
�,PSURYLQJ�WKH�4XDOLW\�RI�526�
$SSOLFDWLRQV�ZLWK�+$526

7XWRULDO�DW�,526¶��

1XQR�0DFHGR�DQG�$QGUp�6DQWRV



����,QWURGXFWLRQ



&KDOOHQJH��'HSHQGDEOH�5RERWLF�6RIWZDUH

Ɣ 6RIWZDUH�EDVHG�URERWV�DUH�EHLQJ�GHSOR\HG�LQ�VDIHW\�FULWLFDO�FRQWH[WV

Ɣ &RPSOH[�V\VWHPV��ZLWK�VHYHUDO�FRPPXQLFDWLQJ�FRPSRQHQWV

ż +HWHURJHQRXV��FRQILJXUDEOH��WKLUG�SDUW\�FRPSRQHQWV�����

Ɣ 0LGGOHZDUHV�KDYH�EHHQ�SURSRVHG�WR�KHOS�EXLOGLQJ�PRGHUQ�URERWV

ż 526�KDV�HPHUJHG�DQG�WKH�PRVW�SRSXODU��XVHG�LQ�LQGXVWULDO�FRQWH[WV

+RZ�WR�JXDUDQWHH�WKDW�D�526�EDVHG�URERW�HIIHFWLYHO\�DFWV�DV�H[SHFWHG"



4XDOLW\�$VVXUDQFH�LQ�WKH�6(�FRPPXQLW\

Ɣ 6RIWZDUH�HQJLQHHUV�KDYH�ORQJ�GHDOW�ZLWK�
VDIHW\�FULWLFDO�V\VWHPV

Ɣ 6HYHUDO�PHFKDQLVPV�KDYH�EHHQ�
GHYHORSHG�IRU�VRIWZDUH�TXDOLW\�FRQWURO

ż VWDWLF�YV�G\QDPLF

ż DXWRPDWLF�YV�VHPL�DXWRPDWLF

ż GHVLJQ�YV�LPSOHPHQWDWLRQ

Ɣ 0RVW�WHFKQLTXHV�UHTXLUH�XVHU�LQSXW

ż PRUH�DGYDQFHG�WHFKQLTXHV�PD\�UHTXLUH�
IRUPDO�PHWKRGV�H[SHUWLVH

$YLåLHQLV�HW�DO�������



+LJK�$VVXUDQFH�526�SODWIRUP

Ɣ +$526�DLPV�WR�EULQJ�6(�WHFKQLTXHV�
FORVHU�WR�URERWLFLVWV

Ɣ (FRV\VWHP�DLPHG�DW�526�GHYHORSHUV��
PLQLPDO�XVHU�LQSXW�

Ɣ $XWRPDWHV�DQDO\VLV�WDVNV�DQG�SURYLGHV�
XQLILHG�LQWHUIDFH

Ɣ 6(�WHFKQLTXHV�ZUDSSHG�LQ�SOXJ�LQV��
PRVWO\�RSDTXH�WR�HQG�XVHUV



+$526�2YHUYLHZ



+$526�LQ�WKH�:LOG

&RPPXQLW\�DGRSWLRQ

Ɣ 526�,QGXVWULDO

Ɣ 526�4XDOLW\�$VVXUDQFH�:RUNLQJ�*URXS

8VH�FDVHV

Ɣ )UDXQKRIHU�,3$�&DUH�2�ERW

Ɣ ,1(6&�7(&�$J5RE�DQG�)$67(1

KWWSV���GLVFRXUVH�URV�RUJ�F�TXDOLW\�

KWWSV���URVLQGXVWULDO�RUJ�



*RDO�RI�WKH�7XWRULDO

'HYHORSPHQW�RI�KLJK�DVVXUDQFH�URERWLF�VRIWZDUH�ZLWK�+$526

Ɣ %ULHI�LQWURGXFWLRQ�WR�TXDOLW\�DVVXUDQFH�LQ�VRIWZDUH�HQJLQHHULQJ

Ɣ 8VLQJ�+$526�WR�HPSOR\�VXFK�WHFKQLTXHV�RYHU�526�VRIWZDUH



2XWOLQH�RI�WKH�7XWRULDO

Ɣ +$526�,QVWDOODWLRQ�DQG�6HWXS
Ɣ ,QWHUQDO�FRGH�TXDOLW\
Ɣ 526�PHWD�PRGHO�DQG�LWV�H[WUDFWLRQ
Ɣ $QDO\VLV�RI�V\VWHP�DUFKLWHFWXUHV�ZLWK�DUFKLWHFWXUDO�TXHULHV
Ɣ +$526�VSHFLILFDWLRQ�ODQJXDJH
Ɣ $QDO\VLV�RI�V\VWHP�EHKDYLRXU�ZLWK�SURSHUW\�EDVHG�WHVWLQJ
Ɣ +$526�SOXJ�LQ�$3,

+$526�,QVWDOODWLRQ�
DQG�6HWXS

,QWHUQDO�4XDOLW\

526�0HWD�PRGHO

$UFKLWHFWXUDO�
4XHULHV

6SHFLILFDWLRQ�
/DQJXDJH

3URSHUW\�EDVHG�
7HVWLQJ

3OXJ�LQ�$3,



7HDP

1XQR�0DFHGR
$VVLVWDQW�SURIHVVRU��)(83�	�,1(6&�7(&
([SHULHQFH
Ɣ WHDFKLQJ�6(�DQG�IRUPDO�PHWKRGV

Ɣ GHYHORSLQJ�OLJKWZHLJKW�IRUPDO�WHFKQLTXHV

Ɣ DSSOLFDWLRQ�WR�F\EHU�SK\VLFDO�V\VWHPV

$QGUp�6DQWRV
5HVHDUFK�VFLHQWLVW��9257(;�&R/DE
([SHULHQFH
Ɣ GHYHORSLQJ�4$�WHFKQLTXHV�IRU�URERWLF�VRIWZDUH

Ɣ DSSOLFDWLRQ�WR�526�DSSOLFDWLRQV

Ɣ +$526�GHYHORSHU�PDLQWDLQHU



+$526�4XLFNVWDUW

Ɣ +$526�UHDG\�'RFNHU�

KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�WUHH�PDVWHU�GRFNHU�

ż %XLOG�DQG�UXQ�'RFNHU

ż &RPSLOH�H[DPSOH�SURMHFWV��)LFWLERW�

ż 5XQ�+$526�H[DPSOH�VFULSWV

Ɣ ,QVWDOODWLRQ�GHPR

KWWSV���\RXWX�EH�F�/E&B'�Q'��

https://github.com/git-afsantos/haros_tutorials/tree/master/docker
https://youtu.be/c0LbC_D7nD8


5XQQLQJ�([DPSOH��)LFWLERW

Ɣ 7\SLFDO�PRELOH�URERW�EDVH��LQVSLUHG�E\�
7XUWOH%RW�

Ɣ )HZ�LQFRUSRUDWHG�VHQVRUV�DQG�DFWXDWRUV

Ɣ ,VVXHV�LQWURGXFHG�WR�H[HUFLVH�WKH�YDULRXV�
+$526�IXQFWLRQDOLWLHV

Ɣ 'RFXPHQWDWLRQ��
JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�WUHH�
PDVWHU�GRFV�

https://github.com/git-afsantos/haros_tutorials/tree/master/docs
https://github.com/git-afsantos/haros_tutorials/tree/master/docs


+$526�:HE�,QWHUIDFH



$GGLWLRQDO�5HVRXUFHV

Ɣ 7XWRULDO�ZHESDJH��KWWSV���KDVODE�JLWKXE�LR�6$)(5�LURV���WXWRULDO

Ɣ ([HUFLVHV�DQG�PDWHULDO��KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�

Ɣ +$526�ZHESDJH��KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KDURV�

Ɣ 'HPR�YLGHRV��KWWSV���\RXWXEH�FRP�SOD\OLVW"OLVW 3/U;[;DXJ7�FZ9KMKOQ[<�'8�B:<3/(PJT�

Ɣ $��6DQWRV��$��&XQKD��1��0DFHGR��7KH�+LJK�$VVXUDQFH�526�)UDPHZRUN��
5R6(#,&6(��������������KWWSV���GRL�RUJ���������5R6(�����������������

Ɣ $��6DQWRV��6DIHW\�9HULILFDWLRQ�IRU�526�$SSOLFDWLRQV��3K'�7KHVLV��8QLYHUVLW\�RI�0LQKR��
%UDJD��3RUWXJDO��KWWSV���JLW�DIVDQWRV�JLWKXE�LR�SXEOLFDWLRQ�SKG�WKHVLV�

https://haslab.github.io/SAFER/iros21-tutorial
https://github.com/git-afsantos/haros_tutorials
https://github.com/git-afsantos/haros/
https://youtube.com/playlist?list=PLrXxXaugT0cwVhjhlnxY6DU0_WYPLEmgq
https://doi.org/10.1109/RoSE52553.2021.00013
https://git-afsantos.github.io/publication/phd-thesis


����,QWHUQDO�&RGH�4XDOLW\



,QWHUQDO�&RGH�4XDOLW\

Ɣ 'LUHFWO\�LPSDFWV�PDLQWDLQDELOLW\�

ż +RZ�HDV\�LV�LW�WR�XQGHUVWDQG�DQG�FKDQJH�WKH�FRGH"

ż ,QGLUHFWO\�DIIHFWV�PDQ\�RWKHU�TXDOLW\�SURSHUWLHV

Ɣ &DQ�XVXDOO\�EH�GHWHFWHG�WKURXJK�DXWRPDWLF�VWDWLF�FRGH�DQDO\VLV�

ż 4XDOLW\�PHWULFV��FRPSOH[LW\��PRGXODULW\��«�

ż &RGLQJ�VW\OHV��JXLGHOLQHV��VWDQGDUGV��«�



4XDOLW\�0HWULFV

Ɣ 0HDVXUH�FKDUDFWHULVWLFV�RI�WKH�VRXUFH�FRGH�

Ɣ 2IWHQ�UHODWHG�ZLWK�FRPSOH[LW\�DQG�PRGXODULW\�

ż /LQHV�RI�&RGH��/R&�

ż &\FORPDWLF�FRPSOH[LW\

ż &RXSOLQJ

ż ���

Ɣ 9LRODWLRQV�RFFXU�ZKHQ�WKUHVKROGV�DUH�PHW

�

&\FORPDWLF�FRPSOH[LW\�RI��



&RGLQJ�6W\OHV

Ɣ *XLGHOLQHV�WR�LPSURYH�UHDGDELOLW\�DQG�XQLIRUPLW\

ż ,QGHQWDWLRQ

ż 1DPLQJ�FRQYHQWLRQV

ż ���

Ɣ 6WULFWHU�VWDQGDUGV�IRUELG�HUURU�SURQH�FRQVWUXFWV

ż $OZD\V�H[SOLFLWO\�GHFODUH�LQWHJHU�VL]H

Ɣ 0D\�DOVR�LPSRVH�TXDOLW\�PHWULFV�WKUHVKROGV

DIO�H<DI�DIO�<MB>��>C<M�¥¥<MBQ �£
����MJN��DIDO�<MB>��<MBQ��¯GDNO@I@M¯ �
����MJN���J?@�<I?G@�I�
�������
����MJN��NKDI� �
����M@OPMI�»�
¤

9LRODWLRQV�WR�0,65$�DQG�526�JXLGHOLQHV



+$526�,QWHUQDO�4XDOLW\�3OXJ�LQV

Ɣ :UDSSHUV�IRU�H[LVWLQJ�VWDWLF�FRGH�DQDO\VLV�WRROV
ż >>>>��&���

ż >>?��&���

ż >KK>C@>F��&���

ż >KKGDIO��&���

ż KTGDIO��3\WKRQ�

ż GDU<M?��&���3\WKRQ�

ż M<?JI��3\WKRQ�

Ɣ $GGLWLRQDO�FRPELQHG�PHWULFV�RQ�WRS
ż 0DLQWDLQDELOLW\�,QGH[��0,��FDOFXODWRU



+$526�,QWHUQDO�4XDOLW\�3OXJ�LQV

Ɣ ,VVXHV�UHSRUW�YLRODWLRQV�RI�FRGH�UXOHV�DQG�
PHWULFV�H[FHHGLQJ�WKUHVKROGV

Ɣ 7UDFH�EDFN�WR�VRXUFH�FRGH�ORFDWLRQV

Ɣ 7DJV�DOORZ�ILQHU�LQVSHFWLRQ��H�J���NLQG�RI�
PHWULF�RU�UHODWHG�VWDQGDUGV�

Ɣ 3URMHFW�FDQ�EH�FRQILJXUHG�WR�LJQRUH�IXOO�
SOXJ�LQV�RU�FHUWDLQ�WDJV�DOWRJHWKHU



+DQGV�RQ�([HUFLVHV

Ɣ )ROORZ�WKH�OLQN�IRU�H[HUFLVHV�RYHU�)LFWLERW

JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�WUHH�PDVWHU�H[HUFLVHV�VHF��FRGH�TXDOLW\�

Ɣ ,GHQWLI\�DQG�IL[�VRPH�FRGH�TXDOLW\�LVVXHV

Ɣ 'HPR�DQG�SURSRVHG�VROXWLRQ

KWWSV���\RXWX�EH�[YR20+D�50Z�

https://github.com/git-afsantos/haros_tutorials/tree/master/exercises/sec2-code-quality
https://youtu.be/xvoOMHa8RMw


$GGLWLRQDO�5HVRXUFHV

Ɣ $��6DQWRV��$��&XQKD��1��0DFHGR��&��/RXUHQoR��$�IUDPHZRUN�IRU�TXDOLW\�
DVVHVVPHQW�RI�526�UHSRVLWRULHV��,526������������������
KWWSV���GRL�RUJ���������,526��������������

Ɣ 7��1HWR��5��$UUDLV��$��6RXVD��$��6DQWRV��*��9HLJD��$SSO\LQJ�6RIWZDUH�6WDWLF�
$QDO\VLV�WR�526��7KH�&DVH�6WXG\�RI�WKH�)$67(1�(XURSHDQ�3URMHFW��
52%27��������������������KWWSV���GRL�RUJ��������������������������B���

Ɣ 526�VW\OH�JXLGH��KWWS���ZLNL�URV�RUJ�&SS6W\OH*XLGH�

Ɣ 526�FRGH�TXDOLW\��KWWS���ZLNL�URV�RUJ�FRGHBTXDOLW\�

https://doi.org/10.1109/IROS.2016.7759661
https://doi.org/10.1007/978-3-030-35990-4_51
http://wiki.ros.org/CppStyleGuide
http://wiki.ros.org/code_quality


����$QDO\VLV�RI�6\VWHP�$UFKLWHFWXUHV



526�$UFKLWHFWXUDO�0HWD�PRGHO

Ɣ %HVLGHV�VRXUFH�FRGH��526�DUFKLWHFWXUDO�
PRGHOV�DUH�DOVR�SDVVHG�WR�SOXJ�LQV

Ɣ 1RW�H[SOLFLW�LQ�WKH�FRGH��H[WUDFWHG�E\�
+$526�WKURXJK�VWDWLF�DQDO\VLV

Ɣ 7ZR�OHYHOV�

ż &RPSLOH�WLPH�DUWLIDFWV��H�J���D�
SURJUDPPHG�QRGH

ż 5XQWLPH�DUWLIDFWV��H�J���D�ODXQFKHG�
QRGH

DIO�H<DI����� �£
MJN��DIDO�����������¯I¯ �
MJN���J?@�<I?G@�I�
I�<?Q@MODN@Ô���Õ�¯�O¯����� ��

¤

ÔG<PI>CÕ�
����ÔIJ?@�I<H@Ó¯S¯�OTK@Ó¯I¯��Õ�
����ÔIJ?@�I<H@Ó¯T¯�OTK@Ó¯I¯Õ
��������ÔM@H<K�AMJHÓ¯O¯�OJÓ¯O¼¯��Õ
����Ô�IJ?@Õ
Ô�G<PI>CÕ

Q��6WDWLF�
1RGH W��6WDWLF�/LQN

[��5XQWLPH�
1RGH

W��5XQWLPH�
/LQN

\��5XQWLPH�
1RGH

W���5XQWLPH�
/LQN



526�0HWD�PRGHO��&RPSLOH�WLPH

Ɣ 3URMHFW�RULHQWHG�YLHZ��VRXUFH�FRGH��



526�0HWD�PRGHO��5XQ�WLPH

Ɣ &RQILJXUDWLRQ�RULHQWHG�YLHZ��FRPSXWDWLRQ�JUDSK�



([WUDFWLRQ�3URFHVV

Ɣ 0RGHO�REWDLQHG�VWDWLFDOO\��ZLWKRXW�UXQQLQJ�WKH�SURJUDP

ż 5HOLHV�RQ�VRXUFH�FRGH�VWDWLF�DQDO\VLV�WHFKQLTXHV

Ɣ 6RXUFH�ILOHV�IRU�VWDWLF�WLPH�SHUVSHFWLYH

Ɣ /DXQFK�ILOHV�IRU�UXQ�WLPH�SHUVSHFWLYH��SRVVLEO\�PXOWLSOH�FRQILJXUDWLRQV�

Ɣ 2SWLRQDO�HOHPHQWV�KDYH�SUHVHQFH�FRQGLWLRQV�UHJLVWHUHG

Ɣ 3RVVLEO\�LQFRPSOHWH�SURFHVV��XVHUV�PD\�SURYLGH�KLQWV�WR�ILOO�WKH�JDSV



+$526�$UFKLWHFWXUDO�9LVXDOL]HU

Ɣ $OORZV�WKH�LQVSHFWLRQ�RI�WKH�GLIIHUHQW�
FRQILJXUDWLRQV�VSHFLILHG�IRU�WKH�SURMHFW

Ɣ 7UDFHDELOLW\�WR�VWDWLF�WLPH�UHVRXUFHV

Ɣ &RQGLWLRQDO�HOHPHQWV�LGHQWLILHG��DQG�
FRQGLWLRQV�

Ɣ &DQ�EH�XVHG�WR�H[SORUH�UXQWLPH�LVVXHV�
UHSRUWHG�E\�SOXJLQV��VHH�QH[W�VHVVLRQ�



$UFKLWHFWXUDO�6W\OHV

Ɣ /LNHZLVH�FRGLQJ�VW\OHV��DUFKLWHFWXUDO�VW\OHV�DIIHFW�VHYHUDO�TXDOLW\�PHWULFV

ż 0RQROLWKLF�QRGHV�YV�PDQ\�VLQJOH�UHVSRQVLELOLW\�QRGHV

ż 8VH�RI�QDPHVSDFHV�YV�VLQJOH�QDPHVSDFH

ż 1RGHV�YV�QRGHOHWV

ż HWF�

Ɣ /HVV�SURQH�WR�DXWRPDWLF�VWDWLF�DQDO\VLV��DUFKLWHFWXUHV�DUH�QRW�H[SOLFLWO\�GHILQHG



+$526�$UFKLWHFWXUDO�4XHU\�3OXJ�LQ

Ɣ 6SHFLILFDWLRQ�RI�DUFKLWHFWXUDO�SDWWHUQV�RYHU�FRPSXWDWLRQ�JUDSKV

Ɣ $FWV�RQ�WKH�DUFKLWHFWXUDO�PRGHOV�DXWRPDWLFDOO\�H[WUDFWHG�E\�+$526

Ɣ 6RPH�EXLOW�LQ�SDWWHUQV�

ż 2QO\���SXEOLVKHU�SHU�WRSLF

ż 3XEOLVKHU�DQG�VXEVFULEHU�PHVVDJH�W\SHV�PDWFK

ż ���

Ɣ 3URYLGHV�TXHU\�ODQJXDJH�IRU�XVHU�GHILQHG�SDWWHUQV



+$526�$UFKLWHFWXUDO�4XHU\�/DQJXDJH

Ɣ 4XHULHV�IROORZ�WKH�V\QWD[�RI�WKH�3\)/:25�OLEUDU\��RYHU�WKH�HQWLWLHV�RI�WKH�

+$526�PHWDPRGHO�

Ɣ %DVLF�VWUXFWXUH�RI�D�TXHU\�

IJ?@N�KP=GDNC@MN¡G@I�N@GA�LP@P@NDU@ �Ô�¼»¢



+$526�$UFKLWHFWXUDO�,VVXHV



+DQGV�RQ�([HUFLVHV

Ɣ )ROORZ�WKH�OLQN�IRU�H[HUFLVHV�RYHU�)LFWLERW

JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�WUHH�PDVWHU�H[HUFLVHV�VHF��DUFKLWHFWXUH�

Ɣ ([SORUH�WKH�H[WUDFWHG�DUFKLWHFWXUH��IL[�LVVXHV�DQG�GHILQH�DUFKLWHFWXUDO�SDWWHUQV

Ɣ 'HPR�DQG�SURSRVHG�VROXWLRQ

KWWSV���\RXWX�EH�N'�FKJ/=�\(�

https://github.com/git-afsantos/haros_tutorials/tree/master/exercises/sec3-architecture
https://youtu.be/kD8chgLZ4yE


$GGLWLRQDO�5HVRXUFHV

Ɣ ,��0DODYROWD��*��$��/HZLV��%��5��6FKPHUO��3��/DJR��'��*DUODQ��+RZ�GR�\RX�DUFKLWHFW�
\RXU�URERWV"��VWDWH�RI�WKH�SUDFWLFH�DQG�JXLGHOLQHV�IRU�526�EDVHG�V\VWHPV��
,&6(��6(,3���������������KWWSV���GRL�RUJ�������������������������

Ɣ $��6DQWRV��$��&XQKD��1��0DFHGR��6WDWLF�7LPH�([WUDFWLRQ�DQG�$QDO\VLV�RI�WKH�
526�&RPSXWDWLRQ�*UDSK��,5&��������������
KWWSV���GRL�RUJ���������,5&������������

Ɣ +LQW�ODQJXDJH�UHIHUHQFH��
KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KDURV�EORE�PDVWHU�GRFV�86$*(�PG�GHILQLQJ�FXVWRP
�DSSOLFDWLRQV�

Ɣ KTAGRJM�ODQJXDJH�VSHF��KWWSV���JLWKXE�FRP�WLPWDGK�S\IOZRU

https://doi.org/10.1145/3377813.3381358
https://doi.org/10.1109/IRC.2019.00018
https://github.com/git-afsantos/haros/blob/master/docs/USAGE.md%23defining-custom-applications
https://github.com/git-afsantos/haros/blob/master/docs/USAGE.md%23defining-custom-applications
https://github.com/timtadh/pyflwor


����$QDO\VLV�RI�6\VWHP�%HKDYLRXU



$SSURDFKHV�WR�%HKDYLRXU�$QDO\VLV

Ɣ 7HFKQLTXHV�VHHQ�VR�IDU�IRFXV�RQ�VWUXFWXUDO�DUFKLWHFWXUDO�LVVXHV

Ɣ 8QDEOH�WR�DGGUHVV��IXQFWLRQDO��VDIHW\�SURSHUWLHV

,V�WKH�V\VWHP�JXDUDQWHHG�WR�QHYHU�UHDFK�DQ�LQYDOLG�VWDWH"

Ɣ 0XVW�WDNH�LQWR�FRQVLGHUDWLRQ�WKH�G\QDPLF�EHKDYLRXU�RI�WKH�FRPSRQHQWV

Ɣ 9DULRXV�DSSURDFKHV�WR�YHULI\�FRUUHFWQHVV

ż 7HVWLQJ��UXQWLPH��LQFRPSOHWH�

ż 0RGHO�FKHFNLQJ��VWDWLF��UHTXLUHV�DEVWUDFWLRQV�

ż 'HGXFWLYH�YHULILFDWLRQ��VWDWLF��VHPL�DXWRPDWLF�

ż ���



3URSHUW\�6SHFLILFDWLRQ

Ɣ 7R�EH�VRXQG��WKH�H[SHFWHG�EHKDYLRXU�PXVW�
EH�IRUPDOO\�GHILQHG

Ɣ 8VXDOO\�UHO\LQJ�RQ�VRPH�WHPSRUDO�ORJLF

Ɣ 7R�HDVH�VSHFLILFDWLRQ��ZHOO�NQRZQ�
VSHFLILFDWLRQ�SDWWHUQV�KDYH�HPHUJHG

Ɣ &RQFUHWH�VSHFLILFDWLRQ�ODQJXDJHV�IXUWKHU�
HDVH�WKH�ZULWLQJ�RI�SURSHUWLHV

'Z\HU�HW�DO�������



3URSHUW\�6SHFLILFDWLRQ

Ɣ $�W\SLFDO�IRUPDOLVP�LV�/LQHDU�7HPSRUDO�
/RJLF��/7/�

Ɣ 3URSRVLWLRQDO�ORJLF���WHPSRUDO�RSHUDWRUV

ż $OZD\V��*�

ż (YHQWXDOO\��)�

ż 8QWLO��8�

ż ���

Ɣ 3URSHUW\�3�ZLOO�HYHQWXDOO\�KROG��H[LVWHQFH�

ż )��3�

Ɣ :KHQHYHU�3�KROGV��4�ZLOO�KROG�LQ�WKH�IXWXUH�
�SUHFHGHQFH�

ż )��3�ĺ�)��4��

Ɣ 3URSHUW\�3�ZLOO�QHYHU�KROG�DIWHU�4��VFRSHG�
DEVHQFH�

ż *��4�ĺ�*��3��



+$526�6SHFLILFDWLRQ�/DQJXDJH

Ɣ +$526�SURYLGHV�D�SURSHUW\�VSHFLILFDWLRQ�
ODQJXDJH�DW�WKH�526�OHYHO��+3/�

Ɣ 3URYLGHV�FRQVWUXFWV�IRU�FRPPRQ�
VSHFLILFDWLRQ�SDWWHUQV

Ɣ 3DVVHG�WR�+$526�SOXJLQV�WKDW�DLP�WR�
FKHFN�EHKDYLRXUV

Ɣ 6SHFLI\�ERWK�LQGLYLGXDO�QRGH�DQG�
V\VWHP�ZLGH�EHKDYLRXU

$YDLODEOH�+$526�SOXJLQV

Ɣ 3URSHUW\�EDVHG�WHVWLQJ

Ɣ 6\VWHP�ZLGH�PRGHO�FKHFNLQJ

Ɣ 1RGH�PRGHO�FKHFNLQJ��:,3�



+$526�6SHFLILFDWLRQ�/DQJXDJH

Ɣ $FWV�DW�WKH�PHVVDJH�SDVVLQJ�OHYHO

ż (YHQWV�DUH�SXEOLFDWLRQV�DW�WRSLFV

Ɣ 5HOHYDQW�HYHQWV�PD\�EH�ILOWHUHG�E\�
SUHGLFDWHV�RQ�PHVVDJH�FRQWHQW

Ɣ $EVHQFH��H[LVWHQFH��SUHFHGHQFH��
UHVSRQVH�SDWWHUQV

Ɣ *OREDO�RU�UHVWULFWHG�E\�VFRSH



+$526�6SHFLILFDWLRQ�/DQJXDJH

Ɣ /LQHDU�YHORFLW\�LQ�WKH��>H?Q@G�WRSLF�VKRXOG�QHYHU�EH�DERYH���P�V

BGJ=<GGT��IJ��>H?Q@G�£GDI@<M�S�Õ�¼�»¤

Ɣ $��>H?Q@G�ZLWK�D�YHORFLW\�RI�]HUR�LV�SXEOLVKHG�DV�D�FRQVHTXHQFH�RI�D�

�G<N@M�PHVVDJH�ZLWK�?<O<�RI����RU�ORZHU��ZLWKLQ�����PLOOLVHFRQGV

BGJ=<GGT���G<N@M�£?<O<�ÔÓ�Á¿¤

��><PN@N��>H?Q@G�£GDI@<M�Ó�»�»�<I?�<IBPG<M�Ó�»�»¤

��RDOCDI�½»»�HN



&ODVVLFDO�WHVWLQJ

Ɣ +RZ�WR�WHVW�WKH�V\VWHP�DJDLQVW�D�VHTXHQFH�RI�PHVVDJHV�LQ�526"

ż $�XQLW�WHVW�WKDW�VHQGV�;�DQG�<"

ż :KDW�DERXW�LQWHUIHULQJ�PHVVDJHV�EHWZHHQ�WKHP"

ż :KDW�DERXW�WLPLQJ�DQG�GHOD\�LVVXHV"



3URSHUW\�EDVHG�WHVWLQJ

Ɣ &ODVVLFDO�WHVWLQJ�UHTXLUHV�PDQXDO�GHILQLWLRQ�RI�LQSXW�RXWSXW�SDLUV

Ɣ 3URSHUW\�EDVHG�WHVWLQJ

ż 2XWSXWV�WHVWHG�DJDLQVW�RUDFOH��WKH�V\VWHP�VSHF�

ż ,QSXWV�DXWRPDWLFDOO\�JHQHUDWHG

ż 6KULQNLQJ

Ɣ 1RW�LQWHQGHG�WR�UHSODFH�VSHFLILF�XQLW�WHVWV



+$526�3%7�3OXJLQ

Ɣ +$526�VSHF�ODQJXDJH�WR�VSHFLI\�H[SHFWHG�EHKDYLRXU

Ɣ ,QSXW�WUDFHV�JHQHUDWHG�IURP�VSHF�DQG�DUFKLWHFWXUDO�PRGHO

Ɣ 0RQLWRUV�WR�DVVHUW�VSHF�LQ�UXQWLPH



+$526�3%7�3OXJLQ

Ɣ 3URSHUWLHV�RQO\�RYHU�VXEVFULEHG�WRSLFV�DUH�
XVHG�DV�D[LRPV�IRU�WKH�WHVW�JHQHUDWRU

Ɣ *HQHUDWHG�LQSXWV�WU\�WR�XSKROG�
D[LRPDWL]HG�SURSHUWLHV

Ɣ 3URSHUWLHV�RYHU�SXEOLVKHG�WRSLFV�DUH
XVHG�DV�WHVW�JRDOV

$[LRP�
BGJ=<GGT��IJ��G<N@M�£IJO�?<O<�DI�¡»�OJ�¼½Â¢¤

7HVW�
BGJ=<GGT���G<N@M�£?<O<�ÔÓ�¾½¤�><PN@N�

�>H?NOJK�RDOCDI�½»»�HN



+$526�3%7�3OXJLQ



+DQGV�RQ�([HUFLVHV

Ɣ )ROORZ�WKH�OLQN�IRU�H[HUFLVHV�RYHU�)LFWLERW

KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KDURVBWXWRULDOV�WUHH�PDVWHU�H[HUFLVHV�VHF��EHKDYLRXU�

Ɣ ([SORUH�WKH�H[SHFWHG�EHKDYLRXU��VSHFLI\�SURSHUWLHV�DQG�IL[�LVVXHV

Ɣ 'HPR�DQG�SURSRVHG�VROXWLRQ

KWWSV���\RXWX�EH��V+\X�E6-�8�

https://github.com/git-afsantos/haros_tutorials/tree/master/exercises/sec4-behaviour
https://youtu.be/6sHyu6bSJ-U


Ɣ 0��%��'Z\HU��*��6��$YUXQLQ��-��&��&RUEHWW��3DWWHUQV�LQ�3URSHUW\�6SHFLILFDWLRQV�IRU�
)LQLWH�6WDWH�9HULILFDWLRQ��,&6(����������������KWWSV���GRL�RUJ�����������������������

Ɣ $��6DQWRV��6DIHW\�9HULILFDWLRQ�IRU�526�$SSOLFDWLRQV��3K'�7KHVLV��8QLYHUVLW\�RI�0LQKR��
%UDJD��3RUWXJDO��KWWSV���JLW�DIVDQWRV�JLWKXE�LR�SXEOLFDWLRQ�SKG�WKHVLV�

Ɣ $��6DQWRV��$��&XQKD��1��0DFHGR��3URSHUW\�EDVHG�WHVWLQJ�IRU�WKH�URERW�RSHUDWLQJ�
V\VWHP��$�7(67#(6(&�6,*62)7�)6(��������������
KWWSV���GRL�RUJ�������������������������

Ɣ 5��&DUYDOKR��$��&XQKD��1��0DFHGR��$��6DQWRV��9HULILFDWLRQ�RI�V\VWHP�ZLGH�VDIHW\�
SURSHUWLHV�RI�526�DSSOLFDWLRQV��,526������������������
KWWSV���GRL�RUJ���������,526�������������������

Ɣ +3/�UHSRVLWRU\��KWWSV���JLWKXE�FRP�JLW�DIVDQWRV�KSO�VSHFV�

$GGLWLRQDO�5HVRXUFHV

https://doi.org/10.1145/302405.302672
https://git-afsantos.github.io/publication/phd-thesis
https://doi.org/10.1145/3278186.3278195
https://doi.org/10.1109/IROS45743.2020.9341085
https://github.com/git-afsantos/hpl-specs


����&RQFOXVLRQ



([WHQGLQJ�+$526�$QDO\VHV

Ɣ +$526�ZDV�EXLOW�ZLWK�H[WHQVLELOLW\�LQ�PLQG

Ɣ 3\WKRQ�PRGXOHV

Ɣ $OWHUQDWLYH�HQWU\�SRLQWV

ż 3URMHFW�OHYHO��VRXUFH�FRGH�

ż &RQILJXUDWLRQ�OHYHO��DUFKLWHFWXUDO�PHWD�PRGHO�

Ɣ 5HSRUW�LVVXHV�ZLWK�WUDFHDELOLW\�WR�UHODWHG�HOHPHQWV



+$526�3OXJ�LQ�6WUXFWXUH

Ɣ 3\WKRQ�SDFNDJH�FRQWDLQLQJ�



+$526�3OXJ�LQ�,QWHUIDFH



)XWXUH�2QJRLQJ�:RUN

Ɣ 6XSSRUW�IRU�526��DSSOLFDWLRQV

Ɣ )HHGEDFN�LQ�FRQWLQXRXV�LQWHJUDWLRQ

Ɣ 9DULDELOLW\�DZDUH�PHWD�PRGHO�DQG�DQDO\VHV

Ɣ 1HZ�SOXJ�LQV��DOWHUQDWLYH�PRGHO�FKHFNHUV��FRQWURO�IORZ�DQDO\VLV��«�



)LQDO�5HPDUNV

Ɣ +$526�DLPV�WR�EULGJH�WKH�JDS�EHWZHHQ�URERWLFV�DQG
VRIWZDUH�HQJLQHHULQJ

Ɣ ,W�RIIHUV�D�YDULHW\�RI�DQDO\VHV��IRFXVLQJ�RQ�DXWRPDWLRQ�DQG
PLQLPDO�XVHU�LQSXW

Ɣ <RX�DUH�ZHOFRPH�WR�FRQWULEXWH���IRUN�LW��VXEPLW�3XOO�5HTXHVWV��UHSRUW�EXJV��RU�
VLPSO\�DQVZHU�D�VKRUW�XVHU�VXUYH\

KWWSV���IRUPV�JOH�D=(���<�V0XN97�P��

https://forms.gle/aZE867Y3sMukVT6m6


�,PSURYLQJ�WKH�4XDOLW\�RI�526�
$SSOLFDWLRQV�ZLWK�+$526

7KLV�ZRUN�LV�ILQDQFHG�E\�WKH�(5')�±�(XURSHDQ�5HJLRQDO�'HYHORSPHQW�)XQG�WKURXJK�WKH�2SHUDWLRQDO�3URJUDPPH�IRU�&RPSHWLWLYHQHVV�DQG�
,QWHUQDWLRQDOLVDWLRQ���&203(7(������3URJUDPPH�DQG�E\�1DWLRQDO�)XQGV�WKURXJK�WKH�3RUWXJXHVH�IXQGLQJ�DJHQF\��)&7���)XQGDomR�SDUD�D�
&LrQFLD�H�D�7HFQRORJLD�ZLWKLQ�SURMHFW�37'&�&&,�,1)�������������32&,���������)('(5���������


