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d ÖÂ×-ÝTâêßæÚ�à��hÝlÛZá�Ü�Ø
dbody ÖÊá�ç<ß{Û��2à<Ýlâêâ¿Üjë�á�ç<Ý
â¹áêØ�é-ÛTá�é-Ø�Ý! ã#"
dll Ö $¶é<Ûlå{ßæ×-ÝmÙjà6×-ß{â¹ásÙjà<ÛlÝ&%GÝTá('�ÝlÝTàIäGÜ`ß{à�á7ß{à DBtrain Ý)�`Ùjåæé<Ùjá�Ým×ÇÙjá�Ûlé�ØêØ�Ýlà�á+*G×-ÝTåæßíápèÇå{Ý��`ÝlådÜjëªá�ç<Ý ã²Ü2×-Ýlå{â

Ù�à<×©á�ç-Ý�äGÜ`ß{à�á�â¿Ý��`Ùjå{é�Ùjá�Ýl×,'7ßíá�çIå{Ü-'�ÝTØ�å{Ý��hÝlåKã²Ü2×-Ýlå{â
dmin,ll Ö ã²ß{à<ß{ãÁé-ã.$¶é<ÛTåæßæ×�ÝmÙ�à�×�ßæâ¹ásÙjà<ÛlÝ
á�ÜÁÙ�ÛlÛTÝlä-á�äGÜ`ß{à�á�â7Ý���Ù�å{é�ÙUá�Ým×/'7ßíá�çIå{Ü�'�ÝTØEå{Ý��hÝlåKã²Ü2×-ÝTåæâ¿ß{à�á�ÜÁá�ç-Ý

×<ÙUásÙ0%<Ù�âêÝ
dmin,sl ÖÉã²ß{à<ß{ãÁé-ã.$¶é<ÛTåæßæ×�ÝmÙ�à�×�ßæâ¹ásÙjà<ÛlÝ&%GÝZá1'�ÝTÝlàÇá�ç-Ý
â�Ù�ã²ä-åæÝl×©áêØsÙ�2¹ÝlÛTá�ÜjØêèIäGÜ�ßæà�áEÙ�à<×©á�ç-Ý
äGÜ`ß{à�á�â7Ü�ëªá�ç-Ý

×<ÙUásÙ0%<Ù�âêÝ�Ý���Ù�å{é�ÙUá�Ým×,'7ßíá�ç�á�ç-Ý
â�Ù�ã²Ý�*�×-Ýlå{ßíávè©ÛlÜ2×�Ý43<á�Ü�Ù�ÛlÛlÝTä-á¿á�ç<Ý�à-Ý)'0äGÜ`ß{à�á7ß{à2á�ÜBá�ç<Ý�×-ÙjásÙ0%<Ù�âêÝ
dsl Ö5$¶é<Ûlå{ßæ×-ÝmÙjà6×-ß{â¹ásÙjà<ÛlÝ&%GÝTá('�ÝlÝTàIäGÜ`ß{à�á7ß{à DBtrain Ùjà�×�á�ç<Ý áêØsÙ�2¹ÝlÛZá�Ü�ØêèIäGÜ�ß{à2á�â¿Ý76�áêØsÙjÛTá�Ým×8%�è

Ûlé�ØêØ�Ýlà�á7âêÜ`å{é-á�ß{Ü`à-â
dTPS ÖÊá�ç<ß{Û��2à<Ýlâêâ¿Üjë�á�ç<Ý&9+:�;Çâ<�2ß{à�ÛlÜ-�hÝTØ�ß{à-ÚÁá�ç<Ý&�hÝTç<ß{Ûlå{Ý! ã#"
D ÖÂ×�ØsÙjÚ8 =	"
DBtrain ÖÉã�ÙjáêØ�ß>6©Ü�ëªäGÜ`ß{à�á�â�ß{à�á�ç-Ý�×<ÙUásÙ0%<Ù�âêÝ�é<âêÝl×Çá�ÜBáêØsÙjßæàÇá�ç<Ý Ùjä<ä-Ø�Ü�6�ß{ã�Ùjá�Ým×©ã²Ü2×-Ýlå
Dv Ö?�2ß{âêÛlÜ`é-âE×2ØsÙ�Ú8 =@"
Dw ÖA'¿Ù��hÝ�×2ØsÙ�Ú8 =@"
Eq B ED ÖÉã²ÝmÙjà8��Ù�å{é<Ýlâ7Üjëªá�ç<Ý
ã�Ù-6�ßæãBé<ã�ç<ÝmÙUáDC�é6ÇÙjà�×©á�ç-Ý
Ü�Øêá�ç-Ü2×�Ø�Ü�ã²ßæÛ�×�ß{â¹ásÙ�à<ÛTÝ43-Ø�ÝTâêäGÝlÛTá�ßE�hÝlåíè
Err ÖÉÝTØêØ�ÜjØ7ëìé<à-ÛTá�ß{Ü`à
g ÖÉÚ�ØsÙ��2ßíávèÇÙ�ÛTÛlÝlå{ÝTØsÙjá�ß{Ü�àF m/s2 "
G ÖÂÙ�åíá�ßíá�é�×�Ý# ã#"
Ke ÖÉÛlÜ�à<â¹ásÙ�à�á7á�ÝTØ�ãÆß{à�á�ç-Ý
ç<ÝlÙjáDC�éH6�Ý�I�é�Ùjá�ß{Ü�àKJ 1.742 10−4 L
l ÖÉà<Ü�ã²ß{à�Ù�åQå{Ýlà-Ú�á�çIÜjëªá�ç<ÝM'�Ù-�`Ý)NWØ�ß^×�ÝTØ& ã#"
L ÖÉå{ßíëPáO =@"
LC ÖA*G×�Ýlå{ßíávè©å{Ý��hÝlåKÜ�ëªá�ç-Ý�ã²Ü2×-Ýlå
Ldet ÖÂ×-ÝZá�ÝTØ�ã²ß{à<ß{â¹á�ß{ÛM�`Ùjå{é<Ý�Ü�ë£á�ç<Ý
å{ßíëPáO =	"
LTPS ÖÊá�ç<ß{Û��2à<Ýlâêâ¿Üjë�á�ç<Ý&9+:�;�Ùjá7á�ç-Ý
à<Ü�âêÝ
Lunc Ö?��Ù�å{é<Ý
Üjë�á�ç<Ý
å{ßíëPá ÙQPQÝTÛTá�Ým×,%�è©é<à-ÛlÝTØêásÙjßæà�á�ß{Ýlâ& =	"
m ÖÊá�Ü�ásÙjådã�Ùjâêâ7Ü�ëªá�ç-Ý&�hÝlç<ß{Ûlå{Ý! �2Ú0"
mnose ÖÉã�Ù�âêâ7Üjëªá�ç<Ý&9+:�;�ÙUá�á�ç-Ý
à<Ü�âêÝ# ��ÚQ"
mskin ÖÉã�Ù�âêâ7Üjëªá�ç<Ý&9+:�;ÇÛlÜ-�hÝZØ�ßæà-ÚÁá�ç<Ý��hÝlç<ß{Ûlå{Ý# �2Ú0"
mst B mTPS B mpl ÖÉâ¹áêØ�é<ÛZá�é-ØsÙ�åKã�Ù�âêâ�3�á�ç<Ý ã�Ù�âêâ7Ü�ëªá�ç-Ý&9+:�;�Ù�à<×©á�ç<Ý�ã�Ùjâêâ¿Ü�ë�á�ç-Ý
ä�Ùlè�å{ÜhÙ`×

JWÙ��2ßæÜ�à<ß{Ûlâ�Ù�à<×�äGÜ�'�ÝTØ�â¹è�â¹á�Ýlã L 32Ø�ÝlâêäGÝlÛZá�ßR�`ÝlåíèS �2Ú0"
Ma ÖUTIÙ�ÛsçIà2é<ãV%GÝTØ
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X ÖÉäGÜ�'�ÝTØ�åæÙ�'MÝ76-äGÜ�à<Ýlà�á�ëPÜ�Ø�á�ç<Ý
âêç<Ù�äGÝ�Üjëªá�ç<ÝM'�Ù-�`ÝTØ�ßæ×-ÝTØ
nk ÖÉà2é<ãV%GÝTØ¿Ü�ëY�hÝTØ�à<ÝTåæâ
ngcyc ÖÂ×-Ý7*�à<ÝTâ�á�ç<Ý
Ú�Ýlà<ÝTØsÙUá�ß{Ü`à6å{Ü�Ü`ä6ß{àÇá�ç-Ý
Ú`ÝTà<ÝTØsÙUá�ßæÜ�àZ%�ÙjâêÝm×�Ý��hÜ�å{é-á�ß{Ü`àÇÛlÜ`à�áêØ�Ü`å£Ù�ä-ä-Ø�ÜhÙjÛZç
ngl ÖÉà2é<ãV%GÝTØ¿Ü�ëªÚ`Ýlà-ÝTØsÙjá�ß{Ü`à-âEÜjëªá�ç<Ý�Ú�å{Ü4%�Ùjå£Ü�ä-á�ß{ã²ßE[lÝTØ�32ëìÜjØ	'7ç-ßæÛsç�á�ç-Ý�*G×�Ýlå{ß{ápè©Ü�ëªá�ç-Ý�ã²Ü2×-ÝlåQß{â

ß{à<ÛTØ�ÝlÙ�âêÝm×Çá�ç-Ý�é<ä-äGÝTØ7å{Ý��hÝlå
ngv ÖÉà2é<ãV%GÝTØ¿Ü�ëªÚ`Ýlà-ÝTØsÙjá�ß{Ü`à-â�ëPÜ�ØD'7ç<ß{Ûsç�á�ç<ÝEØ�ÝmÙ�ådã²Ü2×-ÝlåQç�Ùjâ¿á�Ü#%GÝ
é<âêÝl×ÇëìÜjØ�á�ç-Ý
Ú`ÝTà<ÝTØsÙUá�ßæÜ�àZ%�ÙjâêÝm×

Ý��hÜ�å{é-á�ß{Ü`àIÛTÜ`à�áêØ�Ü`ådÙ�ä-ä-Ø�ÜhÙjÛZç
no ÖÉà2é<ãV%GÝTØ¿Ü�ë£áêØsÙ-2vÝlÛTá�Ü�Øêè�äGÜ`ß{à�á�â¿á�ÜÁÝ)62áêØsÙ�ÛZá�ë^Ø�Ü`ã¸ÝmÙjÛZçÇáêØsÙ-2vÝlÛTá�Ü�Øêè
np ÖÉà2é<ãV%GÝTØ¿Ü�ëªÛlÜ`å{å{Ü�ÛmÙjá�ß{Ü�à¥äGÜ�ß{à2á�â
nt ÖÉã�ÙQ6�ß{ãÁé-ã5à2é-ã!%GÝTØ¿ÜjëªáêØsÙ�2¹ÝlÛTá�ÜjØêèIäGÜ�ßæà�á7á�ÜÁÝ76�áêØsÙjÛTá7ëìÜjØEÝlÙ�ÛsçIÚ`Ýlà-ÝTØsÙjá�ß{Ü�à
nv ÖÉà2é<ãV%GÝTØ¿Ü�ëªßæà<×-ßE�2ßæ×-é�Ùjå{â7á�ÜÁÝ��`Ùjå{é�Ùjá�Ý�%2è�áêØ�é-Ý
ã²Ü2×-ÝlåKß{àÇá�ç-Ý
ß{à�×-ßE�2ßæ×-é<Ù�å\%�Ù�âêÝl×�Ý��hÜ�åæé�á�ß{Ü`à�ÛTÜ`à�áêØ�Ü`å

Ù�ä-ä-Ø�Ü`Ù�Ûsç
N ÖÉà2é<ãV%GÝTØ¿Ü�ë£áêØsÙ-2vÝlÛTá�Ü�Øêè�Ýlå{Ýlã²Ýlà�á�â
q̇conv ÖÉÛlÜ�àH�`ÝlÛTá�ßE�hÝ
ç-ÝmÙjáDC�éH6 [W/m2 "
rf ÖÉé<ä-äGÝTØD%GÜ`é-à�×©Ü�ëªá�ç-Ý
ÛlÜ`à-â¹áêØsÙ�ß{à�á�âEÜ�àÇá�ç-ÝM*�à�ÙjåGØsÙ`×-ß{é-â] ã#"
rmin ÖÉå{Ü�'�ÝTØ	%GÜ`é-à�×�Ü�ë�á�ç<Ý ÛlÜ`à-â¹áêØsÙ�ß{à�á�â�Ü�à�á�ç<Ý	*�à�ÙjåKØsÙ�×-ß{é<â& ã#"
r ÖÉà<ÜjØ�ã¸Ü�ëªá�ç-Ý
äGÜ`âêßíá�ß{Ü`àZ�`ÝlÛTá�Ü�ØD'7ßíá�çÇØ�ÝTâêäGÝlÛTá7á�ÜÁá�ç<Ý�ÛTÝlà�á�ÝTØ7Ü�ëªá�ç-Ý�ä<åæÙ�à-ÝTá& ã#"
Re Ö?^�ÝTè�à<Ü`åæ×�â¿à�é-ã!%GÝTØ
RE ÖÉã²ÝmÙjàÇØsÙ`×�ß{é<â7Ü�ëªá�ç-Ý&$¤ÙjØêá�çKJfÛlÜ�à<â¹á�_ 6.371 106 ã L
Rn ÖÊØsÙ`×�ß{é<â7Ü�ë�ÛTé-Ø`��Ùjá�é-Ø�Ý
Ùjá7á�ç<Ý
Ýl×-Ú`ÝTâEÜjëªá�ç<ÝM�`Ýlç<ß{Ûlå{Ý# ã#"
S ÖÉã�ÙjáêØ�ß>6a'7ßíá�ç6×<ÙUásÙÁÜ�ë£á�ç<Ý áêØsÙ�2¹ÝlÛZá�Ü�Øêè
Sn ÖÉâêé-ØêëìÙ�ÛlÝ�Üjëªá�ç<Ý&9+:�;Çà-Ü`âêÝ�ÛlÜ�à<Ý# m2 "
STPS Ö59+:�;Çâêé-ØêëìÙ�ÛlÝ�ÙjØ�ÝlÙÁÝ)6�ÛlÝlä�á¿á�ç�Ùjá�Üjëªá�ç<Ý
à-Ü`âêÝ# m2 "
t ÖÊá�ß{ã²Ý! âb"
T ÖÊá�ç-Ø�é-â¹á& =	"
v ÖÉã�Ù�Ú�à<ßíá�é�×�Ý
Ü�ë£á�ç<ÝM�hÝTåæÜ�ÛTß{ápèc ã/dUâb"
Vn Ö?�hÜ�åæé-ã²Ý
Ü�ë£á�ç<Ý
à-Ü`âêÝ# m3 "
V∞ ÖÊëPØ�ÝTÝ�â¹áêØ�ÝmÙ�ãA�hÝlå{Ü�ÛlßíápèÇã²Ü2×�é<å{Ý! ã/djâb"
w ÖÉà<Ü�ã²ß{à�Ù�å�'7ßæ×�á�ç�Ü�ëªá�ç-ÝM'¿Ù��hÝTØ�ßæ×-ÝZØO ã#"
x ÖÉå{Ü`à-Ú`ßíá�é�×�ßæà<Ù�ådÛlÜ�Ü�Øs×�ßæà<Ùjá�Ý
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γv Ö?%�Ùjàs�©Ù�à-Ú`å{Ý# ×-ÝlÚQ"
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θp ÖAC�ß{Ú�ç2á7ä<Ùjá�ç6Ùjà<Ú�åæÝ# ×�ÝlÚ0"
λ ÖÉå{Ü`à-Ú`ßíá�é�×�Ý# ×�ÝlÚ0"
ρ t ody ÖÂ×-ÝTà<âêßíávè©Ü�ë£á�ç<Ý&�hÝlç-ß{Ûlå{Ý
â¹áêØ�é<ÛTá�é�Ø�Ý# kg/m3 "
ρTPS ÖÂ×-ÝTà<âêßíávè©Ü�ë£á�ç<Ý]9+:�;Çã�Ùjá�ÝTØ�ßæÙjå
σ2
q B σ2

D Ö?��ÙjØ�ßæÙ�à-ÛlÝ�Ü�ëªá�ç-Ý�ã�ÙQ6�ß{ãÁé-ã5ç-ÝmÙjáDC�éH6©Ù�à<×ÇÜ�Øêá�ç-Ü2×�Ø�Ü�ã²ßæÛ�×�ß{â¹ásÙ�à<ÛTÝ43-Ø�ÝTâêäGÝlÛTá�ßE�hÝlåíè
τE ÖUTZuM:v$vw#ÛlÜ�ÝZÞ²Ûlß{Ýlà�á7ëìÜ�Ø�á�ç<Ý Ú`Ýlà-ÝTØsÙjá�ß{Ü`à6Üjë�à<Ý7''ß{à<×-ßE�2ß^×�é�Ùjåæâ
φ ÖÉåæÙjá�ßíá�é�×�Ý# ×-ÝlÚQ"
ξ ÖÉç<ÝlÙ`×-ß{à-Ú²Ù�à-Ú`å{ÝkJWÙ0[lß{ãBé-á�ç�Üjëªá�ç<Ý��hÝlå{Ü�Ûlßíávè L  ×-ÝlÚQ"
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SUNP]�R�X�F�H-J��!�hXH�ZNìX��K[^]`RQ¶ �H� � �4W�· ��L ´VÁ C@À�N^F��Q[P]jFI]jJs�lR��7~Q]M��]�JQ]Q�lX2[s�lX2J�º�NPJ��ÁX�JKD©RZ]j[P]�S-�ZNPH�J�R`�)�TX��Z]Q�-N^]`R�H����)~Q]
Ä�H-J��êDGH�FINPJKX��T]�DS��H���TN^J\�,ÞÁ]jJQ]Q�ZNìSV²�[r�-HH�TNR�)~QFß���O«(ÄV��Þ#²]�1�7��¬�¶ qÈ�· ���&~QNP[^]�RZH�[����ZNPH�JKR X��T]]�-]jJQ]0�TX��Z]�D����6RTX2F8�
�Q[PN^J\�#���ZH-FA�7~K] Á XH�7��]jJIFIHGDG]j[QNPJKR��Z]`X�D�H��Y�KRZN^J��#�)~Q]&��]�JQ]-�TNPS
H�d]0�TX��ZH�TR�NPJ�ÄV��Þ#²]�1�7���}M~Q] Á X��)�j]�JÇFI]Q�7~QHGD
NìR�X²JQH-J��b�KX��lX2FI]-�)�ZNìS
X����\�ZH<X�S�~8�ZHaº-]Q�TJQ]j[dDG]jJKRZNr�`�Ç]`R`�TN^F6X��TN^H-J�X2JKD����ZH���NìDG]�R¿X�J6]�R��ZNPF6X��ZH�D�)~KX��ESjH�J���]0�7�-]�R
]Q�-]Q�)���&~Q]Q�T]!�ZHZ�)~Q]k�7�)�Q] Á �ZH�KX��QNP[PNR�`�KÀ�]�JKRZNR�`�K¤��QJdS��ZNPH�J�« Á À!¤g¬�NPJK�7~Q]ÇF�]`X2JYR)�s�KX��T]²Rs]�JKRs]�]��~QHH�K[PD��)~Q]
�7�)�Q] Á ÀV¤��£]O�KJQNR�WH�ZFI[��6SUH�Js�TN^J��QH�KRQ�H�7~Q] Á X��)�j]�J6]�R��ZNPFIX��ZH�ESjX�J�X2[ìRsH/�d]ÁF6X�DG]]�KJQNR�WH�ZFI[��6SUH�JdRsNìR`�T]jJs�0���êJ
R7~QHH�7�0�\�7~Q]ÇF�]Q�7~QHGD�X2[P[^HGSjX��Z]`R

Nind
NPDQ]jJs�ZNìSjX�[vº�]0�ZJK]j[ìR/«��&~K]Q�T]

Nind
NPR]�7~Q]ÇJ��QF/�£]Q�ÁH��¿NPJKDGN��<NìD��KX�[PRBH��g�)~Q]

�£HH���Q[ìX��TN^H-JIH���SjX2JdDGNPDKX��Z]�RZH�[����TN^H-JKR)¬-��]`X�S�~IH�JQ]�Sj]jJs�7�T]�D�H�J6X²DGNr±ª]Q�T]jJs��]j[P]jFI]�J�7HH�µ�)~Q]�RTX2F��Q[P]H�gÙ��©FI]�X�JKR
H��g�)~Q] Á X��)�j]�J±FI]-�)~QHGD§�ªX����ZH�KX��KN^[PNPR��ZNìS�FIHGDG]j[¶HH�g�7~Q]a�\�ZH-F�NìRZN^J��6RZ]�XH�TS�~OR7�KX�Sj]!�£HH�7�ZNPH�JuNìR&�)~s�dR]���QNP[r��H�J
�7~K],�KX-RsNìR�HH�+�7~Q]�NPJ��WHH�TF6X��ZNPH�J¡�-Nr�-]jJ¡���

Nind
N^JdDGNr��NìD��KX�[PRBH��D�)~Q]ÇSQ���)�Z]�J�V�dH���Q[ìX��ZNPH�Jv�ªX�JKD

τENind
JQ]Q�

NPJKDGN��<NìD��KX�[PRV«
τE ≥ 1

¬¿S�X2J��)~Q]jJ��£]BRTX2F��Q[P]�DK�+}M~Q]O�hXH�ZNìX2JdSU]�X�RTRZH�SjNPX��Z]`D,��Nr�7~¥]�X�S�~Zº-]Q�TJQ]j[dDG]Q�£]jJKDKR�H-JF«WN�¬
�7~K]�DGNPR��7�TN������ZNPH�JuHH���)~Q]�NPJKDGN��<NìD��KX�[PR
NPJK�7~K]�Rs]`X��lS�~±R7�KX�Sj]�X2JKD�«WNPN ¬M�7~Q]#���TJQ]�RTR&��X2[��Q]�X-RZRZHGSUNìX��Z]`DS��Nr�7~��)~Q]

Ë
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�£]Q�7�ZNPJQ]jJs��NPJKDGN��<NìD��KX�[(�dRsH6X�R	�TH���X���HH��RTX2F��Q[PN^J\��NPJc�7~Q]²JQ]�Nr�~��dH�7~QH�HGD±H��v�)~Q]²FIH-R��&���ZH-FINPRZN^J\�IRZH�[����TN^H-JKRQ�

à/yáÏ²Ì�Ð�ÔÍÑlÓkÕ©ÎHÑ�|�ÖQÏ»â#Ó£Ó�|ìÍ�|�ãhÒ-Ó�|PÌQÏ»äIÏµ{£Î2Õ,ä�Ï£Ð`Î2ÕUÓlÒ�|ìÏQÓ�Ô
}M~Q]�H��¦�]�S-�ZN���]`R�X2JdD�SUH-JKR`�)�TX�N^Js�lR¿H��§�)~Q]�H���Z]0��[PH<H��X��T]&�7~K]BR��TX��TNPR��ZNìSjX�[KFIH�FI]�J�lR�HH�§�7~Q]V�d]0���WH�ZF6X�JKSU]

NPJKDG]-�G]`RÇH���TX�N^JK]�D��s�ARZH�[���N^J\�F�7~K]�NPJQJQ]0�6HH���TN^F6X�[
SjH�Js�7�TH�[����THH�Q[P]jF6R0���êJ��7~Q]uNPJQJQ]Q�I[PH�HH�°�@�7~Q]uHH���ZNPFIX�[
SUH-Js�7�TH�[M���THH�Q[P]jF6R6X��T]uRsH-[r�-]�D0SjH�JKRZNìDG]Q�TN^J\�>DG]Q�Z]0�ZFINPJQNPR��ZNìSuFIHGDG]j[ìRQ�Ã}M~��KR8�)~Q]YRsH-[r���ZNPH�JMH��O�)~Q]OHH���ZNPFIX�[
SUH-Js�7�TH�[Y���THH�Q[P]jF6RM���TH���NPDG]`R	�7~Q]�DG]Q�Z]0�ZFINPJQNPR��ZNìS�JQH-F�NPJKX�[§�hX�[r�K]�R
H����7~K]k�d]0���WH�ZF6X2JdSU]ÁN^JKDQ]-�G]�R0�

´ JKSU]�X©DQ]-�Z]0�ZFINPJQNìR`�TNPSBRsH-[r���TN^H-J�NìR X���X�N^[ìX��Q[P]H��QJKSj]Q�7�TX2NPJs�ZNP]�REH�J�º-]Q�6D���JKX�F�NìS�S�~dX��lX�S��T]Q�TNPR��ZNìSjR0�-R7�KS�~¥X-R
�7~K]�X2]Q�THGD���JKX2FINìSa�WH�TSj]�RÁHH�#�)~Q]IF6X�RTRQ�¤XH�Z]INPJs�7�TH�D��KSU]`D����F�£]Q�7�7���)�QNPJ����7~Q]6JKH�FIN^JdX2[+��X2[��Q]IH���X���]jJK]Q�TNPS
�QJKSj]Q�7�TX�N^J��s�KX�J�TNR�`�

Xdet
��åÃ~K]jJ��QJdSU]Q�7�TX�N^Js�TN^]`R7X��T]]�T]j[ìX��Z]`D,�ZH�H�d]0�TX��ZNPH�JKX�[KSUH-JKDGNr�ZNPH�JKR0�H�QJdSU]Q�7�TX�N^JZ��X�[r�Q]`R

Xunc
S�X2J��d]²H���TX�N^JQ]`D±X-RQÌ

Xunc = Xdet +Err CE Xdet
« � ¬

�&~Q]0�Z]
Err

NìR�X2J6]0�7�THH�g���KJKS��TN^H-J°���&~QNPS�~�DQ]Q�£]jJKDQR�H�J��)~Q]�HH�£]Q�lX��TN^H-JKX2[dSUH�JdDGNR�TN^H-JKR0�-X2JdD§�
CE

NPREX²RZX�F8�K[^NPJ��
~����d]0���êR��\����X-SU]�F6XH���QNPJ��!�7~Q]�RZ]-�7H��£HH�£]Q�lX��TN^H-JKX2[�SUH-JKDGNr�ZNPH�JKR�NPJs�ZHV�7~Q]�NPJs�Z]Q�)��X2[

[−1, 1]
���êJ/�)~Q]&��]�JQ]Q�lX2[�SjX-Rs]�

�7~K]�R7~KX��£]
CE

DG]0�d]�JKDQRÁH�J>X±RZ]-��H��ER7~KXH�QN^J\�S�KXH�TX�F�]Q�Z]0�TR0�k¯¤X��T]Q�ÁH�J�N^J��7~QNìR!�KX��£]Q�
CE

��NP[P[��£]IDG]-�KJK]�D
X�R�X�JuN^Js�Z]0�7�£H�[ìX��TN^J\�IR7���7��X�Sj]!�&~KH-RZ]�R�~KXH�d]�DQ]Q�£]jJKDQR�H�J��7~Q]k��X�[r�Q]²HH��]`X�S�~uNPJ�T]Q�)�dH-[PX��ZNPJ��IJQHGDG]H�	¤QHH��]`X�S�~
JQH-F�NPJKX�[�RZH�[����TN^H-JYH��D�)~Q]IN^JKJQ]Q��[PH<H�°�

Ns
DGNR±ª]Q�T]jJs�

CE
R7������X-SU]`RBXH�Z],��]jJK]Q�lX��Z]`D¡���¡�TX�JKDGH-F�[��OS�~QH�H-RZN^J\�\�

��Nr�7~��KJQNR�WH�ZF:DGNìR��7�TNr�����ZNPH�JYNPJF�)~Q]©NPJs�Z]Q�)��X2[
[−1, 1]

�
Ns

RZ]-�lR�HH�D�hX�[r�K]�RO�WHH�]�)~Q]IR�~KXH�QNPJ����KXH�TX�F�]Q�Z]0�TRBX2JKD
�7~K]jJ

Ns
JQ]Q���)�TX�¦�]�S-�ZHH�TNP]�R¶XH�Z]D�\�ZH�KX��<X��Z]`D!�KRsNPJ��O�7~Q]��d]0���)���)�d]`Dk��X2[��Q]�R

Xunc
H���TX�N^JK]�D!���TH�FÆC@�Í��« � ¬-��¤QH�

]�X-S�~��dH-N^Js��X2[PH�J\�ÁH-JQ]�HH�µ�)~Q]
Ns

�)�TX�¦�]�S��THH�TN^]`RQ���)~Q]]���THGD��KS-�
Err CE

�T]-�)���ZJdR7X²DG]-�T]Q�TFIN^JQNìR��ZNìSM�hX�[r�K]�N^J8�)~Q]
NPJ�T]Q�)��X2[

[−Err, +Err]
�a¤KHH�Á]�X�S�~)H��+�7~K]

Ns
�£]Q�7�7�\�7�£]�DF�7�lX�¦�]�S-�ZH�ZNP]�R�X±JQ]0�æ�hX�[r�K]©H��@�7~Q]8�d]0���WH�ZF6X�JKSU]

NPJKDG]-��NìRÇSjH�F������T]�D'X2JKD»�dRs]`D��ZH>SjX2[ìS-�K[PX��Z]Z�)~Q]±FI]`X2J
EJ

X2JKD»�7~Q]c�hXH�ZNìX2JdSU]
σ2
J

��}M~Q]��`� H)R��TX��TNPR��ZNìSjX�[
FIH�FI]jJs�lR��WHH��]�X-S�~c�£]Q�7�WHH�TF6X2JKSj]BNPJKDG]Q��XH�Z]!�7~K]jJK�Z]Q�7���TJQ]`D��TH,�)~Q]²HH���Z]Q��[PH�HH�°�

ç yáÒ#Ô£ÑPÓ�|RÚbè°{£Î�Ñ |PÓ�Ô»é@ÜGÌGÑfÔdÓ�|^ÌQÏ ç ÌQÏGÓlÕUÌGÑ
}M~Q]�N^JKJQ]Q�
[PH<H�±JK]j]�DKR@�THÇ]0��X2[��KX��T]O�)~Q]²D���JKX2FINìSBFIHGDG]�[PR
RZ]Q��]0�TX�[\�TN^FI]`RM�dHH�7~uD����TN^J��,�7~K]�RZH�[����TN^H-J¥H��

�7~K]²HH���TN^F6X2[¶SjH�Js�7�TH�[Y���THH�K[^]�F X2JdD±D��\�ZNPJ��8�7~Q]�SjH�F������lX��TN^H-J±HH���)~Q]�R`�lX��TNPR��ZNìSjX�[�F�H-FI]jJs�TR0�
�êJ�HH�lDG]0�§�ZHBFIXHº�]g�)~Q]@���THGSU]`RZR4SUH�F������TX��TN^H-JKX2[P[��BX�±ªHH�lDQXH�Q[^]�Q�)~Q]�NPJQJQ]0�¤[PH�HH��NPJs�Z]Q�)�THH�-X��Z]`R�X�DQX��lX��1�����T]�D

¼
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R7���7�THH�<X��T]ÁFIHGDG]�[¤NPJKR`�T]�X-DuH��+�7~K]k�7�)�Q]©R7�GR`�T]jF§F�HGDG]�[(�]}M~K]ÇDQX��TX��1���7�Z]�D XH�����TH��GN^F6X��T]�D�FIHGDG]j[ NPR]�7�lX2NPJQ]�D
X2JdDS���ªDQX��Z]�DuD��\�ZNPJ����7~K]�DQ]�RZNr�-J��\�ZHGSU]`RZR�����FI]�X�JKR
H��¿X�F/�Q[r�ZNr�1�dDG]j[PNr�`�¥]Q�-H�[����ZNPH�J�SUH-J�)�ZH-[Y�Z]`S�~QJQN ��K]H�

}M~Q]��KX�RZNìSÇNìDG]`XS�QJdDG]Q�TJQ]�X��7~>]Q�-H�[����ZNPH�J)SjH�Js�7�TH�[&«�C�M¬ÁNPR!�TH±F6X�JKX��-]H�Y�7~\�ZH���H~QH���!�7~Q]IHH���ZNPF�N���X��ZNPH�J
���THGSU]�RTR0���7~K]©]Q��X�[r�KX��ZNPH�JOHH�D�dHH�7~¡�)~Q]a�)�7�Q]�X2JKD��)~Q]IR����)�THH�-X��Z]`D¥FIHGDG]j[�NPJ)XZ�
X��S�)~KX��!�Z]`D��KSU]`R&�)~Q]a�TH��TX�[
SUH-F������TX��ZNPH�JKX�[D�TN^FI]����������Z]`Rs]0�7��NPJ��K�7~K]�SjHH�)�Z]`S��ZJK]�RTR²H��&�)~Q]��KJdX2[
RsH-[r���TN^H-J°��ÀV�Q]c�ZH��7~Q]±JQ]�Sj]�RTRsNr�`���ZH
[PN^FINr���)~Q]�J��QF/�£]Q�
H��v�7�lX2NPJQN^J\��RTX2F��Q[P]�R0��NR��NìR	�-]Q�)�6DGNR¢�SQ�Q[R�M�TH�SjH�JKR��7�)�KS���X2J±N^JKNR�TNPX�[ X������TH��GN^F6X��Z]�D�F�HGDG]�[
�7~dX��ÇNìRa�-[^H�KX2[P[��>SjHH�)�Z]`S��0�OLOH<R`��[^N�º�]�[r����7~Q]�X������TH��GN^F6X��ZNPH�J���N^[P[	�\�ZNPJ��¡�)~Q]¥H���ZNPFINr�`X��ZNPH�JAX�[r�-HH�TNR�)~QFê�ZH
��X2[ìRZ]�HH���TN^F6X\�¿N(� ]H�>RsH-[r���TN^H-JKRk�)~KX��IX��T]�HH���ZNPFIX�[D�WH�/�)~Q] XH�����TH���NPF6X��T]�D>FIH�DQ]j[ ������XH�Z]±R����£HH���ZNPFIX�[@�WH�
�7~K]]�7�)�Q]BF�HGDG]�[(�¿LOHGDG]�[dF6X�JKX��-]jFI]jJs��H��]Q�-H�[����ZNPH�J±SUH�Js�)�ZH-[��Z]`S�~QJQN ��K]�R X�DQD��T]�RTR+�)~QNìR@���THH�K[^]�F X�JKD�X���H-NPD
SUH-J���]Q�)��NPJ��/�ZH8��X2[ìRs]²H���ZNPF6X��

ë�NPJ�]-��X2[1�r¶ � ® · N^J��)~Q]jN��/�KXH�d]0�a���THH�£H-RZ]8�`�EHYDGNr±ª]Q�T]jJs�ÇX��\���ZH<X�S�~Q]`RV�WHH�k�)~Q]�]Q�-H�[����ZNPH�J;SUH-Js�7�TH�[7HH�	�)~Q]
FIHGDG]j[1Ì�X¬ NPJKDGN���NPD��KX2[r�1�dX�RZ]�D�SUH�Js�)�ZH-[¶X2JKD��µ¬��-]jJQ]0�TX��ZNPH�J��b�KX�RZ]�D±SUH-J�)�ZH-[(�+�êJ��)~Q]k�\�lR`��XH�����TH-X-S�~°�

nv
NPJKDGNr�

��NPD��KX2[ìR�NPJc�7~Q]�S-���)�T]jJs�	�£HH���K[PX��ZNPH�J±XH�Z]ÁS�~QH-RZ]jJ±X2JKD¥]Q��X2[��KX��T]�DZ��Nr�7~c�7~K]O�)�7�Q]ÁFIHGDG]j[�X��
]�X-S�~���]�JQ]Q�lX��TN^H-J°�
�êJ8�7~Q]�[PX����Z]0�0�H�7~Q]O�&~QH�[P]M�dH���Q[ìX��ZNPH�J6NìR¿]0�hX�[r�dX��Z]`D8��NR�)~,�)~Q]]�T]�X�[GF�HGDG]�[(�<]Q�-]Q�)�

ngcyc
�-]jJQ]0�TX��ZNPH�JKR0���WHH�

ngv

��]�JQ]Q�lX��TN^H-JKR0�H�&~Q]0�Z]
ngv < ngcyc

�D}M~Q]BN^JKDQNr��NìD��KX2[ìRE]Q��X2[��KX��T]�DZ��Nr�7~��7~Q]V�7�)�Q]�FIHGDG]�[£XH�Z]&�)~Q]jJ±N^Js�)�ZHGD��KSj]�D
NPJ�TH6X�DKX��TX��¹RZ]-�M�)~KX���NìRM�KRZ]�Dc�ZHI[PH�S�X2[P[r�¥N^F����TH���]V�7~Q]�R7���)�ZH�-X��Z]�D¥FIH�DQ]j[1�

}M~Q]ÁF�]Q�7~QHGD±X�DGH���Z]`DZ�WHH�	�7~KNPR�� HH�)ºÇNìREXÇFINR�6HH�v�dHH�7~±]Q��H-[r���ZNPH�J¥SjH�Js�7�TH�[£R`�)�TX��Z]Q�-N^]`RQ�g¤�Nr�µ� � R7�QFIFIX��
�TNr��]�Rg�)~Q]O�&~QH-[^]�HH���TN^FIN���X��TN^H-J����ZHGSj]�RTRQ�g}M~Q]�L ´k´ X2[���H�ZNr�7~KFÂL ´VÁ C	ÀU«�H�J��)~Q]�[P]-���EHH�°¤4N��\� � �H�Q[PHGS�º�R ½�X
�ZH ® ¬ NPREN^Js�T]Q�H�lX��T]�DZ��Nr�7~±X2J�]Q�s�T]Q�TJKX2[Í���THGSU]�D����Z]]�7~KX��EFIH�JQNr�ZH�TR@�7~K]BR��TX��)�KREH��°�)~Q] XH�����TH���NPF6X��T]�DIFIHGDG]j[ìR
«��£H�� Î NPJ�¤�Nr�µ� � ¬-�S²��k�7~Q]¥]jJKD>H��
]�X-S�~�Nr�Z]0�TX��ZNPH�JÃ«��-]jJQ]0�TX��ZNPH�Jµ¬-�§�7~K]6]-���Z]0�ZJKX�[D���THGSU]�D����Z]6S�~Q]`S�ºGRBNr��X2J
���ªDQX��T]�D���]0�TRZN^H-J)HH�D�7~Q]�XH�����TH��GN^F6X��T]�DOFIHGDG]�[¿NPR!�T]�X�D��YX2JKD>X���X2NP[PXH�Q[^]�a�b�@�)~Q]�X��\���ZH��GNPF6X��Z]`DOFIHGDG]j[¿NìR
���ªDQX��T]�D§�°�7~Q]�J>X�[^[��7~K]ÇNPJKDGN���NPD��dX2[ìRBNPJ��7~Q]6S-�\�7�T]jJs�V�£HH�\�Q[PX��ZNPH�J>X��T]/�T]-�¹]Q��X2[��KX��T]�DYX�JKD��Z]Q�¹Sj[PX-RZRZNR�d]�DK��Nr�7~
�7~K]Z���£DKX��Z]`D>F�HGDG]�[(���£]-�WHH�T]8�7~Q] Á XH�7��]jJ;DGNPR��7�TN������ZNPH�J;NìR#���ªDQX��T]�D�X2JdD�RTX2F��Q[P]�D§�Z�b���7~K]�X������TH��GN^F6X��Z]�D
FIHGDG]j[ªNìR�JQHH���\�£DQX��Z]`D§���d]`SjX��dRs]��WH�E]Q�QX2F��Q[P]H��X8�¤gÀ¸SUH-F8�\���TX��ZNPH�J�NìRER��ZNP[P[Í�)�QJQJKN^J��µ�GX2JKD��)~Q]�DGNR±ª]Q�T]jJdSU]
�£]-�`� ]j]jJ��7~Q]8��]�JQ]Q�lX��TN^H-JOH��D�)~Q]����T]Q��N^H�KR]�\�£DQX��Z]6X2JdDK�7~Q]6SQ���7�T]jJs�!��]jJK]Q�lX��ZNPH�JONìR

ngcyc
�Y�)~Q]jJ;L ´VÁ C	À

�KXH�KRs]`R�X2JKDc�
X2Nr�TR��WHH�M�)~Q]²JQ]0�����ªDQX��Z]H�
}M~Q]�]Q�s�T]Q�TJKX2[��\�ZHGSU]`D����T]�X2[ìRsH�F6X2JdX���]`RQ��N^J�X�JIX-R���JKS�~\�ZH-JQHH�KR��
X��H���)~Q]M�7�lX2NPJQNPJ���X2JdD,�\�£DQX��ZNPJ���HH�µ�)~Q]

X��\���ZH��GNPF6X��Z]`D�FIHGDG]j[ìR0�DÙE[PHGS�º È N^JK¤�Nr�µ� � NPR�DQ]-�TX�N^[P]�D±NPJK²�[r�-HH�TNR�)~QF � �

� ½
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ìD|�ÖÍykí�ÒÃâkî&é	Õðïk|PÓ�ØºÎHÜGÌ�ÑfÔdÓ�|PÌGÏÆÐ`ÌQÏGÓlÕUÌGÑ�Í±Ì\{Y|rè¶Ð�Ò<Ó�|PÌGÏÊÒ�ÏÍ{Ê|fÏÍ{dÎÓ�Î-ÏÍ{£Î-ÏGÓOÒ�ÓYÓdÕjÌHñµ|fÍ±Ò<ÓTÎ{ÆÍ±Ì\{£Î�Ñ
ØdÒ�ÏÍ{ªÑPÎ2Õ�y

}M~Q]����THGSU]`D����T]�NìR�R7�����Q[PNP]�D���Nr�7~AXu[PNPR��©H���R7��R��Z]�F FIHGDG]j[ìR²H�TDG]0�Z]`D�����N^JKSQ�Z]`X�RZN^J\��[P]Q�-]j[7HH�M�dDG]j[PNr�`�
X2JdDºX#RTS�~Q]`D��Q[PN^J��Ç�T]Q�£HH�7�YDG]-�lX2NP[^NPJ��Ã~QH�� X2JKD.�&~Q]�J.�7~Q]ADGNr±ª]Q�T]jJs�)FIHGDG]j[ìRYR7~QHH�Q[ìD��d]��dRs]`D§� CD�-]Q�)�

ngl
��]�JQ]Q�lX��TN^H-JKRuH����7~K]���[PHH�KX�[©RZH�[���]Q�4�#�7~K]»�dDG]�[^Nr�`�5[P]Q�-]j[ÇH����7~Q]0F�HGDG]�[(�

LC
��NìRYNPJKSQ�Z]`X�RZ]�D§�#�TN^[P[a�)~Q]

F6X��GNPF/�QF�[^]0��]�[(�
LCmax

�©NìR��T]�X-S�~Q]�D§�ò}M~K]jJÊNr��]Q�s�)�TX-S��lR¡�WHH��]�X-S�~¸HH���TN^F6X2[/�7�lX�¦�]`S��ZH�7�Ý�7~Q]'F6X��7�TNr�

Sopt = [Shape parameters, Operational parameters]
��SUH-J�lX2NPJQNPJ����7~Q]Z�-]jH�FI]Q�7�TNPS�X2[+�KXH�TX�F�]Q�Z]0�TR�X2JdD

�7~K]YHH�£]Q�lX��TNr�-]¡�dH-N^Js�TR±X2[PH�J����)~Q]¡�7�lX�¦�]`S��THH�)�H��CEX�S�~Ã�TH�� NPJ
Sopt

NìRZ�)~Q]jJ�SjH�F��KXH�Z]`D£�TH»�7~K]F��X2[��Q]�R6NPJ

DBtrain
���&~QNPS�~±NPR��)~Q]ÁFIX��7�TNR��HH�v�£H�NPJ�lR N^Jc�7~Q]²DQX��TXH�KX�RZ]O�KRZ]�D��ZH,�7�lX2NPJ��)~Q]ÁDKX��TX��(�\���Z]`D±R7���)�ZH�-X��Z]H��}M~Q]

X��\���ZH��GNPF6X��Z]`D6FIHGDG]j[ìR
X��T]�NPJQNR�TNPX�[^[����7�lX2NPJQ]`D����Z�KRZN^J��,�7~K]Á[PH�� ]Q�	�dDG]j[PNr�`�6F�HGDG]�[PR#«��dDG]j[PNr�`��[^]0��]�[
LC = 0

¬-�
�7~K]jJID����TN^J��V�7~K] ]0��H-[r���TN^H-JKX��)�#���TH�Sj]�RTR¤JK]Q�£�\�ZH-F�NìRZN^J��!�£H�NPJ�lR�X��T]ENPJKRZ]Q�7�Z]�D©N^J,�7~K]
DKX��TXH�KX�RZ]

DBtrain
X2JKD

�KRZ]�DK�TH¥NPF����ZH��-]k�7~K]/�)�TX�N^JQNPJ��µ�V¤QH-[^[PH���NPJ��¥XZ���T]�DQ]-�KJQ]`DYRTS�~Q]�D��K[^]�µ�)~Q]©[P]Q�-]j[�H��+�dDQ]j[PNR�`�ONìRO�\�ZH�H�T]�RTRsN���]�[r�
NPJKS-�T]�X-Rs]`D¡���TH�F H-JQ]�R��TXH��]�H��	�7~Q]6]0��H�[����TN^H-JF�ZHOX�JQH��)~Q]Q�4ó§�7~K]Q�T]-�WHH�T]8�7~Q]8�)�TX�N^JQNPJ��uDQX��lX��KX-Rs]8��NP[^[7SjH�Js�TX�N^J
XIFINR��H��g��X2[��Q]�R�SjH�FINPJ��8���ZH-F FIHGDG]j[ìR�X���DQNR±ª]Q�T]jJs��[P]Q��]�[PR�H����dDG]j[PNr�`�H�@}M~Q]ÇRsH-[r���TN^H-JKR
]Q��X�[r�KX��Z]`Dc��Nr�7~��)~Q]

�H�
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~QN��H~Q]`R`�@�dDG]j[PNr�`�Ç[P]Q�-]j[KXH�Z]�NPJKRZ]Q�7�Z]�DINPJ��7~K]�DQX��lX��KX-Rs]�Nr�Y�7~Q]�Nr� DGNìR`�lX2JKSj]&���ZH-FÂX�[^[\�7~Q]]�£H�NPJs�TR�H��Y�7~Q]BDQX��lX��KX-Rs]
]Q��X�[r�KX��Z]`Da��Nr�7~a�)~Q]
RZX�F�]	�dDG]�[^Nr�`�²[P]Q��]�[(�

dsl
��NìR��H�T]�X��Z]Q�v�7~KX�JÇXV���T]�DG]Q�KJQ]�D/��X2[��Q]H� ´ JKSU]	�7~Q]�~QN��H~Q]0���dDG]j[PNr�`�

RZH�[����ZNPH�JKR�X��T]ÁNPJK�7~K]©DQX��lX��KX-Rs]�KX2[P[¶[PH��E]0�M�dDG]�[^Nr�`�±RZH�[����ZNPH�JdRM��X2[P[^NPJ���X��BX6DGNìR`�lX2JKSj]
dll < dmin,ll

���ZH-F³�)~Q]
~QN��H~Q]0���dDG]j[PNr�`�¥RsH-[r���ZNPH�JKR�XH�Z]�DGNìRZS�X��lDG]�D§�g}M~Q]²R7���7�THH�<X��T]BR��7�)�KS��)���Z]ÁNìR��7~Q]�J��\�£DQX��Z]`DS��Nr�7~��7~K]ÁJK]Q�5DKX��TX\�
}M~Q]IDQX��lX�H���TX�N^JQ]`D¡���K�7~Q]8~QN��H~Q]0�O�£DG]j[PNR�`�OFIHGDG]�[PRV���THH�H�T]�RTRZNr�-]j[��S�£]�SUH-FI]/�)~Q]ÇF6X�N^J)RZHH�\�TSj]©H��D�\�£DQX��Z]`R
�WHH�g�)~Q]�R7���7�THH�<X��T]�FIHGDG]j[��TN^[P[(�-JQ]�XH���7~Q]�]�JKD�H��\�)~Q]�HH���ZNPF�N���X��ZNPH�J8���TH�Sj]�RTRQ���)~Q]�DQX��TXBHH���lX2NPJQ]�D,���a�7~K] [PH�� ]Q�
�dDG]�[^Nr�`�¥FIHGDG]�[PRM~KX��-]BJKH6N^J�ªµ�Q]jJKSj]²N^Jc�7~K]²HH���TN^F6X2[v�Z]0��NPH�JKR H����7~Q]�RZ]�XH�TS�~�R��dX�SU]�

Ä�HH�Z]+�)~KX��¤H-J�RsF6X�[^[�RTSjX�[^]+�\�ZH�Q[^]�F6R§��NR�)~�RsFIH�H��)~�X2JKD�DGNr±ª]Q�T]jJs�ZNìX��Q[P]+���QJdS��ZNPH�JdR¤XM�H�TNìDÁRZ]�XH�TS�~v��SUH���Q[P]�D
��Nr�7~YXZ��TX-DGN^]�Js�
FI]Q�7~QHGD§�ªSUH�Q[PD��£H��T]jJs�ZNìX2[P[r���T]Q�Q[ìX�Sj]#�7~Q]�]0��H-[r���TN^H-JKX��)��H���ZNPFINr�`X��ZNPH�JK���THGSU]`RZR0��}M~K]k�H�TNPD
RZ]�X��lS�~°��~KH��E]0��]Q�4��� HH�Q[ìD6RTSjX2[P]�]Q���£H�JK]jJs�ZNìX2[P[r�,��NR�)~Z�7~K]�J��QF/�£]Q�EH��¶DGNPFI]jJKRZN^H-JKR�X�JKD8�7~K]O�H�lX�DQN^]�J�7FI]Q�7~QHGD
� HH�Q[ìD>]-���d]0�ZNP]jJdSU]¥DGNr¢�S-�Q[r�ZNP]�R/��NR�)~�JQH�NìR7��X2JdD�DGNPRTSUH-Js�ZNPJs�KHH�KR#���KJKS��TN^H-JKRQ�¡}M~Q]S���ZH�dH<Rs]`D��THH�\�KR`��LFÀ ´
X��\���ZH<X�S�~°� H�J��)~Q])HH�7~Q]0��~KX2JdD§�
NPR±SUH�F��£H-RZ]�DMH���R��7�lX��T]Q��NP]�R6X�JKD#X2[���H�ZNr�7~KFIR8�)~KX���RZS�X2[P]F�dH-[r��JQH-FINPX�[^[��
��Nr�7~��)~Q]�Js�KF/�£]Q�IH���DGNPFI]jJKRZNPH�JKR0���êJ£�KXH���TNPSQ�Q[PXH�0���)~Q]OSUHH�\�Q[^]`D�C� X�JKDA]0��H-[r���TN^H-JKX��)�)F,�Q[r�ZNr�vH��¦�]�S-�ZN���]
HH���ZNPF�N���X��ZNPH�J=X2[���H�ZNr�7~QFô���ZH���NìDG]�RIX�J'H���ZNPF6X2[�RTX2F��Q[PN^J\�>HH�V�)~Q]K�7�)�Q]uFIHGDG]j[ìRQ��X�JKD'X�J��\�£DQX��Z]YHH�O�)~Q]
R7���7�THH�<X��T]�R0�dH-JQ[r�ONPJF�)~Q]��Z]0��NPH�JYHH��NPJ�T]Q�T]�R��0�Y�)~s�dRÁX��-H�NìDGNPJ��Z�7~K]�]Q���dH-JQ]jJs�ZNìX2[�NPJKS-�T]�X-Rs]ÇH��D�)~Q]IJ��QF/�£]Q��H��
RTX2F��Q[P]�R]�T]0�s�QN��T]�Dc�WHH�ÁX���[PHH�KX�[v���ªDQX��T]H�]¤\�����)~Q]Q�TFIHH�T]H�\�7~Q]a�dRs]�HH��XZ�QNr�v[P]Q�-]j[¤XH�����TH-X-S�~±NìRBDQ]j]jFI]`D��ZH��£]
FIHH�T] ]Q¢�SUNP]jJs� �7~KX�J��)~Q]��KRs]�H��
X±RZNPJ���[P]I[^]0��]j[¿XH�����TH-X�S�~v�k�êJ>X�RsNPJ��-[^]I[P]Q��]�[¿X������TH-X-S�~¡�7~K]�]0��H-[r���TN^H-JKX��)�
���THGSU]�RTR�R7~QH�Q[PD�~KX2JKDQ[^]ÁX�[ìX��)��]�J��QF/�£]Q� H��°�dX��lX2FI]-�T]Q�lR7X2JKD¥SUH�JdR`�)�TX�N^Js�TREX2JKDZ�7~Q]V�H�lX�DGNP]jJs�ER7~QHH�K[PD�RZ]�XH�TS�~
X!�Q[P]-�7~KHH�lXBHH�£NPJ�~QH-FIHH��]�JQ]jH�KR��KX��lX2FI]Q�Z]Q�lR0�°�êJ8�7~Q]]�\�ZH�dH<Rs]`Da�QNr�v[P]Q�-]j[QXH�����TH-X�S�~v��N^JKR��Z]`X�D§�-]�X-S�~/�T]�S�~QJQN �s�Q]
NìR�X����Q[PNP]�Dc�ZH8�7~K]�RsH-[r���TN^H-J±HH���)~Q]k���THH�Q[P]jF³�7~Q]0�±SjX�Jc~dX2JKDG[P]#�d]`R`�4�

ÕSyöõ£ÔdÕUÕUÌ�Ö�Ò-ÓlÎ�Ò'Ìµ{dÎ-Ñ
ÞÁ]jJQ]0�TX�[°���TN^JdSUN��Q[^]`R�H���]Q�-H�[����ZNPH�JuSUH-Js�7�TH�[¶DGH6JQHH�BDG]0�d]�JKDuH�JOX2J��¥R7�£]�SUNr�dS²XH�����TH���NPF6X��TN^H-JS�T]�S�~QJQN �s�Q]

�����4�¶H��
SUH���TRZ]H�Y�)~Q]6X����\�ZH��GNPFIX��ZNPH�J)XH�����TH-X-S�~)R`�)�ZH-J���[��OX�±ª]�S-�TR!�7~K]�H���TSjH�FI]�H�� X�J��OC�¸R��7�lX��T]Q�H��/¤QH�
�7~K]k�KX��7�ZNìS-�Q[ìX���XH���Q[PNPS�X��TN^H-Jc���T]�RZ]jJs�T]�D±N^JK�)~QNPR]�KX��£]Q�4���7~K]�X������TH��GN^F6X��Z]�D¥FIH�DQ]j[¤R7~QHH�K[PD��£]�X��Q[P]#�ZH��K[r�Z]0�
�7~K]�JQH�NìRZ]©SUH-F�NPJ������TH�F¨�7~Q]��¤�ÀÂFIHGDG]j[ìR�X2JdDOSUHH�)�T]�S��T[r�c��]�JQ]Q�lX2[PNr��]!�7~Q]©D��<JdX2FINPSa�Z]`R��£H�JKRZ]#�WHH�BXZ���TH-X�D
�lX2J��-]�H��ER7~KXH�d]`RBX�JKDOHH�£]Q�lX��TN^H-JKX2[�SUH-JKDGNr�ZNPH�JKR0�!¸�]�R7�dH-JKRs]�R��\����X-SU]�RBX2JKD�X��7�ZNr�dSUNìX2[4JQ]Q�\�TX�[4JQ]Q�`�EH�7ºGRO�E]0�Z]
SUH-JKRZNPDG]0�Z]`D§¶ È � Î�· ���\��� ²VÄOÄBRM~KX���]V�d]�]jJ����Z]Q�W]Q�)�Z]`D§�s�d]`SjX��dRs]V�7~Q]0��SjX�JS�£]V�KRZ]�DS��NR�)~±FINPJQNPFIX�[Yº<JKH���[^]`D���]

�4W
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¥�p¡d�d���W�`�4�ø÷ C@��H�[����TN^H-J�SjH�Js�7�TH�[¶X�[r�-HH�TNR�)~QF
ù�ú |�û ã²Ü2×µJ ig 3 ngl L ÖMü!ý LC < LCmax

Ó-ØdÎ-Ï
þ4ú

LC = LC + 1

ÿ4ú Î-ÏÍ{K|�û
� ú $°62áêØsÙjÛTá no Ü`äGÝTØsÙUá�ßR�`Ý²äGÜ`ß{à�á�â�ë^Ø�Ü`ã ÝmÙjÛZç�ßæà<×-ßE�2ßæ×-é�Ùjå¶Ü�ë�á�ç-Ý�Ûlé-ØêØ�ÝTà2á�äGÜ�ä<é-å^ÙUá�ß{Ü`à��°:¶é-á�Ý76�áêØsÙjÛTá�Ým×¥Ü`äGÝTØsÙUá�ßR�`Ý
äGÜ`ß{à�á�â7Ù�à<×�âêç�ÙjäGÝlâ7ßæà�á�Ü Sopt

� ú�� à-ß{á�ßæÙjåæßE[lÝ DBcomp Ö����	�ªß{à�×©ã�ÙQ6�ß{ãÁé<ã *G×�Ýlå{ßíávè©å{Ý��hÝlåKÜ�ë¤×-ÙjásÙÁß{àÇá�ç-Ý�×<ÙUásÙ0%<Ù�âêÝ DBtrain 3 LCDBmax

4ú |�û

LC = LCDBmax
Ó-ØdÎ-Ï

� ú :¤é�á�Ýlå{Ýlã²Ýlà�á�â¿Ü�ë DBtrain '7ßíá�ç6å{Ý��hÝTå = LC ß{à2á�Ü�×-ÙjásÙQ%�Ù�âêÝ DBLC Ù�à<×�Ýlå{Ýlã²Ýlà�á�â¿Üjë DBtrain '7ß{á�ç�åæÝ)�hÝlå
< LC ß{à2á�Ü�×<ÙjásÙQ%�ÙjâêÝ DBLL

�4ú Î-ÏÍ{K|�û
�4ú |�û

LC > LCDBmax
Ó-ØdÎ-Ï

ù�4ú � à-ß{á�ßæÙjåæßE[lÝ DBLC = ����:¶é-á�Ùjå{å£Ýlå{Ýlã²Ýlà�á�â¿Üjë DBtrain ß{à�á�Ü DBLL

ù�ù�ú Î-ÏÍ{K|�û
ù�þ4ú�� à-ß{á�ßæÙjåæßE[lÝ ic = 0 � ipop = 0 � DBLCp = DBLC

ù�ÿ4ú ïaØÍ|ìÑ^Î
ic < nt ý ipop < size(Sopt, 1)

{£Ì
ù � ú ß{äGÜ`äGÖ ß{äGÜ�ä������-ÛlÜ�ã²ä<é-á�Ý dsl,i  ã²ßæà�×-ß{â¹ásÙ�à-ÛlÝ�Ü�ë Sopt(ipop, :) ë^Ø�Ü`ã DBLCp "
ù � ú |�û

dsl,i > dmin,sl
Ó-ØdÎ-Ï

ù�
4ú :¤é�á Sopt(ipop, :) ß{à2á�Ü DBLCp �s:¤é�á Sopt(ipop, :) ß{à�á�Ü DBLcomp � ic = ic + 1

ù � ú Î-ÏÍ{K|�û
ù��4ú Î-ÏÍ{�ïaØÍ|PÑPÎ
ù��4ú |�û

LC > 0
Ó-ØdÎ-Ï

þ�4ú ûpÌ<Õ ß^Ö���� âêßE[lÝ�J DBLL 3�� L {£Ì
þ4ù�ú ÛlÜ`ã²ä-é-á�Ý dll,i  ã²ß{àI×�ß{â¹ásÙ�à<ÛTÝ�Ü�ë DBLL(i, :) ëPØ�Ü�ã DBLCp "
þ�þ4ú |�û

dll,i > dmin,ll
Ó-ØdÎ-Ï

þ�ÿ4ú :¤é�á DBLL(i, :) ß{à�á�Ü DBLC

þ � ú Î-ÏÍ{K|�û
þ � ú Î-ÏÍ{�û�Ì�Õ
þ�
4ú Î-ÏÍ{K|�û
þ � ú�� Ü`ã²ä-é-á�Ý²ëìé-à<ÛTá�ß{Ü`à���Ù�å{é<Ýlâ�ëìÜjØ²Ü`äGÝTØsÙUá�ßE�hÝ�äGÜ�ßæà�á�â²Ùjà�×Oâêç�ÙjäGÝlâ�ß{à DBLcomp Ùjà�×Oß{à<âêÝTØêá²Ü0%-ásÙjßæà-Ým×¡�`Ùjå{é<Ýlâ�ß{à

DBtrain

X��£HH�����)~Q]�R��7�)�KS��)���Z]�HH���)~Q]#���QJKS-�ZNPH�J°���&~KNPS�~OR7~QHH�Q[ìDc�d]�XH�����TH���NPF6X��T]�D§�

�0q
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åÃ~Q]jJ>DG]�X�[^NPJ�����Nr�7~�²OÄOÄBRQ�Y�KR7�KX�[^[��c�lX�DQNPX�[°�KX�RZNìRO²OÄVÄ�R�X��T]k���T]-�W]0�7�T]�DOD��K]a�ZH��7~Q]ÇF�HGDG]`R`��SUH-F8�\���
�TX��ZNPH�JKX�[7]-±ªHH�7�/�T]0�s�QN��Z]`D��ZH¡�)�TX�N^J��)~Q]jFð¶ È � Î�· �g�����8~Q]Q�T]��7~Q]c��]�JQ]Q�TNPS6LF�Q[R�TN	¯4X���]Q� Á ]0�TSj]Q���)�ZH-JÃ«�LF¯ Á ¬
²OÄVÄ?��Nr�7~�H�JQ],~QNìDQDG]jJ)[PX��-]Q�O�
X�RO�KRZ]�D§��D��Q],�ZHS�7~Q]Ç]-���£]�S��T]�D��d]Q���Z]0�#��]jJK]Q�lX2[PNr�`X��ZNPH�JuNPJF�T]Q��NPH�JdR�rUw�i��WH�
�7~K]#�7�lX2NPJQN^J\�IDKX��TX\�

}M~Q]8�7�lX2NPJQNPJ��S���THGSU]`RZRÁNìRV�dX�RZ]�DYH-J�X�Ù
X���]�RZNìX2J¡�T]Q�H�K[PXH�ZN���X��ZNPH�J¡�KX-S�º�b���THH�KXH�-X��ZNPH�J°¶ qHË-· �°�&~KNPS�~�[^NPFINR�lR
X2J��±H���]Q�7���7�ZNPJ��Z���THH�Q[P]jFK�KX�JKD��7~Q]©NPDG]`X6NìRM�7~KX��O�)~Q]©SUH-F������TX��ZNPH�JKX�[¤SUH<R`�lR�H��¿NPJQNr�ZNìX2[°�)�TX�N^JKN^J���X�JKDuH�JK[^NPJQ]
���ªDQX��T]�X��T]�JQ]Q�-[^N���N��Q[P]BNr�7SUH�F��KXH�Z]`DZ�TH,�)~Q]�SjX�[^[ìR��ZH��)~Q]k~QN��H~��1�dDG]�[^Nr�`��FIHGDG]j[1�

x�x�x-y Ï�ÌKÐ���Î2Ó#×/ÑmÐ`Î-ÏQÓ ç Ò�ÑlÎcõKÓmÔÍ{ÍÔ
}M~Q]k�THH���KR��
F/�Q[r�ZNr�¹DQNPRTSUN��Q[PN^JKXH�7��DQ]�RZNr�-J�XH�����TH-X�S�~v����T]�RZ]jJs�T]�D�NPJ��7~Q]#���T]Q��NPHH�KR
RZ]�S-�ZNPH�JKR0��� X-R N^JQNr�ZNìX2[P[��

�Z]`R`�T]�DÇH�J�XÁRZNPF8�K[^]
[PH��M�¹DGNPFI]jJKRZNPH�JKX�[���THH�K[^]�Fæ��NR�)~Ç]`X�RZN^[��k��]0�ZNr�dX��K[^] RsH-[r���TN^H-JKR0Ì°�7~K]
DQ]�RZNr�-J©H��ªXO�-]Q�7�ZNìSjX�[^[��
X�RTSU]�JKDGNPJ��ÇRZNPJ���[P]-�êR`�lX��-]]�ZHGS�º-]-�	�-]Q~QNìSU[P]H�g}M~Q]ÁHH��¦�]`S��TNr�-]BHH�°�7~QNìR����THH�Q[P]jF NìR@�TH/�dJKDZ�)~Q]²R�~KXH�d]V�KX��lX2FI]Q�Z]Q�lR
�7~dX���FIX��GN^FIN��j],�7~Q]�]-���£]�S��T]�D��hX�[r�K]ÇHH�+�7~Q]8�KJKX�[�X�[R�TNR�)�KDG]6X2JdDOFIN^JQNPFINr��]8�7~Q]�]-±ª]�S-�ÁHH�@�QJKSj]Q�7�TX2NPJs�ZNP]�RBH�J
�7~K]�X�]Q�THGD���JKX2FINìSM�WHH�lSU]`RQ����N���]�J¥X/���G]�D�X2FIHH�QJs� H����\�ZH�d]�[^[ìX2Js�0�g}M~Q]#��]0~QNìSU[P]�NìR�SUH�JdRsNìDG]Q�T]�DZ�ZH8�d]²Xa�£H�NPJs�
F6X�RTRQ���&~KH-RZ]ÁFIHH�ZNPH�J�NPRM�-H���]Q�TJQ]`D����Z�7~K]#�WH�[P[^H���NPJ��6Rs]Q��H��¿D���JKX2FINìSB]4�s�KX��TN^H-JKR «`¶ q ¼ · �µ��]`S�� Ë � q ¬ Ì

ḣ = v

v̇ =
T −D
m

− g

ṁ = − T

g0Isp

« W ¬

�&~Q]0�Z]
h
NìR��7~K]YX2[r�ZNr�7�KDG]�

v
NìR��7~Q]¡�-]j[PH�SjNR�`��

m
NPR8�)~Q]YF6X�RTRIH��!�7~Q]¡�-]Q~QNìSU[P]H�

T
NPR��)~Q]K�7~\�7�KR��0�

D
�7~K]

X��TFIH-R7��~Q]Q�TNìSÇD��lX��µ�
g0
X2JKD

g
�7~Q]���TX���Nr�`�uX-SjSj]j[P]Q�lX��ZNPH�JdRBX��²RZ]�X�[P]Q�-]j[¿X2JKD��WHH�

h > 0
�°�T]�R7�£]�S��TNr�-]j[��H�¤X�JKD

Isp
NPR��)~Q]²R��£]�SjNR�dSÁNPF����Q[ìRs]�D}M~Q]²D��TXH�

D
NìRM��N���]jJc���Z�7~Q]²Sj[PX-RZRZNPSB]-�����T]�RTRZN^H-J

D = 1/2ρCDSv
2 ���&~Q]Q�T] ρ

NìR@�)~Q]²X��TF�H<R��\~Q]Q�TNPSBDG]jJdRsNr�`�H�
CD

NìR
XÇR7~KXH�d]²D��lX���SUH�]-¢�SUNP]jJs�4��X�JKD
S
NìR X�S�~KXH�TX-S��Z]0�ZNìR��ZNìS�R��\����X-SU]�«��KR7�KX2[P[��

�7~K]ISQ�ZH<RZRBRs]`S��TN^H-Jµ¬��/}M~K]IRZNPF8�K[^Nr����N^J���~����dHH�7~Q]`RsNìR�X�DGH���Z]`DF~Q]0�Z]�NPRV�)~KX��#�7~K],���THGD��KS-�
CDS

NPR�Xcº<JKH���J°�
JQH-J��v[PNPJQ]�XH�,���KJKS��TN^H-J'HH�O�`� H>R7~KX��£]K�KX��lX2FI]Q�Z]Q�lR0�

d = [d1, d2]
�Ç}M~K]��\�ZHGD��KS-�

CDS
NìR6X�RTR��QFI]`D»�ZH��£]

�QJKSj]Q�7�TX�N^J°���)~Q]Q�T]-�WH�Z]#�KRZNPJ��IC@�Í�]« � ¬-���7~K]k�hX�[r�K]ÁHH�
CDS

X��T]!�d]0���)���7�£]�DuX-R��WH�[P[^H���R0Ì

(CDS)unc = (CDS)det +Err CE (CDS)det
« q ¬

�&~Q]0�Z]
Err

NìR
X/���KJKS��TN^H-J±HH�4R��£]j]`D±X�JKD�X2[r�ZNr�7�KDG]²X�JKD¥FIHGDG]�[^]`D�~Q]0�Z]²X�R
XÇ[^NPJQ]`X�� W À¸R7���7��X�SU]����NR�)~c��X2[��Q]`R
��X��)��N^J��,���TH�F

0.1
���&~Q]�J�R7�d]�]�D�X2JKD±X2[r�ZNr�7�KDQ]�X��T]O�£H��7~

= 0
���ZH

0.8
���&~Q]jJc�7~K]�R7�£]j]�D±NìR

= 2000 m/s
X�JKD

� ®
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�7~K]�X2[r�ZNr�7�KDG]²NìR
2 105 m

Ì

Err = 0.000175 v+ 1.75 10−6 h+ 0.1
« ® ¬

�&~QNP[^]
CE

NìR4X�F/�Q[r�ZNìDGNPFI]jJKRZN^H-JKX2[s�£H�[��<JKH�FINPX�[<R7�Q[PN^JK]H��NPJ�T]Q�)�dH-[PX��ZNPJ���XO�Z]0�H�Q[ìX����H�TNPD²HH�QJQHGDG]�R0�v�b�
Sph(h, sh)

X2JdD
Spv(v, sv)

X��T]V�)~Q]�R7�Q[^NPJQ]`R��WHH��X2[r�ZNr�7�dDG]�X2JKDc��]�[^HGSjNR�`����Z]`R��£]�S-�ZN���]j[��H���)~Q]jJ
CE

NPR�DG]-�KJK]�D�X�R0Ì

CE = Sph(hsh)Spv(v, sv)
« È ¬

�&~Q]0�Z]
sh
X�JKD

sv
X��T]&�7~K]V��X2[��Q]`R�HH�§�7~Q]ÁR��Q[PNPJQ]�R
X��	�7~Q]BN^Js�T]Q�)�dH-[PX��ZNPJ��©JQHGDG]`RQ�

NR,h
X�JKD

NR,v
]4��KNPR7�KX�Sj]�D

NPJ�T]Q�)�dH-[PX��ZNPJ���JQHGDG]�R
X��T]V�TX�º-]jJ��Z]`R��£]�S-�ZN���]�[r�6X2[PH�J\�/�)~Q]
h
X2JKD

v
X��GNPR0�+}M~Q]jJ

Ns
��X2[��Q]�R HH�

sh
X�JKD

sv
XH�Z]

�lX2JKDGH-FI[r�¥RTX2F��Q[P]�D�NPJK�7~Q]²NPJs�Z]0�7��X2[
[−1, +1]

[^]`X�DGNPJ����TH
Ns

DGNr±ª]Q�T]jJs��R�~dX��£]�R�HH�
CE
��¤QH��]�X�S�~OR7~KX��£]�X

��X��TN^]`D �)�TX�¦�]�S-�ZHH�)�6NìRM���ZH�KX��<X��T]�D§�
}M~��KRQ���-Nr�-]jJuX©JKH�FIN^JdX2[Y�7�lX�¦�]`S��THH�)�Z��NR�)~�X�J±H���ZNPF6X2[¶SUH-Js�7�TH�[Y���TH��K[P]

T ∗
�
Ns

�£]Q�7�7���)�d]`Dc�7�lX�¦�]�S-�ZH�ZNP]�R
X��T]]���THH�dX��-X��Z]`D§��X2JdD��7~Q]BFI]�X2J

Eh
X�JKDZ��X��TNPX�JKSU]

σ2
h

H��
maxt h

X��T]�SUH-F������Z]`D§�+}M~Q]�FI]`X2J�X2JdDZ��X��TNPX�JKSU]
X��T]Z�)~Q]jJ��Z]Q�7���TJQ]�D�X-R/�£]Q�7�WHH�TF6X2JKSj]�NPJKDG]-�G]`Ra�THF�7~K]¥]-���T]Q�TJKX2[E[^H�HH�v�+�&~QNPS�~0HH���TN^FIN��j]�R/�7~K]±R7~KX��£]H��}M~Q]
]-���T]Q�TJKX2[�H���ZNPFINr�`X��ZNPH�J����THH�Q[P]jF NPR��WH�ZF,�Q[PX��Z]`D±X-R��WH�[P[^H���R0Ì

min
d∈D

[−Eh, σ2
h]

« Î ¬

}M~Q]6DG]`RsN���J>R��KX-SU],�WHH�!�7~KNPR#���THH�K[^]�F:NPR�DG]Q�KJQ]�D����K�WH�[P[^H���NPJ����dH�QJKDQRÁH-J��)~Q]6DG]�RZNr�-J��KXH�TX�FI]-�Z]0�TR0Ì
d1 ∈

[0, 2π]
�QX2JdD

d2 ∈ [0, 20]
�

¤QH�V�)~Q],�7�lX�¦�]�S-�ZH�7�uHH���ZNPF�N���X��ZNPH�JF�\�ZH�Q[^]�FK�Y�7~Q]ISUH-J�)�ZH-[���XH�ZNìX��Q[P]©NìRV�7~Q],�7~\�7�KR��
T
��X2JKDF�7~Q]ISUH-Js�7�TH�[

[ìX���NìR�SUH�F������Z]�DuX-R��7~Q]k�T]�R7�Q[r�
HH���)~Q]²HH���ZNPFIX�[¶SUH-J�)�ZH-[Y���ZH�Q[P]jFKÌ

max
T

h
« É ¬

R7����¦�]�S-�&�ZH6D���JKX�F�NìSÁC@��RQ�]« W ¬
X�JKDc�Z]Q�TFIN^JdX2[¶SUH-JKDGNr�ZNPH�JKR0Ì

h(t = 0) = h0

v(t = 0) = v0

m(t = 0) = m0

« Ë ¬

m(t = tf ) = mmin

«Å¼s¬

�4È
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}M~Q]ÁRsH-[r���TN^H-J�H��§�)~QNìREH���ZNPF6X2[ªSUH-J�)�ZH-[����THH�Q[P]jF NìR�]`X�RZN^[�����]0�ZNr�dX��K[^]�X�JKD�SjX�J��£]O�WH�QJKD6NPJ «�¶ q ¼ · ����]`S�� Ë � q ¬ �
��]0�Z]���7~Q]c���ZH�Q[P]jF NPRa�7�lX2JKRTS-�TN��d]`D���NR�)~0X�Þ�XH�KRZR/�KRZ]Q�KDGHH�¹R7�£]�S��)�TX�[7FI]-�)~QHGD§¶ q�É0· �ZH��£]±SjH�JKRZNìR`�T]jJs�/��Nr�7~
�7~K],���THH�£H-RZ]�DOL�À ´ XH�����TH-X�S�~v�O}M~Q]a�)�TX�¦�]�S-�ZHH�)�¥NìRÁDG]�SjH�F��dH<Rs]`DONPJ

N
]j[P]jFI]�J�lRQ�ª]`X�S�~OH��	�&~QNPS�~�~KX�R

np

SUH-[^[PHGSjX��ZNPH�J��£H�NPJs�TR0�8²]���Z]0�#�7�lX2JKRTS-�TNr���ZNPH�J°�Y�)~Q]IHH���TN^F6X2[7SjH�Js�7�TH�[g���THH�K[^]�F DG]-�KJK]�D����OC@�Í�K« É ¬-�¶C@��RQ�K« W ¬
X2JdD¥C@��R0�]« Ë �\¼¬	�£]�SUH-FI]�R��7~K]#�WH�[P[^H���NPJ��IJQH�JK[^NPJQ]�XH�M���ZH�H�lX2FIFIN^J\�,���THH�K[^]�F�Ì

max
Ts

h
« � ½¬

R7����¦�]�S-�&�ZH8�7~K]²JQH�JQ[PNPJQ]�XH��X2[���]Q�\�TX�NPSBSUH�JdR`�)�TX�N^Js�TR0Ì

C(hs, vs,ms, ts) = 0
« �H� ¬

��Nr�7~K�Z]0�ZFINPJKX2[�SUH-JKR`�)�TX�N^Js�lR
N^JYC	�<R0�#« Ë �Y¼¬-�\�&~Q]0�Z]
hs
�
vs
�
ms
�
Ts
�
ts
X��T]#�7~K]©DGNìRZSQ�Z]Q�Z]a��X2[��Q]`R�H��7R��TX��T]�R0�

SUH-Js�7�TH�[1��X�JKDc�ZNPFI]k�hX�[r�K]�R�X��M�)~Q]²JQHGDG]�R�H��v�)~Q]#�7�lX2JdRZSQ�ZN����ZNPH�J�RZS�~K]jFI]H�
}v�lX�¦�]`S��THH�TN^]`RÇXH�Z]�DGNPRTS-�T]-�TNr��]�D£��NR�)~ É ]j[P]jFI]�J�lRQ�EX2JKD É JKH�DQ]�R,�WHH�I]�X-S�~0]�[^]�F�]�Js�0��}M~K]c�£HH�QJdDQRIH�J

�7~K]a��X��TNPXH�Q[^]`R�H��g�)~Q]a�)�TX�¦�]�S��THH�)��HH���ZNPF�N���X��ZNPH�JOX��T]HÌ@�ZHH�TX2[v�ZNPFI]
Ttot ∈ [0, 1000] [s]

�\�)~��7�dR`�
T ∈ [0, 9 104]

[N ]
�ªX2[r�ZNr�7�dDG]

h ∈ [0, 2.0 105][m]
�µ�-]j[PHGSUNr�`�

v ∈ [0, 2000] [m/s]
�£FIX-RZR

m ∈ [150, 700] [kg]
�O}M~Q]�NPJQNr�ZNìX2[

SUH-JKDGNr�ZNPH�JKRV« Ë ¬¿X��T]
x0 = [h0, v0, m0]T = [0, 0, 700]T

��&~QNP[P]&�7~Q]ÁSUH-JKR`�)�TX�N^Js�lR¿H�J��)~Q]]�KJdX2[dSjH�JKDQNR�TN^H-JKR]«Å¼s¬
X��T]

mf = 150kg
��}M~Q]BN^JKNR�TNPX�[µ��Q]�RTRg�WHH�@�7~Q]ÁSUH-J�)�ZH-[K[ìX��=H���]Q�-]Q�)�©NPJKDGN��<NìD��KX�[dNìR X�SUH-JKR`�lX2Js�D�)~��7�dR`�@�\�ZHH�K[^]

��Nr�7~
T = 1kN

�+}M~Q]²R7�d]`SUNr�dS�NPF8�\�Q[PRZ]�NPR
Isp = 100s

�s�&~KN^[P]!�7~Q]�DG]Q�Z]0�ZFINPJQNPR��ZNìS!��X2[��Q]�R
HH�
CDS

X��T]V�-Nr�-]jJ
���Z�7~K]#���QJKS��TN^H-J°Ì

CDS =

(
(d2 − 3 d1) sin(d2) + (d1 − 2)2 + 11

60
+ 0.5

)
0.15

« �4W ¬

¤�Nr�µ� W «pX¬ER�~QH���R
X,�7~\�Z]�]�DQN^FI]jJdRsNPH�JKX�[§��N^]0��H����7~Q]
CDS

X�R�X,���QJKS-�ZNPH�J�H����7~Q]²DG]`RsN���J��KXH�TX�F�]Q�Z]0�TR0��&~KN^[P]
¤�Nr�µ� W «Å�µ¬
R�~KH���R@�)~Q]²[P]Q��]�[¶S-���)��]`R���NR�)~c�)~Q]²F6X��GNPF/�QF§X2JKD±FIN^JQNPF/�KF©��X2[��Q]�R��WH�

CDS
�

×ZyzÏ²ÌKÐ���Î2Ó#×/ÑmÐ`Î-ÏGÓ#Ï²ÎHÑUÔ£ÑPÓ�Ñ
L ´VÁ C@À ���THGSU]`RZRS� X-R��)�QJÇ�WHH� È ½»�-]jJQ]0�TX��ZNPH�JKR���NR�)~�X»�£HH���Q[ìX��TN^H-J�H�� q ½�NPJKDGN��<NìD��KX�[PR0�?¤KHH���)~QNìR

RZN^F��Q[P]]�T]�R�� SjX-Rs]�-H-JQ[���H-JQ]&�dDQ]j[PNR�`�6[P]Q�-]j[\~dX�R	�d]�]jJ¥SjH�JKRZNPDQ]Q�T]�D6X2JdD��7~Q]ÁS�~KX��lX�S-�Z]0�ZNìR`�TNPSM�dX��lX2FI]-�T]Q�lR¿H��§�)~Q]
]Q�-H�[����ZNPH�JISUH-Js�7�TH�[����THGSU]�RTRg� ]Q�T]
RZ]-��X-R��WH�[P[^H���R0Ì

nt = 10
�
no = 1

«��7~K]�X����\�ZH��GNPFIX��Z]`D©SUH�]Q¢6SjN^]�Js��DGH�]�R¿JQHH�

�0Î
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0

2
4

6
8

0
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0.2

d
1d

2

C
D

S

� ø�� ÿ ö)ôpð�÷hô�ð`�vð�úUò¹øTòpÿíûmú�ûlüGòvþhð
CDS

ü^óhúhñêòpÿíûmú

d
1

d 2

0 1 2 3 4 5 6
0

5

10

15

20

Minimum C
D

S

Maximum C
D

S

� � �ªï�ð"!Uð`��ñ�óhô#!Uð�ô�ð�÷hô�ð��pð�újòvøTòvÿíûmú©ûlüGòpþhð
CDS

ü^óhúhñêòpÿíûmú

ìD|�ÖÍy%$cÕÇÎ2ÓlÎ2Õ�Í�|fÏÍ| ÑlÓ�|ìÐ�Ü-Ò<ÑfÔdÎHÑÁÌ�û
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}v� HYDGNr±£]0�Z]�Js��FIHGDG]�[PR�XH�Z]��KRZ]�D��TH¡���Z]`DGNìS��#�7~Q]±X2]Q�THGD���JKX2FINìSÇS�~dX��lX�S��T]Q�TNPR��ZNìSjRBH����7~K]Z��]Q~KNPSj[^]�S}M~Q]

�WHH�TFI]Q�¿H-JQ]
NPR7X�RZN^F��Q[PNr�K]�DIX2JdX2[���TNPS�X2[�FIHGDG]j[1�H�&~QNìS�~INPRg~K]Q�T]�X����Q[PNP]�D/�ZH#�7~K]�X�S��)�KX2[��THH�KJKDG]�D��v]`D���]���]0~QNPSj[^]�
X2[r�7~KHH���~YNR�#�
X�RBHH�TNr�-N^JKX�[^[��±DQ]Q��]�[^H�d]`D¡�THS���T]�DGNìS��!�7~K]�X�]Q�TH�D��<JdX2FINPS�R�H��@�7~Q]�HH�TNr�-N^JdX2[4R7~KXH�7���¹]�D���]©R7~KX��£]
H��M�)~Q]S�
X���]0�ZNìDG]Q��SjH�J��µ�H���lX��TN^H-J°¶ WHq4· ���b�/��N���]`R©X¡�-]Q�)�F�\�lR`��X������TH��GN^F6X��ZNPH�J;H��&�)~Q]��£]Q�7�WHH�TFIX�JKSU]±X��a�)~Q]
]�XH�Z[���R��TX��-]BHH���)~Q]²DG]�RZN���J����ZHGSj]�RTRQ�+}M~Q]�[ìX����T]Q��H-JQ]�NPR�X,���Q[P[°~QN��H~��1�dDG]�[^Nr�`���¤gÀ¸FIHGDG]j[§�dX�RZ]�D±H�JuX/�dJQNR�T]
��H-[r�KF�]�NPJs�Z]Q��TX��ZNPH�J±H��+¸�]Q��JQH-[PDQR&²���]0�TXH��]`D�Ä�X���NP]Q�7�<�s�THHº-]�RE]0�s�KX��TN^H-JKRk«Å¸O²OÄV�\¬��
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ìD|�ÖÍy%GSé	ñKÒGÍ�Ó£ÑPÎIÌ�û3?�ÎØÍ|ìÐhÑ^ÎHA©Î2ÌQÍ±Î2ÓlÕ-Ô%>
l = 1.0m,w = 0.8m, n = 0.3, θ = 10deg, β = 12deg,Rn = 0.02m

IKJML X�N p l�O<P#QSRMl�Th7f�j)o X P#QVUSo�W�h)p
}M~Q]�X�JKX2[��s�ZNìS
F�HGDG]�[���N���]`R��7~Q]�[^Nr���

L
X�JKD8� X��-]
D��TXH�

Dw
X�Rg���QJdS��ZNPH�JdR¿H��Y�7~K]&���Z]`RZR7���T]
H�J��7~K]&�����£]Q�4�

[PH��E]0�
X�JKDc�KX�RZ]²R����7��X�Sj]�R0�
Pu
�
Pl
X2JKD

Pb
���T]�R7�d]`S��TNr�-]j[��ÍÌ





L = Sb(Pb − Pl)sinα+ Sp(Pb − Pl)cosα

Dw = Sb(Pl − Pb)cosα+ Sp(Pl − Pu)sinα

« �4q ¬

�&~Q]0�Z]
Sp
X�JKD

Sb
X��T]!�7~Q]k�K[PX�J��WHH�TF X��T]�X�X2JdD��)~Q]�X��T]�XÇH����7~Q]k�dX�RZ]H�QSUH-F������Z]`D±X-RQÌ





Sp =
wl

n+ 1

Sb = Sptan(θ)

« � ® ¬

}M~Q]����T]�RTR7���Z]IH-J��)~Q]¥R7���7��X�SU]`R�SjX�J��d]¥S�X2[ìS-�Q[ìX��T]�D;X2JdX2[���TNPS�X2[P[r����NR�)~��7~Q]�H�Q[PN��s�Q]�R7~QHGS�ºF�)~Q]jH�7��HH�
Á �lX2JKD��Z[r�¹LO]0��]0��]-���KX�JKRZN^H-JK�7~Q]�HH�)�H��¶ W ¼ · }M~K]/��NPRTSUH�KR�D��TXH�

Dv
NìRV��N���]jJONPJ�X�JKX2[��s�ZNìSjX�[°�WHH�TF �����dRsNPJ��Z�)~Q]
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� Ü`à-â¹ásÙ�à�á�â Y£Ùjã²ß{à�ÙjØ+C<Ü�' 9£é-Ø`%-é<å{Ýlà�á+C�Ü�'
G1 0.664

p
ρ2
ev3
eµ∗C∗/ρ∗ 0.037v1.8

e (ρ∗)0.8(µ∗)0.2

G2 üH_ Z ü�_ [
F0 üH_ \�\�[�]KZ üH_ \�\�^�Z�[
F1 N(ü�_ Z�^�Z�_�\ N(üH_ [0ü�\�]`�
F2 üH_ a�b�^�a�^ üH_ Z�]�\�[�\
F3 N(ü�_c����\�a�\ N(üH_��8[K_�]K^

�T]-�W]Q�T]jJdSU]!�Z]�F8�£]Q�lX��)���T]ÁFI]Q�7~QHGD§¶ q ½ · X�R0Ì

Dv,surf = G1wF (n)

(
l

cosθsurf

)G2 « ��È ¬

��Nr�7~
F (n) = F0 + F1n+ F2n

2 + F3n
3 �dX�JKD θsurf NìRM�7~K]²N^JKSj[^NPJKX��ZNPH�JOX2J��-[^]#�WH�M�7~Q]ÇSUH�JdRsNìDG]Q�T]�D�R7������X-SU]

«��\���d]0�BH��[PH��E]0��R7������X-SU]�¬��O}M~Q]�X�DGH���Z]`DYSUH-JKR��TX2Js�lRQ�µ�&~QNPS�~�DG]Q�£]jJKDKR�H-JK�7~Q],ªKH��¸SUH-JKDGNr�ZNPH�JKR0�£XH�Z]k�-Nr�-]jJ
NPJK}�X��K[^] W �

�êJF}4XH�Q[P] W ���)~Q]8	~KXH�QF6X2J��<¸&���£]jJKRZNPJ��dX��lX2FI]-�T]Q�
C∗ ≈ (T∗/Te)−

1
3
�
ρ∗
�dX�JKD

µ∗
X��T]�DG]Q�Z]Q�TFIN^JK]�D����

C�S�º-]Q�7�0¾ R�]jF��QN��ZNìSjX�[D�Z]�[PX��ZNPH�J;X2JKD»�����7~Q]0�Z[ìX2JKD���NìRZSjH-RZNR�`�Y[ìX��k�v�&~KN^[P]
ρe
�
Te
X2JKD

ve
X��T]8�7~Q]¥DQ]jJKRZNR�`��°�)~Q]

�Z]�F��d]0�TX��7���T]²X2JKDS�7~Q]#ªdH��Ý��]�[^HGSjNR�`�¥X���]�D��-]²H����£HH�KJKDQX��)��[ìX���]0� NPJ��dH<R`�7�¹R7~QHGS�º¥SUH-JKDGNr�ZNPH�JKR0�
}M~Q]V�ZH��lX2[£D��TXH�

D
NìR

= Dw +Dv,u +Dv,l
���&~Q]0�Z]

Dv,u
X2JdD

Dv,l
X��T]&�7~K]O��NPRTSUH�KR�D��TXH��H��§�)~Q]V�\���d]0�

X2JdD¥[PH��E]0��R����7��X�Sj]H���T]�R7�d]`S��TNr�-]j[��H�
²�RM�\�Z]0�<NPHH�dRs[��6X2Js�ZNìSUN��KX��T]�D§���)~QNìR�RsNPF��Q[^Nr�K]`D¥FIHGDG]j[¶R��ZNP[P[¶SUH�JdRsNìDG]Q�lR	�7~Q]²R7~KX��)�£]�D¥R7~KXH�d]ÁH����7~Q]#�
X���]O�TNìDG]Q�4�
X2JdD±DGH�]`R�JQH��M�lX�º�]�NPJs�ZH6X�S�SUHH�KJ�M�)~Q]²FIH�DQNR�K]`D�H�JQ]����NR�)~c�)~Q]²NPJ�)�ZHGD��dS��ZNPH�J�H����7~K]k�ZH�QJKDG]`D¥]`D���]`RQ�

d`Jfehg5i Uco�W�h)p
´ J»�7~K]¥H��)~Q]Q�,~KX2JdD§�¿XYSUH-F�FI]0�TSjNPX�[ESUHGDG]�«

Numeca j© ¬-�7RsH-[r��NPJ��¡�)~Q]c¸�]0��JQH�[ìDQR/²���]0�TXH��]`D�ÄBX��<NP]Q�7�
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��Nr�7~0JK]�X��
2.4 106 �ZHH�TX2[ JQHGDG]`RQ�»¤QH�I]�X�S�~'SUH�J��\�H���lX��TN^H-J°���7~Q]�FI]�R7~ANìR�S�~dX2J��-]�DAX�JKDAX�DKX����T]�D»�THF�)~Q]

S-�\�7�T]jJs�/�-]jH�FI]Q�7�)�����;N^Js�T]Q�TJKX2[
RZSQ�ZN����TN^J���H�J»�)~Q]S�dX�RZNPRÇH���DG]`RsN���J£�KX��lX2FI]-�T]Q�lRQ����N^JdSU]¥JKH)HH����HH�]�Q[PX�JQ]
ªKN��H~s�±SjH�JKDGNr�ZNPH�JdR¥X��T])SjH�JKRZNPDQ]Q�T]�D§��H-JQ[r��~KX�[R�²H��k�)~Q]�X-S��)�KX2[ÁDGH�F6X2NPJ#NìR¥DGNìRZSQ�Z]Q�ZN��j]`D�X2JKD=FIN��7�THH�S�Q[PX�JQ]
SUH-JKDGNr�ZNPH�JKR�XH�Z]�NPF��dH<Rs]`D¥NPJs�ZH8�7~Q]²[PH�J\��Nr�7�KDGNPJKX�[°�Q[ìX2JQ]�

}v� H¥DGNr±ª]Q�T]jJs�BRZ]-���TN^J\�-R�XH�Z]²NPF��Q[P]jFI]jJs�Z]`DYX2JdDK�KRs]`DOD����TN^J\�Z�7~Q],���TH�Sj]�RTRQÌEX¬]¯4X2FINPJKX��&�WH�O¸�]0�<JKH�[ìDQR
J��QF/�£]Q�4�

Re
�
< 0.95 105 ó�X2JKDÇ�µ¬S¤��Q[P[��£�)���7�\�Q[^]�Js��«WJKH»�7�lX2JKRZNr�ZNPH�J#FIHGDG]j[BNPR±SUH�JdRsNìDG]Q�T]�Dµ¬,�WHH� Re >
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¤QH�c~����d]0�TRZH�JKNPSYSjH�JKDQNR�TN^H-JKRZ�)~Q]��lX�DGNìX��TNr�-]Y]0�s�QNP[PNr���TN��QFð�Z]jF��£]Q�lX��)���Z]�X��S�)~Q]>JQH-RZ]YNìR¥NPF��dH<Rs]`D#H�J
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�Z]�F��d]0�TX��7���T]�R0¶ q\��· �
Ä�H�RsH-[r���ZNPH�JKR X��T]�SUH-F������Z]`DZ�WH�

0.95 105 ≤ Re ≤ 1.05 105 ��NPJ¥HH�lDG]0�D�ZH,~KX���]BX2J¥X�]Q�TH�D��<JdX2FINPS�DQX��lX��KX-Rs]
X�R�RZFIH�H��7~�X�RM�£H-RTRsN��Q[P]HÌ¿RZN^JKSj]!�7~Q]0�Z]�NìR
JQH8�7�lX2JKRZNR�TN^H-J¥FIHGDG]j[v�d]Q�`�E]�]jJ�[PX�F�NPJKXH�
X�JKDS�7���)���Q[P]jJs�MªKH��k���7~K]jJ
SUH-F������TX��ZNPH�JKRBNPJ�TH��)~Q]a�)�TX�JKRsNr�ZNPH�J��Z]0��NPH�JYSUH�Q[ìD¡�d]ÇFINPRZ[^]`X�DGNPJ��µ�!}M~Q]�DQX��lX��KX-Rs]/��N^[P[g�d]�X������TH��GN^F6X��Z]�D
����XYRsFIH�H��)~£²OÄVÄ R7�GR`�T]jFK� X2JKD �7~Q]�J��7~K]c²OÄVÄ Nr�TRZ]j[r�]��NP[^[M���TH���NPDG]�RZFIH�H��7~'X������TH��GN^F6X��ZNPH�JKR#�WH�a�)~Q]
�7�lX2JdRsNr�ZNPH�J��Z]0��NPH�J°�

ç y X îOõYÒGÏÍ{ X ØdÎ2Õ�Í±Ò<ÑgÒMÌ\{£Î�Ñ
}M~Q]Z�)~Q]Q�TF6X2[D���TH��T]�S-�ZNPH�J�R��GR��Z]�F «Å} Á ��¬²NìR�X�RTR7�QFI]�D��ZH¡�£]�F6X�DG]¥H��Ek£Nr�lSUH-JQN��QFêÀBNr�£HH�TNìDG]F«

ZrB2
¬

ÆO�V}OV�M�&~QNPS�~Ý~KX�RS�WH�[P[^H���NPJ����\�ZH�d]0���TN^]`RQÌADG]�JKRZNR�`�ml
6000kg/m3 �ÁR��£]�SjNR�dS�~Q]�X��nl

628JKg−1K−1 �
SUH-JKD��KS-�ZN���NR�`�ol

66Wm−1K−1 �KX�JKD¥]�FINPRTRsN���NR�`�pl
0.8
�

å�]c�dH�QJKD��)~Q]¥X2J\��[P]6H���X��7�TX�S�º��ZHYXOF6X���NPF/�KF ��X2[��Q]�HH�
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��~Q]jJdSU]Z�)~Q]�~QN��H~Q]`R`�,~Q]�X��aª\���;NPR
]-���£]�S-�Z]�D»�ZHF�£]±X��/�7~K]cÆV�G\ JQH<Rs]¥S�X��°��}M~s�dRQ���7~K]S�&~QH-[^]�JKH-RZ]¥SUH-JQ]�NìR�F6X�DG]±H��]ÆO�V}OU��Nr�7~A[P]jJ��H�7~

LTPS
�D}M~Q]#�Z]`R`��HH�v�7~K]k��]Q~KNPSj[^]�NìR�SUH���]0�Z]`DZ��Nr�7~OX,�7~QNPJOR�~Q]�[^[§��Nr�7~OXISUH-JKR��TX2Js���7~QNìS�º�JQ]�RTR
H��

0.003 m
��¶ qW4·

¤QH�Z�7~Q]�DG]�RZNr�-JÇ���ZHGSj]�RTRQ���7~K]YSUH�J��-]�S��TNr�-]K~Q]�X���ª\���MNPR±SUH�F������Z]�D=NPJ��7~Q]�RsNPF��Q[^]`R`�c� X���	��Nr�7~Ç�)~Q]
X2JdX2[���TNPS�X2[Í�WHH�TF/�K[PX\¶ qq4· Ì

q̇conv = Ke

√
ρ∞
Rn

V 3
∞

« �4Î ¬

�&~Q]0�Z]
Ke = 1.742 10−4 «��WHH�O�7~Q],~Q]�X��&ª\��� q̇conv N^J W/m2 ¬��&²�RO���T]Q��N^H�KRZ[r��R`�lX��Z]`D§���)~Q]©FINPJQNPF�N���X��ZNPH�J

H��ªF6X��GNPF/�QFU~Q]�X��+ª\����F�]`X2JKR+�7~KX���[^]`RZRD���ZHH�Z]`S��ZNPJ��²F6X��T]Q�TNPX�[QSUH�Q[PD8�£]]�KRZ]�D§�s��Nr�7~�SUH-JKRZ]0�s�Q]jJs�+�T]�D��KS-�ZNPH�J
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ÕSyáÒMÒ�Ñ�Ñ!ÒMÌ\{£Î�Ñ
}M~Q]k�TH��TX�[¤F6X�RTR�HH���)~Q]a�-]Q~QNìSU[P]²NPR�F6X�DG]�HH���)~Q]ÇR��7�)�KS-�7���lX2[¶F6X-RZR

mst
���)~Q]©F6X-RZR�HH���)~Q],} Á �

mTPS
�

X2JdD��)~Q]²F6X�RTR
H����7~Q]k�KX���[PH-X-D�«�X���NPH�JQNìSjR
X�JKDS�£H�� ]Q��R7��R��Z]�F�¬
mpl

�

m = mTPS +mst +mpl

« ��É ¬

}M~Q]�F6X�RTR²HH���)~Q]��KX���[PH-X-D)NìRk~Q]0�Z]�X-RZR7�QFI]�D��ZH��d] ® ½	q:H����7~Q]¥R��7�)�KS-�7���lX2[7F6X-RZR0�v�)~Q]Q�T]-�WH�Z]
mpl =

0.4mst
�a}M~Q]ÇF6X-RZRBH��D�)~Q]�} Á �YNìRÁF6X�DG]ÇH��D�)~Q]ÇF6X-RZRÁH��+�)~Q]IJQH-RZ]

mnose = ρTPSVn
�K[r�KRV�)~Q]IFIX-RZRBH��

�7~K]k�7~QNPJ)R7º�N^JOSUH��-]Q�TN^J\�,�)~Q]a�T]�R���H��g�7~K]a��]0~QNPSj[^]
mskin

�µ�&~Q]Q�T]
Vn
�KNìR&�)~Q]a��H-[r�KF�]²HH�g�7~Q]�JKH-RZ]©X2JKD

ρTPS

�7~K]ÇDG]�JKRsNr�`�uH��+�)~Q]8} Á �uF6X��Z]0�ZNìX2[1�O}M~Q]ÇF6X�RTR�HH�+�7~Q]8} Á �YR7º�N^J)SjH���]0�ZNPJ��8�7~Q]8��]0~QNìSU[P]H�£]-�QSU]0���O�)~Q]©JQH<Rs]�
NìRQÌ

mskin = ρTPS STPS dTPS
« �4Ë ¬

�&~Q]0�Z]
dTPS

NPR]�7~Q]/�7~QNìS�º�JQ]�RTR�HH�+�7~Q]8} Á �»�£X2JKD
STPS

NìRBR7���7��X�SU]�XH�Z]`X6]-�QSj]Q���]�)~KX��ÁH��+�)~Q]©JQH<Rs]�µ�&~KNPS�~
SjX�J��£]ÁXH�����TH���NPF6X��T]�D8���

STPS = 2SpE +SbE −Sn
«
SpE

X�JKD
SbE

XH�Z]]�7~Q]V�ZHH�TX2[Í�Q[ìX2J��WH�ZF R7������X-SU]ÁX2JKD
�7~K]�XH�Z]`X6H��D�)~Q]8�Z]`X��O�dX��7�ÁHH�+�7~Q]8�ZH�QJKDG]`DY]`D���],� X��-]Q�TNPDG]0�0�µ�Z]`R��£]�S-�ZN���]�[r��ªX�JKD

Sn
NPRV�7~K]�R7���7��X�SU]ÇH��+�)~Q]

} Á �±JQH<Rs]�¬��
}M~Q]�R`�)�7�KS-�7���T]�HH�°�7~K]V�-]Q~QNìSU[P]�NìR
R����\�dH<Rs]`D��ZH8�d]ÁF6X�DG]BH��°�TNR�lX2JQN��QFK����Nr�7~±XÇDG]jJdRsNr�`�6H�� ®® ½½

kg/m3 �
}M~Q]�R��7�)�KS��)���lX2[ªF6X�RTR

mst
�QS�X2J��d]²H���TX�N^JK]�Dc���ZH-FKÌ

mst = ρ r ody(2SpE + SbE)dbody
« � ¼¬

�&~Q]0�Z]�GN^J��7~KNPR�S�X�RZ]H�
dbody

læ½\� ½½ È F NìR��7~Q]#�)~QNìS�º<JK]�RTR
H����7~Q]�R��7�)�KS��)���T]ÁHH�v�)~Q]k��]0~QNPSj[^]�QRs]�]jJOX�R�XIR7~Q]j[P[1�

W ®
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éOyáÕ,Ô£ÏdÒGÍc|ìÐ8éts£ÔdÒ-Ó�|PÌQÏµÑ
}M~Q]a�-]Q~QNìSU[P]²NPR�SUH�JdRsNìDG]Q�T]�DS�ZHS�d]�X��£H�NPJs��F6X�RTRQ���&~KH-RZ]²F�HH�ZNPH�JuNìR&��H��-]Q�TJQ]�DS�s�S�7~Q]a�WH�[P[^H���NPJ��6Rs]Q��H��

D���JKX�F�NìSÁ]0�s�KX��ZNPH�JKR0¶ q ® · Ì

ṙ = vsinθp

λ̇ =
vcosθpcosξ

rcosφ

φ̇ =
vcosθpsinξ

r

v̇ = −D(α)

m
− gsinθp

θ̇p =
L(α)

mv
cosγv − (

g

v
− v

r
)cosθp

ξ̇ =
L(α)

mvcosθ
sinγv −

v

r
cos θp cos ξ tanφ

« W ½¬

�&~Q]0�Z]
r
NìR��7~Q]�JKHH�TF¸H��Í�7~Q]M�£H-RZNR�TN^H-J,�-]�S��THH�g��Nr�7~8�Z]`R��£]�S-���TH!�7~Q]�SU]�Js�Z]Q�¿HH�\�)~Q]M�Q[PX�JQ]-�4�

λ
NìR��7~Q]�[PH�J\��Nr�7�KDG]�

φ
�)~Q]I[PX��ZNr�7�KDG]�

v
�7~Q]IF6X��-JQNr�7�KDG]�H��	�7~Q]��-]j[PH�SjNR�`��

θp
NPR!�)~Q]8ªKNr�~s�!�KX��7~;X2J��-[^]�

ξ
NìR!�7~Q]�~Q]`X�DGNPJ��±X�J���[P]

«�XH�jNPF/���)~�H��Y�)~Q]V�-]j[PHGSUNr�`��¬-��Ä�H�HH���EH��°�K[PX�JQ] F6X2JQ]0����]0�TR X��T]�SUH-JKRsNìDG]0�Z]`D§���)~s�dRD�)~Q]O�KX�J�ºIX2J��-[^]
γv
NPR	º�]0���

]0�s�KX�[Y�ZH��j]0�ZH6D��\�ZNPJ��8�7~Q]k�&~KH�[P]V�)�TX�¦�]�S-�ZHH�)�H�

ìMyzä�õu? âkÓdÓ�|fÍ�|�ã`Ò<Ó�|PÌGÏ�õQÎ�Ó7Ú`ä8Ó
²�R8�WH�,�)~Q]����Z]0��N^H�KRa�T]�R���SjX�RZ]H�g�)~Q]uHH���T]Q�IF/�K[R�TNR�¹HH��¦�]`S��TNr�-]¥]Q�-H�[����ZNPH�JdX��)�����THGSU]`D����T]¥F6X2JKXH��]`Ra�)~Q]

�KXH�TX�F�]Q�Z]0�TR�DQ]-�KJQNPJ��S�7~Q]�R�~KXH�d]ÇH��g�7~K]/��]0~QNìSU[P]ÇX2JdDOSUH�JdRsNìDG]Q�lR�X-R�H��¦�]�S-�ZN���]�RBX2JKDOSjH�JKR��7�lX2NPJs�TR]�7~Q]ÇF�]`X2J
X2JdD ��X��TNPX�JKSU]�H��a�)~Q]��hX�[r�K]�R�H��/�£]Q�7�WHH�TF6X2JKSj])NPJKDG]Q��]`R�H��©NPJQJQ]0��H���ZNPF6X2[²SUH-Js�7�TH�[O�\�ZHGSU]`RZRZ]�R0� ´ J �)~Q]
H��)~Q]Q�V~KX2JdD§�dJKH����)~Q]©H���ZNPF6X2[�SUH�Js�)�ZH-[v���THH�Q[P]jF§NìR�RZH�[���]�D��`��NìSU]�\�µ�TR��]�ZH¥F�NPJQNPFINr��]a�7~K]©F6X��GNPF/�QF ~Q]`X��
ª\���§�

maxt q̇
��X2JKD,�)~Q]jJ��TH�F6X��GN^FIN��j]M�)~Q]�HH�7�7~KH�D��ZH-F�NìS�DGNìR`�lX2JKSj]H�

Dist
��LO]�X�J6X2JKD���X��TNìX2JKSj] HH�Y�7~Q]`Rs]M�`� H

�£]Q�7�WHH�TFIX�JKSU] NPJKDG]-�G]`R7X��T]@�)~Q]jJ�SjH�F������T]�D/�WH�[P[^H���NPJ��!�7~K]&���ZHGSj]�D����T]�DG]�RTS-�TN��d]`D©NPJ���]�SH���7��Ù!�g}M~Q]�HH���ZNPFIX�[
SUH-Js�7�TH�[�R������1���THH�K[^]�F���SjH�JKRZNPDQ]Q�TN^J��ÁDG]-�T]Q�TFIN^JQNìR��ZNìSEFIHGDG]�[PR0����N���]`R4DG]Q�Z]0�ZFINPJQNPR��ZNìS	�hX�[r�K]�R�H����)~Q]M�d]0���WH�ZF6X�JKSU]
NPJKDG]-�G]`RQ�

maxt q̇
X2JKD

Dist
�-X-R¿X!���QJKS��TN^H-J6H��Í�7~Q]�HH���TN^F6X2[

α
���TH��K[P]H�g��H�� ]Q�-]Q�4�2X�Js�KF/�£]Q�7HH�£]�[^]�F�]�Js�TR7S�X2J

�£]�SUH-JKRsNìDG]0�Z]`D,�KJKSU]0���lX2NPJ°�<R7�KS�~�X-Rg�7~Q]BX2]Q�THGD���JKX2FINìS��WHH�lSU]`R7X2JKD8�)~Q]�F6X�RTR0��}M~Q]0�Z]Q�WHH�T]H�-H�JQ]�S�X2J�X�RTRZH�SjNPX��Z]
�ZH8�)~Q]²JQH�FINPJKX2[v�hX�[r�K]ÁHH��[PNr���

Ldet
X�JKDuD��lX��

Ddet
���7~Q]k�QJdSU]Q�7�TX�N^JK�s�KX2Js�TNR�TN^]`RQÌ

Lunc = Ldet +Err(α, v, h)CE (α, v, h)Ldet

Dunc = Ddet +Err(α, v, h)CE (α, v, h)Ddet

« W�� ¬

�&~Q]0�Z]V�7~Q]Á]Q�)�THH�D���KJKS��TN^H-J
Err

DQ]Q�£]jJKDQR H-J��7~K]ÁX�J���[P]BHH�4X��7�TX-S�ºÍ��7~K]�R7�£]j]�D±X2JKD��7~Q]�X2[r�ZNr�7�dDG]
h
�GX2JdDZ�7~K]

WHÈ
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RTX2F��Q[PN^J��O���QJKS-�ZNPH�J
CE

F6X��KR�X&�)�ZN��Q[P]-��H��\��X�[r�Q]`R�H��KX2J\��[P]�R4H��dX����TX-S�ºY�hR7�£]j]�DÇX2JKDÇX2[r�ZNr�7�KDQ]ENPJs�ZHV�7~Q] N^Js�T]Q�)�hX�[

[−1, 1]
�]²BR�Nr�V�
X�R�DQH�JQ]�NPJ���]`S��]�7�����µ�7~Q],�QJKSj]Q�7�TX2NPJs�ZNP]�R�N^J¡�)~Q]ÇX�]Q�THGD���JKX2FINìS�F�HGDG]�[4XH�Z]©X-RZR7�QFI]�D��TH��£]

NPJKS-�T]�X-RsNPJ��K��NR�)~AX2J��-[^]IHH��X����lX�S�ºY�4R7�d]�]�D§��X2JdD>X�[R�TNR�)�KDG]�v�)~s�dR
Err

NPR FIHGDG]�[^]`D X�R²Xu[PN^JQ]`X�� q À R7������X-SU]�
��Nr�7~¡��X2[��Q]�R&�7~KX��O��X��)�����TH�F

0.2
���&~Q]jJYX�J���[P]�H��7X��7�TX-S�ºÍ�dR��£]j]`D�X�JKDOX2[r�ZNr�7�dDG]©X��T]

= 0
���TH

0.8
���&~Q]�J��7~Q]

NPJKSUNìDG]jJdSU]²NìR
= 20 deg

���7~Q]�R7�£]j]�D�NìR
= 8000 m/s

X2JKDS�7~K]�X2[r�ZNr�7�KDG]²NìR
105 m

Ì

Err = 0.01α+ 2.5 10−5 v + 2 10−6 h+ 0.2
« WHW ¬

}M~Q]
CE

���QJdS��ZNPH�JdR²NPRÇX��<X2NPJ����KN^[r��X-R²XYSUH-F/�QNPJKX��TN^H-J�HH��R��Q[PNPJQ]�Rk��Nr�7~�]4�s�QNPDQNPR��TX�J��JKH�DQ]�R0�c�êJ��)~QNPRÇSjX-Rs]
�7~K]jN���R�~dX��£]ÁNìRM��N���]�Jc���YÌ

CE = Spα(α, sα) Sph(h, sh) Spv(v, sv)
« WHq ¬

�&~Q]0�Z]
Spα(α, sα)

�
Sph(h, sh)

X2JdD
Spv(v, sv)

XH�Z]g�)~Q]�R7�Q[^NPJQ]`R§�WHH��X2J��-[^]¿HH�QX����lX�S�ºY�hX2[r�ZNr�7�KDG]EX2JKD#�-]j[PH�SjNR�`��
�T]�R7�d]`S��ZN���]�[r���}M~K]M�ZH��lX2[dFIX-RZR�NìR�SjH�JKRZNìDG]Q�T]�D,�QJKSj]Q�7�TX2NPJ6X�R+� ]j[P[1�-X2JdDINR��NìR7X-RZR7�QFI]�D,�7~dX��

m
SjX2J��QJKNR�WH�ZFI[��

��X��)�YNPJ��)~Q]Z�lX2J��-] ±0.1
H����7~Q]Z�T]-�W]0�Z]�JKSU]8��X2[��Q]H��}M~Q]�J°�v�-Nr�-]jJ;X�JQH�FINPJKX2[+�)�TX�¦�]�S-�ZHH�)�K��NR�)~AX2J>HH���TN^F6X�[

SUH-Js�7�TH�[§���TH��K[P]
α∗
�
Ns

��X��TN^]`D �)�TX�¦�]�S-�ZHH�TNP]�R�X��T]#���THH�KXH�-X��T]�D§�QX�JKD��7~K]�FI]�X2JOX�JKDc�7~Q]a��XH�ZNìX2JKSj]�H��
maxt q̇

X2JdD
Dist

XH�Z]�SUH-F������Z]`Dc���ZH-F �7~Q]
Ns

�hX�[r�K]�R
H��
maxt q̇

X2JdD
Dist

�QH�JK]V�WH��]�X-S�~ ��X��TNP]�D �)�TX�¦�]�S-�ZHH�)�H�

A�yöõÍØdÒ�Ó�Î�â#Ó£Ó�|fÍc|�ãhÒ<Ó�|PÌQÏ
�b��H�JQ]�S�X2[P[PR

Eq,1
X2JdD

σ2
q,1

�7~Q]6FI]�X�J��hX�[r�K]�X2JKD���X��TNPX�JKSU]IHH� F6X��GNPF/�QFê~Q]�X��kª\���§��X2JKD
ED,1

X2JKD

σ2
D,1

�)~Q]IFI]�X2J���X2[��Q]�X�JKDF��XH�ZNìX2JKSj]©HH�@�7~K]ÇH���)~QHGD��ZH-FINPSÇDGNPR��TX�JKSU]IX����T]Q�!�7~K],�µ�TR���SjH�Js�7�TH�[�HH���ZNPF�N���X��ZNPH�J
«�SjH�JKRZNìDG]Q�TN^J\�»�7~Q];F6X��GNPF/�QFá~Q]`X��cª\����X�R±HH��¦�]�S��TNr�-]F�TH'FINPJQN^FIN��j]�¬��BX�JKD

Eq,2
�
ED,2

�
σ2
q,2

�
σ2
D,2

�)~Q]
SUH�7�T]�R7�£H�JKDGNPJ�����X2[��Q]�R�X����Z]0�k�7~Q]±Rs]`SUH�JdD�SjH�Js�7�TH�[¿H���ZNPFINr�`X��ZNPH�JÃ«pSUH�JdRsNìDG]Q�TNPJ����7~Q]�H���)~QHGD��TH�FINPSIDGNìR��TX2JdSU]
X�R
H��¦�]�S-�ZN���]!�ZHIF6X��GNPFINr��]4¬����7~Q]�Jc�)~Q]²]-���T]Q�TJKX2[Y���THGSU]�RTR
NìR�Rs]Q��X�R0Ì

min
d∈D

[Eq,1, −ED,2, σ2
q,1 + σ2

q,2]
« W ® ¬

R7����¦�]�S-�&�ZH8�7~K]#�WH�[P[^H���NPJ��6SUH-JKR`�)�TX�N^Js�lRQÌ

Eq,1 ≤ Ēq

(σ2
q,1 + σ2

q,2) ≤ σ̄2
q

« WÈ ¬

W�Î
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�&~QNP[^]��)~Q]�DG]`RsN���J���]`S��ZH�
d
NPR�DQ]-�KJQ]`D;X�R

d = [l, w, n, θ, Rn,∆q̇]
«��)~Q]�FI]�X�JQN^J\��HH�

∆q̇
NìR�]-���Q[ìX2NPJQ]`D)NPJ

�7~K]±JQ]Q���IRZ]�S-�ZNPH�Jµ¬-��Ä�H��T]S�)~KX��4��X�R,���T]Q��N^H�KRZ[r�>FI]jJs�ZNPH�JQ]`D§�+�)~Q]±]Q���Z]Q�TJKX�[EH���ZNPFINr��]Q��JQ]j]`DQR,�ZH��EH�7º>H�J
HH��¦�]�S��TNr�-]�R��T]Q���T]�RZ]jJs�ZNPJ��,�7~Q]k�£]�R��]�£]Q�7�WHH�TFIX�JKSU]�HH�v�7~K]�R�~KXH�d]���WHH�&�£H��)~ODGNR±ª]Q�T]jJs��SjX-Rs]`RQ�

}M~Q]EDQ]�RZNr�-J�R7�KX-SU]+�WH�°���THH�Q[P]jF¡« W ® � WHÈ ¬£NPR4DG]-�KJK]�D#���O�)~Q]D�WH-[^[PH���NPJ��&�dH�QJKDQR¤H�J#�)~Q]EDG]`RsN���J#�KXH�TX�FI]-�Z]0�TR0Ì
�7~K]BJQH-FIN^JKX�[ª[^]�J����)~

l ∈ [2.9, 4.2][m]
��7~K]BJQH-FIN^JKX�[µ��NìD��)~

w ∈ [1.0, 2.0][m]
��7~K]B]Q���£H�JK]jJs�

n ∈ [0.2, 0.7]
�

�7~K]
X�J���[P]
θ ∈ [7, 11][deg]

�4�7~Q]&�lX�DGN��KR�H��µ�7~Q]
JQH<Rs]
Rn ∈ [0.01, 0.04][m]

�0�7~Q]�SjH�JKR��7�lX2NPJs��H-Ja�)~Q]�F6X��GN^F,�QF
~Q]`X��&ª\���c�WHH�M�)~Q]©RZ]�SUH-JKD�SUH�Js�)�ZH-[£[ìX��ºHH���TN^FIN���X��TN^H-J

∆q̇ ∈ [20, 70][W/cm2]
�	}M~Q]�X2J��-[^]

β
�£X�R�DG]Q�KJQ]`D±NPJ

��]`S����ê\�²a�4NPR#º-]Q���#���G]`DF�TH
12deg

��LYHH�T]jH���]0�0�Í~Q]0�Z]
LTPS

NPR²JKH���SUH-JKRsNìDG]0�Z]`D)X�R²X�DG]`RsN���J��KX��lX2FI]Q�Z]Q�4�
X2JdD)Nr�TRk��X�[r�Q]6NìR²RZ]-�©X�R

10%
HH�	�)~Q]6]-±ª]�S-�ZN���]I[^]�J����)~;H����7~Q]Z�-]Q~QNìSU[P]H�Z}M~Q]�SjH�JKR��7�lX2NPJs�TRÁH�J��7~Q]¥]-���Z]0�ZJKX�[

���THGSU]�RTR
X��T]HÌ
Ēq

l �0Ë ½�X2JdD
σ̄2
q

l � ½½H½��

vcy X ÕUÒHÛTÎ-Ð�ÓlÌ�Õ-Ô»â#Ó£Ó�|fÍ�|�ãhÒ-Ó�|PÌQÏ
¤QH�,�)~Q]c�7�lX�¦�]�S-�ZH�7�>HH���TN^FIN���X��ZNPH�J£�\�ZH�Q[^]�FK�+�7~Q]uSUH-Js�7�TH�[��hXH�ZNìX��K[^]�NìR,�7~Q]OX�J���[P]¥HH�BX��7�TX�S�º

α
��}v� H

SUH-Js�7�TH�[ª[PX���R�XH�Z]�SUH-F������Z]`DuX�R��7~K]k�Z]`R��Q[r��H����7~Q]#�`� H�HH���TN^F6X2[4SUH�Js�)�ZH-[ªR7�����\�ZH�Q[^]�F6RQÌ

min
α

(
max
t
q̇
)
and max

α
Dist

« W�Î ¬

�dHH�7~OR7����¦�]�S-�&�ZH�D���JKX�FINPSÁ]0�s�KX��ZNPH�JKR#« W ½¬
X�JKDS�Z]Q�TFIN^JdX2[¶SUH-JKDGNr�ZNPH�JKR0Ì

r(t = 0) = r0

λ(t = 0) = λ0

φ(t = 0) = φ0

v(t = 0) = v0

θp(t = 0) = θ0

ξ(t = 0) = ξ0

« WsÉ ¬

r(t = tf ) ≤ rf

r(t = tf ) ≥ rmin

v(t = tf ) ≤ vf

v(t = tf ) ≥ vmin

« WHË ¬

WÉ
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²�RD�WHH�@�THGS�º�]Q�¿X-RZSj]jJs�ES�X�RZ]H���)~Q]�RZ]]���THH�Q[P]jF6R7XH�Z]M�)�TX�JKRTS-�TNr�£]�D8��Nr�7~¥XaÞ�XH�KRZR@�KRZ]Q�KDGHH�¹R7�£]�S��)�TX�[GFI]-�7~KH�D°�
X2JdD¥X����T]Q�M�)�TX�JKRZSQ�ZN����TN^H-J°�H�)~Q]�HH���TN^F6X�[ªSjH�Js�7�TH�[Y���THH�K[^]�FIR DG]Q�KJQ]�Dc����C@��R0�M« W ½s¬�X�JKD�« W�Î � WsÉ � W�Ë ¬D�£]�SjH�FI]
�7~K]#�WH�[P[^H���NPJ��8��]jJK]Q�lX2[�JQH-JQ[^NPJQ]`X��M���THH�H�lX2FIFINPJ��/���THH�K[^]�F�Ì

min
αs

(
max
t
q̇
)
and max

αs
Dist

« W ¼s¬

R7����¦�]�S-�&�ZH8�7~K]²JQH�JQ[PNPJQ]�XH��X2[���]Q�\�TX�NPSBSUH�JdR`�)�TX�N^Js�TR0Ì

C(rs, λs, vs, ξs, θs, αs, ts) = 0
« q ½s¬

X2JdD¡�7~K],�T]Q�TFIN^JKX�[¿SUH�JdR`�)�TX�N^Js�TR8« WsÉ � WHË ¬��§�&~K]Q�T]
rs
�
λs
�
φs
�
vs
�
ξs
�
θs
�
αs
�
ts
X��T]a�)~Q]6DGNPRTS-�T]-�T],��X�[r�Q]`R

H��g�)~Q]a�TN^FI]H�ªR��TX��T]�RBX2JKDOSjH�Js�7�TH�[°��X�[r�Q]`R�X��O�7~K]�JQHGDG]�R�H��+�)~Q]k�7�lX2JdRZSQ�ZN����ZNPH�JYRTS�~Q]�F�]�M�êJYHH�lDG]Q�]�ZH�H���TX�N^J
�W]�X-RsN��Q[P]�RZH�[����ZNPH�JKR+�7~KX��ESjX�JZ�d]�NPJs�Z]0�H�lX��Z]`D§�-X�J6N^JK]0�s�KX2[PNr�`�ÇSUH-JKR��7�lX2NPJ�7H-J��7~Q]O�hXH�ZNìX��TN^H-JIH��Y�7~Q]ÁSUH-J�)�ZH-[G[PX��
NìR�X2[ìRsHINPF8�£H-RZ]�D°Ìg�WHH��]�X-S�~±JKH�DQ]V�)~Q]�RZ[^H�d]�H����7~K]�SUH�Js�)�ZH-[£[ìX�� ≤ ∆α

�
Ä�HH�Z]a�)~KX��O�7~Q]�Rs]`SUH�JdDuHH���TN^FIN���X��TN^H-J¡���THH�Q[P]jF¨�TXHº�]�R�N^Js�ZH±X�SjSjHH�QJs��X�JYX�DQDGNr�ZNPH�JdX2[4SjH�JKR��7�lX2NPJs��H�JK�)~Q]

F6X��GNPF/�QF5~Q]�X��Dª\���§�H�&~KNPS�~�R7~QHH�K[PD8�£] ≤ (q̇max,1 +∆q̇)
�s�&~Q]0�Z]

q̇max,1
NìRg�)~Q]�DG]Q�Z]Q�TFIN^JKNPR��ZNìS&��X2[��Q]�HH�µ�)~Q]

F6X��GNPF/�QFÂ~K]�X��#ª\�����T]�R7�Q[R�TN^J\�c���TH�FÂ�7~Q]Z���T]Q��NPHH�KR�SjH�Js�7�TH�[�[ìX��ÉHH���ZNPF�N���X��ZNPH�J°�4X2JKD
∆q̇

NìR²X��hXH�ZNìX��K[^]IH��
�7~K]!�\�ZH�Q[^]�FK�<F6X�JKX��-]�D������)~Q]�]-���Z]0�ZJKX�[ª]Q��H-[r���ZNPH�JKXH�7�8���TH�Sj]�RTRQ�+}M~Q]!�T]-�¹]jJs�7�)�8�ZNPF�]²NìR	���Z]�]ÁX�JKD±JQHÇHH�7~Q]0�
�Z]0�ZFINPJKX2[¶SjH�JKDQNR�TN^H-JKR�X��T]�N^F��£H-RZ]�D�X�R��7~K]Q�T]²NPR
JQH6R7�d]`SUNr�dS#�T]0�s�QN��Z]�F�]�Js�
H-JS�)~Q]²[ìX2JKDGNPJ����£H�NPJ�4�

}M~Q]c�7�lX�¦�]�S-�ZH�ZNP]�RÇX��T]±DGNìRZSQ�Z]Q�ZN��j]`D���Nr�7~ Î ]j[P]jFI]jJs�lRQ��X�JKD ��W JQHGDG]`RÇXH�Z]�SUH-JKRsNìDG]0�Z]`D��WHH�,�7~Q]c�\�lR`� q
]j[P]jFI]�J�lR&«����TH�F R`�lX��7�ZNPJ��V�£H�NPJs�+�ZH#~KX�[R�ªH��Í�7~Q]M�)�TX�¦�]�S-�ZHH�)�#�KX��)~µ¬���&~Q]Q�T]
F6X��GN^F,�QF?��X�[r�Q]`R�H��µ�7~Q]&~Q]`X��+ª\���
X2JdD�F6X�¦�H�v�)�TX�¦�]�S��THH�)��H-RTSUNP[^[ìX��TN^H-JKR4XH�Z]E]-���£]�S��T]�D§�H�&~QN^[P] È JQHGDG]`R�X��T] SjH�JKRZNPDQ]Q�T]�D#�WH�v�)~Q]
H��7~K]Q� q ]�[^]�FI]jJs�TR0�
}M~Q]��£HH�KJKDQR�H-J��7~Q]S�hXH�ZNìX��K[^]`R²H��M�7~K]Z�7�lX�¦�]`S��ZH�7�)HH���TN^FIN���X��TN^H-JAX��T]HÌk�TH��lX2[D�TN^FI]

Ttot ∈ [500, 6500] [s]
�

X2J\��[P]ÁHH��X����lX�S�º
α ∈ [0, 20] [deg]

���lX�DQNr�KR
r ∈ [6.380 106, 6.480 106][m]

�K[^H-J���Nr�7�KDQ]
λ ∈ [−180, 21] [deg]

�
[ìX��ZNr�7�dDG]

φ ∈ [−90, 68] [deg]
�
R7�d]�]�D

v ∈ [100, 104] [m/s]
�	ªKNr�~s���KX��)~MX�J���[P]

θp ∈ [−80, 10] [deg]
�

~Q]`X�DGNPJ��6X2J��-[^]
ξ ∈ [−225,−90] [deg]

�
}M~Q]�N^JQNr�ZNìX2[¿SjH�JKDGNr�ZNPH�JdR,« WÉ ¬�X��T]

x0 = [RE + 105, 21, 68, 7700, −0.3, −145]T
�§�&~K]Q�T]

RE
NìR]�)~Q]

FI]�X�J��lX�DGN��KR�HH�	�)~Q]6C�X��7�7~v�v�&~QNP[^]��)~Q]�SUH-JKR��7�lX2NPJ�lRÁH�J��7~Q]��KJdX2[�SjH�JKDGNr�ZNPH�JdR²X��T]
rf = RE w È ½½H½H½¥FK�

rmin = RE w ��È ½½H½�FK�
vf =

�� ½½IFyx2RQ�
vmin =

¼H½½6Fzx�R0�µ�&~QNP[P]a�7~K]ÇRZ[^H�d]�HH�+�7~Q]ISUH-Js�7�TH�[¶[ìX��ÆNPR
∆α

l � x � ½�DQ]Q�{x2RQ�g}M~Q]BN^JQNr�ZNìX2[Y��Q]�RTR�HH�§�7~Q]�SUH-Js�7�TH�[K[ìX��Ç�WHH� ]Q�-]Q�)�ÇNPJKDGN���NPD��KX2[Y~KX-D �0Ë
deg

NPJKSjNPDG]�JKSU]�X��	�ZNPFI]

t = 0
�£[^NPJQ]`X��T[r��DG]�SQ�Z]`X�RZN^J��µ����NR�)~)DG]`S-�T]jFI]jJs�TR

dα =
� x � ½H½½ÇDG]0�{x2RQ���TN^[P[��7~Q]�[ìX�R��O�£H�NPJs��H��g�7~K]k�7�lX�¦�]`S��ZH�7�

W�Ë
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HH���TX2NPJQ]`D����)DGN��T]�S��²NPJs�Z]Q��TX��ZNPH�J>RZX��ZNìR`�K]`RV�7~Q]6SUH-JKR��7�lX2NPJ�lRÁH�J��7~Q]Z�T]0�s�QN��Z]`D¡�KJdX2[+��]�[^HGSjNR�`�YX�JKD�X�[R�TNR�)�KDG]�
Ä�HH�Z]#�)~KX��4�\�&~Q]�JK�7~Q]�H���ZNPF6X2[¤SjH�Js�7�TH�[§�\�ZHGSU]`RZR�DQH<]`R�JQHH�BSUH-Js�-]Q�)��]��)~Q]�NPJQNr�ZNìX2[v��Q]�RTR
H����7~K]©SUH-J�)�ZH-[�[PX��
NìR�SUH�JdRsNìDG]Q�T]�D°�

xQyáäZõu?©Ï²ÎHÑUÔ£ÑPÓ�Ñ
}M~Q]²L ´k´ ���THGSU]`RZR	� X-R@�)�QJS�WHH� Î ½,��]�JQ]Q�lX��TN^H-JKRD��Nr�7~uX/�£HH�\�Q[PX��ZNPH�J±H�� Î ½�NPJKDGN���NPD��dX2[ìRQ�g�b��R�~KHH�Q[ìD��£]

JQHH�Z]�D/�7~dX��¿J��QF/�£]Q�¿HH�µ��]�JQ]Q�lX��TN^H-JKR�X2JKDÇN^JdDGNr��NìD��KX�[PRg�
X�R�S�~QH<Rs]�JÇX�R�X�SUH-F����ZH-FINPRZ]@�£]-�`� ]j]�J/�)~Q]
]-���d]`S��T]�D
X2FIH�QJs�ÁHH�D���QJKS-�ZNPH�J)]0��X2[��KX��TN^H-JKRV�ZHuSUH�J��-]Q�)��]�X2JdD¡�7~K]IX���X�N^[ìX��Q[P]ÇSjH�F������lX��TN^H-JKX2[��ZNPFI]H�¤X�JKD)D��K]/�THS�)~Q]
R��ZHGS�~KX�R��ZNìS�JdX��7�\�Z]±H��&�7~K]�RZ]�XH�TS�~��)~Q]Q�T]±SjHH�Q[ìD»�£]±JQH����TH<HH��H�J»�)~Q]uSUH�J��-]Q�)��]jJdSU]��ZH��7~K]S��[PHH�dX2[ Á XH�Z]Q�ZH
RZ]-�0��}M~Q]±N^JQNr�ZNìX2[ X��\���ZH��GNPF6X��Z]`D;FIH�DQ]j[ìR � ]Q�T]����QNP[r�8��Nr�7~ � ½H½½ORZX�F��Q[^]`RQ�¿RZ]j[P]�S-�Z]�D���NR�)~'XF�lX2JdDGH�FIN��j]�D
¯¤X��ZNPJ��]���£]Q�lS-���£]H��SUH-F�NPJ��k���TH�Fß¼ W ½²X2JKX�[r�s�TNPS
FIHGDG]j[ªSUH-F������TX��ZNPH�JKREX2JKD6X-DQDGNr�ZNPH�JKX�[ Ë ½©R����£]Q�lRZH�JQNìSO�¤gÀ
SUH-F������TX��ZNPH�JKRk�ZH¡~KX��-]IX�J�]-���Z]�JKDG]`D��lX2J\��]IH��&��X2[PNPDQNR�`�����Nr�7~QH���k�7~K]�JQ]j]`D��ZHO]Q�GSj]�RTRsN���]�[r�)]-���7�lX��£H�[ìX��T]H�
}M~Q]�SUH-F������TX��ZNPH�JÇH��\�)~Q]��\�lR`�7DQX��TX��dX�RZ]@�T]0�s�QN��Z]`D�JQ]`X��T[r� ��W ½H½O~QHH�\�TR�H��ªSUH-F8�\���TX��ZNPH�JKX�[�TN^FI]��DGNìR`�)�ZN������T]�D
H�JuXISU[��KR��Z]Q��HH� W ½©[PN^J���� Î ® �\�ZHGSU]`RZRZHH�lRO«�JQ]�XH� q DQX��GREHH�4]Q±£]`S��ZN���]#�TN^FI]�¬��D}M~Q]²SUH-F������TX��ZNPH�JKR
HH�v�)~Q],�¤gÀ
RZH�[���]Q�M� ]Q�T]ÁR��ZH���£]�D��&~Q]jJOSjH�J���]0�7�-]jJKSj]O�
X�R HH���lX2NPJQ]�D�H-JS�)~Q]�X2]0�ZHGD���JKX�F�NìSO�WHH�lSU]�R0�

}M~Q]�S�~KXH�TX-S��Z]0�ZNìR��ZNìSD�KXH�TX�F�]Q�Z]0�TR4H��Í�7~Q]
]0��H�[����TN^H-J�SjH�Js�7�TH�[����THGSU]�RTR��E]0�Z]
RZ]-�7X�R��WH-[^[PH���RQÌ
nt = no = 20

�

ngl = 10
�v��Nr�7~�H�JK[r� � R���Nr�TS�~°ó

ngcyc = 5
ó
dmin,sl = 0.3

«�X�[^[@�7~Q]6NPJ������TR©XH�Z]6JKHH�TFIX�[^N��j]`DF�TH
[−1, 1]

¬�ó

dmin,ll = 0.8
�Ã��NPJKSU]ONPJ��7~QNìR�SjX-Rs]c�7~K]YX2]Q�THGD���JKX2FINìS¥S�~KXH�TX-S��T]Q�TNPR��ZNìSjRÇH��!�7~Q]K�-]Q~QNìSU[P]OX��T]S���QJdS��ZNPH�JdR6H��

�£H��7~OR7~KX��£]²X2JKD±HH�£]Q�lX��TN^H-JKX2[�SjH�JKDGNr�ZNPH�JdRQ���)~Q]k��]�JQ]Q�TNPS!�TH��
j
HH���)~Q]�DQX��lX��KX-Rs]!�KRZ]�DS�ZH��)�TX�N^Jc�7~Q]k²VÄOÄ¸NìR

DBtrain,j = [l, w, n, θ, Rn, v, h, α]
�

²�� [P]Q�-]j[Í½��s�&~QNPS�~¥NPRESUH�JdRsNìDG]Q�T]�D��\�Z�ZH,��]jJK]Q�lX��ZNPH�J � ½����¤�ÀºSUH-F������TX��ZNPH�JKR	� ]Q�T]&�KRs]`D��ZH,��]0�ZNr���ÇH-JQ[��
R7���d]0�TRZH�JKNPS&�£H�NPJs�TR0��&~KN^[P]BX���[^]0��]�[ � �s�&~QNìS�~�NìR�SUH-JKRZNPDG]0�Z]`D8���ZH-F5�-]jJQ]0�TX��ZNPH�J �H� ���¤gÀÆSUH-F8�\���TX��ZNPH�JKR@�E]0�Z]
�KRZ]�Dc�ZH��-]Q�TNR���Z�)~Q]#�7�lX�¦�]`S��THH�)�Z�dH-N^Js�TR��WH�M�7~Q]k�&~KH�[P]V�)�TX�¦�]�S-�ZHH�)�H�

ÀO�\�ZNPJ��a�)~Q]BSjH�F������lX��TN^H-J°��KJ�TN^[Í��]�JQ]Q�lX��TN^H-J È ½��<RsH-[r���ZNPH�JKR�HH���lX2NPJQ]�DZ��Nr�7~��7~Q]k�¤�À5FIHGDG]j[£N^JdS-�T]�X�RZ]�D
���K�TH WHÈ ½��KX�[^[¤X�[^[PHGSjX��Z]�D�NPJK�7~Q]/���ZH-FINPRZN^J\�Z�Z]0��NPH�JuH����7~Q]�Rs]`X��lS�~�R7�KX-SU]H� ´ J��7~Q]©H��7~K]Q�O~dX2JKD§�£X2JKX�[r�s�TNPS�X2[
RZH�[����ZNPH�JKR!�KRZ]�D��ZHK���KN^[ìDF�)~Q]�²OÄVÄ X����\�ZH��GNPFIX��Z]`DOFIH�DQ]j[ìR DG]�SQ�Z]`X�RZ]�DK�TH�JK]�X��T[�� È ½H½\�,¤\�ZH-F ��]jJK]Q�lX��ZNPH�J
È ½,�TH Î ½�JQHIF�H�Z]�JQ]0�Ý�-]Q�TNR�K]`DS��X�[r�Q]`R�X��T]²X�DQDG]`D��TH��7~Q]a²VÄOÄ¸DQX��TXH�KX�RZ]H�

}M~Q]�X��\���ZH��GNPF6X��ZNPH�JÇH��µ�7~Q] Á X��T]-�TH!���ZH-J�7X����)~Q]�]jJdDÇHH�\�)~Q]�HH���TN^FIN���X��ZNPH�J����TH�Sj]�RTR�NPR¿R7~QH���J�N^JZ¤�Nr�µ� É �

W ¼
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²�R�]Q���d]`S��Z]`D§���)~Q]����ZH-Js��NìR¿R7�KX��lRs] X2JKDÇN��7�T]Q��Q[PXH�0��D��K]	�TH!�7~Q]�JKX��7���T] H��\�)~Q]�HH��¦�]�S��TNr�-]@���KJKS��TN^H-JKRQ��&~QNìS�~�XH�Z]
]-���)�Z]�F�]�[r�IJQH-NPR7�Z�£]�SjXH�KRZ]]�7~K]Q�¥XH�Z]O�7~Q]ÁHH���lSUH-F�]ÁH��v�7~Q]�LOH�Js�T]-�� X��T[^H©RZNPF/�Q[ìX��TN^H-J�«

Ns
l q ½H½���7~K]jJ¥]`X�S�~

NPJKDGN��<NìD��KX�[��T]0�s�QN��T]�D Î ½½Z�T]-�b���ZH�KX��<X��TN^H-JKR)¬-��LOHH�T]jH��-]Q�4���7~Q]�R��£]j]`D)X�JKDOX�S�S-���lX�SQ�±HH��SUH�J��-]Q�)��]jJdSU]�H��+�)~Q]
�7�lX�¦�]`S��THH�)�BH���ZNPFINr�`X��ZNPH�JÇ[^H�H�©NìR��s�QNr�Z]�RZ]jJKRZNr�ZN���]D�THÁR7~KXH�d]��KX��lX2FI]Q�Z]Q�lR¤X�JKD�NPJQNr�ZNìX2[QSjH�JKDGNr�ZNPH�JdRQ��²MDQNR±ª]Q�T]jJs�
�£HH���Q[ìX��TN^H-JORsN��j]�SjHH�Q[ìDuN^F����TH���]!�)~Q]/�s�KX2[PNr�`�¥H����7~K]k���ZH-Js��X2[r�7~QH���H~OX8�7�lX�DQ]-�¹H�±��£]-�`� ]j]�J�]Q��~KX��KR��ZN���]�JQ]�RTR
H����7~K]�RZ]�XH�TS�~�X2JKDuSjH�F������lX��ZNPH�JdX2[§�T]�RZHH���lSU]`R�NìR&�T]0�s�QN��Z]`D§�

150
160

170
180

1
2

3

x 107

0

500

1000

 

E
q
 [W/cm2]E

D
 [m]

 

σ2 q,
1+σ

2 q,
2 [W

2 /c
m

4 ]

Pareto front
A
B
C

ì@|rÖÍyC|S×/ÓYÓ£ÕUÌHñÍ|fÍ¥Ò<Ó�|PÌGÏ>Ì�ûEÓ�ØdÎ�îEÒ-ÕjÎ2ÓlÌ�ûpÕUÌQÏGÓ�Ò<ÓÁÓ-ØdÎ�Î-ÏÍ{�Ì�û�Ó-ØdÎ6Ì�Ó£Ó�|fÍ�|rãhÒ<Ó�|^ÌQÏ»Ó£ÕUÌdÐ�ÎÑ�Ñ

�êJZ¤4N��\� Ë N^JdDGNr��NìD��KX�[PRD²/��Ù!��X2JKDZAF�NPJQNPFINr��]M�7~Q]�FI]�X�J,��X�[r�Q]
HH�µ�)~Q]�F6X��GN^F,�QFA~Q]`X��gª\���§�-FIX��GN^FIN��j]
�7~K]6F�]`X2J���X2[��Q]6H����7~K]�DGNPR��TX�JKSU]��X�JKD�F�NPJQNPFINr��]Z�7~Q]�R7�QF®H����7~Q]���XH�ZNìX2JKSj]�R0�°�T]�R7�d]`S��ZN���]�[r���}M~Q]�DG]`RsN���J
�KXH�TX�F�]Q�Z]0�TR	�WHH��RZH�[����TN^H-JKR&²a�\Ù�X2JKD¡�XH�Z]Ì

� ����H�[����ZNPH�JK²aÌ
l = 2.93998;w = 1.19734;n = 0.6977; θ = 9.9983;Rn = 0.03532; ∆q̇ = 41.9184

W ����H�[����ZNPH�JKÙ!Ì
l = 2.98669;w = 1.28207;n = 0.6871; θ = 10.4961;Rn = 0.03719; ∆q̇ = 62.6298

q ����H�[����ZNPH�JFVÌ
l = 3.12287;w = 1.49396;n = 0.6999; θ = 9.7599;Rn = 0.03913; ∆q̇ = 33.8409

}M~Q]�H���ZNPFINr�`X��ZNPH�J�NìR�F6X2NPJQ[r��D��TNr�-]jJ��s�S�7~Q]k~K]�X��&ªµ���uX�JKD±NR�lR]��X��TNPX�JKSU]�+�êJuHH�lDG]Q�M�TH6[^NPFINR�&�)~Q]a~Q]`X��
ª\���uX��M�7~K]²JQH-RZ]H���)~Q]�X2[���H�ZNr�7~QF Rs]`X��lS�~Q]�R	�WHH��RZH�[����TN^H-JKR���NR�)~YX,�T]j[ìX��TNr�-]j[��6[PXH�7�-]V�lX�DQNr�KR
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