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Sensor-based sorting is an essential technology in processing primary and 
secondary raw material. Over the past 30 years, sensor technology has 
provided important development impulses for increasing the efficiencies 
of processing procedures and processing chains regarding throughput, 
yield, and product quality. However, increasing material composition and 
product design complexity as well as handling of non-bulk materials re-
quire further improvements in sensor-based sorting.

Furthermore, digital characterization of material flows opens a new role 
for sensor technology in process chains. Sensor-based material flow cha-
racterization methods can provide new process insights, enable an auto-
matic process and machine control, and make material flow data available 
across the value chain, which could greatly increase the process perfor-
mance and generated ecological and economic benefits.

These latest solutions and findings, new applications and developments 
are key aspects of the 9th international conference „Sensor-Based Sorting 
& Control 2022“.
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�'HSDUWPHQW�RI�$QWKURSRJHQLF�0DWHULDO�&\FOHV��5:7+�$DFKHQ�8QLYHUVLW\��$DFKHQ��*HUPDQ\
267$'/(5�$QODJHQEDX�*PE+��$OWVKDXVHQ��*HUPDQ\


�&RUUHVSRQGLQJ�$XWKRU��:�OOQHUVWU�����'�������$DFKHQ��*HUPDQ\�� 

QLOV�NURHOO#DQWV�UZWK�DDFKHQ�GH

.H\ZRUGV��VHQVRU�EDVHG�PDWHULDO�ÀRZ�PRQLWRULQJ��VHQVRU�EDVHG�VRUWLQJ��VRUWLQJ�SHUIRUPDQFH��SRVW�

FRQVXPHU�OLJKWZHLJKW�SDFNDJLQJ�ZDVWH��SODVWLF�UHF\FOLQJ

$EVWUDFW
Background�� 6HQVRU�EDVHG� VRUWLQJ� �6%6�� XQLWV� DUH� D� FUXFLDO� SDUW� RI� OLJKWZHLJKW�
SDFNDJLQJ��/:3��ZDVWH�VRUWLQJ�SODQWV��&RPSDUHG�WR�VRUWLQJ�WULDOV�XQGHU�WHFKQLFDO�
ODE�FRQGLWLRQV��VLJQL¿FDQWO\�ORZHU�VRUWLQJ�SHUIRUPDQFHV�DUH�REVHUYHG�LQ�PDQ\�/:3�
VRUWLQJ�SODQWV��2QH� UHDVRQ� IRU� WKLV�GLVFUHSDQF\� LV�DVVXPHG� WR�EH� WKH� LQVXႈFLHQW�
PDWHULDO�ÀRZ�UHSUHVHQWDWLRQ�XQGHU�UHDO�VRUWLQJ�FRQGLWLRQV��Aim��7KLV�SDSHU�DLPV�WR�
TXDQWLWDWLYHO\�GHWHUPLQH�KRZ�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�LQÀXHQFHV�WKH�SHUIRUPDQFH�
RI�6%6�XQLWV�RQ�WKH�H[DPSOH�RI��/:3�ZDVWH��0HWKRG��,Q�D�FDVH�VWXG\��QHDU�LQIUDUHG�
�1,5��VHQVRUV�ZHUH�XVHG�WR�PRQLWRU�WKH�LQSXW��HMHFW�DQG�GURS�IUDFWLRQ�RI�DQ�LQGXVWULDO�
VFDOH��1,5�EDVHG�6%6�XQLW�DW�GLႇHUHQW�WURXJKSXWV��Result���3UHOLPLQDU\�UHVXOWV�VKRZ�
WKDW�KLJKHU�RFFXSDWLRQ�GHQVLWLHV�DQG�LQVXႈFLHQW�PDWHULDO�VLQJOLQJ�OHDG�WR�VLJQL¿FDQWO\�
D�ORZHU�VRUWLQJ�SHUIRUPDQFH�ERWK�LQ�WHUPV�RI�SXULW\�RI�WKH�HMHFW�IUDFWLRQV�DQG�\LHOG�
RI�HMHFW�PDWHULDOV��Conclusion��7KH�¿QGLQJV�VXJJHVW�WKDW�PXFK�RI�WKH�GLVFUHSDQF\�
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EHWZHHQ�WKHRUHWLFDOO\�SRVVLEOH�DQG�SUDFWLFDOO\�DFKLHYHG�/:3�VRUWLQJ�SHUIRUPDQFH�
FDQ�EH�H[SODLQHG�E\�VXERSWLPDO�PDWHULDO�ÀRZ�SUHVHQWDWLRQ��2SWLPL]HG�PDWHULDO�ÀRZ�
SUHVHQWDWLRQ�WKXV�PLJKW�RႇHU�FRQVLGHUDEOH��EXW�VR�IDU�ODUJHO\�XQWDSSHG��RSWLPL]DWLRQ�
SRWHQWLDOV�LQ�/:3�VRUWLQJ�

���,QWURGXFWLRQ
*OREDO� SODVWLF� SURGXFWLRQ� KDV� JURZQ� IURP� �� 0W� WR� ���� 0W� EHWZHHQ� ����� DQG�
������*H\HU�HW�DO���������DQG�LV�H[SHFWHG�WR�GRXEOH�DJDLQ�RYHU�WKH�QH[W����\HDUV�
�(XURSHDQ� &RPPLVVLRQ�� ������� 7KH� FXUUHQW� SURGXFWLRQ�� XVDJH�� DQG� HQG�RI�OLIH�
GLVSRVDO� RI� SODVWLFV� FDXVH� VHYHUH� HQYLURQPHQWDO� GDPDJHV�� H�J��� JUHHQKRXVH�
JDV� �*+*�� HPLVVLRQV� �=KHQJ� 	� 6XK�� ������ DQG� SROOXWLRQ� RI� JOREDO� HFRV\VWHPV�
�-DPEHFN�HW�DO����������3ODVWLF�UHF\FOLQJ�DQG�WKH�VXEVWLWXWLRQ�RI�SULPDU\�E\�UHF\FOHG�
SODVWLFV�FDQ�VLJQL¿FDQWO\�ORZHU�WKH�HQYLURQPHQWDO�LPSDFWV�RI�SODVWLFV��$VWUXS�HW�DO���
������3HUXJLQL�HW�DO����������)RU�H[DPSOH��VXEVWLWXWLQJ���0J�RI�SULPDU\�SODVWLF�ZLWK�
UHF\FOHG�SODVWLF�DFKLHYHV�*+*�VDYLQJV�EHWZHHQ�����0J�DQG�����0J�&22e (Turner 
HW�DO���������

*HUPDQ\� LV� WKH� ODUJHVW� SURGXFHU� RI� SRVW�FRQVXPHU� SODVWLF�ZDVWH� LQ� (XURSH� DQG�
JHQHUDWHG�DERXW������0W�D�SRVW�FRQVXPHU�SODVWLF�ZDVWHV�LQ�������WKH�PDMRULW\�����
ZW���RI�ZKLFK� LV�FROOHFWHG�DV�SRVW�FRQVXPHU� OLJKWZHLJKW�SDFNDJLQJ� �/:3��ZDVWH�
ZLWK� DQ� DPRXQW� RI� �����0W�D� �&RQYHUVLR�0DUNHW� 	� 6WUDWHJ\�*PE+�� �������$IWHU�
FROOHFWLRQ��/:3�ZDVWH�LV�¿UVWO\�VRUWHG�E\�/:3�VRUWLQJ�SODQWV�LQWR�SUHFRQFHQWUDWHV�
DQG�D�UHPDLQLQJ�VRUWLQJ�UHVLGXH��3UHFRQFHQWUDWHV�DUH�IXUWKHU�UH¿QHG�LQWR�VHFRQGDU\�
UDZ�PDWHULDOV�E\�VSHFLDOL]HG�UHF\FOLQJ�SODQWV�DQG�WKHQ�UH�HQWHU�WKH�DQWKURSRJHQLF�
PDWHULDO�F\FOH��)HLO�	�3UHW]���������$OWKRXJK�VHYHUDO�LPSURYHPHQWV�ZHUH�LQWURGXFHG�
WR�/:3�VRUWLQJ��)HLO�HW�DO����������WKH�RYHUDOO�SHUIRUPDQFH�RI�/:3�VRUWLQJ�LQ�*HUPDQ\�
UHPDLQV�XQVDWLVIDFWRU\��,Q�������RQO\�DERXW����ZW��RI�SRVW�FRQVXPHU�SODVWLF�ZDVWH�
FRXOG�EH�FRQYHUWHG�LQWR�UHF\FODWHV��DQG�RQO\���ZW��ZHUH�XVHG�WR�VXEVWLWXWH�YLUJLQ�
PDWHULDO��&RQYHUVLR�0DUNHW�	�6WUDWHJ\�*PE+��������

&RQVLGHUDEOH� PDWHULDO� ORVVHV� WRZDUGV� HQHUJ\� UHFRYHU\� RFFXU� ERWK� GXULQJ� WKH�
FROOHFWLRQ�ZLWK�DERXW����ZW��DV�ZHOO�DV�LQ�VRUWLQJ�DQG�UHF\FOLQJ�SODQWV�ZLWK�DERXW�
��������ZW��HDFK�RI�WKH�UHVSHFWLYH�LQSXWV��.XFKWD���������$V�KLJK�PDWHULDO�ORVVHV�LQ�
UHF\FOLQJ�SODQWV�DUH�SDUWO\�FDXVHG�E\�LQVXႈFLHQW�SXULW\�RI�SUHFRQFHQWUDWHV��'HKRXVW�
	�&KULVWLDQL���������WHFKQLFDO�RSWLPL]DWLRQ�RI�/:3�VRUWLQJ�SODQWV�SOD\V�D�NH\�UROH�LQ�
LPSURYLQJ�WKH�SHUIRUPDQFH�RI�SRVW�FRQVXPHU�SODVWLF�UHF\FOLQJ�
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�����6WDWH�RI�WKH�DUW�DQG�FKDOOHQJHV�LQ�/:3�VRUWLQJ
,Q�/:3�VRUWLQJ�SODQWV�� WKH� LQSXW�PDWHULDO� ÀRZ� LV�¿UVWO\�SUHFRQGLWLRQHG� �OLEHUDWLRQ��
VLHYLQJ��ZLQG�VKLIWLQJ��EDOOLVWLF� VHSDUDWLRQ��EHIRUH� IHUURXV�DQG�QRQ�IHUURXV�PHWDOV�
DV�ZHOO�DV�EHYHUDJH�FDUWRQV�DUH�VRUWHG�RXW��7KH�SUHFRQGLWLRQHG�PDWHULDO�ÀRZ�WKHQ�
HQWHUV�WKH�KHDUW�RI�DQ\�PRGHUQ�/:3�VRUWLQJ�SODQW��$�VHQVRU�EDVHG�VRUWLQJ��6%6��
FDVFDGH�W\SLFDOO\�FRQWDLQLQJ�PRUH�WKDQ����6%6�XQLWV�WR�VRUW�WKH�PDWHULDO�ÀRZ�LQWR�
WKH�GHVLUHG�SUHFRQFHQWUDWHV���)HLO�HW�DO��������

6%6� XQLWV� LQ� /:3� VRUWLQJ� DUH� DOPRVW� H[FOXVLYHO\� belt sorters�� L�H��� WKH� PDWHULDO�
ÀRZ�LV�SUHVHQWHG�RQ�DFFHOHUDWLRQ�EHOWV��v�§���P�V��WR�WKH�VHQVRU��&RPSUHVVHG�DLU�
QR]]OH�EDUV�DUH� WKHQ�XVHG� WR� VRUW� WKH�PDWHULDO� ÀRZ� LQ�D�drop� DQG�eject� IUDFWLRQ��
GHSHQGLQJ�RQ�WKH�FKRVHQ�VRUWLQJ�UHFLSH��&RPPRQ�WDUJHW�IUDFWLRQV�LQ�6%6�IRU�/:3�
DUH� SRO\SURS\OHQH� �33��� SRO\HWK\OHQH� �3(��� SRO\HWK\OHQH� WHUHSKWKDODWH� �3(7���
SRO\VW\UHQH� �36��� EHYHUDJH� FDUWRQV� �%&��� DQG� SDSHU� 	� FDUGERDUG� �33&���$V� DOO�
WDUJHW�IUDFWLRQV�RI�6%6�LQ�/:3�KDYH�GLVWLQFW�QHDU�LQIUDUHG��1,5��VSHFWUD��1,5�EDVHG�
VRUWHUV�DUH�SULPDULO\�XVHG�LQ�/:3�VRUWLQJ���)HLO�HW�DO���������)HLO�	�3UHW]�������

0RGHUQ� 6%6� HTXLSPHQW� FDQ�� DFFRUGLQJ� WR� PDQXIDFWXUHUV�� DFKLHYH� WHFKQLFDO�
HႈFLHQFLHV�RI������ZW��XQGHU�ODERUDWRU\�DQG�SLORW�SODQW�FRQGLWLRQV���5�6XVWDLQDELOLW\��
�������+RZHYHU��WKH�DFWXDO�DFKLHYHG�SURGXFW�SXULWLHV�DQG�REVHUYHG�PDWHULDO�ORVVHV�
IDOO�IDU�VKRUW�RI�WKHVH�H[SHFWDWLRQV��VHH�DERYH��

2QH� PDLQ� UHDVRQ� IRU� WKH� SRRU� VRUWLQJ� UHVXOWV� LQ� LQGXVWULDO�VFDOH� /:3� VRUWLQJ� LV�
DVVXPHG�WR�EH�WKH�LQDGHTXDWH�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�WR�WKH�6%6�XQLW��)HLO�HW�DO���
�������)RU�RSWLPDO�VRUWLQJ�UHVXOWV��PDWHULDO�ÀRZV�KDYH�WR�EH�SUHVHQWHG�DV�D�singled 
monolayer�WR�WKH�6%6�XQLWV��,I�SDUWLFOHV�RYHUODS�RU�WRXFK�HDFK�RWKHU��IDOVH�QHJDWLYH�
�PDWHULDO�VXSSRVHG�WR�HQG�LQ�WKH�HMHFW�IUDFWLRQ�HQGV�LQ�WKH�GURS�IUDFWLRQ��RU�IDOVH�
SRVLWLYH� �YLFH�YHUVD��VRUWLQJ� UHVXOWV�RFFXU��ZKLFK� OHDG� WR� ORZHU�\LHOG�DQG�SXULWLHV��
UHVSHFWLYHO\��7ZR�SK\VLFDOO\�SODXVLEOH�PHFKDQLVPV�IRU�IDOVH�VRUWLQJ�UHVXOWV�DUH�

��0��� )DOVH� VRUWLQJ� GHFLVLRQV� GXH� WR� RYHUODSSLQJ�� $OO� VHQVRUV� FXUUHQWO\�
DSSOLHG� LQ� /:3� VRUWLQJ� DUH� surface measurement technologies�� 7KXV��
LQ� WKH� FDVH� RI� RYHUODSSLQJ�� RQO\� WKH� PDWHULDO� RQ� WRS� LV� FRQVLGHUHG� LQ�
WKH� VRUWLQJ� GHFLVLRQ�� OHDGLQJ� WR� IDOVH�QHJDWLYH� RU� IDOVH�SRVLWLYH� VRUWLQJ�
GHFLVLRQV��GHSHQGLQJ�RQ�WKH�PDWHULDO�RQ�WRS��$GGLWLRQDOO\��PL[HG�VSHFWUD�
�1,5�� RU� FRORUV� �9,6�� FDQ� OHDG� WR� IDOVH� VRUWLQJ� GHFLVLRQV� LQ� FDVH� WKH�
PDWHULDO�RQ�WRS�LV��VHPL��WUDQVSDUHQW��
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�0��� (QWUDLQPHQW�RI�GURS�SDUWLFOHV��,Q�WKH�FDVH�RI�RYHUODSSLQJ�RU�WRXFKLQJ�
SDUWLFOHV�� WXUEXOHQFH� RI� DLU� YDOYHV� FDQ� OHDG� WR� IDOVH�SRVLWLYH� PDWHULDO�
HMHFWV��HVSHFLDOO\�IRU�OLJKW�PDWHULDO�IUDFWLRQV�VXFK�DV�¿OPV��

�����$GGUHVVHG�UHVHDUFK�JDS
7KLV� VWXG\� DLPV� WR� TXDQWLWDWLYHO\� GHWHUPLQH� KRZ� WKH� PDWHULDO� ÀRZ� SUHVHQWDWLRQ�
LQÀXHQFHV�WKH�VRUWLQJ�UHVXOWV�DQG�KRZ�PXFK�RI�WKH�GLVFUHSDQF\�EHWZHHQ�WKHRUHWLFDOO\�
SRVVLEOH�DQG� UHDO�ZRUOG�REVHUYHG�VRUWLQJ� UHVXOWV�FDQ�EH�H[SODLQHG�E\� LQVXႈFLHQW�
PDWHULDO�ÀRZ�SUHVHQWDWLRQ�WR�6%6�XQLWV�LQ�/:3�VRUWLQJ�SODQWV��

5HFHQW� VWXGLHV� KDYH� VKRZQ� WKDW� WKH�PDWHULDO� WKURXJKSXW� VWURQJO\� LQÀXHQFHV� WKH�
6%6� SHUIRUPDQFH� RI� FKXWH� VRUWHUV� LQ� ODE�VFDOH� �.�SSHUV�� 6FKO|JO�� HW� DO��� ������
.�SSHUV��6HLGOHU��HW�DO����������+RZHYHU��WKH�UHVXOWV�DUH�RQO\�SDUWO\�WUDQVIHUDEOH�WR�
LQGXVWULDO�VFDOH�6%6�XQLWV�VLQFH��L��/:3�VRUWLQJ�LV�DOPRVW�H[FOXVLYHO\�SHUIRUPHG�RQ�
EHOW�VRUWHUV�ZLWK�VLJQL¿FDQWO\�GLႇHUHQW� IHHGLQJ�FKDUDFWHULVWLFV�� �LL�� WKH� LQYHVWLJDWHG�
ZRUNLQJ�ZLGWK� �����PP�� LV�VLJQL¿FDQWO\� ORZHU�FRPSDUHG� WR� LQGXVWULDO�DSSOLFDWLRQV�
�LQÀXHQFH�RI�ERXQGDU\�DUHDV���DQG��LLL�� WKH�FKDUDFWHULVWLFV�RI� WKH�LQYHVWLJDWHG�WHVW�
PDWHULDO��LGHDOL]HG�SODVWLF�FKLSV��DUH�QRW�FRPSDUDEOH�ZLWK�UHDO�ZRUOG�SRVW�FRQVXPHU�
ZDVWHV��$GGLWLRQDOO\�� LQYHVWLJDWLRQV� ZLWK� LQGXVWULDO� 6%6� HTXLSPHQW� �&XUWLV� HW� DO���
������ VKRZ� WKDW� WKH� WKURXJKSXW� ÀXFWXDWLRQV� KDPSHU� 6%6� SHUIRUPDQFH� EXW� DUH�
OLPLWHG�WR�FRPSDULQJ�WZR�VFHQDULRV��ÀXFWXDWLQJ�DQG�QRQ�ÀXFWXDWLQJ�WKURXJKSXW��

2QH� OLPLWDWLRQ�RI� FXUUHQW�6%6� UHVHDUFK� LV� WKDW�H[LVWLQJ�SHUIRUPDQFH�DVVHVVPHQW�
PHWKRGV�DUH�EDVHG�RQ�PDQXDOO\�GHWHUPLQLQJ�WKH�FRPSRVLWLRQ�DQG�TXDQWLW\�RI�HMHFW�
DQG�GURS�IUDFWLRQV��L�H���PDQXDO�VRUWLQJ���ZKLFK�LV�WLPH��DQG�FRVW�LQWHQVLYH��7KHUHIRUH��
RQO\� D� VPDOO� QXPEHU� RI� GDWD� SRLQWV� FDQ� EH� GHWHUPLQHG�� OLPLWLQJ� WKH� VWDWLVWLFDO�
FRQ¿GHQFH�RI�REWDLQHG�UHVXOWV��)XUWKHUPRUH��VRUWLQJ�UHVXOWV�DUH�RQO\�DYDLODEOH�RQFH�
WKH�VRUWLQJ� WULDO� LV�¿QLVKHG�DQG� WKHUHIRUH�FDQQRW�EH�PHDVXUHG� WLPH�UHVROYHG�DQG�
DUH�OLPLWHG�WR�EDWFK�ZLVH�WULDOV��7R�RYHUFRPH�WKHVH�OLPLWDWLRQV��ZH�SURSRVH�D�QHZ�
DVVHVVPHQW�PHWKRG�EDVHG�RQ�VHQVRU�EDVHG�PDWHULDO�ÀRZ�PRQLWRULQJ��6%00���LQ�
ZKLFK�DGGLWLRQDO�VHQVRUV�DUH�XVHG�WR�GHWHUPLQH�WKH�FRPSRVLWLRQ�DQG�TXDQWLW\�RI�WKH�
HMHFW�DQG�GURS�IUDFWLRQV�
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���6%6�SHUIRUPDQFH�DVVHVVPHQW�EDVHG�RQ�6%00
,Q�WKH�SURSRVHG�DVVHVVPHQW�PHWKRGRORJ\��DGGLWLRQDO�VHQVRUV�DUH�XVHG�WR�PRQLWRU�
�L��WKH�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�RQ�WKH�DFFHOHUDWLRQ�EHOW�DQG��LL��WKH�VRUWLQJ�UHVXOW��
L�H���TXDQWLW\�DQG�FRPSRVLWLRQ�RI�WKH�HMHFW�DQG�GURS�IUDFWLRQ��)LJXUH�����

,QSXW

'URS

�VHQVRU�EDVHG��
VRUWLQJ�SURFHVV

$VVHVVPHQW�RI�
VRUWLQJ�

SHUIRUPDQFH
$VVHVVPHQW�RI�

VRUWLQJ�
SHUIRUPDQFH

$VVHVVPHQW�RI�
PDWHULDO�IORZ
SUHVHQWDWLRQ
$VVHVVPHQW�RI�
PDWHULDO�IORZ
SUHVHQWDWLRQ 6%00�

VHQVRU

(MHFW

)LJXUH����&RQFHSW�IRU�6%6�SHUIRUPDQFH�DVVHVVPHQW�WKURXJK�6%00�

�����$VVHVVPHQW�RI�PDWHULDO�ÀRZ�SUHVHQWDWLRQ
7R�GHVFULEH� WKH�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�RQ� WKH�DFFHOHUDWLRQ�EHOW�TXDQWLWDWLYHO\��
WKLV�VHFWLRQ�GH¿QH�GLႇHUHQW�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�LQGLFDWRUV�

2FFXSDWLRQ�GHQVLW\� �2'���7UDGLWLRQDO� DVVHVVPHQW� RI�PDWHULDO� ÀRZ� SUHVHQWDWLRQ�
RI�DFFHOHUDWLRQ�EHOWV�LV�EDVHG�RQ�WKH�occupation density��2'���ZKLFK�GHVFULEHV�WKH�
VKDUH�RI�WKH�DFFHOHUDWLRQ�EHOW�DUHD�WKDW�LV�FRYHUHG�E\�PDWHULDO��.�SSHUV��6FKO|JO��
HW�DO���������

ܦܱ  = ሶୠୣ୪୲ܣሶୡ୭୴ୣ୰ୣୢܣ    ���

:KHUH�кbelt is the DUHD�ÀRZ��SURMHFWHG�DUHD�SHU�WLPH�XQLW�DV�SUHVHQWHG�WR�WKH�VHQVRU��
RI�WKH�DFFHOHUDWLRQ�EHOW��ZKLFK�LV�D�IXQFWLRQ�RI�EHOW�VSHHG��҃belt��DQG�EHOW�ZLGWK��bbelt��
�(T��������DQG�кcovered�LV�WKH�DUHD�ÀRZ�RI�EHOW�DUHD�WKDW�LV�FRYHUHG�E\�PDWHULDO�
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ሶୠୣ୪୲ܣ = ୠୣ୪୲ݒ כ ܾୠୣ୪୲ ���

7KH� 2'� FDQ� EH� FDOFXODWHG� GHWHUPLQLVWLFDOO\� ZLWKRXW� SULRU� NQRZOHGJH� DERXW� WKH�
PDWHULDO� ÀRZ�� +RZHYHU�� DV� VKRZQ� H[HPSODULO\� LQ� )LJXUH� ��� WKH�2'� QHJOHFWV� WKH�
PDWHULDO� GLVWULEXWLRQ� RQ� WKH� FRQYH\RU� VXUIDFH� �H�J��� RYHUODSSLQJ��� ZKLFK� PD\�
LQÀXHQFH�WKH�VRUWLQJ�UHVXOW��VHH�0HFKDQLVP�0���6HFWLRQ �����

�D� �E� �F�

6LQJOHG�UHJLRQ

&OXVWHUHG�UHJLRQ

&HQWURLG�GLVWDQFH

&HQWURLG

Particle

Figure 2: Exemplary material distributions with similar ODs, but 
(a) high, (b) medium, and (c) low particle singling.

6LQJOLQJ�UDWLR��65���7R�RYHUFRPH�WKH�OLPLWDWLRQV�RI�WKH�RFFXSDQF\�GHQVLW\�LQGLFDWRU��
ZH� SURSRVH� D� QHZ� LQGLFDWRU�� WKH� singling ratio �65��� 7R� GHWHUPLQH� WKH� 65�� ZH�
FODVVLI\� DOO� DVVRFLDWHG�� FRYHUHG� DUHDV� �regions�� LQWR� �L�� singled regions (regions 
WKDW�FRQWDLQ�RQO\�RQH�SDUWLFOH��DQG��LL��clustered regions��UHJLRQV�WKDW�FRQWDLQ�WZR�
RU�PRUH�WRXFKLQJ�RU�RYHUODSSLQJ�SDUWLFOHV���FI� )LJXUH����7KH�65�WKHQ�GHVFULEHV�WKH�
SHUFHQWDJH�RI�FRYHUHG�DUHD�WKDW�LV�VLQJOHG�

ܴܵ = ሶୱ୧୬୥୪ୣୢܣሶୱ୧୬୥୪ୣୢܣ + ሶୡ୪୳ୱ୲ୣ୰ୣୢܣ = ሶୡ୭୴ୣ୰ୣୢܣሶୱ୧୬୥୪ୣୢܣ ���

$�65�RI���LQGLFDWHV�SHUIHFW�VLQJOLQJ��ZKLOH�D�65�RI���PHDQV�WKDW�DOO�SDUWLFOHV�WRXFK�
RU�RYHUODS�ZLWK�DW�OHDVW�RQH�RWKHU�SDUWLFOH��
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3DUWLFOH�GLVWDQFHV��:KLOH�WKH�65�GHVFULEHV�WKH�VLQJXODWLRQ�RI�WKH�PDWHULDO�ÀRZ��LW�
LJQRUHV�WKH�SUR[LPLW\�WR�QHDUE\�UHJLRQV��ZKLFK�PD\�LQÀXHQFH�WKH�VRUWLQJ�UHVXOW��VHH�
0HFKDQLVP�0���6HFWLRQ�������'LႇHUHQW�PHWULFV�FDQ�GHVFULEH�WKH�GLVWDQFH�EHWZHHQ�
UHJLRQV� RQ� D� FRQYH\RU� VXUIDFH�� +HUH�� ZH� XVH� WKH� (XFOLGLDQ� FHQWURLG�WR�FHQWURLG�
GLVWDQFH�EHWZHHQ�D�JLYHQ�UHJLRQ�i�DQG�LWV�QHLJKERU�UHJLRQ�j��ZKHUH�x DQG�y are the 
FRRUGLQDWHV�RI�WKH�UHVSHFWLYH�FHQWURLG�DQG�UHJLRQ�j is the k�WK�QHDUHVW�QHLJKERU�RI�
region i:

,݅)௞ܦܥ  ݆) = ට(ݔ௜ െ ௝)ଶݔ + ௜ݕ) െ ��� ௝)ଶݕ

2Q�D�PDWHULDO�ÀRZ�OHYHO��WKH�GLVWDQFHV�RI�DOO�n�UHJLRQV�LQ�D�JLYHQ�HYDOXDWLRQ�DUHD�
UHVXOW�LQ�D�GLVWULEXWLRQ�RI�LQGLYLGXDO�FHQWURLGV�GLVWDQFHV��ZKLFK�FDQ�EH�VXPPDUL]HG�
WKURXJK�VWDWLVWLFDO�LQGLFDWRUV�VXFK�DV�WKH�DULWKPHWLF�PHDQ�

തതതത௞ܦܥ  = 1݊෍ܦܥ௞,௜௡
௜ୀଵ  ���

�����$VVHVVPHQW�RI�VRUWLQJ�SHUIRUPDQFH
,Q� DQ\� 6%6� WDVN�� SDUWLFOHV� FDQ� EH� GLYLGHG� LQWR� WDUJHW� �LQGH[� T�� DQG� QRQ�WDUJHW�
SDUWLFOHV��LQGH[�nT���2SWLPDO�VRUWLQJ�LV�GH¿QHG�E\�PD[LPL]LQJ�WDUJHW�DQG�PLQLPL]LQJ�
QRQ�WDUJHW�SDUWLFOHV�LQ�WKH�HMHFW�IUDFWLRQ��

)RXU�GLႇHUHQW�VRUWLQJ�UHVXOWV�FDQ�RFFXU���L��WDUJHW�PDWHULDO�HQGV�LQ�WKH�HMHFW�IUDFWLRQ�
�T,ejectۦ)�WUXH�SRVLWLYH�>73@����LL��WDUJHW�PDWHULDO�HQGV�LQ�WKH�GURS�IUDFWLRQ��ۦT,drop��IDOVH�
QHJDWLYH�>)1@����LLL��QRQ�WDUJHW�PDWHULDO�HQGV�LQ�WKH�GURS�IUDFWLRQ��ۦnT,drop��WUXH�QHJDWLYH�
>71@���DQG��LY��QRQ�WDUJHW�PDWHULDO�LQ�WKH�HMHFW�IUDFWLRQ��ۦnT,eject��IDOVH�SRVLWLYH�>)3@���
7KXV��WKH�VRUWLQJ�UHVXOW�FDQ�EH�LQWHUSUHWHG�DV�D���[���FRQIXVLRQ�PDWUL[��

Confusion matrix: ቈ ሶ݉ ୘,ୣ୨ୣୡ୲ (ܶܲ) ሶ݉ ୬୘,ୣ୨ୣୡ୲ (ܲܨ)ሶ݉ ୘,ୢ୰୭୮ (ܰܨ) ሶ݉ ୬୘,ୢ୰୭୮(ܶܰ)቉ ���

&RPPRQO\��WZR�LQGLFDWRUV�DUH�XVHG�WR�HYDOXDWH�WKH�VRUWLQJ�WDVN��)HLO�HW�DO����������
Purity��(T�������GHVFULEHV�WKH�VKDUH�RI�WKH�WDUJHW�IUDFWLRQ�LQ�WKH�HMHFW�IUDFWLRQ��L�H���
HYDOXDWLRQ�RI�WKH�¿UVW�FRQIXVLRQ�PDWUL[�URZ�



��

Sensor-Based Sorting & Control 2022

ܿ௪,ୣ୨ୣୡ୲ =  ሶ݉ ்,ୣ୨ୣୡ୲ ሶ݉ ୣ୨ୣୡ୲ = ሶ݉ ்,ୣ୨ୣୡ୲ ሶ݉ ୘,ୣ୨ୣୡ୲ + ሶ݉ ୬୘,ୣ୨ୣୡ୲ 
���

Yield��(T�������GHVFULEHV�KRZ�PXFK�RI�WKH�WDUJHW�IUDFWLRQ�IURP�WKH�LQSXW�PDWHULDO�ÀRZ�
LV�VRUWHG�LQWR�WKH�HMHFW�IUDFWLRQ��L�H���HYDOXDWLRQ�RI�WKH�¿UVW�FRQIXVLRQ�PDWUL[�FROXPQ�

ܴ୵ =  ሶ݉ ୘,ୣ୨ୣୡ୲ ሶ݉ ୘,୧୬୮୳୲ = ሶ݉ ୘,ୣ୨ୣୡ୲ ሶ݉ ୘,ୣ୨ୣୡ୲ + ሶ݉ ୘,ୢ୰୭୮ ���

$OWKRXJK� SXULW\� DQG� \LHOG� DUH� RI� KLJK� SUDFWLFDO� LPSRUWDQFH�� ERWK� LQGLFDWRUV�PXVW�
DOZD\V� EH� FRQVLGHUHG� WR� HYDOXDWH� WKH� VRUWLQJ� SHUIRUPDQFH�� 7R� REWDLQ� D� VLQJOH�
SHUIRUPDQFH�LQGLFDWRU��ZH�SURSRVH�WR�XQLWH�SXULW\�DQG�\LHOG�LQWR�WKH�F1�VFRUH��ZKLFK�
LV�WKH�KDUPRQLF�PHDQ�RI�ERWK�YDOXHV��7KDUZDW��������

ଵܨ = 2 ή  ܿ୵,ୣ୨ୣୡ୲ ή  ܴ୵ܿ୵,ୣ୨ୣୡ୲ +  ܴ୵ ���

F1�VFRUHV� UDQJH� EHWZHHQ� �� DQG� ���$Q� F1�VFRUH� RI� �� LQGLFDWHV� D� SHUIHFW�
VRUWLQJ�SHUIRUPDQFH��cw,eject�DQG�Rw 1�����ZKLOH�WKH�F1�VFRUH�EHFRPHV�]HUR�LI�
SXULW\�RU�\LHOG�EHFRPH�]HUR�

,Q�FDVHV�ZKHUH�SXULW\�DQG�\LHOG�DUH�QRW�RI�HTXDO�LPSRUWDQFH��LW�LV�SRVVLEOH�
WR�ZHLJK�ERWK�LQGLFDWRUV�WKURXJK�D�IDFWRU�ȕ in the Fȕ�VFRUH��(T���������ZKLFK�
OHDGV�WR�\LHOG�EHLQJ�ZHLJKWHG�ȕ�WLPHV�PRUH�WKDQ�SXULW\��7KDUZDW��������

ఉܨ = (1 + (ଶߚ כ  ܿ௪,ୣ୨ୣୡ୲ ή  ܴ୵(ߚଶ ή ܿ௪,ୣ୨ୣୡ୲) +  ܴ୵ ����
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���&DVH�VWXG\��0DWHULDO�DQG�PHWKRGV
,Q�D�FDVH�VWXG\��ZH�WHVWHG�WKH�WHFKQLFDO�IHDVLELOLW\�RI�RXU�DVVHVVPHQW�PHWKRG�ZLWK�
DQ�LQGXVWULDO�VFDOH�6%6�XQLW�XVLQJ�UHDO�ZRUOG�/:3�ZDVWH��

�����7HVW�VHWXS
7KH�GHYHORSHG�WHVW�VHWXS�FRQVLVWV�RI�D�VWDWH�RI�WKH�DUW��LQGXVWULDO�VFDOH�1,5�EDVHG�
6%6�XQLW�ZLWK�D�WRWDO�ZRUNLQJ�ZLGWK�RI������PP��DQ�DFFHOHUDWLRQ�EHOW�VSHHG�RI���P�V��
DQG�DQ�DLU�QR]]OH�EDU�ZLWK������PP�QR]]OH�GLVWDQFH�RSHUDWHG�DW�����EDU�DLU�SUHVVXUH��
)RU�WKH�VRUWLQJ�WULDOV��WKH�HႇHFWLYH�ZRUNLQJ�ZLGWK�ZDV�UHGXFHG�WR������PP�WR�HQDEOH�
KLJK�RFFXSDWLRQ�GHVSLWH�WKH�OLPLWHG�WUDQVSRUW�FDSDFLW\�RI�WKH�XSVWUHDP�FRQYH\RUV��
7KH�VRUWHU�ZDV�SURJUDPPHG�WR�DFWLYHO\�VRUW�RXW�3(7��ZKLOH�DOO�RWKHU�PDWHULDOV�ZHUH�
VXSSRVHG�WR�HQG�LQ�WKH�GURS�IUDFWLRQ��7KH�VRUWLQJ�UHFLSH�FDPH�GLUHFWO\�IURP�WKH�6%6�
PDQXIDFWXUHU��UHSUHVHQWHG�DQ�LQGXVWU\�VWDQGDUG�VRUWLQJ�UHFLSH�XVHG�LQ�VHYHUDO�/:3�
VRUWLQJ�SODQWV��DQG�ZDV�QRW�IXUWKHU�PRGL¿HG�RU�DGDSWHG�IRU�WKH�VRUWLQJ�WULDOV�

$�¿UVW�DGGLWLRQDO�1,5�VHQVRU��1,5����UHFRUGHG�WKH�DFFHOHUDWLRQ�EHOW��$IWHU�WKH�6%6�
XQLW�� WKH�GURS�DQG�HMHFW� IUDFWLRQ�WKHQ�IHOO�RQ�VHSDUDWH�FRQYH\RU�EHOWV�UHVSHFWLYHO\�
�ZLGWK�� b�  � ����PP�� EHOW� VSHHG�� v�  � ���� P�V��� ZKHUH� ERWK� PDWHULDO� ÀRZV� ZHUH�
FDSWXUHG�E\�D�VHFRQG�1,5�VHQVRU��1,5�����$IWHUZDUG�� WKH�1,5���UHFRUGLQJV�ZHUH�
GLJLWDOO\� VSOLW� LQWR� HMHFW� DQG� GURS� UHFRUGLQJV��7R� VLPXODWH� D� FRQWLQXRXVO\�ZRUNLQJ�
VRUWLQJ�SODQW��HMHFW�DQG�GURS�PDWHULDO�ÀRZV�ZHUH�PL[HG�DQG�HQWHUHG�D�PDWHULDO�ORRS�
EHIRUH�EHLQJ�IHG�DJDLQ�WR�WKH�6%6�XQLW��,QVLGH�WKH�PDWHULDO�ORRS��D�PRGL¿HG�EDOOLVWLF�
VHSDUDWRU�DQG�VHYHUDO�EHOW�WUDQVIHUV�HQVXUHG�D�PDWHULDO�ÀRZ�KRPRJHQL]DWLRQ�EHIRUH�
UH�HQWHULQJ�WKH�6%6�XQLWV��

7KH�XVHG�1,5�VHQVRUV�ZHUH�(9.�+(/,26�(4���VHQVRUV�IURP�(9.�.HUVFKKDJJO�
*PE+��5DDED��$XVWULD��ZRUNLQJ�LQ�WKH�ZDYHOHQJWK�UDQJH�RI�����QP�±������QP�ZLWK�
D�VSHFWUDO�UHVROXWLRQ�RI�����QP�DW�DQ�DFTXLVLWLRQ�IUHTXHQF\�RI�����+]��$Q�DQDO\VLV�
UHFLSH� �)LJXUH� �D�� FRQWDLQLQJ� VSHFWUDO� UHIHUHQFHV� IRU� WKH� PDWHULDO� FODVVHV� 3(7��
33��3(��36��%&��DQG�33&�ZDV�GHYHORSHG�DQG�ORDGHG�RQ�ERWK�1,5�VHQVRUV��7KH�
1,5� VHQVRUV� FODVVLI\� HDFK� SL[HO� EDVHG� RQ� WKH� DQDO\VLV� UHFLSH�� DQG� WKH� UHVXOWLQJ�
IDOVH�FRORU� LPDJHV��)LJXUH��E�G��ZHUH�UHFRUGHG�XVLQJ�D�VHOI�GHYHORSHG�UHFRUGLQJ�
VRIWZDUH�IRU�VXEVHTXHQW�GDWD�DQDO\VLV�
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Figure 3: (a) NIR recipe and resulting false-color images (red marked 
DUHDV�DUH�XVHG�IRU�VSHFWUDO�FODVVL¿FDWLRQ��RI��E��DFFHOHUDWLRQ�EHOW��1,5�
�����F��HMHFW��DQG��G��GURS�EHOW��1,5�����*UH\��XQFODVVL¿HG�PDWHULDO�

�����0DWHULDO�DQG�H[SHULPHQWDO�SURFHGXUH
7KH�LQYHVWLJDWHG�WHVW�PDWHULDO�LV�/:3�ZDVWH�IURP�0DULERU��6ORYHQLD���7R�VLPXODWH�
D� UHDOLVWLF� �'� SODVWLF� IUDFWLRQ� W\SLFDO� IRU� 6%6� DSSOLFDWLRQV� LQ� /:3� VRUWLQJ�� ZH�
SUHFRQGLWLRQHG�WKH�PDWHULDO�ÀRZ�EHIRUH�WKH�WULDOV�ZLWK�D�EDOOLVWLF�VHSDUDWRU�WR�UHPRYH�
�'�PDWHULDOV�DQG�¿QHV�������PP��DQG�DQ�HGG\�FXUUHQW�DQG�PDJQHWLF�VHSDUDWRU�WR�
UHPRYH�IHUURXV�DQG�QRQ�IHUURXV�PHWDOV��UHVSHFWLYHO\��7R�DFKLHYH�PDWHULDO�ÀRZ�ZLWK�
D�FHUWDLQ�SHUFHQWDJH�RI�HMHFW�PDWHULDO��LQ�WKLV�FDVH�3(7���SXUH�3(7�DQG�QRQ�3(7�
IUDFWLRQV�ZHUH�JHQHUDWHG�¿UVWO\��)RU�WKH�3(7�IUDFWLRQ��SRVW�FRQVXPHU�3(7�ERWWOHV�
ZHUH�XVHG�DV� WKH�VRXUFH�PDWHULDO��7R�HQVXUH�SURSHU� FODVVL¿DELOLW\�RI�HDFK�ERWWOH�
DQG�WR�H[FOXGH�IDOVH�GLVFKDUJHV�GXH�WR�SRRU�FODVVL¿DELOLW\�RI�FHUWDLQ�ERWWOHV��H�J���
IXOO�VOHHYH�ERWWOHV���WKH�3(7�IUDFWLRQ�ZDV��GHODEHOHG�ZLWK�WKH�67$'/(5�'HODEHOHU�

:DYHOHQJWK�>QP@
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�.�SSHUV�HW�DO���������WR�JHQHUDWH�D�SXUH�SRVW�FRQVXPHU�3(7�IUDFWLRQ�DQG�H[FOXGH�
WKH� LQÀXHQFHV�RI� ODEHOV�DQG�VOHHYHV�RQ� WKH�VRUWLQJ� UHVXOW��$�QRQ�3(7��'�SODVWLF�
IUDFWLRQ�ZDV�JHQHUDWHG�E\�VRUWLQJ�RXW�DOO�3(7�FRQWHQWV�IURP�WKH�SUHFRQGLWLRQHG�/:3�
ZDVWH�SULRU� WR� WKH�VRUWLQJ� WULDOV��6XEVHTXHQWO\��D�3(7�FRQWHQW�RI����ZW��ZDV�VHW�
IRU�WKH�WHVW�PDWHULDO�E\�PL[LQJ�GH¿QHG�DPRXQWV�RI�WKH�3(7�DQG�QRQ�3(7�IUDFWLRQ�

'LႇHUHQW�PDWHULDO� ÀRZ� SUHVHQWDWLRQV�ZHUH� VLPXODWHG� E\� JUDGXDOO\� LQFUHDVLQJ� WKH�
WKURXJKSXW� LQ� ��� WKURXJKSXW� VWHSV�� 7KH� WKURXJKSXW� LQFUHDVHV�ZHUH� DFKLHYHG� E\�
DGGLQJ�D� GH¿QHG�DPRXQW� RI� DGGLWLRQDO� WHVW�PDWHULDO� WR� WKH�PDWHULDO� ORRS� LQ� HDFK�
VWHS��$IWHU�D�EXႇHU� WLPH�RI���PLQXWHV� WR�HTXLOLEUDWH� WKH�PDWHULDO� ORRS�� WKH�VRUWLQJ�
UHVXOWV�ZHUH�PRQLWRUHG�IRU����PLQXWHV��HTXLYDOHQW�WR�DERXW�����PDWHULDO�F\FOHV��IRU�
HDFK�WKURXJKSXW�VWHS�

�����'DWD�HYDOXDWLRQ
7KH�VXEVHTXHQW� GDWD�DQDO\VLV�ZDV� LPSOHPHQWHG� LQ�3\WKRQ������)LUVW�� DOO� LPDJHV�
ZHUH�VSDWLDOO\�FDOLEUDWHG�WR�REWDLQ�UHVXOWV�LQ�PHWULF�XQLWV��6HFRQG��WKH�PDWHULDO�ÀRZ�
FRPSRVLWLRQ�DQG�2'�ZHUH�GHWHUPLQHG�DQG�DJJUHJDWHG�WR�D�VDPSOLQJ�UDWH�RI����+]��
7KLUG��HDFK�UHJLRQ�ZDV�FODVVL¿HG�LQWR�VLQJOHG�DQG�FOXVWHUHG�UHJLRQV��DQG�FHQWURLG�
GLVWDQFHV�ZHUH�GHWHUPLQHG��$IWHU� WKDW�� WKH�65�ZDV�GHWHUPLQHG��DQG� WKH�FHQWURLG�
GLVWDQFHV� ZHUH� UHVDPSOHG� E\� HYDOXDWLQJ� WKH� LPDJH� LQ� FKXQNV� RI� ����� V� OHQJWK�
LQ� FRQYH\LQJ� GLUHFWLRQ�� 7R� UHGXFH� WKH� DUWLIDFWV� RI� LQGLYLGXDO� SDUWLFOHV� DQG� REWDLQ�
LQIRUPDWLRQ�RQ� WKH�PDWHULDO�ÀRZ� OHYHO��DOO� UHVXOWV�ZHUH�VPRRWKHG�E\�D��V�PRYLQJ�
DYHUDJH�

7KH� VRUWLQJ� SHUIRUPDQFH� LQGLFDWRUV� �(T�� ����������� ZHUH� WKHQ� FDOFXODWHG� E\�
FRPSDULQJ�WKH�DUHD�ÀRZV�SHU�PDWHULDO�FODVV�

ܿ୔୉୘,ୣ୨ୣୡ୲כ = ሶୣ୨ୣୡ୲ܣ ሶ୔୉୘,ୣ୨ୣୡ୲ܣ   [px%] ����

ܴ୔୉୘כ = ሶ୔୉୘,ୣ୨ୣୡ୲ܣ ሶ୔୉୘,ୣ୨ୣୡ୲ܣ  + ሶ୔୉୘,ୢ୰୭୮ܣ  [px%] ����

כଵ୔୉୘ܨ = 2 ή  ܿ୔୉୘,ୣ୨ୣୡ୲כ ή  ܴ୔୉୘ܿכ୔୉୘,ୣ୨ୣୡ୲כ + ܴ୔୉୘כ  [px%] ����
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)RU� D� PDVV�EDVHG� SURFHVV� HYDOXDWLRQ�� WKHVH� DUHD�EDVHG� LQGLFDWRUV� KDYH� WR� EH�
WUDQVIRUPHG� LQWR� PDVV�EDVHG� LQGLFDWRUV� �.URHOO� HW� DO��� ������� ZKLFK� ZH� SODQ� WR�
DGGUHVV�LQ�IXWXUH�ZRUN��6LQFH�WKH�JUDPPDJHV�RI�WKH�LQYHVWLJDWHG�PDWHULDO�JURXSV�
DUH�LQ�D�VLPLODU�RUGHU�RI�PDJQLWXGH��ZH�QHJOHFW�WKLV�HႇHFW�IRU�WKH�¿UVW�GHPRQVWUDWLRQ�
RI� WHFKQLFDO� IHDVLELOLW\� DQG� UHSRUW� WKH� SUHOLPLQDU\� UHVXOWV� LQ� SL[HO� SHUFHQW� �S[����
FI��(T�������±�(T�������

���&DVH�VWXG\��3UHOLPLQDU\�UHVXOWV�DQG�GLVFXVVLRQ
�����'LVFULPLQDWLRQ�RI�VLQJOHG�DQG�FOXVWHUHG�UHJLRQV
7R�GHWHUPLQH�LI� WKH�FODVVL¿FDWLRQ�LQWR�VLQJOHG�DQG�FOXVWHUHG�UHJLRQV�EDVHG�RQ�WKH�
1,5���UHFRUGLQJV��IDOVH�FRORU�LPDJHV��LV�WHFKQLFDOO\�IHDVLEOH��ZH�PDQXDOO\�FODVVL¿HG�
n�  � ������ UDQGRPO\� VDPSOHG� UHJLRQV�� 7KH� UHVXOWLQJ� GDWDVHW� FRQWDLQHG� n�  � ����
�������� VLQJOHG��n�  � ���� �������� FOXVWHUHG� UHJLRQV�� DQG�n�  � ��� ������� UHJLRQV�
WKDW�FRXOG�QRW�EH�FODVVL¿HG�XQDPELJXRXVO\��ZKLFK�ZHUH�H[FOXGHG�IURP�WKH�ODEHOHG�
GDWDVHW��

)RU�DQ�LQLWLDO�FODVVL¿HU��ZH�H[WUDFWHG�WKH�WZR�IHDWXUHV��L��impurity��VKDUH�RI�DOO�H[FHSW�
WKH�PRVW�FRPPRQ�PDWHULDO�FODVVHV�DQG�XQFODVVL¿HG�PDWHULDO�RI�D�SDUWLFOH��DQG��LL��
projection area�RI�HDFK�UHJLRQ�DQG�VSOLW�WKH�GDWDVHW�LQWR�����WUDLQLQJ�DQG�����WHVW�
GDWD��)LJXUH���VKRZV�WKH�GLVWULEXWLRQ�RI�LPSXULWLHV�DQG�SURMHFWLRQ�DUHDV�EHWZHHQ�WKH�
VLQJOHG�DQG�FOXVWHUHG�UHJLRQV��

%DVHG� RQ� WKH� WUDLQLQJ� GDWD�� ZH� GHWHUPLQHG� WZR� WKUHVKROGV� �L�� Ĳimpurity�  � ��� S[��
�RSWLPDO� WKUHVKROG� EHWZHHQ� VLQJOHG� DQG� FOXVWHUHG� UHJLRQV�� VHH� )LJXUH� �D�� DQG�
�LL��Ĳarea� �������FPð��PD[LPXP�SURMHFWLRQ�DUHD�RI�VLQJOHG�FOXVWHUHG�LQFO������EXႇHU�
IRU�GLႇHUHQW�SDUWLFOH�SRVLWLRQV���%DVHG�RQ�WKHVH�WKUHVKROGV��ZH�FRQVWUXFWHG�D�VLPSOH�
LI�HOVH�FODVVL¿HU�

ܴܶ = ൜"clustered", ୰ୣ୥୧୭୬ܫ ݂݅ ൒  ߬୧୫୮୳୰୧୲୷ or ܣ୰ୣ୥୧୭୬ ൒  ߬ୟ୰ୣୟ
"singled", ݈݁݁ݏ                                                               ����

:KHUH�Iregion�DQG�Aregion�DUH�WKH�LPSXULW\�DQG�SURMHFWLRQ�DUHD�RI�D�UHJLRQ�UHVSHFWLYHO\��
DQG�RT�LV�WKH�UHJLRQ�W\SH��)LJXUH��F�VKRZV�WKDW�WKLV�VLPSOH�FODVVL¿HU�DOUHDG\�DFKLHYHV�
D� FODVVL¿FDWLRQ�DFFXUDF\�RI� ������DQG� FDQ� VXႈFLHQWO\� GLVFULPLQDWH� VLQJOHG� IURP�
FOXVWHUHG�UHJLRQV��)LJXUH��G���
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)LJXUH����,GHQWL¿FDWLRQ�RI�FOXVWHUHG�UHJLRQV���D� 'LVWULEXWLRQ�RI�PDWHULDO�LPSXULWLHV�SHU�UHJLRQ�W\SH��
�E� GLVWULEXWLRQ�RI�SURMHFWLRQ�DUHDV�SHU�UHJLRQ�W\SH���F� FRQIXVLRQ�PDWUL[�RI�UHJLRQ�W\SH�FODVVL¿FDWLRQ�
based on impurity and projection area thresholds (dashed line in [a] and [b]) and or-conjunction on 
WKH�WHVW�VHW���G� H[HPSODU\�IDOVH�FRORU�LPDJH�ZLWK�LGHQWL¿HG�UHJLRQV��EOXH��VLQJOHG��UHG��FOXVWHUHG��

7KH�FODVVL¿FDWLRQ�DFFXUDF\�FDQ�OLNHO\�EH�LPSURYHG�E\�LQFRUSRUDWLQJ�PRUH�IHDWXUHV��
H[WHQGLQJ�WKH�WUDLQLQJ�GDWD�VHW��DQG�DSSO\LQJ�VRSKLVWLFDWHG�PDFKLQH�OHDUQLQJ��0/��
PRGHOV��(VSHFLDOO\�FRQYROXWLRQDO�QHXUDO�QHWZRUNV� �&11V��FRXOG�EH�SURPLVLQJ� IRU�
WKLV�FODVVL¿FDWLRQ�WDVN�

�����,QWHUUHODWLRQ�EHWZHHQ�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�LQGLFDWRUV
%DVHG�RQ�WKH�GLVFULPLQDWLRQ�RI�VLQJOHG�DQG�FOXVWHUHG�UHJLRQV��WKH�65�ZDV�FDOFXODWHG��
DQG�)LJXUH��D�VKRZV�WKH�LQWHUUHODWLRQ�EHWZHHQ�2'��65�DQG�UHODWLYH�WKURXJKSXW��$V�
RQH�ZRXOG�H[SHFW��WKH�2'�LQFUHDVHV�ZLWK�LQFUHDVLQJ�UHODWLYH�WKURXJKSXW��ZKLOH�WKH�
65�GHFUHDVHV��7ZR�VHJPHQWV�FDQ�EH�LGHQWL¿HG��)RU�2'V�EHWZHHQ����DQG�DERXW�
�����WKH�65�VWD\V�URXJKO\�FRQVWDQW��)RU�2'V�DERYH�DERXW������WKH�65�GHFUHDVHV�
ZLWK�LQFUHDVLQJ�EHOW�RFFXSDWLRQ�

7KH�FHQWURLG�GLVWDQFHV��)LJXUH��E��GHFUHDVH�ZLWK�LQFUHDVLQJ�2'��L�H���UHJLRQV�PRYH�
FORVHU� WRJHWKHU��+RZHYHU�� DW�2'V�DERYH�DERXW������ LQFUHDVHG� UHJLRQ�GLVWDQFHV�
FDQ�EH�REVHUYHG��7KLV�HႇHFW�FDQ�EH�YHU\�OLNHO\�EH�WUDFHG�EDFN�WR�WKH�IRUPDWLRQ�RI�
PRUH�FOXVWHUHG�UHJLRQV��FI� )LJXUH��D��DW�KLJKHU�2'V��$V�WKH�FOXVWHUHG�UHJLRQV�KDYH�
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ODUJHU�SURMHFWLRQ�DUHDV�WKDQ�VLQJOHG�SDUWLFOHV��WKH�FHQWURLG�GLVWDQFHV�LQFUHDVH�ZLWK�
ORZHU�65V�DQG�KLJKHU�2'V�

)LJXUH����,QWHUUHODWLRQ�EHWZHHQ��D��2'�DQG�65�IRU�GL௺HUHQW�UHODWLYH�WKURXJKSXWV�DQG��E��2'�
and centroid distances. CDi: centroid distance to i-th nearest neighbor. (1s moving average; 
scatterplot for better visualization limited to a random selection of 1,000 data points each)

7KHVH�¿QGLQJV�VKRZ�WKDW�WKH�65�FDQ�EH�D�XVHIXO�PHWULF�WR�DVVHVV�WKH�PDWHULDO�ÀRZ�
SUHVHQWDWLRQ�EHVLGHV�WKH�2'��+RZHYHU��DV�DOO�VRUWLQJ�WULDOV�ZHUH�FRQGXFWHG�RQ�WKH�
LGHQWLFDO�DFFHOHUDWLRQ�EHOW�DQG�ZLWK�LGHQWLFDO�PDWHULDO�ÀRZ�JXLGDQFH��WKH�DGGLWLRQDO�
DGYDQWDJH�RI�65�RYHU�WKH�2'�FDQ�FXUUHQWO\�RQO\�EH�HVWLPDWHG�WR�D�OLPLWHG�H[WHQW�

)XUWKHUPRUH�� WKH� SUHOLPDU\� 6%00� GDWD� LQGLFDWHV� WKDW� WKH� SUHVHQWDWLRQ� RI� SRVW�
FRQVXPHU�/:3�DV�D�VLQJOHG�PRQROD\HU�WR�6%6�XQLWV�LV�LQGHHG�FKDOOHQJLQJ��(YHQ�
DW� WKH� ORZHVW� LQYHVWLJDWHG� WKURXJKSXWV� �PHDQ�2'�� ������� RQO\� DERXW� KDOI� RI� WKH�
FRYHUHG�DUHD��PHDQ�65���������ZDV�FODVVL¿HG�DV�VLQJOHG��

,Q�FRQWUDVW��WKH�FHQWURLG�WR�FHQWURLG�GLVWDQFHV�VHHP�WR�EH�RI�OLPLWHG�XVH�IRU�GHVFULELQJ�
WKH�SDUWLFOH�SUR[LPLW\�DW�KLJKHU�2'V�GXH�WR�WKH�IRUPDWLRQ�RI�FOXVWHUV��+HUH��UHJLRQ�
GLVWDQFHV�WKDW�GHVFULEH�WKH�GLVWDQFHV�EHWZHHQ�LQGLYLGXDO�UHJLRQ�ERUGHUV�FRXOG�EH�D�
SRWHQWLDO�LPSURYHPHQW��

�����,QÀXHQFH�RI�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�RQ�VRUWLQJ�SHUIRUPDQFH
)LJXUH���VKRZV�WKH�LQWHUUHODWLRQ�EHWZHHQ�WKH�PDWHULDO�ÀRZ�SUHVHQWDWLRQ��DVVHVVHG�
E\�WKH�2'�DQG�65��DQG�GLႇHUHQW�VRUWLQJ�SHUIRUPDQFH�PHWULFV��SXULW\��\LHOG���VFRUH���
$V�GHSLFWHG�LQ�)LJXUH��D��WKH�VRUWLQJ�SHUIRUPDQFH�GHFUHDVHV�OLQHDUO\�ZLWK�LQFUHDVLQJ�
2'�IURP�DERXW������S[��SXULW\�DQG������S[��\LHOG�DW������2'�WR�DERXW����� S[��
SXULW\�DQG����� S[��\LHOG�DW�������2'�
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)RU� WKH� LQYHVWLJDWHG� 6%6� XQLW�� D� �����IROG� VWHHSHU� GHFUHDVH� RI� WKH� SXULW\� ZLWK�
LQFUHDVLQJ�2'��VORSH���������FRPSDUHG�WR�WKH�\LHOG��VORSH���������FDQ�EH�REVHUYHG��
$FFRUGLQJO\�� )LJXUH� �E� VKRZV� DQ� LQFUHDVHG� VRUWLQJ� SHUIRUPDQFH� IRU� KLJKHU� 65��
+HUH�� WKH�SXULW\� LQFUHDVHV������WLPHV�VWHHSHU�WKDQ�WKH�SXULW\�ZLWK� LQFUHDVLQJ�65��
$V�JUDSKLFDOO\�VKRZQ�LQ�)LJXUH����WKH��VFRUH�FDQ�EH�D�XVHIXO�SHUIRUPDQFH�PHWULF�WR�
FRPELQH�SXULW\�DQG�\LHOG��

)LJXUH����,QÀXHQFH�RI��D��2'�DQG��E��65�RQ�VRUWLQJ�SHUIRUPDQFH��
(5s moving average; scatterplot for better visualization limited to 

a random selection of 1,000 data points each)

7KH� VLJQL¿FDQWO\� UHGXFHG� VRUWLQJ� SHUIRUPDQFH� RI� 6%6� XQLWV� GXH� WR� VXERSWLPDO�
PDWHULDO�ÀRZ�SUHVHQWDWLRQ��KLJK�2'��LV�FRQVLVWHQW�ZLWK�UHODWHG�UHVHDUFK��&XUWLV�HW�
DO���������.�SSHUV��6FKO|JO��HW�DO���������.�SSHUV��6HLGOHU��HW�DO����������,Q�FRQWUDVW��
D�TXDQWLWDWLYH�FRPSDULVRQ�RI�RXU�¿QGLQJV�ZLWK�WKH�UHVXOWV�RI�.�SSHUV��6HLGOHU��HW�DO��
�������KLJKOLJKWV�WKH�VLJQL¿FDQW�LQÀXHQFH�RI�LQGLYLGXDO�6%6�XQLWV��PDFKLQH�VHWWLQJV��
DQG�PDWHULDO�ÀRZV�RQ�WKH�REWDLQHG�WUDQVIHU�IXQFWLRQ��TXDQWLWDWLYH�UHODWLRQ�EHWZHHQ�
PDWHULDO�ÀRZ�SUHVHQWDWLRQ�RU�WKURXJKSXW�DQG�VRUWLQJ�UHVXOW���:KLOH�.�SSHUV��6HLGOHU��
HW�DO���������UHSRUW�D�GHFUHDVHG�\LHOG�RI�RQ�DYHUDJH��������SHU����DGGLWLRQDO�2'��
WKH�\LHOG�RI�RXU�LQYHVWLJDWHG�6%6�XQLW�GHFUHDVHG�ZLWK�RQO\��������SHU����DGGLWLRQDO�
2'��$�SRVVLEOH�H[SODQDWLRQ� IRU� WKLV� LV� WKDW� LQ�VWDWH�RI�WKH�DUW�6%6�HTXLSPHQW�� WKH�
ZHLJKWLQJ�RI�SXULW\�DQG�\LHOG�FDQ�EH�DGMXVWHG�LQ�WKH�VRUWHU�VHWWLQJV��DQG�FKDQJLQJ�
WKHVH�ZHLJKWLQJV�ZRXOG�GLUHFWO\�DႇHFW�WKH�VORSH�RI�WKH�SXULW\�DQG�\LHOG�LQ�WKH�REWDLQHG�
WUDQVIHU�IXQFWLRQ��0RUHRYHU��WKH�VRUWLQJ�UHVXOWV�DUH�LQÀXHQFHG�E\�WKH�FKDUDFWHULVWLFV�
RI�WKH�XQGHUO\LQJ�VRUWLQJ�HQJLQH�DQG�WKH�LQSXW�PDWHULDO��,W�ZRXOG�WKXV�EH�LQWHUHVWLQJ�
WR�FRPSDUH� WKH�VRUWLQJ�SHUIRUPDQFH�DV�DVVHVVHG�WKURXJK�WKH��VFRUH� IRU�GLႇHUHQW�
6%6�VHWWLQJV�RU�GLႇHUHQW�6%6�XQLWV�LQ�IXWXUH�ZRUN�
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�����/LPLWDWLRQV
,W� LV�HVVHQWLDO� WR�QRWH�WKDW� WKH�REWDLQHG�SXULW\�DQG�\LHOG�YDOXHV�FDQQRW�EH�GLUHFWO\�
WUDQVIHUUHG� WR� SODQW� VFDOH� /:3� VRUWLQJ� GXH� WR� �L�� WKH� SL[HO�EDVHG� SHUIRUPDQFH�
DVVHVVPHQW��FI��6HFWLRQ������DQG��LL��WKH�UHPRYDO�RI�DUWLFOHV�ZLWK�OLPLWHG�VRUWDELOLW\�
�FI�� 6HFWLRQ� ������ 7KH� ¿UVW� OLPLWDWLRQ� �SL[HO�EDVHG� DVVHVVPHQW�� UHVXOWV� LQ�
XQGHUHVWLPDWLQJ�WKH�VRUWLQJ�SHUIRUPDQFH��DV��H�J���3(�ERWWOH�FDSV�RQ�3(7�ERWWOHV�
DUH�FRXQWHG�DV� WDUJHW�PDWHULDO� LQ� WUDGLWLRQDO� �SDUWLFOH�EDVHG��VRUWLQJ�DVVHVVPHQW��
EXW� DV� QRQ�WDUJHW� PDWHULDO� LQ� RXU� SL[HO�EDVHG� DVVHVVPHQW� PHWKRG�� 7KH� VHFRQG�
OLPLWDWLRQ�FDXVHV�RYHUHVWLPDWLQJ�RI�WKH�VRUWLQJ�SHUIRUPDQFH��DV�DUWLFOHV�ZLWK�OLPLWHG�
VRUWDELOLW\� ZRXOG� FDXVH� DGGLWLRQDO� VRUWLQJ� HUURUV�� +HUH�� D� GLUHFW� FRPSDULVRQ� RI�
WKH� 6%00�� DQG� SL[HO�EDVHG� VRUWLQJ� DVVHVVPHQW� ZLWK� WUDGLWLRQDO� �SDUWLFOH�EDVHG��
SHUIRUPDQFH�DVVHVVPHQW�ZRXOG�EH�RI�JUHDW�YDOXH�

���&RQFOXVLRQ�DQG�RXWORRN
,Q� FRQFOXVLRQ�� RXU� FDVH� VWXG\� VKRZV� WKDW� DQ� DXWRPDWLF� DVVHVVPHQW� RI� �VHQVRU�
EDVHG��VRUWLQJ�SURFHVVHV�LV�WHFKQLFDOO\�IHDVLEOH�DQG�RႇHUV�VLJQL¿FDQW�DGYDQWDJHV�
RYHU�VWDWH�RI�WKH�DUW�DVVHVVPHQW�PHWKRGV��H�J���LQ�WHUPV�RI�UHGXFHG�WLPH�DQG�FRVW�
H[SHQGLWXUH�� D� KLJKHU� VWDWLVWLFDO� VLJQL¿FDQFH�RI� WKH� UHVXOWV�� DQG�JUHDWHU� ÀH[LELOLW\�
DQG�GHWDLO�RI�GDWD�HYDOXDWLRQ��7KH�LQWURGXFHG�LQGLFDWRUV�VLQJOLQJ�UDWLR�DQG�SDUWLFOH�
GLVWDQFHV�HQDEOH�D�PRUH�QXDQFHG�GHVFULSWLRQ�RI�WKH�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�DQG�
GHPRQVWUDWH� WKH�GLႈFXOW\�RI�VLQJOLQJ�SRVW�FRQVXPHU�/:3�ZDVWHV�RQ�DFFHOHUDWLRQ�
EHOWV��

2XU�UHVXOWV�VKRZ�WKDW� LQFUHDVHG�EHOW�RFFXSDWLRQ�VLJQL¿FDQWO\� OLQHDUO\�UHGXFHV�WKH�
VRUWLQJ�SHUIRUPDQFH�RI�6%6�HTXLSPHQW�LQ�WHUPV�RI�ORZHU�SXULW\��\LHOG��DQG�RYHUDOO�
VRUWLQJ�SHUIRUPDQFH��F1�VFRUH���7KHVH�SUHOLPLQDU\�¿QGLQJV�VXJJHVW�WKDW�PXFK�RI�WKH�
GLVFUHSDQF\�EHWZHHQ� WKHRUHWLFDOO\�SRVVLEOH�DQG�SUDFWLFDOO\�DFKLHYHG�/:3�VRUWLQJ�
SHUIRUPDQFH�FDQ�EH�H[SODLQHG�E\�VXERSWLPDO�PDWHULDO�ÀRZ�SUHVHQWDWLRQ��

,Q� IXWXUH� ZRUN�� ZH� SODQ� WR� H[WHQG� WKH� VRUWLQJ� WULDOV� WR� GLႇHUHQW� PDWHULDO� ÀRZ�
FRPSRVLWLRQV�DQG�IXUWKHU�LPSURYH�WKH�GHYHORSHG�DVVHVVPHQW�PHWKRG��)XUWKHUPRUH��
WKH�K\SRWKHVLV� WKDW� ODUJH�SDUWV�RI� WKH�GLVFUHSDQF\�EHWZHHQ� WKHRUHWLFDOO\�SRVVLEOH�
DQG�SUDFWLFDOO\�DFKLHYHG�/:3�VRUWLQJ�SHUIRUPDQFH�FDQ�EH�H[SODLQHG�E\�VXERSWLPDO�
PDWHULDO�ÀRZ�SUHVHQWDWLRQ�VKDOO�EH�LQYHVWLJDWHG�LQ�6%00�WULDOV�DW�SODQW�VFDOH��,I�WKLV�
K\SRWKHVLV� LV�YDOLGDWHG��RSWLPL]HG�PDWHULDO�ÀRZ�SUHVHQWDWLRQ�RႇHUV�FRQVLGHUDEOH��
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EXW�VR�IDU�ODUJHO\�XQWDSSHG��RSWLPL]DWLRQ�SRWHQWLDO�LQ�/:3�VRUWLQJ�DQG�FRXOG�ODUJHO\�
FRQWULEXWH�WR�D�ORVV�PLQLPL]HG�SODVWLF�UHF\FOLQJ�LQ�JHQHUDO�

$FNQRZOHGJPHQWV
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�*HUPDQ�)HGHUDO�0LQLVWU\�RI�(GXFDWLRQ�DQG�5HVHDUFK�
�%0%)��ZLWKLQ�WKH�SURJUDP�Ä5HVRXUFH�HႈFLHQW�FLUFXODU�HFRQRP\���SODVWLFV�UHF\FOLQJ�
WHFKQRORJLHV��.X57�³�XQGHU�WKH�SURMHFW�5H9LVH��JUDQW�QR�����5�����

5HIHUHQFHV
�5� 6XVWDLQDELOLW\�� ,�� �(G���� �������� Demingling the mix: An assessment of 

commercially available automated sorting technology. 

$VWUXS��7���)UXHUJDDUG��7���	�&KULVWHQVHQ��7��+����������5HF\FOLQJ�RI�SODVWLF��$FFRXQWLQJ�
RI�JUHHQKRXVH�JDVHV�DQG�JOREDO�ZDUPLQJ�FRQWULEXWLRQV��:DVWH�0DQDJHPHQW�	�
Research��27��������±�����KWWSV���GRL�RUJ����������������;��������

&RQYHUVLR� 0DUNHW� 	� 6WUDWHJ\� *PE+�� �������� 6WR௺VWURPELOG� .XQVWVWR௺H� LQ�
Deutschland 2019. 

&XUWLV�� $��� .�SSHUV�� %��� 0|OOQLW]�� 6��� .KRGLHU�� .��� 	� 6DUF�� 5�� �������� 5HDO� WLPH�
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'HKRXVW�� *��� 	� &KULVWLDQL�� -�� �������� Analyse und Fortentwicklung der 
9HUZHUWXQJVTXRWHQ� I�U� :HUWVWR௺H�� 6DPPHO�� XQG� 9HUZHUWXQJVTXRWHQ� I�U�
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Ressourcenschonung��KWWS���ZZZ�XED�GH�XED�LQIR�PHGLHQ������KWPO�

(XURSHDQ� &RPPLVVLRQ� �(G���� �������� A European Strategy for Plastics 
in a Circular Economy�� KWWSV���HXU�OH[�HXURSD�HX�OHJDO�FRQWHQW�(1�
7;7�"XUL &20���������),1�
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