
-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

'(6,*1�$1'�,03/(0(17$7,21�2)�6($7�2&&83$1&<�
'(7(&7,21�6<67(0 

%��.RPPH\��(�2��$GGR���DQG�.��$��$GMHL� 
'HSDUWPHQW�RI�&RPSXWHU�(QJLQHHULQJ��.1867-�.XPDVL�� 

ENRPPH\�FRH#NQXVW�HGX�JK 
HUQ\�DGGR#JPDLO�FRP 
�WHUU\�DGMHL#JPDLO�FRP 

,1752'8&7,21 
3DWURQV�RI�WKHDWHUV�RIWHQ�HQFRXQWHU�WKH�GLIILFXO�
W\� RI� ORFDWLQJ� DSSURSULDWH� VHDWV� IRU� YLHZLQJ� RI�
VKRZV�� ,Q� ODUJH�FDSDFLW\�KDOOV�� WKH�DERYH�SURE�
OHP�LV�ZRUVHQHG�DV�QHZ�SDWURQV�VWDQG�IRU�ORQJ�
HU� SHULRGV�� VFDQQLQJ� WKH� HQWLUH� KDOO� LQ� RUGHU� WR�
ORFDWH�DYDLODEOH�VHDWV��$GGLWLRQDOO\��DIWHU�HPSW\�
VHDWV�DUH�VSRWWHG��VHDWHG��FOLHQWV�JR�WKURXJK�WKH�
UHSHWLWLYH�DFWLYLW\�RI�TXHVWLRQLQJ�RI�QHDUE\�VHDW�
HG� RFFXSDQWV� ZKHWKHU� WKH� HPSW\� VHDWV� DUH� DO�

UHDG\�WDNHQ�E\�DQ�DEVHQW�RFFXSDQW�RU�QRW��)DP�
LOLHV�RU�RWKHU�JURXSV�RI�UHODWHG�FOLHQWV�ZKR�SDW�
URQL]H� WKHVH� VKRZV� HQFRXQWHU� PRUH� RI� WKHVH�
SUREOHPV�LQ�WKHLU�VHDUFK�RI�ILWWLQJ�VHDW�VHWV�ZLWK�
SUHIHUUHG� ORFDWLRQV�� 0DQ\� KDOO� HVWDEOLVKPHQWV�
WKHUHIRUH� HQJDJH� WKH� VHUYLFH� RI� XVKHUV� WR� UH�
VROYH�WKH�DERYH�OLVWHG�SUREOHPV�ZKLFK�LV�H[SHQ�
VLYH�EHFDXVH� WKHVH� DWWHQGDQWV� DUH�RIWHQ� QHHGHG�
RQO\�IHZ�WLPHV�GXULQJ�D�VKRZ��7KHVH�SHUVRQQHO�
DOVR� HQJDJH� LQ� GLVWUDFWLQJ� DFWLYLWLHV� VXFK� DV�
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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��&DSDFLWLYH�VHQVLQJ��VHDW�RFFXSDQF\��VHQVRU�FOXVWHU��PLFURVWULS�WUDQVPLVVLRQ�OLQH��:L-)L 

$%675$&7 
/RFDWLRQ�RI�DSSURSULDWH� VHDWV� LQ� VHDWLQJ�DUHDV�RI� WKHDWHUV� UHPDLQV�D� VLJQLILFDQW�FKDOOHQJH� WKDW�
SDWURQV� RI� WKHVH� HQWHUSULVHV� IDFH�� 7KHUH� LV� WKHUHIRUH�� WKH� QHHG� IRU� VHDW� RFFXSDQF\�PRQLWRULQJ�
V\VWHP� WR�SURYLGH� UHDGLO\�DFFHVVLEOH� VHDW�RFFXSDQF\� LQIRUPDWLRQ� WR�FOLHQWV�DQG�PDQDJHPHQW�RI�
WKHVH�KDOOV��7KLV�SDSHU�SUHVHQWV�WKH�GHVLJQ�DQG�LPSOHPHQWDWLRQ�RI�D�ORZ�FRVW�VHDW�RFFXSDQF\�GH�
WHFWLRQ� DQG� GLVSOD\� V\VWHP�ZKLFK� LV� FDSDEOH� RI�PRQLWRULQJ� VHDW� RFFXSDQF\� LQ� KDOOV� HIILFLHQWO\���
7KH�V\VWHP�XVHV�FDSDFLWLYH�VHDW�VHQVRUV�ZKLFK�LV�GHVLJQHG�EDVHG�RQ�WKH�ORDGLQJ�PRGH�WHFKQRORJ\��
,W�GHWHFWV�WKH�SUHVHQFH�RI�D�KXPDQ�RFFXSDQW�XVLQJ�D�VLQJOH�HOHFWURGH��2FFXSDQF\�GDWD�LV�UHOD\HG�
WR� D�:L)L-HQDEOHG�PLFURFRQWUROOHU� XQLW� ZKLFK� SURFHVVHV� WKH� GDWD� DQG� ZLUHOHVVO\� WUDQVIHUV� WKH�
SURFHVVHG�GDWD�WR�D�FHQWUDO�EDVH�VWDWLRQ�RYHU�D�ORFDO�DUHD�QHWZRUN�IRU�JUDSKLFDO�DQG�QXPHULFDO�
GLVSOD\��&RPPDQGV�DUH�DOVR�WUDQVIHUUHG�IURP�WKH�EDVH�VWDWLRQ�WR�WKH�PLFURFRQWUROOHU�XQLWV�ZKHQ�
QHHGHG��7KHRUHWLFDO�DQG�HPSLULFDO�UHVXOWV�VKRZ�WKDW�WKH�V\VWHP�LV�DEOH�WR�DFKLHYH�VHDW�RFFXSDQF\�
PRQLWRULQJ�DFFXUDWHO\��QHDWO\�DQG�FRVW�HIIHFWLYHO\�� 
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 DQG�D�GLVSOD\�SURYLGLQJ�LQIRUPDWLRQ�UHODWLQJ�WR�
VHDW� RFFXSDQF\� DQG� WKH� VHDWLQJ� DUHD�� 7KH� V\V�
WHP� KDV� PXOWL-FRORUHG� OLJKWV� PRXQWHG� RQ� WKH�
WRSV� RI� WKH� VHDWV� IRU� LQGLFDWLQJ� RFFXSDQF\� VWD�
WXV�� 7KH� OLJKWV� ZHUH� FRQWUROOHG� E\� VHQVRUV�
PRXQWHG� LQ� WKH� VHDWV� DQG� PDQXDO� VZLWFKHV�
PRXQWHG�RQ�WKH�VHDWV��7KH�V\VWHP�ZDV�DOO�KDUG-
ZLUHG� IRU� WKH� SXUSRVHV� RI� SRZHU� VXSSO\�� FRQ�
WURO�� DQG� UHOD\� RI� LQIRUPDWLRQ� WR� WKH� GLVSOD\��
7KLV�UHVXOWHG�LQ�H[FHVVLYH�LQVWDOODWLRQ�FRVW��GLI�
ILFXOWLHV� LQ� WURXEOHVKRRWLQJ� IDXOWV�� DQG� WKH� KDOO�
EHFRPLQJ�XQWLG\�ZLWK�WLPH�ZKHQ�WKH�FDEOHV�DUH�
QRW�ZHOO�NHSW��$�UHFHQW�ZRUN�FRQGXFWHG�E\�+HI�
IHURQ� ������� LQYROYHG� D�ZLUHOHVV� UHSRUWLQJ� GH�
YLFH�ZLWK�D�SUHVVXUH� VHQVRU�FRPSRQHQW�DIIL[HG�
WR�VHDWV�WKDW�GHWHFWV�ZKHQ�D�SDWURQ�KDV�VDW�LQ�WKH�
FKDLU��7KH�PHWKRG�HPSOR\HG�LQ�GHWHUPLQLQJ�DQ�
RFFXSDQW¶V� SUHVHQFH� LV� SUREOHPDWLF�� 6LQFH� WKH�
VHDW�LV�VDLG�WR�EH�RFFXSLHG�ZKHQ�DQ�RFFXSDQW¶V�
ERG\� ZHLJKW� IRUFHV� WKH� VHDW¶V� VLWWLQJ� DUHD� WR�
SXVK� DJDLQVW� WKH� SUHVVXUH� VHQVRU�� VLJQLILFDQWO\�
KHDY\�REMHFWV�SODFHG�RQ�WKH�VHDW�FRXOG�EH�PLV�
WDNHQ�IRU�KXPDQ�RFFXSDQWV� 
 
0$7(5,$/6�$1'�0(7+2'6 
6\VWHP�DUFKLWHFWXUH 
7KH�SUHVHQWHG�RFFXSDQF\�GHWHFWLRQ�DQG�GLVSOD\�
V\VWHP�FRQVLVWV�RI�FDSDFLWLYH�VHDW�VHQVRUV��:L)L
-HQDEOHG�PLFURFRQWUROOHUV�DQG�D�EDVH�VWDWLRQ�DV�
VKRZQ�LQ�)LJ�����(DFK�VHDW�VHQVRU�XVHV�WKH�ORDG�
LQJ�PRGH�FDSDFLWLYH�VHQVLQJ�WHFKQLTXH�DQG�ZDV�
FRQQHFWHG� WR� D�PLFURFRQWUROOHU� WKURXJK� FRSSHU�
ZLUHV� DV� LOOXVWUDWHG� LQ� )LJ�� ��� 6HDWV� DQG� WKHLU�
VHQVRU� ZHUH� FOXVWHUHG� DQG� HDFK� JURXSLQJ� ZDV�
DVVLJQHG�RQH�PLFURFRQWUROOHU�ZKLFK�ZDV�DIIL[HG�
WR� RQH� RI� WKH� VHDWV� LQ� WKH� FOXVWHU�� 7KLV� PLFUR�
FRQWUROOHU� XQLW� LV� UHVSRQVLEOH� IRU� SURFHVVLQJ�
GDWD�UHFHLYHG�IURP�WKH�VHDW�VHQVRUV�DQG�UHOD\LQJ�
WKH� SURFHVVHG� GDWD� WR� WKH� EDVH� VWDWLRQ�� $Q� DF�
FHVV� SRLQW� ZDV� XVHG� DV� DQ� H[WHUQDO� JDWHZD\�
GHYLFH�IRU�WKH�ZLUHOHVV�ORFDO�DUHD�QHWZRUN�RYHU�
ZKLFK� V\VWHP�FRPPXQLFDWLRQ�RFFXUV�� ,W� URXWHV�
SURFHVVHG�RFFXSDQF\�VWDWXV�GDWD�DQG�FRPPDQGV�
WUDQVPLWWHG� EHWZHHQ� WKH� EDVH� VWDWLRQ� DQG� WKH�
PLFUR� FRQWUROOHU� XQLWV�� 7KH� EDVH� VWDWLRQ� ZDV�
FRQQHFWHG� WR� D� GLVSOD\� GHYLFH� XSRQ�ZKLFK� WKH�
RFFXSDQF\� VWDWXV�RI�DOO� VHDWV� LQ� WKH�DXGLWRULXP�
ZHUH�SURMHFWHG�JUDSKLFDOO\�DQG�QXPHULFDOO\� 

.RPPH\�HW�DO� �� 

QRLV\�FKDWWLQJ��ZDYLQJ�KDQGV� WR�EHFNRQ� WR�FOL�
HQWV�DQG�JHWWLQJ�LQ�WKH�ZD\�RI�FXVWRPHUV� 
 
/DVWO\��XVKHUV�DUH�RIWHQ�WDVNHG�WR�GHWHUPLQH�WKLV�
DWWHQGDQFH� E\� XQGHUWDNLQJ� WLULQJ� DQG� HUURU-
SURQH� PDQXDO� FRXQWLQJ� SURFHVVHV�� 6LQFH� WKHVH�
DFWLYLWLHV� DUH� DOVR� GLVWUDFWLQJ�� WKH\� DUH� RIWHQ�
OLPLWHG� LQ� WHUPV� RI� IUHTXHQF\�� 5HDO-WLPH� VHDW�
DYDLODELOLW\� LQIRUPDWLRQ� LV� WKHUHIRUH� QRW� HDVLO\�
DQG� TXLFNO\� DYDLODEOH� WR� QHZO\� DUULYHG� FOLHQWV�
DQG�KDOO�PDQDJHPHQW�� 
 
,Q�WKLV�SDSHU��WKH�GHVLJQ�DQG�LPSOHPHQWDWLRQ�RI�
D�ORZ�FRVW��RFFXSDQF\�GHWHFWLRQ�DQG�PRQLWRULQJ�
V\VWHP�LV�SUHVHQWHG��7KLV�V\VWHP�ZKLFK�LV�DFFX�
UDWH�DQG�HIILFLHQW�XVHV�FDSDFLWLYH� VHQVLQJ� WHFK�
QRORJ\� IRU� KXPDQ� RFFXSDQF\� GHWHFWLRQ� DQG�
ZLUHOHVV�WHFKQRORJ\�IRU�FRPPXQLFDWLRQ� 
 
5(/$7('�:25.6 
6HDW�RFFXSDQF\�PRQLWRULQJ�LQYROYHV�WHFKQLTXHV�
WR�VHQVH�WKH�SUHVHQFH�RI�D�KXPDQ�RFFXSDQW�DQG�
UHOD\� WKLV� LQIRUPDWLRQ� WR�DQ�DSSURSULDWH�GHYLFH�
IRU� GHFLVLRQV� WR� EH� WDNHQ��7KH� HVVHQWLDO� QDWXUH�
RI� WKH� LQIRUPDWLRQ� REWDLQHG� IURP� WKLV� DFWLYLW\�
KDV� SURPSWHG� D� QXPEHU� RI� VWXGLHV� DLPHG� DW�
GHYHORSLQJ� V\VWHPV� IRU� VHDW� RFFXSDQF\� GHWHF�
WLRQ� ZLWK� D� QXPEHU� RI� SURWRW\SHV� GHYHORSHG��
6RPH� RI� WKHVH� RFFXSDQF\� GHWHFWLRQ� V\VWHPV�
KDYH� EHHQ� GHYHORSHG� IRU� XVH� LQ� WKHDWHUV�
�%OLQNLOGH�HW�DO�����������*UXQIHOG���������LQWHO�
OLJHQW� DXWRPRELOH� VDIHW\� GHYLFH� DSSOLFDWLRQV�
�=HLGOHU� HW� DO��� ������� �=DQJO� HW� DO��� �������
�*HRUJH� HW� DO��� ������� �6DW]� HW� DO��� ������� DQG�
DLUSODQH�VHDW�ORFDWLRQ�PDSSLQJ��YRQ'RHQKRII�HW�
DO�� �������*DXJOHU�HW� DO�� LQ� �����ZRUNHG�RQ�D�
FKDLU�IRU�PRWLRQ�SLFWXUH�WKHDWHUV��7KH�SULQFLSDO�
REMHFW�RI�*DXJOHU¶V�LQYHQWLRQ�ZDV�WKH�SURYLVLRQ�
RI� VLJQDO� OLJKWV� RQ� WKH� WRS�� UHDU�� DQG� IURQW� RI�
HDFK� VHDW� ZKLFK� DXWRPDWLFDOO\� OLJKWV� ZKHQ� WKH�
SDWURQ�ULVHV�DQG�OHDYHV�WKH�VHDW�DQG�ZKLFK�JRHV�
RII�ZKHQ�WKH�VHDW� LV�RFFXSLHG��7KH�PXOWLSOLFLW\�
DQG� SRVLWLRQV� RI� OLJKWV� LQVWDOOHG� RQ� HDFK� VHDW�
UHQGHUV� WKH� V\VWHP�� SRZHU� LQHIILFLHQW� DQG� WKH�
OLJKWLQJ� VFKHPH�GLVWUDFWLQJ��HVSHFLDOO\� LI�PDQ\�
VHDWV� DUH� HPSW\��$GGLWLRQDOO\�� WKH� V\VWHP� FDQ�
QRW�EH�HDVLO\�SRUWHG�WR�DOUHDG\-EXLOW�VHDWV�DV�WKH�
FLUFXLWU\�ZDV�EXLOW�LQWR�WKH�VHDWV�� 
 
7KH� GHVLJQ� SURSRVHG� E\� %DURQ� HW� DO�� �������
SUHVHQWV� D� V\VWHP� FDSDEOH� RI� SURYLGLQJ� LQIRU�
PDWLRQ�UHJDUGLQJ�RFFXSDQF\�RQ�LQGLYLGXDO�VHDWV�
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��������������������'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 

  

)LJ�����$UFKLWHFWXUH�RI�V\VWHP 

Base Station

Repeater

Theatre

Display

 

Microcontroller Unit

Seat Hinge

Sensor Electrode in 
protective covering 

strapped to seat

)LJ�����$�VHDW�ZLWK�VHQVRU�DQG�PLFURFRQWUROOHU�XQLW�DIIL[HG� 

GDWD��DQG�WKH�EDVH�VWDWLRQ��7KH�TXDOLW\�RI�ZLUH�
OHVV� FRPPXQLFDWLRQ� LV� KHDYLO\� GHSHQGHQW� RQ�
FHUWDLQ� LPSRUWDQW� IDFWRUV��$PRQJ� WKHVH�DUH� WKH�
SK\VLFDO� VXUURXQGLQJV� LQ� ZKLFK� WKH� WUDQVPLV�
VLRQV�RFFXU�DQG� WKH�DPRXQW�RI�DQG� WKH�DPRXQW� 

6\VWHP�FRPPXQLFDWLRQ 
7KH� V\VWHP� XVHV�PLQLPDO� ZLULQJ� IRU� VHQVRU� WR�
PLFURFRQWUROOHU� XQLW� FRQQHFWLRQ� DQG� DSSOLHV�
:L)L� WHFKQRORJ\� IRU� FRPPXQLFDWLRQ� EHWZHHQ�
WKH� PLFURFRQWUROOHUV� WKDW� JDWKHU� DQG� HQFRGH� 
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RI� HOHFWURPDJQHWLF� LQWHUIHUHQFH� RU� QRLVH� SUH�
VHQW�� $�:L-)L� QHWZRUN� SURYLGH� ZLUHOHVV� FRQ�
QHFWLYLW\�EHWZHHQ�WKH�VHQVRU�FOXVWHU�PLFURFRQ�
WUROOHUV� DQG� WKH� EDVH� VWDWLRQ�� 7KLV� HQDEOHV� WKH�
VHQVRU�XQLWV� WR�EH�DGGHG�RU� UHPRYHG� IURP�WKH�
V\VWHP�ZLWK�YHU\�OLWWOH�PRGLILFDWLRQ�WR�WKH�QHW�
ZRUN�� $FFXUDWH� GDWD� WUDQVPLVVLRQ� LV� HQVXUHG�
GXH�WR�LQWULQVLF�GDWD-SDFNHW�EXLOGLQJ�FDSDELOLW\�
RI�:L-)L�� 7KH� &DUULHU� 6HQVH�0XOWLSOH� $FFHVV�
ZLWK�&ROOLVLRQ�$YRLGDQFH� �&60$�&$�� VWDQG�
DUG� HPSOR\HG� LQ� WKLV� FRPPXQLFDWLRQ� V\VWHP�
DGGV� D� GHVLUDEOH� IHDWXUH� RI� SDFNHW� FROOLVLRQ�
DYRLGDQFH�� 7KH� WRSRORJ\� RI� WKH� QHWZRUN� LV� D�
VWDU� FRQILJXUDWLRQ�ZLWK� WKH� EDVH� VWDWLRQ� DW� WKH�
FHQWHU���7KXV�WKH�PLFURFRQWUROOHUV�GR�QRW�FRP�
PXQLFDWH� ZLWK� HDFK� RWKHU� EXW� HDFK� ZLWK� WKH�
EDVH� VWDWLRQ� RQO\� RYHU� WKH� QHWZRUN�� 7KH� GLV�
FUHWH� VHQVRU� XQLWV� RQ� WKH� QHWZRUN� FDQ� DOVR� EH�
UHFRJQL]HG� DQG� PRQLWRUHG� LQGHSHQGHQWO\� E\�
WKH�EDVH�VWDWLRQ� 
 
&DSDFLWLYH�VHQVRU 
7KH� FDSDFLWLYH� VHQVRU� LGHD� ZDV� EXLOW� RQ� WKH�
FRQFHSW� RI� WKH� EDVLF� SDUDOOHO� SODWH� FDSDFLWRU��
&DSDFLWDQFH� LV� GH¿QHG� DV� WKH� DPRXQW� RI� HOHF�
WULFDO� FKDUJH� VWRUHG� EHWZHHQ� WZR� QRQ-
FRQQHFWHG� FRQGXFWLYH� SODWHV� ZKLFK� FKDQJHV�
ZLWK�WKH�YROWDJH�GLIIHUHQFH�EHWZHHQ�WKH�SODWHV��
7KH�FDSDFLWDQFH�GHSHQGV�SULPDULO\�RQ�WKH�GLH�
OHFWULF� VXEVWUDWH�� WKH� RYHUODSSLQJ� DUHD� RI� WKH�
SODWHV� DQG� WKH� GLVWDQFH� EHWZHHQ� WKHP�� 7KH�
FDSDFLWDQFH�� &� RI� D� SDUDOOHO� SODWH� FDSDFLWRU�
VKRZQ�LQ�ILJ����LV�JLYHQ�E\ 

 ��� 

ZKHUH� �Uࣅ LV� WKH� GLHOHFWULF� FRQVWDQW� RI� WKH� VHSD�
UDWLQJ�PDWHULDO�DQGࣅ���LV�WKH�SHUPLWWLYLW\�RI�IUHH� 

VSDFH� DQG� 9� DUH�� 

WKH� RYHUODSSLQJ� SODWH� DUHD�� GLVWDQFH� EHWZHHQ�
SODWHV�� LQGXFHG�HOHFWULF� ILHOG��DQG�SRWHQWLDO�GLI�
IHUHQFH�DFURVV�SODWHV�UHVSHFWLYHO\� 
 
)URP� (TXDWLRQ� ��� LW� ZDV� REVHUYHG� WKDW� RQO\�
YDULDWLRQV�LQࣅ�U�FDQ�DIIHFW�WKH�FDSDFLWDQFH��VLQFH�
��ࣅ LV� D� FRQVWDQW� � DQG�$� DQG�G� � DUH� DVVXPHG� WR�
VWD\� FRQVWDQW�� $V� VKRZQ� LQ� ILJ�� ��� WKH� VHQVRU�
VHWXS� XVHV� XVHV� WZR� RI� WKH� PLFURFRQWUROOHU¶V�
SLQV�� WKH�VWLPXOXV�SLQ�9 V� �DQG�WKH�UHVSRQVH�SLQ�
95�� ZKLFK� DUH� FRQILJXUHG� DV� RXWSXW� DQG� LQSXW�
SLQV� UHVSHFWLYHO\�� $� ��0ȍ� UHVLVWRU� ZDV� FRQ�
QHFWHG�EHWZHHQ�WKH�VWLPXOXV�SLQ�DQG�WKH�VHQVRU�
HOHFWURGH�� 7KH� KLJK� YDOXH� UHVLVWRU� JXDUDQWHHG�
VXIILFLHQW� FKDUJH� DQG� GLVFKDUJH� WLPHV� RI� WKH�
UHVXOWLQJ� FDSDFLWRUV��7KH� UHVSRQVH� SLQ� WDSV� WKH�
FRQQHFWLRQV�EHWZHHQ� WKH�HOHFWURGH�DQG� � WKH�UH�
VLVWRU��7KH�HOHFWURGH�LV�SODFHG�LQ�D�SLHFH�RI�QRQ-
FRQGXFWLQJ� FDVLQJ� PDGH� RI� SRO\HWK\OHQH� IRDP�
DQG� FRWWRQ� DV� VKRZQ� LQ� ILJ�� ���7KH� FDVLQJ�ZDV�
PHDQW� WR� SURWHFW� WKH� VHQVRU� FRQQHFWLRQV� DQG�
PDNH� LW� PRUH� FRPIRUWDEOH� IRU� XVH�� ,W� ZDV� VH�
FXUHG� LQ� SODFH� E\� VWUDSSLQJ� LW� WR� WKH� VHDW�� 7KH�
HOHFWURGH�LV�PDGH�IURP�D�WKLQ�FLUFXODU�DOXPLQL�
XP�IRLO�DQG�WKH�HOHFWURGH�ZDV�PDGH�FLUFXODU�LQ�
VKDSH� LQ� RUGHU� WR� GHFUHDVH� IULQJH� FDSDFLWDQFHV�
WKDW� IRUPV� DURXQG� WKH� HGJHV��7R� DFFRPPRGDWH�
WKH� HIIHFW� RI� IULQJLQJ�� WKH� UDGLXV� RI� WKH� VHQVRU� 

 

)LJ�����$�EDVLF�WZR�SDUDOOHO�SODWH�FDSDFLWRU� 
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�'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 

)LJ�����3URWHFWLYH�FRYHULQJ�IRU�VHQVRU�HOHFWURGH 

 

HOHFWURGH�ZDV�LQFUHDVHG�E\�����IRU�WKHRUHWLFDO�
FDOFXODWLRQV��+RFK���������� 
 
7KH� VHQVRU� ZDV� EXLOW� EDVHG� RQ� WKH� FDSDFLWLYH�
VHQVRU�PDWKHPDWLFDO�PRGHO� GHYHORSHG�E\�=HH�
PDQ�HW�DO���������ZKLFK�HVWDEOLVKHG�D� UHODWLRQ�
VKLS� EHWZHHQ� WKH� FDSDFLWDQFH� RI� XQRFFXSLHG�
DQG�RFFXSLHG�VHDW�VHQVRUV��7KH�DXGLWRULXP�IORRU�
DQG�EXLOGLQJ�ZDV�XVHG�DV�WKH�JURXQG�HOHFWURGH��
7KH� VHQVRU� SODWH� ZLWK� UHVSHFW� WR� WKH� IORRU� DQG�
FHLOLQJ� µJURXQG� HOHFWURGHV¶�ZLWK� WKH� VHSDUDWLQJ 

 

)LJ�����&DSDFLWLYH�VHQVRU�VHWXS� 

QRQ-FRQGXFWLQJ� DUHDV� IURP� WKH� FDSDFLWRUV� &���
DQG� &��UHVSHFWLYHO\� DV� VKRZQ� LQ� )LJ�� ��� 7KH�
PRGHO� GHULYHV� DQ� HIIHFWLYH� UHODWLYH� GLHOHFWULF�
SHUPLWWLYLW\�E\�PRGHOOLQJ�WKH�FDSDFLWLYH�VHQVRU�
DV�D�PLFURVWULS�WUDQVPLVVLRQ�OLQH�VLQFH�WKH�GLH�
OHFWULF� VXEVWUDWH� FRQVWLWXWHV� SDUWO\� RI� DLU�� 7KLV�
PLFURVWULS� WUDQVPLVVLRQ� OLQH� ZDV� PDGH� XS� RI�
WKH� VHQVRU� HOHFWURGH� RI� UDGLXV� U� DQG� D� ZLGHU�
JURXQG� SODQH�� VHSDUDWHG� E\� D� GLHOHFWULF� RI�
WKLFNQHVV�G��)URP�%DKO�HW�DO����������WKH�HIIHF�
WLYH�UHODWLYH�SHUPLWWLYLW\ࣅ�H�I�I��FDQ�EH�HVWLPDWHG� 
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�� .RPPH\�HW�DO� 

XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQV��  

 

 

 

���� 

 

 

��� 

&��UHPDLQV� FRQVWDQW� VLQFH� WKH� SRVLWLRQ� RI� WKH�
FKDLU� LV� IL[HG�� +RZHYHU��&���YDULHV� DQG� FDQ� HL�
WKHU�EH� LQ� WZR�VWDWHV�� XQRFFXSLHG� �812&3��RU�
RFFXSLHG� �2&3��� 7KH� WRWDO� FDSDFLWDQFH� LQ� WKH�
XQRFFXSLHG�DQG�RFFXSLHG�VWDWHV�ZLOO�EH 

 

������ 

��� 

ZKHUH� �ࣅ H�I�I���812&3��DQG� �ࣅ H�I�I���2&3��DUH� WKH� HIIHF�
WLYH� GLHOHFWULF� FRQVWDQWV� DERYH� DQ� XQRFFXSLHG�
DQG�RFFXSLHG�VHDW�VHQVRU�HOHFWURGHV�UHVSHFWLYH�
O\�� �ࣅ H�I�I���LV� WKH� HIIHFWLYH� GLHOHFWULF� FRQVWDQW� EH�
ORZ�WKH�VHQVRU�HOHFWURGH��G��DQG�G��DUH�WKH�GLH�
OHFWULF�VXEVWUDWH�KHLJKWV�RI�&�DQG�&��UHVSHFWLYH�
O\�� 
 
7KH�VHQVRU�HOHFWURGH�KDV�D�UDGLXV��U� ����P�DQG�
WKH� VHDW� ZKLFK� LV� PDGH� RI� SRO\HWK\OHQH� IRDP� 

KDV� �U�RIࣅ ����� ��:LWK� G�P� �����Pࣅ��� H� I� I� �� LV�
FDOFXODWHG� DV� ����� IURP� HTXDWLRQ� �� VLQFH 

7KH�PHWDOV� LQ� WKH� VHDW� DUH� UHVSRQV- 

LEOH� IRU� WKH� VPDOO� � G��DV� LW� HIIHFWLYHO\� UHGXFHV�
WKH�GLVWDQFH�WR�HOHFWULFDO�JURXQG��7KH�SURWHFWLYH�
FRYHU� RI� VHQVRU� HOHFWURGH� ZDV� PDGH� RI� FRWWRQ�
DQG�UXEEHU�IRDP�ZKLFK�KDYH�GLHOHFWULF�FRQVWDQW�
RI��ͳǤ͵�DQG��͵Ǥʹ� UHVSHFWLYHO\��7KH�FRYHU¶V�Ԗ�� � LV�
WKHUHIRUH�DSSUR[LPDWHG�DV�ʹǤʹͷ�� 

�� )RU��ʹ�� �ͲǤͲͷPǡ �DQG�WKXV�IURP�HTXDWLRQ 

ሺ͵ሻࣅ��H�I�I���812&3��ൌ�ͳǤͻ͵ͷǤ�7KH�SUHVHQFH�RI�D� 

KXPDQ� RFFXSDQW� VLJQLILFDQWO\� LQFUHDVHV� WKH�
HIIHFWLYH�GLHOHFWULF�FRQVWDQW��Ԗ�H�I�I���UHVXOWLQJ��LQ�
D� FKDQJH� LQ� FDSDFLWLYH� LQWHUDFWLRQ� �)LJ�� ����
6LQFH� WKH�KXPDQ�ERG\�KDV�ͲǤͶΨ� �:DWVRQ�HW�
DO��� ������� ZH� FDQ� DSSUR[LPDWH� WKH� KXPDQ�
ERG\¶V�GLHOHFWULF� SURSHUWLHV�ZLWK� WKDW� RI�ZDWHU�
WKDW�LV�Ԗ��ൌ� Ͷ� DW� ͵Ͳ�� �6FKURHGHU�HW�DO����������
7KH� KHLJKW� RI� WKH� FHLOLQJ� RI� WKH� VHWXS� URRP�
IURP� WKH� VHQVRU� HOHFWURGH� G�� LQ� WKH� VHWXS� ZDV� 

����P�DQG�G�� �������P�  WKHUHIRUH 

IURP�(TXDWLRQ����ࣅ��H�I�I���LV�FDOFXODWHG�DV������ 

:LWK  ��� WKH� WRWDO� XQRFFXSLHG� 

VWDWH�FDSDFLWDQFH��  LV� FDOFXODWHG 
XVLQJ�(TXDWLRQ�����DV������S)� &DOFXODWLQJ 

WKH�WRWDO�RFFXSLHG�VWDWH�FDSDFLWDQFH�  

IURP� (TXDWLRQ� ���� ZLWK� WKH� VDPH� �� �� JLYHV� D�
YDOXH� RI� ������S)�� 7KHVH� YDOXHV� DUH� VHW� DV�
WKUHVKROGV� LQ� VRIWZDUH� IRU� FRPSDULVRQ� GXULQJ�
RSHUDWLRQ�DQG�VXEVHTXHQW�RFFXSDQF\�GHWHFWLRQ� 
 
,Q�PHDVXULQJ� WKH� FDSDFLWDQFH�� WKH� VWLPXOXV�SLQ�
ZDV� VHW� WR� ORJLFDO� KLJK� �9 6�� DQG� D� WLPHU� ZDV�
WKHQ� VWDUWHG�� 7KH� VWLPXOXV� SLQ� FKDUJHV� WKH� FD�
SDFLWRU�XQWLO� WKH�UHVSRQVH�SLQ�UHDFKHV� WKH� ORJLF�
KLJK� WKUHVKROG� �9+7��� 7KH� WLPHU� ZDV� EULHIO\�
VWRSSHG� IRU� WKH� UHVSRQVH� SLQ� WR� FKDUJH� WR� 9 FF�

FRPSOHWHO\� 7KH� VWLPXOXV� SLQ� ZDV� VHW� WR� ORJLF�
ORZ� �9 /�� DQG� WLPHU� ZDV� UHDFWLYDWHG�� 7KLV�
FDXVHG� WKH� FDSDFLWRU� WR� GLVFKDUJH� XQWLO� WKH� UH�
VSRQVH� SLQ� UHDFKHG� WKH� ORJLF� ORZ� WKUHVKROG�
�9/7���7KH�WLPHU�ZDV�UHVHW�DQG�WKH�F\FOH�UHSHDW- 
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'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 

HG��7KH� WLPHU�PHDVXUHG� WKH� WLPH� WDNHQ� IRU� WKH�
UHVSRQVH� SLQ� WR� FKDUJH� WR� WKH� RSSRVLWH� ORJLF��
7KH� YDOXH� RI� WKH� WLPHU� LV� GLUHFWO\� SURSRUWLRQDO�
WR�WKH�5&�WLPHFRQVWDQW��6LQFH�5�VWD\V�FRQVWDQW��
WKH�PHDVXUHG� WLPH� VROHO\� GHSHQGV� RQ� WKH� WRWDO�
FDSDFLWDQFH��&727$/�ZKRVH�YDULDWLRQ�LV�DOVR�DV�D�
UHVXOW�RI�FKDQJHV�LQ�FDSDFLWDQFH�&��� 
 
7KH�VHQVRU�FOXVWHU�PLFURFRQWUROOHU 
7KH�VHQVRU�FOXVWHUHG�PLFURFRQWUROOHUV�KDYH�,�2� 

SLQV� WR�ZKLFK�HDFK�VHQVRU� OHDGV�ZHUH�FRQQHFW�
HG��7KHVH� GHYLFHV�ZHUH� EXLOW� RQ� WKH�7H[DV� ,Q�
VWUXPHQWV��7,��&&�����PLFURFRQWUROOHU��7KH�7,�
&&�����PLFURFRQWUROOHU�LV�HTXLSSHG�ZLWK�D�:L-
)L� QHWZRUN� SURFHVVRU� DQG� WKHUHIRUH�PDGH� WKH�
GHYLFH�:L-)L�FDSDEOH��)LJV��������D������E��DQG�
��� VKRZ� WKH� EORFN� GLDJUDP�� VFKHPDWLF�� DQG�
3&%�OD\RXW� RI� WKH� PLFURFRQWUROOHU� ERDUG�� 7KH�
PLFURFRQWUROOHU� XQLW� SDFNDJHV� DUH� LOOXVWUDWHG� LV�
LOOXVWUDWHG�LQ�)LJV�����DQG���� 

)LJ�����$�PRGHO�RI�FDSDFLWDQFHV�EHWZHHQ�VHQVRU�HOHFWURGH�DQG�DXGLWRULXP�EXLOGLQJ 

 

C2

C1

d2

d1

)LJ�����,QWHUDFWLRQ�RI�WKH�KXPDQ�ERG\�ZLWK�WKH�FDSDFLWLYH�HOHFWURGH 

 

C
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)LJ�����&LUFXLW�UHSUHVHQWDWLRQ�RI�WKH�FDSDFLWLYH�VHQVRU 
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Wi-Fi Network 
Processor
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CC3200 MCU + Wi-Fi Network Processor 32-KHz
XTAL

Voltage Source
(2.1V – 3.6V)/

Preregulated 1.8V

Sensor

Switch
Power
LED

40-MHz
XTAL

UART

Power Management 
Subsystem

Activity
LED

)LJ�����%ORFN�GLDJUDP�RI�PLFURFRQWUROOHU�XQLW�ZLWK�DWWDFKHG�VHQVRU 
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)LJ�� ���D���6FKHPDWLF�RI� WKH�PLFURFRQWUROOHU�ERDUG� VKRZLQJ� WKH�7,�&&�����PLFURFRQWUROOHU�
DQG�DQWHQQD�FRQQHFWLRQV 

)LJ�����E���6FKHPDWLF�RI�WKH�PLFURFRQWUROOHU�ERDUG�VKRZLQJ�VZLWFKHV��LQGLFDWRUV��SRZHU��DQG�
SURJUDPPLQJ�LQWHUIDFH�FRQQHFWLRQV 

 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

 

.RPPH\�HW�DO� �� 

 

)LJ������3&%�OD\RXW�RI�PLFURFRQWUROOHU�ERDUG 
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)LJ������6HQVRU-FOXVWHU�PLFURFRQWUROOHU�GHYLFH�SDFNDJLQJ� 
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'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 

 

)LJ�����([SORGHG�YLHZ�RI�VHQVRU-FOXVWHU�PLFURFRQWUROOHU�GHYLFH� 

%DVH�6WDWLRQ� 
$� ODSWRS� FRPSXWHU� ZLWK�:L-)L� FDSDELOLW\� ZDV�
XVHG�DV�WKH�EDVH�VWDWLRQ�EHFDXVH�RI�LWV�SRUWDELO�
LW\��7KH�EDVH�VWDWLRQ�KDG�D�VRIWZDUH�DSSOLFDWLRQ�
QDPHG�$7206� �$XGLWRULXP� DQG�7KHDWUH� VHDW�
2FFXSDQF\�0RQLWRULQJ�6\VWHP��ZKLFK�UXQ�RQ�D�
ORFDO�VHUYHU��7KLV�VRIWZDUH�UHFHLYHG�RFFXSDQF\�
GDWD� IURP� WKH�PLFURFRQWUROOHU� DQG� VHUYHG� DV� D�
YLVXDOL]DWLRQ� SODWIRUP� IRU� WKH� SURFHVVHG� LQIRU�
PDWLRQ��$V�VKRZQ�LQ�ILJ����� WKH�JUDSKLFDO�UHS�
UHVHQWDWLRQ�RI� WKH�SURFHVVHG� LQIRUPDWLRQ�FRXOG�
DOVR�EH�SURMHFWHG�RQWR�D�ODUJHU�GLVSOD\�GHYLFH�DW�
YDQWDJH�SRLQWV�IRU�XVH�E\�SDWURQV��$GGLWLRQDOO\��
FRQWURO� VLJQDOV� FRXOG� EH� VHQW�ZLUHOHVVO\� WR� WKH�
FOXVWHU�GHYLFHV�IURP�WKH�EDVH�VWDWLRQ� 
 
7KH� VRIWZDUH� UHTXLUHG� WKDW� D� EDVH� VWDWLRQ� DG�
PLQLVWUDWRU� ORJJHG� LQ� ZLWK� WKHLU� FUHGHQWLDOV� WR�
DFFHVV� WKH� V\VWHP� YLD� WKHLU� DFFRXQW�� 6LQFH� WKH�
VRIWZDUH� LV� D� PXOWL-XVHUV\VWHP�� D� VXFFHVVIXO�
ORJLQ� LQWR� DQ� DGPLQLVWUDWRU¶V� DFFRXQW� JLYHV� D�
XVHU� DXWKRUL]DWLRQ� WR� DFFHVV� FHUWDLQ� UHVRXUFHV�
SURYLGHG� E\� WKH� V\VWHP� EDVHG� RQ� WKH� DFFHVV�
OHYHO��7KLV�ZDV�GRQH�XVLQJ� LGHQWLW\�FRUUHODWLRQ�
IRU� WKH� SXUSRVHV� DFFRXQWDELOLW\�� VHFXULW\�� ORJ�
JLQJ�DQG�UHVRXUFH�PDQDJHPHQW� 

7KH�VWDUWXS�YLHZ�RI� WKH�PDLQ�SDJH�RI� WKH�EDVH�
VWDWLRQ�DSSOLFDWLRQ�LV�VKRZQ�LQ�)LJ�����7KH�OHIW�
EDU�KRXVHV�+$//�9,(:��237,216�� DQG�$/�
/2&$7(�PHQX�EXWWRQV�ZKLFK�DUH� LQYROYHG� LQ�
WKH�PDMRU�DFWRU-V\VWHP� LQWHUDFWLRQV��7KH� ORZHU�
VHFWLRQ�RI� WKH�EDU� JLYHV�QXPHULFDO� LQIRUPDWLRQ�
FRQFHUQLQJ� WKH� WRWDO� DYDLODEOH� VHDWV� LQ� WKH�KDOO��
7KH� VHFWLRQ� RI� WKH� SDJH� ULJKW� RI� WKH�PHQX� EDU�
VKRZV�D�JUDSKLFDO�DQG�QXPHULFDO�UHSUHVHQWDWLRQ�
RI�VHDWV�LQ�WKH�DXGLWRULXP��%HORZ�HDFK�FROXPQ�
RI�VHDWV�LV�WKH�QXPEHU�RI�DYDLODEOH�VHDWV�LQ�WKDW�
FROXPQ��2Q� WKH� VRIWZDUH¶V� LQWHUIDFH�� VHDWV� DUH�
UHSUHVHQWHG� E\� FRORXU� ILOOHG� FLUFOHV�� 7KH� FRORU�
WKDW� D� FLUFOH� EHDUV� DW� DQ\� LQVWDQW� LQGLFDWHV� WKH�
RFFXSDQF\�RU�SK\VLFDO�VWDWXV�RI�WKH�FRUUHVSRQG�
LQJ�VHDW��7KH�FRORXU�VFKHPH�HPSOR\V�WKUHH�FRO�
RUV�� OLJKW�FDGHW�EOXH�� UHGGLVK�RUDQJH�DQG�EODFN�
ZKLFK� VLJQDO� YDFDQF\�� RFFXSDQF\�� DQG� VWDWH� RI�
VHDW�RU�VHQVRU�XQLW�UHVSHFWLYHO\�� 
 
7KH�+$//�9,(:�EXWWRQ�ZKLFK�LV�WKH�QRUPDOO\�
DFWLYH�EXWWRQ�LQ�WKH�PHQX�EDU�XSRQ�ORJLQ��FORVHV�
DOO�H[WHQGHG�SDQHOV�DQG�UHYHUWV�WR�WKH�SRVW-ORJLQ�
YLHZ� ZKHQ� FOLFNHG� DV� VKRZQ� LQ� )LJ�� ���� 7KH�
PHQX� DOVR� KDV� DQ� 237,216� EXWWRQ� ZKLFK�
ZKHQ�FOLFNHG��H[WHQGV�D�SDQHO�WR�WKH�ULJKW�RI�WKH�
EDU��$V� VKRZQ�)LJ�� ���� WKH� SDQHO� KDV� D� ORJRXW�
EXWWRQ�DQG�VXESDQHOV�IRU�WDJJLQJ�VHDWV�DV�IDXOW\�� 
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)LJ������7KH�EDVH�VWDWLRQ�VRIWZDUH�VKRZLQJ�WKH�KDOO�YLHZ�RQ�VWDUWXS 

)LJ������$�YLHZ�RI�WKH�237,216�SDQHO 
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FKDUJH� DQG�GLVFKDUJH� WLPHV�RI� WKH� VHQVRU�ZHUH� 
PHDVXUHG�IURP�FKDUJH-GLVFKDUJH�SORWV�REWDLQHG�
IURP�DQ�RVFLOORVFRSH��)RU�SORW�ZLWK�9 FF� ����9�
DQG�9+7� �DQG�9/7���PHDVXUHG� DV����9� �DQG����9�
WKH� UHVXOWV� RI� WKH� VHDW� VHQVRU� WHVWV� DUH� VXPPD�
UL]HG� LQ� 7DEOH� ��� 7KH� FKDUJH-GLVFKDUJH� SORW�
IURP�WKH�ILUVW�WHVW�RI�WKH�VHQVRU�LV�VKRZQ�LQ�)LJ��
��� 

PDQXDOO\�SXWWLQJ� VHDW� FOXVWHU� GHYLFHV� LQ� GHHS�
VOHHS� PRGHV�� DQG� FUHDWLQJ� DFFRXQWV� IRU� QHZ�
DGPLQLVWUDWRU�� &OLFNLQJ� WKH� $//2&$7,21�
EXWWRQ� RSHQV� WKH� $//2&$7,21� SDQH� DV�
VKRZQ� LQ� )LJ�� ��� ZKHUH� WKH� DGPLQLVWUDWRU� LV�
JLYHQ� WKH� FRQWUROV� QHHGHG� WR� UHVHUYH� VHDWV� IRU�
VRPH� FOLHQWV� RU� RWKHUZLVH�� $GGLWLRQDOO\�� WKH�
SDQHO� SURYLGHV� OLVWV� RI� YDFDQW� DQG� UHVHUYHG�
VHDWV�LQ�WKH�DXGLWRULXP��)LJ�����LV�D�YLHZ�RI�WKH�
DSSOLFDWLRQ� LQWHUIDFH� VKRZLQJ� KDOO� VHDWV� DQG�
WKHLU�VWDWXVHV�� 
 
(;3(5,0(17$/�6(783�$1'�5(68/76� 
$� SURWRW\SH� RI� WKH� VHDW� RFFXSDQF\� GHWHFWLRQ�
V\VWHP�FRQVLVWLQJ�RI�WKH�VHQVRU�HOHFWURGH��:L)L
-HQDEOHG� PLFURFRQWUROOHU� DQG� WKH� EDVH� VWDWLRQ�
GHYLFH�ZDV� VHWXS� LQ� WKH� KDOO� VHDWLQJ� DUHD��7KH�
SURWRW\SH�ZDV� VXEMHFWHG� WR� WHVWLQJ� LQ�D� W\SLFDO�
KDOO� HQYLURQPHQW� LQ� RUGHU� WR� DFKLHYH� SUHFLVH�
VLPXODWLRQ� RI� WKH� UHDO-ZRUOG� VHWWLQJ�� )LJ�� ���
VKRZV�WKH�SURWRW\SH¶V�WHVW�VHWXS� 
 
7HQ� WHVWV�ZHUH� UXQ�RQ� WKH�FDSDFLWLYH� VHQVRU� WR�
GHWHUPLQH� LWV� SHUIRUPDQFH�� ,Q� WKHVH� WHVWV�� WKH� 

)LJ������$�YLHZ�RI�WKH�$//2&$7,21�SDQHO 

 

 DQG 
��  

UHVSHFWLYHO\�� 7KH� DYHUDJH� RFFX- 

SLHG�VWDWH�FKDUJH�DQG�GLVFKDUJH�WLPHV�ZHUH�DOVR�
��� ሺ���ሻ�ൌ� ͳǤͶͳ��� DQG����ሺ���ሻ�ൌ�ͲǤ͵Ͷ� ��� � UH�
VSHFWLYHO\��:LWK�9 6�ൌ� ͵ǤͲ�ǡ� ���ሺ����
�ሻ�ൌ��ʹǤͷ�ǡ�
���ሺ�������
�ሻ��ൌ�ͳǤͷ�ǡ�������ൌ�ͷͲ�ȍǡ�WKH�FDSD- 
FLWDQFH��ZDV�GHWHUPLQHG�IURP 

7KH�DYHUDJH�FKDUJH�DQG�GLVFKDUJH�WLPHV�IRU�WKH�
XQRFFXSLHG� VHDW� VWDWHV� ZHUH� FDOFXODWHG� $V

 
���������� 
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)LJ������7HVW�VHWXS�RI�SURWRW\SH 

 

 

 
7HVW 

 
6HDW�VWDWH 

 
&KDUJH�WLPH��PV� 

 
'LVFKDUJH�WLPH��PV� 

� 8QRFFXSLHG ���� ���� 
� 2FFXSLHG ���� ���� 
� 8QRFFXSLHG ���� ���� 
� 2FFXSLHG ���� ���� 

� 2FFXSLHG ���� ���� 
� 2FFXSLHG ���� ���� 
� 8QRFFXSLHG ���� ���� 

� 8QRFFXSLHG ���� ���� 
� 2FFXSLHG ���� ���� 
�� 8QRFFXSLHG ���� ���� 

7DEOH����&KDUJH�DQG�GLVFKDUJH�WLPHV�RI�VHQVRU�HOHFWURGHV�IRU�HDFK�WHVW 

7KH� DYHUDJH� XQRFFXSLHG� VHDW� VWDWH� FKDUJH� DQG�
GLVFKDUJH� FDSDFLWDQFHV� ZHUH� FDOFXODWHG� IURP�
HTXDWLRQ� ���� DV� &&� �812&3�� �  � �����S)� � DQG� 

���ሺ�����ሻ��ൌ�ǤͳͶS	� � � UHVSHFWLYHO\�UHVXOWLQJ�LQ�
D� PHDQ� XQRFFXSLHG� VWDWH� FDSDFLWDQFH� RI� ��
ሺ�����ሻ��ൌ� ǤʹͳʹS	Ǥ� �2FFXSLHG�VHDW�VWDWH�FKDUJH� 
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DQG�GLVFKDUJH�FDSDFLWDQFHV�ZHUH�DOVR�HYDOXDWHG�
IURP�(TXDWLRQ�����DV����ሺ���ሻ� �ൌ� ͳͷǤͺͲͷS	� � DQG�
���ሺ���ሻ��ൌ�ͳͲǤͻS	� � � UHVSHFWLYHO\��7KLV�UHVXOWHG�
LQ�D�PHDQ�RFFXSLHG�VWDWH�FDSDFLWDQFH�RI��� ሺ���ሻ��
ൌ� ͳ͵ǤʹͻͷS	�� (PSLULFDO� FDSDFLWDQFH� YDOXHV�
ZHUH�TXLWH�FORVH� WR� WKH� WKHRUHWLFDOO\�FDOFXODWHG�
YDOXHV� ZLWK� ������� � DQG� ������� GLIIHUHQFHV�
IRU�XQRFFXSLHG�DQG�RFFXSLHG� VWDWHV� UHVSHFWLYH�
O\�� 7KHVH� GLVFUHSDQFLHV� DUH� DV� D� UHVXOW� RI� WKH�
DSSUR[LPDWLRQV�PDGH�LQ�WKHRUHWLFDO�FDOFXODWLRQV�
DQG� DOVR� HOHFWULFDO� LQWHUDFWLRQV� EHWZHHQ� WKH�
VHQVRU� DQG� WKH� PHWDOOLF� VWUXFWXUHV� LQ� WKH� VHDW��
7KH�UHODWLRQVKLS�EHWZHHQ�WKH�RFFXSLHG�XQRFFX�
SLHG� VHDW� VWDWH� FDSDFLWDQFHV�ZDV� HVWDEOLVKHG� DV�
�� ሺ���ሻ�ൎ� � ʹ�� ሺ�����ሻ� ��6LQFH�WKH�RFFXSLHG�VHDW�VWDWH�
FDSDFLWDQFH�ZDV�PRUH� WKDQ�GRXEOH� WKH�XQRFFX�
SLHG�VHDW�VWDWH�FDSDFLWDQFH��LW�LV�SURYHQ�WKDW�WKH�
RFFXSDQF\�GHWHFWLRQ� V\VWHP�FDQ� FOHDUO\�GLIIHU�
HQWLDWH� VHDW� VWDWHV�� 7KH� V\VWHP� LV� WKHUHIRUH� D� 

'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 

YLDEOH� RSWLRQ� IRU� WKH� GHWHFWLRQ� RI� KXPDQ� 
RFFXSDQWV� RQ� VHDWV�� $Q� DGGLWLRQDO� WKUHH-GD\�
LQWHJUDWHG� V\VWHP� WHVW� ZDV� FRQGXFWHG� ZKLFK�
LQYROYHG� UDQGRP� RFFXSDQF\�� YDFDWLRQ�� DOORFD�
WLRQ�� GH-DOORFDWLRQ�� VLQJXODU� DQG�PDVV� KLEHUQD�
WLRQ�� IDXOW� VHDW� WDJ� DVVLJQPHQW� DQG� UHPRYDO��
6HYHUDO�DUELWUDU\�ORJ�LQ�DQG�ORJ�RXW�LQVWDQFHV�E\�
YDULRXV� DGPLQLVWUDWRUV�� DQG� UHJLVWHULQJ� RI� QHZ�
DGPLQLVWUDWRUV�DOVR�WRRN�SODFH��7KH�SRZHU�FRQ�
VXPSWLRQ�RI�WKH�GHYLFH�ZDV�DOVR�PRQLWRUHG��7KH�
ORFDO� DUHD� QHWZRUN� ZDV� DOVR� PRQLWRUHG� XVLQJ�
WKH� 375*�1HWZRUN�0RQLWRU���$IWHU� WKH� WKUHH�
GD\� WHVW�� WKH� GF� SRZHU� VXSSO\� KDG� UHFRUGHG� D�
��� � YROWDJH� GURS� IURP� DQ� LQLWLDO� ���9 �� 7KH�
GHVNWRS� DSSOLFDWLRQ� DQG� VHDW� XQLW� FRPPXQLFD�
WLRQ� KRZHYHU� H[SHULHQFHG� IRXU� SHUFHQW� SDFNHW�
IDLOXUH� DV� LQGLFDWHG� E\� WKH� QHWZRUN� PRQLWRU��
7KLV� ZDV� DWWULEXWHG� WR� IDFWRUV� VXFK� DV� HOHFWUR�
PDJQHWLF�LQWHUIHUHQFH�DQG�UDGLR�UDQJH�LVVXHV� 

)LJ������&KDUJH-GLVFKDUJH�SORW�IURP�7HVW���RI�VHQVRU�VKRZLQJ�FKDUJH�DQG�GLVFKDUJH�WLPHV�RI�
XQRFFXSLHG��D��DQG�RFFXSLHG��E��VHDW�VWDWHV� 
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&21&/86,21� 
:H�KDYH�SURSRVHG�DQG� WHVWHG�D�V\VWHP�IRU�G\�
QDPLFDOO\�PRQLWRULQJ�VHDW�RFFXSDQF\�LQ�DXGLWR�
ULXPV�� KDOOV� DQG� WKH� OLNH�� )URP� HPSLULFDO� DQG�
WKHRUHWLFDO� UHVXOWV�� WKH� RFFXSLHG� VHDW� VWDWH� FD�
SDFLWDQFH�ZDV�PRUH�WKDQ�GRXEOH�WKH�XQRFFXSLHG�
VHDW� VWDWH�FDSDFLWDQFH��7KLV�SURYHV� WKDW� WKH�RF�
FXSDQF\�GHWHFWLRQ� V\VWHP�FOHDUO\�GLIIHUHQWLDWHV�
EHWZHHQ� WKH� WZR� VHDW� VWDWHV�� 7KH� V\VWHP� LV�
WKHUHIRUH� D� YLDEOH� RSWLRQ� IRU� WKH� GHWHFWLRQ� RI�
KXPDQ� RFFXSDQWV� RQ� VHDWV��&RPSDUHG� WR� RWKHU�
RFFXSDQF\� GHWHFWLRQ� DQG� PRQLWRULQJ� V\VWHPV��
WKH� V\VWHP� LV�PRUH�HIILFLHQW�� DFFXUDWH�DQG�FRVW�
HIIHFWLYH��:LUHOHVV�FRPPXQLFDWLRQ�DGDSWHG�LQWR�
WKLV�V\VWHP�UHGXFHV�FDEOLQJ�UHTXLUH�IRU�FRPPX�
QLFDWLRQ� DQG� FRQWURO� PDNLQJ� VHDW� RFFXSDQF\�
PRQLWRULQJ� HDVLHU� DQG� FKHDSHU�� 7KH� GHVLJQHG�
V\VWHP� ZDV� KLJKO\� SUDFWLFDO� DQG� DGDSWDEOH� IRU�
LQVWDOODWLRQ� LQ�DQ\�DXGLWRULXP�VHWWLQJ��7KH�V\V�
WHP� LV� DOVR� YHU\� SRUWDEOH� DQG� FDQ� EH� XVHG� WR�
FDWHU�IRU�DOUHDG\�EXLOW�VHDWV��,W�DOVR�HQDEOHV�KDOO�
HVWDEOLVKPHQWV� WR� RSHUDWH� LQGHSHQGHQW� RI� 

 

.RPPH\�HW�DO� �� 

)LJ������$�YLHZ�RI�WKH�VRIWZDUH�LQWHUIDFH�VKRZLQJ�VHDWV�ZLWK�WKHLU�UHVSHFWLYH�VWDWXV� 

XVKHUV� 
 
5()(5(1&(6 
%DKO�� ,�� -�� DQG� �7ULYHGD��'��.�� �������� �$�GH�
VLJQHU¶V� JXLGH� WR� PLFURVWULS� OLQH�� 0LFUR�
ZDYHV���������������–����� 

 
%DURQ��+��(�� DQG� �$EERWW��5��0�� ��������6HDW�
RFFXSDQF\�GHWHFWRU�DQG�VHDWLQJ�DUHD�GLVSOD\�
V\VWHP��8QLWHG�6WDWHV�3DWHQW���86������������
�-��� 

 
%OLQNLOGH�� 3�� -�DQG� 6DQGL�� )�� -�� �������� 2FFX�
SDQW� VHQVRU� VHDW� VZLWFK�� 8QLWHG� 6WDWHV� 3D�
WHQW���86�������������-�� 

 
*DEULHO�� &��� *DEULHO� �� 6�� DQG� &RUWKRXW�� (��
�������� 7KH� GLHOHFWULF� SURSHUWLHV� RI� ELRORJL�
FDO� WLVVXHV�� ,�� /LWHUDWXUH� VXUYH\�� 3K\VLFV� LQ�
0HGLFLQH�DQG�%LRORJ\�����������-����� 

 
*DXJOHU�� '�� '�� DQG� *DXJOHU�� (�� (�� �������� 
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&KDLU� IRU� PRWLRQ� SLFWXUH� WKHDWHUV�� 8QLWHG�
6WDWHV�3DWHQW���86�������������-�� 
 

*HRUJH�� %��� =DQJO�� +��� %UHWWHUNOLHEHU�� 7�� DQG�
%UDVVHX��*����������6HDW�RFFXSDQF\�GHWHFWLRQ�
EDVHG�RQ�FDSDFLWLYH� VHQVLQJ�� ,QVWUXPHQWDWLRQ�
DQG�0HDVXUHPHQW��,(((�7UDQVDFWLRQV�RQ�����
����������–����� 

 
*UXQIHOG�� 3�� �������� 6HDW� RFFXSDQF\� GHWHFWLRQ�
DQG�GLVSOD\�V\VWHP��8QLWHG�6WDWHV�3DWHQW��86�
�������������$����-��� 

 
+HIIHURQ�� 0�� 7�� �������� '\QDPLF� 2FFXSDQF\�
0RQLWRULQJ�� 8QLWHG� 6WDWHV� 3DWHQW� �� 86�
����������%����-��� 

 
+HOEOLQJ�� (�� DQG� *ODVV�� $�� �������� $XWRPDWLF�
WKHDWHU� WLFNHW� FRQFLHUJH�� 8QLWHG� 6WDWHV� 3D�
WHQW���86��������������-��� 

 
+RFK��(����������(OHFWURGH�HIIHFWV�LQ�WKH�PHDV�
XUHPHQW� RI� SRZHU� IDFWRU� DQG� GLHOHFWULF� FRQ�
VWDQW� RI� VKHHW� LQVXODWLQJ�PDWHULDOV��%HOO� 6\V�
WHP�7HFKQLFDO�-RXUQDO��������� 

 
6DW]��$���+DPPHUVFKPLGW��'��DQG�7XPSROG��'��
��������&DSDFLWLYH�SDVVHQJHU�GHWHFWLRQ�XWLOL]�
LQJ� GLHOHFWULF� GLVSHUVLRQ� LQ� KXPDQ� WLVVXHV��
6HQVRUV�DQG�$FWXDWRUV�$��3K\VLFDO������������
�-�� 

 
6FKURHGHU��0�� -��� 6DVDVLYD�� $�� DQG�1HOVRQ�� 5��
0�� �������� -RXUQDO� RI� %LRPHFKDQLFV�� %LR- 

 
 
PHGLFDO�DQG�%LRSK\VLFDO�(QJLQHHULQJ��������� 
�-��� 

 
YRQ'RHQKRII�� 5�� &�� DQG� 6KHWW\�� 6�� 6�� ��������
$XWRPDWLF� DLUSODQH� VHDW� ORFDWLRQ� PDSSLQJ��
8QLWHG�6WDWHV�3DWHQW���86�����������%����-�� 

 
:DWVRQ��3���:DWVRQ��,�DQG�%DWW��5����������7R�
WDO� ERG\� ZDWHU� YROXPHV� IRU� DGXOW� PDOHV� DQG�
IHPDOHV�HVWLPDWHG�IURP�VLPSOH�DQWKURSRPHWULF�
PHDVXUHPHQWV��7KH�$PHULFDQ�-RXUQDO�RI�&OLQ�
LFDO�1XWULWLRQ�����������-��� 

 
:LPPHU�� 5�� �������� &DSDFLWLYH� VHQVRUV� IRU�
ZKROH� ERG\� LQWHUDFWLRQ�� +XPDQ-&RPSXWHU�
,QWHUDFWLRQ�6HULHV������-���� 

 
=DQJO�� +��� %UHWWHUNOLHEHU�� 7���+DPPHUVFKPLGW��
'�� DQG� :HUWK�� 7�� �������� 6HDW� RFFXSDQF\�
GHWHFWLRQ� XVLQJ� FDSDFLWLYH� VHQVLQJ� WHFKQROR�
J\�� 6$(� 7HFKQLFDO� 3DSHU� ����-��-������ �-
��� 

 
=HHPDQ��$��6���%RR\VHQ��0��-���5XJJHUL��*��DQG�
/DJDQD
�� %�� �������� &DSDFLWLYH� VHDW� VHQVRUV�
IRU�PXOWLSOH�RFFXSDQF\�GHWHFWLRQ�XVLQJ�D�ORZ
-FRVW� VHWXS�� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� ,Q�
GXVWULDO�7HFKQRORJ\��SS������-�������,(((� 

 
=HLGOHU��)���3HWUL��9���0LFNHOHU��5�� DQG�0H\HU��
0�� �������� 'HYLFH� IRU� GHWHFWLQJ� VHDW� RFFX�
SDQF\� LQ� D�PRWRU� YHKLFOH��8QLWHG� 6WDWHV� 3D�
WHQW���86�������������-�� 

'HVLJQ�DQG�LPSOHPHQWDWLRQ�RI�VHDW�RFFXSDQF\�GHWHFWLRQ�V\VWHP��� �� 


