
 

 

 

 

 

 

 

 

 

 

 

 Active musician’s hearing protection device for

enhanced perceptual comfort

❆♥t♦✐♥❡ ❇❡r♥✐❡r ❛♥❞ ❏éré♠✐❡ ❱♦✐①
➱❝♦❧❡ ❞❡ t❡❝❤♥♦❧♦❣✐❡ s✉♣ér✐❡✉r❡✱ ❯♥✐✈❡rs✐té ❞✉ ◗✉é❜❡❝✱ ▼♦♥tr❡❛❧✱ ❈❛♥❛❞❛✳

❙✉♠♠❛r②

Pr♦❢❡ss✐♦♥❛❧ ♠✉s✐❝✐❛♥s ❛r❡ ❡①♣♦s❡❞ t♦ ❤✐❣❤ ❧❡✈❡❧s ♦❢ s♦✉♥❞ ❛♥❞ s❤♦✉❧❞ ♣r♦t❡❝t t❤❡✐r ❤❡❛r✐♥❣ t♦ ❛✈♦✐❞
♣❡r♠❛♥❡♥t ❤❡❛r✐♥❣ ❧♦ss ✇❤✐❝❤ ❝♦✉❧❞ ❝♦♠♣r♦♠✐s❡ t❤❡✐r ❝❛r❡❡r✳ ❇❡❝❛✉s❡ s♦✉♥❞ ✐s ❛♥ ✐♥❤❡r❡♥t ♣❛rt ♦❢ ❛
♠✉s✐❝✐❛♥✬s ✇♦r❦✱ t❤❡ ❧♦❣✐❝❛❧ s♦❧✉t✐♦♥ ✇♦✉❧❞ ❜❡ t♦ ✇❡❛r ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥ ❞❡✈✐❝❡s ✭❍P❉s✮ ✇❤❡♥ ❛♣♣r♦✲
♣r✐❛t❡✳ ❍♦✇❡✈❡r✱ ♠✉s✐❝✐❛♥s r❡❧② ❤❡❛✈✐❧② ♦♥ ❛✉❞✐t♦r② ♣❡r❝❡♣t✐♦♥ ❞✉r✐♥❣ t❤❡✐r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ✇❡❛r✐♥❣
❝✉rr❡♥t❧② ❛✈❛✐❧❛❜❧❡ ❍P❉s ✉♥♣❧❡❛s❛♥t❧② ❛❧t❡rs t❤✐s ♣❡r❝❡♣t✐♦♥✱ t♦ t❤❡ ♣♦✐♥t ✇❤❡r❡ ♠❛♥② ♠✉s✐❝✐❛♥s
❝❤♦♦s❡ t♦ ♦♣t ♦✉t ♦❢ ✇❡❛r✐♥❣ ❍P❉s✳ ❚❤❡ ♣❡r❝❡♣t✉❛❧ ❞✐s❝♦♠❢♦rt ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❍P❉s ✐s ❛ttr✐❜✉t❡❞
t♦ t✇♦ ❡✛❡❝ts✿ t❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ❛♥❞ t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t✳ ❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ❛ ♣r♦t♦t②♣❡ ❛❝t✐✈❡
❡❧❡❝tr♦♥✐❝ ❡❛r♣❧✉❣ t❤❛t ❛❞❞r❡ss❡s t❤❡ ✐ss✉❡ ♦❢ ♣❡r❝❡♣t✉❛❧ ❞✐s❝♦♠❢♦rt t❤r♦✉❣❤ ❛❝t✐✈❡ ❝♦♥tr♦❧ ♦❢ t❤❡
♦❝❝❧✉s✐♦♥ ❡✛❡❝t ❛♥❞ ❞✐❣✐t❛❧ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❝♦♠♣❡♥s❛t✐♦♥ ♦❢ t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t✳ ❋✐rst✱ t❤❡ ♦❝❝❧✉s✐♦♥
❡✛❡❝t r❡❞✉❝t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s ❛r❡ ♣r❡s❡♥t❡❞✳ ❙❡❝♦♥❞✱ ♣r❡❧✐♠✐♥❛r② ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♣r♦t♦t②♣❡ ❛❧♦♥❣
✇✐t❤ ❛ ♠❡t❤♦❞ t♦ ❛❞❞r❡ss t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t ❛r❡ ♣r❡s❡♥t❡❞✳

P❆❈❙ ♥♦✳ ①①✳①①✳◆♥✱ ①①✳①①✳◆♥

✶✳ ■♥tr♦❞✉❝t✐♦♥

▼✉s✐❝✐❛♥s ❛r❡ s♦✉♥❞✲❡①♣♦s❡❞ ✇♦r❦❡rs ✇❤♦ ❤❡❛✈✐❧② r❡❧②
♦♥ t❤❡✐r ❛✉❞✐t♦r② s❡♥s❡ t♦ ♣❡r❢♦r♠✳ ▲♦s✐♥❣ t❤❡ ❛❝✉t❡✲
♥❡ss ♦❢ t❤✐s s❡♥s❡ ❞✐r❡❝t❧② t❤r❡❛t❡♥s t❤❡✐r ❝❛r❡❡r ❛s
t❤❡② ❝❛♥ ♥♦ ❧♦♥❣❡r ❛❞❥✉st t♦ s♦♠❡ ♠✉s✐❝❛❧ s✉❜t❧❡t✐❡s✱
♣♦t❡♥t✐❛❧❧② ❞❡❝r❡❛s✐♥❣ t❤❡ q✉❛❧✐t② ♦❢ t❤❡✐r ✇♦r❦✳ ❚❤❡r❡
✐s ✐♥❞✐❝❛t✐♦♥ t❤❛t t❤✐s t❤r❡❛t ✐s r❡❛❧✿ st✉❞✐❡s r❡✈❡❛❧ t❤❛t
✷✺ ✪ t♦ ✼✵ ✪ ♦❢ ♠✉s✐❝✐❛♥s s❤♦✇ s✐❣♥s ♦❢ ❤❡❛r✐♥❣ ❧♦ss
❬✶❪❬✷❪❬✸❪✳ ❚❤✐s ✐s t♦ ❜❡ ❡①♣❡❝t❡❞ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❤✐❣❤
s♦✉♥❞ ❧❡✈❡❧s t❤❛t ♠✉s✐❝✐❛♥s ❛r❡ ❡①♣♦s❡❞ t♦ ❛♥❞ t❤❡
❧♦✇ ✉s❛❣❡ r❛t❡s ♦❢ ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥ ❞❡✈✐❝❡s ✭❍P❉s✮✳
❙♦✉♥❞ ❧❡✈❡❧s t❤❛t ♠✉s✐❝✐❛♥s ❛r❡ r❡❣✉❧❛r❧② s✉❜❥❡❝t❡❞
t♦ ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✽✵ t♦ ✶✶✵ ❞❇✭❆✮ ❢♦r ❝❧❛ss✐❝❛❧
♠✉s✐❝✐❛♥s ❛♥❞ ✽✽ t♦ ✶✶✼ ❞❇✭❆✮ ❢♦r ❛♠♣❧✐✜❡❞ ♠✉s✐✲
❝✐❛♥s ❬✹❪✳ ❘❡❝❡♥t❧② s✉r✈❡②❡❞ ✉s❛❣❡ r❛t❡s ♦❢ ❍P❉s ❜②
♣r♦❢❡ss✐♦♥❛❧ ♠✉s✐❝✐❛♥s ❛r❡ ❣❡♥❡r❛❧❧② ❧♦✇✿ ✻✪ ✐♥ ❋✐♥✲
❧❛♥❞✱ ✶✺✪ ✐♥ ❉❡♥♠❛r❦ ❛♥❞ ❛❜♦✉t ✶✵✪ ✐♥ ●❡r♠❛♥② ❬✺❪✳
■♥ t❤❡ ◆❡t❤❡r❧❛♥❞s✱ ✺✷✪ ♦❢ ♠✉s✐❝✐❛♥s r❡♣♦rt❡❞ ✉s✐♥❣
❍P❉s ✐♥ r❡❤❡❛rs❛❧✱ ❜✉t ♦♥❧② ✷✾✪ ✐♥ ❝♦♥❝❡rts✳

■♥ ❛ r❡❝❡♥t st✉❞② ❬✻❪✱ ✐t ✇❛s r❡✈❡❛❧❡❞ t❤❛t t❤❡ s♦✉r❝❡
♦❢ t❤❡s❡ ❧♦✇ ✉s❛❣❡ r❛t❡s ❝❛♥♥♦t ❜❡ s♦❧❡❧② ❛ttr✐❜✉t❡❞ t♦
❛ ❧❛❝❦ ♦❢ ❛✇❛r❡♥❡ss ❜✉t ❛❧s♦ t♦ ♠✉s✐❝✐❛♥s ✜♥❞✐♥❣ ❍P❉s
✐♥❛❞❡q✉❛t❡✳ ■♥ ❆✉str❛❧✐❛✱ ✽✵ ✪ ♦❢ s✉r✈❡②❡❞ ♠✉s✐❝✐❛♥s
r❡♣♦rt❡❞ ❛ r✐s❦ ♦❢ ❤❡❛r✐♥❣ ❞❛♠❛❣❡ ✐♥ t❤❡ ♦r❝❤❡str❛✱
✻✹ ✪ ✉s❡❞ ❍P❉s ❛t ❧❡❛st s♦♠❡ ♦❢ t❤❡ t✐♠❡ ❛♥❞ ✽✸ ✪

✭❝✮ ❊✉r♦♣❡❛♥ ❆❝♦✉st✐❝s ❆ss♦❝✐❛t✐♦♥

r❡♣♦rt❡❞ ✜♥❞✐♥❣ t❤❡ ✉s❡ ♦❢ ❍P❉s ❞✐✣❝✉❧t ♦r ✐♠♣♦s✲
s✐❜❧❡✳ ❚❤❡ ♠♦st ❝♦♠♠♦♥ r❡❛s♦♥s ❢♦r t❤✐s ✇❡r❡ ♣❧❛②✲
❡rs ❤❡❛r✐♥❣ t❤❡♠s❡❧✈❡s ✭✼✾✪✮✱ ❤❡❛r✐♥❣ ♦t❤❡rs ✭✼✷✪✮✱
✐♥t♦♥❛t✐♦♥ ✭✺✼✪✮✱ ❛♥❞ ❜❛❧❛♥❝✐♥❣ ✇✐t❤ ♦t❤❡r ♣❧❛②❡rs
✭✺✵✪✮✳ ❲❤✐❧❡ ❛♥ ❛❞❛♣t❛t✐♦♥ ♣❡r✐♦❞ ❝❛♥ ❜❡ r❡q✉✐r❡❞
t♦ ❢✉♥❝t✐♦♥ ✇✐t❤ ❍P❉s✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t ✽✽✪ ♦❢ ♠✉✲
s✐❝✐❛♥s ✇❤♦ ❤❛❞ ❜❡❡♥ ✉s✐♥❣ ♠✉s✐❝✐❛♥✬s ❝✉st♦♠✲♠♦❧❞❡❞
❡❛r♣❧✉❣s ❢♦r ✶✵ t♦ ✷✵ ②❡❛rs st✐❧❧ ❢♦✉♥❞ t❤❡♠ ❞✐✣❝✉❧t
♦r ✐♠♣♦ss✐❜❧❡ t♦ ✉s❡ ❬✻❪✳

✷✳ Pr♦❜❧❡♠

❆❧❧ ♦❢ t❤❡ ♠♦st r❡♣♦rt❡❞ r❡❛s♦♥s ✐♥ ❬✺❪❬✻❪❬✼❪ ❢♦r ✜♥❞✲
✐♥❣ ❍P❉s ❞✐✣❝✉❧t ♦r ✐♠♣♦ss✐❜❧❡ t♦ ✉s❡ ♦r✐❣✐♥❛t❡ ❢r♦♠
❛ ♣❡r❝❡♣t✉❛❧ ❞✐s❝♦♠❢♦rt ❡①♣❡r✐❡♥❝❡❞ ❜② ♠✉s✐❝✐❛♥s ❞✐✲
r❡❝t❧② ❛ttr✐❜✉t❛❜❧❡ t♦ t✇♦ ❞❡tr✐♠❡♥t❛❧ ❡✛❡❝ts ❛ss♦❝✐✲
❛t❡❞ ✇✐t❤ ❍P❉s✿ t❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ❛♥❞ t❤❡ ✐s♦❧❛t✐♦♥
❡✛❡❝t✳

✷✳✶✳ ❚❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t

❚❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ✭❖❊✮ ✐s ♦❢t❡♥ r❡♣♦rt❡❞ ❛s ❛♥ ✉♥✲
♥❛t✉r❛❧ ❛♥❞ ❛♥♥♦②✐♥❣ ♣❡r❝❡♣t✐♦♥ ♦❢ ♦♥❡✬s ♦✇♥ ✈♦✐❝❡
✇❤❡♥ ✇❡❛r✐♥❣ ❍P❉s✳ ■t ❛✛❡❝ts ❛❧❧ ♠✉s✐❝✐❛♥s ✇❤♦s❡
✐♥str✉♠❡♥t ✐♥❞✉❝❡s ✈✐❜r❛t✐♦♥s t♦ t❤❡ s❦✉❧❧✱ ✐♥❝❧✉❞✐♥❣
s✐♥❣❡rs ❛♥❞ ♠✉s✐❝✐❛♥s ✇❤♦s❡ ✐♥str✉♠❡♥t ✐s ♣r❡ss❡❞
❛❣❛✐♥st ❛♥② ♣❛rt ♦❢ t❤❡ ❤❡❛❞✱ s✉❝❤ ❛s ❛ tr✉♠♣❡t ♦r ✈✐♦✲
❧✐♥✱ ❞✉❡ t♦ ❜♦♥❡ ❛♥❞ t✐ss✉❡ ❝♦♥❞✉❝t✐♦♥ ❢r♦♠ t❤❡ s♦✉r❝❡
t♦ t❤❡ ❡❛r ❝❛♥❛❧ ❛♥❞ t❤❡ ❝♦❝❤❧❡❛✳ ❆❧t❤♦✉❣❤ t❤❡r❡ ✐s
❛ ❞✐r❡❝t s♦❧✐❞ ❜♦r♥❡ s♦✉♥❞ ♣❛t❤ t♦ t❤❡ ❝♦❝❤❧❡❛✱ t❤❡
♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ✐s ❞✉❡ t♦ ❛♥♦t❤❡r s♦❧✐❞
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❜♦r♥❡ s♦✉♥❞ ♣❛t❤ t❤❛t ❝❛✉s❡s t❤❡ ❡❛r ❝❛♥❛❧ ✇❛❧❧s t♦
✈✐❜r❛t❡✱ ❣❡♥❡r❛t✐♥❣ s♦✉♥❞ ✐♥ t❤❡ ❡❛r ❝❛♥❛❧ ❛♥❞ ✉❧t✐✲
♠❛t❡❧② r❡❛❝❤✐♥❣ t❤❡ ❝♦❝❤❧❡❛ ❬✽❪✳
❲❤❡♥ t❤❡ ❡❛r ❝❛♥❛❧ ✐s ♦♣❡♥✱ ♠♦st ♦❢ t❤❡ ❡♥❡r❣②

tr❛♥s❢❡rr❡❞ t♦ t❤❡ ❡❛r ❝❛♥❛❧ ✇❛❧❧s ✐s r❛❞✐❛t❡❞ ♦✉t✇❛r❞
❜❡❝❛✉s❡ t❤❡ ❡❛r ❝❛♥❛❧ ❤❛s ❛♥ ♦♣❡♥ ❡♥❞✱ ✇❤✐❝❤ ❡①❤✐❜✐ts
❛ ♠✉❝❤ ❧♦✇❡r ❛❝♦✉st✐❝ ✐♠♣❡❞❛♥❝❡ t❤❛♥ t❤❡ ❡❛r❞r✉♠✳
❲❤❡♥ t❤✐s ✐s t❤❡ ❝❛s❡✱ ✇❤❛t ✐s ❤❡❛r❞ ❜② t❤❡ ♠✉s✐❝✐❛♥
✐s ♣r❡❞♦♠✐♥❛♥t❧② t❤❡ s♦✉♥❞ ✇❛✈❡ ❛rr✐✈✐♥❣ ❢r♦♠ t❤❡ ❛✐r
❝♦♥❞✉❝t✐♦♥ ♣❛t❤ ❜❡t✇❡❡♥ t❤❡ s♦✉r❝❡ ✭❡✳❣✳ ❤✐s✴❤❡r ✈♦✲
❝❛❧ tr❛❝t✮ ❛♥❞ t❤❡ ❡❛r✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ❡❛r ❝❛♥❛❧
✐s ♦❝❝❧✉❞❡❞✱ t❤❡ ❡❛r ❝❛♥❛❧ ✇❛❧❧s ❤❛✈❡ ❛ str♦♥❣ ❝♦✉✲
♣❧✐♥❣ ✇✐t❤ t❤❡ ❝❛✈✐t②✳ ❚❤❡✐r ✈✐❜r❛t✐♦♥ ❝❛✉s❡s ♣r❡ss✉r❡
❝❤❛♥❣❡s ✐♥ t❤❡ ❝❛✈✐t②✱ ❣❡♥❡r❛t✐♥❣ ❣r❡❛t❡r s♦✉♥❞ ♣r❡s✲
s✉r❡ ❧❡✈❡❧ ✭❙P▲✮ t❤❛♥ ✐♥ t❤❡ ♦♣❡♥ ❝❛s❡✳ ❙✐♥❝❡ t❤✐s
s♦✉♥❞ ✐s ❞✐r❡❝t❧② ♣✐❝❦❡❞ ✉♣ ❜② t❤❡ ❡❛r❞r✉♠ ❛♥❞ t❤❡
❛✐r ❝♦♥❞✉❝t✐♦♥ ♣❛t❤ ✐s ❜❧♦❝❦❡❞✱ ✇❤❛t ✐s ❤❡❛r❞ ❜② t❤❡
♠✉s✐❝✐❛♥ ✐s ♣r❡❞♦♠✐♥❛♥t❧② t❤❡ s♦✉♥❞ ✇❛✈❡ tr❛✈❡❧✐♥❣
t❤r♦✉❣❤ ❜♦♥❡ ❝♦♥❞✉❝t✐♦♥✳ ❇❡❝❛✉s❡ t❤✐s ♣❛t❤ ✐s ❞♦♠✐✲
♥❛♥t ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ ❜❡❧♦✇ ✶✵✵✵ ❍③✱ t❤❡ r❡s✉❧t ✐s
❛♥ ❛✉❣♠❡♥t❡❞ ❛♥❞ ✉♥♥❛t✉r❛❧❧② ✧❜♦♦♠②✧ ♣❡r❝❡♣t✐♦♥
♦❢ ♦♥❡✬s ♦✇♥ ✈♦✐❝❡ ✇❤❡♥ ✇❡❛r✐♥❣ ❍P❉✳

✷✳✷✳ ❚❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t

❚❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t r❡❣r♦✉♣s ❛❝♦✉st✐❝ ❛♥❞ ♣s②❝❤♦❛✲
❝♦✉st✐❝ ❢❛❝t♦rs ❝❛✉s✐♥❣ ❛ ♣❡r❝❡♣t✐♦♥ s❤✐❢t ❛♥❞✴♦r ❛
❢❡❡❧✐♥❣ ♦❢ ❜❡✐♥❣ ✐s♦❧❛t❡❞ ❢r♦♠ ❛ ❣✐✈❡♥ s♦✉♥❞ ❡♥✈✐r♦♥✲
♠❡♥t✿
✶✳ ❊❛r♣❧✉❣s ✉s✉❛❧❧② ♦✛❡r ❧❡ss ❛tt❡♥✉❛t✐♦♥ ❛t ❧♦✇ ❢r❡✲

q✉❡♥❝✐❡s t❤❛♥ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s❀
✷✳ ❖❝❝❧✉❞✐♥❣ t❤❡ ❡❛r ❝❛♥❛❧ ✇✐t❤ ❍P❉s ❝❛✉s❡s t❤❡ ♥❛t✲

✉r❛❧ ❡❛r ❝❛♥❛❧ r❡s♦♥❛♥❝❡ t♦ ❜❡ s❤✐❢t❡❞ ✉♣✇❛r❞s❀
✸✳ ❚❤❡ ❡❛r♣❧✉❣ ♠❛② ♣r♦✈✐❞❡ ❡①❝❡ss✐✈❡ ❛tt❡♥✉❛t✐♦♥❀
✹✳ ◆♦♥✲❧✐♥❡❛r ❧♦✉❞♥❡ss ♣❡r❝❡♣t✐♦♥ ♠❛❦❡s ✉♥✐❢♦r♠ ❛t✲

t❡♥✉❛t✐♦♥ ♥♦t ♣❡r❝❡✐✈❡❞ ❛s ✉♥✐❢♦r♠ ✐♥ ❢r❡q✉❡♥❝②✳

✷✳✷✳✶✳ ◆♦♥✲✉♥✐❢♦r♠ ❛tt❡♥✉❛t✐♦♥

❈♦♥✈❡♥t✐♦♥❛❧ ❍P❉s ❞♦ ♥♦t ♣r♦✈✐❞❡ ✉♥✐❢♦r♠ ❛tt❡♥✉✲
❛t✐♦♥ ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✿ ❧♦✇ ❢r❡q✉❡♥❝✐❡s ❛r❡
t②♣✐❝❛❧❧② ❧❡ss ❛tt❡♥✉❛t❡❞ t❤❛♥ ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❚❤✐s
✐s ♣❛rt❧② ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ ❡❛r♣❧✉❣ ❛♥❞
t❤❡ s♦❢t ❡❛r ❝❛♥❛❧ ✢❡s❤ ❢♦r♠ ❛♥ ❛❝♦✉st✐❝ s②st❡♠ ♠✉❝❤
❧✐❦❡ ❛ ♠❛ss✲s♣r✐♥❣ s②st❡♠ t❤❛t ❜❡❤❛✈❡s ❧✐❦❡ ❛ ❧♦✇✲♣❛ss
✜❧t❡r✳

✷✳✷✳✷✳ ❊❛r ❝❛♥❛❧ r❡s♦♥❛♥❝❡

❆♥❛❧♦❣♦✉s t♦ ❛ t✉❜❡✱ t❤❡ ❡❛r ❝❛♥❛❧ ❤❛s ❛♥ ❛✈❡r❛❣❡
❞✐❛♠❡t❡r ♦❢ ❛❜♦✉t ✼ ♠♠✱ ❛ ❧❡♥❣t❤ ♦❢ ❛❜♦✉t ✷✺ ♠♠
❬✾❪ ❛♥❞ ❛ ♥❛t✉r❛❧ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② t❤❛t ❞❡♣❡♥❞s
♦♥ ✐ts ❧❡♥❣t❤✱ ❞✐❛♠❡t❡r✱ ❛♥❞ ❝♦♥❞✐t✐♦♥s ❛t ✐ts ❡①tr❡♠✲
✐t✐❡s✳ ❆ t✉❜❡ t❤❛t ✐s ❝❧♦s❡❞ ❛t ♦♥❡ ❡♥❞ ❛♥❞ ♦♣❡♥ ❛t
t❤❡ ♦t❤❡r ✐s ❛♥❛❧♦❣♦✉s t♦ ❛♥ ♦♣❡♥ ❡❛r ❝❛♥❛❧✿ t❤❡ ❡❛r
❝❛♥❛❧ ❡♥tr❛♥❝❡ ✐s t❤❡ ♦♣❡♥ ❡♥❞✱ ❛♥❞ t❤❡ ❡❛r❞r✉♠ ✐s t❤❡
❝❧♦s❡❞ ❡♥❞✳ ❙✉❝❤ ❛ t✉❜❡ ❡①❤✐❜✐ts ❛ q✉❛rt❡r ✇❛✈❡❧❡♥❣t❤
♠❛✐♥ r❡s♦♥❛♥❝❡ t❤❛t ❛♠♣❧✐✜❡s ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ❛♥❞
✐ts ❝❧♦s❡ s✉rr♦✉♥❞✐♥❣s✳ ❚❤❡ ❡❛r ❝❛♥❛❧ ♣r♦♣❡rt✐❡s✱ t❤❡
❣❡♦♠❡tr② ♦❢ t❤❡ ♣✐♥♥❛ ❛♥❞ t❤❡ t❡r♠✐♥❛t✐♦♥ ✐♠♣❡❞❛♥❝❡

♣r❡s❡♥t❡❞ ❜② t❤❡ ❡❛r❞r✉♠ ❝❛✉s❡ t❤❡ r❡s♦♥❛♥❝❡ t♦ ❜❡
❛r♦✉♥❞ ✷✳✼ ❦❍③ ❬✶✵❪ ❛♥❞ r❡❛❝❤ ✶✺ ❞❇ ❬✶✶❪ ♦♥ ❛✈❡r❛❣❡✳

❆ t✉❜❡ t❤❛t ✐s ❝❧♦s❡❞ ❛t ❜♦t❤ ❡♥❞s ✐s ❛♥❛❧♦❣♦✉s t♦
❛♥ ♦❝❝❧✉❞❡❞ ❡❛r ❝❛♥❛❧✿ t❤❡ ❡❛r ❝❛♥❛❧ ❡♥tr❛♥❝❡ ✐s ❝♦♠✲
♣❧❡t❡❧② ♦❜str✉❝t❡❞✱ s✉❝❤ ❛s ✐s t❤❡ ❝❛s❡ ✇❤❡♥ ✇❡❛r✐♥❣
❍P❉s✳ ❚❤❡ s❛♠❡ t✉❜❡ ✇✐t❤ ♥❡✇ ❝♦♥❞✐t✐♦♥s ❛t ✐ts ❡①✲
tr❡♠✐t✐❡s ❡①❤✐❜✐ts ❛ ❤❛❧❢ ✇❛✈❡❧❡♥❣t❤ r❡s♦♥❛♥❝❡ t❤❛t
✐s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ ✐♥ ♦♣❡♥ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡
♦❝❝❧✉❞❡❞ ❡❛r r❡s♦♥❛♥❝❡ ❤❛s ❜❡❡♥ ❢♦✉♥❞ t♦ ❜❡ ❛r♦✉♥❞
✺✳✺ ❦❍③ ♦♥ ❛✈❡r❛❣❡ ❬✶✵❪✱ ❜✉t ✐t ♣❛rt✐❛❧❧② ❞❡♣❡♥❞s ♦♥
t❤❡ r❡♠❛✐♥✐♥❣ ❡❛r ❝❛♥❛❧ ♣♦rt✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✐♣ ♦❢ t❤❡
❍P❉ ❛♥❞ t❤❡ ❡❛r❞r✉♠✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❞❡♣❡♥❞s ♦♥ t❤❡
❧❡♥❣t❤ ♦❢ t❤❡ ❡❛r ❝❛♥❛❧ ❛♥❞ t❤❡ ✐♥s❡rt✐♦♥ ❞❡♣t❤ ♦❢ t❤❡
♦❝❝❧✉❞✐♥❣ ❞❡✈✐❝❡✳ ❚❤❡ ♦❝❝❧✉❞❡❞ r❡s♦♥❛♥❝❡ ✐s ❛r♦✉♥❞
✽ ❦❍③ ❢♦r ♠✉s✐❝✐❛♥✬s ❝✉st♦♠ ♠♦❧❞❡❞ ❍P❉s ❬✶✷❪✳

✷✳✷✳✸✳ ❊①❝❡ss✐✈❡ ❛tt❡♥✉❛t✐♦♥

■❞❡❛❧❧②✱ ❛♥ ❡❛r♣❧✉❣ s❤♦✉❧❞ ♣r♦✈✐❞❡ ❛♥ ❛tt❡♥✉❛t✐♦♥ t❤❛t
❛❞❡q✉❛t❡❧② ♣r♦t❡❝ts ❛ ♠✉s✐❝✐❛♥✬s ❤❡❛r✐♥❣✱ ❜✉t ♥♦t t♦♦
♠✉❝❤ t♦ ❛✈♦✐❞ ✐s♦❧❛t✐♥❣ ❤✐♠ ❢r♦♠ ❤✐s s♦✉♥❞ ❡♥✈✐✲
r♦♥♠❡♥t✳ ❚❤❡ ♦✈❡r❛❧❧ ✈❛❧✉❡ ♦❢ t❤❡ ❛tt❡♥✉❛t✐♦♥ t❤❛t
✇♦✉❧❞ ♠❡❡t ❜♦t❤ ❝♦♥❞✐t✐♦♥s ✐s ❞✐✣❝✉❧t t♦ ❞❡✜♥❡✱ s✐♥❝❡
♠✉s✐❝✐❛♥s ❛r❡ ❡①♣♦s❡❞ t♦ ❙P▲s t❤❛t ❝❛♥ r❛♥❣❡ ❢r♦♠
✽✵ ❞❇✭❆✮ t♦ ✶✶✼ ❞❇✭❆✮ ❬✹❪✳ ■t ✐s ❧✐❦❡❧② t❤❛t t❤❡ ❧♦✇❡r
r❛♥❣❡ ♦❢ t❤❡ s♦✉♥❞ ♣r❡ss✉r❡ ❧❡✈❡❧ ❡①♣♦s✉r❡ ♦❝❝✉rs
✇❤❡♥ ❛ ♠✉s✐❝✐❛♥ ✐s ♣r❛❝t✐❝✐♥❣✱ ❛♥❞ t❤❡ ❤✐❣❤❡r r❛♥❣❡✱
✇❤❡♥ ❛ ♠✉s✐❝✐❛♥ ✐s ♣❡r❢♦r♠✐♥❣✳

▼✉s✐❝✐❛♥s ♠❛② ♣r❛❝t✐❝❡ ❢♦r ♠♦r❡ t❤❛♥ ✷✵ ❤♦✉rs ❛
✇❡❡❦ ❬✶✸❪✱ ♦r ✹ ❤♦✉rs ❛ ❞❛②✳ ▲❡✈❡❧s ♦❢ ✽✵ ❞❇✭❆✮ t♦
✶✵✵ ❞❇✭❆✮ ❢♦r ✹ ❤♦✉rs ❛ ❞❛② ✇♦✉❧❞ r❡q✉✐r❡ ❛♥ ❛t✲
t❡♥✉❛t✐♦♥ ❛♥②✇❤❡r❡ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶✷ ❞❇ t♦ r❡s♣❡❝t
❡①♣♦s✉r❡ ❧✐♠✐ts r❡❝♦♠♠❡♥❞❡❞ ❜② ◆■❖❙❍ ✭✽✽ ❞❇✭❆✮
❢♦r ✹ ❤♦✉rs✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧❡♥❣t❤ ♦❢ ❛ ♣❡r❢♦r✲
♠❛♥❝❡ ♠❛② ❜❡ ❛❜♦✉t t✇♦ ❤♦✉rs✳ ▲❡✈❡❧s ♦❢ ✶✵✵ t♦
✶✶✼ ❞❇✭❆✮ ❢♦r ✷ ❤♦✉rs ✇♦✉❧❞ r❡q✉✐r❡ ❛♥ ❛tt❡♥✉❛t✐♦♥
❛♥②✇❤❡r❡ ❜❡t✇❡❡♥ ✾ ❞❇ ❛♥❞ ✷✻ ❞❇✳ ◆♦ s✐♥❣❧❡ ❛tt❡♥✉❛✲
t✐♦♥ ✈❛❧✉❡ ❝♦✉❧❞ t❤❡r❡❢♦r❡ ❝♦✈❡r ❛❧❧ ♠✉s✐❝✐❛♥s ✇✐t❤♦✉t
♦✈❡r✲♣r♦t❡❝t✐♥❣ s♦♠❡ ♦❢ t❤❡♠ ❛♥❞ t❤❡r❡❢♦r❡ ❝❛✉s✐♥❣
✉♥♥❡❝❡ss❛r② ✐s♦❧❛t✐♦♥ ❡✛❡❝t t❤r♦✉❣❤ ♦✈❡r✲♣r♦t❡❝t✐♦♥✳

✷✳✷✳✹✳ ▲♦✉❞♥❡ss ❛♥❞ ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥

❊q✉❛❧ ❧♦✉❞♥❡ss ❝♦♥t♦✉rs r❡♣r❡s❡♥t t❤❡ ♥♦♥✲❧✐♥❡❛r r❡❧❛✲
t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❤♦✇ ❧♦✉❞ ❛ ❣✐✈❡♥ s♦✉♥❞ st✐♠✉❧✉s ✇✐❧❧
❜❡ ♣❡r❝❡✐✈❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ ✐ts ❢r❡q✉❡♥❝② ❛♥❞ ❙P▲ ❬✶✹❪✳
❚❤❡ s❤❛♣❡ ♦❢ t❤❡ ❝✉r✈❡s ✐s ❞✐✛❡r❡♥t ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
❧♦✉❞♥❡ss ✈❛❧✉❡ t❤❛t t❤❡② r❡♣r❡s❡♥t✱ r❡✈❡❛❧✐♥❣ t❤❡ ♥♦♥✲
❧✐♥❡❛r✐t② ♦❢ ❧♦✉❞♥❡ss ♣❡r❝❡♣t✐♦♥ t❤❛t ❤❛s ❜❡❡♥ ❢♦✉♥❞
✐♥ ♠❛♥② ❧♦✉❞♥❡ss ♠♦❞❡❧s✱ ❡s♣❡❝✐❛❧❧② ❛t ❧♦✇ ❢r❡q✉❡♥✲
❝✐❡s✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ ❧♦✉❞♥❡ss✱ ✐t ❢♦❧✲
❧♦✇s t❤❛t ✐♥ ♦r❞❡r t♦ ❝❛✉s❡ t❤❡ ❧❡❛st ♣❡r❝❡♣t✉❛❧ s❤✐❢t✱
❡❛r♣❧✉❣s s❤♦✉❧❞ ♥♦t ❛tt❡♥✉❛t❡ ❜② ❛ ✉♥✐❢♦r♠ ❞❇ ✈❛❧✉❡
❜✉t r❛t❤❡r ❜② ❛ ✉♥✐❢♦r♠ ♣❤♦♥ ✈❛❧✉❡✳ ■♥ ♦t❤❡r ✇♦r❞s✱
✐❢ ❛♥ ❡❛r♣❧✉❣ ♣r♦✈✐❞❡s ❛ ✉♥✐❢♦r♠ ❛tt❡♥✉❛t✐♦♥ ✐♥ ❞❇✱ ✐t
✐t ✐s ♣r♦❜❛❜❧❡ t❤❛t ✐t ✇✐❧❧ r❡s✉❧t ✐♥ s♦♠❡ ❢r❡q✉❡♥❝✐❡s
❢❡❡❧✐♥❣ s♦❢t❡r t❤❛♥ ♦t❤❡rs ✇❤❡♥ t❤❡② ♦r✐❣✐♥❛❧❧② s❤♦✉❧❞
♥♦t✳
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✸✳✷✳ ■s♦❧❛t✐♦♥ ❡✛❡❝t ❝♦♠♣❡♥s❛t✐♦♥

❚♦ ♣r♦♣❡r❧② ❝♦rr❡❝t ❢♦r t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t✱ ❛ ❢✉❧❧ ❝❤❛r✲
❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♣❛t❤s ❜② ✇❤✐❝❤ ❛♠❜✐❡♥t s♦✉♥❞
r❡❛❝❤❡s t❤❡ ❡❛r❞r✉♠ ✐s r❡q✉✐r❡❞✳ ❋✐❣✉r❡ ✻ ✐❧❧✉str❛t❡s ❛
❝♦♥❝❡♣t✉❛❧ ✈✐❡✇ ♦❢ t❤❡ s②st❡♠ ✇✐t❤ ❡♠♣❤❛s✐s ♦♥ t❤❡
✐s♦❧❛t✐♦♥ ❡✛❡❝t s♦❧✉t✐♦♥ ❢r♦♠ ❛ ❞❡s✐❣♥ ♣❡rs♣❡❝t✐✈❡✳ ■♥
t❤✐s ❝♦♥❝❡♣t✉❛❧ ✈✐❡✇✱ t❤❡r❡ ❛r❡ t✇♦ ♣❛t❤s ❢r♦♠ t❤❡
s♦✉♥❞ ❡♥✈✐r♦♥♠❡♥t t♦ t❤❡ ❡❛r❞r✉♠✳ ❚❤❡ ♣❛t❤s ❛♥❞
t❤❡✐r ❡❧❡♠❡♥ts ❛r❡ ❛s ❢♦❧❧♦✇s✿
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❋✐❣✉r❡ ✺✳ ❊①♣❡❝t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ❖❊ r❡❞✉❝t✐♦♥

❜✮ t❤❡ ❛❝t✐✈❡ ❛tt❡♥✉❛t✐♦♥✱ ✐❢ t❤❡ ❛❝t✐✈❡ ♦❝❝❧✉s✐♦♥
❡✛❡❝t r❡❞✉❝t✐♦♥ s②st❡♠ ✐s t✉r♥❡❞ ♦♥❀

✷✳ ❚❤❡ ❡❧❡❝tr♦✲❛❝♦✉st✐❝ ♣❛t❤✱ ❝♦♠♣r✐s❡❞ ♦❢✿
❛✮ t❤❡ ❡①t❡r♥❛❧ ♠✐❝r♦♣❤♦♥❡❀
❜✮ t❤❡ ❉❙P❀
❝✮ t❤❡ ♣❧❛②❜❛❝❦ ♠❡❛♥✱ ❛❧t❡r❡❞ ❜② t❤❡ ❛❝t✐✈❡ ♦❝❝❧✉✲

s✐♦♥ ❡✛❡❝t r❡❞✉❝t✐♦♥ s②st❡♠ ✐❢ t✉r♥❡❞ ♦♥❀
❞✮ t❤❡ ♦❝❝❧✉❞❡❞ ❡❛r ❝❛♥❛❧✳

❲❤❡♥ t❤❡ t✇♦ ♣❛t❤s ♠❡❡t ❛t t❤❡ ❡❛r❞r✉♠✱ ❞❡str✉❝✲
t✐✈❡ ❛♥❞ ❝♦♥str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡ ✐s ❡①♣❡❝t❡❞ t♦ ♦❝❝✉r
❜❡❝❛✉s❡ ♦❢ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ s✐❣♥❛❧s ❢r♦♠ ❜♦t❤
♣❛t❤s✳ ❚❤✐s ✐s ❛ ♣r♦❜❧❡♠ ❛♥❞ ♥❡❡❞s t♦ ❜❡ ❝♦♠♣❡♥s❛t❡❞
❢♦r ❛t ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ ❜♦t❤ s✐❣♥❛❧s ❛r❡ ✐♥ t❤❡ s❛♠❡
♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✱ ❜✉t ❞♦❡s ♥♦t ❤❛✈❡ s✐❣♥✐✜❝❛♥t ✐♠✲
♣❛❝t ❛t ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦✲❛❝♦✉st✐❝❛❧ ♣❛t❤
♣r❡✈❛✐❧s✳ ❚♦ ♣r♦♣❡r❧② ❝❤❛r❛❝t❡r✐③❡ t❤❡s❡ ♣❛t❤s✱ ❛♥
❛❝♦✉st✐❝ t❡st ✜①t✉r❡ ✭❆❚❋✮✱ ❛ ❇r✉❡❧ & ❑❥ær ✹✶✺✼ ❤❡❛❞
❛♥❞ t♦rs♦ s✐♠✉❧❛t♦r ♠♦❞❡❧✱ ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ ♠♦❞❡❧s ♦❢
❡❛❝❤ ♣❛t❤s✳ ❋♦✉r ✐♠♣♦rt❛♥t ♠✐❝r♦♣❤♦♥❡ ♠❡❛s✉r❡♠❡♥t
♣♦✐♥ts ❛r❡ s❤♦✇♥ ♦♥ t❤❡ ❝♦♥❝❡♣t✉❛❧ ✈✐❡✇ ♦❢ ✜❣✉r❡ ✻✳

❋✐❣✉r❡ ✻✳ ❈♦♥❝❡♣t✉❛❧ ✈✐❡✇ ♦❢ t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t s♦❧✉t✐♦♥ ❢r♦♠ ❛ ❞❡s✐❣♥ ♣❡rs♣❡❝t✐✈❡ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♠♣❡♥s❛t✐♦♥ str❛t❡❣②
❛♥❞ ✐ts ❡①♣❧✐❝✐t st❡♣s ✐♥s✐❞❡ t❤❡ ❉❙P✳
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❯s✐♥❣ t❤❡ ♠✐❝r♦♣❤♦♥❡s ✐❧❧✉str❛t❡❞ ✐♥ ✜❣ ✻✱ ❡❛❝❤ ❡❧✲
❡♠❡♥t ♦❢ ❜♦t❤ ♣❛t❤s ✇❡r❡ ♠❡❛s✉r❡❞ ❛♥❞ ♠♦❞❡❧❡❞ ❜②
✜♥✐t❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ✜❧t❡rs ✉s✐♥❣ ❛ s②st❡♠ ✐❞❡♥t✐✜✲
❝❛t✐♦♥ ♣r♦❝❡❞✉r❡✳ ❚❤✐s ❛❧❧♦✇s t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❝♦♠✲
♣❡♥s❛t✐♦♥ str❛t❡❣✐❡s t♦ ❛❝❤✐❡✈❡ ❛♥ ♦✈❡r❛❧❧ ❛tt❡♥✉❛t✐♦♥
t❛r❣❡t✳ ❚❤❡ ❡①♣❧✐❝✐t ❝♦♠♣❡♥s❛t✐♦♥ ♣r♦❝❡❞✉r❡ ♦❝❝✉r✲
r✐♥❣ ✐♥ t❤❡ ❉❙P ✐s ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ❧♦✇❡r ♣❛rt ♦❢
✜❣✉r❡ ✻✳ ❚❤❡ ❡❧❡❝tr♦✲❛❝♦✉st✐❝❛❧ ♣❛t❤ ✐s ✜rst ❡q✉❛❧✐③❡❞
t♦ ②✐❡❧❞ ❛ ✉♥✐❢♦r♠ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡✳ ❆ ✇✐❞❡ ❜♦♦st
❛r♦✉♥❞ ✷✳✼ ❦❍③ ✐s t❤❡♥ ❛♣♣❧✐❡❞ t♦ ♠✐♠✐❝ t❤❡ ❢r❡q✉❡♥❝②
r❡s♣♦♥s❡ ♦❢ ❛♥ ♦♣❡♥ ❡❛r✳ ❚❤❡ ❣❛✐♥✱ ❝♦♠❜✐♥❛t✐♦♥ ❝♦♠✲
♣❡♥s❛t✐♦♥✱ ❛♥❞ ❧♦✉❞♥❡ss ❝♦rr❡❝t✐♦♥ ❛r❡ t❤❡♥ ❛♣♣❧✐❡❞
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s❡❧❡❝t❡❞ ❛tt❡♥✉❛t✐♦♥ ✈❛❧✉❡✳ ❚❤❡s❡
❛❧❣♦r✐t❤♠s ❛r❡ ❛✉t♦♠❛t✐❝ ❛♥❞ ♦♥❧② r❡q✉✐r❡ ❛ t❛r❣❡t
❛tt❡♥✉❛t✐♦♥ ✈❛❧✉❡ ❛s ❛♥ ✐♥♣✉t✳

❆s ❛ ✜rst t❛r❣❡t ❛♥❞ t♦ ✈❛❧✐❞❛t❡ t❤❡ ♠❡t❤♦❞✱ ❛ ✉♥✐✲
❢♦r♠ ❛tt❡♥✉❛t✐♦♥ ♦❢ ✶✺ ❞❇ ✇❛s ❝❤♦s❡♥ ❛♥❞ t❤❡ ♦❝✲
❝❧✉s✐♦♥ ❡✛❡❝t r❡❞✉❝t✐♦♥ s②st❡♠ ✇❛s t✉r♥❡❞ ♦✛✳ ❚❤✐s
✐s ❛❝❤✐❡✈❡❞ ✐❢ t❤❡ ❝♦♠❜✐♥❡❞ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ ❜♦t❤
♣❛t❤s ♠❛t❝❤❡s t❤❡ t❤❡♦r❡t✐❝❛❧ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦♥
❛♥ ♦♣❡♥ ❡❛r✱ r❡❞✉❝❡❞ ✉♥✐❢♦r♠❧② ❜② ✶✺ ❞❇✳ ❋✐❣✉r❡ ✼
s❤♦✇s t❤❡ t❛r❣❡t tr❛♥s❢❡r ❢✉♥❝t✐♦♥✱ t❤❡ ❢r❡q✉❡♥❝② r❡✲
s♣♦♥s❡s ♦❢ t❤❡ ❡❧❡❝tr♦✲❛❝♦✉st✐❝ ♣❛t❤ ❝♦♠♣r✐s✐♥❣ ❝♦♠✲
♣❡♥s❛t✐♦♥ ❛❧❣♦r✐t❤♠s✱ t❤❡ ❛tt❡♥✉❛t✐♦♥ ♣❛t❤✱ t❤❡✐r
❝♦♠❜✐♥❡❞ t❤❡♦r❡t✐❝❛❧ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ❛s ✇❡❧❧ ❛s ❛
♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ♦✈❡r❛❧❧ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ t❤❡
✐♠♣❧❡♠❡♥t❡❞ s②st❡♠✳

❯s✐♥❣ t❤✐s ✈❛❧✐❞❛t❡❞ ♠❡t❤♦❞✱ ✐t ✐s t❤❡♦r❡t✐❝❛❧❧② ♣♦s✲
s✐❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛ ♠❛①✐♠✉♠ q✉❛s✐✲✉♥✐❢♦r♠ ❛tt❡♥✉❛✲
t✐♦♥ ♦❢ ❛❜♦✉t ✷✺ ❞❇ ✇❤❡♥ t❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t r❡❞✉❝✲
t✐♦♥ s②st❡♠ ✐s ❛❝t✐✈❡ ❛♥❞ ✐♥❝♦r♣♦r❛t✐♥❣ ❛♥ ❛✉t♦♠❛t✐❝
❧♦✉❞♥❡ss ❝♦rr❡❝t✐♦♥ ❜❛s❡❞ ♦♥ ■❙❖ ✷✷✻✿✷✵✵✸ ②✐❡❧❞s ✈❛r✐✲
❛❜❧❡ ❛tt❡♥✉❛t✐♦♥ ✈❛❧✉❡s ♦❢ ✉♣ t♦ ✷✺ ♣❤♦♥s✳ ❋✐❣✉r❡ ✽
s❤♦✇s t❤❡ ♦✈❡r❛❧❧ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s t❤❛t t❤❡ s②st❡♠
❝❛♥ ❛❝❤✐❡✈❡✱ r❡♣r❡s❡♥t✐♥❣ q✉❛s✐✲✉♥✐❢♦r♠ ❛tt❡♥✉❛t✐♦♥
♦❢ ✉♣ t♦ ✷✺ ❞❇✳
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Design target

Achievable transfer functions

Attenuation path

❋✐❣✉r❡ ✽✳ ❆❝❤✐❡✈❛❜❧❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
✈❛r✐♦✉s q✉❛s✐✲✉♥✐❢♦r♠ ❛tt❡♥✉❛t✐♦♥

✹✳ ❋✉t✉r❡ ✇♦r❦

❚❤❡ ❣r❡❛t❡st ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ✇♦r❦ ✐s t❤❛t
t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t ❝♦♠♣❡♥s❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❛r❡ ❝✉r✲
r❡♥t❧② t✉♥❡❞ t♦ ❛♥ ❆❚❋✳ ❇❡❝❛✉s❡ ♦❢ ✐♥t❡r✲✐♥❞✐✈✐❞✉❛❧
❞✐✛❡r❡♥❝❡s ✐♥ ❡❛r ❝❛♥❛❧ ❛❝♦✉st✐❝s t❤✐s t✉♥✐♥❣ ✇✐❧❧ ♠♦st
❧✐❦❡❧② ❜❡ s✉❜✲♦♣t✐♠❛❧ ❢♦r ❛ ❣✐✈❡♥ ✐♥❞✐✈✐❞✉❛❧✳ ■♥ ♦r❞❡r
❢♦r t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t ❝♦♠♣❡♥s❛t✐♦♥ t♦ ❜❡ ♣r❡❝✐s❡ ❛♥❞
❛❞❡q✉❛t❡✱ ✐t ♥❡❡❞s t♦ ❜❡ ❛❞❛♣t❡❞ t♦ ✐ts ✉s❡r✳ ❆s ❝❛♥
❜❡ s❡❡♥ ♦♥ ✜❣✉r❡ ✶✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ s②st❡♠
✐s s✉❝❤ t❤❛t t❤❡ ❉❙P ❝❛♥ ✉s❡ ✐♥❢♦r♠❛t✐♦♥ ❣❛t❤❡r❡❞
❜② t❤❡ ✐♥✲❡❛r ♠✐❝r♦♣❤♦♥❡ t♦ ❛❞❥✉st t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t
❝♦♠♣❡♥s❛t✐♦♥ ❛❧❣♦r✐t❤♠s✳ ■t ✐s ✐♥t❡♥❞❡❞ ✐♥ ❢✉t✉r❡ ✇♦r❦

100 200 300 400 500 600 800 1k 2k 3k 4k 5k 6k 8k 10k
−30

−25

−20

−15

−10

−5

0

Frequency (Hz)

M
ag

n
it

u
d
e 

(d
B

)

 

 

Design target

Contribution of the corrected electro−acoustic path

Contribution of the attenuation path

Combination of both paths

Experimental measurement

❋✐❣✉r❡ ✼✳ ❊①❛♠♣❧❡ ♦❢ ♦❜t❛✐♥✐♥❣ ❛ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ✉♥✐❢♦r♠ ❛tt❡♥✉❛t✐♦♥ ♦❢ ✶✺ ❞❇ ✇✐t❤✐♥ t❤❡ ❝♦♥str❛✐♥ts
♦❢ t❤❡ s②st❡♠✱ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥
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t❤❛t t❤❡ ✐s♦❧❛t✐♦♥ ❡✛❡❝t ❝♦♠♣❡♥s❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❛✉✲
t♦♠❛t✐❝❛❧❧② t✉♥❡ t❤❡♠s❡❧✈❡s t♦ ❛ ❣✐✈❡♥ ✉s❡r✳
❆♥♦t❤❡r ❧✐♠✐t❛t✐♦♥ ❧✐❡s ✐♥ t❤❡ ❆❖❊❘ s②st❡♠✬s ✜①❡❞

❝♦♥tr♦❧❧❡r✳ ❇❡❝❛✉s❡ ✐t ✐s ✜①❡❞✱ t❤❡ ❛♥❛❧♦❣ ❝♦♥tr♦❧❧❡r
♣r♦✈✐❞❡ ✐♥❝♦♥s✐st❡♥t ♣❡r❢♦r♠❛♥❝❡ ❢r♦♠ ✉s❡r t♦ ✉s❡r✳
❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ♦❝❝❧✉❞❡❞ ❡❛r ❝❛♥❛❧ ✈♦❧✉♠❡ ✐s s♠❛❧❧✱
t❤❡ s②st❡♠ ♣r♦✈✐❞❡s ❤✐❣❤❡r ♣❡r❢♦r♠❛♥❝❡ ❜✉t ✐s ♣♦✲
t❡♥t✐❛❧❧② ✉♥st❛❜❧❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♣❡r❢♦r♠❛♥❝❡
♠❛② ❜❡ ✐♥s✉✣❝✐❡♥t ✐❢ t❤❡ ♦❝❝❧✉❞❡❞ ❡❛r ❝❛♥❛❧ ✈♦❧✉♠❡
✐s ❧❛r❣❡r✳ ■♥ ❢✉rt❤❡r ✇♦r❦✱ t❤❡ ❆❖❊❘ s❤♦✉❧❞ ❛❞❛♣t
✐ts❡❧❢ t♦ ✐ts ✉s❡r ❛♥❞ t❤❡r❡❢♦r❡ ✐t ✐s ✐♥t❡♥❞❡❞ t❤❛t t❤❡
❝♦♥tr♦❧❧❡r ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❞✐❣✐t❛❧❧② ❢♦r ♠❛①✐♠✉♠ ✢❡①✲
✐❜✐❧✐t②✳ ■♥ t❤❡ ❝✉rr❡♥t ♣r♦t♦t②♣❡✱ t❤✐s ❤❛s ❜❡❡♥ ♠✐t✐✲
❣❛t❡❞ t♦ s♦♠❡ ❡①t❡♥t t❤r♦✉❣❤ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ ❛ ✉s❡r
❝♦♥tr♦❧❧❛❜❧❡ ✈❛r✐❛❜❧❡ ❝❧♦s❡❞✲❧♦♦♣ ❣❛✐♥ t❤❛t ❛❧❧♦✇s t✉♥✲
✐♥❣ ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤✐s ❡♥❛❜❧❡s ❛❝❤✐❡✈✐♥❣ ❛ ❣♦♦❞
❝♦♠♣r♦♠✐s❡ ❜❡t✇❡❡♥ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❣❛✐♥ ♠❛r❣✐♥ ♦♥
❛♥ ✐♥❞✐✈✐❞✉❛❧ ❜❛s✐s✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s ❝♦♥tr♦❧ ♠❛❦❡s
✐t ♣♦ss✐❜❧❡ t♦ ❞✐r❡❝t❧② ✈❛r② t❤❡ ❙P▲ r❡s✉❧t✐♥❣ ❢r♦♠
♦❝❝❧✉s✐♦♥ ❡✛❡❝t ✐♥ t❤❡ ❡❛r ❝❛♥❛❧✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❛♥
✐❞❡❛❧ ♣❧❛t❢♦r♠ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
❡❛r ❝❛♥❛❧ ❙P▲✱ ♦❜❥❡❝t✐✈❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ✐♥ ❤❡❛r✐♥❣
t❤r❡s❤♦❧❞ ❧❡✈❡❧✱ ❛♥❞ ♣❡r❝❡✐✈❡❞ ❛♥♥♦②❛♥❝❡ ❝❛✉s❡❞ ❜②
t❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t✳ ❚❤✐s ✇✐❧❧ ❛❧❧♦✇ t♦ ❞❡✜♥❡ ❖❊ r❡✲
❞✉❝t✐♦♥ t❛r❣❡t t❤❛t ❛r❡ ❧✐❦❡❧② t♦ ♣❧❡❛s❡ ♠✉s✐❝✐❛♥s✳
❆❞❞✐t✐♦♥❛❧❧②✱ ❜❡❝❛✉s❡ t❤❡ ♣r♦t♦t②♣❡ ✐s ♣r❛❝t✐❝❛❧ ❛♥❞
st✉r❞② ❡♥♦✉❣❤ t♦ ❜❡ ✉s❡❞ ♦✉ts✐❞❡ ♦❢ ❛ ❧❛❜♦r❛t♦r② s❡t✲
t✐♥❣✱ s✉❜❥❡❝t✐✈❡ t❡st✐♥❣ ❝❛♥ ♥♦✇ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡
♠✉s✐❝✐❛♥✬s ✉s✉❛❧ ❡♥✈✐r♦♥♠❡♥t✳

✺✳ ❈♦♥❝❧✉s✐♦♥s

■♥ t❤✐s ✇♦r❦✱ ❛ str❛t❡❣②✱ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ♣r♦t♦t②♣❡ ♦❢
❛♥ ❛❝t✐✈❡ ♠✉s✐❝✐❛♥✬s ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥ ❞❡✈✐❝❡ ❢♦r ❡♥✲
❤❛♥❝❡❞ ♣❡r❝❡♣t✉❛❧ ❝♦♠❢♦rt ❛r❡ ♣r❡s❡♥t❡❞✳ ❚♦ ❡♥❛❜❧❡
♠✉s✐❝✐❛♥s t♦ ♣r♦t❡❝t t❤❡✐r ❤❡❛r✐♥❣ ✇✐t❤♦✉t r❡❞✉❝✐♥❣
t❤❡ q✉❛❧✐t② ♦❢ t❤❡✐r ✇♦r❦✱ ❛ ♣r♦t♦t②♣❡ ❍P❉ ✐♥❝♦r♣♦✲
r❛t✐♥❣ ❛❝t✐✈❡ ♥♦✐s❡ ❝♦♥tr♦❧ ♦❢ t❤❡ ♦❝❝❧✉s✐♦♥ ❡✛❡❝t ❛s
✇❡❧❧ ❛s ✐s♦❧❛t✐♦♥ ❡✛❡❝t ❝♦♠♣❡♥s❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❤❛s
❜❡❡♥ ♣r❡s❡♥t❡❞✳ ❚❤✐s ♣r♦t♦t②♣❡ s❤♦✇s ♣r♦♠✐s✐♥❣ ♣❡r✲
❢♦r♠❛♥❝❡ ❛♥❞ ✇♦✉❧❞ ❜❡♥❡✜t ❢r♦♠ ❢✉rt❤❡r r❡s❡❛r❝❤✿ t❤❡
t❛r❣❡t ♦❝❝❧✉s✐♦♥ ❡✛❡❝t r❡❞✉❝t✐♦♥ ✈❛❧✉❡ t❤❛t ✇♦✉❧❞ ❜❡
❛❝❝❡♣t❛❜❧❡ t♦ ♠✉s✐❝✐❛♥s ✐s ②❡t t♦ ❜❡ ❞❡✜♥❡❞✱ ❛s ✐s t❤❡
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