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■❊❊❊ ❙❡♥$♦&$ ✷✵✶✶ ❈♦♥❢✳✱ ❖❝2✳ ✷✵✶✶✱ ▲✐♠❡&✐❝❦✱ ■&❡❧❛♥❞✱ ♣♣✳ ✻✽✼✕✻✾✵✳



❈❤❛♣✐%&❡ ❞✬♦✉✈&❛❣❡ .❝✐❡♥%✐✜2✉❡

❚✳ ❘❛❤❛%✐❥❛♦♥❛✱ ▲✳ ❑❡%❤✉❡❧✱ ❏✳ ❘✳ ❙❡%%❡2✱ ❋✳ ▲✳ ❘♦✉❜✐❡✉✱ ❋✳ ❊①♣❡%7 ❋✳✱ ❙✳

❱✐♦❧❧❡7✱ ❋✳ ❘✉✣❡% ❛♥❞ ◆✳ ❋%❛♥❝❡2❝❤✐♥✐✳ ■♥2❡❝7✲✐♥2♣✐%❡❞ ✈✐2✉❛❧ ♠♦7✐♦♥ 2❡♥2✐♥❣ ❛♥❞ ❜✐♦✲

✐♥2♣✐%❡❞ ✢②✐♥❣ %♦❜♦7✳ ❍❛♥❞❜♦♦❦ ♦❢ ❇✐♦♠✐♠❡,✐❝. ❛♥❞ ❇✐♦✐♥.♣✐0❛,✐♦♥✱ ❲♦%❧❞ ❙❝✐❡♥7✐✜❝

G✉❜❧✐2❤✐♥❣✱ ✭❏❛❜❜❛%✐ ❡7 ❛❧✳✱ ❊❞2✮✳

3♦.%❡&

❋✳ ▲✳ ❘♦✉❜✐❡✉✱ ❏✳ ❘✳ ❙❡%%❡2✱ ◆✳ ❋%❛♥❝❡2❝❤✐♥✐✱ ❙✳ ❱✐♦❧❧❡7 ❛♥❞ ❋✳ ❘✉✣❡%✳ ❚♦✇❛%❞

❛ ❢✉❧❧② ❛✉7♦♥♦♠♦✉2 ❤♦✈❡%❝%❛❢7 ✈✐2✉❛❧❧② ❣✉✐❞❡❞ 7❤❛❦2 7♦ ✐72 ♦✇♥ ❜✐♦✲✐♥2♣✐%❡❞ ♠♦7✐♦♥

2❡♥2♦%2✳ ■♥,❡0♥❛,✐♦♥❛❧ ❇✐♦✲✐♥.♣✐0❡❞ ❘♦❜♦,. ❲♦0❦.❤♦♣✱ ✵✻✲✵✽ ❆♣%✳ ✷✵✶✶✱ ◆❛♥7❡2✱ ❋%❛♥❝❡✳

❲♦&❦.❤♦♣

❋✳ ▲✳ ❘♦✉❜✐❡✉✱ ❋✳ ❊①♣❡%7✱ ❙✳ ❱✐♦❧❧❡7 ❛♥❞ ❋✳ ❘✉✣❡%✳ ▼✐♥✐❛7✉%❡ ✈✐2✉❛❧ ♠♦7✐♦♥

2❡♥2♦%2✳ ❘7✉♥✐♦♥ ●❚✲❯❆❱✱ ❊◆❙❆▼✱ ◆♦✈✳ ✷✵✶✶✱ G❛%✐2✱ ❋%❛♥❝❡✳





❘!"✉♠!

❘!"✉♠!

❈❡""❡ "❤$%❡ ♣'(%❡♥"❡✱ ♣♦✉' ❧❛ ♣'❡♠✐$'❡ ❢♦✐%✱ ❧✬✐♠♣❧(♠❡♥"❛"✐♦♥ ❞✬✉♥❡ %"'❛"(❣✐❡ ✈✐%✉❡❧❧❡

❜✐♦✲✐♥%♣✐'(❡ %✉' ✉♥ ❛('♦❣❧✐%%❡✉' ♠✐♥✐❛"✉'❡ "♦"❛❧❡♠❡♥" ❛❝"✐♦♥♥( ✭"❛✐❧❧❡ ✿ 36 × 21 ×

17.8 cm✱ ♠❛%%❡ ✿ 0.878 kg✮✱ <✉✐ ❧✉✐ ♣❡'♠❡" ❞❡ ♥❛✈✐❣✉❡' ❞❛♥% ❧❡ ♣❧❛♥ ❤♦'✐③♦♥"❛❧ ❞✬✉♥

"✉♥♥❡❧ ✐♥❝♦♥♥✉✳ ▲✬(❧❛❜♦'❛"✐♦♥ ❞❡ ❝❡ ♣✐❧♦"❡ ❛✉"♦♠❛"✐<✉❡✱ ❞(♥♦♠♠( ▲❖❘❆ ✭▲❛"❡$❛❧

❖♣"✐❝ ✢♦✇ ❘❡❣✉❧❛"✐♦♥ ❆✉"♦♣✐❧♦" ✮✱ ❢❛✐" %✉✐"❡ ❛✉① ("✉❞❡% ❝♦♠♣♦'"❡♠❡♥"❛❧❡% ♠❡♥(❡% %✉'

❧✬❛❜❡✐❧❧❡ ❞❛♥% ❞✬❛✉"'❡% ❧❛❜♦'❛"♦✐'❡% ❡" ♣❧✉% '(❝❡♠♠❡♥" ❞❛♥% ♥♦"'❡ ❧❛❜♦'❛"♦✐'❡✳ ❈❡% ❡①✲

♣('✐❡♥❝❡% ♥♦✉% ♦♥" ❛♠❡♥( D (♥♦♥❝❡' ❧❡ ♣'✐♥❝✐♣❡ ❞❡ ❧❛ '(❣✉❧❛"✐♦♥ ❞✉ ✢✉① ♦♣"✐<✉❡ ♣♦✉'

❧❡ ❝♦♥"'F❧❡ ❞✉ ✈♦❧ ❞❡ ❝'♦✐%✐$'❡✳

▲❡ ♣✐❧♦"❡ ❛✉"♦♠❛"✐<✉❡ ▲❖❘❆ ❡%" ✉♥ ❞♦✉❜❧❡ '(❣✉❧❛"❡✉' ❞❡ ✢✉① ♦♣"✐<✉❡ ❧❛"('❛❧✳ ■❧

❝♦♥%✐%"❡ ❡♥ ❞❡✉① ❜♦✉❝❧❡% ✈✐%✉♦✲♠♦"'✐❝❡% ✐♥"❡'❞(♣❡♥❞❛♥"❡%✱ ❝❤❛❝✉♥❡ ❝♦♠♣♦'"❛♥" ✉♥❡

❝♦♥%✐❣♥❡ ❞❡ ✢✉① ♦♣"✐<✉❡ <✉✐ ❝♦♥"'F❧❡ ✉♥ ❞❡❣'( ❞❡ ❧✐❜❡'"( ❞✉ '♦❜♦"✳ ▲❛ ♣'❡♠✐$'❡ ❜♦✉❝❧❡

❡%" ✉♥ '(❣✉❧❛"❡✉' ❜✐❧❛"('❛❧ ❞❡ ✢✉① ♦♣"✐<✉❡ <✉✐ ❝♦♥"'F❧❡ ❧❛ ✈✐"❡%%❡ ❞✬❛✈❛♥❝❡ ❞✉ '♦✲

❜♦"✱ ❛❧♦'% <✉❡ ❧❛ %❡❝♦♥❞❡ ❡%" ✉♥ '(❣✉❧❛"❡✉' ✉♥✐❧❛"('❛❧ ❞❡ ✢✉① ♦♣"✐<✉❡ <✉✐ ❝♦♥"'F❧❡

❧❛ ♣♦%✐"✐♦♥ ♣❛' '❛♣♣♦'" ❛✉① ♦❜%"❛❝❧❡%✳ ▲❛ ❝❧( ❞❡ ✈♦H"❡ ❞❡ ❝❡ %②%"$♠❡ ❞❡ ❣✉✐❞❛❣❡

❜✐♦✲✐♥%♣✐'( ❡%" ✉♥❡ "'♦✐%✐$♠❡ ❜♦✉❝❧❡ ❞❡%"✐♥(❡ D ♠❛✐♥"❡♥✐' ❧❡ ❝❛♣✳ ❈❡❧❧❡✲❝✐ '❡♣♦%❡ %✉'

❧❛ ♠❡%✉'❡ ❞✬✉♥ ♠✐❝'♦✲❣②'♦♠$"'❡ ❡" ❞✬✉♥ ♠✐❝'♦✲❝♦♠♣❛% ♠❛❣♥("✐<✉❡✱ ❝❡ <✉✐ ♣❡'♠❡"

D ❧✬❛('♦❣❧✐%%❡✉' ❞✬❡✛❡❝"✉❡' ❞❡% ♠♦✉✈❡♠❡♥"% ❞❡ "'❛♥%❧❛"✐♦♥ ❡" ❞❡ ♥❡ ❣(♥('❡'✱ %✉' %♦♥

K✐❧ ❝♦♠♣♦%( ❛'"✐✜❝✐❡❧✱ <✉❡ ❞✉ ✢✉① ♦♣"✐<✉❡ ❞❡ "'❛♥%❧❛"✐♦♥✱ %❡✉❧ ❞(♣❡♥❞❛♥" ❞✉ '❛"✐♦

✓ ✈✐"❡%%❡✴❞✐%"❛♥❝❡ ❛✉① ♦❜%"❛❝❧❡% ✔✳ ▲✬❡%"✐♠❛"✐♦♥ ❞✉ ✢✉① ♦♣"✐<✉❡ %✬❡✛❡❝"✉❡ ♣❛' ✉♥ K✐❧

❝♦♠♣♦%( ♠✐♥✐♠❛❧✐%"❡✱ ❝♦♥%"✐"✉( ❞❡ ❞❡✉① ♦✉ <✉❛"'❡ ❉("❡❝"❡✉'% (❧(♠❡♥"❛✐'❡% ❞❡ ♠♦✉✈❡✲

♠❡♥" ✭❉❊▼%✮✭%❡✉❧❡♠❡♥" ✹ ♦✉ ✽ ♣✐①❡❧%✮✳ ❈❡ %②%"$♠❡ ✈✐%✉❡❧ %✉✣" ❛✉ ♣✐❧♦"❡ ❛✉"♦♠❛"✐<✉❡

♣♦✉' ❝♦♥"'F❧❡' ❧❡ '❛"✐♦ ✓ ✈✐"❡%%❡✴❞✐%"❛♥❝❡ ❛✉① ♦❜%"❛❝❧❡% ✔✱ "♦✉" ❡♥ ❝♦♥"'F❧❛♥" ❝♦♥❥♦✐♥✲

"❡♠❡♥" ❧❛ ✈✐"❡%%❡ ❡" ❧❛ ♣♦%✐"✐♦♥ ❞✉ '♦❜♦"✱ %❛♥% ❛✈♦✐' D ♠❡%✉'❡' ♦✉ ❡%"✐♠❡' ❛✉❝✉♥ ❞❡

❝❡% ♣❛'❛♠$"'❡%✳

▲✬❛('♦❣❧✐%%❡✉' ❡%" ❛✐♥%✐ ❝❛♣❛❜❧❡ ❞❡ ❢'❛♥❝❤✐' %❛♥% ❝♦❧❧✐%✐♦♥ ❞❡% "✉♥♥❡❧% ❛✉① ❢♦'♠❡% ❞✐✲

✈❡'%❡% ✿ ❞'♦✐"✱ ❢✉%❡❧(✱ ♣'(%❡♥"❛♥" ✉♥❡ ♣❡♥"❡✱ ✉♥ ✈✐'❛❣❡✱ ✉♥❡ ❛❜%❡♥❝❡ ❞❡ "❡①"✉'❡ %✉' ✉♥

♠✉' ♦✉ ♠W♠❡ ✉♥❡ ③♦♥❡ ♥♦♥✲%"❛"✐♦♥♥❛✐'❡✳ ■❧ ❛❞❛♣"❡ ❛✉"♦♠❛"✐<✉❡♠❡♥" %❛ ✈✐"❡%%❡ ❡" %❛

♣♦%✐"✐♦♥ ❛✉① ♦❜%"❛❝❧❡% D ❧❛ ♠❛♥✐$'❡ ❞✬✉♥❡ ❛❜❡✐❧❧❡✳ ❈❡""❡ %"'❛"(❣✐❡ ✈✐%✉❡❧❧❡ ❜✐♦✲✐♥%♣✐'(❡

❢♦✉'♥✐" ♥♦♥ %❡✉❧❡♠❡♥" ✉♥❡ %♦❧✉"✐♦♥ ❞❡ ♥❛✈✐❣❛"✐♦♥ (❧(❣❛♥"❡✱ ❡♥ ❡♥✈✐'♦♥♥❡♠❡♥" ✐♥❝♦♥♥✉✱
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■♥ "❤✐% ✇♦(❦✱ ✇❡ ♣(❡%❡♥" ❢♦( "❤❡ ✜(%" "✐♠❡ ❛ ❜✐♦✲✐♥%♣✐(❡❞ ♠♦"✐♦♥ ✈✐%✐♦♥✲❜❛%❡❞ ♥❛✈✐❣❛✲

"✐♦♥ %"(❛"❡❣② ❡♠❜❡❞❞❡❞ ♦♥ ❛ ♠✐♥✐❛"✉(❡ ❢✉❧❧②✲❛❝"✉❛"❡❞ ❤♦✈❡(❝(❛❢" ✭%✐③❡✿ 36×21×17 cm✱

♠❛%%✿ 0.878 kg✮ ❛❧❧♦✇✐♥❣ ✐" "♦ ♥❛✈✐❣❛"❡ %❛❢❡❧② ♦♥ "❤❡ ❤♦(✐③♦♥"❛❧ ♣❧❛♥❡ ♦❢ ❛♥ ✉♥❦♥♦✇♥

❝♦((✐❞♦(✳ ❚❤❡ ❞❡%✐❣♥ ♦❢ "❤✐% ❛✉"♦♣✐❧♦"✱ ❝❛❧❧❡❞ ▲❖❘❆ ✭▲❛"❡(❛❧ ❖♣"✐❝ ✢♦✇ ❘❡❣✉❧❛"✐♦♥

❆✉"♦♣✐❧♦"✮✱ ❢♦❧❧♦✇% "❤❡ ❡"❤♦❧♦❣✐❝❛❧ ✜♥❞✐♥❣% ♠❛❞❡ ♦♥ ❤♦♥❡②❜❡❡% ✐♥ ♦"❤❡( ❧❛❜♦(❛"♦(✐❡%

❛♥❞ ♠♦(❡ (❡❝❡♥"❧② ✐♥ ♦✉( ❧❛❜♦(❛"♦(②✱ ✇❤✐❝❤ ❧❡❞ ✉% "♦ ❡❧❛❜♦(❛"❡ "❤❡ ♣(✐♥❝✐♣❧❡ ♦❢ "❤❡

♦♣"✐❝ ✢♦✇ '❡❣✉❧❛"✐♦♥ ✇❤✐❝❤ ♠✐❣❤" ❜❡ ✉%❡❞ ❜② ✐♥%❡❝"% "♦ ❝♦♥"(♦❧ "❤❡✐( ✢✐❣❤"✳

❚❤❡ ❜❡❡✲✐♥%♣✐(❡❞ ▲❖❘❆ ❛✉"♦♣✐❧♦" ✐% ❛ ❞✉❛❧ ♦♣"✐❝ ✢♦✇ '❡❣✉❧❛"♦' ✇❤✐❝❤ ❝♦♥%✐%"% ✐♥ "✇♦
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❱■ ❉✐"❝✉""✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

❱■■ ❈♦♥❝❧✉"✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

❆❝❦♥♦✇❧❡❞❣❡♠❡♥#" ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻



❆♣♣❡♥❞✐① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

❘+,✉♠+ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾

✹ ❆"#✐❝❧❡ ■■■✳ ❆ #✇♦✲❞✐"❡❝#✐♦♥❛❧ ✶✲❣"❛♠ ✈✐4✉❛❧ ♠♦#✐♦♥ 4❡♥4♦" ✐♥4♣✐"❡❞

❜② #❤❡ ✢②✬4 ❡②❡ ✶✷✸

❆❜,12❛❝1 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

■ ■♥12♦❞✉❝1✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

■■ ❉❡,❝2✐♣1✐♦♥ ♦❢ 1❤❡ ❞❡✈✐❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

■■■ ❊①♣❡2✐♠❡♥1 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

■❱ ❘❡,✉❧1, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

❱ ❊,1✐♠❛1✐♦♥ ♦❢ 1❤❡ ❞✐2❡❝1✐♦♥ ❛♥❞ 1❤❡ ♠❛❣♥✐1✉❞❡ ♦❢ 1❤❡ ✈✐,✉❛❧ ♠♦1✐♦♥ ✳ ✳ ✶✷✾

❱✳❆ ❉❡✈✐❝❡ ❞❡,❝2✐♣1✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

❱✳❇ ❖♣1✐♠✐③❛1✐♦♥ ♦❢ 1❤❡ ♠♦1✐♦♥ ❞✐2❡❝1✐♦♥ ❡,1✐♠❛1❡, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

❱✳❈ ❊①♣❡2✐♠❡♥1 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

❱✳❉ ❘❡,✉❧1, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

❱■ ❈♦♥❝❧✉,✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

❆❝❦♥♦✇❧❡❞❣❡♠❡♥1, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

❘❡❢❡2❡♥❝❡, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

❘+,✉♠+ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✻

✺ ❆"#✐❝❧❡ ■❱✳ ❍♦♥❡②❜❡❡4✬ 4♣❡❡❞ ❞❡♣❡♥❞4 ♦♥ ❞♦"4❛❧ ❛4 ✇❡❧❧ ❛4 ❧❛#❡"❛❧✱

✈❡♥#"❛❧ ❛♥❞ ❢"♦♥#❛❧ ♦♣#✐❝ ✢♦✇4 ✶✹✶

❆❜,12❛❝1 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

■ ■♥12♦❞✉❝1✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

■■ ▼❛1❡2✐❛❧ ❛♥❞ ♠❡1❤♦❞, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

■■✳❆ ❉♦✉❜❧② 1❛♣❡2❡❞ ✢✐❣❤1 1✉♥♥❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

■■✳❇ N❛11❡2♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

■■✳❈ ❊①♣❡2✐♠❡♥1❛❧ ♣2♦❝❡❞✉2❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

■■✳❉ ❱✐❞❡♦ 2❡❝♦2❞✐♥❣, ❛♥❞ ✢✐❣❤1 ♣❛1❤ ❛♥❛❧②,✐, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

■■✳❊ ❆♥❛❧②,✐, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

■■■ ❘❡,✉❧1, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻

■❱ ❉✐,❝✉,,✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

■❱✳❆ ❍♦♥❡②❜❡❡, ❛❞❥✉,1❡❞ 1❤❡✐2 ,♣❡❡❞ ✐♥ 1❤❡ ,❛♠❡ ✇❛②✱ 2❡❣❛2❞❧❡,, ♦❢

✇❤❡1❤❡2 1❤❡ 1✉♥♥❡❧ ♥❛22♦✇❡❞ ✈❡21✐❝❛❧❧② ♦2 ❤♦2✐③♦♥1❛❧❧②✳ ✳ ✳ ✳ ✳ ✶✹✽

■❱✳❇ ▼❛✐♥1❛✐♥✐♥❣ 1❤❡ ♣❡2❝❡✐✈❡❞ ♦♣1✐❝ ✢♦✇, ❛1 ❛ ❝♦♥,1❛♥1 ❧❡✈❡❧✳ ✳ ✳ ✳ ✶✹✽

❆❝❦♥♦✇❧❡❞❣❡♠❡♥1, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

❘❡❢❡2❡♥❝❡, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶



❘!"✉♠! ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸

✻ ❉✐#❝✉##✐♦♥ ✶✺✼

■ ❙✐♠✐❧✐-✉❞❡" ❝♦♠♣♦3-❡♠❡♥-❛❧❡" ❡♥-3❡ ❧❡ 3♦❜♦- ▲❖❘❆ ❡- ❧✬❛❜❡✐❧❧❡ ✳ ✳ ✳ ✳ ✶✻✵

■✳❆ ❈♦♠♣♦3-❡♠❡♥- ❞❡ ❝❡♥-3❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵

■✳❇ ❈♦♠♣♦3-❡♠❡♥- ❞❡ "✉✐✈✐ ❞❡ ♣❛3♦✐ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

■✳❈ ❘!❛❝-✐♦♥ ❛✉-♦♠❛-✐B✉❡ C ✉♥❡ ♣❡3-✉3❜❛-✐♦♥ ❡♥ !❝❤❡❧♦♥ ❞❡ ✢✉①

♦♣-✐B✉❡ ❞❛♥" ✉♥ -✉♥♥❡❧ ♥♦♥✲"-❛-✐♦♥♥❛✐3❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✸

■✳❉ ❘!❛❝-✐♦♥ ❛✉-♦♠❛-✐B✉❡ C ✉♥❡ ❛❜"❡♥❝❡ ❞❡ -❡①-✉3❡ ♦✉ ✉♥❡ ✓ ♦✉✲

✈❡3-✉3❡ ✔ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

■✳❊ ❘!❛❝-✐♦♥ ❛✉-♦♠❛-✐B✉❡ ❞❡ ❝♦♥-3M❧❡ ❞❡ ❧❛ ✈✐-❡""❡ ❞✬❛✈❛♥❝❡ ❞❛♥"

✉♥ -✉♥♥❡❧ ❢✉"❡❧! ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

■■ ❘♦❜✉"-❡""❡ ❞✉ ♣✐❧♦-❡ ❛✉-♦♠❛-✐B✉❡ ▲❖❘❆ ❛✉① ♣❡3-✉3❜❛-✐♦♥" ✳ ✳ ✳ ✳ ✳ ✶✼✷

■■■ ❯♥❡ ❞♦✉❜❧❡ 3!❣✉❧❛-✐♦♥ ❞✉ ✢✉① ♦♣-✐B✉❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺

■❱ T✐"-❡" ❞✬❛♠!❧✐♦3❛-✐♦♥ ❞✉ 3♦❜♦- ▲❖❘❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺

❱ ▲❛ ❞♦✉❜❧❡ 3!❣✉❧❛-✐♦♥ ❞✉ ✢✉① ♦♣-✐B✉❡ ♣♦✉3 ❣✉✐❞❡3 ❧❡" 3♦❜♦-" ❞❡ ❞❡♠❛✐♥ ❄✶✼✽

✼ ❈♦♥❝❧✉#✐♦♥ ✶✽✵

✽ ❆♥♥❡①❡# ✶✽✸

■ ❙②♥-❤W"❡ ❞❡" ❝♦33❡❝-❡✉3" ❞✬❛✈❛♥❝❡ ❡- ❧❛-!3❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

■ ❙②♥-❤W"❡ ❞❡" ❝♦33❡❝-❡✉3" ❞✬❛✈❛♥❝❡ ❡- ❧❛-!3❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

■✳❆ ❈♦33❡❝-❡✉3 ❞✬❛✈❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

■✳❆ ❈♦33❡❝-❡✉3 ❞✬❛✈❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

■✳❇ ❈♦33❡❝-❡✉3 ❧❛-!3❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

■✳❇ ❈♦33❡❝-❡✉3 ❧❛-!3❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

■■ ➱-✉❞❡ ❞✉ 3❡❥❡- ❞❡" ♣❡3-✉3❜❛-✐♦♥" ♣❛3 ❧❡" ❜♦✉❝❧❡" "❡♥"♦3✐♠♦-3✐❝❡" ▲❖❘❆ ✶✽✺

■■ ➱-✉❞❡ ❞✉ 3❡❥❡- ❞❡" ♣❡3-✉3❜❛-✐♦♥" ♣❛3 ❧❡" ❜♦✉❝❧❡" "❡♥"♦3✐♠♦-3✐❝❡" ▲❖❘❆ ✶✽✺

■■✳❆ ❇♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

■■✳❆ ❇♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

■■✳❇ ❇♦✉❝❧❡ ❧❛-!3❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✻

■■✳❇ ❇♦✉❝❧❡ ❧❛-!3❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

■■■ ◗✉❡❧B✉❡" ♣3!❝✐"✐♦♥" "✉3 ❧❛ ❝♦♥❝❡♣-✐♦♥ ❞✉ 3♦❜♦- ▲❖❘❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✽

■■■✳❆ ▲❛ ❝❛3-❡ ✓ ❈❡3✈❡❛✉ ✔ ✿ ❝❡♥-3❡ ♥!✈3❛❧❣✐B✉❡ ❞✉ 3♦❜♦- ▲❖❘❆ ✳ ✳ ✶✽✽

■■■✳❇ ▲❛ ❝❛3-❡ ♠♦-❡✉3 ❡- ❧❡" ❛❝-✐♦♥♥❡✉3" ✿ ❧❛ ♣❛3-✐❡ ♠♦-3✐❝❡ ❞✉ 3♦❜♦-

▲❖❘❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✷

■■■✳❇✳✶ ▲❡" ❛❝-✐♦♥♥❡✉3" ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸



❆❜"#$❛❝#

■■■✳❇✳✷ ❘%❛❧✐)❛*✐♦♥ ❞✬✉♥❡ ❝❛2*❡ ✓ 2%❣✉❧❛*❡✉2 ❞❡ ✈✐*❡))❡ )❛♥)

❝❛♣*❡✉2 ✔ ♣♦✉2 ❧❡) ♣♦✉))❡✉2) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✹

■■■✳❇✳✸ ❘%❛❧✐)❛*✐♦♥ ❞✬✉♥❡ ❝❛2*❡ ✓ 2%❣✉❧❛*❡✉2 ❞❡ ✈✐*❡))❡ ❛✈❡❝

❝❛♣*❡✉2 ✔ ❞❡ ❧❛ *✉2❜✐♥❡ ❇!✉#❤❧❡## ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✾

❇✐❜❧✐♦❣&❛♣❤✐❡ ✷✵✺

✶✾



■♥"#♦❞✉❝"✐♦♥

❈❤❛♣✐%&❡ ✶

■♥%&♦❞✉❝%✐♦♥

■ !"#❛♠❜✉❧❡

▲❡" ❛$%♦♥❡❢" "❛♥" ♣✐❧♦,❡ ✭❞%♦♥❡✮ ❝♦♥♥❛✐""❡♥, ✉♥ ❡""♦% ✐♥✐,✐❛❧❡♠❡♥, ♠✐❧✐,❛✐%❡ ✭♠✐""✐♦♥"

❞❡ "$❝✉%✐,$✮ ♠❛✐" "❡ ❣$♥$%❛❧✐"❡♥, ❞❡ ♥♦" ❥♦✉%" 5 ❞❡" ❛♣♣❧✐❝❛,✐♦♥" ❝✐✈✐❧❡" ,❡❧ 7✉❡ ❧❛ ❝❛%✲

,♦❣%❛♣❤✐❡ ❞❡ ③♦♥❡ ❣$♦❣%❛♣❤✐7✉❡ ♦✉ ❡♥❝♦%❡ ❧❛ "✉%✈❡✐❧❧❛♥❝❡ ❞✬✐♥❝❡♥❞✐❡" ❬❱❛❧❛♥✐"✱ ✷✵✵✼❪✳

■❧ "❡ ♣♦"❡ ❛❧♦%" ❧❡ ♣%♦❜❧F♠❡ ❞❡ ❧❛ ♥❛✈✐❣❛,✐♦♥ ❞❡ ❝❡" ❞%♦♥❡" ❡♥ ❡♥✈✐%♦♥♥❡♠❡♥, ✉%❜❛✐♥

♦✉ ♥❛,✉%❡❧ ❡♥❝♦♠❜%$" ✭✐♠♠❡✉❜❧❡"✱ ❝❛♥②♦♥✱ ❢♦%H,"✮✱ ❧❡"7✉❡❧" ♣♦✉✈❛♥, ❣H♥❡% ❧❛ %$❝❡♣✲

,✐♦♥ ❞✬✉♥ "✐❣♥❛❧ ●J❙ ❡, ❞♦♥❝ ❧✐♠✐,❡% ❧✬❛✉,♦♥♦♠✐❡ ❞❡ ♥❛✈✐❣❛,✐♦♥ ❞❡ ❝❡" ❞%♦♥❡" "❛♥"

"✉♣❡%✈✐"✐♦♥ ❤✉♠❛✐♥❡✳ ❊♥ ❡✛❡,✱ ❧❡" ♣✐❧♦,❡" ❛✉,♦♠❛,✐7✉❡ ❛❝,✉❡❧" ✭❡✳❣✳✱ J%♦❝❡%✉" ❚❡❝❤✲

♥♦❧♦❣✐❡" ❑❡",%❡❧✱ ▼✐❝%♦J✐❧♦, ▼J ❙❡%✐❡"✮ ♥$❝❡""✐,❡♥, ,♦✉, ✉♥ ♣❛♥❡❧ ❞❡ ❝❛♣,❡✉%" ❞♦♥,

♥♦,❛♠♠❡♥, ✉♥ %$❝❡♣,❡✉% ●J❙ ♣♦✉% ❝♦♥,%Q❧❡% ❧❛ ,%❛❥❡❝,♦✐%❡ ❞✉ ❞%♦♥❡✳ ▲❛ %♦❜♦,✐7✉❡

♠♦❜✐❧❡ ,%❛❞✐,✐♦♥♥❡❧❧❡ "✬❛♣♣✉✐❡ ❧❛%❣❡♠❡♥, "✉% ❧❡" ❞♦♠❛✐♥❡" ❞❡ ❧❛ ✈✐"✐♦♥ ♣❛' ♦'❞✐♥❛)❡✉'

❬❍♦%♥✱ ✶✾✽✻✱ ❆♠✐❞✐ ❡, ❛❧✳✱ ✶✾✾✾✱ ❍%❛❜❛% ❛♥❞ ❙✉❦❤❛,♠❡✱ ✷✵✵✸✱ ▲✐ ❛♥❞ ❈❤❡❧❧❛♣♣❛✱ ✷✵✵✺❪

♦✉ ❞❡ ❧❛ ✈✐"✐♦♥ ✐♥❞✉")'✐❡❧❧❡ ❬❉❛✈✐❡"✱ ✷✵✵✹❪ ♣♦✉% ♣%♦♣♦"❡% ❞❡" "♦❧✉,✐♦♥" ❞❡ ♥❛✈✐❣❛,✐♦♥"

❜❛"$❡" "✉% ✉♥ ✢✉① ❞✬✐♠❛❣❡" ♣%♦✈❡♥❛♥, ❞✬✉♥❡ ❝❛♠$%❛✳ ▼❛✐" ❝❡" ❛❧❣♦%✐,❤♠❡" %❡",❡♥,

❣♦✉%♠❛♥❞" ❡♥ %❡""♦✉%❝❡" ❝❛❧❝✉❧❛,♦✐%❡" ❝❡ 7✉✐ ❡", ❞✐✣❝✐❧❡♠❡♥, ❝♦♠♣❛,✐❜❧❡ ❛✈❡❝ ❧❡"

❝♦♥,%❛✐♥,❡" ❞%❛",✐7✉❡" ❞❡ ,❛✐❧❧❡ ✭❡♥✈❡%❣✉%❡< 15 cm✮✱ ❞❡ ♠❛""❡ ✭< 100 g✮ ❡, ❞❡ ❝❤❛%❣❡

✉,✐❧❡ ✭< 15 g✮ ❞✬✉♥ ♠✐❝%♦✲❛$%♦♥❡❢ 7✉❡ ❧✬♦♥ ❞$"✐%❡ %❡♥❞%❡ ,♦,❛❧❡♠❡♥, ❛✉,♦♥♦♠❡ "❛♥" "✉✲

♣❡%✈✐"✐♦♥ ❤✉♠❛✐♥❡✳ ▲❡" ♠❛♥a✉✈%❡" ❞✬$✈✐,❡♠❡♥, ❞✬♦❜",❛❝❧❡" 7✉✬❡❧❧❡" "♦✐❡♥, ✈❡♥,%❛❧❡"✱

❢%♦♥,❛❧❡" ♦✉ ❧❛,$%❛❧❡" "♦♥, ❡♥❝♦%❡✱ ❛✉❥♦✉%❞✬❤✉✐✱ ❜❛"$❡" "✉% ❞❡" ❝❛♣,❡✉%" ❞❡ ♣%♦①✐♠✐,$

❛❝,✐❢" ,❡❧" 7✉❡ ❧❡" ,$❧$♠F,%❡" ❧❛"❡%" 7✉✐ ,❡♥❞❡♥, 5 H,%❡ ❧♦✉%❞ ✭❡✳❣✳✱ ♠♦❞F❧❡ ❞❡ ❝❤❡③

❋✐❜❡%,❡❦ ■♥❝✳✱ ♠❛""❡ ✿ 3 kg ❬❙❝❤❡%❡% ❡, ❛❧✳✱ ✷✵✵✽❪ ❀ ❍♦❦✉②♦ ❯❚▼✲✸✵▲❳✱ ♠❛""❡ ✿ 370 g

❬❇%② ❡, ❛❧✳✱ ✷✵✶✷❪ ❀❬❙❤❡♥ ❡, ❛❧✳✱ ✷✵✶✷❪✮✱ ❝❤❡%" ✭5600 ♣♦✉% ❧❡ ❍♦❦✉②♦ ❯❚▼✲✸✵▲❳"✮ ❡,

❝♦♥"♦♠♠❛,❡✉%" ❡♥ $♥❡%❣✐❡ ✭10 W ♣♦✉% ❧❡ ❍♦❦✉②♦ ❯❚▼✲✸✵▲❳✮✳ ❈❡" ❞❡%♥✐❡%" ♥❡ "♦♥,

♣❛" ❧❡" ♣❧✉" ❛❞❛♣,$" ♣♦✉% H,%❡ ❡♠❜❛%7✉$" "✉% ❞❡" ❝✐❜❧❡" %♦❜♦,✐7✉❡" ♦h ❧❛ ❝♦✉%"❡ ✈❡%" ❧❛

♠✐♥✐❛,✉%✐"❛,✐♦♥ ✭❡, ❞♦♥❝ ❞❡ ❧❛ ❝❤❛%❣❡ ✉,✐❧❡✮ ✜❣✉%❡ ♣❛%♠✐ ✉♥❡ ❞❡" ♣%✐♥❝✐♣❛❧❡" ❝♦♥,%❛✐♥,❡

✷✵





 !"❛♠❜✉❧❡ ■♥+!♦❞✉❝+✐♦♥

♥♦♥✲#♠✐&&✐❢& ♣❧✉# $❝♦♥♦♠✐*✉❡# ❞✬✉♥ ♣♦✐♥. ❞❡ ✈✉❡ $♥❡0❣$.✐*✉❡✳ ▲✬❡#.✐♠❛.✐♦♥ ❞✉ ✢✉①

♦♣.✐*✉❡ ♣❡✉. #✬❡✛❡❝.✉❡0 ♣❛0 ❞✐✛$0❡♥.# ♠♦②❡♥# ✿ : ♣❛0.✐0 ❞✬✉♥ ✢✉① ❞✬✐♠❛❣❡# ✐##✉❡# ❞✬✉♥❡

❝❛♠$0❛ ✭✐✳❡✳✱ ♠$.❤♦❞❡ ❞❡ ▲✉❝❛# ❡. ❑❛♥❛❞❡ ❬▲✉❝❛# ❛♥❞ ❑❛♥❛❞❡✱ ✶✾✽✶❪✮ ♦✉ ❡♥❝♦0❡ ♣❛0

✉♥ ❝❛♣.❡✉0 ❞❡ ✢✉① ♦♣.✐*✉❡ ❞$❞✐$ ❬❇❧❛♥❡#✱ ✶✾✽✻✱ ❘✉✣❡0 ❡. ❛❧✳✱ ✷✵✵✸✱ L✉❞❛# ❡. ❛❧✳✱ ✷✵✵✼✱

❱✐♦❧❧❡. ❡. ❛❧✳✱ ✷✵✶✵✱ ❊①♣❡0. ❡. ❛❧✳✱ ✷✵✶✶❜✱ ❘♦✉❜✐❡✉ ❡. ❛❧✳✱ ✷✵✶✶✱ ❙❛❜✐0♦♥ ❡. ❛❧✳✱ ✷✵✶✸❜❪

✭✈♦✐0 ♣❛0.✐❡ ❱ ♣♦✉0 ♣❧✉# ❞❡ ❞$.❛✐❧#✮✳ ▲❛ ♥❛✈✐❣❛.✐♦♥ ♣❛0 ❧❡ ✢✉① ♦♣.✐*✉❡ ❝♦♥#.✐.✉❡ ❞R#

❧♦0# ✉♥❡ ❜0❛♥❝❤❡ ❞❡ ❧❛ ♥❛✈✐❣❛.✐♦♥ #❛♥# ❝❛0.❡ ❝❛0 ❡❧❧❡ ♣❡0♠❡. ❞✬❛❝❝♦♠♣❧✐0 ❞❡# .S❝❤❡#

$✈♦❧✉$❡#✱ ❝♦♠♠❡ ❧❡ ❝♦♥.0T❧❡ ❞❡ ✈✐.❡##❡ ❡. ❧✬$✈✐.❡♠❡♥. ❞✬♦❜#.❛❝❧❡#✱ #❛♥# ❛✉❝✉♥❡ ❝♦♥♥❛✐#✲

#❛♥❝❡ ♣0$✲0❡*✉✐#❡ ❞❡ ❧✬❡♥✈✐0♦♥♥❡♠❡♥.✳ ❈❡..❡ ♠$.❤♦❞❡ ❞❡ ♥❛✈✐❣❛.✐♦♥ ❞❡✈✐❡♥. ❛❧♦0# .0R#

♣0$❝✐❡✉#❡ ♣♦✉0 ❧❡ ❣✉✐❞❛❣❡ ❞❡ ♠✐❝0♦✲0♦❜♦.#✱ : ❢❛✐❜❧❡ ❝❤❛0❣❡ ✉.✐❧❡✱ ❝❛0 ❡❧❧❡ ♣❡0♠❡. ❞❡

0❡#.0❡✐♥❞0❡ ❛✉ #.0✐❝. ♠✐♥✐♠✉♠ ❧✬❛✈✐♦♥✐*✉❡ ❡♠❜❛0*✉$❡✳

L♦✉0 .♦✉.❡# ❝❡# 0❛✐#♦♥#✱ ✐❧ ❞❡✈✐❡♥. ❛❧♦0# ♣❛0.✐❝✉❧✐R0❡♠❡♥. ✐♥.$0❡##❛♥. ❞❡ #❡ ♣❡♥❝❤❡0 #✉0

❝❡# ✐♥❝0♦②❛❜❧❡# ❛♥✐♠❛✉① ❛✜♥ ❞❡ ❝♦♠♣0❡♥❞0❡ ❧❡# ♠$❝❛♥✐#♠❡# #❡♥#♦0✐♠♦.❡✉0# #✉#❝❡♣✲

.✐❜❧❡# ❞✬✐♥.❡0✈❡♥✐0 ❛✉ #❡✐♥ ❞❡ ❧❡✉0 #②#.R♠❡ ♥❡0✈❡✉① ♠✐♥✐♠❛❧✐#.❡ ✭♠♦✐♥# ❞✬✉♥ ♠✐❧❧✐♦♥

❞❡ ♥❡✉0♦♥❡# ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❬❙.0❛✉#❢❡❧❞✱ ✶✾✼✻✱ ▼❡♥③❡❧ ❛♥❞ ●✐✉0❢❛✱ ✷✵✵✶❪✮✳

❆✐♥#✐✱ ❧❡# 0$#✉❧.❛.# ♣0$#❡♥.$# ❞❛♥# ❝❡..❡ .❤R#❡ ❞$❝♦✉❧❡♥. ❞✐0❡❝.❡♠❡♥. ❞✬✉♥❡ ❛♣♣0♦❝❤❡

❜✐♦✲✐♥#♣✐0$❡ ✐♥#❝0✐.❡ ❞❛♥# ❧❡# .0❛✈❛✉① ❞❡ ♥♦.0❡ ❧❛❜♦0❛.♦✐0❡ ❞❡♣✉✐# ♠❛✐♥.❡♥❛♥. ✉♥❡ .0❡♥✲

.❛✐♥❡ ❞✬❛♥♥$❡#✳ ❈❡..❡ ❛♣♣0♦❝❤❡ ❣❛❣♥❡ ❡♥ ♣♦♣✉❧❛0✐.$ ❞❛♥# ❧❡ ♠♦♥❞❡ ❞❡ ❧❛ 0❡❝❤❡0❝❤❡ ❛❝✲

.✉❡❧❧❡♠❡♥. ❡. ❞❡ ♣❧✉# ❡♥ ♣❧✉# ❞❡ .0❛✈❛✉① .0❛✐.❡♥. ❞❡ ❜✐♦♠✐♠$.✐#♠❡ ❡. ❞❡ ❜✐♦✲✐♥#♣✐0❛.✐♦♥

❞❛♥# ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞❡ #②#.R♠❡# ✐♥♥♦✈❛♥.# ✐##✉# ❞❡ ❧✬♦❜#❡0✈❛.✐♦♥ ✭♣♦✉0 ✉♥ ❛0.✐❝❧❡ ❞❡

#②♥.❤R#❡✱ ✈♦✐0 ❬▲❡♣♦0❛ ❡. ❛❧✳✱ ✷✵✶✸❪✮

◆♦.0❡ ❞$♠❛0❝❤❡ ❞❡ 0❡❝❤❡0❝❤❡ ♠^❧❡ ❛❧♦0# ❧❡# ❞♦♠❛✐♥❡# ❞❡ ❧❛ ❜✐♦❧♦❣✐❡✱ : .0❛✈❡0# ❞❡#

$.✉❞❡# ❛♥❛.♦♠✐*✉❡✱ $❧❡❝.0♦♣❤②#✐♦❧♦❣✐*✉❡ ❬❋0❛♥❝❡#❝❤✐♥✐✱ ✶✾✽✺✱ ❋0❛♥❝❡#❝❤✐♥✐ ❡. ❛❧✳✱ ✶✾✽✾❪

♦✉ ❡♥❝♦0❡ $.❤♦❧♦❣✐*✉❡ ❬❙❡00❡# ❡. ❛❧✳✱ ✷✵✵✽❜✱ L♦0.❡❧❧✐ ❡. ❛❧✳✱ ✷✵✶✵❛✱ ✷✵✶✶✱ ❱✐♦❧❧❡. ❛♥❞

❩❡✐❧✱ ✷✵✶✸❪ ❞❡# ✐♥#❡❝.❡# ❛✐❧$#✱ ❛✐♥#✐ *✉❡ ❞❛♥# ❧❛ #✐♠✉❧❛.✐♦♥ ❬▼❛0.✐♥ ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱

✶✾✾✹✱ ▼✉0❛ ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✶✾✾✹✱ ❙❡00❡# ❡. ❛❧✳✱ ✷✵✵✽❛✱ L♦0.❡❧❧✐ ❡. ❛❧✳✱ ✷✵✶✵❜❪ ❡. ❧❛

❝♦♥❝❡♣.✐♦♥ ❞❡ #②#.R♠❡# ✐♥.❡❧❧✐❣❡♥.# #✬❡♥ ✐♥#♣✐0❛♥. ❬❇❧❛♥❡#✱ ✶✾✾✶✱ L✐❝❤♦♥✱ ✶✾✾✶✱ ❋0❛♥✲

❝❡#❝❤✐♥✐ ❡. ❛❧✳✱ ✶✾✾✷✱ ▼✉0❛ ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✶✾✾✻✱ ❱✐♦❧❧❡. ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✶✾✾✾✱

◆❡..❡0 ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✷✵✵✷✱ ❘✉✣❡0 ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✷✵✵✸✱ ✷✵✵✹✱ ❘✉✣❡0✱ ✷✵✵✹❜✱

❘✉✣❡0 ❛♥❞ ❋0❛♥❝❡#❝❤✐♥✐✱ ✷✵✵✺✱ ✷✵✵✽✱ ❱✐♦❧❧❡. ❛♥❞ ❘✉✣❡0✱ ✷✵✵✾✱ ❊①♣❡0. ❛♥❞ ❘✉✣❡0✱

✷✵✶✷❪✳ ❚♦✉. ❝❡❝✐ ❞❛♥# ✉♥ #❡✉❧ ❜✉. ✿ ❝♦♠♣0❡♥❞0❡ ♣❛0 ❧✬♦❜#❡0✈❛.✐♦♥ ❡. ❧❛ ♠♦❞$❧✐#❛.✐♦♥ ❧❡#

.0❛✐.❡♠❡♥.# #❡♥#♦0✐♠♦.❡✉0# #✉#❝❡♣.✐❜❧❡# ❞✬✐♥.❡0✈❡♥✐0 ❛✉ #❡✐♥ ❞✉ #②#.R♠❡ ♥❡0✈❡✉① ❞❡#

✐♥#❡❝.❡# ❛✐❧$# ❞❛♥# ❧❡ ❝♦♥.0T❧❡ ❞❡ ❧❡✉0 ✈♦❧✳ ▲❛ ✈❛❧✐❞❛.✐♦♥ ❞✬✉♥ ♠♦❞R❧❡ ❜✐♦✲✐♥#♣✐0$ ♣❛0 ❧❛

❝♦♥❝❡♣.✐♦♥ 0♦❜♦.✐*✉❡ ❝♦♥#.✐.✉❡ ❞R# ❧♦0# ✉♥❡ ❝♦♥❞✐.✐♦♥ &✐♥❡ )✉❛ ♥♦♥❡ ❡. ✉♥❡ ❞$♠❛0❝❤❡

♦0✐❣✐♥❛❧❡ *✉✐ ♥♦✉# ♣❡0♠❡. ❞✬✉♥❡ ♣❛0. ❞✬❛♣♣♦0.❡0 ❞❡# #♦❧✉.✐♦♥# ❞❡ ❣✉✐❞❛❣❡ 0♦❜♦.✐*✉❡

✐♥♥♦✈❛♥.❡# ❡. ❞✬❛✉.0❡# ♣❛0. ❞❡ ❥❡.❡0 ✉♥❡ ❧✉♠✐R0❡ ♥♦✉✈❡❧❧❡ #✉0 ❧❡ ♠♦❞R❧❡ ❜✐♦❧♦❣✐*✉❡

✐♥#♣✐0$ ❞❡ ❧✬♦❜#❡0✈❛.✐♦♥✳

✷✷



50 cm.s−1

50cm.s−1



◗✉✬❡$% ❝❡ '✉❡ ❧❡ ✢✉① ♦♣%✐'✉❡ ❄ ■♥%1♦❞✉❝%✐♦♥

❋■●❯❘❊ ✶✳✸ ✕ ▲❡ ,♦❜♦/ ❖❈❚❆❱❊ ✭❡♥✈✐,♦♥ 100 g✮ ❡①♣❧♦✐/❡ ❧❡ ✢✉① ♦♣/✐?✉❡ ✈❡♥/,❛❧
❞❡ /,❛♥B❧❛/✐♦♥ ♣♦✉, ,C❛❧✐B❡, ✉♥ B✉✐✈✐ ❞❡ /❡,,❛✐♥✳ ✭❉✬❛♣,FB ❬❘✉✣❡,✱ ✷✵✵✹❜✱ ❘✉✣❡, ❛♥❞

❋,❛♥❝❡B❝❤✐♥✐✱ ✷✵✵✺✱ ❋,❛♥❝❡B❝❤✐♥✐ ❡/ ❛❧✳✱ ✷✵✵✼❪✮✳

❛✉❝✉♥❡ ❝♦♥♥❛✐BB❛♥❝❡✱ ♥✐ ❞❡ B❛ ✈✐/❡BB❡✱ ♥✐ ❞❡ B❛ ❞✐B/❛♥❝❡ ❛✉① ♦❜B/❛❝❧❡B✱ ❞❡ ♣,♦❝C❞❡, R

❞❡B ❝♦♠♣♦,/❡♠❡♥/B C✈♦❧✉CB ❞❡ ❞C❝♦❧❧❛❣❡✱ ❞❡ B✉✐✈✐ ❞❡ /❡,,❛✐♥ ❡/ ❞✬❛//❡,,✐BB❛❣❡ ❛✉/♦♠❛✲

/✐?✉❡ ❬❘✉✣❡, ❛♥❞ ❋,❛♥❝❡B❝❤✐♥✐✱ ✷✵✵✸✱ ✷✵✵✹✱ ❘✉✣❡,✱ ✷✵✵✹❛✱ ❘✉✣❡, ❛♥❞ ❋,❛♥❝❡B❝❤✐♥✐✱

✷✵✵✺✱ ✷✵✵✽❪ B✉, ❧❛ B❡✉❧❡ ❜❛B❡ ❞❡ ❧❛ ,C❣✉❧❛/✐♦♥ ❞✉ ✢✉① ♦♣/✐?✉❡ ❞❡ ❧❛ ,C❣✐♦♥ ✈❡♥/,❛❧❡✱

♠❡B✉,❡ ❢♦✉,♥✐❡ ♣❛, ✉♥ ❝❛♣/❡✉, ❞❡ ✢✉① ♦♣/✐?✉❡ ❞C❞✐C ❬❘✉✣❡, ❡/ ❛❧✳✱ ✷✵✵✸❪✳ ❈❡//❡ ❤②✲

♣♦/❤FB❡ ❞✉ ,C❣✉❧❛/❡✉, ❞❡ ✢✉① ♦♣/✐?✉❡ ❢✉/ ,❡♣,✐B❡✱ ✉♥ ♣❡✉ ♣❧✉B /❛,❞✱ ❡♥ ✷✵✵✽✱ ♣♦✉,

♠♦❞C❧✐B❡, ❧❡ ❝♦♥/,Y❧❡ ❞✉ ✈♦❧ ❞❡B ❛❜❡✐❧❧❡B B✉, ❧❡ ♣❧❛♥ ❤♦,✐③♦♥/❛❧ ✐BB✉ ❞❡ ❧✬♦❜B❡,✈❛/✐♦♥

❬❙❡,,❡B ❡/ ❛❧✳✱ ✷✵✵✽❜❪ ♣✉✐B ❢✉/ ♣♦,/C B✉, ✉♥ ,♦❜♦/ B✐♠✉❧C❡✱ ❧❡B ,CB✉❧/❛/B ❞❡ B✐♠✉❧❛/✐♦♥

♠♦♥/,❛♥/ ?✉❡ ❧❡ ,♦❜♦/ ♣♦✉✈❛✐/ ❝♦♥/,Y❧❡, B❛ ✈✐/❡BB❡ ❡/ C✈✐/❡, ❧❡B ♦❜B/❛❝❧❡B ❧❛/C,❛✉① ❡♥

❡♥✈✐,♦♥♥❡♠❡♥/ ✐♥❝♦♥♥✉ ❬❙❡,,❡B ❡/ ❛❧✳✱ ✷✵✵✽❛❪✳

◆♦✉B ✉/✐❧✐B♦♥B✱ ❞❛♥B ❝❡B /,❛✈❛✉①✱ ❝❡//❡ ❤②♣♦/❤FB❡ ❞❡ ❧❛ ,C❣✉❧❛/✐♦♥ ❞✉ ✢✉① ♦♣/✐?✉❡

♣♦✉, ❧✬❛♣♣❧✐?✉❡, ❛✉ ❣✉✐❞❛❣❡ ✈✐B✉❡❧ B✉, ❧❡ ♣❧❛♥ ❤♦,✐③♦♥/❛❧ ❞✬✉♥ ❛C,♦❣❧✐BB❡✉, ♠✐♥✐❛/✉,❡

 !❡❧ /♦/❛❧❡♠❡♥/ ❛❝/✐♦♥♥C✳ ❈❡//❡ C/❛♣❡ ❞❡ ♠✐B❡ ❡♥ ]✉✈,❡ B✉, ✉♥ ,♦❜♦/ ✈✐❡♥/ ❝♦♠♣❧C/❡,

♥♦/,❡ ❞C♠❛,❝❤❡ ❞❡ /,❛✈❛✐❧ ❜✐♦✲✐♥B♣✐,C❡ B✉, ❧❛ ♥❛✈✐❣❛/✐♦♥ ❡♥ ❡♥✈✐,♦♥♥❡♠❡♥/ ✐♥❝♦♥♥✉

❣,^❝❡ ❛✉ ✢✉① ♦♣/✐?✉❡✳ ❊♥✜♥✱ ❞❡ ♠❛♥✐F,❡ R ❜✐❡♥ ❝♦♠♣,❡♥❞,❡ /♦✉B ❧❡B ❛B♣❡❝/B ❡/ ❧❡B

❡♥❥❡✉① ❞❡ ❝❡ /,❛✈❛✐❧ ❞❡ /❤FB❡✱ ✐❧ ♥♦✉B ✐♠♣♦,/❡ ♠❛✐♥/❡♥❛♥/ ❞✬✐♥/,♦❞✉✐,❡ ❧❛ ♥♦/✐♦♥ ❞✉

✢✉① ♦♣/✐?✉❡✳

■■ ◗✉✬❡%& ❝❡ (✉❡ ❧❡ ✢✉① ♦♣&✐(✉❡ ❄

■■✳❆ ❉$✜♥✐(✐♦♥ ❣$♥$+❛❧❡

❉❛♥B ❧❡ ❜✉/ ❞✬❛BB✉,❡, ❧❡✉, B✉,✈✐❡✱ ❧❡B ❛♥✐♠❛✉① ❞✐B♣♦B❡♥/ ❞✬✉♥ B②B/F♠❡ ❞❡ ♣❡,❝❡♣✲

/✐♦♥ ❞❡B ✐♥❢♦,♠❛/✐♦♥B ❡/ ❞✬✉♥ B②B/F♠❡ ❧♦❝♦♠♦/❡✉, ❛✈❡❝ ❧❡?✉❡❧ ✐❧B ✐♥/❡,❛❣✐BB❡♥/ ❛✈❡❝

❧❡✉, ❡♥✈✐,♦♥♥❡♠❡♥/✳ ▲✬✐♥/❡,❛❝/✐♦♥ ❞❡ ❧✬❛♥✐♠❛❧ ❛✈❡❝ B❡B ❝♦♥❣C♥F,❡B✱ ♦✉ ❡♥❝♦,❡ ❛✈❡❝ ❧❡B
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~ω

~ωR

~ωT

~ω

~ω = ~ωR + ~ωT



Ψ

θ Ψ = 0◦, θ = 0◦ Ψ = 180◦, θ = 0◦

‖~ωR‖

‖~Ωroulis‖

‖~ωR‖ = ‖~Ωroulis‖ ·
√

(1− cos2 Ψ · cos2 θ)



~Ωroulis

ωT V r
θ

Ψ = 0◦; θ = 90◦

~ω

Ψ = 0◦; θ = −90◦ ~ω

V r

θ

ωT =
V

r
· sin θ
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50◦.s−1 1500◦.s−1

50◦.s−1

35

T T = 4.5ms

2◦

∆Ψmax = 45◦ 60 ms



Ψ
T = 4.5 ms 5 ms

Next = 0.8 × 10−9 N · m

∆Ψmax 45◦

2◦

∆t
Ψ̇
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❞❡%❝)✐♣!✐♦♥ ❜)3✈❡ ❞❡% ②❡✉① ❝♦♠♣♦% % ❞❡% ✐♥%❡❝!❡% ❛✐❧ %✳ 8♦✉) ❞❡ ♣❧✉% ❛♠♣❧❡% ❞ !❛✐❧%✱

♦♥ ♣♦✉))❛ %❡ ) ❢ )❡) . ❞❡%  !✉❞❡% ♣❧✉% ❝♦♠♣❧3!❡% ❬●♦♦❞♠❛♥✱ ✷✵✵✸✱ ❙)✐♥✐✈❛%❛♥✱ ✷✵✵✾❪✳

■■■✳❇ ▲❛ ✈✐'✐♦♥

■■■✳❇✳✶ ▲✬&✐❧ ❝♦♠♣♦-.

❯♥❡ ❞❡%❝)✐♣!✐♦♥ %❝❤ ♠❛!✐&✉❡ ❞❡ ❧✬V✐❧ ❝♦♠♣♦% ❞❡ ❧✬❛❜❡✐❧❧❡ ❡%! ❞♦♥♥ ❡ ❡♥ ✜❣✉)❡ ✶✳✶✵✳

▲❡% ❛❜❡✐❧❧❡% ♦✉✈)✐3)❡% ❆♣✐$ ▼❡❧❧✐❢❡.❛ ♣♦%%3❞❡♥! ❞❡✉① ②❡✉① ❝♦♠♣♦% % ❡! ❝♦♠♣!❡♥!✱ ❡♥

♠♦②❡♥♥❡✱ ✺✺✵✵ ♦♠♠❛!✐❞✐❡% ♣❛) V✐❧ ❬❙❡✐❞❧ ❛♥❞ ❑❛✐%❡)✱ ✶✾✽✶❪ ✭✜❣✉)❡% ✶✳✶✵❆✮✳ ❈❤❛❝✉♥❡

❞❡ ❝❡% ♦♠♠❛!✐❞✐❡% ❝♦♠♣♦)!❡ ✉♥❡ ♣❡!✐!❡ ❧❡♥!✐❧❧❡ ✿ ❧❛ ❝♦)♥ ❡ ✭✜❣✉)❡% ✶✳✶✵❇✮✱ &✉✐ ✈✐❡♥!

❝♦♥❝❡♥!)❡) ❧❛ ❧✉♠✐3)❡✱ ♣)♦✈❡♥❛♥! ❞✬✉♥❡ ❞✐)❡❝!✐♦♥ ♣❛)!✐❝✉❧✐3)❡ ❞❡ ❧✬❡♥✈✐)♦♥♥❡♠❡♥!✱ %✉)

✉♥ ❣)♦✉♣❡ ❞❡ ♥❡✉❢ ♣❤♦!♦) ❝❡♣!❡✉)% ♦)❣❛♥✐% % ❞❡ ♠❛♥✐3)❡ ❝♦♥❝❡♥!)✐&✉❡✳ ❯♥❡ ❝♦✉♣❡ ❧♦♥✲

❣✐!✉❞✐♥❛❧❡ ❡%! ❞♦♥♥ ❡ ❡♥ ✜❣✉)❡ ✶✳✶✵❇✳ ❈❤❛&✉❡ ♦♠♠❛!✐❞✐❡ ❛❞❥❛❝❡♥!❡ ❡%! % ♣❛) ❡ ❞✬✉♥

❛♥❣❧❡ ∆ϕ✱ ❛♣♣❡❧ ❛♥❣❧❡ ✐♥%❡.✲♦♠♠❛%✐❞✐❛❧ ✭✜❣✉)❡ ✶✳✶✶✮✱ &✉✐ ✈❛)✐❡ %✉✐✈❛♥! ❧❡% ) ❣✐♦♥% ❞❡

❧✬V✐❧✳ ❈❡!  ❝❤❛♥!✐❧❧♦♥♥❛❣❡ ❞❡ ❧✬❡%♣❛❝❡ %✬❡✛❡❝!✉❡ . ♣❛% ✈❛)✐❛❜❧❡ ❛❧❧❛♥! ❞❡ ∼ 1.9◦✱ ❞❛♥%

❧❡% ) ❣✐♦♥% ❢)♦♥!❛❧❡%✱ . ∼ 3.5◦ ❞❛♥% ❧❡% ) ❣✐♦♥% ❧❛! )❛❧❡% ❞❡ ❧✬V✐❧ ❝♦♠♣♦% ❬❙❡✐❞❧✱ ✶✾✽✷❪✱

✐♥!❡)✈❡♥❛♥! ❞❛♥% ❧✬❛❝✉✐! ✈✐%✉❡❧❧❡ ❞❡ ❧✬✐♥%❡❝!❡ ❬▲❛♥❞ ❛♥❞ ❈♦❧❧❡!!✱ ✶✾✾✼❪✳ ❊♥ ❡✛❡!✱ ♣❧✉%

❧✬❛♥❣❧❡ ∆ϕ ❡%! ❢❛✐❜❧❡✱ ♣❧✉% ❧✬✐♥%❡❝!❡ ❡%! ❡♥ ♠❡%✉)❡ ❞❡ ❞ !❡❝!❡) ✉♥ ♠♦✉✈❡♠❡♥! )❡❧❛!✐❢

✭✢✉① ♦♣!✐&✉❡✮ ❢❛✐❜❧❡ ♣)♦✈❡♥❛♥! ❞✬✉♥ ♦❜❥❡! ✲ ♣)♦✐❡✱ ♣) ❞❛!❡✉)✱ ❢❡✉✐❧❧❛❣❡ ✲ %✐!✉ . ✉♥❡

❣)❛♥❞❡ ❞✐%!❛♥❝❡ ❬▲❛♥❞ ❛♥❞ ❈♦❧❧❡!!✱ ✶✾✾✼❪ ♠❛✐% ❛✉%%✐ ❞❡ ♣♦✉)✈♦✐) ❧✬✐♥%❡❝!❡ ❞✬✉♥❡ ♣❧✉%

❣)❛♥❞❡ ✜♥❡%%❡ ❞❛♥% ❧✬ ❝❤❛♥!✐❧❧♦♥♥❛❣❡ %♣❛!✐❛❧ ❞❡ %♦♥ ❡♥✈✐)♦♥♥❡♠❡♥! ✈✐%✉❡❧✳ ❊♥ ♣❧✉% ❞❡

❝❡!  ❝❤❛♥!✐❧❧♦♥♥❛❣❡ %♣❛!✐❛❧✱ ✉♥ ✜❧!)❛❣❡ %♣❛!✐❛❧ ♣❛%%❡✲❜❛%✱ ) %✉❧!❛♥! ❞✬✉♥ ♣❤ ♥♦♠3♥❡

❞❡ ❞✐✛)❛❝!✐♦♥ ❞❡ ❧❛ ❧✉♠✐3)❡ ❞_ ❛✉ ❢❛✐❜❧❡ ❞✐❛♠3!)❡ ❞❡ ❧✬♦♣!✐&✉❡ ❞❡ ❝❤❛&✉❡ ♦♠♠❛!✐❞✐❡

✭∼ 18 µm✮ ❬8)❛❛❣❤ ❡! ❛❧✳✱ ✶✾✽✵❪✱ ❡♥!)❛`♥❡ ✉♥❡ ❞✐)❡❝!✐✈✐! ❛♥❣✉❧❛✐)❡ ❞✉ ♣❤♦!♦) ❝❡♣!❡✉)

❞❡ !②♣❡ ❣❛✉%%✐❡♥♥❡ ❬●a!③✱ ✶✾✻✹✱ ❍❛)❞✐❡✱ ✶✾✽✺❪ )❡♣)♦❞✉✐%❛♥! ✉♥ ❡✛❡! ❞❡ ✓ ✢♦✉! ✔ %✉)

✸✶



∆ρ

2.6◦

∆ϕ

∆ρ

∼ 11000



∆ϕ

∆ρ ∆ϕ

200 Hz





▲❡" ♠♦❞❛❧✐)*" "❡♥"♦,✐❡❧❧❡" ❝❤❡③ ❧✬✐♥"❡❝)❡ ❛✐❧* ■♥),♦❞✉❝)✐♦♥

❣!"❝❡ % ❞❡' ♥❡✉!♦♥❡' ❞+,❡❝,❡✉!' ❞❡ ♠♦✉✈❡♠❡♥, ❬❉♦✉❣❧❛'' ❛♥❞ ❙,!❛✉'❢❡❧❞✱ ✶✾✾✻❪✳ ❊❧❧❡

✐♥,❡!✈✐❡♥❞!❛✐, +❣❛❧❡♠❡♥, ❞❛♥' ❧❛ '+♣❛!❛,✐♦♥ ❞❡' ,!❛♥'✐,✐♦♥' ✓ ❖◆ ✔ ✭,!❛♥'✐,✐♦♥ ♥♦✐!

✈❡!' ❜❧❛♥❝✮ ❡, ✓ ❖❋❋ ✔ ✭,!❛♥'✐,✐♦♥ ❜❧❛♥❝ ✈❡!' ♥♦✐!✮ ❬❋!❛♥❝❡'❝❤✐♥✐ ❡, ❛❧✳✱ ✶✾✽✾❪✳ ❊♥✜♥ ❧❛

❧♦❜✉❧❛ ✭✜❣✉!❡ ✶✳✶✷✮ ❝♦♥',✐,✉❡ ❧❡ ❞❡!♥✐❡! ❣❛♥❣❧✐♦♥ ♦♣,✐J✉❡✱ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✱ ❡, ❝♦♠♣!❡♥❞

❞❡' ♥❡✉'♦♥❡( ❞*+❡❝+❡✉'( ❞❡ ♠♦✉✈❡♠❡♥+ / ❧❛'❣❡ ❝❤❛♠♣ J✉✐ !+♣♦♥❞❡♥, ❡♥ ❢♦♥❝,✐♦♥ ❞✬✉♥

♣❛,,❡!♥ ❞❡ ✈❡❝,❡✉!' ❝❤❛♠♣ ❞❡ ✢✉① ♦♣,✐J✉❡ ❝❛!❛❝,+!✐',✐J✉❡ ❞✬✉♥ ♠♦✉✈❡♠❡♥, ♣❛!,✐❝✉✲

❧✐❡!✳ ❈❡' ♥❡✉!♦♥❡' '❡ ♣!♦❥❡,,❡♥, ❡♥'✉✐,❡ ❞❛♥' ❧❡' ❣❛♥❣❧✐♦♥' ❝+♣❤❛❧✐J✉❡' ❝❡♥,!❛✉① ❞♦♥,

❧❡ ♣'♦+♦❝❡'❡❜'✉♠ ✭✜❣✉!❡ ✶✳✶✷✮✳ ❈❡!,❛✐♥' ♥❡✉!♦♥❡' ❞❡ ❧❛ ❧♦❜✉❧❛ !❡❥♦✐❣♥❡♥, ❛✉''✐ ❧❡ '②'✲

,S♠❡ ❧♦❝♦♠♦,❡✉! ❞❡ ❧✬❛♥✐♠❛❧ ❡, ❞❡'❝❡♥❞❡♥, ❧❛ ❝♦!❞❡ ♥❡!✈❡✉'❡ % ,!❛✈❡!' ❧❡ ❝♦✉ ❛✜♥

❞✬❛❝,✐✈❡! ❧❡' ♥❡✉!♦♥❡' ♠♦,❡✉!' ❞✉ ,❤♦!❛①✳

■■■✳❈ ▲❡% ♥❡✉(♦♥❡% ❞+,❡❝,❡✉(% ❞❡ ♠♦✉✈❡♠❡♥, 0 ❧❛(❣❡ ❝❤❛♠♣

✈✐%✉❡❧

❈♦♥,!❛✐!❡♠❡♥, % ❧✬❛❜❡✐❧❧❡✱ ❧❛ ❧♦❜✉❧❛ ♣!+'❡♥,❡ ❝❤❡③ ❧❛ ♠♦✉❝❤❡ ❡', ❞✐✈✐'+❡ ❡♥ ❞❡✉① '♦✉'✲

',!✉❝,✉!❡' ✿ ❧❛ ❧♦❜✉❧❛ ❛♥+*'✐❡✉'❡ ✭▲❖✮ ❡, ❧❛ ❧♦❜✉❧❛ ♣♦(+*'✐❡✉'❡ ♦✉ ❧♦❜✉❧❛ ♣❧❛+❡ ✭▲V✮

✭✜❣✉!❡ ✶✳✶✸❆✮✳ ❈❡,,❡ ❞❡!♥✐S!❡ ❝♦♥,✐❡♥, ❧❡' ♥❡✉!♦♥❡' ❞+,❡❝,❡✉!' ❞❡ ♠♦✉✈❡♠❡♥, % ❧❛!❣❡

❝❤❛♠♣ ❞♦♥, ❞❡✉① ❡①❡♠♣❧❡' ❞❡ !+♣♦♥'❡ '♦♥, ♠♦♥,!+' ❞❛♥' ❧❡' ✜❣✉!❡' ✶✳✶✸❇✫❈✳ ❉❡'

+,✉❞❡' ❛♥❛,♦♠✐J✉❡' ❡, ♥❡✉!♦♣❤②'✐♦❧♦❣✐J✉❡' ♠❡♥+❡' ❞✐!❡❝,❡♠❡♥, '✉! ❧❛ ❧♦❜✉❧❛ ♣❧❛+❡ ❞❡

❧❛ ♠♦✉❝❤❡ ♦♥, ♣❡!♠✐' ❞❡ ♠❡,,!❡ ❡♥ +✈✐❞❡♥❝❡ ❧✬❡①✐',❡♥❝❡ ❞❡ ♥❡✉!♦♥❡' '❡♥'✐❜❧❡' % ✉♥

♠♦✉✈❡♠❡♥, ♣❛!,✐❝✉❧✐❡! ❬❍❛✉'❡♥✱ ✶✾✽✷❛✱❜✱ ❊❣❡❧❤❛❛❢ ❛♥❞ ❇♦!',✱ ✶✾✾✸✱ ❑!❛♣♣ ❡, ❛❧✳✱ ✶✾✾✽✱

❇♦!', ❡, ❛❧✳✱ ✷✵✶✵❪✳ ❈❡' ♥❡✉!♦♥❡' ❞+,❡❝,❡✉!' ❞❡ ♠♦✉✈❡♠❡♥, % ❧❛!❣❡ ❝❤❛♠♣✱ ❛♣♣❡❧+'

❝❡❧❧✉❧❡( +❛♥❣❡♥+✐❡❧❧❡( ❞❡ ❧❛ ❧♦❜✉❧❛ ♣❧❛+❡ ✭▲V❚❈'✮✱ !+♣♦♥❞❡♥, % ❞❡' ',✐♠✉❧✐' ✈✐'✉❡❧' ❝♦!✲

!❡'♣♦♥❞❛♥, % ✉♥❡ ❞✐'❡❝+✐♦♥ ♣'*❢*'*❡ ❞✉ ♠♦✉✈❡♠❡♥, ✭'❡♥' ❡, ♠❛❣♥✐,✉❞❡✮ ❡, '✬✐♥❤✐❜❡♥,

❧♦!'J✉❡ ❧❡ ♠♦✉✈❡♠❡♥, ❝♦!!❡'♣♦♥❞ % ✉♥❡ ❛✉,!❡ ❞✐!❡❝,✐♦♥✳ ❖♥ ♥♦,❡ ♣❧✉'✐❡✉!' ❝❧❛''❡' ❞❡

♥❡✉!♦♥❡' ▲V❚❈' ❞❛♥' ✉♥ ♠_♠❡ `✐❧ J✉✐ !+♣♦♥❞❡♥, % ✉♥ ♠♦✉✈❡♠❡♥, ♣❛!,✐❝✉❧✐❡! ✿ ❞✐①

❝❡❧❧✉❧❡' ❱❙ '❡♥'✐❜❧❡' % ❞❡' ♠♦✉✈❡♠❡♥,' ✈❡!,✐❝❛✉① ❞✉ ❤❛✉, ✈❡!' ❧❡ ❜❛' ✭❝❡❧❧✉❧❡' ❱❙✱

✜❣✉!❡ ✶✳✶✸❇✮ ❡, ,!♦✐' ❝❡❧❧✉❧❡' !+♣♦♥❞❛♥, !+♣♦♥❞❡♥, % ✉♥ ♠♦✉✈❡♠❡♥, ✓ ❞❡ ❧✬❛✈❛♥, ✈❡!'

❧✬❛!!✐S!❡ ✔ ✭❝❡❧❧✉❧❡' ❍❙✱ ✜❣✉!❡ ✶✳✶✸❈✮✳ ❈❤❡③ ❧✬❛❜❡✐❧❧❡✱ ❝❡,,❡ ❢♦✐'✱ ❞❡' ❡♥!❡❣✐',!❡♠❡♥,'

+❧❡❝,!♦♣❤②'✐♦❧♦❣✐J✉❡'✱ ♠❡♥+' ❞❛♥' ❧❛ ❝♦!❞❡ ♥❡!✈❡✉'❡ ❞❡'❝❡♥❞❛♥,❡ ❞❡ ❧✬❛❜❡✐❧❧❡ !❡❧✐+❡ %

❧❛ ❧♦❜✉❧❛✱ ♦♥, ♣❡!♠✐' ❞✬✐❞❡♥,✐✜❡! ❞❡' ♥❡✉!♦♥❡' % ❧❛!❣❡' ❝❤❛♠♣' '❡♥'✐❜❧❡' % ❞❡' ♠♦✉✈❡✲

♠❡♥,' ♣!✐✈✐❧+❣✐+' ❬■❜❜♦,'♦♥ ❛♥❞ ●♦♦❞♠❛♥✱ ✶✾✾✵✱ ■❜❜♦,'♦♥✱ ✶✾✾✶❪ ❝♦♠♠❡ ❧❡ ♥❡✉!♦♥❡

DNV1 '❡♥'✐❜❧❡ % ✉♥ ♠♦✉✈❡♠❡♥, ❞❡ !♦,❛,✐♦♥ ❡♥ ❧❛❝❡,✱ ❧❡' ♥❡✉!♦♥❡' DNIV2 ❡, DNIV4

'❡♥'✐❜❧❡' % ✉♥ ♠♦✉✈❡♠❡♥, ❞❡ !♦,❛,✐♦♥ ❡♥ !♦✉❧✐' ♦✉ ❡♥❝♦!❡ ❧❡ ♥❡✉!♦♥❡ DNI2 '❡♥'✐❜❧❡

% ✉♥ ♠♦✉✈❡♠❡♥, ❞❡ !♦,❛,✐♦♥ ❡♥ ,❛♥❣❛❣❡✳ ❉✬❛✉,!❡' ♥❡✉!♦♥❡' ❝❤❡③ ❧✬❛❜❡✐❧❧❡ !+♣♦♥❞❡♥,

% ✉♥ ♠♦✉✈❡♠❡♥, ❞❡ ,!❛♥'❧❛,✐♦♥ ❞❡ ❧✬❛✈❛♥, ✈❡!' ❧✬❛!!✐S!❡ ✿ ❧❡' ♥❡✉!♦♥❡' ❱❚ ❬■❜❜♦,'♦♥✱

✷✵✵✶❪✳

✸✺



Vs5 Hx

40◦/s−1 1000◦.s−1

11◦ 76◦



[40◦.s−1, 1000◦.s−1]
11◦ 76◦





▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

✈❡♥# ♣❡✉#✱ ♣❛( ❡①❡♠♣❧❡✱ ❡♥#(❛,♥❡( ✉♥❡  ♦"❛"✐♦♥ ❡♥ ❧❛❝❡" ✈❡(- ❧❛ ❣❛✉❝❤❡ ❡# ❣1♥1(❡( ✉♥

❞1✜❧❡♠❡♥# ❞❡ ❧✬✐♠❛❣❡ ✈❡(- ❧❛ ❞(♦✐#❡ ❞❛♥- -♦♥ ❝❤❛♠♣ ✈✐-✉❡❧✱ ✐✳❡✳✱ ✉♥ ❞1❝❛❧❛❣❡ ❞✉ ❢♦②❡(

❞✬❡①♣❛♥-✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ✈❡(- ❧❛ ❞(♦✐#❡✳ ▲✬✐♥-❡❝#❡ ❝♦♠♣❡♥-❡ ❝❡##❡ ♣❡(#✉(❜❛#✐♦♥ ❡♥ ❣1♥1✲

(❛♥# ✉♥ ❝♦✉♣❧❡ ❛♥#❛❣♦♥✐-#❡ ❞❡ ❧❛❝❡# ✈❡(- ❧❛ ❞(♦✐#❡ ❧✉✐ ♣❡(♠❡##❛♥# ❞❡ ❝♦♥-❡(✈❡( -♦♥ ❝❛♣

❡# (❡♣(❡♥❞(❡ -❛ (♦✉#❡✳ ▲❛ (1♣♦♥-❡ ♦♣"♦♠♦" ✐❝❡ ❡♥ ❧❛❝❡# ✭✜❣✉(❡ ✶✳✶✺✮✱ (❡-♣♦♥-❛❜❧❡ ❞❡

❝❡ ❝♦♠♣♦(#❡♠❡♥#✱ ❛❣✐# ❝♦♠♠❡ ✉♥ -#❛❜✐❧✐-❛#❡✉( ❞✬❛""✐"✉❞❡ ✭❡♥ ❧❛❝❡#✮ ❞✉ ✈♦❧ ❞❡ ❧✬✐♥-❡❝#❡

❡♥ ❝♦♠♣❡♥-❛♥# #♦✉#❡- (♦#❛#✐♦♥- ✭❡♥ ❧❛❝❡#✮ ✐♥#❡♠♣❡-#✐✈❡- A✉✐ ✈✐❡♥❞(❛✐❡♥# ❣1♥1(❡( ✉♥

✢✉① ♦♣#✐A✉❡ ❞❡ (♦#❛#✐♦♥ ❛✜♥ ❞❡ ♥❡ ♣(✐✈✐❧1❣✐❡( A✉❡ ❞❡- ♠♦✉✈❡♠❡♥#- ❞❡ #(❛♥-❧❛#✐♦♥✱ ❡#

❞♦♥❝ ❞✉ ✢✉① ♦♣#✐A✉❡ ❞❡ #(❛♥-❧❛#✐♦♥ A✉✐✱ ❝♦♠♠❡ ♦♥ ❧✬❛ ✈✉ ♣(1❝1❞❡♠♠❡♥#✱ ❡-# ❧❡ -❡✉❧

❛♣#❡ C (❡♥-❡✐❣♥❡( -✉( ❧❛ ♣(♦①✐♠✐#1 ❞❡- ♦❜-#❛❝❧❡- ❞❛♥- ❧✬❡♥✈✐(♦♥♥❡♠❡♥# ❡♥ ❢♦♥❝#✐♦♥ ❞❡

❧❛ ✈✐#❡--❡ ❞❡ ❧✬❛❣❡♥# ✭1A✉❛#✐♦♥ ✶✳✸✮✳

❯♥❡ ♠❛♥✐F(❡ ❞❡ #❡-#❡( ❝❡ ❝♦♠♣♦(#❡♠❡♥# ❡-# ❞❡ ♣❧❛❝❡( ✉♥ ✐♥-❡❝#❡ ❡♥ ✈♦❧ ❛✉ ♣♦✐♥# ✜①❡

❞❛♥- ✉♥ #❛♠❜♦✉( ❞♦♥# ❧❛ ♣❛(♦✐ ❡-# #❛♣✐--1❡ ❞❡ ❝♦♥#(❛-#❡- ✭✜❣✉(❡ ✶✳✶✺❆✲❈✮✳ ▲♦(-A✉❡ ❧❡

#❛♠❜♦✉( #♦✉(♥❡ ❞❛♥- ✉♥❡ ❞✐(❡❝#✐♦♥✱ ❧✬✐♥-❡❝#❡ ❛✉(❛ #❡♥❞❛♥❝❡ C #♦✉(♥❡( ❞❛♥- ❧❛ ❞✐(❡❝#✐♦♥

❞❡ (♦#❛#✐♦♥ ❞✉ #❛♠❜♦✉( ❬❘❡✐❝❤❛(❞#✱ ✶✾✻✾❪ ❝♦♠♠❡ ♣♦✉( -#❛❜✐❧✐-❡( -♦♥ ❡♥✈✐(♦♥♥❡♠❡♥#

✈✐-✉❡❧✳ ❙✐ ❧❡ #❛♠❜♦✉( #♦✉(♥❡ ❞❛♥- ❧❡ -❡♥- ❞❡- ❛✐❣✉✐❧❧❡- ❞✬✉♥❡ ♠♦♥#(❡✱ ❧✬✐♥-❡❝#❡ ✈❛ ❣1♥1✲

(❡( ✉♥ ❝♦✉♣❧❡ ❞❡ ❧❛❝❡# ❞❛♥- ❧❛ ♠O♠❡ ❞✐(❡❝#✐♦♥ ❞❡ (♦#❛#✐♦♥ ❞✉ #❛♠❜♦✉(✱ ❡# ✈✐❝❡✲✈❡(-❛✳

❊♥ ❢❛✐-❛♥# ✈❛(✐❡( ❧❛ ❢(1A✉❡♥❝❡ -♣❛#✐❛❧❡ ❞❡- ❝♦♥#(❛-#❡-✱ ♦♥ -✬❛♣❡(Q♦✐# A✉❡ ❧❛ (1♣♦♥-❡

❞❡ ❧✬✐♥-❡❝#❡ -✉✐# ✉♥❡ ❝♦✉(❜❡ ❞❡ #②♣❡ ❣❛✉--✐❡♥♥❡ ❛✈❡❝ ✉♥ ♣✐❝ ❝♦((❡-♣♦♥❞❛♥# C ✉♥❡ ✈✐✲

#❡--❡ ❛♥❣✉❧❛✐(❡ ❞❡ ❞1✜❧❡♠❡♥# ❞❡- ♠♦#✐❢- ♣❛(#✐❝✉❧✐F(❡ ✭✜❣✉(❡ ✶✳✶✺❉✮✳ S❧✉- ❧❛ (1-♦❧✉#✐♦♥

-♣❛#✐❛❧❡ ❞❡- ♠♦#✐❢- ❡-# ❢❛✐❜❧❡✱ ♣❧✉- ❧❡ ♣✐❝ ❞❡ ❧❛ (1♣♦♥-❡ ❝♦((❡-♣♦♥❞ C ✉♥❡ ✈✐#❡--❡ ❛♥❣✉✲

❧❛✐(❡ ❞❡ ❞1✜❧❡♠❡♥# 1❧❡✈1❡ ✭✜❣✉(❡ ✶✳✶✺❉✮✳ ❯♥ #(❛❝1 ❞❛♥- ✉♥❡ 1❝❤❡❧❧❡ ❧♦❣❛(✐#❤♠✐A✉❡ ❞❡

❝❡- ♠O♠❡- ❝♦✉(❜❡- ❡♥ ❢♦♥❝#✐♦♥ ❞❡ ❧❛ ❢(1A✉❡♥❝❡ #❡♠♣♦(❡❧❧❡ ❞❡- -#✐♠✉❧✐- ✈✐-✉❡❧- ✭❞1✜♥✐

❝♦♠♠❡ ❧❡ A✉♦#✐❡♥# ❡♥#(❡ ❧❛ ✈✐#❡--❡ ❛♥❣✉❧❛✐(❡ ❞❡ ❞1✜❧❡♠❡♥# ❡# ❧❛ ♣1(✐♦❞❡ ❛♥❣✉❧❛✐(❡ ❞❡-

♠♦#✐❢-✮ ♠♦♥#(❡ A✉✬❡❧❧❡- -❡ -✉♣❡(♣♦-❡♥# #♦✉#❡- ♣♦✉( ✉♥❡ ❢(1A✉❡♥❝❡ #❡♠♣♦(❡❧❧❡ ♣❛(#✐✲

❝✉❧✐F(❡ ✭✜❣✉(❡ ✶✳✶✺❊✮✳ ❈❡ (1-✉❧#❛# ♠♦♥#(❡ A✉❡ ❧❛ (1♣♦♥-❡ ♦♣#♦♠♦#(✐❝❡ ❞1♣❡♥❞ ❞❡ ❧❛

❢ ./✉❡♥❝❡ "❡♠♣♦ ❡❧❧❡ ❞❡0 ❝♦♥" ❛0"❡0✳ S❧✉-✐❡✉(- 1A✉✐♣❡- ❞❡ ❝❤❡(❝❤❡✉(- A✉✐ ♦♥# 1#✉❞✐1❡-

❧❛ (1♣♦♥-❡ ♦♣#♦♠♦#(✐❝❡ ❡♥ ❧❛❝❡# A✉❡ ❝❡ -♦✐# ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❬❑✉♥③❡✱ ✶✾✻✶✱ ❑❛✐-❡( ❛♥❞

▲✐-❦❡✱ ✶✾✼✹❪ ♦✉ ❡♥❝♦(❡ ❝❤❡③ ❧❛ ♠♦✉❝❤❡ ❬●Z#③✱ ✶✾✻✹✱ ❘❡✐❝❤❛(❞#✱ ✶✾✻✾✱ ❇✉❝❤♥❡(✱ ✶✾✽✹❪

♦♥# ♠♦♥#(1 ❝❡##❡ ❞1♣❡♥❞❛♥❝❡ ❛✈❡❝ ❧❛ ❢(1A✉❡♥❝❡ #❡♠♣♦(❡❧❧❡ ❞✉ -#✐♠✉❧✉- ✈✐-✉❡❧ ❛##❡✐✲

❣♥❛♥# ✉♥ ♣✐❝ ♠❛①✐♠❛❧ ♣♦✉( ✉♥❡ ❢(1A✉❡♥❝❡ ❞❡ 8 Hz C 10 Hz ❬❑✉♥③❡✱ ✶✾✻✶❪✳ ▲❡- #(❛✈❛✉①

❞✬■❜❜♦#-♦♥ ❛♥❞ ●♦♦❞♠❛♥ ❬✶✾✾✵❪ ♦♥# ♣❡(♠✐- ❞✬✐❞❡♥#✐✜❡( ❝❧❛✐(❡♠❡♥# ❧❡- ♥❡✉(♦♥❡- (❡-✲

♣♦♥-❛❜❧❡- ❞❡ ❝❡ ❝♦♠♣♦(#❡♠❡♥#✱ C -❛✈♦✐( ❧❡- ♥❡✉(♦♥❡- ♦♣#♦♠♦#❡✉(-✳ ❈❡- 1#✉❞❡- ♦♥#

♠♦♥#(1 A✉❡ ❝❡- ♥❡✉(♦♥❡- (1♣♦♥❞❡♥#✱ ❞❡ ❢❛Q♦♥ ✐❞❡♥#✐A✉❡ ❛✉ ❝♦♠♣♦(#❡♠❡♥#✱ ❛✈❡❝ ✉♥ ♣✐❝

❞❡ -❡♥-✐❜✐❧✐#1 C 10 Hz ❬■❜❜♦#-♦♥ ❛♥❞ ●♦♦❞♠❛♥✱ ✶✾✾✵✱ ■❜❜♦#-♦♥✱ ✶✾✾✶❪✳

❈❡♣❡♥❞❛♥#✱ #♦✉#❡- (♦#❛#✐♦♥- ✐♥#❡♠♣❡-#✐✈❡- -❡❧♦♥ ❧❡- #(♦✐- ❛①❡- ✭#❛♥❣❛❣❡✱ (♦✉❧✐- ❡# ❧❛✲

❝❡#✮ -♦♥# -✉-❝❡♣#✐❜❧❡- ❞❡ ♣❡(#✉(❜❡( ❧❡ ✈♦❧ ❞❡ ❧✬✐♥-❡❝#❡✳ ❆✉❝✉♥❡ ♥❡ (❡❧❛#❡ ❡♥❝♦(❡ ❞✬✉♥❡

✸✾



▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

 !♣♦♥%❡ ♦♣'♦♠♦' ✐❝❡ ❡♥ '❛♥❣❛❣❡ ❡' ❡♥  ♦✉❧✐% ❝❤❡③ ❧✬❛❜❡✐❧❧❡✱ ♠❛✐% ✐❧ ❡%' 4 ♥♦'❡ 5✉✬✉♥

❝♦♠♣♦ '❡♠❡♥' %✐♠✐❧❛✐ ❡ ❛ ♣✉ 6' ❡ ♦❜%❡ ✈! ❝❤❡③ ❧❛ ♠♦✉❝❤❡ ❬❙ ✐♥✐✈❛%❛♥✱ ✶✾✼✼❪✳

❈❡ ❝♦♠♣♦ '❡♠❡♥' ❞❡ %'❛❜✐❧✐%❛'✐♦♥ ❞✉ ❝❛♣ %✬❛✈A ❡ ❡%%❡♥'✐❡❧ ❞❛♥% ❧❛ ♥❛✈✐❣❛'✐♦♥ ❛✜♥ ❞❡

%✉♣♣ ✐♠❡ '♦✉'❡ ❝♦♠♣♦%❛♥'❡ ❞❡  ♦"❛"✐♦♥ ❞✉ ✢✉① ♦♣'✐5✉❡ 5✉✐ ✈✐❡♥❞ ❛✐' ✓ ♣♦❧❧✉❡ ✔ ❧❡

✢✉① ♦♣'✐5✉❡ ❞❡ ' ❛♥%❧❛'✐♦♥✱ 5✉✐ ❝♦♥%'✐'✉❡ ✓ ❧✬✐♥❢♦ ♠❛'✐♦♥ ✉'✐❧❡ ✔ ❞❡ ♥❛✈✐❣❛'✐♦♥✳ ❆✐♥%✐✱

❧♦ % ❞✬✉♥❡ ♠✐%❡ ❡♥ I✉✈ ❡  ♦❜♦'✐5✉❡✱ ✐❧ ❝♦♥✈✐❡♥' ❞✬!❧✐♠✐♥❡ '♦✉'❡ ♣❡ '✉ ❜❛'✐♦♥ ❡♥  ♦✲

'❛'✐♦♥ ✭'❛♥❣❛❣❡✱  ♦✉❧✐%✱ ❧❛❝❡'✮ ❞✉ ✈!❤✐❝✉❧❡ ❛✜♥ ❞❡ ♥❡ ♣ ✐✈✐❧!❣✐❡ 5✉❡ ❞✉ ✢✉① ♦♣'✐5✉❡

❞❡ " ❛♥&❧❛"✐♦♥✳

■❱✳❇ $✐❧♦(❛❣❡ ❞❛♥. ❧❡ ♣❧❛♥ ✈❡1(✐❝❛❧

■❱✳❇✳✶ %✐❧♦)❛❣❡ ♣❛. ❧❡ ✢✉① ♦♣)✐2✉❡

❈❤❡③ ❧✬❛❜❡✐❧❧❡✱ ✉♥ ❝♦♠♣♦ '❡♠❡♥' ❞✬❛''❡  ✐%%❛❣❡ 4 ❛♥❣❧❡ ❝♦♥%'❛♥' ✭✜❣✉ ❡ ✶✳✶✾❇✮ ❛ !'!

♦❜%❡ ✈! 4 ♠❛✐♥'❡%  ❡♣ ✐%❡% ♣❛ ❞❡% ❝❤❡ ❝❤❡✉ % ❞❡ ❧✬❯♥✐✈❡ %✐'! ❞❡ ❈❛♥❜❡  ❛ ❬❩❤❛♥❣ ❡' ❛❧✳✱

✶✾✾✵✱ ❙ ✐♥✐✈❛%❛♥ ❡' ❛❧✳✱ ✶✾✾✻✱ ✷✵✵✵❪✳ ❈❡% ❝❤❡ ❝❤❡✉ % ♦♥' ♥♦'! 5✉❡ ❧✬❛❜❡✐❧❧❡ ❡✛❡❝'✉❡ ❝❡''❡

♠❛♥I✉✈ ❡ ❞✬❛''❡  ✐%%❛❣❡ ❡♥ ♠❛✐♥'❡♥❛♥' %❛ ✈✐'❡%%❡ ❞✬❛✈❛♥❝❡ Vf ♣ ♦♣♦ '✐♦♥♥❡❧❧❡♠❡♥' 4

%❛ ❤❛✉'❡✉ %♦❧ h ❡' ❞♦♥❝ ❡♥ ♠❛✐♥'❡♥❛♥' ❧❡  ❛'✐♦

Vf

h
4 ✉♥ ♥✐✈❡❛✉ ❝♦♥%'❛♥' ✭✜❣✉ ❡ ✶✳✶✾❈✲

❉✮✳ ❈❡  ❛'✐♦ ♥✬❡%' ❛✉' ❡ 5✉❡ ❧❡ ✢✉① ♦♣'✐5✉❡ ✈❡♥' ❛❧ ♠❛✐♥'❡♥✉ 4 ✉♥❡ ✈❛❧❡✉ ❝♦♥%'❛♥'❡

❬❙ ✐♥✐✈❛%❛♥ ❡' ❛❧✳✱ ✶✾✾✻❪ ✭✜❣✉ ❡ ✶✳✶✾✮✳ ❙✉ ❝❡% ❢❛✐'%✱ ❙ ✐♥✐✈❛%❛♥ ❡' ❛❧✳ ❬✷✵✵✵❪ ♦♥' ❛❧♦ %

♣ ♦♣♦%! ✉♥❡ ♠♦❞!❧✐%❛'✐♦♥ ❞❡ ❝❡''❡ %' ❛'!❣✐❡ ❞✬❛''❡  ✐%%❛❣❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ 4 ' ❛✈❡ % ❞❡✉①

♣♦✐♥'% ❞❛♥% ❧❡5✉❡❧✱ %❡❧♦♥ ❡✉①✱ ❧✬❛❜❡✐❧❧❡ ♠❛✐♥'✐❡♥' ✿

❼ ✉♥ ❛♥❣❧❡ ❞✬❛''❡  ✐%%❛❣❡ ❝♦♥%'❛♥' %❛♥% ♣♦✉ ❛✉'❛♥' ♣ !❝✐%❡ ❝♦♠♠❡♥' ❝❡' ❛♥❣❧❡

%❡ ❛✐' ♠❡%✉ !✳

❼ ✉♥ ✢✉① ♦♣'✐5✉❡ ✈❡♥' ❛❧ ❝♦♥%'❛♥' %❛♥% ♥♦♥ ♣❧✉% ♣ !❝✐%❡ ❝♦♠♠❡♥' ❝❡ ✢✉① ♦♣'✐5✉❡

%❡ ❛✐' ♠❡%✉ ! ♣❛ ❧✬❛♥✐♠❛❧✳

❯♥ ❜ ❛%  ♦❜♦'✐%! ❞!♥✉! ❞❡ ❞②♥❛♠✐5✉❡ ❬❙ ✐♥✐✈❛%❛♥ ❡' ❛❧✳✱ ✷✵✵✵❪ ❡' ✉♥ ❛✈✐♦♥ ♠✐♥✐❛'✉ ❡

❬● ❡❡♥ ❡' ❛❧✳✱ ✷✵✵✹❪ ♦♥' '❡♥'! ❞❡  ❡♣ ♦❞✉✐ ❡ ❝❡% ❛''❡  ✐%%❛❣❡✱ ♠❛✐% ❧❡%  !%✉❧'❛'% %❡ %♦♥'

♠♦♥' !% ♣❡✉ ♣ ♦❜❛♥'✱ ❧❛  !♣♦♥%❡ ❡♥ ❜♦✉❝❧❡ ❢❡ ♠!❡ ❛✈❡❝ ❧❡ ✢✉① ♦♣'✐5✉❡ !'❛✐' %❡♥%✐❜❧❡✲

♠❡♥' ❧❛ ♠6♠❡ 5✉✬❡♥ ❜♦✉❝❧❡ ♦✉✈❡ '❡✱ ❝✬❡%' 4 ❞✐ ❡ %❛♥% ✉'✐❧✐%❡ ❧❡ ✢✉① ♦♣'✐5✉❡✳

▲❡% ' ❛✈❛✉① ♠❡♥!% ❞❛♥% ♥♦' ❡ ❧❛❜♦ ❛'♦✐ ❡ ♦♥' ♣❡ ♠✐% ❞✬❛♣♣♦ '❡ ✉♥ !❝❧❛✐ ❛❣❡ 4 ❝❡

❝♦♠♣♦ '❡♠❡♥'✱ 4 ' ❛✈❡ % ❧✬❡①♣❧♦ ❛'✐♦♥ ❞✬✉♥❡ ❤②♣♦'❤A%❡ ❞❡  (❣✉❧❛"✐♦♥ ❞✉ ✢✉① ♦♣"✐/✉❡

✈❡♥" ❛❧ ❛❣✐%%❛♥' %✉ ❧❛ ❢♦ ❝❡ ❞❡ %✉%'❡♥'❛'✐♦♥ ❞❡ ❧✬✐♥%❡❝'❡✱ ❧✉✐ ♣❡ ♠❡''❛♥' ❛✐♥%✐✱ ♣♦✉ 

✉♥❡ ✈✐'❡%%❡ ❞✬❛✈❛♥❝❡ ❞♦♥♥!❡✱ ❞❡ ❝♦♥' Z❧❡ %❛ ❤❛✉'❡✉ %♦❧ ❡♥ ❢♦♥❝'✐♦♥ ❞✬✉♥❡ ✈✐'❡%%❡ ❞❡

❞!✜❧❡♠❡♥' ♣ (❢( (❡ ❞✉ %♦❧ ❞❛♥% %♦♥ ♣❧❛♥  !'✐♥✐❡♥ ❬❋ ❛♥❝❡%❝❤✐♥✐ ❡' ❛❧✳✱ ✷✵✵✼❪✳ ❈❡''❡

%' ❛'!❣✐❡ ❞❡  !❣✉❧❛'✐♦♥ ❞✉ ✢✉① ♦♣'✐5✉❡ ✈❡♥' ❛❧ ❛ ❛❧♦ % !'! ❛❞❛♣'!❡ ❞❛♥% ❧✬!❧❛❜♦ ❛'✐♦♥

✹✵



h Vf

Vd − tan−1 B ω1,2

− tan−1 B = −52 ◦.s−1

5 cm
478 ◦.s−1



ωmesur



▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

▲❡ ♣#✐♥❝✐♣❡ ❞❡ ❧❛ #*❣✉❧❛-✐♦♥ ❞✉ ✢✉① ♦♣-✐1✉❡ 1✉❡ ♥♦✉2 ✈❡♥♦♥2 ❞❡ -#❛✐-❡# ❞❛♥2 ❝❡--❡

✱

❋■●❯❘❊ ✶✳✶✽ ✕ ✭❆✱ ❉✮ ❘❡♣#*2❡♥-❛-✐♦♥ 2❝❤*♠❛-✐1✉❡ ❞✬✉♥❡ -#❛♥2✐-✐♦♥ ❞❡ ❝♦♥-#❛2-❡

✓ ❜❧❛♥❝✲♥♦✐# ✔ ♦✉ ✓ ♥♦✐#✲❜❧❛♥❝ ✔ ❢♦#♠❛♥- ✉♥❡ ❧✐❣♥❡ ❤♦#✐③♦♥-❛❧❡ ❞✐2♣♦2*❡ ❧❛-*#❛❧❡♠❡♥-

2✉# ❧❡2 ♠✉#2 ❞✉ -✉♥♥❡❧✳ ✭❇✱ ❊✱ ❋✮ ▲❡2 ❞#♦2♦♣❤✐❧❡2 ♠♦❞✐✜❡♥- ❧❡✉# ❛❧-✐-✉❞❡ ❞❡ ♠❛♥✐N#❡

O 2✉✐✈#❡ ❝❡--❡ ❧✐❣♥❡ ❤♦#✐③♦♥-❛❧❡ ❛✐♥2✐ ❢♦#♠*❡✳ ✭❉✬❛♣#N2 ❬❙-#❛✇ ❡- ❛❧✳✱ ✷✵✶✵❪✮✳

2♦✉2✲♣❛#-✐❡ ❡2- ✉♥ ✈*#✐-❛❜❧❡ ♣✐❧✐❡# ❞❛♥2 ❧❛ ♥❛✈✐❣❛-✐♦♥ ❛✉-♦♥♦♠❡ ❡♥ ❡♥✈✐#♦♥♥❡♠❡♥- ✐♥✲

❝♦♥♥✉ ❡- ♣❡#♠❡- ❞✬❡①♣❧✐1✉❡# ❝♦♠♠❡♥-✱ 2❛♥2 ❛✉❝✉♥ ❝❛♣-❡✉# ❞❡ ❞✐2-❛♥❝❡ ♥✐ -❛❝❤②♠N-#❡✱

✉♥ ✐♥2❡❝-❡ ❛✐❧* ♣#♦❝N❞❡ ♣♦✉# ❞*❝♦❧❧❡# ❞✬✉♥❡ ✢❡✉#✱ 2✉✐✈#❡ ✉♥ -❡##❛✐♥✱ #*❛❣✐# ❢❛❝❡ ❛✉

✈❡♥- ♦✉ ❡♥❝♦#❡ ❛--❡##✐# ✈❡#2 ✉♥❡ ❛✉-#❡ 2♦✉#❝❡ ❞❡ ♥❡❝-❛#✳ ❈❡ ♣#✐♥❝✐♣❡ ✜①❡ ❧❡2 ❜❛2❡2 ❞❡

-#❛✈❛✐❧ ❞✉ ♣✐❧♦-❡ ❛✉-♦♠❛-✐1✉❡ ▲❖❘❆ 1✉✐ 2❡#❛ ♠✐2 ❡♥ Y✉✈#❡ 2✉# ✉♥ #♦❜♦- ❡- 1✉❡ ♥♦✉2

♣#*2❡♥-❡#♦♥2 ♣❧✉2 -❛#❞ ❞❛♥2 ❝❡--❡ -❤N2❡✳ ❊♥✜♥✱ ❧❛ #*❣✉❧❛-✐♦♥ ❞✉ ✢✉① ♦♣-✐1✉❡ ♥✬❡2-

♣#♦❜❛❜❧❡♠❡♥- ♣❛2 ❧❡ 2❡✉❧ ♠*❝❛♥✐2♠❡ 2❡♥2♦#✐✲♠♦-❡✉# 1✉✐ ✐♥-❡#✈✐❡♥- ❞❛♥2 ❧❡ ♣✐❧♦-❛❣❡

❞❛♥2 ❧❡ ♣❧❛♥ ✈❡#-✐❝❛❧✱ ❧❡2 ❧✐❣♥❡2 2❡♠❜❧❡♥- ② Z-#❡ ❛✉22✐ ♣♦✉# 1✉❡❧1✉❡ ❝❤♦2❡✳

✹✸



▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

■❱✳❇✳✷ %✐❧♦)❛❣❡ ♣❛. ❧❡ /✉✐✈✐ ❞❡ ❧✐❣♥❡/

❉❡" #$❛✈❛✉① ♣❧✉" $+❝❡♥#" ❬❙#$❛✇ ❡# ❛❧✳✱ ✷✵✶✵❪ ♠♦♥#$❡♥# 9✉❡✱ ❝❤❡③ ❧❛ ♠♦✉❝❤❡ ❉!♦#♦✲

♣❤✐❧❛✱ ❧❡ $+❣✉❧❛#❡✉$ ❞❡ ✢✉① ♦♣#✐9✉❡ ✈❡♥#$❛❧ ♣♦✉$$❛✐# ❝♦❡①✐"#❡$ ❛✈❡❝ ❞✬❛✉#$❡" $+✢❡①❡" ❞❡

"#❛❜✐❧✐"❛#✐♦♥ ❞✉ ✈♦❧ ❞♦♥# ❧❡ ♠+❝❛♥✐"♠❡ ❞✬❡❞❣❡ -!❛❝❦✐♥❣ 9✉❛❧✐✜+ ♣❛$ ❝❡" ❛✉#❡✉$"✳ ❆✐♥"✐✱

❝❡" ❝❤❡$❝❤❡✉$" ♠♦♥#$❡♥# 9✉✬✉♥❡ ♠♦✉❝❤❡✱ 9✉✐ ✈♦②❛❣❡ ❞❛♥" ✉♥ #✉♥♥❡❧ ❝♦♠♣♦$#❛♥# ✉♥❡

❧✐❣♥❡ ❞✬❤♦$✐③♦♥ ♣$♦❥❡#+❡ "✉$ ❧❡" ♠✉$" ❧❛#+$❛✉① ❞✬✉♥ #✉♥♥❡❧✱ ❛✉ ♠♦②❡♥ ❞✬✉♥ "②"#F♠❡

❞❡ ✈✐❞+♦✲♣$♦❥❡❝#✐♦♥✱ "✉✐✈$❛✐# ❧❡" ✈❛$✐❛#✐♦♥" ❡♥ ❤❛✉#❡✉$ ❞❡ ❝❡##❡ ❧✐❣♥❡ ❞✬❤♦$✐③♦♥✱ ❡♥

❞+♣✐# ❞❡" ✈❛$✐❛#✐♦♥" ❞✉ ✢✉① ♦♣#✐9✉❡ ✈❡♥#$❛❧ ✐♥❞✉✐#❡" ♣❛$ ❝❡##❡ ✈❛$✐❛#✐♦♥ ❞✬❛❧#✐#✉❞❡

❬❙#$❛✇ ❡# ❛❧✳✱ ✷✵✶✵❪ ✭✜❣✉$❡ ✶✳✶✽✮✳ ❈❡##❡ ♦❜"❡$✈❛#✐♦♥ #❡♥❞ L $❡♠❡##$❡ ❡♥ ❝❛✉"❡✱ "❡❧♦♥

❝❡" ❝❤❡$❝❤❡✉$"✱ ❧✬❤②♣♦#❤F"❡ ❞❡ ❧❛ $+❣✉❧❛#✐♦♥ ❞✉ ✢✉① ♦♣#✐9✉❡ ✈❡♥#$❛❧ ❢♦$♠✉❧+❡ ❞❛♥"

♥♦#$❡ ❧❛❜♦$❛#♦✐$❡ ❬❘✉✣❡$ ❛♥❞ ❋$❛♥❝❡"❝❤✐♥✐✱ ✷✵✵✺✱ ❋$❛♥❝❡"❝❤✐♥✐ ❡# ❛❧✳✱ ✷✵✵✼❪✳ ❙❡❧♦♥ ❝❡"

❡①♣+$✐♠❡♥#❛#✐♦♥"✱ ❧❡ ✢✉① ♦♣#✐9✉❡ ❞✬❡①♣❛♥"✐♦♥ ✈❡♥#$❛❧ ✐♥#❡$✈✐❡♥❞$❛✐# +❣❛❧❡♠❡♥# ❞❛♥"

❧❛ ❝♦♥#$S❧❡ ❞❡ ❧❛ ❤❛✉#❡✉$ ❝❤❡③ ❧❛ ❞$♦"♦♣❤✐❧❡ ❬❙#$❛✇ ❡# ❛❧✳✱ ✷✵✶✵❪✳ ❈❡♣❡♥❞❛♥#✱ ❧❡" ❛✉✲

#❡✉$" ♥❡ ♣❛$✈✐❡♥♥❡♥# ♣❛" L ♠❡##$❡ #♦#❛❧❡♠❡♥# ❡♥ ❝♦♠♣+#✐#✐♦♥ ❧❡ ♠+❝❛♥✐"♠❡ ❞✬✓ ❡❞❣❡

#$❛❝❦✐♥❣ ✔ ❡# ❧✬❤②♣♦#❤F"❡ ❞❡ ❧❛ $+❣✉❧❛#✐♦♥ ❞✉ ✢✉① ♦♣#✐9✉❡ ✈❡♥#$❛❧✱ ❡# ♥✬❡①❝❧✉❡♥# ♣❛"

❧✬❡①✐"#❡♥❝❡ ❞❡ ❝❡ ❞❡$♥✐❡$ ♠❛✐" ❛♣♣✉✐❡♥# ♣❧✉#S# ✉♥❡ ❝♦❡①✐"#❡♥❝❡ $❡❧❛#✐✈❡ ❛✈❡❝ ❞✬❛✉#$❡"

♠+❝❛♥✐"♠❡" ✈✐"✉♦✲♠♦#❡✉$" ❬❙#$❛✇ ❡# ❛❧✳✱ ✷✵✶✵❪✳

❈❡##❡ ❞❡$♥✐F$❡ #$♦✉✈❛✐❧❧❡ ❡"# #♦✉# ❞❡ ♠W♠❡ ✐♥#+$❡""❛♥#❡ ❡# ❞✬❛✉#$❡" #$❛✈❛✉① ♦♥# ❞+❥L

♠✐" ❡♥ +✈✐❞❡♥❝❡ ❝❡ ❝♦♠♣♦$#❡♠❡♥# ❞❡ "✉✐✈✐ ❞❡ ❧✐❣♥❡ ❝❤❡③ ❧❛ ❞$♦"♦♣❤✐❧❡ ❍♦$♥ ❛♥❞ ❲❡❤✲

♥❡$ ❬✶✾✼✺❪ ♠❛✐" ❛✉""✐ ❝❤❡③ ❞✬❛✉#$❡" ✐♥"❡❝#❡" ❝♦♠♠❡ ❧❡ "❝❛$❛❜+❡ ❈♦❧❧❡## ❡# ❛❧✳ ❬✶✾✾✸❪ ❡#

❧✬❛❜❡✐❧❧❡ ❬❘✐❧❡② ❡# ❛❧✳✱ ✷✵✵✺❪✳ ❈❡##❡ ❤②♣♦#❤F"❡ ♥❡ ♥♦✉" "❡$❛ ♣❛" ✉#✐❧❡ ❞❛♥" ♠✐"❡ ❡♥ \✉✈$❡

$♦❜♦#✐9✉❡ ♠❛✐" "♦♥ +#✉❞❡ ♥♦✉" ♠♦♥#$❡ 9✉❡ ❞❡ ♥♦♠❜$❡✉① ♠+❝❛♥✐"♠❡" "❡♥"♦$✐✲♠♦#❡✉$"✱

❞♦♥# ❧❛ $+❣✉❧❛#✐♦♥ ❞✉ ✢✉① ♦♣#✐9✉❡✱ "❡♠❜❧❡♥# $+❣✐$ ❧❡ ✈♦❧ ❞❡ ❧✬✐♥"❡❝#❡ ❛✐❧+✳

■❱✳❈ $✐❧♦(❛❣❡ ❞❛♥. ❧❡ ♣❧❛♥ ❤♦1✐③♦♥(❛❧

■❱✳❈✳✶ ▲❛ .7❛❝)✐♦♥ ❞❡ ❝❡♥).❛❣❡

❙✉$ ❧❛ "✐♠♣❧❡ ♦❜"❡$✈❛#✐♦♥ 9✉❡ ❧❡" ❛❜❡✐❧❧❡" ✈♦❧❡♥# ❝❡♥#$+❡" L #$❛✈❡$" ✉♥❡ ♦✉✈❡$#✉$❡

✭❞❡ #②♣❡ ❢❡♥W#$❡ ♣❛$ ❡①❡♠♣❧❡✮✱ ❞❡" ❝❤❡$❝❤❡✉$" ❞❡ ❧✬❯♥✐✈❡$"✐#+ ❞❡ ❈❛♥❜❡$$❛✱ ❡♥ ❆✉"✲

#$❛❧✐❡✱ ♦♥# ❡♥#$❛^♥+ ❞❡" ❛❜❡✐❧❧❡" L ♥❛✈✐❣✉❡$ ❞❛♥" ✉♥ #✉♥♥❡❧ +#$♦✐# ✭❧❛$❣❡✉$ 12 cm✮

❛✜♥ ❞❡ ♠❡##$❡ ❡♥ +✈✐❞❡♥❝❡ ❝❡ ♠W♠❡ ❝♦♠♣♦$#❡♠❡♥#✳ ❈❡" ❝❤❡$❝❤❡✉$" ♦♥# ♦❜"❡$✈+ 9✉❡

❧❡" ❛❜❡✐❧❧❡"✱ ❡♥ ✈♦❧ ❧✐❜$❡✱ "❡ ❝❡♥#$❡♥# ❞❛♥" ✉♥ #✉♥♥❡❧ +#$♦✐# "#❛#✐♦♥♥❛✐$❡ ❡# ❝❡✱ ✐♥✲

❞+♣❡♥❞❛♠♠❡♥# ❞❡ ❧❛ ❢$+9✉❡♥❝❡ "♣❛#✐❛❧❡ ❞❡" ♠♦#✐❢" ✭✜❣✉$❡ ✶✳✶✾❆✲❇✮ ❬❑✐$❝❤♥❡$ ❛♥❞

❙$✐♥✐✈❛"❛♥✱ ✶✾✽✾✱ ❙$✐♥✐✈❛"❛♥ ❡# ❛❧✳✱ ✶✾✾✶❪✳ ❈❡" ❡①♣+$✐♠❡♥#❛#✐♦♥" +#❡♥❞✉❡" L ✉♥ #✉♥✲

♥❡❧ ♥♦♥✲"#❛#✐♦♥♥❛✐$❡ ♦a ❧✬✉♥❡ ❞❡" ♣❛$♦✐" +#❛✐# ♠✐" ❡♥ ♠♦✉✈❡♠❡♥# "♦✐# ❞❛♥" ❧❡ "❡♥"

❞✬❛✈❛♥❝❡✱ "♦✐# ❧❡ "❡♥" ❝♦♥#$❛✐$❡ ❞✬❛✈❛♥❝❡ ❞❡ ❧✬❛❜❡✐❧❧❡ ♦♥# $+✈+❧+ ❞❡" $+"✉❧#❛#" ❡♥❝♦$❡

✹✹





▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

❋■●❯❘❊ ✶✳✷✵ ✕ ■❧❧✉-./❛.✐♦♥ -✉/ ❧✬❤②♣♦.❤8-❡ ❞✬ !✉✐❧✐❜&❛❣❡ ❞❡+ ✢✉① ♦♣0✐!✉❡+ ❧❛0 &❛✉①

✭ω1 = ω2✮ ✈✐-❛♥. > ❡①♣❧✐@✉❡/ ❧❛ /A❛❝.✐♦♥ ❞❡ ❝❡♥./❛❣❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✳ ✭❉✬❛♣/8- ❬❙/✐♥✐✈❛-❛♥✱

✷✵✶✶❛❪✮✳

③♦♥❡- ❧❛.A/❛❧❡- ❞❡ -♦♥ K✐❧ ❝♦♠♣♦-A ✭ω1,2✱ ✜❣✉/❡ ✶✳✷✵✮✱ ❡①♣❧✐@✉❛♥. -❡❧♦♥ ❡✉① ❧❛ /A❛❝.✐♦♥

❞❡ ❝❡♥./❛❣❡ ❞❛♥- ✉♥ .✉♥♥❡❧ A./♦✐. -.❛.✐♦♥♥❛✐/❡ ❡. ❞❡ ❞A❝❡♥./❛❣❡ ❞❛♥- ✉♥ .✉♥♥❡❧ A./♦✐.

♥♦♥✲-.❛.✐♦♥♥❛✐/❡ ♦✉ ♣/A-❡♥.❛♥. ✉♥ ♠✉/ ✉♥✐❢♦/♠A♠❡♥. ❝♦♥./❛-.A✳

❈❡..❡ /A❛❝.✐♦♥ ❞❡ ❝❡♥./❛❣❡ ❝♦♥-.✐.✉❡ ✉♥ ♠A❝❛♥✐-♠❡ ✈✐-✉♦✲♠♦.❡✉/ > ❞✐-.✐♥❣✉❡/ ❞❡ ❝❡✲

❧✉✐ ❞❡ ❧❛ /A♣♦♥-❡ ♦♣.♦♠♦./✐❝❡✳ ❊✛❡❝.✐✈❡♠❡♥.✱ ❞❡- /❡❝❤❡/❝❤❡- ♣❧✉- /A❝❡♥.❡- ♦♥. ♣✉

♠♦♥./❡/ @✉❡ ❧❛ ♥❛✈✐❣❛.✐♦♥ ❞❡ ❧✬❛❜❡✐❧❧❡ -✉/ ❧❡ ♣❧❛♥ ❤♦/✐③♦♥.❛❧ -❡ /A✈8❧❡ ✜♥❛❧❡♠❡♥. ✐♥✲

❞A♣❡♥❞❛♥.❡ ❞❡ ❧❛ ❢/A@✉❡♥❝❡ .❡♠♣♦/❡❧❧❡ ❞❡- ♠♦.✐❢- ❬❙/✐♥✐✈❛-❛♥ ❡. ❛❧✳✱ ✶✾✾✸❪ ❞♦♥. ♦♥

-❛✐. @✉❡ ❝❡..❡ ❞A♣❡♥❞❛♥❝❡ ❝♦♥-.✐.✉❡ ✉♥❡ ❝❛/❛❝.A/✐-.✐@✉❡ ❞❡- ♥❡✉/♦♥❡- ♦♣.♦♠♦.❡✉/-

✭-❡❝.✐♦♥- ■■■✳❈✳✷✫■❱✳❆✮✳

■❱✳❈✳✷ ▲❡ ❝♦♥*+,❧❡ ❞❡ ✈✐*❡11❡

❋■●❯❘❊ ✶✳✷✶ ✕ ❈♦♥./W❧❡ ❞❡ ✈✐.❡--❡ ♦❜-❡/✈A ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❞❛♥- ✉♥ .✉♥♥❡❧ ❢✉-❡❧A✳

▲✬❛❜❡✐❧❧❡ ❛❞❛♣.❡ -❛ ✈✐.❡--❡ ♣/♦♣♦/.✐♦♥♥❡❧❧❡♠❡♥. > ❧❛ ❧❛/❣❡✉/ ❧♦❝❛❧❡ ❞✉ .✉♥♥❡❧✱ ❝❡ @✉✐

❛♠❡♥❛ ❧❡- ❝❤❡/❝❤❡✉/- > ♣❡♥-❡/ @✉✬❡❧❧❡ ❝♦♥-❡/✈❡ ✉♥❡ ✈✐.❡--❡ ❞❡ ❞A✜❧❡♠❡♥. ❝♦♥-.❛♥.❡ ❞❡

❧✬✐♠❛❣❡ ❞❛♥- -♦♥ ❝❤❛♠♣ ✈✐-✉❡❧ ❬❙/✐♥✐✈❛-❛♥ ❡. ❛❧✳✱ ✶✾✾✻❪✳ ✭❉✬❛♣/8- ❬❙/✐♥✐✈❛-❛♥✱ ✷✵✶✶❛❪✮✳

❉❡- A.✉❞❡- ♣♦/.A❡- -✉/ ❧❡ ❝♦♥./W❧❡ ❞❡ ❧❛ ✈✐.❡--❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ♦♥. ♣✉ ♠♦♥./❡/ @✉✬❡❧❧❡

❛❞❛♣.❡ -❛ ✈✐.❡--❡ ❡♥ ❢♦♥❝.✐♦♥ ❞❡ ❧✬❡♥❝♦♠❜/❡♠❡♥. ❞❡ -♦♥ ❡♥✈✐/♦♥♥❡♠❡♥.✳ ▲♦/- ❞✬❡①♣A/✐✲

♠❡♥.❛.✐♦♥- ♠❡♥A❡- ❞❛♥- ✉♥ .✉♥♥❡❧ ❞❡ ❧❛/❣❡✉/ ❝♦♥-.❛♥.❡✱ ❧✬❛❜❡✐❧❧❡ ❝♦♥-❡/✈❡ ✉♥❡ ✈✐.❡--❡

❝♦♥-.❛♥.❡ ❬❙/✐♥✐✈❛-❛♥ ❡. ❛❧✳✱ ✶✾✾✻❪ ❛❧♦/- @✉❡ ❞❛♥- ✉♥ .✉♥♥❡❧ ❢✉-❡❧A ♦Z ❧❡- ♠✉/- ❧❛.A/❛✉①

❝♦♥✈❡/❣❡♥. ♣✉✐- ❞✐✈❡/❣❡♥.✱ ❧✬❛❜❡✐❧❧❡ ❞A❝A❧8/❡ ❞❛♥- ❧❛ ♣❛/.✐❡ ❝♦♥✈❡/❣❡♥.❡ ❡. ❛❝❝A❧8/❡ ❞❛♥-

❧❛ ♣❛/.✐❡ ❞✐✈❡/❣❡♥.❡ ❬❙/✐♥✐✈❛-❛♥ ❡. ❛❧✳✱ ✶✾✾✻❪ ✭✜❣✉/❡ ✶✳✷✶✮✳ ❈❡- ♦❜-❡/✈❛.✐♦♥- ♠♦♥./❡♥.
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▲✐❡♥ ❡♥$%❡ ❝♦♠♣♦%$❡♠❡♥$ ❡$ ♥❡✉%♦♣❤②-✐♦❧♦❣✐❡ ❝❤❡③ ❧❡- ✐♥-❡❝$❡- ❛✐❧2- ■♥$%♦❞✉❝$✐♦♥

 ✉❡ ❧✬❛❜❡✐❧❧❡ ❛❞❛♣*❡ +❛ ✈✐*❡++❡ ❡♥ ❢♦♥❝*✐♦♥ ❞❡ ❧❛ ❧❛1❣❡✉1 ❧♦❝❛❧❡ ❞✉ *✉♥♥❡❧ ❡* ♦♥* ❛♠❡♥4

❝❡+ ❝❤❡1❝❤❡✉1+ 6 ♣❡♥+❡1  ✉❡ ❧✬❛❜❡✐❧❧❡ ❝♦♥+❡1✈❡ ❧❛ ✈✐*❡++❡ ❛♥❣✉❧❛✐1❡ ❞❡ ❞4✜❧❡♠❡♥*✱ ♣❡1✲

:✉❡ ♣❛1 +❡+ ❞❡✉① ②❡✉① ❝♦♠♣♦+4+✱ ❝♦♥+*❛♥*❡ ✭ω1 = ω2 = ω3✱ ✜❣✉1❡ ✶✳✷✶✮ ❬❙1✐♥✐✈❛+❛♥

❡* ❛❧✳✱ ✶✾✾✻❪✳

G❧✉+ 14❝❡♠♠❡♥* ❇❛✐1❞ ❡* ❛❧✳ ❬✷✵✵✺❪ ♦♥* ❡♥*1❛K♥4 ❞❡+ ❛❜❡✐❧❧❡+ 6 ♥❛✈✐❣✉❡1 ❞❛♥+ ✉♥ *✉♥♥❡❧

♥♦♥✲+*❛*✐♦♥♥❛✐1❡ ❞♦♥* ❧❡+ ❞❡✉① ♣❛1♦✐+ ❧❛*41❛❧❡+ 4*❛✐❡♥* ♠♦*♦1✐+4❡+✳ ▲❡+ 14+✉❧*❛*+ ♦♥* ♣✉

♠♦♥*1❡1  ✉❡ ❧❡+ ❛❜❡✐❧❧❡+ ❛❞❛♣*❡♥* ❧❡✉1 ✈✐*❡++❡ ❡♥ ♠❛✐♥*❡♥❛♥* ✉♥❡ ✈✐*❡++❡ ❛♥❣✉❧❛✐1❡ ❞❡

❞4✜❧❡♠❡♥* ❞❡+ ♠✉1+ ♣❡1:✉❡ ♣❛1 ❧❡+ 14❣✐♦♥+ ❧❛*41❛❧❡+ ❞❡ +❡+ ②❡✉① 6 ✉♥ ♥✐✈❡❛✉ ❝♦♥+*❛♥*

❬❇❛✐1❞ ❡* ❛❧✳✱ ✷✵✵✺❪✳

❈❡♣❡♥❞❛♥*✱ ❞✬❛✉*1❡+ ❡①♣41✐♠❡♥*❛*✐♦♥+ ♠♦♥*1❡♥*  ✉❡ ❧❡ ❝♦♥*1N❧❡ ❞❡ ❧❛ ✈✐*❡++❡ ❝❤❡③

❧✬❛❜❡✐❧❧❡ ❡+* ♠✐+ ❡♥ P✉✈1❡ ❞❡ ♠❛♥✐Q1❡ ♣❧✉+ ❝♦♠♣❧❡①❡  ✉✬✉♥❡ +✐♠♣❧❡ 14❣✉❧❛*✐♦♥ ❜✐❧❛*4✲

1❛❧❡✳ ❊♥ ❡✛❡*✱ ✐❧ ❞4♣❡♥❞1❛✐* 4❣❛❧❡♠❡♥* ❞✉ ✢✉① ♦♣*✐ ✉❡ ♣❡1:✉ ❞❛♥+ ❧❛ 14❣✐♦♥ ✈❡♥*1❛❧❡

❞❡ +❡+ ②❡✉① ❬❇❛✐1❞ ❡* ❛❧✳✱ ✷✵✵✻✱ ❇❛11♦♥ ❛♥❞ ❙1✐♥✐✈❛+❛♥✱ ✷✵✵✻❪✳

■❱✳❈✳✸ ▲❡ '✉✐✈✐ ❞❡ ♣❛.♦✐

❯♥ ♥♦✉✈❡❛✉ ♣1♦*♦❝♦❧❡ ❡①♣41✐♠❡♥*❛❧✱ ♠✐+ ❡♥ ♣❧❛❝❡ ❞❛♥+ ♥♦*1❡ ❧❛❜♦1❛*♦✐1❡ ❡* ✈✐+❛♥*

6 *❡+*❡1 ❧❡+ ❧✐♠✐*❡+ ❞❡ ❧✬❤②♣♦*❤Q+❡ ❞✬4 ✉✐❧✐❜1❛❣❡ ❞❡ 14❣✉❧❛*✐♦♥ ❞❡+ ✢✉① ♦♣*✐ ✉❡+ ❧❛*4✲

1❛✉①✱ ❛ ♣❡1♠✐+ ❞❡ ❞4❝♦✉✈1✐1 ✉♥ ❝♦♠♣♦1*❡♠❡♥* +✉♣♣❧4♠❡♥*❛✐1❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✳ ❊♥ ❡✛❡*✱

❧❡+ ❡①♣41✐❡♥❝❡+ ❞❡ ❑✐1❝❤♥❡1 ❡* ❙1✐♥✐✈❛+❛♥ ❬❑✐1❝❤♥❡1 ❛♥❞ ❙1✐♥✐✈❛+❛♥✱ ✶✾✽✾❪ ♦♥* ♠✐+ ❡♥

4✈✐❞❡♥❝❡ ❧❛ 14❛❝*✐♦♥ ❞❡ ❝❡♥*1❛❣❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❞❛♥+ ✉♥ *✉♥♥❡❧ 4*1♦✐* ❬❑✐1❝❤♥❡1 ❛♥❞

❙1✐♥✐✈❛+❛♥✱ ✶✾✽✾✱ ❙1✐♥✐✈❛+❛♥ ❡* ❛❧✳✱ ✶✾✾✶❪✳ ❈❡ ♥♦✉✈❡❛✉ ♣1♦*♦❝♦❧❡ ❡①♣41✐♠❡♥*❛❧ ❬❙❡11❡+

❡* ❛❧✳✱ ✷✵✵✽❜❪ ❝♦♥+✐+*❛✐* ❝❡**❡ ❢♦✐+ 6 ❡♥*1❛K♥❡1 ❧❡+ ❛❜❡✐❧❧❡+ ❞❛♥+ ✉♥ *✉♥♥❡❧ ❞✬✉♥❡ ❧❛1❣❡✉1

❡♥✈✐1♦♥ ❝✐♥ 6 ❞✐① ❢♦✐+ ♣❧✉+ ❣1❛♥❞❡  ✉❡ ❝❡❧✉✐ ❞❡ ❧✬4 ✉✐♣❡ ❛✉+*1❛❧✐❡♥♥❡✳ ▲❡+ 14+✉❧*❛*+ ♦♥*

14✈4❧4  ✉❡✱ ❞❛♥+ ✉♥ *✉♥♥❡❧ ❧❛1❣❡✱ ❧❡+ ❛❜❡✐❧❧❡+ ♣❡✉✈❡♥* *♦✉* ❛✉++✐ ❜✐❡♥ ❛❞♦♣*❡1 ✉♥ ❝♦♠✲

♣♦1*❡♠❡♥* ❞❡ ❝❡♥#$❛❣❡ ✭✜❣✉1❡ ✶✳✷✷❆✮  ✉✬✉♥ ❝♦♠♣♦1*❡♠❡♥* ❞❡ '✉✐✈✐ ❞❡ ♣❛$♦✐ ✭✜❣✉1❡

✶✳✷✷❇✲❉✮ ❬❙❡11❡+ ❡* ❛❧✳✱ ✷✵✵✽❜❪✳ ▲❡+ ❛❜❡✐❧❧❡+ +✉✐✈❡♥* ❧❛ ♣❛1♦✐ ❞♦♥* ❧✬❡♥*14❡ ❞✉ *✉♥♥❡❧

❡* ❧❛ 14❝♦♠♣❡♥+❡ +♦♥* ♣❧❛❝4❡+ ♣1Q+ ❞✉ ♠Z♠❡ ♠✉1 ❡* ❝❡✱ ♠Z♠❡ ❡♥ ❧✬❛❜+❡♥❝❡ ❞✬✉♥ ♣❛♥

❞✉ ♠✉1 ✭✜❣✉1❡ ✶✳✷✷❉✮ ❬❙❡11❡+ ❡* ❛❧✳✱ ✷✵✵✽❜❪✳

❈❡**❡ ♥♦✉✈❡❧❧❡ ♦❜+❡1✈❛*✐♦♥ 1❡♠❡* ❞✐1❡❝*❡♠❡♥* ❡♥ ❝❛✉+❡ ❧✬❤②♣♦*❤Q+❡ ❢♦1♠✉❧4❡ ♣❛1 ❧✬4 ✉✐♣❡

❞❡ 1❡❝❤❡1❝❤❡ ❛✉+*1❛❧✐❡♥♥❡ ❬❑✐1❝❤♥❡1 ❛♥❞ ❙1✐♥✐✈❛+❛♥✱ ✶✾✽✾✱ ❙1✐♥✐✈❛+❛♥ ❡* ❛❧✳✱ ✶✾✾✶❪  ✉✐

♥❡ ♣❡1♠❡* ♣❛+ ❞✬❡①♣❧✐ ✉❡1 ❝❡ ♥♦✉✈❡❛✉ ❝♦♠♣♦1*❡♠❡♥* ♦❜+❡1✈4✳ ❊♥ ❡✛❡*✱ ❞❛♥+ ❧❡ ❝❛+ ❞✉

*✉♥♥❡❧ ❧❛1❣❡ ❝♦♠♣♦1*❛♥* ✉♥❡ ♦✉✈❡1*✉1❡✱ ❝❡**❡ ❤②♣♦*❤Q+❡ ❛✉1❛✐* ♣14❞✐* ✉♥❡ ❞4✈✐❛*✐♦♥

❞❡ ❧❛ *1❛❥❡❝*♦✐1❡ ❞❡ ❧✬❛❜❡✐❧❧❡ ✈❡1+ ❧✬♦✉✈❡1*✉1❡✱ ❝❡  ✉✬❡❧❧❡ ♥❡ ❢❛✐* ♣❛+✳ ❈❡**❡ ♦❜+❡1✈❛*✐♦♥

♠♦♥*1❡ ❜✐❡♥  ✉✬✉♥ ♠4❝❛♥✐+♠❡ +❡♥+♦1✐♠♦*❡✉1 ❛✉*1❡  ✉❡ ❧✬4 ✉✐❧✐❜1❛❣❡ ❞❡+ ✢✉① ♦♣*✐ ✉❡+

❧❛*41❛✉① ✐♥*❡1✈✐❡♥* ❞❛♥+ ❧❡ +②+*Q♠❡ ♥❡1✈❡✉① ❞❡ ❧✬❛❜❡✐❧❧❡✳

❯♥❡ ❛✉*1❡ ❤②♣♦*❤Q+❡ ❛ ❛❧♦1+ 4*4 ❢♦1♠✉❧4❡ ❡♥ ❧✐❡✉ ❡* ♣❧❛❝❡ ❞❡ ❝❡**❡ ❞❡1♥✐Q1❡ ✿ ❧❛ $.❣✉✲
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❈❛♣#❡✉&' ❞❡ ✢✉① ♦♣#✐-✉❡ ❜✐♦✲✐♥'♣✐&1' ■♥#&♦❞✉❝#✐♦♥

❛❜❡✐❧❧❡ %✉✐ ♣♦))*❞❡✱ ❡❧❧❡ ❛✉))✐✱ ✉♥❡ ❞②♥❛♠✐%✉❡ ❞✬❛✈❛♥❝❡ ❬❊)❝❤ ❡6 ❛❧✳✱ ✶✾✼✺❪ ❡6 ❧❛6=>❛❧❡

❬❊❧❧✐♥❣6♦♥✱ ✶✾✽✹❪ ❞=❝♦✉♣❧=❡✳ ❉❡ ❝❡66❡ ♠❛♥✐*>❡✱ ❧✬❛♣♣>♦❝❤❡ ❜✐♦✲✐♥)♣✐>=❡ ♣>❡♥❞ ❡♥❝♦>❡

♣❧✉) ❞✬✐♠♣♦>6❛♥❝❡ ❞❛♥) ❧❡ ♣>♦❥❡6 )✐ E ❧❛ ❢♦✐) ❧❛ ❝✐❜❧❡ >♦❜♦6✐%✉❡ ❡6 ❧❡ ♣>✐♥❝✐♣❡ ❞❡ ♥❛✈✐✲

❣❛6✐♦♥ )♦♥6 ❜✐♦♠✐♠=6✐%✉❡)✳

❈❡66❡ ♣❛>6✐❡ ❝❧♦) ♠❛✐♥6❡♥❛♥6 ❧✬=6✉❞❡ ❞✉ ♠♦❞*❧❡ ♥❡✉>♦♣❤②)✐♦❧♦❣✐%✉❡ ❡6 ❝♦♠♣♦>6❡♠❡♥✲

6❛❧ ❞❡ ❧✬❛❜❡✐❧❧❡ ♣♦✉> ❧❛ ♥❛✈✐❣❛6✐♦♥✳ ◆♦✉) ❛✈♦♥) ✈✉✱ 6♦✉6 ❛✉ ❧♦♥❣ ❞❡ ❝❡66❡ ✐♥6>♦❞✉❝6✐♦♥✱

%✉❡ ❧❡) ✐♥)❡❝6❡) ❛✐❧=) ✉6✐❧✐)❡♥6 ♣❧✉)✐❡✉>) ♠=❝❛♥✐)♠❡) )❡♥)♦>✐✲♠♦6❡✉>)✱ ❞♦♥6 ❧❛ >=❣✉❧❛✲

6✐♦♥ ❞✉ ✢✉① ♦♣6✐%✉❡✱ ♣♦✉> ♥❛✈✐❣✉❡> ❞❛♥) ❧❡✉> ❡♥✈✐>♦♥♥❡♠❡♥6✳ ■❧) )6❛❜✐❧✐)❡♥6 ❛✉))✐ ❧❡✉>

✈♦❧ ♣❛> ✉♥ ♠♦②❡♥ ✈✐)✉❡❧ ✭>=❛❝6✐♦♥ ♦♣6♦♠♦6>✐❝❡✮ ♠❛✐) ❛✉))✐ ♣❛> ✉♥ ♠♦②❡♥ ♥♦♥✲✈✐)✉❡❧

✭❧❡) ❜❛❧❛♥❝✐❡>) ❝❤❡③ ❧❡) ❞✐♣6*>❡)✮✱ ❝❡ ❞❡>♥✐❡> =6❛♥6 =%✉✐✈❛❧❡♥6 ❛✉ ❣②>♦♠*6>❡ 6>♦✐) ❛①❡)

❞❡ ❧✬❛✈✐♦♥✐%✉❡ ❝❧❛))✐%✉❡✳ ▲❡✉> )②)6*♠❡ ♥❡>✈❡✉① ♠✐♥✐♠❛❧✐)6❡ 6>❛✐6❡ ❧❡ ✢✉① ♦♣6✐%✉❡ ♣❛>

❞❡) ♥❡✉>♦♥❡) ❞=6❡❝6❡✉>) =❧=♠❡♥6❛✐>❡) ❞❡ ♠♦✉✈❡♠❡♥6 %✉✐ ♣❡>♠❡66❡♥6 ❞❡ ❣=♥=>❡> ❞❡)

❝♦♠♣♦>6❡♠❡♥6) 6❡❧) %✉❡ ❧❛ >=❛❝6✐♦♥ ♦♣6♦♠♦6>✐❝❡ ♣♦✉> ❧❛ )6❛❜✐❧✐)❛6✐♦♥ ❞✉ ✈♦❧ ♦✉ ❡♥❝♦>❡

❧❛ >=❛❝6✐♦♥ ❞❡ ❝❡♥6>❛❣❡ ❡6 ❞❡ )✉✐✈✐ ❞❡ ♣❛>♦✐ ♣♦✉> ❧✬=✈✐6❡♠❡♥6 ❞✬♦❜)6❛❝❧❡) ❧❛6=>❛✉① ♣❛>

❡①❡♠♣❧❡✳ ◆♦✉) ❛✈♦♥) ✈✉ %✉❡ ❧✬❤②♣♦6❤*)❡ ❞❡ ❧❛ >=❣✉❧❛6✐♦♥ ❞✉ ✢✉① ♦♣6✐%✉❡ ❡)6 E ♠P♠❡

❞✬❡①♣❧✐%✉❡> ❜♦♥ ♥♦♠❜>❡ ❞❡ ❝❡) ❝♦♠♣♦>6❡♠❡♥6) ♦❜)❡>✈=) ❞❡♣✉✐) ❝❡) ❞❡>♥✐*>❡) ❞=❝❡♥✲

♥✐❡) ❝❤❡③ ❧✬✐♥)❡❝6❡ ❛✐❧=✳ ❈❡ ♣>✐♥❝✐♣❡ >❡♣♦)❡ )✉> ❧❛ >=❣✉❧❛6✐♦♥ ❞✐>❡❝6❡ ❞✉ ✢✉① ♦♣6✐%✉❡

)❛♥) ♥=❝❡))✐6❡> ❛✉❝✉♥ ❛✉6>❡ ❝❛♣6❡✉> %✉✬✉♥ )✐♠♣❧❡ ❝❛♣6❡✉> ❞❡ ✢✉① ♦♣6✐%✉❡✱ ❝❡ ❞❡>♥✐❡>

❢♦>♠❛♥6 ❧❡ 6❤*♠❡ ❞❡ ❧❛ ♣❛>6✐❡ )✉✐✈❛♥6❡ ❞❡ ❝❡66❡ ✐♥6>♦❞✉❝6✐♦♥✳

❱ ❈❛♣$❡✉'( ❞❡ ✢✉① ♦♣$✐.✉❡ ❜✐♦✲✐♥(♣✐'2(

▲❛ ❝♦♥❝❡♣6✐♦♥ ❞✬✉♥ >♦❜♦6 ❜✐♦✲✐♥)♣✐>= ❞♦♥6 ❧❡ ♣>✐♥❝✐♣❡ ❞❡ ♥❛✈✐❣❛6✐♦♥ >❡♣♦)❡ )✉> ❧❛

♣❡>❝❡♣6✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥6 ✭✢✉① ♦♣6✐%✉❡✮ ♥=❝❡))✐6❡ ❧❛ ♠✐)❡ ❡♥ Q✉✈>❡ ❞❡ ❝❛♣6❡✉>) ❞❡

✢✉① ♦♣6✐%✉❡✳ ❉❡ ♥♦♠❜>❡✉)❡) =%✉✐♣❡) E 6>❛✈❡>) ❧❡ ♠♦♥❞❡ ♦♥6 ✉6✐❧✐)= ❧❡ ✢✉① ♦♣6✐%✉❡

❝♦♠♠❡ ✐♥❞✐❝❡ ✈✐)✉❡❧ ❞❛♥) ❧❡ ❣✉✐❞❛❣❡ ❞❡ >♦❜♦6) ♦✉ ❞❡ ♠✐❝>♦✲>♦❜♦6) ❛=>✐❡♥) ♦✉ 6❡>✲

>❡)6>❡) ✭❡✳❣✳✱ ❬❋>❛♥❝❡)❝❤✐♥✐ ❡6 ❛❧✳✱ ✶✾✾✷✱ ❲❡❜❡> ❡6 ❛❧✳✱ ✶✾✾✼✱ ❇❛>>♦✇) ❛♥❞ ◆❡❡❧②✱ ✷✵✵✵✱

❘✉✣❡> ❛♥❞ ❋>❛♥❝❡)❝❤✐♥✐✱ ✷✵✵✺✱ ❇❡②❡❧❡> ❡6 ❛❧✳✱ ✷✵✵✾❪✮✳ ❈♦♥6>❛✐>❡♠❡♥6 E ❧✬✐♠❛❣❡>✐❡ ❝❧❛)✲

)✐%✉❡ ❜❛)= )✉> ❞❡) 6❡❝❤♥✐%✉❡) ❞❡ 6>❛✐6❡♠❡♥6 ❞✬✐♠❛❣❡) ✭❡✳❣✳✱ >❡❝♦♥♥❛✐))❛♥❝❡ ❞❡ ❢♦>♠❡)✮

%✉✐ ♣❡✉✈❡♥6 P6>❡ ❧♦✉>❞❡) ❡♥ 6❡>♠❡) ❞❡ ❝❛❧❝✉❧) ✭✉♥ ✐♠❛❣❡✉> ❤❛✉6❡ >=)♦❧✉6✐♦♥ ❈❈❉ ♦✉

❈▼❖❙ ❣=♥*>❡ ✉♥ ✢✉① ✈✐❞=♦ ❞❡ ♣❧✉)✐❡✉>) ♠=❣❛❜✐6) ♣❛> )❡❝♦♥❞❡✮ ♣♦✉> ❡)6✐♠❡> ✉♥❡

%✉❡❧❝♦♥%✉❡ ❣>❛♥❞❡✉> ♣❤②)✐%✉❡ ✭✜❣✉>❡ ✶✳✷✹✮✳ ❉❡) ♣>♦❣>*) ♦♥6 ♣♦✉>6❛♥6 =6= ❛66❡✐♥6)

❞❛♥) ❧✬❡)6✐♠❛6✐♦♥ ❞✉ ✢✉① ♦♣6✐%✉❡ E ♣❛>6✐> ❞✬✉♥ )②)6*♠❡ ✈✐)✉❡❧ ❜❛)= )✉> ✉♥❡ ❝❛♠=>❛

♠♦♥6=❡ )✉> ✉♥ )②)6*♠❡ ❝❛6❛❞✐♦♣6>✐%✉❡ ♣♦✉> ♦❜6❡♥✐> ✉♥ ❣>❛♥❞ ❝❤❛♠♣ ✈✐)✉❡❧✳ ❯♥ >=❝❡♥6

6>❛✈❛✐❧ ❬❇❛③✐♥ ❡6 ❛❧✳✱ ✷✵✶✵❪ )✬❛♣♣✉✐❡ )✉> ❧✬❡①6>❛❝6✐♦♥ ❞❡ ❧✐❣♥❡) ❞❛♥) ✉♥ ❡♥✈✐>♦♥♥❡♠❡♥6

❞❡ 6②♣❡ ✉>❜❛✐♥ ✭♦✉ ♠❛_6>✐)= ♣❛> ❧✬❍♦♠♠❡✮ ♣♦✉> ❡)6✐♠❡> ❧❡ ✢✉① ♦♣6✐%✉❡ ❞❡ >♦6❛6✐♦♥
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❋■●❯❘❊ ✶✳✷✹ ✕ ❈♦♠♣❛0❛1✐❢ ❡♥10❡ ❧✬❛♣♣0♦❝❤❡ ❝❧❛::✐;✉❡ ❞❡ ❧❛ ✈✐:✐♦♥ ♣❛0 ♦0❞✐♥❛1❡✉0 ❡1

❞❡ ❝❡❧❧❡ ❜❛:@❡ :✉0 ✉♥ ❝❛♣1❡✉0 ❞@❞✐@ ✉1✐❧✐:❛♥1 ✉♥❡ ✉♥✐1@ ❞❡ ❝❛❧❝✉❧ A ❢❛✐❜❧❡ 0❡::♦✉0❝❡:

❝❛❧❝✉❧❛1♦✐0❡: ✭❡✳❣✳✱ ♠✐❝0♦❝♦♥10E❧❡✉0✱ ❋F●❆✮✳ ✭▼♦❞✐✜@ ❞❡ ❬❇❛00♦✇: ❛♥❞ ◆❡❡❧②✱ ✷✵✵✵❪✮✳

❡1 ❞❡ 10❛♥:❧❛1✐♦♥ ✐::✉ ❞✉ ♠♦✉✈❡♠❡♥1 ❞✬✉♥❡ ❝❛♠@0❛ ✭♦✉ ❞✬✉♥ 0♦❜♦1 ;✉✐ ❡♠❜❛0;✉❡ ❝❡

:②:1R♠❡✮✳ ❈❡11❡ 1❡❝❤♥✐;✉❡ ❞✬❡:1✐♠❛1✐♦♥ ❞✉ ✢✉① ♦♣1✐;✉❡ ♣♦✉00❛✐1 ❢♦♥❝1✐♦♥♥❡0 ❡♥ 1❡♠♣:

0@❡❧ :✉0 ✉♥ ♦0❞✐♥❛1❡✉0 10❛✐1❛♥1 ✉♥ ✢✉① ✈✐❞@♦ ❞✬✉♥❡ 0@:♦❧✉1✐♦♥ ❞❡ 1024 × 768 pixels

A 30 fps✱ ♠❛✐: ❝❡11❡ 1❡❝❤♥✐;✉❡ ♥@❝❡::✐1❡ ❧❛ ♣0@:❡♥❝❡ ❞✬✉♥ ❡♥✈✐0♦♥♥❡♠❡♥1 ❝♦♥:1✐1✉@

❞❡ ❧✐❣♥❡: ❡1 ♣♦✉00❛✐1 U10❡ ♠♦✐♥: ❛❞❛♣1@ A ✉♥ ❡♥✈✐0♦♥♥❡♠❡♥1 ♥❛1✉0❡❧ ❝♦♠♣♦01❛♥1 ❞❡:

❢♦0♠❡: ♣❧✉: ❛❧@❛1♦✐0❡:✳

❊♥✜♥✱ ❣0V❝❡ A ♥♦10❡ ❛♣♣0♦❝❤❡ ♠✐♥✐♠❛❧✐:1❡ ❜✐♦✲✐♥:♣✐0@❡✱ ❧❡ ✢✉① ♦♣1✐;✉❡ ❡:1 ✉♥❡ ❣0❛♥✲

❞❡✉0 ;✉✐ ♥@❝❡::✐1❡ ♣❡✉ ❞❡ 0❡::♦✉0❝❡: ❝❛❧❝✉❧❛1♦✐0❡: ♣♦✉0 ❧❛ ♠❡:✉0❡0✳ ❯♥❡ ❛♣♣0♦❝❤❡ ;✉❡

♥♦✉: ❛❜♦0❞♦♥: 1♦✉1 ❛✉ ❧♦♥❣ ❞❡ ❝❡ 10❛✈❛✐❧ ❞❡ 1❤R:❡ ❡:1 ❝❡❧❧❡ ❜❛:@❡ :✉0 ❧✬✉1✐❧✐:❛1✐♦♥ ❞❡

❝❛♣1❡✉0: ❞❡ ✢✉① ♦♣1✐;✉❡ ❞@❞✐@: ✭✜❣✉0❡ ✶✳✷✹✮ ;✉✐ ♣0@:❡♥1❡ ❞❡ ♥♦♠❜0❡✉① ❛✈❛♥1❛❣❡: ♣♦✉0

♥♦10❡ ❞♦♠❛✐♥❡ ❞✬❛♣♣❧✐❝❛1✐♦♥ ❞❛♥: ❧❛ ♥❛✈✐❣❛1✐♦♥ ❞❡ ♠✐❝0♦✲0♦❜♦1:✳ ❉✬❛❜♦0❞✱ ❝❡ 1②♣❡ ❞❡

❝❛♣1❡✉0 ♥❡ ♠❡:✉0❡ ;✉❡ ❧❡ ✢✉① ♦♣1✐;✉❡ ❞❛♥: ✉♥ ❝❤❛♠♣ ✈✐:✉❡❧ 0❡:10❡✐♥1 ♥@❝❡::❛✐0❡ A ❧✬❡①@✲

❝✉1✐♦♥ ❞✬✉♥❡ 1V❝❤❡ ❞♦♥♥@❡ ✭❝❡ ;✉✐ ❧✐♠✐1❡ ❧❡: ❝❛❧❝✉❧:✮ ❡1 ❞❡✉①✐R♠❡♠❡♥1✱ ❧❛ ❝♦♥❝❡♣1✐♦♥

❞❡ 1❡❧: ❝❛♣1❡✉0: ♣❡✉1 ✉1✐❧✐:❡0 ❞❡: 1❡❝❤♥♦❧♦❣✐❡: ❛♥❛❧♦❣✐;✉❡: ❡1 ♥✉♠@0✐;✉❡: ❞♦♥1 ✉♥❡

♠❛10✐❝❡ ❞❡ ♣❤♦1♦❞✐♦❞❡: ;✉✐ ♣❡✉1 U10❡ ❞❡ 10R: ❢❛✐❜❧❡ 0@:♦❧✉1✐♦♥ ✭:❡✉❧❡♠❡♥1 ;✉❡❧;✉❡:

♣✐①❡❧:✮✱ ❝♦♥10❛✐0❡♠❡♥1 A ✉♥ ✐♠❛❣❡✉0 10❛❞✐1✐♦♥♥❡❧ ❈❈❉ ♦✉ ❈▼❖❙✱ ❝❡ ;✉✐ ♣❡0♠❡1 ❞❡

❝♦♥❝❡✈♦✐0 ✉♥❡ :♦❧✉1✐♦♥ ❝♦♠♣❛❝1❡ ❡♥ 1❛✐❧❧❡ ❡1 ❧@❣R0❡ ❡♥ 1❡0♠❡: ❞❡ ❝❛❧❝✉❧:✳ ◆♦✉: ❢❡0♦♥:

❞❛♥: ❝❡11❡ ♣❛01✐❡ ✉♥ ✐♥✈❡♥1❛✐0❡ ❞❡: ❝❛♣1❡✉0: ❞❡ ✢✉① ♦♣1✐;✉❡ ✉1✐❧✐:@: ❛❝1✉❡❧❧❡♠❡♥1 ❞❛♥:

❧❡ ❣✉✐❞❛❣❡ ❞❡: 0♦❜♦1:✱ ♥♦1❛♠♠❡♥1 ❧❡: ❝❛♣1❡✉0: ❞❡ ✢✉① ♦♣1✐;✉❡ ❜❛:@: :✉0 ❧❡ ♣0✐♥❝✐♣❡ ❞✉

✓ 1❡♠♣: ❞❡ ♣❛::❛❣❡ ✔✱ ❧❡: ❝❛♣1❡✉0: ❜❛:@: :✉0 ❧❡: 1❡❝❤♥♦❧♦❣✐❡: ❱▲❙■ ✭❱❡%② ▲❛%❣❡ ❙❝❛❧❡

■♥,❡❣%❛,✐♦♥✮ ♦✉ ❡♥❝♦0❡ ❧❡: ❝❛♣1❡✉0: ❞❡ :♦✉0✐: ♦♣1✐;✉❡✳ ◆♦✉: ♥❡ ❞@❝0✐0♦♥: ♣❛: 1♦✉1❡: ❧❡:

1❡❝❤♥✐;✉❡: ❞✬❡:1✐♠❛1✐♦♥ ❞✉ ✢✉① ♦♣1✐;✉❡ ♠❛✐: ♥♦✉: 0@❢@0♦♥: ❧❡ ❧❡❝1❡✉0 ✈❡0: ❞❡: ❛01✐❝❧❡:
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❞❡ "②♥%❤'"❡ ❬❇❛++♦♥ ❡% ❛❧✳✱ ✶✾✾✹✱ ❙+✐♥✐✈❛"❛♥✱ ✶✾✾✹❪ 7✉✐✱ 9 ❝❡ "✉❥❡%✱ ❝♦♠♣❧'%❡♥% ❧✬?%✉❞❡

❛❜♦+❞?❡ ❞❛♥" ❝❡%%❡ ♣❛+%✐❡✳

❱✳❆ ❉$%❡❝%❡✉) $❧$♠❡♥%❛✐)❡ ❞❡ ♠♦✉✈❡♠❡♥% ✿ ❧❡ ♣)✐♥❝✐♣❡ ❞✉

✓ %❡♠♣5 ❞❡ ♣❛55❛❣❡ ✔
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Ph1

Ph2 ∆ϕ
ω Ph1 Ph2

∆ϕ ∆t
Ph1 Ph2

∆t ω

∆ϕ

∆t ∆ϕ

ω



ω =
∆ϕ

∆t





11 kg

100 g



300µm × 800µm 300µm × 1600µm

∆ϕ

∆ϕ

∆ρ

∆ρ

1er fc = 20 Hz

1er

fc = 136 Hz



4me fc = 30 Hz

100 Hz

ωm

∆t

2.8 g 33 × 40 mm
[1.5 ◦.s−1; 25 ◦.s−1]

80 kg

[1.5 ◦.s−1; 25 ◦.s−1]

Stderror =∼ 2.54 ◦.s−1 ∼ 7 Hz



4 64 × 32
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16❛♥7✐71♦6✳ ▲❡7 ♣✐①❡❧7 ✭❝♦♥71✐1✉;7 ❞✬✉♥ ❛77❡♠❜❧❛❣❡ ❞❡ 16❛♥7✐71♦67✮ ♣❡✉✈❡♥1 ♥❡

♣❛7 6;♣♦♥❞6❡ ❞❡ ❧❛ ♠[♠❡ ♠❛♥✐Z6❡✱ ❝❡ :✉✐ ❢❛✐1 ❛♣♣❛6❛\16❡ ❞❡7 ❝❛6❛❝1;6✐71✐:✉❡7

;❧❡❝16✐:✉❡7 ❞✐✛;6❡♥1❡7✳ ❆✐♥7✐✱ ❞❡ ♠❛♥✐Z6❡ L ♦❜1❡♥✐6 ✉♥❡ ❢❛✐❜❧❡ ✈❛6✐❛♥❝❡✱ ❞❛♥7 ❧❡7

❝❛6❛❝1;6✐71✐:✉❡7 ❞❡7 16❛♥7✐71♦67 ♦❜❧✐❣❡ ❧❡ ❝♦♥❝❡♣1❡✉6 L ❛❞♦♣1❡6 ✉♥ ❝♦♠♣6♦♠✐7

❞❛♥7 ❧❡✉67 1❛✐❧❧❡7 ❬❙❡66❛♥♦✲●♦1❛66❡❞♦♥❛ ❛♥❞ ▲✐♥❛6❡7✲❇❛66❛♥❝♦✱ ✶✾✾✾❪✱

❼ ❉❡7 ♣6♦❜❧Z♠❡7 ❞❡ ✜❞;❧✐1; ♣❡✉✈❡♥1 ❛♣♣❛6❛\16❡ ❡♥16❡ ❧❛ ❢♦♥❝1✐♦♥ ❡7♣;6;❡ ❞❡ ❧✬❛❧✲

❣♦6✐1❤♠❡ ❡1 ❝❡❧❧❡ ❡✛❡❝1✉;❡ ♣❛6 ❧❡ ❝✐6❝✉✐1 ❱▲❙■✳ S❛6 ❡①❡♠♣❧❡✱ ✉♥❡ ♦♣;6❛1✐♦♥ ❞❡

♠✉❧1✐♣❧✐❝❛1✐♦♥ ♥✬❡71 ♣❛7 1♦✉❥♦✉67 ❜✐❡♥ ❛❞❛♣1;❡ ❡♥ ❝✐6❝✉✐1 ❱▲❙■ ❡1 ❧✬♦♣;6❛1✐♦♥

♥✬❡71 ♣6;❝✐7❡ :✉❡ ♣♦✉6 ✉♥❡ ❝❡61❛✐♥❡ ❣❛♠♠❡ ❞❡ 1❡♥7✐♦♥7 ❞✬❡♥16;❡✳ ▲❡ ❝♦♥❝❡♣✲

1❡✉6 ❞♦✐1 ❛❧♦67 ❝❤♦✐7✐6 ❧❡7 ❝❛6❛❝1;6✐71✐:✉❡7 ❞❡ 7♦♥ ❝✐6❝✉✐1 ❱▲❙■ ❧✉✐ ♣❡6♠❡11❛♥1

❞✬❡✛❡❝1✉❡6 ✉♥❡ ❢♦♥❝1✐♦♥ :✉✐ 7♦✐1 ❧❛ ♣❧✉7 ♣6♦❝❤❡ ♣♦77✐❜❧❡ ❞❡ ❧✬❛❧❣♦6✐1❤♠❡ ❛11❡♥❞✉✳

❊♥✜♥✱ ❣6a❝❡ L ❞❡7 ♣6♦❥❡17 ❞❡ ❝♦❧❧❛❜♦6❛1✐♦♥ ❛✈❡❝ ❧❡ ❈❡♥16❡ ❞❡ S❤②7✐:✉❡ ❞❡7 S❛61✐❝✉❧❡7

❞❡ ▼❛67❡✐❧❧❡ ✭❈SS▼✮✱ ♣❧✉7✐❡✉67 6;1✐♥❡7 ❜❛7;❡7 7✉6 ❞❡7 ♣✐①❡❧7 ❛✉1♦✲❛❞❛♣1❛1✐❢7 ❞❡ ❉❡❧✲

❜6b❝❦ ❛♥❞ ▼❡❛❞ ❬✶✾✾✹❪ ♦♥1 ✈✉ ❧❡ ❥♦✉6 ❞❛♥7 ♥♦16❡ ❧❛❜♦6❛1♦✐6❡ ✿ ✉♥❡ 6;1✐♥❡ ♣♦✉✈❛♥1

❝♦✉✈6✐6 ✉♥❡ ❣❛♠♠❡ ❞❡ ❧✉♠✐♥❛♥❝❡ ❞❡ ✼ ❞;❝❛❞❡7 ❬❆✉❜;♣❛61 ❡1 ❛❧✳✱ ✷✵✵✼❪ ❡1 ✉♥❡ ❛✉16❡

6;1✐♥❡ ❛♣♣❡❧;❡ ❆S■❙ ✭♣♦✉6 ❆❞❛♣&✐✈❡ /✐①❡❧1 ❢♦( ■♥1❡❝&✲❜❛1❡❞ ❙❡♥1♦(1 ✮✳ ❈❡11❡ ❞❡6♥✐Z6❡

✻✵



❈❛♣#❡✉&' ❞❡ ✢✉① ♦♣#✐-✉❡ ❜✐♦✲✐♥'♣✐&1' ■♥#&♦❞✉❝#✐♦♥

❋■●❯❘❊ ✶✳✸✸ ✕ ❈❛,❛❝./,✐1.✐2✉❡1 ❞②♥❛♠✐2✉❡1 ❞❡ ,/♣♦♥1❡ ❞✬✉♥ ❝❛♣.❡✉, ❞❡ ✢✉① ♦♣.✐2✉❡

❜❛1/ 1✉, ✉♥❡ ,/.✐♥❡ ? ,/♣♦♥1❡ ❧✐♥/❛✐,❡ ▲❙❈ ✐❈✲❍❛✉1 ✭ωLSC✮ ❡. ❞✬✉♥ ❝❛♣.❡✉, ❜❛1/ 1✉, ✉♥❡

,/.✐♥❡ ❆H■❙ ,/❛❧✐1/❡ ❡♥ .❡❝❤♥♦❧♦❣✐❡ ♠✐❝,♦✲/❧❡❝.,♦♥✐2✉❡ ❳❋❆❇ 0.35 µm ❡. ❝♦♠♣♦1/❡

❞❡ ♣✐①❡❧1 ❛✉.♦✲❛❞❛♣.❛.✐❢1 ✭ωAPIS✮✳ ❈❡1 ,/♣♦♥1❡1 1♦♥. ♦❜.❡♥✉❡1 ♣❛, ,♦.❛.✐♦♥ ❞✬✉♥❡

❝❛,.❡ /❧❡❝.,♦♥✐2✉❡ ❞♦♥. ❧❛ ✈✐.❡11❡ ❡1. ❡♥,❡❣✐1.,/❡ ♣❛, ✉♥ ❣②,♦♠O.,❡ ❆❉■❙✶✻✶✵✵ Ωgyro✳

❬❊①♣❡,. ❡. ❛❧✳✱ ✷✵✶✶❜❪✳

❡1. ✉♥❡ ,/.✐♥❡ ❞❡ 5× 5 ♣✐①❡❧1 ❡. 1❡1 ❝❛,❛❝./,✐1.✐2✉❡1 1.❛.✐2✉❡1 ❡. ❞②♥❛♠✐2✉❡1 ♦♥. /./

❝♦♠♣❛,/❡1 ❛✈❡❝ ❝❡❧❧❡1 ❞✬✉♥❡ ,/.✐♥❡ ? ,/♣♦♥1❡ ❧✐♥/❛✐,❡ ✭▲❙❈ ✐❈✲❍❛✉1✮ ❬❱✐♦❧❧❡. ❡. ❛❧✳✱

✷✵✶✵✱ ❊①♣❡,. ❡. ❛❧✳✱ ✷✵✶✶❜❪✳ ▲❡1 ,/1✉❧.❛.1 ♦♥. ♠♦♥.,/ 2✉❡ ❧❡ ❉❊▼ ❜❛1/ 1✉, ❧❛ ,/.✐♥❡ ?

,/♣♦♥1❡ ❧✐♥/❛✐,❡ ✭▲❙❈ ✐❈✲❍❛✉1✮ ❢♦✉,♥✐. ✉♥❡ ,/♣♦♥1❡ ♣❧✉1 ♣,/❝✐1❡ ❡. ♣❧✉1 ,❛❢,❛Y❝❤✐❡ 2✉❡

❧❡ ❉❊▼ ❜❛1/ 1✉, ❧❛ ,/.✐♥❡ ❆H■❙ ♠❛✐1 ❞❛♥1 ✉♥❡ ❣❛♠♠❡ ❞✬✐❧❧✉♠✐♥❛♥❝❡ ♣❧✉1 ❢❛✐❜❧❡ ✭✶✳✺

❞/❝❛❞❡1 ♣♦✉, ❧❡ ❝❛♣.❡✉, ❜❛1/ ▲❙❈ ❡. ✸ ❞/❝❛❞❡1 ♣♦✉, ❧❡ ❝❛♣.❡✉,1 ❜❛1/ ❆H■❙✮ ✭✜❣✉,❡

✶✳✸✸✮ ❬❊①♣❡,. ❡. ❛❧✳✱ ✷✵✶✶❜❪✳

❱✳❉ ▲❡% ❝❛♣)❡✉+% ❞❡ %♦✉+✐% ♦♣)✐/✉❡

❉❡1 ❝❛♣.❡✉,1 ❞❡ 1♦✉,✐1 ♦♣.✐2✉❡ ♦♥. /./ ❞/.♦✉,♥/1 ❞❡ ❧❡✉, ✉1❛❣❡ ✐♥✐.✐❛❧ ♣♦✉, \.,❡ ✉.✐❧✐1/1

❡♥ .❛♥. 2✉❡ ❝❛♣.❡✉,1 ❞❡ ✢✉① ♦♣.✐2✉❡ ❛✉11✐ ❜✐❡♥ ❞❛♥1 ❧❛ ,♦❜♦.✐2✉❡ .❡,,❡1.,❡ ❬❏❛❝❦1♦♥

❡. ❛❧✳✱ ✷✵✵✼✱ ❉❛❤♠❡♥ ❡. ❛❧✳✱ ✷✵✵✾❪ 2✉❡ ❧❛ ,♦❜♦.✐2✉❡ ❛/,✐❡♥♥❡ ❬●,✐✣.❤1 ❡. ❛❧✳✱ ✷✵✵✻✱

❇❛,❜❡, ❡. ❛❧✳✱ ✷✵✵✼✱ ●,✐✣.❤1 ❡. ❛❧✳✱ ✷✵✵✼✱ ❘♦❞,✙❣✉❡③ ❡. ❛❧✳✱ ✷✵✵✼✱ ❇❡②❡❧❡, ❡. ❛❧✳✱ ✷✵✵✾❪✳

❈❡1 ❝❛♣.❡✉,1 ♦♥. ❧✬❛✈❛♥.❛❣❡ ❞✬\.,❡ ❧/❣❡, ✭✜❣✉,❡ ✶✳✸✹✮✱ ❞✐1♣♦♥✐❜❧❡1 ❡♥ 1/,✐❡ ✭❡✳❣✳✱ ❆✈❛❣♦

✻✶



100 350 lux 10000 lux

900 pixels ∼ 2 g

1 g

900 pixels



ωT imeofTravel

ωMouse

15 s 60 ◦.s−1 300 ◦.s−1

30 ◦.s−1

Ωgyro

250Hz

168Mhz

752 × 480 pixels 64 × 64 pixels

−86 +86◦.s−1



1.5 cm
160◦



∆ϕ = 9.7◦

∆ρ = 11◦

180×60◦

1.95 g



❈❛♣#❡✉&' ❞❡ ✢✉① ♦♣#✐-✉❡ ❜✐♦✲✐♥'♣✐&1' ■♥#&♦❞✉❝#✐♦♥

❈✉"✈❆❈❊ &✐❧ ❞❡ ❧❛ ♠♦✉❝❤❡

❉!♦#♦♣❤✐❧❛ ❬❘❡❢3✳❪

◆♦✳ ❞✬♦♠♠❛8✐❞✐❡3 ✻✸✵ ✻✵✵✲✼✵✵

❉✐❛♠?8"❡ ❞✬✉♥❡ ❢❛❝❡88❡ ✭µm✮ ✶✷✳✽ ✵✳✸✻ ❬❋"❛♥❝❡3❝❤✐♥✐ ❛♥❞

❑✐"3❝❤❢❡❧❞✱ ✶✾✼✶❪

❉✐❛♠?8"❡ ❞❡ ❧✬J✐❧ ✭mm✮ ✶✼✷ ✶✻ ❬❋"❛♥❝❡3❝❤✐♥✐ ❛♥❞

❑✐"3❝❤❢❡❧❞✱ ✶✾✼✶❪

❉✐❛♠?8"❡ ❞✬✉♥❡ ❢❛❝❡88❡✴❉✐❛♠?8"❡ ❞❡

❧✬J✐❧ ✭✪✮

✶✳✸ ✹✳✹

❆♥❣❧❡ ✐♥8❡"♦♠♠❛8✐❞✐❛❧✱ ∆ϕ ✭◦✮ ∼ 4.2 ∼ 4.7− 5.5 ❬❋"❛♥❝❡3❝❤✐♥✐

❛♥❞ ❑✐"3❝❤❢❡❧❞✱ ✶✾✼✶❪

❆♥❣❧❡ ❞✬❛❝❝❡♣8❛♥❝❡✱ ∆ρ ✭◦✮ 4.2 ∼ 4.5 ❬●Q8③✱ ✶✾✻✺❪

❈❤❛♠♣ ✈✐3✉❡❧✱ ✭

◦
✮ 180× 60 160× 180 ❬❍❡✐3❡♥❜❡"❣

❛♥❞ ❲♦❧❢✱ ✶✾✽✹❪

❇❛♥❞❡ ♣❛33❛♥8❡✱ ✭Hz✮ 300 < 100 ❬▲❛✉❣❤❧✐♥ ❛♥❞

❲❡❝❦38"♦♠✱ ✶✾✾✸❪

❆✉8♦✲❛❞❛♣8❛8✐♦♥ Z ❧❛ ❧✉♠✐♥❛♥❝❡ ❖✉✐ ❖✉✐ ❬●✉ ❡8 ❛❧✳✱ ✷✵✵✺❪

❙✉♣♣"❡33✐♦♥ ❞✉ ✓ ❈"♦33✲8❛❧❦ ✔

✶

❖✉✐ ❖✉✐ ❬●Q8③✱ ✶✾✻✺❪

❚❆❇▲❊❆❯ ✶✳✸ ✕ ❙♣,❝✐✜❝❛1✐♦♥4 ❞✉ ♣7♦1♦1②♣❡ ❈✉7✈❆❈❊ ❝♦♠♣❛7,❡4 ❛✉① ❝❛7❛❝1,7✐4✲

1✐?✉❡4 ❞❡ ❧✬B✐❧ ❝♦♠♣♦4, ❞❡ ❧❛ ♠♦✉❝❤❡ ❉!♦#♦♣❤✐❧❛ ♠❡❧❛♥♦❣❛#-❡!
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❈❛♣#❡✉&' ❞❡ ✢✉① ♦♣#✐-✉❡ ❜✐♦✲✐♥'♣✐&1' ■♥#&♦❞✉❝#✐♦♥

❋■●❯❘❊ ✶✳✸✾ ✕ ✭❆✲❈✮ ❈❛1❛❝341✐63✐7✉❡6 ❞❡ 14♣♦♥6❡ ❞✉ ♣1♦3♦3②♣❡ ❈✉1✈❆❈❊ @ ♠❡6✉1❡1

❧❡ ✢✉① ♦♣3✐7✉❡ 6✉1 ❧❡ ♣1✐♥❝✐♣❡ ❞✉ ✓ 3❡♠♣6 ❞❡ ♣❛66❛❣❡ ✔ 4✈❛❧✉4❡6 6♦✉6 31♦✐6 ♥✐✈❡❛✉① ❞❡

❧✉♠✐♥❛♥❝❡ ❞✐✛41❡♥36 ❡3 ❡♥ ❛♣♣❧✐7✉❛♥3 ❞❡6 4❝❤❡❧♦♥6 ❞❡ ✈✐3❡66❡ ❞❡ 1♦3❛3✐♦♥ ❞✉ ❝❛♣3❡✉1

Ωyaw ♣❛1 ♣❛6 ❞❡ 10 ◦.s−1✱ ❞✉1❛♥3 ❝❤❛❝✉♥❡ 10 s✳ ▲❡ ♣1♦3♦②♣❡ ❈✉1✈❆❈❊ ❡63 ♣❧❛❝4 ❛✉

❝❡♥31❡ ❞✬✉♥❡ ❛1M♥❡ ❞❡ 105 cm ❞❡ ❞✐❛♠M31❡ ❞♦♥3 ❧❛ 6✉1❢❛❝❡ ❡63 1❡❝♦✉✈❡13❡ ❞✬✉♥❡ ✐♠❛❣❡

1❡♣146❡♥3❛♥3 ✉♥ ❡♥✈✐1♦♥♥❡♠❡♥3 ♥❛3✉1❡❧✳ ▲❛ ❝♦✉1❜❡ ♣♦✐♥3✐❧❧4❡ 1❡♣146❡♥3❡ ❧❛ ❝3❡♥❞❛♥❝❡

3❤4♦1✐7✉❡✳ ✭❉✬❛♣1M6 ❬❋❧♦1❡❛♥♦ ❡3 ❛❧✳✱ ✷✵✶✸❪✮✳

♣146❡♥3❡1✱ 6♦✉6 ❧❛ ❢♦1♠❡ ❞✬✉♥ 43❛3 ❞❡ ❧✬❛13✱ ✉♥ ❝❡13❛✐♥ ♥♦♠❜1❡ ❞❡ ♣❧❛3❡❢♦1♠❡6 1♦❜♦✲

3✐7✉❡ ✉3✐❧✐64❡6 ❞❛♥6 ❧❛ 1❡❝❤❡1❝❤❡ ❛❝3✉❡❧❧❡ ♣✉✐6 ♥♦✉6 3❡1♠✐♥❡1♦♥6 ❝❡33❡ ✐♥31♦❞✉❝3✐♦♥

♣❛1 ✉♥ 43❛3 ❞❡ ❧✬❛13 ❞❡6 6②63M♠❡6 1♦❜♦3✐7✉❡6 ✐♥34❣1❛♥3 ❞❡6 ♣1✐♥❝✐♣❡6 ❞❡ ♥❛✈✐❣❛3✐♦♥

❜✐♦✲✐♥6♣✐146✳

✻✼



180 g
1 m.s−1 3 h

30 g
2.5 m.s−1 30 min

20 m.s−1

30 min



➱!❛! ❞❡ ❧✬❛'! (✉' *✉❡❧*✉❡( ♣❧❛!❡❢♦'♠❡( '♦❜♦!✐*✉❡( (♣1❝✐✜*✉❡( ■♥!'♦❞✉❝!✐♦♥

▲❡ ❧❛❜♦&❛'♦✐&❡ ▲■❙ ❞❡ ❧✬➱❝♦❧❡ /♦❧②'❡❝❤♥✐3✉❡ ❋6❞6&❛❧❡ ❞❡ ▲❛✉7❛♥♥❡ ✭❊/❋▲✮ ❛ '&❛✈❛✐❧❧6

7✉& ❧❛ ❝♦♥❝❡♣'✐♦♥ ❞❡ ♣❧✉7✐❡✉&7 ♣❧❛'❡❢♦&♠❡7 &♦❜♦'✐3✉❡7 ❛6&✐❡♥♥❡7 ✉❧'&❛✲❧6❣A&❡7 ❞♦♥' ✉♥

❜❛❧❧♦♥ ❞✐&✐❣❡❛❜❧❡ ✭'❛✐❧❧❡ ✿ 110× 60× 60 cm✱ ✜❣✉&❡ ✶✳✹✵❆✮ ❬❩✉✛❡&❡②✱ ✷✵✵✺❪ ❡' ♣❧✉7✐❡✉&7

✈❡&7✐♦♥7 ❞✬✉♥ ❛✈✐♦♥ ♠✐♥✐❛'✉&❡ ✉❧'&❛✲❧6❣❡&7 ❜❛76 7✉& ✉♥❡ ♣❧❛'❡❢♦&♠❡ ✓ ♠✐❝&♦❈❡❧✐♥❡ ✔

❞❡ 5.2 g ✭✈❡♥❞✉❡ 7✉& ✇✇✇✳❞✐❞❡❧✳❝♦♠✮ ✭✈❡&7✐♦♥ 30 g ✿ ❬❩✉✛❡&❡② ❛♥❞ ❋❧♦&❡❛♥♦✱ ✷✵✵✻❪✱

✈❡&7✐♦♥ 10 g ✿ ❬❩✉✛❡&❡② ❡' ❛❧✳✱ ✷✵✵✼❪✮✳

▲❡ ❜❛❧❧♦♥ ❞✐&✐❣❡❛❜❧❡ ❝♦♥'&U❧❡ 7❛ ❤❛✉'❡✉& ♣❛& ✉♥ ♠♦②❡♥ ♥♦♥✲✈✐7✉❡❧ ✭❝❛♣'❡✉& ❞❡ ❞✐7'❛♥❝❡

❛❝'✐❢ ❙❤❛&♣ ●/✷❨✵❆✵✷❨❑✮✳

▲❡ ♣&❡♠✐❡& ❛✈✐♦♥ ♠✐♥✐❛'✉&❡ ✭✜❣✉&❡ ✶✳✹✵❇✮ ♥❡ ❝♦♥'&U❧❡ ♣❛7 7❛ ✈✐'❡77❡ ❞✬❛✈❛♥❝❡ ✭3✉✐

✈❛&✐❡ ❡♥'&❡ 1.2 ❡' 2.5 m.s−1 ❡♥ ✈♦❧✮ ♠❛✐7 6✈✐'❡ ❧❡7 ♦❜7'❛❝❧❡7 ❢&♦♥'❛✉① 7✉& ❧❛ ❜❛7❡ ❞✉

✢✉① ♦♣'✐3✉❡ ❞✬❡①♣❛♥7✐♦♥ ❞6'❡❝'6 ♣❛& ❞❡✉① ❝❛♠6&❛ ✶❉ ♣❧❛❝67 ] 45◦ ✭❢♦&♠❛♥' ✉♥ 7②7✲

'A♠❡ ✈✐7✉❡❧ ❞❡ ✺✻ ♣✐①❡❧7✮ ❞❡ ♣❛&' ❡' ❞✬❛✉'&❡7 ❞❡ ❧✬❛①❡ ❧♦♥❣✐'✉❞✐♥❛❧ ❞✉ &♦❜♦' ❬❩✉✛❡&❡②

❛♥❞ ❋❧♦&❡❛♥♦✱ ✷✵✵✻❪✳ ❯♥❡ 7❡❝♦♥❞❡ ✈❡&7✐♦♥ ❞❡ ❝❡' ❛✈✐♦♥ ♠✐♥✐❛'✉&❡ ✭▼❈✷✮ ❝♦♥'&U❧❡ 7❛

✈✐'❡77❡ ❞✬❛✈❛♥❝❡ ❛✉ ♠♦②❡♥ ❞✬✉♥ ❛♥6♥♦♠A'&❡ ❡' 6✈✐'❡ ❧❡7 ♦❜7'❛❝❧❡7 ❞❡ ❧❛ ♠`♠❡ ♠❛♥✐A&❡

3✉❡ ❧❛ ✈❡&7✐♦♥ ♣&6❝6❞❡♥'❡✳ ❉❡7 '&❛✈❛✉① ♣❧✉7 &6❝❡♥'7 ♠❡♥67 ❛✉ 7❡✐♥ ❞❡ ❝❡ ❧❛❜♦&❛'♦✐&❡

♦♥' ♣♦&'6 7✉& ✉♥❡ ❛✐❧❡ ✜①❡ ✭✜❣✉&❡ ✶✳✹✵❈✮✱ 63✉✐♣6❡ ❞✬✉♥ ♣✐❧♦'❡ ❛✉'♦♠❛'✐3✉❡ ❖♣+✐♣✐❧♦+

❬❇❡②❡❧❡& ❡' ❛❧✳✱ ✷✵✵✾✱ ❩✉✛❡&❡② ❡' ❛❧✳✱ ✷✵✶✵❪ ♥6❝❡77✐'❛♥' '♦✉'❡ ✉♥❡ 7✉✐'❡ ❞❡ ❝❛♣'❡✉&7✱ '❡❧

3✉✬✉♥ ●/❙✱ ✉♥ '✉❜❡ ♣✐'♦' ❡' ✉♥ 7②7'A♠❡ ✈✐7✉❡❧ ❝♦♥7'✐'✉67 ✼ ❝❛♣'❡✉&7 ❞❡ 7♦✉&✐7 ♦♣✲

'✐3✉❡ ❞✐7♣♦76❡ ❞❛♥7 ❧❛ &6❣✐♦♥ ❢&♦♥'♦✲❧❛'6&❛❧❡ ❞✉ ❝❤❛♠♣ ✈✐7✉❡❧✱ ♣♦✉& `'&❡ ❢♦♥❝'✐♦♥♥❡❧✳

❈❡''❡ ❛✐❧❡ ✈♦❧❛♥'❡ ❡7' ❝❛♣❛❜❧❡ ❞❡ ❝♦♥'&U❧❡& 7♦♥ ❛❧'✐'✉❞❡ ♣❛& &6❣✉❧❛'✐♦♥ ❞✉ ✢✉① ♦♣'✐3✉❡

✈❡♥'&❛❧ ❡' ❞✬6✈✐'❡& ❧❡7 ♦❜7'❛❝❧❡7 ❢&♦♥'❛✉① ♣❛& ❞❡7 ♠❛♥b✉✈&❡7 ❡♥ &♦✉❧✐7 ❡♥ ❞6'❡❝'❛♥' ❧❡

✢✉① ♦♣'✐3✉❡ ❞✬❡①♣❛♥7✐♦♥✳ /❛& ❝♦♥'&❡✱ ❧❡ ❝♦♥'&U❧❡ ❞❡ ❧❛ ✈✐'❡77❡ ❞✬❛✈❛♥❝❡ 7✬❡✛❡❝'✉❡ ♣❛&

✉♥ '✉❜❡ /✐'♦' ] ∼ 14 m.s−1 ❛✈❡❝ ✉♥❡ ♣&6❝✐7✐♦♥ ❞❡ ±2 m.s−1 ❬❇❡②❡❧❡& ❡' ❛❧✳✱ ✷✵✵✾❪✳

▲❡7 ❛✈✐♦♥7 ♠✐♥✐❛'✉&❡7 ❡' ❧❡7 ❛✐❧❡7 ✈♦❧❛♥'❡7 ♦♥' ❧❡✉& '&♦✐7 ❞②♥❛♠✐3✉❡7 ❞✬❛✈❛♥❝❡✱ ❞✬6❧6✲

✈❛'✐♦♥ ❡' ❧❛'6&❛❧❡ ❝♦✉♣❧6❡7✳ ❈❡ 7♦♥' ❞❡7 ♣❧❛'❡❢♦&♠❡7 ❤♦❧♦♥♦♠❡7✱ 7♦✉7 ❛❝'✐♦♥♥6❡7 ❞❡

♣❛& ❧❛ ♥❛'✉&❡ ❞❡ ❧❡✉& ❛❝'✐♦♥♥❡♠❡♥'✳ ❚♦✉'❡❢♦✐7✱ ✉♥❡ ❡①❝❡♣'✐♦♥ &67✐❞❡ ❝❡♣❡♥❞❛♥' ♣♦✉&

❧❡ ❞✐&✐❣❡❛❜❧❡ 3✉✐ ❞6❝♦✉♣❧❡ 7❛ ❞②♥❛♠✐3✉❡ ❞✬❛✈❛♥❝❡ ❡' ❞✬6❧6✈❛'✐♦♥ ♠❛✐7 3✉✐✱ ♣❛& 7♦♥

❛❝'✐♦♥♥❡♠❡♥'✱ ❞❡♠❡✉&❡ 3✉❛♥❞ ♠`♠❡ 7♦✉7 ❛❝'✐♦♥♥6✳

▲❡7 ♣❧❛'❡❢♦&♠❡7 ❛6&✐❡♥♥❡7 ] ✈♦✐❧✉&❡ '♦✉&♥❛♥'❡ ✭✜❣✉&❡ ✶✳✹✶✮ ♣❡✉✈❡♥' 7❡ ♣&67❡♥'❡& 7♦✉7

❞✐✈❡&7❡7 ❢♦&♠❡7 ✿ ❧❡7 ❤6❧✐❝♦♣'A&❡7 ❝♦♥✈❡♥'✐♦♥♥❡❧7 ❛✈❡❝ ✉♥ 7❡✉❧ &♦'♦& ❬❍&❛❜❛& ❛♥❞ ❙✉✲

❦❤❛'♠❡✱ ✷✵✵✸✱ ❍&❛❜❛& ❡' ❛❧✳✱ ✷✵✵✺✱ ●❛&&❛'' ❛♥❞ ❈❤❛❤❧✱ ✷✵✵✽✱ ❍&❛❜❛& ❛♥❞ ❙✉❦❤❛'♠❡✱

✷✵✵✾✱ ❙❛❜✐&♦♥ ❡' ❛❧✳✱ ✷✵✶✸❜❪✱ ❧❡7 ❤6❧✐❝♦♣'A&❡7 ❝♦❛①✐❛✉① ] ✈♦✐❧✉&❡ ❝♦♥'&❛✲&♦'❛'✐✈❡ ✭♣&♦❥❡'

❑♦❧✐❜&✐ ❡' ▲✉▼❆❱ ✭♠❛77❡ ✿ 440 g✱ ❛✉'♦♥♦♠✐❡ ✿ 5 − 10 min✮ ❬❇❛&&❡''✱ ✷✵✵✹❪✱ ❈♦❛❳

❬❇♦✉❛❜❞❛❧❧❛❤ ❡' ❛❧✳✱ ✷✵✵✻❪ ✭♠❛77❡ ✿ 200 g✱ ❛✉'♦♥♦♠✐❡ ✿ 20 min✮✱ ▼■❈❖❘ ✭♠❛77❡ ✿

100 g✮ ❬❇♦❤♦&3✉❡③ ❡' ❛❧✳✱ ✷✵✵✸✱ /✐♥❡7 ❛♥❞ ❇♦❤♦&3✉❡③✱ ✷✵✵✻❪✱ ♠✉❋❧② ❬❇♦✉❛❜❞❛❧❧❛❤

✻✾



8 kg
80 g

5 min

70◦

10 min



➱!❛! ❞❡ ❧✬❛'! (✉' *✉❡❧*✉❡( ♣❧❛!❡❢♦'♠❡( '♦❜♦!✐*✉❡( (♣1❝✐✜*✉❡( ■♥!'♦❞✉❝!✐♦♥

♦♣"#❛%❡✉# ❛✉ (♦❧ ❝❛♣❛❜❧❡ ❞❡ #❡♣#❡♥❞#❡ ❧❡( ❝♦♠♠❛♥❞❡( / %♦✉% ♠♦♠❡♥%✳ ▲❡ 2✉❛❞#✐#♦%♦#

✭✜❣✉#❡ ✶✳✹✶❈✮ ✉%✐❧✐(" ❞❛♥( ❧❡( %#❛✈❛✉① ❞❡ ❍❡#✐((❡ ❡% ❛❧✳ ❬✷✵✶✷❪ ❡(% "2✉✐♣" ❞✬✉♥❡ ❝❡♥✲

%#❛❧❡ ✐♥❡#%✐❡❧❧❡ ❡% ❞✬✉♥❡ ❝❛♠"#❛ ♣♦✐♥%"❡ ✈❡#( ❧❡ ❜❛( ✭❝❛❞❡♥❝❡ ❞✬✐♠❛❣❡ / 25 fps✮ 2✉✐✱

(✉# ❧❛ ❜❛(❡ ❞✉ ✢✉① ♦♣%✐2✉❡ ✈❡#%✐❝❛❧ ❞✬❡①♣❛♥(✐♦♥ ✭❝❛❧❝✉❧" (✉# ✉♥ ♦#❞✐♥❛%❡✉# ❛✉ (♦❧✮✱

❡(% ❝❛♣❛❜❧❡ ❞❡ (✉✐✈#❡ ❧❡( ✈❛#✐❛%✐♦♥( ✈❡#%✐❝❛❧❡( ❞✬✉♥ (♦❧ ❡♥ ♠♦✉✈❡♠❡♥%✳ ❈❡♣❡♥❞❛♥%✱ ❝❡(

#♦❜♦%( ♥❡ (♦♥% ♣❛( ❡♥❝♦#❡ ❝❛♣❛❜❧❡( ❞✬❛✉%♦♠❛%✐(❡# %♦✉%❡( ❧❡( %F❝❤❡( ❞❡ ♥❛✈✐❣❛%✐♦♥ ❞✉

✈♦❧ ❧✐❜#❡ ❞✬✉♥ ♠✐❝#♦✲❛"#♦♥❡❢( ❝♦♠♠❡ ❧❡ ❞"❝♦❧❧❛❣❡✱ ❧❡ ✈♦❧ ❞❛♥( ✉♥❡ ❢♦#I% ❞✬♦❜(%❛❝❧❡(✱

❧✬❛%%❡##✐((❛❣❡✱ ❧❛ #"❛❝%✐♦♥ ❛✉ ✈❡♥% ♦✉ ❡♥❝♦#❡ ❧❡ ❝♦♥%#J❧❡ ❞❡ ✈✐%❡((❡✳

❉✬❛✉%#❡( %#❛✈❛✉① ♣♦#%❡♥% (✉# ❞❡( ♣#✐♥❝✐♣❡( ❞❡ ♥❛✈✐❣❛%✐♦♥( ✉♥✐2✉❡♠❡♥% ✐♥❡#%✐❡❧❧❡( ❡%

✈✐(✉❡❧❧❡( ✈✐❛ ❧❡ ✢✉① ♦♣%✐2✉❡ ❬❑❡♥❞♦✉❧ ❡% ❛❧✳✱ ✷✵✵✾❜✱❛❪ ♦✉ ✉%✐❧✐(❛♥% ✉♥❡ %❡❝❤♥✐2✉❡ ❞❡

❧♦❝❛❧✐(❛%✐♦♥ ❞❡ %②♣❡ ❙▲❆▼ ❬❇❧♦(❝❤ ❡% ❛❧✳✱ ✷✵✶✵✱ ❲❡✐(( ❡% ❛❧✳✱ ✷✵✶✶❪✳ ❈❡( ❝❤❡#❝❤❡✉#(

♦♥% ❞"✈❡❧♦♣♣" ❞❡( ❛♣♣#♦❝❤❡( %#T( ✐♥%"#❡((❛♥%❡(✱ ♠♦♥%#❛♥% 2✉✬✐❧ ❡(% ♣♦((✐❜❧❡ ❞❡ (✬❛❢✲

❢#❛♥❝❤✐# ❞✉ (✐❣♥❛❧ ●V❙ ♥♦%❛♠♠❡♥% ♣♦✉# ♥❛✈✐❣✉❡# ❞❛♥( ✉♥ ❡♥✈✐#♦♥♥❡♠❡♥% ✐♥❝♦♥♥✉✱ ❡%

❞✬❡✛❡❝%✉❡# ❞❡( ♠❛♥X✉✈#❡( ❞❡ ❞"❝♦❧❧❛❣❡ ❛✉%♦♠❛%✐2✉❡ ♦✉ ❡♥❝♦#❡ ❞❡ (✉✐✈✐ ❞❡ %#❛❥❡❝%♦✐#❡

❡♥ (✉✐✈❛♥% ❞❡( #❡♣T#❡( ✈✐(✉❡❧( ♣❛# ❡①❡♠♣❧❡✳ ❈❡( (②(%T♠❡( ♥"❝❡((✐%❡♥% ♥"❛♥♠♦✐♥( ✉♥❡

❝❛♠"#❛ ♣♦✉# ❡✛❡❝%✉❡# ❝❡( %F❝❤❡(✳

▲❡( ♠✐❝#♦✲❛"#♦♥❡❢( / ✈♦✐❧✉#❡ %♦✉#♥❛♥%❡ ♣❡#♠❡%%❡♥% ❞❡ ❞"❝♦✉♣❧❡# ❧❡( %#♦✐( ❞②♥❛♠✐2✉❡(

❞❡ %#❛♥(❧❛%✐♦♥✳ ❊♥ #❡✈❛♥❝❤❡✱ ❡❧❧❡( (♦♥% ❝♦✉♣❧"❡( ❛✉① ❞②♥❛♠✐2✉❡( ❞❡ #♦%❛%✐♦♥ #❡♥❞❛♥%

❝❡( (%#✉❝%✉#❡( #♦❜♦%✐("❡( (♦✉( ❛❝%✐♦♥♥"❡(✳ ◆♦✉( ♣♦✉✈♦♥( ♥"❛♥♠♦✐♥( ❝✐%❡# ✉♥❡ ❡①❝❡♣✲

%✐♦♥ ♣♦✉# ✉♥❡ ♣❧❛%❡❢♦#♠❡ ❛"#✐❡♥♥❡ ♣♦✉# ❧❡ ♠♦✐♥( ♦#✐❣✐♥❛❧❡✱ ❞"✈❡❧♦♣♣"❡ ♣❛# ❧✬❯♥✐✈❡#(✐%"

❚❡❝❤♥♦❧♦❣✐2✉❡ ❞❡ ❈♦♠♣✐T❣♥❡ ✭❍❡✉❞✐❛(②❝ ❯❚❈✮ ❡% 2✉✐ ❡(% ❝♦♥(%✐%✉"❡ ❞❡ ✽ #♦%♦#( ✭✜✲

❣✉#❡ ✶✳✹✶❉✮✳ ❈❡%%❡ ❝♦♥✜❣✉#❛%✐♦♥ ❞❡ ❧✬❛❝%✐♦♥♥❡♠❡♥% ♣❡#♠❡% / ❝❡%%❡ ♣❧❛%❡❢♦#♠❡ ❞✬I%#❡

%♦%❛❧❡♠❡♥% ❛❝%✐♦♥♥"❡ ❬❘♦♠❡#♦ ❡% ❛❧✳✱ ✷✵✵✼❪✳

V♦✉# ❝♦♥%#J❧❡# ✉♥ ❤"❧✐❝♦♣%T#❡✱ ✐❧ ❢❛✉% ♣✐❧♦%❡# (❡( ✻ ❞❡❣#"( ❞❡ ❧✐❜❡#%" ✭✸ ❞❡❣#"( ❞❡ ❧✐❜❡#%"

❡♥ %#❛♥(❧❛%✐♦♥ ❡% ✸ ❞❡❣#"( ❞❡ ❧✐❜❡#%" ❡♥ #♦%❛%✐♦♥✮✱ ❝❡ 2✉✐ ❝♦♠♣❧❡①✐✜❡ ❧✬✐♥(%#✉♠❡♥%❛%✐♦♥

❡% ❧❡( ❛❧❣♦#✐%❤♠❡ ❞❡ ❝♦♥%#J❧❡( ❞✉ #♦❜♦%✳ ❈❡#%❛✐♥❡( "2✉✐♣❡( ❞❡ #❡❝❤❡#❝❤❡✱ ♣♦✉# ❧✐♠✐%❡#

❧❡✉# "%✉❞❡ (✉# ❧❡ ♣❧❛♥ ❤♦#✐③♦♥%❛❧ ❡% ❛✐♥(✐ ❧✐♠✐%❡# ❧❡ ♥♦♠❜#❡ ❞❡ ❞❡❣#" ❞❡ ❧✐❜❡#%" / %#♦✐(✱

♣#✐✈✐❧"❣✐❡♥% ❧❡( ♣❧❛%❡❢♦#♠❡( #♦❜♦%✐("❡( ❞❡ %②♣❡ ❛"#♦❣❧✐((❡✉#✳

❱■✳❇ ▲❡& '♦❜♦*& *❡''❡&*'❡& ❤♦❧♦♥♦♠❡&✱ *②♣❡ ❛3'♦❣❧✐&&❡✉'

▲❡ ❈❆▲❚❊❈❍ ❛ ❝♦♥d✉ ♣❧✉(✐❡✉#( ♣#♦%♦%②♣❡( ❞✬❛"#♦❣❧✐((❡✉#✱ ❧❛ %♦✉%❡ ♣#❡♠✐T#❡ ✈❡#(✐♦♥

♥♦♠♠"❡ ▼❱❲❚✲■ ✭♣♦✉# ▼✉❧#✐✲❱❡❤✐❝❧❡ ❲✐+❡❧❡,, ❚❡,#❜❡❞✱ ▼❛+❦ ■ ✮ ❬❈#❡♠❡❛♥ ❡% ❛❧✳✱

✷✵✵✷❪ ❡(% ✉♥ ❛"#♦❣❧✐((❡✉# ❞❡ 5 kg ❡♥ ❝♦♥%❛❝% ❛✈❡❝ ❧❡ (♦❧ ❛✉ ♠♦②❡♥ ❞❡ ♣❛%✐♥( ❡% ❧❛

(❡❝♦♥❞❡ ✈❡#(✐♦♥ ✭▼❱❲❚✲■■✮✱ ♣❧✉( ❧"❣T#❡✱ "✈♦❧✉❡ (✉# ✉♥ ❝♦✉((✐♥ ❞✬❛✐# ❬❏✐♥ ❡% ❛❧✳✱ ✷✵✵✹❪

✭✜❣✉#❡ ✶✳✹✷❆✫❈✮✳ ❈❡( ❞❡✉① #♦❜♦%( ♥❡ %#❛♥(♣♦#%❡♥% ♣❛( ❞❡ (②(%T♠❡ ✈✐(✉❡❧ ❡% ♥✬♦♥% "%"

✼✶



2.5 m.s−1

3 m.s−1

2 mm 2.5 m.s−1

750 g



∼ 15 mm

150 Hz

∼ 15 cm 12.5 g

1.5 cm



➱!❛! ❞❡ ❧✬❛'! (✉' *✉❡❧*✉❡( ♣❧❛!❡❢♦'♠❡( '♦❜♦!✐*✉❡( (♣1❝✐✜*✉❡( ■♥!'♦❞✉❝!✐♦♥

♠✐❝#♦✲♠&❝❛♥✐)✉❡✳

❊♥✜♥ ❞✬❛✉1#❡2 ♣#♦❥❡12 ✈✐2❡♥1 6 #❡♣#♦❞✉✐#❡ ✉♥ #♦❜♦1 ❞✬✉♥❡ 1❛✐❧❧❡ 2✐♠✐❧❛✐#❡ 6 ❝❡❧❧❡ ❞❡

❧✬✐♥2❡❝1❡✱ 1♦✉1 ❡♥ 2✬✐♥2♣✐#❛♥1 ❞✬✉♥ ❛❝1✐♦♥♥❡♠❡♥1 ❞❡ 1②♣❡ ✓ ❛✐❧❡✲❜❛11❛♥1❡ ✔✳ ❈✬❡21 ❧❡ ❝❛2

❞✉ ▼✐❝#♦♠❡❝❤❛♥✐❝❛❧ ❋❧②✐♥❣ ■♥/❡❝0 ✭▼❋■✮ ❞❡ ❇❡#❦❡❧❡② ❬❨❛♥ ❡1 ❛❧✳✱ ✷✵✵✶❪ ✭❡♥✈❡#❣✉#❡ ✿

2.5 cm✱ ♠❛22❡ ✿ 100 mg✮ ♦✉ ❡♥❝♦#❡ ❞✉ #♦❜♦1 ❞&✈❡❧♦♣♣& ♣❛# ❧✬&)✉✐♣❡ ❞❡ ❲♦♦❞ 6 ❍❛#✲

✈❛#❞ ✭♣#♦❥❡1 ❘♦❜♦❜❡❡ ✿ ❬❲♦♦❞✱ ✷✵✵✽✱ ❉✉❤❛♠❡❧ ❡1 ❛❧✳✱ ✷✵✶✷✱ ❙#❡❡1❤❛#❛♥ ❡1 ❛❧✳✱ ✷✵✶✷❪✱

♠❛22❡ ✿ 60 mg✱ ❡♥✈❡#❣✉#❡ ✿ 3 cm✮ ❞♦♥1 ❧❡2 ❞❡✉① ❛✐❧❡2 ❜❛11❛♥1❡2 2♦♥1 ❛❝1✐♦♥♥&2 ♣❛# ✉♥

❛❝1✐♦♥♥❡✉# ♣✐❡③♦✲&❧❡❝1#✐)✉❡✳ ❊♥✜♥✱ ✉♥ ❛✉1#❡ ♦#♥✐1❤♦♣1V#❡ ✉❧1#❛✲❧&❣❡# ✭♠❛22❡ ✿ 80mg✱

❡♥✈❡#❣✉#❡ ✿ 3 cm✮ ❛ &1& ❝♦♥W✉ ❡1 ♣♦22V❞❡ ❞❡✉① ❛❝1✐♦♥♥❡✉#2 ♣✐❡③♦✲&❧❡❝1#✐)✉❡2✱ ❝❤❛❝✉♥

❛❝1✐♦♥♥❛♥1 ✉♥❡ ❛✐❧❡ ♣❡#♠❡11❛♥1 ❞❡ ❝♦♥1#X❧❡# ✐♥❞&♣❡♥❞❛♠♠❡♥1 ❧❡2 1#♦✐2 ❞❡❣#&2 ❞❡ ❧✐✲

❜❡#1& ❡♥ #♦1❛1✐♦♥ ❞✉ #♦❜♦1 ❬▼❛ ❡1 ❛❧✳✱ ✷✵✶✸❪ ✭✜❣✉#❡ ✶✳✹✸❈✮✳

❯♥❡ &1✉❞❡ ❬❲✉ ❡1 ❛❧✳✱ ✷✵✵✸❪ ✈✐2❡ 6 ❞&✈❡❧♦♣♣❡# 1♦✉1❡ ✉♥❡ 2✉✐1❡ ❞❡ ❝❛♣1❡✉#2 ❞✬✐♥2♣✐✲

#❛1✐♦♥ ❜✐♦♠✐♠&1✐)✉❡ ✭❡✳❣✳✱ ♦❝❡❧❧❡✱ ❝❛♣1❡✉#2 ❞❡ ✢✉① ♦♣1✐)✉❡✮ ♣♦✉# ❝❡ 1②♣❡ ❞❡ #♦❜♦12✳

❈❡♣❡♥❞❛♥1✱ ❝❡2 1#♦✐2 ❞❡#♥✐❡#2 #♦❜♦12 ♥❡ 2♦♥1 1♦✉❥♦✉#2 ♣❛2 ❛❝❤❡✈&2 ❞❛♥2 ❧❛ ♠❡2✉#❡ ♦]

✐❧2 ♥❡ 1#❛♥2♣♦#1❡♥1 ♣❛2 ❞❡ ❝❛♣1❡✉#2 ❡1 ♥❡ 2♦♥1✱ 6 ❝❡ ❥♦✉#✱ ♣❛2 ❝❛♣❛❜❧❡ ❞✬❡✛❡❝1✉❡# ❞❡

✈♦❧ ❛✉1♦♥♦♠❡✳

❱■✳❉ ●✉✐❞❛❣❡ ✈✐,✉❡❧ ❜✐♦✲✐♥,♣✐34 ♣❛3 ❧❡ ✢✉① ♦♣7✐8✉❡ ❡♥ 3♦❜♦✲

7✐8✉❡

❆♣#V2 ❛✈♦✐# &1✉❞✐& ❧❡ 2②21V♠❡ ♥❡#✈❡✉① ❞❡ ❧✬✐♥2❡❝1❡ ❡1 ❞&✜♥✐ ❝♦♠♠❡♥1 ✐❧ ♣♦✉✈❛✐1 ❡①1#❛✐#❡

❧❡2 ✐♥❢♦#♠❛1✐♦♥2 ✈✐2✉❡❧❧❡2 ❧✐&❡2 ❛✉ ♠♦✉✈❡♠❡♥1✱ 1#❛✐1& ❞✬✉♥ &1❛1 ❞❡ ❧✬❛#1 ❞❡2 ❝❛♣1❡✉#2

❞❡ ✢✉① ♦♣1✐)✉❡ ❜✐♦✲♠✐♠&1✐)✉❡2 ❡1 ❞❡2 ❞✐✛&#❡♥1❡2 ♣❧❛1❡❢♦#♠❡2 ❞❡ ♥❛✈✐❣❛1✐♦♥ ❡♥ ♠✐❝#♦✲

#♦❜♦1✐)✉❡✱ ♥♦✉2 ❞&❝#✐✈♦♥2 ✐❝✐ ✉♥ &1❛1 ❞❡ ❧✬❛#1 ❞❡2 2②21V♠❡2 ❞❡ ♥❛✈✐❣❛1✐♦♥ 2✬✐♥2♣✐#❛♥1

❞❡2 &1✉❞❡2 ❝♦♠♣♦#1❡♠❡♥1❛❧❡2 ♠❡♥&❡2 ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❞❡♣✉✐2 ❝❡2 ❞❡#♥✐V#❡2 ❞&❝❡♥♥✐❡2 ❛✜♥

❞❡ ❜✐❡♥ 2❛✐2✐# ❧❛ ♣❛#1 ❞❡ ♣❧✉2 ✈❛❧✉❡ )✉❡ ❝❡ 1#❛✈❛✐❧ ❞❡ 1❤V2❡ ♣♦✉##❛ ❛♣♣♦#1❡#✱ 1#❛✈❛✐❧ )✉✐

✈❛ ❝♦♥2✐21❡# 6 ♠❡11#❡ ❡♥ a✉✈#❡ 2✉# ✉♥ ❛&#♦❣❧✐22❡✉# 1♦1❛❧❡♠❡♥1 ❛❝1✐♦♥♥& #&❡❧ ❧❡ ♣✐❧♦1❡

❛✉1♦♠❛1✐)✉❡ ▲❖❘❆✳

▲❛ ♣#♦❜❧&♠❛1✐)✉❡ ❛❜♦#❞&❡ ♣❛# ❝❡ ♣✐❧♦1❡ ❛✉1♦♠❛1✐)✉❡ ♥❡ ❝♦♥❝❡#♥❡ )✉❡ ❧❡ ❝♦♥1#X❧❡ 2✉#

❧❡ ♣❧❛♥ ❤♦#✐③♦♥1❛❧✱ ♥♦✉2 ♥♦✉2 ❧✐♠✐1❡#♦♥2 ❛❧♦#2 ✉♥✐)✉❡♠❡♥1 6 ♣#&2❡♥1❡# ❧❡2 21#❛1&❣✐❡2

❜✐♦✲✐♥2♣✐#&❡2 ✈♦✉&❡2 6 ❝♦♥1#X❧❡# ❧❛ ♥❛✈✐❣❛1✐♦♥ ❞❛♥2 ❝❡ ♣❧❛♥✳ ▲❛ ♣#&2❡♥1❛1✐♦♥ ❞❡ ❧❛

#&❣✉❧❛1✐♦♥ ❞✉ ✢✉① ♦♣1✐)✉❡ ✈❡♥1#❛❧ ❞❛♥2 ❧❛ 2♦✉2 ♣❛#1✐❡ ■❱✳❇✳✶ ♥✬❛ &1& ♠❡♥1✐♦♥♥&❡ )✉❡

♣❛# ♣✉#❡ ✐♥1&#e1 ❤✐21♦#✐)✉❡ ❛✜♥ ❞❡ ❜✐❡♥ ❝♦♠♣#❡♥❞#❡ ❧❡2 ♦#✐❣✐♥❡2 ❞✉ #1❣✉❧❛0❡✉# ❞❡ ✢✉①

♦♣0✐7✉❡✱ )✉✐ ✜❣✉#❡ ❝♦♠♠❡ ♥♦1#❡ ❜❛2❡ ❞❡ 1#❛✈❛✐❧ ❞❛♥2 ❧❡ ❣✉✐❞❛❣❡ ❞✬✉♥ ♠✐❝#♦✲#♦❜♦1 ❡♥

❡♥✈✐#♦♥♥❡♠❡♥1 ✐♥❝♦♥♥✉✳

✼✹



50 × 40

100 × 80

800 Mhz



➱!❛! ❞❡ ❧✬❛'! (✉' *✉❡❧*✉❡( ♣❧❛!❡❢♦'♠❡( '♦❜♦!✐*✉❡( (♣1❝✐✜*✉❡( ■♥!'♦❞✉❝!✐♦♥

❱■✳❉✳✶ ▲❛ '()❛(*❣✐❡ ❞✬*0✉✐❧✐❜)❛❣❡ ❞❡' ✢✉① ♦♣(✐0✉❡' ❧❛(*)❛✉①

❉❡♣✉✐% ❧❡ ❞(❜✉* ❞❡% ❛♥♥(❡% ✾✵✱ ❧❛ %*0❛*(❣✐❡ ❞❡ ♣✐❧♦*❛❣❡ ❜❛%(❡ %✉0 ❧✬(4✉✐❧✐❜0❛❣❡ ❞❡%

✢✉① ♦♣*✐4✉❡% ❧❛*(0❛✉① ✭♣❛0*✐❡ ■❱✳❈✳✶✮ ❛ ❛♠❡♥( ✉♥❡ ❧✐❣♥❡ ❞✐0❡❝*0✐❝❡ ❜✐♦✲✐♥%♣✐0(❡ ❞❛♥%

❧❡ ❣✉✐❞❛❣❡ ✈✐%✉❡❧ ❞❡% 0♦❜♦*% ❡* ❢✉* ❧❛0❣❡♠❡♥* ♠✐% ❡♥ C✉✈0❡ %✉0 ✉♥ ❣0❛♥❞ ♥♦♠❜0❡ ❞❡

❝✐❜❧❡% 0♦❜♦*✐4✉❡% *❡00❡%*0❡% ❬❈♦♦♠❜% ❛♥❞ ❘♦❜❡0*%✱ ✶✾✾✷✱ ❙❛♥*♦%✲❱✐❝*♦0 ❡* ❛❧✳✱ ✶✾✾✸✱

❉✉❝❤♦♥ ❛♥❞ ❲❛00❡♥✱ ✶✾✾✹✱ ❙❛♥*♦%✲❱✐❝*♦0 ❡* ❛❧✳✱ ✶✾✾✺✱ ❲❡❜❡0 ❡* ❛❧✳✱ ✶✾✾✼✱ ❉❡✈ ❡* ❛❧✳✱

✶✾✾✼✱ ❙0✐♥✐✈❛%❛♥ ❡* ❛❧✳✱ ✶✾✾✾✱ ❇❛0❛*♦✛ ❡* ❛❧✳✱ ✷✵✵✵✱ ❈❛0❡❧❧✐ ❡* ❛❧✳✱ ✷✵✵✷✱ ❆0❣②0♦% ❡* ❛❧✳✱

✷✵✵✹✱ ❍0❛❜❛0 ❡* ❛❧✳✱ ✷✵✵✺✱ ❍✉♠❜❡0* ❡* ❛❧✳✱ ✷✵✵✼✱ ❙♦✉❤✐❧❛ ❛♥❞ ❑❛0✐♠✱ ✷✵✵✼✱ ❍0❛❜❛0

❛♥❞ ❙✉❦❤❛*♠❡✱ ✷✵✵✾✱ ●✉③❡❧ ❛♥❞ ❇✐❝❦❡0✱ ✷✵✶✵✱ ❍✉♠❜❡0* ❛♥❞ ❍②%❧♦♣✱ ✷✵✶✵✱ ❳✉ ❡* ❛❧✳✱

✷✵✶✶❪ ♦✉ ❛(0✐❡♥♥❡% 0(❡❧❧❡% ✭❜❛❧❧♦♥ ❞✐0✐❣❡❛❜❧❡ ✿ ❬■✐❞❛✱ ✷✵✵✶❪✱ ❤(❧✐❝♦♣*Z0❡ ❝♦♥✈❡♥*✐♦♥♥❡❧ ✿

❬❍0❛❜❛0 ❡* ❛❧✳✱ ✷✵✵✺✱ ❍0❛❜❛0 ❛♥❞ ❙✉❦❤❛*♠❡✱ ✷✵✵✾❪✱ 4✉❛❞0✐0♦*♦0 ✿ ❬❈♦♥0♦② ❡* ❛❧✳✱ ✷✵✵✾❪✱

❛✐❧❡ ✜①❡ ✿ ❬●0✐✣*❤% ❡* ❛❧✳✱ ✷✵✵✻✱ ✷✵✵✼❪✱ ❛(0♦❣❧✐%%❡✉0 %✉0 ♣❛*✐♥ ✿ ❬❋✉❧❧❡0 ❛♥❞ ▼✉00❛②✱

✷✵✶✶❪✮ ♦✉ ❡♥❝♦0❡ %✐♠✉❧(❡% ✭❛(0♦❣❧✐%%❡✉0 ✿ ❬❍✉♠❜❡0* ❡* ❛❧✳✱ ✷✵✵✺✱ ❙❡00❡% ❡* ❛❧✳✱ ✷✵✵✽❛❪✱

❤(❧✐❝♦♣*Z0❡ ❝♦♥✈❡♥*✐♦♥♥❡❧ ✿ ❬◆❡✉♠❛♥♥ ❛♥❞ ❇b❧*❤♦✛✱ ✷✵✵✶✱ ✷✵✵✷✱ ▼✉0❛*❡* ❡* ❛❧✳✱ ✷✵✵✺❪✮

♥❛✈✐❣✉❛♥* ❞❛♥% ❞❡% *✉♥♥❡❧% ♦✉ ❞❡% ❝❛♥②♦♥% ✉0❜❛✐♥% ✭✜❣✉0❡ ✶✳✹✹✮✳

❆✐♥%✐✱ 0❛♣✐❞❡♠❡♥* ❛♣0Z% ❧❛ ❢♦0♠✉❧❛*✐♦♥ ❞❡ ❝❡**❡ ❤②♣♦*❤Z%❡✱ ❞❡ ♥♦♠❜0❡✉① 0♦❜♦*% ♠♦✲

❜✐❧❡% ♦♥* ♠✐% ❡♥ C✉✈0❡ ❝❡**❡ %*0❛*(❣✐❡ ❞❡ ♥❛✈✐❣❛*✐♦♥ ❝♦✉♣❧(❡ c ✉♥❡ ✈✐*❡%%❡ ❞✬❛✈❛♥❝❡

❝♦♥%*❛♥*❡ 0❡❧❛*✐✈❡♠❡♥* ❢❛✐❜❧❡ ✭❜❡❡✲❜♦$ ✿ 10 cm.s−1 ❬❈♦♦♠❜% ❛♥❞ ❘♦❜❡0*%✱ ✶✾✾✷❪✱ %♦❜❡❡ ✿

8 cm.s−1 ❬❙❛♥*♦%✲❱✐❝*♦0 ❡* ❛❧✳✱ ✶✾✾✸❪✮✳ ❈❡**❡ %*0❛*(❣✐❡ ❢✉* ♥(❛♥♠♦✐♥% ❝0✐*✐4✉(❡ ❛%%❡③

0❛♣✐❞❡♠❡♥*✱ ❡♥ ✶✾✾✹✱ ♣♦✉0 %♦♥ ✐♥❝❛♣❛❝✐*( c (✈✐*❡0 ❧❡% ♦❜%*❛❝❧❡% ❢0♦♥*❛✉① ❬❉✉❝❤♦♥ ❛♥❞

❲❛00❡♥✱ ✶✾✾✹❪✳ d♦✉0 ♣❛❧✐❡0 c ❝❡**❡ ❧✐♠✐*❛*✐♦♥✱ ❝❡% ❝❤❡0❝❤❡✉0% ♦♥* ♣❧❛❝( ✉♥❡ ❝❛♠(0❛

❢0♦♥*❛❧❡ %✉0 ❧❡✉0 0♦❜♦* ✭❝❤❛♠♣ ✈✐%✉❡❧ ✿ 65◦✮ ❡* ♦♥* %✉❜❞✐✈✐%( ❧❡ ❝❤❛♠♣ ✈✐%✉❡❧ ❡♥ ❞❡✉①

♣❛0*✐❡% ❧❛*(0❛❧❡% ❞❡ ♠❛♥✐Z0❡ c ❡%*✐♠❡0 ❧❡ ✢✉① ♦♣*✐4✉❡ ❞0♦✐* ❡* ❣❛✉❝❤❡✳ ❊♥✜♥✱ ❣0f❝❡ c

❧❛ ♠❡%✉0❡ ❞✉ ✢✉① ♦♣*✐4✉❡ ❞✬❡①♣❛♥%✐♦♥✱ ✐❧% ❝❛❧❝✉❧❡♥* ✉♥❡ ❣0❛♥❞❡✉0 %✉♣♣❧(♠❡♥*❛✐0❡ ✿ ❧❡

❚✐♠❡ ❚♦ ❈♦♥$❛❝$ ✭❚❚❈✮ 4✉✐ ♣❡0♠❡* ❛✉ 0♦❜♦* ❞❡ ❞(*❡❝*❡0 ❧❛ ♣0♦①✐♠✐*( ❞✬✉♥ ♦❜%*❛❝❧❡

❢0♦♥*❛❧ ❡* ❞❡ ❧✬(✈✐*❡0 ❡♥ *♦✉0♥❛♥* ❞❡ 90◦ ❞❛♥% ❧❛ ❞✐0❡❝*✐♦♥ ❞✉ ❚❚❈ ❧❡ ♣❧✉% ❢❛✐❜❧❡✳

❈❡♣❡♥❞❛♥*✱ ❝❡ ❞❡0♥✐❡0 ❛✈❛♥h❛✐* ❧✉✐ ❛✉%%✐ c ✉♥❡ ✈✐*❡%%❡ ❝♦♥%*❛♥*❡ 0❡❧❛*✐✈❡♠❡♥* ❢❛✐❜❧❡

❞❡ 4cm.s−1✳ ▲❛ 0❛✐%♦♥ ❞❡ ❝❡% ✈✐*❡%%❡ ❞✬❛✈❛♥❝❡ ❢❛✐❜❧❡ 0❡❧Z✈❡ ❞❡% *❡❝❤♥✐4✉❡% ❞❡ ❝❛❧❝✉❧ ❞✉

✢✉① ♦♣*✐4✉❡ 4✉✐ (*❛✐* 0❡❧❛*✐✈❡♠❡♥* ❧♦♥❣✉❡✳

❇❛0❛*♦✛ ❡* ❛❧✳ ❬✷✵✵✵❪ ❛ (❣❛❧❡♠❡♥* ❛❞❛♣*( ❝❡**❡ %*0❛*(❣✐❡ ❜❛%(❡ %✉0 ❧❡ ❚❚❈ %✉0 ✉♥

0♦❜♦* ♠♦❜✐❧❡ %❡ ❞(♣❧❛h❛♥* (❣❛❧❡♠❡♥* c ✈✐*❡%%❡ ❝♦♥%*❛♥*❡ ✭20 cm.s−1✮✳ ❈❡% ❞❡0♥✐❡0%

%♦♥* ♣❛0✈❡♥✉% ♣❛0✈❡♥✉% c ♦❜*❡♥✐0 ❞❡ ❜♦♥% 0(%✉❧*❛*% ❞✬(✈✐*❡♠❡♥* ❞✬♦❜%*❛❝❧❡ ❢0♦♥*❛✉①

♠❛✐% ♦♥* ❝0✐*✐4✉( ❧❛ ♥(❝❡%%✐*( ❞✬✉♥❡ ❤❛✉*❡ 0(%♦❧✉*✐♦♥ ❞❛♥% ❧❛ ♣❛0*✐❡ ❝❡♥*0❛❧❡ ❞✉ ❝❤❛♠♣

✈✐%✉❡❧✳

❲❡❜❡0 ❡* ❛❧✳ ❬✶✾✾✼❪ ♦♥*✱ c ❧❡✉0 *♦✉0✱ ♠✐% ❡♥ C✉✈0❡ ❧❛ %*0❛*(❣✐❡ ❞✬(4✉✐❧✐❜0❛❣❡ ❞❡% ✢✉①

♦♣*✐4✉❡ ❧❛*(0❛✉① %✉0 ✉♥ 0♦❜♦* %❡ ❞(♣❧❛h❛♥* c ✈✐*❡%%❡ ❝♦♥%*❛♥*❡ ✭12 cm.s−1✮✳ ❈❡ ❞❡0♥✐❡0

✼✻



∼ 80 cm 100 cm



➱!❛! ❞❡ ❧✬❛'! (✉' *✉❡❧*✉❡( ♣❧❛!❡❢♦'♠❡( '♦❜♦!✐*✉❡( (♣1❝✐✜*✉❡( ■♥!'♦❞✉❝!✐♦♥

❬●✉③❡❧ ❛♥❞ ❇✐❝❦❡-✱ ✷✵✶✵❪✮ ♦✉ ❞5♣♦-75❡ ✭❡✳❣✳✱ ❬❈♦♦♠❜> ❛♥❞ ❘♦❜❡-7>✱ ✶✾✾✷✱ ❲❡❜❡- ❡7 ❛❧✳✱

✶✾✾✼✱ ■✐❞❛✱ ✷✵✵✶✱ ❈❛-❡❧❧✐ ❡7 ❛❧✳✱ ✷✵✵✷❪✱ >7❛7✐♦♥ ❞❡ 7-❛✐7❡♠❡♥7 ❞✬✐♠❛❣❡> ❱❉❙ ❊✐❞♦❇-❛✐♥

❬❙❛♥7♦>✲❱✐❝7♦- ❡7 ❛❧✳✱ ✶✾✾✺❪✮ ♣♦✉- ❡✛❡❝7✉❡- ❧✬❡①7-❛❝7✐♦♥ ❞✉ ✢✉① ♦♣7✐N✉❡✳ ❉✬❛✉7-❡> ✉7✐✲

❧✐>❡♥7 ✉♥❡ >✉✐7❡ ❞❡ ❝❛♣7❡✉-> ❛>>❡③ ❝♦♥>5N✉❡♥7❡> ♣♦✉- ♣❛-✈❡♥✐- P ❝♦♥7-Q❧❡- ❧❛ ♥❛✈✐❣❛7✐♦♥
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A fully-autonomous hovercraft inspired by bees: wall following and

speed control in straight and tapered corridors

Frédéric L. Roubieu, Julien Serres, Nicolas Franceschini, Franck Ruffier and Stéphane Viollet

Abstract— The small autonomous vehicles of the future will
have to navigate close to obstacles in highly unpredictable
environments. Risky tasks of this kind may require novel
sensors and control methods that differ from conventional ap-
proaches. Recent ethological findings have shown that complex
navigation tasks such as obstacle avoidance and speed control
are performed by flying insects on the basis of optic flow
(OF) cues, although insects’ compound eyes have a very poor
spatial resolution. The present paper deals with the implemen-
tation of an optic flow-based autopilot on a fully autonomous
hovercraft. Tests were performed on this small (878-gram)
innovative robotic platform in straight and tapered corridors
lined with natural panoramas. A bilateral OF regulator controls
the robot’s forward speed (up to 0.8m/s), while a unilateral
OF regulator controls the robot’s clearance from the two
walls. A micro-gyrometer and a tiny magnetic compass ensure
that the hovercraft travels forward in the corridor without
yawing. The lateral OFs are measured by two minimalist eyes
mounted sideways opposite to each other. For the first time,
the hovercraft was found to be capable of adjusting both
its forward speed and its clearance from the walls, in both
straight and tapered corridors, without requiring any distance
or speed measurements, that is, without any need for on-board
rangefinders or tachometers.

I. INTRODUCTION

Fig. 1. Fully-autonomous sighted hovercraft equipped with miniature
elementary eyes and a bio-inspired dual lateral optic flow regulator.

Winged insects, which emerged several hundreds of mil-

lions years ago, have developed elegant means of navigating

in complex, highly unfamiliar environments. Their visually

guided performances seem to depend mainly on Optic Flow

(OF) cues, that is, on the angular speed ω (magnitude in

Authors are with the Aix-Marseille University, CNRS, ISM UMR
7287, 13288, Marseille cedex 09, France {frederic.roubieu,
julien.serres, nicolas.franceschini,
franck.ruffier, stephane.viollet}@univ-amu.fr

◦/s) at which any contrasting object moves past their eyes

[1]–[4]. For example, insects have been found to use OF

cues to control their lateral position in a corridor [3], [5]

their ground height [6], [7], and their forward speed [8]–[10].

In insects’ compound eyes, the OF is processed by neurons

called Elementary Motion Detectors (EMDs), each of which

is driven by photoreceptors with adjacent visual axes. Since

OF sensors are non-contact, non-emissive - and therefore

power-lean - visual sensors, they constitute invaluable tools

for performing obstacle avoidance and speed control tasks,

especially in the case of small autonomous robots, which have

to meet particularly drastic energy and payload constraints.

Behavioral studies on flying insects have provided researchers

with innovative solutions for designing OF-based devices

for the visual guidance of both ground vehicles [11]–[21]

and aerial vehicles [18], [22]–[26]. Our previous simulation

studies on the LORA III autopilot [20] were based on a dual

lateral optic flow regulator controlling a simulated agent. The

term optic flow regulator denotes a feedback loop which keeps

the perceived OF at a constant value by adjusting one of

the robot’s thrusts [23]. The feedback sensor on which it is

based is a 2-pixel OF sensor (called the Local Motion Sensor,

- LMS -) based on a “time-of-travel” scheme [11], [27]–

[31] which was originally inspired by the common housefly’s

EMD neurons [11], [12]. In Serres et al. [20] the simulated

autopilot called LORA III, which was composed of a dual

lateral optic flow regulator, was found to account not only

for the typical centering behavior and speed control observed

in honeybees flying in straight and tapered corridors [8], but

also for the wall-following behavior that we recently described

in honeybees [5]. Other robotic studies have dealt with OF-

based guidance systems for underactuated and non-holonomic

platforms, using either a rolling hovercraft [32]–[34] equipped

with low friction rollerballs or a genuinely contactless hover-

craft [35], [36] operating at a few millimeters above ground.

Humbert et al. developed a simulated underactuated hover-

craft [37] and an underactuated wheeled robot [21] equipped

with a widefield camera, using a visual guidance system based

on the spatial harmonic decomposition of the OF to estimate

state parameters such as the forward speed and distance from

obstacles. Zufferey et al. implemented an OF-based visual

guidance system on a wheeled Khepera robot that showed

wall-following behavior along a wall lined with a randomly

generated highly contrasting pattern [38]: this sighted robot

was equipped with a camera consisting of a 50-pixel 1-D

array.

In the present study and for the first time, we implemented the

LORA III dual lateral optic flow regulator onboard an original
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vehicle, that is, a miniature and fully actuated hovercraft

(Fig. 1) equipped with two eyes mounted on opposite sides,

each of which comprised only 2 pixels driving a single OF

sensor, i.e. a single 2-pixel LMS. The hovercraft’s visually-

guided behavior was then tested in corridors lined with natural

scenes. An additional heading-lock feedback loop was also

implemented to prevent any yaw rotations of the robot, and

hence cancelling any rotational OF disturbances. This inno-

vative robotic platform is presented in section II. In section

III, the original implementation of the dual lateral optic flow

regulator onboard the hovercraft is described in detail. Section

IV deals with the control strategy used in the robotic platform

and describes the dynamic identification of the robotic plat-

form used to tune the hovercraft’s controllers. In section V,

the experimental set-up used to test the robot’s behavior is

presented. Section VI gives the experimental results obtained

with the actual physical robot equipped with the LORA III

autopilot.

II. THE LORA HOVERCRAFT ROBOT

A. The robotic platform

Our sighted LORA robot is a retro-fitted version of

a miniature RC hovercraft (Taiyo Toy LtD, Typhoon T-

3) [35]. The miniature LORA robot (mass: 0.878kg, size:

0.36x0.21x0.17m, see Fig. 1) is fully actuated by means of

four ducted fans (GWS EDF-50, DC motor CN12-RLC, mass:

30g) driving it on the horizontal plane. The two rear thrusters

actuate the robot along the surge axis, the two lateral thrusters

actuate the robot along the sway axis, and the robot’s heading

is adjusted by controlling the two rear thrusters differentially.

An additional lift fan (a brushless motor Micro Rex 220/3-

3200 Flyware fan, mass: 11g) inflates the skirt to create an

air-cushion preventing the robot from touching the ground.

The vehicle is naturally stable in terms of the pitch and roll

and the very low friction coefficient and the number of degrees

of freedom in the horizontal plane are similar to those of an

aerial robot (a helicopter, for instance).

B. The bio-inspired visual system

Here we describe how the LORA robot navigates over

a flat surface along a corridor (Fig. 5 and Fig. 4). The

robot is equipped with four lateral eyes, i.e. four 2-pixel

OF sensors placed at ±45◦ and ±90◦ azimuthal angles, as

shown in Fig. 1. Only the two lateral eyes facing at azimuthal

angles of ±90◦ are used here. To compensate for any yaw

disturbances that would introduce an adverse rotational OF

component into the angular speed measurements (ωm), the

robot is equipped with a custom-made heading-lock system

composed of a micro-gyrometer (ADIS16100, range speed:

±300◦/s, size 7x7x3mm, mass: 0.5g) and a micro-compass

(HMC6052, precision: 0.3◦, size: 24x18mm, mass: 2g). The

robot’s heading Ψ, defined as the robot’s yaw angle around

the vertical axis, is therefore maintained along the X-axis of

the corridor (Ψ = 0◦). Each of the two lateral eyes therefore

receives a purely translational OF (Fig. 5) ωR and ωL defined

as follows:

ωR,L =
Vx

DR,L
(1)

Fig. 2. Custom electronics: (A) Top view of the microcontroller-based
(µC) circuit board (size: 109x25mm, mass: 8g) including the embedded
optic flow-based autopilot and visual LMSs. (B) Simplified scheme of the
embedded electronics, showing the interconnections between the 6 tiny µCs.

where Vx is the robot’s forward speed, DR and DL are the

distances from the right and the left walls, respectively.

Each of the two OF sensors consists of an optical assembly

composed of a lens and a pair of photosensors driving a single

LMS running the “time of travel” scheme (see [11], [27]–[31]

for further details). Each 2-pixel LMS measures the angular

speed ωm, i.e. a 1-D component of the OF, generated by

the robot’s forward motion within a range of more than one

decade [25◦/s;350◦/s]. Whenever an LMS does not detect

any new contrasting features, it holds the last measured value

for a period of 0.5s.

C. Hardware architecture

A photograph of the main electronic board is shown

in Fig. 2A. The digital electronics embedded in this

electronic board are the main microcontroller (- µC -

dsPIC33FJ128GP802, clock: 40Mhz, working at a sampling

frequency of 1kHz) supervising two other dsPIC µCs from
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Microchip c© (dsPIC33F128GP802, clock: 40Mhz, working at

a sampling frequency of 2kHz) (Fig. 2B). The program of the

main µC was developed on Matlab/Simulink c© and compiled

using a specific toolbox (available on http://www.kerhuel.eu)

dealing with multirate tasks such as: the heading-lock control

system, the dual optic flow regulator, and the data monitoring

during the main tasks (Fig. 2B). On the main electronic

board, the two secondary µCs (dsPIC33FJ128GP802) are

in charge of the lateral OF processing (one µC per eye).

The main dsPIC therefore processes the visual inputs (i.e.,

the two OF measurements ωm
L and ωm

R ), the inertial input

(i.e., the rate gyro Ψ̇
m) and the vehicle’s heading (i.e., the

custom micro-magnetic compass Ψ
m). The Bluetooth device

connected to the UART peripheral of the main µC provides

a full-duplex radio link between the robot and the C♯-PC (C

sharp) ground station. Via this radio link, data from the freely

moving robot can be remotely logged and instructions such

as the OF set-points, ωSetFwd and ωSetSide, can be sent to

the robot’s autopilot, for example. Two separate Li-Polymer

(LiPo) battery packs: a low-power pack (i.e., 7.2V-360mAh,

size: 54x31x7mm, mass: 20g) for the electronics and a high-

power pack (i.e., 7.2V-2200mAh, size: 21x33x96mm, mass:

112g) for the actuators give the robot an autonomy of 10

minutes. To prevent the rotor speed of the ducted fan to

be affected by variations in the supply voltage, the first µC

(dsPIC33FJ128GP802, clock: 40Mhz) of the motor board

controls each of the four propeller’s rotational speeds (rpm)

in a closed-loop mode on the basis of a dedicated “sensorless

speed governor” [39]. This sensorless regulator makes each

ducted fan rpm robust to large voltage disturbances while pre-

serving the short rise time. The second µC in the motor board

controls the lift fan rpm in a closed loop mode via an optical

sensor. Making the robot robust to voltage disturbances was

a prerequisite for identifying the system before closing the

visuo-motor loops. The LORA robot moves freely without

any umbilical links. It is fully autonomous as it performs

all the processing steps onboard and carries all its sensors

and actuators, its own wireless data link and its own power

supplies. To summarize, the 6 micro-controllers distributed

in the LORA robot handle no less than 8 feedback-loops and

make the robot relatively immune to heading disturbances and

power supply variations.

III. DUAL LATERAL OPTIC FLOW REGULATION

A slightly upgraded version of the original LORA III

autopilot [20] was implemented onboard the current LORA

robot. In addition to the dual lateral OF regulator, another

feedback loop was introduced to make the robot move straight

along the corridor axis. The autopilot therefore controls the

robot’s motion not only forward and sideways but also about

the yaw axis, according to the following principles:

• the heading feedback loop, composed of an inner- and an

outer-feedback loop, stabilizes the robot’s yaw angle at

Ψ = 0◦ to cancel any yaw drift. It therefore keeps the

robot aligned weith the corridor’s main axis thanks to

a custom-made magnetic micro-compass enhanced by a

tiny micro-rate gyro;

• the first OF regulator is a unilateral OF regulator that

adjusts the vehicle’s lateral thrust (which determines the

sway speed Vy) so as to keep the higher of the two lateral

OFs perceived, that is, max(ωm
R,L), equal to the sideways

OF set-point ωSetSide. The distance from one wall thus

becomes proportional to the robot’s forward speed Vx (as

defined in the section 2B). The faster the robot travels,

the further away from that wall it will therefore be. The

clearance from the walls depends mainly on the sideways

OF set-point;

• the second OF regulator is a bilateral OF regulator that

adjusts the robot’s forward thrust (which determines the

surge speed Vx) so as to maintain the sum of the two (right

and left) OFs, that is, Σωm
R,L, equal to the forward OF

set-point ωSetFwd . The robot’s forward speed therefore

automatically adjusts itself proportionally to the local

corridor width D, although the latter is not specified

explicitly. The forward speed attained by the LORA

robot will depend mainly on the forward OF set-point.

All three feedback loops are implemented in parallel on the

µC of the main circuit board. Once the OF-based autopilot

has reached the steady state, the LORA robot will travel at a

given forward speed Vx and at a given distance from one wall

(DL or DR). The steady state operating point of the LORA

robot (Vx∞, DR,L∞) is defined in [20].

IV. DYNAMIC MODEL AND CONTROL OF THE

HOVERCRAFT

Each of the four thrusters equipping the LORA robot is

composed of a DC motor loaded with a light three-blade pro-

peller producing a thrust of up to 0.72N at 7.2V , in proportion

to the voltage applied [36]. Since the propeller’s profile is

not symmetrical and reversing the thrust would therefore not

brake the robot, the lift-fan was used to smoothly deflate the

skirt, as suggested in [36], and thus served as a “brake”. This

active braking is achieved by combining the control signals of

the rear thrusters and those of the lift fan uLi f tFan in a single

controller (the forward controller CFwd(s)). Any decrease in

the lift fan control signal uLi f tFan will increase the robot’s

forward and side linear viscous friction coefficients (ζFwd and

ζSide respectively with ζFwd,Side =
m

τFwd,Side
), and thus decrease

both the forward and side time constants τFwd and τSide. We

therefore identified the forward and side dynamics of the

hovercraft (GFwd(s) and GSide(s) respectively) corresponding

to several lift fan output signals uLi f tFan. In the lift fan control

signal range of [37%;42%], the forward and side dynamic

models of our hovercraft can therefore be described as a first-

order low-pass filter with a time constant τFwd,Side, but the side

dynamic model of the robot also requires an integrator since

the output is a position. The yaw dynamic model GΨ(s) can be

described as a low-pass filter also incorporating an integrator

(see Tab. I). Static gain and time constant parameters of

the identified forward and side dynamics corresponding to

each control signal uLi f tFan are given in Tables II and III,

respectively. Data of the robot’s identification show that the

surge and sway time constants (τFwd and τSide respectively)

are on the same order of magnitude because the air cushion
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Fig. 3. Block diagram showing the image processing performed on the robot’s trajectories along a corridor. A wide-angle lens (Pentax B618DX, focal
length: 6.5mm, Field of View - FOV - : 97.91× 76.28◦) was used to film the 4-meter long corridor. The camera FOV was adjusted to 456cm in length
and 196cm in width, and centered on the corridor, to film the whole scene. Each trajectory recorded was saved on a computer via Midas c© 4.0 Express
(for Fastec cameras) and processed offline on a computer equipped with Matlab c© R2008b for image processing. The robot’s trajectories were recorded
by adding an infrared filter (wavelength > 850nm) to the camera. Three infrared photodiodes (SFH4050, half angle ±80◦) were mounted at triangular
points on the robot so that only LED blobs showed up on the image. The robot’s trajectory was reconstructed with a custom-made Matlab c© algorithm
that analyzed sequential video frames offline. This algorithm first corrected the barrel distortion induced by the wide-angle lens via a camera calibration
procedure, using “Camera Calibration Toolbox” (www.vision.caltech.edu/bouguetj/calib doc) for Matlab c©. The image was then resized and thresholded
so that only the blobs corresponding to the infrared LEDs showed up, and each blob position was recorded. The LORA robot’s position was measured
from the barycenter of the three blobs, whereas the orientation of the LED triangle gave the robot’s orientation with respect to the X-axis of the corridor.

Fig. 4. Chronophotography of the LORA robot equipped with its OF-based autopilot (see Section III) in (A) a straight (1.12-second time interval) and (B)
a tapered corridor (1.83-second time interval) lined with natural colored scenes. The autonomous fully actuated LORA robot entered the corridor without
being informed about the width or configuration of the corridor and therefore operated in (A) and (B) a wall-following behavior.

of the hovercraft is homogeneous at any point under the

robot, involving the forward and side linear viscous friction

coefficients ζFwd,Side to be therefore on the same order of

magnitude at any point under the air cushion.

Dynamic identification of the hovercraft enabled us to tune the

appropriate controllers for the heading feedback loop and the

OF-based autopilot’s two visuo-motor feedback loops [20]. A

proportional-integral (PI) controller CFwd(s) was introduced

into the forward feedback loop to improve the closed-loop

dynamics and obtain a zero steady-state error. The error signal

εFwd feeding the forward controller is calculated as follows:

εFwd = ωSetFwd−Σωm
R,L (2)

According to the sign of the output control signal of the

forward controller, the robot can therefore:

• accelerate by controlling the rear thrusters in the ]0;60%]
range (Pulse Width Modulation control signal) and

uLi f tFan to its maximum value of 42%;

• “brake” by switching off the rear thruster and by decreas-

ing uLi f tFan in the identified range of [37%;42%].

A lead integrator CSide(s) was introduced into the side feed-

back loop to increase the damping, thus improving the stabil-

ity and the sway dynamics. The error signal εSide is calculated

as follows1:

εSide = sgn(ωm
L −ωm

R )×ωSetSide−max(ωm
R,L) (3)

Only one lateral thruster is actuated at a time according to the

sign of the output control signal of the side controller:

• the left thruster is actuated and the right one is off;

• the right thruster is actuated and the left one is off.

As regards the heading-lock system, a proportional controller

Hc was included in the outer feedback loop (based on the

magnetic micro-compass) and a PI controller in the inner

feedback loop (based on the micro-gyrometer) to improve

the closed-loop dynamics and obtain a zero steady-state error,

1Mistake, “sgn(ωm
L −ωm

R )” was forgotten in the published version.
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Fig. 5. The tapered corridor consisted of a 400-cm long corridor with a
relatively wide entrance (95cm) and with a 46-cm wide constriction located
midway, the lateral walls of which were lined with photographs of natural
colored scenes (trees and bushes). A high-speed camera equipped with a
wide-angle lens (angle of view of the corridor imaged by the camera: 86×
22◦) placed 209cm above the corridor filmed the whole scene at a rate of
125 fps. The high-speed camera was carefully calibrated and equipped with
an infrared filter to record the trajectory of the robot via 3 infrared LEDs
mounted at triangular points at the top of the robot.

thus locking the robot’s heading to the X-axis of the corridor

(see Fig. 5 and Fig. 4). All the transfer functions presented

in this section are summarized in Table I. The vision-based

autopilot controls the LORA robot at a sampling frequency of

100Hz.

V. EXPERIMENTAL SET-UP

To assess the performances of the LORA robot, we built

two types of environment: a straight, 0.92-meter2 wide, 4-

meter long corridor (Fig. 4A), and a tapered 4-meter long cor-

ridor (tapering angle: 7◦) (Fig. 4B) with a 0.92-meter2 wide

entrance and a 0.46-meter wide constriction located midway.

All the corridor walls were lined with natural colored scenes

showing trees and bushes, the rich texture of which favored a

high refresh rate in the OF sensors’ measurements [30]. The

experiments were carried out indoors under artificial lighting

conditions. A high-speed (125 fps), high-definition (1280 x

512 pixels) digital camera (a Fastec Imaging TroubleShooter

camera) and equipped with an infrared filter was placed on a

rigid mount 2.09m above the ground (Fig. 5) and was used to

record the robot’s trajectories (Fig. 3).

VI. EXPERIMENTAL RESULTS

All the results obtained in this study correspond to tests

performed on the actual physical robot LORA. It is worth

mentioning that the LORA robot is never provided with any

explicit information about either its current forward speed

Vx, its current distance from the walls DR or DL, the local

corridor width D or any informations about the corridor

configuration. Fig. 63 shows the trajectory of the LORA robot

2Typography error, intially published as “(...) 0.95-meter (...)”
3Mistake of the width value of the corridor in the published version, the

correct width is 0.92-meter.

Fig. 6. Detailed example of the automatic wall-following behavior observed
with the autopilot based on the dual optic flow regulation. The LORA
robot started at the center of a straight corridor with ωSetFwd = 250◦/s and
ωSetSide = 160◦/s OF set-points. (A) Recording of the robot’s trajectory in
the horizontal plane (Marks on the trajectory indicate the robot’s position
every 1.6 seconds). (B) Forward speed profile Vx corresponding to the
trajectory shown in (A). (C) Superimposition of the actual OF generated
by the robot’s own motion, as computed from equation 1 (black solid line)
and the OF measured by the left LMS ωm

L (green dash-dotted line). The
quality of the LMS output signal ωm

L was virtually the same as the actual OF
computed in (C). (D) The bilateral OF regulator strives to maintain the sum
of the measured lateral OF Σωm

R,L (red dash-dotted line) equal to the forward
OF set-point ωSetFwd (red dotted line). Jointly to the bilateral OF regulator,
the unilateral OF regulator strives to maintain the higher of the maximum
lateral OF measurement max(ωm

R,L) (red dash-dotted line) to the sideways
OF set-point ωSetSide (red dotted line). In the steady state, which was reached
only in the second half of the corridor, the robot attained a forward speed
Vx∞ = 0.9m/s while maintaining a constant clearance DL∞ = 30cm from the
left wall (wall-following behavior).

gliding safely along a straight corridor, with the following

set-points: ωSetFwd = 250◦/s and ωSetSide = 160◦/s. Marks

on the trajectory (Fig. 6A) show that the robot automatically

accelerated and stabilized its forward speed in the steady

state, which was reached only in the second half of the

corridor as shown in Fig. 6B. The sideways OF regulator

strived to maintain the maximum measured lateral OF, that

is, max(ωm
R,L) (Fig. 6D, red dash-dotted line), at a constant

value corresponding to the sideways OF set-point ωSide and

jointly the forward OF regulator strived to maintain the sum

of the measured lateral OF, that is, Σωm
R,L (Fig. 6D, blue dash-

dotted line), to the forward set-point ωSetFwd . This made the

LORA robot glide safely at a constant clearance DL from

the left wall and at a constant speed Vx in the second half

of the corridor. In Fig. 6C, one of the two output signals

(ωm
L , green dotted line) feeding the autopilot was virtually



Fig. 7. Automatically safe wall-following behavior in both straight and tapered corridors with no informations supplied about the corridor configuration
(corridor width D or tapering angle for instance). This behavior occurs whenever ωSetSide >

ωSetFwd
2

. The forward OF set-point was ωSetFwd = 250◦/s and the
sideways OF set-point was ωSetSide = 160◦/s (Marks on trajectories indicate the robot’s position every 0.4 seconds). (A) Actual wall-following trajectories
of the LORA robot in a straight corridor with three different starting positions. (B) Forward speed profiles corresponding to the trajectories shown in (A).
In all three cases, the forward speed reached 0.9m/s in the steady state, with a clearance of 0.31m from one wall. (C) Actual wall-following trajectories of
the LORA robot in a tapered corridor (tapering angle: 7◦) with three starting positions. (D) Forward speed profiles corresponding to the trajectories shown
in (C). Results show the LORA robot automatically adjusts its speed with the corridor width while preserving a safe clearance to one wall.

Fig. 8. Automatic centering behavior in both straight and tapered corridors with no information about the tapering angle. This is a particular case of the
wall-following behavior, which occurs whenever ωSetSide≤ωSetFwd/2. The forward OF set-point here was ωSetFwd = 250◦/s and the sideways OF set-point
was ωSetSide = 125◦/s (Marks on the trajectories indicate the robot’s position every 0.4 seconds). (A) Actual centering trajectories taken by the LORA
robot along a straight corridor with various staring positions. (B) Forward speed profiles corresponding to the trajectories shown in (A). In the steady state,
the forward speed reached 0.9m/s in all three cases. (C) Actual centering trajectories taken by the LORA robot along a tapered corridor (tapering angle:
7◦) with various starting positions. (D) Forward speed profiles corresponding to the trajectories shown in (C). The trajectories recorded in both the straight
and tapered corridors show that in the steady state, the LORA robot automatically adjusted its forward speed and navigated safely along the centre of the
corridor (centering behavior).

the same as that of the actual OF value ( Vx
DL

, black solid line)

computed from equation 1, which confirms the accuracy of

the OF measurements. Figures 73 show real trajectories along

a straight (Fig. 7A) and a tapered corridor (Fig. 7C) (tapering

angle: 7◦) with ωSetFwd = 250◦/s and ωSetSide = 160◦/s set-

points. The LORA robot navigated safely and followed one

of the two walls, regardless of its initial position y0 at the

entrance to the corridor. Whether in a straight (Fig. 7A) or

tapered (Fig. 7C) corridor, the robot ended up by following

either the right or the left wall in the steady state, depending on

its initial ordinate y0. These trajectories are typical of the wall-

following behavior observed. The robot’s speed profiles in the

straight and tapered corridors (Figs. 7B and 7D) show that

the LORA robot consistently adjusted its forward speed Vx to

the local corridor width D. The LORA robot typically slowed

down when the local corridor width decreased and speeded up

when it widened out after the constriction. Fig. 83 shows real

trajectories along a straight corridor (Fig. 8A) and a tapered

corridor (Fig. 8C) (tapering angle: 7◦) with ωSetFwd = 250◦/s

and ωSetSide = 125◦/s set-points. The LORA robot navigated

safely regardless of its initial position y0 at the entrance to the

corridor. In both cases, the robot ended up by following the

right and left walls alternately: all these trajectories typical of

the centering behavior were exactly as expected in [5]. The

forward speed Vx (Figs. 8B and 8D) can be seen to have been

proportional to the local corridor width D, as occurred with

both our simulated LORA robot [20] and honeybees [8].

VII. CONCLUSION AND FUTURE WORKS

Insect-inspired visuo-motor control systems can suggest

robotic solutions requiring a much fewer pixels than the

present-day mobile robots harnessed to computer-vision sys-

tems. Here we describe the physical implementation of an

elementary insect-inspired autopilot on a miniature fully ac-

tuated hovercraft (mass: 878g, size: 0.36x0.21x0.17m - see

Fig. 1A). This autopilot was based on the dual lateral optic

flow regulation principle. The results obtained confirm the

validity of our previous computer-simulated experiments [20].

The autopilot causes the robot to automatically adjust its

forward speed Vx to the local width D of the corridor, while



ensuring a safe clearance (DR or DL) from the walls, in

line with honeybees’ behavior in similar situations [3], [5],

[8]. As long as the surrounding walls are textured, LORA’s

minimalist visual system, comprising only 4 pixels, enables

the robot to navigate safely along an unknown straight or

tapered corridor without being informed about its own speed,

its distance from the walls, the corridor’s width, or the ta-

pering angle in the case of the tapered corridor (see Section

VI). This vision-based autopilot therefore needs to measure

(or estimate) neither the robot’s speed (contrary to [21], [24],

[25], [34], [37]) nor its clearance from the walls (contrary to

[21], [34], [37]). An autopilot of this kind obviously generates

major savings in terms of the onboard avionics and data

processing requirements, which may explain why this OF-

based guidance system matches insects’ limited processing

resources. In addition, the OF-based autopilot presented in

this study enables the LORA robot to autonomously perform

various tasks such as wall-following (Fig. 7) and centering

(Fig. 8) without having to switch abruptly from one strategy to

another. Whether the robot follows a wall or centers depends

purely on the values of the two OF set-points ωSetFwd and

ωSetSide. The results obtained here show that a fully actuated

ground vehicle equipped with an autopilot based on the dual

lateral optic flow regulation principle may explain the result

of recent behavioral experiments showing that honeybees do

not necessarily center when travelling along a corridor [5].

The honeybee’s wall following behavior is quite different

from that which has inspired many robotic researchers [13]–

[18], [21], who focused on the classical honeybee’s centering

behavior observed by Srinivasan and Colleagues [3], [8],

which they explained quite differently in terms of an ‘optic

flow balance’ hypothesis. For the first time, the LORA robot

controls its forward speed smoothly by jointly controlling

the rear thrusters and the lift fan via a single controller (the

forward controller). This control strategy enables the robot to

speed up or slow down more efficiently. All the processing

steps are carried out onboard thanks to the new generation

of low-power µCs obtained from Microchip c©. The LORA

robot also carries its own power supplies (LiPo batteries) and

the wireless communication link (“Bluetooth” module) used

for data monitoring and higher order commands. The robot is

therefore fully autonomous and moves freely without being

encumbered by any umbilical link.

In conclusion, the LORA III autopilot is the first step toward

a deft, lightweight (mass of the electronics: 8.17g), power-

lean (power consumption: 0.75W) visuo-motor control system

which could potentially be installed on a 3-D free-flying

micro-air vehicle (MAV) by extending the visual field to

include the ventral and dorsal parts, as simulated in [10]. This

autopilot could also be applied to other types of (holonomic

and fully actuated) vehicles such as blimps, autonomous un-

derwater vehicles, and helicopters with counter-rotating rotors

(in which pitch and roll are uncoupled). The next step will be

to improve the OF-based autopilot by enlarging its FOV, and

find an efficient means of controlling the heading (yaw Ψ) on a

visual basis to enable the robot to successfully negotiate more

challenging corridors comprising L-junctions or T-junctions.
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APPENDIX

TABLE I

TRANSFER FUNCTIONS

Hc(s) = Kc With Kc = 9.17 ·10−3V/◦

Hg(s) = Kg With Kg = 5 ·10−3V/(◦/s)

GΨ(s) =
1
s
·

HΨ

1+τΨ ·s
With HΨ = 4.4 ·10−1V

and τΨ = 3 ·10−1s

GFwd(s) =
KFwd

1+τFwd ·s
See values in Table II

GSide(s) =
1
s
·

KSide
1+τSide ·s

See values in Table III

CΨ(s) = KΨ With KΨ = 3

C
Ψ̇
(s) = K1 ·

1+τ1 ·s
s

With K1 = 5

and τ1 = 3 ·10−1s

CFwd(s) = K2 · (1+
1

τ2 ·s
) · 1

1+τ3 ·s
With K2 = 0.8,

τ2 = 2.7 ·10−1s and

τ3 = 8 ·10−3s

CSide(s) = K3 ·
1+a·T ·s
1+T ·s ·

1
1+τ4 ·s

With K3 = 4 ·10−1,

a = 5.7, T = 2.1 ·10−1

and τ4 = 1.59 ·10−2s

TABLE II

FORWARD DYNAMICS PARAMETERS

uLi f tFan (%) KFwd(10−3m · s−1 ·%−1) τFwd(s) Fit f actor(%)
42 30.11 2.67 99.8

41 28.11 2.64 99.3

40 25.91 2.63 99.7

39 20.88 2.02 99.4

38 18.45 1.54 98.3

37 16.29 1.34 96.1

TABLE III

SIDE DYNAMICS PARAMETERS

uLi f tFan (%) KSide(10−3m · s−1 ·%−1) τSide(s) Fit f actor(%)
42 16.28 2.54 94.32

41 13.92 2.45 92.28

40 11.02 2.2 92.11

39 8.76 1.89 89.12

38 8.32 1.48 88.72

37 7.58 1.2 84.54
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A biomimetic vision-based hovercraft accounts for bee’s complex

behaviors in various corridors

Frédéric L. Roubieu, Julien R. Serres, Nicolas Franceschini, Stéphane Viollet and Franck Ruffier

Abstract— Here we present a vision-based autopilot enabling
a fully actuated miniature hovercraft to travel safely along a cor-
ridor. The hovercraft’s speed and its clearance from the lateral
walls are controlled using Optic Flow (OF) cues. The “Lateral
Optic flow Regulation Autopilot” (LORA) implemented on the
hovercraft was inspired by the results of experiments conducted
on honeybees in another laboratory and more recently in our
own laboratory. The LORA autopilot is a dual lateral OF
regulators consisting of two intertwined feedback loops with
separate OF set-points. In addition, a heading-lock system
comprising a micro-gyro and a micro-compass ensures that
the robot will move straight ahead and therefore experience a
purely translational OF. The robot is shown to navigate safely
along straight, tapered and bending corridor configurations and
to react appropriately to visual and physical perturbations such
as the lack of texture on one wall, the presence of tapering and
non-stationary sections of corridor, and even sloping terrain.
The frontend of the robot’s visual system is based simply on
two pairs of pixels, each pair driving a Local Motion Sensor
(LMS). This minimalistic visual system measuring the lateral
optic flow suffices to control both the robot’s clearance from
the walls and its forward speed without measuring any speeds
or distances. We also implemented two additional frontal 2-
pixel LMSs to improve the robot’s performance in highly
challenging corridors. This robot’s simple visuomotor control
system accounts for bees’ ability to navigate along stationary
walls, moving walls and tapered corridors.

I. INTRODUCTION

Nature provides us with many examples of ingenious

sensors and systems subtending animal behaviour, which can

suggest how to design innovative automatic guidance systems

for aerial, underwater, ground and space vehicles. Winged

insects are able, for example, to perform some exquisite tasks

when flying through unknown, unpredictable environments

without using any emissive sensors to assess their speed or

the distance from obstacles, relying mainly on the Optic Flow

(OF) cues generated by their own motion [1].

The OF is the angular speed ω (magnitude in ◦.s−1) at which

any contrasting object moves past the eye of an agent [2],

[3]. Flying insects use the OF to control their speed [4]–

[9], to control their altitude [7], [10], [11], and to avoid

lateral obstacles [12]–[14] as well as insects respond to the

expanding OF [15]–[17]. Indeed, as the insects are tiny, OF

sensing techniques therefore provide promising tools for ob-

stacle avoidance, altitude control and speed control purposes,

especially in the case of small autonomous robots which have

to meet demanding power and payload constraints.
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Kirchner and Srinivasan [12] observed that honeybees flying

through a narrow tunnel tended to maintain equidistance

from the stationary lateral walls. These authors therefore

suggested that this centring response may be achieved by

balancing the apparent motion of the images of the walls

perceived by their two compound eyes [12], [13]. Many

authors have actually used this ‘optic flow balance’ hypoth-

esis to design visually guided ground-based robots whose

task was to keep centered along corridors of various kinds.

Some of the authors simulated flying agents [18]–[21].

Others implemented real terrestrial or aerial robots capable

of centring behaviour [22]–[36] or even on an underactu-

ated rolling robot [37] equipped with low friction roller-

balls mimicking the kinematics of a hovercaft [38]. Recent

behavioural experiments have shown that honeybees do not in

fact systematically keep to the midline of corridors [14] and

may instead adopt wall-following behaviour by navigating

off-center along a corridor. The latter behaviour actually

makes sense as insects must be able to cope with a single-

sided contrasting environment. In any case, the ‘optic flow

balance’ hypothesis does not account for this wall-following

behaviour.

Independently, honeybees flying along a narrow tapered

corridor have been observed to keep their flight speed propor-

tional to the local corridor width. They suggested that bees

may proceed by regulating the total optic flow experienced

on either side [5]. This hypothesis was tested successfully

on wheeled robots in which the groundspeed was controlled

on the basis of the OF generated by the two walls [24], [26],

[27], [29], [39].

Inspired by the results of their behavioural studies on honey-

bees [14], Serres et al. [40] recently developed in simulation

the LORA III autopilot which consists of a dual lateral OF

regulators designed for use on a fully-actuated hovercraft.

This type of vehicle is attractive because the surge and sway

dynamics are uncoupled in the 2-D horizontal plane, just

as occurs in bees along the surge axis [41] and the sway

axis [42]. Recent observations on sandwasps (Bembix sp)

confirm insects shifted laterally by doing roll maneuvers

[43]. This dual OF regulators is based on OF regulation

principles whereby a feedback loop based on an OF sensor

(the Local Motion Sensor - LMS -) strives to maintain a

perceived OF at a constant value by adjusting the robot’s

thrust [44]. Our current LMSs are based on the “time of

travel” scheme [45]–[48] that was inspired by findings made

on the housefly’s visual system [49], [50]. Various versions

of this principle have been implemented over the years, using

a variety of technologies. They all give a single 1-D angular
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Fig. 1. (A) A fully-autonomous sighted hovercraft equipped with a miniature 8-pixel compound eye. B Tiny hovercraft (size: 0.36 × 0.21 × 0.17m)
navigating along an unknown textured corridor. The robot is fully actuated by means of four ducted fans controlling its three degrees of freedom (on the
surge, sway and yaw axes). A lift fan inflates the skirt and creates an air cushion a few millimeters high (∼ 2 mm) under the robot, preventing it from
touching the ground. The LORA robot is endowed with an insect-inspired compound eye composed of four lateral eyes, i.e. four fly-inspired 2-pixel Local
Motion Sensors (LMSs), placed at ϕi = ±45◦ and ϕi = ±90◦ azimuthal angles (as shown in the inset) measuring the visual motion. The right and
left walls of the corridor are lined with a natural coloured panorama depicting bushes and trees. C The hovercraft navigates in a tapered corridor under a
purely translational optic flow.

speed measurement [46], [51]–[62]. These LMSs have been

implemented in various electronic versions and used for the

visual guidance of terrestrial or aerial vehicles [10], [44],

[51], [63]–[68].

In previous computer simulations, the dual OF regulators

which automatically controls both the speed and the clear-

ance from the walls [40] - without having to determine

either the speed or the clearance from the walls - was

found to account remarkably well for the different behaviours

observed in bees flying along stationary and non-stationary

corridors [5], [12], [14].

The LORA autopilot, based on the dual OF regulators,

was implemented and tested here onboard a real hovercraft

(figure 1A). Some results presented in [67] showed that the

robot performs centring (figures 6A, 6B) and wall-following

tasks (figures 6C, 6D) which depends only on a set of

OF set-points (ωsetFwd and ωsetSide) by controlling both

its speed and its clearance from the walls in a straight

corridor and a 7◦ tapered corridor. In the present study, the

robot was endowed with sight by means of a minimalistic

fly-inspired compound eye comprising 2 or 4 pairs of OF

sensors facing in different optical directions (i.e. each pair

of pixels drives a single LMS). The hovercraft’s visually-

guided behaviour was then tested in corridors lined with a

natural coloured panorama depicting bushes and trees, the

rich texture of which favored a high refresh-rate in the OF

sensor’s measurements [59], [61]. In the present study, the

navigation performances of the LORA robot were tested in
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some highly challenging corridor configurations, including

corridors with stiffly tapering angles, bending corridors, and

straight stationary corridors placed on a flat or sloping terrain

as well as a corridor equipped with a moving wall.

Our robotic platform is described in detail in section II. The

original LORA autopilot based on a heading-lock system

and the dual OF regulators embedded onboard the hover-

craft to guide it in unknown environments are described

in Section III. The experimental results obtained with the

actual physical robot equipped with 2 pairs of pixels and the

dual OF regulators serving to guide the robot along straight,

tapered and bending corridors are presented in Section IV.

The ongoing implementation of frontal eyes to improve the

lateral obstacle avoidance performances obtained in highly

challenging corridors is discussed in Section V.

II. THE LORA HOVERCRAFT ROBOT

A. Dynamic model and identification of the hovercraft robot

The LORA robot (figure 1A) is a retro-fitted version of a

miniature RC hovercraft [71]. The hovercraft’s skirt creating

an air-cushion underneath the robot is inflated by means of

a lift fan actuated by a brushless motor. The hovercraft is

fully actuated by means of four ducted fans driving it on the

horizontal plane and controlling its three degrees of freedom

(on the surge, sway and yaw axes, figure 1B). Each of the

four thrusters equipping the LORA robot is composed of a

DC motor loaded with a light three-blade propeller producing

a thrust of up to 0.72 N at 7.2 V . The propeller’s profile

of each thruster is not symmetrical, and reversing the thrust

would therefore not brake but just decelerate the robot. The

lift-fan was therefore used as a “brake”, as suggested in [72],

by smoothly deflating the skirt. We identified the forward

and side dynamics of the hovercraft (GFwd(s) and GSide(s)
respectively) corresponding to several lift fan output signals

uLiftFan in the [37%; 42%] range corresponding to the duty

cycle of the Pulse-Width Modulation (PWM) signal delivered

to the lift-fan Controller.

In this study, since the hovercraft was not subjected to

any wind, the ground speed Vf was equal to its airspeed.

Moreover, the hovercraft’s heading Ψ was stabilized along

the X-axis of the corridor (see Section III-A and figure

4A). The robot is able to travel along a corridor on either

flat terrain (β = 0◦, e.g. figure 5A) or sloping terrain

(sloping angle β = ±1◦, figures 9A and 9C). The angle

β is constant whatever the configuration of the corridor. In

a linear model, when the robot is moving above a sloping

terrain, the equations of motion along the X and Y-axis can

be written as follows:

m ·
dVf

dt
+ ζf · Vf = 2KT · Ubatt · uf +m · g · sinβ (1)

m ·
dVs

dt
+ ζs · Vs = KT · Ubatt · us (2)

where m (0.878g) is the mass, KT is the identified gain

linking the thruster’s force to the voltage applied [72], and ζf
and ζs are the forward and lateral linear friction coefficients,

respectively. In the rest of this study, sinβ ∼ β was defined

in terms of the small angle approximation (−1◦ ≤ β ≤ 1◦).
The Laplace transform of the equation of motion along the

X-axis (equation 1) gives:

Vf (s) =

2KT ·Ubatt

ζf

1 + m
ζf
· s
·

[

Uf (s) +
m · g · β

2KT · Ubatt

·D(s)

]

(3)

In the case of a sloping terrain, we can see that a constant

external disturbance dTf occurred, which affected the begin-

ning of the forward motion (figure 4B), which was written

as follows:

dTf =
m · g · β

2KT · Ubatt

(4)

The control signals uf , us and uΨ command the surge dy-

namics (equation 1, figure 4B), the sway dynamics (equation

2, figure 4C) and the yaw dynamics (figure 4A), respectively.

Each of the four thrusters is controlled by mixing the three

control signals uf , us and uΨ to obtain a PWM signal.

Since the dynamics were identified on a flat terrain (β = 0◦),
the forward and side dynamics were expected from equations

1 and 2 to be:

GVf
(s) =

2KT ·Ubatt

ζf

1 + m
ζf
· s

=
KFwd

1 + τFwd · s
(5)

GVs
(s) =

KT ·Ubatt

ζs

1 + m
ζs
· s

=
KSide

1 + τSide · s
· (6)

The surge and sway dynamics of the hovercraft (GVf
(s)

and GVs
(s) respectively) were therefore identified as a first

order low-pass filter (equations 5 and 6), in which both time

constants τFwd and τSide are of the same order of magnitude.

Parameters KFwd,Side and τFwd,Side corresponding to each

control signal uLiftFan are given in tables II and III.

B. The bio-inspired robot’s visual system

Our hovercraft robot is equipped with a minimalistic

compound eye consisting of only four Local Motion Sensors

(LMSs), based on 2-pixel OF sensors, placed at azimuthal

angles of ±45◦ and ±90◦ with a horizontal FOV of 8◦

and 14◦, respectively (figure 1B). Each of the four LMS

consists of an optical assembly composed of a lens and

a pair of photosensors (based on a iC-LSC photodiode

array purchased from the company iC-Haus). An on-chip

current amplifier is integrated into each photosensor, but a

programmable gain was recently added to the circuit so as to

be able to use the maximum range of the Analog-to-Digital

Converter of the µC (figure 2) [70]. When the robot moves

straight ahead along a corridor, each eye receives, within its

small FOV, a purely translational OF (figure 1C), which is

defined as follows:

ωi =
Vf

Dϕi

· sinϕi (7)

where Vf is the robot’s forward speed and Dϕi
is the distance

from an object in the azimuthal direction ϕi. The OF is

computed here using the “time of travel” scheme (figure 2),

which gives the angular speed ωi of any dark-to-light (ON)

or light-to-dark (OFF) contrast (as occurs in flies [69], [73]),
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Fig. 2. Processing architecture of one 2-pixel Local Motion Sensor (LMS). The visual signals delivered by neighboring photosensors are filtered both
spatially and temporally by an analog bandpass filter with cut-off frequencies of 20 Hz and 136 Hz and a second order fixed-point digital low-pass filter
with a cut-off frequency of 30 Hz. The visual signals are then amplified before being digitized using the programmable gain controlled by an SPI bus in
order to finely tune the dynamic range of the signals to the ambient illuminance and use the maximum range of the Analog to Digital Converter (Ruffier
and Expert 2012). The filtered photosensor signals are then thresholded to determine the angular speed ωm, using the “time of travel” scheme previously
developed at our Laboratory [45]–[48]. The “time of travel” ∆t, which is proportional to the inverse of ω, elapsing between two filtered photosensor
signals is measured by a timer: ∆tON and ∆tOFF are measured by means of ON and OFF contrast distinguishing processes inspired by the fly’s eye
[69]. The delay ∆t is measured and then used to compute the 1-D angular speed ωm in the local visual field. The overall processing was carried out on
a tiny low-power 16-bit µC (dsPIC33F128GP802 from Microchip c©) at a sampling rate of 2 kHz, giving a 0.5 ms precision measurement in the ∆t
measurement range. Whenever an LMS does not detect any new contrasting features, it holds the last measured value for a period of 0.5 s. Modified from
[70].

which is determined by measuring the time lag ∆ti between

the output signals of two neighboring photosensors:

∆t =
∆ϕi

ωi

(8)

where the inter-receptor angle, i.e., the angle between two

adjacent photosensors, is denoted by ∆ϕi. As occurs in

flies too, each photosensor features a Gaussian Angular

Sensitivity Function (ASF) [74], which is characterized by

the acceptance angle ∆ρi (the angle of the ASF at half-

height). The latter is tuned here by slightly defocusing the

lens from the sensor so as to equalize the values of ∆ϕi and

∆ρi, as follows:

∆ϕ90◦ = ∆ρ90◦ = 3.5◦ (9)

∆ϕ45◦ = ∆ρ45◦ = 2.5◦ (10)

Interestingly, the values of the interommatidial angles

∆ϕ±90◦ and ∆ϕ±45◦ obtained stand comparison with those

measured at the same azimuths of the honeybee’s compound

eye [75]. The other processing steps involved in the func-

tional “time of travel” scheme are described in detail in some

studies [45], [46], [58], [61]. The descending neurons found

to exist in honeybees respond monotonically to front-to-back

translational movements (Velocity tuned - VT - neurons)

[76], thus acting like genuine OF sensors. Each of the visual

motion sensors implemented in the hovercraft measures the

1-D angular speed ωm
i generated by a natural scene within a

range of more than one decade [25 ◦.s−1; 350 ◦.s−1], which

is similar to the visual motion measurement range of VT

neurons ([40 ◦.s−1; 1000 ◦.s−1]) [76].

C. Hardware architecture

The photograph of the main electronic board presented

in figure 3A shows the three microcontrollers (- µCs -

dsPic33FJ128GP802 from Microchip c©) responsible for the

visual signal processing and the OF-based visuomotor feed-

Fig. 3. Custom electronics: A Top view of the microcontroller-based (µC)
circuit board (size: 109×25 mm, mass: 8 g) including the embedded OF-
based autopilot and visual LMSs. B Simplified scheme of the embedded
electronics, showing the interconnections between the 6 tiny µCs and the
minimalistic 8-pixel compound eye.

back loops guiding the LORA robot. The block diagram

presented in figure 3B shows the architecture of the elec-

tronic system embedded in the LORA robot. The main
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Fig. 4. Feedback loops implemented on the robot. A Custom-made heading-lock system composed of a micro-gyrometer and a micro-compass compensating
for any yaw disturbances and keeping the robot’s heading on the X-axis of the corridor (Ψ = 0◦ - figure 1B -). B and C The bio-inspired OF-based
autopilot (Serres 2008a) consists of a dual lateral OF regulators based on two interdependent visuo-motor feedback loops: a forward control loop and a
side control loop, each of which has its own OF set-point, that is, ωsetFwd and ωsetSide. The forward control system B is a bilateral OF regulator that

adjusts the forward thrust and the lift fan control signal so as to keep the sum of the right and left fused OF ωfused
R

+ ωfused
L

constant at ωsetFwd.

The side control system C adjusts the lateral thrust on the basis of whichever of the two fused lateral OFs measured is the larger: max(ωfused
R

, ωfused
L

).
Details of each transfer function and their parameters are given in tables I, II and III.

µC deals with multi-rate tasks such as the heading-lock

control system, the visual motion fusion feeding the dual

OF regulators, the data monitoring during the main tasks

and the supervision of the two secondary µCs responsible

for the lateral OF processing. The main dsPIC therefore

fuses the visual inputs (i.e., the OF measurements ωm
ϕi

),

the inertial input (i.e., the rate gyro Ψ̇m) and the vehicle’s

heading (i.e., the custom micro-magnetic compass Ψm). A

Bluetooth device connected to the UART peripheral of the

main µC provides a full-duplex radio link between the freely

moving robot and the ground station, thus enabling the

hovercraft’s data to be remotely monitored and to deliver

instructions, such as the values of the OF set-points, for

instance. Two separate Li-Polymer battery packs give the

robot an autonomy of 10 minutes. The robot was rendered

robust to large voltage disturbances thanks to a four-way

‘sensorless speed governor’ (Viollet 2008) controlling the

four propellers’ rotational speeds (rpm) in a closed loop

mode, whereas the lift fan rpm was controlled via an optical

sensor. The hovercraft is fully autonomous without requiring

any umbilical link: it performs all the processing steps

onboard and carries all its sensors and actuators, its own

wireless data link and its own power supplies. To summarize,

the 6 µCs distributed in the LORA robot (figure 3B) handle

no less than 8 feedback-loops (including the four sensorless

speed governors) and make the robot relatively immune to

heading disturbances and power supply variations.

III. THE BEE-INSPIRED LORA AUTOPILOT

The autopilot embedded onboard the real hovercraft (fig-

ure 1) performs multiple data processing stages, as shown in

figure 4. In addition to the bio-inspired dual OF regulators,

the heading lock system was introduced to make the robot

move straight ahead along the corridor axis. The autopilot

therefore controls the robot’s motion not only forward and

sideways, but also about the yaw axis, in line with the

principles described in this section.

A. The heading lock system

The hovercraft’s heading Ψ is stabilized along the main

axis of the corridor (X-axis) thanks to the heading-lock

system based on a micro-gyro and a micro-magnetic compass

(figure 4A), which compensates for any yaw disturbances by

adjusting the rear thrusters differentially. The robot therefore

experiences a purely translational OF (figure 1C), as defined

in equation 7. Bees are likewise equipped with a heading-

lock system based on polarized light cues [77], which makes
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the insect take an impressively straight course even in the

presence of wind [78].

The heading feedback loop, which is composed of two nested

feedback loops, nullifies the robot’s yaw speed and angle

(Ψ̇ = 0◦ and Ψ = 0◦) in order to cancel any yaw drift.

A proportional controller CΨ(s) was included in the outer

feedback loop (based on the magnetic micro-compass Hc(s))
and the Proportional-Integral (PI) controller C

Ψ̇
(s) integrated

into the inner-feedback loop (based on the micro-gyrometer

Hg(s)) to improve the closed-loop dynamics and obtain a

zero steady-state error, thus locking the robot’s heading to

the X-axis of the corridor (see figures 1B and 4A).

B. The bio-inspired dual lateral Optic Flow regulation

The dual lateral OF regulators consists of two intertwined

visuomotor feedback loops controlling both the forward and

sideways motion of the robot on the basis of the OF (figures

4B, 4C).

The side control system principle presented in [40] was

initially inspired by findings obtained on honeybees, which

show both centring [12] and wall-following behaviours [14].

An explicit control system called the side control feed-

back loop shown in figure 4C (red loop) was developed.

This first lateral OF regulator is a unilateral OF regulator

that adjusts the vehicle’s lateral thrust (which determines

the sway speed Vs) so as to keep the higher of the two

fused lateral OFs perceived, that is, max(ωfused
R,L ), equal

to the sideways OF set-point ωsetSide. The sign function

sgn(ωfused
L −ω

fused
R ) selects the direction corresponding to

the nearest wall min(DL,R), i.e., the wall that generates the

greatest lateral OF. Thanks to this unilateral OF regulator, the

distance from that wall becomes automatically proportional

to the robot’s forward speed Vf , whatever the speed or the

distance involved. The faster the robot travels, the further

away from that wall it will therefore be. The clearance from

the walls (DL,R) depends mainly on the sideways OF set-

point. A lead integrator CSide(s) was introduced into the

side feedback loop to increase the damping, thus improving

the robot’s stability and its sway dynamics. The error signal

ǫSide is calculated as follows:

ǫSide = sgn(ωfused
L −ω

fused
R )×

[

ωsetSide −max(ωfused
R,L )

]

(11)

Only one lateral thruster is actuated at a time, depending on

the sign of the output control signal us of the side controller:

• us < 0: the left thruster is actuated and the right one is

off;

• us > 0: the right thruster is actuated and the left one is

off.

The forward control system presented in [40] was based

on findings obtained on the flight behaviour of honeybees

in a narrow tapered corridor lined with a periodic pattern

of black and white vertical stripes [5]. The forward control

system is provided here by the second OF regulator (figure

4B, blue loop) whose action is to hold the sum of the

two fused lateral OFs measured, that is ω
fused
L + ω

fused
R ,

constant and equal to the forward OF set-point ωsetFwd. At

all times it adjusts the forward thrust, which will determine

the hovercraft’s forward speed Vf . At a given corridor width,

any increase in the sum of the two lateral OFs is assumed

here to result from the hovercraft’s acceleration. This control

scheme thus automatically ensures a ‘safe forward speed’

that is commensurate with the local corridor width in the

total absence of knowledge of the corridor width. A PI

controller CFwd(s) was introduced into the forward feedback

loop to improve the closed-loop dynamics, obtain a zero

steady-state error and therefore reject any disturbances dTf

(equation 4) due to the sloping terrain. The error signal ǫFwd

feeding the forward controller is calculated as follows:

ǫFwd = ωsetFwd − (ωfused
L + ω

fused
R ) (12)

Our control method enables the robot to control its forward

speed Vf smoothly by combining the rear thrusters’ and lift

fan control signals (uf and uLiftFan respectively) in the

same forward controller. Depending on the sign of the output

control signal produced by the forward controller uf , the

robot can therefore:

• speed up (uf > 0) by controlling the rear thrusters in the

]0; 60%] range (Pulse Width Modulation [PWM] control

signal) and uLiftFan to the maximum value of 42%;

• slow down (uf = 0) by switching off the rear thrusters

and keeping uLiftFan at the maximum value of 42%;

• “brake” (uf < 0) by switching off the rear thruster

and deflating the skirt via uLiftFan in the identified

[37%; 42%] range.

All three feedback loops (the heading-lock system and the

dual OF regulators) are implemented in parallel on the main

µC of the main circuit board (figure 3A) and control the

LORA robot at a sampling frequency of 100Hz. All the

transfer functions presented in this section are presented in

details in table I.

Once the OF-based autopilot has reached the steady state

(Vf∞, DR,L∞), the LORA robot will travel at a given

forward speed Vf∞ and at a given distance from one wall

(DL∞ or DR∞). The steady state operating point, which was

defined in [40], depends on the two OF set-points ωsetFwd

and ωsetSide.

C. Visual motion fusion

We implemented two versions of a minimalistic bee-

inspired compound eye on the hovercraft equipped with the

dual OF regulators. First, we tested the performance of this

autopilot with a 4-pixel compound eye consisting simply

of two pairs of pixels (±90◦ azimuthal angles) and then

extended the visual field towards the front by adding two

pairs of pixels in the ±45◦ optical directions, which resulted

in an 8-pixel compound eye. We therefore needed to feed

the autopilot with a combination of these four visual motion

signals. The visual fusion method defined below describes

the contents of the “Left or Right FOV fusion” blocks

presented in figure 4.

1) The case of a compound eye consisting of 2 pairs of

pixels:
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Fig. 5. Automatic wall-following behaviour of the LORA robot in a
straight 4-m long corridor. The robot was equipped with a 4-pixel compound
eye facing in ±90◦ optical directions (FOVs are presented in the form
of blue conical shapes). The LORA robot started on a central course
(x0 = 0.25 m and y0 = 0.46 m) with ωsetFwd = 190 ◦.s−1

and ωsetSide = 125 ◦.s−1 OF set-points. A Perspective view of the
straight corridor. B 3-D trajectory of the hovercraft robot navigating along
the straight corridor plotted every 400 ms. C Chronophotograph of the
hovercraft robot in the horizontal plane. Marks on the trajectory indicate
the robot’s position and orientation at 1.84-second time intervals. In the
steady state, the clearance from the nearest wall reached DL∞ = 0.31 m,
and the robot therefore performed safe wall-following behaviour. D Forward
speed profiles Vf corresponding to the trajectory shown in C. The robot

reached a steady-state forward speed (Vf∞ = 0.69 m.s−1 as predicted

in (Serres 2008a). E Forward feedback signal Σ(ωfused
R,L

) and positioning

feedback signal max(ωfused
R,L

) with their respective set-points ωsetFwd

and ωsetSide. The dual OF regulators strived to maintain the maximum

max(ωfused
R,L

) value and the sum of the two lateral OF max(ωfused
R,L

) at

their respective set-points ωsetSide and ωsetFwd, thus making the robot
perform wall-following behaviour.

Using only the ±90◦ lateral eyes, we have:

ω
fused
L,R = ωm

±90◦ (13)

2) The case of a compound eye consisting of 4 pairs of

pixels:

The four LMSs output signals are combined to generate the

ω
fused
L and ω

fused
R visual signals by taking the maximum

value of each weighted OF output signal according to the

following equation:

ω
fused
R,L = max(K−ϕi,ϕi

· ω−ϕi,ϕi
) (14)

with the gain Kϕi
computed as follow:

Kϕi
=

1

sin2 ϕi

(15)

IV. EXPERIMENTAL RESULTS WITH A 4-PIXEL

COMPOUND EYE

In this section, we tested the performance of the tiny

hovercraft travelling along challenging unknown corridors

thanks to the dual OF regulators and its bee-inspired com-

pound eye consisting of just two pairs of pixels. When

entering these corridors, the LORA robot was never provided

with any explicit information about either its current forward

speed Vf , its current distance from the walls DR or DL,

or any other details of the corridor’s configuration. The

experiments were carried out indoors under artificial lighting

conditions. The visual motion fusion method presented in

equation 13 was used to generate the right and left visual

motion measurements ω
fused
R,L feeding the autopilot (figure

4). In each experiment presented in this section, the OF set-

points of the vision-based autopilot were fixed at ωsetFwd =
190 ◦.s−1 and ωsetSide = 125 ◦.s−1.

A digital camera (a Fastec Imaging TroubleShooter) was

used to record the robot’s trajectories. All the details of the

offline processing of the LORA robot’s trajectory can be

consulted in [67].

A. Wall-following and centring behaviours in both straight

and tapered corridors

Several 4-m long corridors with various configurations and

a 0.92-m wide entrance were constructed. These configu-

rations include a straight corridor placed on a flat terrain

(β = 0◦, figure 5A) and two horizontally tapered corridors

with a tapering angle of 7◦ and 14◦ (figures 7, 8A and

8B, respectively), in which a large constriction reducing the

width of passage to 43 cm and 42 cm occurred halfway.

In figure 5, the hovercraft entered in the straight corridor

taking a central course (see the 3-D trajectory in figure

5B). Trajectory show the robot glided safely at a constant

clearance from the nearest wall (DL,R∞ = 0.31 m, grey

dash-dotted line), i.e., the one nearest to the starting point.

This means that the sign function (sgn(ωfused
L − ω

fused
R ),

figure 4C) selected the direction toward the nearest wall

and the criterion max(ωfused
R,L ) sent the corresponding LMS

output to the autopilot (left +90◦ LMS in figure 5E, red

dotted line). The speed profiles show that the hovercraft

maintained an accurate “cruise” speed of Vf∞ = 0.69 m.s−1

(figure 5D). Jointly with the sideways OF regulator, the

forward OF regulator therefore strived to maintain the sum

of the two measured lateral OFs, that is, Σωfused
R,L (figure

5E, blue dash-dotted line), at a constant value correspond-

ing to the forward OF set-point ωsetFwd. The hovercraft

therefore adopted a wall-following behaviour and maintained

its speed constant in line with the constant local corridor

width. Extension of these results for different OF set-points

(figure 6) show it is possible for the hovercraft, embedding

the dual OF regulators, to perform either a wall-following

behaviour (ωsetFwd = 250 ◦.s−1 and ωsetSide = 160 ◦.s−1;
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Fig. 6. Automatic speed control and lateral positioning of a miniature fully-actuated hovercraft navigating in both a 4-m long straight and 7◦-tapered
corridor. The hovercraft embeds the bee-inspired LORA autopilot based on the dual OF regulators and is endowed with an insect-inspired 4-pixels visual
system. The robot performs either a wall-following (A and B) or a centring behaviour (C and D) which depends only on a set of OF set-points with
ωsetFwd = 250 ◦.s−1 and ωsetSide = 125 ◦.s−1 for the centring behaviour, i.e. ωsetSide 6

ωsetFwd
2

, and ωsetSide = 160 ◦.s−1 for the wall-

following behaviour, i.e. ωsetSide > ωsetFwd
2

. The autonomous LORA robot entered the corridor without being informed about the configuration of the
corridor and therefore operated in E a wall-following behaviour (1.12-second time interval chronophotography - Black trajectory in A -) and a centring

behaviour in F (1.33-second time interval chronophotography - black trajectory in D -). Modified from [67].
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figure 6A) or a centring behaviour (ωsetFwd = 250 ◦.s−1

and ωsetSide = 125 ◦.s−1; figure 6C) for several starting

ordinates. For eache case, marks on trajectories indicate the

robot maintained a constant “cruise” speed during its travel

in the corridor. These results show the dual OF regulator

can account not ony for the wall-following behaviour [14]

but also for the centring behaviour [12], [13] observed on

honeybees in a straight corridor. As expected from [40], the

only condition to obtain either a wall-following behaviour is

to respect ωsetSide > ωsetFwd

2
or a centring behaviour is to

respect ωsetSide ≤
ωsetFwd

2
.

Fig. 7. Automatic speed control of the hovercraft robot in a 4-m long ta-
pered corridor (tapering angle: 7◦) with a 0.92-m wide entrance and a 0.43-
m wide constriction located halfway. When entering the corridor, the robot
had no information about the corridor’s configuration. A Perspective view of
the 7◦-tapered corridor. B 3-D trajectory of the hovercraft robot navigating
along the tapered corridor, plotted every 400 ms. C Chronophotograph
of the hovercraft robot in the horizontal plane. Marks on the trajectory
indicate the robot’s position and orientation at 1.67-second time intervals.
In the steady state, the robot showed wall-following behaviour, travelling
at a safe clearance from the nearest wall. D Forward speed profiles Vf

corresponding to the trajectory shown in C. The forward speed happens to be
a linear function of the distance x travelled, and it is therefore proportional
to the local corridor width D (grey dash dotted lines). The robot therefore
automatically decelerated when the walls narrowed and speeded up when
the walls widened. The narrowing walls are treated by the LORA autopilot
like an OF disturbance. These results show that the dual OF regulators

rejected this disturbance efficiently.

The tapered corridors (with a tapering angles of 7◦ and 14◦,
see figures 8A and 8B) were built to test the vision-based

autopilot’s ability to overcome the bilateral OF disturbance

introduced by the narrowing walls. Figure 7 shows the

trajectory of the LORA robot in a 7◦-tapered corridor, after

being made to take a central course at the start (see the 3-D

trajectory in figure 7B). The narrowing walls of a tapered

corridor were treated by the LORA autopilot (figure 4)

like a ‘non-constant disturbance’, since they caused linear

changes in the left and right wall ordinates yL and yR with

the distance x travelled [40]. The chronophotograph of the

LORA robot (figure 7C) and the robot’s speed profile (figure

7D) show the robot’s response to the ‘non-constant OF

disturbance’: it slowed down linearly when approaching the

narrowest point and speeded up linearly when the corridor

widened out beyond that point (figure 7D). As reported

in the simulation studies of [40], the dual OF regulators

make the forward speed to depend on the local width of the

corridor (the predicted speed profile is plotted as a function

of D in the form of a grey dash-dotted line in figure 7D).

The LORA autopilot therefore easily overcomes the OF

disturbance induced by the narrowing walls by maintaining

the forward speed at all times in keeping with the local

corridor width. It can be seen from the tests on other starting

positions y0 shown in figure 8D that the robot performed

these wall-following tests successfully and hugged either the

right or left wall, depending on the sign of ǫSide. These

trajectories (figure 8D) show that disturbances of this kind

are rejected efficiently by the dual OF regulators.

We tested further the hovercraft navigation in a 7 ◦-tapered

corridor for several pairs of OF set-points with (ωsetFwd =
250 ◦.s−1; ωsetSide = 160 ◦.s−1) in figure 6B) and

(ωsetFwd = 250 ◦.s−1; ωsetSide = 125 ◦.s−1) in figure 6D.

Results show the dual OF regulators make the robot adopt

an appropriate behaviour in line with the pair of OF set-

points, that is either a wall-following behaviour (figure 6B)

or a centring behaviour (figure 6D). In any case, the LORA

robot adapted its speed to the local corridor width, which is

analogous with observations made on honeybbes in a similar

situation [5].

A more “challenging” unilateral tapered corridor (with a

tapering angle of 14◦, figure 8B), generating a stronger OF

disturbance than the 7◦-tapered corridor, was also used to

test the navigation skills of the LORA robot. The results

of the tests conducted in this corridor with several starting

positions y0 (figure 8E) show that the hovercraft followed

either the right or left wall safely (figure 8E), depending

to its initial ordinate y0. One exception was observed in

the case of the initial ordinate y0 = 0.16 m (the green

trajectory in figure 8E), where the robot crashed into the

right wall because it started too close to that wall. This

incident shows the main limitation of using only ±90◦ lateral

eyes, as they did not enable the robot to avoid this lateral

obstacle. However, with all the other starting points, the

LORA autopilot made the hovercraft travel safely along the

14◦-tapered corridors without being greatly perturbed by the

major OF disturbance induced by the narrowing of the walls,

regardless of the starting position y0 (figures 8D and 8E). The

robot consistently showed suitable wall-following behaviour

by following either the left or right wall.

The present findings on navigation in straight and tapered

corridors show the dual OF regulator can account not only

for the centring behaviour and the wall-following behaviour

but also for the speed control observed on bees in similar

situations [5], [9], [12]–[14].

B. Automatic speed control and lateral positioning in corri-

dors with a sloping terrain

We constructed two other straight corridor configurations

including either an ascending terrain (β = −1◦, figure 9A)
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Fig. 8. Automatic wall-following behaviour as a function of the initial ordinate y0 in both tapered (7◦ and 14◦) and 18-◦-bend corridors. A and B
Perspective views of the 4-m long 7◦ and 14◦-tapered corridors with a 0.92 m wide entrance and a 0.43m and 0.42 m wide constriction located midway,
respectively. C Perspective view of the 4-m long 18◦-bend corridor with a constant local corridor width of 0.56 m. (D-F) Set of trajectories of the LORA
robot navigating along the 7◦ and 14◦-tapered corridors and the 18◦-bending corridor in the case of several starting positions y0. G Chronophotograph
of the robot corresponding to the trajectory shown in D, i.e. the black trajectory, with a 1.67-second time interval. The initial ordinate y0 was treated
by the dual OF regulators as a disturbance, and the results of these navigation tests show that the robot performed wall-following behaviour despite the
unfavourable initial ordinate. The vision-based autopilot therefore rejected this perturbation. However, after adopting the starting position y0 = 0.16 m in
the 14◦-tapered corridor E, the robot crashed into the right wall of the corridor. The two pixels detecting the right visual field did not enable the robot to
avoid this lateral obstacle.
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Fig. 9. Compensation for sloping terrain by the robot navigating along a straight 4-m long corridor. A and C Perspective views of the straight 4-m
corridors on an ascending terrain (β = −1◦ A) or a descending terrain (β = +1◦ C). B and D 3-D trajectories of the robot plotted every 400 ms. E and
F Chronophotograph of the hovercraft robot in the horizontal plane. Marks on the trajectories indicate the robot’s position and orientation at 1.84-second
time intervals E and 1.66-second time intervals F. G and H Forward speed profiles of the trajectories shown in E and F. In the steady state, the LORA
robot followed the nearest wall perfectly at a constant clearance of DR,L∞ = 0.31 m and kept its forward speed constant despite the configuration of

the terrain, reaching a “cruising” speed of Vf∞ = 0.69 m.s−1. The robot equipped with the dual OF regulators therefore compensated efficiently for
the physical disturbance due to the sloping terrain.

or a descending terrain (β = +1◦, figure 9C).

The straight corridors with a sloping terrain were designed

to test the ability of the dual OF regulators to cope with

a physical disturbance dTf (equation 4) due to a sloping

terrain. In figure 9, the hovercraft entered the two straight

corridor configurations at x0 = 0.2 5m and y0 = 0.46 m

(see the 3-D trajectories shown in figures 9B and 9D) taking

a central course. Results showed the robot making a similar

wall-following behaviour in a straight corridor presenting a

sloping terrain (β = ±1◦, figures 9E and 9F) to that one

over a flat terrain (β = 0◦, figure 5C). Despite the physical

disturbance dTf , the robot reached a constant clearance

to the nearest wall (DL,R∞ = 0.31 m; figures 9E and

9F) and a constant “cruise” speed (Vf∞ = 0.69 m.s−1;

figures 9G and 9H). This steady-state corresponds to that

one expected the pair of OF set-points ωsetFwd = 190 ◦.s−1

and ωsetSide = 125 ◦.s−1 [40]. The dual OF regulators

therefore compensate efficiently for the physical disturbance

dTf (equation 4) due to the sloping terrain slope.

C. Automatic reaction to a 4-m “no contrast zone” on one

of the corridor walls

Tests were then carried out on a 4-m long straight (figure

10A), tapered corridor (with tapering angles of 7◦ and 14◦,

see figures 10B and 10C), in which the left wall was lined

with a natural coloured panorama. The right wall was devoid

of texture, and therefore mimicked the effect of a 4-m

“aperture”. Only the left 2-pixel LMS could provide the

autopilot with visual motion measurements. These corridor

configurations were used to test the behaviour of the LORA

robot in the presence of a “no contrast” zone on one corridor

wall and its ability to cope with strong OF disturbances (in

the 7◦ and 14◦-tapered corridors) with a visual system that

finally received optical stimuli on a single pair of pixels.

The results obtained with several starting points in a 4-m

long straight corridor are shown in figure 10A, and those

obtained in tapered corridors with tapering angles of 7◦

and 14◦ are shown in figures 10B and 10C. In the straight

corridor configuration, the LORA robot hugged the left

wall, i.e. the textured wall, and showed “wall-following”

behaviour even in the 4-m section lacking texture on the right

wall (figure 10D) as observed with honeybees in [14]. The

robot did not rush into the aperture because the positioning

criterion selected the left 2-pixel LMS and the sign function

(sgn(ωfused
L − ω

fused
R ), figure 4C) selected the leftward

direction, that of the textured wall to be hugged. Marks

on the trajectories show that the robot speeded up during

its journey along the corridor. As the environment was less

cluttered in the absence of texture on one wall, the bilateral

OF regulator made the robot speed up (with ufmax = 60%
and uliftfan = 42%) until its speed limit Vf max as it could

not nullify ǫFwd. From the forward dynamics of the robot

on a flat terrain (equations 1 and 3, β = 0◦, see table II),

the speed limit Vf max is expected to be:

Vf max = lim
t→+∞

KFwd·ufmax·(1−exp
−

t
τFwd ) = 1.81m.s−1

(16)

The unilateral OF regulation of the sideways control systems

makes the clearance from the followed wall proportional to

the sideways OF set-point ωsetSide [14]. We therefore
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Fig. 10. Automatic reaction to a 4-m “no-contrast” zone in straight and tapered corridors. Since the right wall was devoid of texture (a uniform wall),
only the left 2-pixel LMS could feed the autopilot with visual motion measurements/cues. (A-C) Perspective view of the 4-m long straight and tapered
corridors B and C, with tapering angles of 7◦ and 14◦, respectively). (D-F) Set of trajectories of the LORA robot navigating along the straight and tapered
corridors after adopting several starting positions y0. Only the two lateral eyes were used here. G Chronophotograph of the robot’s trajectory shown in
D using the black solid line, with a 1.48-second time step. F The robot navigated safely along each corridor configuration, except when it was moving
too close to the wall. Despite the absence of texture on the right wall, the robot therefore managed to hug the left wall (wall-following behaviour) in the
straight corridor D and showed safe lateral obstacle avoidance behaviour in the tapered corridors without rushing into the “no-contrast” zone E and F,
using a visual system consisting of just a single pair of pixels.
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have:

DL∞ =
Vf∞

ωsetSide

withVf∞ ≤ Vfmax (17)

If the corridor was long enough, the robot would therefore

be expected to reach a clearance steady state from the left

wall of DL∞ = 0.83 cm when reaching a speed limit

Vf max = 1.81 m.s−1 (equation 16). This result is therefore

consistant with those observed on honeybees [12], [13] when

traversing a narrow straight corridor with one wall covered

by a structureless grey sheet.

In the tapered corridor configurations (figures 10E and 10F),

the LORA robot managed successfully to avoid a lateral

obstacle by rejecting the strong OF disturbance in both the

7◦ and 14◦ tapered corridors despite the starting position

y0. The robot roughly stabilized its position steady state

DL∞ at the end of the course (equation 17). Marks on the

trajectories show that the LORA robot slowed down when

approaching the narrowest point and speeded up beyond

that point even in the absence of texture on the right wall.

The forward controller attempted to compensate for the OF

disturbance introduced by the left wall by roughly adapting

the robot’s course along the corridor. Whatever the corridor

configuration (straight or tapered), the robot never rushed

into the “no contrast” zone on the right wall and always

hugged the textured wall, i.e. the left wall. However, the

LORA robot crashed into the left wall after taking the starting

position y0 = 0.77 m (figure 10F), since this position was

too close to the wall, the 2-pixel 90◦ optical direction LMS

was not sufficient to avoid it but additional frontal ±45◦

LMSs are necessary (see figure 8E and section V-A).

These results show that our vision-based autopilot enabled

the hovercraft to safely avoid a lateral obstacle in both

straight and tapered corridors based on a single 2-pixel LMS

measurement without being greatly disturbed by the presence

of a 4-m “no contrast” zone.

D. Automatic reaction to an “optic flow step perturbation”

introduced by a moving wall

The corridor built for this experiment was a straight, non-

stationary 4-m long, 0.92-m wide corridor (figure 11A). The

4-m left and right walls were lined with a natural panorama

depicting trees and bushes. A 1.5 meter long part of the

left wall (between abscissa x = 1.75 m to x = 3.25 m)

consisted of a rotating band printed with the same panorama,

stretched between two vertical drums. A speed regulated

motor actuated the printed band forward or backward at a

speed Vp = ±0.30 m.s−1 via a V-belt.

Figure 11C shows superimposed trajectories recorded un-

der three initial band speed conditions with Vp =
{−0.30; 0;+0.30 m.s−1}. Similar wall-following behaviour

was observed here to that occurring in a straight stationary

corridor (figure 5C). The red trajectory is the LORA robot’s

trajectory when the left wall was moving at a constant speed

(Vp = +0.30 m.s−1) in the direction of travel of the robot.

When the robot entered this non-stationary section, it can

be seen to have moved closer to the moving wall. The green

trajectory (figure 11C) was recorded in the opposite situation,

Fig. 11. Automatic reaction to the ‘OF step perturbation’ resulting from
a non-stationary section of the left wall from abscissa x = 1.75 m to
x = 3.25 m. The wall was set in motion via a band stretched between
two actuated drums. The walls and the strip band were lined with a natural
coloured panorama. A set of three experiments was performed, correspond-
ing to three initial band speed conditions Vp = {−0.3; 0; 0.3 m.s−1}. A
Perspective view of the non-stationary corridor and the two drums. B 3-D
trajectory of the LORA robot plotted every 400 ms. The band was not set in
motion here (Vp = 0 m.s−1). C Trajectories of the LORA robot under the
three initial band speed conditions [Vp = {−0.3; 0; 0.3 m.s−1}] (green,
black and red trajectories, respectively)). The robot started on a central
course and then followed the nearest wall, i.e. the left wall, and when
entering the non-stationary section of the corridor, it either approached the
left wall or moved away from it, depending on the direction in which the
belt was moving. In the case of the black trajectory (Vp = 0 m.s−1), the
robot navigated at a constant clearance from the wall (DL∞ = 0.31 m).
This behaviour of the robot in a non-stationary corridor is consistent with
findings made by Kirchner and Srinivasan [12] and Portelli and colleagues
[11] on honeybees flying along a non-stationary corridor. D Speed profiles of
the robot’s trajectories. The forward control system responsible for keeping

the sum of the two lateral OFs (Σωfused
R,L

) constant rejected the ‘OF step

perturbation’ due to the moving wall by increasing its forward speed (solid
red line) or by decreasing its speed (solid green line).

where the rotating band was moving against the direction of

travel (Vp = −0.30 m.s−1). The robot can be seen here to

have shifted away from the moving wall. To understand how

these shifts towards or away from the moving wall occurred,

it is necessary to realize that the stripe speed Vp on the

left wall was treated by the vision-based autopilot like an

‘OF step perturbation’ of −
Vp

y
affecting both the forward

and sideways control loops (figures 4B and 4C). When the

speed of the stripe was negative Vp = −0.3 m.s−1, a

positive perturbation of 55 ◦.s−1 was applied to the autopilot,

whereas Vp = +0.3 m.s−1 generated a negative OF step

perturbation of −55 ◦.s−1. A negative OF step perturbation

in the wall motion means that the moving wall was farther

away, causing the hovercraft to accelerate while coming

closer to the wall (figures 11C and 11D, red solid line); and

conversely, when a larger OF was measured, the opposite

effect occurred (the green solid line in figure 11C and 11D).
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Fig. 12. Study on the repeatability of the performance of the two-eyed LORA robot (D-F) and those of the four-eyed robot G. (A-C) Perspective views
of the 4-m long straight and tapered corridors. (D-F) Repeatability of the LORA robot’s trajectory equipped with two ±90◦ lateral eyes. The mean
trajectory (solid red line) and the standard deviation of the mean (pink shaded area) were computed from a set of 12 trajectories and plotted with the
expected/predicted steady-state position (grey dash-dotted line) computed from the theoretical steady state analysis presented in (Serres 2008a). The robot
showed efficient wall-following behaviour in both straight and 7◦-tapered corridors. The mean trajectory (solid red line) matched the expected/predicted
steady-state position very closely. As depicted in 13E, the visual system did not prevent the robot from crashing into the wall. G The four-eyed robot
showed efficient wall-following behaviour and alternately avoided both the right and left walls. All the trajectories shown here resulted from the dual OF

regulators scheme with ωsetFwd = 190 ◦.s−1 and ωsetSide = 125 ◦.s−1.

These results obtained with the dual OF regulators therefore

account for the previous findings made on bees in a non-

stationary corridor [11]–[13].

E. Automatic navigation in a 18◦-bending corridor

The experiments described in this section were performed

with a bending 4-m long, 0.56-m wide corridor with an 18◦-
bend located halfway. A perspective view of this corridor

lined with natural panoramas is shown in figure 8C. This

corridor was built to test the navigation performance of the

LORA robot when it was no longer aligned with the local

longitudinal axis of the corridor.

In this 18◦-bending corridor, the robot was made to adopt

several initial starting positions with x0 = 0.25 m and

y0 = {0.16; 0.2; 0.44 m} (figure 8F). The heading lock

feedback loop was set all the way to align the robot’s

body with the 0◦ orientation, which is the mean corridor

orientation. The corridor walls formed an angle of +9◦ with

the longitudinal axis of the corridor in the first half and an

angle of −9◦ in the second half of the corridor. The results

presented in figure 8F show that the robot navigated safely

along the corridor regardless of its starting position y0 and

showed wall-following behaviour despite the non-alignment

of the robot’s body axis with the local longitudinal axis of

the corridor. The robot also switched between following the

right and left walls (black and blue trajectories, figure 8F)

because the sign function (figure 4C) selected the direction

corresponding to the nearest wall (min(DL,R)). In the

second part of the bending corridor, the robot hugged the

left wall rather too closely because of the lack of visual

motion sensors in its frontal part. As the corridor width was

constant (D = 0.56 m), the forward speed was kept roughly

constant at Vf = 0.42 m.s−1.
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Fig. 13. Robust navigation in highly challenging corridor configurations in both tapered (7◦ and 14◦) and 18◦-bend corridors thanks to the two additional
frontal eyes. (A-C) Perspective views of the 4-m long tapered corridors (A and B), 7◦ and 14◦) and the 18◦-bend corridor. (D-F) Set of trajectories of the
LORA robot navigating along the tapered corridors (y0 = {0.16; 0.31; 0.46; 0.61; 0.77 m}) and the 18◦-bend corridor y0 = {0.16; 0.28; 0.44 m}. G
Chronophotograph of the robot shown in E by a solid red line, with a 1.48-second time step. In comparison with the two-eyed robot (figure 8), the LORA
robot gave better navigation performance since it never crashed into the walls E and travelled at a safer clearance from the walls F.
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F. Repeatability of the LORA robot’s performance with a

4-pixel compound eye

Figure 12 gives the results of a repeatability study on the

LORA robot, based on a set of 12 successive trajectories in

one straight (figure 12A) and two tapered corridors (figures

12B and 12C) with tapering angles of 7◦ and 14◦. The

mean trajectory (red solid line) and the standard deviation

of the mean (pink shaped area) were calculated taking a set

of 12 trajectories recorded the LORA robot. The robot was

equipped with the 4-pixel visual system shown in figures

12D-F) (where the FOVs are given by a blue conical shape).

In both the straight and 7◦-tapered corridors (figures 12D

and 12E), the LORA robot entered the corridor in a central

position and achieved safe wall-following behaviour by con-

trolling both its speed and its clearance from the walls on the

sole basis of OF cues during the 12 successive trajectories.

The mean trajectory and the standard deviation of the mean

show that the robot achieved excellent performance in terms

of the repeatability and reliability of the dual OF regulators

as means of guiding the robot along unknown corridors,

equipped with an eye consisting of only four pixels. How-

ever, when the robot started closer the wall (y0 = 0.16 m,

figure 12F) in the 14◦-tapered corridor it crashed in all 12

successive trials, which shows the limitations of using only

a 4-pixel compound eye to navigate in highly challenging

corridors.

V. EXPERIMENTAL RESULTS WITH A FRONTAL AND

WIDER FIELD-OF-VIEW 8-PIXEL COMPOUND EYE

In this section, our previous compound eye was improved

by adding two LMSs, i.e., two pairs of pixels in the frontal

part facing at an azimuthal angle of ±45◦ in order to

obtain a minimalistic compound eye consisting of 4 pairs

of pixels connected to 4 LMSs. The two frontal eyes would

help the robot navigate in more demanding to ‘extreme’

corridor configurations. Visual motion signals were fused

according to equations 14 and 15 to generate the left and

right visual motion signals (ω
fused
L and ω

fused
R , respectively).

The OF set-points were fixed at ωsetFwd = 190 ◦.s−1 and

ωsetSide = 125 ◦.s−1.

A. Safe navigation in stringent corridor configurations with

two additional frontal eyes

The LORA robot was therefore tested in a 7◦ tapered

corridor (figure 13A), a 14◦ unilateral tapered corridor (figure

13B) and a 18◦-bending corridor (figure 13C) to determine

the navigation performance of the latest version of the LORA

robot equipped with this novel compound eye.

The trajectories of the LORA robot with several starting

positions y0 in the tapered and bend corridors are presented

in figures 13D-F. The robot showed perfect wall-following

behaviour in each of the corridor configurations tested,

regardless of its starting position y0. Marks on the trajectories

show that the robot also controlled its speed depending on

the local corridor width. It is worth mentioning that in the

case of the initial ordinate y0 = 0.16 m in the 14◦-tapered

corridor, the robot avoided the right wall and followed it

at a safe clearance, whereas it crashed into the wall when

it was equipped only with its original 4-pixel compound

eye (figures 8F and 12F). In the 18◦-bend corridor, the

robot traveled at a wider clearance from the nearest wall

(figure 13F) than it did with only a four pixel-based vision

system (figure 8F), which confirms that frontal eyes improve

the ability of the LORA robot to navigate safely in highly

challenging corridor configurations.

B. Repeatability of the LORA robot’s performance with a

8-pixel compound eye

In the experiments shown in figure 12G, the robot was

centered at the start in 12 successive trials in a 14◦-tapered

corridor. The grey dash-dotted lines give the steady-state

clearance of the LORA robot from the nearest wall with

the OF set-points ωsetFwd = 190 ◦.s−1 and ωsetSide =
125 ◦.s−1. Unlike the robot equipped with a 4-pixel visual

system, the mean trajectory (figure 12F, red solid line) shows

that the robot navigated successfully along the 14◦-tapered

corridor without crashing into the wall during 12 successive

trials (figure 12G). The robot therefore showed more reliable

wall-following behaviour thanks to the addition of the ±45◦

optical directional eyes.

VI. DISCUSSION

Here we present a complete benchmark for a miniature

fully actuated hovercraft (figure 1A) equipped with a bee-

inspired autopilot named LORA. The performance of the

robot endowed with a minimalistic visual system (consisting

of only four or eight pixels forming up to four LMSs) show

that the hovercraft can navigate safely under purely visual

control along highly challenging unknown corridors such as a

straight corridor over a flat or sloping terrain (figures 6A, 6C,

5 and 9), even when one wall is devoid of texture (figure 10),

or when one wall is moving (figure 11) and even when the

corridor narrows or bends on the horizontal plane (figures 6B,

6D, 7,8 and 13). The 8-pixel compound eye was implemented

on the LORA robot to improve its lateral obstacle avoidance

performance in demanding corridor configurations (figure

13) by increasing the optical directions to ±45◦. The LORA’s

robustness to physical and strong OF disturbances was also

tested. The lack of contrast on one side (figure 10), tapered

corridors (figures 7, 8 and 13) and a moving wall (figure

11) were treated by the LORA autopilot like strong OF

perturbations, and a sloping terrain was approached in the

same way as an external physical disturbance.

Fully actuated robots can be endowed with these navigation

skills by equipping them with a very minimalistic visual

system consisting of only four or eight pixels, i.e. two or four

2-pixel LMSs, forming an insect-inspired but primitive vision

system, which recquires little computational ressource. The

LORA autopilot guides the hovercraft in the 2-D horizontal

plane, avoiding all the obstacles encountered by performing

maneuvers involving only translational degrees of freedom

along the X- and Y-axis. The keystone of the LORA autopilot

is the heading-lock system, which enables the robot to expe-

rience a purely translational OF, and the pair of intertwined
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Fig. 14. Summarize of the similarities of the bee behaviours observed in the last two decades ethological studies (A-F) and the fully actuated robot
behaviours equipped with the bee-inspired LORA autopilot tested in similar situations (G-L). These results show the dual OF regulators can be viewed as
a working hypothesis to explain how the honeybee Apis Melliphera controls both its speed and position on the horizontal plane of a constraint corridor.
Blue arrows represent the mainly direction of the agent moving in a corridor where the entrance is represented by a cross. Red and green arrows represents
the direction of motion of the moving wall in case of a non-stationary corridor.

OF regulators forming the dual OF regulators, which was

designed to hold the perceived OF constant by adjusting the

forward and side thrusts.

The main advantage of this visuomotor control system is that

it operates efficiently without any need for explicit speed

or distance measurements or estimations, hence without

any need for speed or range sensors. The hovercraft robot

behaves appropriately as observed with honeybees (figure

14) although it is completely “unaware” of its ground speed

and its clearance from the two walls and the width of the

corridor: it behaves appropriately by automatically adjusting

its speed to the environment and automatically maintaining

a safe clearance from the walls. In a corridor with a given

width, the vehicle’s behaviour depends entirely on the two

set-points (ωsetFwd and ωsetSide) of the dual OF regulators

which determine either a wall-following behaviour (figure

6A and 6B) or a centring behaviour (figure 6C and 6D for

instance). The figure 14 exhibits the similarities between the

bee behaviours observed in the last two decades ethological

studies and our robot behaviours, equipped with the dual

OF regulators, tested in similar situations. As summarized

in this latter figure, the explicit LORA control system (figure

4) can be regarded as a possible explanation for the behaviour

of free-flying bees along a stationary [6], [12]–[14] or non-

stationnary corridor [11]–[13] or a tapered corridor [5], [9]

or even a corridor with a lacking of texture on one wall

[12], [13] mimicking the effect of an “aperture” [14]. This

autopilot is in line with a Gibsonian viewpoint [79] in which

an animal’s visual system drive the locomotor system without

any representation of the environement [23], [46], [51].

The direction control system based on the sign function

(figure 4C) can limit the robot maneuvers, as it only acts

as a “reflex” mechanism by making the robot always take

the direction of the nearest wall (min(DL,R), and hence

max(ωL,R) on figure 4C).

The sideways control system with which the LORA autopilot

is equipped makes the robot’s trajectory highly dependent on

the corridor’s configuration (as can be seen in figure 8E and

8F). The robot is therefore always bound to aimlessly follow

the nearest wall. For instance, an artificial bee equipped with

the LORA autopilot (with OF set-points typical of wall-

following behaviour) entering the left entrance of a straight

corridor would never reach a reward placed near the right

wall at the end of the corridor, because the robot would

always follow the left wall as long as another set of OF set-

points is not available to make it switch from one wall to

the other.

VII. CONCLUSION

In conclusion, this hovercraft was able to travel along

challenging unfamiliar corridors such as non-stationary cor-

ridors and those comprising “no contrast” zones, tapered

and bending corridors, and even a sloping terrain, using

very few pixels (four or eight pixels) without any need for

metric sensors such as rangefinders or velocimeters. We also

reported how we have improved the navigation performance

of the robot in exacting corridor configurations by adding
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two frontal eyes. The LORA autopilot based on the dual OF

regulators and presented here is a first step toward a deft,

lightweight (mass of the autopilot electronics: 8.17 g) power-

lean (power consumption: 0.75 W ) low-cost visuomotor

control system which could be potentially installed on a 3-

D free-flying Micro-Air Vehicle (MAV) by adding a ventral

and a dorsal OF regulator capable of performing ground

following, ceiling following or even docking tasks as tested

in [68]. This autopilot also opens the way to finding solutions

to the automatic guidance of other types of holonomic and

fully actuated vehicles such as blimps, underwater vehicles,

quadrotors, and even helicopters with counter-rotating rotors

(in which the pitch and roll axes are uncoupled).

The next step will consist in exploring other visual fusion

strategies, especially an anticipatory feedforward action in-

volving the ±45◦ lateral eyes, as tested in [66] to help the

robot anticipate and achieve lateral obstacle avoidance. We

also intend to enlarge the field of view in the central part

of the visual field to improve the OF measurements and

enable the robot to successfully negotiate more challenging

corridors comprising L-junctions or T-junctions.
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APPENDIX

TABLE I

TRANSFER FUNCTIONS ON FIGURE 4

Hc(s) = Kc With Kc = 9.17 · 10−3V/◦

Hg(s) = Kg With Kg = 5 · 10−3V/(◦/s)

GΨ(s) = 1

s
· HΨ

1+τΨ·s
With HΨ = 4.4 · 10−1V

and τΨ = 3 · 10−1s

GFwd(s) =
KFwd

1+τFwd·s
See values in Table II

GSide(s) =
1

s
· KSide
1+τSide·s

See values in Table III

CΨ(s) = KΨ With KΨ = 3

C
Ψ̇
(s) = K1 ·

1+τ1·s

s
With K1 = 5

and τ1 = 3 · 10−1s

CFwd(s) = K2 · (1 + 1

τ2·s
) · 1

1+τ3·s
With K2 = 0.8,

τ2 = 2.7 · 10−1s and

τ3 = 8 · 10−3s

CSide(s) = K3 ·
1+a·T ·s
1+T ·s

· 1

1+τ4·s
With K3 = 4 · 10−1,

a = 5.7, T = 2.1 · 10−1

and τ4 = 1.59 · 10−2s

TABLE II

IDENTIFIED FORWARD DYNAMICS IN FUNCTION OF THE

LIFT FAN CONTROL SIGNAL

uLiftFan (%) KFwd(10
−3m · s−1 ·%−1) τFwd(s) Fitfactor(%)

42 30.11 2.67 99.8

41 28.11 2.64 99.3

40 25.91 2.63 99.7

39 20.88 2.02 99.4

38 18.45 1.54 98.3

37 16.29 1.34 96.1

TABLE III

IDENTIFIED SIDE DYNAMICS IN FUNCTION OF THE LIFT FAN

CONTROL SIGNAL

uLiftFan (%) KSide(10
−3m · s−1 ·%−1) τSide(s) Fitfactor(%)

42 16.28 2.54 94.32

41 13.92 2.45 92.28

40 11.02 2.2 92.11

39 8.76 1.89 89.12

38 8.32 1.48 88.72

37 7.58 1.2 84.54
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❤=❧✐❝♦♣ D%❡✱ F✉❡ ❞❡* ❝❛♣ ❡✉%* ✈✐*✉❡❧* ✭❝❛♠=%❛ ♦✉ ❛✉ %❡✮ ❞✐%✐❣=❡* E 45◦ ❝♦♥* ✐ ✉❡♥ ✉♥❡

❞✐%❡❝ ✐♦♥ ♦♣ ✐♠❛❧❡ ❞❛♥* ❧❛ ♠❡*✉%❡ ❞✉ ✢✉① ♦♣ ✐F✉❡ ♣♦✉% ❧❛ ♥❛✈✐❣❛ ✐♦♥ ❞❛♥* ✉♥  ✉♥♥❡❧✳

❖❜*❡%✈❛ ✐♦♥ F✉✐ ❛ ♣✉ ; %❡ %❡ %♦✉✈=✱ ✉♥ ♣❡✉ ♣❧✉*  ❛%❞✱ ❞❛♥* ❧✬❛♣♣❧✐❝❛ ✐♦♥ ❞✬=✈✐ ❡♠❡♥ 

❞✬♦❜* ❛❝❧❡* ❞✬✉♥❡ ❛✐❧❡ ✈♦❧❛♥ ❡ ❞❛♥* ✉♥ ❡♥✈✐%♦♥♥❡♠❡♥ ♥❛ ✉%❡❧ ❬❇❡②❡❧❡% ❡ ❛❧✳✱ ✷✵✵✾❪✳

❈❡♣❡♥❞❛♥ ✱ ❧❡* ❞✐%❡❝ ✐♦♥* E ±90◦ %❡* ❡♥ ❧❡* ♣♦*✐ ✐♦♥* ❛③✐♠✉ ❛❧❡* ♠❛①✐♠✐*❛♥ ❧❡ ✢✉①

♦♣ ✐F✉❡ ❧❛ =%❛❧ ♣♦✉% ❧❛ ❞= ❡❝ ✐♦♥ ✭♠❡✐❧❧❡✉% %❛♣♣♦% *✐❣♥❛❧✲*✉%✲❜%✉✐ ✮ ❡ ❧❛ %=❣✉❧❛ ✐♦♥

❞✉ ✢✉① ♦♣ ✐F✉❡ ❧❛ =%❛❧ ♣♦✉% ❧❡*  \❝❤❡* ❞✬=✈✐ ❡♠❡♥ ❞✬♦❜* ❛❝❧❡* ❡ ❞❡ ❝♦♥ %Y❧❡ ❛✉ ♦♠❛✲

 ✐F✉❡ ❞❡ ✈✐ ❡**❡✳

▲❡ ♣♦✐♥ ✲❝❧= ❞✉ ♣✐❧♦ ❡ ❛✉ ♦♠❛ ✐F✉❡ %=*✐❞❡ ❞❛♥* ✉♥❡ ❜♦✉❝❧❡ E ✈❡%%♦✉✐❧❧❛❣❡ ❞❡ ❝❛♣ F✉✐

♣❡%♠❡ ❛✉ %♦❜♦ ❞❡ ♠❛✐♥ ❡♥✐% *♦♥ ❝❛♣ ❡ ❞❡ ♥❡ ❣=♥=%❡% *✉% *♦♥ ]✐❧ ❝♦♠♣♦*= F✉❡ ❞✉

✢✉① ♦♣ ✐F✉❡ ❞❡  %❛♥*❧❛ ✐♦♥✱ *❡✉❧ ❞=♣❡♥❞❛♥ ❞❡ *❛ ✈✐ ❡**❡ ❞✬❛✈❛♥❝❡ ❡ ❞❡ *❛ ♣♦*✐ ✐♦♥

♣❛% %❛♣♣♦% ❛✉① ♦❜* ❛❝❧❡*✳ ❯♥❡ ♣❛✐%❡ ❞❡ %=❣✉❧❛ ❡✉%* ❞❡ ✢✉① ♦♣ ✐F✉❡ ♠❛✐♥ ✐❡♥ ❧❡ ✢✉①

♦♣ ✐F✉❡ ❜✐❧❛ =%❛❧ ❡ ✉♥✐❧❛ =%❛❧ ♣❡%^✉ E ✉♥❡ ✈❛❧❡✉% ♣%=❢=%=❡ ✭❝♦♥*✐❣♥❡ ❞❡ ✢✉① ♦♣ ✐F✉❡✮

❡♥ ✐♥ ❡%✈❡♥❛♥ ❝♦♥❥♦✐♥ ❡♠❡♥ *✉% ❧❡* ♣♦✉**❡✉%* ❛%%✐D%❡* ❡ ❧❛ =%❛✉① ❞✉ ♠✐❝%♦✲%♦❜♦ 

F✉✐ ✐♥ ❡%✈✐❡♥♥❡♥ *✉% ❧❛ ✈✐ ❡**❡ ❞✉ %♦❜♦ ❡ *❛ ♣♦*✐ ✐♦♥ ❛✉① ♦❜* ❛❝❧❡*✳

❉D* ❧♦%*✱ ❧❡ *❝❤=♠❛ ❞❡ ❝♦♥ %Y❧❡ ❡①♣❧✐❝✐%❡ ▲❖❘❆ ♣❡✉ ; %❡ ❝♦♥*✐❞=%= ❝♦♠♠❡ ✉♥❡ ❤②✲

♣♦ ❤D*❡ ♣❧❛✉*✐❜❧❡ ♣❡%♠❡  ❛♥ ❞✬❡①♣❧✐F✉❡% ❝♦♠♠❡♥ ✉♥❡ ❛❜❡✐❧❧❡ ♥❛✈✐❣✉❡ ❞❛♥* ❧❡ ♣❧❛♥

❤♦%✐③♦♥ ❛❧ ❞✬✉♥  ✉♥♥❡❧ ❞%♦✐ * ❛ ✐♦♥♥❛✐%❡ ❬❑✐%❝❤♥❡% ❛♥❞ ❙%✐♥✐✈❛*❛♥✱ ✶✾✽✾✱ ❙%✐♥✐✈❛*❛♥

✶✷✵



❘♦✉❜✐❡✉ ❡& ❛❧✳ ✷✵✶✸ ✭ ✉❜♠✐%%❡❞✮✱ ❇✐♦✐♥3♣✐5❛&✐♦♥ ✫ ❇✐♦♠✐♠❡&✐❝3

❡! ❛❧✳✱ ✶✾✾✶✱ ❇❛✐*❞ ❡! ❛❧✳✱ ✷✵✵✺✱ ❙❡**❡0 ❡! ❛❧✳✱ ✷✵✵✽❜❪✱ ❢✉0❡❧6 ❬❙*✐♥✐✈❛0❛♥ ❡! ❛❧✳✱ ✶✾✾✻❪✱

♥♦♥✲0!❛!✐♦♥♥❛✐*❡ ❬❑✐*❝❤♥❡* ❛♥❞ ❙*✐♥✐✈❛0❛♥✱ ✶✾✽✾✱ ❙*✐♥✐✈❛0❛♥ ❡! ❛❧✳✱ ✶✾✾✶❪✱ ♣*60❡♥!❛♥!

✉♥❡ ♦✉✈❡*!✉*❡ ❧❛!6*❛❧❡ ❬❙❡**❡0 ❡! ❛❧✳✱ ✷✵✵✽❜❪ ♦✉ ✉♥❡ !❡①!✉*❡ ✉♥✐❢♦*♠❡ ❬❑✐*❝❤♥❡* ❛♥❞

❙*✐♥✐✈❛0❛♥✱ ✶✾✽✾✱ ❙*✐♥✐✈❛0❛♥ ❡! ❛❧✳✱ ✶✾✾✶❪✳ ❊♥ *60✉♠6✱ 6D✉✐♣6 ❞✉ ♣✐❧♦!❡ ❛✉!♦♠❛!✐D✉❡

❜✐♦✲♠✐♠6!✐D✉❡ ▲❖❘❆ ❡! ❞❡ ❞❡✉① ♣❛✐*❡0 ❞❡ ❝❛♣!❡✉*0 ❞❡ ✢✉① ♦♣!✐D✉❡ ❜✐♦✲♠✐♠6!✐D✉❡✱ ❧❡

*♦❜♦! ❛ ♣✉ *❡♣*♦❞✉✐*❡ ❞❛♥0 ❞❡0 ❝♦♥❞✐!✐♦♥0 0✐♠✐❧❛✐*❡0✱ ❧❡0 ❝♦♠♣♦*!❡♠❡♥!0 ❞❡ ❧✬❛❜❡✐❧❧❡

♦❜0❡*✈60  ❛♥ ❛✈♦✐, - ♠❡ ✉,❡, ♥✐ ❡ %✐♠❡,  ❛ ♣,♦♣,❡ ✈✐%❡  ❡ ♦✉  ❛ ❞✐ %❛♥❝❡ ♣❛, ,❛♣♣♦,%

❛✉① ♦❜ %❛❝❧❡ ✳ ▲❛ ♠✐0❡ ❡♥ K✉✈*❡ *♦❜♦!✐D✉❡ ❞❡ ❝❡ ♣✐❧♦!❡ ❛✉!♦♠❛!✐D✉❡ ❝♦♥0!✐!✉❡ ✉♥❡

♣*❡♠✐L*❡ 6!❛♣❡ ✈❡*0 ❧❛ ♠♦❞6❧✐0❛!✐♦♥ ❞✉ ❝♦♥!*M❧❡ ❞✉ ✈♦❧ ❞❡ ❧✬❛❜❡✐❧❧❡ ❞❛♥0 ❧❡0 !*♦✐0 ❞✐✲

♠❡♥0✐♦♥0 ❞❡ ❧✬❡0♣❛❝❡✱ ❝♦♠♠❡ ✐❧❧✉0!*6 ♣❛* ❧❡ ♣✐❧♦!❡ ❛✉!♦♠❛!✐D✉❡ ❆▲■❙ ❬N♦*!❡❧❧✐ ❡! ❛❧✳✱

✷✵✵✽✱ ✷✵✶✵❛❪ ✭✈♦✐* ❝❤❛♣✐!*❡ ✺✮✳

✶✷✶





❘♦✉❜✐❡✉ ❡& ❛❧✳ ✷✵✶✸✱ ■❊❊❊ ❙❡♥3♦43 ❏♦✉4♥❛❧

❈❤❛♣✐%&❡ ✹

❆&%✐❝❧❡ ■■■✳ ❆ %✇♦✲❞✐&❡❝%✐♦♥❛❧ ✶✲❣&❛♠

✈✐7✉❛❧ ♠♦%✐♦♥ 7❡♥7♦& ✐♥7♣✐&❡❞ ❜② %❤❡

✢②✬7 ❡②❡

❆!"✐❝❧❡ ♣✉❜❧✐* ❡♥ ✷✵✶✸ ❞❛♥2 ■❊❊❊ ❙❡♥%♦'% ❏♦✉'♥❛❧ ✿ ♣♣✳ ✶✵✷✺✕✶✵✸✺✳

❆✉"❡✉!2 ✿ ❋!*❞➥✐❝ ▲✳ ❘♦✉❜✐❡✉✱ ❋❛❜✐❡♥ ❊①♣❡!"✱ ●✉✐❧❧❛✉♠❡ ❙❛❜✐!♦♥✱ ❡" ❋!❛♥❝❦

❘✉✣❡!✳

◆♦✉# ❛❜♦&❞♦♥# ❞❛♥# ❝❡ ❝❤❛♣✐.&❡ ❧❛ ❝♦♥❝❡♣.✐♦♥ 0❧❡❝.&♦♥✐1✉❡ ❞✬✉♥ ❝❛♣.❡✉& ❞❡ ✢✉①

♦♣.✐1✉❡✱ 0❧0♠❡♥. ❡##❡♥.✐❡❧ ❞❛♥# ❧❡ ❣✉✐❞❛❣❡ ❛✉.♦♠❛.✐1✉❡ ❞❡# ♠✐❝&♦✲&♦❜♦.# ✐♥#♣✐&0# ❞✉

❝♦♠♣♦&.❡♠❡♥. ❞❡# ✐♥#❡❝.❡#✳ ❈❡ ❝❛♣.❡✉& ❞❡ ✢✉① ♦♣.✐1✉❡ &0♣♦♥❞ ; .♦✉.❡# ❧❡# ❝♦♥.&❛✐♥.❡#

❞❡ ♠✐#❡ ❡♥ <✉✈&❡ ; ❜♦&❞ ❞❡# ❢✉.✉&# ❞&♦♥❡# ❛✈❡❝ ♥♦.❛♠♠❡♥. ✉♥❡ ♠❛##❡ ✐♥❢0&✐❡✉&❡ ❛✉

❣&❛♠♠❡ ✭♦♣.✐1✉❡ ✐♥❝❧✉#❡✮✱ ✉♥❡ ♣❡.✐.❡ .❛✐❧❧❡ ✭23.3 × 12.3 mm✮ ❡. ✉♥❡ ❢❛✐❜❧❡ ❝♦♥#♦♠✲

♠❛.✐♦♥ ✭< 0.23 W ✮✳ ■❧ ❡①♣❧♦✐.❡ ♣❧❡✐♥❡♠❡♥. #❛ &0.✐♥❡ ❞❡ ✻ ♣✐①❡❧# ✭❝❤❛♠♣ ✈✐#✉❡❧ ❤♦✲

&✐③♦♥.❛❧ ✿ 28.8◦✮ ❝♦♥#.✐.✉❛♥. ✺ ♣❛✐&❡# ❞❡ ♣✐①❡❧# ✭✐✳❡✳✱ ✺ ❉❊▼#✮✱ 1✉✐ #✉& ❧❛ ❜❛#❡ ❞✉

✓ .❡♠♣# ❞❡ ♣❛##❛❣❡ ✔ ♣❡✉✈❡♥. ❝❤❛❝✉♥❡ ❢♦✉&♥✐& ✉♥❡ ❡#.✐♠❛.✐♦♥ ❞❡ ❧❛ ✈✐.❡##❡ ❛♥❣✉❧❛✐&❡

❞❡ ❞0✜❧❡♠❡♥. ❞✬✉♥❡ #❝L♥❡ ♥❛.✉&❡❧❧❡ ❞❛♥# #♦♥ ❝❤❛♠♣ ✈✐#✉❡❧✱ ❡. ❝❡✱ ❞❛♥# ✉♥❡ ♣❧❛❣❡

❞❡ ❞❡ ♠❡#✉&❡ ❞❡ ❬25◦.s−1; 350◦.s−1❪✳ ❈❡ ♠✐❝&♦✲❝❛♣.❡✉& ❞❡ ✢✉① ♦♣.✐1✉❡ ❡♠❜❛&1✉❡ ✉♥

#❡✉❧ ♠✐❝&♦✲❝♦♥.&♦❧❡✉& ✶✻❜✐.# ✭❞#P■❈✸✸❋❏✶✷✽●P✽✵✷ ▼✐❝&♦❝❤✐♣➞✮ ❡. ♣❡✉. X.&❡ ❞♦.0

❞❡ ❢♦♥❝.✐♦♥♥❛❧✐.0# 0✈♦❧✉.✐✈❡#✳ ◆♦✉# 0.✉❞✐♦♥# ❞❛♥# ❝❡ ❝❤❛♣✐.&❡ ❞❡✉① ♠0.❤♦❞❡ ❞❡ ❢✉#✐♦♥

♠✉❧.✐✲#❡♥#♦&✐❡❧❧❡# ❞❡ ❝❡# ✺ ♠❡#✉&❡# ❞❡ ✢✉① ♦♣.✐1✉❡✳ ▲❛ ♣&❡♠✐L&❡ ♠0.❤♦❞❡ &❡♣♦#❡ #✉&

✉♥❡ ❝♦♠❜✐♥❛✐#♦♥ ❜❛#0❡ #✉& ❧✬♦♣0&❛.❡✉& ♠!❞✐❛♥✱ ❛##✉&❛♥. ❧❛ ❢✉#✐♦♥ ❞❡ ❝❡# ✺ ❞❡&♥✐L&❡#

♠❡#✉&❡# ❡♥ ✉♥❡ #❡✉❧❡ ❞♦♥. ♥♦✉# ✈❡&&♦♥#✱ ❞❛♥# ❝❡ ❝❤❛♣✐.&❡✱ 1✉✬❡❧❧❡ ❛♠0❧✐♦&❡ ❣&❛♥❞❡♠❡♥.

❧❡# ♣❡&❢♦&♠❛♥❝❡# ❞✬❡#.✐♠❛.✐♦♥ ❞✉ ✢✉① ♦♣.✐1✉❡ ❡♥ .❡&♠❡ ❞❡ &❛❢&❛Z❝❤✐##❡♠❡♥. ✭&❡❢&❡)❤✲

&❛,❡✱ frefresh✮ ❡. ❞❡ ♣&0❝✐#✐♦♥ ❞❡ ♠❡#✉&❡ ✭Stderror✮ ❡♥ ❝♦♠♣❛&❛✐#♦♥ ❞✬✉♥ #✐♠♣❧❡ ❝❛♣.❡✉&
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A two-directional 1-gram visual motion sensor

inspired by the fly’s eye
Frédéric L. Roubieu, Student Member, IEEE, Fabien Expert, Student Member, IEEE, Guillaume Sabiron, Student

Member, IEEE, and Franck Ruffier, Member, IEEE

Abstract—Optic flow based autopilots for Micro-Aerial Ve-
hicles (MAVs) need lightweight, low-power sensors to be able
to fly safely through unknown environments. The new tiny 6-
pixel visual motion sensor presented here meets these demanding
requirements in term of its mass, size and power consumption.
This 1-gram, low-power, fly-inspired sensor accurately gauges
the visual motion using only this 6-pixel array with two different
panoramas and illuminance conditions. The new visual motion
sensor’s output results from a smart combination of the informa-
tion collected by several 2-pixel Local Motion Sensors (LMSs),
based on the “time of travel” scheme originally inspired by the
common housefly’s Elementary Motion Detector (EMD) neurons.
The proposed sensory fusion method enables the new visual
sensor to measure the visual angular speed and determine the
main direction of the visual motion without any prior knowledge.
By computing the median value of the output from several LMSs,
we also ended up with a more robust, more accurate and more
frequently refreshed measurement of the 1-D angular speed.

Index Terms—Optic flow, Vision, Fly, Bio-inspiration, Neuro-
morphic, Motion sensor.

I. INTRODUCTION

M ICRO AERIAL VEHICLES (MAVs) constitute a class

of Unmanned Aerial Vehicles (UAVs) which can be

used for the remote observation of hazardous environments

without any risk to human life. MAVs need to be equipped

with onboard sensors and flight control devices in order to per-

form tasks such as those performed by optic flow (OF) based

aerial robots: obstacle avoidance [1]–[7], terrain following and

automatic landing [2], [8]–[12], tracking a moving target [13],

[14] and controlling their forward speed [15]. MAVs endowed

with these abilities would acquire greater autonomy, and at the

same time, the ground operators’ arduous task of piloting an

almost constantly invisible aircraft would be greatly simplified.

Nature has taught us that flying insects, which came into
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existence several hundred million years ago, have developed

particularly elegant solutions to the problem of navigating

swiftly in unfamiliar and complex environments. Winged

insects are able to enter and explore unknown environments

without any sonar or laser range-finder: their visually guided

performances depend mainly on OF sensing processes [10],

[16]–[25]. The OF perceived by a moving agent (an animal,

human or robot) is a vector field that gives the angular speed

ω (magnitude in ◦/s) at which any contrasting object in the

environment is moving past the eyes [26]. The fly’s eye has

been shown to be sensitive to two-directional motion [27]

and also to be driven by a minimum of two photoreceptors

inside the same ommatidium [28], [29]. The fly’s eye is

therefore one of the most suitable animal model available for

studies on motion detecting neurons. Based on studies on the

fly’s visual system previously conducted at our Laboratory,

in which electrophysiological recordings were performed on

single neurons while microstimuli were being applied to single

photoreceptor cells in a single ommatidium of the compound

eye [28], a 2-pixel Local Motion Sensor (LMS) was developed

[30], based on the principle known today as the “time of

travel” scheme [31].

Using such bioinspired sensors, various simulated vision-based

autopilots [31]–[34] based on OF sensing techniques were

subsequently developed at our Laboratory, and a series of

terrestrial [31], [35] and aerial robots [9], [14], [36], [37] were

constructed. The “robotfly” (“Robot Mouche” in French) built

by Franceschini’s team in 1991 was a completely autonomous

wheeled robot equipped with a compound eye consisting of

114 electronic LMSs implemented in analog technology using

Surface Mounted Devices (SMDs) [35]. The “robotfly” was

able to steer its way through an unknown field full of obstacles

at a relatively high speed (up to 50 cm/s) [35]. The “robotfly”

also implemented two-directional analog LMSs using a maxi-

mum operator to determine the direction of motion [35], [38].

However, the size and mass of these analog sensors were not

compatible with the drastic constraints imposed on free flying

MAVs in terms of their mass (they have to weigh less than

100 g), size (they must measure less than 15 cm) and power

consumption.

Several teams therefore started to design new visual motion

sensors by mixing analog and digital processing, which are

lighter and easier to implement onboard MAVs than a camera-

based system [39] or fully analog sensors. One possible

approach consisted in developing visual motion sensors using

analog and digital Very-Large-Scale Integration (VLSI) tech-

nologies, such as those based on the Reichardt correlator [40]–
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Fig. 1. Top view of the 1-gram microcontroller-based visual motion sensor (size: 23.3 × 12.3 mm) with its lens (focal length: 2 mm) mounted on the
one-dimensional 6-photosensor array, and bottom view of the PCB (thickness: 0.4mm) with its tiny low-power 16-bit µC (dsPIC from Microchip c© Company).

[43], the Pulse-based velocity sensor [44] or Barrows’ design

[45]. Only a few VLSI-based sensors have been implemented

onboard MAVs so far (flight with limited degrees of freedom:

[46], free-flight: [2], [45]).

Off-the-shelf mouse sensors were also recently characterized

[47] and mounted onboard terrestrial [48], [49] and aerial

robotic platforms [5], [50]. The performances of these systems

have not been properly assessed so far in terms of their

resolution, accuracy, invariance to illuminance and contrast,

apart from two studies [51], [52].

At our Laboratory, several versions of 2-pixel motion sen-

sors based on the “time of travel” scheme originally based

on the fly’s eye [29] were developed using either a Field

Programmable Gate Array (FPGA) [53] or a microcontroller

(µC) [54]–[60].

In the current study, we present a new tiny µC-based visual

motion sensor weighing only 1 gram (Fig. 1), which receives

visual inputs from a 6-pixel array integrated circuit. By

combining several 2-pixel motion sensors, the performances

of the visual motion sensor were highly improved. The first

sensory fusion method of this sensor produces a combined

output based on the median value of 5 LMS measurements in

a single pre-determined direction of motion which drastically

improved the accuracy and the refresh rate (frefresh) of the

angular speed measurements [58]. An improved sensory fusion

method determines an accurate estimation of the direction and

the magnitude of the angular speed in the detected direction

of motion. This whole processing was embedded into a µC
which has sufficient computational resources for carrying out

the requisite signal processing tasks efficiently, while its mass

is compatible with the very low avionic payload allowed on

MAVs.

The first sensory fusion method implemented in our tiny µC-

based visual motion sensor is presented in the section II that

gives a short description of the bio-inspired visual system and

the principles underlying the 2-pixel “time of travel” scheme.

Experiments performed on the visual motion sensor, which

was tested indoors, are described in Section III. The results

of these experiments are presented in Section IV. Section V

describes the results obtained thanks to an improved sensory

fusion method able to perfectly determine the direction of

motion without any prior knowledge and to give an accurate

and robust assessment of the magnitude of the motion in term

of angular speed.

II. DESCRIPTION OF THE DEVICE

1) Photoreceptor configuration: The front end of the visual

motion sensor designed and developed in this study was based

on an off-the-shelf photosensor array (iC-LSC from iCHaus

Company, http://www.ichaus.de) consisting of 2 rows of 6 pho-

todiodes. A fixed-gain current amplifier is integrated into each

photodiode. In order to detect a large number of contrasting

objects at low illuminance levels, the photosensors in each

column were paired to increase the signal to noise ratio by in-

creasing the sensitive surface two-fold from 300 µm×800 µm
to 300 µm×1600 µm. This one-dimensional 6-pixel array was

then mounted on a cheap, lightweight lens (Sparkfun SEN-

00637) borrowed from a mobile telephone camera (Fig. 1).

As in flies, each photosensor features a Gaussian Angular

Sensitivity Function (ASF), [61] [Fig. 2(b)], which results

in insects from the spatial convolution of the photoreceptor’s

diameter with the point spread function of the facet lenslet

[62], [63] and in our sensor, from the defocusing of the lenslet.

The ASF of the “lens-photoreceptor” system was assessed by

slowly rotating the visual motion sensor placed 50 cm in front

of a point light source [Fig. 2(a)]. By defocusing the lens (i.e.,

by reducing the distance between the lens and the retina), we

obtained a similar Gaussian sensitivity profile to that of the

housefly. The full width at half height of the Gaussian curve

(the acceptance angle) ∆ρ determines the cutoff frequency

of the low-pass spatial filtering process (Fig. 3), whereas the

inter-receptor angle ∆ϕ (i.e., the angle between two adjacent

optical axes) determines the angular speed (ωm
i ) measurement

range.

The defocusing process was adjusted to obtain an appropriate
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Fig. 2. (a) Scheme of the test bench used to determine the Gaussian ASFs of the 6-photosensor array obtained by slowly rotating the visual motion sensor
mounted on the motor shaft of a stepper motor and placed at a distance D = 50 cm in front of a fixed point light source. (b) Raw Gaussian ASFs of the
photosensor array.

bell-shaped ASF projected onto the photosensor array, as

occurs in some diurnal insects [66], where:

∆ϕ = ∆ρ (1)

The visual photoreceptor axes are separated by an inter-

receptor angle ∆ϕ = 4◦ and each pixel features an acceptance

angle ∆ρ = 4◦ [Fig. 2(b)]. The horizontal Field Of View

(FOV) of the visual motion sensor is 28.8◦.

2) Local Motion Sensor (LMS): Each LMS assesses the

angular speed ωi [i.e., a 1-D component of the OF, Fig. 3(a)]

of any dark-to-light (ON) or light-to-dark (OFF) contrast in

the same way as the fly’s motion-detecting neurons. This

“perceived” angular speed ωi is transformed by the optical

system into a delay ∆ti between 2 neighboring photosensor

signals defined as follows:

∆ti =
∆ϕ

ωi
(2)

The functional “time of travel” scheme used here consists of

6 processing steps [30], [54], [65] measuring the delay ∆ti,
thus giving the angular speed ωm

i (Fig. 3):

• Step 1: Low-pass spatial filtering is achieved by defocus-

ing the lens, thus giving each pixel a Gaussian ASF.

• Step 2: Analog bandpass filtering: high-pass filtering

(fc = 20 Hz) enhances the contrast information and

eliminates the DC component of the photoreceptor sig-

nals. This step is followed by a first-order low-pass

filtering step, where fc = 136 Hz.

• Step 3: Digitizing and filtering: second-order fixed-point

digital low-pass filtering (fc = 30 Hz) reduces any

high frequency noise introduced by the artificial indoor

lighting (100 Hz).

• Step 4: Hysteresis thresholding is performed to distin-

guish between ‘ON’ and ‘OFF’ contrast transitions (i.e.

dark-to-light and light-to-dark transitions, respectively) in

each channel.

• Step 5: A time delay circuit is triggered by one channel

and stopped by the neighboring channel. This circuit

measures the time ∆ti elapsing between similar (‘ON’

or ‘OFF’) transitions occurring in two adjacent photore-

ceptors.

• Step 6: Computing the 1-D angular speed of a contrast in

the visual field of the LMS, using a look-up table which

converts the delay ∆ti into the measured angular speed

ωm
i .

3) Implementation and optimization: Our visual motion

sensor generates 5 simultaneous local measurements ωm
i of

the 1-D angular speed of a moving natural panorama in a

measurement range of more than one decade, ranging from

25 ◦/s to 350 ◦/s. The sensor output is the median value

ωm
median of the 5 LMSs. The whole processing of the 5

LMSs and the computation of the median value were carried

out on a dsPIC33FJ128GP802 µC working at a sampling

frequency of 2 kHz and running at 40 MIPS. This low-

power 16-bit µC was a very good candidate in term of size

footprint (28 pins QFN-S package, see Table I for dimension),

power consumption and performances allowing it to carry out

the whole processing using a 16-bit MAC unit (“Multiplier

+ ACcumulation”), 1 SPI and 6 × 12 − bit ADCs (Analog

to Digital Converters) while meeting with the constraints of

MAVs [see Fig. 3(a)].

The µC embedded onboard the visual motion sensor (Fig.

1) is connected to an external Bluetooth module via a test-

board. This radio link allows the operator to record all

the data synchronously and to convey it to a computer for

analysis. The program of the 16-bit µC was developed on
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Fig. 3. General processing architecture of the visual motion sensor, including its 5 LMSs. (a) Processing architecture of one LMS. The visual signals delivered
by neighboring photoreceptors are filtered both spatially and temporally by an analog bandpass filter with cutoff frequencies [20 Hz, 136 Hz] and a second
order fixed-point digital low-pass filter with a cutoff frequency of 30 Hz. The filtered photoreceptor signals are then thresholded to determine the angular
speed ωm

i , using the “time of travel” scheme previously developed at our Laboratory [30], [31], [64], [65]. The “time of travel” ∆ti, which is proportional
to the inverse of ωm

i , elapsing between two filtered photoreceptor signals is measured by a timer: ∆tON and ∆tOFF are measured by means of ON and
OFF contrast distinguishing processes [29]. These delays ∆ti are used to generate the 1-D angular speed ωm

i in the visual field of the 1-D LMS. (b) The 5
LMS output signals are combined to generate a more robust and frequently refreshed 1-D median measured angular speed ωm

median. The overall processing
was carried out on a tiny low-power 16-bit µC at a sampling rate of 2 kHz.

Matlab/Simulink c© environment and compiled using a specific

toolbox (available on http://www.kerhuel.eu) developed for

dsPIC µCs.

In order to be able to perform all the processing with the

limited computational power of a tiny µC, several optimiza-

tions in the sensory fusion method were required to reduce

the computational load. The order of the digital low-pass filter

embedded in the µC was reduced two-fold from the 4th [54]

to 2nd order. This reduction was possible thanks to the on-

chip pre-amplification unit of the LSC retina, which reduces

the noise. One simple 16-bit free counter was used to measure

the 10 delays ∆t (∆tON and ∆tOFF of the 5 LMSs) required

to estimate visual motion in the FOV of the 5 LMSs.

4) Characteristics of the visual motion sensor: The mass

balance of our tiny device, including all the electronics, does

not exceed 1 gram, which amounts to only 0.2 g per LMS

(Table I). It is also a low-power visual motion sensor with a

consumption of only 74 mA. The specifications of the visual

motion sensor are summarized in Table II.

We recenty showed that by using the same fusion algorithm,

the measurement range of a similar sensor can be tuned to

lower angular speeds by adjusting the optical parameters as

TABLE I
MASS BALANCE OF THE VISUAL MOTION SENSOR

Parts Mass (g)

PCB thickness 0.4 mm, 3 cm2 0.402
Lenslet Sparkfun SEN-00637 0.17

Lenslet-mount 0.11
LSC iC-Haus retina 0.13
µC dsPIC 6× 6 0.1

Electronic components 0.162
Estimated total mass = 1.074

Real mass = 0.98 g
Mass per 1-D LMS < 0.2 g

shown in [67].

III. EXPERIMENT

The visual motion sensor was tested indoors in natural

light at a constant illuminance of approximately 1500lux,

corresponding to the sunny daylight coming from a window.

The visual motion sensor was placed at an orthogonal distance
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TABLE II
SPECIFICATIONS OF THE VISUAL MOTION SENSOR

Retina LSC iC-Haus

Inter-receptor angle ∆ϕ (◦) 4
Acceptance angle ∆ρ (◦) 4

Photodiode size (µm) 300× 1600
Pixel pitch (µm) 420

Focal length of the lens (mm) 2
Fnumber of the lens 2.8

Angular velocity range (◦/s) [25; 350]
Resolution (◦/s) [Min; Max] [7× 10−2; 14.5]

Sensitivity (◦/s/LSB) 7.63× 10−4

Measured mass with optics (g) 0.98 g

Fig. 4. Test bed used to assess the performances of the first sensory
fusion method of the visual motion device based on a 6-pixel 1-D array.
The visual motion sensor was placed at an orthogonal distance Dh from a
piece of wallpaper (forming a printed belt), at an arbitrary angle α between

the direction of the wall motion (~Vwall) and the main sensor axis. The printed
belt depicting a natural colored panorama (inset) was stretched between two
drums actuated thanks to a motor and a V-belt. The printed belt was made
to move horizontally in a pre-determined preferred direction in front of the
visual motion sensor at an angular speed ωwall.

Dh from a printed belt of wallpaper showing a natural colored

panorama. The printed band was stretched between 2 drums

actuated thanks to a motor and a V-belt (see enclosed frame

Fig. 4). The visual motion sensor was oriented at an arbitrary

angle α between the direction of the wall motion (~Vwall) and

the main sensor axis (Fig. 4). The panorama was therefore

made to move horizontally perpendicularly to the visual mo-

tion sensor which generated a ground truth optic flow seen by

the sensor ωwall and defined by (3):

ωwall =
Vwall

Dh
× sin2α (3)

By imposing an arbitrary orientation angle α to the visual

motion sensor, we wanted to check if the measurements

obtained with each ith LMS were in line with (4):

ωm
i =

Vwall

Dh
× sin2(α+ (i− 3)×∆ϕ) (4)

The dynamic indoor responses were assessed by the visual

motion sensor at α = 60◦ and α = 80◦ with 2 different printed

belts:

• The first belt was decorated with a natural colored

panorama [Fig. 5(m)],

• The second one was lined with a colored indoor panorama

featuring a laboratory [Fig. 5(n)].

The wallpaper was moved using a triangular speed law in-

volving a series of velocity ramps with various slopes ranging

from 27 ◦/s to 230 ◦/s with α = 60◦ and from 28 ◦/s to

312 ◦/s with α = 80◦.

IV. RESULTS

The dynamic indoor responses of the visual motion sensor

and the median output of the 5 LMSs were studied in terms

of the refresh rate (frefresh) and the standard deviation error

(Stderror) computed as follows:

Stderror = std(ωm
i − ωwall) (5)

The Stderror therefore corresponds to the dispersion of the

data between the measured angular speed ωm
i and the ground-

truth value ωwall. The main contributor is that of the 5 angular

speed measurements ωm
i which is most frequently used to

calculate the median angular speed ωm
median. The refresh

rate (frefresh) was defined as the number of new motion

measurements per second. A new motion measurement occurs

when a contrast transition is detected by one pixel and then

by the second pixel with any delay ∆t in the angular speed

measurement range [i.e. in the 25 ◦/s to 350 ◦/s range, see

(2)].

As was to be expected in view of (4), the 5 LMS output

measurements are different [Fig. 5(a), (d), (g) and (j)] because

of the different orientations of the visual axes of the LMSs

in the sensor’s FOV. Figs. 5(c), (f), (i) and (l) show that the

main contributors to the median value at the orientation angles

α = 60◦ and α = 80◦ were the 3rd LMS and the 5th LMS,

respectively. For both panoramas, the median value accurately

followed the angular speed of the wall ωwall, giving a Stderror
smaller than 12 ◦/s in comparison with the value obtained

with the main contributor, which was between 19 ◦/s and

24 ◦/s. In addition, the refresh rate of the median value was

found to increase more than 4-fold (67 Hz) in comparison

with that observed in the case of the LMS main contributor

(15.7 Hz) [Figs. 5(b), (e), (h) and (k)].

V. ESTIMATION OF THE DIRECTION AND THE MAGNITUDE

OF THE VISUAL MOTION

A. Device description

The improved sensory fusion method of the new visual

motion sensor presented in this section is based on the front

end described in section II-1, having the optical characteristics

described in Table II in terms of the inter-receptor angle

∆ϕ and the acceptance angle ∆ρ. This visual motion sensor
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Fig. 5. Dynamic indoor responses of the visual motion sensor. The visual motion sensor was placed at an orthogonal distance Dh = 24 cm from a moving
printed belt lined with a colored natural panorama depicting either bushes and trees or a laboratory. The visual motion sensor was placed at 2 different

orientation angles α = 60◦ and α = 80◦ between the direction of the wall motion (~Vwall) and the main sensor axis to check that each LMS measures visual
motion in its own visual field [see (4)]. The printed belt was moved using a triangular law giving a triangular pattern of angular speed variations involving a
series of velocity ramps with different slopes ranging from 27 ◦/s to 230 ◦/s (α = 60◦) and from 28 ◦/s to 312 ◦/s (α = 80◦) [see (3)]. (a), (d) , (g)
and (j) Dynamic indoor responses of each LMS in the visual motion sensor placed at an orientation angle α = 60◦ [(a) and (d)] and α = 80◦ [(g) and (j)].
Note that each LMS output differed from the others because of the different orientations of the LMS visual axes in the sensor’s FOV as expected according
to (4). (b), (e), (h), and (k) Dynamic indoor responses in terms of median values in comparison with those predicted by the main contributor, along with
the standard deviation error (Stderror) and refresh rate (frefresh) characteristics. (c), (f) , (i), and (l) Vertical bar graph showing which LMS in the visual
motion sensor was the main contributor to the median value computed. (m) and (n) The natural colored panorama depicted on the printed belt (Fig. 4) used
to assess the visual motion sensor’s performances.

is able to estimate the direction and the magnitude of the

visual motion ωmax
median on the basis of 10 angular speed

measurements: 5 LMSs are used to compute the median

angular speed ωm
median+/− in each direction of motion (“+”

or “−”) (Fig. 6). In order to determine the direction of

the visual motion without any prior knowledge, empirical

findings [38] have shown that, within a given angular speed

range, the angular speed of the contrasts detected in the

correct motion direction is usually greater than that measured

in the opposite direction. Based on this finding, by simply

choosing the maximum value of the median angular speeds

in the two directions ωm
median+ and ωm

median−, it is possible

to determine the direction of the visual motion accurately

in the [−350 ◦/s;−80 ◦/s] ∪ [80 ◦/s; 350 ◦/s] range. The

]− 80 ◦/s; 80 ◦/s[ range corresponds to an uncertainty range,

where the direction and the magnitude of the angular speed

cannot be assessed accurately. As soon as the sensor detects

visual motion in the ] − 80 ◦/s; 80 ◦/s[ range, the output

signal ωmax
median magnitude and direction are voluntary set to

“no value” without any error.

B. Optimization of the motion direction estimates

To optimize the motion direction estimation, we decided to

filter each median angular speed measurement (ωm
median+ and

ωm
median−) using a rate-limiter that removes any value that is

too different from the previous angular speed measurement

knowing the OF rate is bounded. A sliding window filters

out any motion direction error by selecting the direction

occurring more than 8 times among the last 16 detected

motion directions. Thanks to this filtering process, the motion

direction was perfectly determined (Fig. 6).

The improved sensory fusion method was optimized in order

to increase the number of LMSs embedded into the same µC
two-fold. The same filtered visual signals were recombined

in order to compute an accurate visual angular speed and

the direction of the visual motion while keeping the digital

processing frequency at 2 kHz. The median computation step

was optimized by computing the median value only whenever

a new visual motion measurement occurred, i.e., whenever

a new ith LMS angular speed ωm
i+/− was measured: this

algorithm optimization prevents the µC from being overloaded

by computing the median value at all the time steps at which

none of the LMS outputs are refreshed.

All these improvements have made the tiny µC capable of

carrying out all the processing operations required to deter-

mine the median 1-D angular speed of a natural panorama

ωmax
median and to estimate the direction of motion with a mean

computational load of only 53% (minimum: 43%; maximum:

82% -very short peaks-) at a sample frequency of 2 kHz.

C. Experiment

The static and dynamic responses of the improved sensory

fusion method of the visual motion sensor presented here

were obtained under 2 lighting conditions. The background
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Fig. 6. General processing architecture of the improved sensory fusion method based on 10 LMSs. The visual signals delivered by the photoreceptors are
filtered and thresholded by the LMSs to determine the angular speeds ωm

i+/−
using the “time of travel” scheme in the two directions of motion [30], [31],

[38], [65]. The visual motion is measured in the opposite direction by reversing the inputs to each LMS. A rate limiter function filters out any median angular
speed measurement that changes too fast. The motion direction and magnitude ωmax

median are estimated based on a simple algorithm, using the maximum
median value of the angular speed ωm

median+
and ωm

median− computed from the 5 LMSs in the 2 directions of motion. A sliding window removes any

motion direction error by selecting the direction occurring more than 8 times among the last 16 detected motion directions. This improved sensory fusion
method allows to measure the motion magnitude efficiently in the [−350 ◦/s;−80 ◦/s]∪ [80 ◦/s; 350 ◦/s] range and to determine the direction of motion
without any prior knowledge.

irradiance values were measured in W.cm−2 using a digital

radiometer (ILT1700) which gives the irradiance in the di-

rection of the radiometer’s sensor. The visual motion sensor

was placed at an orthogonal distance Dh = 24 cm from

a printed belt, oriented at an angle α = 90◦. The printed

belt was stretched between 2 drums actuated by a motor

and a V-belt which could be made to rotate either clockwise

or anticlockwise (see inset in Fig. 7). The panorama was

therefore made to move horizontally in two directions with

respect to the visual motion sensor at an angular speed ωwall

according to (3). The static responses of the visual motion

sensor were assessed by applying a series of 30 ◦/s fifteen-

second steps to the moving wall at a rotational speed ωwall in

the [−315 ◦/s;−105 ◦/s] ∪ [105 ◦/s; 315 ◦/s] range in the

two opposite directions. These experiments were conducted

with an irradiance of 5× 10−3 W.cm−2.

The dynamic characteristics of the visual motion sen-

sor were assessed at two different illuminance values: at

2.5 × 10−2 W.cm−2, which corresponds to strong sunlight

coming from a windows and 5 × 10−3 W.cm−2, which

corresponds to strong indoor lighting. We applied a 60-second

stimulus to the moving wall, involving a series of velocity

ramps with different slopes in the [−300 ◦/s; 300 ◦/s] range.

The belt was covered with a natural colored panorama showing

bushes and trees [Fig. 8(g)] or with a colored indoor panorama

featuring a laboratory [Fig. 8(h)].

D. Results

To assess the static characteristics of the visual motion

sensor, we studied the mean standard deviation of the data,

Fig. 7. Test bed used to assess the performances of the visual motion device
including the 10 LMSs and the motion direction detection unit. The visual
motion sensor was placed at an orthogonal distance Dh = 24 cm from
a printed belt. In this case, the angle α between the direction of the wall

motion (~Vwall) and the main sensor axis was α = 90◦. The belt printed with
a natural colored panorama depicting either bushes and trees or a laboratory,
was stretched between two drums actuated by a motor and a V-belt: the belt
could be made in this case to rotate either clockwise or anticlockwise. The
panorama was therefore made to move horizontally in either direction.

which was computed as follows:

Std = std(ωmax
median) (6)

The best linear approximation was computed to determine

the accuracy of our visual motion sensor. This criterion was

calculated on the basis of (7):

ωmax
median = a× ωwall (7)
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where ωmax
median is the output signal of the visual motion sensor

and ωwall is the angular speed of the moving wall as seen by

the visual motion sensor. The regression coefficient a of (7)

was used to compute the linearity error given by (8):

Linearity Error(%) = |(a− 1)| × 100 (8)

The dynamic responses of the median output ωmax
median of the

tiny visual motion sensor were assessed in comparison with

the perceived angular speed ωwall in terms of the refresh rate

and the Stderror defined in (5).

1) Static characteristics: Figs. 8(a) and (b) show the

static characteristics of the visual motion sensor tested in-

doors in front of a moving wall at an irradiance value of

5 × 10−3 W.cm−2. As shown in Figs. 8(a) and (b), the

visual motion sensor responded accurately with a really low

LinearityError rate [see (8)] of less than 1% and an excel-

lent dispersion of less than 7 ◦/s . In the measurement range

of [−350 ◦/s;−80 ◦/s]∪ [80 ◦/s; 350 ◦/s], the visual motion

sensor estimated the direction of motion perfectly without

making a single direction error.

2) Dynamic characteristics: Figs. 8(c) and (d) show the

dynamic responses of the visual motion sensor at an irradiance

of 2.5× 10−2 W.cm−2. The median value closely obeyed the

triangular law imposed on the angular speed of the wall ωwall,

giving a low Stderror of only 7.4 ◦/s and 6.23 ◦/s with

the outdoor and indoor panoramas, respectively. At a lower

irradiance of 5 × 10−3 W.cm−2, the median value ωmax
median

again closely obeyed the triangular law imposed on the angular

speed of the moving wall ωwall, with a Stderror of 9.2 ◦/s
in the case of the bushes and trees panorama and 5.44 ◦/s
in that of the laboratory panorama. Despite the difference in

the irradiance, the Stderror was always of a similar order

of magnitude. In any case, the visual motion sensor gave a

highly refreshed output. As was to be expected from [57], the

frefresh increased with the irradiance, amounting to 50.6 Hz
at an irradiance of 5×10−3 W.cm−2 and 74.5 Hz at a higher

value of 2.5×10−2 W.cm−2 when the outdoor panorama was

displayed on the printed belt [Fig. 8(c) and (e)]. Similar results

were obtained with the indoor panorama: frefresh of 39.7 Hz
at 5×10−3 W.cm−2 and 62.1Hz at 2.5×10−2 W.cm−2 [Fig.

8(d) and (f)]. The motion direction was estimated perfectly by

the sensor without making a single error.

In view of these performances, this novel tiny visual motion

sensor can be said to provide a remarkably promising tool for

performing robotic tasks such as obstacle avoidance and terrain

following in forward flight, while meeting the requirements in

very low avionic payload, since the total mass balance of the

two-directional visual motion sensor does not exceed 1 g.

VI. CONCLUSION

In this study, two different sensory fusion methods of a

1-gram insect-inspired visual motion sensor were evaluated

indoors under two different lighting conditions. The dynamic

and static responses of this novel fly-inspired visual motion

sensor were used to assess the performances of these very

lightweight, low-power sensors, which can be mounted on-

board tomorrow’s MAVs for obstacle avoidance and speed

control purposes.

The first sensory fusion method of our 1-gram µC-based

visual motion sensor, consisting of a 5-LMS array, gave

5 simultaneous angular speed measurements and a single

combined output in the [25 ◦/s; 350 ◦/s] range, in a single

preferred direction of visual motion. The results obtained in

the study (Fig. 5) show how the accuracy and the robustness of

the angular speed measurement have been improved thanks to

our simple method of data combination based on the median

operator. This method improves the Stderror more than 1.7-

fold from 19 ◦/s in the case of the main contributor to the

median value to 11 ◦/s in the case of the median angular speed

ωm
median. The refresh rate of the visual motion sensor was

found to have increased at least 4-fold (67 Hz) in comparison

with that of the main contributor (15.7 Hz).

The excellent performances obtained with the first sensory

fusion method of this 1-gram fly-inspired visual motion sensor

led us to design an improved sensory fusion method incor-

porated into our visual sensor based on the same electron-

ics. These improvements allowed to determine the direction

and magnitude ωmax
median of visual motion without any prior

knowledge by recombining the filtered visual signals and

processing the “time of travel” in the two opposite directions.

This improved sensory fusion method of the 1-gram µC-based

visual motion sensor designed and built at our Laboratory is

based on a 10 LMS-array which can measure the direction

and the magnitude of motion in the [−350 ◦/s;−80 ◦/s] ∪
[80 ◦/s; 350 ◦/s] range, thanks to the maximum operator

value computed between the median angular speed in the

two directions of motion (ωm
median+ and ωm

median−). The

dynamic and static characteristics of this novel sensor (Fig.

8) were used to assess its performances. It consistently mea-

sured the 1-D angular speed accurately with an excellent

LinearityError < 1%. The impressive results obtained

indoors were robust since the Stderror was of the same order

of magnitude (less than 10 ◦/s) under two different irradiance

conditions, whether the printed belt simulating an unknown

environment depicted a natural landscape or a laboratory. Due

to the size of the setup we used, the performances have been

assessed only indoors. Nevertheless, we have shown recently

in [57] that a very similar visual motion sensor based on the

same retina could robustly and accurately measure the OF

indoors and outdoors in a 1.5-decade illuminance range with

strong transient variations.

This stand-alone sensor weighs less than 1 g. The out-

standing performances of this tiny µC-based visual motion

sensor show that it constitutes a good trade-off between the

need for reliable motion sensors and the limited power and

avionic payload available on MAVs. This 1g two-directional

visual motion sensor yields at its output an accurate and

highly refreshed angular speed measurement in the range of

[−350 ◦/s;−80 ◦/s] ∪ [80 ◦/s; 350 ◦/s] perfectly adapted to

any MAV flying forward and performing robotic tasks such

as obstacle avoidance, terrain following, take-off, landing and

speed-control purposes in forward flights even possibly for

lunar landers [68].

In future works an other optimization of the “time of travel”,

called the interpolation-based “time of travel” scheme [60] can
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Fig. 8. Dynamic and static indoor responses of the visual motion sensor placed at an orthogonal distance Dh = 24 cm from the moving wall at an
angle α = 90◦. The static indoor characteristics of the visual motion sensor were assessed by applying 30 ◦/s steps (lasting 15s) to the printed belt in the
[−315 ◦/s;−105 ◦/s] ∪ [105 ◦/s; 315 ◦/s] range. The mean visual motion recorded at each angular speed ωwall is plotted in the figure with its standard
deviation. The best linear approximation obtained in each experiment was computed, and the departure from linearity is given as a percentage. The dynamic
responses of the visual motion sensor were assessed at two different irradiance values of 5 × 10−3 W · cm−2 and 2.5 × 10−2 W · cm−2 with the two
printed panoramas. The printed belt was moved using a triangular law giving a triangular pattern of angular speed variation involving a series of velocity
ramps ranging from −300 ◦/s to 300 ◦/s. A fusion algorithm based on the maximum median value of the two opposite directions was used to determine
the magnitude ωmax

median and the direction of the angular speed. (a) and (b) Static indoor characteristics of the visual motion sensor. With both panoramas,

the visual motion sensor yielded accurate median angular speed measurements with only a small LinearityError of less than 1% and an excellent Std of
less than 7 ◦/s. (c)-(f) Dynamic indoor responses of the median angular speed ωmax

median of the visual motion sensor, along with the standard deviation error
(Stderror) and refresh-rate (frefresh) data. With the printed belt depicting bushes and trees [Fig. 8(c) and (e)], the results showed a small dispersion of
less than 10 ◦/s and the refresh rate increased from 50.6 Hz to 74.5 Hz with the irradiance. With the printed belt depicting a laboratory, the results show
that the dispersion was less than 7 ◦/s, and the refresh rate again increased with the irradiance from 39.7 Hz to 62.1 Hz. (g) and (h) The natural colored
panorama depicted on the printed belt (Fig. 7) used to assess the visual motion sensor’s performances.
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be used to implement a larger number of 2-pixel LMS into a

single dsPIC µC and therefore process the OF from a much

larger 2D retina.
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and N. Franceschini, “Characteristics of three miniature bio-inspired
optic flow sensors in natural environments,” in Fourth International

Conference on Sensor Technologies and Applications (SENSORCOMM),
Venice, Italy, July 2010, pp. 51–55.

[57] F. Expert, S. Viollet, and F. Ruffier, “Outdoor field performances of
insect-based visual motion sensors,” Journal of Field Robotics, vol.
28(4), pp. 974–977, October 2011.

[58] F. L. Roubieu, F. Expert, M. Boyron, B.-J. Fuschlock, S. Viollet, and
F. Ruffier, “A novel 1-gram insect based device measuring visual motion
along 5 optical directions,” in IEEE Sensors Conference, Limerick,
Ireland, October 2011, pp. 687–690.

[59] F. Ruffier and F. Expert, “Visual motion sensing onboard a 50-g heli-
copter flying freely under complex vicon-lighting conditions,” in IEEE

International Conference on Complex Medical Engineering (CME),
Kobe, Japan, July 2012, pp. 634–639.

[60] F. Expert, F. Roubieu, and F. Ruffier, “Interpolation based “time of
travel” scheme in a visual motion sensor using a small 2d retina,” in
IEEE Sensors Conference, Taipei, Taiwan, October 2012, pp. 2231–
2234.
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❡♥ "✉✈%❡ ❧❡ ♣%✐♥❝✐♣❡ ❞✉ ✓ ,❡♠♣. ❞❡ ♣❛..❛❣❡ ✔ ♣❡%♠❡,,❛♥, ❞✬❡.,✐♠❡% ❧❡ ✢✉① ♦♣,✐6✉❡ 7

♣❛%,✐% ❞✬✉♥❡ .✐♠♣❧❡ ♣❛✐%❡ ❞❡ ♣✐①❡❧.✳ ❈❡ ♣%✐♥❝✐♣❡✱ ❞✐%❡❝,❡♠❡♥, ✐♥.♣✐%; ❞❡ ❧❛ ✈✐.✐♦♥ ❞❡

❧❛ ♠♦✉❝❤❡✱ %;.✉❧,❡ ❞✬❡①♣;%✐❡♥❝❡. ;❧❡❝,%♦♣❤②.✐♦❧♦❣✐6✉❡✱ ❞✐%✐❣;❡. ❞❛♥. ♥♦,%❡ ❧❛❜♦%❛,♦✐%❡✱

♠❡♥;❡. ❞✐%❡❝,❡♠❡♥, .✉% ❧❡. ♥❡✉%♦♥❡. ❞;,❡❝,❡✉%. ❞❡ ♠♦✉✈❡♠❡♥, ❞❡ ❧❛ ♠♦✉❝❤❡ ✈✐.❛♥, 7

;,✉❞✐❡% ❧❛ %;♣♦♥.❡ ❞❡ ❝❡. ❞❡%♥✐❡%. 7 ✉♥❡ ♠✐❝%♦✲.,✐♠✉❧❛,✐♦♥ ❞❡. ♣❤♦,♦✲%;❝❡♣,❡✉%. ❞❛♥.

.♦♥ "✐❧ ❝♦♠♣♦.;✳ ❈❡ ♠♦❞@❧❡ ♣❡%♠❡, ❞✬❡.,✐♠❡% ❧❡ ✢✉① ♦♣,✐6✉❡ ❡, ✐❧ ❡., ,♦✉, 7 ❢❛✐, ❝♦♠✲

♣❛,✐❜❧❡ ❛✈❡❝ ✉♥❡ ❝♦♥,%❛✐♥,❡ ❞❡ ❢❛✐❜❧❡. %❡..♦✉%❝❡. ❝❛❧❝✉❧❛,♦✐%❡. .✉.❝❡♣,✐❜❧❡. ❞✬✐♥,❡%✈❡♥✐%

❞❛♥. ❧❡ ✓ ❝❡%✈❡❛✉ ✔ ❞❡ ❧❛ ♠♦✉❝❤❡✳

❉❛♥. ❝❡ ❝❤❛♣✐,%❡✱ ♥♦✉. ❛✈♦♥. ;,✉❞✐; ❧❛ ♠✐.❡ ❡♥ "✉✈%❡✱ .✉% ❧✬✉♥✐6✉❡ ♠✐❝%♦✲❝♦♥,%C❧❡✉%

❞✉ ♠✐❝%♦✲❝❛♣,❡✉%✱ ❞❡ ❞❡✉① ♠;,❤♦❞❡. ❞❡ ❢✉.✐♦♥ .❡♥.♦%✐❡❧❧❡. ✉,✐❧✐.❛♥, ❧❡. ❝✐♥6 ♣❛✐%❡. ❞❡

♣✐①❡❧. ❞❡ ❧❛ ♠✐❝%♦✲%;,✐♥❡ ❛✜♥ ❞❡ ❢♦✉%♥✐% ✉♥❡ ♠❡.✉%❡ ❞✉ ✢✉① ♦♣,✐6✉❡ .❡❧♦♥ ♣❧✉.✐❡✉%.

❞✐%❡❝,✐♦♥. ❞❡ ✈✐.;❡✳ ▲❛ ♣%❡♠✐@%❡ ♠;,❤♦❞❡ ♣❡%♠❡, ❞❡ ♠❡.✉%❡% ❧❡ ✢✉① ♦♣,✐6✉❡ ❞❛♥. ✉♥

.❡♥. ♣%;❢;%; ❞❛♥. ❝✐♥6 ❞✐%❡❝,✐♦♥. ❞✐✛;%❡♥,❡. ❡, ❞❡ ❧❡. ❢✉.✐♦♥♥❡% ❡♥ ✉♥❡ .❡✉❧❡ ❝♦♥.,✐✲

,✉❛♥, ✉♥❡ .♦%,✐❡ %❛❢%❛G❝❤✐❡ ♣❧✉. .♦✉✈❡♥, ✓ %❡❢%❡.❤ %❛,❡ ✔ ❡, ♣❧✉. ♣%;❝✐.❡✳ ❊♥✜♥ ✉♥❡

❞❡✉①✐@♠❡ ♠;,❤♦❞❡ ♣❡%♠❡, ❞✬❡.,✐♠❡% ❧❡ ✢✉① ♦♣,✐6✉❡ ❞❛♥. ❝✐♥6 ❞✐%❡❝,✐♦♥. ❞✐✛;%❡♥,❡.

♠❛✐. ❛✉..✐ ❞✬❡♥ ❡.,✐♠❡% ❧❡ .❡♥. ❡, ❧❛ ✈✐,❡..❡ ❛♥❣✉❧❛✐%❡ ❛..♦❝✐;❡✳ ❉❡. ♦♣,✐♠✐.❛,✐♦♥. ❞✉

,%❛✐,❡♠❡♥, ♥✉♠;%✐6✉❡ ❡♠❜❛%6✉; ❞❛♥. ❧❡ ♠✐❝%♦✲❝♦♥,%C❧❡✉% ♦♥, ♣❡%♠✐. ❞✬❛,,❡✐♥❞%❡ ❝❡

♥✐✈❡❛✉ ❞✬✐♥,;❣%❛,✐♦♥ 6✉✐ .❡ ✈❡✉, ❝♦♠♣❛,✐❜❧❡ ❛✈❡❝ ✉♥❡ ❢❛✐❜❧❡ ❝♦♥.♦♠♠❛,✐♦♥ ❡♥ ,❡%♠❡

❞❡ %❡..♦✉%❝❡. ❝❛❧❝✉❧❛,♦✐%❡.✳

▲❛ ♣%❡♠✐@%❡ ♠;,❤♦❞❡ ❞❡ ❢✉.✐♦♥ ✈✐.❡ 7 ❝♦♠❜✐♥❡% ❧❛ ♠❡.✉%❡ ♣%♦✈❡♥❛♥, ❞❡ ❝❤❛6✉❡ ♣❛✐%❡

❞❡ ♣✐①❡❧ ✭❝✐♥6 ❛✉ ,♦,❛❧✮ ❡♥ ✉♥❡ .❡✉❧❡ ♠❡.✉%❡ ❣%K❝❡ 7 ❧✬♦♣;%❛,❡✉% ♠!❞✐❛♥✳ ❈❡ ❝❛♣,❡✉%

❡., ❛✐♥.✐ ❝❛♣❛❜❧❡ ❞❡ ❞♦♥♥❡% ✉♥❡ ❡.,✐♠❛,✐♦♥ ❞❡ ❧❛ ✈✐,❡..❡ ❛♥❣✉❧❛✐%❡ ❞❡ ❞;✜❧❡♠❡♥, ❞✬✉♥❡

.❝@♥❡ .❡❧♦♥ ❝✐♥6 ❞✐%❡❝,✐♦♥. ❞✐✛;%❡♥,❡. ♠❛✐. ❛✉..✐ ❞✬❡♥ ❞♦♥♥❡% ✉♥❡ .♦%,✐❡ ✉♥✐6✉❡ ✐..✉❡

❞❡ ❧❛ ❢✉.✐♦♥ ❞❡. ❝✐♥6 ♣%;❝;❞❡♥,❡.✳ ◆♦✉. ❛✈♦♥. ✈✉ ❞❛♥. ❝❡ ❝❤❛♣✐,%❡ ❧❡. ♣❡%❢♦%♠❛♥❝❡.

❛,,❡✐♥,❡. ❡♥ ,❡%♠❡ ❞❡ ♣%;❝✐.✐♦♥ ❞❡ ♠❡.✉%❡ ❡♥ ❛♠;❧✐♦%❛♥, ❞✬✉♥ ❢❛❝,❡✉% 1.7✱ ❛✉✲♠♦✐♥.✱

❧❛ Stderror ❞❡ ❧❛ ♠❡.✉%❡ ❞✉ ✢✉① ♦♣,✐6✉❡ ❡♥ ❧❛ ❞✐♠✐♥✉❛♥, ❞❡ 17◦.s−1 ♣♦✉% ✉♥❡ .❡✉❧❡

♣❛✐%❡ ❞❡ ♣✐①❡❧. 7 11◦.s−1 ♣♦✉% ❝✐♥6 ♣❛✐%❡. ❞❡ ♣✐①❡❧. ❢✉.✐♦♥♥;❡.✱ ♠❛✐. ❛✉..✐ ❡♥ ,❡%♠❡

❞❡ %❛❢%❛G❝❤✐..❡♠❡♥, ❞❡ ♠❡.✉%❡ ❡♥ ❧✬❛✉❣♠❡♥,❛♥, ❞✬❛✉ ♠♦✐♥. ✉♥ ❢❛❝,❡✉% 4 ❞❡ 15.7 Hz

♣♦✉% ✉♥❡ .❡✉❧❡ ♣❛✐%❡ ❞❡ ♣✐①❡❧ 7 67 Hz ♣♦✉% ❧❡. ✺ ♠❡.✉%❡. ❢✉.✐♦♥♥;❡. ✭✈♦✐% ✜❣✉%❡ ✹✳✶✮✳

▲❛ ❞❡✉①✐@♠❡ ♠;,❤♦❞❡ ❞❡ ❢✉.✐♦♥ ♠✉❧,✐✲.❡♥.♦%✐❡❧❧❡ ❡♠❜❛%6✉;❡ .✉% ❝❡ ❝❛♣,❡✉% ❞❡ ♠♦✐♥.

❞✬✉♥ ❣%❛♠♠❡ ♣❡%♠❡, ❞✬✉,✐❧✐.❡% ❧❛ ♠❡.✉%❡ ❞✬✉♥ %;.❡❛✉ ❞❡ ❞✐① ❉❊▼. ✭♦✉ ✓ ▲♦❝❛❧ ▼♦✲

,✐♦♥ ❙❡♥.♦%. ✔✮✱ ❞♦♥, ❝✐♥6 ❡.,✐♠❡♥, ❧❡ ✢✉① ♦♣,✐6✉❡ ❞❛♥. ✉♥❡ ❞✐%❡❝,✐♦♥ ♣%;❢;%;❡ ❡, ❧❡.

❝✐♥6 ❛✉,%❡. ❞❛♥. ❧✬❛✉,%❡ ❞✐%❡❝,✐♦♥✳ ❈❡,,❡ ❝♦♥✜❣✉%❛,✐♦♥ ♣❡%♠❡, ❞✬❡.,✐♠❡%✱ .❛♥. ❛✉❝✉♥

7✲♣%✐♦%✐✱ ❧❡ .❡♥. ❞❡ ❞;✜❧❡♠❡♥, ❞✬✉♥❡ .❝@♥❡ ❡, .❛ ✈✐,❡..❡ ❛♥❣✉❧❛✐%❡ ❛..♦❝✐; ❞❛♥. ✉♥❡

❣❛♠♠❡ ❞❡ ♠❡.✉%❡ ❛❧❧❛♥, ❞❡ [−350 ◦/s;−80 ◦/s] 7 [+80 ◦/s; +350 ◦/s]✳ ▲✬✉,✐❧✐.❛,✐♦♥

❞✬✉♥ ❝%✐,@%❡ .✉♣♣❧;♠❡♥,❛✐%❡✱ ❧❡ ❝%✐,@%❡ ♠❛①✐♠✉♠ ♣❡%♠❡, ❞❡ ❞✐.❝%✐♠✐♥❡% ❞❛♥. ❝❡,,❡

❣❛♠♠❡ ❞❡ ♠❡.✉%❡ ❧❡ .❡♥. ❞❡ ❞;✜❧❡♠❡♥, ❞✬✉♥❡ .❝@♥❡✳ ▲❡. ❝❛%❛❝,;%✐.,✐6✉❡. .,❛,✐6✉❡ ❡,

✶✸✽
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❞②♥❛♠✐&✉❡) ❞❡ ❝❡ ♥♦✉✈❡❛✉ ❝❛♣.❡✉/ ❞✬✉♥❡ ♠❛))❡ .♦✉❥♦✉/) ✐♥❢3/✐❡✉/❡ ❛✉ ❣/❛♠♠❡ ♦♥.

3.3 ❡✛❡❝.✉3❡) ❛✜♥ ❞✬❡♥ ❞3.❡/♠✐♥❡/ ❧❡) ♣❡/❢♦/♠❛♥❝❡)✳ ■❧ ❡♥ /3)✉❧.❡ &✉❡ ❧❡ ❝❛♣.❡✉/ ♠❡✲
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Honeybees’ speed depends on dorsal as well as lateral, ventral and

frontal optic flows

Geoffrey Portelli, Franck Ruffier, Frédéric L. Roubieu and Nicolas Franceschini

Abstract— Flying insects use the optic flow to navigate safely
in unfamiliar environments, especially by adjusting their speed
and their clearance from surrounding objects. It has not yet
been established, however, which specific parts of the optical
flow field insects use to control their speed. With a view to
answering this question, freely flying honeybees were trained
to fly along a specially designed tunnel including two successive
tapering parts: the first part was tapered in the vertical plane
and the second one, in the horizontal plane. The honeybees were
found to adjust their speed on the basis of the optic flow they
perceived not only in the lateral and ventral parts of their visual
field, but also in the dorsal part. More specifically, the honeybees
speed varied monotonically, depending on the minimum cross-
section of the tunnel, regardless of whether the narrowing
occurred in the horizontal or vertical plane. The honeybees’
speed decreased or increased whenever the minimum cross-
section decreased or increased. In other words, the larger sum
of the two opposite optic flows in the horizontal and vertical
planes was kept practically constant thanks to the speed control
performed by the honeybees upon encountering a narrowing of
the tunnel. The previously described ALIS (“AutopiLot using an
Insect-based vision System”) model nicely matches the present
behavioral findings. The ALIS model is based on a feedback
control scheme that explains how honeybees may keep their
speed proportional to the minimum local cross-section of a
tunnel, based solely on optic flow processing, without any
need for speedometers or rangefinders. The present behavioral
findings suggest how flying insects may succeed in adjusting
their speed in their complex foraging environments, while at
the same time adjusting their distance not only from lateral
and ventral objects but also from those located in their dorsal
visual field.

I. INTRODUCTION

There exists strong evidence that flying insects perceive

and use the optic flow to control their flight [1]–[8]. The

optic flow is the angular velocity at which any environmental

feature sweeps past the insects eyes as the result of its own

motion [1], [3], [6], [9], [10]. The translational optic flow

perceived in a given direction depends on the ratio between

the relative speed and the distance to the environment in that

direction [11]. This sensitivity to the translational optic flow

enables insects to navigate safely and efficiently in unfamiliar

environments. Insects’ terrain following and landing abilities

have been explained in terms of holding the ventral optic

flow constant by consistently adjusting the lift [12]. It has

also been established that honeybees flying along a corridor

keep a safe clearance from the walls [6], [13], [14] and
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from the ground [15]. However, although many studies have

focused on this topic, it is not yet clear how insects manage

to adjust their speed based on the visually perceived optic

flow [4], [16]–[19]. Honeybees trained to fly along a tapered

tunnel were found to reduce their speed when the tunnel

narrowed and to accelerate when the tunnel widened [16].

The authors of the latter study concluded that “honeybees

strive to hold the angular velocity of the image in the lateral

region of the eyes constant” [16]. When flying through a

tunnel equipped with moving walls, honeybees have also

been found to adjust their speed “so as to hold constant

the image angular velocity in the eye” [17], [20]. Other

evidence suggests that the ventral optic flow also contributes

significantly to the speed control process [16], [20], [21]. The

latter authors used various tunnels, the floor of which was

lined with stationary patterns of various kinds, such as 2-

D patterns providing abundant ventral optic flow cues, axial

patterns providing only a few ventral optic flow cues and a

homogeneous pattern providing hardly any optic flow cues.

Honeybees were found to fly at a lower height and a higher

speed on average when few ventral optic flow cues were

available.

Based on these studies, one might expect the lateral optic

flow to affect honeybees’ flight speed and the ventral optic

flow to affect both their flight speed and their flight height.

In order to combine all these findings in a single control

model, we recently developed the ALIS autopilot [22] (ALIS

stands for “AutopiLot using an Insect based vision System”),

which is based on the concept of optic flow regulation [23].

The optic flow regulator is a feedback control system that

strives to maintain the perceived optic flow at a constant

reference value: the optic flow set point. The ALIS control

scheme actually incorporates two optic flow regulators: the

first one controls the vertical and horizontal positions, while

the second one controls the speed. The first optic flow

regulator relies on the largest optic flow (left, right, dorsal,

or ventral), and the second one relies on the larger of the two

sums of opposite optic flows (i.e., “left + right” optic flows or

“ventral + dorsal” optic flows). Consequently, it is the plane

(horizontal or vertical) affording the larger of the two optic

flow sums that will constrain the bee’s speed. To test the

relevance of the ALIS model, we designed a doubly-tapered

flight tunnel comprising two successive tapering parts that

freely flying honeybees would encounter: in the first part, a

gradual constriction occurred in the vertical plane, and in the

second one, a gradual constriction occurred in the horizontal

plane (see figure 1C-D, see also an overall perspective sketch

of the tunnel in figure 6A and a photograph of a honeybee
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flying along the doubly-tapered tunnel in supplemental figure

2, as well as an animated 3D view of the doubly-tapered

tunnel in supplemental data S2). The ALIS model predicts

that a honeybee flying along either of these two tapered

sections will adjust its speed at all times on the basis of

the minimum local cross-section of the tunnel, whether the

latter occurs in the vertical or horizontal plane.

In the experiments carried out here, freely flying honey-

bees were trained to fly along the doubly-tapered tunnel.

Their trajectories were recorded and special attention was

paid to how the honeybees adjusted their speed as they

crossed the various sections of the tunnel. Lastly, the flight

performances of a bee were simulated in the same doubly-

tapered tunnel on the basis of our ALIS model, and the actual

and the simulated flight profiles were compared.

II. MATERIALS AND METHODS

A. Doubly tapered flight tunnel

The floor, roof and left wall of the outdoor flight tunnel

used in this study consisted mainly of planks lined with red

and white stripes. The right wall consisted of thin white

insect netting lined with stripes consisting of a red Gelatin

filter (Lee Filters HT019), through which the honeybees

flight paths could be seen and video-recorded. The flight

tunnel was 220 cm long, 40 cm high and 25 cm wide at

the entrance. The tunnel comprised two successive tapering

parts (figure 1C-1D). In the first of these parts, the narrowing

occurred in the vertical plane with a 14deg tapering angle

(figure 3B) and involved both the roof and the floor. It started

30 cm from the entrance and the maximum constriction

(15 cm high by 25 cm wide) occurred 80 cm from the

entrance. In the second tapering part, the narrowing occurred

in the horizontal plane with a tapering angle of 18deg (figure

3A) and involved only the left wall (the right wall made of

insect netting remained straight). This part started 80 cm

from the entrance and the maximum constriction (15 cm

high by 5 cm wide) was reached in this case 140 cm from

the entrance. Beyond the second constriction, the tunnel

widened out horizontally until reaching a section 15 cm

high by 25 cm wide at a distance of 200 cm from the

entrance. From 200 cm to 220 cm, the tunnel then widened

vertically until reaching a section 25 cm high by 25 cm wide.

The diagram in figure 1E shows that the minimum section

was first the horizontal section (dash-dotted yellow line),

then the vertical section (continuous magenta line), then the

horizontal section again (dash-dotted yellow line) and lastly,

the vertical section (continuous magenta line). Two manually

operated openings (5 x 5 cm) centered at mid height and mid

width gave single honeybees entry to the tunnel and access to

the reward, respectively (only the entrance opening is shown

in figures 3A,B). This outdoor flight tunnel was oriented to

the north and received only indirect illumination (and no

direct sunlight). A photograph of a honeybee flying along

the doubly-tapered tunnel is presented in supplemental figure

2; an animated 3D view shows the overall geometry of the

doubly-tapered tunnel in supplemental data S2.

Fig. 1. Experimental flight tunnel. (A) Top view of the tunnel. The
honeybee flies into the tunnel. The left optic flow (OF) ω

90◦

L f t and the right

OF ω
90◦

Rght are generated by the contrasts on the side walls. The sum of these

opposite OFs at 90◦ is ∑ω
90◦

Lat (dash-dotted yellow line). The left optical flow

ω
45◦

L f t and the right optical flow ω
45◦

Rght are generated at an angle of 45◦ with

respect to the forward heading direction. Their sum is ∑ω
45◦

Lat (dash-dotted
green line). (B) Side view of the tunnel. The honeybee flies into the tunnel.
The dorsal OF ω

90◦

Drsl and the ventral optical flow ω
90◦

Vtrl are generated by the
contrasting stripes on the ceiling and the floor of the tunnel, respectively.
The sum of these OFs at an angle of 90◦ is ∑ω

90◦

Vert (magenta line).The dorsal

OF ω
45◦

Drsl and the ventral optical flow ω
45◦

Vtrl are generated at an angle of 45◦

with respect to the forward heading direction. Their sum is ∑ω
45◦

Vert (blue
line). (C-D) Perspective view of the whole tapered tunnel. Two tapered zones
occur in this tunnel: the first one is tapered in the vertical plane (from 30 cm
to 80 cm, tapering angle 14◦), and the second, in the lateral plane (from
80 cm to 200 cm, tapering angle 18◦). (E) Minimum section of the tapered
tunnel along the abscissa. Because of the way this particular tunnel was
designed, the minimum section was encountered alternately in the lateral
plane (dash-dotted yellow line) and the vertical plane (magenta line).

B. Pattern

The pattern on the walls of the tunnel consisted of red and

white stripes oriented perpendicularly to the flight direction.

Since honeybees are devoid of red-sensitive photoreceptors

[24], they perceive red stripes as gray shades. These red

stripes had two different widths (1 cm and 3 cm), forming

a uniform 10cm-wide pattern that was repeated periodically,

as shown in figure 1. The angle subtended by the stripes

ranged from 5.7◦ to 53◦ (a 1-10 cm pattern viewed from a

distance of 10 cm, respectively) and from 1.4◦ to 14.2◦ (a 1-

10 cm pattern viewed from a distance of 40 cm, respectively).

The Michelson contrast between the red and white stripes

was m = 0.47 on the planks and m = 0.25 on the insect

netting. Contrast was measured using a photodiode equipped
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with a green band-pass filter (Kodak Wratten N◦61), the

transmission spectrum of which closely matched the spec-

tral sensitivity of the honeybee’s green photoreceptors [24],

which are the receptors involved in motion vision [25]–[28].

A red filter placed in front of the camcorder monitoring

the honeybees’ trajectories through the insect netting was

used to optimize the contrast between the honeybee and the

background.

C. Experimental procedure

Groups of four to six freely flying honeybees (Apis

mellifera) were color-marked and trained outdoors to enter

the tunnel and fly along it to collect sugar solution at the

opposite end (see figure 2). Once honeybees had received

about 30 rewards, their flight path was recorded with the

digital camera from the insect-netting side, on their way to

the reward. Only one honeybee at a time was allowed to enter

the tunnel during each recording session. The camcorder was

triggered at the moment the honeybee entered the tunnel.

During the recordings, the white door giving access to the

reward remained seamlessly closed to rule out the presence

of any uncontrolled attractive cues.

Fig. 2. A honeybee flying along the doubly-tapered tunnel. The photograph
was taken at the entrance of the tunnel. (Published as a supplementary figure.
Copyright DGA/F. Vrignaux)

D. Video recordings and flight path analysis

The honeybees’ trajectories were filmed at a rate of 20

frames per second (Ts = 50 ms) with a high-resolution dig-

ital black-and-white CMOS camera (Prosilica EC1280, 1/3”

sensor size) equipped with a Fujinon HF12.5HA-1B lens.

The camera was placed sideways, 265 cm from the insect

netting. The small field of view (21◦44′ x 16◦23′) covered

the whole height of the tunnel, from abscissa x = 20 cm

to abscissa x = 210 cm. The lens had a maximum barrel

distortion of 1.48% along x on the extreme upper border of

the field of view and a maximum barrel distortion of 0.8%,

vertically, on the extreme right and left border of the field of

view. However, the trajectories were recorded in the middle

of the field of view, where the maximum lens distortion

was only 0.23% along x and 0.8%, vertically. The effect

of perspective foreshortening was therefore neglected. Image

sequences were processed and analyzed using a custom-made

Matlab program. In any sequence of images, this program

automatically determines the honeybees’ flight height (h) in

each frame as a function of the abscissa (x) along the tunnel

axis, thus allowing the honeybee’s trajectory in the vertical

plane to be reconstructed. The honeybees’ instantaneous for-

ward speed (V xBee) was computed on each abscissa x using a

four-point derivative smoothing filter (V xBee(t) = (2xBee(t−
2) + xBee(t − 1)− xBee(t + 1)− 2xBee(t + 2))/10T s), as was

the honeybees’ instantaneous vertical speed (V hBee(t) =
(2hBee(t−2)+hBee(t−1)−hBee(t+1)−2hBee(t+2))/10T s).

E. Analysis

The honeybees were assumed to fly taking a laterally

centered course, aligned with the tunnel’s x-axis, as found to

occur in similar (narrow) tunnels [6], [13], [16], [19]. Their

head orientation was also assumed to remain practically fixed

and aligned with the tunnel axis. This assumption is sup-

ported by findings obtained on another hymenopteran [29]

and on Dipterans [30]–[34], showing that insects produce

consistent head counter-rotations that compensate for their

body’s yaw, pitch and roll motions, and thereby stabilize

their gaze relative to the environment. These gaze locking

properties have been observed in many species [29]. The

parameters used in the present analysis were the honeybees’

flight height (h) and their flight speed (VBee). The latter was

resolved into the ground speed V xBee and the vertical speed

V hBee. Depending on the honeybees’ position (x, h), their

distances from the four walls of the tunnel were determined

at a viewing angle of 90◦ (D90◦

L f t = distance from the left

wall, D90◦

Rght = distance from the right wall, D90◦

Drsl = distance

from the roof, and D90◦

Vtrl = distance from the floor). The

translational optic flows perceived at viewing angles of 90◦

can be defined as the speed-to-distance ratio according to

the following equation: ω
90◦

i = V xBee × D90◦

i , where i ∈
{Rght,L f t,Drsl,Vtrl}, taking the distances from the walls

at an angle of 90◦ and V xBee the bee’s ground speed (figure

1A-B).

Experiments by [13] have provided evidence that honey-

bees flying along a tunnel monitor the optic flow chiefly

via the lateral parts of their visual field. However, the

honeybee’s panoramic compound eye is able to perceive

the environment in many other directions, which provides

the bee with relevant optic flow information to control their

speed, as recently shown for the frontal visual field by [19].

Studies on recently designed insect-inspired aerial robots

based on optic flow sensing mechanisms showed that the

optic flow perceived at 45◦ from the heading direction is a

particularly relevant and reliable parameter for controlling

the course of a micro aircraft [35]. It can also be used

for anticipation purposes and to improve the efficiency in

terms of obstacle avoidance [36]. We therefore investigated

the possible role of the optic flow perceived by honeybees

at an angle of 45◦, either laterally, ventrally or dorsally in

the context of honeybees’ speed control. The translational

optic flows generated at 45◦ in the honeybees’ frontal field
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of view can be defined according to the following equation:

ω
45◦

i = (VBee× sinΨi)/D45◦

i with i ∈ {Rght,L f t,Drsl,Vtrl},
where VBee is the honeybee’s speed, resolved into the ground

speed V xBee and vertical speed V hBee, and Ψi is the angle

between the honeybees speed vector and the gaze direction

under consideration (Ψi = 45◦ + atan(V hBee/V xBee) for i

∈ {Drsl,Vtrl} and Ψi = 45◦ for i ∈ {Rght,L f t} as V yBee

is unknown), and D45◦

i are the distances between the bee

and the four surfaces at an angle of 45◦, as shown in figure

1A-B.

In figure 4B-C, the flight height h and the ground speed

V xBee are each plotted as a function of the abscissa x. Height

and speed were averaged at 5-cm intervals along a distance of

190 cm: each of the 38 data points plotted is the mean value

of the honeybee’s individual height and speed values, respec-

tively. A one-way repeated-measures ANOVA was performed

on the 38 mean height data points and the 38 mean speed

data points versus the position x in the tunnel. To further

investigate the differences between points, a TukeyHSD post-

hoc test was applied. In these analyses, significance level was

taken to be α = 0.05. The faded colors around the curves give

± the standard error of the mean (s.e.m.). In figure 5B, the

larger mean sums of the two lateral optic flows measured

(Σω
90◦Lat = ω

90◦

Rght +ω
90◦

L f t ) and the two vertical optic flows

measured at 90◦ (Σω
90◦Vert = ω

90◦

Drsl +ω
90◦

Vtrl) are plotted as a

function of the abscissa x. In figure 5C, the larger mean sums

of the two lateral optic flows measured at 45◦ (Σω
45◦Lat =

ω
45◦

Rght + ω
45◦

L f t ) and the two vertical optic flows measured

at 45◦ (Σω
45◦Vert = ω

45◦

Drsl + ω
45◦

Vtrl) are plotted versus the

abscissa x. To compare the variance of the larger Σω
90◦ with

that of the larger Σω
45◦ , the method and the extended t-test

described by Zar were used ( [37], Section 9.4, pp.182-183).

This involves taking the optic flow data normalized with

respect to their respective means and making the following

comparison based on the following one-tail hypotheses: H0:

variance Max(Σω
90◦ ) ≤ variance Max(Σω

45◦ ) versus HA:

variance Max(Σω
90◦ ) > variance Max(Σω

45◦ ).

III. RESULTS

The top view (figure 3A) and side view (figure 3B) of

the tunnel show the two successive tapered sections existing

in the vertical and horizontal planes. A typical individual

honeybee’s trajectory recorded sideways through the insect

netting and plotted every 100ms is shown in figure 3B. The

honeybee’s flight can be seen to have been quite vertically

centered in the tunnel (mean height: 19 ± 0.19 cm). It can

be seen from figure 3C that the honeybee gradually reduced

its mean ground speed V xBee down to the point where

it approached the narrowest section of the tunnel, located

140cm from the starting-point. The honeybee then increased

its ground speed again as the tunnel widened out, first

horizontally and then vertically. The mean trajectory and the

mean ground speed of the 21 honeybees flying freely along

the tapered tunnel are given in figure 4B-C, respectively.

Figure 4A is a tentative diagram of the honeybees’ trajectory

in the horizontal plane, where the bees were assumed to

take a laterally centered course, as suggested by previous

Fig. 3. Typical trajectory of an individual honeybee in the doubly-tapered
tunnel. (A) Top view of the tunnel showing the entrance of the honeybee,
and the tapering in the lateral plane at a distance of 80cm to 200cm from
the entrance. (B) Side view of the actual trajectory of a honeybee, plotted
every 100ms. The honeybee’s course was fairly well centered in the tunnel
(mean height h = 19± 0.19cm). (C) Honeybee’s speed as a function of
the distance along the abscissa x. The honeybee decreased its speed as the
tunnel narrowed, regardless of whether the narrowing was in the vertical
or the lateral plane. The honeybee then increased its speed as the tunnel
widened.

experiments carried out in a narrow tapered tunnel [16].

Figure 4B gives the mean vertical trajectory of the honeybees

plotted every 5cm. The honeybees’ mean course was clearly

centered in the vertical plane of the tunnel (mean height h =

19 ± 0.16 cm). Figure 4C gives the mean honeybees’ ground

speed as a function of the distance along the abscissa x. The

honeybees clearly reduced their speed when approaching the

narrowest section of the tunnel, and increased their speed

again as the tunnel widened beyond this point (d.f. = 37, F

= 28.2, P < 0.001). A particular speed pattern emerged from

the TukeyHSD post-hoc test on the ground speed profiles

(figure 4C, bottom trace). Up to point x = 60cm on the

abscissa, the speed was found to be constant (NS, P >
0.05). Between x = 60cm and x = 90cm, the speed decreased

significantly (P <0.001). Between x = 90cm and x =110cm,

the speed became constant again (NS, P > 0.05). Between

x = 95cm and x = 130cm, the speed decreased significantly

once more (P < 0.05) as the honeybees were about to reach

the narrowest section of the tunnel. Lastly, from x = 130cm

to x = 180cm, the speed gradually increased again (P <
0.01) as the honeybees flew along the widening part of the

tunnel. It is striking that the ground speed profile (figure

4C, bottom trace) practically matched the minimum section

profile recorded at 90◦ (figure 1E).

To illustrate this point further, the minimum section pro-

files and the mean optic flows perceived both at 90◦ and

at 45◦ by the honeybees are shown in parallel in figure

5. In figure 5B, we plotted the larger of the two mean

optic flow sums perceived by the bee at 90◦ (either laterally

or vertically) (ω90◦

Rght +ω
90◦

L f t , yellow line and ω
90◦

Drsl +ω
90◦

Vtrl ,

magenta line). The larger optic flow sum first changed from

lateral to vertical and from vertical to lateral just before

reaching the points where the minimum section changed. The

minimum section encountered at an angle of 90◦ narrowed

twice along the tunnel, creating two constriction points:
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• The first narrowing occurred in the vertical plane, cre-

ating the first constriction point at x = 80cm (figure 5A,

arrowhead n◦1). As the bees approached this first con-

striction point, the larger optic flow sum increased. The

minimum section remained steady between x = 80cm

to x = 110cm, and the larger optic flow sum decreased,

reaching a similar value to that perceived before the

narrowing point (Max(Σω
90◦)x=60cm = 609.5± 29.6◦/s

and Max(Σω
90◦)x=100cm = 702.3±36.6◦/s).

• The second narrowing occurred horizontally, creating

the second constriction point (arrowhead n◦2) at x

= 140cm. The larger of the two optic flow sums

perceived increased until the honeybee reached the

constriction. Then, as the tunnel widened, the larger

optic flow sum gradually decreased again, reaching

a similar value to that experienced before the nar-

rowing point (Max(Σω
90◦)x=110cm = 624±28.8◦/s and

Max(Σω
90◦)x=170cm = 707.6±40.4◦/s).

One may wonder what these optic flow profiles would have

looked like if the optic flow had not affected the bees ground

speed. In figure 5B,C, the dash-dotted black lines show the

dramatic change in the larger optic flow sum that the bee

would have experienced at the viewing angles of 90◦ and

45◦ if it had kept flying at a constant ground speed (0.74

m/s), i.e. without the use of any speed control system.

The overall shape of the minimum section encountered at

a viewing angle of 45◦ (figure 5C) did not differ much from

that encountered at a viewing angle of 90◦. However, at 45◦,

the honeybee encountered each constriction in the frontal

direction at a slightly shorter distance from the entrance

than at 90◦. Figure 5D shows the larger of the two optic

flow sums generated at 45◦: the overall shape of the larger

optic flow sum profile observed at an angle of 45◦ was

similar to that observed at 90◦. The larger optic flow sum

increased slightly as the tunnel narrowed and tended to reach

a similar value to that recorded before the constriction point.

In addition, the peaks in the larger optic flow sum profile

were found to occur at practically the same places as the

maximum optic flow perturbation induced by the narrowing

sections. The first constriction was encountered at position x

= 73 cm (figure 5C, arrowhead n◦3), whereas the larger optic

flow sum (Max(Σω
45◦)) occurred at I = 82 cm. The second

constriction occurred at position I = 135 cm (arrowhead n◦4),

whereas the larger optic flow sum (Max(Σω
45◦)) occurred

at x = 137 cm. Upon comparing the profiles shown in

figures 5B and 5D, the larger of the two optic flow sums

generated (either vertically or laterally) was found to be

better “stabilized” about a constant value at a viewing angle

of 45◦ (mean(Max(Σω
45◦)) = 351.7±14.2 ◦/s) than at a

viewing angle of 90◦ (mean(Max(Σω
90◦)) = 711.8± 24◦/s).

This conclusion was supported by comparisons between the

variances of the larger optic flow sums obtained at 90◦

and at 45◦ (Max(Σω
90◦) and Max(Σω

45◦)): as shown by

the histograms to the right of figure 5B,D, the variance of

the normalized data1 ratio was distinctly lower at 45◦ than

at 90◦ (t(36) = 2.99, p<0.01). If the honeybees’ speed was

not controlled, the honeybees would have perceived much

larger maximum sum of the 2 opposite optic flows than

what they actually perceived in our doubly tapered tunnel,

which is shown by the dashed black lines in figures 5B

and 5D (mean(MaxΣω
90◦

w/oSpeedControl
) = 1258.2± 85◦/s and

mean(MaxΣω
45◦

w/oSpeedControl
) = 610.1±14◦/s).

Figure 6 shows the flight path and the speed profile of

a simulated agent equipped with the ALIS autopilot [22],

flying along the same tunnel comprising two constrictions,

in the vertical and horizontal planes. Figure 6C and 6D shows

the trajectories in the horizontal plane (x,y) and the vertical

plane (x,z), respectively. In the vertical plane, the simulated

agent can be seen to fly roughly in the middle of the tunnel

(this is because its “positioning optic flow set-point” is set

at half of the “speed optic flow set-point”, see [38]). In

the horizontal plane, however, the simulated agent followed

one lateral wall. The large variations in the cross-sections

occurring along the tunnel continuously disturbed the ALIS

autopilot and did not give the simulated agent enough time

to asymptotically reach the final horizontally and vertically

centered position. The simulated agent nevertheless automat-

ically kept a safe lateral clearance from the walls (figure 6C)

as well as a safe clearance from both the floor and the ceiling

(figure 6D), which brought it near the middle of the tunnel.

The simulated agent can be seen to automatically slow down

as the minimum cross-section of the tunnel narrows and

to automatically accelerate again when the minimum cross-

section widens (figure 6E,F). Since the tunnel alternately

narrows in the vertical and horizontal planes, the optic flow

perceived laterally and vertically constraining the agents’

speed alternately. The ALIS autopilot makes the simulated

agent cross the doubly-tapered tunnel safely, in spite of

major optic flow disturbances that alternately affect its eyes

laterally, ventrally and dorsally. All in all, these results show

that the ALIS-based simulated agent adopts a speed (figure

6E) that is automatically adjusted to the minimum section

profile (figure 6F): the minimum section profile producing

the largest optic flow.

IV. DISCUSSION

In the experiments described here, honeybees were trained

to fly along a specially designed tunnel comprising two

successive tapering sections, the first of which was con-

stricted in the vertical plane and the second, in the horizontal

plane. During the trials, the honeybees, which entered the

tunnel at half height, kept a centered position in the vertical

plane along the whole the tunnel (figure 3B, figure 4B). The

honeybees reduced their speed as the tunnel narrowed and

speeded up again as the tunnel widened (figure 3C, figure

4C). The results of this experiment clearly show that the

honeybees controlled their speed on the basis of all the

1Typography error, initially published as “(...) the variance-to-the-mean
ratio (...)”
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Fig. 4. Mean vertical trajectory and mean speed of the 21 honeybees
in the doubly-tapered tunnel. (A) Top view of the tunnel showing the
entrance of the honeybee, the part tapering in the lateral plane (from 80cm
to 200cm) and the assumed trajectory of the insect in the lateral plane (see
text). (B) Side view of the tapered tunnel, showing in particular the vertical
constriction. The mean flight path of the honeybees is plotted as a function
of the distance along the abscissa. The insects’ mean trajectory can be seen
to be practically vertically centered throughout the tunnel (mean height h =
19 ± 0.16 cm). (C) Forward speed profile along the tunnel. The honeybees
decreased their speed as the tunnel narrowed and increased their speed as
it widened. The faded trace around the curves gives ± the standard error
of the mean (s.e.m.). The gray profile underneath the main curve shows the
overall flight speed pattern as shown by the analysis.

surrounding optic flows (the left, right, ventral and dorsal

optic flow). Two main points emerge from this study:

1) Honeybees react to a narrowing in the vertical plane by

reducing speed in the same way as they do when they

encounter a narrowing in the horizontal plane (figure

3C, figure 4C).

2) In reducing their speed, honeybees maintain the larger

of the two perceived optic flow sums at a relatively

constant value (figure 5B-D).

A. Honeybees adjusted their speed in the same way, regard-

less of whether the tunnel narrowed vertically or horizon-

tally.

First, honeybees clearly reduced their speed when they

encountered the first (vertical) tapering section of the corridor

(figure 4C). After training honeybees to fly along a corridor

with horizontally tapered walls, Srinivasan et al. established

that honeybees decreased their flight speed “to hold the

angular velocity of the image on the walls constant” [16].

This previous finding provided definite evidence that the

lateral optic flows are directly involved in honeybees’ flight

speed control system. The question still remained to be

answered, however, as to whether the ventral optic flow is

involved in the insects flight speed control system. Previous

studies on fruit flies [4], moths [39], and beetles [40] have

shown that when following an odor plume, these insects

flew faster when their distance from the floor increased. It

was concluded that the insect may adjust its flight speed so

as to maintain its ventral optic flow constant. In previous

studies on honeybees [20], [21], various tunnels have been

used, the floors of which were lined with stationary patterns

of various kinds, such as 2-D patterns providing strong

ventral optic flow cues, axial patterns providing weak ventral

optic flow cues or a homogeneous pattern providing hardly

any optic flow cues. The honeybees were found to fly on

average at a lower height and a higher speed when only a

few ventral optic flow cues were available. In the present

study, the honeybees were found to decrease their ground

speed as they flew along the first vertically tapering part of

the corridor, which perturbed both their dorsal and ventral

optic flows (figure 3, figure 4). In our doubly-tapered tunnel,

the bee’s ground speed V xBee showed small oscillations

(figure 3C) with a main frequency of 2.5 ± 0.3 Hz on

average, based on all the individual trajectories recorded.

In a completely different condition (rotary drum condition),

previous authors reported that a lateral peering occurred at

a frequency of about 7Hz [41]. In a straight, narrow tunnel,

a lateral oscillation with a mean frequency of 4.7 ± 1.6

Hz was reported to occur in various visual conditions (

[42], pp. 51-52). This discrepancy between frequencies is

probably attributable to the differences between experimental

conditions. These oscillations in the bees’ ground speed

frequency might be partly due to the bee’s visual speed

control system being highly constrained and disturbed by

our narrow doubly-tapered tunnel. The performances of the

bees shown in figure 3&4 provide evidence that in addition

to the lateral optic flows [16], [17] and the ventral optic

flow [20], [21], the dorsal optic flow is involved in the

speed control process. In the experiments presented here,

it is noteworthy that the honeybees did not start to decrease

their ground speed at the point where they encountered the

vertical tapering (x = 30 cm), but rather at the point (x =

60 cm) where the local vertical section became narrower

than the local horizontal section (figure 1E, figure 4C). Up

to this point (x = 60 cm), the honeybees’ speed depended

on the local horizontal section, presumably since it was the

smaller of the two sections. At x = 60 cm, the vertical section

became narrower than the horizontal section: the larger optic

flow sum of the two was therefore that involving the top and

bottom walls, and this was the parameter used to determine

the honeybee’s speed. The opposite situation occurred later

on (at x = 110 cm), when the local horizontal section became

narrower than the local vertical section: it was therefore the

horizontal section that took over as the parameter determin-

ing the bee’s speed. The honeybees’ ground speed therefore

depended on the minimum local cross-section of the tunnel,

regardless of whether this minimum value was reached on

the vertical or horizontal plane.

B. Maintaining the perceived optic flows at a constant level.

The tapered tunnel greatly modified the optic flows

throughout the visual field of the honeybees. The insects

reacted to these disturbances by decreasing or increasing

their speed accordingly. As the result of these changes of

speed, the perceived optic flows were gradually restored

to a similar level to that perceived by the insects before

the disturbance. This can be seen from the fact that larger

optic flow sum profiles were calculated at viewing angles of

both 90◦ and 45◦ with respect to the tunnel x-axis (figure

5B,D). We therefore observed that the larger optic flow sum
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Fig. 5. Analysis of the larger of the two optic flow sums perceived by the
21 honeybees at an angle of 90◦ and at 45◦ with respect to the tunnel x-axis,
in comparison to the minimum section of the tunnel at each point along the
tunnel. (A) Minimum section at 90◦ of the tapered tunnel as a function of
the distance along the abscissa. The minimum section at 90◦ was alternately
in the horizontal plane and vertical plane. (B) Larger of the two optic flow
sums in the horizontal plane (dash-dotted yellow line) and the vertical plane
(magenta line), (mean (MaxΣω

90◦ ) = 711.8±24◦/s, the highest value peaks

at Max(MaxΣω
90◦ ) = 1192◦/s), as well as the larger optic flow that would

have been experienced theoretically at 90◦ at a constant ground speed (0.74
m/s), i.e., without the use of any speed control system by the bee (dashed
black line, mean(MaxΣω

90◦

w/oSpeedControl
) = 1258.2±85◦/s, the highest value

peaks at Max(MaxΣω
90◦

w/oSpeedControl
) = 2971◦/s). (C) Minimum section

profile of the tapered tunnel, encountered at an angle of 45◦ from the
frontal heading direction. The minimum section encountered at an angle
of 45◦ occurred alternately in the horizontal plane (dash-dotted green line)
and the vertical plane (blue line), and the changes of speed occurred earlier
than those recorded at an angle of 90◦. (D) Larger of the two optic flow
sums in the horizontal plane (dash-dotted green line) and the vertical plane
(blue line), (mean(MaxΣω

45◦ ) = 351.7± 14.2◦/s, the highest value peaks

at Max(MaxΣω
45◦ ) = 601◦/s), as well as the larger optic flow that would

theoretically have been experienced at 45◦ at a constant speed (0.74 m/s),
i.e., without the use of any speed control system by the bee (dashed black
line, mean(MaxΣω

45◦

w/oSpeedControl
) = 610.1±14◦/s, the highest value peaks

at Max(MaxΣω
45◦

w/oSpeedControl
) = 1493◦/s). The histograms on the right

show the dispersion of the data. The faded colors around the curves give ±
the standard error of the mean (s.e.m.).

was stabilized (figure 5B,D) thanks to the decrease and the

increase of the honeybees’ speed.

In our doubly-tapered tunnel, the optic flow experienced

by the bees was relatively high in comparison with that

induced by other experimental conditions (bees’ and wasps’

learning flight [43]; bees flying along a straight tunnel [17]).

However, the maximum sum of the optic flows experienced

at a viewing angle of 90◦ by the bees in the doubly-tapered

tunnel (maximum sum of either the vertical or the lateral

optic flow sums: ∼ 710◦/s was similar to the value obtained

(∼ 650◦/s) in another tapered tunnel by re-computing the

data published in [16](figure 2). In general, the optic flow

values are relatively high in the case of bees flying along a

tapered tunnel and in that of bees about to land [16]. In all

these cases, bees actively change their speed when perform-

ing the task. In our doubly-tapered tunnel, the decreasing

section brings the bee closer to either the walls, the floor or

the ceiling. These major disturbances in the optic flows are

then rejected by the bees’ speed control system (figure 5B,

figure 5D).

Various studies have shown that flying insects tend to hold

the perceived optic flows constant, and that they do so by

adjusting either their distance from the nearby surfaces (the

floor or nearby walls) and / or their ground speed [4], [16],

[18], [20], [39]. To explain the mechanism underlying this

behavior, a control system called the optic flow regulator

was developed, based on a feedback loop that consistently

strives to maintain the perceived optic flow at a constant level

[12], [23]. This control scheme - which relies exclusively on

optic flow sensors and does not require any speed sensors or

range sensors - was found to account for the height control

abilities of several insect species flying in open spaces devoid

of lateral textures [12], [15], [23], [44], [45].

The ALIS model we recently developed [22] extends the

principle of the optic flow regulator [23], [38] to include

the vertical dimension. The ALIS model is minimalistic,

as it does not include the large optic flow receptive fields

with which insects are endowed [10], [46]. The ALIS-

based simulated trajectory (figure 6) obtained in the same

doubly-tapered tunnel to that used in the present experiments

accounts quite well for the honeybees’ vertical position and

ground speed profiles observed (figure 4B and 4C, respec-

tively). It also accounts satisfactorily for the honeybees’

performance in a high-roofed tunnel equipped with a moving

floor [15]. Upon arriving above the moving part of floor

(which moved in the same direction as the flying insect,

thus reducing the ventral optic flow), the honeybee reacted

by descending, while holding the same speed it had reached

above the initial, stationary part of the floor. This finding

can be explained by the fact that in the straight, high-roofed

tunnel, the minimum cross-section (which was always the

horizontal one) remained constant throughout the tunnel,

hence yielding a constant groundspeed. In those conditions,

the insect was left with decreasing its groundheight so as

to retrieve the optic flow set point [15]. In the present

study, where the tunnel tapered successively in the vertical

and horizontal planes, the minimum cross-section alternated

between the horizontal and vertical sections (figure 1E). The

honeybees’ speed profile obtained (figure 3C, 4C) may ac-

count for the fact that (i) the speed was no longer constrained

to remain constant by a constant minimum cross-section, (ii)

the steady vertical positioning (“vertical centering”: figure

4B, 5B) revealed that the ground speed decreased so as

to maintain the larger of the two optic flow sums (“left +

right” optic flows or “ventral + dorsal” optic flows) constant

whether the minimum cross-section was in the horizontal

or vertical plane. These new experimental findings on flying
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bees are therefore fully consistent with the ALIS model [22],

one outcome of which is that the groundspeed attained is

proportional to the tunnel’s smaller cross-section.

Fig. 6. Simulated performances of the minimalist ALIS model in the same
doubly-tapered tunnel.(A) Perspective view of the doubly-tapered tunnel
lined with red and white stripes. Two tapered zones occur in this simulated
tunnel: the first one is tapered in the vertical plane (from 30 cm to 80 cm,
tapering angle 14◦), and the second, in the horizontal plane (from 80cm
to 200cm, tapering angle 18◦). (B) Simulated bee’s 3-D trajectory starting
at initial coordinates x0 = 0.01 m; y0 = 0.135 m; z0 = 0.2 m, and at the
speed V x0SIMU = 0.13 m/s. The time markers are plotted every 250 ms. (C)
Trajectory in the vertical plane (x,z). The time markers are plotted every
250 ms. (D) Trajectory in the horizontal plane (x,y). The time markers are
plotted every 250 ms. (E) Ground speed V xSIMU profile generated by the
ALIS model based on two optic flow regulators: this profile accounts very
satisfactorily for the minimum section of the doubly-tapered tunnel shown
below. (F) Minimum section of the doubly-tapered tunnel along the abscissa.
Due to the design of the tunnel, the minimum section was encountered
alternately in the horizontal plane (dash-dotted yellow line) and the vertical
plane (magenta line).

The ALIS dual optic flow regulator features two con-

trollers (dynamic compensators) [22]: (i) a Proportional-

Derivative (PD) controller in the positioning feedback loop

(which is responsible for the sway and heave degrees of

freedom), (ii) a Proportional-Integral (PI) controller in the

speed feedback loop (which is responsible for the surge

degree of freedom). But any kind of controller, including

a simple proportional controller, would lead the simulated

bee to adjust the ground speed proportionally to the tunnel’s

smaller cross-section in a similar manner, as long as it

ensures dynamic stability of the feedback loop. In other

words, the nature of the controller does not affect the basis

of the OF regulation scheme [22], [23].

The optic flow sensors used in the present simulation

(figure 6) were based on a previously described fly-inspired

“time of travel scheme” [47], [48] (see also further details

in [23]). Since the optic flow sensor was implemented here

to operate inside a feedback loop (the optic flow regulator)

about an angular velocity constant value (the optic flow set

point), there is a sole requirement with respect to the optic

flow sensor: its characteristic has to be a monotonic function

of the angular velocity in the range about the optic flow set-

point. Various optic flow sensor schemes give a monotonic

characteristic curve, including that of correlation-type motion

detectors [49], [50], at least in a given range [51]. In other

words, the performances resulting from the use of optic flow

regulators which are the basis of the ALIS model , do not

depend on how the optic flow is assessed.

Analysis of the larger of the two optic flow sums showed

that their variance was lower at an angle of 45◦ than at 90◦.

This suggests that optic flow information originating from

frontal regions of the visual field contributes to improving the

insects flight performances, as established by [19]. To make

even better use of the present findings, it is proposed in the

future to develop a more sophisticated ALIS model, in which

the optic flows occurring in larger fields of view, including

frontal optic flows, will be regulated and therefore kept

constant. Frontal optic flow information has been previously

used in robot design to solve obstacle avoidance problems

[47], [48], [52], ground avoidance problems [35], [36], [44],

[45], and speed control problems [53], [54].

As far as insects’ flight control is concerned, the optic flow

regulator concept has several advantages. It makes an insect

automatically select both a safe speed and a safe position in

the surrounding environment without any need for onboard

ground speed sensors or range sensors whatsoever. The only

sensors required are optic flow sensors, the output signal of

which grows with the ground speed-to-ground height ratio.

This control system also provides an interesting, robust and

inexpensive means of piloting an aircraft or a spacecraft, as

long as there are sufficiently large numbers of photons and

contrasting features in the environment [55], [56].

Optic flow processing and visuomotor control systems

in insects can be expected to match the natural motion

signals triggered by flight in specific environments [57].

Sensitivity to the dorsal optic flow can be said to meet

ecological constraints. It enables flying honeybees to keep

a safe speed while crossing complex foraging environments,

where dorsally located objects abound and have to be sensed

just as much as ventrally or laterally located objects. This is

the case in particular whenever bees inspect dense patches

of vegetation, flying under the foliage and flowers in search

of nectar.

The cartoon-like tunnel experiments described here need

to be extended to free 3-D space, real-life conditions and

variously structured environments. Further studies are also

required to test the relevance of our model in more natural

environments and improve our understanding of insects flight

control systems.
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♠♦❞✐✜❡ - (♦✉( ✐♥$(❛♥( $❛ ✈✐(❡$$❡ ❡♥ ❢♦♥❝(✐♦♥ ❞❡ ❧❛ $❡❝(✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉ (✉♥♥❡❧ ❡( ♥♦♥

❡♥ ♣&'$❡♥❝❡ ❞❡ &'(&'❝✐$$❡♠❡♥($✳ ❯♥ ♣♦✐♥( (&C$ ✐♠♣♦&(❛♥( ❡$( ❞❡ ❝♦♥$(❛(❡& +✉❡ ❧❡ ♣&♦✜❧

❞❡ ❧❛ ✈✐(❡$$❡ ❞✬❛✈❛♥❝❡ ❞❡$ ❛❜❡✐❧❧❡$ ❝♦D♥❝✐❞❡ ❛✈❡❝ ❧❡ ♣&♦✜❧ ❞❡ ❧❛ $❡❝(✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉

(✉♥♥❡❧ ✭✜❣✉&❡ ✺✳✶❈✮✳

❯♥❡ ✈❛&✐❛(✐♦♥ ❞❡ ❧❛ $❡❝(✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉ (✉♥♥❡❧ ❡♥(&❛E♥❡ ✉♥❡ ♣❡&(✉&❜❛(✐♦♥ ♥♦♥ ❝♦♥$(❛♥(❡

❞❡ ✢✉① ♦♣(✐+✉❡ ❡( ❞♦♥❝ ❞❛♥$ ❧❡$ $♦♠♠❡$ ❞❡$ ✢✉① ♦♣(✐+✉❡$ ❞✉ ♣❧❛♥ ❤♦&✐③♦♥(❛❧ ✭$♦♠♠❡

❞❡$ ✢✉① ♦♣(✐+✉❡$ ❣❛✉❝❤❡ ❡( ❞&♦✐(✮ ❡( ✈❡&(✐❝❛❧ ✭$♦♠♠❡ ❞❡$ ✢✉① ♦♣(✐+✉❡$ ❞❡ ❧❛ &'❣✐♦♥

✈❡♥(&❛❧❡ ❡( ❞♦&$❛❧✮✳ ❆✐♥$✐✱ ✉♥❡ $❡❝(✐♦♥ ♣❧✉$ ♣❡(✐(❡ ❞❛♥$ ❧❡ ♣❧❛♥ ❤♦&✐③♦♥(❛❧ ❡♥(&❛E♥❡ ✉♥❡

$♦♠♠❡ ❞❡$ ✢✉① ♦♣(✐+✉❡ ❧❛('&❛✉① ✭❣❛✉❝❤❡ ❡( ❞&♦✐(✮ ♣❧✉$ ✐♠♣♦&(❛♥(❡ +✉❡ ❝❡❧❧❡ ❞✉ ♣❧❛♥

✈❡&(✐❝❛❧ ✭✈❡♥(&❛❧ ❡( ❞♦&$❛❧✮✱ ❡( &'❝✐♣&♦+✉❡♠❡♥(✳ ❆✐♥$✐ ✉♥❡ '(✉❞❡ ❞❡ ❧❛ $♦♠♠❡ ❞❡$ ✢✉①

♦♣(✐+✉❡ ❝♦&&❡$♣♦♥❞❛♥( - ❧❛ $❡❝(✐♦♥ ♠✐♥✐♠❛❧❡ ❡$( ♠❛✐♥(❡♥✉❡ ❝♦♥$(❛♥(❡✱ - ✉♥ ♥✐✈❡❛✉

♣&'❢'&'❡✳ ❙✐ (❡❧ ♥✬'(❛✐( ♣❛$ ❧❡ ❝❛$ ❡( +✉❡ ❧✬❛❜❡✐❧❧❡ ♥✬❛❥✉$(❛✐( ♣❛$ $❛ ✈✐(❡$$❡ ❛✈❡❝ ❧❛ $❡❝✲

(✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉ (✉♥♥❡❧ ❡♥ ♠❛✐♥(❡♥❛♥( ❧❛ ♣❧✉$ ✐♠♣♦&(❛♥(❡ ❞❡$ $♦♠♠❡$ - ✉♥ ♥✐✈❡❛✉

❝♦♥$(❛♥(✱ ❝❡((❡ ❞❡&♥✐C&❡ ✈❛&✐❡&❛✐( ❞❡ ♠❛♥✐C&❡ ❜❡❛✉❝♦✉♣ ♣❧✉$ ✐♠♣♦&(❛♥(❡✳ ▲❡$ (&❛✈❛✉①

❞❡ ❙&✐♥✐✈❛$❛♥ ❡( ❛❧✳ ❬✶✾✾✻❪ ♦♥( ♣❡&♠✐$ ❞❡ ♠♦♥(&❡& +✉✬❡♥ ✈♦❧❛♥( ❞❛♥$ ✉♥ (✉♥♥❡❧ ❢✉$❡❧'✱

❧✬❛❜❡✐❧❧❡ &❛❧❡♥(✐( ❧♦&$+✉❡ ❧❡$ ♣❛&♦✐$ ❝♦♥✈❡&❣❡♥( ❡( ❛❝❝'❧C&❡♥( ❧♦&$+✉✬❡❧❧❡$ ❞✐✈❡&❣❡♥(✳ ■❧$

♦♥( ❛❧♦&$ '♠✐$ ❧✬❤②♣♦(❤C$❡ +✉✬❡❧❧❡$ ♠❛✐♥(✐❡♥♥❡♥( ✉♥ ✢✉① ♦♣(✐+✉❡ ❣❧♦❜❛❧ - ✉♥ ♥✐✈❡❛✉

❝♦♥$(❛♥(✳ ▲❡ (&❛✈❛✐❧ ♣&'$❡♥(' ❞❛♥$ ❝❡ ❝❤❛♣✐(&❡ '(❡♥❞ ❝❡((❡ ❤②♣♦(❤C$❡ ❛✉ ♣❧❛♥ ✈❡&(✐❝❛❧

❡( ♠♦♥(&❡ +✉❡ ❧❛ &'❣✐♦♥ ✈❡♥(&❛❧❡ ♠❛✐$ ❛✉$$✐ ❞♦&$❛❧❡ ✐♥(❡&✈✐❡♥( ❞❛♥$ ❧❡ ❝♦♥(&R❧❡ ❞❡ ❧❛

✈✐(❡$$❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✳

❯♥ ♠♦❞C❧❡ ❞❡ $✐♠✉❧❛(✐♦♥ ✭▼❛(❧❛❜✴❙✐♠✉❧✐♥❦➞✮ ❞✬✉♥❡ ❛❜❡✐❧❧❡ ❛&(✐✜❝✐❡❧❧❡ ❞♦('❡ ❞❡

+✉❛(&❡ ❝❛♣(❡✉&$ ❞❡ ✢✉① ♦♣(✐+✉❡ ❞❡ ❞❡✉① ♣✐①❡❧$✱ ❜❛$'$ $✉& ❧❡ ♣&✐♥❝✐♣❡ ❞✉ ✓ (❡♠♣$

❞❡ ♣❛$$❛❣❡ ✔ ❬X✐❝❤♦♥ ❡( ❛❧✳✱ ✶✾✽✾✱ ❋&❛♥❝❡$❝❤✐♥✐ ❡( ❛❧✳✱ ✶✾✾✷❪✱ ❡( ❞✬✉♥ ❝♦♥(&R❧❡ $❡♥$♦✲

&✐♠♦(❡✉& ❜❛$' $✉& ❧❡ ♣✐❧♦(❡ ❛✉(♦♠❛(✐+✉❡ ❆▲■❙ ❬X♦&(❡❧❧✐ ❡( ❛❧✳✱ ✷✵✵✽✱ ✷✵✶✵❜❪✱ ❛ ♣❡&♠✐$

❞✬♦❜(❡♥✐&✱ ♣♦✉& ❞❡$ ❝♦♥❞✐(✐♦♥$ ✐♥✐(✐❛❧❡$ ✐❞❡♥(✐+✉❡$ ❛✉① ❡①♣'&✐♠❡♥(❛(✐♦♥$ &'❡❧❧❡$✱ ❧❛ (&❛✲

❥❡❝(♦✐&❡ (&✐✲❞✐♠❡♥$✐♦♥♥❡❧❧❡ $✐♠✉❧'❡ ❞✉ ✈♦❧ ❞❛♥$ ❧❡ (✉♥♥❡❧ ❞♦✉❜❧❡ ❢✉$❡❧' ✭✜❣✉&❡ ✺✳✶❉✲❊✮✳

■❧ ❡$( ❛❧♦&$ ✐♥('&❡$$❛♥( ❞❡ ❝♦♥$(❛(❡& ❝♦♠♠❡ ❧❛ (&❛❥❡❝(♦✐&❡ $✐♠✉❧'❡ ❞❛♥$ ❧❡ ♣❧❛♥ ✈❡&(✐❝❛❧

❡( ❝❡❧❧❡ ♦❜(❡♥✉❡ ♣❛& ❧❛ ♠♦②❡♥♥❡ ❞❡$ (&❛❥❡❝(♦✐&❡$ ❞❡ ✷✶ ❛❣❡♥($ $♦♥( $✐♠✐❧❛✐&❡$ ✭✜❣✉&❡

✺✳✶❇✫❊✮✳ ❉❡ ♠❛♥✐C&❡ $✐♠✐❧❛✐&❡ - ❧❛ &'❛❧✐(' ✭✜❣✉&❡ ✺✳✶❈✮✱ ❧✬❛❜❡✐❧❧❡ $✐♠✉❧' &❛❧❡♥(✐( ❛✉

❢&❛♥❝❤✐$$❡♠❡♥( ❞❡ ❧❛ ♣&❡♠✐C&❡ ❝♦♥$(&✐❝(✐♦♥ ✭X = 60 cm✮ ❝♦&&❡$♣♦♥❞❛♥( ❛✉ &'(&'❝✐$✲

$❡♠❡♥( ✈❡&(✐❝❛❧ ❞❡$ ♣❛&♦✐$ ♣✉✐$ - ❝❡❧❧❡ ❞❡ ❧❛ ❞❡✉①✐C♠❡ ❝♦♥$(&✐❝(✐♦♥ ✭X = 110 cm✮

❝♦&&❡$♣♦♥❞❛♥( ❛✉ &'(&'❝✐$$❡♠❡♥( ❤♦&✐③♦♥(❛❧ ❞❡$ ♣❛&♦✐$ ✭✜❣✉&❡ ✺✳✶❋✮✳ ▲❛ &'❣✉❧❛(✐♦♥ ❞❡

❧❛ ♣❧✉$ ❣&❛♥❞❡ $♦♠♠❡ ❞❡$ ✢✉① ♦♣(✐+✉❡ ❞❛♥$ ❧❡ ♣❧❛♥ ❤♦&✐③♦♥(❛❧ ❡( ✈❡&(✐❝❛❧ ❝♦♥$(✐(✉❡

❛❧♦&$ ✉♥❡ ❤②♣♦(❤C$❡ $'&✐❡✉$❡ ♣❡&♠❡((❛♥( ❞✬✐❧❧✉$(&❡& ❧❡ ❝♦♥(&R❧❡ ❞❡ ❧❛ ✈✐(❡$$❡ ❞❡ ✈♦❧ ❞❡

❧✬❛❜❡✐❧❧❡ ❞❛♥$ ✉♥ (✉♥♥❡❧✳ ▼a♠❡ $✐ ❝❡$ ❡①♣'&✐♠❡♥(❛(✐♦♥$ ♥❡ ❝♦♥❝❡&♥❡♥( +✉❡ ❧❡ ❝♦♥(&R❧❡

✶✺✺



 ♦"#❡❧❧✐ ❡# ❛❧✳ ✷✵✶✶✱  ▲♦❙ ❖◆❊

❞❡ ✈✐$❡%%❡✱ ✐❧ ❛✉*❛✐$ +$+ ✐♥$+*❡%%❛♥$ ❞❡ ♣♦✉✈♦✐* ❝♦♥❢*♦♥$❡* ❧❡% $*❛❥❡❝$♦✐*❡% *+❡❧❧❡% ❡$

%✐♠✉❧+❡% ❞✉ ♣❧❛♥ ❤♦*✐③♦♥$❛❧✳ ➚ ❧✬❛✈❡♥✐*✱ ❛❥♦✉$❡* ✉♥❡ ❝❛♠+*❛ 8✉✐ ✜❧♠❡*❛✐$ ❧❡ ♣❧❛♥ ❤♦✲

*✐③♦♥$❛❧ ❡$ 8✉✐ %❡*❛✐$ %②♥❝❤*♦♥✐%+❡ < ❝❡❧❧❡ ✜❧♠❛♥$ ❧❡ ♣❧❛♥ ✈❡*$✐❝❛❧✱ %❡*❛✐$ ✉♥ ♣♦✐♥$

❞✬❛♠+❧✐♦*❛$✐♦♥ ♥♦$❛❜❧❡ ♣♦✉* ❧❡% ❢✉$✉*❡% ❡①♣+*✐❡♥❝❡% +$❤♦❧♦❣✐8✉❡%✳
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❉✐"❝✉""✐♦♥

❈❤❛♣✐%&❡ ✻

❉✐*❝✉**✐♦♥

▲❡" ✐♥"❡❝&❡" ❛✐❧)" ❢❛"❝✐♥❡♥& ♣❛, ❧❡✉," ❡①&,❛♦,❞✐♥❛✐,❡" ♣,♦✉❡""❡" ❞❡ ♥❛✈✐❣❛&✐♦♥ ❞❛♥" ❧❡"

&,♦✐" ❞✐♠❡♥"✐♦♥" ❞❡ ❧✬❡"♣❛❝❡✳ ▲❛ ♥❛✈✐❣❛&✐♦♥ ❛✉&♦♥♦♠❡ ❞✬✉♥ ♠✐❝,♦✲❛),♦♥❡❢ ✭❡♥✈❡,❣✉,❡

< 15 cm✱ ♠❛""❡ < 100 g✮✱ ❡♥ &❡,♠❡" ❞❡ ❝♦♥&,:❧❡ ❞❡ ✈✐&❡""❡ ❡& ❞✬)✈✐&❡♠❡♥& ❞✬♦❜"&❛❝❧❡"

❡♥ ❡♥✈✐,♦♥♥❡♠❡♥& ✐♥❝♦♥♥✉✱ ,❡"&❡ < ❝❡ ❥♦✉, ✉♥❡ ♣,♦❜❧)♠❛&✐>✉❡ ❡♥❝♦,❡ ♥♦♥✲,)"♦❧✉❡✳ ▲✬❛♣✲

♣,♦❝❤❡ ❝♦♥✈❡♥&✐♦♥♥❡❧❧❡ ✈✐"❛♥& < ❡♠❜❛,>✉❡, ❞❡" ❝❛♣&❡✉," ❝♦@&❡✉① ❡♥ )♥❡,❣✐❡✱ ❡♥ ♠❛""❡

❡& ❡♥ ,❡""♦✉,❝❡" ❝❛❧❝✉❧❛&♦✐,❡"✱ ❡"& ❡♥❝♦,❡ ❛✉❥♦✉,❞✬❤✉✐ ♣❡✉ ❝♦♠♣❛&✐❜❧❡ ❛✈❡❝ ❝❡ &②♣❡ ❞❡

,♦❜♦&✳

◆♦✉" ❛✈♦♥" )&✉❞✐)✱ ❞❛♥" ❝❡&&❡ &❤C"❡✱ ✉♥❡ ❛♣♣,♦❝❤❡ ❜✐♦✲✐♥"♣✐,)❡✱ ✈✐❛ ✉♥ ♠♦❞C❧❡ ❞✬)&✉❞❡

❞✉ ❝♦♥&,:❧❡ "❡♥"♦,✐♠♦&❡✉, ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ✐♥&❡,✈❡♥❛♥& "✉, ❧❡ ♣❧❛♥ ❤♦,✐③♦♥&❛❧ ❬❙❡,,❡" ❡& ❛❧✳✱

✷✵✵✽❛❪✱ >✉✐ ✈✐"❡ < ❛✉&♦♠❛&✐"❡, ❧❡ ❣✉✐❞❛❣❡ ❞✬✉♥ ♠✐❝,♦✲,♦❜♦& "✉, ❧❛ ❜❛"❡ ❞❡" ♦❜"❡,✈❛✲

&✐♦♥" ❝♦♠♣♦,&❡♠❡♥&❛❧❡" ♠❡♥)❡" ❝❤❡③ ❝❡& ✐♥"❡❝&❡✳ ❉❡" ,)"✉❧&❛&" ❝♦♠♣♦,&❡♠❡♥&❛✉① ❝❤❡③

❧✬❛❜❡✐❧❧❡ ♦❜&❡♥✉" ❞❛♥" ❞✬❛✉&,❡" ❧❛❜♦,❛&♦✐,❡" ❬❑✐,❝❤♥❡, ❛♥❞ ❙,✐♥✐✈❛"❛♥✱ ✶✾✽✾✱ ❙,✐♥✐✈❛✲

"❛♥ ❡& ❛❧✳✱ ✶✾✾✶✱ ✶✾✾✻❪ ❡& ❞❛♥" ♥♦&,❡ ❧❛❜♦,❛&♦✐,❡ ❬❙❡,,❡" ❡& ❛❧✳✱ ✷✵✵✽❜❪ ❢✉"✐♦♥♥)" ❛✈❡❝ ❧❡

♣,✐♥❝✐♣❡ ❞❡ ❧❛ ,)❣✉❧❛&✐♦♥ ❞✉ ✢✉① ♦♣&✐>✉❡ ❬❘✉✣❡, ❛♥❞ ❋,❛♥❝❡"❝❤✐♥✐✱ ✷✵✵✺✱ ❋,❛♥❝❡"❝❤✐♥✐

❡& ❛❧✳✱ ✷✵✵✼❪✱ ♥♦✉" ♦♥& ❛❧♦," ♣❡,♠✐" ❞❡ ,)✉♥✐, ❡♥ ✉♥ ✉♥✐>✉❡ "❝❤)♠❛ ❢♦♥❝&✐♦♥♥❡❧ ❡①♣❧✐❝✐&❡

❬❙❡,,❡" ❡& ❛❧✳✱ ✷✵✵✽❛❪ ❧❡" "②"&C♠❡" ❞❡ ❝♦♥&,:❧❡ ✿

❼ ❞❡ ❧❛ ♣♦"✐&✐♦♥ ❧❛&),❛❧❡✱

❼ ❞❡ ❧❛ ✈✐&❡""❡ ❞❡ ❧✬✐♥"❡❝&❡ ❝❛,❛❝&),✐"❛♥& "♦♥ ✈♦❧ "✉, ❧❡ ♣❧❛♥ ❤♦,✐③♦♥&❛❧✳

❯♥❡ )&✉❞❡ ❡♥ "✐♠✉❧❛&✐♦♥ ❞❡ ❝❡ ♠♦❞C❧❡ ❞❡ ♥❛✈✐❣❛&✐♦♥ ♠✐" ❡♥ X✉✈,❡ "✉, ✉♥ ❛),♦❣❧✐""❡✉,

 ♦ ❛❧❡♠❡♥ ❛❝ ✐♦♥♥) ❬❙❡,,❡" ❡& ❛❧✳✱ ✷✵✵✽❛❪ ❛ ♣❡,♠✐" ❞✬❡♥ ♠♦♥&,❡, "❛ ♣❡,&✐♥❡♥❝❡ ❞❛♥"

❧❡ ❝♦♥&,:❧❡ ❞✉ ✈♦❧ ❡& ❞❡ ❧❛ ♣♦"✐&✐♦♥ ❡♥ ❡♥✈✐,♦♥♥❡♠❡♥& ✐♥❝♦♥♥✉ ❛✐♥"✐ >✉❡ "❛ ,♦❜✉"&❡""❡

❢❛❝❡ ❛✉① ♣❡,&✉,❜❛&✐♦♥" "✉"❝❡♣&✐❜❧❡" ❞❡ ❧✬❛✛❡❝&❡,✳ ▲✬)&❛♣❡ ❞❡ ♠✐"❡ ❡♥ X✉✈,❡ ,♦❜♦&✐>✉❡

"✉, ✉♥ ❞)♠♦♥"&,❛&❡✉, ,)❡❧✱ ❝♦♥"&✐&✉❛♥& ❧✬❡""❡♥❝❡ ❞❡ ❝❡ &,❛✈❛✐❧ ❞❡ &❤C"❡✱ ❞❡✈✐❡♥& ❛❧♦,"

✉♥❡ )&❛♣❡ ❢♦♥❞❛♠❡♥&❛❧❡ ❝❛, ❡❧❧❡ ♣❡,♠❡& ❞❡ ❝♦♥❢,♦♥&❡, ❧❡ ♠♦❞C❧❡ "✐♠✉❧) ❛✉① ❞♦♥♥)❡"

✶✺✼



❉✐"❝✉""✐♦♥

 !❡❧❧❡$✱ ❞✬❛❧❧❡ ❛✉✲❞❡❧+ ❞✉ ♠♦❞.❧❡✱ ❞❡ ❝♦♥✜ ♠❡ ❧❛ ♣❧❛✉$✐❜✐❧✐5! ❞✉ ♣ ✐♥❝✐♣❡ ❡5 $✉ 5♦✉5

❞✬❡♠❜❛ 6✉❡ ✉♥ ♣✐❧♦5❡ ❛✉5♦♠❛5✐6✉❡✱ 5❡❧ 6✉❡ ❧❛ ❞♦✉❜❧❡  !❣✉❧❛5✐♦♥ ❞✉ ✢✉① ♦♣5✐6✉❡✱ $✉ 

✉♥ ♠✐♥✐✲ ♦❜♦5 ❛✉5♦♥♦♠❡✳ ❈♦♠♠❡ 5♦✉5❡ ♠✐$❡ ❡♥ <✉✈ ❡  ♦❜♦5✐6✉❡✱ ✉♥ 5 ❛✈❛✐❧ ♣ !❧✐✲

♠✐♥❛✐ ❡ ❞❡ ✜❛❜✐❧✐$❛5✐♦♥ ❞❡ ❧❛ ♣❧❛5❡❢♦ ♠❡  ♦❜♦5✐6✉❡ ❞❛♥$ $❛ ❝♦♥❝❡♣5✐♦♥ !❧❡❝5 ♦♥✐6✉❡

❡5 $♦♥ ✐❞❡♥5✐✜❝❛5✐♦♥ ❞②♥❛♠✐6✉❡ ♦♥5 ♣ !❝!❞! $❛ ♠✐$❡ ❡♥ <✉✈ ❡✳ ▲❡  ♦❜♦5 ❛! ♦❣❧✐$$❡✉ 

❝♦♥$5✐5✉❡ ❞.$ ❧♦ $✱ $✉ ❧❛ ❜❛$❡ ❞✬✉♥ $②$5.♠❡ ✈✐$✉❡❧ ❞❡ 6✉❛5 ❡ + ❤✉✐5 ♣✐①❡❧$✱ ✉♥❡ $♦❧✉5✐♦♥

5♦5❛❧❡♠❡♥5 ❛✉5♦♥♦♠❡ ❞❡ ♥❛✈✐❣❛5✐♦♥ ❡♥ ❡♥✈✐ ♦♥♥❡♠❡♥5 ✐♥❝♦♥♥✉✱ ❡♥ 5❡ ♠❡$ ❞❡ ❝♦♥5 B❧❡

❞❡ ✈✐5❡$$❡ ❡5 ❞✬!✈✐5❡♠❡♥5 ❞✬♦❜$5❛❝❧❡$ ❧❛5! ❛✉①✱ ♣✉✐$6✉✬✐❧ ❡♠❜❛ 6✉❡ + $♦♥ ❜♦ ❞ $❡$ ❝❛♣✲

5❡✉ $ ❞❡ ✢✉① ♦♣5✐6✉❡✱ $♦♥ !♥❡ ❣✐❡✱ $♦♥ ♠♦②❡♥ ❞❡ ❝♦♠♠✉♥✐❝❛5✐♦♥ $❛♥$ ✜❧ ❡5 $♦♥ ♣✐❧♦5❡

❛✉5♦♠❛5✐6✉❡✳ ▲❡$ ❡①♣! ✐♠❡♥5❛5✐♦♥$  !❡❧❧❡$ ✈✐❡♥♥❡♥5 ❛✐♥$✐ ❝♦♥❝ !5✐$❡ ❧✬!❧❛❜♦ ❛5✐♦♥ ❞✉

♠♦❞.❧❡ ❡5 ❢❛✐ ❡ ✉♥  ❡5♦✉ $✉ ❧❛ ❜✐♦❧♦❣✐❡ ❛✜♥ ❞✬❡♥ ❝♦♥✜ ♠❡ ❧❛ ♣❡ 5✐♥❡♥❝❡ ❢❛❝❡ ❛✉①

♦❜$❡ ✈❛5✐♦♥$ ❢❛✐5❡$ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✱ ❞❛♥$ ❧❡ ❜✉5 ❞❡ ❝♦♠♣ ❡♥❞ ❡ ❧❡ 5 ❛✐5❡♠❡♥5 ❞❡ ❧✬✐♥❢♦ ✲

♠❛5✐♦♥ ✈✐$✉❡❧❧❡ $✉$❝❡♣5✐❜❧❡ ❞✬D5 ❡ ♠✐$ ❡♥ ❥❡✉ ❛✉ $❡✐♥ ❞✉ $②$5.♠❡ ♥❡ ✈❡✉① ❞✉ ❝♦♥5 B❧❡

$❡♥$♦ ✐♠♦5❡✉ ❞❡ ❧✬✐♥$❡❝5❡✳

◆♦✉$ ✈❡  ♦♥$ ❞❛♥$ ❝❡55❡ ❞✐$❝✉$$✐♦♥✱ !5❛♣❡ ♣❛ !5❛♣❡ + 5 ❛✈❡ $ ❧❛ ✜❣✉ ❡ ✻✳✶✱ ❧❛ ✜❞!❧✐5!

❞❡$ ❝♦♠♣♦ 5❡♠❡♥5$ ♦❜$❡ ✈!$ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❢❛❝❡ ❛✉① ❝♦♠♣♦ 5❡♠❡♥5$ ❡♥❣❡♥❞ !$ ♣❛ ❧❡

 ♦❜♦5 5❡$5! ❞❛♥$ ❞❡$ ❝♦♥❞✐5✐♦♥$ $✐♠✐❧❛✐ ❡$ + ❝❡❧❧❡$ ❢❛✐5❡$ ❝❤❡③ ❧✬✐♥$❡❝5❡✳

✶✺✽





❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

■ ❙✐♠✐❧✐%✉❞❡) ❝♦♠♣♦-%❡♠❡♥%❛❧❡) ❡♥%-❡ ❧❡ -♦❜♦% ▲❖❘❆

❡% ❧✬❛❜❡✐❧❧❡

■✳❆ ❈♦♠♣♦'(❡♠❡♥( ❞❡ ❝❡♥('❛❣❡

 ❧✉#✐❡✉&# '&❛✈❛✉① ❢♦♥' .'❛' ❞✬✉♥ ❝♦♠♣♦&'❡♠❡♥' ❞❡ ❝❡♥'&❛❣❡ ❞❡# ❛❜❡✐❧❧❡# ♥❛✈✐❣✉❛♥'

❞❛♥# ✉♥ '✉♥♥❡❧ .'&♦✐' ❬❑✐&❝❤♥❡& ❛♥❞ ❙&✐♥✐✈❛#❛♥✱ ✶✾✽✾✱ ❙&✐♥✐✈❛#❛♥ ❡' ❛❧✳✱ ✶✾✾✶❪✳ ❈❡#

❝❤❡&❝❤❡✉&# ♦♥' ❡♥'&❛A♥. ❞❡# ❛❜❡✐❧❧❡# B '&❛✈❡&#❡& ✉♥ '✉♥♥❡❧ .'&♦✐' ❞❡ ❧❛&❣❡✉& D = 12 cm

❡' ♦♥' ♦❜#❡&✈. C✉✬❡❧❧❡# ❛❞♦♣'❛✐❡♥' #②#'.♠❛'✐C✉❡♠❡♥' ✉♥ ❝♦♠♣♦&'❡♠❡♥' ❞❡ ❝❡♥#$❛❣❡

❛✈❡❝ ✉♥❡ ✈✐'❡##❡ ♠♦②❡♥♥❡ ❝♦♥#'❛♥'❡ ✭Vf = 0.38 m.s−1✮ ✭✜❣✉&❡ ✻✳✶❆✮✳ ▲❡# ❛✉'❡✉&#

♦♥' ❛❧♦&# ❞.❞✉✐'✱ ❞❡ ❧❛ '&❛❥❡❝'♦✐&❡ ❞❡# ❛❜❡✐❧❧❡#✱ ❧❡# ✢✉① ♦♣'✐C✉❡# ❧❛'.&❛✉① ❣.♥.&.# ♣❛&

#♦♥ ♠♦✉✈❡♠❡♥' ❡' ♦♥' &❡♠❛&C✉. C✉❡ ❝❡# ✢✉① ♦♣'✐C✉❡# ❧❛'.&❛✉① ♠♦②❡♥# ✭❞❡ ❧✬♦&❞&❡

❞❡ 360 ◦.s−1✮ .'❛✐❡♥' ♠✐♥✐♠❛✉① ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ♠.❞✐❛♥❡ ❬❙&✐♥✐✈❛#❛♥ ❡' ❛❧✳✱ ✶✾✾✶❪✳

❉✬❛✉'&❡# '&❛✈❛✉① ❢♦♥' .❣❛❧❡♠❡♥' .'❛' ❞❡ ❝❡ ❝♦♠♣♦&'❡♠❡♥' ❞❡ ❝❡♥'&❛❣❡ ❞❛♥# ❞❡# '✉♥✲

♥❡❧# ❞&♦✐'# ❞❡ ❧❛&❣❡✉& ❞✐✛.&❡♥'❡ ✭D = 22 cm ❡' D = 32 cm✮ ❬❇❛✐&❞ ❡' ❛❧✳✱ ✷✵✵✺❪ ❡'

✭D = 95 cm✮ ❬❙❡&&❡# ❡' ❛❧✳✱ ✷✵✵✽❜❪✳

❙✉& ✉♥ ♣❧❛♥ '❤.♦&✐C✉❡✱ ✉♥❡ ❛❜❡✐❧❧❡ ✓ ❛&'✐✜❝✐❡❧❧❡ ✔ .C✉✐♣.❡ ❞✉ ♣✐❧♦'❡ ❛✉'♦♠❛'✐C✉❡ ▲❖❘❆

'&❛✈❡&#❛♥' ✉♥ ♠X♠❡ '✉♥♥❡❧ .'&♦✐' ❛❞♦♣'❡&❛✐' ✉♥ ❝♦♠♣♦&'❡♠❡♥' ❞❡ ❝❡♥'&❛❣❡ ♣♦✉& ✉♥❡

❝♦♥#✐❣♥❡ ❞❡ ✢✉① ♦♣'✐C✉❡ ✉♥✐❧❛'.&❛❧❡ &❡#♣❡❝'❛♥' ωsetSide ≤
ωsetFwd

2
❬❙❡&&❡# ❡' ❛❧✳✱ ✷✵✵✽❛❪✳

❆✜♥ ❞✬✐❧❧✉#'&❡& ❝❡ ❝♦♠♣♦&'❡♠❡♥' #✉& ✉♥ ❞.♠♦♥#'&❛'❡✉& &♦❜♦'✐C✉❡✱ ♥♦✉# ❛✈♦♥# ♣❧❛❝.

♥♦'&❡ &♦❜♦' ❛.&♦❣❧✐##❡✉& ♠✐♥✐❛'✉&❡ ❝♦♥'&Y❧. ♣❛& ▲❖❘❆ ❞❛♥# ✉♥ '✉♥♥❡❧ ❞&♦✐' ❞✬✉♥❡

❧♦♥❣✉❡✉& ❞❡ 4 m ❡' ❞✬✉♥❡ ❧❛&❣❡✉& ❞❡ 92 cm ✭✜❣✉&❡ ✻✳✷❆✮✳ ▲❡ &♦❜♦' ♣❛&' ❞❡ ♣❧✉✲

#✐❡✉&# ♣♦#✐'✐♦♥# ✐♥✐'✐❛❧❡# ❛✈❡❝ ❝♦♠♠❡ ❝♦♥#✐❣♥❡# ❞❡ ✢✉① ♦♣'✐C✉❡

✶ ωsetFwd = 250 ◦.s−1

❡' ωsetSide = 125 ◦.s−1✳  ♦✉& ❝❤❛C✉❡ ♣♦#✐'✐♦♥ ✐♥✐'✐❛❧❡✱ ❧❡ &♦❜♦' ♦♣Z&❡ ✉♥ ❝♦♠♣♦&'❡✲

♠❡♥' ❞❡ ❝❡♥'&❛❣❡✱ '♦✉' ❡♥ ♠❛✐♥'❡♥❛♥' ✉♥❡ ✈✐'❡##❡ ❞✬❛✈❛♥❝❡ Vf ❝♦♥#'❛♥'❡ ❡♥ &.❣✐♠❡

♣❡&♠❛♥❡♥'✳ ❖♥ ♣❡✉' .❣❛❧❡♠❡♥' ♦❜#❡&✈❡& #✉& ✉♥❡ ❞❡# '&❛❥❡❝'♦✐&❡# ✭'&❛❥❡❝'♦✐&❡ ♥♦✐&❡✱

✜❣✉&❡ ✻✳✷❈✮✱ ✉♥ ♣❤.♥♦♠Z♥❡ ❞✬♦#❝✐❧❧❛'✐♦♥✱ ❝♦♠♠✉♥ ❛✉① '&❛❥❡❝'♦✐&❡# ♦❜'❡♥✉❡# ❝❤❡③ ❧❡#

❛❜❡✐❧❧❡#✱ ❞❛♥# ❧❡ ❝♦♥'&Y❧❡ ❞❡ ❧❛ ♣♦#✐'✐♦♥✳ ▲❡ &♦❜♦' #❡♠❜❧❡ &❡❥❡'❡& ❛❧'❡&♥❛'✐✈❡♠❡♥' ❡'

❛✉'♦♠❛'✐C✉❡♠❡♥' ✉♥ ♠✉& ♣✉✐# ❧✬❛✉'&❡ ♣♦✉& #❡ ♣❧❛❝❡& ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ♠.❞✐❛♥❡ ❞✉

'✉♥♥❡❧ ✭✜❣✉&❡ ✻✳✶●✮✳

❉❛♥# ♥♦'&❡ ♠♦❞Z❧❡✱ ❧❛ #.❧❡❝'✐♦♥ ❞✉ ♠✉& ❧❡ ♣❧✉# ♣&♦❝❤❡ #✬❡✛❡❝'✉❡ ♣❛& ❧❡ ❝&✐'Z&❡ ♠❛①✐✲

♠✉♠ ✭❢♦♥❝'✐♦♥ ♠❛①✱ ✜❣✉&❡ ✸✳✹❈ ♣❛❣❡ ✶✵✸✮ ❡' ❧❡ #✐❣♥❡ ❞❡ ❧❛ ❝♦♥'&❡✲&.❛❝'✐♦♥ ❞♦♥♥❡ ❧❛

❞✐&❡❝'✐♦♥ B ♣&❡♥❞&❡ ❛✉ &♦❜♦' ✈❡&# ❧❡ ♠✉& ❧❡ ♣❧✉# ♣&♦❝❤❡ ✭❢♦♥❝'✐♦♥ )✐❣♥❡✱ ✜❣✉&❡ ✸✳✹❈✮✳ ▲❡

❝♦♠♣♦&'❡♠❡♥' ❞❡ ❝❡♥'&❛❣❡ ❡#' ✉♥❡ ♦#❝✐❧❧❛'✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ♠.❞✐❛♥❡ ❞✉ '✉♥♥❡❧ ✿

✶

▲❡" ❝♦♥"✐❣♥❡" ❞❡ ✢✉① ♦♣-✐.✉❡ ✭ωsetFwd ❡- ωsetSide✮ ♦♥- 1-1 ❝❤♦✐"✐❡" ✐❝✐✱ ❝♦♠♠❡ ❞❛♥" ❧❡" ❛✉-7❡"

❡①♣17✐♠❡♥-❛-✐♦♥"✱ ♣❧✉" ❢❛✐❜❧❡" .✉❡ ❝❡❧❧❡" ♦❜"❡7✈1❡" ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❛✜♥ ❞❡ "✬❛""✉7❡7 ✉♥ 71❣✐♠❡ ♣❡7♠❛♥❡♥-

> ♠✐✲♣❛7❝♦✉7" ♣♦✉7 -❡♥✐7 ❝♦♠♣-❡ ❞❡" ❞②♥❛♠✐.✉❡" ❧❡♥-❡" ❞✉ 7♦❜♦-✳

✶✻✵



ωsetFwd ωsetSide

ωsetFwd = 250◦.s−1 ωsetSide =
125◦.s−1 ωsetSide = 160◦.s−1



ωsetSide ωsetFwd

ωfused
R ωfused

L

ǫSide

ωsetSide <
ωsetFwd

2

ωsetSide
ωsetFwd

2

1.12 s 1.83 s
2 s

ωsetFwd = 190◦.s−1 ωsetSide = 125◦.s−1



❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

♠❛①✱ ✜❣✉$❡ ✸✳✹❈ ♣❛❣❡ ✶✵✸✮✱ ❧❡ 0✐❣♥❡ ❞❡ ❧❛ ❝♦♥6$❡✲$8❛❝6✐♦♥ ❞8♣❡♥❞ 6♦✉6 0✐♠♣❧❡♠❡♥6

❞✉ ♠✉$ : 0✉✐✈$❡ ✭❢♦♥❝6✐♦♥ #✐❣♥❡✱ ✜❣✉$❡ ✸✳✹❈✮✳ ▲❛ ✈❛❧❡✉$ ❞✉ ✢✉① ♦♣6✐A✉❡ ✉♥✐❧❛68$❛❧❡

♠❛✐♥6❡♥✉❡ ❝♦♥06❛♥6❡ ❧♦$0 ❞✬✉♥ 0✉✐✈✐ ❞❡ ♠✉$ ❝♦$$❡0♣♦♥❞ : ❧❛ ✈❛❧❡✉$ ❞❡ ❧❛ ❝♦♥0✐❣♥❡

ωsetSide $❡❧✐❛♥6 : ❧❛ ❢♦✐0 ❧❛ ✈✐6❡00❡ ❞✬❛✈❛♥❝❡ Vf ❡6 ❧❛ ❞✐06❛♥❝❡ ❛✉ ♠✉$ 0✉✐✈✐ DR,L ❬❙❡$$❡0

❡6 ❛❧✳✱ ✷✵✵✽❜❪ 6❡❧ A✉❡ ✿

ωsetSide =
Vf

DR,L

✭✻✳✶✮

▲❛ ♠✐0❡ ❡♥ K✉✈$❡ $♦❜♦6✐A✉❡ ❞✉ ♣✐❧♦6❡ ❛✉6♦♠❛6✐A✉❡ ▲❖❘❆ 0✉$ ❧✬❛8$♦❣❧✐00❡✉$ ♠✐♥✐❛6✉$❡

❛ ♣❡$♠✐0 ❞✬8♣$♦✉✈❡$ ❝❡ ❝♦♠♣♦$6❡♠❡♥6 ❞❡ 0✉✐✈✐ ❞❡ ♣❛$♦✐ ❞❛♥0 ❞✐✈❡$0❡0 ❝♦♥✜❣✉$❛6✐♦♥0

❞✬❡♥✈✐$♦♥♥❡♠❡♥6 ❛❧❧❛♥6 ❞✉ 6✉♥♥❡❧ ❞$♦✐6 ✭✜❣✉$❡0 ✻✳✶❈ ✫ ✻✳✷❉✮ ❛✉ 6✉♥♥❡❧ ❢✉0❡❧8 ✭❡✳❣✳✱

✜❣✉$❡ ✻✳✷❋✮ ❡♥ ♣❛00❛♥6 ♣❛$ ✉♥ 6✉♥♥❡❧ ♣$80❡♥6❛♥6 ✉♥ ✈✐$❛❣❡ ✭✜❣✉$❡0 ✻✳✸✮✳ ▲❡0 $80✉❧6❛60

♣$80❡♥680 ❞❛♥0 ❧❡0 ❝❤❛♣✐6$❡0 ✷ ❡6 ✸ ♠♦♥6$❡♥6 A✉❡ ♣♦✉$ ✉♥ ❝♦✉♣❧❡ ❞❡ ❝♦♥0✐❣♥❡0 ωsetSide

❡6 ωsetFwd $❡0♣❡❝6❛♥6 ωsetSide > ωsetFwd

2
❧❡ $♦❜♦6 ❡06 ❝❛♣❛❜❧❡✱ ♠S♠❡ ❛✈❡❝ ✉♥ 0②06U♠❡

✈✐0✉❡❧ ❞❡ $80♦❧✉6✐♦♥ ❣$♦00✐U$❡ ✭A✉❛6$❡ ♦✉ ❤✉✐6 ♣✐①❡❧0✮✱ ❞❡ 0✉✐✈$❡ ❧❛ ♣❛$♦✐ ❧❛ ♣❧✉0 ♣$♦❝❤❡

: ✉♥❡ ❞✐06❛♥❝❡ ❞❡ 08❝✉$✐68 A✉✐ ❞8♣❡♥❞ ❞❡ ❧❛ ❧❛$❣❡✉$ ❧♦❝❛❧❡ ❞✉ 6✉♥♥❡❧ ❉ ❝♦♠♠❡ ♦❜0❡$✈8

❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❬❙❡$$❡0 ❡6 ❛❧✳✱ ✷✵✵✽❜❪✳

▲❛ $8❣✉❧❛6✐♦♥ ✉♥✐❧❛68$❛❧❡ ❞✉ ✢✉① ♦♣6✐A✉❡ 0✉✐✈❛♥6 ❧❡ ♣❧✉0 ❣$❛♥❞ ❞❡0 ✢✉① ♦♣6✐A✉❡0

♠❡0✉$80 ❡06 $❡0♣♦♥0❛❜❧❡ ❞❡ ❝❡ ❝♦♠♣♦$6❡♠❡♥6 ✓ $8✢❡①❡ ✔ ❞✉ 0✉✐✈✐ ❞✉ ♠✉$ ❧❡ ♣❧✉0

♣$♦❝❤❡ ✭✜❣✉$❡ ✸✳✶✸❋✮✳

■✳❈ ❘$❛❝'✐♦♥ ❛✉'♦♠❛'✐-✉❡ / ✉♥❡ ♣❡1'✉1❜❛'✐♦♥ ❡♥ $❝❤❡❧♦♥ ❞❡

✢✉① ♦♣'✐-✉❡ ❞❛♥8 ✉♥ '✉♥♥❡❧ ♥♦♥✲8'❛'✐♦♥♥❛✐1❡

❆♣$U0 ❛✈♦✐$ 86✉❞✐8 ❧❛ $8❛❝6✐♦♥ ❞❡ ❝❡♥6$❛❣❡ ❞❡0 ❛❜❡✐❧❧❡0 ❞❛♥0 ✉♥ 6✉♥♥❡❧ 86$♦✐6 06❛6✐♦♥✲

♥❛✐$❡✱ ❧✬8A✉✐♣❡ ❛✉06$❛❧✐❡♥♥❡ ❞❡ ❙$✐♥✐✈❛0❛♥ ❛ ❢❛✐6 ♥❛✈✐❣✉❡$ ❧❡0 ❛❜❡✐❧❧❡0 ❞❛♥0 ✉♥ 6✉♥♥❡❧

86$♦✐6 ♥♦♥✲06❛6✐♦♥♥❛✐$❡ ❞♦♥6 ❧❡ ❜✉6 ❡06 ❞✬♦❜0❡$✈❡$ ❧✬✐♥✢✉❡♥❝❡ ❞✬✉♥❡ ♠♦❞✐✜❝❛6✐♦♥ ❞❡ ❧❛

✈✐6❡00❡ ❛♣♣❛$❡♥6❡ ❞❡ ❞8✜❧❡♠❡♥6 ❞✬✉♥ ❞❡0 ♠✉$0 0✉$ ❧❡✉$ ✈♦❧ ❬❑✐$❝❤♥❡$ ❛♥❞ ❙$✐♥✐✈❛0❛♥✱

✶✾✽✾✱ ❙$✐♥✐✈❛0❛♥ ❡6 ❛❧✳✱ ✶✾✾✶❪✳

❆✐♥0✐✱ ❛♣$U0 ✉♥❡ ♣$♦❝8❞✉$❡ ❞✬❡♥6$❛[♥❡♠❡♥6 ❞❡0 ❛❜❡✐❧❧❡0 : 0❡ ❝❡♥6$❡$ ❞❛♥0 ✉♥ 6✉♥♥❡❧

06❛6✐♦♥♥❛✐$❡✱ ❝❡0 ❝❤❡$❝❤❡✉$0 ♦♥6 ♦❜0❡$✈8 A✉❡ ❧♦$0A✉✬❡❧❧❡0 ❡♥6$❡♥6 0✉❜✐6❡♠❡♥6 ❞❛♥0 ✉♥

6✉♥♥❡❧ 86$♦✐6 ♥♦♥✲06❛6✐♦♥♥❛✐$❡✱ ❧❡0 ❛❜❡✐❧❧❡0 0❡ ❞8❝❡♥6$❡♥6 ❞❡ ❧❛ ❧✐❣♥❡ ♠8❞✐❛♥❡ ❞✉ 6✉♥♥❡❧

❡♥ 0❡ $❛♣♣$♦❝❤❛♥6 ✭✜❣✉$❡ ✻✳✶❉✮ ♦✉ ❡♥ 0✬8❝❛$6❛♥6 ✭✜❣✉$❡ ✻✳✶❋✮ ❞✉ ♠✉$ ❡♥ ♠♦✉✈❡♠❡♥6

0✉✐✈❛♥6 0♦♥ 0❡♥0 ❞❡ ❞8✜❧❡♠❡♥6 ❬❑✐$❝❤♥❡$ ❛♥❞ ❙$✐♥✐✈❛0❛♥✱ ✶✾✽✾✱ ❙$✐♥✐✈❛0❛♥ ❡6 ❛❧✳✱ ✶✾✾✶❪✳

➚ ♣❛$6✐$ ❞❡0 ♣❛$❛♠U6$❡0 ❞❡ ✈♦❧✱ ✐❧0 ♦♥6 ❛❧♦$0 ❞8❞✉✐6 A✉❡ ❧❡ ✢✉① ♦♣6✐A✉❡ ❞✬✉♥ ♠✉$ 06❛✲

6✐♦♥♥❛✐$❡ 86❛✐6 ❝♦♠♣$✐0 ❡♥6$❡ 135 ◦.s−1 ❡6 340 ◦.s−1 ❬❙$✐♥✐✈❛0❛♥ ❡6 ❛❧✳✱ ✶✾✾✶❪✳ ❉❛♥0 ❧❡

❝❛0 ❞✉ 6✉♥♥❡❧ ♥♦♥✲06❛6✐♦♥♥❛✐$❡✱ ❝❡❧✉✐✲❝✐ 86❛✐6 ❞❡ 105 ◦.s−1 ❧♦$0A✉❡ ❧❡ ♠✉$ 0❡ ❞8♣❧❛❝❡

❞❛♥0 ❧❡ 0❡♥0 ❞✬❛✈❛♥❝❡ ❞❡ ❧✬❛❜❡✐❧❧❡ ✭V p = 27.5 cm.s−1✮ ❡6 ❞❡ 325 ◦.s−1 ❞❛♥0 ❧❡ ❝❛0

✶✻✸



❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

❝♦♥#$❛✐$❡ ✭V p = −27.5 cm.s−1✮ ❬❙$✐♥✐✈❛-❛♥ ❡# ❛❧✳✱ ✶✾✾✶❪✳

▲❛ ♠✐-❡ ❡♥ ♠♦✉✈❡♠❡♥# ❞✬✉♥ ❞❡- ♠✉$- ❞✉ #✉♥♥❡❧ ❞❛♥- ❧❡ -❡♥- ❞✬❛✈❛♥❝❡ ♦✉ ❧❡ -❡♥-

❝♦♥#$❛✐$❡ ❞✬❛✈❛♥❝❡ ❞✉ ✈♦❧ ❞✬✉♥❡ ❛❜❡✐❧❧❡ ✈✐❡♥# ♠♦❞✐✜❡$ ❧❛ ✈✐#❡--❡ ❞❡ ❞;✜❧❡♠❡♥# ✓ ♣❡$✲

?✉❡ ✔ ❞❡ ❝❡ ♠✉$ ❡♥ ❣;♥;$❛♥# ✉♥❡ ♣❡$#✉$❜❛#✐♦♥ ωp ❡♥ ;❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣#✐E✉❡ ✭ωp =

−
Vp

DR,L
✮ ❬❙❡$$❡% ❡& ❛❧✳✱ ✷✵✵✽❛❪✳

❉❛♥% ❧❡ ❝❛❞$❡ ❞✉ ♣✐❧♦&❡ ❛✉&♦♠❛&✐8✉❡ ▲❖❘❆✱ ❝❡&&❡ ♣❡$&✉$❜❛&✐♦♥ ❛✛❡❝&❡ ❧❡ ✢✉① ♦♣&✐8✉❡

♣❡$A✉ ✉♥✐❧❛&B$❛❧❡♠❡♥& ❡& ♣❡$&✉$❜❡ C ❧❛ ❢♦✐% ❧❛ ❜♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ❡& ❧❛ ❜♦✉❝❧❡ ❞❡ ♣♦%✐&✐♦♥

❧❛&B$❛❧❡ ❞✉ ♣✐❧♦&❡ ❛✉&♦♠❛&✐8✉❡ 8✉✐ $❡❥❡&&❡♥& ❝❡ &②♣❡ ❞❡ ♣❡$&✉$❜❛&✐♦♥ ✭✈♦✐$ ❆♥♥❡①❡%

■■✳❆ ✫ ■■✳❇✮ ❡♥ ✐♥&❡$✈❡♥❛♥& ❝♦♥❥♦✐♥&❡♠❡♥& %✉$ ❧❡ ❝♦♥&$M❧❡ ❞❡ ❧❛ ✈✐&❡%%❡ ❡& ❞❡ ❧❛ ♣♦%✐&✐♦♥

❧❛&B$❛❧❡ ❞❛♥% ❧❡ &✉♥♥❡❧✱ ♠♦❞✐✜❛♥& ❞O% ❧♦$% ❧✬B&❛& ✜♥❛❧ ❞✉ %②%&O♠❡ ❬❙❡$$❡% ❡& ❛❧✳✱ ✷✵✵✽❛❪ ✿

Vf∞ =
ωsetSide · (ωsetFwd − ωsetSide)

ωsetFwd

·D +
ωsetFwd − ωsetSide

ωsetFwd

· Vp ✭✻✳✷✮

y∞ =
ωsetFwd − ωsetSide

ωsetFwd

·D −
1

ωsetFwd

· Vp ✭✻✳✸✮

▲♦$% ❞❡ ♥♦&$❡ ❡①♣B$✐❡♥❝❡ $♦❜♦&✐8✉❡ ❞❛♥% ✉♥ &✉♥♥❡❧ ♥♦♥✲%&❛&✐♦♥♥❛✐$❡✱ ❧❡ ♠✐❝$♦✲$♦❜♦& ❛

$❡✢B&B ❧❛ $B❛❝&✐♦♥ ❛&&❡♥❞✉❡ ♣❛$ ❧❡ ♠♦❞O❧❡ ❬❙❡$$❡% ❡& ❛❧✳✱ ✷✵✵✽❛❪ ✭✜❣✉$❡ ✻✳✹❈✮ ❡& ♦❜%❡$✈B❡

❝❤❡③ ❧✬✐♥%❡❝&❡ ❬❑✐$❝❤♥❡$ ❛♥❞ ❙$✐♥✐✈❛%❛♥✱ ✶✾✽✾✱ ❙$✐♥✐✈❛%❛♥ ❡& ❛❧✳✱ ✶✾✾✶❪✳ ❊♥ ❡✛❡&✱ ❞❛♥% ❧❡

❝❛% ❞✬✉♥ ❞B✜❧❡♠❡♥& ❞✉ ♠✉$ ❞❛♥% ❧❡ %❡♥% ❝♦♥&$❛✐$❡ ❞✬❛✈❛♥❝❡ ❞✉ $♦❜♦& ✭Vp = −0.3m.s−1✮

❣B♥B$❛♥& ✉♥❡ ♣❡$&✉$❜❛&✐♦♥ ❞❡ ✢✉① ♦♣&✐8✉❡ B❧❡✈B❡ ✭55◦.s−1✮✱ ❧❡ $♦❜♦& %✬B❧♦✐❣♥❡ ❞✉ ♠✉$

❡♥ ♠♦✉✈❡♠❡♥& &♦✉& ❡♥ ❞✐♠✐♥✉❛♥& %❛ ✈✐&❡%%❡✳ ■♥&❡$♣$B&B ❝♦♠♠❡ ✉♥ ✓ ❞❛♥❣❡$ ✔ ♦_

✉♥❡ ✈✐&❡%%❡ ❞❡ ❞B✜❧❡♠❡♥& %✐❣♥✐✜❡ ✉♥❡ ♣$♦①✐♠✐&B ♣❧✉% ❣$❛♥❞❡ ❛✈❡❝ ❧❛ ♣❛$♦✐✱ ❧❛ ❜♦✉❝❧❡

❞❡ ❝♦♥&$M❧❡ ❧❛&B$❛❧❡ ❝♦♠♣❡♥%❡ ❧❛ ♣❡$&✉$❜❛&✐♦♥ ❡♥ B❧♦✐❣♥❛♥& ❧❡ $♦❜♦& ❞✉ ♠✉$ ✭✜❣✉$❡%

✻✳✶▼✫✻✳✹❆✱ ❝♦✉$❜❡ ✈❡$&❡✮ ❡& ❡♥ ❧❡ ❢$❡✐♥❛♥&✳ ❉❛♥% ❧❡ ❝❛% ❝♦♥&$❛✐$❡ ✭Vp = 0.3 m.s−1✮✱

❧❡ $♦❜♦& %❡ $❛♣♣$♦❝❤❡ ❞✉ ♠✉$ ❡♥ ♠♦✉✈❡♠❡♥& &♦✉& ❡♥ ❛❝❝B❧B$❛♥& ✭✜❣✉$❡% ✻✳✶❏✫✻✳✹❆✱

❝♦✉$❜❡ $♦✉❣❡✮ ❛✜♥ ❞❡ ❝♦♠♣❡♥%❡$ ❧❛ ❝❤✉&❡ ❞✉ ✢✉① ♦♣&✐8✉❡ ✉♥✐❧❛&B$❛❧ ✭−55◦.s−1✮✳

❈❡% ♦❜%❡$✈❛&✐♦♥% $❡❥♦✐❣♥❡♥& ❧❡% ❝♦♠♣♦$&❡♠❡♥&% ♦❜%❡$✈B% ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ♣❛$ ❑✐$❝❤♥❡$

❡& ❙$✐♥✐✈❛%❛♥ ❬❑✐$❝❤♥❡$ ❛♥❞ ❙$✐♥✐✈❛%❛♥✱ ✶✾✽✾✱ ❙$✐♥✐✈❛%❛♥ ❡& ❛❧✳✱ ✶✾✾✶✱ b♦$&❡❧❧✐ ❡& ❛❧✳✱

✷✵✶✵❛❪✱ ♠❛✐% ❛✉%%✐ ♣❛$ ❞❡% $❡❝❤❡$❝❤❡% ♠❡♥B❡% ♣❧✉% $B❝❡♠♠❡♥& ❬❇❛✐$❞ ❡& ❛❧✳✱ ✷✵✵✺✱

b♦$&❡❧❧✐ ❡& ❛❧✳✱ ✷✵✶✵❛❪ 8✉✐ ♠❡&&❡♥& ❡♥ ❡①❡$❣✉❡♥& ❞❡% $B%✉❧&❛&% %✐♠✐❧❛✐$❡%✳

■✳❉ ❘$❛❝'✐♦♥ ❛✉'♦♠❛'✐-✉❡ / ✉♥❡ ❛❜1❡♥❝❡ ❞❡ '❡①'✉4❡ ♦✉ ✉♥❡

✓ ♦✉✈❡4'✉4❡ ✔

❑✐$❝❤♥❡$ ❡& ❙$✐♥✐✈❛%❛♥ ♦♥& &❡%&B ❧❡ ❝♦♥&$M❧❡ %❡♥%♦$✐♠♦&❡✉$ ❞❡ ❧✬❛❜❡✐❧❧❡ ❡♥ ❧❡% ❡♥&$❛d✲

♥❛♥& C &$❛✈❡$%❡$ ✉♥ &✉♥♥❡❧ B&$♦✐& %&❛&✐♦♥♥❛✐$❡ ✭D = 12 cm✮ ❞♦♥& ❧✬✉♥ ❞❡% ♠✉$% B&❛✐&

&❛♣✐%%B ❞✬✉♥❡ &❡✐♥&❡ ❣$✐%❡ ❤♦♠♦❣O♥❡ ✭❝♦♥&$❛%&❡ ❞❡ ▼✐❝❤❡❧%♦♥ m < 0.05✮ ❬❑✐$❝❤♥❡$ ❛♥❞

✶✻✹



ǫFwd



❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

❙!✐♥✐✈❛&❛♥✱ ✶✾✽✾✱ ❙!✐♥✐✈❛&❛♥ ❡, ❛❧✳✱ ✶✾✾✶❪✳

▲❡& ❛✉,❡✉!& ♦♥, ❛❧♦!& ♦❜&❡!✈4 5✉❡ ❧❡& ❛❜❡✐❧❧❡& &❡ ❞4❝❡♥,!❡♥, &②&,4♠❛,✐5✉❡♠❡♥, ❞❡ ❧❛

❧✐❣♥❡ ♠4❞✐❛♥❡ ❞✉ ,✉♥♥❡❧ ❡♥ ❞✐!❡❝,✐♦♥ ❞✉ ♠✉! ❞4♣♦✉!✈✉ ❞❡ ❝♦♥,!❛&,❡&✱ ✉♥❡ ❝♦♥&45✉❡♥❝❡

&❡❧♦♥ ❡✉① ❞✉ ♠❛✉✈❛✐& !❛♣♣♦!, &✐❣♥❛❧✲&✉!✲❜!✉✐, ❞❡& ♣❤♦,♦!4❝❡♣,❡✉!& ❞✉ &②&,?♠❡ ✈✐&✉❡❧

❞❡& ❛❜❡✐❧❧❡& ♠✐& ❡♥ ❝❛✉&❡ ♣❛! ❧❡ ♠✉! ✉♥✐❢♦!♠4♠❡♥, ,❡①,✉!4 ❬❑✐!❝❤♥❡! ❛♥❞ ❙!✐♥✐✈❛&❛♥✱

✶✾✽✾✱ ❙!✐♥✐✈❛&❛♥ ❡, ❛❧✳✱ ✶✾✾✶❪✳

❈❡♣❡♥❞❛♥,✱ ❞❡ ♣❧✉& !4❝❡♥,❡& ❡①♣4!✐♠❡♥,❛,✐♦♥& ♦♥, ♠✐& ❡♥ ❛✈❛♥, ❞✬❛✉,!❡& !4&✉❧,❛,&✳

❊♥ ❡✛❡,✱ ❞❡ ❢❛G♦♥ ❝♦♠♣❧4♠❡♥,❛✐!❡ ❛✉① ♦❜&❡!✈❛,✐♦♥& ❞❡ ❧✬45✉✐♣❡ ❞❡ ❙!✐♥✐✈❛&❛♥✱ ❙❡!!❡&

❡, ❛❧✳ ❬✷✵✵✽❜❪ ♦♥, ♦❜&❡!✈4 5✉❡ ❧♦!&5✉❡ ❧❡& ❛❜❡✐❧❧❡& ♦♣?!❡♥, ✉♥ &✉✐✈✐ ❞❡ ♣❛!♦✐ ❞❛♥& ✉♥

,✉♥♥❡❧ ♣!?& ❞❡ ❞✐① ❢♦✐& ♣❧✉& ❧❛!❣❡ ✭D = 95 cm✮✱ ❧❡& ❛❜❡✐❧❧❡& ♥❡ &♦♥, ♣❛& ♣❡!,✉!❜4❡& ♣❛!

❧✬❛❜&❡♥❝❡ ❞✬✉♥ ♣❛♥ ❞✉ ♠✉! ♦♣♣♦&4 ✭❣4♥4!❛♥, ❞❡ ❢❛✐, ✉♥ ✢✉① ♦♣,✐5✉❡ 5✉❛&✐✲♥4❣❧✐❣❡❛❜❧❡

4±1 ◦.s−1✮ ❡, ♦♣4!❡♥, ,♦✉, ❞❡ ♠M♠❡ ✉♥ ❝♦♠♣♦!,❡♠❡♥, ❞❡ &✉✐✈✐ ❞❡ ♠✉! N ✉♥❡ ❞✐&,❛♥❝❡

❡, ✉♥❡ ✈✐,❡&&❡ ❞✬❛✈❛♥❝❡ 45✉✐✈❛❧❡♥,❡ 5✉✬❡♥ ♣!4&❡♥❝❡ ❞❡& ❞❡✉① ♠✉!& ✭✜❣✉!❡ ✻✳✶❈✫❊✮

❬❙❡!!❡& ❡, ❛❧✳✱ ✷✵✵✽❜❪✳ ❉❡ ♣❧✉&✱ ❝❡& ❛❜❡✐❧❧❡& &♦!,❡♥, ♣❛! ❧✬♦✉✈❡!,✉!❡ ❧♦!&5✉❡ ❧❡ ♣❛♥ ❞❡

♠✉! 5✉✬❡❧❧❡& ♦♥, 4,4 ❡♥,!❛S♥4❡& N &✉✐✈!❡ ❞✐&♣❛!❛S,✳ ❈❡& ❞❡✉① ♦❜&❡!✈❛,✐♦♥& ♠♦♥,!❡♥, 5✉❡

❧✬❛❜❡✐❧❧❡ ❡&, ❝❛♣❛❜❧❡ ❞✬✉,✐❧✐&❡! ❧❡& ✐♥❞✐❝❡& ✈✐&✉❡❧❧❡& ❞❡ ❧❛ ♣❛!♦✐ ❧❛,4!❛❧❡ ❧❛ ♣❧✉& ♣!♦❝❤❡

♣♦✉! ❧❛ &✉✐✈!❡ ❡, ❛❝❝4❞❡! N ❧❛ !4❝♦♠♣❡♥&❡✳

❈❡& ❞❡!♥✐?!❡& ♦❜&❡!✈❛,✐♦♥& &♦♥, ❝!✉❝✐❛❧❡& ❡, !❡♥❢♦!❝❡♥, ❧✬✐❞4❡ ❞✬✉♥❡ !4❣✉❧❛,✐♦♥ ✉♥✐❧❛%&✲

(❛❧❡ ❞✉ ✢✉① ♦♣,✐5✉❡ ❜❛&4❡ &✉! ✉♥ ❝!✐,?!❡ &4❧❡❝,✐♦♥♥❛♥, ❧❡ ♣❧✉& ❣!❛♥❞ ❞❡& ✢✉① ♦♣,✐5✉❡&

❧❛,4!❛✉①✱ N &❛✈♦✐! ❧❡ ❝!✐,?!❡ ♠❛①✐♠✉♠ ✭✜❣✉!❡ ✸✳✹❇ ♣❛❣❡ ✶✵✸✮ ❬❙❡!!❡& ❡, ❛❧✳✱ ✷✵✵✽❜❪✳

▲♦!& ❞❡ ♥♦,!❡ ❡①♣4!✐♠❡♥,❛,✐♦♥ !♦❜♦,✐5✉❡✱ ♥♦✉& ❛✈♦♥& ❢❛✐, ♥❛✈✐❣✉❡! ♥♦,!❡ ♠✐❝!♦✲!♦❜♦,

❞❛♥& ,!♦✐& ❝♦♥✜❣✉!❛,✐♦♥& ❞✐✛4!❡♥,❡& ❞❡ ,✉♥♥❡❧& ❞❡ 5✉❛,!❡ ♠?,!❡& ❞❡ ❧♦♥❣ ✐♥❝❧✉❛♥, ✉♥

,✉♥♥❡❧ ❞!♦✐, ❡, ❞❡✉① ,✉♥♥❡❧& ❢✉&❡❧4& ✭❛♥❣❧❡& ❞❡ ❢✉&❡❧❛❣❡ ✿ 7◦ ❡, 14◦✮ ♦X ✉♥✐5✉❡♠❡♥,

❧❛ ♣❛!♦✐ ❣❛✉❝❤❡ ❡&, ,❡①,✉!4❡✳ ▲❛ ♣❛!♦✐ ❞!♦✐,❡ ♥❡ ♣!4&❡♥,❡ ❛✉❝✉♥ !❡❧✐❡❢ ❡, ❡&, ,❛♣✐&&4❡

❞✬✉♥❡ ,❡✐♥,❡ ❜❧❛♥❝❤❡ ❤♦♠♦❣?♥❡ !❡♥❞❛♥, ✐♠♣♦&&✐❜❧❡ ✉♥❡ 5✉❡❧❝♦♥5✉❡ ♠❡&✉!❡ ❞✉ ✢✉①

♦♣,✐5✉❡ ♣!♦✈❡♥❛♥, ❞✉ ❝❛♣,❡✉! ♣♦&✐,✐♦♥♥4 N −90◦ ✭✈♦✐! ✜❣✉!❡ ✻✳✺❊✮✳ ❯♥❡ ❛❜&❡♥❝❡ ❞❡

♠❡&✉!❡ ♣!♦✈❡♥❛♥, ❞❡ ❝❡,,❡ ❞✐!❡❝,✐♦♥ ❡&, &✐♠✐❧❛✐!❡ N ✉♥❡ ✓ ♦✉✈❡!,✉!❡ ✔✳ ❙❡✉❧❡ ❧❛ ♣❛✐!❡

❞❡ ♣✐①❡❧& ❞✉ ❝❛♣,❡✉! ❞❡ ✢✉① ♦♣,✐5✉❡ ♦♣♣♦&4✱ ♣♦&✐,✐♦♥♥4 N +90◦ ✭❞✐!❡❝,✐♦♥ ❞✉ ♠✉!

❝♦♥,!❛&,4✮ ❡&, ❡♥ ♠❡&✉!❡ ❞❡ ❢♦✉!♥✐! ✉♥❡ ♠❡&✉!❡ ❞✉ ✢✉① ♦♣,✐5✉❡✳

▲❡& ,!❛❥❡❝,♦✐!❡& ♠♦♥,!❡♥, 5✉❡ ❧❡ ♠✐❝!♦✲!♦❜♦, ❡&, ❡♥ ♠❡&✉!❡ ❞✬❡✛❡❝,✉❡! ✉♥ &✉✐✈✐ ❞❡ ♣❛✲

!♦✐ ❞❛♥& ❧❡ ❝❛& ❞✉ ,✉♥♥❡❧ ❞!♦✐, ✭✜❣✉!❡& ✻✳✹❊✱ ✻✳✺✱ ✻✳✻❆✮✱ ❝♦♠♠❡ ♦❜&❡!✈4 ❝❤❡③ ❧✬❛❜❡✐❧❧❡

❬❙❡!!❡& ❡, ❛❧✳✱ ✷✵✵✽❜❪✱ ♠❛✐& ❛✉&&✐ ❞❡ !❡❥❡,❡! ❧❡ !❡❧✐❡❢ ❞✉ ♠✉! ❣❛✉❝❤❡ ❞❛♥& ❧❡ ❝❛& ❞❡&

,✉♥♥❡❧& ❢✉&❡❧4& ✭✜❣✉!❡& ✻✳✹❋✱ ✻✳✻❇✫❈✮✳ ❊♥ ❞4♣✐, ❞❡ ❧✬❛❜&❡♥❝❡ ❞✬✐♥❞✐❝❡& ✈✐&✉❡❧& ❡♥ ❞✐✲

!❡❝,✐♦♥ ❞✉ ♠✉! ❞4♣♦✉!✈✉ ❞❡ ,❡①,✉!❡✱ ❧❡ !♦❜♦, ♣❛!✈✐❡♥, ,♦✉, ❞❡ ♠M♠❡ N ✓ ❛❝❝!♦❝❤❡! ✔

❧❡ ♠✉! ,❡①,✉!4 ❡, N ❧❡ &✉✐✈!❡ &❛♥& &❡ ✓ ❥❡,,❡! ✔ ❞❛♥& ❧✬♦✉✈❡!,✉!❡✱ ❝♦♠♠❡ ❝❡❧❛ ❛✉!❛✐, 4,4

❧❡ ❝❛& &✬✐❧ ❛✈❛✐, ,❡♥,4 ❞✬45✉✐❧✐❜!❡! &❡& ✢✉① ♦♣,✐5✉❡& ❧❛,4!❛✉①✳

✶✻✻



500ms

ϕi = +90◦

Σωfused
R,L ǫFwd = ωsetFwd − Σωfused

R,L



ωsetFwd = 190◦.s−1 ωsetFwd = 125◦.s−1

ϕi = +90◦

ǫSide ωsetSide −max(ωfused
R,L )

ωsetFwd = 190◦.s−1 ωsetSide = 125◦.s−1

Vf max DL∞







Vfmax = lim
t→+∞

KFwd · ufmax · (1− exp
−

t
τFwd ) = 1.81 m.s−1

DL∞ =
Vf max

ωsetSide
= 0.83 m

KFwd = 30.11 · 10−3 m.s−1.%−1 ufmax = 60% uLiftFan = 42%



❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

❞✐"❝✉%❡' "✉' ❧❡" "✐♠✐❧❛'✐%+" ♦❜"❡'✈+❡" ❡♥%'❡ ❧❡" %'❛❥❡❝%♦✐'❡" ❞✬❛❜❡✐❧❧❡" ❡% ❝❡❧❧❡" ❞✉ '♦❜♦%

▲❖❘❆✳ ❈❡ ❞❡'♥✐❡' '❡♣'♦❞✉✐% ♥+❛♥♠♦✐♥" ❧❡ "✉✐✈✐ ❞❡ ♣❛'♦✐ ♦❜"❡'✈+ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ♣❛'

❙❡''❡" ❡% ❛❧✳ ❬✷✵✵✽❜❪ ❡♥ ♥❡ "❡ ❥❡%❛♥% ♣❛" ❞❛♥" ❧✬♦✉✈❡'%✉'❡✳ ❈❡♣❡♥❞❛♥%✱ ❧❛ ♣'✐"❡ ❞❡ ✈✐✲

%❡""❡ ❞✉ '♦❜♦% ♥❡ "❡♠❜❧❡ ♣❛" ✈+'✐✜❡' ❧❡" ❞♦♥♥+❡" ♦❜%❡♥✉❡" ❝❤❡③ ❧❡" ❛❜❡✐❧❧❡" D✉✐ "❡♠❜❧❡

'❡"%❡' ❝♦♥"%❛♥%❡ ❝❤❡③ ❝❡" ❞❡'♥✐E'❡" ❬❙❡''❡" ❡% ❛❧✳✱ ✷✵✵✽❜❪✳

❉❛♥" ♥♦%'❡ ❡①♣+'✐♠❡♥%❛%✐♦♥ '♦❜♦%✐D✉❡✱ ❧✬❛+'♦❣❧✐""❡✉' ❡"% ❞♦%+ ❞❡ "❡✉❧❡♠❡♥% ❞❡✉①

✓ ②❡✉① ✔ +❧+♠❡♥%❛✐'❡" ❞❡ ✷ ♣✐①❡❧" D✉✐ '❡❣❛'❞❡♥% ✉♥✐D✉❡♠❡♥% ❧❡" ❞✐'❡❝%✐♦♥" ❧❛%+'❛❧❡"

❞✉ ❝❤❛♠♣ ✈✐"✉❡❧ ✭ϕi = ±90
◦
✮ ❛❧♦'" D✉❡ ❧✬❛❜❡✐❧❧❡ ♣♦""E❞❡ ♣❧✉" ❞❡ ✶✵✵✵✵ ♦♠♠❛%✐❞✐❡"

'❡❣❛'❞❛♥% ❝❤❛❝✉♥❡ ✉♥❡ ❞✐'❡❝%✐♦♥ ♣❛'%✐❝✉❧✐E'❡ ❞❡ ❧✬❡♥✈✐'♦♥♥❡♠❡♥%✳ ❇❛✐'❞ ❡% ❛❧✳ ❬✷✵✶✵❪

♦♥% ❞✬❛✐❧❧❡✉'" ♠✐" ❡♥ +✈✐❞❡♥❝❡✱ ❝❤❡③ ❧❡ ❜♦✉'❞♦♥✱ ✉♥❡ '+❣✐♦♥❛❧✐"❛%✐♦♥ ❞✉ ❝❤❛♠♣ ✈✐"✉❡❧

✐♥%❡'✈❡♥❛♥% ❞❛♥" ❧❡ ❝♦♥%'P❧❡ ❞❡ ❧❛ ✈✐%❡""❡ ❞✬❛✈❛♥❝❡✱ ❡"%✐♠❛♥% D✉❡ ❧❡ ❝❤❛♠♣ ✈✐"✉❡❧ D✉✐

"✬+%❡♥❞ ❞❡ 23 − 30◦ Q 155◦ ✐♥%❡'✈✐❡♥❞'❛✐% ❞❛♥" ❧❡ ❝♦♥%'P❧❡ ❞❡ ❧❛ ✈✐%❡""❡ ❞✬❛✈❛♥❝❡ ❞❡

❧✬✐♥"❡❝%❡✳ ❉❡ ♠R♠❡ D✉❡ ❞❛♥" ♥♦%'❡ +%✉❞❡ ❞✉ ❝♦♥%'P❧❡ ❞❡ ❧❛ ✈✐%❡""❡ ❞❡ ❧✬❛❜❡✐❧❧❡ ❞❛♥" ✉♥

%✉♥♥❡❧ ❞♦✉❜❧❡ ❢✉"❡❧+ ✭✈♦✐' ❈❤❛♣✐%'❡ ✺✱ ❬U♦'%❡❧❧✐ ❡% ❛❧✳✱ ✷✵✶✶❪✮✱ ♥♦✉" ❛✈♦♥" ♣✉ ♠❡%%'❡ ❡♥

+✈✐❞❡♥❝❡ D✉❡ ❧❛ ✈❛'✐❛♥❝❡ ❞❡ ❧❛ ♣❧✉" ❣'❛♥❞❡ "♦♠♠❡ ❞❡" ✢✉① ♦♣%✐D✉❡" ❞❛♥" ❧❛ ❞✐'❡❝%✐♦♥

❞❡ '❡❣❛'❞ "✐%✉+❡ Q 45◦ +%❛✐% ♣❧✉" ❢❛✐❜❧❡ D✉❡ ❝❡❧❧❡ ❞❡ ❧❛ ♣❧✉" ❣'❛♥❞❡ "♦♠♠❡ ❞❡" ✢✉①

♦♣%✐D✉❡" Q 90◦ ♠♦♥%'❛♥% D✉❡ ❧✬❛❜❡✐❧❧❡ ✉%✐❧✐"❡ ❧❡" ✐♥❞✐❝❡" ✈✐"✉❡❧" ❞❡ ❧❛ '+❣✐♦♥ ❢'♦♥%❛❧❡

❞❡ "♦♥ ❝❤❛♠♣ ✈✐"✉❡❧ ♣♦✉' ❝♦♥%'P❧❡' "❛ ✈✐%❡""❡ ❞✬❛✈❛♥❝❡✳ ❖♥ ♣♦✉''❛✐% ❞E" ❧♦'" ♣❡♥"❡'

D✉❡ ❞❛♥" ❧❡" ❡①♣+'✐❡♥❝❡" ❞❡ ❙❡''❡" ❡% ❛❧✳ ❬✷✵✵✽❜❪✱ ❧✬❛❜❡✐❧❧❡ ❛✐% ♣✉ ✉%✐❧✐"❡' ❧❡" ✐♥❞✐❝❡"

✈✐"✉❡❧" ❞✬❛✉%'❡" '+❣✐♦♥" ❞❡ "♦♥ ❝❤❛♠♣ ✈✐"✉❡❧✱ ❝♦♠♠❡ ❧❛ '+❣✐♦♥ ❞♦'"❛❧❡ ❡% ✈❡♥%'❛❧❡ ♣❛'

❡①❡♠♣❧❡✱ ❡% ❛✐♥"✐ ♥❡ ♣❛" ❝♦♥"✐❞+'❡' ❧✬♦✉✈❡'%✉'❡ ❞✉ %✉♥♥❡❧ ♣♦✉' ♠❛✐♥%❡♥✐' "❛ ✈✐%❡""❡

❞✬❛✈❛♥❝❡ ❝♦♥"%❛♥%❡ ❡% ❞♦♥❝ ♦♣+'❡' ✉♥ "✉✐✈✐ ❞❡ ❧❛ ♣❛'♦✐ ❧❛%+'❛❧❡ %❡①%✉'+❡ Q ✉♥❡ ❞✐"%❛♥❝❡

❝♦♥"%❛♥%❡✳

❈❡♣❡♥❞❛♥%✱ ❝❡%%❡ ❤②♣♦%❤E"❡ "✉' ❧✬✐♥%❡'♣'+%❛%✐♦♥ ❞✉ ❝♦♥%'P❧❡ ❞❡ ❧❛ ✈✐%❡""❡ ❞✬❛✈❛♥❝❡ ❝❤❡③

❧✬❛❜❡✐❧❧❡ ❞❛♥" ❧❡" ❡①♣+'✐❡♥❝❡" ❞❡ ❙❡''❡" ❡% ❛❧✳ ❬✷✵✵✽❜❪ ❡♥ ❛♠E♥❡ ✉♥❡ ❛✉%'❡✳ ▲❡ %✉♥♥❡❧

✉%✐❧✐"+ ❞❛♥" ❝❡" ❞❡'♥✐E'❡" ❡①♣+'✐❡♥❝❡" +%❛✐% ❝♦♥"%✐%✉+ ❞❡ ❞❡✉① ♣❛'♦✐" ❧❛%+'❛❧❡" ❧♦♥❣✉❡"

❞❡ 4 m ❡% ❤❛✉%❡" ❞❡ 0.25 m✱ ❧❡ "♦❧ ❛✈❛✐% +%+ ♣❡✐♥% ❡♥ ❜❧❛♥❝ ❡% ❧❡ %✉♥♥❡❧ +%❛✐% '❡❝♦✉✈❡'%

❞✬✉♥❡ ♠♦✉"%✐D✉❛✐'❡✳ ■❧ ♥✬❡"% ♣❛" ❡①❝❧✉ D✉✬❛✉ ✈✉ ❞❡ ❧❛ ♣'♦①✐♠✐%+ ❞✉ ✈♦❧ ❞❡ ❧✬❛❜❡✐❧❧❡

❛✈❡❝ ❝❡" ♣❛'♦✐"✱ ❝❡" ❞❡'♥✐E'❡" ❛✐❡♥% ♣✉ ❡"%✐♠❡' ✉♥ ✢✉① ♦♣%✐D✉❡ ♣'♦✈❡♥❛♥% ❞✉ "♦❧ ❡% ❞✉

✓ ♣❧❛❢♦♥❞ ✔✳ ❊♥ ♣❛'%❛♥% ❞❡ ❝❡ ♣'✐♥❝✐♣❡ ❡% ❞❡ ❧✬♦❜"❡'✈❛%✐♦♥ D✉❛❧✐%❛%✐✈❡ ❞❡ ❏✉❧✐❡♥ ❙❡''❡"

D✉❡ ❧❡" ❛❜❡✐❧❧❡" "❡ ❝❡♥%'❛✐❡♥% ❞❛♥" ❧❡ ♣❧❛♥ ✈❡'%✐❝❛❧ ❞❡ ❝❡ %✉♥♥❡❧ ✭h = 12.5cm✮✱ ♦♥ ♣❡✉%

❡"%✐♠❡' D✉❡ ♣♦✉' ✉♥❡ ✈✐%❡""❡ ❞✬❛✈❛♥❝❡ ♠♦②❡♥♥❡ ❞❡ 98 ± 31 cm.s−1✱ ❧✬❛❜❡✐❧❧❡ ❛✐% ♣✉

♠❡"✉'❡'✱ ❞❛♥" ❧❡" '+❣✐♦♥" ❞♦'"❛❧❡" ❡% ✈❡♥%'❛❧❡" ❞❡ "❡" ②❡✉① ❝♦♠♣♦"+"✱ ✉♥ ✢✉① ♦♣%✐D✉❡

ωDrsl,V trl ✿

ωDrsl,V trl =
98± 31

12.5
∼ 450± 142 ◦.s−1 ✭✻✳✺✮

✶✻✾



❙✐♠✐❧✐$✉❞❡( ❝♦♠♣♦,$❡♠❡♥$❛❧❡( ❡♥$,❡ ❧❡ ,♦❜♦$ ▲❖❘❆ ❡$ ❧✬❛❜❡✐❧❧❡ ❉✐(❝✉((✐♦♥

❈❡""❡ ✈❛❧❡✉' ❡(" ❧❛'❣❡♠❡♥" (✉♣-'✐❡✉'❡ ❛✉ ✢✉① ♦♣"✐2✉❡ ❣-♥-'- ♣❛' ❧❛ ♣❛'♦✐ ❧❛"-'❛❧❡

❣❛✉❝❤❡ ✭❡("✐♠- 6 265± 116 ◦.s−1 ❬❙❡''❡( ❡" ❛❧✳✱ ✷✵✵✽❜❪✮✳ ❉❛♥( ✉♥❡ (✐"✉❛"✐♦♥ ✐❞❡♥"✐2✉❡

❡" ❡♥ (✉♣♣♦(❛♥" 2✉❡ ❧✬❛❜❡✐❧❧❡ (♦✐" ❞♦"-❡ ❞✉ ♣✐❧♦"❡ ❛✉"♦♠❛"✐2✉❡ ❆▲■❙✱ ❝❡""❡ ♠♦❞-❧✐(❛✲

"✐♦♥ ♣'-✈♦✐" 2✉❡ ❧✬❛❜❡✐❧❧❡ (❡ ♠❡""❡ 6 (✉✐✈'❡ ❧❡ ♣❧❛❢♦♥❞ ♦✉ ❧❡ (♦❧ ♣♦✉' (❡ ♣♦(✐"✐♦♥♥❡'

❝❡♥"'-❡ ✈❡'"✐❝❛❧❡♠❡♥" ❡♥ ✐❣♥♦'❛♥" ❧❡( ♣❛'♦✐( ❧❛"-'❛❧❡( ❬I♦'"❡❧❧✐ ❡" ❛❧✳✱ ✷✵✶✵❛❪ ❝❛' ❧❡( ♣❛✲

'♦✐( ✈❡'"✐❝❛❧❡( (❡'❛✐❡♥" ❧❡( ♣❧✉( ♣'♦❝❤❡( 2✉❡ ❧❡( ❧❛"-'❛❧❡(✳ ❚♦✉"❡❢♦✐(✱ ❧✬❡①♣-'✐❡♥❝❡ ♠♦♥"'❡

2✉❡ ❧✬❛❜❡✐❧❧❡ ✉"✐❧✐(❡ ❧❡( ✐♥❞✐❝❡( ✈✐(✉❡❧( ❞❡ ❧❛ ♣❛'♦✐ ❧❛"-'❛❧❡ ♣♦✉' (✉✐✈'❡ ✉♥ ❝♦''✐❞♦' ❞❡

❤❛✉"❡✉' -"'♦✐"❡ ❬❙❡''❡( ❡" ❛❧✳✱ ✷✵✵✽❜❪✳ ❈❡❧❛ ♠♦♥"'❡ 2✉❡ ❧✬❛❜❡✐❧❧❡ ✉"✐❧✐(❡ ♣❧✉(✐❡✉'( ♣❛'♦✐(

♣♦✉' (❡ ❣✉✐❞❡' ❞❛♥( ✉♥ "✉♥♥❡❧ ✿ ❞❡✉① ♣❛'♦✐( ♣♦✉' ❧❡ ❝♦♥"'M❧❡ ❞❡ ✈✐"❡((❡✱ ✉♥❡ ♣❛'♦✐

✈❡'"✐❝❛❧❡ ♣♦✉' ❧❡ ♣♦(✐"✐♦♥♥❡♠❡♥" ✈❡'"✐❝❛❧✱ ♣✉✐( ✉♥❡ ♣❛'♦✐ ♣♦✉' ❧❡ ♣♦(✐"✐♦♥♥❡♠❡♥" ❤♦✲

'✐③♦♥"❛❧✳ ❯♥ ❝♦♥("❛" 2✉❡ ❧✬♦♥ ♣❡✉" -❣❛❧❡♠❡♥" ❢❛✐'❡ ✈✐(✲6✲✈✐( ❞❡( ❡①♣-'✐❡♥❝❡( ❝♦♥❞✉✐"❡(

♣❛' I♦'"❡❧❧✐ ❡" ❛❧✳ ❬✷✵✶✵❛❪ ❞❛♥( ✉♥ "✉♥♥❡❧ ❞♦♥" ❧❛ ❤❛✉"❡✉' -"❛✐" ❜✐❡♥ ♣❧✉( ❣'❛♥❞❡ 2✉❡

(❛ ❧❛'❣❡✉'✱ ❡" ♣♦✉'"❛♥" ❧✬❛❜❡✐❧❧❡ ♦♣P'❡ ✉♥ (✉✐✈✐ ❞❡ "❡''❛✐♥ 6 ✈✐"❡((❡ ❝♦♥("❛♥"❡ "♦✉" ❡♥

-"❛♥" '❡❧❛"✐✈❡♠❡♥" ❝❡♥"'- ❤♦'✐③♦♥"❛❧❡♠❡♥" ✭♦❜(❡'✈❛"✐♦♥ 2✉❛❧✐"❛"✐✈❡✮ ❞❛♥( ❧❡ "✉♥♥❡❧✳

❉❡ "❡❧❧❡( ♦❜(❡'✈❛"✐♦♥( ❝♦♠♣♦'"❡♠❡♥"❛❧❡( "❡♥❞❡♥" 6 ♥♦✉( ❞-♠♦♥"'❡' ❧✬✐♥❞-♣❡♥❞❛♥❝❡

❞❡( ♣♦(✐"✐♦♥♥❡♠❡♥"( ❧❛"-'❛❧ ❡" ✈❡'"✐❝❛❧✱ ❡♥ ✉"✐❧✐(❛♥" ♣♦✉' ❝❤❛❝✉♥ ❞✬❡✉① ✉♥ '-❣✉❧❛"❡✉'

❞❡ ✢✉① ♦♣"✐2✉❡ ❛②❛♥" (❛ ♣'♦♣'❡ ❝♦♥(✐❣♥❡ ❞❡ ✢✉① ♦♣"✐2✉❡ ❡♥ ♣❧✉( ❞✉ '-❣✉❧❛"❡✉' ❞❡

✢✉① ♦♣"✐2✉❡ ♣♦✉' ❧❡ ❝♦♥"'M❧❡ ❞❡ ✈✐"❡((❡ ✭✈♦✐' ❬I♦'"❡❧❧✐ ❡" ❛❧✳✱ ✷✵✶✶❪✱ ❈❤❛♣✐"'❡ ✺✮✳ ❋✐✲

♥❛❧❡♠❡♥"✱ ✉♥ "❡❧ ❞-❝♦✉♣❧❛❣❡ ❞❡( ♣♦(✐"✐♦♥♥❡♠❡♥"( ❧❛"-'❛❧ ❡" ✈❡'"✐❝❛❧ (❡'❛✐" ❝♦♠♣❛"✐❜❧❡

♣♦✉' ❧❡( ❜❡(♦✐♥( ❞✬✉♥ ✈♦❧ ❧✐❜'❡ ✸❉ ❞✬✉♥❡ ❛❜❡✐❧❧❡ ❞❛♥( ✉♥ ❡♥✈✐'♦♥♥❡♠❡♥" ♥❛"✉'❡❧✳

■✳❊ ❘$❛❝'✐♦♥ ❛✉'♦♠❛'✐-✉❡ ❞❡ ❝♦♥'01❧❡ ❞❡ ❧❛ ✈✐'❡44❡ ❞✬❛✈❛♥❝❡

❞❛♥4 ✉♥ '✉♥♥❡❧ ❢✉4❡❧$

❉❛♥( ❧❡ ❜✉" ❞❡ ❝♦♠♣'❡♥❞'❡ ❧❡( ♠-❝❛♥✐(♠❡( '❡(♣♦♥(❛❜❧❡( ❞✉ ❝♦♥"'M❧❡ ❞❡ ❧❛ ✈✐"❡((❡

❝❤❡③ ❧❡( ❛❜❡✐❧❧❡(✱ ❙'✐♥✐✈❛(❛♥ ❡" ❛❧✳ ❬✶✾✾✻❪ ♦♥" ❡♥"'❛W♥- ❞❡( ❛❜❡✐❧❧❡( 6 ♥❛✈✐❣✉❡' ❞❛♥( ✉♥

"✉♥♥❡❧ ❢✉(❡❧- ✭❛♥❣❧❡ ❞❡ ❢✉(❡❧❛❣❡ ✿ 14.5◦✮ ❧♦♥❣ ❞✬✉♥ ♠P"'❡ ❡" ❝♦♥✈❡'❣❡❛♥" ❞✬✉♥❡ ❧❛'❣❡✉'

❞❡ 38 cm 6 12 cm✱ ♣✉✐( ❞✐✈❡'❣❡❛♥" 6 ♥♦✉✈❡❛✉ ❥✉(2✉✬6 38 cm ❞❡ ❧❛'❣❡✉'✳

▲❡( ❛✉"❡✉'( ♦♥" ❛❧♦'( ♦❜(❡'✈- 2✉❡ ❧❡( ❛❜❡✐❧❧❡( ❛❞♦♣"❡♥" ✉♥ ❝♦♠♣♦'"❡♠❡♥" ❞❡ ❝❡♥"'❛❣❡

♠❛✐( (✉'"♦✉" 2✉✬❡❧❧❡( ❛❞❛♣"❡♥" -❣❛❧❡♠❡♥" ❧❡✉' ✈✐"❡((❡ ❡♥ ❢♦♥❝"✐♦♥ ❞❡ ❧❛ ❧❛'❣❡✉' ❧♦❝❛❧❡

❞✉ "✉♥♥❡❧✳ ❊♥ ❡✛❡"✱ ❡❧❧❡( '❛❧❡♥"✐((❡♥" 6 ♠❡(✉'❡ 2✉❡ ❧❡( ♠✉'( (❡ '❛♣♣'♦❝❤❡♥" ❥✉(2✉✬❛✉

♣♦✐♥" ❞❡ ❝♦♥("'✐❝"✐♦♥ ✭(❡❝"✐♦♥ ♠✐♥✐♠❛❧❡✮ ♣✉✐( '-✲❛❝❝-❧-'❡♥" ❧♦'(2✉❡ ❧❡ "✉♥♥❡❧ (✬-❧❛'❣✐"

✭✜❣✉'❡ ✻✳✶❇✮✳ ■❧( ❡♥ ♦♥" ❛❧♦'( ❞-❞✉✐" 2✉❡ ❧✬❛❜❡✐❧❧❡ ❝♦♥"'M❧❡ (❛ ✈✐"❡((❡ ❡♥ ♠❛✐♥"❡♥❛♥"

✉♥ ✢✉① ♦♣"✐2✉❡ "♦"❛❧ ❣-♥-'- ♣❛' ❧❡( ♠✉'( ❧❛"-'❛✉① ❝♦♥("❛♥" ❬❙'✐♥✐✈❛(❛♥ ❡" ❛❧✳✱ ✶✾✾✻❪✳

❉❛♥( ♥♦"'❡ ♠♦❞P❧❡✱ ❧❡ ✢✉① ♦♣"✐2✉❡ "♦"❛❧ ❣-♥-'- ♣❛' ❧❡( ♠✉'( ❡(" ♠♦❞-❧✐(- ❞❛♥( ❧❡

(❝❤-♠❛ ❞❡ ❝♦♥"'M❧❡ ❞❡ ▲❖❘❆ ♣❛' ❧❛ ❢♦♥❝"✐♦♥  ♦♠♠❡ ✭✜❣✉'❡ ✸✳✹ ♣❛❣❡ ✶✵✸✮✱ 6 (❛✈♦✐' ❧❛

(♦♠♠❡ ❞❡( ✢✉① ♦♣"✐2✉❡( ❧❛"-'❛✉①✳ ❈❡""❡ (♦♠♠❡ ❡(" ♠❛✐♥"❡♥✉❡ ❝♦♥("❛♥"❡ "♦✉" ❛✉ ❧♦♥❣

✶✼✵



7◦

14◦

ωsetFwd

Vf

Vf∞ =
ωsetSide · (ωsetFwd − ωsetSide)

ωsetFwd

·D

7◦

ωsetSide <
ωsetFwd

2

D



❘♦❜✉$%❡$$❡ ❞✉ ♣✐❧♦%❡ ❛✉%♦♠❛%✐-✉❡ ▲❖❘❆ ❛✉① ♣❡2%✉2❜❛%✐♦♥$ ❉✐$❝✉$$✐♦♥

❊♥ ❣#♥#$❛❧✐(❛♥) ❛✉ (✉✐✈✐ ❞❡ ♣❛$♦✐ ✭ωsetSide > ωsetFwd

2
✮✱ ❧❡ $♦❜♦) ❛❞♦♣)❡ )♦✉❥♦✉$( ✉♥❡

✈✐)❡((❡ ♣$♦♣♦$)✐♦♥♥❡❧❧❡ 5 ❧❛ (❡❝)✐♦♥ ❧♦❝❛❧❡ ❞✉ )✉♥♥❡❧ ♠❛✐( ❝❡))❡ ❢♦✐(✲❝✐✱ ❡♥ (✉✐✈❛♥) ❧❡

♠✉$ ❧❡ ♣❧✉( ♣$♦❝❤❡ ✭✜❣✉$❡ ✻✳✼✮✳

❉❡( ❛❜❡✐❧❧❡( ❡♥)$❛@♥#❡( 5 )$❛✈❡$(❡$ ✉♥ )✉♥♥❡❧ ♣$#(❡♥)❛♥) ✉♥ ❞♦✉❜❧❡ ❢✉(❡❧❛❣❡✱ ❞✬❛❜♦$❞

✈❡$)✐❝❛❧ ♣✉✐( ❤♦$✐③♦♥)❛❧✱ ♦♥) ♣✉ ♠♦♥)$❡$ C✉✬❡❧❧❡( $❛❧❡♥)✐((❡♥) ❡♥ ♠♦②❡♥♥❡ 5 ❧❛ ♣$❡✲

♠✐E$❡ ❝♦♥()$✐❝)✐♦♥ ✭✈❡$)✐❝❛❧❡✮ ♣✉✐( 5 ❧❛ ❞❡✉①✐E♠❡ ✭❤♦$✐③♦♥)❛❧✮ ❝♦♥(❡$✈❛♥) ✉♥❡ ✈✐)❡((❡

❞❡ ✈♦❧ ♣$♦♣♦$)✐♦♥♥❡❧❧❡ 5 ❧❛ (❡❝)✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉ )✉♥♥❡❧ ✭✈❡$)✐❝❛❧❡ ♦✉ ❤♦$✐③♦♥)❛❧❡✮ ✭✈♦✐$

❈❤❛♣✐)$❡ ✺✮✳ ❈❡))❡ ♦❜(❡$✈❛)✐♦♥ ❝♦♥✜$♠❡ ❝❡❧❧❡ #♠✐(❡ ♣❛$ ❙$✐♥✐✈❛(❛♥ ♠❛✐( ❧✬#)❡♥❞ (✉$ ❧❡

♣❧❛♥ ✈❡$)✐❝❛❧✱ 5 (❛✈♦✐$ C✉❡ ❝✬❡() ❧❛ ♣❧✉( ❣$❛♥❞❡ (♦♠♠❡ ❞❡( ✢✉① ♦♣)✐C✉❡( ✭✈❡$)✐❝❛❧ ♦✉

❤♦$✐③♦♥)❛❧✮ C✉✐ (❡$❛ $#❣✉❧#❡ ❛✉)♦✉$ ❞✬✉♥❡ ✈❛❧❡✉$ ♣$#❢#$#❡✳

❯♥❡ ❛❜❡✐❧❧❡ ✓ ❛$)✐✜❝✐❡❧❧❡ ✔ ❡♠❜❛$C✉❛♥) 5 (♦♥ ❜♦$❞ ❧❡ ♣✐❧♦)❡ ❛✉)♦♠❛)✐C✉❡ ▲❖❘❆ ❣#✲

♥#$❛❧✐(# ❛✉ ❝♦♥)$R❧❡ ❞✉ ♣❧❛♥ ✈❡$)✐❝❛❧✱ )❡❧ C✉❡ ❧❡ ♣✐❧♦)❡ ❛✉)♦♠❛)✐C✉❡ ❆▲■❙✱ ✈#$✐✜❡$❛✐)

❝❡))❡ ♠T♠❡ ♣$♦♣$✐#)# ❡♥ ♠❛✐♥)❡♥❛♥) ✉♥❡ ✈✐)❡((❡ ♣$♦♣♦$)✐♦♥♥❡❧❧❡ 5 ❧❛ (❡❝)✐♦♥ ♠✐♥✐♠❛❧❡

❞✬✉♥ )✉♥♥❡❧ ❢✉(❡❧#✳

■■ ❘♦❜✉%&❡%%❡ ❞✉ ♣✐❧♦&❡ ❛✉&♦♠❛&✐.✉❡ ▲❖❘❆ ❛✉① ♣❡3✲

&✉3❜❛&✐♦♥%

❆✉ ❞❡❧5 ❞✬✉♥❡ ✈❛❧✐❞❛)✐♦♥ ❡①♣#$✐♠❡♥)❛❧❡ ❞✉ ♠♦❞E❧❡ ▲❖❘❆ ❞❛♥( ✉♥ ❜✉) ❞✬✐❧❧✉()$❡$

❧❡( ♦❜(❡$✈❛)✐♦♥( ❢❛✐)❡( ❝❤❡③ ❧✬✐♥(❡❝)❡ ❛✐❧#✳ ◆♦✉( ❛✈♦♥( )❡()# ✉♥❡ ❛✉)$❡ ❝♦♥✜❣✉$❛)✐♦♥

❞❡ )✉♥♥❡❧ ♣$♦♣$❡ 5 ♣❡$)✉$❜❡$ ❧❡ ❝♦♥)$R❧❡ ❞❡ ✈✐)❡((❡ ❞❡ ♥♦)$❡ ♣✐❧♦)❡ ❛✉)♦♠❛)✐C✉❡ ❡♥

✐♥❝❧✉❛♥) ❝❡))❡ ❢♦✐( ✉♥❡ ♣❡♥)❡ ❢$♦♥)❛❧❡ ❞❛♥( ✉♥ )✉♥♥❡❧ ❞$♦✐)✳

▲✬❛#$♦❣❧✐((❡✉$ ♠✐♥✐❛)✉$❡ ✈♦❧❡ 5 C✉❡❧C✉❡( ♠✐❧❧✐♠E)$❡( ❞✉ (♦❧ ✭∼ 2mm✮ ♠❛✐( ✐❧ ♥✬❡♥

$❡()❡ ♣❛( ♠♦✐♥( (❡♥(✐❜❧❡ ❛✉① ✈❛$✐❛)✐♦♥( ❞✬✐♥❝❧✐♥❛✐(♦♥ ❞✉ )❡$$❛✐♥✳ ❯♥❡ ♣❡♥)❡ ❢$♦♥)❛❧❡

(✉$ ✉♥ )❡$$❛✐♥ ❣#♥E$❡ ✉♥❡ ♣❡$)✉$❜❛)✐♦♥ ✭DTf ✮ C✉✐ ❞#♣❡♥❞ ❞❡ ❧❛ ❝♦♠♣♦(❛♥)❡ ❞✉ ♣♦✐❞(

♣$♦❥❡)#❡ (✉✐✈❛♥) ❧✬❛♥❣❧❡ ❞❡ ❧❛ ♣❡♥)❡ ✭β✮ (✉$ ❧✬❛①❡ ❞✬❛✈❛♥❝❡ ❞❡ ❧✬❛#$♦❣❧✐((❡✉$ ✿

DTf =
m · g · β

2KT · Ubatt

✭✻✳✼✮

❯♥❡ #)✉❞❡ ❞❡ ❧❛ ❢♦♥❝)✐♦♥ ❞❡ (❡♥(✐❜✐❧✐)# ❧✐❛♥) ❧❛ (♦$)✐❡ ❞✉ $#❣✉❧❛)❡✉$ ❜✐❧❛)#$❛❧ ❞❡ ✢✉① ♦♣✲

)✐C✉❡ ✭OFFwd(s)✮ 5 ❧❛ ♣❡$)✉$❜❛)✐♦♥ ✭DTf (s)✮ ♠♦♥)$❡ C✉✬✉♥❡ ♣❡♥)❡ ✭❛♥❣❧❡ β ❝♦♥()❛♥)✮

❡() $❡❥❡)#❡ ♣❛$ ❧❡ ❝♦♥)$R❧❡✉$ W$♦♣♦$)✐♦♥♥❡❧✲■♥)#❣$❛❧ ❞✉ ❝♦♥)$R❧❡✉$ ❞✬❛✈❛♥❝❡ CFwd(s)

✭❆♥♥❡①❡ ■■✳❆✮✳

■❧ ❡() ❛❧♦$( ✐♠♣♦$)❛♥) ❞❡ ❝♦♠♣$❡♥❞$❡ C✉❡ ❧❛ $#❣✉❧❛)✐♦♥ ❞✉ ✢✉① ♦♣)✐C✉❡ ❞#♣❡♥❞ ❞❡ ❧❛ ✈✐✲

#❡%%❡ %♦❧ C✉✐ ✈❛ ❝♦♥❞✐)✐♦♥♥❡$ ❧❛ ✈✐)❡((❡ ❛♥❣✉❧❛✐$❡ ❞❡ ❞#✜❧❡♠❡♥) ❞❡( #❧#♠❡♥)( ❝♦♥)$❛()#(

✭✐✳❡✳✱ ❧❡ ✢✉① ♦♣)✐C✉❡✮ ❞❛♥( ❧❡ ❝❤❛♠♣ ✈✐(✉❡❧ ❞❡( ❝❛♣)❡✉$( ❞❡ ✢✉① ♦♣)✐C✉❡✳ ▲❡ ❝♦♥)$R❧❡✉$

✶✼✷



β

1.8 s



❘♦❜✉$%❡$$❡ ❞✉ ♣✐❧♦%❡ ❛✉%♦♠❛%✐-✉❡ ▲❖❘❆ ❛✉① ♣❡2%✉2❜❛%✐♦♥$ ❉✐$❝✉$$✐♦♥

CFwd(s) ♠✐♥✐♠✐#❡ ❛❧♦(# ) *♦✉* ✐♥#*❛♥* ❧✬❡((❡✉( ǫFwd ❡* *❡♥*❡ ❞❡ ❝♦♥#❡(✈❡( ✉♥❡ ✈✐"❡$$❡

$♦❧ ❞❡ ✓ ❝(♦✐#✐1(❡ ✔ *❡❧ 3✉❡ ❧❛ #♦♠♠❡ ❞❡# ✢✉① ♦♣*✐3✉❡# ❧❛*7(❛✉① ✭ωfused
L + ωfused

R ✮ #♦✐*

♠❛✐♥*❡♥✉❡ ❝♦♥#*❛♥*❡ ) ✉♥❡ ❝♦♥#✐❣♥❡ ❞❡ ✢✉① ♦♣*✐3✉❡ ❜✐❧❛*7(❛❧❡ ωsetFwd✳

❈❡❝✐ ♠♦♥*(❡ 3✉❡ ❧❡ ❝♦♥*(>❧❡✉( ❞✬❛✈❛♥❝❡ ♥❡ (7♣♦♥❞ ♣❛# ) ✉♥❡ ❝♦♥#✐❣♥❡ ❞❡ ✈✐*❡##❡ ♠(✲

"*✐+✉❡ ♠❛✐# ) ✉♥❡ ❝♦♥#✐❣♥❡ ❞❡ ✢✉① ♦♣*✐3✉❡ ❜✐❧❛*7(❛❧❡ ✭ωsetFwd✮ ♣❡(♠❡**❛♥* ❛✉ (♦❜♦*

❞✬❛❞❛♣*❡( ❡♥ ♣❡(♠❛♥❡♥❝❡ ✉♥❡ ✈✐*❡##❡ ❞❡ ✓ #7❝✉(✐*7 ✔ 3✉✐ ❞7♣❡♥❞(❛ ❞❡ ❧❛ ❝♦♥✜❣✉(❛*✐♦♥

❞❡ ❧✬❡♥✈✐(♦♥♥❡♠❡♥* #❛♥# ❛✉❝✉♥ ♣(7✲(❡3✉✐# ♣(7❛❧❛❜❧❡ #✉( ❝❡❧✉✐✲❝✐✱ ♥✐ ❛✉❝✉♥❡ ♠❡#✉(❡ ❞❡

#❛ ♣(♦♣(❡ ✈✐*❡##❡✳

❈❡**❡ (7❣✉❧❛*✐♦♥ ❞✉ ✢✉① ♦♣*✐3✉❡ ❜✐❧❛*7(❛❧❡ ♣❡(♠❡* ❡♥*(❡ ❛✉*(❡ ❞❡ (❡❥❡*❡( ✉♥❡ ♣❡*"✉*❜❛✲

"✐♦♥ ♣❤②$✐+✉❡ ❧✐7❡ ) ✉♥❡ ♣❡♥*❡ ✭♠♦♥*❛♥*❡ ♦✉ ❞❡#❝❡♥❞❛♥*❡✮ ✭✜❣✉(❡ ✻✳✽✮ ♠❛✐# ❛✉##✐ ✉♥❡

♣❡(*✉(❜❛*✐♦♥ ❧✐7❡ ) ✉♥ *✉♥♥❡❧ ❢✉#❡❧7 ✭✜❣✉(❡ ✸✳✼✮ ♦✉ ❡♥❝♦(❡ ✉♥❡ ♣❡*"✉*❜❛"✐♦♥ ❡♥ (❝❤❡❧♦♥

❞✉ ✢✉① ♦♣"✐+✉❡ ❧❛"(*❛❧ ❞❛♥# ✉♥ *✉♥♥❡❧ ♥♦♥✲#*❛*✐♦♥♥❛✐(❡ ✭❆♥♥❡①❡ ■■✱ ✜❣✉(❡ ✸✳✶✶✮✳

❯♥❡ ❡①*❡♥#✐♦♥ ❞❡ ❧❛ (♦❜✉#*❡##❡ ❞✉ ♣✐❧♦*❡ ❛✉*♦♠❛*✐3✉❡ ▲❖❘❆ ) ❧❛ ♣(7#❡♥❝❡ ❞✬✉♥ ✈❡♥*

♣❡✉* #✬❛✈7(❡( ✐♥*7(7##❛♥*❡✳ ❊♥ ❡✛❡*✱ *♦✉* ❧❡ ❧♦♥❣ ❞❡ ♥♦*(❡ 7*✉❞❡✱ ♥♦✉# ❛✈♦♥# ❝♦♥#✐❞7(7

❧❛ ✈✐*❡##❡ ❛✐( Vair ♥✉❧❧❡✳ ❊♥ ♣(7#❡♥❝❡ ❞✬✉♥ ✈❡♥*✱ Vair ♥❡ #✬❛♥♥✉❧❡ ♣❛#✱ ♥♦✉# ♦❜*❡♥♦♥#

❛❧♦(# ✿

~Vrobot/sol = ~Vrobot/air + ~Vair ✭✻✳✽✮

❖(✱ ❝❤❡③ ❧✬✐♥#❡❝*❡✱ ✐❧ ❛ ♣✉ T*(❡ ♦❜#❡(✈7 3✉❡ ❜♦✉❣❡( ❧❡ #♦❧ ❞✬✉♥ ❝♦((✐❞♦( ♥♦♥✲

#*❛*✐♦♥♥❛✐(❡ ) ✉♥❡ ✈✐*❡##❡ Vp ❞❛♥# ❧❛ ❞✐(❡❝*✐♦♥ ❞❡ ✈♦❧ ❞✬✉♥ ✐♥#❡❝*❡ (❡✈✐❡♥* ) ✉♥ ✈❡♥*

❞❡ ❢❛❝❡ ❞❡ ✈✐*❡##❡ Vp ❬❉❛✈✐❞✱ ✶✾✽✷❪ ♣✉✐#3✉❡ ❝❡ ❞❡(♥✐❡( ❛✉(❛ ❧❡ ♠T♠❡ ❡✛❡* ❞❡ (7❞✉✐(❡

❧❛ ✈✐*❡##❡ ❞❡ ❧✬✐♥#❡❝*❡ ♣❛( (❛♣♣♦(* ❛✉ #♦❧ ❬Z♦(*❡❧❧✐ ❡* ❛❧✳✱ ✷✵✶✵❛❪✳ ❯♥❡ ♣❡(*✉(❜❛*✐♦♥

❧✐7❡ ❛✉ ✈❡♥* #❡ ❝♦♠♣♦(*❡ ❛❧♦(# #✐♠✐❧❛✐(❡♠❡♥* ) ✉♥❡ ♣❡*"✉*❜❛"✐♦♥ ❧✐(❡ 7 ✉♥ (❝❤❡❧♦♥ ❞❡

♠♦✉✈❡♠❡♥" ❞✉ $♦❧✱ ❝❡ 3✉✐ ♣❡(♠❡* ❞✬7❝(✐(❡ ✿

~Vrobot/sol = ~Vrobot/mur + ~Vp ✭✻✳✾✮

▲✬7*✉❞❡ ❞❡# ❢♦♥❝*✐♦♥# ❞❡ #❡♥#✐❜✐❧✐*7 ❞❡ ❧❛ ❜♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ❡* ❧❛*7(❛❧❡ ) ✉♥❡ ♣❡*"✉*✲

❜❛"✐♦♥ ❡♥ (❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣"✐+✉❡ ♠♦♥*(❡ 3✉❡ ❧❡# ❜♦✉❝❧❡# #❡♥#♦(✐♠♦*(✐❝❡# ❝♦♠♣❡♥#❡♥*

❝❡ *②♣❡ ❞❡ ♣❡(*✉(❜❛*✐♦♥# ✭✈♦✐( ❆♥♥❡①❡ ■■✮✳ ▲❡ (♦❜♦* ▲❖❘❆ ♣♦✉((❛✐* *(1# ❜✐❡♥ T*(❡

♣❡(*✉(❜7 ♣❛( ❞❡# ✈❡♥*# ❞❡ ❢❛❝❡ ✭♦✉ ❛((✐1(❡#✮✱ ❝❡ 3✉✐ ♣❡(♠❡**(❛✐* ❞✬7*✉❞✐❡(✱ ❡♥ ❝♦♥❞✐✲

*✐♦♥# (7❡❧❧❡#✱ ❧❛ (♦❜✉#*❡##❡ ❞✉ ♣✐❧♦*❡ ❛✉*♦♠❛*✐3✉❡ ▲❖❘❆ ❡♥ ♣(7#❡♥❝❡ ❞❡ *❡❧# ✈❡♥*#✳

■❧ ❡#* ❞1# ❧♦(# ❛**❡♥❞✉ 3✉❡✱ ❞❛♥# ✉♥❡ ❝❡(*❛✐♥❡ ❣❛♠♠❡ ❞❡ ♣❡(*✉(❜❛*✐♦♥✱ ❧❡ (♦❜♦* #♦✐*

✐♥#❡♥#✐❜❧❡ ) ✉♥ ✈❡♥* ❞❡ ❢❛❝❡ ✭♦✉ ❛((✐1(❡✮ ❡* ❧❡ ❝♦♠♣❡♥#❡ ❛✜♥ ❞✬♦❜*❡♥✐( ✉♥❡ ✈✐*❡##❡ #♦❧

#✉✣#❛♥*❡ ♣♦✉( ♠✐♥✐♠✐#❡( ǫFwd ❝♦♠♠❡ ❝❡❧❛ ❛ ♣✉ T*(❡ ♦❜#❡(✈7 ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❬❇❛((♦♥

❛♥❞ ❙(✐♥✐✈❛#❛♥✱ ✷✵✵✻❪✳

✶✼✹



❯♥❡ ❞♦✉❜❧❡ ()❣✉❧❛,✐♦♥ ❞✉ ✢✉① ♦♣,✐1✉❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❄ ❉✐8❝✉88✐♦♥

■■■ ❯♥❡ ❞♦✉❜❧❡ )*❣✉❧❛-✐♦♥ ❞✉ ✢✉① ♦♣-✐2✉❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❄

❈❡""❡ #✉❡%"✐♦♥ ♣❡*♠❡" ❞❡ *❡✲❜♦✉❝❧❡* %✉* ❧❛ ❜✐♦❧♦❣✐❡ ❛✜♥ ❞❡ %❛✈♦✐* %✐ ✉♥ ♣✐❧♦"❡ ❛✉"♦✲

♠❛"✐#✉❡ ❞❡ "②♣❡ ▲❖❘❆ ❡%" ❡✛❡❝"✐✈❡♠❡♥" ♣*;%❡♥" ❝❤❡③ ❧✬❛❜❡✐❧❧❡✳ ❈❡ ♣*❡♠✐❡* ♣*♦"♦"②♣❡

❞❡ ♠✐%❡ ❡♥ @✉✈*❡ ❞✉ %❝❤;♠❛ ❞❡ ❝♦♥"*A❧❡ ▲❖❘❆ %✉* ✉♥ ♠✐❝*♦✲*♦❜♦" ♥♦✉% ❛ ♣❡*♠✐%

❞❡ *❡"*❛♥%❝*✐*❡ ✉♥❡ ❣*❛♥❞❡ ❞✐✈❡*%✐"; ❝♦♠♣♦*"❡♠❡♥"❛❧❡ ♦❜%❡*✈;❡ ❝❤❡③ ❧✬✐♥%❡❝"❡ ❝♦♠♠❡

*;%✉♠; ❞❛♥% ❧❛ ✜❣✉*❡ ✻✳✶✳ ❈❡% *;%✉❧"❛"% *❡♠❡""❡♥" ❡♥ ❝❛✉%❡ ❞✐*❡❝"❡♠❡♥" ❧✬❤②♣♦"❤D%❡
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ϕi = ±45
◦ ϕi = ±90

◦



360◦×60◦

ϕ = 23◦ ϕ = 155◦



10.9× 2.5 cm 8.17 g

0.75 W
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❝♦♥*+,❧❡ ❡①♣❧✐❝✐*❡✱ ✉♥ ❞♦✉❜❧❡ #/❣✉❧❛"❡✉# ❞❡ ✢✉① ♦♣"✐8✉❡ ❞/♥♦♠♠/ ▲❖❘❆ ✭▲❛*❡+❛❧ ❖♣✲

*✐❝ ✢♦✇ ❘❡❣✉❧❛*✐♦♥ ❆✉*♦♣✐❧♦* ✮✱ ❝♦♥@✉ A ♣❛#"✐# ❞❡+ ♦❜+❡#✈❛"✐♦♥+ /"❤♦❧♦❣✐8✉❡+ ❢❛✐"❡+ ❝❤❡③

❧✬❛❜❡✐❧❧❡✱ ♥♦"❛♠♠❡♥" ❧❡ ❝♦♠♣♦#"❡♠❡♥" ❞❡  ✉✐✈✐ ❞❡ ♣❛+♦✐✱ ♠✐+ ❡♥ /✈✐❞❡♥❝❡ #/❝❡♠♠❡♥"

❬❙❡##❡+ ❡" ❛❧✳✱ ✷✵✵✽❜❪ ❡" 8✉✐ ✈✐❡♥" ❡♥#✐❝❤✐# ❧❛ ❞✐✈❡#+✐"/ ❝♦♠♣♦#"❡♠❡♥"❛❧❡ ♦❜+❡#✈/❡ ❝❤❡③

❧✬❛❜❡✐❧❧❡ ✭❛#"✐❝❧❡ ❞❡ +②♥"❤*+❡ ✿ ❬❙#✐♥✐✈❛+❛♥✱ ✷✵✶✶❜❪✮✳ ◆♦✉+ ❛✈♦♥+ ❝❤♦✐+✐ ✉♥ ❛/#♦❣❧✐++❡✉#

♠✐♥✐❛"✉#❡ ✭"❛✐❧❧❡ ✿ 0.36×0.21×0.17 m✱ ♠❛++❡ ✿ 0.878 kg✮ ❝♦♠♠❡ ❞/♠♦♥+"#❛"❡✉# #❡♥❞✉

*♦*❛❧❡♠❡♥* ❛❝*✐♦♥♥# ❛✜♥ ❞❡ +❡ #❛♣♣#♦❝❤❡# ❞✉ ♠♦❞❡ ❞❡ ♣#♦♣✉❧+✐♦♥ ❞✬✉♥❡ ❛❜❡✐❧❧❡ ✭♦✉

❞✬✉♥ ❤/❧✐❝♦♣"*#❡✮ ❞♦♥" ❧❡+ ❞②♥❛♠✐8✉❡+ +♦♥" ❞/❝♦✉♣❧/❡+ ❬❊+❝❤ ❡" ❛❧✳✱ ✶✾✼✺✱ ❊❧❧✐♥❣"♦♥✱

✶✾✽✹❪✳ ❈❡""❡ ✐♠♣❧/♠❡♥"❛"✐♦♥ #♦❜♦"✐8✉❡ ❛ ❛✐♥+✐ ♣❡#♠✐+ ❞❡ #❡♣#♦❞✉✐#❡✱ +✉# ✉♥ #♦❜♦" #/❡❧

❡" ♣♦✉# ❧❛ ♣#❡♠✐*#❡ ❢♦✐+✱ ✉♥❡ +/#✐❡ ❞❡ ♣#♦✉❡++❡+ ❝♦♠♣♦#"❡♠❡♥"❛❧❡+ ❞/❝#✐"❡+ ❞❡♣✉✐+ ❝❡+

✈✐♥❣" ❞❡#♥✐*#❡+ ❛♥♥/❡+ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❝♦♠♠❡ ✿ ❧❛ #/❛❝"✐♦♥ ❞❡ ❝❡♥*+❛❣❡ ❞❛♥+ ✉♥ "✉♥♥❡❧

/"#♦✐" +"❛"✐♦♥♥❛✐#❡ ❬❑✐#❝❤♥❡# ❛♥❞ ❙#✐♥✐✈❛+❛♥✱ ✶✾✽✾✱ ❙#✐♥✐✈❛+❛♥ ❡" ❛❧✳✱ ✶✾✾✶❪✱ ❧❛ #/❛❝"✐♦♥

❞❡ ❞/❝❡♥"#❛❣❡ ❞❛♥+ ✉♥ "✉♥♥❡❧ /"#♦✐" ♥♦♥✲+"❛"✐♦♥♥❛✐#❡ ❬❑✐#❝❤♥❡# ❛♥❞ ❙#✐♥✐✈❛+❛♥✱ ✶✾✽✾✱

❙#✐♥✐✈❛+❛♥ ❡" ❛❧✳✱ ✶✾✾✶❪✱ ❧❡ ❝♦♥"#W❧❡ ❞❡ ✈✐"❡++❡ ♠✐+ ❡♥ /✈✐❞❡♥❝❡ ❞❛♥+ ❞❡+ "✉♥♥❡❧+ ❢✉+❡❧/+

♦✉ ♥♦♥✲+"❛"✐♦♥♥❛✐#❡+ ✭❝❤❛♣✐"#❡ ✺✱ ❬X♦#"❡❧❧✐ ❡" ❛❧✳✱ ✷✵✶✶❪✮ ❬❙#✐♥✐✈❛+❛♥ ❡" ❛❧✳✱ ✶✾✾✻✱ ❇❛✐#❞

❡" ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✻❪✱ ❡" ❧❡ +✉✐✈✐ ❞❡ ♣❛#♦✐ ❞❛♥+ ✉♥ "✉♥♥❡❧ ❝♦♠♣♦#"❛♥" ✉♥❡ ♦✉✈❡#"✉#❡

❬❙❡##❡+ ❡" ❛❧✳✱ ✷✵✵✽❜❪✳ ◆♦✉+ ❛✈♦♥+ /❣❛❧❡♠❡♥" ♠♦♥"#/ 8✉❡ ❧❡ #♦❜♦" ♣❡✉" ♥❛✈✐❣✉❡# ❞❛♥+

✉♥ "✉♥♥❡❧ ♣#/+❡♥"❛♥" ✉♥ ✈✐#❛❣❡ ♦✉ ❝♦♠♣♦#"❛♥" ✉♥ "❡##❛✐♥ ❡♥ ♣❡♥"❡✳

▲❡ +❝❤/♠❛ ❞❡ ❝♦♥"#W❧❡ ❜✐♦✐♥ ♣✐+# ▲❖❘❆ ✭✜❣✉#❡ ✸✳✹✮ +❡ ❝♦♠♣♦+❡ ❞✬✉♥❡ ❜♦✉❝❧❡ ❞❡ ✈❡#✲

#♦✉✐❧❧❛❣❡ ❞✉ ❝❛♣ ✭♣#/+❡♥" ❝❤❡③ ❧❡+ ✐♥+❡❝"❡+ ✲ ❬✈♦♥ ❋#✐+❝❤✱ ✶✾✹✽❪ ✲✮ ❡" ❞❡ ❞❡✉① +#❣✉❧❛*❡✉+ 

❞❡ ✢✉① ♦♣*✐<✉❡ ❧❛*#+❛✉① ✐♥"❡#❞/♣❡♥❞❛♥"+✱ ♥❡ ❢❛✐+❛♥" ❛♣♣❡❧ 8✉✬A ❞❡+ ❝❛♣"❡✉#+ ❞❡ ✢✉①

♦♣"✐8✉❡ ✭❞♦♥" ❧❡✉#+ ❝♦♥"#♣❛#"✐❡+ ❜✐♦❧♦❣✐8✉❡+ ❡+" ♣#/+❡♥" /❣❛❧❡♠❡♥" ❝❤❡③ ❧❡+ ❛❜❡✐❧❧❡+✱

❡✳❣✳ ❧❡+ ♥❡✉#♦♥❡+ ❱❚ ✲ ❬■❜❜♦"+♦♥✱ ✷✵✵✶❪✮✳ ❈❤❛8✉❡ ❜♦✉❝❧❡ ♣♦++*❞❡ +❛ ♣#♦♣#❡ ❝♦♥+✐❣♥❡

❞❡ ✢✉① ♦♣"✐8✉❡ ♣#/❢/#/❡ ❡" ❝♦♥"#W❧❡ ✉♥ ❞❡❣#/ ❞❡ ❧✐❜❡#"/ ❞✉ ♠✐❝#♦✲#♦❜♦" ❝♦♠♠❡ ❞/❝#✐"

❝✐✲❞❡++♦✉+ ✿

✶✽✵



❈♦♥❝❧✉&✐♦♥

❼ ✭✐✮ ❧❛ ❜♦✉❝❧❡ * ✈❡""♦✉✐❧❧❛❣❡ ❞❡ ❝❛♣ +✬❛♣♣✉✐❡ +✉. ❧❛ ♠❡+✉.❡ ❞✬✉♥ ♠✐❝.♦✲❝♦♠♣❛+

❡3 ❞✬✉♥ ♠✐❝.♦✲❣②.♦♠63.❡ ♣♦✉. ❛++✉.❡. ❛✉ .♦❜♦3 ❞❡+ ❞7♣❧❛❝❡♠❡♥3+ ❡♥ 3.❛♥+❧❛3✐♦♥

♣❡.♠❡33❛♥3 ❛✉① ❝❛♣3❡✉.+ ✈✐+✉❡❧+ ❞❡ ♥❡ ♠❡+✉.❡. :✉❡ ❧❛ ❝♦♠♣♦+❛♥3❡ 3.❛♥+❧❛3✐♦♥✲

♥❡❧❧❡ ❞✉ ✢✉① ♦♣3✐:✉❡✱ +❡✉❧❡ ❞7♣❡♥❞❛♥3❡ ❧✐♥-❛✐"❡♠❡♥/ ❞❡ ❧❛ ✈✐3❡++❡ ❞✉ .♦❜♦3 ❡3

♥♦♥✲❧✐♥-❛✐"❡♠❡♥/ ❞❡ ❧❛ ❞✐+3❛♥❝❡ ❛✉① ♦❜+3❛❝❧❡+ ❀

❼ ✭✐✐✮ ❧❡ ♣.❡♠✐❡. .7❣✉❧❛3❡✉. ❞❡ ✢✉① ♦♣3✐:✉❡ ✉♥✐❧❛/-"❛❧ ❝♦♠♠❛♥❞❡ ❧❛ ♣♦✉++7❡ ❧❛/-"❛❧❡

❞✉ .♦❜♦3 ❞73❡.♠✐♥❛♥3 +❛ ✈✐3❡++❡ ❧❛37.❛❧❡ ❡3 ❞♦♥❝ +❛ ♣♦+✐3✐♦♥ ❧❛37.❛❧❡ DR,L ♣❛.

.❛♣♣♦.3 ❛✉ ♠✉. +✉✐✈✐✳ ❉❛♥+ ✉♥ 3✉♥♥❡❧ +3❛3✐♦♥♥❛✐.❡✱ ❧❡ .♦❜♦3 +❡ ♣♦+✐3✐♦♥♥❡ *

✉♥❡ ❞✐+3❛♥❝❡ ❞✬✉♥ ♠✉. ❣7♥7.❛♥3 ❧❡ ♠❛①✐♠✉♠ ❞❡+ ✢✉① ♦♣3✐:✉❡+ ❧❛37.❛✉① ❡3 ❝❡✱

♣.♦♣♦.3✐♦♥♥❡❧❧❡♠❡♥3 * ❧❛ ✈✐3❡++❡ ❞✬❛✈❛♥❝❡ ❞73❡.♠✐♥7❡ ❡♥ ✭✐✐✐✮ 1❛♥1 2✉✬✐❧ ♥✬❛✐/ 4

♠❡1✉"❡" ❝❡//❡ ❞✐1/❛♥❝❡✳ ❆✐♥+✐✱ ❡♥ .7❣✐♠❡ 73❛❜❧✐✱ ❧❡ ♣❛.❛♠63.❡ ❡++❡♥3✐❡❧ ❡3 ✉♥✐:✉❡

❞❡ ❝❡ ♣.❡♠✐❡. .7❣✉❧❛3❡✉. ❡+3 +❛ ❝♦♥+✐❣♥❡ ❞❡ ✢✉① ♦♣3✐:✉❡ ✉♥✐❧❛/-"❛❧ ωsetSide✱ :✉✐

♥✬❡+3 ❛✉3.❡ :✉❡ ❧❡ ❝♦❡✣❝✐❡♥3 ❞❡ ♣.♦♣♦.3✐♦♥♥❛❧✐37 ❧✐❛♥3 ❝❡33❡ ❞✐+3❛♥❝❡ * ❧❛ ✈✐3❡++❡

❞✬❛✈❛♥❝❡ ❀

❼ ✭✐✐✐✮ ❧❡ +❡❝♦♥❞ .7❣✉❧❛3❡✉. ❜✐❧❛/-"❛❧ ❞❡ ✢✉① ♦♣3✐:✉❡ ❝♦♠♠❛♥❞❡ ❧❛ ❢♦.❝❡ ♣"♦♣✉❧1✐✈❡

❞✉ .♦❜♦3 ❞73❡.♠✐♥❛♥3 +❛ ✈✐3❡++❡ ❞✬❛✈❛♥❝❡ Vf ✳ ❉❛♥+ ✉♥ 3✉♥♥❡❧ +3❛3✐♦♥♥❛✐.❡✱ ❣.C❝❡

❛✉① ❞❡✉① .7❣✉❧❛3❡✉.+ ❞❡ ✢✉① ♦♣3✐:✉❡✱ ❧❡ .♦❜♦3✱ ❝♦♠♠❡ ❧✬❛❜❡✐❧❧❡✱ ❝♦♥3.D❧❡ +❛

✈✐3❡++❡ ♣.♦♣♦.3✐♦♥♥❡❧❧❡♠❡♥3 * ❧❛ ❧❛.❣❡✉. ❧♦❝❛❧❡ ❞✉ 3✉♥♥❡❧ D 1❛♥1 2✉✬✐❧ ♥✬❛✐/ 4

♠❡1✉"❡" ♥✐ 1❛ ✈✐/❡11❡ ♥✐ ❧❛ ❧❛"❣❡✉" ❞✉ /✉♥♥❡❧✳ ❈❡33❡ ♣.♦♣.✐737 .❡+3❡ ✈.❛✐❡ :✉❡❧ :✉❡

+♦✐3 ❧❡ ♣♦+✐3✐♦♥♥❡♠❡♥3 ❧❛37.❛❧ ❞❛♥+ ❧❡ 3✉♥♥❡❧✳ ▲❡ ♣❛.❛♠63.❡ ❡++❡♥3✐❡❧ ❡3 ✉♥✐:✉❡

❞❡ ❝❡ +❡❝♦♥❞ .7❣✉❧❛3❡✉. ❡+3 +❛ ❝♦♥+✐❣♥❡ ❞❡ ✢✉① ♦♣3✐:✉❡ ❜✐❧❛/-"❛❧❡ ωsetFwd✳

◆♦3.❡ ❞7♠❛.❝❤❡ ❞❡ 3.❛✈❛✐❧ ❜✐♦✲✐♥+♣✐.7❡ ♣❡.♠❡3✱ ❣.C❝❡ * ❧✬❛♣♣❧✐❝❛3✐♦♥ .♦❜♦3✐:✉❡ ❞✬❤②♣♦✲

3❤6+❡+ ❝♦♠♣♦.3❡♠❡♥3❛❧❡+ ❢❛✐3❡+ ❝❤❡③ ❧✬❛❜❡✐❧❧❡✱ ❞✬7❝❧❛✐.❝✐. ❧❛ ♣.7+❡♥❝❡ ❛✉ ♥✐✈❡❛✉ ♥❡✉.♦✲

♥❛❧ ❞✬✉♥ +②+36♠❡ ✈✐+✉♦✲♠♦3❡✉. ❜❛+7 +✉. ❧❛ "-❣✉❧❛/✐♦♥ ❞✉ ✢✉① ♦♣/✐2✉❡ ✐♥3❡.✈❡♥❛♥3 ❞❛♥+

❧❡ ❝♦♥3.D❧❡ ❞❡ ❧❡✉. ✈♦❧✳ ▲❛ ♣❧❛✉+✐❜✐❧✐37 ❞✬✉♥ ♣✐❧♦3❛❣❡ ❛✉3♦♠❛3✐:✉❡ ❜❛+7 +✉. ❧❛ ❞♦✉❜❧❡

.7❣✉❧❛3✐♦♥ ❞✉ ✢✉① ♦♣3✐:✉❡✱ * ❜♦.❞ ❞❡ ❧✬❛❜❡✐❧❧❡ ♣.❡♥❞ ❛❧♦.+ 3♦✉3❡ +♦♥ ❛♠♣❧❡✉.✱ ❞✬❛✉3❛♥3

♣❧✉+ :✉❡ ❧❡+ ❞✐✛7.❡♥3❡+ 73❛♣❡+ ❞❡ 3.❛✐3❡♠❡♥3 ♥7❝❡++❛✐.❡+ * +♦♥ ❢♦♥❝3✐♦♥♥❡♠❡♥3✱ ✐✳❡✳✱

❞❡+ 73❛♣❡+ ❞❡ ❝♦♠♣❛.❛✐+♦♥ ❡3 ❞❡ ✜❧3.❛❣❡ 3❡♠♣♦.❡❧✱ +♦♥3 3♦✉3 * ❢❛✐3 ♣❧❛✉+✐❜❧❡+ ❞✬✉♥

♣♦✐♥3 ❞❡ ✈✉❡ ♥❡✉.♦♥❛❧✳

❈❡33❡ 73✉❞❡ ❛ ♠♦♥3.7 :✉❡ ❧✬✐♥37❣.❛3✐♦♥ ❞✉ ♣✐❧♦3❡ ❛✉3♦♠❛3✐:✉❡ ▲❖❘❆✱ ✐✳❡✳ ❞✉ "-❣✉❧❛/❡✉"

❞✉❛❧ ❞❡ ✢✉① ♦♣/✐2✉❡ ❧❛/-"❛❧✱ +✉. ✉♥ ❛7.♦❣❧✐++❡✉. ♠✐♥✐❛3✉.❡ ❡+3 3♦✉3 * ❢❛✐3 ❝♦♠♣❛3✐❜❧❡

❛✈❡❝ ✉♥❡ ♠✐♥✐❛/✉"✐1❛/✐♦♥ ❞"❛❝♦♥✐❡♥♥❡ ❞❡+ +②+36♠❡+ ❞❡ ❝♦♥3.D❧❡ ♣♦✉. ♠✐❝.♦✲.♦❜♦3+

✭♠❛++❡ ❞❡ ❧✬7❧❡❝3.♦♥✐:✉❡ ✿ 8.17 g✱ ❝♦♥+♦♠♠❛3✐♦♥ ✿ 0.75 W ✮ ❞❛♥+ ❧❛ ♠❡+✉.❡ ♦O ✐❧ ❡♠✲

❜❛.:✉❡ +❡✉❧❡♠❡♥3 ❞❡+ ❝❛♣3❡✉.+ ♥♦♥✲-♠✐11✐❢1 ✭7❝♦♥♦♠✐:✉❡ ❡♥ 7♥❡.❣✐❡✮ ♥7❝❡++✐3❛♥3 ❞❡

❢❛✐❜❧❡ "❡11♦✉"❝❡1 ❝❛❧❝✉❧❛/♦✐"❡1✳ ▲❡ ♠♦❞6❧❡ ❞❡ ♣✐❧♦3❛❣❡ ❛✉3♦♠❛3✐:✉❡ ▲❖❘❆ ♣❡.♠❡3 * ✉♥

✶✽✶



❈♦♥❝❧✉&✐♦♥

 ♦❜♦#  ♦ ❛❧❡♠❡♥ ❛❝ ✐♦♥♥)✱ ❡♥ ❧✬♦❝❝✉  ❡♥❝❡ ✉♥ ❛, ♦❣❧✐//❡✉ ✱ ❞❡ ♥❛✈✐❣✉❡ 2 ❧❛ ♠❛♥✐4 ❡

❞✬✉♥❡ ❛❜❡✐❧❧❡ ❞❛♥/ ✉♥ #✉♥♥❡❧✱ /✉ ❧❛ ❜❛/❡ ❞✬✉♥ /②/#4♠❡ ✈✐/✉❡❧ ❞❡  ,/♦❧✉#✐♦♥ ❣ ♦//✐4 ❡

✭7✉❛# ❡ 2 ❤✉✐# ♣✐①❡❧/✱ 2 /❛✈♦✐ ❞❡ ❞❡✉① 2 7✉❛# ❡ ②❡✉① ,❧,♠❡♥#❛✐ ❡/ ❞❡ ❞❡✉① ♣✐①❡❧/✮

✐♥/♣✐ , ❞❡ ❧❛ ✈✐/✐♦♥ ❞❡/ ✐♥/❡❝#❡/✱ /❛♥/ ❛✈♦✐ 2 ♠❡*✉,❡, ♦✉ ❡* ✐♠❡, ♥✐ /❛ ✈✐#❡//❡✱ ♥✐ /❛

❞✐/#❛♥❝❡ ❛✉① ♠✉ /✱ ♥✐ ❛✉❝✉♥ ♣❛ ❛♠4# ❡  ❡❧❛#✐❢ 2 ❧❛ ❝♦♥✜❣✉ ❛#✐♦♥ ❞✉ #✉♥♥❡❧ ✭❝❤❛♣✐# ❡/

■■ ❡# ■■■✮✳ ❈❡ ♣✐❧♦#❡ ❛✉#♦♠❛#✐7✉❡ ♣ ♦♣♦/❡ ✉♥❡ /♦❧✉#✐♦♥ ,❧,❣❛♥#❡ ❡# ✐♥♥♦✈❛♥#❡ ❞❡ ♥❛✈✐✲

❣❛#✐♦♥ ✓  ,✢❡①❡ ✔ ❞❡ #②♣❡ ✓ ❛❜❡✐❧❧❡ ✔ ❡♥❝♦ ❡ ♥♦♥✲ ,/♦❧✉❡ 2 ❝❡ ❥♦✉ ❞❛♥/ ❧❡ ❝♦♥# F❧❡ ❞❡

✈✐#❡//❡ ❡# ❧✬,✈✐#❡♠❡♥# ❞✬♦❜/#❛❝❧❡/ ❞❡/ ♠✐❝ ♦✲❛, ♦♥❡❢/✳ ▲❡ /❝❤,♠❛ ❞❡ ❝♦♥# F❧❡ ▲❖❘❆ ❡/#

/✉✣/❛♠♠❡♥# ❡①♣❧✐❝✐#❡ ♣♦✉ L# ❡ ❛❞❛♣#❛❜❧❡ ❢❛❝✐❧❡♠❡♥# /✉ ❞✬❛✉# ❡/ #②♣❡/ ❞❡ ✈,❤✐❝✉❧❡/

❛✉#♦♥♦♠❡/✳

▲❛ ❝♦♥❝❡♣#✐♦♥ ❞❡ ❝❛♣#❡✉ / ❞❡ ✢✉① ♦♣#✐7✉❡ ✐♥♥♦✈❛♥#/ ♣❧✉/ ♣❡#✐#/ ❡# ♣❧✉/ ❧,❣❡ / ❡/# ,❣❛✲

❧❡♠❡♥# ✉♥ ♣♦✐♥#✲❝❧, /✉♣♣❧,♠❡♥#❛✐ ❡ ❞❛♥/ ❧❡ ❣✉✐❞❛❣❡ ❛✉#♦♠❛#✐7✉❡ ❞❡/ ♠✐❝ ♦✲❛, ♦♥❡❢/✳

▲❡ ❝❛♣#❡✉ ♣ ,/❡♥#, ❡♥ ❝❤❛♣✐# ❡ ✹✱ ♣♦//4❞❡ ❞❡/ ❝❛ ❛❝#, ✐/#✐7✉❡/ ✐❞,❛❧❡/ ❞✬✐♥#,❣ ❛#✐♦♥

/✉ ❧❡/ ❢✉#✉ / ♠✐❝ ♦✲ ♦❜♦#/ ❛✈❡❝ ✉♥❡ ♠❛//❡ ✐♥❢, ✐❡✉ ❡ ❛✉ ❣ ❛♠♠❡ ✭♦♣#✐7✉❡ ❝♦♠♣ ✐/❡✮

❡# ✉♥❡ ❢❛✐❜❧❡ ❝♦♥/♦♠♠❛#✐♦♥ ✭6 0.23 W ✮✳ ❈❡ ❝❛♣#❡✉ ❞❡ ✻ ♣✐①❡❧/ ❡/# ❝❛♣❛❜❧❡ ❞❡ ❢♦✉ ♥✐ 

✉♥❡ ♠❡/✉ ❡ ❞✉ ✢✉① ♦♣#✐7✉❡ ♣ ,❝✐/❡ ❡# ♣❧✉/ ❢ ,7✉❡♥#❡ ✭❥✉/7✉✬2 ∼ 70 Hz✮ 7✉✬✉♥ ❝❛♣✲

#❡✉ ❞❡ ✢✉① ♦♣#✐7✉❡ ❜❛/, /✉ /❡✉❧❡♠❡♥# ✷ ♣✐①❡❧/ ✭✲ ∼ 15 Hz ✲ ❬❘♦✉❜✐❡✉ ❡# ❛❧✳✱ ✷✵✶✶❪✮✳

▲✬✐♥#,❣ ❛#✐♦♥ ❞❡ #❡❧/ ❝❛♣#❡✉ / ♣♦✉ ❝♦✉✈ ✐ ❞✬❛✉# ❡/ ③♦♥❡/ ❞✉ /②/#4♠❡ ✈✐/✉❡❧ ❞✉  ♦❜♦#

▲❖❘❆ ✭♥♦#❛♠♠❡♥# ❢ ♦♥#❛❧❡/✮ ♣❡ ♠❡## ❛✐# ❞✬,#❡♥❞ ❡ ❧❡/ ❝❛♣❛❝✐#,/ ❞✬❛♥#✐❝✐♣❛#✐♦♥ ❞❡/

♦❜/#❛❝❧❡/ ❢ ♦♥#❛✉① ❡# ❞❡ ♥❛✈✐❣❛#✐♦♥ ❞❛♥/ ❞❡/ ❡♥✈✐ ♦♥♥❡♠❡♥#/ ❡♥❝♦ ❡ ♣❧✉/ ❝♦♠♣❧❡①❡/✱

#❡❧/ 7✉❡ ❞❡/ ❧❛❜② ✐♥#❤❡/ /✉ ❧✬✉♥✐7✉❡ ❜❛/❡ ❞❡ ❧❛ ✈✐/✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥#✳

❊♥✜♥✱ ❧❡/  ❡❝❤❡ ❝❤❡/ ,#❤♦❧♦❣✐7✉❡/ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❝♦♥#✐♥✉❡♥# ❡# /♦♥# # 4/ ♣ ♦♠❡##❡✉/❡/

❝❛ ❡❧❧❡/ #❡♥#❡♥# ❞❡  ❡❝♦♥/#✐#✉❡ ❧✬✐♥❝ ♦②❛❜❧❡ ♣✉③③❧❡ ❞✉ ❝♦♥# F❧❡ /❡♥/♦ ✐♠♦#❡✉ ❝❤❡③

❧✬✐♥/❡❝#❡✳ ■❧ /❡♠❜❧❡ ❡♥ ❡✛❡# 7✉❡ ❧❡ ♣ ✐♥❝✐♣❡ ♠✐/ ❡♥ ❥❡✉ /✉ ❧❡ ♣❧❛♥ ❤♦ ✐③♦♥#❛❧✱ ✐❧❧✉/# ,

♣❛ ❧❡ ♠♦❞4❧❡ ▲❖❘❆✱  ❡❥♦✐❣♥❡ ❝❡❧✉✐ ❞✉ ♣❧❛♥ ✈❡ #✐❝❛❧ ✭❝❤❛♣✐# ❡ ✺✮✳ ▲❡ ♣✐❧♦#❡ ❛✉#♦✲

♠❛#✐7✉❡ ❆▲■❙ ✭❆✉ ♦♣✐❧♦ ✉*✐♥❣ ❛♥ ■♥*❡❝ ❜❛*❡❞ ✈✐*✐♦♥ ❙②* ❡♠ ✮ ❬Y♦ #❡❧❧✐ ❡# ❛❧✳✱ ✷✵✵✽✱

✷✵✶✵❜❪ ♣ ♦♣♦/❡ ✉♥❡ ❡①#❡♥/✐♦♥ ❞✉ ♠♦❞4❧❡ ▲❖❘❆ /✉ ❧❡ ♣❧❛♥ ✈❡ #✐❝❛❧ ❡# ♣❡ ♠❡# ❞✬✐❧❧✉/✲

# ❡ ❧❛ /✐♠✉❧❛#✐♦♥ ❞✉ ✈♦❧ ✸✲❉ ❞✬❛❜❡✐❧❧❡/ ♣❛ ❧✬❛❞❥♦♥❝#✐♦♥ ❞❡ ❝❛♣#❡✉ / ❞❡ ✢✉① ♦♣#✐7✉❡

/✉♣♣❧,♠❡♥#❛✐ ❡/ ❞❛♥/ ❧❡/ ③♦♥❡/ ❞♦ /❛❧❡/ ❡# ✈❡♥# ❛❧❡/✳ ▲❡ ♠♦❞4❧❡ ❆▲■❙ ❛ ♣❡ ♠✐/ ❧❛

♣ ,❞✐❝#✐♦♥ ❞❡ ❧✬✐♠♣♦ #❛♥❝❡ ❞❡ ❧❛  ,❣✉❧❛#✐♦♥ ❞✉ ✢✉① ♦♣#✐7✉❡ ❞❡ ❧❛  ,❣✐♦♥ ❞♦ /❛❧❡ ♠✐/

❡♥ ,✈✐❞❡♥❝❡ ❝❤❡③ ❧✬❛❜❡✐❧❧❡ ❞❛♥/ ❧❡ ❝♦♥# F❧❡ ❞❡ ✈✐#❡//❡ ✭❝❤❛♣✐# ❡ ✺✮✳ ❈❡/ ♦❜/❡ ✈❛#✐♦♥/

♠♦♥# ❡♥# 7✉❡ ❧❡/  ❡❝❤❡ ❝❤❡/ /✉ ❧❛ ❞❡/❝ ✐♣#✐♦♥ ❞✉ ♠♦❞4❧❡ ❞✉ ❝♦♥# F❧❡ ❞✉ ✈♦❧ ❝❤❡③

❧✬✐♥/❡❝#❡ ❞♦✐✈❡♥# ❝♦♥#✐♥✉❡ ❛✜♥ ❞✬❡♥ ❛♣♣ ♦❢♦♥❞✐ ♥♦# ❡ ❝♦♠♣ ,❤❡♥/✐♦♥✳

✶✽✷



dTf

Vp

W (s) = Vp

y∞
Vp

Vp

CFwd(s) CSide(s)



❙②♥#❤%&❡ ❞❡& ❝♦++❡❝#❡✉+& ❞✬❛✈❛♥❝❡ ❡# ❧❛#1+❛❧ ❆♥♥❡①❡&

❛✉"♦✉$ ❞✉ ♣♦✐♥" ❞❡ ❢♦♥❝"✐♦♥♥❡♠❡♥" $-❣✉❧- ✿



























ωsetSide = 125◦.s−1

ωsetFwd = ωL + ωR

= 125◦.s−1 + 65◦.s−1

= 190◦.s−1

✭✽✳✶✮

❛✈❡❝ ❝♦♠♠❡ ♣♦✐♥" ❞❡ ❢♦♥❝"✐♦♥♥❡♠❡♥" Vf∞ = 0.67 m.s−1✱ y∞ = DL = 0.31 m ❞❛♥8 ✉♥

❝♦$$✐❞♦$ ❞❡ ❧❛$❣❡✉$ D = 92cm ❬❙❡$$❡8 ❡" ❛❧✳✱ ✷✵✵✽❛❪✳ ❉❛♥8 ❧❡ ❝❛8 ❞✬✉♥ 8✉✐✈✐ ❞✉ ♠✉$

❣❛✉❝❤❡✱ ♥♦✉8 ❛✈♦♥8 sgn(ωL − ωR) = +1✳

■✳❆ ❈♦%%❡❝(❡✉% ❞✬❛✈❛♥❝❡

▲❛ ❢♦♥❝"✐♦♥ ❞❡ "$❛♥8❢❡$" ❡♥ ❜♦✉❝❧❡ ♦✉✈❡$"❡ ❞❡ ❧❛ ❜♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ❧✐♥-❛$✐8- ✭✜❣✉$❡ ✽✳✶❆✮

8✬-❝$✐" ✿

BOy(s) = CFwd(s) ·GFwd(s) ·
∂(ωL + ωR)

∂Vf

✭✽✳✷✮

▲♦$8E✉❡ uf ≥ 0 ✭uLiftfan = 42%✱ ♣♦✉88❡✉$8 ❛$$✐F$❡8 ❛❝"✐♦♥♥-8 ♦✉ $-❣✐♠❡ -"❛❜❧✐✮✱ ❧❛

❞②♥❛♠✐E✉❡ ❞✬❛✈❛♥❝❡ ❞✉ $♦❜♦" ▲❖❘❆ ❡8" ✿

GFwd(s) =
30.11

1 + 2.67 · s
✭✽✳✸✮

❊♥✜♥✱ ♣♦✉$ ✉♥ ❝♦✉♣❧❡ ❞❡ ❝♦♥8✐❣♥❡8 ❞❡ ✢✉① ♦♣"✐E✉ ωsetFwd = 190 ◦.s−1 ❡" ωsetSide =

125 ◦.s−1✱ ❡" ✉♥❡ ✈✐"❡88❡ ❡♥ $-❣✐♠❡ -"❛❜❧✐ Vf∞ = 0.67 m.s−1✱ ♦♥ ❛ ✿

KOfFwd = (
∂(ωR + ωL)

∂
)y=y∞ = 4.95 rad.s−1.m−1

✭✽✳✹✮

❛✈❡❝ ▲❡ ❣❛✐♥ KOfFwd ❝♦$$❡8♣♦♥❞ O ❧❛ 8♦♠♠❡ ❞❡8 ✢✉① ♦♣"✐E✉❡8 ❞$♦✐" ❡" ❣❛✉❝❤❡ ❣-♥-$-8

O ❧❛ ♠✐8❡ ❡♥ ♠♦✉✈❡♠❡♥" ❞✉ $♦❜♦"✱ $❛♠❡♥- O 8❛ ✈✐"❡88❡ ❞✬❛✈❛♥❝❡✳

❯♥ ❝♦$$❡❝"❡✉$ Q$♦♣♦$"✐♦♥♥❡❧✲■♥"-❣$❛❧ ✭Q■✮ CFwd(s) = 0.8 · 1+2.7·s
s
· 1

1+8·10−3s
❛ -"-

❛❥✉8"- ❛✜♥ ❞❡ ❝♦♠♣❡♥8❡$ ❧❡ ♣U❧❡ ❞♦♠✐♥❛♥" ❞❡ ❧❛ ❞②♥❛♠✐E✉❡ ❞✬❛✈❛♥❝❡ ❞✉ $♦❜♦" ❧♦$8E✉❡

uLiftFan = 42%✳ ▲✬❛❝"✐♦♥ ✐♥"-❣$❛❧❡ ❞❡ ❝❡ ❝♦$$❡❝"❡✉$ ♣❡$♠❡" ❞✬❛♥♥✉❧❡$ ❧✬❡$$❡✉$ 8"❛"✐E✉❡

ǫFwd∞✳

❆✐♥8✐✱ ❡♥ $-❣✐♠❡ ♣❡$♠❛♥❡♥"✱ ❧❡ $♦❜♦" ❛ ✉♥❡ ❝♦♥8"❛♥"❡ ❞❡ "❡♠♣8 ❡♥ ❜♦✉❝❧❡ ❢❡$♠-❡

T0 = 2.26 s✱ 8♦✐" ✉♥❡ $❛♣✐❞✐"- ❛❝❝$✉❡ ❞❡ 15% ♣❛$ $❛♣♣♦$" O ❧❛ ❝♦♥8"❛♥"❡ ❞❡ "❡♠♣8 ❡♥

❜♦✉❝❧❡ ♦✉✈❡$"❡✳ ❯♥ ✜❧"$❡ ♣❛88❡✲❜❛8 ❛ -"- ✐♥"$♦❞✉✐" ❛✈❡❝ ❧❡ ❝♦$$❡❝"❡✉$✱ ❝❡ E✉✐ ♣❡$♠❡"

❞❡ ✜❧"$❡$ ✉♥❡ -✈❡♥"✉❡❧❧❡ ❝♦♠♠❛♥❞❡ ❜$✉✐"-❡ ❞V ❛✉① ❡$$❡✉$8 ❞❡ ♠❡8✉$❡ ❞❡8 ❝❛♣"❡✉$8 ❞❡

✢✉① ♦♣"✐E✉❡✳

✶✽✹



➱!✉❞❡ ❞✉ %❡❥❡! ❞❡' ♣❡%!✉%❜❛!✐♦♥' ♣❛% ❧❡' ❜♦✉❝❧❡' '❡♥'♦%✐♠♦!%✐❝❡' ▲❖❘❆ ❆♥♥❡①❡'

■✳❇ ❈♦%%❡❝(❡✉% ❧❛(,%❛❧

▲❛ ❢♦♥❝&✐♦♥ ❞❡ &*❛♥+❢❡*& ❡♥ ❜♦✉❝❧❡ ♦✉✈❡*&❡ ❞❡ ❧❛ ❜♦✉❝❧❡ ❧❛&0*❛❧ ❧✐♥0❛*✐+0 ✭✜❣✉*❡ ✽✳✶❇✮

+✬0❝*✐& ✿

BOy(s) = CSide(s) ·GSide(s) ·
∂ωL

∂y∞
✭✽✳✺✮

❛✈❡❝ GSide(s) = 16.28
1+2.54·s

❡♥ *0❣✐♠❡ 0&❛❜❧✐ ✭uLiftFan = 42%✮ ❡& KOfSide = ∂ωL

∂y∞
=

7.04rad.s−1.m−1
✳ ▲❡ ❞❡*♥✐❡* ♣❛*❛♠>&*❡ ✭KOfSide✮ ❝♦**❡+♣♦♥❞ ❛✉ ✢✉① ♦♣&✐A✉❡ ❣0♥0*0

♣❛* ❧❛ ♣❛*♦✐ ❧❛ ♣❧✉+ ♣*♦❝❤❡ +✉✐✈✐❡ ❡♥ *0❣✐♠❡ 0&❛❜❧✐✳

▲❡ ❝♦**❡❝&❡✉* ❧❛&0*❛❧ ❞✬❛✈❛♥❝❡ ❞❡ ♣❤❛+❡ CSide(s) ❡+& ✐♥&*♦❞✉✐& ❞❛♥+ ❧❛ ❜♦✉❝❧❡ ❛✜♥

❞✬❛✉❣♠❡♥&❡* ❧❛ ♠❛*❣❡ ❞❡ ♣❤❛+❡ ❡& ❧✬❛♠♦*&✐++❡♠❡♥& ❛♠0❧✐♦*❛♥& ❛✐♥+✐ ❧❡+ ♣❡*❢♦*♠❛♥❝❡+

❞②♥❛♠✐A✉❡+ ❞✉ +②+&>♠❡ ❜♦✉❝❧0✳

▲❡ ❝♦**❡❝&❡✉* CSide(s) = Kd
1+1.2·s
1+0.21·s

· 1
1+1.59·10−2s

♣❡*♠❡& ❞✬♦❜&❡♥✐* ✉♥❡ ♠❛*❣❡ ❞❡ ♣❤❛+❡

❞❡ 44.55◦ D ✉♥❡ ♣✉❧+❛&✐♦♥ ❝*✐&✐A✉❡ ❞❡ 2rad.s−1 +♦✐& 0.32Hz✳

❯♥ ✜❧&*❡ ♣❛++❡✲❜❛+ ❛ 0&0 ❛❥♦✉&0 ❡♥ +♦*&✐❡ ❞✉ ❝♦**❡❝&❡✉* ❡& ♣❡*♠❡& ❞❡ ❧✐++❡* ✉♥❡ ❝♦♠✲

♠❛♥❞❡ ❜*✉✐&0❡ ❞H ❛✉① ❡**❡✉*+ ❞❡ ♠❡+✉*❡ ❞❡+ ❝❛♣&❡✉*+ ❞❡ ✢✉① ♦♣&✐A✉❡✳

■■ ➱"✉❞❡ ❞✉ &❡❥❡" ❞❡( ♣❡&"✉&❜❛"✐♦♥( ♣❛& ❧❡( ❜♦✉❝❧❡(

(❡♥(♦&✐♠♦"&✐❝❡( ▲❖❘❆

❉❛♥+ ✉♥ ❜✉& ❞❡ +✐♠♣❧✐✜❝❛&✐♦♥ ❞❡+ ❝❛❧❝✉❧+✱ ♥♦✉+ ♥0❣❧✐❣❡*♦♥+ ❧✬✐♥✢✉❡♥❝❡ ❞❡+ ✜❧&*❡ ♣❛++❡✲

❜❛+ ♣❧❛❝0 ❡♥ +♦*&✐❡ ❞❡+ ❝♦**❡❝&❡✉*+ ❞✬❛✈❛♥❝❡ ❡& ❧❛&0*❛❧✳

■■✳❆ ❇♦✉❝❧❡ ❞✬❛✈❛♥❝❡

◆♦✉+ 0&✉❞✐❡*♦♥+ ❞❛♥+ ❝❡&&❡ +♦✉+✲♣❛*&✐❡ ❧❡ *❡❥❡& ❞❡+ ♣❡*&✉*❜❛&✐♦♥+ W (S) ❡& DTf (s) ♣❛*

❧❛ ❜♦✉❝❧❡ ❞❡ ❝♦♥&*L❧❡ ❞✬❛✈❛♥❝❡ ❞❡ ▲❖❘❆ ✭✜❣✉*❡ ✽✳✶✮✳ ▲✬0&✉❞❡ ❞❡+ ❢♦♥❝&✐♦♥+ ❞❡ +❡♥+✐✲

❜✐❧✐&0 ❞❡ ❧❛ +♦*&✐❡ ❞✉ ❝♦♥&*L❧❡✉* ❞✬❛✈❛♥❝❡ OFFwd(s) ♣❛* *❛♣♣♦*& D ❝❡+ ♣❡*&✉*❜❛&✐♦♥+ +❡

*0✈>❧❡*❛ ✐♥&0*❡++❛♥&❡ ♣♦✉* +❛✈♦✐* +✐ ❧❡ ❝♦**❡❝&❡✉* P*♦♣♦&✐♦♥♥❡❧✲■♥&0❣*❛❧ CFwd(s) *❡❥❡&&❡

❝❡+ ❞❡✉① ♣❡*&✉*❜❛&✐♦♥+✳

▲❛ ♣❡*&✉*❜❛&✐♦♥ W (s) ❡+& ❧✐0❡ D ✉♥❡ ♣❡"#✉"❜❛#✐♦♥ ❡♥ *❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣#✐1✉❡ ❞H ❛✉

❞0✜❧❡♠❡♥& ❞❡+ ♠♦&✐❢+ ❞✬✉♥ ❞❡+ ♠✉*+ D ✉♥❡ ✈✐&❡++❡ Vp✳ ❉❛♥+ ❧❡ ❝❛+ ❞✬✉♥ ❝♦**✐❞♦* ♥♦♥✲

+&❛&✐♦♥♥❛✐*❡ ♦R ❧❡+ ❞❡✉① ♠✉*+ ❧❛&0*❛✉① +♦♥& ♠♦&♦*✐+0+✱ ♥♦✉+ ❛✈♦♥+ ❛✛❛✐*❡ D ✉♥❡ ♣❡"#✉"✲

❜❛#✐♦♥ ❡♥ *❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣#✐1✉❡ ❜✐❧❛#*"❛❧❡✳ ▲✬0&✉❞❡ ❞✉ *❡❥❡& ❞❡ ❝❡&&❡ ♣❡*&✉*❜❛&✐♦♥ ❡+&

✐♥&0*❡++❛♥& ❝❛* ✐❧ ♣❡*♠❡& ❞✬0&✉❞✐❡* ❞✐*❡❝&❡♠❡♥& ❧✬❡✛❡& ❞✬✉♥ ✈❡♥& ❞❡ ❢❛❝❡ ♦✉ ❛**✐>*❡ +✉*

❧❡ ❝♦♥&*L❧❡ ❞❡ ✈✐&❡++❡ ❞❡ ❧❛ ❜♦✉❝❧❡ ❞✬❛✈❛♥❝❡ ❞❡ ▲❖❘❆✳ ❯♥ ✈❡♥& ❞❡ ❢❛❝❡ ❛✉*❛ ♣♦✉* ❡✛❡&

❞❡ ❣0♥0*❡* ✉♥❡ ♣❡*&✉*❜❛&✐♦♥ ❡♥ 0❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣&✐A✉❡ ωp ♥*❣❛#✐✈❡ ✭ωp = −
Vp

y∞
✮ ❡& ✉♥

✶✽✺



➱!✉❞❡ ❞✉ %❡❥❡! ❞❡' ♣❡%!✉%❜❛!✐♦♥' ♣❛% ❧❡' ❜♦✉❝❧❡' '❡♥'♦%✐♠♦!%✐❝❡' ▲❖❘❆ ❆♥♥❡①❡'

✈❡♥# ❛%%✐'%❡✱ ✉♥❡ ♣❡%#✉%❜❛#✐♦♥ ❡♥ -❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣#✐4✉❡ ωp ♣♦"✐$✐✈❡ ✭ωp = + Vp

y∞
✮✳

▲❛ ❢♦♥❝#✐♦♥ ❞❡ :❡♥:✐❜✐❧✐#- ❧✐-❡ ; ❧❛ ♣❡%#✉%❜❛#✐♦♥ W (s) ❡:# ✿

OFFwd(s)

W (s)
=

s

τFwd

·
1 + τ 2Fwd

s2 + s · (
1+τi·K·Kp·KOfFwd

τFwd·τi
) +

Kp·K·KOfFwd

τFwd·τi

✭✽✳✻✮

▲❡: ♣?❧❡: ❞✉ ❞-♥♦♠✐♥❛#❡✉% ❞❡ ❧✬-4✉❛#✐♦♥ ✽✳✻ :♦♥# ; ♣❛%#✐❡ %-❡❧❧❡ ♥-❣❛#✐✈❡✱ ❧❛ ❢♦♥❝#✐♦♥

❞❡ :❡♥:✐❜✐❧✐#-

OFFwd(s)
W (s)

❡①✐:#❡✳ ▲❛ ♣❡%#✉%❜❛#✐♦♥ W (s) ❣-♥-%- ♣❛% ✉♥❡ ✈✐#❡::❡ ❝♦♥:#❛♥#❡

❞❡ ❞-✜❧❡♠❡♥# ❞✬✉♥ ♠✉% ♦✉ ❞❡: ❞❡✉① ♠✉%: ❡:# ✉♥❡ ♣❡%#✉%❜❛#✐♦♥ ❡♥ -❝❤❡❧♦♥✱ ❞✬♦D ❧✬-#✉❞❡

❞❡ lim
s→0

s ·OFFwd(s) ❞♦♥♥❡ ✿

lim
s→0

s ·OFFwd(s) = lim
s→0

s2

τFwd

·
1 + τ 2Fwd

s2 + s · (
1+τi·K·Kp·KOfFwd

τFwd·τi
) +

Kp·K·KOfFwd

τFwd·τi

·
W

s
= 0 ✭✽✳✼✮

▲❡ %-:✉❧#❛# ♣%-❝-❞❡♥# ✭❡4✉❛#✐♦♥ ✽✳✻✮ ♥♦✉: ♠♦♥#%❡ 4✉❡ ❧❛ ❜♦✉❝❧❡ ❞❡ ❝♦♥#%?❧❡ ❞✬❛✈❛♥❝❡

❡:# ❝❛♣❛❜❧❡✱ 4✉❡❧4✉❡ :♦✐# ❧❡ ♥✐✈❡❛✉ ❞❡ ❣♦♥✢❛❣❡ ❞❡ ❧❛ ❥✉♣❡✱ ❞❡ %❡❥❡#❡% ✉♥❡ ♣❡'$✉'❜❛$✐♦♥

❡♥ ,❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣$✐3✉❡ ❧✐- ❛✉ ❞-✜❧❡♠❡♥# ❞❡: ♠✉%: ❞✬✉♥ ❝♦%%✐❞♦% ♥♦♥✲:#❛#✐♦♥♥❛✐%❡

♦✉ ; ❧✬❡✛❡# ❞✬✉♥ ✈❡♥# ❞❡ ❢❛❝❡ ♦✉ ❛%%✐'%❡✳ ❈❡ %-:✉❧#❛# ♠♦♥#%❡ 4✉❡ ❧❡ ❝♦%%❡❝#❡✉% CFwd(s)

%❡❥❡##❡ ❡✣❝❛❝❡♠❡♥# ❝❡ #②♣❡ ❞❡ ♣❡%#✉%❜❛#✐♦♥✳

◆♦✉: ❛❧❧♦♥: ♠❛✐♥#❡♥❛♥# ♥♦✉: ♣❡♥❝❤❡% :✉% ❧❡ %❡❥❡# ❞✬✉♥❡ ♣❡%#✉%❜❛#✐♦♥ ❧✐- ; ✉♥❡ ♣❡♥#❡

❢%♦♥#❛❧❡✳ ◆♦✉: ❛✈♦♥: ✈✉✱ ❞❛♥: ❧❡ ❈❤❛♣✳ ■■■✱ 4✉❡ ❧❛ ❜♦✉❝❧❡ ❞❡ ❝♦♥#%?❧❡ ❞✬❛✈❛♥❝❡ ❡:#

❝❛♣❛❜❧❡ ❞❡ %❡❥❡#❡% ; ❧❛ ❢♦✐: ✉♥❡ ♣❡♥#❡ ❢%♦♥#❛❧❡ ❛"❝❡♥❞❛♥$❡ ♠❛✐: ❛✉::✐ ❞❡"❝❡♥❞❛♥$❡

✭✜❣✉%❡ ✸✳✻✮✳ ▲❛ ♣❡♥#❡ ❢%♦♥#❛❧❡ ❡:# ; ❛♥❣❧❡ ❝♦♥:#❛♥# β ❝♦♥:#✐#✉❛♥# ✉♥❡ ♣❡%#✉%❜❛#✐♦♥ ❡♥

-❝❤❡❧♦♥ DTf (s)✳

▲✬-#✉❞❡ ❞❡ ❧❛ ❢♦♥❝#✐♦♥ ❞❡ :❡♥:✐❜✐❧✐#- ❞❡ ❧❛ :♦%#✐❡ ❞✉ ❝♦♥#%?❧❡✉% ❞✬❛✈❛♥❝❡ OFFwd(s) ❛✈❡❝

❝❡##❡ ♣❡%#✉%❜❛#✐♦♥ DTf (s) ♥♦✉: ❞♦♥♥❡ ✿

OFFwd(s)

DTf (s)
=

s ·
K·KOfFwd

τFwd

s2 + s · (
1+τi·K·Kp·KOfFwd

τFwd·τi
) +

Kp·K·KOfFwd

τFwd·τi

✭✽✳✽✮

▲❡: ♣?❧❡: ❞✉ ❞-♥♦♠✐♥❛#❡✉% ❞❡ ❧✬-4✉❛#✐♦♥ ✽✳✽ :♦♥# ; ♣❛%#✐❡ %-❡❧❧❡ ♥-❣❛#✐✈❡✱ ❧❛ ❢♦♥❝#✐♦♥

❞❡ :❡♥:✐❜✐❧✐#-

OFFwd(s)
DTf (s)

❡①✐:#❡✳ ▲✬-#✉❞❡ ❞❡ ❧❛ ❧✐♠✐#❡ ❞❡ ❧❛ ❢♦♥❝#✐♦♥ ❞❡ :❡♥:✐❜✐❧✐#- ❞-✜♥✐❡

❞❛♥: ❧✬-4✉❛#✐♦♥ ✽✳✽ ❞♦♥♥❡ ✿

lim
s→0

s ·OFFwd(s) = lim
s→0

s ·
s ·

K·KOfFwd

τFwd

s2 + s · (1+τi·K·Kp·KOF

τFwd·τi
) +

Kp·K·KOfFwd

τFwd·τi

·
dTf

s
= 0 ✭✽✳✾✮

❈❡ %-:✉❧#❛# ❞-♠♦♥#%❡ ❧❡ %❡❥❡# ❞❡ ❧❛ ♣❡%#✉%❜❛#✐♦♥ ❧✐-❡ ; ✉♥❡ ♣❡♥#❡ ❢%♦♥#❛❧❡✱ 4✉✬❡❧❧❡ :♦✐#

♠♦♥#❛♥# ♦✉ ❞❡:❝❡♥❞❛♥#❡✱ ♣❛% ❧❡ ❝♦%%❡❝#❡✉% P■ ❞❡ ❧❛ ❜♦✉❝❧❡ ❞✬❛✈❛♥❝❡ CFwd(s)✳

✶✽✻



➱!✉❞❡ ❞✉ %❡❥❡! ❞❡' ♣❡%!✉%❜❛!✐♦♥' ♣❛% ❧❡' ❜♦✉❝❧❡' '❡♥'♦%✐♠♦!%✐❝❡' ▲❖❘❆ ❆♥♥❡①❡'

■■✳❇ ❇♦✉❝❧❡ ❧❛)*+❛❧❡

◆♦✉# ♥♦✉# ✐♥&'(❡##♦♥# ❝❡&&❡ ❢♦✐# , ❧❛ ❜♦✉❝❧❡ ❞❡ ❝♦♥&(1❧❡ ❧❛&'(❛❧❡ CSide(s) ❛✜♥ ❞❡ #❛✈♦✐(

#✐ ❡❧❧❡ (❡❥❡&&❡ ✉♥❡ ♣❡"#✉"❜❛#✐♦♥ ❡♥ *❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣#✐1✉❡ ✭W (s)✮ ❧✐' ❛✉ ❞'✜❧❡♠❡♥&

❞✬✉♥ ❞❡# ❞❡✉① ♠✉( , ✉♥❡ ✈✐&❡##❡ Vp✳ ▲✬'&✉❞❡ ❞❡ ❧❛ ❢♦♥❝&✐♦♥ ❞❡ #❡♥#✐❜✐❧✐&' ❞❡ ❧❛ #♦(&✐❡

❞❡ ❧❛ ❜♦✉❝❧❡ ❧❛&'(❛❧❡ OFmax(s) ❡& ❧❛ ♣❡(&✉(❜❛&✐♦♥ W (s) ❞♦♥♥❡ ✿

OFmax(s)

W (s)
=

s
T ·τSide

· (1 + T · s) · (1 + τSide · s)

s3 + s2 · T+τSide

T ·τSide
+ s ·

1+Kd·KOfSide·K·a·T

T ·τSide
+K ·Kd ·KOfSide

✭✽✳✶✵✮

■❧ ♥♦✉# ❢❛✉& ♠❛✐♥&❡♥❛♥& '&✉❞✐❡( ❧❡# ♣1❧❡# ❞✉ ❞'♥♦♠✐♥❛&❡✉( ❞❡ ❧❛ ❢♦♥❝&✐♦♥ ❞❡ #❡♥#✐❜✐❧✐&'

OFmax(s)
W (s)

✳ ▲❡# ❜♦✉❝❧❡# #❡♥#♦*✐♠♦-*✐❝❡# ❞✉ ❝♦♥-*/❧❡ ❞✬❛✈❛♥❝❡ ❡- ❧❛-3*❛❧ ❞❡ ▲❖❘❆ #♦♥-

✐♥-❡*❞3♣❡♥❞❛♥-❡#✳ ❯♥❡ ❢♦✐# ❧❛ ♣❡*-✉*❜❛-✐♦♥ W (s) *❡❥❡-3❡ ♣❛* ❧❡ ❝♦♥-*/❧❡ ❞❡ ❧❛ ❜♦✉❝❧❡

❞✬❛✈❛♥❝❡✱ ❧❛ ✈✐-❡##❡ ❞✬❛✈❛♥❝❡ Vf ❞✉ *♦❜♦- ❛--❡✐♥❞*❛ #♦♥ *3❣✐♠❡ 3-❛❜❧✐ ❡- ❧❡# ♣❛*❛♠=-*❡#

❞②♥❛♠✐?✉❡ KSide ❡- τSide #❡*♦♥- ❝❡✉① ❞✬✉♥ ♥✐✈❡❛✉ ❞❡ ❣♦♥✢❛❣❡ B 42%✳ ◆♦✉# ❛✉*♦♥#

❛❧♦*# a = 5.7✱ T = 0.21✱ τSide = 2.54s✱ KOfSide = 125·π
0.31·180

= 7.038rad.s−1.m−1
❡-

Kd = 0.4✳

■❧ *❡✈✐❡♥- ❛❧♦*# B 3-✉❞✐❡* ❧❡# *❛❝✐♥❡# ❞✉ ♣♦❧②♥/♠❡ ❞✉ ❞3♥♦♠✐♥❛-❡✉* ✿

s3 + 5.16 · s2 + 104.72 · s+ 45.8 = 0 ✭✽✳✶✶✮

❈❡# *❛❝✐♥❡# #♦♥- ✿















s1 = −0.4463

s2 = −2.3568− 9.8520i

s3 = −2.3568 + 9.8520i

✭✽✳✶✷✮

❚♦✉-❡# ❧❡# *❛❝✐♥❡# #♦♥- B ♣❛*-✐❡ *3❡❧❧❡ ♥3❣❛-✐✈❡#✱ ❧❛ ❢♦♥❝-✐♦♥ ❞❡ #❡♥#✐❜✐❧✐-3

OFmax(s)
W (s)

❡①✐#-❡✳ ◆♦✉# ♣♦✉✈♦♥# ❛❧♦*# 3-✉❞✐❡* ✿

lim
s→0

s ·OFMax(s) = lim
s→0

s ·

K·KOfSide·s

τ

s2 + s · (
1+τi·K·Kp·KOfSide

τ ·τi
) +

Kp·K·KOfSide

τ ·τi

·
W

s
= 0 ✭✽✳✶✸✮

▲✬3-✉❞❡ ❞❡ ❧❛ ❧✐♠✐-❡ ♥♦✉# ♠♦♥-*❡ ?✉❡ ❧♦*#?✉❡ ❧❡ ❝♦♥-*/❧❡✉* ❞✬❛✈❛♥❝❡ ❛ *❡❥❡-3 ❧❛ ♣❡*✲

-✉*❜❛-✐♦♥ ❡♥ 3❝❤❡❧♦♥ ❞❡ ✢✉① ♦♣-✐?✉❡✱ ❧❡ ❝♦♥-*/❧❡✉* ❧❛-3*❛❧ ❡#- -♦✉- B ❢❛✐- ❡♥ ♠❡#✉*❡

❞❡ *❡❥❡-❡* ❝❡--❡ ♠P♠❡ ♣❡*-✉*❜❛-✐♦♥✳

✶✽✼



109×25 mm 8 g



dsPIC33FJ128GP802 40MIPS

1kHz

100 Hz

ADIS16100 ±300◦.s−1



◦

40 Hz

±45◦ ±90◦

dsPIC33FJ128GP802 @40MIPS, fech = 2kHz

+45/90◦

−45/90◦

10kΩ



fc = 20 Hz
fc = 136 Hz

40MIPS

10Mhz



dsPIC33FJ128GP802

10 Mhz

24×13 mm 100 m



ωsetFwd ωsetSide Ψ

7.2 V 3.4 A
72 g 30 g

7.4 V 5 A 11 g



◗✉❡❧$✉❡% ♣'(❝✐%✐♦♥% %✉' ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞✉ '♦❜♦. ▲❖❘❆ ❆♥♥❡①❡%

 ♦♥# ✉#✐❧✐ ' ♣♦✉) ❢❛✐)❡ #)❛♥ ❧❛#❡) ❧❡ )♦❜♦# ✈❡) ❧✬❛✈❛♥# ✭❝♦♠♠❛♥❞❡ ❡♥ ♠♦❞❡ ❝♦♠♠✉♥

♣❛) ❧❡ )'❣✉❧❛#❡✉) ❜✐❧❛#')❛❧ ❞❡ ✢✉① ♦♣#✐7✉❡✮ ♦✉ ❞❡ ❧✬❡♥#)❛9♥❡) ❡♥ )♦#❛#✐♦♥ ❛✉#♦✉) ❞❡

 ♦♥ ❛①❡ ✈❡)#✐❝❛❧ ✭❝♦♠♠❛♥❞❡ ♠♦❞❡ ❞✐✛')❡♥#✐❡❧ ♣❛) ❧❛ ❜♦✉❝❧❡ ❞❡ )'❣✉❧❛#✐♦♥ ❞✉ ❝❛♣✮✳

▲❡ ❜)❛ ❞❡ ❧❡✈✐❡) ❡♥#)❡ ✉♥❡ #✉)❜✐♥❡ ❡# ❧❡ ❝❡♥#)❡ ❞❡ ❣)❛✈✐#' ❡ # ❞❡ 9.5 cm✳ ❊♥✜♥ ❧❡ 

❞❡✉① ❛✉#)❡ ♣♦✉  ❡✉) ♦♥# '#' ❞✐ ♣♦ ' ❧❛#')❛❧❡♠❡♥# ❞❡ ♣❛)# ❡# ❞✬❛✉#)❡ ❞✉ )♦❜♦#✱

♦)#❤♦❣♦♥❛❧❡♠❡♥# ❛✉① ♣♦✉  ❡✉) ❛))✐A)❡ ✳ ❈❡ ♣♦✉  ❡✉) ❣'♥A)❡♥# ✉♥❡ ♣♦✉  '❡ ❞♦♥# ❧❛

❞✐)❡❝#✐♦♥ ❡ # ❛❧✐❣♥'❡ ❛✈❡❝ ❧❡ ❝❡♥#)❡ ❞❡ ❣)❛✈✐#' ❞❡ ❧✬❛')♦❣❧✐  ❡✉)✳ ▲❡ ❝❛)❛❝#')✐ #✐7✉❡ 

♣)'❝✐ ❡ ❞❡ ❝❤❛❝✉♥ ❞❡ ❝❡ ❛❝#✐♦♥♥❡✉)  ♦♥# ❞'❝)✐#❡ ❞❛♥ ❧❛ #❤A ❡ ❞❡ ❏✉❧✐❡♥ ❙❡))❡ 

❬✷✵✵✽❪✳

❊♥✜♥✱ ❝❡ ❛❝#✐♦♥♥❡✉) )❡ #❡♥# #)A  ❡♥ ✐❜❧❡ J ❧✬'✈♦❧✉#✐♦♥ ❞❡ ❧❛ #❡♥ ✐♦♥ ❞❡ ❧❛ ❜❛##❡)✐❡✱ ❝❡

7✉✐ ❡ # #)A ❣K♥❛♥# ♣♦✉) ❡✛❡❝#✉❡) ✉♥❡ ✐❞❡♥#✐✜❝❛#✐♦♥ ♣)'❝✐ ❡ ❞❡ ♣❛)❛♠A#)❡ ❞②♥❛♠✐7✉❡ 

❞✉ )♦❜♦#✳ ◆♦✉ ♥♦✉  ♦♠♠❡ ❞♦♥❝ ♣❡♥❝❤'  ✉) ❝❡ ♣)♦❜❧A♠❡ ❡# ♥♦✉ ❛✈♦♥ ❝)'' ❞❡✉①

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

❝❡ ❛❝#✐♦♥♥❡✉) ❞❡ ♠❛♥✐A)❡ J ♠✐♥✐♠✐ ❡) ❛✉ ♠❛①✐♠✉♠ ❧✬❡✛❡# ❞❡ ❧❛ ❝❤✉#❡ ❞❡ ❧❛ #❡♥ ✐♦♥

❞❡ ❧❛ ❜❛##❡)✐❡  ✉) ❧❛ )'♣♦♥ ❡ ❞❡ ❛❝#✐♦♥♥❡✉) ❡# ❞♦♥❝  ✉) ❧❡ ❞②♥❛♠✐7✉❡ ❞✬❛✈❛♥❝❡ ❡#

❧❛#')❛❧❡ ❞✉ )♦❜♦#✳

■■■✳❇✳✷ ❘%❛❧✐)❛*✐♦♥ ❞✬✉♥❡ ❝❛2*❡ ✓ 2%❣✉❧❛*❡✉2 ❞❡ ✈✐*❡))❡ )❛♥) ❝❛♣*❡✉2 ✔

♣♦✉2 ❧❡) ♣♦✉))❡✉2)

❙*2✉❝*✉2❡ ❞✉ 2%❣✉❧❛*❡✉2 ❞❡ ✈✐*❡))❡ )❛♥) ❝❛♣*❡✉2

❆✜♥ ❞❡ ❧✐♠✐#❡) ❧✬'❧❡❝#)♦♥✐7✉❡ ❡♠❜❛)7✉'✱ ♥♦✉ ❛✈♦♥ ♠✐ ❡♥ ♣❧❛❝❡ ✉♥❡ )'❣✉❧❛#✐♦♥ ❞❡

✈✐#❡  ❡  ❛♥ ❝❛♣#❡✉) ♦✉  ❡♥ ♦$❧❡  ❞❡ ♣)♦♣✉❧ ❡✉) ❛))✐A)❡ ❡# ❧❛#')❛✉①✳ ▲❛ ✜❣✉)❡ ✽✳✶✵

♠♦♥#)❡ ❧❡  ❝❤'♠❛ ❞❡ ❝♦♥#)P❧❡ ❡♥ ❜♦✉❝❧❡ ❢❡)♠' ❞✉ )'❣✉❧❛#❡✉) ❞❡ ✈✐#❡  ❡  ❡♥ ♦$❧❡  ✳

❈❡ ❞❡)♥✐❡) ❡ #✐♠❡ ❧❛ ✈✐#❡  ❡ ❞❡ )♦#❛#✐♦♥ ❞✉ ♠♦#❡✉) ΩE ♣♦✉) ❧❛ )'❣✉❧❡) ❛✉#♦✉) ❞✬✉♥❡

❝♦♥ ✐❣♥❡ ΩC ✭✜❣✉)❡ ✽✳✶✵✮✳

▲❛ ✈✐#❡  ❡ ❞❡ )♦#❛#✐♦♥ ❡ # ❡ #✐♠'❡ J ♣❛)#✐) ❞❡ ❧❛ ♠❡ ✉)❡ ❞❡ ❧❛ #❡♥ ✐♦♥ ❞✬✐♥❞✉✐# U ❡#

❞✉ ❝♦✉)❛♥# ❞✬✐♥❞✉✐# I #)❛✈❡) ❛♥# ✉♥❡ )' ✐ #❛♥❝❡ ❞❡  ❤✉♥# Rs ❛✉ ♠♦②❡♥ ❞❡ ❧❛ #❡♥ ✐♦♥

Us ❞'❞✉✐#❡ ❞❡ ♣♦#❡♥#✐❡❧ Vsup ❡# Vinf ✳ ▲❡ #)♦✐ ♣♦#❡♥#✐❡❧ ♥'❝❡  ❛✐)❡ J ❧❛ ♠❡ ✉)❡

❞❡ #❡♥ ✐♦♥ ❞✬✐♥❞✉✐#  ♦♥# ✜❧#)' ♣❛  ❡✲❜❛ ❛✉ ♠♦②❡♥ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❘❈ ✭✈♦✐) ✜❣✉)❡

✽✳✶✵✫✽✳✷✸✮✳

❆♣)A #♦✉# ✉♥❡  ✉✐#❡ ❞❡ ❝❛❧❝✉❧ ❞'❝)✐#❡ ♣)'❝✐ '♠❡♥# ❞❛♥ ❬❱✐♦❧❧❡# ❡# ❛❧✳✱ ✷✵✵✽❪✱ ❧✬❡ ✲

#✐♠❛#❡✉) )❡♥✈♦✐# ✉♥❡ ✈✐#❡  ❡ ❡ #✐♠'❡ ΩE ♣)♦♣♦)#✐♦♥♥❡❧❧❡ J ❧❛ ✈✐#❡  ❡ ❞❡ )♦#❛#✐♦♥ ❞✉

♠♦#❡✉) Ω ✭J ✉♥❡ ❝♦♥ #❛♥#❡ ❞❡ #❡♠♣ τF ♣)K# 7✉✐ ❝♦))❡ ♣♦♥❞ ❛✉ ✜❧#)❡ ♣❛  ❡✲❜❛ ✉#✐✲

❧✐ '✮✳ ❊♥✜♥ ✉♥ ❝♦♥#)P❧❡✉) V)♦♣♦)#✐♦♥♥❡❧✲■♥#'❣)❛❧ ♣❡)♠❡# ❞❡ )❡❥❡#❡) #♦✉#❡ ♣❡)#✉)❜❛#✐♦♥

❡♥ )♦#❛#✐♦♥ ✭❡✳❣✳✱ ❛')♦❞②♥❛♠✐7✉❡✱ '❧❡❝#)✐7✉❡✱ ✈♦✐) ❬❱✐♦❧❧❡# ❡# ❛❧✳✱ ✷✵✵✽❪✮ ❡# ❞✬❛♥♥✉❧❡)

✶✾✹
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VSup Vinf



◗✉❡❧$✉❡% ♣'(❝✐%✐♦♥% %✉' ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞✉ '♦❜♦. ▲❖❘❆ ❆♥♥❡①❡%

❋✐❣✉$❡ ✽✳✶✶ ✕ ▲❛ ❝❛'(❡ ♠♦(❡✉' ❞✉ '♦❜♦( ▲❖❘❆ ❡2( ✐♥(5❣'5❡ ❞❛♥2 ✉♥ ❝♦♠♣❛'(✐♠❡♥(

8✉✐ 2❡ 2✐(✉❡ 9 ❧✬✐♥(5'✐❡✉' ❞✉ '♦❜♦(✳ ❈❡ ❝♦♠♣❛'(✐♠❡♥( 2❡ '❡❢❡'♠❡ 9 ❧✬❛✐❞❡ ❞✬✉♥ ❝❛♣♦(

2✉' ❧❡8✉❡❧ ❡2( ✜①5 ❧❛ (✉'❜✐♥❡ ❇!✉#❤❧❡## ✭✈♦✐' ✜❣✉'❡ ✽✳✶✼✮✳

8✉❛♥❞ ❧❡ ❝♦✉'❛♥( ♥❡ ♣❡✉( ❝✐'❝✉❧❡' ❞✐'❡❝(❡♠❡♥( ❡♥('❡ ❝❡2 ❞❡✉① ❝✐'❝✉✐(2 ✭25♣❛'❛(✐♦♥ ❞❡2

♠❛22❡2✮✳ ❈❡((❡ ✐2♦❧❛(✐♦♥ ❡2( ♥5❝❡22❛✐'❡ ♣♦✉' ✐2♦❧❡' ❧❛ ♣❛'(✐❡ ♥✉♠5'✐8✉❡ ✭❝❛'(❡ ❈❡!✈❡❛✉✮

❞✉ ❜'✉✐( ❣5♥5'5 ♣❛' ❧❡2 ♠♦(❡✉'2 ❞❡ ❧❛ ♣❛'(✐❡ ♣✉✐22❛♥❝❡✳

▲✬5(❛( ❞❡ ❧✬❛'( ❡♥ ❧❛ ♠❛(✐D'❡ ♥♦✉2 ♣❡'♠❡( ❞❡ ❞✐'❡ 8✉✬✐2♦❧❡' ✉♥ 2✐❣♥❛❧ ♥✉♠5'✐8✉❡ ❡2(

♣❧✉2 ❢❛❝✐❧❡ 8✉❡ ❞✬✐2♦❧❡' ✉♥ 2✐❣♥❛❧ ❛♥❛❧♦❣✐8✉❡✱ ❝❡ 8✉✐ ♥5❝❡22✐(❡'❛✐( ✉♥❡ ♠♦❞✉❧❛(✐♦♥ ❡(

✉♥❡ ❞5♠♦❞✉❧❛(✐♦♥ ❞✉ 2✐❣♥❛❧ 9 ✐2♦❧❡'✳ ❈❡ ♣'♦❝5❞5 5(❛♥( ('♦♣ ❧♦✉'❞ 9 ♠❡(('❡ ❡♥ F✉✈'❡✱

♥♦✉2 ❛✈♦♥2 ✐2♦❧5 2❡✉❧❡♠❡♥( ❧❡2 2✐❣♥❛✉① ♥✉♠5'✐8✉❡2 ✐22✉2 ❞❡ ❧❛ ❝❛'(❡ ✓ ❈❡'✈❡❛✉ ✔ ✈❡'2

❧❛ ❝❛'(❡ ♠♦(❡✉'✳ ❈❡ ❝❤♦✐① ❝♦♥❞✉✐( 9 (♦✉( ❞❡ ♠J♠❡ '❡❧✐❡' ❧❡ ♠✐❝'♦❝♦♥('K❧❡✉' ❞2L■❈

✭dsPIC33FJ128MC804 ❞❡ ❧❛ ❝❛'(❡ ❝❡'✈❡❛✉✮ 9 ❧❛ ♠❛22❡ ♣✉✐22❛♥❝❡ ❝❛' ❧❛ '5❣✉❧❛(✐♦♥

#❡♥#♦!❧❡## ❛ ❜❡2♦✐♥ ❞❡ ♠❡2✉'❡' ❞❡2 (❡♥2✐♦♥2 ❛✉① ❜♦'♥❡2 ❞✉ ♠♦(❡✉' ❡( ❞❡ ❧❛ '52✐2(❛♥❝❡

2❤✉♥( 8✉✐ 2♦♥( '5❢5'❡♥❝5❡2 2✉' ❧❛ ♠❛22❡ ♣✉✐22❛♥❝❡✳ ▲❛ ❧✐❛✐2♦♥ ❞❡2 2✐❣♥❛✉① ❡♥('❡ ❞❡✉①

♣❛'(✐❡2 ✐2♦❧5❡2 ♣❡✉( 2❡ ❢❛✐'❡ ♦♣(✐8✉❡♠❡♥( ✭❞✐♦❞❡ ❛❧❧✉♠5❡ ♦✉ 5(❡✐♥(❡ ♣♦✉' ✉♥ ✶ ♦✉ ✉♥

✵✮ ❛✈❡❝ ❞❡2 ♦♣(♦❝♦✉♣❧❡✉'2 ♦✉ ❞❡2 ♠❛❣♥5(♦❝♦✉♣❧❡✉'2 ✭❝♦✉♣❧❛❣❡ ♠❛❣♥5(✐8✉❡ ❡♥('❡ ❞❡✉①

❜♦❜✐♥❡2✮✳

▲❡2 ♣'✐♥❝✐♣❛❧❡2 ❝❛'❛❝(5'✐2(✐8✉❡2 ❞❡ ❝❡2 ❝♦♠♣♦2❛♥(2 9 ♦❜2❡'✈❡' 2♦♥( ✿ ❧❛ ❝♦♥2♦♠♠❛(✐♦♥✱

❧❛ (❡♥2✐♦♥ ❞✬✐2♦❧❛(✐♦♥ ❡( ❧❛ '52✐2(❛♥❝❡ ❞✬❡♥('5❡2✴2♦'(✐❡✳ ▲❛ (❡♥2✐♦♥ ❞✬✐2♦❧❛(✐♦♥ ❝❛'❛❝✲

(5'✐2❡ ❧❛ (❡♥2✐♦♥ 9 ❛♣♣❧✐8✉❡' ❡♥('❡ ❞❡✉① ❜♦'♥❡2 ✐2♦❧5❡2 ♣♦✉' ❝'5❡' ✉♥ ❛'❝ ❡( ❞♦♥❝

♣❡'♠❡(('❡ ❧❡ ♣❛22❛❣❡ ❞✉ ❝♦✉'❛♥(✳ ◆♦✉2 ♥♦✉2 2♦♠♠❡2 ❞✐'✐❣52 ✈❡'2 ❧❡2 ♠❛❣♥5(♦❝♦✉✲

✶✾✻



◗✉❡❧$✉❡% ♣'(❝✐%✐♦♥% %✉' ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞✉ '♦❜♦. ▲❖❘❆ ❆♥♥❡①❡%

♣❧❡✉$% &✉✐ ♠♦♥+$❡♥+ ❞❡ ❜✐❡♥ ♠❡✐❧❧❡✉$% ♣❡$❢♦$♠❛♥❝❡% ❞✬✐%♦❧❛+✐♦♥ ❡+ ❞❡ ❝♦♥%♦♠♠❛+✐♦♥

❢❛❝❡ ❛✉① ♦♣+♦❝♦✉♣❧❡✉$%✳ ❈❡% ❞❡$♥✐❡$% ❝♦♥%♦♠♠❡♥+ ♣❧✉% ❞❡ ❝♦✉$❛♥+ ♣♦✉$ ✉♥❡ +❡♥%✐♦♥

❞✬✐%♦❧❛+✐♦♥ ❡+ ✉♥❡ $5%✐%+❛♥❝❡ ❞✬❡♥+$5❡✴%♦$+✐❡ ♣❧✉% ❜❛%%❡✳ ◆♦✉% ❛✈♦♥% ❛❧♦$% ♦♣+5 ♣♦✉$

❧❡% ♠❛❣♥5+♦❝♦✉♣❧❡✉$% Adum1400 ♣♦✉$ ✐%♦❧❡$ ❣❛❧✈❛♥✐&✉❡♠❡♥+ ❧❛ ❝❛$+❡ ✓ ❈❡$✈❡❛✉ ✔ ❞❡

❧❛ ❝❛$+❡ ♠♦+❡✉$✳

❘!♣❛$%✐%✐♦♥ ❞❡ ❧✬!♥❡$❣✐❡ ❛✉① ❛❝%✐♦♥♥❡✉$1 ✿ ❧✬!%❛❣❡ ❞❡ ♣✉✐11❛♥❝❡

❉❛♥% ❧❛ ♠❡%✉$❡ ♦= ❧❡% ♣$♦♣✉❧%❡✉$% %♦♥+ > ♣♦✉%%5❡ ✉♥✐❞✐$❡❝+✐♦♥♥❡❧❧❡ ✭❝♦♥✜❣✉$❛+✐♦♥

♥♦♥✲%②♠5+$✐&✉❡ ❞❡% ❤5❧✐❝❡%✮✱ ✉♥ ❤❛❝❤❡✉$ %✐♠♣❧❡ &✉❛❞$❛♥+ ❡%+ %✉✣%❛♥+ ♣♦✉$ ♣✐❧♦+❡$ ❧❡%

♠♦+❡✉$% > ❝♦✉$❛♥+ ❝♦♥+✐♥✉ ❞❡% ♣♦✉%%❡✉$%✳

▲❡% +$❛♥%✐%+♦$% ▼❖❙ %♦♥+ ❜✐❡♥ ♣❧✉% ♣❡$❢♦$♠❛♥+% &✉❡ ❧❡% +$❛♥%✐%+♦$% ❜✐♣♦❧❛✐$❡% ❞❛♥%

❧❛ ❞✐%+$✐❜✉+✐♦♥ ❞❡ ❧❛ ♣✉✐%%❛♥❝❡✳ ❊♥ ❡✛❡+✱ ❧❡% ▼❖❙ ♦♥+ ✉♥❡ $5%✐%+❛♥❝❡ ❞$❛✐♥✲%♦✉$❝❡

❜❡❛✉❝♦✉♣ ♣❧✉% ❢❛✐❜❧❡ &✉❡ ❧❛ $5%✐%+❛♥❝❡ ❝♦❧❧❡❝+❡✉$✲5♠❡++❡✉$ ❞✬✉♥ +$❛♥%✐%+♦$ ❜✐♣♦❧❛✐$❡✳

■❧% ❞✐%%✐♣❡♥+ ❞♦♥❝✱ ♣❛$ ❝♦♥%5&✉❡♥+✱ ❜❡❛✉❝♦✉♣ ♠♦✐♥% ❞✬5♥❡$❣✐❡ ♣❛$ ❡✛❡+ ❏♦✉❧❡✳

❋✐❣✉$❡ ✽✳✶✷ ✕ ❙❝❤5♠❛ 5❧❡❝+$♦♥✐&✉❡ ❞❡ ❧✬5+❛❣❡ ❞❡ ♣✉✐%%❛♥❝❡✳

❈♦♠♠❡ ♦♥ ❧❡ ✈♦✐+ ❞❛♥% ❧❡ %❝❤5♠❛ 5❧❡❝+$♦♥✐&✉❡ ❞❡ ❧❛ ✜❣✉$❡ ✽✳✶✷✱ ❧❡ ♠♦+❡✉$ ❡%+ ❜$❛♥❝❤5

❡♥ %5$✐❡ ❛✈❡❝ ❧❛  !"✐"$❛♥❝❡ ❞❡ "❤✉♥$ Rs %✉$ ❧❡ ❞$❛✐♥ ❞✉ +$❛♥%✐%+♦$ ▼❖❙✱ ❝❡ &✉✐ ♣❡$♠❡+

❞❡ ❞5❜❧♦&✉❡$ ❧❡ ▼❖❙ ♣♦✉$ ✉♥❡ +❡♥%✐♦♥ ❞❡ ❝♦♠♠❛♥❞❡ ✐♥❢5$✐❡✉$❡ > ❧❛ +❡♥%✐♦♥ ❞✬❛❧✐✲

♠❡♥+❛+✐♦♥✳ ❊♥ ❡✛❡+✱ %✐ ❧❡ ♠♦+❡✉$ ❛✈❛✐+ 5+5 ♣❧❛❝5 %✉$ ❧❛ %♦✉$❝❡ ❞✉ ▼❖❙✱ ✐❧ ❛✉$❛✐+ ❢❛❧❧✉

✉♥❡ +❡♥%✐♦♥ ❞❡ ❝♦♠♠❛♥❞❡ %✉♣5$✐❡✉$❡ > ❧❛ +❡♥%✐♦♥ ❞✬❛❧✐♠❡♥+❛+✐♦♥ ♣♦✉$ ❧❡ ❞5❜❧♦&✉❡$ ❡+

❛✐♥%✐ ♣❡$♠❡++$❡ ❧❛ $♦+❛+✐♦♥ ❞✉ ♠♦+❡✉$✳

▲❛ ❞✐♦❞❡ ❞✐%♣♦%5❡ ❡♥ ♣❛$❛❧❧S❧❡ %✉$ ❧❡ ♠♦+❡✉$✱ ❛♣♣❡❧5❡ ❞✐♦❞❡ ❞❡ $♦✉❡ ❧✐❜$❡✱ ❛ ✉♥ $T❧❡

+$S% ✐♠♣♦$+❛♥+ ❝❛$ ❡❧❧❡ ♣❡$♠❡+ ❞❡ ❞5❝❤❛$❣❡$ ❧❛ ❜♦❜✐♥❡ ❞✉ ♠♦+❡✉$ ❛✉ ♠♦♠❡♥+ ♦= ❧❡

✶✾✼



8.5V

30% 70%

48 ms 45 ms

8.5V 6V



◗✉❡❧$✉❡% ♣'(❝✐%✐♦♥% %✉' ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞✉ '♦❜♦. ▲❖❘❆ ❆♥♥❡①❡%

❋✐❣✉$❡ ✽✳✶✹ ✕ ❈♦✉(❜❡ ❞❡ (,♣♦♥/❡ ❞✉ (,❣✐♠❡ ♠♦3❡✉( 4 ✉♥❡ ❝♦♥/✐❣♥❡ ❞❡ 30%✱ ❡♥ ❢❛✐/❛♥3

✈❛(✐❡( ❧❛ 3❡♥/✐♦♥ ❞✬❛❧✐♠❡♥3❛3✐♦♥✳

✭❣❛♠♠❡ ❞❡ ✈❛(✐❛3✐♦♥ ✿ ✓ ❜❛33❡(✐❡ ♣❧❡✐♥❡→❜❛33❡(✐❡ ✈✐❞❡ ✔✮✱ ♥♦✉/ ❛✈♦♥/ ♣✉ 3❡/3❡( ❧❛

(,♣♦♥/❡ 4 ✉♥❡ ♣❡(3✉(❜❛3✐♦♥ ,❧❡❝3(✐A✉❡ ❞✉ /②/3C♠❡✳ ▲❡/ (,/✉❧3❛3/ ♠♦♥3(,/ ❡♥ ✜❣✉(❡

✽✳✶✹ ♦♥3 ,3, 3(C/ ❝♦♥❝❧✉❛♥3 ❡3 ♠♦♥3(❡♥3 A✉❡ ❧❛ (,❣✉❧❛3✐♦♥ ❞❡ ✈✐3❡//❡ /❛♥/ ❝❛♣3❡✉(/

✓ /❡♥/♦(❧❡// ✔ ♣❡(♠❡3 ❞❡ (,❞✉✐(❡ ❞✬✉♥ ❢❛❝3❡✉( ✶✵ ❧✬,❝❛(3✲3②♣❡ ❞❡/ ✈❛(✐❛3✐♦♥/ ❞✉ (,❣✐♠❡

♠♦3❡✉(✳ ▲❡ /②/3C♠❡ (,❣✉❧, ❡/3 ,❣❛❧❡♠❡♥3 ♣(,❝✐/ ❝❛( ✐❧ (,❣✉❧❡ ❛✉3♦✉( ❞❡ ❧❛ ♠H♠❡ ✈❛❧❡✉(

♠♦②❡♥♥❡ A✉✬❡♥ ❛❜/❡♥❝❡ ❞❡ (,❣✉❧❛3✐♦♥✳ ▲❡/ (,/✉❧3❛3/ ♠♦♥3(❡♥3 A✉❡ ❧❛ (,❣✉❧❛3✐♦♥ ❞❡

✈✐3❡//❡ ❞❡/ ♣♦✉//❡✉(/  ❡♥ ♦$❧❡  ♣❡(♠❡3 ❞❡ ♠✐♥✐♠✐/❡( 3(C/ ❢♦(3❡♠❡♥3 ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛

3❡♥/✐♦♥ ❞❡ ❜❛33❡(✐❡ /✉( ❧❡/ ♣♦✉//❡✉(/✳

■■■✳❇✳✸ ❘%❛❧✐)❛*✐♦♥ ❞✬✉♥❡ ❝❛2*❡ ✓ 2%❣✉❧❛*❡✉2 ❞❡ ✈✐*❡))❡ ❛✈❡❝ ❝❛♣*❡✉2 ✔ ❞❡

❧❛ *✉2❜✐♥❡ ❇!✉#❤❧❡##

❋✐❣✉$❡ ✽✳✶✺ ✕ ❱❛(✐❛3❡✉( ❍♦❜❜②✇✐♥❣ N❡♥3✐✉♠✶✵❆ ✉3✐❧✐/, ♣♦✉( ❝♦♥3(P❧❡( ❧❡ ♠♦3❡✉(

❇(✉❤❧❡// ❞❡ ❧❛ 3✉(❜✐♥❡ ❞❡ /✉/3❡♥3❛3✐♦♥ ✭❞✐♠❡♥/✐♦♥ ✿ 27 × 17 × 6 mm✱ ♠❛//❡ ✿ 9 g✱
❢♦♥❝3✐♦♥ ❇❊❈ ✿ 5V/1A✱ ❝♦✉(❛♥3 ♠❛①✳ ❝♦♥3✐♥✉ ✿ 10 A✮✳

✶✾✾



940 nm



◗✉❡❧$✉❡% ♣'(❝✐%✐♦♥% %✉' ❧❛ ❝♦♥❝❡♣.✐♦♥ ❞✉ '♦❜♦. ▲❖❘❆ ❆♥♥❡①❡%

✭✜❣✉$❡ ✽✳✶✽✮ ❢♦♥❝.✐♦♥♥❛♥. ❡♥ ❜❧♦3✉4✴6❛.✉$4 ♣♦✉$ ❛✈♦✐$ ✉♥ 6✐❣♥❛❧ ❡♥ ❝$4♥❡❛✉① ♣♦✉✈❛♥.

:.$❡ ✐♥.❡$♣$4.4 ♣❛$ ❧❡ ♣4$✐♣❤4$✐3✉❡ ❞✬ ■♥♣✉$ ❈❛♣$✉'❡ ❞✉ ❞6>■❈✳

❋✐❣✉$❡ ✽✳✶✽ ✕ ❙❝❤4♠❛ ❞❡ ❝♦♥♥❡①✐♦♥ ❞✉ ❝❛♣.❡✉$ ❛✉ .$❛♥6✐6.♦$✳

❊♥ 6♦$.✐❡ ❞✉ .$❛♥6✐6.♦$✱ ❧❡ ❝❛♣.❡✉$ ❛ ✉♥ ❢♦♥❝.✐♦♥♥❡♠❡♥. F ❧✬4.❛. ❤❛✉.✱ ❧♦$63✉✬✉♥ ❝❛.❛✲

❞✐♦♣.$❡ ♣❛66❡ 6♦✉6 ❧❡ ❝❛♣.❡✉$✱ ❧❡ 6✐❣♥❛❧ ❞❡ 6♦$.✐❡ ❞✉ .$❛♥6✐6.♦$ ♣❛66❡ ❞❡ ✵ F ❱❞❞ ✭✐❝✐

3.3V ✮✳ ❯♥ .$❛♥6✐6.♦$ ◆>◆ ✭▼▼❇❚✷✷✷✷✮ ✭✜❣✉$❡ ✽✳✶✽✮ ❞❛♥6 ✉♥ ❜♦P.✐❡$ ❙❖❚✲✷✸ ❞✬✉♥❡

❞✐♠❡♥6✐♦♥ ❞❡ 2.9 × 1.9 mm ❛ 4.4 ✉.✐❧✐64 ♣♦✉$ ❡✛❡❝.✉❡$ ❝❡..❡ ❢♦♥❝.✐♦♥✳ ▲❛ ✜❣✉$❡ ✽✳✶✼

♠♦♥.$❡ ❧❡ ❝❛♣.❡✉$ ♠♦♥.4 6✉$ ❧❛ ❝❛$❝❛66❡ 6✉$ ❧❡3✉❡❧ ❡6. ✜①4❡ ❧❛ .✉$❜✐♥❡ ❞❡ 6✉6.❡♥.❛✲

.✐♦♥✳ ▲✬❤4❧✐❝❡ ❡6. ❝♦❧❧4❡ 6✉$ ✉♥❡ ♣❧❛3✉❡ ❞✬4♣♦①② 3✉✐ ❡6. ❡❧❧❡ ♠:♠❡ ✈✐664❡ 6✉$ ❧❛ ❝❛❣❡

.♦✉$♥❛♥.❡ ❞✉ ♠♦.❡✉$ ❇'✉*❤❧❡** F ❧✬❛✐❞❡ ❞❡ 3✉❛.$❡ ✈✐6✳

▲❡ ❝❛❧❝✉❧❛.❡✉$ dsPIC33FJ128MC804 ❞❡ ❧❛ ❝❛$.❡ ♠♦.❡✉$ ♥❡ ❞✐6♣♦6❛♥. ♣❛6 ❞❡ 6✉✣✲

6❛♠♠❡♥. ❞✬❡♥.$4❡6✴6♦$.✐❡6 ❞✐6♣♦♥✐❜❧❡6✱ ♥♦✉6 ❛✈♦♥6 ✉.✐❧✐64 ✉♥ ❝❛♣.❡✉$ 6✉♣♣❧4♠❡♥.❛✐$❡

❜❛64 6✉$ ✉♥ dsPIC30F2010✳ ❯♥❡ ♣❡.✐.❡ ❝❛$.❡ ❛ ❛❧♦$6 4.4 ❝$44❡ ❞♦♥. ❧❡ 6❝❤4♠❛ ❢♦♥❝✲

.✐♦♥♥❡❧ ❡6. ❞♦♥♥4 ❡♥ ✜❣✉$❡ ✽✳✶✾✳

❆ ❧✬❛✐❞❡ ❞✬✉♥ ♦✉.✐❧ ❞❡ ♣$♦.♦.②♣❛❣❡ $❛♣✐❞❡ ✭❊♠❜❡❞❞❡❞ ❚❛'❣❡$ ❢♦' ♠✐❝'♦❝❤✐♣ ❞*7■❈ ✱ ❞4✲

❝$✐. ♣$4❝✐64♠❡♥. 6✉$ ✇✇✇✳❦❡'❤✉❡❧✳❡✉✴❘❚❲❲❞*7■❈ ✮✱ ♥♦✉6 ❛✈♦♥6 ❝$44 ✉♥ ♣$♦❣$❛♠♠❡

F .4❧4❝❤❛$❣❡$ ❞❛♥6 ❧❡ ❞6>■❈✸✵❋✷✵✶✵ 3✉✐ 6❡ ❝❤❛$❣❡ ❞❡ ❝♦♥.$[❧❡$✱ ✈✐❛ ✉♥❡ $4❣✉❧❛.✐♦♥ ❡♥

❜♦✉❝❧❡ ❢❡$♠4❡ ❞❡ ❧❛ ✈✐.❡66❡ ❞✉ ♠♦.❡✉$ ❇'✉*❤❧❡** ❡♥ ✉.✐❧✐6❛♥. ✉♥ ❝♦$$❡❝.❡✉$ >$♦♣♦$.✐♦♥♥❡❧✲

■♥.4❣$❛❧ ✭✜❣✉$❡ ✽✳✷✵✮✳

▲❡6 $46✉❧.❛.6 ♦❜.❡♥✉6 ❡♥ ✈❛$✐❛.✐♦♥6 ❧❡♥.❡6 ✭F ♣❛$.✐$ ❞✬✉♥❡ ❜❛..❡$✐❡✮ ❡. $❛♣✐❞❡6 ✭●❇❋✮

❞❡ ❧❛ .❡♥6✐♦♥ ❞✬❛❧✐♠❡♥.❛.✐♦♥ ♠♦♥.$❡♥. 3✉❡ ❧❡ 6②6.]♠❡ $❡❥❡..❡ .♦✉.❡ ♣❡$.✉$❜❛.✐♦♥6 4❧❡❝✲

.$✐3✉❡6 ✭✜❣✉$❡6 ✽✳✷✶✫✽✳✷✷✮✳ ❯♥❡ 4.✉❞❡ ❞❡ ❧✬4❝❛$.✲.②♣❡ ❞❡6 ✈❛$✐❛.✐♦♥6 ❞✉ $4❣✐♠❡ ♠♦.❡✉$

♠♦♥.$❡♥. 3✉✬❡❧❧❡6 6♦♥. $4❞✉✐.❡6 ❞✬✉♥ ❢❛❝.❡✉$ ✾ ❧♦$63✉❡ ❧❛ $4❣✉❧❛.✐♦♥ ❡6. ❛❝.✐✈4❡✳ ❖♥

$❡♠❛$3✉❡$❛ 3✉❡ ❧✬❛✉.♦♥♦♠✐❡ ❞❡ ❧❛ ❜❛..❡$✐❡ ❜❛✐66❡ ❧4❣]$❡♠❡♥. ❧♦$63✉❡ ❧❛ $4❣✉❧❛.✐♦♥ ❞❡

✈✐.❡66❡ ❡6. ❛❝.✐✈4❡ ✭✜❣✉$❡ ✽✳✷✶✮✳ ❈❡..❡ ♦❜6❡$✈❛.✐♦♥ ♠♦♥.$❡ 3✉❡ ❧❡ $4❣✉❧❛.❡✉$ ❝♦♠♣❡♥6❡

❧❛ ❝❤✉.❡ ❞❡ .❡♥6✐♦♥ ❞❡ ❧❛ ❜❛..❡$✐❡ ❡♥ ❣4♥4$❛♥. ✉♥❡ ❝♦♠♠❛♥❞❡ ♣❧✉6 ❣$❛♥❞❡✱ ❝❡ 3✉✐ ❛

❡✉ ♣♦✉$ ❝♦♥643✉❡♥❝❡ ❞❡ ❝♦♥6♦♠♠❡$ ✉♥ ♣❡✉ ♣❧✉6 ❞✬4♥❡$❣✐❡ ♠❛✐6 ❞❡ ❣❛$❛♥.✐$ ✉♥ $4❣✐♠❡

✷✵✶





2200mAh





❇■❇▲■❖●❘❆'❍■❊ ❇■❇▲■❖●❘❆'❍■❊

❇✐❜❧✐♦❣&❛♣❤✐❡

❉✳ ❆❜❜♦%%✱ ❆✳ ❇♦✉③❡+❞♦✉♠✱ ❛♥❞ ❑✳ ❊2❤+❛❣❤✐❛♥✳ ❋✉%✉+❡ ❞✐+❡❝%✐♦♥2 ❢♦+ ♠♦%✐♦♥ ❞❡%❡❝✲

%✐♦♥ ❜❛2❡❞ ♦♥ %❤❡ ♣❛+❛❧❧❡❧ ❝♦♠♣✉%❛%✐♦♥❛❧ ✐♥%❡❧❧✐❣❡♥❝❡ ♦❢ ✐♥2❡❝%2✳ ■♥  !♦❝✳ ♦❢ &❤❡ 23rd

❊✉!♦♠✐❝!♦ ❈♦♥❢✳ ✭❊❯❘❖▼■❈❘❖✮✳✱ ♣❛❣❡2 ✷✹✹✕✷✹✾✱ ✶✾✾✼✳

❆✳ C✳ ❆❣✉✐❛+✱ ▲✳ ❈+❡♠❡❛♥✱ ❛♥❞ ❏✳ C✳ ❍❡2♣❛♥❤❛✳ C♦2✐%✐♦♥ %+❛❝❦✐♥❣ ❢♦+ ❛ ♥♦♥❧✐♥❡❛+

✉♥❞❡+❛❝%✉❛%❡❞ ❤♦✈❡+❝+❛❢% ✿ ❈♦♥%+♦❧❧❡+ ❞❡2✐❣♥ ❛♥❞ ❡①♣❡+✐♠❡♥%❛❧ +❡2✉❧%2✳ ■♥  !♦❝✳ ♦❢

&❤❡ 42nd ■❊❊❊ ❈♦♥❢✳ ♦♥ ❉❡❝✐7✐♦♥ ❛♥❞ ❈♦♥&!♦❧✱ ✈♦❧✉♠❡ ✹✱ ♣❛❣❡2 ✸✽✺✽✕✸✽✻✸✱ ✷✵✵✸✳

❙✳ ❆♠✐❝✳ ■♥%R❣+❛%✐♦♥ ❞❡2 ❢♦♥❝%✐♦♥2 ❞❡ ❞R%❡❝%✐♦♥ ❞❡2 ♠♦✉✈❡♠❡♥%2 ♣❛+ ❧❡ %+❛✐%❡♠❡♥%

♣❛+❛❧❧R❧❡ ❞❡2 2✐❣♥❛✉① ✈✐2✉❡❧2✳ ▼❛2%❡+✬2 %❤❡2✐2✱ ➱❝♦❧❡ ◆❛%✐♦♥❛❧❡ ❙✉♣R+✐❡✉+❡ ❞✬➱❧R❝✲

%+♦♥✐W✉❡ ❡% ❞❡ ❘❛❞✐♦R❧❡❝%+✐❝✐%R ❞❡ ●+❡♥♦❜❧❡ ✭❊◆❙❊❘●✴■◆C●✮✳✱ ✷✵✵✷✳

❖✳ ❆♠✐❞✐✱ ❚✳ ❑❛♥❛❞❡✱ ❛♥❞ ❑✳ ❋✉❥✐%❛✳ ❆ ✈✐2✉❛❧ ♦❞♦♠❡%❡+ ❢♦+ ❛✉%♦♥♦♠♦✉2 ❤❡❧✐❝♦♣%❡+

✢✐❣❤%✳ ❘♦❜♦&✐❝7 ❛♥❞ ❆✉&♦♥♦♠♦✉7 ❙②7&❡♠7✱ ✷✽✭✷✮ ✿✶✽✺✕✶✾✸✱ ✶✾✾✾✳

❆✳ ❆✳ ❆+❣②+♦2✱ ❉✳ C✳ ❚2❛❦✐+✐2✱ ❛♥❞ ❈✳ ●+♦②❡+✳ ❇✐♦♠✐♠❡%✐❝ ❝❡♥%❡+✐♥❣ ❜❡❤❛✈✐♦+ ♠♦❜✐❧❡

+♦❜♦%2 ✇✐%❤ ♣❛♥♦+❛♠✐❝ 2❡♥2♦+2✳ ■❊❊❊ ❘♦❜♦&✐❝7 ✫ ❆✉&♦♠❛&✐♦♥ ▼❛❣❛③✐♥❡✱ ✶✶✭✹✮ ✿

✷✶✕✸✵✱ ✷✵✵✹✳

❋✳ ❆✉❜R♣❛+% ❛♥❞ ◆✳ ❋+❛♥❝❡2❝❤✐♥✐✳ ❇✐♦✲✐♥2♣✐+❡❞ ♦♣%✐❝ ✢♦✇ 2❡♥2♦+2 ❜❛2❡❞ ♦♥ ❋!●❆ ✿
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❋✳ ❇♦❤♦&^✉❡③✱ U✳ ❙❛♠✉❡❧✱ ❏✳ ❙✐&♦❤✐✱ ❉✳ U✐♥❡6✱ ▲✳ ❘✉❞❞✱ ❛♥❞ ❘✳ U❡&❡❧✳ ❉❡6✐❣♥✱ ❛♥❛❧②6✐6

❛♥❞ ❤♦✈❡& ♣❡&❢♦&♠❛♥❝❡ ♦❢ ❛ &♦9❛&② ✇✐♥❣ ♠✐❝&♦ ❛✐& ✈❡❤✐❝❧❡✳ ❏✳ ♦❢ "❤❡ ❆♠❡.✐❝❛♥

❍❡❧✐❝♦♣"❡. ❙♦❝✳✱ ✹✽✭✷✮ ✿✽✵✕✾✵✱ ✷✵✵✸✳

❆✳ ❇♦&69✳ ❉.♦&♦♣❤✐❧❛ ✬6 ✈✐❡✇ ♦♥ ✐♥6❡❝9 ✈✐6✐♦♥✳ ❈✉..✳ ❇✐♦❧✳✱ ✶✾✭✶✮ ✿❘✸✻✕❘✹✼✱ ✷✵✵✾✳

❆✳ ❇♦&69 ❛♥❞ ❏✳ ❍❛❛❣✳ ◆❡✉&❛❧ ♥❡9✇♦&❦6 ✐♥ 9❤❡ ❝♦❝❦♣✐9 ♦❢ 9❤❡ ✢②✳ ❏✳ ♦❢ ❈♦♠♣✳ 5❤②&✐♦❧✳

❆✱ ✶✽✽✭✻✮ ✿✹✶✾✕✹✸✼✱ ✷✵✵✷✳

❆✳ ❇♦&69✱ ❏✳ ❍❛❛❣✱ ❛♥❞ ❉✳ ❋✳ ❘❡✐✛✳ ❋❧② ♠♦9✐♦♥ ✈✐6✐♦♥✳ ❆♥♥✉❛❧ .❡✈✐❡✇ ◆❡✉.♦&❝✐✳✱ ✸✸ ✿

✹✾✕✼✵✱ ✷✵✶✵✳

❙✳ ❇♦✉❛❜❞❛❧❧❛❤✳ ❉❡&✐❣♥ ❛♥❞ ❝♦♥".♦❧ ♦❢ :✉❛❞.♦"♦.& ✇✐"❤ ❛♣♣❧✐❝❛"✐♦♥ "♦ ❛✉"♦♥♦♠♦✉&

✢②✐♥❣✳ U❤❉ 9❤❡6✐6✱ ➱❝♦❧❡ U♦❧②9❡❝❤♥✐^✉❡ ❋P❞P&❛❧❡ ❞❡ ▲❛✉6❛♥♥❡✱ ✷✵✵✼✳

❙✳ ❇♦✉❛❜❞❛❧❧❛❤✱ ❘✳ ❙✐❡❣✇❛&9✱ ❛♥❞ ●✳ ❈❛♣&❛&✐✳ ❉❡6✐❣♥ ❛♥❞ ❝♦♥9&♦❧ ♦❢ ❛♥ ✐♥❞♦♦& ❝♦❛①✐❛❧

❤❡❧✐❝♦♣9❡&✳ ■♥ 5.♦❝✳ ♦❢ ■♥"✳ ❈♦♥❢✳ ♦♥ ■♥"❡❧❧✐❣❡♥" ❘♦❜♦"& ❛♥❞ ❙②&"❡♠&✱ ❇❡✐❥✐♥❣✱ ❈❤✐♥❛✱

❖❝9♦❜❡& ✷✵✵✻✳

❘✳ ❙✳ ❆✳ ❇&✐♥❦✇♦&9❤✱ U✳ ❆✳ ❙❤♦❡♠❛❦❡&✱ ❛♥❞ ❉✳ ❈✳ ❖✬❈❛&&♦❧❧✳ ❈❤❛&❛❝9❡&✐③❛9✐♦♥ ♦❢

❛ ♥❡✉&♦♠♦&♣❤✐❝ ♠♦9✐♦♥ ❞❡9❡❝9✐♦♥ ❝❤✐♣ ❜❛6❡❞ ♦♥ ✐♥6❡❝9 ✈✐6✉❛❧ 6②69❡♠✳ ■♥ 5th ■♥"✳

❈♦♥❢✳ ♦♥ ■♥"❡❧❧✐❣❡♥" ❙❡♥&♦.&✱ ❙❡♥&♦. ◆❡"✇♦.❦& ❛♥❞ ■♥❢♦.♠❛"✐♦♥ 5.♦❝❡&&✐♥❣ ✭■❙❙✲

◆■5✮✱ ♣❛❣❡6 ✷✽✾✕✷✾✹✱ ▼❡❧❜♦✉&♥❡✱ ❆✉69&❛❧✐❛✱ ❉❡❝❡♠❜❡& ✷✵✵✾✳
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❆✳ ❇#②✱ ❆✳ ❇❛❝❤#❛❝❤✱ ❛♥❞ ◆✳ ❘♦②✳ ❙/❛/❡ ❡1/✐♠❛/✐♦♥ ❢♦# ❛❣❣#❡11✐✈❡ ✢✐❣❤/ ✐♥ ❣♣1✲❞❡♥✐❡❞

❡♥✈✐#♦♥♠❡♥/1 ✉1✐♥❣ ♦♥❜♦❛#❞ 1❡♥1✐♥❣✳ ■♥ ■♥"✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦"✐❝+ ❛♥❞ ❆✉"♦♠❛"✐♦♥

✭■❈❘❆✮✱ ✷✵✶✷✱ ♣❛❣❡1 ✶✕✽✱ ❙/ @❛✉❧✱ ❯❙❆✱ ▼❛② ✷✵✶✷✳

❊✳ ❇✉❝❤♥❡#✳ 7❤♦"♦9❡❝❡♣"✐♦♥ ❛♥❞ ✈✐+✐♦♥ ✐♥ ✐♥+❡❝"+✱ ❝❤❛♣/❡# ❇❡❤❛✈✐♦#❛❧ ❛♥❛❧②1✐1 ♦❢

1♣❛/✐❛❧ ✈✐1✐♦♥ ✐♥ ✐♥1❡❝/1✱ ♣❛❣❡1 ✺✻✶ ✕ ✻✷✶✳ @❧❡♥✉♠ @#❡11✱ ◆❡✇ ❨♦#❦ ▲♦♥❞♦♥✱ ✶✾✽✹✳

❘✳ ❈❛#❡❧❧✐✱ ❈✳ ❙♦#✐❛✱ ❖✳ ◆❛1✐1✐✱ ❛♥❞ ❊✳ ❋#❡✐#❡✳ ❙/❛❜❧❡ ❛❣✈ ❝♦##✐❞♦# ♥❛✈✐❣❛/✐♦♥ ✇✐/❤ ❢✉1❡❞

✈✐1✐♦♥✲❜❛1❡❞ ❝♦♥/#♦❧1 1✐❣♥❛❧1✳ ■♥ 79♦❝✳ "❤❡ 28th ■❊❊❊ ❈♦♥❢✳ ♦❢ ■♥❞✉+"9✐❛❧ ❊❧❡❝"9♦♥✐❝+

❙✳ ✭■❊❈❖◆✮✱ ✈♦❧✉♠❡ ✸✱ ♣❛❣❡1 ✷✹✸✸✕✷✹✸✽✱ ❙❡✈✐❧❧❛✱ ❙♣❛✐♥✱ ◆♦✈❡♠❜❡# ✷✵✵✷✳

@✳ ❈❛1/✐❧❧♦✱ ❘✳ ▲♦③❛♥♦✱ ❛♥❞ ❆✳ ❉③✉❧✳ ❙/❛❜✐❧✐③❛/✐♦♥ ♦❢ ❛ ♠✐♥✐ #♦/♦#❝#❛❢/ ✇✐/❤ ❢♦✉# #♦/♦#1✳

■❊❊❊ ❈♦♥"9♦❧ ❙②+"❡♠+ ▼❛❣❛③✐♥❡✱ ✷✺✭✻✮ ✿✹✺✕✺✺✱ ✷✵✵✺✳

❘✳ @✳ ▼✳ ❈❤❛♥✱ ❆✳ ❍✳ ▼✉❧❧❛✱ ❛♥❞ ❑✳ ❆✳ ❙/♦❧✳ ❈❤❛#❛❝/❡#✐1❛/✐♦♥ ♦❢ ❧♦✇✲❝♦1/ ♦♣/✐❝❛❧ ✢♦✇

1❡♥1♦#1✳ ■♥ 79♦❝✳ ♦❢ "❤❡ ■❊❊❊ ♦❢ "❤❡ ❆✉+"9❛❧❛+✐❛♥ ❈♦♥❢✳ ♦♥ ❘♦❜♦"✐❝+ ❛♥❞ ❆✉"♦♠❛"✐♦♥

✭❆❈❘❆✮✱ ♣❛❣❡1 ✶✕✽✱ ❇#✐1❜❛♥❡✱ ❆✉1/#❛❧✐❛✱ ❉❡❝❡♠❜❡# ✷✵✶✵✳

❚✳ ❙✳ ❈♦❧❧❡//✱ ❍✳ ◆❛❧❧❜❛❝❤✱ ❛♥❞ ❍✳ ❲❛❣♥❡#✳ ❱✐+✉❛❧ +"❛❜✐❧✐③❛"✐♦♥ ✐♥ ❛9"❤9♦♣♦❞+✱ ♣❛❣❡1

✷✸✾✕✷✻✸✳ ❊❧1❡✈✐❡#✱ ✶✾✾✸✳

❙✳ ❈♦❧❧✐♥1✳ ❘❡❝♦♥1/#✉❝/✐♥❣ /❤❡ ✈✐1✉❛❧ ✜❡❧❞ ♦❢ ❝♦♠♣♦✉♥❞ ❡②❡1✳ ■♥ ❘❡♥❞❡9✐♥❣ ❚❡❝❤♥✐H✉❡+✬

✾✼✱ ♣❛❣❡1 ✽✶✕✾✷✳ ❙♣#✐♥❣❡#✱ ✶✾✾✼✳

❏✳ ❈♦♥#♦②✱ ●✳ ●#❡♠✐❧❧✐♦♥✱ ❇✳ ❘❛♥❣❛♥❛/❤❛♥✱ ❛♥❞ ❏✳ ❙✳ ❍✉♠❜❡#/✳ ■♠♣❧❡♠❡♥/❛/✐♦♥ ♦❢

✇✐❞❡✲✜❡❧❞ ✐♥/❡❣#❛/✐♦♥ ♦❢ ♦♣/✐❝ ✢♦✇ ❢♦# ❛✉/♦♥♦♠♦✉1 `✉❛❞#♦/♦# ♥❛✈✐❣❛/✐♦♥✳ ❆✉"♦♥♦✲

♠♦✉+ 9♦❜♦"+✱ ✷✼✭✸✮ ✿✶✽✾✕✶✾✽✱ ✷✵✵✾✳

❉✳ ❈♦♦♠❜1 ❛♥❞ ❑✳ ❘♦❜❡#/1✳ ✏❜❡❡✲❜♦/✑ ✿ ✉1✐♥❣ ♣❡#✐♣❤❡#❛❧ ♦♣/✐❝❛❧ ✢♦✇ /♦ ❛✈♦✐❞ ♦❜1✲

/❛❝❧❡1✳ ■♥ ❙✳ ♦❢ 7❤♦"♦✲❖♣"✐❝❛❧ ■♥+"9✉♠❡♥"❛"✐♦♥ ❊♥❣✐♥❡❡9+ ✭❙7■❊✮ ❈♦♥❢✳ ❙❡9✐❡+ ✱

✈♦❧✉♠❡ ✶✽✷✺✱ ♣❛❣❡1 ✼✶✹✕✼✷✶✱ ❇♦1/♦♥✱ ❯❙❆✱ ❙❡♣/❡♠❜❡# ✶✾✾✷✳

▲✳ ❈#❡♠❡❛♥✱ ❲✳ ❇✳ ❉✉♥❜❛#✱ ❉✳ ✈❛♥ ●♦❣❤✱ ❏✳ ❍✐❝❦❡②✱ ❊✳ ❑❧❛✈✐♥1✱ ❏✳ ▼❡❧/③❡#✱ ❛♥❞ ❘✳ ▼✳

▼✉##❛②✳ ❚❤❡ ❈❛❧/❡❝❤ ▼✉❧/✐✲❱❡❤✐❝❧❡ ❲✐#❡❧❡11 ❚❡1/❜❡❞✳ ■♥ 79♦❝✳ ♦❢ "❤❡ 41st ■❊❊❊

❈♦♥❢✳ ♦♥ ❉❡❝✐+✐♦♥ ❛♥❞ ❈♦♥"9♦❧ ✭❈❉❈✮✱ ✈♦❧✉♠❡ ✶✱ ♣❛❣❡1 ✽✻✕✽✽✱ ▲❛1 ❱❡❣❛1✱ ❯❙❆✱

❉❡❝❡♠❜❡# ✷✵✵✷✳

❍✳ ❉❛❤♠❡♥✱ ❆✳ ▼✐❧❧❡#1✱ ❛♥❞ ❍✳ ❆✳ ▼❛❧❧♦/✳ ■♥1❡❝/ ✐♥1♣✐#❡❞ ♦❞♦♠❡/#② ❜② ♦♣/✐❝ ✢♦✇

#❡❝♦#❞❡❞ ✇✐/❤ ♦♣/✐❝❛❧ ♠♦✉1❡ ❝❤✐♣1✳ ■♥ ❉✳ ❋❧♦#❡❛♥♦✱ ❏✳ ❈✳ ❩✉✛❡#❡②✱ ▼✳ ❱✳ ❙#✐♥✐✈❛1❛♥✱

❛♥❞ ❈✳ ❊❧❧✐♥❣/♦♥✱ ❡❞✐/♦#1✱ ❋❧②✐♥❣ ✐♥+❡❝"+ ❛♥❞ 9♦❜♦"+✱ ♣❛❣❡1 ✶✶✺✕✶✷✻✳ ❇❡#❧✐♥ ✿ ❙#✐♥❣❡#✱

✷✵✵✾✳
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❈✳ ❚✳ ❉❛✈✐❞✳ ❈♦♠♣❡♥-❛.✐♦♥ ❢♦0 ❤❡✐❣❤. ✐♥ .❤❡ ❝♦♥.0♦❧ ♦❢ ❣0♦✉♥❞-♣❡❡❞ ❜② ❞0♦-♦♣❤✐❧❛ ✐♥

❛ ♥❡✇ ✧❜❛0❜❡0✬- ♣♦❧❡✧ ✇✐♥❞ .✉♥♥❡❧✳ ❏✳ ❈♦♠♣✳ &❤②)✐♦❧✳ ❆✱ ✶✹✼✭✹✮ ✿✹✽✺✕✹✾✸✱ ✶✾✽✷✳

❊✳ ❘✳ ❉❛✈✐❡-✳ ▼❛❝❤✐♥❡ ✈✐)✐♦♥ ✿ 4❤❡♦5②✱ ❛❧❣♦5✐4❤♠)✱ ♣5❛❝4✐❝❛❧✐4✐❡)✳ ▼♦0❣❛♥ ❑❛✉❢♠❛♥♥✱

✷✵✵✹✳

❚✳ ❉❡❧❜0M❝❦ ❛♥❞ ❈✳ ▼❡❛❞✳ ❆♥❛❧♦❣ ✈❧-✐ ♣❤♦.♦.0❛♥-❞✉❝.✐♦♥✳ ❙✐❣♥❛❧✱ ✶✵✭✸✮ ✿✶✵✱ ✶✾✾✹✳

❆✳ ❉❡✈✱ ❇✳ ❑0Q-❡✱ ❛♥❞ ❋✳ ●0♦❡♥✳ ◆❛✈✐❣❛.✐♦♥ ♦❢ ❛ ♠♦❜✐❧❡ 0♦❜♦. ♦♥ ❛ .❡♠♣♦0❛❧ ❞❡✲
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◆✳ ❋&❛♥❝❡6❝❤✐♥✐ ❛♥❞ ❑✳ ❑✐&6❝❤❢❡❧❞✳ ▲❡6 ♣❤g♥♦♠h♥❡6 ❞❡ ♣6❡✉❞♦♣✉♣✐❧❧❡ ❞❛♥6 ❧✬♦❡✐❧

❝♦♠♣♦6g ❞❡❞&♦6♦♣❤✐❧❛✳ ❑②❜❡9♥❡'✐❦✱ ✾✭✺✮ ✿✶✺✾✕✶✽✷✱ ✶✾✼✶✳

✷✶✵
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◆✳ ❋#❛♥❝❡(❝❤✐♥✐✱ ❆✳ ❘✐❡❤❧❡✱ ❛♥❞ ❆✳ ▲❡ ◆❡(1♦✉#✳ ❋❛❝❡$% ♦❢ ✈✐%✐♦♥✱ ❝❤❛♣1❡# ❉✐#❡❝1✐♦♥❛❧❧②

❙❡❧❡❝1✐✈❡ ▼♦1✐♦♥ ❉❡1❡❝1✐♦♥ ❜② ■♥(❡❝1 ◆❡✉#♦♥(✱ ♣❛❣❡( ✸✻✵✕✸✾✵✳ ❙♣#✐♥❣❡#✲❱❡#❧❛❣✱

❇❡#❧✐♥✱ ✶✾✽✾✳

◆✳ ❋#❛♥❝❡(❝❤✐♥✐✱ ❏✳ ▼✳ H✐❝❤♦♥✱ ❛♥❞ ❈✳ ❇❧❛♥❡(✳ ❋#♦♠ ✐♥(❡❝1 ✈✐(✐♦♥ 1♦ #♦❜♦1 ✈✐(✐♦♥✳

+❤✐❧✳ ❚0❛♥%✳ ♦❢ $❤❡ ❘♦②❛❧ ❙✳ ❇ ✿ ❇✐♦❧✳ ❙❝✐❡♥❝❡%✱ ✸✸✼ ✿✷✽✸✕✷✾✹✱ ✶✾✾✷✳

◆✳ ❋#❛♥❝❡(❝❤✐♥✐✱ ❋✳ ❘✉✣❡#✱ ❛♥❞ ❏✳ ❙❡##❡(✳ ❆ ❜✐♦✲✐♥(♣✐#❡❞ ✢②✐♥❣ #♦❜♦1 (❤❡❞( ❧✐❣❤1 ♦♥

✐♥(❡❝1 ♣✐❧♦1✐♥❣ ❛❜✐❧✐1✐❡(✳ ❈✉00✳ ❇✐♦❧✳✱ ✶✼ ✿✸✷✾ ✕ ✸✸✺✱ ✷✵✵✼✳

◆✳ ❋#❛♥❝❡(❝❤✐♥✐✱ ❋✳ ❘✉✣❡#✱ ❏✳ ❙❡##❡(✱ ❛♥❞ ❙✳ ❱✐♦❧❧❡1✳ ❆❡0✐❛❧ ✈❡❤✐❝❧❡%✱ ❝❤❛♣1❡# ✸✺ ✿

❖♣1✐❝ ✢♦✇ ❜❛(❡❞ ✈✐(✉❛❧ ❣✉✐❞❛♥❝❡ ✿ ❢#♦♠ ✢②✐♥❣ ✐♥(❡❝1( 1♦ ♠✐♥✐❛1✉#❡ ❛❡#✐❛❧ ✈❡❤✐❝❧❡(✱

♣❛❣❡( ✼✹✼✕✼✼✵✳ ❱✐❡♥♥❛ ✿ ■♥✲❚❡❝❤✱ ✷✵✵✾✳

❙✳ ❋✉❧❧❡# ❛♥❞ ❘✳ ▼✳ ▼✉##❛②✳ ❆ ❤♦✈❡#❝#❛❢1 #♦❜♦1 1❤❛1 ✉(❡( ✐♥(❡❝1✲✐♥(♣✐#❡❞ ✈✐(✉❛❧

❛✉1♦❝♦##❡❧❛1✐♦♥ ❢♦# ♠♦1✐♦♥ ❝♦♥1#♦❧ ✐♥ ❛ ❝♦##✐❞♦#✳ ■♥ ■❊❊❊ ■♥$✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦$✐❝%

❛♥❞ ❇✐♦♠✐♠❡$✐❝% ✭❘❖❇■❖✮✱ ♣❛❣❡( ✶✹✼✹✕✶✹✽✶✱ ❑❛#♦♥ ❇❡❛❝❤✱ H❤✉❦❡1✱ ❉❡❝❡♠❜❡#

✷✵✶✶✳

▼✳ ❆✳ ●❛##❛11 ❛♥❞ ❏✳ ❙✳ ❈❤❛❤❧✳ ❱✐(✐♦♥✲❜❛(❡❞ 1❡##❛✐♥ ❢♦❧❧♦✇✐♥❣ ❢♦# ❛♥ ✉♥♠❛♥♥❡❞

#♦1♦#❝#❛❢1✳ ❏✳ ♦❢ ❋✐❡❧❞ ❘♦❜♦$✐❝%✱ ✷✺✭✹✲✺✮ ✿✷✽✹✕✸✵✶✱ ✷✵✵✽✳

❏✳ ❏✳ ●✐❜(♦♥✳ ❚❤❡ ♣❡0❝❡♣$✐♦♥ ♦❢ $❤❡ ✈✐%✉❛❧ ✇♦0❧❞✳ ❍♦✉❣❤1♦♥ ▼✐✤✐♥✱ ◆❡✇ ❨♦#❦✱ ✶✾✺✵✳

❏✳ ❏✳ ●✐❜(♦♥✳ ❱✐(✉❛❧❧② ❝♦♥1#♦❧❧❡❞ ❧♦❝♦♠♦1✐♦♥ ❛♥❞ ✈✐(✉❛❧ ♦#✐❡♥1❛1✐♦♥ ✐♥ ❛♥✐♠❛❧(✯✳ ❇0✐✲

$✐%❤ ❏✳ ♦❢ ♣%②❝❤♦❧♦❣②✱ ✹✾✭✸✮ ✿✶✽✷✕✶✾✹✱ ✶✾✺✽✳

▼✳ ●✐✉#❢❛✳ ❈♦❣♥✐1✐✈❡ ♥❡✉#♦❡1❤♦❧♦❣② ✿ ❞✐((❡❝1✐♥❣ ♥♦♥✲❡❧❡♠❡♥1❛❧ ❧❡❛#♥✐♥❣ ✐♥ ❛ ❤♦♥❡②❜❡❡

❜#❛✐♥✳ ❈✉00❡♥$ ♦♣✐♥✐♦♥ ✐♥ ♥❡✉0♦❜✐♦❧♦❣②✱ ✶✸✭✻✮ ✿✼✷✻✕✼✸✺✱ ✷✵✵✸✳

▼✳ ●✐✉#❢❛✳ ❇❡❤❛✈✐♦#❛❧ ❛♥❞ ♥❡✉#❛❧ ❛♥❛❧②(✐( ♦❢ ❛((♦❝✐❛1✐✈❡ ❧❡❛#♥✐♥❣ ✐♥ 1❤❡ ❤♦♥❡②❜❡❡ ✿ ❛

1❛(1❡ ❢#♦♠ 1❤❡ ♠❛❣✐❝ ✇❡❧❧✳ ❏✳ ❈♦♠♣✳ +❤②%✐♦❧✳ ❆✱ ✶✾✸✭✽✮ ✿✽✵✶✕✽✷✹✱ ✷✵✵✼✳

▲✳ ●♦♦❞♠❛♥✳ ❋♦0♠ ❛♥❞ ❢✉♥❝$✐♦♥ ✐♥ $❤❡ ❤♦♥❡②❜❡❡✳ ■♥1✳ ❇❡❡ ❘❡(❡❛#❝❤ ❆((♦❝✐❛1✐♦♥✱

✷✵✵✸✳

❑✳ ●✳ ●_1③✳ ❖♣1♦♠♦1♦#✐(❝❤❡ ✉♥1❡#(✉❝❤✉♥❣ ❞❡( ✈✐(✉❡❧❧❡♥ (②(1❡♠( ❡✐♥✐❣❡# ❛✉❣❡♥♠✉✲

1❛♥1❡♥ ❞❡# ❢#✉❝❤1✢✐❡❣❡ ❞#♦(♦♣❤✐❧❛✳ ❑②❜❡0♥❡$✐❦✱ ✷✭✷✮ ✿✼✼✕✾✷✱ ✶✾✻✹✳

❑✳ ●✳ ●_1③✳ ❉✐❡ ♦♣1✐(❝❤❡♥ a❜❡#1#❛❣✉♥❣(❡✐❣❡♥(❝❤❛❢1❡♥ ❞❡# ❦♦♠♣❧❡①❛✉❣❡♥ ✈♦♥ ❞#♦(♦✲

♣❤✐❧❛✳ ❑②❜❡0♥❡$✐❦✱ ✷✭✺✮ ✿✷✶✺✕✷✷✶✱ ✶✾✻✺✳

✷✶✶
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❲✳ ❊✳ ●$❡❡♥✱ (✳ ❨✳ ❖❤✱ ❛♥❞ ●✳ ❇❛$$♦✇1✳ ❋❧②✐♥❣ ✐♥1❡❝8 ✐♥1♣✐$❡❞ ✈✐1✐♦♥ ❢♦$ ❛✉8♦♥♦♠♦✉1

❛❡$✐❛❧ $♦❜♦8 ♠❛♥❡✉✈❡$1 ✐♥ ♥❡❛$✲❡❛$8❤ ❡♥✈✐$♦♥♠❡♥81✳ ■♥ ■❊❊❊ ■♥#✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦#✐❝,

❛♥❞ ❆✉#♦♠❛#✐♦♥ ✭■❈❘❆✮✱ ✈♦❧✉♠❡ ✸✱ ♣❛❣❡1 ✷✸✹✼✕✷✸✺✷✱ ◆❡✇✲❖$❧❡❛♥1✱ ❯❙❆✱ ❆♣$✐❧

✷✵✵✹✳

❙✳ ●$✐✣8❤1✱ ❏✳ ❙❛✉♥❞❡$1✱ ❆✳ ❈✉$8✐1✱ ❇✳ ❇❛$❜❡$✱ ❚✳ ▼❝▲❛✐♥✱ ❛♥❞ ❘✳ ❇❡❛$❞✳ ▼❛①✐♠✐③✐♥❣

♠✐♥✐❛8✉$❡ ❛❡$✐❛❧ ✈❡❤✐❝❧❡1✳ ■❊❊❊ ❘♦❜♦#✐❝, ✫ ❆✉#♦♠❛#✐♦♥ ▼❛❣❛③✐♥❡✱ ✶✸ ✿✸✹✕✹✸✱ ✷✵✵✻✳

❙✳ ●$✐✣8❤1✱ ❏✳ ❙❛✉♥❞❡$1✱ ❆✳ ❈✉$8✐1✱ ❇✳ ❇❛$❜❡$✱ ❚✳ ▼❝▲❛✐♥✱ ❛♥❞ ❘✳ ❇❡❛$❞✳ ❖❜18❛❝❧❡ ❛♥❞

8❡$$❛✐♥ ❛✈♦✐❞❛♥❝❡ ❢♦$ ♠✐♥✐❛8✉$❡ ❛❡$✐❛❧ ✈❡❤✐❝❧❡1✳ ■♥ ❆❞✈❛♥❝❡, ✐♥ ❯♥♠❛♥♥❡❞ ❆❡;✐❛❧

❱❡❤✐❝❧❡,✱ ♣❛❣❡1 ✷✶✸✕✷✹✹✳ ❙♣$✐♥❣❡$✱ ✷✵✵✼✳

❨✳ ●✉✱ ❏✳ ❖❜❡$✇✐♥❦❧❡$✱ ▼✳ (♦18♠❛✱ ❛♥❞ ❘✳ ❈✳ ❍❛$❞✐❡✳ ▼❡❝❤❛♥✐1♠1 ♦❢ ❧✐❣❤8 ❛❞❛♣8❛8✐♦♥

✐♥ ❉;♦,♦♣❤✐❧❛ ♣❤♦8♦$❡❝❡♣8♦$1✳ ❈✉;;❡♥# ❇✐♦❧✳✱ ✶✺✭✶✸✮ ✿✶✷✷✽✕✶✷✸✹✱ ✷✵✵✺✳

◆✳ ●✉❡♥❛$❞✱ ❚✳ ❍❛♠❡❧✱ ❛♥❞ ❘✳ ▼❛❤♦♥②✳ ❆ ♣$❛❝8✐❝❛❧ ✈✐1✉❛❧ 1❡$✈♦ ❝♦♥8$♦❧ ❢♦$ ❛♥

✉♥♠❛♥♥❡❞ ❛❡$✐❛❧ ✈❡❤✐❝❧❡✳ ❚;❛♥,✳ ♦♥ ❘♦❜♦#✐❝,✱ ✷✹✭✷✮ ✿✸✸✶✕✸✹✵✱ ✷✵✵✽✳

▼✳ ❙✳ ●✉③❡❧ ❛♥❞ ❘✳ ❇✐❝❦❡$✳ ❖♣8✐❝❛❧ ✢♦✇ ❜❛1❡❞ 1②18❡♠ ❞❡1✐❣♥ ❢♦$ ♠♦❜✐❧❡ $♦❜♦81✳ ■♥

■❊❊❊ ❈♦♥❢✳ ♦♥ ❘♦❜♦#✐❝, ❆✉#♦♠❛#✐♦♥ ❛♥❞ ▼❡❝❤❛#;♦♥✐❝, ✭❘❆▼✮✱ ✷✵✶✵✱ ♣❛❣❡1 ✺✹✺✕

✺✺✵✱ ❙✐♥❣❛♣♦$❡✱ ❏✉♥❡ ✷✵✶✵✳

❘✳ ❈✳ ❍❛$❞✐❡✳ ❋✉♥❝8✐♦♥❛❧ ♦$❣❛♥✐1❛8✐♦♥ ♦❢ ✢② $❡8✐♥❛✳ ■♥ ❉✳ ❖88♦1♦♥✱ ❡❞✐8♦$✱ G;♦❣;❡,,

✐♥ ,❡♥,♦;② G❤②,✐♦❧✳✱ ✈♦❧✉♠❡ ✺✳ ❇❡$❧✐♥ ✿ ❙♣$✐♥❣❡$✱ ✶✾✽✺✳

❘✳ ❘✳ ❍❛$$✐1♦♥✳ ❆ ❜✐♦❧♦❣✐❝❛❧❧② ✐♥1♣✐$❡❞ ❛♥❛❧♦❣ ✐❝ ❢♦$ ✈✐1✉❛❧ ❝♦❧❧✐1✐♦♥ ❞❡8❡❝8✐♦♥✳ ■❊❊❊

❚;❛♥,✳ ♦♥ ❈✐;❝✉✐#, ❛♥❞ ❙②,✳ ■ ✿ ❘❡❣✉❧❛; G❛♣❡;,✱ ✺✷✭✶✶✮ ✿✷✸✵✽✕✷✸✶✽✱ ✷✵✵✺✳

❘✳ ❘✳ ❍❛$$✐1♦♥ ❛♥❞ ❈✳ ❑♦❝❤✳ ❆ $♦❜✉18 ❛♥❛❧♦❣ ❱▲❙■ ♠♦8✐♦♥ 1❡♥1♦$ ❜❛1❡❞ ♦♥ 8❤❡

✈✐1✉❛❧ 1②18❡♠ ♦❢ 8❤❡ ✢②✳ ❆✉#♦♥♦♠♦✉, ❘♦❜♦#,✱ ✼✭✸✮ ✿✷✶✶✕✷✷✹✱ ✶✾✾✾✳

❘✳ ❘✳ ❍❛$$✐1♦♥ ❛♥❞ ❈✳ ❑♦❝❤✳ ❆ 1✐❧✐❝♦♥ ✐♠♣❧❡♠❡♥8❛8✐♦♥ ♦❢ 8❤❡ ✢②✬1 ♦♣8♦♠♦8♦$ ❝♦♥8$♦❧

1②18❡♠✳ ◆❡✉;❛❧ ❈♦♠♣✉#✳✱ ✶✷✭✶✵✮ ✿✷✷✾✶✕✷✸✵✹✱ ✷✵✵✵✳

❑✳ ❍❛✉1❡♥✳ ▼♦8✐♦♥ 1❡♥1✐8✐✈❡ ✐♥8❡$♥❡✉$♦♥1 ✐♥ 8❤❡ ♦♣8♦♠♦8♦$ 1②18❡♠ ♦❢ 8❤❡ ✢②✳ ✐✳ ❇✐♦❧✳

❈②❜❡;✳✱ ✹✺✭✷✮ ✿✶✹✸✕✶✺✻✱ ✶✾✽✷❛✳

❑✳ ❍❛✉1❡♥✳ ▼♦8✐♦♥ 1❡♥1✐8✐✈❡ ✐♥8❡$♥❡✉$♦♥1 ✐♥ 8❤❡ ♦♣8♦♠♦8♦$ 1②18❡♠ ♦❢ 8❤❡ ✢②✳ ✐✐✳ ❇✐♦❧✳

❈②❜❡;✳✱ ✹✻ ✿✻✼✕✼✾✱ ✶✾✽✷❜✳

❑✳ ❍❛✉1❡♥✳ G❤♦#♦;❡❝❡♣#✐♦♥ ❛♥❞ ❱✐,✐♦♥ ✐♥ ■♥✈❡;#❡❜;❛#❡,✱ ❝❤❛♣8❡$ ❚❤❡ ❧♦❜✉❧❛✲❝♦♠♣❧❡①

♦❢ 8❤❡ ✢② ✿ 18$✉❝8✉$❡✱ ❢✉♥❝8✐♦♥ ❛♥❞ 1✐❣♥✐✜❝❛♥❝❡ ✐♥ ✈✐1✉❛❧ ❜❡❤❛✈✐♦✉$✱ ♣❛❣❡1 ✺✷✸✕✺✺✾✳

(❧❡♥✉♠✱ ◆❡✇ ❨♦$❦✱ ✶✾✽✹✳

✷✶✷
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❑✳ ❍❛✉%❡♥ ❛♥❞ ▼✳ ❊❣❡❧❤❛❛❢✳ ◆❡✉0❛❧ ♠❡❝❤❛♥✐%♠% ♦❢ ✈✐%✉❛❧ ❝♦✉0%❡ ❝♦♥60♦❧ ✐♥ ✐♥%❡❝6%✳

■♥ ❋❛❝❡$% ♦❢ ✈✐%✐♦♥✱ ♣❛❣❡% ✸✾✶✕✹✷✹✳ ❙♣0✐♥❣❡0✱ ✶✾✽✾✳

▼✳ ❍❡✐%❡♥❜❡0❣ ❛♥❞ ❘✳ ❲♦❧❢✳ ❱✐%✐♦♥ ✐♥ ❉-♦%♦♣❤✐❧❛✳ ●❡♥❡$✐❝% ♦❢ ♠✐❝-♦❜❡❤❛✈✐♦✉-✳ ❙♣0✐♥✲

❣❡0 ❱❡0❧❛❣✱ ✶✾✽✹✳

❘✳ ❍❡♥❣%6❡♥❜❡0❣✳ ▼❡❝❤❛♥♦%❡♥%♦0② ❝♦♥60♦❧ ♦❢ ❝♦♠♣❡♥%❛6♦0② ❤❡❛❞ 0♦❧❧ ❞✉0✐♥❣ ✢✐❣❤6 ✐♥

6❤❡ ❜❧♦✇✢②❝❛❧❧✐♣❤♦0❛ ❡0②6❤0♦❝❡♣❤❛❧❛ ♠❡✐❣✳ ❏✳ ❈♦♠♣✳ 8❤②%✐♦❧✳ ❆✱ ✶✻✸✭✷✮ ✿✶✺✶✕✶✻✺✱

✶✾✽✽✳

❘✳ ❍❡♥❣%6❡♥❜❡0❣✳ ❇✐♦❧♦❣✐❝❛❧ %❡♥%♦0% ✿ ❈♦♥60♦❧❧✐♥❣ 6❤❡ ✢②✬% ❣②0♦%❝♦♣❡%✳ ◆❛$✉-❡✱

✸✾✷✭✻✻✼✽✮ ✿✼✺✼✕✼✺✽✱ ✶✾✾✽✳

❇✳ ❍❡0✐%%❡✱ ❚✳ ❍❛♠❡❧✱ ❘✳ ▼❛❤♦♥②✱ ❛♥❞ ❋✳✲❳✳ ❘✉%%♦66♦✳ ❆ ♥♦♥❧✐♥❡❛0 6❡00❛✐♥✲❢♦❧❧♦✇✐♥❣

❝♦♥60♦❧❧❡0 ❢♦0 ❛ ✈6♦❧ ✉♥♠❛♥♥❡❞ ❛❡0✐❛❧ ✈❡❤✐❝❧❡ ✉%✐♥❣ 60❛♥%❧❛6✐♦♥❛❧ ♦♣6✐❝❛❧ ✢♦✇✳ ■♥

■❊❊❊ ■♥$✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦$✐❝% ❛♥❞ ❆✉$♦♠❛$✐♦♥ ✭■❈❘❆✮✱ ♣❛❣❡% ✸✷✺✶✕✸✷✺✼✱ ❑♦❜❡✱

❏❛♣❛♥✱ ▼❛② ✷✵✵✾✳

❇✳ ❍❡0✐%%❡✱ ❚✳ ❍❛♠❡❧✱ ❘✳ ▼❛❤♦♥②✱ ❛♥❞ ❋✳✲❳✳ ❘✉%%♦66♦✳ ▲❛♥❞✐♥❣ ❛ ❱❚❖▲ ❯♥♠❛♥♥❡❞

❆❡0✐❛❧ ❱❡❤✐❝❧❡ ♦♥ ❛ ♠♦✈✐♥❣ ♣❧❛6❢♦0♠ ✉%✐♥❣ ♦♣6✐❝❛❧ ✢♦✇✳ ■❊❊❊ ❚-❛♥%✳ ♦♥ ❘♦❜♦$✐❝%✱

✷✽✭✶✮ ✿✼✼✕✽✾✱ ✷✵✶✷✳

❈✳ ▼✳ ❍✐❣❣✐♥% ❛♥❞ ❱✳ Z❛♥6✳ ❆ ❜✐♦♠✐♠❡6✐❝ ✈❧%✐ %❡♥%♦0 ❢♦0 ✈✐%✉❛❧ 60❛❝❦✐♥❣ ♦❢ %♠❛❧❧

♠♦✈✐♥❣ 6❛0❣❡6%✳ ■❊❊❊ ❚-❛♥%✳ ♦♥ ❈✐-❝✉✐$% ❛♥❞ ❙②%✳ ■ ✿ ❘❡❣✉❧❛- 8❛♣❡-%✱ ✺✶✭✶✷✮ ✿

✹✽✾✕✺✵✷✱ ✷✵✵✺✳

●✳ ▼✳ ❍♦✛♠❛♥♥✱ ❍✳ ❍✉❛♥❣✱ ❙✳ ▲✳ ❲❛%❧❛♥❞❡0✱ ❛♥❞ ❈✳ ❏✳ ❚♦♠❧✐♥✳ ◗✉❛❞0♦6♦0 ❤❡❧✐❝♦♣6❡0

✢✐❣❤6 ❞②♥❛♠✐❝% ❛♥❞ ❝♦♥60♦❧ ✿ ❚❤❡♦0② ❛♥❞ ❡①♣❡0✐♠❡♥6✳ ■♥ 8-♦❝✳ ♦❢ $❤❡ ❆■❆❆ ●✉✐✲

❞❛♥❝❡✱ ◆❛✈✐❣❛$✐♦♥✱ ❛♥❞ ❈♦♥$-♦❧ ❈♦♥❢✳✱ ♣❛❣❡% ✶✕✷✵✱ ❍✐❧6♦♥ ❍❡❛❞✱ ❙♦✉6❤ ❈❛0♦❧✐♥❛✱

❆✉❣✉%6 ✷✵✵✼✳

❉✳ ❍♦♥❡❣❣❡0✱ ▲✳ ▼❡✐❡0✱ Z✳ ❚❛♥%❦❛♥❡♥✱ ❛♥❞ ▼✳ Z♦❧❧❡❢❡②%✳ ❆♥ ♦♣❡♥ %♦✉0❝❡ ❛♥❞ ♦♣❡♥

❤❛0❞✇❛0❡ ❡♠❜❡❞❞❡❞ ♠❡60✐❝ ♦♣6✐❝❛❧ ✢♦✇ ❝♠♦% ❝❛♠❡0❛ ❢♦0 ✐♥❞♦♦0 ❛♥❞ ♦✉6❞♦♦0 ❛♣♣❧✐✲

❝❛6✐♦♥%✳ ■♥ 8-♦❝✳ ♦❢ ■❊❊❊ ■♥$✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦$✐❝% ❛♥❞ ❆✉$♦♠❛$✐♦♥ ✭■❈❘❆✮ ✱ ♣❛❣❡ ✐♥

♣0❡%%✱ ❑❛0❧%0✉❤❡✱ ●❡0♠❛♥②✱ ▼❛② ✷✵✶✸✳

❇✳ ❑✳ Z✳ ❍♦0♥✳ ❘♦❜♦$ ✈✐%✐♦♥✳ 6❤❡ ▼■❚ Z0❡%%✱ ✶✾✽✻✳

❊❜❡0❤❛0❞ ❍♦0♥ ❛♥❞ ❘a❞✐❣❡0 ❲❡❤♥❡0✳ ❚❤❡ ♠❡❝❤❛♥✐%♠ ♦❢ ✈✐%✉❛❧ ♣❛66❡0♥ ✜①❛6✐♦♥ ✐♥ 6❤❡

✇❛❧❦✐♥❣ ✢②✱ ❞0♦%♦♣❤✐❧❛ ♠❡❧❛♥♦❣❛%6❡0✳ ❏♦✉-♥❛❧ ♦❢ ❝♦♠♣❛-❛$✐✈❡ ♣❤②%✐♦❧♦❣②✱ ✶✵✶✭✶✮ ✿

✸✾✕✺✻✱ ✶✾✼✺✳

✷✶✸
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●✳ ❆✳ ❍♦%%✐❞❣❡✳ ■♥,❡❝., ✇❤✐❝❤ .✉%♥ ❛♥❞ ❧♦♦❦✳ ❊♥❞❡❛✈♦✉(✱ ✶ ✿✼✕✶✼✱ ✶✾✼✼✳

❙✳ ❍%❛❜❛% ❛♥❞ ●✳ ❙✉❦❤❛.♠❡✳ ❱✐,✐♦♥✲❜❛,❡❞ ♥❛✈✐❣❛.✐♦♥ .❤%♦✉❣❤ ✉%❜❛♥ ❝❛♥②♦♥,✳ ❏✳ ♦❢

❋✐❡❧❞ ❘♦❜♦1✐❝3✱ ✷✻✭✺✮ ✿✹✸✶✕✹✺✷✱ ✷✵✵✾✳

❙✳ ❍%❛❜❛% ❛♥❞ ●✳ ❙✳ ❙✉❦❤❛.♠❡✳ ❖♠♥✐❞✐%❡❝.✐♦♥❛❧ ✈✐,✐♦♥ ❢♦% ❛♥ ❛✉.♦♥♦♠♦✉, ❤❡❧✐❝♦♣.❡%✳

■♥ 4(♦❝✳ ♦❢ ■♥1✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦1✐❝3 ❛♥❞ ❆✉1♦♠❛1✐♦♥✱ ✈♦❧✉♠❡ ✶✱ ♣❛❣❡, ✺✺✽✕✺✻✸✱ ❚❛✐♣❡✐✱

❚❛✐✇❛♥✱ ▼❛② ✷✵✵✸✳

❙✳ ❍%❛❜❛% ❛♥❞ ●✳ ❙✳ ❙✉❦❤❛.♠❡✳ ❖♣.✐♠✉♠ ❝❛♠❡%❛ ❛♥❣❧❡ ❢♦% ♦♣.✐❝ ✢♦✇✲❜❛,❡❞ ❝❡♥.❡%✐♥❣

%❡,♣♦♥,❡✳ ■♥ ■♥1✳ ❈♦♥❢✳ ♦♥ ■♥1❡❧❧✐❣❡♥1 ❘♦❜♦13 ❛♥❞ ❙②31❡♠3✱ ♣❛❣❡, ✸✾✷✷✕✸✾✷✼✱ ❇❡✐❥✐♥❣✱

❈❤✐♥❛✱ ❖❝.♦❜❡% ✷✵✵✻✳ ■❊❊❊✳

❙✳ ❍%❛❜❛%✱ ●✳ ❙✉❦❤❛.♠❡✱ U✳ ❈♦%❦❡✱ ❑✳ ❯,❤❡%✱ ❛♥❞ ❏✳ ❘♦❜❡%.,✳ ❈♦♠❜✐♥❡❞ ♦♣.✐❝✲✢♦✇

❛♥❞ ,.❡%❡♦✲❜❛,❡❞ ♥❛✈✐❣❛.✐♦♥ ♦❢ ✉%❜❛♥ ❝❛♥②♦♥, ❢♦% ❛ ❯❆❱✳ ■♥ ■❊❊❊✴❘❙❏ ■♥1✳ ❈♦♥❢✳

♦♥ ■♥1❡❧❧✐❣❡♥1 ❘♦❜♦13 ❛♥❞ ❙②31❡♠3 ✭ ■❘❖❙✮✱ ♣❛❣❡, ✸✸✵✾✕✸✸✶✻✱ ▲♦, ❆♥❣❡❧❡,✱ ❯❙❆✱

❆✉❣✉,. ✷✵✵✺✳

❏✳ ❙✳ ❍✉♠❜❡%. ❛♥❞ ❆✳ ▼✳ ❍②,❧♦♣✳ ❇✐♦✐♥,♣✐%❡❞ ✈✐,✉♦♠♦.♦% ❝♦♥✈❡%❣❡♥❝❡✳ ■❊❊❊ ❚(❛♥3✳

♦♥ ❘♦❜♦1✐❝3✱ ✷✻✭✶✮ ✿✶✷✶✕✶✸✵✱ ✷✵✶✵✳

❏✳ ❙✳ ❍✉♠❜❡%.✱ ❘✳ ▼✳ ▼✉%%❛②✱ ❛♥❞ ▼✳ ❍✳ ❉✐❝❦✐♥,♦♥✳ ❆ ❝♦♥.%♦❧✲♦%✐❡♥.❡❞ ❛♥❛❧②,✐, ♦❢ ❜✐♦✲

✐♥,♣✐%❡❞ ✈✐,✉♦♠♦.♦% ❝♦♥✈❡%❣❡♥❝❡✳ ■♥ 44th ■❊❊❊ ❈♦♥❢✳ ♦♥ ❉❡❝✐3✐♦♥ ❛♥❞ ❈♦♥1(♦❧ ❛♥❞

❊✉(♦♣❡❛♥ ❈♦♥1(♦❧ ❈♦♥❢✳ ✭ ❈❉❈✲❊❈❈✮✱ ♣❛❣❡, ✷✹✺✕✷✺✵✱ ❙❡✈✐❧❧❡✱ ❙♣❛✐♥✱ ❉❡❝❡♠❜❡%

✷✵✵✺✳

❏✳ ❙✳ ❍✉♠❜❡%.✱ ❆✳ ▼✳ ❍②,❧♦♣✱ ❛♥❞ ▼✳ ❈❤✐♥♥✳ ❊①♣❡%✐♠❡♥.❛❧ ✈❛❧✐❞❛.✐♦♥ ♦❢ ✇✐❞❡✲✜❡❧❞
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✷✵✵✼✳

▼✳ ❘✳ ■❜❜♦.,♦♥✳ ❲✐❞❡✲✜❡❧❞ ♠♦.✐♦♥✲,❡♥,✐.✐✈❡ ♥❡✉%♦♥, .✉♥❡❞ .♦ ❤♦%✐③♦♥.❛❧ ♠♦✈❡♠❡♥.
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✷✵✵✶✳

▼✳ ❘✳ ■❜❜♦.,♦♥ ❛♥❞ ▲✳ ❏✳ ●♦♦❞♠❛♥✳ ❘❡,♣♦♥,❡ ❝❤❛%❛❝.❡%✐,.✐❝, ♦❢ ❢♦✉% ✇✐❞❡✲✜❡❧❞

♠♦.✐♦♥✲,❡♥,✐.✐✈❡ ❞❡,❝❡♥❞✐♥❣ ✐♥.❡%♥❡✉%♦♥❡, ✐♥ ❆♣✐3 ▼❡❧❧✐❢❡(❛✳ ❏✳ ❊①♣✳ ❇✐♦❧✳✱ ✶✹✽✭✶✮ ✿

✷✺✺✕✷✼✾✱ ✶✾✾✵✳
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❙❡♣-❡♠❜❡* ✷✵✵✼✳
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❇♦4-♦♥✱ ❯❙❆✱ ❏✉❧② ✷✵✵✹✳
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❋✳ ❑❡♥❞♦✉❧✱ ❑✳ ◆♦♥❛♠✐✱ ■✳ ❋❛♥-♦♥✐✱ ❛♥❞ ❘✳ ▲♦③❛♥♦✳ ❆♥ ❛❞❛♣-✐✈❡ ✈✐4✐♦♥✲❜❛4❡❞ ❛✉-♦♣✐❧♦-
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✷✼✭✸✮ ✿✶✻✺✕✶✽✽✱ ✷✵✵✾❜✳
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♠❡2✐❝1✳ ❇✐♦✐♥*♣✐0❛2✐♦♥ ✫ ❇✐♦♠✐♠❡2✐❝*✱ ✽ ✿✵✶✸✵✵✶✱ ✷✵✶✸✳
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✹✼✕✺✷✱ ❚♦❦②♦✱ ❏❛♣❛♥✱ ❙❡♣:❡♠❜❡+ ✶✾✾✻✳

▲✳ ▼✉+❛:❡:✱ ❙✳ ❉♦♥❝✐❡✉①✱ ❨✳ ❇+✐❡+❡✱ ❛♥❞ ❏✳ ❆✳ ▼❡②❡+✳ ❆ ❝♦♥:+✐❜✉:✐♦♥ :♦ ✈✐7✐♦♥✲❜❛7❡❞

❛✉:♦♥♦♠♦✉7 ❤❡❧✐❝♦♣:❡+ ✢✐❣❤: ✐♥ ✉+❜❛♥ ❡♥✈✐+♦♥♠❡♥:7✳ ❘♦❜♦-✐❝" ❛♥❞ ❆✉-♦♥♦♠♦✉"

❙②"-❡♠"✱ ✺✵✭✹✮ ✿✶✾✺✕✷✵✾✱ ✷✵✵✺✳

●✳ ◆❛❧❜❛❝❤✳ ❚❤❡ ❤❛❧:❡+❡7 ♦❢ :❤❡ ❜❧♦✇✢② ❈❛❧❧✐♣❤♦)❛✳ ❏✳ ♦❢ ❈♦♠♣✳ =❤②"✐♦❧✳ ❆✱ ✶✼✸✭✸✮ ✿

✷✾✸✕✸✵✵✱ ✶✾✾✸✳

●✳ ◆❛❧❜❛❝❤✳ ❊①:+❡♠❡❧② ♥♦♥✲♦+:❤♦❣♦♥❛❧ ❛①❡7 ✐♥ ❛ 7❡♥7❡ ♦+❣❛♥ ❢♦+ +♦:❛:✐♦♥ ✿ ❜❡❤❛✈✐♦✉+❛❧

❛♥❛❧②7✐7 ♦❢ :❤❡ ❞✐♣:❡+❛♥ ❤❛❧:❡+❡ 7②7:❡♠✳ ◆❡✉)♦"❝✐❡♥❝❡✱ ✻✶✭✶✮ ✿✶✹✾✕✶✻✸✱ ✶✾✾✹✳

●✳ ◆❛❧❜❛❝❤ ❛♥❞ ❘✳ ❍❡♥❣7:❡♥❜❡+❣✳ ❚❤❡ ❤❛❧:❡+❡7 ♦❢ :❤❡ ❜❧♦✇✢② ❝❛❧❧✐♣❤♦+❛✳ ❏✳ ❈♦♠♣✳

=❤②"✐♦❧✳ ❆ ✿ ◆❡✉)♦❡-❤♦❧♦❣②✱ ❙❡♥"♦)②✱ ◆❡✉)❛❧✱ ❛♥❞ ❇❡❤❛✈✐♦)❛❧ =❤②"✐♦❧✳ ✱ ✶✼✺✭✻✮ ✿✻✾✺✕

✼✵✽✱ ✶✾✾✹✳

❚✳ ◆❡::❡+ ❛♥❞ ◆✳ ❋+❛♥❝❡7❝❤✐♥✐✳ ❆ +♦❜♦:✐❝ ❛✐+❝+❛❢: :❤❛: ❢♦❧❧♦✇7 :❡++❛✐♥ ✉7✐♥❣ ❛ ♥❡✉+♦✲

♠♦+♣❤✐❝ ❡②❡✳ ■♥ ■❊❊❊✴❘❙❏ ■♥-✳ ❈♦♥❢✳ ♦♥ ■♥-❡❧❧✐❣❡♥- ❘♦❜♦-" ❛♥❞ ❙②"-❡♠" ✭■❘❖❙✮✱

♣❛❣❡7 ✶✷✾✕✶✸✹✱ ▲❛✉7❛♥♥❡✱ ❙✇✐:③❡+❧❛♥❞✱ ❙❡♣:❡♠❜❡+ ✷✵✵✷✳

❚✳ ❘✳ ◆❡✉♠❛♥♥ ❛♥❞ ❍✳ ❍✳ ❇^❧:❤♦✛✳ ■♥7❡❝: ✐♥7♣✐+❡❞ ✈✐7✉❛❧ ❝♦♥:+♦❧ ♦❢ :+❛♥7❧❛:♦+② ✢✐❣❤:✳

■♥ ❆❞✈❛♥❝❡" ✐♥ ❆)-✐✜❝✐❛❧ ▲✐❢❡✱ ♣❛❣❡7 ✻✷✼✕✻✸✻✳ ❙♣+✐♥❣❡+✱ ✷✵✵✶✳

❚✳ ❘✳ ◆❡✉♠❛♥♥ ❛♥❞ ❍✳ ❍✳ ❇^❧:❤♦✛✳ ❇❡❤❛✈✐♦+✲♦+✐❡♥:❡❞ ✈✐7✐♦♥ ❢♦+ ❜✐♦♠✐♠❡:✐❝ ✢✐❣❤:

❝♦♥:+♦❧✳ ■♥ =)♦❝✳ ♦❢ -❤❡ ❊=❙❘❈✴❇❇❙❘❈ ■♥-✳ ✇♦)❦"❤♦♣ ♦♥ ❜✐♦❧♦❣✐❝❛❧❧② ✐♥"♣✐)❡❞

)♦❜♦-✐❝"✱ ♣❛❣❡7 ✶✾✻✕✷✵✸✱ ✷✵✵✷✳

❏✳✲▼✳ 0✐❝❤♦♥✳ ●✉✐❞❛❣❡ ✈✐7✉❡❧ ❞✬✉♥ +♦❜♦: ♠♦❜✐❧❡ ❛✉:♦♥♦♠❡ ❞✬✐♥7♣✐+❛:✐♦♥ ❜✐♦♥✐a✉❡✳

❚❡❝❤♥✐❝❛❧ +❡♣♦+:✱ ✶✾✾✶✳

❏✳✲▼✳ 0✐❝❤♦♥✱ ❈✳ ❇❧❛♥❡7✱ ❛♥❞ ◆✳ ❋+❛♥❝❡7❝❤✐♥✐✳ ❱✐7✉❛❧ ❣✉✐❞❛♥❝❡ ♦❢ ❛ ♠♦❜✐❧❡ +♦❜♦:

❡a✉✐♣♣❡❞ ✇✐:❤ ❛ ♥❡:✇♦+❦ ♦❢ 7❡❧❢✲♠♦:✐♦♥ 7❡♥7♦+7✳ ■♥ =)♦❝✳ ♦❢ ❙=■❊ ✿ ▼♦❜✐❧❡ ❘♦✲

❜♦-" ■❱✱ ✈♦❧✉♠❡ ✶✶✾✺✱ ♣❛❣❡7 ✹✹✕✺✸✱ ❇❡❧❧✐♥❣❤❛♠✱ ❯❙❆✱ ✶✾✽✾✳ ❙✳ ♦❢ 0❤♦:♦✲♦♣:✐❝❛❧

■♥7:+✉♠❡♥:❛:✐♦♥ ❊♥❣✐♥❡❡+7✳

✷✶✽



❇■❇▲■❖●❘❆'❍■❊ ❇■❇▲■❖●❘❆'❍■❊

❉✳ ❏✳ #✐♥❡' ❛♥❞ ❋✳ ❇♦❤♦./✉❡③✳ ❈❤❛❧❧❡♥❣❡' ❢❛❝✐♥❣ ❢✉7✉.❡ ♠✐❝.♦✲❛✐.✲✈❡❤✐❝❧❡ ❞❡✈❡❧♦♣♠❡♥7✳

❏♦✉#♥❛❧ ♦❢ ❛✐#❝#❛❢*✱ ✹✸✭✷✮ ✿✷✾✵✕✸✵✺✱ ✷✵✵✻✳

❏✳ #❧❡77✱ ❆✳ ❇❛❤❧✱ ▼✳ ❇✉''✱ ❑✳ ❑K❤♥❧❡♥③✱ ❛♥❞ ❆✳ ❇♦.'7✳ ❇✐♦✲✐♥'♣✐.❡❞ ✈✐'✉❛❧ ❡❣♦✲

.♦7❛7✐♦♥ '❡♥'♦. ❢♦. ▼❆❱'✳ ❇✐♦❧✳ ❈②❜❡#✳✱ ✶✵✻✭✶✮ ✿✺✶✕✻✸✱ ✷✵✶✷✳

❚✳ ◆✳ #♦.♥'✐♥✲❙✐.✐.❛❦✱ ❨✳✲❈✳ ❚❛✐✱ ❈✳✲▼✳ ❍♦✱ ❛♥❞ ▼✳ ❑❡❡♥♥♦♥✳ ▼✐❝.♦❜❛7 ✿ ❆ ♣❛❧♠✲'✐③❡❞

❡❧❡❝7.✐❝❛❧❧② ♣♦✇❡.❡❞ ♦.♥✐7❤♦♣7❡.✳ ■♥ 1#♦❝✳ ♦❢ ◆❆❙❆✴❏1▲ ❲♦#❦9❤♦♣ ♦♥ ❇✐♦♠♦#♣❤✐❝

❘♦❜♦*✐❝9✱ ♣❛❣❡' ✶✹✕✶✼✱ ❆✉❣✉'7 ✷✵✵✶✳

●✳ #♦.7❡❧❧✐✱ ❏✳ ❙❡..❡'✱ ❋✳ ❘✉✣❡.✱ ❛♥❞ ◆✳ ❋.❛♥❝❡'❝❤✐♥✐✳ ❆ ✸❞ ✐♥'❡❝7✲✐♥'♣✐.❡❞ ✈✐'✉❛❧

❛✉7♦♣✐❧♦7 ❢♦. ❝♦..✐❞♦.✲❢♦❧❧♦✇✐♥❣✳ ■♥ 2nd ❇✐❡♥♥✐❛❧ ■❊❊❊ ■♥*✳ ❈♦♥❢✳ ♦♥ ❇✐♦♠❡❞✐❝❛❧

❘♦❜♦*✐❝9 ❛♥❞ ❇✐♦♠❡❝❤❛*#♦♥✐❝9 ✭❇✐♦❘♦❜✮✱ ♣❛❣❡' ✶✾✕✷✻✱ ❙❝♦77'❞❛❧❡✱ ❯❙❆✱ ❖❝7✳ ✷✵✵✽✳

●✳ #♦.7❡❧❧✐✱ ❋✳ ❘✉✣❡.✱ ❛♥❞ ◆✳ ❋.❛♥❝❡'❝❤✐♥✐✳ ❍♦♥❡②❜❡❡' ❝❤❛♥❣❡ 7❤❡✐. ❤❡✐❣❤7 7♦ .❡'✲

7♦.❡ 7❤❡✐. ♦♣7✐❝ ✢♦✇✳ ❏✳ ❈♦♠♣✳ 1❤②9✐♦❧✳ ❆ ✿ ◆❡✉#♦❡*❤♦❧♦❣②✱ ❙❡♥9♦#②✱ ◆❡✉#❛❧✱ ❛♥❞

❇❡❤❛✈✐♦#❛❧ 1❤②9✐♦❧✳✱ ✶✾✻✭✹✮ ✿✸✵✼✕✸✶✸✱ ✷✵✶✵❛✳

●✳ #♦.7❡❧❧✐✱ ❏✳ ❙❡..❡'✱ ❋✳ ❘✉✣❡.✱ ❛♥❞ ◆✳ ❋.❛♥❝❡'❝❤✐♥✐✳ ▼♦❞❡❧❧✐♥❣ ❤♦♥❡②❜❡❡ ✈✐'✉❛❧

❣✉✐❞❛♥❝❡ ✐♥ ❛ ✸❉ ❡♥✈✐.♦♥♠❡♥7✳ ❏✳ ♦❢ 1❤②9✐♦❧✳ 1❛#✐9✱ ✶✵✹✭✶✲✷✮ ✿✷✼✕✸✾✱ ✷✵✶✵❜✳

●✳ #♦.7❡❧❧✐✱ ❋✳ ▲✳ ❘♦✉❜✐❡✉✱ ❋✳ ❘✉✣❡.✱ ❛♥❞ ◆✳ ❋.❛♥❝❡'❝❤✐♥✐✳ ❍♦♥❡②❜❡❡'✬ '♣❡❡❞ ❞❡♣❡♥❞'

♦♥ ❞♦.'❛❧ ❛' ✇❡❧❧ ❛' ❧❛7❡.❛❧✱ ✈❡♥7.❛❧ ❛♥❞ ❢.♦♥7❛❧ ♦♣7✐❝ ✢♦✇'✳ 1▲♦❙ ❖◆❊✱ ✻✭✺✮ ✿❡✶✾✹✽✻✱

✷✵✶✶✳

❏✳ #✳ #.❛❛❣❤✱ ✈❛♥✱ ❲✳ ❘✐❜✐✱ ❈✳ ❲❡❤.❤❛❤♥✱ ❛♥❞ ❉✳ ❲✐77♠❛♥♥✳ ❉.♦♥❡ ❜❡❡' ✜①❛7❡ 7❤❡

/✉❡❡♥ ✇✐7❤ 7❤❡ ❞♦.'❛❧ ❢.♦♥7❛❧ ♣❛.7 ♦❢ 7❤❡✐. ❝♦♠♣♦✉♥❞ ❡②❡'✳ ❏✳ ❈♦♠♣✳ 1❤②9✐♦❧✳ ❆ ✿

◆❡✉#♦❡*❤♦❧♦❣②✱ ❙❡♥9♦#②✱ ◆❡✉#❛❧✱ ❛♥❞ ❇❡❤❛✈✐♦#❛❧ 1❤②9✐♦❧✳✱ ✶✸✻✭✸✮ ✿✷✻✸✕✷✻✻✱ ✶✾✽✵✳

▼✳ #✉❞❛'✱ ❙✳ ❱✐♦❧❧❡7✱ ❋✳ ❘✉✣❡.✱ ❆✳ ❑.✉✉'✐♥❣✱ ❙✳ ❆♠✐❝✱ ❙✳ ▲❡♣♣e✈✉♦.✐✱ ❛♥❞ ◆✳ ❋.❛♥❝❡'✲

❝❤✐♥✐✳ ❆ ♠✐♥✐❛7✉.❡ ❜✐♦✲✐♥'♣✐.❡❞ ♦♣7✐❝ ✢♦✇ '❡♥'♦. ❜❛'❡❞ ♦♥ ❧♦✇ 7❡♠♣❡.❛7✉.❡ ❝♦✲✜.❡❞

❝❡.❛♠✐❝' ✭❧7❝❝✮ 7❡❝❤♥♦❧♦❣②✳ ❙❡♥9♦#9 ❛♥❞ ❆❝*✉❛*♦#9 ❆ ✿ 1❤②9✐❝❛❧✱ ✶✸✸✭✶✮ ✿✽✽✕✾✺✱ ✷✵✵✼✳

❲✳ ❘❡✐❝❤❛.❞7✳ ❆✉7♦❦♦..❡❧❛7✐♦♥'✲❛✉'✇❡.7✉♥❣ ❛❧' ❢✉♥❦7✐♦♥'♣.✐♥③✐♣ ❞❡' ③❡♥7.❛❧♥❡.✈❡♥✲

'②'7❡♠'✳ ❩❡✐*9❝❤ ◆❛*✉#❢♦#9❝❤ ❆✱ ✶✷ ✿✼✺✻✱ ✶✾✺✼✳

❲✳ ❘❡✐❝❤❛.❞7✳ 1#♦❝❡99✐♥❣ ♦❢ ❖♣*✐❝❛❧ ❉❛*❛ ❜② ❖#❣❛♥✐9♠9 ❛♥❞ ❜② ▼❛❝❤✐♥❡9 ✱ ❝❤❛♣7❡.

▼♦✈❡♠❡♥7 ♣❡.❝❡♣7✐♦♥ ✐♥ ✐♥'❡❝7'✱ ♣❛❣❡' ✹✻✺✕✹✾✸✳ ❆❝❛❞❡♠✐❝ #.❡''✱ ◆❡✇ ❨♦.❦✱ ✶✾✻✾✳

❲✳ ❘❡✐❝❤❛.❞7✳ ❊✈❛❧✉❛7✐♦♥ ♦❢ ♦♣7✐❝❛❧ ♠♦7✐♦♥ ✐♥❢♦.♠❛7✐♦♥ ❜② ♠♦✈❡♠❡♥7 ❞❡7❡❝7♦.'✳ ❏✳

❈♦♠♣✳ 1❤②9✐♦❧✳ ❆✱ ✶✻✶✭✹✮ ✿✺✸✸✕✺✹✼✱ ✶✾✽✼✳

✷✶✾
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❆✳ ❘✐❡❤❧❡ ❛♥❞ ◆✳ ❋,❛♥❝❡.❝❤✐♥✐✳ ▼♦1✐♦♥ ❞❡1❡❝1✐♦♥ ✐♥ ✢✐❡. ✿ ♣❛,❛♠❡1,✐❝ ❝♦♥1,♦❧ ♦✈❡,

♦♥✲♦✛ ♣❛1❤✇❛②.✳ ❊①♣❡$✐♠❡♥(❛❧ ❇$❛✐♥ ❘❡-❡❛$❝❤✱ ✺✹✭✷✮ ✿✸✾✵✕✸✾✹✱ ✶✾✽✹✳

❏❘ ❘✐❧❡②✱ ❯ ●,❡❣❣❡,.✱ ❆❉ ❙♠✐1❤✱ ❉❘ ❘❡②♥♦❧❞.✱ ❛♥❞ ❘ ▼❡♥③❡❧✳ ❚❤❡ ✢✐❣❤1 ♣❛1❤. ♦❢

❤♦♥❡②❜❡❡. ,❡❝,✉✐1❡❞ ❜② 1❤❡ ✇❛❣❣❧❡ ❞❛♥❝❡✳ ◆❛(✉$❡✱ ✹✸✺✭✼✵✸✾✮ ✿✷✵✺✕✷✵✼✱ ✷✵✵✺✳

▲✳ ❘✐.1,♦♣❤✱ ❆✳ ❏✳ ❇❡,❣♦✉✱ ●✳ ❘✐.1,♦♣❤✱ ❑✳ ❈♦✉♠❡.✱ ●✳ ❏✳ ❇❡,♠❛♥✱ ❏✳ ●✉❝❦❡♥❤❡✐♠❡,✱

❩✳ ❏✳ ❲❛♥❣✱ ❛♥❞ ■✳ ❈♦❤❡♥.✳ ❉✐.❝♦✈❡,✐♥❣ 1❤❡ ✢✐❣❤1 ❛✉1♦.1❛❜✐❧✐③❡, ♦❢ ❢,✉✐1 ✢✐❡. ❜②

✐♥❞✉❝✐♥❣ ❛❡,✐❛❧ .1✉♠❜❧❡.✳ 2$♦❝✳ ♦❢ (❤❡ ◆❛(✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡-✱ ✶✵✼✭✶✶✮ ✿

✹✽✷✵✕✹✽✷✹✱ ✷✵✶✵✳

❆✳ ❋✳ ❘♦❞,✙❣✉❡③✱ ❊✳ ❆♥❞❡,.❡♥✱ ❏✳ ▼✳ ❇,❛❞❧❡②✱ ❛♥❞ ❈✳ ◆✳ ❚❛②❧♦,✳ ❲✐♥❞ ❡.1✐♠❛1✐♦♥

✉.✐♥❣ ❛♥ ♦♣1✐❝❛❧ ✢♦✇ .❡♥.♦, ♦♥ ❛ ♠✐♥✐❛1✉,❡ ❛✐, ✈❡❤✐❝❧❡✳ ■♥ ❆■❆❆ ❈♦♥❢✳ ♦♥ ❣✉✐❞❛♥❝❡✱

♥❛✈✐❣❛(✐♦♥✱ ❛♥❞ ❝♦♥($♦❧✱ ✷✵✵✼✳

❍✳ ❘♦♠❡,♦✱ ❙✳ ❙❛❧❛③❛,✱ ❆✳ ❙❛♥❝❤❡③✱ ✳̂ ❈❛.1✐❧❧♦✱ ❛♥❞ ❘✳ ▲♦③❛♥♦✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ,❡❛❧✲

1✐♠❡ ❝♦♥1,♦❧ .1❛❜✐❧✐③❛1✐♦♥ ♦❢ ❛ ♥❡✇ ✈1♦❧ ❛✐,❝,❛❢1 ✇✐1❤ ❡✐❣❤1 ,♦1♦,.✳ ■♥ ■❊❊❊✴❘❙❏

■♥(✳ ❈♦♥❢✳ ♦♥ ■♥(❡❧❧✐❣❡♥( ❘♦❜♦(- ❛♥❞ ❙②-(❡♠- ✭■❘❖❙✮✱ ♣❛❣❡. ✶✹✼✕✶✺✷✱ ❙❛♥ ❉✐❡❣♦✱

❯❙❆✱ ❖❝1♦❜❡, ✷✵✵✼✳

❋✳ ▲✳ ❘♦✉❜✐❡✉✳ ❈♦♥❝❡♣1✐♦♥ ❞✬✉♥❡ ❝❛,1❡ ♠♦1❡✉, ❝♦♥❢a,❛♥1 ✉♥ ❝♦♠♣♦,1❡♠❡♥1 ✐♥❞a♣❡♥✲

❞❛♥1 ❞❡ ❧❛ ❜❛11❡,✐❡ b ✉♥ ,♦❜♦1 ❛a,♦❣❧✐..❡✉,✳ ▼❛.1❡,✬. 1❤❡.✐.✱ ➱❝♦❧❡ ❙✉♣a,✐❡✉,❡ ❞❡

❈❤✐♠✐❡ ^❤②.✐d✉❡ ➱❧❡❝1,♦♥✐d✉❡ ❞❡ ▲②♦♥✱ ✷✵✵✾✳

❋✳ ▲✳ ❘♦✉❜✐❡✉✱ ❋✳ ❊①♣❡,1✱ ▼✳ ❇♦②,♦♥✱ ❇✳✲❏✳ ❋✉.❝❤❧♦❝❦✱ ❙✳ ❱✐♦❧❧❡1✱ ❛♥❞ ❋✳ ❘✉✣❡,✳ ❆

♥♦✈❡❧ ✶✲❣,❛♠ ✐♥.❡❝1 ❜❛.❡❞ ❞❡✈✐❝❡ ♠❡❛.✉,✐♥❣ ✈✐.✉❛❧ ♠♦1✐♦♥ ❛❧♦♥❣ ✺ ♦♣1✐❝❛❧ ❞✐,❡❝1✐♦♥.✳

■♥ ■❊❊❊ ❙❡♥-♦$- ❈♦♥❢❡$❡♥❝❡✱ ♣❛❣❡. ✻✽✼✕✻✾✵✱ ▲✐♠❡,✐❝❦✱ ■,❡❧❛♥❞✱ ❖❝1♦❜❡, ✷✵✶✶✳

❋✳ ❘✉✣❡,✳ 2■▲❖❚❊ ❆❯❚❖▼❆❚■◗❯❊ ❇■❖▼■▼❊❚■◗❯❊ ❙②-(J♠❡ ❣K♥K$✐L✉❡ ✐♥-♣✐$K

❞✉ ❝♦♥($M❧❡ ✈✐-✉♦♠♦(❡✉$ ❞❡- ✐♥-❡❝(❡- ♣♦✉$ ✿ ❧❡ ❞K❝♦❧❧❛❣❡✱ ❧❡ -✉✐✈✐ ❞❡ (❡$$❛✐♥✱ ❧❛

$K❛❝(✐♦♥ ❛✉ ✈❡♥( ❡( ❧✬❛(❡$$✐--❛❣❡ ❛✉(♦♠❛(✐L✉❡ ❞✬✉♥ ♠✐❝$♦✲❛K$♦♥❡❢ ✳ ^❤❉ 1❤❡.✐.✱ ■◆^

●,❡♥♦❜❧❡✱ ✷✵✵✹❛✳

❋✳ ❘✉✣❡,✳ 2■▲❖❚❊ ❆❯❚❖▼❆❚■◗❯❊ ❇■❖▼■▼❊❚■◗❯❊ ❙②-(J♠❡ ❣K♥K$✐L✉❡ ✐♥-♣✐$K

❞✉ ❝♦♥($M❧❡ ✈✐-✉♦♠♦(❡✉$ ❞❡- ✐♥-❡❝(❡- ♣♦✉$ ✿ ❧❡ ❞K❝♦❧❧❛❣❡✱ ❧❡ -✉✐✈✐ ❞❡ (❡$$❛✐♥✱ ❧❛

$K❛❝(✐♦♥ ❛✉ ✈❡♥( ❡( ❧✬❛(❡$$✐--❛❣❡ ❛✉(♦♠❛(✐L✉❡ ❞✬✉♥ ♠✐❝$♦✲❛K$♦♥❡❢ ✳ ^❤❉ 1❤❡.✐.✱ ^❤❉

1❤❡.✐. ✭✐♥ ❋,❡♥❝❤✮✱ ■♥.1✐1✉1 ◆❛1✐♦♥❛❧ ^♦❧②1❡❝❤♥✐d✉❡ ❞❡ ●,❡♥♦❜❧❡✱ ✷✵✵✹❜✳

❋✳ ❘✉✣❡, ❛♥❞ ❋✳ ❊①♣❡,1✳ ❱✐.✉❛❧ ♠♦1✐♦♥ .❡♥.✐♥❣ ♦♥❜♦❛,❞ ❛ ✺✵✲❣ ❤❡❧✐❝♦♣1❡, ✢②✐♥❣

❢,❡❡❧② ✉♥❞❡, ❝♦♠♣❧❡① ✈✐❝♦♥✲❧✐❣❤1✐♥❣ ❝♦♥❞✐1✐♦♥.✳ ■♥ ■❊❊❊ ■♥(✳ ❈♦♥❢✳ ♦♥ ❈♦♠♣❧❡①

▼❡❞✐❝❛❧ ❊♥❣✐♥❡❡$✐♥❣ ✭❈▼❊✮✱ ♣❛❣❡. ✻✸✹✕✻✸✾✱ ❑♦❜❡✱ ❏❛♣❛♥✱ ❏✉❧② ✷✵✶✷✳

✷✷✵
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❋✳ ❘✉✣❡& ❛♥❞ ◆✳ ❋&❛♥❝❡,❝❤✐♥✐✳ ❖❝0❛✈❡✱ ❛ ❜✐♦✐♥,♣✐&❡❞ ✈✐,✉♦✲♠♦0♦& ❝♦♥0&♦❧ ,②,0❡♠ ❢♦&

0❤❡ ❣✉✐❞❛♥❝❡ ♦❢ ♠✐❝&♦✲❛✐& ✈❡❤✐❝❧❡,✳ ■♥ ❆❜❜♦00 ❉✳ ❘♦❞&✐❣✉❡③✲❱❛③A✉❡③✱ ❆✳ ❛♥❞ ❘✳ ❈❛&✲

♠♦♥❛✱ ❡❞✐0♦&,✱ ❙!■❊ ❈♦♥❢✳ ♦♥ ❇✐♦❡♥❣✐♥❡❡-❡❞ ❛♥❞ ❇✐♦✐♥0♣✐-❡❞ ❙②03❡♠0✱ ✈♦❧✉♠❡ ✺✶✶✾✱

♣❛❣❡, ✶✕✶✷✱ ▼❛,♣❛❧♦♠❛,✱ ❙♣❛✐♥✱ ▼❛② ✷✵✵✸✳

❋✳ ❘✉✣❡& ❛♥❞ ◆✳ ❋&❛♥❝❡,❝❤✐♥✐✳ ❱✐,✉❛❧❧② ❣✉✐❞❡❞ ♠✐❝&♦✲❛❡&✐❛❧ ✈❡❤✐❝❧❡ ✿ ❛✉0♦♠❛0✐❝ 0❛❦❡

♦✛✱ 0❡&&❛✐♥ ❢♦❧❧♦✇✐♥❣✱ ❧❛♥❞✐♥❣ ❛♥❞ ✇✐♥❞ &❡❛❝0✐♦♥✳ ■♥ ❘♦❜♦3✐❝0 ❛♥❞ ❆✉3♦♠❛3✐♦♥✱ ✷✵✵✹✳

!-♦❝✳✳ ■❈❘❆✬✵✹✳ ✷✵✵✹ ■❊❊❊ ■♥3✳ ❈♦♥❢✳ ♦♥✱ ✈♦❧✉♠❡ ✸✱ ♣❛❣❡, ✷✸✸✾✕✷✸✹✻✱ ✷✵✵✹✳

❋✳ ❘✉✣❡& ❛♥❞ ◆✳ ❋&❛♥❝❡,❝❤✐♥✐✳ ❖♣0✐❝ ✢♦✇ &❡❣✉❧❛0✐♦♥ ✿ 0❤❡ ❦❡② 0♦ ❛✐&❝&❛❢0 ❛✉0♦♠❛0✐❝

❣✉✐❞❛♥❝❡✳ ❘♦❜♦3✐❝0 ❛♥❞ ❆✉3♦♥♦♠♦✉0 ❙②03❡♠0✱ ✺✵✭✹✮ ✿✶✼✼✕✶✾✹✱ ✷✵✵✺✳

❋✳ ❘✉✣❡& ❛♥❞ ◆✳ ❋&❛♥❝❡,❝❤✐♥✐✳ ❆❡&✐❛❧ &♦❜♦0 ♣✐❧♦0❡❞ ✐♥ ,0❡❡♣ &❡❧✐❡❢ ❜② ♦♣0✐❝ ✢♦✇

,❡♥,♦&,✳ ■♥ !-♦❝✳ ♦❢ 3❤❡ ■❊❊❊✴❘❙❏ ■♥3✳ ❈♦♥❢✳ ♦♥ ■♥3❡❧❧✐❣❡♥3 ❘♦❜♦30 ❛♥❞ ❙②03❡♠0

✭■❘❖❙✮✱ ♣❛❣❡, ✶✷✻✻✕✶✷✼✸✱ ◆✐❝❡✱ ❋&❛♥❝❡✱ ❙❡♣0❡♠❜❡& ✷✵✵✽✳

❋✳ ❘✉✣❡&✱ ❙✳ ❱✐♦❧❧❡0✱ ❙✳ ❆♠✐❝✱ ❛♥❞ ◆✳ ❋&❛♥❝❡,❝❤✐♥✐✳ ❇✐♦✲✐♥,♣✐&❡❞ ♦♣0✐❝❛❧ ✢♦✇ ❝✐&❝✉✐0,

❢♦& 0❤❡ ✈✐,✉❛❧ ❣✉✐❞❛♥❝❡ ♦❢ ♠✐❝&♦✲❛✐& ✈❡❤✐❝❧❡,✳ ■♥ ■❊❊❊ ■♥3✳ ❙②♠♣♦0✐✉♠ ♦♥ ❈✐-❝✉✐30

❛♥❞ ❙②03❡♠0 ✭■❙❈❆❙✮✱ ✈♦❧✉♠❡ ✸✱ ♣❛❣❡, ✽✹✻✕✽✹✾✱ ❇❛♥❣❦♦❦✱ ❚❤❛✐❧❛♥❞✱ ▼❛② ✷✵✵✸✳

●✳ ❙❛❜✐&♦♥✱ Z✳ ❈❤❛✈❡♥✱ ❚✳ ❘❛❤❛&✐❥❛♦♥✱ Z✳ ❋❛❜✐❛♥✐✱ ❛♥❞ ❋✳ ❘✉✣❡&✳ ▲♦✇✲,♣❡❡❞ ♦♣0✐❝✲

✢♦✇ ,❡♥,♦& ♦♥❜♦❛&❞ ❛♥ ✉♥♠❛♥♥❡❞ ❤❡❧✐❝♦♣0❡& ✢②✐♥❣ ♦✉0,✐❞❡ ♦✈❡& ✜❡❧❞,✳ ■♥ ■❊❊❊

■♥3✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦3✐❝0 ❛♥❞ ❆✉3♦♠❛3✐♦♥ ✭■❈❘❆✮✱ ✷✵✶✸❛✳

●✳ ❙❛❜✐&♦♥✱ Z✳ ❈❤❛✈❡♥0✱ ❚✳ ❘❛❤❛&✐❥❛♦♥❛✱ Z✳ ❋❛❜✐❛♥✐✱ ❛♥❞ ❋✳ ❘✉✣❡&✳ ▲♦✇✲,♣❡❡❞ ♦♣0✐❝✲

✢♦✇ ,❡♥,♦& ♦♥❜♦❛&❞ ❛♥ ✉♥♠❛♥♥❡❞ ❤❡❧✐❝♦♣0❡& ✢②✐♥❣ ♦✉0,✐❞❡ ♦✈❡& ✜❡❧❞,✳ ■♥ ■❊❊❊

■♥3✳ ❈♦♥❢✳ ♦❢ ❘♦❜♦3✐❝0 ❛♥❞ ❆✉3♦♠❛3✐♦♥ ✭■❈❘❆✮✱ ❑❛&❧,&✉❤❡✱ ●❡&♠❛♥②✱ ▼❛② ✷✵✶✸❜✳

❙✳ Z✳ ❙❛♥❡✱ ❆✳ ❉✐❡✉❞♦♥♥_✱ ▼✳ ❆✳ ❲✐❧❧✐,✱ ❛♥❞ ❚✳ ▲✳ ❉❛♥✐❡❧✳ ❆♥0❡♥♥❛❧ ♠❡❝❤❛♥♦,❡♥,♦&,

♠❡❞✐❛0❡ ✢✐❣❤0 ❝♦♥0&♦❧ ✐♥ ♠♦0❤,✳ ❙❝✐❡♥❝❡ ❙✐❣♥❛❧✐♥❣✱ ✸✶✺✭✶✸✮ ✿✽✻✸✱ ✷✵✵✼✳

❏✳ ❙❛♥0♦,✲❱✐❝0♦&✱ ●✳ ❙❛♥❞✐♥✐✱ ❋✳ ❈✉&♦00♦✱ ❛♥❞ ❙✳ ●❛&✐❜❛❧❞✐✳ ❉✐✈❡&❣❡♥0 ,0❡&❡♦ ✐♥ ❛✉0♦✲

♥♦♠♦✉, ♥❛✈✐❣❛0✐♦♥ ✿ ❧❡❛&♥✐♥❣ ❢&♦♠ ❜❡❡,✳ ■♥ !-♦❝✳ ♦❢ 3❤❡ ■❊❊❊ ❈♦♥❢✳ ♦♥ ❈♦♠♣✉3❡-

❱✐0✐♦♥ ❛♥❞ !❛33❡-♥ ❘❡❝♦❣♥✐3✐♦♥ ✭❈❱!❘✮✱ ♣❛❣❡, ✹✸✹✕✹✸✾✱ ◆❨✱ ❯❙❆✱ ❏✉♥❡ ✶✾✾✸✳

❏✳ ❙❛♥0♦,✲❱✐❝0♦&✱ ●✳ ❙❛♥❞✐♥✐✱ ❋✳ ❈✉&♦00♦✱ ❛♥❞ ❙✳ ●❛&✐❜❛❧❞✐✳ ❉✐✈❡&❣❡♥0 ,0❡&❡♦ ✐♥ ❛✉✲

0♦♥♦♠♦✉, ♥❛✈✐❣❛0✐♦♥ ✿ ❋&♦♠ ❜❡❡, 0♦ &♦❜♦0,✳ ■♥3✳ ❏✳ ♦❢ ❈♦♠♣✉3❡- ❱✐0✐♦♥✱ ✶✹✭✷✮ ✿

✶✺✾✕✶✼✼✱ ✶✾✾✺✳

❉✳ ❙❝❤❛❢&♦0❤✱ ❙✳ ❇♦✉❛❜❞❛❧❧❛❤✱ ❈✳ ❇❡&♠❡,✱ ❛♥❞ ❘✳ ❙✐❡❣✇❛&0✳ ❋&♦♠ 0❤❡ 0❡,0 ❜❡♥❝❤❡, 0♦

0❤❡ ✜&,0 ♣&♦0♦0②♣❡ ♦❢ 0❤❡ ♠✉✢② ♠✐❝&♦ ❤❡❧✐❝♦♣0❡&✳ ■♥ ❯♥♠❛♥♥❡❞ ❆✐-❝-❛❢3 ❙②03❡♠0✱

♣❛❣❡, ✷✹✺✕✷✻✵✳ ❙♣&✐♥❣❡&✱ ✷✵✵✾✳

✷✷✶
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❙✳ ❙❝❤❡%❡%✱ ❙✳ ❙✐♥❣❤✱ ▲✳ ❈❤❛♠❜❡%❧❛✐♥✱ ❛♥❞ ❙✳ ❙❛%✐♣❛❧❧✐✳ ❋❧②✐♥❣ ❢❛56 ❛♥❞ ❧♦✇ ❛♠♦♥❣

♦❜56❛❝❧❡5✳ ■♥ ■❊❊❊ ■♥#✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦#✐❝, ❛♥❞ ❆✉#♦♠❛#✐♦♥✱ ♣❛❣❡5 ✷✵✷✸✕✷✵✷✾✱ ✷✵✵✽✳

❍✳ ❙❡❣✉❝❤✐ ❛♥❞ ❖✳ ❖❤65✉❦❛✳ ◆♦♥❧✐♥❡❛% %❡❝❡❞✐♥❣ ❤♦%✐③♦♥ ❝♦♥6%♦❧ ♦❢ ❛♥ ✉♥❞❡%❛❝6✉❛6❡❞

❤♦✈❡%❝%❛❢6✳ ■♥#✳ ❏✳ ♦❢ ❘♦❜✉,# ❛♥❞ ◆♦♥❧✐♥❡❛6 ❈♦♥#6♦❧✱ ✶✸✭✸✲✹✮✭✸✲✹✮ ✿✸✽✶✕✸✾✽✱ ✷✵✵✸✳

❘✳ ❙❡✐❞❧ ❛♥❞ ❲✳ ❑❛✐5❡%✳ ❱✐5✉❛❧ ✜❡❧❞ 5✐③❡✱ ❜✐♥♦❝✉❧❛% ❞♦♠❛✐♥ ❛♥❞ 6❤❡ ♦♠♠❛6✐❞✐❛❧ ❛%%❛②

♦❢ 6❤❡ ❝♦♠♣♦✉♥❞ ❡②❡5 ✐♥ ✇♦%❦❡% ❤♦♥❡② ❜❡❡5✳ ❏✳ ❈♦♠♣✳ 8❤②,✐♦❧✳ ❆ ✿ ◆❡✉6♦❡#❤♦❧♦❣②✱

❙❡♥,♦6②✱ ◆❡✉6❛❧✱ ❛♥❞ ❇❡❤❛✈✐♦6❛❧ 8❤②,✐♦❧✳✱ ✶✹✸✭✶✮ ✿✶✼✕✷✻✱ ✶✾✽✶✳

❘✳ ❆✳ ❙❡✐❞❧✳ ❉✐❡ ❙❡❤❢❡❧❞❡6 ✉♥❞ ❖♠♠❛#✐❞✐❡♥ ❉✐✈❡6❣❡♥③✇✐♥❦❡❧ ✈♦♥ ❆6❜❡✐#❡6✐♥✱ ❑G♥✐❣✐♥

✉♥❞ ❉6♦❤♥ ❞❡6 ❍♦♥✐❣❜✐❡♥❡ ✭❆♣✐, ♠❡❧❧✐✜❝❛✮✳ U❤❉ 6❤❡5✐5✱ ✶✾✽✷✳

❚✳ ❙❡%%❛♥♦✲●♦6❛%%❡❞♦♥❛ ❛♥❞ ❇✳ ▲✐♥❛%❡5✲❇❛%%❛♥❝♦✳ ❆ ♥❡✇ ✺✲♣❛%❛♠❡6❡% ♠♦5 6%❛♥5✐56♦%5

♠✐5♠❛6❝❤ ♠♦❞❡❧✳ ■♥ 86♦❝✳ ♦❢ #❤❡ 6th ■❊❊❊ ■♥#✳ ❈♦♥❢✳ ♦♥ ❊❧❡❝#6♦♥✐❝,✱ ❈✐6❝✉✐#, ❛♥❞

❙②,#❡♠, ✭■❈❊❈❙✮✳✱ ✈♦❧✉♠❡ ✶✱ ♣❛❣❡5 ✸✶✺✕✸✶✽✱ ✶✾✾✾✳

❏✳ ❙❡%%❡5✳ ❉❊ ▲✬❆❇❊■▲▲❊ ❆❯ ❘❖❇❖❚ ✿ ✓ ▲❆ ❘➱●❯▲❆❚■❖◆ ❉❯ ❋▲❯❳ ❖8✲

❚■◗❯❊ ✔ ❈♦♥#6X❧❡ ❝♦♥❥♦✐♥# ❞❡ ✈✐#❡,,❡ ❡# ❞✬Z✈✐#❡♠❡♥# ❞✬♦❜,#❛❝❧❡, ❧❛#Z6❛✉① ♣♦✉6 ✈Z✲

❤✐❝✉❧❡, #♦#❛❧❡♠❡♥# ❛❝#✐♦♥♥Z,✳ U❤❉ 6❤❡5✐5✱ ❯♥✐✈❡%5✐6] ▼❖◆❚U❊▲▲■❊❘ ■■✱ ✷✵✵✽✳

❏✳ ❙❡%%❡5✱ ❉✳ ❉%❛②✱ ❋✳ ❘✉✣❡%✱ ❛♥❞ ◆✳ ❋%❛♥❝❡5❝❤✐♥✐✳ ❆ ✈✐5✐♦♥✲❜❛5❡❞ ❛✉6♦♣✐❧♦6 ❢♦% ❛ ♠✐✲

♥✐❛6✉%❡ ❛✐% ✈❡❤✐❝❧❡ ✿ ❥♦✐♥6 5♣❡❡❞ ❝♦♥6%♦❧ ❛♥❞ ❧❛6❡%❛❧ ♦❜56❛❝❧❡ ❛✈♦✐❞❛♥❝❡✳ ❆✉#♦♥♦♠♦✉,

❘♦❜♦#✱ ✷✺✭✶✮ ✿✶✵✸✕✶✷✷✱ ✷✵✵✽❛✳

❏✳ ❙❡%%❡5✱ ●✳ ▼❛55♦♥✱ ❋✳ ❘✉✣❡%✱ ❛♥❞ ◆✳❋%❛♥❝❡5❝❤✐♥✐✳ ❆ ❜❡❡ ✐♥ 6❤❡ ❝♦%%✐❞♦% ✿ ❝❡♥6❡%✐♥❣

❛♥❞ ✇❛❧❧✲❢♦❧❧♦✇✐♥❣✳ ◆❛#✉6✇✐,,❡♥,❝❤❛❢#❡♥✱ ✾✺✭✶✷✮ ✿✶✶✽✶✕✶✶✽✼✱ ✷✵✵✽❜✳

❙✳ ❙❤❡♥✱ ◆✳ ▼✐❝❤❛❡❧✱ ❛♥❞ ❱✳ ❑✉♠❛%✳ ❆✉6♦♥♦♠♦✉5 ✐♥❞♦♦% ✸❞ ❡①♣❧♦%❛6✐♦♥ ✇✐6❤ ❛ ♠✐❝%♦✲

❛❡%✐❛❧ ✈❡❤✐❝❧❡✳ ■♥ ■❊❊❊ ■♥#✳ ❈♦♥❢✳ ♦♥ ❘♦❜♦#✐❝, ❛♥❞ ❆✉#♦♠❛#✐♦♥ ✭■❈❘❆✮✱ ♣❛❣❡5 ✾✕✶✺✱

❙6 U❛✉❧✱ ❯❙❆✱ ▼❛② ✷✵✶✷✳

❨✳ ▼✳ ❙♦♥❣✱ ❨✳ ❳✐❡✱ ❱✳ ▼❛❧②❛%❝❤✉❦✱ ❏✳ ❳✐❛♦✱ ■✳ ❏✉♥❣✱ ❑✳✲❏✳ ❈❤♦✐✱ ❩✳ ▲✐✉✱ ❍✳ U❛%❦✱

❈✳ ▲✉✱ ❛♥❞ ❘✳✲❍✳❑✐♠✳ ❉✐❣✐6❛❧ ❝❛♠❡%❛5 ✇✐6❤ ❞❡5✐❣♥5 ✐♥5♣✐%❡❞ ❜② 6❤❡ ❛%6❤%♦♣♦❞ ❡②❡✳

◆❛#✉6❡✱ ✹✾✼✭✼✹✹✼✮ ✿✾✺✕✾✾✱ ✷✵✶✸✳

❑✳ ❙♦✉❤✐❧❛ ❛♥❞ ❆✳ ❑❛%✐♠✳ ❖♣6✐❝❛❧ ✢♦✇ ❜❛5❡❞ %♦❜♦6 ♦❜56❛❝❧❡ ❛✈♦✐❞❛♥❝❡✳ ■♥#✳ ❏✳ ♦❢

❆❞✈❛♥❝❡❞ ❘♦❜♦#✐❝ ❙②,#❡♠,✱ ✹✭✶✮ ✿✶✸✕✶✻✱ ✷✵✵✼✳

U✳ ❙✳ ❙%❡❡6❤❛%❛♥✱ ❏✳ U✳ ❲❤✐6♥❡②✱ ▼✳ ❉✳ ❙6%❛✉55✱ ❛♥❞ ❘✳ ❏✳ ❲♦♦❞✳ ▼♦♥♦❧✐6❤✐❝ ❢❛❜%✐❝❛6✐♦♥

♦❢ ♠✐❧❧✐♠❡6❡%✲5❝❛❧❡ ♠❛❝❤✐♥❡5✳ ❏♦✉6♥❛❧ ♦❢ ▼✐❝6♦♠❡❝❤❛♥✐❝, ❛♥❞ ▼✐❝6♦❡♥❣✐♥❡❡6✐♥❣✱

✷✷✭✺✮ ✿✵✺✺✵✷✼✱ ✷✵✶✷✳
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▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✳ ✈✐)✉❛❧❧② ❡✈♦❦❡❞ $♦❧❧ $❡)♣♦♥)❡ ✐♥ 2❤❡ ❤♦✉)❡✢②✳ ❏✳ ❈♦♠♣✳ &❤②)✐♦❧✳✱

✶✶✾ ✿✶✕✶✹✱ ✶✾✼✼✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✳ ❆♥ ✐♠❛❣❡✲✐♥2❡$♣♦❧❛2✐♦♥ 2❡❝❤♥✐A✉❡ ❢♦$ 2❤❡ ❝♦♠♣✉2❛2✐♦♥ ♦❢ ♦♣2✐❝ ✢♦✇

❛♥❞ ❡❣♦♠♦2✐♦♥✳ ❇✐♦❧✳ ❈②❜❡/✳✱ ✼✶✭✺✮ ✿✹✵✶✕✹✶✺✱ ✶✾✾✹✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✳ ❍♦♥❡② ❜❡❡) ❛) ❛ ♠♦❞❡❧ ❢♦$ ✈✐)✐♦♥✱ ♣❡$❝❡♣2✐♦♥✱ ❛♥❞ ❝♦❣♥✐2✐♦♥✳ ❆♥♥✉❛❧

❘❡✈✐❡✇ ♦❢ ❊♥9♦♠♦❧♦❣②✱ ✺✺ ✿✷✻✼✕✷✽✹✱ ✷✵✵✾✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✳ ❍♦♥❡②❜❡❡) ❛) ❛ ♠♦❞❡❧ ❢♦$ 2❤❡ )2✉❞② ♦❢ ✈✐)✉❛❧❧② ❣✉✐❞❡❞ ✢✐❣❤2✱

♥❛✈✐❣❛2✐♦♥✱ ❛♥❞ ❜✐♦❧♦❣✐❝❛❧❧② ✐♥)♣✐$❡❞ $♦❜♦2✐❝)✳ &❤②)✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇)✱ ✾✶✭✷✮ ✿✹✶✸✕

✹✻✵✱ ✷✵✶✶❛✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✳ ❱✐)✉❛❧ ❝♦♥2$♦❧ ♦❢ ♥❛✈✐❣❛2✐♦♥ ✐♥ ✐♥)❡❝2) ❛♥❞ ✐2) $❡❧❡✈❛♥❝❡ ❢♦$ $♦❜♦2✐❝)✳

❈✉//❡♥9 ❖♣✐♥✐♦♥ ✐♥ ◆❡✉/♦❜✐♦❧♦❣②✱ ✷✶✭✹✮ ✿✺✸✺✕✺✹✸✱ ✷✵✶✶❜✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥ ❛♥❞ ▼✳ ▲❡❤$❡$✳ ❚❡♠♣♦$❛❧ ❛❝✉✐2② ♦❢ ❤♦♥❡②❜❡❡ ✈✐)✐♦♥ ✿ ❜❡❤❛✈✐♦✉$❛❧

)2✉❞✐❡) ✉)✐♥❣ ♠♦✈✐♥❣ )2✐♠✉❧✐✳ ❏✳ ❈♦♠♣✳ &❤②)✐♦❧✳ ❆✱ ✶✺✺✭✸✮ ✿✷✾✼✕✸✶✷✱ ✶✾✽✹✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥ ❛♥❞ ▼✳ ▲❡❤$❡$✳ ❙♣❛2✐❛❧ ❛❝✉✐2② ♦❢ ❤♦♥❡②❜❡❡ ✈✐)✐♦♥ ❛♥❞ ✐2) )♣❡❝2$❛❧

♣$♦♣❡$2✐❡)✳ ❏✳ ❈♦♠♣✳ &❤②)✐♦❧✳ ❆✱ ✶✻✷✭✷✮ ✿✶✺✾✕✶✼✷✱ ✶✾✽✽✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✱ ▼✳ ▲❡❤$❡$✱ ❲✳ ❍✳ ❑✐$❝❤♥❡$✱ ❛♥❞ ❙✳ ❲✳ ❩❤❛♥❣✳ ❘❛♥❣❡ ♣❡$❝❡♣2✐♦♥

2❤$♦✉❣❤ ❛♣♣❛$❡♥2 ✐♠❛❣❡ )♣❡❡❞ ✐♥ ❢$❡❡❧② ✢②✐♥❣ ❤♦♥❡②❜❡❡)✳ ❱✐)✉❛❧ ♥❡✉/♦)❝✐❡♥❝❡✱

✻✭✺✮ ✿✺✶✾✕✺✸✺✱ ✶✾✾✶✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✱ ❙✳ ❲✳ ❩❤❛♥❣✱ ❛♥❞ ❑✳ ❈❤❛♥❞$❛)❤❡❦❛$❛✳ ❊✈✐❞❡♥❝❡ ❢♦$ 2✇♦ ❞✐)2✐♥❝2

♠♦✈❡♠❡♥2✲❞❡2❡❝2✐♥❣ ♠❡❝❤❛♥✐)♠) ✐♥ ✐♥)❡❝2 ✈✐)✐♦♥✳ ◆❛9✉/✇✐))❡♥)❝❤❛❢9❡♥✱ ✽✵✭✶✮ ✿✸✽✕

✹✶✱ ✶✾✾✸✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✱ ❙✳ ❩❤❛♥❣✱ ▼✳ ▲❡❤$❡$✱ ❛♥❞ ❚✳ ❈♦❧❧❡22✳ ❍♦♥❡②❜❡❡ ♥❛✈✐❣❛2✐♦♥ ❡♥ $♦✉2❡

2♦ 2❤❡ ❣♦❛❧ ✿ ✈✐)✉❛❧ ✢✐❣❤2 ❝♦♥2$♦❧ ❛♥❞ ♦❞♦♠❡2$②✳ ❏✳ ❊①♣✳ ❇✐♦❧✳✱ ✶✾✾✭✶✮ ✿✷✸✼✕✷✹✹✱

✶✾✾✻✳

▼✳ ❱✳ ❙$✐♥✐✈❛)❛♥✱ ❙✳ ❲✳ ❩❤❛♥❣✱ ❏✳ ❙✳ ❈❤❛❤❧✱ ❊✳ ❇❛$2❤✱ ❛♥❞ ❙✳ ❱❡♥❦❛2❡)❤✳ ❍♦✇

❤♦♥❡②❜❡❡) ♠❛❦❡ ❣$❛③✐♥❣ ❧❛♥❞✐♥❣) ♦♥ ✢❛2 )✉$❢❛❝❡)✳ ❇✐♦❧✳ ❈②❜❡/✳✱ ✽✸✭✸✮ ✿✶✼✶✕✶✽✸✱

✷✵✵✵✳

▼❱ ❙$✐♥✐✈❛)❛♥✱ ❏❙ ❈❤❛❤❧✱ ❑ ❲❡❜❡$✱ ❙ ❱❡♥❦❛2❡)❤✱ ▼● ◆❛❣❧❡✱ ❛♥❞ ❙❲ ❩❤❛♥❣✳ ❘♦✲

❜♦2 ♥❛✈✐❣❛2✐♦♥ ✐♥)♣✐$❡❞ ❜② ♣$✐♥❝✐♣❧❡) ♦❢ ✐♥)❡❝2 ✈✐)✐♦♥✳ ❘♦❜♦9✐❝) ❛♥❞ ❆✉9♦♥♦♠♦✉)

❙②)9❡♠)✱ ✷✻✭✷✮ ✿✷✵✸✕✷✶✻✱ ✶✾✾✾✳

✷✷✸
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◆✳ ❏✳ ❙$%❛✉(❢❡❧❞✳ ❆!❧❛$ ♦❢ ❛♥ ✐♥$❡❝! ❜,❛✐♥✳ ❙♣%✐♥❣❡%✲❱❡%❧❛❣ ❇❡%❧✐♥✱ ❍❡✐❞❡❧❜❡%❣✱ ◆❡✇

❨♦%❦✱ ✶✾✼✻✳

❆✳ ❉✳ ❙$%❛✇✱ ❙✳ ▲❡❡✱ ✱ ❛♥❞ ▼✳ ❍✳ ❉✐❝❦✐♥(♦♥✳ ❱✐(✉❛❧ ❝♦♥$%♦❧ ♦❢ ❛❧$✐$✉❞❡ ✐♥ ✢②✐♥❣

❉,♦$♦♣❤✐❧❛✳ ❈✉,,✳ ❇✐♦❧✳✱ ✷✵✭✶✼✮ ✿✶✺✺✵✕✶✺✺✻✱ ✷✵✶✵✳

▲✳ ❋✳ ❚❛♠♠❡%♦ ❛♥❞ ▼✳ ❍✳ ❉✐❝❦✐♥(♦♥✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈✐(✉❛❧ ❧❛♥❞(❝❛♣❡ ♦♥ $❤❡ ❢%❡❡

✢✐❣❤$ ❜❡❤❛✈✐♦% ♦❢ $❤❡ ❢%✉✐$ ✢② ❞%♦(♦♣❤✐❧❛ ♠❡❧❛♥♦❣❛($❡%✳ ❏✳ ❊①♣✳ ❇✐♦❧✳✱ ✷✵✺✭✸✮ ✿

✸✷✼✕✸✹✸✱ ✷✵✵✷✳

●✳ ❑✳ ❚❛②❧♦% ❛♥❞ ❍✳ ●✳ ❑%❛♣♣✳ ❙❡♥(♦%② (②($❡♠( ❛♥❞ ✢✐❣❤$ ($❛❜✐❧✐$② ✿ ❲❤❛$ ❞♦ ✐♥(❡❝$(

♠❡❛(✉%❡ ❛♥❞ ✇❤② ❄ ❆❞✈❛♥❝❡$ ✐♥ ✐♥$❡❝! 9❤②$✐♦❧✳✱ ✸✹ ✿✷✸✶✕✸✶✻✱ ✷✵✵✼✳

❙✳ ❯❧❧♠❛♥✳ ❆♥❛❧②(✐( ♦❢ ✈✐(✉❛❧ ♠♦$✐♦♥ ❜② ❜✐♦❧♦❣✐❝❛❧ ❛♥❞ ❝♦♠♣✉$❡% (②($❡♠(✳ ■❊❊❊

❈♦♠♣✉!❡,✱ ✶✹✭✽✮ ✿✺✼✕✻✾✱ ✶✾✽✶✳

❑✳ Z✳ ❱❛❧❛♥✐(✳ ❆❞✈❛♥❝❡$ ✐♥ ✉♥♠❛♥♥❡❞ ❛❡,✐❛❧ ✈❡❤✐❝❧❡$ ✿ $!❛!❡ ♦❢ !❤❡ ❛,! ❛♥❞ !❤❡ ,♦❛❞

!♦ ❛✉!♦♥♦♠②✱ ✈♦❧✉♠❡ ✸✸✳ ❇❡%❧✐♥ ✿ ❙♣%✐♥❣❡%✱ ✷✵✵✼✳

❙✳ ❱✐♦❧❧❡$ ❛♥❞ ◆✳ ❋%❛♥❝❡(❝❤✐♥✐✳ ❇✐♦❧♦❣✐❝❛❧❧②✲✐♥(♣✐%❡❞ ✈✐(✉❛❧ (❝❛♥♥✐♥❣ (❡♥(♦% ❢♦% ($❛❜✐✲

❧✐③❛$✐♦♥ ❛♥❞ $%❛❝❦✐♥❣✳ ■♥  ,♦❝❡❡❞✐♥❣$ ♦❢ !❤❡ ■❊❊❊✴❘❙❏ ■♥!❡,♥❛!✐♦♥❛❧ ❈♦♥❢❡,❡♥❝❡

♦♥ ■♥!❡❧❧✐❣❡♥! ❘♦❜♦!$ ❛♥❞ ❙②$!❡♠$ ✭ ■❘❖❙✮✱ ✈♦❧✉♠❡ ✶✱ ♣❛❣❡( ✷✵✹✕✷✵✾✱ ❑②♦♥❣❥✉✱

❙♦✉$❤ ❑♦%❡❛✱ ✶✾✾✾✳

❙✳ ❱✐♦❧❧❡$ ❛♥❞ ❋✳ ❘✉✣❡%✳ ❱✐(✉❛❧ ❣✉✐❞❛♥❝❡ (②($❡♠( ❢♦% (♠❛❧❧ ❯♥♠❛♥♥❡❞ ❆❡%✐❛❧

❱❡❤✐❝❧❡(✳ ❆✉!♦♥♦♠♦✉$ ❘♦❜♦!✱ ✷✼ ✿✶✹✺✕✶✹✻✱ ✷✵✵✾✳

❙✳ ❱✐♦❧❧❡$ ❛♥❞ ❏✳ ❩❡✐❧✳ ❋❡❡❞✲❢♦%✇❛%❞ ❛♥❞ ✈✐(✉❛❧ ❢❡❡❞❜❛❝❦ ❝♦♥$%♦❧ ♦❢ ❤❡❛❞ %♦❧❧ ♦%✐❡♥$❛$✐♦♥

✐♥ ✇❛(♣( ✭♣♦❧✐($❡( ❤✉♠✐❧✐(✱ ✈❡(♣✐❞❛❡✱ ❤②♠❡♥♦♣$❡%❛✮✳ ❚❤❡ ❏✳ ♦❢ ❊①♣✳ ❜✐♦❧✳✱ ✷✶✻✭✼✮ ✿

✶✷✽✵✕✶✷✾✶✱ ✷✵✶✸✳

❙✳ ❱✐♦❧❧❡$✱ ▲✳ ❑❡%❤✉❡❧✱ ❛♥❞ ◆✳ ❋%❛♥❝❡(❝❤✐♥✐✳ ❆ ✶✲❣%❛♠ ❞✉❛❧ (❡♥(♦%❧❡(( (♣❡❡❞ ❣♦✲

✈❡%♥♦% ❢♦% ♠✐❝%♦✲❛✐% ✈❡❤✐❝❧❡(✳ ■♥ 16th ▼❡❞✐!❡,,❛♥❡❛♥ ❈♦♥❢❡,❡♥❝❡ ♦♥ ❈♦♥!,♦❧ ❛♥❞

❆✉!♦♠❛!✐♦♥ ✭▼❊❉✮✱ ♣❛❣❡( ✶✷✼✵✕✶✷✼✺✱ ❆❥❛❝❝✐♦✱ ❋%❛♥❝❡✱ ❏✉♥❡ ✷✵✵✽✳

❙✳ ❱✐♦❧❧❡$✱ ❋✳ ❘✉✣❡%✱ ❚✳ ❘❛②✱ ▼✳ ▼❡♥♦✉♥✐✱ ❋✳ ❆✉❜a♣❛%$✱ ▲✳ ❑❡%❤✉❡❧✱ ❛♥❞ ◆✳ ❋%❛♥❝❡(✲

❝❤✐♥✐✳ ❈❤❛%❛❝$❡%✐($✐❝( ♦❢ $❤%❡❡ ♠✐♥✐❛$✉%❡ ❜✐♦✲✐♥(♣✐%❡❞ ♦♣$✐❝ ✢♦✇ (❡♥(♦%( ✐♥ ♥❛$✉%❛❧

❡♥✈✐%♦♥♠❡♥$(✳ ■♥ ❋♦✉,!❤ ■♥!✳ ❈♦♥❢✳ ♦♥ ❙❡♥$♦, ❚❡❝❤♥♦❧♦❣✐❡$ ❛♥❞ ❆♣♣❧✐❝❛!✐♦♥$ ✭❙❊◆✲

❙❖❘❈❖▼▼✮✱ ♣❛❣❡( ✺✶✕✺✺✱ ❱❡♥✐❝❡✱ ■$❛❧②✱ ❏✉❧② ✷✵✶✵✳

❑✳ ✈♦♥ ❋%✐(❝❤✳ ●❡❧c($❡ ✉♥❞ ✉♥❣❡❧c($❡ %d$(❡❧ ❞❡% ❜✐❡♥❡♥(♣%❛❝❤❡✳ ◆❛!✉,✇✐$$❡♥$❝❤❛❢!❡♥✱

✸✺✭✶✮ ✿✶✷✕✷✸✱ ✶✾✹✽✳

✷✷✹
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❍✳ ❲❛❣♥❡'✳ ❋❧♦✇✲✜❡❧❞ ✈❛'✐❛❜❧❡2 3'✐❣❣❡' ❧❛♥❞✐♥❣ ✐♥ ✢✐❡2✳ ◆❛"✉$❡✱ ✷✾✼✭✺✽✻✷✮ ✿✶✹✼✕✶✹✽✱

✶✾✽✷✳

❚✳ ❍✳ ❲❛3❡'♠❛♥✳ D♦❧❛'✐③❛3✐♦♥ 2❡♥2✐3✐✈✐3②✳ ❍❛♥❞❜♦♦❦ ♦❢ -❡♥-♦$② /❤②-✐♦❧✳✱ ❱■■✭✻❇✮ ✿

✷✽✶✕✹✻✾✱ ✶✾✽✶✳
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