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('"  %-*4(-&" ;#0.9(3!H, ?.(%Q&%5 #' RS ('" $**>&5(-#+& "5#+#'0 !3!-&4! #' T(>(' ACUE: J' O P;,

(77 +&.#$7&! .(+& !(4& +&.#$7& "3'(4#$! ('" -.& $*'-5*77&5! #' &($. +&.#$7& (5& "&!#0'&" )(!&" *' -.&

#'6*54(-#*' 65*4 >5&$&"#'0 +&.#$7& ('" -.& 7&(" +&.#$7& ACBE: V&$&'-73, F*7+* .(! !-(5-&" 9#-. 2 VPVR

>5*W&$-, 9.&5& -.& $*'$&>- *6 +&.#$7& >7(-**'#'0 #! &'+#!(0&": J' 2(5-5& >5*W&$-, -.& $*'+*3 *6 +&.#$7&!

#! 7&(" )3 ( >5*6&!!#*'(7 "5#+&5 #' ( 7&(" +&.#$7& ('" (77 *-.&5 +&.#$7&! #' -.& >7(-**' $(' 6*77*9 -.& 7&("

+&.#$7&: X'$& -.& +&.#$7&! (5& #' ( >7(-**', -.& "5#+&5! $(' 5&7(/ ('" '&&" '*- 9*553 ()*%- "5#+#'0:

O7(-**'#'0 $(' &'.('$& 5*(" $(>($#-3 )3 (77*9#'0 !4(77 .&(" 9(3 -#4& G"#!-('$& )&-9&&' ( 6*77*9&5

('" ( 7&("#'0 +&.#$7& "#+#"&" )3 6*77*9&5 !>&&"H ABE: ;&("9(3 -#4& $(' )& (7!* "&='&" (! -.& "#!-('$&

)&-9&&' -.& -*> *6 *'& +&.#$7& -* -.& 5&(5 &'" *6 -.& 65*'-Y>5&$&"#'0 +&.#$7& 0#+#'0 ( 4&(!%5& *6 -.&

-#4& #- -(<&! 6*5 -.& 6*77*9&5 +&.#$7& -* $*+&5 -.(- "#!-('$&:  "(>-#+& $5%#!& $*'-5*7 G ??H !3!-&4! 9&5&

#'-5*"%$&" !&+&5(7 3&(5! (0* -* ($.#&+& ('" 4(#'-(#' !>&$#=$ .&(" 9(3 -#4& %!#'0 -.& #'6*54(-#*' 65*4

-.& #'8+&.#$7& !&'!*5! !%$. (! 5("(5, 7#"(5, +#!#*'8)(!&" !3!-&4!: P.&!& !&'!*5! 4&(!%5& -.& 5&7(-#+&

"#!-('$&, 5&7(-#+& +&7*$#-3 &-$ 6*5 -.& >5&$&"#'0 +&.#$7&Z )(!&" *' -.#! #'6*54(-#*', (%-*4(-#$ -.5*--7&

('" )5(<& (5& (>>7#&" ('" -.& "5#+&5 '&&"! -* W%!- !-&&5: P.& .&("9(3 -#4&! *6 $*44*'  ?? !3!-&4!

5('0& 65*4 C !&$ 8 [ !&$: P.& 4(#' >5*)7&4 *6 -.& $%55&'-  ?? !3!-&4! #! -.& !-5#'0 #'!-()#7#-3

>5*)7&4 -.(- $(' $(%!& !.*$< 9(+&!: 2-5#'0 !-()#7#-3, 9.#$. #! "&!#5&", $(' )& "&!$5#)&" (! -.& ()#7#-3

-* >5&+&'- -.& (4>7#=$(-#*'! *6 >5&$&"#'0 +&.#$7&M! !>&&" -* -.& 6*77*9#'0 +&.#$7&! #' -.& $.(#': J'

-5(@$ 9#-. 7*- *6 +&.#$7&! )&.#'" &($. *-.&5, ( !%""&' )5(<& ($-#*' *6 *'& *6 -.& +&.#$7&! $(' #'-5*"%$&

( "#!-%5)('$& #' -.& >7(-**' *6 -.& +&.#$7&! !*4&-.#'0 7#<& ( !.*$<9(+& ('" $(' 7&(" -* ( 6%77 !-('"8

!-#77 *6 6*77*9&5 +&.#$7&! *5 &+&' ( $*77#!#*' ABE: P.#! !#-%(-#*' $(' )& -($<7&" )3 $**>&5(-#+& !3!-&4!:

J6 &($. +&.#$7& #' -.& >7(-**' !&'"! *%- -.& #'6*54(-#*' 7#<& -.& >*!#-#*', +&7*$#-3 ('" ($$&7&5(-#*'Z

$*'-5*77&5! $(' )& "&!#0'&" '*- W%!- )(!&" *' -.& >5&$&"#'0 +&.#$7& #'6*54(-#*' )%- (7!* )(!&" *' -.&

#'6*54(-#*' 65*4 -.& *-.&5 65*'- +&.#$7&! #' -.& >7(-**': \*5 &/(4>7&, ( $*'-5*77&5 $(' )& "&!#0'&"

)(!&" *' -.& #'6*54(-#*' 65*4 -.& >5&$&"#'0 +&.#$7& ('" (7!* 65*4 -.& 7&(" +&.#$7&: P.&!& -3>& *6

$*'-5*77&5! -.(- (5&  ??87#<& )%- (7!* %!& #'6*54(-#*' 65*4 9#5&7&!! $*44%'#$(-#*' G+&.#$7&8-*8+&.#$7&

GFNFH $*44%'#$(-#*' ('" +&.#$7&8-*8#'65(!-5%$-%5& GFNJHH (5& 0&'&5(773 $(77&" (! $**>&5(-#+& ("(>-#+&

$5%#!& $*'-5*7 G? ??H !3!-&4!: P.&!& !3!-&4! >5*+#"& ( >5*4#!#'0 !*7%-#*' -* -.& !-5#'0 #'!-()#7#-3

>5*)7&4 )3 .(+#'0 ( $.('$& -* 7**< 6%5-.&5 (.&(" #' -.& -5(@$ ('" 5&($-:

J- .(! -* )& '*-&" -.(- #' +&.#$7& >7(-**'#'0 >5*W&$-! 7#<& O P;, 2 VPVR >5*W&$-, (77 +&.#$7&!

)&.#'" -.& 7&(" +&.#$7& .(+& -.& !(4& +&.#$7& "3'(4#$! ('" (7!* -.& 7&(" +&.#$7& #! >5&8(!!#0'&":

J' $*'-5(!-, #' ]?1?, 4*!- *6 -.& >(5-#$#>(-#'0 +&.#$7&! (5& 65*4 "#Q&5&'- +&'"*5!: ;&'$&, #- #! (

$.(77&'0& -* .(+& (' #"&( *6 -.& #4>7&4&'-(-#*' *6 -.& >7(-**'#'0 !3!-&4! *6 -.& *-.&5 -&(4!:  7!*,

#' ]?1?, -.& >7(-**' 7&("&5 $(' )& ('3 +&.#$7& 65*4 -.& +&.#$7&! >(5-#$#>(-#'0 #' -.& $*4>&-#-#*':

P.#! !&&4! -* )& 4*5& 7#<& ( 5&(7 9*57" !$&'(5#* 9.&5& -.& >7(-**' 7&("&5 $(' )& ('3*'& ('" (7!*

('3 +&.#$7& $(' )& -.& 6*77*9&5: P.#! #! ( $.(77&'0& )3 #-!&76 &!>&$#(773 "%5#'0 -.& $*'-5*77&5 "&!#0' (!

%'$&5-(#'-3 ()*%- -.& *-.&5 +&.#$7&! )&.(+#*5 .(! -* )& (""5&!!&" #' -.& $*'-5*77&5 "&!#0':

B
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 !"#$% &'()*#$(#+'$ , -'./0$%

1.'%+0&#*.2

 !" #$%&'( )*+,-&'+&.*'

 !"# $#%#% &'()& *'+ (,+-.// &0&*+1 .-2'!*+2*3-+ *'.* '.& 4++5 3&+6 !5 *'+ 7-(8+2*# 9'+ &0&*+1 2(5&!&*&

(: 6!;+-+5* 2/+.-/0 6+<5+6 1(63/+&= +.2' )!*' !*& ()5 *.&># ?// (: *'+&+ 1(63/+& .-+ .&&(2!.*+6 )!*'

(5+ (- 1(-+ '.-6).-+ 2(17(5+5*&# @5 *'!& &+2*!(5= 4-!+: 6+&2-!7*!(5 (: *'+ 6!;+-+5* 2(17(5+5*& 3&+6

!5 *'+ 7-(8+2* )!// 4+ 6!&23&&+6#

 GPSA B/(4./ C(&!*!(5!5" D0&*+1EBCDF !& . &.*+//!*+G4.&+6 "/(4./ 5.,!".*!(5 &0&*+1 *'.* )(->&

!5 .// )+.*'+- 2(56!*!(5& 7-(,!6!5" 7(&!*!(5 .56 *!1+ !5:(-1.*!(5# H.2' &.*+//!*+ 2(5*!53(3&/0

4-(.62.&*& !*& *!1!5" !5:(-1.*!(5 :-(1 !5*+-5./ 2/(2>E&F .,.!/.4/+ (5 *'+ &.*+//!*+# ? BCD -+2+!,+-

7!2>& 37 *'(&+ &!"5./& :-(1 6!;+-+5* &.*+//!*+& .56 ./&( /("& *'+ -+2+!,+6 *!1+# 9'+ -+2+!,+-& *'+5

2./23/.*+ *'+ 6!&*.52+ 4+*)++5 *'+ &.*+//!*+& .56 !*&+/: :-(1 *'+ *!1+ !* *((> :(- +.2' (: *'+ &!"5./&

*( -+.2' *'+ -+2+!,+-# @5 7-!52!7/+= (52+ *'+ -+2+!,+- 2./23/.*+& *'!& 6!&*.52+ !5:(-1.*!(5 :-(1 I

(- 1(-+ &.*+//!*+&= +J.2* /(2.*!(5 2.5 4+ 2./23/.*+6 40 . 1+*'(6 2.//+6 *-!/.*+-.*!(5# K()+,+-

&!52+ *'+ 2/(2> &!"5./& (: *'+ &.*+//!*+& .56 *'+ -+2+!,+-& .-+ 5(* &052'-(5!L+6= *'+-+ 1.0 4+ .

5++6 (: M (- 1(-+ &.*+//!*+& :(- >5()!5" *'+ 7(&!*!(5 (: *'+ -+2+!,+-# D(1+ (: *'+ &(3-2+& *'.* 1.0

.;+2* *'+ BCD &!"5./ .56 *'+-+40 *'+ .223-.20 (: *'+ 7(&!*!(5 !5:(-1.*!(5 .-+A ?*1(-&7'+-+!2

6+/.0& E!(5(&7'+-+ .56 *-(7(&7'+-+ 6+/.0&FN &!"5./ 13/*!7.*'N -+2+!,+- 2/(2> +--(-&N (-4!*./ +--(-&N

5314+- (: &.*+//!*+& ,!&!4/+N &.*+//!*+ "+(1+*-0 +*2#= O$PQ# 9'+ .223-.20 *'.* )+ 2.5 +J7+2* (3* (:

*'+&+ -+2+!,+-& 2.5 4+ !5 1+*+-& E.-(356 %P1F# 9( !17-(,+ *'+ .223-.20 (: *'+ -+2+!,+6 &!"5./=

*+2'5!R3+& &32' .& 6!;+-+5*!./ .56 -+./G*!1+ >!5+1.*!2 ES9TF BCD *+2'5!R3+& .-+ 3&+6 *'.*

!17-(,+ .223-.20 *( )!*'!5 *)( 1+*+-& .56 2+5*!1+*+- /+,+/ .223-.20 -+&7+2*!,+/0# S9T !& .

'!"'/0 7-+2!&+ *+2'5!R3+ *'.* 7-(,!6+& 2+5*!1+*+- /+,+/ .223-.20# @* 5++6& . S9TG4.&+ &*.*!(5

)!*'!5 . -.5"+ (: %PT1 -.6!3& (: *'+ .-+. *'.* *'+ .2*3./ S9TGBCD -+2+!,+- !& )(->!5" (5#

D!52+ *'+ 4.&+ &*.*!(5 >5()& !*& +J.2* 7(&!*!(5= !* 2.5 '+/7 *( !17-(,+ *'+ .223-.20 (: *'+ BCD

-+2+!,+- 1+&.3-+1+5*& 40 &+56!5" *'+ 2(--+2*!(5 !5:(-1.*!(5# B!,+5 *'+ '!"' 7(&!*!(5 .223-.20

6+1.56& /.!6 6()5 !5 *'+ -3/+& (: *'+ "262 2(17+*!*!(5= 9-!14/+ DCDUV$= .5 S9TGBCD !& 3&+6

!5 *'+ 7-(8+2*#

 CommunicationA @5 (-6+- *( *+&* *'+ 2((7+-.*!,+ &+**!5" !5 ,+'!23/.- 5+*)(->&= .// ,+'!2/+& 5++6
*( 2(1135!2.*+ *'+!- ,+'!2/+ -+/.*+6 !5:(-1.*!(5 .56 *( .2'!+,+ *'!&= (5+ 5++6& . *-.5&2+!,+- 35!*

*( 6( *'+ *.&># @5 (-6+- *( 2(7+ )!*' *'+ "262 2(17+*!*!(5 -3/+&= *'+ 2(1135!2.*!(5 35!* &'(3/6

4+ .4/+ *( 3&+ .5 UP$#%%7 4.&+6 *-.5&2+!,+-# 9'+ &+* (: '.-6).-+ 7+-:(-1!5" 2(1135!2.*!(5

E,+'!2/+ *( ,+'!2/+ EW$WF .56 ,+'!2/+ *( !5:-.&*-32*3-+ EW$@FF ).& 4(3"'* .& . 7.2>."+ :-(1

*'+ BXYX (-".5!L.*!(5# @* 2(5&!&*& (: .5 ?/!J 4(.-6 IY$ )!*' .5 ?*'+-(& 4.&+6 Z[?\ 2.-6=

]
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 !"#$%!" &'()* +, -..!%!$, %$ %/0 1$230%!%!$, 3-1"-405 -, 06%#- 70% $8 9 .:! #-.!$ -,%0,,-7 ;-7

<$=4/% %$ 0,7=#0 %/0 .07!#0. 1$22=,!1-%!$, #-,40*

 Rules and Logics> ?-#% $8 %/0 $<@01%!A0 $8 %/0 BCDC 1$230%!%!$, #0A$EA07 -#$=,. %/0 07%-<E!7/F
20,% $8 - 3E-%$$,* G=1/ -, $30#-%!$, 2=7% #07301% - 3#0F.0H,0. 70% $8 #=E07 ;/!1/ !7 <-70. !,

,$% $,EI %/0 04$ A0/!1E05 <=% -E7$ !, %/0 7%-%07 $8 -EE $%/0# A0/!1E07* J/070 #=E07 ;0#0 !23E020,%0.

!, %/0 8$#2 $8 - 7%-%0 2-1/!,0 =7!,4  -%E-< G!2=E!,"*

 Vehicle Interface> J/0 A0/!1E0 !,%0#8-10 1-, <0 1$,7!.0#0. -7 - 4-%0;-I %/-% /-,.E07 -EE %/0
!,%0#-1%!$,7 %$ %/0 A0/!1E0K7 CLM <=7* J/!7 !,%0#8-10 !7 #073$,7!<E0 8$# 06%#-1%!,4 %/0 7!4,-E7

%/-% #03#070,% %/0 1=##0,% 7%-%0 $8 %/0 A0/!1E0* J/0 A0/!1E0 !,%0#8-10 -E7$ 70,.7 %/0 1$,%#$E !,3=%

%$ %/0 A0/!1E0 !, %0#27 $8 - #0N=07%0. -110E0#-%!$,* +, %/!7 3#$@01% ;0 <I3-77 %/0 #0N=07%0.

-110E0#-%!$, 7!4,-E $#!4!,-%!,4 8#$2 %/0 7%-,.-#. LCC !, %/0 G9O* J/0 1$23=%0. #0N=07%0.

-110E0#-%!$, ;!EE 7%!EE <0 1$,7%#-!,0. <I 2-6!2=2 -,. 2!,!2=2 <$=,.75 .0H,0. !, %/0 0,4!,0

,$.0 $8 %/0 A0/!1E0

 Front Sensing Module> J/!7 2$.=E0 %-"07 %/0 !,8$#2-%!$, 8#$2 &-.-#5 1-20#- -,. E!.-# -,.

8=707 %/0 !,8$#2-%!$,* +% %/0, 70,.7 $=% %/0 !,8$#2-%!$, $8 %/0 10,%#0 !, 3-%/ A0/!1E0 #04-#.!,4

%/0 #0E-%!A0 .!7%-,105 #-,40 #-%05-110E0#-%!$, $8 %/0 3#010.!,4 A0/!1E0 -,. -E7$ 04$ A0/!1E0 7300.*

 P!%/ %/0 06103%!$, $8 %/0 1$22=,!1-%!$, 3#$%$1$E5 -EE 7$8%;-#0 .0A0E$30. 8$# %/0 3#$@01% #=,7

$, - 7!,4E0 #0-EF%!20 /-#.;-#0 Q&J)R5 - .G?LCS  !1#$L=%$:$6 (* &-,4!,4 8#$2 !,%0#-1%!$,

;!%/ %/0 1-# CLM <=75 70#!-E 1$22=,!1-%!$, ;!%/ %/0 B?G -,. %/0 S%/0#,0% !,%0#8-10 ;!%/ %/0

1$22=,!1-%!$, =,!%5 %/!7 #0-E %!20 0,A!#$,20,% Q&JSR !7 -E7$ #073$,7!<E0 8$# -E4$#!%/27 #0E-%0.

;!%/ 3E-%$$,!,4 E$4!15 70,7$# 8=7!$, -,. A0/!1E0 1$,%#$E5 -7 .071#!<0. 0-#E!0#*

 J/0 &J) 1-, <0 #04-#.0. -7 - 10,%#-E /=< 4-%/0#!,4 !,8$#2-%!$, 8#$2 -EE %/0 /-#.;-#0 -,.

70,7$#7 !, %/0 A0/!1E0* L G!2=E!," 2$.0E ;-7 <=!E% %$ !,1$#3$#-%0 -EE ,01077-#I -E4$#!%/27 -!20.

-% .-%- %#0-%20,% -,. 7!4,-E 3#$1077!,4*

 Sensor Fusion> J$ 40% %/0 <0,0H%7 $8 %/0 1$$30#-%!A0 70% =35 $,0 1-, =70 %/0 1$,103% $8 70,7$#
8=7!$, %$ !23#$A0 %/0 -11=#-1I -,. %/0 #0E!-<!E!%I $8 %/0 07%!2-%!$, $8 %/0 .-%-* T0/!1E07 40%

!,8$#2-%!$, 8#$2 %/0 1$22=,!1-%!$,5 !,%0#,-E -,. 06%0#,-E 70,7$#7* :I =7!,4 .-%- 8=7!$,5 .-%-

8#$2 .!U0#0,% Q1$23E020,%-#IR 70,7$#7 1-, <0 1$2<!,0. 8$# 0,/-,10. #0E!-<!E!%I -,. -11=#-1I*

J/0 1=##0,% %/07!7 ;$#" !7 8$1=70. $, %/!7 3-#% $8 %/0 3#$@01%*

J/0 -1%=-E !,8$#2-%!$, =70. 8#$2 %/0 %/070 70,7$#7 ;!EE <0 .!71=770. !, G01%!$, (*(*(*

 ! "#$%&'( )$#(*&+,-$.

 ! !" #$%&'(%&$)

V!4=#07 (*(*W F (*(*X 7/$; %/0 A0E$1!%I $8 %/0 3#010.!,4 A0/!1E0* J/!7 A0E$1!%I !7 20-7=#0. 8#$2 %;$

.!U0#0,% 70,7$#7> $,0 !7 %/0 &-.-# 20-7=#0. A0E$1!%I Q;#!%%0, -7 CLM 20-7=#020,%R -,. %/0 701$,.

20-7=#020,% 1$207 8#$2 T(T !%70E8* +, %/0 <$%%$2 3E$% !, -EE %/070 H4=#075 %/0 70,7$# 8=7!$, $=%3=%

!7 -E7$ 7/$;, 8$# 1E-#!%I* L7 1-, <0 700, 8#$2 %/0 3E$%75 %/0 <0/-A!$# $8 %/0 7!4,-E7 8#$2 %/070

%;$ .!U0#0,% 7$=#107 !7 N=!%0 .!U0#0,%* V$# 06-23E05 !, V!4* (*(*W5 %/0 #-.-# #03$#%7 <-. A0E$1!%I

20-7=#020,% ;/0#0-7 !, V!4* (*(*X5 ;0 1-, 700 %/-% %/0 T(T !,8$#2-%!$, !7 -E2$7% Y0#$ 20-,!,4 %/-%

;0 .!.,K% #010!A0 -,I !,8$#2-%!$, 8#$2 %/0 3#010.!,4 A0/!1E0 8$# %/-% 710,-#!$* V!4* (*(*( 7/$;7 -

710,-#!$ ;/0#0 <$%/ %/0 7$=#107 $8 7!4,-E 3#$A!.0 4$$. 20-7=#020,%7 $8 %/0 3#010.!,4 A0/!1E0* B!A0,

%/070 %;$ !,8$#2-%!$, 7$=#1075 %/0 %-7" $8 %/0 70,7$# 8=7!$, !7 %$ 1$2<!,0 %/070 7$=#107 $8 !,8$#2-%!$,

-,. 40% - <0%%0# 07%!2-%0 $8 %/0 3-#-20%0# $8 !,%0#07%5 !, %/!7 1-70 %/0 A0E$1!%I $8 3#010.!,4 A0/!1E0*

Z,0 ,-!A0 ;-I $8 1$2<!,!,4 !,8$#2-%!$, 8#$2 %/070 !,8$#2-%!$, 7$=#107 !7 %$ %-"0 -, -A0#-40 $8

%/0 %;$ 7!4,-E7 <=% -7 1-, <0 700, !, %/$70 3E$%75 ;/0, %/0 T(T !,8$#2-%!$, !7 Y0#$5 %/0, -A0#-4!,4

WW
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 !"#$% &'&'() *+%%, -. +$%/%,!0" 1%2!/3%) /45%(
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 !"#$% &'&'() *+%%, -. +$%/%,!0" 1%2!/3%) /45%(

647 ,%8%$!-$48% 82% +%$.-$640/% -. 82% 938%$!0" 5758%6' : /3%1%$ 938%$!0" 8%/20!;#% 245 8- <% 4,-+8%,

8248 /40 84=% !08- 4//-#08 82% +$!-$ =0->3%,"% 8248 >% 241% 4<-#8 82% 5!"0435 5- 8248 "--, %58!648%5

/40 <% %?8$4/8%,'

 ! ! "#$%&' ()%*&$

@2%$% 4$% 6407 5%05-$5 !0 82% 5758%6 8248 >% #5% 40, %4/2 -0% 245 !85 ->0 58$%0"825 40, >%4=0%55%5'

 -33->!0" 4$% 82% 5-#$/%5 -. !0.-$648!-0)

 Ego RTK−GPS) @2% !0.-$648!-0 .$-6 82% %"- 1%2!/3% AB* #0!8 #5%, !0 82% 82%5!5 !0/3#,%5

+-5!8!-0C 5+%%, 40, 2%4,!0"' D0.-$648!-0 4<-#8 82% $%3!4<!3!87 -. 82% $%/%!1%, AB* ,484 !5 435-

#5%, .$-6 82% /2%/=5#6 40, 5848#5 6%554"%5' @2% AB* 8248 >% 4$% #5!0" !0 82% +$-E%/8 !5 $%43F

8!6% =!0%648!/ AB* >2!/2 "!1%5 +-5!8!-0 !0.-$648!-0 >!82 /%08!6%8%$ 3%1%3 4//#$4/7' G->%1%$

82% 2%4,!0" 8248 >% "%8 .$-6 AB* H#/8#48%5 1%$7 $4+!,37 >2%0 82% 1%2!/3% !5 48 $%58 -$ 48 3->

5+%%,5' @2% AB* !5 435- +$-0% 8- 6#38!+482 %$$-$5 40, 3-5%5 82% /-00%/8!-0 #0,%$ 82% <$!,"%5

40, 8#00%35' @2% AB* 5758%6 8248 >% /40 #+,48% !0.-$648!-0 %!82%$ IC JK -$ &K GL' M% #5%,

82% 5758%6 8- 84=% !0+#85 .$-6 AB* 48 &KGL'

 Front sensing module(FSM)) @2%$% !5 !0.-$648!-0 .$-6 $4,4$C /46%$4 4<-#8 82% $40"% N$%348!1%

,!5840/%OC $40"% $48% N$%348!1% 1%3-/!87OC $%348!1% 4//%3%$48!-0 .$-6 82% %"- 1%2!/3% 8- 82% +$%/%,!0"

1%2!/3%' @2% $%348!1% 4//%3%$48!-0 5!"043 8248 /-6%5 -#8 -. 82!5 6-,#3% !5 1%$7 <4, <#8 82% $40"%

6%45#$%6%085 4$% ;#!8% 4//#$48%' @2% $4,4$ 5758%6 8248 !5 #5%, !0 82% +$-E%/8 !5 64,% <7

P%3+2!' @2% ,%8%/8!-0 $40"% !5 JIK 6 >!82 4 9%3, -. 1!%> -. 16
0

' D0 $4> .-$6C 82% $4,4$ 5758%6

/40 ,%8%/8 #+8- &K 84$"%85 QJRS' T#8 82% !0.-$648!-0 8248 >% #5%, !5 82% .#5%, !0.-$648!-0 .$-6

$4,4$C /46%$4 40, 82!5  *U 6-,#3% "!1%5 82% !0.-$648!-0 4<-#8 82% /%08$% !0 +482 1%2!/3%V5

!0.-$648!-0 40, $40"%C $40"% $48%C $%348!1% 4//%3%$48!-0C >2%82%$ 82% 1%2!/3% !5 +$%5%08 -$ 0-8C

>2%82%$ 82% 84$"%8 245 /240"%, 4$% #5%, !0 82% +$-E%/8' @2%  *U 6-,#3% >45 0-8 $%+-$8!0"

J(



 !"!#$%"&' $()*+! , -$& *."/01*2 34*% !4*&* # " 5*4#+1* 34#+4 #  !"%6#%7  !#11 "!  $/* 6# !"%+*

"%6 3* "&* "00&$"+4#%7 !4"! 5*4#+1*2 !4* -89 /$6:1* 3" &*0$&!#%7 !4"! !4*&* # %$ 5*4#+1* #%

;&$%! 34#+4 # %$! !4* +" *, <1 $ !4* &"6"&  ' !*/ # 1#/#!*6 (' !4* =*16 $; 5#*3, >; !4*&* # "

5*4#+1* 34#+4 # %$! #% !4* =*16 $; 5#*3 $; !4* &"6"&2 !4*% !4* -89 /$6:1* 6$* %?! &*0$&! "%'

5*4#+1*,

 CAN@ A7$ 5*4#+1*?  0**6 "%6 "++*1*&"!#$% "&* !"B*% $:! ;&$/ !4* C<D (: ,

 V2V communication@ E%* /$&* #%;$&/"!#$%  $:&+* # !4* 5*4#+1*F!$F5*4#+1* +$//:%#+"!#$%,

8$/* $; !4* #%;$&/"!#$% !4"! # +$//:%#+"!*6 !4&$:74 3#&*1*  #%+1:6* !4* 5*4#+1*? 0$ #!#$%2 0$F

 #!#$% !#/*  !"/02 0$ #!#$% "++:&"+'2 5*1$+#!'2 4*"6#%72 "++*1*&"!#$%2 '"3 &"!*, G4# #%;$&/"!#$%

#  *%! "! " &"!* $; HI JK 3#!4 " 4*"6*& !4"! +$%!"#% !4*  *L:*%+* %:/(*&2 /*  "7* !#/*  !"/0

*!+, G4* * /*  "7* "&* &*+*#5*6 ;&$/ "11 !4* 5*4#+1* #% !4* &"%7*, <0"&! ;&$/ !4* * /*  "7* 2

#%;$&/"!#$% ;&$/ &$"6  #6* :%#!  :+4 " !&"M+ 1#74! #%;$&/"!#$%2  0**6 1#/#! $% 6#N*&*%! &$"6 

3*&* "1 $ +$//:%#+"!*6, -$& ;: #$% #% !4* 0&$)*+!2 3* : * !4* 0$ #!#$%2 5*1$+#!'2 "++*1*&"!#$%2

4*"6#%7 $; !4* 0&*+*6#%7O;&$%! 5*4#+1*, P$ #!#$% "%6 /*  "7* !#/*  !"/0 "%6 /*  "7*  *L:*%+*

%:/(*& "&* "1 $ : *6 6:&#%7 ;: #$% !$  '%+4&$%#K* 6"!" ;&$/ 6#N*&*%!  $:&+* "%6 "1 $ !$ "5$#6

;: #%7  "/* #%;$&/"!#$% /$&* !4"% $%+*,

G4* 0&*+*6#%7 5*4#+1* #%;$&/"!#$% # ;: *6 3#!4 !4* *7$ 5*4#+1*? #%;$&/"!#$%  :+4 !4"! $5*&"11

"++:&"+' $; !4* * !#/"!#$% "%6 ;: #$% "17$&#!4/ # #/0&$5*6, Q' : #%7 /"%' #%;$&/"!#$%  $:&+* 2 3*

+"% "+4#*5* &$(: !%*  !$ !*/0$&"&'  *% $& ;"#1:&* ,

< " &* :1! $;  *% $& ;: #$%2 3* "&* *.0*+!#%7

 =1!*&*6 5*1$+#!'2 "++*1*&"!#$% $; !4* 0&*+*6#%7 5*4#+1* R"%6 !4* *7$ 5*4#+1*S

 "++:&"!* 6# !"%+* (*!3**% !4* *7$ "%6 !4* 0&*+*6#%7 5*4#+1*

 (*!!*& * !#/"!* $; *7$ 5*4#+1*? 0$ #!#$% "%6 0&*+*6#%7 5*4#+1*? 0$ #!#$%

Q* #6* =1!*&#%7 "%6 ;: #%7 #%;$&/"!#$% ;&$/ 0&*+*6#%7 5*4#+1*2 #%;$&/"!#$% $; 01"!$$% 1*"6*& # "1 $

=1!*&*6, <% *.!*%6*6 T"1/"% =1!*&  *! :0 # : *6 ;$& ;: #%7 !4* #%;$&/"!#$% ;&$/ 0&*+*6#%7 5*4#+1*

3#!4 !4* *7$ 5*4#+1*?  *% $& #%;$&/"!#$%, <  #/01* T"1/"% =1!*& : : *6 !$ =1!*& !4* #%;$&/"!#$%

;&$/ 1*"6*& 5*4#+1*, U*!"#1 $; !4* #/01*/*%!"!#$% +"% (*  **% #% C4"0!*& V,

>% C4"0!*& W2 (" #+ +$%+*0! &*1"!*6 !$ !4* =1!*&#%7 !4*$&' 3#11 (* #%!&$6:+*6, T"1/"% =1!*& "%6

*.!*%6*6 T"1/"% =1!*& +$%+*0! "&* #%!&$6:+*6 3#!4  $/*  #/01* *."/01* , 8$/*!#/* 2 !4* 1#%*"&

6#N*&*%!#"1 *L:"!#$% +$%+*&%#%7 !4*  ' !*/ /$6*1 "&* 3&#!!*% #% +$%!#%:$: !#/* "%6 1"!*& 6# +&*!#K*6,

G4# 6# +&*!#K"!#$% "%6 &*1"!*6 +$%+*0! "&* "1 $ 6# +:  *6 #% 1"!*& 0"&! $; C4"0!*& W, -: #%7 !4*

#%;$&/"!#$% ;&$/ 6#N*&*%!  *% $& $0*&"!#%7 "! 6#N*&*%! ;&*L:*%+' 1*"6 !$ $:!F$;F *L:*%+* 0&$(1*/

34#+4 # 6# +:  *6 #% C4"0!*& X, >/01*/*%!"!#$% 6*!"#1 "&* 7#5*% #% C4"0!*& V "%6 !* ! &* :1! "&*

6# +:  *6 #% C4"0!*& Y,

HX



 !"#$%& '

 !"#$%!&' #($)%*

 !" #$%&'()*%+'$

 !"#$%"#&' #! "() *+&,)!! &- #'-)++#'. "() /0%'"#"1 &- #'")+)!" 2%!)3 &' "() '&#!14 #'3#+)," $)%!0+)$)'"!

&- "() !)'!&+!5 6' )!"#$%"&+ #! % $%**#'. -+&$ "() !)" &- 3%"% "& "() *%+%$)")+! &- #'")+)!"5 7()+)

%+) $%#'81 "9& 3#:)+)'" %**+&%,()! -&+ )!"#$%"#'. "() *%+%$)")+; '&'<=%1)!#%' %**+&%,( &+ >#!()+

%**+&%,( %'3 "() &"()+ &') #! =%1)!#%' %**+&%,(5 ?' =%1)!#%' %**+&%,(4 "() *%+%$)")+ "(%" 9)

9#!( "& )!"#$%") #! @#)9)3 %! +%'3&$ 9#"( !&$) *+#&+ *+&2%2#8#"1 3)'!#"1 -0',"#&' A*3-B 9()+)%! #'

'&'<=%1)!#%' %**+&%,(4 "() *%+%$)")+ #! @#)9)3 %! % '&'<+%'3&$C 0'D'&9' ,&'!"%'"5 ?' "(#! "()!#!4

9) -&,0! &' =%1)!#%' %**+&%,(5 6 2+#)- #'"+&30,"#&' "& @%+#&0! )!"#$%"#&' "),('/#0)! #! *+&@#3)3 #'

6**)'3#E 65

 !, -&.*/+$0 121%34 '53&5+36

7+%,D#'. ,%' 2) !))' %! )!"#$%"#&' &- "() !"%") &- % $&@#'. &2F)," 2%!)3 &' $)%!0+)$)'"! 9#"( "()

!"%") 3)G')3 %! !$%88)!" @),"&+ "(%" !0$$%+#H)! *%!" (#!"&+1 &- "() !1!")$5 I!0%881 "+%,D#'. !1!")$!

%+) 3)!#.')3 "& 9&+D #' +)%8<"#$)4 20" ,%' &- ,&0+!) %8!& 2) 0!)3 &:<8#')5 >#.5 J5K5L .#@)! %' &@)+@#)9

&- "() "+%,D#'. !1!")$5  !!)'"#%881 % "+%,D#'. !1!")$ ,%' 2) 3#@#3)3 #'"& "() -&88&9#'. 28&,D!; MKN

  !"#$%&#'5 O)')+%") $)%!0+)$)'"! "& -&+$ #'*0" A&2!)+@%"#&'!B "& "() "+%,D#'. !1!")$4 .)')+<

%881 *&!#"#&'A!B5

 ()*+", )"- -)*) )##$.+)*+$"5 >&+$ ,&''),"#&'! 2)"9))' "+%,D! %'3 &2!)@%"#&'! 21 !&8@#'.

"() !& ,%88)3 %!!#.'$)'" *+&28)$5 7() %!!#.'$)'" #! .)')+%881 &')<"&<&')4 $)%'#'. "(%" )%,(

"+%,D ,%' &'81 2) %!!#.')3 "& &') &2!)+@%"#&'5 ?' $08"#*8)<&2F)," "+%,D#'. !#"0%"#&'!4 "(#! $%1

!))$ %! "() ,)'"+%8 *%+" &- "() "+%,D#'. !1!")$4 (&9)@)+4 #" 3&)! '&" #',803) $&3)8! -&+ $&"#&'

&+ $)%!0+)$)'" '&#!)5

 /%).0 1)+"*)+")".!5 6! &2F)," 3#!!%**)%+ &0"<&-<@#)9 %'3 ')9 &2F)," %**)%+4 % ,)+"%#'

%$&0'" &- %3$#'#!"+%"#&' #! +)/0#+)35

 2+3*!%+", )"- 4%!-+.*+$"5 7(#! #! "() $%#' *%+" &- "() "+%,D#'.5 ?" 3)%8! 9#"( "() -%," "(%" "()

$)%!0+)3 &2!)+@%"#&'! ,&'"%#'! '&#!)5 7(#! #! ,&'"%#')3 #' "() $)%!0+)$)'" $&3)85 P&+)&@)+4

#" )'%28)! *+)3#,"#&' &- ')9 $)%!0+)$)'" 0!#'. % $&"#&' $&3)85

5 Measurement model 5 ?' )!"#$%"#&' "()&+1 9) )!"#$%") % A"+0)B *%+%$)")+ "(%" #! (#33)'

#' % '&#!1 $)%!0+)$)'"5 ?' "+%,D#'.4 "() *%+%$)")+A!B %+) *0" #' % !"%") @),"&+4 0!0%881

3)'&")3 21 xk A#' 3#!,+)") ,%!) %'3 x(t) #' ,&'"#'0&0! ,%!)B4 "(%" ,%' ,(%'.) &@)+ "#$)5
7() $)%!0+)$)'" zk A&+ z(t) #' ,&'"#'0&0! ,%!)B #! $&3)8)3 %! % -0',"#&' &- "() !"%") xk 4

LQ



 !"#$% &'(')* +%,%$-. /%01$!23!4, 45 36% 3$-17!," 0803%9

-,/ 36% 9%-0#$%9%,3 ,4!0% wk' :5 wk !0 +-#00!-,; 36%, <-.9-, =.3%$!," >!.. 2$4/#1% 36%

423!9-. %03!9-3% 45 xk'

 Motion(process) model ' ?%01$!@%0 64> 36% 03-3% -3 3!9% k + 1 : xk+1 1-, @8 1492#3%/

#0!," 36% 2$%A!4#0 03-3% xk -,/ 36% 2$41%00 ,4!0% vk'

:, 36!0 36%0!0; 3$-17 9-!,3-!,%,1% -,/ -0041!-3!4, -$% ,43 ,%%/%/ -0 36%  BC 94/#.% 4#2#30 36%

1%,3$% !, 2-36 A%6!1.%D0 !,54$9-3!4,' E6% 1492%3!3!4, 01%,-$!40 -$% -.04 2$%F/%=,%/*36%$% >!.. @%

A%6!1.%0 !, 3>4 /!G%$%,3 .-,%0 -,/ 36% A%6!1.%0 >!.. ,43 4A%$3-7% %-16 436%$ /#$!," 36% 1492%3!3!4,

$4#,/' B4; 36!0 2$4@.%9 45 3$-17 9-!,3-!,1% !0 A%$8 0!92.% 54$ 36% 36%0!0' B-9% !0 36% 1-0% >!36

-0041!-3!4,' E6%$% !0 ,%%/ 54$ "-3!," @%1-#0% 36%$% >%$% 9-,8 4#3.!%$0 !, 9-,8 9%-0#$%9%,30 -,/

36%$% >-0 - ,%%/ 34 %.!9!,-3% 36%0% 4#3.!%$0 @%54$% #0!," 36%9 !, 36% =.3%$' E6% 9-!, 541#0 45 36%

36%0!0 >!.. @% 4, =.3%$!," -,/ 2$%/!13!4,' :, 36% ,%H3 0%13!4,; @-0!1 14,1%230 45 36% I-8%0!-, >-8 45

%03!9-3!4, >!.. @% 2$%0%,3%/ >!36 049% 9-36%9-3!10 36-3 !0 ,%1%00-$8' B%13!4, &'J; <-.9-, =.3%$ >!..

@% !,3$4/#1%/ @#!./!," 4, 36% 14,1%230 5$49 B%13!4, &'&'

 ! "#$%&'#( #))*+#,- .+ %&.'/#.'+(

:, 3$-17!,"; 36% 2-$-9%3%$0 >% >!06 34 %03!9-3% A-$8 4A%$ 3!9% -,/ 1-, @% 94/%..%/ #0!," - /8F

,-9!1-. 0803%9 K3!9%FA-$8!," 2-$-9%3%$0L' B!,1% 3-$"%3 3$-17!," -22.!1-3!4,0 -$% $%-.F3!9%; >% ,%%/

3%16,!M#%0 >6!16 -$% ,43 1492#3-3!4,-..8 %H2%,0!A% -,/ 2$%5%$-@.8 $%1#$0!A%' E6% @-17"$4#,/ 36-3 !0

,%%/%/ 34 #,/%$03-,/ 36% =.3%$!," #0!," 36% I-8%0!-, 0%3 #2 >!.. @% %H2.4$%/ @%.4>'

 ! !" #$%&'( )*&+,&-

:, I-8%0!-, -22$4-16; 36% 2-$-9%3%$ 45 !,3%$%03 !0 - $-,/49 A-$!-@.% >!36 049% 2$!4$ 2/5 -,/ >% >4#./

.!7% 34 4@3-!, 36% 2403%$!4$ 2/5 #0!," I-8%0 54$9#.-*

p(x|z) =
p(x , z)

p(z)
=

p(z|x)p(x)

p(z)
=

1

k
p(z|x)p(x) K&'&')L

>6%$% x !0 36% 2-$-9%3%$ >% >4#./ .!7% 34 %03!9-3% 94/%.%/ 03416-03!1-..8 -,/ z !0 36% 9%-0#$%9%,3'

p(x) !0 36% 2$!4$ 2/5 45 x -,/ !3 $%N%130 36% #,1%$3-!,!3!%0 45 x @%54$% K2$!4$ 34L "%33!," 9%-0#$%9%,30'
p(z|x) !0 36% .!7%.!644/ 5#,13!4, -,/ p(x|z) !0 36% 2403%$!4$ /!03$!@#3!4,; 36-3 /%01$!@%0 4#$ 7,4>.%/"%

)O



 !"#$ x  %$&' ()"*$+ "!*&',-./ $0& 1& *#'&1&.$ z2 k -*  ."'13-4 $-". 5".*$ .$ *-.5& -$ 6"&*.7$ 6&)&.6

". $0& ) ' 1&$&' 8& 8-*0 $" &*$-1 $& x2

9".:; <&*- .  ))'" 50 5 . !& *&&.  *  *)&5- 3 5 *& "% ; <&*- .  ))'" 50 8-$0 )'-"' -/."' .5& -2&= -%

p(x) -*  **#1&6 $" !& #.-%"'1= $0&. !"$0 $0&*& 1&$0"6* 8-33 !& * 1&2 >0& %"33"8-./ -*  . &? 1)3& "%

$0& $0'&& 6-@&'&.$ &*$-1 $-". $&50.-A#&*2 >0& )"*$&'-"' 6&.*-$< %#.5$-". p(x|z) 6&*5'-!&* &,&'<$0-./

$0 $ ".& 8"#36 3-B& $" B."8  !"#$ ) ' 1&$&' x  .6 $0& $ *B "% 6-@&'&.$ ; <&*- . C3$&'-./  3/"'-$01*

-* $" C.6 $0-* )"*$&'-"' 6&.*-$< %#.5$-".2

 ! !" #$%&'(

>" '&5#'*-,&3< &*$-1 $& $0& *$ $& "% $0& 6<. 1-5 *<*$&1= *$ $& *) 5& 1"6&3* -* ".&  ))'" 50 $" /"

8-$02 D. &./-.&&'-./= *$ $&:*) 5& '&)'&*&.$ $-".* -* *&&.  *  1 $0&1 $-5 3 1"6&3 "% $0& )0<*-5 3

*<*$&1 8-$0  *&$ "% -.)#$*= "#$)#$*  .6 *$ $& , '- !3&* ("%$&. &?)'&**&6  * ,&5$"'*+ /",&'.&6 !<  

C'*$:"'6&' 6-@&'&.$- 3 &A# $-".2 >0& 1"*$ /&.&' 3 .".:3-.& ' *$ $& *) 5& 1"6&3 -. 80-50 $0& .".:

*$ $-". '< ) ' 1&$&' xk -* 1"6&3&6  *  6<. 1-5 1"6&3  * %"33"8*E

xk = fk−1(xk−1, uk−1, vk−1) (F2F2G+

zk = hk(xk, uk, wk) (F2F2F+

80&'& xk -* $0& *$ $& ,&5$"' $0 $ -* $0& A# .$-$< "% -.$&'&*$2 uk -*  (B."8.+ 5".$'"3 -.)#$ $" $0&

*<*$&12 vk -*  *$"50 *$-5 )'"5&** 5 33&6 )'"5&** ."-*&2 zk -* $0& 1& *#'&1&.$  $ $-1& k2 wk -* $0&

1& *#'&1&.$ ."-*&2 Process model "' $0& motion model -* /-,&. -. (F2F2G+2 D$ -* #*&6 $" 6&*5'-!& $0&

6-*$'-!#$-". "% $0& *$ $& %'"1 xk−1$" xk #*-./ p(xk|xk−1)2 ;&5 #*& "% $0& )'"5&** 1"6&3=  33 $0& )'&,-:

"#* 1& *#'&1&.$* Z1:k−18-33 !& #$-3-4&6 80&'& Z1:k−1 = {z1, z2, ....zk−1}2 >0& measurement model "'

sensor model -* /-,&. -. (F2F2F+2 D$ '&3 $&* $0& 1& *#'&1&.$* zk $" $0& *$ $& ,&5$"' xk #*-./ 3-B&3-0""6

%#.5$-". p(zk|xk)2 fk−1, hk  '& %#.5$-".* '& 3$-./ $" $0& )'"5&** 1"6&3  .6 1& *#'&1&.$ 1"6&3  .6

6&)&.6-./ ". $0& )'"!3&1= $0&*& 0 * $" !& 6&C.&62

 ! ! )&*+,(-.& /01&(-02 &(3-403-$2

D. '&5#'*-,& ; <&*- . &*$-1 $-".= $0& #.B."8. )6% -* "!$ -.&6 '&5#'*-,&3< ",&' $-1& #*-./  1 $0&1 $:

-5 3 1"6&3 $0 $ 6&*5'-!&* $0& #.6&'3<-./ )'"5&**  .6 #*-./ $0& 1& *#'&1&.$* HGFI2 J&5#'*-,& ; <&*- .

&*$-1 $-".  .6 $0&'&!< K 31 . C3$&'  .6 *" ". '&3-&* ". L 'B", )'"5&**  .6 1 'B",- . )'")&'$<

 **#1)$-".2 L 'B", )'"5&** 5 . !& 6&*'-!&6  *  *$"50 *$-5 ($-1&:, '<-./ ' .6"1 )0&."1&.".+ )'":

5&** 8-$0  L 'B", )'")&'$< ("' 1&1"'<3&**.&**+= -. 80-50 $0& )'"! !-3-$< 6-*$'-!#$-". "% $0& %#$#'&

*$ $&* /-,&. $0& )'&*&.$ *$ $& "% $0& *<*$&1= 6&)&.6* ".3< ". $0& )'&*&.$ *$ $&  .6 -.6&)&.6&.$ "%

$0& $0& %#$#'&  .6 ) *$ *$ $&*2 M-/2 F2F2N *0"8*  *-1)3& 6- /' 1 "% $0& 0-66&. 1 'B", 1"6&3 80&'&

xk−1 and xk..  '& $0& $'#& (#."!*&',&6+ *$ $&* "% $0& *<*$&1  .6 zk−1 and zk..  '& $0& 1& *#'&1&.$*

"!*&',&6 *#'-./ $-1& -.*$ .$* B:N  .6 B '&*)&5$-,&3<2

O#& $" $0&  !",& L 'B",- .  **#1)$-". ". $0& *$ $&*= $0& )'"! !-3-$< "% $0& 5#''&.$ $'#& *$ $&

5".6-$-".&6 -. $0& -11&6- $&3< )'&,-"#* ".& 6"&*.7$ 6&)&.6 5".6-$-". 33< ". $0& "$0&' )'&,-"#* *$ $&*2

D. "$0&' 8"'6*E

p(xk|xk−1, xk−2, xk−3, ....x1, x0) = p(xk|xk−1) (F2F2P+

Q-1-3 '3<= $0& 5#''&.$ 1& *#'&1&.$ 6&)&.6* ".3< ". $0& 5#''&.$ *$ $&  .6 -* 5".6-$-". 33< -.6&)&.6&.$

". $0& )'&,-"#* *$ $&* /-,&. 5#''&.$ *$ $&E

p(zk|xk, xk−1, xk−2, xk−3, ....x1, x0) = p(zk|xk) (F2F2R+
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 !"#$% &'&'() *!++%, -.$/01 20+%3

45 #6!," 78%6% 790 %:#.7!0,6; 78% <0!,7 =$0>.>!3!75 +!67$!>#7!0, 01%$ .33 7$#% 67.7%6 .,+ 2%.6#$%2%,76

0? . *-- @., >% "!1%, >5)

p(x0, x1, ....xk−1, xk , z1....., , zk−1, zk) = p(x0)

k
∏

i=1

p(zi|xi) p(xi|xi−1) A&'&'BC

 0$ +%$!1!," A&'&'BC; D$67 78% <0!,7 =+? 8.6 70 >% 9$!77%, $%@#$6!1%35 !, 7%$26 0? @0,+!7!0,.3 =$0>.E

>!3!7!%6 .,+ 3.7%$ 78% -.$/01 =$0=%$7!%6 !, A&'&'FC .,+ A&'&'GC @., >% .==3!%+ 70 "%7 78% D,.3 ?0$2' H6

67.7%+ %.$3!%$; 78% :#.,7!75 0? !,7%$%67 !6 78% =067%$!0$ +!67$!>#7!0, .,+ 78!6 @., >% 0>7.!,%+ @0,@%=7#E

.335 >5 2.$"!,.3!I!," 78% =$%1!0#6 67.7%6 .,+ 78%, +!1!+!," 9!78 =$0>.>!3!75 0? 78% 2%.6#$%2%,7 6%7

.6 ?033096)

p(xk|Z1:k) =
p(zk|xk,Z1:k−1) p(xk|Z1:k−1)

p(zk|Z1:k−1)
=

p(zk|xk) p(xk|Z1:k−1)

p(zk|Z1:k−1)
A&'&'JC

98%$% Z1:k = {z1, z2, ....zk} !6 78% 2%.6#$%2%,7 1%@70$' p(zk|xk) $%3.7%6 78% 2%.6#$%2%,7 .7 7!2%
!,67.,7 / 70 78% 67.7% .7 7!2% / .,+ !6 78% 3!/%3!800+ ?#,@7!0,' p(xk|Z1:k−1) "!1%6 . @0,,%@7!0, >%79%%,
78% @#$$%,7 67.7% >.6%+ 0, 78% =.67 2%.6#$%2%,76 .,+ @., >% @02=#7%+ #6!,")

p(xk|Z1:k−1) =

ˆ

p(xk|xk−1,Z1:k−1) p(xk−1|Z1:k−1) dxk−1 =

ˆ

p(xk|xk−1) p(xk−1|Z1:k−1) dxk−1

A&'&'KC

L8!6 %:#.7!0, !6 6!2!3.$ 70 A&'&'(C; <#67 78.7 9% 8.1% 70 .==35 -.$/01 =$0=%$7!%6 .,+ <0!,7 =+? 0? *--

.6 67.7%+ !, .>01% %:#.7!0,6' M!6@$%7%E7!2% 67.7% 6=.@% 20+%36 .6 6809, !, N%@7!0, &'&'O "!1%6 . 9.5

0? D,+!," 78% p(zk|xk) .,+ p(xk|Z1:k−1)'

 !""#$% &' $()!$*+,( -#%(*+#. (*/+"#/+&.0

 P%%+ . =$0@%66 20+%3 .,+ . 2%.6#$%2%,7 20+%3 .6 67.7%+ !, N%@7!0, &'&'O70 67.$7 9!78' L8%,

#6!," 78%6% 20+%36; 9% @., +0 78% ?03309!,"'

 Prediction : Q, 78!6 67%=; 9% #6% 78% /,093%+"% 0? =$%1!0#6 67."% .,+ .33 =$%1!0#6 2%.6#$%2%,76
70 =$%+!@7 78% ?#7#$% 67.7% xk' Prediction stage @., >% "!1%, .6 !, A&'&'KC'

 Update : L8% %:#.7!0, !, A&'&'JC !6 @.33%+ 78% measurement update .,+ .6 9% @., 6%% 78.7 78%

3!/%3!800+ ?#,@7!0, !6 2#37!=3!%+ 70 78% 0#7=#7 0? 78% =$%+!@7!0, .,+ 78%, ,0$2.3!I%+' N0; 78!6

3!/%3!800+ ?#,@7!0, @., >% 8%3= 70 .+<#67 78% =60%7$!0$ +!67$!>#7!0, 9!78 78% ,%9 +.7.'

 R% +0 78!6 =$%+!@7!0, .,+ #=+.7% 67%=6 $%@#$6!1%35 .,+ D,+ 78% =067%$!0$ +!67$!>#7!0, 78.7 @.,

>% #6%+ 70 D,+ 78% %67!2.7% 0? 78% 67.7% 1%@70$ #6!," 602% @$!7%$!. 3!/% 2.S!2#2 . =067%$!0$

A-HTC; 2!,!2#2 2%., 6:#.$% %67!2.7!0, A--NUC %7@'
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+(1'16 =113/0%!-"1 !" %&' >()/(" ?)%'. 1'% 30 /(@' !% 0-11!2)' %- ?"# %&' ("()*%!+() ';0.'11!-"1 ,-.

45656A8 ("# ()1- 0-1%'.!-. #!1%.!23%!-" !" 45656786 B'%C1 ';0)-.' >()/(" ?)%'. !" %&' 1321'93'"% 1'+%!-"16

 !" #$%&$' ()%*+,

D" >()/(" ?)%'.E 2-%& %&' 0.-+'11 /-#')E /'(13.'/'"% /-#') (.' )!"'(.)* #'0'"#'"% -" xk , uk , vk and wk6

F&' "-!1'1 vk ("# wk (.' (113/'# %- 2' <&!%' G(311!(" "-!1' ("# ()1- !"#'0'"#'"% -, '(+& -%&'.6 D"

%&!1 1'%30E p(xl|Z1:m) !1 G(311!(" ,-. ()) ) ("# /6 H1!"$ %&'1' (113/0%!-"1E %&' 0.-+'11 /-#') ("# %&'
/'(13.'/'"% /-#') +(" 2' ';0.'11'# (1 ,-))-<1 IJE 5K

xk = Fk−1xk−1 +Bk−1uk−1 +Gk−1vk−1 456L6J8

zk = Hkxk + Ckuk + wk 456L6M8

<&'.' vk−1 ∼ N (0, Qk−1) ("# wk ∼ N (0, Rk)6 N-)O!"$ %&'1' %<- '93(%!-"1 .'+3.1!O')* <!)) .'13)% !"
>()/(" ?)%'. IPK6

=,%'. 31!"$ 0.-0'.%!'1 -, G(311!(" .("#-/ O(.!(2)'1E -"' +(" $'% %&' ,-))-<!"$ '93(%!-"1 ,-. %&'

>()/(" ?)%'.Q

 Prediction step : F&' 1%(%' 0.'#!+%!-" ("# %&' +-O(.!("+' 0.'#!+%!-" +(" 2' $!O'" 2*Q

x̂k|k−1 = Fk−1x̂k−1|k−1 456L658

Pk|k−1 = Fk−1Pk−1|k−1F
′

k−1 +Qk−1 456L6L8

Update stepQ F&' 1%(%' 0.'#!+%!-" ("# %&' +-O(.!("+' 0.'#!+%!-" +(" 2' $!O'" 2*Q

x̂k|k = x̂k|k−1 +Kk(zk − hkx̂k|k−1) 456L6R8

Pk|k = Pk|k−1 −Kk(Sk)
−1K

′

k 456L6P8

<&'.' Sk !1 %&' !""-O(%!-" 4zk − hkx̂k|k−1 !1 %&' "'< !",-./(%!-" !" %&' /'(13.'/'"%8 .'1!#3()Q

Sk = HkPk|k−1H
′

k +Rk 456L678

("# Kk !1 %&' >()/(" $(!" ("# &(1 (" !/0-.%("% .-)' !" /(@!"$ ( %.(#'-S 2'%<''" %&' /'(T

13.'/'"%1 ("# %&' 0.!-. !",-./(%!-"6

Kk = PxyP
−1
yy = Pk|k−1H

′

kS
−1
k 456L6A8

D, %&' /'(13.'/'"% O(.!("+' Rk !1 /-.' %&(" %&' 0.-+'11 "-!1' +-O(.!("+' QkE %&'" Kk <!)) 2' )'11

O()3' <&!+& !/0)!'1 %&(% <' %.31% /-.' -" %&' 0.'#!+%!-" %&(" %&' /'(13.'/'"%16 N!/!)(.)* !, %&'

0.-+'11 "-!1' !1 /3+& )(.$'. %&(" %&' /'(13.'/'"% O(.!("+'E %&'" -3. %.31% <!)) 2' /-.' -" %&'

/'(13.'/'"%1 %&(" -" %&' 0.'#!+%!-"E <&!+& 1''/1 %- 2' !"%3!%!O')* +-..'+% ("# ()1- <' +(" 1'' %&'

1(/' /(%&'/(%!+())* ,.-/ 456L6A8 ("# 456L6R86

>()/(" ?)%'. !1 %&' UUNV ?)%'. ,-. %&' )!"'(. 0.-+'11 ("# /'(13.'/'"% /-#')1 <!%& G(311!("

"-!1' ("# ( )!"'(. UUNV '1%!/(%' ,-. )!"'(. /-#')1 <!%& "-"TG(311!(" +(1' IMJE MMK6

 !"!# $%&'()) *&+(,

F&' $'"'.() "-"T)!"'(. 0.-+'11 /-#') !1 $!O'" 2* 45656M86 F&!1 /-#') &')01 %- /(@' ( 0.'#!+%!-" %- %&'

+3..'"% %!/' !"1%("% 2(1'# -" %&' 0.'O!-31 1%(%' ("# 0.'O!-31 /'(13.'/'"%16 U-1% -, %&'1' /-%!-"

/-#')1 (.' /(!")* #.!O'" 2* %&' )(<1 -, 0&*1!+16  -))-<!"$ (.' ,'< ';(/0)'1 -, /-%!-" /-#')16
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 !"#$%&'  !"#$ %&'()'*$+, )#'- !"-'+ $" -'#.&/0' $1' 2'1/.+' !"$/"* )# $1' ."*#$3*$ 2'+"./$, 4567

!"-'+8 91/.1 /# 03#'- "* $1' 3##)!:$/"* $13$ 3..'+'&3$/"* 0'$9''* $9" $/!' #3!:+'# /# ."*#$3*$ 3*-

$3;'* %&"! 3 <'&"=!'3* 91/$' *"/#' :&".'##> ?"!'$/!'# $1/# !"-'+ /# .3++'- -/#.&'$' 91/$' 3..'+'&3$/"*

!"-'+ @AB> 5"*#/-'& 3 #/!:+' .3#' 91'&' $1' 2'1/.+' /# !"2/*C 3+"*C 3 #$&3/C1$ +/*'> D'$ )# 3##)!'

$13$ $1' :"#/$/"* 3*- 2'+"./$, "% $1' 2'1/.+' 3$ $/!'=#$': ; 3&' C/2'* 0, pk 3*- ṗk /* #"!' .""&-/*3$'

#,#$'!> E1' !"$/"* !"-'+ "% $1' 2'1/.+' .3* 0' -'#.&/0'- 3#F

xk = F xk−1 +G vk−1 4G>H>I7

91'&' T /# $1' #3!:+/*C $/!'8 F =

[

1 T

0 1

]

/# $1' #$3$' $&3*#/$/"* !3$&/J 3*- G =

[

T 2

2
T

]

> E1'

'K'.$ "% *"/#' $'&! vk"* $1' 2'+"./$, -)&/*C $1' $/!' :'&/"- T /# vkT 3*- "* $1' :"#/$/"* /#
T 2

2 vk> ?"8

9' .3* 9&/$' $1' '()3$/"* 3# pk = pk−1 + T ṗk + T 2

2 vk />'8 $1' :"#/$/"* 3$ $/!' /*#$3*$ ; -':'*-# "*

$1' :3#$ :"#/$/"* :+)# E $/!'# $1' 2'+"./$,> ?/*.' 9' .3*L$ !"-'+ $1' 2'1/.'+ !"$/"* 3..)&3$'+, 9/$1

$1/# !"-'+8 9' 3-- *"/#' $'&!> E1' :&".'## ."23&/3*.' .3* 0' ."!:)$'- 3#

Q = E{Gvkv
′

kG
′

} = GE{vkv
′

k}G
′

= Gσ2
vG

′

=

[

T 4

4
T 3

2
T 3

2 T 2

]

σ2
v

 *)!0'& "% -/K'&'*$ :&".'## !"-'+# .3* 0' #''* /* @H8 A8 MB>

 !"!# $%&'()%*%+, *-.%/

N'*'&3+ *"*=+/*'3& !'3#)&'!'*$ !"-'+ /# C/2'* 0, 4G>G>G7> E1/# !"-'+ 1'+:# $" !3;' 3 +/*; 0'$9''*

$1' #$3$' 3*- $1' !'3#)&'!'*$ 3$ .)&&'*$ $/!'> E1/# !"-'+ /# !3/*+, -&/2'* 0, $1' #'*#"&# $13$ "*'

)#'# %"& $1' #,#$'!> O"++"9/*C 3&' %'9 'J3!:+'# "% !"$/"* !"-'+#>

 !"#$%&' (")"* +&,+-* #-)&%. ?)::"#' $1' #$3$' 2'.$"& 91/.1 9' 9")+- +/;' $" '#$/!3$' /# C/2'*

/* .3&$'#/3* .""&-/*3$'# 3#F

xk =









pxk

pyk

ṗxk

ṗyk









4G>H>AP7

Q* $1' R3-3& #,#$'!8 C'*'&3++, $1' R3-3& :&"2/-'# !'3#)&'!'*$# #).1 3# &3*C'8 3</!)$1 3*C+' /* :"+3&

.""&-/*3$'#F

zk =

[

r

φ

]

=





√

p2xk
+ p2yk

arctan(
pyk

pxk

)



+

[

wr

wφ

]

4G>H>AA7

9/$1 wr, wφ-'S*'- 3# $1' !'3#)&'!'*$ *"/#' /* &3*C' 3*- 3</!)$1 3*C+' &'#:'.$/2'+,> T' .3* #''

$13$ /* $1/# !'3#)&'!'*$ !"-'+8 zk /# 3 *"*=+/*'3& %)*.$/"* "% $1' #$3$'> Q* ?'.$/"* G>U8 9' .3* #''

"*' !'$1"- "% -'3+/*C 9/$1 *"*=+/*'3& !'3#)&'!'*$ !"-'+ 3*- :&".'## !"-'+>

 !"! 01-/(,2-+ -3 4.35'

O/C> G>H>A C/2'# '2"+)$/"* "% $1' :&"030/+/$, -'*#/$, %)*.$/"* %"& 3 MV :"#/$/"* #$3$' 2'.$"&> E1' :&".'##

."23&/3*.' 93# P>PA 91'&'3# $1' !'3#)&'!'*$ 23&/3*.' /# P>U> W'*.' 3.."&-/*C $" $1/# !"-'+8 9' 0'+/2'

!"&' "* $1' :&".'## !"-'+> > T' .3* #'' $13$ $1' :"#$'&/"& -/#$&/0)$/"* /# *3&&"9'& $13* $1' :&/"&

3*- :&'-/.$'- -'*#/$,> X&/"& /*%"&!3$/"* .3* 0' #''* 3# $1' /*%"&!3$/"* $13$ 9' C'$ /* $1' :&'2/")#

&'.)&#/"* 91'* $1' Y3+!3* S+$'& &)*#> Z*.' 9' 132' $1' :&/"& /*%"&!3$/"*8 9' )#' :&'-/.$/"* #$3C'

"% Y3+!3* S+$'& 3*- )#' $1' '()3$/"*# "% :&'-/.$/"* #$': $" C'$ $1/# -'*#/$, %)*.$/"*> Z*.' 9' C'$

$1' !'3#)&'!'*$#8 9' .3* ."!:)$' $1' Y3+!3* C3/* 3*- $1'&'0, ."!:)$' $1' !'3* 3*- ."23&/3*.'

"% $1' #$3$' '#$/!3$'# C/2'* $1' !'3#)&'!'*$#> ["$' 1'&' $13$ :&'-/.$/"* -'*#/$, /# !).1 \3$$'& $13*
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 !"!" #$%&'()*

;0  ;< =./%$> /9%$% !7 4 /$46%-? 3%/@%%0 /9% 6%.45 406 /9% 7:--/90%77 !0 /9% =./%$%6 7!"04.' A!:!.4$ /-

/9%7% /%890!B#%7> !0 C4.:40 =./%$> /9% 24$4:%/%$7 /94/ 94,% /9% 84243!.!/5 -1 /9!7 /$46%-? 4$% 2$-8%77

,4$!408% 406 :%47#$%:%0/ ,4$!408%' ;1 /9% 2$-8%77 0-!7% 8-,4$!408% !7 ,%$5 .%77> /9%0 @% 3%.!%,% :-$%

!0 /9% 2$-8%77 :-6%.' A!:!.4$.5 !1 /9% :%47#$%:%0/ 0-!7% ,4$!408% !7 .%77> /9%0 @% /$#7/ :-$% -0 /9%

:%47#$%:%0/7' D9!7 :%407 /94/> 1-$ %E4:2.%> !1 /9% 2$-8%77 0-!7% 8-,4$!408% !7 .%77> /9%0 /9% %7/!:4/%6

7!"04. @!.. /4F% 7-:% /!:% /- 84/89 #2 /9% :%47#$%6 7!"04. /9%$%35 94,!0" 7-:% 6%.45' D9%7% 840 3%

7%%0 !0 /9% 1-..-@!0" 2.-/7*

 !" #$%&'(&( )*+,*' -+%&.

;0 7-:% 2$48/!84. 2$-3.%:7> /9% 477#:2/!-07 :46% 35 /9% C4.:40 =./%$ 7%%:7 /- 3% ,%$5 $%7/$!8/!,%'

 -$ %E4:2.%> !0 A%8/!-0 &'('G> /9% <464$ :%47#$%:%0/ :-6%. 84:% -#/ /- 3% 0-0H.!0%4$ @!/9 $%72%8/

/- /9% 7/4/% ,%8/-$ /94/ @% 94,% 6%=0%6' ;0 847%7 .!F% /94/> /9% :-6%.7 4$% 0- :-$% .!0%4$' +E/%06%6

C4.:40 =./%$ I+C J !7 -0% 7#3H-2/!:4. @45 /- %E/%06 /9% C4.:40 =./%$ 7%//!0" /- 9406.% /9% 0-0H

.!0%4$ :-6%.7' K/9%$ /%890!B#%7 /94/ 4$% 0-/ 8-,%$%6 !0 /9% /9%7!7 !08.#6% #078%0/%6 C4.:40 =./%$>

24$/!8.% =./%$7 %/8'

D9% 347!8 !6%4 !0 +C !7 /- .!0%4$.!7% /9% 0-0 .!0%4$ :-6%.7 #7!0" /9% =$7/ -$6%$ D45.-$ %E2407!-0'

L77#:!0" !06%2%06%0/ @9!/% M4#77!40 0-!7% 406 #7!0" /9% =$7/ -$6%$ D45.-$ 422$-E!:4/!-0 /- /9% 0-0

.!0%4$ :-6%.7 %07#$%7 /94/ /9% .!0%4$ M4#77!40 477#:2/!-0 9-.6 1-$ /9% .!0%4$.!7%6 757/%: N)> &> )OP'
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 !"#$% &'(')* +,$-!." /$01%22 .0!2% 103,$!,.1%' 40/ 5%64 789'9:; 40/ $!"<4 789':; =0440> 5%64 78:;

=0440> $!"<4 78:9
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 !" #$ %$$&'! "(%" "(! )*++*,#-. %/! "(! 0/*1!$$ %-2 '!%$&/!'!-" -*-3+#-!%/ '*2!+$4

xk = fk−1(xk−1) + wk−1 567879:

zk = gk(xk) + vk 56787;:

<#/$" */2!/ =%>+*/ %00/*?#'%"#*- %00+#!2 "* 567879:@ 56787;: 1%- A! 1*'0&"!2 &$#-.4

fk−1(xk−1) ≈ fk−1(x̂k−1|k−1) +Ak−1(xk−1 − x̂k−1|k−1) 567876:

gk(xk) ≈ gk(x̂k|k−1) +Dk(xk − x̂k|k−1) 56787B:

,(!/! Ak−1 = ∂fk−1(x)
∂x

|x=x̂k−1|k−1
%-2 Dk = ∂gk(x)

∂x
|x=x̂k|k−1

7 C*"! "(%" fk−1#$ +#-!%/+#$!2 %/*&-2 "(!

0/!D#*&$ !$"#'%"! x̂k−1|k−1%-2 gk#$ +#-!%/#$!2 %/*&-2 "(! 0/!2#1"!2 D%+&! x̂k|k−17

E%$!2 *- "(! %A*D! !F&%"#*-$@ "(! 0/*1!$$ '*2!+ %-2 '!%$&/!'!-" '*2!+ 1%- A! /!,/#""!- %$4

xk = (Ak−1xk−1 + dk−1) + wk−1 567878:

zk = (Dkxk + ek) + vk 56787G:

,#"(

dk−1 = fk−1(x̂k−1|k−1)−Ak−1x̂k−1|k−1 56787H:

ek = gk(x̂k|k−1)−Dkx̂k|k−1 56787I:

=(! .*%+ #$ "* 2!"!/'#-! "(! 0*$"!/#*/ 2#$"/#A&"#*- %$ #- "(! 1%$! *) %-> E%>!$#%- J+"!/#-. 0/*A+!'7

=(! 2!/#D%"#*- #$ -*" 0/!$!-"!2 (!/! A&" "(! J-%+ !F&%"#*-$ *) "(! KL< %/! %$ A!+*,4

Prediction step :

x̂k|k−1 = Ak−1x̂k−1|k−1 + dk−1 = fk−1(x̂k−1|k−1) 56787M:

Pk|k−1 = Ak−1Pk−1|k−1A
′

k−1 +Qk−1 567879N:

Update step :

x̂k|k = x̂k|k−1 +Kk(zk − gk(x̂k|k−1)) 5678799:

Pk|k = Pk|k−1 −KkDkPk|k−1 567879;:

,(!/! Kk = Pk|k−1D
′

k(Rk +DkPk|k−1D
′

k)
−1
#$ "(! L%+'%- .%#-7 O- "(! "(!$#$@ ,! (%D! &$!2 KL< $!"

& "* 2!%+ ,#"( "(! -*-3+#-!%/ 0/*1!$$ '*2!+ %-2 '!%$&/!'!-" '*2!+$7

 !" #$%&'( )*&+'%

P(!- "(!/! %/! '%-> 5'*/! "(%- *-!: #-)*/'%"#*- $*&/1!$ "(%" 0/*D#2! "(! #-)*/'%"#*- %A*&" "(!

0%/%'!"!/$ "(%" ,! ,*&+2 +#Q! "* !$"#'%"!@ #" ,*&+2 A! .**2 "* 1*'A#-!! "(*$! #-)*/'%"#*- $*&/1!$

1+!D!/+>7 =(#$ #$ ,(%" $!-$*/ )&$#*- 2*!$7 O" "/#!$ "* 1*'A#-! #-)*/'%"#*- )/*' D%/#*&$ $*&/1!$ .#D#-.

,!#.("#-.$ "* A!+#!) *) 2#R!/!-" #-)*/'%"#*- $*&/1!$7 =(! 1*-1!0" *) $!-$*/ )&$#*- #$ -*" % -!, 1*-1!0"

"* "(! (&'%-$7 <*/ !?%'0+!@ 2%"% "(%" 1*'!$ )/*' "(! (&'%- %&2#"*/> 5!%/$: %-2 "(! D#$&%+ 1%0%A#+#3

"#!$ 5!>!$: %/! D!/> 2#R!/!-" A> -%"&/!7 E&" "(! (&'%- A/%#- )&$!$ "(#$ #-)*/'%"#*- "* %$$#.- % 1!/"%#-

$*&-2 "* % "%/.!" "(%" *-! $!!$ D#$&%++>7 =(! A/%#- $!!'$ "* 1/!%"! %- %A$"%/1" /!0/!$!-"%"#*- )*/ !%1(

"%/.!" +#Q! 0!2!$"/#%-$@ D!(#1+!$@ !"17 O" #$ -%"&/%+ "* "(#-Q "(%" ,(#+! "(! A/%#- 2*!$ "(#$ )&$#*-@ #" (%$

"* %$$*1#%"! *AS!1"$ #- "!'0*/%+ $!-$! #7!@ /!+%"! "* "(! $*&-2 %-2 D#$&%+$ 5$>-1(/*-#T%"#*-: %-2 2* %

0*$#"#*- '%"1(#-.7 =(#$ #$ '*/! */ +!$$ (*, % )&$#*- $>$"!' ,*/Q$ #- .!-!/%+ U;MV7
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 !"#$%&'  !"#$% $& '() *%+ ,-.

/ 0123 4$55$% &!"#$% 67*6 #" 5!47 821019*%6 #" 671 &!"#$% $& #%&$25*6#$% &2$5 :9$;*9 8$"#6#$%#%:

"3"615 <'()= *%+ #%612#*9 51*"!2151%6 !%#6 <,-.=> '() :#01" 8214#"1 *;"$9!61 9$4*6#$% *%+ #% +#&?

&121%6#*9 5$+1@ #6 4*% :#01 41%6#51612 91019 *44!2*43> A$B1012@ 671 '() #%&$25*6#$% #" %$6 219#*;91

#% 4*"1" B71% 671 "#:%*9 #" 82$%1 6$ 5!96#8*67@ #& B1 *21 !%+12 * 6!%%19 164> ,6 #" +!2#%: 67#" 6#51@

671 +1*+?214C$%#%: 6147%#D!1 B$2C"> E!6 #& B1 F!"6 :$ $% 821+#46#%: 671 8$"#6#$% ;*"1+ $% "$51 9*B"

$& 873"#4" *;$!6 671 5$0151%6 $& 671 017#491@ 671 122$2 67*6 B#99 ;1 #%62$+!41+ #% 671 8$"#6#$% B#99

+2#&6 $012 6#51> /6 67#" F!%46!21@ #%&$25*6#$% &2$5 ,-. 4*% ;1 $& :21*6 7198> G71 #%&$25*6#$% &2$5

,-. "!47 *" 019$4#63@ *441912*6#$%@ "6112#%: *%:91 164 4*% ;1 !"1+ 6$ :#01 * :$$+ 8$"#6#$% #%&$25*6#$%

#% 4*"1" %$6 F!"6 B71% 671 '() +$1"%H6 B$2C ;!6 *9"$ !"#%: ,-. B#99 #%421*"1 671 2$;!"6%1"" $& 671

"3"615> G7#" #" ;14*"!"1 *" B1 :1 5$21 51*"!2151%6" *;$!6 671 "*51 8*2*51612 B1 B#"7 6$ 1"6#5*61@

671 1I146 $& 51*"!2151%6" 122$2" 4*% ;1 21+!41+ ;3 6*C#%: 5$21 *%+ 5$21 51*"!2151%6">

J%1 $6712 4$55$% &!"#$% #" &2$5 '() *%+ K*+*2> '() :#01" * 0123 9$B !8+*61 2*61 5*L MN AO@

671 ,-. "1%"$2" B$2C *6 5!47 7#:712 2*61 *%+ K*+*2 B$2C" *6 *2$!%+ PN AO> G71 #%&$25*6#$% &2$5

671"1 "$!241" *21 *9"$ &!"1+ *%+ 4*% 1"6#5*61 671 8*2*51612" $& #%6121"6 5$21 *44!2*6193>

,% 671 671"#"> 6$ :16 671 ;1%1Q6" $& 671 4$$812*6#01 "16 !8@ "1%"$2 &!"#$% 6$ #582$01 671 *44!2*43

*%+ 671 219#*;#9#63 $& 671 1"6#5*6#$% $& 671 +*6*> R17#491" :16 #%&$25*6#$% &2$5 671 4$55!%#4*6#$%@

#%612%*9 *%+ 1L612%*9 "1%"$2">G71 #%&$25*6#$% 2141#01+ B#2191""193 &2$5 $6712 017#491" #" 4$5;#%1+ B#67

671 #%&$25*6#$% &2$5 671 $%?;$*2+ "1%"$2">

 !" #$%&'()$*+)$,-

,% 671 8210#$!" 47*8612@ B1 7*01 "11% 671 +#"42161?6#51 "6*61 "8*41 5$+19 *%+ +12#01+ 671 S*95*%

Q9612 1D!*6#$%" 6715> ,% 67#" 47*8612@ B1 B#99 "11 5$21 %$%9#%1*2 *%+ 9#%1*2 6#51?4$%6#%!$!" "6*61?

"8*41 5$+19" *%+ +#"216#O*6#$% $& 671"1 4$%6#%!$!"?6#51 5$+19" B#99 ;1 821"1%61+> )!47 %$%?9#%1*2

"6*61 "8*41 5$+19" *21 4$55$% B71% 671 "3"615 5*62#41" +181%+ $% 671 4!221%6 "6*61>  $2 1L*5891@

#& 71*+#%: *%:91 *%+ 019$4#63 *21 8*26 $& 671 "6*61 0146$2@ 8$"#6#$% 47*%:1" #% T*261"#*% 4$$2+#%*61"

7*01 * %$%9#%1*2 +181%+1%41 $% 671 71*+#%: *%+ 019$4#63@ *%+ B1 1%+ !8 B#67 * %$%9#%1*2 +3%*5#4

5$+19 6$ +1"42#;1 671 6*2:16H" 5$6#$%>

 !"!# $%&'(&)%)* '(+, -(&,./ *'%01.*'(0 *2*',+

G71 4$%6#%!$!"?6#51 9#%1*2 "6$47*"6#4 "3"615 5$+19 #" :#01% ;3U

ẋ(t) = A(t)x(t) +B(t)u(t) +D(t)v(t) <V>W>X=

z(t) = Cx(t) + Eu(t) + w(t) <V>W>M=

B7121 x(t) #" 671 "6*61 0146$2 $& +#51%"#$% nx *%+ u(t) #" 671 4$%62$9 #%8!6 $& +#51%"#$% nu> G71

4$%6#%!$!" 6#51 #%8!6 +#"6!2;*%41 $2 671 82$41"" %$#"1v(t) #" $& +#51%"#$% nv> G71 "3"615 5*62#L #"

:#01% ;3 A *%+ B,D *21 671 4$%6#%!$!" 6#51 #%8!6 :*#% *%+ %$#"1 :*#%>

)$90#%: Q2"6 $2+12 +#I121%6#*9 1D!*6#$% 9#C1 <V>W>X= B#99 21"!96 #% &$99$B#%: YXZ

x(t) = F (t, t0)x(t0) +

t
ˆ

t0

F (t, τ)[B(τ)u(τ) +D(τ)v(τ)]dτ <V>W>V=

M[



 !"#" F (t, t0) = e
´

t

t0
A(τ)dτ

$%& E{v(t)v(τ)
′

} = V (t)δ(t− τ)' x(t0)() *!" (%(*($+ )*$*", -().#"*(/$*(0% 01
23,4,35 6(7") 89:;

xk = Fk−1xk−1 +Gk−1uk−1 +Dk−1vk−1 23,4,<5

 !"#" vk =
´ tk+1

tk
e(tk+1−τ)ADv(τ)dτ  (*! /"#0=>"$% $%&  !(*" $))?>@*(0% 0% v(t)A (* 10++0 ) *!$*

E[vk] = 0 $%& E[vkv
′
j ] = Qkδkj

Qk =

ˆ tk+1

tk

e(tk+1−τ)ADV (τ)D′e(tk+1−τ)A′

dτ 23,4,B5

 !"!# $%&'(&)%)* '(+, &%&-.(&,/0 *'%12/*'(1 *3*',+

C >0#" 6"%"#$+ .0%*(%?0?)=*(>" @#0.")) >0&"+ () 6(7"% DE 23,4,F5,

ẋ(t) = α(x(t), u(t)) +D(t)v(t) 23,4,F5

G"  0?+& +(H" *0 &()#"*(/" *!() %0%=+(%"$# 1?%.*(0% (% *!" )$>"  $E $)  " !$7" &0%" 10# *!" &().#"*"

.$)" (% I".*(0% 3,B $%& 6"* $ 10#> )?.! $) 23,4,95,

JB
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 !" #$%&'()*%+'$

 ! " #$%&'()*!)+, &",-*& &,"./'!- )0)&*#1 2'3*,*!& )*!)+,) #"0 +4*,"&* "& 2'3*,*!& 5,*6$*!.'*) 7)*!2'!-

'!5+,#"&'+! "& 2'3*,*!& ,"&*)89 :$* &+ )+#* '!&*,!"% 4,+.*))'!- ;'&<'! *".< )*!)+, )0)&*# "!2 2$* &+

&<* 2*%"0) '! &<* .+##$!'."&'+! !*&;+,/1 &<* 4,+.*))'!-=5$)'+! .*!&,* #"0 ,*.*'>* '!5+,#"&'+! 5,+#

2'3*,*!& )*!)+,) ;'&< 2'3*,*!& 2*%"0)9 ?<*! " 2').,*&*(&'#* @%&*, )"0 A"%#"! @%&*, ') $)*2 5+, &",-*&

&,"./'!-1 .",* <") &+ B* &"/*! ;<'%* 4,+.*))'!- &<* 2*%"0*2 2"&" &<"& ') *!&*,'!- &<* @%&*, '! +,2*, &+

+B&"'! +4&'#"% *)&'#"&* +5 " &",-*&C) )&"&* DEF9  5 &<* 4,+4*, 4,+.*))'!- +5 GGHI ') !+& -'>*! *!+$-<

.+!)'2*,"&'+!1 &<* 6$"%'&0 +5 &<* )&"&* *)&'#"&*) ."! B* 2*-,"2*2 ;<*! .+#4",*2 &+ &<* 6$"%'&0 +5 &<*

)&"&* *)&'#"&* 4,+>'2*2 B0 " )'!-%* )*!)+, DEF9

J! *K"#4%* +5  ()&*4 %"- GGHI #*")$,*#*!& ') )<+;! '! L'-9 M9N9N ;<*,* &<* @%&*, <") 4,+.*))*2

'!5+,#"&'+! &'%% zk"!2 %"&*, " #*")$,*#*!& &<"& <") &'#* )&"#4 zd",,'>*) &+ &<* 4,+.*))'!- .*!&*,9

O<*,* <") B**! " %+& +5 '!&*,*)& '! 2*"%'!- ;'&< GGHI "!2 &<*,* ",* #"!0 ,*)*",.< 4"4*,) '! &<')

",*"9 O<* "%-+,'&<#) ."! B* B,+"2%0 .%"))'@*2 ") N()&*4 %"- 7)'!-%*(%"-8 "!2 l−)&*4 %"- 7#$%&'4%*(%"-8

"%-+,'&<#)9 O<* )'!-%*(%"- GGHI "%-+,'&<# ') "44%'."B%* ;<*! &<* GGHI zd +B)*,>*2 "& &'#* td %'*)

B*&;**! &<* %"&*)& &;+ #*")$,*#*!&)9 O<* l−)&*4 %"- GGHI "%-+,'&<# ') "44%'."B%* 5+, &<* -*!*,"%

.")* ;<*! &<* GGHI zd ."! <">* "! ",B'&,",0 &'#* 2*%"0 "!2 &<$) %'*) B*&;**! #*")$,*#*!&) zk−l

"!2 zk−l+1"!2 +B)*,>*2 "& &'#* "5&*, zk"!2 B*5+,* zk+19 H+#* +5 &<* 4"4*,) "22,*))*) '))$*) %'/*

2"&" "))+.'"&'+!1 .%$&&*, *!>',+!#*!&1 <04+&<*)') #"!"-*#*!& ;<'.< ",* >*,0 .+##+! '))$*) '! "!0

#$%&'(&",-*& #$%&'()*!)+, &",-*& &,"./'!- )0)&*# DPF9

 ! +,2*, &+ 4,+.*)) &<') +$& +5 )*6$*!.* #*")$,*#*!&1 &<*,* ",* #"!0 &*.<!'6$*) *K')&'!- '! &<*

%'&*,"&$,*9 H+#* +5 &<*# ;'%% B* 2*).,'B*2 B*%+;9 Q+&* &<"& '! &<') .<"4&*,1 " )#"%% .<"!-* ') #"2*

'! &<* !+&"&'+!) &+ #"/* &<* .+!.*4&) +5 GGHI .%*",9 L+, *K"#4%* &<* )&"&*(&,"!'&'+! #"&,'K "& &'#*

k ;") ;,'&&*! ") Fk '! 4,*>'+$) .<"4&*,)9 R$& '! &<') .<"4&*,1 &+ #"/* &<'!-) .%*",1 ;* '!.%$2* &<*

&'#* +5 &,"!)'&'+! *K4%'.'&%0 &<"& ') Fk,k−1 '!2'."&'!- &<"& &<') &,"!)'&'+! #"&,'K ') 5+, &<* &'#* '!&*,>"%

5,+# k − 1 &+ k9
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 !"#$% &'('() **+, zd -$$!.%/ -01%$ - 2-1%$ 3%-/#$%3%41 zk!/ 5$67%//%8

 !" #$%&' $(()*$'+,% -* +$./0, 1123

 !"!# $%&'%()

9 /!352% 4-!.% :-; 60 <-482!4" **+, !/ 16 =#/1 4%"2%71 1<% **+, !1/%20' ><6#"< !1 !/ - .%$;

/!352% !8%-? !4 /63% -552!7-1!64/? 1<% 8%2-;%8 !406$3-1!64 !/ 3#7< 36$% 5$%7!/% -48 -77#$-1% 1<-4 1<%

!406$3-1!64 1<-1 763%/ 64 1!3% ' +6? 4%"2%71!4" !/ 8%/!$%8 :<%4 1<% 8%2-;%8 8-1- !/ 36$% -77#$-1% -48

7641-!4/ 8!@%$%41 /%1 60 !406$3-1!64 1<-1 #58-1%/ 5-$1 60 1<% /1-1% .%716$' A0 !406$3-1!64 0$63 %-7<

/%4/6$ !/ #/%0#2 06$ #58-1!4" 8!@%$%41 5-$1 60 1<% /1-1% .%716$? !1 :!22 B% 461 -1 -22 8%/!$%8 16 4%"2%71

1<% 8%2-;%8 8-1-'

 !"!" *%+,-(%../0&

A4  !"' (? 1<% 647% 1<% C21%$ <-/ 7635#1%8 1<% %/1!3-1%/ 60 1<% /1-1% 06$ 1!3% !4/1-41 D? -48 2-1%$

:<%4 1<% 3%-/#$%3%41 :<!7< !/ 2E1!3% /1%5 2-" !/ $%7%!.%8 2!D% zd? 1<% C21%$ 7-4 "6 B-7D 16 zk−l-48

$%5$67%// !406$3-1!64 0$63 1<%$% 64' F; 1<!/ $%5$67%//!4"? 64% "%1/ 1<% %G-71 /62#1!64 B#1 06$ 1<!/

5$67%// 16 :6$D? :% 4%%8 16 /16$% -22 1<% 3%-/#$%3%41/ 0$63 1!3% !4/1-41 =#/1 B%06$% **+, 1!22 1<%

2-1%/1 #58-1% 1!3% 60 1<% C21%$' A4 - 46$3-2 1$-7D!4" /;/1%3/? :<%$% 1<% /;/1%3 <-/ 16 86 1-/D/

/#7< -/ 8-1- -//67!-1!64? 1$-7D 3-4-"%3%41'? 86!4" 1<%/% /1%5/ -"-!4 06$ %-7< 3%-/#$%3%41 3-; B% -

7635#1-1!64-22; 8%3-48!4" 1-/D' '

 !"!1 234%,/0&

H%5%48!4" 64 1<% -552!7-1!64 -48 1<% 1!3!4" 764/1$-!41/? !0 1<% 5$67%//!4" 7%41%$ !/ -:-$% 60 1<% **+,

-48 3%-/#$%3%41 1!3%? 1<%4 !1 7-4 B#@%$ -22 1< %!45#1/ 0$63 1<% **+, 3%-/#$%3%41 1!3% 1!22 1<%

1!3% 3%-/#$%3%41 <-/ -$$!.%8' I!4  !"' &'('(? -22 3%-/#$%3%41/ 0$63 zk−l+1 1!22 zk:!22 B% B#@%$%8J'

9/ -48 :<%4 1<% **+, 3%-/#$%3%41 <-/ -$$!.%8? 1<% 5$67%//!4" 7%41%$ 7-4 46: "6 -<%-8 -48 5$67%//

1<% **+, -48 B#@%$%8 8-1- !4 /%K#%47%' ><!/ !/ - "668 :-; 16 86 !0 1<% 5$67%//!4" 7%41%$ 86%/4L1

<-.% -4; /5-7% 764/!8%$-1!64/ 16 /16$% -22 1<%/% 3%-/#$%3%41/ -48 -2/6 !0 1<% -552!7-1!64 :<!7< 4%%8/

1<%/% 5$67%//%8 !45#1/ 7-4 :-!1 1<-1 264"'

 !4 506*)&-+7% -+$- /*.8- .,,/ ),*)/,)&.6 $./ ),()*',%%&.6 -+,

7,$%9),7,.-

><!/ !/ 1<% 3-!4 -$%- :<%$% 36/1 60 1<% :6$D $%"-$8!4" **+, <-/ B%%4 864% B61< 06$ (E/1%5M/!4"2%

E2-" 5$6B2%3/ -48 lE/1%5 2-" 5$6B2%3/'

NO



 !"#$% &'(')* +,% -#./-0/1%2#%34% 5%61#$%5%3. zd -71%$8%9 6. .!5% td 6$$!8%1 60.%$ .,% :61. ;$-4%11%9

5%61#$%5%3. zk -71%$8%9 6. .!5% tk ' <!34% zd :!%1 7%.=%%3 .,% 5%61#$%5%3.1 zk−1 639 zk > zd !1 6

1!3":%/:6" -#./-0/ 1%2#%34% 5%61#$%5%3. 7? 4-38%3.!-3 @ABC'

 !"!# $%&'() *+(, -.)/0()%/1'2 --34 '1256+(,70

+,% .!5%/9!14$%.% :!3%6$ 8%$1!-3 -0 ;$-4%11 5-9%: 639 .,% 5%61#$%5%3. 5-9%: 463 7% =$!..%3 61*

xk = Fk,k−1 xk−1 + vk,k−1 D&'(')E

zk = Hk xk + wk D&'('AE

=,%$% xi !1 .,% 1.6.% 8%4.-$ -0 .,% 1?1.%5 6. .!5% ti> Fk,k−1 !1 .,% 1.6.% .$631!.!-3 56.$!F 0$-5 .!5%

tk−1.- .!5% tk' +,% ;$-4%11 3-!1% 0-$ .,!1 !3.%$86: !1 9%3-.%9 7? vk,k−1 639 wk !1 .,% 5%61#$%5%3.

3-!1%' +,% 5%61#$%5%3. 56.$!F !1 "!8%3 7? Hk639 zk !1 .,% 5%61#$%5%3. 8%4.-$ 6. .!5% G DGHI>

)> ''E' +,% ;$-4%11 3-!1% 639 .,% 5%61#$%5%3. 3-!1% 6$% 611#5%9 J%$-/5%63> =,!.% 639 5#.#6::?

!39%;%39%3.'

+,% .!5% td> 6. =,!4, .,% KK<L =61 569%> !1 611#5%9 .- 7% 1#4, .,6. tk−1 < td < tk61 1,-=3 !3

 !"' &'(') 639 -3% 463 =$!.%

xk = Fk,d xd + vk,d D&'('(E

M. .!5% t = tk> -3% ,61

x̂k|k = E[xk|Z1:k] and Pk|k = cov[xk|Z1:k] D&'('&E

=,%$% Z1:k = {z1, z2 ............zk−1 zk}' N!8%3 .,!1 9%O3!.!-3> .,% KK<L

zd = Hd xd + wd D&'('PE

=,!4, 6$$!8%1 60.%$ .,% 1.6.% %1.!56.% D$%0 67-8% %2#6.!-3E ,61 7%%3 46:4#:6.%9 6. .!5% G' K#$ "-6: !1

.- #;96.% .,!1 1.6.% %1.!56.% -7.6!3%9 6. tk=!., 63 %6$:!%$ 5%61#$%5%3. zk !'%> =% =63. .- 46:4#:6.%*

x̂k|d = E[xk|Z1:k, zd] and Pk|d = cov[xk|Z1:k, zd] D&'('QE

R% =63. .- 9- .,!1 #;96.% =!.,-#. 63? $%-$9%$!3" 639 $%;$-4%11!3" -0 .,% 5%61#$%5%3.1'

+,% %F64. 1-:#.!-3 0-$ .,% )/1.%; :6" !1 ;$-;-1%9 !3 @SC 639 !1 9%14$!7%9 7%:-=' +,% 6:"-$!.,5 !1

1!5!:6$ .- .,% 3-$56: ;$%9!4./#;96.% 4?4:% -0 .,% T6:563 O:.%$ %F4%;. .,6. !3 .,!1 461%> 1!34% =% ,68%

.- #;96.% =!., 6 5%61#$%5%3. =,!4, !1 -:9%$ .,63 .,% 4#$$%3. 1.6.% #;96.%> =% $%.$-9!4. 764G .- .,6.

1.6.% %1.!56.% O$1. 639 .,%3 #;96.% =!., .,6. 9%:6?%9 5%61#$%5%3.' K7.6!3 .,% $%.$-9!4.%9 1.6.% x̂k|d

0$-5 x̂k|k #1!3" xk = Fk,d sd + vk,d 61

x̂d|k = E[xk|Z1:k] = Fd,k E[xk − vk,d|Z1:k] D&'('UE

= Fd,k [x̂k|k − v̂k,d|k] D&'('BE

AB



 ! "#$%&$'( ')( *+,,(-.+/01/2 *+#$,1$/*(

3! 4$%*&%$'( ')( 5%'(, 2$1/ 6+, &.0$'1/2 ')( -'$'( xk71') 8($-&,(8(/' zd &-1/2 zd = Hd xd + wd

9! :.0$'( ')( -'$'( (-'18$'( x̂k|k '+ x̂k|d $/0 *$%*&%$'( ')( *+,,(-.+/01/2 *+#$,1$/*(!

;)( +/%< 01=(,(/*( >('7((/ ?@A $/0 ')( .$.(,- ')$' (B1-'(0 >(6+,( ?CD 3A 1- ')$' ')( ,(',+01*'(0 /+1-(

E-(*+/0 '(,8 1/ Fd,k [x̂k|k − v̂k,d|k]F! G('H- *$%% $%2+,1')8 6+,  I-'(. %$2 0(5/(0 >< J1%'+/ ?CAD 7)1*)

1- -181%$, '+ $%2+,1')8 K +6 ?@A $- LK M $%2+,1')8 $/0 +.'18$%  I-'(. %$2 $%2+,1')8 0(5/(0 >< K$,I

N)$%+8?@A $- LO M EF! P' 1- -)+7/ 1/ ?@A ')$' $%')+&2) K 1- -&>I+.'18$%D 1' 1- $ #(,< -18.%( $%2+,1')8

$- 1' /((0 /+' *$%*&%$'( ')( ,(',+01*'(0 /+1-( '(,8 7)1*) 1/*%&0(- 5/01/2 ')( *,+--I*+#$,1$/*(-!

 !"!# $%&'() *+(, l !"#$ %&' (()* &%'+,-"./!

 ! l−"#$% &'( ))*+ %,-.&$/0 #1$ #2/$ td0 '# 31241 #1$ ))*+ 3'" /'5$0 2" '""6/$5 #- .$ "641 #1'#

tk−l ≤ td < tk−l+1'" "1-3! 2! 7( 89  ! :;<=0 #12" ($!$,'& l >"#$%&'( %,-.&$/ 3'" "-&?$5 2! @,'/$3-,A

-@ '&(-,2#1/ B80 29$0 6"2!( #1$ &2!$', ,$#,-524#2-!
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