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❈♦♠ ♦ ❛✈❛♥&♦ ❞❛ (❡❝♥♦❧♦❣✐❛✱ ❛ ✐♥(❡/❛&0♦ ❤♦♠❡♠✲/♦❜4 ♣❛/❛ ❛ /❡❛❧✐③❛&0♦ ❞❡ (❛/❡❢❛8

(❡♠ 8❡ (♦/♥❛❞♦ ❝❛❞❛ ✈❡③ ♠❛✐8 ✐♥(❡/❡88❛♥(❡✳ ❊8♣❡/❛✲8❡ ;✉❡ ♦8 /♦❜48 ♣♦88❛♠ 8❡/ =(❡✐8 ♥♦

❛♠❜✐❡♥(❡ ❞♦♠✐❝✐❧✐❛/ ♦✉ ❞❡ (/❛❜❛❧❤♦✱ (/❛③❡♥❞♦ ❞✐✈❡/8♦8 ❜❡♥❡❢>❝✐♦8 ;✉❡ ✈0♦ ❞❡8❞❡ ❛ /❡✐♥(❡✲

❣/❛&0♦ ❞❡ ♣❡88♦❛8 ❝♦♠ ❞❡✜❝✐@♥❝✐❛ A 8♦❝✐❡❞❛❞❡ ❡ ❛♦ ❡♠♣/❡❣♦✱ ❛(B ❛ ♠❡❧❤♦/✐❛ ❞❛ ❡/❣♦♥♦♠✐❛

❡ ❞❛8 ❝♦♥❞✐&C❡8 ❞❡ (/❛❜❛❧❤♦✱ 8♦❜/❡(✉❞♦ ❡♠ ❛♠❜✐❡♥(❡8 ♣❡/✐❣♦8♦8 ♦✉ ❡♠ ❛(✐✈✐❞❛❞❡8 ;✉❡

❡♥✈♦❧✈❡♠ ❡8❢♦/&♦8 ✐♥❛❞❡;✉❛❞♦8 ❛♦ 8❡/ ❤✉♠❛♥♦✳ ❚❡♥❞♦ ❡♠ ✈✐8(❛ ❡88❛ ❡①♣❡❝(❛(✐✈❛✱ (❡♠✲8❡

❜✉8❝❛❞♦ ❢♦/♠❛8 ❝❛❞❛ ✈❡③ ♠❛✐8 ♥❛(✉/❛✐8 ❡ ✐♥(✉✐(✐✈❛8 ❞❡ 8❡ ❝♦♥(/♦❧❛/ ♦8 /♦❜48✱ ♣♦/ ♠❡✐♦ ❞❡

(B❝♥✐❝❛8 ;✉❡ ❝❛♣(❛♠ ❛ ✐♥(❡♥&0♦ ❞❡ ♠♦✈✐♠❡♥(♦ ❛ ✜♠ ❞❡ ;✉❡ ✉♠ /♦❜4 ♣♦88❛ /❡♣/♦❞✉③✐✲

❧♦✳ ❊♥(/❡(❛♥(♦✱ ❛♣❡8❛/ ❞♦8 ❛✈❛♥&♦8 ♥❛ /♦❜F(✐❝❛ ♥♦8 =❧(✐♠♦8 ❛♥♦8 ❡ ❞♦ ❞❡8❡♥✈♦❧✈✐♠❡♥(♦

❞❡ ❞✐✈❡/8❛8 (B❝♥✐❝❛8 ;✉❡ ♣♦❞❡♠ 8❡/ ✉(✐❧✐③❛❞❛8 ♣❛/❛ ♦ ❝♦♥(/♦❧❡ (❡❧❡♦♣❡/❛❞♦ ❞❡ /♦❜48✱ ♦

❛❝❡88♦ A ♣♦♣✉❧❛&0♦ B /❡8(/✐(♦ ❡ ♦ ❝✉8(♦ ❞❡ (❛✐8 ❞✐8♣♦8✐(✐✈♦8 ❛✐♥❞❛ B ♣/♦✐❜✐(✐✈♦✳ ◆❡8(❡

❝♦♥(❡①(♦✱ ♦ ♣/❡8❡♥(❡ (/❛❜❛❧❤♦ ❛♣/❡8❡♥(❛ ♦ ❡8(✉❞♦ ❡ ❞❡8❡♥✈♦❧✈✐♠❡♥(♦ ❞❡ ✉♠ 8✐8(❡♠❛ ❞❡

✐♥8(/✉♠❡♥(❛&0♦ ❞❡ ❜❛✐①♦ ❝✉8(♦ ♣❛/❛ ✐♥❢❡/✐/ ❣❡8(♦8 ❞♦ ❜/❛&♦ ❡ ❞❛ ♠0♦ ♣❛/❛ ♦ ❝♦♥(/♦❧❡

(❡❧❡♦♣❡/❛❞♦ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦/ /♦❜F(✐❝♦ ❝♦♥8(✐(✉>❞♦ ❞❡ ❞♦✐8 ❣/❛✉8 ❞❡ ❧✐❜❡/❞❛❞❡ ❡ ✉♠

❡❢❡(✉❛❞♦/✱ ✉(✐❧✐③❛♥❞♦ 8❡♥8♦/❡8 ✐♥❡/❝✐❛✐8 ❡ ❡❧❡(/♦♠✐♦❣/❛✜❛✳ ❖ 8✐8(❡♠❛ ✐♥❡/❝✐❛❧ B ✉8❛❞♦

♣❛/❛ ♠❡❞✐/ ♦8 ♠♦✈✐♠❡♥(♦8 ❞♦ ❜/❛&♦ ❞❡ ❛/❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛ ♣❛/❛ ♦ ❝♦♥(/♦❧❡ ❞❛8 ❥✉♥(❛8

❞♦ /♦❜4 ❡ ❛ ❡❧❡(/♦♠✐♦❣/❛✜❛ ❢♦✐ ❛♣❧✐❝❛❞❛ ♣❛/❛ ❝❧❛88✐✜❝❛/ ♦ ❣❡8(♦ /❡❛❧✐③❛❞♦ ♣❡❧❛ ♠0♦✱ ❛

✜♠ ❞❡ ❝♦♥(/♦❧❛/ ♦ ❡❢❡(✉❛❞♦/ ❡♠ ❞♦✐8 ❡8(❛❞♦8✿ ❛❜❡/(♦ ♦✉ ❢❡❝❤❛❞♦✳ ❙✐8(❡♠❛8 ❝♦♠♦ ❡88❡

♣♦❞❡♠ 8❡/ ✉8❛❞♦8 ♣♦/ ♣❡88♦❛8 8❡♠ ❞❡✜❝✐@♥❝✐❛ ❡ ♣♦/ ♣❡88♦❛8 ;✉❡ (❡♥❤❛♠ 8♦❢/✐❞♦ ✉♠❛

❛♠♣✉(❛&0♦ (/❛♥8/❛❞✐❛❧✱ ♦✉ 8❡❥❛✱ ❡♥(/❡ ♦ ♣✉❧8♦ ❡ ♦ ❝♦(♦✈❡❧♦✳ ❆❧B♠ ❞✐88♦✱ 8✉❛8 ❛♣❧✐❝❛&C❡8

♥0♦ ❡8(0♦ /❡8(/✐(❛8 ❛♣❡♥❛8 ❛♦ ❝♦♥(/♦❧❡ ❞❡ /♦❜48✱ ✉♠❛ ✈❡③ ;✉❡ ♦ 8✐8(❡♠❛ ❞❡ ♠❡❞✐&0♦ ♣♦❞❡

8❡/ ✉8❛❞♦ ♣❛/❛ ❝♦♥(/♦❧❛/ ♦✉(/♦8 ❞✐8♣♦8✐(✐✈♦8 ❝♦♠♦ ❡❧❡(/♦❞♦♠B8(✐❝♦8✱ ❥♦❣♦8 ❞❡ /❡❛❧✐❞❛❞❡

✈✐/(✉❛❧ ♦✉ ❛(B ♠❡8♠♦ ✉♠❛ ❝❛❞❡✐/❛✲❞❡✲/♦❞❛8✱ ❝♦♠ ❛8 ❞❡✈✐❞❛8 ❛❞❛♣(❛&C❡8✳ ❘❡8✉❧(❛❞♦8 ❡①✲

♣❡/✐♠❡♥(❛✐8 ♠♦8(/❛♠ ;✉❡ (❛✐8 (B❝♥✐❝❛8 80♦ ❜❛8(❛♥(❡ ♣/♦♠✐88♦/❛8✳ ❆8 ♣♦8✐&C❡8 ❛♥❣✉❧❛/❡8

♠❡❞✐❞❛8 ♣❡❧♦ 8✐8(❡♠❛ ✐♥❡/❝✐❛❧ ♣/♦♣♦8(♦ ❛♣/❡8❡♥(❛/❛♠ ❡♠ ♠B❞✐❛ ✉♠ ❡//♦ ♠❡♥♦/ ;✉❡ 1,5◦

♥❛ ✐♠♣❧❡♠❡♥(❛&0♦ ❞♦ ✜❧(/♦ ❝♦♠♣❧❡♠❡♥(❛/ ❡ 1,3◦ ♣❛/❛ ♦ ✜❧(/♦ ❞❡ ❑❛❧♠❛♥✳ ❆ ❝❧❛88✐✜❝❛&0♦

❞♦ ❣❡8(♦ /❡❛❧✐③❛❞♦ ♣❡❧❛ ♠0♦✱ ❡♠ (❡8(❡8 ❝♦♠ ✈✐♥(❡ ✐♥❞✐✈>❞✉♦8✱ ❛♣/❡8❡♥(♦✉ ❛❝✉/O❝✐❛ ❡♥(/❡

✾✸✱✺✪ ❡ ✶✵✵✱✵✪✱ ♣❛/❛ ♦ ♣✐♦/ ❡ ♦ ♠❡❧❤♦/ ❝❛8♦✱ /❡8♣❡❝(✐✈❛♠❡♥(❡✳ ➱ ❞❡♠♦♥8(/❛❞♦ ❛✐♥❞❛

;✉❡ (❛✐8 ❡//♦8 ♥0♦ ❝♦♠♣/♦♠❡(❡♠ ♦ ❝♦♥(/♦❧❡ ❞♦ /♦❜4 ❡♠ ✈O/✐❛8 ❛(✐✈✐❞❛❞❡8 ;✉❡ ♥0♦ ❡①✐❣❡♠

❣/❛♥❞❡ ♣/❡❝✐80♦✱ ❝♦♠♦ ♣♦/ ❡①❡♠♣❧♦✱ ❞❡8❧♦❝❛/ ✉♠ ♦❜❥❡(♦ ❞❡ ✉♠ ♣♦♥(♦ ❛ ♦✉(/♦✳

 ❛❧❛✈$❛%✲❝❤❛✈❡✿ ■♥(❡/❛&0♦ ❍♦♠❡♠✲❘♦❜4✱ ❙❡♥8♦/❡8 ■♥❡/❝✐❛✐8✱ ❊❧❡(/♦♠✐♦❣/❛✜❛✱ ▼❛♥✐✲
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❋❑ ❋✐❧%&♦ ❞❡ ❑❛❧♠❛♥❀

❋❈ ❋✐❧%&♦ ❈♦♠♣❧❡♠❡♥%❛&❀

❆❈❍ ❆❝❡%✐❧❝♦❧✐♥❛❀

▼❯❆? ▼♦%♦, ❯♥✐% ❆❝%✐♦♥ :♦%❡♥%✐❛❧ ❀

■❆ ■♥7%,✉♠❡♥%❛%✐♦♥ ❆♠♣❧✐✜❡, ❀

❡ ❊&&♦❀

❞❡ ❉❡0✈✐♦ ❞♦ ❡&&♦❀

▲❆❈❖■ ▲❛❜♦&❛%K&✐♦ ❞❡ ❈♦♥%&♦❧❡ ❡ ■♥0%&✉♠❡♥%❛LM♦✳

①✈✐✐
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❖ !❡#♠♦ #♦❜' ❢♦✐ ✐♥!#♦❞✉③✐❞♦ ♣❡❧❛ ♣#✐♠❡✐#❛ ✈❡③ ❡♠ ✶✾✷✵ ♣❡❧♦ ❡6❝#✐!♦# !❝❤❡❝♦ ❑❛#❡❧

❈❛♣❡❦✱ ❡♠ 6✉❛ ♣❡=❛ ❘♦""✉♠✬" ❯♥✐✈❡+"❛❧ ❘♦❜♦/"✳ ❊♠ 6✉❛ ❧@♥❣✉❛ ❞❡ ♦#✐❣❡♠✱ ❛ ♣❛❧❛✈#❛

+♦❜♦/❛ 6✐❣♥✐✜❝❛ !#❛❜❛❧❤♦✱ ♠❛6 ❢♦✐ ✉6❛❞❛ ♣♦# ❈❛♣❡❦ ♣❛#❛ ❞❡6❝#❡✈❡# !#❛❜❛❧❤❛❞♦#❡6 ❤✉♠❛✲

♥D✐❞❡6 ❢❛❜#✐❝❛❞♦6 ❛♦6 ♠✐❧❤❛#❡6 ✭◆♦❝❦6✱ ✷✵✵✼❀ ●♦♦❞#✐❝❤ ❡ ❙❝❤✉❧!③✱ ✷✵✵✼✮✳

❆ ♣❛#!✐# ❞❛@✱ ❛ ♣❛❧❛✈#❛ #♦❜' 6❡ !♦#♥♦✉ ♣♦♣✉❧❛# ❡♥!#❡ ❡6❝#✐!♦#❡6 ❞❡ ✜❝=M♦ ❝✐❡♥!@✜❝❛

❡ ❡♠ ✶✾✻✵✱ ❡♥❣❡♥❤❡✐#♦6 ❝♦♠❡=❛#❛♠ ❛ ❛♣❧✐❝❛# ♦ !❡#♠♦ #♦❜' ♣❛#❛ ❞❡6✐❣♥❛# ♠OP✉✐♥❛6 ✐♥✲

❞✉6!#✐❛✐6 ♣#♦❣#❛♠O✈❡✐6 ❝❛♣❛③❡6 ❞❡ #❡❛❧✐③❛# ✉♠❛ 6Q#✐❡ ❞❡ !❛#❡❢❛6 #❡♣❡!✐!✐✈❛6 ❞❡ ❢♦#♠❛

❛✉!'♥♦♠❛ ✭◆♦❝❦6✱ ✷✵✵✼✮✳ ❊♥!#❡ ✶✾✻✵ ❡ ✶✾✾✵✱ ♦6 #♦❜'6 ✐♥❞✉6!#✐❛✐6 ❞♦♠✐♥❛#❛♠ ❛6 ♣❡6P✉✐✲

6❛6 ♥❛ O#❡❛ ❞❡ #♦❜D!✐❝❛ ✭●❛#❝✐❛ ❡/ ❛❧✳✱ ✷✵✵✼✮✳ ◆❡6!❡ ♣❡#@♦❞♦✱ ❛6 ♣#✐♥❝✐♣❛✐6 ❛♣❧✐❝❛=R❡6 ❞♦6

#♦❜'6 ❢♦#❛♠ ❡♠ !❛#❡❢❛6 ❞❡6❣❛6!❛♥!❡6 ❡ #❡♣❡!✐!✐✈❛6✱ ♥❛6 P✉❛✐6 ♦ ❤♦♠❡♠ ♣♦❞❡ 6❡# ❧❡✈❛❞♦ S

♥❡❣❧✐❣T♥❝✐❛ ♣❡❧❛ #♦!✐♥❛✱ ❛♣#❡6❡♥!❛♥❞♦ ❝♦♠♦ ♣#✐♥❝✐♣❛✐6 ❜❡♥❡❢@❝✐♦6 ❛ #❡❞✉=M♦ ❞❡ ❛❝✐❞❡♥!❡6

❞❡ !#❛❜❛❧❤♦ ❡ ♦ ❛✉♠❡♥!♦ ❞❛ ♣#♦❞✉=M♦✳

❈♦♠ ❛ #O♣✐❞❛ ♠♦❞❡#♥✐③❛=M♦ ❡ ♦6 ❛✈❛♥=♦6 ❞❛ !❡❝♥♦❧♦❣✐❛✱ ♦✉!#❛6 ❛♣❧✐❝❛=R❡6 ♣❛#❛ ♦

✉6♦ ❞♦6 #♦❜'6 ❢♦#❛♠ !♦#♥❛♥❞♦✲6❡ ❝❛❞❛ ✈❡③ ♠❛✐6 ✈✐O✈❡✐6✳ ❈♦♠ ✐66♦✱ ❡6♣❡#❛✲6❡ P✉❡ ♦6

#♦❜'6 ❢❛=❛♠ ♣❛#!❡ ❞♦ ❝♦!✐❞✐❛♥♦✱ ❝♦♠♦ ♣♦# ❡①❡♠♣❧♦✱ ❛✉①✐❧✐❛♥❞♦ ♣#♦✜66✐♦♥❛✐6 ❞❡ ❞✐✈❡#6❛6

O#❡❛6 ✭❯♥❧✉!✉#❦ ❡ ❆②❞♦❣❞✉✱ ✷✵✶✸❀ Y✐6❧❛ ❡/ ❛❧✳✱ ✷✵✶✸❀ ▼❛❤❛❞❤✐# ❡/ ❛❧✳✱ ✷✵✶✹✮✱ ❜❡♠ ❝♦♠♦✱

❛❥✉❞❛♥❞♦ ♣❡66♦❛6 ♥❛ #❡❛❧✐③❛=M♦ ❞❡ !❛#❡❢❛6 ❞♦♠Q6!✐❝❛6 ✭Y❛❧❧❡❥❛ ❡/ ❛❧✳✱ ✷✵✶✵❀ ❋✐6❝❤✐♥❣❡#

❡/ ❛❧✳✱ ✷✵✶✹✮✳ ❆66✐♠✱ !❡♠✲6❡ ✉♠ ♥♦✈♦ ♦❜❥❡!♦ ❞❡ ❡6!✉❞♦✱ ❛ ■♥!❡#❛=M♦ ❍♦♠❡♠✲❘♦❜' ✭■❍❘✮✳

❆ ■♥!❡#❛=M♦ ❍♦♠❡♠✲❘♦❜' ✏Q ✉♠ ❝❛♠♣♦ ❞❡ ❡6!✉❞♦ ❞❡❞✐❝❛❞♦ S ❝♦♠♣#❡❡♥6M♦✱ ❡❧❛❜♦✲

#❛=M♦ ❡ ❛✈❛❧✐❛=M♦ ❞❡ 6✐6!❡♠❛6 #♦❜D!✐❝♦6 ♣❡❧♦ ✉6♦ ♣♦# ♦✉ ❝♦♠ 6❡#❡6 ❤✉♠❛♥♦6✑ ●♦♦❞#✐❝❤

❡ ❙❝❤✉❧!③ ✭✷✵✵✼✮✳ ❊6!❛ ✐♥!❡#❛=M♦ ♣♦❞❡ ♦❝♦##❡# ♣♦# ♠❡✐♦ ❞❡ #♦❜'6 ❛66✐6!❡♥!❡6✱ ✐♥!❡#❛=M♦

❢@6✐❝❛✱ ✐♥!❡#❛=M♦ 6♦❝✐❛❧ ♦✉ !❡❧❡♦♣❡#❛=M♦✳ ❉❡✈✐❞♦ S 6✉❛ ♠✉❧!✐❞✐6❝✐♣❧✐♥❛#✐❞❛❞❡ ❡ S ✈❛6!❛

❛♣❧✐❝❛=M♦✱ ❛ ■❍❘ !❡♠ 6✐❞♦ ♦❜❥❡!♦ ❞❡ ❡6!✉❞♦ ❞❡ ❞✐✈❡#6❛6 O#❡❛6 ❝♦♠♦ ❡♥❣❡♥❤❛#✐❛6 ✭▲✉♦ ❡

❲✉✱ ✷✵✶✷✮✱ ♥❡✉#♦❝✐T♥❝✐❛ ✭▼❛❞❞❡♥ ❡/ ❛❧✳✱ ✷✵✶✵✮✱ ♠❡❞✐❝✐♥❛ ✭●❛#❝✐❛✲❆#❛❝✐❧ ❡/ ❛❧✳✱ ✷✵✶✹✮✱

✐♥!❡❧✐❣T♥❝✐❛ ❝♦♠♣✉!❛❝✐♦♥❛❧ ✭❍❛6❛♥✉③③❛♠❛♥ ❡/ ❛❧✳✱ ✷✵✵✼✮✱ ♣6✐❝♦❧♦❣✐❛ ✭❉♦♠✐♥❡② ❡ ❲❛#♥❡✲
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❈❛♣#$✉❧♦ ✶✳ ■♥$,♦❞✉./♦ ✷

❦❡♥✱ ✷✵✶✶✮✱ ❡♥$,❡ ♦✉$,❛6✳

❖ ,❛♠♦ ❞❛ $❡❧❡♦♣❡,❛./♦✱ ❢♦❝♦ ❞❡ ❡6$✉❞♦ ❞❡6$❡ $,❛❜❛❧❤♦✱ ,❡❢❡,❡✲6❡ ❛♦ ❝♦♥$,♦❧❡ ❞❡ ✉♠

,♦❜> ? ❞✐6$A♥❝✐❛ ♣♦, ✉♠ ❤✉♠❛♥♦ ✭❍♦❦❛②❡♠ ❡ ❙♣♦♥❣✱ ✷✵✵✻✮✳ ◆❡6$❛ ❝♦♦♣❡,❛./♦✱ ❞❡6$❛❝❛✲

6❡ ❛ ❛66♦❝✐❛./♦ ❡♥$,❡ ❛ ✐♥$❡❧✐❣I♥❝✐❛ ❤✉♠❛♥❛✱ ❛ J✉❛❧ K 6✉♣❡,✐♦, ?J✉❡❧❛ ❞❡6❡♥✈♦❧✈✐❞❛ ♣❡❧♦6

❛$✉❛✐6 6✐6$❡♠❛6 ❞❡ ❝♦♥$,♦❧❡✱ ❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣♦$I♥❝✐❛ ♠❡❝A♥✐❝❛ ❞♦ ,♦❜>✱ J✉❡ ♣♦, 6✉❛

✈❡③✱ K 6✉♣❡,✐♦, ?J✉❡❧❛ ❞❡6❡♥✈♦❧✈✐❞❛ ♣❡❧❛ ♠✉6❝✉❧❛$✉,❛ ❤✉♠❛♥❛✳ ❖✉$,♦ ❢❛$♦, ✐♥$❡,❡66❛♥$❡

K J✉❡ ♦ ,♦❜> ♣♦❞❡ ,❡❛❧✐③❛, $❛,❡❢❛6 ❡♠ ❧♦❝❛✐6 ♣❡,✐❣♦6♦6 ♦✉ ✐♥N6♣✐$♦6✱ ❡♥J✉❛♥$♦ ♦ ❤✉♠❛♥♦

♣♦❞❡ ❝♦♥$,♦❧O✲❧♦ ❝♦♠ ❝♦♥❢♦,$♦ ❡ ❡♠ ✉♠ ❧♦❝❛❧ 6❡❣✉,♦ ✭❑✐♠ ❡! ❛❧✳✱ ✷✵✵✻❀ R❛,❦ ❡! ❛❧✳✱ ✷✵✶✹✮✳

❚,❛❞✐❝✐♦♥❛❧♠❡♥$❡✱ ♦6 ♣,✐♠❡✐,♦6 ✐♥6$,✉♠❡♥$♦6 ✉$✐❧✐③❛❞♦6 ♥❛ $❡❧❡♦♣❡,❛./♦ ❝♦♠♦ ♠❡✐♦

❞❡ ❝♦♠✉♥✐❝❛./♦ ❡♥$,❡ ❤♦♠❡♠ ❡ ,♦❜> ❢♦,❛♠ ♦6 ❥♦②'!✐❝❦' ❡ ♦6 $❡❝❧❛❞♦6 ❞❡ ❝♦♠♣✉$❛❞♦,

✭●✉❧❧✐❦6❡♥ ❡! ❛❧✳✱ ✷✵✵✾✮✳ ❊66❛6 ✐♥$❡,❢❛❝❡6 6/♦ ✐♥$❡,❡66❛♥$❡6 ❡♠ ❛$✐✈✐❞❛❞❡6 ♠❛✐6 6✐♠♣❧❡6

❡ J✉❡ ❡①✐❣❡♠ ✉♠ ♠❡♥♦, ❣,❛✉ ❞❡ ❧✐❜❡,❞❛❞❡ ♣❛,❛ 6❡,❡♠ ❡①❡❝✉$❛❞❛6✳ ❊♠ ❛$✐✈✐❞❛❞❡6 ♠❛✐6

❝♦♠♣❧❡①❛6✱ $❡♠✲6❡ ♣❡♥6❛❞♦ ❡♠ ❛❧$❡,♥❛$✐✈❛6 ♣♦, ♠❡✐♦ ❞❛6 J✉❛✐6 ♦ ❝♦♥$,♦❧❡ ❞♦ ,♦❜> ♣♦66❛

6❡, ,❡❛❧✐③❛❞♦ ❞❡ ✉♠❛ ♠❛♥❡✐,❛ ♠❛✐6 ✐♥$✉✐$✐✈❛✱ ♣♦, ♠❡✐♦ ❞❡ ❞✐6♣♦6✐$✐✈♦6 J✉❡ ♠❡.❛♠ ♦ ♠♦✲

✈✐♠❡♥$♦ ❤✉♠❛♥♦ ❛ ✜♠ ❞❡ J✉❡ ♦ ,♦❜> ♣♦66❛ ✐♠✐$O✲❧♦ ✭▲✉♦ ❡! ❛❧✳✱ ✷✵✶✸❀ ▲❡✐ ❡! ❛❧✳✱ ✷✵✶✹✮✳

❊66❡6 ❡6$✉❞♦6 $I♠ 6❡ ✐♥$❡♥6✐✜❝❛❞♦ ♥♦6 \❧$✐♠♦6 ❛♥♦6 ❡ ❞✐✈❡,6❛6 $K❝♥✐❝❛6 ♣❛,❛ ❝❛♣$❛./♦

❞♦ ♠♦✈✐♠❡♥$♦ ❤✉♠❛♥♦ $I♠ 6✐❞♦ ❞❡6❡♥✈♦❧✈✐❞❛6✳ R❛,❛❧❡❧♦ ❛ ✐66♦✱ ✈✐6$♦ ♦ ❣,❛♥❞❡ ♥\♠❡,♦

❞❡ ♣❡66♦❛6 ❝♦♠ ❞❡✜❝✐I♥❝✐❛ ♠♦$♦,❛✱ ♠✉✐$❛6 ❞❡66❛6 ♣❡6J✉✐6❛6 $I♠ 6✐❞♦ ❞❡❞✐❝❛❞❛6 ❛ ❞✐6✲

♣♦6✐$✐✈♦6 J✉❡ ♣♦66❛♠ 6❡, ✉$✐❧✐③❛❞♦6 ❞❡ ❢♦,♠❛ ❛ ❝❛♣$❛, ❛ ✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦ ❞❡66❛6

♣❡66♦❛6 ❡ $,❛♥6♠✐$✐✲❧❛ ❛ ✉♠ ,♦❜> ❛66✐6$❡♥$❡ J✉❡ ♣♦66❛ ❛✉①✐❧✐O✲❧❛6 ❡♠ ❛$✐✈✐❞❛❞❡6 ❞♦♠K6✲

$✐❝❛6✱ ❡ $❛♠❜K♠✱ ✐♥6❡,✐✲❧❛6 ♥♦ ♠❡,❝❛❞♦ ❞❡ $,❛❜❛❧❤♦ ✭●,❛6❡, ❡! ❛❧✳✱ ✷✵✶✸❀ ▲❛③❡✇❛$6❦② ❡

❙♠❛,$✱ ✷✵✶✹✮✳

❉❡♥$,❡ ❛6 ♣,✐♥❝✐♣❛✐6 $K❝♥✐❝❛6 ❞❡6❡♥✈♦❧✈✐❞❛6 ♣❛,❛ ❝❛♣$❛, ❛ ✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦

❤✉♠❛♥♦✱ ♣♦❞❡♠✲6❡ ❞❡6$❛❝❛, ♦6 6❡♥6♦,❡6 ✐♥❡,❝✐❛✐6 ❡ ♠❛❣♥K$✐❝♦6 ✭❩❤♦✉ ❡ ❍✉✱ ✷✵✵✼✮✱ ❛

✈✐6/♦ ❝♦♠♣✉$❛❝✐♦♥❛❧ ✭❙❤✐,✇❛❧❦❛, ❡! ❛❧✳✱ ✷✵✶✸✮✱ ♦ ,❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡ ✈♦③ ✭■③✉♠✐ ❡ ❚6✉✲

❥✐♠✉,❛✱ ✷✵✶✷✮✱ ❛ ❡❧❡$,♦♠✐♦❣,❛✜❛ ❘②✉ ❡! ❛❧✳ ✭✷✵✵✽✮✱ ❛ ❡❧❡$,♦❡♥❝❡❢❛❧♦❣,❛✜❛ ✭R❡,❡③ ●❛,❝✐❛

❡! ❛❧✳✱ ✷✵✶✸✮ ❡ ❛ ❡❧❡$,♦✲♦❝✉❧♦❣,❛✜❛ ✭❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✶✸✮✳ ❆6 $,I6 \❧$✐♠❛6 $K❝♥✐❝❛6 ❝✐$❛❞❛6

✉$✐❧✐③❛♠ 6✐♥❛✐6 ❜✐♦❧N❣✐❝♦6 ❡ 6/♦ ❜❛6$❛♥$❡ ♣,♦♠✐66♦,❛6 ♥♦ ❛✉①#❧✐♦ ❛ ♣❡66♦❛6 ❝♦♠ ❞❡✜❝✐I♥❝✐❛

♠♦$♦,❛✳

❈❛❞❛ ✉♠❛ ❞❛6 $K❝♥✐❝❛6 ✉$✐❧✐③❛❞❛6 ❛$✉❛❧♠❡♥$❡ ♣❛,❛ ❝❛♣$❛, ❛ ✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦

❛♣,❡6❡♥$❛ ✈❛♥$❛❣❡♥6 ❡ ❞❡6✈❛♥$❛❣❡♥6✳ ❉❡6$❛ ❢♦,♠❛✱ ❛ ✜♠ ❞❡ 6❡ ♦❜$❡, ♠❡❧❤♦,❡6 ,❡6✉❧$❛❞♦6✱

♠✉✐$♦6 $,❛❜❛❧❤♦6 ♦♣$❛♠ ♣❡❧♦ ✉6♦ ❞❡ 6✐6$❡♠❛6 ❤#❜,✐❞♦6✱ ♦✉ 6❡❥❛✱ J✉❡ ✉$✐❧✐③❛♠ ❞✉❛6 ♦✉

♠❛✐6 $K❝♥✐❝❛6 ❞❡ ♠❡❞✐./♦✳ ◆❡6$❡ ❝♦♥$❡①$♦✱ ♦ ♣,❡6❡♥$❡ $,❛❜❛❧❤♦ ❛♣,❡6❡♥$❛ ♦ ✉6♦ ❞❡ ❞✉❛6

$K❝♥✐❝❛6 ♣❛,❛ ❞❡$❡❝$❛, ♠♦✈✐♠❡♥$♦✿ ❛ ❡❧❡$,♦♠✐♦❣,❛✜❛ ✭❊▼●✮ ❡ ✉♠ 6✐6$❡♠❛ ✐♥❡,❝✐❛❧ ✭❙■✮✱

✈✐6❛♥❞♦ ♦ ❝♦♥$,♦❧❡ $❡❧❡♦♣❡,❛❞♦ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦, ,♦❜N$✐❝♦✳ ❖ 6✐6$❡♠❛ ✐♥❡,❝✐❛❧ K ✉6❛❞♦

♣❛,❛ ♠❡❞✐, ♦6 ♠♦✈✐♠❡♥$♦6 ❞♦ ❜,❛.♦ ♣❛,❛ ♦ ❝♦♥$,♦❧❡ ❞❛6 ❥✉♥$❛6 ❞♦ ,♦❜> ❡ ❛ ❊▼● ❢♦✐

●❛❜,✐❡❧❛ ▲#❣✐❛ ❘❡✐6



✸ ✶✳✶✳ ❘❡❧❡✈'♥❝✐❛ ❞♦ .❡♠❛

❛♣❧✐❝❛❞❛ ♣❛1❛ ❝❧❛22✐✜❝❛1 ♦ ❣❡2.♦ 1❡❛❧✐③❛❞♦ ♣❡❧❛ ♠6♦✱ ❛ ✜♠ ❞❡ ❝♦♥.1♦❧❛1 ♦ ❡❢❡.✉❛❞♦1 ❡♠

❞♦✐2 ❡2.❛❞♦2✿ ❛❜❡1.♦ ♦✉ ❢❡❝❤❛❞♦✳

❙✐2.❡♠❛2 ❝♦♠♦ ❡22❡ ♣♦❞❡♠ 2❡1 ✉2❛❞♦2 ♣♦1 ♣❡22♦❛2 2❡♠ ❞❡✜❝✐>♥❝✐❛ ❡ ♣♦1 ♣❡22♦❛2 ?✉❡

.❡♥❤❛♠ 2♦❢1✐❞♦ ✉♠❛ ❛♠♣✉.❛@6♦ .1❛♥21❛❞✐❛❧✳ ❊♥.1❡.❛♥.♦✱ ✈❛❧❡ 2❛❧✐❡♥.❛1 ?✉❡ ❡♠❜♦1❛ ♦

♣1♦♣B2✐.♦ ❞♦ .1❛❜❛❧❤♦ 2❡❥❛ ✈♦❧.❛❞♦ ♣❛1❛ ♦ ❝♦♥.1♦❧❡ ❞❡ ✉♠ 1♦❜D .❡❧❡♦♣❡1❛❞♦ ♣♦1 ♠❡✐♦ ❞♦2

♠♦✈✐♠❡♥.♦2 ❞♦ ❜1❛@♦ ❤✉♠❛♥♦✱ ♦ 2✐2.❡♠❛ ♥6♦ 2❡ 1❡2.1✐♥❣❡ ❛♣❡♥❛2 ❛ ❡22❡ .✐♣♦ ❞❡ ❛♣❧✐❝❛✲

@6♦✳ ❈♦♠ ❛2 ❞❡✈✐❞❛2 ♠♦❞✐✜❝❛@G❡2✱ .❛❧ 2✐2.❡♠❛ ♣♦❞❡1✐❛ 2❡1 ♣1♦♣♦2.♦✱ ♣♦1 ❡①❡♠♣❧♦✱ ♣❛1❛

♦ ❝♦♥.1♦❧❡ ❞❡ ✉♠❛ ❝❛❞❡✐1❛✲❞❡✲1♦❞❛2✱ ❝♦♠ ❛ ✉.✐❧✐③❛@6♦ ❞♦2 2❡♥2♦1❡2 ✐♥❡1❝✐❛✐2 ♣❛1❛ ♠❡❞✐1

♦2 ♠♦✈✐♠❡♥.♦2 ❞❛ ❝❛❜❡@❛ ❞❛ ♣❡22♦❛✱ ♦✉ ❞❛ ❡❧❡.1♦♠✐♦❣1❛✜❛ ♣❛1❛ ✈❡1✐✜❝❛1 ❛ ❝♦♥.1❛@6♦

❞♦2 ♠I2❝✉❧♦2 ❢❛❝✐❛✐2 ❛♦ ♣✐2❝❛1 ♦2 ♦❧❤♦2 ❡✱ ❛22✐♠✱ ❝♦♥.1♦❧❛1 ♦ 2✐2.❡♠❛ ❞❡ ❛❝✐♦♥❛♠❡♥.♦✱

❝♦♠♦ ♠♦2.1❛♠ ✭❘♦♠❡1♦ ❡! ❛❧✳✱ ✷✵✶✹✮✳

✶✳✶ ❘❡❧❡✈&♥❝✐❛ ❞♦ -❡♠❛

❆.✉❛❧♠❡♥.❡✱ P ❣1❛♥❞❡ ♦ ♥I♠❡1♦ ❞❡ ♣❡22♦❛2 ❝♦♠ ❞❡✜❝✐>♥❝✐❛ ♠♦.♦1❛ ❡ ❞❡ ✐❞♦2♦2

?✉❡ ♣1❡❝✐2❛♠ ❞❡ ❛✉①Q❧✐♦ ♣❛1❛ ❛ 1❡❛❧✐③❛@6♦ ❞❡ ❛.✐✈✐❞❛❞❡2 ❝♦.✐❞✐❛♥❛2✳ ❙❡❣✉♥❞♦ ♦ I❧.✐♠♦

❈❊◆❙❖ 1❡❛❧✐③❛❞♦ ♥♦ ❇1❛2✐❧ ❡♠ ✷✵✶✵✱ ✏❝♦♥2✐❞❡1❛♥❞♦ ❛ ♣♦♣✉❧❛@6♦ 1❡2✐❞❡♥.❡ ♥♦ ♣❛Q2✱ ✷✸✱✾✪

♣♦22✉Q❛♠ ♣❡❧♦ ♠❡♥♦2 ✉♠❛ ❞❛2 ❞❡✜❝✐>♥❝✐❛2 ✐♥✈❡2.✐❣❛❞❛2✿ ✈✐2✉❛❧✱ ❛✉❞✐.✐✈❛✱ ♠♦.♦1❛ ❡ ♠❡♥✲

.❛❧ ♦✉ ✐♥.❡❧❡❝.✉❛❧✑ ❖❧✐✈❡✐1❛ ✭✷✵✶✵✮✳ ❆ ❞❡✜❝✐>♥❝✐❛ ♠♦.♦1❛ ❛♣1❡2❡♥.♦✉ ❛ 2❡❣✉♥❞❛ ♠❛✐♦1

♦❝♦11>♥❝✐❛✱ ❛❢❡.❛♥❞♦ ✼✪ ❞❛ ♣♦♣✉❧❛@6♦✱ ♦✉ 2❡❥❛✱ ♠❛✐2 ❞❡ ✶✸ ♠✐❧❤G❡2 ❞❡ ♣❡22♦❛2✳ ❉❡♥.1❡

♦2 ♠♦.✐✈♦2 1❡❧❛❝✐♦♥❛❞♦2 ❛ ❡22❡ .✐♣♦ ❞❡ ❞❡✜❝✐>♥❝✐❛ ♣♦❞❡♠✲2❡ ❞❡2.❛❝❛1 ♣1♦❜❧❡♠❛2 ❞❡ ♠[

❢♦1♠❛@6♦✱ ❛❝✐❞❡♥.❡2 ❞❡ .1'♥2✐.♦✱ ❛❝✐❞❡♥.❡2 ❞❡ .1❛❜❛❧❤♦✱ ❡11♦2 ♠P❞✐❝♦2 ❡ ❝♦♠♣❧✐❝❛@G❡2 ♥♦

♣❛1.♦✳

❆❧❣✉♠❛2 ❞❡22❛2 ♣❡22♦❛2 ❡2.6♦ ❢♦1❛ ❞♦ ♠❡1❝❛❞♦ ❞❡ .1❛❜❛❧❤♦ ♦✉ ❞♦ ❝♦♥✈Q✈✐♦ 2♦❝✐❛❧✳

\♦1 ✐22♦✱ .❡❝♥♦❧♦❣✐❛2 ❛22✐2.✐✈❛2 26♦ ✐♠♣♦1.❛♥.❡2 ♣❛1❛ ♣❡1♠✐.✐1 ❛ 1❡✐♥.❡❣1❛@6♦ ❞❡22❛2 ♣❡2✲

2♦❛2 ] 2♦❝✐❡❞❛❞❡ ❡ ❛♦ ❡♠♣1❡❣♦✳ ◆❡2.❡ ❝♦♥.❡①.♦✱ ✉♠❛ [1❡❛ ♠✉✐.♦ ♣1♦♠✐22♦1❛ P ❛ 1♦❜B.✐❝❛✳

❆ ✐♥.❡1❛@6♦ ❤♦♠❡♠✲1♦❜D .❡♠ 2✐❞♦ ♦❜❥❡.♦ ❞❡ ❡2.✉❞♦ ❞❡ ❞✐✈❡12♦2 .1❛❜❛❧❤♦2 ♥♦2 I❧.✐♠♦2

❛♥♦2 ❡ .❡♠ 2❡ .♦1♥❛❞♦ ❝❛❞❛ ✈❡③ ♠❛✐2 ✐♠♣♦1.❛♥.❡ ✭●❛1❝✐❛ ❡! ❛❧✳✱ ✷✵✵✼✮✳

\❛1❛❧❡❧♦ ❛ ✐22♦✱ ❤[ .❛♠❜P♠ ✉♠ ❛✉♠❡♥.♦ ❞❛ ❞❡♠❛♥❞❛ ♣♦1 ❢♦1♠❛2 ♠❛✐2 ♥❛.✉1❛✐2 ❡

✐♥.✉✐.✐✈❛2 ❞❡ 2❡ ❝♦♥.1♦❧❛1 ♦2 1♦❜D2✱ ♣♦1 ♠❡✐♦ ❞❡ .P❝♥✐❝❛2 ?✉❡ ❝❛♣.❛♠ ❛ ✐♥.❡♥@6♦ ❞❡ ♠♦✲

✈✐♠❡♥.♦✳ ❊22❡2 ❡2.✉❞♦2 ❛❧P♠ ❞❡ ❜✉2❝❛1 ♣1♦♠♦✈❡1 ❛ ✐♥❝❧✉26♦ ❞❡ ♣❡22♦❛2 ❝♦♠ ❞❡✜❝✐>♥❝✐❛✱

♣♦❞❡♠ ♣1♦♣♦1❝✐♦♥❛1 ❛ ♠❡❧❤♦1✐❛ ❞❛ ❡1❣♦♥♦♠✐❛ ❡ ❞❛2 ❝♦♥❞✐@G❡2 ❞❡ .1❛❜❛❧❤♦✱ 2♦❜1❡.✉❞♦

❡♠ ❛♠❜✐❡♥.❡2 ♣❡1✐❣♦2♦2 ♦✉ ❡♠ ❛.✐✈✐❞❛❞❡2 ?✉❡ ❡♥✈♦❧✈❡♠ ❛ ♠❛♥✐♣✉❧❛@6♦ ❞❡ ❝❛1❣❛2 ?✉❡

1❡?✉❡1❡♠ ✉♠ ❡2❢♦1@♦ ❢Q2✐❝♦ ✐♥❛❞❡?✉❛❞♦ ❛♦ 2❡1 ❤✉♠❛♥♦✳ ❆❧P♠ ❞✐22♦✱ ❡22❛2 .P❝♥✐❝❛2 .>♠

2✐❞♦ ♠✉✐.♦ ✉.✐❧✐③❛❞❛2 ❛✐♥❞❛ ❡♠ [1❡❛2 ❝♦♠♦ ❛ ✜2✐♦.❡1❛♣✐❛ ✭❉②❡1 ❡! ❛❧✳✱ ✷✵✶✸✮✱ ♥♦ ❡2.✉❞♦

❞❡ ♣❛.♦❧♦❣✐❛2 ✭●♦ ❡! ❛❧✳✱ ✷✵✶✹✮ ❡ ❡♠ .P❝♥✐❝❛2 ❞❡ .1❡✐♥❛♠❡♥.♦ ❞❡2♣♦1.✐✈♦ ✭❈1♦❢. ❡ ❘✐❜❡✐1♦✱

●❛❜1✐❡❧❛ ▲Q❣✐❛ ❘❡✐2



❈❛♣#$✉❧♦ ✶✳ ■♥$,♦❞✉./♦ ✹

✷✵✶✸✮✳

❚❡♥❞♦ ❡♠ ✈✐:$❛ $♦❞♦: ❡::❡: ❛:♣❡❝$♦:✱ ♥♦$❛✲:❡ >✉❡ ♦ ❡:$✉❞♦ ❞❡::❡: ♠❡❝❛♥✐:♠♦: ? ❞❡

❡①$,❡♠❛ ✐♠♣♦,$A♥❝✐❛✳ ❆: ✐♥C♠❡,❛: ❛♣❧✐❝❛.D❡: ,❡✈❡❧❛♠ ❛:♣❡❝$♦: ❛✐♥❞❛ ✐♥❡①♣❧♦,❛❞♦: ❡ ❛

♥❡❝❡::✐❞❛❞❡ ❞❡ :❡ $❡, :✐:$❡♠❛: ❝❛❞❛ ✈❡③ ♠❛✐: ❡✜❝✐❡♥$❡: >✉❡ ♣♦::❛♠ ♣,♦❝❡::❛, ♦: :✐♥❛✐:

♣,♦✈❡♥✐❡♥$❡: ❞♦: :❡♥:♦,❡: ❡ ,❡❝♦♥❤❡❝❡, ❛ ✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦ ❡♠ $❡♠♣♦ ,❡❛❧✳

✶✳✷ ❖❜❥❡'✐✈♦+

❆ ♣,♦♣♦:$❛ ❞❡:$❡ $,❛❜❛❧❤♦ ? ❞❡:❡♥✈♦❧✈❡, ✉♠ :✐:$❡♠❛ ❞❡ ♠❡❞✐./♦ ♣❛,❛ ♦ ❝♦♥$,♦❧❡

$❡❧❡♦♣❡,❛❞♦ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦, ,♦❜I$✐❝♦✱ ❝♦♠ ♣♦$❡♥❝✐❛❧ ♣❛,❛ :❡, ✉:❛❞♦ ♣♦, ♣❡::♦❛: >✉❡

$❡♥❤❛♠ :♦❢,✐❞♦ ✉♠❛ ❛♠♣✉$❛./♦ $,❛♥:,❛❞✐❛❧ ♥♦: ♠❡♠❜,♦: :✉♣❡,✐♦,❡:✳ ◆❡:$❡ ❝♦♥$❡①$♦✱

♦: ♦❜❥❡$✐✈♦: ❡:♣❡❝#✜❝♦: ❞♦ $,❛❜❛❧❤♦ :/♦✿

❼ ❈♦♥:$,✉./♦ ❞♦ :✐:$❡♠❛ ❞❡ :❡♥:♦,✐❛♠❡♥$♦ ❡ ❝♦♥✈❡,:/♦ ❆✴❉ ❞❡ ❜❛✐①♦ ❝✉:$♦✳

❼ ❊:$✉❞♦ ❡ ✐♠♣❧❡♠❡♥$❛./♦ ❞❡ $?❝♥✐❝❛: ♣❛,❛ ♣,♦❝❡::❛♠❡♥$♦ ❞♦: :✐♥❛✐: ♣,♦✈❡♥✐❡♥$❡:

❞♦: :❡♥:♦,❡:✳

❼ ■♠♣❧❡♠❡♥$❛./♦ ❞♦ :✐:$❡♠❛ ❞❡ ❝♦♥$,♦❧❡ $❡❧❡♦♣❡,❛❞♦ ❞♦ ♠❛♥✐♣✉❧❛❞♦, ,♦❜I$✐❝♦✳

❼ ❊❧❛❜♦,❛./♦ ❞❡ ✐♥$❡,❢❛❝❡ ❝♦♠ ♦ ✉:✉Q,✐♦ ❡ ♣,♦$♦❝♦❧♦ ♣❛,❛ ,❡❛❧✐③❛./♦ ❞❡ $❡:$❡: ❝♦♠

❞✐❢❡,❡♥$❡: ✐♥❞✐✈#❞✉♦: ❛ ✜♠ ❞❡ ❛✈❛❧✐❛, ♦ ❞❡:❡♠♣❡♥❤♦ ❞♦ :✐:$❡♠❛ ♣,♦♣♦:$♦✳

✶✳✸ ❊+'.✉'✉.❛ ❞❛ ❞✐++❡.'❛23♦

❊:$❡ $,❛❜❛❧❤♦ ❡:$Q ❞✐✈✐❞✐❞♦ ❡♠ :❡$❡ ❝❛♣#$✉❧♦:✳ ◆♦ ❝❛♣#$✉❧♦ ✶✱ ? ❢❡✐$❛ ✉♠❛ ❜,❡✈❡

✐♥$,♦❞✉./♦ ,❡❢❡,❡♥$❡ ❛♦ $❡♠❛ ❛❜♦,❞❛❞♦✱ ❝♦♥$❡♥❞♦ ❛: ❥✉:$✐✜❝❛$✐✈❛: ♣❛,❛ ❡:$✉❞♦: ♥❡:$❛

Q,❡❛ ❡ ♦: ♦❜❥❡$✐✈♦: ❞❡:$❡ $,❛❜❛❧❤♦✳ R♦, ✜♠✱ ❛ ❡:$,✉$✉,❛ ❞❛ ❞✐::❡,$❛./♦ ? ❛♣,❡:❡♥$❛❞❛✳

➱ ❢❡✐$❛ ✉♠❛ ,❡✈✐:/♦ ❜✐❜❧✐♦❣,Q✜❝❛ ♥♦ ❈❛♣#$✉❧♦ ✷ ❛ ,❡:♣❡✐$♦ ❞❛: ♣,✐♥❝✐♣❛✐: $?❝♥✐❝❛:

✉$✐❧✐③❛❞❛: ♣❛,❛ ❞❡$❡❝$❛, ✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦ ❤✉♠❛♥♦✳ ◆❡:$❡ ♣♦♥$♦✱ ? ❛♣,❡:❡♥$❛❞❛

✉♠ ❥✉:$✐✜❝❛$✐✈❛ ♣❛,❛ ❛ ❡:❝♦❧❤❛ ❞❛: $?❝♥✐❝❛: ❛❜♦,❞❛❞❛: ❡✱ ❛✐♥❞❛✱ :/♦ ❛♣,❡:❡♥$❛❞♦: ❛❧❣✉♥:

$,❛❜❛❧❤♦: ,❡❝❡♥$❡: >✉❡ ✉$✐❧✐③❛,❛♠ ❛: ♠❡:♠❛: $?❝♥✐❝❛: ♣❛,❛ ♦ ❝♦♥$,♦❧❡ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛✲

❞♦, ,♦❜I$✐❝♦✳

❏Q ♥♦: ❝❛♣#$✉❧♦: ✸ ❡ ✹✱ :/♦ ❡①♣❧♦,❛❞♦: ♦: ❝♦♥❝❡✐$♦: ❜Q:✐❝♦: ,❡❢❡,❡♥$❡: V ♠❡❞✐./♦ ❞❛

✐♥$❡♥./♦ ❞❡ ♠♦✈✐♠❡♥$♦ ❤✉♠❛♥♦✱ ✉$✐❧✐③❛♥❞♦ :✐:$❡♠❛: ✐♥❡,❝✐❛✐: ❡ ❡❧❡$,♦♠✐♦❣,❛✜❛✱ ,❡:♣❡❝✲

$✐✈❛♠❡♥$❡✳ ❊::❡: ❝❛♣#$✉❧♦: ❞❡:❝,❡✈❡♠ $❛✐: $?❝♥✐❝❛: ❝♦♠ ✉♠ ♠❛✐♦, ❞❡$❛❧❤❛♠❡♥$♦ ❡ ♣♦,

✐::♦✱ :/♦ ✐♠♣♦,$❛♥$❡: ♣❛,❛ ♦ ❡♥$❡♥❞✐♠❡♥$♦ ❞♦ $,❛❜❛❧❤♦✳

◆♦ ❝❛♣#$✉❧♦ ✺✱ :/♦ ❛♣,❡:❡♥$❛❞♦: ♦ ♠❛♥✐♣✉❧❛❞♦, ,♦❜I$✐❝♦ ❡ ♦ ❝♦♥$,♦❧❛❞♦, ✉$✐❧✐③❛❞♦:✳

●❛❜,✐❡❧❛ ▲#❣✐❛ ❘❡✐:



✺ ✶✳✸✳ ❊%&'✉&✉'❛ ❞❛ ❞✐%%❡'&❛-.♦

❖ ♠❛♥✐♣✉❧❛❞♦' ❝♦♥%✐%&❡ ❡♠ ✉♠ %✐%&❡♠❛ ❞❡ ♣'♦&♦&✐♣❛❣❡♠ '7♣✐❞❛✱ ✉&✐❧✐③❛❞♦ ❛♣❡♥❛% ♣❛'❛

✈❡'✐✜❝❛' ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛ ❛♣❧✐❝❛-.♦✱ ♣'♦♣♦'❝✐♦♥❛♥❞♦ ❢❡❡❞❜❛❝❦ ❛♦ ✉%✉7'✐♦ ❞♦ %✐%&❡♠❛ ❞❡

♠❡❞✐-.♦ ♣'♦♣♦%&♦✳

❖ ❝❛♣=&✉❧♦ ✻✱ ❛♣'❡%❡♥&❛ ♦% '❡%✉❧&❛❞♦% ♦❜&✐❞♦%✳ ❙.♦ ♠♦%&'❛❞♦% ♦ ❞❡%❡♠♣❡♥❤♦ ❞❡

❝❛❞❛ &A❝♥✐❝❛ ❛❜♦'❞❛❞❛ ❡ ♦% '❡%✉❧&❛❞♦% ❞♦% &❡%&❡% '❡❛❧✐③❛❞♦% ❝♦♠ ❛ ♣❛'&✐❝✐♣❛-.♦ ❞❡ ✈✐♥&❡

✈♦❧✉♥&7'✐♦%✳ ❊ ♣♦' ✜♠✱ ♥♦ ❝❛♣=&✉❧♦ ✼ %.♦ ❛♣'❡%❡♥&❛❞❛% ❛% ❝♦♥❝❧✉%C❡% ❡ ❛% ♣'♦♣♦%&❛% ❞❡

&'❛❜❛❧❤♦% ❢✉&✉'♦%✳

●❛❜'✐❡❧❛ ▲=❣✐❛ ❘❡✐%





❈❛♣#$✉❧♦ ✷

❘❡✈✐-.♦ ❞❡ ▲✐$❡1❛$✉1❛

✷✳✶ ■♥%&♦❞✉*+♦

◆❡"#❡ ❝❛♣'#✉❧♦✱ "❡,-♦ ❛♣,❡"❡♥#❛❞❛" ❛❧❣✉♠❛" ❞❛" ♣,✐♥❝✐♣❛✐" #3❝♥✐❝❛" ✉#✐❧✐③❛❞❛" ♣❛,❛

❞❡#❡❝#❛, ♦ ♠♦✈✐♠❡♥#♦ ❤✉♠❛♥♦✱ ❜❡♠ ❝♦♠♦ ❛❧❣✉♥" #,❛❜❛❧❤♦" 8✉❡ ❛" ✉#✐❧✐③❛,❛♠ ❡♠ ❞✐❢❡✲

,❡♥#❡" ❛♣❧✐❝❛;<❡"✳ ❆❧3♠ ❞✐""♦✱ ❡"#❡ ❝❛♣'#✉❧♦ ❛♣,❡"❡♥#❛ #❛♠❜3♠✱ ❛❧❣✉♥" ❞♦" ♣,✐♥❝✐♣❛✐"

#,❛❜❛❧❤♦" 8✉❡ ✉#✐❧✐③❛,❛♠ ❛ ❡❧❡#,♦♠✐♦❣,❛✜❛ ❡ "❡♥"♦,❡" ✐♥❡,❝✐❛✐" ♣❛,❛ ♦ ❝♦♥#,♦❧❡ ❞❡ ✉♠

♠❛♥✐♣✉❧❛❞♦, ,♦❜@#✐❝♦ ❡ 8✉❡ "❡,✈✐,❛♠ ❝♦♠♦ ❜❛"❡ ♣❛,❛ ❡"#❡ ♣,♦❥❡#♦✳

✷✳✷ ❚-❝♥✐❝❛1 ♣❛&❛ ❞❡%❡❝%❛& ❛ ✐♥%❡♥*+♦ ❞❡ ♠♦✈✐♠❡♥%♦

❆ ❧✐#❡,❛#✉,❛ ❝✐❡♥#'✜❝❛ ❛♣,❡"❡♥#❛ ❞✐✈❡,"♦" #,❛❜❛❧❤♦" ♣❡,#✐♥❡♥#❡" B ❞❡#❡❝;-♦ ❞❛ ✐♥✲

#❡♥;-♦ ❞❡ ♠♦✈✐♠❡♥#♦ ❤✉♠❛♥♦ ♣❛,❛ ❞✐❢❡,❡♥#❡" ❝♦♥#❡①#♦" ❞❡ ❛♣❧✐❝❛;-♦✱ ♠3#♦❞♦" ❞❡ "❡♥✲

"♦,✐❛♠❡♥#♦ ❡ ♣,♦❝❡""❛♠❡♥#♦ ❞❡ "✐♥❛✐"✳ ◆❡"#❛ "❡;-♦✱ "❡,-♦ ❛♣,❡"❡♥#❛❞♦" ❛❧❣✉♥" ❞❡"#❡"

♠3#♦❞♦"✱ ❛ ♠❛♥❡✐,❛ ❝♦♠♦ ❡❧❡" "-♦ ❛♣❧✐❝❛❞♦"✱ ❜❡♠ ❝♦♠♦ "✉❛" ✈❛♥#❛❣❡♥" ❡ ❞❡"✈❛♥#❛❣❡♥"✳

✷✳✷✳✶ ❙❡♥&♦(❡& ■♥❡(❝✐❛✐&

❙❡♥"♦,❡" ✐♥❡,❝✐❛✐" "-♦ "❡♥"♦,❡" 8✉❡ ♠❡❞❡♠ ♠♦✈✐♠❡♥#♦ ❧✐♥❡❛, ❡✴♦✉ ❛♥❣✉❧❛, ✭■❊❊✲

❊❙#❞✶✺✺✾✱ ✷✵✵✾✮✳ ❖" ♣,✐♥❝✐♣❛✐" "❡♥"♦,❡" ✐♥❡,❝✐❛✐" ✉#✐❧✐③❛❞♦" ♣❛,❛ ♠❡❞✐, ♠♦✈✐♠❡♥#♦

❤✉♠❛♥♦ "-♦ ♦ ♠❛❣♥❡#P♠❡#,♦✱ ♦ ❣✐,♦"❝@♣✐♦ ❡ ♦ ❛❝❡❧❡,P♠❡#,♦✱ 8✉❡ ❥✉♥#♦" ❝♦♥"#✐#✉❡♠ ✉♠

"✐"#❡♠❛ ✐♥❡,❝✐❛❧ ❞❡♥♦♠✐♥❛❞♦ ▼❆❘● ✭❞♦ ✐♥❣❧T" ▼❛❣♥❡%✐❝✱ ❆♥❣✉❧❛, ❘❛%❡ ❛♥❞ ●,❛✈✐%② ✮

✭❘♦❡#❡♥❜❡,❣✱ ✷✵✵✻✮✳ ❚,❛#❛✲"❡ ❞❡ ✉♠ "✐"#❡♠❛ 8✉❡ ♠❡❞❡ ❝❛♠♣♦ ♠❛❣♥3#✐❝♦✱ ✈❡❧♦❝✐❞❛❞❡

❛♥❣✉❧❛, ❡ ❛❝❡❧❡,❛;-♦ ❞❛ ❣,❛✈✐❞❛❞❡✱ ♣❛,W♠❡#,♦" 8✉❡ ♣❡,♠✐#❡♠ ♦❜#❡, ❛ ♣♦"✐;-♦ ❛♥❣✉❧❛,

❞❡ ✉♠ ❝♦,♣♦ ❡♠ ✉♠ ❡"♣❛;♦ #,✐❞✐♠❡♥"✐♦♥❛❧✳

✼



❈❛♣#$✉❧♦ ✷✳ ❘❡✈✐./♦ ❞❡ ▲✐$❡2❛$✉2❛ ✽

❆. ♣2✐♠❡✐2❛. ❛♣❧✐❝❛78❡. ❞❡.$❡. .❡♥.♦2❡. ❢♦2❛♠ ❡♠ .✐.$❡♠❛. ❞❡ ♥❛✈❡❣❛7/♦✱ ♥♦. =✉❛✐.

❡2❛♠ ✉$✐❧✐③❛❞♦. ♣❛2❛ ❞❡$❡2♠✐♥❛2 ❛❝❡❧❡2❛7/♦ ❧✐♥❡❛2 ❡ ❛$✐$✉❞❡ ❞♦ ✈❡#❝✉❧♦✱ =✉❡ ❝♦♥.✐.$❡ ♥❛

.✉❛ ♦2✐❡♥$❛7/♦ ❡♠ 2❡❧❛7/♦ ❛ ✉♠❛ 2❡❢❡2?♥❝✐❛ ✭❇♦.❡ ❡! ❛❧✳✱ ✷✵✵✽✮✳ ❈♦♠ ♦ ❞❡.❡♥✈♦❧✈✐♠❡♥$♦
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♣❛+❛ ♦ ❝♦♥.+♦❧❡ ❞❛) ❥✉♥.❛) ❡ ❞♦ ❡❢❡.✉❛❞♦+ ❞❡ ✉♠

♠❛♥✐♣✉❧❛❞♦+ +♦❜S.✐❝♦✳ ❆♠❜♦) ✉.✐❧✐③❛+❛♠ ♦ ❜+❛/♦ ❞✐+❡✐.♦ ❞❛ ♣❡))♦❛ ❝♦♠♦ +❡❢❡+M♥❝✐❛ ♣❛+❛

♦ ❝♦♥.+♦❧❡ ❞❛) ❥✉♥.❛) ❞♦ ♠❛♥✐♣✉❧❛❞♦+ ❡ ❛ ♠0♦ ❡)6✉❡+❞❛ ♣❛+❛ ♦ ❝♦♥.+♦❧❡ ❞♦ ❡❢❡.✉❛❞♦+✳

■))♦ ♣♦+6✉❡ 6✉❛♥❞♦ ❛ ♣❡))♦❛ ♠❛♥.$♠ ♦ ❜+❛/♦ ❡ ❛ ♠0♦ ❛♦ ❧❛❞♦ ❞♦ ❝♦+♣♦✱ ♦ ❑✐♥❡❝.

➤

+❡❝♦♥❤❡❝❡ ♦ ❣❡).♦ +❡❛❧✐③❛❞♦✱ ❡♥.+❡.❛♥.♦✱ 6✉❛♥❞♦ ♦) ♠❡)♠♦) ❡).0♦ ♣♦)✐❝✐♦♥❛❞♦) ♥❛ ❢+❡♥.❡

❞♦ ❝♦+♣♦✱ ♦ +❡❝♦♥❤❡❝✐♠❡♥.♦ ❞♦ ❣❡).♦ +❡❛❧✐③❛❞♦ ♣❡❧❛ ♠0♦ ♥0♦ $ ♠✉✐.♦ ❝♦♥✜C✈❡❧✱ ♣♦+ ❧✐✲

♠✐.❛/5❡) ❞♦ ♣+S♣+✐♦ )❡♥)♦+✳

●❛❜+✐❡❧❛ ▲I❣✐❛ ❘❡✐)



❈❛♣#$✉❧♦ ✷✳ ❘❡✈✐./♦ ❞❡ ▲✐$❡2❛$✉2❛ ✶✵

❖✉$2❛ ❞❡.✈❛♥$❛❣❡♠ ❞♦ ✉.♦ ❞♦ ❑✐♥❡❝$

➤

; <✉❡ ♣❛2❛ ♠♦✈✐♠❡♥$♦. ♠✉✐$♦ 2=♣✐❞♦. ❡.$❡

.❡♥.♦2 ♥/♦ ❛♣2❡.❡♥$❛ ✉♠❛ ❜♦❛ ❛❝✉2=❝✐❛✱ ♣♦..✉✐♥❞♦ ✉♠❛ ❧✐♠✐$❛@/♦ ❞❡ ✸✵ ❢♣.✳ ❆❧;♠ ❞✐..♦✱

❛ ✐❧✉♠✐♥❛@/♦ ❞♦ ❛♠❜✐❡♥$❡ ❡ ❛$; ♠❡.♠♦ ❛ 2♦✉♣❛ <✉❡ ❛ ♣❡..♦❛ ❡.$= ✈❡.$✐♥❞♦ ♣♦❞❡♠ ❛❢❡$❛2

❛ <✉❛❧✐❞❛❞❡ ❞❛ ✐♠❛❣❡♠ ✭❲❡❜❜ ❡ ❆.❤❧❡②✱ ✷✵✶✷✮✳ ❊①✐.$❡♠ ♦✉$2♦. .✐.$❡♠❛. ♥♦ ♠❡2❝❛❞♦

<✉❡ ♣♦..✉❡♠ ✉♠ ❞❡.❡♠♣❡♥❤♦ ♠✉✐$♦ ♠❡❧❤♦2✱ ❝♦♠♦ ❛. ❝K♠❡2❛. ❱✐❝♦♥

➤

✱ <✉❡ ♣❡2♠✐$❡♠

❝❛♣$✉2❛2 ❛$; ✶✵✵ ❢♣.✳ ❊♥$2❡$❛♥$♦✱ ♦ ❝✉.$♦ ; ❜❡♠ ♠❛✐. ❡❧❡✈❛❞♦ ✭❙$♦♥❡ ❡ ❙❦✉❜✐❝✱ ✷✵✶✶✮✳

✷✳✷✳✸ ❘❡❝♦♥❤❡❝✐♠❡♥+♦ ❞❡ ✈♦③

❖ 2❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡ ✈♦③ ; ✉♠❛ $;❝♥✐❝❛ ❜❛.$❛♥$❡ ♣2♦♠✐..♦2❛ ❡ ❥= ✈❡♠ .❡♥❞♦ ✉$✐✲

❧✐③❛❞❛ ❡ $❡.$❛❞❛ ♥♦ ❝♦♥$2♦❧❡ ❞❡ ❞✐✈❡2.♦. ❞✐.♣♦.✐$✐✈♦. ❝♦♠♦ ❛♣❛2❡❧❤♦. ❡❧❡$2♦❞♦♠;.$✐❝♦.✱

❝♦♠♣✉$❛❞♦2❡.✱ ❛✉$♦♠R✈❡✐.✱ ❝❛❞❡✐2❛.✲❞❡✲2♦❞❛. ❡ ❡♠ 2♦❜S. <✉❡ ✐♥$❡2❛❣❡♠ ❝♦♠ .❡2❡. ❤✉✲

♠❛♥♦. ✭❆♥✉.✉②❛ ❡ ❑❛$$✐✱ ✷✵✵✾✮✳

❆ ♠❛♥❡✐2❛ ❝♦♠♦ ❡.$❛ $;❝♥✐❝❛ ; ✐♠♣❧❡♠❡♥$❛❞❛ ; 2❡❧❛$✐✈❛♠❡♥$❡ .✐♠♣❧❡. ❞❡ ❝♦♠♣2❡❡♥✲

❞❡2✳ ❆ ♣❡..♦❛ <✉❡ ✈❛✐ ♦♣❡2❛2 ♦ .✐.$❡♠❛ ✉$✐❧✐③❛ ✉♠ ♠✐❝2♦❢♦♥❡ <✉❡ ❝♦♥✈❡2$❡ ♦ .♦♠ ❞❛ .✉❛

✈♦③ ❡♠ ✉♠ .✐♥❛❧ ❡❧;$2✐❝♦✱ ♦ <✉❛❧ ✉♠ ❝♦♠♣✉$❛❞♦2 ♦✉ ✉♠ ♠✐❝2♦❝♦♥$2♦❧❛❞♦2 ✐2= ✐❞❡♥$✐✜❝❛2✱

✉$✐❧✐③❛♥❞♦ $;❝♥✐❝❛. ❞❡ ♣2♦❝❡..❛♠❡♥$♦ ❞❡ .✐♥❛✐. ❡ 2❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡ ♣❛❞2V❡.✳ ◆♦2♠❛❧✲

♠❡♥$❡✱ ♦ 2❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡ ✈♦③ ; ❢❡✐$♦ ❝♦♠ ❜❛.❡ ❡♠ ✉♠ ✈♦❝❛❜✉❧=2✐♦ <✉❡ 2❡.$2✐♥❣❡ ❛.

♣❛❧❛✈2❛. ❛ .❡2❡♠ ✐❞❡♥$✐✜❝❛❞❛. ✭❙❝❤2♦❡❞❡2✱ ✷✵✵✹✮✳ ◗✉❛♥$♦ ♠❛✐♦2 ♦ ♥Z♠❡2♦ ❞❡ ♣❛❧❛✈2❛.

❝♦♥$✐❞❛. ♥❡..❡ ✈♦❝❛❜✉❧=2✐♦✱ ♠❛✐. ❝♦♠♣❧❡①❛ .❡ $♦2♥❛ ❛ ❝❧❛..✐✜❝❛@/♦✳

❈♦♠♦ ❛ ❢❛❧❛ ; ✉♠❛ ❞❛. ♣2✐♠❡✐2❛. ❡ ♠❛✐. ♥❛$✉2❛✐. ❢♦2♠❛. ❞❡ ❝♦♠✉♥✐❝❛@/♦✱ ❡.$❛ $;❝✲

♥✐❝❛ 2❡<✉❡2 ♣♦✉❝♦ $2❡✐♥❛♠❡♥$♦ ❡ ♣♦❞❡ .❡2 ♠✉✐$♦ Z$✐❧ ♣❛2❛ ♣❡..♦❛. <✉❡ ♣❡2❞❡2❛♠ ♦.

♠♦✈✐♠❡♥$♦. ❞♦. ♠❡♠❜2♦. .✉♣❡2✐♦2❡. ❡ ✐♥❢❡2✐♦2❡.✳ ❖✉$2❛ ✈❛♥$❛❣❡♠ ❞❡.$❛ $;❝♥✐❝❛ ; <✉❡

♦ .❡✉ ❝✉.$♦ ♥/♦ ; ♣2♦✐❜✐$✐✈♦✱ ♦ ♣2R♣2✐♦ ❑✐♥❡❝$

➤

♣♦..✉✐ ✉♠ ❝♦♥❥✉♥$♦ ❞❡ ♠✐❝2♦❢♦♥❡. <✉❡

❥✉♥$❛♠❡♥$❡ ❝♦♠ .❡✉ ♣2♦❝❡..❛❞♦2 ❡  ♦❢#✇❛&❡ ♣2R♣2✐♦.✱ ♣❡2♠✐$❡♠ ♦ 2❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡

❝♦♠❛♥❞♦. ❞❡ ✈♦③✳

[❛2❛ ❛ ❛♣❧✐❝❛@/♦ ♥♦ ❝♦♥$2♦❧❡ ❞❡ ♠❛♥✐♣✉❧❛❞♦2❡. 2♦❜R$✐❝♦.✱ ✭❊❧✲❊♠❛2② ❡# ❛❧✳✱ ✷✵✶✵✮

✉$✐❧✐③❛♠ ♦ 2❡❝♦♥❤❡❝✐♠❡♥$♦ ❞❡ ✈♦③ ♣❛2❛ ❝♦♥$2♦❧❛2 <✉❛$2♦ ♠♦$♦2❡. ❞❡ ♣❛..♦ <✉❡ ❝♦♠♣V❡♠

♦ 2♦❜S ❚❘✲✹✺✳ ❖ ✈♦❝❛❜✉❧=2✐♦ ✉$✐❧✐③❛❞♦ ❢♦✐ ❧✐♠✐$❛❞♦ ❡♠ ❞♦③❡ ♣❛❧❛✈2❛. .✉❜❞✐✈✐❞✐❞❛. ❡♠

❞♦✐. ❣2✉♣♦. <✉❡ ❝♦22❡.♣♦♥❞❡♠ ^ ♣❛2$❡ ❞♦ 2♦❜S ❛ .❡ ♠♦✈❡2 ❡ ❛♦ ♠♦✈✐♠❡♥$♦ ❛ .❡2 2❡❛✲

❧✐③❛❞♦✳ ❆..✐♠✱ ♦ ✉.✉=2✐♦ ❞❡✈❡ ❢❛❧❛2 ♦ ♥♦♠❡ ❞❛ ♣❛2$❡ ❛ .❡ ♠♦✈✐♠❡♥$❛2 ❡ ❡♠ .❡<✉_♥❝✐❛

♦ $✐♣♦ ❞❡ ♠♦✈✐♠❡♥$♦✱ ❡♠ ✉♠ ♠✐❝2♦❢♦♥❡ ❝♦♥❡❝$❛❞♦ ^ ♣❧❛❝❛ ❞❡ .♦♠ ❞❡ ✉♠ ❝♦♠♣✉$❛❞♦2✳

❆♥$❡. ❞❛ 2❡❛❧✐③❛@/♦ ❞♦. $❡.$❡.✱ ✉♠❛ ♣2✐♠❡✐2❛ ❡$❛♣❛ ❞❡ $2❡✐♥❛♠❡♥$♦ ❢♦✐ ❢❡✐$❛ ♣❛2❛ ❛ ❝2✐✲

❛@/♦ ❞❡ ✉♠ ❜❛♥❝♦ ❞❡ ❞❛❞♦. <✉❡ .❡2✈✐✉ ❝♦♠♦ 2❡❢❡2_♥❝✐❛ ♣❛2❛ ♦ ❝❧❛..✐✜❝❛❞♦2✱ ♥❡.$❡ ❝❛.♦✱

❢♦✐ ✉$✐❧✐③❛❞♦ ✉♠ ♠♦❞❡❧♦ ❡.$♦❝=.$✐❝♦✳ ❆ $❛①❛ ❞❡ ❛❝❡2$♦. ♥❛ ❡$❛♣❛ ❞❡ $❡.$❡. ✈❛2✐♦✉ ❞❡ ✽✵✪

❛ ✾✹✪✳

❚2❛❜❛❧❤♦. ❝♦♠♦ ✭▲✉ ❡# ❛❧✳✱ ✷✵✶✵✮ ❡ ✭■③✉♠✐ ❡ ❚.✉❥✐♠✉2❛✱ ✷✵✶✷✮ $❛♠❜;♠ ✉$✐❧✐③❛2❛♠

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐.
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♣❡❧❛ ❛.✐✈✐❞❛❞❡ ♥❡✉+♦♠✉)❝✉❧❛+ @✉❡ +❡✢❡.❡ ❝♦♠❛♥❞♦) ❞❡ ♠♦✈✐♠❡♥.♦ ❞❡.❡+♠✐♥❛❞♦) ♣❡❧♦

)✐).❡♠❛ ♥❡+✈♦)♦ ❝❡♥.+❛❧✳

❖ )❊▼●✱ ♣♦❞❡ )❡+ ♠❡❞✐❞♦ ♥❛) ❝❛♠❛❞❛) ✐♥.❡+♥❛) ❞♦) ♠G)❝✉❧♦) ♦✉ ♥❛ )✉♣❡+❢D❝✐❡ ❞❛

♣❡❧❡✱ ❝♦♠♦ ♠♦).+❛ ❛ ❋✐❣✉+❛ ✭✷✳✷✮✱ ❡ ❝♦♥.$♠ ✐♥❢♦+♠❛/F❡) ✐♠♣♦+.❛♥.❡) +❡❢❡+❡♥.❡) ❛♦ .✐♣♦

❞❡ ♠♦✈✐♠❡♥.♦ +❡❛❧✐③❛❞♦ ❡ R ❢♦+/❛ ❛♣❧✐❝❛❞❛✳ ❆))✐♠✱ ♣❡❧❛ ❛♥?❧✐)❡ ❡ ♣+♦❝❡))❛♠❡♥.♦ ❞❡).❡

)✐♥❛❧ $ ♣♦))D✈❡❧ ❞❡.❡+♠✐♥❛+ ❛ ✐♥.❡♥/0♦ ❞❡ ♠♦✈✐♠❡♥.♦ ❞❡ ✉♠❛ ♣❡))♦❛ ✭▲✐ ❡ ❑✉✐❦❡♥✱ ✷✵✵✾✮✳

❋✐❣✉+❛ ✷✳✷✿ ❊❧❡.+♦❞♦) ❞❡ )✉♣❡+❢D❝✐❡✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭▲✐ ❡ ❑✉✐❦❡♥✱ ✷✵✵✾✮

❆.✉❛❧♠❡♥.❡✱ ❡).❛ .$❝♥✐❝❛ ✈❡♠ )❡ ♠♦).+❛♥❞♦ ❜❛).❛♥.❡ ♣+♦♠✐))♦+❛ ♣❛+❛ ❛ ✉.✐❧✐③❛/0♦

❡♠ ♣+W.❡)❡)✳ ■).♦ ♣♦+@✉❡ ✉♠❛ ♣❡))♦❛ ❛♠♣✉.❛❞❛✱ @✉❡ .❡♥❤❛ ♣❡+❞✐❞♦ ❛ ♠0♦ ♦✉ ♦ ❜+❛/♦

❡♠ ✉♠ ❛❝✐❞❡♥.❡✱ ♣♦❞❡ ❝♦♥.+♦❧❛+ ✉♠❛ ♣+W.❡)❡ ❞❡ ❢♦+♠❛ )✐♠✐❧❛+ ❛♦ ❝♦♥.+♦❧❡ ❢❡✐.♦ ❝♦♠ ♦

♠❡♠❜+♦ ♦+✐❣✐♥❛❧✱ ❞❡)❞❡ @✉❡ ♦ )✐).❡♠❛ ♥❡+✈♦)♦ ❝❡♥.+❛❧ ❡ ✉♠❛ ♣❛+.❡ ❞♦ ♠G)❝✉❧♦ @✉❡ ❛.✉❛

♥❡).❡ ♠❡♠❜+♦ ❡).❡❥❛♠ ♣+❡)❡+✈❛❞♦) ✭▲✐ ❡! ❛❧✳✱ ✷✵✶✵✮✳

❚+❛❜❛❧❤♦) ❝♦♠♦ ❋✉❦✉❞❛ ❡! ❛❧✳ ✭✷✵✵✸✮ ❡ ❘②✉ ❡! ❛❧✳ ✭✷✵✵✽✮ ✉.✐❧✐③❛+❛♠ ❛ ❡❧❡.+♦♠✐♦❣+❛✜❛
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●❛❜+✐❡❧❛ ▲D❣✐❛ ❘❡✐)



❈❛♣#$✉❧♦ ✷✳ ❘❡✈✐./♦ ❞❡ ▲✐$❡2❛$✉2❛ ✶✷

.❡2 ✉$✐❧✐③❛❞❛ ♣❛2❛ ♠❡❞✐2 ♦. ♠♦✈✐♠❡♥$♦. ❞♦ ❜2❛8♦ ❡ ❞❛ ♠/♦ ❡ ❡①✐.$❛♠ ❞✐✈❡2.♦. ♠:$♦❞♦.

;✉❡ ♣♦❞❡♠ .❡2 ❛♣❧✐❝❛❞♦. ♥❛ ❛♥=❧✐.❡ ❞♦ .❊▼● ✭❘❡❛③ ❡! ❛❧✳✱ ✷✵✵✻✮✱ ♦ ♥F♠❡2♦ ❞❡ ❡❧❡$2♦❞♦.

♥❡❝❡..=2✐♦.✱ ♦ ♣♦.✐❝✐♦♥❛♠❡♥$♦ ❞❡..❡. ❡❧❡$2♦❞♦. ❡ ❛ ❝❧❛..✐✜❝❛8/♦ ❞♦ ❣❡.$♦ 2❡❛❧✐③❛❞♦ ♣♦❞❡

.❡2 ✉♠❛ $❛2❡❢❛ ❜❛.$❛♥$❡ ❝♦♠♣❧❡①❛✳

✷✳✷✳✺ ❊❧❡&'♦❡♥❝❡❢❛❧♦❣'❛✜❛

❆ ■♥$❡2❢❛❝❡ ❈:2❡❜2♦ ▼=;✉✐♥❛ ✭■❈▼✮ : ✉♠❛ ❛❜♦2❞❛❣❡♠ ;✉❡ ❜✉.❝❛ $2❛❞✉③✐2 ♦. ♣♦✲

$❡♥❝✐❛. ❡❧:$2✐❝♦. ❛❞✈✐♥❞♦. ❞❛. ❛$✐✈✐❞❛❞❡. ❝❡2❡❜2❛✐.✱ ❛ ✜♠ ❞❡ 2❡♣2❡.❡♥$❛2 ❛ ✐♥$❡♥8/♦ ❞♦

✉.✉=2✐♦ ❡♠ .❡ ❝♦♠✉♥✐❝❛2 ❝♦♠ ♦ ♠❡✐♦ ❡①$❡2♥♦ ✭❲♦❧♣❛✇ ❡ ❲♦❧♣❛✇✱ ✷✵✶✷✮✳ ◆♦. F❧$✐♠♦.

❛♥♦.✱ ♦. ❛✈❛♥8♦. ❞❛ ♥❡✉2♦❝✐P♥❝✐❛ ❡ ♦ ❞❡.❡♥✈♦❧✈✐♠❡♥$♦ ❞❡ ❡;✉✐♣❛♠❡♥$♦. ❡ ❝♦♠♣✉$❛❞♦2❡.

❝♦♠ ♠❛✐♦2 ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣2♦❝❡..❛♠❡♥$♦ ❡ ❛ ❝✉.$♦. ♠❡♥♦2❡. ✐♠♣✉❧.✐♦♥❛2❛♠ ♦. ❡.$✉❞♦.

♥❡..❛ =2❡❛✳

❉❡♥$2❡ ❛. $❡❝♥♦❧♦❣✐❛. ❝❛♣❛③❡. ❞❡ .❡2✈✐2 ❝♦♠♦ ❜❛.❡ ♣❛2❛ ✉♠❛ ■❈▼✱ ❛ ❡❧❡$2♦❡♥❝❡❢❛✲

❧♦❣2❛✜❛ ✭❊❊●✮ : ❛ ;✉❡ ♠❛✐. ✈❡♠ .❡ ❞❡.$❛❝❛♥❞♦✳ ❊.$❛ $:❝♥✐❝❛ ♣❡2♠✐$❡ ♦ 2❡❣✐.$2♦ ❞♦.

.✐♥❛✐. ❡❧❡$2♦❡♥❝❡❢❛❧♦❣2=✜❝♦. ♣♦2 ♠❡✐♦ ❞❡ ❡❧❡$2♦❞♦. ❞❡ .✉♣❡2❢#❝✐❡✱ ❝♦❧♦❝❛❞♦. ♥❛ 2❡❣✐/♦ ❞♦

❡.❝❛❧♣♦ ✭❯❜❡❞❛ ❡! ❛❧✳✱ ✷✵✶✸✮✳ ❆ ❋✐❣✉2❛ ✭✷✳✸✮ ♠♦.$2❛ ❝♦♠♦ ❡..❡. ❡❧❡$2♦❞♦. ./♦ ❝♦❧♦❝❛❞♦.

♥♦ ♣❛❝✐❡♥$❡✱ .❡♠ ;✉❡ ❤❛❥❛ ❛ ♥❡❝❡..✐❞❛❞❡ ❞❡ 2❛.♣❛❣❡♠ ❞♦ ❝❛❜❡❧♦✳

❋✐❣✉2❛ ✷✳✸✿ ❊❧❡$2♦❡♥❝❡❢❛❧♦❣2❛✜❛✳ ✭❛✮ ❈❛♣❛❝❡$❡ ❞❡ ❊❊●✱ ✭❜✮ ❉✐.$2✐❜✉✐8/♦ ❞❡ ❡❧❡$2♦❞♦.

♣❡❧♦ .✐.$❡♠❛ ✐♥$❡2♥❛❝✐♦♥❛❧ ✶✵✲✷✵✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❯❜❡❞❛ ❡! ❛❧✳✱ ✷✵✶✸✮ ❡ ✭❯❧❧♦❛✱ ✷✵✶✸✮

❊①✐.$❡♠ ❞✐❢❡2❡♥$❡. $✐♣♦. ❞❡ .✐♥❛✐. ❡❧❡$2♦❡♥❝❡❢❛❧♦❣2=✜❝♦. ✭.❊❊●✮✱ ❡♥$2❡ ❡❧❡.✿ ♦. .✐✲

♥❛✐. ❡.♣♦♥$X♥❡♦.✱ ❛ ✐♠❛❣✐♥❛8/♦ ♠♦$♦2❛ ❡ ♦. ♣♦$❡♥❝✐❛✐. ❡✈♦❝❛❞♦.✳ ❖. .✐♥❛✐. ❡.♣♦♥$X♥❡♦.

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐.
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8✉❛♥❞♦ ❤C ❛ ♣,❡*❡♥0❛ ❞❡ ✉♠ ❡*/D♠✉❧♦ ❡①/❡,♥♦ ✭❆❜❞❛❧❧❛ ❏H♥✐♦,✱ ✷✵✶✷✮✳

◆❛ ❧✐/❡,❛/✉,❛✱ ❤C ❞✐✈❡,*♦* /,❛❜❛❧❤♦* 8✉❡ ✈✐*❛♠ ❛ ✉/✐❧✐③❛01♦ ❞❛ ❊❊● ♣❛,❛ ♦ ❝♦♥/,♦❧❡

❞❡ ,♦❜N*✱ ❞❡ ❞✐❢❡,❡♥/❡* ❢♦,♠❛*✳ ❆❜❞❛❧❧❛ ❏H♥✐♦, ✭✷✵✶✷✮✱ ♣♦, ❡①❡♠♣❧♦✱ ✉/✐❧✐③❛ ❛ /%❝♥✐❝❛

♣❛,❛ ♦ ❝♦♥/,♦❧❡ /❡❧❡♦♣❡,❛❞♦ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦, ,♦❜</✐❝♦ ❝♦♠ ❞♦✐* ❣,❛✉* ❞❡ ❧✐❜❡,❞❛❞❡✱

♣♦, ♠❡✐♦ ❞❛ ❞❡/❡❝01♦ ❞❡ ♣♦/❡♥❝✐❛✐* ❡✈♦❝❛❞♦* ♣♦, ❡*/D♠✉❧♦ ✈✐*✉❛❧✳ ❏C ❯❧❧♦❛ ✭✷✵✶✸✮ ❛♣❧✐❝❛

❛ /%❝♥✐❝❛ ♣♦, ♠❡✐♦ ❞❡ *✐♥❛✐* ♣,♦✈❡♥✐❡♥/❡* ❞❛ ✐♠❛❣✐♥❛01♦ ♠♦/♦,❛✱ ♦ 8✉❡ % ✉♠ ♣♦✉❝♦ ♠❛✐*

❝♦♠♣❧✐❝❛❞♦ ❡ ❡①✐❣❡ ✉♠ ♠❛✐♦, /,❡✐♥❛♠❡♥/♦ ❡ ❝♦♥❝❡♥/,❛01♦ ♣♦, ♣❛,/❡ ❞♦ ✉*✉C,✐♦✳

❆❧%♠ ❞✐**♦✱ ♦ ✉*♦ ❞❛ ❊❊● ❡♠ ♦✉/,♦* ❞✐*♣♦*✐/✐✈♦* ❝♦♠♦ ♣❛,❛ ♦ ❝♦♥/,♦❧❡ ❞❡ ❝❛❞❡✐,❛*✲

❞❡✲,♦❞❛* ✭■/✉,,❛/❡ ❡! ❛❧✳✱ ✷✵✵✾✮ ♦✉ ❞❡ ❝✉,*♦,❡* ❞❡ ❝♦♠♣✉/❛❞♦, ✭▼✐♥❣ ❡! ❛❧✳✱ ✷✵✵✾✮ /❛♠❜%♠

/❡♠ *✐❞♦ ❡*/✉❞❛❞♦✳ ❉❡*/❛ ❢♦,♠❛✱ ❛ ■❈▼ /❡♠ ♠♦*/,❛❞♦ ❣,❛♥❞❡ ♣♦/❡♥❝✐❛❧ ♣❛,❛ ,❡❛❜✐❧✐/❛,

♣❛❝✐❡♥/❡* 8✉❡ *♦❢,❡,❛♠ ❞♦❡♥0❛* ❝♦♠♦ ❞❡,,❛♠❡✱ ♣❛,❛❧✐*✐❛ ❝❡,❡❜,❛❧✱ ❞✐*/,♦✜❛ ♠✉*❝✉❧❛, ❡

❡*❝❧❡,♦*❡ ♠H❧/✐♣❧❛✱ ❡♥/,❡ ♦✉/,❛*✱ 8✉❡ ♣♦❞❡♠ ❛❢❡/❛, ♦* ♠H*❝✉❧♦* ♦✉ ❝❛✉*❛, ❛❧❣✉♠ ❞❛♥♦
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✉♠ ❝♦♠♣✉.❛❞♦& ♦✉ ✉♠❛ :&.❡,❡✱ ❝♦♠ ❛, ❞❡✈✐❞❛, ❛❞❛♣.❛=H❡,✳

✷✳✸ ❚$❛❜❛❧❤♦* ❛♥,❡$✐♦$❡*

◆❡,.❛ ,❡=A♦✱ ,❡&A♦ ❛♣&❡,❡♥.❛❞♦, .&❛❜❛❧❤♦, 8✉❡ ✉.✐❧✐③❛&❛♠ ❛ ❊▼● ❡ ,❡♥,♦&❡, ✐♥❡&❝✐❛✐,

♣❛&❛ ♦ ❝♦♥.&♦❧❡ ❞❡ ♠❛♥✐♣✉❧❛❞♦&❡, &♦❜:.✐❝♦, ❡ 8✉❡ ❢♦&❛♠ &❡❢❡&I♥❝✐❛ ♣❛&❛ ❡,.❡ ♣&♦❥❡.♦✳

✷✳✸✳✶ ●❊ ❋✉"✐♦♥ ❡ ▼❊❆ ❋✉"✐♦♥ ✭❈❛♥♥❛♥ ❡ ❍✉✱ ✷✵✶✷✮

❊,.❡ .&❛❜❛❧❤♦ ❛♣&❡,❡♥.❛ ❞✉❛, ❛❜♦&❞❛❣❡♥, ♣❛&❛ ♠❡❞✐& ♠♦✈✐♠❡♥.♦ ❡ ❝♦♥.&❛=A♦ ♠✉,✲

❝✉❧❛& ❞❡♥♦♠✐♥❛❞❛, ●❊ ❋✉"✐♦♥ ❡ ▼❊❆ ❋✉"✐♦♥✳ ❆♠❜❛, ✉.✐❧✐③❛♠ ✉♠ ❡❧❡.&♦♠✐:❣&❛❢♦✱

❡♥.&❡.❛♥.♦ ❛ ♣&✐♠❡✐&❛ ❛❜♦&❞❛❣❡♠ ✉.✐❧✐③❛ ✉♠ ❣✐&♦,❝:♣✐♦ ▲✸●✹✷✵✵❉ .&✐❛①✐❛❧ ❡ ❛ ,❡❣✉♥❞❛

✉.✐❧✐③❛ ✉♠ ❛❝❡❧❡&J♠❡.&♦ ❇▼❆✶✽✵ ❡ ✉♠ ♠❛❣♥❡.J♠❡.&♦ ▼❆●✸✶✶✵ .&✐❛①✐❛✐,✳

❊♠❜♦&❛ ❤❛❥❛ ❡,,❛ ❞✐✈✐,A♦ ♣♦& ♣❛&.❡ ❞♦, ❛✉.♦&❡,✱ .♦❞♦, ❡,,❡, ,❡♥,♦&❡, ,A♦ ❝♦❧♦❝❛❞♦,

❡♠ ✉♠❛ ♣❡8✉❡♥❛ ❝❛✐①❛ ♣&❡,❛ ❛ ✉♠❛ ♣✉❧,❡✐&❛ ❞❡ ❡❧G,.✐❝♦✱ ❝♦♠♦ ♠♦,.&❛ ❛ ❋✐❣✉&❛ ✭✷✳✺✮✳

❆❧@♠ ❞♦, ,❡♥,♦&❡, ❝✐.❛❞♦,✱ ♦ ❞✐,♣♦,✐.✐✈♦ ❝♦♥.@♠ ❛✐♥❞❛ ✉♠ ♠✐❝&♦❝♦♥.&♦❧❛❞♦& ❆&❞✉✐♥♦

W&♦ ▼✐♥✐ 8✉❡ @ ✉.✐❧✐③❛❞♦ ♣❛&❛ ❡♥✈✐❛& ♦, ❞❛❞♦, ❞❡ ♠❡❞✐=A♦ ❞♦, ,❡♥,♦&❡, ♣❛&❛ ✉♠ ❝♦♠✲

♣✉.❛❞♦& ✈✐❛ ❯❙❇✳ ❙❡❣✉♥❞♦ ♦, ❛✉.♦&❡,✱ ♦ ,✐,.❡♠❛ ♣❡,❛ ♠❡♥♦, ❞❡ ✷✵❣ ❡ ,✉❛, ♠❡❞✐❞❛, ,A♦

✻✵♠♠ ① ✸✺♠♠ ① ✷✵♠♠✳

❖ ❝✐&❝✉✐.♦ 8✉❡ ❝♦♥,.✐.✉✐ ♦ ❡❧❡.&♦♠✐:❣&❛❢♦ @ ❜❡♠ ,✐♠♣❧❡, ❡ ❝♦♥.@♠ ❛♣❡♥❛, ✉♠ ❛♠✲

♣❧✐✜❝❛❞♦& ❞❡ ✐♥,.&✉♠❡♥.❛=A♦ ■◆❆✶✷✽ ❝✉❥♦ ♣✐♥♦ &❡❢❡&❡♥.❡ ❛♦ ❣❛♥❤♦ @ ❝♦♥❡❝.❛❞♦ ❛ ✉♠

❝❛♣❛❝✐.♦&✱ 8✉❡ ❢✉♥❝✐♦♥❛ ❝♦♠♦ ✉♠ ✜❧.&♦ ♣❛,,❛✲❛❧.❛,✳ ❙A♦ ✉.✐❧✐③❛❞♦, .&I, ❡❧❡.&♦❞♦,✿ ♣♦,✐✲

.✐✈♦✱ ♥❡❣❛.✐✈♦ ❡ &❡❢❡&I♥❝✐❛✳ ❖, ❡❧❡.&♦❞♦, ♣♦,✐.✐✈♦ ❡ ♥❡❣❛.✐✈♦ ,A♦ ❝♦❧♦❝❛❞♦, ♣&:①✐♠♦, ✉♠

❞♦ ♦✉.&♦ ,♦❜&❡ ❛ ♠✉,❝✉❧❛.✉&❛ ❞♦ ❛♥.❡❜&❛=♦ ❡ ,A♦ ❝♦♥❡❝.❛❞♦, ❛♦, ♣✐♥♦, ❞❡ ❡♥.&❛❞❛ ❞♦

■◆❆✶✷✽✳ ❖ ❡❧❡.&♦❞♦ ❞❡ &❡❢❡&I♥❝✐❛ @ ❝♦❧♦❝❛❞♦ ❡♠ ✉♠❛ &❡❣✐A♦ ♠❛✐, :,,❡❛✱ ❝♦♠ ♠❡♥♦& ❛.✐✲

✈❛=A♦ ♠✉,❝✉❧❛&✱ ❡ @ ❝♦♥❡❝.❛❞♦ ^ &❡❢❡&I♥❝✐❛ ❞♦ ❝✐&❝✉✐.♦✳ ❖, ❡❧❡.&♦❞♦, ✉.✐❧✐③❛❞♦, ♣♦,,✉❡♠

●❛❜&✐❡❧❛ ▲_❣✐❛ ❘❡✐,



❈❛♣#$✉❧♦ ✷✳ ❘❡✈✐./♦ ❞❡ ▲✐$❡2❛$✉2❛ ✶✻

❋✐❣✉2❛ ✷✳✺✿ 9✉❧.❡✐2❛ ❝♦♥$❡♥❞♦ ♦ ●❊ ❋✉"✐♦♥ ❡ ♦ ▼❊❆ ❋✉"✐♦♥✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❈❛♥♥❛♥ ❡

❍✉✱ ✷✵✶✷✮

✸✵♠♠ ❞❡ ❞✐H♠❡$2♦✱ ./♦ 2❡✉$✐❧✐③J✈❡✐. ❡ ❛❞❡.✐✈♦.✳ 9❛2❛ ✈❡2✐✜❝❛2 ❛ ✐♥$❡♥K/♦ ❞♦ ✉.✉J2✐♦ ❞❡

❢❡❝❤❛2 ♦✉ ❛❜2✐2 ❛ ♠/♦✱ ❢♦✐ ✉$✐❧✐③❛❞♦ ♦ ✈❛❧♦2 ❞❡ ❛♠♣❧✐$✉❞❡ ❞♦ .❊▼●✳

❖. .❡♥.♦2❡. ✐♥❡2❝✐❛✐. ❢♦2❛♠ ✉$✐❧✐③❛❞♦. ♣❛2❛ ♠❡❞✐2 ❛. ♣♦.✐KP❡. ❛♥❣✉❧❛2❡. ❞♦. ♠♦✈✐✲

♠❡♥$♦. ❞❡ ❛2❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛ 2❡❛❧✐③❛❞♦. ♣❡❧♦ ❜2❛K♦ ❞♦ ✉.✉J2✐♦✳ ◆❛ ♣2✐♠❡✐2❛ ❛❜♦2❞❛❣❡♠✱

♦ ●❊ ❋✉.✐♦♥✱ ❡..❛. ♣♦.✐KP❡. ❢♦2❛♠ ❝❛❧❝✉❧❛❞❛. ♣❡❧❛ ✐♥$❡❣2❛K/♦ ♥✉♠S2✐❝❛ ❞♦. ✈❛❧♦2❡. ❞❡

✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ♠❡❞✐❞♦. ♣❡❧♦ ❣✐2♦.❝T♣✐♦✳ ◆❛ .❡❣✉♥❞❛ ❛❜♦2❞❛❣❡♠✱ ❛. ♣♦.✐KP❡. ❛♥❣✉✲

❧❛2❡. ❞❡ ❛2❢❛❣❡♠ ❢♦2❛♠ ❝❛❧❝✉❧❛❞❛. ♣❡❧♦. ❞❛❞♦. ❞❡ ♠❡❞✐K/♦ ❞♦ ❛❝❡❧❡2U♠❡$2♦✱ ❡♥V✉❛♥$♦

❛. ♣♦.✐KP❡. ❛♥❣✉❧❛2❡. ❞❡ ❣✉✐♥❛❞❛ ❢♦2❛♠ ♦❜$✐❞❛. ♣♦2 ♠❡✐♦ ❞♦ ♠❛❣♥❡$U♠❡$2♦✳ ▼❛✐♦2❡.

❞❡$❛❧❤❡. .♦❜2❡ ❡..❡. ❝J❧❝✉❧♦. .❡2/♦ ♠♦.$2❛❞♦. ♥♦ ❈❛♣#$✉❧♦ ✸✳

❯♠ ❡①♣❡2✐♠❡♥$♦ ♣❛2❛ ❝♦♥$2♦❧❡ $❡❧❡♦♣❡2❛❞♦ ❞❡ ✉♠ 2♦❜U ❢♦✐ 2❡❛❧✐③❛❞♦ ♣❛2❛ ✈❡2✐✜❝❛2

♦ ❢✉♥❝✐♦♥❛♠❡♥$♦ ❞❡..❡. .✐.$❡♠❛.✳ ❖ 2♦❜U ✉$✐❧✐③❛❞♦ ❢♦✐ ♦ ❊❞✉❜♦$ ❘♦❜♦$✐❝ ❆2♠

➤

✱ ✉♠

♠❛♥✐♣✉❧❛❞♦2 2♦❜T$✐❝♦ ❝♦♠ ❝✐♥❝♦ ❣2❛✉. ❞❡ ❧✐❜❡2❞❛❞❡ ❡ ✉♠ ❡❢❡$✉❛❞♦2 ❡♠ ❢♦2♠❛ ❞❡ ♣✐♥K❛✳

◆♦ ❡①♣❡2✐♠❡♥$♦ ❢♦2❛♠ ✉$✐❧✐③❛❞♦. ♦ ❡❢❡$✉❛❞♦2 ❡ ❛♣❡♥❛. ❞✉❛. ❥✉♥$❛. ♣❛2❛ ❛ 2❡❛❧✐③❛K/♦ ❞♦.

♠♦✈✐♠❡♥$♦. ❞❡ ❛2❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛✳

❖ ❡①♣❡2✐♠❡♥$♦ ❝♦♥.✐.$✐✉ ❡♠ ♣❡❣❛2 ✉♠ ♣❡V✉❡♥♦ ♦❜❥❡$♦ ❡♠ ✉♠ V✉❛❞2❛❞♦ ❛♠❛2❡❧♦ ❡

♠♦✈Z✲❧♦ ❛$S ♦✉$2♦ V✉❛❞2❛❞♦✳ 9❛2❛ ✐..♦✱ ♦ .❊▼● ❞❡$❡2♠✐♥❛✈❛ ♦ ❝♦♠❛♥❞♦ ♣❛2❛ ❛❜2✐2 ♦✉

❢❡❝❤❛2 ♦ ❡❢❡$✉❛❞♦2 ❞❡ ❛❝♦2❞♦ ❝♦♠ ♦ ❣❡.$♦ 2❡❛❧✐③❛❞♦ ♣❡❧❛ ♠/♦ ❞♦ ✉.✉J2✐♦✱ ❡ ❛. ♣♦.✐KP❡.

❛♥❣✉❧❛2❡. ❝❛❧❝✉❧❛❞❛. ♣♦2 ♠❡✐♦ ❞♦. .❡♥.♦2❡. ✐♥❡2❝✐❛✐. ❢♦2❛♠ ✉$✐❧✐③❛❞❛. ♣❛2❛ ♦ ❝♦♥$2♦❧❡ ❞♦.

♠♦✈✐♠❡♥$♦. ❞❛. ❥✉♥$❛. ❞♦ 2♦❜U✱ V✉❡ ✈✐.❛✈❛♠ ✐♠✐$❛2 ♦ ♠♦✈✐♠❡♥$♦ 2❡❛❧✐③❛❞♦ ♣❡❧♦ ❜2❛K♦

❤✉♠❛♥♦✳ ❆❧S♠ ❞❛. ❞✉❛. ❛❜♦2❞❛❣❡♥. ✉$✐❧✐③❛❞❛.✱ ♦ ❡①♣❡2✐♠❡♥$♦ ❢♦✐ ❢❡✐$♦ ❛✐♥❞❛ ❝♦♠ ✉♠

❥♦②"(✐❝❦ ❡ ✉♠ $❡❝❧❛❞♦✱ ♣❛2❛ ✜♥. ❞❡ ❝♦♠♣❛2❛K/♦✳

❙❡❣✉♥❞♦ ♦. ❛✉$♦2❡.✱ ♣❡❧♦ $❡♠♣♦ ♠S❞✐♦ ❣❛.$♦ ♣❛2❛ ❛ 2❡❛❧✐③❛K/♦ ❞❛ $❛2❡❢❛ ❡ ❛ ♣2❡❝✐./♦

❞❛ ♠❡.♠❛✱ ♦ ✉.♦ ❞♦ $❡❝❧❛❞♦ ❛♣2❡.❡♥$♦✉ ♦ ♠❡❧❤♦2 2❡.✉❧$❛❞♦✱ ♦✉ .❡❥❛✱ ♠❡♥♦2 $❡♠♣♦ ❡

♠❛✐♦2 ♣2❡❝✐./♦✱ .❡❣✉✐❞♦ ❞♦ ●❊ ❋✉"✐♦♥✱ ❞♦ ❥♦②"(✐❝❦ ❡ ♦ ▼❊❆ ❋✉"✐♦♥✳ ➱ ♣2❡❝✐.♦ 2❡..❛❧$❛2✱

♥♦ ❡♥$❛♥$♦✱ V✉❡ ♦. ❛✉$♦2❡. ♥/♦ ❢♦2♥❡❝❡♠ ♠❛✐♦2❡. ❞❡$❛❧❤❡. .♦❜2❡ ♦. ❡22♦. ♥♦ ❝J❧❝✉❧♦ ❞❛.

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐.



✶✼ ✷✳✸✳ ❚&❛❜❛❧❤♦, ❛♥.❡&✐♦&❡,

♣♦,✐23❡, ❛♥❣✉❧❛&❡, ❡ 6✉❡ ❛ ❛.✐✈✐❞❛❞❡ 9 &❡❛❧✐③❛❞❛ ♥✉♠ .❡♠♣♦ ❞❡ ❛♣&♦①✐♠❛❞❛♠❡♥.❡ ✺✵,

♣❛&❛ ♦ ♣✐♦& ❝❛,♦ ❛♣&❡,❡♥.❛❞♦✳ ◆❡,,❡ .❡♠♣♦✱ ♣&♦❜❧❡♠❛, 6✉❡ ♦❝♦&&❡♠ ♥❛ ✐♥.❡❣&❛2B♦ ❞♦,

✈❛❧♦&❡, ❞♦ ❣✐&♦,❝C♣✐♦✱ ❛✐♥❞❛ ♥B♦ ,B♦ &❡❧❡✈❛♥.❡, ❡✱ ♣♦& ✐,,♦✱ ♦, .❡,.❡, ❝♦♠ ♦ ●❊ ❋✉"✐♦♥

❢♦&❛♠ ♠❡❧❤♦&❡, 6✉❡ ♦, .❡,.❡, &❡❛❧✐③❛❞♦, ❝♦♠ ♦ ▼❊❆ ❋✉"✐♦♥✱ ✉♠❛ ✈❡③ 6✉❡ ♦, ❞❛❞♦,

♣&♦✈❡♥✐❡♥.❡, ❞♦ ❛❝❡❧❡&I♠❡.&♦ ,B♦ ❜❛,.❛♥.❡ &✉✐❞♦,♦,✱ ,♦❜&❡.✉❞♦ 6✉❛♥❞♦ ❤J ♠♦✈✐♠❡♥.♦✳

❚♦❞♦, ❡,,❡, ♣&♦❜❧❡♠❛, ,❡&B♦ .&❛.❛❞♦, ♠❛✐, ❛❞✐❛♥.❡ ❡ ,❡&J ♠♦,.&❛❞♦ 6✉❡ ❛ ❢✉,B♦ ❞❡,.❡,

,❡♥,♦&❡, 9 ✉♠❛ ❜♦❛ ❛❧.❡&♥❛.✐✈❛ ♣❛&❛ ❡❧✐♠✐♥J✲❧♦,✳

✷✳✸✳✷ ❏!▲ ❇✐♦❙❧❡❡✈❡ ✭❲♦❧❢ ❡* ❛❧✳✱ ✷✵✶✸❛✮✱ ✭❲♦❧❢ ❡* ❛❧✳✱ ✷✵✶✸❜✮

❊,.❡ .&❛❜❛❧❤♦ ❢♦✐ ❞❡,❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ❏M▲ ✭❏❡( )*♦♣✉❧"✐♦♥ ▲❛❜♦*❛(♦*② ✮ ♥♦ ■♥,.✐.✉.♦

❞❡ ❚❡❝♥♦❧♦❣✐❛ ❞❛ ❈❛❧✐❢♦&♥✐❛ ❡♠ ✉♠ ❝♦♥.&❛.♦ ❝♦♠ ❛ ◆❆❙❆ ✭◆❛(✐♦♥❛❧ ❆❡*♦♥❛✉(✐❝" ❛♥❞

❙♣❛❝❡ ❆❞♠✐♥✐"(*❛(✐♦♥✮✳ ❚&❛.❛✲,❡ ❞❡ ✉♠ ,✐,.❡♠❛ ❝♦♠ ❝♦♠✉♥✐❝❛2B♦ ✇✐*❡❧❡""✱ ❝♦❧♦❝❛❞♦ ♥♦

❛♥.❡❜&❛2♦ ❡ ✉,❛❞♦ ♣❛&❛ ✐♥❢❡&✐& ❣❡,.♦, &❡❛❧✐③❛❞♦, ♣♦& ♠♦✈✐♠❡♥.♦, ❞♦ ❜&❛2♦ ❡ ❞❛ ♠B♦✳ ❖,

❛✉.♦&❡, ❞❡&❛♠ ♦ ♥♦♠❡ ❞❡ ❏)▲ ❇✐♦❙❧❡❡✈❡ ❛♦ ❞✐,♣♦,✐.✐✈♦ ❡❧❡.&I♥✐❝♦ 6✉❡ ❝♦♥,.✐.✉✐✲,❡ ❞❡

✉♠❛ ❧✉✈❛ ❝♦♥.❡♥❞♦ ✉♠ ❛❝❡❧❡&I♠❡.&♦✱ ✉♠ ❣✐&♦,❝C♣✐♦ ❡ ✉♠ ♠❛❣♥❡.I♠❡.&♦ .&✐❛①✐❛✐,✱ ❛❧9♠

❞❡ ✉♠ ❡❧❡.&♦♠✐C❣&❛❢♦ ❞❡ ❞❡③❡,,❡✐, ❝❛♥❛✐,✱ ❝♦♠♦ ♠♦,.&❛ ❛ ❋✐❣✉&❛ ✭✷✳✻✮✳

❋✐❣✉&❛ ✷✳✻✿ ❏)▲ ❇✐♦"❧❡❡✈❡✳ ✭❲♦❧❢ ❡( ❛❧✳✱ ✷✵✶✸❜✮

❆ ♣&✐♥❝✐♣❛❧ ♠♦.✐✈❛2B♦ ♣❛&❛ ❛ ❝&✐❛2B♦ ❞❡,.❡ ❞✐,♣♦,✐.✐✈♦ ❢♦✐ ❛♣❧✐❝J✲❧♦ ❡♠ ✈✐❛❣❡♥, ❡,✲

♣❛❝✐❛✐, ♣❛&❛ 6✉❡ ♦ ❛,.&♦♥❛✉.❛ ♣♦,,❛ ❝♦♠❛♥❞❛& ♦♣❡&❛23❡, ❡①.&❛ ✈❡✐❝✉❧❛&❡, &❡❛❧✐③❛❞❛, ♣♦&

&♦❜I,✳ ❙❡❣✉♥❞♦ ♦, ❛✉.♦&❡, ♦, ,✐,.❡♠❛, ❜❛,❡❛❞♦, ❡♠ ❝Y♠❡&❛, ❛♣&❡,❡♥.❛♠ ♣&♦❜❧❡♠❛, 6✉❡

,❡&✐❛♠ ❡❧✐♠✐♥❛❞♦, ❝♦♠ ❛ ✉.✐❧✐③❛2B♦ ❞❛ ❧✉✈❛✱ ❝♦♠♦ ❛ ♥❡❝❡,,✐❞❛❞❡ ❞❡ ❝Y♠❡&❛, ❛♦ &❡❞♦& ❞♦

✉,✉J&✐♦✱ &❡❧❛23❡, ❡,♣❛❝✐❛✐, ❝♦♥,.❛♥.❡, ❡♥.&❡ ❛ ❝Y♠❡&❛ ❡ ♦ ✉,✉J&✐♦ ❡ ✐❧✉♠✐♥❛2B♦ ❝♦♥,✐,✲

.❡♥.❡✳

▼♦♥✐.♦&❛♥❞♦ ♦, ♠Z,❝✉❧♦, ❞♦ ❛♥.❡❜&❛2♦✱ ❡,.❡ ,✐,.❡♠❛ ✐♥❢❡&❡ ♦, ♠♦✈✐♠❡♥.♦, &❡❛❧✐③❛✲

●❛❜&✐❡❧❛ ▲[❣✐❛ ❘❡✐,



❈❛♣#$✉❧♦ ✷✳ ❘❡✈✐./♦ ❞❡ ▲✐$❡2❛$✉2❛ ✶✽

❞♦. ♣❡❧♦. ❞❡❞♦.✱ ❡♥7✉❛♥$♦ ♦. .❡♥.♦2❡. ✐♥❡2❝✐❛✐. ./♦ ✉$✐❧✐③❛❞♦. ♣❛2❛ ♠❡❞✐2 ♦. ♠♦✈✐♠❡♥$♦.

❞♦ ❛♥$❡❜2❛<♦✳ ❖. ❛✉$♦2❡. ❛✜2♠❛♠ 7✉❡ ♦. ♠♦✈✐♠❡♥$♦. ❞♦ ❛♥$❡❜2❛<♦ ./♦ ❞❡$❡2♠✐♥❛❞♦.

♣❡❧❛ ❢✉./♦ ❞♦. ❞❛❞♦. ❞♦. $2@. .❡♥.♦2❡. ✐♥❡2❝✐❛✐.✱ ❡♥$2❡$❛♥$♦ ♥/♦ ❛❜♦2❞❛♠ ❛ $A❝♥✐❝❛ ❞❡

❢✉./♦ .❡♥.♦2✐❛❧ ❡.❝♦❧❤✐❞❛✳

C❛2❛ ❛ ❝❧❛..✐✜❝❛</♦ ❞♦ .❊▼● A ✉$✐❧✐③❛❞♦ ♦ ❝❧❛..✐✜❝❛❞♦2 ❙✉♣♣♦$% ❱❡❝%♦$ ▼❛❝❤✐♥❡.

✭❙❱▼✮ 7✉❡ ❝♦♥.✐.$❡ ❡♠ ✉♠❛ $A❝♥✐❝❛ ❞❡ ❛♣2❡♥❞✐③❛❞♦ ♣❛2❛ ♣2♦❜❧❡♠❛. ❞❡ 2❡❝♦♥❤❡❝✐♠❡♥$♦

❞❡ ♣❛❞2K❡. ♠✉✐$♦ ✉$✐❧✐③❛❞❛ ♥❛ ♣2L$✐❝❛✳ ◆♦ ❝❛.♦ ❞❡.$❡ $2❛❜❛❧❤♦✱ ✉♠ ✈❡$♦2 ❝♦♥.$✐$✉#❞♦ ♣❡❧♦

❞❡.✈✐♦ ♣❛❞2/♦ ❞♦ .✐♥❛❧ ♣2♦✈❡♥✐❡♥$❡ ❞❡ ❝❛❞❛ ❝❛♥❛❧ ❞♦ ❡❧❡$2♦♠✐N❣2❛❢♦ xi = (xi1,...,x1
i
6)
T
✱

❡♠ 7✉❡ i A ♦ ✐♥.$❛♥$❡ ❞❡ $❡♠♣♦✱ ❢♦✐ ✉$✐❧✐③❛❞♦ ♣❛2❛ ❝❧❛..✐✜❝❛2 ♦. ❣❡.$♦. 2❡❛❧✐③❛❞♦. ♣❡❧❛

♠/♦✳

❖ ♠❛♥✐♣✉❧❛❞♦2 2♦❜N$✐❝♦ ✉$✐❧✐③❛❞♦ A ♦ ❉❆❘2❆ ❆✉%♦♥♦♠♦✉. ❘♦❜♦%✐❝ ▼❛♥✐♣✉❧❛%♦$✳

❙/♦ ❢❡✐$♦. ❞♦✐. $✐♣♦. ❞❡ $❡.$❡.✱ ♥♦ ♣2✐♠❡✐2♦ $❡.$❡ ♦ ✉.✉L2✐♦ ❛♣♦♥$❛ ♣❛2❛ ♦ ♦❜❥❡$♦ ❡ ♦

2♦❜Q ❞❡✈❡ ♣❡❣L✲❧♦ ❞❡ ❢♦2♠❛ ❛✉$Q♥♦♠❛✳ ◆♦ .❡❣✉♥❞♦ ❝❛.♦✱ ♦ 2♦❜Q ✐♠✐$❛ ♦ ♠♦✈✐♠❡♥$♦

❢❡✐$♦ ♣❡❧♦ ✉.✉L2✐♦ ♣❛2❛ 2❡❛❧✐③❛2 ❛ ♠❡.♠❛ ❛$✐✈✐❞❛❞❡✳ ❆❧A♠ ❞❡ $❡.$❡. ❝♦♠ ♦ ♠❛♥✐♣✉❧❛❞♦2✱

❢♦2❛♠ ❢❡✐$♦. ❛✐♥❞❛ $❡.$❡. ❝♦♠ 2♦❜Q. ♠N✈❡✐. ❡ ❝♦♠ ✉♠❛ ♠/♦ ✈✐2$✉❛❧✳

◆♦. $❡.$❡. ❝♦♠ ❛ ♠/♦ ✈✐2$✉❛❧✱ ❢♦✐ ❢❡✐$❛ ❛ ❝❧❛..✐✜❝❛</♦ ❞❡ ❞❡③❡..❡✐. ❣❡.$♦. ❞✐.$✐♥$♦. ❡

❛ ❛❝✉2L❝✐❛ ❞♦ ❝❧❛..✐✜❝❛❞♦2 ♣2♦♣♦.$♦ ❢♦✐ ❞❡ ✾✻✪✳ C❛2❛ ✉♠ ♥W♠❡2♦ ❧✐♠✐$❛❞♦ ❞❡ ❛$A .❡✐.

❣❡.$♦.✱ ❛ ❛❝✉2L❝✐❛ ❢♦✐ ❞❡ ✾✾✪✳ ❆..✐♠✱ ♦. ❛✉$♦2❡. ❞❡.$❛❝❛♠ 7✉❡ ❞❡.❞❡ 7✉❡ ♦. ♠W.❝✉❧♦.

2❡❢❡2❡♥$❡. ❛♦. ♠♦✈✐♠❡♥$♦. 2❡❛❧✐③❛❞♦. ♣❡❧❛ ♠/♦ ❡.$❡❥❛♠ ✐♥$❛❝$♦. ❛♣N. ✉♠❛ ❛♠♣✉$❛</♦

$2❛♥.2❛❞✐❛❧✱ ❛ ❧✉✈❛ ♣♦❞❡ .❡2 ✉$✐❧✐③❛❞❛ $❛♠❜A♠ ♣❛2❛ ♦ ❝♦♥$2♦❧❡ ❞❡ ✉♠❛ ♣2N$❡.❡✳

✷✳✹ ❈♦♥❝❧✉)*❡) ❞♦ ❈❛♣/0✉❧♦

❖ ♣2❡.❡♥$❡ ❝❛♣#$✉❧♦ ❛♣2❡.❡♥$♦✉ ❛❧❣✉♠❛. ❞❛. ♣2✐♥❝✐♣❛✐. $A❝♥✐❝❛. ♣❛2❛ ❞❡$❡❝$❛2 ❛ ✐♥✲

$❡♥</♦ ❞❡ ♠♦✈✐♠❡♥$♦ ✉$✐❧✐③❛❞❛. ❛$✉❛❧♠❡♥$❡✳ ❉❡✈✐❞♦ Y. ❞❡.✈❛♥$❛❣❡♥. ♥♦ ✉.♦ ❞❡ ❝❛❞❛

✉♠❛ ❞❡❧❛.✱ ❢♦✐ ✈✐.$♦ 7✉❡ ❛❧❣✉♥. $2❛❜❛❧❤♦. ♦♣$❛♠ ♣♦2 .✐.$❡♠❛. ❤#❜2✐❞♦.✳ ❊.$❡. .✐.$❡♠❛.

./♦ ♠✉✐$♦ ✐♠♣♦2$❛♥$❡.✱ ✉♠❛ ✈❡③ 7✉❡ ✉$✐❧✐③❛♠ $A❝♥✐❝❛. ❝♦♠ ❝❛2❛❝$❡2#.$✐❝❛. ❝♦♠♣❧❡♠❡♥✲

$❛2❡. ❛ ✜♠ ❞❡ .❡ ♦❜$❡2 ♠❡❧❤♦2❡. 2❡.✉❧$❛❞♦.✳

C❛2❛ ♦ ♦❜❥❡$✐✈♦ ♣2♦♣♦.$♦ ♥❡.$❡ $2❛❜❛❧❤♦✱ ❢♦✐ ✈✐.$♦ 7✉❡ ❛ ❝♦♠❜✐♥❛</♦ ❞❡ .❡♥.♦2❡. ✐♥❡2✲

❝✐❛✐. ❝♦♠ ❛ ❡❧❡$2♦♠✐♦❣2❛✜❛ ❛$❡♥❞❡ Y. ❡①♣❡❝$❛$✐✈❛. ❞♦ ♣2♦❥❡$♦ ❞❡ .❡ ❝♦♥.$2✉✐2 ✉♠ .✐.$❡♠❛

7✉❡ ♣❡2♠✐$❛ ♦ ❝♦♥$2♦❧❡ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦2 2♦❜N$✐❝♦ ❞❡ ♠❛♥❡✐2❛ ✐♥$✉✐$✐✈❛✱ ✉$✐❧✐③❛♥❞♦ ♦.

♠♦✈✐♠❡♥$♦. ❞♦ ♠❡♠❜2♦ .✉♣❡2✐♦2 ❡ 7✉❡ ♣♦..❛ .❡2 ✉$✐❧✐③❛❞♦ $❛♠❜A♠ ♣♦2 ✐♥❞✐✈#❞✉♦. 7✉❡

.♦❢2❡2❛♠ ✉♠❛ ❛♠♣✉$❛</♦ $2❛♥.2❛❞✐❛❧✳

❉♦✐. $2❛❜❛❧❤♦. 7✉❡ ✉$✐❧✐③❛2❛♠ ❡..❛. ♠❡.♠❛. $A❝♥✐❝❛. ♣❛2❛ ♦ ❝♦♥$2♦❧❡ ❞❡ ✉♠ 2♦❜Q

♠❛♥✐♣✉❧❛❞♦2 ❢♦2❛♠ ❞❡.❝2✐$♦.✳ ❖ ♣2✐♠❡✐2♦ ❞❡❧❡.✱ ❞❡.❡♥✈♦❧✈✐❞♦ ♣♦2 ❈❛♥♥❛♥ ❡ ❍✉ ✭✷✵✶✷✮✱

❛♣2❡.❡♥$♦✉ ❞✉❛. ❛❜♦2❞❛❣❡♥. ✉$✐❧✐③❛♥❞♦ ✉♠ ❡❧❡$2♦♠✐N❣2❛❢♦ ❞❡ ✉♠ ❝❛♥❛❧✱ ❝✉❥❛ ❞✐❢❡2❡♥<❛

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐.



✶✾ ✷✳✹✳ ❈♦♥❝❧✉+,❡+ ❞♦ ❈❛♣12✉❧♦

3❡+✐❞❡ ♥♦+ +❡♥+♦3❡+ ✐♥❡3❝✐❛✐+ ✉2✐❧✐③❛❞♦+✱ ❞❡ ❢♦3♠❛ 9✉❡ ♥:♦ ❢♦✐ ❢❡✐2❛ ❛ ❢✉+:♦ +❡♥+♦3✐❛❧ ♣❛3❛

♠❡❧❤♦3❛3 ♦+ 3❡+✉❧2❛❞♦+ ♦❜2✐❞♦+✳

=♦3 ♦✉23♦ ❧❛❞♦✱ ♦ 23❛❜❛❧❤♦ ♣3♦♣♦+2♦ ♣♦3 ❲♦❧❢ ❡! ❛❧✳ ✭✷✵✶✸❜✮✱ ✉2✐❧✐③♦✉ ❛ ❢✉+:♦ +❡♥+♦✲

3✐❛❧ ❡ ❞❡+❡♥✈♦❧✈❡✉ ✉♠ ❡❧❡23♦♠✐E❣3❛❢♦ ❞❡ ❞❡③❡++❡✐+ ❝❛♥❛✐+✱ ♦ 9✉❡ ♣❡3♠✐2✐✉ ❛ ❝❧❛++✐✜❝❛H:♦

❞❡ ❞❡③❡++❡✐+ ❣❡+2♦+ ❞✐+2✐♥2♦+✱ ❝♦♠ ✉♠❛ ❛❝✉3I❝✐❛ ❞❡ ✾✻✪✳ ❊♥23❡2❛♥2♦✱ ✉♠ +✐+2❡♠❛ ❝♦♠♦

❡+2❡ ❛♣3❡+❡♥2❛ ✉♠ ❝✉+2♦ ❜❡♠ ♠❛✐+ ♣3♦✐❜✐2✐✈♦✳

❖ ♣3❡+❡♥2❡ 23❛❜❛❧❤♦ ❛♣3❡+❡♥2❛ ❛ ❝♦♥+23✉H:♦ ❞❡ ✉♠ +✐+2❡♠❛ ❞❡ ❜❛✐①♦ ❝✉+2♦ ♣❛3❛ ❞❡2❡❝✲

H:♦ ❞♦ ♠♦✈✐♠❡♥2♦ ❤✉♠❛♥♦✱ ❡①♣❧♦3❛♥❞♦ ❞✉❛+ 2O❝♥✐❝❛+ ❞❡ ❢✉+:♦ +❡♥+♦3✐❛❧ ❡ ❝♦♠♣❛3❛♥❞♦✲❛+

♥♦ ✉+♦ ❞❛ ❛♣❧✐❝❛H:♦ ♣3♦♣♦+2❛✳

●❛❜3✐❡❧❛ ▲1❣✐❛ ❘❡✐+





❈❛♣#$✉❧♦ ✸

❖ ❙✐,$❡♠❛ ■♥❡1❝✐❛❧

✸✳✶ ■♥%&♦❞✉*+♦

❙✐"#❡♠❛" ✐♥❡(❝✐❛✐" ❞❡ ❛❧#♦ ❞❡"❡♠♣❡♥❤♦ ❛♣(❡"❡♥#❛♠ ♣❡/✉❡♥♦" ♥1✈❡✐" ❞❡ (✉1❞♦ ❡ ❞❡✲

(✐✈❛✱ ❡♥#(❡#❛♥#♦✱ ♦ ❝✉"#♦ ❞❡ #❛✐" "✐"#❡♠❛" 5 ❜❛"#❛♥#❡ ♣(♦✐❜✐#✐✈♦✱ "❡❣✉♥❞♦ ✭▼♦(✐✱ ✷✵✶✸✮ ❞❛

♦(❞❡♠ ❞❡ ❯❙✩ ✶✵✵✱✵✵✵✳✵✵✳ ❆❧5♠ ❞✐""♦✱ ❡"#❡" "❡♥"♦(❡" ❣❡(❛❧♠❡♥#❡ "C♦ ❞❡ ❣(❛♥❞❡ ♣♦(#❡

❡ ❞❡ ❞✐❢1❝✐❧ ❛❝❡""♦✱ "❡♥❞♦ ✉#✐❧✐③❛❞♦" ♣(✐♥❝✐♣❛❧♠❡♥#❡ ❡♠ ❛♣❧✐❝❛FG❡" ❞❡ ✉"♦ ♠✐❧✐#❛( ❡ ♥❛

❛✈✐❛FC♦ ❝♦♠❡(❝✐❛❧✳ ❆""✐♠✱ ♦" "❡♥"♦(❡" ✐♥❡(❝✐❛✐" ♠❛✐" ✉#✐❧✐③❛❞♦" ❡♠ ❛♣❧✐❝❛FG❡" ✈♦❧#❛❞❛"

♣❛(❛ ❛ (♦❜H#✐❝❛ ❡ ♣❛(❛ ❛ ♠❡❞✐FC♦ ❞❡ ♠♦✈✐♠❡♥#♦ ❤✉♠❛♥♦ "C♦ ♦" "❡♥"♦(❡" ▼❊▼❙ ❞❡ ❜❛✐①♦

❝✉"#♦✱ ❡ ❝♦♥"❡/✉❡♥#❡♠❡♥#❡✱ ❞❡ ❜❛✐①♦ ❞❡"❡♠♣❡♥❤♦✱ /✉❡ ❛♣(❡"❡♥#❛♠ ❛❧#♦" ♥1✈❡✐" ❞❡ (✉1❞♦

❡ ❞❡(✐✈❛✱ ♦ /✉❡ #♦(♥❛ ✐♥✈✐K✈❡❧ "✉❛ ✉#✐❧✐③❛FC♦ ✐"♦❧❛❞❛ ❡♠ ❛♣❧✐❝❛FG❡" ❝♦♥✜K✈❡✐" ✭❙❛♥#❛♥❛✱

✷✵✵✺✮✳

❉❡"#❛ ❢♦(♠❛✱ ♦ "✐"#❡♠❛ ✐♥❡(❝✐❛❧ ♣(♦♣♦"#♦ ♥❡"#❡ #(❛❜❛❧❤♦ 5 ❝♦♥"#✐#✉1❞♦ ♣♦( #(O" "❡♥"♦✲

(❡" ❞❡ #❡❝♥♦❧♦❣✐❛ ▼❊▼❙✿ ✉♠ ❛❝❡❧❡(Q♠❡#(♦✱ ✉♠ ❣✐(♦"❝H♣✐♦ ❡ ✉♠ ♠❛❣♥❡#Q♠❡#(♦ #(✐❛①✐❛✐"✱

/✉❡ ❥✉♥#♦" #✐✈❡(❛♠ ✉♠ ❝✉"#♦ ❞❡ ❛♣(♦①✐♠❛❞❛♠❡♥#❡ ❘✩ ✶✻✺✱✵✵✳ U❛(❛ ❛ ❧❡✐#✉(❛ ❞♦" ❞❛❞♦"

❞❡"#❡" "❡♥"♦(❡" ❢♦✐ ✉#✐❧✐③❛❞♦ ♦ ❆(❞✉✐♥♦ ❯◆❖ ❡ ❛ ❝♦♥❡①C♦ ❡♥#(❡ ♦" "❡♥"♦(❡" ❡ ♦ ❆(❞✉✐♥♦

❢♦✐ ❢❡✐#❛ ♣♦( ♠❡✐♦ ❞❡ ✉♠ ❝♦♥❡❝#♦( ❘❏✹✺✱ ❝♦♠♦ ♠♦"#(❛ ❛ ❋✐❣✉(❛ ✭✸✳✶✮✳

◆❡"#❡ ❝❛♣1#✉❧♦✱ "❡(C♦ ❛♣(❡"❡♥#❛❞♦" ❝♦♥❝❡✐#♦" ✐♠♣♦(#❛♥#❡" "♦❜(❡ ♦ ✉"♦ ❞❡ "✐"#❡♠❛"

✐♥❡(❝✐❛✐" ❝♦♠♦ ❡"#❡ ♣❛(❛ ♠❡❞✐( ♣♦"✐FC♦ ❛♥❣✉❧❛(✳ ❙❡(C♦ ❛❜♦(❞❛❞♦" ♦" ♣(✐♥❝1♣✐♦" ❞❡ ❢✉♥✲

❝✐♦♥❛♠❡♥#♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦" "❡♥"♦(❡"✱ ❛" ❧✐♠✐#❛FG❡" ❞♦" ♠❡"♠♦"✱ ❜❡♠ ❝♦♠♦✱ ♠5#♦❞♦"

♣❛(❛ ❛ ❢✉"C♦ ❞♦" ❞❛❞♦" ♣(♦✈❡♥✐❡♥#❡" ❞❡""❡" "❡♥"♦(❡" /✉❡ ❢♦(❛♠ ✉#✐❧✐③❛❞♦" ♣❛(❛ ♠❡❧❤♦(❛(

♦ ❞❡"❡♠♣❡♥❤♦ ❞♦ "✐"#❡♠❛ ❞❡ ♠❡❞✐FC♦ ♣(♦♣♦"#♦✳

✷✶



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✷✷

❋✐❣✉2❛ ✸✳✶✿ ❙✐-$❡♠❛ ✐♥❡2❝✐❛❧ ✉$✐❧✐③❛❞♦✳

✸✳✷ ❈♦♥❝❡✐)♦* ♣,❡❧✐♠✐♥❛,❡*

❆♥$❡- ❞❛ ❛❜♦2❞❛❣❡♠ ❞♦- -❡♥-♦2❡- ❡ ❞❛ ❞❡-❝2✐=>♦ ❞♦- ♠?$♦❞♦- ❞❡ ❢✉->♦ -❡♥-♦2✐❛❧✱ ?

♥❡❝❡--B2✐♦ ❞❡-❝2❡✈❡2 ♦ -✐-$❡♠❛ ❞❡ ❝♦♦2❞❡♥❛❞❛- ✉$✐❧✐③❛❞♦ ❝♦♠♦ 2❡❢❡2D♥❝✐❛ ❡ ♦- ♠♦✈✐♠❡♥✲

$♦- ❛ -❡2❡♠ ♠❡❞✐❞♦-✳

F2✐♠❡✐2❛♠❡♥$❡✱ ❢♦✐ ❛❞♦$❛❞♦ ♦ -✐-$❡♠❛ ❞❡ ❝♦♦2❞❡♥❛❞❛- ♣❛❞2>♦ ✐♥❞✉-$2✐❛❧ ◆❊❉ ✭◆♦"#❤✱

❊❛(#✱ ❉♦✇♥✮✱ ♠♦-$2❛❞♦ ♥❛ ❋✐❣✉2❛ ✭✸✳✷✮✱ ❡♠ L✉❡✿

❋✐❣✉2❛ ✸✳✷✿ ❙✐-$❡♠❛ ❞❡ ❝♦♦2❞❡♥❛❞❛- ◆❊❉ ✉$✐❧✐③❛❞♦✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✷✸ ✸✳✸✳ ❙❡♥&♦(❡&

❼ ψ ✭*♥❣✉❧♦ ♣♦&✐0✐✈♦ ❞❡ ❣✉✐♥❛❞❛✮✿ 6 ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ *♥❣✉❧♦ ❞❡ (♦0❛:;♦ ♥♦ &❡♥0✐❞♦

❤♦(=(✐♦ ❡♠ 0♦(♥♦ ❞♦ ❡✐①♦ ③ @✉❡ ❛♣♦♥0❛ ♣❛(❛ ❜❛✐①♦✳

❼ θ ✭*♥❣✉❧♦ ♣♦&✐0✐✈♦ ❞❡ ❛(❢❛❣❡♠✮✿ 6 ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ *♥❣✉❧♦ ❞❡ (♦0❛:;♦ ♥♦ &❡♥0✐❞♦

❤♦(=(✐♦ ❡♠ 0♦(♥♦ ❞♦ ❡✐①♦ ② @✉❡ ❛♣♦♥0❛ ♣❛(❛ ♦ ❧❡&0❡✳

❼ φ ✭*♥❣✉❧♦ ♣♦&✐0✐✈♦ ❞❡ (♦❧❛♠❡♥0♦✮✿ 6 ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ *♥❣✉❧♦ ❞❡ (♦0❛:;♦ ♥♦ &❡♥0✐❞♦

❤♦(=(✐♦ ❡♠ 0♦(♥♦ ❞♦ ❡✐①♦ ① @✉❡ ❛♣♦♥0❛ ♣❛(❛ ♦ ♥♦(0❡✳

D❛(❛ ❛ ❧❡✐0✉(❛ ❛❞❡@✉❛❞❛ ❞♦ &✐&0❡♠❛ ✐♥❡(❝✐❛❧ ❡ ♦ ✉&♦ ❞♦& &❡♥&♦(❡& ♣❛(❛ ✐♥❢❡(✐( ❛0✐0✉❞❡✱ 6

❝(✉❝✐❛❧ @✉❡ ♦& ❡✐①♦& ❞♦ ❛❝❡❧❡(F♠❡0(♦✱ ❞♦ ♠❛❣♥❡0F♠❡0(♦ ❡ ❞♦ ❣✐(♦&❝G♣✐♦ ❡&0❡❥❛♠ ❛❧✐♥❤❛❞♦&

❝♦♠ ❛& ❝♦♦(❞❡♥❛❞❛& ❞♦ &✐&0❡♠❛ ◆❊❉ ❛❞♦0❛❞♦✳

◆❡&0❡ 0(❛❜❛❧❤♦✱ ♦ ♠❛♥✐♣✉❧❛❞♦( (♦❜G0✐❝♦ ✉0✐❧✐③❛❞♦ ♣♦&&✉✐ ❞♦✐& ❣(❛✉& ❞❡ ❧✐❜❡(❞❛❞❡ @✉❡

❝♦((❡&♣♦♥❞❡♠ ❛♦& ♠♦✈✐♠❡♥0♦& ❞❡ ❛(❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛✳ ❉❡✈✐❞♦ L ❡&0(✉0✉(❛ ♠❡❝*♥✐❝❛ ❡

❛♦& ❝❛❜♦&✱ ♦ ♠♦✈✐♠❡♥0♦ ❞❡ ❛(❢❛❣❡♠ ❡&0= ❧✐♠✐0❛❞♦ ❡♥0(❡ ❛♣(♦①✐♠❛❞❛♠❡♥0❡ −60◦ ❡ +90◦

❡ ♦ ♠♦✈✐♠❡♥0♦ ❞❡ ❣✉✐♥❛❞❛ ❡&0= ❧✐♠✐0❛❞♦ ❛ ±90◦✳ ❉❡&0❛ ❢♦(♠❛✱ ❛ ♠❡❞✐:;♦ ❞♦ ♠♦✈✐♠❡♥0♦

❞♦ ❜(❛:♦ ❤✉♠❛♥♦ ❞❡✈❡ ❝♦♥0❡♠♣❧❛( ❡&&❡& ❧✐♠✐0❡&✱ ❝♦♠♦ ♠♦&0(❛ ❛ ❋✐❣✉(❛ ✭✸✳✸✮✳

❋✐❣✉(❛ ✸✳✸✿ ▼♦✈✐♠❡♥0♦& ❛ &❡(❡♠ ♠❡❞✐❞♦& ♣❛(❛ ♦ ❝♦♥0(♦❧❡ ❞♦ ♠❛♥✐♣✉❧❛❞♦( (♦❜G0✐❝♦✳

✸✳✸ ❙❡♥%♦'❡%

❆0✉❛❧♠❡♥0❡✱ ❡①✐&0❡♠ ❞✐✈❡(&♦& 0✐♣♦& ❞❡ &❡♥&♦(❡& ✐♥❡(❝✐❛✐& ✉0✐❧✐③❛❞♦& ❡♠ ❞✐❢❡(❡♥0❡&

❛♣❧✐❝❛:P❡&✳ ◆❡&0❛ &❡:;♦✱ &❡(;♦ ❞❡&❝(✐0♦& ♦& ♣(✐♥❝Q♣✐♦& ❞❡ ❢✉♥❝✐♦♥❛♠❡♥0♦✱ ❜❡♠ ❝♦♠♦ ❛

❡&0(✉0✉(❛ ❞♦& &❡♥&♦(❡& ▼❊▼❙ ✉0✐❧✐③❛❞♦& ♥❡&0❡ 0(❛❜❛❧❤♦✳

●❛❜(✐❡❧❛ ▲Q❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✷✹

✸✳✸✳✶ ●✐%♦'❝)♣✐♦

❖ ❣✐2♦-❝7♣✐♦ 8 ✉♠ -❡♥-♦2 9✉❡ ♠❡❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2✳ ❖ ♣2✐♥❝#♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛✲

♠❡♥$♦ ❞❡ ✉♠ ❣✐2♦-❝7♣✐♦ ♠✐❝2♦❡❧❡$2♦♠❡❝>♥✐❝♦ ❜❛-❡✐❛✲-❡ ♥♦ ❡❢❡✐$♦ ❈♦2✐♦❧✐- ✭❈❤♦✉❞❤❛2② ❡

■♥✐❡✇-❦✐✱ ✷✵✶✸✮✳ ❊--❡ ❡❢❡✐$♦ ♦❝♦22❡ 9✉❛♥❞♦ ❤J ♦ ❞❡-❧♦❝❛♠❡♥$♦ ❧✐♥❡❛2 ❞❡ ✉♠❛ ♠❛--❛ ❡♠

✉♠ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✳ ❈♦♠♦ ♠♦-$2❛ ❛ ❋✐❣✉2❛ ✭✸✳✹✮✱ ✉♠ ♦❜-❡2✈❛❞♦2 ❡①$❡2♥♦ ♥♦$❛ ♦

♠♦✈✐♠❡♥$♦ ❧✐♥❡❛2✱ ❡♥$2❡$❛♥$♦✱ -❡ ❝♦♥-✐❞❡2❛2♠♦- ♦ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✱ ♦ ♠♦✈✐♠❡♥$♦

2❡❛❧✐③❛❞♦ ♣❡❧❛ ♠❛--❛ ❛♣2❡-❡♥$❛2J ❛ $2❛❥❡$72✐❛ ♠♦-$2❛❞❛ ♥❛ ❋✐❣✉2❛ ✭✸✳✹✮ ✭❝✮✳

❋✐❣✉2❛ ✸✳✹✿ ❊❢❡✐$♦ ❈♦2✐♦❧✐-✳ ✭❛✮ R♦-✐KL♦ ✐♥✐❝✐❛❧✳ ✭❜✮ ▼♦✈✐♠❡♥$♦ ❧✐♥❡❛2 ❞❛ ♣❛2$#❝✉❧❛ ❡♠

✉♠ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✳ ✭❝✮ ▼♦✈✐♠❡♥$♦ ❞❛ ♣❛2$#❝✉❧❛ ✈✐-$♦ ♣❡❧♦ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✳

❆--✐♠✱ $❡♥❞♦ ❡♠ ✈✐-$❛ ♦ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✱ ❛ ❢♦2K❛ 2❡-✉❧$❛♥$❡ ♥❛ ♠❛--❛✱ ❝❤❛✲

♠❛❞❛ ❢♦2K❛ ❞❡ ❈♦2✐♦❧✐-✱ ❞❛❞❛ ♣❡❧❛ ❡9✉❛KL♦ ✭✸✳✶✮✱ ❣❡2❛ ✉♠ ❞❡-❧♦❝❛♠❡♥$♦ ♣❡2♣❡♥❞✐❝✉❧❛2

❛♦ ♠♦✈✐♠❡♥$♦ 2❡❛❧✐③❛❞♦ ♣❡❧❛ ♠❛--❛✱ ❝✉❥♦ ✈❛❧♦2 ❡-$J ❞✐2❡$❛♠❡♥$❡ 2❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ✈❡✲

❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2✳

FC = − 2m (v × ω) ✭✸✳✶✮

❡♠ 9✉❡ FC 8 ❛ ❢♦2K❛ ❞❡ ❈♦2✐♦❧✐-✱ m 8 ❛ ♠❛--❛ ❞❛ ♣❛2$#❝✉❧❛✱ v 8 ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛2$#❝✉❧❛

❡ ω 8 ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ 2♦$❛KL♦ ❞♦ 2❡❢❡2❡♥❝✐❛❧✳

◆❛ ♣2J$✐❝❛✱ ✉♠ ❣✐2♦-❝7♣✐♦ ♠✐❝2♦❡❧❡$2♦♠❡❝>♥✐❝♦ $2✐❛①✐❛❧ ✉$✐❧✐③❛ ❞✉❛- ♠❛--❛- ✐❣✉❛✐-

♣❛2❛ ❝❛❞❛ ❡✐①♦✱ 9✉❡ -❡ ♠♦✈✐♠❡♥$❛♠ ❞❡ ❢♦2♠❛ ♦-❝✐❧❛$72✐❛ ❡ ❡♠ ❞✐2❡KV❡- ♦♣♦-$❛-✱ ❝♦♠♦

♠♦-$2❛ ❛ ❋✐❣✉2❛ ✭✸✳✺✮✳ ❊--❛- ♠❛--❛- ❝♦♠♣V❡♠ ✉♠ ❝❛♣❛❝✐$♦2 ✈❛2✐J✈❡❧✱ ❞❡ ❢♦2♠❛ 9✉❡✱

9✉❛♥❞♦ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 8 ❛♣❧✐❝❛❞❛✱ ♣❡❧♦ ❡❢❡✐$♦ ❈♦2✐♦❧✐-✱ ❤J ✉♠ ❞❡-❧♦❝❛♠❡♥$♦ ❞❛

♠❛--❛ ❝♦♠ 2❡❧❛KL♦ ❛♦ 2❡❢❡2❡♥❝✐❛❧ ❡♠ 2♦$❛KL♦✳ ❊--❡ ❞❡-❧♦❝❛♠❡♥$♦ ❝❛✉-❛ ✉♠❛ ✈❛2✐❛KL♦

❞❛ ❝❛♣❛❝✐$>♥❝✐❛ ♠❡❞✐❞❛ ♣❡❧♦ -❡♥-♦2✱ ❡ ♣♦2 ♠❡✐♦ ❞❡ ✉♠ ❝✐2❝✉✐$♦ ✐♥$❡2♥♦ ❞♦ ❣✐2♦-❝7♣✐♦✱

❛ $❡♥-L♦ ❞❡ -❛#❞❛ 8 ♣2♦♣♦2❝✐♦♥❛❧ X ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ❞♦ -✐-$❡♠❛ ❛♦ 9✉❛❧ ♦ -❡♥-♦2 ❡-$J

❛❝♦♣❧❛❞♦ ✭●722✐③ ❡! ❛❧✳✱ ✷✵✶✶✮✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✷✺ ✸✳✸✳ ❙❡♥'♦)❡'

❋✐❣✉)❛ ✸✳✺✿ ❘❡♣)❡'❡♥2❛34♦ ❞❛ ❡'2)✉2✉)❛ ❜7'✐❝❛ ❞❛' ♠❛''❛' ♦'❝✐❧❛2;)✐❛' ❞❡ ✉♠ ❣✐)♦'❝;♣✐♦✳

▼♦❞✐✜❝❛❞♦ ❞❡ ✭●;))✐③ ❡! ❛❧✳✱ ✷✵✶✶✮✳

◆❡'2❡ 2)❛❜❛❧❤♦✱ ❢♦✐ ✉2✐❧✐③❛❞♦ ♦ ❣✐)♦'❝;♣✐♦ ▲✸●✹✷✵✵❉✱ ♠♦'2)❛❞♦ ♥❛ ❋✐❣✉)❛ ✭✸✳✻✮✳ ❊'2❡

'❡♥'♦) ❛♣)❡'❡♥2❛ 2)M' ❞✐❢❡)❡♥2❡' '❡♥'✐❜✐❧✐❞❛❞❡' N✉❡ ♣♦❞❡♠ '❡) '❡❧❡❝✐♦♥❛❞❛' ❞❡ ❛❝♦)❞♦ ❝♦♠

❛ ❛♣❧✐❝❛34♦✱ ❝♦♠♦ ♠♦'2)❛ ❛ ❚❛❜❡❧❛ ✭✸✳✶✮ ✭❙❚▼✐❝)♦❡❧❡❝2)♦♥✐❝'✱ ✷✵✶✵❜✮✳ ◆❡'2❡ 2)❛❜❛❧❤♦✱

❢♦✐ ✉2✐❧✐③❛❞❛ ❛ '❡♥'✐❜✐❧✐❞❛❞❡ ❞❡ 0,00875◦/s/dgito✳ ❆ ❛#✉✐&✐'(♦ ❞♦& ✈❛❧♦-❡& ❞❡ &❛/❞❛ ❞♦

&❡♥&♦- ❢♦✐ ❢❡✐2❛ ✉2✐❧✐③❛♥❞♦ ♦ ♣-♦2♦❝♦❧♦ ❞❡ ❝♦♠✉♥✐❝❛'(♦ I2C ❝♦♠ ❜❛&❡ ♥❛ ❜✐❜❧✐♦2❡❝❛ ❞✐&♣♦✲

♥✐❜✐❧✐③❛❞❛ ❡♠ ✭◆❛2✐♦♥❛❧■♥&2-✉♠❡♥2&✱ ✷✵✶✹✮✱ ♣♦- ♠❡✐♦ ❞❛ #✉❛❧ B ♣♦&&/✈❡❧ ♦❜2❡- ♦& ✈❛❧♦-❡&

❞❡ 2❡♥&(♦ ♥♦& 2-C& ❡✐①♦& ❞♦ ❣✐-♦&❝F♣✐♦ ✉2✐❧✐③❛♥❞♦ ♦  ♦❢#✇❛&❡ ▲❛❜❱■❊❲

➤

✳ K❛-❛ ♦❜2❡- ❛

✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛- ❛ ♣❛-2✐- ❞♦& ✈❛❧♦-❡& ❞❡ &❛/❞❛ ❞♦ &❡♥&♦- ♣❛-❛ ❝❛❞❛ ❡✐①♦✱ ❜❛&2❛ ✉2✐❧✐③❛-

❛ ❡#✉❛'(♦ ✭✸✳✷✮✳

❋✐❣✉-❛ ✸✳✻✿ ●✐-♦&❝F♣✐♦ 2-✐❛①✐❛❧ ▲✸●✹✷✵✵❉✳

ω = vout S − bias ✭✸✳✷✮

●❛❜-✐❡❧❛ ▲/❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✷✻

❡♠ 6✉❡ vout 7 ❛ $❡♥-8♦ ♠❡❞✐❞❛ ♥❛ 2❡♣2❡-❡♥$❛:8♦ ❞✐❣✐$❛❧✱ S 7 ❛ -❡♥-✐❜✐❧✐❞❛❞❡ ❡ ♦ bias 7 ❛

✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ♠7❞✐❛ ♠❡❞✐❞❛ ♣❡❧♦ -❡♥-♦2 6✉❛♥❞♦ ω = 0✳

❚❛❜❡❧❛ ✸✳✶✿ ❙❡♥-✐❜✐❧✐❞❛❞❡- ❞♦ ❣✐2♦-❝B♣✐♦ ▲✸●✹✷✵✵❉✳ ❋♦♥$❡ ✭❙❚▼✐❝2♦❡❧❡❝$2♦♥✐❝-✱ ✷✵✶✵❜✮

❙❡❧❡:8♦ ❞❛ ❡-❝❛❧❛ ❋❛✐①❛ ❞❡ ♠❡❞✐:8♦ ✭

◦/s✮ ❙❡♥-✐❜✐❧✐❞❛❞❡ ✭

◦/s/dgito✮
✵ ✲✷✺✵ ❛ ✷✺✵ ✵✱✵✵✽✼✺

✵✶ ✲✺✵✵ ❛ ✺✵✵ ✵✱✵✶✼✺✵

✶✵ ✲✷✵✵✵ ❛ ✷✵✵✵ ✵✱✵✼✵✵✵

❆ ♣❛2$✐2 ❞❛#✱ ❛ ♣♦-✐:8♦ ❛♥❣✉❧❛2 ❡♠ ❝❛❞❛ ❡✐①♦ ♣♦❞❡ -❡2 ♦❜$✐❞❛ ✐♥$❡❣2❛♥❞♦✲-❡ ♦-

✈❛❧♦2❡- ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ❡♠ 2❡❧❛:8♦ ❛♦ $❡♠♣♦✳ R❛2❛ ♣❡6✉❡♥♦- ✐♥$❡2✈❛❧♦- ❞❡ $❡♠♣♦✱

❛ ✐♥$❡❣2❛❧ ♥✉♠72✐❝❛ ♣♦❞❡ -❡2 ❛♣2♦①✐♠❛❞❛ ♣❡❧❛ ❡6✉❛:8♦ ✭✸✳✸✮✳

xi = xi−1 + ωi T ✭✸✳✸✮

❡♠ 6✉❡ x 7 ❛ ♣♦-✐:8♦ ❛♥❣✉❧❛2✱ i ♦ ✐♥-$❛♥$❡ ❞❡ $❡♠♣♦✱ ω 7 ❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ❡ T 7 ♦

♣❡2#♦❞♦ ❞❡ ❛♠♦-$2❛❣❡♠✳

❆--✐♠✱ ♦ ❝S❧❝✉❧♦ ❞❛- ♣♦-✐:T❡- ❛♥❣✉❧❛2❡- ❞❡ 2♦❧❛♠❡♥$♦✱ ❛2❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛ ✉$✐❧✐③❛♥❞♦

✉♠ ❣✐2♦-❝B♣✐♦ $2✐❛①✐❛❧✱ ♣♦❞❡ -❡2 ❢❡✐$♦ ♥❛ ❢♦2♠❛ ♠❛$2✐❝✐❛❧✱ ♣♦2 ♠❡✐♦ ❞❛ ❡6✉❛:8♦ ✭✸✳✹✮✳



φgi
θgi
ψgi


 =




1 0 0

0 1 0

0 0 1


×



φgi−1

θgi−1

ψgi−1


+



T 0 0

0 T 0

0 0 T


×



ωφi
ωθi
ωψi


 ✭✸✳✹✮

❊♠❜♦2❛ -❡❥❛ ♣♦--#✈❡❧ ♠❡❞✐2 ❛- ♣♦-✐:T❡- ❛♥❣✉❧❛2❡- ❞♦- $2Y- ❡✐①♦- ✉$✐❧✐③❛♥❞♦ ❛♣❡♥❛-

✉♠ ❣✐2♦-❝B♣✐♦ $2✐❛①✐❛❧✱ ♦ ♠❛✐♦2 ♣2♦❜❧❡♠❛ ❞♦ ✉-♦ ❞❡-$❡ -❡♥-♦2 ♣❛2❛ ♠❡❞✐2 ♣♦-✐:8♦ ❛♥❣✉❧❛2

7 ❛ ❞❡2✐✈❛ ♦✉ ❞!✐❢$ 6✉❡ ❢❛③ ❝♦♠ 6✉❡ ♦ bias ✈❛2✐❡ ❝♦♠ ♦ $❡♠♣♦ ✭❙❚▼✐❝2♦❡❧❡❝$2♦♥✐❝-✱ ✷✵✶✶✮✳

❉❡-$❛ ❢♦2♠❛✱ 6✉❛♥❞♦ ♦ -❡♥-♦2 ❡-$S ♣❛2❛❞♦ ♦✉ ❡♠ ✈❡❧♦❝✐❞❛❞❡- ♠✉✐$♦ ♣2B①✐♠❛- ❞❡ ③❡2♦✱ ❛

✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 ♠❡❞✐❞❛ ❛♣2❡-❡♥$❛2S ✉♠ ❡22♦ -✐❣♥✐✜❝❛$✐✈♦✱ ❡ ♣❡❧❛ ✐♥$❡❣2❛:8♦ ♥✉♠72✐❝❛✱

❛❝✉♠✉❧❛♠✲-❡ ♦- ❡22♦- ❞❡ ♣♦-✐:8♦✳ ❆ ❋✐❣✉2❛ ✭✸✳✼✮ ♠♦-$2❛ ❛ 2❡❧❛:8♦ ❡♥$2❡ ♣♦-✐:8♦ ❛♥❣✉❧❛2

❡♠ ✉♠ ❡✐①♦ ❞♦ ❣✐2♦-❝B♣✐♦ ❡ ♦ $❡♠♣♦ ♦❜$✐❞❛ ♣♦2 ♠❡✐♦ ❞❡ ✉♠ $❡-$❡ 2❡❛❧✐③❛❞♦✱ ♥♦ 6✉❛❧

❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛2 7 ♥✉❧❛✳ ➱ ♣♦--#✈❡❧ ♥♦$❛2 6✉❡ ❛♣B- ❞♦✐- ♠✐♥✉$♦- ❞❡ $❡-$❡✱ ❞❡✈✐❞♦

❛♦- ❡22♦- ❛❝✉♠✉❧❛❞♦-✱ $❡♠✲-❡ ✉♠ ❡22♦ ♥❛ ♠❡❞✐:8♦ ❞❡ ❛♣2♦①✐♠❛❞❛♠❡♥$❡ 5◦✳ R♦2 ♦✉$2♦

❧❛❞♦✱ ❡♠ ❛❧$❛- ❢2❡6✉Y♥❝✐❛- ♦ ✉-♦ ❞♦ ❣✐2♦-❝B♣✐♦ ♣❛2❛ ♠❡❞✐2 ♣♦-✐:8♦ ❛♥❣✉❧❛2 ❛♣2❡-❡♥$❛

❜♦♥- 2❡-✉❧$❛❞♦-✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✷✼ ✸✳✸✳ ❙❡♥'♦)❡'

❋✐❣✉)❛ ✸✳✼✿ ▼❡❞✐23♦ ❞❛ ♣♦'✐23♦ ❛♥❣✉❧❛) ♣♦) ♠❡✐♦ ❞♦ ❣✐)♦'❝8♣✐♦✳

✸✳✸✳✷ ❆❝❡❧❡'(♠❡*'♦

❖ ❛❝❡❧❡):♠❡;)♦ ♠❡❞❡ ❛❝❡❧❡)❛23♦ ❧✐♥❡❛)✳ ❙❡✉ ♣)✐♥❝<♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥;♦ ❜❛'❡✐❛✲'❡ ♥❛

❙❡❣✉♥❞❛ ▲❡✐ ❞❡ ◆❡✇;♦♥✱ D✉❡ ♣♦❞❡ '❡) ❡♥✉♥❝✐❛❞❛ ❞❛ '❡❣✉✐♥;❡ ❢♦)♠❛✿ ✏'❡ ❛ ❢♦)2❛ )❡'✉❧;❛♥;❡

(F ) D✉❡ ❛;✉❛ '♦❜)❡ ✉♠❛ ♣❛);<❝✉❧❛ ♥3♦ ❢♦) ♥✉❧❛✱ ❛ ♣❛);<❝✉❧❛ ;❡)F ✉♠❛ ❛❝❡❧❡)❛23♦ (a)

♣)♦♣♦)❝✐♦♥❛❧ G ✐♥;❡♥'✐❞❛❞❡ ❡ ♥❛ ♠❡'♠❛ ❞✐)❡23♦ ❞❛ ❢♦)2❛ )❡'✉❧;❛♥;❡✑ ✭❇❡❡) ❡! ❛❧✳✱ ✷✵✶✸✮✱

❡''❛ )❡❧❛23♦ ❡♥;)❡ ❛ ❢♦)2❛ )❡'✉❧;❛♥;❡ ❡ ❛ ❛❝❡❧❡)❛23♦ N ❞❛❞❛ ♣❡❧❛ ♠❛''❛ ❞❛ ♣❛);<❝✉❧❛ (m)✱

❝♦♠♦ ♠♦';)❛ ❛ ❡D✉❛23♦ ✭✸✳✺✮✳

F = ma ✭✸✳✺✮

❙❡♥❞♦ ❛''✐♠✱ ✉♠ ❛❝❡❧❡):♠❡;)♦ ♣♦''✉✐ ❜❛'✐❝❛♠❡♥;❡ ❞✉❛' ♣❛);❡' ❢✉♥❞❛♠❡♥;❛✐'✱ ✉♠❛

♣❛);❡ ✜①❛ ❡ ✉♠❛ ♠❛''❛ ♠8✈❡❧ ♣)❡'❛ ❛ ✉♠ '✐';❡♠❛ ;✐♣♦ ♠♦❧❛✳ ❆♦ '♦❢)❡) ❛ ❛23♦ ❞❡

✉♠❛ ❢♦)2❛✱ ❛ ♠❛''❛ '❡ ♠♦✈✐♠❡♥;❛ ❡ ♣❡❧♦ ❞❡'❧♦❝❛♠❡♥;♦ ❞❛ ♠♦❧❛ N ♣♦''<✈❡❧ ♠❡❞✐) ❛

❢♦)2❛ )❡'✉❧;❛♥;❡ ❡ ❛ ❛❝❡❧❡)❛23♦ ❞♦ '✐';❡♠❛✳ ◆❡';❡ ;)❛❜❛❧❤♦✱ ♦ ❛❝❡❧❡):♠❡;)♦ ✉;✐❧✐③❛❞♦ N

♦ ▼▼❆✼✸✻✶✱ ♠♦';)❛❞♦ ♥❛ ❋✐❣✉)❛ ✭✸✳✽✮✳ ❚)❛;❛✲'❡ ❞❡ ✉♠ '❡♥'♦) ♠✐❝)♦❡❧❡;)♦♠❡❝Y♥✐❝♦

❝❛♣❛❝✐;✐✈♦ ❞❡ ❜❛✐①❛ ♣♦;Z♥❝✐❛✱ ♣♦) ♠❡✐♦ ❞♦ D✉❛❧ N ♣♦''<✈❡❧ ♠❡❞✐) ❛ ❛❝❡❧❡)❛23♦ ❧✐♥❡❛) ❡♠

;)Z' ❡✐①♦'✳

●❛❜)✐❡❧❛ ▲<❣✐❛ ❘❡✐'



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✷✽

❋✐❣✉2❛ ✸✳✽✿ ❆❝❡❧❡2:♠❡$2♦ $2✐❛①✐❛❧ ▼▼❆✼✸✻✶✳

❉❡♥$2♦ ❞♦ ❝❤✐♣ ❤C $2D- ♣❡E✉❡♥♦- ❛❝❡❧❡2:♠❡$2♦- ❞❡ -✐❧#❝✐♦ ♦2$♦❣♦♥❛✐-✱ ✉♠ ♣❛2❛ ❝❛❞❛

❡✐①♦✳ ❆ ♣❛2$❡ ♠G✈❡❧ ❝♦♥-✐-$❡ ❡♠ ✉♠ ♣❡♥$❡ E✉❡ $❡♠ ♠♦✈✐♠❡♥$♦- ❞❡ ✐❞❛ ❡ ✈♦❧$❛✳ ❊♥$2❡

❝❛❞❛ ❞❡♥$❡ ❞♦ ♣❡♥$❡ ❤C ❞♦✐- ❞❡♥$❡- ✜①♦-✱ -❡♥❞♦ E✉❡ ♦- $2D- ❞❡♥$❡- ❢♦2♠❛♠ ✉♠ ❝❛♣❛❝✐$♦2

❞✐❢❡2❡♥❝✐❛❧✱ ❝♦♠♦ ♠♦-$2❛ ❛ ❋✐❣✉2❛ ✭✸✳✾✮✳ ❙❡ ♦ -✐-$❡♠❛ ❡-$✐✈❡2 -✉❥❡✐$♦ ❛ ✉♠❛ ❛❝❡❧❡2❛PQ♦✱

♦- ❞❡♥$❡- ❞♦ ♣❡♥$❡ ♠G✈❡❧ -❛✐2Q♦ ❞❛ -✉❛ ♣♦-✐PQ♦ ❞❡ 2❡♣♦✉-♦✳ ❆ ❞✐-$R♥❝✐❛ ❞❡❧❡- ♣❛2❛

♦- ❞❡♥$❡- ✜①♦- ❛✉♠❡♥$❛ ♣♦2 ✉♠ ❧❛❞♦ ♥❛ ♠❡-♠❛ ♣2♦♣♦2PQ♦ E✉❡ ❞✐♠✐♥✉✐ ❞♦ ♦✉$2♦ ❧❛❞♦

✭❋2❡❡-❝❛❧❡❙❡♠✐❝♦♥❞✉❝$♦2✱ ✷✵✵✽✮✳ ❆--✐♠✱ ♦ ✈❛❧♦2 ❞❛ ❝❛♣❛❝✐$R♥❝✐❛ ❞❡ ❝❛❞❛ ❝❛♣❛❝✐$♦2✱ ❞❛❞♦

♣❡❧❛ ❡E✉❛PQ♦ ✭✸✳✻✮✱ -❡2C ❛❧$❡2❛❞♦✳

❋✐❣✉2❛ ✸✳✾✿ ▼♦❞❡❧♦ -✐♠♣❧✐✜❝❛❞♦ ❞♦ -❡♥-♦2✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❋2❡❡-❝❛❧❡❙❡♠✐❝♦♥❞✉❝$♦2✱

✷✵✵✽✮

C =
εA

D
✭✸✳✻✮

❡♠ E✉❡ A T ❛ C2❡❛ ❞❛- ♣❧❛❝❛- ❞♦ ❝❛♣❛❝✐$♦2✱ ♥❡-$❡ ❝❛-♦ ❝♦♥-$✐$✉#❞♦ ♣❡❧♦- ❞❡♥$❡- ✜①♦- ❡

♠G✈❡✐-❀ ε T ❛ ❝♦♥-$❛♥$❡ ❞✐❡❧T$2✐❝❛ ❡ D T ❛ ❞✐-$R♥❝✐❛ ❡♥$2❡ ❛- ♣❧❛❝❛-✳

❉❡-$❛ ❢♦2♠❛✱ ❛ ❞✐❢❡2❡♥P❛ ❡♥$2❡ ♦- ❞♦✐- ❝❛♣❛❝✐$♦2❡- ♣❡2♠✐$❡ ♠❡❞✐2 ❛ ❛❝❡❧❡2❛PQ♦ ❧✐✲

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✷✾ ✸✳✸✳ ❙❡♥'♦)❡'

♥❡❛) ♥♦' +),' ❡✐①♦' ❞♦ '✐'+❡♠❛ ❛♦ 1✉❛❧ ♦ '❡♥'♦) ❡'+4 ✜①❛❞♦✳ 6❛)❛ ♦❜+❡) ✉♠ '✐♥❛❧ ❞❡

1✉❛❧✐❞❛❞❡✱ ❡''❡ '❡♥'♦) ❝♦♥+:♠ ✉♠ ✜❧+)♦ ❞❡ ❝❛♣❛❝✐+♦)❡' ✈❛)✐4✈❡✐' ❡ ✉♠ ❝✐)❝✉✐+♦ ✐♥+❡❣)❛❞♦

❡'♣❡❝>✜❝♦ 1✉❡ ♣)♦♣♦)❝✐♦♥❛♠ ✉♠❛ +❡♥'?♦ ❞❡ '❛>❞❛ ❞✐)❡+❛♠❡♥+❡ ♣)♦♣♦)❝✐♦♥❛❧ @ ❛❝❡❧❡)❛A?♦

✭❋)❡❡'❝❛❧❡❙❡♠✐❝♦♥❞✉❝+♦)✱ ✷✵✵✼✮✳ ❆ ❋✐❣✉)❛ ✭✸✳✶✵✮ ♠♦'+)❛ ✉♠ ❡'❜♦A♦ ❣)4✜❝♦ ❞❛ )❡❧❛A?♦

❡♥+)❡ +❡♥'?♦ ❡ ❛❝❡❧❡)❛A?♦ ❡♠ ✧g✧✱ 1✉❡ : ❞❛❞❛ ♣❡❧❛ ❡1✉❛A?♦ ✭✸✳✼✮✱ ❡♠ 1✉❡ 1g ❡1✉✐✈❛❧❡ ❛

9,8m/s2✳ ❆ +❛①❛ ❞❡ ✈❛)✐❛A?♦ ❞❛ +❡♥'?♦ ♣❡❧❛ ❛❝❡❧❡)❛A?♦ : ❛ '❡♥'✐❜✐❧✐❞❛❞❡ 1✉❡ : ❢♦)♥❡❝✐❞❛

♣❡❧♦ ❢❛❜)✐❝❛♥+❡ ❡ ♣♦❞❡ '❡) ❝♦♥✜❣✉)❛❞❛ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❛♣❧✐❝❛A?♦✱ ❝♦♠♦ ♠♦'+)❛ ❛ ❚❛❜❡❧❛

✭✸✳✷✮✳ ❆ ♣❛)+✐) ❞❛>✱ ❛ ❛❝❡❧❡)❛A?♦ ♣♦❞❡ '❡) ♦❜+✐❞❛ ♣❡❧❛ ❡1✉❛A?♦ ✭✸✳✽✮✳ ◆❡'+❡ +)❛❜❛❧❤♦ ❛

'❡♥'✐❜✐❧✐❞❛❞❡ ✉+✐❧✐③❛❞❛ ❢♦✐ ❞❡ ✽✵✵♠❱✴❣✱ ❝♦♠ ✉♠ ❛❧❝❛♥❝❡ ❞❡ ❡'❝❛❧❛ ❞❡ ✶✱✺❣✳

❋✐❣✉)❛ ✸✳✶✵✿ ❘❡♣)❡'❡♥+❛A?♦ ❣)4✜❝❛ ❞❛ )❡❧❛A?♦ ❚❡♥'?♦ ① ❆❝❡❧❡)❛A?♦ ❞♦ ▼▼❆✼✸✻✶✳ ▼♦✲

❞✐✜❝❛❞♦ ❞❡ ✭❋)❡❡'❝❛❧❡❙❡♠✐❝♦♥❞✉❝+♦)✱ ✷✵✵✼✮

❚❛❜❡❧❛ ✸✳✷✿ ❙❡♥'✐❜✐❧✐❞❛❞❡' ❞♦ ❛❝❡❧❡)X♠❡+)♦ ▼▼❆✼✸✻✶✳ ❋♦♥+❡ ✭❋)❡❡'❝❛❧❡❙❡♠✐❝♦♥❞✉❝+♦)✱

✷✵✵✽✮

❙❡❧❡A?♦ ❞❛ ❡'❝❛❧❛ ❋❛✐①❛ ❞❡ ♠❡❞✐A?♦ ✭❣✮ ❙❡♥'✐❜✐❧✐❞❛❞❡ ✭♠❱✴❣✮

✵ ✲✶✱✺ ❛ ✶✱✺ ✽✵✵

✶ ✲✻ ❛ ✻ ✷✵✻

vout =
v2 − v1
a2 − a1

× a+ voff ✭✸✳✼✮

a(g) =
vout − voff

S
✭✸✳✽✮

❡♠ 1✉❡ vout : ❛ +❡♥'?♦ ❞❡ '❛>❞❛ ❞♦ '❡♥'♦)✱ vof f : ❛ +❡♥'?♦ ❞❡ ♦✛"❡$ ❡ S : ❛ '❡♥'✐❜✐❧✐❞❛❞❡✳

●❛❜)✐❡❧❛ ▲>❣✐❛ ❘❡✐'



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✸✵

❊♠ ♠✉✐$❛- ❛♣❧✐❝❛67❡-✱ ❝♦♠♦ ♥❡-$❡ $2❛❜❛❧❤♦✱ ♦ ❛❝❡❧❡2;♠❡$2♦ < ✉$✐❧✐③❛❞♦ ❝♦♠♦ ✉♠

✐♥❝❧✐♥;♠❡$2♦✳ ■-$♦ ♣♦2?✉❡ ❡--❡ -❡♥-♦2 ♠❡❞❡ $❛♠❜<♠ ❛ ❛❝❡❧❡2❛6@♦ ❞❛ ❣2❛✈✐❞❛❞❡ ❡ ❛

♣2♦❥❡6@♦ ❞❡--❛ ❛❝❡❧❡2❛6@♦ ♥♦- ❡✐①♦- ❞♦ ❛❝❡❧❡2;♠❡$2♦ ♣♦❞❡ -❡2 ✉$✐❧✐③❛❞❛ ♣❛2❛ ♠❡❞✐2 ❛

✐♥❝❧✐♥❛6@♦ ❞♦ -✐-$❡♠❛ ♦✉ ♦❜❥❡$♦ ♥♦ ?✉❛❧ ♦ ♠❡-♠♦ ❡-$E ❛❝♦♣❧❛❞♦ ✭❆♥❛❧♦❣❉❡✈✐❝❡-✱ ✷✵✶✵✮✱

❝♦♠♦ ♠♦-$2❛ ♦ ❆♣L♥❞✐❝❡ ❆✳ ❈♦♠ ❜❛-❡ ♥❛- ✐♥❢♦2♠❛67❡- ❡♥❝♦♥$2❛❞❛- ♥♦ ❆♣L♥❞✐❝❡ ❆ ❡

♣❡❧❛ ❞✐-♣♦-✐6@♦ ❞♦ -❡♥-♦2 ♥♦ -✐-$❡♠❛ ❞❡ ❝♦♦2❞❡♥❛❞❛- ◆❊❉ ♠♦-$2❛❞♦ ♥❛ ❋✐❣✉2❛ ✭✸✳✶✶✮✱

< ♣♦--#✈❡❧ ❝❛❧❝✉❧❛2 ❛- ♣♦-✐67❡- ❛♥❣✉❧❛2❡- ❞❡ 2♦❧❛♠❡♥$♦ ✭φa✮ ❡ ❛2❢❛❣❡♠ ✭θa✮✱ ✉$✐❧✐③❛♥❞♦ ❛-

❡?✉❛67❡- ✭✸✳✾✮ ❡ ✭✸✳✶✵✮✱ 2❡-♣❡❝$✐✈❛♠❡♥$❡✳

❋✐❣✉2❛ ✸✳✶✶✿ ❉✐-♣♦-✐6@♦ ❞♦- ❡✐①♦- ❞♦ ❛❝❡❧❡2;♠❡$2♦ ♥♦ ❙✐-$❡♠❛ ❞❡ ❈♦♦2❞❡♥❛❞❛- ◆❊❉✳

φa = sen−1 (ay) ✭✸✳✾✮

θa = tg−1

(
ax√

ay2 + az2

)
✭✸✳✶✵✮

❯♠❛ ❞❛- ❧✐♠✐$❛67❡- ?✉❡ ♣♦❞❡♠ -❡2 ♦❜-❡2✈❛❞❛- < ?✉❡ ♦ ✉-♦ ❞❡-$❡ -❡♥-♦2 ♥@♦ ♣♦--✐❜✐✲

❧✐$❛ ❛ ♦❜$❡♥6@♦ ❞♦ T♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛✱ ✉♠❛ ✈❡③ ?✉❡ ♣❛2❛ ❡-$❡ ♠♦✈✐♠❡♥$♦ ❛- ❝♦♠♣♦♥❡♥$❡-

❞❛ ❛❝❡❧❡2❛6@♦ ❞❛ ❣2❛✈✐❞❛❞❡ ♥♦- ❡✐①♦- ♥@♦ -@♦ ❛❧$❡2❛❞❛-✳ ❆❧<♠ ❞✐--♦✱ ❛♣❡-❛2 ❞♦ ✉-♦ ❞❡

❡?✉❛67❡- -✐♠♣❧❡- ?✉❡ ❢♦2❛♠ ♠♦-$2❛❞❛- ❡ ❞❡ ♥@♦ ❛❝✉♠✉❧❛2❡♠✲-❡ ❡22♦- ❞❡ ♣♦-✐6@♦✱ ❞❡✈✐❞♦

❛♦ -❡✉ ♣2✐♥❝#♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥$♦ ❜❛-❡❛❞♦ ❡♠ ✉♠ -✐-$❡♠❛ ♠❛--❛✲♠♦❧❛✱ ♦- ❞❛❞♦- ❞♦

❛❝❡❧❡2;♠❡$2♦ -@♦ ❜❛-$❛♥$❡ ✐♥-$E✈❡✐-✱ -♦❜2❡$✉❞♦ ❡♠ ❛❧$❛- ❢2❡?✉L♥❝✐❛-✳ ❆ ❋✐❣✉2❛ ✭✸✳✶✷✮

♠♦-$2❛ ♦- 2❡-✉❧$❛❞♦- ❞❡ ✉♠ $❡-$❡ 2❡❛❧✐③❛❞♦✱ ♥♦ ?✉❛❧ ❢♦2❛♠ ❢❡✐$❛- ♠❡❞✐67❡- ❞❛ ♣♦-✐6@♦

❛♥❣✉❧❛2 ❡♠ ✉♠ ❡✐①♦ ❞♦ ❛❝❡❧❡2;♠❡$2♦ ✉$✐❧✐③❛❞♦ ♥❡-$❡ $2❛❜❛❧❤♦✱ ♥♦ ?✉❛❧ ♦ ♠❡-♠♦ ♣❡2♠❛✲

♥❡❝❡ ♣❛2❛❞♦ ♥❛ ♣♦-✐6@♦ ❞❡ 2❡❢❡2L♥❝✐❛ ❡♠ 0◦✱ ❞✉2❛♥$❡ ❞♦✐- ♠✐♥✉$♦-✳ ➱ ♣♦--#✈❡❧ ♥♦$❛2 ?✉❡✱

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✸✶ ✸✳✸✳ ❙❡♥&♦(❡&

♥)♦ &❡ ❛❝✉♠✉❧❛♠ ❡((♦&✱ ❝♦♠♦ ♥♦ ❝❛&♦ ❞♦ ❣✐(♦&❝3♣✐♦✱ ❡♥5(❡5❛♥5♦✱ ♠❡&♠♦ ♦ ❛❝❡❧❡(6♠❡5(♦

❡&5❛♥❞♦ ♣❛(❛❞♦✱ ♦& ❞❛❞♦& &)♦ ❜❛&5❛♥5❡ (✉✐❞♦&♦&✳

❋✐❣✉(❛ ✸✳✶✷✿ ▼❡❞✐<)♦ ❞❛ ♣♦&✐<)♦ ❛♥❣✉❧❛( ♣♦( ♠❡✐♦ ❞♦ ❛❝❡❧❡(6♠❡5(♦✳

✸✳✸✳✸ ▼❛❣♥❡'(♠❡'*♦

❖ ♠❛❣♥❡56♠❡5(♦ > ✉♠ &❡♥&♦( ?✉❡ ♠❡❞❡ ❞✐(❡<)♦✱ &❡♥5✐❞♦ ❡ ♠❛❣♥✐5✉❞❡ ❞♦ ❝❛♠♣♦

♠❛❣♥>5✐❝♦✳ ◆❡&5❡ 5(❛❜❛❧❤♦✱ ♦ ♠❛❣♥❡56♠❡5(♦ 5(✐❛①✐❛❧ ✉5✐❧✐③❛❞♦ > ♦ ❍▼❈✺✽✽✸▲✱ ♠♦&5(❛❞♦

♥❛ ❋✐❣✉(❛ ✭✸✳✶✸✮✳ ❙❡✉ ♣(✐♥❝K♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥5♦ ❜❛&❡✐❛✲&❡ ♥♦ ❡❢❡✐5♦ ♠❛❣♥❡5♦(❡&✐&5✐✈♦✱

&❡♥❞♦ ❝♦♥&5✐5✉K❞♦ ❜❛&✐❝❛♠❡♥5❡ ♣♦( ✜♥❛& ♣❡❧K❝✉❧❛& ❞❡ ♥K?✉❡❧✲❢❡((♦✱ ❝✉❥❛& ♣(♦♣(✐❡❞❛❞❡&

❢❛③❡♠ ❝♦♠ ?✉❡ &✉❛ (❡&✐&5✐✈✐❞❛❞❡ ✈❛(✐❡ ❞❡ ✷ ❛ ✸✪ ♥❛ ♣(❡&❡♥<❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥>5✐❝♦✳

❊&&❛& ♣❡❧K❝✉❧❛& ❝♦♠♣S❡♠ ?✉❛5(♦ (❡&✐&5T♥❝✐❛& ?✉❡ ❢♦(♠❛♠ ✉♠❛ ♣♦♥5❡ ❞❡ ❲❤❡❛$%$♦♥❡✳ ◆❛

♣(❡&❡♥<❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥>5✐❝♦✱ ❛& ♠✉❞❛♥<❛& ♥❛ (❡&✐&5T♥❝✐❛ ❞♦& ❡❧❡♠❡♥5♦& ❞❛ ♣♦♥5❡

❝❛✉&❛♠ ✉♠❛ ✈❛(✐❛<)♦ ♥❛& 5❡♥&S❡& ❞❡ &❛K❞❛ ❞❛ ♠❡&♠❛✱ ♣♦( ♠❡✐♦ ❞❛& ?✉❛✐& > ♣♦&&K✈❡❧

♠❡❞✐( ❛ ❞✐(❡<)♦✱ ♦ &❡♥5✐❞♦ ❡ ❛ ✐♥5❡♥&✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥>5✐❝♦ ❡♠ ✉♠ ❡✐①♦ ✭❍♦♥❡②✇❡❧❧✱

✷✵✶✶✮✳

❊♠ ❛♣❧✐❝❛<S❡& ?✉❡ ❡♥✈♦❧✈❡♠ ❛ ♦(✐❡♥5❛<)♦ ❞❡ ♦❜❥❡5♦&✱ ❜❡♠ ❝♦♠♦ ❛ ♠❡❞✐<)♦ ❞♦

♠♦✈✐♠❡♥5♦ ❤✉♠❛♥♦✱ ❡&&❡ &❡♥&♦( ♣♦❞❡ &❡( ✉&❛❞♦ ♣❛(❛ ❞❡5❡(♠✐♥❛( ♦ X♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛✱

♣❡❧❛ ♠❡❞✐<)♦ ❞♦ ❈❛♠♣♦ ▼❛❣♥>5✐❝♦ ❞❛ ❚❡((❛ ✭❈▼❚✮✳ ❆ ✈✐❛❜✐❧✐❞❛❞❡ ♥❡&&❛& ❛♣❧✐❝❛<S❡&

●❛❜(✐❡❧❛ ▲K❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✸✷

❋✐❣✉2❛ ✸✳✶✸✿ ▼❛❣♥❡$:♠❡$2♦ $2✐❛①✐❛❧ ❍▼❈✺✽✽✸▲✳

-❡ ❞❡✈❡ B ♣♦--✐❜✐❧✐❞❛❞❡ ❞❡ ✐♠♣❧❡♠❡♥$D✲❧♦ ❡♠ ✉♠ ❝✐2❝✉✐$♦ ✐♥$❡❣2❛❞♦ ❞❡ ♣❡F✉❡♥♦ ✈♦❧✉♠❡

❡ ♣❡❧❛ -✉❛ ❛❧$❛ -❡♥-✐❜✐❧✐❞❛❞❡✱ ♣♦✐- ❛ ✐♥$❡♥-✐❞❛❞❡ ❞♦ ❈▼❚ ✈❛2✐❛ ❡♥$2❡ 0,5 ❡ 0,6G✳ ❆

❚❛❜❡❧❛ ✭✸✳✸✮ ♠♦-$2❛ ❛- ❞✐❢❡2❡♥$❡- -❡♥-✐❜✐❧✐❞❛❞❡- F✉❡ ♣♦❞❡♠ -❡2 -❡❧❡❝✐♦♥❛❞❛- ♣♦2 ♠❡✐♦

❞♦- ❣❛♥❤♦- ●✶✱ ●✷ ❡ ●✸ ♥♦ ✉-♦ ❞❡-$❡ -❡♥-♦2 ✭❍♦♥❡②✇❡❧❧✱ ✷✵✶✶✮✳ ◆❡-$❡ $2❛❜❛❧❤♦✱ ❢♦✐

✉$✐❧✐③❛❞❛ ❛ -❡♥-✐❜✐❧✐❞❛❞❡ ❞❡ ✵✱✼✸♠●✴▲❙❜ ❡ ❛--✐♠ ❝♦♠♦ ♣❛2❛ ♦ ❣✐2♦-❝V♣✐♦ ▲✸●✹✷✵✵❉✱ ❛

❛F✉✐-✐YZ♦ ❞♦- ✈❛❧♦2❡- ❞❡ -❛#❞❛ ❞♦ -❡♥-♦2 ❢♦✐ ❢❡✐$❛ ✉$✐❧✐③❛♥❞♦ ♦ ♣2♦$♦❝♦❧♦ ❞❡ ❝♦♠✉♥✐❝❛YZ♦

I2C ❝♦♠ ❜❛-❡ ♥❛ ❜✐❜❧✐♦$❡❝❛ ❞✐-♣♦♥✐❜✐❧✐③❛❞❛ ❡♠ ✭◆❛$✐♦♥❛❧■♥-$2✉♠❡♥$-✱ ✷✵✶✹✮✱ ♣♦2 ♠❡✐♦

❞❛ F✉❛❧ [ ♣♦--#✈❡❧ ♦❜$❡2 ♦- ✈❛❧♦2❡- ❞❡ $❡♥-Z♦ ♥♦- $2\- ❡✐①♦- ❞♦ ♠❛❣♥❡$:♠❡$2♦ ✉$✐❧✐③❛♥❞♦

♦  ♦❢#✇❛&❡ ▲❛❜❱■❊❲

➤

✳

❚❛❜❡❧❛ ✸✳✸✿ ❙❡♥-✐❜✐❧✐❞❛❞❡- ❞♦ ♠❛❣♥❡$:♠❡$2♦ ❍▼❈✺✽✽✸▲✳ ❋♦♥$❡ ✭❍♦♥❡②✇❡❧❧✱ ✷✵✶✶✮

●✶ ●✷ ●✸ ❋❛✐①❛ ❞❡ ♠❡❞✐YZ♦ ✭●✮ ❙❡♥-✐❜✐❧✐❞❛❞❡ ✭♠●✴▲❙❜✮

✵ ✵ ✵ ✲✵✱✽✽ ❛ ✵✱✽✽ ✵✱✼✸

✵ ✵ ✶ ✲✶✱✸ ❛ ✶✱✸ ✵✱✾✷

✵ ✶ ✵ ✲✶✱✾ ❛ ✶✱✾ ✶✱✷✷

✵ ✶ ✶ ✲✷✱✺ ❛ ✷✱✺ ✶✱✺✷

✶ ✵ ✵ ✲✹✱✵ ❛ ✹✱✵ ✷✱✷✼

✶ ✵ ✶ ✲✹✱✼ ❛ ✹✱✼ ✷✱✺✻

✶ ✶ ✵ ✲✺✱✻ ❛ ✺✱✻ ✸✱✵✸

✶ ✶ ✶ ✲✽✱✶ ❛ ✽✱✶ ✹✱✸✺

❖ ❈▼❚ ❧♦❝❛❧ ♣♦--✉✐ ✉♠❛ ❝♦♠♣♦♥❡♥$❡ ✜①❛

−→
Hh ♥♦ ♣❧❛♥♦ ❤♦2✐③♦♥$❛❧✱ F✉❡ ❛♣♦♥$❛ ♣❛2❛

♦ ♥♦2$❡ ♠❛❣♥[$✐❝♦ ❞❛ ❚❡22❛✳ ❙❡ ♦ -❡♥-♦2 ❡-$✐✈❡2 ♣♦-✐❝✐♦♥❛❞♦ ❡♠ ✉♠ ♣❧❛♥♦ ♥♦ F✉❛❧ ❛-

♣♦-✐Yc❡- ❛♥❣✉❧❛2❡- ❞❡ 2♦❧❛♠❡♥$♦ ❡ ❛2❢❛❣❡♠ ❝♦22❡-♣♦♥❞❡♠ ❛ 0◦✱ ❝♦♠♦ ✐❧✉-$2❛ ❛ ❋✐❣✉2❛

✭✸✳✶✹✮✱ ❛ ❝♦♠♣♦♥❡♥$❡

−→
Hh ♣♦❞❡ -❡2 ♠❡❞✐❞❛ ♣♦2 ♠❡✐♦ ❞♦- ❡✐①♦-

−→
Xm ❡

−→
Ym ❞♦ ♠❛❣♥❡$:♠❡$2♦

✭❙❚▼✐❝2♦❡❧❡❝$2♦♥✐❝-✱ ✷✵✶✵❛✮✳ ❆--✐♠✱ ♦ d♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛ ✭ψm✮ ♣♦❞❡ -❡2 ❝❛❧❝✉❧❛❞♦ ♣❡❧❛

❡F✉❛YZ♦ ✭✸✳✶✶✮✳

ψm = tg−1
(
Ym
Xm

)
✭✸✳✶✶✮

❊♥$2❡$❛♥$♦✱ ♣❛2❛ ❞✐✈❡2-❛- ❛♣❧✐❝❛Yc❡- ❛ ✐♥❝❧✐♥❛YZ♦ ❞♦ -❡♥-♦2 ✈❛2✐❛✱ ❡✱ ♣♦2 ✐--♦✱ ❞❡✈❡✲-❡

❝♦♠♣❡♥-D✲❧❛ ♣❛2❛ F✉❡ -❡ ♣♦--❛ ❝❛❧❝✉❧❛2 ♦ d♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛ ❝♦22❡$❛♠❡♥$❡✳ e❛2❛ ✐--♦✱

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✸✸ ✸✳✸✳ ❙❡♥%♦'❡%

❋✐❣✉'❛ ✸✳✶✹✿ ❆♥1❧✐%❡ ❞♦ ♠♦✈✐♠❡♥6♦ ❞❡ ❣✉✐♥❛❞❛ 7✉❛♥❞♦ ♥8♦ ❤1 ✐♥❝❧✐♥❛;8♦ ❞♦ %❡♥%♦'✳

▼♦❞✐✜❝❛❞♦ ❞❡ ✭❙❚▼✐❝'♦❡❧❡❝6'♦♥✐❝%✱ ✷✵✶✵❛✮

D ♥❡❝❡%%1'✐♦ 7✉❡ %❡ 6❡♥❤❛ ✉♠ ♠❛❣♥❡6E♠❡6'♦ 6'✐❛①✐❛❧ ❡ 7✉❡ %❡❥❛♠ ♠❡❞✐❞❛% ❛% ♣♦%✐;I❡%

❛♥❣✉❧❛'❡% ❞❡ ❛'❢❛❣❡♠ ❡ '♦❧❛♠❡♥6♦✱ ♦ 7✉❡ ♣♦❞❡ %❡' ❢❡✐6♦ ♣♦' ♠❡✐♦ ❞❡ ✉♠ ❛❝❡❧❡'E♠❡6'♦

6'✐❛①✐❛❧✳ ❚❡♥❞♦ ❝♦♠♦ ❜❛%❡ ♦ %✐%6❡♠❛ ❞❡ ❝♦♦'❞❡♥❛❞❛% ◆❊❉ ❛♣'❡%❡♥6❛❞♦ ❡ ✉♠ ❛❝❡❧❡'E♠❡✲

6'♦ ❡ ✉♠ ♠❛❣♥❡6E♠❡6'♦ 6'✐❛①✐❛✐% ❞❡✈✐❞❛♠❡♥6❡ ❛❧✐♥❤❛❞♦%✱ ❛ ♣♦%✐;8♦ ❛♥❣✉❧❛' ❞❡ ❣✉✐♥❛❞❛

♣♦❞❡ %❡' ♦❜6✐❞❛ ♣❡❧❛ ❡7✉❛;8♦ ✭✸✳✶✷✮✱ ✉♠❛ ❞❡♠♦♥%6'❛;8♦ ❛ '❡%♣❡✐6♦ ❞❡%6❛ ❡7✉❛;8♦ ♣♦❞❡

%❡' ♦❜6✐❞❛ ♥❛ ♥♦6❛ ❞❡ ❛♣❧✐❝❛;8♦ ❆◆✹✷✹✽ ❡♠ ❋'❡❡%❝❛❧❡❙❡♠✐❝♦♥❞✉❝6♦' ✭✷✵✶✷✮✳

ψm = tg−1
(

Zm senφa − Ym cosφa
Xm cosθa + Ym senθa senφa + Zm senθa cosφa

)
✭✸✳✶✷✮

Q❛'❛ ✉6✐❧✐③❛' ❛ ❡7✉❛;8♦ ✭✸✳✶✷✮✱ ❛❧D♠ ❞❛% ❝♦♥%✐❞❡'❛;I❡% ❢❡✐6❛% 7✉❛♥6♦ ❛♦ %✐%6❡♠❛ ❞❡

❝♦♦'❞❡♥❛❞❛% ❛❞♦6❛❞♦ ❡ ❛♦ ❛❧✐♥❤❛♠❡♥6♦ ❞♦% %❡♥%♦'❡%✱ D ✐♠♣♦'6❛♥6❡ 7✉❡ ♦ ♠❛❣♥❡6E♠❡✲

6'♦ %❡❥❛ ❝❛❧✐❜'❛❞♦✱ ❡❧✐♠✐♥❛♥❞♦✲%❡ ❛% ✐♥6❡'❢❡'S♥❝✐❛% ❣❡'❛❞❛% ♣♦' ❝♦♠♣♦♥❡♥6❡% ❞❡ ❝❛♠♣♦%

♠❛❣♥D6✐❝♦% 7✉❡ ♥8♦ %❡❥❛♠ ❞♦ ❈▼❚✳ ❊%%❛% ✐♥6❡'❢❡'S♥❝✐❛% %8♦ ❞✐✈✐❞✐❞❛% ❜❛%✐❝❛♠❡♥6❡ ❡♠

❞♦✐% 6✐♣♦%✿ ❞✐%6♦';8♦ ❤❛"❞ ✐"♦♥ ❡ ❞✐%6♦';8♦ '♦❢) ✐"♦♥ ✭❋'❡❡%❝❛❧❡❙❡♠✐❝♦♥❞✉❝6♦'✱ ✷✵✶✸✮✳

❆ ❞✐%6♦';8♦ ❤❛"❞ ✐"♦♥ ♦❝♦''❡ ❞❡✈✐❞♦ U ♣'❡%❡♥;❛ ❞❡ ❝❛♠♣♦% ♠❛❣♥D6✐❝♦% 7✉❡ ♥8♦ ✈❛✲

'✐❛♠ ❝♦♠ ❛ ♦'✐❡♥6❛;8♦ ❞❛ ♣❧❛❝❛ ❞❡ ❝✐'❝✉✐6♦ U 7✉❛❧ ♦ ♠❛❣♥❡6E♠❡6'♦ ❡%61 ❛❝♦♣❧❛❞♦✳ ❊%%❛

❞✐%6♦';8♦ ♣♦❞❡ ♦❝♦''❡' ❞❡✈✐❞♦ U ♣'❡%❡♥;❛ ❞❡ ♠❛6❡'✐❛✐% ❢❡''♦♠❛❣♥D6✐❝♦% 7✉❡ %❡ ❝♦♠♣♦'✲

6❛♠ ❝♦♠♦ V♠8% ♣❡'♠❛♥❡♥6❡%✱ ❞✐6♦% ♠❛6❡'✐❛✐% ✏❞✉'♦%✑✱ 7✉❡ ❛♣'❡%❡♥6❛♠ ♠❡♥♦' ♣❡'♠❡❛✲

❜✐❧✐❞❛❞❡ '❡❧❛6✐✈❛ ❡ %8♦ ❞❡ ❞✐❢V❝✐❧ ❞❡%♠❛❣♥❡6✐③❛;8♦✱ ♦✉ ❛✐♥❞❛✱ ♣♦' ❝♦''❡♥6❡ ❡❧D6'✐❝❛% 7✉❡

❣❡'❛♠ ❝❛♠♣♦% ♠❛❣♥D6✐❝♦% ✜①♦% ♥❛ ♣❧❛❝❛✳

Q♦' ♦✉6'♦ ❧❛❞♦✱ ❛ ❞✐%6♦';8♦ '♦❢) ✐"♦♥ ♦❝♦''❡ ❞❡✈✐❞♦ U ♣'❡%❡♥;❛ ❞❡ ❝❛♠♣♦% ♠❛❣♥D✲

6✐❝♦% 7✉❡ ❞❡♣❡♥❞❡♠ ❞❛ ❛6✐6✉❞❡ ❞❛ ♣❧❛❝❛✱ ♥♦'♠❛❧♠❡♥6❡ ♣'♦✈❡♥✐❡♥6❡% ❞❡ ♠❛6❡'✐❛✐% ❢❡'✲

'♦♠❛❣♥D6✐❝♦% ❞✐6♦% ✏♠❛❝✐♦%✑✱ 7✉❡ %8♦ ❢❛❝✐❧♠❡♥6❡ ♠❛❣♥❡6✐③❛❞♦% ♣♦' ❛♣'❡%❡♥6❛'❡♠ ❛❧6❛

♣❡'♠❡❛❜✐❧✐❞❛❞❡✳ ❆ ❋✐❣✉'❛ ✭✸✳✶✺✮ ✐❧✉%6'❛ ♦% ❡❢❡✐6♦% ❞❛% ❞✐%6♦';I❡% ❤❛"❞ ✐"♦♥ ❡ '♦❢) ✐"♦♥

●❛❜'✐❡❧❛ ▲V❣✐❛ ❘❡✐%



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✸✹

♥❛- ♠❡❞✐67❡- 2❡❛❧✐③❛❞❛- ♣❡❧♦- $29- ❡✐①♦- ❞❡ ✉♠ ♠❛❣♥❡$<♠❡$2♦✳

❋✐❣✉2❛ ✸✳✶✺✿ ❉✐-$♦267❡- ♥❛- ♠❡❞✐67❡- ❞♦ ♠❛❣♥❡$<♠❡$2♦✳

◆♦$❛✲-❡ D✉❡ ❛ ❞✐-$♦26E♦ ❤❛"❞ ✐"♦♥ ♣♦❞❡ -❡2 ♠♦❞❡❧❛❞❛ ❝♦♠♦ ✉♠ ✈❡$♦2

−→
Vh D✉❡ G ❛❞✐❝✐✲

♦♥❛❞♦ H ❧❡✐$✉2❛ ❞♦ -❡♥-♦2✱ ❡✱ ♣♦2 ✐--♦✱ ❞❡-❧♦❝❛ ♦ ❝❡♥$2♦ ❞❛ ❡-❢❡2❛✳ ❏L ❛ ❞✐-$♦26E♦ '♦❢) ✐"♦♥

❛❢❡$❛ ♦- ❣❛♥❤♦- ❞❛- ♠❡❞✐67❡-✱ ❡ ♣♦2 ✐--♦ $❡♠✲-❡ ✉♠ ❡❧✐♣-♦✐❞❡✳ N❛2❛ D✉❡ ♦ ♠❛❣♥❡$<♠❡$2♦

-❡❥❛ ❝❛❧✐❜2❛❞♦ G ♥❡❝❡--L2✐♦ D✉❡ -❡ $❡♥❤❛ ❛♣2♦①✐♠❛❞❛♠❡♥$❡ ♦ ♠❡-♠♦ ❣❛♥❤♦ ♥♦- $29- ❡✐①♦-

❡ D✉❡ -❡ ❡❧✐♠✐♥❡♠ ♦- ✈❛❧♦2❡- ❞❡ ♦✛'❡)✱ ❞❡ ❢♦2♠❛ ❛ ❝❡♥$2❛❧✐③❛2 ❛ ❡-❢❡2❛ ❡♠ ③❡2♦✳ ❆ ❋✐❣✉2❛

✭✸✳✶✻✮ ♠♦-$2❛ ♦ 2❡-✉❧$❛❞♦ ❞❛ ❝❛❧✐❜2❛6E♦ ❢❡✐$❛ ♣❛2❛ ♦ -❡♥-♦2 ✐♥-❡2✐❞♦ ♥♦ -✐-$❡♠❛ ✐♥❡2❝✐❛❧

♠♦-$2❛❞♦ ♥❛ ❋✐❣✉2❛ ✭✸✳✶✮ D✉❡ ❢♦✐ ✉$✐❧✐③❛❞♦ ♥❡-$❡ $2❛❜❛❧❤♦✱ ♣❡❧❛ D✉❛❧ G ♣♦--#✈❡❧ ♥♦$❛2 D✉❡

♥E♦ ❤♦✉✈❡ ✉♠ ❡❢❡✐$♦ -✐❣♥✐✜❝❛$✐✈♦ ❞❛ ❞✐-$♦26E♦ '♦❢) ✐"♦♥ ✳

N❡❧♦ ❡①♣♦-$♦✱ ♥♦$❛✲-❡ D✉❡ ♥♦ ✉-♦ ❞♦ ♠❛❣♥❡$<♠❡$2♦✱ ❛ ✐♥-❡26E♦ ❞❡ D✉❛❧D✉❡2 ❡❧❡♠❡♥$♦

D✉❡ ♣♦--❛ ❝❛✉-❛2 ❛- ❞✐-$♦267❡- ❞❡-❝2✐$❛-✱ ✐2L ❝❛✉-❛2 ❡22♦- -✐❣♥✐✜❝❛$✐✈♦- ♥❛ ♠❡❞✐6E♦ ❞♦

V♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛✱ ❡✱ ♣♦2 ✐--♦✱ ❞❡✈❡✲-❡ $♦♠❛2 ♦ ❝✉✐❞❛❞♦ ❞❡ ♠❛♥$❡2 ❛ ♣❧❛❝❛ ❞❡ ❝✐2❝✉✐$♦

-❡♠♣2❡ ❞✐-$❛♥$❡ ❞❡ $❛✐- ❡❧❡♠❡♥$♦-✳ ❖✉$2❛ ❞❡-✈❛♥$❛❣❡♠ ❞♦ ✉-♦ ❞❡--❡ -❡♥-♦2✱ G D✉❡✱ ❡♠✲

❜♦2❛ ♦- -❡✉- -✐♥❛✐- ♥E♦ -❡❥❛♠ 2✉✐❞♦-♦-✱ ❝♦♠♦ ❛ ❝♦♠♣❡♥-❛6E♦ ❞❛ ✐♥❝❧✐♥❛6E♦ G ❞❛❞❛ ♣❡❧❛-

♠❡❞✐67❡- 2❡❛❧✐③❛❞❛- ♣❡❧♦ ❛❝❡❧❡2<♠❡$2♦✱ ❛ ♠❡❞✐6E♦ ❞♦ V♥❣✉❧♦ ❞❡ ❣✉✐♥❛❞❛ ♣♦2 ♠❡✐♦ ❞❡-$❡

-❡♥-♦2 ❛♣2❡-❡♥$❛2L 2✉#❞♦ ❞❡ ❛❧$❛ ❢2❡D✉9♥❝✐❛✱ ❝♦♠♦ ♠♦-$2❛ ❛ ❋✐❣✉2❛ ✭✸✳✶✼✮✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✸✺ ✸✳✸✳ ❙❡♥&♦(❡&

❋✐❣✉(❛ ✸✳✶✻✿ ❈❛❧✐❜(❛45♦ ❞♦ ♠❛❣♥❡89♠❡8(♦✳

❋✐❣✉(❛ ✸✳✶✼✿ ▼❡❞✐45♦ ❞❛ ♣♦&✐45♦ ❛♥❣✉❧❛( ❞❡ ❣✉✐♥❛❞❛ ♣♦( ♠❡✐♦ ❞♦ ♠❛❣♥❡89♠❡8(♦✳

●❛❜(✐❡❧❛ ▲?❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✸✻

✸✳✹ ❋✉%&♦ ❞♦% ❙❡♥%♦,❡%

❆ ❢✉-7♦ ❞❡ -❡♥-♦2❡- 9 ✉-❛❞❛ ♣❛2❛ :✉❡ ♦- -✐♥❛✐- ♣2♦✈❡♥✐❡♥$❡- ❞❡ ❞♦✐- ♦✉ ♠❛✐- -❡♥-♦2❡-

-❡❥❛♠ ✉$✐❧✐③❛❞♦- ♣❛2❛ ❛$✉❛❧✐③❛2 ♦ ❡-$❛❞♦ ❞❡ ✉♠ -✐-$❡♠❛✳ ❉❡✈✐❞♦ ❛♦- ♣2♦❜❧❡♠❛- ❛♣2❡-❡♥✲

$❛❞♦- ♥❛ -❡A7♦ ✸✳✸ 2❡❢❡2❡♥$❡- ❛♦ ✉-♦ ❞♦ ❣✐2♦-❝C♣✐♦✱ ❞♦ ❛❝❡❧❡2E♠❡$2♦ ❡ ❞♦ ♠❛❣♥❡$E♠❡$2♦

♣❛2❛ ♠❡❞✐2 ♣♦-✐A7♦ ❛♥❣✉❧❛2✱ ♠✉✐$♦- $2❛❜❛❧❤♦- ♦♣$❛♠ ♣♦2 ❛❧❣♦2✐$♠♦- ♣❛2❛ ❛ ❢✉-7♦ ❞♦-

❞❛❞♦- ♣2♦✈❡♥✐❡♥$❡- ❞❡-$❡- -❡♥-♦2❡-✱ ❛ ✜♠ ❞❡ 2❡❞✉③✐2 ♦- ❡22♦- ❞❡ ♠❡❞✐A7♦✳ ❊-$❡- ❛❧❣♦✲

2✐$♠♦- ♥♦2♠❛❧♠❡♥$❡ -7♦ ❝♦♥-$✐$✉#❞♦- ❞❡ ✜❧$2♦-✱ ❞❡♥$2❡ ♦- :✉❛✐- ❞❡-$❛❝❛♠✲-❡ ♦ ❋✐❧$2♦ ❞❡

❑❛❧♠❛♥ ❡ ♦ ❋✐❧$2♦ ❈♦♠♣❧❡♠❡♥$❛2✱ :✉❡ $K♠ -✐❞♦ ❧❛2❣❛♠❡♥$❡ ✉$✐❧✐③❛❞♦- ♥❛ ♣2L$✐❝❛✳

✸✳✹✳✶ ❋✐❧'(♦ ❞❡ ❑❛❧♠❛♥

❖ ✜❧$2♦ ❞❡ ❑❛❧♠❛♥✱ ♣2♦♣♦-$♦ ♣♦2 ❘✉❞♦❧♣❤ ❊♠✐❧ ❑❛❧♠❛♥ ❡♠ ✶✾✻✵ ✭❑❛❧♠❛♥✱ ✶✾✻✵✮✱ 9

❡--❡♥❝✐❛❧♠❡♥$❡ ✉♠ ❝♦♥❥✉♥$♦ ❞❡ ❡:✉❛AS❡- ♠❛$❡♠L$✐❝❛- :✉❡ ✐♠♣❧❡♠❡♥$❛♠ ✉♠ ❡-$✐♠❛❞♦2

❞❡ ❡-$❛❞♦- ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♣2❡❞✐$♦2✲❝♦22❡$♦2✳ ❆ ❧✐$❡2❛$✉2❛ -♦❜2❡ $❡♦2✐❛ ❡ ♣2L$✐❝❛ ❞♦ ✜❧✲

$2♦ ❞❡ ❑❛❧♠❛♥ 9 ♠✉✐$♦ ❡①$❡♥-❛ ❡ ❡-$❡ ✜❧$2♦ ✈❡♠ -❡♥❞♦ ✉$✐❧✐③❛❞♦ ❡♠ ❞✐✈❡2-❛- ❛♣❧✐❝❛AS❡-✱

❝♦♠♦ ❡♠ -✐-$❡♠❛- ❞❡ ♥❛✈❡❣❛A7♦ ✭❘♦❣❡2-✱ ✷✵✵✸✮✱ ❡♠ ❥♦❣♦- ❞❡ 2❡❛❧✐❞❛❞❡ ✈✐2$✉❛❧ ✭❲❡❧❝❤✱

✷✵✵✾✮ ❡ ❛$9 ♠❡-♠♦ ❡♠ $2❡✐♥❛♠❡♥$♦ ❞❡ 2❡❞❡- ♥❡✉2❛✐- ✭●✉❛♥ ❡! ❛❧✳✱ ✷✵✶✶✮ ❡ ❡♠ ❛♥L❧✐-❡-

❞❡ -92✐❡- $❡♠♣♦2❛✐- ✭❍❛2$✐❦❛✐♥❡♥ ❡ ❙❛2❦❦❛✱ ✷✵✶✵✮✱ ✉♠❛ ✈❡③ :✉❡ ❡-$❡ ❛❧❣♦2✐$♠♦ ♣♦❞❡ -❡2

✉$✐❧✐③❛❞♦ ♣❛2❛ ❡-$✐♠❛2 ❡-$❛❞♦- ❡ ♣❛2Z♠❡$2♦- ❞❡ ✉♠ ♠♦❞❡❧♦ -✐♠✉❧$❛♥❡❛♠❡♥$❡✳

❊♠❜♦2❛ -❡❥❛ ♣♦--#✈❡❧ ❞❡✜♥✐2 ♦ ✜❧$2♦ ❞❡ ❑❛❧♠❛♥ ♣❛2❛ -✐-$❡♠❛- ❝♦♥$#♥✉♦- ✭❑❛❧♠❛♥

❡ ❇✉❝②✱ ✶✾✻✶✮✱ ♥❡-$❡ $2❛❜❛❧❤♦ -❡2L ❛❜♦2❞❛❞♦ -♦♠❡♥$❡ ♦ ❝❛-♦ ❞✐-❝2❡$♦✳ ❖ ✜❧$2♦ ❞❡ ❑❛❧✲

♠❛♥ ❞✐-❝2❡$♦ 9 ❡♠♣2❡❣❛❞♦ ❝♦♠ ♦ ♦❜❥❡$✐✈♦ ❞❡ ❡-$✐♠❛2 ♦ ❡-$❛❞♦ x ∈ R
n
❞❡ ✉♠ ♣2♦❝❡--♦

❡♠ ✐♥-$❛♥$❡- ❞✐-❝2❡$♦- ❞❡ $❡♠♣♦✱ ❝♦♠♦ ♠♦-$2❛ ❛ ❋✐❣✉2❛ ✭✸✳✶✽✮✱ :✉❡ ♣♦❞❡♠ -❡2 2❡♣2❡✲

-❡♥$❛❞♦- ♣❡❧❛ ❡:✉❛A7♦ ✭✸✳✶✸✮✱ ❝❤❛♠❛❞❛ ❞❡ ❡:✉❛A7♦ ❞❡ ♣2♦❝❡--♦✱ ❡ ♣❡❧❛ ❡:✉❛A7♦ ✭✸✳✶✹✮✱

❞❡♥♦♠✐♥❛❞❛ ❡:✉❛A7♦ ❞❡ ♠❡❞✐A7♦✳

❋✐❣✉2❛ ✸✳✶✽✿ ❘❡♣2❡-❡♥$❛A7♦ ❞❡ ✉♠ -✐-$❡♠❛✳

xi = Axi−1 +Bui +wi ✭✸✳✶✸✮

yi = Hxi + zi ✭✸✳✶✹✮

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✸✼ ✸✳✹✳ ❋✉&'♦ ❞♦& ❙❡♥&♦-❡&

❡♠ /✉❡ xi 0 ♦ ✈❡2♦- ❞❡ ❡&2❛❞♦&✱ ui 0 ♦ ✈❡2♦- ❞❡ ❡♥2-❛❞❛&✱ yi 0 ♦ ✈❡2♦- ❞❡ ♠❡❞✐67❡&✱ A✱

B ❡ H &'♦ ♠❛2-✐③❡& ❝♦♥&2❛♥2❡&✳ ❖& ✈❡2♦-❡& wi ❡ zi -❡♣-❡&❡♥2❛♠ ♦& -✉<❞♦& ❞❡ ♣-♦❝❡&&♦ ❡

❞❡ ♠❡❞✐6'♦✱ -❡&♣❡2✐✈❛♠❡♥2❡✳

◆♦ ❞❡&❡♥✈♦❧✈✐♠❡♥2♦ ❞♦ ✜❧2-♦ ❞❡ ❑❛❧♠❛♥ ❛&&✉♠❡✲&❡ /✉❡ ❛& ❞✉❛& ❢♦♥2❡& ❞❡ ❡--♦& wi ❡

zi 2C♠ ❞✐&2-✐❜✉✐6'♦ ❣❛✉&&✐♥❛✱ ❝♦♠ ♠0❞✐❛ ③❡-♦ ❡ ❝✉❥❛& ♠❛2-✐③❡& ❞❡ ❝♦✈❛-✐G♥❝✐❛ &'♦ ❞❛❞❛&

♣❡❧❛& ❡/✉❛67❡& ✭✸✳✶✺✮ ❡ ✭✸✳✶✻✮✱ -❡&♣❡❝2✐✈❛♠❡♥2❡✳ ❆❧0♠ ❞✐&&♦✱ ❛&&✉♠❡✲&❡ /✉❡ wi ❡ zi &'♦

✐♥❞❡♣❡♥❞❡♥2❡& ❡♥2-❡ &✐ ❡ ✐♥❞❡♣❡♥❞❡♥2❡& ❞❛ ❡♥2-❛❞❛ ✭❍✇❛♥❣ ❡ ❇-♦✇♥✱ ✶✾✾✼✮✳

E[wj w
T
k ] =

{
Qj j = k

0 j 6= k
✭✸✳✶✺✮

E[zj z
T
k ] =

{
Rj j = k

0 j 6= k
✭✸✳✶✻✮

❖ ❞✐❛❣-❛♠❛ ❞❛ ❋✐❣✉-❛ ✭✸✳✶✾✮ ♠♦&2-❛ ❝♦♠♦ 0 ❢❡✐2❛ ❛ ❡&2✐♠❛6'♦ ❞♦ ❡&2❛❞♦ ❞♦ ♣-♦❝❡&&♦

♣♦- ♠❡✐♦ ❞♦ ✜❧2-♦ ❞❡ ❑❛❧♠❛♥✳ R❡❧♦ ❞✐❛❣-❛♠❛✱ ♥♦2❛✲&❡ /✉❡ ♦ ✜❧2-♦ ❞❡ ❑❛❧♠❛♥ ❡&2✐♠❛

♦ ❡&2❛❞♦ ❞❡ ♣-♦❝❡&&♦ ❛ ♣-✐♦-✐ ✭x̂−i ✮ ❡♠ ✉♠ ✐♥&2❛♥2❡ ❞❡ 2❡♠♣♦✱ ❛ ♣❛-2✐- ❞❡ ✉♠ ♠♦❞❡❧♦

❧✐♥❡❛- ❞✐&❝-❡2♦ ❞❛❞♦ ♣❡❧❛ ❡/✉❛6'♦ ✭✸✳✶✼✮✳ ❖ ✈❛❧♦- ❡&2✐♠❛❞♦ ❛ ♣-✐♦-✐ 0 -❡❛❧✐♠❡♥2❛❞♦ ♣❡❧❛&

♠❡❞✐67❡&✱ ❡ ❡♥2'♦ 2❡♠✲&❡ ✉♠❛ ❡&2✐♠❛2✐✈❛ ♠❡❧❤♦-❛❞❛ ❞♦ ♣-♦❝❡&&♦ ❛ ♣♦&2❡-✐♦-✐ ✭ x̂i✮✱ ❞❛❞❛

♣❡❧❛ ❡/✉❛6'♦ ✭✸✳✶✽✮ ❡ /✉❡ ❡&2U ❞✐-❡2❛♠❡♥2❡ -❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❡&❝♦❧❤❛ ❞♦ ✈❛❧♦- ❛❞❡/✉❛❞♦

❞♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ ✭Ki✮✳

❋✐❣✉-❛ ✸✳✶✾✿ ❘❡♣-❡&❡♥2❛6'♦ ❞♦ ✜❧2-♦ ❞❡ ❑❛❧♠❛♥✳

●❛❜-✐❡❧❛ ▲<❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✸✽

x̂−i = Ax̂i−1 +Bui ✭✸✳✶✼✮

x̂i = x̂−i +Ki (yi −Hx̂−i ) ✭✸✳✶✽✮

❉❡-$❛ ❢♦2♠❛✱ ♥❛ ✉$✐❧✐③❛=>♦ ❞♦ ✜❧$2♦ ❞❡ ❑❛❧♠❛♥ $B♠✲-❡ ♦- ❡22♦- ❞❡ ❡-$✐♠❛=>♦ ❛ ♣2✐♦2✐

❡ ❛ ♣♦-$❡2✐♦2✐✱ ❞❛❞♦- ♣❡❧❛- ❡D✉❛=E❡- ✭✸✳✶✾✮ ❡ ✭✸✳✷✵✮✱ 2❡-♣❡❝$✐✈❛♠❡♥$❡✳

e−i = x̂−i − xi ✭✸✳✶✾✮

ei = x̂i − xi ✭✸✳✷✵✮

❆--✐♠✱ ❛- ❝♦✈❛2✐K♥❝✐❛- ❞♦- ❡22♦- ❞❡ ♠❡❞✐=>♦ ❛ ♣2✐♦2✐ ❡ ❛ ♣♦-$❡2✐♦2✐ -❡2>♦ ❞❛❞❛- ♣❡❧❛-

❡D✉❛=E❡- ✭✸✳✷✶✮ ❡ ✭✸✳✷✷✮✳

P−i = E[e−i e−i
T ] ✭✸✳✷✶✮

Pi = E[ei e
T
i ] ✭✸✳✷✷✮

L❛2❛ D✉❡ ♦ ✜❧$2♦ -❡❥❛ ✉♠ ❡-$✐♠❛❞♦2 N$✐♠♦✱ ♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ Q ❞❡✜♥✐❞♦ ❝♦♠♦ ♦

✈❛❧♦2 ♣❛2❛ ♦ D✉❛❧ ❛ ❝♦✈❛2✐K♥❝✐❛ ❞♦ ❡22♦ ❞❡ ❡-$✐♠❛=>♦ ❛ ♣♦-$❡2✐♦2✐✱ ❞❛❞♦ ♣❡❧❛ ❡D✉❛=>♦

✭✸✳✷✷✮ -❡❥❛ ♠#♥✐♠♦✳ ❯♠❛ ❞❡♠♦♥-$2❛=>♦ ❛ 2❡-♣❡✐$♦ ❞❛ ♦❜$❡♥=>♦ ❞♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ ❡

❞❛- ❡D✉❛=E❡- ✉$✐❧✐③❛❞❛- ♥❛ ✐♠♣❧❡♠❡♥$❛=>♦ ❞♦ ✜❧$2♦ ♣♦❞❡ -❡2 ✈✐-$❛ ❡♠ ✭❆❣✉✐22❡✱ ✷✵✵✼✮✱

D✉❡ ♠♦-$2❛ D✉❡ ♦ ✈❛❧♦2 ❛❞❡D✉❛❞♦ ♣❛2❛ ♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ Q ❞❛❞♦ ♣❡❧❛ ❡D✉❛=>♦ ✭✸✳✷✸✮✳

Ki = P−i HT (HP−i HT +R)−1 ✭✸✳✷✸✮

❡♠ D✉❡ R Q ❛ ❝♦✈❛2✐K♥❝✐❛ ❞♦ 2✉#❞♦ ❞❡ ♠❡❞✐=>♦✳

❆ ❝♦✈❛2✐K♥❝✐❛ ❞♦ ❡22♦ ❛ ♣2✐♦2✐✱ ♣❛2❛ ♦ ❝T❧❝✉❧♦ ❞♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥✱ Q ❞❛❞❛ ♣❡❧❛

❡D✉❛=>♦ ✭✸✳✷✹✮✱ D✉❡ ♣♦❞❡ -❡2 ♦❜$✐❞❛ ♣♦2 ♠❡✐♦ ❞❛ ❡D✉❛=>♦ ✭✸✳✷✶✮✳ ❖ ✈❛❧♦2 ❞❛ ❝♦✈❛2✐K♥❝✐❛

❞♦ ❡22♦ ❛ ♣♦-$❡2✐♦2✐✱ ✉♠❛ ✈❡③ ❝❛❧❝✉❧❛❞♦ ♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥✱ -❡2T ❞❛❞♦ ♣❡❧❛ ❡D✉❛=>♦

✭✸✳✷✺✮✳

P−i = APi−1 A
T +Q ✭✸✳✷✹✮

Pi = (I−KiH)P−i ✭✸✳✷✺✮

❡♠ D✉❡ Q Q ❛ ❝♦✈❛2✐K♥❝✐❛ ❞♦ 2✉#❞♦ ❞❡ ♣2♦❝❡--♦ ❡ I Q ❛ ♠❛$2✐③ ✐❞❡♥$✐❞❛❞❡✳

❆ ❋✐❣✉2❛ ✭✸✳✷✵✮ ♠♦-$2❛ ✉♠ ✢✉①♦❣2❛♠❛ D✉❡ -✐♥$❡$✐③❛ ❛ -❡D✉B♥❝✐❛ ❞❡ ❡D✉❛=E❡- ❛

-❡2❡♠ ✉$✐❧✐③❛❞❛- ♣❛2❛ ❛ ✐♠♣❧❡♠❡♥$❛=>♦ ❞♦ ✜❧$2♦ ❞❡ ❑❛❧♠❛♥✳

L❛2❛ ❛ ❢✉->♦ ❞♦- ❞❛❞♦- ❞♦- -❡♥-♦2❡- ✉$✐❧✐③❛❞♦- ♥❡-$❡ $2❛❜❛❧❤♦✱ ❛ ❡-$✐♠❛$✐✈❛ ❛ ♣2✐♦2✐ Q

❝❛❧❝✉❧❛❞❛ ❛ ♣❛2$✐2 ❞❛- ✈❡❧♦❝✐❞❛❞❡- ❛♥❣✉❧❛2❡- ♦❜$✐❞❛- ♣❡❧♦ ❣✐2♦-❝N♣✐♦ ❡ ❛ 2❡❛❧✐♠❡♥$❛=>♦ Q

❢❡✐$❛ ♣❡❧❛- ♣♦-✐=E❡- ❛♥❣✉❧❛2❡- ♦❜$✐❞❛- ♣❡❧❛- ♠❡❞✐=E❡- 2❡❛❧✐③❛❞❛- ♣❡❧♦ ❛❝❡❧❡2Z♠❡$2♦ ❡ ♣❡❧♦

♠❛❣♥❡$Z♠❡$2♦✳ ◆♦$❛✲-❡ D✉❡✱ ♣❛2❛ ❞❡$❡2♠✐♥❛2 ♦ ✈❛❧♦2 ❛❞❡D✉❛❞♦ ❞♦ ❣❛♥❤♦ ❞❡ ❑❛❧♠❛♥ Q

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✸✾ ✸✳✹✳ ❋✉&'♦ ❞♦& ❙❡♥&♦-❡&

❋✐❣✉-❛ ✸✳✷✵✿ ❈✐❝❧♦ ❞❡ ❡7✉❛89❡& ❞♦ ✜❧;-♦ ❞❡ ❑❛❧♠❛♥✳

♣-❡❝✐&♦ ❞❡;❡-♠✐♥❛- ❝♦--❡;❛♠❡♥;❡ ♦& ✈❛❧♦-❡& ❞❛& ❝♦✈❛-✐@♥❝✐❛& ❞♦ -✉A❞♦ ❞❡ ♠❡❞✐8'♦ ❡ ❞♦

-✉A❞♦ ❞❡ ♣-♦❝❡&&♦✳ ❖ ❛❥✉&;❡ ❞❡&&❡& ♣❛-@♠❡;-♦&✱ ❜❡♠ ❝♦♠♦ ♦ ❞❡&❡♠♣❡♥❤♦ ❞♦ ✜❧;-♦ ❞❡

❑❛❧♠❛♥ ❛♣❧✐❝❛❞♦ ❛♦ &✐&;❡♠❛ ✐♥❡-❝✐❛❧ ♣-♦♣♦&;♦ &❡-'♦ ;-❛;❛❞♦& ♥♦ ❝❛♣A;✉❧♦ ✻✱ -❡❢❡-❡♥;❡ ❛♦&

-❡&✉❧;❛❞♦&✳

✸✳✹✳✷ ❋✐❧'(♦ ❈♦♠♣❧❡♠❡♥'❛(

❆ ✜❧#$❛❣❡♠ ❝♦♠♣❧❡♠❡♥#❛$ - ♦✉#$❛ ♠❡#♦❞♦❧♦❣✐❛ 1✉❡ #❡♠ 2❡ $❡✈❡❧❛❞♦ ❜❛2#❛♥#❡ ❡✜❝❛③

♣❛$❛ ❛ ❢✉27♦ ❞❡ 2❡♥2♦$❡2✳ ❙❡❣✉♥❞♦ ❍✇❛♥❣ ❡ ❇$♦✇♥ ✭✶✾✾✼✮✱ ♦ ✜❧#$♦ ❝♦♠♣❧❡♠❡♥#❛$ #❡✈❡

♦$✐❣❡♠ ♥♦ ❛$#✐❣♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ✶✾✺✸ ♣♦$ ❲✳ ●✳ ❆♥❞❡$2♦♥ ❡ ❊✳ ❍✳ ❋$✐#③❡✱ ♦2 1✉❛✐2 ♣$♦✲

♣✉2❡$❛♠ ♦ 2❡✉ ✉2♦ ♣❛$❛ ❡2#✐♠❛$ ❛ ❧♦❝❛❧✐③❛J7♦ ❞❡ ❛❡$♦♥❛✈❡2 ✭❆♥❞❡$2♦♥ ❡ ❋$✐#③❡✱ ✶✾✺✸✮✳

❉❡2❞❡ ❡♥#7♦✱ ❡2#❡ ✜❧#$♦ ✈❡♠ 2❡♥❞♦ ❛♣❧✐❝❛❞♦ ❡♠ ❞✐✈❡$2♦2 #$❛❜❛❧❤♦2 ✈♦❧#❛❞♦2 ♣❛$❛ $❡2♦❧✉✲

J7♦ ❞❡ ♣$♦❜❧❡♠❛2 ❞❡ ❢✉27♦ 2❡♥2♦$✐❛❧✱ 2♦❜$❡#✉❞♦ ❡♠ 2✐2#❡♠❛2 ❞❡ ♥❛✈❡❣❛J7♦✳

◆♦ ❝♦♥#❡①#♦ ❞❛ ✐♥2#$✉♠❡♥#❛J7♦✱ ❛2 ♠❡❞✐JO❡2 ♣$♦✈❡♥✐❡♥#❡2 ❞❡ ❞✐❢❡$❡♥#❡2 ✐♥2#$✉♠❡♥#♦2

♣♦❞❡♠ ❛♣$❡2❡♥#❛$ ❝❛$❛❝#❡$P2#✐❝❛2 ♣❛$#✐❝✉❧❛$❡2 ❞❡ ❡$$♦✳ ◆❡2#❡ 2❡♥#✐❞♦✱ ♦ ✜❧#$♦ ❝♦♠♣❧❡♠❡♥✲

#❛$ ✈✐2❛ ❡①♣❧♦$❛$ ❝❛$❛❝#❡$P2#✐❝❛2 ❞❛ $❡2♣♦2#❛ ❡♠ ❢$❡1✉Q♥❝✐❛ ❞❡ ❞♦✐2 2❡♥2♦$❡2✱ ❝♦♠❜✐♥❛♥❞♦

❧❡✐#✉$❛2 $❡❞✉♥❞❛♥#❡2 ❡♠ 1✉❡ ❛ ✐♥❢♦$♠❛J7♦ 2❡ ❡♥❝♦♥#$❛ ❡♠ ❢$❡1✉Q♥❝✐❛2 ❞✐2#✐♥#❛2 ❡ ❝♦♠✲

♣❧❡♠❡♥#❛$❡2✱ 2❡♠ ❞✐2#♦$❝❡$ ♦ 2✐♥❛❧✳ ✭❈❛$❞❡✐$❛✱ ✷✵✵✾✮✳

❈♦♥2✐❞❡$❛♥❞♦ 1✉❡ 2❡ #❡♠ ❞✉❛2 ♠❡❞✐❞❛2 $✉✐❞♦2❛2 y1(t) ❡ y2(t)✱ ❞♦ ♠❡2♠♦ 2✐♥❛❧ s(t) ❡

❝♦♠ 2❡✉2 ❡$$♦2 ❝❛$❛❝#❡$P2#✐❝♦2 e1(t) ❡ e2(t)✱ ❝♦♠♦ ♠♦2#$❛♠ ❛2 ❡1✉❛JO❡2 ✭✸✳✷✻✮ ❡ ✭✸✳✷✼✮✳

❆2 ❞✉❛2 ♠❡❞✐JO❡2 ♣♦❞❡♠ 2❡$ ✜❧#$❛❞❛2 ❞❡ ❢♦$♠❛ ✐♥❞❡♣❡♥❞❡♥#❡✱ ♣♦$ ♠❡✐♦ ❞❡ ❢✉♥JO❡2

❞❡ #$❛♥2❢❡$Q♥❝✐❛ H1(s) ❡ H2(s) ♣❛$❛ ❡2#✐♠❛$ ❞❡ ❢♦$♠❛ V#✐♠❛ ♦ 2✐♥❛❧✳ ◆♦ ❞♦♠P♥✐♦ ❞❛

❢$❡1✉Q♥❝✐❛✱ ❡22❛ ✜❧#$❛❣❡♠ ♣♦❞❡ 2❡$ ❞❡2❝$✐#❛ ❛♥❛❧✐#✐❝❛♠❡♥#❡ ♣❡❧❛ ❡1✉❛J7♦ ✭✸✳✷✽✮✳

y1(t) = s(t) + e1(t) ✭✸✳✷✻✮

y2(t) = s(t) + e2(t) ✭✸✳✷✼✮

●❛❜$✐❡❧❛ ▲P❣✐❛ ❘❡✐2



❈❛♣#$✉❧♦ ✸✳ ❖ ❙✐-$❡♠❛ ■♥❡2❝✐❛❧ ✹✵

Ŝ(s) = H1(s) (S(s) + E1(s)) +H2(s) (S(s) + E2(s))

= (H1(s) +H2(s))S(s) +H1(s)E1(s) +H2(s)E2(s)
✭✸✳✷✽✮

❡♠ :✉❡ S(s) ❡ Ŝ(s) -;♦ ❛- $2❛♥-❢♦2♠❛❞❛- ❞❡ ▲❛♣❧❛❝❡ ❞♦ -✐♥❛❧ ❡ ❞❡ -✉❛ ❡-$✐♠❛$✐✈❛ ❡ E1(s)

❡ E2(s) -;♦ ❛- $2❛♥-❢♦2♠❛❞❛- ❞❡ ▲❛♣❧❛❝❡ ❞♦ 2✉#❞♦ ❛❞✐$✐✈♦ @- ♠❡❞✐❞❛- s1(t) ❡ s2(t)✳

A❡❧❛ ❡:✉❛B;♦ ✭✸✳✷✽✮✱ ♥♦$❛✲-❡ :✉❡ ♣❛2❛ ♥;♦ ✐♥$2♦❞✉③✐2 ❞✐-$♦2B;♦ ♥♦ -✐♥❛❧ s(t) ❛ ❢✉♥B;♦

H2(s) ❞❡✈❡ -❡2 ❝♦♠♣❧❡♠❡♥$❛2 ❞❡ H1(s)✱ ❝♦♥❢♦2♠❡ ❛ 2❡❧❛B;♦ ♠♦-$2❛❞❛ ♣❡❧❛ ❡:✉❛B;♦

✭✸✳✷✾✮✳ ❆--✐♠✱ ❛ ❡:✉❛B;♦ ✭✸✳✷✽✮ ♣♦❞❡ -❡2 2❡❡-❝2✐$❛✱ ❝♦♠♦ ♠♦-$2❛ ❛ ❡:✉❛B;♦ ✭✸✳✸✵✮✳

H1(s) +H2(s) = 1 ✭✸✳✷✾✮

Ŝ(t) = S(s) + [H1(s)E1(s) + (1−H1(s))E2(s)] ✭✸✳✸✵✮

❉❡-$❛ ❢♦2♠❛✱ ♥♦$❛✲-❡ :✉❡ ♦ $❡2♠♦ S(s) 2❡❢❡2❡♥$❡ ❛♦ -✐♥❛❧ ♠❡❞✐❞♦ ♥;♦ I ❛❢❡$❛❞♦ ♣❡❧❛

❡-❝♦❧❤❛ ❞❡ H1(s)✱ ❡♥:✉❛♥$♦ ❛- ❢♦♥$❡- ❞❡ ❡22♦ E1(s) ❡ E2(s) -;♦ ♠♦❞✐✜❝❛❞❛- ♣❡❧❛- ❢✉♥BL❡-

❞❡ $2❛♥-❢❡2M♥❝✐❛ ❝♦♠♣❧❡♠❡♥$❛2❡-✳ ❙❡ ♦- 2✉#❞♦- ♣♦--✉❡♠ ❝❛2❛❝$❡2#-$✐❝❛- ❞❡ ❡-♣❡❝$2♦ ❞❡

❢2❡:✉M♥❝✐❛ ❝♦♠♣❧❡♠❡♥$❛2❡-✱ H1(s) ♣♦❞❡ -❡2 ❡-❝♦❧❤✐❞❛ ❞❡ ♠❛♥❡✐2❛ ❛ ✜❧$2❛2 ❛- ❞✉❛- ❢♦♥$❡-

❞❡ 2✉#❞♦✳ ❙✉♣♦♥❞♦✱ ♣♦2 ❡①❡♠♣❧♦✱ :✉❡ -❡ $❡♠ ❞♦✐- ✐♥-$2✉♠❡♥$♦-✱ -❡♥❞♦ :✉❡ ♦ ♣2✐♠❡✐2♦

❛♣2❡-❡♥$❛ 2✉#❞♦ ♣2❡❞♦♠✐♥❛♥$❡ ❡♠ ❜❛✐①❛ ❢2❡:✉M♥❝✐❛ (E1(s)) ❡ ♦ -❡❣✉♥❞♦ ❛♣2❡-❡♥$❛ 2✉#❞♦

♣2❡❞♦♠✐♥❛♥$❡ ❡♠ ❛❧$❛ ❢2❡:✉M♥❝✐❛ (E2(s))✳ ❊♥$;♦✱ H1(s) ♣♦❞❡ -❡2 ✉♠ ✜❧$2♦ ♣❛--❛✲❛❧$❛-

❞❡ ♣2✐♠❡✐2❛ ♦2❞❡♠✱ ❞❡-❝2✐$♦ ♥♦ ❞♦♠#♥✐♦ ❞❛ ❢2❡:✉M♥❝✐❛ ♣❡❧❛ ❡:✉❛B;♦ ✭✸✳✸✶✮ ❡♠ :✉❡ k I ❛

❢2❡:✉M♥❝✐❛ ❞❡ ❝♦2$❡ ❞♦ ✜❧$2♦✳ ❈♦♥-❡:✉❡♥$❡♠❡♥$❡✱ ❝♦♠♦ ♠♦-$2❛ ❛ ❡:✉❛B;♦ ✭✸✳✸✷✮✱ H2(s)

-❡2S ✉♠ ✜❧$2♦ ♣❛--❛✲❜❛✐①❛-✱ :✉❡ ❛♣2❡-❡♥$❛2S ❛ ♠❡-♠❛ ❢2❡:✉M♥❝✐❛ ❞❡ ❝♦2$❡✳

H1(s) =
k s

s+ k
✭✸✳✸✶✮

H2(s) = 1−H1(s) =
1

s+ k
✭✸✳✸✷✮

❆--✐♠✱ ❛ ❡:✉❛B;♦ ✭✸✳✸✵✮ -❡2S 2❡❡-❝2✐$❛ ❝♦♠♦

Ŝ(t) = S(s) +
k s

s+ k
E1(s) +

1

s+ k
E2(s) ✭✸✳✸✸✮

A❡❧❛- -❡BL❡- ❛♥$❡2✐♦2❡-✱ :✉❡ ❞❡-❝2❡✈❡♠ ♦ ❢✉♥❝✐♦♥❛♠❡♥$♦ ❡ ♦ ❞❡-❡♠♣❡♥❤♦ ❞♦- -❡♥✲

-♦2❡- ✉$✐❧✐③❛❞♦- ♥❡-$❡ $2❛❜❛❧❤♦✱ I ♣♦--#✈❡❧ ♥♦$❛2 :✉❡ ♦ ✜❧$2♦ ❝♦♠♣❧❡♠❡♥$❛2 I ✉♠❛ ❜♦❛

❛❧$❡2♥❛$✐✈❛ ♣❛2❛ ❡❧✐♠✐♥❛2 ❛- ❢♦♥$❡- ❞❡ ❡22♦ ✐♥❞❡-❡❥❛❞❛-✱ ✉♠❛ ✈❡③ :✉❡ ♣❛2❛ ❛ ♠❡❞✐B;♦

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐-



✹✶ ✸✳✹✳ ❋✉&'♦ ❞♦& ❙❡♥&♦-❡&

❞❛ ♣♦&✐1'♦ ❛♥❣✉❧❛-✱ ♦ ❣✐-♦&❝6♣✐♦ ❛♣-❡&❡♥7❛ -✉8❞♦ ❞❡ ❜❛✐①❛ ❢-❡<✉=♥❝✐❛✱ ❡✱ ❛& ♠❡❞✐1?❡&

-❡❛❧✐③❛❞❛& ♣❡❧♦ ❛❝❡❧❡-A♠❡7-♦ ❡ ♣❡❧♦ ♠❛❣♥❡7A♠❡7-♦ ❛♣-❡&❡♥7❛♠ -✉8❞♦ ❞❡ ❛❧7❛ ❢-❡<✉=♥❝✐❛✳

❆&&✐♠✱ ❝♦♥&✐❞❡-❛♥❞♦ ♦& ❡&♣❡❝7-♦& ❞❡ ❢-❡<✉=♥❝✐❛ ♠❛✐& ❝♦♥✜D✈❡✐& ❞❡ ❝❛❞❛ &❡♥&♦-✱ ♦

✜❧7-♦ ❝♦♠♣❧❡♠❡♥7❛- F ✉7✐❧✐③❛❞♦ ♥❡&7❡ 7-❛❜❛❧❤♦ ♣❛-❛ ❛ ❢✉&'♦ ❞♦& ❞❛❞♦& ❞♦& &❡♥&♦-❡&✱ ♣♦-

♠❡✐♦ ❞❡ ❞♦✐& ✜❧7-♦& ❞✐❣✐7❛✐&✱ ✉♠ ♣❛&&❛✲❜❛✐①❛& ❡ ♦ ♦✉7-♦ ♣❛&&❛✲❛❧7❛&✱ ❝♦♠♦ ✐❧✉&7-❛ ♦ ❡&✲

<✉❡♠❛ ❞❛ ❋✐❣✉-❛ ✭✸✳✷✶✮✳

❋✐❣✉-❛ ✸✳✷✶✿ ❉✐❛❣-❛♠❛ ❡&<✉❡♠D7✐❝♦ ❞♦ ❋✐❧7-♦ ❈♦♠♣❧❡♠❡♥7❛-✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭▼✐❧❡77❡ ❡

❙7-♦✉❞✱ ✷✵✶✷✮

❆ ❢✉♥1'♦ ♣❛-❛ ♦ ❝D❧❝✉❧♦ ❞❛ ♣♦&✐1'♦ ❛♥❣✉❧❛- ❡♠ ✉♠ ❡✐①♦ ♥♦ ❞♦♠8♥✐♦ ❞❛ ❢-❡<✉=♥❝✐❛

(X(s)) ❛♣❧✐❝❛♥❞♦✲&❡ ♦& ❞♦✐& ✜❧7-♦& F ♠♦&7-❛❞❛ ♥❛ ❡<✉❛1'♦ ✭✸✳✸✹✮✱ ❡♠ <✉❡ G(s) -❡♣-❡✲

&❡♥7❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛- ♠❡❞✐❞❛ ♣❡❧♦ ❣✐-♦&❝6♣✐♦ ❡ AM(s) -❡♣-❡&❡♥7❛ ❛ ♣♦&✐1'♦ ❛♥❣✉❧❛-

♠❡❞✐❞❛ ♣❡❧♦ ❛❝❡❧❡-A♠❡7-♦ ♦✉ ♣❡❧♦ ♠❛❣♥❡7A♠❡7-♦✱ ♥♦ ❝❛&♦ ❞♦ ❡✐①♦ ❞❡ ❣✉✐♥❛❞❛✳

X̂(s) =
k s

s+ k

1

s
G(s) +

1

s+ k
AM(s) ✭✸✳✸✹✮

❙❡❣✉♥❞♦ ✭❩✉♦ ❡! ❛❧✳✱ ✷✵✶✷✮ ❡ ✭▼✐❧❡77❡ ❡ ❙7-♦✉❞✱ ✷✵✶✷✮✱ ❛ ❡<✉❛1'♦ ✭✸✳✸✹✮ ♣♦❞❡ &❡-

-❡❡&❝-✐7❛ ♥♦ ❞♦♠8♥✐♦ ❞♦ 7❡♠♣♦ ❞✐&❝-❡7♦ ❝♦♠♦ ♠♦&7-❛ ❛ ❡<✉❛1'♦ ✭✸✳✸✺✮✳

x̂i = α (x̂i−1 + ωi T ) + (1− α) xami
✭✸✳✸✺✮

❡♠ <✉❡ α F ✉♠❛ ❝♦♥&7❛♥7❡ ❡♥7-❡ 0 ❡ 1 ❡ &✉❛ -❡❧❛1'♦ ❝♦♠ ❛ ❢-❡<✉=♥❝✐❛ ❞❡ ❝♦-7❡ F ❞❛❞❛

♣❡❧❛ ❡<✉❛1'♦ ✭✸✳✸✻✮✱ &❡♥❞♦ T ♦ ♣❡-8♦❞♦ ❞❡ ❛♠♦&7-❛❣❡♠✳ ◆♦7❛✲&❡ <✉❡ ♣❛-❛ <✉❡ ♦ ✜❧7-♦

❛♣-❡&❡♥7❡ ✉♠ ❜♦♠ ❞❡&❡♠♣❡♥❤♦ F ♣-❡❝✐&♦ ❞❡7❡-♠✐♥❛- ❛❞❡<✉❛❞❛♠❡♥7❡ ♦ ✈❛❧♦- ❞❡ α✳

α =

(
1 +

k

T

)

k

T

✭✸✳✸✻✮

●❛❜-✐❡❧❛ ▲8❣✐❛ ❘❡✐&





❈❛♣#$✉❧♦ ✹

❆ ❊❧❡$,♦♠✐♦❣,❛✜❛

✹✳✶ ■♥%&♦❞✉*+♦

❈♦♠♦ ❢♦✐ ✈✐&'♦ ♥❛ &✉❜&❡-.♦ ✷✳✷✳✹✱ ❛ ❡❧❡'4♦♠✐♦❣4❛✜❛ 7 ♦ ❡&'✉❞♦ ❞❛ ❛'✐✈✐❞❛❞❡ ❡❧7'4✐❝❛

❞♦& ♠:&❝✉❧♦& ;✉❡ ♣4♦♣♦4❝✐♦♥❛ ✐♥❢♦4♠❛-.♦ 4❡❢❡4❡♥'❡ ❛♦ ❝♦♥'4♦❧❡ ❞♦& ♠♦✈✐♠❡♥'♦&✳ ◆❡&'❡

❝❛♣>'✉❧♦✱ &❡4? ♠♦&'4❛❞♦ ❝♦♠♦ ❡&&❡ ♣♦'❡♥❝✐❛❧ ❡❧7'4✐❝♦ 7 ❣❡4❛❞♦ ❡ ❝♦♠♦ ❡❧❡ ♣♦❞❡ &❡4 ❝❛♣'❛❞♦

♣❛4❛ ✐♥❢❡4✐4 ♦& ❣❡&'♦& 4❡❛❧✐③❛❞♦& ♣❡❧❛ ♠.♦✳

✹✳✷ ❆♥❛%♦♠✐❛ ❞♦ ♠12❝✉❧♦ ❡26✉❡❧7%✐❝♦

❖& ♠:&❝✉❧♦& ❡&;✉❡❧7'✐❝♦& ❢✉♥❝✐♦♥❛♠ &♦❜ ❝♦♥'4♦❧❡ ✈♦❧✉♥'?4✐♦ ❞✐4❡'♦ ❡ &.♦ ✐♠♣♦4'❛♥✲

'❡& ❡❧❡♠❡♥'♦& ❞❡ ❝♦♥'4✐❜✉✐-.♦ ♣❛4❛ ♦ ♠♦✈✐♠❡♥'♦ ❤✉♠❛♥♦✳ ❆ ❋✐❣✉4❛ ✭✹✳✶✮ ❛♣4❡&❡♥'❛ ❛

❛♥❛'♦♠✐❛ ❞❡ ✉♠ ♠:&❝✉❧♦ ❡&;✉❡❧7'✐❝♦✳

❆& ♣❛4'❡& ❞♦ ♠:&❝✉❧♦ 4❡&♣♦♥&?✈❡✐& ♣❡❧❛ ❝♦♥'4❛-.♦ ♠✉&❝✉❧❛4✱ ♦✉ &❡❥❛✱ ;✉❡ ❝♦♥❢❡4❡♠

❛♦ ♠:&❝✉❧♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡♥❝✉4'❛4 &.♦ ♦& &❛4❝J♠❡4♦&✳ ❈❛❞❛ &❛4❝J♠❡4♦ 7 ❝♦♥&'✐'✉>❞♦

❞❡ ❞♦✐& ✜❧❛♠❡♥'♦&✱ &❡♥❞♦ ✉♠ ❞❡❧❡& ❝♦♠♣♦&'♦ ♣♦4 ✉♠❛ ♣4♦'❡>♥❛ ❞❡♥♦♠✐♥❛❞❛ ♠✐♦&✐♥❛ ❡

♦ ♦✉'4♦ ♣♦4 ✉♠ ♣♦❧✐♣❡♣'>❞❡♦✱ ❛ ❛❝'✐♥❛✳ K❡❧❛ '❡♦4✐❛ ❞♦ ✜❧❛♠❡♥'♦ ❞❡&❧✐③❛♥'❡ ♣4♦♣♦&'❛ ♣♦4

❍✉①❧❡② ✭✶✾✺✼✮✱ ;✉❛♥❞♦ ♦ ✜❧❛♠❡♥'♦ ❞❡ ♠✐♦&✐♥❛ ♣❡4❝♦44❡ ♦ ✜❧❛♠❡♥'♦ ❞❡ ❛❝'✐♥❛✱ ❢♦4♠❛♥❞♦

♣♦♥'❡& '4❛♥&✈❡4&❛&✱ ♦ &❛4❝J♠❡4♦ &❡ ❝♦♥'4❛✐✳

❖& &❛4❝J♠❡4♦& ❝♦♥&'✐'✉❡♠ ❛& ♠✐♦✜❜4✐❧❛& ❡ ❡&'.♦ ♣4❡&❡♥'❡& ❡♠ '♦❞❛ ❛ &✉❛ ❡①'❡♥&.♦

❝♦♠♦ ❡❧♦& ❞❡ ✉♠❛ ❝♦44❡♥'❡✳ ❆& ♠✐♦✜❜4✐❧❛& &.♦ ❞❡❧✐❝❛❞♦& ✜❧❛♠❡♥'♦& ;✉❡ ❛✈❛♥-❛♠ ♣❡❧♦

❝♦♠♣4✐♠❡♥'♦ '♦'❛❧ ❞♦ ♠:&❝✉❧♦ ❢♦4♠❛♥❞♦ ❛& ✜❜4❛& ♠✉&❝✉❧❛4❡& ;✉❡ &.♦ ❛& ❝7❧✉❧❛& ❞♦ ♠:&✲

❝✉❧♦ ❡&;✉❡❧7'✐❝♦✳ ❊&&❛& ❝7❧✉❧❛& &.♦ ❡♥✈♦❧'❛& ♣♦4 ✉♠❛ ♠❡♠❜4❛♥❛✱ ❞❡♥♦♠✐♥❛❞❛ &❛4❝♦❧❡♠❛✱

❛'4❛✈7& ❞❛ ;✉❛❧ ❛ ✐♥❡4✈❛-.♦ ♥❡✉4♦❧S❣✐❝❛ ❞♦ ♠:&❝✉❧♦ ❛✈❛♥-❛ ❡ ❛'✐♥❣❡ ❝❛❞❛ ✉♥✐❞❛❞❡ ❝♦♥✲

'4?'✐❧ ♣♦4 ♠❡✐♦ ❞❡ ♥❡✉4♦'4❛♥&♠✐&&.♦ ;✉>♠✐❝❛ ✭❍❛♠✐❧ ❡ ❑♥✉'③❡♥✱ ✷✵✵✽✮✳

✹✸



❈❛♣#$✉❧♦ ✹✳ ❆ ❊❧❡$-♦♠✐♦❣-❛✜❛ ✹✹

❋✐❣✉-❛ ✹✳✶✿ ❆♥❛$♦♠✐❛ ❞❡ ✉♠ ♠78❝✉❧♦ ❡8:✉❡❧;$✐❝♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❍❛♠✐❧ ❡ ❑♥✉$③❡♥✱

✷✵✵✽✮

❆8 ✜❜-❛8 ♠✉8❝✉❧❛-❡8 8G♦ -❡✈❡8$✐❞❛8 ❛✐♥❞❛ ♣❡❧♦ ❡♥❞♦♠#8✐♦✱ :✉❡ ❝♦♥$;♠ ♦8 ❝❛♣✐❧❛✲

-❡8 ❡ ♥❡-✈♦8 :✉❡ ♥✉$-❡♠ ❡ ✐♥❡-✈❛♠ ❝❛❞❛ ✜❜-❛ ❡ ❛✐♥❞❛ ❢✉♥❝✐♦♥❛♠ ❝♦♠♦ ✐8♦❧❛♥$❡ ♣❛-❛

❛ ❛$✐✈✐❞❛❞❡ ♥❡✉-♦❧K❣✐❝❛ ✐♥$-❛♠✉8❝✉❧❛-✳ ❈❛❞❛ ♠78❝✉❧♦ ♣♦❞❡ ❝♦♥$❡- ♠✐❧❤❛-❡8 ❞❡ ✜❜-❛8

♠✉8❝✉❧❛-❡8 :✉❡ ❡8$G♦ ♦-❣❛♥✐③❛❞❛8 ❡♠ ❢❡✐①❡8 ❞❡♥♦♠✐♥❛❞♦8 ❢❛8❝#❝✉❧♦8✱ :✉❡ ♣♦- 8✉❛ ✈❡③

8G♦ -❡✈❡8$✐❞♦8 ♣♦- ✉♠❛ ❞❡♥8❛ ❜❛✐♥❤❛ ❞❡♥♦♠✐♥❛❞❛ ♣❡-✐♠#8✐♦ ✭▼❛-$✐♥✐ ❡! ❛❧✳✱ ✷✵✵✾✮✳

❈❛❞❛ ♠78❝✉❧♦ 8❡ ❝♦♥❡❝$❛ ❛♦ ♦88♦ ♣♦- ♠❡✐♦ ❞❡ ✉♠ $❡♥❞G♦✳ ❘❡✈❡8$✐♥❞♦ ❛ ♣❛-$❡ ❡①✲

$❡-♥❛ ❞♦ ♠78❝✉❧♦ ❤P ♦✉$-♦ $❡❝✐❞♦ ✜❜-♦8♦✱ ♦ ❡♣✐♠#8✐♦✱ :✉❡ $-❛♥8❢❡-❡ ❛8 ✈P-✐❛8 $❡♥8Q❡8

♠✉8❝✉❧❛-❡8 ♣❛-❛ ♦ $❡♥❞G♦✱ ♣-♦♣♦-❝✐♦♥❛♥❞♦ ❛88✐♠✱ ✉♠❛ ❛♣❧✐❝❛RG♦ ❞❛ ❢♦-R❛ ♠✉8❝✉❧❛- ❛♦

♦88♦ ❞❡ ♠❛♥❡✐-❛ 8✉❛✈❡✳

✹✳✸ ❈♦♥&✐❞❡*❛,-❡& ♥❡✉*♦❧0❣✐❝❛& &♦❜*❡ ♦ ♠♦✈✐♠❡♥6♦

❖ ♠♦✈✐♠❡♥$♦ ❤✉♠❛♥♦ ; ❝♦♥$-♦❧❛❞♦ ❡ ♠♦♥✐$♦-❛❞♦ ♣❡❧♦ 8✐8$❡♠❛ ♥❡-✈♦8♦ :✉❡ ; -❡8✲

♣♦♥8P✈❡❧ ♣❡❧❛ ✐❞❡♥$✐✜❝❛RG♦ ❞♦8 ♠78❝✉❧♦8 ❡ ❣❡-❛RG♦ ❞♦ ❡8$#♠✉❧♦ :✉❡ ❞❡8❡♥✈♦❧✈❡-P ♦ ♥#✈❡❧

❞❡ ❢♦-R❛ ❡①✐❣✐❞♦ ♣❛-❛ ❛ -❡❛❧✐③❛RG♦ ❞❡ ✉♠ ❞❡$❡-♠✐♥❛❞♦ ♠♦✈✐♠❡♥$♦✳

●❛❜-✐❡❧❛ ▲#❣✐❛ ❘❡✐8



✹✺ ✹✳✸✳ ❈♦♥'✐❞❡+❛-.❡' ♥❡✉+♦❧1❣✐❝❛' '♦❜+❡ ♦ ♠♦✈✐♠❡♥7♦

❖ '✐'7❡♠❛ ♥❡+✈♦'♦ 9 ❝♦♥'7✐7✉:❞♦ ♣❡❧♦ '✐'7❡♠❛ ♥❡+✈♦'♦ ❝❡♥7+❛❧ ❡ ♣❡❧♦ '✐'7❡♠❛ ♥❡+✈♦'♦

♣❡+✐❢9+✐❝♦✳ ❖ '✐'7❡♠❛ ♥❡+✈♦'♦ ❝❡♥7+❛❧ ✐♥✐❝✐❛✱ ❝♦♥7+♦❧❛ ❡ ♠♦♥✐7♦+❛ ♦ ♠♦✈✐♠❡♥7♦✱ ❡ 9 ❢♦+✲

♠❛❞♦ ♣❡❧♦ ❡♥❝9❢❛❧♦ ❡ ♣❡❧❛ ♠❡❞✉❧❛ ❡'♣✐♥❛❧✳ ❏@ ♦ '✐'7❡♠❛ ♥❡+✈♦'♦ ♣❡+✐❢9+✐❝♦ ❝♦♥'✐'7❡ ❞❡

♥❡+✈♦' A✉❡ '❡ '✐7✉❛♠ ❢♦+❛ ❞❛ ♠❡❞✉❧❛ ❡'♣✐♥❛❧✱ ❞❡♥7+❡ ♦' A✉❛✐' ❡♥❝♦♥7+❛♠✲'❡ ♦' ♠♦7♦✲

♥❡✉+B♥✐♦' A✉❡ 'C♦ +❡'♣♦♥'@✈❡✐' ♣❡❧❛ ❛-C♦ ♠✉'❝✉❧❛+ ❡ ♦' ♥❡✉+B♥✐♦' '❡♥'♦+✐❛✐' A✉❡ ❡♥✈✐❛♠

✐♥❢♦+♠❛-.❡' ♣❡+7✐♥❡♥7❡' ❞♦ '✐'7❡♠❛ ♠✉'❝✉❧♦❡'A✉❡❧97✐❝♦ ❡ ❞❡ ♦✉7+♦' '✐'7❡♠❛' ❞♦ ❝♦+♣♦

♣❛+❛ ❛ ♠❡❞✉❧❛ ❡'♣✐♥❛❧ ✭❍❛♠✐❧ ❡ ❑♥✉7③❡♥✱ ✷✵✵✽✮✳

❖ '✐♥❛❧ ❡❧97+✐❝♦ A✉❡ ♣+♦♠♦✈❡ ❛ ❝♦♥7+❛-C♦ ♠✉'❝✉❧❛+ 9 ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♣♦7❡♥❝✐❛❧ ❞❡

❛-C♦✳ ❊''❡ ♣♦7❡♥❝✐❛❧ 9 7+❛♥'♠✐7✐❞♦ ❞♦ '✐'7❡♠❛ ♥❡+✈♦'♦ ❝❡♥7+❛❧ ❛♦ ♠♦7♦♥❡✉+B♥✐♦✱ ❡ ❞❡'7❡

♣❛+❛ ❛' ✜❜+❛' ♠✉'❝✉❧❛+❡' ♥✉♠❛ ❥✉♥-C♦ ♥❡✉+♦♠✉'❝✉❧❛+✱ ❞❡♥♦♠✐♥❛❞❛ '✐♥❛♣'❡✱ ♦♥❞❡ ❤@

✉♠❛ ❢❡♥❞❛ ❡♥7+❡ ♦ ♠♦7♦♥❡✉+B♥✐♦ ❡ ❛ ♠❡♠❜+❛♥❛ ❞❛ ✜❜+❛ ✭'❛+❝♦❧❡♠❛✮✳

❖ '❛+❝♦❧❡♠❛ 9 ❝❡+❝❛❞♦ ♣♦+ ✢✉✐❞♦ ✐♥7+❛ ❡ ❡①7+❛❝❡❧✉❧❛+ A✉❡ ❝♦♥79♠ ❝♦♥❝❡♥7+❛-.❡' ✈❛✲

+✐❛❞❛' ❞❡ :♦♥'✱ ❞♦' A✉❛✐' '❡ ❞❡'7❛❝❛♠ ♦ '1❞✐♦ ✭Na+✮✱ ♦ ♣♦7@''✐♦ ✭K+
✮ ❡ ♦ ❝❧♦+♦ ✭Cl−✮✱

❞❡ ❢♦+♠❛ A✉❡ ♦ ❡❢❡✐7♦ +❡'✉❧7❛♥7❡ 9 ✉♠❛ ❞✐'7+✐❜✉✐-C♦ ❞❡ ❝❛+❣❛' ❛7+❛✈9' ❞❛ ♠❡♠❜+❛♥❛✳ ❆'✲

'✐♠✱ ♦ ♣♦7❡♥❝✐❛❧ ❞❡ +❡♣♦✉'♦ 7+❛♥'♠❡♠❜+❛♥❛ 9 ❞❡ ❛♣+♦①✐♠❛❞❛♠❡♥7❡ ✲✼✵♠❱ 7❡♥❞♦ ❝♦♠♦

+❡❢❡+U♥❝✐❛ ♦ ♠❡✐♦ ✐♥7+❛❝❡❧✉❧❛+ ✭❊♥♦❦❛✱ ✷✵✵✵✮✳

◗✉❛♥❞♦ ♦ ♣♦7❡♥❝✐❛❧ ❞❡ ❛-C♦ ❛❧❝❛♥-❛ ❛ '✐♥❛♣'❡✱ 7❡♠ ✐♥:❝✐♦ ✉♠❛ '9+✐❡ ❞❡ +❡❛-.❡' A✉:✲

♠✐❝❛' A✉❡ ❧✐❜❡+❛♠ ✉♠ ♥❡✉+♦7+❛♥'♠✐''♦+ ❞❡♥♦♠✐♥❛❞♦ ❛❝❡7✐❧❝♦❧✐♥❛ ✭❆❈❍✮✱ A✉❡ ♣+♦✈♦❝❛

✉♠ ❛✉♠❡♥7♦ ♥❛ ♣❡+♠❡❛❜✐❧✐❞❛❞❡ ❞❛ ♠❡♠❜+❛♥❛ ❝❛✉'❛♥❞♦ ❛❧7❡+❛-C♦ ♥❛' ❝♦♥❞✉7X♥❝✐❛' ❞❡

'1❞✐♦ ✭Na+✮ ❞♦ ♠❡✐♦ ❡①7+❛❝❡❧✉❧❛+ ♣❛+❛ ♦ ♠❡✐♦ ✐♥7+❛❝❡❧✉❧❛+ ❡ ♣♦'7❡+✐♦+♠❡♥7❡ ❞❡ ♣♦7@''✐♦

✭K+
✮ ❞♦ ♠❡✐♦ ✐♥7+❛❝❡❧✉❧❛+ ♣❛+❛ ♦ ❡①7+❛❝❡❧✉❧❛+✳ ❉❡'7❛ ❢♦+♠❛✱ ❤@ ✉♠❛ ❞❡'♣♦❧❛+✐③❛-C♦ ❞♦

♣♦7❡♥❝✐❛❧ ❞❡ +❡♣♦✉'♦ '❡❣✉✐❞♦ ❞❡ ✉♠❛ ❤✐♣❡+♣♦❧❛+✐③❛-C♦ ❡ ♣♦'7❡+✐♦+♠❡♥7❡ ♦ +❡7♦+♥♦ ❛♦

♣♦7❡♥❝✐❛❧ ❞❡ +❡♣♦✉'♦✱ ❝♦♠♦ ♠♦'7+❛ ❛ ❋✐❣✉+❛ ✭✹✳✷✮✳

❋✐❣✉+❛ ✹✳✷✿ \♦7❡♥❝✐❛❧ ❞❡ ❛-C♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❊♥♦❦❛✱ ✷✵✵✵✮

◗✉❛♥❞♦ ♦ ♣♦7❡♥❝✐❛❧ ❞❡ ❛-C♦ ❛7✐♥❣❡ ❛' ✜❜+❛' ♠✉'❝✉❧❛+❡'✱ ♦❝♦++❡ ❛ ❧✐❜❡+❛-C♦ ❞❡ :♦♥'

❝@❧❝✐♦ ✭Ca2+✮ ♥❛ @+❡❛ ❝✐+❝✉♥❥❛❝❡♥7❡ ^' ♠✐♦✜❜+✐❧❛'✱ ❡''❡' :♦♥' ♣+♦♠♦✈❡♠ ❛ ❢♦+♠❛-C♦ ❞❡
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❈❛♣#$✉❧♦ ✹✳ ❆ ❊❧❡$-♦♠✐♦❣-❛✜❛ ✹✻

♣♦♥$❡4 $-❛♥4✈❡-4❛4 ❡ ❛ ✐♥$❡-❛67♦ ❡♥$-❡ ♦4 ✜❧❛♠❡♥$♦4 ❞❡ ❛❝$✐♥❛ ❡ ♠✐♦4✐♥❛✱ ;✉❡ ❞❡4❧✐③❛♠

✉♠ 4♦❜-❡ ♦ ♦✉$-♦ ♣-♦♠♦✈❡♥❞♦ ❛ ❝♦♥$-❛67♦ ❞♦ ♠>4❝✉❧♦ ✭▼❛-$✐♥✐ ❡! ❛❧✳✱ ✷✵✵✾✮✳ E❛-❛

♠❛♥$❡- ♦ ♠>4❝✉❧♦ ❝♦♥$-❛#❞♦ ♦ 4✐4$❡♠❛ ♥❡-✈♦4♦ ❡♥✈✐❛ ✉♠❛ 4❡;✉F♥❝✐❛ ❞❡ ❡4$#♠✉❧♦4 ♣❛-❛

;✉❡ ❛4 ✉♥✐❞❛❞❡4 ♠♦$♦-❛4 4❡❥❛♠ -❡♣❡$✐❞❛♠❡♥$❡ ❛$✐✈❛❞❛4 ✭❚❛❦❛❤❛4❤✐✱ ✷✵✵✻✮✳ ◗✉❛♥❞♦ ❛

❡4$✐♠✉❧❛67♦ L ✐♥$❡--♦♠♣✐❞❛ ♦4 #♦♥4 47♦ -❡♠♦✈✐❞♦4 ❧✐❜❡-❛♥❞♦ ❛4 ♣♦♥$❡4 $-❛♥4✈❡-4❛4✳

❋✐❜-❛4 ♠✉4❝✉❧❛-❡4 ;✉❡ 47♦ ✐♥❡-✈❛❞❛4 ♣❡❧♦ ♠❡4♠♦ ♠♦$♦♥❡✉-N♥✐♦ ❝♦♥4$✐$✉❡♠ ❣-✉♣♦4

❢✉♥❝✐♦♥❛✐4 ❞❡♥♦♠✐♥❛❞♦4 ✉♥✐❞❛❞❡4 ♠♦$♦-❛4 ✭❍❛❧❧✱ ✷✵✵✾✮✳ ◗✉❛♥❞♦ ✉♠ ♠♦$♦♥❡✉-N♥✐♦ L

❡4$✐♠✉❧❛❞♦ ♣❛-❛ ♣-♦♠♦✈❡- ❝♦♥$-❛67♦ $♦❞❛4 ❛4 ✜❜-❛4 ✐♥❡-✈❛❞❛4 ♣♦- ❡❧❡ 47♦ ❡4$✐♠✉❧❛❞❛4✱

❡♥$-❡$❛♥$♦✱ ❛ ❡4$✐♠✉❧❛67♦ ❞❛4 ✜❜-❛4 ♥7♦ ♦❝♦--❡ 4✐♠✉❧$❛♥❡❛♠❡♥$❡✱ ❤❛✈❡♥❞♦ ♣❡;✉❡♥♦4

❛$-❛4♦4 ❡♥$-❡ ❛4 ❝♦♥$-❛6Q❡4✳ ❆ 4♦♠❛ ❞♦4 ♣♦$❡♥❝✐❛✐4 ❞❡ ❛67♦ ♥❛4 ✜❜-❛4 ❞❡ ✉♠❛ ✉♥✐❞❛❞❡

♠♦$♦-❛ L ❝❤❛♠❛❞♦ ♣♦$❡♥❝✐❛❧ ❞❡ ❛67♦ ❞❛ ✉♥✐❞❛❞❡ ♠♦$♦-❛ ❞♦ ✐♥❣❧F4 ▼❯❆E ✭▼♦!♦& ❯♥✐!

❆❝!✐♦♥ ,♦!❡♥!✐❛❧ ✮✱ ❝♦♠♦ ✐❧✉4$-❛ ❛ ❋✐❣✉-❛ ✭✹✳✸✮✳

❋✐❣✉-❛ ✹✳✸✿ E♦$❡♥❝✐❛❧ ❞❡ ❛67♦ ❞❡ ✉♠❛ ✉♥✐❞❛❞❡ ♠♦$♦-❛✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❆♥❞-❛❞❡✱ ✷✵✵✼✮

✹✳✹ ❘❡❣✐&'(♦ ❞♦ &✐♥❛❧ ❡❧❡'(♦♠✐♦❣(/✜❝♦

❖ ♣❡-✜❧ ❞♦ 4✐♥❛❧ ❡❧L$-✐❝♦ ❞❡$❡❝$❛❞♦ ♥♦ ♠>4❝✉❧♦ L ❞❡♥♦♠✐♥❛❞♦ ❡❧❡$-♦♠✐♦❣-❛♠❛✳ ❊44❡

4✐♥❛❧ ❡❧❡$-♦♠✐♦❣-W✜❝♦ ✭4❊▼●✮ L ✉♠❛ ❝♦♠♣♦4✐67♦ ❞♦4 ♣♦$❡♥❝✐❛✐4 ❞❡ ❛67♦ ❞❡ $♦❞❛4 ❛4

✉♥✐❞❛❞❡4 ♠♦$♦-❛4 ❛$✐✈❛4 ;✉❡ ❡♥❝♦♥$-❛♠✲4❡ ❡♥$-❡❧❛6❛❞❛4 ❛♦ ❧♦♥❣♦ ❞❡ $♦❞♦ ♦ ♠>4❝✉❧♦✳ ❖

-❡❣✐4$-♦ ❞♦ 4❊▼● L ❢❡✐$♦ ♣♦- ♠❡✐♦ ❞❡ ✉♠ ❡;✉✐♣❛♠❡♥$♦ ❞❡♥♦♠✐♥❛❞♦ ❡❧❡$-♦♠✐Z❣-❛❢♦✱ ;✉❡

L -❡4♣♦♥4W✈❡❧ ♣❡❧❛ ❛♠♣❧✐✜❝❛67♦✱ ❝♦♥❞✐❝✐♦♥❛♠❡♥$♦ ❡ ❛;✉✐4✐67♦ ❞♦ 4✐♥❛❧✳ ❊44❡ ❝✐-❝✉✐$♦ L
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✹✼ ✹✳✹✳ ❘❡❣✐'()♦ ❞♦ '✐♥❛❧ ❡❧❡()♦♠✐♦❣)0✜❝♦

❛❧✐♠❡♥(❛❞♦ ♣♦) ♠❡✐♦ ❞❡ ❜❛(❡)✐❛' ❡ ❞❡✈❡ '❡) ✐'♦❧❛❞♦ ❞❛ )❡❞❡ ❡❧6()✐❝❛ ♣❛)❛ 7✉❡ ♥9♦ ❤❛❥❛

)✐'❝♦ ❞❡ ❝❤♦7✉❡ ❡❧6()✐❝♦✳

✹✳✹✳✶ ❈❛♣&❛'(♦ ❞♦ +✐♥❛❧

❖ '❊▼● ♣♦❞❡ '❡) ❝❛♣(❛❞♦ ♣♦) ♠❡✐♦ ❞❡ ❡❧❡()♦❞♦' ✐♥()❛♠✉'❝✉❧❛)❡'✱ ❝♦♥'(✐(✉A❞♦' ❞❡

✉♠❛ ❛❣✉❧❤❛ 7✉❡ 6 ❛♣❧✐❝❛❞❛ ❞✐)❡(❛♠❡♥(❡ ♥♦ ♠B'❝✉❧♦ ♦✉ ♣♦) ❡❧❡()♦❞♦' ❞❡ '✉♣❡)❢A❝✐❡ ❛♣❧✐✲

❝❛❞♦' '♦❜)❡ ❛ ♣❡❧❡✱ ♣♦) ❝✐♠❛ ❞♦ ♠B'❝✉❧♦✳ ■''♦ ♣♦)7✉❡✱ ❞❡✈✐❞♦ ❛ ❝♦))❡♥(❡' ✐F♥✐❝❛'✱ ♦'

❜✐♦♣♦(❡♥❝✐❛✐' ♣)♦❞✉③✐❞♦' ♥❛ ♠❡♠❜)❛♥❛ ❝❡❧✉❧❛) '❡ ♣)♦♣❛❣❛♠ ♣❛)❛ (❡❝✐❞♦' ✈✐③✐♥❤♦' ✭❈❛)✲

❞♦'♦✱ ✷✵✶✵✮✳ N♦) '❡)❡♠ ♥9♦✲✐♥✈❛'✐✈♦'✱ ♦' ❡❧❡()♦❞♦' ❞❡ '✉♣❡)❢A❝✐❡ '9♦ ♦' ♠❛✐' ✉(✐❧✐③❛❞♦'

❡♠ ❡'(✉❞♦' ❜✐♦♠❡❝O♥✐❝♦'✱ ❝♦♠♦ ♥♦ ❝❛'♦ ❞❡'(❡ ()❛❜❛❧❤♦✳ N♦) ✐''♦✱ ❛♣❡♥❛' ❡'(❡ (✐♣♦ ❞❡

❡❧❡()♦❞♦ '❡)0 ❛❜♦)❞❛❞♦✳

❆ ❝♦♥✜❣✉)❛Q9♦ ♠❛✐' ✉(✐❧✐③❛❞❛ 6 ❛ ❜✐♣♦❧❛)✱ ♥❛ 7✉❛❧ ❞♦✐' ❡❧❡()♦❞♦' '9♦ ❛♣❧✐❝❛❞♦' '♦✲

❜)❡ ♦ ♠B'❝✉❧♦ ❡ ♦ (❡)❝❡✐)♦ ❡❧❡()♦❞♦ 6 ❛♣❧✐❝❛❞♦ ❡♠ ✉♠ ❧♦❝❛❧ ❡❧❡()✐❝❛♠❡♥(❡ ♥❡✉()♦✱ ♦✉

❞❡ ♠❡♥♦) ✐♥❝✐❞R♥❝✐❛ ❞❡ ❝♦♥()❛QS❡' ♠✉'❝✉❧❛)❡'✳ ❊''❡ ❛))❛♥❥♦ ♠❡❞❡ ❛ ❞✐❢❡)❡♥Q❛ ❞❡ ♣♦✲

(❡♥❝✐❛❧ ❡♥()❡ ♦' ❞♦✐' ❡❧❡()♦❞♦' ❛♣❧✐❝❛❞♦' '♦❜)❡ ♦ ♠B'❝✉❧♦ ♣♦) ♠❡✐♦ ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦)

❞✐❢❡)❡♥❝✐❛❧ ✭❲❡❜'(❡)✱ ✷✵✵✾✮✳ ❆ ✐♠♣♦)(O♥❝✐❛ ❞♦ ✉'♦ ❞❡''❛ ❝♦♥✜❣✉)❛Q9♦ ❡♠ ❞❡()✐♠❡♥(♦

❞❛ ❝♦♥✜❣✉)❛Q9♦ ♠♦♥♦♣♦❧❛) '❡)0 ()❛(❛❞❛ ♥❛ ♣)V①✐♠❛ '✉❜'❡Q9♦✱ )❡❢❡)❡♥(❡ X ❛♠♣❧✐✜❝❛Q9♦

❞♦ '✐♥❛❧✳

N❛)❛ 7✉❡ '❡❥❛ ❢❡✐(♦ ✉♠ ❜♦♠ )❡❣✐'()♦✱ 6 ❝)✉❝✐❛❧ ♦ ♣♦'✐❝✐♦♥❛♠❡♥(♦ ❝♦))❡(♦ ❞♦' ❡❧❡✲

()♦❞♦'✳ ➱ ✐♥❞✐❝❛❞♦ 7✉❡ ♦' ❞♦✐' ❡❧❡()♦❞♦' 7✉❡ ❝❛♣(❛♠ ♦ '❊▼● (❡♥❤❛♠ ✉♠ ❞✐O♠❡()♦

❞❡ ❛♣)♦①✐♠❛❞❛♠❡♥(❡ ✽♠♠ ❡ '❡❥❛♠ ❛♣❧✐❝❛❞♦' '♦❜)❡ ♦ ♠B'❝✉❧♦ ❛ ✉♠❛ ❞✐'(O♥❝✐❛ ❞❡ ✶✱✺ ❛

✷❝♠ ✉♠ ❞♦ ♦✉()♦✳ ❆' ❡①()❡♠✐❞❛❞❡' ❞♦ ♠B'❝✉❧♦ ❞❡✈❡♠ '❡) ❡✈✐(❛❞❛'✱ ♣♦) ♣♦''✉A)❡♠ ✉♠

♠❡♥♦) ♣♦(❡♥❝✐❛❧ ❞❡ ❛Q9♦ ✭❍❛♠✐❧ ❡ ❑♥✉(③❡♥✱ ✷✵✵✽✮✳

❖✉()♦ ❢❛(♦) 7✉❡ ❞❡✈❡ '❡) ❧❡✈❛❞♦ ❡♠ ❝♦♥'✐❞❡)❛Q9♦ 6 ❛ )❡'✐'(R♥❝✐❛ ❞❛ ♣❡❧❡✱ ♣♦) ✐''♦

6 )❡❝♦♠❡♥❞❛❞❛ ❛ )❛'♣❛❣❡♠ ❞♦ ❧♦❝❛❧ ❡ ❧✐♠♣❡③❛ ❝♦♠ 0❧❝♦♦❧ ♣❛)❛ 7✉❡ '❡❥❛ ♦❜(✐❞❛ ✉♠❛

❜❛✐①❛ )❡'✐'(R♥❝✐❛ ❝✉(O♥❡❛✳ N❛)❛ ♠❡❧❤♦)❛) ❛ ❝❛♣(❛Q9♦ ❞♦ '✐♥❛❧✱ ♦' ❡❧❡()♦❞♦' '9♦ ❢❡✐(♦' ❞❡

♠❛(❡)✐❛❧ ❝♦♠ ❛❧(❛ ❝♦♥❞✉(✐❜✐❧✐❞❛❞❡✱ ❡♠ ❣❡)❛❧✱ ♣)❛(❛ ❝❧♦)❛❞❛ ❡ ♣❛)❛ ❛✉♠❡♥(❛) ♦ ❝♦♥(❛(♦

❞♦ ❡❧❡()♦❞♦ ❝♦♠ ❛ ♣❡❧❡ 6 ✉(✐❧✐③❛❞♦ ✉♠ ❣❡❧ ❡❧❡()♦❧A(✐❝♦ ❛ ❜❛'❡ ❞❡ ❝❧♦)♦ ✭N)✉(❝❤✐ ❡ ◆♦))✐'✱

✷✵✵✺✮✳

✹✳✹✳✷ ❆♠♣❧✐✜❝❛'(♦ ❞♦ +✐♥❛❧

❖ '❊▼● ❛♣)❡'❡♥(❛ ❛♠♣❧✐(✉❞❡ )❡❧❛(✐✈❛♠❡♥(❡ ❜❛✐①❛✱ ❡♥()❡ ✶✵µ ❡ ✺♠❱ ✭❍❛♠✐❧ ❡ ❑♥✉(✲

③❡♥✱ ✷✵✵✽✮✱ ❡''❡' ✈❛❧♦)❡' ✈❛)✐❛♠ ❝♦♠ ♦ (✐♣♦ ❞❡ ♠B'❝✉❧♦ ❛♥❛❧✐'❛❞♦✱ ♦ ♥A✈❡❧ ❞❡ ❝♦♥()❛Q9♦

♠✉'❝✉❧❛) ❡ ♦ (✐♣♦ ❡ ❛ ❧♦❝❛❧✐③❛Q9♦ ❞♦' ❡❧❡()♦❞♦' ✉(✐❧✐③❛❞♦' ✭❊♥♦❦❛✱ ✷✵✵✵✮✳ N♦) ✐''♦✱

♣❛)❛ ❢❛❝✐❧✐(❛) ♦ ♣)♦❝❡''♦ ❞❡ ❛7✉✐'✐Q9♦ ❡ ❞✐❣✐(❛❧✐③❛Q9♦ ♣❛)❛ ♦ ♠♦♥✐(♦)❛♠❡♥(♦ ❞♦ '✐♥❛❧✱
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❈❛♣#$✉❧♦ ✹✳ ❆ ❊❧❡$-♦♠✐♦❣-❛✜❛ ✹✽

3 ✐♠♣♦-$❛♥$❡ 5✉❡ ♦ ♠❡6♠♦ 6❡❥❛ ❛♠♣❧✐✜❝❛❞♦✳ :❛-❛ ❛ ❝♦♥✜❣✉-❛;<♦ ❜✐♣♦❧❛-✱ ❛ ❡$❛♣❛ ❞❡

❛♠♣❧✐✜❝❛;<♦ 3 ❢❡✐$❛ ♣♦- ♠❡✐♦ ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦- ❞❡ ✐♥6$-✉♠❡♥$❛;<♦✱ ❞♦ ✐♥❣❧@6 ■♥"#$✉✲

♠❡♥#❛#✐♦♥ ❆♠♣❧✐✜❡$ ✭■❆✮✳

❖ ■❆ 3 ✉♠❛ ❡①$❡♥6<♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦- ❞✐❢❡-❡♥❝✐❛❧✱ ♣♦✐6 ❛♠♣❧✐✜❝❛ ❛ ❞✐❢❡-❡♥;❛ ❞❡

♣♦$❡♥❝✐❛❧ ❡♥$-❡ 6❡✉6 $❡-♠✐♥❛✐6 ❞❡ ❡♥$-❛❞❛✳ ❚-❛$❛✲6❡ ❞❡ ✉♠ ❞♦6 ❝✐-❝✉✐$♦6 ♠❛✐6 H$❡✐6 ❡

✈❡-6J$❡✐6 ♣❛-❛ ♠❡❞✐;K❡6 ❞❡ ♣-❡❝✐6<♦✱ 6❡♥❞♦ ❛66✐♠ ❝❤❛♠❛❞♦ ❞❡✈✐❞♦ ❛♦ 6❡✉ ❧❛-❣♦ ❡♠♣-❡❣♦

♥❛ J-❡❛ ❞❡ ✐♥6$-✉♠❡♥$❛;<♦ ✭◆❡$♦ ❡# ❛❧✳✱ ✷✵✶✸✮✳ ❆ ❋✐❣✉-❛ ✭✹✳✹✮ ♠♦6$-❛ ❛ ❡6$-✉$✉-❛ ❜J6✐❝❛

❞❡ ✉♠ ■❆✱ ♠❛6 3 ✐♠♣♦-$❛♥$❡ 6❛❧✐❡♥$❛- 5✉❡ ❡66❛ ❝♦♥✜❣✉-❛;<♦ ♣♦❞❡ ✈❛-✐❛- ✉♠ ♣♦✉❝♦ ❞❡

✉♠ ❛♠♣❧✐✜❝❛❞♦- ♣❛-❛ ♦✉$-♦✳

❋✐❣✉-❛ ✹✳✹✿ ❉✐❛❣-❛♠❛ ❡65✉❡♠J$✐❝♦ 6✐♠♣❧✐✜❝❛❞♦ ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦- ❞❡ ✐♥6$-✉♠❡♥$❛;<♦✳

▼♦❞✐✜❝❛❞♦ ❞❡ ✭◆❡$♦ ❡# ❛❧✳✱ ✷✵✶✸✮

❖ ■❆ ♠♦6$-❛❞♦ ♥❛ ❋✐❣✉-❛ ✭✹✳✹✮ 3 ❝♦♥6$✐$✉#❞♦ ❞❡ $-@6 ❛♠♣❧✐✜❝❛❞♦-❡6 ♦♣❡-❛❝✐♦♥❛✐6 ❡

6❡$❡ -❡6✐6$♦-❡6✱ 5✉❡ ♣♦- ❝♦♥✈❡♥✐@♥❝✐❛ ❛♣-❡6❡♥$❛♠ ♦ ♠❡6♠♦ ✈❛❧♦- ❞❡ -❡6✐6$@♥❝✐❛✱ ❡①❝❡$♦ ♦

-❡6✐6$♦- RG 5✉❡ 3 ♦ -❡6✐6$♦- ❞❡ ❛❥✉6$❡ ❞❡ ❣❛♥❤♦ 5✉❡ ♣♦❞❡ 6❡- ✈❛-✐❛❞♦✳ ❆ $❡♥6<♦ ❞❡ 6❛#❞❛

❞♦ ■❆ 6❡-J ❞❛❞❛ ♣❡❧❛ ❡5✉❛;<♦ ✭✹✳✶✮✳

vout =

(
1 +

2R

RG

)
(v2 − v1) ✭✹✳✶✮

❆66✐♠✱ ❝♦♠♦ ✐❧✉6$-❛ ❛ ❋✐❣✉-❛ ✭✹✳✺✮✱ ♦ ■❆ ❛♠♣❧✐✜❝❛ ♣❡5✉❡♥❛6 $❡♥6K❡6 ❞❡ 6✐♥❛❧ ❞✐❢❡✲

-❡♥❝✐❛❧ 6♦❜-❡♣♦6$❛6 ❛ $❡♥6K❡6 ❞❡ ♠♦❞♦ ❝♦♠✉♠ ♠❛✐♦-❡6✱ ✉♠❛ ✈❡③ 5✉❡ ❡6$❛6 6❡ ❝❛♥❝❡❧❛♠✳

■66♦ $♦-♥❛ ❛ ✉$✐❧✐③❛;<♦ ❞♦ ❛--❛♥❥♦ ❜✐♣♦❧❛- ♣❛-❛ ❡❧❡$-♦❞♦6 ❞❡ 6✉♣❡-❢#❝✐❡ ♠✉✐$♦ ✐♥$❡-❡66❛♥$❡✱

●❛❜-✐❡❧❛ ▲#❣✐❛ ❘❡✐6



✹✾ ✹✳✹✳ ❘❡❣✐'()♦ ❞♦ '✐♥❛❧ ❡❧❡()♦♠✐♦❣)0✜❝♦

♣♦✐' ❡❧✐♠✐♥❛✲'❡ ♦ )✉6❞♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠✳ ❆❧8♠ ❞❛ ❛❧(❛ )❡❥❡✐:;♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠✱ ♦ ■❆

❛♣)❡'❡♥(❛ (❛♠❜8♠ ✉♠❛ ❛❧(❛ ✐♠♣❡❞?♥❝✐❛ ❞❡ ❡♥()❛❞❛ ❡ ❡''❛ ✐♠♣❡❞?♥❝✐❛ ♥;♦ ✈❛)✐❛ ❝♦♠ ♦

❛❥✉'(❡ ❞❛ )❡'✐'(A♥❝✐❛ ❞❡ ❣❛♥❤♦✳

❋✐❣✉)❛ ✹✳✺✿ ❘❡❥❡✐:;♦ ❞❡ (❡♥'F❡' ❞❡ ♠♦❞♦ ❝♦♠✉♠✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭◆❡(♦ ❡! ❛❧✳✱ ✷✵✶✸✮

✹✳✹✳✸ ❈♦♥❞✐❝✐♦♥❛♠❡♥,♦ ❡ ❛-✉✐/✐01♦ ❞♦ /✐♥❛❧

❖ '❊▼● ♦❜(✐❞♦ ♣♦) ❡❧❡()♦❞♦' ❞❡ '✉♣❡)❢6❝✐❡ ❛♣)❡'❡♥(❛ ❝♦♠♣♦♥❡♥(❡' ❞❡ ❢)❡S✉A♥❝✐❛

❞❡'❞❡ ♥6✈❡❧ ❉❈ ❛(8 ❝❡)❝❛ ❞❡ ✺✵✵❍③✱ ❛♣)❡'❡♥(❛♥❞♦ ♠❛✐♦) ❝♦♥❝❡♥()❛:;♦ ❞❡ '✐♥❛❧ ♥❛ ❢❛✐①❛

❞❡ ✺✵ ❛ ✶✺✵❍③ ✭❆♥❞)❛❞❡✱ ✷✵✵✼✮✳ ❊♥()❡(❛♥(♦✱ ♦ '✐'(❡♠❛ ❞❡ ❛S✉✐'✐:;♦ ❞❡'(❡ '✐♥❛❧ ❡'(0

'✉❥❡✐(♦ ❛ ✐♥(❡)❢❡)A♥❝✐❛' ❞❡ )✉6❞♦' ♣)♦✈❡♥✐❡♥(❡' ❞❡ ❞✐✈❡)'❛' ❢♦♥(❡'✳ ◆♦ ❡❧❡()♦♠✐Z❣)❛❢♦✱ ♦

'✐♥❛❧ ❝❛♣(❛❞♦ ♣❡❧♦' ❡❧❡()♦❞♦' S✉❡ ♣❛''❛ ♣❡❧♦ ❝✐)❝✉✐(♦ ❞❡ ❛♠♣❧✐✜❝❛:;♦✱ ❝❛))❡❣❛ '✐♥❛✐' S✉❡

♥;♦ ';♦ ❛♣❡♥❛' ❣❡)❛❞♦' ♣❡❧❛ ❛(✐✈✐❞❛❞❡ ♠✉'❝✉❧❛)✳ ❊♥(;♦✱ 8 ✐♠♣♦)(❛♥(❡ S✉❡ (❡♥❤❛♠✲'❡

❡(❛♣❛' ❞❡ ✜❧()❛❣❡♠✱ S✉❡ ❡❧✐♠✐♥❡♠ ♦' '✐♥❛✐' ✐♥❞❡'❡❥❛❞♦'✳

❖ '✐♥❛❧ ❡❧8()✐❝♦ ❞❡(❡❝(❛❞♦ ♣❡❧♦' ❡❧❡()♦❞♦' ♥♦ ♠['❝✉❧♦ ❝♦♥(8♠ ❝♦♠♣♦♥❡♥(❡' ♣♦'✐(✐✈❛'

❡ ♥❡❣❛(✐✈❛'✳ ➱ ♣♦''6✈❡❧ ❛♥❛❧✐'❛) ♦ '✐♥❛❧ ❞❡''❛ ❢♦)♠❛✱ )❡❛❧✐③❛♥❞♦ '♦♠❡♥(❡ ❛ '✉❛ ✜❧()❛❣❡♠✳

❊♥()❡(❛♥(♦✱ ❤0 ()❛❜❛❧❤♦' S✉❡ ♦♣(❛♠ ♣♦) ✐♥'❡)✐) ✉♠❛ ❡(❛♣❛ ❞❡ )❡(✐✜❝❛:;♦ ❞♦ '✐♥❛❧✱ ❝♦♠♦

♠♦'()❛ ❛ ❋✐❣✉)❛ ✭✹✳✻✮✳ ◆❡'(❡ ❝❛'♦✱ ♦ ❝✐)❝✉✐(♦ ❞♦ ❡❧❡()♦♠✐Z❣)❛❢♦ ❛♣)❡'❡♥(❛ ✉♠❛ ❡(❛♣❛ ❞❡

❛♠♣❧✐✜❝❛:;♦✱ '❡❣✉✐❞❛ ❞❡ ✉♠ ✜❧()♦ ♣❛''❛✲❛❧(❛' ♣❛)❛ ❡❧✐♠✐♥❛) ❛ ❝♦♠♣♦♥❡♥(❡ ❉❈ ❡ )✉6❞♦'

❞❡ ❜❛✐①❛ ❢)❡S✉A♥❝✐❛✱ ❡✱ ♣♦'(❡)✐♦)♠❡♥(❡ (❡♠✲'❡ ✉♠❛ ❡(❛♣❛ ❞❡ )❡(✐✜❝❛:;♦ ❛♣Z' ❛ S✉❛❧ 8

)❡♠♦✈✐❞♦ ♦ ❝♦♥(❡[❞♦ ❞❡ ❛❧(❛ ❢)❡S✉A♥❝✐❛✳ ❆ ❛♠♣❧✐(✉❞❡ ❞♦ '❊▼● ❛✉♠❡♥(❛ S✉❛♥❞♦ ❛

✐♥(❡♥'✐❞❛❞❡ ❞❛ ❝♦♥()❛:;♦ ♠✉'❝✉❧❛) ❛✉♠❡♥(❛✳ ❆''✐♠✱ ❡''❡ (✐♣♦ ❞❡ ❛❜♦)❞❛❣❡♠ ♣❡)♠✐(❡ ❛

♦❜(❡♥:;♦ ❞❡ ✉♠ ♣❛❞);♦ )❡❣✉❧❛) S✉❡ )❡♣)❡'❡♥(❛ ♦ ✈♦❧✉♠❡ ❞❛ ❛(✐✈✐❞❛❞❡ ♠✉'❝✉❧❛) ✭❍❛♠✐❧

❡ ❑♥✉(③❡♥✱ ✷✵✵✽✮✳

❆♣Z' ❛ ❡(❛♣❛ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥(♦✱ ♦ '✐♥❛❧ ❝♦❧❡(❛❞♦ 8 ❞✐❣✐(❛❧✐③❛❞♦ ♣♦) ♠❡✐♦ ❞❡ ✉♠

❝♦♥✈❡)'♦) ❆✴❉✳ ◆❡'(❛ ❡(❛♣❛✱ 8 ✐♠♣♦)(❛♥(❡ ❝♦♥❤❡❝❡) ❛' ❝❛)❛❝(❡)6'(✐❝❛' ❞♦ '✐♥❛❧ ❝♦❧❡(❛❞♦

♣❛)❛ ❛ '❡❧❡:;♦ ❞❛ ❢)❡S✉A♥❝✐❛ ❞❡ ❛♠♦'()❛❣❡♠ ❞❡ ❢♦)♠❛ S✉❡ ♦ '✐♥❛❧ ♣♦''❛ '❡) )❡♣)♦❞✉③✐❞♦

❝♦♠ ✜❞❡❧✐❞❛❞❡✳

●❛❜)✐❡❧❛ ▲6❣✐❛ ❘❡✐'



❈❛♣#$✉❧♦ ✹✳ ❆ ❊❧❡$-♦♠✐♦❣-❛✜❛ ✺✵

❋✐❣✉-❛ ✹✳✻✿ ❘❡$✐✜❝❛9:♦ ❡ ✜❧$-❛❣❡♠ ❞♦ <✐♥❛❧ ❡❧❡$-♦♠✐♦❣->✜❝♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❘♦❜❡-$<♦♥

❡! ❛❧✳✱ ✷✵✶✸✮

✹✳✺ ❯$♦ ❞❛ ❊▼● ♣❛,❛ ✐♥❢❡,✐, ❣❡$2♦$ ❞❛ ♠4♦

❆ ♠:♦ ❤✉♠❛♥❛ H ❝♦♥<$✐$✉#❞❛ ❞❡ ✈✐♥$❡ ❡ <❡$❡ ♦<<♦< ❛❣-✉♣❛❞♦< ♥♦ ❝❛-♣♦✱ ♥♦ ♠❡$❛❝❛-♣♦

❡ ♥❛< ❢❛❧❛♥❣❡<✱ ❝♦♠♦ ♠♦<$-❛ ❛ ❋✐❣✉-❛ ✭✹✳✼✮✳ ❖ ❝❛-♣♦ H ♠❛✐< ❝♦♠✉♠❡♥$❡ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

♣✉♥❤♦✱ ♦ ♠❡$❛❝❛-♣♦ ❝♦--❡<♣♦♥❞❡ ❛ -❡❣✐:♦ ❞❛ ♣❛❧♠❛ ❡ ❛< ❢❛❧❛♥❣❡< <:♦ ♦< ♦<<♦< ❞♦< ❞❡❞♦<✳

❋✐❣✉-❛ ✹✳✼✿ ❖<<♦< ❞❛ ♠:♦ ❡ ❞♦ ❛♥$❡❜-❛9♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❉-❛❦❡✱ ✷✵✶✶✮

❊<<❡ ❣-❛♥❞❡ ♥O♠❡-♦ ❞❡ ❛-$✐❝✉❧❛9P❡< ♣❡-♠✐$❡ Q✉❡ ❛ ♠:♦ <❡❥❛ ✉$✐❧✐③❛❞❛ ❡♠ ❞✐✈❡-<❛<

●❛❜-✐❡❧❛ ▲#❣✐❛ ❘❡✐<



✺✶ ✹✳✺✳ ❯%♦ ❞❛ ❊▼● ♣❛-❛ ✐♥❢❡-✐- ❣❡%3♦% ❞❛ ♠5♦

❛3✐✈✐❞❛❞❡%✱ ❞❡%❞❡ ❛89❡% ♠❛✐% %✐♠♣❧❡% ❝♦♠♦ %❡❣✉-❛- ✉♠ ♦❜❥❡3♦✱ ❛3? ♠❛♥✐♣✉❧❛89❡% @✉❡

❞❡♣❡♥❞❡♠ ❞❡ ♠♦✈✐♠❡♥3♦% ♠✉✐3♦ ✜♥♦% ❡ -❡@✉❡-❡♠ ❣-❛♥❞❡ ♠♦❜✐❧✐❞❛❞❡✱ ❝♦♠ ❛89❡% ♠✉%❝✉✲

❧❛-❡% ❡ ❛-3✐❝✉❧❛-❡% ❝♦♠♣❧❡①❛%✱ ❝♦♠♦ ♣♦- ❡①❡♠♣❧♦✱ 3♦❝❛- ✉♠ ✐♥%3-✉♠❡♥3♦ ♠✉%✐❝❛❧✳ ❉❡%3❛

❢♦-♠❛✱ ♦% ♠E%❝✉❧♦% ❛3✉❛♥3❡% ♥❛% ❛-3✐❝✉❧❛89❡% ❞❛ ♠5♦ ♣♦❞❡♠ %❡- ❞✐✈✐❞✐❞♦% ❡♠ ❞♦✐% 3✐♣♦%✿

♦% ♠E%❝✉❧♦% ✐♥3-G♥%❡❝♦% ❡ ♦% ♠E%❝✉❧♦% ❡①3-G♥%❡❝♦%✳

❖% ♠E%❝✉❧♦% ✐♥3-G♥%❡❝♦% %5♦ -❡%♣♦♥%I✈❡✐% ♣❡❧♦ ❝♦♥3-♦❧❡ ❞♦% ♠♦✈✐♠❡♥3♦% ✜♥♦% ❞❛ ♠5♦

❡ ♣♦%%✉❡♠ ✐♥%❡-85♦ ❞❡ ♦-✐❣❡♠ ♥♦% ♦%%♦% ❝❛-♣❛✐% ❡ ♠❡3❛❝❛-♣❛✐%✱ ❞❡ ❢♦-♠❛ @✉❡ ❡%35♦ ❧♦✲

❝❛❧✐③❛❞♦% ♥❛ ♣-K♣-✐❛ ♠5♦✱ %♦❜-❡3✉❞♦ ♥♦ ❧❛❞♦ ♣❛❧♠❛-✳ ❏I ♦% ♠E%❝✉❧♦% ❡①3-G♥%❡❝♦% ❡%35♦

❧♦❝❛❧✐③❛❞♦% ❡♠ %✉❛ ♠❛✐♦-✐❛ ♥♦ ❛♥3❡❜-❛8♦✱ %5♦ ♠❛✐♦-❡% ❡ ❝♦♥❢❡-❡♠ ❢♦-8❛ ❡ ❝♦♥3-♦❧❡ ❞♦%

♠♦✈✐♠❡♥3♦% ❛♠♣❧♦% ❞♦% ❞❡❞♦%✱ ♣-♦♠♦✈❡♥❞♦ %✉❛ ✢❡①5♦ ❡ ❡①3❡♥%5♦ ✭❉-❛❦❡✱ ✷✵✶✶✮✱ ❝♦♠♦

♠♦%3-❛ ❛ ❋✐❣✉-❛ ✭✹✳✽✮✳

❋✐❣✉-❛ ✹✳✽✿ ▼♦✈✐♠❡♥3♦% ❞❛ ♠5♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❍❛❧❧✱ ✷✵✵✾✮

❙♦♠❡♥3❡ ♦% 3❡♥❞9❡% ❞♦% ♠E%❝✉❧♦% ❡①3❡♥%♦-❡% ❡ ✢❡①♦-❡% @✉❡ 3X♠ ♦-✐❣❡♠ ♥♦ ❛♥3❡❜-❛8♦

♣❛%%❛♠ ♣❡❧❛ ❛-3✐❝✉❧❛85♦ ❞♦ ♣✉♥❤♦ ❡ ❞❛G ♣♦%%✉❡♠ ✐♥%❡-85♦ ♥♦% ♦%%♦% ❞♦ ❝❛-♣♦✱ ♠❡3❛❝❛-♣♦

❡ ❢❛❧❛♥❣❡%✳ ❉❡%3❛ ❢♦-♠❛✱ ♣❛-❛ ♣❡%%♦❛% @✉❡ 3✐✈❡-❛♠ ❛ ♠5♦ ❛♠♣✉3❛❞❛✱ ♦ ✉%♦ ❞❛ ❡❧❡3-♦✲

♠✐♦❣-❛✜❛ ♣❛-❛ ✈❡-✐✜❝❛- ❛ ❛3✐✈✐❞❛❞❡ ❡❧?3-✐❝❛ ❞❡%3❡% ♠E%❝✉❧♦% ? ✉♠❛ ❜♦❛ ♦♣85♦ ♣❛-❛ ♦

❝♦♥3-♦❧❡ ❞❡ ✉♠❛ ♣-K3❡%❡ ❞❡ ♠5♦✳ ❆ ❞✐%♣♦%✐85♦ ❞♦% ♠E%❝✉❧♦% ❡①3-G♥%❡❝♦% ♥♦ ❛♥3❡❜-❛8♦

♣♦❞❡ %❡- ✈✐%3❛ ♥❛ ❋✐❣✉-❛ ✭✹✳✾✮✳

❙❡❣✉♥❞♦ ❍❛❧❧ ✭✷✵✵✾✮✱ ✧♦% ♠E%❝✉❧♦% ✢❡①♦-❡% ❡①3-G♥%❡❝♦% ❞❛ ♠5♦ ❛♣-❡%❡♥3❛♠ ♠❛✐%

@✉❡ ♦ ❞♦❜-♦ ❞❛ ❢♦-8❛ ❞♦ ♠❛✐% ❢♦-3❡ ❞♦% ♠E%❝✉❧♦% ❡①3❡♥%♦-❡% ❡①3-G♥%❡❝♦%✧✳ ❖ @✉❡ ? ❢❛✲

❝✐❧♠❡♥3❡ ❝♦♠♣-❡❡♥❞✐❞♦✱ ✉♠❛ ✈❡③ @✉❡ ♦% ♠E%❝✉❧♦% ✢❡①♦-❡% %5♦ ❡①3❡♥%✐✈❛♠❡♥3❡ ✉%❛❞♦%

♥❛% ❛3✐✈✐❞❛❞❡% ❞✐I-✐❛% ♣❛-❛ %❡❣✉-❛- ♦❜❥❡3♦%✱ ❡♥@✉❛♥3♦ ♦% ♠E%❝✉❧♦ ❡①3❡♥%♦-❡% -❛-❛♠❡♥3❡

❡①❡-❝❡♠ ❢♦-8❛ ❝♦♥%✐❞❡-I✈❡❧✳ \♦- ✐%%♦✱ ❛♦ ✉3✐❧✐③❛- ❛ ❡❧❡3-♦♠✐♦❣-❛✜❛ ❛♣❡♥❛% ♣❛-❛ ❝❧❛%%✐✜✲

●❛❜-✐❡❧❛ ▲G❣✐❛ ❘❡✐%



❈❛♣#$✉❧♦ ✹✳ ❆ ❊❧❡$-♦♠✐♦❣-❛✜❛ ✺✷

❋✐❣✉-❛ ✹✳✾✿ ▼89❝✉❧♦9 9✉♣❡-✜❝✐❛✐9 ❞♦ ❛♥$❡❜-❛>♦✳ ▼♦❞✐✜❝❛❞♦ ❞❡ ✭❉-❛❦❡✱ ✷✵✶✶✮

❝❛- ❣❡9$♦9 ❞❛ ♠F♦ ❞❡ ❛❜-✐- ♦✉ ❢❡❝❤❛-✱ ❛ ❝♦❧♦❝❛>F♦ ❞♦9 ❡❧❡$-♦❞♦9 ❞❡ ♠❡❞✐>F♦ ♥❛ -❡❣✐F♦

❛♥$❡-✐♦- ♣-I①✐♠❛ ❞♦9 ♠89❝✉❧♦9 ✢❡①♦-❡9 L ✉♠❛ ♦♣>F♦ ✐♥$❡-❡99❛♥$❡ M✉❛♥❞♦ 9❡ ❞✐9♣N❡ ❞❡

✉♠ ❡❧❡$-♦♠✐I❣-❛❢♦ ❞❡ ✉♠ ❝❛♥❛❧✳

●❛❜-✐❡❧❛ ▲#❣✐❛ ❘❡✐9



❈❛♣#$✉❧♦ ✺

❈♦♥$*♦❧❡ ❞♦ ♠❛♥✐♣✉❧❛❞♦* *♦❜0$✐❝♦

❖ ♠❛♥✐♣✉❧❛❞♦* ✉+✐❧✐③❛❞♦ ♥❡.+❡ +*❛❜❛❧❤♦ 1 ♦ *♦❜2 ♠♦.+*❛❞♦ ♥❛ ❋✐❣✉*❛ ✭✺✳✶✮✱ ♠♦♥+❛❞♦

❝♦♠ ♣❡<❛. ❞♦ ❦✐+ ▲❊●❖

➤

♠♦❞❡❧♦ ▼✐♥❞✐$%♦'♠$✳ ❚❛✐. *♦❜2. .B♦ ❝♦♠♣♦.+♦. ❞❡ ❜❧♦❝♦.

❞♦ +✐♣♦ ▲❊●❖

➤

✱ ❝♦♠ ✉♥✐❞❛❞❡. ❞❡ ♣*♦❝❡..❛♠❡♥+♦✱ ♣❛*+❡. ♠C✈❡✐. ❡ ❞❡ ✐♥.+*✉♠❡♥+❛<B♦

E✉❡ ♣♦❞❡♠ .❡* ❛❝♦♣❧❛❞❛. ❞❛. ♠❛✐. ❞✐✈❡*.❛. ❢♦*♠❛. ✭❋❡**❛*✐ ❡% ❛❧✳✱ ✷✵✵✷✮✳ I♦* ✐..♦✱ ♦

✉.♦ ❞❡.+❡ *♦❜2 1 ❡①♣❧♦*❛❞♦ +❛♥+♦ ❡♠ ♣*♦❥❡+♦. ❡❞✉❝❛❝✐♦♥❛✐. ✭❘❡✐. ❡% ❛❧✳✱ ✷✵✶✶✮ ❝♦♠♦ ❡♠

♣*♦❥❡+♦. ❞❡ ♣❡.E✉✐.❛ ✭❆❜❞❛❧❧❛ ❏O♥✐♦*✱ ✷✵✶✷✮✳

❋✐❣✉*❛ ✺✳✶✿ ▼❛♥✐♣✉❧❛❞♦* *♦❜C+✐❝♦ ✉+✐❧✐③❛❞♦✳

❈♦♠♦ ♠♦.+*❛ ❛ ❋✐❣✉*❛ ✭✺✳✶✮✱ ♦ ♠❛♥✐♣✉❧❛❞♦* *♦❜C+✐❝♦ ♠♦♥+❛❞♦ 1 ❝♦♥.+✐+✉S❞♦ ♣♦* +*T.

♠♦+♦*❡. ❞❡ ❝♦**❡♥+❡ ❝♦♥+S♥✉❛ ❞❡ ✾❱ E✉❡ ❝♦**❡.♣♦♥❞❡♠ W. ❥✉♥+❛. *♦+❛❝✐♦♥❛✐. E✉❡ ♣*♦♠♦✲

✈❡♠ ♦. ♠♦✈✐♠❡♥+♦. ❞❡ ❛*❢❛❣❡♠✱ ❣✉✐♥❛❞❛ ❡ ♦ ❝♦♥+*♦❧❡ ❞♦. ♠♦✈✐♠❡♥+♦. ❞♦ ❡❢❡+✉❛❞♦* ❞❡

✺✸



❈❛♣#$✉❧♦ ✺✳ ❈♦♥$+♦❧❡ ❞♦ ♠❛♥✐♣✉❧❛❞♦+ +♦❜1$✐❝♦ ✺✹

❛❜+✐+ ❡ ❢❡❝❤❛+✳ ❆❧7♠ ❞✐88♦✱ ♦ +♦❜: 7 ❝♦♠♣♦8$♦ ❞❡ ❡♥❣+❡♥❛❣❡♥8 ♣❛+❛ ♦ ❛✉♠❡♥$♦ ❞♦ $♦+<✉❡

❡ ♣❡=❛8 ♣❛+❛ ❝♦♠♣♦+ ❛ 8✉❛ ❡8$+✉$✉+❛✳ ❈❛❞❛ ♠♦$♦+ ❝♦♥$7♠ ✉♠ ❡♥❝♦❞❡% ✐♥$❡+♥♦✱ <✉❡ ♠❡❞❡

8✉❛ ♣♦8✐=>♦ ❛♥❣✉❧❛+ ❡♠ ❣+❛✉8✳ ❈♦♠♦ 7 ♣♦88#✈❡❧ ♥♦$❛+✱ ❛ ❥✉♥$❛ ✷✱ <✉❡ ❝♦++❡8♣♦♥❞❡ ❛♦ ❡✐①♦

❞❡ ❛+❢❛❣❡♠✱ ❛♣+❡8❡♥$❛ ❧✐♠✐$❛=C❡8 ❡♠ 8✉❛ ❡8$+✉$✉+❛✱ ♣♦❞❡♥❞♦ ✈❛+✐❛+ ❛♣+♦①✐♠❛❞❛♠❡♥$❡

❡♥$+❡ −60◦ ✭♣❛+❛ ❢+❡♥$❡✮ ❡ 90◦ ✭♣❛+❛ $+F8✮ ❛ ♣❛+$✐+ ❞❛ ♣♦8✐=>♦ ❞❡ +❡❢❡+G♥❝✐❛✳ ❉❡✈✐❞♦ I

♣+❡8❡♥=❛ ❞♦8 ❝❛❜♦8✱ ❛ ♣♦8✐=>♦ ❛♥❣✉❧❛+ ❞❛ ❥✉♥$❛ ✶ ♣♦❞❡ ✈❛+✐❛+ ❡♥$+❡ ±90◦✱ ❝♦♠♦ ♠♦8$+❛
❛ ❋✐❣✉+❛ ✭✺✳✶✮✳

❆ ❝♦♠✉♥✐❝❛=>♦ ❡♥$+❡ ♦ ♠✐❝+♦❝♦♥$+♦❧❛❞♦+ ♣+♦✈❡♥✐❡♥$❡ ❞♦ ❦✐$ ♣❛+❛ ❛❝✐♦♥❛♠❡♥$♦ ❞♦8

♠♦$♦+❡8 ❞♦ +♦❜: ❡ ♦ ❝♦♠♣✉$❛❞♦+ 7 ❢❡✐$❛ ♣♦+ ♠❡✐♦ ❞❡ ❝❛❜♦ ❯❙❇✳ ❊♥$+❡$❛♥$♦✱ 8❡ ♥❡❝❡88F✲

+✐♦✱ ❛ ❝♦♠✉♥✐❝❛=>♦ $❛♠❜7♠ ♣♦❞❡+F 8❡+ ❢❡✐$❛ ✈✐❛ ❇❧✉❡)♦♦)❤✱ 8❡♠ ✜♦✳ ❱❛❧❡ 8❛❧✐❡♥$❛+ <✉❡✱

❛♣❡8❛+ ❞❡8$❡ ❜+❛=♦ ♥>♦ $❡+ $♦+<✉❡ 8✉✜❝✐❡♥$❡ ❡ ♥>♦ ♣♦88✉✐+ ✉♠ ♥T♠❡+♦ ♠❛✐♦+ ❞❡ ❣+❛✉8

❞❡ ❧✐❜❡+❞❛❞❡ <✉❡ ♣❡+♠✐$❛ ❛ +❡❛❧✐③❛=>♦ ❞❡ $❛+❡❢❛8 ♠❛✐8 ❝♦♠♣❧❡①❛8✱ 8❡✉ ♠♦✈✐♠❡♥$♦ ♣♦❞❡

❡①❡❝✉$❛+ $❛+❡❢❛8 8✐♠♣❧❡8 $❛✐8 ❝♦♠♦ 8❡❣✉+❛+ ♣❡<✉❡♥♦8 ♦❜❥❡$♦8 ❡ ♠♦✈G✲❧♦8 ❞❡ ✉♠ ♣♦♥$♦ ❛

♦✉$+♦✳

❆88✐♠✱ ♦ ♠❛♥✐♣✉❧❛❞♦+ +♦❜1$✐❝♦ ❢♦✐ ✉$✐❧✐③❛❞♦ ❝♦♠♦ ✉♠ 8✐8$❡♠❛ ❞❡ ♣+♦$♦$✐♣❛❣❡♠ +F✲

♣✐❞❛ <✉❡ ✐♠✐$❛ ♦8 ♠♦✈✐♠❡♥$♦8 ❞♦ ✉8✉F+✐♦ ❞♦ 8✐8$❡♠❛ ❞❡ ♠❡❞✐=>♦ ♣+♦♣♦8$♦✱ ♣+♦♣♦+❝✐♦✲

♥❛♥❞♦ ✉♠ ❢❡❡❞❜❛❝❦ ♣❛+❛ ♦ ♠❡8♠♦✳ ◆❡8$❡ ❝♦♥$❡①$♦✱ ♣❛+❛ ♦ ❝♦♥$+♦❧❡ ❞❡ ♣♦8✐=>♦ ❛♥❣✉❧❛+

❞❛8 ❥✉♥$❛8 <✉❡ ❝♦++❡8♣♦♥❞❡♠ ❛♦8 ♠♦✈✐♠❡♥$♦8 ❞❡ ❛+❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛✱ ❢♦✐ ✉$✐❧✐③❛❞♦ ✉♠

❝♦♥$+♦❧❛❞♦+ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ♣❛+❛ ♦ ❝♦♥$+♦❧❡ ❞♦ ❡❢❡$✉❛❞♦+✱ ❢♦✐ ✉$✐❧✐③❛❞♦ ✉♠ ❝♦♥$+♦✲

❧❛❞♦+ ♦♥✲♦✛ ✳

✺✳✶ ❈♦♥&'♦❧❡ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧

❆ ♠❛✐♦+✐❛ ❞♦8 ❝♦♥$+♦❧❛❞♦+❡8 $+❛❞✐❝✐♦♥❛✐8 +❡<✉❡+ ✉♠ ♠♦❞❡❧♦ ♠❛$❡♠F$✐❝♦ ❞♦ 8✐8$❡♠❛

<✉❡ 8❡ ❞❡8❡❥❛ ❝♦♥$+♦❧❛+ ♣❛+❛ ❛❥✉8$❡8 ❞♦8 ♣❛+X♠❡$+♦8✳ Y♦+ ♦✉$+♦ ❧❛❞♦✱ ♠✉✐$♦8 8✐8$❡♠❛8

❢#8✐❝♦8 8>♦ ❞✐❢#❝❡✐8 ❞❡ ♠♦❞❡❧❛+✱ ❡✱ ❛❧7♠ ❞✐88♦✱ ♠✉✐$♦8 ♣+♦❝❡88♦8 8>♦ ♥>♦✲❧✐♥❡❛+❡8 ♦✉ ♠✉✐$♦

❝♦♠♣❧❡①♦8 ❞❡ 8❡+❡♠ ❝♦♥$+♦❧❛❞♦8 ♣❡❧♦8 ♠7$♦❞♦8 $+❛❞✐❝✐♦♥❛✐8✳ ◆❡8$❡8 ❝❛8♦8✱ ♣♦❞❡✲8❡ ✉$✐✲

❧✐③❛+ ❧1❣✐❝❛ ❢✉③③② ♣❛+❛ ❞❡8❝+❡✈❡+ ✉♠❛ ❡8$+❛$7❣✐❛ ❞❡ ❝♦♥$+♦❧❡ ♣♦+ ♠❡✐♦ ❞❡ +❡❣+❛8 <✉❡

❞❡✜♥❡♠ ♦8 ❛❥✉8$❡8 ♥❡❝❡88F+✐♦8 ♣❛+❛ <✉❡ ❛ ✈❛+✐F✈❡❧ ❝♦♥$+♦❧❛❞❛ ❛$✐♥❥❛ ♦ ✈❛❧♦+ ❞❡8❡❥❛❞♦✳

❖ ❝♦♥$+♦❧❡ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧ 7 ✉♠ 8✐8$❡♠❛ ❞❡ ❝♦♥$+♦❧❡ ❜❛8❡❛❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ✐♥✲

❢❡+G♥❝✐❛ ♣+♦♣♦8$♦ ♣♦+ ▼❛♠❞❛♥✐✱ <✉❡ ❥✉♥$❛♠❡♥$❡ ❝♦♠ ❆88✐❧✐❛♥ ❞❡8❡♥✈♦❧✈❡✉ ♦ ♣+✐♠❡✐+♦

❛❧❣♦+✐$♠♦ ❞❡ ❝♦♥$+♦❧❡ ❢✉③③② ♥♦ ✐♥#❝✐♦ ❞❛ ❞7❝❛❞❛ ❞❡ ✶✾✼✵✱ $❡8$❛❞♦ ❡♠ ✉♠❛ ♠F<✉✐♥❛ ❛

✈❛♣♦+ ✭▼❛♠❞❛♥✐✱ ✶✾✼✺✮✳ ❉❡8❞❡ ❡♥$>♦✱ ♦ ✉8♦ ❞❡8$❡ ❝♦♥$+♦❧❛❞♦+ ❢♦✐ ♣+♦♣♦8$♦ ♥❛8 ♠❛✐8

❞✐✈❡+8❛8 ❛♣❧✐❝❛=C❡8✱ ❞❡8❞❡ ♣❧❛♥$❛8 <✉❡ ❡♥✈♦❧✈❡♠ ❜✐♦♣+♦❝❡88♦8✱ ❝♦♠♦ ♣♦+ ❡①❡♠♣❧♦✱ ❡♠

❞♦8❛❞♦+❡8 ❞❡ ❢❡+$✐❧✐③❛♥$❡8 ♣♦+ ❛❝✐♦♥❛♠❡♥$♦ ❡❧7$+✐❝♦ ✭●❛+❝✐❛✱ ✷✵✶✶✮✱ ❛$7 ♥❛ +♦❜1$✐❝❛✱ ♣❛+❛

❝♦♥$+♦❧❡ ❞❡ +♦❜:8 ♦♠♥✐❞✐+❡❝✐♦♥❛✐8 ✭❈❤✐✉ ❡ Y❡♥❣✱ ✷✵✶✸✮✳

●❛❜+✐❡❧❛ ▲#❣✐❛ ❘❡✐8



✺✺ ✺✳✶✳ ❈♦♥&'♦❧❡ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧

❆ ❋✐❣✉'❛ ✭✺✳✷✮ ♠♦9&'❛ ♦ ❞✐❛❣'❛♠❛ ❞❡ ❜❧♦❝♦9 ♣❛'❛ ♦ ❝♦♥&'♦❧❡ ❞❡ ♣♦9✐=>♦ ♣'♦♣♦9&♦

♥❡9&❡ &'❛❜❛❧❤♦✱ ❝♦♠ ❜❛9❡ ♥♦ ❝♦♥&'♦❧❡ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❖ ❝♦♥&'♦❧❡ ❞❡ ❝❛❞❛ ❥✉♥&❛ ❢♦✐

❢❡✐&♦ 9❡♣❛'❛❞❛♠❡♥&❡✳ ❆ &'❛❥❡&C'✐❛ ❛ 9❡' 9❡❣✉✐❞❛ D ✐♠♣♦9&❛ ♣❡❧❛9 ♠❡❞✐=E❡9 '❡❛❧✐③❛❞❛9 ♣❡❧♦

9✐9&❡♠❛ ✐♥❡'❝✐❛❧ ❡ ❛ '❡❛❧✐♠❡♥&❛=>♦ ❞♦ 9✐9&❡♠❛ ❞❡ ❝♦♥&'♦❧❡ D ❢❡✐&❛ ♣♦' ♠❡✐♦ ❞❛9 ♠❡❞✐=E❡9

♣'♦✈❡♥✐❡♥&❡9 ❞♦9 ❡♥❝♦❞❡%& ❞❡ ❝❛❞❛ ♠♦&♦'✳ ❆9 ❡♥&'❛❞❛9 ❞♦ ❝♦♥&'♦❧❛❞♦'✱ 9❡❣✉✐♥❞♦ ♦ ♠♦✲

❞❡❧♦ ♣'♦♣♦9&♦ ♣♦' ▼❛♠❞❛♥✐✱ 9>♦ ♦ ❡''♦ ✭❡✮✱ ♦✉ 9❡❥❛✱ ❛ ♣♦9✐=>♦ ❛♥❣✉❧❛' ❞❡9❡❥❛❞❛ ♠❡♥♦9

❛ ♣♦9✐=>♦ ❛♥❣✉❧❛' ♠❡❞✐❞❛ ♣❡❧♦ ❡♥❝♦❞❡%✱ ❡ ❛ ✈❛'✐❛=>♦ ❞♦ ❡''♦ ♦✉ ❞❡9✈✐♦ ❞♦ ❡''♦ ✭❞❡✮✱ H✉❡

❝♦♥9✐9&❡ ♥♦ ❡''♦ ❛&✉❛❧ ♠❡♥♦9 ♦ ❡''♦ ❛♥&❡'✐♦'✳ ❆ 9❛I❞❛ ❞♦ ❝♦♥&'♦❧❛❞♦' ✭✉✮ ❞❡✈❡'J 9❡' ♦

✈❛❧♦' ❞❡ &❡♥9>♦ ❛ 9❡' ❛♣❧✐❝❛❞♦ ♥♦ ♠♦&♦'✳

❋✐❣✉'❛ ✺✳✷✿ ❉✐❛❣'❛♠❛ ❡9H✉❡♠J&✐❝♦ ❞♦ ❝♦♥&'♦❧❡ ❢✉③③② ✐♠♣❧❡♠❡♥&❛❞♦✳

❆ ❋✐❣✉'❛ ✭✺✳✸✮ ♠♦9&'❛ ❛ ❡9&'❛&D❣✐❛ ✉&✐❧✐③❛❞❛ ♥❡9&❡ &✐♣♦ ❞❡ ❝♦♥&'♦❧❛❞♦'✱ H✉❡ ♣♦❞❡

9❡' ❞✐✈✐❞✐❞❛ ❡♠ &'N9 ❡&❛♣❛9✿ ❢✉③③✐✜❝❛=>♦✱ ✐♥❢❡'N♥❝✐❛ ❡ ❞❡❢✉③③✐✜❝❛=>♦✳ ❈❛❞❛ ✉♠❛ ❞❡9&❛9

❡&❛♣❛9 9❡'>♦ ❞❡9❝'✐&❛9 ❛ 9❡❣✉✐' ❞❡ ❢♦'♠❛ 9✉❝✐♥&❛✳ ▼❛✐♦'❡9 ❞❡&❛❧❤❡9 9♦❜'❡ ♦ ❝♦♥&'♦❧❡ ❢✉③③②

❝♦♥✈❡♥❝✐♦♥❛❧ ♣♦❞❡♠ 9❡' ❡♥❝♦♥&'❛❞♦9 ❡♠ ✭❙✐♠E❡9 ❡ ❙❤❛✇✱ ✷✵✵✼✮ ❡ ✭❏❛♥&③❡♥✱ ✷✵✶✸✮✳

❋✐❣✉'❛ ✺✳✸✿ U'♦❝❡99♦9 ❞♦ ❝♦♥&'♦❧❛❞♦' ❢✉③③②✳

◆❛ ❡&❛♣❛ ❞❡ ❢✉③③✐✜❝❛=>♦ ♦❝♦''❡ ♦ ♠❛♣❡❛♠❡♥&♦ ❞❛9 ✈❛'✐J✈❡✐9 ❞❡ ❡♥&'❛❞❛ ❞♦ ❞♦♠I♥✐♦

❞♦9 ♥W♠❡'♦9 '❡❛✐9 ♣❛'❛ ♦ ❞♦♠I♥✐♦ ❢✉③③②✱ ❝♦♠ ❛ ❛&'✐❜✉✐=>♦ ❞❡ ✈❛❧♦'❡9 ❧✐♥❣✉I9&✐❝♦9 ♣♦'
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❈❛♣#$✉❧♦ ✺✳ ❈♦♥$+♦❧❡ ❞♦ ♠❛♥✐♣✉❧❛❞♦+ +♦❜1$✐❝♦ ✺✻

♠❡✐♦ ❞❡ ❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛✳ ❯♠❛ ❢✉♥5:♦ ❞❡ ♣❡+$✐♥8♥❝✐❛ ; ✉♠❛ ❢✉♥5:♦ ♥✉♠;+✐❝❛

<✉❡ ❛$+✐❜✉✐ ✈❛❧♦+❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛ ❢✉③③② ♥♦ ✐♥$❡+✈❛❧♦ ❬✵✱✶❪ ❛ ✉♠❛ ✈❛+✐E✈❡❧✱ ❝✉❥❛ ❢❛✐①❛ ;

❝♦♥❤❡❝✐❞❛✳ ❆77✐♠✱ ❛ ❝❧❛77✐✜❝❛5:♦ ❞❛ ✈❛+✐E✈❡❧ ; ❞❛❞❛ ♣❡❧♦ ❣+❛✉ ❞❡ ♣❡+$✐♥8♥❝✐❛ ✭µ✮ <✉❡

❝♦♠ ❜❛7❡ ♥❛7 ❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛ ❞❡$❡+♠✐♥❛ ❡♠ ✉♠ ✈❛❧♦+ ❡♥$+❡ ✵ ❡ ✶ ♦ <✉❛♥$♦ ❛

✈❛+✐E✈❡❧ ♣❡+$❡♥❝❡ ❛ ✉♠ ❞❡$❡+♠✐♥❛❞♦ ❝♦♥❥✉♥$♦✳ ❊①✐7$❡♠ ❞✐✈❡+7❛7 ❢♦+♠❛7 ❞❡ ❢✉♥56❡7 ❞❡

♣❡+$✐♥8♥❝✐❛ <✉❡ +❡♣+❡7❡♥$❛♠ ❛❞❡<✉❛❞❛♠❡♥$❡ ❝♦♥❥✉♥$♦7 ❢✉③③②✱ ❛7 ♠❛✐7 ❝♦♠✉♥7 7:♦ ❛ $+✐✲

❛♥❣✉❧❛+✱ ❛ $+❛♣❡③♦✐❞❛❧ ❡ ❛ ❣❛✉77✐❛♥❛✱ ❝♦♠♦ ♣♦❞❡ 7❡+ ✈✐7$♦ ❡♠ ✭P❛❞✐❧❤❛✱ ✷✵✵✶✮✳

◆♦ ❝♦♥$+♦❧❡ ❢✉③③② ❝♦♥✈❡♥❝✐♦♥❛❧✱ ; ❝♦♠✉♠ ❛ ❝❧❛77✐✜❝❛5:♦ ❞♦ ❡++♦ ❡ ❞❛ ✈❛+✐❛5:♦ ❞♦

❡++♦ ❡♠ ♣❡❧♦ ♠❡♥♦7 ❞♦✐7 ❝♦♥❥✉♥$♦7✿ ♥❡❣❛$✐✈♦ ✭◆✮ ❡ ♣♦7✐$✐✈♦ ✭P✮✱ 7❡❣✉✐♥❞♦ ❛ ❝♦♥✜❣✉+❛5:♦

♣+♦♣♦7$❛ ♣♦+ ✭❨✐♥❣ ❡ ❙✐❧❡+✱ ✶✾✾✸✮✳ P♦+ ♦✉$+♦ ❧❛❞♦✱ ❤E $+❛❜❛❧❤♦7 ❝♦♠♦ ✭▲❡✐$❡ ❡! ❛❧✳✱ ✷✵✶✵✮✱

✭❆③③♦✉♥❛ ❡! ❛❧✳✱ ✷✵✶✷✮ ❡ ✭▼❛♥❥❡❡$ ❡ ❙❛$❤❛♥7✱ ✷✵✶✸✮ <✉❡ ✉$✐❧✐③❛♠ ✉♠ ♥Z♠❡+♦ ♠❛✐♦+ ❞❡

❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛ ♣❛+❛ ❛ ❝❧❛77✐✜❝❛5:♦ ❞❛7 ✈❛+✐E✈❡✐7 ❞❡ ❡♥$+❛❞❛✱ ❞❡✜♥✐♥❞♦ ♦7 ❣+✉♣♦7✿

♥❡❣❛$✐✈♦ ♣❡<✉❡♥♦ ✭◆P✮✱ ♥❡❣❛$✐✈♦ ♠;❞✐♦ ✭◆▼✮✱ ♥❡❣❛$✐✈♦ ❣+❛♥❞❡ ✭◆●✮✱ ♣♦7✐$✐✈♦ ♣❡<✉❡♥♦

✭PP✮✱ ♣♦7✐$✐✈♦ ♠;❞✐♦ ✭P▼✮✱ ♣♦7✐$✐✈♦ ❣+❛♥❞❡ ✭P●✮ ❡ ③❡+♦ ✭❩✮✳ ❙❡❣✉♥❞♦ ❙✐♠6❡7 ❡ ❙❤❛✇

✭✷✵✵✼✮✱ ✏✉♠ ♥Z♠❡+♦ ♣+E$✐❝♦ ❞❡ ❝♦♥❥✉♥$♦7 ❢✉③③② ❧✐♥❣✉#7$✐❝♦7 ✭❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛✮ ;

❛❧❣♦ ❡♥$+❡ ✷ ❡ ✼✳ ◗✉❛♥$♦ ♠❛✐♦+ ♦ ♥Z♠❡+♦ ❞❡ ❝♦♥❥✉♥$♦7✱ ♠❛✐♦+ ❛ ♣+❡❝✐7:♦✱ ♠❛7 ❛ ❞❡♠❛♥❞❛

❝♦♠♣✉$❛❝✐♦♥❛❧ $❛♠❜;♠ ; ♠❛✐7 7✐❣♥✐✜❝❛$✐✈❛✑✳

❯♠❛ ✈❡③ ❞❡✜♥✐❞❛7 ❛7 ❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛ ♣❛+❛ ❛ ❝❧❛77✐✜❝❛5:♦ ❞❛7 ✈❛+✐E✈❡✐7 ❞❡

❡♥$+❛❞❛✱ ; ♣+❡❝✐7♦ ❞❡✜♥✐+ ♦7 ❝♦♥❥✉♥$♦7 ❢✉③③② ❞❡ 7❛#❞❛ ❡ ❛7 +❡❣+❛7 ❞❡ ✐♥❢❡+8♥❝✐❛ ❢✉③③②✱ <✉❡

❝❧❛77✐✜❝❛♠ ❛ ✈❛+✐E✈❡❧ ❞❡ 7❛#❞❛✳ ❆7 ❢✉♥56❡7 ❞❡ ♣❡+$✐♥8♥❝✐❛ ❞❡ 7❛#❞❛ ♣♦❞❡♠ 7❡+ ❞❡✜♥✐✲

❞❛7 ❞❡ ❢♦+♠❛ 7❡♠❡❧❤❛♥$❡ b7 ❞❡ ❡♥$+❛❞❛✱ ♣♦+;♠ ❝♦♥7✐❞❡+❛♥❞♦✲7❡ ♦ ✉♥✐✈❡+7♦ ❞❛ ✈❛+✐E✈❡❧

❞❡ 7❛#❞❛✳ ❆7 +❡❣+❛7 ❞❡ ✐♥❢❡+8♥❝✐❛ ❢✉③③②✱ ♣♦+ 7✉❛ ✈❡③✱ 7:♦ ❞❡✜♥✐❞❛7 ❞❡ ❢♦+♠❛ ✐♥$✉✐$✐✈❛✱

❝♦♥7✐❞❡+❛♥❞♦ ❛ ❝♦♠❜✐♥❛5:♦ ❞♦7 ♣♦77#✈❡✐7 ❝♦♥❥✉♥$♦7 ❢✉③③② <✉❡ ❝❧❛77✐✜❝❛♠ ❛ ✈❛+✐E✈❡❧ ❞❡

❡♥$+❛❞❛ ❡ ❞❡✜♥✐♥❞♦ ♣❛+❛ ❝❛❞❛ ❝❛7♦ <✉❛❧ 7❡+E ❛ ❝❧❛77✐✜❝❛5:♦ ❞❛ ✈❛+✐E✈❡❧ ❞❡ 7❛#❞❛✳

❈♦♠♦ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ ❛♥$❡+✐♦+♠❡♥$❡✱ 7:♦ ❝♦♥7✐❞❡+❛❞❛7 ❞✉❛7 ❡♥$+❛❞❛7✿ ❡++♦ ✭❡✮ ❡

❞❡7✈✐♦ ❞♦ ❡++♦ ✭❞❡✮ ♣❛+❛ ❝❛❞❛ 7❛#❞❛ ✭✉✮✳ ❙❡♥❞♦ ❛77✐♠✱ ❛7 +❡❣+❛7 ❞❡ ✐♥❢❡+8♥❝✐❛ ❢✉③③②

7❡+:♦ ❞♦ $✐♣♦ ✏❙❊ e = e1 ❡ de = de1✱ ❊◆❚➹❖ u = u1✑✱ ❡♠ <✉❡ e1✱ de1 ❡ u1 7:♦ ❝♦♥❥✉♥$♦7

❢✉③③② ❞❡$❡+♠✐♥❛❞♦7✳ ❆77✐♠✱ ❛7 +❡❣+❛7 ❞❡✈❡♠ ❝♦♥$❡♠♣❧❛+ $♦❞❛7 ❛7 ❝♦♠❜✐♥❛56❡7 ♣♦77#✈❡✐7

❞❡ ✐♥$❡+7❡5:♦ ❞♦7 ❝♦♥❥✉♥$♦7 ❢✉③③② ❞❡ ❡♥$+❛❞❛✳

P♦+ ✜♠✱ ♦ ✈❛❧♦+ ❞❛ ✈❛+✐E✈❡❧ ❞❡ 7❛#❞❛ ❞❡$❡+♠✐♥❛❞♦ ♣❡❧❛7 +❡❣+❛7 ❞❡ ✐♥❢❡+8♥❝✐❛ 7❡+E $+❛✲

❞✉③✐❞♦ ❞♦ ❞♦♠#♥✐♦ ❢✉③③② ♣❛+❛ ♦ ❞♦♠#♥✐♦ ❞♦7 ♥Z♠❡+♦7 +❡❛✐7✳ ❊7$❛ ❡$❛♣❛ ; ❞❡♥♦♠✐♥❛❞❛

❞❡❢✉③③✐✜❝❛5:♦✳ ❍E ❞✐✈❡+7♦7 ♠;$♦❞♦7 <✉❡ ♣♦❞❡♠ 7❡+ ✉$✐❧✐③❛❞♦7 ♥❡77❡ ♣+♦❝❡77♦✱ ❞❡♥$+❡ ♦7

<✉❛✐7 ♣♦❞❡♠✲7❡ ❞❡7$❛❝❛+✱ ❛ ♠;❞✐❛ ❞♦7 ♠E①✐♠♦7 ❡ ♦ ❝❡♥$+♦ ❞❡ ❣+❛✈✐❞❛❞❡✳ ◆♦ ❝❛♣#$✉❧♦ ✻✱

7❡+:♦ ❛♣+❡7❡♥$❛❞❛7 ❝❛❞❛ ✉♠❛ ❞❛7 ❡$❛♣❛7 ❞❡✜♥✐❞❛7✱ ❜❡♠ ❝♦♠♦ +❡7✉❧$❛❞♦7 <✉❡ ♠♦7$+❛♠

♦ ❞❡7❡♠♣❡♥❤♦ ❞♦ ❝♦♥$+♦❧❛❞♦+ ❢✉③③② ✐♠♣❧❡♠❡♥$❛❞♦✳
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✺✼ ✺✳✷✳ ❈♦♥'(♦❧❡ ♦♥✲♦✛

✺✳✷ ❈♦♥&'♦❧❡ ♦♥✲♦✛

❖ ❝♦♥'(♦❧❡ ♦♥✲♦✛ - ✉♠❛ ❛12♦ ❞❡ ❝♦♥'(♦❧❡ ❞❡ (❡❧❛'✐✈❛ 6✐♠♣❧✐❝✐❞❛❞❡ ❞❡ ✐♠♣❧❡♠❡♥'❛12♦✳

❙❡✉ ♣(✐♥❝9♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥'♦ ❝♦♥6✐6'❡ ❡♠ ❞❡'❡(♠✐♥❛( ❛♣❡♥❛6 6❡ ♦ ❡❧❡♠❡♥'♦ ❛'✉❛♥'❡

6❡(; ♠❛♥'✐❞♦ ❧✐❣❛❞♦ ♦✉ ❞❡6❧✐❣❛❞♦✳

◆❡6'❡ '(❛❜❛❧❤♦✱ ❡6'❛ ❛12♦ ❞❡ ❝♦♥'(♦❧❡ ❢♦✐ ✉'✐❧✐③❛❞❛ ♣❛(❛ ❝♦♥'(♦❧❛( ♦ ❡❢❡'✉❛❞♦( ❡♠

❞♦✐6 ❡6'❛❞♦6✿ ❛❜❡('♦ ♦✉ ❢❡❝❤❛❞♦✱ ❝♦♠ ❜❛6❡ ♥❛ ❝❧❛66✐✜❝❛12♦ ❞♦ ❣❡6'♦ (❡❛❧✐③❛❞♦ ❛ ♣❛('✐(

❞♦ 6✐♥❛❧ ❡❧❡'(♦♠✐♦❣(;✜❝♦✳ ❖ ✢✉①♦❣(❛♠❛ ♠♦6'(❛❞♦ ♥❛ ❋✐❣✉(❛ ✭✺✳✹✮ (❡♣(❡6❡♥'❛ ❛ ❧J❣✐❝❛

❞♦ ❝♦♥'(♦❧❛❞♦( ♦♥✲♦✛ ♣(♦♣♦6'♦✳

❋✐❣✉(❛ ✺✳✹✿ ❋❧✉①♦❣(❛♠❛ ❞❛ ❧J❣✐❝❛ ✉'✐❧✐③❛❞❛ ♣❛(❛ ♦ ❝♦♥'(♦❧❡ ❞♦ ❡❢❡'✉❛❞♦(✳
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❊!"❡ ❝❛♣'"✉❧♦ "❡♠ ❝♦♠♦ ♣,✐♥❝✐♣❛❧ ♦❜❥❡"✐✈♦ ♠♦!",❛, ♦! ,❡!✉❧"❛❞♦! ♦❜"✐❞♦! ♣❡❧♦ !✐!"❡♠❛

❞❡ ♠❡❞✐34♦ ♣,♦♣♦!"♦ ❝♦♠ ❜❛!❡ ♥♦! ❝♦♥❝❡✐"♦! ❛♣,❡!❡♥"❛❞♦! ♥♦! ❝❛♣'"✉❧♦! ✸ ❡ ✹✱ ❛♣❧✐❝❛❞♦

❛♦ ❝♦♥",♦❧❡ "❡❧❡♦♣❡,❛❞♦ ❞♦ ♠❛♥✐♣✉❧❛❞♦, ,♦❜8"✐❝♦ ❞❡!❝,✐"♦ ♥♦ ❝❛♣'"✉❧♦ ✺✳ ;,✐♠❡✐,❛♠❡♥"❡✱

!❡,4♦ ♠♦!",❛❞♦! ♦! ,❡!✉❧"❛❞♦! ,❡❢❡,❡♥"❡! ❛♦ ❞❡!❡♠♣❡♥❤♦ ❞❡ ❝❛❞❛ ">❝♥✐❝❛ ✉"✐❧✐③❛❞❛ !❡♣❛✲

,❛❞❛♠❡♥"❡✱ ❡✱ ♣♦, ✜♠ !❡,4♦ ❛♣,❡!❡♥"❛❞♦! ♦! ,❡!✉❧"❛❞♦! ♦❜"✐❞♦! ♣❡❧♦ !✐!"❡♠❛ ❝♦♠♣❧❡"♦✱

♦ B✉❛❧ ❢♦✐ "❡!"❛❞♦ ♣♦, ✈✐♥"❡ ✈♦❧✉♥"C,✐♦!✳

✻✳✷ ❙✐/%❡♠❛ ✐♥❡&❝✐❛❧

❈♦♠♦ ❢♦✐ ✈✐!"♦ ♥♦ ❝❛♣'"✉❧♦ ✸✱ !❡♥!♦,❡! ✐♥❡,❝✐❛✐! ❞❡ ❜❛✐①♦ ❝✉!"♦ ❛♣,❡!❡♥"❛♠ ❡,,♦!

!✐❣♥✐✜❝❛"✐✈♦! B✉❛♥❞♦ ✉"✐❧✐③❛❞♦! ♣❛,❛ ♠❡❞✐, ♣♦!✐34♦ ❛♥❣✉❧❛,✳ ❊!!❡! ❡,,♦! ♣♦❞❡♠ !❡,

♠✐♥✐♠✐③❛❞♦! ❝♦♠ ❛ ❛♣❧✐❝❛34♦ ❞❡ ✜❧",♦! B✉❡ ,❡❛❧✐③❛♠ ❛ ❢✉!4♦ ❞♦! ❞❛❞♦! ❞❡!!❡! !❡♥!♦,❡!✱

❞❡!"❛❝❛♥❞♦✲!❡ ♥❡!"❛ ❛♣❧✐❝❛34♦ ♦ ✜❧",♦ ❞❡ ❑❛❧♠❛♥ ❡ ♦ ✜❧",♦ ❝♦♠♣❧❡♠❡♥"❛,✳ ◆❡!"❛ !❡34♦✱

!❡,4♦ ♠♦!",❛❞♦! ♦! ,❡!✉❧"❛❞♦! ♦❜"✐❞♦! ♣❡❧♦ !✐!"❡♠❛ ✐♥❡,❝✐❛❧ ♣,♦♣♦!"♦ ♣❡❧❛ ❛♣❧✐❝❛34♦

❞❡!"❡! ✜❧",♦!✳

✻✳✷✳✶ ❆❥✉'(❡ ❞♦ ✜❧(.♦ ❞❡ ❑❛❧♠❛♥

;❛,❛ ❛ ❢✉!4♦ ❞♦! ❞❛❞♦! ❞♦! !❡♥!♦,❡! ✉"✐❧✐③❛❞♦!✱ ♣♦, ♠❡✐♦ ❞♦ ✜❧",♦ ❞❡ ❑❛❧♠❛♥✱ ❛

❡!"✐♠❛"✐✈❛ ❛ ♣,✐♦,✐ > ❝❛❧❝✉❧❛❞❛ ❛ ♣❛,"✐, ❞❛! ✈❡❧♦❝✐❞❛❞❡! ❛♥❣✉❧❛,❡! ♦❜"✐❞❛! ♣❡❧♦ ❣✐,♦!❝8♣✐♦✱

♣♦, ♠❡✐♦ ❞❛ ❡B✉❛34♦ ✭✻✳✶✮ ❡ ❛ ,❡❛❧✐♠❡♥"❛34♦ > ❢❡✐"❛ ♣❡❧❛! ♣♦!✐3M❡! ❛♥❣✉❧❛,❡! ♦❜"✐❞❛! ♣❡❧❛!

♠❡❞✐3M❡! ,❡❛❧✐③❛❞❛! ♣❡❧♦ ❛❝❡❧❡,N♠❡",♦ ❡ ♣❡❧♦ ♠❛❣♥❡"N♠❡",♦✱ ❞❛❞♦! ♣❡❧❛ ❡B✉❛34♦ ✭✻✳✷✮✳

❆!!✐♠✱ ❛! ❡B✉❛3M❡! ✭✻✳✶✮ ❡ ✭✻✳✷✮ !4♦ ❛! ❡B✉❛3M❡! ❞❡ ♣,♦❝❡!!♦ ❡ ❞❡ ♠❡❞✐34♦ ♣❛,❛ ♦ !✐!"❡♠❛

✺✾



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✻✵

✐♥❡1❝✐❛❧ ♣1♦♣♦,$♦✱ 1❡,♣❡❝$✐✈❛♠❡♥$❡✳ ❆ ❋✐❣✉1❛ ✭✻✳✶✮ ♠♦,$1❛ ♦ ❞✐❛❣1❛♠❛ ,✐♠♣❧✐✜❝❛❞♦ ❞♦

✜❧$1♦ ❞❡ ❑❛❧♠❛♥ ✉$✐❧✐③❛❞♦ ♥❡,$❡ $1❛❜❛❧❤♦✱ ❛ ✜♠ ❞❡ ❡,$✐♠❛1 ❛, ♣♦,✐AB❡, ❛♥❣✉❧❛1❡, ❞❡

1♦❧❛♠❡♥$♦✱ ❛1❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛✳



φ̂−i
θ̂−i
ψ̂−i


 =




1 0 0

0 1 0

0 0 1


×



φ̂i−1

θ̂i−1

ψ̂i−1


+



T 0 0

0 T 0

0 0 T


×



ωφi
ωθi
ωψi


 ✭✻✳✶✮

✳

yi =




1 0 0

0 1 0

0 0 1


×



φai

θai

ψmi


 ✭✻✳✷✮

❋✐❣✉1❛ ✻✳✶✿ ❈✐❝❧♦ ❞♦ ✜❧$1♦ ❞❡ ❑❛❧♠❛♥ ♣❛1❛ ❛ ❢✉,F♦ ❞♦, ,❡♥,♦1❡,✳

❆ ♠❛$1✐③ ❞❡ ❝♦✈❛1✐G♥❝✐❛ ❞♦ 1✉#❞♦ ❞❡ ♠❡❞✐AF♦ ✭R✮ ♣♦❞❡ ,❡1 ❢❛❝✐❧♠❡♥$❡ ❞❡$❡1♠✐♥❛❞❛

♣❡❧♦ ❡11♦ ❞❛, ♣♦,✐AB❡, ❛♥❣✉❧❛1❡, ❞❡ 1♦❧❛♠❡♥$♦ ❡ ❛1❢❛❣❡♠ ♦❜$✐❞❛, ♣❡❧❛, ♠❡❞✐AB❡, ❞♦

❛❝❡❧❡1H♠❡$1♦ ❡ ♣❡❧♦ ❡11♦ ❞❛ ♣♦,✐AF♦ ❞❡ ❣✉✐♥❛❞❛ ♦❜$✐❞❛ ♣❡❧❛, ♠❡❞✐AB❡, ❞♦ ♠❛❣♥❡$H♠❡$1♦✳

◆❡,$❡ $1❛❜❛❧❤♦✱ ♣❛1❛ ❞❡$❡1♠✐♥❛1 ♦, ✈❛❧♦1❡, ❞❡ R ❢♦1❛♠ 1❡❛❧✐③❛❞♦, ✈✐♥$❡ ❡ ❝✐♥❝♦ $❡,$❡,✱

❝♦♠ ♦ ,✐,$❡♠❛ ♣❛1❛❞♦ ♥❛ ♣♦,✐AF♦ ❛♥❣✉❧❛1 ❞❡ 1❡❢❡1J♥❝✐❛✳ ❈❛❞❛ $❡,$❡ $❡✈❡ ❞✉1❛AF♦ ❞❡ ❞♦✐,

♠✐♥✉$♦,✱ ,❡♥❞♦ ♦ $❡♠♣♦ ❞❡ ❛♠♦,$1❛❣❡♠ ❞❡ ✹✵♠,✳ ❆ ❚❛❜❡❧❛ ✭✻✳✶✮ ♠♦,$1❛ ❛ ♠M❞✐❛ ❞♦,

✈❛❧♦1❡, ♦❜$✐❞♦, ❞❡ R ♣❛1❛ ❝❛❞❛ ❡✐①♦ ❡ ♦ ❞❡,✈✐♦ ♣❛❞1F♦✳ ❆,,✐♠✱ ❛ ♠❛$1✐③ R ,❡1O ❞❛❞❛

♣❡❧❛ ❡P✉❛AF♦ ✭✻✳✸✮✳

●❛❜1✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✻✶ ✻✳✷✳ ❙✐&'❡♠❛ ✐♥❡,❝✐❛❧

❚❛❜❡❧❛ ✻✳✶✿ ▼3❞✐❛ ❡ ❞❡&✈✐♦ ♣❛❞,8♦ ❞♦& ✈❛❧♦,❡& ♦❜'✐❞♦& ❞❡ ❘ ♣❛,❛ ♦& '❡&'❡& ,❡❛❧✐③❛❞♦&✳

❊✐①♦ R ❉❡&✈✐♦ >❛❞,8♦

❘♦❧❛♠❡♥'♦ ✵✱✷✸✹✹✽ ✵✱✵✸✻✷✶

❆,❢❛❣❡♠ ✵✱✸✵✺✸✶ ✵✱✵✻✺✸✼

●✉✐♥❛❞❛ ✵✱✸✸✸✻✸ ✵✱✵✷✷✻✽

❘

=




0,23448 0 0

0 0,30531 0

0 0 0,33363


 ✭✻✳✸✮

❯♠❛ ✈❡③ ❞❡✜♥✐❞♦& ♦& ✈❛❧♦,❡& ❞❡ R✱ ♦♣'♦✉✲&❡ ♣❡❧❛ ♦❜'❡♥P8♦ ❞❡ Q ✈✐❛ &✐♠✉❧❛P8♦✱ ❛

♣❛,'✐, ❞♦& ✈✐♥'❡ ❡ ❝✐♥❝♦ '❡&'❡& ,❡❛❧✐③❛❞♦&✳ >,✐♠❡✐,❛♠❡♥'❡✱ ❢♦,❛♠ ✈❡,✐✜❝❛❞❛& ❛& ,❡&♣♦&'❛&

❞♦ ✜❧',♦ ♣❛,❛ ❛❧❣✉♥& ✈❛❧♦,❡& ❞❡ ◗ ♣❛,❛ ❝❛❞❛ ❡✐①♦✳ ❆ ❋✐❣✉,❛ ✭✻✳✷✮ ♠♦&',❛ ♦ ❞❡&❡♠♣❡♥❤♦

❞♦ ✜❧',♦ ❞❡ ❑❛❧♠❛♥ ♣❛,❛ ❞✐❢❡,❡♥'❡& ✈❛❧♦,❡& ❞❡ ◗ U✉❡ ❢♦,❛♠ '❡&'❛❞♦& ♣❛,❛ ♦ ❡✐①♦ ❞❡

❛,❢❛❣❡♠ ❞♦ &✐&'❡♠❛ ✐♥❡,❝✐❛❧✳

◆♦'❛✲&❡ U✉❡✱ ❝♦♥&✐❞❡,❛♥❞♦ Q ≪ R ❛ ❡&'✐♠❛P8♦ ❞❛ ♣♦&✐P8♦ ❞❡ ❛,❢❛❣❡♠ ❢❡✐'❛ ♣❡❧♦

✜❧',♦ ❛♣,♦①✐♠❛✲&❡ ❞♦& ,❡&✉❧'❛❞♦& ♦❜'✐❞♦& ✉'✐❧✐③❛♥❞♦✲&❡ ❛♣❡♥❛& ❞❛❞♦& ❞♦ ❣✐,♦&❝W♣✐♦✱ ♦✉

&❡❥❛✱ ♥❡&&❡ ❝❛&♦ '❡♠✲&❡ K → 0✳ >♦, ♦✉',♦ ❧❛❞♦✱ ❝♦♥&✐❞❡,❛♥❞♦ Q ≫ R ❛ ❡&'✐♠❛P8♦ ❞❛

♣♦&✐P8♦ ❞❡ ❛,❢❛❣❡♠ ❢❡✐'❛ ♣❡❧♦ ✜❧',♦ ❛♣,♦①✐♠❛✲&❡ ❞♦& ,❡&✉❧'❛❞♦& ♦❜'✐❞♦& ✉'✐❧✐③❛♥❞♦ ❛♣❡♥❛&

❞❛❞♦& ❞♦ ❛❝❡❧❡,Y♠❡',♦✱ ❡♠ U✉❡ K → 1✳ ❆&&✐♠✱ '❡♥❞♦ ❡♠ ✈✐&'❛ ♦& ,❡&✉❧'❛❞♦& ♠♦&',❛❞♦&

♥❛ ❋✐❣✉,❛ ✭✻✳✷✮✱ 3 ♣♦&&Z✈❡❧ ♦❜&❡,✈❛, U✉❡ ♦ ✈❛❧♦, ❞❡ ◗ ❡&♣❡,❛❞♦ ❡&'[ ♣,W①✐♠♦ ❞❡ ✵✱✵✵✶✳

❖& ❞❡♠❛✐& ❡✐①♦& ❛♣,❡&❡♥'❛,❛♠ ,❡&✉❧'❛❞♦& &❡♠❡❧❤❛♥'❡&✳

❆ ♣❛,'✐, ❞❡&'❛& ♦❜&❡,✈❛P]❡&✱ ❢♦,❛♠ ❢❡✐'❛& &✐♠✉❧❛P]❡& ✈❛,✐❛♥❞♦✲&❡ ♦& ✈❛❧♦,❡& ❞❡ Q ❡♠

❝❛❞❛ ❡✐①♦ ♣❛,❛ ❝❛❞❛ ✉♠ ❞♦& ✈✐♥'❡ ❡ ❝✐♥❝♦ '❡&'❡& ,❡❛❧✐③❛❞♦& ❡ ❡&❝♦❧❤❡♥❞♦ ♣❛,❛ ❝❛❞❛ '❡&'❡

♦ ✈❛❧♦, U✉❡ ❛♣,❡&❡♥'♦✉ ♦ ♠❡♥♦, ❡,,♦ ♠3❞✐♦ U✉❛❞,['✐❝♦✳ ❆ ❋✐❣✉,❛ ✭✻✳✸✮ ♠♦&',❛ ❛ ,❡❧❛P8♦

❡♥',❡ ♦& ✈❛❧♦,❡& ❞❡ ◗ ❡ ♦ ❡,,♦ ♠3❞✐♦ U✉❛❞,['✐❝♦ ❡♠ ❝❛❞❛ ❡✐①♦ ♦❜'✐❞♦ ♣❛,❛ ✉♠ ❞♦& ✈✐♥'❡

❡ ❝✐♥❝♦ '❡&'❡& U✉❡ ❢♦,❛♠ &✐♠✉❧❛❞♦&✳ ❆ ❚❛❜❡❧❛ ✭✻✳✷✮ ♠♦&',❛ ❛ ♠3❞✐❛ ❞♦& ✈❛❧♦,❡& ♦❜'✐❞♦&

❞❡ ◗ ♣❛,❛ ❝❛❞❛ ❡✐①♦ ❡ ♦ ❞❡&✈✐♦ ♣❛❞,8♦✳ ❆&&✐♠✱ ❛ ♠❛',✐③ Q &❡,[ ❞❛❞❛ ♣❡❧❛ ❡U✉❛P8♦ ✭✻✳✹✮✳

❚❛❜❡❧❛ ✻✳✷✿ ▼3❞✐❛ ❡ ❞❡&✈✐♦ ♣❛❞,8♦ ❞♦& ✈❛❧♦,❡& ♦❜'✐❞♦& ❞❡ ◗ ♣❛,❛ ♦& '❡&'❡& ,❡❛❧✐③❛❞♦&✳

❊✐①♦ Q ❉❡&✈✐♦ >❛❞,8♦

❘♦❧❛♠❡♥'♦ ✵✱✵✵✷✽✵ ✵✱✵✵✶✸✵

❆,❢❛❣❡♠ ✵✱✵✵✶✶✵ ✵✱✵✵✵✻✽

●✉✐♥❛❞❛ ✵✱✵✵✶✻✵ ✵✱✵✵✵✹✻

●❛❜,✐❡❧❛ ▲Z❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✻✷

❋✐❣✉2❛ ✻✳✷✿ ❉❡,❡♠♣❡♥❤♦ ❞♦ ✜❧$2♦ ❞❡ ❑❛❧♠❛♥ ♣❛2❛ ❞✐❢❡2❡♥$❡, ✈❛❧♦2❡, ❞❡ ◗✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✻✸ ✻✳✷✳ ❙✐&'❡♠❛ ✐♥❡,❝✐❛❧

❋✐❣✉,❛ ✻✳✸✿ ❘❡❧❛45♦ ◗ ① ❊▼◗ ♦❜'✐❞❛ ♣♦, &✐♠✉❧❛45♦✳

◗

=




0,00280 0 0

0 0,00110 0

0 0 0,00160


 ✭✻✳✹✮

✻✳✷✳✷ ❆❥✉&'❡ ❞♦ ✜❧'-♦ ❞❡ ❝♦♠♣❧❡♠❡♥'❛-

❆ ❋✐❣✉,❛ ✭✻✳✹✮ ♠♦&',❛ ✉♠ ✢✉①♦❣,❛♠❛ C✉❡ &✐♥'❡'✐③❛ ❛ ✐♠♣❧❡♠❡♥'❛45♦ ❞♦ ✜❧',♦ ❝♦♠✲

♣❧❡♠❡♥'❛,✳ ◆♦'❛✲&❡ C✉❡ ❛ ❢♦,♠✉❧❛45♦ ❞♦ ✜❧',♦ ♥♦ ❞♦♠I♥✐♦ ❞♦ '❡♠♣♦ ❞✐&❝,❡'♦ ❛♣,❡&❡♥'❛

✉♠❛ ❡&',✉'✉,❛ ❜❛&'❛♥'❡ &✐♠♣❧❡&✱ &❡ ❝♦♠♣❛,❛❞❛ ❛♦ ✜❧',♦ ❞❡ ❑❛❧♠❛♥✳

❋✐❣✉,❛ ✻✳✹✿ ❉✐❛❣,❛♠❛ ❡&C✉❡♠M'✐❝♦ ❞♦ ❋✐❧',♦ ❈♦♠♣❧❡♠❡♥'❛,✳

◆❡&'❡ ',❛❜❛❧❤♦✱ ♦ ✜❧',♦ ❝♦♠♣❧❡♠❡♥'❛, ❢♦✐ ❛❥✉&'❛❞♦✱ ❛&&✐♠ ❝♦♠♦ ♦ ✜❧',♦ ❞❡ ❑❛❧♠❛♥✱

♣♦, &✐♠✉❧❛45♦ ✉'✐❧✐③❛♥❞♦ ♦& ✈✐♥'❡ ❡ ❝✐♥❝♦ '❡&'❡& ♠❡♥❝✐♦♥❛❞♦& ♥❛ &✉❜&❡45♦ ✻✳✷✳✶✳ ❘❡&✉❧✲

'❛❞♦& ❞❛ &✐♠✉❧❛45♦ ♣❛,❛ ❛❧❣✉♥& ✈❛❧♦,❡& ❞❡ α ♣♦❞❡♠ &❡, ✈✐&'♦& ♥❛ ❋✐❣✉,❛ ✭✻✳✺✮✳

●❛❜,✐❡❧❛ ▲I❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✻✹

❋✐❣✉2❛ ✻✳✺✿ ❉❡,❡♠♣❡♥❤♦ ❞♦ ✜❧$2♦ ❞❡ ❝♦♠♣❧❡♠❡♥$❛2 ♣❛2❛ ❞✐❢❡2❡♥$❡, ✈❛❧♦2❡, ❞❡ α.

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✻✺ ✻✳✷✳ ❙✐&'❡♠❛ ✐♥❡,❝✐❛❧

◆♦'❛✲&❡ 2✉❡✱ ♣❛,❛ α = 1 ❛ ♣♦&✐67♦ ❛♥❣✉❧❛, ❡&'✐♠❛❞❛ ♣❡❧♦ ✜❧',♦ ✉'✐❧✐③❛ ❛♣❡♥❛& ♦&

❞❛❞♦& ❞❡ ♠❡❞✐67♦ ❞♦ ❣✐,♦&❝<♣✐♦✳ =♦, ♦✉',♦ ❧❛❞♦✱ 2✉❛♥❞♦ α → 0 ❛ ❡&'✐♠❛67♦ ❞❛ ♣♦✲

&✐67♦ ❛♥❣✉❧❛, ❢❡✐'❛ ♣❡❧♦ ✜❧',♦ ❛♣,♦①✐♠❛✲&❡ ❞♦& ,❡&✉❧'❛❞♦& ♦❜'✐❞♦& ✉'✐❧✐③❛♥❞♦✲&❡ ❛♣❡♥❛&

❞❛❞♦& ❞♦ ❛❝❡❧❡,A♠❡',♦✳ ❆&&✐♠✱ '❡♥❞♦ ❡♠ ✈✐&'❛ ♦& ,❡&✉❧'❛❞♦& ♠♦&',❛❞♦& ♥❛ ❋✐❣✉,❛ ✭✻✳✺✮✱

G ♣♦&&H✈❡❧ ♦❜&❡,✈❛, 2✉❡ ♦ ✈❛❧♦, ❞❡ α ❡&♣❡,❛❞♦ ❡&'I ♣,<①✐♠♦ ❞❡ ✵✱✾✳ ❖& ❞❡♠❛✐& ❡✐①♦&

❛♣,❡&❡♥'❛,❛♠ ,❡&✉❧'❛❞♦& &❡♠❡❧❤❛♥'❡&✳

❆ ♣❛,'✐, ❞❡&'❛& ♦❜&❡,✈❛6N❡&✱ ❢♦,❛♠ ❢❡✐'❛& &✐♠✉❧❛6N❡& ✈❛,✐❛♥❞♦✲&❡ ♦& ✈❛❧♦,❡& ❞❡ α ❡♠

❝❛❞❛ ❡✐①♦ ♣❛,❛ ❝❛❞❛ ✉♠ ❞♦& ✈✐♥'❡ ❡ ❝✐♥❝♦ '❡&'❡& ,❡❛❧✐③❛❞♦& ❡ ❡&❝♦❧❤❡♥❞♦ ♣❛,❛ ❝❛❞❛ '❡&'❡

♦ ✈❛❧♦, 2✉❡ ❛♣,❡&❡♥'♦✉ ♦ ♠❡♥♦, ❡,,♦ ♠G❞✐♦ 2✉❛❞,I'✐❝♦✳ ❆ ❋✐❣✉,❛ ✭✻✳✻✮ ♠♦&',❛ ❛ ,❡❧❛67♦

❡♥',❡ ♦& ✈❛❧♦,❡& ❞❡ α ❡ ♦ ❡,,♦ ♠G❞✐♦ 2✉❛❞,I'✐❝♦ ❡♠ ❝❛❞❛ ❡✐①♦ ♦❜'✐❞♦ ♣❛,❛ ✉♠ ❞♦& ✈✐♥'❡

❡ ❝✐♥❝♦ '❡&'❡& 2✉❡ ❢♦,❛♠ &✐♠✉❧❛❞♦&✳ ❆ ❚❛❜❡❧❛ ✭✻✳✸✮ ♠♦&',❛ ❛ ♠G❞✐❛ ❞♦& ✈❛❧♦,❡& ♦❜'✐❞♦&

❞❡ α ♣❛,❛ ❝❛❞❛ ❡✐①♦ ❡ ♦ ❞❡&✈✐♦ ♣❛❞,7♦✳

❋✐❣✉,❛ ✻✳✻✿ ❘❡❧❛67♦ α ① ❊▼◗ ♦❜'✐❞❛ ♣♦, &✐♠✉❧❛67♦✳

❚❛❜❡❧❛ ✻✳✸✿ ▼G❞✐❛ ❡ ❞❡&✈✐♦ ♣❛❞,7♦ ❞♦& ✈❛❧♦,❡& ♦❜'✐❞♦& ❞❡ α ♣❛,❛ ♦& '❡&'❡& ,❡❛❧✐③❛❞♦&✳

❊✐①♦ α ❉❡&✈✐♦ =❛❞,7♦

❘♦❧❛♠❡♥'♦ ✵✱✾✵✷✾✷ ✵✱✵✷✸✾✻

❆,❢❛❣❡♠ ✵✱✾✹✻✽✹ ✵✱✵✶✺✹✽✻

●✉✐♥❛❞❛ ✵✱✾✸✷✻✽ ✵✱✵✷✽✼✹✻

●❛❜,✐❡❧❛ ▲H❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✻✻

✻✳✷✳✸ ❉❡&❡♠♣❡♥❤♦ ❞♦& ✜❧/0♦&

.❛/❛ ✈❡/✐✜❝❛/ ♦ ❞❡,❡♠♣❡♥❤♦ ❞♦, ✜❧$/♦, ✐♠♣❧❡♠❡♥$❛❞♦,✱ ❢♦/❛♠ ❢❡✐$♦, $❡,$❡, ❞❡ ♠❡❞✐✲

:;♦ ❞♦, ♠♦✈✐♠❡♥$♦, ❞❡ ❛/❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛ /❡❛❧✐③❛❞♦, ♣❡❧♦ ❜/❛:♦ ❤✉♠❛♥♦✳ ❈♦♠ ♦ ,❡♥,♦/

❝♦❧♦❝❛❞♦ ♥♦ ❜/❛:♦✱ ❢♦/❛♠ /❡❛❧✐③❛❞♦, ♠♦✈✐♠❡♥$♦, ♥❛ ,❡?✉@♥❝✐❛ ♠♦,$/❛❞❛ ♣❡❧❛ ❋✐❣✉/❛

✭✻✳✼✮✱ ❝♦♠ ✐♥$❡/✈❛❧♦ ❞❡ ❞❡③ ,❡❣✉♥❞♦, ♥❛ $/❛♥,✐:;♦ ❞❡ ✉♠ ❣❡,$♦ ♣❛/❛ ♦✉$/♦✳

❋✐❣✉/❛ ✻✳✼✿ ❙❡?✉@♥❝✐❛ ❞❡ ♠♦✈✐♠❡♥$♦, ❞♦, $❡,$❡, ❡①♣❡/✐♠❡♥$❛✐,✳

❆, ❋✐❣✉/❛, ✭✻✳✽✮ ❡ ✭✻✳✾✮ ♠♦,$/❛♠ ♦ ❞❡,❡♠♣❡♥❤♦ ❞♦, ✜❧$/♦, ❛ ♣❛/$✐/ ❞♦, ❞❛❞♦, ♦❜$✐❞♦,

♣❡❧❛ ♠❡❞✐:;♦ ❞♦ ,✐,$❡♠❛ ✐♥❡/❝✐❛❧✳ ❖ ❣/L✜❝♦ ,✉♣❡/✐♦/ ❞❡ ❝❛❞❛ ✜❣✉/❛ ♠♦,$/❛ ❛, ♣♦,✐:M❡,

❛♥❣✉❧❛/❡, ♠❡❞✐❞❛, ♣♦/ ❝❛❞❛ ✉♠❛ ❞❛, ❢♦/♠❛, ❞❡,❝/✐$❛, ♥❛ ❧❡❣❡♥❞❛ ❡ ♦ ❣/L✜❝♦ ✐♥❢❡/✐♦/

♠♦,$/❛ ❛ /❡❣✐;♦ ❝✐/❝✉❧❛❞❛ ❛♠♣❧✐❛❞❛✳ ❈♦♠ ❜❛,❡ ♥❛, ❋✐❣✉/❛, ✭✻✳✽✮ ❡ ✭✻✳✾✮✱ ♥♦$❛✲,❡ ?✉❡

❛, ♠❡❞✐:M❡, ❝♦//❡,♣♦♥❞❡/❛♠ ❛♦, ✈❛❧♦/❡, ❛❞❡?✉❛❞♦, ♣❛/❛ ❡,$❡ ❡,$✉❞♦✱ $❡♥❞♦ ❛ ♣♦,✐:;♦

✐♥✐❝✐❛❧ ❝♦♠♦ /❡❢❡/@♥❝✐❛ ❡ ?✉❡ ♦, /❡,✉❧$❛❞♦, ♦❜$✐❞♦, ♣❡❧♦, ✜❧$/♦, ❢♦/❛♠ ❜❡♠ ♣/N①✐♠♦,✳

➱ ♣♦,,#✈❡❧ ♥♦$❛/ ❛✐♥❞❛✱ ?✉❡ ♦, ✈❛❧♦/❡, ♦❜$✐❞♦, ♣❡❧♦, ✜❧$/♦, ❡,$;♦ ♣/N①✐♠♦, ❞♦, ✈❛❧♦/❡,

❞❡ ♣♦,✐:;♦ ❛♥❣✉❧❛/ ♠❡❞✐❞♦, ♣❡❧♦ ❛❝❡❧❡/P♠❡$/♦✱ ♣♦/Q♠ ❡,$;♦ ♠❡♥♦, /✉✐❞♦,♦,✱ ❡ ?✉❡ ♦,

♠❡,♠♦, ♥;♦ ❛❝✉♠✉❧❛♠ ❡//♦, ❞❡ ♠❡❞✐:;♦✱ ❝♦♠♦ Q ♦ ❝❛,♦ ❞♦, ✈❛❧♦/❡, ♦❜$✐❞♦, ♣♦/ ♠❡✐♦

❞♦ ❣✐/♦,❝N♣✐♦✳

●❛❜/✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✻✼ ✻✳✷✳ ❙✐&'❡♠❛ ✐♥❡,❝✐❛❧

❋✐❣✉,❛ ✻✳✽✿ ❚❡&'❡ ❡①♣❡,✐♠❡♥'❛❧ ✲ ♠♦✈✐♠❡♥'♦& ❞❡ ❛,❢❛❣❡♠✳

❋✐❣✉,❛ ✻✳✾✿ ❚❡&'❡ ❡①♣❡,✐♠❡♥'❛❧ ✲ ♠♦✈✐♠❡♥'♦& ❞❡ ❣✉✐♥❛❞❛✳

●❛❜,✐❡❧❛ ▲@❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✻✽

❆✐♥❞❛ ♣❛2❛ ✈❡2✐✜❝❛2 ♦ ❞❡,❡♠♣❡♥❤♦ ❞♦, ✜❧$2♦,✱ ❢♦2❛♠ 2❡❛❧✐③❛❞♦, $❡,$❡, ♣❛2❛ ❞✐❢❡2❡♥✲

$❡, ✈❛❧♦2❡, ❞❡ 2❡❢❡2<♥❝✐❛ ❞❛, ♣♦,✐=>❡, ❞❡ ❛2❢❛❣❡♠ ❡ ❣✉✐♥❛❞❛✱ ✉$✐❧✐③❛♥❞♦ ✉♠❛ ✜❣✉2❛ ❞❡

♠@2✐$♦ ❞❡,❡♥❤❛❞❛ ❡♠ ❈♦2❡❧❉❘❆❲

➤

✱ ♠♦,$2❛❞❛ ♥❛ ❋✐❣✉2❛ ✭✻✳✶✵✮✳

❋✐❣✉2❛ ✻✳✶✵✿ ❋✐❣✉2❛ ❞❡ ♠@2✐$♦ ✉$✐❧✐③❛❞❛ ♣❛2❛ ✈❡2✐✜❝❛2 ♦ ❞❡,❡♠♣❡♥❤♦ ❞♦ ,✐,$❡♠❛ ✐♥❡2❝✐❛❧✳

◆♦$❛✲,❡ J✉❡ ❛ ✜❣✉2❛ ❞❡ ♠@2✐$♦ ✉$✐❧✐③❛❞❛ ❝♦♥,✐,$❡ ❡♠ ✉♠ ❝♦♠♣❛,,♦✱ ❝♦♥,$✐$✉#❞♦ ❞❡

❧✐♥❤❛, ❞❡ ✶♠♠ J✉❡ ,❡♣❛2❛♠ ❛, ♣♦,✐=>❡, ❛♥❣✉❧❛2❡, ❛ ❝❛❞❛ 5◦✳ ❆ ✐♠♣2❡,,K♦ ❞❡,$❛ ✜❣✉2❛

❢♦✐ ❢❡✐$❛ ❡♠ ✉♠❛ ✐♠♣2❡,,♦2❛ ❍M ❉❡,❦❥❡$ ❉✶✸✻✵ ❡ ❡♠ ❢♦❧❤❛ ❆✹✳ ❋♦✐ ❞❡✜♥✐❞♦ ✉♠ ♣2♦$♦✲

❝♦❧♦ ♣❛2❛ ❛ 2❡❛❧✐③❛=K♦ ❞♦, $❡,$❡,✱ ❞❡ ♠❛♥❡✐2❛ J✉❡ ❛ ♣♦,✐=K♦ ❛♥❣✉❧❛2 ❞♦ ,✐,$❡♠❛ ✐♥❡2❝✐❛❧

❡2❛ ✈❛2✐❛❞❛ ❛ ❝❛❞❛ ❞❡③ ,❡❣✉♥❞♦, ❡ ♦, ❞❛❞♦, ❞❡ ❝❛❞❛ ,❡♥,♦2 ❢♦2❛♠ ❛2♠❛③❡♥❛❞♦,✳ ❊,,❡

♣2♦❝❡❞✐♠❡♥$♦ ❢♦✐ 2❡♣❡$✐❞♦ $2<, ✈❡③❡, ♣❛2❛ ❝❛❞❛ ❡✐①♦✱ ♥♦ ,❡♥$✐❞♦ ❤♦2T2✐♦ ❡ ❛♥$✐✲❤♦2T2✐♦✳ ❆

♣❛2$✐2 ❞❛#✱ ❢♦✐ ❢❡✐$❛ ❛ ,✐♠✉❧❛=K♦ ❞❛, ♠❡❞✐=>❡, ❞❛, ♣♦,✐=>❡, ❛♥❣✉❧❛2❡, ♣❡❧❛ ✐♠♣❧❡♠❡♥$❛=K♦

❞♦, ✜❧$2♦, ❞❡ ❑❛❧♠❛♥ ❡ ❝♦♠♣❧❡♠❡♥$❛2✳ ❖, ✈❛❧♦2❡, ❞♦ ♣❡2#♦❞♦ ❞❡ $2❛♥,✐=K♦ ❡♥$2❡ ✉♠❛

♣♦,✐=K♦ ❡ ♦✉$2❛ ❢♦2❛♠ ❞❡,❝♦♥,✐❞❡2❛❞♦, ❡ ♦, 2❡,✉❧$❛❞♦, ❞❡,,❡, $❡,$❡, ,K♦ ♠♦,$2❛❞♦, ♥❛

❚❛❜❡❧❛ ✭✻✳✹✮✱ ♥❛ J✉❛❧ @ ♣♦,,#✈❡❧ ✈✐,✉❛❧✐③❛2 ♦ ✈❛❧♦2 ❞♦ ❡22♦ ♠@❞✐♦ ✭e✮ ♦❜$✐❞♦ ♣❡❧♦, $❡,$❡,

❡ ♦ ❞❡,✈✐♦ ♣❛❞2K♦ ✭σ✮✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✻✾ ✻✳✸✳ ❊❧❡'(♦♠✐♦❣(❛✜❛

❚❛❜❡❧❛ ✻✳✹✿ ❉❡4❡♠♣❡♥❤♦ ❞♦ 4✐4'❡♠❛ ✐♥❡(❝✐❛❧✱ ❛♣❧✐❝❛♥❞♦ ♦ ✜❧'(♦ ❝♦♠♣❧❡♠❡♥'❛( ✭❋❈✮ ❡ ♦

✜❧'(♦ ❞❡ ❑❛❧♠❛♥ ✭❋❑✮✳

❆(❢❛❣❡♠ ●✉✐♥❛❞❛

❘❡❢❡(E♥❝✐❛ ❋❈ ❋❑ ❋❈ ❋❑

e(◦) σ(◦) e(◦) σ(◦) e(◦) σ(◦) e(◦) σ(◦)
✲✾✵

◦
✶✱✹ ±0,5 ✶✱✷ ±0,5 ✶✱✵ ±0,7 ✵✱✽ ±0,7

✲✻✵

◦
✵✱✷ ±1,1 ✵✱✸ ±1,0 ✵✱✸ ±1,0 ✵✱✹ ±0,9

✲✸✵

◦
✵✱✷ ±1,0 ✵✱✶ ±1,0 ✵✱✺ ±0,4 ✵✱✸ ±0,4

✵

◦
✵✱✶ ±0,6 ✵✱✵ ±0,5 ✵✱✸ ±0,6 ✵✱✶ ±0,6

✸✵

◦
✵✱✷ ±1,1 ✵✱✶ ±1,1 ✵✱✸ ±1,2 ✵✱✷ ±1,2

✻✵

◦
✵✱✷ ±1,2 ✵✱✶ ±1,2 ✵✱✻ ±1,1 ✵✱✹ ±1,1

✾✵

◦
✶✱✺ ±0,6 ✶✱✸ ±0,5 ✶✱✹ ±1,1 ✶✱✷ ±1,1

❊♠❜♦(❛ ♦ ✜❧'(♦ ❞❡ ❑❛❧♠❛♥ '❡♥❤❛ ❛♣(❡4❡♥'❛❞♦ ✉♠ ♠❡♥♦( ❡((♦✱ ♦4 (❡4✉❧'❛❞♦4 ♦❜'✐❞♦4

❢♦(❛♠ ♠✉✐'♦ ♣(L①✐♠♦4✱ ♦ N✉❡ ✐♥❞✐❝❛ N✉❡ ♣❛(❛ ❛♣❧✐❝❛OP❡4 N✉❡ (❡N✉❡(❡♠ ✉♠❛ ♠❡♥♦( ♣(❡✲

❝✐4Q♦ ♦ ✜❧'(♦ ❝♦♠♣❧❡♠❡♥'❛( ♣♦❞❡ 4❡( ✉♠❛ ❛❧'❡(♥❛'✐✈❛ ♠❡❧❤♦( ♣♦( ❛♣(❡4❡♥'❛( ✉♠❛ ❢❛4❡

❞❡ ✐♠♣❧❡♠❡♥'❛OQ♦ ♠❛✐4 4✐♠♣❧❡4✳

✻✳✸ ❊❧❡&'♦♠✐♦❣'❛✜❛

S❛(❛ ✐♥❢❡(✐( ♦ ❣❡4'♦ (❡❛❧✐③❛❞♦ ♣❡❧❛ ♠Q♦✱ ❢♦✐ ✉'✐❧✐③❛❞♦ ✉♠ ❡❧❡'(♦♠✐L❣(❛❢♦ ❞❡ ✉♠ ❝❛♥❛❧

♠♦4'(❛❞♦ ♥❛ ❋✐❣✉(❛ ✭✻✳✶✶✮✳

❋✐❣✉(❛ ✻✳✶✶✿ ❊❧❡'(♦♠✐L❣(❛❢♦ ✉'✐❧✐③❛❞♦✳

●❛❜(✐❡❧❛ ▲V❣✐❛ ❘❡✐4



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✼✵

❊,$❡ ❡❧❡$1♦♠✐4❣1❛❢♦ ❢♦✐ ❝♦♥,$1✉#❞♦ ♥♦ ▲❛❜♦1❛$41✐♦ ❞❡ ❈♦♥$1♦❧❡ ❡ ■♥,$1✉♠❡♥$❛<=♦

✭▲❆❈❖■✮ ❞❛ ❯♥✐✈❡1,✐❞❛❞❡ ❋❡❞❡1❛❧ ❞❡ ❙=♦ ❏♦❛♦ ❞❡❧✲❘❡✐ ❡ ❝♦♥,✐,$❡ ❡♠ ✉♠ ❝✐1❝✉✐$♦ ❞❡

❛♠♣❧✐✜❝❛<=♦✱ ✜❧$1❛❣❡♠ ❡ 1❡$✐✜❝❛<=♦ ❞♦ ,✐♥❛❧ ❡❧❡$1♦♠✐♦❣1J✜❝♦✱ ❝❛♣$❛❞♦ ♣♦1 ♠❡✐♦ ❞❡ ❡❧❡✲

$1♦❞♦, ❞❡ ,✉♣❡1❢#❝✐❡ ♥❛ ❝♦♥✜❣✉1❛<=♦ ❜✐♣♦❧❛1✳ ❆ ❞✐,♣♦,✐<=♦ ❞♦, ❡❧❡$1♦❞♦, ♥♦ ❛♥$❡❜1❛<♦

❛❞♦$❛❞❛ ♥❡,$❡ $1❛❜❛❧❤♦ $❛♠❜L♠ L ♠♦,$1❛❞❛ ♥❛ ❋✐❣✉1❛ ✭✻✳✶✶✮✳ ❊,$❛ ❡,❝♦❧❤❛ ❢♦✐ ❢❡✐$❛ ❝♦♠

❜❛,❡ ♥❛ $❡♦1✐❛ ❡①♣♦,$❛ ♥♦ ❝❛♣#$✉❧♦ ✹✱ ✈✐,❛♥❞♦ ♠❡❞✐1 ❛ ❝♦♥$1❛<=♦ ❞♦, ♠P,❝✉❧♦, ✢❡①♦1❡,

❡①$1#♥,❡❝♦,✳

❖ ,✐♥❛❧ ❡❧❡$1♦♠✐♦❣1J✜❝♦ ♦❜$✐❞♦ ♣♦1 ♠❡✐♦ ❞♦ ❡❧❡$1♦♠✐4❣1❛❢♦✱ ❝♦♠ ❛ ❞✐,♣♦,✐<=♦ ❞♦,

❡❧❡$1♦❞♦, ❛❞♦$❛❞❛ ❡ ✉♠❛ $❛①❛ ❞❡ ❛♠♦,$1❛❣❡♠ ❞❡ ✶✵✵✵❍③✱ L ♠♦,$1❛❞♦ ♥❛ ❋✐❣✉1❛ ✭✻✳✶✷✮✱

♣❛1❛ ❞♦✐, ❣❡,$♦, ❞✐,$✐♥$♦,✿ ♠=♦ ❢❡❝❤❛❞❛ ✭✶✮ ❡ ♠=♦ ❛❜❡1$❛ ✭✵✮✱ ,❡♥❞♦ V✉❡ ♥♦ ,❡❣✉♥❞♦ ❝❛,♦

❛ ♠=♦ ❡,$J 1❡❧❛①❛❞❛✳ ◆♦$❛✲,❡ V✉❡ ♣❡❧❛ ❛♠♣❧✐$✉❞❡ ❞♦ ,✐♥❛❧ L ♣♦,,#✈❡❧ ❞✐,$✐♥❣✉✐1 ♦, ❞♦✐,

❡,$❛❞♦, ❞❛ ♠=♦✳ ❉❡,$❛ ❢♦1♠❛✱ ❛ ♠L❞✐❛ ❞♦, ✈❛❧♦1❡, ❞♦ ,✐♥❛❧ ❡❧❡$1♦♠✐♦❣1J✜❝♦ ❢♦✐ ✉$✐❧✐③❛❞❛

♥❡,$❡ $1❛❜❛❧❤♦ ♣❛1❛ ✈❡1✐✜❝❛1 ❛ ♣1❡,❡♥<❛ ❞❡ ❝♦♥$1❛<=♦ ♠✉,❝✉❧❛1✱ ❡ ❛,,✐♠✱ ❝❧❛,,✐✜❝❛1 ♦

❣❡,$♦ 1❡❛❧✐③❛❞♦✳

❋✐❣✉1❛ ✻✳✶✷✿ ❙✐♥❛❧ ❡❧❡$1♦♠✐♦❣1J✜❝♦✳ ❘❡❢❡1Y♥❝✐❛✿ ✶ ✲ ♠=♦ ❢❡❝❤❛❞❛❀ ✵ ✲ ♠=♦ ❛❜❡1$❛

●❛❜1✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✼✶ ✻✳✸✳ ❊❧❡()♦♠✐♦❣)❛✜❛

0❛)❛ ✈❡)✐✜❝❛) ❛ ❛❝✉)4❝✐❛ ❞♦ ❡❧❡()♦♠✐6❣)❛❢♦ ✉(✐❧✐③❛❞♦ ♥❡:(❛ ❛♣❧✐❝❛<=♦✱ ❢♦)❛♠ ❢❡✐(♦:

(❡:(❡: ❝♦♠ ✈✐♥(❡ ✈♦❧✉♥(4)✐♦: ❛❞✉❧(♦:✱ :❡♠ ❞❡✜❝✐?♥❝✐❛✱ ❞❡ ❛♠❜♦: ♦: :❡①♦: ❡ ❝♦♠ ✐❞❛❞❡:

❡♥()❡ ✶✾ ❡ ✹✵ ❛♥♦:✳ 0)✐♠❡✐)❛♠❡♥(❡✱ ♣❛)❛ (❡:(❛) ❛ ❝❧❛::✐✜❝❛<=♦ ❞♦ :❊▼●✱ ❢♦✐ ❢❡✐(❛ ✉♠❛

✐♥(❡)❢❛❝❡✱ ♠♦:()❛❞❛ ♥❛ ❋✐❣✉)❛ ✭✻✳✶✸✮✱ J✉❡ ✐♥❞✐❝❛✈❛ J✉❛♥❞♦ ♦ ✈♦❧✉♥(4)✐♦ ❞❡✈❡)✐❛ ♠❛♥(❡)

❛ ♠=♦ ❢❡❝❤❛❞❛ ♦✉ ❛❜❡)(❛✳

❋✐❣✉)❛ ✻✳✶✸✿ ■♥(❡)❢❛❝❡ ❞❡ (❡:(❡: ♣❛)❛ ❝❧❛::✐✜❝❛<=♦ ❞♦ ❣❡:(♦ ❞❛ ♠=♦✳

❆♥(❡: ❞❛ )❡❛❧✐③❛<=♦ ❞♦: (❡:(❡:✱ ❢♦✐ ❢❡✐(❛ ✉♠❛ ❡(❛♣❛ ❞❡ ❝❛❧✐❜)❛<=♦✱ ❛ ✜♠ ❞❡ ❞❡(❡)♠✐✲

♥❛) ♦ ✈❛❧♦) ❞❛ ♠P❞✐❛ ❞♦ :❊▼● ❛ ❝❛❞❛ ✷✹✵ ❛♠♦:()❛:✱ J✉❡ :❡)✐❛ ✉(✐❧✐③❛❞♦ ♣❛)❛ ❝❧❛::✐✜❝❛)

♦ ❣❡:(♦ )❡❛❧✐③❛❞♦ ♣❡❧❛ ♠=♦✳ ❊:(❡ ✈❛❧♦) ❢♦✐ ❞❡(❡)♠✐♥❛❞♦ ❧❡✈❛♥❞♦✲:❡ ❡♠ ❝♦♥:✐❞❡)❛<=♦ ♦

♠4①✐♠♦ ✈❛❧♦) ❞❛ ♠P❞✐❛ ❞♦ :❊▼● ♣❛)❛ ❛ )❡❛❧✐③❛<=♦ ❞♦ ❣❡:(♦ ❞❡ ♠=♦ ❛❜❡)(❛✳ ❆ ♣❛)(✐) ❞❛

❡(❛♣❛ ❞❡ ❝❛❧✐❜)❛<=♦✱ ❢♦)❛♠ )❡❛❧✐③❛❞♦: ✺ (❡:(❡: ♣❛)❛ ❝❛❞❛ ✈♦❧✉♥(4)✐♦✱ ❝♦♠ ❞✉)❛<=♦ ❞❡ ✉♠

♠✐♥✉(♦✱ :❡♥❞♦ J✉❡ ♦: ❣❡:(♦: ❛❧(❡)♥❛✈❛♠ ♥♦: (❡:(❡: ❛ ❝❛❞❛ ✶✵ :❡❣✉♥❞♦:✳ ❖ ♠❛♥✐♣✉❧❛❞♦)
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❡♥$3❛❞❛✱ E ♣3❡❝✐,♦ ❞❡✜♥✐3 ♦, ❝♦♥❥✉♥$♦, ❢✉③③② ❞❡ ,❛#❞❛ ❡ ❛, 3❡❣3❛, ❞❡ ✐♥❢❡3:♥❝✐❛ ❢✉③③②✱ H✉❡

❝❧❛,,✐✜❝❛♠ ❛ ✈❛3✐C✈❡❧ ❞❡ ,❛#❞❛✳ ◆❡,$❡ $3❛❜❛❧❤♦✱ ❢♦3❛♠ ❝3✐❛❞♦, $❛♠❜E♠ ❝✐♥❝♦ ❝♦♥❥✉♥$♦,

♣❛3❛ ❝❧❛,,✐✜❝❛3 ❛ ✈❛3✐C✈❡❧ ❞❡ ,❛#❞❛✿ ♥❡❣❛$✐✈♦ ♣❡H✉❡♥♦ ✭◆M✮✱ ♥❡❣❛$✐✈♦ ❣3❛♥❞❡ ✭◆●✮✱ ③❡3♦

✭❩✮✱ ♣♦,✐$✐✈♦ ♣❡H✉❡♥♦ ✭MM✮ ❡ ♣♦,✐$✐✈♦ ❣3❛♥❞❡ ✭M●✮✱ ❡ ❝♦♠ ❜❛,❡ ♥❛, 3❡❣3❛, ♣3♦♣♦,$❛,

♣♦3 ✭▼✉❞✐ ❡ ❉❡ ▼❛✐$②✱ ✷✵✶✷✮ ❡ ✭▲✐✱ ✷✵✶✸✮✱ ❢♦✐ ❡,$❛❜❡❧❡❝✐❞♦ ✉♠ ❝♦♥❥✉♥$♦ ❞❡ ✈✐♥$❡ ❡ ❝✐♥❝♦

3❡❣3❛, ♠♦,$3❛❞♦ ♥❛ ❚❛❜❡❧❛ ✭✻✳✻✮✳ ❈♦♠♦ ❡①❡♠♣❧♦✱ ❛ ♣3✐♠❡✐3❛ 3❡❣3❛ ❞❡$❡3♠✐♥❛ H✉❡ ,❡ ❡

❂ ◆● ❡ ❞❡ ❂ ◆●✱ ❡♥$?♦ "❛$❞❛ ❂ ◆●✱ ❛, ❞❡♠❛✐, 3❡❣3❛, ,❡❣✉❡♠ ❛ ♠❡,♠❛ ❧Z❣✐❝❛✳

❚❛❜❡❧❛ ✻✳✻✿ ❘❡❣3❛, ❞❡ ✐♥❢❡3:♥❝✐❛, ❢✉③③②

❡✴❞❡ ◆● ◆M ❩ MM M●

◆● ◆● ◆● ◆● ❩ ❩

◆M ◆● ◆M ◆M ❩ ❩

❩ ◆M ◆M ❩ MM MM

MM ❩ ❩ MM MM M●

M● ❩ ❩ M● M● M●

M❡❧❛, 3❡❣3❛, H✉❡ ❞❡✜♥❡♠ ❛, ♦♣❡3❛89❡, ❞❡ ❝♦♥❥✉♥$♦, ❢✉③③②✱ ❛ ✐♥$❡3,❡8?♦ ❞❡ ❞♦✐, ❝♦♥✲

❥✉♥$♦, ,❡3C ❞❛❞❛ ♣❡❧♦ ♠❡♥♦3 ❣3❛✉ ❞❡ ♣❡3$✐♥:♥❝✐❛ ❞♦, ❝♦♥❥✉♥$♦,✱ ❡,$❛ 3❡❧❛8?♦ E ❞❛❞❛ ♣❡❧❛

❡H✉❛8?♦ ✭✻✳✺✮✱ ♣♦3 ♠❡✐♦ ❞❛ H✉❛❧ E ♣♦,,#✈❡❧ ♦❜$❡3 ♦ ❣3❛✉ ❞❡ ♣❡3$✐♥:♥❝✐❛ ❞❛ ✈❛3✐C✈❡❧ ❞❡

,❛#❞❛ ❡♠ ✉♠ ❝♦♥❥✉♥$♦ ❝♦♠ ❜❛,❡ ♥❛, 3❡❣3❛, ♣3♦♣♦,$❛,✳

µsa da = min (µe, µde) ✭✻✳✺✮

❖ ✈❛❧♦3 ❞❡ $❡♥,?♦ ❛ ,❡3 ❛♣❧✐❝❛❞♦ ♥♦ ♠♦$♦3 ♥❛ 3❡♣3❡,❡♥$❛8?♦ ❞✐❣✐$❛❧ ✈❛3✐❛ ❞❡ ✵ ❛ ✶✷✼ ❡

❝♦33❡,♣♦♥❞❡ ❛♦, ✈❛❧♦3❡, ❛♥❛❧Z❣✐❝♦, ❞❡ ✵ ❛ ✾❱✳ ◆❛ ♣3♦❣3❛♠❛8?♦ ✉$✐❧✐③❛❞❛ ♦ ,✐♥❛❧ ♣♦,✐$✐✈♦

●❛❜3✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✼✺ ✻✳✹✳ ❈♦♥()♦❧❡ ❢✉③③②

♦✉ ♥❡❣❛(✐✈♦ ✐♥❞✐❝❛ ♦ 6❡♥(✐❞♦ ❞❡ ❣✐)♦ ❞♦ ♠♦(♦)✳ ❙❡♥❞♦ ❛66✐♠✱ ❛6 ❢✉♥:;❡6 ❞❡ ♣❡)(✐♥=♥❝✐❛ ❞❛

✈❛)✐>✈❡❧ ❞❡ 6❛?❞❛ ❢♦)❛♠ ❞❡✜♥✐❞❛6 ❝♦♥❢♦)♠❡ ♠♦6()❛ ❛ ❋✐❣✉)❛ ✭✻✳✶✻✮✱ ❧✐♠✐(❛♥❞♦ ❛ ✈❛)✐>✈❡❧

❞❡ 6❛?❞❛ ❞❡ ✲✶✷✼ ❛ ✶✷✼✳

❋✐❣✉)❛ ✻✳✶✻✿ ❋✉♥:;❡6 ❞❡ ♣❡)(✐♥=♥❝✐❛ ❞❡ ❞❡❢✉③③✐✜❝❛:H♦✳

I♦) ✜♠✱ ♦ ✈❛❧♦) ❞❛ ✈❛)✐>✈❡❧ ❞❡ 6❛?❞❛ ❞❡(❡)♠✐♥❛❞❛ ♣❡❧❛6 )❡❣)❛6 ❞❡ ✐♥❢❡)=♥❝✐❛ 6❡)>

()❛❞✉③✐❞♦ ❞♦ ❞♦♠?♥✐♦ ❢✉③③② ♣❛)❛ ♦ ❞♦♠?♥✐♦ ❞♦6 ♥J♠❡)♦6 )❡❛✐6✳ ❯♠ ❞♦6 ♠L(♦❞♦6 ♠❛✐6

✉(✐❧✐③❛❞♦6 ♥❡6(❡ ♣)♦❝❡66♦✱ ❡ M✉❡ ❢♦✐ ❡6❝♦❧❤✐❞♦ ♥❡6(❡ ()❛❜❛❧❤♦✱ L ♦ ♠L(♦❞♦ ✏ ❝❡♥#$♦ ❞❛ ($❡❛✑

♦✉ ✏❝❡♥#$♦ ❞❡ ❣$❛✈✐❞❛❞❡ ✑✱ M✉❡ ❡♥❝♦♥()❛ ♦ ❝❡♥()♦ ❞❛ >)❡❛ )❡6✉❧(❛♥(❡✱ ❞❛❞❛ ♣❡❧❛ ❡M✉❛:H♦

✭✻✳✻✮✱ ❡♠ M✉❡ x )❡♣)❡6❡♥(❛ ♦ ✈❛❧♦) ❞❛ (❡♥6H♦ ❞❡ 6❛?❞❛ ❝♦♥(✐❞♦ ♥♦ ❝♦♥❥✉♥(♦ ❢✉③③② ❡ a ❡ b

)❡♣)❡6❡♥(❛♠ ♦6 ❧✐♠✐(❡6 ❞❡66❡ ✈❛❧♦) ❞❡♥()♦ ❞❡ ✉♠ ❝♦♥❥✉♥(♦✳

Sa,da =

∑b

x=a µ (x) · x∑b

x=a µ (x)
✭✻✳✻✮

❆6 ❋✐❣✉)❛6 ✭✻✳✶✼✮ ❡ ✭✻✳✶✽✮ ♠♦6()❛♠ ♦ ❞❡6❡♠♣❡♥❤♦ ❞♦ ❝♦♥()♦❧❛❞♦) ✐♠♣❧❡♠❡♥(❛❞♦

♣❛)❛ ❛❧❣✉♠❛6 ()❛❥❡(U)✐❛6 ♣)♦♣♦6(❛6 ♣❛)❛ ❛6 ❥✉♥(❛6 ✶ ❡ ✷ ❝♦))❡6♣♦♥❞❡♠ ❛♦6 ♠♦✈✐♠❡♥(♦6

❞❡ ❣✉✐♥❛❞❛ ❡ ❛)❢❛❣❡♠✱ )❡6♣❡❝(✐✈❛♠❡♥(❡✳

●❛❜)✐❡❧❛ ▲?❣✐❛ ❘❡✐6



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✼✻

❋✐❣✉2❛ ✻✳✶✼✿ ❉❡,❡♠♣❡♥❤♦ ❞♦ ❙■ ❡ ❞♦ ❝♦♥$2♦❧❛❞♦2 ♣2♦♣♦,$♦✳

❋✐❣✉2❛ ✻✳✶✽✿ ❉❡,❡♠♣❡♥❤♦ ❞♦ ❙■ ❡ ❞♦ ❝♦♥$2♦❧❛❞♦2 ♣2♦♣♦,$♦✳

●❛❜2✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✼✼ ✻✳✺✳ ❙✐&'❡♠❛ ❝♦♠♣❧❡'♦

◆♦'❛✲&❡ 1✉❡ ♦ &✐&'❡♠❛ ❞❡ ❝♦♥'5♦❧❡ ♣5♦♣♦&'♦ ❛'❡♥❞❡ 6& ❡①♣❡❝'❛'✐✈❛& ❞❡&'❡ ♣5♦❥❡'♦✱

✉♠❛ ✈❡③ 1✉❡ ❛& '5❛❥❡'<5✐❛& ❞❡ 5❡❢❡5>♥❝✐❛ &?♦ &❡❣✉✐❞❛& ❝♦♠ ❜❛✐①♦ '❡♠♣♦ ❞❡ ❛❝♦♠♦❞❛B?♦

❡ ♥?♦ ♦❝♦55❡♠ ♦&❝✐❧❛BC❡& ❡♠ '♦5♥♦ ❞❛& ♣♦&✐BC❡& ❛♥❣✉❧❛5❡& ❞❡&❡❥❛❞❛&✳ ❖ ❡55♦ ♦❜'✐❞♦

♣❡❧♦ &✐&'❡♠❛ ❞❡ ❝♦♥'5♦❧❡ ✐♠♣❧❡♠❡♥'❛❞♦ ❢♦✐ ♠❡♥♦5 1✉❡ 1◦✱ ♦ 1✉❡ ♣♦❞❡ &❡5 ❛❞♠✐'✐❞♦ ♥❡&&❛

❛♣❧✐❝❛B?♦ ❞❡✈✐❞♦ 6& ✐♠♣5❡❝✐&C❡& ❞❛ ❡&'5✉'✉5❛ ❞♦ 5♦❜E ❡ ❛& ❢♦❧❣❛& ❞❛& ❡♥❣5❡♥❛❣❡♥&✱ ❛♣5❡✲

&❡♥'❛♥❞♦ ❛&&✐♠ ✉♠ 5❡&✉❧'❛❞♦ &❛'✐&❢❛'<5✐♦✱ '❡♥❞♦✲&❡ ❡♠ ✈✐&'❛ ♦ ♣5♦♣<&✐'♦ ❞❡&'❡ '5❛❜❛❧❤♦✱

1✉❡ G ♦ ✉&♦ ❞♦ 5♦❜E ❝♦♠♦ ✉♠ &✐&'❡♠❛ ❞❡ ♣5♦'♦'✐♣❛❣❡♠ 5H♣✐❞❛ 1✉❡ ❢♦5♥❡❝❡ ♦ ❢❡❡❞❜❛❝❦

♣❛5❛ ♦ ✉&✉H5✐♦ ❞♦ &✐&'❡♠❛ ❞❡ ♠❡❞✐B?♦ ♣5♦♣♦&'♦✳

✻✳✺ ❙✐%&❡♠❛ ❝♦♠♣❧❡&♦

❯♠❛ ✈❡③ '❡&'❛❞❛& ❝❛❞❛ ✉♠❛ ❞❛& ♣❛5'❡&✱ ❢♦✐ ❢❡✐'❛ ❛ ❥✉♥B?♦ ❞❛& 'G❝♥✐❝❛& ♣❛5❛ ✐♥❢❡5✐5

♦& ❣❡&'♦& ❞♦ ❜5❛B♦ ❡ ❞❛ ♠?♦ ♣❛5❛ ♦ ❝♦♥'5♦❧❡ '❡❧❡♦♣❡5❛❞♦ ❞♦ ♠❛♥✐♣✉❧❛❞♦5 5♦❜<'✐❝♦✳ ❆

❋✐❣✉5❛ ✭✻✳✶✾✮ ♠♦&'5❛ ✉♠❛ ✈♦❧✉♥'H5✐❛ ❝♦♦5❞❡♥❛♥❞♦ ❛ ❛B?♦ ❞♦ 5♦❜E ♣♦5 ♠❡✐♦ ❞♦ &✐&'❡♠❛

♣5♦♣♦&'♦✱ ❝♦♠ ❞❡&'❛1✉❡ ♣❛5❛ ♦ ❙■ ❡ ❛ ❞✐&♣♦&✐B?♦ ❞♦& ❡❧❡'5♦❞♦&✳

❋✐❣✉5❛ ✻✳✶✾✿ ❈♦♥'5♦❧❡ ❞♦ 5♦❜E ♣♦5 ♠❡✐♦ ❞♦ &✐&'❡♠❛ ♣5♦♣♦&'♦✳

●❛❜5✐❡❧❛ ▲U❣✐❛ ❘❡✐&



❈❛♣#$✉❧♦ ✻✳ ❘❡,✉❧$❛❞♦, ✼✽

❆ ♣1♦❣1❛♠❛45♦ ❞♦ ,✐,$❡♠❛ ♣❛1❛ ❛ ❛7✉✐,✐45♦✱ ♣1♦❝❡,,❛♠❡♥$♦ ❞♦, ❞❛❞♦, ❡ ♦ ❝♦♥✲

$1♦❧❡ ❞♦ ♠❛♥✐♣✉❧❛❞♦1 1♦❜=$✐❝♦ ❢♦✐ ❢❡✐$❛ ♣♦1 ♠❡✐♦ ❞♦  ♦❢#✇❛&❡ ▲❛❜❱■❊❲

➤

✳ ❆ ❡,❝♦❧❤❛

❞❡,$❡  ♦❢#✇❛&❡ ,❡ ❞❡✈❡ F ❝♦♠✉♥✐❝❛45♦ ❞♦ ♠❡,♠♦ ❝♦♠ ♦ ❆1❞✉✐♥♦ ❡ ♦ 1♦❜G ▲❊●❖

➤

✱ ♣♦1

♠❡✐♦ ❞❡ ❜❧♦❝♦, ❞❡ ♣1♦❣1❛♠❛45♦ ✐♥❝♦1♣♦1❛❞♦, ♣❡❧❛ ◆❛#✐♦♥❛❧ ■♥ #&✉♠❡♥# ✱ ❡ ♣1✐♥❝✐♣❛❧✲

♠❡♥$❡ ♣♦1 ♣1♦♣♦1❝✐♦♥❛1 ✉♠❛ ✐♥$❡1❢❛❝❡ ❝♦♠ ♦ ✉,✉J1✐♦ ❞❡ ❢J❝✐❧ ✐♠♣❧❡♠❡♥$❛45♦✳

❋♦✐ ❞❡✜♥✐❞♦ ✉♠ ♣1♦$♦❝♦❧♦ ❞❡ $❡,$❡,✱ ❝♦♠ ✐♥$❡1❢❛❝❡ ,❡♠❡❧❤❛♥$❡ F7✉❡❧❛ ♠♦,$1❛❞❛ ♥❛

❋✐❣✉1❛ ✭✻✳✶✸✮ ❡♥$1❡$❛♥$♦✱ ♦ ✈♦❧✉♥$J1✐♦ ❞❡✈❡1✐❛ ❛❧Q♠ ❞❡ ❢❡❝❤❛1 ❡ ❛❜1✐1 ❛ ♠5♦✱ 1❡❛❧✐③❛1
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(❡'(❡' ❡♠ B✉❡ ♦' ✈♦❧✉♥(K1✐♦' (✐✈❡1❛♠ B✉❡ '❡ ♣1❡♦❝✉♣❛1 ❛♣❡♥❛' ❝♦♠ ♦' ❣❡'(♦' 1❡❛❧✐③❛❞♦'

♣❡❧❛ ♠L♦ ❛♣1❡'❡♥(❛1❛♠ ✉♠❛ ♠❛✐♦1 ♠4❞✐❛ ❞❡ ❛❝❡1(♦' ❝♦♠ ✉♠❛ ♠❡♥♦1 ✐♥❝❡1(❡③❛ ♣❛❞1L♦✳

❈♦♥❥❡❝(✉1❛✲'❡ B✉❡ ❞♦✐' ❛'♣❡❝(♦' ♣♦''❛♠ ❥✉'(✐✜❝❛1 ❡''❡' 1❡'✉❧(❛❞♦'✱ ♣1✐♠❡✐1♦ ❛ ❝♦♥❝❡♥✲

(1❛?L♦ ❞♦' ✈♦❧✉♥(K1✐♦' '❡1 ♠❛✐♦1 ❛♦ '❡ ♣1❡♦❝✉♣❛1❡♠ ❛♣❡♥❛' ❝♦♠ ♦' ♠♦✈✐♠❡♥(♦' ❞❛ ♠L♦✱

❡ '❡❣✉♥❞♦ ♣❡❧♦ ❢❛(♦ ❞❡ B✉❡ ♦' ♠♦✈✐♠❡♥(♦' ❞♦ ❜1❛?♦ ♣♦❞❡♠ ✐♥✢✉❡♥❝✐❛1 ✉♠ ♣♦✉❝♦ ♥♦

'✐♥❛❧ ♠❡❞✐❞♦✱ ♦ B✉❡ ♣♦❞❡1✐❛ ❞✐✜❝✉❧(❛1 ❛ ❝❧❛''✐✜❝❛?L♦ ❞♦ ❣❡'(♦ 1❡❛❧✐③❛❞♦' ♣❡❧❛ ♠L♦ ❡♠

(❛❧ '✐(✉❛?L♦✳

❆♣R' ♦' (❡'(❡' 1❡❛❧✐③❛❞♦' '❡❣✉✐♥❞♦ ♣1♦(♦❝♦❧♦' ♣1❡❞❡(❡1♠✐♥❛❞♦'✱ ❝❛❞❛ ✈♦❧✉♥(K1✐♦ 1❡✲

❛❧✐③♦✉ ✉♠❛ ❛(✐✈✐❞❛❞❡ ❧✐✈1❡ B✉❡ ❝♦♥'✐'(✐✉ ♥♦ ❝♦♥(1♦❧❡ ❞♦ 1♦❜S ❝♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ♣❡❣❛1

✉♠❛ ❧❛(✐♥❤❛ ❞❡ 1❡❢1✐❣❡1❛♥(❡ ❡ ❞❡'❧♦❝K✲❧❛ ❞❡ ✉♠ ♣♦♥(♦ ❛♦ ♦✉(1♦✳ ❊♠❜♦1❛ ♦ 1♦❜S ♣♦''✉❛

❛♣❡♥❛' ❞♦✐' ❣1❛✉' ❞❡ ❧✐❜❡1❞❛❞❡✱ (♦❞♦' ♦' ✈♦❧✉♥(K1✐♦' ❝♦♥'❡❣✉✐1❛♠ 1❡❛❧✐③❛1 ❛ ❛(✐✈✐❞❛❞❡

♣1♦♣♦'(❛ ❝♦♠ ♣♦✉❝♦ (1❡✐♥❛♠❡♥(♦✳

❖ ❧✐♥❦ ❛❜❛✐①♦ ❛♣1❡'❡♥(❛ ✉♠ ✈J❞❡♦✱ ♣♦1 ♠❡✐♦ ❞♦ B✉❛❧ 4 ♣♦''J✈❡❧ ✈✐'✉❛❧✐③❛1 ♦ ❢✉♥❝✐♦♥❛✲

♠❡♥(♦ ❞♦ '✐'(❡♠❛ ♣❛1❛ ♠♦✈✐♠❡♥(♦' ❛♠♣❧♦' ❡ ♣❛1❛ ✉♠❛ ❛(✐✈✐❞❛❞❡ '✐♠♣❧❡'✱ B✉❡ ❝♦♥'✐'(✐✉

❡♠ ❞❡'❧♦❝❛1 ✉♠❛ ❣❛11❛✜♥❤❛ ❞❡ K❣✉❛ ❞❡ ✉♠ ♣♦♥(♦ ❛♦ ♦✉(1♦✳

❤((♣'✿✴✴✇✇✇✳②♦✉(✉❜❡✳❝♦♠✴✇❛(❝❤❄✈❂✻❜✈❆❇③✻❣◆✽❨❢❡❛(✉1❡❂②♦✉(✉✳❜❡

●❛❜1✐❡❧❛ ▲J❣✐❛ ❘❡✐'
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❈♦♥❝❧✉+,❡+

◆❡"#❡ #$❛❜❛❧❤♦ ❢♦✐ $❡❛❧✐③❛❞♦ ♦ ❡"#✉❞♦ ❡ ❞❡"❡♥✈♦❧✈✐♠❡♥#♦ ❞❡ ✉♠ "✐"#❡♠❛ ♣❛$❛ ✐♥❢❡$✐$

❛ ✐♥#❡♥34♦ ❞❡ ♠♦✈✐♠❡♥#♦ ❤✉♠❛♥♦✱ ✈♦❧#❛❞♦ ♣❛$❛ ♦ ❝♦♥#$♦❧❡ #❡❧❡♦♣❡$❛❞♦ ❞❡ ✉♠ ♠❛♥✐♣✉✲

❧❛❞♦$ $♦❜8#✐❝♦✳ ❖ ♦❜❥❡#✐✈♦ ❞♦ #$❛❜❛❧❤♦ ❢♦✐ ❝♦♥"#$✉✐$ ✉♠ "✐"#❡♠❛ ♣♦$ ♠❡✐♦ ❞♦ <✉❛❧ ♦

✉"✉=$✐♦ ❢♦""❡ ❝❛♣❛③ ❞❡ ❝♦♥#$♦❧❛$ ♦ $♦❜> ❞❡ ♠❛♥❡✐$❛ ♥❛#✉$❛❧ ❡ ✐♥#✉✐#✐✈❛✱ ♣❡❧♦" ❣❡"#♦" $❡❛✲

❧✐③❛❞♦" ♣❡❧♦ ❜$❛3♦ ❡ <✉❡ ♣✉❞❡""❡ "❡$ ✉#✐❧✐③❛❞♦ #❛♥#♦ ♣♦$ ♣❡""♦❛" "❡♠ ❞❡✜❝✐A♥❝✐❛✱ <✉❛♥#♦

♣♦$ ♣❡""♦❛" <✉❡ #❡♥❤❛♠ "♦❢$✐❞♦ ✉♠❛ ❛♠♣✉#❛34♦ #$❛♥"$❛❞✐❛❧✳ ◆❡"#❡ "❡♥#✐❞♦✱ ❞❡♥#$❡ ❛"

#B❝♥✐❝❛" ❡①✐"#❡♥#❡"✱ ♦♣#♦✉✲"❡ ♣❡❧♦ ✉"♦ ❞❡ "❡♥"♦$❡" ✐♥❡$❝✐❛✐" ♣❛$❛ ♠❡❞✐$ ♦" ❣❡"#♦" $❡❛❧✐③❛✲

❞♦" ♣❡❧♦ ❜$❛3♦✱ ❡ ♣❡❧❛ ❡❧❡#$♦♠✐♦❣$❛✜❛✱ ♣❛$❛ ✐♥❢❡$✐$ ❛ ✐♥#❡♥34♦ ❞❡ ♠♦✈✐♠❡♥#♦ ❞❛ ♠4♦ ❡♠

❞♦✐" ❡"#❛❞♦"✿ ❛❜❡$#❛ ♦✉ ❢❡❝❤❛❞❛✳

❖ "✐"#❡♠❛ ✐♥❡$❝✐❛❧ ♣$♦♣♦"#♦ B ❝♦♥"#✐#✉E❞♦ ♣♦$ #$A" "❡♥"♦$❡" ♠✐❝$♦❡❧❡#$♦♠❡❝F♥✐❝♦"✿

✉♠ ❛❝❡❧❡$>♠❡#$♦✱ ✉♠ ❣✐$♦"❝8♣✐♦ ❡ ✉♠ ♠❛❣♥❡#>♠❡#$♦✳ ❋♦✐ ♠♦"#$❛❞♦ <✉❡ <✉❛♥❞♦ ✉#✐❧✐③❛✲

❞♦" "❡♣❛$❛❞❛♠❡♥#❡ ♣❛$❛ ♠❡❞✐$ ♣♦"✐34♦ ❛♥❣✉❧❛$✱ ♦" $❡"✉❧#❛❞♦" ♦❜#✐❞♦" ♣♦$ ♠❡✐♦ ❞❡"#❡"

"❡♥"♦$❡" ❛♣$❡"❡♥#❛♠ ❡$$♦" "✐❣♥✐✜❝❛#✐✈♦"✳ ❊♥#$❡#❛♥#♦✱ ❡""❡" $❡"✉❧#❛❞♦" ❛♣$❡"❡♥#❛♠ ❝❛$❛❝✲

#❡$E"#✐❝❛" ❞✐❢❡$❡♥#❡" ❡ ❝♦♠♣❧❡♠❡♥#❛$❡"✱ ❡✱ ❝♦♥"❡<✉❡♥#❡♠❡♥#❡✱ ❛ ❢✉"4♦ ❞♦" ❞❛❞♦" ♣$♦✈❡✲

♥✐❡♥#❡" ❞❡"#❡" "❡♥"♦$❡" $❡❞✉③ "✐❣♥✐✜❝❛#✐✈❛♠❡♥#❡ ♦" ❡$$♦" ❞❡ ♠❡❞✐34♦✳

❋♦$❛♠ #❡"#❛❞❛" ❞✉❛" #B❝♥✐❝❛" ♣❛$❛ ❛ ❢✉"4♦ ❞♦" ❞❛❞♦" ❞♦" "❡♥"♦$❡" ✐♥❡$❝✐❛✐"✱ <✉❡

❝♦♥"✐"#❡♠ ❡♠ ❞♦✐" ✜❧#$♦"✿ ♦ ✜❧#$♦ ❞❡ ❑❛❧♠❛♥ ❡ ♦ ✜❧#$♦ ❝♦♠♣❧❡♠❡♥#❛$✳ ❈♦♠ ❜❛"❡ ♥♦" $❡✲

"✉❧#❛❞♦" ♠♦"#$❛❞♦"✱ B ♣♦""E✈❡❧ ✐♥❢❡$✐$ <✉❡ ♦ ✉"♦ ❞❡ #❛✐" #B❝♥✐❝❛" $❡❞✉③ "✐❣♥✐✜❝❛#✐✈❛♠❡♥#❡

♦" $✉E❞♦" ❞❛" ♠❡❞✐3K❡" ❢❡✐#❛" ♣❡❧♦ ❛❝❡❧❡$>♠❡#$♦ ❡ ♣❡❧♦ ♠❛❣♥❡#>♠❡#$♦✱ "❡♠ ❛♣$❡"❡♥#❛$ ♦

❛❝L♠✉❧♦ ❞❡ ❡$$♦" ❞❡✈✐❞♦ ❛♦ ❞!✐❢$✱ <✉❡ "❡ #❡♠ ♥♦ ✉"♦ ❞♦ ❣✐$♦"❝8♣✐♦ ♣❛$❛ ♠❡❞✐$ ♣♦"✐34♦

❛♥❣✉❧❛$ ♣♦$ ♠❡✐♦ ❞❛ ✐♥#❡❣$❛❧ ♥✉♠B$✐❝❛ ❞❛ ✈❡❧♦❝✐❞❛❞❡✳

❖" ✜❧#$♦" ✉#✐❧✐③❛❞♦" ❛♣$❡"❡♥#❛$❛♠ $❡"✉❧#❛❞♦" ❜❡♠ ♣$8①✐♠♦" ♥♦" #❡"#❡" $❡❛❧✐③❛❞♦"✱

♣❛$❛ ♠❡❞✐$ ♦" ♠♦✈✐♠❡♥#♦" ❛♠♣❧♦" ❞♦ ❜$❛3♦✳ ❊♠ #❡"#❡" ♠❛✐" ♠✐♥✉❝✐♦"♦"✱ ❢♦✐ ✈❡$✐✜❝❛❞♦

<✉❡ ♦ ✜❧#$♦ ❞❡ ❑❛❧♠❛♥ ❛♣$❡"❡♥#♦✉ ✉♠ ♠❡♥♦$ ❡$$♦ ❞❡ ♠❡❞✐34♦✳ ❖ ♠❛✐♦$ ❡$$♦ ♦❜#✐❞♦ ♣♦$

♠❡✐♦ ❞♦ ✜❧#$♦ ❞❡ ❑❛❧♠❛♥ ❢♦✐ ❞❡ 1,3◦✱ ❡♥<✉❛♥#♦✱ ♦ ♠❛✐♦$ ❡$$♦ ♦❜#✐❞♦ ♣❡❧❛ ✐♠♣❧❡♠❡♥#❛34♦

✽✸



❈❛♣#$✉❧♦ ✼✳ ❈♦♥❝❧✉,-❡, ✽✹

❞♦ ✜❧$3♦ ❝♦♠♣❧❡♠❡♥$❛3 ❢♦✐ ❞❡ 1,5◦✳ ❚❛✐, ❡33♦, ♥8♦ ❝♦♠♣3♦♠❡$❡♠ ♦ ❝♦♥$3♦❧❡ ❞♦ 3♦❜: ❡♠

✈<3✐❛, ❛$✐✈✐❞❛❞❡, =✉❡ ♥8♦ ❡①✐❣❡♠ ❣3❛♥❞❡ ♣3❡❝✐,8♦✳ ❊♠❜♦3❛ $❡♥❤❛ ❛♣3❡,❡♥$❛❞♦ ✉♠ ♠❛✐♦3

❡33♦✱ ❞❡✈✐❞♦ C ,✉❛ ,✐♠♣❧✐❝✐❞❛❞❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❛♣❧✐❝❛D8♦✱ ♦ ✉,♦ ❞♦ ✜❧$3♦ ❝♦♠♣❧❡♠❡♥$❛3

E ❜❛,$❛♥$❡ ❛$3❛$✐✈♦✱ ✉♠❛ ✈❡③ =✉❡ ,✉❛ ✐♠♣❧❡♠❡♥$❛D8♦ ♥8♦ ❡①✐❣❡ 3❡=✉✐,✐$♦, ❞❡ ❤❛"❞✇❛"❡

❝♦♠♣✉$❛❝✐♦♥❛❧ ♠✉✐$♦ ❞✐,♣❡♥❞✐♦,♦,✳

❆,,✐♠ ❝♦♠♦ ♦, ,❡♥,♦3❡, ✐♥❡3❝✐❛✐,✱ ♦ ✉,♦ ❞❛ ❡❧❡$3♦♠✐♦❣3❛✜❛ $❛♠❜E♠ ❛♣3❡,❡♥$♦✉ ✉♠

❞❡,❡♠♣❡♥❤♦ ,❛$✐,❢❛$H3✐♦✱ ♣♦,,✐❜✐❧✐$❛♥❞♦ ♦ ❝♦♥$3♦❧❡ ❞♦, ♠♦✈✐♠❡♥$♦, ❞♦ ❡❢❡$✉❛❞♦3✱ ♣♦3

♠❡✐♦ ❞❡ ✉♠ ❡❧❡$3♦♠✐H❣3❛❢♦ ❞❡ ❛♣❡♥❛, ✉♠ ❝❛♥❛❧✳ ❋♦3❛♠ 3❡❛❧✐③❛❞♦, $❡,$❡, ❝♦♠ ✈✐♥$❡

✈♦❧✉♥$<3✐♦,✳ ◆♦ ♣3✐♠❡✐3♦ $❡,$❡✱ ❡♠ =✉❡ ♦ ✉,✉<3✐♦ ❞❡✈❡3✐❛ ,❡ ♣3❡♦❝✉♣❛3 ❛♣❡♥❛, ❝♦♠ ♦,

❣❡,$♦, ❞❛ ♠8♦✱ ❢♦✐ ♦❜$✐❞❛ ✉♠❛ ♠E❞✐❛ ❞❡ ❛❝❡3$♦, ♥❛ ❝❧❛,,✐✜❝❛D8♦ ❞♦ ❣❡,$♦ ❡♥$3❡ ✾✼✱✶✪

❡ ✶✵✵✱✵✪✱ ♣❛3❛ ♦ ♣✐♦3 ❡ ♦ ♠❡❧❤♦3 ❝❛,♦✱ 3❡,♣❡❝$✐✈❛♠❡♥$❡✳ ◆♦ ,❡❣✉♥❞♦ $❡,$❡ 3❡❛❧✐③❛❞♦✱

❛❧E♠ ❞❡ ,❡ ♣3❡♦❝✉♣❛3 ❝♦♠ ♦, ❣❡,$♦, ❞❛ ♠8♦✱ ♦ ✉,✉<3✐♦ ❞❡✈❡3✐❛ ❛$❡♥$❛3 ❛✐♥❞❛ ♣❛3❛ ♦,

♠♦✈✐♠❡♥$♦, ❞♦ ❜3❛D♦✳ ◆❡,$❡ ❝❛,♦✱ ❛ ♠E❞✐❛ ❞❡ ❛❝❡3$♦, ♦,❝✐❧♦✉ ❡♥$3❡ ✾✸✱✺✪ ❡ ✶✵✵✱✵✪✳

❖✉$3♦ ♣♦♥$♦ ❛ ,❡3 ❞❡,$❛❝❛❞♦ ♥♦ $3❛❜❛❧❤♦ E ❛ ,✐♠♣❧✐❝✐❞❛❞❡ ❞♦ ❝♦♥$3♦❧❛❞♦3 ❢✉③③② =✉❡

,✉3♣3❡❡♥❞❡ ♣❡❧♦, 3❡,✉❧$❛❞♦, ❛♣3❡,❡♥$❛❞♦,✱ ♦, =✉❛✐, =✉❛❧✐✜❝❛♠ ❡,$❡, $✐♣♦, ❞❡ ❝♦♥$3♦❧❛❞♦✲

3❡, ♣❛3❛ ❛♣❧✐❝❛D-❡, ❞❡ ✉,♦ ❣❡3❛❧✱ ♦♥❞❡ ♣❡=✉❡♥♦, ❞❡,✈✐♦, ♥8♦ ❝♦♠♣3♦♠❡$❡♠ ❛ ❡✜❝✐T♥❝✐❛

❞♦ ,✐,$❡♠❛ ❞❡ ❝♦♥$3♦❧❡✳

U❡❧♦ ❡①♣♦,$♦✱ ♥♦$❛✲,❡ =✉❡ ♦ ,✐,$❡♠❛ ♣❛3❛ ♠❡❞✐3 ❛ ✐♥$❡♥D8♦ ❞❡ ♠♦✈✐♠❡♥$♦ ♣3♦♣♦,$♦

❛$✐♥❣✐✉ ♦ ♦❜❥❡$✐✈♦ ♣3E✲❡,$❛❜❡❧❡❝✐❞♦✱ ❞❡ ✐♥❢❡3✐3 ♦ ♠♦✈✐♠❡♥$♦ ❤✉♠❛♥♦ ❡ ✉$✐❧✐③❛3 $❛❧ ✐♥❢❡✲

3T♥❝✐❛ ♣❛3❛ ♦ ❝♦♥$3♦❧❡ ❞❡ ✉♠ ♠❛♥✐♣✉❧❛❞♦3 3♦❜H$✐❝♦✱ ♦ =✉❡ ♣❡3♠✐$✐✉ ❛♦, ✈♦❧✉♥$<3✐♦, ♦

❝♦♥$3♦❧❡ ❞♦ 3♦❜: ❞❡ ♠❛♥❡✐3❛ ✐♥$✉✐$✐✈❛ ❡♠ ♣❡=✉❡♥❛, ❛$✐✈✐❞❛❞❡,✱ ❝♦♠♦ ♣❡❣❛3 ✉♠❛ ❣❛33❛❢❛

❞❡ <❣✉❛ ♦✉ ✉♠❛ ❧❛$✐♥❤❛ ❞❡ 3❡❢3✐❣❡3❛♥$❡✳ ❊♠❜♦3❛ ♦ ,✐,$❡♠❛ ♥8♦ $❡♥❤❛ ,✐❞♦ $❡,$❛❞♦ ❡♠

♣❡,,♦❛, ❝♦♠ ❞❡✜❝✐T♥❝✐❛✱ ♣♦❞❡✲,❡ ✐♥❢❡3✐3 =✉❡ ♦ ♠❡,♠♦ ❛♣3❡,❡♥$❛ ♣♦$❡♥❝✐❛❧ ♣❛3❛ ,❡3 ✉$✐❧✐✲

③❛❞♦ ♣♦3 ♣❡,,♦❛, =✉❡ $❡♥❤❛♠ ,♦❢3✐❞♦ ✉♠❛ ❛♠♣✉$❛D8♦ $3❛♥,3❛❞✐❛❧✱ ✉♠❛ ✈❡③ =✉❡ ❛ ❊▼●

✈❡♠ ❛♣3❡,❡♥$❛♥❞♦ ❜♦♥, 3❡,✉❧$❛❞♦, ❡♠ ❞✐✈❡3,♦, $3❛❜❛❧❤♦, =✉❡ ❛ ✉$✐❧✐③❛3❛♠ ♥♦ ❝♦♥$3♦❧❡

❞❡ ♣3H$❡,❡, ♣❛3❛ ♣❡,,♦❛, ❛♠♣✉$❛❞❛,✳

✼✳✶ ❚$❛❜❛❧❤♦* ❋✉-✉$♦*

❈♦♠♦ ♣3♦♣♦,$❛, ❞❡ $3❛❜❛❧❤♦, ❢✉$✉3♦,✱ $❡♠✲,❡✿

✶✳ ❆✉♠❡♥$❛3 ♦ ♥Z♠❡3♦ ❞❡ ❣3❛✉, ❞❡ ❧✐❜❡3❞❛❞❡ $❛♥$♦ ♣❛3❛ ♦ ♠❛♥✐♣✉❧❛❞♦3 =✉❛♥$♦ ♣❛3❛ ♦

,✐,$❡♠❛ ✐♥❡3❝✐❛❧ ❞❡,❡♥✈♦❧✈✐❞♦✱ ❛ ✜♠ ❞❡ =✉❡ ♦, ♠♦✈✐♠❡♥$♦, ❞❡ $♦❞❛, ❛, ❛3$✐❝✉❧❛D-❡,

❞♦ ❜3❛D♦ ♣♦,,❛♠ ,❡3 ♠❡❞✐❞♦,✳

✷✳ ❈♦♥,$3✉D8♦ ❞❡ ♠❛✐, ❝❛♥❛✐, ♣❛3❛ ♦ ❡❧❡$3♦♠✐H❣3❛❢♦ ❡ ✉,♦ ❞❡ ♦✉$3♦, ❝❧❛,,✐✜❝❛❞♦3❡,

❡♥❝♦♥$3❛❞♦, ♥❛ ❧✐$❡3❛$✉3❛✱ ❛ ✜♠ ❞❡ ❛✉♠❡♥$❛3 ❛ ❛❝✉3<❝✐❛ ♥❛ ❝❧❛,,✐✜❝❛D8♦ ❞♦, ❣❡,$♦,

❞❛ ♠8♦✳

●❛❜3✐❡❧❛ ▲#❣✐❛ ❘❡✐,



✽✺ ✼✳✶✳ ❚&❛❜❛❧❤♦, ❋✉/✉&♦,

✸✳ ❊❧❛❜♦&❛23♦ ❞♦ ❝6❞✐❣♦ ❞❡ ♣&♦❣&❛♠❛23♦ ♥♦  ♦❢#✇❛&❡ ❆&❞✉✐♥♦ ■❉❊✱ ❞❡,❡♥✈♦❧✈✐♠❡♥/♦

❡ ❝♦♥,/&✉23♦ ❞❡  ❤✐❡❧❞ ❆&❞✉✐♥♦✲❙✐,/❡♠❛ ■♥❡&❝✐❛❧ ❡ ❆&❞✉✐♥♦✲❊❧❡/&♦♠✐6❣&❛❢♦ ❡ ✉,♦

❞❡ ❝♦♠✉♥✐❝❛23♦ ✇✐&❡❧❡  ✱ /♦&♥❛♥❞♦ ♦ ,✐,/❡♠❛ ♣♦&/E/✐❧✳

✹✳ ❘❡❛❧✐③❛23♦ ❞❡ /❡,/❡, ❝♦♠ ♣❡,,♦❛, ❝♦♠ ❞❡✜❝✐J♥❝✐❛✱ ❛ ✜♠ ❞❡ ✈❡&✐✜❝❛& ♦ ❞❡,❡♠♣❡♥❤♦

❞♦ ❡❧❡/&♦♠✐6❣&❛❢♦ ♣❛&❛ ♣❡,,♦❛, ❛♠♣✉/❛❞❛,✳

✺✳ ❆ ✐♠♣❧❡♠❡♥/❛23♦ ❞❡ ♦✉/&♦, /✐♣♦, ❞❡ ❝♦♥/&♦❧❛❞♦&❡,✱ ❝♦♠♦ ♦ K■❉✱ ♣❛&❛ ✜♥, ❞❡

❝♦♠♣❛&❛23♦✳

✻✳ ❈♦♥,/&✉23♦ ❞❡ ✉♠❛ ♣❧❛/❛❢♦&♠❛ ❞❡ /❡,/❡, ♣❛&❛ ♦ ,✐,/❡♠❛ ✐♥❡&❝✐❛❧✱ ❝♦♠♦ ♣♦& ❡①❡♠✲

♣❧♦✱ ✉♠❛ ♠❡,❛ ❞❡ ❛❢❡&✐23♦ ✐♥❝❧✐♥E✈❡❧✳ ❉❡,/❛ ❢♦&♠❛✱ ,❡&✐❛ ♣♦,,O✈❡❧ ✈❡&✐✜❝❛& ♦ ❞❡✲

,❡♠♣❡♥❤♦ ❞♦ ,✐,/❡♠❛ ♣❛&❛ ❞✐❢❡&❡♥/❡, ❢&❡P✉J♥❝✐❛, ❡♠ P✉❡ ♦ ♠♦✈✐♠❡♥/♦ ❤✉♠❛♥♦

♣♦❞❡ ,❡& &❡❛❧✐③❛❞♦✳

●❛❜&✐❡❧❛ ▲O❣✐❛ ❘❡✐,
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■♥#❡$❢❛❝❡ ❈1$❡❜$♦ ▼56✉✐♥❛✳ ❉✐44❡*6❛78♦ ❞❡ ♠❡46*❛❞♦✱ ❯♥✐✈❡*4✐❞❛❞❡ ❋❡❞❡*❛❧ ❞❡ ❙8♦

❏♦8♦ ❞❡❧✲❘❡✐✳

❆❣✉✐**❡✱ ▲✳ ❆✳ ✭✷✵✵✼✮✳ ■♥#$♦❞✉,8♦ 9 ✐❞❡♥#✐✜❝❛,8♦ ❞❡ ;✐;#❡♠❛;✿ ❚1❝♥✐❝❛; ❧✐♥❡❛$❡; ❡ ♥8♦✲

❧✐♥❡❛$❡; ❛♣❧✐❝❛❞❛; ❛ ;✐;#❡♠❛; $❡❛✐;✳ ❊❞✐6♦*❛ ❯❋▼●✳ ✸➟ ❡❞✐78♦✳

❆♥❛❧♦❣❉❡✈✐❝❡4 ✭✷✵✶✵✮✳ ❆♣♣❧✐❝❛#✐♦♥ ◆♦#❡ ✶✵✺✼✿ ❯;✐♥❣ ❛♥ ❆❝❝❡❧❡$♦♠❡#❡$ ❢♦$ ■♥❝❧✐♥❛#✐♦♥

❙❡♥;✐♥❣✳

❆♥❞❡*4♦♥✱ ❲✳ ●✳ ❡ ❋*✐6③❡✱ ❊✳ ❍✳ ✭✶✾✺✸✮✳ ■♥46*✉♠❡♥6 ❛♣♣*♦❛❝❤ 4②46❡♠ 46❡❡*✐♥❣ ❝♦♠♣✉6❡*✳

I$♦❝❡❡❞✐♥❣; ♦❢ #❤❡ ■❘❊✱ ✹✶✭✷✮✿✷✶✾✕✷✷✽✳

❆♥❞*❛❞❡✱ ◆✳ ❆✳ ✭✷✵✵✼✮✳ ❉❡;❡♥✈♦❧✈✐♠❡♥#♦ ❞❡ ✉♠ ;✐;#❡♠❛ ❞❡ ❛6✉✐;✐,8♦ ❡ ♣$♦❝❡;;❛♠❡♥#♦ ❞❡

;✐♥❛✐; ❡❧❡#$♦♠✐♦❣$5✜❝♦; ❞❡ ;✉♣❡$❢O❝✐❡ ♣❛$❛ ❛ ✉#✐❧✐③❛,8♦ ♥♦ ❝♦♥#$♦❧❡ ❞❡ ♣$P#❡;❡; ♠♦#♦$❛;

❛#✐✈❛;✳ ❉✐44❡*6❛78♦ ❞❡ ♠❡46*❛❞♦✱ ❯♥✐✈❡*4✐❞❛❞❡ ❞❡ ❇*❛4W❧✐❛✳
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♥❛#✐♦♥❛❧ ❏♦✉$♥❛❧ ♦❢ ❈♦♠♣✉#❡$ ❙❝✐❡♥❝❡ ❛♥❞ ■♥❢♦$♠❛#✐♦♥ ❙❡❝✉$✐#② ✱ ✻✭✸✮✿✶✽✶✕✷✵✺✳

❆③③♦✉♥❛✱ ❆✳✱ ❊❧❜♦*❥✐✱ ▼✳✱ ❙❛❦❧②✱ ❆✳✱ ▼✬❙❛❤❧✐✱ ❋✳✱ ❡ ▼6✐❜❛❛✱ ❆✳ ✭✷✵✶✷✮✳ ^❞✲❧✐❦❡ ❢✉③③②

❝♦♥6*♦❧ ♦❢ ♠❛❣♥❡6✐❝ 4✉46❡♥6❛6✐♦♥ 4②46❡♠ ✉4✐♥❣ ❋^●❆ 6❡❝❤♥♦❧♦❣②✳ ■♥ ❊❧❡❝#$♦#❡❝❤♥✐❝❛❧

❈♦♥❢❡$❡♥❝❡ ✭▼❊▲❊❈❖◆✮✱ ✷✵✶✷ ✶✻#❤ ■❊❊❊ ▼❡❞✐#❡$$❛♥❡❛♥ ✱ ♣♥❛4 ✶✵✼✶✕✶✵✼✹✳
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■❊❊❊✱ ✶✹✭✸✮✿✼✻✕✽✼✳
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✉4✐♥❣ ❡②❡ ♠♦✈❡♠❡♥64 ❜❛4❡❞ ♦♥ ❡❧❡❝6*♦♦❝✉❧♦❣*❛♣❤②✳ ◆❡✉$❛❧ ❙②;#❡♠; ❛♥❞ ❘❡❤❛❜✐❧✐#❛#✐♦♥

❊♥❣✐♥❡❡$✐♥❣✱ ■❊❊❊ ❚$❛♥;❛❝#✐♦♥; ♦♥✱ ✶✵✭✹✮✿✷✵✾✕✷✶✽✳
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❚1❛♥+❛❝*✐♦♥+ ♦♥✱ ✶✾✭✷✮✿✷✶✵✕✷✷✷✳

●❛❧♥❛✱ ❇✳✱ ❇❛((②✱ ●✳✱ ❏❛❝❦:♦♥✱ ❉✳✱ ▼❤✐(✐♣✐(✐✱ ❉✳✱ ❖❧✐✈✐❡(✱ ;✳✱ ❡ ❘♦❝❤❡:C❡(✱ ▲✳ ✭✷✵✶✹✮✳

❆❝❝✉(❛❝② ♦❢ C❤❡ ♠✐❝(♦:♦❢C ❦✐♥❡❝C :❡♥:♦( ❢♦( ♠❡❛:✉(✐♥❣ ♠♦✈❡♠❡♥C ✐♥ ♣❡♦♣❧❡ ✇✐C❤ ♣❛(✲

❦✐♥:♦♥✬: ❞✐:❡❛:❡✳ ●❛✐* ✫ O♦+*✉1❡✱ ✸✾✭✹✮✿✶✵✻✷✕✶✵✻✽✳

●❛(❝✐❛✱ ❆✳ ;✳ ✭✷✵✶✶✮✳ ❙✐+*❡♠❛+ ❞❡ ❝♦♥*1♦❧❡ ❢✉③③② ♣❛1❛ ❞♦+❛❞♦1❡+ ❤❡❧✐❝♦✐❞❛✐+ ❞❡ ❢❡1*✐❧✐✲

③❛♥*❡+ ❝♦♠ ❛❝✐♦♥❛♠❡♥*♦ ❡❧U*1✐❝♦✳ ❚❡:❡ ❞❡ ❉♦✉C♦(❛❞♦✱ ❯♥✐✈❡(:✐❞❛❞❡ ❞❡ ❈❛♠♣✐♥❛:✳

●❛(❝✐❛✱ ❊✳✱ ❏✐♠❡♥❡③✱ ▼✳✱ ❉❡ ❙❛♥C♦:✱ ;✳✱ ❡ ❆(♠❛❞❛✱ ▼✳ ✭✷✵✵✼✮✳ ❚❤❡ ❡✈♦❧✉C✐♦♥ ♦❢ (♦❜♦C✐❝:

(❡:❡❛(❝❤✳ ❘♦❜♦*✐❝+ ❆✉*♦♠❛*✐♦♥ ▼❛❣❛③✐♥❡✱ ■❊❊❊✱ ✶✹✭✶✮✿✾✵✕✶✵✸✳

●❛❜(✐❡❧❛ ▲_❣✐❛ ❘❡✐:



❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛) ✾✵

●❛#❝✐❛✲❆#❛❝✐❧✱ ◆✳✱ ❩♦❧❧♦✱ ▲✳✱ ❈❛)❛❧)✱ ❆✳✱ ❡ ❙❛❜❛=❡#✲◆❛✈❛##♦✱ ❏✳ ✭✷✵✶✹✮✳ ◆❡✇ ♠❡=❤♦❞)

♦❢ ❤✉♠❛♥✲#♦❜♦= ✐♥=❡#❛❝=✐♦♥ ✐♥ ♠❡❞✐❝❛❧ ♣#❛❝=✐❝❡✳ ❈♦♠♣✉%❡' ▼❡%❤♦❞+ ❛♥❞ .'♦❣'❛♠+ ✐♥

❇✐♦♠❡❞✐❝✐♥❡✱ ✶✶✻✭✷✮✿✹✾✕✺✶✳

●♦✱ ❙✳ ❆✳✱ ❈♦❧❡♠❛♥✲❲♦♦❞✱ ❑✳✱ ❡ ❑❛✉❢♠❛♥✱ ❑✳ ❘✳ ✭✷✵✶✹✮✳ ❋#❡R✉❡♥❝② ❛♥❛❧②)✐) ♦❢ ❧♦✇❡#

❡①=#❡♠✐=② ❡❧❡❝=#♦♠②♦❣#❛♣❤② )✐❣♥❛❧) ❢♦# =❤❡ R✉❛♥=✐=❛=✐✈❡ ❞✐❛❣♥♦)✐) ♦❢ ❞②)=♦♥✐❛✳ ❊❧❡❝✲

%'♦♠②♦❣'❛♣❤② ❛♥❞ ❑✐♥❡+✐♦❧♦❣②✱ ❊❧+❡✈✐❡'✱ ✷✹✭✶✮✿✸✶✕✸✻✳

●♦♦❞#✐❝❤✱ ▼✳ ❆✳ ❡ ❙❝❤✉❧=③✱ ❆✳ ❈✳ ✭✷✵✵✼✮✳ ❍✉♠❛♥✲#♦❜♦= ✐♥=❡#❛❝=✐♦♥✿ ❛ )✉#✈❡②✳ ❋♦✉♥❞❛✲

%✐♦♥+ ❛♥❞ %'❡♥❞+ ✐♥ ❤✉♠❛♥✲❝♦♠♣✉%❡' ✐♥%❡'❛❝%✐♦♥✱ ✶✭✸✮✿✷✵✸✕✷✼✺✳

●Z##✐③✱ ❏✳ ▼✳✱ ▲❛♥❣✱ ❊✳ ❲✳✱ ❡ ❘❛♠\#❡③✱ ❏✳ ✭✷✵✶✶✮✳ ❘❡❝❡♥% ❛❞✈❛♥❝❡+ ✐♥ ❜✐♦♠❡❞✐❝❛❧ +✐❣♥❛❧

♣'♦❝❡++✐♥❣✳ ❇❡♥=❤❛♠ ❙❝✐❡♥❝❡ ]✉❜❧✐)❤❡#)✳

●♦=♦✱ ❙✳✱ ❙✉❣✐✱ ❚✳✱ ❡ ◆❛❦❛♠✉#❛✱ ▼✳ ✭✷✵✵✻✮✳ ❉❡✈❡❧♦♣♠❡♥= ♦❢ ♠❡❛❧ ❛))✐)=❛♥❝❡ ♦#=❤♦)✐)

❢♦# ❞✐)❛❜❧❡❞ ♣❡#)♦♥) ✇✐=❤ ❤✉♠❛♥ ✐♥=❡♥=✐♦♥ ❡①=#❛❝=✐♦♥ =❤#♦✉❣❤ ❡♦❣ )✐❣♥❛❧)✳ ■♥ ❙■❈❊✲

■❈❆❙❊✱ ✷✵✵✻✳ ■♥%❡'♥❛%✐♦♥❛❧ ❏♦✐♥% ❈♦♥❢❡'❡♥❝❡✱ ♣♥❛) ✷✷✼✕✷✸✷✳

●#❛)❡#✱ ❆✳✱ ❍❡②❡#✱ ❚✳✱ ❋♦=♦♦❤✐✱ ▲✳✱ ▲❛♥❣❡✱ ❯✳✱ ❑❛♠♣❡✱ ❍✳✱ ❊♥❥❛#✐♥✐✱ ❇✳✱ ❍❡②❡#✱ ❙✳✱

❋#❛❣❦♦♣♦✉❧♦)✱ ❈✳✱ ❡ ❘✐)=✐❝✲❉✉##❛♥=✱ ❉✳ ✭✷✵✶✸✮✳ ❆ )✉♣♣♦#=✐✈❡ ❢#✐❡♥❞ ❛= ✇♦#❦✿ ❘♦✲

❜♦=✐❝ ✇♦#❦♣❧❛❝❡ ❛))✐)=❛♥❝❡ ❢♦# =❤❡ ❞✐)❛❜❧❡❞✳ ❘♦❜♦%✐❝+ ❆✉%♦♠❛%✐♦♥ ▼❛❣❛③✐♥❡✱ ■❊❊❊✱

✷✵✭✹✮✿✶✹✽✕✶✺✾✳

●✉❛♥✱ ❈✳✱ ▲✉❤✱ ]✳✱ ❡ ❈❛♦✱ ❲✳ ✭✷✵✶✶✮✳ ❙❤♦#=✲=❡#♠ ✇✐♥❞ ❣❡♥❡#❛=✐♦♥ ❢♦#❡❝❛)=✐♥❣ ❛♥❞

❝♦♥✜❞❡♥❝❡ ✐♥=❡#✈❛❧ ❡)=✐♠❛=✐♦♥ ❜❛)❡❞ ♦♥ ♥❡✉#❛❧ ♥❡=✇♦#❦) =#❛✐♥❡❞ ❜② ❡①=❡♥❞❡❞ ❦❛❧♠❛♥

♣❛#=✐❝❧❡ ✜❧=❡#✳ ■♥ ■♥%❡❧❧✐❣❡♥% ❈♦♥%'♦❧ ❛♥❞ ❆✉%♦♠❛%✐♦♥ ✭❲❈■❈❆✮✱ ✷✵✶✶ ✾%❤ ❲♦'❧❞

❈♦♥❣'❡++ ♦♥✱ ♣♥❛) ✶✶✼✸✕✶✶✼✾✳

●✉❧❧✐❦)❡♥✱ ❚✳ ●✳ ❏✳✱ ❖❡)=#❡✐❝❤❡#✱ ]✳ ❑✳ ▲✳✱ ]#❛=❡)✱ ]✳ ]✳ ❘✳ ❖✳✱ ❡ ❲✐♥❝❦❧❡#✱ ▼✳ ✭✷✵✵✾✮✳

❍✉♠❛♥✲❝♦♠♣✉=❡# ✐♥=❡#❛❝=✐♦♥✕✐♥=❡#❛❝= ✷✵✵✾✳ ■♥ .'♦❝❡❡❞✐♥❣+ ♦❢ %❤❡ ✶✷%❤ ■❋■. ■♥%❡'♥❛✲

%✐♦♥❛❧ ❋❡❞❡'❛%✐♦♥ ❢♦' ■♥❢♦'♠❛%✐♦♥ .'♦❝❡++✐♥❣ ❈♦♥❢❡'❡♥❝❡✱ ❊❞✳ ❙♣'✐♥❣❡' ✱ ♣♥❛) ✾✸✕✾✻✳

❍❛❧❧✱ ❙✳ ❏✳ ✭✷✵✵✾✮✳ ❇✐♦♠❡❝L♥✐❝❛ ❜M+✐❝❛✳ ▼❛♥♦❧❡✳ ✺➟ ❡❞✐fg♦✳

❍❛♠✐❧✱ ❏✳ ❡ ❑♥✉=③❡♥✱ ❑✳ ▼✳ ✭✷✵✵✽✮✳ ❇❛+❡+ ❜✐♦♠❡❝L♥✐❝❛+ ❞♦ ♠♦✈✐♠❡♥%♦ ❤✉♠❛♥♦✳ ▼❛♥♦❧❡✳

✷➟ ❡❞✐fg♦✳

❍❛#=✐❦❛✐♥❡♥✱ ❏✳ ❡ ❙❛#❦❦❛✱ ❙✳ ✭✷✵✶✵✮✳ ❑❛❧♠❛♥ ✜❧=❡#✐♥❣ ❛♥❞ )♠♦♦=❤✐♥❣ )♦❧✉=✐♦♥) =♦ =❡♠✲

♣♦#❛❧ ❣❛✉))✐❛♥ ♣#♦❝❡)) #❡❣#❡))✐♦♥ ♠♦❞❡❧)✳ ■♥ ▼❛❝❤✐♥❡ ▲❡❛'♥✐♥❣ ❢♦' ❙✐❣♥❛❧ .'♦❝❡++✐♥❣

✭▼▲❙.✮✱ ✷✵✶✵ ■❊❊❊ ■♥%❡'♥❛%✐♦♥❛❧ ❲♦'❦+❤♦♣ ♦♥✱ ♣♥❛) ✸✼✾✕✸✽✹✳

●❛❜#✐❡❧❛ ▲\❣✐❛ ❘❡✐)



✾✶ ❘❡❢❡%&♥❝✐❛+ ❇✐❜❧✐♦❣%1✜❝❛+

❍❛+❛♥✉③③❛♠❛♥✱ ▼✳✱ ❩❤❛♥❣✱ ❚✳✱ ❆♠♣♦%♥❛%❛♠✈❡@❤✱ ❱✳✱ ●♦@♦❞❛✱ ❍✳✱ ❙❤✐%❛✐✱ ❨✳✱ ❡ ❯❡♥♦✱

❍✳ ✭✷✵✵✼✮✳ ❆❞❛♣@✐✈❡ ✈✐+✉❛❧ ❣❡+@✉%❡ %❡❝♦❣♥✐@✐♦♥ ❢♦% ❤✉♠❛♥L➾✏%♦❜♦@ ✐♥@❡%❛❝@✐♦♥ ✉+✐♥❣

❛ ❦♥♦✇❧❡❞❣❡✲❜❛+❡❞ +♦❢@✇❛%❡ ♣❧❛@❢♦%♠✳ ❘♦❜♦#✐❝& ❛♥❞ ❆✉#♦♥♦♠♦✉& ❙②&#❡♠&✱ ✺✺✭✽✮✿✻✹✸

✕ ✻✺✼✳

❍♦❦❛②❡♠✱ Y✳ ❋✳ ❡ ❙♣♦♥❣✱ ▼✳ ❲✳ ✭✷✵✵✻✮✳ ❇✐❧❛@❡%❛❧ @❡❧❡♦♣❡%❛@✐♦♥✿ ❆♥ ❤✐+@♦%✐❝❛❧ +✉%✈❡②✳

❆✉#♦♠❛#✐❝❛✱ ✹✷✭✶✷✮✿✷✵✸✺✕✷✵✺✼✳

❍♦♥❡②✇❡❧❧ ✭✷✵✶✶✮✳ ✸✲❆①✐& ❉✐❣✐#❛❧ ❈♦♠♣❛&& ■❈ ❍▼❈✺✽✽✸▲✳

❍✉①❧❡②✱ ❆✳ ❋✳ ✭✶✾✺✼✮✳ ▼✉+❝❧❡ +@%✉❝@✉%❡ ❛♥❞ @❤❡♦%✐❡+ ♦❢ ❝♦♥@%❛❝@✐♦♥✳ >?♦❣?❡&& ✐♥ ❇✐♦♣❤②✲

&✐❝& ❛♥❞ ❇✐♦♣❤②&✐❝❛❧ ❈❤❡♠✐&#?②✱ ✼✭✶✮✿✷✺✺✕✸✶✽✳

❍✇❛♥❣✱ ❘✳ ●✳ ❇✳ Y✳ ❨✳ ❡ ❇%♦✇♥✱ ❘✳ ●✳ ✭✶✾✾✼✮✳ ■♥@%♦❞✉❝@✐♦♥ @♦ %❛♥❞♦♠ +✐❣♥❛❧+ ❛♥❞

❛♣♣❧✐❡❞ ❦❛❧♠❛♥ ✜❧@❡%✐♥❣✳ ❏♦❤♥ ❲✐❧❡② ✫ ❙♦♥&✱ ■♥❝✱✱ ✺✭✶✮✿✸✾✕✹✺✳

■❊❊❊❙@❞✶✺✺✾ ✭✷✵✵✾✮✳ ■❡❡❡ +@❛♥❞❛%❞ ❢♦% ✐♥❡%@✐❛❧ +②+@❡♠+ @❡%♠✐♥♦❧♦❣②✳

■@✉%%❛@❡✱ ■✳✱ ❆♥@❡❧✐+✱ ❏✳✱ ❡ ▼✐♥❣✉❡③✱ ❏✳ ✭✷✵✵✾✮✳ ❙②♥❝❤%♦♥♦✉+ ❡❡❣ ❜%❛✐♥✲❛❝@✉❛@❡❞ ✇❤❡❡❧❝❤❛✐%

✇✐@❤ ❛✉@♦♠❛@❡❞ ♥❛✈✐❣❛@✐♦♥✳ ■♥ ❘♦❜♦#✐❝& ❛♥❞ ❆✉#♦♠❛#✐♦♥✱ ✷✵✵✾✳ ■❈❘❆ ✬✵✾✳ ■❊❊❊

■♥#❡?♥❛#✐♦♥❛❧ ❈♦♥❢❡?❡♥❝❡ ♦♥✱ ♣♥❛+ ✷✸✶✽✕✷✸✷✺✳

■③✉♠✐✱ ❑✳ ❡ ❚+✉❥✐♠✉%❛✱ ❚✳ ✭✷✵✶✷✮✳ ❱♦✐❝❡ ✐♥+@%✉❝@✐♦♥ +②+@❡♠ ✇✐@❤ @❛%❣❡@ ❡+@✐♠❛@✐♦♥✳ ■♥

❙②&#❡♠ ■♥#❡❣?❛#✐♦♥ ✭❙■■✮✱ ✷✵✶✷ ■❊❊❊✴❙■❈❊ ■♥#❡?♥❛#✐♦♥❛❧ ❙②♠♣♦&✐✉♠ ♦♥ ✱ ♣♥❛+ ✻✹✶✕

✻✹✹✳
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✫ ❙♦♥+✳ ✷➟ ❡❞✐cd♦✳
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❚?❛♥&✳ ❆▼❙❊ ❏✳ ❇❛&✐❝ ❊♥❣✳ ❉✱ ✽✸✭✶✮✿✾✺✕✶✵✽✳
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■♥ ❘♦❜♦# ❛♥❞ ❍✉♠❛♥ ■♥#❡?❛❝#✐✈❡ ❈♦♠♠✉♥✐❝❛#✐♦♥✱ ✷✵✶✹ ❘❖✲▼❆◆✿ ❚❤❡ ✷✸?❞ ■❊❊❊

■♥#❡?♥❛#✐♦♥❛❧ ❙②♠♣♦&✐✉♠ ♦♥✱ ♣♥❛+ ✶✵✻✕✶✶✶✳

●❛❜%✐❡❧❛ ▲h❣✐❛ ❘❡✐+



❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛) ✾✷

▲❡✐✱ ❏✳✱ ❙♦♥❣✱ ▼✳✱ ▲✐✱ ❩✳✲◆✳✱ ❡ ❈❤❡♥✱ ❈✳ ✭✷✵✶✹✮✳ ❲❤♦❧❡✲❜♦❞② ❤✉♠❛♥♦✐❞ #♦❜♦H ✐♠✐H❛H✐♦♥

✇✐H❤ ♣♦)❡ )✐♠✐❧❛#✐H② ❡✈❛❧✉❛H✐♦♥✳ ❙✐❣♥❛❧ &'♦❝❡++✐♥❣✱ ✶✵✽✭✶✮✿✶✸✻✕✶✹✻✳

▲❡✐H❡✱ ▼✳ ❙✳✱ ❋✐❧❡H✐✱ ❆✳ ▼✳ ❋✳✱ ❡ ❙✐❧✈❛✱ ❋✳ ❱✳ ✭✷✵✶✵✮✳ ❉❡)❡♥✈♦❧✈✐♠❡♥H♦ ❡ ❛♣❧✐❝❛UV♦

❡①♣❡#✐♠❡♥H❛❧ ❞❡ ❝♦♥H#♦❧❛❞♦#❡) ❢✉③③② ❡ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡♠ ✉♠ ❜✐♦♣#♦❝❡))♦✳ ❈♦♥-'♦❧❡ ✫

❆✉-♦♠❛23♦✱ ✷✶✭✷✮✿✶✹✼✕✶✺✽✳

▲✐✱ ●✳ ❡ ❑✉✐❦❡♥✱ ❚✳ ✭✷✵✵✾✮✳ ❊♠❣ ♣❛HH❡#♥ #❡❝♦❣♥✐H✐♦♥ ❝♦♥H#♦❧ ♦❢ ♠✉❧H✐❢✉♥❝H✐♦♥❛❧ ♣#♦)H❤❡✲

)❡) ❜② H#❛♥)#❛❞✐❛❧ ❛♠♣✉H❡❡)✳ ■♥ ❊♥❣✐♥❡❡'✐♥❣ ✐♥ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣② ❙♦❝✐❡-②✱ ✷✵✵✾✳

❊▼❇❈ ✷✵✵✾✳ ❆♥♥✉❛❧ ■♥-❡'♥❛-✐♦♥❛❧ ❈♦♥❢❡'❡♥❝❡ ♦❢ -❤❡ ■❊❊❊ ✱ ♣♥❛) ✻✾✶✹✕✻✾✶✼✳

▲✐✱ ●✳✱ ❙❝❤✉❧H③✱ ❆✳✱ ❡ ❑✉✐❦❡♥✱ ❚✳ ✭✷✵✶✵✮✳ ◗✉❛♥H✐❢②✐♥❣ ♣❛HH❡#♥ #❡❝♦❣♥✐H✐♦♥✲❜❛)❡❞ ♠②♦❡✲

❧❡❝H#✐❝ ❝♦♥H#♦❧ ♦❢ ♠✉❧H✐❢✉♥❝H✐♦♥❛❧ H#❛♥)#❛❞✐❛❧ ♣#♦)H❤❡)❡)✳ ◆❡✉'❛❧ ❙②+-❡♠+ ❛♥❞ ❘❡❤❛❜✐✲

❧✐-❛-✐♦♥ ❊♥❣✐♥❡❡'✐♥❣✱ ■❊❊❊ ❚'❛♥+❛❝-✐♦♥+ ♦♥✱ ✶✽✭✷✮✿✶✽✺✕✶✾✷✳

▲✐✱ ❏✳✲❍✳ ✭✷✵✶✸✮✳ ❈♦♠♣♦)✐H❡ ❢✉③③② ❝♦♥H#♦❧ ♦❢ ❛ #♦H❛#② ✐♥✈❡#H❡❞ ♣❡♥❞✉❧✉♠✳ ■♥ ■♥❞✉+-'✐❛❧

❊❧❡❝-'♦♥✐❝+ ✭■❙■❊✮✱ ✷✵✶✸ ■❊❊❊ ■♥-❡'♥❛-✐♦♥❛❧ ❙②♠♣♦+✐✉♠ ♦♥ ✱ ♣♥❛) ✶✕✺✳

▲✐✈✐♥❣)H♦♥✱ ▼✳✱ ❙❡❜❛)H✐❛♥✱ ❏✳✱ ❆✐✱ ❩✳✱ ❡ ❉❡❝❦❡#✱ ❏✳ ✭✷✵✶✷✮✳ c❡#❢♦#♠❛♥❝❡ ♠❡❛)✉#❡♠❡♥H)

❢♦# H❤❡ ♠✐❝#♦)♦❢H ❦✐♥❡❝H )❦❡❧❡H♦♥✳ ■♥ ❱✐'-✉❛❧ ❘❡❛❧✐-② ❙❤♦'- &❛♣❡'+ ❛♥❞ &♦+-❡'+ ✭❱❘❲✮✱

✷✵✶✷ ■❊❊❊✱ ♣♥❛) ✶✶✾✕✶✷✵✳

▲✉✱ ❨✳✱ ▲✐✉✱ ▲✳✱ ❈❤❡♥✱ ❙✳✱ ❡ ❍✉❛♥❣✱ ◗✳ ✭✷✵✶✵✮✳ ❱♦✐❝❡ ❜❛)❡❞ ❝♦♥H#♦❧ ❢♦# ❤✉♠❛♥♦✐❞

H❡❧❡♦♣❡#❛H✐♦♥✳ ■♥ ■♥-❡❧❧✐❣❡♥- ❙②+-❡♠ ❉❡+✐❣♥ ❛♥❞ ❊♥❣✐♥❡❡'✐♥❣ ❆♣♣❧✐❝❛-✐♦♥ ✭■❙❉❊❆✮✱

✷✵✶✵ ■♥-❡'♥❛-✐♦♥❛❧ ❈♦♥❢❡'❡♥❝❡ ♦♥✱ ✈♦❧✉♠❡ ✷✱ ♣♥❛) ✽✶✹✕✽✶✽✳

▲✉♦✱ ❘✳✱ ❙❤✐❤✱ ❇✳✲❍✳✱ ❡ ▲✐♥✱ ❚✳✲❲✳ ✭✷✵✶✸✮✳ ❘❡❛❧ H✐♠❡ ❤✉♠❛♥ ♠♦H✐♦♥ ✐♠✐H❛H✐♦♥ ♦❢ ❛♥H❤✲

#♦♣♦♠♦#♣❤✐❝ ❞✉❛❧ ❛#♠ #♦❜♦H ❜❛)❡❞ ♦♥ ❝❛#H❡)✐❛♥ ✐♠♣❡❞❛♥❝❡ ❝♦♥H#♦❧✳ ■♥ ❘♦❜♦-✐❝ ❛♥❞

❙❡♥+♦'+ ❊♥✈✐'♦♥♠❡♥-+ ✭❘❖❙❊✮✱ ✷✵✶✸ ■❊❊❊ ■♥-❡'♥❛-✐♦♥❛❧ ❙②♠♣♦+✐✉♠ ♦♥ ✱ ♣♥❛) ✷✺✕✸✵✳

▲✉♦✱ ❘✳ ❡ ❲✉✱ ❨✳✲❈✳ ✭✷✵✶✷✮✳ ❍✉♠❛♥✲#♦❜♦H ✐♥H❡#❛❝H✐♦♥ ✇✐H❤ ♠✉❧H✐✲)❡♥)♦# ❢✉)✐♦♥ ❜❛)❡❞

❤❛♥❞ )✐❣♥ #❡❝♦❣♥✐H✐♦♥ ❢♦# )❡#✈✐❝❡ #♦❜♦H✳ ■♥ ■❊❈❖◆ ✷✵✶✷ ✲ ✸✽-❤ ❆♥♥✉❛❧ ❈♦♥❢❡'❡♥❝❡

♦♥ ■❊❊❊ ■♥❞✉+-'✐❛❧ ❊❧❡❝-'♦♥✐❝+ ❙♦❝✐❡-②✱ ♣♥❛) ✷✼✷✺✕✷✼✸✵✳

▼❛✱ ❏✳✱ ❩❤❛♥❣✱ ❨✳✱ ◆❛♠✱ ❨✳✱ ❈✐❝❤♦❝❦✐✱ ❆✳✱ ❡ ▼❛H)✉♥♦✱ ❋✳ ✭✷✵✶✸✮✳ ❊♦❣✴❡#♣ ❤②❜#✐❞ ❤✉♠❛♥✲

♠❛❝❤✐♥❡ ✐♥H❡#❢❛❝❡ ❢♦# #♦❜♦H ❝♦♥H#♦❧✳ ■♥ ■♥-❡❧❧✐❣❡♥- ❘♦❜♦-+ ❛♥❞ ❙②+-❡♠+ ✭■❘❖❙✮✱ ✷✵✶✸

■❊❊❊✴❘❙❏ ■♥-❡'♥❛-✐♦♥❛❧ ❈♦♥❢❡'❡♥❝❡ ♦♥✱ ♣♥❛) ✽✺✾✕✽✻✹✳

▼❛❞❞❡♥✱ ❈✳✱ ❍♦❡♥✱ ▼✳✱ ❡ ❉♦♠✐♥❡②✱ c✳ ❋✳ ✭✷✵✶✵✮✳ ❆ ❝♦❣♥✐H✐✈❡ ♥❡✉#♦)❝✐❡♥❝❡ ♣❡#)♣❡❝✲

H✐✈❡ ♦♥ ❡♠❜♦❞✐❡❞ ❧❛♥❣✉❛❣❡ ❢♦# ❤✉♠❛♥f➾✏#♦❜♦H ❝♦♦♣❡#❛H✐♦♥✳ ❇'❛✐♥ ❛♥❞ ▲❛♥❣✉❛❣❡✱

✶✶✷✭✸✮✿✶✽✵✕✶✽✽✳

●❛❜#✐❡❧❛ ▲h❣✐❛ ❘❡✐)
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✶✺✭✵✮✿✼✼✻ ✕ ✼✽✸✳
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;♦❜Z✳ ❉✐))❡#6❛OP♦ ❞❡ ♠❡)6#❛❞♦✱ ❯♥✐✈❡#)✐❞❛❞❡ ❋❡❞❡#❛❧ ❞❡ ▼✐♥❛) ●❡#❛✐)✳

❯♥❧✉6✉#❦✱ ❆✳ ❡ ❆②❞♦❣❞✉✱ ❖✳ ✭✷✵✶✸✮✳ ❉❡)✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥6❛6✐♦♥ ♦❢ ❛ ♠♦❜✐❧❡ #♦❜♦6

✉)❡❞ ✐♥ ❜♦♠❜ #❡)❡❛#❝❤ ❛♥❞ )❡6✉♣ ❞✐)♣♦)❛❧✳ ■♥ ❊❧❡❝,;♦♥✐❝2✱ ❈♦♠♣✉,❡;2 ❛♥❞ ❆;,✐✜❝✐❛❧

■♥,❡❧❧✐❣❡♥❝❡ ✭❊❈❆■✮✱ ✷✵✶✸ ■♥,❡;♥❛,✐♦♥❛❧ ❈♦♥❢❡;❡♥❝❡ ♦♥ ✱ ♣♥❛) ✶✕✺✳

❲❡❜❜✱ ❏✳ ❡ ❆)❤❧❡②✱ ❏✳ ✭✷✵✶✷✮✳ ❇❡❣✐♥♥✐♥❣ ❑✐♥❡❝, J;♦❣;❛♠♠✐♥❣ ✇✐,❤ ,❤❡ ▼✐❝;♦2♦❢, ❑✐♥❡❝,

❙❉❑✳ ❆♣#❡))✳

❲❡❜)6❡#✱ ❏✳ ✭✷✵✵✾✮✳ ▼❡❞✐❝❛❧ ✐♥2,;✉♠❡♥,❛,✐♦♥✿ ❛♣♣❧✐❝❛,✐♦♥ ❛♥❞ ❞❡2✐❣♥✳ ❏♦❤♥ ❲✐❧❡② ✫

❙♦♥)✳

❲❡❧❝❤✱ ●✳ ❋✳ ✭✷✵✵✾✮✳ ❍✐)6♦#②✿ ❚❤❡ ✉)❡ ♦❢ 6❤❡ ❦❛❧♠❛♥ ✜❧6❡# ❢♦# ❤✉♠❛♥ ♠♦6✐♦♥ 6#❛❝❦✐♥❣

✐♥ ✈✐#6✉❛❧ #❡❛❧✐6②✳ J;❡2❡♥❝❡✿ ❚❡❧❡♦♣❡;❛,♦;2 ❛♥❞ ❱✐;,✉❛❧ ❊♥✈✐;♦♥♠❡♥,2✱ ✶✽✭✶✮✿✼✷✕✾✶✳

●❛❜#✐❡❧❛ ▲\❣✐❛ ❘❡✐)



✾✼ ❘❡❢❡%&♥❝✐❛+ ❇✐❜❧✐♦❣%1✜❝❛+

❲♦❧❢✱ ▼✳✱ ❆++❛❞✱ ❈✳✱ ❙;♦✐❝❛✱ ❆✳✱ ❨♦✉✱ ❑✳✱ ❏❡;❤❛♥✐✱ ❍✳✱ ❱❡%♥❛❝❝❤✐❛✱ ▼✳✱ ❋%♦♠♠✱ ❏✳✱ ❡

■✇❛+❤✐;❛✱ ❨✳ ✭✷✵✶✸❛✮✳ ❉❡❝♦❞✐♥❣ +;❛;✐❝ ❛♥❞ ❞②♥❛♠✐❝ ❛%♠ ❛♥❞ ❤❛♥❞ ❣❡+;✉%❡+ ❢%♦♠ ;❤❡

❥♣❧ ❜✐♦+❧❡❡✈❡✳ ■♥ ❆❡"♦$♣❛❝❡ ❈♦♥❢❡"❡♥❝❡✱ ✷✵✶✸ ■❊❊❊✱ ♣♥❛+ ✶✕✾✳

❲♦❧❢✱ ▼✳✱ ❆++❛❞✱ ❈✳✱ ❱❡%♥❛❝❝❤✐❛✱ ▼✳✱ ❋%♦♠♠✱ ❏✳✱ ❡ ❏❡;❤❛♥✐✱ ❍✳ ✭✷✵✶✸❜✮✳ ●❡+;✉%❡✲

❜❛+❡❞ %♦❜♦; ❝♦♥;%♦❧ ✇✐;❤ ✈❛%✐❛❜❧❡ ❛✉;♦♥♦♠② ❢%♦♠ ;❤❡ ❥♣❧ ❜✐♦+❧❡❡✈❡✳ ■♥ ❘♦❜♦4✐❝$ ❛♥❞

❆✉4♦♠❛4✐♦♥ ✭■❈❘❆✮✱ ✷✵✶✸ ■❊❊❊ ■♥4❡"♥❛4✐♦♥❛❧ ❈♦♥❢❡"❡♥❝❡ ♦♥ ✱ ♣♥❛+ ✶✶✻✵✕✶✶✻✺✳

❲♦❧♣❛✇✱ ❏✳ ❡ ❲♦❧♣❛✇✱ ❊✳ ❲✳ ✭✷✵✶✷✮✳ ❇"❛✐♥✲❝♦♠♣✉4❡" ✐♥4❡"❢❛❝❡$✿ ♣"✐♥❝✐♣❧❡$ ❛♥❞ ♣"❛❝4✐❝❡✳

❖①❢♦%❞ ❯♥✐✈❡%+✐;② [%❡++✳

❨❛;❤✉♥❛♥;❤❛♥✱ ❙✳✱ ❈❤❛♥❞%❛+❡♥❛✱ ▲✳ ❯✳ ❘✳✱ ❯♠❛❦❛♥;❤❛♥✱ ❆✳✱ ❱❛+✉❦✐✱ ❱✳✱ ❡ ▼✉♥❛+✐♥❣❤❡✱

❙✳ ✭✷✵✵✽✮✳ ❈♦♥;%♦❧❧✐♥❣ ❛ ✇❤❡❡❧❝❤❛✐% ❜② ✉+❡ ♦❢ ❡♦❣ +✐❣♥❛❧✳ ■♥ ■♥❢♦"♠❛4✐♦♥ ❛♥❞ ❆✉4♦✲

♠❛4✐♦♥ ❢♦" ❙✉$4❛✐♥❛❜✐❧✐4②✱ ✷✵✵✽✳ ■❈■❆❋❙ ✷✵✵✽✳ ✹4❤ ■♥4❡"♥❛4✐♦♥❛❧ ❈♦♥❢❡"❡♥❝❡ ♦♥ ✱ ♣♥❛+

✷✽✸✕✷✽✽✳

❨✐♥❣✱ ❍✳ ❡ ❙✐❧❡%✱ ❇✳ ✭✶✾✾✸✮✳ ❆ ♥♦♥✲❧✐♥❡❛% ❢✉③③② ❝♦♥;%♦❧❧❡% ✇✐;❤ ❢✉③③② %✉❧❡+ ✐+ ❛ +✉♠ ♦❢

❣❧♦❜❛❧ ♠✉❧;✐❧❡✈❡❧ %❡❧❛② ❛♥❞ ❧♦❝❛❧ ♣✐ ❝♦♥;%♦❧❧❡%✳ ❆✉4♦♠❛4✐❝❛✱ ✷✻✭✸✮✿✹✾✾✕✺✵✺✳

❨✉%;♠❛♥✱ ❆✳ ❡ ❇❛%+❤❛♥✱ ❇✳ ✭✷✵✶✹✮✳ ❆✉;♦♠❛;❡❞ ❡✈❛❧✉❛;✐♦♥ ♦❢ ♣❤②+✐❝❛❧ ;❤❡%❛♣② ❡①❡%❝✐+❡+

✉+✐♥❣♠✉❧;✐✲;❡♠♣❧❛;❡ ❞②♥❛♠✐❝ ;✐♠❡ ✇❛%♣✐♥❣ ♦♥ ✇❡❛%❛❜❧❡ +❡♥+♦% +✐❣♥❛❧+✳ ❈♦♠♣✉4❡"

▼❡4❤♦❞$ ❛♥❞ G"♦❣"❛♠$ ✐♥ ❇✐♦♠❡❞✐❝✐♥❡✳

❩❤❛♥❣✱ ❏✳✱ ●✉♦✱ ❋✳✱ ❍♦♥❣✱ ❏✳✱ ❡ ❩❤❛♥❣✱ ❨✳ ✭✷✵✶✸✮✳ ❍✉♠❛♥✲%♦❜♦; +❤❛%❡❞ ❝♦♥;%♦❧ ♦❢ ❛%;✐❝✉✲

❧❛;❡❞ ♠❛♥✐♣✉❧❛;♦%✳ ■♥ ❆$$❡♠❜❧② ❛♥❞ ▼❛♥✉❢❛❝4✉"✐♥❣ ✭■❙❆▼✮✱ ✷✵✶✸ ■❊❊❊ ■♥4❡"♥❛4✐♦♥❛❧

❙②♠♣♦$✐✉♠ ♦♥✱ ♣♥❛+ ✽✶✕✽✹✳

❩❤♦✉✱ ❍✳ ❡ ❍✉✱ ❍✳ ✭✷✵✵✼✮✳ ■♥❡%;✐❛❧ +❡♥+♦%+ ❢♦% ♠♦;✐♦♥ ❞❡;❡❝;✐♦♥ ♦❢ ❤✉♠❛♥ ✉♣♣❡% ❧✐♠❜+✳

❙❡♥$♦" ❘❡✈✐❡✇✱ ✷✼✭✷✮✿✶✺✶✕✶✺✽✳

❩❤♦✉✱ ❙✳✱ ❋❡✐✱ ❋✳✱ ❩❤❛♥❣✱ ●✳✱ ▼❛✐✱ ❏✳✱ ▲✐✉✱ ❨✳✱ ▲✐♦✉✱ ❏✳✱ ❡ ▲✐✱ ❲✳ ✭✷✵✶✹✮✳ ✷❞ ❤✉♠❛♥

❣❡+;✉%❡ ;%❛❝❦✐♥❣ ❛♥❞ %❡❝♦❣♥✐;✐♦♥ ❜② ;❤❡ ❢✉+✐♦♥ ♦❢ ♠❡♠+ ✐♥❡%;✐❛❧ ❛♥❞ ✈✐+✐♦♥ +❡♥+♦%+✳

❙❡♥$♦"$ ❏♦✉"♥❛❧✱ ■❊❊❊✱ ✶✹✭✹✮✿✶✶✻✵✕✶✶✼✵✳

❩✉♦✱ ●✳✱ ❲❛♥❣✱ ❑✳✱ ❘✉❛♥✱ ❳✳✱ ❡ ▲✐✱ ❩✳ ✭✷✵✶✷✮✳ ▼✉❧;✐✲+❡♥+♦% ❢✉+✐♦♥ ♠❡;❤♦❞ ✉+✐♥❣ ♠❛%❣

❢♦% ❛ ✜①❡❞✲✇✐♥❣ ✉♥♠❛♥♥❡❞ ❛❡%✐❛❧ ✈❡❤✐❝❧❡✳ ■♥ ▼❡❝❤❛4"♦♥✐❝$ ❛♥❞ ❆✉4♦♠❛4✐♦♥ ✭■❈▼❆✮✱

✷✵✶✷ ■♥4❡"♥❛4✐♦♥❛❧ ❈♦♥❢❡"❡♥❝❡ ♦♥✱ ♣♥❛+ ✻✻✹✕✻✻✾✳

●❛❜%✐❡❧❛ ▲d❣✐❛ ❘❡✐+



❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛) ✾✽

●❛❜#✐❡❧❛ ▲5❣✐❛ ❘❡✐)



❆♣"♥❞✐❝❡ ❆

❆❝❡❧❡)*♠❡,)♦ ❝♦♠♦ ✐♥❝❧✐♥*♠❡,)♦

❆ ❢♦#$❛ ❞❛ ❣#❛✈✐❞❛❞❡ ♣#♦❞✉③ ✉♠❛ ❛❝❡❧❡#❛$1♦ ♣❛#❛ ❜❛✐①♦✱ ♥♦ 6❡♥7✐❞♦ ❞♦ ❝❡♥7#♦ ❞❛

❚❡##❛✱ ❡♠ 7♦❞♦6 ♦6 ♦❜❥❡7♦6 ♣#:①✐♠♦6 ; 6✉♣❡#❢<❝✐❡ ❞♦ ♣❧❛♥❡7❛✳ >♦# ❝♦♥✈❡♥✐?♥❝✐❛✱ ♦6

❡♥❣❡♥❤❡✐#♦6 ❡67❛❜❡❧❡❝❡#❛♠ ❛ ✉♥✐❞❛❞❡ ✏❣✑ ♣❛#❛ ♠❡❞✐# ❛ ❛❝❡❧❡#❛$1♦ ❞❛ ❣#❛✈✐❞❛❞❡✱ ❡♠ C✉❡

1g = 9,8m/s2✳ >❡❧❛ ♣#♦❥❡$1♦ ❞❛ ❛❝❡❧❡#❛$1♦ ❞❛ ❣#❛✈✐❞❛❞❡ ♥♦6 ❡✐①♦6 ❞♦ ❛❝❡❧❡#D♠❡7#♦✱ E

♣♦66<✈❡❧ ✉7✐❧✐③❛# ❡66❡ 6❡♥6♦# ❝♦♠♦ ✉♠ ✐♥❝❧✐♥D♠❡7#♦✳

❊♠ ❝❛6♦6 ♥♦6 C✉❛✐6 ❛ ✐♥❝❧✐♥❛$1♦ ♠G①✐♠❛ ❞♦ 6✐67❡♠❛ ❝♦♠ #❡❧❛$1♦ ❛ ✉♠❛ #❡❢❡#?♥❝✐❛

❤♦#✐③♦♥7❛❧ E ❞❡ ±90◦✱ ♣♦❞❡✲6❡ ✉7✐❧✐③❛# ✉♠ ❛❝❡❧❡#D♠❡7#♦ ❝♦♠ ❛♣❡♥❛6 ✉♠ ❡✐①♦ ♣❛#❛ ♠❡❞✐#

❛ 6✉❛ ✐♥❝❧✐♥❛$1♦✳ ❆ ❋✐❣✉#❛ ✭❆✳✶✮ ♠♦67#❛ ❛ #♦7❛$1♦ ❞❡ ✉♠ ❛❝❡❧❡#D♠❡7#♦ ❡♠ 7♦#♥♦ ❞♦

✈❡7♦# C✉❡ #❡♣#❡6❡♥7❛ ❛ ❢♦#$❛ ❣#❛✈✐7❛❝✐♦♥❛❧✳

◆❛ ♣♦6✐$1♦ ✐♥✐❝✐❛❧ ✶✱ ♠♦67#❛❞❛ ♥❛ ❋✐❣✉#❛ ✭❆✳✶✮✱ ♦ ❡✐①♦ x ❡67G ♣❡#♣❡♥❞✐❝✉❧❛# ❛♦ ✈❡7♦#

✶❣✱ ♣♦#7❛♥7♦ ❛ ♣#♦❥❡$1♦ ❞❛ ❛❝❡❧❡#❛$1♦ ❞❛ ❣#❛✈✐❞❛❞❡ ♥❡66❡ ❡✐①♦ (−→ax) E ♥✉❧❛✳ ➚ ♠❡❞✐❞❛

C✉❡ ♦ ❛❝❡❧❡#D♠❡7#♦ ♠✉❞❛ ❛ 6✉❛ ✐♥❝❧✐♥❛$1♦ (θ)✱ ♦ ✈❛❧♦# ❡♠ ♠:❞✉❧♦ ❞❛ ❝♦♠♣♦♥❡♥7❡

−→ax
❛✉♠❡♥7❛ ❛7E C✉❡ ♥❛ ♣♦6✐$1♦ ✸ ❛♣#❡6❡♥7❛ ♦ ✈❛❧♦# ❞❡ ✲✶❣ ❡♠ 90◦✳ ❖ ♠❡6♠♦ ❛❝♦♥7❡❝❡ ❝♦♠

♦ ♠♦✈✐♠❡♥7♦ ♥♦ 6❡♥7✐❞♦ ❤♦#G#✐♦✱ ♥❡66❡ ❝❛6♦ ❛ ❝♦♠♣♦♥❡♥7❡

−→ax ❛♣#❡6❡♥7❛ ♦ ✈❛❧♦# ❞❡ ✶❣
♥❛ ♣♦6✐$1♦ ❛♥❣✉❧❛# ❞❡ 90◦ ❝♦♠ #❡❧❛$1♦ ; ♣♦6✐$1♦ ✐♥✐❝✐❛❧✳ >❡❧❛ ❛♥G❧✐6❡ ❞♦6 ✈❡7♦#❡6✱ ♣♦#

♠❡✐♦ ❞❛ ❋✐❣✉#❛ ✭❆✳✷✮✱ E ♣♦66<✈❡❧ ♦❜7❡# ❛ ❡C✉❛$1♦ ✭❆✳✶✮✱ C✉❡ #❡❧❛❝✐♦♥❛ ❛ ❝♦♠♣♦♥❡♥7❡ ❞❛

❛❝❡❧❡#❛$1♦ ❞❛ ❣#❛✈✐❞❛❞❡ ♥♦ ❡✐①♦ x ❝♦♠ ❛ ✐♥❝❧✐♥❛$1♦ ❞♦ ❛❝❡❧❡#D♠❡7#♦✳

θ = sen−1
(
ax
1 g

)
✭❆✳✶✮

>❡❧❛ ❛♥G❧✐6❡ ❛♣#❡6❡♥7❛❞❛✱ ♥♦7❛✲6❡ C✉❡ ♥1♦ E ♣♦66<✈❡❧ ♠❡♥6✉#❛# ✈❛❧♦#❡6 ❞❡ ✐♥❝❧✐♥❛$1♦

♠❛✐♦#❡6 ❡♠ ♠:❞✉❧♦ C✉❡ 90◦ ✉7✐❧✐③❛♥❞♦ ✉♠ ❛❝❡❧❡#D♠❡7#♦ ❞❡ ❛♣❡♥❛6 ✉♠ ❡✐①♦✳ ❆ ❋✐❣✉#❛

✭❆✳✸✮ ♠♦67#❛ ❛ #♦7❛$1♦ ❞❡ ✉♠ ❛❝❡❧❡#D♠❡7#♦ ❝♦♠ ❞♦✐6 ❡✐①♦6 ❡♠ 7♦#♥♦ ❞♦ ✈❡7♦# C✉❡ #❡✲

♣#❡6❡♥7❛ ❛ ❢♦#$❛ ❣#❛✈✐7❛❝✐♦♥❛❧✳ ◆❡66❡ ❝❛6♦✱ ❡♥C✉❛♥7♦ ♦ ✈❡7♦#

−→ax ❛✉♠❡♥7❛ ❡♠ ♠:❞✉❧♦

C✉❛♥❞♦ ✈❛#✐❛✲6❡ ♦ 6✐67❡♠❛ ❞❛ ♣♦6✐$1♦ ✶ ♣❛#❛ ❛ ♣♦6✐$1♦ ✸✱ ♦ ✈❛❧♦# ❡♠ ♠:❞✉❧♦ ❞❛ ❝♦♠♣♦✲

✾✾



❆♣"♥❞✐❝❡ ❆✳ ❆❝❡❧❡*+♠❡-*♦ ❝♦♠♦ ✐♥❝❧✐♥+♠❡-*♦ ✶✵✵

❋✐❣✉*❛ ❆✳✶✿ ❘♦-❛78♦ ❞❡ ✉♠ ❡✐①♦ ❞♦ ❛❝❡❧❡*+♠❡-*♦ ❡♠ -♦*♥♦ ❞♦ ✈❡-♦* ✏✶❣✑✳

❋✐❣✉*❛ ❆✳✷✿ ❆♥>❧✐?❡ ❞❛ *❡❧❛78♦ ❡♥-*❡ ❛ ✐♥❝❧✐♥❛78♦ θ ❡ ♦? ✈❡-♦*❡? −→ax ❡ −→a ✳

♥❡♥-❡ ❞❛ ❛❝❡❧❡*❛78♦ ❞❛ ❣*❛✈✐❞❛❞❡ ♥♦ ❡✐①♦ z (−→az) ❞✐♠✐♥✉✐ ❡ ?❡ -♦*♥❛ ♥✉❧♦ ♣❛*❛ ❛ ♣♦?✐78♦
❛♥❣✉❧❛* ❞❡ 90◦ ♥♦ ?❡♥-✐❞♦ ❛♥-✐✲❤♦*>*✐♦✱ ❛ ♣❛*-✐* ❞❛ ♣♦?✐78♦ ✐♥✐❝✐❛❧✳ C❡❧❛ ♠❡?♠❛ ❛♥>❧✐?❡

❛♣*❡?❡♥-❛❞❛ ❛♥-❡*✐♦*♠❡♥-❡✱ ♣♦*D♠✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥?✐❞❡*❛78♦ ♦ ❡✐①♦ z✱ ♣♦❞❡✲?❡ ♦❜-❡* ❛

❡F✉❛78♦ ✭❆✳✷✮ F✉❡ *❡❧❛❝✐♦♥❛ ❛ ✐♥❝❧✐♥❛78♦ ♥♦ ❡✐①♦ x ❝♦♠ ❛? ❝♦♠♣♦♥❡♥-❡? ❞❛ ❛❝❡❧❡*❛78♦

●❛❜*✐❡❧❛ ▲K❣✐❛ ❘❡✐?



✶✵✶

❞❛ ❣%❛✈✐❞❛❞❡ ♥♦+ ❡✐①♦+ x ❡ z✳

❋✐❣✉%❛ ❆✳✸✿ ❘♦4❛56♦ ❞❡ ✉♠ ❡✐①♦ ❞♦ ❛❝❡❧❡%:♠❡4%♦ ❡♠ 4♦%♥♦ ❞♦ ✈❡4♦% ✏✶❣✑✳

θ = tg−1
(
ax
az

)
✭❆✳✷✮

❖ A✉❛❞%❛♥4❡ ♥♦ A✉❛❧ θ ❞❡✈❡ ❡+4❛% +❡%B ❞❡4❡%♠✐♥❛❞♦ ♣❡❧♦+ +✐♥❛✐+ ❞❡

−→ax ❡

−→az ✳ ❆++✐♠✱

E ♣♦++F✈❡❧ ♠❡❞✐% ✉♠❛ ✈❛%✐❛56♦ ♥❛ ♣♦+✐56♦ ❛♥❣✉❧❛% ❞❡ ✲✶✽✵➦ ❛4E ✶✽✵➦✳ ❆❧E♠ ❞❡ ❛✉♠❡♥4❛%

❛ ❛♠♣❧✐4✉❞❡ ❞♦ I♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛56♦ A✉❡ E ♣♦++F✈❡❧ ♠❡♥+✉%❛%✱ ♦ ✉+♦ ❞❡ ♠❛✐+ ❞❡ ✉♠ ❡✐①♦

♣♦++✐❜✐❧✐4❛ ❛✐♥❞❛ ♠❡❧❤♦%❛% ❛ %❡+♦❧✉56♦ ❞❛ %❡+♣♦+4❛ ♣❛%❛ ♣♦+✐5L❡+ ❛♥❣✉❧❛%❡+ ♣%M①✐♠❛+

❞❡ ✾✵➦✳ ■++♦ ♣♦❞❡ +❡% ✈✐+4♦ ♥❛ ❋✐❣✉%❛ ✭❆✳✹✮✱ A✉❡ ♠♦+4%❛ ❛ %❡❧❛56♦ ❚❡♥+6♦ ① ■♥❝❧✐♥❛56♦

✉4✐❧✐③❛♥❞♦ ❛+ ❡A✉❛5L❡+ ✭❆✳✶✮ ❡ ✭❆✳✷✮✳ S❛%❛ ❛ ♦❜4❡♥56♦ ❞❡++❛ ❝✉%✈❛ ❢♦%❛♠ ❧❡✈❛❞♦+ ❡♠

❝♦♥4❛ ♦+ ❞❛❞♦+ ❞♦ ❢❛❜%✐❝❛♥4❡✱ ♠♦+4%❛❞♦+ ♥❛ ❚❛❜❡❧❛ ✭❆✳✶✮✱ +❡♥❞♦ A✉❡ ❡++❡+ ✈❛❧♦%❡+ ❢♦%❛♠

✈❛%✐❛❞♦+ ❡♠ ✐♥❝%❡♠❡♥4♦+ ❞❡ ✸✱✷♠❱✱ ♣♦✐+ ♥❡+4❡ 4%❛❜❛❧❤♦ ❢♦✐ ✉4✐❧✐③❛❞♦ ✉♠ ♠✐❝%♦❝♦♥4%♦❧❛✲

❞♦% ❝♦♠ ❝♦♥✈❡%+♦% ❛♥❛❧M❣✐❝♦✲❞✐❣✐4❛❧ ❞❡ ✶✵ ❜✐4+ ♣❛%❛ ✉♠❛ 4❡♥+6♦ ❞❡ %❡❢❡%V♥❝✐❛ ❞❡ ✸✱✸❱✳

❚❛❜❡❧❛ ❆✳✶✿ ❱❛❧♦%❡+ 4F♣✐❝♦+ ❞❡ 4❡♥+6♦ ❞❡ +❛F❞❛ ♥♦+ ❡✐①♦+ ①✱ ② ❡ ③✳

❆❝❡❧❡%❛56♦ ✭❣✮ ✲✶❣ ✵❣ ✶❣

❚❡♥+6♦ ✭❱✮ ✵✱✽✺❱ ✶✱✻✺❱ ✷✱✹✺❱

◗✉❛♥❞♦ ✉♠ 4❡%❝❡✐%♦ ❡✐①♦ E ✐♥❝❧✉F❞♦✱ ❛ ♦%✐❡♥4❛56♦ ❞♦ +❡♥+♦% ♣♦❞❡ +❡% ❞❡4❡%♠✐♥❛❞❛

❞❡♥4%♦ ❞❡ ✉♠❛ ❡+❢❡%❛✱ ❡♠ A✉❡ ❛ +♦♠❛ ❞❛ ♣%♦❥❡56♦ ❞❛ ❛❝❡❧❡%❛56♦ ❞❛ ❣%❛✈✐❞❛❞❡ ❡♠ ❝❛❞❛

●❛❜%✐❡❧❛ ▲F❣✐❛ ❘❡✐+



❆♣"♥❞✐❝❡ ❆✳ ❆❝❡❧❡*+♠❡-*♦ ❝♦♠♦ ✐♥❝❧✐♥+♠❡-*♦ ✶✵✷

❋✐❣✉*❛ ❆✳✹✿ ❘❡❧❛9:❡; ❚❡♥;=♦ ① ■♥❝❧✐♥❛9=♦ ♦❜-✐❞❛; ♣❡❧♦ ✉;♦ ❞❛; ❢✉♥9:❡; ;❡♥♦ ❡ -❛♥❣❡♥-❡✳

❡✐①♦✱ C ❞❛❞❛ ♣❡❧❛ ❡D✉❛9=♦ ✭❆✳✸✮✳ ❆;;✐♠✱ C ♣♦;;H✈❡❧ ❝❛❧❝✉❧❛* ❛ ✐♥❝❧✐♥❛9=♦ ❡♠ ❞♦✐; ❡✐①♦;

D✉❡ ❝♦♠♣*❡❡♥❞❡♠ ❛♦; J♥❣✉❧♦; ❞❡ *♦❧❛♠❡♥-♦ ❡ ❛*❢❛❣❡♠✱ ♣♦* ♠❡✐♦ ❞❛; ❡D✉❛9:❡; ✭❆✳✹✮ ❡

✭❆✳✺✮✱ *❡;♣❡❝-✐✈❛♠❡♥-❡✱ ♥❛ ❞✐;♣♦;✐9=♦ ♠♦;-*❛❞❛ ♣❡❧❛ ❋✐❣✉*❛ ✭❆✳✺✮✳ ❖; ;✐♥❛✐; ❞❡

−→ax✱ −→ay
❡

−→az ❞❡✈❡♠ ;❡* ❧❡✈❛❞♦; ❡♠ ❝♦♥;✐❞❡*❛9=♦ ♣❛*❛ ;❡ ❞❡-❡*♠✐♥❛* ❡♠ D✉❛❧ D✉❛❞*❛♥-❡ ❡;-M ♦

J♥❣✉❧♦ *❡❢❡*❡♥-❡ N ♣♦;✐9=♦ ❛♥❣✉❧❛* D✉❡ ;❡ ❞❡;❡❥❛ ♦❜-❡*✳

−→a = −→ax +−→ay +−→az ✭❆✳✸✮

φ = tg−1
(

ay√
ax2 + az2

)
✭❆✳✹✮

θ = tg−1

(
ax√

ay2 + az2

)
✭❆✳✺✮

●❛❜*✐❡❧❛ ▲H❣✐❛ ❘❡✐;



✶✵✸

❋✐❣✉'❛ ❆✳✺✿ ❱❛'✐❛./♦ ❞❛ ✐♥❝❧✐♥❛./♦ ❞❡ ✉♠ ❛❝❡❧❡'7♠❡8'♦ 8'✐❛①✐❛❧✳

●❛❜'✐❡❧❛ ▲=❣✐❛ ❘❡✐?


