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C\WTe FWb`Xgel \f T WXTW eXV^ba\aZ gXV[a\dhX \a j[\V[

fXdhXaVXf bY C\WTe eTaZX fVTaf TeX eXZ\fgXeXW ba gbc bY XTV[

bg[Xe gb Xfg\`TgX iX[\V_X `biX`Xag* @a VbageTfg j\g[ fXaf\aZ

`bWT_\g\Xf _\^X >EJJ TaW @EJ( g[X TVVheTVl bY T C\WTe fVTa

`TgV[ %TaW g[hf g[X eXfh_g\aZ bWb`Xgel Xfg\`TgX& \f T fgebaZ

YhaVg\ba bY Ubg[ fXafbe dhT_\gl TaW g[X ZXb`Xge\V cebcXeg\Xf

bY g[X C\WTe$f \``XW\TgX fheebhaW\aZf* @a g[\f cTcXe jX

cebcbfX T aXj TccebTV[ gb `\g\ZTgX f[TWbjf( j[\V[ bVVhe

j[Xa eXZ\baf bY g[X fheebhaW\aZf TeX bVV_hWXW %f[TWbjXW&

Ul T V_bfXe bU]XVg* K[X XWZXf bY g[X f[TWbjXW eXZ\baf

`biX j[Xa g[X C\WTe `biXf* Dbi\aZ f[TWbjf i\b_TgX g[X

Tffh`cg\ba g[Tg g[X fheebhaW\aZf TeX fgTg\V TaW( g[XeXUl(

VThfX flfgX`Tg\V U\TfXf \a g[X fVTa)`TgV[\aZ cebVXff*

9ebTW_l fcXT^\aZ( Xk\fg\aZ fVTa)`TgV[\aZ `Xg[bWf YT__

\agb baX bY g[eXX VTgXZbe\Xf6 XaW)gb)XaW `TV[\aX)_XTea\aZ

%DC& `Xg[bWf g[Tg W\eXVg_l eX_TgX gjb cb\ag V_bhWf( YXTgheX)

UTfXW `Xg[bWf g[Tg V_Tff\Yl Zebhcf bY cb\agf Tf ZXb`Xge\V

fgehVgheXf eXVbZa\mTU_X TVebff cb\ag V_bhWf( TaW ibkX_)UTfXW

`Xg[bWf g[Tg V_hfgXe cb\agf i\T T Ze\W gb XaTU_X T_\Za`Xag

UXgjXXa V_bhWf* @a VbaVXcg( bhe f[TWbj eX`biT_ `Xg[bW

DTgg[Xj DV;Xe`bgg \f T fghWXag \a g[X DXV[Ta\VT_ <aZ\aXXe\aZ G[*;*
cebZeT` Tg KhYgf La\iXef\gl \a DXWYbeW( D8* ?X jbe^f \a g[X 8hgb`TgXW
JlfgX`f TaW IbUbg\Vf CTUbeTgbel %8J8I& j\g[ ;e* ATfba I\YX* ?X eXVX\iXW
[\f 9*J* TaW D*J* WXZeXXf \a DXV[Ta\VT_ <aZ\aXXe\aZ Tg KhYgf La\iXef\gl(
matthew.mcdermott@tufts.edu
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VTa UX Tcc_\XW Tf T ceX)cebVXff\aZ fgXc Ybe Tal bY g[XfX

`Xg[bWb_bZ\Xf* 8f fhV[( \g \f \afgehVg\iX gb cebi\WX T Ue\XY

biXei\Xj bY XTV[ VTgXZbel*

<aW)gb)XaW DC `Xg[bWf Xfg\`TgX geTafYbe`Tg\baf W\eXVg_l

Yeb` T cT\e bY eTj cb\ag V_bhWf( X\g[Xe g[ebhZ[ W\eXVg

Xfg\`Tg\ba R-S be Ul ceb]XVg\aZ g[X /; cb\ag V_bhW gb T

.; spin image TaW XkgeTVg\aZ VbagXkghT_ \aYbe`Tg\ba Yeb`

g[X fVXaX R.S* DC `Xg[bWf TeX TWiTagTZXbhf \a g[Tg g[Xl

[TiX g[X cbgXag\T_ gb TV[\XiX [\Z[ TVVheTVl UXVThfX g[Xl VTa

VTcgheX fhUg_X XYYXVgf \a eXT_)jbe_W WTgT abg XTf\_l VTcgheXW

Ul f\`c_X ZXb`Xge\V `bWX_f* ?bjXiXe( DC)UTfXW `Xg[bWf

TeX cbgXag\T__l _\`\gXW UXVThfX bY g[X\e haceXW\VgTU_X cTggXeaf

bY Xeebe R/S TaW UXVThfX bY cXef\fgXag V[T__XaZXf \a eXZ\fgXe\aZ

cb\ag V_bhWf g[Tg TeX ba_l cTeg\T__l biXe_Tcc\aZ R0S* 8cc_l\aZ

f[TWbj)eX`biT_ Tf T ceXcebVXff\aZ fgXc `Tl [X_c eXWhVX g[X

Vb`c_Xk\gl bY g[X DC)UTfXW `bWX_ eXdh\eXW gb Vb`chgX g[X

geTafYbe`Tg\ba UXgjXXa gjb fVTaf*

=XTgheX)UTfXW fVTa)`TgV[\aZ `Xg[bWf \WXag\Yl fgehVgheXf

\a g[X cb\ag V_bhW TaW `TgV[ g[bfX fgehVgheXf UXgjXXa fVTaf*

K[X f\`c_Xfg fhV[ TccebTV[( WhUUXW Iterative Closest Point

%@:G&( f\`c_l `TgV[Xf XTV[ \aW\i\WhT_ cb\ag UXgjXXa gjb

fVTaf R1S* <Te_l @:G T_Zbe\g[`f TeX dh\gX Vb`chgTg\baT__l

\agXaf\iX UXVThfX bY g[X _TeZX ah`UXe bY cbff\U_X VbeeXfcba)

WXaVXf( fb @:G iTe\Tagf [TiX UXXa WXiX_bcXW g[Tg TVVX_XeTgX

cebVXff\aZ Ul _\`\g\aZ VbeeXfcbaWXaVX gb T _bVT_ aX\Z[Ube)

[bbW R2S( Ul Wbja)fT`c_\aZ g[X ah`UXe bY cb\agf hfXW \a

XTV[ fVTa R3( 4S( be Ul \`cebi\aZ \a\g\T_\mTg\ba R5( -,S* Fg[Xe

YXTgheX)UTfXW `Xg[bWf \WXag\Yl TaW VbeeXfcbaW XWZXf R--(

-.S( c_TaXf R-/S( be eXZ\baf bY f\`\_Te C\WTe eX!XVg\i\gl R-0S

UXgjXXa fVTaf* D\kXW `Xg[bWf T_fb Xk\fg g[Tg XkgeTVg g[Xa

`TgV[ YXTgheXf hf\aZ Ta DC)UTfXW TccebTV[( fhV[ Tf T WXXc

aXheT_)aXgjbe^ R-1S* J[TWbj eX`biT_ [Tf g[X cbgXag\T_ gb T\W

YXTgheX)UTfXW `Xg[bWf Ul Xafhe\aZ g[Tg f[TWbj XWZXf TeX abg

_TUX_XW Tf iT_\W YXTgheXf*

MbkX_)UTfXW `Xg[bWf fhUW\i\WX g[X fVXaX \agb T Ze\W bY

TW]TVXag ib_h`X X_X`Xagf %T^T( voxels&* K[X W\fge\Uhg\ba

bY cb\agf j\g[\a XTV[ ibkX_ \f V[TeTVgXe\mXW( TaW fVTaf

TeX T_\ZaXW gb `Tk\`\mX g[X f\`\_Te\gl bY g[X W\fge\Uhg\baf

j\g[\a XTV[ ibkX_* K[X UXfg ^abja ibkX_)UTfXW `Xg[bW \f

g[X Normal Distributions Transform %E;K&( j[\V[ WXfVe\UXf

g[X W\fge\Uhg\ba bY cb\agf \a XTV[ ibkX_ hf\aZ T >Thff\Ta

WXaf\gl YhaVg\ba R-2S* La_\^X YXTgheX)UTfXW `Xg[bWf( E;K

WbXf abg TfVe\UX Tal fcXV\ V f[TcX gb V[TeTVgXe\mX fheYTVXf(

T cebcXegl j[\V[ `T^Xf \g `beX ebUhfg gb cebVXff\aZ fVXaXf

j\g[ TeU\geTel gXeeT\a R-3S* E;K \f T_fb ^abja Ybe UX\aZ

Vb`chgTg\baT__l XY V\Xag R-3S* 8abg[Xe eXVXag_l \agebWhVXW
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ibkX_)UTfXW TccebTV[ \f g[X Iterative Closest Ellipsoidal

Transformation %@:<K&( T `Xg[bW abgTU_X Ybe TaT_lg\VT__l

ceXW\Vg\aZ fb_hg\ba TVVheTVl Tf T YhaVg\ba bY fVXaX ZXb`Xgel

R-4( -5S* @:<K T_fb \aV_hWXf T VTcTU\_\gl gb eXVbZa\mX TaW

XkV_hWX cb\ag Zebhc\aZf Vb`ceb`\fXW Ul Aperture Ambi-

guity R.,S* J[TWbj eX`biT_ VTa UXaX g ibkX_)UTfXW fVTa

`TgV[\aZ Ul `\g\ZTg\aZ flfgX`Tg\V Xeebef g[Tg Vbeehcg ibkX_

cb\ag W\fge\Uhg\baf* 8f jX j\__ f[bj( f[TWbj `\g\ZTg\ba

VTa T_fb eXYbe`h_TgX g[X ibkX_ Ze\W Ybe `beX XY V\Xag TaW

TVVheTgX Vb`chgTg\baf*

K[X ^Xl Vbage\Uhg\baf bY g[\f cTcXe TeX gb \agebWhVX T

abiX_ f[TWbj)eX`biT_ `Xg[bW( j[\V[ TVgf Tf T ceXcebVXff\aZ

fgXc UXYbeX _\WTe fVTa)`TgV[\aZ( TaW gb V[TeTVgXe\mX g[X

UXaX gf bY g[X f[TWbj)eX`biT_ `Xg[bW i\T f\`h_Tg\ba* @a

bhe cXeYbe`TaVX XiT_hTg\ba( jX YbVhf ba ibkX_)UTfXW fVTa

`TgV[\aZ( TaW \a cTeg\Vh_Te ba @:<K* 9XVThfX @:<K ceXW\Vgf

g[X Xeebe VbiTe\TaVX bY g[X bhgchg fgTgXf( \g \f cbff\U_X gb

WX`bafgeTgX V_XTe_l g[Tg f[TWbj `\g\ZTg\ba \f XYYXVg\iX \Y

f\`h_Tg\baf f[bj g[X ceXW\VgXW TVVheTVl `TgV[Xf g[X gehX

TVVheTVl TYgXe f[TWbj `\g\ZTg\ba \f Tcc_\XW %Uhg abg UXYbeX&*

@a g[X Yb__bj\aZ fXVg\baf( jX j\__ Xkc_T\a g[X f[TWbj\aZ

Xeebe `XV[Ta\f`( WXgT\_ bhe f[TWbj)eX`biT_ TccebTV[( TaW

XiT_hTgX \gf cXeYbe`TaVX hf\aZ [\Z[) WX_\gl f\`h_Tg\baf*

@@* I8E>< J?8;FN@E> <==<:K

Kb [X_c Xkc_T\a g[X \`cTVg bY eTaZX f[TWbj\aZ ba ibkX_)

UTfXW fVTa `TgV[\aZ( g[\f fXVg\ba cebi\WXf Ta \__hfgeTg\iX

ZXb`Xge\V `bWX_* :baf\WXe g[X fVXaTe\b f[bja \a =\Z* -*

K[X C\WTe `biXf j\g[ T iX[\V_X g[ebhZ[ T W\fgTaVX Yeb`

baX cbf\g\ba gb Tabg[Xe %Yeb` g[X Vebff _TUX_XW - gb g[X

Vebff _TUX_XW .&* K[X C\WTe UXT` \agXefXVgf T Vb_h`a %f[bja

Tf T V\eVh_Te Vebff)fXVg\ba \a g[X  ZheX& Tg T W\fgTaVX $!

Yeb` g[X C\WTe* K[X Vb_h`a VTfgf T f[TWbj( j[\V[ XkgXaWf

g[ebhZ[ `Tal ibkX_f \aV_hW\aZ T ibkX_ bY \agXeXfg %WTf[XW

eXVgTaZ_X&* K[X ibkX_ \f T W\fgTaVX bY Tccebk\`TgX_l $# Yeb`

g[X Vb_h`a*

8f g[X C\WTe `biXf( g[X XWZX bY g[X f[TWbj f[\Ygf Ul

T W\fgTaVX " %j[\V[ jX `XTfheX cTeT__X_ gb &* K[X C\WTe

UXT` TaW f[TWbj XWZX TeX gTaZXag gb g[X Vb_h`a Tg T cb\ag

g[Tg `biXf _\gg_X \a eXfcbafX gb C\WTe `biX`Xag( Tffh`\aZ

g[X eTW\hf bY g[X Vb_h`a \f f`T__ Vb`cTeXW gb $!* =be g[\f

eXTfbaTU_X VTfX( jX VTa hfX f\`\_Te ge\TaZ_Xf gb Z\iX6

" *
$/

$+

%-&

8f g[X C\WTe `biXf %gbjTeW g[X gbc bY g[X cTZX&( g[X

XWZX bY g[X f[TWbj j\g[\a g[X ibkX_ `biXf \a g[X bccbf\gX

W\eXVg\ba( gbjTeW g[X Ubggb` bY g[X  ZheX* K[\f WXVeXTfXf g[X

f\mX bY g[X f[TWbjXW eXZ\ba TaW \aVeXTfXf g[X j\Wg[ bY g[X

cb\ag V_bhW \a g[X ibkX_* 8_Zbe\g[`f _\^X E;K TaW @:<K

geTV^ g[X `XTa _bVTg\ba bY cb\agf j\g[\a g[X ibkX_( fb Tf

g[X f[TWbj eXVXWXf( g[X `XTa f[\Ygf Wbja Ul & !8&* Lf\aZ T
baX)W\`Xaf\baT_( ha\Ybe`)WXaf\gl Tccebk\`Tg\ba Ybe g[X  efg

`b`Xag( g[X V[TaZX \a g[X `XTa \f6

& !8& *
%

&
" %.&

=\Z* -6 JV[X`Tg\V bY f[TWbjf VeXTgXW Ul T `bi\aZ C\WTe

%MX[\V_X ZeTc[\V VeXW\g6 J[TcXEXg R.-S&

:b`U\a\aZ %-& TaW %.& Z\iXf6

& !8& *
$/

$+ &
%/&

8VVbeW\aZ gb g[\f XdhTg\ba( g[X cb\ag V_bhW [Tf Ta TccTeXag

f[\Yg & !8& XdhT_ gb [T_Y ( fVT_XW Ul T W\fgTaVX eTg\b* K[X

W\fgTaVX)eTg\b \f $/+$+ " +$)!#( j[\V[ \f mXeb ]hfg UX[\aW

g[X Vb_h`a TaW \aVeXTf\aZ_l _TeZX YTeg[Xe UX[\aW \g* %NX

Tffh`X g[X C\WTe `bg\ba \f f`T__ XabhZ[ g[Tg g[X f[TWbj

XWZX T_jTlf VebffXf g[ebhZ[ g[X ibkX_*&

=eb` bhe TaT_lf\f bY =\Z* -( jX VbaV_hWX \`cbegTag_l g[Tg

g[X f[TWbj %\& \`cTVgf `Tal ibkX_f \a j[\V[ \g %\\& T`c_\ Xf

TccTeXag iX[\V_X `bg\ba* K[X T`c_\ VTg\ba bY iX[\V_X `bg\ba

bVVhef UXVThfX( Yeb` g[X cb\ag bY i\Xj bY g[X `bi\aZ C\WTe(

g[X Vb_h`a TccXTef gb f[\Yg WbjajTeW %ba g[X cTZX& j[\_X

g[X f[TWbj TccXTef gb f[\Yg XiXa YTeg[Xe WbjajTeW* J\aVX

g[X f[TWbj XWZX Vhgf g[ebhZ[ `Tal ibkX_f( T flfgX`Tg\V U\Tf

\f \agebWhVXW \agb g[X cXeVX\iXW `bg\ba \aYXeeXW Yeb` T__ bY

g[bfX ibkX_f* K[\f flfgX`Tg\V U\Tf TYYXVgf T__ ibkX_f T_baZ g[X

XWZX bY g[X f[TWbj( TaW TVVbeW\aZ gb %/&( g[X U\Tf \aVeXTfXf

`bi\aZ cebZeXff\iX_l YTeg[Xe TjTl Yeb` g[X Vb_h`a*

@a g[X _\gXeTgheX( jX bUfXeiX gjb `XV[Ta\f`f g[Tg [TiX

UXXa cebcbfXW Ybe `\g\ZTg\aZ g[X XYYXVgf bY f[TWbj\aZ* K[X

 efg TccebTV[ \f gb eX`biX T__ ibkX_f ba be aXTe g[X ZebhaW

c_TaX R-.( ..S* K[\f TccebTV[ \f T j\WX_l)hfXW [Xhe\fg\V( Uhg

\g Vb`Xf j\g[ T Vbfg* IX`bi\aZ g[X ZebhaW c_TaX f\Za VTag_l

eXWhVXf g[X TU\_\gl bY C\WTe gb Xfg\`TgX c\gV[( eb__( TaW iXeg\VT_

geTaf_Tg\ba* DbeXbiXe( g[X [Xhe\fg\V Tffh`Xf g[Tg f[TWbjf _\X

ceXWb`\aTag_l ba T !Tg c_TaX %X*Z* g[X ebTW&( Ta Tffh`cg\ba

g[Tg `Tl abg UX iT_\W \a fb`X heUTa TeXTf %j[Xa C\WTe

f[TWbjf TeX VTfg ba jT__f& be \a bYYebTW gXeeT\a*

K[X fXVbaW TccebTV[ _bb^f Ybe ]h`cf \a T -; eTaZ\aZ

f\ZaT_ R./S* K[XfX ]h`cf VbeeXfcbaW gb TW]TVXag _\WTe `XT)

fheX`Xagf g[Tg eX!XVg Yeb` W\YYXeXag fheYTVXf %X*Z* g[X Vb_h`a

be g[X ZebhaW UX[\aW \g& TaW T\W \a WXgXVg\aZ g[X XWZX bY

T f[TWbj* 9XVThfX g[XfX `Xg[bWf ba_l Tcc_l gb -; _\aX

fVTaf( bhe aXj TccebTV[( \agebWhVXW \a g[X Yb__bj\aZ fXVg\ba(

TWTcgf g[X ]h`c)WXgXVg\ba VbaVXcg gb Tcc_l gb .; fVTaf %X*Z*(

fT`c_XW biXe Ubg[ Tm\`hg[ TaW X_XiTg\ba&*



@@@* MFO<C)98J<; ALDG ;<K<:K@FE

@a g[\f fXVg\ba( jX Tcc_l T fc[Xe\VT_)Ze\WW\aZ TccebTV[

\a T abiX_ jTl( gb `\g\ZTgX C\WTe f[TWbjf* Fhe TccebTV[

bcXeTgXf UXYbeX XTV[ fVTa `TgV[( XkV_hW\aZ cebU_X`Tg\V

cb\agf Yeb` g[X ce\`Tel fVTa TaW g[X fXVbaWTel fVTa( j[\V[

\f geTafYbe`XW gb T_\Za j\g[ g[X ce\`Tel*

A. Primary Scan

@g \f fgeT\Z[gYbejTeW gb VbaiXeg T cb\agf Yeb` T :TegXf\Ta

iXVgbe ! gb T fc[Xe\VT_ Ybe` j\g[ eTW\hf 7( Tm\`hg[ ( TaW

X_XiTg\ba !* K[Xl TeX eX_TgXW Ul6

! *

"

$
7 -01" # -01"!#
7 1./" # -01"!#

7 1./"!#

#

% %0&

@Y g[X C\WTe ha\g \f `bWX_XW Tf T cb\ag( g[X fc[Xe\VT_

WXfVe\cg\ba \f hfXYh_ UXVThfX XTV[ UXT` X`TaTgXf eTW\T__l

bhgjTeW T_baZ T cTeg\Vh_Te Tm\`hg[ TaW X_XiTg\ba !* @a T

fc[Xe\VT_ Ze\W( C\WTe UXT`f Wb abg Vebff Ze\W UbhaWTe\Xf( fb

\g \f XTfl gb eXVbZa\mX g[X aXTeXfg eTW\T_ bU]XVg TaW XkV_hWX

Tal bU]XVgf UX[\aW \g( j[\V[ TeX _\^X_l gb UX f[TWbjXW* 9l

XkgXaf\ba( \g \f abg aXVXffTel gb Yh__l cbch_TgX g[X fc[Xe\VT_

Ze\W j\g[ ibkX_f \a g[X eTW\T_ W\eXVg\ba( f\aVX jX aXXW ba_l

Vbaf\WXe g[X ibkX_%f& TffbV\TgXW j\g[ g[X aXTeXfg bU]XVg* @a

YTVg( \g \f VbaiXa\Xag gb WX aX ba_l baX eTW\T_ ibkX_ Ybe XTV[

Tm\`hg[ TaW X_XiTg\ba W\eXVg\ba( j[XeX g[X eTW\T_ _\`\gf TeX

TWTcgXW gb  g g[X aXTeXfg bU]XVg* K[\f VbaVXcg Ybe T ibkX_

j\g[ TWTcg\iX eTW\T_ UbhaWTe\Xf \f \__hfgeTgXW \a =\Z* .7 Ta

T_Zbe\g[` Ybe bUgT\a\aZ g[X TWTcg\iX UbhaWTe\Xf \f WXfVe\UXW

UX_bj TaW fh``Te\mXW Tf 8_Zbe\g[` -*

@a VbafgehVg\aZ bhe ibkX_ Ze\W( jX fgTeg j\g[ T fXg bY

jXWZX)f[TcXW ibkX_f %ab eTW\T_ _\`\gf& \aWXkXW Ul _bjXe

Tm\`hg[ TaW X_XiTg\ba _\`\gf ( TaW !) ( eXfcXVg\iX_l* @Y g[X

C\WTe cb\agf \a fVTa - TeX \aWXkXW 5 " -( g[Xa XTV[ cb\ag

\f V[TeTVgXe\mXW Ul g[X VbbeW\aTgXf *!7) *! ( TaW *!!* =be
ibkX_ "3) 4#( WX aX g[X fXg bY eTW\T_ VbbeW\aTgXf gb UX 1( ) 6
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Fhe TccebTV[ gb fXZ`Xag\aZ g[X aXTeXfg bU]XVg \f gb TWW

Ta bhgXe eTW\T_ _\`\g !7( ) \Y T eTW\T_ ]h`c UXgjXXa fVTa cb\agf

\f WXgXVgXW* K[\f ZXaXeT_\mXf g[X -; ]h`c)WXgXVg\ba `Xg[bWf

bY R./S gb T fc[Xe\VT_ Ze\W* 8a \aaXe eTW\T_ UbhaW e( ) \f T_fb

=\Z* .6 MbkX_ UbhaWTe\Xf

\agebWhVXW( gb fVeXXa bhg _bj)WXaf\gl fgeTl cb\agf g[Tg `Tl

TccXTe aXTe g[X C\WTe ha\g* EbgX g[Tg g[X T_Zbe\g[` WXcXaWf

ba gjb cTeT`XgXef( g[X ]h`c)W\fgTaVX g[eXf[b_W 0 TaW g[X

`\a\`h` ah`UXe bY cb\agf / g[Tg WX aX T iT_\W bU]XVg*

B. Secondary Scan

JVTa `TgV[\aZ `Xg[bWf Vb`chgX T e\Z\W geTafYbe`Tg\ba

g[Tg T_\Zaf %be registers& T fXVbaWTel fVTa gb g[X ce\`Tel*

@a ZXaXeT_( g[X f[TWbj)`\g\ZTg\ba cebVXff bY 8_Zbe\g[` - \f

\agXaWXW Tf T ceXcebVXff\aZ fgXc Ybe Ubg[ fVTaf* @a ibkX_)

UTfXW `Xg[bWf( [bjXiXe( g[X UXaX gf bY f[TWbj)`TgV[\aZ

VTa UX TggT\aXW Ul Tcc_l\aZ g[X T_Zbe\g[` ba_l gb g[X ce\`Tel

fVTa* J\aVX T Vb``ba ibkX_ Ze\W \f hfXW Ybe Ubg[ fVTaf( f\aVX

cb\agf Ybe X\g[Xe fVTa TeX ba_l TaT_lmXW \Y g[Xl YT__ \agb T

ibkX_f( TaW f\aVX g[X ibkX_f XkV_hWX f[TWbjXW eXZ\baf bY

g[X fVXaX( g[Xa g[X f[TWbj)`\g\ZTg\ba UXaX gf XfgTU_\f[XW

Ybe g[X  efg fVTa geTafYXe gb g[X fXVbaW g[ebhZ[ g[X\e f[TeXW

ibkX_\mTg\ba* K[\f f\`c_\ VTg\ba Z\iXf T f_\Z[g XY V\XaVl

UXaX g j\g[ ab TccTeXag \`cTVg ba TVVheTVl( fb jX TWbcg

\g Ybe bhe f\`h_Tg\baf WXfVe\UXW UX_bj*

C. Iterative Scan Matching

FaVX f[TWbj `\g\ZTg\ba [Tf UXXa Tcc_\XW( g[X e\Z\W geTaf)

Ybe`Tg\ba eX_Tg\aZ g[X fVTaf VTa UX Xfg\`TgXW hf\aZ Xk\fg\aZ

fVTa `TgV[\aZ gXV[a\dhXf* =be Vb`cTg\U\_\gl j\g[ Xk\fg\aZ

T_Zbe\g[`f( jX YeT`X g[X e\Z\W geTafYbe`Tg\ba \a :TegXf\Ta

VbbeW\aTgXf( \a gXe`f bY T ebgTg\ba `Tge\k TaW T :TegXf\Ta

geTaf_Tg\ba g[ebhZ[ g[X fVT_Tef $8) 9) :%* =be XTV[ cb\ag 5
\a g[X fXVbaWTel fVTa( g[X ebgTg\ba TaW geTaf_Tg\ba VTa UX

Tcc_\XW gb `Tc g[X fXVbaW)fVTa _bVTg\ba *!A gb \gf Xdh\iT_Xag

_bVTg\ba *!B \a ce\`Tel)fVTa VbbeW\aTgXf6
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=be ibkX_)UTfXW fVTa)`TgV[\aZ `Xg[bWf _\^X E;K TaW

@:<K( 8_Zbe\g[` - Ubg[ X_\`\aTgXf f[TWbjXW eXZ\baf bY

g[X fVXaX TaW WX aXf T hfXYh_ ibkX_ Ze\W* 8al cb\agf Yeb`

g[X ce\`Tel be fXVbaWTel fVTa j[bfX _bVTg\baf *!B YT__

bhgf\WX g[X WX aXW ibkX_f TeX XkV_hWXW Yeb` TaT_lf\f* Gb\ag

W\fge\Uhg\baf TeX g[Xa Vb`cTeXW Ybe XTV[ ibkX_ g[Tg VbagT\af

T fhY V\Xag ah`UXe bY cb\agf Yeb` Ubg[ fVTaf( \a beWXe gb

Vb`chgX g[X ebgTg\ba `Tge\k / TaW g[X geTaf_Tg\ba $8) 9) :%*

@M* @CCLJKI8K@M< <O8DGC<

@a beWXe gb UXggXe haWXefgTaW g[X cebcbfXW f[TWbj)

`\g\ZTg\ba T_Zbe\g[`( \g \f [X_cYh_ gb Xkc_beX Ta XkT`c_X

\a WXgT\_* :baf\WXe g[X f\`h_TgXW fVXaX f[bja \a =\Z* /(

j[XeX T iX[\V_X hf\aZ C\WTe Ybe aTi\ZTg\ba %g[X ego-vehicle&

cTffXf T fXe\Xf bY ebhaW Vb_h`af g[Tg bVV_hWX cbeg\baf bY

g[X ZebhaW c_TaX TaW jT__* K[X  ZheX f[bjf Ybhe i\Xjf

bY g[X fT`X fVXaX* 8 i\fhT_ eXaWXe\aZ bY g[X iX[\V_X TaW

fVXaX TeX f[bja \a =\Z* /T* J\`h_TgXW C\WTe fVTa cb\agf

bUfXeiXW Tf g[X iX[\V_X cTffXf g[X _Tfg gjb Vb_h`af TeX

f[bja \a =\Z* /U7 g[X fT`X \`TZX T_fb f[bjf Ybhe jXWZX)

f[TcXW U\af %\a fX_XVgXW W\eXVg\baf&* K[X ibkX_f ZXaXeTgXW

Ul 8_Zbe\g[` - TeX f[bja \a =\Z* /V7 g[X fT`X \`TZX T_fb

f[bjf g[X VbiTe\TaVX X__\cfb\Wf WXfVe\U\aZ g[X W\fge\Uhg\ba bY

cb\agf \a g[bfX ibkX_f* @a `bi\aZ Yeb` =\Z* /U gb =\Z* /V( \g

\f V_XTe g[Tg 8_Zbe\g[` - cehaXf ibkX_f \a fb`X W\eXVg\baf*

@a beWXe gb haWXefgTaW g[X ceha\aZ cebVXff %TaW g[X cebVXff

bY WXgXe`\a\aZ g[X \aaXe TaW bhgXe eTW\T_ UbhaWf Ybe XTV[

ibkX_&( =\Z* /W i\fhT_\mXf g[X cb\ag W\fge\Uhg\baf \a g[X Ybhe

jXWZXf \WXag\ XW \a =\Z* /U*

K[X Ybhe jXWZXf jXeX fX_XVgXW gb [\Z[_\Z[g W\YYXeXag Tf)

cXVgf bY [bj 8_Zbe\g[` - YhaVg\baf* K[X jXWZXf TeX _TUX_XW

case a g[ebhZ[ case d* @a case a( `Te^XW j\g[ chec_X( g[X

cb\agf _\X ba cTeT__X_ fVTa _\aXf Vebff\aZ g[X ZebhaW c_TaX*

9XVThfX g[Xl TeX fXcTeTgXW Ul XdhT_ \agXeiT_f \a X_XiTg\ba

TaZ_X( fVTa _\aXf TeX fXcTeTgXW Ul Ta \aVeXTf\aZ W\fgTaVX

T_baZ g[X ZebhaW `bi\aZ gbjTeW g[X [be\mba* K[X fVTa _\aXf

TeX aXiXe V_bfX XabhZ[ gb TVVh`h_TgX / cb\agf j\g[bhg

T eTW\T_ W\fgTaVX ]h`c _TeZXe g[Ta g[X g[eXf[b_W 0 * 8f T

VbafXdhXaVX( T__ bY g[X cb\agf \a g[X jXWZX TeX XkV_hWXW(

fb ab TffbV\TgXW ibkX_ TccXTef \a =\Z* /V* @a case b( `Te^XW

j\g[ lX__bj( T iXel f`T__ V_hfgXe bY cb\agf bVVhef Tg T f[beg

W\fgTaVX %TUbhg -. `& TaW T `hV[ _TeZXe V_hfgXe bY cb\agf

UXZ\af Tg T YTeg[Xe W\fgTaVX %TUbhg .1 `&* K[X aXTeXe cb\agf

TeX g[X XWZX bY T Vb_h`a7 g[X YTeg[Xe cb\agf TeX eXgheaf Yeb`

Ta bU_\dhX fXVg\ba bY g[X jT__* K[XeX TeX gbb YXj cb\agf

\a g[X aXTe V_hfgXe %_Xff g[Ta / &( fb g[X \aaXe TaW bhgXe

eTW\T_ UbhaWf TeX WXgXe`\aXW UTfXW ba g[X YTeg[Xe V_hfgXe(

j\g[ UbhaWf \aW\VTgXW Ul g[X U_TV^ Ubk f[bja Ybe case b

\a =\Z* /U* K[X fT`X lX__bj)VbWXW ibkX_ TccXTef \a /; \a

=\Z* /V* 9l VbageTfg( case c( `Te^XW j\g[ ZeXXa( VTcgheXf g[X

bg[Xe XWZX bY g[X fT`X Vb_h`a( Uhg j\g[ `beX g[Ta / cb\agf

\a g[X aXTeXe V_hfgXe* 8f T VbafXdhXaVX( g[X eTW\T_ UbhaWf bY

g[X ibkX_ UeTV^Xg g[X Vb_h`a TaW XkV_hWX g[X jT__ UX[\aW(

Tf f[bja Ul g[X U_TV^ Ubk Ybe case c \a =\Z* /U TaW Ul

g[X ZeXXa)VbWXW ibkX_ \a =\Z* /V* =\aT__l( case d( `Te^XW

Ul U_hX( VTcgheXf T fXVg\ba bY g[X ZebhaW c_TaX aXTe gb g[X

XZb iX[\V_X* 8__ bY g[X U_hX cb\agf \a g[X jXWZX f[bja \a

=\Z* /U TaW \a =\Z* /U TeX V_bfX gbZXg[Xe( TaW fb ab cb\agf

TeX XkV_hWXW Yeb` g[X ibkX_* K[X \aaXe eTW\T_ UbhaW e TaW

bhgXe UbhaW !7 VTcgheX T__ cb\agf \a g[X jXWZX( Tf f[bja Ul

g[X U_TV^ Ubk Ybe case d \a =\Z* /U*

@a g[\f \__hfgeTg\ba( TaW \a bhe fhUfXdhXag cXeYbe`TaVX

XiT_hTg\baf( g[X U\af TeX ha\Ybe`_l )(& j\WX \a Tm\`hg[

TaW X_XiTg\ba( g[X W\fgTaVX g[eXf[b_W \f 0 * $(& `( TaW g[X

`\a\`h` cb\ag Vbhag \f / * ($* K[X Ybhe VTfXf WXfVe\UXW
TUbiX \__hfgeTgX g[X geTWXbYYf \a fXgg\aZ g[XfX cTeT`XgXef*

K[X TaZh_Te fVTa WXaf\gl \f [\Z[Xe \a g[X Tm\`hg[ W\eXVg\ba

g[Ta g[X X_XiTg\ba W\eXVg\ba( fb fXgg\aZ g[X g[eXf[b_W 0 \f

aba)ge\i\T_* K[X fX_XVgXW g[eXf[b_W %,*. `& \f _bj XabhZ[

gb V_XTe_l W\fg\aZh\f[ `bfg bVV_hWXW bU]XVgf %X*Z* g[X jT__

TaW g[X Vb_h`a UX[\aW& TaW [\Z[ XabhZ[ gb V_hfgXe cb\agf

ba `bfg bU_\dhX fheYTVXf %X*Z* g[X ZebhaW c_TaX aXTe g[X

XZb iX[\V_X TaW g[X iXeg\VT_ jT__ Tg g[X XWZX bY g[X ebTW&7

[bjXiXe( g[X g[eXf[b_W \f abg [\Z[ XabhZ[ gb _\a^ cb\agf ba T

[\Z[_l bU_\dhX TaW W\fgTag [be\mbagT_ fheYTVX %X*Z* g[X ZebhaW

c_TaX YTe Yeb` g[X XZb iX[\V_X&* @aVeXTf\aZ 0 jbh_W T__bj

hf gb VTcgheX `beX bY g[X ZebhaW c_TaX( Uhg Tg g[X XkcXafX

bY _bf\aZ g[X TU\_\gl gb XkV_hWX fb`X f[TWbjf*

EbgX g[X `\a\`h` cb\ag Vbhag / jTf \agXag\baT__l fXg gb

UX [\Z[Xe g[Ta g[X ah`UXe bY cb\agf fcTaa\aZ T jXWZX T_baZ

T f\aZ_X _\aX fVTa %Tg  kXW X_XiTg\ba Ybe T ebgTg\aZ C\WTe&* K[\f

`XTaf g[Tg T ibkX_ \f WX aXW Ybe T fheYTVX ba_l \Y _XTfg gjb

fVTa _\aXf fcTVXW V_bfXe g[Ta 0 Vebff g[X jXWZX* @Y / jXeX

_bjXe( g[Xa T f\aZ_X fVTa _\aX jbh_W UX fX_XVgXW gb WX aX g[X

ibkX_ \a case a( j[\V[ jbh_W eXfh_g \a `T_Ybe`XW W\fge\Uhg\ba

X__\cfb\W %Tf Vb`cTeXW gb g[bfX f[bja \a =\Z* /V( j[XeX g[X

W\fge\Uhg\ba bY cb\agf \a ZebhaW)c_TaX ibkX_f \f eXceXfXagXW

Ul T jX__)WX aXW !Tg( be oblate( X__\cfb\W&* 8g g[X fT`X g\`X(

/ VTaabg UX TeU\geTe\_l [\Z[( Tf g[X XWZX bY T aXTeUl bU]XVg

`\Z[g UX XkV_hWXW( g[hf YT\_\aZ gb eX`biX T f[TWbj* 8f \f(

g[X aXTeUl Vb_h`a XWZX \a case b \f abg eXVbZa\mXW Tf Ta

bVV_hW\aZ fheYTVX( XiXa g[bhZ[ g[X Vb_h`a VTfgf T f[TWbj

ba g[X jT__ UX[\aW* 8eZhTU_l( case b eXceXfXagf T eTeX `\f)

V_Tff\ VTg\ba* @a ceTVg\VX( jX [TiX bUfXeiXW bhe iT_hX Ybe /
gb UX fh\gTU_X( fhV[ g[Tg fheYTVXf j\g[ YXjXe g[Ta / cb\agf

W\W abg \agebWhVX T fgebaZ XabhZ[ f[TWbj gb bUfXeiTU_l U\Tf

cXeYbe`TaVX( Tf Xi\WXaVXW Ul g[X eXfh_gf bY g[X aXkg fXVg\ba*

8a TWW\g\baT_ \`cbegTag Vbaf\WXeTg\ba \f g[Tg \g \f [X_cYh_

gb cTW g[X eTW\T_ _\`\gf f_\Z[g_l( gb \aVeXTfX g[X f\mX bY XTV[

ibkX_* K[X eXTfba \f g[Tg fheYTVXf fXXa \a g[X fXVbaWTel

\`TZX `Tl abg T_\Za XkTVg_l j\g[ g[bfX \a g[X ce\`Tel

\`TZX* =be XkT`c_X( `TeZ\aT__l YTeg[Xe cb\agf ba T Vb_h`a

be aXTeXe cb\agf ba g[X UTV^ jT__ `\Z[g UXVb`X i\f\U_X \a g[X

fXVbaWTel fVTa* Kb TVVbhag Ybe g[\f jX `bW\Yl 8_Zbe\g[` -

f_\Z[g_l gb cTW g[X VX__ ib_h`X* K[X cTWW\aZ eXWhVXf g[X

\aaXe eTW\T_ _\`\g TaW \aVeXTfXf g[X bhgXe eTW\T_ _\`\g Ul Tf

`hV[ Tf ,*1 ` %be [T_Y g[X W\fgTaVX gb g[X aXkg XkV_hWXW

cb\ag( j[\V[XiXe \f _Xff&*

=eb` T Vb`chgTg\baT_ cb\ag bY i\Xj( bhe Ze\WW\aZ cebVXff

WXVb`cbfXf g[X fVXaX \agb T gjb)W\`Xaf\baT_ Ze\W %j\g[

baX ibkX_ \a XTV[ Tm\`hg[ TaW X_XiTg\ba W\eXVg\ba&7 jbe^\aZ

j\g[ g[\f Ze\W \f `hV[ `beX XY V\Xag g[Ta jbe^\aZ j\g[

T VbaiXag\baT_ g[eXX)W\`Xaf\baT_ :TegXf\Ta Ze\W* K[\f Vb`)

chgTg\baT_ UXaX g VTa fcXXW hc cebVXff\aZ be T__bj Ybe T



%T& IXaWXeXW fVXaX %U& NXWZX)f[TcXW U\af %V& KehaVTgXW ibkX_f

%W& ITW\T_ W\fge\Uhg\ba bY cb\agf jXWZXf \a =\Z* /U

=\Z* /6 J\`h_TgXW Ybhe)_TaX [\Z[jTl

[\Z[Xe Ze\W eXfb_hg\ba Ybe g[X fT`X gbgT_ cebVXff\aZ g\`X*

8abg[Xe TWiTagTZX \f g[Tg g[X ah`UXe bY cb\agf \a XTV[

jXWZX)f[TcXW U\a %UXYbeX f[TWbj `\g\ZTg\ba& \f XdhT_ Ul

WXf\Za* K[\f Tib\Wf T jX__)^abja _\`\gTg\ba bY :TegXf\Ta

Ze\Wf( j[XeX cb\ag WXaf\gl \f `hV[ [\Z[Xe \a aXTe U\af g[Ta

YTe U\af* K[XfX UXaX gf bY fc[Xe\VT_ Ze\WW\aZ T_fb Tcc_l

Tf Vb`cTeXW gb Vl_\aWe\VT_ VbbeW\aTgXf( Tf hfXW \a R.0S*

:l_\aWe\VT_ VbbeW\aTgXf( _\^X :TegXf\Ta VbbeW\aTgXf( Wb abg

T_\Za j\g[ C\WTe UXT`f( `T^\aZ f[TWbj `\g\ZTg\ba W\Y Vh_g*

8_fb( hf\aZ Vl_\aWe\VT_ VbbeW\aTgXf VeXTgXf T Vb`chgTg\baT__l

_Xff XY V\Xag g[eXX)W\`Xaf\baT_ Ze\W( j[XeX cb\ag WXaf\g\Xf

TeX abaha\Ybe` TVebff ibkX_f*

M* G<I=FID8E:< <M8CL8K@FE

@a g[\f fXVg\ba jX XiT_hTgX g[X WXZeXX gb j[\V[ bhe

f[TWbj)`\g\ZTg\ba `Xg[bWf Xa[TaVX T_Zbe\g[` cXeYbe`TaVX*

Kb g[\f XaW( jX cXeYbe`XW Vb`chgTg\baf hf\aZ g[eXX T_Zb)

e\g[` iTe\Tg\baf6 VbaiXag\baT_ @:<K j\g[ T :TegXf\Ta Ze\W(

VbaiXag\baT_ @:<K j\g[ f[TWbj `\g\ZTg\ba i\T ZebhaW)c_TaX

eX`biT_( TaW @:<K j\g[ f[TWbj `\g\ZTg\ba i\T 8_Zbe\g[` -*

NX Vb`cTeXW cXeYbe`TaVX hf\aZ gjb f\`h_TgXW fVXaXf* FaX

fVXaX jTf g[X ebTWjTl fVXaX Yeb` =\Z* /( YXTghe\aZ fbhaW)

TUfbecg\ba jT__f UXf\WX g[X ebTW TaW T fXe\Xf bY -, Vl_\aWe\VT_

c\__Tef( gjb bY j[\V[ TeX f[bja \a =\Z* /T* K[X fXVbaW fVXaX

jTf Ta bYY)ebTW gXeeT\a( f[bja \a =\Z* 0* =be XTV[ fVXaX(

`h_g\c_X DbagX):Te_b ge\T_f jXeX Vb`chgXW j\g[ eTaWb`\mXW

C\WTe Xeebef* J\aVX gehX `bg\ba \f ^abja \a g[X f\`h_TgXW

Xai\eba`Xag( fVTa)`TgV[\aZ Xfg\`TgXf jXeX Vb`cTeXW gb g[X

gehg[ gb Vb`chgX Ta Xeebe( j[\V[ jTf V[TeTVgXe\mXW fgTg\fg\)

VT__l biXe g[X fXg bY DbagX):Te_b ge\T_f* @a T__( bhe TaT_lf\f

Vbaf\WXeXW -., ge\T_f ba XTV[ gXeeT\a %/ fT`c_Xf Ybe fVTa cT\ef

\a XTV[ bY 0, _bVTg\baf T_baZ g[X ebTWjTl( TaW 2 fT`c_Xf Ybe

fVTa cT\ef \a XTV[ bY ., _bVTg\baf ba g[X bYY)ebTW gXeeT\a&*

JVXaXf jXeX VeXTgXW Tf fb_\W UbW\Xf \a 8hgb;Xf^ @aiXagbe

TaW( j\g[ extendedObjectMesh \a DTg_TU( VbaiXegXW

gb fheYTVX ge\TaZh_Tg\baf* JheYTVXf jXeX fT`c_XW \a DTg_TU

hf\aZ monostaticLidarSensor gb Ybe` f\`h_TgXW C\)

WTe cb\ag V_bhWf* @a Ta TggX`cg gb `T\agT\a Vbaf\fgXaVl j\g[

bg[Xe UXaV[`Te^f( jX VT_\UeTgXW bhe i\eghT_ C\WTe fXafbe gb

`TgV[ g[X fcXV\ VTg\baf bY g[X Velodyne HDL-64E hfXW \a

g[X B@KK@ WTgTfXg R.1S* =be g[X ebTWjTl fVXaX( g[X C\WTe

geTaf_TgXf ., ` T_baZ g[X VXagXe bY \gf _TaX Tg T VbafgTag

iX_bV\gl bY (,
.
* =be g[X bYY)ebTW fVXaX( g[X C\WTe geTaf_TgXf

Tg T VbafgTag YbejTeW iX_bV\gl bY (,
.

TaW TaW ebgTgXf Tg

'$%&'

.
TUbhg g[X iXeg\VT_ Tk\f( `bi\aZ Ybe .*- fXVbaWf TaW

cebWhV\aZ ., cT\ef bY YeT`Xf fT`c_XW Tg -,?m* JVTa _\aXf

jXeX ZXaXeTgXW Tffh`\aZ g[X C\WTe \f ba T Z\`UT__ %fhV[ g[Tg

\g WbXf abg g\_g eX_Tg\iX gb g[X ZeTi\gl iXVgbe&* @a g[X ebTWjTl

fVXaX( g[X Vb_h`af T_baZ g[X ebTWjTl VThfX f[TWbj\aZ ba

g[X ZebhaW c_TaX TaW iXeg\VT_ jT__f UX[\aW7 \a g[X bYY)ebTW

fVXaX( g[X aTgheT_ Vbagbhef bY g[X [\__f VeXTgX gXeeT\a f[TWbjf(

j[\V[ TeX abgbe\bhf_l W\Y Vh_g gb `\g\ZTgX R.2S*

=be cXeYbe`TaVX)XiT_hTg\ba checbfXf( bhe f[TWbj)

`TgV[\aZ T_Zbe\g[` jTf \agXZeTgXW j\g[ g[X @:<K fVTa

`TgV[\aZ T_Zbe\g[`* @:<K( Tf WXfVe\UXW \a R-5S( ceXW\Vgf

g[X fVTa Xeebe Yeb`  efg ce\aV\c_Xf( \a g[X TUfXaVX bY

flfgX`Tg\V U\TfXf* N[Xa f[TWbj `\g\ZTg\ba \f fhVVXffYh_(

g[X cebUTU\_\fg\V TVVheTVl ceXW\Vg\ba bY @:<K f[bh_W `TgV[

g[X fgTg\fg\VT_ TVVheTVl bUgT\aXW Yeb` g[X DbagX :Te_b

f\`h_Tg\ba* 9l Vb`cTe\fba( jX XkcXVg g[X gjb TVVheTVl

`Xge\Vf gb W\iXeZX \Y f[TWbj `TgV[\aZ \f abg fhVVXffYh_*

=be @:<K TaT_lfXf ba :TegXf\Ta Ze\Wf( VhU\V ibkX_f jXeX



hfXW( j\g[ /` XWZX _XaZg[ %T W\`Xaf\ba ghaXW Ybe YTibeTU_X

cXeYbe`TaVX( fb Tf abg gb Teg\ V\T__l cXaT_\mX g[X :TegXf\Ta

TaT_lf\f&* =be g[X ebTWjTl fVXaX( g[X ibkX_ Ze\W jTf

T_\ZaXW j\g[ g[X iXeg\VT_ jT__ cTff\aZ g[ebhZ[ g[X `\WW_X

bY TffbV\TgXW ibkX_f %abg\aZ g[Tg :TegXf\Ta `Xg[bWf cXeYbe`

UXggXe \a g[\f Vba ZheTg\ba g[Ta j[Xa jT__f V_\c g[ebhZ[

ibkX_ VbeaXef&*

M@* I<JLCKJ

8YgXe ehaa\aZ DbagX :Te_b f\`h_Tg\baf( `bg\ba jTf Xfg\)

`TgXW j\g[ fVTa `TgV[\aZ* <eebef jXeX Vb`chgXW \a XTV[ bY

f\k W\eXVg\baf( \aV_hW\aZ g[X geTaf_Tg\baT_ W\eXVg\baf $8) 9) :%
TaW g[X ebgTg\baT_ TaZ_Xf $&) #) '%( be eb__( c\gV[ TaW lTj*

@a XTV[ VTfX g[X `XTa bY g[X Xeebef jTf Vb`chgXW TaW

YbhaW gb UX aXZ_\Z\U_l f`T__* JgTaWTeW WXi\Tg\baf Ybe XTV[

Xeebe TeX gTUh_TgXW UX_bj Ybe g[X ebTWjTl fVXaX( \a KTU* @

Ybe g[X :TegXf\Ta Ze\W TaT_lf\f( \a KTU* @@ Ybe g[X :TegXf\Ta

Ze\W TaT_lf\f j\g[ ZebhaW)c_TaX eX`biT_( TaW \a KTU* @@@

Ybe bhe cebcbfXW f[TWbj)eX`biT_ TccebTV[ hf\aZ fc[Xe\VT_

VbbeW\aTgXf* JgTaWTeW WXi\Tg\baf TeX T_fb gTUh_TgXW Ybe g[X

bYYebTW gXeeT\a fVXaX( \a KTU* @M Ybe g[X :TegXf\Ta Ze\W

TaT_lf\f TaW \a KTU* M Ybe bhe cebcbfXW f[TWbj)eX`biT_

TccebTV[* >ebhaW)c_TaX eX`biT_ \f \__)WX aXW Ybe g[X bYYebTW

fVXaX( fb eXfh_gf TeX abg gTUh_TgXW Ybe g[Tg VTfX*

@a aXTe_l T__ ge\T_f( g[X @:<K T_Zbe\g[` VbaiXeZXW* K[X

XkVXcg\baf bVVheeXW j[Xa g[X :TegXf\Ta Ze\W jTf hfXW Ybe

g[X ebTWjTl fVXaX %j\g[ be j\g[bhg ZebhaW)c_TaX eX`biT_&*

:baiXeZXaVX YT\_heXf bVVheeXW X\g[Xe j[Xa g[X T_Zbe\g[`

W\iXeZXW Xag\eX_l be j[Xa \g YT\_XW gb XfVTcX g[X _bVT_ `\a\`T

bY g[X \a\g\T_\mTg\ba* K[XfX f\ghTg\baf jXeX XTf\_l WXgXVgTU_X(

TaW g[Xl jXeX b`\ggXW Yeb` bhe TaT_lf\f* 9l Vb`cTe\fba(

Vb`chgTg\baf ba g[X fc[Xe\VT_ VbbeW\aTgX flfgX` ZXaXeTgXW

Ul bhe aXj T_Zbe\g[` fhVVXffYh__l VbaiXeZXW \a T__ ge\T_f ba

Ubg[ fVXaXf*

=be g[X ebTWjTl fVXaX( g[X XYYXVg bY f[TWbj\aZ \f `bfg

cebabhaVXW \a g[X T_baZ)geTV^ %be 8 W\eXVg\ba&* IXZTeW_Xff bY
f[TWbj\aZ( geTaf_Tg\baT_ Xeebef TeX _TeZXe \a g[X 8)W\eXVg\ba
g[Ta \a bg[Xe W\eXVg\baf %Ul T YTVgbe bY TUbhg 1 g\`Xf&(

UXVThfX g[XeX \f T eX_Tg\iX WXTeg[ bY YXTgheXf gb `Te^ cebZeXff

=\Z* 06 ?\__l bYY)ebTW gXeeT\a %-,,k-,,`&

T_baZ g[X ebTW* =be g[X :TegXf\Ta Ze\Wf %j\g[ TaW j\g[bhg

ZebhaW)c_TaX eX`biT_&( f[TWbj\aZ \aVeXTfXf g[X TVghT_ 8)
W\eXVg\ba Xeebef fhUfgTag\T__l TUbiX g[X ceXW\Vg\ba %TVghT_ %
`beX g[Ta gj\VX ceXW\VgXW iT_hX&* 9l Vb`cTe\fba( bhe aXj

f[TWbj)`\g\ZTg\ba T_Zbe\g[` TV[\XiXf Ta TVghT_ Xeebe g[Tg \f

iXel V_bfX gb g[X ceXW\VgXW Xeebe \a g[X 8)W\eXVg\ba %TVghT_ %
j\g[\a .# bY g[X ceXW\VgXW iT_hX&* J[TWbj `\g\ZTg\ba j\g[

K89C< @6 IbTWjTl ) :TegXf\Ta Ze\W %j\g[ ZebhaW c_TaX&

fgW Xeebe
# %V`&

fgW Xeebe
$ %V`&

fgW Xeebe
% %V`&

fgW Xeebe
! %WXZ&

fgW Xeebe
%WXZ&

fgW Xeebe
" %WXZ&

8VghT_' ,*534 ,*,..2 ,*,-53 ,*,,.15 ,*,,,453 ,*,,-,2

GeXW\VgXW ,*023 ,*,.., ,*,-31 ,*,,.-, ,*,,-.1 ,*,,-,.

'.3 bY -., YeT`Xf eX]XVgXW
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fgW Xeebe
# %V`&

fgW Xeebe
$ %V`&

fgW Xeebe
% %V`&

fgW Xeebe
! %WXZ&

fgW Xeebe
%WXZ&

fgW Xeebe
" %WXZ&

8VghT_'' -*-1- ,*,.1 ,*-.0 ,*,,13 ,*,-.2 ,*,,-/4

GeXW\VgXW ,*0/3 ,*,.31 ,*1.2 ,*,./2 ,*,.35 ,*,,--/

''0 bY -., YeT`Xf eX]XVgXW

K89C< @@@6 IbTWjTl ) 8_Zbe\g[` -

fgW Xeebe
# %V`&

fgW Xeebe
$ %V`&

fgW Xeebe
% %V`&

fgW Xeebe
! %WXZ&

fgW Xeebe
%WXZ&

fgW Xeebe
" %WXZ&

8VghT_ ,*,514 ,*,-43 ,*,-05 ,*,,-21 ,*,,-15 ,*,,,5/5

GeXW\VgXW ,*,531 ,*,-45 ,*,-/- ,*,,-3. ,*,,-20 ,*,,-,4

K89C< @M6 FYYebTW gXeeT\a ) :TegXf\Ta Ze\W

fgW Xeebe
# %V`&

fgW Xeebe
$ %V`&

fgW Xeebe
% %V`&

fgW Xeebe
! %WXZ&

fgW Xeebe
%WXZ&

fgW Xeebe
" %WXZ&

8VghT_ ,*200 ,*.1/ ,*-4, ,*,,-0- ,*,,3/1 ,*,,0/1

GeXW\VgXW ,*-22 ,*--3 ,*,05- ,*,,,5/. ,*,,.,5 ,*,,./2

K89C< M6 FYYebTW gXeeT\a ) 8_Zbe\g[` -

fgW Xeebe
# %V`&

fgW Xeebe
$ %V`&

fgW Xeebe
% %V`&

fgW Xeebe
! %WXZ&

fgW Xeebe
%WXZ&

fgW Xeebe
" %WXZ&

8VghT_ ,*-,- ,*,5/ ,*,// ,*,,,35 ,*,,-/2 ,*,,-2.

GeXW\VgXW ,*--0 ,*,5- ,*,/3 ,*,,,30 ,*,,-1/ ,*,,-42

bhe fc[Xe\VT_)Ze\W TccebTV[ \f `hV[ `beX XYYXVg\iX g[Ta j\g[

ZebhaW)c_TaX eX`biT_ \a g[\f VTfX( UXVThfX ZebhaW)c_TaX

eX`biT_ TWWeXffXf f[TWbjf g[Tg ceb]XVg ba g[X ZebhaW Uhg

abg g[bfX g[Tg ceb]XVg ba g[X iXeg\VT_ jT__f* Ebg ba_l WbXf

ZebhaW)c_TaX eX`biT_ YT\_ gb eXfb_iX iXeg\VT_ f[TWbjf( \g T_fb

ZeXTg_l \aVeXTfXf iXeg\VT_( c\gV[( TaW eb__ %:) &) #& Xeebef( T
eXfh_g Vbaf\fgXag j\g[ ce\be eXfXTeV[( fhV[ Tf \a R.3( .4S(

j[\V[ fhZZXfgXW eX)\agebWhV\aZ g[X ZebhaW)c_TaX fcXV\ VT__l

gb Vb`chgX g[XfX fgTgXf*

J\`\_Te geXaWf TeX bUfXeiXW Ybe g[X 8)Xeebef \a g[X bYY)

ebTW gXeeT\a( j\g[ g[X :TegXf\Ta)Ze\W TVghT_ Xeebef `hV[ _TeZXe

g[Ta ceXW\VgXW Xeebef %Ul T YTVgbe bY Ybhe& TaW j\g[ g[X

fc[Xe\VT_)Ze\W TVghT_ Xeebef V_bfX gb ceXW\VgXW Xeebef %j\g[\a

-/#&* =be g[X bYYebTW fVXaX( g[X TVghT_ Xeebef \a g[X bg[Xe

W\eXVg\baf %9) :) &) #) '& jXeX T_fb _TeZXe Ybe g[X :TegXf\Ta

Ze\W( Ul T YTVgbe bY .)/ g\`Xf( Tf Vb`cTeXW gb ceXW\Vg\ba7



=\Z* 16 FiXe[XTW i\Xj bY :TegXf\Ta %_XYg& TaW fc[Xe\VT_ %e\Z[g&

Ze\Wf Ybe bYYebTW fVXaX( j\g[ W\fge\Uhg\ba X__\cfb\Wf %eXW&

f[bja Ybe XTV[ ibkX_ hfXW \a g[X fVTa)`TgV[\aZ Vb`chgTg\ba

bhe aXj T_Zbe\g[` TZT\a ceXW\VgXW g[X TVghT_ Xeebef jX__ \a

g[XfX W\eXVg\baf %j\g[\a -1#&*

=be Ubg[ fVXaXf( cXe[Tcf fhece\f\aZ_l( g[X fc[Xe\VT_ Ze\W

eXfh_gXW \a [\Z[Xe TVVheTVl g[Ta g[X :TegXf\Ta Ze\W* NX

[lcbg[Xf\mX g[\f eXfh_gf Yeb` UXggXe VbaW\g\ba\aZ WhX gb `beX

Vbaf\fgXag V_hfgXe\aZ bY cb\agf \a XTV[ ibkX_( abg\aZ g[Tg g[X

ah`UXe bY C\WTe cb\agf iTe\Xf _\gg_X TVebff g[X ibkX_f ba g[X

fc[Xe\VT_ Ze\W Uhg iTe\Xf fhUfgTag\T__l TVebff g[X ibkX_f \a

g[X :TegXf\Ta Ze\W( Tf fXXa \a =\Z* 1*

M@@* ;@J:LJJ@FE

8f WX`bafgeTgXW Ul KTU_Xf @)M( bhe cebcbfXW f[TWbj)

`\g\ZTg\ba fgeTgXZl \`cebiXf fVTa)`TgV[\aZ TVVheTVl Ul

hf\aZ T fc[Xe\VT_ ibkX_ Ze\W \afgXTW bY T :TegXf\Ta baX*

K[X fc[Xe\VT_ ibkX_f T_fb ZeXTg_l Xa[TaVX g[X dhT_\gl bY

TVVheTVl ceXW\Vg\baf `TWX Ul @:<K \a g[X ceXfXaVX bY

f\Za\ VTag f[TWbj\aZ* 8f W\fVhffXW TUbiX( bg[Xe UXaX gf

bY g[X fc[Xe\VT_ Ze\W \aV_hWX eXWhVXW Vb`chgTg\baT_ XYYbeg

%WhX gb g[X hfX bY T .; Ze\W \a c_TVX bY T /; Ze\W& TaW

_Xff fXaf\g\i\gl gb Ze\W c_TVX`Xag* >e\W fXaf\g\i\gl VTa UX

i\fhT_\mXW Tg g[X XWZXf bY g[X _XYg \`TZX \a =\Z* 1( j[XeX

X__\cfb\Wf TeX cbbe_l WX aXW UXVThfX eX_Tg\iX YXj fVTa cb\agf

TccXTe \a ibkX_f YTe Yeb` g[X C\WTe*

;Xfc\gX g[X `Tal TWiTagTZXf bY g[X fc[Xe\VT_ Ze\W \a)

gebWhVXW Tf cTeg bY 8_Zbe\g[` -( g[XeX TeX _\^X_l gb UX

fXiXeT_ _\`\gTg\baf( j[\V[ jX j\__ Xkc_beX \a YhgheX jbe^*

NX fhfcXVg baX W\fTWiTagTZX bY bhe fc[Xe\VT_)Ze\W TccebTV[

\f g[Tg Xk\fg\aZ fXTeV[)TVVX_XeTg\ba fgeTgXZ\Xf R.5S j\__ jbe^

cbbe_l Ybe g[X VTfX bY _TeZX \a\g\T_ haVXegT\agl( fhV[ Tf \a g[X

_bfg ebUbg cebU_X` j[XeX \a\g\T_ VbaW\g\baf TeX abg ^abja*

8abg[Xe _\`\gTg\ba \f g[Tg bhe `Xg[bW ba_l TWWeXffXf Xeebef

VThfXW Ul f[TWbj\aZ* K[X cebcbfXW T_Zbe\g[` WbXf abg

TWWeXff bg[Xe Xeebe fbheVXf %fhV[ Tf `bi\aZ bU]XVgf TaW

cXefcXVg\iX f[\Ygf&( TaW g[XfX Tab`T_\Xf jbh_W UX XkcXVgXW

gb VThfX W\YYXeXaVXf UXgjXXa gehX TaW ceXW\VgXW %)iT_hXf Ybe
Xeebe \a `Tal fVXaXf*

M@@@* :FE:CLJ@FE

K[\f cTcXe \agebWhVXW T aXj `Xg[bW Ybe `\g\ZTg\aZ f[TW)

bj\aZ Xeebef \a C\WTe fVTa `TgV[\aZ* K[\f f[TWbj)`TgV[\aZ

T_Zbe\g[` ehaf Tf T ceXcebVXff\aZ fgXc UXYbeX fVTa `TgV[\aZ

Ul \WXag\Yl\aZ g[X aXTeXfg `XTa\aZYh_ V_hfgXe bY cb\agf \a T

fXg bY Tm\`hg[ TaW X_XiTg\ba U\af( \a XYYXVg VeXTg\aZ T .;

ibkX_ Ze\W \a fc[Xe\VT_ VbbeW\aTgXf* K[\f Ze\W T_\Zaf j\g[

C\WTe eTlf( TaW j\g[ f[TWbj XWZXf7 g[hf( f[TWbj XWZXf VTa

UX X_\`\aTgXW Ul ceXfXei\aZ ba_l g[X aXTeXfg cb\ag V_hfgXe

\a XTV[ jXWZX)f[TcXW Tm\`hg[+X_XiTg\ba U\a* 8f Vb`cTeXW

gb g[X Vb``ba_l hfXW gXV[a\dhX bY ZebhaW)c_TaX eX`biT_(

bhe cebcbfXW `Xg[bW bYYXef TWiTagTZXf \a g[Tg \g jbe^f XiXa

ba bU_\dhX be haXiXa gXeeT\a TaW \a g[Tg \g eXgT\af hfXYh_

\aYbe`Tg\ba aXXWXW gb Vb`chgX iXeg\VT_( c\gV[( TaW eb__ fgTgXf

TVVheTgX_l* =be ibkX_)UTfXW fVTa `TgV[\aZ `Xg[bWf _\^X E;K

be @:<K( g[X eXfh_g\aZ Ze\W VTa UX eXhfXW Ul g[X fVTa

`TgV[\aZ T_Zbe\g[`* K[X .; fc[Xe\VT_ Ze\W bYYXef fXiXeT_

TWiTagTZXf biXe T /; :TegXf\Ta Ze\W Ybe fVTa `TgV[\aZ

\aV_hW\aZ eXWhVXW Vb`chgTg\baT_ Vbfgf TaW UXggXe ah`Xe\VT_

VbaW\g\ba\aZ WhX gb `beX ha\Ybe` UT_TaV\aZ bY g[X ah`UXe bY

cb\agf \a XTV[ ibkX_* K[XfX VbaV_hf\baf jXeX iXe\ XW g[ebhZ[

DbagX :Te_b f\`h_Tg\baf bY heUTa TaW bYYebTW gXeeT\af*

@O* 8:BEFNC<;><D<EKJ

K[X Thg[bef j\f[ gb TV^abj_XWZX TaW g[Ta^ g[X L*J*

;XcTeg`Xag bY KeTafcbegTg\ba Ab\ag GebZeT` FY VX %@KJ

AGF& TaW g[X FY VX bY g[X 8ff\fgTag JXVeXgTel Ybe IXfXTeV[

TaW KXV[ab_bZl %FJK)I& Ybe fcbafbef[\c bY g[\f jbe^*

NX T_fb ZeTgXYh__l TV^abj_XWZX EJ= ZeTag :EJ)-4/250.(

j[\V[ fhccbegXW fcXV\ V TfcXVgf bY g[\f eXfXTeV[* Fc\a\baf

W\fVhffXW [XeX TeX g[bfX bY g[X Thg[bef TaW Wb abg aXVXffTe\_l

eXceXfXag g[bfX bY g[X ;FK( EJ=( be bg[Xe TY _\TgXW TZXaV\Xf*

I<=<I<E:<J

R-S H* C\ Xg T_* nCF)EXg6 ;XXc IXT_)K\`X C\WTe FWb`X)

gelo* @a6 2019 IEEE/CVF Conf. Computer Vision and

Pattern Recognition (CVPR)* AhaX .,-5( cc* 4021p

4030* ;F@6 10.1109/CVPR.2019.00867*

R.S PbhaZZha :[b( >\fXbc B\`( TaW 8lbhaZ B\`* nLa)

fhcXei\fXW >Xb`Xgel)8jTeX ;XXc C\;8I FWb`X)

gelo* @a6 2020 IEEE Int. Conf. on Robotics and Au-

tomation (ICRA)* .,.,( cc* .-01p.-1.* ;F@6 10 .

1109/ICRA40945.2020.9197366*

R/S F_\iXe N\__Xef Xg T_* nJTYXgl :baVXeaf TaW D\g\ZTg\ba

8ccebTV[Xf IXZTeW\aZ g[X LfX bY ;XXc CXTea\aZ

\a JTYXgl):e\g\VT_ GXeVXcg\ba KTf^fo* @a6 Computer

Safety, Reliability, and Security. SAFECOMP 2020

Workshops* <W* Ul 8agvba\b :Tf\`\eb Xg T_* :[T`6

Jce\aZXe @ag* GhU_\f[\aZ( .,.,( cc* //2p/1,* @J9E6

534)/),/,)1114/).*

R0S Q[\lhTa Q[TaZ( PhV[Tb ;T\( TaW A\TWT\ Jha* n;XXc

_XTea\aZ UTfXW cb\ag V_bhW eXZ\fgeTg\ba6 Ta biXei\Xjo*

@a6 Virtual Reality & Intelligent Hardware .*/ %.,.,&*

/; M\fhT_ GebVXff\aZ TaW IXVbafgehVg\ba JcXV\T_ @f)

fhX( cc* ...p.02* @JJE6 .,52)1352* ;F@6 10.1016/

j.vrih.2020.05.002*

R1S G* A* 9Xf_ TaW E* ;* DVBTl* n8 `Xg[bW Ybe eXZ\fgeT)

g\ba bY /); f[TcXfo* @a6 IEEE Transactions on Pat-

tern Analysis and Machine Intelligence -0*. %-55.&(

cc* ./5p.12* ;F@6 10.1109/34.121791*



R2S ATa <_fXUXeZ( ;be\g 9bee`Taa( TaW 8aWeXTf EqhV[gXe*

nFaX U\__\ba cb\agf \a g[X V_bhW p Ta bVgeXX Ybe

XY V\Xag cebVXff\aZ bY /; _TfXe fVTafo* @a6 ISPRS

Journal of Photogrammetry and Remote Sensing 32

%.,-/&* KXeeXfge\T_ /; `bWX__\aZ( cc* 32p44* @JJE6

,5.0).3-2* ;F@6 10.1016/j.isprsjprs.2012.

10.004*

R3S 8_UXeg GT_b`Xe Xg T_* n9Tg[l`Xgel)UTfXW JC8D j\g[

W\YYXeXaVX bY abe`T_f cb\ag)V_bhW fhUfT`c_\aZ TaW

cebUTU\_\fg\V @:G eXZ\fgeTg\bao* @a6 2013 MTS/IEEE

OCEANS - Bergen* .,-/( cc* -p4* ;F@6 10.1109/

OCEANS-Bergen.2013.6608091*

R4S FeXa ;bieTg( @gT\ CTaZ( TaW J[T\ 8i\WTa* nCXTea\aZ gb

JT`c_Xo* @a6 Proc. of the IEEE/CVF Conf. Computer

Vision and Pattern Recognition (CVPR)* AhaX .,-5*

R5S ?T\Ub Jha Xg T_* nM\f\ba FWb`XgXe 9TfXW ba I>9)

; :T`XeTo* @a6 2018 Int. Conf. Robots & Intelligent

System (ICRIS)* .,-4( cc* -24p-3-* ;F@6 10.1109/

ICRIS.2018.00052*

R-,S AbX B[T_\YX( JbalT ITZbg[T`Ta( TaW QT[Xe D BTffTf*

nGbfX Xfg\`Tg\ba j\g[ _\WTe bWb`Xgel TaW VX__h_Te

cfXhWbeTaZXfo* @a6 2017 IEEE Intelligent Vehicles

Symposium (IV)* @<<<* .,-3( cc* -3..p-3.3*

R--S A\ Q[TaZ TaW JTa]\i J\aZ[* nCF8D6 C\WTe FWb`Xgel

TaW DTcc\aZ \a IXT_)g\`X*o @a6 Robotics: Science and

Systems* Mb_* .* 5* .,-0*

R-.S K\k\Tb J[Ta TaW 9eXaWTa <aZ_bg* nCX>F)CF8D6

C\Z[gjX\Z[g TaW >ebhaW)Fcg\`\mXW C\WTe FWb`Xgel

TaW DTcc\aZ ba MTe\TU_X KXeeT\ao* @a6 2018 IEEE/RSJ

Int. Conf. Intelligent Robots and Systems (IROS)* FVg*

.,-4( cc* 0314p0321* ;F@6 10.1109/IROS.2018.

8594299*

R-/S 8_X^fTaWe JXZT_( ;\e^ ?TX[aX_( TaW JXUTfg\Ta K[eha*

n>XaXeT_\mXW)\Vc*o @a6 Robotics: science and systems*

Mb_* .* 0* JXTgg_X( N8* .,,5( c* 0/1*

R-0S P* J* GTe^( ?* ATaZ( TaW 8* B\`* n@)CF8D6 @agXa)

f\gl <a[TaVXW C\;8I FWb`Xgel TaW DTcc\aZo* @a6

2020 17th Int. Conf. Ubiquitous Robots (UR)* .,.,(

cc* 011p014* ;F@6 10 . 1109 / UR49135. 2020 .

9144987*

R-1S Q[\V[Tb C\ TaW ET\lTa NTaZ* n;DCF6 ;XXc DTgV[)

\aZ C\;8I FWb`Xgelo* @a6 2020 IEEE/RSJ Int.

Conf. Intelligent Robots and Systems (IROS)* .,.,(

cc* 2,-,p2,-3* ;F@6 10 . 1109 / IROS45743 .

2020.9341206*

R-2S G* 9\UXe TaW N* JgeT{Xe* nK[X Ebe`T_ ;\fge\Uhg\baf

KeTafYbe`6 8 EXj 8ccebTV[ gb CTfXe JVTa DTgV[)

\aZo* @a6 IEEE Int. Conf. Intelligent Robots and Sys-

tems* Mb_* /* Ebi* .,,/( .30/p.304 ib_*/* ;F@6 10.

1109/IROS.2003.1249285*

R-3S Jh GTaZ Xg T_* n/; JVTa IXZ\fgeTg\ba 9TfXW CbVT_)

\mTg\ba Ybe 8hgbab`bhf MX[\V_Xf ) 8 :b`cTe\fba bY

E;K TaW @:G haWXe IXT_\fg\V :baW\g\bafo* @a6 2018

IEEE 88th Vehicular Technology Conf. (VTC-Fall)*

.,-4( cc* -p1* ;F@6 10.1109/VTCFall.2018.

8690819*

R-4S D* DV;Xe`bgg TaW A*?* I\YX* n<a[TaVXW CTfXe)JVTa

DTgV[\aZ j\g[ Fa_\aX <eebe <fg\`Tg\ba Ybe ?\Z[jTl

TaW KhaaX_ ;e\i\aZo* @a6 Proc. 2022 Int. Technical

Meeting of the Institute of Navigation* ATa* .,..(

cc* 20/p210* ;F@6 10.33012/2022.18249*

R-5S D* DV;Xe`bgg TaW A*?* I\YX* nMT_\WTg\ba bY @:<K

GXeYbe`TaVX :[TeTVgXe\mTg\ba Ybe >Xb`Xge\V)UTfXW

CTfXe)fVTa DTgV[\aZ bY /; Gb\ag :_bhWfo* @a6 in press*

.,..*

R.,S J[\afh^X J[\`b]b( >XeT_W ? J\_iXe`Ta( TaW BXa

ET^TlT`T* nFVV_hf\ba TaW g[X fb_hg\ba gb g[X TcXegheX

cebU_X` Ybe `bg\bao* @a6 Vision research .5*1 %-545&(

cc* 2-5p2.2*

R.-S 8aZX_ O :[TaZ Xg T_* nJ[TcXaXg6 8a \aYbe`Tg\ba)

e\V[ /W `bWX_ eXcbf\gbelo* @a6 arXiv preprint

arXiv:1512.03012 %.,-1&*

R..S 9\V[Xa Nh Xg T_* nJdhXXmXJXZ6 :baib_hg\baT_ EXheT_

EXgf j\g[ IXVheeXag :I= Ybe IXT_)K\`X IbTW)FU]XVg

JXZ`XagTg\ba Yeb` /; C\;8I Gb\ag :_bhWo* @a6 2018

IEEE Int. Conf. Robotics and Automation (ICRA)*

.,-4( cc* -443p-45/* ;F@6 10.1109/ICRA.2018.

8462926*

R./S ;*=* ?hUXe TaW D* ?XUXeg* n8 aXj TccebTV[ gb /);

gXeeT\a `Tcc\aZo* @a6 Proceedings 1999 IEEE/RSJ Int.

Conf. Intelligent Robots and Systems. Mb_* .* -555(

--.-p--.3 ib_*.* ;F@6 10 . 1109 / IROS . 1999 .

812830*

R.0S DTeg\]a ?X__Xe( E\^\gT GXgebi( TaW 8_XkTaWXe PTebibl*

n8 ITWTe)Fe\XagXW 8ccebTV[ gb g[X Ebe`T_ ;\fge\Uh)

g\baf KeTafYbe`o* @a6 2021 18th European Radar Conf.

(EuRAD)* .,..( cc* -21p-24* ;F@6 10 . 23919 /

EuRAD50154.2022.9784492*

R.1S 8aWeXTf >X\ZXe Xg T_* nM\f\ba `XXgf IbUbg\Vf6 K[X

B@KK@ ;TgTfXgo* @a6 Int. J. Robotics Research (IJRR)

%.,-/&*

R.2S ?"T^Ta 8_`di\fg Xg T_* n@`cebi\aZ cb\ag)V_bhW TVVh)

eTVl Yeb` T `bi\aZ c_TgYbe` \a  X_W bcXeTg\bafo*

@a6 2013 IEEE Int. Conf. Robotics and Automation

(ICRA)* .,-/( cc* 3//p3/4* ;F@6 10.1109/ICRA.

2013.6630654*

R.3S ?lhaZ]\a B\`( JXhaZjba JbaZ( TaW ?lha DlhaZ*

n>G)@:G6 >ebhaW c_TaX @:G Ybe `bU\_X ebUbgfo* @a6

IEEE Access 3 %.,-5&( cc* 32155p322-,*

R.4S >TheTi GTaWXl( J[Tf[Ta^ >\e\( TaW AT`X I* DVUe\WX*

n8_\Za`Xag bY /; cb\ag V_bhWf j\g[ T Wb`\aTag

ZebhaW c_TaXo* @a6 2017 IEEE/RSJ Int. Conf. Intel-

ligent Robots and Systems (IROS)* .,-3( cc* .-0/p

.-1,* ;F@6 10.1109/IROS.2017.8206031*

R.5S <e\^ <\a[bea TaW ?befg)D\V[TX_ >ebff* n>XaXe\V E;K

`Tcc\aZ \a WlaT`\V Xai\eba`Xagf TaW \gf Tcc_\VTg\ba

Ybe _\YX_baZ JC8Do* @a6 Robotics and Autonomous

Systems %.,-1&* ;F@6 10.1016/j.robot.2014.

08.008*


