱

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

'❤❡ ❞❛'❛ '♦ ♣)♦✈✐❞❡ ❛♥ ♦✈❡)✈✐❡✇ ♦❢ '❤❡ ❚❤❛✐ ❧❛❜♦✉) ♠❛)❦❡'✳

✷✳✶ ❘❡❧❡✈❛♥) ▲✐)❡,❛)✉,❡ ♦♥ )❤❡ ■♠♣❛❝)4 ♦❢ ❊❞✉❝❛)✐♦♥ ♦♥ ▲❛✲

❜♦✉, ▼❛,❦❡) ❖✉)❝♦♠❡4 ✐♥ ❚❤❛✐❧❛♥❞

❆♠♦♥❣ '❤❡ '❤)❡❡ ❧❛❜♦✉) ♠❛)❦❡' ♦✉'❝♦♠❡# ♦❢ ✐♥'❡)❡#' ✐♥ '❤✐# '❤❡#✐# ✕ ♥❛♠❡❧② ❡❛)♥✐♥❣#✱ #❡❝'♦)

♦❢ ✇♦)❦✱ ❛♥❞ ❡❛)♥✐♥❣# ✐♥❡<✉❛❧✐'② ✕ '❤❡ ❧✐'❡)❛'✉)❡ ❝♦♥❝❡♥')❛'❡# ♦♥ ❡#'✐♠❛'✐♥❣ ❡❛)♥✐♥❣# ❢✉♥❝✲

'✐♦♥# ❢♦) ❚❤❛✐❧❛♥❞ ✭#❡❡ ❚❛❜❧❡ ✷✳✶ ❢♦) ❛ #✉♠♠❛)② ♦❢ '❤❡ ❧✐'❡)❛'✉)❡ ♦♥ )❡'✉)♥# '♦ ❡❞✉❝❛'✐♦♥ ✐♥

❚❤❛✐❧❛♥❞✮✳

✶

❲❤✐❧❡ ♥❡❛)❧② ❡✈❡)② #'✉❞② )❡❝♦❣♥✐#❡# '❤❡ ❤❡'❡)♦❣❡♥❡✐'② ✐♥ )❡'✉)♥# '♦ ❡❞✉❝❛'✐♦♥

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

❡✛❡❝'# '♦ ❜❡ ❧✐♥❡❛)✳ ■♥ ❛❞❞✐'✐♦♥✱ ♠♦#' ♣❛♣❡)# ✐❣♥♦)❡ ♣♦'❡♥'✐❛❧ ❧❛❜♦✉) #✉♣♣❧② ❡✛❡❝'# ❛♥❞ )❡✲

❣✐♦♥❛❧ ♣)✐❝❡ ❞✐✛❡)❡♥'✐❛❧#✳

✷

▼♦#' ✐♠♣♦)'❛♥'❧②✱ ♦♥❧② ✈❡)② ❢❡✇ ♣❛♣❡)# ❝♦))❡❝' ❢♦) '❤❡ ❡♥❞♦❣❡♥♦✉#

✶

❚❤❡ ❞✐%❝✉%%✐♦♥ ❤❡*❡ ❞♦❡% ♥♦+ ✐♥❝❧✉❞❡ +❤❡ ❧✐+❡*❛+✉*❡ +❤❛+ %+✉❞✐❡% *❡+✉*♥% +♦ ✈♦❝❛+✐♦♥❛❧ %❝❤♦♦❧✐♥❣ ✭❛%

♦♣♣♦%❡❞ +♦ ❛♥ ❛❝❛❞❡♠✐❝ ❝♦✉*%❡✮ ❛% ✐+ ✐% ♥♦+ ❞✐*❡❝+❧② *❡❧❡✈❛♥+ +♦ +❤❡ +❤❡%✐%✳

✷

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

♦❢ ✇♦*❦✳ ❚❤❡ ❡①❝❡♣+✐♦♥% ❛*❡ ❲❛*✉♥%✐*✐ ❛♥❞ ▼❝◆♦✇♥ ✭✷✵✶✵✮ ❛♥❞ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ✇❤♦ ✉%❡ +❤❡ ❧♦❣ ♦❢ ❤♦✉*❧②

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

✉%❡ +❤❡ ♥❛+✐♦♥❛❧ ❝♦♥%✉♠❡* ♣*✐❝❡ ✐♥❞❡① ✭❈H■✮ ❛♥❞ ❞✐%*❡❣❛*❞ ♣♦+❡♥+✐❛❧ *❡❣✐♦♥❛❧ ♣*✐❝❡ ❞✐✛❡*❡♥+✐❛❧%✳

✺



❝❤♦✐❝❡ ♦❢ ❡❞✉❝❛)✐♦♥ ♦+ ♥♦♥✲+❛♥❞♦♠ .❛♠♣❧❡ .❡❧❡❝)✐♦♥✳

▼♦.) ♦❢ )❤❡ .)✉❞✐❡. ✐♥✈❡.)✐❣❛)✐♥❣ )❤❡ +❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥ ✐♥ ❚❤❛✐❧❛♥❞ ❞♦ ♥♦) ❛))❡♠♣)

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

✸

❈❤✐.✇✐❝❦

✭✶✾✼✼✮ ✐. ♦♥❡ ♦❢ )❤❡ ✜+.) .)✉❞✐❡. ❡.)✐♠❛)✐♥❣ ❛♥ ❡❛+♥✐♥❣. ❢✉♥❝)✐♦♥ ❢♦+ ❚❤❛✐❧❛♥❞✳ ❇② ✉.✐♥❣

)❤❡ ❍♦✉.❡❤♦❧❞ ❙♦❝✐♦✲❊❝♦♥♦♠✐❝ ❙✉+✈❡② ✭❍❙❊❙✮ ❢♦+ )❤❡ ②❡❛+ ✶✾✼✶✱ )❤❡ ♣❛♣❡+ ❡.)✐♠❛)❡. )❤❡

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

❛♥❞ +❡.✐❞❡❞ ✐♥ ❇❛♥❣❦♦❦✳

✹

❚❤❡ +❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥ ❛+❡ ❢♦✉♥❞ )♦ ❜❡ ❛+♦✉♥❞ ✾ ♣❡+ ❝❡♥) ❢♦+ ♠❡♥

❛♥❞ ✶✸ ♣❡+ ❝❡♥) ❢♦+ ✇♦♠❡♥✱ ❛♥❞ )❤❡② ❛+❡ ❡.)✐♠❛)❡❞ )♦ ❜❡ .❧✐❣❤)❧② ❤✐❣❤❡+ ✇❤❡♥ +❡.)+✐❝)✐♥❣ )❤❡

.❛♠♣❧❡ )♦ ♥♦♥✲❢❛+♠ ✇❛❣❡ ✇♦+❦❡+.✳ ❇② ✉.✐♥❣ )❤❡ ▲❛❜♦✉+ ❋♦+❝❡ ❙✉+✈❡② ✭▲❋❙✮ ❛♥❞ ❝♦✈❡+✐♥❣

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

+❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥✱ ❛) ❧❡❛.) ❢♦+ ♠❡♥✳ ❈❤❛❧❛♠✇♦♥❣ ❛♥❞ ❆♠♦+♥)❤✉♠ ✭✷✵✵✶✮ ❡.)✐♠❛)❡ )❤❡

+❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥ )♦ ❜❡ ❛+♦✉♥❞ ✶✶ ♣❡+ ❝❡♥) ❢♦+ ♠❡♥ ❛♥❞ ♠❛+❣✐♥❛❧❧② ❧♦✇❡+ ❢♦+ ✇♦♠❡♥✱

✇❤♦ ✇❡+❡ ❢✉❧❧✲)✐♠❡ ✇❛❣❡ ❡❛+♥❡+. ❞✉+✐♥❣ )❤❡ ②❡❛+. ✶✾✽✺ )♦ ✷✵✵✵✳ ❍❛✇❧❡② ✭✷✵✵✹✮✱ ✇❤♦ ✉.❡.

)❤❡ .❛♠❡ ❞❛)❛ ❛♥❞ .❛♠♣❧❡ ♦❢ ❛♥❛❧②.✐.✱ ❛❧.♦ ❣❡). O✉✐)❡ .✐♠✐❧❛+ +❡.✉❧). ♦❢ ❛+♦✉♥❞ ✶✶ ♣❡+ ❝❡♥)

+❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥ ❢♦+ ❜♦)❤ ♠❡♥ ❛♥❞ ✇♦♠❡♥✳

✺

▼❡❛♥✇❤✐❧❡✱ ♦)❤❡+ .)✉❞✐❡. ❛❧❧♦✇ ❢♦+ )❤❡ ❡✛❡❝). ♦❢ ❡❞✉❝❛)✐♦♥ )♦ ❜❡ ❤❡)❡+♦❣❡♥❡♦✉. ❛❝+♦..

❧❡✈❡❧. ♦❢ ❡❞✉❝❛)✐♦♥ ✇✐)❤✐♥ ❛♥ ♦+❞✐♥❛+② ❧❡❛.) .O✉❛+❡. ✭❖▲❙✮ ❢+❛♠❡✇♦+❦✳ ❚❤❡② ❞♦ .♦ ❜② ✉.✐♥❣

❛ .♣❧✐♥❡ ❢✉♥❝)✐♦♥ ❛♣♣+♦❛❝❤✳ ■♥ ♦)❤❡+ ✇♦+❞.✱ ❛ ❞✉♠♠② ✈❛+✐❛❜❧❡ ❢♦+ ❡❛❝❤ ♦❢ )❤❡ ❡❞✉❝❛)✐♦♥

❧❡✈❡❧. ✐. ✐♥❝❧✉❞❡❞✳ ❚❤❡ +❡)✉+♥. ❛+❡ ❢♦✉♥❞ )♦ ❜❡ ❧❛+❣❡+ ❛) ❤✐❣❤❡+ ❧❡✈❡❧. ♦❢ ❡❞✉❝❛)✐♦♥ ❢♦+ ✇❛❣❡✲

❡♠♣❧♦②❡❞ ✇♦+❦❡+. ❢+♦♠ ❜♦)❤ ❍❙❊❙ ❛♥❞ ▲❋❙ ✭❈❤❛❧❛♠✇♦♥❣ ❛♥❞ ❆♠♦+♥)❤✉♠✱ ✷✵✵✶❀ T❛)+✐♥♦.

❡) ❛❧✳✱ ✷✵✵✻❀ ❚❛♥❣)✐♣♦♥❣❦✉❧✱ ✷✵✶✸✮✳

❆❧)❤♦✉❣❤ ♠♦.) .)✉❞✐❡. ✐❣♥♦+❡ ❛♥② ❡❝♦♥♦♠❡)+✐❝ ❡.)✐♠❛)✐♦♥ ♣+♦❜❧❡♠.✱ ❙❝❤✉❧)③ ✭✶✾✾✹✮ ❛)✲

)❡♠♣). )♦ ❝♦++❡❝) ❢♦+ )❤❡ ♥♦♥✲+❛♥❞♦♠ .❡❧❡❝)✐♦♥ ✐♥)♦ ✇❛❣❡ ❡♠♣❧♦②♠❡♥) ✉.✐♥❣ )❤❡ ♠❛①✐♠✉♠

❧✐❦❡❧✐❤♦♦❞ ❡.)✐♠❛)✐♦♥ ✭▼▲❊✮ ♠❡)❤♦❞✳ ❚❤❡ ♣❛♣❡+ ✜♥❞. )❤❛) ♥♦♥✲+❛♥❞♦♠ .❛♠♣❧❡ .❡❧❡❝)✐♦♥

❝❛✉.❡. )❤❡ ❖▲❙ ❡.)✐♠❛)❡. )♦ ❜❡ ❞♦✇♥✇❛+❞❧② ❜✐❛.❡❞ ♦✇✐♥❣ )♦ ❛ ♥❡❣❛)✐✈❡ +❡❧❛)✐♦♥.❤✐♣ ❜❡)✇❡❡♥

❡❞✉❝❛)✐♦♥❛❧ ❝❤♦✐❝❡ ❛♥❞ )❤❡ ✉♥♦❜.❡+✈❡❞ ✇❛❣❡ ❞❡)❡+♠✐♥✐♥❣ ❢❛❝)♦+. ❛♠♦♥❣ )❤❡ .❡❧❡❝)❡❞ .❛♠♣❧❡

♦❢ ✇❛❣❡✲❡♠♣❧♦②❡❞ ✇♦+❦❡+.✳ ■♥ ❛❞❞✐)✐♦♥✱ )❤❡ +❡)✉+♥. )♦ ❡❞✉❝❛)✐♦♥ ✐♥❝+❡❛.❡✱ ❢+♦♠ ♣+✐♠❛+②

)♦ .❡❝♦♥❞❛+② ❡❞✉❝❛)✐♦♥✱ ❜✉) )❤❡♥ ❞❡❝❧✐♥❡ .✉❜.)❛♥)✐❛❧❧② ❢♦+ )❡+)✐❛+② ❡❞✉❝❛)✐♦♥ ❡.♣❡❝✐❛❧❧② ❢♦+

❢❡♠❛❧❡ ✇♦+❦❡+.✳

✸

❚❤❛# ✐%✱ #❤❡② ♦♥❧② ❡%#✐♠❛#❡ ❡❛-♥✐♥❣% ❢✉♥❝#✐♦♥% ✉%✐♥❣ ♦-❞✐♥❛-② ❧❡❛%# %3✉❛-❡% -❡❣-❡%%✐♦♥% ✭❖▲❙✮✳

✹

❇② -❡%#-✐❝#✐♥❣ #❤❡ %❛♠♣❧❡ ♦❢ ❛♥❛❧②%✐% ♦♥❧② #♦ ♥♦♥✲❢❛-♠ ❡❛-♥❡-% ✇❤♦ -❡%✐❞❡❞ ✐♥ ❇❛♥❣❦♦❦✱ #❤❡ %#✉❞②

❡①❝❧✉❞❡% ✇♦-❦❡-% ✐♥ #❤❡ -❡%# ♦❢ #❤❡ ❝♦✉♥#-②✱ ♠♦%# ♦❢ ✇❤♦♠ ✇❡-❡ %❡❧❢✲❡♠♣❧♦②❡❞✳

✺

❚♦ ❜❡ ♣-❡❝✐%❡✱ ❈❤❛❧❛♠✇♦♥❣ ❛♥❞ ❆♠♦-♥#❤✉♠ ✭✷✵✵✶✮ ✉%❡ #❤❡ ▲❛❜♦✉- ❋♦-❝❡ ❙✉-✈❡② ✭▲❋❙✮ ♦❢ ✶✾✽✺✱ ✶✾✾✵✱

✶✾✾✺✱ ❛♥❞ ✷✵✵✵✱ ✇❤✐❧❡ ❍❛✇❧❡② ✭✷✵✵✹✮ ✉%❡% #❤❡ ▲❋❙ ❢♦- ✶✾✽✺✱ ✶✾✾✺✱ ❛♥❞ ✶✾✾✽✳

✻



❲❛"✉♥%✐"✐ ❛♥❞ ▼❝◆♦✇♥ ✭✷✵✶✵✮ ✐% ♦♥❡ ♦❢ 4❤❡ 4✇♦ %4✉❞✐❡% 4❤❛4 4"② 4♦ ❝♦""❡❝4 ❢♦" 4❤❡ ❡♥✲

❞♦❣❡♥❡✐4② ♦❢ ❡❞✉❝❛4✐♦♥✳ ❯%✐♥❣ ❛ ♣%❡✉❞♦✲♣❛♥❡❧ ❛♣♣"♦❛❝❤ ❛♥❞ 4❤❡ ▲❋❙ ❞✉"✐♥❣ 4❤❡ ②❡❛"% ✶✾✽✺

4♦ ✷✵✵✺✱ 4❤❡② ✜♥❞ 4❤❛4 4❤❡ "❡4✉"♥% 4♦ ❡❞✉❝❛4✐♦♥ "❛♥❣❡ ❢"♦♠ ❛"♦✉♥❞ ✶✸ ♣❡" ❝❡♥4 ❢♦" ♠❛❧❡

✇❛❣❡✲❡♠♣❧♦②❡❞ ✇♦"❦❡"% 4♦ ✶✽ ♣❡" ❝❡♥4 ❢♦" ❢❡♠❛❧❡ ✇❛❣❡✲❡♠♣❧♦②❡❞ ✇♦"❦❡"%✳ ❚❤❡%❡ "❡4✉"♥% ❛"❡

❤✐❣❤❡" 4❤❛♥ 4❤❡ ❖▲❙ ❡%4✐♠❛4❡% ❛♥❞ 4❤❡ ❛✉4❤♦"% ❛44"✐❜✉4❡ 4❤✐% ❞♦✇♥✇❛"❞ ❜✐❛% 4♦ ♠❡❛%✉"❡✲

♠❡♥4 ❡""♦" ❛♥❞ ❛ %✉❜%4✐4✉4✐♦♥ ❜❡4✇❡❡♥ ❡❞✉❝❛4✐♦♥ ❛♥❞ ❛❜✐❧✐4②✳ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ❛❞❞"❡%%❡%

4❤❡ ❡♥❞♦❣❡♥❡✐4② ♦❢ ❡❞✉❝❛4✐♦♥ ✉%✐♥❣ ❛♥ ■❱ ❛♣♣"♦❛❝❤✳

✻

❚❤❡ ♣❛♣❡" ✉%❡% 4❤❡ ▲❋❙ ❞✉"✐♥❣ 4❤❡

②❡❛"% ✶✾✾✹ 4♦ ✷✵✵✾ 4♦ ❡%4✐♠❛4❡ 4❤❡ "❡4✉"♥% 4♦ ❡❞✉❝❛4✐♦♥ ❢♦" ✇❛❣❡ ❡❛"♥❡"% ✇❤♦ ✇❡"❡ ❜♦"♥

❜❡4✇❡❡♥ ✶✾✻✶ ❛♥❞ ✶✾✼✵ ❛♥❞ 4❤✉% ❛❣❡❞ ❜❡4✇❡❡♥ ✷✹ 4♦ ✹✽ ②❡❛"% ❞✉"✐♥❣ 4❤❡ %✉"✈❡② ②❡❛"%✳ ❚❤❡

✐♥%4"✉♠❡♥4❛❧ ✈❛"✐❛❜❧❡ ✉%❡❞ ✐% 4❤❡ ✐♥4❡♥%✐4② ♦❢ 4❤❡ ❝♦♠♣✉❧%♦"② ❡❞✉❝❛4✐♦♥ "❡❢♦"♠ ❞✉"✐♥❣ 4❤❡

✶✾✻✵% ❛♥❞ ✶✾✼✵%✱ ✇❤✐❝❤ 4❤❡ ♣❛♣❡" ❝❧❛✐♠% ✈❛"✐❡% ❛❝"♦%% ❧♦❝❛❧✐4✐❡% ❛♥❞ ❝♦❤♦"4%✳ ▲❡❝❦❝✐✈✐❧✐③❡

✭✷✵✶✸✮ ✜♥❞% 4❤❡ ■❱ "❡4✉"♥% 4♦ ❜❡ ③❡"♦ ❢♦" ♠❡♥ ❛♥❞ ❛"♦✉♥❞ ✾ ♣❡" ❝❡♥4 ❢♦" ✇♦♠❡♥✱ ♠✉❝❤ ❧♦✇❡"

4❤❛♥ 4❤❡ ❖▲❙ ❡%4✐♠❛4❡%✳ ❚❤❡ ❛✉4❤♦" ❡①♣❧❛✐♥% 4❤❡ ✈❛%4 ❞✐✛❡"❡♥❝❡ ❛❝"♦%% ❣❡♥❞❡" ❜② ♣♦4❡♥4✐❛❧

%❡❧❡❝4✐♦♥ ✐♥4♦ ✇❛❣❡ ❡♠♣❧♦②♠❡♥4 ❛♠♦♥❣ ✇♦♠❡♥✱ ❛♥❞ ❛ ✇❡❛❦ ✐♥%4"✉♠❡♥4 ♣"♦❜❧❡♠✳

❲❤✐❧❡ 4❤❡"❡ ✐% ♥♦ %4✉❞② ❞✐"❡❝4❧② ❡①❛♠✐♥✐♥❣ 4❤❡ ✐♠♣❛❝4% ♦❢ ❡❞✉❝❛4✐♦♥ ♦♥ %❡❝4♦"❛❧ "❡❛❧❧♦❝✲

❛4✐♦♥ ♦❢ 4❤❡ ❧❛❜♦✉" ❢♦"❝❡ ✐♥ ❚❤❛✐❧❛♥❞✱ ❛ ❢❡✇ ❞❡%❝"✐♣4✐✈❡ %4✉❞✐❡% ♦♥ ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥4

❞✉"✐♥❣ 4❤❡ ❤✐❣❤ ❣"♦✇4❤ ♣❡"✐♦❞ ✉♥❞❡"❧✐♥❡ 4❤❡ ♣♦4❡♥4✐❛❧ ❝♦♥4"✐❜✉4✐♦♥ ♦❢ ❡❞✉❝❛4✐♦♥ 4♦ 4❤❡ ❡①✲

♣❛♥%✐♦♥ ♦❢ ♠❛♥✉❢❛❝4✉"✐♥❣ ❛♥❞ %❡"✈✐❝❡ ❛❝4✐✈✐4✐❡%✳ ❙✉%%❛♥❣❦❛"♥ ❛♥❞ ❈❤❛❧❛♠✇♦♥❣ ✭✶✾✾✻✮ ❛"❣✉❡

4❤❛4 ❣♦♦❞ ♣"✐♠❛"② ❡❞✉❝❛4✐♦♥ ❤❡❧♣❡❞ "❡❛❧❧♦❝❛4❡ ❛ %✉❜%4❛♥4✐❛❧ ♣"♦♣♦"4✐♦♥ ♦❢ ❧♦✇ ✐♥❝♦♠❡ ❛❣"✐✲

❝✉❧4✉"❛❧ ✇♦"❦❡"% 4♦✇❛"❞% 4❤❡ ♠❛♥✉❢❛❝4✉"✐♥❣ ❛♥❞ %❡"✈✐❝❡ %❡❝4♦"% ✐♥ 4❤❡ ❧❛4❡ ✶✾✽✵%✳ ◆✉♠♥❛❦

✭✷✵✵✻✮ ♣"❡%❡♥4% %✐♠✐❧❛" ❢❛❝4% ✉%✐♥❣ ❞❛4❛ ♦♥ ❣♦✈❡"♥♠❡♥4 ❡①♣❡♥❞✐4✉"❡✳ ❙✐♥❝❡ ✶✾✽✺✱ 4❤❡ %❤❛"❡

♦❢ ❤✉♠❛♥ ❞❡✈❡❧♦♣♠❡♥4 ❡①♣❡♥❞✐4✉"❡✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡% ❣♦✈❡"♥♠❡♥4 %♣❡♥❞✐♥❣ ♦♥ ❡❞✉❝❛4✐♦♥✱ ❤❛%

❜❡❡♥ %✉❜%4❛♥4✐❛❧ ❛♥❞ ✐♥❝"❡❛%❡❞ ❝♦♥4✐♥✉♦✉%❧②✳ ❚❤❡ ♣❛♣❡" %❤♦✇% 4❤❛4 ❡❞✉❝❛4✐♦♥ ❡①♣❡♥❞✐4✉"❡

♦♥ ✐4% ♦✇♥ ❛❝❝♦✉♥4❡❞ ❢♦" ❛"♦✉♥❞ ✷✵ 4♦ ✷✺ ♣❡" ❝❡♥4 ♦❢ 4♦4❛❧ ❣♦✈❡"♥♠❡♥4 ❡①♣❡♥❞✐4✉"❡ ♦✈❡" 4❤❡

✶✾✽✺✲✷✵✵✶ ♣❡"✐♦❞ ♦❢ %4"✉❝4✉"❛❧ ❝❤❛♥❣❡✳ ❇② ❛♥❛❧②%✐♥❣ 4❤❡ ❧❡✈❡❧ ♦❢ ❤✉♠❛♥ ❝❛♣✐4❛❧ ✐♥ ❡❛❝❤ ♦❢ 4❤❡

❡♠♣❧♦②♠❡♥4 %❡❝4♦"% %❡♣❛"❛4❡❧②✱ ❛ %4✉❞② ❜② ❆❉❇ ✭✷✵✵✼✮ ✜♥❞% 4❤❛4 4❤❡ ✐♥❝"❡❛%❡ ✐♥ ❡❞✉❝❛4✐♦♥

✐♥4❡♥%✐4② ✐♥ 4❤❡ ✶✾✾✵% ✇❛% %✐❣♥✐✜❝❛♥4❧② ❤✐❣❤❡" ✐♥ 4❤❡ ♥♦♥✲❛❣"✐❝✉❧4✉"❛❧ %❡❝4♦"✳

✼

❚♦❣❡4❤❡" ✇✐4❤

4❤❡ ❣"❛❞✉❛❧ ❛♥❞ ❝♦♥4✐♥✉♦✉% ✐♥❝"❡❛%❡ ✐♥ ❡❞✉❝❛4✐♦♥ ♦❢ 4❤❡ ❧❛❜♦✉" ❢♦"❝❡✱ ♠♦%4 ♥♦♥✲❛❣"✐❝✉❧4✉"❛❧

✻

❘❡❧❛$✐✈❡❧② (✐♠✐❧❛* $♦ $❤✐( $❤❡(✐(✱ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ❛❧(♦ ✉(❡( $❤❡ ❡❞✉❝❛$✐♦♥ *❡❢♦*♠ $♦ ✐❞❡♥$✐❢② $❤❡ ❡✛❡❝$(

♦❢ ❡❞✉❝❛$✐♦♥✳ ■ ✇❛( ♥♦$ ❛✇❛*❡ ♦❢ ❤✐( ❝♦♥$*✐❜✉$✐♦♥ ✇❤❡♥ ($❛*$✐♥❣ ♠② *❡(❡❛*❝❤ ♦♥ $❤✐( $♦♣✐❝ ✐♥ ✷✵✵✾✱ ✇✐$❤ $❤❡

▼E❤✐❧ $❤❡(✐( (✉❜♠✐((✐♦♥ ✐♥ ✷✵✶✵✳ ■♥ ❛♥② ❝❛(❡✱ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ✐( (✉❜($❛♥$✐❛❧❧② ❞✐✛❡*❡♥$ ❢*♦♠ $❤❡ *❡$✉*♥(

$♦ ❡❞✉❝❛$✐♦♥ ($✉❞✐❡❞ ✐♥ $❤✐( $❤❡(✐( ✐♥ $❡*♠( ♦❢ ✭✐✮ $❤❡ ♣❡*✐♦❞ ♦❢ ($✉❞② ❛♥❞ ✭✐✐✮ $❤❡ (❛♠♣❧❡ ♦❢ ✇♦*❦❡*( ✐♥❝❧✉❞❡❞✳

■♥ ❛❞❞✐$✐♦♥✱ ■ ❤❛✈❡ (❡*✐♦✉( ❝♦♥❝❡*♥( ❛❜♦✉$ $❤❡ ✈❛❧✐❞✐$② ♦❢ $❤❡ ✐♥($*✉♠❡♥$( ✉(❡❞ ✐♥ ❤✐( ♣❛♣❡* ✭❛( ❞✐(❝✉((❡❞ ✐♥

❞❡$❛✐❧ ✐♥ ❈❤❛♣$❡* ✸✱ ♣✳ ✸✹✮✳

✼

❊❞✉❝❛$✐♦♥ ✐♥$❡♥(✐$② ✐( ♠❡❛(✉*❡❞ ❜② $❤❡ (❤❛*❡ ♦❢ ✇♦*❦❡*( ✇✐$❤ ❛$ ❧❡❛($ ❧♦✇❡* (❡❝♦♥❞❛*② ❡❞✉❝❛$✐♦♥✳

✼



❥♦❜# ❝%❡❛(❡❞ ❞✉%✐♥❣ (❤✐# ♣❡%✐♦❞ ❤❛✈❡ ♣%♦✈✐❞❡❞ ❛♥ ❡❛%♥✐♥❣# ♣%❡♠✐✉♠ ❢♦% ❡❞✉❝❛(❡❞ ✇♦%❦❡%#✳

❚❤✐# #✉❣❣❡#(# ❛ #✐③❡❛❜❧❡ ❞❡♠❛♥❞ ❢♦% ❡❞✉❝❛(✐♦♥ ✐♥ (❤❡ ♥♦♥✲❛❣%✐❝✉❧(✉%❛❧ #❡❝(♦%✳

❘❡❣❛%❞✐♥❣ (❤❡ ❞✐#(%✐❜✉(✐♦♥❛❧ ✐♠♣❛❝(# ♦❢ ❡❞✉❝❛(✐♦♥ ♦♥ ❡❛%♥✐♥❣#✱ (❤❡ ❡①✐#(✐♥❣ ❧✐(❡%❛(✉%❡

❢♦❝✉#❡# ♦♥ ✐♥❡=✉❛❧✐(② ❞❡❝♦♠♣♦#✐(✐♦♥# ❛♥❞ (❤❡ ❝♦%%❡❧❛(✐♦♥ ❜❡(✇❡❡♥ ❡❞✉❝❛(✐♦♥ ❛♥❞ ✐♥❡=✉❛❧✐(②

♦✈❡% (✐♠❡ %❛(❤❡% (❤❛♥ ❝❛✉#❛❧ ❡✛❡❝(# ♦❢ ❡❞✉❝❛(✐♦♥ ♦♥ ❡❛%♥✐♥❣# ✐♥❡=✉❛❧✐(②✳ ❊❛%❧✐❡% #(✉❞✐❡# ✉#✐♥❣

(❤❡ ❍❙❊❙ ✜♥❞ (❤❛( (❤❡ ✐♥❝%❡❛#❡ ✐♥ ❛✈❡%❛❣❡ ❡❞✉❝❛(✐♦♥ ❛♥❞ ❧♦✇❡% ✐♥❡=✉❛❧✐(② ✐♥ ❡❞✉❝❛(✐♦♥ ❛%❡

❝♦%%❡❧❛(❡❞ ✇✐(❤ ❛ ❞❡❝❧✐♥❡ ✐♥ ✐♥❝♦♠❡ ✐♥❡=✉❛❧✐(② ♦❜#❡%✈❡❞ ✐♥ (❤❡ ❡❛%❧② ❛♥❞ ♠✐❞ ✶✾✾✵# ✭❋♦❢❛❝❦ ❛♥❞

❩❡✉❢❛❝❦✱ ✶✾✾✾❀ ▼♦(♦♥✐#❤✐✱ ✷✵✵✻✮✳ ❍♦✇❡✈❡%✱ (❤❡#❡ ❝♦%%❡❧❛(✐♦♥# ❛%❡ ♥♦( #(❛(✐#(✐❝❛❧❧② #✐❣♥✐✜❝❛♥(✳

■♥ ❛❞❞✐(✐♦♥✱ (❤❡② ❡♠♣❧♦② ♦♥❧② ♦♥❡ ♠❡❛#✉%❡ ♦❢ ✐♥❡=✉❛❧✐(②✱ ♥❛♠❡❧② (❤❡ ❚❤❡✐❧✲▲ ✐♥❞❡①✱ ✇❤✐❝❤

✐# ♠♦%❡ #❡♥#✐(✐✈❡ (♦ (❤❡ ❧♦✇❡% ♣❛%( ♦❢ (❤❡ ❞✐#(%✐❜✉(✐♦♥ ✭❆♥❛♥❞✱ ✶✾✽✸✮ ❛♥❞ ❝♦✉❧❞ ❞✐#❣✉✐#❡

#✐❣♥✐✜❝❛♥( ❝❤❛♥❣❡# ❛( (❤❡ ♠✐❞❞❧❡ ♦% (❤❡ (♦♣ ♦❢ (❤❡ ❞✐#(%✐❜✉(✐♦♥✳ ▼♦%❡ #♣❡❝✐✜❝❛❧❧②✱ ❋♦❢❛❝❦

❛♥❞ ❩❡✉❢❛❝❦ ✭✶✾✾✾✮ ❡#(✐♠❛(❡ (❤❡ ❦❡② ❞❡(❡%♠✐♥❛♥(# ♦❢ ✐♥❝♦♠❡ ✐♥❡=✉❛❧✐(② ✉#✐♥❣ ❛ ♣#❡✉❞♦✲♣❛♥❡❧

(❡❝❤♥✐=✉❡✳ ❆# (❤❡✐% ♣%❡❢❡%%❡❞ #♣❡❝✐✜❝❛(✐♦♥ ✐# ❛ ✜①❡❞ ❡✛❡❝( ♠♦❞❡❧✱ ✈❛%✐❛(✐♦♥ ✐♥ ❡❞✉❝❛(✐♦♥

❢♦% ❛ ❣✐✈❡♥ ❜✐%(❤ ❝♦❤♦%( ✭✇❤✐❝❤ ✐# ❛ ♣❛♥❡❧ ♦❜#❡%✈❛(✐♦♥✮ ♦✈❡% (✐♠❡ ✐# ❡①♣❡❝(❡❞ (♦ ❜❡ ✈❡%②

❧♦✇✳ ❚❤✐# ♠❛② ❜❡ (❤❡ %❡❛#♦♥ ❢♦% (❤❡ ✐♥#✐❣♥✐✜❝❛♥( ♥❡❣❛(✐✈❡ ❝♦%%❡❧❛(✐♦♥ ❜❡(✇❡❡♥ ❡❞✉❝❛(✐♦♥ ❛♥❞

✐♥❝♦♠❡ ✐♥❡=✉❛❧✐(②✳

✽

❖♥ (❤❡ ♦(❤❡% ❤❛♥❞✱ ▼♦(♦♥✐#❤✐ ✭✷✵✵✻✮ ❝♦♥#(%✉❝(# ♣❛♥❡❧ ❞❛(❛ ❛( (❤❡ %❡❣✐♦♥

❧❡✈❡❧ ❛♥❞ ❝♦♥❞✉❝(# ❛ %❡❣%❡##✐♦♥✲❜❛#❡❞ ❛♥❛❧②#✐#✳ ❚❤❡ ♣❛♣❡% ✐# ✐♥(❡%❡#(❡❞ ✐♥ =✉❛♥(✐❢②✐♥❣ (❤❡

✐♠♣❛❝(# ♦❢ ✐♥❡=✉❛❧✐(② ♦❢ ❡❞✉❝❛(✐♦♥✱ ♠❡❛#✉%❡❞ ❜② ❛ #(❛♥❞❛%❞ ❞❡✈✐❛(✐♦♥ ♦❢ ②❡❛%# ♦❢ ❡❞✉❝❛(✐♦♥✱

❛♥❞ ✜♥❛♥❝✐❛❧ ❞❡✈❡❧♦♣♠❡♥( ♦♥ ✐♥❝♦♠❡ ✐♥❡=✉❛❧✐(②✳ ❍♦✇❡✈❡%✱ (❤❡ ✐♥❡=✉❛❧✐(② ♠❡❛#✉%❡ ✉#❡❞ ✐#

(❤❡ ❚❤❡✐❧✲▲ ✐♥❞❡① ♦❢ ❤♦✉#❡❤♦❧❞ ✐♥❝♦♠❡✳ ❇② ✐❣♥♦%✐♥❣ ❤♦✉#❡❤♦❧❞ #✐③❡ ❛♥❞ ❝♦♠♣♦#✐(✐♦♥✱ ✐♥❝♦♠❡

✐♥❡=✉❛❧✐(② ❝♦✉❧❞ ❜❡ ✉♥❞❡%❡#(✐♠❛(❡❞✳ ▼♦%❡ %❡❝❡♥(❧②✱ ▲❛(❤❛♣✐♣❛( ✭✷✵✵✽✮ #(✉❞✐❡# ❤♦✇ ❝❤❛♥❣❡#

✐♥ (❤❡ ❡❞✉❝❛(✐♦♥ ❞✐#(%✐❜✉(✐♦♥ ❛✛❡❝( (❤❡ ❤♦✉%❧② ✇❛❣❡ ❞✐#(%✐❜✉(✐♦♥ ❞✉%✐♥❣ (❤❡ ②❡❛%# ✶✾✽✼ (♦

✷✵✵✻✱ ✉#✐♥❣ (❤❡ ▲❋❙✳ ❚❤❡ ♣❛♣❡% ❡♠♣❧♦②# (❤❡ (✇♦✲#(❛❣❡ ❞❡❝♦♠♣♦#✐(✐♦♥ (❡❝❤♥✐=✉❡ ❞❡✈❡❧♦♣❡❞

❜② ❋✐%♣♦ ❡( ❛❧✳ ✭✷✵✵✾✱ ✷✵✶✶✮ (♦ ❡#(✐♠❛(❡ (❤❡ ✐♠♣❛❝(# ♦❢ ❡❞✉❝❛(✐♦♥ ♦♥ ✇❛❣❡# ❛( ❞✐✛❡%❡♥(

♣♦✐♥(# ♦❢ (❤❡ ❞✐#(%✐❜✉(✐♦♥✳

✾

❊❞✉❝❛(✐♦♥ ✐# ❢♦✉♥❞ (♦ ❡♥❤❛♥❝❡ ✇❛❣❡ ✐♥❡=✉❛❧✐(②✱ ❡#♣❡❝✐❛❧❧② ❢♦%

(❤❡ %✐❝❤✳ ❲❤✐❧❡ (❤✐# ❝♦♥❝❧✉#✐♦♥ ❞✐✛❡%# ❢%♦♠ (❤❡ ❡❛%❧✐❡% ❧✐(❡%❛(✉%❡ ❛♥❞ (❤❡ ❣❡♥❡%❛❧ ♣❡%❝❡♣(✐♦♥

(❤❛( ❡❞✉❝❛(✐♦♥ ❝♦✉❧❞ %❡❞✉❝❡ ✐♥❡=✉❛❧✐(②✱ ✐( ✐# ✐♠♣♦%(❛♥( (♦ ♥♦(❡ (❤❛( (❤❡ ♣❛♣❡% ♦♥❧② ❢♦❝✉#❡#

♦♥ ♠❛❧❡ ✇❛❣❡✲❡♠♣❧♦②❡❞ ✇♦%❦❡%#✳ ❆# ❛ %❡#✉❧(✱ (❤❡#❡ ❝♦♥❝❧✉#✐♦♥# ❞♦ ♥♦ ♥❡❝❡##❛%② ❝❛%%② ♦✉( (♦

(❤❡ ♦✈❡%❛❧❧ ❡❛%♥✐♥❣# ❞✐#(%✐❜✉(✐♦♥✳ ■♥ ❛❞❞✐(✐♦♥✱ (❤❡ #(✉❞② ❞♦❡# ♥♦( ❝♦♥#✐❞❡% ♣%✐❝❡ ❞✐✛❡%❡♥(✐❛❧#

❛❝%♦## (✐♠❡ ❛♥❞ %❡❣✐♦♥#✱ (❤❡ ❡♥❞♦❣❡♥❡✐(② ♦❢ ❡❞✉❝❛(✐♦♥✱ ❛♥❞ (❤❡ ♥♦♥✲%❛♥❞♦♠ #❡❧❡❝(✐♦♥ ✐♥(♦

✽

■♥ ❛❞❞✐%✐♦♥✱ ✐% ✐( ♥♦% (%)❛✐❣❤%❢♦)✇❛)❞ %♦ ✉♥❞❡)(%❛♥❞ %❤❡ ♠❡❛♥✐♥❣ ♦❢ %❤✐( ❞❡♣❡♥❞❡♥% ✈❛)✐❛❜❧❡ ✇❤✐❝❤ ✐(

✐♥❡6✉❛❧✐%② ✇✐%❤✐♥ ❛ ❜✐)%❤ ❝♦❤♦)%✳

✾

❚❤✐( %❡❝❤♥✐6✉❡ ✐( ❛ ❣❡♥❡)❛❧✐(❛%✐♦♥ ♦❢ %❤❡ ❖①❛❝❛✲❇❧✐♥❞❡) ❞❡❝♦♠♣♦(✐%✐♦♥ %❤❛% ❣♦❡( ❜❡②♦♥❞ %❤❡ ♠❡❛♥✳

✽



✇❛❣❡ ❡♠♣❧♦②♠❡♥*✳

❚❤❡ .❡✈✐❡✇ ♦❢ *❤❡ .❡❧❡✈❛♥* ❧✐*❡.❛*✉.❡ ♦♥ *❤❡ ✐♠♣❛❝*4 ♦❢ ❡❞✉❝❛*✐♦♥ ♦♥ *❤❡ *❤.❡❡ ❧❛❜♦✉.

♠❛.❦❡* ♦✉*❝♦♠❡4 ✐♥ ❚❤❛✐❧❛♥❞ 4✉❣❣❡4*4 *❤❛* ❡❞✉❝❛*✐♦♥ ♠❛② ❤❛✈❡ ♣❧❛②❡❞ ❛ ❝.✉❝✐❛❧ .♦❧❡ ✐♥

❡♥❤❛♥❝✐♥❣ ❡❛.♥✐♥❣4 ❛♥❞ 4*.✉❝*✉.❛❧ *.❛♥4❢♦.♠❛*✐♦♥✱ ❛4 ✇❡❧❧ ❛4 ✐♥ 4❤❛♣✐♥❣ ❡❛.♥✐♥❣4 ✐♥❡9✉❛❧✐*②✳

❍♦✇❡✈❡.✱ *❤❡.❡ ✐4 ❛ ❣❛♣ ✐♥ *❤❡ ❧✐*❡.❛*✉.❡ ❝♦♥❝❡.♥✐♥❣ ❛♣♣.♦♣.✐❛*❡ ❡❝♦♥♦♠❡*.✐❝ ♠❡*❤♦❞4 *♦

♦❜*❛✐♥ ❝❛✉4❛❧ .❡❧❛*✐♦♥4❤✐♣4✳ ❆❞❞✐*✐♦♥❛❧❧②✱ ❡❛.❧✐❡. 4*✉❞✐❡4 ♦♥ *❤❡4❡ ✐44✉❡4 ♦❢*❡♥ ❡①❝❧✉❞❡ 4❡❧❢✲

❡♠♣❧♦②❡❞ ✇♦.❦❡.4 ❢.♦♠ *❤❡✐. ❛♥❛❧②4✐4✳ ■♥ *❤✐4 *❤❡4✐4✱ ■ ❛**❡♠♣* *♦ ❡4*✐♠❛*❡ *❤❡ ❡✛❡❝*4 ♦❢

❡❞✉❝❛*✐♦♥ ♦♥ ❡❛.♥✐♥❣4✱ 4❡❝*♦. ♦❢ ✇♦.❦✱ ❛♥❞ ❡❛.♥✐♥❣4 ✐♥❡9✉❛❧✐*② ❢♦. ❜♦*❤ ✇❛❣❡✲ ❛♥❞ 4❡❧❢✲

❡♠♣❧♦②❡❞ ✇♦.❦❡.4 ✐♥ ❛❧❧ 4❡❝*♦.4 ♦❢ ✇♦.❦✱ *❛❦✐♥❣ ✐♥*♦ ❛❝❝♦✉♥* ✈❛.✐♦✉4 ❡❝♦♥♦♠❡*.✐❝4 ✐44✉❡4

✐♥❝❧✉❞✐♥❣ *❤❡ ❡♥❞♦❣❡♥❡✐*② ♦❢ ❡❞✉❝❛*✐♦♥ ❛♥❞ *❤❡ 4❛♠♣❧❡ 4❡❧❡❝*✐♦♥ ♣.♦❜❧❡♠4 ✇❤❡.❡ ♣♦44✐❜❧❡✳

✷✳✷ ❚❤❛✐❧❛♥❞✬* ❊❞✉❝❛.✐♦♥ ❙②*.❡♠

❋♦.♠❛❧ ❡❞✉❝❛*✐♦♥ ✐♥ ❚❤❛✐❧❛♥❞ ❝♦♥4✐4*4 ♦❢ ♣.✐♠❛.②✱ 4❡❝♦♥❞❛.② ✭✇❤✐❝❤ ✐4 ❞✐✈✐❞❡❞ ✐♥*♦ ❧♦✇❡.

❛♥❞ ✉♣♣❡. 4❡❝♦♥❞❛.②✮✱ ❛♥❞ *❡.*✐❛.② ❡❞✉❝❛*✐♦♥ ✭✇❤✐❝❤ ✐4 ❞✐✈✐❞❡❞ ✐♥*♦ *❤.❡❡ ❧❡✈❡❧4✿ ❞✐♣❧♦♠❛✱

✉♥❞❡.❣.❛❞✉❛*❡✱ ❛♥❞ ❣.❛❞✉❛*❡ ❧❡✈❡❧4✮✳

✶✵

❚❤❛✐ ❝❤✐❧❞.❡♥ ✇❡.❡ .❡9✉✐.❡❞ ❜② ❧❛✇ *♦ 4*❛.* 4❝❤♦♦❧ ✐♥

*❤❡ ❝❛❧❡♥❞❡. ②❡❛. ✐♥ ✇❤✐❝❤ *❤❡② ❜❡❝❛♠❡ ❡✐❣❤* ②❡❛.4 ♦❧❞✳

✶✶

✹ ②❡❛.4 ♦❢ ❧♦✇❡. ♣.✐♠❛.② 4❝❤♦♦❧✐♥❣

✇❡.❡ ♠❛❞❡ ❢.❡❡ ❛♥❞ ❝♦♠♣✉❧4♦.② ❛* ✜.4* ✐♥ ✶✾✷✶ ✭▼✐♥✐4*.② ♦❢ ❊❞✉❝❛*✐♦♥ ♦❢ ❚❤❛✐❧❛♥❞✱ ✷✵✶✵✮✳

❚❤❡ ✉♣♣❡. 4❡❝♦♥❞❛.②✱ ❞✐♣❧♦♠❛✱ ❛♥❞ ✉♥❞❡.❣.❛❞✉❛*❡ ❧❡✈❡❧4 ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ❢✉.*❤❡. ✐♥*♦ ❛❝❛❞❡♠✐❝

❛♥❞ ✈♦❝❛*✐♦♥❛❧ 4*.❡❛♠4✳ ❉✉.✐♥❣ *❤❛* *✐♠❡✱ ❚❤❛✐❧❛♥❞✬4 4❝❤♦♦❧✐♥❣ 4②4*❡♠ ✇❛4 ✹✿✸✿✸✿✷✳ ❚❤❛* ✐4✱

✹ ②❡❛.4 ♦❢ ❧♦✇❡. ♣.✐♠❛.② 4❝❤♦♦❧❀ ✸ ②❡❛.4 ♦❢ ✉♣♣❡. ♣.✐♠❛.② 4❝❤♦♦❧❀ ✸ ②❡❛.4 ♦❢ ❧♦✇❡. 4❡❝♦♥❞❛.②

4❝❤♦♦❧❀ ❛♥❞ ✷ ②❡❛.4 ♦❢ ✉♣♣❡. 4❡❝♦♥❞❛.② 4❝❤♦♦❧✳

❇❡❢♦.❡ *❤❡ ✶✾✾✵4✱ *❤❡ ♠❛❥♦. ❡❞✉❝❛*✐♦♥ ♣♦❧✐❝② .❡❢♦.♠ ✇❛4 *♦ .❛✐4❡ *❤❡ ❝♦♠♣✉❧4♦.② ②❡❛.4 ♦❢

4❝❤♦♦❧✐♥❣ ❢.♦♠ ✹ ②❡❛.4 ♦❢ ❧♦✇❡. ♣.✐♠❛.② *♦ *❤❡ ❢✉❧❧ ♣.✐♠❛.② ❡❞✉❝❛*✐♦♥✳

✶✷

❚❤❡ ♣♦❧✐❝② ✇❛4 ✜.4*❧②

❛♥❞ ♣❛.*✐❛❧❧② ✐♠♣❧❡♠❡♥*❡❞ ✐♥ ✶✾✻✵ ❜❛4❡❞ ♦♥ *❤❡ ❛❝❝❡♣*❛♥❝❡ ♦❢ ❡❛❝❤ ❧♦❝❛❧✐*② ❛♥❞ *❤❡ .❡❛❞✐♥❡44

♦❢ 4❝❤♦♦❧4 ✐♥ *❤❛* ❧♦❝❛❧✐*②✳ ■♥4*❡❛❞ ♦❢ ❛ 4*.✐❝* .✉❧❡✱ ♠✉♥✐❝✐♣❛❧✐*✐❡4 ✇❡.❡ ❡♥❝♦✉.❛❣❡❞ *♦ ♣.♦✈✐❞❡

❡❞✉❝❛*✐♦♥ ✉♣ *♦ *❤❡ ✉♣♣❡. ♣.✐♠❛.② ❧❡✈❡❧ ❢.❡❡ ♦❢ ❝❤❛.❣❡ ❜✉* ✐* ✇❛4 ♥♦* ❝♦♠♣✉❧4♦.② *♦ ❛**❡♥❞

*♦ *❤❛* ❧❡✈❡❧✳

✶✸

■♥ ✶✾✼✽✱ *❤❡ ❊❞✉❝❛*✐♦♥ ❘❡❢♦.♠ ❆❝* ✶✾✼✽ ✇❛4 ✐♠♣❧❡♠❡♥*❡❞ ♥❛*✐♦♥✇✐❞❡✳ ❋✐.4*✱

✶✵

■♥ "❤✐% "❤❡%✐%✱ ■ ✉%❡ "❤❡ ✇♦+❞% ✉♣♣❡+ %❡❝♦♥❞❛+② ❛♥❞ ❤✐❣❤ %❝❤♦♦❧✱ ❛♥❞ "❡+"✐❛+② ❡❞✉❝❛"✐♦♥ ❛♥❞ ❤✐❣❤❡+

❡❞✉❝❛"✐♦♥ ✐♥"❡+❝❤❛♥❣❡❛❜❧②✳

✶✶

■♥ ❚❤❛✐❧❛♥❞✱ "❤❡ ❛❝❛❞❡♠✐❝ ②❡❛+ ❜❡❣✐♥% ✐♥ ▼❛② ❛♥❞ ❡♥❞% ✐♥ ▼❛+❝❤ ♦❢ "❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛+✳

✶✷

❆% %♣❡❝✐✜❡❞ ✐♥ "❤❡ ✜+%" ❛♥❞ "❤❡ %❡❝♦♥❞ ◆❛"✐♦♥❛❧ ❊❝♦♥♦♠✐❝ ❛♥❞ ❙♦❝✐❛❧ ❉❡✈❡❧♦♣♠❡♥" ♣❧❛♥% ✭✶✾✻✶✲✶✾✻✻

❛♥❞ ✶✾✻✼✲✶✾✼✶✮✱ ❚❤❛✐ ♣♦❧✐❝② ♠❛❦❡+% ✈✐❡✇❡❞ ❡❞✉❝❛"✐♦♥ ❛" ♣+✐♠❛+② ❛♥❞ ❧♦✇❡+ %❡❝♦♥❞❛+② ❧❡✈❡❧% ❛% ❛ +❡H✉✐+❡♠❡♥"

❢♦+ "❤❡ ✐♥❞✉%"+✐❛❧✐%❛"✐♦♥ ♣+♦❝❡%%✳

✶✸

❆% ❛ +❡%✉❧"✱ "❤✐% ✶✾✻✵ ♣♦❧✐❝② ♠✐❣❤" ❤❛✈❡ ✐♥✢✉❡♥❝❡❞ "❤❡ ❞❡❝✐%✐♦♥% ❛❜♦✉" ❡❞✉❝❛"✐♦♥❛❧ ❛""❛✐♥♠❡♥" ♦❢ ❝❤✐❧❞+❡♥

✾



 ❤❡ ❡❞✉❝❛ ✐♦♥ *❡❢♦*♠ ❝❤❛♥❣❡❞  ❤❡ .❝❤♦♦❧✐♥❣ .②. ❡♠  ♦ ✻✿✸✿✸✱ ✇✐ ❤ ✻ ②❡❛*. ♦❢ ♣*✐♠❛*② .❝❤♦♦❧✱

❛♥❞ ✸ ②❡❛*. ❡❛❝❤ ♦❢ ❧♦✇❡* ❛♥❞ ✉♣♣❡* .❡❝♦♥❞❛*② .❝❤♦♦❧✳

✶✹

❙❡❝♦♥❞✱ ✐ ❛❧.♦ *❛✐.❡❞ ❝♦♠♣✉❧.♦*②

❡❞✉❝❛ ✐♦♥✱ ✇❤✐❝❤ ✇❛. ✹ ②❡❛*. ♦❢ ❧♦✇❡* ♣*✐♠❛*② ❛  ❤❛  ✐♠❡✱  ♦ ✻ ②❡❛*. ♦❢ ♣*✐♠❛*② ❡❞✉❝❛ ✐♦♥✱

❢*❡❡ ♦❢ ❝❤❛*❣❡✳ ❆.  ❤❡ .❝❤♦♦❧ ❡♥ *② ❛❣❡ *❡♠❛✐♥❡❞ ✉♥❝❤❛♥❣❡❞✱  ❤❡ ✜*. ❝♦❤♦*  ❤❛ ✇❛. .✉❜❥❡❝ 

 ♦  ❤❡ *❡❢♦*♠ ✐.  ❤♦.❡ ✇❤♦ ✇❡*❡ ❜♦*♥ ✐♥  ❤❡ ②❡❛* ✶✾✻✼✱ ❛♥❞  ❤✉. ✇❡*❡ ✐♥  ❤❡ ❧♦✇❡* ♣*✐♠❛*②

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

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

♦❢  ❤❡ ❡① *❛  ✇♦ ❝♦♠♣✉❧.♦*② ②❡❛*. .❡❡♠. ✉♥❧✐❦❡❧②✳

❆. ❛ *❡.✉❧ ♦❢  ❤❡ ❊❞✉❝❛ ✐♦♥ ❘❡❢♦*♠ ❆❝ ✶✾✼✽✱ ❤♦❧❞✐♥❣ ♦ ❤❡* ❢❛❝ ♦*. ❝♦♥. ❛♥ ✱ ❛ ♣❡*.♦♥

✇❤♦ ✇❛. ❜♦*♥ ✐♥ ✶✾✻✻ ❛♥❞ ♦♥❧② . ✉❞✐❡❞ ❢♦* ✹ ②❡❛*. ♦❢ ❧♦✇❡* ♣*✐♠❛*② ❡❞✉❝❛ ✐♦♥ ✇♦✉❧❞ ❤❛✈❡

❜❡❡♥ ❢♦*❝❡❞  ♦ . ❛② ✐♥ .❝❤♦♦❧ ❢♦* ✷ ♠♦*❡ ②❡❛*.✱ ❤❛❞ ❤❡ ❜❡❡♥ ❜♦*♥ ❛ ②❡❛* ❧❛ ❡*✳ ■ ✐. ❛❧.♦

❡①♣❡❝ ❡❞  ♦ ❛✛❡❝ ♦ ❤❡* ❝❤✐❧❞*❡♥ ✇❤♦ ✇♦✉❧❞ ❝♦♥ ✐♥✉❡ .❝❤♦♦❧ ❜❡②♦♥❞  ❤❡ ❧♦✇❡* ♣*✐♠❛*② ❧❡✈❡❧

*❡❣❛*❞❧❡.. ♦❢  ❤❡✐* ②❡❛*. ♦❢ ❜✐* ❤ ❜❡❝❛✉.❡  ❤❡② ❡✛❡❝ ✐✈❡❧② *❡❝❡✐✈❡❞ ❛❞❞✐ ✐♦♥❛❧  ✇♦ ②❡❛*. ♦❢ ❢*❡❡

❡❞✉❝❛ ✐♦♥✳ ❇✉  ❤❡✐* ❡✛❡❝ . ♠❛② ♥♦ ❜❡ ❡①❛❝ ❧② ❡E✉❛❧  ♦ ✷ ②❡❛*. ❛. ♦❜.❡*✈❡❞ ❢♦*  ❤♦.❡ ✇❤♦

✇♦✉❧❞ ❤❛✈❡ E✉✐ .❝❤♦♦❧ *✐❣❤ ❛❢ ❡*  ❤❡ ❝♦♠♣✉❧.♦*② ❧❡✈❡❧✳ ❚❤❡*❡ ❛❧.♦ ❡①✐. ❡❞ ✈❡*② ❢❡✇ ❝❤✐❧❞*❡♥

✇❤♦ ✇❡*❡ ❜♦*♥ ❛ ❛♥❞ ❛❢ ❡* ✶✾✻✼ ❜✉ ✇❡*❡ ♥♦ ❛✛❡❝ ❡❞ ❜②  ❤❡ ✶✾✼✽ ❊❞✉❝❛ ✐♦♥ ❘❡❢♦*♠ ❞✉❡

 ♦ .♦♠❡ ❡①❝❡♣ ✐♦♥. ❛♥❞ ❞❡❧❛②. ✐♥  ❤❡ ✐♠♣❧❡♠❡♥ ❛ ✐♦♥ ♦❢  ❤❡ ❧❛✇ ✐♥ ❛ ❢❡✇ *❡♠♦ ❡ ❛*❡❛.✳ ■♥

♣❛* ✐❝✉❧❛*✱ ❡①❝❡♣ ✐♦♥. ✇❡*❡ ♠❛❞❡ ❢♦* .❡✈❡*❡❧② ❞✐.❛❜❧❡❞ ❝❤✐❧❞*❡♥ ❢♦* ✇❤♦♠  ❤❡ ❧♦❝❛❧ .❝❤♦♦❧.

❞✐❞ ♥♦ ❤❛✈❡ .✉✐ ❛❜❧❡ ❢❛❝✐❧✐ ✐❡.✱ ❛♥❞ ❝❤✐❧❞*❡♥ ✇❤♦ ❧✐✈❡❞ ❢✉* ❤❡*  ❤❛♥ ✸ ❦✐❧♦♠❡ *❡. ❛✇❛② ❢*♦♠

 ❤❡ ♥❡❛*❡. ♣✉❜❧✐❝ .❝❤♦♦❧✳ ■ ✐. ✐♠♣♦* ❛♥  ♦ *❡❝♦❣♥✐.❡  ❤❛  ❤❡.❡ ❡①❝❡♣ ✐♦♥. *❡♠❛✐♥❡❞  ❤❡

.❛♠❡ ❜❡❢♦*❡ ❛♥❞ ❛❢ ❡*  ❤❡ *❡❢♦*♠✳

✷✳✸ ❉❛%❛

❚❤✐. .❡❝ ✐♦♥ ♣*♦✈✐❞❡. ❞❡ ❛✐❧. ♦❢  ❤❡ ❞❛ ❛ ✉.❡❞ ✐♥  ❤❡  ❤❡.✐.✳ ❋✐*. ✱ ■ ❞❡.❝*✐❜❡  ❤❡ ✉♥❞❡*❧②✐♥❣

❞❛ ❛ .♦✉*❝❡. ❛♥❞ ❤♦✇  ❤❡ .❛♠♣❧❡. ❛*❡ ❝♦♥. *✉❝ ❡❞ ❢♦*  ❤❡ ❛♥❛❧②.❡.✳ ❙❡❝♦♥❞✱ ■ ❞✐.❝✉..  ❤❡

❝♦♥. *✉❝ ✐♦♥ ♦❢  ❤❡ ❦❡② ✈❛*✐❛❜❧❡.✳ ❙✉❜.❡E✉❡♥ ❧②✱ ❞❡.❝*✐♣ ✐✈❡ . ❛ ✐. ✐❝. ❛*❡ ♣*❡.❡♥ ❡❞  ♦ ♣*♦✈✐❞❡

❛♥ ♦✈❡*✈✐❡✇ ♦❢  ❤❡ ❚❤❛✐ ❧❛❜♦✉* ♠❛*❦❡ ✳

✇✐"❤ ❤✐❣❤ ❛❜✐❧✐"② "♦ ❛ ❣*❡❛"❡* ❡①"❡♥" "❤❛♥ "❤♦.❡ ✇✐"❤ ❧♦✇ ❛❜✐❧✐"②✳

✶✹

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

✶✵



✷✳✸✳✶ ❉❛&❛ ❙♦✉*❝❡-

❚❤❡ ◆❛%✐♦♥❛❧ ▲❛❜♦✉- ❋♦-❝❡ ❙✉-✈❡②

❚❤❡ ♠❛✐♥ ❞❛(❛ ✉*❡❞ ✐♥ (❤❡ (❤❡*✐* ❝♦♠❡ ❢.♦♠ (❤❡ (❤✐.❞✲.♦✉♥❞ ▲❛❜♦✉. ❋♦.❝❡ ❙✉.✈❡② ✭▲❋❙✮

♦❢ ❚❤❛✐❧❛♥❞ ❞✉.✐♥❣ (❤❡ ②❡❛.* ✶✾✽✺ (♦ ✷✵✵✵✳ ❚❤❡ ▲❋❙ ❤❛* ❜❡❡♥ ✉♥❞❡.(❛❦❡♥ ❜② (❤❡ ◆❛(✐♦♥❛❧

❙(❛(✐*(✐❝❛❧ ❖✣❝❡ ♦❢ ❚❤❛✐❧❛♥❞ ✭◆❙❖✮✱ ❛♥❞ (❤❡ .❛✇ ❞❛(❛ ✐* ❛✈❛✐❧❛❜❧❡ ❢.♦♠ ✶✾✽✺ ✉♥(✐❧ (❤❡

♣.❡*❡♥(✳ ❚❤❡ ♣.✐♠❛.② ♦❜❥❡❝(✐✈❡ ♦❢ (❤❡ *✉.✈❡② ✐* (♦ ❡*(✐♠❛(❡ (❤❡ *✐③❡ ❛♥❞ ❝❤❛.❛❝(❡.✐*(✐❝* ♦❢

(❤❡ ❚❤❛✐ ❧❛❜♦✉. ❢♦.❝❡✳

❚❤❡ ▲❋❙ ✐* ❛ ❝♦♥(✐♥✉♦✉* ❝.♦**✲*❡❝(✐♦♥❛❧ ❤♦✉*❡❤♦❧❞ *✉.✈❡②✳ ❋.♦♠ ✶✾✽✺ (♦ ✶✾✾✼✱ (❤❡ *✉.✈❡②

✇❛* ❝♦♥❞✉❝(❡❞ ✐♥ (❤.❡❡ .♦✉♥❞* ❡❛❝❤ ②❡❛.✿ ✭✶✮ ❏❛♥✉❛.② (♦ ▼❛.❝❤✱ ✇❤✐❝❤ ✐* (❤❡ ❞.② *❡❛*♦♥❀

✭✷✮ ❆♣.✐❧ (♦ ❏✉♥❡✱ ✇❤❡♥ ❛ ❧❛.❣❡ ❣.♦✉♣ ♦❢ ♥❡✇ ✇♦.❦❡.* ❡♥(❡. (❤❡ ❧❛❜♦✉. ❢♦.❝❡ .✐❣❤( ❛❢(❡.

❝♦♠♣❧❡(✐♥❣ (❤❡✐. ❡❞✉❝❛(✐♦♥❀ ❛♥❞ ✭✸✮ ❏✉❧② (♦ ❙❡♣(❡♠❜❡.✱ ✇❤✐❝❤ ❝♦✐♥❝✐❞❡* (❤❡ ❛❣.✐❝✉❧(✉.❛❧

*❡❛*♦♥✳ ❙✐♥❝❡ ✶✾✾✽✱ ❛ ❢♦✉.(❤ .♦✉♥❞ ♦❢ (❤❡ *✉.✈❡② ❤❛* ❜❡❡♥ ❛❞❞✐(✐♦♥❛❧❧② ❝♦♥❞✉❝(❡❞ ❞✉.✐♥❣

❖❝(♦❜❡. (♦ ❉❡❝❡♠❜❡.✳ ❚❤❡ ▲❋❙ ✉*❡* ❛ *(.❛(✐✜❡❞ (✇♦✲*(❛❣❡ *❛♠♣❧✐♥❣ ❞❡*✐❣♥✳

✶✺

❚❤❡.❡ ❛.❡

✜✈❡ *(.❛(❛ ♦❢ ❣❡♦❣.❛♣❤✐❝❛❧ .❡❣✐♦♥*✱ ❛♥❞ ✼✸ (♦ ✼✼ *✉❜✲*(.❛(❛ ♦❢ ♣.♦✈✐♥❝❡*✳

✶✻

❊❛❝❤ ♣.♦✈✐♥❝❡

✐* ❞✐✈✐❞❡❞ ✐♥(♦ (✇♦ ♠❛✐♥ (②♣❡* ♦❢ ❧♦❝❛❧ ❛❞♠✐♥✐*(.❛(✐♦♥ ❛❝❝♦.❞✐♥❣ (♦ ♣♦♣✉❧❛(✐♦♥ *✐③❡✱ ♥❛♠❡❧②

♠✉♥✐❝✐♣❛❧ ✭✉.❜❛♥✮ ❛♥❞ ♥♦♥✲♠✉♥✐❝✐♣❛❧ ✭.✉.❛❧✮ ❛.❡❛*✳ ■♥ (❤❡ ✜.*( *(❛❣❡✱ (❤❡ ♣.✐♠❛.② *❛♠♣❧✐♥❣

✉♥✐(* ✭U❙❯*✮ ❛.❡ ❜❧♦❝❦* ❛♥❞ ✈✐❧❧❛❣❡* ❢♦. ♠✉♥✐❝✐♣❛❧ ❛♥❞ ♥♦♥✲♠✉♥✐❝✐♣❛❧ ❛.❡❛* .❡*♣❡❝(✐✈❡❧②✳

❚❤❡ ♥✉♠❜❡. ♦❢ *❛♠♣❧❡❞ ❜❧♦❝❦* ♦. ✈✐❧❧❛❣❡* ✐* ♣.♦♣♦.(✐♦♥❛❧ (♦ (❤❡ (♦(❛❧ ♥✉♠❜❡. ♦❢ ❜❧♦❝❦* ♦.

✈✐❧❧❛❣❡* ✐♥ ❡❛❝❤ ♣.♦✈✐♥❝❡✳ ❙❡❝♦♥❞✱ (❤❡ ✉❧(✐♠❛(❡ *❛♠♣❧✐♥❣ ✉♥✐(* ❛.❡ ❤♦✉*❡❤♦❧❞*✳ ✾ (♦ ✶✺

❤♦✉*❡❤♦❧❞* ❛.❡ ❝❤♦*❡♥ ❢.♦♠ ❡❛❝❤ ♠✉♥✐❝✐♣❛❧ ❛.❡❛ ❛♥❞ (❤❡ ❇❛♥❣❦♦❦ ▼❡(.♦♣♦❧✐*✱ ✇❤✐❧❡ ✻ (♦

✶✷ ❤♦✉*❡❤♦❧❞* ❛.❡ ❝❤♦*❡♥ ❢.♦♠ ❡❛❝❤ ♥♦♥✲♠✉♥✐❝✐♣❛❧ ❛.❡❛✳ ❍♦✉*❡❤♦❧❞* ❝♦✈❡.❡❞ ✐♥ (❤❡ *✉.✈❡②

❛.❡ ♣.✐✈❛(❡ ❤♦✉*❡❤♦❧❞* ❛♥❞ *♣❡❝✐❛❧ ❤♦✉*❡❤♦❧❞*✱ ❛♥❞ ❡①❝❧✉❞❡ ✐♥*(✐(✉(✐♦♥❛❧ ❤♦✉*❡❤♦❧❞* *✉❝❤ ❛*

♠✐❧✐(❛.② ✐♥*(❛❧❧❛(✐♦♥* ❛♥❞ ❞✐♣❧♦♠❛(✐❝ ♣❡.*♦♥♥❡❧✳

✶✼

❇❡❢♦.❡ ✶✾✾✹✱ (❤❡ ▲❋❙ *❛♠♣❧❡ ❛❝❝♦✉♥(❡❞

❢♦. ❛.♦✉♥❞ ✵✳✶✺ ♣❡. ❝❡♥( ♦❢ (❤❡ (♦(❛❧ ♣♦♣✉❧❛(✐♦♥ ✭❛.♦✉♥❞ ✼✺✱✵✵✵ (♦ ✽✻✱✵✵✵ ♣❡♦♣❧❡✮✳ ❙✐♥❝❡

✶✾✾✹✱ ✐( ❤❛* ❛❝❝♦✉♥(❡❞ ❢♦. ❛.♦✉♥❞ ✵✳✸ ♣❡. ❝❡♥( ♦❢ (❤❡ (♦(❛❧ ♣♦♣✉❧❛(✐♦♥ ✭❛.♦✉♥❞ ✶✼✽✱✵✵✵ (♦

✷✶✼✱✵✵✵ ♣❡♦♣❧❡✮✳

❚❤❡ ▲❋❙ ❞❛(❛ ✐* ❝♦❧❧❡❝(❡❞ (❤.♦✉❣❤ ✐♥✲❞❡♣(❤ ✐♥(❡.✈✐❡✇* ✇✐(❤ ❤♦✉*❡❤♦❧❞ ❤❡❛❞*✳ ❚❤❡ *✉.✈❡②

✶✺

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

✶✻

❚❤❡ ❣❡♦❣#❛♣❤✐❝❛❧ #❡❣✐♦♥/ ✐♥❝❧✉❞❡ ◆♦#+❤✱ ◆♦#+❤ ❊❛/+✱ ❈❡♥+#❛❧✱ ❙♦✉+❤✱ ❛♥❞ ❇❛♥❣❦♦❦ ▼❡+#♦♣♦❧✐/✳ ❋#♦♠ +❤❡

②❡❛#/ ✶✾✽✺ +♦ ✶✾✾✸✱ ❚❤❛✐❧❛♥❞ ✐/ ❝♦♠♣#✐/❡❞ ♦❢ ✼✸ ♣#♦✈✐♥❝❡/✳ ❚❤#❡❡ ❞✐/+#✐❝+/ ✭❆♠♥❛+❝❤❛#♦❡♥✱ ◆♦♥❣❜✉❛❧❛♠♣❤✉✱

❛♥❞ ❙❛❦❛❡♦✮✱ ✇❤✐❝❤ ✇❡#❡ ❢♦#♠❛❧❧② ♣❛#+/ ♦❢ ♦+❤❡# ❡①✐/+✐♥❣ ♣#♦✈✐♥❝❡/✱ ❜❡❝❛♠❡ ♥❡✇ ♣#♦✈✐♥❝❡/ ✐♥ ✶✾✾✹✳ ❖♥❡

❞✐/+#✐❝+ ✭❇✉❡♥❣❦❛♥✮ ❜❡❝❛♠❡ ❛ ♥❡✇ ♣#♦✈✐♥❝❡ ✐♥ ✷✵✶✶✳

✶✼

❙♣❡❝✐❛❧ ❤♦✉/❡❤♦❧❞/ #❡❢❡# +♦ ♣❡♦♣❧❡ ❧✐✈✐♥❣ ✐♥ ❛ ♣❛#+✐❝✉❧❛# ✐♥/+✐+✉+✐♦♥ /✉❝❤ ❛/ ❞♦#♠✐+♦#✐❡/ ❛♥❞ ❜♦❛#❞✐♥❣

❤♦✉/❡/ ✐♥/✐❞❡ ❢❛❝+♦#② ❝♦♠♣♦✉♥❞/✳

✶✶



 ✉❡#$✐♦♥# ✐♥❝❧✉❞❡ ❞❡$❛✐❧❡❞ ✐♥❢♦-♠❛$✐♦♥✱ -❛♥❣✐♥❣ ❢-♦♠ ❡❝♦♥♦♠✐❝ ❛❝$✐✈✐$✐❡# ✭#✉❝❤ ❛# ❧❛❜♦✉- ❢♦-❝❡

#$❛$✉#✱ ♦❝❝✉♣❛$✐♦♥✱ ✐♥❞✉#$-②✱ ❛♥❞ ❡❛-♥✐♥❣#✮ $♦ ✐♥❞✐✈✐❞✉❛❧ ♣-♦❞✉❝$✐✈✐$②✲❡♥❤❛♥❝✐♥❣ ❛♥❞ #♦❝✐♦✲

❞❡♠♦❣-❛♣❤✐❝ ❝❤❛-❛❝$❡-✐#$✐❝#✳ ❋-♦♠ ✶✾✽✺ ✉♥$✐❧ $❤❡ ♣-❡#❡♥$✱ $❤❡  ✉❡#$✐♦♥# ✈❛-② ❜② -♦✉♥❞✳ ❋♦-

✐♥#$❛♥❝❡✱ ♣-✐♦- $♦ ✶✾✾✽✱  ✉❡#$✐♦♥# ♦♥ ❡❛-♥✐♥❣# ❛♥❞ ♠✐❣-❛$✐♦♥ ❛-❡ ♦♥❧② ❛#❦❡❞ ✐♥ $❤❡ ✜-#$ ❛♥❞

$❤❡ $❤✐-❞ -♦✉♥❞#✳ ▼♦-❡ ✐♠♣♦-$❛♥$❧②✱ $❤❡ #✉-✈❡②  ✉❡#$✐♦♥# ❛# ✇❡❧❧ ❛# $❤❡ ❞❡✜♥✐$✐♦♥# ♦❢ $❤❡

❧❛❜♦✉- ❢♦-❝❡ ❤❛✈❡ ❜❡❡♥ ❝❤❛♥❣❡❞ #✉❜#$❛♥$✐❛❧❧② #✐♥❝❡ ✷✵✵✶✳ ❋✐-#$✱ $❤❡ #✉-✈❡② ❞-♦♣♣❡❞  ✉❡#$✐♦♥#

♦♥ ❜✉#✐♥❡## ❛♥❞ ❢❛-♠ ✐♥❝♦♠❡# ❢♦- ❡♠♣❧♦②❡-# ❛♥❞ ♦$❤❡- #❡❧❢✲❡♠♣❧♦②❡❞ ✇♦-❦❡-#✳ ❆# ❛ -❡#✉❧$✱

$❤❡-❡ ❡①✐#$# ♥♦ ❡❛-♥✐♥❣# ✐♥❢♦-♠❛$✐♦♥ ❢♦- #❡❧❢✲❡♠♣❧♦②❡❞ ✇♦-❦❡-# ❢-♦♠ ✷✵✵✶ ♦♥✇❛-❞#✳ ❙❡❝♦♥❞✱

$❤❡ ❞❡✜♥✐$✐♦♥ ♦❢ $❤❡ ❧❛❜♦✉- ❢♦-❝❡ ❤❛# ❝❤❛♥❣❡❞✳ ❋-♦♠ ✶✾✽✺ $♦ ✷✵✵✵✱ ♣❡-#♦♥# ❛❣❡❞ ✶✸ ②❡❛-# ❛♥❞
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▼❡❛♥✇❤✐❧❡✱ F✐"❝❤❦❡ ❛♥❞ ✈♦♥ ❲❛❝❤#❡0 ✭✷✵✵✽✮ ❡"#✐♠❛#❡ #❤❡ ✐♠♣❛❝#" ♦❢ ❡❞✉❝❛#✐♦♥ ♦♥ ❡❛0♥✲
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❛♠♦♥❣ ❡♠♣❧♦②❡❞ ♠❡♥ ❛❣❡❞ ❜❡+✇❡❡♥ ✶✻ ❛♥❞ ✻✺ ②❡❛01 ❛0❡ ♥❡❛0❧② ♥♦♥✲❡①✐1+❡♥+✳

❙+✉❞✐❡1 ♦❢ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡1 +❤❛+ ♠♦1+ ❝❧♦1❡❧② 0❡❧❛+❡ +♦ ♠② ❛♥❛❧②1✐1 ❛0❡ +❤♦1❡ ♦❢ ❋0❛♥❝❡

❛♥❞ +❤❡ ❯❑✱ ✉1✐♥❣ +❤❡ ♥❛+✐♦♥✇✐❞❡ ❝❤❛♥❣❡1 ✐♥ ❧❡❣✐1❧❛+✐♦♥ ♦♥ 1❝❤♦♦❧✐♥❣ ❛❣❡1 +♦ ✐❞❡♥+✐❢② +❤❡

❡✛❡❝+1 ♦❢ ❡❞✉❝❛+✐♦♥✳ ❚❤❡ ❝❤❛♥❣❡1 ✐♥ ❝♦♠♣✉❧1♦0② 1❝❤♦♦❧✐♥❣ ❧❛✇1 ✐♥ +❤❡1❡ ❝♦✉♥+0✐❡1 ❝♦♥❝❡0♥

❡✐+❤❡0 +❤❡ 1❝❤♦♦❧ ❧❡❛✈✐♥❣ ❛❣❡ ✭❙▲❆✮ ♦0 1❝❤♦♦❧ ❧❡❛✈✐♥❣ ❣0❛❞❡✳ ❚❤❡② ❝0❡❛+❡ ❡①♦❣❡♥♦✉1 ✈❛0✐❛+✐♦♥

✐♥ ❡❞✉❝❛+✐♦♥❛❧ ❛++❛✐♥♠❡♥+ ❜② ❢♦0❝✐♥❣ ✐♥❞✐✈✐❞✉❛❧1 ❜♦0♥ ❛❢+❡0 ❛ ❝❡0+❛✐♥ ②❡❛0 +♦ 1+❛② ✐♥ 1❝❤♦♦❧
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❙✉0✈❡② ❞✉0✐♥❣ +❤❡ ②❡❛01 ✶✾✾✵ +♦ ✷✵✵✷ ❛♥❞ ❢♦❝✉1❡1 1❡♣❛0❛+❡❧② ♦♥ ❡♠♣❧♦②❡❞ ♠❡♥ ❛♥❞ ✇♦♠❡♥

❛❣❡❞ ❜❡+✇❡❡♥ ✷✽ ❛♥❞ ✺✽ ②❡❛01✳ ❇❡❝❛✉1❡ +❤❡ ✶✾✻✼ 0❡❢♦0♠ ❢♦0❝❡1 ✐♥❞✐✈✐❞✉❛❧1 ✇❤♦ ✇❡0❡ ❜♦0♥
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+❤❛+ ❛❧❧♦✇1 +❤❡ ②❡❛0 ♦❢ ❜✐0+❤ +♦ ❡①♦❣❡♥♦✉1❧② ❛✛❡❝+ ❡❞✉❝❛+✐♦♥❛❧ ❛++❛✐♥♠❡♥+ ✐♥ ❛ ♠♦0❡ ✢❡①✐❜❧❡

❛♥❞ ❞✐1❝♦♥+✐♥✉♦✉1 ✇❛② ❢♦0 +❤❡ ❝♦❤♦0+1 ❜❡❢♦0❡ ❛♥❞ ❛❢+❡0 +❤❡ 0❡❢♦0♠✳ ❚❤❡ ♣❛♣❡0 ✜♥❞1 +❤❡
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❋♦0 +❤❡ ❯❑✱ +❤❡0❡ ❛0❡ +✇♦ ✐♠♣♦0+❛♥+ ❝❤❛♥❣❡1 ✐♥ +❤❡ ♠✐♥✐♠✉♠ ❙▲❆✿ ❢0♦♠ ✶✹ +♦ ✶✺ ②❡❛01
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❯❑✱ ✉1❡ +❤❡ ❋❛♠✐❧② ❊①♣❡♥❞✐+✉0❡ ❙✉0✈❡② ✭❋❊❙✮ ❜❡+✇❡❡♥ ✶✾✼✽ ❛♥❞ ✶✾✽✻✱ ❛♥❞ ♦♥❧② ❢♦❝✉1 ♦♥

❡♠♣❧♦②❡❞ ♠❡♥✳ ■♥ +❤✐1 ♣❛♣❡0✱ +❤❡ ■❱ ✐❞❡♥+✐✜❝❛+✐♦♥ ✐1 ❛❝❤✐❡✈❡❞ ❜② ✐♥❝❧✉❞✐♥❣ ❞✉♠♠② ✈❛0✐❛❜❧❡1

❢♦0 ✇❤❡+❤❡0 ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✐1 ✉♥❞❡0 +❤❡ ♦❧❞ ✭♣0❡✲✶✾✹✼ 0❡❢♦0♠✮✱ ♠✐❞❞❧❡ ✭♣♦1+✲✶✾✹✼ ❛♥❞ ♣0❡✲
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❡1♣❡❝✐❛❧❧② ♦❢ ◆♦0+❤ ❆♠❡0✐❝❛✱ +❤❡② ✜♥❞ ❛ ❧❛0❣❡ ♥❡❣❛+✐✈❡ ❜✐❛1 ✐♥ +❤❡ ❖▲❙ ❡1+✐♠❛+❡✳ ❲❤✐❧❡ +❤❡
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❆♥ ❛❞❞✐%✐♦♥❛❧ ❡①♣❧❛♥❛%✐♦♥ ✐$ %❤❛% %❤❡

✐♥❝*❡❛$❡❞ ♠✐♥✐♠✉♠ ❙▲❆ ❢*♦♠ ✶✹ %♦ ✶✺ ②❡❛*$ ♦❧❞ ❞♦❡$ ♥♦% ✐♥❝*❡❛$❡ ❛❝❛❞❡♠✐❝ H✉❛❧✐✜❝❛%✐♦♥$✱

❛♥❞ %❤✉$ ♠❛② ♥♦% *❡$✉❧% ✐♥ ❤✐❣❤❡* ❡❛*♥✐♥❣$✳ ❆$ ❞✐$❝✉$$❡❞ ❜② ❖*❡♦♣♦✉❧♦$ ✭✷✵✵✻❜✮✱ ✐❢ %❤❡

❘❉ ▲❆❚❊ ❡$%✐♠❛%❡$ ❝♦♥✈❡*❣❡ %♦✇❛*❞$ %❤❡ ❆❚❊ ❡$%✐♠❛%❡$✱ %❤❡$❡ *❡$✉❧%$ ✇♦✉❧❞ ❝♦♥✜*♠ %❤❛%

%❤❡ ❆❚❊ ❡$%✐♠❛%❡$ ❛*❡ ✉$✉❛❧❧② ❧♦✇❡* %❤❛♥ %❤❡ ▲❆❚❊ ❡$%✐♠❛%❡$✳ ❇② ❝♦♥%*❛$%✱ ❇✉$❝❤❛ ❛♥❞

❉✐❝❦$♦♥ ✭✷✵✶✷✮ ❛*❣✉❡ %❤❛% %❤❡ ❧♦✇ *❡%✉*♥$ ❢♦✉♥❞ ✐♥ %❤❡ ❯❑ *❡♣*❡$❡♥% ❛♥ ❛✈❡*❛❣❡ *❡%✉*♥ ♦✈❡*

❛ ♣❛*%✐❝✉❧❛* ♣❛*% ♦❢ %❤❡ ❧✐❢❡✲❝②❝❧❡✳ ❚❤❡② ❢♦❝✉$ ♦♥❧② ♦♥ %❤❡ ❡✛❡❝%$ ♦❢ ❡❞✉❝❛%✐♦♥ ♦♥ %❤❡ ❡❛*♥✐♥❣$

♦❢ ✐♥❞✐✈✐❞✉❛❧$ ✐♥ %❤❡✐* ❡❛*❧② ✺✵$ ❛♥❞ %❤❡② ✜♥❞ $❧✐❣❤%❧② ❤✐❣❤❡* *❡%✉*♥$ ♦❢ ❛*♦✉♥❞ ✺ ♣❡* ❝❡♥%

❢♦* %❤❡ ♣♦♦❧❡❞ $❛♠♣❧❡ ♦❢ ♠❡♥ ❛♥❞ ✇♦♠❡♥✳

❊❞✉❝❛%✐♦♥ )❡❢♦)♠- ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡-

❯♥❧✐❦❡ %❤❡ ❛❢♦*❡♠❡♥%✐♦♥❡❞ $%✉❞✐❡$ ♦❢ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥%*✐❡$ ✇❤✐❝❤ ❝♦♥❝❡♥%*❛%❡ ♦♥ %❤❡ ❡❞✉❝❛✲

%✐♦♥ $②$%❡♠$ ♦* *❡❢♦*♠$ %❤❛% ❛*❡ *❡❧❛%❡❞ %♦ ❧❡❣✐$❧❛%✐♦♥ ♦♥ ❝♦♠♣✉❧$♦*② ❡❞✉❝❛%✐♦♥ ❛♥❞ $❝❤♦♦❧✐♥❣

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

*❡❢♦*♠$✳ ❚❤❡ ❡❞✉❝❛%✐♦♥ *❡❢♦*♠$ ✉$❡❞ ✐♥ %❤❡ ❧❛%%❡* ❧✐%❡*❛%✉*❡ *❛♥❣❡ ❢*♦♠ ✐♥❝*❡❛$❡❞ ♣✉❜❧✐❝

✐♥✈❡$%♠❡♥% ❛♥❞✴♦* ❡①♣❡♥❞✐%✉*❡ ♦♥ ❡❞✉❝❛%✐♦♥ %♦ ❝❤❛♥❣❡$ ✐♥ ❝♦♠♣✉❧$♦*② $❝❤♦♦❧✐♥❣ ❧❛✇$✳ ■♥

❛❞❞✐%✐♦♥✱ %❤❡*❡ ❛*❡ $✉❜$%❛♥%✐❛❧❧② ❢❡✇❡* $%✉❞✐❡$ ♦♥ ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡$ ✐♥ %❤✐$ ✜❡❧❞✳ ❚❤✐$

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

%*✐❡$✱ ❝♦♠♣❛*❡❞ %♦ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥%*✐❡$✳ ❍❡♥❝❡✱ %❤❡ ✇♦*❦✐♥❣ ❧✐❢❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧$ ✇❤♦ ❛*❡

❡①♣♦$❡❞ %♦ %❤❡ *❡❢♦*♠$ ♠❛② ❤❛✈❡ ♥♦% ❜❡❡♥ ❢✉❧❧② ♦❜$❡*✈❡❞✳

▼♦$% ♦❢ %❤❡ ❡❛*❧✐❡* $%✉❞✐❡$ ♦♥ *❡%✉*♥$ %♦ ❡❞✉❝❛%✐♦♥ ✉$✐♥❣ ❛♥ ❡❞✉❝❛%✐♦♥ *❡❢♦*♠ ❢♦❝✉$ ♦♥

$❝❤♦♦❧ ❝♦♥$%*✉❝%✐♦♥ ❛♥❞ ❡❞✉❝❛%✐♦♥ $✉❜$✐❞✐❡$✳ ❚❤❡ ♠♦$% ✇❡❧❧ ❦♥♦✇♥ ✐$ ♣*♦❜❛❜❧② %❤❡ $%✉❞② ♦❢

❉✉✢♦ ✭✷✵✵✶✮✱ ✉$✐♥❣ $❝❤♦♦❧ ❝♦♥$%*✉❝%✐♦♥ ♣*♦❥❡❝%$ %♦ ❡$%✐♠❛%❡ %❤❡ ❝❛✉$❛❧ *❡%✉*♥ %♦ ❡❞✉❝❛%✐♦♥

✐♥ ■♥❞♦♥❡$✐❛✳ ▼♦*❡ %❤❛♥ ✻✶✱✵✵✵ ♣*✐♠❛*② $❝❤♦♦❧$ ✇❡*❡ ❝♦♥$%*✉❝%❡❞ ❞✉*✐♥❣ %❤❡ ②❡❛*$ ✶✾✼✸ %♦

✶✾✼✹ ❛♥❞ ✶✾✼✽ %♦ ✶✾✼✾✳ ❚❤❡ $❝❤♦♦❧ ❝♦♥$%*✉❝%✐♦♥ ♣*♦❣*❛♠♠❡ $✐❣♥✐✜❝❛♥%❧② ✐♥❝*❡❛$❡❞ ❡♥*♦❧♠❡♥%

*❛%❡$ ❛♠♦♥❣ $❝❤♦♦❧✲❛❣❡ ❝❤✐❧❞*❡♥✱ ❛♥❞ ✐$ ❡①♣❡❝%❡❞ %♦ ❤❛✈❡ ❛ ❞✐*❡❝% ❛♥❞ ❡①♦❣❡♥♦✉$ ✐♠♣❛❝% ♦♥

 ❡"✉ ♥% ✐% ❧♦✇❡ "❤❛♥ "❤❡ ❖▲❙ ✐♥ "❤❡ ❯❑✳ ❯%✐♥❣ "❤❡ ✶✾✼✸  ❡❢♦ ♠✱ "❤❡ ♣❛♣❡ ✜♥❞% "❤❡ ❖▲❙  ❡"✉ ♥% "♦ ❜❡

❛ ♦✉♥❞ ✶✵ ♣❡ ❝❡♥" ❢♦ ♠❡♥ ❛♥❞ ✶✷ ♣❡ ❝❡♥" ❢♦ ✇♦♠❡♥✱ ❛♥❞ ♠✉❝❤ ❧♦✇❡ ❘❉ ❡%"✐♠❛"❡% ♦❢ ❛ ♦✉♥❞ ✼ ♣❡ ❝❡♥"

❢♦ ♠❡♥ ❛♥❞ ✻ ♣❡ ❝❡♥" ❢♦ ✇♦♠❡♥✳
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❉❡✈❡ ❡✉① ❛♥❞ ❍❛ " ✭✷✵✶✵✮ ❛%%❡ " "❤❛" "❤❡✐  ❡%✉❧"% ❛ ❡ ✐♥ ❧✐♥❡ ✇✐"❤ %"✉❞✐❡% "❤❛" ♠❡❛%✉ ❡ "❤❡ ❡✛❡❝"% ♦❢

❡❞✉❝❛"✐♦♥✱ ✉%✐♥❣ "❤❡ ✶✾✹✼  ❡❢♦ ♠✱ ♦♥ ♦"❤❡ ♦✉"❝♦♠❡% %✉❝❤ ❛% ♠♦ "❛❧✐"②  ❛"❡%✱ ❤❡❛❧"❤✱ ❝ ✐♠✐♥❛❧ ❜❡❤❛✈✐♦✉ ✱ ❡"❝✳

✸✶



 ❤❡ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ ♦❢  ❤❡ ❧❛❜♦✉. ❢♦.❝❡✳ ❚❤❡ ✐♥ ❡♥1✐ ② ♦❢  ❤❡ ♣.♦❣.❛♠♠❡ ❜② .❡❣✐♦♥ ♦❢

❜✐. ❤ ❛♥❞ ❛ ✈❛.✐❛❜❧❡ ✐♥❞✐❝❛ ✐♥❣ ❜✐. ❤ ❝♦❤♦. ❛.❡  ❤❡.❡❢♦.❡ ✉1❡❞ ❛1 ✐♥1 .✉♠❡♥ 1 ✐♥  ❤❡ ❡❛.♥✐♥❣1

❡6✉❛ ✐♦♥1✳ ❚❤❡ ♣❛♣❡. 1❡♣❛.❛ ❡❧② ❡①❛♠✐♥❡1  ❤❡ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❢♦. ✇❛❣❡✲ ❛♥❞ 1❡❧❢✲

❡♠♣❧♦②❡❞ ♠❛❧❡ ✇♦.❦❡.1✱ ❛❣❡❞ ❜❡ ✇❡❡♥ ✷✸ ❛♥❞ ✹✺ ②❡❛.1 ✐♥ ✶✾✾✺✳ ❆♠♦♥❣ ✇❛❣❡✲❡♠♣❧♦②❡❞ ♠❡♥✱

 ❤❡ ■❱ ❡1 ✐♠❛ ❡1 ❛.❡ ❢♦✉♥❞  ♦ ❜❡ ❛.♦✉♥❞ ✽  ♦ ✶✶ ♣❡. ❝❡♥ ✱ ❤✐❣❤❡.  ❤❛♥  ❤❡ ❖▲❙ ❡1 ✐♠❛ ❡1

♦❢ ❛.♦✉♥❞ ✽ ♣❡. ❝❡♥ ✳ ❖♥  ❤❡ ♦ ❤❡. ❤❛♥❞✱  ❤❡ ❡1 ✐♠❛ ❡1 ♦❢ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❢♦. 1❡❧❢✲

❡♠♣❧♦②❡❞ ♠❡♥ 1✉❣❣❡1 ❛♥ ✉♣✇❛.❞ ❜✐❛1 ✐♥  ❤❡ ❖▲❙ ❡1 ✐♠❛ ❡1✳ ❲❤✐❧❡  ❤❡1❡ ■❱ ❡1 ✐♠❛ ❡1 ❛.❡

♥♦ 1 ❛ ✐1 ✐❝❛❧❧② ❞✐✛❡.❡♥ ❢.♦♠  ❤❡ ❖▲❙ ❡1 ✐♠❛ ❡1✱ ❉✉✢♦ ✭✷✵✵✶✮ ❛.❣✉❡1  ❤❛  ❤❡ ❞✐✛❡.❡♥❝❡

❛.✐1❡1 ❢.♦♠ ❤❡ ❡.♦❣❡♥❡♦✉1 .❡ ✉.♥1 ❛♥❞  ❤❛  ❤❡ ■❱ ❡1 ✐♠❛ ❡1 ❛.❡ ❛ ✇❡✐❣❤ ❡❞ ❛✈❡.❛❣❡ ♦❢  ❤❡

.❡ ✉.♥1 ❢♦. ✐♥❞✐✈✐❞✉❛❧1 ✇❤♦ ❛.❡ ❛✛❡❝ ❡❞ ❜②  ❤❡ ✐♥1 .✉♠❡♥ 1 ❞✐✛❡.❡♥ ❧②✳
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❙✐♠✐❧❛.  ♦ ❉✉✢♦ ✭✷✵✵✶✮✱ ❙✐♠✐♦♥❡ ✭✷✵✶✷✮ ♦❜1❡.✈❡1  ❤❛  ❤❡ ❧❛.❣❡ ♣✉❜❧✐❝ ✐♥✈❡1 ♠❡♥ ✐♥ ❡❞✉✲

❝❛ ✐♦♥ ❛♥❞  ❤❡ ❡❧✐♠✐♥❛ ✐♦♥ ♦❢ .❛❝✐❛❧❧② 1❡♣❛.❛ ❡❞ 1❝❤♦♦❧1 ✐♥ ▼♦③❛♠❜✐6✉❡ ❛❢ ❡. ✐♥❞❡♣❡♥❞❡♥❝❡

❝❛✉1❡❞ ❛ .❡♠❛.❦❛❜❧❡ ✐♥❝.❡❛1❡ ✐♥ ♣.✐♠❛.② ❡♥.♦❧♠❡♥ ❛♥❞ ❛✈❡.❛❣❡ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ ✳ ❇②

❢♦❝✉1✐♥❣ ♦♥ ❡♠♣❧♦②❡❞ ✐♥❞✐✈✐❞✉❛❧1 ❛❣❡❞ ❜❡ ✇❡❡♥ ✷✵ ❛♥❞ ✻✹ ②❡❛.1 ✐♥ ✷✵✵✾✱  ❤❡ ♣❛♣❡. ✜♥❞1 ❤✐❣❤

■❱ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ♦❢ ❛.♦✉♥❞ ✶✻ ♣❡. ❝❡♥ ❝♦♠♣❛.❡❞  ♦  ❤❡ ❖▲❙ ❡1 ✐♠❛ ❡1 ♦❢ ❛.♦✉♥❞ ✹ ♣❡.

❝❡♥ ✳ ❆❣❛✐♥✱  ❤❡ ■❱ ❡1 ✐♠❛ ❡1 ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❤❡ ❡.♦❣❡♥❡♦✉1 .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❛❝.♦11

✐♥❞✐✈✐❞✉❛❧1✳ ❍✐❣❤ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❛.❡ ❧✐❦❡❧②  ♦ ♦❝❝✉. ❛♠♦♥❣  ❤♦1❡ ✇❤♦ ✇❡♥  ♦ 1❝❤♦♦❧1

✐♥ ✉.❜❛♥ ❛.❡❛1✱ ✇❤❡.❡  ❤❡ ❡❞✉❝❛ ✐♦♥ ❜♦♦♠ ✇❛1 ♠♦.❡ ♣.♦♥♦✉♥❝❡❞✳ ❊①♣❧♦✐ ✐♥❣ ❛ 1✐♠✐❧❛. ♣♦❧✐❝②

1❤✐❢ ✱ ❇✉.❣❡. ✭✷✵✶✵✮ ✐♥✈❡1 ✐❣❛ ❡1  ❤❡ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❛♠♦♥❣ ❢♦.♠❛❧❧② ❡♠♣❧♦②❡❞ ❙♦✉ ❤

❆❢.✐❝❛♥ ❜❧❛❝❦ ♠❡♥ ✉1✐♥❣  ✇♦ ❝❤❛♥❣❡1 ✐♥ ❡❞✉❝❛ ✐♦♥ ♣♦❧✐❝✐❡1 ✐♥  ❤❡ ✶✾✾✵1✱ ✐♥❝❧✉❞✐♥❣  ❤❡ ❛❜♦❧✐✲

 ✐♦♥ ♦❢ ❡❞✉❝❛ ✐♦♥ .❡1 .✐❝ ✐♦♥1 ❢♦. ❜❧❛❝❦ ♣❡♦♣❧❡ ❛♥❞ ♦✈❡.✲❛❣❡❞ ❧❡❛.♥❡.1✳ ❲❤✐❧❡ ❤❡ ✜♥❞1 1❧✐❣❤ ❧②

❤✐❣❤❡. ■❱ ❡1 ✐♠❛ ❡1 ♦❢ ❛.♦✉♥❞ ✶✷ ♣❡. ❝❡♥ ✱ ❝♦♠♣❛.❡❞  ♦  ❤❡ ❖▲❙ ❡1 ✐♠❛ ❡1 ♦❢ ❛.♦✉♥❞ ✶✵ ♣❡.

❝❡♥ ✱ ❤❡ ❛❧1♦ ✐♥✈❡1 ✐❣❛ ❡1  ❤❡ ♥♦♥✲❧✐♥❡❛.✐ ② ✐♥ .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥✳ ❚❤❡ ■❱ ❡1 ✐♠❛ ❡1 ❡①❤✐❜✐ 

❝♦♥✈❡① .❡ ✉.♥1  ♦ ❡❞✉❝❛ ✐♦♥ ❢♦. ❙♦✉ ❤ ❆❢.✐❝❛♥ ❜❧❛❝❦ ♠❡♥✱ ✇❤✐❝❤ ❝♦♥ .❛❞✐❝ 1  ❤❡ ❝♦♥✈❡♥ ✐♦♥❛❧

❝♦♥❝❛✈✐ ② ❛11✉♠♣ ✐♦♥ ✭❈❛.❞✱ ✶✾✾✾✮✳ ❈♦♥❝❛✈✐ ② ✐1 ❝♦♥✜.♠❡❞ ✐♥ ❚❛♥③❛♥✐❛✱ ✇❤❡.❡ ❛♥ ❡❞✉❝❛ ✐♦♥

.❡❢♦.♠ ❝❤❛♥❣❡❞  ❤❡ ♣.✐♠❛.② ❛♥❞ ♠✐❞❞❧❡ 1❝❤♦♦❧✐♥❣ 1②1 ❡♠1 ✭❑❡.. ❛♥❞ ◗✉✐♥♥✱ ✷✵✶✵✮✳

✶✻

■♥❝.❡❛1❡1 ✐♥ ♣✉❜❧✐❝ ❡①♣❡♥❞✐ ✉.❡ ♦♥ ❡❞✉❝❛ ✐♦♥ ❛❧1♦ ♦❝❝✉. ✐♥  ❤❡ ❢♦.♠ ♦❢ ❡❞✉❝❛ ✐♦♥ 1✉❜1✐❞✐❡1✳

Z❛ .✐♥♦1 ❛♥❞ ❙❛❦❡❧❧❛.✐♦✉ ✭✷✵✶✶✮ ❡①❛♠✐♥❡ .❡ ✉.♥1  ♦ ❛♥ ❛❞❞✐ ✐♦♥❛❧ ②❡❛. ♦❢ ❡❞✉❝❛ ✐♦♥ ❝❛✉1❡❞ ❜②

✶✺

❉✉✢♦ ✭✷✵✵✶✮ ❤✐❣❤❧✐❣❤-. -❤❛- -❤❡ .❝❤♦♦❧ ❝♦♥.-3✉❝-✐♦♥ ♣3♦❥❡❝- ✐. ❛ ✈❛❧✐❞ ✐♥.-3✉♠❡♥- ♦♥❧② ✇❤❡♥ ✐- ❛✛❡❝-.

-❤❡ <✉❛♥-✐-② ♦❢ ❡❞✉❝❛-✐♦♥ ✭❡❞✉❝❛-✐♦♥❛❧ ❛--❛✐♥♠❡♥-✮ ❜✉- ♥♦- -❤❡ <✉❛❧✐-② ♦❢ ❡❞✉❝❛-✐♦♥✳

✶✻

❑❡33 ❛♥❞ ◗✉✐♥♥ ✭✷✵✶✵✮ ✐❞❡♥-✐❢② -❤❡ ❡✛❡❝-. ♦❢ ❡❞✉❝❛-✐♦♥ ♦♥ ❡❛3♥✐♥❣. ❜② ✉.✐♥❣ ❛♥ ❡❞✉❝❛-✐♦♥ 3❡❢♦3♠ ✐♥

❚❛♥③❛♥✐❛✳ ❉✉3✐♥❣ -❤❡ ✶✾✻✵.✱ ♠✐❞❞❧❡ .❝❤♦♦❧ ✇❛. ❡❧✐♠✐♥❛-❡❞ ❛♥❞ ♣3✐♠❛3② .❝❤♦♦❧ ❡①-❡♥❞❡❞ -♦ ✼ ②❡❛3.✱ 3❡♣❧❛❝✐♥❣

-❤❡ ❡❛3❧✐❡3 .②.-❡♠ ♦❢ ✹ ②❡❛3. ♦❢ ♣3✐♠❛3② .❝❤♦♦❧ ❢♦❧❧♦✇❡❞ ❜② ✹ ②❡❛3. ♦❢ ♠✐❞❞❧❡ .❝❤♦♦❧✳ ❆. ❛ 3❡.✉❧- ♦❢ -❤❡ 3❡❢♦3♠✱

♠♦.- ❝❤✐❧❞3❡♥ ♦❜-❛✐♥❡❞ ✼ 3❛-❤❡3 -❤❛♥ ✹ ②❡❛3. ♦❢ ❡❞✉❝❛-✐♦♥✳

✸✷



 ❤❡ ✶✾✽✶ &❝❤♦♦❧ ✈♦✉❝❤❡, ♣,♦❣,❛♠♠❡ ✐♥ ❈❤✐❧❡✳ ❇② ✐♥ ,♦❞✉❝✐♥❣ ♣✉❜❧✐❝ ❢✉♥❞✐♥❣ ❢♦, &♦♠❡ ♣,✐✈❛ ❡

&❝❤♦♦❧&✱ ❛❝❝❡&&  ♦ &❝❤♦♦❧& ✐♥ ❈❤✐❧❡ ✐♥❝,❡❛&❡❞ &✐❣♥✐✜❝❛♥ ❧②✱ ❛& ,❡✢❡❝ ❡❞ ❜② ❛ &❤❛,♣ ❞❡❝❧✐♥❡ ✐♥

 ❤❡ ❞,♦♣♦✉ ,❛ ❡& ❢♦, ❜❛&✐❝ ❡❞✉❝❛ ✐♦♥ ✐♥ ✶✾✽✷✳ ❚❤❡ ✈♦✉❝❤❡, ,❡❢♦,♠ ✐&  ❤❡,❡❢♦,❡ ❡①♣❡❝ ❡❞

 ♦ ✐♥❝,❡❛&❡ ❛✈❡,❛❣❡ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ ❢♦, ❝❡, ❛✐♥ ❜✐, ❤ ❝♦❤♦, &✳ ❲✐ ❤  ❤❡ ✐♥& ,✉♠❡♥ 

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

 ❤❡② ✜♥❞  ❤❡ ,❡ ✉,♥&  ♦ ❡❞✉❝❛ ✐♦♥ ❢♦, ✇❛❣❡✲❡♠♣❧♦②❡❞ ♠❡♥ ❜❡ ✇❡❡♥ ✶✽ ❛♥❞ ✹✺ ②❡❛,& ♦❧❞  ♦ ❜❡

❛,♦✉♥❞ ✶✵  ♦ ✶✷ ♣❡, ❝❡♥ ❢♦,  ❤❡ ■❱ ❡& ✐♠❛ ❡&✱ ❝♦♠♣❛,❡❞  ♦  ❤❡ ❖▲❙ ❡& ✐♠❛ ❡& ♦❢ ❛,♦✉♥❞ ✺

 ♦ ✽ ♣❡, ❝❡♥ ✳ ❚❤❡ ❤✐❣❤❡, ■❱ ,❡ ✉,♥& ♣♦ ❡♥ ✐❛❧❧② ,❡♣,❡&❡♥  ❤❡ ,❡ ✉,♥&  ♦ ❡❞✉❝❛ ✐♦♥ ♦❢ ♠✐❞❞❧❡

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

▼♦,❡ ,❡❝❡♥ & ✉❞✐❡& ♦❢ ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡& ❛,❡ ❝❧♦&❡,  ♦  ❤♦&❡ ♦❢ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡&✳

❚❤❡② ♦❜ ❛✐♥ ❡①♦❣❡♥♦✉& ✈❛,✐❛ ✐♦♥ ✐♥ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ ❢,♦♠ ❡❞✉❝❛ ✐♦♥ ,❡❢♦,♠& ,❡❧❛ ❡❞

 ♦ ❝♦♠♣✉❧&♦,② &❝❤♦♦❧✐♥❣✳ ❚❤❡ ,❡&✉❧ & ❛,❡ ✈❡,② ❞✐✈❡,&❡✳ ❑❤✐ ❛,✐&❤✈✐❧✐ ✭✷✵✶✵✮ ❡& ✐♠❛ ❡&  ❤❡

,❡ ✉,♥&  ♦ ❡❞✉❝❛ ✐♦♥ ❛♠♦♥❣ ✇❛❣❡✲❡♠♣❧♦②❡❞ ✇♦,❦❡,& ✐♥ ●❡♦,❣✐❛ ❜❡ ✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✹ ✉&✐♥❣

✈❛,✐❛ ✐♦♥ ✐♥ ❝♦♠♣✉❧&♦,② &❝❤♦♦❧✐♥❣ ②❡❛,& ❛❝,♦&&  ✐♠❡ ❛♥❞ ,❡❣✐♦♥& ❝❛✉&❡❞ ❜②  ❤❡ ❙♦✈✐❡ ❡❞✉❝❛✲

 ✐♦♥ ,❡❢♦,♠& ❢,♦♠ ✶✾✺✽  ♦ ✶✾✻✹✳ ■♥ ❛ ,♦❜✉& ♥❡&& ❝❤❡❝❦✱ ❤❡ ✉&❡& ❞✐✛❡,❡♥ ,❡❢♦,♠& ,❡❧❛ ❡❞  ♦

 ❤❡ ❢❡❡ ❛❜♦❧✐ ✐♦♥ ❢♦, ✉♣♣❡, &❡❝♦♥❞❛,② ❡❞✉❝❛ ✐♦♥✳ ❚❤❡ ,❡ ✉,♥&  ♦ ❡❞✉❝❛ ✐♦♥ ❛,❡ ❢♦✉♥❞  ♦ ❜❡

✈❡,② ❧♦✇✱ ❛,♦✉♥❞ ✶  ♦ ✸ ♣❡, ❝❡♥ ❢♦,  ❤❡ ❖▲❙ ❡& ✐♠❛ ❡& ❛♥❞ ❛,♦✉♥❞ ✵  ♦ ✷ ♣❡, ❝❡♥ ❢♦,  ❤❡

■❱ ❡& ✐♠❛ ❡&✳ ❚❤❡&❡ ❧♦✇ ,❡ ✉,♥& ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ✭✐✮ ✐♥❝,❡❛&❡❞ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ 

♠♦✈✐♥❣ ♣❡♦♣❧❡  ♦  ❤❡ ♣✉❜❧✐❝ &❡❝ ♦,✱ ✇❤✐❝❤ ❞♦❡& ♥♦ ♣❛② ✇❡❧❧✱ ❛♥❞ ✭✐✐✮ ❞❡❝❧✐♥✐♥❣ T✉❛❧✐ ② ♦❢

❡❞✉❝❛ ✐♦♥ ♦✈❡,  ✐♠❡✳ ❚❤❡ ❧❛  ❡, ❡①♣❧❛♥❛ ✐♦♥ &✉❣❣❡& &  ❤❛ ❝❤❛♥❣❡& ✐♥  ❤❡ T✉❛❧✐ ② ♦❢ ❡❞✉❝❛ ✐♦♥

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

■♥ ❝♦♥ ,❛&  ♦ ❑❤✐ ❛,✐&❤✈✐❧✐ ✭✷✵✶✵✮✱ &♦♠❡ & ✉❞✐❡&  ❤❛ ✉&❡ ❡❞✉❝❛ ✐♦♥ ,❡❢♦,♠& ❝♦♥✜,♠ ❤✐❣❤

,❡ ✉,♥&  ♦ ❡❞✉❝❛ ✐♦♥ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡& ❛♥❞ ❛ ❞♦✇♥✇❛,❞ ❜✐❛& ✐♥  ❤❡ ❖▲❙ ❡& ✐♠❛ ❡&✳

❋❛♥❣ ❡ ❛❧✳ ✭✷✵✶✷✮ ✉&❡  ❤❡ ✐♠♣❧❡♠❡♥ ❛ ✐♦♥ ♦❢ ✾✲②❡❛, ❝♦♠♣✉❧&♦,② ❡❞✉❝❛ ✐♦♥ ✐♥ ❈❤✐♥❛ ✐♥ ✶✾✽✻

 ♦ ✐❞❡♥ ✐❢②  ❤❡ ❡✛❡❝ & ♦❢ ❡❞✉❝❛ ✐♦♥ ♦♥ ❡❛,♥✐♥❣&✳ ❲❤✐❧❡  ❤✐& ❧❛✇ ,❛✐&❡❞ ♦✈❡,❛❧❧ ❡❞✉❝❛ ✐♦♥❛❧

❛  ❛✐♥♠❡♥ ❜② ❛❜♦✉ ✵✳✽ ②❡❛,&✱  ❤❡ ❡✛❡❝ & ✈❛,✐❡❞ ❝♦♥&✐❞❡,❛❜❧② ❜② ❣❡♥❞❡, ❛♥❞ ❧♦❝❛ ✐♦♥ ❞✉❡

 ♦ ❢❛♠✐❧② ✐♥& ✐ ✉ ✐♦♥& ❛♥❞ ✐♥&✉✣❝✐❡♥ ,❡&♦✉,❝❡&  ♦ ❢✉❧❧② ✐♠♣❧❡♠❡♥  ❤❡ ❧❛✇ ✐♥ &♦♠❡ ,❡❣✐♦♥&✳

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

&❡♣❛,❛ ❡❧②✳ ❚❤❡ ❖▲❙ ,❡ ✉,♥& ❛,❡ ❛,♦✉♥❞ ✾ ♣❡, ❝❡♥ ❢♦, ❛❧❧ ♣♦♣✉❧❛ ✐♦♥ ❣,♦✉♣&✳ ❍♦✇❡✈❡,✱

 ❤❡ ■❱ ❡& ✐♠❛ ❡& ❛,❡ ❛,♦✉♥❞ ✷✵ ♣❡, ❝❡♥ ❢♦,  ❤❡ ♦✈❡,❛❧❧ ❛♥❞ ✈❛,② ❣,❡❛ ❧② ❛❝,♦&& ♣♦♣✉❧❛ ✐♦♥

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

✸✸



❛♥❞ ✇♦%❦❡%( ❧✐✈✐♥❣ ✐♥ ❝♦❛(.❛❧ ❝✐.✐❡(✳ ❇② ❝♦♠♣❛%✐♥❣ .❤✐( %❡❢♦%♠ .♦ .❤♦(❡ ♦❢ .❤❡ ❯❙ ♦% .❤❡ ❯❑✱

.❤❡② ❛..%✐❜✉.❡ .❤❡ ❤✐❣❤❡% %❡.✉%♥( ✐♥ ❈❤✐♥❛ .♦ ❞✐♠✐♥✐(❤✐♥❣ %❡.✉%♥( .♦ ❡❞✉❝❛.✐♦♥✳

❲✐.❤ ❝♦♠♣❛%❛❜❧❡ ✐♥(.%✉♠❡♥.(✱ (✐♠✐❧❛% %❡(✉❧.( ♦❢ ❤✐❣❤ ■❱ %❡.✉%♥( .♦ ❡❞✉❝❛.✐♦♥ ❛%❡ ❛❧(♦

❢♦✉♥❞ ✐♥ ❚✉%❦❡②✳ ❚❤❡ ✶✾✾✼ ❡❞✉❝❛.✐♦♥ %❡❢♦%♠ ✐♥ ❚✉%❦❡② ✐♥❝%❡❛(❡❞ ❝♦♠♣✉❧(♦%② ❡❞✉❝❛.✐♦♥ ❢%♦♠

✺ .♦ ✽ ②❡❛%( ❢♦% ✐♥❞✐✈✐❞✉❛❧( ✐♥ .❤❡ ✶✾✽✻ ❜✐%.❤ ❝♦❤♦%. ❛♥❞ ❛❢.❡%✳ ❯♥❞❡% .❤❡ ❘❉ ❢%❛♠❡✇♦%❦✱

❆②❞❡♠✐% ❛♥❞ ❑✐%❞❛% ✭✷✵✶✸✮ ✉(❡ .❤✐( %❡❢♦%♠ ❛( ❛♥ ✐♥(.%✉♠❡♥. ❢♦% ❡❞✉❝❛.✐♦♥❛❧ ❛..❛✐♥♠❡♥. ✐♥

❛♥ ❡❛%♥✐♥❣( ❡O✉❛.✐♦♥ ❡(.✐♠❛.❡❞ ❢♦% ♠❡♥ ✐♥ ✉%❜❛♥ ❛%❡❛(✳ ❚❤❡② ❝♦♥❝❧✉❞❡ .❤❛. .❤❡ ❘❉ %❡.✉%♥(

.♦ ❡❞✉❝❛.✐♦♥ ❢♦% ♠❡♥ ✐♥ ✉%❜❛♥ ❛%❡❛( ❛%❡ ❛%♦✉♥❞ ✷✵ ♣❡% ❝❡♥.✱ ♠✉❝❤ ❤✐❣❤❡% .❤❛♥ .❤❡ ❖▲❙

❡(.✐♠❛.❡( ♦❢ ❛%♦✉♥❞ ✸ .♦ ✹ ♣❡% ❝❡♥.✳ ❚❤✐( ✐(✱ ❛❣❛✐♥✱ ❛..%✐❜✉.❡❞ .♦ .❤❡ ❤❡.❡%♦❣❡♥❡✐.② ✐♥ %❡.✉%♥(

.♦ ❡❞✉❝❛.✐♦♥ ❛♥❞ .❤❛. .❤❡ %❡.✉%♥( .♦ ❡❞✉❝❛.✐♦♥ ❛%❡ ❤✐❣❤❡% ❢♦% .❤♦(❡ ❛. .❤❡ ❧♦✇❡% ❡♥❞ ♦❢ .❤❡

❡❞✉❝❛.✐♦♥ ❞✐(.%✐❜✉.✐♦♥ ✇❤♦ ✇❡%❡ ❛✛❡❝.❡❞ ❜② .❤❡ %❡❢♦%♠✳

✶✼

◆♦.❡ .❤❛. ✐♥ .❤❡(❡ (.✉❞✐❡(✱ .❤❡

❝❤❛♥❣❡( ✐♥ ❝♦♠♣✉❧(♦%② (❝❤♦♦❧✐♥❣ ②❡❛%( ♦❝❝✉%%❡❞ %❡❧❛.✐✈❡❧② %❡❝❡♥.❧②✳ ❚❤✐( ✐♠♣❧✐❡( .❤❛. .❤❡

(.✉❞✐❡( ❝♦✉❧❞ ♥♦. ♦❜(❡%✈❡ ♣❡♦♣❧❡ ✇❤♦ ✇❡%❡ ❛✛❡❝.❡❞ ❜② .❤❡ %❡❢♦%♠ ❛. ❛❧❧ ❛❣❡( ❛♥❞ .❤❛. .❤❡②

❢♦❝✉( ♦♥ ②♦✉♥❣❡% ♣❡♦♣❧❡✳

❈❧♦(❡❧② %❡❧❛.❡❞ .♦ ♠② (.✉❞②✱ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ✉(❡( .❤❡ ✐♥.❡♥(✐.② ♦❢ .❤❡ ❝♦♠♣✉❧(♦%②

❡❞✉❝❛.✐♦♥ %❡❢♦%♠ ❞✉%✐♥❣ .❤❡ ♣❡%✐♦❞ ✶✾✻✵ .♦ ✶✾✼✽ .♦ ✐❞❡♥.✐❢② .❤❡ %❡.✉%♥( .♦ ❡❞✉❝❛.✐♦♥ ❢♦%

✇❛❣❡ ❡❛%♥❡%( ✐♥ ❚❤❛✐❧❛♥❞ ♦✈❡% .❤❡ ②❡❛%( ✶✾✾✹ .♦ ✷✵✵✾✳ ❆( ❞✐(❝✉((❡❞ ✐♥ .❤❡ ❇❛❝❦❣%♦✉♥❞ ❛♥❞

❉❛.❛ ❝❤❛♣.❡% ✭❈❤❛♣.❡% ✷✮✱ .❤❡ ❚❤❛✐ ❝♦♠♣✉❧(♦%② ❡❞✉❝❛.✐♦♥ %❡❢♦%♠ %❛✐(❡❞ .❤❡ ❝♦♠♣✉❧(♦%②

②❡❛%( ♦❢ (❝❤♦♦❧✐♥❣ ❢%♦♠ ✹ ②❡❛%( ♦❢ ❧♦✇❡% ♣%✐♠❛%② .♦ ✻ ②❡❛%( ♦❢ ♣%✐♠❛%② ❡❞✉❝❛.✐♦♥✳ ❚❤❡ %❡❢♦%♠

✇❛( ✜%(.❧② ❛♥❞ ♣❛%.✐❛❧❧② ❛❞♦♣.❡❞ ✐♥ ✶✾✻✵ ❛♥❞ ✇❛( (✉❜(❡O✉❡♥.❧② ✐♠♣❧❡♠❡♥.❡❞ ♥❛.✐♦♥✇✐❞❡ ✐♥

✶✾✼✽✳ ▼♦%❡ (♣❡❝✐✜❝❛❧❧②✱ ❜❡.✇❡❡♥ ✶✾✻✵ ❛♥❞ ✶✾✼✼✱ ♣✉❜❧✐❝ (❝❤♦♦❧( .❤❛. ❤❛❞ .❤❡ ❝❛♣❛❝✐.② .♦

♣%♦✈✐❞❡ ✻✲②❡❛% ♣%✐♠❛%② ❡❞✉❝❛.✐♦♥ ❢%❡❡ ♦❢ ❝❤❛%❣❡ ❝♦✉❧❞ ✐♥.%♦❞✉❝❡ .❤✐( %❡❢♦%♠✳ ❆( ❛ %❡(✉❧.✱

▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ❝❧❛✐♠( .❤❛.✱ ✇❤✐❧❡ .❤❡ ✜%(. ❝♦❤♦%. ✇❤♦ ❛%❡ ❛✛❡❝.❡❞ ❜② .❤❡ ✶✾✼✽ %❡❢♦%♠

❛%❡ .❤♦(❡ ❜♦%♥ ✐♥ ✶✾✻✼✱ .❤❡ ❡❛%❧✐❡%✲.❤❛♥✲✶✾✻✼ ❝♦❤♦%.( ❤❛✈❡ ❛❧(♦ ❜❡❡♥ ❡①♣♦(❡❞ .♦ .❤❡ %❡❢♦%♠

✐♥✐.✐❛.✐✈❡ (✐♥❝❡ ✶✾✻✵✳ ❚❤❡ ♣❛♣❡% ❝♦♠♣✉.❡( .❤❡ .%❡❛.♠❡♥. ✐♥.❡♥(✐.② ❢♦% .❤❡(❡ ♦❧❞❡% ❝♦❤♦%.( ✇✐.❤

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

❢♦% ❡❞✉❝❛.✐♦♥✳

✶✽

❚❤❡ ♣❛♣❡% ✜♥❞( ③❡%♦ %❡.✉%♥( .♦ ❡❞✉❝❛.✐♦♥ ❢♦% ♠❡♥ ❛♥❞ ❛%♦✉♥❞ ✾ ♣❡% ❝❡♥.

✶✼

❆♥ ❛❞❞✐%✐♦♥❛❧ ❝♦♥❝❧✉*✐♦♥ ❢,♦♠ %❤✐* ♣❛♣❡, ✐* %❤❛% %❤❡ ,❡❢♦,♠ ❛❧*♦ ❤❛* *%,♦♥❣ *♣✐❧❧✲♦✈❡, ❡✛❡❝%* ♦♥ ♦%❤❡,

❧❡✈❡❧* ♦❢ ❡❞✉❝❛%✐♦♥✳

✶✽

❲✐%❤ ❧✐♠✐%❡❞ ❤✐*%♦,✐❝❛❧ ✐♥❢♦,♠❛%✐♦♥ ♦♥ %❤❡ ♣♦♣✉❧❛%✐♦♥ ❛% %❤❡ *✉❜✲❞✐*%,✐❝% ❧❡✈❡❧✱ ♠✐❣,❛%✐♦♥✱ %❤❡ ♥✉♠❜❡,

♦❢ *❝❤♦♦❧* ✇✐%❤✐♥ ❛ ❞✐*%,✐❝%✱ ❛♥❞ *♣❡❝✐✜❝ *❝❤♦♦❧* %❤❛% ❛❞✈❛♥❝❡❞ %❤❡ ,❡❢♦,♠✱ ▲❡❝❦❝✐✈✐❧✐③❡ ✭✷✵✶✸✮ ❝❛❧❝✉❧❛%❡*

%❤❡ %,❡❛%♠❡♥% ✐♥%❡♥*✐%② ❜② ✉*✐♥❣ %❤❡ ❞✐*%,✐❝% ♣♦♣✉❧❛%✐♦♥ *❤❛,❡* ✐♥ ✶✾✾✸ %♦ ❝♦♠♣✉%❡ %❤❡ ♣,♦✈✐♥❝❡✲*♣❡❝✐✜❝

♣,♦❜❛❜✐❧✐%② ♦❢ ❜❡✐♥❣ ❡①♣♦*❡❞ %♦ %❤❡ ,❡❢♦,♠✳ ■♥ ❞♦✐♥❣ *♦✱ %❤❡ ♣❛♣❡, ✐♠♣❧✐❝✐%❧② ❛**✉♠❡* %❤❛% ✭✐✮ %❤❡,❡ ✐* ♥♦

❝❤❛♥❣❡ ✐♥ %❤❡ *✉❜✲❞✐*%,✐❝% ♣♦♣✉❧❛%✐♦♥ *❤❛,❡* ❜❡%✇❡❡♥ ✶✾✻✵ ✭%❤❡ ♣❡,✐♦❞ ♦❢ %❤❡ ,❡❢♦,♠ ✐♥✐%✐❛%✐✈❡✮ ❛♥❞ ✶✾✾✸❀ ✭✐✐✮

❛❧❧ *❝❤♦♦❧* ✐♥ %❤❡ *❛♠❡ ❞✐*%,✐❝% ❛❞✈❛♥❝❡❞ %❤❡ ,❡❢♦,♠ ❛% %❤❡ *❛♠❡ %✐♠❡❀ ✭✐✐✐✮ ❡✈❡,② ✇❛❣❡ ❡❛,♥❡, ✇♦,❦* ✐♥ %❤❡

♣,♦✈✐♥❝❡ ❤❡ ✇❡♥% %♦ *❝❤♦♦❧ ✭*✐♥❝❡ %❤❡,❡ ✐* ♥♦ ✐♥❢♦,♠❛%✐♦♥ ♦♥ ❜✐,%❤ ♦, *❝❤♦♦❧✐♥❣ ♣❧❛❝❡ ✐♥ %❤❡ ▲❋❙✮❀ ❛♥❞ ✭✐✈✮

✸✹



 ❡"✉ ♥% ❢♦ ✇♦♠❡♥✱ ✇❤✐❝❤ ❛ ❡ %✉❜%"❛♥"✐❛❧❧② ❧♦✇❡ "❤❛♥ "❤❡ ❖▲❙  ❡"✉ ♥% ♦❢ ❛ ♦✉♥❞ ✶✶ ♣❡ 

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

♣❛ "✐❝✉❧❛ ❧② ❛♠♦♥❣ ✇♦♠❡♥✳ ❋✉ "❤❡ ♠♦ ❡✱ "❤❡ ✐♥%" ✉♠❡♥" ♠✐❣❤" ❜❡ ✐♥✈❛❧✐❞ ❛% ❞✐%❝✉%%❡❞ ✐♥

❋♦♦"♥♦"❡ ✶✽✱ ✐♥ ♣❛ "✐❝✉❧❛ ❛% ✐♥❞✐✈✐❞✉❛❧% ❛ ❡ ❢ ❡❡ "♦ ❝❤♦♦%❡ ✇❤✐❝❤ %❝❤♦♦❧ "♦ ❛""❡♥❞✳

✸✳✷✳✷✳✷ ■♠♣❛❝() ♦❢ ❡❞✉❝❛(✐♦♥ ♦♥ ❡♠♣❧♦②♠❡♥( ♦✉(❝♦♠❡)

❙"✉❞✐❡% ♦♥ ❤♦✇ %❝❤♦♦❧✐♥❣ ❛✛❡❝"% ❡♠♣❧♦②♠❡♥" ♦✉"❝♦♠❡% ✉%✐♥❣ ❛♥ ❡❞✉❝❛"✐♦♥  ❡❢♦ ♠ ❛% ❛♥

✐♥%" ✉♠❡♥" ✭✐♥❝❧✉❞✐♥❣ "❤❡ ❛❜♦✈❡✲♠❡♥"✐♦♥❡❞ %"✉❞✐❡%✮ ❤❛✈❡ ❜❡❡♥  ❡❧❛"✐✈❡❧② ✉♥❞❡  ❡♣ ❡%❡♥"❡❞✱

✐♥ ❜♦"❤ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥" ✐❡%✳ ❋♦❧❧♦✇✐♥❣ ❆♥❣ ✐%" ❛♥❞ ❑ ✉❡❣❡ ✭✶✾✾✶✮✱ ❉❡❧ ❇♦♥♦

❛♥❞ ●❛❧✐♥❞♦✲❘✉❡❞❛ ✭✷✵✵✹✮ %❤♦✇ "❤❛" "❤❡ ♠♦♥"❤ ♦❢ ❜✐ "❤ ❝❛♥ ❜❡ ✉%❡❞ ❛% ❛♥ ✐♥%" ✉♠❡♥" ❢♦ 

❡❞✉❝❛"✐♦♥ ✐♥ ❊♥❣❧❛♥❞ ❛♥❞ ❲❛❧❡%✱ ❛% ✐" ✐% ❝♦  ❡❧❛"❡❞ ✇✐"❤ ❛❝❛❞❡♠✐❝ N✉❛❧✐✜❝❛"✐♦♥ ❞✉❡ "♦ %❝❤♦♦❧

❡♥" ② ❛♥❞ ♠✐♥✐♠✉♠ ❙▲❆✳ ❚❤❡② ✜♥❞ "❤❛" ❛❞❞✐"✐♦♥❛❧ ❛❝❛❞❡♠✐❝ N✉❛❧✐✜❝❛"✐♦♥% ❤❛✈❡ ✐♠♣♦ "❛♥"

❡♠♣❧♦②♠❡♥" ❝♦♥%❡N✉❡♥❝❡% ✐♥ ❊♥❣❧❛♥❞ ❛♥❞ ❲❛❧❡%✱ ❡%♣❡❝✐❛❧❧② ❢♦ ✇♦♠❡♥✳ ■" ✐♥❝ ❡❛%❡% "❤❡

♣ ♦❜❛❜✐❧✐"✐❡% ♦❢ ♣❛ "✐❝✐♣❛"✐♥❣ ✐♥ "❤❡ ❧❛❜♦✉ ♠❛ ❦❡" ❛♥❞ ♦❢ ❜❡✐♥❣ ❡♠♣❧♦②❡❞ ❜② ❛ ♦✉♥❞ ✷✵ ♣❡ 

❝❡♥" ❢♦ ✇♦♠❡♥✱ ❛♥❞ ❛ ♦✉♥❞ ✶✵ ♣❡ ❝❡♥" ❢♦ ♠❡♥✳ ❍♦✇❡✈❡ ✱ "❤❡ ❤✐❣❤ ❡♠♣❧♦②♠❡♥" ✐♠♣❛❝"%

❝♦✉❧❞ ❜❡ ❞✉❡ "♦ "❤❡ ❢❛❝" "❤❛" "❤❡ ♣❛♣❡ ❡①❛♠✐♥❡% "❤❡ ❡✛❡❝"% ♦❢ ❛❞❞✐"✐♦♥❛❧ N✉❛❧✐✜❝❛"✐♦♥%✱ ✇❤✐❝❤

✐♠♣❧② ❛♥ ✐♥❝ ❡❛%❡ ♦❢ ♠♦ ❡ "❤❛♥ ♦♥❡ ②❡❛ ♦❢ ❡❞✉❝❛"✐♦♥✳ ■♥ ❛❞❞✐"✐♦♥✱ ❛% ❞✐%❝✉%%❡❞ ❡❛ ❧✐❡ ✱ %❡❛%♦♥

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

❛♥❞ %♦♠❡ ❤♦✉%❡❤♦❧❞ ❝❤❛ ❛❝"❡ ✐%"✐❝% "❤❛" ❤❛✈❡ ❞✐ ❡❝" ✐♠♣❛❝"% ♦♥ ❧❛❜♦✉ ♠❛ ❦❡" ♦✉"❝♦♠❡%✳

❯%✐♥❣ ✈❛ ✐❛"✐♦♥ ✐♥ ❝♦♠♣✉❧%♦ ② %❝❤♦♦❧✐♥❣ ❧❛✇% ❛❝ ♦%% %"❛"❡% ✐♥ "❤❡ ❯❙ ❛♥❞ ❈❛♥❛❞❛ ❛♥❞

"❤❡ ✐♥❝ ❡❛%❡❞ ♠✐♥✐♠✉♠ ❙▲❆ ✐♥ "❤❡ ❯❑ ❛% ❞✐%❝✉%%❡❞ ❡❛ ❧✐❡ ✱ ❖ ❡♦♣♦✉❧♦% ✭✷✵✵✻❜✮ ✜♥❞% "❤❛"

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

❛ ♦✉♥❞ ✸ ♣❡ ❝❡♥"✳ ❚❤❡ ■❱ ❡%"✐♠❛"❡% ♦❢ "❤❡ ❡♠♣❧♦②♠❡♥" ❡✛❡❝"% ❛ ❡ ♥♦" %✐❣♥✐✜❝❛♥"❧② ❞✐❢✲

❢❡ ❡♥" ❢ ♦♠ "❤❡ ❖▲❙ ❡%"✐♠❛"❡%✳ ❍♦✇❡✈❡ ✱ ❛ ❯❙ %"❛"❡✲%♣❡❝✐✜❝ %"✉❞② ✇✐"❤ ❛ %✐♠✐❧❛ %❡" ♦❢

❘❉ ✐♥%" ✉♠❡♥"% %❤♦✇% ♥♦ %✐❣♥✐✜❝❛♥" ❡✛❡❝"% ♦❢ ❡❞✉❝❛"✐♦♥ ♦♥ ❡♠♣❧♦②♠❡♥" ✐♥ ❈❛❧✐❢♦ ♥✐❛ ❛♥❞

❚❡①❛% ✭❉♦❜❦✐♥ ❛♥❞ ❋❡  ❡✐ ❛✱ ✷✵✶✵✮✳ ❚❤❡%❡  ❡%✉❧"% ❛ ❡ ❛❧%♦  ♦❜✉%" "♦ %♣❡❝✐✜❝ ❛❣❡✱  ❛❝❡✱ ❛♥❞

❣❡♥❞❡ %✉❜✲♣♦♣✉❧❛"✐♦♥%✳ ❖♥❡ ♣♦%%✐❜❧❡ ❡①♣❧❛♥❛"✐♦♥ ✐% "❤❛" "❤❡ ❡✛❡❝"% ♦❢ ✐♥❝ ❡❛%❡❞ ❡❞✉❝❛"✐♦♥❛❧

❛""❛✐♥♠❡♥" ❛ ❡ ♦✛%❡" ❜② ♣♦♦ ❡ ❛❝❛❞❡♠✐❝ ♣❡ ❢♦ ♠❛♥❝❡ ❛♠♦♥❣ "❤♦%❡ ✇❤♦ ❛ ❡ ❛✛❡❝"❡❞ ❜② "❤❡

❧❛✇ ❛% "❤❡② ❛ ❡ ❛" ❛  ❡❧❛"✐✈❡❧② ②♦✉♥❣❡ ❛❣❡✳ ❚❤❡✐  ❡%✉❧"% ❛ ❡ %✐♠✐❧❛ "♦ "❤♦%❡ ❢♦✉♥❞ ✐♥ "❤❡

●❡ ♠❛♥ ❧❛❜♦✉ ♠❛ ❦❡"✳ Y✐%❝❤❦❡ ❛♥❞ ✈♦♥ ❲❛❝❤"❡ ✭✷✵✵✽✮ ❡①❛♠✐♥❡ "❤❡ ❡✛❡❝"% ♦❢ ❛❞❞✐"✐♦♥❛❧

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

✐♥❞✐✈✐❞✉❛❧' ❞✐❞ ♥♦) '❡❧❢✲'❡❧❡❝) ✐♥)♦ '❝❤♦♦❧' ✇❤✐❝❤ ❛❞✈❛♥❝❡❞ )❤❡ 0❡❢♦0♠✳
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❛♥❞ ❜❡✐♥❣ '❡❧❢✲❡♠♣❧♦②❡❞ ✐♥ ●❡0♠❛♥②✳ ❚❤❡ ❡♠♣❧♦②♠❡♥4 ✐♠♣❛❝4' ♦❢ ❛♥ ❛❞❞✐4✐♦♥❛❧ ②❡❛0 ♦❢

❡❞✉❝❛4✐♦♥ ❛0❡ ❢♦✉♥❞ 4♦ ❜❡ ❧♦✇✿ ❛0♦✉♥❞ ❛ ✵✳✸ ♣❡0 ❝❡♥4 ✐♥❝0❡❛'❡ ✐♥ 4❤❡ ♣0♦❜❛❜✐❧✐4② ♦❢ ❜❡✐♥❣

❡♠♣❧♦②❡❞ ❛♥❞ ❛ ✵✳✶ ♣❡0 ❝❡♥4 ❞❡❝0❡❛'❡ ✐♥ 4❤❡ ♣0♦❜❛❜✐❧✐4② ♦❢ ❜❡✐♥❣ '❡❧❢✲❡♠♣❧♦②❡❞✳

✶✾

❖♥ 4❤❡ ♦4❤❡0 ❤❛♥❞✱ ❛ ❢❡✇ '4✉❞✐❡' ♦♥ ❡♠♣❧♦②♠❡♥4 ✐♠♣❛❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ✐♥ ❞❡✈❡❧♦♣✐♥❣

❡❝♦♥♦♠✐❡' ✜♥❞ '✐❣♥✐✜❝❛♥4 ♣♦'✐4✐✈❡ ✐♠♣❛❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ♦♥ ❡♠♣❧♦②❛❜✐❧✐4② ❛♥❞ ❡♠♣❧♦②♠❡♥4 ✐♥

'♦♠❡ ❝❡04❛✐♥ '❡❝4♦0'✳ ❲❤✐❧❡ ✜♥❞✐♥❣ '♠❛❧❧ ✐♠♣❛❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ♦♥ ❡❛0♥✐♥❣' ✐♥ ●❡♦0❣✐❛ ✉'✐♥❣

4❤❡ ❙♦✈✐❡4 ❡❞✉❝❛4✐♦♥ 0❡❢♦0♠✱ ❑❤✐4❛0✐'❤✈✐❧✐ ✭✷✵✶✵✮ ❝♦♥❝❧✉❞❡' 4❤❛4 ❡❞✉❝❛4✐♦♥ ✐' ♥♦♥❡4❤❡❧❡''

❛♥ ✐♠♣♦04❛♥4 ❢❛❝4♦0 ✐♥✢✉❡♥❝✐♥❣ ❡♠♣❧♦②❛❜✐❧✐4② ❢♦0 ❜♦4❤ ♠❡♥ ❛♥❞ ✇♦♠❡♥✱ ♣❛04✐❝✉❧❛0❧② ✐♥ 4❤❡

♣✉❜❧✐❝ '❡❝4♦0✳ ❆❧4❤♦✉❣❤ ♥♦4 ❡'4✐♠❛4✐♥❣ 4❤❡ ❡✛❡❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ♦♥ ❡♠♣❧♦②♠❡♥4 ❞✐0❡❝4❧②✱

4❤❡ '4✉❞② ❝♦♠♣❛0❡' 4❤❡ '4❛♥❞❛0❞ ■❱ ❡'4✐♠❛4❡' ♦❢ 0❡4✉0♥' 4♦ ❡❞✉❝❛4✐♦♥ 4♦ ❡'4✐♠❛4❡' 4❤❛4

❝♦00❡❝4 ❢♦0 '❛♠♣❧❡ '❡❧❡❝4✐♦♥ ❜✐❛'✳ ❚❤❡ ❤✐❣❤❡0 '❛♠♣❧❡ '❡❧❡❝4✐♦♥ ❝♦00❡❝4✐♦♥ ❡'4✐♠❛4❡' '✉❣❣❡'4

4❤❡ ♣♦4❡♥4✐❛❧ 0♦❧❡ ♦❢ ❡❞✉❝❛4✐♦♥ ✐♥ 4❤❡ ♣0♦❜❛❜✐❧✐4② ♦❢ ❜❡✐♥❣ ❡♠♣❧♦②❡❞✳
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❯'✐♥❣ ❡①♦❣❡♥♦✉'

✈❛0✐❛4✐♦♥ ✐♥ ❡❞✉❝❛4✐♦♥ ❞✉❡ 4♦ 4❤❡ 4✇♦ ❛❢♦0❡♠❡♥4✐♦♥❡❞ ❝❤❛♥❣❡' ✐♥ ❡❞✉❝❛4✐♦♥ ♣♦❧✐❝② ✐♥ ❙♦✉4❤

❆❢0✐❝❛ ✐♥ 4❤❡ ✶✾✾✵'✱ ❇✉0❣❡0 ✭✷✵✶✵✮ ❛❧'♦ ❝♦♥✜0♠' 4❤❡ ♣♦'✐4✐✈❡ ✐♠♣❛❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ♦♥ ❜❡✐♥❣

❢♦0♠❛❧❧② ❡♠♣❧♦②❡❞ ❢♦0 ❜❧❛❝❦ ♠❡♥ ❜♦4❤ ❞✐0❡❝4❧② ❜② 0✉♥♥✐♥❣ ❛ ♣0♦❜✐4 0❡❣0❡''✐♦♥ ❛♥❞ ✐♥❞✐0❡❝4❧②

❜② ❝♦00❡❝4✐♥❣ ❢♦0 '❛♠♣❧❡ '❡❧❡❝4✐♦♥ ❜✐❛'✳

P❡❦❦❛0✐♥❡♥ ❛♥❞ P❡❧❧✐❝❡0 ✭✷✵✶✸✮ ❡①❛♠✐♥❡ 4❤❡ ✐♠♣❛❝4' ♦❢ ❛♥ ❛❞❞✐4✐♦♥❛❧ ②❡❛0 ♦❢ '❝❤♦♦❧✐♥❣ ♦♥

♠♦0❡ ❞❡4❛✐❧❡❞ ❡♠♣❧♦②♠❡♥4 ♦✉4❝♦♠❡'✱ ✐♥❝❧✉❞✐♥❣ 4❤❡ '❡❝4♦0 ♦❢ ❡♠♣❧♦②♠❡♥4 ❛♥❞ ♦❝❝✉♣❛4✐♦♥✱ ✐♥

❚✉♥✐'✐❛ ❞✉0✐♥❣ 4❤❡ ✷✵✵✵'✳

✷✶

❚❤❡② ♦❜4❛✐♥ ❡①♦❣❡♥♦✉' ✈❛0✐❛4✐♦♥ ✐♥ ❡❞✉❝❛4✐♦♥❛❧ ❛44❛✐♥♠❡♥4 ❢0♦♠

❛ ❣♦✈❡0♥♠❡♥4 ♣♦❧✐❝② ❞✉0✐♥❣ 4❤❡ ✶✾✼✵'✱ ✇❤✐❝❤ ❝✉4 ❝♦'4' ❜② 0❡'40✐❝4✐♥❣ 4❤❡ ♥✉♠❜❡0 ♦❢ '4✉❞❡♥4'

✐♥ 4❤❡ ✜♥❛❧ ②❡❛0 ♦❢ ♣0✐♠❛0② '❝❤♦♦❧ 4❤❛4 ✇❡0❡ ♣0♦♠♦4❡❞ 4♦ '❡❝♦♥❞❛0② '❝❤♦♦❧✳ ❚❤❡ '4✉❞② ✜♥❞'

4❤❛4 ❡❞✉❝❛4✐♦♥ ✐♥❝0❡❛'❡' 4❤❡ ♣0♦❜❛❜✐❧✐4② ♦❢ ❜❡✐♥❣ ❡♠♣❧♦②❡❞✱ ♣❛04✐❝✉❧❛0❧② ✐♥ 4❤❡ ♣✉❜❧✐❝ '❡❝4♦0

❛♥❞ ✐♥ 0❡❧❛4✐✈❡❧② ❧♦✇✲'❦✐❧❧ ❝❧❡0✐❝❛❧ ♦❝❝✉♣❛4✐♦♥'✳ ❚❤❡ ■❱ ❡'4✐♠❛4❡' ♦❢ 4❤❡ ❡♠♣❧♦②♠❡♥4 ✐♠♣❛❝4'

❛0❡ ❛0♦✉♥❞ ✺ ❛♥❞ ✶ ♣❡0 ❝❡♥4 ❢♦0 ♣✉❜❧✐❝ ❛❞♠✐♥✐'40❛4✐♦♥ ❛♥❞ 4❤❡ ♣0✐✈❛4❡ '❡❝4♦0✱ 0❡'♣❡❝4✐✈❡❧②✱

❝♦♠♣❛0❡❞ 4♦ 4❤❡ ❖▲❙ ❡'4✐♠❛4❡' ♦❢ ❛0♦✉♥❞ ✸ ❛♥❞ ✵✳✺ ♣❡0 ❝❡♥4✳ ❚❤❡ ❤✐❣❤❡0 ■❱ ❡'4✐♠❛4❡'

'✉❣❣❡'4 0❡❧❛4✐✈❡❧② ❤✐❣❤❡0 ❡♠♣❧♦②♠❡♥4 ✐♠♣❛❝4' ♦❢ ❡❞✉❝❛4✐♦♥ ❢♦0 4❤♦'❡ ✇❤♦ ❛0❡ ❛✛❡❝4❡❞ ❜② 4❤❡

♣♦❧✐❝② ❝❤❛♥❣❡✳ P❡❦❦❛0✐♥❡♥ ❛♥❞ P❡❧❧✐❝❡0 ✭✷✵✶✸✮ ❡♠♣❤❛'✐'❡ 4❤❛4 4❤❡'❡ ♣❡♦♣❧❡ ❛0❡ ❧✐❦❡❧② 4♦ ❤❛✈❡

✶✾

 ✐"❝❤❦❡ ❛♥❞ ✈♦♥ ❲❛❝❤-❡. ✭✷✵✵✽✮ ❛--.✐❜✉-❡ -❤❡ .❡"✉❧-" -♦ "✐♠✐❧❛. ❡①♣❧❛♥❛-✐♦♥" ❛" -❤♦"❡ ❢♦. ❡❛.♥✐♥❣"

♦✉-❝♦♠❡" ✭"❡❡ ♣✳ ✷✽✮✳

✷✵

❑❤✐-❛.✐"❤✈✐❧✐ ✭✷✵✶✵✮✬" ❢✉.-❤❡. ✐♥✈❡"-✐❣❛-✐♦♥ ♦♥ "❡❝-♦.✲"♣❡❝✐✜❝ ❡♠♣❧♦②♠❡♥- ✐" ❞♦♥❡ ❜② ❝♦♥-.♦❧❧✐♥❣ ❢♦. "❡❝-♦.

♦❢ ✇♦.❦ ✐♥ -❤❡ "❛♠♣❧❡ "❡❧❡❝-✐♦♥ ♠♦❞❡❧✳

✷✶

❚❤❡ "❡❝-♦." ♦❢ ❡♠♣❧♦②♠❡♥- ❛.❡ ❞✐✈✐❞❡❞ ✐♥-♦ ♣✉❜❧✐❝ ❛❞♠✐♥✐"-.❛-✐♦♥✱ ♣✉❜❧✐❝ ❝♦♠♣❛♥✐❡"✱ ♣.✐✈❛-❡ ❝♦♠♣❛♥✐❡"✱

❛♥❞ ♠✉❧-✐✲♥❛-✐♦♥❛❧ ❝♦♠♣❛♥✐❡"✳ ❖❝❝✉♣❛-✐♦♥" ✐♥❝❧✉❞❡❞ ✐♥ -❤❡ ❛♥❛❧②"✐" .❛♥❣❡ ❢.♦♠ ♠❛♥❛❣❡♠❡♥-✱ "❝✐❡♥-✐"-✱

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

❜✐♥❛.② ♦✉-❝♦♠❡ ✈❛.✐❛❜❧❡ ✐♥❞✐❝❛-✐♥❣ -❤❡ "-❛-✉" ♦❢ ❜❡✐♥❣ ✐♥ ❡❛❝❤ ♦❢ -❤❡ "❡❝-♦." ♦. ♦❝❝✉♣❛-✐♦♥"✳
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❜❡❡♥ ❛$ $❤❡ ♠❛'❣✐♥ ♦❢ ♣❛--✐♥❣ $♦ -❡❝♦♥❞❛'② -❝❤♦♦❧✱ ❛♥❞ $❤❡'❡❢♦'❡ $♦ ❤❛✈❡ '❡❧❛$✐✈❡❧② ♣♦♦'❡'

❛❝❛❞❡♠✐❝ ♣❡'❢♦'♠❛♥❝❡✳

❚♦ ❝♦♠♣❧❡♠❡♥$ $❤❡ ❡①✐-$✐♥❣ ❧✐$❡'❛$✉'❡✱ $❤✐- ❝❤❛♣$❡' ❡①❛♠✐♥❡- $❤❡ ✐♠♣❛❝$- ♦❢ ❡❞✉❝❛$✐♦♥❛❧

❛$$❛✐♥♠❡♥$ ♦♥ ❜♦$❤ ❡❛'♥✐♥❣- ❛♥❞ $❤❡ -❡❝$♦' ♦❢ ❡♠♣❧♦②♠❡♥$ ✕ -♣❡❝✐✜❝❛❧❧② ♥♦♥✲❛❣'✐❝✉❧$✉'❛❧

❡♠♣❧♦②♠❡♥$ ✕ ✐♥ ❚❤❛✐❧❛♥❞✱ ♣'♦✈✐❞✐♥❣ ♠♦'❡ ❡✈✐❞❡♥❝❡ ♦❢ $❤❡ ❡✛❡❝$ ♦❢ ❡❞✉❝❛$✐♦♥ ✐♥ ❛ ❞❡✈❡❧♦♣✐♥❣

❡❝♦♥♦♠②✳ ■ ✐❞❡♥$✐❢② $❤❡ ❝❛✉-❛❧ ✐♠♣❛❝$ ♦❢ ❡❞✉❝❛$✐♦♥ ❜② ✉-✐♥❣ $❤❡ ❝❤❛♥❣❡ ✐♥ ❝♦♠♣✉❧-♦'②

-❝❤♦♦❧✐♥❣ ②❡❛'- ❛- ❛♥ ✐♥-$'✉♠❡♥$ ✇✐$❤✐♥ $❤❡ ❘❉ ❢'❛♠❡✇♦'❦✳ ❆- ❤✐❣❤❧✐❣❤$❡❞ ❜② -♦♠❡ ♦❢ $❤❡

❡❛'❧✐❡' -$✉❞✐❡-✱ $❤❡ ❡-$✐♠❛$❡- ❢'♦♠ $❤✐- ♠❡$❤♦❞ '❡♣'❡-❡♥$ $❤❡ ❡✛❡❝$- ❛♠♦♥❣ $❤♦-❡ ✇❤♦-❡ ❧❡✈❡❧-

♦❢ ❡❞✉❝❛$✐♦♥❛❧ ❛$$❛✐♥♠❡♥$ ❝❤❛♥❣❡ ❞✉❡ $♦ $❤❡ ❡❞✉❝❛$✐♦♥ '❡❢♦'♠✳ ❚❤❡'❡❢♦'❡✱ $❤❡-❡ ❡-$✐♠❛$❡-

♦❢ ❡❛'♥✐♥❣- ❛♥❞ ❡♠♣❧♦②♠❡♥$ ✐♠♣❛❝$- ♦❢ ❡❞✉❝❛$✐♦♥ ♠❛② ❜❡ ♣♦$❡♥$✐❛❧❧② ✉-❡❞ $♦ ❡✈❛❧✉❛$❡ $❤❡

❡✛❡❝$✐✈❡♥❡-- ♦❢ $❤❡ '❡❢♦'♠✳

✸✳✸ ❘❡❣%❡&&✐♦♥ ❉✐&❝♦♥,✐♥✉✐,② ❋%❛♠❡✇♦%❦

❚❤✐- -❡❝$✐♦♥ ❞❡-❝'✐❜❡- $❤❡ ✐❞❡♥$✐✜❝❛$✐♦♥ -$'❛$❡❣② ✉-❡❞ $♦ ❡-$✐♠❛$❡ $❤❡ ✐♠♣❛❝$- ♦❢ ❡❞✉❝❛$✐♦♥ ♦♥

$❤❡ $✇♦ ❧❛❜♦✉' ♠❛'❦❡$ ♦✉$❝♦♠❡- ✭❡❛'♥✐♥❣- ❛♥❞ -❡❝$♦' ♦❢ ❡♠♣❧♦②♠❡♥$✮✱ ♥❛♠❡❧② $❤❡ '❡❣'❡--✐♦♥

❞✐-❝♦♥$✐♥✉✐$② ✭❘❉✮ ❢'❛♠❡✇♦'❦✳ ❚❤❡ ✉♥❞❡'❧②✐♥❣ ❢'❛♠❡✇♦'❦ ❛♥❞ $❤❡ ❛--✉♠♣$✐♦♥- '❡D✉✐'❡❞ ❢♦'

$❤❡ ❘❉ ✐❞❡♥$✐✜❝❛$✐♦♥ -$'❛$❡❣② ❛'❡ ❞❡-❝'✐❜❡❞✳ ❙✉❜-❡D✉❡♥$❧②✱ $❤❡ -❡❝$✐♦♥ ❞✐-❝✉--❡- ❤♦✇ $♦

❡♠♣✐'✐❝❛❧❧② ❡-$✐♠❛$❡ $❤❡ ❝♦❡✣❝✐❡♥$- ♦❢ ✐♥$❡'❡-$ ✇✐$❤ $❤❡ ❘❉ ❢'❛♠❡✇♦'❦✳

✸✳✸✳✶ ❘❉ ■❞❡♥)✐✜❝❛)✐♦♥ ❙)0❛)❡❣②

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

❝❛$✐♦♥✱ Si✱ ❛♥❞ ❛♥ ♦✉&❝♦♠❡ ✈❛+✐❛❜❧❡✱ Yi✱

Yi = β1 + β2 · Si + β3 ·Xi + εi ✭✸✳✶✮

✇❤❡+❡ Xi ✐6 ❛ ✈❡❝&♦+ ♦❢ ♦&❤❡+ ♦❜6❡+✈❛❜❧❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥&+♦❧6 ❛♥❞ εi ✐6 ❛♥ ✐❞✐♦6②♥❝+❛&✐❝

❡++♦+✳ ❚❤❡ ♦✉&❝♦♠❡ ♦❢ ✐♥&❡+❡6&✱ Yi✱ ✐♥ &❤✐6 ❝❤❛♣&❡+ ✐♥❝❧✉❞❡6 ❧♦❣ ♦❢ ❤♦✉+❧② ❡❛+♥✐♥❣6 ❛♥❞ &❤❡

6❡❝&♦+ ♦❢ ✇♦+❦✳ ❚❤❡ 6❡❝&♦+ ♦❢ ✇♦+❦ ✈❛+✐❛❜❧❡ ✐6 ❛ ❞✉♠♠② ✈❛+✐❛❜❧❡✱ &❛❦✐♥❣ ❛ ✈❛❧✉❡ ♦❢ ♦♥❡ ✐❢ ❛♥

✐♥❞✐✈✐❞✉❛❧ ✇♦+❦6 ✐♥ &❤❡ ♥♦♥✲❛❣+✐❝✉❧&✉+❛❧ 6❡❝&♦+ ❛♥❞ ③❡+♦ ♦&❤❡+✇✐6❡✳

❚❤✐6 ❝❤❛♣&❡+ ✐6 ✐♥&❡+❡6&❡❞ ✐♥ ❡6&✐♠❛&✐♥❣ β2✱ &❤❡ ❡✛❡❝& ♦❢ ②❡❛+6 ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ &❤❡ ♦✉&❝♦♠❡
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✈❛"✐❛❜❧❡✳ ❊)*✐♠❛*✐♥❣ ❊.✉❛*✐♦♥ ✭✸✳✶✮ ❜② ❖▲❙ ❝♦✉❧❞ ❧❡❛❞ *♦ ❛ ❜✐❛)❡❞ ❡)*✐♠❛*❡ ♦❢ β2 ❛) ❛

"❡)✉❧* ♦❢ *❤❡ ❝♦""❡❧❛*✐♦♥ ❜❡*✇❡❡♥ ②❡❛") ♦❢ ❡❞✉❝❛*✐♦♥ ❛♥❞ ❛♥② ✉♥♦❜)❡"✈❡❞ ♦✉*❝♦♠❡✲❞❡*❡"♠✐♥✐♥❣

❢❛❝*♦") ♦" ♠❡❛)✉"❡♠❡♥* ❡""♦" ✐♥ ❡❞✉❝❛*✐♦♥✳ ❋♦" ✐♥)*❛♥❝❡✱ *❤❡ ♣♦)✐*✐✈❡ ❝♦""❡❧❛*✐♦♥ ❜❡*✇❡❡♥

✉♥♦❜)❡"✈❡❞ ❛❜✐❧✐*② ❛♥❞ ❡❞✉❝❛*✐♦♥❛❧ ❛**❛✐♥♠❡♥* ✭❛❜✐❧✐*② ❛♥❞ )✐❣♥❛❧❧✐♥❣ ❜✐❛)❡)✮ ✐) ❡①♣❡❝*❡❞ *♦

❜✐❛) *❤❡ ❡)*✐♠❛*❡ ✉♣✇❛"❞) ✭●"✐❧✐❝❤❡)✱ ✶✾✼✼❀ ❇❧❛❝❦❜✉"♥ ❛♥❞ ◆❡✉♠❛"❦✱ ✶✾✾✺❀ ❈❛"❞✱ ✷✵✵✶✮✳ ❖♥

*❤❡ ♦*❤❡" ❤❛♥❞✱ ♠❡❛)✉"❡♠❡♥* ❡""♦" ✐♥ ❡❞✉❝❛*✐♦♥ ❝❛♥ ❜✐❛) *❤❡ ❡)*✐♠❛*❡ ❞♦✇♥✇❛"❞) ✭*♦✇❛"❞)

③❡"♦✮ ✭●"✐❧✐❝❤❡)✱ ✶✾✼✼❀ ❆)❤❡♥❢❡❧*❡" ❛♥❞ ❑"✉❡❣❡"✱ ✶✾✾✹✮✳ ❆❧*❡"♥❛*✐✈❡❧②✱ ❛ ❞♦✇♥✇❛"❞ ❜✐❛) ❝♦✉❧❞

❛❧)♦ ❛"✐)❡ ✐❢ ❡❞✉❝❛*✐♦♥ ✐) ❝♦♠♣❡♥)❛*♦"② ❢♦" ❡❛"♥✐♥❣) ❝❛♣❛❝✐*② ❢♦" )♦♠❡ ✐♥❞✐✈✐❞✉❛❧) ✭❆)❤❡♥❢❡❧*❡"

❡* ❛❧✳✱ ✶✾✾✾❀ ❲❛❧❦❡" ❛♥❞ ❩❤✉✱ ✷✵✵✶❀ ❍❛"♠♦♥ ❡* ❛❧✳✱ ✷✵✵✸✮✳ ❚❤❛* ✐)✱ ❤✐❣❤❧② ❛❜❧❡ ✇♦"❦❡") ❢♦"❣♦

"❡❧❛*✐✈❡❧② ♠♦"❡ ✐♥❝♦♠❡ ✐♥ *❤❡ ❧❛❜♦✉" ♠❛"❦❡* ✇❤❡♥ *❤❡② )♣❡♥❞ ♠♦"❡ ②❡❛") ✐♥ ❡❞✉❝❛*✐♦♥✳

❚♦ ✐❞❡♥*✐❢② *❤❡ ❝❛✉)❛❧ ❡✛❡❝*) ♦❢ ❡❞✉❝❛*✐♦♥ ♦♥ *❤❡ ♦✉*❝♦♠❡) ♦❢ ✐♥*❡"❡)*✱ ■ ✉)❡ *❤❡ ❘❉

❛♣♣"♦❛❝❤ ✭❍❛❤♥ ❡* ❛❧✳✱ ✷✵✵✶❀ ■♠❜❡♥) ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✵✽❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ❚❤❡ ❘❉

❢"❛♠❡✇♦"❦ ❛"✐)❡) ♥❛*✉"❛❧❧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 ♠♦"❡

❡❞✉❝❛*❡❞ ✐♥❞✐✈✐❞✉❛❧) ❡①♣❡"✐❡♥❝❡ ❧♦✇❡" ❛✈❡"❛❣❡ ❝♦)*) ❛) *❤❡ *✇♦ ❛❞❞✐*✐♦♥❛❧ ②❡❛") ❛"❡ ♦✛❡"❡❞

❢"❡❡ ♦❢ ❝❤❛"❣❡✳ ■♥ ❛❞❞✐*✐♦♥✱ *❤❡)❡ ✐♥❞✐✈✐❞✉❛❧) ❛"❡ ❧✐❦❡❧② *♦ ✐♥❝"❡❛)❡ *❤❡✐" ❡❞✉❝❛*✐♦♥❛❧ ❛**❛✐♥✲

♠❡♥* *♦ ♠❛✐♥*❛✐♥ *❤❡✐" ❡❞✉❝❛*✐♦♥❛❧ ❛❞✈❛♥*❛❣❡ ♦✈❡" *❤❡ "❡❧❛*✐✈❡❧② ❧❡)) ❡❞✉❝❛*❡❞ ✭▼❡❣❤✐" ❛♥❞

^❛❧♠❡✱ ✷✵✵✺✮✳ ❚❤❡"❡❢♦"❡✱ *❤❡ ❞✐✛❡"❡♥❝❡ ✐♥ ②❡❛" ♦❢ ❜✐"*❤ ❝❛♥ ❜❡ ✉)❡❞ *♦ ✐❞❡♥*✐❢② *❤❡ ❡✛❡❝*)

♦❢ ❡❞✉❝❛*✐♦♥ ♦♥ *❤❡ ♦✉*❝♦♠❡) ♦❢ ✐♥*❡"❡)* ❛) ✐* ✐) ❡①♣❡❝*❡❞ *♦ ❣❡♥❡"❛*❡ ❡①♦❣❡♥♦✉) ✈❛"✐❛*✐♦♥ ✐♥

②❡❛") ♦❢ ❡❞✉❝❛*✐♦♥✳

▲❡* Ri ❜❡ *❤❡ ②❡❛" ♦❢ ❜✐"*❤ ♦❢ ✐♥❞✐✈✐❞✉❛❧ i✳ ■* ✐) ❦♥♦✇♥ ❛) ❛ "✉♥♥✐♥❣ ✭♦" ❛♥ ❛))✐❣♥♠❡♥*✮

✈❛"✐❛❜❧❡✱ ✇❤✐❝❤ ✐) ❛))✉♠❡❞ *♦ ❡①♦❣❡♥♦✉)❧② ❛✛❡❝* ✭✐♥❝"❡❛)❡✮ ②❡❛") ♦❢ ❡❞✉❝❛*✐♦♥ ✐♥ ❛ ❞✐)❝♦♥✲

*✐♥✉♦✉) ✇❛② ✇❤❡♥ ✐* ❡①❝❡❡❞) ❛ ✜①❡❞ *❤"❡)❤♦❧❞✱ r0 = 1967✳ ●✐✈❡♥ *❤✐) "❡❧❛*✐♦♥)❤✐♣ ❜❡*✇❡❡♥

✸✽



 ❤❡ ②❡❛% ♦❢ ❜✐% ❤ ❛♥❞ ♣♦ ❡♥ ✐❛❧ ②❡❛%. ♦❢ ❡❞✉❝❛ ✐♦♥✱  ❤❡ ♣♦♣✉❧❛ ✐♦♥ ❝❛♥ ❜❡ ♣❛% ✐ ✐♦♥❡❞ ✐♥ ♦ ✜✈❡

.✉❜✲❣%♦✉♣.✿ ❛❧✇❛②.  ❛❦❡%.✱ ♥❡✈❡%  ❛❦❡%.✱ ❝♦♠♣❧✐❡%.✱ ❞❡✜❡%.✱ ❛♥❞ ✐♥❞❡✜♥✐ ❡. ✭❆♥❣%✐. ❡ ❛❧✳✱

✶✾✾✻✮ ❛. ❞✐.♣❧❛②❡❞ ✐♥  ❤❡ ❢♦❧❧♦✇✐♥❣  ❛❜❧❡✳

✷✷

❚❡①# ❚❛❜❧❡ ✸✳✶✿ +♦♣✉❧❛#✐♦♥ ❈❧❛22✐✜❡❞ ❜② +♦#❡♥#✐❛❧ ❨❡❛72 ♦❢ ❊❞✉❝❛#✐♦♥ (Si)

❙✉❜✲♣♦♣✉❧❛#✐♦♥2 ❈♦♥❞✐#✐♦♥2

❆❧✇❛②2 #❛❦❡72 (AT) limr→r+
0

Si (r) = limr→r−
0

Si (r) ≥ 6

◆❡✈❡7 #❛❦❡72 (NT) limr→r+
0

Si (r) = limr→r−
0

Si (r) < 6

❈♦♠♣❧✐❡72 (C) limr→r+
0

Si (r) > limr→r−
0

Si (r)

❉❡✜❡72 (DE) limr→r+
0

Si (r) < limr→r−
0

Si (r)

■♥❞❡✜♥✐#❡ (I) {AT ∪NT ∪ C ∪DE}
c

●✐✈❡♥  ❤❡ ❝❧❛..✐✜❝❛ ✐♦♥✱  ❤❡ ❘❉ ❛..✉♠♣ ✐♦♥. %❡D✉✐%❡❞ ❢♦%  ❤❡ ✐❞❡♥ ✐✜❝❛ ✐♦♥ ♦❢  ❤❡ ❝❛✉.❛❧

❛✈❡%❛❣❡ ❡✛❡❝ ♦❢ ❡❞✉❝❛ ✐♦♥ ♦♥  ❤❡ ♦✉ ❝♦♠❡ ✈❛%✐❛❜❧❡ ❢♦%  ❤❡ ❝♦♠♣❧✐❡%. ❛%❡ ❛. ❢♦❧❧♦✇.✳

❆!!✉♠♣%✐♦♥ ❆ ✭❍❛❤♥ ❡% ❛❧✳ ✭✷✵✵✶✮❀ ■♠❜❡♥! ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①

✭✷✵✶✵✮✮

❆✶ ❋✉③③② ❘❡❣%❡..✐♦♥ ❉✐.❝♦♥ ✐♥✉✐ ② ✭❋❘❉✮✿ limr→r+
0

E [Si | Ri = r] ❛♥❞ limr→r−
0

E [Si | Ri = r]

❡①✐. . ❛♥❞ limr→r+
0

E [Si | Ri = r]− limr→r−
0

E [Si | Ri = r] 6= 0✳

❆✷ ▲♦❝❛❧ ❙♠♦♦ ❤♥❡..✿ E [Xi | Ri = r] ❛♥❞ ❛❧❧ ♦ ❤❡% ✉♥♦❜.❡%✈❡❞ ♦✉ ❝♦♠❡✲❞❡ ❡%♠✐♥✐♥❣ ❢❛❝ ♦%.

❡①❝❡♣ ❢♦% ❡❞✉❝❛ ✐♦♥ ❛%❡ ❝♦♥ ✐♥✉♦✉. ✐♥ r ❛ r = r0✳

❆✸ ▼♦♥♦ ♦♥✐❝✐ ②✿ limr→r+
0

E [Si | Ri = r] ≥ limr→r−
0

E [Si | Ri = r] ❢♦% ❛❧❧ i✳

❆✹ ❊①✐. ❡♥❝❡ ♦❢ ❈♦♠♣❧✐❡%. ❛ ❚❤%❡.❤♦❧❞✿ limr→r+
0

E [Si | Ri = r] > limr→r−
0

E [Si | Ri = r] ❢♦%

.♦♠❡ i✳

◆♦ ❡  ❤❛  ❤❡  ❤%❡.❤♦❧❞ ✈❛❧✉❡ ♦❢ ②❡❛% ♦❢ ❜✐% ❤✱ r0✱ ✐. ✶✾✻✼✱ ❛♥❞  ❤❛ ❛%♦✉♥❞  ❤❡  ❤%❡.❤♦❧❞ %❡❢❡%.

 ♦  ❤♦.❡ ✇❤♦ ✇❡%❡ ❜♦%♥ ❛%♦✉♥❞ ✶✾✻✼✳ ❯♥❞❡% ❆..✉♠♣ ✐♦♥ ❆✱ ❢♦% ❛ ✈❡%② .♠❛❧❧ ♥❡✐❣❤❜♦✉%❤♦♦❞✱

 ❤❡ ❝✉ ✲♦✛ ②❡❛% ❛❝ . ❧✐❦❡ ❛ ❧♦❝❛❧ ✐♥. %✉♠❡♥ ❛❧ ✈❛%✐❛❜❧❡ ✭▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ■ ❝❛♥ ❜❡

✷✷

❚❤❡ ♥♦%❛%✐♦♥ ✐♥ %❤❡ %❛❜❧❡ ❝❛♣%✉-❡. ❤♦✇ ❜❡❤❛✈✐♦✉- ❝❤❛♥❣❡. ❛-♦✉♥❞ %❤❡ ❝✉%✲♦✛ ②❡❛- ♦❢ ❜✐-%❤✱ ✶✾✻✼✳ ❋♦-

❡①❛♠♣❧❡✱ ❛❧✇❛②. ✭♥❡✈❡-✮ %❛❦❡-. ❞♦ ♥♦% ❝❤❛♥❣❡ %❤❡✐- ②❡❛-. ♦❢ ❡❞✉❝❛%✐♦♥ ❛. ❛ -❡.✉❧% ♦❢ %❤❡ -❡❢♦-♠ ❛♥❞ ❛❧✇❛②.

❛%%❛✐♥ ♠♦-❡ ✭❧❡..✮ %❤❛♥ ✻ ②❡❛-. ♦❢ .❝❤♦♦❧✐♥❣✳

✸✾



✉!❡❞ $♦ ✐❞❡♥$✐❢② ❛✈❡,❛❣❡ ❡✛❡❝$! ❢♦, $❤❡ ❝♦♠♣❧✐❡,!✱ ❛♥❞ $❤✉! $❤❡ ❛✈❡,❛❣❡ ❡✛❡❝$! ♦❢ ❡❞✉❝❛$✐♦♥
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■♥ $❤❡ /❤❛!♣ ❘❉ ❢!❛♠❡✇♦!❦✱ lim
r→r

+

0

E [Si | Ri = r]− lim
r→r

−

0

E [Si | Ri = r] = 2 ❛/ ✐♥❞✐✈✐❞✉❛❧/ ❜♦!♥ ✐♥

❛♥❞ ❛❢$❡! ✶✾✻✼ ✇♦✉❧❞ ❜❡ /$!✐❝$❧② ❢♦!❝❡❞ $♦ /$✉❞② ❢♦! $✇♦ ♠♦!❡ ②❡❛!/✳ ❚❤❡!❡❢♦!❡✱ ❛❧❧ ✐♥❞✐✈✐❞✉❛❧/ ❛!❡ ❝♦♠♣❧✐❡!/✳
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■♠❜❡♥/ ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮ ❛!❣✉❡ $❤❛$ ✐$ ✐/ ♥♦$ ✉/✉❛❧❧② !❡❛/♦♥❛❜❧❡ $♦ ❛//✉♠❡ ♥♦ ♣!❡❝✐/❡ ❝♦♥$!♦❧ ♦♥❧②

❛!♦✉♥❞ ♦♥❡ ♣❛!$✐❝✉❧❛! ✈❛❧✉❡ ♦❢ $❤❡ !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡✳ ■♥ $❤✐/ ❝❛/❡✱ $❤❡② /✉❣❣❡/$ $❤❡ /$!♦♥❣❡! ❛//✉♠♣$✐♦♥ $❤❛$

$❤❡ /♠♦♦$❤♥❡// ❤♦❧❞/ ✐♥ ❛❧❧ ✈❛❧✉❡/ ♦❢ r✳
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❆88✉♠♣-✐♦♥ ❆✹ +❡K✉✐+❡8 -❤❛- -❤❡+❡ ❡①✐8- ❝♦♠♣❧✐❡+8✳

❯♥❞❡+ ❛88✉♠♣-✐♦♥8 ❆✶ -♦ ❆✹✱ ❍❛❤♥ ❡- ❛❧✳ ✭✷✵✵✶✮❀ ■♠❜❡♥8 ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮❀ ▲❡❡ ❛♥❞

▲❡♠✐❡✉① ✭✷✵✶✵✮ 8❤♦✇ -❤❛- -❤❡ ❡✛❡❝-8 ♦❢ ❡❞✉❝❛-✐♦♥ ♦♥ -❤❡ ♦✉-❝♦♠❡ ✈❛+✐❛❜❧❡8 ❢♦+ -❤❡ ❝♦♠♣❧✐❡+8

❛+❡ ✐❞❡♥-✐✜❡❞ ❛8

β2 = τFRD =
limr→r+

0

E [Yi | Xi, Ri = r]− limr→r−
0

E [Yi | Xi, Ri = r]

limr→r+
0

E [Si | Xi, Ri = r]− limr→r−
0

E [Si | Xi, Ri = r]
✭✸✳✷✮

✇❤✐❝❤ ✐8 ❡K✉✐✈❛❧❡♥- -♦ -❤❡ ▲❆❚❊ ❡8-✐♠❛-❡ ✐♥ -❤❡ ■❱ ❛♣♣+♦❛❝❤ ✭✇❤❡+❡ -❤❡ ❜✐♥❛+② ✐♥8-+✉✲

♠❡♥- ✐8 -❤❡ ✐♥❞✐❝❛-♦+ ❢♦+ Ri ≥ r0✮ ✭❆♥❣+✐8- ❛♥❞ ■♠❜❡♥8✱ ✶✾✾✺✮✳ ■- ✐8 ✐♠♣♦+-❛♥- -♦ ♥♦-❡ -❤❛-

❘❉ ❛♥❞ ■❱ ❡8-✐♠❛-❡8 ❤✐❣❤❧✐❣❤- -❤❡ ✐♠♣♦+-❛♥❝❡ ♦❢ ❤❡-❡+♦❣❡♥❡♦✉8 +❡-✉+♥8 -♦ ❡❞✉❝❛-✐♦♥ ✐♥ -✇♦

✇❛②8✳ ❋✐+8-✱ ✇✐-❤ -❤❡ 8-❛♥❞❛+❞ 8❡- ♦❢ ❛88✉♠♣-✐♦♥8 ✭❆✶ -♦ ❆✹✮✱ -❤❡ ❞✐✛❡+❡♥❝❡ ❜❡-✇❡❡♥ -❤❡

❘❉✴■❱ ❡8-✐♠❛-❡8 ❛♥❞ -❤❡ ❆❚❊ +❡✢❡❝-8 ❤❡-❡+♦❣❡♥❡♦✉8 ❡✛❡❝-8 ♦❢ ❡❞✉❝❛-✐♦♥ ❜❡-✇❡❡♥ ❝♦♠♣❧✐❡+8

❛♥❞ ♥♦♥✲❝♦♠♣❧✐❡+8✳ ❙❡❝♦♥❞✱ -❤❡ ❘❉✴■❱ ❛♣♣+♦❛❝❤ ❛❧8♦ ❛❧❧♦✇8 ❢♦+ ❤❡-❡+♦❣❡♥❡✐-② ✐♥ +❡-✉+♥8

❛♠♦♥❣ -❤❡ ❝♦♠♣❧✐❡+8✳ ■♥ -❤❡ ♣+❡8❡♥❝❡ ♦❢ ❤❡-❡+♦❣❡♥❡♦✉8 +❡-✉+♥8 ❛❝+♦88 ❧❡✈❡❧8 ♦❢ ❡❞✉❝❛-✐♦♥✱

-❤❡ ❘❉✴■❱ ❡8-✐♠❛-❡8 ❛+❡ -❤❡ ✇❡✐❣❤-❡❞ ▲❆❚❊ ❢♦+ -❤❡ ❝♦♠♣❧✐❡+8 ❛- ❡❛❝❤ ♦❢ -❤❡ ❧❡✈❡❧8 ♦❢ ❡❞✉❝❛✲

-✐♦♥ ✭❆♥❣+✐8- ❛♥❞ ■♠❜❡♥8✱ ✶✾✾✺❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ◆♦♥❡-❤❡❧❡88✱ -❤❡ ❘❉✴■❱ ❛♣♣+♦❛❝❤

♣+♦✈✐❞❡8 ♦♥❧② ♦♥❡ ❡8-✐♠❛-❡ ✇❤✐❝❤ ✐8 -❤❡ ❛❣❣+❡❣❛-❡❞ ❡✛❡❝- ♦❢ ❡❞✉❝❛-✐♦♥ ❢♦+ ❛❧❧ ❝♦♠♣❧✐❡+8✳ ❆8 ❛

+❡8✉❧-✱ -❤❡ ❘❉✴■❱ ❡8-✐♠❛-❡8 +❡♠❛✐♥ ✉♥✐♥❢♦+♠❛-✐✈❡ ❛❜♦✉- -❤❡ 8❤❛♣❡ ♦❢ -❤❡ ❡❞✉❝❛-✐♦♥✲❡❛+♥✐♥❣8

✹✶



♣!♦✜❧❡ ❛♥❞ )❤❡ ❛✈❡!❛❣❡ !❡)✉!♥. ❢♦! )❤❡ ♣♦♣✉❧❛)✐♦♥ ✭)❤❛) ✐.✱ )❤❡ ❆❚❊✮✳

✷✻

✸✳✸✳✷ ❊$%✐♠❛%✐♥❣ %❤❡ ❊✛❡❝%$ ♦❢ ❊❞✉❝❛%✐♦♥ ✐♥ %❤❡ ❘❉ ❉❡$✐❣♥

❆ .✐♠♣❧❡ ✇❛② ♦❢ ❡.)✐♠❛)✐♥❣ )❤❡ ❡✛❡❝) ♦❢ ❡❞✉❝❛)✐♦♥ ♦♥ )❤❡ ♦✉)❝♦♠❡ ✈❛!✐❛❜❧❡ ✐♥ )❤❡ ❘❉ ❞❡.✐❣♥✱

τFRD ❛. ❞❡.❝!✐❜❡❞ ✐♥ ❊@✉❛)✐♦♥ ✭✸✳✷✮✱ ✐. )♦ ✉.❡ ♣♦❧②♥♦♠✐❛❧ !❡❣!❡..✐♦♥.✳ ❚❤✐. ✐. ❛❧.♦ ❛♣♣!♦✲

♣!✐❛)❡ ❜❡❝❛✉.❡ ♠② !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡✱ ②❡❛! ♦❢ ❜✐!)❤✱ ✐. ❞✐.❝!❡)❡✳ ❲❤❡♥ )❤❡ !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡ ✐.

❝♦♥)✐♥✉♦✉.✱ )❤❡ ❘❉ ❛♣♣!♦❛❝❤ ❝♦♠♣❛!❡. )❤❡ ♦✉)❝♦♠❡. ❢♦! )❤❡ ♦❜.❡!✈❛)✐♦♥. ✇✐)❤ )❤❡ !✉♥♥✐♥❣

✈❛!✐❛❜❧❡ ❥✉.) ❛❜♦✈❡ ❛♥❞ ❥✉.) ❜❡❧♦✇ )❤❡ ❝✉)✲♦✛ ♣♦✐♥)✳ ❚❤✐. ❝❛♥ ❜❡ ❞♦♥❡ ♥♦♥✲♣❛!❛♠❡)!✐❝❛❧❧② ❜②

❝❤♦♦.✐♥❣ )❤❡ ❜❛♥❞✇✐❞)❤ ❛♥❞ ❡.)✐♠❛)✐♥❣ ❧♦❝❛❧ ❧✐♥❡❛! !❡❣!❡..✐♦♥. ♦♥ ❜♦)❤ .✐❞❡. ♦❢ )❤❡ ❝✉)✲♦✛

♣♦✐♥) ✭■♠❜❡♥. ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✵✽❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵❀ ●❡❧♠❛♥ ❛♥❞ ■♠❜❡♥.✱ ✷✵✶✹✮✳ ❍♦✇✲

❡✈❡!✱ ✇❤❡♥ )❤❡ !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡ ✐. ❞✐.❝!❡)❡ ♦! ♦!❞❡!❡❞ ❝❛)❡❣♦!✐❝❛❧ ✭❢♦! ❡①❛♠♣❧❡✱ ②❡❛! ♦❢ ❜✐!)❤

✐♥ ♠② ❝❛.❡✱ ♦! ❛❣❡ !❡❝♦!❞❡❞ ✐♥ ♠♦♥)❤. ♦! ②❡❛!.✮✱ ✐) ✐. ✐♠♣♦..✐❜❧❡ )♦ ✐❞❡♥)✐❢② )❤❡ ♣❛!❛♠❡)❡! ♦❢

✐♥)❡!❡.) ♥♦♥✲♣❛!❛♠❡)!✐❝❛❧❧② ❛. )❤❡!❡ ❛!❡ ♥♦ ♦❜.❡!✈❛)✐♦♥. ❛!♦✉♥❞ ❛ ✈❡!② .♠❛❧❧ ♥❡✐❣❤❜♦✉!❤♦♦❞

♦❢ )❤❡ ❝✉)✲♦✛ ♣♦✐♥)✳ ■♥ )❤✐. ❝❛.❡✱ ▲❡❡ ❛♥❞ ❈❛!❞ ✭✷✵✵✽✮ .✉❣❣❡.) )❤❛) )❤❡ ❝❛✉.❛❧ ❡✛❡❝). ❝❛♥

♦♥❧② ❜❡ ✐❞❡♥)✐✜❡❞ ♣❛!❛♠❡)!✐❝❛❧❧② ✇✐)❤ ❛ ❢✉♥❝)✐♦♥❛❧ ❢♦!♠ ❢♦! )❤❡ !❡❧❛)✐♦♥.❤✐♣ ❜❡)✇❡❡♥ )❤❡ !✉♥✲

♥✐♥❣ ✈❛!✐❛❜❧❡ ❛♥❞ )❤❡ ♦✉)❝♦♠❡ ♦❢ ✐♥)❡!❡.) )❤❛) ✐. ❜❡✐♥❣ .♣❡❝✐✜❡❞✳ ■♥ ♦)❤❡! ✇♦!❞.✱ ✐♥.)❡❛❞ ♦❢

❝❤♦♦.✐♥❣ )❤❡ ❜❛♥❞✇✐❞)❤ ❛♥❞ ❡.)✐♠❛)✐♥❣ )❤❡ ❝❛✉.❛❧ ❡✛❡❝). ♦♥❧② ❢!♦♠ )❤❡ ♦❜.❡!✈❛)✐♦♥. ❛!♦✉♥❞

)❤❡ ♥❡✐❣❤❜♦✉!❤♦♦❞ ♦❢ )❤❡ ❞✐.❝♦♥)✐♥✉✐)② )❤!❡.❤♦❧❞✱ )❤❡ ♣♦❧②♥♦♠✐❛❧ !❡❣!❡..✐♦♥. ❛!❡ ❡.)✐♠❛)❡❞

❢♦! ❛❧❧ ♦❜.❡!✈❛)✐♦♥. ❢!♦♠ ❡❛❝❤ .✐❞❡ ♦❢ )❤❡ ❞✐.❝♦♥)✐♥✉✐)② )❤!❡.❤♦❧❞✱ ❛♥❞ )❤❡ ❡.)✐♠❛)❡. ❛) )❤❡

♣♦✐♥). ✈❡!② ❝❧♦.❡ )♦ )❤❡ ❝✉)✲♦✛ ❝❛♥ ❜❡ ♦❜)❛✐♥❡❞ ❢!♦♠ )❤❡✐! ❡①)!❛♣♦❧❛)✐♦♥.✳

❆. )❤✐. ✐. ❛ ❢✉③③② ❘❉ ❞❡.✐❣♥✱ ②❡❛!. ♦❢ ❡❞✉❝❛)✐♦♥✱ Si✱ ❛. ❛ ❢✉♥❝)✐♦♥ ♦❢ )❤❡ ②❡❛! ♦❢ ❜✐!)❤

❝❛♥ ❜❡ ✇!✐))❡♥ ❛.

Si = γ + δ · Zi +

H
∑

h=1

φh · (Ri − r0)
h + vi ✭✸✳✸✮

✇❤❡!❡ Zi = ✶ {Ri ≥ r0} ✐♥❞✐❝❛)❡. ✇❤❡)❤❡! )❤❡ !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡ ❡①❝❡❡❞. )❤❡ ❝✉)✲♦✛ ✈❛❧✉❡✱

r0 = 1967 ✐. )❤❡ )❤!❡.❤♦❧❞ ②❡❛! ♦❢ ❜✐!)❤ ❛. ❜❡❢♦!❡✱ H ✐. ❛ ♣♦❧②♥♦♠✐❛❧ ♦!❞❡! ♦❢ Ri − r0✱ ❛♥❞

vi ✐. ❛♥ ❡!!♦! )❡!♠ ✇❤✐❝❤ ✐. ✉♥❝♦!!❡❧❛)❡❞ ✇✐)❤ Ri✳

❋✐!.)✱ ❝♦♥.✐❞❡! limr→r+
0

E [Yi | Xi, Ri = r]− limr→r−
0

E [Yi | Xi, Ri = r]✱ ✇❤✐❝❤ ✐. )❤❡ ♥✉♠❡!✲

✷✻

■♥ ❢❛❝%✱ %❤❡ ❘❉✴■❱ ❡-%✐♠❛%❡- ❝❛♥ 0❡❝♦✈❡0 %❤❡ ❛✈❡0❛❣❡ 0❡%✉0♥- ❢♦0 %❤❡ ♣♦♣✉❧❛%✐♦♥ ❜✉% ✇✐%❤ -%0♦♥❣❡0

❛--✉♠♣%✐♦♥-✳ ❚❤✐-✱ %♦❣❡%❤❡0 ✇✐%❤ %❤❡ -❤❛♣❡ ♦❢ %❤❡ ❡❞✉❝❛%✐♦♥✲❡❛0♥✐♥❣- ♣0♦✜❧❡✱ ✇✐❧❧ ❜❡ ❞✐-❝✉--❡❞ ✐♥ %❤❡ ♥❡①%

❝❤❛♣%❡0✳

✹✷



❛!♦# ♦❢ ❊&✉❛!✐♦♥ ✭✸✳✷✮✳ ❊❛❝❤ !❡#♠ ❝❛♥ ❜❡ ❡4!✐♠❛!❡❞ ❜② #✉♥♥✐♥❣ ❛ ♣♦❧②♥♦♠✐❛❧ #❡❣#❡44✐♦♥ ❢♦#

!❤❡ ♦✉!❝♦♠❡ ✈❛#✐❛❜❧❡ ✭!❤❡ #❡❞✉❝❡❞ ❢♦#♠ ❡&✉❛!✐♦♥✮ ♦♥ ❡❛❝❤ 4✐❞❡ ♦❢ !❤❡ ❞✐4❝♦♥!✐♥✉✐!② !❤#❡4❤♦❧❞

Yi = αr +

K
∑

k=1

πr,k · (Ri − r0)
k
+ θr,Y ·Xi forRi ≥ r0 ✭✸✳✹✮

Yi = αl +

K
∑

k=1

πl,k · (Ri − r0)
k
+ θl,Y ·Xi forRi < r0 ✭✸✳✺✮

✇❤❡#❡ K ✐4 !❤❡ ♣♦❧②♥♦♠✐❛❧ ♦#❞❡# ♦❢ Ri − r0 ❢♦# !❤❡ ♦✉!❝♦♠❡ ✈❛#✐❛❜❧❡ #❡❣#❡44✐♦♥4✳ ❚❤❡

♥✉♠❡#❛!♦# ♦❢ ❊&✉❛!✐♦♥ ✭✸✳✷✮ ❝❛♥ ❜❡ ❡4!✐♠❛!❡❞ ❜② α̂r − α̂l✳
✷✼

❙✐♠✐❧❛#❧②✱ limr→r+
0

E [Si | Xi, Ri = r]− limr→r−
0

E [Si | Xi, Ri = r] ✇❤✐❝❤ ✐4 !❤❡ ❞❡♥♦♠✐♥❛!♦#

♦❢ ❊&✉❛!✐♦♥ ✭✸✳✷✮✱ ❝❛♥ ❜❡ ❡4!✐♠❛!❡❞ ❜② #✉♥♥✐♥❣ ❛ ♣♦❧②♥♦♠✐❛❧ #❡❣#❡44✐♦♥ ❢♦# ②❡❛#4 ♦❢ ❡❞✉❝❛!✐♦♥

✭!❤❡ ✜#4!✲4!❛❣❡ ❡&✉❛!✐♦♥✮ ♦♥ ❡❛❝❤ 4✐❞❡ ♦❢ !❤❡ ❞✐4❝♦♥!✐♥✉✐!② !❤#❡4❤♦❧❞

Si = γr +
H
∑

h=1

φr,h · (Ri − r0)
h
+ θr,S ·Xi forRi ≥ r0 ✭✸✳✻✮

Si = γl +

H
∑

h=1

φl,h · (Ri − r0)
h
+ θl,S ·Xi forRi < r0 ✭✸✳✼✮

✇❤❡#❡ H ✐4 !❤❡ ♣♦❧②♥♦♠✐❛❧ ♦#❞❡# ♦❢ Ri − r0 ❢♦# !❤❡ ②❡❛#4 ♦❢ ❡❞✉❝❛!✐♦♥ #❡❣#❡44✐♦♥4✳ ❚❤❡

❡4!✐♠❛!❡ ♦❢ !❤❡ ❞❡♥♦♠✐♥❛!♦# ♦❢ ❊&✉❛!✐♦♥ ✭✸✳✷✮ ✐4 ❣✐✈❡♥ ❜② γ̂r − γ̂l✳
✷✽

❚❤❡#❡❢♦#❡✱

β̂2 = τ̂FRD =
α̂r − α̂l

γ̂r − γ̂l
✭✸✳✽✮

◆♦!❡ !❤❛! ■ ❛❧❧♦✇ ❢♦# !❤❡ #❡❧❛!✐♦♥4❤✐♣4 ❜❡!✇❡❡♥ Yi ❛♥❞ (Ri − r0) ❛♥❞ ❜❡!✇❡❡♥ Si ❛♥❞

(Ri − r0) !♦ ❤❛✈❡ ❞✐✛❡#❡♥! ♣♦❧②♥♦♠✐❛❧ ❝♦❡✣❝✐❡♥!4 ♦♥ ❡✐!❤❡# 4✐❞❡4 ♦❢ !❤❡ ❞✐4❝♦♥!✐♥✉✐!② !❤#❡4❤♦❧❞✳

❆4 ❧♦♥❣ ❛4 !❤❡ ♦#❞❡# ♦❢ ♣♦❧②♥♦♠✐❛❧ ❛♥❞ !❤❡ ❞❛!❛ ✇✐♥❞♦✇ ❢♦# ❡❛❝❤ 4✐❞❡ ♦❢ !❤❡ ❞✐4❝♦♥!✐♥✉✐!②

!❤#❡4❤♦❧❞ ❛#❡ !❤❡ 4❛♠❡ ❢♦# !❤❡ ✜#4!✲ ❛♥❞ 4❡❝♦♥❞✲ 4!❛❣❡ ♦✉!❝♦♠❡4 ✭!❤❛! ✐4 K = H)✱ !❤❡ ♣#❡4❡♥✲

!❡❞ ❝❛✉4❛❧ ❡✛❡❝! ♦❢ ❡❞✉❝❛!✐♦♥ ♦♥ !❤❡ ♦✉!❝♦♠❡ ✈❛#✐❛❜❧❡ ❢♦# !❤❡ ❝♦♠♣❧✐❡#4 ✐4 ❡&✉✐✈❛❧❡♥! !♦ !❤❡

■❱ ❡4!✐♠❛!✐♦♥ ♦❢ !❤❡ ❢♦❧❧♦✇✐♥❣ #❡❣#❡44✐♦♥✳

✷✾

✷✼

❆❧"❡$♥❛"✐✈❡❧②✱ "❤❡ ♣♦♦❧❡❞ $❡❣$❡00✐♦♥ ❝❛♥ ❜❡ ✇$✐""❡♥ ❛0✿

Yi = αl + (αr − αl) · Zi +
∑K

k=1 πl,k · (Ri − r0)
k +

[

∑K

k=1 (πr,k − πl,k) · (Ri − r0)
k
]

· Zi + (θr,Y − θl,Y ) ·Xi✳

✷✽

❆❧"❡$♥❛"✐✈❡❧②✱ "❤❡ ♣♦♦❧❡❞ $❡❣$❡00✐♦♥ ❝❛♥ ❜❡ ✇$✐""❡♥ ❛0✿

Si = γl + (γr − γl) · Zi +
∑H

h=1 φl,h · (Ri − r0)
h +

[

∑H

h=1 (φr,h − φl,h) · (Ri − r0)
h
]

· Zi + (θr,S − θl,S) ·Xi✳

✷✾

▲❡❡ ❛♥❞ ❈❛$❞ ✭✷✵✵✽✮ ❛❧0♦ ❤✐❣❤❧✐❣❤" "❤❛" "❤❡ ♣❛$❛♠❡"❡$ ♦❢ ✐♥"❡$❡0" ✐0 ✐❞❡♥"✐✜❡❞ ♦♥❧② ✇❤❡♥ "❤❡ ♦$❞❡$ ♦❢

♣♦❧②♥♦♠✐❛❧ ❞♦❡0 ♥♦" ❡①❝❡❡❞ "❤❡ ♥✉♠❜❡$ ♦❢ ❞✐0"✐♥❝" ✈❛❧✉❡0 ♦❢ "❤❡ $✉♥♥✐♥❣ ✈❛$✐❛❜❧❡✳

✹✸



Yi = κ1 + κ2 · Si +

K
∑

k=1

κ3,k · (Ri − r0)
k
+

[

K
∑

k=1

κ4,k · (Ri − r0)
k

]

· Zi + κ4 ·Xi ✭✸✳✾✮

✇✐"❤ Zi = ✶ {Ri ≥ r0} ❛% ❛♥ ❡①❝❧✉❞❡❞ ✐♥%"-✉♠❡♥" ❢♦- Si✳ ❚❤❡ "✇♦✲%"❛❣❡ ❧❡❛%" %5✉❛-❡%

✭✷❙▲❙✮ ❡%"✐♠❛"❡ ♦❢ κ2 ✐% "❤❡♥ ✐❞❡♥"✐❝❛❧ "♦ τFRD ✐♥ ❊5✉❛"✐♦♥ ✭✸✳✷✮✳

✸✳✸✳✸ ❈❤♦✐❝❡ ♦❢ )♦❧②♥♦♠✐❛❧ ❖0❞❡0

■♥ "❤❡ ❝❛%❡ ♦❢ ❛ ❞✐%❝-❡"❡ -✉♥♥✐♥❣ ✈❛-✐❛❜❧❡✱ "❤❡ ❡5✉✐✈❛❧❡♥" "♦ ❜❛♥❞✇✐❞"❤ ❝❤♦✐❝❡ ✐♥ "❤❡ ♥♦♥✲

♣❛-❛♠❡"-✐❝ ❡%"✐♠❛"✐♦♥ ✐% "❤❡ ❝❤♦✐❝❡ ♦❢ "❤❡ ♦-❞❡- ♦❢ ♣♦❧②♥♦♠✐❛❧ -❡❣-❡%%✐♦♥ ✭▲❡❡ ❛♥❞ ❈❛-❞✱

✷✵✵✽❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ❋✐-%"✱ ✐" ✐% ✐♠♣♦-"❛♥" "♦ "❡%" ✇❤❡"❤❡- "❤❡ %❡❧❡❝"❡❞ ♣♦❧②♥♦♠✐❛❧

-❡❣-❡%%✐♦♥% ❛-❡ ✇❡❧❧ %♣❡❝✐✜❡❞✳ ❙❡❝♦♥❞✱ ✐" ✐% ❛❧%♦ ❝♦♠♠♦♥ ♣-❛❝"✐❝❡ "♦ -❡♣♦-" ❛ ♥✉♠❜❡- ♦❢

%♣❡❝✐✜❝❛"✐♦♥% "♦ %❡❡ "♦ ✇❤❛" ❡①"❡♥" "❤❡ -❡%✉❧"% ❛-❡ %❡♥%✐"✐✈❡ "♦ "❤❡ ♦-❞❡- ♦❢ ♣♦❧②♥♦♠✐❛❧✳

✸✵

▲❡❡

❛♥❞ ❈❛-❞ ✭✷✵✵✽✮ %❤♦✇ "❤❛" ✇❤❡♥ "❤❡ ❡--♦- "❡-♠ ✐% ♥♦-♠❛❧❧② ❞✐%"-✐❜✉"❡❞ ❛♥❞ ❤♦♠♦%❦❡❞❛%"✐❝✱

"❤❡ ♣♦❧②♥♦♠✐❛❧ ♠♦❞❡❧ ❝❛♥ ❜❡ "❡%"❡❞ ✉%✐♥❣ ❛ %✐♠♣❧❡ ❣♦♦❞♥❡%%✲♦❢✲✜" %"❛"✐%"✐❝ ✭GOF1✮ ❛% ❢♦❧❧♦✇%✳

GOF1 = (SSER−SSEUR)/(J−K)
(SSEUR)/(N−J) ∼ F (J −K, N − J) ✭✸✳✶✵✮

✇❤❡-❡ SSER ✐% "❤❡ ❡%"✐♠❛"❡❞ ❡--♦- %✉♠ ♦❢ %5✉❛-❡% ♦❢ "❤❡ -❡%"-✐❝"❡❞ ♠♦❞❡❧ ❛♥❞ SSEUR

✐% "❤❡ ❡%"✐♠❛"❡❞ ❡--♦- %✉♠ ♦❢ %5✉❛-❡% ♦❢ "❤❡ ✉♥-❡%"-✐❝"❡❞ ♠♦❞❡❧✳ ❚❤❡ ✉♥-❡%"-✐❝"❡❞ ♠♦❞❡❧

-❡❣-❡%%❡% Yi ♦♥ ❛ ❢✉❧❧ %❡" ♦❢ ❞✉♠♠② ✈❛-✐❛❜❧❡% ❢♦- "❤❡ J ✈❛❧✉❡% ♦❢ "❤❡ -✉♥♥✐♥❣ ✈❛-✐❛❜❧❡✱

✇❤✐❧❡ "❤❡ -❡%"-✐❝"❡❞ ♠♦❞❡❧ ❛❞♦♣"% ❛ ❧♦✇❡- ♣♦❧②♥♦♠✐❛❧ ♦-❞❡-✳ ❚❤❡ %"❛"✐%"✐❝ ✐% ❞✐%"-✐❜✉"❡❞

❛% F (J −K, N − J)✳ J ✐% "❤❡ ♥✉♠❜❡- ♦❢ ✈❛❧✉❡% "❛❦❡♥ ❜② "❤❡ -✉♥♥✐♥❣ ✈❛-✐❛❜❧❡✱ K ✐% "❤❡

♥✉♠❜❡- ♦❢ ♣❛-❛♠❡"❡-% ♦❢ "❤❡ -❡%"-✐❝"❡❞ ♠♦❞❡❧✱ ❛♥❞ N ✐% "❤❡ ♥✉♠❜❡- ♦❢ ♦❜%❡-✈❛"✐♦♥%✳ ❚❤❡

♣♦❧②♥♦♠✐❛❧ ❢✉♥❝"✐♦♥ ✐% "♦♦ -❡%"-✐❝"✐✈❡ ✐❢ "❤❡ %"❛"✐%"✐❝ ❡①❝❡❡❞% "❤❡ ❝-✐"✐❝❛❧ ✈❛❧✉❡✳

■♥ "❤❡ ❝❛%❡ ♦❢ ❛ ❤❡"❡-♦%❦❡❞❛%"✐❝ ❡--♦- "❡-♠✱ "❤❡ ❣♦♦❞♥❡%%✲♦❢✲✜" "❡%" ✭GOF2✮ ❝❛♥ ❜❡ ♦❜✲

"❛✐♥❡❞ ❢-♦♠ ❛ ♣♦❧②♥♦♠✐❛❧ -❡❣-❡%%✐♦♥ ✇✐"❤ ❛ ❢✉❧❧ %❡" ♦❢ ❞✉♠♠② ✈❛-✐❛❜❧❡% ❢♦- "❤❡ J ✈❛❧✉❡% ♦❢ "❤❡

-✉♥♥✐♥❣ ✈❛-✐❛❜❧❡✱ ❛♥❞ "❡%"✐♥❣ ✇❤❡"❤❡- "❤❡ ❞✉♠♠② ✈❛-✐❛❜❧❡% ✐♥ "❤❡ %❡" ❛-❡ ❥♦✐♥"❧② %✐❣♥✐✜❝❛♥"✳

■♥ "❤✐% ❝❛%❡✱ "❤❡ %"❛"✐%"✐❝ ✐% ❞✐%"-✐❜✉"❡❞ ❛% ❛ ❈❤✐✲❙5✉❛-❡ ❞✐%"-✐❜✉"✐♦♥ ✇✐"❤ J −K ❞❡❣-❡❡% ♦❢

❢-❡❡❞♦♠ ✭"❤❛" ✐%✱ GOF2 ∼ χ2 (J −K)✮✳✸✶

✸✵

❋♦" #❤❡ ❛✈❡"❛❣❡ #"❡❛#♠❡♥# ❡✛❡❝#-✱ ❛ ❣"❛♣❤✐❝❛❧ ♣"❡-❡♥#❛#✐♦♥ ♦❢ #❤❡ ❞✐-❝♦♥#✐♥✉✐#② ✐- ❛❧-♦ ❤❡❧♣❢✉❧ ❛♥❞

✐♥❢♦"♠❛#✐✈❡ ✭▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ❚❤❡ ❞✐-❝"❡#❡ "✉♥♥✐♥❣ ✈❛"✐❛❜❧❡ ♣"♦✈✐❞❡- ❛ ♥❛#✉"❛❧ ✇❛② ♦❢ ❣"❛♣❤✐♥❣

#❤❡ ♠❡❛♥- ♦❢ #❤❡ ♦✉#❝♦♠❡ ✈❛"✐❛❜❧❡-✱ Yi✱ ❛- ✇❡❧❧ ❛- #❤❡ #"❡❛#♠❡♥# ✈❛"✐❛❜❧❡✱ Si✱ ❢♦" ❡❛❝❤ ❞✐-#✐♥❝# ✈❛❧✉❡ ♦❢ #❤❡

"✉♥♥✐♥❣ ✈❛"✐❛❜❧❡✳

✸✶

▲❡❡ ❛♥❞ ❈❛"❞ ✭✷✵✵✽✮ ❢✉"#❤❡" -✉❣❣❡-# #❤❛# #❤❡ -#❛♥❞❛"❞ ❡""♦"- ♦❢ #❤❡ ❡-#✐♠❛#♦"- ✐♥ #❤❡ ♠✐❝"♦✲❞❛#❛ ♠♦❞❡❧

✹✹



✸✳✸✳✹ ❈♦♥&'♦❧ ❱❛'✐❛❜❧❡.

■ ✐♥❝❧✉❞❡ ♦)❤❡+ ♦✉)❝♦♠❡✲❞❡)❡+♠✐♥✐♥❣ ❢❛❝)♦+1✱ Xi✱ ✐♥ )❤❡ +❡❣+❡11✐♦♥ ♠♦❞❡❧ ❢♦+ )❤+❡❡ +❡❛1♦♥1✳

❋✐+1)✱ ✐) ✐1 ✐♠♣♦+)❛♥) )♦ ❝❤❡❝❦ )❤❡ ✈❛❧✐❞✐)② ♦❢ )❤❡ ❧♦❝❛❧ 1♠♦♦)❤♥❡11 ❛11✉♠♣)✐♦♥ ✭❆✷✮✳

✸✷

❚❤❛)

✐1✱ )❤❡ ②❡❛+ ♦❢ ❜✐+)❤ ❡①❝❡❡❞✐♥❣ ✶✾✻✼ ❤❛1 ❛ ❞✐1❝♦♥)✐♥✉♦✉1 ✐♠♣❛❝) ♦♥ )❤❡ ♦✉)❝♦♠❡ ✈❛+✐❛❜❧❡

♦♥❧② )❤+♦✉❣❤ ②❡❛+1 ♦❢ ❡❞✉❝❛)✐♦♥✳ ❙❡❝♦♥❞✱ ❡✈❡♥ ✐❢ )❤❡ ❧♦❝❛❧ 1♠♦♦)❤♥❡11 ❛11✉♠♣)✐♦♥ ❤♦❧❞1✱
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✭✶✾✺✵✮✱ ❛♥❞ (❤❡$❡❢♦$❡✱ ✇❛# ♥♦( #✉❜❥❡❝( (♦ (❤❡ ♥❡✇ ❝♦♠♣✉❧#♦$② #❝❤♦♦❧✐♥❣ ❧❛✇✳
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❡♠♣❧♦②❡❞ ✇♦'❦❡'# ❧✐✈✐♥❣ ✐♥ ✉'❜❛♥ ❛'❡❛#✱ ❤♦✉'# ♦❢ ✇♦'❦ ♣❡' ✇❡❡❦✱ ❛♥❞ ♣'♦♣♦'.✐♦♥ ♦❢ ✇♦'❦❡'#

✐♥ .❤❡ ♥♦♥✲❛❣'✐❝✉❧.✉'❛❧ #❡❝.♦'✳ ■♥ ✶✾✽✺✱ ❛'♦✉♥❞ .✇♦✲.❤✐'❞# ♦❢ .❤❡ ♣❛✐❞✲❡♠♣❧♦②❡❞ ✇♦'❦❡'# ✇❡'❡

♠❡♥✱ ❛♥❞ .❤❡✐' '❡❧❛.✐✈❡ ♣'♦♣♦'.✐♦♥ ❞❡❝❧✐♥❡❞ .♦ ❛'♦✉♥❞ ✻✵ ♣❡' ❝❡♥. ✐♥ ✷✵✵✵✳ ❚❤'♦✉❣❤♦✉. .❤❡

♣❡'✐♦❞ ♦❢ ✐♥.❡'❡#.✱ ♠❛❧❡ ❛♥❞ ❢❡♠❛❧❡ ♣❛✐❞✲❡♠♣❧♦②❡❞ ✇♦'❦❡'# ❛❧#♦ ❞✐✛❡'❡❞ ✐♥ ❝❤❛'❛❝.❡'✐#.✐❝#
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♠❡♥ .❤❛♥ ✇♦♠❡♥✳ ❙❡❝♦♥❞✱ ❛♠♦♥❣ ✇♦♠❡♥✱ .❤❡ #❤❛'❡# ♦❢ ✇♦'❦❡'# ✐♥ ✉'❜❛♥ ❛'❡❛# ❛♥❞ ✐♥ ♥♦♥✲

❛❣'✐❝✉❧.✉'❡ ❛'❡ ❣'❡❛.❡' .❤❛♥ ❛♠♦♥❣ ♠❡♥✱ ❛♥❞ .❤❡#❡ ❣❛♣# ♣❡'#✐#.❡❞ .❤'♦✉❣❤♦✉. .❤❡ ✶✻✲②❡❛'

♣❡'✐♦❞✳ ▲❛#.❧②✱ ♣❛✐❞✲❡♠♣❧♦②❡❞ ✇♦♠❡♥ ✇♦'❦❡❞ ❢❡✇❡' ❤♦✉'# ♣❡' ✇❡❡❦✱ ❛❧.❤♦✉❣❤ .❤✐# ❞✐✛❡'❡♥❝❡

♥❛''♦✇❡❞ ♦✈❡' .✐♠❡✳

❙❡❝#♦% ▼♦❞❡❧

❚❛❜❧❡ ✸✳✷ #✉♠♠❛'✐❡# .❤❡ ❝❤❛'❛❝.❡'✐#.✐❝# ♦❢ ❡♠♣❧♦②❡❞ ✇♦'❦❡'#✱ ❜♦.❤ ♣❛✐❞ ❛♥❞ ✉♥♣❛✐❞✱ ❛❣❡❞

❜❡.✇❡❡♥ ✷✵ ❛♥❞ ✹✵ ②❡❛'# ❞✉'✐♥❣ .❤❡ ②❡❛'# ✶✾✽✺ .♦ ✷✵✵✵✳ ❚❤❡#❡ ♦❜#❡'✈❛.✐♦♥# ❛'❡ ✐♥❝❧✉❞❡❞ ✐♥

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

✐# ❧❛'❣❡' .❤❛♥ .❤❛. ♦❢ .❤❡ ❡❛'♥✐♥❣# ♠♦❞❡❧✱ ❛# .❤❡'❡ ❡①✐#. ✇♦'❦❡'# ✇❤♦ ✇❡'❡ ❡♠♣❧♦②❡❞ ❛# ✉♥♣❛✐❞

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

✐# .❤❛. .❤❡② ❛'❡ ❝♦♥#✐❞❡'❡❞ ❡❝♦♥♦♠✐❝❛❧❧② ❛❝.✐✈❡ ❛♥❞ .❤❡② ❝♦♥.'✐❜✉.❡ .♦ ❛ ❤♦✉#❡❤♦❧❞ ❢❛'♠ ♦'
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♦❢ "❤❡ ♣❡3✐♦❞✳ ❚❤✐' ✐♠♣❧✐❡' "❤❛" ♠♦'" ♦❢ "❤❡ ✉♥♣❛✐❞ ✇♦3❦❡3' ❛3❡ ❡♥❣❛❣❡❞ ✐♥ ❛❣3✐❝✉❧"✉3❡✳ ❚❤✐3❞✱ "❤❡ ❤✐❣❤❡3
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♦❢ ❡♠♣❧♦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✐♥❣ ❡①♣❧❛♥❛'✐♦♥,✳

❋✐♥❛❧❧②✱ ■ ♣*♦✈✐❞❡ *♦❜✉,'♥❡,, ❝❤❡❝❦,✳

✸✳✺✳✶ ❙♣❡❝✐✜❝❛+✐♦♥✿ ❈❤♦✐❝❡ ♦❢ 2♦❧②♥♦♠✐❛❧ ❖7❞❡7

❆, ❞✐,❝✉,,❡❞ ✐♥ ❙✉❜✲,❡❝'✐♦♥ ✸✳✸✳✸✱ ■ ✉,❡ '❤❡ ❣♦♦❞♥❡,,✲♦❢✲✜' '❡,' ❛❧❧♦✇✐♥❣ ❢♦* ❛ ❤❡'❡*♦,❦❡❞❛,'✐❝

❡**♦* '❡*♠ '♦ ,❡❧❡❝' '❤❡ ♣♦❧②♥♦♠✐❛❧ ♦*❞❡* ♦❢ '❤❡ ❘❉ *❡❣*❡,,✐♦♥,✳ ❚♦ ❞♦ ,♦✱ ■ *❡❣*❡,, ♠②

♦✉'❝♦♠❡ ✈❛*✐❛❜❧❡,✱ ❧♦❣ ♦❢ ❤♦✉*❧② ❡❛*♥✐♥❣, ❛♥❞ ❛ ♥♦♥✲❛❣*✐❝✉❧'✉*❛❧ ,❡❝'♦* ❞✉♠♠②✱ ♦♥ ❛ ❢✉❧❧ ,❡'

♦❢ ❞✉♠♠② ✈❛*✐❛❜❧❡, ❢♦* ❛❧❧ ❜✐*'❤ ❝♦❤♦*', ❛♥❞ '❤❡♥ ❛❞❞ ❤✐❣❤❡*✲♦*❞❡* '❡*♠, ♦❢ '❤❡ ♥♦*♠❛❧✐,❡❞

❞✐,'❛♥❝❡ ❢*♦♠ '❤❡ ❝✉'✲♦✛ ②❡❛* ♦❢ ❜✐*'❤ ✭'❤❛' ✐,✱ Ri − 1967✮ ✉♥'✐❧ ❛❧❧ ❜✐*'❤ ❝♦❤♦*' ❞✉♠♠✐❡,

❜❡❝♦♠❡ ❥♦✐♥'❧② ✐♥,✐❣♥✐✜❝❛♥'✳

❚❛❜❧❡ ✸✳✸ ♣*❡,❡♥', '❤❡ ♣✲✈❛❧✉❡, ❢*♦♠ '❤❡ ❈❤✐✲❙N✉❛*❡ '❡,', ♦❢ '❤❡ ✭❥♦✐♥'✮ ,'❛'✐,'✐❝❛❧ ,✐❣♥✐✲

✜❝❛♥❝❡ ♦❢ '❤❡ ❜✐*'❤ ❝♦❤♦*' ❞✉♠♠✐❡, ✇✐'❤ '❤❡ ✜*,' ✭❧✐♥❡❛*✮ '♦ '❤❡ ❢♦✉*'❤✲♦*❞❡* ♣♦❧②♥♦♠✐❛❧,

♦❢ '❤❡ ❞✐,'❛♥❝❡ ❢*♦♠ '❤❡ ❝✉'✲♦✛ ②❡❛* ♦❢ ❜✐*'❤✱ ✶✾✻✼✳ ❚❤❛' ✐,✱ ❛ ♣✲✈❛❧✉❡ ❣*❡❛'❡* '❤❛♥ '❤❡ ,✐❣✲

♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ α✱ ✐♠♣❧✐❡, '❤❛' '❤❡ ,❡❧❡❝'❡❞ ♣♦❧②♥♦♠✐❛❧ ♦*❞❡* ❡①♣❧❛✐♥, '❤❡ ❞❛'❛ ✇❡❧❧✳ ❚❤❡,❡

*❡❣*❡,,✐♦♥, ❛*❡ ❡,'✐♠❛'❡❞ ❢♦* '❤❡ ♣♦♦❧❡❞✱ ♠❛❧❡✱ ❛♥❞ ❢❡♠❛❧❡ ,❛♠♣❧❡, *❡,♣❡❝'✐✈❡❧② ✭❚❛❜❧❡, ✸✳✸❛✱

✸✳✸❜✱ ❛♥❞ ✸✳✸❝✮✳ ❚❤❡ ✜*,' '❤*❡❡ ❝♦❧✉♠♥, ,❤♦✇ '❤❡ ♣✲✈❛❧✉❡, ❢♦* '❤❡ ❡❛*♥✐♥❣, *❡❣*❡,,✐♦♥, ✇✐'❤

❞✐✛❡*❡♥' ,❡', ♦❢ ❛❞❞✐'✐♦♥❛❧ ❝♦♥'*♦❧,✱ ✇❤✐❧❡ '❤❡ ❧❛,' '❤*❡❡ ❝♦❧✉♠♥, ,❤♦✇ '❤❡ ❝♦**❡,♣♦♥❞✐♥❣

*❡,✉❧', ❢♦* '❤❡ ♥♦♥✲❛❣*✐❝✉❧'✉*❛❧ ,❡❝'♦* *❡❣*❡,,✐♦♥,✳
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'❤❡ ❞✐,'❛♥❝❡ ❢*♦♠ '❤❡ ❝✉'✲♦✛ ②❡❛* ♦❢ ❜✐*'❤ ❡✛❡❝'✐✈❡❧② ✜' '❤❡ ❞❛'❛✳ ■♥ ♣❛*'✐❝✉❧❛*✱ ❢♦* ❛❧❧ *❡❣*❡,✲

,✐♦♥, ✇✐'❤ ❛❞❞✐'✐♦♥❛❧ ❝♦♥'*♦❧, ✭❈♦❧✉♠♥, ✷ ❛♥❞ ✸ ❢♦* '❤❡ ❡❛*♥✐♥❣, *❡❣*❡,,✐♦♥,✱ ❛♥❞ ❈♦❧✉♠♥, ✺

❛♥❞ ✻ ❢♦* '❤❡ ♥♦♥✲❛❣*✐❝✉❧'✉*❛❧ ,❡❝'♦* *❡❣*❡,,✐♦♥,✮✱ '❤❡ ❝♦❡✣❝✐❡♥', ♦♥ '❤❡ ❝♦❤♦*' ❞✉♠♠✐❡, ❛*❡
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Edi,j = α1 + α2,j · ✶ {Ri ≥ 1967}+ α3 ·Xi + ǫi ✭✸✳✶✶✮

✇❤❡.❡ Edi,j ✐! ❛ ❞✉♠♠② ✈❛.✐❛❜❧❡ (❤❛( ✐♥❞✐❝❛(❡! ✇❤❡(❤❡. ✐♥❞✐✈✐❞✉❛❧ i ❜♦.♥ ✐♥ ②❡❛. Ri ❝♦♠✲

♣❧❡(❡❞ j ❡❞✉❝❛(✐♦♥✱ ❢♦. j ❂ ❧♦✇❡. (❤❛♥ ♣.✐♠❛.②✱ ♣.✐♠❛.②✱ ❧♦✇❡. !❡❝♦♥❞❛.②✱ ✉♣♣❡. !❡❝♦♥❞❛.②✱

❛♥❞ (❡.(✐❛.②✳ ❚❤✉!✱ α2,j ✐! (❤❡ ✐♠♣❛❝( ♦❢ (❤❡ ❝♦♠♣✉❧!♦.② !❝❤♦♦❧✐♥❣ .❡❢♦.♠ ♦♥ (❤❡ ❝♦♠♣❧❡(✐♦♥

❛( ❡❛❝❤ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛(✐♦♥ j✳ α2,j ✐! ❡!(✐♠❛(❡❞ ❢♦. (❤❡ ♣♦♦❧❡❞ !❛♠♣❧❡ ♦❢ ❡♠♣❧♦②❡❞ ✇♦.❦❡.!
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.❤❡ ♣%♦❜❛❜✐❧✐.② ♦❢ ❝♦♠♣❧❡.✐♥❣ ♣%✐♠❛%② ❡❞✉❝❛.✐♦♥ ❜② ✸✹ ♣❡% ❝❡♥. ♦♥ ❛✈❡%❛❣❡✳ ▼❡❛♥✇❤✐❧❡✱
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 ♦ ✻✮✳

✸✽

■♥ ❜♦ ❤  ❛❜❧❡,✱ ❞✐✛❡1❡♥ ❝♦❧✉♠♥, ,❤♦✇  ❤❡ 1❡,✉❧ , ❢1♦♠ ✈❛1✐♦✉, ,♣❡❝✐✜❝❛ ✐♦♥,✳

✸✾

❆, ❞✐,❝✉,,❡❞ ❡❛1❧✐❡1✱ ✇❤✐❧❡  ❤❡ ❘❉ ❛,,✉♠♣ ✐♦♥, ♠❛② ❜❡ ✈❛❧✐❞ ✇✐ ❤♦✉ ❝♦♥❞✐ ✐♦♥✐♥❣✱ ❛❞❞✐♥❣

❝♦✈❛1✐❛ ❡, ✐, ❤❡❧♣❢✉❧ ❢♦1 ✈❡1✐❢②✐♥❣ ❧♦❝❛❧ ,♠♦♦ ❤♥❡,, ✭❛,,✉♠♣ ✐♦♥ ❆✷✮✳ ❆❞❞✐ ✐♦♥❛❧ ❝♦✈❛1✐❛ ❡,

❝❛♥ ❝♦♥ 1♦❧ ❢♦1 ❝♦♥ ✐♥✉♦✉, 1❡❧❛ ✐♦♥,❤✐♣, ❜❡ ✇❡❡♥ ♦ ❤❡1 ❢❛❝ ♦1, ❛♥❞  ❤❡ ♦✉ ❝♦♠❡, ❛❝1♦,,  ❤❡

❝✉ ✲♦✛ ❛, ✇❡❧❧ ❛, ✐♥❝1❡❛,✐♥❣  ❤❡ ♣1❡❝✐,✐♦♥ ♦❢  ❤❡ ❡, ✐♠❛ ❡,✳

✸✳✺✳✹✳✶ ❊❛)♥✐♥❣-

■ ❜❡❣✐♥  ❤❡ ❛♥❛❧②,✐, ♦❢ 1❡ ✉1♥,  ♦ ❡❞✉❝❛ ✐♦♥ ❜② ✐❣♥♦1✐♥❣ ♣♦ ❡♥ ✐❛❧ ❜✐❛,❡, ❞✉❡  ♦ ♠❡❛,✉1❡✲

♠❡♥ ❡11♦1 ❛♥❞✴♦1 ✉♥♦❜,❡1✈❡❞ ✐♥❞✐✈✐❞✉❛❧ ❤❡ ❡1♦❣❡♥❡✐ ② ✐♥ ❛❜✐❧✐ ② ❛♥❞ ♣1❡❢❡1❡♥❝❡,✳ ❉✉❡  ♦

♣♦ ❡♥ ✐❛❧❧② ,②, ❡♠❛ ✐❝ ❞✐✛❡1❡♥❝❡, ✐♥ ❡❛1♥✐♥❣, ❛♥❞ ❧❛❜♦✉1 ♠❛1❦❡ ❞❡❝✐,✐♦♥,✱ ■ ❡, ✐♠❛ ❡ 1❡ ✉1♥,

 ♦ ❡❞✉❝❛ ✐♦♥ ❢♦1  ❤❡ ♣♦♦❧❡❞ ,❛♠♣❧❡✱ ❛, ✇❡❧❧ ❛, ♠❡♥ ❛♥❞ ✇♦♠❡♥ ,❡♣❛1❛ ❡❧②✳ ❋♦❧❧♦✇✐♥❣ ▼✐♥✲

❝❡1 ✭✶✾✼✹✮✱ ■ ❡, ✐♠❛ ❡ ❛ ,❡♠✐✲❧♦❣❛1✐ ❤♠✐❝ ,♣❡❝✐✜❝❛ ✐♦♥ ♦❢ ✭1❡❛❧ ❤♦✉1❧②✮ ❡❛1♥✐♥❣,✱ ✉,✐♥❣ ❖▲❙

1❡❣1❡,,✐♦♥,✳ ■♥ ❛❞❞✐ ✐♦♥  ♦ ②❡❛1, ♦❢ ❡❞✉❝❛ ✐♦♥✱  ❤❡ ❝♦♥ 1♦❧ ✈❛1✐❛❜❧❡, ✐♥  ❤❡ ❡❛1♥✐♥❣, ♠♦❞❡❧

✐♥❝❧✉❞❡ ❛❣❡ ❛♥❞ ✐ , ,L✉❛1❡ ❛, ❛ ♣1♦①② ❢♦1 ❧❛❜♦✉1 ♠❛1❦❡ ❡①♣❡1✐❡♥❝❡❀ ❤♦✉1, ♦❢ ✇♦1❦ ♣❡1 ✇❡❡❦

 ♦ ❝♦♥ 1♦❧ ❢♦1  ❤❡ ❧❛❜♦✉1 ,✉♣♣❧② ❡✛❡❝ ❀ ❛♥❞ ❛ 1✉1❛❧✲✉1❜❛♥ ✐♥❞✐❝❛ ♦1✳ ■♥ ❛❞❞✐ ✐♦♥✱ ■ ✐♥❝❧✉❞❡

♣1♦✈✐♥❝❡ ❛♥❞ ②❡❛1 ❞✉♠♠✐❡,  ♦ ❢❛❝ ♦1 ♦✉ ♠❛❝1♦❡❝♦♥♦♠✐❝ ❡✛❡❝ , ♦♥ ❡❛1♥✐♥❣,  ❤❛ ♠❛② ♦❝❝✉1

❞✐✛❡1❡♥ ❧② ❜② ❧♦❝❛ ✐♦♥ ❛♥❞  ✐♠❡✳

✹✵

■ ❛❧,♦ ✐♥❝❧✉❞❡ ❛ ♠❛1✐ ❛❧ , ❛ ✉, ❞✉♠♠② ✈❛1✐❛❜❧❡✳ ❚❤❡

♣♦❧②♥♦♠✐❛❧ ♦1❞❡1 ♦❢  ❤❡ ❞✐, ❛♥❝❡ ❢1♦♠  ❤❡ ❝✉ ✲♦✛ ②❡❛1 ♦❢ ❜✐1 ❤ ✐, ♦❢ ❞❡❣1❡❡  ✇♦ ✭L✉❛❞1❛ ✐❝✮✳

■ ,❤♦✉❧❞ ❡♠♣❤❛,✐,❡  ❤❛ ✱ ♦✇✐♥❣  ♦  ❤❡ ❘❉ ❢1❛♠❡✇♦1❦✱  ❤❡ 1❡ ✉1♥,  ♦ ❡❞✉❝❛ ✐♦♥ ❡, ✐♠❛ ❡❞ ✐♥

 ❤✐, ❝❤❛♣ ❡1 ❛1❡ ❢♦1❝❡❞  ♦ ❜❡ ❧✐♥❡❛1✱ ✐♠♣❧②✐♥❣ ❛ ❝♦♥, ❛♥ ✭❛✈❡1❛❣❡✮ ♠❛1❣✐♥❛❧ 1❡ ✉1♥  ♦ ❛♥ ❛❞✲

❞✐ ✐♦♥❛❧ ②❡❛1 ♦❢ ,❝❤♦♦❧✐♥❣✳ ❆❧,♦✱  ❤❡ ♥✉♠❜❡1, ♦❢ ♠❛❧❡ ❛♥❞ ❢❡♠❛❧❡ ♣❛✐❞ ❡♠♣❧♦②❡❞ ✇♦1❦❡1, ❛1❡

♥♦ ♣1♦♣♦1 ✐♦♥❛ ❡  ♦  ❤❡ ♠❛❧❡ ❛♥❞ ❢❡♠❛❧❡ ♣♦♣✉❧❛ ✐♦♥,✳ ❲❤✐❧❡  ❤✐, ❝❤❛♣ ❡1 ❞♦❡, ♥♦ ❢♦❝✉, ♦♥

 ❤❡ ,❡❧❡❝ ✐♦♥ ✐,,✉❡,✱ ✐ ✐, ✇♦1 ❤ ♥♦ ✐♥❣  ❤❛  ❤❡ ❞✐✛❡1❡♥❝❡ ✐♥ ❡, ✐♠❛ ❡❞ 1❡ ✉1♥,  ♦ ❡❞✉❝❛ ✐♦♥

❜❡ ✇❡❡♥ ❣❡♥❞❡1 ❝♦✉❧❞ ❜❡ ❞✉❡  ♦ ,❡❧❢✲,❡❧❡❝ ✐♦♥ ✐♥ ♦ ♣❛✐❞ ❡♠♣❧♦②♠❡♥ ✳

❈♦❧✉♠♥, ✶  ♦ ✸ ✐♥ ❚❛❜❧❡ ✸✳✻ ❞✐,♣❧❛②  ❤❡ ❖▲❙ 1❡ ✉1♥,  ♦ ❡❞✉❝❛ ✐♦♥ ❡, ✐♠❛ ❡❞ ❢1♦♠  ❤❡

❡❛1♥✐♥❣, 1❡❣1❡,,✐♦♥,✳ S❛♥❡❧, ✭❛✮✱ ✭❜✮✱ ❛♥❞ ✭❝✮ ♣1❡,❡♥  ❤❡ 1❡,✉❧ , ❢♦1  ❤❡ ♣♦♦❧❡❞✱ ♠❛❧❡✱ ❛♥❞

❢❡♠❛❧❡ ,❛♠♣❧❡, 1❡,♣❡❝ ✐✈❡❧②✳ ❚❤❡ ❖▲❙ ❡, ✐♠❛ ❡, ✇✐ ❤♦✉ ❛♥② ❝♦♥ 1♦❧, ,✉❣❣❡,  ❤❛ ❛♥ ❛❞❞✐✲

 ✐♦♥❛❧ ②❡❛1 ♦❢ ❡❞✉❝❛ ✐♦♥ ✐, ❛,,♦❝✐❛ ❡❞ ✇✐ ❤ ❛♥ ❛♣♣1♦①✐♠❛ ❡❧② ✶✸ ♣❡1 ❝❡♥ ✐♥❝1❡❛,❡ ✐♥ ❤♦✉1❧②

✸✽

●✐✈❡♥ %❤❛% ■ ✉*❡ %❤❡ *❛♠❡ ❞❛%❛ ✇✐♥❞♦✇ ❛♥❞ ♣♦❧②♥♦♠✐❛❧ ❢✉♥❝%✐♦♥ ❜♦%❤ %❤❡ ✜6*%✲*%❛❣❡ ❛♥❞ %❤❡ 6❡❞✉❝❡❞

❢♦6♠ 6❡❣6❡**✐♦♥*✱ %❤❡ ❘❉ ❡*%✐♠❛%❡* ❢6♦♠ %❤❡ %✇♦✲*%❛❣❡ ❧❡❛*% *<✉❛6❡ ❡<✉❛%✐♦♥* ❛6❡ ❡<✉❛❧ %♦ %❤❡ 6❛%✐♦ ♦❢ %❤❡

6❡❞✉❝❡❞ ❢♦6♠ ❡*%✐♠❛%❡* %♦ %❤❡ ✜6*%✲*%❛❣❡ ❡*%✐♠❛%❡* ✭❛* ❡①♣❧❛✐♥❡❞ ✐♥ ♣✳ ✹✸✮✳

✸✾

❈♦❧✉♠♥* ✶ ❛♥❞ ✹ ❛6❡ %❤❡ ❡*%✐♠❛%❡* ✇✐%❤♦✉% ❝♦♥%6♦❧*✳ ❈♦❧✉♠♥* ✷ ❛♥❞ ✺ ❛6❡ %❤❡ ❡*%✐♠❛%❡* ✇✐%❤ ❝♦♥%6♦❧*

❢♦6 ♣6♦✈✐♥❝❡ ❛♥❞ ②❡❛6 ❞✉♠♠✐❡*✳ ❈♦❧✉♠♥* ✸ ❛♥❞ ✻ ❛6❡ %❤❡ ❡*%✐♠❛%❡* ✇✐%❤ %❤❡ ❢✉❧❧ *❡% ♦❢ ❝♦♥%6♦❧*✳

✹✵

❆ ♠❛❧❡ ❞✉♠♠② ✐* ❛❧*♦ ✐♥❝❧✉❞❡❞ ✐♥ %❤❡ ♣♦♦❧❡❞ 6❡❣6❡**✐♦♥*✳
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❞♦✉❜❧❡ ,❡❧❡❝"✐♦♥ ❝♦$$❡❝"✐♦♥ "❡❝❤♥✐7✉❡ "♦ ❝♦♥"$♦❧ ❢♦$ ♣♦"❡♥"✐❛❧ ,❛♠♣❧❡ ,❡❧❡❝"✐♦♥ ❜✐❛, ❛$✐,✐♥❣

❢$♦♠ ♥♦♥✲$❛♥❞♦♠ ,❡❧❡❝"✐♦♥ ✐♥"♦ ❛ ,♣❡❝✐✜❝ ,❡❝"♦$ ♦$ ♣❛✐❞ ❡♠♣❧♦②♠❡♥"✳ ❆" "❤❡ ,❛♠❡ "✐♠❡✱ ■

✉,❡ ❛ ❝♦♥"$♦❧ ❢✉♥❝"✐♦♥ ✭❈❋✮ ❛♣♣$♦❛❝❤ "♦ ❝♦$$❡❝" ❢♦$ ♣♦"❡♥"✐❛❧ ❡♥❞♦❣❡♥❡✐"② ♦❢ ❡❞✉❝❛"✐♦♥✳ ❚❤❡

❈❋ ❛♣♣$♦❛❝❤ ❝♦$$❡❝", ❢♦$ "❤✐, ❡♥❞♦❣❡♥❡✐"② ✇❤✐❧❡ ❛❧❧♦✇✐♥❣ ❢♦$ ❤❡"❡$♦❣❡♥❡✐"② ✐♥ $❡"✉$♥, ❛❝$♦,,

❧❡✈❡❧, ♦❢ ❡❞✉❝❛"✐♦♥ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧,✳ ❋✉$"❤❡$♠♦$❡✱ ✇✐"❤ ❛❞❞✐"✐♦♥❛❧ ♣❛$❛♠❡"$✐❝ ❛,,✉♠♣"✐♦♥,

♦♥ "❤❡ ❝♦$$❡❧❛"✐♦♥ ❜❡"✇❡❡♥ "❤❡ ✉♥♦❜,❡$✈❛❜❧❡, ✐♥ "❤❡ ,❡❝"♦$❛❧ ❡❛$♥✐♥❣, ❛♥❞ ❡❞✉❝❛"✐♦♥❛❧ ❝❤♦✐❝❡

♣$♦❝❡,,❡,✱ "❤❡ ❈❋ ❛♣♣$♦❛❝❤ $❡❝♦✈❡$, "❤❡ ♣♦♣✉❧❛"✐♦♥✲❧❡✈❡❧ ❡✛❡❝", ♦❢ ❡❞✉❝❛"✐♦♥✳ ❙✐♠✐❧❛$ "♦

❈❤❛♣"❡$ ✸✱ ■ ✉,❡ "❤❡ ❝❤❛♥❣❡ ✐♥ "❤❡ ❝♦♠♣✉❧,♦$② ,❝❤♦♦❧✐♥❣ ❧❛✇ ✐♥ ✶✾✼✽ "♦ ♣$♦❞✉❝❡ ❡①♦❣❡♥♦✉,

✈❛$✐❛"✐♦♥ ✐♥ ✐♥❞✐✈✐❞✉❛❧,✬ ❡❞✉❝❛"✐♦♥✳

▼② ❡♠♣✐$✐❝❛❧ $❡,✉❧", ❝♦♥✜$♠ "❤❡ ✐♠♣♦$"❛♥❝❡ ♦❢ ❤✉♠❛♥ ❝❛♣✐"❛❧ ✐♥ ❢❛❝✐❧✐"❛"✐♥❣ "❤❡ ,"$✉❝✲

"✉$❛❧ "$❛♥,❢♦$♠❛"✐♦♥ ✐♥ ❚❤❛✐❧❛♥❞ ❞✉$✐♥❣ "❤❡ ❤✐❣❤ ❣$♦✇"❤ ♣❡$✐♦❞ ❜❡"✇❡❡♥ ✶✾✽✺ ❛♥❞ ✷✵✵✵✳

■ ✜♥❞ "❤❛" ❡❞✉❝❛"✐♦♥ ❤❛, ,✐❣♥✐✜❝❛♥" ♣♦,✐"✐✈❡ ❡✛❡❝", ♦♥ $❡❛❧❧♦❝❛"✐♥❣ ✇♦$❦❡$, ❢$♦♠ "❤❡ ❛❣✲

$✐❝✉❧"✉$❛❧ ,❡❝"♦$ "♦ "❤❡ ♥♦♥✲❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$ ❢♦$ ❛❧❧ ✇♦$❦❡$,✱ ❛♥❞ ❢$♦♠ ✉♥♣❛✐❞ "♦ ♣❛✐❞

❡♠♣❧♦②♠❡♥" ❢♦$ "❤❡ ❢❡♠❛❧❡ ❧❛❜♦✉$ ❢♦$❝❡✳ ❚❤❡ ❡✛❡❝", ♦❢ ❡❞✉❝❛"✐♦♥ ♦♥ ❡❛$♥✐♥❣, ❛$❡ ❢♦✉♥❞ "♦

❜❡ ,✐❣♥✐✜❝❛♥"❧② ♥♦♥✲❧✐♥❡❛$ ❛♥❞ ❞✐✛❡$❡♥" ❛❝$♦,, ,❡❝"♦$,✳ ❚❤❡ $❡"✉$♥, "♦ ❡❞✉❝❛"✐♦♥ ❛" ❛ ❧❡✈❡❧

❜❡❧♦✇ ♣$✐♠❛$② ,❝❤♦♦❧ ❛$❡ ❤✐❣❤❡$ ✐♥ "❤❡ ❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$✳ ❍♦✇❡✈❡$✱ "❤❡ ❛❣$✐❝✉❧"✉$❛❧ $❡"✉$♥,

❞❡❝❧✐♥❡✱ ❛, ❡❞✉❝❛"✐♦♥❛❧ ❛""❛✐♥♠❡♥" ✐♥❝$❡❛,❡,✱ ❛♥❞ ❡✈❡♥"✉❛❧❧② ❜❡❝♦♠❡ ♥❡❣❛"✐✈❡ ❛" ❛$♦✉♥❞ ❛♥❞

❛❢"❡$ ✼ ②❡❛$, ♦❢ ,❝❤♦♦❧✳ ❚❤❛" ✐,✱ "❤❡ ❡❞✉❝❛"✐♦♥✲❡❛$♥✐♥❣, ♣$♦✜❧❡ ✐, ❝♦♥❝❛✈❡ ✐♥ "❤❡ ❛❣$✐❝✉❧✲

"✉$❛❧ ,❡❝"♦$✳ ❖♥ "❤❡ ♦"❤❡$ ❤❛♥❞✱ "❤❡ $❡"✉$♥, "♦ ❡❞✉❝❛"✐♦♥ ✐♥ "❤❡ ♥♦♥✲❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$ ❛$❡

✈❡$② ❧♦✇ ❛" ❧♦✇ ❧❡✈❡❧, ♦❢ ❡❞✉❝❛"✐♦♥✱ ❜✉" ✐♥❝$❡❛,❡ ✇✐"❤ ②❡❛$, ♦❢ ❡❞✉❝❛"✐♦♥✳ ■♥ ♦"❤❡$ ✇♦$❞,✱

"❤❡ ♥♦♥✲❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$ ❤❛, ❛ ❝♦♥✈❡① ❡❞✉❝❛"✐♦♥✲❡❛$♥✐♥❣, ♣$♦✜❧❡✳ ❚❤❡ ♥♦♥✲❛❣$✐❝✉❧"✉$❛❧

$❡"✉$♥, ❜❡❝♦♠❡ ❤✐❣❤❡$ "❤❛♥ "❤❡ ❛❣$✐❝✉❧"✉$❛❧ $❡"✉$♥, ❛" ❛$♦✉♥❞ ✻ ②❡❛$, ♦❢ ♣$✐♠❛$② ,❝❤♦♦❧ ❛♥❞

❜❡②♦♥❞ "❤❛" "❤❡ ❣❛♣ ✐♥ "❤❡ $❡"✉$♥, ✐, ✐♥❝$❡❛,✐♥❣ ✇✐"❤ ②❡❛$, ♦❢ ❡❞✉❝❛"✐♦♥✳ ❈♦♠♣❛$❡❞ "♦ ♠❡♥✱

✇♦♠❡♥✬, ❡❞✉❝❛"✐♦♥✲❡❛$♥✐♥❣, ♣$♦✜❧❡ ✐, ♠♦$❡ ❝♦♥❝❛✈❡ ✐♥ "❤❡ ❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$ ❛♥❞ ❧❡,, ❝♦♥✈❡①

✐♥ "❤❡ ♥♦♥✲❛❣$✐❝✉❧"✉$❛❧ ,❡❝"♦$✳

❚❤✐, ❝❤❛♣"❡$ ♠❛❦❡, "✇♦ ♠❛✐♥ ❝♦♥"$✐❜✉"✐♦♥, "♦ "❤❡ ,"✉❞② ♦❢ $❡"✉$♥, "♦ ❡❞✉❝❛"✐♦♥ ❛♥❞

,"$✉❝"✉$❛❧ "$❛♥,❢♦$♠❛"✐♦♥✳ ❋✐$,"✱ ■ ♣$♦✈✐❞❡ ❛ ❢$❛♠❡✇♦$❦ "❤❛" ❧✐♥❦, "❤❡ ♠❛❝$♦❡❝♦♥♦♠✐❝ ❣$♦✇"❤

♠♦❞❡❧, $❡❧❛"❡❞ "♦ ,"$✉❝"✉$❛❧ "$❛♥,❢♦$♠❛"✐♦♥ "♦ ❧❛❜♦✉$ ♠❛$❦❡" ♦✉"❝♦♠❡,✳ ■ "❡," "❤❡ $❡❧❡✈❛♥❝❡

♦❢ "❤❡,❡ ♠♦❞❡❧, ✉,✐♥❣ ♠✐❝$♦✲❧❡✈❡❧ ❧❛❜♦✉$ ❞❛"❛✳ ❙❡❝♦♥❞✱ ■ ❛""❡♠♣" "♦ ❡,"✐♠❛"❡ $❡"✉$♥, "♦ ❡❞✉✲

❝❛"✐♦♥ ✇❤✐❝❤ ❛$❡ ❤❡"❡$♦❣❡♥❡♦✉, ❛❝$♦,, ❧❡✈❡❧, ♦❢ ❡❞✉❝❛"✐♦♥ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧,✱ ❛♥❞ ❛♣♣❧② "♦ "❤❡

✼✺



❡♥"✐$❡ ♣♦♣✉❧❛"✐♦♥✳ ❊❛$❧✐❡$ ,"✉❞✐❡, ♦❢ $❡"✉$♥, "♦ ❡❞✉❝❛"✐♦♥ ✉,❡❞ "❤❡ ❝♦♥✈❡♥"✐♦♥❛❧ ✐♥,"$✉♠❡♥"❛❧

✈❛$✐❛❜❧❡ ✭■❱✮ ❛♣♣$♦❛❝❤ "♦❣❡"❤❡$ ✇✐"❤ ❛ ,❡" ♦❢ ,"❛♥❞❛$❞ ❛,,✉♠♣"✐♦♥,✳ ❚❤❡,❡ ,"✉❞✐❡, ❛$❡ ❛❜❧❡

"♦ $❡❝♦✈❡$ ♦♥❧② ❛ ❧✐♥❡❛$ ❡✛❡❝" ♦❢ ❡❞✉❝❛"✐♦♥ ♦♥ ❡❛$♥✐♥❣, ✇❤✐❝❤ ❛♣♣❧✐❡, "♦ "❤♦,❡ ,✉❜✲♣♦♣✉❧❛"✐♦♥,

✇❤♦,❡ ❡❞✉❝❛"✐♦♥ ❞❡❝✐,✐♦♥, ❝❤❛♥❣❡ ✐♥ $❡,♣♦♥,❡ "♦ "❤❡ ✐♥,"$✉♠❡♥"✳

❚❤❡ ,"$✉❝"✉$❡ ♦❢ "❤✐, ❝❤❛♣"❡$ ✐, ❛, ❢♦❧❧♦✇,✳ ❙❡❝"✐♦♥ ✹✳✷ $❡✈✐❡✇, "❤❡ "✇♦ ❝♦♠♣❡"✐♥❣ ❣$♦✇"❤

♠♦❞❡❧, $❡❧❛"❡❞ "♦ ,"$✉❝"✉$❛❧ "$❛♥,❢♦$♠❛"✐♦♥ ❛♥❞ "❤❡✐$ ❧❛❜♦✉$ ♠❛$❦❡" ✐♠♣❧✐❝❛"✐♦♥,✳ ❙❡❝"✐♦♥ ✹✳✸

♦✉"❧✐♥❡, "❤❡ ❡♠♣✐$✐❝❛❧ ❢$❛♠❡✇♦$❦ ❛♥❞ ❞✐,❝✉,,❡, "❤❡ ✐❞❡♥"✐✜❝❛"✐♦♥ ,"$❛"❡❣② ✉,❡❞ "♦ ❡,"✐♠❛"❡

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

❡❞✉❝❛"✐♦♥✳ ❙❡❝"♦$ ✹✳✹ ❞❡,❝$✐❜❡, "❤❡ ❞❛"❛ ❛♥❞ ♣$❡,❡♥", ❞❡,❝$✐♣"✐✈❡ ,"❛"✐,"✐❝, ♦❢ "❤❡ $❡❧❡✈❛♥"

,❛♠♣❧❡ ❛♥❞ ✈❛$✐❛❜❧❡, ❢$♦♠ "❤❡ ▲❛❜♦✉$ ❋♦$❝❡ ❙✉$✈❡② ✭▲❋❙✮✳ ❙❡❝"♦$ ✹✳✺ ❞✐,❝✉,,❡, "❤❡ ❡♠♣✐$✐❝❛❧

$❡,✉❧", ✇❤✐❝❤ ❝♦♥,✐," ♦❢ "✇♦ ♠❛✐♥ ♣❛$",✳ ❋✐$,"✱ ■ ❞✐,❝✉,, ❤♦✇ ❡❞✉❝❛"✐♦♥ ❛✛❡❝", "❤❡ ,♦$"✐♥❣

✐♥"♦ ♣❛✐❞ ❡♠♣❧♦②♠❡♥" ❛♥❞ "❤❡ ,❡❝"♦$ ♦❢ ✇♦$❦✳ ❙❡❝♦♥❞✱ ■ ❡,"✐♠❛"❡ "❤❡ ,❡❝"♦$❛❧ $❡"✉$♥, "♦

❡❞✉❝❛"✐♦♥✳ ■ ❛❧,♦ ♣$♦✈✐❞❡ ❛ ❞✐,❝✉,,✐♦♥ ♦❢ ❤♦✇ "❤❡ $❡,✉❧", ❛$❡ $❡❧❛"❡❞ "♦ "❤❡ "✇♦ ,"$✉❝"✉$❛❧

"$❛♥,❢♦$♠❛"✐♦♥ ❣$♦✇"❤ ♠♦❞❡❧,✳ ❙❡❝"✐♦♥ ✹✳✻ ❝♦♥❝❧✉❞❡,✳

✹✳✷ ▼♦❞❡❧❧✐♥❣ ❙,-✉❝,✉-❛❧ ❚-❛♥2❢♦-♠❛,✐♦♥ ❛♥❞ ❊❝♦♥♦♠✐❝ ●-♦✇,❤✿

❆ ❘❡✈✐❡✇ ♦❢ ,❤❡ ❚✇♦ ▼❛✐♥ ❙,-✉❝,✉-❛❧ ❈❤❛♥❣❡ ●-♦✇,❤

▼♦❞❡❧2

●✐✈❡♥ "❤❡ ❡✈✐❞❡♥❝❡ ♦❢ ,"$✉❝"✉$❛❧ "$❛♥,❢♦$♠❛"✐♦♥ ✐♥ ♠❛♥② ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥"$✐❡,✱
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.✉❝❤ ❛. ❡❞✉❝❛"✐♦♥✱ ✇♦'❦ ❡①♣❡'✐❡♥❝❡✱ ❛♥❞ "'❛✐♥✐♥❣✳

✽✵



❚❡①# ❚❛❜❧❡ ✹✳✶✿ ▲❛❜♦✉. ▼❛.❦❡# ■♠♣❧✐❝❛#✐♦♥7 ❢♦. #❤❡ ❚✇♦ ❙#.✉❝#✉.❛❧ ❈❤❛♥❣❡ ●.♦✇#❤ ▼♦❞❡❧7

❘❡❛❧ ❙%&✉❝%✉&❛❧ ❈❤❛♥❣❡ ❍✉♠❛♥ ❈❛♣✐%❛❧ ❆✉❣♠❡♥%❡❞

❙%&✉❝%✉&❛❧ ❈❤❛♥❣❡

✶✳ ❙❡❝%♦'❛❧ *♦'%✐♥❣

♣'♦❝❡**

• ❯♥❡①♣❧❛✐♥❡❞ ❜② ❡❞✉❝❛%✐♦♥✳ • ❊❞✉❝❛%✐♦♥ ❤❡❧♣* %♦ '❡❛❧❧♦❝❛%❡ ✇♦'❦❡'*

❢'♦♠ %❤❡ ❛❣'✐❝✉❧%✉'❛❧ *❡❝%♦' %♦ %❤❡

♥♦♥✲❛❣'✐❝✉❧%✉'❛❧ *❡❝%♦'✳

✷✳ ◆♦♥✲❛❣'✐❝✉❧%✉'❛❧

❡❛'♥✐♥❣* ♣'❡♠✐✉♠

• ❯♥❡①♣❧❛✐♥❡❞ ❜② %❤❡ ❞✐✛❡'❡♥%

❧❡✈❡❧* ♦❢ ❡❞✉❝❛%✐♦♥* ✐♥ %❤❡ %✇♦

*❡❝%♦'*✳

• ❊①♣❧❛✐♥❡❞ ❜② %❤❡ ❞✐✛❡'❡♥% ❧❡✈❡❧* ♦❢

❡❞✉❝❛%✐♦♥ ✐♥ %❤❡ %✇♦ *❡❝%♦'*✳ ■% ✐* ❧✐❦❡❧②

%❤❛% %❤❡ ♣'❡♠✐✉♠ ✐* ❧❛'❣❡' ❢♦' ✇♦'❦❡'* ✇✐%❤

❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛%✐♦♥✳

✸✳ ❙❡❝%♦'❛❧ '❡%✉'♥* %♦

❡❞✉❝❛%✐♦♥

• RAgric. ≃ RNon−agric.❀ ❢♦' ❛❧❧

❧❡✈❡❧* ♦❢ ❡❞✉❝❛%✐♦♥✳

• RAgric. < RNon−agric.❀ ♣❛'%✐❝✉❧❛'❧② ❛% ❛

❤✐❣❤ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛%✐♦♥ ✭✐❢ ❛❧❧♦✇✐♥❣ ❢♦'

♥♦♥✲❧✐♥❡❛' ❡✛❡❝%* ♦❢ ❡❞✉❝❛%✐♦♥ ♦♥ ❡❛'♥✐♥❣*✮✳

◆♦"❡$✿ ✯ RAgric. ❛♥❞ RNon−agric. ❛*❡ *❡"✉*♥$ "♦ ❡❞✉❝❛"✐♦♥ ✐♥ "❤❡ ❛❣*✐❝✉❧"✉*❛❧ ❛♥❞ ♥♦♥✲❛❣*✐❝✉❧"✉*❛❧ $❡❝"♦*$ *❡$♣❡❝"✐✈❡❧②✳

✯✯ ■♥ "❤✐$ ❝❤❛♣"❡*✱ ■ "❡$" 8♦✐♥"$ ✶ ❛♥❞ ✸ ✉$✐♥❣ ♠✐❝*♦✲❧❡✈❡❧ ❧❛❜♦✉* ❢♦*❝❡ ❞❛"❛✳

✹✳✸ ❊❝♦♥♦♠❡)*✐❝ ❋*❛♠❡✇♦*❦ ❛♥❞ ■❞❡♥)✐✜❝❛)✐♦♥ ❙)*❛)❡❣②

❚❤✐# #❡❝&✐♦♥ ❞❡#❝*✐❜❡# &❤❡ ❡❝♦♥♦♠❡&*✐❝ ❢*❛♠❡✇♦*❦ ✉#❡❞ &♦ ❡#&✐♠❛&❡ &❤❡ ❡✛❡❝&# ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥

✭✐✮ ❧❛❜♦✉* ❡❛*♥✐♥❣# ✐♥ &❤❡ &✇♦ #❡❝&♦*# ♦❢ ❡♠♣❧♦②♠❡♥&❀ ❛♥❞ ✭✐✐✮ ♦♥ &❤❡ #❡❝&♦*❛❧ #♦*&✐♥❣ ♣*♦❝❡##✳

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

❜✐❛# ✐♥ &❤❡ ❡#&✐♠❛&✐♦♥ ♦❢ &❤❡ #❡❝&♦*❛❧ *❡&✉*♥# &♦ ❡❞✉❝❛&✐♦♥✳ ❚❤❡ &✇♦ ♠❛❥♦* ❡❝♦♥♦♠❡&*✐❝

❝♦♥❝❡*♥# ❛*❡ &❤❡ ❜✐❛# ❛*✐#✐♥❣ ❢*♦♠ ❛♥ ❡♥❞♦❣❡♥♦✉# ❡①♣❧❛♥❛&♦*② ✈❛*✐❛❜❧❡ ❛♥❞ ❛ ♥♦♥✲*❛♥❞♦♠❧②

#❡❧❡❝&❡❞ #❛♠♣❧❡ ✉#❡❞ &♦ ❡#&✐♠❛&❡ &❤❡ #❡❝&♦*✲#♣❡❝✐✜❝ ❡❛*♥✐♥❣# ❢✉♥❝&✐♦♥✳ ❙❡❝♦♥❞✱ ■ ♣*♦♣♦#❡ ❛♥

✐❞❡♥&✐✜❝❛&✐♦♥ #&*❛&❡❣② &♦ ❝♦**❡❝& ❢♦* &❤❡#❡ ❝♦♥❝❡*♥#✳ ❚❤❡ #❛♠♣❧❡✲#❡❧❡❝&✐♦♥ ❝♦**❡❝&✐♦♥ ❛❧#♦

♣*♦✈✐❞❡# ❛♥ ❛♥#✇❡* &♦ ✇❤❡&❤❡* &❤❡ ✐♠♣❛❝&# ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ &❤❡ #❡❝&♦*❛❧ #♦*&✐♥❣ ♣*♦❝❡## ❛*❡

#✉❜#&❛♥&✐❛❧✳ ❙✉❜#❡D✉❡♥&❧②✱ ■ ❞✐#❝✉## &❤❡ ❦❡② ✈❛*✐❛❜❧❡# ✐♥ &❤❡ ♠♦❞❡❧✳

✹✳✸✳✶ ❚❤❡ ❊♥❞♦❣❡♥♦✉- ❙✇✐1❝❤✐♥❣ ▼♦❞❡❧ ♦❢ ❙❡❝1♦6❛❧ ❊❛6♥✐♥❣-

❋♦❧❧♦✇✐♥❣ &❤❡ ❧✐&❡*❛&✉*❡ ♦♥ ✇❛❣❡ ❞❡&❡*♠✐♥❛&✐♦♥ ❛♥❞ *❡&✉*♥# &♦ ❡❞✉❝❛&✐♦♥✱ ■ ❡#&✐♠❛&❡ ❛♥

❡❛*♥✐♥❣# ❡D✉❛&✐♦♥ &♦ ❛##❡## &❤❡ ✐♠♣❛❝&# ♦❢ ❡❞✉❝❛&✐♦♥ ♦♥ ❡❛*♥✐♥❣# ✐♥ &❤❡ ❛❣*✐❝✉❧&✉*❛❧ ❛♥❞

♥♦♥✲❛❣*✐❝✉❧&✉*❛❧ #❡❝&♦*#✳

lnwi = α0 + β1 · Si + β2 · S
2
i + γ ·Xi + εi ✭✹✳✶✮

✇❤❡*❡ wi ✐# ❤♦✉*❧② ❡❛*♥✐♥❣# ♦❢ ✐♥❞✐✈✐❞✉❛❧ i✱ Si ✐# ②❡❛*# ♦❢ ❡❞✉❝❛&✐♦♥✱ Xi ✐# ❛ ✈❡❝&♦* ♦❢

♦&❤❡* ♦❜#❡*✈❛❜❧❡ ✐♥❞✐✈✐❞✉❛❧ ♣*♦❞✉❝&✐✈✐&②✲❡♥❤❛♥❝✐♥❣ ❝❤❛*❛❝&❡*✐#&✐❝#✱ ❛♥❞ εi ✐# ❛♥ ✐❞✐♦#②♥❝*❛&✐❝

❡**♦*✳

✸

●❡♥❡*❛❧❧②✱ &❤❡ ♠❛✐♥ ♣*♦❞✉❝&✐✈❡ ❝❤❛*❛❝&❡*✐#&✐❝# ✐♥✢✉❡♥❝✐♥❣ ❧❛❜♦✉* ❡❛*♥✐♥❣# ❛*❡ ❡❞✉✲

✸

❚❤❡ %✐♠❡ ♣❡'✐♦❞ *✉❜*❝'✐♣%✱ t✱ ✐* ❞'♦♣♣❡❞ ❢♦' ♥♦%❛%✐♦♥❛❧ ❝♦♥✈❡♥✐❡♥❝❡✳ ■♥ %❤❡ ❡*%✐♠❛%✐♦♥✱ ■ ✉*❡ '❡♣❡❛%❡❞

✽✶



❝❛"✐♦♥ ❛♥❞ ❧❛❜♦✉* ♠❛*❦❡" ❡①♣❡*✐❡♥❝❡✱ ✇❤✐❝❤ ❛*❡ ❜♦"❤ ♠❡❛3✉*❡3 ♦❢ ❤✉♠❛♥ ❝❛♣✐"❛❧✳

❚❤✐3 ❡❛*♥✐♥❣3 ❢✉♥❝"✐♦♥ ❝❛♥ ❜❡ ❞❡*✐✈❡❞ ❢*♦♠ ❛ 3✐♠♣❧❡ ❡❞✉❝❛"✐♦♥❛❧ ❝❤♦✐❝❡ ♠♦❞❡❧✱ ✐♥ ✇❤✐❝❤

✐♥❞✐✈✐❞✉❛❧3 ♠❛①✐♠✐3❡ "❤❡ ❞✐3❝♦✉♥"❡❞ ♣*❡3❡♥" ✈❛❧✉❡ ♦❢ ❡❛*♥✐♥❣3 ✭♥❡" ♦❢ "❤❡ ❝♦3" ♦❢ 3❝❤♦♦❧✐♥❣✮

❜② ❝❤♦♦3✐♥❣ "❤❡✐* ❧❡✈❡❧ ♦❢ ❡❞✉❝❛"✐♦♥ ✭❇❡❝❦❡*✱ ✶✾✾✹❀ ▼✐♥❝❡*✱ ✶✾✼✹❀ ❲✐❧❧✐3✱ ✶✾✽✻✮ ✭❛❧3♦ 3❡❡

❋♦♦"♥♦"❡ ✷✱ ♣✳ ✽✵✮✳ ●✐✈❡♥ "❤❛" "❤❡ ♦♥❧② ❝♦3" ♦❢ 3❝❤♦♦❧✐♥❣ ✐♥ "❤❡3❡ ♠♦❞❡❧3 ✐3 ❢♦*❡❣♦♥❡ ❡❛*♥✐♥❣3✱

"❤❡ ♠❛①✐♠✐3❛"✐♦♥ ♣*♦❜❧❡♠ *❡3✉❧"3 ✐♥ ❛ ❧✐♥❡❛* *❡❧❛"✐♦♥3❤✐♣ ❜❡"✇❡❡♥ ❡❞✉❝❛"✐♦♥ ❛♥❞ ❡❛*♥✐♥❣3✳

✹

▼♦*❡ *❡❝❡♥"❧②✱ ♠♦❞❡❧3 ♦❢ ❡♥❞♦❣❡♥♦✉3 3❝❤♦♦❧✐♥❣ ❝❤♦✐❝❡ "❛❦❡ ✐♥"♦ ❛❝❝♦✉♥" "❤❛" ✐♥❞✐✈✐❞✉❛❧3 ❤❛✈❡

❞✐✛❡*❡♥" "❛3"❡3 ❢♦* ❛♥❞ *❡"✉*♥3 "♦ 3❝❤♦♦❧✐♥❣✱ ❛3 ✇❡❧❧ ❛3 ❢❛❝✐♥❣ ❞✐✛❡*❡♥" ✜♥❛♥❝✐❛❧ ❝♦♥3"*❛✐♥"3

✭❈❛*❞✱ ✶✾✾✾✱ ✷✵✵✶✮✳

✺

❚❤❡✐* ♠♦❞❡❧3 ❛❧3♦ ❛33✉♠❡ ❛ ❝♦♥❝❛✈❡ *❡❧❛"✐♦♥3❤✐♣ ❜❡"✇❡❡♥ ❡❞✉❝❛"✐♦♥

❛♥❞ ❡❛*♥✐♥❣3✳ ❊N✉❛"✐♦♥ ✭✹✳✶✮ ❢♦❧❧♦✇3 "❤✐3 ♥♦♥✲❧✐♥❡❛* 3♣❡❝✐✜❝❛"✐♦♥✳

❍✉♠❛♥ ❝❛♣✐"❛❧ ❝❛♥ ❛❧3♦ ❜❡ ❛❝N✉✐*❡❞ "❤*♦✉❣❤ ♦"❤❡* ✐♥❞✐✈✐❞✉❛❧ ❝❤❛*❛❝"❡*✐3"✐❝3✱ Xi✱ 3✉❝❤ ❛3

❧❛❜♦✉* ♠❛*❦❡" ❡①♣❡*✐❡♥❝❡ ❛♥❞✴♦* "*❛✐♥✐♥❣ ♦♥ "❤❡ ❥♦❜✳ ■" ✐3 ✐♠♣♦*"❛♥" "♦ ✐♥❝❧✉❞❡ "❤❡3❡ ♦"❤❡*

♣*♦❞✉❝"✐✈✐"②✲❡♥❤❛♥❝✐♥❣ ❝❤❛*❛❝"❡*✐3"✐❝3✱ ♣❛*"✐❝✉❧❛*❧② ✇❤❡♥ "❤❡② ❛*❡ ❧✐❦❡❧② "♦ ❜❡ ❝♦**❡❧❛"❡❞

✇✐"❤ ❡❞✉❝❛"✐♦♥✳

✻

❚♦ ❛♥❛❧②3❡ "❤❡ 3❡❝"♦*❛❧ ❡❛*♥✐♥❣3 ♣*♦❝❡33✱ ■ ❛❞♦♣" ❛♥ ❡♥❞♦❣❡♥♦✉3 3✇✐"❝❤✐♥❣ ♠♦❞❡❧✳ ❚❤❛"

❝!♦##✲#❡❝&✐♦♥❛❧ ❞❛&❛✳

✹

❚❤❛& ✐#✱ ❛& ❛ ❣✐✈❡♥ ❞✐#❝♦✉♥& !❛&❡✱ r✱ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ♠❛①✐♠✐#❡# ❤✐# ❞✐#❝♦✉♥&❡❞ ♥❡& ♣!❡#❡♥& ✈❛❧✉❡ ♦❢ ❡❛!♥✐♥❣#✱

PV (Si) =
´∞

Si
w (Si) · e

−rtdt ✱ ✇✐&❤ !❡#♣❡❝& &♦ ②❡❛!# ♦❢ ❡❞✉❝❛&✐♦♥✱ Si✳ ❆# ❛ !❡#✉❧&✱

w′(Si)
w(Si)

= d lnw(Si)
dSi

= r ♦!

lnwi = α+ r · Si✳

✺

■♥ ❈❛!❞✬# ♠♦❞❡❧✱ ❛& ❛ ❣✐✈❡♥ ❞✐#❝♦✉♥& !❛&❡✱ r✱ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ♠❛①✐♠✐#❡# ❤✐# ♥❡& ✉&✐❧✐&②✱

U(Si, c (t)) =
´∞

Si
u (c (t)) · e−rtdt+

´ Si

0
u (c (t)− φ (t)) · e−rtdt with respect to Si

✇❤❡!❡ c (t) ✐# ❝♦♥#✉♠♣&✐♦♥ ✐♥ ♣❡!✐♦❞ t✱ ❛♥❞ φ (t) ✐# ❛ ❝♦♥✈❡① ❢✉♥❝&✐♦♥✱ !❡✢❡❝&✐♥❣ &❤❡ ❞✐#✉&✐❧✐&② ♦❢ #❝❤♦♦❧✐♥❣

❝♦♠♣❛!❡❞ &♦ ✇♦!❦✳ ❍❡♥❝❡✱ u (c (t)) ✐# ♦✉&✲♦❢✲#❝❤♦♦❧ ✉&✐❧✐&② ❛♥❞ u (c (t)− φ (t)) ✐# ✐♥✲#❝❤♦♦❧ ✉&✐❧✐&②✳ ▲❡&&✐♥❣

w (Si, t) ❞❡♥♦&❡ !❡❛❧ ❡❛!♥✐♥❣#✱ &❤❡ ✐♥&❡!&❡♠♣♦!❛❧ ❜✉❞❣❡& ❝♦♥#&!❛✐♥& ❝❛♥ ❜❡ ✇!✐&&❡♥ ❛#

´∞

0
c (t) · e−rtdt =

´ Si

0
[P (t)− T (t)] · e−rtdt+

´∞

Si
w (Si, t) · e

−rtdt

✇❤❡!❡ P (t) ❛!❡ ♣❛!&✲&✐♠❡ ❡❛!♥✐♥❣# ✇❤✐❧❡ ❛& #❝❤♦♦❧ ❛♥❞ T (t) ❛!❡ &✉✐&✐♦♥ ❝♦#&#✳ ▲❡&&✐♥❣ w (Si, t) = f (Si) ·
h (t− Si) ❛♥❞ ❛##✉♠✐♥❣ &❤❛& T (Si) ≃ P (Si)✱ &❤❡ ♦♣&✐♠❛❧ #❝❤♦♦❧✐♥❣ ❝❤♦✐❝❡ ❡B✉❛&❡# &❤❡ ♠❛!❣✐♥❛❧ ✉&✐❧✐&②✱

f
′

(Si)
f(Si)

✱ ❛♥❞ ♠❛!❣✐♥❛❧ ❝♦#& ♦❢ #❝❤♦♦❧✐♥❣✱ d (S)✳ ❲✐&❤ &❤❡ ❛##✉♠♣&✐♦♥# ♦♥ &❤❡ ❢✉♥❝&✐♦♥❛❧ ❢♦!♠# ♦❢ &❤❡ ♠❛!❣✐♥❛❧

!❡&✉!♥ ❛♥❞ ♠❛!❣✐♥❛❧ ❝♦#&✱ &❤✐# ❝♦♥❞✐&✐♦♥ ❝❛♥ ❜❡ ✇!✐&&❡♥ ❛#

f
′

(Si)
f(Si)

= bi − k1 · Si ≡ d (s) = ri + k2 · Si

✇❤❡!❡ bi ❛♥❞ ri !❡♣!❡#❡♥& ✐♥❞✐✈✐❞✉❛❧ ❤❡&❡!♦❣❡♥❡✐&② ✐♥ ♠❛!❣✐♥❛❧ !❡&✉!♥# ❛♥❞ ❝♦#&# ♦❢ #❝❤♦♦❧✐♥❣ !❡#♣❡❝&✐✈❡❧②✳

❇② ❛##✉♠✐♥❣ &❤❛& &❤❡ ♠❛!❣✐♥❛❧ !❡&✉!♥✱

f
′

(Si)
f(Si)

✱ ✐# ❧✐♥❡❛! ✐♥ ❡❞✉❝❛&✐♦♥✱ &❤❡ !❡❧❛&✐♦♥#❤✐♣ ❜❡&✇❡❡♥ ❡❞✉❝❛&✐♦♥ ❛♥❞

❡❛!♥✐♥❣ ✐# B✉❛❞!❛&✐❝✳ ❚❤❛& ✐#✱ lnwi = α+ bi · Si −
1
2
· k1 · S

2
i ✳

✻

❆♥ ❡①♣❡!✐❡♥❝❡✲❡❛!♥✐♥❣# ♣!♦✜❧❡ ✐# ♦❢&❡♥ #♣❡❝✐✜❡❞ ❛# ❜❡✐♥❣ ♥♦♥✲❧✐♥❡❛! ✭#❡❡ ❢♦! ❡①❛♠♣❧❡✱ ▼✐♥❝❡! ✭✶✾✼✹✮

❛♥❞ ❈❛!❞ ✭✶✾✾✾✱ ✷✵✵✶✮✮✳ ■♥ ♣❛!&✐❝✉❧❛!✱ ❈❛!❞ ✭✷✵✵✶✮ ❛##✉♠❡# &❤❛& ✭✐✮ ❧♦❣ ❡❛!♥✐♥❣# ❛!❡ ❛❞❞✐&✐✈❡❧② #❡♣❛!❛❜❧❡

✐♥ ❡❞✉❝❛&✐♦♥ ❛♥❞ ❧❛❜♦✉! ♠❛!❦❡& ❡①♣❡!✐❡♥❝❡✱ ❛♥❞ ✭✐✐✮ &❤❡ !❡❧❛&✐♦♥#❤✐♣ ❜❡&✇❡❡♥ ❡❛!♥✐♥❣# ❛♥❞ ❧❛❜♦✉! ♠❛!❦❡&

❡①♣❡!✐❡♥❝❡ ✐# ❝♦♥❝❛✈❡✳

✽✷



✐!✱ #❤❡ #✇♦ ❡❛)♥✐♥❣! ❡,✉❛#✐♦♥! ❢♦) #❤❡ ❛❣)✐❝✉❧#✉)❛❧ ❛♥❞ ♥♦♥✲❛❣)✐❝✉❧#✉)❛❧ !❡❝#♦)! ❛)❡ ❡!#✐♠❛#❡❞

!❡♣❛)❛#❡❧②✳

lnwi,A = α0,A + β1,A · Si + β2,A · S
2
i + γA ·Xi + εi,A ✭✹✳✷✮

lnwi,NA = α0,NA + β1,NA · Si + β2,NA · S
2
i + γNA ·Xi + εi,NA ✭✹✳✸✮

✇❤❡)❡ !✉❜!❝)✐♣#! A ❛♥❞ NA )❡❢❡) #♦ #❤❡ ❛❣)✐❝✉❧#✉)❛❧ ❛♥❞ ♥♦♥✲❛❣)✐❝✉❧#✉)❛❧ !❡❝#♦)! )❡!♣❡❝#✲

✐✈❡❧②✳

✹✳✸✳✷ ❙❛♠♣❧❡ ❙❡❧❡❝+✐♦♥ /0♦❜❧❡♠

■♥ ❛❞❞✐#✐♦♥ #♦ #❤❡ ♣)♦❜❧❡♠! ♦❢ ❡♥❞♦❣❡♥♦✉! )❡❣)❡!!♦)! ✭✇❤✐❝❤ ❛)✐!❡! ❢)♦♠ #❤❡ ❝♦))❡❧❛#✐♦♥

❜❡#✇❡❡♥ #❤❡ ❡①♣❧❛♥❛#♦)② ✈❛)✐❛❜❧❡!✱ Si ❛♥❞ Xi✱ ❛♥❞ εi✮✱ ❛ !✐♠♣❧❡ ♦)❞✐♥❛)② ❧❡❛!# !,✉❛)❡! ✭❖▲❙✮

❡!#✐♠❛#✐♦♥ ♦❢ ❊,✉❛#✐♦♥! ✭✹✳✷✮ ❛♥❞ ✭✹✳✸✮ ❝♦✉❧❞ ❧❡❛❞ #♦ ❛ ❜✐❛! ✐♥ #❤❡ )❡#✉)♥! #♦ ❡❞✉❝❛#✐♦♥ ❢♦)

#✇♦ )❡❛!♦♥! )❡❧❛#❡❞ #♦ !❛♠♣❧❡ !❡❧❡❝#✐♦♥✳

❋✐)!#✱ ❛ !❛♠♣❧❡ !❡❧❡❝#✐♦♥ ❜✐❛! ❝♦✉❧❞ ❛)✐!❡ ❢)♦♠ #❤❡ ♥♦♥✲)❛♥❞♦♠ ❡①❝❧✉!✐♦♥ ♦❢ ♥♦♥✲♣❛)#✐❝✐♣❛♥#!

✐♥ #❤❡ ❧❛❜♦✉) ❢♦)❝❡ ✭❜♦#❤ ✈♦❧✉♥#❛)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♠❡♥)✱

❛♥❞ )❤✉# ❡①❝❧✉❞❡❞ ❢*♦♠ )❤❡ ❡#)✐♠❛)✐♦♥ ♦❢ )❤❡ ❡❛*♥✐♥❣# ❡8✉❛)✐♦♥✳ ❚❤❡ ❚❤❛✐ ❧❛❜♦✉* ❢♦*❝❡ ✐# ❞❡#❝*✐❜❡❞ ✐♥ ❞❡)❛✐❧

✐♥ )❤❡ ❇❛❝❦❣*♦✉♥❞ ❛♥❞ ❉❛)❛ ❝❤❛♣)❡* ✭❈❤❛♣)❡* ✷✮✳
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✇♦✉❧❞ ✉♥❞❡(❡* ✐♠❛ ❡  ❤❡ (❡ ✉(♥* ❢♦(  ❤❡ ♣♦♣✉❧❛ ✐♦♥✳ ■♥ *✉♠✱ ✐❢ ✐♥❞✐✈✐❞✉❛❧* *❡❧❡❝  ❤❡♠*❡❧✈❡*

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

♣(♦❝❡** *❤♦✉❧❞ ❜❡  ❛❦❡♥ ✐♥ ♦ ❛❝❝♦✉♥ ✇❤❡♥ ❡* ✐♠❛ ✐♥❣  ❤❡ ❡❛(♥✐♥❣* ♣(♦❝❡** ❛♥❞ (❡ ✉(♥*  ♦

❡❞✉❝❛ ✐♦♥ ❢♦(  ❤❡ ♣♦♣✉❧❛ ✐♦♥✳

❙❡❝♦♥❞✱ ❛*  ❤❡ ❡❛(♥✐♥❣* ❢✉♥❝ ✐♦♥ ✐* ❡* ✐♠❛ ❡❞ *❡♣❛(❛ ❡❧② ❢♦(  ❤❡ ❛❣(✐❝✉❧ ✉(❛❧ ❛♥❞ ♥♦♥✲

❛❣(✐❝✉❧ ✉(❛❧ *❡❝ ♦(*✱  ❤❡ ❖▲❙ ❡* ✐♠❛ ❡* ♦❢  ❤❡ (❡ ✉(♥*  ♦ ❡❞✉❝❛ ✐♦♥ ❛(❡ ❡①♣♦*❡❞  ♦ ❛♥♦ ❤❡(

*❛♠♣❧❡ *❡❧❡❝ ✐♦♥ ❜✐❛* (❡❧❛ ❡❞  ♦  ❤❡ ♥♦♥✲(❛♥❞♦♠ *❡❧❡❝ ✐♦♥ ✐♥ ♦  ❤❡ *❡❝ ♦( ♦❢ ✇♦(❦✳ ●✐✈❡♥

 ❤❡ ❞❡❝✐*✐♦♥  ♦ ✇♦(❦✱ ❡✐ ❤❡( ❢♦( ❛ ♣❛✐❞ ♦( ✉♥♣❛✐❞ ❥♦❜✱ ✐♥❞✐✈✐❞✉❛❧* ❤❛✈❡  ♦ ❞❡❝✐❞❡ ✐♥ ✇❤✐❝❤

*❡❝ ♦(  ❤❡② ✇❛♥  ♦ ✇♦(❦✳ ■♥ ❢❛❝ ✱ ❛❣(✐❝✉❧ ✉(❛❧ ❛♥❞ ♥♦♥✲❛❣(✐❝✉❧ ✉(❛❧ ✇♦(❦❡(* ❝♦✉❧❞ ❞✐✛❡( ❢(♦♠

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

❝❤❛(❛❝ ❡(✐* ✐❝*✱ ♣(❡❢❡(❡♥❝❡*✱ ❛♥❞ *❡❝ ♦(✲*♣❡❝✐✜❝ ❛❜✐❧✐ ②✳ ■❢  ❤❡*❡ *❡❝ ♦(✲❞❡ ❡(♠✐♥✐♥❣ ❢❛❝ ♦(*

❛(❡ ❝♦((❡❧❛ ❡❞ ✇✐ ❤ ❡❞✉❝❛ ✐♦♥ ❛♥❞ ✉♥♦❜*❡(✈❡❞ ❢❛❝ ♦(* ❛✛❡❝ ✐♥❣ ❡❛(♥✐♥❣*✱  ❤❡ ❡* ✐♠❛ ❡* ♦❢

 ❤❡ *❡❝ ♦(❛❧ (❡ ✉(♥*  ♦ ❡❞✉❝❛ ✐♦♥ ❝❛♥ ❜❡ ❜✐❛*❡❞✳ ❚❤✐* *❡❧❡❝ ✐♦♥ ✐**✉❡ ✐* ❝❧♦*❡❧② (❡❧❛ ❡❞  ♦

 ❤❡ ♠♦❞❡❧ ♦❢ ♦❝❝✉♣❛ ✐♦♥❛❧ ❝❤♦✐❝❡ ❢♦(♠✉❧❛ ❡❞ ❜② ❘♦② ✭✶✾✺✶✮✱ ✐♥ ✇❤✐❝❤ ✐♥❞✐✈✐❞✉❛❧* *❡❧❢✲*❡❧❡❝ 

✐♥ ♦ ❛ *❡❝ ♦( ❞❡♣❡♥❞✐♥❣ ♦♥  ❤❡✐( ❝♦♠♣❛(❛ ✐✈❡ ❛❞✈❛♥ ❛❣❡✳ ■ ✐* ✐♠♣♦( ❛♥  ♦ ♥♦ ❡  ❤❛  ❤❡

❞✐(❡❝ ✐♦♥ ♦❢  ❤❡ ❜✐❛* ✐* ✉♥❝❡( ❛✐♥ ❡✈❡♥ ✐❢  ❤❡(❡ ✐* ♣♦*✐ ✐✈❡ *❡❝ ♦(❛❧ *♦( ✐♥❣ ❜❛*❡❞ ♦♥ ❝♦♠♣❛(❛ ✐✈❡

❛❞✈❛♥ ❛❣❡✳ ❋♦( ❡①❛♠♣❧❡✱ ✇❤❡♥ ✇♦(❦❡(* ❤❛✈❡ ❛♥ ❛❜*♦❧✉ ❡ ❛❞✈❛♥ ❛❣❡ ♦♥❧② ✐♥  ❤❡✐( *❡❧❡❝ ❡❞

*❡❝ ♦( ♦✈❡(  ❤♦*❡ ✇❤♦ ✇♦(❦ ✐♥  ❤❡ ♦ ❤❡( *❡❝ ♦(✱  ❤❡ ❞✐(❡❝ ✐♦♥ ♦❢ ❜✐❛* ✐* ❧✐❦❡❧②  ♦ ❜❡ ♣♦*✐ ✐✈❡

✐♥ ❜♦ ❤ *❡❝ ♦(*✳ ❍♦✇❡✈❡(✱ ✐❢ *♦♠❡ ✇♦(❦❡(* ❤❛✈❡ ❛♥ ❛❜*♦❧✉ ❡ ❛❞✈❛♥ ❛❣❡ ✐♥ ❜♦ ❤ *❡❝ ♦(*✱  ❤❡

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

✐♥  ❤❡ ♦ ❤❡(✳

❊♠♣✐$✐❝❛❧ ❋$❛♠❡✇♦$❦ ❢♦$ ❙❛♠♣❧❡ ❙❡❧❡❝/✐♦♥ ❈♦$$❡❝/✐♦♥

❚♦ ❝♦((❡❝ ❢♦(  ❤❡  ✇♦ ♣♦ ❡♥ ✐❛❧ *❡❧❡❝ ✐✈✐ ② ❜✐❛*❡*✱ ■ ❢♦(♠✉❧❛ ❡  ❤❡  ✇♦ *❛♠♣❧❡ *❡❧❡❝ ✐♦♥

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

✉ ✐❧✐ ② ♦❢ ❜❡✐♥❣ ♣❛✐❞ ❛♥❞ ❡♠♣❧♦②❡❞ ✐* ❣(❡❛ ❡(  ❤❛♥  ❤❡ ✉ ✐❧✐ ② ♦❢ ✇♦(❦✐♥❣ ❛* ❛♥ ✉♥♣❛✐❞ ❢❛♠✐❧②

✇♦(❦❡(✳ ▲❡ P ∗i ❜❡ ❛ ❧❛ ❡♥ ✈❛(✐❛❜❧❡ ✐♥❞✐❝❛ ✐♥❣  ❤❡ ❛❞❞✐ ✐♦♥❛❧ ✉ ✐❧✐ ② ♦❢ ❜❡✐♥❣ ❛ ♣❛✐❞ ✇♦(❦❡(

❝♦♠♣❛(❡❞ ✇✐ ❤ ✇♦(❦✐♥❣ ❛* ❛♥ ✉♥♣❛✐❞ ❢❛♠✐❧② ✇♦(❦❡(✳ ❚❤❡ ♣(♦❝❡** ♦❢ *❡❧❡❝ ✐♦♥ ✐♥ ♦ ♣❛✐❞

❡♠♣❧♦②♠❡♥ ❝❛♥ ❜❡ ✇(✐  ❡♥ ❛*

✽✹



Pi =











1 if P ∗i > 0

0 if P ∗i ≤ 0

and P ∗i = π ·Wi + ui ✭✹✳✹✮

✇❤❡#❡ Pi ✐% ❛ ❜✐♥❛#② ✈❛#✐❛❜❧❡ ✐♥❞✐❝❛.✐♥❣ ✇❤❡.❤❡# ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✐% ❛ ♣❛✐❞ ✇♦#❦❡#✱ Wi ✐%

❛ ✈❡❝.♦# ♦❢ ❛❧❧ ❝❤❛#❛❝.❡#✐%.✐❝% ❛✛❡❝.✐♥❣ .❤❡ ❞❡❝✐%✐♦♥ .♦ ✇♦#❦ ✐♥ ♣❛✐❞ ❡♠♣❧♦②♠❡♥. ❛♥❞ ui ✐%

.❤❡ ❡##♦# .❡#♠ ❢♦# .❤✐% ❞❡❝✐%✐♦♥ ♠❛❦✐♥❣ ♣#♦❝❡%%✳ ❚❤✐% #❡❞✉❝❡❞✲❢♦#♠ ❡;✉❛.✐♦♥ ♦❢ .❤❡ %❡❧❡❝.✐♦♥

✐♥.♦ ♣❛✐❞ ❡♠♣❧♦②♠❡♥. ✐% ;✉✐.❡ %✐♠✐❧❛# .♦ .❤❡ %.#✉❝.✉#❛❧ ❡;✉❛.✐♦♥ ♦❢ ❧❛❜♦✉# ❢♦#❝❡ ♣❛#.✐❝✐♣❛.✐♦♥

%♣❡❝✐✜❡❞ ❜② ❲♦♦❧❞#✐❞❣❡ ✭✷✵✶✵✮✳ ■♥ .❤❛. ♠♦❞❡❧✱ ✐♥❞✐✈✐❞✉❛❧% ♠❛①✐♠✐%❡ .❤❡✐# ✉.✐❧✐.② ❜② ❝❤♦♦%✐♥❣

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

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

♠❛② ✐♥✢✉❡♥❝❡ .❤❡✐# ♣❛#.✐❝✐♣❛.✐♦♥ ♣#❡❢❡#❡♥❝❡%✳
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❙❡❝♦♥❞✱ ✐♥❞✐✈✐❞✉❛❧% %♦#. .❤❡♠%❡❧✈❡% ✐♥.♦ %❡❝.♦#% ❞❡♣❡♥❞✐♥❣ ♦♥ .❤❡✐# ❡①♣❡❝.❡❞ ✉.✐❧✐.② ✐♥

❡❛❝❤ %❡❝.♦#✳ ❚❤✐% ❡①♣❡❝.❡❞ ✉.✐❧✐.② ✉%✉❛❧❧② ❞❡♣❡♥❞% ♦♥ ❡①♣❡❝.❡❞ %❡❝.♦#❛❧ ❡❛#♥✐♥❣% ❛% ✇❡❧❧

❛% ✐♥❞✐✈✐❞✉❛❧ ♣#❡❢❡#❡♥❝❡% ❢♦# %❡❝.♦#%✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ♦.❤❡# ✐♥❞✐✈✐❞✉❛❧ ❛♥❞

❤♦✉%❡❤♦❧❞ ❝❤❛#❛❝.❡#✐%.✐❝%✳ ▲❡. A∗i ❜❡ ❛ ❧❛.❡♥. ✈❛#✐❛❜❧❡ ✐♥❞✐❝❛.✐♥❣ .❤❡ ♥❡. ✉.✐❧✐.② ♦❢ ✇♦#❦✐♥❣ ✐♥

.❤❡ ❛❣#✐❝✉❧.✉#❛❧ %❡❝.♦# ✭✐♥❝❧✉❞✐♥❣ .❤❡ ❢♦#❡❣♦♥❡ ✉.✐❧✐.② ❢#♦♠ ✇♦#❦✐♥❣ ✐♥ ♥♦♥✲❛❣#✐❝✉❧.✉#❡✮✳ ❚❤❡

♣#♦❝❡%% ♦❢ %♦#.✐♥❣ ✐♥.♦ ❛❣#✐❝✉❧.✉#❛❧ ❡♠♣❧♦②♠❡♥. ❝❛♥ ❜❡ ✇#✐..❡♥ ❛%

Ai =











1 if A∗i > 0

0 if A∗i ≤ 0

and A∗i = τ ·Gi + vi ✭✹✳✺✮

✇❤❡#❡ Ai ✐% ❛ ❞✉♠♠② ✈❛#✐❛❜❧❡✱ .❛❦✐♥❣ .❤❡ ✈❛❧✉❡ ♦❢ ✶ ✇❤❡♥ ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✐% ❛♥ ❛❣#✐❝✉❧.✉#❛❧

✇♦#❦❡# ❛♥❞ ✵ ✇❤❡♥ ❤❡ ✐% ✐♥ ♥♦♥✲❛❣#✐❝✉❧.✉#❡✱ Gi ✐% ❛ ✈❡❝.♦# ♦❢ ❛❧❧ ❝❤❛#❛❝.❡#✐%.✐❝% ❛✛❡❝.✐♥❣ .❤❡

❞❡❝✐%✐♦♥ ❛❜♦✉. .❤❡ %❡❝.♦# ♦❢ ❡♠♣❧♦②♠❡♥. ❛♥❞ vi ✐% .❤❡ #❡%♣❡❝.✐✈❡ ❡##♦# .❡#♠✳

❚❤❡ .✇♦ ❛❜♦✈❡✲♠❡♥.✐♦♥❡❞ %❡❧❡❝.✐♦♥ ♣#♦❝❡%%❡% ❞✐✈✐❞❡ .❤❡ .♦.❛❧ %❛♠♣❧❡ ♦❢ .❤❡ ❧❛❜♦✉# ❢♦#❝❡

✐♥.♦ ❢♦✉# ❝❛.❡❣♦#✐❡% ❛% ❢♦❧❧♦✇%✳
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❲❤✐❧❡ ❲♦♦❧❞'✐❞❣❡ ✭✷✵✶✵✮ ♣'♦✈✐❞❡0 ❛ 0✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ❧❛❜♦✉' ❢♦'❝❡ ♣❛'7✐❝✐♣❛7✐♦♥✱ ■ ❢♦❝✉0 ♦♥ 7❤❡ 0❡❧❡❝7✐♦♥

✐♥7♦ ♣❛✐❞ ❡♠♣❧♦②♠❡♥7✳ ❍✐0 ❜❛0✐❝ ♠♦❞❡❧ ♦❢ ❧❛❜♦✉' ❢♦'❝❡ ♣❛'7✐❝✐♣❛7✐♦♥ ✐0 ♠♦7✐✈❛7❡❞ ❜② 7❤❡ ❡❛'❧✐❡' ♠♦❞❡❧ ♦❢

✇❛❣❡ ♦✛❡'0 ❛♥❞ ♦❜0❡'✈❡❞ ✇❛❣❡ ❞✐07'✐❜✉7✐♦♥0 ❜② ●'♦♥❛✉ ✭✶✾✼✹✮✳

✽✺



❚❡①# ❚❛❜❧❡ ✹✳✷✿ +♦#❡♥#✐❛❧ ❖✉#❝♦♠❡3 ❢♦5 #❤❡ ❙❡❧❡❝#✐♦♥ ✐♥#♦ +❛✐❞ ❛♥❞ ❆❣5✐❝✉❧#✉5❛❧ ❊♠♣❧♦②♠❡♥#

❆❣5✐❝✉❧#✉5❡ (Ai)

Ai = 1 Ai = 0

+❛✐❞ (Pi)
Pi = 1 H1 : P ∗i > 0 ❛♥❞ A∗i > 0 H2 : P ∗i > 0 ❛♥❞ A∗i ≤ 0

Pi = 0 H3 : P ∗i ≤ 0 ❛♥❞ A∗i > 0 H4 : P ∗i ≤ 0 ❛♥❞ A∗i ≤ 0

❆! ♦♥❧② ✐♥❞✐✈✐❞✉❛❧! ❢,♦♠ !✉❜✲!❛♠♣❧❡! H1 ❛♥❞ H2 ❛,❡ ✐♥❝❧✉❞❡❞ ✐♥ 3❤❡ ❡!3✐♠❛3✐♦♥ ♦❢ 3❤❡

❡❛,♥✐♥❣! ❡6✉❛3✐♦♥!✱ ❊6✉❛3✐♦♥! ✭✹✳✷✮ ❛♥❞ ✭✹✳✸✮ ❝❛♥ ❜❡ ✇,✐33❡♥ ❛! ❢♦❧❧♦✇!✳

E (lnwi,A | Si, Xi, ϕ1) = α0,A + β1,A · Si + β2,A · S
2
i + γA ·Xi + E (εi,A | Si, Xi, ϕ1) ✭✹✳✻✮

E (lnwi,NA | Si, Xi, ϕ2) = α0,NA + β1,NA · Si + β2,NA · S
2
i + γNA ·Xi + E (εi,NA | Si, Xi, ϕ2)

✭✹✳✼✮

✇❤❡,❡ 3❤❡ ❝♦♥❞✐3✐♦♥❛❧ ❛,❣✉♠❡♥3! ϕ1 ❛♥❞ ϕ2 ❞❡♥♦3❡ 3❤❡ ❥♦✐♥3 ♦✉3❝♦♠❡ ♦❢ 3❤❡ 3✇♦ !❡❧❡❝3✐♦♥

♣,♦❝❡!!❡! ❢♦, !✉❜✲!❛♠♣❧❡! H1 ❛♥❞ H2 ,❡!♣❡❝3✐✈❡❧②✳ ❆❜!3,❛❝3✐♥❣ ❢,♦♠ 3❤❡ ♣♦3❡♥3✐❛❧ ❡♥❞♦❣❡♥✲

❡✐3② ♦❢ ❡❞✉❝❛3✐♦♥ ❛3 3❤❡ ♣♦♣✉❧❛3✐♦♥ ❧❡✈❡❧✱ E (εi,A | Si, Xi, ϕ1) 6= 0 ❛♥❞ E (εi,NA | Si, Xi, ϕ2) 6=

0 ✐♠♣❧② ♥♦♥✲,❛♥❞♦♠ !❛♠♣❧❡ !❡❧❡❝3✐♦♥✳ ■♥ ♦3❤❡, ✇♦,❞!✱ 3❤❡ ❝♦,,❡❧❛3✐♦♥ ❜❡3✇❡❡♥ 3❤❡ ❡,,♦, 3❡,♠!

✐♥ 3❤❡ !❡❝3♦,❛❧ ❡❛,♥✐♥❣! ❡6✉❛3✐♦♥! ❛♥❞ 3❤❡ 3✇♦ !❡❧❡❝3✐♦♥ ♣,♦❝❡!!❡! ❝♦✉❧❞ ❧❡❛❞ 3♦ ❛ ❜✐❛! ✐♥ 3❤❡

❝♦❡✣❝✐❡♥3 ❡!3✐♠❛3❡! ❢,♦♠ 3❤❡ ❖▲❙ ♠❡3❤♦❞✳

✾

■❞❡♥$✐✜❝❛$✐♦♥ ❙$+❛$❡❣② ❢♦+ ❙❛♠♣❧❡ ❙❡❧❡❝$✐♦♥ ❈♦++❡❝$✐♦♥

❚♦ ♦❜3❛✐♥ ✉♥❜✐❛!❡❞ ❝♦❡✣❝✐❡♥3 ❡!3✐♠❛3❡!✱ ❛ ♥✉♠❜❡, ♦❢ ❛!!✉♠♣3✐♦♥! ❢♦, 3❤❡ ❝♦♥❞✐3✐♦♥❛❧ ♠❡❛♥!✱

✈❛,✐❛♥❝❡!✱ ❛♥❞ 3❤❡ ❞✐!3,✐❜✉3✐♦♥ ♦❢ 3❤❡ ❡,,♦, 3❡,♠! ✐♥ ❛❧❧ ♣,♦❝❡!!❡! ❛,❡ ,❡6✉✐,❡❞✳ ❉✐✛❡,❡♥3

♠❡3❤♦❞! 3♦ ❝♦,,❡❝3 ❢♦, ♥♦♥✲,❛♥❞♦♠ !❡❧❡❝3✐♦♥ ❝❛♥ ❜❡ ❞✐!3✐♥❣✉✐!❤❡❞ ❛❝❝♦,❞✐♥❣ 3♦ 3❤❡ ❝♦,,❡❧❛3✐♦♥

❜❡3✇❡❡♥ 3❤❡ ❡,,♦, 3❡,♠! ♦❢ 3❤❡ 3✇♦ !❡❧❡❝3✐♦♥ ♣,♦❝❡!!❡!✱ ui ❛♥❞ vi✳ ❲❤❡♥ ❞❡❝✐!✐♦♥! ♦♥ 3❤❡

3②♣❡ ❛♥❞ !❡❝3♦, ♦❢ ❡♠♣❧♦②♠❡♥3 ❛,❡ ♠❛❞❡ ✐♥❞❡♣❡♥❞❡♥3❧② ✭3❤❛3 ✐!✱ 3❤❡ ❝♦,,❡❧❛3✐♦♥ ❜❡3✇❡❡♥ ui

❛♥❞ vi ✐! ③❡,♦✮✱ 3❤❡ 3✇♦ ♣,♦❝❡!!❡! ❝❛♥ ❜❡ ♠♦❞❡❧❧❡❞ ✐♥ ❛ !✐♠✐❧❛, ✇❛② 3♦ 3❤❡ !✐♥❣❧❡ !❡❧❡❝3✐♦♥

❝❛!❡ ✭❍❡❝❦♠❛♥✱ ✶✾✼✾✮✳

✶✵

❍♦✇❡✈❡,✱ 3❤❡ 3✇♦ !❡❧❡❝3✐♦♥ ♣,♦❝❡!!❡! ❛,❡ ❧✐❦❡❧② 3♦ ❜❡ ❝♦,,❡❧❛3❡❞✳

✾

❚❤❡ #✐③❡ ♦❢ #❡❧❡❝*✐♦♥ ❜✐❛# ❞❡♣❡♥❞# ♦♥ *❤❡ ❝♦00❡❧❛*✐♦♥# ❜❡*✇❡❡♥ *❤❡ ❡00♦0 *❡0♠# ✐♥ *❤❡ #❡❧❡❝*✐♦♥ ♣0♦❝❡##❡#

❛♥❞ #❡❝*♦0❛❧ ❡❛0♥✐♥❣# ❡4✉❛*✐♦♥#✳

✶✵

❚❤❛* ✐#✱ ✇✐*❤ *❤❡ ❛##✉♠♣*✐♦♥ ♦❢ ❥♦✐♥* ♥♦0♠❛❧✐*② ❜❡*✇❡❡♥ ❡❛❝❤ ♦❢ *❤❡ #❡❧❡❝*✐♦♥ ❡00♦0 *❡0♠# ❛♥❞ *❤❡ ❡00♦0

*❡0♠# ❢0♦♠ *❤❡ ❡❛0♥✐♥❣ ♣0♦❝❡##✱ *❤❡ *❤0❡❡ ❝♦00❡❝*✐♦♥ *❡0♠# ✭❦♥♦✇♥ ❛# *❤❡ ✐♥✈❡0#❡ ▼✐❧❧✬# 0❛*✐♦ ✭■▼❘✮✮ ❝❛♥ ❜❡

❝♦♠♣✉*❡❞ ❢0♦♠ *❤❡ ❡#*✐♠❛*❡# ♦❢ *❤❡ *✇♦ ♣0♦❜✐* #❡❧❡❝*✐♦♥ ♠♦❞❡❧# ✭π̂ ❛♥❞ τ̂ ✮ ✿

✽✻



❙♦♠❡ ✉♥♦❜'❡(✈❡❞ ❝❤❛(❛❝.❡(✐'.✐❝' '✉❝❤ ❛' ♠♦.✐✈❛.✐♦♥✱ '❡❝.♦(✲'♣❡❝✐✜❝ ❛❜✐❧✐.②✱ ♦( ♣(❡❢❡(❡♥❝❡' ♦♥

❤♦✉(' ♦❢ ✇♦(❦ ♠❛② ❛✛❡❝. ❜♦.❤ ✇❤❡.❤❡( ✐♥❞✐✈✐❞✉❛❧' ❝❤♦♦'❡ .♦ ❜❡ ✐♥ ♣❛✐❞ ❡♠♣❧♦②♠❡♥. ❛♥❞ ✐♥

.❤❡ ♥♦♥✲❛❣(✐❝✉❧.✉(❛❧ '❡❝.♦(✳ ❍❡♥❝❡✱ ■ ❛❧❧♦✇ ❢♦( .❤✐' ❝♦((❡❧❛.✐♦♥✳ ❚♦ ❞♦ '♦✱ ❧❡. Ri,j ❜❡ ❛ ✈❡❝.♦(

♦❢ .❤❡ .❤(❡❡ ❡((♦( .❡(♠' (εi,j , ui, vi)
′

❛♥❞ ❛''✉♠❡ .❤❛. .❤❡'❡ ❡((♦( .❡(♠' ❤❛✈❡ ③❡(♦ ♠❡❛♥'

❛♥❞ ❛(❡ ❥♦✐♥.❧② ♥♦(♠❛❧❧② ❞✐'.(✐❜✉.❡❞✳ ❚❤❛. ✐'✱ Ri,j ∼ N (0, Σj)✱ ✇❤❡(❡ Σj ✐' .❤❡ ❝♦✈❛(✐❛♥❝❡

♠❛.(✐① ♦❢ .❤❡ .❤(❡❡ ❡((♦( .❡(♠' ❛' ❢♦❧❧♦✇'✳

✶✶

Σj =











σ2
j σj · ρju σj · ρjv

1 ρuv

1











for j = A andNA

●✐✈❡♥ .❤❡ ❛❜♦✈❡ '.(✉❝.✉(❡✱ ❝♦❡✣❝✐❡♥. ❡'.✐♠❛.❡' ♦❢ .❤❡ '❡❝.♦(❛❧ ❡❛(♥✐♥❣' ❡D✉❛.✐♦♥' ❛♥❞

.❤❡ .✇♦ '❡❧❡❝.✐♦♥ ♣(♦❝❡''❡' ❝❛♥ ❜❡ ♦❜.❛✐♥❡❞ ❜② ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡'.✐♠❛.✐♦♥ ✭▼▲❊✮✳ ❚❤❡

❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝.✐♦♥ .♦ ❜❡ ♠❛①✐♠✐'❡❞ ✐'

L =

N
∏

i=1

{

l (P ∗i ≤ 0, A∗i ≤ 0)
(1−Pi)·(1−Ai) · l (P ∗i ≤ 0, A∗i > 0)

(1−Pi)·(Ai) ·

l (P ∗i > 0, A∗i ≤ 0)
(Pi)·(1−Ai) · l (P ∗i > 0, A∗i > 0)

(Pi)·(Ai)
}

✭✹✳✽✮

✇❤❡(❡ .❤❡ ♣❛(.' ♦❢ .❤❡ ❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝.✐♦♥ ❢♦( .❤❡ ✉♥♣❛✐❞ ✇♦(❦❡(' ✐♥ .❤❡ .✇♦ '❡❝.♦(' ❝❛♥

❜❡ ❡①♣(❡''❡❞ ❛' ❢♦❧❧♦✇'✳

l (P ∗i ≤ 0, A∗i ≤ 0) = Φ2 (−π ·Wi, −τ ·Gi; ρuv)

l (P ∗i ≤ 0, A∗i > 0) = Φ2 (−π ·Wi, τ ·Gi; −ρuv)

❚❤❡ ♣❛(.' ♦❢ .❤❡ ❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝.✐♦♥ ❢♦( .❤❡ ♣❛✐❞ ✇♦(❦❡(' ✐♥ .❤❡ .✇♦ '❡❝.♦(' ❝❛♥ ❜❡

❡①♣(❡''❡❞ ❛❝❝♦(❞✐♥❣❧②✳

✭✐✮ #❤❡ ■▼❘ ❢♦+ ♣❛✐❞ ❡♠♣❧♦②♠❡♥#✱ λP
i = φ (π̂ ·Wi) /Φ (π̂ ·Wi)❀

✭✐✐✮ $❤❡ ■▼❘ ❢♦, ❛❣,✐❝✉❧$✉,❛❧ ❡♠♣❧♦②♠❡♥$✱ λA
i = φ (τ̂ ·Gi) /Φ (τ̂ ·Gi)❀ ❛♥❞

✭✐✐✐✮ $❤❡ ■▼❘ ❢♦, ♥♦♥✲❛❣,✐❝✉❧$✉,❛❧ ❡♠♣❧♦②♠❡♥$✱ λNA
i = −φ (τ̂ ·Gi) /Φ (−τ̂ ·Gi)✳

✇❤❡,❡ φ () ❛♥❞ Φ () ❛,❡ $❤❡ ✉♥✐✈❛,✐❛$❡ <$❛♥❞❛,❞ ♥♦,♠❛❧ ❞❡♥<✐$② ❛♥❞ ❞✐<$,✐❜✉$✐♦♥ ❢✉♥❝$✐♦♥< ,❡<♣❡❝$✐✈❡❧②✳ ❚❤❡

■▼❘ ❢♦, ♣❛✐❞ ❡♠♣❧♦②♠❡♥$ ✐< ❛❞❞❡❞ $♦ ❜♦$❤ <❡❝$♦,❛❧ ❡❛,♥✐♥❣< ❡?✉❛$✐♦♥<✱ ✇❤✐❧❡ $❤❡ ■▼❘< ❢♦, ❛❣,✐❝✉❧$✉,❛❧ ❛♥❞

♥♦♥✲❛❣,✐❝✉❧$✉,❛❧ ❡♠♣❧♦②♠❡♥$ ❛,❡ ✐♥❝❧✉❞❡❞ <❡♣❛,❛$❡❧② ✐♥ $❤❡✐, ,❡<♣❡❝$✐✈❡ ❡❛,♥✐♥❣< ❡?✉❛$✐♦♥<✳ ❆❧$❡,♥❛$✐✈❡❧②✱

❛❧❧ $❤❡ ♣,♦❝❡<< ❝❛♥ ❜❡ ❡<$✐♠❛$❡❞ ❥♦✐♥$❧② ✉<✐♥❣ $❤❡ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡<$✐♠❛$✐♦♥ ✭▼▲❊✮✳

✶✶

❚❤❡ ❝♦✈❛,✐❛♥❝❡ ❜❡$✇❡❡♥ εi,A ❛♥❞ εi,NA ✐< ♥♦$ ❞✐,❡❝$❧② ✐❞❡♥$✐✜❛❜❧❡ ✐♥ $❤✐< ❦✐♥❞ ♦❢ ♠♦❞❡❧✳ ❍❡♥❝❡✱ $❤❡

❝♦✈❛,✐❛♥❝❡ ♠❛$,✐① ✐< <♣❧✐$ ✐♥$♦ $✇♦ ♠❛$,✐❝❡< ❢♦, $❤❡ ❛❣,✐❝✉❧$✉,❛❧ ❛♥❞ ♥♦♥✲❛❣,✐❝✉❧$✉,❛❧ <❡❝$♦,< ✭<❡❡ ❱✐❥✈❡,❜❡,❣

✭✶✾✾✸❛✱❜✮ ❛♥❞ ❑♦♦♣ ❛♥❞ M♦✐,✐❡, ✭✶✾✾✼✮ ❢♦, ♠♦,❡ ❞❡$❛✐❧<✮✳ ❆< ♦♥❧② $❤❡ ❜✐♥❛,② ✈❛,✐❛❜❧❡<✱ Pi ❛♥❞ Ai✱ ❛,❡

♦❜<❡,✈❡❞✱ σ2
u ❛♥❞ σ2

v ❛,❡ ♥♦,♠❛❧✐<❡❞ $♦ ♦♥❡ ❢♦, ✐❞❡♥$✐✜❝❛$✐♦♥ ♣✉,♣♦<❡< ✭❲♦♦❧❞,✐❞❣❡✱ ✷✵✶✵✮✳

✽✼



l (P ∗i > 0, A∗i ≤ 0) = Φ2 (π ·Wi, −τ ·Gi; −ρuv | lnwi,NA) · f (lnwi,NA)

l (P ∗i > 0, A∗i > 0) = Φ2 (π ·Wi, τ ·Gi; ρuv | lnwi,A) · f (lnwi,A)

✇❤❡#❡ Φ2 (·, · ; ρ) ✐% ❛ %'❛♥❞❛#❞ ❜✐✈❛#✐❛'❡ ♥♦#♠❛❧ ❝✉♠✉❧❛'✐✈❡ ❞✐%'#✐❜✉'✐♦♥ ❢✉♥❝'✐♦♥ ✇✐'❤

❛ %♣❡❝✐✜❡❞ ❝♦##❡❧❛'✐♦♥ ❝♦❡✣❝✐❡♥'✱ ρ✱ ❛♥❞ f (lnwi,j) ✐% '❤❡ ❧♦❣ ❡❛#♥✐♥❣% ❞❡♥%✐'② ❢✉♥❝'✐♦♥ ❢♦#

%❡❝'♦# j✳✶✷

❚❤❡ ❡%'✐♠❛'❡% ♦❜'❛✐♥❡❞ ❢#♦♠ ♠❛①✐♠✐%✐♥❣ ❊<✉❛'✐♦♥ ✭✹✳✽✮ ❛#❡ ❦♥♦✇♥ ❛% '❤❡ ❢✉❧❧✲✐♥❢♦#♠❛'✐♦♥

♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ✭❋■▼▲✮ ❡%'✐♠❛'♦#%✳ ❲❤✐❧❡ '❤❡ ❋■▼▲ ♠❡'❤♦❞ ♣#♦✈✐❞❡% ❛%②♠♣'♦'✐❝❛❧❧②

❡✣❝✐❡♥' ❡%'✐♠❛'❡%✱ ✐' ✐% ❝♦♠♣✉'❛'✐♦♥❛❧❧② ✐♥'❡♥%✐✈❡✱ ❡%♣❡❝✐❛❧❧② ✇❤❡♥ '❤❡#❡ ❛#❡ ❛ ❧❛#❣❡ ♥✉♠❜❡# ♦❢

♣❛#❛♠❡'❡#% '♦ ❜❡ ❡%'✐♠❛'❡❞✳ ■♥ ❛❞❞✐'✐♦♥✱ '❤❡ ❋■▼▲ ♠❡'❤♦❞ #❡❧✐❡% ♦♥ '❤❡ ❥♦✐♥' ♥♦#♠❛❧✐'② ♦❢ '❤❡

❡##♦# '❡#♠%✳ ❆♥ ❛❧'❡#♥❛'✐✈❡ '♦ '❤❡ ❋■▼▲ ✐% ❛ %✐♠♣❧❡ ❍❡❝❦♠❛♥ ✭✶✾✼✾✮ '✇♦✲%'❡♣ ❛♣♣#♦❛❝❤ ✇✐'❤

❡①'❡♥❞❡❞ ❝♦##❡❝'✐♦♥ '❡#♠%✳ ❋✐%❤❡ ❡' ❛❧✳ ✭✶✾✽✶✮ ❛♥❞ ❚✉♥❛❧✐ ✭✶✾✽✻✮ ❛#❡ ❛♠♦♥❣ '❤❡ ✜#%' %'✉❞✐❡%

'❤❛' ❛❧❧♦✇ ❢♦# ♠✉❧'✐♣❧❡ %❛♠♣❧❡ %❡❧❡❝'✐♦♥ ♣#♦❝❡%%❡% ❛♥❞ ❝♦##❡❧❛'✐♦♥ ✐♥ '❤❡ ❡##♦# '❡#♠% ✉%✐♥❣

'❤❡ ❍❡❝❦♠❛♥ '✇♦✲%'❡♣ ❛♣♣#♦❛❝❤✳

✶✸

❚❤❡ '✇♦✲%'❡♣ ❡%'✐♠❛'✐♦♥ ✐% ♠♦#❡ #♦❜✉%' '♦ ♠✐%%♣❡❝✐✜❡❞

❞✐%'#✐❜✉'✐♦♥❛❧ ❛%%✉♠♣'✐♦♥% ✭%❡❡ ❢♦# ❡①❛♠♣❧❡✱ ❍❛♠ ✭✶✾✽✷✮❀ ❚✉♥❛❧✐ ✭✶✾✽✻✮❀ ❈♦ ❡' ❛❧✳ ✭✶✾✾✾✮❀

❲❡'③❡❧% ❛♥❞ ❩♦#❧✉ ✭✷✵✵✸✮❀ ●❤✐♥❡''✐ ✭✷✵✶✹✮✮✳

✶✹

❋♦# '❤❡ ❝♦##❡❝'✐♦♥ ♦❢ '❤❡ ❞♦✉❜❧❡ %❡❧❡❝'✐♦♥

♣#♦❝❡%%✱ '❤❡ ❥♦✐♥' ❞✐%'#✐❜✉'✐♦♥❛❧ ❛%%✉♠♣'✐♦♥% ❝♦✉❧❞ ❜❡ #❡❞✉❝❡❞ '♦

❙✶✳ (ui, vi) ∼ N



0,





1 ρuv

1









❙✷✳ E (εi,j | ui, vi) = ρju · E (ui | vi) + ρjv · E (vi | ui) = ρju · ρuv · vi + ρjv · ρuv · ui

❚❤❡♥✱ '❤❡ ❝♦♥❞✐'✐♦♥❛❧ ❡①♣❡❝'❛'✐♦♥ ♦❢ '❤❡ ❡##♦# '❡#♠% ✐♥ ❊<✉❛'✐♦♥% ✭✹✳✻✮ ❛♥❞ ✭✹✳✼✮ ❝❛♥ ❜❡

#❡✲✇#✐''❡♥ ❛%

✶✷

❚❤❛# ✐%✱ f (lnwi,j) =
1
σj
· φ

(

lnwi,j−α0,j−β1,j ·Si−β2,j ·S
2
i−γj ·Xi

σj

)

✳

✶✸

■# ✐% ✐♠♣♦,#❛♥# #♦ ❛❧%♦ ❡♠♣❤❛%✐%❡ #❤❛# #❤❡,❡ ✐% ❛ %✉❜%#❛♥#✐❛❧ ❞❡❜❛#❡ ♦♥ ✇❤❡#❤❡, #❤❡ ❝♦,,❡❧❛#✐♦♥ ❜❡#✇❡❡♥

#❤❡ ❡,,♦, #❡,♠% ✐♥ #❤❡ ♦✉#❝♦♠❡ ❡5✉❛#✐♦♥ ❛♥❞ #❤❡ %❡❧❡❝#✐♦♥ ♣,♦❝❡%%✭❡%✮ ❤❛✈❡ ❛♥ ❡✛❡❝# ♦♥ #❤❡ ♣❡,❢♦,♠❛♥❝❡ ♦❢ #❤❡

#✇♦✲%#❡♣ ❍❡❝❦♠❛♥ ❡%#✐♠❛#✐♦♥ ✭%❡❡ >✉❤❛♥✐ ✭✷✵✵✵✮ ❢♦, ❛ ❝♦♠♣❛,✐%♦♥ ♦❢ ❢✉❧❧✲✐♥❢♦,♠❛#✐♦♥ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞

✭❋■▼▲✮ ❛♥❞ #✇♦✲%#❡♣ ❍❡❝❦♠❛♥ ❡%#✐♠❛#✐♦♥%✮✳ ▼♦%# %#✉❞✐❡% ,❡✈✐❡✇❡❞ ❜② >✉❤❛♥✐ ✭✷✵✵✵✮ ❛,❡ ✐♥❝♦♥❝❧✉%✐✈❡ ❛❜♦✉#

✇❤❡#❤❡, #❤❡ ❋■▼▲ ♦, #❤❡ #✇♦✲%#❡♣ ❍❡❝❦♠❛♥ ❡%#✐♠❛#✐♦♥ ✐% %✉♣❡,✐♦,✳ ■♥ ❛❞❞✐#✐♦♥ #♦ ❡✣❝✐❡♥❝② ❣❛✐♥%✱ ❋■▼▲

♠❛② ❜❡ ♣,❡❢❡,,❡❞ ✐♥ #❤❡ ❛❜%❡♥❝❡ ♦❢ ❡①❝❧✉%✐♦♥ ,❡%#,✐❝#✐♦♥% ✭#❤❛# ✐%✱ ❛ %✐♠♣❧❡ ❚♦❜✐# ♠♦❞❡❧✮✳ ❍♦✇❡✈❡,✱ ✐# ✐%

❝♦♠♣✉#❛#✐♦♥❛❧❧② ❞✐✣❝✉❧# #♦ ✜♥❞ ❛♥ ♦♣#✐♠❛❧ %❡# ♦❢ ♣❛,❛♠❡#❡,%✳ ❆% ❛ ,❡%✉❧#✱ #❤❡ ❧✐#❡,❛#✉,❡ ✉%✉❛❧❧② ❛❞♦♣#% #❤❡

#✇♦✲%#❡♣ ❍❡❝❦♠❛♥ ❡%#✐♠❛#✐♦♥✳ ■# ❛❧%♦ ♣❡,❢♦,♠% ,❡❧❛#✐✈❡❧② ❜❡##❡, ✇❤❡♥ #❤❡ ♥✉♠❜❡, ♦❢ ♦❜%❡,✈❛#✐♦♥% ✐% ❧❛,❣❡✳

✶✹

■♥ #❤❡ ❝❛%❡ ♦❢ ❛ %✐♥❣❧❡ %❡❧❡❝#✐♦♥ ♣,♦❝❡%%✱ #❤❡ #✇♦✲%#❡♣ ❍❡❝❦♠❛♥ ❡%#✐♠❛#✐♦♥ ✉%✉❛❧❧② ❛%%✉♠❡% ❛ ❜✐✈❛,✐❛#❡

♥♦,♠❛❧ ❞✐%#,✐❜✉#✐♦♥ ❜❡#✇❡❡♥ #❤❡ #✇♦ ❡,,♦, #❡,♠% ✭♦♥❡ ❢,♦♠ #❤❡ ❡❛,♥✐♥❣% ❢✉♥❝#✐♦♥ ❛♥❞ #❤❡ ♦#❤❡, ❢,♦♠ #❤❡ %❡✲

❧❡❝#✐♦♥ ♣,♦❝❡%%✮✳ ❇✉# #❤✐% ❛%%✉♠♣#✐♦♥ ❝♦✉❧❞ ❜❡ ,❡❞✉❝❡❞ #♦ ♠❛,❣✐♥❛❧ ♥♦,♠❛❧✐#② ❛♥❞ ❧✐♥❡❛,✐#② ✐♥ #❤❡ ❝♦♥❞✐#✐♦♥❛❧

❡①♣❡❝#❛#✐♦♥ ♦❢ #❤❡ ❡,,♦, #❡,♠% ✭❍❡❝❦♠❛♥✱ ✶✾✼✾✮✳

✽✽



E (εi,A | Si, Xi, ϕ1) = σA · E (ei,A | ui > −π ·Wi, vi > −τ ·Gi)

= σA · ρAu · λi,P−A + σA · ρAv · λi,A−A ✭✹✳✾✮

E (εi,NA | Si, Xi, ϕ1) = σNA · E (ei,NA | ui > −π ·Wi, vi ≤ −τ ·Gi)

= σNA · ρNAu · λi,P−NA + σNA · ρNAv · λi,A−NA ✭✹✳✶✵✮

✇❤❡#❡ ei,j ∼ N (0, 1) ❛♥❞ E (εi,j) = σj · E (ei,j)✳ ❚❤❡ ❝♦##❡❝+✐♦♥ +❡#♠. ❢♦# +❤❡ +✇♦

♥♦♥✲#❛♥❞♦♠ .❛♠♣❧❡ .❡❧❡❝+✐♦♥ ♣#♦❝❡..❡.✱ λi,P−j ❛♥❞ λi,A−j ❢♦# j = A, NA ❛#❡ ❛. ❢♦❧❧♦✇.✳

λi,P−A = φ (π ·Wi) · Φ

[

τ ·Gi − ρuv · π ·Wi
√

1− ρ2uv

]

· Φ2 (τ ·Gi, π ·Wi; ρuv)
−1

λi,A−A = φ (τ ·Gi) · Φ

[

π ·Wi − ρuv · τ ·Gi
√

1− ρ2uv

]

· Φ2 (τ ·Gi, π ·Wi; ρuv)
−1

λi,P−NA = φ (π ·Wi) · Φ

[

−
τ ·Gi − ρuv · π ·Wi

√

1− ρ2uv

]

· Φ2 (−τ ·Gi, π ·Wi; −ρuv)
−1

λi,A−NA = −φ (τ ·Gi) · Φ

[

π ·Wi − ρuv · τ ·Gi
√

1− ρ2uv

]

· Φ2 (−τ ·Gi, π ·Wi; −ρuv)
−1

✭✹✳✶✶✮

✇❤❡#❡ φ () ❛♥❞ Φ () ❛#❡ +❤❡ ✉♥✐✈❛#✐❛+❡ .+❛♥❞❛#❞ ♥♦#♠❛❧ ❞❡♥.✐+② ❛♥❞ ❞✐.+#✐❜✉+✐♦♥ ❢✉♥❝+✐♦♥.

#❡.♣❡❝+✐✈❡❧②✳ Φ2 (·, · ; ρ) ✐. ❛ .+❛♥❞❛#❞ ❜✐✈❛#✐❛+❡ ♥♦#♠❛❧ ❝✉♠✉❧❛+✐✈❡ ❞✐.+#✐❜✉+✐♦♥ ❢✉♥❝+✐♦♥ ✇✐+❤

❛ .♣❡❝✐✜❡❞ ❝♦##❡❧❛+✐♦♥ ❝♦❡✣❝✐❡♥+✱ ρ✳

❚❤❡ +✇♦✲.+❡♣ ❡.+✐♠❛+✐♦♥ ❢♦# +❤❡ .❡❝+♦#❛❧ ❡❛#♥✐♥❣. ♠♦❞❡❧ ✇✐+❤ ❛ ❞♦✉❜❧❡ .❡❧❡❝+✐♦♥ ♣#♦❝❡..

❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥+❡❞ ❜②✿ ✭✶✮ ❥♦✐♥+❧② ❡.+✐♠❛+✐♥❣ +❤❡ ❝♦❡✣❝✐❡♥+. ♦❢ +❤❡ +✇♦ .❡❧❡❝+✐♦♥ ♣#♦❝❡..❡.✱

τ̂ , π̂, and ρ̂uv ✉.✐♥❣ ❛ ❜✐✈❛#✐❛+❡ ♣#♦❜✐+ ♠♦❞❡❧ ✭❊A✉❛+✐♦♥. ✭✹✳✹✮ ❛♥❞ ✭✹✳✺✮✮✱ ❛♥❞ ✉.✐♥❣ +❤♦.❡

❡.+✐♠❛+❡. +♦ ❝♦♠♣✉+❡ +❤❡ ❝♦##❡❝+✐♦♥ +❡#♠.✱ λ̂i,P−j ❛♥❞ λ̂i,A−j ❀ ❛♥❞ ✭✷✮ ❡.+✐♠❛+✐♥❣ +❤❡ +✇♦

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

❢✉♥❝+✐♦♥. ✭❊A✉❛+✐♦♥. ✭✹✳✻✮ ❛♥❞ ✭✹✳✼✮✮ ❝❛♥ ❜❡ #❡✇#✐++❡♥ ✇✐+❤ +❤❡ ❝♦##❡❝+✐♦♥ +❡#♠. ❛. ❢♦❧❧♦✇.✳

✽✾



E (lnwi,A | Si, Xi, Pi = 1, Ai = 1) = α0,A + β1,A · Si + β2,A · S
2
i + γA ·Xi +

δAu · λ̂i,P−A + δAv · λ̂i,A−A ✭✹✳✶✷✮

E (lnwi,NA | Si, Xi, Pi = 1, Ai = 0) = α0,NA + β1,NA · Si + β2,NA · S
2
i + γNA ·Xi +

δNAu · λ̂i,P−NA + δNAv · λ̂i,A−NA ✭✹✳✶✸✮

■! ✐# ✐♠♣♦'!❛♥! !♦ ♥♦!❡ !❤❛! ✇❤❡♥ !❤❡ #❡❧❡❝!✐♦♥ ♣'♦❝❡##❡# ♠❛!!❡'✱ !❤❡ ❛#②♠♣!♦!✐❝ ✈❛'✐❛♥❝❡

♦❢ !❤❡ ❝♦❡✣❝✐❡♥! ❡#!✐♠❛!❡# ✐♥ !❤❡ ❡❛'♥✐♥❣# ❛♥❞ #❡❧❡❝!✐♦♥ ❡6✉❛!✐♦♥# ♥❡❡❞# !♦ ❜❡ ❝♦''❡❝!❡❞✳ ❚❤✐#

❤❛♣♣❡♥# ❜❡❝❛✉#❡ ♦❢ ❤❡!❡'♦#❦❡❞❛#!✐❝ ❡''♦'# ❛♥❞ !❤❡ ❢❛❝! !❤❛! λ̂i,P−j ❛♥❞ λ̂i,A−j ❛'❡ ❣❡♥❡'❛!❡❞

'❡❣'❡##♦'#✳

❚❡❝❤♥✐❝❛❧❧②✱ ❛♥ ❡①❝❧✉#✐♦♥ '❡#!'✐❝!✐♦♥ ❛##✉♠♣!✐♦♥ ✐# ♥♦! '❡6✉✐'❡❞ ❢♦' !❤❡ ♠♦❞❡❧ !♦ ❜❡

✐❞❡♥!✐✜❡❞✳ ❍♦✇❡✈❡'✱ ✇❤❡♥ (Si, Xi) = Wi = Gi✱ !❤❡ ❝♦❡✣❝✐❡♥! ❡#!✐♠❛!❡# ✐♥ !❤❡ #❡❝!♦'❛❧

❡❛'♥✐♥❣# ❡6✉❛!✐♦♥ ❛'❡ ✐❞❡♥!✐✜❡❞ ♦♥❧② ❜② !❤❡ ♥♦♥✲❧✐♥❡❛'✐!② ♦❢ !❤❡ ❝♦''❡❝!✐♦♥ !❡'♠#✳ ❲❤❡♥

!❤❡'❡ ✐# ❛ ❧✐!!❧❡ ✈❛'✐❛!✐♦♥ ✐♥ π ·Wi ❛♥❞ τ ·Gi✱ !❤❡ ❝♦''❡❝!✐♦♥ !❡'♠# ❝❛♥ ❜❡ ❛♣♣'♦①✐♠❛!❡❞

❜② ❛ ❧✐♥❡❛' ❢✉♥❝!✐♦♥ ♦❢ (Si, Xi)✳ ❚❤✐# ✐♠♣❧✐❡# ❛ #❡✈❡'❡ ❝♦❧❧✐♥❡❛'✐!② ❛♠♦♥❣ !❤❡ '❡❣'❡##♦'#

✇❤✐❝❤ ♣♦!❡♥!✐❛❧❧② ✐♥❝'❡❛#❡# !❤❡ #!❛♥❞❛'❞ ❡''♦'# ♦❢ !❤❡ ❝♦❡✣❝✐❡♥! ❡#!✐♠❛!❡# ✭B✉❤❛♥✐✱ ✷✵✵✵❀

❲♦♦❧❞'✐❞❣❡✱ ✷✵✶✵✮✳ ❊①❝❧✉#✐♦♥ '❡#!'✐❝!✐♦♥# ❛'❡ !❤❡'❡❢♦'❡ ❤❡❧♣❢✉❧ !♦ ✐♠♣'♦✈❡ !❤❡ ♣'❡❝✐#✐♦♥ ♦❢

!❤❡ ❡#!✐♠❛!❡#✳ ❚❤❡#❡ ❛'❡ ✈❛'✐❛❜❧❡# ✇❤✐❝❤ ❞✐'❡❝!❧② ❛✛❡❝! !❤❡ ❞❡❝✐#✐♦♥ ♦♥ !❤❡ ❡♠♣❧♦②♠❡♥! !②♣❡✱

❜✉! ❞♦ ♥♦! ❞✐'❡❝!❧② ✐♥✢✉❡♥❝❡ #❡❝!♦' ❝❤♦✐❝❡ ❛♥❞ #❡❝!♦'❛❧ ❡❛'♥✐♥❣#✳ ❙✐♠✐❧❛'❧② ❢♦' !❤❡ #❡❝!♦'❛❧

#♦'!✐♥❣ ♣'♦❝❡##✱ ✐! '❡6✉✐'❡# ❢❛❝!♦'# !❤❛! ❛✛❡❝! !❤❡ ❞❡❝✐#✐♦♥ ❛❜♦✉! !❤❡ #❡❝!♦' ♦❢ ✇♦'❦ ❜✉! ❝❛♥

❜❡ ❡①❝❧✉❞❡❞ ❢'♦♠ !❤❡ ❞❡❝✐#✐♦♥ ♦♥ !❤❡ ❡♠♣❧♦②♠❡♥! !②♣❡ ❛♥❞ !❤❡ #❡❝!♦'❛❧ ❡❛'♥✐♥❣# ♠♦❞❡❧✳

✹✳✸✳✸ ❊♥❞♦❣❡♥❡✐*② ,-♦❜❧❡♠

❚❤❡ ♠❛✐♥ ✈❛'✐❛❜❧❡ ♦❢ ✐♥!❡'❡#!✱ ❡❞✉❝❛!✐♦♥❛❧ ❛!!❛✐♥♠❡♥!✱ Si ❛♥❞ S2
i ✱ ✐# ❧✐❦❡❧② !♦ ❜❡ ❡♥❞♦❣❡♥♦✉#✳

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

❝❤❛'❛❝!❡'✐#!✐❝#✱ ❢♦' !❤❡ '❡❛#♦♥# !❤❛! ❤❛✈❡ ❛❧'❡❛❞② ❜❡❡♥ ❞✐#❝✉##❡❞ ✐♥ !❤❡ ❈❤❛♣!❡' ✸✳ ■♥ ❛❞❞✐!✐♦♥✱

❛# #❤♦✇♥ ❜② ❈❛'❞ ✭✶✾✾✾✮✱ ✐♥❞✐✈✐❞✉❛❧ ❤❡!❡'♦❣❡♥❡✐!② ❝❛♥ ❛'✐#❡ ❢'♦♠ ❞✐✛❡'❡♥❝❡# ✐♥ ❜♦!❤ ♠❛'❣✐♥❛❧

❝♦#!# ❛♥❞ '❡!✉'♥# ♦❢ ❡❞✉❝❛!✐♦♥✳ ❚❤❡ ❡✛❡❝! ♦❢ !❤✐# ❤❡!❡'♦❣❡♥❡✐!② !♦❣❡!❤❡' ✇✐!❤ !❤❡ #!❛♥❞❛'❞

❡♥❞♦❣❡♥❡✐!② ♣'♦❜❧❡♠ ❝❛♥ ❜❡ ❛❞❞❡❞ !♦ !❤❡ #❡❝!♦'❛❧ ❡❛'♥✐♥❣# ❡6✉❛!✐♦♥# ❛# ❢♦❧❧♦✇#✳

✾✵



lnwi,j = ᾱ0,j + β̄1,j · Si + β2,j · S
2
i + γj ·Xi + αi,0,j +

(

βi,1,j − β̄1,j
)

· Si + εi,j ✭✹✳✶✹✮

❢♦" j ❂ A ❛♥❞ NA✱ ❛♥❞ ✇❤❡"❡ αi,0,j ✱
(

βi,1,j − β̄1,j
)

✱ ❛♥❞ εi,j ❛"❡ ✉♥♦❜-❡"✈❡❞✳ ❚❤❡ ♣"❡-❡♥❝❡

♦❢ ✐♥❞✐✈✐❞✉❛❧ ❤❡5❡"♦❣❡♥❡✐5② ✐♥ ❜♦5❤ 5❤❡ ✐♥5❡"❝❡♣5✱ αi,0,j ✱ ❛♥❞ 5❤❡ -❧♦♣❡ ♦❢ 5❤❡ -❡❝5♦"❛❧ ❡❛"♥✐♥❣-

❢✉♥❝5✐♦♥✱ βi,1,j ✱ ❝❛✉-❡- ❛ ❝♦""❡❧❛5✐♦♥ ❜❡5✇❡❡♥ 5❤❡ ✉♥♦❜-❡"✈❛❜❧❡- ❛♥❞ ❡❞✉❝❛5✐♦♥❛❧ ❛55❛✐♥♠❡♥5✳

✶✺

❆- ❛ "❡-✉❧5 5❤❡ ❖▲❙ ❡-5✐♠❛5❡ ♦❢ 5❤❡ "❡5✉"♥ 5♦ ❡❞✉❝❛5✐♦♥✱ E (β1,j) + 2 ·E (β2,j) · Si✱ ✇♦✉❧❞ ❜❡

❜✐❛-❡❞✳

❊✈❡♥ ✐❢ ✈❛❧✐❞ ❛♥❞ ✐♥❢♦"♠❛5✐✈❡ ✐♥-5"✉♠❡♥5- ❡①✐-5❡❞✱ 5❤❡ ■❱ 5❡❝❤♥✐A✉❡ ✇♦✉❧❞ ♦♥❧② ❛❧❧♦✇ ❢♦"

✉♥♦❜-❡"✈❡❞ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛"❛❝5❡"✐-5✐❝-✱ ❜✉5 ♥♦5 ❢♦" ❤❡5❡"♦❣❡♥❡✐5② ✐♥ "❡5✉"♥- ❛❝"♦-- ✐♥❞✐✈✐❞✉❛❧-

✭❈❛"❞✱ ✶✾✾✾✱ ✷✵✵✶✮✳ ■♥ 5❤❡ ♣"❡-❡♥❝❡ ♦❢ 5❤✐- ❤❡5❡"♦❣❡♥❡✐5②✱ 5❤❡ ■❱ ❡-5✐♠❛5❡- ✇♦✉❧❞ ♦♥❧② ❜❡

✐♥❢♦"♠❛5✐✈❡ ❢♦" -✉❜✲♣♦♣✉❧❛5✐♦♥-✱ ✇❤♦-❡ ❞❡❝✐-✐♦♥- ♦♥ ❡❞✉❝❛5✐♦♥ ❝❤❛♥❣❡ ❛- ❛ "❡-✉❧5 ♦❢ 5❤❡

✐♥-5"✉♠❡♥5 ✭❝♦♠♣❧✐❡"-✮✳ ❚❤❡-❡ ■❱ ❡-5✐♠❛5❡- ❛"❡ ❦♥♦✇♥ ❛- 5❤❡ ❧♦❝❛❧ ❛✈❡"❛❣❡ 5"❡❛5♠❡♥5 ❡✛❡❝5-

✭▲❆❚❊✮ ✭■♠❜❡♥- ❛♥❞ ❆♥❣"✐-5✱ ✶✾✾✹❀ ❆♥❣"✐-5 ❛♥❞ ■♠❜❡♥-✱ ✶✾✾✺✮✳ ❋✉"5❤❡"♠♦"❡✱ ✇✐5❤ ♠♦"❡

5❤❛♥ ♦♥❡ ❡♥❞♦❣❡♥♦✉- ✈❛"✐❛❜❧❡ ✭❢♦" ✐♥-5❛♥❝❡✱ 5❤❡ ♥♦♥✲❧✐♥❡❛" ❡✛❡❝5 ♦❢ ❡❞✉❝❛5✐♦♥✮✱ ✐5 ✐- ♠✉❝❤

❤❛"❞❡" 5♦ ❞✐-5✐♥❣✉✐-❤ 5❤❡ ❝♦♠♣❧✐❡"-✳ ❆- ❛ "❡-✉❧5✱ 5❤❡ ▲❆❚❊ ❧✐5❡"❛5✉"❡ 5②♣✐❝❛❧❧② ❞♦❡- ♥♦5 ❛❧❧♦✇

❢♦" 5❤❡-❡ ♥♦♥✲❧✐♥❡❛"✐5✐❡- ✭❛- "❡✈✐❡✇❡❞ ✐♥ ❈❤❛♣5❡" ✸✮✳

■♥ ❛❞❞✐5✐♦♥✱ 5♦ ♠♦✈❡ 5♦ ❛♥ ❡-5✐♠❛5❡ ❢♦" 5❤❡ ♣♦♣✉❧❛5✐♦♥ ✭5❤❛5 ✐-✱ 5❤❡ ❛✈❡"❛❣❡ 5"❡❛5♠❡♥5

❡✛❡❝5 ✭❆❚❊✮✮✱ 5❤❡ ■❱ ❛♣♣"♦❛❝❤ "❡A✉✐"❡- -5"♦♥❣❡" ❛--✉♠♣5✐♦♥-✿ ■♠❜❡♥- ❛♥❞ ❲♦♦❧❞"✐❞❣❡

✭✷✵✵✼❛✱❜✮ ♠❛❦❡ ❛♥ ❛❞❞✐5✐♦♥❛❧ ❛--✉♠♣5✐♦♥ ♦♥ ❛ ❝♦♥❞✐5✐♦♥❛❧ ❝♦✈❛"✐❛♥❝❡ ♦❢ ✉♥♦❜-❡"✈❡❞ ❤❡5✲

❡"♦❣❡♥❡♦✉- "❡5✉"♥- ❛♥❞ ②❡❛"- ♦❢ ❡❞✉❝❛5✐♦♥✳

✶✻

❆❧5❡"♥❛5✐✈❡❧②✱ ❲♦♦❧❞"✐❞❣❡ ✭✶✾✾✼✮ ❛--✉♠❡-

❤♦♠♦-❦❡❞❛-5❝✐5② ♦❢ "❡5✉"♥- 5♦ ❡❞✉❝❛5✐♦♥ ❛- ✇❡❧❧ ❛- ❧✐♥❡❛"✐5② ✐♥ ②❡❛"- ♦❢ ❡❞✉❝❛5✐♦♥✳

✶✼

❉✉❡ 5♦ ❛ ❧✐♠✐5❡❞ ♥✉♠❜❡" ♦❢ ✐♥-5"✉♠❡♥5- ❛♥❞ 5❤❡ ❛--✉♠♣5✐♦♥- ♦❢ ❤❡5❡"♦❣❡♥❡♦✉- ❛♥❞ ♥♦♥✲

❧✐♥❡❛" "❡5✉"♥- 5♦ ❡❞✉❝❛5✐♦♥✱ ■ ✉-❡ 5❤❡ ❝♦♥5"♦❧ ❢✉♥❝5✐♦♥ ✭❈❋✮ ❛♣♣"♦❛❝❤ 5♦ ❡-5✐♠❛5❡ 5❤❡ ❛✈❡"❛❣❡

"❡5✉"♥- 5♦ ❡❞✉❝❛5✐♦♥ ❢♦" 5❤❡ ♣♦♣✉❧❛5✐♦♥✳ ❚❤❡ ❈❋ ❛♣♣"♦❛❝❤ ✇❛- ✐♥✐5✐❛❧❧② ❛♣♣❧✐❡❞ 5♦ 5❤❡ ❛♥❛✲

❧②-✐- ♦❢ ❡❞✉❝❛5✐♦♥ ❜② ●❛"❡♥ ✭✶✾✽✹✮ ❛♥❞ "❡❝❡♥5❧② "❡✈✐❡✇❡❞ ❜② ❈❛"❞ ✭✶✾✾✾✱ ✷✵✵✶✮❀ ■♠❜❡♥- ❛♥❞

❲♦♦❧❞"✐❞❣❡ ✭✷✵✵✼❛✮ ❛♥❞ ■♠❜❡♥- ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮✳ ❇② 5"❡❛5✐♥❣ ❡♥❞♦❣❡♥❡✐5② ❛- ❛♥ ♦♠✐55❡❞

✈❛"✐❛❜❧❡✱ 5❤❡ ❡♥❞♦❣❡♥❡✐5② ♣"♦❜❧❡♠ ❝❛♥ ❜❡ -♦❧✈❡❞ ❜② ✐♥❝❧✉❞✐♥❣ ❛ ❝♦♥5"♦❧ ❢♦" 5❤❡ ❝♦""❡❧❛5✐♦♥

✶✺

❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ❤❡*❡+♦❣❡♥❡✐*② ✐♥ *❤❡ /❧♦♣❡ ✐/ ❛❧/♦ ❦♥♦✇♥ ❛/ ❛ +❛♥❞♦♠ ❝♦❡✣❝✐❡♥* ♦❢ ❡❞✉❝❛*✐♦♥❛❧ ❛**❛✐♥♠❡♥*✳

✶✻

❍♦✇❡✈❡+✱ ❈❛+❞ ✭✷✵✵✶✮ /✉❣❣❡/*/ *❤❛* *❤✐/ +❡/*+✐❝*✐✈❡ ❛//✉♠♣*✐♦♥ ✐/ ♥♦* /✉✐*❛❜❧❡ ❢♦+ ❛ ❞✐/❝+❡*❡ ❡♥❞♦❣❡♥♦✉/

✈❛+✐❛❜❧❡ ❛♥❞ ❝❛♥ ❜❡ ✈✐♦❧❛*❡❞ ❡✈❡♥ ✇❤❡♥ *❤❡ ❡♥❞♦❣❡♥♦✉/ ✈❛+✐❛❜❧❡ ✐/ +♦✉❣❤❧② ❝♦♥*✐♥✉♦✉/✳

✶✼

❲♦♦❧❞+✐❞❣❡ ✭✶✾✾✼✮ ❛❧/♦ ❢✉+*❤❡+ +❡D✉✐+❡/ *❤❛* *❤❡ ✐♥❞✐✈✐❞✉❛❧ ❤❡*❡+♦❣❡♥❡✐*② *❡+♠/ ❛+❡ ♠❡❛♥ ✐♥❞❡♣❡♥❞❡♥*

♦❢ *❤❡ ✐♥/*+✉♠❡♥*/✱ ✇❤✐❝❤ ✐/ /*+♦♥❣❡+ *❤❛♥ *❤❡ ✉♥❝♦++❡❧❛*❡❞♥❡// *❤❛* ✐/ ✉/✉❛❧❧② +❡D✉✐+❡❞✳

✾✶



❜❡"✇❡❡♥ ♦♠✐""❡❞ ✉♥♦❜*❡+✈❡❞ ❤❡"❡+♦❣❡♥❡✐"② ❛♥❞ ②❡❛+* ♦❢ ❡❞✉❝❛"✐♦♥✳ ❈♦♠♣❛+❡❞ "♦ "❤❡ ■❱✱ "❤❡

❈❋ ❛♣♣+♦❛❝❤ ❡♥❛❜❧❡* "❤❡ ♣♦♣✉❧❛"✐♦♥ ❡*"✐♠❛"✐♦♥ ✭"❤❛" ✐*✱ "❤❡ ❆❚❊✮ ❡✈❡♥ ✇❤❡♥ "❤❡+❡ ❡①✐*"*

❛ ♥♦♥✲❧✐♥❡❛+ ❡✛❡❝" ♦❢ ❡❞✉❝❛"✐♦♥ ❛♥❞✴♦+ ❛♥ ❡❞✉❝❛"✐♦♥ ❝❤♦✐❝❡ ✐* ✐♥✢✉❡♥❝❡❞ ❜② ❤❡"❡+♦❣❡♥❡♦✉*

+❡"✉+♥* ❛❝+♦** ✐♥❞✐✈✐❞✉❛❧* ✭❇❧✉♥❞❡❧❧ ❡" ❛❧✳✱ ✷✵✵✹❀ ■♠❜❡♥* ❛♥❞ ❲♦♦❧❞+✐❞❣❡✱ ✷✵✵✼❛✮✳ ■" ❛❧*♦

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

"✐♠❛"❡* ✇❤❡♥ "❤❡ ❡✛❡❝" ✐* ❤❡"❡+♦❣❡♥❡♦✉* ❛❝+♦** ✐♥❞✐✈✐❞✉❛❧* ✭❈❛+❞✱ ✷✵✵✶❀ ❙N❞❡+❜♦♠ ❡" ❛❧✳✱

✷✵✵✻❀ ❘✐❥❦❡+* ❡" ❛❧✳✱ ✷✵✶✵✮✳ ❚❤✐* ❤♦✇❡✈❡+ +❡S✉✐+❡* ♣❛+❛♠❡"+✐❝ ❛**✉♠♣"✐♦♥* ♦♥ "❤❡ ❝♦++❡❧❛"✐♦♥

❜❡"✇❡❡♥ "❤❡ ✉♥♦❜*❡+✈❛❜❧❡* ✐♥ "❤❡ *❡❝"♦+❛❧ ❡❛+♥✐♥❣* ❛♥❞ *❝❤♦♦❧✐♥❣ ❡S✉❛"✐♦♥*✳ ❙❝❤♦♦❧✐♥❣ ✐*

❡♥❞♦❣❡♥♦✉* ❛♥❞ ❝❛♥ ❜❡ ♠♦❞❡❧❧❡❞ ❛* ❛ ❢✉♥❝"✐♦♥ ♦❢ ✐"* ♠❛+❣✐♥❛❧ ❝♦*"* ❛♥❞ ❜❡♥❡✜"*✱ ✇❤✐❝❤ ❛+❡

❛❧*♦ ❛✛❡❝"❡❞ ❜② *♦♠❡ ✐♥*"+✉♠❡♥"❛❧ ✈❛+✐❛❜❧❡* "❤❛" ❞♦ ♥♦" ❛✛❡❝" ❡❛+♥✐♥❣*✳ ❚❤❡♥✱ "❤❡ ♦♣"✐♠❛❧

*❝❤♦♦❧✐♥❣ ❞❡❝✐*✐♦♥ ❝❛♥ ❜❡ ✇+✐""❡♥ ❛*

Si = θ · Zi + ζi ✭✹✳✶✺✮

✇❤❡+❡ Zi ✐* "❤❡ *❡" ♦❢ ✈❛+✐❛❜❧❡* "❤❛" ✐♥✢✉❡♥❝❡ *❝❤♦♦❧✐♥❣ ❞❡❝✐*✐♦♥ ❛♥❞ ζi ✐* "❤❡ ❡++♦+ "❡+♠

✇❤✐❝❤ ❛❧*♦ ❝♦♥"❛✐♥* "❤❡ ✉♥♦❜*❡+✈❡❞ ❤❡"❡+♦❣❡♥❡✐"② ✐♥ +❡"✉+♥* "♦ ❡❞✉❝❛"✐♦♥✱

(

βi,1,j − β̄1,j
)

✱ ❛♥❞

✉♥♦❜*❡+✈❡❞ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛+❛❝"❡+✐*"✐❝*✱ αi,0,j ✳ ❚❤✐* ✐* ❛❧*♦ ❦♥♦✇♥ ❛* ❛ ✜+*"✲*"❛❣❡ +❡❣+❡**✐♦♥

*✐♠✐❧❛+❧② "♦ "❤❛" ♦❢ "❤❡ ■❱ ♠❡"❤♦❞✳

❋♦❧❧♦✇✐♥❣ ■♠❜❡♥* ❛♥❞ ❲♦♦❧❞+✐❞❣❡ ✭✷✵✵✼❛✮✱ "❤❡ ❈❋ ❛♣♣+♦❛❝❤ "❤❡♥ ❛**✉♠❡* "❤❛" Zi ✐*

♠❡❛♥ ✐♥❞❡♣❡♥❞❡♥" ♦❢ αi,0,j ✱
(

βi,1,j − β̄1,j
)

✱ ❛♥❞ ♦"❤❡+ ❢❛❝"♦+* ✐♥ ζi✱ ❛♥❞ "❤❛" "❤❡ ❝♦♥❞✐"✐♦♥❛❧

❡①♣❡❝"❛"✐♦♥ ♦❢ "❤❡ ✉♥♦❜*❡+✈❡❞ ❤❡"❡+♦❣❡♥❡✐"② ❝♦♠♣♦♥❡♥"* ❛+❡ ❧✐♥❡❛+ ✐♥ "❤❡ +❡*✐❞✉❛❧✱ ζi✱ ❢+♦♠

"❤❡ ✜+*"✲*"❛❣❡ +❡❣+❡**✐♦♥ ✭❊S✉❛"✐♦♥ ✭✹✳✶✺✮✮✳ ❚❤❡*❡ ❝❛♥ ❜❡ ✇+✐""❡♥ ❛*

E
(

βi,1,j − β̄1,j | Si, Xi, Zi

)

= ψ1 · ζi ✭✹✳✶✻✮

E (αi,0,j | Si, Xi, Zi) = ψ0 · ζi ✭✹✳✶✼✮

❚❤❡*❡ ❛**✉♠♣"✐♦♥* ✐♠♣❧②

✾✷



lnwi,j = ᾱ0,j + β̄1,j · Si + β2,j · S
2
i + γj ·Xi +

ψ0 · ζi + ψ1 · ζi · Si + εi,j ✭✹✳✶✽✮

❖!✱

E (lnwi,j | Si, Xi, Zi) = ᾱ0,j + β̄1,j · Si + β2,j · S
2
i + γj ·Xi +

ψ0 · ζi + ψ1 · ζi · Si ✭✹✳✶✾✮

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

✭❊9✉❛,✐♦♥ ✭✹✳✶✺✮✮✳ ❚❤❡ !❡+,!✐❝,✐♦♥ ,❤❛, ,❤❡ ❝♦♥❞✐,✐♦♥❛❧ ❡①♣❡❝,❛,✐♦♥ ✐+ ❧✐♥❡❛! ✐♥ ,❤❡ +❝❤♦♦❧✐♥❣

!❡+✐❞✉❛❧ ❝❛♥ ❛❧+♦ ❜❡ !❡❧❛①❡❞ ❜② ❛❞❞✐♥❣ ❛ ♥♦♥✲❧✐♥❡❛! ,❡!♠ ✐♥ ,❤❡ +❝❤♦♦❧✐♥❣ !❡+✐❞✉❛❧✳

■♥ ❛❞❞✐,✐♦♥✱ ❛+ ♠② ✐♥+,!✉♠❡♥,✱ Zi✱ ✐+ ❛ ❜✐♥❛!② ✈❛!✐❛❜❧❡ ✐♥❞✐❝❛,✐♥❣ ✇❤❡,❤❡! ✐♥❞✐✈✐❞✉❛❧+ ❛!❡

✐♥ ,❤❡ ♣!❡✲❡❞✉❝❛,✐♦♥ !❡❢♦!♠ !❡❣✐♠❡✱ ❛ +✐♠♣❧❡ ❡①,❡♥+✐♦♥ ✐+ ,♦ ❛❧❧♦✇ ,❤❡ ❝♦♥❞✐,✐♦♥❛❧ ❡①♣❡❝,❛,✐♦♥

,♦ ❤❛✈❡ ❞✐✛❡!❡♥, ❝♦❡✣❝✐❡♥,+ ❢♦! ❡❛❝❤ ♣❡!✐♦❞ ✭❈❛!❞✱ ✷✵✵✶✮✳ ❚❤❡♥✱ ❊9✉❛,✐♦♥+ ✭✹✳✶✻✮ ❛♥❞ ✭✹✳✶✼✮

❜❡❝♦♠❡

E
(

βi,1,j − β̄1,j | Si, Xi, Zi

)

= ψ1,Z0
· (1− Zi) · ζi + ψ1,Z1

· Zi · ζi ✭✹✳✷✵✮

E (αi,0,j | Si, Xi, Zi) = ψ0,Z0
· (1− Zi) · ζi + ψ0,Z1

· Zi · ζi ✭✹✳✷✶✮

❚❤❡!❡❢♦!❡✱

E (lnwi,j | Si, Xi, Zi) = ᾱ0,j + β̄1,j · Si + β2,j · S
2
i + γj ·Xi +

ψ0,Z0
· ζi + (ψ0,Z0

+ ψ0,Z1
) · Zi · ζi +

ψ01,Z0
· ζi · Si + (ψ1,Z0

+ ψ1,Z1
) · Zi · ζi · Si ✭✹✳✷✷✮

❚❤✐+ +❡❝,♦!❛❧ ❡❛!♥✐♥❣+ ❡9✉❛,✐♦♥ ❝❛♥ ❜❡ ❡+,✐♠❛,❡❞ ❜② ✜!+,❧② !✉♥♥✐♥❣ ,❤❡ ✜!+,✲+,❛❣❡ !❡✲

❣!❡++✐♦♥ ✭❊9✉❛,✐♦♥ ✭✹✳✶✺✮✮✱ ❛♥❞ +❡❝♦♥❞❧② ❡+,✐♠❛,✐♥❣ ❊9✉❛,✐♦♥ ✭✹✳✷✷✮✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡+ ,❤❡

♣!❡❞✐❝,❡❞ !❡+✐❞✉❛❧ ❢!♦♠ ,❤❡ ✜!+,✲+,❛❣❡ !❡❣!❡++✐♦♥✱ ζ̂i✱ ❛♥❞ ✐,+ ✐♥,❡!❛❝,✐♦♥+ ✇✐,❤ ♦,❤❡! ✈❛!✐✲
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❛❜❧❡$ ❛$ $♣❡❝✐✜❡❞✳ ❍❡♥❝❡✱ ✐♥ ❛❞❞✐.✐♦♥ .♦ .❤❡ ❛$$✉♠♣.✐♦♥$ ✐♠♣♦$❡❞ ✐♥ .❤❡ ❈❋ .❡❝❤♥✐5✉❡✱ .❤❡

✐❞❡♥.✐✜❝❛.✐♦♥ $.6❛.❡❣② 6❡5✉✐6❡$ ❛ ✈❛❧✐❞ ✐♥$.6✉♠❡♥.✱ ✇❤✐❝❤ ❞♦❡$ ♥♦. ❞✐6❡❝.❧② ❛✛❡❝. $❡❝.♦6❛❧

❡❛6♥✐♥❣$✳

■. ✐$ ✐♠♣♦6.❛♥. .♦ ❞✐$❝✉$$ ❤♦✇ $.6✐❝. ❛$$✉♠♣.✐♦♥$ 6❡5✉✐6❡❞ ❜② .❤❡ ❈❋ .❡❝❤♥✐5✉❡ ❛6❡ ❝♦♠✲

♣❛6❡❞ .♦ .❤❡ ■❱ ❛♣♣6♦❛❝❤✳ ❚❤❡ ♠❡❛♥ ✐♥❞❡♣❡♥❞❡♥❝❡ ❡①♦❣❡♥❡✐.② ❝♦♥❞✐.✐♦♥$ ✭❜❡.✇❡❡♥ Zi ❛♥❞

αi,0,j ✱
(

βi,1,j − β̄1,j
)

✱ ❛♥❞ ζi✮ ✐♠♣♦$❡ ❛ ♥♦♥✲.6✐✈✐❛❧ 6❡$.6✐❝.✐♦♥ ♦♥ ❜♦.❤ $.6✉❝.✉6❛❧ ❛♥❞ ✜6$.✲$.❛❣❡

6❡❞✉❝❡❞ ❢♦6♠ ❡66♦6 .❡6♠$ ✭■♠❜❡♥$ ❛♥❞ ❲♦♦❧❞6✐❞❣❡✱ ✷✵✵✼❛✱❜✮✳ ❋✐6$.✱ .❤❡ ♠❡❛♥ ✐♥❞❡♣❡♥❞❡♥❝❡

♦❢ Zi ❢6♦♠ .❤❡ ✉♥♦❜$❡6✈❡❞ ❤❡.❡6♦❣❡♥❡✐.② ✐♥ ✐♥❞✐✈✐❞✉❛❧ ♣6♦❞✉❝.✐✈✐.②✲❡♥❤❛♥❝✐♥❣ ❝❤❛6❛❝.❡6✐$.✲

✐❝$ ❛♥❞ 6❡.✉6♥$ .♦ ❡❞✉❝❛.✐♦♥✱ αi,0,j ❛♥❞

(

βi,1,j − β̄1,j
)

✱ ✐$ $.6♦♥❣❡6 .❤❛♥ .❤❡ ✉♥❝♦66❡❧❛.❡❞♥❡$$

❝♦♥❞✐.✐♦♥ 6❡5✉✐6❡❞ ✐♥ .❤❡ ❣❡♥❡6❛❧ ■❱ ♠❡.❤♦❞✳ ❙❡❝♦♥❞✱ ❛$$✉♠✐♥❣ .❤❛. Zi ✐$ ♠❡❛♥ ✐♥❞❡♣❡♥❞✲

❡♥. ♦❢ .❤❡ ✜6$.✲$.❛❣❡ ❡66♦6 .❡6♠✱ ζi✱ ✐$ ♥♦. ❛♥ ❛♣♣6♦♣6✐❛.❡ ❛$$✉♠♣.✐♦♥ ✇❤❡♥ .❤❡ ❡♥❞♦❣❡♥♦✉$

✈❛6✐❛❜❧❡ ✐$ ❞✐$❝6❡.❡ ✭❈❛6❞✱ ✷✵✵✶❀ ■♠❜❡♥$ ❛♥❞ ❲♦♦❧❞6✐❞❣❡✱ ✷✵✵✼❛✱❜✮✳
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❆$ ❞✐$❝✉$$❡❞ ❡❛6❧✐❡6✱

❛ ♥♦♥✲❞✐$❝6❡.❡ ❡♥❞♦❣❡♥♦✉$ ✈❛6✐❛❜❧❡ ✐$ ❛❧$♦ 6❡5✉✐6❡❞ ❜② .❤❡ ■❱ ❛♣♣6♦❛❝❤✳ ●✐✈❡♥ .❤❛. $❝❤♦♦❧✲
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❜✉. ❛..❡♠♣. .♦ ♣6♦✈✐❞❡ ❡$.✐♠❛.❡$ ♦♥❧② ❢♦6 .❤❡ ❡♠♣❧♦②❡❞ ♣♦♣✉❧❛.✐♦♥✳ ❖♥ .❤❡ ♦.❤❡6 ❤❛♥❞✱ ♠♦$.
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■ ❡';✐♠❛;❡ ;❤❡ ✜$';✲';❛❣❡ $❡'✐❞✉❛❧' ❢♦$ ;❤❡ ❡❛$♥✐♥❣' '❛♠♣❧❡✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ✉'❡❞ ;♦ ❝♦$$❡❝;

❢♦$ ;❤❡ ❡♥❞♦❣❡♥❡✐;② ♣$♦❜❧❡♠ ✐♥ ;❤❡ '❡❝;♦$❛❧ ❡❛$♥✐♥❣' ❢✉♥❝;✐♦♥'✳ ❚❤✐$❞✱ ■ ✐♥❝❧✉❞❡ ;❤❡ '❛♠♣❧❡

'❡❧❡❝;✐♦♥ ❝♦$$❡❝;✐♦♥ ;❡$♠' ;♦❣❡;❤❡$ ✇✐;❤ ;❤❡ ❈❋ ❡♥❞♦❣❡♥❡✐;② ❛♥❞ ❤❡;❡$♦❣❡♥❡✐;② ❝♦$$❡❝;✐♦♥

;❡$♠' ✐♥ ;❤❡ ❡';✐♠❛;✐♦♥ ♦❢ ;❤❡ '❡❝;♦$❛❧ ❡❛$♥✐♥❣'✳ ❚❤❡$❡❢♦$❡✱ ❢♦$ '❡❝;♦$ j ❂ A ❛♥❞ NA✱ ;❤❡

❡❛$♥✐♥❣' ❡D✉❛;✐♦♥ ;♦ ❜❡ ❡';✐♠❛;❡❞ ❝❛♥ ❜❡ ✇$✐;;❡♥ ❛'

E (lnwi,j | Si, Xi, Zi) = ᾱ0,j + β̄1,j · Si + β2,j · S
2
i + γj ·Xi +

ψ0,Z0
· ζ̂i + (ψ0,Z0

+ ψ0,Z1
) · Zi · ζ̂i +

ψ01,Z0
· ζ̂i · Si + (ψ1,Z0

+ ψ1,Z1
) · Zi · ζ̂i · Si +

δju · λ̂i,P−j + δAv · λ̂i,A−j ✭✹✳✷✸✮

✹✳✸✳✺ ■♥&'(✉♠❡♥'& ❛♥❞ ❊①❝❧✉&✐♦♥ ❘❡&'(✐❝'✐♦♥

❆' ❞✐'❝✉''❡❞ ✐♥ ;❤❡ ✐❞❡♥;✐✜❝❛;✐♦♥ ';$❛;❡❣②✱ ❛♥ ✐♥';$✉♠❡♥;❛❧ ✈❛$✐❛❜❧❡ ✐' $❡D✉✐$❡❞ ;♦ ❝♦♥;$♦❧ ❢♦$

;❤❡ ❡♥❞♦❣❡♥❡✐;② ♣$♦❜❧❡♠ ❛♥❞ ❛♥ ❡①❝❧✉'✐♦♥ $❡';$✐❝;✐♦♥ ✐' ♥❡❝❡''❛$② ❢♦$ ;❤❡ '❛♠♣❧❡ '❡❧❡❝;✐♦♥

❝♦$$❡❝;✐♦♥'✳ ❚❤❡ ✐♥';$✉♠❡♥;❛❧ ✈❛$✐❛❜❧❡ ❢♦$ ;❤❡ ❡♥❞♦❣❡♥♦✉' ❝❤♦✐❝❡ ♦❢ ❡❞✉❝❛;✐♦♥ ❛♥❞ ❤❡;❡$♦❣❡♥✲

❡♦✉' $❡;✉$♥' ♥❡❡❞' ;♦ ♣$♦❞✉❝❡ ❡①♦❣❡♥♦✉' ✈❛$✐❛;✐♦♥ ✐♥ ✇♦$❦❡$'✬ ❡❞✉❝❛;✐♦♥✳ ■♥ ♦;❤❡$ ✇♦$❞'✱ ;❤❡

✾✺



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

❛#❡❞ ✇✐#❤ ❛♥② ✉♥♦❜"❡$✈❡❞ ❢❛❝#♦$" ✐♥✢✉❡♥❝✐♥❣ ❡❛$♥✐♥❣"✳ ❙✐♠✐❧❛$ #♦ #❤❡ ♦#❤❡$ ❝❤❛♣#❡$" ✐♥ #❤✐"

#❤❡"✐"✱ ❡①♦❣❡♥♦✉" ✈❛$✐❛#✐♦♥ ✐♥ ❡❞✉❝❛#✐♦♥❛❧ ❛##❛✐♥♠❡♥# ❛$✐"❡" ❢$♦♠ #❤❡ ❝❤❛♥❣❡ ✐♥ ❝♦♠♣✉❧"♦$②

❡❞✉❝❛#✐♦♥ #❤❛# ✇❛" ✐♠♣❧❡♠❡♥#❡❞ ✐♥ ✶✾✼✽ ✭❚❤❛✐❧❛♥❞✬" ❊❞✉❝❛#✐♦♥ ❘❡❢♦$♠ ❆❝# ♦❢ ✶✾✼✽✮✳ ❚❤❡

✶✾✼✽ ❊❞✉❝❛#✐♦♥ ❘❡❢♦$♠ ✐♥❝$❡❛"❡❞ ❝♦♠♣✉❧"♦$② ❡❞✉❝❛#✐♦♥ ❢$♦♠ ✹ ②❡❛$" ♦❢ ❧♦✇❡$ ♣$✐♠❛$② #♦ ✻

②❡❛$" ♦❢ ♣$✐♠❛$② "❝❤♦♦❧✳ ❘❡❣❛$❞❧❡"" ♦❢ #❤❡✐$ ♦❜"❡$✈❡❞ ❛♥❞ ✉♥♦❜"❡$✈❡❞ ❧❛❜♦✉$ ♠❛$❦❡# ❝❤❛$❛❝✲

#❡$✐"#✐❝" ❛♥❞ ❛❜✐❧✐#②✱ ✐♥❞✐✈✐❞✉❛❧" ✇❤♦ ❛$❡ ❜♦$♥ ✐♥ ❛♥❞ ❛❢#❡$ ✶✾✻✼ ❛$❡ ❢♦$❝❡❞ #♦ "#❛② ✐♥ "❝❤♦♦❧

❛# ❧❡❛"# ❢♦$ #✇♦ ♠♦$❡ ②❡❛$"✱ ❝♦♠♣❛$❡❞ #♦ #❤❡ ♦❧❞❡$ ❝♦❤♦$#"✳
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❍❡♥❝❡✱ ■ ✉"❡ ❛ ❜✐♥❛$② ✈❛$✐❛❜❧❡

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

❡❞✉❝❛#✐♦♥❛❧ ❛##❛✐♥♠❡♥#✳

❚❤❡ ❡①❝❧✉"✐♦♥ $❡"#$✐❝#✐♦♥ ✐♥ #❤❡ ♣❛✐❞ ❡♠♣❧♦②♠❡♥# "❡❧❡❝#✐♦♥ ❡K✉❛#✐♦♥ ❛$❡ #❤❡ ✈❛$✐❛❜❧❡"

#❤❛# ✐♥✢✉❡♥❝❡ #❤❡ ✉#✐❧✐#② ♦❢ ❜❡✐♥❣ ❛♥ ✉♥♣❛✐❞ ❢❛♠✐❧② ✇♦$❦❡$ ❛♥❞✴♦$ #❤❡ $❡"❡$✈❛#✐♦♥ ✇❛❣❡✱ ❜✉#

❞♦ ♥♦# ❞✐$❡❝#❧② ❛✛❡❝# ❧❛❜♦✉$ ❡❛$♥✐♥❣"✳ ❚❤❡"❡ ✈❛$✐❛❜❧❡" ❛$❡ K✉✐#❡ "✐♠✐❧❛$ #♦ #❤♦"❡ ✐♥✢✉❡♥❝✐♥❣

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

✇♦✉❧❞ ❛✛❡❝# #❤❡ ♥♦♥✲♣❡❝✉♥✐❛$② ✉#✐❧✐#② ♦❢ ✇♦$❦✐♥❣ ❛# ❤♦♠❡✱ ❛♥❞ #❤✉" ❜❡✐♥❣ ✉♥♣❛✐❞✳ ❚❤❡②

✐♥❝❧✉❞❡ #❤❡ ♥✉♠❜❡$ ♦❢ ❝❤✐❧❞$❡♥ ❛♥❞ ❡❧❞❡$❧② ✐♥ ❛ ❢❛♠✐❧② ❛" ✇❡❧❧ ❛" #❤❡ "♣♦✉"❡✬" ❡❛$♥✐♥❣"✳ ■#

✐" ✐♠♣♦$#❛♥# #♦ ❡♠♣❤❛"✐"❡ #❤❛# #❤❡ ❡✛❡❝# ♦❢ "♦♠❡ ♦❢ #❤❡"❡ ✈❛$✐❛❜❧❡" ♦♥ #❤❡ ❞❡❝✐"✐♦♥ ❛❜♦✉#

♣❛✐❞ ❡♠♣❧♦②♠❡♥# ♠❛② ❞✐✛❡$ ❛❝$♦"" ❣❡♥❞❡$✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐♥ ❛ ❝♦✉♥#$② ✇❤❡$❡ ♠♦"# ❤♦✉"❡❤♦❧❞

❤❡❛❞" ❛$❡ ♠❡♥✱ #❤❡ ♥✉♠❜❡$ ♦❢ ②♦✉♥❣ ❝❤✐❧❞$❡♥ ✐" ❡①♣❡❝#❡❞ #♦ ❜❡ ♣♦"✐#✐✈❡❧② ❝♦$$❡❧❛#❡❞ ✇✐#❤

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

❚❤❡ ❡①❝❧✉"✐♦♥ $❡"#$✐❝#✐♦♥ ✉"❡❞ #♦ ✐❞❡♥#✐❢② #❤❡ ♣$♦❝❡"" ♦❢ "❡❧❡❝#✐♦♥ ✐♥#♦ "❡❝#♦$" ❛$❡ #❤❡

♣$♦✈✐♥❝✐❛❧ ❧❛❜♦✉$ ♠❛$❦❡# ❝❤❛$❛❝#❡$✐"#✐❝"✳ ❙♣❡❝✐✜❝❛❧❧②✱ ■ ✉"❡ #❤❡ ❧❛❣❣❡❞ ❝❤❛♥❣❡" ✐♥ #❤❡ "❡❝#♦$❛❧

❡♠♣❧♦②♠❡♥# "❤❛$❡" ❛# ❛ ♣$♦✈✐♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ❞❛#❛ ❞♦ ♥♦# ❝♦♥#❛✐♥ ✉"❡❛❜❧❡ ✐♥❢♦$♠❛#✐♦♥ ♦♥

♣❛$❡♥# ❜❛❝❦❣$♦✉♥❞ ❝❤❛$❛❝#❡$✐"#✐❝" ✇❤✐❝❤ ❛$❡ ❧✐❦❡❧② #♦ ❜❡ ❧✐♥❦❡❞ #♦ "❡❝#♦$ ♦❢ ✇♦$❦✳

✷✸

❈❤❛♥❣❡"

✐♥ #❤❡ "❡❝#♦$❛❧ ❡♠♣❧♦②♠❡♥# "❤❛$❡ $❡✢❡❝# #❤❡ $❡❧❛#✐✈❡ ❧❛❜♦✉$ ❞❡♠❛♥❞ ❢♦$ ❡❛❝❤ "❡❝#♦$✱ ❛♥❞

❤❡♥❝❡✱ ❛✛❡❝# ♦♥ #❤❡ ♣$♦❜❛❜✐❧✐#② ♦❢ ❜❡✐♥❣ ✐♥ #❤❛# "❡❝#♦$✳ ■# ✐" ♣♦""✐❜❧❡ #❤❛# #❤❡ ❡①❝❧✉"✐♦♥

$❡"#$✐❝#✐♦♥ ❢❛✐❧" ❢♦$ #❤❡ ❝♦♥#❡♠♣♦$❛♥❡♦✉" ❝❤❛♥❣❡ ✐♥ #❤❡ "❡❝#♦$ "❤❛$❡ ❜❡❝❛✉"❡ ❡❛$♥✐♥❣" ❛$❡
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■♥ ❚❤❛✐❧❛♥❞✱ ❝❤✐❧❞*❡♥ ✇❡*❡ *❡-✉✐*❡❞ /♦ 1/❛*/ 1❝❤♦♦❧ ✐♥ /❤❡ ❝❛❧❡♥❞❛* ②❡❛* ✐♥ ✇❤✐❝❤ /❤❡② ❜❡❝❛♠❡ ❡✐❣❤/

②❡❛*1 ♦❧❞✳ ❆1 ❛ *❡1✉❧/✱ /❤❡ ❝❤❛♥❣❡ ✐♥ ❝♦♠♣✉❧1♦*② 1❝❤♦♦❧✐♥❣ ❢*♦♠ ✹ /♦ ✻ ②❡❛*1 ✐♠♣❧❡♠❡♥/❡❞ ✐♥ ✶✾✼✽ ❛✛❡❝/1

✐♥❞✐✈✐❞✉❛❧1 ✇❤♦ ❛*❡ ❜♦*♥ ✐♥ ❛♥❞ ❛❢/❡* ✶✾✻✼✳
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❚❤❡ ❧✐/❡*❛/✉*❡ ❤❛1 ✉1❡❞ ✈❛*✐♦✉1 ♣❛*❡♥/ ❝❤❛*❛❝/❡*✐1/✐❝1 1✉❝❤ ❛1 ❢❛/❤❡*✬1 ❛♥❞ ♠♦/❤❡*✬1 ❡❞✉❝❛/✐♦♥ ♦* ♦❝❝✉✲

♣❛/✐♦♥✱ ❛1 ✇❡❧❧ ❛1 1♦♠❡ ❤♦✉1❡❤♦❧❞ ❝❤❛*❛❝/❡*✐1/✐❝1 1✉❝❤ ❛1 1✐❜❧✐♥❣1✬ ♦❝❝✉♣❛/✐♦♥ ❛1 ❡①❝❧✉1✐♦♥ *❡1/*✐❝/✐♦♥1 /❤❡

❝❤♦✐❝❡ ♦❢ 1❡❝/♦*✳ ❚❤❡ ▲❛❜♦✉* ❋♦*❝❡ ❙✉*✈❡② ✭▲❋❙✮ ❝♦❧❧❡❝/1 ✐♥❢♦*♠❛/✐♦♥ ♦♥ ♣❛*❡♥/1✬ ❡❞✉❝❛/✐♦♥ ❛♥❞ ♦❝❝✉♣❛/✐♦♥

♦♥❧② ❢♦* *❡1♣♦♥❞❡♥/1 ✇❤♦ ❛*❡ 1/✐❧❧ ❧✐✈✐♥❣ ✇✐/❤ /❤❡✐* ♣❛*❡♥/1✳ ❚❤❡ ▲❋❙ ❛❧1♦ ❛1❦1 ❛❜♦✉/ /❤❡ 1❡❝/♦* ♦❢ ✇♦*❦ ❛♥❞

♦❝❝✉♣❛/✐♦♥ ✐♥ /❤❡ ♣*❡✈✐♦✉1 ②❡❛*✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❛ ❣♦♦❞ ♣*❡❞✐❝/♦* ♦❢ /❤❡ ❝✉**❡♥/ 1❡❝/♦* ♦❢ ✇♦*❦✳ ❍♦✇❡✈❡*✱

/❤❡*❡ ❛*❡ /♦♦ ♠❛♥② ♠✐11✐♥❣ ✈❛❧✉❡1 ✐♥ /❤❡1❡ ✈❛*✐❛❜❧❡1✳

✾✻



 ❡❧❛$❡❞ $♦ ❝❤❛♥❣❡+ ✐♥ $❤❡  ❡❧❛$✐✈❡ ❞❡♠❛♥❞ ❛❝ ♦++ +❡❝$♦ +✳ ❍❡♥❝❡✱ ■ ✉+❡ $❤❡ ✜ +$ ❛♥❞ +❡❝♦♥❞

❧❛❣+ ♦❢ ♣ ♦✈✐♥❝❡✲❧❡✈❡❧ ❝❤❛♥❣❡+ ✐♥ +❡❝$♦ ❛❧ ❡♠♣❧♦②♠❡♥$ +❤❛ ❡+ ❛+ ❡①❝❧✉+✐♦♥  ❡+$ ✐❝$✐♦♥+ ✐♥ $❤❡

♣ ♦❝❡++ ♦❢ +❡❧❡❝$✐♦♥ ✐♥$♦ $❤❡ +❡❝$♦ ♦❢ ❡♠♣❧♦②♠❡♥$✳

✹✳✹ ❚❤❡ ❉❛'❛ ❛♥❞ ❉❡*❝,✐♣'✐✈❡ ❙'❛'✐*'✐❝*

❚❤✐+ +❡❝$✐♦♥ ♣ ❡+❡♥$+ $❤❡ ❦❡② ❝❤❛ ❛❝$❡ ✐+$✐❝+ ♦❢ $❤❡ ❚❤❛✐ ❧❛❜♦✉ ♠❛ ❦❡$✱ ✐♥❝❧✉❞✐♥❣ ❧❛❜♦✉ ❢♦ ❝❡

♣❛ $✐❝✐♣❛$✐♦♥✱ ❛♥❞ $②♣❡+ ❛♥❞ +❡❝$♦ + ♦❢ ❡♠♣❧♦②♠❡♥$✱ ❛+ ✇❡❧❧ ❛+ ❝❤❛ ❛❝$❡ ✐+$✐❝+ ♦❢ $❤❡ ❚❤❛✐

❧❛❜♦✉ ❢♦ ❝❡ +✉❝❤ ❛+ ❡❞✉❝❛$✐♦♥❛❧ ❛$$❛✐♥♠❡♥$✱ ❛❣❡✱ ❣❡♥❞❡ ✱ ❛♥❞  ❡+✐❞❡♥$✐❛❧ ❧♦❝❛$✐♦♥✳ ❋✐ +$✱ ■

❞❡+❝ ✐❜❡ ❤♦✇ $❤❡ +❛♠♣❧❡ ✉+❡❞ ✐♥ $❤❡ ❡♠♣✐ ✐❝❛❧ ❛♥❛❧②+✐+ ✐+ ❝♦♥+$ ✉❝$❡❞✳ ❙❡❝♦♥❞✱ ■ ❞✐+❝✉++ $❤❡

❞❡+❝ ✐♣$✐✈❡ +$❛$✐+$✐❝+ ♦❢ $❤❡ ♠❛✐♥ ✈❛ ✐❛❜❧❡+✳

✹✳✹✳✶ ❉❛%❛ ❙♦✉)❝❡

■♥ $❤✐+ ❝❤❛♣$❡ ✱ ■ ✉+❡ ❧❛❜♦✉ ❢♦ ❝❡ ❞❛$❛ ❢ ♦♠ $❤❡ ▲❋❙ ❞✉ ✐♥❣ $❤❡ ②❡❛ + ✶✾✽✺ $♦ ✷✵✵✵✳

✷✹

❚❤❡

+❛♠♣❧❡ ✐+  ❡+$ ✐❝$❡❞ $♦ ❡♠♣❧♦②❡❞ ✇♦ ❦❡ +✱ ✇❤♦ ❛❣❡❞ ❜❡$✇❡❡♥ ✷✵ ❛♥❞ ✻✺ ②❡❛ + ♦❧❞ ❞✉ ✐♥❣ $❤❡

+✉ ✈❡② ②❡❛ + ❢♦ $✇♦ ♠❛✐♥  ❡❛+♦♥+✳

❋✐ +$✱ ❡♠♣❧♦②❡❞ ✇♦ ❦❡ + ❛ ❡ $❤❡ ❢♦❝✉+ ♦❢ $❤✐+ ❝❤❛♣$❡ ❛+ $❤❡  ❡+❡❛ ❝❤ H✉❡+$✐♦♥ ✐♥✈♦❧✈❡+

 ❡$✉ ♥+ $♦ ❡❞✉❝❛$✐♦♥ ❛♥❞ $❤❡  ♦❧❡+ ♦❢ ❡❞✉❝❛$✐♦♥ ✐♥ +♦ $✐♥❣ ✇♦ ❦❡ + ✐♥$♦ ❞✐✛❡ ❡♥$ +❡❝$♦ + ♦❢

✇♦ ❦✳ ❙❡❝♦♥❞✱ $❤❡ ❛❣❡  ❛♥❣❡ ♦❢ $❤❡ +❛♠♣❧❡ ✐+  ❡+$ ✐❝$❡❞ $♦ ✷✵ $♦ ✻✺ ②❡❛ + ♦❧❞✳ ❆+ ❞✐+❝✉++❡❞

✐♥ $❤❡ ❡❛ ❧✐❡ ❝❤❛♣$❡ ✱ ✇❤✐❧❡ $❤❡ ✇♦ ❦✐♥❣ ❛❣❡ ♣♦♣✉❧❛$✐♦♥ ✐+ $②♣✐❝❛❧❧② ❞❡✜♥❡❞ ❛+ ❜❡$✇❡❡♥ ✶✻

❛♥❞ ✻✺ ②❡❛ + ♦❧❞✱ ■ ❝❤♦♦+❡ ❛ ❧♦✇❡ ❜♦✉♥❞ ♦❢ ✷✵ ②❡❛ + ♦❧❞ ❜❡❝❛✉+❡ ♠♦+$ ❚❤❛✐ ✇♦ ❦❡ + ❤❛✈❡

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

✇❛❣❡✲❡♠♣❧♦②♠❡♥$ ✐♥ ❚❤❛✐❧❛♥❞ ✇❛+ ❛ ♦✉♥❞ ✻✵ ❞✉ ✐♥❣ $❤❡ ♣❡ ✐♦❞ ♦❢ +$✉❞②✳ ❍♦✇❡✈❡ ✱ +❡❧❢✲

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

✹✳✹✳✷ ❉❡-❝)✐♣%✐✈❡ ❙%❛%✐-%✐❝-

▲❛❜♦✉% ▼❛%❦❡) ❈❤❛%❛❝)❡%✐.)✐❝.

❆+ ❞✐+❝✉++❡❞ ✐♥ $❤❡ ❇❛❝❦❣ ♦✉♥❞ ❛♥❞ ❉❛$❛ ❝❤❛♣$❡ ✭❈❤❛♣$❡ ✷✮✱ $❤❡ ▲❋❙ ✐♥❢♦ ♠❛$✐♦♥ ♦♥

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

✷✹

❚❤❡ #❡❝%♦' #❡❧❡❝%✐♦♥✱ ❡♠♣❧♦②♠❡♥% #❡❧❡❝%✐♦♥✱ ❛♥❞ ❡❛'♥✐♥❣# ❡2✉❛%✐♦♥# ❛'❡ ❡#%✐♠❛%❡❞ ♦✈❡' ♦❜#❡'✈❛%✐♦♥#

❢'♦♠ ✶✾✽✽ %♦ ✷✵✵✵✳ ❚❤✐# ✐# ❜❡❝❛✉#❡ ❧❛❣❣❡❞ ♣'♦✈✐♥❝❡✲❧❡✈❡❧ ❝❤❛♥❣❡# ✐♥ #❡❝%♦'❛❧ ❡♠♣❧♦②♠❡♥% #❤❛'❡#✱ ✇❤✐❝❤ ❛'❡

❡①❝❧✉#✐♦♥ '❡#%'✐❝%✐♦♥#✱ ❛'❡ ❛❧#♦ ❝♦♠♣✉%❡❞ ❢'♦♠ %❤❡ ▲❋❙✳ ❚❤❡ #❡❝♦♥❞ ❧❛❣ ♦❢ %❤❡#❡ ✈❛'✐❛❜❧❡# ✐# ❛✈❛✐❧❛❜❧❡ ✜'#% ✐♥

✶✾✽✽✳

✾✼



❚❤❛✐❧❛♥❞✳ ❋✐)*+✱ +❤❡ ❧❛❜♦✉) ❢♦)❝❡ ♣❛)+✐❝✐♣❛+✐♦♥ )❛+❡* ❢♦) +❤❡ ♣♦♣✉❧❛+✐♦♥ ❛❣❡❞ ❜❡+✇❡❡♥ ✷✵ +♦

✻✺ 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 +❤❡ ❡♥❞ ♦❢ ✷✵✵✵✳ ❲✐+❤ )❡❧❛+✐✈❡❧② *+❛❜❧❡ )❛+❡* ♦❢ ❧❛❜♦✉) ❢♦)❝❡

♣❛)+✐❝✐♣❛+✐♦♥✱ ✉♥❡♠♣❧♦②♠❡♥+✱ ❛♥❞ ✉♥❞❡)❡♠♣❧♦②♠❡♥+✱ +❤✐* *✉❣❣❡*+* *✐❣♥✐✜❝❛♥+ ♠♦✈❡♠❡♥+ ♦❢

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

+❤❡ *❤❛)❡ ♦❢ ❢❡♠❛❧❡ ✇♦)❦❡)* ♠♦✈✐♥❣ ❢)♦♠ ❛❣)✐❝✉❧+✉)❡ +♦ ♥♦♥✲❛❣)✐❝✉❧+✉)❡✳ ▼❡❛♥✇❤✐❧❡✱ +❤❡

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

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

❆✈❡)❛❣❡ ❤♦✉)❧② ❡❛)♥✐♥❣* ❣)❡✇ ❢❛*+❡) ❢♦) ✇♦♠❡♥✱ ❛+ ❛❜♦✉+ ✸✳✻ ♣❡) ❝❡♥+ ❛♥♥✉❛❧❧② ❞✉)✐♥❣ +❤❡

②❡❛)* ✶✾✽✺ ❛♥❞ ✷✵✵✵✱ ❝♦♠♣❛)❡❞ +♦ +❤❡ ❛♥♥✉❛❧ ❣)♦✇+❤ )❛+❡ ♦❢ ✸✳✶ ♣❡) ❝❡♥+ ❢♦) ♠❡♥✬* ❛✈❡)❛❣❡

❤♦✉)❧② ❡❛)♥✐♥❣*✳
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❚❛❜❧❡ ✹✳✷ *✉♠♠❛)✐*❡* +❤❡ ❧❛❜♦✉) ❢♦)❝❡ ❝❤❛)❛❝+❡)✐*+✐❝* ❜② +❤❡ *❡❝+♦) ♦❢ ✇♦)❦✳ ❇♦+❤ ♠❛❧❡
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❚❤❡ ♠❡❞✐❛♥ ❤♦✉*❧② ❡❛*♥✐♥❣. ❣*❡✇ .❧✐❣❤0❧② ❢❛.0❡* 0❤❛♥ 0❤❡ ❛✈❡*❛❣❡ ❤♦✉*❧② ❡❛*♥✐♥❣. ♦✈❡* 0❤❡ .❛♠❡ ♣❡*✐♦❞✳

❚❤❡ ❛♥♥✉❛❧ ❣*♦✇0❤ *❛0❡. ♦❢ ♠❡❞✐❛♥ ❤♦✉*❧② ❡❛*♥✐♥❣. ✇❡*❡ ❛❜♦✉0 ✸✳✼ ❛♥❞ ✸✳✸ ♣❡* ❝❡♥0 ❢♦* ✇♦♠❡♥ ❛♥❞ ♠❡♥✱

*❡.♣❡❝0✐✈❡❧②✳
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❛♥❞ ❢❡♠❛❧❡ ♥♦♥✲❛❣*✐❝✉❧.✉*❛❧ ✇♦*❦❡*1 ❤❛✈❡ ❛..❛✐♥❡❞ 1✐❣♥✐✜❝❛♥.❧② ♠♦*❡ ②❡❛*1 ♦❢ ❡❞✉❝❛.✐♦♥ ❛♥❞

❤❛✈❡ ❜❡❡♥ ♣❛✐❞ 1✉❜1.❛♥.✐❛❧❧② ❤✐❣❤❡* .❤❛♥ .❤♦1❡ ✇♦*❦✐♥❣ ✐♥ ❛❣*✐❝✉❧.✉*❡✳ ❚❤❡ ❛✈❡*❛❣❡ ❧❡✈❡❧ ♦❢

❡❞✉❝❛.✐♦♥ ✐♥ ♥♦♥✲❛❣*✐❝✉❧.✉*❡ ✇❛1 ✇❡❧❧ ❛❜♦✈❡ ❝♦♠♣❧❡.❡❞ ♣*✐♠❛*② ✭✻ ②❡❛*1✮ ❛♥❞ ✐♥❝*❡❛1❡❞ ❜②

❛*♦✉♥❞ ✷ ②❡❛*1 ♦✈❡* .❤❡ ✶✻✲②❡❛* ♣❡*✐♦❞✳ ❆. .❤❡ 1❛♠❡ .✐♠❡✱ ❛❣*✐❝✉❧.✉*❛❧ ✇♦*❦❡*1 ❛..❛✐♥❡❞ ❧❡11

.❤❛♥ ♣*✐♠❛*② ❡❞✉❝❛.✐♦♥ ♦♥ ❛✈❡*❛❣❡ ❛♥❞ .❤❡✐* ❡❞✉❝❛.✐♦♥❛❧ ❛..❛✐♥♠❡♥. ✐♥❝*❡❛1❡❞ ❜② ❛*♦✉♥❞

✶✳✷ ②❡❛*1 ♦✈❡* .❤❡ 1❛♠❡ ♣❡*✐♦❞✳ ❚❤❡ 1❡❝.♦*❛❧ ❤♦✉*❧② ❡❛*♥✐♥❣1 ❣❛♣ ✐♥❝*❡❛1❡❞ ♦✈❡* .✐♠❡ ❢♦*

❜♦.❤ ♠❡♥ ❛♥❞ ✇♦♠❡♥✱ *❡✢❡❝.✐♥❣ ❢❛1.❡* ❡❛*♥✐♥❣1 ❣*♦✇.❤ ✐♥ .❤❡ ♥♦♥✲❛❣*✐❝✉❧.✉*❛❧ 1❡❝.♦*✳
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■.

✐1 ✐♠♣♦*.❛♥. .♦ ♥♦.❡ .❤❛. ✇❤✐❧❡ ❤♦✉*❧② ❡❛*♥✐♥❣1 ✐♥ .❤❡ ❛❣*✐❝✉❧.✉*❛❧ 1❡❝.♦* ❤❛✈❡ ❜❡❡♥ *❡❧❛.✲

✐✈❡❧② 1✐♠✐❧❛* ❢♦* ♠❡♥ ❛♥❞ ✇♦♠❡♥✱ .❤❡ ♥♦♥✲❛❣*✐❝✉❧.✉*❛❧ ❤♦✉*❧② ❡❛*♥✐♥❣1 ♦❢ ♠❡♥ ❤❛✈❡ ❜❡❡♥

1✉❜1.❛♥.✐❛❧❧② ❛❜♦✈❡ .❤♦1❡ ♦❢ ✇♦♠❡♥✳

❚❛❜❧❡ ✹✳✷ ❛❧1♦ ♣*❡1❡♥.1 .❤❡ 1❤❛*❡1 ♦❢ ✉*❜❛♥ ❞✇❡❧❧❡*1 ❛1 ✇❡❧❧ ❛1 ♣❛✐❞ ✇♦*❦❡*1 ✐♥ ❡❛❝❤ ♦❢ .❤❡

1❡❝.♦*1 ♦❢ ✇♦*❦✳ ▼♦1. ❛❣*✐❝✉❧.✉*❛❧ ✇♦*❦❡*1 *❡1✐❞❡❞ ✐♥ *✉*❛❧ ❛*❡❛1✱ ✇❤✐❧❡ ♠♦*❡ .❤❛♥ ❤❛❧❢ ♦❢

♥♦♥✲❛❣*✐❝✉❧.✉*❛❧ ✇♦*❦❡*1 ❧✐✈❡❞ ✐♥ ✉*❜❛♥ ❛*❡❛1✳ ❚❤❡ ♣*♦♣♦*.✐♦♥ ♦❢ ♣❛✐❞ ❡♠♣❧♦②♠❡♥. ❢♦* ♠❡♥

❤❛1 ❜❡❡♥ ❤✐❣❤ ❛♥❞ E✉✐.❡ 1.❛❜❧❡✱ ❛. ❛*♦✉♥❞ ✼✵ ♣❡* ❝❡♥. ❢♦* .❤❡ ❛❣*✐❝✉❧.✉*❛❧ 1❡❝.♦* ❛♥❞ ❛❜♦✈❡

✾✵ ♣❡* ❝❡♥. ❢♦* .❤❡ ♥♦♥✲❛❣*✐❝✉❧.✉*❛❧ 1❡❝.♦*✳ ❖♥ .❤❡ ♦.❤❡* ❤❛♥❞✱ ❧❡11 .❤❛♥ ❛ .❤✐*❞ ♦❢ ❢❡♠❛❧❡

❛❣*✐❝✉❧.✉*❛❧ ✇♦*❦❡*1 ✇❡*❡ ♣❛✐❞ ✇❤✐❧❡ ❛*♦✉♥❞ ✽✵ ♣❡* ❝❡♥. ♦❢ .❤♦1❡ ✐♥ .❤❡ ♥♦♥✲❛❣*✐❝✉❧.✉*❛❧

1❡❝.♦* ✇❡*❡ ♣❛✐❞✳ K❛✐❞ ❡♠♣❧♦②♠❡♥. ✐♥❝*❡❛1❡❞ 1✉❜1.❛♥.✐❛❧❧② ♦✈❡* .✐♠❡ ❢♦* ✇♦♠❡♥ ✐♥ ❜♦.❤

1❡❝.♦*1✳

❚❤❡ ❝*♦11✲.❛❜✉❧❛.✐♦♥1 ♦❢ .❤❡1❡ ❧❛❜♦✉* ❢♦*❝❡ ❝❤❛*❛❝.❡*✐1.✐❝1 ❜② ❡♠♣❧♦②♠❡♥. .②♣❡ ❛*❡ 1❤♦✇♥

✐♥ ❚❛❜❧❡ ✹✳✸✳ ❚❤❡ ❧❡✈❡❧1 ♦❢ ❡❞✉❝❛.✐♦♥ ♦❢ ♣❛✐❞ ❛♥❞ ✉♥♣❛✐❞ ♠❡♥ ✇❡*❡ E✉✐.❡ 1✐♠✐❧❛*✱ ✇❤✐❧❡ .❤❡

❛✈❡*❛❣❡ ②❡❛*1 ♦❢ ❡❞✉❝❛.✐♦♥ ❛♠♦♥❣ ❢❡♠❛❧❡ ♣❛✐❞ ✇♦*❦❡*1 ✇❡*❡ 1✐❣♥✐✜❝❛♥.❧② ❤✐❣❤❡* .❤❛♥ ❢❡♠❛❧❡

✉♥♣❛✐❞ ✇♦*❦❡*1✳ ■♥ ❛❞❞✐.✐♦♥✱ ♠❡♥ ✇❤♦ ✇❡*❡ ✐♥ ✉♥♣❛✐❞ ❡♠♣❧♦②♠❡♥. ✇❡*❡ ♠✉❝❤ ②♦✉♥❣❡*

.❤❛♥ .❤♦1❡ ✇♦*❦✐♥❣ ✐♥ ❛ ♣❛✐❞ ❥♦❜✳ ▼❡❛♥✇❤✐❧❡✱ .❤❡ ❛✈❡*❛❣❡ ❛❣❡ ❜❡.✇❡❡♥ .❤❡ .✇♦ .②♣❡1 ♦❢

❡♠♣❧♦②♠❡♥. ✇❡*❡ ♠♦*❡ 1✐♠✐❧❛* ❢♦* ✇♦♠❡♥✳ ▼♦1. ♠❛❧❡ ❛♥❞ ❢❡♠❛❧❡ ✉♥♣❛✐❞ ✇♦*❦❡*1 ✇❡*❡

❡♥❣❛❣❡❞ ✐♥ ❛❣*✐❝✉❧.✉*❡✱ ✇❤✐❧❡ ❢❡♠❛❧❡ ✉♥♣❛✐❞ ✇♦*❦❡*1 ✇❡*❡ ❧❡11 ❧✐❦❡❧② .♦ ❜❡ ✐♥ ❛❣*✐❝✉❧.✉*❡✱

❝♦♠♣❛*❡❞ .♦ ♠❡♥✳

✹✳✹✳✸ ❉❛%❛ ❙✉♠♠❛)②

❚♦ 1✉♠♠❛*✐1❡✱ .❤❡ ▲❋❙ ❞❛.❛ ❤✐❣❤❧✐❣❤. .❤❡ 1.*✉❝.✉*❛❧ .*❛♥1❢♦*♠❛.✐♦♥ ✐♥ ❡♠♣❧♦②♠❡♥. ❛♥❞

❡❛*♥✐♥❣1 ❞✉*✐♥❣ .❤❡ ♣❡*✐♦❞ ❜❡.✇❡❡♥ ✶✾✽✺ ❛♥❞ ✷✵✵✵✳ ❋✐*1.✱ .❤❡*❡ ❤❛1 ❜❡❡♥ ❛ ❝♦♥.✐♥✉♦✉1 ♠♦✈❡✲
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❝❡♥1 ❛♥♥✉❛❧❧②✳
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✇♦#❦✐♥❣ ✐♥ ❛❣#✐❝✉❧(✉#❡ ✉♥(✐❧ ❛#♦✉♥❞ ✹✶ ②❡❛#/ ♦❧❞ ♦♥ ❛✈❡#❛❣❡✳ ❚❛❦❡♥ (♦❣❡(❤❡#✱ (❤✐/ /✉❣❣❡/(/

(❤❛( (❤❡ ②♦✉♥❣❡/( ✇♦#❦❡#/ ❛#❡ ♠♦#❡ ❧✐❦❡❧② (♦ ❜❡ ✉♥♣❛✐❞ ❛♥❞ ✇♦#❦ ✐♥ ❛❣#✐❝✉❧(✉#❡✳ ❚❤❡ ❡①✲

❝❧✉/✐♦♥ #❡/(#✐❝(✐♦♥ ✈❛#✐❛❜❧❡/ ❛#❡ ✐♥❢♦#♠❛(✐✈❡ ❛❜♦✉( (❤❡ (✇♦ /❡❧❡❝(✐♦♥ ♣#♦❝❡//❡/✳ ❚❤❡ ♥✉♠❜❡#

✸✶

❚❤✐# ✉♥♦❜#❡)✈❡❞ ❢❛❝/♦) ❝♦✉❧❞ ❜❡ ✈✐❡✇❡❞ ❛# ❛❣)✐❝✉❧/✉)❡✲#♣❡❝✐✜❝ ❛❜✐❧✐/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 ♦❢ ❜❡✐♥❣ ✐♥ ♣❛✐❞ ❡♠♣❧♦②♠❡♥, ✐+ ♣♦+✐,✐✈❡❧② ❝♦♥❝❛✈❡✱

❛♥❞ ❡✈❡♥,✉❛❧❧② ❜❡❝♦♠❡+ ♥❡❣❛,✐✈❡ ❛❢,❡' ✶✷ ②❡❛'+ ♦❢ ❡❞✉❝❛,✐♦♥✳ ❚❤❡ ♣'♦❜❛❜✐❧✐,② ♦❢ ✇♦'❦✐♥❣ ❢♦'

❛ ♣❛✐❞ ❥♦❜ ✐♥❝'❡❛+❡+ ❜② ❛'♦✉♥❞ ✶✺ ♣❡'❝❡♥,❛❣❡ ♣♦✐♥,+✱ ❢'♦♠ ✹✵ ♣❡' ❝❡♥, ❢♦' ✇♦♠❡♥ ✇✐,❤ ♥♦

❡❞✉❝❛,✐♦♥ ,♦ ❛'♦✉♥❞ ✺✺ ♣❡' ❝❡♥, ❢♦' ✇♦♠❡♥ ✇✐,❤ ❤✐❣❤ +❝❤♦♦❧ ❡❞✉❝❛,✐♦♥ ✭✶✷ ②❡❛'+✮✳ ❚❤❡ '♦❧❡ ♦❢

✸✷

❚❤❡ ♣♦%✐'✐✈❡ ❡✛❡❝' ♦❢ '❤❡ ✐♥❝-❡❛%✐♥❣ %❤❛-❡ ♦❢ %❡-✈✐❝❡% ❡♠♣❧♦②♠❡♥' ♦♥ '❤❡ ♣-♦❜❛❜✐❧✐'② ♦❢ ✇♦-❦✐♥❣ ✐♥

❛❣-✐❝✉❧'✉-❡ ♠❛② ❛❞❞✐'✐♦♥❛❧❧② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② '❤❡ ❢❛❝' '❤❛' ❛ %✉❜%'❛♥'✐❛❧ ♣-♦♣♦-'✐♦♥ ♦❢ %❡-✈✐❝❡% ✇♦-❦❡-% ✐♥

❚❤❛✐❧❛♥❞ ❛-❡ %❡❧❢✲❡♠♣❧♦②❡❞ ❛♥❞ ❛-❡ ❝♦♥❝❡♥'-❛'❡❞ ✐♥ ♣-♦✈✐♥❝❡% ✇❤✐❝❤ ❛-❡ ❛❧%♦ ❛❣-✐❝✉❧'✉-❛❧ ❜❛%❡✳

✸✸

❚❤❡ -❡%✉❧'% ✐♥ ❋✐❣✉-❡ ✹✳✷❛ ❛-❡ ❝♦♥%✐%'❡♥' ✇✐'❤ '❤❡ ❝♦❡✣❝✐❡♥' ❡%'✐♠❛'❡% ✐♥ ❈♦❧✉♠♥% ✷ ❛♥❞ ✸ ♦❢ ❚❛❜❧❡ ✹✳✺✱

✇❤✐❧❡ '❤♦%❡ ✐♥ ❋✐❣✉-❡ ✹✳✷❜ ❛-❡ ❝♦♥%✐%'❡♥' ✇✐'❤ '❤❡ ❝♦❡✣❝✐❡♥' ❡%'✐♠❛'❡% ✐♥ ❈♦❧✉♠♥% ✹ ❛♥❞ ✺ ♦❢ ❚❛❜❧❡ ✹✳✺✳

✶✵✸



❡❞✉❝❛%✐♦♥ ✐♥ )♦*%✐♥❣ ✇♦*❦❡*) ✐♥%♦ ♣❛✐❞ ❡♠♣❧♦②♠❡♥% ✐) ❧❛*❣❡* ❢♦* ✇♦♠❡♥ %❤❛♥ ❢♦* ♠❡♥✳ ❆% %❤❡

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

♣❛*%✐❝✉❧❛* ❢♦* ❢❡♠❛❧❡ ✇♦*❦❡*) ✇❤♦ ❝♦♠♣❧❡%❡❞ ❛% ❧❡❛)% ✹ ②❡❛*) ♦❢ ❧♦✇❡* ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥✳ ❚❤❡

♣*♦❜❛❜✐❧✐%② ♦❢ ❜❡✐♥❣ ❛♥ ❛❣*✐❝✉❧%✉*❛❧ ✇♦*❦❡* ✐♥❝*❡❛)❡) )❧✐❣❤%❧② ❢*♦♠ ✺✷ ♣❡* ❝❡♥% ✇❤❡♥ ❤❛✈✐♥❣
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✜:.3✲.3❛❣❡ :❡❣:❡..✐♦♥ ❢♦: ♣❛✐❞ ✇♦:❦❡:. ✐♥ 3❤❡ ❛❣:✐❝✉❧3✉:❛❧ .❡❝3♦:✳ ❚❤❡ :❡.✉❧3. ♦❢ 3❤❡ ✜:.3✲.3❛❣❡
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❛❣ ✐❝✉❧-✉ ❛❧ ✇♦ ❦❡ #✱ ✇❤♦ ❤❛✈❡ ❧♦✇❡ ❡❞✉❝❛-✐♦♥❛❧ ❛--❛✐♥♠❡♥- ♦♥ ❛✈❡ ❛❣❡✳ ❚❤❡ ❡❞✉❝❛-✐♦♥
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 ❡-✉ ♥# ❛ ❡ ❤✐❣❤❡ -❤❛♥ -❤❡ ❖▲❙ ❛- ❧♦✇ ❧❡✈❡❧# ♦❢ ❡❞✉❝❛-✐♦♥ #✉❣❣❡#-✐♥❣ ❛ ❞♦✇♥✇❛ ❞ ❜✐❛# ✐♥

-❤❡ ❖▲❙✳ ❖♥ -❤❡ ♦-❤❡ ❤❛♥❞✱ -❤❡② ❛ ❡ ❧♦✇❡ -❤❛♥ -❤❡ ❖▲❙ ❛- ♠❡❞✐✉♠ ❛♥❞ ❤✐❣❤ ❧❡✈❡❧# ♦❢

❡❞✉❝❛-✐♦♥✳ ❚❤❛- ✐#✱ -❤❡ ❡ ✐# ❛♥ ✉♣✇❛ ❞ ❜✐❛# ✐♥ -❤❡ ❖▲❙ ❛- -❤❡#❡ ❡❞✉❝❛-✐♦♥ ❧❡✈❡❧#✳ ❆- -❤❡
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0✐♠✐❧❛% ✇❤❡.❤❡% .❤❡② ❛%❡ ❛♣♣❧✐❡❞ .♦ .❤❡ ❖▲❙ ♦% .❤❡ ❈❋ 0♣❡❝✐✜❝❛.✐♦♥0✳

■♥ .❤❡ ❛❣%✐❝✉❧.✉%❛❧ 0❡❝.♦%✱ ♠❛❧❡ ✇♦%❦❡%0 ❤❛✈❡ ❛ ♠♦%❡ ❝♦♥❝❛✈❡ ❡❞✉❝❛.✐♦♥✲❡❛%♥✐♥❣0 ♣%♦✜❧❡

❝♦♠♣❛%❡❞ .♦ .❤❡ ❖▲❙ ✭❋✐❣✉%❡ ✹✳✸❛✮✳ ❆0 .❤❡ ❧✐♥❡❛% ❡✛❡❝. ✐0 ❣%❡❛.❡%✱ .❤❡ ❛❣%✐❝✉❧.✉%❛❧ %❡.✉%♥0 ❛.

❛ ❧♦✇ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛.✐♦♥ ✭❧❡00 .❤❛♥ ✹ ②❡❛%0 ♦❢ ❧♦✇❡% ♣%✐♠❛%② ❡❞✉❝❛.✐♦♥✮ ❛%❡ ❤✐❣❤❡% .❤❛♥ .❤❡ ❖▲❙

%❡.✉%♥0✳ ❆. ❛♥❞ ❛❢.❡% .❤❡✐% ❛✈❡%❛❣❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛.✐♦♥ ✭✹ ②❡❛%0✮✱ ❛ 0.%♦♥❣❡% ❝♦♥❝❛✈✐.② %❡0✉❧.0

✐♥ .❤❡ ❞♦✇♥✇❛%❞ ❛❞❥✉0.♠❡♥. ♦❢ .❤❡ %❡.✉%♥0✱ ❝♦♠♣❛%❡❞ .♦ .❤❡ ❖▲❙✳ ❉✉❡ .♦ .❤❡ ❝♦♥❝❛✈✐.②

♦❢ .❤❡ ❡❞✉❝❛.✐♦♥✲❡❛%♥✐♥❣0 ♣%♦✜❧❡✱ .❤❡ %❡.✉%♥0 .♦ ❡❞✉❝❛.✐♦♥ ❜❡❝♦♠❡ ♥❡❣❛.✐✈❡ ❛❢.❡% ✼✳✺ ②❡❛%0

♦❢ ❡❞✉❝❛.✐♦♥✳ ❚❤❡ %❡.✉%♥0 .♦ ❡❞✉❝❛.✐♦♥ ❢♦% ❢❡♠❛❧❡ ❛❣%✐❝✉❧.✉%❛❧ ✇♦%❦❡%0 ❛❢.❡% ❝♦♥.%♦❧❧✐♥❣ ❢♦%

❜♦.❤ ♣♦.❡♥.✐❛❧ ❜✐❛0❡0 ❧♦♦❦ P✉✐.❡ 0✐♠✐❧❛% ✭❛❧❜❡✐. ❜❡✐♥❣ ♠♦%❡ ❝♦♥❝❛✈❡✮ .♦ .❤♦0❡ ♦❢ ♠❡♥ ✐♥ .❤❡

♦❢ ❡❞✉❝❛'✐♦♥✳ ■♥ '❤✐- ❝❛-❡✱ '❤❡ ❝♦♥'/♦❧ ❢✉♥❝'✐♦♥ ✭❈❋✮ ❡-'✐♠❛'❡- ♠❛② ❣✐✈❡ '❤❡ ▲❆❚❊ /❡'✉/♥- '♦ ❡❞✉❝❛'✐♦♥✳

✶✶✷



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

%❤✐ ♣♦ ✐%✐✈❡ ❡✛❡❝% ❞❡❝❧✐♥❡ ❛ ②❡❛' ♦❢ ❡❞✉❝❛%✐♦♥ ✐♥❝'❡❛ ❡ ❛♥❞ ❡✈❡♥%✉❛❧❧② ❜❡❝♦♠❡ ♥❡❣❛%✐✈❡

❛% ❛'♦✉♥❞ ✻✳✺ ②❡❛' ♦❢ ❡❞✉❝❛%✐♦♥ ✭❋✐❣✉'❡ ✹✳✸❜✮✳ ❚❤❡ ❡ ♥❡❣❛%✐✈❡ ❛❣'✐❝✉❧%✉'❛❧ '❡%✉'♥ ❛'❡ %❤❡

'❡ ✉❧% ❢'♦♠ ❡①%'❛♣♦❧❛%✐♥❣ %❤❡ ❡ %✐♠❛%❡❞ '❡❧❛%✐♦♥ ❤✐♣ ❜❡%✇❡❡♥ ❡❛'♥✐♥❣ ❛♥❞ ❡❞✉❝❛%✐♦♥ ❜❡②♦♥❞

%❤❡ ♦❜ ❡'✈❡❞ '❛♥❣❡ ♦❢ ❡❞✉❝❛%✐♦♥❛❧ ❛%%❛✐♥♠❡♥%✳ ❖✈❡' %❤❡ ♣❡'✐♦❞ ♦❢ ✐♥%❡'❡ %✱ %❤❡ ♣'♦♣♦'%✐♦♥ ♦❢

❛❣'✐❝✉❧%✉'❛❧ ♣❛✐❞ ✇♦'❦❡' ✇✐%❤ ♣'✐♠❛'② ❡❞✉❝❛%✐♦♥ ✭✻ ②❡❛' ✮ ♦' ❧❡  '❛♥❣❡ ❢'♦♠ ✾✵ %♦ ✾✼ ♣❡'

❝❡♥% ❢♦' ♠❡♥ ❛♥❞ ❢'♦♠ ✾✹ %♦ ✾✾ ♣❡' ❝❡♥% ❢♦' ✇♦♠❡♥✳

❋♦' ♥♦♥✲❛❣'✐❝✉❧%✉'❛❧ ❡❛'♥✐♥❣ ✭❜♦%❤ ♠❡♥ ❛♥❞ ✇♦♠❡♥✮✱ %❤❡ ❡❞✉❝❛%✐♦♥✲❡❛'♥✐♥❣ ♣'♦✜❧❡ ✐ 

♠♦'❡ ❝♦♥✈❡① ❛❢%❡' ❝♦''❡❝%✐♥❣ ❢♦' %❤❡  ❡❧❡❝%✐♦♥ ❛♥❞ ❡♥❞♦❣❡♥❡✐%② ❜✐❛ ✭❚❛❜❧❡ ✹✳✼✱ ❈♦❧✉♠♥ ✺

❛♥❞ ✶✵✮✱ ❝♦♠♣❛'❡❞ %♦ %❤❡ ❖▲❙✳ ❚❤❡ ❧✐♥❡❛' ❡✛❡❝% ♦❢ ❡❞✉❝❛%✐♦♥ ❝❤❛♥❣❡  ✐❣♥✐✜❝❛♥%❧② ❢'♦♠

♣♦ ✐%✐✈❡ %♦ ♥❡❣❛%✐✈❡✱ ✇❤✐❝❤ ❞❡❝'❡❛ ❡ %❤❡ ♥♦♥✲❛❣'✐❝✉❧%✉'❛❧ '❡%✉'♥ ❛% ❛ ❧♦✇ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛%✐♦♥

 ✉❜ %❛♥%✐❛❧❧②✳ ❆ ❛ '❡ ✉❧%✱ %❤❡ '❡%✉'♥ %♦ ❡❞✉❝❛%✐♦♥ ❢♦' ♠❡♥ ✇✐%❤ ✹ ②❡❛' ♦❢ ❧♦✇❡' ♣'✐♠❛'②

❡❞✉❝❛%✐♦♥ ❛♥❞ ❧❡  ✱ ❛♥❞ ❢♦' ✇♦♠❡♥ ✇✐%❤ ❧❡  %❤❛♥ ✷ ②❡❛' ♦❢ ❡❞✉❝❛%✐♦♥✱ ❛'❡ ♥❡❣❛%✐✈❡ ✭❋✐❣✉'❡

✹✳✹✮✳ ❇❡❝❛✉ ❡ ♦❢ %❤❡  %'♦♥❣❡' ❝♦♥✈❡①✐%②✱ %❤❡ '❡%✉'♥ ❛'❡ ❤✐❣❤❡' ❛% ♠❡❞✐✉♠ ❛♥❞ ❤✐❣❤ ❧❡✈❡❧ 

♦❢ ❡❞✉❝❛%✐♦♥ ❝♦♠♣❛'❡❞ %♦ %❤❡ ❖▲❙✳ ❆% %❤❡ ❛✈❡'❛❣❡ ②❡❛' ♦❢ ❡❞✉❝❛%✐♦♥ ✭✼✳✽ ②❡❛' ✮✱ %❤❡ ♥♦♥✲

❛❣'✐❝✉❧%✉'❛❧ '❡%✉'♥ ❛'❡  ❧✐❣❤%❧② ❤✐❣❤❡' %❤❛♥ %❤❡ ❖▲❙✱ ❜❡✐♥❣ ❛% ❛'♦✉♥❞ ✽✳✹ ❛♥❞ ✶✵ ♣❡' ❝❡♥%

❢♦' ♠❡♥ ❛♥❞ ✇♦♠❡♥ '❡ ♣❡❝%✐✈❡❧②✳

✹✳✺✳✸ ❚❤❡ ■♠♣❧✐❝❛.✐♦♥1 ♦❢ .❤❡ ❘❡1✉❧.1 ❢♦5 .❤❡ ❙.5✉❝.✉5❛❧ ❈❤❛♥❣❡ ●5♦✇.❤

▼♦❞❡❧1

❚❤❡ ❡♠♣✐'✐❝❛❧ '❡ ✉❧%  ❤♦✇ %❤❛% ❡❞✉❝❛%✐♦♥ ❤❛  ✐❣♥✐✜❝❛♥% ♣♦ ✐%✐✈❡ ❡✛❡❝% ♦♥ ❜♦%❤  ❡❧❡❝%✐♦♥

✐♥%♦ ♥♦♥✲❛❣'✐❝✉❧%✉'❡ ❛♥❞ ♦♥ ❡❛'♥✐♥❣ ✱ ✇❤✐❝❤  ✉♣♣♦'% %❤❡ ✉♥❞❡'❧②✐♥❣ ❛  ✉♠♣%✐♦♥ ♦❢ %❤❡ ❤✉✲

♠❛♥ ❝❛♣✐%❛❧ ❛✉❣♠❡♥%❡❞  %'✉❝%✉'❛❧ ❝❤❛♥❣❡ ❣'♦✇%❤ ♠♦❞❡❧✳

❋✐' %✱ ❛♥ ❛❞❞✐%✐♦♥❛❧ ②❡❛' ♦❢ ❡❞✉❝❛%✐♦♥  ✐❣♥✐✜❝❛♥%❧② ✐♥❝'❡❛ ❡ %❤❡ ♣'♦❜❛❜✐❧✐%② ♦❢ ✇♦'❦✐♥❣

✐♥ %❤❡ ♥♦♥✲❛❣'✐❝✉❧%✉'❛❧  ❡❝%♦' ❢♦' ❜♦%❤ ♠❡♥ ❛♥❞ ✇♦♠❡♥ ✭❙✉❜✲ ❡❝%✐♦♥ ✹✳✺✳✶✮✳ ❚❤❡ '♦❧❡ ♦❢

❡❞✉❝❛%✐♦♥ ✐♥ '❡❛❧❧♦❝❛%✐♥❣ ✇♦'❦❡' %♦✇❛'❞ %❤❡ ♥♦♥✲❛❣'✐❝✉❧%✉'❛❧  ❡❝%♦' ✐ ❧❛'❣❡' ❢♦' ♠❡♥✳ ■♥

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

❙❡❝♦♥❞✱ '❡%✉'♥ %♦ ❡❞✉❝❛%✐♦♥ ❛'❡ ❢♦✉♥❞ %♦ ❜❡ ❤✐❣❤❡' ✐♥ %❤❡ ♥♦♥✲❛❣'✐❝✉❧%✉'❛❧  ❡❝%♦' ❢♦'

✇♦'❦❡' ✇✐%❤ ❛% ❧❡❛ % ♣'✐♠❛'② ❡❞✉❝❛%✐♦♥ ✭❙✉❜✲ ❡❝%✐♦♥ ✹✳✺✳✷✮✳ ❚❤✐ ❡♠♣❤❛ ✐ ❡ %❤❡ '♦❧❡ ♦❢

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

'❡❛❧❧♦❝❛%✐♦♥ ✐ ❧✐❦❡❧② %♦ ❤❛♣♣❡♥ ♦♥❧② ❛❢%❡' ❛ ❝❡'%❛✐♥ ❧❡✈❡❧ ♦❢  ❝❤♦♦❧✐♥❣✳ ❋✐❣✉'❡ ✹✳✺  ✉♠♠❛'✐ ❡ 

✶✶✸



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

❛♥❞ ✇♦♠❡♥ #❡♣❛(❛ ❡❧②✱ ❛❢ ❡( ❝♦((❡❝ ✐♥❣ ❢♦( ❜♦ ❤  ❤❡ #❛♠♣❧❡ #❡❧❡❝ ✐♦♥ ❜✐❛# ❛♥❞  ❤❡ ❡♥❞♦❣❡♥❡✐ ②

♦❢ ❡❞✉❝❛ ✐♦♥✳ ❚❤❡ (❡ ✉(♥#  ♦ ❡❞✉❝❛ ✐♦♥ ❞✐✛❡( #✉❜# ❛♥ ✐❛❧❧② ❛❝(♦##  ❤❡  ✇♦ #❡❝ ♦(# ♦❢ ✇♦(❦✱

❛♥❞  ❤❡② ✈❛(② ✇✐ ❤  ❤❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛ ✐♦♥✳ ❉✐✛❡(❡♥ (❡ ✉(♥#  ♦ ❡❞✉❝❛ ✐♦♥ ❛❝(♦## #❡❝ ♦(# ❛♥❞

❧❡✈❡❧# ♦❢ ❡❞✉❝❛ ✐♦♥ #✉❣❣❡#  ❤❛  ❤❡  ✇♦ #❡❝ ♦(# ✈❛❧✉❡ ❡❞✉❝❛ ✐♦♥ ❛ ✈❛(✐♦✉# ❧❡✈❡❧# ❞✐✛❡(❡♥ ❧②✳

❊❞✉❝❛ ✐♦♥ ❜❡❧♦✇  ❤❡ ♣(✐♠❛(② ❧❡✈❡❧ ✭✻ ②❡❛(#✮ ✐# ♠♦(❡ ✈❛❧✉❛❜❧❡ ✐♥ ❛❣(✐❝✉❧ ✉(❡ ❢♦( ❜♦ ❤ ♠❛❧❡ ❛♥❞
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▲✶✳❉✶✳❙❡=✈✐❝❡2 ✵✳✹✵✼✯✯ ✵✳✹✸✸✯
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❙❝❤♦♦❧✐♥❣

✺✳✶ ■♥%&♦❞✉❝%✐♦♥

❚❤❡#❡ ❡①✐&'& ❛ ❜✉#❣❡♦♥✐♥❣ ❧✐'❡#❛'✉#❡ ♦♥ '❤❡ ❡✛❡❝'& ♦❢ ❡❞✉❝❛'✐♦♥ ♦♥ ❡❛#♥✐♥❣&✱ ❛& #❡✈✐❡✇❡❞ ❜②
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✐♥❡F✉❛❧✐'② ✐♥ '❤❡ ❧❛❜♦✉# ♠❛#❦❡'✳ ❆' '❤❡ &❛♠❡ '✐♠❡✱ '❤❡ ❛✈❡#❛❣❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛'✐♦♥❛❧ ❛''❛✐♥✲

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

❛♠♦♥❣ '❤❡ ♣♦♦# ❛♥❞ ✐♥ #✉#❛❧ ❛#❡❛&✳ ❲❤✐❧❡ '❤❡ ♦'❤❡# '✇♦ ❝❤❛♣'❡#& ♦❢ '❤❡ '❤❡&✐& ❤❛✈❡ ❛♥❛❧②&❡❞

❤♦✇ ❡❞✉❝❛'✐♦♥ ❛✛❡❝'& ❡❛#♥✐♥❣& ❛♥❞ '❤❡ &❡❝'♦# ♦❢ ❡♠♣❧♦②♠❡♥'✱ '❤✐& ❝❤❛♣'❡# ✐♥✈❡&'✐❣❛'❡& ❤♦✇

✶✸✵



❡❞✉❝❛%✐♦♥ ♦♥ ❛✈❡*❛❣❡✱ ♣❛*%✐❝✉❧❛*❧② ❛% %❤❡ ♣*✐♠❛*② ❧❡✈❡❧✱ ❝❛♥ ✐♠♣*♦✈❡ ♦* ✇♦*3❡♥ ❡❛*♥✐♥❣3 ✐♥✲

❡5✉❛❧✐%②✳ ❯3✐♥❣ ♠✐❝*♦✲❧❡✈❡❧ ❞❛%❛ ❢*♦♠ %❤❡ ▲❛❜♦✉* ❋♦*❝❡ ❙✉*✈❡② ✭▲❋❙✮✱ %❤❡ ♠❛✐♥ 5✉❡3%✐♦♥3

♣♦3❡❞ ❛*❡ ✇❤❡%❤❡* %❤❡ *❡%✉*♥3 %♦ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ❛*❡ ❤❡%❡*♦❣❡♥❡♦✉3 ❛❝*♦33 %❤❡

❡❛*♥✐♥❣3 ❞✐3%*✐❜✉%✐♦♥✱ ❛♥❞ ✐❢ 3♦✱ ✇❤❡%❤❡* %❤❡② *❡3✉❧% ✐♥ ❤✐❣❤❡* ♦* ❧♦✇❡* ❡❛*♥✐♥❣3 ✐♥❡5✉❛❧✐%② ✐♥

❚❤❛✐❧❛♥❞✳ ■♥ ❛ ❧❛%❡* ♣❛*% ♦❢ %❤❡ ❝❤❛♣%❡*✱ ■ ❛♥❛❧②3❡ %❤❡3❡ ❞✐3%*✐❜✉%✐♦♥❛❧ ❡✛❡❝%3 ♦❢ ❡❞✉❝❛%✐♦♥

♦♥ ❡❛*♥✐♥❣3 ❢♦* %❤❡ *✉*❛❧ ❛♥❞ ✉*❜❛♥ ❛*❡❛3 3❡♣❛*❛%❡❧②✳

■ 3❡❡❦ %♦ ✐❞❡♥%✐❢② %❤❡ ❝❛✉3❛❧ ❡✛❡❝%3 ♦❢ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥✱ ✉3✐♥❣ ❛♥ ❡❞✉❝❛✲

%✐♦♥ ♣♦❧✐❝② 3❤✐❢% ✕ %❤❡ ❝❤❛♥❣❡ ✐♥ %❤❡ ❝♦♠♣✉❧3♦*② 3❝❤♦♦❧✐♥❣ ❧❛✇ ✕ %❤❛% ♣*♦❞✉❝❡❞ ❡①♦❣❡♥♦✉3

✈❛*✐❛%✐♦♥ ✐♥ ✐♥❞✐✈✐❞✉❛❧3✬ ❡❞✉❝❛%✐♦♥✳ F❛*%✐❝✉❧❛*❧②✱ %❤❡ ✐♥❝*❡❛3❡ ✐♥ ❝♦♠♣✉❧3♦*② ❡❞✉❝❛%✐♦♥ ❢*♦♠

✹ ②❡❛*3 ♦❢ ❧♦✇❡* ♣*✐♠❛*② 3❝❤♦♦❧ %♦ ✻ ②❡❛*3 ♦❢ ♣*✐♠❛*② 3❝❤♦♦❧ ✐♥ %❤❡ ❧❛%❡ ✶✾✼✵3 ♠❛❦❡3 ❛♥

✐♥❞✐✈✐❞✉❛❧✬3 ♣*♦❜❛❜✐❧✐%② ♦❢ ❝♦♠♣❧❡%✐♥❣ ❛% ❧❡❛3% ✻ ②❡❛*3 ♦❢ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❛ ❞✐3❝♦♥%✐♥✉♦✉3

❢✉♥❝%✐♦♥ ♦❢ ❤✐3 ②❡❛* ♦❢ ❜✐*%❤✱ ✇✐%❤ ❛ 3✉❜3%❛♥%✐✈❡ ♣♦3✐%✐✈❡ ❥✉♠♣ ✐♥ ✶✾✻✼✳ ❚❤✐3 ❡♥❛❜❧❡3 ♠❡ %♦

✉3❡ ❛ *❡❣*❡33✐♦♥ ❞✐3❝♦♥%✐♥✉✐%② ✭❘❉✮ ❛♣♣*♦❛❝❤ %♦ ✐❞❡♥%✐❢② %❤❡ ❞✐3%*✐❜✉%✐♦♥❛❧ ❡✛❡❝%3 ♦❢ ♣*✐♠❛*②

❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ❛3 ♣*♦♣♦3❡❞ ❜② %❤❡ ♠♦3% *❡❝❡♥% ♠✐❝*♦✲❡❝♦♥♦♠❡%*✐❝3 ❧✐%❡*❛%✉*❡ ✭❋*P❧✐❝❤

❛♥❞ ▼❡❧❧②✱ ✷✵✶✵❜❀ ❋*❛♥❞3❡♥ ❡% ❛❧✳✱ ✷✵✶✷✮✳ ❋✐*3%✱ %❤❡ %✇♦ ❝♦✉♥%❡*❢❛❝%✉❛❧ ❡❛*♥✐♥❣3 ❞✐3%*✐❜✉✲

%✐♦♥3 *❡❧❛%❡❞ %♦ %❤❡ ❜✐♥❛*② %*❡❛%♠❡♥% ✭♣*✐♠❛*② 3❝❤♦♦❧ ❝♦♠♣❧❡%✐♦♥✮ ❛*❡ ✐❞❡♥%✐✜❡❞ ✐♥ %❤❡ ❘❉

❢*❛♠❡✇♦*❦✳ ❙❡❝♦♥❞✱ %❤❡ ❡❛*♥✐♥❣3 5✉❛♥%✐❧❡3 ❛♥❞ ♦%❤❡* ♠❡❛3✉*❡3 ♦❢ ❡❛*♥✐♥❣3 ✐♥❡5✉❛❧✐%② ❛*❡

❡3%✐♠❛%❡❞ ❢*♦♠ %❤❡ ❝♦✉♥%❡*❢❛❝%✉❛❧ ❞✐3%*✐❜✉%✐♦♥3 ♦❢ ❡❛*♥✐♥❣3✳ ❋✐♥❛❧❧②✱ %❤❡ ❞✐✛❡*❡♥❝❡3 ✐♥ %❤❡3❡

❡❛*♥✐♥❣3 5✉❛♥%✐❧❡3 ❛♥❞ ✐♥❡5✉❛❧✐%② ♠❡❛3✉*❡3 ❛*❡ ✉3❡❞ %♦ ❞❡3❝*✐❜❡ %❤❡ ❞✐3%*✐❜✉%✐♦♥❛❧ %*❡❛%♠❡♥%

❡✛❡❝%3 ♦❢ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥✳

■ ✜♥❞ %❤❛% %❤❡ ✐♥❝*❡❛3❡❞ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ *❛%❡ *❡3✉❧%3 ✐♥ ❧♦✇❡* ❡❛*♥✐♥❣3

✐♥❡5✉❛❧✐%② ❛3 %❤❡ *❡%✉*♥3 %♦ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ❛*❡ ❧❛*❣❡* ❢♦* %❤❡ ♣♦♦*✱ ❝♦♠♣❛*❡❞

%♦ %❤❡ *✐❝❤✳ ❚❤❡ ❝❛✉3❛❧ ❞✐3%*✐❜✉%✐♦♥❛❧ ❡✛❡❝%3 ♦❢ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ♦♥ ❡❛*♥✐♥❣3

❛*❡ ♠♦*❡ ♣*♦♥♦✉♥❝❡❞ ✐♥ %❤❡ ✜*3% ❤❛❧❢ ♦❢ %❤❡ ✶✾✾✵3 ❛♥❞ ❛♠♦♥❣ ✇♦*❦❡*3 ✐♥ *✉*❛❧ ❚❤❛✐❧❛♥❞✳ ■♥

❛❞❞✐%✐♦♥✱ ❜② ❝♦♥3✐❞❡*✐♥❣ ✈❛*✐♦✉3 ♠❡❛3✉*❡3 ♦❢ ❡❛*♥✐♥❣3 ✐♥❡5✉❛❧✐%②✱ ■ ✜♥❞ %❤❛% %❤❡ ❝❤❛♥❣❡ ✐♥

%❤❡ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ *❛%❡ ❤❛3 ❛ ❧❛*❣❡* ❡✛❡❝% ♦♥ %❤❡ ❜♦%%♦♠ ❛♥❞ %❤❡ ♠✐❞❞❧❡ ♦❢

%❤❡ ❞✐3%*✐❜✉%✐♦♥ %❤❛♥ %❤❡ %♦♣✳

❚❤✐3 ❝❤❛♣%❡* ♦✛❡*3 ❢♦✉* ♠❛✐♥ ❝♦♥%*✐❜✉%✐♦♥3 %♦ %❤❡ 3%✉❞② ♦❢ ❡❞✉❝❛%✐♦♥ ❛♥❞ ❡❛*♥✐♥❣3 ✐♥✲

❡5✉❛❧✐%②✳ ❋✐*3%✱ ■ ❡①❛♠✐♥❡ ❤♦✇ ❡❞✉❝❛%✐♦♥✱ ❛% %❤❡ ❜❛3✐❝ ❧❡✈❡❧ ♦❢ ♣*✐♠❛*② 3❝❤♦♦❧✐♥❣✱ ❛✛❡❝%3

❡❛*♥✐♥❣3 ✐♥❡5✉❛❧✐%②✳ ■♥ ❝♦♥%*❛3%✱ ♠♦3% ♦❢ %❤❡ ❧✐%❡*❛%✉*❡ ♦♥ ❡❛*♥✐♥❣3 ✐♥❡5✉❛❧✐%② ❢♦❝✉3❡3 ♦♥

%❤❡ ✐♠♣❛❝%3 ♦❢ ❡❞✉❝❛%✐♦♥ ❛% %❤❡ 3❡❝♦♥❞❛*② ❛♥❞ ❤✐❣❤❡* ❧❡✈❡❧3 ♦❢ ❡❞✉❝❛%✐♦♥✳ ❇❛3✐❝ ❡❞✉❝❛%✐♦♥
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✐! ♦❢ ♣❛&'✐❝✉❧❛& ♣♦❧✐❝② &❡❧❡✈❛♥❝❡ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥'&✐❡!✱ ❡!♣❡❝✐❛❧❧② ✐♥ '❤❡ ❡❛&❧② !'❛❣❡! ♦❢

❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥' ✇❤❡♥ '❤❡ ❛✈❡&❛❣❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛'✐♦♥❛❧ ❛''❛✐♥♠❡♥' ✐! ❧♦✇✳ ❙❡❝♦♥❞✱

■ ✉!❡ ♠✐❝&♦✲❧❡✈❡❧ ❞❛'❛ '♦ ❞❡♠♦♥!'&❛'❡ '❤❡ ❧✐♥❦ ❜❡'✇❡❡♥ ❡❞✉❝❛'✐♦♥ ❛♥❞ ❡❛&♥✐♥❣! ✐♥❡;✉❛❧✐'②✳

❚❤✐!✱ '♦❣❡'❤❡& ✇✐'❤ '❤❡ ❘❉ ❢&❛♠❡✇♦&❦✱ ❡♥❛❜❧❡! ♠❡ '♦ ❝♦♥'&♦❧ ❢♦& ✐♥❞✐✈✐❞✉❛❧ ✉♥♦❜!❡&✈❛❜❧❡

❤❡'❡&♦❣❡♥❡✐'② '❤❛' ♠❛② ❛✛❡❝' ❜♦'❤ ❛♥ ✐♥❞✐✈✐❞✉❛❧✬! ❞❡❝✐!✐♦♥ ♦♥ ❡❞✉❝❛'✐♦♥ ✐♥✈❡!'♠❡♥' ❛♥❞ ❤✐!

❡❛&♥✐♥❣!✳ ❆! ❛ &❡!✉❧'✱ ♠② ❡!'✐♠❛'❡❞ ♣❛&❛♠❡'❡&! ❤❛✈❡ ❛ ❝❛✉!❛❧ ✐♥'❡&♣&❡'❛'✐♦♥✳ ❚❤✐&❞✱ ✇❤✐❧❡

♠♦!' !'✉❞✐❡! ✉!✐♥❣ ♠✐❝&♦✲❧❡✈❡❧ ❞❛'❛ ❢♦❝✉! ♦♥❧② ♦♥ ;✉❛♥'✐❧❡ '&❡❛'♠❡♥' ❡✛❡❝'!✱ ■ ❛❞♦♣' '❤❡

&❡❝❡♥'❧② ♣&♦♣♦!❡❞ ✐❞❡♥'✐✜❝❛'✐♦♥ !'&❛'❡❣② ✐♥ '❤❡ ❘❉ ❢&❛♠❡✇♦&❦ '❤❛' ❝❛♥ ✐❞❡♥'✐❢② '❤❡ ❡♥'✐&❡

❝♦✉♥'❡&❢❛❝'✉❛❧ ❞✐!'&✐❜✉'✐♦♥! ♦❢ ❡❛&♥✐♥❣!✳ ❚❤❡&❡❢♦&❡✱ '❤❡ ❞✐!'&✐❜✉'✐♦♥❛❧ ❡✛❡❝'! ❡!'✐♠❛'❡❞ ✐♥
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♦"❤❡% ❤❛♥❞✱ ❘♦❞%✐❣✉❡③✲<♦'❡ ❛♥❞ ❚'❡❧✐♦' ✭✷✵✵✾✮ ❛""❡♠♣" "♦ ❣✐✈❡ ❛ ❝❛✉'❛❧ ✐♥"❡%♣%❡"❛"✐♦♥ "♦ "❤✐'

%❡❧❛"✐♦♥'❤✐♣ ❜② ✉'✐♥❣ ❞②♥❛♠✐❝ ♣❛♥❡❧ ❡'"✐♠❛"✐♦♥ "❡❝❤♥✐6✉❡' ❛♥❞ ✜♥❞ "❤❡ ♦♣♣♦'✐"❡ ❡♠♣✐%✐❝❛❧

%❡'✉❧"'✳ ❚❤❛" ✐'✱ ✐♥❝%❡❛'❡❞ ❡❞✉❝❛"✐♦♥✱ ❡'♣❡❝✐❛❧❧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✮ ❝♦..❡❧❛+❡❞ ✇✐+❤ ✐♥❝♦♠❡ ✐♥❡:✉❛❧✐+②✳

❚❤✐2 ✐2 2✐♠✐❧❛. +♦ +❤❡ ❛22✉♠♣+✐♦♥ ♠❛❞❡ ❜② ❘❛♠ ✭✶✾✾✵✮✳

✶✸✼



❤✐❣❤❡$ ✐♥❝♦♠❡ ✐♥❡)✉❛❧✐-②✳

❲❤✐❧❡ -❤❡ ❝$♦11✲❝♦✉♥-$② 1-✉❞✐❡1 ✉1✐♥❣ ♠❛❝$♦✲❧❡✈❡❧ ❞❛-❛ ❛$❡ ✐♥-❡$❡1-✐♥❣✱ -❤❡② ❛$❡ ✐♥-❡♥1❡❧②

❝$✐-✐❝✐1❡❞ ❢♦$ -❤❡✐$ ❝❤♦✐❝❡ ♦❢ ❝♦✉♥-$✐❡1 ✐♥❝❧✉❞❡❞ ❛♥❞ ✐♥-❡$♥❛-✐♦♥❛❧ ❞❛-❛ ❝♦♠♣❛$❛❜✐❧✐-②✳ ■♥

❛❞❞✐-✐♦♥✱ -❤❡② ❢❛✐❧ -♦ ❡①♣❧❛✐♥ ❛♥② ✇✐-❤✐♥✲❝♦✉♥-$② ❞✐✛❡$❡♥❝❡1 ❛- -❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✱ ❜♦-❤

♦❜1❡$✈❛❜❧❡ ❛♥❞ ✉♥♦❜1❡$✈❛❜❧❡✱ ✇❤✐❝❤ ✇❛1 -❤❡ ♦$✐❣✐♥❛❧ ♠♦-✐✈❛-✐♦♥ ❜② -❤❡ -❤❡♦$❡-✐❝❛❧ ❧✐-❡$❛-✉$❡✳

❚❤❡ ❞✉$❛-✐♦♥ ♦❢ -❤❡ ❞❛-❛ ✐1 ♦❢-❡♥ -♦♦ 1❤♦$- -♦ ❛❧❧♦✇ ❢♦$ -❤❡ ❝$♦11✲❝♦✉♥-$② ❤❡-❡$♦❣❡♥❡✐-②✳ ❚❤❡

❡♠♣✐$✐❝❛❧ $❡1✉❧-1 ✉1✐♥❣ ♠❛❝$♦✲❧❡✈❡❧ ❞❛-❛ 1❤♦✉❧❞✱ -❤❡$❡❢♦$❡✱ ❜❡ ❝♦♥1✐❞❡$❡❞ ✇✐-❤ ❝❛✉-✐♦♥✳

▼✐❝#♦✲❧❡✈❡❧ ❆♥❛❧②-✐-

●✐✈❡♥ -❤❡ ♣♦-❡♥-✐❛❧ ♣$♦❜❧❡♠1 ✐♥ ❝$♦11✲❝♦✉♥-$② ❛♥❛❧②1❡1✱ -❤❡ ❝♦✉♥-$②✲1♣❡❝✐✜❝ ✐♥-❡$❡1-1✱ ❛♥❞

-❤❡ ✐♥❝$❡❛1✐♥❣ ❛--❡♥-✐♦♥ -♦ ✐♠♣♦$-❛♥- ❤❡-❡$♦❣❡♥❡✐-② ❛- ❜♦-❤ -❤❡ ❝♦✉♥-$② ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧1✱

♠♦$❡ 1-✉❞✐❡1 ✐♥ -❤❡ ♣❛1- ❞❡❝❛❞❡ ✉-✐❧✐1❡ ♠✐❝$♦✲❧❡✈❡❧ ❞❛-❛ -♦ ❡①❛♠✐♥❡ -❤❡ $❡❧❛-✐♦♥1❤✐♣ ❜❡-✇❡❡♥

❡❞✉❝❛-✐♦♥ ❛♥❞ ❡❛$♥✐♥❣1 ✐♥❡)✉❛❧✐-②✳ ❚❤❡1❡ ♠✐❝$♦✲❧❡✈❡❧ ❞❛-❛ ❝♦♥-❛✐♥ ✐♥❢♦$♠❛-✐♦♥ ♦♥ ❡❛$♥✐♥❣1

❛♥❞ ♦-❤❡$ 1♦✉$❝❡1 ♦❢ ✐♥❝♦♠❡✱ ❡❞✉❝❛-✐♦♥❛❧ ❛--❛✐♥♠❡♥-✱ ❛♥❞ ♦-❤❡$ 1♦❝✐♦✲❡❝♦♥♦♠✐❝ ❝❤❛$❛❝-❡$✐1-✲

✐❝1 ❛- -❤❡ ✐♥❞✐✈✐❞✉❛❧ ♦$ ❤♦✉1❡❤♦❧❞ ❧❡✈❡❧✳

▼♦1- ♦❢ -❤❡ ♠✐❝$♦✲❧❡✈❡❧ 1-✉❞✐❡1 ❡♠♣❧♦② )✉❛♥-✐❧❡ $❡❣$❡11✐♦♥ -❡❝❤♥✐)✉❡1 -♦ ✐♥✈❡1-✐❣❛-❡ ❡❛$♥✲

✐♥❣1 ✐♥❡)✉❛❧✐-② ❛♥❞ ✐-1 $❡❧❛-✐♦♥ -♦ ❡❞✉❝❛-✐♦♥✳ ■♥ ♦-❤❡$ ✇♦$❞1✱ -❤❡② ✉1❡ ✐♥❞✐✈✐❞✉❛❧✲❧❡✈❡❧ ✐♥✲

❢♦$♠❛-✐♦♥ -♦ 1-✉❞② ❤♦✇ -❤❡ ❝♦$$❡❧❛-✐♦♥ ❜❡-✇❡❡♥ ❡❞✉❝❛-✐♦♥ ❛♥❞ ❡❛$♥✐♥❣1 ❞✐✛❡$1 ❛❝$♦11 -❤❡

❞✐1-$✐❜✉-✐♦♥ ♦❢ ❡❛$♥✐♥❣1✳ ❚❤❡ ♣✐♦♥❡❡$✐♥❣ ✇♦$❦ ♦♥ ❡❞✉❝❛-✐♦♥ ❛♥❞ -❤❡ ❝♦♥❞✐-✐♦♥❛❧ ❡❛$♥✐♥❣1

❞✐1-$✐❜✉-✐♦♥ ✉1✐♥❣ )✉❛♥-✐❧❡ $❡❣$❡11✐♦♥1 ✐1 ❞♦♥❡ ❜② ❈❤❛♠❜❡$❧❛✐♥ ✭✶✾✾✶✮ ❛♥❞ ❇✉❝❤✐♥1❦② ✭✶✾✾✹✮

-♦ ❡①♣❧❛✐♥ -❤❡ ❝♦♥-✐♥✉♦✉1 $✐1❡ ✐♥ ❯❙ ❡❛$♥✐♥❣1 ✐♥❡)✉❛❧✐-② ♣$✐♦$ -♦ -❤❡ ✶✾✾✵1✳

✶✸

❚❤❡ ♣❛♣❡$1

✜♥❞ -❤❛- $❡-✉$♥1 -♦ ❡❞✉❝❛-✐♦♥✱ ❡1♣❡❝✐❛❧❧② ❛- -❤❡ ❤✐❣❤ 1❝❤♦♦❧ ❛♥❞ ✉♥✐✈❡$1✐-② ❧❡✈❡❧1✱ ❛$❡ ❤✐❣❤❡$

❛♥❞ ❣$♦✇ ❢❛1-❡$ ❛- -❤❡ ✉♣♣❡$ )✉❛♥-✐❧❡1 ♦❢ -❤❡ ❝♦♥❞✐-✐♦♥❛❧ ❞✐1-$✐❜✉-✐♦♥ ♦❢ ❡❛$♥✐♥❣1✳ ❚❤❛- ✐1✱

1❡❝♦♥❞❛$② ❛♥❞ ❤✐❣❤❡$ ❡❞✉❝❛-✐♦♥ ✐1 ❧✐❦❡❧② -♦ ❜❡ ♣♦1✐-✐✈❡❧② ❝♦$$❡❧❛-❡❞ ✇✐-❤ ❡❛$♥✐♥❣1 ✐♥❡)✉❛❧✐-②

❛1 ♦✉-❧✐♥❡❞ ✐♥ -❤❡ ❙❇❚❈ ❧✐-❡$❛-✉$❡✳ ❚❤❡ ❡♠♣✐$✐❝❛❧ $❡1✉❧-1 ❤♦❧❞ ✐♥ ♠♦1- 1-✉❞✐❡1 ♦♥ ❞❡✈❡❧♦♣❡❞

❝♦✉♥-$✐❡1✳

✶✹

❍♦✇❡✈❡$✱ ❆❜❛❞✐❡ ✭✶✾✾✼✮ ✜♥❞1 -❤❡ ♦♣♣♦1✐-❡ $❡1✉❧-1 ✉1✐♥❣ ❙♣❛♥✐1❤ ❡❛$♥✐♥❣1 ❞❛-❛✳

❚❤❡ ❝♦$$❡❧❛-✐♦♥ ❜❡-✇❡❡♥ ❡❞✉❝❛-✐♦♥ ❛- ❛❧❧ ❧❡✈❡❧1 ❛♥❞ ❡❛$♥✐♥❣1 ✐1 ♠♦$❡ 1-$♦♥❣❧② ♣♦1✐-✐✈❡ ❛♠♦♥❣

♣♦♦$✱ ❝♦♠♣❛$❡❞ -♦ -❤❡ $❡1- ♦❢ -❤❡ ❞✐1-$✐❜✉-✐♦♥✳ ❚❤✐1 ✐♠♣❧✐❡1 -❤❡ ♦♣♣♦1✐-❡ $❡1✉❧-✱ -❤❛- ❡❞✉❝❛✲

✶✸

▼♦"# ♦❢ #❤❡ ❡❛(♥✐♥❣" ❞✐"#(✐❜✉#✐♦♥" ✐♥ #❤❡ ❝✐#❡❞ ❧✐#❡(❛#✉(❡ ❛(❡ #❤❡ ❝♦♥❞✐#✐♦♥❛❧ ♦♥❡"✱ ✇❤✐❝❤ ❛(❡ ❝♦♥❞✐#✐♦♥❛❧

♦♥ ❛❣❡✱ ❡①♣❡(✐❡♥❝❡✱ ❡❞✉❝❛#✐♦♥ ❧❡✈❡❧✱ ♦( ✉♥♦❜"❡(✈❡❞ ❛❜✐❧✐#② ✭♠❡❛"✉(❡❞ ❜② #❤❡ (❡"✐❞✉❛❧" ♦❢ #❤❡ ❡❛(♥✐♥❣" (❡❣(❡"✲

"✐♦♥"✮✳ ❚❤✐" ✐♠♣❧✐❡" ❛♥ ✐♥#❡(❡"# ✐♥ #❤❡ (❡❧❛#✐♦♥"❤✐♣ ❜❡#✇❡❡♥ ❡❞✉❝❛#✐♦♥ ❛♥❞ ✇✐#❤✐♥✲❣(♦✉♣ ❡❛(♥✐♥❣" ✐♥❡=✉❛❧✐#②✳

✶✹

❙❡❡ ❢♦( ❡①❛♠♣❧❡✱ ❋✐#③❡♥❜❡(❣❡( ❡# ❛❧✳ ✭✷✵✵✶✮❀ ❲❡❜❡( ❛♥❞ ❆♠♠❡(♠G❧❧❡( ✭✷✵✵✸✮ ❛♥❞ I(❛"❛❞ ✭✷✵✵✹✮ ❢♦(

●❡(♠❛♥②✱ ❍❛(♠♦♥ ❡# ❛❧✳ ✭✷✵✵✸✮ ❢♦( #❤❡ ❯❑✱ ▼❛(#✐♥" ❛♥❞ I❡(❡✐(❛ ✭✷✵✵✹✮ ❢♦( ✶✺ ❊✉(♦♣❡❛♥ ❝♦✉♥#(✐❡" ❛♥❞ #❤❡

❯❙✱ ▼❛#❛ ❛♥❞ ▼❛❝❤❛❞♦ ✭✷✵✵✺✮ ❢♦( I♦(#✉❣❛❧✱ ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✻✮ ❢♦( #❤❡ ❯❙✳

✶✸✽



 ✐♦♥ ✐$ ♥❡❣❛ ✐✈❡❧② ❝♦,,❡❧❛ ❡❞ ✇✐ ❤ ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ②✳

❖♥  ❤❡ ♦ ❤❡, ❤❛♥❞✱  ❤❡,❡ ❛,❡ $✉❜$ ❛♥ ✐❛❧❧② ❢❡✇❡, $ ✉❞✐❡$ ♦♥ ❞❡✈❡❧♦♣✐♥❣ ❡❝♦♥♦♠✐❡$✳
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,❡$✉❧ $ ❛,❡ ,❛ ❤❡, ♠✐①❡❞ ❛♥❞ ❞❡♣❡♥❞✱  ♦ $♦♠❡ ❡① ❡♥ ✱ ♦♥ ❧❡✈❡❧$ ♦❢ ❡❞✉❝❛ ✐♦♥✳ ▼✇❛❜✉ ❛♥❞

❙❝❤✉❧ ③ ✭✶✾✾✻✮ ✜♥❞  ❤❛  ❤❡ ,❡ ✉,♥$  ♦ $❡❝♦♥❞❛,② ❛♥❞ ❤✐❣❤❡, ❧❡✈❡❧ ❡❞✉❝❛ ✐♦♥ ❛,❡ ❤✐❣❤❡,

❢♦,  ❤❡ ✉♣♣❡, 0✉❛♥ ✐❧❡$ ♦♥❧② ❛♠♦♥❣ ✇❤✐ ❡ ❙♦✉ ❤ ❆❢,✐❝❛♥ ♠❛❧❡$✱ ✇❤❡,❡❛$  ❤❡ ,❡ ✉,♥$  ♦

♣,✐♠❛,② ❡❞✉❝❛ ✐♦♥ ❛,❡ ❤✐❣❤❡, ❢♦,  ❤❡ ❧♦✇❡,  ❛✐❧ ♦❢  ❤❡ ❞✐$ ,✐❜✉ ✐♦♥ ♦❢ ❛❧❧ ❙♦✉ ❤ ❆❢,✐❝❛♥

♠❛❧❡$✳ ❚❤❛ ✐$✱ ✐♥ ❙♦✉ ❤ ❆❢,✐❝❛✱ ♣,✐♠❛,② ❡❞✉❝❛ ✐♦♥ ,❡❞✉❝❡$ ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ② ♦❢ ❡✈❡,②

♣♦♣✉❧❛ ✐♦♥ ❣,♦✉♣✱ ✇❤✐❧❡ $❡❝♦♥❞❛,② ❛♥❞ ❤✐❣❤❡, ❡❞✉❝❛ ✐♦♥ ✐♥❝,❡❛$❡$ ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ② ❛♠♦♥❣

✇❤✐ ❡ ♠❛❧❡ ✇♦,❦❡,$✳ ❇❧♦♠ ❡ ❛❧✳ ✭✷✵✵✶✮ ❛❧$♦ $✉❣❣❡$  ❤❛  ❡, ✐❛,② ❡❞✉❝❛ ✐♦♥ ❛♥❞ ❡❛,♥✐♥❣$

✐♥❡0✉❛❧✐ ② ❛,❡ ♣♦$✐ ✐✈❡❧② ,❡❧❛ ❡❞ ❞✉❡  ♦ ❞❡♠❛♥❞ ❢♦, $❦✐❧❧❡❞ ❧❛❜♦✉, ♦✉ $ ,✐♣♣✐♥❣  ❤❡ $✉♣♣❧② ✐♥

❇,❛③✐❧✳ ❊① ❡♥❞✐♥❣  ❤❡ 0✉❛♥ ✐❧❡ ❛♥❛❧②$✐$  ♦ $❡✈❡,❛❧ ❝♦✉♥ ,✐❡$ ✐♥ ❊❛$ ❆$✐❛ ❛♥❞ ▲❛ ✐♥ ❆♠❡,✐❝❛✱

K❛ ,✐♥♦$ ❡ ❛❧✳ ✭✷✵✵✾✮ $❤♦✇  ❤❛ ✐♥❝,❡❛$❡❞ ❡❞✉❝❛ ✐♦♥❛❧ ❛  ❛✐♥♠❡♥ ✱ ♠❡❛$✉,❡❞ ❜② ②❡❛,$ ♦❢

$❝❤♦♦❧✐♥❣✱ ✐$ ❛$$♦❝✐❛ ❡❞ ✇✐ ❤ ❤✐❣❤❡, ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ② ✐♥ ▲❛ ✐♥ ❆♠❡,✐❝❛✱ ❜✉ ❧♦✇❡, ❡❛,♥✐♥❣$

✐♥❡0✉❛❧✐ ② ✐♥ ❊❛$ ❆$✐❛✳

❚❤❡ ❛❜♦✈❡✲♠❡♥ ✐♦♥❡❞ ♠✐❝,♦✲❧❡✈❡❧ ❧✐ ❡,❛ ✉,❡ ❞♦❡$ ♥♦ ❛❞❞,❡$$  ❤❡ ♣♦ ❡♥ ✐❛❧ ♣,♦❜❧❡♠ ♦❢

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

❛ ❝♦,,❡❧❛ ✐♦♥ ❜❡ ✇❡❡♥  ❤❡  ✇♦ ✈❛,✐❛❜❧❡$ ♦❢ ✐♥ ❡,❡$ ✳ ❚♦ ♠② ❦♥♦✇❧❡❞❣❡✱  ❤❡,❡ ❛,❡ ✈❡,② ❢❡✇

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

♦❢ ❡❞✉❝❛ ✐♦♥ ♦♥ ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ②✱ ✉$✐♥❣ ♠✐❝,♦✲❧❡✈❡❧ ❞❛ ❛$❡ $✳
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❛♥❞ ❑❡❞✐, ✭✷✵✵✺✮ ❢♦, ❊ ❤✐♦♣✐❛ ❛♥❞ ❇,✉♥❡❧❧♦ ❡ ❛❧✳ ✭✷✵✵✾✮ ❢♦, ❊✉,♦♣❡❛♥ ❝♦✉♥ ,✐❡$✳
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$ ✉❞✐❡$ ❝♦♥❝❧✉❞❡  ❤❛ ❡❞✉❝❛ ✐♦♥✱ ♠❡❛$✉,❡❞ ❜② ②❡❛,$ ♦❢ $❝❤♦♦❧✐♥❣✱ ,❡❞✉❝❡$ ❡❛,♥✐♥❣$ ✐♥❡0✉❛❧✐ ②

❜❡❝❛✉$❡ ✐ $ ❝♦♥ ,✐❜✉ ✐♦♥  ♦ ❡❛,♥✐♥❣$ ✐$ ❤✐❣❤❡, ❛  ❤❡ ❧♦✇❡, ❡♥❞ ♦❢  ❤❡ ❡❛,♥✐♥❣$ ❞✐$ ,✐❜✉ ✐♦♥✳

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

❛,✐$❡ ❞✉❡  ♦ ❞✐✛❡,❡♥ $❝❤♦♦❧✐♥❣ ❧❡✈❡❧$ ❝♦♥$✐❞❡,❡❞✳ ❚❤❡ ❡❛,❧✐❡, ❧✐ ❡,❛ ✉,❡ ❝♦♥❝❡♥ ,❛ ❡$ ♠♦,❡

♦♥ $❡❝♦♥❞❛,② ❛♥❞ ❤✐❣❤❡, ❡❞✉❝❛ ✐♦♥✳ ❇② ❝♦♥ ,❛$ ✱  ❤❡ ♠❡❛♥ ②❡❛,$ ♦❢ $❝❤♦♦❧✐♥❣ ❛,❡ ,❡❧❛ ✐✈❡❧②

❧♦✇ ✐♥ ❊ ❤✐♦♣✐❛✱ ❝♦♠♣❛,❡❞  ♦ ♦ ❤❡, ❝♦✉♥ ,✐❡$✱ ❛♥❞ ✐♥❝,❡❛$✐♥❣ ❡❞✉❝❛ ✐♦♥ ♣♦ ❡♥ ✐❛❧❧② ✐♠♣❧✐❡$

❛ ❝❤❛♥❣❡ ❛,♦✉♥❞  ❤❡ ♠❡❛♥✳ ❙✐♠✐❧❛,❧②✱ ❇,✉♥❡❧❧♦ ❡ ❛❧✳ ✭✷✵✵✾✮✬$ $ ✉❞② ❢♦❝✉$❡$ ♦♥  ❤❡ ✐♠♣❛❝ 
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❞✐(,%✐❜✉,✐♦♥ ♦❢ ❡❛%♥✐♥❣(✳ ❈❤❛♥❣❡( ✐♥ ❝♦♠♣✉❧(♦%② (❝❤♦♦❧✐♥❣ ❧❛✇( ❞✐%❡❝,❧② ❛✛❡❝, ✐♥❞✐✈✐❞✉❛❧( ❛,
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,%❡❛,♠❡♥, ♦♥ ❤♦✉%❧② ❡❛%♥✐♥❣(✱ ✇❤✐❝❤ ✐( ,❤❡ ❢♦❝✉( ♦❢ ,❤✐( ❝❤❛♣,❡%✳

■♥ ,❤❡ ❜❛(✐❝ (❡,,✐♥❣ ❢♦% ,❤❡ ❘✉❜✐♥ ❈❛✉(❛❧ ▼♦❞❡❧ ✭❘❈▼✮✱ %❡(❡❛%❝❤❡%( ❛%❡ ✐♥,❡%❡(,❡❞ ✐♥ ,❤❡

❝❛✉(❛❧ ❡✛❡❝, ♦❢ ❛ ❜✐♥❛%② ✐♥,❡%✈❡♥,✐♦♥ ♦% ❛ ,%❡❛,♠❡♥, ✭❍♦❧❧❛♥❞✱ ✶✾✽✻✮✳ ❚❤❡ (♦✲❝❛❧❧❡❞ ,%❡❛,♠❡♥,

❡✛❡❝, ✐( ✉(✉❛❧❧② ❤❡,❡%♦❣❡♥❡♦✉( ❛❝%♦(( ✐♥❞✐✈✐❞✉❛❧(✳ ■♥ ♠② ❝♦♥,❡①,✱ ,❤❡ ,%❡❛,♠❡♥, ✈❛%✐❛❜❧❡ ✐(

,❤❡ ❝♦♠♣❧❡,✐♦♥ ♦❢ ♣%✐♠❛%② ❡❞✉❝❛,✐♦♥ ❛♥❞ ,❤❡ ♦✉,❝♦♠❡ ✈❛%✐❛❜❧❡( ❛%❡ ❤♦✉%❧② ❡❛%♥✐♥❣( ❛♥❞ ,❤❡✐%

❞✐(,%✐❜✉,✐♦♥✳

❋♦❧❧♦✇✐♥❣ ,❤❡ ❝♦♠♠♦♥ ♣%❛❝,✐❝❡ ✐♥ ,❤❡ ❧✐,❡%❛,✉%❡ ♦♥ ❘❉ ✭❢♦% ❡①❛♠♣❧❡✱ ❍❛❤♥ ❡, ❛❧✳ ✭✷✵✵✶✮❀

■♠❜❡♥( ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✶✵✮✮ ❛♥❞ ♣%♦❣%❛♠♠❡ ❡✈❛❧✉❛,✐♦♥ ✭❢♦% ❡①✲

❛♠♣❧❡✱ ❆♥❣%✐(, ❛♥❞ ❑%✉❡❣❡% ✭✶✾✾✶✮❀ ■♠❜❡♥( ❛♥❞ ❆♥❣%✐(, ✭✶✾✾✹✮❀ ❆♥❣%✐(, ❡, ❛❧✳ ✭✶✾✾✻✮❀ ❍❡❝❦✲

♠❛♥ ❡, ❛❧✳ ✭✷✵✵✶✮✮✱ ❧❡, Y 0
i ❛♥❞ Y 1

i ❞❡♥♦,❡ ,❤❡ ♣❛✐% ♦❢ ♣♦,❡♥,✐❛❧ ❡❛%♥✐♥❣( ❢♦% ❛♥ ✐♥❞✐✈✐❞✉❛❧

i✳ Y 0
i ❛%❡ ,❤❡ ♣♦,❡♥,✐❛❧ ❡❛%♥✐♥❣( ✇❤❡♥ ✐♥❞✐✈✐❞✉❛❧ i ❧❡❢, (❝❤♦♦❧ ❜❡❢♦%❡ ❝♦♠♣❧❡,✐♥❣ ♣%✐♠❛%②

❡❞✉❝❛,✐♦♥✱ ❛♥❞ Y 1
i ✐( ,❤❡ ♣♦,❡♥,✐❛❧ ♦✉,❝♦♠❡ ✇❤❡♥ ✐♥❞✐✈✐❞✉❛❧ i ❝♦♠♣❧❡,❡❞ ❛, ❧❡❛(, ♣%✐♠❛%②

(❝❤♦♦❧✳ ❋♦% ❛♥ ✐♥❞✐✈✐❞✉❛❧ i✱ ♦♥❧② ,❤❡ ❡❛%♥✐♥❣( ❝♦%%❡(♣♦♥❞✐♥❣ ,♦ ❤✐( ❡❞✉❝❛,✐♦♥❛❧ ❝♦♠♣❧❡,✐♦♥

❛%❡ ♦❜(❡%✈❡❞✳ ▲❡, Di ∈ {0, 1} ❞❡♥♦,❡ ,❤❡ (,❛,✉( ♦❢ ♣%✐♠❛%② ❡❞✉❝❛,✐♦♥ ❝♦♠♣❧❡,✐♦♥✱ ✇✐,❤

Di = 1 ✐❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ i ❛❝❤✐❡✈❡❞ ❛, ❧❡❛(, ♣%✐♠❛%② ❡❞✉❝❛,✐♦♥✱ ❛♥❞ Di = 0 ♦,❤❡%✇✐(❡✳ ❚❤❡

♦❜(❡%✈❡❞ ❡❛%♥✐♥❣(✱ Yi✱ ❝❛♥ ,❤❡%❡❢♦%❡ ❜❡ ✇%✐,,❡♥ ❛(
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Yi = Y 0
i · (1−Di) + Y 1

i ·Di =











Y 0
i if Di = 0

Y 1
i if Di = 1

✭✺✳✶✮

❆! "❤❡ ♣❛✐( Y 0
i ❛♥❞ Y

1
i ❛(❡ ♥❡✈❡( ♦❜!❡(✈❡❞ "♦❣❡"❤❡(✱ "❤❡ "(❡❛"♠❡♥" ❡✛❡❝" ♦( ♣(♦❣(❛♠♠❡

❡✈❛❧✉❛"✐♦♥ ❧✐"❡(❛"✉(❡ ❢♦❝✉!❡! ♦♥ ❛✈❡(❛❣❡ ❡✛❡❝"! ♦❢ "❤❡ "(❡❛"♠❡♥"✳ ❚❤❛" ✐!✱ "❤❡ ❧✐"❡(❛"✉(❡ ✉!❡!

"❤❡ ❛✈❡(❛❣❡ ♦❢ Y 1
i −Y

0
i ♦✈❡( "❤❡ ♣♦♣✉❧❛"✐♦♥✱ (❛"❤❡( "❤❛♥ "❤❡ ✐♥❞✐✈✐❞✉❛❧✲❧❡✈❡❧ ❡✛❡❝"!✳ ❍♦✇❡✈❡(✱

❛♥ ❡❝♦♥♦♠❡"(✐❝ ♣(♦❜❧❡♠ ❛(✐!❡! ❢(♦♠ ❡!"✐♠❛"✐♥❣ "❤❡ ❡✛❡❝" ♦❢ ♣(✐♠❛(② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥

♦♥ ❡❛(♥✐♥❣! ❜② ❛✈❡(❛❣✐♥❣ Y 1
i − Y 0

i ❜❡❝❛✉!❡ ♦❢ "❤❡ ♣♦"❡♥"✐❛❧ ❝♦((❡❧❛"✐♦♥ ❜❡"✇❡❡♥ ♣(✐♠❛(②

❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ❛♥❞ ✉♥♦❜!❡(✈❡❞ ♣(♦❞✉❝"✐✈✐"②✲❡♥❤❛♥❝✐♥❣ ❛""(✐❜✉"❡!✳ ❋♦( ✐♥!"❛♥❝❡✱ ❧♦✇✲

❛❜✐❧✐"② ✇♦(❦❡(! ♠❛② ❞❡❝✐❞❡ "♦ ❧❡❛✈❡ !❝❤♦♦❧ ❡❛(❧② ❛♥❞ "♦ ✇♦(❦ ❢♦( ❛ ❧♦✇✲♣❛✐❞ ❥♦❜✳ ■♥ "❤✐! ❝❛!❡✱

❡❞✉❝❛"✐♦♥ ✐! ❛ !✐❣♥❛❧ ♦❢ ✇♦(❦❡(!✬ ❛❜✐❧✐"②✱ ❛♥❞ "❤❡ ❛✈❡(❛❣❡ ♦❢ Y 1
i −Y

0
i ✐! ❧✐❦❡❧② "♦ ♦✈❡(✲❡!"✐♠❛"❡

"❤❡ ❡✛❡❝" ♦❢ "❤❡ ♣(✐♠❛(② ❡❞✉❝❛"✐♦♥ ♦♥ ❡❛(♥✐♥❣! ✭●(✐❧✐❝❤❡!✱ ✶✾✼✼❀ ❈❛(❞✱ ✶✾✾✾✮✳ ❚❤✐! ♣(♦❜❧❡♠

✐! !✐♠✐❧❛( "♦ "❤❡ ❝♦♥✈❡♥"✐♦♥❛❧ ❡♥❞♦❣❡♥❡✐"② ♣(♦❜❧❡♠ ✐♥ "❤❡ (❡"✉(♥! "♦ ❡❞✉❝❛"✐♦♥ ❧✐"❡(❛"✉(❡✳

■♥ ❛❞❞✐"✐♦♥ "♦ ❡❛(♥✐♥❣!✱ Yi✱ ❛♥❞ "❤❡ ❞✉♠♠② ❢♦( ♣(✐♠❛(② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥✱ Di✱ ❛

✈❡❝"♦( ♦❢ ♣(❡✲"(❡❛"♠❡♥" ✈❛(✐❛❜❧❡! ♦( ❝♦✈❛(✐❛"❡! (Ri, Xi) ♠❛② ❜❡ ♦❜!❡(✈❡❞✳ ▲❡" Ri ❜❡ "❤❡ ②❡❛(

♦❢ ❜✐("❤ ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ i✱ ❛♥❞ Xi ❜❡ ❛ ✈❡❝"♦( ♦❢ ♦"❤❡( ✐♥❞✐✈✐❞✉❛❧ ❝❤❛(❛❝"❡(✐!"✐❝!✳ Ri ❛♥❞ Xi

❛(❡ ❛!!✉♠❡❞ ♥♦" "♦ ❤❛✈❡ ❜❡❡♥ ❛✛❡❝"❡❞ ❜② "❤❡ ❡❞✉❝❛"✐♦♥ (❡❝❡✐✈❡❞✳ ■♥ ♠② ❘❉ ❢(❛♠❡✇♦(❦✱ "❤❡

②❡❛( ♦❢ ❜✐("❤ ✈❛(✐❛❜❧❡✱ Ri✱ ✐! ❦♥♦✇♥ ❛! ❛ (✉♥♥✐♥❣ ✭♦( ❛♥ ❛!!✐❣♥♠❡♥"✮ ✈❛(✐❛❜❧❡✳ ■" ❞❡"❡(♠✐♥❡!

"❤❡ "(❡❛"♠❡♥" !"❛"✉!✱ ✇❤✐❝❤ ✐! ♣(✐♠❛(② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ✐♥ "❤✐! ❝❛!❡✱ ❡✐"❤❡( ❝♦♠♣❧❡"❡❧②

♦( ♣❛("✐❛❧❧②✳ ❚❤❛✐❧❛♥❞✬! ❊❞✉❝❛"✐♦♥ ❘❡❢♦(♠ ❆❝" ✶✾✼✽ ✐♥❝(❡❛!❡❞ ❝♦♠♣✉❧!♦(② !❝❤♦♦❧✐♥❣ ❜② "✇♦

②❡❛(! ❢(♦♠ ✹ ②❡❛(! ♦❢ ❧♦✇❡( ♣(✐♠❛(② "♦ ✻ ②❡❛(! ♦❢ ♣(✐♠❛(② ❡❞✉❝❛"✐♦♥✱ ❢(❡❡ ♦❢ ❝❤❛(❣❡✳ ❆!

❝❤✐❧❞(❡♥ ✇❡(❡ (❡P✉✐(❡❞ ❜② ❧❛✇ "♦ !"❛(" !❝❤♦♦❧ ✐♥ "❤❡ ❝❛❧❡♥❞❛( ②❡❛( ✐♥ ✇❤✐❝❤ "❤❡② ❜❡❝❛♠❡

❡✐❣❤" ②❡❛(! ♦❧❞✱ ♣✉♣✐❧! ✇❤♦ ✇❡(❡ ❡❧❡✈❡♥ ②❡❛(! ♦❧❞ ♦( ②♦✉♥❣❡( ❛" "❤❡ "✐♠❡ "❤❡ (❡❢♦(♠ ✇❛!

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

"❤❡ ✜(!" ❝♦❤♦(" ♣♦"❡♥"✐❛❧❧② ❛✛❡❝"❡❞ ❜② "❤❡ (❡❢♦(♠ ❝♦♠♣(✐!❡! "❤♦!❡ ❜♦(♥ ✐♥ ✶✾✻✼✱ ✇❤❡(❡❛!

"❤♦!❡ ❜♦(♥ ❜❡❢♦(❡ ✶✾✻✼ ♠✐❣❤" ❤❛✈❡ ❞(♦♣♣❡❞ ♦✉" ♦❢ !❝❤♦♦❧ ❜❡❢♦(❡ ❝♦♠♣❧❡"✐♥❣ "❤❡ ♣(✐♠❛(②
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✐♥ 2❤❡ ❧❛✇ ✐♠♣❧❡♠❡♥2❛2✐♦♥ ✐♥ ✈❡<② ❢❡✇ <❡♠♦2❡ ❛<❡❛#✳

✶✹✶



②❡❛# ♦❢ ✶✾✻✼✳ ❚❤❡#❡❢♦#❡✱ ❛♥② ❞✐1❝♦♥3✐♥✉✐3② ✐♥ ❡❛#♥✐♥❣1 ❛1 ❛ ❢✉♥❝3✐♦♥ ♦❢ 3❤❡ ②❡❛# ♦❢ ❜✐#3❤ ❛3 3❤❡

✶✾✻✼ ❝✉3✲♦✛ ❝❛♥ ❜❡ ✐♥3❡#♣#❡3❡❞ ❛1 ❡✈✐❞❡♥❝❡ ♦❢ ❛ ❝❛✉1❛❧ ❛✈❡#❛❣❡ 3#❡❛3♠❡♥3 ❡✛❡❝3 ♦❢ ♣#✐♠❛#②

❡❞✉❝❛3✐♦♥ ❝♦♠♣❧❡3✐♦♥ ✭❍❛❤♥ ❡3 ❛❧✳✱ ✷✵✵✶❀ ■♠❜❡♥1 ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✵✽❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱

✷✵✶✵✮✳

✷✵

❚❤❡ ❘❉ ❛✈❡#❛❣❡ 3#❡❛3♠❡♥3 ❡✛❡❝31 ❛#❡ ✐❞❡♥3✐✜❡❞ ♦♥❧② ❢♦# 3❤❡ 1✉❜✲♣♦♣✉❧❛3✐♦♥1 3❤❛3

❝❤❛♥❣❡ 3❤❡✐# 3#❡❛3♠❡♥3 13❛3✉1 ✐♥ #❡1♣♦♥1❡ 3♦ 3❤❡ #✉♥♥✐♥❣ ✈❛#✐❛❜❧❡ ❡①❝❡❡❞✐♥❣ 3❤❡ ❞✐1❝♦♥3✐♥✉✐3②

♣♦✐♥3✳ ❚❤❡ ❘❉ ❧✐3❡#❛3✉#❡ #❡❢❡#1 3♦ 1✉❝❤ 1✉❜✲♣♦♣✉❧❛3✐♦♥1 ❛1 3❤❡ ❝♦♠♣❧✐❡#1 ❛♥❞ 3♦ 3❤❡ ❘❉

❛✈❡#❛❣❡ 3#❡❛3♠❡♥3 ❡✛❡❝31 ❛1 3❤❡ ❧♦❝❛❧ ❛✈❡#❛❣❡ 3#❡❛3♠❡♥3 ❡✛❡❝31✳

✷✶

✺✳✹ ❉✐%&'✐❜✉&✐♦♥❛❧ ❚'❡❛&♠❡♥& ❊✛❡❝&% ✐♥ &❤❡ ❘❉ ❋'❛♠❡✇♦'❦

❚❤✐1 1❡❝3✐♦♥ ❢♦❝✉1❡1 ♦♥ 3❤❡ ❞✐13#✐❜✉3✐♦♥❛❧ ✐♠♣❛❝31 ♦❢ ♣#✐♠❛#② ❡❞✉❝❛3✐♦♥ ❝♦♠♣❧❡3✐♦♥ ♦♥ ❡❛#♥✲

✐♥❣1✱ ❛♥❞ 3❤❡✐# ✐❞❡♥3✐✜❝❛3✐♦♥ 13#❛3❡❣② ✉1❡❞ ✐♥ 3❤✐1 ❝❤❛♣3❡#✳ ❋✐#13✱ ■ ♦✉3❧✐♥❡ 3❤❡ ❞❡✜♥✐3✐♦♥ ♦❢

3❤❡ ❞✐13#✐❜✉3✐♦♥❛❧ 3#❡❛3♠❡♥3 ❡✛❡❝31✱ ♣❛#3✐❝✉❧❛#❧② ♦❢ ♣#✐♠❛#② ❡❞✉❝❛3✐♦♥ ❝♦♠♣❧❡3✐♦♥ ♦♥ ❡❛#♥✲

✐♥❣1✱ ❛♥❞ 3❤❡✐# ♠❡❛1✉#❡1✳ ❙❡❝♦♥❞✱ 3❤❡ ✐❞❡♥3✐✜❝❛3✐♦♥ 13#❛3❡❣② ✐♥ 3❤❡ ❘❉ 1❡3✲✉♣ ♣#♦♣♦1❡❞

❜② ❋#L❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮ ❛♥❞ ❋#❛♥❞1❡♥ ❡3 ❛❧✳ ✭✷✵✶✷✮ ✐1 ♣#❡1❡♥3❡❞✳ ■3 ✇✐❧❧ ❜❡ ✉1❡❞ 3♦

❛❞❞#❡11 3❤❡ ❡♥❞♦❣❡♥♦✉1 #❡❧❛3✐♦♥ ❜❡3✇❡❡♥ ♣#✐♠❛#② ❡❞✉❝❛3✐♦♥ ❝♦♠♣❧❡3✐♦♥ ❛♥❞ ❛♥② ✐♥❞✐✈✐❞✉❛❧

✉♥♦❜1❡#✈❡❞ ❛33#✐❜✉3❡1✳

✷✷

❙✉❜1❡O✉❡♥3❧②✱ ■ ❞✐1❝✉11 3❤❡ ✐♥3❡#♣#❡3❛3✐♦♥ ♦❢ 3❤❡ ❡13✐♠❛3❡❞ ❞✐13#✐❜✉✲

3✐♦♥❛❧ 3#❡❛3♠❡♥3 ❡✛❡❝31 ❛♥❞ ✐31 #❡❧❡✈❛♥❝❡ 3♦ ♠② ❝♦♥3❡①3✳ ▲❛13❧②✱ 3❤❡ 1❡❝3✐♦♥ ❜#✐❡✢② ❛11❡11❡1

❤♦✇ 3❤❡ 1❡❧❡❝3❡❞ ❘❉ ✐❞❡♥3✐✜❝❛3✐♦♥ 13#❛3❡❣② ♣❡#❢♦#♠1✱ ❝♦♠♣❛#❡❞ 3♦ ♦3❤❡# #❡❧❛3❡❞ ❛♣♣#♦❛❝❤❡1✳

✺✳✹✳✶ ❉✐&'(✐❜✉'✐♦♥❛❧ ❚(❡❛'♠❡♥' ❊✛❡❝'&✿ ◗✉❛♥'✐❧❡ ❛♥❞ ■♥❡9✉❛❧✐'② ▼❡❛&✉(❡&

❋♦# 3❤❡ ❡✈❛❧✉❛3✐♦♥ ♦❢ ♣#✐♠❛#② ❡❞✉❝❛3✐♦♥ ❝♦♠♣❧❡3✐♦♥✱ ❡1♣❡❝✐❛❧❧② ❛1 ❛ #❡1✉❧3 ♦❢ ❛ ❝❤❛♥❣❡ ✐♥

3❤❡ ❝♦♠♣✉❧1♦#② 1❝❤♦♦❧✐♥❣ ❧❛✇✱ ✐3 ✐1 #❡❛1♦♥❛❜❧❡ 3♦ ❛11✉♠❡ 3❤❛3 3❤❡ ♣♦❧✐❝②✲♠❛❦❡# ✐1 ✐♥3❡#❡13❡❞

✐♥ ❜♦3❤ 3❤❡ ❛✈❡#❛❣❡ ❛♥❞ 3❤❡ ❞✐13#✐❜✉3✐♦♥❛❧ ❡✛❡❝31 ♦♥ ❡❛#♥✐♥❣1✳ ▲❡3 W ❜❡ ❛ 1♦❝✐❛❧ ✇❡❧❢❛#❡

❢✉♥❝3✐♦♥ 3❤❛3 ❞❡♣❡♥❞1 ♦♥ ❜♦3❤ 3❤❡ ♠❡❛♥ ❡❛#♥✐♥❣1 ❛♥❞ 3❤❡ ❞✐13#✐❜✉3✐♦♥ ♦❢ ❡❛#♥✐♥❣1✳ ■3 ❝❛♥

❜❡ ✇#✐33❡♥ ❛1

W (F ) = Ω (µ (F ) , v (F ))

✷✵

◆♦"❡ "❤❛" "❤❡ ②❡❛' ♦❢ ❜✐'"❤ ♠❛② ✐",❡❧❢ ❜❡ ❛,,♦❝✐❛"❡❞ ✇✐"❤ ♣♦"❡♥"✐❛❧ ❡❛'♥✐♥❣,✳ ❍♦✇❡✈❡'✱ "❤❡ ❘❉ ❢'❛♠❡✇♦'❦

♦♥❧② '❡;✉✐'❡, "❤✐, ❛,,♦❝✐❛"✐♦♥✱ ✐❢ ❡①✐,",✱ "♦ ❜❡ ,♠♦♦"❤✳

✷✶

❍❡♥❝❡✱ "❤❡ ❘❉ ❡,"✐♠❛♥❞ ❝❛♥ ❜❡ ✐♥"❡'♣'❡"❡❞ ❡;✉✐✈❛❧❡♥"❧② "♦ "❤❛" ♦❢ "❤❡ ■❱ ❡,"✐♠❛"♦' ♦❢ "❤❡ ❛✈❡'❛❣❡

"'❡❛"♠❡♥" ❡✛❡❝" ✭■♠❜❡♥, ❛♥❞ ❆♥❣'✐,"✱ ✶✾✾✹✮✳

✷✷

❚❤✐, ✐, ,✐♠✐❧❛' "♦ "❤❡ ❡♥❞♦❣❡♥❡✐"② ♣'♦❜❧❡♠ ✐♥ "❤❡ '❡"✉'♥, "♦ ❡❞✉❝❛"✐♦♥ ❧✐"❡'❛"✉'❡✳

✶✹✷



✇❤❡#❡ F ✐% ❛ ❞✐%(#✐❜✉(✐♦♥ ♦❢ ❡❛#♥✐♥❣%✱ µ ✐% (❤❡ ♠❡❛♥ ❡❛#♥✐♥❣%✱ ❛♥❞ v ✐% ❛ ❞✐%(#✐❜✉(✐♦♥❛❧

♠❡❛%✉#❡ ♦❢ ❡❛#♥✐♥❣%✳

✷✸

▲❡( FY 0 (y) ❛♥❞ FY 1 (y) ❞❡♥♦(❡ (❤❡ ❞✐%(#✐❜✉(✐♦♥% ♦❢ (❤❡ ♣♦(❡♥(✐❛❧

❡❛#♥✐♥❣% ✉♥❞❡# (❤❡ %✐(✉❛(✐♦♥% ✐♥ ✇❤✐❝❤ ♥♦ ♦♥❡ ❝♦♠♣❧❡(❡❞ ♣#✐♠❛#② ❡❞✉❝❛(✐♦♥ ❛♥❞ ❡✈❡#②♦♥❡

❝♦♠♣❧❡(❡❞ ♣#✐♠❛#② ❡❞✉❝❛(✐♦♥✱ #❡%♣❡❝(✐✈❡❧②✳ ❯%✐♥❣ (❤❡ ❘❈▼ %❡( ✉♣ ✇✐(❤ ♣♦(❡♥(✐❛❧ ❡❛#♥✐♥❣%✱

(❤❡ ❞✐%(#✐❜✉(✐♦♥❛❧ (#❡❛(♠❡♥( ❡✛❡❝( ♦❢ ♣#✐♠❛#② ❡❞✉❝❛(✐♦♥ ❝♦♠♣❧❡(✐♦♥ ♦♥ ❡❛#♥✐♥❣% ✐% (❤❡ ❞✐❢✲

❢❡#❡♥❝❡ ✐♥ ❛ ❣✐✈❡♥ ❞✐%(#✐❜✉(✐♦♥❛❧ ♠❡❛%✉#❡✱ v✱ ❜❡(✇❡❡♥ (❤❡%❡ (✇♦ ❤②♣♦(❤❡(✐❝❛❧ ❝❛%❡%✳ ❚❤❡

❞✐%(#✐❜✉(✐♦♥❛❧ (#❡❛(♠❡♥( ❡✛❡❝( ✐%✱ (❤❡#❡❢♦#❡✱ ❞❡✜♥❡❞ ❛%

△v
DTE = v (FY 1 (y))− v (FY 0 (y)) ✭✺✳✷✮

❆❝❝♦#❞✐♥❣ (♦ (❤❡ ✈❛#✐♦✉% ❞✐%(#✐❜✉(✐♦♥❛❧ ♠❡❛%✉#❡% ♦❢ ❡❛#♥✐♥❣%✱ (❤❡ ❞✐%(#✐❜✉(✐♦♥❛❧ (#❡❛(✲

♠❡♥( ❡✛❡❝(% ❝❛♥ ❜❡ ❜#♦❛❞❧② ❞✐✈✐❞❡❞ ✐♥(♦ (✇♦ ❣#♦✉♣%✳ ❚❤❡ ✜#%( ❛#❡ (❤❡ A✉❛♥(✐❧❡ (#❡❛(♠❡♥(

❡✛❡❝(%✱ ✇❤✐❝❤ ♠❡❛%✉#❡ (❤❡ (#❡❛(♠❡♥( ❡✛❡❝(% ❛❧♦♥❣ ❞✐✛❡#❡♥( ♣♦✐♥(% ♦❢ (❤❡ ❡❛#♥✐♥❣% ❞✐%(#✐❜✉✲

(✐♦♥ ✭❆❜❛❞✐❡ ❡( ❛❧✳✱ ✷✵✵✷❀ ❈❤❡#♥♦③❤✉❦♦✈ ❛♥❞ ❍❛♥%❡♥✱ ✷✵✵✺❀ ●✉✐(❡#❛%✱ ✷✵✵✽❀ ❋#❛♥❞%❡♥ ❡( ❛❧✳✱

✷✵✶✷✮✳ ❚❤❡ %❡❝♦♥❞ ❝♦♠♣#✐%❡% (❤❡ ✐♥❡A✉❛❧✐(② (#❡❛(♠❡♥( ❡✛❡❝(%✱ ✇❤✐❝❤ ♠❡❛%✉#❡ (❤❡ ♦✈❡#❛❧❧

❞✐%(#✐❜✉(✐♦♥❛❧ ❝❤❛♥❣❡% ✉%✐♥❣ ♦(❤❡# ✐♥❡A✉❛❧✐(② ✐♥❞✐❝❡% ✭❋#O❧✐❝❤ ❛♥❞ ▼❡❧❧②✱ ✷✵✶✵❜❀ ❋✐#♣♦ ❛♥❞

P✐♥(♦✱ ✷✵✶✶✮✳ ❚❤❡② ❝❛♥ ❜❡ ✇#✐((❡♥ ❛% ❢♦❧❧♦✇%✳

△τ
QTE = Qτ (FY 1 (y))−Qτ (FY 0 (y)) ✭✺✳✸✮

△I
ITE = I (FY 1 (y))− I (FY 0 (y)) ✭✺✳✹✮

✇❤❡#❡ Qτ (FY d) = inf {FY d (u) ≥ τ} ✐% (❤❡ τ ✲(❤ A✉❛♥(✐❧❡ ♦❢ ♣♦(❡♥(✐❛❧ ❡❛#♥✐♥❣% ❛♥❞ I (FY d)

✐% ❛ %✉♠♠❛#② ✐♥❡A✉❛❧✐(② ✐♥❞❡① ♦❢ (❤❡ ♣♦(❡♥(✐❛❧ ❡❛#♥✐♥❣%✱ ❢♦# d ∈ {0, 1}✳ ❲❤✐❧❡ (❤❡ (✇♦

❤②♣♦(❤❡(✐❝❛❧ ❞✐%(#✐❜✉(✐♦♥%✱ FY 0 (y) ❛♥❞ FY 1 (y)✱ ❛#❡ ✉♥♦❜%❡#✈❡❞✱ (❤❡ ♦❜%❡#✈❡❞ ❞✐✛❡#❡♥❝❡ ✐♥

❛ ❣✐✈❡♥ ♠❡❛%✉#❡ ♦❢ ❡❛#♥✐♥❣% ✐♥❡A✉❛❧✐(② ❜❡(✇❡❡♥ (❤❡ ♣#✐♠❛#② %❝❤♦♦❧ ❣#❛❞✉❛(❡% ❛♥❞ ♣#✐♠❛#②

%❝❤♦♦❧ ❞#♦♣♦✉(% ✐% ❧✐❦❡❧② (♦ ❜❡ ❛ ❜✐❛%❡❞ ❡%(✐♠❛(❡ ♦❢ (❤❡ ❞✐%(#✐❜✉(✐♦♥❛❧ (#❡❛(♠❡♥( ❡✛❡❝(% ♦❢

♣#✐♠❛#② ❡❞✉❝❛(✐♦♥ ❝♦♠♣❧❡(✐♦♥✳ ❚❤✐% ✐% ❜❡❝❛✉%❡ ♦❢ (❤❡ ❛❢♦#❡♠❡♥(✐♦♥❡❞ ♣♦(❡♥(✐❛❧ ❝♦##❡❧❛(✐♦♥

❜❡(✇❡❡♥ ❡❞✉❝❛(✐♦♥ #❡❝❡✐✈❡❞ ❛♥❞ ✉♥♦❜%❡#✈❡❞ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛#❛❝(❡#✐%(✐❝% ❛✛❡❝(✐♥❣ ❡❛#♥✐♥❣%✳

✷✸

❚❤❡ ❞✐%&'✐❜✉&✐♦♥❛❧ ♠❡❛%✉'❡% ❛'❡ ❢✉♥❝&✐♦♥❛❧% ♦❢ &❤❡ ❞✐%&'✐❜✉&✐♦♥ ❢✉♥❝&✐♦♥✳ ❚❤❡② ✐♥❝❧✉❞❡ ❡❛'♥✐♥❣% 4✉❛♥&✐❧❡%

❛♥❞ ♦&❤❡' ✐♥❡4✉❛❧✐&② ✐♥❞✐❝❡%✱ %✉❝❤ ❛% &❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥&✱ &❤❡ ✐♥&❡'✲4✉❛'&✐❧❡ '❛♥❣❡✱ &❤❡ ✈❛'✐❛♥❝❡ ♦❢ ❧♦❣✱ &❤❡

❝♦❡✣❝✐❡♥& ♦❢ ✈❛'✐❛&✐♦♥✱ ♦' ♦&❤❡' ✐♥❡4✉❛❧✐&② ✐♥❞✐❝❡% &❤❛& ❜❡❧♦♥❣ &♦ &❤❡ ●❡♥❡'❛❧✐%❡❞ ❊♥&'♦♣② ✭●❊✮ ❝❧❛%%✳

✶✹✸



✺✳✹✳✷ ■❞❡♥(✐✜❝❛(✐♦♥ ♦❢ ❉✐0(1✐❜✉(✐♦♥❛❧ ❚1❡❛(♠❡♥( ❊✛❡❝(0 ✐♥ (❤❡ ❘❉ ❉❡0✐❣♥

❚❤❡ ✐❞❡♥&✐✜❝❛&✐♦♥ +&,❛&❡❣② ♦❢ &❤✐+ ❝❤❛♣&❡, ♠❛✐♥❧② ❢♦❧❧♦✇+ &❤❛& ♦❢ ❋,5❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮

❛♥❞ ❋,❛♥❞+❡♥ ❡& ❛❧✳ ✭✷✵✶✷✮✳ ■& ✐♥✈♦❧✈❡+ &✇♦ +&❡♣+✳ ■♥ &❤❡ ✜,+& +&❡♣✱ &❤❡ ❞✐+&,✐❜✉&✐♦♥+ ♦❢ ❡❛,♥✲

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

❡❞✉❝❛&✐♦♥ ❝♦♠♣❧❡&✐♦♥✮✱ ❛,❡ ✐❞❡♥&✐✜❡❞ ✐♥ &❤❡ ❘❉ ❢,❛♠❡✇♦,❦✳ ■♥ &❤❡ +❡❝♦♥❞ +&❡♣✱ &❤❡ F✉❛♥&✐❧❡+

❛♥❞ ♦&❤❡, ✐♥❡F✉❛❧✐&② ♠❡❛+✉,❡+ ❛,❡ ❡+&✐♠❛&❡❞ ❢,♦♠ &❤❡ ❝♦✉♥&❡,❢❛❝&✉❛❧ ❞✐+&,✐❜✉&✐♦♥+ ♦❢ ❡❛,♥✲

✐♥❣+✳ ❋✐♥❛❧❧②✱ &❤❡ ❞✐+&,✐❜✉&✐♦♥❛❧ &,❡❛&♠❡♥& ❡✛❡❝&+ ❛,❡ ❣✐✈❡♥ ❜② &❤❡ ❞✐✛❡,❡♥❝❡+ ✐♥ &❤❡ ✐♥❡F✉❛❧✐&②

♠❡❛+✉,❡+ ♦❢ &❤❡ &✇♦ ❝♦✉♥&❡,❢❛❝&✉❛❧ ❞✐+&,✐❜✉&✐♦♥+✳

❙✐♠✐❧❛,❧② &♦ &❤❡ ❘❉ ❛✈❡,❛❣❡ &,❡❛&♠❡♥& ❡✛❡❝&+ ✐❞❡♥&✐✜❝❛&✐♦♥✱ &❤❡ ,✉♥♥✐♥❣ ✈❛,✐❛❜❧❡ ✭②❡❛,

♦❢ ❜✐,&❤✮✱ Ri✱ ♣❧❛②+ ❛ +♣❡❝✐❛❧ ,♦❧❡ ✐♥ ✐❞❡♥&✐❢②✐♥❣ &❤❡ ❞✐+&,✐❜✉&✐♦♥❛❧ &,❡❛&♠❡♥& ❡✛❡❝&+ ✐♥ &❤❡

❘❉ ❢,❛♠❡✇♦,❦✳ ❆♥ ✐♥❞✐✈✐❞✉❛❧ i✬+ ❞✉♠♠② ✈❛,✐❛❜❧❡ ❢♦, ♣,✐♠❛,② ❡❞✉❝❛&✐♦♥ ❝♦♠♣❧❡&✐♦♥✱ Di✱

✐+ ❛ ❢✉♥❝&✐♦♥ ♦❢ &❤❡ ②❡❛, ♦❢ ❜✐,&❤✳ ❚❤❛& ✐+✱ Di = Di (Ri)✳ ❉✉❡ &♦ &❤❡ ❊❞✉❝❛&✐♦♥ ❘❡❢♦,♠

❆❝& ✶✾✼✽✱ &❤❡ ②❡❛, ♦❢ ❜✐,&❤ ✐♥✢✉❡♥❝❡+ &❤❡ ♣,♦❜❛❜✐❧✐&② ♦❢ ❝♦♠♣❧❡&✐♥❣ ♣,✐♠❛,② ❡❞✉❝❛&✐♦♥ ✐♥ ❛

❞✐+❝♦♥&✐♥✉♦✉+ ✇❛② ✇❤❡♥ ✐& ❡①❝❡❡❞+ ❛ ✜①❡❞ &❤,❡+❤♦❧❞✱ r0 = 1967✳

▲❡& Zi ❜❡ ❛ ❜✐♥❛,② ✐♥❞✐❝❛&♦, ♦❢ &❤❡ ②❡❛, ♦❢ ❜✐,&❤ ❡①❝❡❡❞✐♥❣ &❤❡ &❤,❡+❤♦❧❞✱ &❤❛& ✐+✱ Zi =

✶ {Ri ≥ r0}✱ ❛♥❞ ❧❡& D
0
i ❛♥❞ D

1
i ❞❡♥♦&❡ &❤❡ ❧✐♠✐&+ ♦❢ Di (r) ❛+ r ❛♣♣,♦❛❝❤❡+ r0 ❢,♦♠ ❜❡❧♦✇

❛♥❞ ❛❜♦✈❡✱ ,❡+♣❡❝&✐✈❡❧②✳ ❚❤❛& ✐+✱ D0
i ≡ limr→r−0

Di (r) ❛♥❞ D
1
i ≡ limr→r+0

Di (r)✳ ❚❤❡♥✱ &❤❡

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

❞❡✜❡,+✱ ❛♥❞ ✐♥❞❡✜♥✐&❡ ✭❆♥❣,✐+& ❡& ❛❧✳✱ ✶✾✾✻✮ ❛+ ❞✐+♣❧❛②❡❞ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣ &❛❜❧❡✳

❚❡①# ❚❛❜❧❡ ✺✳✶✿ +♦♣✉❧❛#✐♦♥ ❈❧❛22✐✜❡❞ ❜② +6✐♠❛6② ❊❞✉❝❛#✐♦♥ ❈♦♠♣❧❡#✐♦♥ ❙#❛#✉2 ✭Di✮

❙✉❜✲♣♦♣✉❧❛#✐♦♥2 ❈♦♥❞✐#✐♦♥2

❆❧✇❛②2 #❛❦❡62 (AT) D0
i = 1 ❛♥❞ D1

i = 1

◆❡✈❡6 #❛❦❡62 (NT) D0
i = 0 ❛♥❞ D1

i = 0

❈♦♠♣❧✐❡62 (C) D0
i < D1

i

❉❡✜❡62 (DE) D0
i > D1

i

■♥❞❡✜♥✐#❡ (I) {AT ∪NT ∪ C ∪DE}
c

❲✐&❤ &❤❡+❡ ♣♦♣✉❧❛&✐♦♥ ♣❛,&✐&✐♦♥+✱ ❋,5❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮ ❛♥❞ ❋,❛♥❞+❡♥ ❡& ❛❧✳ ✭✷✵✶✷✮

❞✐+❝✉++ &❤❡ ❛++✉♠♣&✐♦♥+ ,❡F✉✐,❡❞ ❢♦, &❤❡ ✐❞❡♥&✐✜❝❛&✐♦♥ ♦❢ &❤❡ &✇♦ ❝♦✉♥&❡,❢❛❝&✉❛❧ ❞✐+&,✐❜✉&✐♦♥+

❢♦, &❤❡ ❝♦♠♣❧✐❡,+✱ FY 0|C (y) ❛♥❞ FY 1|C (y)✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ +✉❜+❡F✉❡♥&❧② ✉+❡❞ &♦ ✐❞❡♥&✐❢② &❤❡

✶✹✹



❞✐"#$✐❜✉#✐♦♥❛❧ ❡✛❡❝#" ♦❢ ♣$✐♠❛$② ❡❞✉❝❛#✐♦♥ ❝♦♠♣❧❡#✐♦♥ ❢♦$ #❤❡ ❝♦♠♣❧✐❡$"✱ ❛" ❢♦❧❧♦✇"✳

✷✹

❆!!✉♠♣%✐♦♥ ■ ✭❋,-❧✐❝❤ ❛♥❞ ▼❡❧❧②✱ ✷✵✶✵❜ ❛♥❞ ❋,❛♥❞!❡♥ ❡% ❛❧✳✱ ✷✵✶✷✮

■✶ ❋✉③③② ❘❡❣$❡""✐♦♥ ❉✐"❝♦♥#✐♥✉✐#② ✭❋❘❉✮✿ limr→r+
0

Pr (D = 1 | R = r) > limr→r−
0

Pr (D = 1 | R = r)✳

■✷ ▲♦❝❛❧ ❙♠♦♦#❤♥❡""✿ FY d|D0, D1, R

(

y | d0, d1, r
)

✐" ❝♦♥#✐♥✉♦✉" ✐♥ r ❛# r0 ❢♦$ d0, d1 ∈ {0, 1}✳

E
[

Dj | R = r
]

✐" ❝♦♥#✐♥✉♦✉" ❛# r0 ❢♦$ j ∈ {0, 1}✳

■✸ ▼♦♥♦#♦♥✐❝✐#②✿ limr→r0 Pr
(

D1 ≥ D0 | R = r
)

= 1 ❛♥❞ limr→r0 Pr (Indefinite | R = r) = 0✳

■✹ ❉❡♥"✐#② ❛# ❚❤$❡"❤♦❧❞✿ FR (r) ✐" ❞✐✛❡$❡♥#✐❛❜❧❡ ❛# r0 ❛♥❞ limr→r0 fR (r) > 0✳

◆♦#❡ #❤❛# #❤❡ #❤$❡"❤♦❧❞ ✈❛❧✉❡ ♦❢ ②❡❛$ ♦❢ ❜✐$#❤✱ r0✱ ✐" ✶✾✻✼✱ ❛♥❞ #❤❛# ❛$♦✉♥❞ #❤❡ ❞✐"❝♦♥#✐♥✉✐#②

#❤$❡"❤♦❧❞ $❡❢❡$" #♦ #❤♦"❡ ✇❤♦ ✇❡$❡ ❜♦$♥ ❛$♦✉♥❞ ✶✾✻✼ ✭❜❡❢♦$❡✱ ❛♥❞ ✐♥ ♦$ ❛❢#❡$✮✳

❆""✉♠♣#✐♦♥ ■✶ ✐" #❤❡ ❦❡② ❢❡❛#✉$❡ ♦❢ #❤❡ ❢✉③③② ❘❉ ❞❡"✐❣♥ ✭❍❛❤♥ ❡# ❛❧✳✱ ✷✵✵✶❀ ■♠❜❡♥" ❛♥❞

▲❡♠✐❡✉①✱ ✷✵✵✽❀ ▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ❚❤❛# ✐"✱ #❤❡ ♣$♦❜❛❜✐❧✐#② ♦❢ ❝♦♠♣❧❡#✐♥❣ ♣$✐♠❛$②

❡❞✉❝❛#✐♦♥ ❝❤❛♥❣❡" ❞✐"❝♦♥#✐♥✉♦✉"❧② ❛# #❤❡ #❤$❡"❤♦❧❞ ✈❛❧✉❡ ♦❢ #❤❡ ②❡❛$ ♦❢ ❜✐$#❤✳ ❯♥❧✐❦❡ #❤❡

"❤❛$♣ ❘❉ ❞❡"✐❣♥✱ #❤❡ ❝❤❛♥❣❡ ✐♥ #❤❡ ♣$♦❜❛❜✐❧✐#② ♦❢ ❝♦♠♣❧❡#✐♥❣ ♣$✐♠❛$② ❡❞✉❝❛#✐♦♥ ❞♦❡" ♥♦#

❤❛✈❡ #♦ ❜❡ ❢$♦♠ ✵ #♦ ✶ ❛# #❤❡ #❤$❡"❤♦❧❞✳

✷✺

❚❤✐" ✐" "✐♠✐❧❛$ #♦ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ♦❢ #❤❡ ❝❤❛♥❣❡ ✐♥

❝♦♠♣✉❧"♦$② ❡❞✉❝❛#✐♦♥ ✐♥ ❚❤❛✐❧❛♥❞ ❢♦$ #✇♦ $❡❛"♦♥"✳ ❋✐$"#✱ "♦♠❡ ✐♥❞✐✈✐❞✉❛❧" ❜♦$♥ ❜❡❢♦$❡ ✶✾✻✼

❝♦♥#✐♥✉❡❞ #❤❡✐$ "#✉❞✐❡" #♦ ❛♥❞ ❜❡②♦♥❞ #❤❡ ♣$✐♠❛$② ❧❡✈❡❧✳ ❙❡❝♦♥❞✱ ❛ ✈❡$② ❢❡✇ ♣❡♦♣❧❡ ❜♦$♥ ❛#
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❆""✉♠♣#✐♦♥ ■✷ ✐" ❛ "♠♦♦#❤♥❡"" ❝♦♥❞✐#✐♦♥✳ ■# ❛""✉♠❡" #❤❛# #❤❡ ❝♦♥❞✐#✐♦♥❛❧ ❞✐"#$✐❜✉#✐♦♥

❢✉♥❝#✐♦♥" ❛$❡ "♠♦♦#❤ ✐♥ #❤❡ ②❡❛$ ♦❢ ❜✐$#❤ ❛$♦✉♥❞ #❤❡ #❤$❡"❤♦❧❞ ②❡❛$ ♦❢ ✶✾✻✼✳

✷✻

❚❤❡ "✉✣❝✐❡♥#

"♠♦♦#❤♥❡"" ♦♥ ❜♦#❤ "✐❞❡" ♦❢ #❤❡ #❤$❡"❤♦❧❞ ✐♠♣❧✐❡" #❤❛# #❤❡ ❞✐✛❡$❡♥❝❡ ✐♥ #❤❡ ❡❛$♥✐♥❣" ❞✐"#$✐✲

❜✉#✐♦♥ ♦♥ ❡✐#❤❡$ "✐❞❡ ♦❢ #❤❡ #❤$❡"❤♦❧❞ ✐" ❞✉❡ #♦ #❤❡ ❞✐"❝♦♥#✐♥✉♦✉" ❝❤❛♥❣❡ ✐♥ #❤❡ ♣$♦❜❛❜✐❧✐#②

♦❢ ❝♦♠♣❧❡#✐♥❣ ♣$✐♠❛$② ❡❞✉❝❛#✐♦♥✳

✷✹

❋!"❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮ ❛♥❞ ❋!❛♥❞3❡♥ ❡4 ❛❧✳ ✭✷✵✶✷✮ 34✉❞② 4❤❡ ❧♦❝❛❧ 8✉❛♥4✐❧❡ 4!❡❛4♠❡♥4 ❡✛❡❝43 ✐♥ 4❤❡ ❘❉

❢!❛♠❡✇♦!❦✳ ❚❤❡✐! ✐❞❡♥4✐✜❝❛4✐♦♥ 34!❛4❡❣② ✐3 ❞❡✈❡❧♦♣❡❞ ❢!♦♠ 4❤❡ ■❱ ♦✉4❝♦♠❡ ❞✐34!✐❜✉4✐♦♥ ❡34✐♠❛4❡3 ♦❢ ■♠❜❡♥3

❛♥❞ ❘✉❜✐♥ ✭✶✾✾✼✮ ❛♥❞ 4❤❡ ■❱ 8✉❛♥4✐❧❡ !❡❣!❡33✐♦♥ ❡34✐♠❛4♦! ♦❢ ❆❜❛❞✐❡ ❡4 ❛❧✳ ✭✷✵✵✷✮✳ ❚❤❡② ✜!34 ❡34✐♠❛4❡

4❤❡ ❝♦✉♥4❡!❢❛❝4✉❛❧ ❞✐34!✐❜✉4✐♦♥3✱ ❛♥❞ 4❤❡♥ 4❤❡②✱ ♦❜4❛✐♥ 4❤❡ 8✉❛♥4✐❧❡ 4!❡❛4♠❡♥4 ❡✛❡❝43 ❢!♦♠ 4❤❡ ❞✐✛❡!❡♥❝❡ ❛4

❡❛❝❤ 8✉❛♥4✐❧❡ ♦❢ 4❤❡ 4✇♦ ❞✐34!✐❜✉4✐♦♥3✳ ●✐✈❡♥ 4❤❛4 3♦♠❡ ✐♥❡8✉❛❧✐4② ♠❡❛3✉!❡3 ❛!❡ ❢✉♥❝4✐♦♥❛❧3 ♦❢ ❛ ❞✐34!✐❜✉4✐♦♥

❢✉♥❝4✐♦♥✱ 3✐♠✐❧❛! !❡3✉❧43 ❝❛♥ ❜❡ ♦❜4❛✐♥❡❞ ✭3❡❡ ❋!"❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮ ❢♦! 4❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥4 ❛♥❞ 4❤❡

▲♦!❡♥③ ❝✉!✈❡✱ ❛♥❞ ❋✐!♣♦ ❛♥❞ O✐♥4♦ ✭✷✵✶✶✮ ❢♦! ♦4❤❡! ✐♥❡8✉❛❧✐4② ✐♥❞✐❝❛4♦!3✮✳

✷✺

■♥ 4❤❡ 3❤❛!♣ ❘❉ ❢!❛♠❡✇♦!❦✱ lim
r→r

+

0

Pr (D = 1 | R = r)− lim
r→r

−

0

Pr (D = 1 | R = r) ✐3 ❡8✉❛❧ 4♦ ♦♥❡✱

❛♥❞ 4❤❡!❡❢♦!❡✱ ❛❧❧ ✐♥❞✐✈✐❞✉❛❧3 ❛!❡ ❝♦♠♣❧✐❡!3✳ ❚❤❛4 ✐3✱ ❆33✉♠♣4✐♦♥ ■✸ ✐3 3❛4✐3✜❡❞ ❛✉4♦♠❛4✐❝❛❧❧②✳

✷✻

■♠❜❡♥3 ❛♥❞ ▲❡♠✐❡✉① ✭✷✵✵✽✮ ❛!❣✉❡ 4❤❛4 ✐4 ✐3 ♥♦4 ✉3✉❛❧❧② !❡❛3♦♥❛❜❧❡ 4♦ ❛33✉♠❡ 3♠♦♦4❤♥❡33 ♦♥❧② ❢♦!

♦♥❡ ♣❛!4✐❝✉❧❛! ✈❛❧✉❡ ♦❢ 4❤❡ !✉♥♥✐♥❣ ✈❛!✐❛❜❧❡✳ ■♥ 4❤✐3 ❝❛3❡✱ 4❤❡② 3✉❣❣❡34 4♦ ❛ 34!♦♥❣❡! ❛33✉♠♣4✐♦♥ 4❤❛4

FY d|D0, D1, R

(

y | d0, d1, r
)

❛♥❞ E
[

Dj | R = r
]

❛!❡ ❝♦♥4✐♥✉♦✉3 ✐♥ r ❢♦! ❛❧❧ Y ✱ ❢♦! d0, d1, j ∈ {0, 1}✳

✶✹✺
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✷✼

FY 1|C (y) =
limr→r+

0

E [✶ {Y ≤ y} ·D | R = r]− limr→r−
0

E [✶ {Y ≤ y} ·D | R = r]

limr→r+
0

E [D | R = r]− limr→r−
0

E [D | R = r]
✭✺✳✺✮

FY 0|C (y) =
limr→r+

0

E [✶ {Y ≤ y} · (1−D) | R = r]− limr→r−
0

E [✶ {Y ≤ y} · (1−D) | R = r]

limr→r+
0

E [1−D | R = r]− limr→r−
0

E [1−D | R = r]

✭✺✳✻✮

❙✉❜!❡L✉❡♥%❧②✱ %❤❡ ❞✐!%3✐❜✉%✐♦♥❛❧ ✐♠♣❛❝%! ♦❢ ♣3✐♠❛3② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ♦♥ ❡❛3♥✐♥❣! ❢♦3

%❤❡ ❝♦♠♣❧✐❡3! ❛3❡ !✐♠♣❧② ✭✶✮ %❤❡ ❞✐✛❡3❡♥❝❡ ❜❡%✇❡❡♥ %❤❡ %✇♦ ❡!%✐♠❛%❡❞ ♠❛3❣✐♥❛❧ ❞✐!%3✐❜✉%✐♦♥!

♦❢ ♣♦%❡♥%✐❛❧ ❡❛3♥✐♥❣! ❢♦3 %❤❡ ❝♦♠♣❧✐❡3! ❛% ❛ ♣❛3%✐❝✉❧❛3 L✉❛♥%✐❧❡❀ ❛♥❞ ✭✷✮ %❤❡ ❞✐✛❡3❡♥❝❡ ❜❡%✇❡❡♥

%❤❡ ✐♥❡L✉❛❧✐%② ♠❡❛!✉3❡! ❢3♦♠ %❤❡ %✇♦ ❡!%✐♠❛%❡❞ ❞✐!%3✐❜✉%✐♦♥! ♦❢ ♣♦%❡♥%✐❛❧ ❡❛3♥✐♥❣! ❢♦3 %❤❡

❝♦♠♣❧✐❡3!✳ ❚❤❡② ❝❛♥ ❜❡ ✇3✐%%❡♥ ❛!

✷✼

❚❤❡ ♣$♦♦❢ '❛❦❡♥ ❢$♦♠ ❋$❛♥❞.❡♥ ❡' ❛❧✳ ✭✷✵✶✷✮ ✐. ♣$♦✈✐❞❡❞ ✐♥ ❞❡'❛✐❧ ✐♥ '❤❡ ❆♣♣❡♥❞✐①✱ ♣✳ ✶✽✽✳
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△τ
LQTE|C = Qτ

(

FY 1|C (y)
)

−Qτ
(

FY 0|C (y)
)

✭✺✳✼✮

△I
LITE|C = I

(

FY 1|C (y)
)

− I
(

FY 0|C (y)
)

✭✺✳✽✮

✇❤❡#❡ Qτ (·) ❛♥❞ I (·) ❛#❡ ❞❡✜♥❡❞ ❛( ❜❡❢♦#❡ ✭❊.✉❛0✐♦♥( ✭✺✳✸✮ ❛♥❞ ✭✺✳✹✮✮✳ ❙✐♠✐❧❛#❧② 0♦ 0❤❡
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 ❛♥❦ ✐♥✈❛ ✐❛♥❝❡ ❛((✉♠♣'✐♦♥ ✐(  ❡=✉✐ ❡❞ ✐♥ ❈❤❡ ♥♦③❤✉❦♦✈ ❛♥❞ ❍❛♥(❡♥ ✭✷✵✵✺✮ ❛♥❞ ●✉✐'❡ ❛(

✭✷✵✵✽✮✳ ❚❤✐( ✐( ❛ ✈❡ ② (' ♦♥❣ ❛((✉♠♣'✐♦♥✱ ✐♠♣❧②✐♥❣ '❤❛' ❛ ' ❡❛'♠❡♥' ♠✉(' ♥♦' ❛❧'❡ '❤❡  ❛♥❦

♦ ❞❡ ✐♥❣ ♦❢ ✐♥❞✐✈✐❞✉❛❧(✳ ▼❡❛♥✇❤✐❧❡✱ '❤❡ ❛✉'❤♦ ( ❞♦ ♥♦'  ❡=✉✐ ❡ '❤❛' ❡①❝❡❡❞✐♥❣ '❤❡ ❞✐(❝♦♥✲

'✐♥✉✐'② '❤ ❡(❤♦❧❞ ❤❛✈❡ ❛ ♠♦♥♦'♦♥✐❝ ❡✛❡❝' ♦♥ ' ❡❛'♠❡♥' ('❛'✉(✳ ❆( ❛  ❡(✉❧'✱ '❤❡✐ ❡('✐♠❛'❡(

❛ ❡ ❛♣♣❧✐❝❛❜❧❡ '♦ '❤❡ ❡♥'✐ ❡ ♣♦♣✉❧❛'✐♦♥✱ ❝♦♠♣❛ ❡❞ '♦ ♦♥❧② ❛ (✉❜✲♣♦♣✉❧❛'✐♦♥ ✉♥❞❡ '❤❡ ▲❆❚❊

❢ ❛♠❡✇♦ ❦✳ ❙❡❝♦♥❞✱ ●✉✐'❡ ❛( ✭✷✵✵✽✮✬( ❛♣♣ ♦❛❝❤ ✐( ♦♥❧② ❛♣♣❧✐❝❛❜❧❡ ❢♦ ❛ ❝♦♥'✐♥✉♦✉( ♦✉'❝♦♠❡

✈❛ ✐❛❜❧❡✱ ✇❤✐❧❡ '❤♦(❡ ♦❢ '❤❡ ▲❆❚❊ ❢ ❛♠❡✇♦ ❦ ✭❆❜❛❞✐❡ ❡' ❛❧✳✱ ✷✵✵✷❀ ❋ T❧✐❝❤ ❛♥❞ ▼❡❧❧②✱ ✷✵✶✵❜❀

❋ ❛♥❞(❡♥ ❡' ❛❧✳✱ ✷✵✶✷✮ ❛❧❧♦✇ ❢♦ '❤❡ ♦✉'❝♦♠❡ ✈❛ ✐❛❜❧❡ '♦ ❜❡ ❞✐(❝ ❡'❡✱ ❝♦♥'✐♥✉♦✉(✱ ♦ ❤②❜ ✐❞

✭(✉❝❤ ❛( ❡❛ ♥✐♥❣( ✇✐'❤ ❛ ♠❛(( ♣♦✐♥' ❛' ③❡ ♦ ♦ '♦♣ ❝♦❞✐♥❣✮✳ ❆❧'❤♦✉❣❤ '❤❡ ▲❋❙ ❡❛ ♥✐♥❣(

✐♥❢♦ ♠❛'✐♦♥ ✐( ♥♦' '♦♣✲❝♦❞❡❞ ❛♥❞ ♠② (❛♠♣❧❡ ♦❢ ✐♥'❡ ❡(' ✐( ❡♠♣❧♦②❡❞ ✇♦ ❦❡ ( ✇✐'❤ ♣♦(✐'✐✈❡

❡❛ ♥✐♥❣(✱ '❤❡ ❞✐(' ✐❜✉'✐♦♥❛❧ ' ❡❛'♠❡♥' ❡✛❡❝'( ❢ ♦♠ '❤❡ ▲❆❚❊ ❢ ❛♠❡✇♦ ❦ ✇♦✉❧❞ ❜❡ ❣❡♥❡ ❛❧❧②

♠♦ ❡ ❛♣♣❧✐❝❛❜❧❡ '♦ '❤❡ ❛♥❛❧②(✐( ♦❢ ❡❛ ♥✐♥❣( ❞✉❡ '♦ '❤❡ ♥❛'✉ ❡ ♦❢ '❤❡ ♦✉'❝♦♠❡ ✈❛ ✐❛❜❧❡✳

✺✳✺ ❊#$✐♠❛$✐♦♥ ♦❢ ▲♦❝❛❧ ❉✐#$/✐❜✉$✐♦♥❛❧ ❚/❡❛$♠❡♥$ ❊✛❡❝$# ✐♥

$❤❡ ❘❉ ❉❡#✐❣♥

❚❤✐( (❡❝'✐♦♥ ❞❡(❝ ✐❜❡( '❤❡ ❡♠♣✐ ✐❝❛❧ ❡('✐♠❛'✐♦♥ ♠❡'❤♦❞ ✉(❡❞ '♦ ❡('✐♠❛'❡ '❤❡ ❝♦✉♥'❡ ❢❛❝'✉❛❧

❞✐(' ✐❜✉'✐♦♥( ♦❢ ♣♦'❡♥'✐❛❧ ❡❛ ♥✐♥❣( ❛♥❞ '❤❡ ❞✐(' ✐❜✉'✐♦♥❛❧ ' ❡❛'♠❡♥' ❡✛❡❝'( ❢♦ '❤❡ ❝♦♠♣❧✐❡ (

✐♥ '❤❡ ❘❉ ❢ ❛♠❡✇♦ ❦ ❛( (♣❡❝✐✜❡❞ ✐♥ ❊=✉❛'✐♦♥( ✭✺✳✺✮✱ ✭✺✳✻✮✱ ✭✺✳✼✮✱ ❛♥❞ ✭✺✳✽✮✳

❆ (✐♠♣❧❡ ✇❛② ♦❢ ❡('✐♠❛'✐♥❣ '❤❡ ❞✐(' ✐❜✉'✐♦♥ ♦❢ ♣♦'❡♥'✐❛❧ ❡❛ ♥✐♥❣( ❢♦ ❝♦♠♣❧✐❡ (✱ FY 1|C (y)

❛♥❞ FY 0|C (y) ❛( ❞❡(❝ ✐❜❡❞ ✐♥ ❊=✉❛'✐♦♥( ✭✺✳✺✮ ❛♥❞ ✭✺✳✻✮✱ ✐♥ '❤❡ ❘❉ ❞❡(✐❣♥ ✐( '♦ ✉(❡ ♣♦❧②♥♦♠✐❛❧

 ❡❣ ❡((✐♦♥(✳ ❆❧(♦✱ '❤❡ ❘❉ ♣♦❧②♥♦♠✐❛❧  ❡❣ ❡((✐♦♥( ❛ ❡ ❛♣♣ ♦♣ ✐❛'❡ ❛( ♠②  ✉♥♥✐♥❣ ✈❛ ✐❛❜❧❡✱

②❡❛ ♦❢ ❜✐ '❤✱ ✐( ❞✐(❝ ❡'❡ ✭(❡❡ '❤❡ ❞✐(❝✉((✐♦♥ ✐♥ ❈❤❛♣'❡ ✸✱ ❙✉❜✲(❡❝'✐♦♥ ✸✳✸✳✷✮✳

❆( '❤✐( ✐( ❛ ❢✉③③② ❘❉ ❞❡(✐❣♥✱ '❤❡ ♣ ♦❜❛❜✐❧✐'② ♦❢ ❝♦♠♣❧❡'✐♥❣ ♣ ✐♠❛ ② ❡❞✉❝❛'✐♦♥✱ Di, ❛( ❛

❢✉♥❝'✐♦♥ ♦❢ '❤❡ ②❡❛ ♦❢ ❜✐ '❤✱ Ri ❝❛♥ ❜❡ ✇ ✐''❡♥ ❛(

✶✺✶



E (Di | Ri = r) = Pr (Di = 1 | Ri = r) = γ + δ · Zi + g (Ri − r0)

Di = Pr (Di = 1 | Ri = r) + vi = γ + δ · Zi + g (Ri − r0) + vi

✇❤❡#❡ Zi = ✶ {Ri ≥ r0} ✐♥❞✐❝❛)❡* ✇❤❡)❤❡# )❤❡ #✉♥♥✐♥❣ ✈❛#✐❛❜❧❡ ❡①❝❡❡❞* )❤❡ ❝✉)✲♦✛ ✈❛❧✉❡✱

r0 = 1967 ✐* )❤❡ )❤#❡*❤♦❧❞ ②❡❛# ♦❢ ❜✐#)❤ ❛* ❜❡❢♦#❡✱ g (·) ✐* ❛ ♣♦❧②♥♦♠✐❛❧ ❢✉♥❝)✐♦♥ ♦❢ Ri − r0✱

❛♥❞ vi ✐* ❛♥ ❡##♦# )❡#♠ ✇❤✐❝❤ ✐* ✐♥❞❡♣❡♥❞❡♥) ♦❢ Ri✳
✹✵

❋✐#*)✱ ❝♦♥*✐❞❡# )❤❡ #❡❣#❡**✐♦♥ ❢♦# )❤❡ ❝✉♠✉❧❛)✐✈❡ ❞✐*)#✐❜✉)✐♦♥ ♦❢ ❡❛#♥✐♥❣*✱ ♦♥ ❜♦)❤ *✐❞❡*

♦❢ )❤❡ )❤#❡*❤♦❧❞ ②❡❛# ♦❢ ❜✐#)❤✳

(

α̂1l, β̂1l

)

= arg min
α1l, β

1l

∑

Ri<r0

(✶ {Yi ≤ y} ·Di − α1l − f1l (Ri − r0))
2

(

α̂1r, β̂1r

)

= arg min
α1r, β

1r

∑

Ri≥r0

(✶ {Yi ≤ y} ·Di − α1r − f1r (Ri − r0))
2

❛♥❞

(

α̂0l, β̂0l

)

= arg min
α0l, β

0l

∑

Ri<r0

(✶ {Yi ≤ y} · (1−Di)− α0l − f0l (Ri − r0))
2

(

α̂0r, β̂0r

)

= arg min
α0r, β

0r

∑

Ri≥r0

(✶ {Yi ≤ y} · (1−Di)− α0r − f0r (Ri − r0))
2

✇❤❡#❡ β
jl
❛♥❞ β

jr
❛#❡ ✈❡❝)♦#* ♦❢ ♣♦❧②♥♦♠✐❛❧ ❝♦❡✣❝✐❡♥)* ❢#♦♠ )❤❡ ❝♦##❡*♣♦♥❞✐♥❣ ♣♦❧②♥♦✲

♠✐❛❧ ❢✉♥❝)✐♦♥*✱ fjl (·) ❛♥❞ fjr (·)✱ ❢♦# j ∈ {0, 1}✳

❙❡❝♦♥❞✱ ❝♦♥*✐❞❡# )❤❡ #❡❣#❡**✐♦♥ ❢♦# )❤❡ ♣#✐♠❛#② ❡❞✉❝❛)✐♦♥ ❝♦♠♣❧❡)✐♦♥ ✐♥❞✐❝❛)♦#✳

(

γ̂1l, φ̂1l

)

= arg min
π1l, φ

1l

∑

Ri<r0

(Di − γ1l − g1l (Ri − r0))
2

(

γ̂1r, φ̂1r

)

= arg min
π1r, φ

1r

∑

Ri≥r0

(Di − γ1r − g1r (Ri − r0))
2

❛♥❞

✹✵

❚❤❡ #❤❛%♣ ❘❉ ✐# ❛ #♣❡❝✐❛❧ ❝❛#❡ ✇❤❡♥ γ = 0✱ g (·) = 0✱ ❛♥❞ δ = 1✳

✶✺✷



(

γ̂0l, φ̂0l

)

= arg min
π0l, φ

0l

∑

Ri<r0

((1−Di)− γ0l − g0l (Ri − r0))
2

(

γ̂0r, φ̂0r

)

= arg min
π0r, φ

0r

∑

Ri≥r0

((1−Di)− γ0r − g0r (Ri − r0))
2

✇❤❡#❡ φ
jl
❛♥❞ φ

jr
❛#❡ ✈❡❝)♦#+ ♦❢ ♣♦❧②♥♦♠✐❛❧ ❝♦❡✣❝✐❡♥)+ ❢#♦♠ )❤❡ ❝♦##❡+♣♦♥❞✐♥❣ ❢✉♥❝)✐♦♥+✱

gjl (·) ❛♥❞ gjr (·)✱ ❢♦# j ∈ {0, 1}✳

❲✐)❤ )❤❡ +❛♠❡ ♦#❞❡#+ ♦❢ ♣♦❧②♥♦♠✐❛❧ ✉+❡❞ ✐♥ f (·) ❛♥❞ g (·) ♦♥ ❡❛❝❤ +✐❞❡ ♦❢ )❤❡ )❤#❡+❤♦❧❞

②❡❛# ♦❢ ❜✐#)❤✱ )❤❡ ❝♦✉♥)❡#❢❛❝)✉❛❧ ❝✉♠✉❧❛)✐✈❡ ❞✐+)#✐❜✉)✐♦♥+ ❢♦# )❤❡ ❝♦♠♣❧✐❡#+ ✭❊;✉❛)✐♦♥+ ✭✺✳✺✮

❛♥❞ ✭✺✳✻✮✮ ❝❛♥ ❜❡ ❡+)✐♠❛)❡❞ ❛+ )❤❡ #❛)✐♦+ ♦❢ )❤❡ ❞✐+❝♦♥)✐♥✉✐)✐❡+ ✐♥ )❤❡ ❝✉♠✉❧❛)✐✈❡ ❞✐+)#✐❜✉)✐♦♥

♦❢ ❡❛#♥✐♥❣+ ❛♥❞ )❤❡ ♣#✐♠❛#② ❡❞✉❝❛)✐♦♥ ❝♦♠♣❧❡)✐♦♥ ✐♥❞✐❝❛)♦# ✭■♠❜❡♥+ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✵✽✮ ❛+

❢♦❧❧♦✇+✳

F̂Y 1|C (y) =
α̂1r − α̂1l

γ̂1r − γ̂1l

F̂Y 0|C (y) =
α̂0r − α̂0l

γ̂0l − γ̂0r

❆❧)❡#♥❛)✐✈❡❧②✱ )❤❡ ❝✉♠✉❧❛)✐✈❡ ❞✐+)#✐❜✉)✐♦♥+ ♦❢ )❤❡ ♣♦)❡♥)✐❛❧ ❡❛#♥✐♥❣+ ❢♦# )❤❡ ❝♦♠♣❧✐❡#+ ❝❛♥

❜❡ ❡+)✐♠❛)❡❞ ❜② ♣♦❧②♥♦♠✐❛❧ #❡❣#❡++✐♦♥+ ✇✐)❤ ❛♥ ✐♥+)#✉♠❡♥)❛❧ ✈❛#✐❛❜❧❡ ✭❍❛❤♥ ❡) ❛❧✳✱ ✷✵✵✶❀ ▲❡❡

❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳ ❉❡✜♥❡

Pi =











π1

✶ {Ri < r0} · fl (Ri − r0)

✶ {Ri ≥ r0} · fr (Ri − r0)











✇❤❡#❡ fl (·) ❛♥❞ fr (·) ❛#❡ ♣♦❧②♥♦♠✐❛❧ ❢✉♥❝)✐♦♥❛❧ ❢♦#♠+✳ ❚❤❡♥✱ )❤❡ ❡+)✐♠❛)❡❞ ❡;✉❛)✐♦♥ ❝❛♥

❜❡ ✇#✐))❡♥ ❛+

✶ {Yi ≤ y} ·Di = α ·Di + P
′

i + εi ✭✺✳✾✮

❇② ❡+)✐♠❛)✐♥❣ ❊;✉❛)✐♦♥ ✭✺✳✾✮✱ ✉+✐♥❣ )❤❡ )✇♦✲+)❛❣❡ ❧❡❛+) +;✉❛#❡+ ✭✷❙▲❙✮ ♠❡)❤♦❞ ✇✐)❤ Zi =

✶ {Ri ≥ r0} ❛+ )❤❡ ❡①❝❧✉❞❡❞ ✐♥+)#✉♠❡♥) ❢♦# Di✱ )❤❡ ❡+)✐♠❛)❡ ♦❢ α ✐+ ✐❞❡♥)✐❝❛❧ )♦ F̂Y 1|C (y)✳

❙✐♠✐❧❛#❧②✱ )❤❡ ❡+)✐♠❛)♦# F̂Y 0|C (y) ❝❛♥ ❜❡ ♦❜)❛✐♥❡❞ ❛+ )❤❡ ✷❙▲❙ ❡+)✐♠❛)♦# ♦❢ θ ❢#♦♠ )❤❡

❢♦❧❧♦✇✐♥❣ ❡;✉❛)✐♦♥✳

✶✺✸



✶ {Yi ≤ y} · (1−Di) = θ · (1−Di) + P
′

i + εi ✭✺✳✶✵✮
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fl (Ri − r0) = πl2 · (Ri − r0) + πl3 · (Ri − r0)
2
❛♥❞ fr (Ri − r0) = πr2 · (Ri − r0) + πr3 · (Ri − r0)

2
✱
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✶ {Yi ≤ y} ·Di = α ·Di + π1 + ✶ {Ri < r0} ·
[

πl2 · (Ri − r0) + πl3 · (Ri − r0)
2
]

+✶ {Ri ≥ r0} ·
[

πr2 · (Ri − r0) + πr3 · (Ri − r0)
2
]

+ εi
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FY 1|C (y) = lim
ε→0

E
[

✶ {Y ≤ y} · ✶{R≥r0}−pε(x)
pε(x)·(1−pε(x))

(2D − 1) | R ∈ (r0 − ε, r0 + ε) , D = 1
]

E
[

✶{R≥r0}−pε(x)
pε(x)·(1−pε(x))

(2D − 1) | R ∈ (r0 − ε, r0 + ε) , D = 1
]
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FY 0|C (y) = lim
ε→0

E
[

✶ {Y ≤ y} · ✶{R≥r0}−pε(x)
pε(x)·(1−pε(x))

(2D − 1) | R ∈ (r0 − ε, r0 + ε) , D = 0
]

E
[

✶{R≥r0}−pε(x)
pε(x)·(1−pε(x))

(2D − 1) | R ∈ (r0 − ε, r0 + ε) , D = 0
]
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r→r

+

0

supp (X | R = r) = lim
r→r

−

0

supp (X | R = r)✳
✹✹

❯♥❞❡$ (❤❡ ❝♦♥❞✐(✐♦♥ (❤❛( (❤❡ $❛(❡ ♦❢ ❝♦♥✈❡$❣❡♥❝❡ ❞♦❡+ ♥♦( ❞❡♣❡♥❞ ♦♥ (❤❡ ♥✉♠❜❡$ ♦❢ ❝♦✈❛$✐❛(❡+ ✭❋$>❧✐❝❤✱

✷✵✵✼❀ ❋✐$♣♦ ❛♥❞ C✐♥(♦✱ ✷✵✶✶✮✳

✹✺

❚❤❡ ♣$♦♦❢ (❛❦❡♥ ❢$♦♠ ❋$>❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮ ✐+ ♣$♦✈✐❞❡❞ ✐♥ ❞❡(❛✐❧ ✐♥ (❤❡ ❆♣♣❡♥❞✐①✱ ♣✳ ✶✽✾✳
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✺✳✺✳✸ ❈♦♥❞✐(✐♦♥❛❧ ❉✐,(-✐❜✉(✐♦♥❛❧ ❚-❡❛(♠❡♥( ❊✛❡❝(,✿ ❉✐✛❡-❡♥( ❊✛❡❝(, ✐♥

❘✉-❛❧ ❛♥❞ ❯-❜❛♥ ❆-❡❛,

❆! ♠❡♥%✐♦♥❡❞ ❜*✐❡✢② ✐♥ ❙✉❜✲!❡❝%✐♦♥ ✺✳✹✳✸✱ %❤❡ ❝♦♥❞✐%✐♦♥❛❧ ❞✐!%*✐❜✉%✐♦♥❛❧ %*❡❛%♠❡♥% ❡✛❡❝%!

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

❣❡♥❡♦✉! ❛❝*♦!! ❝♦♥%*♦❧ ♦❜!❡*✈❛❜❧❡!✳ ●✐✈❡♥ %❤❡ ✐♠♣❛❝%! ♦❢ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ♦♥

%❤❡ ❡♥%✐*❡ ❞✐!%*✐❜✉%✐♦♥ ♦❢ ❡❛*♥✐♥❣!✱ %❤❡ ❝♦♥❞✐%✐♦♥❛❧ ❡✛❡❝%! ♠❛② ❤❡❧♣ %♦ ❡①♣❧❛✐♥ %❤❡ ✉♥❞❡*❧②✐♥❣

♠❡❝❤❛♥✐!♠! %❤❛% ❞*✐✈❡ %❤❡ ♦✈❡*❛❧❧ ❝❤❛♥❣❡!✳

■♥ %❤✐! ❝❤❛♣%❡*✱ ■ ❛♠ ✐♥%❡*❡!%❡❞ ✐♥ ❤♦✇ ♣*✐♠❛*② ❡❞✉❝❛%✐♦♥ ❝♦♠♣❧❡%✐♦♥ ❛✛❡❝%! %❤❡ ♦✈❡*❛❧❧

❡❛*♥✐♥❣! ✐♥❡B✉❛❧✐%② ❛! ✇❡❧❧ ❛! %❤❛% ♦❢ %❤❡ *✉*❛❧ ❛♥❞ ✉*❜❛♥ ❛*❡❛! !❡♣❛*❛%❡❧②✳ ❚❤❡ ❝♦♥❞✐%✐♦♥❛❧

❝♦✉♥%❡*❢❛❝%✉❛❧ ❞✐!%*✐❜✉%✐♦♥! ♦❢ ❡❛*♥✐♥❣! ❝❛♥ ❜❡ ♦❜%❛✐♥❡❞ ❜② ❡!%✐♠❛%✐♥❣ %❤❡ ❝♦✉♥%❡*❢❛❝%✉❛❧

❝✉♠✉❧❛%✐✈❡ ❞✐!%*✐❜✉%✐♦♥! ♦❢ ❡❛*♥✐♥❣! ❢♦* %❤❡ ✉*❜❛♥ ❛♥❞ *✉*❛❧ !✉❜✲♣♦♣✉❧❛%✐♦♥! !❡♣❛*❛%❡❧②✳

FY 1|C,X=u (y)

=
lim

r→r
+
0

E[✶{Y≤y}·D|R=r,X=ur]−lim
r→r

−

0

E[✶{Y≤y}·D|R=r,X=ur]

lim
r→r

+
0

E[D|R=r,X=ur]−lim
r→r

−

0

E[D|R=r,X=ur] ✭✺✳✶✸✮

FY 0|C,X=u (y)

=
lim

r→r
+
0

E[✶{Y≤y}·(1−D)|R=r,X=ur]−lim
r→r

−

0

E[✶{Y≤y}·(1−D)|R=r,X=ur]

lim
r→r

+
0

E[1−D|R=r,X=ur]−lim
r→r

−

0

E[1−D|R=r,X=ur] ✭✺✳✶✹✮

✇❤❡#❡ u ✐% &❤❡ ❞✉♠♠② ❢♦# #❡%✐❞✐♥❣ ✐♥ ❛♥ ✉#❜❛♥ ❛#❡❛✳

✺✳✺✳✹ ❈❤♦✐❝❡ ♦❢ ■♥❡,✉❛❧✐0② ▼❡❛3✉4❡3

❚❤❡ ❡❝♦♥♦♠✐❝ ❧✐&❡#❛&✉#❡ ♦♥ ✐♥❡5✉❛❧✐&② ❣❡♥❡#❛❧❧② ❛❣#❡❡% &❤❛&✱ &❤❡#❡ ❛#❡ ❢♦✉# ♣#♦♣❡#&✐❡% &❤❛&

✐♥❡5✉❛❧✐&② ♠❡❛%✉#❡% %❤♦✉❧❞ %❛&✐%❢② ✭%❡❡ ❢♦# ❡①❛♠♣❧❡✱ ❆♥❛♥❞ ✭✶✾✽✸✮❀ ❍❡%❤♠❛&✐ ✭✷✵✵✹✮❀ ❈♦✇❡❧❧

✭✷✵✶✶✮✮✳ ❋✐#%&✱ ♠❡❛♥ ♦# %❝❛❧❡ ✐♥❞❡♣❡♥❞❡♥❝❡ #❡5✉✐#❡% &❤❛& &❤❡ ✐♥❡5✉❛❧✐&② ♠❡❛%✉#❡ ✐% ✐♥✈❛#✐❛♥&

&♦ ❛ ❝❤❛♥❣❡ ✐♥ ❡✈❡#②♦♥❡✬% ✐♥❝♦♠❡ ❜② &❤❡ %❛♠❡ ♣#♦♣♦#&✐♦♥✳ ❙❡❝♦♥❞✱ ♣♦♣✉❧❛&✐♦♥ %✐③❡ ✐♥❞❡♣❡♥❞✲

❡♥❝❡ ♠❡❛♥% &❤❛& &❤❡ ✐♥❡5✉❛❧✐&② ♠❡❛%✉#❡ #❡♠❛✐♥% ✉♥❝❤❛♥❣❡❞ ✇❤❡♥ &❤❡ ♥✉♠❜❡# ♦❢ ♣❡♦♣❧❡ ❛&

❡❛❝❤ ❡❛#♥✐♥❣% ❧❡✈❡❧ ❝❤❛♥❣❡% ❜② &❤❡ %❛♠❡ ♣#♦♣♦#&✐♦♥✳ ❚❤✐#❞✱ &❤❡ L✐❣♦✉✲❉❛❧&♦♥ ❝♦♥❞✐&✐♦♥ ✐♥✲

❞✐❝❛&❡% &❤❛& &❤❡ ✐♥❡5✉❛❧✐&② ♠❡❛%✉#❡ ❞❡❝#❡❛%❡% ✇❤❡♥ &❤❡#❡ ✐% ❛♥② &#❛♥%❢❡# ♦❢ ❛ ♣♦%✐&✐✈❡ ❛♠♦✉♥&

❢#♦♠ ❛ #✐❝❤❡# &♦ ❛ ♣♦♦# ♣❡#%♦♥ &❤❛& ❞♦❡% ♥♦& ❝❤❛♥❣❡ &❤❡✐# #❡❧❛&✐✈❡ #❛♥❦%✳ ❋♦✉#&❤✱ %✉❜✲❣#♦✉♣

❞❡❝♦♠♣♦%❛❜✐❧✐&② ♠❡❛♥% &❤❛& &❤❡ ✐♥❡5✉❛❧✐&② ♠❡❛%✉#❡% ♦❢ &❤❡ ❡♥&✐#❡ ♣♦♣✉❧❛&✐♦♥ ❝❛♥ ❜❡ ❛❞✲

❞✐&✐✈❡❧② ❞❡❝♦♠♣♦%❡❞ ✐♥&♦ &❤❡ ✐♥❡5✉❛❧✐&② ✇✐&❤✐♥ %✉❜✲❣#♦✉♣ ❛% ✇❡❧❧ ❛% &❤❡ ✐♥❡5✉❛❧✐&② ❜❡&✇❡❡♥
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 ❤❡#❡ #✉❜✲❣(♦✉♣# ✭❙❤♦((♦❝❦#✱ ✶✾✽✹✮✳

❚❤❡ ✜(#  ❤(❡❡ ♣(♦♣❡( ✐❡# ❛(❡ ❣❡♥❡(❛❧❧② (❡=✉✐(❡❞ ❢♦( # ✉❞②✐♥❣ ✐♥❡=✉❛❧✐ ② ✐♥  ❤❡ ♦✈❡(❛❧❧

❞✐# (✐❜✉ ✐♦♥ ♦(  ❤❛ ♦❢ ❛ #♣❡❝✐✜❝ #✉❜✲❣(♦✉♣✱ ✇❤✐❧❡  ❤❡ ❞❡❝♦♠♣♦#❛❜✐❧✐ ② ♣(♦♣❡( ② ✐# (❡=✉✐(❡❞

❢♦( ✉♥❞❡(# ❛♥❞✐♥❣ ♦❢ #✉❜✲❣(♦✉♣ ❢❛❝ ♦(# ❞❡ ❡(♠✐♥✐♥❣ ♦✈❡(❛❧❧ ✐♥❡=✉❛❧✐ ②✳

■♥  ❤✐# ❝❤❛♣ ❡(✱ ■ ❢♦❝✉# ♦♥  ❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥❡=✉❛❧✐ ② ♠❡❛#✉(❡#✿  ❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥ ✭G✮✱  ❤❡

# ❛♥❞❛(❞ ❞❡✈✐❛ ✐♦♥ ♦❢ ❧♦❣❛(✐ ❤♠# ✭SDL✮✱ ❚❤❡✐❧✬# ❡♥ (♦♣② ✐♥❞❡① ▲ ✭❚❤❡✐❧✲▲✱ L✮✱ ❛♥❞ ❚❤❡✐❧✬#

❡♥ (♦♣② ✐♥❞❡① ❚ ✭❚❤❡✐❧✲❚✱ T ✮✳ ❚❤❡② ❛(❡ ❞❡✜♥❡❞ ❛# ❢♦❧❧♦✇#✳

G = 1−
1

µ

∞̂

0

(1− F (y))
2
dy

SDL =

√

√

√

√

1

N
·

N
∑

i=1

(lnYi − ln µ̃)
2

L =
N
∑

i=1

1

N
· ln

(

µ

Yi

)

T =
N
∑

i=1

Yi

Y
· ln

(

Yi

µ

)

✇❤❡(❡ Yi ✐# ❡❛(♥✐♥❣# ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧ i✱ F (y) ✐#  ❤❡ ❝✉♠✉❧❛ ✐✈❡ ❞✐# (✐❜✉ ✐♦♥ ❢✉♥❝ ✐♦♥ ♦❢

❡❛(♥✐♥❣#✱ Y ✐#  ❤❡  ♦ ❛❧ ❡❛(♥✐♥❣# ♦❢  ❤❡ ❡♥ ✐(❡ ♣♦♣✉❧❛ ✐♦♥✱ N ✐#  ❤❡ ♥✉♠❜❡( ♦❢ ♦❜#❡(✈❛ ✐♦♥#✱

µ ✐#  ❤❡ ❛(✐ ❤♠❡ ✐❝ ♠❡❛♥ ❡❛(♥✐♥❣#✱ ❛♥❞ µ̃ ✐#  ❤❡ ❣❡♦♠❡ (✐❝ ♠❡❛♥ ❡❛(♥✐♥❣#✳

❆❧❧ ♦❢  ❤❡#❡ ✐♥❡=✉❛❧✐ ② ♠❡❛#✉(❡#✱ ❡①❝❡♣ ❢♦(  ❤❡ # ❛♥❞❛(❞ ❞❡✈✐❛ ✐♦♥ ♦❢ ❧♦❣❛(✐ ❤♠#✱ #❛ ✐#❢②

 ❤❡ ♠❡❛♥ ✐♥❞❡♣❡♥❞❡♥❝❡✱  ❤❡ ♣♦♣✉❧❛ ✐♦♥ #✐③❡ ✐♥❞❡♣❡♥❞❡♥❝❡✱ ❛♥❞  ❤❡ L✐❣♦✉✲❉❛❧ ♦♥ ♣(♦♣❡(✲

 ✐❡#✳

✹✻

❚❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥ ❛♥❞  ❤❡ # ❛♥❞❛(❞ ❞❡✈✐❛ ✐♦♥ ♦❢ ❧♦❣❛(✐ ❤♠# ❛(❡ ♠♦(❡  (❛❞✐ ✐♦♥❛❧

♠❡❛#✉(❡# ♦❢ ✐♥❡=✉❛❧✐ ②✳ ❚❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥ ♠❡❛#✉(❡#  ❤❡ (❛ ✐♦ ♦❢  ❤❡ ❛(❡❛ ❜❡ ✇❡❡♥  ❤❡ ▲♦(❡♥③

❝✉(✈❡✱ ✇❤✐❝❤ ♣❧♦ #  ❤❡ ✐♥❝♦♠❡ #❤❛(❡ ♦❢  ❤❡ ❝✉♠✉❧❛ ✐✈❡ ♣♦♣✉❧❛ ✐♦♥✱ ❛♥❞  ❤❡ ❡=✉❛❧✐ ② ❧✐♥❡  ♦

 ❤❡ ❛(❡❛ ♦❢  ❤❡  (✐❛♥❣❧❡ ✉♥❞❡(  ❤❡ ❡=✉❛❧✐ 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

❤✐❣❤❡# $❤❛♥ $❤❛$ ♦❢ $❤❡ ✉#❜❛♥ &❛♠♣❧❡ ❜✉$ $❤✐& ❣❛♣ ❤❛& ♥❛##♦✇❡❞ ♦✈❡# $✐♠❡✳ ❆❞❞✐$✐♦♥❛❧❧②✱

$❤❡ ♣#♦♣♦#$✐♦♥ ♦❢ ♠❛❧❡ ♣❛✐❞ ✇♦#❦❡#& ❤❛& ❜❡❡♥ ❤✐❣❤❡# ✐♥ #✉#❛❧ ❛#❡❛&✳ ❚❤❡ ❛✈❡#❛❣❡ ❤♦✉#& ♦❢

✇♦#❦ ❢♦# $❤❡&❡ ♣❛✐❞ ✇♦#❦❡#& ❤❛✈❡ ❜❡❡♥ ❛#♦✉♥❞ ✺✵ ❤♦✉#& ♣❡# ✇❡❡❦✱ ❛♥❞ ❤❛✈❡ ❜❡❡♥ &❧✐❣❤$❧②

✶✻✵



❤✐❣❤❡$ ❢♦$ '❤❡ $✉$❛❧ ✇♦$❦❡$-✱ ❝♦♠♣❛$❡❞ '♦ '❤❡ ✉$❜❛♥ ✇♦$❦❡$-✳ ❚❤✐- -✉❣❣❡-'- ♥♦ ❡✈✐❞❡♥❝❡ ♦❢

✉♥❞❡$❡♠♣❧♦②♠❡♥' ✐♥ '❤❡ ▲❋❙✳

❚❤❡ ✶✾✼✽ ❊❞✉❝❛,✐♦♥ ❘❡❢♦2♠

❋$♦♠ '❤❡ ❛❢♦$❡♠❡♥'✐♦♥❡❞ ❞❡-❝$✐♣'✐✈❡ -'❛'✐-'✐❝-✱ '❤❡ ✐♥❝$❡❛-❡ ✐♥ ❛✈❡$❛❣❡ ②❡❛$- ♦❢ ❡❞✉❝❛'✐♦♥

❝♦✐♥❝✐❞❡❞ ✇✐'❤ '❤❡ $❛♣✐❞ ❞❡❝❧✐♥❡ ✐♥ '❤❡ ♣$♦♣♦$'✐♦♥ ♦❢ ✇♦$❦❡$- ✇✐'❤ ❧❡-- '❤❛♥ ♣$✐♠❛$② ❡❞✉❝❛✲

'✐♦♥✳ ❚❤✐- ❝♦✉❧❞ ❜❡ ♣♦'❡♥'✐❛❧❧② ❞$✐✈❡♥ ❜② '❤❡ ❊❞✉❝❛'✐♦♥ ❘❡❢♦$♠ ❆❝' ✶✾✼✽✱ ✇❤✐❝❤ ✐♥❝$❡❛-❡❞

❝♦♠♣✉❧-♦$② ❡❞✉❝❛'✐♦♥ ❢$♦♠ ✹ ②❡❛$- ♦❢ ❧♦✇❡$ ♣$✐♠❛$② '♦ ✻ ②❡❛$- ♦❢ ♣$✐♠❛$② ❡❞✉❝❛'✐♦♥✱ ❢$❡❡

♦❢ ❝❤❛♥❣❡✳ ■♥ ♦'❤❡$ ✇♦$❞-✱ ❤♦❧❞✐♥❣ ♦'❤❡$ ❢❛❝'♦$- ❝♦♥-'❛♥'✱ ❛ ♣❡$-♦♥ ✇❤♦ ✇❛- ❜♦$♥ ✐♥ ✶✾✻✻

❛♥❞ ♦♥❧② -'✉❞✐❡❞ ❢♦$ ✹ ②❡❛$- ✭♦❢ ❧♦✇❡$ ♣$✐♠❛$② ❡❞✉❝❛'✐♦♥✮ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❢♦$❝❡❞ '♦ -'❛②

✐♥ -❝❤♦♦❧ ❢♦$ '✇♦ ♠♦$❡ ②❡❛$- ✉♥'✐❧ ❤❡ ✜♥✐-❤❡❞ '❤❡ ♣$✐♠❛$② ❧❡✈❡❧✱ ❤❛❞ ❤❡ ❜❡❡♥ ❜♦$♥ ❛ ②❡❛$

❧❛'❡$✳

✺✸

❚❤✐- $❡-✉❧'❡❞ ✐♥ ❛ -❤❛$♣ ✐♥❝$❡❛-❡ ✐♥ '❤❡ ♣$♦♣♦$'✐♦♥ ♦❢ ♣$✐♠❛$② -❝❤♦♦❧ ❣$❛❞✉❛'❡- ❢♦$

'❤❡ ❝♦❤♦$'- ❜♦$♥ ✐♥ ✶✾✻✼ ❛♥❞ ❛❢'❡$✱ ❛- ❞❡♠♦♥-'$❛'❡❞ ✐♥ ❋✐❣✉$❡ ✺✳✸✳

✺✹

✺✳✻✳✸ ❉❛&❛ ❙✉♠♠❛*②

❚♦ -✉♠♠❛$✐-❡✱ '❤❡ ▲❋❙ ❞❛'❛ ❡①❤✐❜✐' '❤❡ ❡✈♦❧✉'✐♦♥ ♦❢ ❡❛$♥✐♥❣-✱ ❡❛$♥✐♥❣- ✐♥❡M✉❛❧✐'②✱ ❛♥❞ ❡❞✉✲

❝❛'✐♦♥❛❧ ❛''❛✐♥♠❡♥' ❞✉$✐♥❣ '❤❡ ♣❡$✐♦❞ ♦❢ ✶✾✾✶ '♦ ✷✵✵✵✳ ❲❤✐❧❡ ❡❞✉❝❛'✐♦♥❛❧ ❛''❛✐♥♠❡♥' ❛♥❞

❛✈❡$❛❣❡ $❡❛❧ ❤♦✉$❧② ❡❛$♥✐♥❣- ✐♥❝$❡❛-❡❞ ❝♦♥-❡❝✉'✐✈❡❧②✱ ❡❛$♥✐♥❣- ✐♥❡M✉❛❧✐'② $❡♠❛✐♥❡❞ $❛'❤❡$

-'❛❣♥❛♥' ❛♥❞ ❞❡❝❧✐♥❡❞ ♦♥❧② -❧✐❣❤'❧② ♦✈❡$ '❤❡ -❛♠❡ ♣❡$✐♦❞✳ ❚❤❡-❡ ♣❛''❡$♥- ❤♦❧❞ ✇❤❡♥ ❡①❛♠✐♥✲

✐♥❣ '❤❡ $✉$❛❧ ❛♥❞ ✉$❜❛♥ ❛$❡❛- -❡♣❛$❛'❡❧②✳ ◆♦'❡ '❤❛' ❝❤❛♥❣❡- ✐♥ ❡❞✉❝❛'✐♦♥ ❝♦♠♣❧❡'✐♦♥ $❛'❡-

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

❡$- ❞$♦♣♣✐♥❣ ♦✉' ♦❢ ♣$✐♠❛$② -❝❤♦♦❧✳ ❚❤✐- ✐- ♣♦'❡♥'✐❛❧❧② ❞$✐✈❡♥ ❜② '❤❡ ❊❞✉❝❛'✐♦♥❛❧ ❘❡❢♦$♠

❆❝' ✶✾✼✽ ✇❤✐❝❤ ✐♥❝$❡❛-❡❞ ❝♦♠♣✉❧-♦$② ❡❞✉❝❛'✐♦♥ ❢$♦♠ ✹ ②❡❛$- ♦❢ ❧♦✇❡$ ♣$✐♠❛$② '♦ ✻ ②❡❛$- ♦❢

♣$✐♠❛$② ❡❞✉❝❛'✐♦♥✳ ❆- -'✉❞✐❡❞ ✐♥ '❤❡ ♦'❤❡$ '✇♦ ❝❤❛♣'❡$-✱ ❡❞✉❝❛'✐♦♥ ❤❛- ❛♥ ✐♠♣♦$'❛♥' $♦❧❡

✐♥ ✐♥❝$❡❛-✐♥❣ ❧❛❜♦✉$ ❡❛$♥✐♥❣- ✭❛' '❤❡ ❛✈❡$❛❣❡ ❧❡✈❡❧✮✱ ❛♥❞ -❤✐❢'✐♥❣ ✇♦$❦❡$- '♦✇❛$❞- '❤❡ ♠♦$❡

♣$♦❞✉❝'✐✈❡ -❡❝'♦$- ❞✉$✐♥❣ '❤❡ -'$✉❝'✉$❛❧ '$❛♥-❢♦$♠❛'✐♦♥ ♣$♦❝❡-- ♦❢ ❚❤❛✐❧❛♥❞✳ ■' ✇♦✉❧❞ ❜❡

✈❡$② ✐♥'❡$❡-'✐♥❣ '♦ ✐♥✈❡-'✐❣❛'❡ ❤♦✇ '❤❡ ♦❜-❡$✈❡❞ ✐♥❝$❡❛-❡ ✐♥ ♣$✐♠❛$② ❡❞✉❝❛'✐♦♥ ❝♦♠♣❧❡'✐♦♥✱ ✐♥

$❡-♣♦♥-❡ '♦ '❤❡ ❝❤❛♥❣❡ ✐♥ '❤❡ ❝♦♠♣✉❧-♦$② -❝❤♦♦❧✐♥❣ ❧❛✇✱ ✐♥'❡$❛❝'- ✇✐'❤ ❡❛$♥✐♥❣- ✐♥❡M✉❛❧✐'②✳

❚❤❛' ✐-✱ ❤♦✇ ❡❞✉❝❛'✐♦♥✱ ♠❡❛-✉$❡❞ ❜② ♣$✐♠❛$② ❡❞✉❝❛'✐♦♥ ❝♦♠♣❧❡'✐♦♥✱ ❛✛❡❝'- ❧❛❜♦✉$ ❡❛$♥✐♥❣-

❛' ❞✐✛❡$❡♥' ♣♦✐♥'- ♦❢ '❤❡ ❞✐-'$✐❜✉'✐♦♥✳

✺✸

❚❤❡ ❜✐%&❤ ②❡❛% ♦❢ &❤❡ ✜%,& ❝♦❤♦%& &❤❛& ✇❛, ❛✛❡❝&❡❞ ❜② &❤❡ %❡❢♦%♠ ✐, ✶✾✻✼✳

✺✹

7%✐♠❛%② ,❝❤♦♦❧ ❣%❛❞✉❛&❡, %❡❢❡% &♦ ♣❡%,♦♥, ✇❤♦ ❝♦♠♣❧❡&❡❞ ❛& ❧❡❛,& ♣%✐♠❛%② ❡❞✉❝❛&✐♦♥✳

✶✻✶



✺✳✼ ❊♠♣✐'✐❝❛❧ ❊✈✐❞❡♥❝❡✿ ❖✈❡'❛❧❧ ❉✐23'✐❜✉3✐♦♥❛❧ ■♠♣❛❝32 ♦❢ 9'✐♠❛'②

❊❞✉❝❛3✐♦♥ ❈♦♠♣❧❡3✐♦♥ ♦♥ ❊❛'♥✐♥❣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♠❛&✳

✺✺

❋✐2#&✱

&❤❡ &✇♦ ❝♦✉♥&❡2❢❛❝&✉❛❧ ❞✐#&2✐❜✉&✐♦♥# ♦❢ ❡❛2♥✐♥❣# ❛2❡ ❡#&✐♠❛&❡❞✱ ✉#✐♥❣ &❤❡ ❘❉ ♠❡&❤♦❞ ❛#

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

♣2✐♠❛2② ❡❞✉❝❛&✐♦♥ ❝♦♠♣❧❡&✐♦♥✱ ■ ❛♥❛❧②#❡ &❤❡ E✉❛♥&✐❧❡ &2❡❛&♠❡♥& ❡✛❡❝&#✱ ✇❤✐❝❤ ❛2❡ &❤❡ ❡✛❡❝&#

♦❢ ♣2✐♠❛2② ❡❞✉❝❛&✐♦♥ ❝♦♠♣❧❡&✐♦♥ ♦♥ ❡❛2♥✐♥❣# ❛& ❡❛❝❤ ♦❢ &❤❡ ❡❛2♥✐♥❣# E✉❛♥&✐❧❡#✳ ❚❤✐2❞✱ &♦

♦❜&❛✐♥ ❛ #&❛&✐#&✐❝ ♦❢ &❤❡ ✐♥❡E✉❛❧✐&② ✐♠♣❛❝&#✱ &❤❡ ❝❤❛♥❣❡# ✐♥ &❤❡ #❡❧❡❝&❡❞ ✐♥❡E✉❛❧✐&② ♠❡❛#✉2❡#

❛2❡ ❡#&✐♠❛&❡❞ ❛♥❞ ❞✐#❝✉##❡❞✳ ■ ❛❧#♦ ❞✐#❝✉## ❤♦✇ &❤❡#❡ ❡#&✐♠❛&❡# ❛2❡ 2❡❧❡✈❛♥& &♦ &❤❡ ♦❜#❡2✈❡❞

✐♥❡E✉❛❧✐&② ✐♥ ❚❤❛✐❧❛♥❞✳

✺✳✼✳✶ ❙♣❡❝✐✜❝❛+✐♦♥✿ ❈❤♦✐❝❡ ♦❢ 2♦❧②♥♦♠✐❛❧ ❖7❞❡7

■ ✉#❡ &❤❡ ❣♦♦❞♥❡##✲♦❢✲✜& &❡#& ❛❧❧♦✇✐♥❣ ❢♦2 ❛ ❤❡&❡2♦#❦❡❞❛#&✐❝ ❡22♦2 &❡2♠ ❛# ❞❡#❝2✐❜❡❞ ✐♥ ❈❤❛♣&❡2

✸ ✭❙✉❜✲#❡❝&✐♦♥ ✸✳✸✳✸✮ &♦ #❡❧❡❝& ❛♥ ❛♣♣2♦♣2✐❛&❡ ♣♦❧②♥♦♠✐❛❧ ♦2❞❡2 ♦❢ &❤❡ ❘❉ ♣♦❧②♥♦♠✐❛❧ 2❡❣2❡#✲

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

✇❤❡♥ ❡✈❡2② ❝♦♠♣❧✐❡2 ❝♦♠♣❧❡&❡❞ ❛& ❧❡❛#& ♣2✐♠❛2② ❡❞✉❝❛&✐♦♥✱ ■ 2❡❣2❡## ✶ {Yi ≤ y} ·Di ♦♥ ❛ ❢✉❧❧

#❡& ♦❢ ❞✉♠♠② ✈❛2✐❛❜❧❡# ❢♦2 ❛❧❧ ❜✐2&❤ ②❡❛2# ❛♥❞ &❤❡♥ ❛❞❞ ❤✐❣❤❡2✲♦2❞❡2 &❡2♠# ♦❢ &❤❡ ♥♦2♠❛❧✲

✐#❡❞ ❞✐#&❛♥❝❡ ❢2♦♠ &❤❡ ❝✉&✲♦✛ ②❡❛2 ♦❢ ❜✐2&❤ ✉♥&✐❧ &❤♦#❡ ②❡❛2 ♦❢ ❜✐2&❤ ❞✉♠♠✐❡# ❛2❡ ♥♦ ❧♦♥❣❡2

❥♦✐♥&❧② #✐❣♥✐✜❝❛♥&✳

✺✻

❙✉❜#❡E✉❡♥&❧②✱ ❛ ♣♦❧②♥♦♠✐❛❧ ♦2❞❡2 ❢♦2 &❤❡ ❡#&✐♠❛&❡❞ ❝✉♠✉❧❛&✐✈❡ ❡❛2♥✐♥❣#

❞✐#&2✐❜✉&✐♦♥ ✇❤❡♥ ♥♦♥❡ ♦❢ &❤❡ ❝♦♠♣❧✐❡2# ❝♦♠♣❧❡&❡❞ ♣2✐♠❛2② ❡❞✉❝❛&✐♦♥ ❝❛♥ ❜❡ ♦❜&❛✐♥❡❞ ❜②

2❡♣❡❛&✐♥❣ &❤✐# ♣2♦❝❡❞✉2❡ ✇✐&❤ ✶ {Yi ≤ y} · (1−Di) ❛# ❛ ❞❡♣❡♥❞❡♥& ✈❛2✐❛❜❧❡✳

❚❛❜❧❡ ✺✳✷ ♣2❡#❡♥&# &❤❡ ♣✲✈❛❧✉❡# ❢2♦♠ &❤❡ ❈❤✐✲❙E✉❛2❡ &❡#&# ♦❢ &❤❡ ✭❥♦✐♥&✮ #&❛&✐#&✐❝❛❧ #✐❣♥✐✲

✜❝❛♥❝❡ ♦❢ ②❡❛2 ♦❢ ❜✐2&❤ ❞✉♠♠✐❡# ✇✐&❤ &❤❡ ✜2#& ✭❧✐♥❡❛2✮ &♦ &❤❡ ✜❢&❤✲♦2❞❡2 ♣♦❧②♥♦♠✐❛❧# ♦❢ &❤❡

❞✐#&❛♥❝❡ ❢2♦♠ &❤❡ ❝✉&✲♦✛ ②❡❛2 ♦❢ ❜✐2&❤✳ ❚❤❡#❡ 2❡❣2❡##✐♦♥# ❛2❡ ❡#&✐♠❛&❡❞ ❢♦2 &❤❡ ♣♦♦❧❡❞ ②❡❛2

✭✶✾✾✶✲✷✵✵✵✮ #❛♠♣❧❡ ❛& ✹ ❞✐✛❡2❡♥& ✈❛❧✉❡# ♦❢ y✱ ❝♦22❡#♣♦♥❞✐♥❣ &♦ &❤❡ ❡❛2♥✐♥❣# ❛& &❤❡ ✷✵&❤✱ ✹✵&❤✱

✻✵&❤✱ ❛♥❞ ✽✵&❤ ♣❡2❝❡♥&✐❧❡#✳

✺✼

❆ ♣✲✈❛❧✉❡ ❣2❡❛&❡2 &❤❛♥ &❤❡ #✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ α✱ ✐♠♣❧✐❡# &❤❛&

✺✺

❚❤✐# ✐# ❛❧#♦ ❞✉❡ *♦ *❤❡ ❧❛+❣❡ ♥✉♠❜❡+ ♦❢ ♣❛+❛♠❡*❡+ ❡#*✐♠❛*❡# ❢+♦♠ 2✉❛♥*✐❧❡# ❛♥❞ ✐♥❡2✉❛❧✐*② ♠❡❛#✉+❡#✳

✺✻

❚❤❛* ✐# *❤❡ ❤✐❣❤❡+ ♦+❞❡+ *❡+♠# ♦❢ Ri − r0 ♦+ year of birth− 1967✳
✺✼

❚❤❡ ❈❤✐✲❙2✉❛+❡ *❡#* +❡#✉❧*# ✭♥♦* #❤♦✇♥✮ ❛+❡ +♦❜✉#* *♦ *❤❡ *❡♥ #❡♣❛+❛*❡ #❛♠♣❧❡# ❢♦+ ❡❛❝❤ ♦❢ *❤❡ #✉+✈❡②

✶✻✷



 ❤❡ #❡❧❡❝ ❡❞ ♣♦❧②♥♦♠✐❛❧ ♦.❞❡. ❡①♣❧❛✐♥#  ❤❡ ❞❛ ❛ ✇❡❧❧✳ ❋.♦♠  ❤❡ ❈❤✐✲❙6✉❛.❡  ❡# .❡#✉❧ #✱  ❤❡

#❡❝♦♥❞✲ ❛♥❞ ❤✐❣❤❡.✲♦.❞❡. ♣♦❧②♥♦♠✐❛❧ ❢✉♥❝ ✐♦♥# ♦❢  ❤❡ ❞✐# ❛♥❝❡ ❢.♦♠  ❤❡ ❝✉ ✲♦✛ ②❡❛. ♦❢ ❜✐. ❤

❡✛❡❝ ✐✈❡❧② ✜  ❤❡ ❞❛ ❛✳ ❚❤✐# ✐# ❜❡❝❛✉#❡ ♦♥❝❡  ❤❡ #❡❝♦♥❞✲ ❛♥❞ ❤✐❣❤❡.✲♣♦❧②♥♦♠✐❛❧ ♦.❞❡.# ❛.❡

❛❞❞❡❞✱  ❤❡ ❝♦❡✣❝✐❡♥ # ♦♥  ❤❡ ②❡❛.# ♦❢ ❜✐. ❤ ❞✉♠♠✐❡# ❜❡❝♦♠❡ # ❛ ✐# ✐❝❛❧❧② ✐♥#✐❣♥✐✜❝❛♥ ❛  ❤❡

✶✵ ♣❡. ❝❡♥ #✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳

✺✽

■  ❤❡.❡❢♦.❡ ✉#❡  ❤❡ 6✉❛❞.❛ ✐❝ ❢✉♥❝ ✐♦♥ ♦❢  ❤❡ ❞✐# ❛♥❝❡ ❢.♦♠

 ❤❡ ❝✉ ✲♦✛ ②❡❛. ♦❢ ❜✐. ❤ ✐♥ ♠② ♠❛✐♥ ❘❉ #♣❡❝✐✜❝❛ ✐♦♥✳ ❆❞❞✐ ✐♦♥❛❧❧②✱ ■ ♣.♦✈✐❞❡  ❤❡ ❡# ✐♠❛ ✐♦♥

.❡#✉❧ # ❢♦.  ❤❡ ❛❧ ❡.♥❛ ✐✈❡ ❤✐❣❤❡. ♣♦❧②♥♦♠✐❛❧ ♦.❞❡.# ❛# ❛ .♦❜✉# ♥❡## ❝❤❡❝❦ ✐♥ ❙❡❝ ✐♦♥ ✺✳✾✳

✺✳✼✳✷ ❋✐&'(✲❙(❛❣❡ ❉✐'❝♦♥(✐♥✉✐(②✿ ❚❡'(✐♥❣ ❆''✉♠♣(✐♦♥ ■✶

❚❤❡ ✜.# ✲# ❛❣❡ ❞✐#❝♦♥ ✐♥✉✐ ② #❤♦✇# ❤♦✇  ❤❡ ❡✛❡❝ # ♦❢ ♣.✐♠❛.② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛.❡

✐❞❡♥ ✐✜❡❞ ❜②  ❤❡ ②❡❛. ♦❢ ❜✐. ❤✳ ■ ❝❛♥ ❜❡ ♥❛ ✉.❛❧❧② ❛♥❞  .❛♥#♣❛.❡♥ ❧② ♣.❡#❡♥ ❡❞✱ ✉#✐♥❣ ❛

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

 ❤❡ ❜✐. ❤ ❝♦❤♦. #✳

✺✾

❋♦.  ❤❡ ❡# ✐♠❛ ✐♦♥ ♦❢  ❤❡ ✉♥❝♦♥❞✐ ✐♦♥❛❧ ❞✐# .✐❜✉ ✐♦♥❛❧  .❡❛ ♠❡♥ ❡✛❡❝ #✱

 ❤❡ ✜.# ✲# ❛❣❡ ❞✐#❝♦♥ ✐♥✉✐ ② ✐# #❤♦✇♥ ✐♥ ❋✐❣✉.❡ ✺✳✸❛✳ ❋♦.  ❤❡ ❛♥❛❧②#✐# ♦❢  ❤❡ ♣♦♦❧❡❞ ②❡❛.

#❛♠♣❧❡✱  ❤❡ ♣.✐♠❛.② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ .❛ ❡ ❥✉♠♣# ❢.♦♠ ✹✹ ♣❡. ❝❡♥ ❢♦.  ❤❡ ✶✾✻✻ ❝♦❤♦. 

 ♦ ✼✹ ♣❡. ❝❡♥ ❢♦.  ❤❡ ✶✾✻✼ ❝♦❤♦. ✱ ❛♥❞  ♦ ✾✺ ♣❡. ❝❡♥ ❢♦.  ❤❡ ✶✾✽✵ ❝♦❤♦. ✭ ♦♣ ❧❡❢ ♣❛♥❡❧

✐♥ ❋✐❣✉.❡ ✺✳✸❛✮✳ ❚❤❡ ❞✐#❝♦♥ ✐♥✉✐ ✐❡# ✐♥  ❤❡ .❛ ❡ ♦❢ ♣.✐♠❛.② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛.❡ ❛❧#♦

#✐❣♥✐✜❝❛♥ ❛♥❞ ❛.♦✉♥❞ ✷✷  ♦ ✸✷ ♣❡. ❝❡♥ ✇❤❡♥ ❝♦♥#✐❞❡.✐♥❣ ❡❛❝❤ ♦❢  ❤❡ #✉.✈❡② ②❡❛. #❛♠♣❧❡#

#❡♣❛.❛ ❡❧②✳

❋✐❣✉.❡ ✺✳✸❜ ♣.❡#❡♥ #  ❤❡ ✜.# ✲# ❛❣❡ ❞✐#❝♦♥ ✐♥✉✐ ✐❡# ❢♦.  ❤❡ ❡# ✐♠❛ ✐♦♥ ♦❢  ❤❡ ❞✐# .✐❜✉ ✐♦♥❛❧

 .❡❛ ♠❡♥ ❡✛❡❝ # ❝♦♥❞✐ ✐♦♥❛❧ ♦♥  ❤❡ .❡#✐❞❡♥ ✐❛❧ ❧♦❝❛ ✐♦♥✳ ❚❤❡#❡ ❥✉♠♣# ✐♥  ❤❡ ♣.✐♠❛.② ❡❞✉❝❛✲

 ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ .❛ ❡ ❛.❡ ❞.❛✇♥ ❢♦.  ❤❡ .✉.❛❧ ❛♥❞ ✉.❜❛♥ #❛♠♣❧❡# #❡♣❛.❛ ❡❧②✳ ❖♥ ❛✈❡.❛❣❡✱  ❤❡
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◆♦(❡ (❤❛( ❛ ❤✐❣❤❡# $✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♣#♦✈✐❞❡$ ❛ ♠♦#❡ $(#✐♥❣❡♥( (❡$( ❛$ ■ ❧♦♦❦ ❢♦# (❤❡ ❝❛$❡ ♦❢ ❢❛✐❧✉#❡ (♦

#❡❥❡❝( (❤❡ ♥✉❧❧ ❤②♣♦(❤❡$✐$✳
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♣)✐♠❛)② 1❝❤♦♦❧ ❣)❛❞✉❛"❡1 )❡❧❛"✐✈❡ "♦ ♣)✐♠❛)② 1❝❤♦♦❧ ❞)♦♣♦✉"1 ❛)❡ ❛)♦✉♥❞ ✸✵ ♣❡) ❝❡♥" ❢♦) "❤❡ ❜♦""♦♠ ❤❛❧❢ ❛♥❞

♦♥❧② ❛)♦✉♥❞ ✶ ♣❡) ❝❡♥" ❢♦) "❤❡ "♦♣ ❤❛❧❢✳
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✐♥ "❤❡ ❆♣♣❡♥❞✐①✮✳ ❚❤❡ ,❤❛♣❡, ♦❢ "❤❡ 0✉❛♥"✐❧❡ "3❡❛"♠❡♥" ❡✛❡❝",✲❡❛3♥✐♥❣, ♣3♦✜❧❡, 3❡♠❛✐♥

❜3♦❛❞❧② ✉♥❝❤❛♥❣❡❞✳ ❋♦3 "❤❡ ♣♦♦❧❡❞ ②❡❛3 ,❛♠♣❧❡✱ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ✐♥❝3❡❛,❡,

❡❛3♥✐♥❣, ♦❢ "❤❡ ♣♦♦3❡," ✷✵ ♣❡3 ❝❡♥" ❜② ❛3♦✉♥❞ ✹✵ "♦ ✹✺ ♣❡3 ❝❡♥"✱ ❛♥❞ 3❡❞✉❝❡, ❡❛3♥✐♥❣, ♦❢

"❤❡ 3✐❝❤❡," ✷✵ ♣❡3 ❝❡♥" ❜② ❛3♦✉♥❞ ✼ "♦ ✾ ♣❡3 ❝❡♥"✳ ❚❤❡ ❡,"✐♠❛"✐♦♥ 3❡,✉❧", ❢♦3 ❡❛❝❤ ②❡❛3 ✇✐"❤

✈❛3✐♦✉, ❝♦♥"3♦❧ ✈❛3✐❛❜❧❡, ❛❧,♦ 3❡♠❛✐♥ 3♦❜✉,"✳ ❚❤❛" ✐,✱ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ❜❡♥❡✜",

"❤❡ ❜♦""♦♠ ❤❛❧❢ ♠♦3❡ "❤❛♥ "❤❡ "♦♣ ❤❛❧❢ ❛♥❞ "❤✐, ♣❛""❡3♥ ✇❛, ♠✉❝❤ ,"3♦♥❣❡3 ✐♥ "❤❡ ✜3," ❤❛❧❢ ♦❢

"❤❡ ✶✾✾✵,✳ ■", ❡✛❡❝", ♦♥ ❤♦✉3❧② ❡❛3♥✐♥❣, ✇❡3❡ 3♦✉❣❤❧② ,✐♠✐❧❛3 ❛❝3♦,, ❡❛3♥✐♥❣, ❣3♦✉♣, ❞✉3✐♥❣

"❤❡ ②❡❛3, ✶✾✾✽ ❛♥❞ ✶✾✾✾✳

✺✳✼✳✺ ❯♥❝♦♥❞✐)✐♦♥❛❧ ■♥❡.✉❛❧✐)② ❚2❡❛)♠❡♥) ❊✛❡❝)6

❋3♦♠ "❤❡ ❡,"✐♠❛"❡❞ ✉♥❝♦♥❞✐"✐♦♥❛❧ 0✉❛♥"✐❧❡ "3❡❛"♠❡♥" ❡✛❡❝",✱ ■ ❝❛♥ ❝♦♥❝❧✉❞❡ "❤❛" "❤❡ ❡✛❡❝",

♦❢ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ♦♥ ❤♦✉3❧② ❡❛3♥✐♥❣, ❛3❡ ❤✐❣❤❡3 ❢♦3 "❤❡ ♣♦♦3✱ ❝♦♠♣❛3❡❞ "♦

"❤❡ ♠❡❞✐❛♥ ❛♥❞ 3✐❝❤ ✇♦3❦❡3,✱ ❡,♣❡❝✐❛❧❧② ✐♥ "❤❡ ✜3," ❤❛❧❢ ♦❢ "❤❡ ✶✾✾✵,✳ ❚❤✐, ,✉❣❣❡,", "❤❛"

♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ♠✐❣❤" 3❡❞✉❝❡ ❡❛3♥✐♥❣, ✐♥❡0✉❛❧✐"②✳ ■♥ ♦"❤❡3 ✇♦3❞,✱ ❝❡"❡3✐, ♣❛3✐❜✉,✱ ❛

❤✐❣❤❡3 ♣3♦♣♦3"✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧, ✇❤♦ ❝♦♠♣❧❡"❡❞ ❛" ❧❡❛," ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ✇♦✉❧❞ ❧❡❛❞ "♦

❧♦✇❡3 ❡❛3♥✐♥❣, ✐♥❡0✉❛❧✐"②✳ ❆, "❤❡ 0✉❛♥"✐❧❡ "3❡❛"♠❡♥" ❡✛❡❝", ❛3❡ ❝❛❧❝✉❧❛"❡❞ ❢3♦♠ "❤❡ ❘❉

❝♦✉♥"❡3❢❛❝"✉❛❧ ❡❛3♥✐♥❣, ❞✐,"3✐❜✉"✐♦♥,✱ "❤❡ ✐♥❡0✉❛❧✐"② "3❡❛"♠❡♥" ❡✛❡❝", ❝❛♥ ❛❧,♦ ❜❡ ❝♦♠♣✉"❡❞

❛❝❝♦3❞✐♥❣❧②✳ ❚❤❛" ✐,✱ "❤❡ ✐♥❡0✉❛❧✐"② "3❡❛"♠❡♥" ❡✛❡❝", ❛3❡ ❡0✉❛❧ "♦ "❤❡ ❞✐✛❡3❡♥❝❡ ✐♥ ✐♥❡0✉❛❧✐"②

♠❡❛,✉3❡, ❢3♦♠ "❤❡ "✇♦ ❝♦✉♥"❡3❢❛❝"✉❛❧ ❡❛3♥✐♥❣, ❞✐,"3✐❜✉"✐♦♥,✳

❆, ♠❡♥"✐♦♥❡❞ ❡❛3❧✐❡3✱ ■ ❢♦❝✉, ♦♥ ❢♦✉3 ✐♥❡0✉❛❧✐"② ♠❡❛,✉3❡,✱ ♥❛♠❡❧② "❤❡ ❙❉ ♦❢ ❧♦❣✱ "❤❡

●✐♥✐ ❝♦❡✣❝✐❡♥"✱ ❛♥❞ "❤❡ ❚❤❡✐❧✲▲ ❛♥❞ "❤❡ ❚❤❡✐❧✲❚ ✐♥❞✐❝❡, ♦❢ ❤♦✉3❧② ❡❛3♥✐♥❣,✳ ❋✐❣✉3❡ ✺✳✺❛

♣3❡,❡♥", "❤❡ ♣3❡❞✐❝"❡❞ ❡✛❡❝", ♦❢ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ ♦♥ "❤❡ ❙❉ ♦❢ ❧♦❣ ❛♥❞ "❤❡

●✐♥✐ ❝♦❡✣❝✐❡♥" ❢♦3 ❡❛❝❤ ②❡❛3 ❞✉3✐♥❣ "❤❡ ♣❡3✐♦❞ ❢3♦♠ ✶✾✾✶ "♦ ✷✵✵✵✱ ❛♥❞ ❢♦3 ❞✐✛❡3❡♥" ,❡", ♦❢

❝♦♥"3♦❧ ✈❛3✐❛❜❧❡,✳
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❚❤❡ ♣3❡❞✐❝"❡❞ ❡✛❡❝", ❛3❡ ❝❛❧❝✉❧❛"❡❞ ❢3♦♠ "❤❡ ❡,"✐♠❛"❡❞ ✐♥❡0✉❛❧✐"② "3❡❛"✲

♠❡♥" ❡✛❡❝",✱ ♠✉❧"✐♣❧✐❡❞ ❜② "❤❡ ❡①♣❡❝"❡❞ ♣❡3❝❡♥"❛❣❡ ♣♦✐♥" ❝❤❛♥❣❡, ✐♥ "❤❡ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥

❝♦♠♣❧❡"✐♦♥ 3❛"❡, ❛, ❞✐,❝✉,,❡❞ ✐♥ ❙✉❜✲,❡❝"✐♦♥ ✺✳✹✳✸✳
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❚❤❡ 3❡,✉❧", ❛3❡ ❣❡♥❡3❛❧❧② 3♦❜✉," ❛♥❞

♠♦3❡ ♣3❡❝✐,❡ ✇❤❡♥ "❤❡ ❛❞❞✐"✐♦♥❛❧ ❝♦♥"3♦❧ ✈❛3✐❛❜❧❡, ❛3❡ ✐♥❝❧✉❞❡❞✳ ❖♥ ❛✈❡3❛❣❡✱ "❤❡ ✐♥❝3❡❛,❡

✐♥ "❤❡ ♣3✐♠❛3② ❡❞✉❝❛"✐♦♥ ❝♦♠♣❧❡"✐♦♥ 3❛"❡ ✐, ♣3❡❞✐❝"❡❞ "♦ 3❡❞✉❝❡ "❤❡ ❙❉ ♦❢ ❧♦❣ ❛♥❞ "❤❡ ●✐♥✐

❝♦❡✣❝✐❡♥" ❜② ✵✳✵✺ ❛♥❞ ✵✳✵✷ 3❡,♣❡❝"✐✈❡❧②✳ ❈♦♥,✐❞❡3✐♥❣ ❡❛❝❤ ,✉3✈❡② ②❡❛3 ,❡♣❛3❛"❡❧②✱ "❤❡ ♣3❡✲
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◆❡❣❛$✐✈❡ ✈❛❧✉❡) ♠❡❛♥ ✐♥❡,✉❛❧✐$② .❡❞✉❝$✐♦♥)✳
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❚❤❡ ❡)$✐♠❛$❡❞ ✐♥❡,✉❛❧✐$② $.❡❛$♠❡♥$ ❡✛❡❝$)✱ ✇❤✐❝❤ ❛.❡ $❤❡ ❝❤❛♥❣❡ ✐♥ ✐♥❡,✉❛❧✐$② ♠❡❛)✉.❡) ✇❤❡♥ $❤❡ .❛$❡

♦❢ ♣.✐♠❛.② ❡❞✉❝❛$✐♦♥ ❝♦♠♣❧❡$✐♦♥ ✐♥❝.❡❛)❡) ❜② ✶✵✵ ♣❡.❝❡♥$❛❣❡ ♣♦✐♥$)✱ $♦❣❡$❤❡. ✇✐$❤ $❤❡ ❜♦♦$)$.❛♣♣❡❞ ✾✺ ♣❡.
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❞✐❝#❡❞ ✐♠♣❛❝#( ♦❢ ♣+✐♠❛+② ❡❞✉❝❛#✐♦♥ ❝♦♠♣❧❡#✐♦♥ ♦♥ #❤❡ ❙❉ ♦❢ ❧♦❣ ❛♥❞ #❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥#

❛+❡ (✐❣♥✐✜❝❛♥#❧② ♥❡❣❛#✐✈❡ ❢♦+ ♠♦(# ②❡❛+( ❛♥❞ ♥❡✈❡+ (✐❣♥✐✜❝❛♥#❧② ♣♦(✐#✐✈❡✳ ❚❤❡② ❛+❡ (#❛#✐(#✲

✐❝❛❧❧② ✐♥(✐❣♥✐✜❝❛♥# ❞✉+✐♥❣ #❤❡ ♣♦(#✲❝+✐(✐( ②❡❛+( ✭✶✾✾✽ #♦ ✶✾✾✾ ❢♦+ ❜♦#❤ #❤❡ ❙❉ ♦❢ ❧♦❣ ❛♥❞

#❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥#✮ ❛♥❞ ✐♥ ❛❞❞✐#✐♦♥ ❞✉+✐♥❣ #❤❡ ♣❡+✐♦❞ ✶✾✾✷ #♦ ✶✾✾✸ ❢♦+ #❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥#✳

❋♦+ #❤❡ ②❡❛+( #❤❛# #❤❡ ♣+❡❞✐❝#❡❞ ✐♠♣❛❝#( ❛+❡ (#❛#✐(#✐❝❛❧❧② (✐❣♥✐✜❝❛♥#✱ #❤❡ ✐♥❝+❡❛(❡❞ +❛#❡ ♦❢

♣+✐♠❛+② ❡❞✉❝❛#✐♦♥ ❝♦♠♣❧❡#✐♦♥ ✐( ❡①♣❡❝#❡❞ #♦ +❡❞✉❝❡ #❤❡ ❙❉ ♦❢ ❧♦❣ ❜② ✵✳✵✶ #♦ ✵✳✵✺ ❛♥❞ #❤❡

●✐♥✐ ❝♦❡✣❝✐❡♥# ❜② ✵✳✵✶ #♦ ✵✳✵✸✳

❋✐❣✉+❡ ✺✳✺❜ (❤♦✇( #❤❡ ♣+❡❞✐❝#❡❞ ❡✛❡❝#( ♦❢ ♣+✐♠❛+② ❡❞✉❝❛#✐♦♥ ❝♦♠♣❧❡#✐♦♥ ♦♥ #❤❡ ❚❤❡✐❧✲▲

❛♥❞ ❚❤❡✐❧✲❚ ✐♥❞✐❝❡( ❢♦+ ❡❛❝❤ ②❡❛+ ❞✉+✐♥❣ #❤❡ (❛♠❡ ♣❡+✐♦❞✳ ❚❤❡ +❡(✉❧#( ❛+❡ K✉✐#❡ (✐♠✐❧❛+ #♦

#❤♦(❡ ♦❢ #❤❡ ❙❉ ♦❢ ❧♦❣ ❛♥❞ #❤❡ ●✐♥✐ ❝♦❡✣❝✐❡♥#✱ ✐♥ #❡+♠( ♦❢ #❤❡ ❞✐+❡❝#✐♦♥( ❛♥❞ ♦✈❡+✲#✐♠❡

♣❛##❡+♥(✱ ❜✉# ❧❡(( (✐❣♥✐✜❝❛♥# (#❛#✐(#✐❝❛❧❧② ✐♥ ♣❛+#✐❝✉❧❛+ ❢♦+ #❤❡ ❚❤❡✐❧✲❚ ✐♥❞❡①✳
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❚❤❡② ❛+❡ ❛❧(♦

+♦❜✉(# #♦ #❤❡ ✐♥❝❧✉(✐♦♥ ♦❢ ❝♦♥#+♦❧ ✈❛+✐❛❜❧❡( ❛♥❞ ♠♦+❡ ♣+❡❝✐(❡ ❛( #❤❡ ❜♦♦#(#+❛♣♣❡❞ ✾✺ ♣❡+ ❝❡♥#
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♣❡& ❝❡♥(✱ ✇❤❡&❡❛- ✐( ❤❛- ❛ ♥❡❣❛(✐✈❡ ❡✛❡❝( ❢♦& (❤❡ &✐❝❤❡-( ✷✵ ♣❡& ❝❡♥(✳ ❚❤❡ ✐♠♣❛❝( ♦❢ ♣&✐♠❛&②

❡❞✉❝❛(✐♦♥ ❝♦♠♣❧❡(✐♦♥ ♦♥ ❤♦✉&❧② ❡❛&♥✐♥❣- ✐- ❛&♦✉♥❞ (❤❡ ❛✈❡&❛❣❡ ✐♠♣❛❝( ❢♦& (❤❡ ♠✐❞❞❧❡ ✷✵

♣❡& ❝❡♥( ♦❢ (❤❡ ❡❛&♥✐♥❣- ❞✐-(&✐❜✉(✐♦♥✳ ❚❤✐- ✐♠♣❧✐❡- (❤❛(✱ ❝❡(❡&✐- ♣❛&✐❜✉-✱ ♣&✐♠❛&② ❡❞✉❝❛(✐♦♥

❝♦♠♣❧❡(✐♦♥ ❤❛- ❛ ♥❡❣❛(✐✈❡ ✐♠♣❛❝( ♦♥ ❡❛&♥✐♥❣- ✐♥❡3✉❛❧✐(② ❜② ✐♥❝&❡❛-✐♥❣ ❤♦✉&❧② ❡❛&♥✐♥❣- ♦❢

(❤❡ ♣♦♦& ♣&♦♣♦&(✐♦♥❛(❡❧② ♠♦&❡ (❤❛♥ (❤❡ &✐❝❤✳ Q&✐♠❛&② ❡❞✉❝❛(✐♦♥ ❝♦♠♣❧❡(✐♦♥ ❛❧-♦ ✐♠♣❛❝(- ♦♥
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❛%❡ ♣♦8✐-✐✈❡ ❢♦% -❤❡ ❜♦--♦♠ ❤❛❧❢ ♦❢ -❤❡ ❞✐8-%✐❜✉-✐♦♥ ❛♥❞ ♥❡❣❛-✐✈❡ ❢♦% -❤❡ -♦♣ ❤❛❧❢ ♦❢ -❤❡ ❞✐8✲
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❜❡ ✐♥❢♦(♠❛)✐✈❡ ❛❜♦✉) )❤❡ ✐♠♣♦()❛♥❝❡ ♦❢ )❤❡ ❝♦♠♣❧✐❡(1✳ ◆♦)❡ )❤❛) )❤✐1 ✐1 1✐♠✐❧❛( )♦ )❡1)✐♥❣

)❤❡ 1✐❣♥✐✜❝❛♥❝❡ ♦❢ )❤❡ ❞✐1❝♦♥)✐♥✉✐)② ❛❧♦♥❣ )❤❡ ❡❛(♥✐♥❣1 ❞✐1)(✐❜✉)✐♦♥✳

❚♦ ♦❜)❛✐♥ ❛ (♦✉❣❤ ♣✐❝)✉(❡ ♦❢ ❤♦✇ 1✉❜1)❛♥)✐❛❧ )❤❡ ❝♦♠♣❧✐❡(1 ❛(❡✱ ❋✐❣✉(❡ ✺✳❆✳✻ ✐♥ )❤❡

❆♣♣❡♥❞✐① 1❤♦✇1 )❤❡ ♣(✐♠❛(② ❝♦♠♣❧❡)✐♦♥ (❛)❡1 ❜② ❜✐()❤ ❝♦❤♦() ❛♥❞ ❡❛(♥✐♥❣1 ❞❡❝✐❧❡✱ ❢♦( )❤❡

♣♦♦❧❡❞ ❛♥❞ (✉(❛❧✲✉(❜❛♥ 1❛♠♣❧❡1✳ ❋♦( )❤❡ ♣♦♦❧❡❞ 1❛♠♣❧❡ ✭❋✐❣✉(❡ ✺✳❆✳✻❛✮✱ )❤❡ ❞✐1❝♦♥)✐♥✉✐)②

❡①✐1)1 ❜✉) ❞❡❝❧✐♥❡1 1✉❜1)❛♥)✐❛❧❧② ❛1 ♠♦✈✐♥❣ ✉♣ )❤❡ ❡❛(♥✐♥❣1 ❞✐1)(✐❜✉)✐♦♥ ✭✐♥ ♣❛()✐❝✉❧❛( ❢♦(

)❤❡ ✾)❤ ❛♥❞ ✶✵)❤ ❞❡❝✐❧❡1✮✳ ▼❡❛♥✇❤✐❧❡✱ ❋✐❣✉(❡ ✺✳❆✳✻❜ ✐♥❞✐❝❛)❡1 ❧❛(❣❡ ❤❡)❡(♦❣❡♥❡✐)② ✐♥ ❛

❞✐1❝♦♥)✐♥✉✐)②✱ ❛♥❞ )❤✉1 )❤❡ 1✐❣♥✐✜❝❛♥❝❡ ♦❢ ❝♦♠♣❧✐❡(1 ❛❝(♦11 ✉(❜❛♥ ❛♥❞ (✉(❛❧ ❛(❡❛1✳ ❲❤❡♥

1❡♣❛(❛)✐♥❣ )❤❡ 1❛♠♣❧❡1 ✐♥)♦ ✉(❜❛♥ ❛♥❞ (✉(❛❧ (❡1✐❞❡♥)1✱ )❤❡ ❞✐1❝♦♥)✐♥✉✐)② (❡♠❛✐♥1 1✉❜1)❛♥)✐❛❧

❛❝(♦11 ❞❡❝✐❧❡ ❣(♦✉♣1 ✐♥ (✉(❛❧ ❛(❡❛1✳ ❍♦✇❡✈❡(✱ )❤✐1 ❞✐1❝♦♥)✐♥✉✐)② ❜❡❝♦♠❡1 ✈❡(② 1♠❛❧❧ ❛♥❞ ✐1

❧✐❦❡❧② )♦ ❜❡ ✐♥1✐❣♥✐✜❝❛♥) ❢♦( )❤♦1❡ ✉(❜❛♥ ❞✇❡❧❧❡(1 ✐♥ )❤❡ ✾)❤ ❛♥❞ ✶✵)❤ ❡❛(♥✐♥❣1 ❞❡❝✐❧❡1✳

❚❤❡1❡ (❡1✉❧)1 1✉❣❣❡1) )❤❛) )❤❡ J✉❛♥)✐❧❡ )(❡❛)♠❡♥) ❡✛❡❝)1 ❢♦( )❤❡ )♦♣ ❡❛(♥❡(1 ✐♥ ✉(❜❛♥

❛(❡❛1 ♠❛② ♥♦) ❜❡ ✐❞❡♥)✐✜❡❞ ❜❡❝❛✉1❡ )❤❡ ❡❞✉❝❛)✐♦♥ (❡❢♦(♠ ❤❛❞ ❛ ✈❡(② ❧✐))❧❡ ✐♠♣❛❝) ♦♥ )❤❡1❡

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

(❡❢♦(♠ ❛(❡ ✐♥1✐❣♥✐✜❝❛♥) ❢♦( )❤❡ (✐❝❤✳ ■❢ )❤✐1 ✐1 )❤❡ ❝❛1❡✱ )❤❡ ♣♦1✐)✐✈❡ (❡)✉(♥1 )♦ ♣(✐♠❛(②

❡❞✉❝❛)✐♦♥ ❛♠♦♥❣ )❤❡ ♣♦♦( 1❤♦✉❧❞ 1)✐❧❧ ✐♠♣❧② )❤❡ ❡J✉❛❧✐1✐♥❣ ❡✛❡❝)1 ♦❢ )❤❡ ♣(✐♠❛(② ❡❞✉❝❛)✐♦♥

❛♠♦♥❣ )❤❡ ❝♦♠♣❧✐❡(1✳

✺✳✶✵ ❈♦♥❝❧✉*✐♦♥

■♥ )❤✐1 ❝❤❛♣)❡(✱ ■ ❤❛✈❡ 1❤♦✇♥✱ ✉1✐♥❣ ❚❤❛✐ ❧❛❜♦✉( ❢♦(❝❡ ❞❛)❛✱ )❤❛) ✐♥❝(❡❛1❡❞ ♣(✐♠❛(② ❡❞✉❝❛✲
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 ✐♦♥ ❡①❤✐❜✐ ❛ ❯✲+❤❛♣❡✳ ❚❤❛ ✐+✱  ❤❡② ❛1❡ ❤✐❣❤❡+ ❢♦1  ❤❡ ❜♦  ♦♠ ✷✵ ♣❡1 ❝❡♥ ♦❢  ❤❡ ❡❛1♥✐♥❣+

❞✐+ 1✐❜✉ ✐♦♥✱ ❧♦✇❡+ ❢♦1  ❤❡ ♠✐❞❞❧❡ ✷✵ ♣❡1 ❝❡♥ ✱ ❛♥❞ ❛1♦✉♥❞  ❤❡ ❛✈❡1❛❣❡ ❧❡✈❡❧ ❢♦1  ❤❡  ♦♣ ✷✵

♣❡1 ❝❡♥ ✳

❚❤❡ ❝1✉❝✐❛❧ =✉❡+ ✐♦♥  ❤❛ ■ ❛♠ ❛❜❧❡  ♦ ❛♥+✇❡1 ✉+✐♥❣  ❤❡ ❘❉ ❛♣♣1♦❛❝❤ ✐+ ✇❤❡ ❤❡1  ❤✐+

❤❡ ❡1♦❣❡♥❡♦✉+ 1❡❧❛ ✐♦♥+❤✐♣ ❜❡ ✇❡❡♥ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛♥❞ ❡❛1♥✐♥❣+ ❛❝1♦++ ❡❛1♥✲

✐♥❣+ ❧❡✈❡❧+ ✐+ ❞✉❡  ♦ ✉♥♦❜+❡1✈❛❜❧❡ ❤❡ ❡1♦❣❡♥❡✐ ② ❜❡ ✇❡❡♥ ✇♦1❦❡1+✳ ❚❤❛ ✐+✱  ❤❡ =✉❡+ ✐♦♥ ✐+

✇❤❡ ❤❡1 ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ✐♥❝1❡❛+❡+  ❤❡ ❡❛1♥✐♥❣+ ♦❢  ❤❡ ❧♦✇❡1 =✉❛♥ ✐❧❡+ 1❡❧❛ ✐✈❡❧②

♠♦1❡  ❤❛♥  ❤♦+❡ ♦❢  ❤❡ ✉♣♣❡1 =✉❛♥ ✐❧❡+✱ ❛♥❞  ❤✉+ ❝❛✉+❡+ ❛ 1❡❞✉❝ ✐♦♥ ✐♥ ❡❛1♥✐♥❣+ ✐♥❡=✉❛❧✐ ②✳

❚♦ ✐❞❡♥ ✐❢②  ❤❡ ✐♠♣❛❝ + ♦❢ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛ ❞✐✛❡1❡♥ ♣♦✐♥ + ♦❢  ❤❡ ❡❛1♥✐♥❣+

❞✐+ 1✐❜✉ ✐♦♥✱ ■ ♠❛❦❡ ✉+❡ ♦❢ ❛ ♥❛ ✉1❛❧ ❡①♣❡1✐♠❡♥ ✱ ✇❤❡1❡ ❞❡♣❡♥❞✐♥❣ ♦♥ ❜✐1 ❤ ❝♦❤♦1 +✱ ✐♥❞✐✲

✈✐❞✉❛❧+✬ +❝❤♦♦❧ ❛  ❡♥❞❛♥❝❡ ✇❛+ ❣♦✈❡1♥❡❞ ❜② ❞✐✛❡1❡♥ ❝♦♠♣✉❧+♦1② +❝❤♦♦❧✐♥❣ ❧❛✇+✳ ❖♥❝❡ ■

❝♦♥ 1♦❧ ❢♦1 ✐♥❞✐✈✐❞✉❛❧ ✉♥♦❜+❡1✈❛❜❧❡ ❝❤❛1❛❝ ❡1✐+ ✐❝+✱  ❤❡ ❡❛1♥✐♥❣+ ♣1❡♠✐✉♠+ ❜❡ ✇❡❡♥ ♣1✐♠❛1②

+❝❤♦♦❧ ❣1❛❞✉❛ ❡+ ❛♥❞ ❞1♦♣♦✉ + ❞1♦♣ +✉❜+ ❛♥ ✐❛❧❧② ✇❤✐❧❡  ❤❡ ❤❡ ❡1♦❣❡♥❡♦✉+ ♣1❡♠✐✉♠+ ❛❝1♦++

❡❛1♥✐♥❣+ ❧❡✈❡❧+ 1❡♠❛✐♥✱ ❛♥❞ ✐♥ ❢❛❝ +❤♦✇ ❛ ❝❧❡❛1❡1 ❞✐+ 1✐❜✉ ✐♦♥❛❧ ✐♠♣❛❝ ♦❢ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥

❝♦♠♣❧❡ ✐♦♥ ♦♥ ❡❛1♥✐♥❣+✳ ❚❤❡ ✐♠♣❛❝ ♦❢ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ♦♥ ❡❛1♥✐♥❣+ ❞❡❝❧✐♥❡+

❛+ ♦♥❡ ♠♦✈❡+ ✉♣  ❤❡ ❡❛1♥✐♥❣+ ❞✐+ 1✐❜✉ ✐♦♥✳ ■♥ ♦ ❤❡1 ✇♦1❞+✱ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥

✐+ ❢♦✉♥❞  ♦ 1❡❞✉❝❡ ❡❛1♥✐♥❣+ ✐♥❡=✉❛❧✐ ②✳ ■♥ ❛❞❞✐ ✐♦♥✱ ■ ✜♥❞  ❤❛ ♦✈❡1❛❧❧ ♥❛ ✐♦♥❛❧ ✐♠♣❛❝ + ❛1❡

❞1✐✈❡♥ ♠❛✐♥❧② ❜② 1✉1❛❧ ✇♦1❦❡1+✱ ❛♥❞  ❤❛ ✐♥ ❝♦♥ 1❛+ ✱ ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❛❝ ✉✲

❛❧❧② ✐♥❝1❡❛+❡+ ✐♥❡=✉❛❧✐ ② ❛♠♦♥❣ ✉1❜❛♥ ✇♦1❦❡1+✳ ❚❤✐+ ❝♦✉❧❞ ❜❡ ❜❡❝❛✉+❡  ❤❡1❡ ❛1❡ ✐♥❝1❡❛+✐♥❣

1❡ ✉1♥+  ♦ ♠❡❞✐✉♠ ❛♥❞ ❤✐❣❤❡1✲❧❡✈❡❧ ❡❞✉❝❛ ✐♦♥ ✐♥ ✉1❜❛♥ ❛1❡❛+✱ ❛♥❞  ❤❡ ✐♥❝1❡❛+❡❞ ♣1✐♠❛1②

❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ 1❛ ❡ ✐♥ 1❡+♣♦♥+❡  ♦ ❛ ❝❤❛♥❣❡ ✐♥  ❤❡ ❝♦♠♣✉❧+♦1② ❡❞✉❝❛ ✐♦♥ ❛✛❡❝ + ❡❞✉✲

❝❛ ✐♦♥ ❛♥❞ ❡❛1♥✐♥❣+ ✐♥❡=✉❛❧✐ ✐❡+ ❞✐✛❡1❡♥ ❧② ❜❡ ✇❡❡♥ 1✉1❛❧ ❛♥❞ ✉1❜❛♥ ❛1❡❛+✳ ■ ❛❧+♦ ✜♥❞  ❤❛ 

♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❝♦♠♣❧❡ ✐♦♥ ❤❛❞ ♥♦ +✐❣♥✐✜❝❛♥ ✐♠♣❛❝ ♦♥ ❡❛1♥✐♥❣+ ✐♥❡=✉❛❧✐ ② ❞✉1✐♥❣  ❤❡

♣♦+ ✲✜♥❛♥❝✐❛❧ ❝1✐+✐+ ②❡❛1+✳ ❆❧ ❤♦✉❣❤ ■ ❛♠ ✉♥❛❜❧❡  ♦ ❡①♣❧❛✐♥ ✇❤❡ ❤❡1  ❤✐+ ✐+ ❝❛✉+❡❞ ❜②  ❤❡

✜♥❛♥❝✐❛❧ ❝1✐+✐+ ✉+✐♥❣  ❤❡ ▲❋❙ ❞❛ ❛ ❛♥❞  ❤❡ ♣1♦♣♦+❡❞ ❘❉ ❢1❛♠❡✇♦1❦✱ ■ ❤❛✈❡ ❞✐+❝✉++❡❞  ❤❡

1❡❧❡✈❛♥ ❧✐ ❡1❛ ✉1❡  ❤❛ ❡①❛♠✐♥❡+  ❤✐+ ✐++✉❡ ❞✐1❡❝ ❧②✳ ❚❤❡ ❞❡+❝1✐♣ ✐✈❡ + ❛ ✐+ ✐❝+ ❛❧+♦ +❤♦✇❡❞

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

✇♦1❦❡1+ ✇✐ ❤ ♦♥❧② ♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥✳

■ +❤♦✉❧❞ ❡♠♣❤❛+✐+❡  ❤❛  ❤❡ ❞✐+ 1✐❜✉ ✐♦♥❛❧  1❡❛ ♠❡♥ ❡✛❡❝ + ❡+ ✐♠❛ ❡❞ ✐♥  ❤❡ ❘❉ ❢1❛♠❡✲

✇♦1❦ ❛1❡ ✐❞❡♥ ✐✜❡❞ ♦♥❧② ❢♦1  ❤❡ ❝♦♠♣❧✐❡1+✱ ✇❤♦ ❛1❡  ❤♦+❡ ✇❤♦ ✇♦✉❧❞ ♥♦ ❤❛✈❡ ❝♦♠♣❧❡ ❡❞

♣1✐♠❛1② ❡❞✉❝❛ ✐♦♥ ❤❛❞  ❤❡1❡ ❜❡❡♥ ♥♦ ❝❤❛♥❣❡ ✐♥  ❤❡ ❝♦♠♣✉❧+♦1② +❝❤♦♦❧✐♥❣ ❧❛✇✳ ❍♦✇❡✈❡1✱ ❛+

✶✼✽



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

 ❤❡ ❘❉ ❡. ✐♠❛ ❡. ❛'❡ ❡①♣❡❝ ❡❞  ♦ ❜❡ ✐♥❢♦'♠❛ ✐✈❡ ❛❜♦✉  ❤❡ ♣♦♣✉❧❛ ✐♦♥✳

❚♦ ❝♦♥❝❧✉❞❡✱ ♠② '❡.✉❧ . .✉❣❣❡.  ❤❛ ❜❛.✐❝ ❡❞✉❝❛ ✐♦♥ ❧✐❦❡ ♣'✐♠❛'② .❝❤♦♦❧✐♥❣ ✐. ❛♥ ✐♠♣♦' ✲

❛♥ ♣♦❧✐❝②  ♦♦❧ ❢♦' ❞❡❛❧✐♥❣ ✇✐ ❤ ❡❛'♥✐♥❣. ✐♥❡=✉❛❧✐ ② ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥ '✐❡.✱ ❛. ✐ ❜❡♥❡✜ .  ❤❡

♣♦♦' '❡❧❛ ✐✈❡❧② ♠♦'❡  ❤❛♥  ❤❡ '✐❝❤✳ ◆♦♥❡ ❤❡❧❡..✱ ❜❛.✐❝ ❡❞✉❝❛ ✐♦♥ ♠❛② ♥♦ ❜❡ .✉✣❝✐❡♥  ♦

❢♦. ❡' ❡❛'♥✐♥❣. ❡=✉❛❧✐ ② ✐♥ ❛ ❢❛. ✲❣'♦✇✐♥❣ ❡❝♦♥♦♠② ✇❤❡'❡ '❡ ✉'♥.  ♦ ❡❞✉❝❛ ✐♦♥ ❛'❡ ✐♥❝'❡❛.✐♥❣

❛.  ❤❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛ ✐♦♥ '✐.❡.✳ ❚❤❡ '❡.✉❧ . ❛❧.♦ ♣♦✐♥  ♦✇❛'❞. ❛ ♥❡❡❞ ❢♦' ❢✉' ❤❡' ❡♠♣✐'✐❝❛❧

. ✉❞✐❡. ♦♥ ❡❞✉❝❛ ✐♦♥ ❛♥❞ ❡❛'♥✐♥❣. ✐♥❡=✉❛❧✐ ② ✇❤✐❝❤ ♠❛② ❞✐✛❡' ❣'❡❛ ❧② ❛❝'♦.. ✈❛'✐♦✉. ✇❡❧❢❛'❡

❣'♦✉♣. ❛♥❞ ♦✈❡'  ✐♠❡ ✇✐ ❤✐♥  ❤❡ .❛♠❡ ❡❝♦♥♦♠②✳ ❋♦' ✐♥. ❛♥❝❡✱  ♦ ♠❛❦❡ ♣'♦❣'❡.. ✐♥  ❤✐. '❡✲

❣❛'❞✱ ✐ ✐. ❝'✉❝✐❛❧  ♦ ✉♥❞❡'. ❛♥❞ ❤♦✇ ❡❞✉❝❛ ✐♦♥ ❛✛❡❝ . ✐♥❡=✉❛❧✐ ② ❜❡ ✇❡❡♥ '✉'❛❧ ❛♥❞ ✉'❜❛♥

❣'♦✉♣.✱ ❛♥❞  ♦ ❡①♣❧❛✐♥  ❤❡ ❝❤❛♥❣❡. ✐♥  ❤❡ ❞✐. '✐❜✉ ✐♦♥❛❧ ✐♠♣❛❝ ♦✈❡'  ✐♠❡✳

✶✼✾



❚❛❜❧❡ ✺✳✶✿ ▲❋❙ ❉❡-❝/✐♣2✐✈❡ ❙2❛2✐-2✐❝-

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

*♦♦❧❡❞ ▲❋❙ ❙❛♠♣❧❡

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

✶④▼❛❧❡⑥ ✻✺✪ ✻✹✪ ✻✹✪ ✻✷✪ ✻✷✪ ✻✸✪ ✻✷✪ ✻✶✪ ✻✶✪ ✻✵✪

✶④❯=❜❛♥⑥ ✸✼✪ ✸✼✪ ✸✼✪ ✸✽✪ ✸✾✪ ✸✾✪ ✹✶✪ ✹✵✪ ✸✾✪ ✹✵✪

❆✈❣✳ ②❡❛=A ♦❢ ❡❞✉❝✳ ✻✳✼ ✻✳✽ ✻✳✾ ✼✳✶ ✼✳✶ ✼✳✷ ✼✳✹ ✼✳✽ ✽✳✵ ✽✳✶

❆✈❣✳ ❤♦✉=A ♦❢ ✇♦=❦ ♣❡= ✇❡❡❦ ✺✶✳✼ ✺✷✳✵ ✺✶✳✹ ✺✶✳✻ ✺✶✳✽ ✺✶✳✺ ✹✽✳✽ ✺✵✳✹ ✹✾✳✾ ✺✵✳✹

❘✉=❛❧ ▲❋❙ ❙❛♠♣❧❡

❆✈❣✳ ❛❣❡ ✸✵✳✶✹ ✸✵✳✹✼ ✸✵✳✷✵ ✸✵✳✷✾ ✸✵✳✼✸ ✸✵✳✻✺ ✸✵✳✾✻ ✸✵✳✾✵ ✸✵✳✽✽ ✸✵✳✽✾

✶④▼❛❧❡⑥ ✻✽✪ ✻✽✪ ✻✼✪ ✻✻✪ ✻✻✪ ✻✻✪ ✻✻✪ ✻✺✪ ✻✹✪ ✻✸✪

❆✈❣✳ ②❡❛=A ♦❢ ❡❞✉❝✳ ✺✳✻ ✺✳✼ ✺✳✽ ✻✳✵ ✻✳✷ ✻✳✷ ✻✳✹ ✻✳✽ ✼✳✵ ✼✳✶

❆✈❣✳ ❤♦✉=A ♦❢ ✇♦=❦ ♣❡= ✇❡❡❦ ✺✷✳✽ ✺✸✳✵ ✺✷✳✵ ✺✷✳✷ ✺✷✳✼ ✺✶✳✼ ✺✵✳✾ ✺✶✳✵ ✺✵✳✶ ✺✵✳✼

❯=❜❛♥ ▲❋❙ ❙❛♠♣❧❡

❆✈❣✳ ❆❣❡ ✷✾✳✾✸ ✷✾✳✾✺ ✸✵✳✶✸ ✸✵✳✷✶ ✸✵✳✷✻ ✸✵✳✷✻ ✸✵✳✸✸ ✸✵✳✺✺ ✸✵✳✻✺ ✸✵✳✻✺

✶④▼❛❧❡⑥ ✺✽✪ ✺✽✪ ✺✽✪ ✺✻✪ ✺✼✪ ✺✽✪ ✺✼✪ ✺✺✪ ✺✻✪ ✺✺✪

❆✈❣✳ ②❡❛=A ♦❢ ❡❞✉❝✳ ✽✳✻ ✽✳✻ ✽✳✽ ✽✳✽ ✽✳✻ ✽✳✻ ✽✳✾ ✾✳✺ ✾✳✼ ✾✳✼

❆✈❣✳ ❤♦✉=A ♦❢ ✇♦=❦ ♣❡= ✇❡❡❦ ✹✾✳✼ ✺✵✳✹ ✺✵✳✸ ✺✵✳✺ ✺✵✳✹ ✺✶✳✵ ✹✺✳✾ ✹✾✳✺ ✹✾✳✻ ✺✵✳✵

❙♦✉#❝❡✿ ❆✉(❤♦#✬+ ❝❛❧❝✉❧❛(✐♦♥ ❢#♦♠ (❤❡ ▲❛❜♦✉# ❋♦#❝❡ ❙✉#✈❡②+ ✶✾✾✶✲✷✵✵✵ ✭◆❙❖✮✳

◆♦(❡+✿ ✯ ❚❤✐+ ✐+ ❛ +❛♠♣❧❡ ♦❢ (❤❡ ♣❛✐❞ ❡♠♣❧♦②❡❞ ❧❛❜♦✉# ❢♦#❝❡ ❛❣❡❞ ❢#♦♠ ✷✵ (♦ ✹✵ ②❡❛#+ ♦❧❞✳

❚❛❜❧❡ ✺✳✷✿ 5✲❱❛❧✉❡- ❢♦/ 2❤❡ ❚❡-2- ♦❢ 5♦❧②♥♦♠✐❛❧ ❙♣❡❝✐✜❝❛2✐♦♥-

❋♦/ 2❤❡ ❘❉ ❡-2✐♠❛2✐♦♥ ♦❢ FY 0|C (y)✿ ❉❡♣❡♥❞❡♥2 ✈❛/✐❛❜❧❡ ❂ ✶ {Yi ≤ y} · (1−Di)

5♦❧②♥♦♠✐❛❧ ♦/❞❡/ y = P (20) y = P (40) y = P (60) y = P (80)

▲✐♥❡❛= ✵✳✽✾✹✺ ✵✳✶✹✷✹ ✵✳✵✵✵✾ ✵✳✵✵✵✵

◗✉❛❞=❛K✐❝ ✵✳✾✾✼✾ ✵✳✾✾✾✵ ✵✳✹✸✸✾ ✵✳✶✾✵✹

❈✉❜✐❝ ✵✳✾✾✾✷ ✵✳✾✾✾✾ ✵✳✾✽✽✵ ✵✳✽✺✹✺

◗✉❛=K✐❝ ✶✳✵✵✵✵ ✶✳✵✵✵✵ ✵✳✾✾✾✸ ✵✳✾✼✼✼

◗✉✐♥K✐❝ ✶✳✵✵✵✵ ✵✳✾✾✻✵ ✵✳✾✼✸✶ ✶✳✵✵✵✵

❋♦/ 2❤❡ ❘❉ ❡-2✐♠❛2✐♦♥ ♦❢ FY 1|C (y)✿ ❉❡♣❡♥❞❡♥2 ✈❛/✐❛❜❧❡ ❂✶ {Yi ≤ y} ·Di

5♦❧②♥♦♠✐❛❧ ♦/❞❡/ y = P (20) y = P (40) y = P (60) y = P (80)

▲✐♥❡❛= ✵✳✶✵✾ ✵✳✵✵✼ ✵✳✵✵✵ ✵✳✵✵✵

◗✉❛❞=❛K✐❝ ✵✳✸✷✵ ✵✳✶✵✵ ✵✳✵✾✻ ✵✳✷✻✷

❈✉❜✐❝ ✵✳✼✾✼ ✵✳✹✻✻ ✵✳✻✾✼ ✵✳✹✸✹

◗✉❛=K✐❝ ✵✳✽✽✹ ✵✳✽✻✾ ✵✳✾✼✺ ✵✳✾✽✾

◗✉✐♥K✐❝ ✵✳✾✾✶ ✵✳✾✾✺ ✵✳✾✽✵ ✶✳✵✵✵

◆♦(❡+✿

✯ G✲✈❛❧✉❡ ❝♦♥❝❡#♥+ (❤❡ ❢♦❧❧♦✇✐♥❣ ❤②♣♦(❤❡+✐+ (❡+(✱ H0✿ ❚❤❡ ❝♦❡✣❝✐❡♥(+ ♦♥ (❤❡ ②❡❛# ♦❢ ❜✐#(❤ ❞✉♠♠✐❡+ ❛#❡ ❥♦✐♥(❧②

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

✐♥ (❤❡ ❞✐+(❛♥❝❡ ❢#♦♠ (❤❡ ❝✉(✲♦✛ ②❡❛# ♦❢ ❜✐#(❤ ✶✾✻✼ ❢♦# (❤❡ ♣♦♦❧❡❞ ②❡❛# ✭✶✾✾✶✲✷✵✵✵✮ +❛♠♣❧❡✳ ❚❤❡#❡❢♦#❡✱ ❢❛✐❧✐♥❣ (♦
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✺✳❆ ❈❤❛♣'❡) ❆♣♣❡♥❞✐①

✺✳❆✳✶ ❚❤❡ '(♦♦❢ ❢♦( +❤❡ ■❞❡♥+✐✜❝❛+✐♦♥ ♦❢ +❤❡ ❘❉ ❈♦✉♥+❡(❢❛❝+✉❛❧ ❉✐8+(✐✲

❜✉+✐♦♥8✱ ❚❛❦❡♥ ❢(♦♠ ❋(❛♥❞8❡♥ ❡+ ❛❧✳ ✭✷✵✶✷✮

❊D✉❛+✐♦♥8 ✭✺✳✺✮ ❛♥❞ ✭✺✳✻✮

❋!♦♠ ❊%✉❛(✐♦♥ ✭✺✳✺✮✱

FY 1|C (y) =
limr→r+

0

E [✶ {Y ≤ y} ·D | R = r]− limr→r−
0

E [✶ {Y ≤ y} ·D | R = r]

limr→r+
0

E [D | R = r]− limr→r−
0

E [D | R = r]

❋✐!0(✱ (❤❡ ♣!♦❜❛❜✐❧✐(② ♦❢ ❛ ❧♦❝❛❧ ❝♦♠♣❧✐❡! ✐0 ✐❞❡♥(✐✜❡❞ ❛0 (❤❡ ❞❡♥♦♠✐♥❛(♦! ♦❢ FY 1|C (y) ❛0
❢♦❧❧♦✇0✳

lim
r→r+

0

E [D | R = r]− lim
r→r−

0

E [D | R = r] = E

[

lim
r→r+

0

D (r) | R = r

]

− E

[

lim
r→r−

0

D (r) | R = r

]

= E
[

D1 | R = r0
]

− E
[

D0 | R = r0
]

= E
[

D1 −D0 | R = r0
]

= Pr
[

D1 ≥ D0 | R = r0
]

= Pr [Complier | R = r0]

❚❤❡ ✜!0( ❡%✉❛❧✐(② ❢♦❧❧♦✇0 ❢!♦♠ (❤❡ ❧♦❝❛❧ 0♠♦♦(❤♥❡00 ❛00✉♠♣(✐♦♥ ✭■✷✮ ❛♥❞ (❤❡ ♠♦♥♦(♦♥✲

✐❝✐(② ❛00✉♠♣(✐♦♥ ✭■✸✮✳ ❚❤❡ ❢♦✉!(❤ ❡%✉❛❧✐(② ❢♦❧❧♦✇0 ❢!♦♠ (❤❡ ♠♦♥♦(♦♥✐❝✐(② ❛00✉♠♣(✐♦♥ ✭■✸✮✱

Pr [Indefinite | R = r0] = 0✱ ❛♥❞ (❤❡ ❢❛❝( (❤❛( D1 − D0
❡%✉❛❧0 (♦ ♦♥❡ ✇❤❡♥ D1 > D0

❛♥❞

❡%✉❛❧0 (♦ ③❡!♦ ✇❤❡♥ D1 = D0
✳

❙❡❝♦♥❞✱ ✇✐(❤ 0✐♠✐❧❛! ❞❡!✐✈❛(✐♦♥0 ❢♦! (❤❡ ♥✉♠❡!❛(♦! ♦❢ FY 1|C (y)✱

lim
r→r+

0

E [✶ {Y ≤ y} ·D | R = r]− lim
r→r−

0

E [✶ {Y ≤ y} ·D | R = r]

= lim
r→r+

0

E
[

✶

{

Y 1 ≤ y
}

·D | R = r
]

− lim
r→r−

0

E
[

✶

{

Y 1 ≤ y
}

·D | R = r
]

= E

[

✶

{

Y 1 ≤ y
}

· lim
r→r+

0

D (r) | R = r0

]

− E

[

✶

{

Y 1 ≤ y
}

· lim
r→r−

0

D (r) | R = r0

]

= E
[

✶

{

Y 1 ≤ y
}

·D1 | R = r0
]

− E
[

✶

{

Y 1 ≤ y
}

·D0 | R = r0
]

= E
[

✶

{

Y 1 ≤ y
}

·
(

D1 −D0
)

| R = r0
]

= E
[

✶

{

Y 1 ≤ y
}

| D1 > D0, R = r0
]

· Pr
[

D1 ≥ D0 | R = r0
]

= E
[

✶

{

Y 1 ≤ y
}

| D1 > D0, R = r0
]

· Pr [Complier | R = r0]

= FY 1|C (y) · Pr [Complier | R = r0]

❚❤❡ 0❡❝♦♥❞ ❡%✉❛❧✐(② ❢♦❧❧♦✇0 ❢!♦♠ (❤❡ ❞❡✜♥✐(✐♦♥ ♦❢ (❤❡ ♣♦(❡♥(✐❛❧ (!❡❛(♠❡♥( 0(❛(✉0✱ (❤❡

❧♦❝❛❧ 0♠♦♦(❤♥❡00 ❛00✉♠♣(✐♦♥ ✭■✷✮ ❛♥❞ (❤❡ ♠♦♥♦(♦♥✐❝✐(② ❛00✉♠♣(✐♦♥ ✭■✸✮✳

❚❤❡ ✐❞❡♥(✐✜❝❛(✐♦♥ ♦❢ FY 0|C (y) ✭❊%✉❛(✐♦♥ ✭✺✳✻✮✮ ✐0 ❛♥❛❧♦❣♦✉0✳
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❛+❡5✱ ❚❛❦❡♥ ❢(♦♠ ❋(>❧✐❝❤ ❛♥❞ ▼❡❧❧② ✭✷✵✶✵❜✮

❊G✉❛+✐♦♥5 ✭✺✳✶✶✮ ❛♥❞ ✭✺✳✶✷✮

▲❡" Nε = (r0 − ε, r0 + ε) ❛♥❞ pε (x) = Pr (R ≥ r0 | X = x, R ∈ Nε) ❢♦( ε > 0✳ ❚❤❡♥✱ ❢♦( ❛♥②
(❡❛❧ ♠❡❛0✉(❛❜❧❡ ❛♥❞ ❛❜0♦❧✉"❡❧② ✐♥"❡❣(❛❜❧❡ ❢✉♥❝"✐♦♥ g (y)✱

ˆ

(

lim
r→r+

0

E [g (y) ·D | X, R = r]− lim
r→r−

0

E [g (y) ·D | X, R = r]

)

dFX|R∈Nε

=

ˆ

E

[

g (y) ·D · ✶ {R ≥ r0}

pε (x)
−
g (y) ·D · (1− ✶ {R ≥ r0})

1− pε (x)
| X, R ∈ Nε

]

dFX|R∈Nε

= E

[

g (y) ·D ·
✶ {R ≥ r0} − pε (x)

pε (x) · (1− pε (x))
| R ∈ Nε

]

= Pr (D = 1 | R ∈ Nε) · E

[

g (y) ·
✶ {R ≥ r0} − pε (x)

pε (x) · (1− pε (x))
(2D − 1) | R ∈ Nε, D = 1

]

❊7✉❛"✐♦♥0 ✭✺✳✶✶✮ ❛♥❞ ✭✺✳✶✷✮ ❝❛♥ ❜❡ ♦❜"❛✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ "❤✐0 (❡0✉❧" "♦ "❤❡ ♥✉♠❡(❛"♦(0

❛♥❞ ❞❡♥♦♠✐♥❛"♦(0 ♦❢ ❊7✉❛"✐♦♥0 ✭✺✳✺✮ ❛♥❞ ✭✺✳✻✮ (❡0♣❡❝"✐✈❡❧②✳
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❝❤❛!❛❝*❡!✐/*✐❝/ ♦❢ *❤❡ ❣!♦✇*❤ ♣!♦❝❡//✳ ■ ❤❛✈❡ ❝♦♥✜!♠❡❞ *❤❡ ✐♠♣♦!*❛♥❝❡ ♦❢ ❤✉♠❛♥ ❝❛♣✐*❛❧
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■ ❤❛✈❡ /❤❡❞ ❧✐❣❤* ♦♥ *❤❡ ✐♠♣♦!*❛♥❝❡ ♦❢ ❛❝❝♦✉♥*✐♥❣ ❢♦! ✈❛!✐♦✉/ *②♣❡/ ♦❢ ❤❡*❡!♦❣❡♥❡✐*② ✇❤❡♥
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❇❛♥❦✳

❆❤❧✉✇❛❧✐❛✱ ▼✳ ❙✳✿ ✶✾✼✻✱ ❵■♥❝♦♠❡ ❉✐-:8✐❜✉:✐♦♥ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥:✿ ❙♦♠❡ ❙:②❧✐③❡❞ ❋❛❝:-✬✳ ❆♠❡-✲

✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✻✻✭✷✮✱ ✶✷✽✕✸✺✳
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❲♦&❦✐♥❣ U❛♣❡&0 ✶✽✹✼✼✱ ◆❛;✐♦♥❛❧ ❇✉&❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡0❡❛&❝❤✱ ■♥❝✳

❈♦✱ ❈✳ ❨✳✱ ■✳ ◆✳ ●❛♥❣✱ ❛♥❞ ▼✳✲❙✳ ❨✉♥✿ ✶✾✾✾✱ ❵❙✇✐;❝❤✐♥❣ ▼♦❞❡❧0 ✇✐;❤ ❙❡❧❢✲❙❡❧❡❝;✐♦♥✿ ❙❡❧❢✲

❊♠♣❧♦②♠❡♥; ✐♥ ❍✉♥❣❛&②✬✳ ❉❡♣❛&;♠❡♥;❛❧ ❲♦&❦✐♥❣ U❛♣❡&0 ✶✾✾✾✶✷✱ ❘✉;❣❡&0 ❯♥✐✈❡&0✐;②✱

❉❡♣❛&;♠❡♥; ♦❢ ❊❝♦♥♦♠✐❝0✳

❈♦✇❡❧❧✱ ❋✳✿ ✷✵✶✶✱ ▼❡❛7✉$✐♥❣ ■♥❡:✉❛❧✐"②✱ ▲♦♥❞♦♥ ❙❝❤♦♦❧ ♦❢ ❊❝♦♥♦♠✐❝0 U❡&0♣❡❝;✐✈❡0 ✐♥ ❊❝♦✲

♥♦♠✐❝ ❆♥❛❧②0✐0✳ ❖❯U ❖①❢♦&❞✳

❉❛0✱ ▼✳✱ ❲✳ ❑✳ ◆❡✇❡②✱ ❛♥❞ ❋✳ ❱❡❧❧❛✿ ✷✵✵✸✱ ❵◆♦♥♣❛&❛♠❡;&✐❝ ❊0;✐♠❛;✐♦♥ ♦❢ ❙❛♠♣❧❡ ❙❡❧❡❝;✐♦♥

▼♦❞❡❧0✬✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙"✉❞✐❡7 ✼✵✭✶✮✱ ✸✸✕✺✽✳

❉❡ ●&❡❣♦&✐♦✱ ❏✳ ❛♥❞ ❏✳✲❲✳ ▲❡❡✿ ✷✵✵✷✱ ❵❊❞✉❝❛;✐♦♥ ❛♥❞ ■♥❝♦♠❡ ■♥❡R✉❛❧✐;②✿ ◆❡✇ ❊✈✐❞❡♥❝❡ ❢&♦♠

❈&♦00✲❈♦✉♥;&② ❉❛;❛✬✳ ❘❡✈✐❡✇ ♦❢ ■♥❝♦♠❡ ❛♥❞ ❲❡❛❧"❤ ✹✽✭✸✮✱ ✸✾✺✕✹✶✻✳

❉❡✐♥✐♥❣❡&✱ ❑✳✿ ✷✵✵✸✱ ❵❉♦❡0 ❈♦0; ♦❢ ❙❝❤♦♦❧✐♥❣ ❆✛❡❝; ❊♥&♦❧❧♠❡♥; ❜② ;❤❡ U♦♦&❄ ❯♥✐✈❡&0❛❧

U&✐♠❛&② ❊❞✉❝❛;✐♦♥ ✐♥ ❯❣❛♥❞❛✬✳ ❊❝♦♥♦♠✐❝7 ♦❢ ❊❞✉❝❛"✐♦♥ ❘❡✈✐❡✇ ✷✷✭✸✮✱ ✷✾✶✕✸✵✺✳
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❉❡❧ ❇♦♥♦✱ ❊✳ ❛♥❞ ❋✳ ●❛❧✐♥❞♦✲❘✉❡❞❛✿ ✷✵✵✹✱ ❵❉♦ ❛ ❋❡✇ ▼♦♥;❤0 ♦❢ ❈♦♠♣✉❧0♦&② ❙❝❤♦♦❧✐♥❣ ▼❛;✲
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♠❡2#✐❝❛ ✼✼✭✸✮✱ ✾✺✸✕✾✼✸✳
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❢=♦♠ ❍♦✉#❡❤♦❧❞ M#❡✉❞♦✲M❛♥❡❧ ❉❛$❛✬✳ ❲♦=❦✐♥❣ ♣❛♣❡=#✱ ❲♦=❧❞ ❇❛♥❦✳

❋♦=$✱ ▼✳✿ ✷✵✶✷✱ ❵❯♥❝♦♥❞✐$✐♦♥❛❧ ❛♥❞ ❈♦♥❞✐$✐♦♥❛❧ ◗✉❛♥$✐❧❡ ❚=❡❛$♠❡♥$ ❊✛❡❝$✿ ■❞❡♥$✐✜❝❛✲

$✐♦♥ ❙$=❛$❡❣✐❡# ❛♥❞ ■♥$❡=♣=❡$❛$✐♦♥#✬✳ ❲♦=❦✐♥❣ M❛♣❡=# ✇♣✽✺✼✱ ❉✐♣❛=$✐♠❡♥$♦ ❙❝✐❡♥③❡ ❊❝♦✲

♥♦♠✐❝❤❡✱ ❯♥✐✈❡=#✐$❛✬ ❞✐ ❇♦❧♦❣♥❛✳

❋=❛♥❞#❡♥✱ ❇✳ ❘✳✱ ▼✳ ❋=h❧✐❝❤✱ ❛♥❞ ❇✳ ▼❡❧❧②✿ ✷✵✶✷✱ ❵◗✉❛♥$✐❧❡ ❚=❡❛$♠❡♥$ ❊✛❡❝$# ✐♥ $❤❡ ❘❡❣=❡#✲

#✐♦♥ ❉✐#❝♦♥$✐♥✉✐$② ❉❡#✐❣♥✬✳ ❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠❡2#✐❝. ✶✻✽✭✷✮✱ ✸✽✷✕✸✾✺✳

❋=h❧✐❝❤✱ ▼✳✿ ✷✵✵✼✱ ❵❘❡❣=❡##✐♦♥ ❉✐#❝♦♥$✐♥✉✐$② ❉❡#✐❣♥ ✇✐$❤ ❈♦✈❛=✐❛$❡#✬✳ ■❩❆ ❉✐#❝✉##✐♦♥ M❛♣❡=#

✸✵✷✹✱ ■♥#$✐$✉$❡ ❢♦= $❤❡ ❙$✉❞② ♦❢ ▲❛❜♦= ✭■❩❆✮✳

❋=h❧✐❝❤✱ ▼✳ ❛♥❞ ❇✳ ▼❡❧❧②✿ ✷✵✵✽✱ ❵❯♥❝♦♥❞✐$✐♦♥❛❧ ◗✉❛♥$✐❧❡ ❚=❡❛$♠❡♥$ ❊✛❡❝$# ✉♥❞❡= ❊♥❞♦❣❡♥✲

❡✐$②✬✳ ■❩❆ ❉✐#❝✉##✐♦♥ M❛♣❡=# ✸✷✽✽✱ ■♥#$✐$✉$❡ ❢♦= $❤❡ ❙$✉❞② ♦❢ ▲❛❜♦= ✭■❩❆✮✳

❋=h❧✐❝❤✱ ▼✳ ❛♥❞ ❇✳ ▼❡❧❧②✿ ✷✵✶✵❛✱ ❵❊#$✐♠❛$✐♦♥ ♦❢ ◗✉❛♥$✐❧❡ ❚=❡❛$♠❡♥$ ❊✛❡❝$# ✇✐$❤ ❙$❛$❛✬✳

❙2❛2❛ ❏♦✉#♥❛❧ ✶✵✭✸✮✱ ✹✷✸✕✹✺✼✳

❋=h❧✐❝❤✱ ▼✳ ❛♥❞ ❇✳ ▼❡❧❧②✿ ✷✵✶✵❜✱ ❵◗✉❛♥$✐❧❡ ❚=❡❛$♠❡♥$ ❊✛❡❝$# ✐♥ $❤❡ ❘❡❣=❡##✐♦♥ ❉✐#❝♦♥$✐♥✉✐$②

❉❡#✐❣♥✿ M=♦❝❡## ❘❡#✉❧$# ❛♥❞ ●✐♥✐ ❈♦❡✣❝✐❡♥$✬✳ ■❩❆ ❉✐#❝✉##✐♦♥ M❛♣❡=# ✹✾✾✸✱ ■♥#$✐$✉$❡ ❢♦=

$❤❡ ❙$✉❞② ♦❢ ▲❛❜♦= ✭■❩❆✮✳

✷✵✹



❋!"❧✐❝❤✱ ▼✳ ❛♥❞ ❇✳ ▼❡❧❧②✿ ✷✵✶✷✱ ❵❯♥❝♦♥❞✐7✐♦♥❛❧ ◗✉❛♥7✐❧❡ ❚!❡❛7♠❡♥7 ❊✛❡❝7> ✉♥❞❡! ❊♥❞♦❣❡♥✲

❡✐7②✬✳ ■❩❆ ❉✐>❝✉>>✐♦♥ F❛♣❡!> ✸✷✽✽✱ ■♥>7✐7✉7❡ ❢♦! 7❤❡ ❙7✉❞② ♦❢ ▲❛❜♦! ✭■❩❆✮✳

●❛!❝Q❛✱ ❏✳✱ F✳ ❏✳ ❍❡!♥T♥❞❡③✱ ❛♥❞ ❆✳ ▲V♣❡③✲◆✐❝♦❧T>✿ ✷✵✵✶✱ ❵❍♦✇ ❲✐❞❡ ✐> 7❤❡ ●❛♣❄ ❆♥

■♥✈❡>7✐❣❛7✐♦♥ ♦❢ ●❡♥❞❡! ❲❛❣❡ ❉✐✛❡!❡♥❝❡> ✉>✐♥❣ ◗✉❛♥7✐❧❡ ❘❡❣!❡>>✐♦♥✬✳ ❊♠♣✐$✐❝❛❧ ❊❝♦♥♦♠✐❝*

✷✻✭✶✮✱ ✶✹✾✕✶✻✼✳

●❛!❡♥✱ ❏✳✿ ✶✾✽✹✱ ❵❚❤❡ ❘❡7✉!♥> 7♦ ❙❝❤♦♦❧✐♥❣✿ ❆ ❙❡❧❡❝7✐✈✐7② ❇✐❛> ❆♣♣!♦❛❝❤ ✇✐7❤ ❛ ❈♦♥7✐♥✉♦✉>

❈❤♦✐❝❡ ❱❛!✐❛❜❧❡✬✳ ❊❝♦♥♦♠❡,$✐❝❛ ✺✷✭✺✮✱ ✶✶✾✾✕✶✷✶✽✳

●❡❧♠❛♥✱ ❆✳ ❛♥❞ ●✳ ■♠❜❡♥>✿ ✷✵✶✹✱ ❵❲❤② ❍✐❣❤✲♦!❞❡! F♦❧②♥♦♠✐❛❧> ❙❤♦✉❧❞ ♥♦7 ❜❡ ❯>❡❞ ✐♥

❘❡❣!❡>>✐♦♥ ❉✐>❝♦♥7✐♥✉✐7② ❉❡>✐❣♥>✬✳ ◆❇❊❘ ❲♦!❦✐♥❣ F❛♣❡!> ✷✵✹✵✺✱ ◆❛7✐♦♥❛❧ ❇✉!❡❛✉ ♦❢

❊❝♦♥♦♠✐❝ ❘❡>❡❛!❝❤✱ ■♥❝✳

●❤✐♥❡77✐✱ F✳✿ ✷✵✶✹✱ ❵❆ ◆❡✇ ▲♦♦❦ ❛7 7❤❡ F✉❜❧✐❝ ❲❛❣❡ F!❡♠✐✉♠ ✐♥ ■7❛❧②✿ ❚❤❡ ❘♦❧❡ ♦❢ ❙❝❤♦♦❧✐♥❣

❊♥❞♦❣❡♥❡✐7②✬✳ ▲❛❜♦✉$ ✷✽✭✶✮✱ ✽✼✕✶✶✶✳

●✐!♠❛✱ ❙✳ ❛♥❞ ❆✳ ❑❡❞✐!✿ ✷✵✵✺✱ ❵❍❡7❡!♦❣❡♥❡✐7② ✐♥ !❡7✉!♥> 7♦ >❝❤♦♦❧✐♥❣✿ ❊❝♦♥♦♠❡7!✐❝ ❡✈✐❞❡♥❝❡

❢!♦♠ ❊7❤✐♦♣✐❛✬✳ ❚❤❡ ❏♦✉$♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥, ❙,✉❞✐❡* ✹✶✭✽✮✱ ✶✹✵✺✕✶✹✶✻✳

●❧♦♠♠✱ ●✳ ❛♥❞ ❇✳ ❘❛✈✐❦✉♠❛!✿ ✶✾✾✷✱ ❵F✉❜❧✐❝ ✈❡!>✉> F!✐✈❛7❡ ■♥✈❡>7♠❡♥7 ✐♥ ❍✉♠❛♥ ❈❛♣✐7❛❧

❊♥❞♦❣❡♥♦✉> ●!♦✇7❤ ❛♥❞ ■♥❝♦♠❡ ■♥❡g✉❛❧✐7②✬✳ ❏♦✉$♥❛❧ ♦❢ 8♦❧✐,✐❝❛❧ ❊❝♦♥♦♠② ✶✵✵✭✹✮✱ ✽✶✽✕✸✹✳

●!❡♥❡7✱ ❏✳✿ ✷✵✶✸✱ ❵■> ❊①7❡♥❞✐♥❣ ❈♦♠♣✉❧>♦!② ❙❝❤♦♦❧✐♥❣ ❆❧♦♥❡ ❊♥♦✉❣❤ 7♦ ❘❛✐>❡ ❊❛!♥✐♥❣>❄

❊✈✐❞❡♥❝❡ ❢!♦♠ ❋!❡♥❝❤ ❛♥❞ ❇!✐7✐>❤ ❈♦♠♣✉❧>♦!② ❙❝❤♦♦❧✐♥❣ ▲❛✇>✬✳ ❙❝❛♥❞✐♥❛✈✐❛♥ ❏♦✉$♥❛❧ ♦❢

❊❝♦♥♦♠✐❝* ✶✶✺✭✶✮✱ ✶✼✻✕✷✶✵✳

●!✐❧✐❝❤❡>✱ ❩✳✿ ✶✾✼✼✱ ❵❊>7✐♠❛7✐♥❣ 7❤❡ ❘❡7✉!♥> 7♦ ❙❝❤♦♦❧✐♥❣✿ ❙♦♠❡ ❊❝♦♥♦♠❡7!✐❝ F!♦❜❧❡♠>✬✳

❊❝♦♥♦♠❡,$✐❝❛ ✹✺✭✶✮✱ ✶✕✷✷✳

●!✐❧✐❝❤❡>✱ ❩✳ ❛♥❞ ❲✳ ▼✳ ▼❛>♦♥✿ ✶✾✼✷✱ ❵❊❞✉❝❛7✐♦♥✱ ■♥❝♦♠❡✱ ❛♥❞ ❆❜✐❧✐7②✬✳ ❏♦✉$♥❛❧ ♦❢ 8♦❧✐,✐❝❛❧

❊❝♦♥♦♠② ✽✵✭✸✮✱ ❙✼✹✕❙✶✵✸✳

●!♦♥❛✉✱ ❘✳✿ ✶✾✼✹✱ ❵❲❛❣❡ ❈♦♠♣❛!✐>♦♥>✿ ❆ ❙❡❧❡❝7✐✈✐7② ❇✐❛>✬✳ ❏♦✉$♥❛❧ ♦❢ 8♦❧✐,✐❝❛❧ ❊❝♦♥♦♠②

✽✷✭✻✮✱ ♣♣✳ ✶✶✶✾✕✶✶✹✸✳

●✉✐7❡!❛>✱ ❘✳✿ ✷✵✵✽✱ ❵❊>7✐♠❛7✐♥❣ ◗✉❛♥7✐❧❡ ❚!❡❛7♠❡♥7 ❊✛❡❝7> ✐♥ ❛ ❘❡❣!❡>>✐♦♥ ❉✐>❝♦♥7✐♥✉✐7②

❉❡>✐❣♥✬✳ ❲♦!❦✐♥❣ ♣❛♣❡!✱ ❉❡♣❛!7♠❡♥7 ♦❢ ❊❝♦♥♦♠✐❝>✱ ▼■❚✳

❍❛❤♥✱ ❏✳✱ F✳ ❚♦❞❞✱ ❛♥❞ ❲✳ ❱❛♥ ❞❡! ❑❧❛❛✉✇✿ ✷✵✵✶✱ ❵■❞❡♥7✐✜❝❛7✐♦♥ ❛♥❞ ❊>7✐♠❛7✐♦♥ ♦❢ ❚!❡❛7✲

♠❡♥7 ❊✛❡❝7> ✇✐7❤ ❛ ❘❡❣!❡>>✐♦♥✲❉✐>❝♦♥7✐♥✉✐7② ❉❡>✐❣♥✬✳ ❊❝♦♥♦♠❡,$✐❝❛ ✻✾✭✶✮✱ ✷✵✶✕✵✾✳

❍❛❧❧✱ ❘✳ ❊✳ ❛♥❞ ❈✳ ■✳ ❏♦♥❡>✿ ✶✾✾✾✱ ❵❲❤② ❉♦ ❙♦♠❡ ❈♦✉♥7!✐❡> F!♦❞✉❝❡ ❙♦ ▼✉❝❤ ▼♦!❡ ❖✉7♣✉7

F❡! ❲♦!❦❡! ❚❤❛♥ ❖7❤❡!>❄✬✳ ❚❤❡ ◗✉❛$,❡$❧② ❏♦✉$♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝* ✶✶✹✭✶✮✱ ✽✸✕✶✶✻✳

❍❛♠✱ ❏✳ ❈✳✿ ✶✾✽✷✱ ❵❊>7✐♠❛7✐♦♥ ♦❢ ❛ ▲❛❜♦✉! ❙✉♣♣❧② ▼♦❞❡❧ ✇✐7❤ ❈❡♥>♦!✐♥❣ ❉✉❡ 7♦ ❯♥❡♠♣❧♦②✲

♠❡♥7 ❛♥❞ ❯♥❞❡!❡♠♣❧♦②♠❡♥7✬✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙,✉❞✐❡* ✹✾✭✸✮✱ ✸✸✺✕✺✹✳

❍❛!♠♦♥✱ ❈✳✱ ❍✳ ❖♦>7❡!❜❡❡❦✱ ❛♥❞ ■✳ ❲❛❧❦❡!✿ ✷✵✵✸✱ ❵❚❤❡ ❘❡7✉!♥> 7♦ ❊❞✉❝❛7✐♦♥✿ ▼✐❝!♦❡❝♦✲

♥♦♠✐❝>✬✳ ❏♦✉$♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❙✉$✈❡②* ✶✼✭✷✮✱ ✶✶✺✕✶✺✻✳

❍❛!♠♦♥✱ ❈✳ ❛♥❞ ■✳ ❲❛❧❦❡!✿ ✶✾✾✺✱ ❵❊>7✐♠❛7❡> ♦❢ 7❤❡ ❊❝♦♥♦♠✐❝ ❘❡7✉!♥ 7♦ ❙❝❤♦♦❧✐♥❣ ❢♦! 7❤❡

❯♥✐7❡❞ ❑✐♥❣❞♦♠✬✳ ❆♠❡$✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✽✺✭✺✮✱ ✶✷✼✽✕✽✻✳
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❑✉❝❤✐❦✐✱ ❆✳✿ ✷✵✵✼✱ ❵■♥❞✉=%K✐❛❧ J♦❧✐❝② ✐♥ ❆=✐❛✬✳ ❚❡❝❤♥✐❝❛❧ ❘❡♣♦K% ✶✷✽✱ ■♥=%✐%✉%❡ ♦❢ ❉❡✈❡❧♦♣✐♥❣

❊❝♦♥♦♠✐❡=✳

❑✉③♥❡%=✱ ❙✳✿ ✶✾✺✺✱ ❵❊❝♦♥♦♠✐❝ ●K♦✇%❤ ❛♥❞ ■♥❝♦♠❡ ■♥❡_✉❛❧✐%②✬✳ ❚❤❡ ❆♠❡#✐❝❛♥ ❊❝♦♥♦♠✐❝

❘❡✈✐❡✇ ✹✺✭✶✮✱ ♣♣✳ ✶✕✷✽✳

▲❛♥❣✱ ❑✳✿ ✶✾✾✸✱ ❵❆❜✐❧✐%② ❇✐❛=✱ ❉✐=❝♦✉♥% ❘❛%❡ ❇✐❛= ❛♥❞ %❤❡ ❘❡%✉K♥ %♦ ❊❞✉❝❛%✐♦♥✬✳ ▼J❘❆

J❛♣❡K ✷✹✻✺✶✱ ❯♥✐✈❡K=✐%② ▲✐❜K❛K② ♦❢ ▼✉♥✐❝❤✱ ●❡K♠❛♥②✳

▲❛%❤❛♣✐♣❛%✱ ❉✳✿ ✷✵✵✽✱ ❵❚❤❡ ❈❤❛♥❣✐♥❣ ❊❞✉❝❛%✐♦♥❛❧ ❉✐=%K✐❜✉%✐♦♥ ❛♥❞ ✐%= ■♠♣❛❝% ♦♥ %❤❡ ❊✈♦❧✉✲

%✐♦♥ ♦❢ ❲❛❣❡= ✐♥ ❚❤❛✐❧❛♥❞✱ ✶✾✽✼✲✷✵✵✻✬✳ ❊❆❇❊❘❲♦K❦✐♥❣ J❛♣❡K= ✷✶✾✺✶✱ ❊❛=% ❆=✐❛♥ ❇✉K❡❛✉

♦❢ ❊❝♦♥♦♠✐❝ ❘❡=❡❛K❝❤✳

▲❡❝❦❝✐✈✐❧✐③❡✱ ❆✳✿ ✷✵✶✸✱ ❵❊==❛②= ♦♥ ▲❛❜♦✉K ❊❝♦♥♦♠✐❝=✬✳ J❤✳❉✳ %❤❡=✐=✱ ❚❤❡ ▲♦♥❞♦♥ ❙❝❤♦♦❧ ♦❢

❊❝♦♥♦♠✐❝= ❛♥❞ J♦❧✐%✐❝❛❧ ❙❝✐❡♥❝❡✳

▲❡❡✱ ❉✳ ❙✳ ❛♥❞ ❉✳ ❈❛K❞✿ ✷✵✵✽✱ ❵❘❡❣K❡==✐♦♥ ❉✐=❝♦♥%✐♥✉✐%② ■♥❢❡K❡♥❝❡ ✇✐%❤ ❙♣❡❝✐✜❝❛%✐♦♥ ❊KK♦K✬✳

❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠❡1#✐❝2 ✶✹✷✭✷✮✱ ✻✺✺✕✻✼✹✳

▲❡❡✱ ❉✳ ❙✳ ❛♥❞ ❚✳ ▲❡♠✐❡✉①✿ ✷✵✶✵✱ ❵❘❡❣K❡==✐♦♥ ❉✐=❝♦♥%✐♥✉✐%② ❉❡=✐❣♥= ✐♥ ❊❝♦♥♦♠✐❝=✬✳ ❏♦✉#♥❛❧

♦❢ ❊❝♦♥♦♠✐❝ ▲✐1❡#❛1✉#❡ ✹✽✭✷✮✱ ✷✽✶✕✸✺✺✳

▲❡♠✐❡✉①✱ ❚✳✿ ✷✵✵✻✱ ❵J♦=%✲=❡❝♦♥❞❛K② ❊❞✉❝❛%✐♦♥ ❛♥❞ ■♥❝K❡❛=✐♥❣ ❲❛❣❡ ■♥❡_✉❛❧✐%②✬✳ ❆♠❡#✐❝❛♥

❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✾✻✭✷✮✱ ✶✾✺✕✶✾✾✳

▲❡✇✐=✱ ❲✳ ❆✳✿ ✶✾✺✹✱ ❵❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥% ✇✐%❤ ❯♥❧✐♠✐%❡❞ ❙✉♣♣❧✐❡= ♦❢ ▲❛❜♦✉K✬✳ ❚❤❡

▼❛♥❝❤❡21❡# ❙❝❤♦♦❧ ✷✷✭✷✮✱ ✶✸✾✕✶✾✶✳

▲❡✇✐=✱ ❲✳ ❆✳✿ ✶✾✼✾✱ ❵❚❤❡ ❉✉❛❧ ❊❝♦♥♦♠② ❘❡✈✐=✐%❡❞✬✳ ❚❤❡ ▼❛♥❝❤❡21❡# ❙❝❤♦♦❧ ♦❢ ❊❝♦♥♦♠✐❝ ✫

❙♦❝✐❛❧ ❙1✉❞✐❡2 ✹✼✭✸✮✱ ✷✶✶✕✷✾✳

▲✉❝❛=✱ ❘✳ ❏✳✿ ✶✾✽✽✱ ❵❖♥ %❤❡ ▼❡❝❤❛♥✐❝= ♦❢ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥%✬✳ ❏♦✉#♥❛❧ ♦❢ ▼♦♥❡1❛#②

❊❝♦♥♦♠✐❝2 ✷✷✭✶✮✱ ✸✕✹✷✳

▼❛♥❦✐✇✱ ◆✳ ●✳✱ ❉✳ ❘♦♠❡K✱ ❛♥❞ ❉✳ ◆✳ ❲❡✐❧✿ ✶✾✾✷✱ ❵❆ ❈♦♥%K✐❜✉%✐♦♥ %♦ %❤❡ ❊♠♣✐K✐❝= ♦❢

❊❝♦♥♦♠✐❝ ●K♦✇%❤✬✳ ❚❤❡ ◗✉❛#1❡#❧② ❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝2 ✶✵✼✭✷✮✱ ✹✵✼✕✸✼✳

▼❛K✐♥✱ ❆✳ ❛♥❞ ●✳ J=❛❝❤❛K♦♣♦✉❧♦=✿ ✶✾✼✻✱ ❵❙❝❤♦♦❧✐♥❣ ❛♥❞ ■♥❝♦♠❡ ❉✐=%K✐❜✉%✐♦♥✬✳ ❚❤❡ ❘❡✈✐❡✇

♦❢ ❊❝♦♥♦♠✐❝2 ❛♥❞ ❙1❛1✐21✐❝2 ✺✽✭✸✮✱ ♣♣✳ ✸✸✷✕✸✸✽✳

▼❛K%✐♥=✱ J✳ ❙✳ ❛♥❞ J✳ ❚✳ J❡K❡✐K❛✿ ✷✵✵✹✱ ❵❉♦❡= ❡❞✉❝❛%✐♦♥ K❡❞✉❝❡ ✇❛❣❡ ✐♥❡_✉❛❧✐%②❄ ◗✉❛♥%✐❧❡

K❡❣K❡==✐♦♥ ❡✈✐❞❡♥❝❡ ❢K♦♠ ✶✻ ❝♦✉♥%K✐❡=✬✳ ▲❛❜♦✉# ❊❝♦♥♦♠✐❝2 ✶✶✭✸✮✱ ✸✺✺✕✸✼✶✳

✷✵✼



▼❛"❛✱ ❏✳ ❛♥❞ ❏✳ ❆✳ ❋✳ ▼❛❝❤❛❞♦✿ ✷✵✵✺✱ ❵❈♦✉♥"❡5❢❛❝"✉❛❧ ❉❡❝♦♠♣♦;✐"✐♦♥ ♦❢ ❈❤❛♥❣❡; ✐♥ ❲❛❣❡

❉✐;"5✐❜✉"✐♦♥; ❯;✐♥❣ ◗✉❛♥"✐❧❡ ❘❡❣5❡;;✐♦♥✬✳ ❏♦✉#♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠❡0#✐❝1 ✷✵✭✹✮✱ ✹✹✺✕

✹✻✺✳

▼❝▼✐❧❧❛♥✱ ▼✳ ❙✳ ❛♥❞ ❉✳ ❘♦❞5✐❦✿ ✷✵✶✶✱ ❵●❧♦❜❛❧✐③❛"✐♦♥✱ ❙"5✉❝"✉5❛❧ ❈❤❛♥❣❡ ❛♥❞ N5♦❞✉❝"✐✈✐"②

●5♦✇"❤✬✳ ◆❇❊❘ ❲♦5❦✐♥❣ N❛♣❡5; ✶✼✶✹✸✱ ◆❛"✐♦♥❛❧ ❇✉5❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡;❡❛5❝❤✱ ■♥❝✳

▼❡❣❤✐5✱ ❈✳ ❛♥❞ ▼✳ N❛❧♠❡✿ ✶✾✾✾✱ ❵❆;;❡;;✐♥❣ "❤❡ ❡✛❡❝" ♦❢ ;❝❤♦♦❧✐♥❣ ♦♥ ❡❛5♥✐♥❣; ✉;✐♥❣ ❛ ;♦❝✐❛❧

❡①♣❡5✐♠❡♥"✬✳ ■❋❙ ❲♦5❦✐♥❣ N❛♣❡5; ❲✾✾✴✶✵✱ ■♥;"✐"✉"❡ ❢♦5 ❋✐;❝❛❧ ❙"✉❞✐❡;✳

▼❡❣❤✐5✱ ❈✳ ❛♥❞ ▼✳ N❛❧♠❡✿ ✷✵✵✺✱ ❵❊❞✉❝❛"✐♦♥❛❧ ❘❡❢♦5♠✱ ❆❜✐❧✐"②✱ ❛♥❞ ❋❛♠✐❧② ❇❛❝❦❣5♦✉♥❞✬✳

❆♠❡#✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✾✺✭✶✮✱ ✹✶✹✕✹✷✹✳

▼❡♣❤♦❦❡❡✱ ❈✳✿ ✷✵✵✸✱ ❵❚❤❛✐ ▲❛❜♦✉5 ▼❛5❦❡" ✐♥ ❚5❛♥;✐"✐♦♥ "♦✇❛5❞ ❛ ❑♥♦✇❧❡❞❣❡✲❇❛;❡❞ ❊❝♦✲

♥♦♠②✬✳ ❲♦5❦✐♥❣ N❛♣❡5; ❈❤❛♣"❡5 ✶✱ ♣♣✳✶✲✹✵✱ ■♥;"✐"✉"❡ ♦❢ ❉❡✈❡❧♦♣✐♥❣ ❊❝♦♥♦♠✐❡;✱ ❏❛♣❛♥

❊①"❡5♥❛❧ ❚5❛❞❡ ❖5❣❛♥✐③❛"✐♦♥✳

▼❡;;✐♥✐;✱ ●✳✿ ✷✵✶✸✱ ❵❘❡"✉5♥; "♦ ❡❞✉❝❛"✐♦♥ ❛♥❞ ✉5❜❛♥✲♠✐❣5❛♥" ✇❛❣❡ ❞✐✛❡5❡♥"✐❛❧; ✐♥ ❈❤✐♥❛✿

■❱ b✉❛♥"✐❧❡ "5❡❛"♠❡♥" ❡✛❡❝";✬✳ ❈❤✐♥❛ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✷✻✭✵✮✱ ✸✾ ✕ ✺✺✳

▼✐❣✉❡❧✱ ❊✳✱ ❙✳ ❙❛"②❛♥❛"❤✱ ❛♥❞ ❊✳ ❙❡5❣❡♥"✐✿ ✷✵✵✹✱ ❵❊❝♦♥♦♠✐❝ ❙❤♦❝❦; ❛♥❞ ❈✐✈✐❧ ❈♦♥✢✐❝"✿ ❆♥

■♥;"5✉♠❡♥"❛❧ ❱❛5✐❛❜❧❡; ❆♣♣5♦❛❝❤✬✳ ❏♦✉#♥❛❧ ♦❢ 7♦❧✐0✐❝❛❧ ❊❝♦♥♦♠② ✶✶✷✭✹✮✱ ✼✷✺✕✼✺✸✳

▼✐♥❝❡5✱ ❏✳ ❆✳✿ ✶✾✼✹✱ ❙❝❤♦♦❧✐♥❣✱ ❊①♣❡#✐❡♥❝❡✱ ❛♥❞ ❊❛#♥✐♥❣1✱ ◆♦✳ ✼✹✲✶ ✐♥ ◆❇❊❘ ❇♦♦❦;✳ ◆❛"✐♦♥❛❧

❇✉5❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡;❡❛5❝❤✱ ■♥❝✳

▼✐♥✐;"5② ♦❢ ❈♦♠♠❡5❝❡ ♦❢ ❚❤❛✐❧❛♥❞✱ ❘❡❣✐♦♥❛❧ 7#✐❝❡ ■♥❞✐❝❡1 ✶✾✽✺ 0♦ 7#❡1❡♥0✳ ✭❆❝❝❡;;❡❞ ✲

◆♦✈❡♠❜❡5 ✷✵✶✸✮✳

▼✐♥✐;"5② ♦❢ ❊❞✉❝❛"✐♦♥ ♦❢ ❚❤❛✐❧❛♥❞✿ ✶✾✼✽✱ ❊❞✉❝❛0✐♦♥ ❘❡❢♦#♠ ❆❝0✱ ✶✾✼✽✳ ✭❆❝❝❡;;❡❞ ✲ ◆♦✈❡♠❜❡5

✷✵✶✸✮✳

▼✐♥✐;"5② ♦❢ ❊❞✉❝❛"✐♦♥ ♦❢ ❚❤❛✐❧❛♥❞✿ ✷✵✶✵✱ ❊❞✉❝❛0✐♦♥ ❘❡❢♦#♠1 ✐♥ ❚❤❛✐❧❛♥❞✳ ✭❆❝❝❡;;❡❞ ✲

◆♦✈❡♠❜❡5 ✷✵✶✸✮✳

▼♦❡♥❥❛❦✱ ❚✳ ❛♥❞ ❈✳ ❲♦5;✇✐❝❦✿ ✷✵✵✸✱ ❵❱♦❝❛"✐♦♥❛❧ ❡❞✉❝❛"✐♦♥ ✐♥ ❚❤❛✐❧❛♥❞✿ ❆ ❙"✉❞② ♦❢ ❈❤♦✐❝❡

❛♥❞ ❘❡"✉5♥;✬✳ ❊❝♦♥♦♠✐❝1 ♦❢ ❊❞✉❝❛0✐♦♥ ❘❡✈✐❡✇ ✷✷✭✶✮✱ ✾✾✕✶✵✼✳

▼♦"♦♥✐;❤✐✱ ❚✳✿ ✷✵✵✻✱ ❵❲❤② ❍❛; ■♥❝♦♠❡ ■♥❡b✉❛❧✐"② ✐♥ ❚❤❛✐❧❛♥❞ ■♥❝5❡❛;❡❞❄✿ ❆♥ ❆♥❛❧②;✐; ✉;✐♥❣

❙✉5✈❡②; ❢5♦♠ ✶✾✼✺ "♦ ✶✾✾✽✬✳ ❏❛♣❛♥ ❛♥❞ 0❤❡ ❲♦#❧❞ ❊❝♦♥♦♠② ✶✽✭✹✮✱ ✹✻✹✕✹✽✼✳

▼✇❛❜✉✱ ●✳ ❛♥❞ ❚✳ N✳ ❙❝❤✉❧"③✿ ✶✾✾✻✱ ❵❊❞✉❝❛"✐♦♥ ❘❡"✉5♥; ❆❝5♦;; ◗✉❛♥"✐❧❡; ♦❢ "❤❡ ❲❛❣❡

❋✉♥❝"✐♦♥✿ ❆❧"❡5♥❛"✐✈❡ ❊①♣❧❛♥❛"✐♦♥; ❢♦5 ❘❡"✉5♥; "♦ ❊❞✉❝❛"✐♦♥ ❜② ❘❛❝❡ ✐♥ ❙♦✉"❤ ❆❢5✐❝❛✬✳

❚❤❡ ❆♠❡#✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✽✻✭✷✮✱ ♣♣✳ ✸✸✺✕✸✸✾✳

◆❛"✐♦♥❛❧ ❊❝♦♥♦♠✐❝ ❛♥❞ ❙♦❝✐❛❧ ❉❡✈❡❧♦♣♠❡♥" ❇♦❛5❞✿ ✷✵✶✵✱ ◆❛0✐♦♥❛❧ ❊❝♦♥♦♠✐❝ ❛♥❞ ❙♦❝✐❛❧

❉❡✈❡❧♦♣♠❡♥0 7❧❛♥1 ✭❢#♦♠ ✶✾✻✶ 0♦ 7#❡1❡♥0✮✳ ✭❆❝❝❡;;❡❞ ✲ ❆♣5✐❧ ✷✵✶✵✮✳

◆❛"✐♦♥❛❧ ❙"❛"✐;"✐❝❛❧ ❖✣❝❡ ♦❢ ❚❤❛✐❧❛♥❞✱ ▲❛❜♦✉# ❋♦#❝❡ ❙✉#✈❡② ✶✾✽✺✲✷✵✵✵✳ ✭❆❝❝❡;;❡❞ ✲ ◆♦✈❡♠✲

❜❡5 ✷✵✶✸✮✳

◆❡✉♠❛5❦✱ ❉✳✿ ✶✾✾✾✱ ❵❇✐❛;❡; ✐♥ ❚✇✐♥ ❊;"✐♠❛"❡; ♦❢ "❤❡ ❘❡"✉5♥ "♦ ❙❝❤♦♦❧✐♥❣✬✳ ❊❝♦♥♦♠✐❝1 ♦❢

❊❞✉❝❛0✐♦♥ ❘❡✈✐❡✇ ✶✽✭✷✮✱ ✶✹✸✕✶✹✽✳

◆✉♠♥❛❦✱ ●✳✿ ✷✵✵✻✱ ❵❉❡✈❡❧♦♣♠❡♥" ❛♥❞ ❙"5✉❝"✉5❛❧ ❉✐✈❡5;✐✜❝❛"✐♦♥ ♦❢ "❤❡ ❚❤❛✐ ❊❝♦♥♦♠②✿ ❚❤❡

❈❛✉;❡ ♦❢ ▲❛❜♦✉5 ■♠♠✐❣5❛"✐♦♥✬✳ ❲♦5❦✐♥❣ ♣❛♣❡5;✱ ❯♥✐✈❡5;✐"② ♦❢ ◆❡✇ ❊♥❣❧❛♥❞✳

✷✵✽



❖♦"#❡%❜❡❡❦✱ ❍✳ ❛♥❞ ❉✳ ❲❡❜❜✐♥❦✿ ✷✵✵✼✱ ❵❲❛❣❡ ❊✛❡❝#" ♦❢ ❛♥ ❊①#%❛ ❨❡❛% ♦❢ ❇❛"✐❝ ❱♦❝❛#✐♦♥❛❧

❊❞✉❝❛#✐♦♥✬✳ ❊❝♦♥♦♠✐❝& ♦❢ ❊❞✉❝❛+✐♦♥ ❘❡✈✐❡✇ ✷✻✭✹✮✱ ✹✵✽✕✹✶✾✳

❖%❡♦♣♦✉❧♦"✱ J✳✿ ✷✵✵✻❛✱ ❵❚❤❡ ❈♦♠♣❡❧❧✐♥❣ ❊✛❡❝#" ♦❢ ❈♦♠♣✉❧"♦%② ❙❝❤♦♦❧✐♥❣✿ ❊✈✐❞❡♥❝❡ ❢%♦♠

❈❛♥❛❞❛✬✳ ❈❛♥❛❞✐❛♥ ❏♦✉2♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝& ✸✾✭✶✮✱ ✷✷✕✺✷✳

❖%❡♦♣♦✉❧♦"✱ J✳✿ ✷✵✵✻❜✱ ❵❊"#✐♠❛#✐♥❣ ❆✈❡%❛❣❡ ❛♥❞ ▲♦❝❛❧ ❆✈❡%❛❣❡ ❚%❡❛#♠❡♥# ❊✛❡❝#" ♦❢ ❊❞✉❝❛✲

#✐♦♥ ✇❤❡♥ ❈♦♠♣✉❧"♦%② ❙❝❤♦♦❧✐♥❣ ▲❛✇" ❘❡❛❧❧② ▼❛##❡%✬✳ ❆♠❡2✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✾✻✭✶✮✱

✶✺✷✕✶✼✺✳

❖%❡♦♣♦✉❧♦"✱ J✳✿ ✷✵✵✽✱ ❵❊"#✐♠❛#✐♥❣ ❆✈❡%❛❣❡ ❛♥❞ ▲♦❝❛❧ ❆✈❡%❛❣❡ ❚%❡❛#♠❡♥# ❊✛❡❝#" ♦❢ ❊❞✉❝❛✲

#✐♦♥ ✇❤❡♥ ❈♦♠♣✉❧"♦%② ❙❝❤♦♦❧✐♥❣ ▲❛✇" ❘❡❛❧❧② ▼❛##❡%✿ ❈♦%%✐❣❡♥❞✉♠✬✳ ❲♦%❦✐♥❣ ♣❛♣❡%"✱

❉❡♣❛%#♠❡♥# ♦❢ ❊❝♦♥♦♠✐❝"✱ ❯♥✐✈❡%"✐#② ♦❢ ❇%✐#✐"❤ ❈♦❧✉♠❜✐❛✳

J❛%❦✱ ❑✳ ❍✳✿ ✶✾✾✻✱ ❵❊❞✉❝❛#✐♦♥❛❧ ❊①♣❛♥"✐♦♥ ❛♥❞ ❊❞✉❝❛#✐♦♥❛❧ ■♥❡]✉❛❧✐#② ♦♥ ■♥❝♦♠❡ ❉✐"#%✐❜✉✲

#✐♦♥✬✳ ❊❝♦♥♦♠✐❝& ♦❢ ❊❞✉❝❛+✐♦♥ ❘❡✈✐❡✇ ✶✺✭✶✮✱ ✺✶ ✕ ✺✽✳

J❛#%✐♥♦"✱ ❍✳ ❆✳✿ ✶✾✾✺✱ ❵❊❞✉❝❛#✐♦♥ ❛♥❞ ❊❛%♥✐♥❣" ❉✐✛❡%❡♥#✐❛❧"✬✳ ♠✐♠❡♦✱ ❲♦%❧❞ ❇❛♥❦✳

J❛#%✐♥♦"✱ ❍✳ ❆✳✱ ❈✳ ❘✐❞❛♦✲❈❛♥♦✱ ❛♥❞ ❈✳ ❙❛❦❡❧❧❛%✐♦✉✿ ✷✵✵✻✱ ❵❊"#✐♠❛#✐♥❣ #❤❡ ❘❡#✉%♥" #♦ ❊❞✉✲

❝❛#✐♦♥✿ ❆❝❝♦✉♥#✐♥❣ ❢♦% ❍❡#❡%♦❣❡♥❡✐#② ✐♥ ❆❜✐❧✐#②✬✳ J♦❧✐❝② ❘❡"❡❛%❝❤ ❲♦%❦✐♥❣ J❛♣❡% ❙❡%✐❡"

✹✵✹✵✱ ❚❤❡ ❲♦%❧❞ ❇❛♥❦✳

J❛#%✐♥♦"✱ ❍✳ ❆✳✱ ❈✳ ❘✐❞❛♦✲❈❛♥♦✱ ❛♥❞ ❈✳ ❙❛❦❡❧❧❛%✐♦✉✿ ✷✵✵✾✱ ❵❆ ◆♦#❡ ♦♥ ❙❝❤♦♦❧✐♥❣ ❛♥❞ ❲❛❣❡

■♥❡]✉❛❧✐#② ✐♥ #❤❡ J✉❜❧✐❝ ❛♥❞ J%✐✈❛#❡ ❙❡❝#♦%✬✳ ❊♠♣✐2✐❝❛❧ ❊❝♦♥♦♠✐❝& ✸✼✭✷✮✱ ✸✽✸✕✸✾✷✳

J❛#%✐♥♦"✱ ❍✳ ❆✳ ❛♥❞ ❈✳ ❙❛❦❡❧❧❛%✐♦✉✿ ✷✵✶✶✱ ❵◗✉❛❧✐#② ♦❢ ❙❝❤♦♦❧✐♥❣✱ ❘❡#✉%♥" #♦ ❙❝❤♦♦❧✐♥❣ ❛♥❞

#❤❡ ✶✾✽✶ ❱♦✉❝❤❡%" ❘❡❢♦%♠ ✐♥ ❈❤✐❧❡✬✳ ❲♦2❧❞ ❉❡✈❡❧♦♣♠❡♥+ ✸✾✭✶✷✮✱ ✷✷✹✺✕✷✷✺✻✳

J❡❦❦❛%✐♥❡♥✱ ❚✳ ❛♥❞ ▼✳ J❡❧❧✐❝❡%✿ ✷✵✶✸✱ ❵❊❞✉❝❛#✐♦♥ ❛♥❞ ❆❧❧♦❝❛#✐♦♥ ♦❢ ❙❦✐❧❧" ✐♥ ❚✉♥✐"✐❛✿ ❊✈✐❞✲

❡♥❝❡ ❢%♦♠ ❛♥ ❊❞✉❝❛#✐♦♥ ❘❡❢♦%♠✬✳ ■❩❆ ❏♦✉2♥❛❧ ♦❢ ▲❛❜♦2 ✫ ❉❡✈❡❧♦♣♠❡♥+ ✷✭✶✮✱ ✶✹✳

J✐"❝❤❦❡✱ ❏✳✲❙✳ ❛♥❞ ❚✳ ✈♦♥ ❲❛❝❤#❡%✿ ✷✵✵✽✱ ❵❩❡%♦ ❘❡#✉%♥" #♦ ❈♦♠♣✉❧"♦%② ❙❝❤♦♦❧✐♥❣ ✐♥ ●❡%✲

♠❛♥②✿ ❊✈✐❞❡♥❝❡ ❛♥❞ ■♥#❡%♣%❡#❛#✐♦♥✬✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝& ❛♥❞ ❙+❛+✐&+✐❝& ✾✵✭✸✮✱

✺✾✷✕✺✾✽✳

J%❛"❛❞✱ ❊✳ ❙✳✿ ✷✵✵✹✱ ❵❚❤❡ ❯♥❜❡❛%❛❜❧❡ ❙#❛❜✐❧✐#② ♦❢ #❤❡ ●❡%♠❛♥ ❲❛❣❡ ❙#%✉❝#✉%❡✿ ❊✈✐❞❡♥❝❡

❛♥❞ ■♥#❡%♣%❡#❛#✐♦♥✬✳ ■▼❋ ❙+❛✛ C❛♣❡2& ✺✶✭✷✮✱ ✸✺✹✕✸✽✺✳

J"❛❝❤❛%♦♣♦✉❧♦"✱ ●✳✿ ✶✾✼✼✱ ❵❯♥❡]✉❛❧ ❆❝❝❡"" #♦ ❊❞✉❝❛#✐♦♥ ❛♥❞ ■♥❝♦♠❡ ❉✐"#%✐❜✉#✐♦♥✬✳ ❉❡

❊❝♦♥♦♠✐&+ ✶✷✺✭✸✮✱ ✸✽✸✕✸✾✷✳

J"❛❝❤❛%♦♣♦✉❧♦"✱ ●✳✿ ✶✾✾✹✱ ❵❘❡#✉%♥" #♦ ■♥✈❡"#♠❡♥# ✐♥ ❊❞✉❝❛#✐♦♥✿ ❆ ●❧♦❜❛❧ ❯♣❞❛#❡✬✳ ❲♦2❧❞

❉❡✈❡❧♦♣♠❡♥+ ✷✷✭✾✮✱ ✶✸✷✺✕✶✸✹✸✳

J✉❤❛♥✐✱ J✳✿ ✷✵✵✵✱ ❵❚❤❡ ❍❡❝❦♠❛♥ ❈♦%%❡❝#✐♦♥ ❢♦% ❙❛♠♣❧❡ ❙❡❧❡❝#✐♦♥ ❛♥❞ ■#" ❈%✐#✐]✉❡✬✳ ❏♦✉2♥❛❧

♦❢ ❊❝♦♥♦♠✐❝ ❙✉2✈❡②& ✶✹✭✶✮✱ ✺✸✕✻✽✳

❘❛♠✱ ❘✳✿ ✶✾✽✶✱ ❵■♥❡]✉❛❧✐#✐❡" ✐♥ ■♥❝♦♠❡ ❛♥❞ ❙❝❤♦♦❧✐♥❣✿ ❆ ❉✐✛❡%❡♥# J♦✐♥# ♦❢ ❱✐❡✇✬✳ ❉❡

❊❝♦♥♦♠✐&+ ✶✷✾✭✷✮✱ ✷✺✸✕✷✻✶✳

❘❛♠✱ ❘✳✿ ✶✾✽✾✱ ❵❈❛♥ ❡❞✉❝❛#✐♦♥❛❧ ❡①♣❛♥"✐♦♥ %❡❞✉❝❡ ✐♥❝♦♠❡ ✐♥❡]✉❛❧✐#② ✐♥ ❧❡""✲❞❡✈❡❧♦♣❡❞ ❝♦✉♥✲

#%✐❡"❄✬✳ ❊❝♦♥♦♠✐❝& ♦❢ ❊❞✉❝❛+✐♦♥ ❘❡✈✐❡✇ ✽✭✷✮✱ ✶✽✺ ✕ ✶✾✺✳

❘❛♠✱ ❘✳✿ ✶✾✾✵✱ ❵❊❞✉❝❛#✐♦♥❛❧ ❊①♣❛♥"✐♦♥ ❛♥❞ ❙❝❤♦♦❧✐♥❣ ■♥❡]✉❛❧✐#②✿ ■♥#❡%♥❛#✐♦♥❛❧ ❊✈✐❞❡♥❝❡

❛♥❞ ❙♦♠❡ ■♠♣❧✐❝❛#✐♦♥"✬✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝& ❛♥❞ ❙+❛+✐&+✐❝& ✼✷✭✷✮✱ ✷✻✻✕✼✹✳

✷✵✾
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