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:H� VKRZ� KRZ� LPDJHV� RI� D� XVHU©V� KDQG� IURP� D� YLGHR

FDPHUD�DWWDFKHG� WR� WKH� XQGHUVLGH� RI� WKH� ZULVW� FDQ� EH

SURFHVVHG� WR� \LHOG� ILQJHU� PRYHPHQW� LQIRUPDWLRQ�

'LVFUHWH��DQG�GLVFUHHW��PRYHPHQWV�RI�WKH�ILQJHUV�DZD\

IURP�D�UHVW� SRVLWLRQ� DUH� WUDQVODWHG� LQWR� D� VPDOO� VHW� RI

EDVH� V\PEROV�� 7KHVH� DUH� LQWHUSUHWHG� DV� LQSXW� WR� D

ZHDUDEOH�FRPSXWHU��SURYLGLQJ�XQREWUXVLYH�FRQWURO�

�� ,QWURGXFWLRQ

:H�DUH�LQYHVWLJDWLQJ�WKH�XVH�RI�D�ZULVW��RU�IRUHDUP�

PRXQWHG� FDPHUD� IRU� ZHDUDEOH� FRPSXWHU� DSSOLFDWLRQV�

$V� VKRZQ� LQ� )LJXUH� ��� WKH� :ULVW&DP� DWWDFKHV� WR� WKH

XQGHUVLGH� RI� WKH� IRUHDUP� DQG� YLHZV� RQO\� WKH� IURQW� RI

WKH�KDQG�DQG� ILQJHUV��7\SLFDOO\� LW� LV� LQYLVLEOH� WR� RWKHU

SHRSOH�� EHLQJ� FRQFHDOHG� E\� WKH� ZHDUHU
V� VOHHYH� DQG

FRQQHFWHG�XS�WKH�VOHHYH�WR�WKH�UHPDLQGHU�RI�WKH�V\VWHP�

Figure 1. Camera position and expected
background conditions

)RUHVHHQ� DSSOLFDWLRQV� IRU� WKH� :ULVW&DP� LQFOXGH� D

KDQG
V�H\H�YLHZ�NH\� IUDPH�UHFRUGHU��XVHIXO�IRU�VWRULQJ

VHTXHQFHV� RI� JHVWXUHV� OLNH� NH\VWURNHV� RQ� D� GLDO� SDG��

KDQG� VFDQQLQJ� RI� GRFXPHQWV�� DQG� DFWLYH� YLVLRQ� WDVNV

WKDW�FDQ�FRPELQH�LQSXW�IURP�D�VWDWLF�KHDG�FDPHUD�DQG�D

G\QDPLF�ZULVW�FDPHUD��+RZHYHU��RXU�PDLQ�LQWHUHVW�LV�WR

GHYHORS� D� YLUWXDO� LQSXW� GHYLFH� WKDW� DOORZV� FKRUGHG
FKDUDFWHU� LQSXW� E\� WUDFNLQJ� FHUWDLQ� FRDUVH� ILQJHU

PRYHPHQWV�RU�JHVWXUHV�� �7R� GR� WKLV��ZH� QHHG� WR� WUDFN

DQG�LQWHUSUHW�ILQJHU�PRWLRQV�DV�VHHQ�E\� WKH�:ULVW&DP�

LQ� WKH� ZLGH� UDQJH� RI� LOOXPLQDWLRQ� FRQGLWLRQV� DQG

EDFNJURXQGV�HQFRXQWHUHG�DV�WKH�XVHU�PRYHV�WKHLU�KDQG

DURXQG�� �7\SLFDOO\�� WKH� XVHU�ZLOO� WDS� ILQJHUV� DJDLQVW� D

KDQG\�WDEOH�WRS�RU�WKHLU�FORWKLQJ��RU�VLPSO\�PRYH�WKHLU

ILQJHUV� IUHHO\�� 5HFRJQL]LQJ� WKHVH� PRWLRQV� DQG

FRQYHUWLQJ� WKHP� HIILFLHQWO\� WR� V\VWHP� LQSXW� PDNHV� LW

SRVVLEOH� IRU� :ULVW&DP� XVHUV� WR� LQWHUDFW� ZLWK� WKHLU

ZHDUDEOH� FRPSXWHUV� XQREWUXVLYHO\�� $OWKRXJK� KHDG�

PRXQWHG�GLVSOD\V�DUH�EHFRPLQJ� OHVV� HQFXPEHULQJ�DQG
REYLRXV�WR�RWKHUV��QRQ�ZHDUHUV���H[LVWLQJ�LQSXW�GHYLFHV

VXFK�DV�FKRUG�NH\SDGV�DUH�YHU\� YLVLEOH�DQG�GLVWUDFWLQJ

WR�RWKHUV��7KH�:ULVW&DP�ZLOO�DOORZ� LQSXW� WR� EH� VXEWOH

�RU� HYHQ� FRYHUW�� DQG� WKHUHIRUH� QRW� GLVWUDFWLQJ�� � $OVR�

ZKHQ� WKH� V\VWHP� LV� QRW� LQ� �LQSXW�� PRGH� WKH� XVHU
V

KDQGV�ZLOO�EH�LQVWDQWO\�IUHH�IRU�RWKHU�XVHV�

7KH�EDVLF�V\VWHP�RSHUDWLRQ�LV�DV�IROORZV��$�SURFHVV

RQ� WKH�ZHDUDEOH� FRPSXWHU� LV� GHGLFDWHG� WR� LQWHUSUHWLQJ

WKH�PRYHPHQWV�RI�WKH�XVHU©V�ILQJHUV�WR�GHWHUPLQH�LI�WKH

XVHU� LV� DWWHPSWLQJ� WR� FRPPXQLFDWH�� � ,I� WKH� SURFHVV

GHWHUPLQHV� WKDW� WKH� XVHU©V� ILQJHUV� DUH� LQ� D� SUHGHILQHG
¦VWDUW§� SRVLWLRQ� WKHQ� WKH� FRPPXQLFDWLRQ� ZLOO� EHJLQ�

)URP� WKLV� SRLQW� RQ�� PRYHPHQWV� RI� SDUWLFXODU� ILQJHUV

DQG� FRPELQDWLRQV� RI� ILQJHUV� DZD\� IURP� WKH� VWDUW

SRVLWLRQ�ZLOO�FRUUHVSRQG�WR�LQGLYLGXDO�V\PEROV�� �7KHVH

V\PEROV� PD\� WKHPVHOYHV� FRPSULVH� GLUHFW� FRPPDQGV�

RU�VXEVHTXHQW� V\PEROV�PD\�EH� DJJUHJDWHG� WRJHWKHU� WR

IRUP�¦ZRUGV§�� � ,Q� WKLV�PDQQHU�� WKH� XVHU� FDQ� VHQG�QRW

MXVW� UXGLPHQWDU\� FRPPDQGV� VXFK� DV� ¦83§�� ¦'2:1§�

DQG�¦&217,18(§��EXW�DOVR�UHJXODU�WH[W�

7KH�VDPH�V\VWHP�FRXOG�DOVR�EH�HPSOR\HG�WR�UHFHLYH

D�FRQWLQXRXV�UDQJH�RI�LQSXW�YDOXHV�IURP�WKH�XVHU©V�KDQG
WR� XVH� DV� D� FRQWURO� PHFKDQLVP� IRU� VRPH� FRQWLQXRXV�

PRWLRQ� W\SH�YLUWXDO�GHYLFH�VXFK�DV�D� VFUROO� EDU�� �7KLV�

KRZHYHU��LV�QRW�WKH�IRFXV�RI�WKLV�SDSHU�

�� 0HWKRGRORJ\

:H�ILUVW�LGHQWLILHG�D�VHW�RI�JHQHUDO�UHTXLUHPHQWV�IRU

D� :ULVW&DP� LQSXW� GHYLFH�� 7KHQ�� IRU� DQ� LQLWLDO

SURWRW\SH�� ZH� HVWDEOLVKHG� D� VLPSOH� V\QWD[� IRU
FRPPXQLFDWLRQ� XVLQJ� ILQJHU� JHVWXUHV�� 7KLV� V\QWD[

GURYH� WKH�GHWDLOHG�GHVLJQ�DQG�ZDV�XVHG� IRU�WKH�WHVWLQJ

UHSRUWHG�KHUH�

*HQHUDO� UHTXLUHPHQWV� IRU� D�:ULVW&DP� LQSXW� GHYLFH

DUH��UREXVWQHVV��VSHHG��HDVH�RI�XVH��DQG�FRYHUWQHVV�



7KH�V\VWHP�PXVW�RSHUDWH�ZLWK�D�YHU\�KLJK�GHJUHH�RI

UHOLDELOLW\�LQ�D�ZLGH�YDULHW\�RI�HQYLURQPHQWV��7KXV��WKH

EDFNJURXQG�DQG�LOOXPLQDWLRQ�UHPDLQ�XQFRQVWUDLQHG�� �$

ZHDUDEOH� FRPSXWHU� XVHU� LV� OLNHO\� WR� EH� IRXQG� LQ

YLUWXDOO\�DQ\�HQYLURQPHQW�DQG� VKRXOG�QRW� EH� H[SHFWHG
WR� KROG� WKHPVHOYHV� IUR]HQ� LQ� IURQW� RI� D� IHDWXUHOHVV

EDFNJURXQG�� � 7KXV�� WKH� V\VWHP� PXVW� ZRUN� ZKHQ

SUHVHQWHG�ZLWK�DQ�DUELWUDU\�PRYLQJ�EDFNJURXQG�

&OHDUO\��DQ�LQSXW�GHYLFH�PXVW�EH�DEOH�WR�DFFHSW�XVHU

LQSXW� LQ� UHDO�WLPH�� �$� VOLJKW� GHOD\�PD\� EH� DFFHSWDEOH�

EXW�LI�WKH�V\VWHP�LV�QRW�FDSDEOH�RI�DOPRVW� LPPHGLDWHO\

UHVSRQGLQJ� WR� D� UDSLG� FKDLQ� RI� JHVWXUH� LQSXWV� WKHQ� LW

ZLOO�IDLO�DV�D�JHQHUDO�SXUSRVH�LQSXW�GHYLFH�

7KH� V\VWHP� PXVW� EH� HDVLO\� XVDEOH�� � *HVWXUHV

FRUUHVSRQGLQJ� WR� ¦LQSXWV§� WR� WKH� ZHDUDEOH� FRPSXWHU

PXVW� EH� FRPSULVHG� RI� VLPSOH� FRPIRUWDEOH� JHVWXUHV�

7KLV� FRQVWUDLQW�� LQ� FRQMXQFWLRQ� ZLWK� WKH� UREXVWQHVV
FRQVWUDLQW�� DOVR� LPSOLHV�D� FHUWDLQ� GHJUHH� RI� ODWLWXGH� LQ

WHUPV� RI� FDPHUD� SRVLWLRQLQJ�� � 7KH� V\VWHP� VKRXOG� EH

UHVLOLHQW�WR�FKDQJHV�LQ�FDPHUD�SRVLWLRQ�DQG�RULHQWDWLRQ�

,W� LV� XQUHDOLVWLF� WR� H[SHFW� D� ZULVW�PRXQWHG� FDPHUD� WR

VWD\�SHUIHFWO\�ULJLG�DQG�VWDEOH�

7KH� FRYHUW� RSHUDWLRQ� UHTXLUHPHQW� LV� ERUQH� ODUJHO\

IURP� WKH� GHVLUH� WR� XWLOL]H� WKLV� V\VWHP� LQ� D� VRFLDO

FRQWH[W�� � )LQJHU� PRYHPHQWV� FRUUHVSRQGLQJ� WR� V\VWHP

LQSXW�V\PEROV�PXVW�EH�IDLUO\�VXEWOH�DQG�XQREWUXVLYH�

$� VLPSOH� EDVH� DOSKDEHW� RI� VHYHQ� SRVVLEOH� JHVWXUHV

ZDV� GHULYHG� IURP� WKH� HLJKW� SRVVLEOH� FRPELQDWLRQV� RI
WKUHH� ILQJHUV� ZLWK� HDFK� ILQJHU� EHLQJ� LQ� D� VWDWH� RI

PRYHPHQW� IURP� WKH� UHVW�SRVLWLRQ�� � )LJXUH� �� LOOXVWUDWHV

WKLV�DOSKDEHW�

Figure 2. Space of possible 3-finger gesture
positions

7KH� VWDWLF� JHVWXUH� SRVLWLRQV� VKRZQ� DERYH� GR� QRW

WKHPVHOYHV�FRQVWLWXWH�JHVWXUHV���:H�GHILQH�D�JHVWXUH�DV

D�G\QDPLF�FKDQJH� IURP�WKH�UHVW�SRVLWLRQ� WR�RQH�RI� WKH

JHVWXUH� SRVLWLRQV�� DQG� WKHQ� EDFN� WR� WKH� UHVW� SRVLWLRQ�

1RWH�WKDW�WKH�UHVW�SRVLWLRQ�KDV�WKH�ILQJHUV�H[WHQGHG��DQG

WKDW�WKH�DFWXDO�JHVWXUHV�DUH�ILQJHU�OLIWV��7KLV�DOORZV�WKH

KDQG� WR� EH� UHVWHG� RQ� D� IODW� VXUIDFH� DQG� WDSV� WR� EH

LQWHUSUHWHG� DV� JHVWXUHV�� 7KH� WKUHH�ILQJHU� DOSKDEHW� ZDV

XVHG�EHFDXVH�RI�WKH�UHODWLYHO\�KLJK�GH[WHULW\�DQG�FORVH

SK\VLFDO� SUR[LPLW\� RI� WKH� ILUVW� WKUHH� ILQJHUV�� � $OVR�

WKHVH� WKUHH� ILQJHUV�WHQG� WR�DSSHDU�SDUDOOHO� WR� D� FDPHUD
PRXQWHG�RQ�WKH�XQGHUVLGH�RI�WKH�ZULVW��7KH�V\VWHP�ZDV

GHVLJQHG�WR�VHQVH�WKLV�VPDOO�VHW�RI�JHVWXUHV�

�� 6\VWHP�2SHUDWLRQ

7KH� V\VWHP� DV� D� ZKROH� LV� D� VWDWH� PDFKLQH�� � 7KH

IROORZLQJ� VHTXHQFH� RI� VWHSV� SURYLGHV� D� VLPSOLILHG

GHVFULSWLRQ�RI�QRUPDO�V\VWHP�RSHUDWLRQ�

��� 7KH�XVHU�LQLWLDWHV�ILQJHU�WUDFNLQJ�E\�WXUQLQJ�WKH

ZULVW�LQZDUGV�WR�EODFNHQ�WKH�FDPHUD©V�LQSXW�

��� 7KH�XVHU�QRZ�SODFHV�WKHLU�KDQG�PRWLRQOHVV�LQ�FOHDU

YLHZ�RI�WKH�FDPHUD���$Q�DXGLEOH�WRQH�ZLOO�QRWLI\

WKH�XVHU�LI�WKH�FXUUHQW�KDQG�SRVLWLRQ�LV�XQVXLWDEOH�

��� 7KH�XVHU�WKHQ�EHJLQV�JHVWXULQJ���7KH�V\VWHP�LV

UHWXUQHG�WR�LGOH�E\�EODFNHQLQJ�WKH�FDPHUD
V�LQSXW�

�� +LJK�/HYHO�'HVLJQ

7ZR� NH\� IHDWXUHV� RI� WKH� H[SHFWHG� KDQG�YLHZLQJ

FRQGLWLRQV� KDYH� EHHQ� H[SORLWHG� LQ� WKLV� V\VWHP�� � 7KH

ILUVW� LV� WKDW� WKH� KDQG� QRUPDOO\� WDNHV� XS� PRVW� RI� WKH

ERWWRP� RI� WKH� LPDJH� DUHD�� 'XH� WR� WKH� RIWHQ� FRPSOH[

GLVWULEXWLRQ�RI� VNLQ�FRORU�LQ�FRORU� VSDFH� >���@��ZH�ZLOO

ILQG� WKDW� VHOHFWLRQ� RI� WKH� ¦PRVW� FRPPRQ� FRORU§� ZLOO

RIWHQ�QRW�\LHOG� JRRG� VHJPHQWDWLRQ� RI� WKH�KDQG� LPDJH�
+RZHYHU��WKH�DVVXPSWLRQ�WKDW�¦VNLQ�FRORU§��KRZHYHU�LW

LV� GHILQHG�� LV� UHODWLYHO\� IUHTXHQW� LQ� WKH� VRXUFH� LPDJH

XQGHUSLQV�WKH�DSSURDFK�GLVFXVVHG�EHORZ�

7KH� VHFRQG� IHDWXUH� WR� H[SORLW� LV� WKH� SDUDOOHO� QDWXUH

RI�WKH�ILQJHUV���)URP�WKH�FDPHUD©V�YDQWDJH�SRLQW�DW�WKH

XQGHUVLGH�RI� WKH�XVHU©V�ZULVW�� WKH� ILQJHUV��KDYLQJ� EHHQ

EHQW� LQZDUGV��DOO� DSSHDU� DSSUR[LPDWHO\� SDUDOOHO� LQ� WKH

VRXUFH� LPDJH�� � 7KLV� VXJJHVWV� FRQYHUWLQJ� WKH� VRXUFH

LPDJH�LQWR�D�RQH�GLPHQVLRQDO�UHSUHVHQWDWLRQ�DFFRUGLQJ

WR�WKH�DYHUDJH�ILQJHU�DQJOH�

7KH� WZR� PRWLYDWLRQDO� DVVXPSWLRQV� JLYHQ� DERYH
SURYLGH�WKH�EDVLV�IRU�RXU�KLJK�OHYHO�GHVLJQ�

:H�PDS� WKH� FRORU� FRRUGLQDWHV� RI� HDFK� SL[HO� RI� WKH

LQFRPLQJ� YLGHR� VWUHDP� LQWR� D� ��GLPHQVLRQDO� ��� FRORU

FRPSRQHQWV�� TXDQWL]HG� FRORU� KLVWRJUDP�� :H� ILQG

SRLQWV�RI�PD[LPXP�GHQVLW\� LQ� WKH�KLVWRJUDP�DQG� WUHDW

WKHVH� DV� FDQGLGDWH� VNLQ� FRORUV��7KH� OHDUQHG� VNLQ� FRORU

�WKH�SURWRW\SH��IURP�SUHYLRXV�IUDPHV�LV�FRPSDUHG�ZLWK

WKH� FDQGLGDWHV� DQG� WKH� SURWRW\SH� LV� LQFUHPHQWDOO\

XSGDWHG�WRZDUGV�WKH�PRVW�OLNHO\�FXUUHQW�VNLQ�FDQGLGDWH�

7KH� UDWH� DW� ZKLFK� WKH� SURWRW\SH� FKDQJHV� LV� XQGHU

FRQWURO�RI�D�SDUDPHWHU��ZKLFK�LV�VHW�VR�WKDW�PRYHPHQW�
VKDGLQJ�DQG�LOOXPLQDWLRQ�HIIHFWV��VXFK�DV�PRYHPHQW�RI

D� VLQJOH� ILQJHU�� WKDW� FDXVH� WUDQVLHQW� FKDQJHV� LQ� WKH

KLVWRJUDP�� GR� QRW� FDXVH� WKH� SURWRW\SH� WR� MXPS�� 7KH

FRQVHTXHQFH� RI� WKLV� ZRXOG� EH� D� VXGGHQ� GLIIHUHQFH� LQ

VHJPHQWDWLRQ� QRW� RQO\� IRU� WKH� ILQJHU� WKDW�PRYHG�� EXW

IRU� DOO� RI� WKH� RWKHU� ILQJHUV� DV� ZHOO�� WKXV� PDVNLQJ� WKH

DSSHDUDQFH�RI�D�PRYLQJ�ILQJHU�

7KH�PHWKRG�XVHG� WR�GLYLGH�WKH� LPDJH� LQWR�VNLQ�DQG

QRQ�VNLQ� SL[HOV� LV� D� OLQHDU� FRORU� VHJPHQWDWLRQ

DOJRULWKP� GHYHORSHG� VSHFLILFDOO\� IRU� UHDO�WLPH� VNLQ

ILQGLQJ� DSSOLFDWLRQV�� � 7KH� VHJPHQWHG� LPDJH� LV� WKHQ



ILOWHUHG�� � )LJXUH� �� LOOXVWUDWHV� WKH� UHVXOW� RI� WKH

VHJPHQWDWLRQ�SURFHVV�

Figure 3. Image segmentation

:H�QRZ�UHWXUQ�WR�WKH�RULJLQDO�LPDJH�DQG�DWWHPSW�WR

GHWHUPLQH� LQ�ZKLFK� GLUHFWLRQ� WKH� ILQJHUV� DUH� SRLQWLQJ�

7KH� SDUDOOHO� DVVXPSWLRQ� DOORZV� XV� WR� WDNH� WKLV� DV� D

VLQJOH� GLUHFWLRQ�� �:H� ILQG� WKH� DQJOH�WR�YHUWLFDO� RI� WKH

VLQJOH�OLQH�ZKLFK�LV�PRVW�FORVHO\�SDUDOOHO�WR�WKH�ILQJHUV

LQ�WKH�VRXUFH�LPDJH���:H�ILUVW�REWDLQ�D�WKLQQHG�FRQWRXU

LPDJH� IURP� WKH� RULJLQDO� ELWPDS�� 1H[W�� D� VHTXHQFH� RI

ELQV�LV�FUHDWHG�ZKHUH�HDFK�ELQ� FRUUHVSRQGV� WR�D� UDQJH

RI�DQJOHV�EHWZHHQ�¤��q�DQG����q���(DFK�FRQWRXU�SRLQW
ZLWK�DQ�DQJOH�LQ�WKLV�UDQJH�LV�SODFHG�LQ�WKH�DSSURSULDWH

ELQ���7KH�ODUJHVW�ELQ�LV�IRXQG�DQG�WKH�DYHUDJH�RI�DOO�LWV

FRQWRXU� SRLQWV� LV� WDNHQ�� �7KLV� DYHUDJH� LV� WDNHQ� DV� WKH

GHVLUHG�DQJOH���6RPH�LQHUWLD�LV�UHTXLUHG�LQ�WKLV�TXDQWLW\
LQ� RUGHU� WR� VWDELOL]H� WKH� SURFHVV�� � &OHDUO\�� WKLV� LV� D

VLPSOH�SURFHVV���,W�LV�DOVR�UREXVW�DQG�YHU\�IDVW�

2QFH� WKH�DQJOH� RI� ILQJHUV� LV� IRXQG�� ZH� FDQ� UHGXFH

WKH� VRXUFH� LPDJH� WR� WKH�PRUH� FRPSDFW� UHSUHVHQWDWLRQ

GHVLUHG���7KH���'�VHJPHQWHG�LPDJH�LV�WUDQVIRUPHG�LQWR

D���'�KLVWRJUDP�E\�WDNLQJ�HDFK�SRLQW�LQ�WKH�KLVWRJUDP

DV� WKH� QXPEHU� RI� VNLQ�FRORU� SL[HOV� LQ� WKH� VHJPHQWHG

LPDJH� FRXQWHG� E\� VXPPLQJ� DORQJ� VODQWHG� FROXPQV� RI

WKH� VHJPHQWHG� LPDJH� SDUDOOHO� WR� WKH� ILQJHU� DQJOH� OLQH�

7KLV�KLVWRJUDP� LV� WKHQ� VPRRWKHG�� � )LJXUH� �� LOOXVWUDWHV

WKH�KLVWRJUDP�FRQVWUXFWHG�IURP�WKH�LPDJH�DERYH�

Figure 4. Smoothed image histogram

7KH�KLVWRJUDP� LV�DQDO\]HG� WR�GHWHUPLQH�WKH�KHLJKWV

DQG� ORFDWLRQV� RI� WKH� SHDNV�� �(DFK�SHDN� VKRXOG� LGHDOO\

FRUUHVSRQG� WR� D� VLQJOH� ILQJHU�� � +RZHYHU�� LQ� RUGHU� WR

FRPEDW� DJDLQVW� WHPSRUDU\� SHULRGV� RI� SRRU� LPDJH

VHJPHQWDWLRQ�� DQG� WKXV� D� SRRU� KLVWRJUDP�� WKUHH

KRUL]RQWDO� SRLQWV� DORQJ� WKH� KLVWRJUDP� DUH� DVVLJQHG� WR

HDFK� RI� WKH� WKUHH� ILQJHUV�� � ,I� WKH� FRUUHFW� QXPEHU� RI

SHDNV� DUH�SUHVHQW� �L�H�� WKUHH�� WKHQ� WKH� WKUHH� KRUL]RQWDO
SRLQWV� ZLOO� EH� PRYHG� LQFUHPHQWDOO\� WRZDUGV� WKRVH

SRVLWLRQV�� � ,I� WKH�QXPEHU� RI� SHDNV� LQ� WKH�KLVWRJUDP� LV

QRW� FRUUHFW� WKHQ� WKH� WKUHH� KRUL]RQWDO� SRLQWV� ZLOO� VWD\

VWDWLRQDU\�XQOHVV�WKH\�DUH�LQ�WKH�LPPHGLDWH�YLFLQLW\�RI�D

SHDN� LQ� WKH� KLVWRJUDP�� LQ� ZKLFK� FDVH� WKH\� ZLOO� EH

PRYHG�LQFUHPHQWDOO\�WRZDUGV�VXFK�D�SHDN�

$W� WKLV� SRLQW� ZH� KDYH� WKUHH� KRUL]RQWDO� SRLQWV� WKDW

FRUUHVSRQG� WR� WKUHH� RI� WKH� VODQWHG� FROXPQV� XVHG� WR

WUDQVIRUP� WKH� VHJPHQWHG� LPDJH� LQWR� WKH� LPDJH

KLVWRJUDP���7KHVH�WKUHH�FROXPQV�DUH�SDUDOOHO�OLQHV�WKDW

VKRXOG�URXJKO\�ELVHFW�HDFK�RI�WKH�ILQJHUV�LQ�WKH�RULJLQDO

LPDJH��7KXV�� WKUHH� OLQHV�DUH� H[WHQGHG� IURP� WKH� WRS� RI

WKH� LPDJH� GRZQ� DORQJ� WKHVH� WKUHH� VODQWHG� FROXPQV�

7KH�OLQHV�H[WHQG�GRZQ�WR�WKH�SRLQW�ZKHUH�WKH�ILQJHUWLSV
DUH� HQFRXQWHUHG�� � 7KLV� SRLQW� LV� GHWHUPLQHG� ZKHQ� D

WKUHVKROG� QXPEHU� RI� VNLQ�FRORUHG� LPDJH� SL[HOV� DUH

IRXQG�RQ�D�VKRUW�OLQH��MXVW�D�IHZ�SL[HOV�ORQJ��FDOOHG�WKH

¦WHVW§� OLQH� ZKLFK� LV� SHUSHQGLFXODU� WR� WKH� GRZQZDUGV

H[WHQGHG� OLQH� DQG� ZKLFK� LV� IL[HG� DW� LWV� FHQWHU� WR� WKH

ERWWRP�RI� WKDW� OLQH�� �)LJXUH���VKRZV�D�FORVH�XS� RI� WKH

SRLQW�DW�ZKLFK�D�ILQJHUWLS�LV�¦IRXQG§�

Figure 5. Close-up of “test” line encountering
fingertip

7KH�TXDQWLW\�SURGXFHG�E\�WKLV�SURFHVV�LV�VLPSO\�WKH

OHQJWK�RI�WKH�GRZQZDUGV�H[WHQGHG�OLQH�IURP�WKH�WRS�RI

WKH� LPDJH� XQWLO� WKH� SRLQW� ZKHUH� LW� HQFRXQWHUV� WKH

ILQJHUWLS���7UDFNLQJ�WKHVH�WKUHH�TXDQWLWLHV��RQH�IRU�HDFK
ILQJHU�� RYHU� WLPH� JHQHUDWHV� D� WKLUG� VHW� RI� KLVWRJUDPV�

(DFK� RI� WKHVH� KLVWRJUDPV� FRUUHVSRQGV� WR� D� VLQJOH

ILQJHU�� � 7R� VWDELOL]H� WKH� SURFHVV� WKHVH� KLVWRJUDPV� DUH

FRQWLQXRXVO\�VPRRWKHG���$OVR��WKH\�DUH�LQYHUWHG�VR�WKDW

SHDNV�EHFRPH�YDOOH\V���)LQDOO\��E\�ORRNLQJ�IRU�SHDNV�LQ

WKHVH� KLVWRJUDPV� ZH� FDQ� GHWHUPLQH� LI� D� ILQJHU� KDV

PRYHG� VLJQLILFDQWO\� IURP� WKH� UHVW� SRVLWLRQ�� � $W� WKLV

SRLQW� WKH� ILQJHU�V�� EHLQJ� PRYHG� GHVFULEH� WKH� LQSXW

V\PERO�� �1RWH�WKDW�LW� LV�QHFHVVDU\� WR� LQWURGXFH�D� VPDOO

GHOD\� XSRQ� ILQGLQJ� D� SHDN� LQ� RQH� RI� WKH� KLVWRJUDPV�

7KLV�GHOD\�DOORZV� WLPH� IRU�DQRWKHU� SHDN� LQ�D� GLIIHUHQW
KLVWRJUDP�WR�¦DUULYH§���7KDW�LV��LQ�D�PXOWL�ILQJHU�JHVWXUH

ZH�DOORZ�WKH�PRYHPHQWV�RI�HDFK�PRYLQJ�ILQJHU�WR�SHDN

VOLJKWO\�RXW�RI�SKDVH�

�� 5HVXOWV

:H�SUHVHQW� VRPH�QXPHULFDO� UHVXOWV� RI� WULDOV� RI� WKLV

V\VWHP� DWWHPSWHG� LQ� D� YDULHW\� RI� HQYLURQPHQWV�� � 7KH

ILUVW� WZR� HQYLURQPHQWV� VKRZQ� DUH� UHODWLYHO\� LGHDO�� � $
SODLQ� EDFNJURXQG�ZDV� XVHG�DQG� FDUH�ZDV� WDNHQ� LQ� WKH

SRVLWLRQLQJ� DQG� RULHQWDWLRQ� RI� WKH� ILQJHUV�� � 7KH� RWKHU

HQYLURQPHQWV�HPSOR\HG�DUELWUDU\�EDFNJURXQGV�DQG�OHVV

FRQVWUDLQHG�ILQJHU�SRVLWLRQLQJ���,W�VKRXOG�EH�VWDWHG�WKDW

WKH�UHVXOWV� IRU�HDFK�QHZ�HQYLURQPHQW�ZHUH� WDNHQ�DIWHU

WKH� QHZ� SRVLWLRQ� KDG� VWDELOL]HG� �L�H�� WKH� FDPHUD� ZDV

DOORZHG� WR� VHOI�DGMXVW� LWV� EULJKWQHVV�� WKH� ILQJHU



RULHQWDWLRQ� DQJOH�ZDV� DOORZHG� WR� VHWWOH�� DQG� WKH� WKUHH

KLVWRJUDP� SHDNV� ZHUH� UHOLDEO\� GHWHFWHG��� � ,Q� HDFK

HQYLURQPHQW�HDFK�RI�WKH�VHYHQ�JHVWXUHV�ZHUH�DWWHPSWHG

�VHH�)LJXUH����� � 7KH� IROORZLQJ� WDEOH� JLYHV� WKH� V\VWHP

UHVSRQVH�WR�WKHVH�VHYHQ�JHVWXUHV�

Table 1. Tabulated results in seven settings
6HWWLQJ &RUUHFW 5LJKW�WLPH

¤�ZURQJ

JHVWXUH

*HVWXUHV

PLVVHG

HQWLUHO\

1RQ�

H[LVWHQW

JHVWXUHV

,GHDO � � � �

,GHDO � � � �

1RQ�,GHDO � � � �

1RQ�,GHDO � � � �

1RQ�,GHDO � � � �

1RQ�,GHDO � � � �

1RQ�,GHDO � � � �

$YHUDJH ���� ���� � ����

���,Q�WKHVH�FDVHV�D�PXOWLSOH�ILQJHU�JHVWXUH�ZDV�LQWHQGHG��\HW�WKH

V\VWHP�LQWHUSUHWHG�WKHVH�DV�WZR�VLQJOH�ILQJHU�JHVWXUHV�

7KH� UHVXOWV� IRU� HDFK� VHWWLQJ� DUH� VLQJOH� WULDOV�� � 1R

V\VWHP� SDUDPHWHUV� ZHUH� DGMXVWHG� EHWZHHQ� WKH� WHVWV

VKRZQ�DERYH�

�7KH� DYHUDJH� GHOD\� EHWZHHQ� WKH� DFWXDO� FRPSOHWLRQ

RI�D�JHVWXUH�DQG�WKH�WLPH�WKDW�WKH�V\VWHP�LQGLFDWHV�WKDW
D� JHVWXUH� KDV� RFFXUUHG� LV� DSSUR[LPDWHO\� RQH� VHFRQG�

7KH� DYHUDJH� UDWH� RI� SURFHVVLQJ� LV� DSSUR[LPDWHO\� �

IUDPHV�SHU� VHFRQG�RQ�D�3HQWLXP�,,�����0+]�3&�ZLWK

��0%�RI�5$0�DQG�D�9LVWD�9L&DP�'LJLWDO�&DPHUD�

�
�

'LVFXVVLRQ

7KH�UHVXOWV�JLYHQ�DERYH�DUH�IRU�D�VLQJOH�XVHU�PDNLQJ

VLQJOH��ZHOO�VHSDUDWHG�� JHVWXUHV��$OWKRXJK� WKH\� GR� QRW
FKDUDFWHUL]H�WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�LQ�GHFRGLQJ

FRQWLQXRXV� QDWXUDO� PRYHPHQW�� WKH\� GHPRQVWUDWH� WKH

UHOLDELOLW\� RI� WKH� XQGHUO\LQJ� LPDJH� SURFHVVLQJ

DOJRULWKPV�� 7KH\� VKRZ� WKDW� FRUUHFW� RSHUDWLRQ� FDQ� EH

UHOLDEO\� DFKLHYHG� LI� WKH� XVHU� LV� FDUHIXO� DERXW� WKH

EDFNJURXQG�VHHQ�E\� WKH�FDPHUD��+RZHYHU�� LQ� WKH�FDVH

RI� DQ� DUELWUDU\� DQG� PRYLQJ� EDFNJURXQG�� L�H�� LQ� WKH

FRQWH[W� VSHFLILHG� E\� WKH� GHVLJQ� UHTXLUHPHQWV�� WKH

V\VWHP� H[KLELWV� HUURUV�� � 3ULPDULO\�� WKHVH� RFFXU� ZKHQ

SRUWLRQV� RI� WKH� EDFNJURXQG� DUH� PLVFODVVLILHG� DV� VNLQ�

6XFK� DUHDV� RIWHQ� GLVSOD\� IUHTXHQW� DOWHUQDWLRQ� RI
FODVVLILFDWLRQ��FDXVLQJ�VSXULRXV�JHVWXUH�GHWHFWLRQ�

(UURUV� IURP� FRORU� PLVFODVVLILFDWLRQ� LOOXVWUDWH� WKH

SHUVLVWHQW� GLIILFXOW\� RI� GLVFULPLQDWLQJ� ILQJHUV� IURP

DUELWUDU\� EDFNJURXQGV��7KH�PHWKRG� XVHG� WR� GHWHUPLQH

VNLQ�FRORU�E\�DGDSWLYH�FOXVWHULQJ�LV�UREXVW�DQG�IDVW��EXW

GRHV� QRW� GLVDPELJXDWH� ZHOO� DJDLQVW� VNLQ�WRQHG

EDFNJURXQGV�� :H� DWWHPSWHG� WR� IL[� WKLV� SUREOHP� E\

DWWDFKLQJ�UHG�LOOXPLQDQWV�WR�WKH�FDPHUD�SRLQWLQJ�DW� WKH

KDQG�� 8QIRUWXQDWHO\� WKLV� FDXVHV� PXWXDO� LOOXPLQDWLRQ

IURP� WKH� KDQG� RQWR� ZKLWH� VXUIDFHV� �H�J�� WDEOH� WRSV�

UHVXOWLQJ�LQ�PRUH�QRQ�ILQJHU�DUHDV�PDWFKLQJ�VNLQ�FRORU�

7KH�RYHUDOO�IUDPH�UDWH�RI�WKH�V\VWHP�LV�TXLWH�KLJK���

ISV�� EXW� WKH� KLJK� GHOD\� WLPH� �RQH� VHFRQG�� PDNHV

LQWHUDFWLYH� XVDJH� GLIILFXOW�� � 7KLV� GHOD\� LV� LQFXUUHG

WKURXJK� D� FRPELQDWLRQ� RI� SURFHVVLQJ� ODJ� DQG� WKH

ZLQGRZ�RI�WLPH�DOORFDWHG�WR�ZDLW�EHWZHHQ�WKH�SHDNV�RI
PRYHPHQW� IRU� HDFK� ILQJHU� LQYROYHG� LQ� D� PXOWL�ILQJHU

JHVWXUH�� �:H�PD\� LPSURYH� WKH� DFFXUDF\� RI� GHWHFWLQJ

PXOWL�ILQJHU�JHVWXUHV��EXW�RQO\�DW�WKH�FRVW�RI� LQFUHDVHG

GHOD\���$�SDUWLDO�VROXWLRQ�WR�WKH�GHOD\�SUREOHP��DV�ZHOO

DV� DQ� LQFUHDVH� LQ� DFFXUDF\�� FRXOG� EH� DFKLHYHG� E\

HOLPLQDWLQJ�PXOWL�ILQJHU�JHVWXUHV�IURP�WKH�DOSKDEHW�

�
�

&RQFOXVLRQV

7KLV�SDSHU�KDV�GHVFULEHG�D�QHZ�NLQG�RI�LQSXW�GHYLFH

IRU� ZHDUDEOH� FRPSXWLQJ�� � ,WV� GHVLJQ� JHDUV� LW� WRZDUGV

XQREWUXVLYH�XVH�LQ�D�YDULHW\�RI�HQYLURQPHQWV�

7KH�V\VWHP� LV� FRPSOHWHO\� DGDSWLYH� DQG� UHTXLUHV�QR

SULRU� WUDLQLQJ� LQ� WHUPV� RI� VNLQ� FRORU� RU� H[SHFWHG

EDFNJURXQG� FRQGLWLRQV�� � 7KLV� DGDSWDELOLW\� LV� WKH� NH\

VWUHQJWK� RI� WKLV� GHVLJQ�� � ,W� DOORZV� WKH� V\VWHP� LWV

UREXVWQHVV� DQG� DELOLW\� WR� RSHUDWH� LQ� UHDO�WLPH�

+RZHYHU�� WKHUH� PD\� EH� UHOLDELOLW\� DGYDQWDJHV� WR� EH

JDLQHG�E\�HTXLSSLQJ�WKH�V\VWHP�ZLWK�VRPH�SUH�GHILQHG

QRWLRQV� RI� ZKDW� FRORUV� WR� GHILQH� DV� VNLQ� FRORUV� DQG
ZKDW�FRORUV�WR�GHILQH�DV�EDFNJURXQG�

7KH�QH[W� VWHS�LQ�GHYHORSPHQW� LV� WR�GHYHORS�D�PRUH

VRSKLVWLFDWHG�LQSXW�ODQJXDJH�� �7KLV�ZLOO�EH�GHVLJQHG�WR

EH�SDUWLDOO\�HUURU�FRUUHFWLQJ�

7KH� SURWRW\SH� V\VWHP� GHVFULEHG� KHUH� SURYHV� WKH

SRWHQWLDO�IRU�XVLQJ�D�:ULVW&DP�DV�DQ� LQSXW�GHYLFH��%\

IUHHLQJ� WKH� XVHU� IURP� WKH� ERQGV� RI� D� WDFWLOH� LQWHUIDFH

DQG� DIIRUGLQJ� WKHP� WKH� EHQHILW� RI� GLVFUHHW� RSHUDWLRQ�

WKLV� V\VWHP� DOORZV� LQYLVLEOH� ZHDUDELOLW\� WR� H[WHQG� WR

LQSXW�DQG�FRQWURO�

�
�
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