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▲♦✉❣❤❜♦r♦✉❣❤ ❘♦❛❞ ❍♦st❡❧ ▼✉♥✐❝✐♣❛❧ ❘❡❢✉❣❡ ❤♦✉s✐♥❣ ❢♦r ✇♦♠❡♥ ✇✐t❤ ❝❤✐❧❞r❡♥✳

P❛♥❛❤❣❤❛r ❙❤❛♥t✐❣❤❛r ❛♥❞ ❙❤❛r❞❣❤❛r ❈❤❛r✐t❛❜❧❡ ❘❡❢✉❣❡ ❤♦✉s✐♥❣ ❢♦r ❆s✐❛♥ ✇♦♠❡♥ ✇✐t❤ ♦r ✇✐t❤♦✉t ❝❤✐❧❞r❡♥✳

P❡t ❘❡tr❡❛t ❈❤❛r✐t❛❜❧❡ P❡t ❢♦st❡r✐♥❣ ❢♦r ♣❡♦♣❧❡ ✢❡❡✐♥❣ ❞♦♠❡st✐❝ ✈✐♦❧❡♥❝❡✳

❘❡❢✉❣❡ ❈❤❛r✐t❛❜❧❡ ❉♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❤❡❧♣❧✐♥❡✳

❘❡s♣❡❝t ❈❤❛r✐t❛❜❧❡ ❉♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❤❡❧♣❧✐♥❡✱ ❢♦❝✉s✐♥❣ ♦♥ ♠❛❧❡ ✈✐❝t✐♠s ❛♥❞ ♣❡r♣❡tr❛t♦rs✳

❙❛❢❡ Pr♦❥❡❝t ❈❤❛r✐t❛❜❧❡ ❉♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❤❡❧♣❧✐♥❡ ❛♥❞ r❡❢❡rr❛❧s✳

❚❤❡ ❉❛✇♥ ❈❡♥tr❡ ▼✉♥✐❝✐♣❛❧ ❙❤♦rt✲t❡r♠ ❛❝❝♦♠♠♦❞❛t✐♦♥s ❢♦r ❤♦♠❡❧❡ss♥❡ss✳

❚❤❡ ❏❡♥❦✐♥s ❈❡♥tr❡ ▼✉♥✐❝✐♣❛❧ ❈♦✉♥s❡❧✐♥❣ s❡r✈✐❝❡s ❢♦r ♣❡r♣❡tr❛t♦rs✳

❲♦♠❡♥✬s ❆✐❞ ❈❤❛r✐t❛❜❧❡ ❉♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❤❡❧♣❧✐♥❡ ✭♥❛t✐♦♥❛❧✮ ❛♥❞ r❡❢❡rr❛❧s✳

❲♦♠❡♥✬s ❆✐❞ ▲❡✐❝❡st❡rs❤✐r❡ ❈❤❛r✐t❛❜❧❡ ❉♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❤❡❧♣❧✐♥❡ ✭❧♦❝❛❧✮ ❛♥❞ r❡❢❡rr❛❧s✳

◆♦t❡s✿ ❚②♣❡ ♦❢ s❡r✈✐❝❡s r❡❢❡rs t♦ t❤❡ ♣r✐♠❛r② s❡r✈✐❝❡✭s✮ ♣r♦✈✐❞❡❞✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✇❛s t❛❦❡♥ ❢r♦♠ t❤❡ s❡r✈✐❝❡ ♣r♦✈✐❞❡r ✇❡❜s✐t❡ ♦r
♦t❤❡r ❧✐t❡r❛t✉r❡✳ ■t ♠❛② ♥♦t r❡✢❡❝t ❛❧❧ ♣r♦✈✐❞❡❞ s❡r✈✐❝❡s✳ ❚❤❡ ❡♥tr✐❡s r❡✢❡❝t s❡r✈✐❝❡ ♣r♦✈✐s✐♦♥ ✐♥ t❤❡ ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❋♦r❝❡ ❛r❡❛
❢♦r t❤❡ ♣❡r✐♦❞ ◆♦✈❡♠❜❡r ✷✵✶✹ t♦ ❏✉❧② ✷✵✶✺✳

✻



❆♣♣❡♥❞✐① ❇ ❈♦♥❝❡♣t✉❛❧ ❢r❛♠❡✇♦r❦

❇✳✶ ❙❡r✈✐❝❡ ✉s❡ ❛♥❞ ❜❛rr✐❡rs t♦ s❡r✈✐❝❡s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ st②❧✐③❡❞ ❝♦♥❝❡♣t✉❛❧ ❢r❛♠❡✇♦r❦ t♦ ❣✉✐❞❡ ♦✉r t❤✐♥❦✐♥❣ ❛❜♦✉t t❤❡

r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛❝❝❡ss ❜❛rr✐❡rs ❛♥❞ t❤❡ ❝❤♦✐❝❡ ❜❡t✇❡❡♥ ✈❛r✐♦✉s s❡r✈✐❝❡s ❢♦r ✈✐❝t✐♠s ♦❢

❉❱✳

❈♦♥s✐❞❡r ❛ ♠♦❞❡❧ ✐♥ ✇❤✐❝❤ ✐♥❞✐✈✐❞✉❛❧s✱ ❞❡♥♦t❡❞ ❜② i✱ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ♣♦❧✐❝❡ ❛♥❞ ♥♦♥✲

♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ❊❛❝❤ s❡r✈✐❝❡ r❡s✉❧ts ✐♥ ✐♥❞✐✈✐❞✉❛❧✲s♣❡❝✐✜❝ ❜❡♥❡✜ts ❞❡♥♦t❡❞ ❜② pi ≥ 0 ❢r♦♠

t❤❡ ♣♦❧✐❝❡ s❡r✈✐❝❡s ❛♥❞ ni ≥ 0 ❢r♦♠ t❤❡ ♥♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ■❢ ❜♦t❤ s❡r✈✐❝❡s ❛r❡ ❛❝❝❡ss❡❞✱

✐♥❞✐✈✐❞✉❛❧s ❛❧s♦ r❡❝❡✐✈❡ ❛♥ ✐♥❝r❡♠❡♥t❛❧ ❜❡♥❡✜t ♦❢ b✱ ✇❤✐❝❤ ♠❛② ❜❡ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ✭✐✳❡✳✱

s❡r✈✐❝❡s ♠❛② ❜❡ ❝♦♠♣❧❡♠❡♥ts ♦r s✉❜st✐t✉t❡s✮✱ ❜✉t ✇❤✐❝❤ ✐s ❝♦♠♠♦♥ t♦ ❛❧❧ ✉s❡rs✳ ❇❛rr✐❡rs ❛r❡

r❡✢❡❝t❡❞ ❜② ❛ ❝♦♠♣♦s✐t❡ ❝♦st t♦ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ♦❢ ❛❝❝❡ss✐♥❣ ❡❛❝❤ s❡r✈✐❝❡✱ cp ❛♥❞ cn✱ ❝♦♠♠♦♥

t♦ ❛❧❧ ✉s❡rs✳ ❈♦sts ❛♥❞ ❜❡♥❡✜ts ❛r❡ ❛❞❞✐t✐✈❡❧② s❡♣❛r❛❜❧❡✱ ❛♥❞ ✉t✐❧✐t② ✇✐t❤ ♥♦ s❡r✈✐❝❡ ✉s❡ ✐s

♥♦r♠❛❧✐③❡❞ t♦ ✵✳ ❚❤❡ ✉t✐❧✐t② ❢♦r ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✐✱ ❞❡♥♦t❡❞ Ui✱ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

Ui = (pi − cp)× ✶[♣♦❧✐❝❡i] + (ni − cn)× ✶[♥♦♥✲♣♦❧✐❝❡i] + b× ✶[❜♦t❤i] ✭❇✳✶✮

✇❤❡r❡ ✶[·] ✐s ❛♥ ✐♥❞✐❝❛t♦r ❢✉♥❝t✐♦♥ ❡q✉❛❧ t♦ ✶ ✐❢ t❤❡ s❡r✈✐❝❡ ✐♥ t❤❡ ❛r❣✉♠❡♥t ✐s ❛❝❝❡ss❡❞ ❛♥❞

✵ ♦t❤❡r✇✐s❡✳ ■♥❞✐✈✐❞✉❛❧s ❝❤♦♦s❡ t❤❡ s❡r✈✐❝❡ ♦r s❡r✈✐❝❡s t❤❛t ♣r♦✈✐❞❡ t❤❡♠ ✇✐t❤ t❤❡ ❣r❡❛t❡st

✉t✐❧✐t②✳ ■♥ ❋✐❣✉r❡ ❇✳✶✱ ✇❡ ❞❡♣✐❝t s❡r✈✐❝❡ ✉t✐❧✐③❛t✐♦♥ ❛t ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ pi ❛♥❞ ni ✐♥ t❤❡ ❝❛s❡

✇❤❡♥ b ✐s ♣♦s✐t✐✈❡ ✭❇✳✶❛✱ ❇✳✶❜✮ ❛♥❞ ✇❤❡♥ b ✐s ♥❡❣❛t✐✈❡ ✭❇✳✶❝✱ ❇✳✶❞✮✳ ❋✐❣✉r❡s ❇✳✶❛ ❛♥❞ ❇✳✶❝

s❤♦✇ t❤❡ ♣♦ss✐❜❧❡ ♦✉t❝♦♠❡s ❛❜s❡♥t t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳ ❖❜s❡r✈❡❞ ✉s❡ ✇✐t❤✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥

✇✐❧❧ ❞❡♣❡♥❞ ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧s ❛❝r♦ss t❤❡ ♣♦ss✐❜❧❡ ✈❛❧✉❡s pi ❛♥❞ ni✳

❈♦♥s✐❞❡r t❤❡ ❡✛❡❝t ♦❢ ❛♥ ✐♥t❡r✈❡♥t✐♦♥ t❤❛t ✇♦r❦s ❜② ❞❡❝r❡❛s✐♥❣ t❤❡ ❝♦st ♦❢ ❛❝❝❡ss✐♥❣ ♥♦♥✲

♣♦❧✐❝❡ s❡r✈✐❝❡s✱ ✇✐t❤ ♥♦ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦st ♦❢ ❛❝❝❡ss t♦ ♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ❚❤✐s ✐s ❞❡♣✐❝t❡❞ ✐♥

❇✳✶❜ ❛♥❞ ❇✳✶❞ ❜② ❛ ♠♦✈❡♠❡♥t ❢r♦♠ cn t♦ cn′✳ ■♥ ❜♦t❤ ❝❛s❡s✱ b > 0 ❛♥❞ b < 0✱ t❤❡r❡ ✇✐❧❧

✼



❋✐❣✉r❡ ❇✳✶✿ ❆❝❝❡ss ❢r✐❝t✐♦♥s ❛♥❞ s❡r✈✐❝❡ ✉s❡

Only non-police

Only police

Both

Neither

𝑝𝑖

𝑛𝑖𝑐𝑛
𝑐𝑝

✭❛✮ ❲✐t❤♦✉t ✐♥t❡r✈❡♥t✐♦♥✱ b > 0

Only non-police

𝑝𝑖

𝑛𝑖𝑐𝑛′
𝑐𝑝

Only police

Both

Neither 𝑐𝑛A

B

C

✭❜✮ ❲✐t❤ ✐♥t❡r✈❡♥t✐♦♥✱ b > 0

Only police

Only non-police

Both

Neither

𝑝𝑖

𝑛𝑖𝑐𝑛
𝑐𝑝

✭❝✮ ❲✐t❤♦✉t ✐♥t❡r✈❡♥t✐♦♥✱ b < 0

Only police

Only non-police

Both

Neither

𝑝𝑖

𝑛𝑖𝑐𝑛′
𝑐𝑝

A

B

C

𝑐𝑛
✭❞✮ ❲✐t❤ ✐♥t❡r✈❡♥t✐♦♥✱ b < 0

◆♦t❡s✿ ❚❤❡s❡ ✜❣✉r❡s ❛r❡ ❜❛s❡❞ ♦♥ ❡q✉❛t✐♦♥ ✭❇✳✶✮✳

❜❡ ❛♥ ✉♥❛♠❜✐❣✉♦✉s ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✉s❡ ♦❢ ♥♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡s✱ s❤♦✇♥ ❜② ❛r❡❛s ❆✱ ❇✱ ❛♥❞ ❈✳

❍♦✇❡✈❡r✱ t❤❡ ✐♠♣❛❝t ♦♥ t❤❡ ✉s❡ ♦❢ ♣♦❧✐❝❡ s❡r✈✐❝❡s ❞❡♣❡♥❞s ♦♥ t❤❡ s✐❣♥ ♦❢ b✳ ■❢ b ✐s ♣♦s✐t✐✈❡✱

t❤❡♥ t❤❡ ✉s❡ ♦❢ ♣♦❧✐❝❡ s❡r✈✐❝❡s ✇✐❧❧ ✐♥❝r❡❛s❡❀ t❤✐s ✐s ❞✉❡ t♦ ✉s❡rs ✇✐t❤ ♣r❡❢❡r❡♥❝❡s ✐♥ ❛r❡❛ ❇ ♦❢

❋✐❣✉r❡ ❇✳✶❜✳ ■❢ b ✐s ♥❡❣❛t✐✈❡✱ t❤❡♥ t❤❡ ✉s❡ ♦❢ ♣♦❧✐❝❡ s❡r✈✐❝❡s ✇✐❧❧ ❞❡❝r❡❛s❡ r❡❧❛t✐✈❡ t♦ ❜❡❢♦r❡

t❤❡ ✐♥t❡r✈❡♥t✐♦♥❀ t❤✐s ✐s ❞✉❡ t♦ ✉s❡rs ✇✐t❤ ♣r❡❢❡r❡♥❝❡s ✐♥ ❛r❡❛ ❇ ♦❢ ❋✐❣✉r❡ ❇✳✶❞✳ ◆♦t❡ t❤❛t✱

t❤❡ ♦❜s❡r✈❡❞ ✈❛r✐❛t✐♦♥ ✐♥ ♥♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡s ✐s ❛ttr✐❜✉t❛❜❧❡ t♦ ✐♥❞✐✈✐❞✉❛❧s ✇❤♦ ❤❛✈❡ ❛ ✈❛❧✉❡

♦❢ pi t❤❛t ✐s ❧♦✇✱ r❡❧❛t✐✈❡ t♦ ♦t❤❡r s❡r✈✐❝❡ ✉s❡rs✳ ❚❤✐s ❤✐❣❤❧✐❣❤ts t❤❡ ❜❡♥❡✜t ♦❢ ❢♦❝✉s✐♥❣ ♦♥

✽



♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ■♥ ❡①❛♠✐♥✐♥❣ t❤❡ ❞❡♠❛♥❞ ❢♦r ♣♦❧✐❝❡ s❡r✈✐❝❡s✱ ✇❡ ❧❡❛r♥ ❛❜♦✉t t❤❡ s✐❣♥ ♦❢ b✱

r❡✢❡❝t✐♥❣ ✇❤❡t❤❡r t❤❡ t✇♦ t②♣❡s ♦❢ s❡r✈✐❝❡s ❛r❡ ❝♦♠♣❧❡♠❡♥ts ♦r s✉❜st✐t✉t❡s✳

❇✳✷ ❙t❛t❡♠❡♥t ♠❛❦✐♥❣ ❛♥❞ ♣r♦❞✉❝t✐✈✐t② ♦❢ ♣♦❧✐❝❡ s❡r✈✐❝❡s

■♥ ♦✉r ❢r❛♠❡✇♦r❦✱ ✈✐❝t✐♠s ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ ❢♦✉r t②♣❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r st❛t❡♠❡♥t

♠❛❦✐♥❣ r❡s♣♦♥s❡ t♦ tr❡❛t♠❡♥t ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❢❛♠✐❧✐❛r ❧❛❜❡❧ ♦❢ ❝♦♠♣✐❧❡rs ❛♥❞ ❞❡✜❡rs✮✱

❧❛❜❡❧❧❡❞ d ∈ {−1, 0+, 0−, 1}✳ ❆ d = −1 t②♣❡ ♣r♦✈✐❞❡s ❛ st❛t❡♠❡♥t ✐♥ t❤❡ ❝♦♥tr♦❧ ❜✉t ♥♦t ✐♥

t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣✳ ❆ d = 1 t②♣❡ ♣r♦✈✐❞❡s ❛ st❛t❡♠❡♥t ✐♥ t❤❡ tr❡❛t♠❡♥t ❜✉t ♥♦t ✐♥ t❤❡

❝♦♥tr♦❧ ❣r♦✉♣✳ ❆ d = 0+ t②♣❡ ❛❧✇❛②s ♣r♦✈✐❞❡s ❛ st❛t❡♠❡♥t✱ ❛♥❞ d = 0− t②♣❡ ♥❡✈❡r ♣r♦✈✐❞❡s ❛

st❛t❡♠❡♥t✳ ❲❡ ❛ss✉♠❡ t❤❛t ❛✮ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛ ♣❡r♣❡tr❛t♦r ❛rr❡st ✭❝❤❛r❣❡ ♦r s❡♥t❡♥❝✐♥❣✮

✐s ✇❡❛❦❧② ✐♥❝r❡❛s✐♥❣ ✐♥ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✱ ❛♥❞ ❜✮ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✱ t❤❡

✐♥t❡r✈❡♥t✐♦♥ ✐s ✉♥❝♦rr❡❧❛t❡❞ ✇✐t❤ ♣❡r♣❡tr❛t♦r ❛rr❡st ✭❝❤❛r❣❡ ♦r s❡♥t❡♥❝✐♥❣✮✳✶ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣

❜❡t✇❡❡♥ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❛♥❞ ❛ ♣❡r♣❡tr❛t♦r ❛rr❡st ✭✐❣♥♦r✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✮ ❝❛♥ ❜❡ ✇r✐tt❡♥

❛s

Pid(treati) = αd
0 + αd

1Sd(treati) + µid ✭❇✳✷✮

✇❤❡r❡ i ❞❡♥♦t❡s t❤❡ ❝❛s❡ ❛♥❞ d ❞❡♥♦t❡s t❤❡ ✈✐❝t✐♠ t②♣❡✳ Pid✱ ✐s ❛ ❜✐♥❛r② ✐♥❞✐❝❛t♦r ❡q✉❛❧ t♦ ✶ ✐❢

t❤❡ r❡❧❡✈❛♥t ♣✉♥✐t✐✈❡ ❛❝t✐♦♥ ✭❛rr❡st✱ ❝❤❛r❣❡✱ s❡♥t❡♥❝✐♥❣✮ ✐s t❛❦❡♥ ❛❣❛✐♥st t❤❡ ♣❡r♣❡tr❛t♦r✱ ❛♥❞

✵ ♦t❤❡r✇✐s❡✳ Sd ✐s ❛ ❜✐♥❛r② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✶ ♦❢ t❤❡ ✈✐❝t✐♠ ♣r♦✈✐❞❡s ❛ st❛t❡♠❡♥t t♦ ♣♦❧✐❝❡✱

❛♥❞ ✵ ♦t❤❡r✇✐s❡✱ ❛♥❞ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ tr❡❛t♠❡♥t st❛t✉s ❛♥❞ t②♣❡✳ µid r❡✢❡❝ts ✉♥♦❜s❡r✈❡❞

❤❡t❡r♦❣❡♥❡✐t② ✐♥ t❤❡ ♦✉t❝♦♠❡✳ ❋r♦♠ ❛ss✉♠♣t✐♦♥ ❜✮ ❛❜♦✈❡✱ ✇❡ ❦♥♦✇ t❤❛t E(µid|treati, Sd) =

✶❆ss✉♠♣t✐♦♥ ❛✮ ❢♦❧❧♦✇s ❢r♦♠ t❤❡ ❛r❣✉♠❡♥t ✐♥ ❙❡❝t✐♦♥ ✹✳✶ t❤❛t st❛t❡♠❡♥ts ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ✐♥ ❜✉✐❧❞✐♥❣
❛ ❝❛s❡ ❛❣❛✐♥st ❛ ♣❡r♣❡tr❛t♦r✳ ■t r✉❧❡s ♦✉t✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❛t ❛ ❝❛s❡✇♦r❦❡r ❝♦❛❝❤❡s t❤❡ ✈✐❝t✐♠ ✐♥ ❛ ✇❛② t❤❛t
✐♠♣r♦✈❡s t❤❡ st❛t❡♠❡♥t✳ ❆ss✉♠♣t✐♦♥ ❜✮ ❢♦❧❧♦✇s ❢r♦♠ ❛rr❡sts ❜❡✐♥❣ ♠❛❞❡ ♦♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ ❡✈✐❞❡♥❝❡ ♥❡❡❞❡❞
❢♦r t❤❡ ❈P❙ t♦ ♣r❡ss ❝❤❛r❣❡s✳ ❚❤✐s r❡q✉✐r❡s t❤❛t t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✐♥✢✉❡♥❝❡s ❛rr❡st ♦♥❧② t❤r♦✉❣❤ ❛ ✈✐❝t✐♠✬s
st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✳ ❈❛s❡✇♦r❦❡rs ❛r❡ r❡q✉✐r❡❞ ♥♦t t♦ ✐♥t❡r❢❡r❡ ✐♥ t❤❡ st❛t❡♠❡♥t ♠❛❦✐♥❣ ♣r♦❝❡ss ❜❡❝❛✉s❡ t❤❡
❢❛❝ts ♦❢ ❛ ❝❛s❡ ♠✐❣❤t ❜❡ ❞✐st♦rt❡❞ ✐♥ t❤❡ ♣r♦❝❡ss✳
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0✱ tr❡❛t♠❡♥t ❛✛❡❝ts Pid ♦♥❧② t❤r♦✉❣❤ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✳✷ ❚❤❡ ❝♦❡✣❝✐❡♥t αd
1 r❡✢❡❝ts t❤❡

t②♣❡✲s♣❡❝✐✜❝ ❡✛❡❝t ♦❢ st❛t❡♠❡♥ts ♦♥ ♣✉♥✐t✐✈❡ ❛❝t✐♦♥s✳✸ ❋r♦♠ ❛ss✉♠♣t✐♦♥ ❛✮ ❛❜♦✈❡✱ ✇❡ ❦♥♦✇

t❤❛t αd
1 ≥ 0✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t Pid ✐s ❛ ✇❡❛❦❧② ♠♦♥♦t♦♥✐❝✱ ✐♥❝r❡❛s✐♥❣ ❢✉♥❝t✐♦♥ ♦❢ ✈✐❝t✐♠

st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✳

❲❤❡r❡ wd ✐s t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ t②♣❡ d ✈✐❝t✐♠s ✐♥ t❤❡ s❛♠♣❧❡✱ s✉❝❤ t❤❛t w−1+w0− +w0+ +

w1 = 1✱ t❤❡ ■❚❚ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡q✉❛t✐♦♥ ✭❇✳✷✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

E(P (1))− E(P (0)) = (α1
1 − α−1

1 )w1 + α−1
1 (w1 − w−1) ✭❇✳✸✮

◆♦t✐❝❡ t❤❛t w1−w−1 ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❛s❡s ❢♦r ✇❤✐❝❤ ❛ st❛t❡♠❡♥t ✐s ♣r♦✈✐❞❡❞

❞✉❡ t♦ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳ ■♥ ♦t❤❡r ✇♦r❞s✱ w1 − w−1 = γ1 ❢r♦♠ ❡q✉❛t✐♦♥ ✭✶✮ ✐♥ t❤❡ ♠❛✐♥ t❡①t

✇❤❡♥ t❤❡ ♦✉t❝♦♠❡ ✐s st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✳ α1
1 − α−1

1 ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t

♦❢ ❛ st❛t❡♠❡♥t ♦♥ yid ❜❡t✇❡❡♥ d = 1 ❛♥❞ d = −1 t②♣❡s✳

❚❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✷ s✉❣❣❡st t❤❛t w1 − w−1 < 0✳ ●✐✈❡♥ t❤❛t αd
1 ≥ 0✱ ✐❢

E(P (1)) − E(P (0)) = 0✱ ✐t ❢♦❧❧♦✇s t❤❛t ❡✐t❤❡r α1
1 − α−1

1 > 0✱ ♦r αd
1 = 0 ❢♦r d = {−1, 1}✳

❚❤❛t ✐s✱ ❡✐t❤❡r st❛t❡♠❡♥ts ❤❛✈❡ ♥♦ ❡✛❡❝t ♦♥ ♣✉♥✐t✐✈❡ ❛❝t✐♦♥s ❢♦r t❤❡ d = {−1, 1} t②♣❡s✱ ♦r

st❛t❡♠❡♥ts ❤❛✈❡ ❛ ❣r❡❛t❡r ❡✛❡❝t ❢♦r t❤❡ d = 1 t②♣❡s t❤❛♥ ❢♦r t❤❡ d = −1 t②♣❡s✳

❇✳✸ ❆ ❝♦♦❧✐♥❣ ♦✛ ♣❡r✐♦❞ ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ ❤②♣♦t❤❡s✐s

■♥ t❤❡ ♠❛✐♥ t❡①t ♦❢ t❤✐s ❛rt✐❝❧❡✱ ✇❡ ♣r♦♣♦s❡ t❤❛t t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❧❡❞ ✈✐❝t✐♠s ♦❢ ❉❱ t♦

s✉❜st✐t✉t❡ ❛✇❛② ❢r♦♠ ✉s✐♥❣ ♣♦❧✐❝❡ s❡r✈✐❝❡s ❛♥❞ t♦✇❛r❞ ✉s✐♥❣ ♥♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ❍♦✇❡✈❡r✱ ❛

♠♦❞❡❧ ♦❢ t✐♠❡ ✐♥❝♦♥s✐st❡♥t ♣r❡❢❡r❡♥❝❡s ✭❚■P✮ ♠✐❣❤t ❛❧t❡r♥❛t✐✈❡❧② ❛❧s♦ r❛t✐♦♥❛❧✐③❡ t❤❡ r❡s✉❧ts

r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❍❡r❡ ✇❡ ❜r✐❡✢② ❡①♣❧❛✐♥ ❛♥❞ t❡st t❤✐s ❛❧t❡r♥❛t✐✈❡ r❛t✐♦♥❛❧✐③❛t✐♦♥✳ ❲❡

❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ❞❛t❛ ❞♦ ♥♦t s✉♣♣♦rt t❤✐s ❛❧t❡r♥❛t✐✈❡ t❤❡♦r②✳

✷❚❤✐s r✉❧❡s ♦✉t✱ ❢♦r ❡①❛♠♣❧❡✱ ❝❛s❡✇♦r❦❡rs ❞✐r❡❝t❧② ✐♥✢✉❡♥❝✐♥❣ t❤❡ ❞❡❝✐s✐♦♥ ♦❢ ♣♦❧✐❝❡ t♦ ♠❛❦❡ ❛♥ ❛rr❡st✳
✸■t ✐s t❡♠♣t✐♥❣ t♦ ✉s❡ treati ❛s ❛♥ ✐♥str✉♠❡♥t ❢♦r st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥ ✐♥ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥✳ ❍♦✇❡✈❡r✱

t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❜♦t❤ d = 1 t②♣❡ ♦r d = −1 t②♣❡s ♠❡❛♥s t❤❛t ✇❡ ❝❛♥♥♦t ❛ss✉♠❡ ♠♦♥♦t♦♥✐❝✐t②✳
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❉✉r✐♥❣ t❤❡✐r ✐♥✐t✐❛❧ ♣❤♦♥❡ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ❝❛s❡✇♦r❦❡r✱ s♦♠❡ ✈✐❝t✐♠s ❝❤♦♦s❡ t♦ s❝❤❡❞✉❧❡

❛ ❢❛❝❡✲t♦✲❢❛❝❡ ✈✐s✐t ❢♦r ❢✉rt❤❡r ❛ss✐st❛♥❝❡ ✭✶✷✼ tr❡❛t♠❡♥t ❣r♦✉♣ ✈✐❝t✐♠s ❛❧t♦❣❡t❤❡r✮✳ ❚❤✐s

♠❡❡t✐♥❣ ♦❢t❡♥ t❛❦❡s ♣❧❛❝❡ s❡✈❡r❛❧ ❞❛②s ❛❢t❡r t❤❡ ♣❤♦♥❡ ❝❛❧❧ ✭s❡❡ ❚❛❜❧❡ ❇✳✶✮✳ ■❢ ✈✐❝t✐♠s ♣✉t✲♦✛

♠❛❦✐♥❣ ❛ st❛t❡♠❡♥t ✉♥t✐❧ t❤❡ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣✱ t❤❡ ♣❛ss❛❣❡ ♦❢ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♣❤♦♥❡

❝❛❧❧ ❛♥❞ t❤❡ ♠❡❡t✐♥❣ ♠❛② ❝r❡❛t❡ ❛ ✏❝♦♦❧✐♥❣ ♦✛✑ ♣❡r✐♦❞✱ ❞❡❝r❡❛s✐♥❣ t❤❡ ✇✐❧❧✐♥❣♥❡ss ♦❢ ✈✐❝t✐♠s

t♦ ♣r♦✈✐❞❡ ❛ st❛t❡♠❡♥t✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ q✉❛❧✐t❛t✐✈❡ ✜♥❞✐♥❣s ✐♥ ❋♦r❞ ✭✶✾✽✸✮ ✇❤♦

❧♦♦❦s ❛t t❤❡ ❡✛❡❝t ♦❢ ❥✉❞✐❝✐❛❧❧② ✐♠♣♦s❡❞ ❝♦♦❧✐♥❣ ♦✛ ♣❡r✐♦❞s ✐♥ ❞♦♠❡st✐❝ ✈✐♦❧❡♥❝❡ ❝❛s❡s✳ ❚❤✐s

s✉❣❣❡sts t❤❛t t❤❡ ❞❡❝r❡❛s❡ ✐♥ st❛t❡♠❡♥ts ♠❛② ❜❡ ❞r✐✈❡♥ ❜② t✐♠❡ ❚■P✱ s✐♠✐❧❛r t♦ ❆✐③❡r ❛♥❞

❉❛❧ ❇♦ ✭✷✵✵✾✮✳

❲❡ ♣r♦♣♦s❡ t✇♦ t❡sts ♦❢ ❚■P ✉s✐♥❣ ♦✉r ❞❛t❛✳ ❋✐rst✱ ✐❢ ❚■P ✐s ❞r✐✈✐♥❣ t❤❡ ❝❤❛♥❣❡ ✐♥

st❛t❡♠❡♥ts✱ ✇❡ ❡①♣❡❝t t♦ s❡❡ ❛ ♥❡❣❛t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ❜❡t✇❡❡♥ t❤❡

❝♦♦❧✐♥❣ ♦✛ ♣❡r✐♦❞ ✭t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♣❤♦♥❡ ❝❛❧❧ ❛♥❞ t❤❡ ♠❡❡t✐♥❣✮ ❛♥❞ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥✳ ■♥

❚❛❜❧❡ ❇✳✶✱ ✇❡ r❡♣♦rt t❤❡ ❢r❡q✉❡♥❝② ♦❢ st❛t❡♠❡♥ts ❝♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ❜❡t✇❡❡♥

t❤❡ ✐♥✐t✐❛❧ ✐♥❝✐❞❡♥t ❛♥❞ t❤❡ ♠❡❡t✐♥❣ ✇✐t❤ t❤❡ ❝❛s❡✇♦r❦❡r✳✹ ❲❡ ❢❛✐❧ t♦ r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s

t❤❛t t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ st❛t❡♠❡♥ts ♦❜s❡r✈❡❞ ✐♥ ❝♦❧✉♠♥s ✭✶✮ t♦ ✭✻✮ ❛r❡ st❛t✐st✐❝❛❧❧② ❡q✉✐✈❛❧❡♥t

✭❋✲t❡st ❂ ✵✳✹✻✵✱ p❂✵✳✽✵✸✮✱ s✉❣❣❡st✐♥❣ st❛t❡♠❡♥t ♣r♦❜❛❜✐❧✐t② ❞♦❡s ♥♦t ✈❛r② ✇✐t❤ ♠❡❡t✐♥❣

t✐♠❡s✳ ❲❡ ❛❧s♦ ❢❛✐❧ t♦ r❡❥❡❝t t❤❛t t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ st❛t❡♠❡♥ts ❢♦r ✶✲❞❛② ♠❡❡t✐♥❣s ❛♥❞ ✹✕✼

❞❛② ♠❡❡t✐♥❣s✱ t❤❡ ❧❡♥❣t❤s ♦❢ t✐♠❡ ✇✐t❤ t❤❡ ♠♦st ♦❜s❡r✈❛t✐♦♥s✱ ❛r❡ ❡q✉✐✈❛❧❡♥t ✭❋✲t❡st ❂ ✶✳✹✶✵✱

p❂✵✳✷✸✼✮✳ ■❢ ❛♥②t❤✐♥❣✱ ✇❡ s❡❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ st❛t❡♠❡♥t ♠❛❦✐♥❣ ❛t ✹✕✼ ❞❛②s

r❡❧❛t✐✈❡ t♦ ✶✲❞❛②✳

❲❡ ❝❛♥ ❛❧s♦ ❝❤❡❝❦✱ ❛♠♦♥❣ ✈✐❝t✐♠s ✇❤♦ ♠❛❦❡ st❛t❡♠❡♥ts✱ ✐❢ s❝❤❡❞✉❧✐♥❣ ❧❛t❡r ❢❛❝❡✲t♦✲❢❛❝❡

♠❡❡t✐♥❣s ♠❡❛♥s t❤❡✐r st❛t❡♠❡♥t ✐s ♠❛❞❡ ❧❛t❡r✳ ■❢ t❤✐s ✐s tr✉❡✱ ✇❡ ❡①♣❡❝t t♦ s❡❡ ❛ ♣♦s✐t✐✈❡

❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t✐♠❡ t♦ st❛t❡♠❡♥ts ❛♥❞ t✐♠❡ t♦ ♠❡❡t✐♥❣✳ ■♥ ❋✐❣✉r❡ ❇✳✷ ✇❡ ♣❧♦t✖❢♦r

✈✐❝t✐♠s ✇❤♦ ❜♦t❤ ❤❛❞ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ✈✐s✐t ❛♥❞ ♠❛❞❡ ❛ st❛t❡♠❡♥t✺✖t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥

✹❆❧❧ ❡st✐♠❛t❡s ❛r❡ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❜❡✐♥❣ ✐♥ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ❛♥❞ ❤❛✈✐♥❣ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣✳
✺❚❤✐s r❡s✉❧ts ✐♥ ❛ s❛♠♣❧❡ ♦❢ ✸✺ ♦❜s❡r✈❛t✐♦♥s✱ s♦ r❡s✉❧ts s❤♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ✇✐t❤ ❝❛✉t✐♦♥✳

✶✶



t✐♠❡ t♦ st❛t❡♠❡♥t ❛♥❞ t✐♠❡ t♦ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣✳ ❚❤✐s s❤♦✇s ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ♣♦s✐t✐✈❡

❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✐♠✐♥❣ ♦❢ ♠❡❡t✐♥❣s ❛♥❞ t❤❡ t✐♠✐♥❣ ♦❢ st❛t❡♠❡♥ts✳ ❆ ❧✐♥❡❛r r❡❣r❡ss✐♦♥

✭s♦❧✐❞ r❡❞ ❧✐♥❡✮ s✉❣❣❡sts t❤❛t t✐♠❡ t♦ st❛t❡♠❡♥t ✐s ✐♥❝r❡❛s✐♥❣ ✇✐t❤ t✐♠❡ t♦ ♠❡❡t✐♥❣✳ ❍♦✇❡✈❡r✱

✇❤❡♥ ❛ s✐♥❣❧❡ ♦✉t❧②✐♥❣ ♦❜s❡r✈❛t✐♦♥ ✐s r❡♠♦✈❡❞✱ t❤❡r❡ ✐s ♥♦ ❝❧❡❛r r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♠❡❡t✐♥❣

❛♥❞ st❛t❡♠❡♥t t✐♠✐♥❣ ✭❞❛s❤❡❞ r❡❞ ❧✐♥❡✮✳

❚❛❜❧❡ ❇✳✶✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥ ❛♥❞ t✐♠❡ ✉♥t✐❧ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣

❉❛②s ❢r♦♠ ✐♥t✐❛❧ ✐♥❝✐❞❡♥t†

✶ ✷ ✸ ✹ t♦ ✼ ✽ t♦ ✷✶ >✷✶ ❆❧❧

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮

❙t❛t❡♠❡♥t ♣r♦✈✐❞❡❞ ✵✳✷✸✸ ✵✳✸✵✽ ✵✳✷✺✵ ✵✳✸✹✾ ✵✳✶✻✼ ✵✳✷✺✵ ✵✳✷✼✻

✭✵✳✵✻✾✮ ✭✵✳✶✷✻✮ ✭✵✳✶✸✶✮ ✭✵✳✵✻✾✮ ✭✵✳✶✸✶✮ ✭✵✳✷✷✻✮ ✭✵✳✵✹✵✮

◆ ✹✸ ✶✸ ✶✷ ✹✸ ✶✷ ✹ ✶✷✼

❋✲st❛t ✵✳✹✻✵

✭❈♦❧✉♠♥s ✶✕✻ ❡q✉❛❧✮ ❬✵✳✽✵✸❪

❋✲st❛t ✶✳✹✶✵
✭❈♦❧✉♠♥s ✶ ❛♥❞ ✹ ❡q✉❛❧✮ ❬✵✳✷✸✼❪

◆♦t❡s✿ ❚❤✐s t❛❜❧❡ r❡♣♦rts t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❛s❡s ❢♦r ✇❤✐❝❤ ❛ st❛t❡♠❡♥t ✐s ♣r♦✈✐❞❡❞ ❝♦♥❞✐t✐♦♥❛❧
♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ ✐♥✐t✐❛❧ ❝❛❧❧♦✉t ❛♥❞ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣ ✇✐t❤ ❛ ❝❛s❡✇♦r❦❡r✳ ❉❛t❛
r❡✢❡❝t tr❡❛t♠❡♥t ❣r♦✉♣ s✉❜❥❡❝ts ✇❤♦ s❝❤❡❞✉❧❡❞ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣ ✇✐t❤ ❛ ❝❛s❡✇♦r❦❡r✳ ❙t❛♥❞❛r❞
❡rr♦rs r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✱ p✲✈❛❧✉❡s ❢♦r ❋✲t❡sts r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts✳
† ◆✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ t❤❡ ✐♥✐t✐❛❧ ✐♥❝✐❞❡♥t ❛♥❞ t❤❡ ❢❛❝❡✲t♦✲❢❛❝❡ ♠❡❡t✐♥❣ ✇✐t❤ t❤❡ ❝❛s❡✇♦r❦❡r✳

✶✷



❋✐❣✉r❡ ❇✳✷✿ ❚✐♠❡ t♦ st❛t❡♠❡♥t ❛♥❞ t✐♠❡ t♦ ❢❛❝❡✲t♦✲❢❛❝❡

◆♦t❡s✿ ❚❤✐s ✜❣✉r❡ s❤♦✇s ❛ ♣❧♦t ♦❢ ❞❛②s ✭❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ❝❛❧❧♦✉t✮ t♦ t❤❡ ❢❛❝❡✲t♦✲❢❛❝❡ ✈✐s✐t ❛❣❛✐♥st
❞❛②s ✉♥t✐❧ ❛ st❛t❡♠❡♥t ✐s ♣r♦✈✐❞❡❞✳ P♦✐♥ts r❡♣r❡s❡♥t ✐♥❞✐✈✐❞✉❛❧ ♦❜s❡r✈❛t✐♦♥s❀ s♦♠❡ ♣♦✐♥ts ❝❛♣t✉r❡
♠✉❧t✐♣❧❡ ♦❜s❡r✈❛t✐♦♥ ✇✐t❤ t❤❡ s❛♠❡ ✈❛❧✉❡✳ ❖♥❧② ❝❛s❡s ✐♥ ✇❤✐❝❤ ❜♦t❤ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ✈✐s✐t ❛♥❞ ❛
st❛t❡♠❡♥t ❛r❡ r❡♣♦rt❡❞✳ ❙♦❧✐❞ ❧✐♥❡ s❤♦✇s ❧✐♥❡❛r ✜t ♦❢ ❛❧❧ ♣♦✐♥ts✱ ❞❛s❤❡❞ ❧✐♥❡ s❤♦✇s ❧✐♥❡❛r ✜t r❡♠♦✈✐♥❣
♦♥❡ ♦❜s❡r✈❛t✐♦♥ ❛t ♣♦✐♥t ✭✽ t♦ ✷✶✱ ✻✶✮✳

❆♣♣❡♥❞✐① ❈ ■♥t❡r♥❛❧ ❘❡✈✐❡✇ ❇♦❛r❞ ❛♣♣r♦✈❛❧

❚❤❡ r❡s❡❛r❝❤ ♣r♦t♦❝♦❧ ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✇❛s r❡✈✐❡✇❡❞ ❛♥❞ ❛♣♣r♦✈❡❞ ❜② t❤❡

❘❡s❡❛r❝❤ ❊t❤✐❝s ❈♦♠♠✐tt❡❡ ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ▲❡✐❝❡st❡r ✉♥❞❡r ❛♣♣❧✐❝❛t✐♦♥ ♥✉♠❜❡r ♠❦✸✸✷✲

✺❡✸❡ ❛♥❞ ❤❛s ❜❡❡♥ r❡❣✐st❡r❡❞ ✇✐t❤ t❤❡ ❆❊❆ ❘❈❚ ❘❡❣✐str② ♥✉♠❜❡r ❆❊❆❘❈❚❘✲✵✵✵✵✺✸✼✳

❚❤❡ ♣r♦t♦❝♦❧ ❤❛s ❛❧s♦ ❜❡❡♥ r❡✈✐❡✇❡❞ ❛♥❞ ❛♣♣r♦✈❡❞ ❜② ❛♥ ✐♥t❡r♥❛❧ r❡✈✐❡✇ ❜♦❛r❞ ♦❢ t❤❡ ▲❡✲

✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❋♦r❝❡✳ ❆s t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✇❛s r✉♥ ❜② t❤❡ ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❋♦r❝❡✱ ♥♦

✐♥❢♦r♠❡❞ ❝♦♥s❡♥t ✇❛s r❡q✉✐r❡❞ ❢r♦♠ ✐♥❞✐✈✐❞✉❛❧s ✐♥ t❤❡ s✉❜❥❡❝t ♣♦♦❧ r❡❣❛r❞✐♥❣ t❤❡✐r ♣❛rt✐❝✐♣❛✲

t✐♦♥✳ ❚❤❡ ■❘❇s ❛❧s♦ ❛❣r❡❡❞ t❤❛t t❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ ❛♥♦♥②♠✐③❡❞ ❞❛t❛ ❢r♦♠ ♣♦❧✐❝❡ ❛❞♠✐♥✐str❛t✐✈❡

r❡❝♦r❞s ✭▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❉❛t❛❜❛s❡ ❛♥❞ t❤❡ P♦❧✐❝❡ ◆❛t✐♦♥❛❧ ❉❛t❛❜❛s❡✮ ✇♦✉❧❞ t❤❡r❡❢♦r❡

♥♦t r❡q✉✐r❡ ✐♥❢♦r♠❡❞ ❝♦♥s❡♥t✳ ❈♦❧❧❡❝t✐♦♥ ♦❢ t❤❡ ❱✐❝t✐♠ ❙✉r✈❡② ❞❛t❛ ✇❛s ❝♦♠♣❧❡t❡❞ ❜② t❤❡

▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ■♥❢♦r♠❛t✐♦♥ ❙❡r✈✐❝❡s ❯♥✐t ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ tr✐❛❧✳ ❯s✐♥❣ ❛ ♣♦❧✐❝❡

✶✸



❡♠❜❡❞❞❡❞ s✉r✈❡② t❡❛♠ ❡♥s✉r❡❞ t❤❛t ♥♦ s❡♥s✐t✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ✇❛s s❤❛r❡❞ ✇✐t❤ t❤❡ ❡①t❡r♥❛❧

✉♥✐✈❡rs✐t② r❡s❡❛r❝❤❡rs ❛♥❞ t❤❛t ❛❧❧ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ✈✐❝t✐♠s ✇❡r❡ t❤r♦✉❣❤ ❛ t❡❛♠ ♠❡♠❜❡r

tr❛✐♥❡❞ ✐♥ ❞❡❛❧✐♥❣ ✇✐t❤ ✈✐❝t✐♠s ♦❢ ❞♦♠❡st✐❝ ❛❜✉s❡✳ ❙✉r✈❡② t❡❛♠ ♠❡♠❜❡rs ❢♦❧❧♦✇❡❞ ❛ ❞❡❞✐❝❛t❡❞

s❛❢❡t② ♣r♦t♦❝♦❧ ❞✉r✐♥❣ t❤❡ ✐♥t❡r✈✐❡✇✱ ❛ ❝♦♥❞✐t✐♦♥ s❡t ❜② t❤❡ ■❘❇s✳ ❚❤❡ ♣r♦t♦❝♦❧ r❡q✉✐r❡❞ t❤❛t✿

❼ ❱✐❝t✐♠s ✇❡r❡ ♦♥❧② ❝♦♥t❛❝t❡❞ ❜② ♣❤♦♥❡ ✉s✐♥❣ t❤❡ s❛❢❡ ♥✉♠❜❡r ♣r♦✈✐❞❡❞ t♦ ♣♦❧✐❝❡ ❞✉r✐♥❣

t❤❡ ✐♥✐t✐❛❧ ❝❛❧❧♦✉t✳

❼ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♣❤♦♥❡ ❝❛❧❧✱ t❤❡ ✐♥t❡r✈✐❡✇❡r ❡st❛❜❧✐s❤❡❞ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡

✈✐❝t✐♠✱ ❡♥s✉r❡❞ t❤❛t t❤❡ ✈✐❝t✐♠ ❝♦✉❧❞ t❛❧❦ s❛❢❡❧② ❛♥❞ t❤❛t t❤❡ ♣❡r♣❡tr❛t♦r ✇❛s ♥♦t

♣r❡s❡♥t✳

❼ ■♥ ❝❛s❡ t❤❡ ♣❤♦♥❡ ❝❛❧❧ ✇❛s ✐♥t❡rr✉♣t❡❞ ♦r ✐♥ ❝❛s❡ ❛ ✈✐❝t✐♠ ✐♥❞✐❝❛t❡❞ ❛♥ ✐♠♠✐♥❡♥t t❤r❡❛t✱

t❤❡ ❝❛❧❧ ❤❛♥❞❧❡r r❡q✉❡st❡❞ ♣♦❧✐❝❡ ♦✣❝❡rs t♦ ❛tt❡♥❞ t❤❡ ❧♦❝❛t✐♦♥ ❛s ❛♥ ❡♠❡r❣❡♥❝② t♦

❡♥s✉r❡ t❤❡ s❛❢❡t② ♦❢ t❤❡ ✈✐❝t✐♠✳

❆s t❤❡ ✈✐❝t✐♠ s✉r✈❡② ✇❛s ♥♦t ♣❛rt ♦❢ t❤❡ r❡❣✉❧❛r ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ♦❢ t❤❡ ♣♦❧✐❝❡ ❢♦r❝❡✱

✐♥❢♦r♠❡❞ ❝♦♥s❡♥t ✇❛s r❡q✉✐r❡❞ ❢r♦♠ ❛❧❧ ♣❛rt✐❝✐♣❛♥ts ✐♥ t❤❡ s✉r✈❡② ❜② t❤❡ ■❘❇s✳ ❚❤❡ ■❘❇s

❛❣r❡❡❞ t❤❛t ✇r✐tt❡♥ ❝♦♥s❡♥t ✇❛s ♥♦t ❛♣♣r♦♣r✐❛t❡✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ r✐s❦ ♦❢ ✈✐❝t✐♠s ✐♥

❝❛s❡ ❛♥② ✇r✐tt❡♥ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇❛s ✐♥t❡r❝❡♣t❡❞ ❜② t❤❡ ♣❡r♣❡tr❛t♦r✳ ■♥st❡❛❞✱ ✐t ✇❛s ❛❣r❡❡❞

t♦ ✐♥❢♦r♠ ♣❛rt✐❝✐♣❛♥ts ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♣❤♦♥❡ ❝❛❧❧ ❛♥❞ ❛s❦ ❢♦r t❤❡✐r ❝♦♥s❡♥t ❢♦r t❤❡

❞❛t❛ t♦ ❜❡ ✉s❡❞ ✐♥ t❤❡ r❡s❡❛r❝❤ ♣r♦❥❡❝t✳ ❚♦ t❤✐s ❡✛❡❝t✱ t❤❡ ✐♥t❡r✈✐❡✇❡r r❡❛❞ t❤❡ ❢♦❧❧♦✇✐♥❣

t❡①t ♣r✐♦r t♦ ❛s❦✐♥❣ t❤❡ s✉r✈❡② q✉❡st✐♦♥s✿

❲✐t❤ ②♦✉r ♣❡r♠✐ss✐♦♥✱ ②♦✉r r❡s♣♦♥s❡s ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ②♦✉r ❝❛s❡ ✇✐❧❧ ❜❡

st♦r❡❞ ❛♥❞ s❤❛r❡❞ ✇✐t❤ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ▲❡✐❝❡st❡r ❢♦r r❡s❡❛r❝❤ ♣✉r♣♦s❡s✳ ❨♦✉r

♥❛♠❡✱ ♣❡rs♦♥❛❧ ❝♦♥t❛❝t ❞❡t❛✐❧s ❛♥❞ ❛♥② ♦t❤❡r ✐❞❡♥t✐❢②✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ✇✐❧❧ ♥♦t ❜❡

s❤❛r❡❞ ❛♥❞ ✇✐❧❧ ❜❡ tr❡❛t❡❞ ✐♥ t❤❡ str✐❝t❡st ❝♦♥✜❞❡♥❝❡✳

❚❤❡ ❣♦❛❧ ♦❢ t❤❡ r❡s❡❛r❝❤ ✐s t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ ♣♦❧✐❝❡ r❡s♣♦♥s❡ t♦ ❞♦♠❡st✐❝ ❞✐st✉r✲

❜❛♥❝❡s ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞✳

✶✹



P❛rt✐❝✐♣❛t✐♦♥ ✐♥ t❤✐s s✉r✈❡② ✐s ✈♦❧✉♥t❛r②✳ ❨♦✉ ❛r❡ ❛❧❧♦✇❡❞ t♦ r❡❢✉s❡ t♦ ❛♥s✇❡r

❛♥② q✉❡st✐♦♥s✱ ♦r st♦♣ t❤❡ s✉r✈❡② ❛t ❛♥② t✐♠❡✳

■❢ ②♦✉ ❤❛✈❡ ❛♥② s♣❡❝✐✜❝ q✉❡st✐♦♥s ■ ✇♦✉❧❞ ❜❡ ❤❛♣♣② t♦ ♣r♦✈✐❞❡ ②♦✉ ✇✐t❤ ❝♦♥t❛❝t

✐♥❢♦r♠❛t✐♦♥✳

❆r❡ ②♦✉ ❤❛♣♣② ❢♦r ♠❡ t♦ ❝♦♥t✐♥✉❡ ✇✐t❤ t❤❡ s✉r✈❡②❄

❚❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ■❘❇ ❛❧s♦ r❡str✐❝t❡❞ t❤❡ t②♣❡s ♦❢ q✉❡st✐♦♥s t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡

s✉r✈❡②✱ ❛s s♦♠❡ t♦♣✐❝s ✇❡r❡ ♣❡r❝❡✐✈❡❞ t♦ ♣♦t❡♥t✐❛❧❧② ❝❛✉s❡ ✉♥♥❡❝❡ss❛r② ❞✐str❡ss t♦ t❤❡ ✈✐❝t✐♠✳

❋♦r ❡①❛♠♣❧❡✱ t❤❡ r❡s❡❛r❝❤ t❡❛♠ ✇❛s ❛s❦❡❞ t♦ ❡①❝❧✉❞❡ q✉❡st✐♦♥s t❤❛t ✇♦✉❧❞ r❡q✉✐r❡ ✈✐❝t✐♠s t♦

r❡❝❛❧❧ s♣❡❝✐✜❝ ❞❡t❛✐❧s ❛❜♦✉t ❡✈❡♥ts ♦❢ ❤♦✉s❡❤♦❧❞ ✈✐♦❧❡♥❝❡✱ ♦r t♦ ♣r♦✈✐❞❡ ❞❡t❛✐❧s ♦❢ ❛♥② ✈✐♦❧❡♥❝❡

t❤❛t ♠❛② ❤❛✈❡ t❛❦❡♥ ♣❧❛❝❡ s✐♥❝❡ t❤❡ ✐♥✐t✐❛❧ ✐♥❝✐❞❡♥t✳ ❲❡ ❛❧s♦ ❡①❝❧✉❞❡❞ ❛♥② ❞✐r❡❝t q✉❡st✐♦♥s

❛❜♦✉t t❤❡ s❛❢❡t② ♦r ✇❡❧❧✲❜❡✐♥❣ ♦❢ ❝❤✐❧❞r❡♥ ✐♥ t❤❡ ❤♦✉s❡❤♦❧❞ ✉♣♦♥ r❡q✉❡st ❜② t❤❡ ■❘❇s✳

✶✺



❆♣♣❡♥❞✐① ❉ ❆❞♠✐♥✐str❛t✐✈❡ ❞❛t❛

❉✳✶ ❈♦❧❧❡❝t✐♦♥ ♦❢ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛

❚❤❡ ♣r✐♠❛r② ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛ ✇❛s ❝♦❧❧❡❝t❡❞ ❢r♦♠ t✇♦ ♣♦❧✐❝❡ ❞❛t❛❜❛s❡s✳ ❚❤❡ ✜rst ✐s ❦♥♦✇♥

❛s t❤❡ ❈r✐♠❡ ■♥❢♦r♠❛t✐♦♥ ❙②st❡♠ ✭❈■❙✮✱ ✇❤✐❝❤ st♦r❡s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛❧❧ ❧♦❝❛❧ ❝r✐♠❡s

❤❛♥❞❧❡❞ ❜② ▲❡✐❝❡st❡rs❤✐r❡ ♣♦❧✐❝❡✳✻ ❚❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ ❞❛t❛ ✇❛s ✉♥❞❡rt❛❦❡♥ ❜② t❤❡ ❡✈❛❧✉❛t✐♦♥

t❡❛♠ ❛♥❞ r❡s❡❛r❝❤ ❛ss✐st❛♥ts ❤✐r❡❞ ❢♦r t❤✐s t❛s❦✳ ❚❤❡ s❡❝♦♥❞ ✐s t❤❡ P♦❧✐❝❡ ◆❛t✐♦♥❛❧ ❉❛t❛❜❛s❡

✭P◆❉✮✱ ✇❤✐❝❤ ❤♦❧❞s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❝❛s❡s ❛♥❞ ❝r✐♠✐♥❛❧ ❝♦♥✈✐❝t✐♦♥s ❜② t❤❡ ❝♦✉rts✱ ❢♦r ❛❧❧

❝❛s❡s ✐♥ t❤❡ ❯❑✳ ❆s ❛❝❝❡ss t♦ t❤❡ P◆❉ ✐s ❤✐❣❤❧② r❡str✐❝t❡❞✱ ❡✈❡♥ ✇✐t❤✐♥ t❤❡ ♣♦❧✐❝❡ ❢♦r❝❡✱

✐♥❢♦r♠❛t✐♦♥ ✇❛s ❝♦❧❧❡❝t❡❞ ❜② ❛ s♣❡❝✐❛❧❧② tr❛✐♥❡❞ ❛♥❞ ❧✐❝❡♥s❡❞ ♣♦❧✐❝❡ ♦✣❝❡r ❢♦r ✇❤♦♠ ❡✈❡r②

❛❝❝❡ss t♦ t❤❡ P◆❉ ✇❛s ❛✉t❤♦r✐③❡❞ ❢♦r t❤❡ r❡s❡❛r❝❤ ♣r♦❥❡❝t✳

❆❧❧ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ t♦♦❦ ♣❧❛❝❡ ♦♥✲s✐t❡ ❛t ❛ ❧❛r❣❡ ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ st❛t✐♦♥✳ ❖♥❧②

❛♥♦♥②♠✐③❡❞ ❛♥❞ ✈❡tt❡❞ ❞❛t❛ ✇❛s ♣❡r♠✐tt❡❞ t♦ ❜❡ r❡♠♦✈❡❞ ❢r♦♠ ▲❡✐❝❡st❡rs❤✐r❡ ♣♦❧✐❝❡✳ ❚❤❡

✉♥✐q✉❡ ❝r✐♠❡ r❡❢❡r❡♥❝❡ ♥✉♠❜❡r ✇❛s r❡♣❧❛❝❡❞ ❜② ❛ r❡s❡❛r❝❤❡r✲❣❡♥❡r❛t❡❞ ■❉✱ ✇✐t❤ t❤❡ ❦❡② ❧✐♥❦✲

✐♥❣ ❝r✐♠❡ r❡❢❡r❡♥❝❡ ♥✉♠❜❡rs ❛♥❞ ■❉ st♦r❡❞ ✇✐t❤ ▲❡✐❝❡st❡rs❤✐r❡ ♣♦❧✐❝❡✳ ❚❤✐s ❡♥s✉r❡❞ t❤❛t

t❤❡ r❡s❡❛r❝❤❡rs ❝♦✉❧❞ ❧✐♥❦ ❢✉t✉r❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦❧❧❡❝t❡❞ t♦ t❤❡ ✈❡tt❡❞ ❞❛t❛✱ ❜✉t ✈❡tt❡❞ ❞❛t❛

❝♦✉❧❞ ♥♦t ❜❡ ❧✐♥❦❡❞ ❜❛❝❦ t♦ s♣❡❝✐✜❝ ❝❛s❡s ✇✐t❤♦✉t t❤❡ ❦❡②✳ ❆❢t❡r t❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ✇❛s

❝♦♠♣❧❡t❡❞✱ t❤❡ ❞❛t❛s❡t ✇❛s ✈❡tt❡❞ ❜② ❛ s❡♥✐♦r ♦✣❝❡r t♦ ♠❛❦❡ s✉r❡ ♥♦ ✐❞❡♥t✐❢②✐♥❣ ✐♥❢♦r♠❛t✐♦♥

✇❛s ♣r❡s❡♥t✳ ❉❛t❛ ✇❛s t❤❡♥ tr❛♥s❢❡rr❡❞ t♦ t❤❡ r❡s❡❛r❝❤❡rs ✈✐❛ ❛ s❡❝✉r❡ ❞❛t❛ tr❛♥s❢❡r✳

❈♦❧❧❡❝t✐♦♥ ♦❢ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛ ❢r♦♠ t❤❡ ❈■❙ ❛♥❞ P◆❉ s②st❡♠s t♦♦❦ ♣❧❛❝❡ ❜❡t✇❡❡♥

❜❡t✇❡❡♥ ◆♦✈❡♠❜❡r ✷✵✶✹ ❛♥❞ ❏✉❧② ✷✵✶✼ ✐♥ t❤r❡❡ st❛❣❡s✳ ❚❤❡ ✜rst st❛❣❡ t♦♦❦ ♣❧❛❝❡ ❞✉r✐♥❣ t❤❡

r✉♥♥✐♥❣ ♦❢ t❤❡ r❛♥❞♦♠✐③❡❞✲❝♦♥tr♦❧❧❡❞ tr✐❛❧ ✭◆♦✈❡♠❜❡r ✷✵✶✹✕❆♣r✐❧ ✷✵✶✺✮✳ ■♥ t❤✐s st❛❣❡✱ ✇❡

❣❛t❤❡r❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ s♦❝✐♦✲❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ✈✐❝t✐♠s✱ ♣❡r♣❡tr❛t♦rs ❛♥❞

t❤❡ ❝❤✐❧❞r❡♥ ✐♥ t❤❡ ❤♦✉s❡❤♦❧❞✱ t❤❡ ❞❛t❡ ❛♥❞ ❞❡t❛✐❧s r❡❧❛t✐♥❣ t♦ t❤❡ ✐♥✐t✐❛❧ ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥t✱

✻❉❛t❛ st♦r❛❣❡ ❛♥❞ ❛❝❝❡ss ✇❛s r❡♣❧❛❝❡❞ ❜② t❤❡ ◆✐❝❤❡❘▼❙✸✻✺ ♣♦❧✐❝❡ r❡❝♦r❞s ♠❛♥❛❣❡♠❡♥t s②st❡♠ ❛t t❤❡
❡♥❞ ♦❢ ❆♣r✐❧ ✷✵✶✺✳
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❛♥❞ t❤❡ ❤✐st♦r② ♦❢ ♣♦❧✐❝❡ ✐♥❝✐❞❡♥ts ❢♦r ✈✐❝t✐♠s ❛♥❞ ♣❡r♣❡tr❛t♦rs✳ ❋♦r ✈✐❝t✐♠s ✇❤♦ r❡❝❡✐✈❡❞

tr❡❛t♠❡♥t✱ ❞❡t❛✐❧s ❛❜♦✉t t❤❡✐r ❡♥❣❛❣❡♠❡♥t ✐♥ t❤❡ ♣r♦❣r❛♠♠❡ ✇❤❡r❡ ❛❧s♦ r❡❝♦r❞❡❞ ❢r♦♠ t❤❡

❤❛r❞✲❝♦♣✐❡s ♦❢ ❡❛❝❤ ❝❛s❡✇♦r❦❡r✬s ❡♥❣❛❣❡♠❡♥t r❡❝♦r❞s✳

❚❤❡ s❡❝♦♥❞ st❛❣❡ ♦❢ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ✐♥✈♦❧✈❡❞ r❡t✉r♥✐♥❣ t♦ t❤❡ ❞❛t❛ ❛t ✶✷ ♠♦♥t❤ ❛♥❞ ✷✹

♠♦♥t❤s ❛❢t❡r t❤❡ ❧❛st ✐♥❝✐❞❡♥t ✭✐♥ ❏✉♥❡ ✷✵✶✻ ❛♥❞ ❏✉♥❡ ✷✵✶✼✮ t♦ ❝♦❧❧❡❝t ✐♥❢♦r♠❛t✐♦♥ ♦♥ ✇❤❡t❤❡r

t❤❡ ✈✐❝t✐♠ ✇❛s ✐♥✈♦❧✈❡❞ ✐♥ ❢✉rt❤❡r ♣♦❧✐❝❡ ✐♥❝✐❞❡♥ts ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ r❡♣♦rt ✇❛s ✜❧❡❞✱ ❛s ✇❡❧❧

❛s ♦♥ t❤❡ ❛❝t✐♦♥ t❛❦❡♥ ❜② t❤❡ ♣♦❧✐❝❡ ❛♥❞ t❤❡ ❉❆❙❍ r✐s❦ ❛ss❡ss♠❡♥t ❢♦r t❤❡ ✜rst ✜✈❡ r❡❝♦r❞❡❞

✐♥❝✐❞❡♥ts✳

■♥ t❤❡ t❤✐r❞ st❛❣❡✱ ✇❡ ❝♦❧❧❡❝t❡❞ ❞❛t❛ ❢r♦♠ t❤❡ P♦❧✐❝❡ ◆❛t✐♦♥❛❧ ❉❛t❛❜❛s❡ ✭P◆❉✮✳ ❲❡

❝♦❧❧❡❝t❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ✇❤❡t❤❡r ❛ ♣❡r♣❡tr❛t♦r ✇❛s ❛rr❡st❡❞ ❜② ♣♦❧✐❝❡ ❞✉r✐♥❣ ♦r ❢♦❧❧♦✇✐♥❣ ❛

❉❱ ✐♥❝✐❞❡♥t✱ ✇❤❡t❤❡r ❛ ♣❡r♣❡tr❛t♦r ✇❛s ❝❤❛r❣❡❞ ❜② t❤❡ ❈P❙✱ ❛♥❞ ✇❤❡t❤❡r ❛ ♣❡r♣❡tr❛t♦r ✇❛s

s❡♥t❡♥❝❡❞ ✐♥ ❝♦✉rt ✭❛♥❞ t❤❡ ❞❡t❛✐❧s ♦❢ s❡♥t❡♥❝✐♥❣✮✳ ❲❡ ❛❝❝❡ss❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♣r♦s❡❝✉t✐♦♥

❛♥❞ ❝♦✉rt ♦✉t❝♦♠❡ ❢♦r ♣❡r♣❡tr❛t♦rs ❢♦r ✉♣ t♦ ✷✹ ♠♦♥t❤s ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ ✐♥❝✐❞❡♥t t♦ ❛❧❧♦✇ ❢♦r

❝r✐♠✐♥❛❧ ❥✉st✐❝❡ ♣r♦❝❡❡❞✐♥❣s t♦ ❜❡ ❝♦♠♣❧❡t❡❞✳ ❲❡ ❧✐♥❦❡❞ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❞✐✛❡r❡♥t

❞❛t❛❜❛s❡s ❜② ❝r✐♠❡ r❡❢❡r❡♥❝❡ ♥✉♠❜❡r✱ ❛♥❞ ❝r♦ss✲❝❤❡❝❦❡❞ t❤❡ ❧✐♥❦ t❤r♦✉❣❤ t❤❡ ❞❛t❡ ♦❢ t❤❡

✐♥❝✐❞❡♥t✳

❆❞❞✐t✐♦♥❛❧❧②✱ ✐♥❢♦r♠❛t✐♦♥ ✇❛s ❛❧s♦ t❛❦❡♥ ❢r♦♠ t❤❡ ❞❡t❛✐❧❡❞ r❡♣♦rts ❝♦♠♣❧❡t❡❞ ❜② t❤❡ ♣r♦✲

❣r❛♠♠❡✬s ❝❛s❡✇♦r❦❡rs✳ ❚❤❡s❡ r❡♣♦rts ✇❡r❡ ✜❧❧❡❞ ♦✉t ❜② ❤❛♥❞ ❛♥❞ st♦r❡❞ ❛s ❤❛r❞ ❝♦♣✐❡s✳ ❚❤❡

✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡s❡ s❤❡❡ts ✐♥❝❧✉❞❡s ❞❡t❛✐❧s ❛❜♦✉t t❤❡ ❧❡✈❡❧ ♦❢ ❡♥❣❛❣❡♠❡♥t ❛♥❞ s❡r✈✐❝❡s ❛❝✲

❝❡ss❡❞ ❜② s✉❜❥❡❝ts✳ ❖❢ ❝♦✉rs❡✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ♦♥❧② ❛✈❛✐❧❛❜❧❡ ❢♦r s✉❜❥❡❝ts ✐♥ t❤❡ tr❡❛t♠❡♥t

❣r♦✉♣ ✇❤♦ ❡♥❣❛❣❡❞ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳
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❆♣♣❡♥❞✐① ❊ ❙✉r✈❡② ❞❛t❛

■♥ t❤✐s ❛♣♣❡♥❞✐① s❡❝t✐♦♥✱ ✇❡ ♦✉t❧✐♥❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ ♦✉r s✉r✈❡② ❞❛t❛ ❛♥❞ ♣r♦✈✐❞❡

❛♥❛❧②s✐s ♦❢ t❤❡ s✉r✈❡② ❜❛❧❛♥❝❡✱ ❛♥❞ r❡♣r❡s❡♥t❛t✐✈❡♥❡ss ♦❢ t❤❡ s✉r✈❡② s❛♠♣❧❡ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦

t❤❡ ❢✉❧❧ s❛♠♣❧❡ ♣♦♦❧ ♦❢ ❝❛s❡s✳ ❚❤❡ ❢✉❧❧ s❡t ♦❢ s✉r✈❡② q✉❡st✐♦♥s ❛♥❞ ✐♥str✉❝t✐♦♥s ❛r❡ ✐♥❝❧✉❞❡❞

✐♥ ❆♣♣❡♥❞✐① ❍✳

❊✳✶ ❈♦❧❧❡❝t✐♦♥ ♦❢ t❤❡ s✉r✈❡② ❞❛t❛

❚❤❡ ♦♥❡✲♠♦♥t❤ ✈✐❝t✐♠ s✉r✈❡② ✇❛s ❛❞♠✐♥✐st❡r❡❞ ❜② t❤❡ ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❙❡r✈✐❝❡ ■♠♣r♦✈❡✲

♠❡♥t ❉❡♣❛rt♠❡♥t ✭❙■❉✮✳ ❚❤❡ ❞❡♣❛rt♠❡♥t ✐♥❝❧✉❞❡s ❛ s✉r✈❡② ❞✐✈✐s✐♦♥ ✇✐t❤ ❡①t❡♥s✐✈❡ ❡①♣❡r✐✲

❡♥❝❡ ✐♥ ❝♦❧❧❡❝t✐♥❣ ❞❛t❛ ❢r♦♠ ✈✐❝t✐♠s ♦❢ ❞♦♠❡st✐❝ ❛❜✉s❡✳ ❚❤❡ ❞❛t❛ ✇❛s ❝♦❧❧❡❝t❡❞ ✈✐❛ t❡❧❡♣❤♦♥❡

s✉r✈❡② ❢r♦♠ ✈✐❝t✐♠s ✐♥ ❜♦t❤ t❤❡ tr❡❛t♠❡♥t ❛♥❞ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ❙■❉ t❡❛♠ s✉r✈❡②♦rs ✇❡r❡

❜❧✐♥❞ t♦ tr❡❛t♠❡♥t st❛t✉s✳

❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❡❛❝❤ ♠♦♥t❤✱ t❤❡ ❙■❉ t❡❛♠ ✇❛s ♣r♦✈✐❞❡❞ ✇✐t❤ ❝r✐♠❡ r❡❢❡r❡♥❝❡ ♥✉♠❜❡rs

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❝❛s❡s ❛❞❞❡❞ t♦ t❤❡ s✉❜❥❡❝t ♣♦♦❧ ✐♥ t❤❡ ♣r❡✈✐♦✉s ♠♦♥t❤✳ ❋r♦♠ t❤❡s❡ ❝❛s❡s✱

t❤❡ ❙■❉ t❡❛♠ r❛♥❞♦♠❧② s❛♠♣❧❡❞ ✷✺✪ ♦❢ ❝❛s❡s t♦ ❜❡ s✉r✈❡②❡❞✳ ❈♦♠♣❧❡t❡❞ s✉r✈❡②s ✇❡r❡

r❡t✉r♥❡❞ t♦ ♦✉r r❡s❡❛r❝❤ t❡❛♠ ♠❛♥❛❣❡r ❢♦r t❤❡ ♣♦❧✐❝❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥✱ ✇❤♦ ✉s❡❞ t❤❡ ❝r✐♠❡

r❡❢❡r❡♥❝❡ ♥✉♠❜❡r t♦ ♠❡r❣❡ s✉r✈❡② r❡s♣♦♥s❡s ✇✐t❤ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛✳

❚❤❡ s✉r✈❡② ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ t❤❡ s❛❢❡t② ♦❢ ✈✐❝t✐♠s ❜❡✐♥❣ ♦❢ t❤❡ ✉t♠♦st ♣r✐♦r✐t② ✇❤❡♥

❡st❛❜❧✐s❤✐♥❣ ❝♦♥t❛❝t ❛♥❞ ❝♦♠♣❧❡t✐♥❣ t❤❡ s✉r✈❡② ♦✈❡r t❤❡ ♣❤♦♥❡✳ ❖♥❧② ✈✐❝t✐♠s ✇❤♦ s✉♣♣❧✐❡❞

♣♦❧✐❝❡ ♦✣❝❡rs ✇✐t❤ ❛ s❛❢❡ t❡❧❡♣❤♦♥❡ ♥✉♠❜❡r ✇❡r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣♦♦❧ ❢r♦♠ ✇❤✐❝❤ t❤❡ s✉r✈❡②

s❛♠♣❧❡ ✇❛s ❞r❛✇♥✳ ❯♣♦♥ ❝♦♥t❛❝t✱ t❤❡ ✐♥t❡r✈✐❡✇❡r ❛s❦❡❞ ❢♦r t❤❡ ♥❛♠❡ ♦❢ t❤❡ ♣❡rs♦♥ ❛♥s✇❡r✐♥❣

t❤❡ ♣❤♦♥❡✳ ■❢ ❛ ♣❡rs♦♥ ♦t❤❡r t❤❛♥ t❤❡ ✈✐❝t✐♠ ❛♥s✇❡r❡❞ t❤❡ t❡❧❡♣❤♦♥❡✱ t❤❡ ✐♥t❡r✈✐❡✇❡r s❛✐❞

t❤❛t t❤❡② ✇❡r❡ ❝❛❧❧✐♥❣ t♦ ❝♦♥❞✉❝t ❛ ❝✉st♦♠❡r s✉r✈❡② ❛♥❞ ✇♦✉❧❞ tr② ❛❣❛✐♥ ❧❛t❡r✱ ✇✐t❤♦✉t

✐❞❡♥t✐❢②✐♥❣ t❤❡♠s❡❧✈❡s ❛s ♣♦❧✐❝❡ st❛✛✳ ■❢ t❤❡ ✈✐❝t✐♠ ❛♥s✇❡r❡❞ t❤❡ ♣❤♦♥❡✱ ✐♥t❡r✈✐❡✇❡rs ❛s❦❡❞ ✐❢

t❤❡r❡ ✇❛s ❛♥② ♣♦ss✐❜✐❧✐t② t❤❛t t❤❡ ❝❛❧❧ ❝♦✉❧❞ ❜❡ ♦✈❡r❤❡❛r❞ ❜② t❤❡ ♣❡rs♦♥ ✇❤♦ ❝❛✉s❡❞ t❤❡ ❤❛r♠❀

✶✽



✐♥ s✉❝❤ ❛ ❝❛s❡✱ t❤❡② ✇♦✉❧❞ ❛rr❛♥❣❡ ❢♦r t❤❡ s✉r✈❡② t♦ ❜❡ ❝♦♠♣❧❡t❡❞ ❛t ❛♥♦t❤❡r t✐♠❡✳ ❇❡❢♦r❡

st❛rt✐♥❣ t❤❡ s✉r✈❡②✱ ✐♥t❡r✈✐❡✇❡rs ✇♦✉❧❞ ✜rst ❡st❛❜❧✐s❤ t❤❡ ♣r❡❝✐s❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r✈✐❡✇❡❡✳

■♥ ❝❛s❡ t❤❡ ❝❛❧❧ ✇❛s ✐♥t❡rr✉♣t❡❞ ❢♦r ❛♥② r❡❛s♦♥✱ ❛ ♣♦❧✐❝❡ r❡s♣♦♥s❡ ❝❛r ✇♦✉❧❞ ❜❡ s❡♥t t♦ t❤✐s

❧♦❝❛t✐♦♥ t♦ ❡st❛❜❧✐s❤ ✇❤❡t❤❡r t❤❡ ✐♥t❡r✈✐❡✇❡❡ ✇❛s s❛❢❡✳ ❚❤❡r❡ ✇❡r❡ ♥♦ s✉❝❤ ✐♥t❡rr✉♣t❡❞ ❝❛❧❧s

✐♥ t❤❡ s✉r✈❡②✐♥❣ ❞♦♥❡ ❢♦r t❤✐s ♣r♦❥❡❝t✳

❚❤❡ ❝♦♥❞✐t✐♦♥s ❢♦r t❤✐s ♣r♦❥❡❝t s❡t ♦✉t ❜② t❤❡ ✐♥st✐t✉t✐♦♥❛❧ r❡✈✐❡✇ ❜♦❛r❞s✱ ❛♥❞ ▲❡✐❝❡st❡r✲

s❤✐r❡ P♦❧✐❝❡ ✐♥ ❛ ❉❛t❛ Pr♦❝❡ss✐♥❣ ❆❣r❡❡♠❡♥t✱ st❛t❡ t❤❛t ♦♥❧② s✉r✈❡② ❞❛t❛ ❢♦r ✇❤✐❝❤ ✐♥❢♦r♠❡❞

❝♦♥s❡♥t ✇❛s ♣r♦✈✐❞❡❞ ❝♦✉❧❞ ❜❡ ❧✐♥❦❡❞ t♦ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛ ❢♦r t❤❡ ♣✉r♣♦s❡s ♦❢ t❤✐s ♣r♦❥❡❝t✳

■♥ ♣r❛❝t✐❝❡✱ t❤✐s ♠❡❛♥s ✇❡ ❛r❡ r❡str✐❝t❡❞ t♦ t❤❡ s✉r✈❡② ✐♥❢♦r♠❛t✐♦♥ ❢♦r r❡s♣♦♥❞❡♥ts ✇❤♦ ❛♥✲

s✇❡r❡❞ ✏❨❡s✑ t♦ ◗✽ ♦♥ t❤❡ s✉r✈❡② ✭❆♣♣❡♥❞✐① ❍✮✳ ❆s ❛ r❡s✉❧t✱ ✇❡ ❛r❡ ✉♥❛❜❧❡ t♦ ❡✈❛❧✉❛t❡ t❤❡

❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ✈✐❝t✐♠s ✇❤♦ ✇❤❡r❡ s✉r✈❡②❡❞✱ ❜✉t ❡✐t❤❡r ✇❤❡r❡ ✉♥❛❜❧❡ t♦ ❜❡ ❝♦♥t❛❝t❡❞ ♦r✱

❞✐❞ ♥♦t ❝♦♥s❡♥t t♦ ♣❛rt✐❝✐♣❛t✐♥❣ ✐♥ t❤❡ s✉r✈❡②✳

❊✳✷ ❙✉r✈❡② ❜❛❧❛♥❝❡ ❛♥❞ r❡♣r❡s❡♥t❛t✐✈❡♥❡ss

❙✉r✈❡② ♣❛rt✐❝✐♣❛t✐♦♥ ✐s ✈♦❧✉♥t❛r②✱ ❛♥❞ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❛ s✉r✈❡② r❡s❡❛r❝❤❡r ❜❡✐♥❣ ❛❜❧❡ t♦ ❡st❛❜✲

❧✐s❤ ❝♦♥t❛❝t✳ ❍❡r❡ ✇❡ ❛❞❞r❡ss ❝♦♥❝❡r♥s ❛❜♦✉t ♥♦♥✲r❛♥❞♦♠ s❡❧❡❝t✐♦♥ ✐♥t♦ t❤❡ s✉r✈❡② ❛♥❞ t❤❡

✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ♦✉r ❡st✐♠❛t❡s✳ ❆s ❛ r❡♠✐♥❞❡r✱ ✐♥ t❤✐s ❛♥❛❧②s✐s ✇❡ ❛r❡ ♦♥❧② ❛❜❧❡ t♦ ♦❜s❡r✈❡

s✉r✈❡② ♦✉t❝♦♠❡s✱ ✐♥❝❧✉❞✐♥❣ ✐♥❝❧✉s✐♦♥ ✐♥ t❤❡ s✉r✈❡② s❛♠♣❧❡✱ ❢♦r ✈✐❝t✐♠s ✇❤♦ ♣r♦✈✐❞❡❞ ❝♦♥s❡♥t

t♦ ❜❡✐♥❣ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s✉r✈❡②✳ ❲❡ ✇✐❧❧ r❡❢❡r t♦ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ❛s t❤❡ s✉r✈❡②❡❞ ❣r♦✉♣✳

❚❤❡ ✜rst ❝♦♥❝❡r♥ ✇✐t❤ t❤✐s t②♣❡ ♦❢ st✉❞② ✐s t❤❛t tr❡❛t♠❡♥t ♠❛② ❛✛❡❝t s✉r✈❡② ♣❛rt✐❝✐♣❛t✐♦♥✱

❣✐✈✐♥❣ r✐s❡ t♦ ♥♦♥✲r❛♥❞♦♠ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ t②♣❡ ❛❞❞r❡ss❡❞ ✐♥ ▲❡❡ ✭✶✾✾✺✮✳ ❋♦r ❡①❛♠♣❧❡✱ ✐t

✐s r❡❛s♦♥❛❜❧❡ t♦ ❜❡ ❝♦♥❝❡r♥❡❞ t❤❛t tr❡❛t♠❡♥t ❧❡❛❞s t♦ ✈✐❝t✐♠s ❢❡❡❧✐♥❣ ♠♦r❡ ❡♥❣❛❣❡❞ ✇✐t❤

t❤❡ ♣♦❧✐❝❡ ❛♥❞ t❤❡r❡❢♦r❡ ♠♦r❡ ✇✐❧❧✐♥❣ t♦ ♣❛rt✐❝✐♣❛t❡ ✐♥ t❤❡ s✉r✈❡②✳ ■❢ t❤✐s ✐s t❤❡ ❝❛s❡✱ ✇❡

❡①♣❡❝t t♦ s❡❡ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ♦✈❡r✲r❡♣r❡s❡♥t❡❞ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ❝♦♠♣❧❡t❡❞

s✉r✈❡②s✳ ❚❤❡ s✉r✈❡②❡❞ s❛♠♣❧❡ ❝♦♥s✐sts ♦❢ ✷✶✹ ♦❜s❡r✈❛t✐♦♥s ✭✷✶✳✸✪ ♦❢ t❤❡ t♦t❛❧ s❛♠♣❧❡✮✱ ✶✵✺

✐♥ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ✭✷✵✳✻✪ ♦❢ t♦t❛❧ tr❡❛t♠❡♥t✮ ❛♥❞ ✶✵✾ ✐♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭✷✶✳✸✪ ♦❢
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t♦t❛❧ ❝♦♥tr♦❧✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧s ✐♥ t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧

❣r♦✉♣s ✇❤♦ ❝♦♠♣❧❡t❡❞ t❤❡ s✉r✈❡② ✐s s♠❛❧❧ ❛♥❞ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭p =✵✳✻✾✽✮✳ ❲❡

❛❧s♦ ❝♦♠♣❛r❡ st❛ts ❛❜♦✉t s✉r✈❡② ❝♦♠♣❧❡t✐♦♥ ❛❝r♦ss t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ❚❤❡

♥✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ t❤❡ ✐♥✐t✐❛❧ ❝❛❧❧♦✉t ❛♥❞ t❤❡ s✉r✈❡② ❢♦r t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ✭✸✽✳✸

❞❛②s✮ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣ ✭✸✽✳✻ ❞❛②s✮ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ✭p =✵✳✾✵✻✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡

✐♥ t✐♠❡ s♣❡♥t ❝♦♠♣❧❡t✐♥❣ t❤❡ s✉r✈❡②✱ ✶✸✳✶ ♠✐♥✉t❡s ❢♦r t❤❡ tr❡❛t♠❡♥t ❛♥❞ ✶✸✳✽ ♠✐♥✉t❡s ❢♦r

t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✱ ✐s ❛❧s♦ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭p =✵✳✺✻✻✮✳ ❚❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t❤❡

t✇♦ ❣r♦✉♣s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ r❛♥❞♦♠ s❛♠♣❧✐♥❣ ❢r♦♠ t❤❡ ♣♦♦❧ ♦❢ st✉❞② ❝❛s❡s ❛♥❞ s❡❧❡❝t✐♦♥

✐♥t♦ t❤❡ s✉r✈❡② ❜❡✐♥❣ ✉♥❝♦rr❡❧❛t❡❞ ✇✐t❤ tr❡❛t♠❡♥t st❛t✉s✳

❲❡ ❛❧s♦ ❧♦♦❦ ❛t ❜❛❧❛♥❝❡ ❛❝r♦ss ♣r❡✲tr❡❛t♠❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r t❤❡ s✉r✈❡②❡❞ tr❡❛t♠❡♥t

❛♥❞ ❝♦♥tr♦❧✳ ■♥ ❚❛❜❧❡ ❊✳✶ ✇❡ r❡♣♦rt✱ ❢♦r t❤❡ s✉r✈❡②❡❞ ❝❛s❡s ♦♥❧②✱ ♠❡❛♥ ✈❛❧✉❡s ❢♦r ✈✐❝t✐♠✱

♣❡r♣❡tr❛t♦r ❛♥❞ ❤♦✉s❡❤♦❧❞ ❝❤❛r❛❝t❡r✐st✐❝s ❜② tr❡❛t♠❡♥t st❛t✉s✳ ❲❡ ✜♥❞ t❤❛t t❤❡ s✉r✈❡② s❛♠✲

♣❧❡ ✐s ❜❛❧❛♥❝❡❞ ❛❝r♦ss tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❢♦r ♠❛♥② ❞✐✛❡r❡♥t ♣r❡✲tr❡❛t♠❡♥t ❝❤❛r❛❝t❡r✐st✐❝s✳

❚❤❡ ♦♥❧② ✈❛r✐❛❜❧❡s t❤❛t ❝♦♠❡ ✉♣ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❛❝r♦ss t❤❡ t✇♦ ❣r♦✉♣s ✭❛t ✺✪✮ ❛r❡ r❛❝❡

♦❢ t❤❡ ♣❡r♣❡tr❛t♦r✱ ❛♥❞ ❛♥ ✐♥❞✐❝❛t♦r ❢♦r t❤❡ s❛♠❡ ♣❡r♣❡tr❛t♦r ✐♥ t❤❡ ✈✐❝t✐♠✬s ✜rst r❡♣♦rt❡❞

❞♦♠❡st✐❝ ✐♥❝✐❞❡♥t✳ ❲❡ ❢✉rt❤❡r t❡st t❤❡ ❜❛❧❛♥❝✐♥❣ ♣r♦♣❡rt✐❡s ❜② r❡❣r❡ss✐♥❣ tr❡❛t♠❡♥t st❛t✉s

♦♥ ❛❧❧ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✳ ■♠♣♦rt❛♥t❧②✱ t❤❡ ❋✲st❛t ❢♦r ❥♦✐♥t s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s

❞♦❡s ♥♦t ❛❧❧♦✇ ✉s t♦ r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣ ❛r❡

❜❛❧❛♥❝❡❞ ✭♣❂✵✳✹✵✽✮✳

❆ s❡❝♦♥❞ ❝♦♥❝❡r♥ ✐s t❤❛t✱ ❛❧t❤♦✉❣❤ ❜❛❧❛♥❝❡❞ ❛❝r♦ss tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧✱ t❤❡ s✉r✈❡②❡❞

❝❛s❡s ♠❛② ♥♦t ❜❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❛❧❧ ❝❛s❡s ✐♥ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛✳ ■❢ t❤✐s ✐s t❤❡ ❝❛s❡✱ t❤❡

tr❡❛t♠❡♥t ❡✛❡❝t t❤❛t ✇❡ ❡st✐♠❛t❡ ❢r♦♠ t❤❡ s✉r✈❡② ♦✉t❝♦♠❡s ♠❛② ♦✈❡r✲ ♦r ✉♥❞❡r✲r❡♣r❡s❡♥t

t❤❡ ■❚❚ t❤❛t ✇❡ ✇♦✉❧❞ ❣❡t ❢♦r t❤❡ ♦✉t❝♦♠❡s ❢r♦♠ t❤❡ ❢✉❧❧ ❞❛t❛s❡t✳ ❚♦ ❡①♣❧♦r❡ t❤✐s✱ ✇❡

✜rst ❝♦♠♣❛r❡ t❤❡ ♠❡❛♥ ♣r❡✲tr❡❛t♠❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝❛s❡s ✐♥ t❤❡ ❢✉❧❧ ❞❛t❛s❡t t♦ t❤❡ s❛♠❡

❝❤❛r❛❝t❡r✐st✐❝s ❢♦r ❝❛s❡s ❢♦r ✇❤✐❝❤ ✇❡ ❤❛✈❡ ❛ ❝♦♠♣❧❡t❡❞ s✉r✈❡② ✭❚❛❜❧❡ ❊✳✷✮✳ ❆ ♥✉♠❜❡r ♦❢

❝❤❛r❛❝t❡r✐st✐❝s ❞✐✛❡r ❛❝r♦ss t❤❡ t✇♦ ❣r♦✉♣s ✭❈♦❧✉♠♥ ✸✮✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✈✐❝t✐♠s ✐♥ t❤❡ s✉r✈❡②❡❞

✷✵



❝❛s❡s ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ ❜❡ ❢❡♠❛❧❡✱ ❤❛✈❡ ❢❡✇❡r t♦t❛❧ r❡❝♦r❞❡❞ ❝❛s❡s ♦❢ ❞♦♠❡st✐❝ ✈✐♦❧❡♥❝❡

✭❛❧t❤♦✉❣❤ t❤❡ ♥✉♠❜❡r ✐♥ t❤❡ ♣r❡✈✐♦✉s ②❡❛r ✐s t❤❡ s❛♠❡✮✱ ❛♥❞ ❛r❡ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❧✐❦❡❧② t♦

❜❡ ❧✐✈✐♥❣ ✇✐t❤ t❤❡ ♣❡r♣❡tr❛t♦r✳ ❲❡ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡ t❤✐s ❜② r❡❣r❡ss✐♥❣ ❛♥ ✐♥❞✐❝❛t♦r ❞✉♠♠②✱

❡q✉❛❧ t♦ ✶ ✐❢ t❤❡ ♦❜s❡r✈❛t✐♦♥ ❤❛s ❛ ❝♦♠♣❧❡t❡❞ s✉r✈❡② ❛♥❞ ✵ ♦t❤❡r✇✐s❡✱ ♦♥ t❤❡ ♣r❡✲tr❡❛t♠❡♥t

❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤✐s r❡❣r❡ss✐♦♥ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❝♦❧✉♠♥ ✭✹✮ ♦❢ ❚❛❜❧❡ ❊✳✷✳

❚❤❡ ♥✉♠❜❡r ♦❢ ♣r❡✈✐♦✉s ❞♦♠❡st✐❝ ❝❛s❡s ❛♥❞ ❝♦❤❛❜✐t❛t✐♦♥ st❛t✉s r❡♠❛✐♥ s✐❣♥✐✜❝❛♥t ♣r❡❞✐❝t♦rs

♦❢ ❛ ❝♦♠♣❧❡t❡❞ s✉r✈❡② ✭t❤❡ r❡❣r❡ss✐♦♥ ❋✲st❛t ✐s ✶✳✷✶✱ ♣❂✵✳✵✾✹✮✳

✷✶



❚❛❜❧❡ ❊✳✶✿ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ❛♥❞ ❜❛❧❛♥❝❡✱ s✉r✈❡②❡❞ s❛♠♣❧❡

❈♦♥tr♦❧ ❚r❡❛t♠❡♥t ❉✐✛❡r❡♥❝❡ ◆

❆✳ ❱✐❝t✐♠ ❝❤❛r❛❝t❡r✐st✐❝s

❋❡♠❛❧❡ ✵✳✽✾ ✵✳✾✹✸ ✵✳✵✺✸ ✷✶✹
✭✵✳✸✶✹✮ ✭✵✳✷✸✸✮ ✭✵✳✵✸✽✮

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

❲❤✐t❡ ✵✳✽✾ ✵✳✽✷✾ ✲✵✳✵✻✶ ✷✵✾
✭✵✳✸✶✹✮ ✭✵✳✸✼✾✮ ✭✵✳✵✹✽✮

❉♦♠❡st✐❝ ❝❛s❡s ✭✸✻✺ ❞❛②s✮ ✷✳✺✶✹ ✷✳✷✻✼ ✲✵✳✷✹✼ ✷✶✹
✭✶✳✺✵✼✮ ✭✶✳✸✷✺✮ ✭✵✳✶✾✹✮

❘❡❣✐st❡r❡❞ ❞♦♠❡st✐❝ ❝❛s❡s ✽✳✾✶✼ ✶✶✳✶✾✵ ✷✳✷✼✸ ✷✶✹
✭✼✳✾✼✺✮ ✭✶✶✳✺✽✵✮ ✭✶✳✸✻✹✮

❘✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ ✶✳✷✵✷ ✶✳✷✻✼ ✵✳✵✻✺ ✷✵✶
✭✵✳✺✾✵✮ ✭✵✳✻✽✸✮ ✭✵✳✵✽✼✮

❇✳ P❡r♣❡tr❛t♦r ❝❤❛r❛❝t❡r✐st✐❝s

❋❡♠❛❧❡ ✵✳✶✷✽ ✵✳✵✽✻ ✲✵✳✵✹✷ ✷✶✹
✭✵✳✸✸✻✮ ✭✵✳✷✽✶✮ ✭✵✳✵✹✷✮

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

❲❤✐t❡ ✵✳✽✺✸ ✵✳✼✵✺ ✲✵✳✶✹✽ ✶✾✽
✭✵✳✸✺✻✮ ✭✵✳✹✺✽✮ ✭✵✳✵✺✻✮

❉♦♠❡st✐❝ ❝❛s❡s ✭✸✻✺ ❞❛②s✮ ✷✳✼✽✵ ✷✳✷✶✾ ✲✵✳✺✻✶ ✷✶✹
✭✷✳✹✷✽✮ ✭✶✳✾✵✶✮ ✭✵✳✷✾✽✮

❘❡❣✐st❡r❡❞ ❞♦♠❡st✐❝ ❝❛s❡s ✶✵✳✶✼✵ ✶✶✳✷✽✵ ✶✳✶✶✵ ✷✶✹
✭✾✳✸✼✺✮ ✭✾✳✾✸✺✮ ✭✶✳✸✷✶✮

❈✳ ❍♦✉s❡❤♦❧❞ ❝❤❛r❛❝t❡r✐st✐❝s

❙❛♠❡ ✈✐❝t✐♠ ❛♥❞ ♣❡r♣❡tr❛t♦r† ✵✳✺✽✼ ✵✳✹✸✽ ✲✵✳✶✹✾ ✷✶✹
✭✵✳✹✾✺✮ ✭✵✳✹✾✾✮ ✭✵✳✵✻✽✮

■♥t✐♠❛t❡ ♣❛rt♥❡r ✵✳✼✽✵ ✵✳✼✺✷ ✲✵✳✵✷✽ ✷✶✵
✭✵✳✹✶✻✮ ✭✵✳✹✸✹✮ ✭✵✳✵✺✽✮

❈♦❤❛❜✐t❛t✐♦♥ ✵✳✼✵✻ ✵✳✻✼✻ ✲✵✳✵✸✵ ✷✵✾
✭✵✳✹✺✽✮ ✭✵✳✹✼✵✮ ✭✵✳✵✻✸✮

❈❤✐❧❞r❡♥ ✐♥ ❤♦✉s❡❤♦❧❞ ✵✳✼✶✻ ✵✳✻✵✵ ✲✵✳✶✶✻ ✷✶✹
✭✵✳✹✺✸✮ ✭✵✳✹✾✷✮ ✭✵✳✵✻✺✮

◆✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥‡ ✶✳✾✶✵ ✶✳✾✷✶ ✵✳✵✶✶ ✶✹✶
✭✵✳✽✽✺✮ ✭✶✳✵✻✼✮ ✭✵✳✶✻✽✮

❋✲st❛t⋆[♣✲✈❛❧✉❡] ✵✳✾✻✽ ❬✵✳✺✺✻❪

◆♦t❡s✿ ❚❤✐s t❛❜❧❡ r❡♣♦rts ✈❛r✐❛❜❧❡ ♠❡❛♥s ❢♦r ❝❛s❡s ✐♥ t❤❡ s❛♠♣❧❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✈✐❝t✐♠ s✉r✈❡② ❜②
tr❡❛t♠❡♥t st❛t✉s❀ ❝♦rr❡s♣♦♥❞✐♥❣ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s✐s✳ ❈♦❧✉♠♥ ❞✐✛❡r❡♥❝❡

r❡♣♦rts t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❣r♦✉♣ ♠❡❛♥s❀ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ st❛♥❞❛r❞ ❡rr♦r ♦♥ ❞✐✛❡r❡♥❝❡ ✐s r❡♣♦rt❡❞ ✐♥
♣❛r❡♥t❤❡s✐s✳ ❈♦❧✉♠♥ ◆ r❡♣♦rts ♥✉♠❜❡r ♦❢ ♦❜s❡r✈❛t✐♦♥s ✇✐t❤ ♥♦♥✲♠✐ss✐♥❣ ✈❛❧✉❡s✳
†❇✐♥❛r② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✶ ✐❢ t❤❡ s❛♠❡ ♣❡r♣❡tr❛t♦r ✐s ♦❜s❡r✈❡❞ ❢♦r t❤❡ s❛♠❡ ✈✐❝t✐♠✱ ✵ ♦t❤❡r✇✐s❡✳
‡◆✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❤❛✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❝❤✐❧❞✳
⋆ ❋✲st❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❥♦✐♥t s✐❣♥✐✜❝❛♥❝❡ ♦❢ ❛ r❡❣r❡ss✐♦♥ ♦❢ ❛❧❧ ❝❤❛r❛❝t❡r✐st✐❝s✱ ♣❧✉s ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠②
✈❛r✐❛❜❧❡s✱ ♦♥ tr❡❛t♠❡♥t st❛t✉s ✭s✉r✈❡②❡❞ ❣r♦✉♣ ♦♥❧②✮✳

✷✷



❚❛❜❧❡ ❊✳✷✿ ❈❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝❛s❡s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛ ❝♦♠♣❧❡t❡❞ s✉r✈❡②

▼❡❛♥ ✈❛❧✉❡s ▼❡❛♥ ✈❛❧✉❡s ❉✐✛❡r❡♥❝❡ ❘❡❣r❡ss✐♦♥ ♦❢
♥♦ s✉r✈❡② ❝❛s❡s s✉r✈❡②❡❞ ❝❛s❡s ✐♥ ♠❡❛♥s s✉r✈❡② ❞✉♠♠②

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮

❆✳ ❱✐❝t✐♠ ❝❤❛r❛❝t❡r✐st✐❝s

❋❡♠❛❧❡ ✵✳✽✻✶ ✵✳✾✶✻ ✵✳✵✺✹ ✵✳✵✻✽
✭✵✳✵✷✸✮ ✭✵✳✵✸✼✮

❆❣❡ ✸✹✳✸✹✶ ✸✹✳✽✼✾ ✵✳✺✸✽ ✵✳✵✵✷
✭✵✳✾✻✶✮ ✭✵✳✵✵✶✮

❲❤✐t❡ ✵✳✽✷✾ ✵✳✽✽✵ ✵✳✵✺✷ ✵✳✵✻✶
✭✵✳✵✷✻✮ ✭✵✳✵✹✸✮

❉♦♠❡st✐❝ ❝❛s❡s ✭✸✻✺ ❞❛②s✮ ✷✳✷✻✾ ✷✳✸✾✸ ✵✳✶✷✹ ✲✵✳✵✵✶
✭✵✳✶✶✷✮ ✭✵✳✵✶✵✮

❘❡❣✐st❡r❡❞ ❞♦♠❡st✐❝ ❝❛s❡s ✶✶✳✺✹✶ ✶✵✳✵✸✸ ✲✶✳✺✵✽ ✵✳✵✵✵
✭✵✳✼✽✻✮ ✭✵✳✵✵✶✮

❘✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ ✶✳✷✻✽ ✶✳✸✶✸ ✵✳✵✹✻ ✵✳✵✵✷
✭✵✳✵✹✺✮ ✭✵✳✵✷✼✮

❇✳ P❡r♣❡tr❛t♦r ❝❤❛r❛❝t❡r✐st✐❝s

❋❡♠❛❧❡ ✵✳✶✹✼ ✵✳✶✵✼ ✲✵✳✵✸✾ ✲✵✳✵✷✻
✭✵✳✵✷✺✮ ✭✵✳✵✹✵✮

❆❣❡ ✸✸✳✹✹✷ ✸✷✳✸✺✵ ✲✶✳✵✾✶ ✲✵✳✵✵✷
✭✵✳✽✻✼✮ ✭✵✳✵✵✶✮

❲❤✐t❡ ✵✳✽✵✷ ✵✳✽✹✸ ✵✳✵✹✷ ✲✵✳✵✵✶
✭✵✳✵✸✵✮ ✭✵✳✵✹✺✮

❉♦♠❡st✐❝ ❝❛s❡s ✭✸✻✺ ❞❛②s✮ ✷✳✶✻✺ ✷✳✺✵✺ ✵✳✸✹✵ ✵✳✵✶✽
✭✵✳✶✻✺✮ ✭✵✳✵✵✾✮

❘❡❣✐st❡r❡❞ ❞♦♠❡st✐❝ ❝❛s❡s ✶✶✳✹✼✹ ✶✵✳✼✶✺ ✲✵✳✼✺✾ ✲✵✳✵✵✷
✭✵✳✼✺✽✮ ✭✵✳✵✵✶✮

❈✳ ❍♦✉s❡❤♦❧❞ ❝❤❛r❛❝t❡r✐st✐❝s

❙❛♠❡ ✈✐❝t✐♠ ❛♥❞ ♣❡r♣❡tr❛t♦r† ✵✳✹✷✽ ✵✳✺✶✹ ✵✳✵✽✻ ✵✳✵✺✽
✭✵✳✵✸✾✮ ✭✵✳✵✷✾✮

■♥t✐♠❛t❡ ♣❛rt♥❡r ✵✳✼✼✾ ✵✳✼✽✶ ✵✳✵✵✷ ✲✵✳✵✼✵
✭✵✳✵✸✷✮ ✭✵✳✵✸✽✮

❈♦❤❛❜✐t❛t✐♦♥ ✵✳✺✷✸ ✵✳✼✵✽ ✵✳✶✽✺ ✵✳✶✹✵
✭✵✳✵✸✻✮ ✭✵✳✵✷✼✮

❈❤✐❧❞r❡♥ ✐♥ ❤♦✉s❡❤♦❧❞ ✵✳✺✺✻ ✵✳✻✺✾ ✵✳✶✵✸ ✵✳✵✼✵
✭✵✳✵✸✼✮ ✭✵✳✵✹✼✮

◆✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥‡ ✶✳✾✻✻ ✶✳✾✶✺ ✲✵✳✵✺✶ ✲✵✳✵✵✼
✭✵✳✵✾✹✮ ✭✵✳✵✶✾✮

◆♦t❡s✿ ❚❤✐s t❛❜❧❡ r❡♣♦rts ✈❛r✐❛❜❧❡ ♠❡❛♥s ❢♦r ❝❛s❡s ✐♥ t❤❡ s❛♠♣❧❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✈✐❝t✐♠ s✉r✈❡② ✈❡rs✉s
t❤❡ r❡st ♦❢ t❤❡ s❛♠♣❧❡❀ ❝♦rr❡s♣♦♥❞✐♥❣ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s✐s✳ ❈♦❧✉♠♥ ✭✶✮ ❛♥❞
✭✷✮ r❡♣♦rt ♠❡❛♥ ✈❛❧✉❡s ♦❢ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r ❛❧❧ ❝❛s❡s ❛♥❞ t❤❡ s✉r✈❡②❡❞ ❝❛s❡s ♦♥❧②✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❞✐✛❡r❡♥❝❡ ✐♥ t❤❡s❡ ♠❡❛♥s ❛♥❞ t❤❡ st❛♥❞❛r❞ ❡rr♦r ✭✐♥ ♣❛r❡♥t❤❡s✐s✮ ✐s r❡♣♦rt❡❞ ✐♥ ❝♦❧✉♠♥ ✭✸✮✳ ❈♦❧✉♠♥ ✭✹✮
r❡♣♦rts t❤❡ ❝♦❡✣❝✐❡♥ts r❡s✉❧t✐♥❣ ❢r♦♠ ❛ r❡❣r❡ss✐♦♥ ♦❢ ❛ ❞✉♠♠② ✐♥❞✐❝❛t✐♥❣ s✉r✈❡② ❝♦♠♣❧❡t❡❞ ♦♥ ❝❤❛r❛❝✲
t❡r✐st✐❝s✳ ❘❡❣r❡ss✐♦♥ ❛❧s♦ ✐♥❝❧✉❞❡s ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠② ✈❛r✐❛❜❧❡s✱ ❛♥❞ ❜✐♥❛r② ✐♥❞✐❝❛t♦rs ❝♦rr❡s♣♦♥❞✐♥❣ t♦
♠✐ss✐♥❣ ✈❛r✐❛❜❧❡s✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳
†❇✐♥❛r② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✶ ✐❢ t❤❡ s❛♠❡ ♣❡r♣❡tr❛t♦r ✐s ♦❜s❡r✈❡❞ ❢♦r t❤❡ s❛♠❡ ✈✐❝t✐♠✱ ✵ ♦t❤❡r✇✐s❡✳
‡◆✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❤❛✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❝❤✐❧❞✳✷✸



❲❡ ❝❤❡❝❦ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ♦✉r r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r ❜②

r❡r✉♥♥✐♥❣ t❤❡ s✉r✈❡② r❡s✉❧ts ✉s✐♥❣ ❛❧t❡r♥❛t✐✈❡ ❡st✐♠❛t♦rs✳ ❚❤❡s❡ ❡st✐♠❛t❡s ❛r❡ r❡♣♦rt❡❞ ✐♥

❚❛❜❧❡ ❊✳✸✳ ❚❤❡ ✜rst t❤r❡❡ ❝♦❧✉♠♥s ✐♥ ❚❛❜❧❡ ❊✳✸ r❡♣♦rt ❖▲❙ ❛♥❞ ✇❡✐❣❤t❡❞ ❖▲❙ ❡st✐♠❛t❡s✿

❈♦❧✉♠♥ ✭✶✮ r❡♣♦rts t❤❡ ✉♥❝♦♥❞✐t✐♦♥❛❧ tr❡❛t♠❡♥t✲❝♦♥tr♦❧ ❞✐✛❡r❡♥❝❡ ✐♥ ♠❡❛♥ ✈❛❧✉❡s ❢♦r ❡❛❝❤ ♦❢

t❤❡ s✉r✈❡② ♦✉t❝♦♠❡s❀ ❈♦❧✉♠♥ ✭✷✮ r❡♣♦rts t❤❡ ♣r❡❢❡rr❡❞ ❡st✐♠❛t❡s ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❋✐❣✉r❡ ✹

✐♥ t❤❡ ♠❛✐♥ ♣❛♣❡r✮❀ ❈♦❧✉♠♥ ✭✸✮ r❡♣♦rts ❡st✐♠❛t❡s ✇❡✐❣❤t❡❞ t♦ ♠❛t❝❤ ♠❡❛♥s ♦❢ t❤❡ ❢✉❧❧ s❛♠♣❧❡

❛❝r♦ss ♣r❡✈✐♦✉s ❝❛s❡s✱ s❡① ♦❢ t❤❡ ✈✐❝t✐♠✱ ❛♥❞ ❝♦❤❛❜✐t❛t✐♦♥✼✳ ❆❝r♦ss ❛❧❧ ❡st✐♠❛t❡s✱ t❤❡ s✉r✈❡②

r❡s✉❧ts ❛r❡ ♥♦t❛❜❧② st❛❜❧❡✳ ❚❤❡r❡ ✐s ❧✐tt❧❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ✇❡✐❣❤t❡❞ ❛♥❞

✉♥✇❡✐❣❤t❡❞ ❡st✐♠❛t❡s✳

❋♦r t❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❝♦❧✉♠♥s ✭✶✮✕✭✸✮ t♦ ❜❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❢✉❧❧ s✉❜❥❡❝t ♣♦♦❧✱

✇❡ r❡q✉✐r❡ t❤❛t s❡❧❡❝t✐♦♥ ✐♥t♦ t❤❡ s✉r✈❡② ✐s r❛♥❞♦♠ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❡✛❡❝t ♦❢ tr❡❛t♠❡♥t

❛ss✐❣♥♠❡♥t ♦♥ ♦✉t❝♦♠❡s✳ ❚❤✐s ✐s ❛ r❡❧❛t✐✈❡❧② str♦♥❣ ❛ss✉♠♣t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ✐t ✇✐❧❧ ❜❡

✈✐♦❧❛t❡❞ ✐❢ t❤❡ s❛♠❡ ❢❛❝t♦rs t❤❛t ❧❡❞ t❤❡ ❝❛s❡✇♦r❦❡r t♦ ♥♦t ❜❡ ❛❜❧❡ t♦ ❝♦♥t❛❝t t❤❡ ✈✐❝t✐♠ ❛❧s♦

❧❡❞ t♦ t❤❡ s✉r✈❡②♦r ♥♦t ❜❡✐♥❣ ❛❜❧❡ t♦ ❝♦♥t❛❝t t❤❡ ✈✐❝t✐♠✳✽ ■♥ t❤✐s ❝❛s❡ ✇❡ ✇♦✉❧❞ s②st❡♠❛t✐❝❛❧❧②

❡①❝❧✉❞❡ s✉❜❥❡❝ts ❢r♦♠ t❤❡ s✉r✈❡② ✇❤♦ ❞♦ ♥♦t ❡♥❣❛❣❡ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳

■♥ ❈♦❧✉♠♥ ✭✹✮ ♦❢ ❚❛❜❧❡ ❊✳✸✱ ✇❡ r❡♣♦rt t✇♦✲st❛❣❡ ❧❡❛st✲sq✉❛r❡s ❡st✐♠❛t❡s✱ ✇❤❡r❡ ✐♥t❡r✲

✈❡♥t✐♦♥ ❡♥❣❛❣❡♠❡♥t ✐s t❤❡ r✐❣❤t✲❤❛♥❞✲s✐❞❡ ✈❛r✐❛❜❧❡ ♦❢ ✐♥t❡r❡st ❛♥❞ ❛ss✐❣♥♠❡♥t t♦ t❤❡ tr❡❛t✲

♠❡♥t ❣r♦✉♣ ✐s t❤❡ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡✳ ■♥ ❆♣♣❡♥❞✐① ❋✳✹ ✇❡ ❞✐s❝✉ss ✐♥ ❞❡t❛✐❧ t✇♦✲st❛❣❡

❧❡❛st✲sq✉❛r❡ ❡st✐♠❛t✐♦♥ ✐♥ ♦✉r s❡tt✐♥❣✳ ❚♦ ✐♥t❡r♣r❡t t❤❡s❡ ❡st✐♠❛t❡s ❛s ❧♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t✲

♠❡♥t ❡✛❡❝ts✱ ❢♦r s✉❜❥❡❝ts ✇❤♦ ❡♥❣❛❣❡ ✇✐t❤ ❜♦t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❛♥❞ t❤❡ s✉r✈❡②✱ ✇❡ r❡q✉✐r❡

✼❚❤✐s ✐s ❞♦♥❡ ❜② ❞✐✈✐❞✐♥❣ t❤❡ s✉r✈❡②❡❞ ❝❛s❡s✱ ❛♥❞ ❛❧❧ ❝❛s❡s✱ ✐♥t♦ str❛t❛ ❛❝❝♦r❞✐♥❣ t♦ ✈✐❝t✐♠ s❡①✱ r❡❝♦r❞❡❞
❝❛s❡s ✭❢♦✉r ❞✐✛❡r❡♥t ❣r♦✉♣s✮✱ ❛♥❞ ❝♦❤❛❜✐t❛t✐♦♥✳ ❲❡ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❛s❡s ✇❤✐❝❤ ❢❛❧❧ ✐♥t♦ ❡❛❝❤
str❛t❛ ❢♦r ❡❛❝❤ ♦❢ t❤❡ s✉r✈❡②❡❞ ❝❛s❡s ❛♥❞ ❛❧❧ ❝❛s❡s✳ ❚❤❡ s✉r✈❡② ✇❡✐❣❤t✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✇❤✐❝❤ str❛t❛ ❛♥
✐♥❞✐✈✐❞✉❛❧ ♦❜s❡r✈❛t✐♦♥ ❢❛❧❧s✱ ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣r♦♣♦rt✐♦♥ ❝❛❧❝✉❧❛t❡❞ ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡ ❞✐✈✐❞❡❞ ❜② t❤❡
♣r♦♣♦rt✐♦♥ ❢♦r t❤❡ s✉r✈❡②❡❞ s❛♠♣❧❡✳

✽❈♦♠♣❛r✐♥❣ ❡♥❣❛❣❡♠❡♥t ❛❝r♦ss tr❡❛t❡❞ s✉❜❥❡❝ts ✐♥ t❤❡ s✉r✈❡② ❣r♦✉♣ ✈❡rs✉s t❤❡ ❢✉❧❧ s❛♠♣❧❡ ✐s ❝♦♥s✐st❡♥t
✇✐t❤ t❤✐s ❢♦r♠ ♦❢ s❡❧❡❝t✐♦♥✳ ❚❤❡ s✉r✈❡② ❣r♦✉♣ ❤❛s ❛♥ ❡♥❣❛❣❡♠❡♥t r❛t❡ ♦❢ ✻✾✳✺✪✱ ❝♦♠♣❛r❡❞ t♦ ✺✶✳✷✪ ❢♦r
t❤❡ ❢✉❧❧ s❛♠♣❧❡✳ ■♥t❡r❡st✐♥❣❧②✱ ✇❤❡♥ ✇❡ ❧♦♦❦ ❛t t②♣❡ ♦❢ ❡♥❣❛❣❡♠❡♥t ✭♣❤♦♥❡ ♦♥❧② ✈❡rs✉s ✐♥✲♣❡rs♦♥ ✈✐s✐t✮
❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❡♥❣❛❣❡♠❡♥t t❤❡r❡ ✐s ♥♦ st❛t✐st✐❝❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s✉r✈❡②❡❞ ❣r♦✉♣ ❛♥❞ t❤❡ ❢✉❧❧ s❛♠♣❧❡✳
■♥ t❤❡ s✉r✈❡②❡❞ ❣r♦✉♣ ✻✺✳✽✪ ♦❢ ❡♥❣❛❣❡❞ ✈✐❝t✐♠s ❤❛✈❡ ❛ ❢❛❝❡✲t♦✲❢❛❝❡ ✈✐s✐t✱ ❝♦♠♣❛r❡❞ t♦ ✻✺✳✺✷✪ ❢♦r t❤❡ ❢✉❧❧
s❛♠♣❧❡✳

✷✹



t❤❡ st❛♥❞❛r❞ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡ ❝♦♥❞✐t✐♦♥s ❜❡ s❛t✐s✜❡❞✿ ✶✮ tr❡❛t♠❡♥t ✐♥❞❡♣❡♥❞❡♥❝❡✱ ✷✮

tr❡❛t♠❡♥t ❡①♦❣❡♥❡✐t②✱ ✸✮ tr❡❛t♠❡♥t ❛ss✐❣♥♠❡♥t ✐♥❝r❡❛s❡s ✐♥t❡r✈❡♥t✐♦♥ ❡♥❣❛❣❡♠❡♥t✱ ✹✮ ♠♦♥♦✲

t♦♥✐❝✐t② ♦❢ tr❡❛t♠❡♥t r❡s♣♦♥s❡✳ ■♥ ❆♣♣❡♥❞✐① ❋✳✹✱ ✇❡ ❞✐s❝✉ss t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ❤♦✇ ❧✐❦❡❧②

t❤❡② ❛r❡ t♦ ❜❡ ♠❡t ♦♥ ♦✉r s❡tt✐♥❣✱ ✐♥ ❞❡t❛✐❧✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ ✇❡ ❢✉rt❤❡r

r❡q✉✐r❡ t❤❛t tr❡❛t♠❡♥t st❛t✉s ❞♦❡s ♥♦t ❛✛❡❝t s❡❧❡❝t✐♦♥ ✐♥t♦ t❤❡ s✉r✈❡②❀ ✇❡ ❛r❣✉❡ ❛❜♦✈❡ t❤❛t

t❤❡ ❡✈✐❞❡♥❝❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤✐s ❝♦♥❞✐t✐♦♥✳

❆ss✉♠✐♥❣ t❤❡s❡ st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥s ❛r❡ s❛t✐s✜❡❞✱ t❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❈♦❧✉♠♥ ✭✹✮

❛r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ▲❆❚❊ ❡st✐♠❛t❡s ❢♦r t❤❡ ❢✉❧❧ ✭❛❞♠✐♥✐str❛t✐✈❡✮ s❛♠♣❧❡ ✐❢✱ ❝♦♥❞✐t✐♦♥❛❧ ♦♥

s✉❜❥❡❝ts ❜❡✐♥❣ t❤❡ t②♣❡ ✇❤♦ ❡♥❣❛❣❡s ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✇❤❡♥ ❛ss✐❣♥❡❞ t♦ tr❡❛t♠❡♥t ✭❛

❝♦♠♣❧✐❡r✮✱ s❡❧❡❝t✐♦♥ ✐♥t♦ t❤❡ s✉r✈❡② ✐s r❛♥❞♦♠✳ ❚❤✐s ✐s ❛ ❝♦♥s✐❞❡r❛❜❧② ✇❡❛❦❡r r❡q✉✐r❡♠❡♥t

t❤❡♥ ✇❤❛t ✐s ♥❡❡❞❡❞ ❢♦r r❡♣r❡s❡♥t❛t✐✈❡♥❡ss ♦❢ t❤❡ ■❚❚ ❡st✐♠❛t❡s✳ ❋✉rt❤❡r♠♦r❡✱ ✐❢ t❤❡s❡

❡st✐♠❛t❡s ❛r❡ ❛♥ ✉♥❜✐❛s❡❞ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ s❛♠♣❧❡ ▲❆❚❊✱ ✇❡ ❝❛♥ ✉s❡ t❤❡♠ t♦ ❣❡t

❛♥ ✐❞❡❛ ❛❜♦✉t t❤❡ ✉♥❜✐❛s❡❞ ■❚❚ ❡st✐♠❛t❡✱ ✇❤❡r❡ t❤❡ ■❚❚ ❂ ▲❆❚❊×✭❡♥❣❛❣❡♠❡♥t r❛t❡✮✾✳

❋♦❝✉s✐♥❣ ♦♥ ♦✉t❝♦♠❡s ❢♦r ✇❤✐❝❤ ❡st✐♠❛t✐♦♥ ♣r❡❝✐s✐♦♥ ✐s r❡❧❛t✐✈❡❧② ❤✐❣❤✱ ✇❡ s❡❡ t❤❛t ▲❆❚❊

❡st✐♠❛t❡s ✐♠♣❧② ❛♥ ■❚❚ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❖▲❙ ❡st✐♠❛t❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♠♣r♦✈❡❞ str❡ss

❧❡✈❡❧s ✇♦✉❧❞ ❤❛✈❡ ❛♥ ■❚❚ ♦❢ ✲✵✳✸✷✸×✵✳✺✶ ❂ ✲✵✳✶✻✺✱ ✇❤✐❝❤ ✐s ♥♦t st❛t✐st✐❝❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ ♦✉r

❖▲❙ ❡st✐♠❛t❡s✳ ❲❡ ✐♥t❡r♣r❡t t❤✐s ❛s ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ s❡❧❡❝t✐♦♥ ❜✐❛s ✐♥ ♦✉r ❖▲❙ ❡st✐♠❛t❡s

✐s ♥♦t s♦ ❧❛r❣❡ ❛s t♦ s✐❣♥✐✜❝❛♥t❧② ❝❤❛♥❣❡ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ♦✉r r❡s✉❧ts✳

■♥ t❤❡ ✐♥t❡r❡st ♦❢ tr❛♥s♣❛r❡♥❝②✱ ✇❡ ❝♦♥❞✉❝t ♦♥❡ ✜♥❛❧ ❡①❡r❝✐s❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ♣♦t❡♥t✐❛❧

s❡❧❡❝t✐♦♥ ❜✐❛s ✐♥ ♦✉r s✉r✈❡② r❡s✉❧ts✳ ■❢ ✇❡ ❞♦ ♥♦t ❛ss✉♠❡ t❤❛t s✉r✈❡② s❡❧❡❝t✐♦♥ ✐s r❛♥❞♦♠ ✇✐t❤

r❡s♣❡❝t t♦ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t✱ t❤❡ ❖▲❙ ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ t❤❡ s✉r✈❡② s❛♠♣❧❡ ♦♥❧② ♣❛rt✐❛❧❧②

✐❞❡♥t✐❢② t❤❡ ■❚❚ ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡✳ ❚♦ ❣❡t ❛ s❡♥s❡ ♦❢ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ♣♦ss✐❜❧❡ tr✉❡ ■❚❚

♣♦✐♥t ❡st✐♠❛t❡s✱ ✇❡ ❝♦♥❞✉❝t ❛ ✇♦rst✲❝❛s❡ s❝❡♥❛r✐♦ ❡①❡r❝✐s❡ ✐♥ t❤❡ s♣✐r✐t ♦❢ ▼❛♥s❦✐ ✭✷✵✵✼✮✳

❚❤❡ s✉❜❥❡❝ts ❢♦r ✇❤♦♠ t❤❡ s✉r✈❡②♦rs ❛tt❡♠♣t❡❞ t♦ ❝♦♥t❛❝t ❛r❡ ❜❛s❡❞ ♦♥ ❛ r❛♥❞♦♠ ❞r❛✇ ♦❢

✷✺✪ ♦❢ t❤❡ ❢✉❧❧ ♣♦♣✉❧❛t✐♦♥✳ ❇❛s❡❞ ♦♥ t❤✐s ✇❡ ❛ss✉♠❡ t❤❛t t❤✐s ❢✉❧❧ ✷✺✪ ✐s r❡♣r❡s❡♥t❛t✐✈❡

✾❲❤❡r❡ ❡♥❣❛❣❡♠❡♥t r❛t❡ ✐s t❤❡ ❢✉❧❧ s❛♠♣❧❡ ✈❛❧✉❡ ♦❢ ✺✶✪✳

✷✺



♦❢ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ s❛♠♣❧❡ ✭❛♥❞ t❤❡r❡❢♦r❡ ❛♥ ■❚❚ ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✷✺✪ ✇✐❧❧ ❜❡ ❛♥

✉♥❜✐❛s❡❞ ❡st✐♠❛t❡ ♦❢ t❤❡ ■❚❚ ♦❢ t❤❡ ❢✉❧❧ s❛♠♣❧❡✳✮ ❖❢ t❤❡s❡ ✽✹✪ ♣❛rt✐❝✐♣❛t❡❞ ✐♥ t❤❡ s✉r✈❡②✱

✶✻✪ ❞✐❞ ♥♦t✳

✷✻



❚❛❜❧❡ ❊✳✸✿ ❙✉r✈❡② r❡s✉❧ts✱ ❛❧t❡r♥❛t✐✈❡ ❡st✐♠❛t❡s

❊st✐♠❛t❡s ♥♦ ❯♥✇❡✐❣❤t❡❞ ❲❡✐❣❤t❡❞ ✷❙▲❙
❝♦✈❛r✐❛t❡s ❡st✐♠❛t❡s ❡st✐♠❛t❡s ✭❡♥❣❛❣❡♠❡♥t✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮

❆✳ ◆♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡ ✉s❡

❱✐s✐t❡❞ ●P ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✵✳✶✷✶ ✵✳✶✼✾ ✵✳✶✽✹ ✵✳✷✹✶
✭✵✳✵✻✺✮ ✭✵✳✵✽✼✮ ✭✵✳✵✽✽✮ ✭✵✳✵✾✼✮

❱✐s✐t❡❞ ❆✫❊ ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✵✳✵✺✵ ✵✳✵✻✺ ✵✳✵✺✻ ✵✳✵✽✾
✭✵✳✵✸✸✮ ✭✵✳✵✸✹✮ ✭✵✳✵✸✺✮ ✭✵✳✵✸✻✮

❆❝❝❡ss❡❞ ❛t ❧❡❛st ♦♥❡ s❡r✈✐❝❡ ✵✳✵✽✼ ✵✳✶✷✽ ✵✳✶✺✺ ✵✳✶✻✾
✭✵✳✵✼✹✮ ✭✵✳✶✵✻✮ ✭✵✳✶✶✸✮ ✭✵✳✶✵✻✮

■♥❞❡①✯✱ s❡r✈✐❝❡ ✉s❡ ✵✳✶✷✺ ✵✳✶✾✺ ✵✳✷✶✷ ✵✳✷✺✷
✭✵✳✵✻✾✮ ✭✵✳✵✾✺✮ ✭✵✳✵✾✾✮ ✭✵✳✵✾✻✮

❇✳ ❉❡❝r❡❛s❡ ✐♥ r✐s❦ ♦❢ r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥

❈✉rr❡♥t❧② ♥♦ ♣❡r♣❡tr❛t♦r ❝♦♥t❛❝t ✵✳✶✾✾ ✵✳✶✾✹ ✵✳✷✵✶ ✵✳✷✻✼
✭✵✳✵✻✽✮ ✭✵✳✵✽✶✮ ✭✵✳✵✽✸✮ ✭✵✳✵✾✸✮

❲✐❧❧✐♥❣♥❡ss t♦ r❡♣♦rt ❢✉t✉r❡ ✐♥❝✐❞❡♥t ✵✳✶✺✸ ✵✳✶✻✷ ✵✳✶✾✾ ✵✳✷✷✸
✭✵✳✵✼✵✮ ✭✵✳✶✵✵✮ ✭✵✳✶✵✸✮ ✭✵✳✶✵✾✮

P❡rs♦♥❛❧ s❛❢❡t② ❤❛s ✐♠♣r♦✈❡❞ ✵✳✵✻✽ ✵✳✵✵✹ ✲✵✳✵✶✹ ✵✳✵✵✻
✭✵✳✵✻✽✮ ✭✵✳✵✾✸✮ ✭✵✳✵✾✼✮ ✭✵✳✶✵✸✮

■♥❞❡①✯✱ r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥ r✐s❦ ✵✳✷✹✻ ✵✳✷✶✵ ✵✳✷✸✵ ✵✳✷✽✾
✭✵✳✵✼✽✮ ✭✵✳✵✾✽✮ ✭✵✳✶✵✷✮ ✭✵✳✶✶✷✮

❈✳ ❖t❤❡r ✇❡❧❧✲❜❡✐♥❣ ♠❡❛s✉r❡s

❋❛♠✐❧② ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✵✳✵✸✻ ✲✵✳✵✹✻ ✲✵✳✵✸✶ ✲✵✳✵✻✷
✭✵✳✵✻✾✮ ✭✵✳✵✽✼✮ ✭✵✳✵✾✷✮ ✭✵✳✵✾✻✮

◗✉❛❧✐t② ♦❢ ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✵✳✶✵✶ ✲✵✳✵✹✹ ✵✳✵✵✽ ✲✵✳✵✻✵
✭✵✳✵✻✽✮ ✭✵✳✵✽✾✮ ✭✵✳✵✾✸✮ ✭✵✳✵✾✽✮

❈♦♥tr♦❧ ♦✈❡r ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✵✺✹ ✲✵✳✵✽✷ ✲✵✳✵✾✹ ✲✵✳✶✶✺
✭✵✳✵✻✽✮ ✭✵✳✵✾✵✮ ✭✵✳✵✾✽✮ ✭✵✳✶✵✵✮

❙tr❡ss ❧❡✈❡❧ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✼✶ ✲✵✳✷✸✷ ✲✵✳✷✶✾ ✲✵✳✸✷✸
✭✵✳✵✻✼✮ ✭✵✳✵✽✺✮ ✭✵✳✵✾✶✮ ✭✵✳✵✾✺✮

◗✉❛❧✐t② ♦❢ s❧❡❡♣ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✵✸✻ ✲✵✳✵✾✽ ✲✵✳✵✽✵ ✲✵✳✶✸✻
✭✵✳✵✻✷✮ ✭✵✳✵✼✼✮ ✭✵✳✵✽✶✮ ✭✵✳✵✽✺✮

▼❡♥t❛❧ ❤❡❛❧t❤ ❤❛s ✐♠♣r♦✈❡❞ ✵✳✵✵✽ ✲✵✳✵✾✻ ✲✵✳✶✵✹ ✲✵✳✶✸✹
✭✵✳✵✻✷✮ ✭✵✳✵✽✶✮ ✭✵✳✵✽✻✮ ✭✵✳✵✾✶✮

■♥❞❡①✯✱ ✈✐❝t✐♠ ✇❡❧❧✲❜❡✐♥❣ ✲✵✳✵✺✷ ✲✵✳✷✷✵ ✲✵✳✶✾✾ ✲✵✳✸✵✷
✭✵✳✶✵✹✮ ✭✵✳✶✸✹✮ ✭✵✳✶✺✶✮ ✭✵✳✶✹✽✮

◆♦t❡s✿ ❈❡❧❧s ✐♥ t❤✐s t❛❜❧❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ r❡❣r❡ss✐♦♥ ♦❢ ❛ tr❡❛t♠❡♥t
❞✉♠♠② ♦♥ t❤❡ s✉r✈❡② ♦✉t❝♦♠❡ ❧❛❜❡❧❧❡❞ ✐♥ ❡❛❝❤ r♦✇✳ ❖✉t❝♦♠❡s ❢r♦♠ s✉r✈❡② q✉❡st✐♦♥s ❤❛✈❡ ❜❡❡♥ tr❛♥s✲
❢♦r♠❡❞ t♦ ❜❡ ❜✐♥❛r② ✈❛r✐❛❜❧❡s ✐♥ ✇❤✐❝❤ ❛ ✈❛❧✉❡ ♦❢ ✶ ✐♥❞✐❝❛t❡❞ ✏✐♠♣r♦✈❡❞✑✳ ❈♦❧✉♠♥ ✭✶✮ r❡♣♦rts ❞✐✛❡r❡♥❝❡
✐♥ ♦✉t❝♦♠❡ ❜❡t✇❡❡♥ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧✱ ♥♦t ❝♦♥❞✐t✐♦♥✐♥❣ ♦♥ ❛♥② ♦t❤❡r ✈❛r✐❛❜❧❡s✳ ❈♦❧✉♠♥ ✭✷✮ r❡♣♦rts
❡st✐♠❛t❡s ❢♦r ✉♥✇❡✐❣❤t❡❞ r❡❣r❡ss✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ❝♦♥tr♦❧s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❋✐❣✉r❡ ✹ ✐♥ t❤❡ ♠❛✐♥ ♣❛♣❡r✳
❈♦❧✉♠♥ ✭✸✮ r❡♣♦rts ❡st✐♠❛t❡s ❢♦r ✇❡✐❣❤t❡❞ ❞❛t❛✱ ✇❤❡r❡ ✇❡✐❣❤ts ❤❛✈❡ ❜❡❡♥ ❝❛❧✐❜r❛t❡❞ s✉❝❤ t❤❛t t❤❡ s✉r✲
✈❡② ❞✐str✐❜✉t✐♦♥ ❛❝r♦ss ✈✐❝t✐♠ s❡①✱ ♥✉♠❜❡r ♦❢ ♣r❡✈✐♦✉s ❝❛s❡s✱ ❛♥❞ ❝♦❤❛❜✐t❛t✐♦♥ st❛t✉s✱ r❡✢❡❝t t❤❡ ❢✉❧❧
s❛♠♣❧❡✳ ❈♦❧✉♠♥ ✭✹✮ r❡♣♦rts t✇♦✲st❛❣❡✲❧❡❛st sq✉❛r❡ ❡st✐♠❛t❡s ✐♥ ✇❤✐❝❤ ❝♦❡✣❝✐❡♥ts ❝♦rr❡s♣♦♥❞ t♦ ✈✐❝t✐♠
❡♥❣❛❣❡♠❡♥t ❛♥❞ tr❡❛t♠❡♥t ✐s ✉s❡❞ ❛s ❛♥ ✐♥str✉♠❡♥t ✭s❡❡ ❆♣♣❡♥❞✐① ❋✳✹ ❢♦r ❛ ❞❡t❛✐❧❡❞ ❡①♣❧❛♥❛t✐♦♥✮✳ ❚❤❡
✜rst st❛❣❡ ❡①❝❧✉❞❡❞ ❋✲st❛t ❢♦r r❡❣r❡ss✐♦♥s ✐♥ ❈♦❧✉♠♥ ✭✹✮ ✐s ✶✸✼✳✻✳ ❘❡❣r❡ss✐♦♥ ❝♦♥tr♦❧s ✐♥❝❧✉❞❡ ✈✐❝t✐♠ ❛♥❞
♣❡r♣❡tr❛t♦r ❛❣❡✱ ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠② ✈❛r✐❛❜❧❡s✱ ❛♥❞ ❜✐♥❛r② ✐♥❞✐❝❛t♦rs ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♠✐ss✐♥❣ ✈❛r✐❛❜❧❡s✳
❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳ ✯■♥❞❡① ✈❛r✐❛❜❧❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦❧❧♦✇✐♥❣ ❆♥❞❡rs♦♥
✭✷✵✵✽✮✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ♦❢ t❤❡ ♠❛✐♥ t❡①t✳



❋♦r ❡❛❝❤ ♦❢ t❤❡ s✉r✈❡② ♦✉t❝♦♠❡s✱ ❞❡♥♦t❡❞ ❜② S✱ t❤❡ ■❚❚ ❝❛♥ ❜❡ s♣❡❝✐✜❝ ❛s✿

E(S1−S0) = E(S1−S0|survey = 1)P (survey = 1)+E(y1−y0|survey = 0)(1−P (survey = 1))

✭❊✳✶✮

✇❤❡r❡ S1 ❛♥❞ S0 ❞❡♥♦t❡ ♦✉t❝♦♠❡s ❢♦r t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✱ survey ✐s ❛♥ ✐♥❞✐❝❛t♦r

❡q✉❛❧ t♦ ✶ ❢♦r s✉❜❥❡❝ts ✇❤♦ ❝♦♠♣❧❡t❡❞ ❛ s✉r✈❡② ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳ ❲❡ ❦♥♦✇ t❤❛t P (survey =

1) = 0.84 ❛♥❞ E(S1 − S0|survey = 1) ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❈♦❧✉♠♥

✷✱ ❚❛❜❧❡ ❊✳✸✳ ❲❡ ❜♦✉♥❞ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥ ✇✐t❤ t❤❡ t✇♦ ❡①tr❡♠❡ ❛ss✉♠♣t✐♦♥s ♦♥ t❤❡

✈❛❧✉❡ ♦❢ s✉r✈❡② r❡s♣♦♥s❡s ❢♦r s✉❜❥❡❝ts ✇❤♦ ❞♦ ♥♦t ❝♦♠♣❧❡t❡ ❛ s✉r✈❡②✱ E(S1−S0|survey = 0)✳

❚❤❡ ❧♦✇❡r ❜♦✉♥❞ ❛ss✉♠❡s t❤❛t ❝♦♥tr♦❧ s✉❜❥❡❝ts ✇✐❧❧ ❛❧✇❛②s ♣r♦✈✐❞❡ ❛♥ ❛✣r♠❛t✐✈❡ r❡s♣♦♥s❡ t♦

s✉r✈❡② q✉❡st✐♦♥s✱ ✇❤✐❧❡ tr❡❛t♠❡♥t tr❡❛t♠❡♥t s✉❜❥❡❝ts ✇✐❧❧ ❛❧✇❛②s ♣r♦✈✐❞❡ ❛ ♥❡❣❛t✐✈❡ r❡s♣♦♥s❡

t♦ s✉r✈❡② q✉❡st✐♦♥s✱ s✉❝❤ t❤❛t E(S1−S0|survey = 0) = −1✳ ❚❤❡ ✉♣♣❡r ❜♦✉♥❞ ❛ss✉♠❡s t❤❛t

❝♦♥tr♦❧ s✉❜❥❡❝ts ✇✐❧❧ ❛❧✇❛②s ♣r♦✈✐❞❡ ❛ ♥❡❣❛t✐✈❡ r❡s♣♦♥s❡ t♦ s✉r✈❡② q✉❡st✐♦♥s✱ ✇❤✐❧❡ tr❡❛t♠❡♥t

tr❡❛t♠❡♥t s✉❜❥❡❝ts ✇✐❧❧ ❛❧✇❛②s ♣r♦✈✐❞❡ ❛ ♣♦s✐t✐✈❡ r❡s♣♦♥s❡ t♦ s✉r✈❡② q✉❡st✐♦♥s✱ s✉❝❤ t❤❛t

E(S1 − S0|survey = 0) = 1✳ ❚❤❡ ❡①tr❡♠❡ ❜♦✉♥❞s ♦♥ ♦✉r ♣♦✐♥t ❡st✐♠❛t❡s ❛r❡ t❤❡r❡❢♦r❡

❞❡t❡r♠✐♥❡❞ ❜②

E(S1 − S0) = E(S1 − S0|survey = 1)P (survey = 1)± (1− P (survey = 1)). ✭❊✳✷✮

❲❡ r❡♣♦rt t❤❡s❡ ❜♦✉♥❞s ✐♥ ❚❛❜❧❡ ❊✳✹✳ ❲❤✐❧❡ ✇❡ ❝❛♥♥♦t r✉❧❡ ♦✉t t❤❡s❡ ❡①tr❡♠❡s ❜❛s❡❞ ♦♥ t❤❡

✐♥❢♦r♠❛t✐♦♥ ✇❡ ❤❛✈❡✱ ✐♥t✉✐t✐✈❡❧② t❤❡② s❡❡♠ ❤✐❣❤❧② ✉♥❧✐❦❡❧②✳ ❋♦r t❤✐s r❡❛s♦♥ ✇❡ ❛❧s♦ r❡♣♦rt

♣♦✐♥t ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ t❤❡ ♠♦r❡ ♣❧❛✉s✐❜❧❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡r❡ ✇❛s ♥♦ tr❡❛t♠❡♥t ❡✛❡❝t

❢♦r t❤❡ survey = 0 ❣r♦✉♣✳ ❋♦r ❡①❛♠♣❧❡✱ t❤✐s ✇✐❧❧ ❜❡ t❤❡ ❝❛s❡ ✐❢ t❤❡ survey = 0 s✉❜❥❡❝ts

❛❧s♦ ❞♦ ♥♦t ❡♥❣❛❣❡ ✇✐t❤✱ ❛♥❞ ❜❡♥❡✜t ❢r♦♠✱ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✇❤❡♥ ❛ss✐❣♥❡❞ t♦ tr❡❛t♠❡♥t✳

❚❤❡ ✈❛❧✉❡s ✉♥❞❡r t❤✐s ❛ss✉♠♣t✐♦♥ ❛r❡ ❧♦✇❡r ✐♥ ♠❛❣♥✐t✉❞❡ t❤❛♥ t❤❡ ❡st✐♠❛t❡❞ ❖▲❙ r❡s✉❧ts

r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❊✳✸✱ ❜✉t ♥♦t ❞r❛♠❛t✐❝❛❧❧② s♦✳
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❚❛❜❧❡ ❊✳✹✿ ❙✉r✈❡② r❡s✉❧ts✱ ❡①tr❡♠❡ ❜♦✉♥❞s ♦♥ ■❚❚ ♣♦✐♥t ❡st✐♠❛t❡s

▲♦✇❡r ❜♦✉♥❞ ❯♣♣❡r ❜♦✉♥❞
ITT (survey = 0) ITT (survey = 0) ITT (survey = 0)

= −1 = 0 = 1
✭✶✮ ✭✷✮ ✭✸✮

❆✳ ◆♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡ ✉s❡

❱✐s✐t❡❞ ●P ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✲✵✳✵✶✶ ✵✳✶✺✵ ✵✳✸✶✶
❱✐s✐t❡❞ ❆✫❊ ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✲✵✳✶✵✼ ✵✳✵✺✹ ✵✳✷✶✺
❆❝❝❡ss❡❞ ❛t ❧❡❛st ♦♥❡ s❡r✈✐❝❡ ✲✵✳✵✺✸ ✵✳✶✵✽ ✵✳✷✻✽
❇✳ ❉❡❝r❡❛s❡ ✐♥ r✐s❦ ♦❢ r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥

❈✉rr❡♥t❧② ♥♦ ♣❡r♣❡tr❛t♦r ❝♦♥t❛❝t ✵✳✵✵✷ ✵✳✶✻✸ ✵✳✸✷✹
❲✐❧❧✐♥❣♥❡ss t♦ r❡♣♦rt ❢✉t✉r❡ ✐♥❝✐❞❡♥t ✲✵✳✵✷✺ ✵✳✶✸✻ ✵✳✷✾✼
P❡rs♦♥❛❧ s❛❢❡t② ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✺✼ ✵✳✵✵✹ ✵✳✶✻✹
❈✳ ❖t❤❡r ✇❡❧❧✲❜❡✐♥❣ ♠❡❛s✉r❡s

❋❛♠✐❧② ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✾✾ ✲✵✳✵✸✽ ✵✳✶✷✸
◗✉❛❧✐t② ♦❢ ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✾✼ ✲✵✳✵✸✼ ✵✳✶✷✹
❈♦♥tr♦❧ ♦✈❡r ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✷✸✵ ✲✵✳✵✻✾ ✵✳✵✾✷
❙tr❡ss ❧❡✈❡❧ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✸✺✻ ✲✵✳✶✾✺ ✲✵✳✵✸✹
◗✉❛❧✐t② ♦❢ s❧❡❡♣ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✷✹✸ ✲✵✳✵✽✷ ✵✳✵✼✾
▼❡♥t❛❧ ❤❡❛❧t❤ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✷✹✶ ✲✵✳✵✽✶ ✵✳✵✽✵

◆♦t❡s✿ ❈❡❧❧s ✐♥ t❤✐s t❛❜❧❡ r❡♣♦rt ❜♦✉♥❞s ♦♥ t❤❡ ■❚❚ ♣♦✐♥t ❡st✐♠❛t❡s ✉♥❞❡r t❤r❡❡ ❡①tr❡♠❡ ❛ss✉♠♣t✐♦♥s
❛❜♦✉t t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t ❢♦r s✉❜❥❡❝ts ✇❤♦ ❞♦ ♥♦t r❡s♣♦♥❞ t♦ t❤❡ s✉r✈❡②✱ ✐♥ t❤❡ s♣✐r✐t ♦❢ ▼❛♥s❦✐✬s ✇♦rst
❝❛s❡ s❝❡♥❛r✐♦ ❜♦✉♥❞s ✭▼❛♥s❦✐✱ ✷✵✵✼✮✳ ❇❛s❡❧✐♥❡ ♣♦✐♥t ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❈♦❧✉♠♥ ✷✱ ❚❛❜❧❡ ❊✳✸✳
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❋✐❣✉r❡ ❋✳✶✿ ❇❛❧❛♥❝❡ ♦❢ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s ❜② ♣♦❧✐❝❡✲❜❡❛t ❛r❡❛

0
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en

t g
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up

0 .01 .02 .03 .04 .05 .06 .07
Control group

◆♦t❡s✿ ❊❛❝❤ ♠❛r❦❡r ✐♥ t❤✐s ✜❣✉r❡ r❡♣r❡s❡♥ts ♦♥❡ ♦❢ ✻✽ ❜❡❛ts ✐♥ t❤❡ ▲❡✐❝❡st❡rs❤✐r❡ ♣♦❧✐❝❡ ❛r❡❛✳
▼❛r❦❡rs ♣❧♦t t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❛s❡s ❢♦r t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ✭②✲❛①✐s✮ ✈❡rs✉s t❤❡ ♣♦rt✐♦♥ ♦❢ ❝❛s❡s
✐♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭①✲❛①✐s✮ ❢♦r ❡❛❝❤ ❜❡❛t✳ ❚❤❡ s♦❧✐❞ r❡❞ ❧✐♥❡ s❤♦✇s ❛ ♣❡r❢❡❝t❧② ❡q✉❛❧ ❞✐str✐❜✉t✐♦♥
❛❝r♦ss ❜❡❛t ❛r❡❛s✳ ❲❡ ❢❛✐❧ t♦ r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝❛s❡s ❛❝r♦ss ❜❡❛ts
✐s ✐❞❡♥t✐❝❛❧ ❢♦r t❤❡ t✇♦ ❣r♦✉♣s❀ χ2(68) = 55.8 (p = 0.855)✳

❆♣♣❡♥❞✐① ❋ ❆❞❞✐t✐♦♥❛❧ ❛♥❛❧②s✐s

❋✳✶ ❚r❡❛t♠❡♥t✲❝♦♥tr♦❧ ❣r♦✉♣ ❜❛❧❛♥❝❡ ❛❝r♦ss ❣❡♦❣r❛♣❤②

❚❤❡ ▲❡✐❝❡st❡rs❤✐r❡ ♣♦❧✐❝❡ ❢♦r❝❡ ✐s ♠❛❞❡ ✉♣ ♦❢ ✾✷ ❜❡❛ts✱ ✇❤✐❝❤ ❞❡✜♥❡ t❤❡ ❣❡♦❣r❛♣❤✐❝ ❛r❡❛s t♦

✇❤✐❝❤ ♦✣❝❡r t❡❛♠s ❛r❡ ❛ss✐❣♥❡❞ t♦ ♣❛tr♦❧✳ ✻✽ ♦❢ t❤❡s❡ ❜❡❛ts ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❞❛t❛ ✉s❡❞

✐♥ t❤✐s st✉❞②✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✐♥✈❡st✐❣❛t❡ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝❛s❡s ✐♥ t❤❡ tr❡❛t♠❡♥t ❛♥❞

❝♦♥tr♦❧ ❣r♦✉♣ ❛❝r♦ss t❤❡s❡ ❜❡❛t ❛r❡❛s✳ ■♥ ❋✐❣✉r❡ ❋✳✶ ✇❡ s❝❛tt❡r t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ tr❡❛t♠❡♥t

❣r♦✉♣ ❝❛s❡s ✐♥ ❡❛❝❤ ♣♦❧✐❝❡ ❜❡❛t ❛r❡❛ ❜② t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝♦♥tr♦❧ ❣r♦✉♣ ❝❛s❡s ✐♥ ❡❛❝❤ ♣♦❧✐❝❡

❜❡❛t ❛r❡❛✳ ❋r♦♠ ❛ ✈✐s✉❛❧ ✐♥s♣❡❝t✐♦♥ ✇❡ ❞♦ ♥♦t ✜♥❞ ❛♥② ❧❛r❣❡ ♦r s②st❡♠❛t✐❝ ❞✐✛❡r❡♥❝❡s ✐♥

t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝❛s❡s ❜② tr❡❛t♠❡♥t st❛t✉s✳ ❈♦♥s✐st❡♥t ✇✐t❤ t❤✐s✱ ✐♥ ❛ ❢♦r♠❛❧ t❡st ✇❡ ❛r❡

✉♥❛❜❧❡ t♦ r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ t✇♦ ❣r♦✉♣s ❤❛✈❡ t❤❡ s❛♠❡ ❞✐str✐❜✉t✐♦♥ ❛❝r♦ss

♣♦❧✐❝❡ ❜❡❛ts ✭χ2(68) = 55.8, p ≥ 0.855✮✳
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❋✳✷ ■♥t❡r✈❡♥t✐♦♥ ❡♥❣❛❣❡♠❡♥t ❛♥❞ ✈✐❝t✐♠✱ ♣❡r♣❡tr❛t♦r ❛♥❞ ❤♦✉s❡✲

❤♦❧❞ ❝❤❛r❛❝t❡r✐st✐❝s

■♥ ❚❛❜❧❡ ✷ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r✱ ✇❡ r❡♣♦rt ❛✈❡r❛❣❡s ♦❢ tr❡❛t♠❡♥t ❣r♦✉♣ ❝❤❛r❛❝t❡r✐st✐❝s ❛❝❝♦r❞✲

✐♥❣ t♦ ❡♥❣❛❣❡♠❡♥t ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳ ■♥ t❤✐s ❛♣♣❡♥❞✐① s❡❝t✐♦♥✱ ✇❡ ❧♦♦❦ ❛t t❤❡ ❥♦✐♥t

s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r ♣r❡❞✐❝t✐♥❣ ❡♥❣❛❣❡♠❡♥t✳ ❲❡ ❛❧s♦ ❧♦♦❦ ❛t ✇❤❛t ❝❤❛r✲

❛❝t❡r✐st✐❝s t❡❧❧ ✉s ❛❜♦✉t ✇❤② ❡♥❣❛❣❡♠❡♥t ❢❛✐❧s✖✐✳❡✳ t❤❡ ❝❛s❡✇♦r❦❡r ❢❛✐❧s t♦ ❡st❛❜❧✐s❤ ❝♦♥t❛❝t

✈❡rs✉s ✈✐❝t✐♠s ❞♦ ♥♦t ❡♥❣❛❣❡ ✇❤❡♥ ❝♦♥t❛❝t❡❞✳ ❋♦r t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ s✉❜❥❡❝ts✱ ✇❡ r❡❣r❡ss

♦♥ ❝❤❛r❛❝t❡r✐st✐❝s✱ t❤❡ t❤r❡❡ ❜✐♥❛r② ♦✉t❝♦♠❡s t❛❦✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛❧✉❡s✿ ❛✮ ❡q✉❛❧ t♦ ♦♥❡

❢♦r s✉❜❥❡❝ts ✇❤♦ ❛r❡ ❝♦♥t❛❝t❡❞ ❜② t❤❡ ❝❛s❡✇♦r❦❡r ❛♥❞ ❡♥❣❛❣❡ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✭❝♦♥✲

t❛❝t❡❞ ❛♥❞ ❡♥❣❛❣❡❞✮✱ ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡❀ ❜✮ ❡q✉❛❧ t♦ ♦♥❡ ❢♦r s✉❜❥❡❝ts ✇❤♦ ❛r❡ ❝♦♥t❛❝t❡❞

❜② t❤❡ ❝❛s❡✇♦r❦❡r ✭❝♦♥t❛❝t❡❞✮✱ ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡❀ ❝✮ ❢♦r t❤❡ s✉❜s❡t ♦❢ s✉❜❥❡❝ts ✇❤♦ ❛r❡

❝♦♥t❛❝t❡❞✱ ❡q✉❛❧ t♦ ♦♥❡ ❢♦r s✉❜❥❡❝ts ✇❤♦ ❡♥❣❛❣❡ ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡ ✭❡♥❣❛❣❡♠❡♥t ❝♦♥❞✐t✐♦♥❛❧

♦♥ ❝♦♥t❛❝t✮✳ ❈♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ r❡❣r❡ss✐♦♥ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ❋✳✷✳ ❋♦r ❝♦♠♣❛r❛❜✐❧✐t②

❛❝r♦ss ❝❤❛r❛❝t❡r✐st✐❝s✱ ✇❡ tr❛♥s❢♦r♠ r❡❣r❡ss♦r ✈❛r✐❛❜❧❡s ✐♥t♦ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s❀ ❝♦❡✣❝✐❡♥ts

r❡✢❡❝t t❤❡ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❝❤❛♥❣❡ ✐♥ t❤❡ ♦✉t❝♦♠❡ ❢♦r ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❝❤❛♥❣❡ ✐♥ t❤❡

❝❤❛r❛❝t❡r✐st✐❝✳

❙❡✈❡r❛❧ ❝❤❛r❛❝t❡r✐st✐❝s st❛♥❞ ♦✉t ❛s ♥♦t❡✇♦rt❤②✳ ❙❡① ♦❢ t❤❡ ♣❡r♣❡tr❛t♦r ✐s s✐❣♥✐✜❝❛♥t❧②

❛ss♦❝✐❛t❡❞ ✇✐t❤ ❡♥❣❛❣❡♠❡♥t✳ ❊♥❣❛❣❡♠❡♥t r❛t❡s ❛r❡ ❧♦✇❡r ✐♥ ❝❛s❡s ✇❤❡r❡ t❤❡ ♣❡r♣❡tr❛t♦r

✐s ❢❡♠❛❧❡✳ ❍♦✇❡✈❡r✱ t❤✐s ❛♣♣❡❛rs t♦ ❜❡ ❞✉❡ t♦ ❛ s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❛

❝❛s❡✇♦r❦❡r ♠❛❦✐♥❣ ❝♦♥t❛❝t ✭♣❂✵✳✵✺✾✮❀ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ♠❛❦✐♥❣ ❝♦♥t❛❝t✱ s❡① ♦❢ t❤❡ ♣❡r♣❡tr❛t♦r

❞♦❡s ♥♦t ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❛ss♦❝✐❛t✐♦♥ ✇✐t❤ ❡♥❣❛❣❡♠❡♥t ✭♣❂✵✳✼✺✺✮✳ ■t ✐s ❛❧s♦ ✐♥t❡r❡st✐♥❣

t❤❛t t❤❡ s❡① ♦❢ t❤❡ ✈✐❝t✐♠ ❞♦❡s ♥♦t ❛♣♣❡❛r t♦ ❜❡ ❛s s✐❣♥✐✜❝❛♥t ❛ ❞❡t❡r♠✐♥❛♥t ❢♦r ❡♥❣❛❣❡♠❡♥t✳

❈♦♥t❛❝t ❜② t❤❡ ❝❛s❡✇♦r❦❡r ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❛❣❡✱ ❜✉t ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥

❡✐t❤❡r ✈✐❝t✐♠ ♦r ♣❡r♣❡tr❛t♦r ❛❣❡ ✭❛♣♣r♦①✐♠❛t❡❧② ✶✷ ②❡❛rs✮ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠♦r❡ t❤❛♥ ❛

✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❡♥❣❛❣❡♠❡♥t r❛t❡ ✇❤❡♥ ❝♦♥t❛❝t ✐s ♠❛❞❡ ✭♣❂✵✳✵✼✹ ❛♥❞

✸✶



♣❂✵✳✵✽✵ ❢♦r ✈✐❝t✐♠ ❛♥❞ ♣❡r♣❡tr❛t♦r✮✳ ❱✐❝t✐♠s ✇✐t❤ ♠♦r❡ ♣r❡✈✐♦✉s ❝❛s❡s ❛r❡ ❧❡ss ❧✐❦❡❧② t♦

❡♥❣❛❣❡ ✇❤❡♥ ❝♦♥t❛❝t❡❞❀ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ♣r❡✈✐♦✉s ❝❛s❡s ✭❛♣♣r♦①✐♠❛t❡❧② ✶✳✺

❝❛s❡s✮ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ✺✳✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❞❡❝r❡❛s❡ ✐♥ ❡♥❣❛❣❡♠❡♥t ✭♣❂✵✳✵✼✺✮✳ ❋✐♥❛❧❧②✱

❛ ❤✐❣❤❡r r✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ ♦❢ t❤❡ r❡s♣♦♥❞✐♥❣ ♦✣❝❡rs ✐s s✐❣♥✐✜❝❛♥t❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛♥ ✐♥✲

❝r❡❛s❡ ✐♥ ❡♥❣❛❣❡♠❡♥t✳ ❚❤✐s ✐s ❜♦t❤ t❤r♦✉❣❤ ❛ ❣r❡❛t❡r ❧✐❦❡❧✐❤♦♦❞ ♦❢ ♠❛❦✐♥❣ ❝♦♥t❛❝t ✭♣❂✵✳✵✶✶✮✱

❛♥❞ t♦ ❛ ❧❡ss❡r ❡①t❡♥t✱ t❤r♦✉❣❤ ❣r❡❛t❡r ❡♥❣❛❣❡♠❡♥t ♦♥❝❡ ❝♦♥t❛❝t ✐s ♠❛❞❡ ✭♣❂✵✳✶✹✽✮✳

❋✳✸ ❚✐♠✐♥❣ ♦❢ r❡♣❡❛t ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥ts

■t ✐s ♣♦ss✐❜❧❡ t❤❛t t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❧❡❞ t♦ ❛ t❡♠♣♦r❛r② ❝❤❛♥❣❡ ✐♥ t❤❡ ♣❛tt❡r♥ ♦❢ r❡♣♦rt❡❞

r❡♣❡❛t ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥ts✳ ❚♦ ❡①❛♠✐♥❡ t❤✐s✱ ✇❡ ❧♦♦❦ ❛t t❤❡ t✐♠✐♥❣ ♦❢ r❡♣❡❛t ✐♥❝✐❞❡♥ts ❛❝r♦ss

tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧✳

❲❡ ❡♠♣❧♦② t✇♦ ♠❡t❤♦❞s t♦ t❡st ❢♦r tr❡❛t♠❡♥t✲❝♦♥tr♦❧ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ t✐♠✐♥❣ ♦❢ r❡♣❡❛t

✐♥❝✐❞❡♥ts✳ ❋✐rst✱ ✐♥ ❋✐❣✉r❡ ❋✳✸ ✇❡ ❡①❛♠✐♥❡ t❤❡ t✐♠✐♥❣ ♦❢ ❛ r❡♣❡❛t ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥t ❛❝r♦ss

t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣ ✉s✐♥❣ ❑❛♣❧❛♥✲▼❡✐❡r ❡st✐♠❛t❡s ♦❢ t❤❡ s✉r✈✐✈♦r ❢✉♥❝t✐♦♥ ❢♦r

t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ■♥ t❤✐s ❢r❛♠❡✇♦r❦ ❛ ❢❛✐❧ ✐s ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ✜rst r❡♣❡❛t

♣♦❧✐❝❡✲✐♥❝✐❞❡♥t✳ ❚❤❡ s✉r✈✐✈♦r ❢✉♥❝t✐♦♥s s✉❣❣❡st t❤❛t t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ❤❛s r❡♣❡❛ts s♦♦♥❡r

t❤❛♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✱ ❛♥❞ ♦✈❡r t❤❡ t✇♦ ②❡❛r ♣❡r✐♦❞ ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❤❛✈❡ ❛ r❡♣❡❛t ✐♥❝✐❞❡♥t✳

❍♦✇❡✈❡r✱ ❛ ❧♦❣✲r❛♥❦ t❡st ❢❛✐❧s t♦ r❡❥❡❝t t❤❡ ❡q✉❛❧✐t② ♦❢ t❤❡ t✇♦ ❝✉r✈❡s ❢♦r t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣

❛♥❞ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭χ2
(1) = 1.61✮✳

❆s ❛ s❡❝♦♥❞ ♠❡t❤♦❞✱ ✇❡ ❧♦♦❦ ❢♦r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ t✐♠✐♥❣ ❜❡t✇❡❡♥ s✉❜s❡q✉❡♥t r❡♣♦rt❡❞

❞♦♠❡st✐❝ ✐♥st❛♥❝❡s✱ ❢♦r t❤❡ ✜rst ✜✈❡ r❡♣♦rts ♦✈❡r t❤❡ t✇♦✲②❡❛r ♣❡r✐♦❞ s✐♥❝❡ t❤❡ ✐♥✐t✐❛❧ ♣♦❧✐❝❡

❝❛❧❧♦✉t✳ ❲❡ r❡♣♦rt t❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ r❡♣♦rt❡❞ ✐♥❝✐❞❡♥ts ✐♥ ❋✐❣✉r❡ ❋✳✹✱ ❢♦r

❛❧❧ r❡♣❡❛ts ✭❧❡❢t ♣❛♥❡❧✮ ❛♥❞ ❢♦r ✈✐❝t✐♠s t❤❛t ❡①♣❡r✐❡♥❝❡ ❛t ❧❡❛st ✜✈❡ r❡♣❡❛ts ✭r✐❣❤t ♣❛♥❡❧✮✳

❉✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣ ✐♥ t✐♠✐♥❣ ♦❢ r❡♣❡❛ts ❛r❡ s♠❛❧❧ ❛♥❞

st❛t✐st✐❝❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡r❡ ❞♦❡s ♥♦t ❛♣♣❡❛r t♦ ❜❡ ❛ s②st❡♠❛t✐❝ ❞✐✛❡r❡♥❝❡

✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡s❡ ❞✐✛❡r❡♥❝❡s✳
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❇❛s❡❞ ♦♥ t❤✐s ❛♥❛❧②s✐s✱ ✇❡ ❛r❡ ✉♥❛❜❧❡ t♦ ❞❡t❡❝t ❛♥② ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ t✐♠✐♥❣ ♦❢ ♣♦❧✐❝❡✲

r❡♣♦rt❡❞ ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥ts ❜❡t✇❡❡♥ t❤❡ tr❡❛t♠❡♥t ❛♥❞ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳

❋✳✹ ▲♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝ts

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✐♥t❡♥t✐♦♥ t♦ tr❡❛t ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ t❤❡ ♠❛✐♥ ♣❛♣❡r✱ ✇❡ ❛❧s♦ ❡st✐♠❛t❡ ❛

❧♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ✭▲❆❚❊✮ r❡✢❡❝t✐♥❣ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t ❢♦r ✈✐❝t✐♠s ✇❤♦ ❡♥❣❛❣❡

✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳ ❲❡ ❞❡✜♥❡ tr❡❛t♠❡♥t ❡♥❣❛❣❡♠❡♥t ✐♥ ❙❡❝t✐♦♥ ✸✳✸ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r✳ ❲❡

❝❛❧❝✉❧❛t❡ t❤❡ ▲❆❚❊ ❡st✐♠❛t❡s ✉s✐♥❣ ❛ t✇♦✲st❛❣❡ ❧❡❛st sq✉❛r❡s ❡st✐♠❛t♦r ❛s s♣❡❝✐✜❡❞ ❜❡❧♦✇✿

engagei = λ0 + λ1treati +X ′
iΛ + υi ✭❋✳✶✮

Si = γ0 + γ1êngagei +X ′
iΓ + êi ✭❋✳✷✮

■♥ t❤❡ ✜rst st❛❣❡ ✭❊q✉❛t✐♦♥ ✭❋✳✶✮✮✱ ✇❡ r❡❣r❡ss ❛♥ ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ ❢♦r ✐♥t❡r✈❡♥t✐♦♥ ❡♥✲

❣❛❣❡♠❡♥t✱ engagei✱ ♦♥ ❛♥ ✐♥❞✐❝❛t♦r ❢♦r tr❡❛t♠❡♥t ❣r♦✉♣ st❛t✉s✱ treati✳ ■♥ t❤❡ s❡❝♦♥❞ st❛❣❡✱

✇❡ r❡❣r❡ss t❤❡ ♦✉t❝♦♠❡ ♦❢ ✐♥t❡r❡st ♦♥ t❤❡ ✜rst✲st❛❣❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡ ♦❢ ✐♥t❡r✈❡♥t✐♦♥ ❡♥❣❛❣❡✲

♠❡♥t✳

❖✉r ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❡st✐♠❛t❡❞ γ̂1 ❛s ❛ ❧♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ✐s s✉❜❥❡❝t t♦

❢♦✉r ❛ss✉♠♣t✐♦♥s✳

✶✳ ■♥❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ✐♥str✉♠❡♥t✿ ❚❤❡ ✐♥str✉♠❡♥t ✐s ✉♥❝♦rr❡❧❛t❡❞ ✇✐t❤ ✉♥♦❜s❡r✈❡❞ ❝❤❛r✲

❛❝t❡r✐st✐❝s✳

E(ei|treati) = 0 ✭❋✳✸✮

✷✳ ❊①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥✿ ❈♦♥❞✐t✐♦♥❛❧ ♦♥ ✐♥t❡r✈❡♥t✐♦♥ ✉♣t❛❦❡✱ tr❡❛t♠❡♥t st❛t✉s ❤❛s ♥♦
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❡✛❡❝t ♦♥ ♦✉t❝♦♠❡s✳

E(Si|engagei = 1, treati = 0) = E(Si|engagei = 1, treati = 1) ✭❋✳✹✮

✸✳ ❋✐rst st❛❣❡✿ ❚r❡❛t♠❡♥t ❤❛s ❛ ♥♦♥✲③❡r♦ ❡✛❡❝t ♦♥ ✉♣t❛❦❡ ♦❢ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳

E(engagei|treati = 1, Xi)− E(engagei|treati = 0, Xi) ̸= 0 ✭❋✳✺✮

✹✳ ▼♦♥♦t♦♥✐❝✐t②✿ ❙✉❜❥❡❝ts ❛r❡ ♥❡✈❡r ❧❡ss ❧✐❦❡❧② t♦ t❛❦❡ ✉♣ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✇❤❡♥ ❛ss✐❣♥❡❞

t♦ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ t❤❛♥ t❤❡② ✇♦✉❧❞ ❜❡ ✐❢ ❛ss✐❣♥❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳

E(engagei|treati = 1, Xi)− E(engagei|treati = 0, Xi) ≥ 0 ✭❋✳✻✮

❚❤❡ ✜rst ❛ss✉♠♣t✐♦♥ ✐s s❛t✐s✜❡❞ ❢r♦♠ t❤❡ r❛♥❞♦♠✐③❛t✐♦♥ ♦❢ ❝❛s❡s ✐♥t♦ tr❡❛t♠❡♥t ❛♥❞

❝♦♥tr♦❧✳ ❚❤❡ s❡❝♦♥❞ ❛ss✉♠♣t✐♦♥ r❡q✉✐r❡s t❤❛t ✐t ✐s ♦♥❧② t❤r♦✉❣❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ t❤❛t tr❡❛t✲

♠❡♥t st❛t✉s ❛✛❡❝ts t❤❡ ♦✉t❝♦♠❡s✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r✱ t❤❡ ❞❡s✐❣♥

❢❡❛t✉r❡s ♦❢ t❤✐s ❘❈❚ ❡♥s✉r❡ t❤❛t ✐t ✐s ❤✐❣❤❧② ❧✐❦❡❧② t❤❛t t❤✐s ❛ss✉♠♣t✐♦♥ ✐s s❛t✐s✜❡❞✳ ❚❤❡

t❤✐r❞ ❛ss✉♠♣t✐♦♥ st❛t❡s t❤❛t tr❡❛t♠❡♥t st❛t✉s ❤❛s ❛ ♥♦♥✲③❡r♦ ❡✛❡❝t ♦♥ ❡♥❣❛❣❡♠❡♥t ✇✐t❤ t❤❡

✐♥t❡r✈❡♥t✐♦♥✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✐s t❡st❛❜❧❡ ❢r♦♠ t❤❡ ✜rst✲st❛❣❡ r❡❣r❡ss✐♦♥✳ ❚❤❡ ✜rst st❛❣❡

✐♥str✉♠❡♥t ✐s str♦♥❣✱ ❜❡✐♥❣ ✐♥ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ✐♥❝r❡❛s❡s t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❡♥❣❛❣❡♠❡♥t

✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❜② ✺✶✳✼✪✱ ✇✐t❤ ❛♥ ❡①❝❧✉❞❡❞ ✈❛r✐❛❜❧❡ F = 537 ❛♥❞ ❛♥ ❡①❝❧✉❞❡❞ ✈❛r✐❛❜❧❡

R2 = 0.348 ✭❈♦❧✉♠♥ ✶✱ ❚❛❜❧❡ ❋✳✶✮✳ ❚❤❡ ✜♥❛❧ ❛ss✉♠♣t✐♦♥✱ ♠♦♥♦t♦♥✐❝✐t②✱ r❡q✉✐r❡s t❤❛t t❤❡

tr❡❛t♠❡♥t ❞♦❡s ♥♦t ❧❡❛❞ ✈✐❝t✐♠s t♦ ❜❡ ❧❡ss ❧✐❦❡❧② t♦ ❡♥❣❛❣❡ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ t❤❛♥ t❤❡②

✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❤❛❞ t❤❡② ❜❡❡♥ ❛ss✐❣♥❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ❚❤❡ ❞❡s✐❣♥ ♦❢ t❤✐s ❘❈❚ ✐s

s✉❝❤ t❤❛t ✈✐❝t✐♠s ✐♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ❞♦ ♥♦t r❡❝❡✐✈❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ❡♥❣❛❣❡ ✇✐t❤ t❤❡

✐♥t❡r✈❡♥t✐♦♥✱ t❤❡r❡❢♦r❡ t❤❡ ♠♦♥♦t♦♥✐❝✐t② ❛ss✉♠♣t✐♦♥ ✐s s❛t✐s✜❡❞ ❜② ❞❡s✐❣♥✳

■♥ ❚❛❜❧❡ ❋✳✶✱ ✇❡ r❡♣♦rt t✇♦✲st❛❣❡ ❧❡❛st sq✉❛r❡s ❡st✐♠❛t❡s ❢♦r ♦✉t❝♦♠❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦

t❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡s ✸✕✺ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r✳ ❋♦r st❛t❡♠❡♥ts ♠❛❞❡ t♦ ♣♦❧✐❝❡✱ t❤❡

✸✹



▲❆❚❊ ❡st✐♠❛t❡ s✉❣❣❡sts t❤❛t ✈✐❝t✐♠s ✇❤♦ ❡♥❣❛❣❡❞ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❛r❡ ✶✷✳✻ ♣❡r❝❡♥t❛❣❡

♣♦✐♥ts ❧❡ss ❧✐❦❡❧② t♦ ♣r♦✈✐❞❡ ❛ st❛t❡♠❡♥t t♦ t❤❡ ♣♦❧✐❝❡ ✭♣ ❂ ✵✳✵✶✷✮✳ ❚❤✐s ✐s ❛ ❧❛r❣❡ ❡✛❡❝t✱

❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ ❛ ✹✷✳✶✪ ❞❡❝r❡❛s❡ r❡❧❛t✐✈❡ t♦ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥ ❜② t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳✶✵

❊st✐♠❛t❡s ❢♦r ♦t❤❡r ♦✉t❝♦♠❡s ❛r❡ ❧❛r❣❡r ✐♥ ♠❛❣♥✐t✉❞❡ t❤❛♥ t❤❡ ■❚❚ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥

t❤❡ ♠❛✐♥ ♣❛♣❡r✱ ❜✉t ❤❛✈❡ t❤❡ s❛♠❡ s✐❣♥✳ ❖✈❡r❛❧❧✱ t❤❡ q✉❛❧✐t❛t✐✈❡ st♦r② ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❛t

❢r♦♠ t❤❡ ♠❛✐♥ ♣❛♣❡r✳ ❋♦r ❡①❛♠♣❧❡✱ ❢♦r t❤♦s❡ ✇❤♦ ❡♥❣❛❣❡ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✱ tr❡❛t♠❡♥t

❧❡❛❞s t♦ ❛ ✹✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥❝r❡❛s❡ ✭✻✳✵✪ r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥✱ ♣❂✵✳✸✻✾✮

✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛ r❡♣❡❛t ♣♦❧✐❝❡ ❝❛❧❧♦✉t✱ ❜✉t ❛ ❞❡❝r❡❛s❡ ♦❢ ✶✳✶✶✸ ✉♥✐ts ✭✶✽✳✽✪ r❡❧❛t✐✈❡ t♦

t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥✱ ♣❂✵✳✵✼✻✮ ✐♥ t❤❡ ❛✈❡r❛❣❡ r✐s❦ ❛ss❡ss♠❡♥t✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤

t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❤❛✈✐♥❣ ❛ ✇❡❛❦ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❡❛t ✐♥❝✐❞❡♥ts✱ ❜✉t ✇✐t❤

t❤❡ ❛✈❡r❛❣❡ s❡✈❡r✐t② ♦❢ ❛♥ ✐♥❝✐❞❡♥t ❞❡❝r❡❛s✐♥❣✳

✶✵❖❢ ❝♦✉rs❡✱ ✇❡ ❝❛♥♥♦t ❞❡t❡r♠✐♥❡ ❤♦✇ ❧❛r❣❡ t❤✐s ❡✛❡❝t ✐s r❡❧❛t✐✈❡ t♦ st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥ ❛♠♦♥❣ t❤❡ ✉♥♦❜✲
s❡r✈❛❜❧❡ s✉❜s❡t ♦❢ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ t❤❛t ✇♦✉❧❞ t❛❦❡ ✉♣ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❤❛❞ t❤❡② ❜❡❡♥ ♦✛❡r❡❞✳
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❋✐❣✉r❡ ❋✳✷✿ ❈❤❛r❛❝t❡r✐st✐❝s ❜② ✐♥t❡r✈❡♥t✐♦♥ ❡♥❣❛❣❡♠❡♥t

Victim female

Perpetrator female

Victim age

Perpetrator age

Victim white

Perpetrator white

Cohabitation 

Children in household

Domestic cases (365 days)

Risk assessment score

-15 -10 -5 0 5 10 15
Engagement conditional on treatment (percentage points)

✭❛✮ ❈♦♥t❛❝t❡❞ ❛♥❞ ❡♥❣❛❣❡❞

Victim female

Perpetrator female

Victim age

Perpetrator age

Victim white

Perpetrator white

Cohabitation 

Children in household

Domestic cases (365 days)

Risk assessment score

-15 -10 -5 0 5 10 15
Contact conditional on treatment (percentage points)

✭❜✮ ❈♦♥t❛❝t❡❞

Victim female

Perpetrator female

Victim age

Perpetrator age

Victim white

Perpetrator white

Cohabitation 

Children in household

Domestic cases (365 days)

Risk assessment score

-15 -10 -5 0 5 10 15
Engagement conditional on contact (percentage points)

✭❝✮ ❊♥❣❛❣❡❞ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❝♦♥t❛❝t

◆♦t❡s✿ ❚❤❡s❡ ✜❣✉r❡s r❡♣♦rt t❤❡ ❝♦❡✣❝✐❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ r❡❣r❡ss✐♦♥ ♦❢ ❜✐♥❛r② ✐♥❞✐❝❛t♦rs ❢♦r
t❤r❡❡ ♦✉t❝♦♠❡s ❢♦r ❝❛s❡s ✐♥ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣✿ ❛✮ ❈♦♥t❛❝t❡❞ ❜② t❤❡ ❝❛s❡✇♦r❦❡r ❛♥❞ ❡♥❣❛❣❡❞ ✇✐t❤
t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ✭R2 = 0.1693✱ N = 510✮❀ ❜✮ ❈♦♥t❛❝t❡❞ ❜② t❤❡ ❝❛s❡✇♦r❦❡r ✭R2 = 0.1986✱ N = 510✮❀
❝✮ ❊♥❣❛❣❡❞ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❝♦♥t❛❝t ✭R2 = 0.2269✱ N = 368✮✳ ❆❧❧ r❡❣r❡ss✐♦♥
✐♥❝❧✉❞❡ t❤❡ ❢✉❧❧ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✭s❡❡ ♠❛✐♥ t❡①t✮ ✐♥❝❧✉❞✐♥❣ ❞✉♠♠✐❡s ❢♦r ♠✐ss✐♥❣ ✈❛r✐❛❜❧❡s
❛♥❞ ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠✐❡s✳ ❘❡♣♦rt❡❞ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛r❡ ✐♥ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s❀ ❝♦❡✣❝✐❡♥ts r❡✢❡❝t
t❤❡ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ❝❤❛♥❣❡ ✐♥ t❤❡ ♦✉t❝♦♠❡ ❢♦r ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝✳
P♦✐♥ts r❡✢❡❝t ♣♦✐♥t ❡st✐♠❛t❡s ♦❢ ❝♦❡✣❝✐❡♥ts✱ ❜❛rs ❞❡♥♦t❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s✳
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❋✐❣✉r❡ ❋✳✸✿ ❑❛♣❧❛♥✲▼❡✐❡r ❡st✐♠❛t❡s ♦❢ t❤❡ t✐♠❡ t♦ r❡♣❡❛t ❢r♦♠ ✐♥✐t✐❛❧ ✐♥❝✐❞❡♥t

◆♦t❡s✿ ❚❤✐s ✜❣✉r❡ ❞✐s♣❧❛②s ❡st✐♠❛t❡❞ ❑❛♣❧❛♥✲▼❡✐❡r s✉r✈✐✈❛❧ ❢✉♥❝t✐♦♥s ❢♦r t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣
✭s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭❞❛s❤❡❞ ❧✐♥❡✮✳ ❆ ❢❛✐❧ ✐s ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ✜rst r❡♣❡❛t ♣♦❧✐❝❡
✐♥❝✐❞❡♥t✳ ❆ ❧♦❣✲r❛♥❦ t❡st ❢❛✐❧s t♦ r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s t❤❛t t❤❡ s✉r✈✐✈❛❧ ❢✉♥❝t✐♦♥ ✐s t❤❡ s❛♠❡
❢♦r tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s ✭χ2

(1) = 1.61✮✳

✸✼



❋✐❣✉r❡ ❋✳✹✿ ◆✉♠❜❡r ♦❢ ❞❛②s t♦ ♥❡①t r❡♣❡❛t✱ ✜rst ✜✈❡ r❡♣❡❛ts

◆♦t❡s✿ ❚❤✐s ✜❣✉r❡ ❞♦❝✉♠❡♥ts t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ ♣♦❧✐❝❡✲r❡♣♦rt❡❞ ✐♥❝✐❞❡♥ts ❜②
tr❡❛t♠❡♥t st❛t✉s✳ ❚❤❡ ❧❡❢t ✜❣✉r❡ s❤♦✇s t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❞❛②s ❜❡t✇❡❡♥ ❡❛❝❤ ✐♥❝✐❞❡♥t ❢♦r ❛❧❧
r❡♣♦rt❡❞ ❝❛s❡s✳ ❖❜s❡r✈❛t✐♦♥s ❛r❡ ✼✺✸✱ ✺✺✷✱ ✹✵✷✱ ✷✽✾✱ ❛♥❞ ✷✶✵ ❢♦r r❡♣❡❛ts ✶✕✺ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
r✐❣❤t ✜❣✉r❡ ✐♥❝❧✉❞❡s ♦♥❧② ❝❛s❡s ❢♦r ✇❤✐❝❤ ✇❡ ♦❜s❡r✈❡ ❛t ❧❡❛st ✜✈❡ r❡♣❡❛ts ✐♥ t❤❡ t✇♦✲②❡❛r ♣❡r✐♦❞✳
✷✶✵ ♦❜s❡r✈❛t✐♦♥s ❢♦r ❛❧❧ ❞❛②s✳

✸✽



❚❛❜❧❡ ❋✳✶✿ ▲♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ❡st✐♠❛t❡s

❋✐rst st❛❣❡ ❙t❛t❡♠❡♥t ❘❡♣❡❛ts ❚♦t❛❧ ❚♦t❛❧ r❡♣❡❛ts ❉❆❙❍ ▼❆❘❆❈ P❡r♣❡tr❛t♦r
♣r♦✈✐❞❡❞ ≥ ✶ r❡♣❡❛ts ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ≥ ✶ s❝♦r❡ t❤r❡s❤♦❧❞ ❛rr❡st❡❞

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮

❊♥❣❛❣❡♠❡♥t ✲✵✳✶✷✻ ✵✳✵✹✺ ✵✳✹✹✻ ✵✳✸✼✾ ✲✶✳✶✶✸ ✲✵✳✵✺✸ ✲✵✳✶✵✹
✭✵✳✵✺✵✮ ✭✵✳✵✺✵✮ ✭✵✳✹✵✼✮ ✭✵✳✹✻✹✮ ✭✵✳✻✷✼✮ ✭✵✳✵✻✻✮ ✭✵✳✵✼✻✮

❚r❡❛t♠❡♥t ✵✳✺✶✼
✭✵✳✵✷✸✮

❱✐❝t✐♠ ❢❡♠❛❧❡ ✵✳✵✶✸ ✲✵✳✵✵✷ ✵✳✵✽✺ ✵✳✷✾✽ ✵✳✵✼✼ ✵✳✵✾✾ ✲✵✳✵✹✾ ✲✵✳✵✵✽
✭✵✳✵✹✵✮ ✭✵✳✵✹✶✮ ✭✵✳✵✹✽✮ ✭✵✳✸✹✶✮ ✭✵✳✹✷✷✮ ✭✵✳✺✵✽✮ ✭✵✳✵✼✷✮ ✭✵✳✵✻✾✮

P❡r♣❡tr❛t♦r ❢❡♠❛❧❡ ✲✵✳✵✽✵ ✲✵✳✵✻✺ ✲✵✳✵✺✵ ✲✵✳✷✷✶ ✵✳✵✾✻ ✲✶✳✾✸✷ ✲✵✳✶✶✸ ✲✵✳✵✾✾
✭✵✳✵✹✶✮ ✭✵✳✵✸✽✮ ✭✵✳✵✹✻✮ ✭✵✳✸✷✹✮ ✭✵✳✸✽✵✮ ✭✵✳✺✷✾✮ ✭✵✳✵✻✵✮ ✭✵✳✵✻✸✮

❱✐❝t✐♠ ✇❤✐t❡ ✲✵✳✵✸✸ ✵✳✵✽✸ ✵✳✵✺✻ ✵✳✵✶✸ ✲✵✳✷✶✻ ✲✵✳✼✻✻ ✲✵✳✷✸✼ ✲✵✳✵✾✺
✭✵✳✵✹✶✮ ✭✵✳✵✹✻✮ ✭✵✳✵✹✺✮ ✭✵✳✹✷✺✮ ✭✵✳✹✺✷✮ ✭✵✳✺✽✾✮ ✭✵✳✵✻✻✮ ✭✵✳✵✻✾✮

P❡r♣❡tr❛t♦r ✇❤✐t❡ ✲✵✳✵✹✼ ✲✵✳✵✽✼ ✵✳✵✸✶ ✵✳✻✸✷ ✵✳✼✵✽ ✵✳✺✻✵ ✵✳✶✻✸ ✵✳✵✺✷
✭✵✳✵✹✸✮ ✭✵✳✵✹✽✮ ✭✵✳✵✹✹✮ ✭✵✳✸✾✺✮ ✭✵✳✹✶✽✮ ✭✵✳✺✷✸✮ ✭✵✳✵✺✻✮ ✭✵✳✵✻✻✮

❈♦❤❛❜✐t❛t✐♦♥ ✵✳✵✷✷ ✵✳✶✷✹ ✲✵✳✵✺✸ ✲✵✳✼✶✹ ✲✵✳✹✻✶ ✵✳✹✻✶ ✵✳✵✵✼ ✵✳✵✸✶
✭✵✳✵✷✻✮ ✭✵✳✵✷✼✮ ✭✵✳✵✷✼✮ ✭✵✳✷✸✷✮ ✭✵✳✷✻✻✮ ✭✵✳✸✺✵✮ ✭✵✳✵✸✻✮ ✭✵✳✵✹✷✮

❈❤✐❧❞r❡♥ ✐♥ ❤♦✉s❡❤♦❧❞ ✵✳✵✸✼ ✵✳✵✵✽ ✵✳✵✸✹ ✲✵✳✶✼✼ ✲✵✳✹✻✷ ✶✳✵✸✹ ✲✵✳✵✷✸ ✵✳✵✼✺
✭✵✳✵✷✺✮ ✭✵✳✵✷✽✮ ✭✵✳✵✷✾✮ ✭✵✳✷✺✷✮ ✭✵✳✸✵✷✮ ✭✵✳✸✻✽✮ ✭✵✳✵✸✾✮ ✭✵✳✵✹✸✮

❉♦♠❡st✐❝ ❝❛s❡s ✭✸✻✺ ❞❛②s✮ ✲✵✳✵✶✵ ✲✵✳✵✵✺ ✵✳✵✶✹ ✵✳✷✻✷ ✵✳✷✹✶ ✲✵✳✶✸✾ ✵✳✵✶✺ ✵✳✵✶✷
✭✵✳✵✵✽✮ ✭✵✳✵✵✽✮ ✭✵✳✵✵✾✮ ✭✵✳✵✼✺✮ ✭✵✳✵✽✷✮ ✭✵✳✶✵✷✮ ✭✵✳✵✶✶✮ ✭✵✳✵✶✷✮

❘✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ ✵✳✵✺✶ ✵✳✷✽✸ ✲✵✳✵✸✵ ✲✵✳✵✶✽ ✵✳✵✽✺ ✶✳✾✸✼ ✵✳✶✵✾ ✵✳✵✼✾
✭✵✳✵✷✷✮ ✭✵✳✵✷✽✮ ✭✵✳✵✷✼✮ ✭✵✳✷✵✸✮ ✭✵✳✷✸✶✮ ✭✵✳✸✻✷✮ ✭✵✳✵✹✵✮ ✭✵✳✵✸✽✮

❈♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥ ✵✳✵✵✵ ✵✳✷✾✾ ✵✳✼✹✾ ✷✳✻✽✶ ✸✳✺✽✷ ✻✳✵✸✾ ✵✳✶✷✸ ✵✳✹✺✼
N ✶✵✶✺ ✶✵✶✺ ✶✵✶✺ ✶✵✶✺ ✼✼✺ ✺✷✷ ✺✸✺ ✻✸✾

◆♦t❡s✿ ❈♦❧✉♠♥ ✭✶✮ r❡♣♦rts ❡st✐♠❛t❡s ❢♦r ❛ ❧✐♥❡❛r ✭✜rst st❛❣❡✮ r❡❣r❡ss✐♦♥ ♦❢ ❡♥❣❛❣❡♠❡♥t ❞✉♠♠② ♦♥ tr❡❛t♠❡♥t ❣r♦✉♣ ❞✉♠♠②✳
❈♦❧✉♠♥s ✭✷✮✕✭✽✮ r❡♣♦rt t✇♦✲st❛❣❡ ❧❡❛st sq✉❛r❡s ❡st✐♠❛t❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♦✉t❝♦♠❡s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡s ✷✕✹ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r✳
❘❡❣r❡ss✐♦♥ ❝♦♥tr♦❧s ✐♥❝❧✉❞❡ ✈✐❝t✐♠ ❛♥❞ ♣❡r♣❡tr❛t♦r ❛❣❡✱ ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠② ✈❛r✐❛❜❧❡s✱ ❛♥❞ ❜✐♥❛r② ✐♥❞✐❝❛t♦rs ❝♦rr❡s♣♦♥❞✐♥❣
t♦ ♠✐ss✐♥❣ ✈❛r✐❛❜❧❡s✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳

✸✾



❋✳✺ ❚r❡❛t♠❡♥t ❡✛❡❝t ❤❡t❡r♦❣❡♥❡✐t②

❲❡ r❡r✉♥ t❤❡ r❡❣r❡ss✐♦♥ ♦❢ t❛❜❧❡s ✸✕✻ ✐♥ t❤❡ ♠❛✐♥ ♣❛♣❡r✱ ❛❧❧♦✇✐♥❣ ❢♦r t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t

t♦ ✈❛r② ❜② t❤❡ r✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ r❡♣♦rt❡❞ ❢♦r t❤❡ ✐♥✐t✐❛❧ ❝❛❧❧♦✉t✳ ❚♦ ❞♦ t❤✐s✱ ✇❡ ❝r❡❛t❡ ❛

❤✐❣❤✲r✐s❦ ❞✉♠♠② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✵ ✇❤❡♥ t❤❡ r✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡ ✐s ✶ ✭t❤❡ ❧♦✇❡st ✈❛❧✉❡✮✱

❛♥❞ ❡q✉❛❧ t♦ ✶ ♦t❤❡r✇✐s❡✳ ❚❤✐s ❞✉♠♠② ✐s ✐♥t❡r❛❝t❡❞ ✇✐t❤ tr❡❛t♠❡♥t ✐♥ ❊q✉❛t✐♦♥ ✭✶✮ ♦❢ t❤❡

♠❛✐♥ ♣❛♣❡r✳ ❋♦r ❡❛❝❤ ♦✉t❝♦♠❡ ✇❡ ❡st✐♠❛t❡✿

Si = λ0 + λ1treati + λ2highriski + λ3treati × highriski +X ′
iΛ + ui, ✭❋✳✼✮

✇❤❡r❡ highriski ✐s t❤❡ ❞✉♠♠② ✈❛r✐❛❜❧❡ ❢♦r i✱ ui r❡✢❡❝ts t❤❡ ✉♥♦❜s❡r✈❡❞ ✐♥✢✉❡♥❝❡s ♦♥ t❤❡

♦✉t❝♦♠❡✱ ❛♥❞ Xi ✐s ❛s ♣r❡✈✐♦✉s❧② s♣❡❝✐✜❡❞✳✶✶ ❊st✐♠❛t❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ λ1✱ λ2✱ ❛♥❞ λ3 ❛r❡

r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❋✳✷✳

❚❤❡ str♦♥❣❡st r❡s✉❧t ❢r♦♠ t❤❡s❡ r❡❣r❡ss✐♦♥s ❝♦♠❡s ❢r♦♠ t❤❡ ❡✛❡❝t ♦❢ tr❡❛t♠❡♥t ♦♥ t❤❡

♣r♦✈✐s✐♦♥ ♦❢ ❛ st❛t❡♠❡♥t t♦ ♣♦❧✐❝❡✳ ❋♦r highrisk = 0 ❝❛s❡s✱ t❤❡ ✈✐❝t✐♠ ✐s ✼✳✹ ♣❡r❝❡♥t❛❣❡

♣♦✐♥ts ❧❡ss ❧✐❦❡❧② t♦ ♠❛❦❡ ❛ st❛t❡♠❡♥t ✭♣ ❂ ✵✳✵✶✶✮✱ ❝♦♥s✐st❡♥t ✇✐t❤ ■❚❚ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸✳

❚❤✐s ✐s ❛ ✸✷✳✵✪ ❞❡❝r❡❛s❡ r❡❧❛t✐✈❡ t♦ t❤❡ highrisk = 0 ❝♦♥tr♦❧ ❣r♦✉♣ ❝❛s❡s✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥

♦❢ tr❡❛t♠❡♥t ✇✐t❤ t❤❡ ❤✐❣❤✲r✐s❦ ✐♥❞✐❝❛t♦r r❡s✉❧ts ✐♥ ❛ ♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥t ♦❢ ✽✳✸ ✭♣ ❂ ✵✳✷✹✾✮✱

s✉❣❣❡st✐♥❣ ❛ t♦t❛❧ ❡✛❡❝t ♦❢ tr❡❛t♠❡♥t ❢♦r t❤❡ highrisk = 1 ❝❛s❡s ♦❢ ❛ ✵✳✾ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t

✐♥❝r❡❛s❡ ✐♥ st❛t❡♠❡♥ts t♦ ♣♦❧✐❝❡✳ ❚❤✐s t♦t❛❧ ❡✛❡❝t ✐s ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛♥❞ ♦♥❧② ❛

✷✳✸✪ ✐♥❝r❡❛s❡ ♦✈❡r t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥ ♦❢ ✺✸✳✵✪ ❢♦r highrisk = 1 ❝❛s❡s✳ ❲❡ ✐♥t❡r♣r❡t

t❤✐s ❛s ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ st❛t❡♠❡♥t✲♠❛❦✐♥❣ r❡s♣♦♥s❡ t♦ tr❡❛t♠❡♥t ✐s ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❝❛s❡s

✐❞❡♥t✐✜❡❞ ❛s ❧♦✇❡r r✐s❦✳

✶✶❲❡ ❡①❝❧✉❞❡ ❢r♦♠ t❤❡s❡ r❡❣r❡ss✐♦♥s t❤❡ r✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡✱ ✇❤✐❝❤ ✐s ❤✐❣❤❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❤✐❣❤✲r✐s❦
❞✉♠♠②✳ ■♥❝❧✉❞✐♥❣ t❤❡ s❝♦r❡ r❡❞✉❝❡s t❤❡ ♠❛❣♥✐t✉❞❡ ❛♥❞ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ highrisk ❝♦❡✣❝✐❡♥t✱ ❜✉t ❞♦❡s ♥♦t
❤❛✈❡ ❛ s✉❜st❛♥t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ treat ♦r treat× highrisk ❝♦❡✣❝✐❡♥ts✳

✹✵



❚❛❜❧❡ ❋✳✷✿ ❍❡t❡r♦❣❡♥❡♦✉s tr❡❛t♠❡♥t ❡✛❡❝t ❜② r❡s♣♦♥❞✐♥❣ ♦✣❝❡r r✐s❦ ❛ss❡ss♠❡♥t

❘❡♣❡❛t ♣♦❧✐❝❡✲r❡♣♦rt❡❞ ❉❱ ❙❡✈❡r✐t② ❛t r❡♣❡❛t ♣♦❧✐❝❡ ❝❛❧❧♦✉ts P✉♥✐t✐✈❡ ❛❝t✐♦♥s ❛❣❛✐♥st ♣❡r♣❡tr❛t♦r

❙t❛t❡♠❡♥t ❘❡♣❡❛ts ❚♦t❛❧ ❚♦t❛❧ r❡♣❡❛ts ❉❆❙❍ ▼❆❘❆❈ P❡r♣❡tr❛t♦r P❡r♣❡tr❛t♦r P❡r♣❡tr❛t♦r P❡r♣❡tr❛t♦r
≥ 1 r❡♣❡❛ts ❝♦♥❞✐t✐♦♥❛❧ s❝♦r❡ t❤r❡s❤♦❧❞ ❛rr❡st❡❞ ❛rr❡st❡❞ ❝❤❛r❣❡❞ s❡♥t❡♥❝❡❞

♦♥ ≥ 1
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮ ✭✾✮ ✭✶✵✮

❚r❡❛t♠❡♥t ✲✵✳✵✼✹ ✵✳✵✶✷ ✵✳✶✷✺ ✵✳✶✵✾ ✲✵✳✷✹✻ ✲✵✳✵✸✾ ✲✵✳✵✹✷ ✲✵✳✵✷✵ ✲✵✳✵✷✶ ✲✵✳✵✶✸
✭✵✳✵✷✽✮ ✭✵✳✵✸✵✮ ✭✵✳✷✺✷✮ ✭✵✳✷✾✹✮ ✭✵✳✸✾✷✮ ✭✵✳✵✸✾✮ ✭✵✳✵✹✼✮ ✭✵✳✵✷✽✮ ✭✵✳✵✷✷✮ ✭✵✳✵✶✽✮

❍✐❣❤✲r✐s❦ ✵✳✷✽✺ ✲✵✳✵✺✺ ✲✵✳✶✻✸ ✲✵✳✵✸✼ ✷✳✹✷✼ ✵✳✵✾✹ ✵✳✵✾✺ ✵✳✷✺✷ ✵✳✶✶✼ ✵✳✵✼✶
✭✵✳✵✺✹✮ ✭✵✳✵✹✽✮ ✭✵✳✸✸✽✮ ✭✵✳✹✵✵✮ ✭✵✳✻✻✾✮ ✭✵✳✵✼✷✮ ✭✵✳✵✼✷✮ ✭✵✳✵✺✸✮ ✭✵✳✵✹✸✮ ✭✵✳✵✸✸✮

❚r❡❛t♠❡♥t × ❍✐❣❤✲r✐s❦ ✵✳✵✽✸ ✵✳✵✹✻ ✵✳✹✵✹ ✵✳✸✼✵ ✲✶✳✹✼✸ ✵✳✵✺✾ ✲✵✳✵✹✸ ✵✳✵✼✻ ✵✳✵✾✶ ✵✳✵✺✹
✭✵✳✵✼✹✮ ✭✵✳✵✻✾✮ ✭✵✳✺✸✹✮ ✭✵✳✻✸✶✮ ✭✶✳✵✵✶✮ ✭✵✳✶✵✹✮ ✭✵✳✶✵✶✮ ✭✵✳✵✼✻✮ ✭✵✳✵✻✺✮ ✭✵✳✵✺✸✮

❈♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥ ✵✳✷✸✶ ✵✳✼✺✻ ✷✳✼✸ ✸✳✻✵✼ ✺✳✹✺✹ ✵✳✶✶✺ ✵✳✹✷✽ ✵✳✷✵✵ ✵✳✶✵✺ ✵✳✵✻✼
✭❍✐❣❤✲r✐s❦= 0✮ ✭✵✳✵✷✶✮ ✭✵✳✵✷✷✮ ✭✵✳✶✻✼✮ ✭✵✳✶✾✺✮ ✭✵✳✷✻✽✮ ✭✵✳✵✶✻✮ ✭✵✳✵✸✷✮ ✭✵✳✵✷✵✮ ✭✵✳✵✶✻✮ ✭✵✳✵✶✷✮

N ✶✵✶✺ ✶✵✶✺ ✶✵✶✺ ✼✼✺ ✺✷✷ ✺✸✺ ✻✸✾ ✶✵✶✺ ✶✵✶✺ ✶✵✶✺
R2 ✵✳✷✶✶ ✵✳✶✶✹ ✵✳✵✾✽ ✵✳✶✷✽ ✵✳✷✻✼ ✵✳✶✼✹ ✵✳✶✹✵ ✵✳✶✻✽ ✵✳✶✷✷ ✵✳✶✵✸

◆♦t❡s✿ ❚❤✐s t❛❜❧❡ r❡♣♦rts ❡st✐♠❛t❡s ❢♦r t❤❡ r❡❣r❡ss✐♦♥ s♣❡❝✐✜❡❞ ✐♥ ❚❛❜❧❡s ✭✷✮✕✭✺✮ ❛❧❧♦✇✐♥❣ ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s tr❡❛t♠❡♥t ❡✛❡❝t ❜② r✐s❦
❛ss❡ss♠❡♥t✳ ❍✐❣❤✲r✐s❦ ✐s ❛ ❜✐♥❛r② ✈❛r✐❛❜❧❡ t❛❦✐♥❣ ❛ ✈❛❧✉❡ ♦❢ ✶ ✐❢ t❤❡ r❡s♣♦♥❞✐♥❣ ♦✣❝❡r r✐s❦ ❛ss❡ss♠❡♥t ✐s ❤✐❣❤ ❛♥❞ ❛♥❞ ❛ ✈❛❧✉❡ ♦❢ ✵
♦t❤❡r✇✐s❡✳ ❆❧❧ r❡❣r❡ss✐♦♥ ✐♥❝❧✉❞❡ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛s s♣❡❝✐✜❡❞ ✐♥ ❚❛❜❧❡s ✭✷✮✕✭✺✮✱ ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ r✐s❦ ❛ss❡ss♠❡♥t s❝♦r❡✳ ❘♦❜✉st
st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳
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❚❤❡ ❤❡t❡r♦❣❡♥❡✐t② ♦❢ r❡s✉❧ts ❛❝r♦ss t❤❡ ♦✉t❝♦♠❡s r❡✢❡❝t✐♥❣ t❤❡ q✉❛♥t✐t② ❛♥❞ s❡✈❡r✐t② ♦❢

r❡♣❡❛t ❞♦♠❡st✐❝ ✐♥❝✐❞❡♥ts✱ s✉❣❣❡st t❤❛t t❤❡ tr❡❛t♠❡♥t ❡✛❡❝ts r❡♣♦rt❡❞ ✐♥ t❛❜❧❡s ✹ ❛♥❞ ✺ ❛r❡

str♦♥❣❡r ❢♦r t❤❡ ❤✐❣❤✲r✐s❦ ❝❛s❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r t❤❡ ❛✈❡r❛❣❡ ❉❆❙❍ s❝♦r❡ ❢♦r r❡♣❡❛t

♣♦❧✐❝❡ ❝❛❧❧✲♦✉ts✳ ❋♦r ❧♦✇✲r✐s❦ ❝❛s❡s✱ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣ ❤❛s ❛♥ ❛✈❡r❛❣❡ ❉❆❙❍ s❝♦r❡ ♦❢ ✵✳✷✹✻

♣♦✐♥ts✱ ♦r ✺✳✸✪✱ ❧♦✇❡r t❤❛♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭♣ ❂ ✵✳✹✼✼✮✳ ❋♦r ❤✐❣❤✲r✐s❦ ❝❛s❡s✱ t❤❡ tr❡❛t♠❡♥t

❣r♦✉♣ ❤❛s ❛♥ ❛✈❡r❛❣❡ ❉❆❙❍ s❝♦r❡ ♦❢ ✶✳✹✼✸ ♣♦✐♥ts✱ ✇❤✐❝❤ ✐s ✶✽✳✾✪ ❧♦✇❡r t❤❛♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣

✭♣ ❂ ✵✳✶✸✾✮✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ tr❡❛t♠❡♥t ❤❛✈✐♥❣ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❡✛❡❝t

❛❝r♦ss ❝❛s❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r r❡♣♦rt❡❞ r✐s❦ ❧❡✈❡❧✿ ❧♦✇❡r st❛t❡♠❡♥t ♣r♦✈✐s✐♦♥ ❛♠♦♥❣ ❧♦✇❡r✲

r✐s❦ ❝❛s❡s ❛♥❞ ❛ ❤✐❣❤❡r r❡♣♦rt✐♥❣ r❛t❡ ❛♠♦♥❣ t❤❡ ❤✐❣❤❡r✲r✐s❦ ❝❛s❡s✳ ❲❡ ❛❧s♦ s❡❡ ❞✐✛❡r❡♥❝❡s ❜②

r✐s❦ ❛ss❡ss♠❡♥t ✐♥ t❤❡ ❡st✐♠❛t❡❞ tr❡❛t♠❡♥t ❡✛❡❝ts ❢♦r t❤❡ ♣❡r♣❡tr❛t♦r ♦✉t❝♦♠❡s ✐♥ t❤❡ ✐♥✐t✐❛❧

✐♥❝✐❞❡♥t✳ ▲♦✇✲r✐s❦ ❝❛s❡s s❡❡ ❛ ❞❡❝r❡❛s❡ ✐♥ ❛rr❡sts✱ ❝❤❛r❣❡s ❛♥❞ s❡♥t❡♥❝✐♥❣ ❢♦r tr❡❛t♠❡♥t

r❡❧❛t✐✈❡ t♦ ❝♦♥tr♦❧✱ ❛♥❞ t❤❡ ♦♣♣♦s✐t❡ s✐❣♥ ❢♦r ❤✐❣❤✲r✐s❦ ❝❛s❡s✳ ❆❧t❤♦✉❣❤ ❛❧❧ ❡st✐♠❛t❡s ❛r❡

st❛t✐st✐❝❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t✱ t❤❡ ♠❛❣♥✐t✉❞❡s ❛r❡ ♦♥ t❤❡ ♦r❞❡r ♦❢ ✶✵✪✕✷✵✪ r❡❧❛t✐✈❡ t♦ ❧♦✇ r✐s❦

❝♦♥tr♦❧ ❣r♦✉♣s ♠❡❛♥s✳

❲❡ ❛❧s♦ r❡♣❡❛t t❤❡ ❛❜♦✈❡ ❡①❡r❝✐s❡✱ ♣r♦✈✐❞✐♥❣ ❤❡t❡r♦❣❡♥❡♦✉s tr❡❛t♠❡♥t ❡✛❡❝ts ❢♦r t❤❡

s✉r✈❡② ❞❛t❛✱ ❛s ❢♦r t❤❡ ❛❜♦✈❡ ❡st✐♠❛t❡s✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❡①❡r❝✐s❡ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❋✳✸✱

✇❤❡r❡ t❤❡ ❝♦❧✉♠♥s ♣r♦✈✐❞❡ ❡st✐♠❛t❡s ❢♦r ❡❛❝❤ s✉r✈❡② ♦✉t❝♦♠❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ tr❡❛t♠❡♥t✱

t❤❡ ❤✐❣❤✲r✐s❦ ❞✉♠♠② ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ tr❡❛t♠❡♥t ❛♥❞ ❤✐❣❤✲r✐s❦✳ ■♥ t❤❡ ✜♥❛❧ ❝♦❧✉♠♥✱

✇❡ r❡♣♦rt t❤❡ ♠❡❛♥s ❢♦r ❝♦♥tr♦❧ ❣r♦✉♣ s✉❜❥❡❝ts ✇❤♦ ❛r❡ ♥♦t ❛ss❡ss❡❞ ❛s ❤✐❣❤✲r✐s❦✳ ❲❤✐❧❡ ✇❡

❢♦❝✉s ♦✉r ❞✐s❝✉ss✐♦♥ ❜❡❧♦✇ ❧❛r❣❡❧② ♦♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♣♦✐♥t ❡st✐♠❛t❡s✱ t❤❡s❡ ❡st✐♠❛t❡s

❛r❡ ♥♦✐s②❀ ✐♥t❡r♣r❡t❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❞♦♥❡ ❝❛✉t✐♦✉s❧②✳

❆s ✇✐t❤ t❤❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞❛t❛✱ ✇❡ s❡❡ s♦♠❡ ✐♥t❡r❡st✐♥❣ ❞✐✛❡r❡♥❝❡s ✐♥ tr❡❛t♠❡♥t r❡✲

s♣♦♥s❡s ❜② r✐s❦ ❛ss❡ss♠❡♥t✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ✐♥❞❡① r❡✢❡❝t✐♥❣ s❡r✈✐❝❡ ✉s❡ ✐s

s❧✐❣❤t❧② ❤✐❣❤❡r ❢♦r t❤❡ ❤✐❣❤✲r✐s❦ ❣r♦✉♣ ✭♣❂✵✳✻✺✷✮✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥❝r❡❛s❡❞ ✈✐s✐ts t♦ ❛ ❣❡♥❡r❛❧

♣r❛❝t✐t✐♦♥❡r ❢♦r ♠❡❞✐❝❛❧ ❛tt❡♥t✐♦♥ ❛r❡ ❧❛r❣❡❧② ❝♦♠✐♥❣ ❢r♦♠ t❤❡ s✉❜❥❡❝ts ✇❤♦ ❛r❡ ♥♦t ❛ss❡ss❡❞

❛s ❤✐❣❤✲r✐s❦ ✭♣❂✵✳✵✷✾✮✱ ✇❤✐❧❡ ✈✐s✐ts t♦ ❛❝❝✐❞❡♥ts ❛♥❞ ❡♠❡r❣❡♥❝② ❞❡♣❛rt♠❡♥t ❛r❡ ✶✵✳✺ ♣❡r❝❡♥t✲

✹✷



❛❣❡ ♣♦✐♥ts ❤✐❣❤❡r ❢♦r ❤✐❣❤✲r✐s❦ s✉❜❥❡❝ts t❤❛♥ s✉❜❥❡❝ts ✇❤♦ ❛r❡ ♥♦t ❤✐❣❤✲r✐s❦ ✭♣❂✵✳✷✶✺✮✳

❚❤❡r❡ ✐s ❧✐tt❧❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ✐♥❞❡① ❢♦r r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥ ❜② r✐s❦ ❛ss❡ss♠❡♥t✳ ❍♦✇❡✈❡r✱

t❤❡ ♣♦s✐t✐✈❡ tr❡❛t♠❡♥t ❡✛❡❝ts ❢♦r r❡❞✉❝❡❞ ♣❡r♣❡tr❛t♦r ❝♦♥t❛❝t ❛♥❞ ✇✐❧❧✐♥❣♥❡ss t♦ r❡♣♦rt ❢✉t✉r❡

✐♥❝✐❞❡♥ts ❝❛♥ ❜❡ ❡♥t✐r❡❧② ❛ttr✐❜✉t❡❞ t♦ s✉❜❥❡❝ts ❛ss❡ss❡❞ ❛s ❧♦✇❡r r✐s❦ ✭♣❂ ✵✳✵✶✷ ❛♥❞ ♣❂✵✳✵✹✽✮✳

❚❤❡ ❤✐❣❤✲r✐s❦ s✉❜❥❡❝ts ❛r❡ ♠♦r❡ ❧✐❦❡❧② t❤❛♥ ♦t❤❡rs t♦ r❡s♣♦♥❞ t♦ tr❡❛t♠❡♥t ❜② r❡♣♦rt✐♥❣ t❤❡✐r

♣❡rs♦♥❛❧ s❛❢❡t② ❤❛✈✐♥❣ ✐♠♣r♦✈❡❞ ✭♣❂ ✵✳✶✸✷✮✳

P❡r❤❛♣s t❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ r❡s✉❧ts ❝♦♠❡ ❢r♦♠ t❤❡ s✉r✈❡② ♠❡❛s✉r❡s ♦❢ ✇❡❧❧✲❜❡✐♥❣✳ ❈♦♥✲

s✐st❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✹ ♦❢ t❤❡ ♠❛✐♥ ♣❛♣❡r ✭❛♣♣❡♥❞✐① ❚❛❜❧❡ ❊✸✮✱ s✉❜✲

❥❡❝ts ✇❤♦ ❛r❡ ♥♦t ❛ss❡ss❡❞ ❛s ❤✐❣❤✲r✐s❦ r❡♣♦rt ❛ ✇♦rs❡♥✐♥❣ ❛❝r♦ss ❛❧❧ ♠❡❛s✉r❡s ♦❢ ✇❡❧❧✲❜❡✐♥❣✳

❋✉rt❤❡r✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡s❡ ♥❡❣❛t✐✈❡ r❡s✉❧ts ❛r❡ ♠♦r❡ t❤❛♥ ❞♦✉❜❧❡ r❡❧❛t✐✈❡ t♦ t❤❡ ❤♦♠♦✲

❣❡♥❡♦✉s r❡s✉❧ts✳ ❋♦r ❡①❛♠♣❧❡✱ s✉❜❥❡❝ts ✇❤♦ ❛r❡ ♥♦t ❛ss❡ss❡❞ ❛s ❤✐❣❤✲r✐s❦ ❛r❡ ✷✻✳✺ ♣❡r❝❡♥t❛❣❡

♣♦✐♥ts ❧❡ss ❧✐❦❡❧② t♦ r❡♣♦rt ✐♠♣r♦✈❡❞ str❡ss ❧❡✈❡❧s ✇❤❡♥ ✐♥ tr❡❛t♠❡♥t ✭♣❂✵✳✵✵✼✮✱ ❝♦♠♣❛r❡❞

t♦ ✶✼✳✶ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❧❡ss ✐♥ t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❡st✐♠❛t❡s✳ ❚❤✐s ❡st✐♠❛t❡s r❡✢❡❝ts ❛ ✺✸✪

❞❡❝r❡❛s❡ ♦✈❡r t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♠❡❛♥✳ ❙✉❜❥❡❝ts ❛ss❡ss❡❞ ❛s ❤✐❣❤✲r✐s❦ ✇❡r❡ ♠♦r❡ ❧✐❦❡❧② t♦

r❡♣♦rt ✐♠♣r♦✈❡♠❡♥ts ✐♥ ✇❡❧❧✲❜❡✐♥❣ ❛❝r♦ss s❡✈❡r❛❧ ♠❡❛s✉r❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❝♦♠♣❛r❡❞ t♦ t❤❡

❧♦✇✲r✐s❦ ❝❛s❡s✱ t❤❡ ❤✐❣❤✲r✐s❦ s✉❜❥❡❝ts ❛r❡ ✷✶✳✶ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ♠♦r❡ ❧✐❦❡❧② t♦ r❡♣♦rt ❛♥

✐♠♣r♦✈❡♠❡♥t ✐♥ q✉❛❧✐t② ♦❢ ❧✐❢❡ ✐♥ tr❡❛t♠❡♥t t❤❛♥ ✐♥ ❝♦♥tr♦❧✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ✹✸✪ ✐♠♣r♦✈❡✲

♠❡♥t ✭♣❂✵✳✺✷✷✮✳ ❍♦✇❡✈❡r✱ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t ❢♦r ❤✐❣❤✲r✐s❦ s✉❜❥❡❝ts ♦♥ r❡♣♦rt❡❞ str❡ss

✐♠♣r♦✈❡♠❡♥t ✐s st✐❧❧ ♥❡❣❛t✐✈❡✱ ❛ ❞❡❝r❡❛s❡ ♦❢ ✶✼✳✷ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✭♣❂✵✳✸✸✷✽✮ r❡❧❛t✐✈❡ t♦ t❤❡

❤✐❣❤✲r✐s❦ ❝♦♥tr♦❧ ❣r♦✉♣✳

✹✸



❚❛❜❧❡ ❋✳✸✿ ❙✉r✈❡② ♦✉t❝♦♠❡s✱ ❤❡t❡r♦❣❡♥❡♦✉s tr❡❛t♠❡♥t ❡✛❡❝ts

❚r❡❛t♠❡♥t ❍✐❣❤✲r✐s❦ ❚r❡❛t♠❡♥t × ❈♦♥tr♦❧
❍✐❣❤✲r✐s❦ ❣r♦✉♣ ♠❡❛♥

❍✐❣❤✲r✐s❦ ❂ ✵
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮

❆✳ ◆♦♥✲♣♦❧✐❝❡ s❡r✈✐❝❡ ✉s❡

❱✐s✐t❡❞ ●P ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✵✳✷✶✽ ✵✳✶✹✾ ✲✵✳✶✹✷ ✵✳✷✺✾
✭✵✳✵✾✾✮ ✭✵✳✶✹✻✮ ✭✵✳✶✼✾✮ ✭✵✳✵✹✽✮

❱✐s✐t❡❞ ❆✫❊ ❞✉❡ t♦ ✐♥❝✐❞❡♥t ✵✳✵✹✼ ✲✵✳✵✸✷ ✵✳✶✵✺ ✵✳✵✹✼
✭✵✳✵✸✻✮ ✭✵✳✵✹✼✮ ✭✵✳✵✽✹✮ ✭✵✳✵✷✸✮

❆❝❝❡ss❡❞ ❛t ❧❡❛st ♦♥❡ s❡r✈✐❝❡ ✵✳✶✸✷ ✵✳✵✸✷ ✵✳✵✶✶ ✵✳✺✸✵
✭✵✳✶✷✻✮ ✭✵✳✶✽✹✮ ✭✵✳✷✵✼✮ ✭✵✳✵✻✷✮

■♥❞❡①✯✱ s❡r✈✐❝❡ ✉s❡ ✵✳✶✼✶ ✲✵✳✵✽✾ ✵✳✵✽✾ ✵✳✵✺✻
✭✵✳✶✵✸✮ ✭✵✳✶✽✵✮ ✭✵✳✶✾✼✮ ✭✵✳✵✻✶✮

❇✳ ❉❡❝r❡❛s❡ ✐♥ r✐s❦ ♦❢ r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥

❈✉rr❡♥t❧② ♥♦ ♣❡r♣❡tr❛t♦r ❝♦♥t❛❝t ✵✳✷✹✸ ✵✳✷✼✾ ✲✵✳✷✶✹ ✵✳✸✹✶
✭✵✳✵✾✺✮ ✭✵✳✶✹✽✮ ✭✵✳✶✽✺✮ ✭✵✳✵✺✷✮

❲✐❧❧✐♥❣♥❡ss t♦ r❡♣♦rt ❢✉t✉r❡ ✐♥❝✐❞❡♥t ✵✳✷✶✸ ✵✳✶✵✾ ✲✵✳✶✾✹ ✵✳✸✹✶
✭✵✳✶✵✼✮ ✭✵✳✷✵✷✮ ✭✵✳✷✸✾✮ ✭✵✳✵✺✸✮

P❡rs♦♥❛❧ s❛❢❡t② ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✵✼✷ ✲✵✳✶✽✻ ✵✳✸✵✵ ✵✳✺✺✷
✭✵✳✵✾✽✮ ✭✵✳✶✻✸✮ ✭✵✳✶✾✽✮ ✭✵✳✵✺✹✮

■♥❞❡①✯✱ r❡♣❡❛t ✈✐❝t✐♠✐③❛t✐♦♥ r✐s❦ ✵✳✷✷✻ ✵✳✶✼✸ ✲✵✳✵✼✸ ✲✵✳✶✼✶
✭✵✳✶✶✶✮ ✭✵✳✶✾✽✮ ✭✵✳✷✷✻✮ ✭✵✳✵✻✻✮

❈✳ ❖t❤❡r ✇❡❧❧✲❜❡✐♥❣ ♠❡❛s✉r❡s

❋❛♠✐❧② ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✵✷✺ ✵✳✵✼✵ ✲✵✳✵✽✸ ✵✳✹✸✺
✭✵✳✵✾✾✮ ✭✵✳✶✻✻✮ ✭✵✳✷✵✻✮ ✭✵✳✵✺✹✮

◗✉❛❧✐t② ♦❢ ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✵✶ ✲✵✳✶✼✵ ✵✳✷✶✶ ✵✳✹✷✹
✭✵✳✶✵✶✮ ✭✵✳✶✺✾✮ ✭✵✳✷✶✻✮ ✭✵✳✵✺✹✮

❈♦♥tr♦❧ ♦✈❡r ❧✐❢❡ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✸✸ ✲✵✳✵✽✺ ✵✳✶✾✺ ✵✳✻✵✵
✭✵✳✵✾✽✮ ✭✵✳✶✻✾✮ ✭✵✳✵✾✽✮ ✭✵✳✵✺✸✮

❙tr❡ss ❧❡✈❡❧ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✷✻✺ ✲✵✳✵✷✼ ✵✳✵✾✸ ✵✳✹✾✹
✭✵✳✵✾✻✮ ✭✵✳✶✺✾✮ ✭✵✳✷✵✵✮ ✭✵✳✵✺✹✮

◗✉❛❧✐t② ♦❢ s❧❡❡♣ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✹✺ ✲✵✳✶✺✸ ✵✳✶✼✻ ✵✳✸✷✾
✭✵✳✵✽✽✮ ✭✵✳✶✸✵✮ ✭✵✳✶✺✼✮ ✭✵✳✵✺✶✮

▼❡♥t❛❧ ❤❡❛❧t❤ ❤❛s ✐♠♣r♦✈❡❞ ✲✵✳✶✸✻ ✲✵✳✶✹✽ ✵✳✶✻✶ ✵✳✷✾✹
✭✵✳✵✽✺✮ ✭✵✳✶✸✼✮ ✭✵✳✶✼✾✮ ✭✵✳✵✺✵✮

■♥❞❡①✯✱ ✈✐❝t✐♠ ✇❡❧❧✲❜❡✐♥❣ ✲✵✳✷✾✾ ✲✵✳✶✺✶ ✵✳✷✽✵ ✵✳✵✻✶
✭✵✳✶✺✻✮ ✭✵✳✷✹✵✮ ✭✵✳✸✶✼✮ ✭✵✳✵✽✾✮

◆♦t❡s✿ ❈❡❧❧s ✐♥ t❤✐s t❛❜❧❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ r❡❣r❡ss✐♦♥ ♦❢ ❛ tr❡❛t♠❡♥t
❞✉♠♠② ♦♥ t❤❡ s✉r✈❡② ♦✉t❝♦♠❡ ❧❛❜❡❧❧❡❞ ✐♥ ❡❛❝❤ r♦✇✱ ❛❧❧♦✇✐♥❣ ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s tr❡❛t♠❡♥t ❡✛❡❝ts ❜② r✐s❦
♦❢ ❡s❝❛❧❛t✐♦♥✳ ❖✉t❝♦♠❡s ❢r♦♠ s✉r✈❡② q✉❡st✐♦♥s ❤❛✈❡ ❜❡❡♥ tr❛♥s❢♦r♠❡❞ t♦ ❜❡ ❜✐♥❛r② ✈❛r✐❛❜❧❡s ✐♥ ✇❤✐❝❤ ❛
✈❛❧✉❡ ♦❢ ✶ ✐♥❞✐❝❛t❡❞ ✏✐♠♣r♦✈❡❞✑✳ ❈♦❧✉♠♥s r❡♣♦rt✿ ✭✶✮ ❝♦❡✣❝✐❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ tr❡❛t♠❡♥t ❞✉♠♠②✱
✭✷✮ ❝♦❡✣❝✐❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❤✐❣❤✲r✐s❦ ❞✉♠♠②✱ ✭✸✮ ❝♦❡✣❝✐❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥
♦❢ t❤❡ tr❡❛t♠❡♥t ❞✉♠♠② ❛♥❞ ❤✐❣❤ r✐s❦ ❞✉♠♠②✱ ✭✹✮ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ♦✉t❝♦♠❡ ❢♦r ❤✐❣❤✲r✐s❦= 0 ❝♦♥tr♦❧
❣r♦✉♣✳ ❘❡❣r❡ss✐♦♥ ❝♦♥tr♦❧s ✐♥❝❧✉❞❡ ✈✐❝t✐♠ ❛♥❞ ♣❡r♣❡tr❛t♦r ❛❣❡✱ ♣♦❧✐❝❡✲❜❡❛t ❞✉♠♠② ✈❛r✐❛❜❧❡s✱ ❛♥❞ ❜✐♥❛r②
✐♥❞✐❝❛t♦rs ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♠✐ss✐♥❣ ✈❛r✐❛❜❧❡s✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳ ✯■♥❞❡①
✈❛r✐❛❜❧❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦❧❧♦✇✐♥❣ ❆♥❞❡rs♦♥ ✭✷✵✵✽✮✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ♦❢ t❤❡ ♠❛✐♥ t❡①t✳

✹✹



❆♣♣❡♥❞✐① ● ❉❡t❛✐❧s ♦❢ ✐♥t❡r✈❡♥t✐♦♥ ❝♦st ❛♥❛❧②s✐s

❍❡r❡ ✇❡ ♣r♦✈✐❞❡ s✉♣♣❧❡♠❡♥t❛r② ❞❡t❛✐❧s ♦♥ t❤❡ ❝♦st ❛♥❛❧②s✐s ♦❢ ❙❡❝t✐♦♥ ✻ ✐♥ t❤❡ ♠❛✐♥ ♣❛♣❡r✳

❚❤❡ ❡st✐♠❛t❡❞ ✐♥❝r❡♠❡♥t❛❧ ❝♦st✱ ♦✈❡r t❤❡ s✐①✲♠♦♥t❤ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ◆♦✈❡♠❜❡r ✷✵✶✹ ❛♥❞

❆♣r✐❧ ✷✵✶✺✱ ♦❢ ♣r♦✈✐❞✐♥❣ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❝❛♠❡ t♦ ➾✻✹✱✻✸✶✳ ❚❤✐s ✜❣✉r❡ ✐♥❝❧✉❞❡s ♦✈❡r❤❡❛❞ ❝♦sts

♥♦t ❡①♣❧✐❝✐t❧② ✐♥❝❧✉❞❡❞ ❞✉r✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t✱ ❛s t❤✐s ✇❛s ♣r♦✈✐❞❡❞ ✐♥✲❦✐♥❞ ❜② ▲❡✐❝❡st❡rs❤✐r❡

P♦❧✐❝❡✳ ❚❤❡ ♣r✐♠❛r② ✐♥❝r❡♠❡♥t❛❧ ❝♦st ❢r♦♠ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ Pr♦❥❡❝t ✸✻✵ ❛r✐s❡s ❢r♦♠

t❤❡ ❧❛❜♦✉r ✐♥✈♦❧✈❡❞✳ ❚❤✐s ❝♦♠♣r✐s❡s t❤r❡❡ ❢✉❧❧✲t✐♠❡ ❝❛s❡✇♦r❦❡rs✱ ❛t ❛ t♦t❛❧ ❝♦st ♦❢ ➾✸✺✱✷✶✼✱

♣❧✉s ➾✷✱✼✺✻✳✺✷ ❡♠♣❧♦②❡r ◆❛t✐♦♥❛❧ ■♥s✉r❛♥❝❡ ❝♦♥tr✐❜✉t✐♦♥s✳ ❲❡ ❛❧s♦ ❝♦st ❢♦r ❛ ♣❛rt✲t✐♠❡

s✉♣❡r✈✐s♦r ❛♥❞ ♣r♦❣r❛♠♠❡ ❝♦♦r❞✐♥❛t♦r✱ ❛t ❛ t♦t❛❧ ❝♦st ♦❢ ➾✼✱✸✸✸✳ ❲❡ ❛❧❧♦✇ ❢♦r ➾✶✻✱✺✼✹✳✹✾

✐♥ ♦✈❡r❤❡❛❞s✱ ♣r♦✈✐❞❡❞ ✐♥✲❦✐♥❞ ❜② ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡✳ ❚❤✐s ❝♦✈❡rs t❤❡ ❝♦st ♦❢ ♦✣❝❡ s♣❛❝❡✱

❝♦♠♠✉♥✐❝❛t✐♦♥ s✉♣♣♦rt✱ ❝♦♠♣✉t❡rs✱ ❡t❝✳ ✐♥ ❧✐♥❡ ✇✐t❤ ♦✈❡r❤❡❛❞s ♣❛✐❞ ❢♦r ❢✉❧❧ t✐♠❡ ♣♦❧✐❝❡

♦✣❝❡rs✳ ❆♥ ❡st✐♠❛t❡❞ ➾✷✱✺✺✵ ✇❛s s♣❡♥t ♦♥ ❝❛r ❤✐r❡✱ ❢✉❡❧ ❛♥❞ ♣❛r❦✐♥❣✳ ❋✐♥❛❧❧②✱ ➾✷✵✵ ✇❛s

s♣❡♥t ♦♥ s❡❝✉r✐t② ✉♣❣r❛❞❡s ❢♦r ✈✐❝t✐♠s ✭❧♦❝❦s ❛♥❞ ❛❧❛r♠s✮✳

❖✈❡r t❤✐s ♣❡r✐♦❞✱ t❤❡ t❤r❡❡ ❝❛s❡✇♦r❦❡rs ✇❡r❡ ❛ss✐❣♥❡❞ ✺✶✵ ❝❛s❡s✱ ✇❤✐❝❤ ✇♦r❦s ♦✉t ❛t ✹✳✾

❝❛s❡s ♣❡r ✇♦r❦✐♥❣ ❞❛② ✭❜❛s❡❞ ♦♥ ✶✵✹ ✇♦r❦✐♥❣ ❞❛②s ✐♥ t❤❡ s✐① ♠♦♥t❤ ♣❡r✐♦❞✮✱ ♦r ✶✳✻ ❝❛s❡s ♣❡r

✇♦r❦❡r ♣❡r ❞❛②✳ ❯s✐♥❣ t❤❡ t♦t❛❧ ❝♦st ♦❢ t❤❡ ♣r♦❣r❛♠♠❡✱ t❤✐s ♠❡❛♥s t❤❛t t❤❡ ✐♥t❡r✈❡♥t✐♦♥

❝♦st ➾✶✷✻✳✼✸ ♣❡r ❝❛s❡✳ ❋r♦♠ ❛❧❧ ❝❛s❡s ✐♥ t❤❡ tr❡❛t♠❡♥t ❣r♦✉♣✱ ❝♦♥t❛❝t ✇❛s s✉❝❝❡ss❢✉❧❧② ♠❛❞❡

✇✐t❤ ✹✵✷ ✈✐❝t✐♠s✱ ✷✻✵ ♦❢ ✇❤♦♠ ❡♥❣❛❣❡❞ ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥✳ ❇❛s❡❞ ♦♥ t❤✐s✱ ✇❡ ❝❛♥ ✇♦r❦

♦✉t t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❝♦st ♦❢ ➾✷✹✽ ♣❡r ✈✐❝t✐♠ ❡♥❣❛❣❡♠❡♥t✳ ❚❤❡ ❝♦st ♦❢ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ♠❛②

❜❡ ❡①♣❡❝t❡❞ t♦ ❝♦♠❡ ❞♦✇♥ ♦✈❡r t✐♠❡ ❛s ❝❛s❡✇♦r❦❡rs ❛♥❞ s✉♣❡r✈✐s♦rs ❧❡❛r♥ ♥❡✇ ❛♥❞ ♠♦r❡

❡✣❝✐❡♥t ♣r♦❝❡ss❡s ❢♦r ❞❡❧✐✈❡r② ♦❢ t❤❡ s❡r✈✐❝❡✳

❲❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦st ♦❢ ♣♦❧✐❝❡ t✐♠❡ ❜❛s❡❞ ♦♥ ♦✣❝✐❛❧ ✜❣✉r❡s ❢r♦♠ t❤❡ ◆❛t✐♦♥❛❧ P♦❧✐❝❡

❈❤✐❡❢ ❈♦✉♥❝✐❧ ✭◆P❈❈✱ ✷✵✶✾✮ ♦♥ t❤❡ ❝♦st✐♥❣ ♦❢ ♣♦❧✐❝❡ s❡r✈✐❝❡s✳ ❚❤❡ ❢✉❧❧ ❝♦st ♦❢ ❛ ❢✉❧❧✲t✐♠❡

♦✣❝❡r ❛t t❤❡ r❛♥❦ ♦❢ ♣♦❧✐❝❡ ❝♦♥st❛❜❧❡ ✭t❤❡ ❧♦✇❡st r❛♥❦✮ ✐♥ ✷✵✶✼ ✐s ➾✽✽✳✻✻✷❀ ❛♥❞ ➾✶✵✼✱✺✶✼ ❢♦r

❛ ♣♦❧✐❝❡ s❡r❣❡❛♥t ✭t❤❡ ♥❡①t ❤✐❣❤❡r r❛♥❦✮✳ ❚❤❡s❡ ❝♦st ✐♥❝❧✉❞❡ ❡♠♣❧♦②❡r ◆❛t✐♦♥❛❧ ■♥s✉r❛♥❝❡
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❝♦♥tr✐❜✉t✐♦♥s✱ ❛♥❞ t❤❡ ♣♦❧✐❝❡✲s♣❡❝✐✜❝ ❛❧❧♦✇❛♥❝❡s ❛♥❞ ♣❡♥s✐♦♥ ❝♦♥tr✐❜✉t✐♦♥s✱ ❛♥❞ ❞✐r❡❝t ♦✈❡r✲

❤❡❛❞s✱ ❢♦r ❡①❛♠♣❧❡ ♣♦❧✐❝❡ ✉♥✐❢♦r♠✱ ✐♥s✉r❛♥❝❡ ❡t❝✳ ❇❛s❡❞ ♦♥ ✷✵✽ ♥❡t ✇♦r❦✐♥❣ ❞❛②s ❛♥❞ ✼✳✷✺

♣r♦❞✉❝t✐✈❡ ❤♦✉rs ♣❡r s❤✐❢t t❤✐s ❡q✉❛t❡s t♦ ❛♥ ❤♦✉r❧② ❝♦st ♦❢ ❛ ❢✉❧❧✲t✐♠❡ ♦✣❝❡r ❛t t❤❡ r❛♥❦ ♦❢

♣♦❧✐❝❡ ❝♦♥st❛❜❧❡ ✐♥ ✷✵✶✾ ♦❢ ➾✺✽✳✾✾ ❛♥❞ ➾✼✶✳✺✵ ❢♦r ♣♦❧✐❝❡ s❡r❣❡❛♥t✱ r❡s♣❡❝t✐✈❡❧②✳

❲❡ ❝❛❧❝✉❧❛t❡ t❤❡ s❛✈✐♥❣s t♦ ♣♦❧✐❝❡ t✐♠❡ ❢r♦♠ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ t❤r♦✉❣❤ t❤❡ r❡❞✉❝t✐♦♥ ✐♥

st❛t❡♠❡♥ts ✭❚❛❜❧❡ ✸✱ ♠❛✐♥ ♣❛♣❡r✮✱ ✇❤✐❝❤ ✇♦✉❧❞ ❤❛✈❡ tr✐❣❣❡r❡❞ ❢✉rt❤❡r ♣♦❧✐❝❡ ✐♥✈❡st✐❣❛t✐♦♥s✳

❇❛s❡❞ ♦♥ t❤❡ ✜❣✉r❡s ❛❜♦✈❡ ❛♥❞ t❤❡ ❡st✐♠❛t❡❞ r❡❞✉❝t✐♦♥ ✐♥ st❛t❡♠❡♥ts ✭0.065 × 510 = 33✮✱

✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦st s❛✈✐♥❣s ❢r♦♠ t❤❡ r❡❞✉❝❡❞ ❞❡♠❛♥❞ ♦♥ ♣♦❧✐❝❡ ♦✣❝❡r t✐♠❡✳ ❯s✐♥❣ ❛ ✷✵

❤♦✉rs ♣❡r ✐♥✈❡st✐❣❛t✐♦♥ ♣r♦✈✐❞❡❞ ❛s ❜❡♥❝❤♠❛r❦ ❜② ▲❡✐❝❡st❡rs❤✐r❡ P♦❧✐❝❡ ❋♦r❝❡✱ t❤❡ ♣r♦❥❡❝t
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Leicestershire Pilot Domestic Abuse Survey
 
 Before contacting the victim, complete questions 0 to 3 
 
Q1 Name 
 ______________________________________________________________________________________

______________________________________________________________________________________
___________________________________ 

 
Q2 Reported 
 ______________________________________________________________________________________

______________________________________________________________________________________
___________________________________ 

 
Q3 Crime Number: 
 ___________________________________________________ 
 
Q4 Is there a safe telephone number 
   Yes - ok to proceed with survey 
   Yes - but a different person answered the phone 
   No 
   Yes - But third / final attempt made & no reply / Faulty Phone number or no phone number. 
 
Q5 Is the phone number a.... 
   Land Line number 
   Mobile number 
 
 
 Hello, could I speak to {Q0.a} please? 
 
INTERVIEWER: If another person in the household answers the phone and 
wishes to know what we are calling about say: "I am calling to conduct a 
survey, it's not urgent or important and we're not trying to sell anything, so I'll 
try again later thank you." 
 
My name is ____ from Leicestershire Police.  
 
Q6 Is it safe to speak to you now? 
   Yes 
   No 
 
Q7 For the purpose of ensuring your safety, can I ask  is there any possibility that this call 

could be overheard by the person who caused you harm? 
   Yes 
   No 
 
 
 I would like to conduct a survey with you about your experience, when would 
be a better time to call you when you can't be disturbed or overheard? 
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 Arrange a different time to call the person back.  If however the respondent 
advises that it is fine to continue with the call inform them that we are not able 
to continue with the call as they have advised that there is a possibility of being 
disturbed by the person who caused the harm. 
 
 Text to introduce the survey: 
I would like to conduct a survey with you following the report you made 
to the police on (INSERT DATE), and what affect this has had on you. The 
interview will take between 5-10 minutes. This call may be recorded for 
training and quality purposes. 
 
With your permission, your responses and information about your case 
will be stored and shared with the University of Leicester for research 
purposes. Your name, personal contact details and other identifying 
information will not be shared and will be treated in the strictest 
confidence. 
 
The goal of the research is to understand how police response to 
domestic incidents can be improved. 
 
Participation in this survey is voluntary. You can refuse to answer any 
questions, or stop the survey at any time. 
 
 
 If respondent would like to talk to someone at Leicestershire Police to check 
that this survey is genuine or for any other reason connected with this survey 
the  contact details are: 
 
telephone - XXXXX  
or email XXXXX  
 
I'm calling about the domestic incident that was reported on {Q0.b}. 
 
Q8 Are you happy for me to proceed and ask you some questions? 

(PAUSE FOR RESPONSE) 
   Yes 
   No 
 
 Reason for not taking 

part (DO NOT ASK) 
___________________________________________________________
___________________________________________________________
_________________ 

 

 
Q9 In case we get cut off can I check your current location - are you at home? 
   Yes 
   No 
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 Please can I take the 
details of your current 
location i.e address inc. 
postcode

___________________________________________________________
___________________________________________________________
___________________________________________________________
__________________________

 

 
 This survey will take between 5 -10 minutes, the questions are split into 3 
sections and will relate to your experience. The questions are statements and 
the answers will be read out to you. Please choose the answer that best fits 
how you feel. 
 
 ARRANGE TO CALL BACK AT A LATER TIME/DATE, IF REQUIRED AND TERMINATE 

THE CALL - DO NOT REFUSE 
 
 
 I'd like to begin by asking a few questions around how you are feeling: 
 
Q10 Since making this report, my safety has... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
 
Q11 Since making this report, my control over my life has... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
   Partially Completed 
 
Q12 Since making this report, my stress levels have... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
   Partially Completed 
 
Q13 Since making this report, my quality of sleep has... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
   Partially Completed 
 
 
Q14 Since making this report, my mental health has.... 
   Improved a lot 
   Improved a little 
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   No Difference
   Declined a little

  Declined a lot 
Don't know 
Partially Completed 

 
Q15 Since making this report, my family life has.... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
   Partially Completed 
 
Q16 Since making this report, the quality of my life has... 
   Improved a lot 
   Improved a little 
   No Difference 
   Declined a little 
   Declined a lot 
   Don't know 
   Partially Completed 
 
 
 Now, I am going to ask you a few questions about the other person in relation 
to the incident that you reported: 
 
Q17 I currently have ongoing contact with this person 
   Agree 
   Disagree 
   Partially Completed 
 
Q18 The reason for the ongoing contact is: 
   Children 
   Family and Social Networks 
   Legal Proceedings 
   Financial Arrangements 
   Suspect seeks contact  
   Other 
   Partially Completed 
 
 Please specify: ___________________________________________________________

___________________________________________________________
_____________________ 

 

 
Q19 I have attempted to leave this person permanently in the past. 
   Agree 
   Disagree 
   Don't Know 
   Partially Completed 
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 I would now like to ask you a few questions around Help & Support
 
Q20 As a direct result of this report, I have... 

Yes No Prefer not to say
 Visited my GP          
 
 Visited A&E (Accident and Emergency 

Department) 
         

 
Q21 I feel confident in knowing how to access help and support 
   Agree 
   Disagree 
   Don't know 
   N/A 
   Partially Completed 
 
Q22 I am aware of independent organisations that may be able to offer support and assistance. 
   Agree 
   Disagree 
   Don't know 
   N/A 
   Partially Completed 
 
Q23 Which independent organisations in particular? (DO NOT READ OUT THE GROUPS) 
   SAFE 
   LWA 
   WALL 
   Refuge  / Accommodation 
   Outreach 
   IDVA 
   Helpline 
   Family Support 
   Group Programme 
   One to one support 
   Other 
   Partially Completed 
 
 Please specify ___________________________________________________________

___________________________________________________________
___________________________________________________________
________________________________ 

 

 
Q24 Since making this report I have used one or more of these organisations for support? 
   Agree 
   Disagree 
   Do not wish to answer 
   N/A 
   Partially Completed 
 
Q25 I feel confident in taking steps to improve my personal safety. 
   Agree 
   Disagree 
   Don't know 
   N/A 
   Partially Completed 
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Q26 Why do you say that? 
 ______________________________________________________________________________________

______________________________________________________________________________________
______________________________________________________________________________________
______________________________________________________________________________________
_______________________________________________________________________ 

 
 
 Lastly I would like to ask you a few questions about your experience with the 
staff that responded to your report. 
 
Q27 Are you satisfied, dissatisfied or neither with the way that staff have treated you throughout 

this report? 
   Completely Satisfied 
   Very Satisfied 
   Fairly Satisfied 
   Neither Satisfied or Dissatisfied 
   Fairly Dissatisfied 
   Very Dissatisfied 
   Completely Dissatisfied 
   Don't Know 
   Partially Completed 
 
Q28 Why do you say that? 
 ______________________________________________________________________________________

______________________________________________________________________________________
______________________________________________________________________________________
______________________________________________________________________________________
_______________________________________________________________________ 

 
Q29 Prior to this report, was your overall opinion of the police: 
   Generally High 
   Generally Low 
   No Opinion 
   Partially Completed 
 
Q30 As a result of the way you were treated throughout this report, has your opinion of the 

police changed? 
   Yes 
   No 
   Don't Know 
   Partially Completed 
 
Q31 And has your opinion changed to: 
   A better opinion 
   A worse opinion 
   Don't Know 
   Partially Completed 
 
Q32 Why do you say that? 
 ______________________________________________________________________________________

______________________________________________________________________________________
______________________________________________________________________________________
______________________________________________________________________________________
_______________________________________________________________________ 
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Q33 As a result of the way you were treated throughout this report, how likely are you to report 
future incidents:

 More likely than before
   Less likely than before
   As likely as before  
   Partially Completed 
 
Q34 Do you have any further comments that you would like to add about the police service that 

you received? 
 ______________________________________________________________________________________

______________________________________________________________________________________
______________________________________________________________________________________
______________________________________________________________________________________
_______________________________________________________________________ 

 
 
Q35 We would like to contact you again in three months time, to ask you some similar 

questions which will aid our research, are you happy for us to recontact you in the future? 
   Yes 
   No 
 
Q36 Would you be interested in taking part in a face to face interview to help Leicestershire 

Police understand how we can improve the way in which we deal with victims of domestic 
incidents? 

   Yes 
   No 
 
Q37 What is the best way of getting in contact with you to arrange this? 
   Telephone 
   Email 
   Text Message 
   Letter 
   Other 
 
 Specify what number, 

add, email add etc to 
contact on: 

___________________________________________________________
___________________________________________________________
___________________________________________________________
________________________________ 

 

 
 For more information on how to access help and support you can call Domestic 
Violence Support on XXXXX for City, or XXXXX for County, and XXXXX for 
Rutland. 
 
 
 That brings us to the end of this survey. I would like to thank you for your time.  
 
 If Partially Completed, 

please state why. 
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________ 
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 Close interview
 Thank the victim for their time and close. Remaining questions to be completed by 

the Researcher
 
Q38 LPU 
   CB - Beaumont Leys 
   CH - Hinckley Road 
   CK - Keyham Lane 
   CM - Mansfield House 
   CN - Spinney Hill 
   CW - Welford Road 
   LC -  Charnwood 
   LO - Loughborough 
   LM - Melton 
   LR - Rutland 
   LN - NW Leics 
   LB - Blaby 
   LH - Hinckley & Bosworth 
   LA - Harborough  
   LW - Oadby & Wigston 
   Unknown 
 
Q39 Researchers Collar Number 
 ______________________________________________________________________________________

___ 
 
Q40 Investigating Officers Collar Number 
 ______________________________________________________________________________________

______________________________________________________________________________________
___________________________________ 
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CAADA-DASH Risk Identification Checklist (RIC)i for MARAC Agencies 
Aim of the form:  
 To help front line practitioners identify high risk cases of domestic abuse, stalking and ‘honour’-based violence. 
 To decide which cases should be referred to MARAC and what other support might be required. A completed form 

becomes an active record that can be referred to in future for case management. 
 To offer a common tool to agencies that are part of the MARAC1 process and provide a shared understanding of risk in 

relation to domestic abuse, stalking and ‘honour’-based violence. 
 To enable agencies to make defensible decisions based on the evidence from extensive research of cases, including 

domestic homicides and ‘near misses’, which underpins most recognized models of risk assessment. 

How to use the form: 
Before completing the form for the first time we recommend that you read the full practice guidance and Frequently 
Asked Questions and Answers2. These can be downloaded from 
http://www.caada.org.uk/marac/RIC_for_MARAC.html. Risk is dynamic and can change very quickly. It is good 
practice to review the checklist after a new incident. 

Recommended Referral Criteria to MARAC 

1. Professional judgement: if a professional has serious concerns about a victim’s situation, they should refer 
the case to MARAC. There will be occasions where the particular context of a case gives rise to serious concerns 
even if the victim has been unable to disclose the information that might highlight their risk more clearly. This 
could reflect extreme levels of fear, cultural barriers to disclosure, immigration issues or 
language barriers particularly in cases of ‘honour’-based violence. This judgement would be based 
on the professional’s experience and/or the victim’s perception of their risk even if they do not meet criteria 2 
and/or 3 below.  

‘Visible High Risk’: the number of ‘ticks’ on this checklist. If you have ticked 14 or more ‘yes’ boxes the case would 
normally meet the MARAC referral criteria. 

2. Potential Escalation: the number of police callouts to the victim as a result of domestic violence in the past 
12 months. This criterion can be used to identify cases where there is not a positive identification of a majority 
of the risk factors on the list, but where abuse appears to be escalating and where it is appropriate to assess 
the situation more fully by sharing information at MARAC. It is common practice to start with 3 or more police 
callouts in a 12 month period but this will need to be reviewed depending on your local volume and your level 
of police reporting. 

Please pay particular attention to a practitioner’s professional judgement in all cases. The results from a checklist are not 
a definitive assessment of risk. They should provide you with a structure to inform your judgement and act as prompts to 
further questioning, analysis and risk management whether via a MARAC or in another way.  

The responsibility for identifying your local referral threshold rests with your local MARAC.  

What this form is not: 
This form will provide valuable information about the risks that children are living with but it is not a full risk assessment 
for children. The presence of children increases the wider risks of domestic violence and step children are particularly at 

                                                           
1 For further information about MARAC please refer to the 10 Principles of an Effective MARAC: 
http://www.caada.org.uk/marac/10_Principles_Oct_2011_full.doc 
2 For enquiries about training in the use of the form, please email training@caada.org.uk or call 0117 317 8750. 
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risk. If risk towards children is highlighted you should consider what referral you need to make to obtain a full assessment 
of the children’s situation. 

CAADA-DASH Risk Identification Checklist for use by IDVAs and other non-police agencies3 for identification of risks 
when domestic abuse, ‘honour’-based violence and/or stalking are disclosed 

                                                           
3 Note: This checklist is consistent with the ACPO endorsed risk assessment model DASH 2009 for the police service.  

Please explain that the purpose of asking these questions is for the safety and 
protection of the individual concerned. 
Tick the box if the factor is present . Please use the comment box at the end 
of the form to expand on any answer. 
It is assumed that your main source of information is the victim. If this is not 
the case please indicate in the right hand column 

Yes 
(tick) No Don’t 

Know 

State 
source of 
info if not 
the victim 
e.g. police 

officer 

1. Has the current incident resulted in injury?  
(Please state what and whether this is the first injury.) 
 

    

2. Are you very frightened?  
 Comment: 
 

    

3. What are you afraid of? Is it further injury or violence? (Please give an 
indication of what you think (name of abuser(s)...) might do and to whom, 
including children). 

 Comment: 

    

4. Do you feel isolated from family/friends i.e. does (name of abuser(s) 
………..) try to stop you from seeing friends/family/doctor or others? 

 Comment: 

    

5. Are you feeling depressed or having suicidal thoughts?     

6. Have you separated or tried to separate from (name of abuser(s)….)  
within the past year? 

    

7. Is there conflict over child contact?      

8. Does (……) constantly text, call, contact, follow, stalk or harass you?  
(Please expand to identify what and whether you believe that this is done 
deliberately to intimidate you? Consider the context and behavior of what 
is being done.) 

    

9. Are you pregnant or have you recently had a baby  
(within the last 18 months)? 

    

10. Is the abuse happening more often?     

11. Is the abuse getting worse?     

12. Does (……) try to control everything you do and/or are they excessively 
jealous? (In terms of relationships, who you see, being ‘policed at home’, 
telling you what to wear for example. Consider ‘honour’-based violence 
and specify behavior.) 
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Tick box if factor is present. Please use the comment box at the end of the 
form to expand on any answer.  

Yes 
(tick) No Don’t 

Know 

State 
source  

of info if 
not the 
victim 

13. Has (……..) ever used weapons or objects to hurt you?     

14. Has (……..) ever threatened to kill you or someone else and you 
believed them? (If yes, tick who.) 

 You  Children  Other (please specify)  

    

15. Has (………) ever attempted to strangle/choke/suffocate/drown 
you? 

    

16. Does (……..) do or say things of a sexual nature that make you feel 
bad or that physically hurt you or someone else? (If someone else, 
specify who.) 

 

    

17. Is there any other person who has threatened you or who you are 
afraid of? (If yes, please specify whom and why. Consider extended 
family if HBV.) 

 

    

18. Do you know if (………..) has hurt anyone else? (Please specify 
whom including the children, siblings or elderly relatives. Consider 
HBV.) 

 Children  Another family member   
Someone from a previous relationship  Other (please specify)  

 

    

19. Has (……….) ever mistreated an animal or the family pet?     

20. Are there any financial issues? For example, are you dependent on 
(…..) for money/have they recently lost their job/other financial 
issues? 

    

21. Has (……..) had problems in the past year with drugs  
(prescription or other), alcohol or mental health leading to 
problems in leading a normal life? (If yes, please specify which and 
give relevant details if known.) 

 Drugs  Alcohol  Mental Health  

    

22. Has (……) ever threatened or attempted suicide?     

23. Has (………) ever broken bail/an injunction and/or formal 
agreement for when they can see you and/or the children? (You 
may wish to consider this in relation to an ex-partner of the 
perpetrator if relevant.) 
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1 This checklist reflects work undertaken by CAADA in partnership with Laura Richards, Consultant Violence Adviser to 
ACPO. We would like to thank Advance, Blackburn with Darwen Women’s Aid and Berkshire East Family Safety Unit and all 
the partners of the Blackpool MARAC for their contribution in piloting the revised checklist without which we could not have 
amended the original CAADA risk identification checklist. We are very grateful to Elizabeth Hall of Cafcass and Neil Blacklock 
of Respect for their advice and encouragement and for the expert input we received from Jan Pickles, Dr Amanda Robinson 
and Jasvinder Sanghera. 

 

 

                                                           

 Bail conditions  Non Molestation/Occupation Order   
Child Contact arrangements  Forced Marriage Protection Order 
 Other  

24. Do you know if (……..) has ever been in trouble with the police or 
has a criminal history? (If yes, please specify.) 

 DV  Sexual violence  Other violence  Other  

    

Total ‘yes’ responses  
  

For consideration by professional: Is there any other relevant information (from victim or professional) which may 
increase risk levels? Consider victim’s situation in relation to disability, substance misuse, mental health issues, 
cultural/language barriers, ‘honour’- based systems, geographic isolation and minimisation. Are they willing to engage 
with your service? Describe: 

 

Consider abuser’s occupation/interests - could this give them unique access to weapons? Describe: 

 

What are the victim’s greatest priorities to address their safety?  

 

Do you believe that there are reasonable grounds for referring this case to MARAC? Yes / No 

If yes, have you made a referral? Yes/No 

 
Signed:  Date: 

Do you believe that there are risks facing the children in the family? Yes / No  

If yes, please confirm if you have made a referral to safeguard the children: Yes / No  

Date referral made ……………………………………………. 
Signed: 

 

Name: 

Date: 
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