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aLaboratoire de Mécanique et d’Acoustique, 31, Chemin Joseph Aiguier - 13402 Marseille
Cedex 20

bInstitut de Recherche et Coordination Acoustique/Musique, 1, place Igor Stravinsky 75004
Paris

ml.vannier@gmail.com

Proceedings of the Acoustics 2012 Nantes Conference 23-27 April 2012, Nantes, France

1017



❚✐♠❡✲✈❛'②✐♥❣✲❧❡✈❡❧ ,♦✉♥❞, 0❤❛0 ✐♥❝'❡❛,❡ ♦' ❞❡❝'❡❛,❡ ✐♥ ❧❡✈❡❧ ❛'❡ ✇❡❧❧ ❡,0❛❜❧✐,❤❡❞ 0♦ ✐♥❞✉❝❡ ❛✉❞✐0♦'② ♣❡'✲

❝❡♣0✉❛❧ ❛,②♠♠❡0'✐❡,✱ ❢♦' ❧♦✉❞♥❡,, ❛♥❞ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥✳ ❙❡✈❡'❛❧ ,0✉❞✐❡, '❡✈❡❛❧❡❞ '❛♠♣❡❞ ,♦✉♥❞, 0♦ ❜❡

♣❡'❝❡✐✈❡❞ ❧♦✉❞❡' 0❤❛♥ ❡;✉✐✈❛❧❡♥0 ❞❛♠♣❡❞ ,♦✉♥❞, ✉,✐♥❣ ❞✉'❛0✐♦♥, ❢'♦♠ ❢❡✇ ♠✐❧❧✐,❡❝♦♥❞, 0♦ ❢❡✇ ,❡❝♦♥❞,✳

■♥ ❛❞❞✐0✐♦♥✱ ♦0❤❡' ,0✉❞✐❡, '❡✈❡❛❧❡❞ '❛♠♣❡❞ ,♦✉♥❞, 0♦ ❜❡ ♣❡'❝❡✐✈❡❞ ❧♦♥❣❡' 0❤❛♥ ❞❛♠♣❡❞ ,♦✉♥❞, ❢♦' ❞✉✲

'❛0✐♦♥, ❢'♦♠ ✶✵ ♠, 0♦ ✺✵✵ ♠,✳ ❆, ❛ ❝♦♥,❡;✉❡♥❝❡✱ ✐0 ❝♦✉❧❞ ❜❡ ❤②♣♦0❤❡,✐③❡❞ 0❤❛0 0❤❡ ♣❡'❝❡✐✈❡❞ ❞✉'❛0✐♦♥

❛,②♠♠❡0'② ♠❛② ❜❡ '❡,♣♦♥,✐❜❧❡ ❢♦' 0❤❡ ❧♦✉❞♥❡,, ❛,②♠♠❡0'②✳ ❚❤✉,✱ 0❤❡ ❛✐♠ ♦❢ 0❤❡ ♣'❡,❡♥0 ,0✉❞② ✇❛, 0♦

❡①0❡♥❞ 0❤❡ '❡,✉❧0, ❛❜♦✉0 ❛,②♠♠❡0'✐❡, ✐♥ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥ ❢♦' 0♦♥❡, ❧♦♥❣❡' 0❤❛♥ ✺✵✵ ♠,✱ ✐♥ ♦'❞❡' 0♦ 0❡,0

0❤❡ ♣❧❛✉,✐❜✐❧✐0② ♦❢ 0❤❡ ❤②♣♦0❤❡,✐, ✉♥❞❡' 0❤❡,❡ ❝♦♥❞✐0✐♦♥,✳ ❯,✐♥❣ ❛ ✷■✲✷❆❋❈ ❛❞❛♣0✐✈❡ ♠❡0❤♦❞✱ '❛♠♣❡❞ ❛♥❞

❞❛♠♣❡❞ 0♦♥❡, ✇❡'❡ ♠❛0❝❤❡❞ ✐♥ ❞✉'❛0✐♦♥ 0♦ 0❤❡ ♣♦✐♥0 ♦❢ ,✉❜❥❡❝0✐✈❡ ❡;✉❛❧✐0②✳ ❆0 ❡;✉❛❧ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥✱

,❤♦'0✲❞❛♠♣❡❞ ,♦✉♥❞, ✭< ✵✳✺ ,✮ ✇❡'❡ ♠❛0❝❤❡❞ ❧♦♥❣❡' 0❤❛♥ ,❤♦'0✲'❛♠♣❡❞ ,♦✉♥❞,✱ ❝♦♥✜'♠✐♥❣ ♣'❡✈✐♦✉,

'❡,✉❧0,✱ ✇❤❡'❡❛, ❧♦♥❣✲❞❛♠♣❡❞ ,♦✉♥❞, ✭✵✳✺ 0♦ ✷ ,✮ ✇❡'❡ ♠❛0❝❤❡❞ 0♦ 0❤❡ ,❛♠❡ ❞✉'❛0✐♦♥ ❛, ❧♦♥❣✲'❛♠♣❡❞

,♦✉♥❞,✱ ✇❤✐❝❤ ;✉❡,0✐♦♥ 0❤❡ ❤②♣♦0❤❡,✐, ❢♦' ❞✉'❛0✐♦♥, ♦✈❡' ✺✵✵ ♠,✳

✶ ■♥#$♦❞✉❝#✐♦♥

■♥ 0❤❡ ♣'❡,❡♥0 ❛'0✐❝❧❡✱ 0❤❡ ♠❡❛,✉'❡♠❡♥0 ♦❢ ,✉❜❥❡❝0✐✈❡

❞✉'❛0✐♦♥ ♦❢ ,♦✉♥❞, 0❤❛0 ✐♥❝'❡❛,❡ ❛♥❞ ❞❡❝'❡❛,❡ ❝♦♥0✐♥✲

✉♦✉,❧② ✐♥ ❧❡✈❡❧ ✐, ✐♥✈❡,0✐❣❛0❡❞✳ ■0 ✇❛, ✇❡❧❧ ❡,0❛❜❧✐,❤❡❞

0❤❛0 ♣❡'❝❡♣0✉❛❧ ❛,②♠♠❡0'✐❡, 0❛❦❡ ♣❧❛❝❡ ❜❡0✇❡❡♥ '❛♠♣❡❞

,♦✉♥❞ ❛♥❞ ✐0, ❡;✉✐✈❛❧❡♥0 ❞❛♠♣❡❞ ,♦✉♥❞✳ ❊,♣❡❝✐❛❧❧②✱

❡✈❡♥ 0❤♦✉❣❤ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ ,♦✉♥❞, ❤❛✈❡ 0❤❡ ,❛♠❡

♦✈❡'❛❧❧ ❧❡✈❡❧,✱ ❧❡✈❡❧ ❝❤❛♥❣❡,✱ ♦✈❡'❛❧❧ ,♣❡❝0'❛ ❛♥❞ ✐❞❡♥0✐✲

❝❛❧ ❞✉'❛0✐♦♥,✱ '❛♠♣❡❞ ,♦✉♥❞, ❛'❡ ♣❡'❝❡✐✈❡❞ ❧♦✉❞❡' ❛♥❞

❧♦♥❣❡' 0❤❛♥ ❞❛♠♣❡❞ ,♦✉♥❞, ✉♥❞❡' ,♣❡❝✐✜❝ ❝♦♥❞✐0✐♦♥,✳

❖♥ 0❤❡ ♦♥❡ ❤❛♥❞ ❛ ❢❡✇ ,0✉❞✐❡, ❞❡❛❧ ✇✐0❤ 0❤❡ ❝♦♠♣❛'✲

✐,♦♥ ♦❢ ❣❧♦❜❛❧ ❧♦✉❞♥❡,, ✭❥✉❞❣❡♠❡♥0 ♦♥ 0❤❡ 0♦0❛❧ ,♦✉♥❞

❡♥❡'❣② ❝♦♥0❛✐♥❡❞ ♦✈❡' 0❤❡ ❛❧❧ ❞✉'❛0✐♦♥ ♦❢ 0❤❡ ,♦✉♥❞✮ ❜❡✲

0✇❡❡♥ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ ,♦✉♥❞, ❬✶✱ ✷✱ ✸❪✳ ❚❤❡ ❞✐❢✲

❢❡'❡♥0 '❡,✉❧0, ❛'❡ ❝♦♥,✐,0❡♥0 ✇✐0❤ 0❤❡ ❢❛❝0 0❤❛0 '❛♠♣❡❞

,♦✉♥❞, ❛'❡ ♣❡'❝❡✐✈❡❞ ❧♦✉❞❡' 0❤❛♥ ❞❛♠♣❡❞ ,♦✉♥❞, ❢♦'

❞✉'❛0✐♦♥, ❢'♦♠ ✷✺✵ ♠, ❬✶❪ 0♦ ❞✉'❛0✐♦♥, ❧♦♥❣❡' 0❤❛♥

✷ , ❬✷✱ ✸❪✱ '❡❣❛'❞❧❡,, ♦❢ 0❤❡ ♠❡0❤♦❞ ♦❢ ♠❡❛,✉'❡♠❡♥0

✭0✇♦✲✐♥0❡'✈❛❧ ❝♦♠♣❛'✐,♦♥✱ ♠❛❣♥✐0✉❞❡ ❡,0✐♠❛0✐♦♥✱ ❛♥❛✲

❧♦❣✐❝❛❧✴❝❛0❡❣♦'✐❝❛❧ ✭❆✴❈✮ ,❝❛❧✐♥❣✮✳

❖♥ 0❤❡ ♦0❤❡' ❤❛♥❞✱ ❙✉,✐♥✐ ❡0 ❛❧✳ ❬✹❪ ♦❜,❡'✈❡❞ ,✐♠✲

✐❧❛' '❡,✉❧0, ❜❡0✇❡❡♥ 0❤❡ ❞✐'❡❝0 '❛0✐♥❣ ♦❢ ♦✈❡'❛❧❧ ❧♦✉❞✲

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

❧♦✉❞♥❡,, ❝❤❛♥❣❡ ❬✹✱ ✺✱ ✻❪✳ ❚❤✉,✱ ✇❤❡♥ 0❤❡② ❛'❡ ❛,❦❡❞

0♦ '❛0❡ 0❤❡ ❛♠♦✉♥0 ♦❢ ❝❤❛♥❣❡ ✐♥ ❧♦✉❞♥❡,, ✉,✐♥❣ ❛ ❞✐✲

'❡❝0 '❛0✐♥❣ ♠❡0❤♦❞✱ ♠♦,0 ❧✐,0❡♥❡', ♠❛② ❤❛✈❡ ❜❛,❡❞ 0❤❡✐'

❥✉❞❣♠❡♥0 ♦♥ ❣❧♦❜❛❧ ❧♦✉❞♥❡,, '❛0❤❡' 0❤❛♥ ♦♥ ❛❝0✉❛❧ ❧♦✉❞✲

♥❡,, ❝❤❛♥❣❡✳ ❋♦' ❞✉'❛0✐♦♥, ♦❢ ✶✳✽ , ❛♥❞ ✉,✐♥❣ ❞✐'❡❝0

'❛0✐♥❣ ♠❡0❤♦❞, ✭♠❛❣♥✐0✉❞❡ ❡,0✐♠❛0✐♦♥ ❬✺❪ ♦' ❛♥❛❧♦❣✐✲

❝❛❧✴❝❛0❡❣♦'✐❝❛❧ ✭❆✴❈✮ ,❝❛❧✐♥❣ ❬✻❪✮✱ ,♦♠❡ ❛✉0❤♦', ❤❛✈❡

♣♦✐♥0❡❞ ♦✉0 0❤❛0 ❧♦✉❞♥❡,, ❝❤❛♥❣❡ ✐, ❥✉❞❣❡❞ ❧❛'❣❡' ❢♦'

'❛♠♣❡❞ 0❤❛♥ ❢♦' ❞❛♠♣❡❞ ,♦✉♥❞,✳ ❚❤❡✐' '❡,✉❧0, ❛'❡ ✐♥

❝♦♥❝♦'❞ ✇✐0❤ 0❤♦,❡ ♦❢ ❙0❡❝❦❡' ❛♥❞ ❍❛❢0❡' ❬✶❪✱ ❛♥❞ ❙✉,✐♥✐

❡0 ❛❧✳ ❬✷✱ ✸❪✱ ♦♥ ❣❧♦❜❛❧ ❧♦✉❞♥❡,,✳

❈♦♥❝❡'♥✐♥❣ 0❤❡ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥✱ '❛♠♣❡❞ ,♦✉♥❞,

✇❡'❡ '❡✈❡❛❧❡❞ 0♦ ❜❡ ♣❡'❝❡✐✈❡❞ ❧♦♥❣❡' 0❤❛♥ ❞❛♠♣❡❞

,♦✉♥❞,✱ ❢♦' ❞✉'❛0✐♦♥, ❜❡0✇❡❡♥ ✶✵ ❛♥❞ ✶✵✵✵ ♠,✳ ❆

,✉❜,0❛♥0✐❛❧ ✉♥❞❡'❡,0✐♠❛0✐♦♥ ♦❢ 0❤❡ ❞✉'❛0✐♦♥ ♦❢ ❞❛♠♣❡❞

,♦✉♥❞, ❤❛, ❜❡❡♥ ,❤♦✇♥ ✉,✐♥❣ ❡✐0❤❡' ♠❛0❝❤✐♥❣ 0❛,❦,

❬✼✱ ✽✱ ✾✱ ✶✵❪ ♦' ♠❛❣♥✐0✉❞❡ ❡,0✐♠❛0✐♦♥ ❬✼❪✳

❋✉'0❤❡'♠♦'❡✱ ❛,②♠♠❡0'✐❡, ✐♥ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥

✈❛'② ❛, ❛ ❢✉♥❝0✐♦♥ ♦❢ ❞✉'❛0✐♦♥✳ ❆❝❝♦'❞✐♥❣ 0♦ ❘✐❡, ❡0

❛❧✳ ❬✶✵❪✱ 0❤❡ ❞✐✛❡'❡♥❝❡, ❜❡0✇❡❡♥ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞

,♦✉♥❞, ❛'❡ ♠❛①✐♠✉♠ ❛0 ❛'♦✉♥❞ ✺✵✲✶✵✵ ♠,✳ ❆0 ❡;✉❛❧

♣❡'❝❡✐✈❡❞ ❞✉'❛0✐♦♥✱ 0❤❡ '❛♠♣❡❞ ,♦✉♥❞, ❛'❡ ✶✳✼ 0♦ ✶✳✾

❧♦♥❣❡' 0❤❛♥ 0❤❡ ❡;✉✐✈❛❧❡♥0 ❞❛♠♣❡❞ ,♦✉♥❞✳ ❚❤❡ ❞✐✛❡'✲

❡♥❝❡, ❞❡❝'❡❛,❡ ✇✐0❤ ✐♥❝'❡❛,✐♥❣ ❞✉'❛0✐♦♥✳ ❖♥❧② ♦♥❡ ,0✉❞②

✐♥✈❡,0✐❣❛0❡❞ ❞✉'❛0✐♦♥, ❛❜♦✈❡ ✺✵✵ ♠, ❬✽❪ ✇❤❡'❡ ❛ ,✐❣♥✐❢✲

✐❝❛♥0 '❡❞✉❝0✐♦♥ ✇✐0❤ ✐♥❝'❡❛,✐♥❣ ❞✉'❛0✐♦♥ ✐, ❛❧,♦ ✉♥❞❡'✲

❧✐♥❡❞ ❜② 0❤❡ ❛✉0❤♦',✳ ❋♦' ❞✉'❛0✐♦♥, ♦❢ ✶ ,✱ 0❤❡ ♣❡'❝❡♣0✉❛❧

❛,②♠♠❡0'② ✐, ❛❜♦✉0 ✷✵✪ ♦❢ ❞✉'❛0✐♦♥✳

❚❤❡ ❛,②♠♠❡0'② ❢♦✉♥❞❡❞ ❢♦' ❧♦✉❞♥❡,, ❛, ✇❡❧❧ ❛, ❢♦'

♣❡'❝❡✐✈❡❞ ❞✉'❛0✐♦♥ ❜'✐♥❣ ✉♣ ;✉❡,0✐♦♥, ❛❜♦✉0 ❛ ♣♦,,✐❜❧❡

❝♦♠♠♦♥ ❜❛,❡ ✐♥ ♣❡'❝❡♣0✐♦♥ ♦❢ ❧♦✉❞♥❡,, ❛♥❞ ♦❢ ❞✉'❛0✐♦♥

♦❢ 0✐♠❡ ✈❛'②✐♥❣✲❧❡✈❡❧ ,♦✉♥❞,✳ ❚❤❡ ;✉❡,0✐♦♥ 0❤❡♥ ❛'✐,❡,

♦♥ 0❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣❡'❝❡✐✈❡❞ ❞✉'❛0✐♦♥ ♦♥ 0❤❡ ❧♦✉❞♥❡,,

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

❞✉'❛0✐♦♥ ❛,②♠♠❡0'② ♠❛② ❜❡ '❡,♣♦♥,✐❜❧❡ ❢♦' 0❤❡ ❧♦✉❞♥❡,,

❛,②♠♠❡0'②✳ ❲❤✐❧❡ ♠❛❥♦' '❡,✉❧0, ❤❛✈❡ ❜❡❡♥ ❡,0❛❜❧✐,❤❡❞

❛❜♦✉0 0❤❡ ❧♦✉❞♥❡,, ❛,②♠♠❡0'② ❢♦' ❞✉'❛0✐♦♥, ♦❢ ❢❡✇ ,❡❝✲

♦♥❞,✱ 0❤❡ ,✉❜❥❡❝0✐✈❡ ❞✉'❛0✐♦♥ ❛,②♠♠❡0'② ❤❛, ♥♦0 ②❡0

❜❡❡♥ 0❤❡ ,✉❜❥❡❝0 ♦❢ ,♣❡❝✐✜❝ ,0✉❞✐❡, ❢♦' ❞✉'❛0✐♦♥, ❧♦♥❣❡'

0❤❛♥ ✺✵✵ ♠,✳ ❚❤✉,✱ 0❤❡ ♠❛✐♥ ;✉❡,0✐♦♥ ❛❞❞'❡,,❡❞ ❜② 0❤❡

♣'❡,❡♥0 ,0✉❞② ✐, ✇❤❡0❤❡' ♦' ♥♦0 0❤❡ ❞✐,♣❛'✐0✐❡, ✐♥ ,✉❜✲

❥❡❝0✐✈❡ ❞✉'❛0✐♦♥ ❜❡0✇❡❡♥ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ ,♦✉♥❞,

❤♦❧❞ ❢♦' ,♦✉♥❞, ✇✐0❤ ❞✉'❛0✐♦♥ ♦❢ ❢❡✇ ,❡❝♦♥❞,✱ ✐♥ ♦'❞❡'

0♦ ❡①0❡♥❞ ♣'❡✈✐♦✉, '❡,✉❧0,✱ ❛♥❞ 0❡,0 0❤❡ ✈❛❧✐❞✐0② ♦❢ 0❤❡

❤②♣♦0❤❡,✐, ❛❢♦'❡♠❡♥0✐♦♥❡❞✱ ✉♥❞❡' 0❤❡,❡ ❝♦♥❞✐0✐♦♥,✳

■♥ ❊①♣❡'✐♠❡♥0 ■■✱ 0❤❡ ♣❤②,✐❝❛❧ ❞✉'❛0✐♦♥, ♦❢ ❞❛♠♣❡❞

❛♥❞ '❛♠♣❡❞ ,♦✉♥❞, ✇❡'❡ ❡;✉❛❧✐③❡❞ 0♦ 0❤❡ ♣♦✐♥0 ♦❢ ,✉❜✲

❥❡❝0✐✈❡ ❡;✉❛❧✐0②✱ ✈✐❛ ❛ ✷■✲✷❆❋❈ ❛❞❛♣0✐✈❡ ♠❡0❤♦❞✳ ❍♦✇✲

❡✈❡'✱ ✇❤❡♥ ,❡00✐♥❣✲✉♣ 0❤❡ ❡①♣❡'✐♠❡♥0✱ ✐0 ❜❡❝❛♠❡ ♥❡❝❡,✲

,❛'② 0♦ ❦♥♦✇ 0❤❡ ❞✐,❝'✐♠✐♥❛0✐♦♥ 0❤'❡,❤♦❧❞ ✐♥ ❞✉'❛0✐♦♥

❢♦' 0❤❡ ,0✐♠✉❧✐ ✉,❡❞✱ ✐♥ ♦'❞❡' 0♦ ❛❞❥✉,0 0❤❡ ,0❡♣ ,✐③❡ ♦❢

0❤❡ ❛❞❛♣0✐✈❡ ♣'♦❝❡❞✉'❡✳ ❚♦ ♦✉' ❦♥♦✇❧❡❞❣❡✱ 0❤❡'❡ ✐, ♥♦

❧✐0❡'❛0✉'❡ ❛❜♦✉0 0❤❡ ♠❡❛,✉'❡♠❡♥0 ♦❢ ❞✉'❛0✐♦♥ ❞✐,❝'✐♠✐✲

♥❛0✐♦♥ ❢♦' '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ ,♦✉♥❞,✱ ✇✐0❤ ❡①❝❡♣0✐♦♥

♦❢ ♦♥❡ ,0✉❞② ❢♦' ,❤♦'0 ❞✉'❛0✐♦♥ ,0✐♠✉❧✐ ✭✶✵ 0♦ ✷✵✵ ♠,✮

❬✼❪✳ ❆, ❛ ❝♦♥,❡;✉❡♥❝❡✱ ❞✉'❛0✐♦♥ ❞✐,❝'✐♠✐♥❛0✐♦♥ 0❤'❡,❤✲

♦❧❞, ✇❡'❡ ♠❡❛,✉'❡❞ ✜',0 ✐♥ ❊①♣❡'✐♠❡♥0 ■✳

✷ ❊①♣❡$✐♠❡♥# ■ ✿ ❉✉$❛#✐♦♥ ❞✐3✲

❝$✐♠✐♥❛#✐♦♥

❚❤✐, ✜',0 ❡①♣❡'✐♠❡♥0 ✐♥0❡♥❞, 0♦ ♠❡❛,✉'❡ 0❤❡ ❞✉'❛✲

0✐♦♥ ❞✐,❝'✐♠✐♥❛0✐♦♥ 0❤'❡,❤♦❧❞, ❢♦' '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞

,0✐♠✉❧✐✳ ❚❤❡② ✇❡'❡ ♠❡❛,✉'❡❞ ❢♦' ,✐① ❞✐✛❡'❡♥0 ❞✉'❛0✐♦♥,

❢'♦♠ ✺✵ ♠, 0♦ ✷✵✵✵ ♠,✳

✷✳✶ ▲✐%&❡♥❡)%

❚❡♥ ✈♦❧✉♥0❡❡'❡❞ ❧✐,0❡♥❡', ✭✷ ❢❡♠❛❧❡, ❛♥❞ ✽ ♠❛❧❡,✮

❛❣❡❞ ❢'♦♠ ✷✸ 0♦ ✺✹ ②❡❛',✱ ♣❛'0✐❝✐♣❛0❡❞ ✐♥ 0❤❡ ❡①♣❡'✐♠❡♥0✳

❚❤❡ ❧✐,0❡♥❡', ✇❡'❡ ,❡❧❡❝0❡❞ ❢'♦♠ ,0❛✛ ❛♥❞ ,0✉❞❡♥0, ♦❢

0❤❡ ❧❛❜♦'❛0♦'②✳ ❆❧❧ ♦❢ 0❤❡♠ '❡♣♦'0❡❞ ♥♦'♠❛❧ ❤❡❛'✐♥❣

✭0❤'❡,❤♦❧❞, ≤ ✷✺ ❞❇ ❍▲✮ ❛0 ♦❝0❛✈❡ ❢'❡;✉❡♥❝✐❡, ❢'♦♠ ✵✳✷✺

Proceedings of the Acoustics 2012 Nantes Conference23-27 April 2012, Nantes, France

1018



 ♦ ✽✳✵ ❦❍③✱ ❡①❝❡♣ ♦♥❡ ♣❡./♦♥  ❤❛ .❡♣♦. ❡❞ ❤❡❛.✐♥❣ ❧♦//

❜❡ ✇❡❡♥ ✸✵ ❛♥❞ ✻✵ ❞❇ ❍▲ ❛ ❤✐❣❤ ❢.❡=✉❡♥❝✐❡/ ✭≥ ✻✳✵

❦❍③✮✳ ▲✐/ ❡♥❡./ ✇❡.❡ ♣❛✐❞ ❢♦.  ❤❡✐. ♣❛. ✐❝✐♣❛ ✐♦♥✳

✷✳✷ ❙#✐♠✉❧✐

❆❧❧  ❤❡ / ✐♠✉❧✐ ✇❡.❡ ✶ ❦❍③ ♣✉.❡  ♦♥❡/✳ ❚❤❡ /✐① / ❛♥✲

❞❛.❞ ❞✉.❛ ✐♦♥/ ✇❡.❡ ✺✵✱ ✶✵✵✱ ✷✵✵✱ ✺✵✵✱ ✶✵✵✵ ❛♥❞ ✷✵✵✵ ♠/✳

❚❤❡ /♦✉♥❞/ ❤❛❞ ❛ .❛♠♣❡❞ ♦. ❛ ❞❛♠♣❡❞ ❡♥✈❡❧♦♣❡  ❤❛ ✐♥✲

❝.❡❛/❡ ✭✻✺  ♦ ✽✵ ❞❇ ❙J▲✮ ♦. ❞❡❝.❡❛/❡ ✭✽✵  ♦ ✻✺ ❞❇ ❙J▲✮

❧✐♥❡❛.❧② ✐♥ ❧❡✈❡❧✱ ❝♦..❡/♣♦♥❞✐♥❣  ♦ ❛ ❞②♥❛♠✐❝ .❛♥❣❡ ♦❢

✶✺ ❞❇✳ ❚❤❡ /♦✉♥❞/ ♦❢ ✺✵✱ ✶✵✵ ❛♥❞ ✷✵✵ ♠/ ❤❛❞ .✐/❡ ❛♥❞

❢❛❧❧  ✐♠❡/ ♦❢ ✶✵ ♠/ ✭❧✐♥❡❛. .❛♠♣/✮✱ ❢♦.  ❤❡ ❧♦♥❣❡. /♦✉♥❞/

✭✺✵✵✱ ✶✵✵✵ ❛♥❞ ✷✵✵✵ ♠/✮  ❤❡ .✐/❡ ❛♥❞ ❢❛❧❧  ✐♠❡/ ✇❡.❡ ♦❢

✷✵ ♠/ ✭❧✐♥❡❛. .❛♠♣/✮✳

✷✳✸ ❆♣♣❛,❛#✉-

❙♦✉♥❞/ ✇❡.❡ ❣❡♥❡.❛ ❡❞ ✐♥ .❡❛❧  ✐♠❡ ❜② ❛ ♣.♦❝❡//♦.

❉❙J ❘J✷ ❢.♦♠  ❤❡ ❚✉❝❦❡.✲❉❛✈✐/ /②/ ❡♠ ■■■✱ ✉/✐♥❣  ❤❡

❣.❛♣❤✐❝❛❧ ✉/❡. ✐♥ ❡.❢❛❝❡ ❘J❱❉✳ ❆ ❝✉/ ♦♠✲❞❡/✐❣♥❡❞ /♦❢ ✲

✇❛.❡ ❛❧/♦ ❝♦♥ .♦❧❧❡❞  ❤❡ ❡①♣❡.✐♠❡♥ ✳ ❚♦♥❡/ ✇❡.❡ /②♥✲

 ❤❡/✐③❡❞ ❛ ❛ /❛♠♣❧❡ .❛ ❡ ♦❢ ✹✽✽✷✽✳✶✷✺ ❦❍③ ✇✐ ❤ ✷✹ ❜✐ /

.❡/♦❧✉ ✐♦♥✳ ❚❤❡ ♦✉ ♣✉ ♦❢  ❤❡ ❉❆❈ ❝♦♥✈❡. ❡./ ♦❢ /②/✲

 ❡♠ ■■■ ✇❛/ ❛♠♣❧✐✜❡❞  ❤.♦✉❣❤  ❤❡ ❊❞✐.♦❧ /♦✉♥❞ ❝❛.❞

✭❆✉❞✐♦ ❈❛♣ ✉.❡ ❯❆✲✺✮✱ ❛♥❞ ♣.❡/❡♥ ❡❞ ❞✐♦ ✐❝❛❧❧②  ❤.♦✉❣❤

 ❤❡ ❙❡♥♥❤❡✐/❡. ❍❉✷✽✵ ❍❡❛❞♣❤♦♥❡/✳ ❚❤❡ ❝❛❧✐❜.❛ ✐♦♥ ♦❢

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

 ❤❡ ❤❡❛❞♣❤♦♥❡ ❝❤❛.❛❝ ❡.✐/ ✐❝ ❝✉.✈❡/ ✧❛  ❤❡ ❡❛.❞.✉♠✧✳

❆❧❧  ❤❡ ♠❡❛/✉.❡♠❡♥ / ✇❡.❡ ♣❡.❢♦.♠❡❞ ✐♥ ❛ /♦✉♥❞♣.♦♦❢

.♦♦♠✳ ❚❤❡ ❧✐/ ❡♥❡./ ❣❛✈❡  ❤❡✐. ❛♥/✇❡./ ❜② ♣✉/❤✐♥❣ ❛ ❜✉ ✲

 ♦♥ ♦♥ ❛ .❡/♣♦♥/❡ ❜♦①✳ ❆ /❝.❡❡♥ ♦♥  ❤❡ ❜♦① ✇❛/ ✉/❡❞

 ♦ ♣.♦✈✐❞❡  ❡♠♣♦.❛❧ .❡❢❡.❡♥❝❡/ ❛/  ❤❡ ✐♥ ❡.✈❛❧ ❝✉..❡♥ ❧②

♣❧❛②❡❞ ♦.  ❤❡  ✐♠❡  ♦ ❛♥/✇❡.✳

✷✳✹ /,♦❝❡❞✉,❡

❉✉.❛ ✐♦♥ ❞✐/❝.✐♠✐♥❛ ✐♦♥  ❤.❡/❤♦❧❞/ ✇❡.❡ ♠❡❛/✉.❡❞

✇✐ ❤ ❛ ✸■✲✸❆❋❈ ♣.♦❝❡❞✉.❡✳

❚❤❡  ❡/ ✇❛/ ❞✐✈✐❞❡❞ ✐♥ ♦  ✇♦ ♣❛. /✿  ❤.❡/❤♦❧❞/ ✇❡.❡

✜./ ♠❡❛/✉.❡❞ ❢♦. ❧♦♥❣ /♦✉♥❞/ ✭✺✵✵✱ ✶✵✵✵ ❛♥❞ ✷✵✵✵ ♠/✮✱

 ❤❡♥✱ ✐♥ ❛ /❡❝♦♥❞ ♣❛. ✱ ❢♦. /❤♦. /♦✉♥❞/ ✭✷✵✱ ✶✵✵ ❛♥❞

✷✵✵ ♠/✮✳ ■♥ ❡❛❝❤ ♣❛. ✱ ✻ ❝♦♥❞✐ ✐♦♥/ ✇❡.❡  ❡/ ❡❞✿ ✸ ❞✉.❛✲

 ✐♦♥/ ❛♥❞ ✷ .❛♠♣ ❞✐.❡❝ ✐♦♥/ ✭✉♣.❛♠♣ ❛♥❞ ❞♦✇♥.❛♠♣✮✳

❖♥❡  ❤.❡/❤♦❧❞ ✭❢♦. ♦♥❡ ❝♦♥❞✐ ✐♦♥✮ ✇❛/ ♦❜ ❛✐♥❡❞ ❛❢ ❡.

❛ ♠✐♥✐♠✉♠ ♦❢  ✇♦ .✉♥/✳ ❚❤✉/✱ ✶✷ .✉♥/ ♣❡. ❧✐/ ❡♥❡./

✇❡.❡ ❛ ❧❡❛/ ♣❡.❢♦.♠❡❞ ✐♥ ♦ ❡❛❝❤ ♣❛. ♦❢  ❤❡ ❡①♣❡.✐✲

♠❡♥ ✳ ❚❤❡ ♦.❞❡. ✐♥ ✇❤✐❝❤  ❤❡ ✶✷ .✉♥/ ✇❡.❡ ♣.❡/❡♥ ❡❞

✇❛/ .❛♥❞♦♠✐③❡❞ ❢♦. ❡❛❝❤ ❧✐/ ❡♥❡.✳ ❆ .✉♥ ✇❛/ / ♦♣♣❡❞

❛❢ ❡. ✶✷ .❡✈❡./❛❧/✳

❋♦. ❡❛❝❤  .✐❛❧✱  ✇♦ ♦❢  ❤❡  ❤.❡❡ ✐♥ ❡.✈❛❧/ ❝♦♥ ❛✐♥❡❞

 ❤❡  ❡/ .❛♠♣/ ✇✐ ❤ ✜①❡❞ / ❛♥❞❛.❞ ❞✉.❛ ✐♦♥/ ✭❛❝❝♦.❞✲

✐♥❣  ♦  ❤❡ ❞.❛✇♥ ❝♦♥❞✐ ✐♦♥✮ ❛♥❞  ❤❡ .❡♠❛✐♥❡❞ ✐♥ ❡.✈❛❧

❝♦♥ ❛✐♥❡❞  ❤❡ ❝♦♠♣❛.✐/♦♥ .❛♠♣ ✇✐ ❤ ✈❛.✐❛❜❧❡ ❞✉.❛ ✐♦♥✳

❚❤❡ ✐♥ ❡.✈❛❧ ❝♦♥ ❛✐♥✐♥❣  ❤❡ ❝♦♠♣❛.✐/♦♥ .❛♠♣ ✭✶✱ ✷ ♦.

✸✮ ✇❛/ .❛♥❞♦♠✐③❡❞ ❢.♦♠ ♦♥❡  .✐❛❧  ♦ ❛♥♦ ❤❡.✳ ❚❤❡  ❤.❡❡

.❛♠♣/ ✇❡.❡ ♣.❡/❡♥ ❡❞ ❛❧ ❡.♥❛ ❡❧② ✇✐ ❤ ❛ ✺✵✵ ♠/ ✐♥ ❡.✈❛❧

❜❡ ✇❡❡♥ ❡❛❝❤ ♦♥❡✳ ▲✐/ ❡♥❡./ ✇❡.❡ ❛/❦❡❞  ♦ /❡❧❡❝  ❤❡

✐♥ ❡.✈❛❧ ❝♦♥ ❛✐♥✐♥❣  ❤❡ ❧♦♥❣❡/ /♦✉♥❞✳

❆ ✷✲❞♦✇♥✴✶✲✉♣ .✉❧❡ ✇❛/ ✉/❡❞ ❢.♦♠ ❜❡❣✐♥♥✐♥❣  ♦  ❤❡

✹ ❤ .❡✈❡./❛❧ ✐♥ ♦.❞❡.  ♦ ❧✐♠✐  ❤❡ ♥✉♠❜❡. ♦❢  .✐❛❧/ ❛  ❤❡

❜❡❣✐♥♥✐♥❣✳ ❚❤❡♥✱  ❤❡ .✉❧❡ ❜❡❝❛♠❡ ✸✲❞♦✇♥✴✶✲✉♣ ✉♥ ✐❧

 ❤❡ ❡♥❞ ♦❢  ❤❡ .✉♥✱ ✐  ❛.❣❡ ❡❞ ✼✾✳✹✪ ❝♦..❡❝ .❡/♣♦♥/❡/

♦♥  ❤❡ ♣/②❝❤♦♠❡ .✐❝ ❢✉♥❝ ✐♦♥ ❬✶✶❪✳ ❋♦. ♦♥❡ .✉♥✱  ❤❡

 ❤.❡/❤♦❧❞ ✇❛/ ❝❛❧❝✉❧❛ ❡❞ ❛/  ❤❡ ❣❡♦♠❡ .✐❝ ♠❡❛♥ ♦❢  ❤❡

❝♦♠♣❛.✐/♦♥ .❛♠♣ ❞✉.❛ ✐♦♥ ❛❝.♦//  ❤❡ ❡✐❣❤ ❧❛/ .❡✈❡.✲

/❛❧/✳

❚❤❡ / ❛. ✐♥❣ ❞✉.❛ ✐♦♥ ♦❢  ❤❡ ❝♦♠♣❛.✐/♦♥ .❛♠♣ ✇❛/

 ✇✐❝❡  ❤❡ / ❛♥❞❛.❞ ❞✉.❛ ✐♦♥✳ ❚❤❡ / ❡♣ /✐③❡ ✈❛.✐❡❞ ✇✐ ❤✐♥

❡❛❝❤ .✉♥✳ ■ ✇❛/ ✶✴✺ ❤ ♦❢  ❤❡ ❞✉.❛ ✐♦♥ ❛  ❤❡ ❜❡❣✐♥♥✐♥❣✱

✶✴✶✵ ❤ ♦❢  ❤❡ ❞✉.❛ ✐♦♥ ❛❢ ❡.  ❤❡ /❡❝♦♥❞ .❡✈❡./❛❧✱  ❤❡♥

✶✴✺✵ ❤ ♦❢  ❤❡ ❞✉.❛ ✐♦♥ ❢.♦♠  ❤❡ ❢♦✉. ❤ .❡✈❡./❛❧  ♦  ❤❡

❡♥❞✳ ❆❢ ❡. ❡❛❝❤ ✐♥❝♦..❡❝ .❡/♣♦♥/❡✱  ❤❡ ❞✉.❛ ✐♦♥ ♦❢  ❤❡

✐♥❝.❡♠❡♥ ✇❛/ ✐♥❝.❡❛/❡❞ ❜② ❛ ❢❛❝ ♦. ♦❢ ✶✳✷✱ ✶✳✶ ✭❛❢ ❡.  ❤❡

/❡❝♦♥❞ .❡✈❡./❛❧✮ ❛♥❞ ✶✳✵✷ ✭❢.♦♠  ❤❡ ❢♦✉. ❤ .❡✈❡./❛❧  ♦  ❤❡

❡♥❞✮ ❛♥❞  ❤.❡❡ ❝♦♥/❡❝✉ ✐✈❡ ❝♦..❡❝ .❡/♣♦♥/❡/ .❡/✉❧ ❡❞ ✐♥

❛ ❞❡❝.❡❛/❡ ❜② ❛ ❢❛❝ ♦. ♦❢ ✵✳✽✱ ✵✳✾ ❛♥❞ ✵✳✾✽ .❡/♣❡❝ ✐✈❡❧②✳

❆ ♠❡❛/✉.❡♠❡♥ ✇❛/ ❛❝❝❡♣ ❡❞ ♣.♦✈✐❞❡❞  ❤❛  ❤❡ ❣❡♦✲

♠❡ .✐❝❛❧ / ❛♥❞❛.❞ ❞❡✈✐❛ ✐♦♥ ♦❢  ❤❡ ❞✉.❛ ✐♦♥ ✈❛❧✉❡/ ❛❝.♦//

 ❤❡ ❡✐❣❤ ❧❛/ .❡✈❡./❛❧/ ✇❛/ ❧♦✇❡.  ❤❛♥  ❤❡ ♠✉❧ ✐♣❧✐❝❛✲

 ✐♦♥ ❢❛❝ ♦.  ♦  ❤❡ ♣♦✇❡. ♦❢  ❤.❡❡ ✭1.023✮✳ ❆ ♥❡✇ .✉♥

✇❛/ ♣❡.❢♦.♠❡❞ ❛♥❞  ❛❦❡♥ ✐♥ ♦ ❛❝❝♦✉♥ ✱ ✉♥ ✐❧  ❤❡ ❝♦♥/✐/✲

 ❡♥❝② ❝♦♥❞✐ ✐♦♥ ✇❛/ /❛ ✐/✜❡❞✳ ❚❤❡ /❛♠❡ ❝.✐ ❡.✐♦♥ ✇❛/

✉/❡❞ ❜❡ ✇❡❡♥  ✇♦ ♠❡❛/✉.❡♠❡♥ /✱ ❝♦♥/✐❞❡.✐♥❣  ❤❡ ❣❡♦✲

♠❡ .✐❝❛❧ / ❛♥❞❛.❞ ❞❡✈✐❛ ✐♦♥ ❜❡ ✇❡❡♥  ❤❡  ✇♦ ❝❛❧❝✉❧❛ ❡❞

 ❤.❡/❤♦❧❞/✳

❚❤❡ ❞✐/❝.✐♠✐♥❛ ✐♦♥  ❤.❡/❤♦❧❞ ✐♥ ❞✉.❛ ✐♦♥ ✭♦. ❥✉/ ✲

♥♦ ✐❝❡❛❜❧❡ ❞✐✛❡.❡♥❝❡ ✭❏◆❉✮✮ ✇❛/ ❞❡✜♥❡❞ ❛/  ❤❡ ❞✐✛❡.✲

❡♥❝❡ ❜❡ ✇❡❡♥  ❤❡  ❤.❡/❤♦❧❞ ✭❛✈❡.❛❣❡❞ ❛❝.♦// ✷ .❡♣❡ ✐✲

 ✐♦♥/ ♦. ♠♦.❡ ✐❢ ❡① .❛ .✉♥/ ✇❡.❡ ♣❡.❢♦.♠❡❞✮ ❛♥❞  ❤❡

/ ❛♥❞❛.❞ ❞✉.❛ ✐♦♥✳

✷✳✺ ❘❡-✉❧#-

❘❡/✉❧ / ❢♦. /❤♦. ❞✉.❛ ✐♦♥ /✐❣♥❛❧/ ✭✺✵✱ ✶✵✵ ❛♥❞ ✷✵✵

♠/✮ ❛♥❞ ❧♦♥❣ ❞✉.❛ ✐♦♥ /✐❣♥❛❧/ ✭✺✵✵✱ ✶✵✵✵ ❛♥❞ ✷✵✵✵ ♠/✮

❛.❡ ♣.❡/❡♥ ❡❞ /❡♣❛.❛ ❡❧②✳

✷✳✺✳✶ ❙❤♦'( ❞✉'❛(✐♦♥.
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❋✐❣✉.❡ ✶✿ ❉✉.❛ ✐♦♥ ❉✐/❝.✐♠✐♥❛ ✐♦♥ ❛/ ❛ ❢✉♥❝ ✐♦♥ ♦❢

/ ❛♥❞❛.❞ ❞✉.❛ ✐♦♥✳ ❚❤❡ ②✲❛①✐/ .❡♣.❡/❡♥ /  ❤❡ ❲❡❜❡.

❋.❛❝ ✐♦♥ ✭∆T/T ✱ ✇❤❡.❡ ∆T ✐/  ❤❡ ❏◆❉✮✳

❉♦✇♥✲♣♦✐♥ ✐♥❣  .✐❛♥❣❧❡/ .❡♣.❡/❡♥ ❞❛♠♣❡❞ /♦✉♥❞/ ❛♥❞

✉♣✲♣♦✐♥ ✐♥❣  .✐❛♥❣❧❡/ .❡♣.❡/❡♥ .❛♠♣❡❞ /♦✉♥❞/✳

❋✐❣✉.❡ ✶ ✐❧❧✉/ .❛ ❡/  ❤❡ ❏◆❉ ❛✈❡.❛❣❡❞ ✭❣❡♦♠❡ .✐❝

♠❡❛♥✮ ❛❝.♦// ❛❧❧  ❤❡ ❧✐/ ❡♥❡./ ❢♦. ❞✉.❛ ✐♦♥/ ♦❢ ✺✵✱ ✶✵✵

❛♥❞ ✷✵✵ ♠/✳ ❚❤❡ ✜❣✉.❡ .❡♣.❡/❡♥ /  ❤❡ ❲❡❜❡. ❢.❛❝ ✐♦♥

✭∆T/T ✮ ❛/ ❛ ❢✉♥❝ ✐♦♥ ♦❢ ❞✉.❛ ✐♦♥ ✭♠/✮✳
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❚❤❡ ❛✈❡%❛❣❡❞ ❲❡❜❡% ❢%❛❝,✐♦♥ %❛♥❣❡0 ❢%♦♠ ✵✳✷✽ ❛,
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❚❤❡ ❛♥❛❧②0✐0 ✇❡%❡ ❞♦♥❡ ♦♥ ,❤❡ ❧♦❣❛%✐,❤♠ ✭❜❛0❡ ✶✵✮ ♦❢
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%❛,✐♦♥ ❬❋✭✷✱✶✽✮❂✺✳✵✽✱ ♣❁✵✳✵✶✼✽❪✳ ❍♦✇❡✈❡%✱ ,❤❡%❡ ✇❡%❡

♥♦ 0✐❣♥✐✜❝❛♥, ❞✐✛❡%❡♥❝❡0 ✐♥ ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ ❜❡,✇❡❡♥

%❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ 0♦✉♥❞0 ❬❋✭✶✱✾✮❂✷✳✼✸✱ ◆❙❪✳
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❢%♦♠ ♦♥❡ ❧✐0,❡♥❡% ,♦ ❛♥♦,❤❡% ✉♥❞❡% ,❤❡ 0❛♠❡ ❝♦♥❞✐,✐♦♥✳

❆ ♣%✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥, ❛♥❛❧②0✐0 ✭V❈❆✮ ✇❛0 ❝♦♠✲

♣❧❡,❡❞ ♦♥ ❧✐0,❡♥❡%0✱ 0✉❣❣❡0,✐♥❣ ❛ %❡❞✉❝,✐♦♥ ✐♥,♦ ✸ ❝♦♠✲

♣♦♥❡♥,0✱ ❛❝❝♦✉♥,✐♥❣ ❢♦% ✹✷✳✻✪✱ ✸✷✳✵✪ ❛♥❞ ✶✸✳✼✪ ♦❢ ,♦✲

,❛❧ ✈❛%✐❛♥❝❡✳ ❚❤✐0 ❛♥❛❧②0✐0 ❤✐❣❤❧✐❣❤,0 0♦♠❡ ❧❛%❣❡ ✐♥,❡%✲

✐♥❞✐✈✐❞✉❛❧ ❞✐✛❡%❡♥❝❡0✳ ❚❤❡0❡ ❞✐✛❡%❡♥❝❡0 ❛%❡ %❡♣%❡0❡♥,❡❞

❜② ,❤❡ 0,❛♥❞❛%❞ ❞❡✈✐❛,✐♦♥0 ✭❣❡♦♠❡,%✐❝✮ ♣❧♦,,❡❞ ♦♥ ❋✐❣✲

✉%❡ ✶✳

✷✳✺✳✷ ▲♦♥❣ ❞✉)❛+✐♦♥-
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❋✐❣✉%❡ ✷✿ ❉✉%❛,✐♦♥ ❉✐0❝%✐♠✐♥❛,✐♦♥ ❛0 ❛ ❢✉♥❝,✐♦♥ ♦❢

0,❛♥❞❛%❞ ❞✉%❛,✐♦♥✳ ❚❤❡ ②✲❛①✐0 %❡♣%❡0❡♥,0 ,❤❡ ❲❡❜❡%

❋%❛❝,✐♦♥ ✭∆T/T ✮✳ ❉♦✇♥✲♣♦✐♥,✐♥❣ ,%✐❛♥❣❧❡0 %❡♣%❡0❡♥,
❞❛♠♣❡❞ 0♦✉♥❞0 ❛♥❞ ✉♣✲♣♦✐♥,✐♥❣ ,%✐❛♥❣❧❡0 %❡♣%❡0❡♥,

%❛♠♣❡❞ 0♦✉♥❞0✳

■♥ ,❤❡ 0❛♠❡ ✇❛②✱ ,❤❡ ❋✐❣✉%❡ ✷ 0❤♦✇0 ❞✐0❝%✐♠✐♥❛,✐♦♥

,❤%❡0❤♦❧❞0 ✐♥ ❞✉%❛,✐♦♥ ❛✈❡%❛❣❡❞ ❛❝%♦00 ❛❧❧ ,❤❡ ❧✐0,❡♥❡%0

❢♦% ❧♦♥❣ ❞✉%❛,✐♦♥0 ✭✺✵✵✱ ✶✵✵✵ ❛♥❞ ✷✵✵✵ ♠0✮✳ ❚❤❡ ✜❣✉%❡

%❡♣%❡0❡♥,0 ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ ✭∆T/T ✮ ❛0 ❛ ❢✉♥❝,✐♦♥ ♦❢
❞✉%❛,✐♦♥ ✭♠0✮✳

❆❧❧ ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥0 ❛%❡ 0,%✐❝,❧② %❛♥❣❡❞ ❜❡,✇❡❡♥

✵✳✶✺ ❛♥❞ ✵✳✷✵✳ ❉❛,❛ ✇❡%❡ ❛♥❛❧②③❡❞ ❜② %❡♣❡❛,❡❞✲♠❡❛0✉%❡

❛♥❛❧②0✐0 ♦❢ ✈❛%✐❛♥❝❡ ✭❆◆❖❱❆✮ ✇✐,❤ 0,❛♥❞❛%❞ ❞✉%❛✲

,✐♦♥ ❛♥❞ %❛♠♣ ❞✐%❡❝,✐♦♥ ❛0 ❢❛❝,♦%0✳ ❘❡0✉❧,0 0❤♦✇❡❞

,❤❛, ♥❡✐,❤❡% ❞✉%❛,✐♦♥ ❬❋✭✷✱✶✽✮❂✶✳✸✾✱ ◆❙❪ ♥♦% ❞✐%❡❝,✐♦♥

❬❋✭✶✱✾✮❂✶✳✾✹✱ ◆❙❪ ❤❛❞ 0✐❣♥✐✜❝❛♥, ❡✛❡❝, ♦♥ ,❤❡ ❲❡❜❡%

%❛,✐♦✳

❆0 ❢♦% 0❤♦%, ❞✉%❛,✐♦♥0✱ ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ 0✉❜0,❛♥✲

,✐❛❧❧② ✈❛%✐❡0 ❜❡,✇❡❡♥ ,❤❡ ❞✐✛❡%❡♥, ❧✐0,❡♥❡%0✳ ■, %❡0✉❧,0 ✐♥

❧❛%❣❡ 0,❛♥❞❛%❞ ❞❡✈✐❛,✐♦♥0 ✭❣❡♦♠❡,%✐❝✮ ♦♥ ,❤❡ ❋✐❣✉%❡ ✷✳

❘❡0✉❧,0 ❢%♦♠ ,❤❡ V%✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥, ❛♥❛❧②0✐0 ✭V❈❆✮

❝♦♠♣❧❡,❡❞ ♦♥ ❧✐0,❡♥❡%0✱ 0✉❣❣❡0,❡❞ ,♦ %❡,❛✐♥ ✸ ❝♦♠♣♦✲

♥❡♥,0 ❛❝❝♦✉♥,✐♥❣ ❢♦% ✹✸✳✷✪✱ ✷✽✳✻✪ ❛♥❞ ✶✽✳✹✪ ♦❢ ,♦,❛❧

✈❛%✐❛♥❝❡✳ ❚❤✐0 ❛♥❛❧②0✐0 ❝♦♥✜%♠0 ,❤❡ ❡①✐0,❡♥❝❡ ♦❢ ❧❛%❣❡

✐♥,❡%✲✐♥❞✐✈✐❞✉❛❧ ❞✐✛❡%❡♥❝❡0✳

✷✳✻ ❉✐%❝✉%%✐♦♥

❘❡0✉❧,0 ❞✐0❝❧♦0❡ ✐♠♣♦%,❛♥, ❞✐✛❡%❡♥❝❡0 ❜❡,✇❡❡♥ ❧✐0,❡♥✲

❡%0 ✐♥ ,❤❡ ❞✉%❛,✐♦♥ ❞✐0❝%✐♠✐♥❛,✐♦♥ ,❛0❦ ♦❢ ✉♣✲ ❛♥❞ ❞♦✇♥✲

%❛♠♣0✳ ❍♦✇❡✈❡%✱ ❛❝❝♦%❞✐♥❣ ,♦ ,❤❡ ❛✈❡%❛❣❡❞ ❞❛,❛ ❛❝%♦00

❛❧❧ ,❤❡ ❧✐0,❡♥❡%0✱ ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ 0✐❣♥✐✜❝❛♥,❧② ❞❡✲

❝%❡❛0❡0 ✇✐,❤ ❞✉%❛,✐♦♥ ❢♦% 0❤♦%, ❞✉%❛,✐♦♥0✳ ❆ ❞❡❝%❡❛0❡ ✐♥

,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ ✐0 ❛❧0♦ ♦❜0❡%✈❡❞ ✐♥ ❋✐❣✉%❡ ✼ ✭♣✳ ✷✽✽✻✮

♦❢ ❙❝❤❧❛✉❝❤ ❡, ❛❧✳ ❬✼❪✱ ❜✉, ✐, ✇❛0 ♥♦, ♥♦,✐❝❡❞ ❜② ,❤❡ ❛✉✲

,❤♦%0✳ ❚❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ ✇❛0 ♥♦, ❝♦♥0,❛♥, ❢♦% 0❤♦%,

❞✉%❛,✐♦♥0✱ ❡✐,❤❡% ❢♦% %❛♠♣0 ♦% %❡❝,❛♥❣✉❧❛%✲❣❛,❡❞ 0♦✉♥❞0

❬✼❪✳ ❙♦✱ ,❤❡ 0✉❜❥❡❝,✐✈❡ ❞✉%❛,✐♦♥ ❢♦% 0✉❝❤ 0,✐♠✉❧✐ ❞♦❡0 ♥♦,

✜, ✇✐,❤ ,❤❡ ❲❡❜❡%✬0 ❧❛✇ ✭∆T/T = k ❛, ♣♦✐♥, ♦❢ 0✉❜❥❡❝✲
,✐✈❡ ❡`✉❛❧✐,②✱ ✇❤❡%❡ ❦ ✐0 ❛ ❝♦♥0,❛♥,✮✳ ❍♦✇❡✈❡%✱ ❢♦% ❧♦♥❣

❞✉%❛,✐♦♥0✱ ,❤❡ ❲❡❜❡% ❢%❛❝,✐♦♥ ❞♦❡0 ♥♦, ✈❛%② ✇✐,❤ ❞✉✲

%❛,✐♦♥ ❢♦% ✉♣✲ ❛♥❞ ❞♦✇♥%❛♠♣0✱ 0♦ ,❤❡ ❲❡❜❡%✬0 ❧❛✇ ✐0

✈❡%✐✜❡❞✳

❚❛❜❧❡ ✶✿ ❆✈❡%❛❣❡❞ ❏◆❉ ❛0 ❛ ♣❡%❝❡♥,❛❣❡ ♦❢ ❞✉%❛,✐♦♥

✭(∆T/T )× 100)✳

❏◆❉ ✭✪✮

✺✵ ♠# ✶✵✵ ♠# ✷✵✵ ♠# ✺✵✵✲✶✵✵✵✲✷✵✵✵ ♠#

❙✶ ✷✷✳✺✾ ✶✺✳✽✶ ✶✺✳✾ ✽✳✼✽

❙✷ ✷✶✳✽✶ ✷✺✳✾✽ ✷✹✳✺✷ ✶✽✳✵✼

❙✸ ✷✵✳✵✹ ✶✼✳✻✷ ✶✼✳✻✼ ✶✷✳✺✽

❙✹ ✹✺✳✼✸ ✸✶✳✶✶ ✷✸✳✾✼ ✷✹✳✺✶

❙✺ ✷✼✳✸✽ ✶✽✳✾✽ ✷✷✳✵✷ ✶✺✳✼✾

❙✻ ✷✶✳✼✽ ✷✵✳✾✾ ✶✾✳✶✶ ✶✼✳✷✻

❙✼ ✺✶✳✾✽ ✹✸✳✼ ✹✵✳✶✹ ✷✺✳✷✺

❙✽ ✷✺✳✻✶ ✶✾✳✸✶ ✷✵✳✹✾ ✷✺✳✵✻

❙✾ ✸✵✳✹✷ ✷✹✳✷✻ ✷✷✳✻✼ ✷✼✳✽✺

❙✶✵ ✹✹✳✹✻ ✸✶✳✽✽ ✷✺✳✻ ✶✹✳✸

■, ❝❛♥ ❛❧0♦ ❜❡ ♥♦,✐❝❡❞✱ ,❤❛, ✐♥ ❝♦♥,%❛0, ✇✐,❤ ❙❝❤❧❛✉❝❤

❡, ❛❧✳ ❬✼❪ ✇❤♦ ❢♦✉♥❞ 0✐❣♥✐✜❝❛♥, ❞✐✛❡%❡♥❝❡0 ✐♥ ,❤❡ ❲❡❜❡%

❢%❛❝,✐♦♥ ❜❡,✇❡❡♥ %❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ ♥♦✐0❡0✱ ♥♦ ❞✐✛❡%✲

❡♥❝❡ ❜❡,✇❡❡♥ ✉♣✲ ❛♥❞ ❞♦✇♥%❛♠♣0 ✇❛0 %❡✈❡❛❧❡❞ ✐♥ ♦✉%

0,✉❞②✳

❚❤❡ ❛✐♠ ♦❢ ,❤✐0 ❡①♣❡%✐♠❡♥, ✇❛0 ,♦ ❞❡✜♥❡ ❛♥ ❛❝❝✉%❛,❡

❛♥❞ ❡✛❡❝,✐✈❡ 0,❡♣ 0✐③❡ ❢♦% ,❤❡ ❛❞❛♣,✐✈❡ ♠❡,❤♦❞ ✉0❡❞ ✐♥

❊①♣❡%✐♠❡♥, ■■ ✐♥ ♦%❞❡% ,♦ ❡`✉❛❧✐③❡ ✉♣✲ ❛♥❞ ❞♦✇♥%❛♠♣0

✐♥ 0✉❜❥❡❝,✐✈❡ ❞✉%❛,✐♦♥✳ ❚❤❡ ❞❡✜♥✐,✐♦♥ ♦❢ ,❤❡ 0,❡♣ 0✐③❡

✐0 ,❤❡♥ ❞✐%❡❝,❧② %❡❧❛,❡❞ ,♦ ,❤❡ ♠❡❛0✉%❡❞ ❞✐0❝%✐♠✐♥❛,✐♦♥

,❤%❡0❤♦❧❞0✳ ❙♦✱ ❛0 ❢♦% 0❤♦%, ❞✉%❛,✐♦♥ 0♦✉♥❞0✱ ,❤❡ ❲❡❜❡%

❢%❛❝,✐♦♥ ❞❡♣❡♥❞0 ♦♥ ,❤❡ ❧✐0,❡♥❡% ❛♥❞ ♦♥ ,❤❡ ❞✉%❛,✐♦♥✱ ,❤❡

0,❡♣ ✇❛0 ✐♥❞✐✈✐❞✉❛❧✐③❡❞ ❛♥❞ ❞❡♣❡♥❞❡❞ ♦♥ ,❤❡ ❞✉%❛,✐♦♥✳

❋♦% ❧♦♥❣ ❞✉%❛,✐♦♥ 0♦✉♥❞0✱ ,❤❡ 0,❡♣ ✇❛0 ♦♥❧② ✐♥❞✐✈✐❞✉❛❧✲

✐③❡❞✱ ❛0 ♥❡✐,❤❡% ,❤❡ ❡✛❡❝, ♦❢ ❞✉%❛,✐♦♥ ♥♦% ,❤❡ ❡✛❡❝, ♦❢

❞✐%❡❝,✐♦♥ ✇❡%❡ 0✐❣♥✐✜❝❛♥,✳ ❚❤❡ ❛✈❡%❛❣❡❞ ✈❛❧✉❡0 ♦❢ ❏◆❉✱

0❡❧❡❝,❡❞ ❢♦% ❡❛❝❤ ❧✐0,❡♥❡% ❛♥❞ ❡❛❝❤ ❞✉%❛,✐♦♥✱ ❛%❡ ✐♥,%♦✲

❞✉❝❡❞ ✐♥ ❚❛❜❧❡ ✶ ❛0 ❛ ♣❡%❝❡♥,❛❣❡ ♦❢ ❞✉%❛,✐♦♥✳
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✸ ❊①♣❡%✐♠❡♥) ■■ ✿ ❙✉❜❥❡❝)✐✈❡ ❞✉✲

%❛)✐♦♥

❚❤✐# ❡①♣❡'✐♠❡♥* ❛✐♠# *♦ ♠❡❛#✉'❡ *❤❡ ♣❤②#✐❝❛❧ ❞✉'❛✲

*✐♦♥ ❞✐✛❡'❡♥❝❡# ❜❡*✇❡❡♥ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ #♦✉♥❞# ❛*

♣♦✐♥* ♦❢ #✉❜❥❡❝*✐✈❡ ❡9✉❛❧✐*② ✭;❙❊✮✳

✸✳✶ ▲✐%&❡♥❡)%✱ ❆♣♣❛)❛&✉% ❛♥❞ ❙&✐♠✉❧✐

❚❤❡ *❡♥ ❧✐#*❡♥❡'# ✇❤♦ ♣❛'*✐❝✐♣❛*❡❞ ✐♥ ❊①♣❡'✐♠❡♥* ■✱

❛❧#♦ ♣❛'*✐❝✐♣❛*❡❞ ✐♥ ❊①♣❡'✐♠❡♥* ■■✳ ❚❤❡ #*✐♠✉❧✐ ❛♥❞ *❤❡

❛♣♣❛'❛*✉# ✉#❡❞ ❛'❡ *✐❣❤*❧② *❤❡ #❛♠❡ ❛# ✐♥ ❊①♣❡'✐♠❡♥* ■✳

✸✳✷ 4)♦❝❡❞✉)❡

❆ ✷■✲✷❆❋❈ ♣'♦❝❡❞✉'❡✱ ✉#✐♥❣ ❛ ✷✲❞♦✇♥✴✷✲✉♣ '✉❧❡ ✇❛#

✉#❡❞ *♦ ♠❛*❝❤ ✉♣✲ ❛♥❞ ❞♦✇♥'❛♠♣# *♦ ❡9✉❛❧ #✉❜❥❡❝*✐✈❡

❞✉'❛*✐♦♥✳ ❚❤✐# ♠❡*❤♦❞ *❛'❣❡*❡❞ ✼✵✳✼✪ ❝♦''❡❝* '❡#♣♦♥#❡#

♦♥ *❤❡ ♣#②❝❤♦♠❡*'✐❝ ❢✉♥❝*✐♦♥ ❬✶✶❪✳

❊❛❝❤ *'✐❛❧ ❝♦♥#✐#*❡❞ ✐♥ *❤❡ ♣'❡#❡♥*❛*✐♦♥ ♦❢ ♦♥❡ '❛♠♣❡❞

#♦✉♥❞ ❛♥❞ ♦♥❡ ❞❛♠♣❡❞ #♦✉♥❞✳ ❲❤✐❧❡ *❤❡ ✉♣'❛♠♣ ❛❧✇❛②#

✇❛# *❤❡ *❡#* #♦✉♥❞ ✇✐*❤ ✜①❡❞ #*❛♥❞❛'❞ ❞✉'❛*✐♦♥✱ *❤❡

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

✐♥❝'❡♠❡♥*❡❞ ❞✉'❛*✐♦♥✳ ❚❤❡ ✐♥*❡'✈❛❧ ❝♦♥*❛✐♥✐♥❣ *❤❡ ❝♦♠✲

♣❛'✐#♦♥ '❛♠♣ ✭✶ ♦' ✷✮ ✇❛# '❛♥❞♦♠✐③❡❞ ❢'♦♠ ♦♥❡ *'✐❛❧ *♦

❛♥♦*❤❡'✳ ✺✵✵ ♠# #✐❧❡♥* ♣❡'✐♦❞# #❡♣❛'❛*❡❞ *❤❡ *✇♦ ✐♥*❡'✲

✈❛❧#✳ ❚❤❡ ❧✐#*❡♥❡'# ❤❛❞ *♦ #❡❧❡❝* *❤❡ ✐♥*❡'✈❛❧ ❝♦♥*❛✐♥✐♥❣

*❤❡ ❧♦♥❣❡#* #♦✉♥❞✱ ♣❛②✐♥❣ ♣❛'*✐❝✉❧❛' ❛**❡♥*✐♦♥ *♦ ❝♦♥✲

#✐❞❡' ❞✉'❛*✐♦♥ ♦♥❧②✳

❚❤❡ #*❡♣ #✐③❡# ✐♥ ❞✉'❛*✐♦♥ ❢♦' *❤❡ ❝♦♠♣❛'✐#♦♥ '❛♠♣

✇❡'❡ ✐♥❞✐✈✐❞✉❛❧✐③❡❞ ❛❝❝♦'❞✐♥❣ *♦ *❤❡ ❞✐#❝'✐♠✐♥❛*✐♦♥ *❤'❡#❤✲

♦❧❞# ♦❜*❛✐♥❡❞ ✐♥ ❊①♣❡'✐♠❡♥* ■ ✭❚❛❜❧❡ ✶✮✳ ▼♦'❡♦✈❡'✱

*❤❡ #*❡♣ #✐③❡ ✈❛'✐❡❞ ✇✐*❤✐♥ ❡❛❝❤ '✉♥✳ ■* ✇❛# round(2 ×
(JND × T )) ❛* *❤❡ ❜❡❣✐♥♥✐♥❣✱ round(JND × T ) ❛❢*❡'
*❤❡ #❡❝♦♥❞ '❡✈❡'#❛❧✱ *❤❡♥ round((JND × T )/1.2) ❢'♦♠
*❤❡ ❢♦✉'*❤ '❡✈❡'#❛❧ *♦ *❤❡ ❡♥❞ ✭T ✐# *❤❡ ❞✉'❛*✐♦♥ ♦❢ *❤❡

❝♦♠♣❛'✐#♦♥ '❛♠♣✱ JND ✐# ❡①♣'❡##❡❞ ❛# ❛ ♣'♦♣♦'*✐♦♥ ♦❢

❞✉'❛*✐♦♥ ✭❜❡*✇❡❡♥ ✵ ❛♥❞ ✶✮ ❛♥❞ round '❡♣'❡#❡♥*# *❤❡
❛♣♣'♦①✐♠❛*✐♦♥ *♦ *❤❡ ❝❧♦#❡#* ✐♥*❡❣❡'✮✳ ❚❤❡#❡ '✉❧❡# ✇❡'❡

❡♠♣✐'✐❝❛❧❧② ❞❡*❡'♠✐♥❡❞ ♦♥ *❤❡ ♦❝❝❛#✐♦♥ ♦❢ *❤✐# ❡①♣❡'✐✲

♠❡♥*✳ ❆ '✉♥ ✇❛# #*♦♣♣❡❞ ❛❢*❡' ✶✷ '❡✈❡'#❛❧#✳ ❋♦' ❡❛❝❤

'✉♥✱ ❛ ;❙❊ ✇❛# ❝❛❧❝✉❧❛*❡❞ ❛# *❤❡ ❣❡♦♠❡*'✐❝ ♠❡❛♥ ♦❢ *❤❡

❞❛♠♣❡❞ '❛♠♣ ❞✉'❛*✐♦♥# ❛❝'♦## *❤❡ ❡✐❣❤* ❧❛#* '❡✈❡'#❛❧#✳

❆* *❤❡ #*❛'* ♦❢ ❛ '✉♥✱ *✇♦ ❞✐✛❡'❡♥* ❞✉'❛*✐♦♥# ✇❡'❡ ✐♥✲

✈❡#*✐❣❛*❡❞ ❢♦' *❤❡ '❛♠♣ ♦❢ ❝♦♠♣❛'✐#♦♥✿ ❛ ✧❧♦♥❣✧ #*❛'*✐♥❣

❞✉'❛*✐♦♥ #❡* *♦ ❛ ❢❛❝*♦' ♦❢ ✷ ❛❜♦✈❡ *❤❡ #*❛♥❞❛'❞ ❞✉'❛✲

*✐♦♥ ❛♥❞ ❛ ✧#❤♦'*✧ #*❛'*✐♥❣ ❞✉'❛*✐♦♥ #❡* *♦ ❛ ❢❛❝*♦' ♦❢ ✷

❜❡❧♦✇ *❤❡ #*❛♥❞❛'❞ ❞✉'❛*✐♦♥✳

❚❤✉#✱ *❤❡ ✇❤♦❧❡ *❡#* ❝♦♥#✐#*❡❞ ♦❢ ✷✹ '✉♥# ❝♦''❡#♣♦♥❞✲

✐♥❣ *♦ ✶✷ ❞✐✛❡'❡♥* ❝♦♥❞✐*✐♦♥# ✭*✇♦ '✉♥# ♣❡'❢♦'♠❡❞ ❢♦'

❡❛❝❤ ❝♦♥❞✐*✐♦♥✮✳ ❊❛❝❤ ❝♦♥❞✐*✐♦♥ ✇❛# ❝❤❛'❛❝*❡'✐③❡❞ ❜②

*✇♦ ♣❛'❛♠❡*❡'#✿ ♦♥❡ #*❛♥❞❛'❞ ❞✉'❛*✐♦♥ ✭×6✮ ❛♥❞ ♦♥❡
#*❛'*✐♥❣ ❞✉'❛*✐♦♥ ✭×2✮✳ ❚❤❡ ♦'❞❡' ♦❢ ♣'❡#❡♥*❛*✐♦♥ ♦❢

*❤❡ ✷✹ '✉♥# ✇❛# '❛♥❞♦♠✐③❡❞✳

❆ ♠❡❛#✉'❡♠❡♥* ✇❛# ❛❝❝❡♣*❡❞ ♣'♦✈✐❞❡❞ *❤❛* *❤❡ ❣❡♦✲

♠❡*'✐❝❛❧ #*❛♥❞❛'❞ ❞❡✈✐❛*✐♦♥ ♦❢ *❤❡ ❞✉'❛*✐♦♥ ✈❛❧✉❡# ❛❝'♦##

*❤❡ ❡✐❣❤* ❧❛#* '❡✈❡'#❛❧# ✇❛# ❧♦✇❡' *❤❛♥ *❤❡ #9✉❛'❡ ♦❢

*❤❡ ♠✉❧*✐♣❧✐❝❛*✐♦♥ ❢❛❝*♦' ✭(round(1+JND/1, 2))2✮✳ ❘❡✲
❣❛'❞✐♥❣ *❤❡ ❝♦♥#✐#*❡♥❝② ❜❡*✇❡❡♥ *✇♦ '✉♥#✱ *❤❡ ❣❡♦♠❡*✲

'✐❝❛❧ #*❛♥❞❛'❞ ❞❡✈✐❛*✐♦♥ ❛❝'♦## *❤❡ *✇♦ *❤'❡#❤♦❧❞# ❤❛❞

*♦ ❜❡ ❧♦✇❡' *❤❛♥ *❤❡ ♠✉❧*✐♣❧✐❝❛*✐♦♥ ❢❛❝*♦' ✭round(1 +
JND/1, 2)✮✳ ❆ ♥❡✇ '✉♥ ✇❛# ❛❞❞❡❞ ✉♥*✐❧ *❤❡ ❝♦♥#✐#*❡♥❝②
❝♦♥❞✐*✐♦♥# ✇❡'❡ #❛*✐#✜❡❞✳

❚❤❡ ❞✉'❛*✐♦♥ ♦❢ ♣❡'❝❡♣*✉❛❧ ❡9✉❛❧✐*② ✇❛# ❞❡✜♥❡❞ ❛#

*❤❡ ❣❡♦♠❡*'✐❝ ♠❡❛♥ ❛❝'♦## *❤❡ ❢♦✉' *❤'❡#❤♦❧❞# ✭✷ '❡♣✲

❡*✐*✐♦♥# × ✷ #*❛'*✐♥❣ ❞✉'❛*✐♦♥#✮ ♦' ♠♦'❡ ✭✐❢ ❡①*'❛ '✉♥#

✇❡'❡ ♣❡'❢♦'♠❡❞✮✳

✸✳✸ ❘❡%✉❧&%

❋✐❣✉'❡ ✸ ✐❧❧✉#*'❛*❡# *❤❡ '❡#✉❧*# ❡①♣'❡##❡❞ ❛# *❤❡ '❛*✐♦

♦❢ *❤❡ ❞❛♠♣❡❞ ❞✉'❛*✐♦♥ *♦ *❤❛* ♦❢ *❤❡ '❛♠♣❡❞ ❞✉'❛*✐♦♥✱

❛* ;❙❊✳
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❋✐❣✉'❡ ✸✿ ❉❛♠♣❡❞✴❘❛♠♣❡❞ ❞✉'❛*✐♦♥ '❛*✐♦# ❛* ;❙❊ ❛#

❛ ❢✉♥❝*✐♦♥ ♦❢ #*❛♥❞❛'❞ ❞✉'❛*✐♦♥✳ ❚❤❡ ❜❧❛❝❦ ❞✐❛♠♦♥❞#

'❡♣'❡#❡♥* *❤❡ ❛✈❡'❛❣❡❞ '❛*✐♦# ❛❝'♦## ❛❧❧ *❤❡ ❧✐#*❡♥❡'#

✇✐*❤ #*❛♥❞❛'❞ ❞❡✈✐❛*✐♦♥ ♦❢ *❤❡ ♠❡❛♥✳ ❚❤❡ ❧✐♥❡

'❡♣'❡#❡♥* ❛ ❧♦❣❛'✐*❤♠✐❝ ✜* *♦ *❤❡ ❞❛*❛ ❛❝'♦## ❞✉'❛*✐♦♥#

❢'♦♠ ✶✵✵ *♦ ✶✵✵✵ ♠#✳

❆ '❡♣❡❛*❡❞✲♠❡❛#✉'❡ ❛♥❛❧②#✐# ♦❢ ✈❛'✐❛♥❝❡ ✭❆◆❖❱❆✮

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

❝❛♥* ❞❡❝'❡❛#✐♥❣ ♦❢ *❤❡ '❛*✐♦ ✇✐*❤ ✐♥❝'❡❛#✐♥❣ ❞✉'❛*✐♦♥

❬❋✭✺✱✹✺✮❂✸✸✳✶✹✱ ♣❁✵✳✵✶❪✳ ❚❤❡ '❛*✐♦ '❛♥❣❡# ❢'♦♠ ✶✳✻✼

❛* ✺✵ ♠# *♦ ✵✳✾✾ ❛♥❞ ✶✳✵✷ ❛* ✶✵✵✵ ♠# ❛♥❞ ✷✵✵✵ ♠# '❡✲

#♣❡❝*✐✈❡❧②✳ ❚❤❡ ❞❡❝'❡❛#✐♥❣ ✐# ♠❛①✐♠❛❧ ❜❡*✇❡❡♥ ✶✵✵ ♠#

❛♥❞ ✶✵✵✵ ♠#✳ ❋♦' '❛♠♣# ❧♦♥❣❡' *❤❛♥ ✶✵✵✵ ♠#✱ *❤❡ '❛✲

*✐♦ #*❛❜✐❧✐③❡# ❛'♦✉♥❞ *❤❡ ✈❛❧✉❡ ♦❢ ✶✳ ❚❤✉#✱ ❢♦' #❤♦'*

❞✉'❛*✐♦♥#✱ ❛* ;❙❊ *❤❡ ❞♦✇♥'❛♠♣# ❛'❡ ❧♦♥❣❡' *❤❛♥ *❤❡

✉♣'❛♠♣#✱ #❤♦✇✐♥❣ *❤❛* ❞♦✇♥'❛♠♣ ❛'❡ ♣❡'❝❡✐✈❡❞ #❤♦'*❡'

*❤❛♥ ✉♣'❛♠♣#✳ ❚❤❡ ❞✐✛❡'❡♥❝❡ ❜❡*✇❡❡♥ *❤❡ #✉❜❥❡❝*✐✈❡

❞✉'❛*✐♦♥# ♦❢ ❞♦✇♥✲ ❛♥❞ ✉♣'❛♠♣# ❞❡❝'❡❛#❡# ❞♦✇♥ *♦ ③❡'♦

❢♦' ❞✉'❛*✐♦♥# ♦❢ ✶ # ❛♥❞ ❧♦♥❣❡'✳

❆ ❧♦❣❛'✐*❤♠✐❝ ✜* *♦ *❤❡ ❞❛*❛ ✭❛❝'♦## ❞✉'❛*✐♦♥# ❢'♦♠

✶✵✵ *♦ ✶✵✵✵ ♠# ♦♥❧②✮ ✇❛# ♣❧♦**❡❞ ✐♥ ❋✐❣✉'❡ ✸✳ ❚❤❡

'❡❧❛*❡❞ ❝♦''❡❧❛*✐♦♥ ❝♦❡✣❝✐❡♥* ✐# R = 0.99✱ ✐♥ '❡❧❛*✐♦♥
*♦ *❤❡ ♠❡❛♥ ❞❛*❛✳ ❚❤✉#✱ *❤❡ ❛#②♠♠❡*'② ✐# ❧♦❣❛'✐*❤♠✐✲

❝❛❧❧② '❡❞✉❝✐♥❣ ✇✐*❤ ✐♥❝'❡❛#✐♥❣ ❞✉'❛*✐♦♥ ❢'♦♠ ✶✵✵ ♠# *♦

✶✵✵✵ ♠#✳

❋✉'*❤❡'♠♦'❡✱ *❤❡ #*❛♥❞❛'❞ ❞❡✈✐❛*✐♦♥ ✭❣❡♦♠❡*'✐❝✮ ❞❡✲

❝'❡❛#❡# ✇✐*❤ ❞✉'❛*✐♦♥✳ ❚❤✐# ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② *❤❡

❢❛❝* *❤❛* ❞✐#❝'✐♠✐♥❛*✐♦♥ *❤'❡#❤♦❧❞# ❛'❡ ❣❧♦❜❛❧❧② ❤✐❣❤❡'

❢♦' #❤♦'* ❞✉'❛*✐♦♥#✳ ❚❤✉#✱ *❤❡ ❛❞❛♣*✐✈❡ ♠❡*❤♦❞ ♠❛② ❜❡

❧❡## ❛❝❝✉'❛*❡ ❢♦' #✉❝❤ ❞✉'❛*✐♦♥# ❛♥❞ '❡#✉❧* ✐♥ ❛♥ ✐♥❝'❡❛#✲

✐♥❣ ♦❢ ✐♥*❡'✲✐♥❞✐✈✐❞✉❛❧ ❞✐✛❡'❡♥❝❡# ✐♥ *❤❡ '❡#✉❧*#✳ ●❡♥✲

❡'❛❧❧②✱ *❤❡ ❢❡❡❧✐♥❣# '❡♣♦'*❡❞ ❜② ❧✐#*❡♥❡'# ❤❛✈❡ '❡✈❡❛❧❡❞

✐♥❝'❡❛#✐♥❣ ❞✐✣❝✉❧*✐❡# *♦ ❥✉❞❣❡ *❤❡ ♦✈❡'❛❧❧ ❞✉'❛*✐♦♥ ♦❢

#♦✉♥❞# ✇✐*❤ ❞❡❝'❡❛#✐♥❣ ❞✉'❛*✐♦♥✳
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❚❤✐# ❡①♣❡'✐♠❡♥* ❛❧❧♦✇❡❞ *♦ ♦❜#❡'✈❡ *❤❡ ♣'♦❣'❡##✐♦♥

♦❢ ❛#②♠♠❡*'✐❡# ✐♥ ♣❡'❝❡✐✈❡❞ ❞✉'❛*✐♦♥ ❛# ❛ ❢✉♥❝*✐♦♥ ♦❢

❞✉'❛*✐♦♥ ❢'♦♠ ✺✵ *♦ ✷✵✵✵ ♠#✳

❈♦♥❝❡'♥✐♥❣ #❤♦'* ❞✉'❛*✐♦♥# ✭✉♥*✐❧ ✺✵✵ ♠#✮✱ *❤❡ '❡✲

#✉❧*# ❛'❡ ❝♦♥#✐#*❡♥* ✇✐*❤ *❤❡ ❢♦✉' ♠❛✐♥ #*✉❞✐❡# ❬✶✵✱ ✾✱ ✽✱

✼❪ ❣✐✈❡♥ *❤❛* '❛♠♣❡❞ #♦✉♥❞# ❛'❡ ♣❡'❝❡✐✈❡❞ ❧♦♥❣❡' *❤❛♥

❞❛♠♣❡❞ #♦✉♥❞#✳ ❋♦' ❡①❛♠♣❧❡✱ #♦♠❡ '❡#✉❧*# ♦❜*❛✐♥❡❞ ❢♦'

❜'♦❛❞❜❛♥❞ ♥♦✐#❡# ✈✐❛ ❛ ♠❛*❝❤✐♥❣ ♣'♦❝❡❞✉'❡ ❬✶✵❪ ✭❋✐❣✳ ✷✱

♣✳ ✸✼✼✹✮✱ #❤♦✇ *❤❛* *❤❡ ♣❡'❝❡✐✈❡❞ ❞✉'❛*✐♦♥ ♦❢ ❞❛♠♣❡❞

#♦✉♥❞# ✐# ✉♥❞❡'❡#*✐♠❛*❡❞ ❜② ❛ ❢❛❝*♦' ❜❡*✇❡❡♥ ✷ ❛♥❞ ✶✳✺

❢'♦♠ ✺✵ *♦ ✷✵✵ ♠# ❝♦♠♣❛'❡❞ *♦ '❛♠♣❡❞ #♦✉♥❞#✳ ❆ #✐♠✐✲

❧❛' ✉♥❞❡'❡#*✐♠❛*✐♦♥ ❜② ❛ ❢❛❝*♦' ♦❢ ❛❜♦✉* ✶✳✸✺ ❛* ✷✺✵ ♠#

✇❛# ♥♦*✐❝❡❞ ❜② ●'❛##✐ ❛♥❞ ❉❛'✇✐♥ ❬✽❪✳ ■♥ ❉✐●✐♦✈❛♥♥✐

❡* ❛❧✳ ❬✾❪✱ *❤❡ '❛*✐♦ ✭❞❛♠♣❡❞ ❞✉'❛*✐♦♥ ✴ '❛♠♣❡❞ ❞✉'❛✲

*✐♦♥✮ ❛* ❡N✉❛❧ #✉❜❥❡❝*✐✈❡ ❞✉'❛*✐♦♥ ✇❛# ✶✳✹✻ ❛* ✺✵ ♠# ❛♥❞

✶✳✽✺ ❛* ✺✵✵ ♠#✳ ❊✈❡♥ *❤♦✉❣❤ *❤❡'❡ ❛'❡ #♦♠❡ ❞✐✛❡'❡♥❝❡#

❜❡*✇❡❡♥ *❤❡ '❡#✉❧*# ❢'♦♠ *❤❡ ♣'❡#❡♥* ❡①♣❡'✐♠❡♥* ✭'❛*✐♦

❢'♦♠ ✶✳✻✼ ❛* ✺✵ ♠# *♦ ✶✳✶✸ ❛* ✺✵✵ ♠#✮ ❛♥❞ *❤❡ '❡#✉❧*#

❢'♦♠ ♦*❤❡' #*✉❞✐❡#✱ ❛ ❝♦♠♠♦♥ *'❡♥❞ #*❛♥❞# ♦✉* ❛♥❞ ✐#

❝♦♥#✐#*❡♥* ✇✐*❤ ❛♥ ✉♥❞❡'❡#*✐♠❛*✐♦♥ ♦❢ *❤❡ ❞✉'❛*✐♦♥ ♦❢

❞❛♠♣❡❞ #♦✉♥❞#✳ ❉✐✛❡'❡♥❝❡# ✐♥ '❡#✉❧*# ♠❛② ❜❡ ❞✉❡ *♦

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

✉#❡❞ ❬✼❪✳ ❆ #✐❣♥✐✜❝❛♥* ❡✛❡❝* ♦❢ ✐♥#*'✉❝*✐♦♥# ♦♥ #✉❜❥❡❝*✐✈❡

❞✉'❛*✐♦♥ ❤❛# ❛❧#♦ ❜❡❡♥ #❤♦✇♥ ❬✾❪✳

❇❡#✐❞❡#✱ ❛❝❝♦'❞✐♥❣ *♦ *❤❡ ♣'❡#❡♥* '❡#✉❧*#✱ *❤❡ ♣❡'❝❡♣✲

*✉❛❧ ❛#②♠♠❡*'✐❡# *❡♥❞ *♦ '❡❞✉❝❡ ✇✐*❤ ❞✉'❛*✐♦♥✱ #*❛'*✐♥❣

❛* ✶✵✵ ♠#✳ ❚✇♦ #*✉❞✐❡# ❛❧#♦ '❡✈❡❛❧❡❞ ❛ '❡❞✉❝*✐♦♥ ♦❢ *❤❡

❛#②♠♠❡*'✐❡# ✇✐*❤ ❞✉'❛*✐♦♥ ❬✽✱ ✶✵❪ #*❛'*✐♥❣ ❛* ✷✺✵ ❛♥❞

✷✵✵ ♠#✱ '❡#♣❡❝*✐✈❡❧②✳ ❚❤❡ ♣'❡#❡♥* #*✉❞②✱ ❛♥❞ *❤♦#❡ ♦❢

●'❛##✐ ❛♥❞ ❉❛'✇✐♥ ❬✽❪ ❛♥❞ ❘✐❡# ❡* ❛❧✳ ❬✶✵❪✱ #❤♦✇ *❤❛*

❛#②♠♠❡*'✐❡# ❛'❡ '❡❞✉❝❡❞ ✇✐*❤ ❞✉'❛*✐♦♥✱ ❜❡❣✐♥♥✐♥❣ ❛*

✶✵✵ ♠#✳ ▼♦'❡♦✈❡'✱ ❛#②♠♠❡*'✐❡# ❤❛✈❡ ❜❡❡♥ #❤♦✇♥ *♦

❞✐#❛♣♣❡❛' ❢♦' ❞✉'❛*✐♦♥# ❛❜♦✈❡ ✶✵✵✵ ♠#✳ ❚❤❡ ♣'❡✈✐♦✉#

❛✉*❤♦'# ✇❡'❡ ✉♥❛❜❧❡ *♦ ♦❜#❡'✈❡ *❤✐# ♣❤❡♥♦♠❡♥♦♥ ❜❡✲

❝❛✉#❡ ♦❢ ✉#✐♥❣ ❞✉'❛*✐♦♥# #❤♦'*❡' *❤❛♥ ✺✵✵ ♠#✱ ❡①❝❡♣*

●'❛##✐ ❛♥❞ ❉❛'✇✐♥ ❬✽❪ ✇❤♦ ✐♥✈❡#*✐❣❛*❡❞ ❛ ❧♦♥❣❡' ❞✉'❛✲

*✐♦♥✳ ❆#②♠♠❡*'✐❡# ❛'♦✉♥❞ ✷✵✪ ♦❢ *❤❡ ❞✉'❛*✐♦♥ ✇❡'❡ ♦❜✲

#❡'✈❡❞ ❜② *❤❡ ❛✉*❤♦'# ❬✽❪ ❛* ✶✵✵✵ ♠# ❢♦' ❛ ❝♦♠♣❧❡① *♦♥❡✱

✇❤❡'❡❛# ♥♦ ❛#②♠♠❡*'✐❡# ✇❡'❡ ♦❜*❛✐♥❡❞ ✐♥ *❤❡ ♣'❡#❡♥*

#*✉❞② ❢♦' *❤❡ #❛♠❡ ❞✉'❛*✐♦♥✳ ❆ #*❛*✐♦♥❛'② #♦✉♥❞ ✇❛#

✉#❡❞ ❛# ❛ '❡❢❡'❡♥❝❡ *♦ ♠❛*❝❤ *❤❡ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞

#*✐♠✉❧✐ ✐♥ ●'❛##✐ ❛♥❞ ❉❛'✇✐♥ ❬✽❪✳ ❙♦✱ ♠❡*❤♦❞♦❧♦❣✐❝❛❧

❞✐✛❡'❡♥❝❡# ♠❛② ❡①♣❧❛✐♥ *❤❡ ❞✐✛❡'❡♥❝❡# ✇✐*❤ *❤❡ ♣'❡#❡♥*

'❡#✉❧*#✳

❆#②♠♠❡*'✐❡# ✇❡'❡ ♦❜#❡'✈❡❞ ❢♦' #❤♦'* ❞✉'❛*✐♦♥# ♦♥❧②✱

♠❛②❜❡ ❜❡❧♦✇ *❤❡ *❡♠♣♦'❛❧ ✐♥*❡❣'❛*✐♦♥ ❞✉'❛*✐♦♥ ♦❢ *❤❡

❤❡❛'✐♥❣ #②#*❡♠✱ '❛♥❣❡❞ ❜❡*✇❡❡♥ ✶✵✵ ❛♥❞ ✹✵✵ ♠# ❛❝❝♦'❞✲

✐♥❣ *♦ *❤❡ #*✉❞② ❬✶✷✱ ✶✸❪✳ ❚❤❡ N✉❡#*✐♦♥ *❤❡♥ ❛'✐#❡# *♦

❦♥♦✇ ✐❢ ❧✐#*❡♥❡'# ❡✛❡❝*✐✈❡❧② ❥✉❞❣❡ ❞✉'❛*✐♦♥ ♦' ♦*❤❡' ♣❛✲

'❛♠❡*❡'# ♦❢ *❤❡ #*✐♠✉❧✉# ❛# ❧♦✉❞♥❡##✱ ♣✐*❝❤ ♦' *✐♠❜'❡✳

❇❡#✐❞❡#✱ ❛* *✐♠❡# #♦♠❡ ❧✐#*❡♥❡'# ❤❛❞ *❤❡ ❢❡❡❧✐♥❣ *♦ ❜❛#❡

*❤❡✐' ❥✉❞❣♠❡♥* ♦♥ ♦*❤❡' ❝'✐*❡'✐❛ *❤❛♥ ❞✉'❛*✐♦♥✳

✹ ❈♦♥❝❧✉'✐♦♥

■* ✇❛# ❤②♣♦*❤❡#✐③❡❞ *❤❛* ♣❡'❝❡♣*✉❛❧ ❛#②♠♠❡*'✐❡# ✐♥

❧♦✉❞♥❡## ❜❡*✇❡❡♥ '❛♠♣❡❞ ❛♥❞ ❞❛♠♣❡❞ #♦✉♥❞# ♠❛② ❜❡

❧✐♥❦❡❞ *♦ ❛#②♠♠❡*'✐❡# ✐♥ ❞✉'❛*✐♦♥✱ ❛♥❞ *❤❛* *❤❡ ♣❡'✲

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

❧♦✉❞♥❡## ❛#②♠♠❡*'②✳ ❚❤❡ ❛✐♠ ♦❢ *❤✐# #*✉❞② ✇❛# *♦

♠❛*❝❤ *❤❡ ❞✉'❛*✐♦♥ ♦❢ ✉♣✲ ❛♥❞ ❞♦✇♥'❛♠♣# *♦ *❤❡ ♣♦✐♥*

♦❢ #✉❜❥❡❝*✐✈❡ ❡N✉❛❧✐*②✱ ✐♥ ♦'❞❡' *♦ #❤♦✇ *❤❡ ♣'♦❣'❡##✐♦♥

♦❢ ❛#②♠♠❡*'✐❡# ✐♥ #✉❜❥❡❝*✐✈❡ ❞✉'❛*✐♦♥ ❢♦' #*✐♠✉❧✐ ❧♦♥❣❡'

*❤❛♥ ✺✵✵ ♠#✱ ❛♥❞ #♦✱ *✐❡ ✐♥ ✇✐*❤ ❞✉'❛*✐♦♥# ♦❢ ❢❡✇ #❡❝♦♥❞#

✉#✉❛❧❧② ✉#❡❞ ✐♥ ❧♦✉❞♥❡## ✐♥✈❡#*✐❣❛*✐♦♥#✳

❖♥ *❤❡ ♦♥❡ ❤❛♥❞✱ ♦✉' '❡#✉❧*# ❝♦♥✜'♠ ❛❧'❡❛❞② ❡①✐#*✐♥❣
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