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▼❡❛s✉r❡♠❡♥t ♦❢ ▼❡♠❜r❛♥❡ ❉✐s♣❧❛❝❡♠❡♥t

❯s✐♥❣ ❛ ▼♦t✐♦♥❧❡ss ❈❛♠❡r❛

❑✳ ▼✉r❛✇s❦✐
✯

▼✐❧✐t❛r② ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ■♥st✐t✉t❡ ♦❢ ❚❡❧❡✐♥❢♦r♠❛t✐❝s ❛♥❞ ❆✉t♦♠❛t✐❝s✱

❙✳ ❑❛❧✐s❦✐❡❣♦ ✷✱ ✵✵✲✾✵✽ ❲❛rs❛✇✱ P♦❧❛♥❞

✭❘❡❝❡✐✈❡❞ ▼❛② ✶✷✱ ✷✵✶✹✮

❚❤❡ ♣❛♣❡r ♣r❡s❡♥ts ❛ t❡❝❤♥✐q✉❡ ❢♦r ♠❡❛s✉r✐♥❣ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥ts ✇✐t❤ ♦♥❡ ♠♦t✐♦♥❧❡ss ❝❛♠❡r❛✳
❚❤❡ ♠❡t❤♦❞ r❡❧✐❡s ♦♥ ♠❡❛s✉r✐♥❣ t❤❡ ❞✐st❛♥❝❡ t♦ ❛♥ ♦❜❥❡❝t ❜❛s❡❞ ♦♥ ♦♥❡ ✐♠❛❣❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ ♠♦t✐♦♥❧❡ss ❝❛♠❡r❛
✇✐t❤ ❛ ✜①❡❞✲❢♦❝✉s ❧❡♥s✳ ■t ✐s ♣r♦✈❡♥ t❤❛t t❤❡ ✉s❡❞ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s ♠♦♥✐t♦r✐♥❣ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ❛♠♣❧✐t✉❞❡ ♦❢
✈✐❜r❛t✐♦♥✳ ❚❤❡ t❡sts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠ ✵✳✺ ❍③ t♦ ✻ ❍③ ❛♥❞ ❞❡✈✐❛t✐♦♥s
❢r♦♠ t❤❡ ♥❡✉tr❛❧ ♣♦s✐t✐♦♥ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ±3 ♠♠✳
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✶✳ ■♥tr♦❞✉❝t✐♦♥

▼❡❛s✉r✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t✱ ♥♦♥✲❝♦♥t❛❝t
♠❡❛s✉r❡♠❡♥t ✐♥ ♣❛rt✐❝✉❧❛r✱ ❤❛s ♠❛♥② ❛♣♣❧✐❝❛t✐♦♥s ❬✶✱ ✷❪✳
❆♣❛rt ❢r♦♠ t❤✐s ✐t st✐❧❧ ❣❡♥❡r❛t❡s ❛ ❧♦t ♦❢ ♣r♦❜❧❡♠s✱ ❡s♣❡✲
❝✐❛❧❧② ✐♥ ❞✐✣❝✉❧t ❝♦♥❞✐t✐♦♥s ❬✸❪✳ ❚❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡
♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ❛r❡ ❞❡t❡r♠✐♥❡❞ t❤❡♥ ❜② ♠❡❛s✉r✲
✐♥❣ ♦t❤❡r ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s✳ ❋♦r t❤✐s r❡❛s♦♥ ❛tt❡♠♣ts
❛r❡ ♠❛❞❡ t♦ ✉s❡ ✜❜r❡ ♣r❡ss✉r❡ s❡♥s♦rs ❬✹✱ ✺❪✱ ♣✐❡③♦❢♦✐❧s ❬✸❪✱
t❤❡ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦r ❬✻❪ ❛♥❞ ♦♣t✐❝❛❧ s❡♥s♦rs ❬✼✕✾❪✳
❲❤❡♥ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ s❡♥s♦r ❞♦ ♥♦t ✐♠♣♦s❡ s✐❣♥✐❢✲
✐❝❛♥t ❧✐♠✐t❛t✐♦♥s✱ ✢✉♦r❡s❝❡♥❝❡ ✈✐❞❡♦❣r❛♠♠❡tr② ❬✶✵❪ ❝❛♥
❜❡ ✉s❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✶❪✳

❋✐❣✳ ✶✳ ❉✐s♣❧❛❝❡♠❡♥t ♠♦❞❡❧ ✭❛✮✱ ✈✐❡✇ ♦❢ t❤❡ ♠♦♥✐t♦r❡❞
♠❡♠❜r❛♥❡ ✭❜✮✳

❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ❛ ♥❡✇ ❛♣♣r♦❛❝❤ t♦ ♠❡❛s✉r✐♥❣
t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠❡♠❜r❛♥❡✱ ❋✐❣✳ ✶✳
❚❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❛ st❛t✐♦♥❛r②
■❘ ❝❛♠❡r❛ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ✜①❡❞✲❢♦❝✉s ❧❡♥s ❛♥❞ ✉s✐♥❣
❛ ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡ ❜❛s❡❞ ♦♥ ❞✐❣✐t❛❧ ✐♠❛❣❡ ♣r♦✲
❝❡ss✐♥❣ ❬✶✷✕✶✺❪✳ ❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡
✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ♦❜s❡r✈✐♥❣ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ s✐③❡
♦❢ t❤❡ ♠❛r❦❡r ♣❧❛❝❡❞ ♦♥ t❤❡ s✉r❢❛❝❡✳ ❚❤❡ s✐③❡ ♦❢ t❤❡
♠❛r❦❡r ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ✐♥ ❬✶✻❪✳

✯❡✲♠❛✐❧✿ ❦✳♠✉r❛✇s❦✐❅✐t❛✳✇❛t✳❡❞✉✳♣❧

❚❤❡ s❡❛r❝❤❡❞ ❢♦r ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ♣❛r❛♠❡t❡rs
✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ r❡❛❧✲t✐♠❡ ❜❛s❡❞ ♦♥ ❛ s✐♥❣❧❡ ♣❤♦t♦
❢♦r ♠❡❛s✉r✐♥❣ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ s❡q✉❡♥❝❡ ♦❢ ♣❤♦t♦s
✇❤❡♥ t❤❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ✇❛s ♠❡❛s✉r❡❞✳ ❚❤❡ t❡sts
✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ s②st❡♠ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳
❚❤❡ ♠♦❞❡❧ ✐♥ ❋✐❣✳ ✷ ✇❛s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ♠❡♠❜r❛♥❡
✇✐t❤ ❛ r✉❜❜❡r s✉rr♦✉♥❞✱ ❋✐❣✳ ✶❜✳ ❚❤❡ ♠❡♠❜r❛♥❡ ✇❛s
❝♦♥♥❡❝t❡❞ t♦ ❛ ✈♦✐❝❡ ❝♦✐❧✱ ✇❤✐❝❤ ✇❛s ♣❧❛❝❡❞ ✐♥ ❛ ❝♦♥st❛♥t
♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ❣❡♥✲
❡r❛t❡❞ ❜② ❛♣♣❧②✐♥❣ ❉❈ ♦r ❆❈ ✈♦❧t❛❣❡ ♦❢ ❛ ❦♥♦✇♥ s❤❛♣❡✱
❛♠♣❧✐t✉❞❡ ❛♥❞ ❢r❡q✉❡♥❝② t♦ t❤❡ ❝♦♥♥❡❝t♦rs ♦❢ t❤❡ ❝♦✐❧✳

❋✐❣✳ ✷✳ ❚❤❡ s②st❡♠ ❢♦r t❡st✐♥❣ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡
♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t✳

✷✳ ▼❡❛s✉r❡♠❡♥t s②st❡♠ ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡
✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ♠♦t✐♦♥❧❡ss ❝❛♠❡r❛ ❡q✉✐♣♣❡❞ ✇✐t❤
❛ ✜①❡❞✲❢♦❝✉s ❧❡♥s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❞♦♥❡ ✉s✐♥❣ t❤❡
t❡❝❤♥✐q✉❡ ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✻❪✳ ❚❤❡ st✉❞② ✇❛s ❝❛rr✐❡❞ ♦✉t
✐♥ ❛ s❡t✉♣ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳
❚❤❡ ♠❛✐♥ ❡❧❡♠❡♥t ♦❢ t❤❡ s②st❡♠ ✐s t❤❡ ♠♦❞❡❧ ♣r❡s❡♥t❡❞

✐♥ ❋✐❣✳ ✸❛✳ ❚❤❡ ♠♦❞❡❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♠❡♠✲
❜r❛♥❡ ♦❢ ❛ ❚❖◆❙■▲ ●❉◆ ✶✸✴✹✵✴✵✷ ✇♦♦❢❡r ✇✐t❤ ♣❛r❛♠❡✲
t❡rs✿ r❛t❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ✾✵✕✺✵✵✵ ❍③✱ r❛t❡❞ ✐♠♣❡❞❛♥❝❡
♦❢ ✹ Ω✱ ✈♦✐❝❡ ❝♦✐❧ r❡s✐st❛♥❝❡ ✐s ✸✳✹✺ Ω✱ ❛ t♦t❛❧ ♠♦✈✐♥❣ ♠❛ss
♦❢ 8.4 × 10−3 ❦❣✱ ❛ ❢♦r❝❡ ❢❛❝t♦r ♦❢ ✺✳✵✸ ❚♠✱ ❛ ✈♦✐❝❡ ❝♦✐❧
❤❡✐❣❤t ♦❢ ✾ ♠♠✱ ❛ ❤❡✐❣❤t ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ❣❛♣ ♦❢ ✻ ♠♠✱ ❛
♣✐st♦♥ ❛r❡❛ ♦❢ ✽✺ ❝♠2✳ ❚❤❡ ♠♦❞❡❧ ❡♥❛❜❧❡❞ t❤❡ s❛❢❡ ♠♦✈✲
✐♥❣ ♦❢ t❤❡ ✇♦♦❢❡r ♠❡♠❜r❛♥❡ t♦ ✐ts r❡st r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥
✐♥ t❤❡ r❛♥❣❡ ♦❢ ±3 ♠♠✳ ❚❤❡ ♠❡♠❜r❛♥❡ ✐s ♣r♦✈✐❞❡❞ ✇✐t❤
❛ ♠❛r❦❡r✱ ❋✐❣✳ ✸❜✱ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❝❛♠✲
❡r❛ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸❛ ❛♥❞ ❝✳ ❚❤❡ ❝❛♠❡r❛ r❡❝♦r❞❡❞ t❤❡
✈✐❡✇ ♦❢ t❤❡ ♠❛r❦❡r r❡❣✐st❡r❡❞ ✐♥ t❤❡ ♥❡❛r✲✐♥❢r❛r❡❞ ❜❛♥❞
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▼❡❛s✉r❡♠❡♥t ♦❢ ▼❡♠❜r❛♥❡ ❉✐s♣❧❛❝❡♠❡♥t ❯s✐♥❣ ❛ ▼♦t✐♦♥❧❡ss ❈❛♠❡r❛ ✶✶

✭λ = 850 ♥♠✮ ❛t ✻✵ ❢♣s✳ ❚❤❡ ■❘ ❤❡❛t❡r ❝♦♥str✉❝t✐♦♥ ✇❛s
❞✐s❝✉ss❡❞ ✐♥ ❬✶✼✕✶✾❪✳ ❚❤❡ ❝r❡❛t❡❞ ♠❡❛s✉r✐♥❣ s②st❡♠ ❤❛s
❡♥❛❜❧❡❞ t❤❡ ♣♦✇❡r✐♥❣ ♦❢ t❤❡ ❝♦✐❧ ♦❢ t❤❡ ✇♦♦❢❡r ✇✐t❤ ❉❈
✈♦❧t❛❣❡ ✭❋✐❣✳ ✷✱ s✇✐t❝❤ ✐♥ ♣♦s✐t✐♦♥ ■✮ ❛♥❞ ❛❧s♦ ❛❧t❡r♥❛t✲
✐♥❣ ✈♦❧t❛❣❡ ✭❋✐❣✳ ✷✱ s✇✐t❝❤ ✐♥ ♣♦s✐t✐♦♥ ■■✮✳ ❉❈ ✈♦❧t❛❣❡
✇❛s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❛♥❣❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❞❡✲
✢❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✐♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✈❛❧✉❡ ♦❢
❛♣♣❧✐❡❞ ❝♦♥tr♦❧ ✈♦❧t❛❣❡✱ ✇❤✐❝❤ ❢♦r♠s t❤❡ ❡❧❡❝tr♦❞②♥❛♠✐❝
❢♦r❝❡ ♦❢ t❤❡ ✈♦✐❝❡ ❝♦✐❧✳

❋✐❣✳ ✸✳ ❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ❢♦r
❞❡t❡r♠✐♥✐♥❣ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t✿ t❤❡ ♠♦❞❡❧ ✇✐t❤ ❛
♠♦✉♥t❡❞ ❝❛♠❡r❛ ✭❛✮✱ ✈✐❡✇ ♦❢ t❤❡ ♠❛r❦❡r ✭❜✮✱ ❧❡♥s ❛♥❞
■❘ ❤❡❛t❡r ✭❝✮✳

❚❤❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ♠❡❛✲
s✉r❡❞ ❢♦r ❛❧t❡r♥❛t✐♥❣ ✈♦❧t❛❣❡s ♦❢ ❛ ❦♥♦✇♥ s✐❣♥❛❧ s❤❛♣❡
❛♥❞ ❛♠♣❧✐t✉❞❡ ❛s ✇❡❧❧ ❛s ❛ ✜①❡❞ ❢r❡q✉❡♥❝②✳ ❆❧t❡r♥❛t✐♥❣
✈♦❧t❛❣❡ ✇❛s ❣❡♥❡r❛t❡❞ ❜② ❛♥ ❆❋● ✸✵✷✶ ❛r❜✐tr❛r② ❣❡♥❡r❛✲
t♦r✳ ❚❤❡ ❣❡♥❡r❛t♦r ✇❛s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✇♦♦❢❡r t❤r♦✉❣❤
❛ ❱▼ ✶✵✵ ❛♠♣❧✐✜❡r✳ ❚❤❡ t❡sts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✱ ❢♦r❝✐♥❣
t❤❡ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ❜② ❛❞♠✐♥✐st❡r✐♥❣ ❛♥ ❛❧t❡r✲
♥❛t✐♥❣ s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧ ✇✐t❤ ❛♥ ❛♠♣❧✐t✉❞❡ ❝❧♦s❡ t♦ ✶✷ ❱
❛♥❞ ❛ fset ❢r❡q✉❡♥❝② ✇✐t❤ ❛ ✈❛❧✉❡ ♦❢ ✵✳✺✱ ✵✳✼✱ ✵✳✾✱ ✶✳✵✱ ✶✳✶✱
✶✳✸✱ ✶✳✺✱ ✷✳✵✱ ✷✳✺✱ ✸✳✵✱ ✸✳✺✱ ✹✳✵✱ ✺✳✵✱ ❛♥❞ ✻✳✵ ❍③✳

❋✐❣✳ ✹✳ ❆ s❛♠♣❧❡ ♦❢ t❤❡ ❝♦✉rs❡ ♦❢ ✈♦❧t❛❣❡ ❣❡♥❡r❛t❡❞ ❜②
❛♥ ❆❋● ✸✵✷✶ ❣❡♥❡r❛t♦r✳

❚❡sts ❢♦r s✐❣♥❛❧ ♣❛t❤s ✇✐t❤ ❛ s❤❛♣❡ ❛s ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳ ✹ ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ❣✐✈❡♥ s②st❡♠ ❝♦♥✜❣✉r❛t✐♦♥✳
❚❤❡ s✐❣♥❛❧ ✇❛s ❣❡♥❡r❛t❡❞ ✇✐t❤ ❛ ❢r❡q✉❡♥❝② ❡q✉❛❧ t♦ ✵✳✺✱
✵✳✼✱ ✵✳✾✱ ✶✳✵✱ ✶✳✶✱ ✶✳✸✱ ✶✳✺✱ ✷✳✵✱ ❛♥❞ ✷✳✺ ❍③✳ ❚❤❡ ❛✐♠ ♦❢
t❤✐s st✉❞② ✇❛s t♦ ❡①❛♠✐♥❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❞❡t❡r♠✐♥✐♥❣
t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ✐♥ ❝♦♥❞✐t✐♦♥s
♦❢ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❝♦♥tr♦❧ s✐❣♥❛❧✳

✸✳ ❉❡s❝r✐♣t✐♦♥ ♦❢ ❡①♣❡r✐♠❡♥ts

❛♥❞ r❡s✉❧ts ♦❢ r❡s❡❛r❝❤

✸✳✶✳ ▼❡❛s✉r✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝②

❚❤❡ st✉❞② ✇❛s ❝❛rr✐❡❞ ♦✉t ✐♥ t❤❡ s❡t✉♣ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✱
✐♥ ✇❤✐❝❤ t❤❡ s♦✉r❝❡ s✇✐t❝❤ ♦❢ t❤❡ s✐❣♥❛❧ ✐s s❡t t♦ ♣♦s✐✲
t✐♦♥ ■■✳ ❚❤❡ s✐♥✉s♦✐❞❛❧ ✇❛✈❡ Uin ✇❛s ❣✐✈❡♥ ❛t t❤❡ ✐♥♣✉t
♦❢ t❤❡ ❛♠♣❧✐✜❡r ✇✐t❤ ❛ ❢r❡q✉❡♥❝② ♦❢ fset✳ ❚❤❡ ❛♠♣❧✐t✉❞❡
♦❢ t❤❡ ✇❛✈❡ ❢♦r♠ ✇❛s s❡❧❡❝t❡❞ s♦ t❤❛t t❤❡ ✈♦❧t❛❣❡ ❛t t❤❡
♦✉t♣✉t ♦❢ t❤❡ ❛♠♣❧✐✜❡r ✇❛s ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ±5.8 ❱✳
❚❤❡ ♠❡♠❜r❛♥❡ ♠♦✈❡❞ ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠ −3.4 ♠♠ t♦
✰✸✳✽ ♠♠ r❡❧❛t✐✈❡ t♦ t❤❡ ♣♦s✐t✐♦♥ ❡st❛❜❧✐s❤❡❞ ❜② t❤❡ ❧♦✇❡r
❛♥❞ ✉♣♣❡r s♣✐❞❡r ♦❢ t❤❡ s♣❡❛❦❡r ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ✈♦❧t❛❣❡
❝♦♥tr♦❧✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡
✐♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ✈❛❧✉❡ ✐s ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✺✳ ◆♦ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✇❡r❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡
st✉❞② ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ r❡s✉❧t✐♥❣ ❢r♦♠
t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ t❤❡ ❤②st❡r❡s✐s ♣❤❡♥♦♠❡♥♦♥✳ ❚❤❡ ✐♥✢✉✲
❡♥❝❡ ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❛❧t❡r♥❛t✐♥❣ ✈♦❧t❛❣❡ ♦♥ t❤❡
❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ♠❡❛s✉r❡❞ t❤r❡❡ t✐♠❡s✳
❚❤❡ ♠✉❧t✐♣❧❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ r❡♣❡❛t❡❞ t♦ r❡❞✉❝❡ t❤❡
✐♠♣❛❝t ♦❢ r❛♥❞♦♠ ❡rr♦rs r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ✉s❡ ♦❢ ❛ ❤✐❣❤❧②
s❡♥s✐t✐✈❡ ✭♦❢ ✵✳✵✶ ♠♠ ❛❝❝✉r❛❝②✮ ❞✐❛❧ ❣❛✉❣❡✳ ❚❤❡ s✐❣♥❛❧ r❡✲
s✉❧t✐♥❣ ❢r♦♠ t❤❡ ✈✐❜r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ♦❜t❛✐♥❡❞
✉s✐♥❣ t❤❡ t❡❝❤♥✐q✉❡ ♣r❡s❡♥t❡❞ ✐♥ ❬✶✻❪✳ ❚❤✐s t❡❝❤♥✐q✉❡ r❡✲
q✉✐r❡s t❤❡ ✉s❡ ♦❢ ❛ ♠❛r❦❡r✳ ❆ ❜❧❛❝❦ ♠❛r❦❡r ✇❛s ✉s❡❞
✐♥ t❤❡ st✉❞②✱ ✐♥ t❤❡ s❤❛♣❡ ♦❢ ❛ ❝✐r❝❧❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r
♦❢ ✼ ♠♠✱ ❋✐❣✳ ✸❜✳ ❋♦r t❤❡ ❣✐✈❡♥ ♠❛r❦❡r s✐③❡ t❤❡ ♠❡❛s✉r❡✲
♠❡♥t st❡♣ ❡q✉❛❧❧❡❞ ✵✳✵✵✹✽ ✭✶✴◆♦✳ ♦❢ ♣✐①❡❧s r❡❣✐st❡r❡❞ ❢♦r
t❤❡ ♠❛r❦❡r ✈✐❡✇✮✳

❋✐❣✳ ✺✳ ❙♣❡❛❦❡r ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ❛♠♣❧✐t✉❞❡✳

❋✐❣✳ ✻✳ ❈❤❛♥❣❡s ✐♥ ♠❛r❦❡r s✐③❡ r❡❝♦r❞❡❞ ❢♦r t❤❡ ❣✐✈❡♥
❢r❡q✉❡♥❝✐❡s✳

▼❡❛s✉r✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ✐♥✈♦❧✈❡❞
s✐❣♥❛❧ ❛♥❛❧②s✐s✱ ✇❤♦s❡ s❤❛♣❡ r❡✢❡❝ts t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡
♠❛r❦❡r s✐③❡ ✐♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❚❤❡s❡ ❝❤❛♥❣❡s ✇❡r❡
❡①♣r❡ss❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r r❡❝♦r❞❡❞ ✐♥



✶✷ ❑✳ ▼✉r❛✇s❦✐

t❤❡ r❡st ♣♦s✐t✐♦♥✳ ❚❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❢♦r t❤❡ fset ❢r❡✲
q✉❡♥❝② s✐❣♥❛❧ ❢r♦♠ ✵✳✺ ❍③ t♦ ✷✳✺ ❍③ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✻✳
❉❡t❡r♠✐♥❡❞ r❡❧❛t✐✈❡ ❝❤❛♥❣❡s ✐♥ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r

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

❛♠♣❧✐t✉❞❡ ❝❤❛♥❣❡ t❛❦❡s ♦♥ r❡♣❡t✐t✐✈❡ ✈❛❧✉❡s ✇✐t❤✐♥ ❡❛❝❤
♦❢ t❤❡ t❡st❡❞ ❢r❡q✉❡♥❝② ❜❛♥❞s✳ ❆ s❧✐❣❤t ❝❤❛♥❣❡ ✐♥ t❤❡ s✐③❡
♦❢ t❤❡ ♠❛r❦❡r✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠✲
❜r❛♥❡ ✖ ❋✐❣✳ ✻✱ ✐s ❛ r❡s✉❧t ♦❢ ♣❛r❛♠❡t❡rs ❛♠♣❧✐✜❡r ✉s❡❞✱
✐♥❝❧✉❞✐♥❣ ✐ts ❜❛♥❞✇✐❞t❤✳

❋✐❣✳ ✼✳ ❊①❛♠♣❧❡s ♦❢ s✐❣♥❛❧s ♦❢ ❛♠♣❧✐t✉❞❡ s♣❡❝tr❛✿ fset ✖ ✐♥✢✐❝t❡❞ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝②✱ fmeasure ✖ ♠❡❛s✉r❡❞ ✈✐❜r❛t✐♦♥
❢r❡q✉❡♥❝②✳

❋✐❣✳ ✽✳ ❘❡s✉❧t ♦❢ r❡❝♦r❞❡❞ ❞❛t❛✿ fset ✖ ✐♥✢✐❝t❡❞ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝②✱ fmeasure ✖ ♠❡❛s✉r❡❞ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝②✳

❚❤❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ❞❡t❡r✲
♠✐♥❡❞ ❜② ✉s✐♥❣ ❛ ❢❛st ❋♦✉r✐❡r tr❛♥s❢♦r♠ ✭❋❋❚✮✳ ❚❤❡ s❡✲
q✉❡♥❝❡s ♦❢ ❝❤❛♥❣❡s ✐♥ ♠❛r❦❡r s✐③❡ r❡♠❡♠❜❡r❡❞ ❢♦r ❡❛❝❤
✐♥♣✉t s✐❣♥❛❧ ✉♥❞❡r✇❡♥t ❛♥❛❧②s✐s✱ ❋✐❣✳ ✽✳ ❋♦r ❡❛❝❤ ♦❢ t❤❡♠
t❤❡ ❛♠♣❧✐t✉❞❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ❋❋❚ s✐❣♥❛❧ ❤❛s ❜❡❡♥ ❝♦♠✲
♣✉t❡❞✳ ◆❡①t✱ t❤❡ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t ✇✐t❤ ❛ ♠❛①✐♠✉♠

✈❛❧✉❡ ✇❛s s❡❛r❝❤❡❞✳ ❚❤✐s ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t ❞❡t❡r✲
♠✐♥❡s t❤❡ ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝② ♣r❡s❡♥t ✐♥ t❤❡ ❛♥❛❧②s❡❞
s✐❣♥❛❧✱ ❋✐❣✳ ✼✳ ❚❤❡ r❡s✉❧t ♦❢ t❤❡ r❡❝♦r❞❡❞ ❞❛t❛ ❛❧♦♥❣
✇✐t❤ t❤❡ ❡st❛❜❧✐s❤❡❞ fset ❛♥❞ t❤❡ ❞❡t❡r♠✐♥❡❞ fmeasure

♠❡♠❜r❛♥❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✽✳
❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❡q✉❡♥❝❡ ✐♥ t❤❡ st✉❞② ✇❛s ❝❤♦s❡♥✱



▼❡❛s✉r❡♠❡♥t ♦❢ ▼❡♠❜r❛♥❡ ❉✐s♣❧❛❝❡♠❡♥t ❯s✐♥❣ ❛ ▼♦t✐♦♥❧❡ss ❈❛♠❡r❛ ✶✸

s♦ t❤❛t t❤❡ ❢r❡q✉❡♥❝② ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✉s✐♥❣ t❤❡ ❋❋❚
t❡❝❤♥✐q✉❡ ✇❛s ❧❡ss t❤❛♥ ✶✪✳ ❚❤❡ r❡s✉❧t✐♥❣ ❛✈❡r❛❣❡ ♣❡r✲
❝❡♥t❛❣❡ ❡rr♦r ♦❢ ♠❡❛s✉r✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ✈✐❜r❛t✐♦♥ ❢r❡✲
q✉❡♥❝② ❡q✉❛❧❧❡❞ ✵✳✻✺✹✪✳

✸✳✷✳ ▼❡❛s✉r❡♠❡♥t ♦❢ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t

❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✐s ♠❡❛s✉r❡❞ ✉s✲
✐♥❣ t❤❡ t❡❝❤♥✐q✉❡ ♣r❡s❡♥t❡❞ ✐♥ ❬✶✻❪✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t
✇❛s ♣r❡❝❡❞❡❞ ❜② t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡✱ ✇❤✐❝❤ ✐s ♣❡r✲
❢♦r♠❡❞ ♦♥❧② ♦♥❝❡✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ ❝❛❧✐❜r❛t✐♦♥ ✐s t♦ ❞❡t❡r✲
♠✐♥❡ t❤❡ ❞❡♣❡♥❞❡♥❝② ❜❡t✇❡❡♥ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ ♠❡♠✲
❜r❛♥❡ y ❡①♣r❡ss❡❞ ✐♥ ♠♠ ❛♥❞ ♠❛r❦❡❞ ✇✐t❤ ❛♥ x ♠❛r❦❡r
♦❢ r❡❧❛t✐✈❡ s✐③❡✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s ❝❛rr✐❡❞ ♦✉t
✐♥ t✇♦ st❛❣❡s✳ ❚❤❡ ✜rst st❛❣❡ ✐s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❡✢❡❝✲
t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✐♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ✈♦❧t❛❣❡ ❝♦♥tr♦❧✳
❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❞❡✈✐❛t✐♦♥ ♦♥ t❤❡ ❛♠✲
♣❧✐t✉❞❡ ♦❢ t❤❡ ❉❈ ❛♥❞ ❆❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ✐s ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✺✳ ❆ r❡❣r❡ss✐♦♥ ❧✐♥❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ❢♦r♠
♦❢ ❢✉♥❝t✐♦♥ y(x) = ax + b ❢♦r t❤❡ ❝❛rr✐❡❞ ♦✉t ♠❡❛s✉r❡✲
♠❡♥ts✳ ❚❤❡ r❡❣r❡ss✐♦♥ ❧✐♥❡ ❡①♣r❡ss❡s t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢
t❤❡ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❢r♦♠ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦♥✲
tr♦❧ s✐❣♥❛❧✳
❚❤❡ s❡❝♦♥❞ ❝❛❧✐❜r❛t✐♦♥ st❛❣❡ ✐s t♦ r❡❝♦r❞ ❝❤❛♥❣❡s ✐♥

t❤❡ r❡❧❛t✐✈❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r ❢♦r t❤❡ ❡st❛❜❧✐s❤❡❞ ✈♦❧t❛❣❡
✈❛❧✉❡s✳ ❚❤❡ st✉❞② ✇❛s ❝♦♥❞✉❝t❡❞ ❢♦r ❛❧t❡r♥❛t✐♥❣ ✈♦❧t✲
❛❣❡s ✇✐t❤ ✜①❡❞ UPP ❛♥❞ ❢r❡q✉❡♥❝✐❡s ♦❢ ✵✳✺✱ ✶✳✵✱ ✶✳✺ ❍③
❛♥❞ ✷✳✵ ❍③✳ ❈❤❛♥❣❡s ✐♥ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r ❛s ✇❡❧❧ ❛s
t❤❡✐r ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✾✳

❋✐❣✳ ✾✳ ❈❤❛♥❣✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r ♦❜s❡r✈❡❞ ✐♥
t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛♥❣❡ ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❝♦♥tr♦❧
✈♦❧t❛❣❡✳

❈❤❛r❛❝t❡r✐st✐❝s s❤♦✇♥ ✐♥ ❋✐❣✳ ✾ ✐s ❞❡s❝r✐❜❡❞ ❜② ♠♦❞❡❧
M(V ✱ µ✱ σ✱ xm) ✐♥ t❤❡ ❢♦r♠ ♦❢

M(V, µ, σ, xm) = v8z
8 + v7z

7 + v6z
6 + v5z

5 + v4z
4

+v3z
3 + v2z

2 + v1z
1 + v0, ✭✶✮

❢♦r ✇❤✐❝❤ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ♠❡❛s✉r❡♠❡♥ts ❛r❡✿
µ = 0.0056❀ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞
✈❛❧✉❡s σ = 0.0324❀ xm ✖ t❤❡ ♠❡❛s✉r❡❞ r❡❧❛t✐✈❡
❝❤❛♥❣❡ ✐♥ t❤❡ ♠❛r❦❡r s✐③❡❀ z = (xm − µ)/σ❀ V =
〈v8, v7, v6, v5, v4, v3, v2, v1, v0〉✳ ❚❤❡ ❞❡t❡r♠✐♥❡❞ ♣❛r❛♠✲
❡t❡r ✈❛❧✉❡s ♦❢ t❤❡ ♠♦❞❡❧ ❡q✉❛❧❧❡❞✿ v8 = 0.5029✱ v7 =
0.1144✱ v6 = −1.6108✱ v5 = −0.2557✱ v4 = 1.6544✱
v3 = 0.7893✱ v2 = −0.6164✱ v1 = 0.9553✱ v0 = −0.1861✳

▼♦❞❡❧ M(V ✱ µ✱ σ✱ xm) ✇❛s ✉s❡❞ ❥♦✐♥t❧② ✇✐t❤ ❛ s✐♠♣❧❡
r❡❣r❡ss✐♦♥ y(x) = 0.6504x + 0.0102 ✭❋✐❣✳ ✺✮✱ ✐♥ ✇❤✐❝❤
y(x) ✐♥❞✐❝❛t❡❞ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❡①✲
♣r❡ss❡❞ ✐♥ ♠♠ ❛♥❞ x ✖ t❤❡ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ❛♠♣❧✐t✉❞❡✳
❆s ❛ r❡s✉❧t t❤❡ ❞❡♣❡♥❞❡♥❝❡s ♦❝❝✉rr✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♠❡❛✲
s✉r❡❞ r❡❧❛t✐✈❡ ♠❛r❦❡r s✐③❡ ❛♥❞ t❤❡ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡✲
♠❡♥t ❛r❡ ❡①♣r❡ss❡❞ ✐♥ ♠♠✱ ❋✐❣✳ ✶✵✳

❋✐❣✳ ✶✵✳ ❈❤❛♥❣❡ ✐♥ ♠❡♠❜r❛♥❡ ♣♦s✐t✐♦♥ ✐♥ t❤❡ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ❞❡t❡r♠✐♥❡❞ ♠❛r❦❡r s✐③❡✳

❚❤✐s ❞❡♣❡♥❞❡♥❝❡ ✐s ❞❡s❝r✐❜❡❞ ❜② ♠♦❞❡❧
▼1(V ✱ µ✱ σ✱ xm) ♦❢ ❛ ❢♦r♠ ✭✶✮✱ ❢♦r ✇❤✐❝❤
µ = −✵✳✵✵✺✺❀ σ = ✵✳✵✷✺✺✹✼❀ v8 = ✵✳✵✹✻✽✽✶✱
v7 = ✵✳✵✶✺✾✸✹✱ v6 = −✵✳✷✹✸✹✶✱ v5 = −✵✳✵✺✽✺✵✺✱
v4 = ✵✳✹✵✺✼✷✱ v3 = ✵✳✷✺✼✽✽✱ v2 = −✵✳✷✹✶✾✾✱
v1 = ✵✳✹✽✹✸✸✱v = −✵✳✶✵✼✽✺✱ ✇❤❡r❡ xm ✐s t❤❡ ♠❡❛s✉r❡❞
♠❛r❦❡r s✐③❡✳ ❉❡t❡r♠✐♥✐♥❣ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ♠♦❞❡❧
M1(V ✱ µ✱ σ✱ xm) ❝♦♥❝❧✉❞❡s t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡✳

❋✐❣✳ ✶✶✳ ▼❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡
✈✐s✉❛❧ t❡❝❤♥✐q✉❡✳

▼❡❛s✉r✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡♠❡♥t ✐s ❝❛rr✐❡❞
♦✉t ✐♥❞✐r❡❝t❧② ❜② ♠❡❛s✉r✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛r❦❡r✳
❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✈❛❧✉❡ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ♠♦❞❡❧
M1(V ✱ µ✱ σ✱ xm✮ ❛ss✉♠✐♥❣ xm t♦ ❜❡ t❤❡ r❡❧❛t✐✈❡ ♠❛r❦❡r
s✐③❡ ♦❜t❛✐♥❡❞ ❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥t✳ ❇② ✉s✐♥❣ t❤❡ ♠♦❞❡❧
❛♥❞ t❡❝❤♥✐q✉❡s ♣r❡s❡♥t❡❞ ✐♥ ❬✶✻❪✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r✲
♠✐♥❡ t❤❡ ✈❛❧✉❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❞✐s♣❧❛❝❡✲
♠❡♥t✱ r❡❧❛t✐✈❡ t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝❛♠❡r❛✱ ❜❛s❡❞ ♦♥
✐♥❢♦r♠❛t✐♦♥ ❛❝❤✐❡✈❡❞ ❢r♦♠ ❛ s✐♥❣❧❡ ✐♠❛❣❡ ❢r❛♠❡✳ ■♥ t❤❡



✶✹ ❑✳ ▼✉r❛✇s❦✐

s❡t✉♣ ✐♥ ❋✐❣✳ ✷ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s
❞❡t❡r♠✐♥❡❞ ✐♥ ❛ t✐♠❡ ♦❢ ❧❡ss t❤❛♥ ✶✻ ♠s✳ ❊①❛♠♣❧❡s ♦❢ t❤❡
r❡s✉❧ts ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ s❡q✉❡♥❝❡ ❛♥❛❧②s✐s ♦❢ ✐♠❛❣❡s ❛r❡
s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✶✳ ■♥ t❤❡ ♣r❡s❡♥t❡❞ ❝❛s❡ t❤❡ ✈♦✐❝❡ ❝♦✐❧ ✇❛s
❝♦♥tr♦❧❧❡❞ ✇✐t❤ ❛ ✈♦❧t❛❣❡ ✇✐t❤ ❛♥ ❛♠♣❧✐t✉❞❡ ✐♥ t❤❡ r❛♥❣❡
♦❢ ±2.5 ❱✳ ❚❤❡ ♠❡♠❜r❛♥❡ ✈✐❜r❛t✐♦♥ ❞✐❛❣r❛♠ ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✶✶❛ ✇❛s ❛❝❤✐❡✈❡❞ ❢♦r ❛ s✐♥✉s♦✐❞❛❧ ✐♥♣✉t s✐❣♥❛❧ ✇✐t❤
❛ ❢r❡q✉❡♥❝② ♦❢ ✵✳✺ ❍③✳ ❚❤❡ ❣r❛♣❤ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✶❜
✇❛s ❝r❡❛t❡❞ ❛s ❛ r❡s✉❧t ♦❢ ❝♦♥tr♦❧❧✐♥❣ t❤❡ ✈♦❧t❛❣❡ ♦❢ t❤❡
✈♦✐❝❡ ❝♦✐❧✱ ✇❤♦s❡ ❛♠♣❧✐t✉❞❡ ✇❛s ❝❤❛♥❣❡❞ ✐♥ ❛❝❝♦r❞❛♥❝❡
✇✐t❤ t❤❡ ♣❛tt❡r♥ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳ ❚❤❡ ❢r❡q✉❡♥❝② ♣❛r❛♠✲
❡t❡rs ♦❢ t❤❡ ✐♥♣✉t s✐❣♥❛❧ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✶❜✳

✹✳ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ❝♦♥❞✉❝t❡❞ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ s❤♦✇♥ t❤❛t ❛ ♠♦✲
t✐♦♥❧❡ss ❝❛♠❡r❛ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❧❡♥s ✇✐t❤ ❛ ✜①❡❞ ❢♦❝❛❧
❧❡♥❣t❤✱ ✉s✐♥❣ t❤❡ ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣ t❡❝❤♥✐q✉❡ ❬✶✻❪✱ ❛❧❧♦✇s
❞❡t❡r♠✐♥✐♥❣ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ r❡❧❛t✐✈❡
t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ❝❛♠❡r❛ ♦♥ t❤❡ ❜❛s✐s ♦❢ ❛ s✐♥❣❧❡ ✐♠✲
❛❣❡✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡
♠❡♠❜r❛♥❡ ✐s ♣♦ss✐❜❧❡ ❜❛s❡❞ ♦♥ t❤❡ ❛♥❛❧②s✐s ♦❢ ❛ s❡r✐❡s ♦❢
✐♠❛❣❡s✳
❆ ❝❛♠❡r❛ ✇✐t❤ ❛ r❡s♦❧✉t✐♦♥ ♦❢ 640 × 480 ♣✐①❡❧s

❛♥❞ ✻✵ ❢♣s ✇❛s ✉s❡❞ ✐♥ t❤❡ st✉❞②✳ ❚❤❡ ❝❛♠❡r❛ ♣❛r❛♠❡t❡rs
❛❧❧♦✇❡❞ ♠❡❛s✉r✐♥❣ t❤❡ ✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❡♠✲
❜r❛♥❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✻ ❍③ ❛♥❞ ❛♠♣❧✐t✉❞❡s ♦❢ ✈✐❜r❛t✐♦♥s
♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✐♥ t❤❡ ❡♥t✐r❡ ❞❡✢❡❝t✐♦♥ r❛♥❣❡✳
❚❤❡ ❛❝❝✉r❛❝② ♦❢ ♠❡❛s✉r✐♥❣ t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ♠❡♠✲

❜r❛♥❡ ✐♥ t❤❡ ♣r❡s❡♥t❡❞ t❡❝❤♥✐q✉❡ ✐s ❞✐r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧
t♦ t❤❡ ✐♠❛❣❡ r❡s♦❧✉t✐♦♥✳ ❋r❡q✉❡♥❝② ♠❡❛s✉r❡♠❡♥t ❛❝❝✉✲
r❛❝② ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❧❡♥❣t❤ ♦❢ r❡❝♦r❞❡❞
✐♠❛❣❡ s❡q✉❡♥❝❡✳ ❚❤❡ ♠❡❛s✉r❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ❞❡♣❡♥❞s
♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝q✉✐r❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ❢r❛♠❡s ♣❡r s❡❝✲
♦♥❞ ✭❋P❙✮✳

❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❚❤❡ ❛✉t❤♦r ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ Pr♦❢✳ ❚❛❞❡✉s③ P✉st❡❧♥②
❛s ✇❡❧❧ ❛s P❤✳❉✳ ❊♥❣✳ ●r③❡❣♦r③ ❑♦♥✐❡❝③♥② ❢r♦♠ t❤❡ ❙✐❧❡✲
s✐❛♥ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ✇❤♦s❡ ♣✉❜❧✐❝❛t✐♦♥s ❤❛✈❡
❜❡❡♥ ❛♥ ✐♥s♣✐r❛t✐♦♥ ❢♦r t❤✐s ✇♦r❦✳
❚❤❡ ✇♦r❦ ✇❛s ♣r❡s❡♥t❡❞ ❛t t❤❡ ✽t❤ ❈♦♥❢❡r❡♥❝❡ ■♥t❡✲

❣r❛t❡❞ ❖♣t✐❝s ✖ ❙❡♥s♦rs✱ ❙❡♥s✐♥❣ ❙tr✉❝t✉r❡s ❛♥❞ ▼❡t❤✲
♦❞s✱ ■❖❙✬✷✵✶✹ s♣♦♥s♦r❡❞ ❜② P♦❧✐s❤ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✳
❚❤❡ ❝♦♥❢❡r❡♥❝❡ ✇❛s ♦r❣❛♥✐③❡❞ ❜② t❤❡ ❈♦♠♠✐tt❡❡ ♦❢ ❊❧❡❝✲
tr♦♥✐❝s ❛♥❞ ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥ ❛t t❤❡ P♦❧✐s❤ ❆❝❛❞❡♠② ♦❢
❙❝✐❡♥❝❡s ✐♥ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤ t❤❡ ❯♣♣❡r ❙✐❧❡s✐❛♥ ❉✐✈✐s✐♦♥
♦❢ t❤❡ P♦❧✐s❤ ❆❝♦✉st✐❝❛❧ ❙♦❝✐❡t② ❛♥❞ P❤♦t♦♥✐❝ ❙♦❝✐❡t② ♦❢
P♦❧❛♥❞✱ ❛s ✇❡❧❧ ❛s t❤❡ ❉❡♣❛rt♠❡♥t ♦❢ ❖♣t♦❡❧❡❝tr♦♥✐❝s ❛t
t❤❡ ❙✐❧❡s✐❛♥ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❱❊●❆ ❆♠❡r✐❝❛s✱ ■♥❝✳✱ ❚❡❝❤♥♦❧♦❣✐❡s✱ ❙♦❧✉t✐♦♥s✱ ❛♥❞
❆♣♣❧✐❝❛t✐♦♥s ✖ Pr❡ss✉r❡ ▼❡❛s✉r❡♠❡♥t✱ ✷✵✶✹✳

❬✷❪ ❲■❑❆ ■♥str✉♠❡♥t ❈♦r♣♦r❛t✐♦♥✱ ❲■❑❆ ❍❛♥❞❜♦♦❦ ✖
Pr❡ss✉r❡ ✫ ❚❡♠♣❡r❛t✉r❡ ▼❡❛s✉r❡♠❡♥t ❯✳❙✳ ❊❞✐t✐♦♥✱
✷✵✶✹✳

❬✸❪ ●✳ ❑♦♥✐❡❝③♥②✱ ❩✳ ❖♣✐❧s❦✐✱ ❚✳ P✉st❡❧♥②✱ ❊✳ ▼❛❝✐❛❦✱
❆❝t❛ P❤②s✳ P♦❧✳ ❆ ✶✶✻✱ ✸✹✹ ✭✷✵✵✾✮✳

❬✹❪ ❚✳ ▼❛rt②♥❦✐❡♥✱ ▼✳ ❙③♣✉❧❛❦✱ ●✳ ❙t❛t❦✐❡✇✐❝③✱ ●✳ ●♦❧♦✲
❥✉❝❤✱ ❏✳ ❖❧s③❡✇s❦✐✱ ❲✳ ❯r❜❛♥❝③②❦✱ ❏✳ ❲♦❥❝✐❦✱
P✳ ▼❡r❣♦✱ ▼✳ ▼❛❦❛r❛✱ ❚✳ ◆❛s✐❧♦✇s❦✐✱ ❋✳ ❇❡r❣❤♠❛♥s✱
❍✳ ❚❤✐❡♥♣♦♥t✱ ❖♣t✳ ◗✉❛♥t✳ ❊❧❡❝tr♦♥✳ ✸✾✱ ✹✽✶ ✭✷✵✵✼✮✳

❬✺❪ ❚✳ ▼❛rt②♥❦✐❡♥✱ ●✳ ❙t❛t❦✐❡✇✐❝③✱ ▼✳ ❙③♣✉❧❛❦✱ ❏✳ ❖❧✲
s③❡✇s❦✐✱ ●✳ ●♦❧♦❥✉❝❤✱ ❲✳ ❯r❜❛♥❝③②❦✱ ❏✳ ❲♦❥❝✐❦✱
P✳ ▼❡r❣♦✱ ▼✳ ▼❛❦❛r❛✱ ❚✳ ◆❛s✐❧♦✇s❦✐✱ ❋✳ ❇❡r❣❤♠❛♥s✱
❍✳ ❚❤✐❡♥♣♦♥t✱ ▼❡❛s✳ ❙❝✐✳ ❚❡❝❤♥♦❧✳ ✶✽✱ ✸✵✺✺ ✭✷✵✵✼✮✳

❬✻❪ ●✳ ❑♦♥✐❡❝③♥②✱ ❩✳ ❖♣✐❧s❦✐✱ ❚✳ P✉st❡❧♥②✱ ❆❝t❛ P❤②s✳
P♦❧✳ ❆ ✶✷✵✱ ✻✽✽ ✭✷✵✶✶✮✳

❬✼❪ ●✳ ❑♦♥✐❡❝③♥②✱ ❚✳ P✉st❡❧♥②✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆ ✶✷✷✱
✾✻✷ ✭✷✵✶✷✮✳

❬✽❪ ●✳ ❑♦♥✐❡❝③♥②✱ ❚✳ P✉st❡❧♥②✱ P✳ ▼❛r❝③②➠s❦✐✱ ❆❝t❛ P❤②s✳
P♦❧✳ ❆ ✶✷✹✱ ✹✼✾ ✭✷✵✶✸✮✳

❬✾❪ ●✳ ❑♦♥✐❡❝③♥②✱ ❚✳ P✉st❡❧♥②✱ P✳ ▼❛r❝③②➠s❦✐✱ ❆❝t❛ P❤②s✳
P♦❧✳ ❆ ✶✷✹✱ ✹✽✸ ✭✷✵✶✸✮✳

❬✶✵❪ ❆✳❆✳ ❉♦rr✐♥❣t♦♥✱ ❚✳❲✳ ❏♦♥❡s✱ P✳▼✳ ❉❛♥❡❤②✱
❘✳❙✳ P❛♣♣❛✱ ❆■❆❆ ❏✳ ✹✷✱ ✷✶✷✹ ✭✷✵✵✹✮✳

❬✶✶❪ ❙✳ ❇✐♥✉❛✱ ❱✳P✳ ▼❛❤❛❞❡✈❛♥ P✐❧❧❛✐❛✱ ◆✳ ❈❤❛♥✲
❞r❛s❡❦❛r❛♥✱ ❖♣t✳ ▲❛s❡r ❚❡❝❤♥♦❧✳ ✸✾✱ ✶✺✸✼ ✭✷✵✵✼✮✳

❬✶✷❪ ❑✳ ▼✉r❛✇s❦✐✱ Pr③❡❣❧→❞ ❊❧❡❦tr♦t❡❝❤♥✐❝③♥② ✾✱ ✶✽✹
✭✷✵✶✵✮ ✭✐♥ P♦❧✐s❤✮✳

❬✶✸❪ ❑✳ ▼✉r❛✇s❦✐✱ ✐♥✿ Pr♦❝✳ ❳❱ ■♥t✳ ❈♦♥❢✳ ♦♥ ▼❡t❤♦❞s
❛♥❞ ▼♦❞❡❧s ✐♥ ❆✉t♦♠❛t✐♦♥ ❛♥❞ ❘♦❜♦t✐❝s ✭▼▼❆❘✮✱
▼✐➛❞③②③❞r♦❥❡ ✭P♦❧❛♥❞✮✱ ✷✵✶✵✱ ♣✳ ✸✺✻✳

❬✶✹❪ ❑✳ ▼✉r❛✇s❦✐✱ ❘✳ ❘ó➺②❝❦✐✱ P✳ ▼✉r❛✇s❦✐✱ ❆✳ ▼❛t②❥❛✱
▼✳ ❘❡❦❛s✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆ ✶✷✹✱ ✺✶✼ ✭✷✵✶✸✮✳

❬✶✺❪ ❑✳ ▼✉r❛✇s❦✐✱ ❑✳ ❘ó➺❛♥♦✇s❦✐✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆
✶✷✹✱ ✺✵✾ ✭✷✵✶✸✮✳

❬✶✻❪ ❑✳ ▼✉r❛✇s❦✐✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆ ✶✷✼✱ ♣✷✸ ✭✷✵✶✺✮✳

❬✶✼❪ ❑✳ ❘ó➺❛♥♦✇s❦✐✱ ❑✳ ▼✉r❛✇s❦✐✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆ ✶✷✷✱
✽✼✹ ✭✷✵✶✷✮✳

❬✶✽❪ ❑✳ ▼✉r❛✇s❦✐✱ ❚✳ ❆r❝✐s③❡✇s❦✐✱ ❑✳ ❉❡ ❏♦♥❣✱ ❊♥❣✳
❈♦♠♣✉t✳ ✶✻✱ ✷✼✺ ✭✷✵✵✵✮✳

❬✶✾❪ ❑✳ ❘ó➺❛♥♦✇s❦✐✱ ❑✳ ▼✉r❛✇s❦✐✱ ❆❝t❛ P❤②s✳ P♦❧✳ ❆
✶✷✹✱ ✺✺✽ ✭✷✵✶✸✮✳

http://przyrbwn.icm.edu.pl/APP/PDF/116/a116z325.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/120/a120z4p26.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/120/a120z4p26.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/122/a122z5p38.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/122/a122z5p38.pdf
http://dx.doi.org/10.12693/APhysPolA.124.479
http://dx.doi.org/10.12693/APhysPolA.124.479
http://dx.doi.org/10.12693/APhysPolA.124.483
http://dx.doi.org/10.12693/APhysPolA.124.483
http://dx.doi.org/10.2514/1.5988
http://dx.doi.org/10.1016/j.optlastec.2006.12.008
http://dx.doi.org/10.1109/MMAR.2010.5587207
http://dx.doi.org/10.1109/MMAR.2010.5587207
http://dx.doi.org/10.1109/MMAR.2010.5587207
http://dx.doi.org/10.12693/APhysPolA.124.517
http://dx.doi.org/10.12693/APhysPolA.124.509
http://dx.doi.org/10.12693/APhysPolA.124.509
http://dx.doi.org/10.12693/APhysPolA.127.1591{2015}
http://przyrbwn.icm.edu.pl/APP/PDF/122/a122z5p21.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/122/a122z5p21.pdf
http://dx.doi.org/10.1007/PL00013716
http://dx.doi.org/10.1007/PL00013716
http://dx.doi.org/10.12693/APhysPolA.124.558
http://dx.doi.org/10.12693/APhysPolA.124.558

