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❏❡❛♥✲❇❛♣t✐st❡ ❑❡❧❧❡r
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✹✳✹ ❉②♥❛♠✐❝s ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✿ st✉❞② ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❛♥❞ st❛❜✐❧✐t② ✳ ✳ ✳ ✷✷
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✻ Pr♦t♦t②♣❡ ♦❢ t❤❡ ❆P ✷✽

✼ ❈♦♥❝❧✉s✐♦♥ ✸✵

❆ ▲✐♥❦ ❢♦r t❤❡ r✐❣❤t✲s✐❞❡❞ ❣❧✐❞❡rs ✸✶

❘❡❢❡r❡♥❝❡s ✸✸
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✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✉r❡ ✶✿ ❖❜❥❡❝ts ❃✶✵❝♠ ✐♥ ♦r❜✐t✿ s✐t✲
✉❛t✐♦♥ ✐♥ ✷✵✶✵✳

❉✉❡ t♦ ♠❛♥❦✐♥❞ ❡①♣❧♦✐t❛t✐♦♥ ♦❢ s♣❛❝❡✱ ♠❛♥② t❤♦✉✲
s❛♥❞s ♦❢ ♠❛♥✲♠❛❞❡ ♦❜❥❡❝ts ❛r❡ ♥♦✇ ✐♥ s♣❛❝❡✳ ❆s
✇❡ ❦♥♦✇✱ s♣❛❝❡ ✐s ❜✐❣ ❛♥❞ ♣r❡tt② ♠✉❝❤ ❡♠♣t②✳
❍♦✇❡✈❡r✱ ❞✉❡ t♦ ♠❛♥❦✐♥❞ ♥❡❡❞s✱ t❤❡ s✐t✉❛t✐♦♥ ✐s
✈❡r② ❞✐✛❡r❡♥t ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ ❊❛rt❤✳ ❚❤❡ s✐t✉❛✲
t✐♦♥ ❞❡❣r❛❞❡s r❛♣✐❞❧② ✐♥ ●❡♦st❛t✐♦♥❛r② ❊❛rt❤ ❖r✲
❜✐t ✭●❊❖✮ ❛♥❞ ✇♦rs❡♥ ❛s ✇❡ ❣♦ t♦✇❛r❞ ▲♦✇ ❊❛rt❤
❖r❜✐t ✭▲❊❖✮✿ t❤❡r❡ ✐s st✐❧❧ ❛ ❧♦t ♦❢ s♣❛❝❡✱ ❜✉t ❢♦r
❛ ✜rst ♣❛rt t❤❡ ✉s❡❢✉❧ ♦r❜✐ts ❛r❡ ❦✐♥❞ ♦❢ t❤❡ s❛♠❡✱
❛♥❞ t❤❡r❡ ✐s ❛ ❧♦t ♦❢ ♦❜❥❡❝ts ❞✉❡ t♦ t❤❡ ❝♦♠♠❡r❝✐❛❧
✉s❡ ♦❢ t❤♦s❡ ♦r❜✐ts ✭s❡❡ ✜❣✉r❡ ✶✮✳

❆s ♦❢ ♥♦✇✱ t❤❡ s✐t✉❛t✐♦♥ ✐s ♥♦t ❣♦♦❞✿ s❛t❡❧✲
❧✐t❡s ❤❛✈❡ t♦ ❜❡❡♥ ❛r♠♦r❡❞ t♦ ✇✐t❤st❛♥❞ s♠❛❧❧ ✐♠✲
♣❛❝ts ❢r♦♠ ✇❛♥❞❡r✐♥❣ ❢❛st❡♥✐♥❣s✱ ❛♥❞ ❤❛✈❡ t♦ ❜❡
❧❛✉♥❝❤❡❞ ✇✐t❤ ❧❛r❣❡ ♣r♦♣❡❧❧❛♥ts t❛♥❦s t❤❛t ✇✐❧❧ ❜❡
✉s❡❞ t♦ ❛✈♦✐❞ ❝♦❧❧✐s✐♦♥s ✇✐t❤ ❞❡❜r✐s ❜✐❣❣❡r t❤❛♥
10 cm✳ ❲❡ ❝❛♥ q✉♦t❡ t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ ■♥t❡r✲
♥❛t✐♦♥❛❧ ❙♣❛❝❡ ❙t❛t✐♦♥ ✭■❙❙✮✱ ✇❤✐❝❤ ♦r❜✐t ✐s r❡❛❧❧② ❧♦✇ ✐♥ ♦r❞❡r t♦ ❣❡t ✐t ❝❧❡❛r ♦❢ ❞❡❜r✐s✳ ❚❤❡
❡♥❡r❣❡t✐❝ ❝♦st ✐s ❤✐❣❤✱ ❛♥❞ ✐ts ♦r❜✐t r❡❣✉❧❛r❧② ♥❡❡❞s t♦ ❜❡ r❛✐s❡❞✳ ❊✈❡♥ ✇✐t❤ t❤✐s ♣r❡❝❛✉t✐♦♥✱
t❤❡ ■❙❙ ❞♦❡s ❝♦❧❧✐s✐♦♥ ❛✈♦✐❞❛♥❝❡ ♠❛♥♦❡✉✈r❡s ❛❧❧ ②❡❛r ❧♦♥❣✳ ❙♦♠❡ ❞❡❜r✐s ❛r❡ ♥♦t✐❝❡❞ t♦♦ ❧❛t❡
t♦ ♣❡r❢♦r♠ ♠❛♥♦❡✉✈r❡s✱ ❛♥❞ t❤❡ ♣❡♦♣❧❡ ✐♥❤❛❜✐t✐♥❣ t❤❡ st❛t✐♦♥ ❤❛✈❡ t♦ ❣❡t ✐♥t♦ t❤❡ t✇♦ ❙♦②✉③
s❤✐♣s ❛❧✇❛②s ❞♦❝❦❡❞ t♦ t❤❡ st❛t✐♦♥ ✐♥ ❝❛s❡ ♦❢ ❡♠❡r❣❡♥❝② ❡✈❛❝✉❛t✐♦♥✳ ❙✉❝❤ ❛ s❝❡♥❛r✐♦ ❤❛♣♣❡♥❡❞
♦♥ ❏✉♥❡✱ ✷✽t❤ ✷✵✶✶✳ ❚❤❡ ❞❡❜r✐s ✇❛s ❛t 250m ❢r♦♠ t❤❡ st❛t✐♦♥✳

❍♦✇❡✈❡r ❝♦♥tr❛r② t♦ t❤❡ ■❙❙✱ t❤❡ s❛t❡❧❧✐t❡s ❛r❡ ♥♦t ❡q✉✐♣♣❡❞ t♦ ❜❡ s❡r✈✐❝❡❞ ❛♥❞ ✇❤❡♥ t❤❡✐r
t❛♥❦s ❛r❡ ❡♠♣t②✱ t❤❡② ❛r❡ ❜♦✉♥❞ t♦ ❝♦❧❧✐❞❡ ✇✐t❤ s♦♠❡ ♦t❤❡r ✐♥❡rt ♦❜❥❡❝t ✐♥ ♦r❜✐t ❛♥❞ ♣♦t❡♥t✐❛❧❧②
❝r❡❛t❡ ♥❡✇ ✐♥❡rt ♦❜❥❡❝ts ✭❑❡ss❧❡r ❙②♥❞r♦♠❡✮ ✭s❡❡ ✜❣✉r❡ ✷✮✳

❋✐❣✉r❡ ✷✿ ❈♦❧❧✐s✐♦♥ ❡✈❡♥t ♦❢ ■r✐❞✐✉♠ ❛♥❞ ❈♦s♠♦s s❛t❡❧❧✐t❡s✱ s✐t✉❛t✐♦♥ ✐♥ ✷✵✵✾✳ ❚❤❡ r❡❞ ❧✐♥❡s ❛r❡
tr❛❝❦❡❞ ❢r❛❣♠❡♥ts ♦❢ ❈♦s♠♦s✱ t❤❡ ②❡❧❧♦✇ ♦♥❡s tr❛❝❦❡❞ ❢r❛❣♠❡♥ts ♦❢ ■r✐❞✐✉♠✳

❚❤❡ ♣r❡s❡♥t s✐t✉❛t✐♦♥ ✐s ❛❧r❡❛❞② ❛ ♣❧❛♥♥❡❞ ❞♦♦♠ ♦❢ s♣❛❝❡ ✉t✐❧✐③❛t✐♦♥✿ ❡✈❡♥t ✇✐t❤♦✉t ❛♥②

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

♠♦r❡ ❧❛✉♥❝❤❡s✱ t❤❡ ❛❧r❡❛❞② ♣r❡s❡♥t ❞❡❜r✐s ✇✐❧❧ ❝♦❧❧✐❞❡ ❛♥❞ t❤❡ q✉❛♥t✐t② ♦❢ ❞❡❜r✐s ✇✐❧❧ ♦✈❡r❝♦♠❡
t❤❡ q✉❛♥t✐t② ♦❢ ✉s❡❢✉❧ ♣❛②❧♦❛❞s ✐♥ ♦r❜✐t ❜② ✷✵✺✵ ✐♥ t❤❡ ♠♦st ♦♣t✐♠✐st ♣r❡❞✐❝t✐♦♥ ✭◆❆❙❆ ▲❊●✲
❊◆❉ ❢♦r❡❝❛sts✮ ❢♦r ❞❡❜r✐s ♦❢ s✐③❡ s✉♣❡r✐♦r t❤❛♥ ✶✵ ❝♠✳ ❍♦✇❡✈❡r t❤❡ r❡❛❧✐t② ✐s ✇♦rst✿ ❛❧t❤♦✉❣❤
t❤❡ ❧❛st ②❡❛rs ❛♥❞ t❤❡ ✈❡r② s❤♦rt ❢✉t✉r❡ ❞✐❞ ❛♥❞ ✇✐❧❧ ♥♦t s❡❡ ❛ ❧♦t ♦❢ ♥❡✇ ❧❛✉♥❝❤❡s ❞✉❡ t♦ t❤❡
❡❝♦♥♦♠✐❝ s✐t✉❛t✐♦♥ ♦❢ t❤❡ ❝♦✉♥t✐❡s ❝❛rr②✐♥❣ t❤❡ ♠❛r❦❡t ♦❢ s❛t❡❧❧✐t❡ ❛♥❞ ❧❛✉♥❝❤❡rs✱ ❛ st✉❞② ❜②
t❤❡ ◆♦rt❤❡r♥ ❙❦② ❘❡s❡❛r❝❤ ❢♦r❡❝❛sts ♦✈❡r 1600 ♥❡✇ s❛t❡❧❧✐t❡s ❜✉✐❧t ❛♥❞ ❧❛✉♥❝❤❡❞ ❜② t❤❡ ②❡❛r
✷✵✷✺ ❬✶❪✳

❖♥❡ ♦✈❡r❛❧❧ q✉❡st✐♦♥ r❡♠❛✐♥s✿ ✇❤❛t ❛r❡ t❤♦s❡ ❞❡❜r✐s ❄ ■♥ t❤❡ ✐❞❡❛❧ s✐t✉❛t✐♦♥ ✇❤❡r❡ ❛❧❧
s❛t❡❧❧✐t❡s ❛r❡ ❞❡✲♦r❜✐t❡❞ ❛t t❤❡ ❡♥❞ ♦❢ t❤❡✐r ❧✐✈❡s✱ ❛s s♣❡❝✐✜❡❞ ❜② t❤❡ r❡❣✉❧❛t✐♦♥s✱ ✐♥st❡❛❞ ♦❢
❡①t❡♥❞✐♥❣ t❤❡✐r ♠✐ss✐♦♥ ✉♥t✐❧ t❤❡② ❝❛♥ ♥♦t ❜❡ ❞❡✲♦r❜✐t❡❞✱ ♣❛rts ♦❢ t❤❡ r♦❝❦❡t st❛② ✐♥ ♦r❜✐t✱ s❡❡
✜❣✉r❡ ✸✳ ❚❤❡② ❛r❡ ♥♦t ♦♥❧② ✉s❡❧❡ss✱ ❜✉t ❛❧s♦ ✈❡r② ❜✐❣ ❛♥❞ ❤❡❛✈②✳

❋✐❣✉r❡ ✸✿ P❛rts ♦❢ ❛
r♦❝❦❡t s❡♣❛r❛t❡❞ ❜② ♣♦st✲
❞❡♣❧♦②♠❡♥t s✐t✉❛t✐♦♥✳

❚❤❡ s❝✐❡♥t✐✜❝ ❝♦♠♠✉♥✐t② ✐s r❡✈✐❡✇✐♥❣ ❞✐✛❡r❡♥t s♦❧✉t✐♦♥s✱
❛♥❞ ❞❡✈❡❧♦♣✐♥❣ t❡❝❤♥♦❧♦❣✐❡s t♦ ✉♣❣r❛❞❡ t❤❡✐r ❚❡❝❤♥♦❧♦❣②
❘❡❛❞✐♥❡ss ▲❡✈❡❧ ✭❚❘▲✮✳ ❆s ❢♦r ♥♦✇ t❤❡ ♠♦st ❢❡❛s✐❜❧❡ s♦✲
❧✉t✐♦♥ ✐s t♦ ❣❡t ❛ ❝❤❛s❡r s❛t❡❧❧✐t❡ ✐♥ ♦r❜✐t✱ ❣r❛❜ t❤❡ ❞❡❜r✐s
❛♥❞ ❞❡✲♦r❜✐t ✐t✳

❚❤❡ ❙♣❛❝❡ ❈❡♥t❡r ❛t ❊P❋▲ ✐s ♣✉tt✐♥❣ t♦❣❡t❤❡r ❛♥ ❖r✲
❜✐t❛❧ ❉❡❜r✐s ❘❡♠♦✈❛❧ ✭❖❉❘✮ ♠✐ss✐♦♥✳ ❚❤✐s ♣r♦❥❡❝t ✐s ❝❛❧❧❡❞
❈❧❡❛♥✲♠❊✱ s❡❡ r❡❢❡r❡♥❝❡ ❬✷❪✳

❆ ♣r❡✈✐♦✉s t❤❡s✐s ❬✸❪ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤✐s ♣r♦❥❡❝t✱
❤❛s ❞❡t❡r♠✐♥❡❞ ❛ s❝❡♥❛r✐♦ ❢♦r t❤❡ ❖❉❘ ♠✐ss✐♦♥ ❛♥❞ ✐♠♣❧❡✲
♠❡♥t❡❞ ❛ ❞②♥❛♠✐❝ ❝♦♥tr♦❧ ✉s✐♥❣ ❨♦s❤✐❞❛✬s ●❡♥❡r❛❧✐③❡❞ ❏❛✲
❝♦❜✐❛♥ ❬✹❪✳ ■♥ t❤✐s t❤❡s✐s✱ ✇❡ ❛r❡ ❝♦♥❝❡r♥❡❞ ✇✐t❤ t❤❡ ❞❡s✐❣♥
♦❢ ❤❛r❞✇❛r❡ ❛❧❧♦✇✐♥❣ t♦ ❞♦❝❦ ❛ ♠❛♥✐♣✉❧❛t♦r ✐♥ ❛ r❡❛❝t✐♦♥✲
❢r❡❡ ❢❛s❤✐♦♥✳ ❚❤✐s r❡❛❝t✐♦♥✲❢r❡❡ t❡st✲❜❡❞ ❤❛s t✇♦ ♣✉r♣♦s❡s✿
✜rst t❡st t❤❡ ❛❧❣♦r✐t❤♠ ♦❢ t❤❡ ♣r❡✈✐♦✉s t❤❡s✐s ✇✐t❤ ❛♥ ❛❝t✉❛❧
❑❯❑❆✬s ▲❲❘ ❛♥❞ s❡❝♦♥❞✱ t♦ ❡♠✉❧❛t❡ ❝♦♥t❛❝t ❞②♥❛♠✐❝s ✐♥
t❤❡ ❣r❛❜❜✐♥❣ ♣❤❛s❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ s❝❡♥❛r✐♦✳

❚❤✐s t❤❡s✐s ❞❡s❝r✐❜❡s t❤❡ ❞❡s✐❣♥ ❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡
t❡st✲❜❡❞ ❢♦r r♦❜♦t✐❝ s❛t❡❧❧✐t❡ ❛♥❞ ❝♦♥t❛❝t ❞②♥❛♠✐❝s ❡♠✉❧❛t✐♦♥✳ ■♥ t❤✐s ✐♥tr♦❞✉❝t✐♦♥✱ t❤❡ ❖❉❘
s❝❡♥❛r✐♦ ✐s st❛t❡❞✳ ❚❤❡♥✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❣r♦✉♥❞✲❜❛s❡❞ r♦❜♦t✐❝s ❛♥❞ s♣❛❝❡ r♦❜♦t✐❝s ✐s
❤✐❣❤❧✐❣❤t❡❞ ❛♥❞ ✜♥❛❧❧② t❤❡ ♣r♦❜❧❡♠ ❛❞❞r❡ss❡❞ ✐s ❞❡t❛✐❧❡❞✳ ❚❤❡♥ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♠♦✈❡s ♦♥ t♦
❡❛❝❤ ♦❢ t❤❡ t❤r❡❡ s✉❜s②st❡♠s ♦❢ t❤❡ t❡st✲❜❡❞✱ ❞❡t❛✐❧✐♥❣ ❛r❝❤✐t❡❝t✉r❡✳ ■t ❡♥❞s ✉♣ ✇✐t❤ t❤❡ t❡sts
❝❛rr✐❡❞ ♦✉t ♦♥ ❛ ♣r♦t♦t②♣❡ ♦❢ t❤❡ ❆tt✐t✉❞❡ P❧❛t❢♦r♠✳

✶✳✶ ❙❝❡♥❛r✐♦ ♦❢ t❤❡ ❖❉❘ ♠✐ss✐♦♥

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✸✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❋✐❣✉r❡ ✹✿ ❉❡♦r❜✐t s❝❡♥❛r✐♦✳

❚❤❡ ❣♦❛❧ ♦❢ t❤❡ ❆❉❈❙ ✰ ❣r❛❜❜✐♥❣ s✉❜s②st❡♠ ❞❡s✐❣♥ ✐s t♦ r❡❞✉❝❡ t❤❡ ✉s❡ ♦❢ t❤❡ ❆❉❈❙
❞✉r✐♥❣ t❤❡ ❣r❛❜❜✐♥❣ ♣❤❛s❡ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❢✉❡❧s✳ ❚❤❡ ♦♣t✐♠❛❧ r❡❞✉❝t✐♦♥
✐s t♦ ♥♦t ✉s❡ ✐t ❛t ❛❧❧✳ ❚❤❛t ✐s s❛t✐s✜❡❞ ❜② t❤❡ s❝❡♥❛r✐♦ ♦❢ t❤❡ ♠✐ss✐♦♥ ❛s ✐t ❢♦❧❧♦✇s ✭s❡❡ ✜❣✉r❡
✹✮✿

✶✳ ▲❛✉♥❝❤✱ ❞❡♣❧♦②♠❡♥ts✱ ♦r❜✐t ♣♦s✐t✐♦♥✐♥❣ ✭❝✐r❝✉❧❛r ♦r❜✐t ❜❡❧♦✇ t❤❡ t❛r❣❡t✮✳

✷✳ ❆♥❛❧②s✐s ♦❢ t❤❡ t❛r❣❡t ✭❛s ♠❛♥② ♦r❜✐ts ❛s ♥❡❝❡ss❛r②✱ ✉♥t✐❧ t❤❡ t❛r❣❡t ✐s ✇❡❧❧ ✐❞❡♥t✐✜❡❞✱ ❛s
✇❡❧❧ ❛s ✐ts ♠♦✈❡♠❡♥ts✮✳

✸✳ ❘❡♥❞❡③✈♦✉s ✭❝❧♦s✐♥❣ ❣❛♣ ❜❡t✇❡❡♥ t❛r❣❡t ❛♥❞ ❝❤❛s❡r✿ t❤❡ ❝❤❛s❡r ❛♣♣r♦❛❝❤ ❝❧♦s❡r t❤❛♥ ♦♥❡
♠❡t❡r t❤❡ t❛r❣❡t ♠♦✈✐♥❣ ③♦♥❡ ✭s❡❡ ✜❣✉r❡ ✺✿ t❤❡ ❜✐❣ ❜❧❛❝❦ ❛rr♦✇ ✐s t❤❡ ❛①✐s ♦❢ r♦t❛t✐♦♥ ♦❢

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✹✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

t❤❡ t❛r❣❡t✱ ✐ts ♦r✐❣✐♥ ✐s t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss✳ ❚❤❡ t❛r❣❡t ♣✐❝t✉r❡❞ ✐s t❤❡ ❍✶✵ ✉♣♣❡r st❛❣❡
✭❆r✐❛♥❡ ✹✮✱ ♦✉r ♠❛✐♥ t❛r❣❡ts✳ ❚❤❡ ✇✐❞❡✲s♣❛❝❡❞ ❞♦tt❡❞ ❢r❛♠❡ ❞❡♣✐❝t t❤❡ ✇✐♥❞♦✇ ✐♥ ✇❤✐❝❤
t❤❡ t❛r❣❡t ♠♦✈❡s✱ ❛♥❞ t❤❛t t❤❡ ❝❤❛s❡r ✇✐❧❧ ❛✈♦✐❞✱ t❤❡ ♥♦rr♦✇✲s♣❛❝❡❞ ❞♦tt❡❞ ❢r❛♠❡ ✐s t❤❡
s❛♠❡ ✇✐♥❞♦✇ ❜✉t ❢♦r t❤❡ ① ❛♥❣❧❡ t♦ ✵ ❞❡❣r❡❡s ✭✇♦rst ❝❛s❡✮✮✳

❋✐❣✉r❡ ✺✿ ❆♣♣r♦❛❝❤ ❛♥❞ ♣♦s✐t✐♦♥✐♥❣ ♦❢ t❤❡ ❝❤❛s❡r ✇✐t❤ r❡❢❡r❡♥❝❡ t♦ t❤❡ t❛r❣❡t✳

✹✳ ❊♠♣t②✐♥❣ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ r❡❛❝t✐♦♥ ✇❤❡❡❧s ✭♥♦ ♣❡rt✉r❜✐♥❣ r❡❛❝t✐♦♥s ❞✉r✐♥❣ ❝❛t❝❤✐♥❣
♣❤❛s❡ t❤❛t ❝❛♥ ❜❡ ❛✈♦✐❞❡❞✦ ❚❤✐s ♣❤❛s❡ ❝❛♥ ❜❡ ❞♦♥❡ ✇✐t❤ t❤❡ ❛r♠ t♦ s❛✈❡ s♦♠❡ ❢✉❡❧✱ s❡❡
▲♦♥❣♠❛♥✬s s❝❡♥❛r✐♦ ❢♦r ❜❛s❡ ❛tt✐t✉❞❡ ❝♦♥tr♦❧ ✐♥ ❬✺❪✳ ❆❝❝♦r❞✐♥❣ t♦ ♣r♦❥❡❝t✐♦♥s ❢r♦♠ t❤❡
❨✉❦✐✬s s❝❡♥❛r✐♦ ❬✻❪✱ t❤❡ ❡♠♣t②✐♥❣ ♦❢ r❡❛❝t✐♦♥ ✇❤❡❡❧s ♠♦♠❡♥t✉♠ ✐s t❤❡ t❛s❦ t❤❛t ✉s❡ ♠♦st
♦❢ t❤❡ ♦♥✲❜♦❛r❞ ❢✉❡❧✮✳

✺✳ ●r❛❜❜✐♥❣ ✭s❡❡ ❬✸❪✮✿ t❤❡ ❝❤❛s❡r ✐s ♣❧❛❝❡❞ ✇✐t❤✐♥ t❤❡ ❛①✐s ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ t❛r❣❡t✱ ❛♥❞
❢r♦♠ t❤❡r❡ t❤❡ ❛r♠ ❢♦❧❧♦✇s t❤❡ ♣♦✐♥t ❛✐♠❡❞ ❢♦r t❤❡ ❣r❛❜❜✐♥❣ ✇❤✐❧❡ t❤❡ t❛r❣❡t r♦t❛t❡s
✭s❡❡ ✜❣✉r❡ ✺✮✳ ❚❤✐s ♣♦✐♥t ❛✐♠❡❞ ❛t ❢♦r t❤❡ ❣r❛❜❜✐♥❣ ♣❤❛s❡ ✐s t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❡①♣♦s❡❞
❝♦♥♥❡❝t✐♥❣ r♦❞ ❜❡t✇❡❡♥ t❤❡ ▲❖❳ t❛♥❦ ❛♥❞ t❤❡ r❡✲♣r❡ss✉r❡ t❛♥❦✳

✻✳ ❆✉t♦♥♦♠♦✉s ♣❤❛s❡✿

✭❛✮ ✭♣❛ss✐✈❡ s✉❜✲♣❤❛s❡✮ ❚❛r❣❡t ❣r❛❜❜❡❞✱ ❝❤❛s❡r ❛❞♦♣ts t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ t❛r❣❡t ✭✐♥✲
❡rt✐❛ ♦❢ t❤❡ t❛r❣❡t ✇❛② ♦✈❡r t❤❡ ❝❤❛s❡r✬s✮✳

✭❜✮ ❘❡✈❡rs✐♥❣ t❤❡ ❦✐♥❡♠❛t✐❝s✱ t❤❡ ❝❤❛s❡r ♣❧❛❝❡s ✐ts❡❧❢ ♦♥t♦ t❤❡ t❛r❣❡t✱ ✐♥ ❛ ❧♦❝❛t✐♦♥ t❤❛t
✇✐❧❧ ❛❧❧♦✇ ✐t t♦ ❝♦♥tr♦❧ t❤❡ tr❛❥❡❝t♦r②✱ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ❣r♦✉♥❞ st❛t✐♦♥s ❛♥❞ ❤❛✈❡

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✺✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❛♥ ❡✣❝✐❡♥t t❤r✉st ❢♦r t❤❡ ❣r♦✉♣ ❢♦r♠❡❞ ❜② ✐ts❡❧❢ ❛♥❞ t❤❡ t❛r❣❡t ✭s❡❡ ✜❣✉r❡ ✻✮✳

❚❤❡ ❢❛✈♦✉r❡❞ s❝❡♥❛r✐♦ ✐s t❤❡ ♥♦③③❧❡ ❛t♦♣ ❝♦♥✜❣✉r❛t✐♦♥✳ ■♥ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡
❛❧✐❣♥♠❡♥t ❞♦❡s ♥♦t r❡❧② ♦♥ t❤❡ t❛♥❦s✲♥♦③③❧❡ ❛❧✐❣♥♠❡♥t ❜❡❝❛✉s❡ ♦❢ t✇♦ ♣r♦❜❧❡♠s✳
❋✐rst✱ ❛s s♦♦♥ ❛s t❤❡ r♦❝❦❡t✬s t❤r✉st ✐s s❤✉t ❞♦✇♥✱ t❤✐s ❛❧✐❣♥♠❡♥t ✐s ❞✐s❛❜❧❡❞✶✳ ❙❡❝✲
♦♥❞✱ ❛❢t❡r t❤❡ ❜✉r♥✱ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ♥♦③③❧❡ ✐s ♥♦ ❧♦♥❣❡r ❦♥♦✇♥✳
❍❡♥❝❡✱ t❤❡ ✐❞❡❛ ✐s t♦ ❝♦♥tr♦❧ t❤❡ ❛❧✐❣♥♠❡♥t ✈✐❛ t❤❡ r♦❜♦t✐❝ ❛r♠✱ st✐❧❧ ❣r❛❜❜✐♥❣ t❤❡
r♦❞✱ ✇❤✐❧❡ t❤❡ ♠❛✐♥ t❤r✉st ❣♦❡s ❜② t❤❡ ♥♦③③❧❡✳

❋✐❣✉r❡ ✻✿ ❉❡t❛✐❧ ♦❢ st❡♣ ✻❜ ✿ t✇♦ ♣♦ss✐❜❧❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❝❤❛s❡r ♦♥t♦ t❤❡ t❛r❣❡t✳
❚❤❡ r❡❛❞❡r✬s ❛tt❡♥t✐♦♥ ✐s ❞✐r❡❝t❡❞ t♦✇❛r❞s t❤❡ ♥♦③③❧❡ ♣♦s✐t✐♦♥✿ ✐♥ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥✱
t❤❡ ❝❤❛s❡r ✐s ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ t❛r❣❡t ❜② t❤❡ ♠❛♥✐♣✉❧❛t♦r st✐❧❧
❝♦♥♥❡❝t❡❞ t♦ t❤❡ r♦❞✱ ✐t ✇✐❧❧ ♣r♦❞✉❝❡ ❛♥ ❡✣❝✐❡♥t t❤r✉st✳

✭❝✮ ❘❡❝♦✈❡r✐♥❣ ❣r♦✉♥❞ st❛t✐♦♥ ❧✐❛✐s♦♥ ❛❢t❡r✴✇❤✐❧❡ st❛❜✐❧✐③✐♥❣ t❤❡ t❛r❣❡t✳ ■❢ t❤❡ ♣♦s✐t✐♦♥
♦♥t♦ t❤❡ t❛r❣❡t ♦❢ t❤❡ s♣❛❝❡❝r❛❢t ✐s t❤❡ t♦♣ ♦r r❡❛r ♦❢ t❤❡ st❛❣❡✱ ✐t ♠❛② ♣✉t t❤❡ ❜♦t❤
♦❢ t❤❡♠ ✐♥t♦ st❛❜✐❧✐③✐♥❣ s♣✐♥ ❛❧♦♥❣ t❤❡ ❛①✐s ♦❢ r❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ t❛r❣❡t✳

✼✳ ❉❡❝❡❧❡r❛t✐♥❣ t❤r✉st t♦ ❣❡t ♦♥ ❛ ❝♦rr❡❝t r❡✲❡♥tr② ♣❛t❤✳

✽✳ ❝♦♥tr♦❧❧❡❞ r❡✲❡♥tr②✳

✶✳✷ ❙♣❛❝❡ r♦❜♦t✐❝s✬ ♣r♦❜❧❡♠

❚❤❡r❡ ✐s ♦♥❡ ♠❛❥♦r ♣r♦❜❧❡♠ ❢♦r r♦❜♦t✐❝s ✐♥ ♦r❜✐t✿ t❤❡r❡ ✐s ♥♦ ✜①❡❞ ❜❛s❡✳ ❚❤❡ ♣r♦❜❧❡♠ ✐s
❞❡♣✐❝t❡❞ ♦♥ t❤❡ s❝❤❡♠❛t✐❝ ✜❣ ✼✳ ❚❤✐s ✜❣✉r❡ s❤♦✇s t❤❡ tr✐✈✐❛❧ ❡①❛♠♣❧❡ ♦❢ ❛ ✶✲❉❖❋ s♣❛❝❡ r♦❜♦t✱
tr②✐♥❣ t♦ r❡❛❝❤ ❛ ❣♦❛❧ ❞❡♣✐❝t❡❞ ❜② t❤❡ ❧✐❣❤t ❝✐r❝❧❡ ♦♥ ✐ts r✐❣❤t✳ ❖♥ ❊❛rt❤✱ t❤❡ ♠❛♥✐♣✉❧❛t♦r ✇♦✉❧❞
r❡❛❝❤ ✐t ❜② ❛ 90✝❥♦✐♥t ❝♦♠♠❛♥❞✱ ❤♦✇❡✈❡r ✐♥ s♣❛❝❡ t❤❡r❡ ✐s ♥♦ ❢♦r❝❡ ❝♦♠♣❡♥s❛t✐♥❣ t❤❡ r❡❛❝t✐♦♥
♦❢ t❤❡ ❜❛s❡✳ ■♥ t❤✐s ♦♥❡ ♣r♦❜❧❡♠✱ t❤❡r❡ ❛r❡ t✇♦ ✐ss✉❡s✿ ✜rst✱ t❤❡ ❡♥❞✲❡✛❡❝t♦r ❞✐❞ ♥♦t r❡❛❝❤ t❤❡

✶s♦✉r❝❡✿ ❈❤✐st♦♣❤❡ ❇♦♥♥❛❧✱ ❝❤❡❢ ❞❡ ♣r♦❥❡ts s❡♥✐♦r✱ ❉✐r❡❝t✐♦♥ ❞❡s ▲❛♥❝❡✉rs ❞✉ ❈◆❊❙

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✻✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❋✐❣✉r❡ ✼✿ ✶ ❉❖❋ r♦❜♦t ✐♥ s♣❛❝❡✿ s✐♠♣❧❡ ❞❡♣✐❝t ♦❢ t❤❡ ♣r♦❜❧❡♠✱ ❜♦t❤ ❧✐♥❦ ❤❛✈❡ t❤❡ s❛♠❡ ✐♥❡rt✐❛✳

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

❖❢ ❝♦✉rs❡ t❤✐s ♣r♦❜❧❡♠ ✐s ♥♦t ♥❡✇ ❛♥❞ r♦❜♦t✐❝ s②st❡♠s ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ✐♥ s♣❛❝❡ ❢♦r ❛ ❢❡✇
❞❡❝❛❞❡s ♥♦✇✳ ❍♦✇❡✈❡r ✐♥ ♠♦st s②st❡♠s t❤❡ ❜❛s❡ ✇❛s ✇❛② ♠✉❝❤ ♠♦r❡ ♠❛ss✐✈❡ t❤❛♥ t❤❡ ♠❛♥✐♣✲
✉❧❛t❡❞ ♦❜❥❡❝t ✭❡✈❡♥ ✐♥ t❤❡ ❙❤✉tt❧❡ ✭❘▼❙✮✮✱ ❢✉rt❤❡r♠♦r❡ t❤❡ ❜❛s❡ ✐s ♦❢t❡♥ ❝♦♥tr♦❧❧❡❞ t❤r♦✉❣❤
t❤r✉st❡rs t♦ ❦❡❡♣ t❤❡ ❛tt✐t✉❞❡ ♦❢ t❤❡ ❜❛s❡✱ ❡♠✉❧❛t✐♥❣ ❞❡ ❢❛❝t♦ ❛ ❣r♦✉♥❞✲❜❛s❡❞ ♠❛♥✐♣✉❧❛t♦r✳
❲❤❡♥ t❤❡ ❜❛s❡ ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r ✐s ♥♦t ❝♦♥tr♦❧❧❡❞✱ t❤❡ s❛t❡❧❧✐t❡ ✐s s❛✐❞ t♦ ❜❡ ✐♥ ❢r❡❡✲✢②✐♥❣✳

✶✳✸ Pr♦❜❧❡♠ ❛❞❞r❡ss❡❞

■♥ ❛ ♣r❡✈✐♦✉s ✇♦r❦✱ ✇❡ ✐♠♣❧❡♠❡♥t❡❞ ❛ ●❏▼✲❜❛s❡❞ r❡❛❧✲t✐♠❡ ❝♦♥tr♦❧ ❛❧❣♦r✐t❤♠✱ s✉✐t❡❞ ❢♦r
❢r❡❡✲✢②✐♥❣ ♠♦❞❡ ❡♥❞✲❡✛❡❝t♦r ❝♦♥tr♦❧✳ ❍♦✇❡✈❡r✱ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ t❡st ✐t ♦♥ t❤❡ ❣r♦✉♥❞ ❜❡❢♦r❡
✐♠♣❧❡♠❡♥t✐♥❣ ✐t ♦♥ ❛♥ ❛❝t✉❛❧ s❛t❡❧❧✐t❡✬s ❛r♠✳ ❊✈❡♥ ♠♦r❡ s♦✱ ✇❡ ✇❛♥t t♦ st✉❞② ✇❤❛t ✇✐❧❧ ❤❛♣♣❡♥
✇❤❡♥ t❤❡ s❛t❡❧❧✐t❡ ❣r❛❜ t❤❡ t✇♦ t♦ t❤r❡❡ t✐♠❡s ♠♦r❡ ♠❛ss✐✈❡ ❞❡❜r✐s ✐♥ ❆r✐❛♥❡ ✹✬s ✉♣♣❡r st❛❣❡
❝❛s❡ ✭✇❤❡r❡❛s ✐♥ t❤❡ ❆r✐❛♥❡ ✺ ❝r②♦❣❡♥✐❝ st❛❣❡ ❝❛s❡✱ t❤❡ ❞❡❜r✐s ✇✐❧❧ ❜❡ ✉♣ t♦ ✼ t✐♠❡s t❤❡ ✜rst
❧♦♦♣ ❞❡s✐❣♥ ♠❛ss ♦❢ t❤❡ ❝❤❛s❡r✮✳ ❚❤❡ r❡❛❞❡r s❤♦✉❧❞ r❡❢❡r t♦ ❬✶✵❪ ❢♦r t❤❡ ❡st✐♠❛t❡❞ ♠❛ss❡s ♦❢
t❤❡ ❆r✐❛♥❡ ✹ t❛r❣❡ts✱ ❛♥❞ ❬✶✶❪ ❢♦r t❤❡ ✜rst ❧♦♦♣ ❞❡s✐❣♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝❤❛s❡r✳

❚❤❡r❡ ❛r❡ ❢❡✇ ✇♦r❦s ✐♥ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ♦♥ t❤✐s ♣❛rt✐❝✉❧❛r t♦♣✐❝✳ ❘♦❜♦t✐❝ ♠✐ss✐♦♥s ✐♥
❢r❡❡✲✢②✐♥❣ ♠♦❞❡ ✐s q✉✐t❡ ♥❡✇✱ s♦ t❤❡ ❢❛❝✐❧✐t✐❡s ❛r❡ ♥♦t ❛❞❛♣t❡❞ ❢♦r t❤❡ t❡sts ♦❢ s✉❝❤ ♠✐ss✐♦♥s✳
❚r❛❞✐t✐♦♥❛❧❧②✱ t❤❡ ❢❛❝✐❧✐t✐❡s ❛r❡ ❡✐t❤❡r ♥❡✉tr❛❧ ❜✉♦②❛♥❝② s❛t❡❧❧✐t❡ ✐♥ ❛ ❤✉❣❡ ♣♦♦❧✱ ♣❛r❛❜♦❧✐❝ ✢✐❣❤ts
♦r ✧❞r♦♣ t♦✇❡rs✧✱ ♦✛❡r✐♥❣ ❛ ❢❡✇ s❡❝♦♥❞s ♦❢ ✇❡✐❣❤t❧❡ss♥❡ss✳ ❊①❛♠♣❧❡s ♦❢ s✉❝❤ ❞r♦♣ t♦✇❡rs ❛r❡ t❤❡
✶✹✺✲♠❡t❡r ❞r♦♣ t♦✇❡r ❢❛❝✐❧✐t② ❛t ◆❆❙❆✬s ●❧❡♥♥ ❘❡s❡❛r❝❤ ❈❡♥t❡r✱ ❈❧❡✈❡❧❛♥❞✱ ❖❤✐♦✱ ❯❙❆ ❛♥❞
t❤❡ ✶✹✻✲♠❡t❡r ❊❙❆✬s ❩❆❘▼ ❞r♦♣ t♦✇❡r ❛t ❇r❡♠❡♥✱ ●❡r♠❛♥②✳ ❚❤♦s❡ t♦✇❡rs ♦✛❡r r❡s♣❡❝t✐✈❡❧②
✺✳✷ s❡❝♦♥❞s ❛♥❞ ✹✳✼✹ s❡❝♦♥❞s ♦❢ ♠✐❝r♦❣r❛✈✐t②✳ ❚❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ❛r❡ t❤✉s ✈❡r②
s❤♦rt✱ t❤❡ s♣❛❝❡ ✈❡r② ❧✐♠✐t❡❞ ❛♥❞ t❤❡ ❞❡❝❡❧❡r❛t✐♦♥ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ s❤❛❢t ✈❡r② ❤✐❣❤ ✭✉♣ t♦
✺✵● ✐♥ ❊❙❆✬s ❩❆❘▼ ❝❛s❡✮✳ ◆❡✉tr❛❧ ❜✉♦②❛♥❝② ✐s ♥♦t ❣♦♦❞ ❡✐t❤❡r ✐♥ t❤❡ r♦❜♦t✐❝ t❡sts ❜❡❝❛✉s❡
♦❢ t❤❡ ❝♦st ❛♥❞ t❤❡ ❤✐❣❤ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❞✉❡ t♦ t❤❡ ✇❛t❡r✳

❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❣♦❛❧ ♦❢ t❤✐s ♣r♦❥❡❝t ✐s t♦ ❞❡s✐❣♥ ❛ ♠♦❜✐❧❡ ❞❡❝❦ t❤❛t ❛❧❧♦✇s ❛ s❡r✐❛❧ ♠❛✲

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✼✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

♥✐♣✉❧❛t♦r ❛r♠ t♦ r❡❛❝t ❛s ✐t ✇♦✉❧❞ ✐♥ s♣❛❝❡✱ ♠❡❛♥✐♥❣ t❤❡ r❡❛❝t✐♦♥ ♦❢ t❤❡ ❜❛s❡ s❤♦✉❧❞ ♥♦t ❜❡
❝♦♠♣❡♥s❛t❡❞ ❜② t❤❡ ❊❛rt❤✬s ✐♥❡rt✐❛ ❛s ✐t ✇♦✉❧❞ ✐❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r ✇❡r❡ ✜①❡❞ t♦ t❤❡ ❣r♦✉♥❞✱
❝♦♥❢r♦♥t❡❞ t♦✿

• tr❛❥❡❝t♦r✐❡s ✐♥ ✇♦r❧❞ ❢r❛♠❡✱ ♦r r❛t❤❡r r❡❛❝❤✐♥❣ ♦❢ ❛ t❛r❣❡t ♣♦s✐t✐♦♥ s♣❡❝✐✜❡❞ ✐♥ t❤❡ ✇♦r❧❞
❢r❛♠❡❀

• t❤❡ ❣r❛s♣✐♥❣ ♦❢ ❛ ♠❛ss✐✈❡ ♦❜❥❡❝t✳

❚✇♦ s✉❜✲❣♦❛❧s ❛r❡ ♦♠♥✐♣r❡s❡♥t✿ ♠✐♥✐♠✐③❡ t❤❡ ❝♦st ❛♥❞ ✈♦❧✉♠❡ ♦❝❝✉♣✐❡❞✳

✷ Pr❡❛♠❜❧❡

❚❤❡r❡ ❛r❡ t✇♦ ❢❛♠✐❧✐❡s ♦❢ ❛r❝❤✐t❡❝t✉r❡s t♦ r❡❛❝❤ t❤❡ ✜rst ❣♦❛❧✿

• ✬❍❛r❞✇❛r❡ ✐♥ t❤❡ ❧♦♦♣✬ ✿ ✐♥st❡❛❞ ♦❢ ❤❛✈✐♥❣ ❛♥ ❛❝t✉❛❧ ❢r❡❡ ❜❛s❡✱ t❤❡ ✇❤♦❧❡ s♣❛❝❡ ♠❛♥✐♣✉✲
❧❛t♦r ✐s ♠♦✉♥t❡❞ ♦♥ ❛ s❡r✐❛❧ r♦❜♦t ✇❤✐❝❤ ✇✐❧❧ ♠♦✈❡ ❛❝❝♦r❞✐♥❣❧② t♦ t❤❡ ❝♦♠♣✉t❡❞ ♠♦t✐♦♥
t❤❛t t❤❡ ❜❛s❡ ✇♦✉❧❞ ❞♦ ✐❢ ❢r❡❡✲✢♦❛t✐♥❣✳ ❚❤❡ s❡r✐❛❧ r♦❜♦t✴❞❡❝❦ ❢♦r t❤❡ ♠♦❝❦✲✉♣ ❝❛♥ ❛❧s♦
❜❡ ✉s❡❞ ✐♥ ♦♣❡♥✲❧♦♦♣ t♦rq✉❡ ❝♦♥tr♦❧ t♦ ❧✐❢t t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ♠♦❝❦✲✉♣ r♦❜♦t ✐♥ ❛ s♦
❝❛❧❧❡❞ ✧❣r❛✈✐t② ❝♦♠♣❡♥s❛t✐♦♥✧ ♠♦❞❡✱ ❜✉t t❤❡ ❛❝t✉❛t✐♦♥ ♦❢ t❤❡ ❥♦✐♥ts ❧❡❛❞s t♦ ❛ ✈❡r② ❤✐❣❤
❡q✉✐✈❛❧❡♥t ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ❋♦r ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❛r❝❤✐t❡❝t✉r❡✱ r❡❢❡r t♦ t❤❡ ❊✉r♦♣❡❛♥
Pr♦①✐♠✐t② ❖♣❡r❛t✐♦♥ ❙✐♠✉❧❛t♦r ✭❊P❖❙✮ ❢❛❝✐❧✐t② ❛t t❤❡ ❉▲❘ ●❡r♠❛♥ ❙♣❛❝❡ ❖♣❡r❛t✐♦♥s
❈❡♥t❡r ✭●❙❖❈✮ s❤♦✇♥ ✐♥ ❬✶✷❪ ❛♥❞ ♦♥ ✜❣✉r❡ ✽✳

• P❛ss✐✈❡ ❡♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❢r❡❡✲✢♦❛t✐♥❣ ❡♥✈✐r♦♥♠❡♥t ✿ ❤❛✈✐♥❣ t❤❡ ❜❛s❡ ♦❢ t❤❡ s♣❛❝❡ ♠❛♥✐♣✲
✉❧❛t♦r ♠♦✉♥t❡❞ ♦♥ ❛ ❞❡✈✐❝❡ t❤❛t ❛❧❧♦✇s ✉♣ t♦ ✻ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ t♦ t❤❡ r♦❜♦t✱ ✇❤✐❧❡
❜❡✐♥❣ ❝❡♥tr❡❞ ♦♥ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ ✐t✳ ❋♦r ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❛r❝❤✐t❡❝t✉r❡✱ r❡❢❡r t♦
t❤❡ ❋r❡❡ ❋❧②✐♥❣ ❚❡st❜❡❞ ✭❋❋❚✮ ❢❛❝✐❧✐t② ❛t t❤❡ ❉▲❘ ■♥st✐t✉t❡ ♦❢ ❙♣❛❝❡ ❙②st❡♠s s❤♦✇♥
✐♥ ❬✶✸❪ ❛♥❞ ♦♥ ✜❣✉r❡ ✾✳

■♥ ❧✐❣❤t ♦❢ t❤❡ s❡❝♦♥❞ ❣♦❛❧✱ t❤❡ s❡❝♦♥❞ ❛r❝❤✐t❡❝t✉r❡ ✐s s❡❧❡❝t❡❞✳ ❍♦✇❡✈❡r✱ ✇❡ ✐♥t❡♥❞ t♦ ♣✉t
❛ r♦❜♦t✐❝ ♠❛♥✐♣✉❧❛t♦r ♦♥ t♦♣ ♦❢ t❤❡ ♠♦❜✐❧❡s ✭❆tt✐t✉❞❡ P❧❛t❢♦r♠✱ ❆P✮✱ ✇❤✐❝❤ ❧❡❛❞s t♦ t✇♦ ♠❛✐♥
❞✐✛❡r❡♥❝❡s✿

• t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ s②st❡♠✱ ✇✐t❤♦✉t ❛♥② ♠❛ss ❛❞❥✉st♠❡♥ts ♦♥ t❤❡ ❜❛s❡ ♦r t❤❡ r♦❜♦t
♦r t❤❡ ♣❛②❧♦❛❞ ✭❣r❛❜❜✐♥❣ s②st❡♠✮ s❤♦✉❧❞ ❜❡ ❦❡♣t ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P❀

• t❤❡ s❝❛❧❡ ✇✐❧❧ ❜❡ ♠✉❝❤ ❧❛r❣❡r✳

❚❤❡ ❞✐✛❡r❡♥t ❢❛♠✐❧✐❡s ♦❢ ❛r❝❤✐t❡❝t✉r❡s ❛r❡ s✉♠♠❡❞ ✉♣ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ ✶ ✐♥ t❤❡ ❧❛❜❡❧s✱
✇❤✐❧❡ t❡❝❤♥♦❧♦❣✐❝❛❧ s♦❧✉t✐♦♥s ❛r❡ ♣r♦♣♦s❡❞✳ ●❙❖❈✬s ❊P❖❙ ❢❛❝✐❧✐t② ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛❝t✐✈❡
❥♦✐♥ts✱ ❞❡♣♦rt❡❞ r♦t❛t✐♦♥ ❝❡♥t❡r s♦❧✉t✐♦♥ ✇❤✐❧❡ ❉▲❘✬s ❋❋❚ ❢❛❝✐❧✐t② ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣❛ss✐✈❡
❥♦✐♥ts✱ ♥♦t ❞❡♣♦rt❡❞ r♦t❛t✐♦♥ ❝❡♥t❡r s♦❧✉t✐♦♥✳

❚❤❡ ❣♦❛❧s✲❛✐♠❡❞✲❛t ❧❡❛❞ t♦ ❛ ♣❛ss✐✈❡ ❥♦✐♥ts s♦❧✉t✐♦♥✱ ✇❤✐❧❡ t❤❡ ❝❛s❡ ❝♦♥s✐❞❡r❡❞✱ ❛♥ ❡♠✉❧❛t✐♦♥
♦❢ ❛ s❛t❡❧❧✐t❡✰♠❛♥✐♣✉❧❛t♦r✱ ✐♠♣♦s❡s ❛ ❞❡♣♦rt❡❞ r♦t❛t✐♦♥ ❝❡♥t❡r s♦❧✉t✐♦♥✳

❚❤❡ ♠♦❜✐❧❡ ❞❡❝❦ ✇✐❧❧ ❜❡ ❝♦♠♣♦s❡❞ ♦❢ t❤❡ t❤r❡❡ ❢♦❧❧♦✇✐♥❣ ♣❧❛t❢♦r♠s✱ s❤♦✇♥ ♦♥ t❤❡ ✜❣✉r❡ ✶✵✿

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✽✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❋✐❣✉r❡ ✽✿ ●❙❖❈✬s ❊P❖❙ ❢❛❝✐❧✐t②✿ ♦♥ t❤❡ ❢♦r❡❣r♦✉♥❞ ❛ s❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r ♦♥ ✇❤✐❝❤ ✐s ✜①❡❞
t❤❡ ❜❛s❡ ♦❢ t❤❡ s♣❛❝❡ ♠❛♥✐♣✉❧❛t♦r✱ ❡♠✉❧❛t✐♥❣ t❤❡ ❢r❡❡✲✢♦❛t✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝❀ ♦♥ t❤❡ ♠✐❞❞❧❡
❣r♦✉♥❞ ❛ s❡❝♦♥❞ s❡r✐❛❧ ♠❛♥✐♣✉❧❛t♦r✱ ❡♠✉❧❛t✐♥❣ t❤❡ t❛r❣❡t❀ ❛♥❞ ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❛ ♣✐❝t✉r❡ ♦❢
t❤❡ ❊❛rt❤ ❛s s❡❡♥ ❜② t❤❡ ❝❤❛s❡r✬s ✈✐s✐♦♥ s②st❡♠✳

❋✐❣✉r❡ ✾✿ ❉▲❘✬s ❋❋❚ ❢❛❝✐❧✐t②✿ st❛t❡ ♦❢ t❤❡ ❢❛❝✐❧✐t② ❛s ♦❢ ❛✉❣✉st ✷✵✶✵✱ ❛ ❤✉❣❡ ♠❛r❜❧❡ ♣❧❛♥❡✱ ✇✐t❤
❛ ✢❛t♥❡ss ❜❡❧♦✇ 3µm✱ ❤♦st✐♥❣ ❛ ✢♦❛t✐♥❣ ♠♦❜✐❧❡ ❝❛❧❧❡❞ ❚r❛♥s♣♦rt P❧❛t❡❢♦r♠ ✭❚P✮ ❞❡♣✐❝t❡❞ ♦♥
t❤❡ ❧❡❢t s✐❞❡✳ ❚❤❡s❡ ♠♦❜✐❧❡s ❤♦✈❡r ♦✈❡r t❤❡ t❛❜❧❡✱ ❛♥❞ ❤♦st ♦♥ ❛ s♣❤❡r✐❝❛❧ ❛✐r ❝✉s❤✐♦♥ ❛♥♦t❤❡r
♠♦❜✐❧❡ ❝❛❧❧❡❞ ❆tt✐t✉❞❡ P❧❛t❢♦r♠ ✭❆P✮ ❤♦st✐♥❣ t❤❡ ♠♦❝❦✲✉♣ ♦❢ t❤❡ s❛t❡❧❧✐t❡✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✾✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❆❝t✐✈❡ ❥♦✐♥ts P❛ss✐✈❡ ❥♦✐♥ts
✭♦r ❜❛❝❦✲❞r✐✈❛❜❧❡✱ ❢♦r ✈❡rt✐❝❛❧ ❛①✐s✮

❈♦♥✈❡♥t✐♦♥❛❧ ❥♦✐♥t ❙❤❛❧❧♦✇ ♣♦rt✐♦♥ ♦❢ ❛ s♣❤❡r❡
✭♥♦t ❞❡♣♦rt❡❞ ✻✲♣✐st♦♥s ❛r❝❤✐t❡❝t✉r❡ ♦♥ t♦♣ ♦❢ ❛ ✜①❡❞ s♣❤❡r❡
r♦t❛t✐♦♥ ❝❡♥t❡r✮ ✰✸ ❉♦❋s ♦❢ tr❛♥s❧❛t✐♦♥

❉❡♣♦rt❡❞ r♦t❛t✐♦♥ ✲❙❡r✐❛❧ r♦❜♦t✱ DoF ≥ 6 ❈✐r❝✉❧❛r ❝r❛❞❧❡s ❣②r♦s❝♦♣❡
❝❡♥t❡r ✲❙t❡✇❛rt ♣❧❛t❢♦r♠ ✰✸ ❉♦❋s ♦❢ tr❛♥s❧❛t✐♦♥

❚❛❜❧❡ ✶✿ ❈♦♥s✐❞❡r❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧ s♦❧✉t✐♦♥s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♥tr♦❧❧❛❜✐❧✐t② ♦❢ ❥♦✐♥ts ❛♥❞
❛❝❝❡ss✐❜✐❧✐t② ♦❢ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✳

• ❚r❛♥s♣♦rt P❧❛t❢♦r♠ ✭❚P✮✿ t✇♦ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✐♥ tr❛♥s❧❛t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡
❞✐r❡❝t✐♦♥ ♦❢ ❣r❛✈✐t②✱ ❛♥❞ ♦♥❡ ❛❝t✐✈❡ ❝♦❧❧✐♥❡❛r ✇✐t❤ t❤❡ ❣r❛✈✐t② ❢♦r ♣♦s✐t✐♦♥ ♦❢ t❤❡ r♦❜♦t
✭t♦ ❜❡ ✉♥❞❡rst♦♦❞✿ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ r♦❜♦t✱ ❤❡♥❝❡ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡
❆tt✐t✉❞❡ P❧❛t❢♦r♠✱ t❤❛♥❦s t♦ t❤❡ P♦s✐t✐♦♥✐♥❣ P❧❛t❢♦r♠✮❀

• ❆tt✐t✉❞❡ P❧❛t❢♦r♠ ✭❆P✮✿ t❤r❡❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✐♥ r♦t❛t✐♦♥ ❢♦r ❛tt✐t✉❞❡ ♦❢ t❤❡ ❜❛s❡❀

• P♦s✐t✐♦♥✐♥❣ P❧❛t❢♦r♠ ✭PP✮✿ t❤r❡❡ ❛❝t✐✈❡ ❞❡❣r❡❡s ♦❢ tr❛♥s❧❛t✐♦♥ t♦ ❦❡❡♣ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss
♦❢ t❤❡ ♠♦❝❦✲✉♣ ♦❢ t❤❡ s♣❛❝❡ ❝❤❛s❡r ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✳ ✭❙❡❡ s❡❝t✐♦♥ ✺✳✷✮

TP

PP

Chaser's
mock-up

AP

Cr=Cg

❋✐❣✉r❡ ✶✵✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ t❤r❡❡ ♣❧❛t❢♦r♠s✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✵✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

✸ ❚r❛♥s♣♦rt P❧❛t❢♦r♠

✸✳✶ ❆r❝❤✐t❡❝t✉r❡

❆s ✇❡ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ♦❢ ❛ r❡❛❝❤❛❜❧❡ t❛r❣❡t✱ t❤✉s ✇✐t❤♦✉t ❛♥② ♥❡❡❞s ❢♦r tr❛♥s❧❛t✐♦♥ ❛❝t✉❛t♦rs✱
t❤❡ ❧✐♥❡❛r ♠♦♠❡♥t✉♠ s❤♦✉❧❞ r❡♠❛✐♥ ❝♦♥st❛♥t ❛♥❞ t❤✉s t❤✐s ♣❧❛t❢♦r♠ ✇♦✉❧❞ ♥♦t ❜❡ ♥❡❡❞❡❞✳
❍♦✇❡✈❡r t❤❡ t✇♦ ❣♦❛❧s ❛✐♠❡❞ ❛t ✐♠♣♦s❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ tr❛♥s❧❛t✐♦♥s✿ ✐♥ r❡❛❧✐t② t❤❡r❡ ♠✐❣❤t
❜❡ ✐♥❞✉❝❡❞ ❡①t❡r♥❛❧ ❢♦r❝❡s✱ ❛♥❞ t❤❡ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ♦❜❥❡❝t ✇✐❧❧ ❞❡✜♥✐t✐✈❡❧② ✐♥❞✉❝❡ ❛ tr❛♥s❧❛t✐♦♥
❛s ❛ ❝♦✉♥t❡r✲r❡❛❝t✐♦♥✳ ▼♦r❡♦✈❡r✱ ❞✉❡ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ r❡st ♦❢ t❤❡ t❡st✲❜❡❞ ✭✐❡ ❆P✱ PP✱
♠♦❝❦✲✉♣✮✱ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❝♦❧❞ ❣❛s t❤r✉st❡rs ✐s ♣♦ss✐❜❧❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❝♦✉rs❡s ♣❧❛♥♥❡❞ ❤❛✈❡
t♦ ❜❡ ❛❞❞❡❞ t♦ t❤❡ r❛♥❣❡s ♦❢ t❤❡ tr❛♥s❧❛t✐♦♥s✳

❚❤❡ ❚P ✇✐❧❧ ❜❡ ❝♦♠♣♦s❡❞ ♦❢ ✸ ❉♦❋s✿

• t✇♦ ♣❡r♣❡♥❞✐❝✉❧❛r ♣❛ss✐✈❡ ❉♦❋s ❢♦r t❤❡ ♠♦t✐♦♥s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❣r❛✈✐t②❀

• ♦♥❡ ❉♦❋ ✇✐t❤ ❛ ❢♦r❝❡✲❝♦♥tr♦❧❧❡❞ ❛❝t✉❛t♦r ❝♦❧❧✐♥❡❛r ✇✐t❤ t❤❡ ❣r❛✈✐t②✳ ❚❤❡ ❢♦r❝❡✲❝♦♥s✐❣♥ ♦❢
t❤✐s ❛❝t✉❛t♦r ✐s t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❆P✱ PP ❛♥❞ s♣❛❝❡ r♦❜♦t ♠♦❝❦✲✉♣✳ ❚❤❡ ❡❧❡♠❡♥ts ♠❛②
❜❡ ✇❡✐❣❤❡❞ s❡♣❛r❛t❡❧② t♦ r❡❛❝❤ t❤❡ ♥❡❝❡ss❛r② ❛❝❝✉r❛❝②✳

❲✐t❤♦✉t ♠♦❞❡❧ ♦❢ t❤❡ ❝♦♥t❛❝t ♣❤❡♥♦♠❡♥❛✱ ♥♦ r❛♥❣❡s ❝❛♥ ❜❡ ❡st❛❜❧✐s❤❡❞✳ ❋♦r t❤✐s r❡❛s♦♥
❛♥❞ ❛❧s♦ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ♣r♦❥❡❝t✱ t❤❡ ♣r♦t♦t②♣❡ ✇✐❧❧ ♥♦t ✐♥❝❧✉❞❡ t❤✐s ♣❧❛t❢♦r♠
❜✉t ✇✐❧❧ ❜❡ ♣❧❛❝❡❞ ♦♥ ❛ ✈✐❜r❛♥t✲ ♦r ❛✐r✲t❛❜❧❡✱ ✇❤✐❝❤ ✇✐❧❧ ❣✐✈❡ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ r❛♥❣❡s ♥❡❡❞❡❞
❢♦r t❤❡ ❢✉t✉r❡ ❚P✳

✹ ❆tt✐t✉❞❡ P❧❛t❢♦r♠

✹✳✶ ❆r❝❤✐t❡❝t✉r❡

❚❤❡ ❛❞♦♣t❡❞ ❛r❝❤✐t❡❝t✉r❡ ❢♦r t❤❡ ❆P ✐s ✐♥s♣✐r❡❞ ❢r♦♠ t❤❡ ✧❤✉♠❛♥ ❣②r♦s❝♦♣❡s✧ ✉s❡❞ ♠❛✐♥❧②
✐♥ t❤❡♠❡ ♣❛r❦s✱ ❛s t❤❡ ❡①❛♠♣❧❡s s❤♦✇♥ ♦♥ ✜❣✉r❡s ✶✶✱ ✶✷✳ ❚❤❡ ♣r✐♥❝✐♣❧❡ ✐s t❤r❡❡ ❝r❛❞❧❡s ✇✐t❤
❝♦♥❝✉rr✐♥❣ ❛①❡s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤✐s ✈❡rs✐♦♥ ♦❢ ❛ ❣②r♦s❝♦♣❡✱ ✐t ✐s ❜❛s✐❝❛❧❧② ✸ ❝♦♥❝❡♥tr✐❝ ❝✐r❝❧❡s
❧✐♥❦❡❞ ❜② r♦t❛t✐♦♥❛❧ ❥♦✐♥ts ♣❧❛❝❡❞ ❛t 90✝♦❢ ❡❛❝❤ ♦t❤❡r✳ ❚❤✐s ✐s t❤❡ ❡✉❧❡r ❛♥❣❧❡s ♣r✐♥❝✐♣❧❡✱ ❛♥❞
✇✐t❤ t❤❡ r♦❜♦t ♣❧❛❝❡❞ ❛t t❤❡ ❝❡♥t❡r ✐t ❝♦✉❧❞ r♦t❛t❡ ❛r♦✉♥❞ t❤❡ t❤r❡❡ ❛①✐s✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✶✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❋✐❣✉r❡ ✶✶✿ ❍✉♠❛♥ ❣②r♦s❝♦♣❡ ❢♦r ❡♥t❡rt❛✐♥✲
♠❡♥t✳

}TP

PP
(example) AP

 +
PP}

❋✐❣✉r❡ ✶✷✿ ❈✐r❝✉❧❛r ❝r❛❞❧❡s ❣②r♦s❝♦♣❡✳ ❆r❝❤✐✲
t❡❝t✉r❡ s❝❤❡♠❛t✐❝ ❞❡♣✐❝t✐♥❣ ❝♦♥❝❡♣ts ❢♦r t❤❡
t❤r❡❡ ♣❧❛t❢♦r♠s✳

❍♦✇❡✈❡r ✇❡ ✇❛♥t t❤❡ r♦❜♦t t♦ ❝❛t❝❤ t❤❡ t❛r❣❡t✱ ❛♥❞ t❤❡ s♣❤❡r❡ ❢♦r♠❡❞ ❜② t❤♦s❡ t❤r❡❡
❝✐r❝❧❡s ✐♥ ♠♦t✐♦♥ ❣❡ts ✐♥ t❤❡ ✇❛② ♦❢ t❤❡ t❛r❣❡t ♦✉ts✐❞❡ ♦❢ t❤❡ s✐♠✉❧❛t♦r✳ ❆♥ ❛♥s✇❡r ✐s t❤❛t
✐t ✐s ♣♦ss✐❜❧❡ t♦ ♠❛t❡r✐❛❧✐③❡ t❤❡ ❝r❛❞❧❡s ❜② ♣❧❛♥❛r ❝✐r❝✉❧❛r r❛✐❧s✱ ❛♠♦♥❣ ♦t❤❡r s♦❧✉t✐♦♥s✳ ❚❤✐s
s♦❧✉t✐♦♥ ✐s ♣r✐✈✐❧❡❣❡❞ ❜❡❝❛✉s❡ ✐t r❡q✉✐r❡s ♥♦ ♣♦✇❡r ❛♥❞ s❡❡♠s ❝❤❡❛♣❡r t❤❛♥ ❛ ♣♦rt✐♦♥ ♦❢ ❛ s♣❤❡r❡
♦♥ ❣❧✐❞❡rs ❧✐❦❡ ♦♥ ✜❣✉r❡ ✶✸✳

❋✐❣✉r❡ ✶✸✿ ❈❆❉ ♠♦❞❡❧ ♦❢ ❛ s♣❤❡r✐❝ ❆P✱ ❣✉✐❞❡❞ ❜② s❡✈❡r❛❧ ❣❧✐❞❡rs ❜❡♥❡❛t❤ ✐t t♦ ❞✐str✐❜✉t❡ t❤❡
♣r❡ss✉r❡✳

❚❤❡ ❛❞♦♣t❡❞ s♦❧✉t✐♦♥ ❝♦♥s✐sts ♦❢ ❛ ❤②❜r✐❞ ❜❡t✇❡❡♥ t❤❡ ❝r❛❞❧❡ s♦❧✉t✐♦♥✱ ✉s✐♥❣ ♣✐✈♦t ❧✐♥❦s✱
❛♥❞ t❤❡ ❝✐r❝✉❧❛r r❛✐❧s s♦❧✉t✐♦♥✱ ✉s✐♥❣ ❝✐r❝✉❧❛r tr❛♥s❧❛t✐♦♥ ❧✐♥❦s✳ ❚❤❡ ✜rst ❧✐♥❦ ✐s ❛ r♦t❛t✐♦♥❛❧ ❥♦✐♥t
✇✐t❤ t❤❡ ❛①✐s ❝♦❧❧✐♥❡❛r ✇✐t❤ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❣r❛✈✐t②✱ ❧✐♥❦✐♥❣ t❤❡ ❆P ❜❛s❡ t♦ t✇♦ ♣❡r♣❡♥❞✐❝✉❧❛r

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✷✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❝✐r❝✉❧❛r r❛✐❧s✳ ❖✉t ♦❢ t❤✐s ❛r❝❤✐t❡❝t✉r❡ s❡✈❡r❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ ❧❛st t✇♦ ❉♦❋s ❛r❡ ♣♦ss✐❜❧❡✳
❚❤❡r❡ ❛r❡ t✇♦ ✶✲❉♦❋ ❧✐♥❦s t♦ ♣❧❛❝❡ ❛♠♦♥❣st ❢♦✉r s✉❜✲❛ss❡♠❜❧✐❡s t❤❛t ❛r❡ t♦ ❜❡ ♣❧❛❝❡❞ ✐♥ ❛
❞❡t❡r♠✐♥❡❞ ♦r❞❡r✱ ❤❡♥❝❡ t❤❡r❡ ✐s t❤r❡❡ ❝♦♠❜✐♥❛t♦r✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥s✳ ❚❤❡r❡ ✐s ♦♥❡ ❛❞❞✐t✐♦♥❛❧
❝♦♥✜❣✉r❛t✐♦♥ ✇❤❡r❡ t❤❡ ❧✐♥❦s ❝❛♥ ❜❡ ♠❡r❣❡❞ ✐♥ ♦♥❡ ✷✲❉♦❋ ❧✐♥❦✱ ✐♥❡✈✐t❛❜❧② ❜❡t✇❡❡♥ t❤❡ ✐♥♥❡r
❛♥❞ ♦✉t❡r r❛✐❧s ♣❛rts✳ ❚❤♦s❡ ❢♦✉r ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ s✉♠♠❡❞ ✉♣ ✐♥ t❛❜❧❡ ✷✳

❉♦❋s ♣❧❛❝❡♠❡♥t ♦❢ ❈❲ s✐♠♣❧✐❝✐t② ❝♦♠♠❡♥t

❇❛s❡ ✴ ❖✉t❡r r❛✐❧s ♦♥✿ 2× 1DoF ❝❛s❡
❖✉t❡r ✴ ■♥♥❡r r❛✐❧s ✲♦✉t❡r r❛✐❧s ✰ ❚❤❡ ❈❲ t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ PP
■♥♥❡r r❛✐❧s ✫ PP ✲✐♥♥❡r r❛✐❧s ❝❛♥ ❜❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ✐♥♥❡r r❛✐❧s

❇❛s❡ ✴ ❖✉t❡r r❛✐❧s ♦♥✿ 2× 1DoF ❝❛s❡
❖✉t❡r ✫ ■♥♥❡r r❛✐❧s ✲r❛✐❧s ✲ ❈♦✉♥t❡r✇❡✐❣❤ts ♦♥
■♥♥❡r r❛✐❧s ✴ PP ✲PP✬s ❧✐♥❦ t❤❡ ❧✐♥❦ ✇✐t❤ t❤❡ PP

❇❛s❡ ✫ ❖✉t❡r r❛✐❧s ♦♥✿ 2× 1DoF ❝❛s❡
❖✉t❡r ✴ ■♥♥❡r r❛✐❧s ✲✐♥♥❡r r❛✐❧s ✲ ❈♦✉♥t❡r✇❡✐❣❤ts ♦♥
■♥♥❡r r❛✐❧s ✴ PP ✲PP✬s ❧✐♥❦ t❤❡ ❧✐♥❦ ✇✐t❤ t❤❡ PP

❇❛s❡ ✫ ❖✉t❡r r❛✐❧s ♦♥✿ 2DoF ❝❛s❡
❖✉t❡r ✴ ■♥♥❡r r❛✐❧s ✲✐♥♥❡r r❛✐❧s ◦ ❆❧❧ ❝♦♠♣❧❡①✐t② r❡♣♦rt❡❞ ♦♥ t❤❡
■♥♥❡r r❛✐❧s ✫ PP ✲r❛✐❧s✬ ❧✐♥❦ ✷ ❉♦❋ ♣❛rt✱ ❈❲ ♦♥ ✐♥♥❡r r❛✐❧s

❚❤❡ s②♠❜♦❧ ✴ r❡♣r❡s❡♥ts ❛ r❛✐❧✴❣❧✐❞❡r ❧✐♥❦✱ t❤❡ s②♠❜♦❧ ✫ r❡♣r❡s❡♥ts ❛ r✐❣✐❞ ❧✐♥❦✳

❚❛❜❧❡ ✷✿ P♦ss✐❜❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ s❡❧❡❝t❡❞ ❛r❝❤✐t❡❝t✉r❡✳ ❈❲ st❛♥❞ ❢♦r ❝♦✉♥t❡r✇❡✐❣❤ts✳
❚❤♦s❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ t✇♦ ❝✐r❝✉❧❛r r❛✐❧s ❝r❡❛t❡ ♦♥❧② t✇♦ r♦t❛t✐♦♥❛❧ ❉♦❋s❀ t❤❡ t❤✐r❞ ✐s t❤❡
r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P ❜❛s❡✳

❆s s❛✐❞ ❡❛r❧✐❡r ✐♥ t❤❡ ♣r❡❛♠❜❧❡✱ s❡❝t✐♦♥ ✷✱ ❛❝t✉❛t✐♦♥ ❞❡❢❡❛ts t❤❡ s❡❝♦♥❞ ❣♦❛❧✱ ♦❢ ❝♦♥t❛❝t
❞②♥❛♠✐❝s ❡♠✉❧❛t✐♦♥✿ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛❝t✉❛t✐♦♥✱ ❡✐t❤❡r ✐♥ t❤❡ ❣❧✐❞❡rs ♦r ✐♥
t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ✐♥tr♦❞✉❝❡❞ ❧❛t❡r✱ ✐s ❞✐s❝❛r❞❡❞✳

❲❡ ❛ss✉♠❡ t❤❡ PP ✐s ❞❡s✐❣♥❡❞ ✐♥ s✉❝❤ ❛ ♠❛♥♥❡r t❤❛t ✐ts ❝❡♥t❡r ♦❢ ♠❛ss ✐s ✜①❡❞ ✐♥ ✐ts ❜❛s✐❝
r❡❢❡r❡♥❝❡ ❢r❛♠❡✱ t❤❡ ♦♥❡ t♦ ❜❡ ❧✐♥❦❡❞ t♦ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✳ ■♥ ♦r❞❡r t♦ ❡♠✉❧❛t❡ ❛ ♠♦♠❡♥t✉♠✲
❢r❡❡ ❡♥✈✐r♦♥♠❡♥t✱ t❤❡ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② ♦❢ ❡❛❝❤ ✧r✐❣✐❞ ❛ss❡♠❜❧✐❡s✧✱ ❛ss❡♠❜❧✐❡s ♦❢ ♣❛rts ✇✐t❤♦✉t
♠♦t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦❢ t❤❡ ♦t❤❡r ♣❛rts ✐♥ t❤❡ ❛ss❡♠❜❧②✱ s❤♦✉❧❞ ❝♦✐♥❝✐❞❡ ✇✐t❤ t❤❡ ❝❡♥t❡r
♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✳ ❚♦ ❞♦ s♦✱ ❡❛❝❤ s♦ ❝❛❧❧❡❞ r✐❣✐❞ ❛ss❡♠❜❧② ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ ❝♦✉♥t❡r✇❡✐❣❤ts✳
❙❡❡ s❡❝t✐♦♥ ✹✳✸ ❢♦r t❤❡ ♣❧❛❝❡♠❡♥t ♦❢ t❤♦s❡ ❝♦✉♥t❡r✇❡✐❣❤ts ❢♦r t❤❡ ❛❞♦♣t❡❞ s♦❧✉t✐♦♥✳ ■♥ ♦r❞❡r
t♦ ❝♦✉♥t❡r❜❛❧❛♥❝❡ t❤❡ ♠❛ss ♦❢ t❤❡ r✐❣✐❞ ❛ss❡♠❜❧② ❝♦♥s✐❞❡r❡❞✱ ❡❛❝❤ ❝♦✉♥t❡r✇❡✐❣❤t ❤❛s t♦ ❜❡
♣❧❛❝❡❞ ♦♥ t❤❡ ♦t❤❡r s✐❞❡ ♦❢ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✱ ✐♥ r❡❢❡r❡♥❝❡ ♦❢ t❤❡ r✐❣✐❞ ❛ss❡♠❜❧② ❝♦♥s✐❞❡r❡❞✳
❚❤✐s ♥❡❝❡ss✐t② ❧❡❛❞s t♦ ❧♦♥❣ ♣❛rts ✇❤✐❝❤ ♥❡❡❞ t♦ ❜❡ ✈❡r② r✐❣✐❞✳ ❚❤✐s ❧❛t❡r ❝♦♥str❛✐♥t ✐♥❞✉❝❡ ❛♥
✐♥❝r❡❛s❡ ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ ♣❛rt✱ ❤❡♥❝❡ ✐♥ t❤❡ ♠❛ss ♦❢ t❤❡ ❝♦✉♥t❡r✇❡✐❣❤t✱ ❛♥❞ s♦ ♦♥✳

❚❤✐s ❝♦♥str❛✐♥t ❝♦♥s✐❞❡r❡❞✱ t❤❡ ✜rst ❝r✐t❡r✐♦♥ ♦❢ ❝❤♦✐❝❡ ❜❡t✇❡❡♥ t❤♦s❡ t❤r❡❡ ❝♦♥✜❣✉r❛t✐♦♥s✱
✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ❝♦st✱ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❝♦✉♥t❡r✇❡✐❣❤ts✱ t❤❛t ✐s t♦ ❜❡ ♠✐♥✐♠✐③❡❞✳ ❚❤❡
s❡❝♦♥❞ ❝r✐t❡r✐♦♥ ♦❢ ❝❤♦✐❝❡ ✐s t❤❡ ♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts✳ ❚❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ✐♥❞✉❝❡
❧❛r❣❡ ♣❛rts ❝✐r❝❧✐♥❣ ❛r♦✉♥❞ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r✳ ❚❤✉s t❤❡ ❝❧♦s❡st r✐❣✐❞ ❛ss❡♠❜❧② ❡q✉✐♣♣❡❞ ✇✐t❤
❝♦✉♥t❡r✇❡✐❣❤ts t♦ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r ❤❛s t♦ ❜❡ ❡♠♣t② ♦❢ ❛ ❤♦❧❡ ♦❢ ❛ r❛❞✐✉s ♦❢ t❤❡ ❧❡♥❣t❤
♦❢ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r t♦ ❛✈♦✐❞ ❝♦❧❧✐s✐♦♥s✳ ❙❡❡ s❝❤❡♠❛t✐❝ ✶✹ ❢♦r ❛ ❝❧❡❛r❡r ❡①♣❧❛♥❛t✐♦♥✿ ✐t
r❡♣r❡s❡♥ts t❤❡ ❢♦✉r s✉❜✲❛ss❡♠❜❧✐❡s ✐♥ ♦♥❡ ♣❧❛♥❡✱ ❡❛❝❤ ❧✐♥❦ ❛♥❞ r❛✐❧ ❡q✉✐♣♣❡❞ ✇✐t❤ ❤②♣♦t❤❡t✐❝❛❧

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✸✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❝♦✉♥t❡r✇❡✐❣❤ts✱ ❛♥❞ t❤❡ s♣❤❡r❡ ♦❢ ❛❝t✐♦♥ ♦❢ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r✳ ■♥t❡rs❡❝t✐♦♥ ✇✐t❤ t❤✐s ❧❛t❡r
s♣❤❡r❡ ✇♦✉❧❞ r❡♣r❡s❡♥ts ❛ ♣♦ss✐❜✐❧✐t② ♦❢ ❝♦❧❧✐s✐♦♥✳

: counterweight
 
: link between two sub-assemblies;
  can be rigid or rail/gliders link

 
: sub-assemblies;
  can represent inner, outer rails or PP

Legend :

PP

Chaser's
mock-up

Cr=Cg

- extented
position

Base

PP

Chaser's
mock-up

Cr=Cg

- extented
position

Base

❋✐❣✉r❡ ✶✹✿ ❙❝❤❡♠❛t✐❝ ❡①♣❧❛✐♥✐♥❣ t❤❡ ❝♦♠♣❛❝t♥❡ss ❝r✐t❡r✐♦♥✿ ♦♥ t❤❡ ❧❡❢t✱ t❤❡r❡ ❛r❡ ❝♦✉♥t❡r✲
✇❡✐❣❤ts ♦♥ t❤❡ ✈❡r② ✜rst ❧✐♥❦ ❢r♦♠ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r✱ ❜❡t✇❡❡♥ t❤❡ PP ❛♥❞ t❤❡ ✐♥♥❡r r❛✐❧s
♣❛rt❀ ✇❤❡r❡❛s ♦♥ t❤❡ r✐❣❤t✱ t❤❡ s❛♠❡ ❧✐♥❦✱ ✇✐t❤♦✉t ❝♦✉♥t❡r✇❡✐❣❤ts✱ ❝❛♥ ❜❡ ✐♥t❡❣r❛t❡❞ t♦ t❤❡
PP s✉❜✲❛ss❡♠❜❧②✳ ❖♥ t❤❡ s❛♠❡ s✉❜✲✜❣✉r❡ ✐s r❡♣r❡s❡♥t❡❞ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt ✇✐t❤♦✉t ❝♦✉♥t❡r✲
✇❡✐❣❤ts ✇❤✐❝❤ ❝❛♥ t❤❡♥ ❜❡ ✐♥t❡❣r❛t❡❞ ✐♥s✐❞❡ t❤❡ s♣❤❡r❡ ♦❢ ❛❝t✐♦♥ ♦❢ t❤❡ ♠♦❝❦✲✉♣✱ ❛t t❤❡ ♣r✐❝❡
♦❢ s♦♠❡ ✇♦r❦s♣❛❝❡✳

❚❤❡ ❝r✐t❡r✐♦♥ ✐s t❤❡♥✿ t❤❡ ❢❛rt❤❡r t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ❛r❡ ❢r♦♠ t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r ✭♦r
❡q✉✐✈❛❧❡♥t❧②✱ ♦❢ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❆P✮✱ t❤❡ ♠♦r❡ ❝♦♠♣❛❝t t❤❡ ❆P ✇✐❧❧ ❜❡✳

❚❤❡ ❛❞♦♣t❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ✷ ❉♦❋s ❧✐♥❦ ✭s❡❡ s❝❤❡♠❛t✐❝ ✜❣✉r❡ ✶✺✮✱ ✐s s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥
t❤♦s❡ t✇♦ ❝r✐t❡r✐❛✳

✹✳✷ ●❡♦♠❡tr② ♦❢ t❤❡ ✐♥t❡r✲r❛✐❧s ❣❧✐❞❡rs

❉✉❡ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s❡❧❡❝t❡❞✱ ❛❧❧ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❝♦♥str❛✐♥ts ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ t♦ t❤❡
♣❛rt ❧✐♥❦✐♥❣ t❤❡ t✇♦ ❝✐r❝✉❧❛r r❛✐❧s✳ ❚❤❡ t❡r♠ ❣❧✐❞❡r ❛❧♦♥❡ ✐s ✉s❡❞ ❢♦r t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ ✐♥♥❡r
❣❧✐❞❡r✱ t❤❡ ♦✉t❡r ❣❧✐❞❡r✱ ❛♥❞ t❤❡ ❧✐♥❦✐♥❣ ♣❛rt ✐♥✲❜❡t✇❡❡♥✿ r❡❢❡r t♦ ✜❣✉r❡ ✶✻✳ ❚❤❡ t✇♦ ✐♥♥❡r
❛♥❞ ♦✉t❡r ❣❧✐❞❡rs ❛r❡ s♦❧❞ ❜② t❤❡ ♠❛♥✉❢❛❝t✉r❡r ♦❢ t❤❡ ❝✐r❝✉❧❛r r❛✐❧s ✭s♣❡❝✐❛❧✐③❡❞ ♠❛♥✉❢❛❝t✉r❡r✿
❘❖▲▲❖◆ ❙✳r✳❧✳✱ ✐♥t❡r♥❛t✐♦♥❛❧ ❧✐♥❡❛r ♠♦t✐♦♥ s②st❡♠s ♠❛♥✉❢❛❝t✉r❡r✱ ❤❡❛❞q✉❛rt❡rs ✐♥ ■t❛❧②✳ ❙❡❡
❛❧s♦ ❬✶✹❪ ❢♦r t❤❡✐r ❝✉r✈✐❧✐♥❡❛r r❛✐❧s ❝❛t❛❧♦❣✮✳ ❚❤♦s❡ t✇♦ ❣❧✐❞❡rs ❛r❡ s✉❜✲❛ss❡♠❜❧✐❡s ♦❢ ❛ ✜rst ♣❛rt
❝♦♠♣♦s❡❞ ♦❢ ❛ ❜❛s❡ ♣❧❛t❡ ✇✐t❤ t✇♦ ❛①✐s ❛r♦✉♥❞ ✇❤✐❝❤ ✇❤❡❡❧ ❜❛s❡s ❝❛♥ ♣✐✈♦t✱ t✇♦ ✇❤❡❡❧ ❜❛s❡s
❝♦♠♣♦s❡❞ ♦❢ ❛ st✐❝❦ ❛♥❞ t✇♦ ✇❤❡❡❧ ❛①✐s ♦♥ t❤❡ ❡①tr❡♠✐t✐❡s✱ ❛♥❞ ❢♦✉r ✇❤❡❡❧s ♣❧❛❝❡❞ ♦♥ t❤❡ t✇♦

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✹✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

Inner rails

Outer Rails

Masses

Interrails glides

AP Base

❋✐❣✉r❡ ✶✺✿ ✷❉ ❣②r♦s❝♦♣❡ r❡❛❧✐③❡❞ ✇✐t❤ r❛✐❧s✳ ❚❤❡ t❤✐r❞ r♦t❛t✐♦♥ ✐s t❤❡ r♦t❛t✐♦♥ ✐♥ t❤❡ ♣❧❛♥❡ ♦❢
t❤❡ ❜❛s❡✳ ❚❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ♦♥ t❤❡ ❣❧✐❞❡r ♣❛rts ❛r❡ ♥♦t ❞❡♣✐❝t❡❞ ❢♦r ❝❧❛r✐t②✳

Inner glider
(link with the
inner rails part)

Outer glider
(link with the
outer rails part)

Linking part
(between the
two gliders)

Wheels

Wheel
bases

Base
plate

❋✐❣✉r❡ ✶✻✿ ●❧✐❞❡r✱ r✐❣❤t✲s✐❞❡❞ ✈❡rs✐♦♥✳

✇❤❡❡❧ ❛①✐s ♦❢ t❤❡ t✇♦ ✇❤❡❡❧ ❜❛s❡s✳ ❚❤❡ t❤✐r❞ ♣❛rt ♦❢ t❤❡ ❛ss❡♠❜❧② ✐s t❤❡ ♣❛rt ❧✐♥❦✐♥❣ t❤♦s❡
✐♥♥❡r ❛♥❞ ♦✉t❡r ❣❧✐❞❡rs s✉❜✲❛ss❡♠❜❧✐❡s✳

❋♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣❧❛♥❛t✐♦♥s✱ ♣❧❡❛s❡ r❡❢❡r t♦ t❤❡ t✇♦ s❝❤❡♠❛t✐❝s ✐♥ ❛♣♣❡♥❞✐① ❆✱ ♣❛❣❡s ✸✶
❛♥❞ ✸✷✳ ❚❤❡ ✜rst ♦♥❡ ❞❡s❝r✐❜❡s t❤❡ ❣❡♦♠❡tr② ✉s❡❞✿ ❞✐st❛♥❝❡s✱ ♣♦✐♥ts ❛♥❞ t❤❡ t✇♦ ♠❛✐♥ ❛♥❣❧❡s
❝♦♥str❛✐♥❡❞ ❜② t❤❡ ❆P ❛ss❡♠❜❧②✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ❞❡s❝r✐❜❡s t❤❡ ❢r❛♠❡s ❛♥❞ ❞❡s✐❣♥ ❛♥❣❧❡s ✉s❡❞
♦♥ t❤❡ ❧✐♥❦ ♣❛rt✳

❚❤❡ t✇♦ ♣❧❛♥❡s ❆© ❇© ❞♦❝❦✐♥❣ t❤❡ ✐♥♥❡r ❛♥❞ ♦✉t❡r ❣❧✐❞❡rs ❛r❡ ❞❡✜♥❡❞ ❜② ✸ ❛♥❣❧❡s✳ ❚❤❡

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✺✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❞❡✜♥✐t✐♦♥ ♦❢ t❤♦s❡ t❤r❡❡ ❛♥❣❧❡s r❡q✉✐r❡s t❤❡ ❝♦♠♣❧❡t❡ ❣❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❆P✳ ❚❤✐s
❣❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❛♣♣❡♥❞✐① ❆✱ ♣❛❣❡ ✸✶✳

❚❤❡ ♣♦✐♥t D ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ♠✐❞❞❧❡ ♣❧❛t❡ ♦❢ t❤❡ ❧✐♥❦ ♣❛rt✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱
❝❤❛r❛❝t❡r✐st✐❝ ❞✐st❛♥❝❡s ❛r❡ ❞❡✜♥❡❞✱ t❤❡♥ ❛♥❣❧❡s ✇✐t❤ t❤❡✐r ❞❡r✐✈❛t✐♦♥ ❢r♦♠ t❤❡ ❞✐st❛♥❝❡s ❛♥❞
❣❡♦♠❡tr✐❝❛❧ r❡❧❛t✐♦♥s✳

✹✳✷✳✶ ●❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥✿ ❉✐st❛♥❝❡s ❞❡✜♥✐t✐♦♥

❖♥ ❛ ✜rst ❤❛♥❞ ❛r❡ ♣r❡s❡♥t❡❞ t❤❡ ❞✐st❛♥❝❡s ❢♦r t❤❡ ❣❧✐❞❡r ❛ss❡♠❜❧② ✭t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ r❡❢❡rr✐♥❣
t♦ t❤❡ ❛♣♣❡♥❞✐① ♣❛❣❡ ✸✶ ❢♦r t❤♦s❡ ❞❡✜♥✐t✐♦♥s ❝❛♥ ♥♦t ❜❡ str❡ss❡❞ ❡♥♦✉❣❤✮✿

• epatin✱ t❤❡ s❡r✐❢ ❜❡t✇❡❡♥ t❤❡ ❛①✐s ♦❢ t❤❡ t✇♦ ✇❤❡❡❧ ❜❛s❡s❀

• pcca✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ♠✐❞❞❧❡ ♣❧❛t❡ ♦❢ t❤❡ ❧✐♥❦✱ D✱ ❛♥❞ t❤❡ ❝❡♥t❡r
♦❢ t❤❡ ✐♥♥❡r ❣❧✐❞❡r ✭❢❛st❡♥ ♦♥ t❤❡ ♣❧❛♥❡ ❆©✮❀ ♦r ❡q✉✐✈❛❧❡♥t❧②✱ ❜❡t✇❡❡♥ D ❛♥❞ t❤❡ ❝❡♥t❡r
♦❢ t❤❡ ♦✉t❡r ❣❧✐❞❡r ✭❢❛st❡♥ ♦♥ t❤❡ ♣❧❛♥❡ ❇©✮❀

• epf ✱ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♦♣❡r❛t✐♥❣ ♣❧❛♥❡s ♦❢ t❤❡ ✜rst ♣❛rt ♦❢ t❤❡ ✐♥♥❡r ♦r ♦✉t❡r
❣❧✐❞❡rs✱ ♥❛♠❡❧② t❤❡ ♣❧❛♥❡ ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ♦♣❡r❛t✐♥❣ ♣❧❛♥❡s ♦❢ t❤❡ ❧✐♥❦✱ ❆© ♦r ❇©✱ ❛♥❞
t❤❡ ♣❧❛♥❡ ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ✇❤❡❡❧ ❜❛s❡❀

• pcr✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤✐s ❧❛t❡r ♣❧❛♥❡ ❜✉t ♦♥ t❤❡ ✇❤❡❡❧ ❜❛s❡✱ ❛♥❞ t❤❡ ❜❛s❡✴✇♦r❦✐♥❣
♣❧❛♥❡ ♦❢ t❤❡ r❛✐❧✱ ❡q✉✐✈❛❧❡♥t❧② t❤❡ ❜❛s❡✴✇♦r❦✐♥❣ ♣❧❛♥❡ ♦❢ t❤❡ ✇❤❡❡❧s✱ ❡q✉✐✈❛❧❡♥t❧② t❤❡
❜❛s❡✴✇♦r❦✐♥❣ ♣❧❛♥❡ ♦❢ t❤❡ ✇❤❡❡❧ ❜❛s❡s✳

❘❡❧❛t❡❞ ❝❤❛r❛❝t❡r✐st✐❝ ❞✐st❛♥❝❡s ❛r❡ ❞❡✜♥❡❞ ❢♦r t❤❡ r❡st ♦❢ t❤❡ ❣❧♦❜❛❧ ❛ss❡♠❜❧② ♦❢ t❤❡ ❆P✿

• Rint✱ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❜❛s❡✴✇♦r❦✐♥❣ ❝✐r❝❧❡ ♦❢ t❤❡ t✇♦ ✐♥♥❡r r❛✐❧s❀

• Rext✱ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❜❛s❡✴✇♦r❦✐♥❣ ❝✐r❝❧❡ ♦❢ t❤❡ t✇♦ ♦✉t❡r r❛✐❧s❀

• cint✱ t❤❡ ♠✐♥✐♠❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ✐♥♥❡r ❣❧✐❞❡r ❛♥❞ t❤❡ ❜❛s❡✴✇♦r❦✐♥❣
❝✐r❝❧❡ ♦❢ t❤❡ ✐♥♥❡r r❛✐❧✱ s❡❡ ✜❣✉r❡ ✶✼✿

cint = Rint −

√

R2

int −
(epatin

2

)2

✭✶✮

• cext✱ t❤❡ ♠✐♥✐♠❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ♦✉t❡r ❣❧✐❞❡r ❛♥❞ t❤❡ ❜❛s❡✴✇♦r❦✐♥❣
❝✐r❝❧❡ ♦❢ t❤❡ ♦✉t❡r r❛✐❧✱ s❡❡ ✜❣✉r❡ ✶✼✿

cext = Rext −

√

R2
ext −

(epatin
2

)2

✭✷✮

• a✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ ✐❞❡♥t✐❝❛❧ r❛✐❧s ✭t❤❡ t✇♦ ✐♥♥❡r r❛✐❧s ♦r t❤❡ t✇♦ ♦✉t❡r r❛✐❧s✮❀
t❤✐s ❞✐st❛♥❝❡ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠♦♠❡♥t✉♠ ❝r❡❛t❡❞ ❜② t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ✇❡✐❣❤t ♦♥
t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ s②st❡♠✱ ❞✐st❛♥t t♦ t❤❡ r❛✐❧s✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✻✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

wheel
base
axes

c

epatincenter of the
glider plate

R

Cp

A2

A1

❋✐❣✉r❡ ✶✼✿ ❙❝❤❡♠❛t✐❝ ❢♦r t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ cint ❛♥❞ cext✳ R ❛♥❞ c s❤♦✉❧❞ ❜❡ r❡♣❧❛❝❡❞ ❜② ❡✐t❤❡r
Rint ❛♥❞ cint ♦r Rext ❛♥❞ cext✳

▼♦r❡♦✈❡r✱ ❛s ED ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ ❜♦t❤ ♣❧❛♥❡s ♦❢ t❤❡ ✜❣✉r❡s ♣❛❣❡ ✸✶✱ t❤❡ s✐③❡ ♦❢ t❤❡
❧✐♥❦ ♣❛rt ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❛❞✐✐ ♦❢ t❤❡ r❛✐❧s✱ ❡q✉❛t✐♦♥ ✸✳

♦♥ t❤❡ ❧❡❢t✿ ED2 = (Rext − cext − pcca)2 −
(a

2
+ epf + pcr

)2

♦♥ t❤❡ r✐❣❤t✿ ED2 = (Rint − cint + pcca)2 −
(a

2
+ epf + pcr

)2

pcca =

√

R2
ext −

( epatin
2

)2
−
√

R2

int −
( epatin

2

)2

2
✭✸✮

❋✐♥❛❧❧②✱ t❤❡ ❞✐st❛♥❝❡ ✐♥✲❜❡t✇❡❡♥ t✇♦ r❛✐❧s ♦❢ t❤❡ s❛♠❡ ♣❛rt✱ a✱ ❞❡♣❡♥❞s ♦♥ t❤❡ t♦rq✉❡ ❛♣♣❧✐❡❞
♦♥ t❤❡ ♣❛rt✳ ❚❤❡ t✇♦ ♣❛rts ❛r❡ ❞✐✛❡r❡♥t ❝❛s❡s✿

• ✐♥♥❡r r❛✐❧s ♣❛rt✿ t❤❡ ✇❡✐❣❤ts ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✱ ✐♥❝❧✉❞✐♥❣ ❝♦✉♥t❡r✇❡✐❣❤ts✱ t❤❡ PP ❛♥❞
t❤❡ ♠♦❝❦✲✉♣ ❝❤❛s❡r ❛♣♣❧✐❡❞ ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✱ ❝r❡❛t❡ ❛ t♦rq✉❡ ♦♥ t❤❡
♦✉t❡r r❛✐❧s ♣❛rt ✇❤❡♥ t❤❡ ✐♥♥❡r ♣❛rt ✐s ♥♦t ✈❡rt✐❝❛❧✳ ❚❤❡ ✇♦rst ❝❛s❡ ✐s ❢♦r t❤❡ ✐♥♥❡r r❛✐❧s
❛t ❛ ❤♦r✐③♦♥t❛❧ st❛t✐♦♥✱ ❛s ❞❡♣✐❝t❡❞ ♦♥ ✜❣✉r❡ ✷✵✳ ❖♥ t♦♣ ♦❢ t❤❛t ❣r❛✈✐t②✲✐♥❞✉❝❡❞ t♦rq✉❡✱
t❤❡r❡ ❛r❡ t❤❡ t♦rq✉❡s ❝r❡❛t❡❞ ❜② t❤❡ ❛❝t✉❛t♦rs ♦❢ t❤❡ ♠♦❝❦✲✉♣ r♦❜♦t ❛♥❞ ♦❢ t❤❡ PP✳ ❆s t❤❡
PP s❤♦✉❧❞ ❜❡ ❞②♥❛♠✐❝❛❧❧② ♥❡✉tr❛❧ t♦ ♥♦t ✐♥❞✉❝❡ ♣❛r❛s✐t✐❝ ♠♦t✐♦♥✱ ✇❡ ❛ss✉♠❡ ✐ts r❡❛❝t✐♦♥
t♦rq✉❡ t♦ ❜❡ ♥✐❧✳ ❆s ♦❢ t❤❡ ♠♦❝❦✲✉♣ r♦❜♦t✱ t❤❡ ✇♦rst ❝❛s❡ s❝❡♥❛r✐♦ ✐s t❤❡ ♠❛①✐♠✉♠ t♦rq✉❡
t❤❛t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ♦♥ ❛♥ ❛❝t✉❛t♦r✱ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❤❛r❞✇❛r❡ s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ r♦❜♦t✳

• ♦✉t❡r r❛✐❧s ♣❛rt✿ t❤❡ ✇❡✐❣❤ts ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt ❛♥❞ t❤❡ PP ❛r❡ ❛❧✇❛②s ❛♣♣❧✐❡❞ ❛t
t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✱ t❤✉s ✐♥❞✉❝✐♥❣ ♥♦ t♦rq✉❡ ♦♥ t❤❡ ❛❧✇❛②s ✈❡rt✐❝❛❧ ♦✉t❡r r❛✐❧s✱ t❤♦✉❣❤
t❤❡ ♠♦❝❦✲✉♣ r♦❜♦t✬s ❝❡♥t❡r ♦❢ ♠❛ss ❝❛♥ ❜❡ s❧✐❣❤t❧② ❛♥❞ t❡♠♣♦r❛r✐❧② ♦✉t ♦❢ t❤❡ ❝❡♥t❡r ♦❢
r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✳ ❚❤❡ t♦rq✉❡s ❝r❡❛t❡❞ ❜② t❤❡ ❛❝t✉❛t♦rs ♦❢ t❤❡ ♠♦❝❦✲✉♣ r♦❜♦t ❛r❡ t❤✉s
t❤❡ ♠❛✐♥ ❝♦♥❝❡r♥✳

❚❤❡ ❘❖▲▲❖◆ ❣❧✐❞❡rs ❝❛♥ s✉♣♣♦rt str❡ss ✐♥ t✇♦ ❞✐r❡❝t✐♦♥s ❛♥❞ ♥♦ ♠♦♠❡♥t✉♠✳ ❙❡❡ ✜❣✉r❡ ✶✽
❛♥❞ t❤❡ t❛❜❧❡ ✶✾ ❢♦r t❤❡ ❞✐r❡❝t✐♦♥s ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ str❡ss ❢♦r t❤❡ t✇♦ ❦✐♥❞ ♦❢ ❣❧✐❞❡rs
❛✈❛✐❧❛❜❧❡✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✼✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

C0ax

0radC

❋✐❣✉r❡ ✶✽✿ ❉✐r❡❝t✐♦♥s ♦❢ str❡ss ♣♦ss✐❜❧❡
❢♦r ❜♦t❤ ❘❖▲▲❖◆✬s ♠♦❞❡❧s ♦❢ ❝✉r✈✐❧✐♥❡❛r
❣❧✐❞❡rs✳

●❧✐❞❡r ▼♦❞❡❧ C0ax ❬◆❪ C0rad ❬◆❪

❈❈❚✵✽ 400 570

❈❈❚✶✶ 1130 1615

❋✐❣✉r❡ ✶✾✿ ❱❛❧✉❡s ♦❢ t❤❡ ♠❛①✐♠✉♠ ♣❛②✲
❧♦❛❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞✐r❡❝t✐♦♥✱ ❛❧❧♦✇❡❞
❢♦r ❡❛❝❤ ♦❢ t❤❡ t✇♦ ♠♦❞❡❧s ♦❢ ❣❧✐❞❡r ❢♦r
❝✉r✈✐❧✐♥❡❛r r❛✐❧s ✐♥ ❘❖▲▲❖◆ ❝❛t❛❧♦❣✳

D

D'
O

L

P

R

N1

N2

R1

R2 θ2

a

D

R'ext

❋✐❣✉r❡ ✷✵✿ ❉❡r✐✈❛t✐♦♥ ✜❣✉r❡ ❢♦r t❤❡ ♠❛①✐♠✉♠ ♠♦♠❡♥t✉♠ ❛♣♣❧✐❡❞ ♦♥ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✳

P❧❡❛s❡ r❡❢❡r t♦ t❤❡ ✜❣✉r❡ ✷✵ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❤❡
✇❡✐❣❤t ~P ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✱ PP ❛♥❞ ♠♦❝❦✲✉♣ ❝❤❛s❡r✱ ✐♥ ❛❞❞✐t✐♦♥ ♦❢ t❤❡ t♦rq✉❡ ~L ♦❢ t❤❡

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✽✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❛❝t✉❛t♦rs ♦❢ t❤❡ ♠♦❝❦✲✉♣✱ ❝r❡❛t❡s t❤❡ t♦rq✉❡ ~R ❣✐✈❡♥ ✐♥ ❡q✉❛t✐♦♥ ✹✳ ❍♦✇❡✈❡r t❤✐s t♦rq✉❡ ~R
❝❛♥ ❛❧s♦ ❜❡ ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ str❡ss ❛♣♣❧✐❡❞ ❡q✉❛❧❧② ♦♥ t❤❡ ❣❧✐❞❡rs✱ ~N1✱ ~N2✱ ~N3 ❛♥❞
~N4✱ ✐♥ ❡q✉❛t✐♦♥ ✺✳

||~R|| = ||~L||+ ||~P ||.R′

ext ✭✹✮

||~R|| = 2 · a · || ~R1|| = 2 · a ·

√

1−
a2

4 ·R2
ext

· || ~N1|| = 2 · a ·
R′

ext

Rext
· || ~N1|| ✭✺✮

❆ss✉♠✐♥❣✱ ❛s t❤✐s ✐s t❤❡ ✇♦rst ♠♦♠❡♥t✉♠ ❧♦❛❞✐♥❣✱ t❤❛t t❤❡ ❣❧✐❞❡rs ❛r❡ ❛t t❤❡✐r ♠❛①✐♠✉♠
❝❛♣❛❝✐t②✱ t❤❡♥ || ~Ni|| = C0rad✳ ❍❡♥❝❡ t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ ✈❛❧✉❡ a ✐♥ ❡q✉❛t✐♦♥ ✻✱ ♦r ❝♦♥s✐❞❡r✐♥❣
t❤❛t ~L ✐s ♥❡❣❧✐❣✐❜❧❡ ✐♥ ❢r♦♥t ♦❢ t❤❡ ❤✉❣❡ ✇❡✐❣❤t ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❜✐❣ ❝❛♥t✐❧❡✈❡r ✐♥ ❡q✉❛t✐♦♥ ✼✳

a =

||~L|| ·
Rext

R′

ext

+ ||~P ||.Rext

2 · C0rad
✭✻✮

a ≈
||~P ||.Rext

2 · C0rad
✭✼✮

❈♦♥s✐❞❡r✐♥❣ t❤❡ ♠♦❝❦✲✉♣ ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ❑❯❑❆ ▲✐❣❤t❲❡✐❣❤t ❘♦❜♦t✱ ✐ts ♠❛①✐♠✉♠ ♣❛②❧♦❛❞✱
❛ ❜❛s❡ ❛❜♦✉t t❤r❡❡ t✐♠❡s t❤❡ ♣❛②❧♦❛❞✱ ❛♥❞ t❤❡ PP ❧✐❣❤t❡r t❤❛♥ 20 kg✱ t❤❡♥ t❤❡ ✜rst ❧♦♦♣ ❞❡s✐❣♥
✈❛❧✉❡ ♦❢ a ✐s ❜❡❧♦✇ 700mm✳

✹✳✷✳✷ ●❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ ❛♥❣❧❡s ❛♥❞ ❞❡r✐✈❛t✐♦♥

❚❤❡ ♠✐❞❞❧❡ ♣❧❛t❡ ♦❢ t❤❡ ❧✐♥❦ ♣❛rt ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❞✐r❡❝t✐♦♥s ♦❢ t❤❡ t❛♥❣❡♥t t♦ t❤❡ ✐♥♥❡r r❛✐❧
❛♥❞ t❤❡ t❛♥❣❡♥t t♦ t❤❡ ♦✉t❡r r❛✐❧✱ ❛♥❞ s❡r✈❡ ❛s ❛ ❜❛s❡ ❢♦r t❤✐s ♣❛rt✳ ❚❤❡ ❢r❛♠❡ R =

(

x, y, z
)

✐s ❛ss✐❣♥❡❞ t♦ ✐t ✉s✐♥❣ t❤♦s❡ ❞✐r❡❝t✐♦♥s ❛♥❞ ❛tt❛❝❤❡❞ ❛t t❤❡ ♣♦✐♥t D✱ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ♠✐❞❞❧❡
♣❧❛t❡✱ y ❜❡✐♥❣ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❧❛t❡✳

❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t❤❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ✐♥♥❡r r❛✐❧ ♣❧❛♥❡ t❤r♦✉❣❤ D ✇✐t❤ t❤❡ ❛①✐s ♦❢ t❤❡
✐♥♥❡r r❛✐❧s ✐s ❝❛❧❧❡❞ O′✳ ❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t❤❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ♦✉t❡r r❛✐❧ ♣❧❛♥❡ t❤r♦✉❣❤ D
✇✐t❤ t❤❡ ❛①✐s ♦❢ t❤❡ ♦✉t❡r r❛✐❧s ✐s ❝❛❧❧❡❞ O”✳ ❚❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ O′ ♦♥ t❤❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡
♦✉t❡r r❛✐❧ ♣❧❛♥❡ t❤r♦✉❣❤ D✱ ♦r ❡q✉✐✈❛❧❡♥t❧② t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ O” ♦♥ t❤❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡
✐♥♥❡r r❛✐❧ ♣❧❛♥❡ t❤r♦✉❣❤ D✱ ✐s ❝❛❧❧❡❞ E✳ ❚❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡ ♦❢ t❤♦s❡ t✇♦ ♣r♦❥❡❝t✐♦♥s ❞♦❡s ♥♦t
❞❡♣❡♥❞ ♦♥ ✇❤❡t❤❡r t❤❡ ❞✐st❛♥❝❡ a ✐s ✐❞❡♥t✐❝❛❧ ❢♦r ❜♦t❤ ♣❛✐rs ♦❢ r❛✐❧s✱ ❜✉t ♦♥ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r✐t②
♦❢ t❤❡ ✐♥♥❡r ❛♥❞ ♦✉t❡r r❛✐❧s ♣❛rts✳

❚❤❡ ✐♥♥❡r ♣❧❛♥❡✱ ❆©✱ ✐s ❞✐r❡❝t❡❞ ❜② t❤❡ t❛♥❣❡♥t t♦ t❤❡ ✐♥♥❡r r❛✐❧s ❛♥❞ t❤❡ s❡❣♠❡♥t ♣❡r♣❡♥✲
❞✐❝✉❧❛r t♦ t❤❡ ❛①✐s ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt t❤r♦✉❣❤ D✳ ❚❤✐s ❧❛t❡r s❡❣♠❡♥t ✐s ❛❧s♦ ❞❡✜♥❡❞ ❜② t❤❡
❛♥❣❧❡ α t♦ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ♦✉t❡r r❛✐❧ t❤r♦✉❣❤ D ✐♥ t❤❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ♦✉t❡r r❛✐❧ ♣❧❛♥❡
t❤r♦✉❣❤ D✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ r✐❣❤t tr✐❛♥❣❧❡ O”ED ❝♦♠❡s t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ α✱ ❡q✉❛t✐♦♥ ✽✳

O”E =
a

2
+ epf + pcr✱ ❛♥❞ O”D = Rext − cext − pcca =

√

R2
ext −

(epatin
2

)2

− pcca✱ t❤✉s✿

α = arcsin





a
2
+ epf + pcr

√

R2
ext −

( epatin
2

)2
− pcca



 ✭✽✮

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✶✾✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

■♥ ❛ s✐♠✐❧❛r ♠❛♥♥❡r✱ t❤❡ ♦✉t❡r ♣❧❛♥❡✱ ❇©✱ ✐s ❞✐r❡❝t❡❞ ❜② t❤❡ t❛♥❣❡♥t t♦ t❤❡ ♦✉t❡r r❛✐❧s ❛♥❞
t❤❡ s❡❣♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❛①✐s ♦❢ t❤❡ ♦✉t❡r r❛✐❧s ♣❛rt t❤r♦✉❣❤ D✱ ✇❤✐❝❤ ✐s ❛❧s♦ ❞❡✜♥❡❞
❜② t❤❡ ❛♥❣❧❡ β ❜❡t✇❡❡♥ t❤❡ ♦✉t❡r ♣❧❛♥❡ ❇© ❛♥❞ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ✐♥♥❡r r❛✐❧ t❤r♦✉❣❤ D ✐♥ t❤❡
♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ✐♥♥❡r r❛✐❧ ♣❧❛♥❡ t❤r♦✉❣❤ D✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ r✐❣❤t tr✐❛♥❣❧❡ O′ED ❝♦♠❡s
t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ β✱ ❡q✉❛t✐♦♥ ✾✳

O′E =
a

2
+ epf + pcr✱ ❛♥❞ O′D = Rint − cint + pcca =

√

R2

int −
(epatin

2

)2

+ pcca✱ t❤✉s✿

β = arcsin





a
2
+ epf + pcr

√

R2

int −
( epatin

2

)2
+ pcca



 ✭✾✮

❚❤❡ t❤✐r❞ ❛♥❣❧❡ ✐s t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣❧❛♥❡s✳

✹✳✷✳✸ ❉❡s✐❣♥ ❛♥❣❧❡s ❛♥❞ ❞❡r✐✈❛t✐♦♥

❚❤❡ ♣r❡✈✐♦✉s ❛♥❣❧❡s ❛r❡ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❣❧❡s✳ ❚❤❡ ❞❡s✐❣♥ ❛♥❣❧❡s ♦❢ t❤❡ ♣❛rt✱ ✇❤✐❝❤ ❤❛✈❡ t♦
s❛t✐s❢② t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❣❧❡s✱ ❛r❡ ♥♦t❡❞ ✇✐t❤ t❤❡ ✐♥❞❡① 0✳ ❚❤❡ ♣♦✐♥t ♦❢ t❤♦s❡ ❞❡s✐❣♥ ❛♥❣❧❡s ✐s
t❤❛t t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ♣❛rt st❛♥❞s ❛❧♦♥❡ ♦❢ t❤❡ ❛ss❡♠❜❧②✳ ▼♦r❡♦✈❡r✱ t❤❡ r♦t❛t✐♦♥
♦❢ t❤❡ ❜❛s❡ ❢r❛♠❡ ❛r♦✉♥❞ t❤❡ t❛♥❣❡♥t t♦ t❤❡ ♦✉t❡r r❛✐❧ ✐♥❞✉❝❡ ❛ r♦t❛t✐♦♥ ♦❢ t❤❡ ♣❧❛♥❡ ❆©✱ ♦r
t❤❡ ♦t❤❡r ✇❛② ❛r♦✉♥❞ ❛s ❆© ❛♥❞ ❇© ❛r❡ ❞❡✜♥❡❞ r❡❧❛t✐✈❡❧② t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ s♣❡❝✐✜❝❛t✐♦♥ α
✐s t❤✉s ♥♦t ❞❡✜♥❡❞ ✐♥ ❛ ♣❤②s✐❝❛❧ ♣❧❛♥❡ ♦♥ t❤❡ ♣❛rt✱ ❛♥❞ ❛♥ ❛♥❣❧❡ γ0 ❛r♦✉♥❞ t❤❡ ♥♦r♠❛❧ t♦ t❤❡
♠✐❞❞❧❡ ♣❧❛♥❡ ✐s ✐♥tr♦❞✉❝❡❞ t♦ ❣❡t t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r✐t② ❜❡t✇❡❡♥ t❤❡ ✐♥♥❡r ❛♥❞ ♦✉t❡r ♣❧❛♥❡s ❆©
❛♥❞ ❇©✳

❆ s❡t ♦❢ r❡❢❡r❡♥❝❡ ❢r❛♠❡s ❛r❡ ❞❡✜♥❡❞ ♦♥ t❤❡ ❧✐♥❦ ♣❛rt✱ s❡❡ ♣❛❣❡ ✸✷✳ ❚❤❡ ❢r❛♠❡ R1 =
(

x1, y1, z1
)

✐s ❛tt❛❝❤❡❞ t♦ t❤❡ ♣❧❛♥❡ ❆©✱ ✇❤✐❧❡ t❤❡ ❢r❛♠❡ R3 =
(

x3, y3, z3
)

✐s ❛tt❛❝❤❡❞ t♦ t❤❡

♣❧❛♥❡ ❇©✳ ❚❤❡r❡ ✐s ❛❧s♦ ❛ tr❛♥s✐t✐♦♥❛❧ ❢r❛♠❡ R2 ❞❡✜♥❡❞✳ ❚❤❡ ❝♦♠♠♦♥ ♦r✐❣✐♥ ♦❢ t❤❡ ❢♦✉r ❢r❛♠❡s
✐s D✳

❆s t❤❡ ♣❧❛♥❡s ❛r❡ ❞❡✜♥❡❞ r❡❧❛t✐✈❡❧② t♦ ❡❛❝❤ ♦t❤❡r✱ ❡✐t❤❡r α0 ♦r β0 ❤❛s t♦ ❜❡ s❡t t♦ ✐ts
s♣❡❝✐✜❝❛t✐♦♥✳ β0 = β ✐s ❝❤♦s❡♥✱ ❧❡❛✈✐♥❣ α0 ❛♥❞ γ0 t♦ ❜❡ ❞❡r✐✈❡❞✳

❊①♣r❡ss❡❞ ✇✐t❤ t❤❡ ❢r❛♠❡s✱ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❝♦♥❞✐t✐♦♥ ❜❡t✇❡❡♥ ❆© ❛♥❞ ❇© ✐s ❡q✉✐✈❛❧❡♥t❧②
❡①♣r❡ss❡❞ ❜② t❤❡ ❡q✉❛t✐♦♥s ✶✵✳

y3z3 ⊥ x1y1 ⇔ x3 ⊥ z1 ⇔ x3.z1 = 0 ✭✶✵✮

◆♦✇✱ t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ x3 ✐♥ R1 ✐s ❣✐✈❡♥ ❡q✉❛t✐♦♥ ✶✶✳

x3.z1 = − sin (β0) · sin (α0) + cos (β0) · sin (γ0) · cos (α0) ✭✶✶✮

❊q✉❛t✐♦♥s ✶✵ ❛♥❞ ✶✶ ❣✐✈❡ γ0✱ ❡q✉❛t✐♦♥ ✶✷✳

sin γ0 = tan (β0) · tan (α0) ✭✶✷✮

❚❤❡ s♣❡❝✐✜❝❛t✐♦♥ α ❡♥❞ ✉♣ ❜❡✐♥❣ t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♣❧❛♥❡s ❆© ❛♥❞ t❤❡ ♣❧❛♥❡ ♣❡r♣❡♥✲

❞✐❝✉❧❛r t♦ ❇©✱ x3y3✿ α = ̂(x3y3;x1y1)✱ ♦r ❡q✉✐✈❛❧❡♥t❧② ❜❡t✇❡❡♥ t❤❡ ♥♦r♠❛❧ ✈❡❝t♦rs t♦ t❤♦s❡

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✵✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

♣❧❛♥❡s✱ α = ̂(z3; z1)✳ ❍❡♥❝❡ ✇❡ ❝❛♥ ❡①♣r❡ss t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ z3 ♦♥ z1 ✇✐t❤ α✱ ❡q✉❛t✐♦♥ ✶✸✱ ♦r
t❤r♦✉❣❤ t❤❡ ❝♦♥str✉❝t✐♦♥ ❛♥❣❧❡s✱ ❡q✉❛t✐♦♥ ✶✹✳

z3.z1 = cosα ✭✶✸✮

z3.z1 = cos (α0) · cos (γ0) ✭✶✹✮

❯s✐♥❣ ❢❡✇ tr✐❣♦♥♦♠❡tr✐❝ r❡❧❛t✐♦♥s✱ t❤❡ ❞❡s✐❣♥ ❛♥❣❧❡ α0 ✐s ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
❝❤❛r❛❝t❡r✐st✐❝ ❞✐st❛♥❝❡s ❛♥❞ t❤❡ ❛♥❣❧❡ β0✱ ❡q✉❛t✐♦♥ ✶✺✳ ♥❡❡❞✴✉s❡❢✉❧♥❡ss ♦❢ t❤❡ ❞❡r✐✈❛t✐♦♥❄
❚❇▼

α0 = arcsin





a
2
+ epf + pcr

√

R2
ext −

( epatin
2

)2
− pcca

cos (β0)



 ✭✶✺✮

❚❤✐s ❞❡r✐✈❡❞ ❣❡♦♠❡tr② ✇✐❧❧ ♥♦t ❜❡ ♠❡t ✐♥ r❡❛❧✐t②✱ ❛s ✐t ✇♦✉❧❞ ♥❡❡❞ ♣❡r❢❡❝t ❛♥❣❧❡s t❤❛t ❡✈❡♥
t❤❡ ❈❆❉ s♦❢t✇❛r❡ t♦♦❧ ❤❛✈❡ ❛ t❤♦✉❣❤ t✐♠❡ t♦ ♠❡❡t✳ ❍♦✇❡✈❡r✱ t❤❡ ❜♦r❡s ✐♥ t❤❡ ❣❧✐❞❡r✬s ❧✐♥❦
❛❧❧♦✇ s♦♠❡ ♣❧❛② ❜❡❢♦r❡ ❢❛st❡♥✐♥❣ t❤❡ ❣❧✐❞❡rs ♦♥✳ ❚❤❡r❡❜②✱ t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ ❣❧✐❞❡rs ✇✐❧❧ ❜❡
❞♦♥❡ ✇✐t❤♦✉t t✐❣❤t❡♥✐♥❣ ❛t ✜rst✱ ♠♦✉♥t❡❞ ♦♥ ❜♦t❤ r❛✐❧s ❛♥❞ t❤❡♥ t✐❣❤t❡♥❡❞ ✇❤✐❧❡ ♠♦t✐♦♥✐♥❣
t❤❡ s②st❡♠ t♦ ♠❛❦❡ s✉r❡ t❤❡ ❛ss❡♠❜❧② ✐s ♥♦t ✇♦r❦✐♥❣ ❢♦r ♦♥❧② ♦♥❡ ♣♦s✐t✐♦♥✳

✹✳✸ ❑✐♥❡t✐❝s ♦❢ t❤❡ ❆P

P❧❡❛s❡ r❡❢❡r t♦ t❤❡ s❝❤❡♠❛t✐❝ ✜❣✉r❡ ✶✺✳ ❚❤❡ ❢r❛♠❡ ✉s❡❞ ✐s ❛s ❢♦❧❧♦✇✿ t❤❡ y✲❛①✐s ✐s ♣❡r♣❡♥❞✐❝✉❧❛r
t♦ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ ❜❛s❡ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ❣r❛✈✐t②✱ ❛♥❞ ✐♥
t❤❡ ✐♥✐t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡♣✐❝t❡❞ ♦♥ t❤❡ s❝❤❡♠❛t✐❝✱ t❤❡ z✲❛①✐s ✐s t❤❡ ❛①✐s ♦❢ t❤❡ ♦✉t❡r r❛✐❧s ❛♥❞
t❤❡ x✲❛①✐s ✐s t❤❡ ❛①✐s ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s✳

✹✳✸✳✶ ■♥♥❡r r❛✐❧s ♣❛rt

❆s t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt r♦t❛t❡s ❛r♦✉♥❞ ❛❧❧ t❤r❡❡ ❛①❡s✱ ✐ts ❝❡♥t❡r ♦❢ ♠❛ss✱ ♦r ❝❡♥t❡r ♦❢ ❣r❛✈✐t②✱ Cg

✭✇✐t❤ t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ✉♥✐❢♦r♠ ❣r❛✈✐t❛t✐♦♥❛❧ ✜❡❧❞✮ ♠✉st ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥
Cr ♦❢ t❤❡ ❆P✳ ❚♦ ❞♦ s♦✱ t❤❡ ❛♥❣✉❧❛r s❡❝t♦r ♦❢ t❤✐s ♣❛rt ♠✉st ❜❡ ♦✈❡r ❤❛❧❢ ❛ ❝✐r❝❧❡✳ ❚❤❡ ✐♥♥❡r
r❛✐❧s ❛r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ❝♦✉♥t❡r✇❡✐❣❤ts t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡✐r ♦✇♥ ✇❡✐❣❤t ❛♥❞ ♦❢ t❤❡ PP✳ ❚❤❡
✇❡✐❣❤t ♦❢ ♠♦❝❦✲✉♣ ❝❤❛s❡r ✭❤❡♥❝❡ ✐♥❝❧✉❞✐♥❣ ❜❛s❡✱ ♠❛♥✐♣✉❧❛t♦r ❛♥❞ ♣❛②❧♦❛❞✮ ✐s ♥♦t ❝♦♠♣❡♥s❛t❡❞
❛s ✐ts ❝❡♥t❡r ♦❢ ♠❛ss ✐s ❛❧r❡❛❞② ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✱ t❤❛♥❦s t♦ t❤❡ PP✳ ❚❤❡ ✇✐❞❡r
t❤❡ ❛♥❣✉❧❛r s❡❝t♦r ✐s✱ t❤❡ ❧✐❣❤t❡r t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ❛r❡✳ ❚❤✐s ❝♦♥✈❡r❣❡s ❜❛❝❦ t♦ t❤❡ ❝✐r❝✉❧❛r
❝r❛❞❧❡s ❣②r♦s❝♦♣❡ s♦❧✉t✐♦♥✳ ❆ ♠✐❞❞❧❡ ❣r♦✉♥❞ ✇❛s s❡❧❡❝t❡❞✱ s❡❡ s❝❤❡♠❛t✐❝ ✜❣✉r❡ ✶✺✳

✹✳✸✳✷ ■♥t❡r✲r❛✐❧s ❣❧✐❞❡rs

❚❤♦s❡ ❢♦✉r ❣❧✐❞❡rs ♣❡r❢♦r♠ r♦t❛t✐♦♥❛❧ tr❛♥s❧❛t✐♦♥s ❛r♦✉♥❞ t✇♦ ❛①✐s✿ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❧❛♥❡
♦❢ t❤❡ ❜❛s❡ ❛♥❞ ❛r♦✉♥❞ t❤❡ ❛①✐s ♦❢ t❤❡ ♦✉t❡r r❛✐❧s ♣❛rt✳ ❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t❤♦s❡ t✇♦ ❛①✐s ✐s
♦♥❝❡ ❛❣❛✐♥ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✳ ❚♦ s❡♥❞ t❤❡ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② ♦❢ t❤❡ ❣❧✐❞❡rs ❛t t❤❡
❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✱ t❤❡ s❛♠❡ s♦❧✉t✐♦♥ t❤❛♥ ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt ✐s ❛❞♦♣t❡❞✿ ❛♥ ❛♥❣✉❧❛r s❡❝t♦r
❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❝♦✉♥t❡r✇❡✐❣❤t ❞❡♣♦rts t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss✳ ❚❤♦s❡ ❝♦✉♥t❡r✇❡✐❣❤t ♣❛rts ❛r❡ ♥♦t
❞❡♣✐❝t❡❞ ♦♥ t❤❡ s❝❤❡♠❛t✐❝ ✜❣✉r❡ ✶✺ ✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ❝❧❛r✐t② ♦❢ ✐t✱ ❜✉t t❤❡② ❛r❡ s❤♦✇♥ ♦♥

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✶✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

t❤❡ ❆P ♣r♦t♦t②♣❡ ✜❣✉r❡s✱ s❡❡ s❡❝t✐♦♥ ✻✳ ❊✈❡♥ ✐❢ t❤❡ ❢♦✉r ❣❧✐❞❡rs ❛r❡ ✐♥❞❡♣❡♥❞❡♥ts✱ t❤❡② ❛❝t ❛s
✐❢ ❧✐♥❦❡❞✱ ❞✉❡ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡✳ ❍❡♥❝❡✱ ❡❛❝❤ ❤❛✈❡ ❛ ❝♦✉♥t❡r✇❡✐❣❤t ❛❞❞✐t✐♦♥ ❞❡♣♦rt✐♥❣ t❤❡✐r
❝❡♥t❡r ♦❢ ♠❛ss ✐♥ ❛ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ ❜❛s❡ ❛♥❞ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✳
❚❤❡ ❜❛r②❝❡♥t❡r ♦❢ t❤❡ ❢♦✉r ❣❧✐❞❡rs t❤❡♥ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢ t❤❡ ❆P✳

✹✳✸✳✸ ❖✉t❡r r❛✐❧s ♣❛rt

❚❤✐s ♣❛rt r♦t❛t❡s ❛r♦✉♥❞ ♦♥❡ ❛①✐s✱ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ ❜❛s❡✳ ❍❡♥❝❡✱ ✐ts ❝❡♥t❡r ♦❢
❣r❛✈✐t② s❤♦✉❧❞ ❜❡ ♦♥ t❤✐s ❛①✐s✱ ✇❤✐❝❤ ✐s t❤❡ ❝❛s❡ ❜② ❝♦♥str✉❝t✐♦♥✳ ❋♦r t❤✐s ♣❛rt✱ ♥♦ ♥❡❡❞ ❢♦r
❝♦✉♥t❡r✇❡✐❣❤ts✱ ♥♦r ❝♦♥str❛✐♥ts ♦♥ t❤❡ ❛♥❣✉❧❛r s❡❝t♦r✳ ❍♦✇❡✈❡r✱ t❤❡ ❝❡♥t❡r ♦❢ ❣r❛✈✐t② ♦❢ t❤❡
♦✉t❡r r❛✐❧s ❛♥❞ t❤❡ ❜❛s❡ s❤♦✉❧❞ ❜❡ ❛❧✐❣♥❡❞ ♦♥ ❛♥ ❛①✐s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❧❛♥❡ ♦❢ t❤❡ ❜❛s❡✿
t❤❡ ♦♥❧② ❝♦♥str❛✐♥ts ❛r❡ ❛❧✐❣♥♠❡♥ts ❝♦♥str❛✐♥ts ❜❡t✇❡❡♥ t❤❡ ♦✉t❡r r❛✐❧s ♣❛rt ❛♥❞ t❤❡ ❜❛s❡✳

✹✳✹ ❉②♥❛♠✐❝s ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥✿ st✉❞② ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❛♥❞ st❛✲

❜✐❧✐t②

■♥ s♣❛❝❡ ❛♥❞ ✐♥ ✇❡✐❣❤t❧❡ss♥❡ss st❛t❡✱ t❤❡r❡ ❛r❡ ♥♦ ♦t❤❡r ❢♦r❝❡s ❜❡s✐❞❡ ❢r♦♠ t❤❡ r♦❜♦t✐❝ s❛t❡❧❧✐t❡✳
❙t❛t✐❝❛❧❧②✱ t❤✐s ✐♥❞✉❝❡s t❤❛t t❤❡ ❛tt✐t✉❞❡ ♦❢ ❛ ❜♦❞② ✇✐❧❧ ♥♦t ❝❤❛♥❣❡ ✐❢ ♥♦ t♦rq✉❡ ✐s ❛♣♣❧✐❡❞ ♦♥
✐t✳ ❉②♥❛♠✐❝❛❧❧②✱ ✐t ✐♥❞✉❝❡s t❤❛t ✇❤❡♥ ❛ t♦rq✉❡ ♣r♦❞✉❝❡s ❛♥ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ❛ ❜♦❞②✱ t❤❡ ♠♦t✐♦♥
✇✐❧❧ ♥♦t st♦♣ ✉♥t✐❧ t❤❡r❡ ✐s ❛♥ ❛❞❡q✉❛t❡ t♦rq✉❡ ❛♣♣❧✐❡❞ ✐♥ t❤❡ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥✳

■♥ ♦r❞❡r t♦ st❛t✐❝❛❧❧② ❡♠✉❧❛t❡ t❤✐s ❜❡❤❛✈✐♦✉r✱ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ ❡❛❝❤ s✉❜✲❛ss❡♠❜❧② ❤❛s
t♦ ❝♦✐♥❝✐❞❡ ✇✐t❤ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ✲ s❡❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✹✳✸✳ ❍✐❣❤ ❢r✐❝t✐♦♥ ✐♥ t❤❡ ❧✐♥❦s
❝♦✉❧❞ ❤❡❧♣ t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ✉♥❛✈♦✐❞❛❜❧❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ❝❡♥t❡rs ♦❢ ♠❛ss ❛♥❞ t❤❡ ❝❡♥t❡r ♦❢
r♦t❛t✐♦♥✱ ❜✉t ✐t ✇♦✉❧❞ r❡❛❧❧② ❤✐♥❞❡r t❤❡ ❞②♥❛♠✐❝❛❧ ❡♠✉❧❛t✐♦♥✱ s♦ ✐t ✐s ❞✐s❝❛r❞❡❞✳ ■♥st❡❛❞✱ ❜❡s✐❞❡
t❤❡ ✜①❡❞ ♠❛ss❡s ♦♥ ❡❛❝❤ s✉❜✲❛ss❡♠❜❧②✱ r♦♦♠ ✐s ❧❡❢t t♦ ❛❞❞ s♠❛❧❧ ✇❛s❤❡rs ♦♥ t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts
❧✐♥❦s ✭♠❡❞✐✉♠ t✉♥❡ ♦❢ t❤❡ ❈❲✮ ❛♥❞ ♠❛❣♥❡ts ♦♥ t❤❡ ❢❡rr♦♠❛❣♥❡t✐❝ ❝♦✉♥t❡r✇❡✐❣❤ts ✭✜♥❡ t✉♥❡✮✳

■♥ ♦r❞❡r t♦ ❞②♥❛♠✐❝❛❧❧② ❡♠✉❧❛t❡ t❤✐s ❜❡❤❛✈✐♦✉r ✐♥ t❤❡ ❆P✱ ♥♦t ♦♥❧② t❤❡ ❢r✐❝t✐♦♥ ✐♥ t❤❡ ❧✐♥❦s
❤❛s t♦ ❜❡ ♠✐♥✐♠✐③❡❞ ❜✉t t❤❡ ♠❛ss ❞✐str✐❜✉t✐♦♥ ✇✐t❤✐♥ t❤❡ ♣❛rts ❤❛s t♦ ✐♥❞✉❝❡ ❛♥ ❡q✉✐❧✐❜r✐✉♠
❜❡❤❛✈✐♦✉r ❢♦r ❛❧❧ ♣♦s✐t✐♦♥s ✇✐t❤✐♥ t❤❡ r❛♥❣❡s✳ ❚❤❡ ♠❛ss ❞✐str✐❜✉t✐♦♥ ✇✐t❤✐♥ ❛ s✉❜✲❛ss❡♠❜❧② ✐s
❝❤❛r❛❝t❡r✐s❡❞ ❜② ✐ts ✐♥❡rt✐❛ ♠❛tr✐①✳

❚❤❡ ❞②♥❛♠✐❝❛❧ ❜❡❤❛✈✐♦✉r ❡①♣❡❝t❡❞ ❝❛♥ ❜❡ tr❛❞✉❝❡❞ ❛s ❛♥ ❛❜s❡♥❝❡ ♦❢ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡
❦✐♥❡t✐❝ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ❢♦r ♥♦ ❝♦♠♠❛♥❞ t♦rq✉❡ ❛♣♣❧✐❡❞✱ ❛ss✉♠✐♥❣ ❛ ♣❡r❢❡❝t ❛❜s❡♥❝❡ ♦❢ ❢r✐❝t✐♦♥✳

■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐s ❞❡r✐✈❡❞ ✐♥ ♦r❞❡r t♦ ✇♦r❦ ♦✉t t❤❡ s♣❡❝✐✜❝❛t✐♦♥s
♦♥ t❤❡ ♠❛ss ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ t❤r❡❡ ❝❛s❡s ♦❢ ♠♦t✐♦♥ ✭r♦t❛t✐♦♥ ❛r♦✉♥❞ ♦♥❡✱ t✇♦ ♦r t❤r❡❡ ❛①❡s
t❤❛t t❤❡ ♦✉t❡r r❛✐❧s ♣❛rt✱ t❤❡ ❢♦✉r ❣❧✐❞❡rs ❛♥❞ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt r❡s♣❡❝t✐✈❡❧② ❞❡s❝r✐❜❡✮✳

❚❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐s ❤❛❧❢ ♦❢ t❤❡ ❝♦✲♣r♦❞✉❝t ♦❢ t❤❡ t✇✐st s❝r❡✇ ❛♥❞ t❤❡ ♠♦♠❡♥t✉♠
s❝r❡✇✳ ❊q✉❛t✐♦♥s ✶✻ ❛♥❞ ✶✼ r❡♣r❡s❡♥t r❡s♣❡❝t✐✈❡❧② t❤♦s❡ t✇♦ s❝r❡✇s ❣✐✈❡♥ ❛t P ♣♦✐♥t ✐♥ ❢r❛♠❡
R ❢♦r ❛♥② s♦❧✐❞ S ✐♥ ♠♦t✐♦♥✳

{

VS/R

}

P
=

{ −−−→
ΩS/R
−−→
V P
/R

}

✭✶✻✮

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✷✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

{

CS/R
}

P
=

{

mS ·
−−→
VS/R

−−→
σP
S/R

}

✭✶✼✮

❆t t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss G ♦❢ t❤❡ s♦❧✐❞✱ t❤❡ ❦✐♥❡t✐❝ ♠♦♠❡♥t✉♠ ✐s r❡❞✉❝❡❞ t♦ t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡
✐♥❡rt✐❛ ♠❛tr✐① ♦❢ t❤❡ s♦❧✐❞ ❛t t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ❜② t❤❡ t✇✐st ✈❡❝t♦r✱ ❡q✉❛t✐♦♥ ✶✽✳

−−→
σP
S/R = JG(S) ·

−−−→
ΩS/R ✭✶✽✮

❚❤✉s✱ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ♦❢ ❛ s✉❜✲❛ss❡♠❜❧② Σ ✭✇✐t❤ ♥♦ ✐♥t❡r♥❛❧ ♠♦t✐♦♥✮ ✐s ❣✐✈❡♥
❡q✉❛t✐♦♥ ✶✾✳

2 · T =
{

VS/R

}

G
⊗
{

CS/R
}

G
= m(Σ) ·

−−→
V G
/R

2

+
−−−→
ΩS/R · JG(S) ·

−−−→
ΩS/R ✭✶✾✮

❚❤❡ s②st❡♠ ✐s ✐♥ ❛♥ ❡q✉✐❧✐❜r✐✉♠ st❛t❡ ✐❢ ❛♥❞ ♦♥❧② ✐❢ ❛t t❤❡ ♣♦s✐t✐♦♥ q = (θ3, θ1, θ2) t❤❡
❦✐♥❡t✐❝ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ❤❛s ♥♦ ✈❛r✐❛t✐♦♥s✱ ♦r ❡q✉✐✈❛❧❡♥t❧② ✐❢ ❛❧❧ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡ ❦✐♥❡t✐❝
❡♥❡r❣② ❛r❡ ♥✐❧✳

✹✳✹✳✶ ❆♥❛❧②s✐s ♦❢ t❤❡ ✜rst t❡r♠

■♥ t❤❡ ❢r❛♠❡ ♦❢ t❤❡ ❜❛s❡ ♦❢ t❤❡ ❆P✱ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ✐s ♥✐❧✳ ❍♦✇❡✈❡r✱
❛s s❛✐❞ ❡❛r❧✐❡r✱ t❤❡r❡ ✐s ❛ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ❛♥❞ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡
s✉❜✲❛ss❡♠❜❧②✱ ❛s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❡q✉❛t✐♦♥ ✷✵✳ ❇❡❝❛✉s❡ ♦❢ t❤✐s ❣❛♣✱ ❢♦r ❛ r♦t❛t✐♦♥❛❧ ♠♦t✐♦♥
−−−→
ΩΣ/R = θ̇ · ~a✱ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ✐s ♥♦t ❡①❛❝t❧② ♥✐❧✱ ❡q✉❛t✐♦♥ ✷✶✳

∃x ∈ R∗, ~u ∈ R3 − {~0}
−−→
CgG = x · ~u ✭✷✵✮

||
−−→
V G
/R|| = ||

−−→
V Cr

/R +
−−−→
ΩS/R ∧

−−→
CgG|| = x · θ̇ · sin (̂~a, ~u) ✭✷✶✮

❚❤✉s✱ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ✜rst t❡r♠ ♦❢ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣②✱ m(Σ) ·
−−→
V G
/R

2

✱

t❤❡ ❣❛♣ ♥❡❡❞ t♦ ❜❡ ♠✐♥✐♠✐③❡❞ ❛♥❞ t❤❡ r❛♥❣❡s✴s♣❡❡❞ r❛t❡s ❦❡♣t s♠❛❧❧ ✭❜✉t t❤❡ ❧❛t❡r ✐♥t❡r❢❡r❡s
✇✐t❤ r❡q✉✐r❡♠❡♥ts✮✳

✹✳✹✳✷ ❆♥❛❧②s✐s ♦❢ t❤❡ s❡❝♦♥❞ t❡r♠

❆t ✜rst✱ ✇❡ ❝♦♥s✐❞❡r ❝♦♠♣❧❡t❡ ✐♥❡rt✐❛ ♠❛tr✐❝❡s ✐♥ t❤❡ s✉❜✲❛ss❡♠❜❧② ❢r❛♠❡ J (Σ0) ❢♦r ❡✈❡r②
s✉❜✲❛ss❡♠❜❧②✱ s✉❝❤ ❛s ❡q✉❛t✐♦♥ ✷✷✳ ❚❤✐s ♠❡❛♥s t❤❡ ✐♥❡rt✐❛ ♣r♦❞✉❝ts ❛r❡ ♥♦♥✲③❡r♦✱ ❛❧t❤♦✉❣❤
t❤❡♦r❡t✐❝❛❧❧②✱ t❤❡ ❣❡♦♠❡tr② ♦❢ t❤❡ t❤r❡❡ s✉❜✲❛ss❡♠❜❧✐❡s ♣r❡s❡♥ts ✷ ♣❧❛♥❡s ♦❢ s②♠♠❡tr② ❞✉❡ t♦
t❤❡ st❛t✐❝ ❡♠✉❧❛t✐♦♥ ✭❝♦rr❡s♣♦♥❞❡♥❝❡ CG✲G✮ ❧❡❛❞✐♥❣ t♦ ❞✐❛❣♦♥❛❧ ✐♥❡rt✐❛ ♠❛tr✐❝❡s ✐♥ t❤❡ s✉❜✲
❛ss❡♠❜❧② ❢r❛♠❡✳

JG (OR) =









A0OR −F0OR −E0OR

−F0OR B0OR −D0OR

−E0OR −D0OR C0OR









✭✷✷✮

❯s✐♥❣ ❛♥ ❛♥❛❧②t✐❝❛❧ s♦❧✈❡r ✭▼❛♣❧❡✮✱ t❤❡ ✐♥❡rt✐❛ ♠❛tr✐❝❡s J (Σ) ❛r❡ ❞❡r✐✈❡❞ ✐♥ t❤❡ ❆P ❜❛s❡ ❢r❛♠❡
❢♦r ❛♥② ♣♦s✐t✐♦♥ q = (θ3, θ1, θ2)✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② t❡r♠✱ ❡q✉❛t✐♦♥ ✷✸✱ ❛♥❞ ✐ts t❤r❡❡

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✸✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s✳ ❚❤❡ r♦t❛t✐♦♥ r❛t❡ ♠❛tr✐❝❡s ΩY ✱ ΩZ ✱ ΩX ❛r❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♥❣✉❧❛r s♣❡❡❞
♦♥ t❤❡ ❡♣♦♥②♠♦✉s ❛①✐s✱ ❛♥❞ ❞♦ ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ ♣♦s✐t✐♦♥ q✳

T2 = 1/2·
(

ΩY .J (OR) .ΩY

+ (ΩY +ΩZ).J (gliders) .(ΩY +ΩZ)

+ (ΩY +ΩZ +ΩX).J (IR) .(ΩY +ΩZ +ΩX)
)

✭✷✸✮

❚❤❡ r❡s✉❧ts ❛r❡ t❤❛t t♦ ♥✉❧❧✐❢② t❤❡ ✈❛r✐❛t✐♦♥✱ ❤❡♥❝❡ t❤❡ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s✱ ❡✐t❤❡r t❤❡ r♦t❛✲
t✐♦♥❛❧ s♣❡❡❞s s❤♦✉❧❞ ❜❡ ♥✐❧ ✭❜❛❝❦ t♦ st❛t✐❝ ❝❛s❡ ❡♠✉❧❛t✐♦♥✮✱ ❡✐t❤❡r t❤❡ ✐♥❡rt✐❛ ♠❛tr✐❝❡s JG (IR)✱
JG (gliders)✱ JG (OR) s❤♦✉❧❞ ❜❡ ❛s ✐♥ ❡q✉❛t✐♦♥ ✷✹✿ ❞✐❛❣♦♥❛❧ ❢♦r t❤❡ s✉❜✲❛ss❡♠❜❧✐❡s ✇❤✐❝❤ r♦✲
t❛t❡ ❛r♦✉♥❞ t✇♦ ♦r t❤r❡❡ ❛①❡s ✭❣❧✐❞❡rs ❛♥❞ ✐♥♥❡r✲r❛✐❧s ♣❛rt✮ ❛♥❞ ❢♦r ❛❧❧ s✉❜✲❛ss❡♠❜❧✐❡s t❤❡✐r
t❤r❡❡ ♠❛✐♥ ✐♥❡rt✐æ s❤♦✉❧❞ ❜❡ ✐❞❡♥t✐❝❛❧✳









A0 IR 0 0

0 A0 IR 0

0 0 A0 IR









,









A0 p 0 0

0 A0 p 0

0 0 A0 p









,









A0OR −F0OR −E0OR

−F0OR A0OR −D0OR

−E0OR −D0OR A0OR









✭✷✹✮

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ st❛❜✐❧✐t② ✐s t❤❛t ❢♦r ❛ ♣♦s✐t✐♦♥ qs✱ ✇✐t❤ ♥♦♥✲♥✐❧ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥s ✐♥ ♣♦s✐t✐♦♥
❛♥❞ s♣❡❡❞✱ t❤❡ s②st❡♠ ❣♦❡s ❜❛❝❦ t♦ qs✳ ❚❤✐s ❞❡✜♥✐t✐♦♥ ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ str✐❝t ♥❡❣❛t✐✈✐t② ♦❢
❡✈❡r② ❡✐❣❡♥✈❛❧✉❡s ♦❢ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② s❡❝♦♥❞ ❞❡r✐✈❛t✐✈❡s ♠❛tr✐①✳

❲✐t❤ s✉❝❤ ✐♥❡rt✐❛ ♠❛tr✐❝❡s✱ t❤❡ ❡✐❣❡♥✈❛❧✉❡s ♦❢ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② s❡❝♦♥❞ ❞❡r✐✈❛t✐✈❡s ♠❛tr✐①
❛r❡ ♥✐❧ ✭❛s t❤❡ ♠❛tr✐① ✐s ✐❞❡♥t✐❝❛❧❧② ♥✐❧✮✳ ❚❤✐s r❡s✉❧t ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤❡ ❣♦❛❧✿ ♥♦ st❛❜✐❧✐t② ✐♥
t❤❡ str✐❝t ♠❡❛♥✐♥❣✱ ❛s t❤❡ s②st❡♠ s❤♦✉❧❞ ♥♦t ✧❣♦ ❜❛❝❦✧ t♦ ❛♥② ♣♦s✐t✐♦♥✱ ❜✉t ✐♥st❡❛❞ ❛ st❛❜✐❧✐t②
✐♥ t❤❡ ♠♦t✐♦♥✳

❚❤❡ ❡q✉❛❧✐t② ♦❢ ❛❧❧ t❤❡ ♠❛✐♥ ✐♥❡rt✐æ ✐s ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ✉♥✐❢♦r♠ s♣❤❡r❡s ✭❡♠♣t② ♦r ♥♦t✮✳
❚❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜✐❧✐t✐❡s t♦ ♥✉❧❧✐❢② t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞ t❡r♠ ♦❢ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢
t❤❡ s②st❡♠✿

• ❖♥❝❡ ❛❣❛✐♥✱ ❦❡❡♣ t❤❡ r❛♥❣❡s ♦❢ ✈❛r✐❛t✐♦♥✴s♣❡❡❞ r❛t❡s s♠❛❧❧ ✭♥♦t r❡❛❧❧② ❛ s♦❧✉t✐♦♥ ❛s ✐t
✐♥t❡r❢❡r❡s ✇✐t❤ t❤❡ r❡q✉✐r❡♠❡♥ts✮❀

• ❚❤❡ ❛❞❞✐t✐♦♥ ♦❢ s♠❛❧❧ ♠❛ss❡s ♦♥ t❤❡ s✐❞❡s ♦❢ t❤❡ ♣❛rts✱ ♣r❡❢❡r❛❜❧② ❛t t❤❡ ❡♥❞ ♦❢ ❝❛♥t✐❧❡✈❡rs✳

❚❤❡ s♦❧✉t✐♦♥ ♦❢ ❝❛♥t✐❧❡✈❡r ✐s r❡❥❡❝t❡❞ ❞✉❡ t♦ t❤❡ ♣r♦❜❧❡♠s ✐t ♣r♦❞✉❝❡s ✭❜❡♥❞✐♥❣ ❧♦❛❞ ✐♥❞✉❝❡❞
❜② t❤❡ ❣r❛✈✐t②✱ ❝♦❧❧✐s✐♦♥s✱ ♥♦♥✲❛❝❝❡ss✐❜✐❧✐t② t♦ t❤❡ ♦✉ts✐❞❡ ♦❢ t❤❡ t❡st❜❡❞✮✳ ❊✈❡♥ ✐❢ t❤❡ ❛❞❞✐t✐♦♥
♦❢ ♠❛ss❡s ♦♥ t❤❡ s✐❞❡s ✐s ♥♦t ✐❞❡❛❧✱ ❛s ✐t ❣r❡❛t❧② ✐♥❝r❡❛s❡s t❤❡ ♠❛ss❡s ♦❢ t❤❡ ♣❛rts✱ ✐t ✐s s❡❧❡❝t❡❞
t♦ r❡❞✉❝❡✱ ♥♦t ♥✉❧❧✐❢②✱ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣②✳

✺ P♦s✐t✐♦♥✐♥❣ P❧❛t❢♦r♠

✺✳✶ ❆r❝❤✐t❡❝t✉r❡

❚❤❡ ♣r♦❜❧❡♠ ✐s t❤❛t ✇✐t❤ ❛ r♦❜♦t ❛s ❛ s❛t❡❧❧✐t❡✱ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ✐s ♥♦t ❛t ❛ ❝♦♥st❛♥t ♣♦s✐t✐♦♥✱
❜✉t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♥❡❡❞s t♦ ❜❡ ♣❧❛❝❡❞ ❛t t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ ❝❤❛s❡r✬s ♠♦❝❦✲✉♣

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✹✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

✇❤❡♥ ♦❝❝✉rs ❛ ♠♦t✐♦♥ ♦❢ t❤❡ ❥♦✐♥ts ♦r ✇❤❡♥ ❛♥ ❡①t❡r♥❛❧ ❢♦r❝❡ ♦r ♠♦♠❡♥t✉♠ ✐s ❛♣♣❧✐❡❞✳ ❚❤✉s
t❤❡ ❣♦❛❧ ✐s t♦ ❦❡❡♣ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ❛t t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ❛t ❛❧❧ t✐♠❡s✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡
❛r❝❤✐t❡❝t✉r❡ ✐s ❞r✐✈❡♥ ❜② t✇♦ ❝r✐t❡r✐❛ s♣❡❝✐✜❝ t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ t✇♦ ❝r✐t❡r✐❛ ✐♥❤❡r❡♥t ♦❢
❡♠❜❛r❦❡❞ r♦❜♦ts✿

• ❝♦♥s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❛tt✐t✉❞❡ ♦❢ t❤❡ ❡♥❞✲❡✛❡❝t♦r ✐♥ r❡❢❡r❡♥❝❡ t♦ t❤❡ ❜❛s❡ ♦❢ t❤❡ PP❀

• ❢❡❛s✐❜✐❧✐t② t♦ ❛❞❞ ❛ s✉❜s②st❡♠ t♦ ❦❡❡♣ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ PP ❝♦♥st❛♥t ✐♥ ✐ts ❜❛s❡
❢r❛♠❡✱ ♦r ❡q✉✐✈❛❧❡♥t❧② ✐♥ t❤❡ ❧❛st ❢r❛♠❡ ♦❢ t❤❡ ❆P❀

• ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ PP✱ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ♠❛ss ♦❢ t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts❀

• ♥✉♠❜❡r ♦❢ ❉♦❋❀ ✸ tr❛♥s❧❛t✐♦♥s ❛r❡ ♥❡❡❞❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❛tt✐t✉❞❡ ♦❢
t❤❡ ❡♥❞✲❡✛❡❝t♦r✱ ♣♦t❡♥t✐❛❧❧② ♥❡❡❞✐♥❣ ❛ ✻✲❉♦❋ r♦❜♦t✳

❙❡✈❡r❛❧ ❛r❝❤✐t❡❝t✉r❡s ❦❡❡♣✐♥❣ t❤❡ ❡♥❞✲❡✛❡❝t♦r ❛tt✐t✉❞❡ ✇❡r❡ ❝♦♥s✐❞❡r❡❞✿ ❈❛rt❡s✐❛♥✱ ❛❝❤✐❡✈✲
✐♥❣ ✜rst t✇♦ ❝r✐t❡r✐❛❀ ❛ ❤②❜r✐❞ ❜❡t✇❡❡♥ ♣❛r❛❧❧❡❧ ❛♥❞ s❡r✐❛❧ r♦❜♦t t♦ s❛t✐s❢② t❤❡ ♠❛ss ❝r✐t❡r✐♦♥
✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥ ♦♥ t❤❡ ♣r✐♥❝✐♣❧❡ s❝❤❡♠❛t✐❝ ✜❣✉r❡ ✶✷❀ ❛♥❞ ✜♥❛❧❧② ❛ t♦t❛❧❧② ♣❛r❛❧❧❡❧ ❛r❝❤✐t❡❝✲
t✉r❡ ♠❛t❡r✐❛❧✐③❡❞ ❛s ❛ r♦t❛t✐♦♥❛❧ ❉❡❧t❛ r♦❜♦t✱ ❛❝❤✐❡✈✐♥❣ ❛❧❧ ❢♦✉r ❝r✐t❡r✐❛ ❛t t❤❡ ♣r✐❝❡ ♦❢ ❛ ♠♦r❡
❝♦♠♣❧❡① s②st❡♠ ❛♥❞ ❝♦♠♠❛♥❞✳

✺✳✷ ❑✐♥❡t✐❝s ❛♥❞ s✐♠♣❧✐✜❡❞ ❞②♥❛♠✐❝s

■♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡ ♣❧❛t❢♦r♠ ❛t ❛ ✜①❡❞ ♣♦s✐t✐♦♥ ✇✐t❤✐♥ t❤❡ ✐♥♥❡r ❆P
❢r❛♠❡✱ t❤❡ ❉❡❧t❛ r♦❜♦t ✐s ❜❛❝❦❡❞ ✉♣ ✇✐t❤ ❤✐s t✇✐♥✱ ❜✉t ♦r✐❡♥t❡❞ t♦✇❛r❞s t❤❡ ♦t❤❡r s✐❞❡ ♦❢ t❤❡
❜❛s❡ ♦❢ t❤❡ ❉❡❧t❛ r♦❜♦t✱ ❛♥❞ ❧♦❛❞❡❞ ✇✐t❤ ❛ ♠❛ss ❡q✉❛❧ t♦ t❤❡ ❝❤❛s❡r ♠♦❝❦✲✉♣✳ ❚❤❡ ❝♦♠♠❛♥❞s
♦♥ t❤✐s t✇✐♥ ❉❡❧t❛ ❛r❡ t❤❡ s❛♠❡ t❤❛t ♦♥ t❤❡ ♠❛✐♥ ❉❡❧t❛❀ t❤✐s ✇❛② t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢ t❤❡
PP ✐s ✜①❡❞ ✇✐t❤ r❡❢❡r❡♥❝❡ t♦ t❤❡ ✐♥♥❡r ❝✐r❝✉❧❛r r❛✐❧ ♦❢ t❤❡ ❆P ❛♥❞ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ PP ✐s
❝♦♠♣❡♥s❛t❡❞ ❜② ✜①❡❞ ♠❛ss❡s ♦♥ t❤❡ ✐♥♥❡r ❝✐r❝✉❧❛r r❛✐❧ ♦❢ t❤❡ ❆P✳

❍♦✇❡✈❡r t❤❡ t✇✐♥ ♠♦t✐♦♥ ♦❢ t❤♦s❡ t✇♦ ❉❡❧t❛s ❣❡♥❡r❛t❡s ♠♦♠❡♥t✉♠ ♦♥ t❤❡ ❆P ♦♥ t✇♦ ❛①✐s✳
❚❤✐s ♠♦♠❡♥t✉♠ ✇✐❧❧ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ❜② t✇♦ r❡❛❝t✐♦♥ ✇❤❡❡❧s ♠♦✉♥t❡❞ ♦♥ t❤❡ ❜❛s❡ ♦❢ t❤❡ ❉❡❧t❛
r♦❜♦ts✳

✺✳✸ ❙✐③✐♥❣ ♦❢ t❤❡ ❉❡❧t❛ ❛♥❞ ♣♦s✐t✐♦♥✐♥❣ r❡❧❛t✐✈❡❧② t♦ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt

◆♦✇ t❤❛t t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ ✸✲r♦t❛t✐♦♥s ❉❡❧t❛ r♦❜♦t ✐s s❡❧❡❝t❡❞✱ t❤❡r❡ ❛r❡ ✸ ♣❛r❛♠❡t❡rs t♦ ❞❡r✐✈❡
❢r♦♠ ✇✐s❤❡❞ ✇♦r❦s♣❛❝❡✱ ❛✈❛✐❧❛❜❧❡ s♣❛❝❡ ❛♥❞ ♥♦♥✲❝♦❧❧✐s✐♦♥ ❝♦♥s✐❞❡r❛t✐♦♥s✿ ❧❡♥❣t❤ ♦❢ ❢♦r❡❛r♠s
LA✱ ❧❡♥❣t❤ ♦❢ ❛r♠s LB✱ ❛♥❞ ♣♦s✐t✐♦♥ ✐♥ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✱ ♦♥ t❤❡ ❆P✱ ❝❤❛r❛❝t❡r✐s❡❞ ❜② Hf ✳
❚♦ ❞♦ s♦✱ t❤❡ ♣❛r❛♠❡t❡r θi ✐s ❞❡✜♥❡❞ ❜❡t✇❡❡♥ t❤❡ ❜❛s❡ ❛♥❞ t❤❡ i✲t❤ ❢♦r❡❛r♠✱ ❛♥❞ ❛❧❧♦✇s t♦
❞✐✛❡r❡♥t✐❛t❡ ❝❛s❡s ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❤♦s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡✜♥❡❞ ✐♥ s✐t✉❛t✐♦♥ ♦♥ t❤❡ s❝❤❡♠❛t✐❝
✷✶✳

❚❤❡ ❞❡s✐r❡❞ ✇♦r❦s♣❛❝❡ ♣r♦♣♦s❡❞ ✐s s❡t ❛s ❛ s♣❤❡r❡ ❝❡♥tr❡❞ ♦♥ t❤❡ ❝❡♥t❡r ♦❢ r♦t❛t✐♦♥ ♦❢
t❤❡ ❆P✳ ❲❤✐❧❡ s✐③✐♥❣ t❤❡ r♦❜♦t✱ ❛ s✉❜✲♦❜❥❡❝t✐✈❡ ✐s t♦ ♠❛①✐♠✐③❡ t❤✐s ✇♦r❦✲s♣❤❡r❡✳ ■t ✇✐❧❧ ❜❡ ❛
❢✉♥❝t✐♦♥ ♦❢ φIR✱ r❛❞✐✉s ♦❢ t❤❡ ✐♥♥❡r r❛✐❧s ♣❛rt✳

❚❤❡ ✜rst ♣❛r❛♠❡t❡r t♦ ❜❡ ❞❡r✐✈❡❞ ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❛r♠s LB✱ ❛s ✐t ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡
❞❡s✐r❡❞ ✇♦r❦s♣❛❝❡✳ ❚❤❡ ❧❛t❡r ✐s ❛ s♣❤❡r❡ t❤❛t s❤♦✉❧❞ ✜t ✐♥s✐❞❡ t❤❡ ✇♦r❦s♣❛❝❡ ♦❢ t❤❡ ❉❡❧t❛✱

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✺✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

Cr

Inner rails

WS

θ

+

Hf
LB

LA

❋✐❣✉r❡ ✷✶✿ ❉❡r✐✈❛t✐♦♥ ✜❣✉r❡ ❢♦r t❤❡ ♣❛r❛♠❡t❡rs ❝♦♥❞✐t✐♦♥✐♥❣ t❤❡ PP✳ ❲❙ st❛♥❞s ❢♦r t❤❡ ❞❡s✐r❡❞
❲♦r❦❙♣❛❝❡✳ ❖♥❧② ♦♥❡ ♦❢ t❤❡ t❤r❡❡ ❛r♠s ❛r❡ ❞❡♣✐❝t❡❞✱ ❜✉t t❤❡ LA ❛♥❞ LB ❧❡♥❣t❤s ❛r❡ ✐❞❡♥t✐❝❛❧
❢♦r t❤❡ t❤r❡❡ ❛r♠s✳

✇❤✐❝❤ ✐s ❢❛❝❡t❡❞ ✐♥ ❛ ❤❡①❛❣♦♥❛❧ ❝②❧✐♥❞❡r ✇✐t❤ ✶✳✸ t✐♠❡s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❛r♠s LB ❜❡t✇❡❡♥ t✇♦
♦♣♣♦s❡❞ ❢❛❝❡s✳ ❚❤✉s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❛r♠✱ ❡q✉❛t✐♦♥ ✷✺✳

LB =
φ❲❙❞❡s✐r❡❞

1.3
✭✷✺✮

Cr

WS

Hf
LB

LA

❋✐❣✉r❡ ✷✷✿ ❊①t❡♥❞❡❞ ❉❡❧t❛ ❛r♠ r❡❛❝❤✐♥❣
t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❞❡s✐r❡❞ ✇♦r❦s♣❛❝❡✳

Cr WS

-30°

Hf

LB

LA

❋✐❣✉r❡ ✷✸✿ ✧❋♦❧❞❡❞✧ ✭♠✐♥✐♠❛❧ ❡①tr❡♠✉♠✮
❉❡❧t❛ ❛r♠ r❡❛❝❤✐♥❣ t❤❡ t♦♣ ♦❢ t❤❡ ❞❡s✐r❡❞
✇♦r❦s♣❛❝❡✳
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❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❙❡❝♦♥❞ ✐s t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❉❡❧t❛ ❛♥❞ t❤❡ ❧❡♥❣t❤s ♦❢ t❤❡ ❢♦r❡❛r♠
❛♥❞ ❛r♠✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ❡♥❞✲❡✛❡❝t♦r ♥❡❡❞s t♦ r❡❛❝❤ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡✱ t❤❡
❝♦♠♠❛♥❞ ✇♦✉❧❞ ❤②♣♦t❤❡t✐❝❛❧❧② ❜❡ θie1 = 90✝✱ ❛s ♣✐❝t✉r❡❞ ♦♥ ✜❣✉r❡ ✷✷✳ ❚❤✐s ❣✐✈❡s ❛ ❝♦♥❞✐t✐♦♥
❜❡t✇❡❡♥ t❤♦s❡ t✇♦ ❧❡♥❣t❤s✱ ❡q✉❛t✐♦♥ ✷✻✳

LA + LB ≥ Hf +
φWS

2
⇔ Hf ≤ LA + LB −

φWS

2
✭✷✻✮

❍♦✇❡✈❡r✱ ✐♥ t❤❡ ♦t❤❡r ❡①tr❡♠✉♠ ♣♦s✐t✐♦♥ ❢♦r t❤❡ ♠✐♥✐♠❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦♠♠❛♥❞ ❛♥❣❧❡s✱
t❤❡ ❛r♠s s❤♦✉❧❞ ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ r❡st ♦❢ t❤❡ s②st❡♠✱ r❡❢❡r t♦ t❤❡ ✜❣✉r❡ ✷✸✳ ❚❤❡ ❡q✉❛t✐♦♥
✷✼ tr❛♥s❧❛t❡s t❤✐s ❧❛t❡r ❝♦♥❞✐t✐♦♥✳ ■♥ ♦r❞❡r t❤❛t t❤❡ t✇✐♥ ❉❡❧t❛ ❞♦❡s ♥♦t ❤✐♥❞❡r t❤❡ ♠♦❝❦✲✉♣
♠♦t✐♦♥✱ t❤❡ ❧♦✇❡r ❧✐♠✐t ♣r♦♣♦s❡❞ ❢♦r t❤❡ ❝♦♠♠❛♥❞ ❛♥❣❧❡s ✐s θie2 = −30✝✳ ■♥ t❤✐s ♣♦s✐t✐♦♥✱ t❤❡
❡♥❞✲❡✛❡❝t♦r s❤♦✉❧❞ ❛❧s♦ r❡❛❝❤❡s t❤❡ t♦♣ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡ s♣❤❡r❡✱ ❡q✉❛t✐♦♥ ✷✽✳

∀θi ∈ [θie2; θie1] , ||
−→
Hf +

−→
LA|| ≤

φIR

2
✭✷✼✮

❋♦r θi = θie2, ||
−→
LA +

−→
LB|| ≤ Hf −

φWS

2
✭✷✽✮

❯s✐♥❣ ❆❧✲❑❛s❤✐ r❡❧❛t✐♦♥ ❛♥❞ ❡q✉❛t✐♦♥ ✷✻✱ ❡q✉❛t✐♦♥s ✷✼ ❛♥❞ ✷✽ ❧❡❛❞ t♦ q✉❛❞r❛t✐❝ ❡q✉❛t✐♦♥s✱
s♦❧✈❡❞ ❜② t❤❡ t✇♦ ✐♥❡q✉❛❧✐t✐❡s ✸✵ ❛♥❞ ✸✷ ♦♥ LA✱ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ t✇♦ ❝♦♥❞✐t✐♦♥s ✷✾ ❛♥❞ ✸✶✱
❢r♦♠ t❤❡ ❞✐s❝r✐♠✐♥❛♥ts ♦❢ t❤❡ q✉❛❞r❛t✐❝ ❡q✉❛t✐♦♥s✳

(2LB − φWS)
2 · (sin θie2 − 1) + 2 · φ2

IR ≥ 0 ✭✷✾✮

LA ≤
1

4
·





√

(2LB − φWS)
2 −

1

2

(2LB − φWS)
2 − φ2

IR

1 + sin θie2
− (2LB − φWS)



 ✭✸✵✮

(LB − φWS)
2 · (sin θie2 − 1) + 2 · L2

B ≥ 0 ✭✸✶✮

LA ≥
1

2
·





√

(LB − φWS)
2 − 2 ·

(LB − φWS)
2 − LB

2

1 + sin θie2
− (LB − φWS)



 ✭✸✷✮

❚❤❡ ❡q✉❛t✐♦♥s ✷✺✱ ✸✵ ❛♥❞ ✸✷ ❣✐✈❡ t❤❡ ❞❡r✐✈❛t✐♦♥s ♦❢ t❤❡ t❤r❡❡ ♣❛r❛♠❡t❡rs✱ LA✱ LB✱ Hf

❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡ φWS ❛❧❧♦✇❡❞ ❜② t❤❡ ❝❤♦s❡♥ r♦❜♦t ❛♥❞ ✐♠♣♦s❡❞ ❝♦♥❞✐t✐♦♥s ✭✐♥
♣❛rt✐❝✉❧❛r t❤❡ ✈❛❧✉❡s ♦❢ ❡①tr❡♠❛✮✳ ❚❤♦s❡ ❞❡r✐✈❛t✐♦♥s ❛r❡ ❡q✉❛t✐♦♥s ✸✸ t❤r♦✉❣❤ ✸✻✳

LB =
1

2
·

√

48φ2

WS + (φWS − φIR)
2 − 3 · φWS ✭✸✸✮

LA = −
1

4
·

√

48φ2

WS + (φWS − φIR)
2 +

1

4
· φIR +

7

4
· φWS ✭✸✹✮

Hf =
1

4
·

√

48φ2

WS + (φWS − φIR)
2 +

1

4
· φIR −

7

4
· φWS ✭✸✺✮

φWS ≤ 0.2518 · φIR ✭✸✻✮
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❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❊q✉❛t✐♦♥s ✸✸ t❤r♦✉❣❤ ✸✺ ❣✐✈❡ t❤❡ ❧✐♠✐ts ♦❢ t❤❡ t♦❧❡r❛♥❝❡ ✐♥t❡r✈❛❧s ❢♦r ❡❛❝❤ ♣❛r❛♠❡t❡rs✱ ❢♦r φWS

❢r♦♠ t❤❡ ♣r♦♣♦s❡❞ ✈❛❧✉❡ t❤r♦✉❣❤ ✐ts ♠❛①✐♠❛❧ ✈❛❧✉❡✱ r❡❛❝❤❡❞ ❛t t❤❡ ❡q✉❛❧✐t② ✐♥ ❡q✉❛t✐♦♥ ✸✻✳

❚❤❡ ♠❛①✐♠✐s❛t✐♦♥ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡ ♠✐♥✐♠✐s❡s t❤❡ ✐♥t❡r✈❛❧ ♦❢ ✈❛❧✉❡s ❢♦r t❤❡ t❤r❡❡ ♣❛r❛♠✲
❡t❡rs✳ ■❢ t❤❡r❡ ✇❡r❡ ♥♦ ❧♦♦s❡♥❡ss ✐♥ t❤❡ ❧✐♥❦s ❛♥❞ t❤❡ ♣❛rts ✇❡r❡ ♣❡r❢❡❝t ❛♥❞ ✐♥❡❧❛st✐❝✱ t❤❡
✇♦r❦s♣❛❝❡ s♣❤❡r❡ ❝♦✉❧❞ ❜❡ ❛s ❜✐❣ ❛s ✷✺✳✶✽✪ ♦❢ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ✐♥♥❡r ♣❛rt✳ ❚❤✉s✱ t❤❡ ❧❛st
❝r✐t❡r✐❛ ❛❧❧♦✇✐♥❣ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ t❤r❡❡ ♣❛r❛♠❡t❡rs ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡ ✐s
t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥t❡r✈❛❧s ♦❢ ✈❛❧✉❡s ❢♦r t❤❡ ♣❛r❛♠❡t❡rs✳

❋♦r t❤✐s ❝r✐t❡r✐❛ ♦❢ t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥t❡r✈❛❧s✱ ✶✪ ♦❢ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✐♥♥❡r ♣❛rt ✐s ♣r♦♣♦s❡❞✳
❚❤✐s ❧❡❛❞s t♦ ❛ ✇♦r❦s♣❛❝❡ ❞✐❛♠❡t❡r ❛❜♦✉t ✶✽✳✺✪ ♦❢ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✐♥♥❡r ♣❛rt✳ ■♥ t❤❡ ❝❛s❡
♦❢ ❛ ♠♦❝❦✲✉♣ ❜❛s❡❞ ♦♥ t❤❡ ❑❯❑❆✬s ▲❲❘✱ t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥♥❡r ♣❛rt ✇♦✉❧❞ ❜❡ φIR = 2.4m✱
❤❡♥❝❡ ✇✐t❤ t❤❡ ✶✪ ❝r✐t❡r✐❛ t❤❡ t♦❧❡r❛♥❝❡s ✇✐❞t❤ ✐s ❛❜♦✉t 24mm t♦ ❝♦♠♣❡♥s❛t❡ ♣❧❛② ✐♥ t❤❡
❧✐♥❦s✱ ♣r♦❝❡ss t♦❧❡r❛♥❝❡s ❛♥❞ ❡❧❛st✐❝✐t② ♦❢ t❤❡ ♣❛rts❀ t❤❡ ✇♦r❦s♣❛❝❡ ✐s ❛ s♣❤❡r❡ ♦❢ 0.444m ✐♥
❞✐❛♠❡t❡r✳

❖♥ ✜❣✉r❡ ✷✹ ✐s ❞❡♣✐❝t❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ t♦❧❡r❛♥❝❡s ❛❧♦♥❣ ♦❢ t❤❡ s✐③❡ ♦❢ t❤❡
✇♦r❦s♣❛❝❡✳ ■❢ t❤❡ ❝r✐t❡r✐❛ ✇❡r❡ s❡t ✉♣ t♦ ✶✵✪ ♦❢ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✐♥♥❡r ♣❛rt✱ t❤❡ ✇♦r❦s♣❛❝❡
✇♦✉❧❞ ❜❡ r❡❞✉❝❡❞ ❛t ❛ s♣❤❡r❡ ♦❢ ❛ ❞✐❛♠❡t❡r ❛❜♦✉t ✷✳✺✪ ♦❢ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✐♥♥❡r ♣❛rt✳ ❙t✐❧❧
✐♥ t❤❡ ❑❯❑❆✬s ▲❲❘ ❝❛s❡✱ t❤♦s❡ ♣r♦♣♦rt✐♦♥s r❡♣r❡s❡♥t t♦❧❡r❛♥❝❡s ✇✐❞t❤ ❛❜♦✉t 240mm ❛♥❞
❞✐❛♠❡t❡r ✇♦r❦s♣❛❝❡ ❛❜♦✉t 60mm✳
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❋✐❣✉r❡ ✷✹✿ ❲✐❞t❤s ♦❢ t❤❡ t♦❧❡r❛♥❝❡s ✈❡rs✉s s✐③❡ ♦❢ t❤❡ ✇♦r❦s♣❛❝❡✳

✻ Pr♦t♦t②♣❡ ♦❢ t❤❡ ❆P

❖♥ ✜❣✉r❡s ✷✺✱ ✷✻✱ ❛♥❞ ✷✼ ❛r❡ ❞❡♣✐❝t❡❞ t❤❡ ❈❆❉ ♠♦❞❡❧ ❢♦r t❤❡ ♣r♦t♦t②♣❡ ♦❢ t❤❡ ❆P ✐♥ ♥❡✉tr❛❧
♣♦s✐t✐♦♥ q0 = (0, 0)✱ ❡①tr❡♠❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❩ r❛♥❣❡ qZe = (38✝, 0)✱ ❛♥❞ ❡①tr❡♠❡ ♣♦s✐t✐♦♥ ♦❢
❜♦t❤ ❩ ❛♥❞ ❳ r❛♥❣❡s qZeXe = (38✝, 45✝)✳ ■♥ s♣✐t❡ ♦❢ ❜❧✉❡♣r✐♥ts s✉❜♠✐ss✐♦♥ ♦♥ t❤❡ ✶✺t❤ ♦❢
❉❡❝❡♠❜❡r✱ t❤❡ ♣r♦t♦t②♣❡ ✐s ♥♦t ②❡t r❡❛❞② t♦ ♣r♦❝❡❡❞ t♦ ❛♥② t❡st✱ ❤❡♥❝❡ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❡st
r❡s✉❧ts✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✽✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

Adjustable rigid PP
No mock-up here,
instead some DoFBox
to generate torques

Inner counterweights
(ferromagnetic)
Long screws for washers
Magnets for fine CW tune

Gliders counterweights
(ferromagnetic)
Long screws for washers
Magnets for fine CW tune

❋✐❣✉r❡ ✷✺✿ ❈❆❉ ♠♦❞❡❧ ❢♦r t❤❡ ♣r♦t♦t②♣❡ ♦❢ t❤❡ ❆P ✐♥ ♥❡✉tr❛❧ ♣♦s✐t✐♦♥ q0 = (0, 0)✳ ❙❝r❡✇s ✭❧♦♥❣
②❡❧❧♦✇ ❝②❧✐♥❞❡rs✮ ❛r❡ ❧♦♥❣ t♦ ❜❡ ❛❜❧❡ t♦ ❛❞❞ s♦♠❡ ✇❛s❤❡rs ✭♠❡❞✐✉♠ ❈❲ t✉♥❡✮✳ ❈♦✉♥t❡r✇❡✐❣❤ts
❛r❡ ❢❡rr♦♠❛❣♥❡t✐❝ t♦ ❛❞❞ ♠❛❣♥❡ts ❢♦r ✜♥❡ t✉♥❡✳

❋✐❣✉r❡ ✷✻✿ ❈❆❉ ♠♦❞❡❧ ❢♦r t❤❡ ♣r♦t♦t②♣❡ ♦❢
t❤❡ ❆P ✐♥ ❡①tr❡♠❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❩ r❛♥❣❡
qZe = (38✝, 0)✳

❋✐❣✉r❡ ✷✼✿ ❈❆❉ ♠♦❞❡❧ ❢♦r t❤❡ ♣r♦t♦t②♣❡ ♦❢
t❤❡ ❆P ✐♥ ❡①tr❡♠❡ ♣♦s✐t✐♦♥ ♦❢ ❜♦t❤ ❩ ❛♥❞ ❳
r❛♥❣❡s qZeXe = (38✝, 45✝)✳

❍♦✇❡✈❡r✱ ❡✈❡♥ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ♣r♦t♦t②♣❡✱ t❤❡ ❘❖▲▲❖◆ ❝✐r❝✉❧❛r ❣✉✐❞❡ ❤❛✈❡ ❜❡❡♥ ♦r❞❡r
✐♥ ❛♥♦t❤❡r ❧❛❜♦r❛t♦r② ❛♥❞ t❤❡ q✉❛❧✐t② r❡q✉✐r❡♠❡♥ts ❛r❡ ♥♦t ♠❡t✳ ❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✐s t❤❛t
t❤❡ ♠♦❜✐❧❡ ❡♥❝♦✉♥t❡rs st✐✛ ♣♦s✐t✐♦♥s ❛t ❡❛❝❤ ❜♦r❡ ✐♥ t❤❡ ❣✉✐❞❡✳ ❆♥♦t❤❡r ♣r♦✈✐❞❡r ✐s ❝♦♥s✐❞❡r❡❞✱

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✷✾✴✸✸



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❚❍❑ ❬✶✺❪✱ ❜✉t t❤❡✐r ❛♥❣✉❧❛r ♣❛rts ❛r❡ ✉♣ t♦ ✶✹✶✝✱ ✐♥❞✉❝✐♥❣ t❤❡ ♥❡❝❡ss✐t② ♦❢ ❛ ❝♦♥♥❡①✐♦♥ ❜❡t✇❡❡♥
t✇♦ ♣❛rts t♦ ♠❡❡t t❤❡ ❛♥❣✉❧❛r s❡❝t♦r ♥❡❡❞❡❞ ❢♦r t❤❡ ✐♥♥❡r r❛✐❧s ✇❤✐❝❤ ❝❛♥ ❜❡ ♣r♦❜❧❡♠❛t✐❝✳

❖t❤❡r s♦❧✉t✐♦♥s ❛r❡ ❝♦♥s✐❞❡r❡❞✱ s✉❝❤ ❛s t❤❡ ♣♦rt✐♦♥ ♦❢ s♣❤❡r❡ s♦❧✉t✐♦♥ ❜r♦✉❣❤t ✉♣ ✐♥ s❡❝t✐♦♥
✹✳✶✳

✼ ❈♦♥❝❧✉s✐♦♥

❆ ❣♦♦❞ ❡♠✉❧❛t✐♥❣ ❞❡❝❦ ✐s ♥❡❡❞❡❞✱ ❡s♣❡❝✐❛❧❧② ❢♦r ❝♦♥t❛❝t ❞②♥❛♠✐❝s tr②✲♦✉ts✳ ❍♦✇❡✈❡r t❤❡
♣r❡s❡♥❝❡ ♦❢ ❛ r♦❜♦t ♦♥ t❤❡ s❛t❡❧❧✐t❡ ✐s ❜♦t❤❡rs♦♠❡ ❛s ✐t ♠❛❦❡s t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♠♦❜✐❧❡✳
❆♥ ❛❝t✐✈❡ ♣❧❛t❢♦r♠ ❝❛♥♥♦t ❛❝❤✐❡✈❡ t❤❡ ❢♦r❝❡✲❢r❡❡ ❡♥✈✐r♦♥♠❡♥t r❡q✉✐r❡♠❡♥ts✱ ❜✉t ❛ ❝♦♠♣❧❡t❡❧②
♣❛ss✐✈❡ ♣❧❛t❢♦r♠ ❝❛♥ ♥♦t ❛❞❛♣t ❢♦r t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❝❡♥t❡r ♦❢ ❣r❛✈✐t②✳ ❚❤❡ r❛✐❧✲❜❛s❡❞
❣②r♦s❝♦♣❡ ♣r❡s❡♥t❡❞ ❤❡r❡ ✐s ❛ ♠✐①t✉r❡ ♦❢ ❜♦t❤ s♦❧✉t✐♦♥s✿ ♣❛ss✐✈❡ ❧✐♥❦s ❢♦r t❤❡ r❡❛❝t✐♦♥ ♦❢ t❤❡
s❛t❡❧❧✐t❡ t♦ t❤❡ ♠♦t✐♦♥ ♦❢ t❤❡ r♦❜♦t✱ ❛♥❞ ❛♥ ❛❝t✐✈❡ ♣❧❛t❢♦r♠ t♦ ❤❛♥❞❧❡ t❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❝❡♥t❡r
♦❢ ♠❛ss✳

❚❤❡ t❤❡♦r② s❤♦✇s t❤❛t t❤✐s ❞❡s✐❣♥ s❤♦✉❧❞ ✇♦r❦ ♥✐❝❡❧②✱ ❛♥❞ ❛ ❧♦t ♦❢ ❞❡❢❛✉❧ts ❞✉❡ t♦ t❤❡
tr❛♥s✐t✐♦♥ ❢r♦♠ ♠♦❞❡❧ t♦ r❡❛❧✐t② ✇❡r❡ t❤♦✉❣❤t✲♦✉t✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ✐s ❝❡rt❛✐♥❧② t❤❡ t✉♥✐♥❣
♦❢ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❝♦✉♥t❡r✇❡✐❣❤ts ❛♥❞ t❤❡✐r ❞✐str✐❜✉t✐♦♥ ✈✐❛ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ✇❛s❤❡rs ✭♠❡❞✐✉♠
t✉♥❡✮ ❛♥❞ ♠❛❣♥❡ts ✭✜♥❡ t✉♥❡✮✳ ❍♦✇❡✈❡r✱ t❤❡ s♦❧✉t✐♦♥ ♦❢ r♦❧❧❡rs✴❣✉✐❞❡✱ ✇❤✐❧❡ ❝❤❡❛♣✱ ♠❛② ♥♦t ❜❡
❣♦♦❞ ❡♥♦✉❣❤ t♦ ❛❝❤✐❡✈❡ t❤❡ ❢♦r❝❡✲❢r❡❡ r❡q✉✐r❡♠❡♥ts✳ ❆♥ ❆P ♣r♦t♦t②♣❡ ✐s ❛❜s♦❧✉t❡❧② r❡q✉✐r❡❞
t♦ q✉❛❧✐❢② t❤❡ s♦❧✉t✐♦♥✳

❈❧❡❛♥✲♠❊ ♣r♦❥❡❝t ✸✵✴✸✸
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A   Link of the right-sided gliders



❲P✿ ❉❡s✐❣♥ ♦❢ ❛ r❡❛❝t✐♦♥✲❧❡ss ❞❡❝❦ ❢♦r ❛ r♦❜♦t✐❝ s❛t❡❧❧✐t❡

❘❡❢❡r❡♥❝❡s

❬✶❪ ◆♦rt❤❡r♥ ❙❦② ❘❡s❡❛r❝❤✳ ◆❡✇ ◆❙❘ r❡♣♦rt ♣r♦❥❡❝ts ♦✈❡r ✶✱✻✵✵ s❛t❡❧❧✐t❡s ✇♦rt❤ ✩✷✺✵ ❜✐❧❧✐♦♥
t♦ ❜❡ ❧❛✉♥❝❤❡❞ ♦✈❡r t❤❡ ♥❡①t ✶✺ ②❡❛rs✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❙❘✱ ❏✉♥❡ ✷✵✶✶✳ ▲✐♥❦ t♦ t❤❡
❛rt✐❝❧❡ ♦♥ ✇✇✇✳♥sr✳❝♦♠✳

❬✷❪ ❘❡t♦ ❲✐❡s❡♥❞❛♥❣❡r✳ ❈❧❡❛♥✲♠❡✿ ❝♦♥❝❡♣t ❢♦r ❛♥ ♦r❜✐t❛❧ ❞❡❜r✐s r❡♠♦✈❛❧ ♠✐ss✐♦♥ ✿ Pr❡❧✐♠✐♥❛r②
❡✈❛❧✉❛t✐♦♥✳ ❙❡❡❞✲▼♦♥❡② ❆❝t✐✈✐t②✱ ✷✵✶✵✳ ❊P❋▲✳

❬✸❪ ▲❛✉r❡♥t ❇❧❛♥❝❤❡t✳ ❖r❜✐t❛❧ ❞❡❜r✐s r❡♠❡❞✐❛t✐♦♥✿ ❛♥ ❛♣♣r♦❛❝❤ ✉s✐♥❣ ❛ ✼✲❞♦❢ r♦❜♦t✐❝ ❛r♠ ✐♥
s♣❛❝❡✳ ▼❛st❡r✬s t❤❡s✐s✱ ❊P❋▲✱ ✷✵✶✶✳

❬✹❪ ❑✳ ❨♦s❤✐❞❛✳ ❊♥❣✐♥❡❡r✐♥❣ t❡st s❛t❡❧❧✐t❡ ❱■■ ✢✐❣❤t ❡①♣❡r✐♠❡♥ts ❢♦r s♣❛❝❡ r♦❜♦t ❞②♥❛♠✐❝s
❛♥❞ ❝♦♥tr♦❧✿ ❚❤❡♦r✐❡s ♦♥ ❧❛❜♦r❛t♦r② t❡st ❜❡❞s t❡♥ ②❡❛rs ❛❣♦✱ ♥♦✇ ✐♥ ♦r❜✐t✳ ■♥t❡r♥❛t✐♦♥❛❧
❏♦✉r♥❛❧ ♦❢ ❘♦❜♦t✐❝s ❘❡s❡❛r❝❤✱ ✷✷✭✺✮✿✸✷✶✕✸✸✺✱ ✷✵✵✸✳

❬✺❪ ❨✳ ❳✉ ❛♥❞ ❚✳ ❑❛♥❛❞❡✱ ❡❞✐t♦rs✳ ❙♣❛❝❡ ❘♦❜♦t✐❝s✿ ❉②♥❛♠✐❝s ❛♥❞ ❈♦♥tr♦❧✳ ❑❧✉✇❡r ❆❝❛❞❡♠✐❝
P✉❜❧✐s❤❡rs✱ ✶✾✾✸✳

❬✻❪ ❋r❛♥❝♦✐s ❈❛✉❧❧✐❡r✳ ❉❘✳▲❊❖ ✲ ❆❖❈❙ ❛♥❞ r❡♥❞❡③✈♦✉s✳ ▼❛st❡r✬s t❤❡s✐s✱ ❈r❛♥✜❡❧❞ ❯♥✐✈❡rs✐t②✱
✷✵✶✵✳

❬✼❪ ❑✳ ❨♦s❤✐❞❛ ❛♥❞ ❨✳ ❯♠❡t❛♥✐✳ ❙♣❛❝❡ ❘♦❜♦t✐❝s✿ ❉②♥❛♠✐❝s ❛♥❞ ❈♦♥tr♦❧✱ ❝❤❛♣t❡r ❈♦♥tr♦❧
♦❢ ❙♣❛❝❡ ▼❛♥✐♣✉❧❛t♦rs ✇✐t❤ ●❡♥❡r❛❧✐③❡❞ ❏❛❝♦❜✐❛♥ ▼❛tr✐①✳ ❑❧✉✇❡r ❆❝❛❞❡♠✐❝ P✉❜❧✐s❤❡rs✱
✶✾✾✸✳

❬✽❪ ❑❛③✉②❛ ❨♦s❤✐❞❛ ❛♥❞ ❇r✐❛♥ ❲✐❧❝♦①✳ ❙♣❛❝❡ r♦❜♦ts ❛♥❞ s②st❡♠s✳ ■♥ ❙♣r✐♥❣❡r ❍❛♥❞❜♦♦❦ ♦❢
❘♦❜♦t✐❝s✱ ♣❛❣❡s ✶✵✸✶✕✶✵✻✸✳ ✷✵✵✽✳

❬✾❪ ❉r❛❣♦♠✐r ◆❡♥❝❤❡✈✱ ❨♦❥✐ ❯♠❡t❛♥✐✱ ❛♥❞ ❑❛③✉②❛ ❨♦s❤✐❞❛✳ ❆♥❛❧②s✐s ♦❢ ❛ r❡❞✉♥❞❛♥t ❢r❡❡✲
✢②✐♥❣ s♣❛❝❡❝r❛❢t✴♠❛♥✐♣✉❧❛t♦r s②st❡♠✳ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❘♦❜♦t✐❝s ❛♥❞ ❆✉t♦♠❛t✐♦♥✱
✽✭✶✮✿✶✕✻✱ ✶✾✾✷✳

❬✶✵❪ ❙✐♠♦♥ ❍②❞❡✳ ❆♣♣r♦❛❝❤ ❛♥❞ ❝♦♥tr♦❧ ♦❢ ✉♥❝♦♦♣❡r❛t✐✈❡ ♦r❜✐t❛❧ ❞❡❜r✐s✳ ❊❙❚❊❈ ✭❊❙❆✮ ❞r❛❢t✱
✷✵✶✵✳

❬✶✶❪ ❈r❛♥✜❡❧❞ ❯♥✐✈❡rs✐t②✳ ❉❡❜r✐s ❘❡♠♦✈❛❧ ✐♥ ▲♦✇ ❊❛rt❤ ❖r❜✐t✱ ❏✉♥❡ ✷✵✶✵✳ ✶st ❊✉r♦♣❡❛♥
❲♦r❦s❤♦♣ ♦♥ ❆❝t✐✈❡ ❉❡❜r✐s ❘❡♠♦✈❛❧✱ ❈◆❊❙ ❍◗ ✭P❛r✐s✮✳

❬✶✷❪ ❋❧♦r✐❛♥ ❙❡❧❧♠❛✐❡r✱ ❚♦r❛❧❢ ❇♦❣❡✱ ❏ör♥ ❙♣✉r♠❛♥♥✱ ❙②❧✈❛✐♥ ●✉❧❧②✱ ❚❤♦♠❛s ❘✉♣♣✱ ❛♥❞ ❋❡❧✐①
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