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\]^]_`ab c defa] c g_fhiag`fd_ jgk l]^]fm]n kfo_fpq
^g_` g``]_ `fd_ rst u t v t w t x t y t z{ | \ ]k]gl^j jgk f_ fq
`fgaab e]]_ jgch]l]n eb ag^} d~ gn]�ig`] h ag`~dlc k ~dl
ki^j l]k]gl^j | �dngb h ag`~dlc k gl] gmgfage a] g_n `j]
�i]k`fd_ d~ fch a]c ]_`f_o ki^j kb k`]c k dh]_ ih ~dl g
lg_o] d~ _]� l]k]gl^j fkki]k | � defa] c g_fhiag`fd_ fk
eb _d c ]g_k kfchab g ^d_`lda hlde a]c | �m]lgaa `j] c dq
e fa] c g_fhiag`fd_ `gk} ^g_ e] nfmfn]n f_ `d `jl]] kie q
hlde a]c k � f� ad^gaf�g`fd_ g_n k]lmdf_o d_ `j] de� ]^` `d
e] olgkh]n t ff� �hl]q� olgkh f_o t g_n fff� f_`]lg^`fd_ � f`j
`j] de� ]^` | � g^j k`]h c foj` g` pl k` k]]c ~gflab �]aa
n]p_]n t ei` d_^] f` jgk `d e] ^gllf]n di` f_ g l]gafkq
`f^ hjb kf^ga k]``f_o af}] g l]oi agl jdc ] dl g ~g^`dlbt g
kfo_fp^g_` _ice]l d~ _]� fkki]k cik` e] gnnl]kk]n |
�d^gaf�g`fd_ g_n k]lmdf_o d_ de� ]^`kt f_^ain]k g�

l]^do_f`fd_ d~ de� ]^`k g_n ]k`fc g`fd_ d~ `j]fl h dk] t e �
k]lmdf_o `d�glnk `j] de� ]^` d~ f_`]l]k` t kie� ]^` `d _d_ q
jdad_dc f^ g_n nb_gc f^ ^d_ k`lgf_ `k t �jfa] ]_ kilf_o
k`ge a] ~]g`il]k `j g` ]_ge a] k]_ kdl egk]n hdk]q`lg^}f_o t
g_n ^� ^adk]n addh ^d_`lda `d hldmfn] `j] _]]n]n f_ q

`]olg`fd_ d~ c d`fd_ d~ `j] h ag`~dlc g_n `j] c g_fhiagq
`dl| � `j]l de� ]^`k f_ `j] ]_mfld_c ]_` cik` e] `g}]_
f_ `d ^d_ kfn]lg`fd_ `d ]_ kil] gmdfng_^] d~ `j]k] t �jfa]
olgkhf_o `j] de� ]^` d~ f_`]l]k` | �]_ kf_o g_n ^d_`lda
cik` `ji k kg`fk~b cia`fh a] �h d`]_`fgaab ^d_�f^`f_o� de q
� ]^`fm]k | �ilf_o `j fk hjgk] `j] ]_mfld_c ]_` fk c dn]a]n
i kf_o k]_ kdl k ki^j gk kd_gl kt flqlg_of_o t agk]l lg_of_o
g_n ^dchi`g`fd_ga mfkfd_ | �fkfd_ fk h gl`f^i aglab fchdlq
`g_` `d ]_ge a] ]~p^f]_` l]^do_f`fd_ t `lg^}f_o g_n hdk]q
]k`fc g`fd_ | �d_`lda d~ egkf^ c defaf`b ^g_ e] ^gllf]n di`
i kf_o d_] d~ c g_b �]aaq}_d�_ `]^j_f�i]k l]hdl`]n f_
`j] af`]lg`il] t k]] ~dl ]�gch a] r�t �{
�j] olgkh f_o hjgk] f_mdam]k g kc dd`j `lg_ kf`fd_

~ldc lg_o]�mfkfd_ nlfm]_ ^d_`lda `d ~dl^]q`dl�i]�`g^`fa]
^d_`lda | �fkfd_ fk _d` g_ ]~p^f]_` c dngaf`b ~dl ^d_`lda
d_^] ^d_`g^` jgk e]]_ g^jf]m]n | �d_`lda fk j]l] olgnq
igaab jg_n]n dm]l `d `j] ~dl^]q`dl�i] e gk]n ^d_`ldat
^d_ k`lgf_]n eb `j] gmgfage a] n]ol]]k d~ ~l]] c d`fd_ |
�jfk ~il`j]l l]�ifl]k f_`]olg`fd_ d~ jfoj eg_nq� fn`j
^d_`lda � f`j kad�]l kb k`]c k egk]n d_ mfkiga ~]]neg^} t
�jf^j f_ `il_ fchdk]k k`ld_o l]gaq`fc ] l]�ifl]c ]_`k |
�j] gl]g d~ ~dl^] egk]n c g_fhiag`fd_ fk ]�`]_ kfm]ab n]q
k^lfe]n f_ `j] af`]lg`il] rs� t ss{
�ilf_o c g_fhiag`fd_ d~ de� ]^`k af}] nddlk g_n nlg� q

]l k `j] nb_gc f^k d~ `j] kb k`]c fk jfojab ^d_ k`lgf_]n
g_n `j]l] fk `ji k g _]]n ~dl ^gl]~i a h ag__f_o d~ `j] c dq
`fd_ `g}f_o f_`d g^^di_` `j] gmgfage a] n]ol]]k d~ ~l]]q
ndc g_n k`li^`il]k f_ `j] ]_mfld_c ]_` �f |] | nilf_o c gq
_fhi ag`fd_ `j] h ag`~dlc cik` k`faa ^dh] � f`j �nb_gc f^�
de k`g^a]k� | �jfk l]�ifl]k i k] d~ ]~p^f]_` c ]`jdnk ~dl
l]gaq`fc ] �l]q�h ag__f_o g_n ^d_`lda e gk]n d_ f_~dlc gq
`fd_ ~ldc cia`fh a] k]_ kdlb c dngaf`f] k rsu t v{ |
� g^j d~ `j] `jl]] hlde a]c k f_mdam]n f_ c defa] c gq

_fhi ag`fd_ gl] nfk^i kk]n f_ `j fk h gh]l| �_f`fgaab g_ dm]lq
gaa gl^jf`]^`il] ~dl `j] kb k`]c fk nfk^i kk]n t ldei k` mfq
kfd_ ~dl c g_fhiag`fd_ fk `j]_ di`af_]n t g_n c ]`jdnk ~dl
^d_`lda f_ `j] ^d_`]�` d~ f_`]lg^`fd_ gl] nfk^i kk]n | �fq
_gaab g _ice]l d~ fkki]k l]ag`]n `d ~i`il] l] k]gl^j gl]



di`af_]n |

� � ������ � �[����[�Z��

� defa] c g_fhi ag`fd_ f_mdam]k c defa] _gmfog`fd_
g_n c g_fhiag`fd_ | � defaf`b fk `bhf^gaab ^d_`ldaa]n g` g
c dn]k` kgchaf_o lg`] d~ s�qux � � gk `j] f_]l`fg d~ `j]
kb k`]c fch af]k afc f`]n e g_n�fn`j d~ `j] ^adk]nqaddh
kb k`]c k| � g_fhiag`fd_ d_ `j] d`j]l jg_n f_mdam]k f_ q
`]lg^`fd_ � f`j de� ]^`k f_ `j] ]_mfld_c ]_` g_n `j] eg_nq
� fn`j d~ `j] kb k`]c fk jfoj t �jf^j ^gaak ~dl g kb k`]c
�f`j kgchaf_o lg`]k d~ x�� � � q v }� � | �dcef_f_o
ki^j kb k`]c k hdk]k g hlde a]c gk `j] n]c g_nk gl] m]lb
nf~~]l]_` | �`g_ngln f_ni k`lfga c g_fhi ag`dlk jgm] `bhfq
^gaab y n]ol]]kqd~q~l]]ndc | �_ gnnf`fd_ g ~i aab jdadq
_dc f^ h ag`~dlc jgk v n]ol]]k d~ ~l]]ndc | �j] kb kq
`]c `ji k jgk v ]�`lg n]ol]]k d~ ~l]]ndc ~dl hdkf`fd_
^d_`lda d~ `j] ]_nq]~~]^`dlt �jf^j hdk]k g_ f_ `]l] k`f_o
^d_`lda hlde a]c | �glaf]l l]k]gl^j d_ l]ni_ng_` c g_fh q
i ag`fd_ jgk ]�h adf`]n `j] _iaaqkh g^] � }]l_]a ~dl `j] c gq
_fhiag`dl ~dl ^d_`lda d~ `j] h ag`~dlc ru{t ei` f_ o]_]lga
`j] ^d_`lda ^g_ e] hdk]n gk g ^d_ k`lgf_]n dh `fc f�g`fd_
hlde a]c rsv{ |
� gmfog`fd_ fk fcha]c ]_`]n i kf_o g e]jgmfdil egk]n

ghhldg^j t ~daad� f_o `j] ^ill]_` `l]_n f_ c defa] kb kq
`]c k | �j] e]jgmfdil egk]n kb k`]c fk k]`ih gk g jbelfn
n]afe ]lg`] kb k`]c t ^dchdk]n d~ `jl]] agb]l k � n]afe]lq
g`fd_ �kh]]^j f_hi` d~ ^dcc g_nk g_n h ag__f_o� t `gk}
c g_go]c ]_` f_ `]lc k d~ ^d_poilg`fd_ d~ oldih k d~ e]q
jgmfdl k `d ^dch a]`] g ofm]_ `gk} g_n p_gaab g k]` d~
e]jgmfdil k ~dl ^dih af_o d~ h]l^]h`fd_ `d g^`fd_ k | �iq
kfd_ d~ nf~~]l]_` e ]jgmfdil k fk g^^dch afkj]n i kf_o kfc q
h a] kih]lhdkf`fd_ | �j] c g_fhi ag`fd_ fk ~ldc g c defaf`b
h df_` d~ mf]� fch a]c ]_`]n gk g e]jgmfdil `j g` kh]^fp]k
c d`fd_ `d e] ^gllf]n di` `d kg`fk~b `j] c g_fhi ag`fd_ de q
� ]^`fm] | �j] e gkf^ e]jgmfdil e gk]n kb k`]c fk n]k^lfe]n
f_ n]`gfa f_ rsw{ |
� g_fhiag`fd_ f_mdam]k g lg_o] d~ nf~~]l]_` g^`fd_ k

~dl olgkhf_o ~ldc hl]qolgkhf_o `d ~i aa f_`]lg^`fd_ | �j]
^d_`lda nilf_o ]g^j hjgk] fk nf~~]l]_` | �l]qolgkhf_o
f_mdam]k mfkiga k]lmdf_o i kf_o k`g_ngln hdf_ `q`dqaf_]
fc go] ~]g`il] gafo_c ]_` | � ` `j] p_ga hjgk] d~ hl]q
olgkh f_o `j] c g_fhi ag`dl fk hl]qkjgh]n i kf_o ~]]nq
~dl�gln ^d_`lda g_n `j] ~dl^] k]_ kdl fk i k]n ~dl n]q
`]^`fd_ d~ ^d_`g^` | 	hd_ ^d_`g^` ^d_`lda fk nlfm]_ eb
~dl^]q`dl�i] ~]]neg^} fk i k]n `d ^d_`lda `j] c g_fhi agq
`dl g_n l]~]l]_^] ^ddlnf_ g`]k gl] ~dl�gln]n `d `j] h ag`q
~dlc ~dl c g�fcic gofaf`b|
�d g^^dccdng`] `j]k] nf~~]l]_` `bh]k d~ ^d_`lda

`j] c g_fhiag`dl ^d_`lda fk fcha]c ]_`]n i kf_o g jbelfn
^d_`lda kb k`]c | �_ `j] ]m]_` d~ mfkfd_ oifn]n c g_fhi q
ag`fd_ `j] c g_fhiag`fd_ kb k`]c fk dlog_f�]n gk kjd�_

Joint 

Control
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Control

Visual

servoing
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f_ poil] s| �j] mfkfd_ e gk]n k]lmdf_o fk j]l] h gl` d~
`j] o]_]lga h ag`~dlc kb k`]c �jfa] `j] jbelfn kb k`]c
g_n � df_ ` ^d_`lda fk ^gllf]n di` eb `j] jfoj]l kh]]n c gq
_fhi ag`fd_ kb k`]c |
�j] jbelfn ^d_`lda kb k`]c fk kh]^fp]n eb `j] ~daad� q

f_o zq`ih a] �

�  �� � � � � � � � � � � � � �

�j]l] �

� fk `j] k]` d~ nfk^l]`] k`g`] kt `bh f^gaab ^dll] khd_nf_o
`d `j] k]` d~ hdkkfe a] `gk} k |

� fk ^d_`f_idi k mglfge a]kt j]l] `j] � df_ ` mglfge a] k |

� `j] f_f`fga k`g`] k]` t f |] |t � � � � � |

� fk g m]^`dl p]an `j g` kh]^fp]k `j] k`g`] n]h]_n]_`
^d_`lda ag� kt f |] | � � � � � � | �d_`f_if`b
g^ldkk k`g`]k fk n]p_]n f_ `]lc k d~ ^dchg`fe faf`b
n]lfm]n ~ldc �ighd_dm kc dd`j_]kk e]`�]]_ ^d_ q
`lda ag� k |

� fk nfk^l]`] ]m]_`k `jg` kh]^fp]k k`g`] `lg_ kf`fd_ kt f |] |
]m]_`k af}] ^d_`g^` t ]`^ |

� gl] oiglnk `jg` c d_f`dl ^jg_o]k f_ `j] ^d_`f_idi k
mglfge a]k | � j]_ g oigln fk g^`fmg`]n g `lg_ kf`fd_
fk o]_]lg`]n |

� `j] `lg_ kf`fd_ c g`lf� � � �� � � � � � t `jg` kh]^q
fp]k `j] l]ag`fd_ e]`�]]_ k`g`]k g_n ]m]_`k |

�j] jbelfn ~dlc gafkc ^g_ ]gkfab e] fcha]c ]_`]n
i kf_o g n]nf^g`]n ag_oigo] `jg` ]_ge a] kh]^fp^g`fd_
g_n f` gakd hldmfn]k g egkfk ~dl gi`dc g`]n m]lfp^gq
`fd_� kb_`j]kfk | � g^j k`g`] f_ `j] kb k`]c fk kh]^fp]n
eb g_ fn]_`fp]lt g k]` d~ nfk^l]`] ]m]_`kt `j] `lg_ kf`fd_
c g`lf� t g_n `j] hglgc ]`]lk ~dl `j] ^d_`f_idi k ^d_`lda
ag� k | �_ ]�gcha] `gk} kh]^fp^g`fd_ ~dl nlg� f_o d_ g
�jf`]qe dgln fk kjd�_ f_ � foil] u | �j] ~iaa `gk} k]` ~dl
fch a]c ]_`g`fd_ d~ g kfch a] nlg� f_o kb k`]c fk kjd�_
f_ poil] v | �j] `gk} ^d_ kfk`k d~ _gmfog`f_o `d `j] e ag^} q
edgln t ghhldg^jf_o `j] kil~g^] �^d_`g^` fk n]`]^`]n eb
~dl^]� | �j] nlg� f_o d_ `j] edgln fk ^gllf]n di` �jfa]
c gf_`gf_f_o g ^d_ k`g_` ^d_`g^` ~dl^] | �j] g^`i ga nlg� q
f_o fk ^dchdk]n d~ k]m]lga af_]k g_n g ^fl^a] |
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�_ c dk` ]_mfld_c ]_`k _gmfog`fd_ ^g_ e] g^jf]m]n
i kf_o kd_gl k g_n agk]l lg_of_o | �j] afc f`]n p]an d~
mf]� d~ `j]k] k]_ kdl k fchaf] k `jg` `j]b gl] i_ kif`ge a]
~dl ^d_`lda d~ c g_fhi ag`fd_ | �ilf_o c g_fhiag`fd_ `j]l]
fk g _]]n ~dl g^^ilg`] f_ ~dlc g`fd_ gedi` `j] de� ]^` `d
e] olgkh]n | �jfk f_ ~dlc g`fd_ ^g_ e] hldmfn]n eb ^dc q
hi`]l mfkfd_ | �fkiga f_mglfg_^] jgk l]^]_`ab ogf_]n
hdhiaglf`b ~dl �ldei k` � n]`]^`fd_ d~ ~]g`il] k g_n hdk]
]k`fc g`fd_ ~dl h ag_gl de� ]^`k | � oddn dm]lmf]� ^g_ e]
~di_n f_ rsx{ | �_ gkk]ceab `gk} k f_mdamf_o de� ]^`k d~
afc f`]n n]h `j `j] f_mglfg_^] `]^j_f�i]k fk g mfge a] gaq
`]l_g`fm] | �j] `]^j_f�i]k jgm] e]]_ ]mgaig`]n ~dl gi q
`dc g`]n gkk]ce ab d~ hi��a]k ~dl `�d b]gl dan ^jfanl]_ |
��gch a] hf]^]k gl] kjd�_ f_ poil] w |
�glgc ]`]lf�f_o `j] ^d_`dil k ~dl ]g^j hf]^] g^^dln q

f_o `d _dlc gaf�]n gl^qa]_o`j hldmfn]k g k^ga] f_mglfg_`
l]hl]k]_`g`fd_ �j]l] e fq`g_o]_`k g_n f_�]^`fd_ hdf_`k
^g_ e] n]`]^`]n | � d`j `bh]k d~ ~]g`il]k gl] hld� ]^`fm]ab
f_mglfg_` g_n ^g_ e] i k]n ~dl l]^do_f`fd_ d~ de� ]^`k g_n
]k`fc g`fd_ d~ hdk] �j]l] nfk`g_^] g_n dlf]_`g`fd_ � | � ]q
`]^`]n ~]g`il]k gl] gakd i k]n ~dl k]lmdf_o `d�glnk `j]
de� ]^` | �j] k]lmdf_o fk ^gllf]n di` f_ fc go] ^ddlnfq
_ g`]k | �j] k]lmdf_o `gk} fk f_ o]_]lga _d_ qaf_]glt ei` f`
^g_ ]gkfab e] ghhld�fc g`]n eb g plk` dln]l ]�hg_ kfd_ 	
f |] |t 


�  � �� �� � ��� � �� �
�j]l] �� fk `j] fc go] �g^defg_ `jg` c gh k lded`�de� ]^`
c d`fd_ f_ �gl`]kfg_ ^ddlnf_g`] k f_ `d ~]g`il] mglfg`fd_
f_ fc go] ^ddlnf_g`] kt �jfa] �� g_n �� gl] `j] l]~]lq
]_^] hdkf`fd_ �f_ `j] fc go]� g_n ^ill]_` hdkf`fd_ t l]q
kh]^`fm]abt g_n



� fk `j] ^d_`lda m]^`dl `d `j] lded` |

�j] �gl`]kfg_ ^d_`lda m]^`dl


� ^g_ e] ^d_m]l`]n f_ `j]

� df_` ^d_`lda i kf_o `j] f_m]lk] }f_]c g`f^ kt f |] |�


�  � �� �� �



�

�j]l] � gl] `j] � df_` ^ddlnf_g`]kt g_n


� fk ^dll]khd_nq

f_o m]ad^f`b ^d_`lda | �j] ^adk]n ~dlc kdai`fd_ d~ ��
~dl g _ice]l d~ nf~~]l]_` ~]g`il]k ^dcef_g`fd_ k jgk
e]]_ n]lfm]n eb � go]l rsy{ |
�j] fc go] �g^de fg_ �� fk k`g`] n]h]_n]_` g_n f_ gnq

nf`fd_ f`k k`li^`il] mglf]k f_ l]khd_ k] `d `j] gmgfage faf`b
d~ ~]g`il]k | �jfk ^g_ e] i k]n `d n]p_] g _ice]l d~
nf~~]l]_` c d`fd_ k`lg`]of] k gk kioo]k`]n f_ rsy{ | �jfk
]_ge a]k n]p_f`fd_ d~ g afelglb d~ c d`fd_ k`lg`]of] k `jg`
^g_ e] ^dcef_]n `d ~g^faf`g`] d_ qaf_] k]a]^`fd_ d~ ^d_ q
`lda c ]`jdn f_ l]khd_ k] `d n]`]^`]n ~]g`il] kt f |] | f_ `j]
]m]_` d~ �`]chdlglb � adkk d~ g ~]g`il] `j] ^d_`lda k`lg`q
]ob ^g_ e] nd�_qolgn]n `d g a]kk dh `fc ga k`lg`]ob| �_
gnnf`fd_ g hgl`f^i agl `gk} ^g_ e] n]^dchdk]n f_ `d g k]`
d~ nf~~]l]_` k`lg`]of] k af}] ghhldg^j t `il_ t gafo_ t ]`^ | `d
~g^faf`g`] c dl] k`li^`il]n n]kfo_ d~ c d`fd_ k`lg`]of] k |
� n]`gfa]n n]k^lfh `fd_ d~ jd� `jfk ^g_ e] g^^dch afkj]n
~dl gkk]ceab d~ `j] hi��a] fk hldmfn]n f_ rx{
�_ l]gafk`f^ k]``f_o k kf_oa] mfkiga ^i]k gl] d~`]_ _d_q

ldei k` t �jf^j l]ki a`k f_ �`]chdlglb� adkk d~ d_] dl
c dl] ~]g`il] k | �_ `]olg`fd_ d~ cia`fh a] ^i]kt ki^j gk
^dadilt `]�`il] t c d`fd_ t ]no]kt ]`^ |t ]_ge a] g kfo_fp^g_`
f_^l]gk] f_ ldei k`_]kk | �_] ghhldg^j fk i k] d~ md`f_o
egk]n `]^j_f�i]k rsz{t `jg` ~g^faf`g`] f_`]olg`fd_ � f`j q
di` n]`gfa]n }_d� a]no] d~ `j] ^i] ]k`fc g`dl k g_n `j]fl
f_ `]ln]h]_n]_^f]k | ��gcha] d~ i k] d~ md`f_o ~dl mfkiga
k]lmdf_o ^g_ e] ~di_n f_ rs�{ |

� � ���[� �����Z� ����Y ���Z[�Z�� !���� ��
����

�_^] g_ de� ]^` j gk e]]_ n]`]^`]n g_n k]lmdf_o jgk
]_ge a]n ^d_`g^` t f` ^g_ e] c g_fhiag`]n | �_ g ndc ]kq
`f^ k]``f_o `bhf^ga `gk} k f_^ain] dh]_f_o d~ nddlk g_n
nlg�]lk | �j]l] gl] j]l] g` a]gk` `�d hdkkfe a] gh q
hldg^j]k � f� c dn]a egk]n g_n ff� gngh `fm] c dn]a ]kq
`fc g`fd_ | �_ g c dn]a egk]n k]``f_o g c dn]a ~dl `j] de q
� ]^` d~ f_ `]lg^`fd_ fk i k]n ~dl ^d_`lda | 	_~dl`i_g`]ab f`
fk nf~p^ia` `d hldmfn] g^^ilg`] c dn]a | �_ `j] k]^d_n gh q
hldg^j g c dn]a fk ]k`fc g`]n d_ ab | �dl `j] ndc ]k`f^ k]`q
`f_o af_]gl g_n ld`g`fd_ga c d`fd_ gl] ^d_ kfn]l]n | �j]
af_]gl c d`fd_ l]�ifl] k fn]_`fp^g`fd_ d~ `j] g�fk d~ c dq
`fd_ t �jfa] `j] ld`g`fd_ga c d`fd_ �~dl nddl k� l]�ifl]k
]k`fc g`fd_ d~ g�fk d~ ld`g`fd_ g_n lgnfi k | �j] _gfm] gh q
hldg^j fk ~dl^] nlfm]_ f_`]lg^`fd_ t �j]l] `j] c d`fd_ fk
nlfm]_ nfl]^`ab f_hi` ~ldc `j] ~dl^]q`dl�i] k]_ kdl| �j]
f_ ~dlc g`fd_ fk lg`j]l _dfkb g_n f` ^g_ d_ ab e] i k]n f_
ad� qeg_n�fn`j ^d_`lda | �_ ga`]l_g`fm] fk `d ]k`fc g`]
c dn]a hglgc ]`]lk g_n i k] f` ~dl c dn]a egk]n ^d_`lda |
�_ `jfk ghhldg^j `j] glc fk c dm]n i_n]l `dl�i] ^d_ q
`lda �ad� qhgkk pa`]l]n `dl�i] ng`g q yw � ��t `jldioj g
k]�i]_^] d~ k`]h k | �_f`fgaab `j] c d`fd_ fk h ag__]n `d e]
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`lg_ kag`fd_ga g_n `j] h]lh]_nf^i agl c d`fd_ �`d ~daad�
`j] gl^� fk n]`]lc f_]n eb g ^dch]_kg`f_o ^d_`ldaa]l
�� q�d_`lda� | � k]` d~ hdf_ `k d_ `j] gl^ gl] i k]n ~dl
l]^il kfm] ]k`fc g`fd_ d~ `j] lgnfi k g_n g�fk d~ ld`g`fd_ |
�ldc egkf^ o]dc ]`lb f` fk �]aa }_d�_ `jg` g ^fl^a] ^g_
e] �lf``]_ gk �

� �  �� � �� �� � �� � �� ��

� fm]_ `jl]] ~l]] hglgc ]`]l k `j] kb k`]c ^g_ e] kdam]n
~ldc `jl]] hdf_ `k d_ `j] ^fl^a] gl^ | �_^] g k]` d~
h df_`k jgm] e]]_ l]^dm]l]n g_ f_f`fga ] k`fc g`] fk gmgfaq
ge a] �jf^j ^g_ e] l]p_]n l]^ilkfm]ab| �j] kf`i g`fd_
fk kjd�_ f_ poil] x | �j] c dn]a e gk]n ]k`fc g`fd_
fk hgl`f^i aglab i k]~i a �j]_ f_f`fga hlfdl f_~dlc g`fd_ fk
gmgfage a] gedi` `j] ghhld�fc g`] kf�] d~ `j] de� ]^`k | �_
`j] ^ill]_` fcha]c ]_`g`fd_ `j] de� ]^`k c g_fhiag`]n gl]
nddlk �j]l] `j] kf�] fk }_d�_ `d e] y�q s�� ^c f_ lgq
nfi k g_n `j] olfhh]l olgkh k `j] nddl eb f`k jg_na] | �dl
`jfk kf`ig`fd_ `j] glc fk c dm]n g` g kh]]n d~ u� cc� k
gad_o `j] `g_o]_` | �j] hdkf`fd_ fk ^dch]_kg`]n g` ux�
� � g_n c ]gkil]c ]_`k ~dl `j] ]k`fc g`fd_ gl] g^�ifl]n
g` s� � � | � ~`]l g_ f_f`fga g^�ifkf`fd_ d~ y� kgch a]k �g
`d`ga c d`fd_ d~ su� cc � `j] l]^ilkfm] ]k`fc g`fd_ d~ `j]
lgnfi k g_n ^]_`]l d~ ld`g`fd_ fk f_ f`fg`]n �i kf_o g ^b^af^
ei~~]l d~ y� kgch a]k� | �j] ghhldg^j gkkic ]k f_f`fgaab
g lgnfi k d~ � g_n gk ng`g h df_`k e]^dc ] gmgfage a] g
a]gk` k�igl] p` fk h]l~dlc ]n `d n]`]lc f_] lgnfi k g_n
g�fk d~ ld`g`fd_ | � `lg^] d~ `j] l]^il kfm] ]k`fc g`fd_ d~
lgnfi k fk kjd�_ f_ poil] y | �j] l]~]l]_^] ]�h]lfc ]_`k
�]l] ^gllf]n di` � f`j g k`f^} ld`g`f_o f_ `j] jdlf�d_ q
`ga h ag_] `d ]_ge a] ]gkb m]lfp^g`fd_ | � kdil^] d~ ]lldl
f_ `jfk ^d_`]�` ^dian e] `j] jdlf�d_`ga gafo_c ]_` | �j]
c ]`jdn jgk hldm]n ]~p^f]_` ~dl gi`dc g`f^ _]od`fg`fd_
d~ de� ]^`k gk ad_o gk `j] egkf^ `bh] d~ c d`fd_ fk }_d�_
�l]mdai`] dl hlfkc g`f^� |

0 1 2 3 4 5 6 7 8 9 10
0

100

200

300

400

500

600

700

800

900

1000

Time (s)

E
st

im
at

ed
 r

ad
iu

s 
(m

m
)


 17+'$ 	 � 8351+ - $-&1, 3&1)% ()' 3 
 > 2, C15$ 5))'

� � �� ���� ��������

�j] kb k`]c di`af_]n gedm] jgk fk fch a]c ]_`]n d_
g � dc gnf^ �]^j_dadof] k �\w��� h ag`~dlc �f`j g
�	�� xy� c di_`]n d_ `dh | �j] �\w��� h ag`~dlc
fk ~i aab jdad_dc f^ � f`j v n]ol]]k d~ ~l]]ndc | �j] c gq
_fhi ag`dl jgk y n]ol]]k d~ ~l]]ndc t ei` `j] k]`ih � f`j
d_] g�fk d~ `j] c g_fhiag`dl g_n h ag`~dlc ^dqf_^fn]_`
fch af]k `jg` `j] ^dcef_]n kb k`]c jgk g `d`ga d~ � n]q
ol]]k d~ ~l]]ndc | �j] kb k`]c jgk g_ ]b]qf_ qjg_n
c di_`]n ^gc ]lg kb k`]c ~dl mfkiga k]lmdf_o t g `d`ga
d~ w� i a`lgqkd_f^ kd_gl k g_n flqlg_of_o c dnia]kt g_n
g ��� agk]l k^g__]l ~dl _gmfog`fd_ | �j] glc fk ~ilq
`j]l ]�ifhh]n � f`j g �\v ~dl^]q`dl�i] k]_ kdl| �d_ q
`lda d~ `j] c g_fhi ag`dl fk ^gllf]n di` eb g l]gaq`fc ]
^dchi`]l li__f_o ��� | �j] ad� a]m]a ^d_`lda addh
li_ k g` u }� � �jfa] ~dl^]qegk]n ^d_`lda fk g^jf]m]n g`
x�� � � | �j] e]jgmfdil egk]n kb k`]c fk fcha]c ]_`]n
d_ `�d k]hglg`] ^dchi`]l k i_n]l � f_i� �f`j `j] ^b q
^a] ~l]�i]_^b d~ s� � � | �j] ^dchi`]lk gl] f_`]l^d_q
_]^`]n i kf_o ���� �� fch a]c ]_`]n d_ `dh d~ g h gflq
� fk] kjgl]n c ]c dlb kb k`]c | �j] h ag`~dlc �f`j `j]
d_ qedgln c g_fhiag`dl fk kjd�_ f_ poil] z |

� � �Z�� ��� ��Y � ��[Z�����

� defa] c g_fhi ag`fd_ fk g_ ]c ]lof_o p]an d~ l]q
k]gl^j | � i^j ]glab l]k]gl^j jgk ~d^i kk]n d_ c g_fh q
iag`fd_ f_ `j] ^d_`]�` d~ �]aaqn]p_]n `gk} k | �dl dh q
]lg`fd_ f_ g l]oiagl jdi k] f` fkt jd�]m]lt nf~p^i a` `d
n]^dchdk] `gk} k f_ `d �]aa n]p_]n kie q`gk} k | � a]�fq
e faf`b ^g_ e] d_ab e] g^jf]m]n `jldioj f_`]olg`fd_ d~
c dl] gnmg_^]n k]_ kdlb kb k`]c k g_n `foj`]l f_`]olg`fd_
d~ c g_fhiag`fd_ g_n c defaf`b| �d_`lda i kf_o g_b kf_ q




 17+'$ 
 � :;$ 0 ), 3512 :$2;%)4)71$- �8@??? C1&; 3 �TO*
�	? , 3%16+43&)' , )+%&$5 )% &)6

oa] c dngaf`b fk af}]ab `d e] _d_qldei k` g_n ~i kfd_ d~
cia`fh a] c dngaf`f] k fk `ji k _]]n]n | �d ~g^faf`g`] �]�fq
e a] fch a]c ]_`g`fd_ d~ c defa] c g_fhi ag`fd_ g ^dj]l]_`
~lgc ]�dl} ~dl kb_`j]kfkt g_gab kfk g_n fch a]c ]_`g`fd_
d~ `gk} k fk _]]n]n | �_] ghhldg^j `d `jfk hlde a]c fk
i k] d~ `j] jbelfn nb_gc f^ kb k`]c k ����� hglgnfoc |
�j] c ]`jdn hldmfn]k g ~lgc ]�dl} ~dl ]�h af^f` g_gab kfk
�jf^j g` `j] kgc ] `fc ] fk �]aa ki f`]n ~dl fcha]c ]_ q
`g`fd_ d~ n]nf^g`]n ^d_`lda ag_oigo]k `jg` gaad� ]gkb
hldolgcc f_o g_n l]^d_poilg`fd_ ~dl nf~~]l]_` `gk} k |
�j] ��� ghhldg^j jgk e]]_ `] k`]n f_ `j] ^d_`]�` d~
`gk} k af}] hi��a] kdamf_o � f`j ki^^]kk | �j] c g� dl e]_ q
]p` fk `j] ]gkb d~ `lg_ k~]l d~ c g`j]c g`f^ c dn]ak f_`d
dh]lg`fd_ga kb k`]c k|
�_d`j]l hlde a]c f_ c defa] c g_fhiag`fd_ fk ldei k`

k]_ kdlb f_ ~dlc g`fd_ ~dl _gmfog`fd_ t de� ]^` n]`]^`fd_
g_n olgkh f_o | � hd�]l c ]`jdn ~dl n]`]^`fd_ g_n olgkh q
f_o fk ^dchi`]l mfkfd_ | �f_oa] mfkiga ^i]k gl] }_d�_
`d e] k]_ kf`fm] `d ^jg_o]k f_ `j] ]_mfld_c ]_` | �jldioj
f_`]olg`fd_ d~ k]m]lga ^i]k g_n ^gl]~i a k]a]^`fd_ d~ f_ q
mglfg_` ~]g`il] k f` fk hdkkfe a] `d hldmfn] l]afge a] ~]gq
`il]k `j g` gaad� f_`]lg^`fd_ f_ g _g`ilga k]``f_o af}] g
jdc ] | �dl o]_]lga dh]lg`fd_ f_ ki^j k]``f_o `j]l] fk
g _]]n ~dl �]�fe a] h]l^]h `fd_ c ]`jdnk `jg` ]_ge a] giq
`dc g`f^ a]gl_ f_o d~ h]l^]h`fd_ k`lg`]of]k ~dl n]`]^`fd_
g_n k]lmdf_o d_ g lf^j mglf]`b d~ nf~~]l]_` de� ]^`k |
�_d`j]l hlde a]c ~dl c g_fhiag`fd_ fk `j] _]]n ~dl

g^^ilg`] ]k`fc g`fd_ d~ `j] hdkf`fd_ d~ `j] h ag`~dlc `jg`
fk ^d_`ldaa]n eb g kad�]l kb k`]c | � ^d_ k]�i]_^] d~
`j] kad�]l ^d_`lda lg`] ~dl `j] h ag`~dlc fk `jg` hdkfq
`fd_ ~]]neg^} l]oglnf_o `j] h ag`~dlc fk i_gmgfage a] `d
`j] ^d_`lda d~ `j] c g_fhi ag`dl| �d ]_ge a] i k] d~ hdkfq

`fd_ ~]]neg^} g k`g`] n]h]_n]_` ]k`fc g`fd_ ~lgc ]�dl}
fk _]]n]n |
� l]^illf_o hlde a]c ~dl c defa] c g_fhiag`fd_ fk

gngh`fm] jg_naf_o d~ mglfge a] k`li^`il] kb k`]c k| � j]_
g c defa] c g_fhi ag`dl f_ `]lg^`k � f`j k`g`f^ k`li^`il]k
af}] nddlk `j] ^d_`lda k`li^`il] d~ `j] dm]lgaa kb k`]c
^jg_o]k ni] `d fchdk]n _d_qjdad_dc f^ ^d_ k`lgf_`k |
�jfk l]�ifl]k ^d_`lda c ]`jdnk `j g` ]gkfab ^g_ k� f`^j
e]`�]]_ nf~~]l]_` ^d_`lda ag� k �jfa] ]_ kilf_o k`gefaq
f`b|

� ��� ����	
� �� �

�jfk l]k]gl^j jgk e]]_ khd_ kdl]n eb `j] ��]nfkj
�di_ng`fd_ ~dl �`lg`]of^ \]k]gl^j `jldioj fk �]_`l]
~dl �i`d_dc di k �b k`]c k | �j] �dl} jgk e]_]p`]n
kfo_fp^g_`ab ~ldc nfk^i kkfd_ � f`j �ld~ | �g_q� ad~ �} q
ai_nj t � k | � g_f^g  lgof^ t � l| � go_i k �_n]lkkd_ g_n
� l| � go_i k �o]l k`]n` |

� ������[��
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