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8�ÞED�:<9\ÓaÒ�Ó�=N:<ÐE@BD{:�D$Ò�ÞE9}I#Ò�9´I}D$Ò�D Ï :<=NCJD�Ò`ÞED§Ñ�9LCJÓaÒTG)C\Ò�91+ ÓlD$Ò3=±Ó3Ò�9´Ñ$G;@BÑ Î @±GOÒ�D�Ò�ÞJD

:�DmG)CHßOG)@ Î D�9 Ô Ò�ÞED�=BC\Ò�DFÝ Ï GOÒ�DmI#Ó�=NÝLCJG)@?I ÎEÏ =BCEÝ´Ó�9;:<D{Ð�D Ï =B9}Iµ9 Ô Ò`=N:<D;Û8pRÖHÓ Î à}Ò Ï G;Ñ�Ò�=BCEÝ
Ò�ÞED�:<DFG;C ÔòÏ 9;:�Ò�ÞED�=BC\Ò�D$Ý Ï G)Ò�DmI#Ó�=NÝLCJG)@ 9LCED Ï DF:�9OßLDFÓ"Ò�ÞED�9,+�Ó�D�ÒmÛJ8�ÞE=±Ó�Ð Ï 9xÑ$DFI ÎJÏ D{ÞJGLÓ
Ól9L:�D*Ð Ï 9LàE@BD$:´Ó�G;CJI&=NÒqCEDFDFIEÓ�Ò�9µà�D Ï D Ô 9 Ï : Î @±GOÒ`DFIµÒ�9µà�D Î Ó�D ÔòÎ @eÛ 8�ÞEDC� Ï ÓlÒ�Ð Ï 9;àE@BD$:
=BÓ�Ò`ÞED¹=NC\Ò`D$Ý Ï GOÒ`=N9LC?Û Í CED&Õ39 Î @±I Ï GOÒ`ÞED Ï CE9;Ò#Ñ$G;@BÑ Î @BG)Ò�DHÒ�ÞJDH=BC\Ò�DFÝ Ï G)@�GOÒ·G;@N@�Ó�=NC�Ñ�D¹=NÒ
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Position estimation

Gravity detector

Coordinate rotation

Leaky integration

Velocity estimation

Constant DC offset removal

Estimated position

Low-pass filteringLeaky integration

Offset removal

Offset removal

Acceleration measurement

RqS�U MrJ t;WVnFXxrFS&sxfsu��

Õ�=N@B@"DFß;D$C\Ò Î G)@B@NÖ Ï DFG;ÑTÞ¼=BC��JCE=NÒaÖ ôòC Î :<D Ï =BÑ·Ð Ï 9LàE@BD$:´Ó`÷�Û�8�ÞEDµÓlDmÑ�9;C�I¼Ð Ï 9LàE@BD$:ç=BÓ§Ò�ÞJG)Ò
Ñ$G)@±Ñ Î @BG)Ò�=BCEÝ§Ò`ÞED{:�DmG)Cµ9 Ô Ò`ÞED�Ól=BÝ;CJG;@ Ô 9 Ï Ól=BÝ;CE=���ÑFG)C\Ò3C Î :�à�D Ï 9 Ô Ó`G):<ÐE@BDFÓ�Ñ�9LCJÓ Î :<DFÓ3G
*3ö"ÜºÒ�=B:<D#ô�Ñ$9;:<Ð Î ÒTGOÒ�=B9;C�G)@?Ñ�9\ÓaÒs÷sÛ
ó Ó�=BÝ;CJG;@�Ð Ï 9}Ñ�DmÓ�Ó�=NCJÝHG;ÐEÐ Ï 9LG;ÑTÞ2ÑFG)C»à�D Î Ó�DFI Ô 9 Ï Ò�ÞJD�=BC\Ò�DFÝ Ï GOÒ�=B9;C»G)CJI¶91+ ÓlD$Ò Ï D$ä

:�9OßOG;@vÛt)ã=YÒ`Þ²@BDFG;MxÖH=BC\Ò�DFÝ Ï GOÒ�=B9;Cåôò@B9OÕ�äeÐJGLÓ�ÓE�J@NÒ�D Ï ÷�Ò�ÞED�D�+�DFÑ�Ò{9 Ô Ñ�9LCJÓaÒTG)C\Ò{91+ ÓlD$ÒqÑ$G;C
à�D&ÐJG Ï Ò`=BG;@N@BÖ³Ñ�9L:�ÐiD$C�Ó�G)Ò�DFI?Û ó ÞE=BÝ;ÞEäeÐJGLÓ�Óo�J@NÒ�D Ï =BÓ�CEDFDFI}DmI³Ò`9¼M;D$DFÐ³Ò`ÞED&=NC\Ò�DFÝ Ï GOÒ`DFI
Ól=BÝ;CJG;@?Ñ�@B9LÓ�DqÒ�9X�$D Ï 9�ÛEø�=NÝ ÎEÏ D§ì<Ó�ÞE9OÕ�Ó�ÞE9OÕºÒ�ÞED Ï DFÓ Î @NÒ`Ó�ÑTÞ�G)CEÝLD�Õ�ÞEDFC&Ò�ÞED�=BC\Ò�DFÝ Ï GOÒ�9 Ï
=BÓ{:´G;IED�@BDFG;MxÖ³ôò=BCLÒ`D$Ý Ï G)Ò�=B9;C²G;CJI²91+ ÓlD$Ò Ï D$:<9OßOG)@ñ÷�G)CJI»GHÞE=NÝLÞ}ä�ÐJG;Ó`ÓE��@YÒ`D Ï ô�Ñ$9;CJÓlÒ`G;C\Ò
91+ ÓlD$Ò Ï D$:<9OßOG)@ñ÷§=±Ó<G;IEIEDFI½Ò`9¶Ò`ÞED&=NC\Ò`D$Ý Ï GOÒ`9 Ï 9 Î Ò`Ð Î ÒFÛ ó @BDFG;M\Ö½=BC\Ò�DFÝ Ï GOÒ�9 Ï =±Ó�D�+�DFÑsä
Ò�=Bß;D$@BÖ#G;C#=BCLÒ`D$Ý Ï G)Ò�9 Ï Õ�=NÒ�ÞH91+ ÓlD$Ò Ï D$:<9OßOG)@eÛ}èx=NC�Ñ�DqÒ�ÞED�:<DmG)C#9 Ô Ò`ÞED{=NC\Ò�DFÝ Ï GOÒ`DFI#Ó�=BÝ;CJG;@
=NCJÑ Ï DmG;Ó�DFÓ3@B=NCEDmG Ï @NÖ·Ò�ÞED§Ó�DFÑ$9;CJIµ91+ ÓlD$Ò Ï DF:�9OßOG;@ =BÓ�CEDFDFI}DmI Û
>ACµ9 ÎEÏ =N:<ÐE@BD$:<D$C\ÒTGOÒ�=B9;CHài9)Ò�ÞµÒ�ÞJDq@BDFG;MxÖ·=NC\Ò`D$Ý Ï GOÒ`9 Ï G)CJI#Ò�ÞED�ÞJ=NÝLÞ}äeÐ�G;Ó`ÓT�J@NÒ�D Ï G Ï D

Ól=B:<ÐE@NDu� Ï ÓlÒ§9 Ï I}D Ï =NC���CE=YÒ`D·=B:�Ð Î @BÓ�D Ï DFÓ�Ð�9LCJÓlD¹ô�>l>wv�÷5�J@YÒ`D Ï Ó·ô�ø�=BÝJÛ?íx÷sÛ ó Ól=BCEÝ;@BD´@B9OÕ�ä
ÐJG;Ó`Óx�J@NÒ�D Ï ôò@BDFG;MxÖµ=BC\Ò�D$Ý Ï G)Ò�9 Ï ÷RÐiD Ï�Ô 9 Ï :<Ó�à�9;Ò�Þ2=BC\Ò�D$Ý Ï G)Ò�=B9;C&G)CJI&9,+�Ó�D�Ò Ï DF:�9OßOG;@vÛJ8�ÞJD
@N9OÕ�ä�ÐJG;Ó`Ó9�J@NÒ�D Ï Þ�G;Ó§Ý\G)=BC³Ñ�9xD P Ñ$=NDFCLÒBy�z#Ñ�@B9LÓ�D´Ò�9 Î CE=YÒaÖLæ|{~}#D(' Î G)@±Ó§9LCEDµG;CJI�{9z´=BÓ
�$D Ï 9JÛ48�ÞEDHÞE=BÝ;Þ}ä�ÐJG;Ó`Ó��J@YÒ`D Ï ÞJGLÓoy z G;CJI�{ } Ñ$@N9\ÓlDµÒ�9 Î CE=NÒaÖ G)C�ID{ z���� { } Û48�ÞJD
Ý Ï G)ÐEÞJÓ3=BC��JÝ ÎEÏ D�ì�=N@B@ Î ÓaÒ Ï G)Ò�D Ï DmÓ Î @YÒTÓ�9;à}ÒTG)=BCEDFIHÕ�=NÒ�ÞHÒ�ÞEDmÓlD��J@NÒ�D Ï ÓFÛ

*3G;Ó`Ñ$G;IE=NCEÝ�ÒaÕ39X� Ï ÓaÒ�äe9 Ï IED Ï �J@NÒ�D Ï Ó�Ð Ï 9}I Î Ñ�DFÓ�D�+�DFÑ�Ò�=Bß;D$@BÖH9;CED*Ó�DFÑ$9;CJI&9 Ï IED Ï �J@NÒ�D Ï Û
)²D�ÞJG^ßLD Î Ó�DFI§ÒaÕR9{Ó�D$ÐJG Ï G)Ò�D��J@YÒ`D Ï Ó�à�DmÑ$G Î ÓlD3=YÒ°=±Ó�DFGLÓl=BD Ï Ò�9q:<9;CE=NÒ�9 Ï Ò�ÞED�=BCLÒ`D Ï :<DFI}=±GOÒ`D
Ï DmÓ Î @NÒ`Ó�Ò�Þ�GOÒ{Õ3G^ÖLÛi8�ÞEDmÓlD�=NC\Ò`D Ï :�DmI}=±GOÒ�D Ï DmÓ Î @YÒTÓ�G Ï D Î ÓlD ÔòÎ @4Õ�ÞED$C¶Ò�ÞED�ÐJG Ï G;:�D$Ò�D Ï Ó�9 Ô
Ò�ÞED�CED$Ò�G Ï D{9;Ð}Ò`=N:<=0�$DFI?Û
8�ÞEDx�J@NÒ�D Ï I}DFÓ�=NÝLC�Ð Ï 9}Ñ�DmI ÎEÏ D�I}=�+�D Ï Ó ÔòÏ 9;: Ò�ÞED�CE9 Ï :´G;@��J@YÒ`D Ï IEDFÓ�=NÝLC�:<D$Ò�ÞE9}IEÓ�ô�× �)Úeæ

ÑTÞJG)Ð}Ò`D Ï .\÷sÛ�)ãÞE=N@BD Î Ó Î G;@N@BÖ�G9��@YÒ`D Ï =±Ó°I}DmÓl=BÝ;CJDFI´G Ï 9 Î CJI§Ò`ÞED�Ñ$9;CJÑ$D$Ð}Ò°9 Ô�ÔòÏ D(' Î D$CJÑ$Ö*Õ3D
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I}DFÓ�=NÝLC*Ò`ÞED$: Ò�9{ÐiD Ï�Ô 9 Ï : =NC\Ò`D$Ý Ï GOÒ`=N9LC�G;CJI*9,+�Ó�D�Ò Ï D$:<9OßOG)@eÛW-?9OÕ ÐJÞJG;Ó�D�I}=BÓlÒ�9 Ï Ò`=N9LC�G;CJI
Ô G)=NÒ�Þ ÔòÎ @ Ï D$Ð Ï 9}I Î ÑsÒ`=N9LC{9 Ô Ò�ÞED"9 Ï =NÝL=NCJG;@)Õ�G^ß;D Ô 9 Ï :ºG Ï D°Ñ Ï`Î Ñ�=±G)@B@NÖ�=N:<Ði9 Ï Ò`G;CLÒmÛ�>�Ò�Ñ$9 Î @±I{àiD
Ð�9\Ó�Ó�=NàJ@ND�Ò�9<Ñ�9;C�ÓaÒ Ï�Î Ñ�ÒRD�xÐJ@N=±Ñ�=NÒR:<D�Ò`ÞE9}IEÓRÒ�9<Ñ$G;@BÑ Î @BG)Ò�D��J@YÒ`D Ï ÐJG Ï G):<D$Ò�D Ï Ó�ô Ï DmÓlDF:*àE@B=BCEÝ
Ñ�9;C\Ò Ï 9L@xÒ�ÞEDF9 Ï Ö}÷�æ)à Î Ò3ÕRD�Ó�=B:�ÐJ@NÖ�D�}ÐiD Ï =N:<D$C\Ò`DFI�Õ�=YÒ`Þ´C Î :<D Ï =BÑ�ßOG)@ Î DmÓ Î C\Ò�=B@JÕ3D Ô 9 Î CJI
G§Ý;9x9}I´Ñ�9L:*àE=BCJG)Ò�=B9;C?Û�)ã=YÒ`ÞµÓ Î ÑTÞ#G*Ó�=B:�ÐJ@ND�Ð Ï 9LàE@BD$: Ò�ÞEDmÓlD�D�}Ð�D Ï =B:<D$C\Ò`Ó3I}9�CE9)ÒRÒ`G)MLD
: Î ÑTÞ´Ò`=N:<DLÛ\8�ÞED ÔòÏ D(' Î D$CJÑ$Ö Ï DFÓ�Ði9;CJÓ�DFÓ
9 Ô Ò�ÞEDmÓlD��J@NÒ�D Ï Ó"G Ï D�=N@B@ Î ÓaÒ Ï G)Ò�DFI<=BCX�JÝ ÎEÏ D~	}Û\>AC
à�9;Ò�Þ¹Ñ$GLÓlDmÓ3Ò�ÞED§Ñ Î Òlä�91+ ÔòÏ DM' Î DFCJÑ�=BDFÓ�G Ï D{àiD�ÒaÕ3D$D$C�:EÛBÙ�G)CJI�:EÛ ì � D Ï Ò��;Û
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ÁxScbaQ`_aUT�

b3c�� �XgKie����lM��l(ik�t�

8�ÞED*Ð Ï 9}Ñ�DmI ÎEÏ D§9 Î Ò`@N=BCEDmI¶G)ài9Oß;D*Ö\=BD$@±IEÓ�Ð�9\Ól=NÒ�=B9;C¶DFÓlÒ�=B:<G)Ò�=B9;CJÓ�Ò�9OÕ�G Ï IEÓ�ÒaÕ39#G1x=±ÓFÛ�8�9
Î CJI}D Ï ÓlÒ`G;CJIHÒ�ÞED�:<9Oß;D$:<DFCLÒ�ÕRD§CJD$DFI¹Ò�9#MxCE9OÕ Õ�ÞJG)Ò�G Ï D�Ò`ÞED�I}= Ï DFÑsÒ`=N9LCJÓ�9 Ô Ò�ÞED�GW}=±Ó
=NDLÛ�Ò`ÞED Ï 9;Ò`G)Ò�=B9;C½9 Ô Ò�ÞED&àJG)Ò�9;C-Û )»D&ÞJG^ß;D Î ÓlDmI³Ý Ï G^ßx=NÒaÖ²G;Ó�Ò`ÞEDµMLD$Ö»Ò�9»9 Ï =BD$C\Ò`G)Ò�=B9;C
I}D�Ò`DFÑsÒ`=N9LC?Û�2 Ï G^ßx=YÒaÖå:´G)CE= Ô DFÓlÒ`Óµ=YÒTÓlDF@ Ô GLÓ·ÐiD Ï Ól=±ÓaÒ`D$C\ÒµGLÑ$Ñ�DF@ND Ï G)Ò�=B9;CåÒ�9OÕ�G Ï IEÓ·G³Ó�=BCEÝ;@BD
I}= Ï DFÑ�Ò�=B9;C?Û ó @B9OÕ�äeÐJGLÓ�Ó��J@NÒ�D Ï =±Ó Î Ó�DFI³Ò�9½Ñ$G;@BÑ Î @BG)Ò�D#Ò�ÞED¹G^ß;D Ï G;Ý;D·ßLDFÑ�Ò�9 Ï 9 Ô Ò�ÞEDHÒaÕ39
G;Ñ$Ñ$D$@BD Ï GOÒ`=N9LC¶:<DFGLÓ ÎEÏ DFÓFÛ 8�ÞEDB�J@NÒ�D Ï =BÓ{@B=NMLD�Ò�ÞED´@B9OÕ�äeÐ�G;Ó`ÓE�J@NÒ�D Ï Ò�Þ�GOÒ�Ð�D ÏlÔ 9 Ï :´Ó{@BDFG;M\Ö
=NC\Ò�DFÝ Ï GOÒ`=N9LC?æ�9LCE@BÖ½Õ�=YÒ`ÞõÓ�@N=BÝ;Þ\Ò`@NÖ³I}=�+�D Ï D$C\Ò�Ð�G Ï G):<D�Ò`D Ï Ó$Û48�ÞED Ï DmÓ Î @NÒ�=BCEÝ»ß;DmÑsÒ�9 Ï DmÓaÒ`=Yä
:<G)Ò�DmÓ�Ò�ÞJDµI}= Ï DmÑsÒ`=N9LC½9 Ô Ò�ÞED#Ý Ï G^ß\=NÒaÖ²G;CJI»Ò�Þ�GOÒ*=BC Ô 9 Ï :´GOÒ`=N9LC½Ö\=BD$@±IEÓ§Ò�ÞED Ï 9;Ò`GOÒ`=N9LC¼9 Ô
Ò�ÞED�àJG)Ò�9LC?Û

¡�D$Õ 9 Ï =NDFCLÒTGOÒ`=N9LC¹DFÓlÒ�=B:<G)Ò�D�=BÓ{ÑFG)@±Ñ Î @±GOÒ`DFI¶G)Ò�DmG;ÑTÞ²Ó`G):<ÐE@BD;æ�G)C�I¹Ò�ÞJD�Ñ$9\9 Ï IE=NCJG)Ò�DmÓ
9;à}ÒTG)=BCEDFIãßx=±GåIE9 Î àE@BD¶=BC\Ò�DFÝ Ï GOÒ�=B9;CºG Ï D¹Ò�ÞEDFC Ï 9)ÒTGOÒ`DFIãG;ÑFÑ�9 Ï I}=BCEÝ½Ò`9 Ò`ÞE=±ÓµDmÓaÒ`=N:´G)Ò�D;Û
> Ô Ò`ÞED Ï 9)ÒTGOÒ�=B9;CHDFÓlÒ�=B:´GOÒ`D�Õ3GLÓ Î ÐiIJGOÒ�D*:�9 Ï D§Ó�D$@±I}9L:�Ò Ï G)C�Ól=BD$C\Ò`Ó�Õ39 Î @BI Ï DFÓ Î @YÒ�GLÓ�Ò�ÞJD
G)CEÝL@NDR=BÓ Î Ð�IEGOÒ`DFI Û)8�ÞEDR@N9OÕ�ä�ÐJGLÓ�Ó3�J@YÒ`D Ï DFI�G;Ñ$Ñ$D$@BD Ï GOÒ`=N9LCqÞ�G;Ó�: Î ÑTÞ�G):<ÐE@B=YÒ Î I}DRÒ�ÞJG;C§Ò�ÞJD
9 Ï =NÝL=NCJG;@EÓl=BÝ;C�G)@-ôvø�=BÝJÛO
L÷�ÛLèx=BCJÑ�D�Ò`ÞED�9 Ï =BD$C\Ò`G)Ò�=B9;C�ßOG)@ Î D�ÑTÞJG;CEÝ;DmÓ
Ól:<9x9)Ò`ÞE@NÖ�G)CJI´Ó�@B9OÕ�@NÖLæ
ÑTÞJG)CEÝL=NCJÝ Ï 9)ÒTGOÒ�=B9;C&I}9xDFÓ�CJ9)Ò�Ñ$G Î Ó�D�Ò Ï G;CJÓl=BD$C\ÒTÓ3Ò�9<Ò�ÞJD9�JCJG)@?Ñ$9x9 Ï I}=NC�GOÒ�D{9 Î Ò�Ð Î ÒFÛ



¢ h�fmo�o�WE�eSVo�fmXLQTX*Q`bRrFSñ�

)ãÞE=N@BD�Ò`ÞE=±Ó°Õ39 Ï MxÓ°:�9\ÓaÒR9 Ô Ò�ÞED�Ò�=B:<D�Ò�ÞJD Ï D�G Ï D�Ñ�9LCJI}=NÒ�=B9;CJÓ"Õ�ÞED$C<Ò`ÞED�Ó�Ö}ÓaÒ`D$: Ô G)@B@BÓ
ÓlÞE9 Ï ÒmÛL> Ô Ò�ÞED Î Ó�D Ï ÒaÕ�=BÓlÒ`ÓRÞE=±Ó�6OÞED Ï Õ Ï =BÓlÒ�I ÎEÏ =BCEÝ�9;ÐiD Ï GOÒ�=B9;C·Ò�ÞED~�J@NÒ�D Ï =BCEÝ*Õ�=B@N@�Ð Ï 9}I Î Ñ$D
àJG;I Ï 9)Ò`G)Ò�=B9;C�DFÓlÒ�=B:´GOÒ�DmÓ Ô 9 Ï G Ô DFÕ Ó�DFÑ$9;CJIJÓ$Û ó Ô Ò�D Ï Ò�ÞE9\ÓlD Ô DFÕõÓ�DFÑ$9;CJIEÓ�Ò`ÞED�9 Ï =BD$C\Ò`G)Ò�=B9;C
DFÓlÒ�=B:<G)Ò�D�=±Ó�Ñ�9 Ï�Ï DFÑ�Ò�G;ÝLG)=BC?Û&- Î ÑTMx=N@BÖ·ÐiD$9;ÐJ@ND�Ó�D$@±I}9;: Ï 9;Ò`GOÒ`D�Ò`ÞED�àJG)Ò�9;C&G)ÝLÝ Ï DFÓ`Ól=Bß;DF@NÖLÛ

Gravity

Low-pass filtered Original measurement
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b3c¦¥ §h¨kik�@©Mie� ªm�&�|«¬�¨ei7®|®|ie� ª

é°G)@ Î DFÓ ÔòÏ 9;:6Ò`ÞED´G;Ñ$Ñ$D$@BD Ï 9;:<D�Ò`D Ï Ó�CJD$DFI¶Ò�9&àiD´Ó�G;:�ÐJ@NDmI²G)Ò��@xDmI¶Ó`G):<ÐE@B=NCJÝ Ï GOÒ`D;Û ó Ó
G Ï�Î @BD�9 Ô G�Ò�Þ Î :�à?æEÒ`ÞED§ÞE=BÝ;ÞJD Ï Ò�ÞJD Ï G)Ò�D{Ò`ÞED�à�D$ÒlÒ`D Ï Ò`ÞED Ï DFÓ Î @NÒ`ÓFÛ�èxÞE9 Ï Ò�GLÑ$Ñ�DF@ND Ï G)Ò�=B9;C
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