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Abstract

Background:
$OWKRXJK� WKHUPDO� LPDJLQJ� FDQ� EH� D� YDOXDEOH� WHFKQRORJ\� LQ� WKH� SUHYHQWLRQ� DQG�PDQDJHPHQW� RI� GLDEHWLF� IRRW�
GLVHDVH�� LW� LV�QRW�\HW�ZLGHO\�XVHG� LQ� FOLQLFDO�SUDFWLFH��7HFKQRORJLFDO� DGYDQFHPHQW� LQ� LQIUDUHG� LPDJLQJ� LQFUHDVHV�
LWV� DSSOLFDWLRQ� UDQJH�� 7KH� DLP� ZDV� WR� H[SORUH� WKH� ÀUVW� VWHSV� LQ� WKH� DSSOLFDELOLW\� RI� KLJK�UHVROXWLRQ� LQIUDUHG�
WKHUPDO� LPDJLQJ� IRU�QRQLQYDVLYH�DXWRPDWHG�GHWHFWLRQ�RI� VLJQV�RI�GLDEHWLF� IRRW�GLVHDVH�

Methods:
7KH�SODQWDU�IRRW�VXUIDFHV�RI����GLDEHWHV�SDWLHQWV�ZHUH�LPDJHG�ZLWK�DQ�LQIUDUHG�FDPHUD��UHVROXWLRQ������PP�SL[HO���
�� SDWLHQWV� KDG� QR� YLVLEOH� VLJQV� RI� IRRW� FRPSOLFDWLRQV�� �� SDWLHQWV� KDG� ORFDO� FRPSOLFDWLRQV� �H�J��� DEXQGDQW� FDOOXV�
RU� QHXURSDWKLF� XOFHU��� DQG� �� SDWLHQWV� KDG� GLͿXVH� FRPSOLFDWLRQV� �H�J��� &KDUFRW� IRRW�� LQIHFWHG� XOFHU�� RU� FULWLFDO�
LVFKHPLD��� )RRW� WHPSHUDWXUH� ZDV� FDOFXODWHG� DV� PHDQ� WHPSHUDWXUH� DFURVV� SL[HOV� IRU� WKH� ZKROH� IRRW� DQG� IRU�
VSHFLÀHG�UHJLRQV�RI� LQWHUHVW� �52,V��

Results:
1R� GLͿHUHQFHV� LQ� PHDQ� WHPSHUDWXUH� !���� �&� EHWZHHQ� WKH� LSVLODWHUDO� DQG� WKH� FRQWUDODWHUDO� IRRW� ZHUH� IRXQG� LQ�
SDWLHQWV�ZLWKRXW�FRPSOLFDWLRQV�� ,Q�SDWLHQWV�ZLWK� ORFDO�FRPSOLFDWLRQV��PHDQ�WHPSHUDWXUHV�RI� WKH� LSVLODWHUDO�DQG� WKH�
FRQWUDODWHUDO� IRRW�ZHUH� VLPLODU�� EXW� WHPSHUDWXUH� DW� WKH� 52,�ZDV� !�� �&� KLJKHU� FRPSDUHG�ZLWK� WKH� FRUUHVSRQGLQJ�
UHJLRQ� LQ� WKH� FRQWUDODWHUDO� IRRW� DQG� WR� WKH� PHDQ� RI� WKH� ZKROH� LSVLODWHUDO� IRRW�� ,Q� SDWLHQWV� ZLWK� GLͿXVH�
FRPSOLFDWLRQV��PHDQ� WHPSHUDWXUH�GLͿHUHQFHV�RI�!���&�EHWZHHQ� LSVLODWHUDO�DQG�FRQWUDODWHUDO� IRRW�ZHUH� IRXQG�

Conclusions:
:LWK�DQ�DOJRULWKP�EDVHG�RQ�SDUDPHWHUV�WKDW�FDQ�EH�FDSWXUHG�DQG�DQDO\]HG�ZLWK�D�KLJK�UHVROXWLRQ�LQIUDUHG�FDPHUD�
DQG� D� FRPSXWHU�� LW� LV� SRVVLEOH� WR� GHWHFW� VLJQV� RI� GLDEHWLF� IRRW� GLVHDVH� DQG� WR� GLVFULPLQDWH� EHWZHHQ� QR�� ORFDO�� RU�
GLͿXVH� GLDEHWLF� IRRW� FRPSOLFDWLRQV�� $V� VXFK�� DQ� LQWHOOLJHQW� WHOHPHGLFLQH� PRQLWRULQJ� V\VWHP� IRU� QRQLQYDVLYH�
DXWRPDWHG�GHWHFWLRQ�RI� VLJQV�RI�GLDEHWLF� IRRW�GLVHDVH� LV� RQH� VWHS� FORVHU�� )XWXUH� VWXGLHV� DUH� HVVHQWLDO� WR� FRQÀUP�
DQG�H[WHQG� WKHVH�SURPLVLQJ�HDUO\�ÀQGLQJV�
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Introduction

FRRW� XOFHUV� DUH� D� IUHTXHQW� DQG� FRVWO\� FRPSOLFDWLRQ� RI� GLDEHWHV��ZLWK� D� OLIHWLPH� LQFLGHQFH� RI� ��²���� DQG� XS� WR� ���� RI�
WKH� WRWDO� KHDOWK� FDUH� H[SHQGLWXUH� RQ� GLDEHWHV� DWWULEXWDEOH� WR� IRRW� XOFHUV�1,2� ,I� OHIW� XQWUHDWHG�� XOFHUV�ZLOO� EHFRPH� VHYHUHO\�
LQIHFWHG� DQG�XOWLPDWHO\� UHVXOW� LQ� DPSXWDWLRQ�RI� WKH� OLPE�DQG�RU�GHDWK�2,3�'LDEHWLF� IRRW�XOFHUV� DUH�SUHYHQWDEOH� WKURXJK�
WKH� HDUO\� GHWHFWLRQ� DQG� WLPHO\� WUHDWPHQW� RI� VLJQV� RI� GLDEHWLF� IRRW� GLVHDVH�2� +RZHYHU�� HDUO\� GHWHFWLRQ� GHSHQGV� RQ�
IUHTXHQW� DVVHVVPHQW�� ZKLFK�PD\� EH� OLPLWHG� IRU� YDULRXV� UHDVRQV�� 6HOI�H[DPLQDWLRQ� FDQ� EH� GLFXOW� RU� LPSRVVLEOH� GXH� WR�
WKH� KHDOWK� LPSDLUPHQWV� UHODWHG� WR� GLDEHWHV� RU� VRFLDO� LPSDLUPHQWV�� $� VXFLHQWO\� IUHTXHQW� H[DPLQDWLRQ� E\� KHDOWK� FDUH�
SURIHVVLRQDOV�ZRXOG� EH� WRR� LQWUXVLYH� DQG� FRVWO\� DQG� LV� DOVR� OLPLWHG� EHFDXVH�� IRU� H[DPSOH�� WKH� KXPDQ� KDQG� LV� QRW� DQ�
REMHFWLYH� PHDQV� WR� DVVHVV� WHPSHUDWXUH�� ZKLFK� LV� D� PDUNHU� RI� XQGHUO\LQJ� LQÁDPPDWLRQ�4� 2XU� XOWLPDWH� REMHFWLYH� LV� WR�
GHYHORS� DQ� LQWHOOLJHQW� WHOHPHGLFLQH�PRQLWRULQJ� V\VWHP� WKDW� FDQ� EH� GHSOR\HG� IRU� IUHTXHQW� H[DPLQDWLRQ� RI� WKH� SDWLHQW·V�
IHHW� WR� WLPHO\�DQG�DXWRPDWLFDOO\�GHWHFW� VLJQV�RI�GLDEHWLF� IRRW�FRPSOLFDWLRQV�

7KHUPDO� LPDJLQJ�LV�D�SURPLVLQJ�WHFKQRORJ\�WR�DFKLHYH�WKLV�REMHFWLYH��DV� LQFUHDVHG�SODQWDU�IRRW�WHPSHUDWXUH�LV�D�NH\�VLJQ�
RI� XQGHUO\LQJ� LQÁDPPDWLRQ�� 7KHUPDO� LPDJLQJ� KDV� EHHQ� VKRZQ� WR� EH� D� XVHIXO� WHFKQLTXH� LQ� WKH� FOLQLFDO�PDQDJHPHQW�
RI� WKH� GLDEHWLF� IRRW����� 6HYHUDO� GLDEHWLF� IRRW� FRPSOLFDWLRQV� VXFK� DV� QHXURSDWKLF� XOFHUV����� RVWHRP\HOLWLV������ DQG� &KDUFRW�
IRRW����� KDYH� EHHQ� LGHQWLÀHG� DW� LQFUHDVHG� WHPSHUDWXUH� ORFDWLRQV�� ,QFUHDVHG�SODQWDU� IRRW� WHPSHUDWXUH�PD\� HYHQ�EH�SUHVHQW�
D� ZHHN� EHIRUH� D� QHXURSDWKLF� XOFHU� DSSHDUV�11� &OLQLFDO� VWXGLHV� RQ� KRPH�PRQLWRULQJ� RI� SODQWDU� IRRW� WHPSHUDWXUH� EDVHG�
RQ� WKDW� ÀQGLQJ� KDYH� VKRZQ� WKDW� IUHTXHQW� WHPSHUDWXUH� DVVHVVPHQWV� DQG� LPPHGLDWH� WUHDWPHQW� LQ� FDVH� RI� WHPSRUDOO\�
SHUVLVWHQW� WHPSHUDWXUH� GLͿHUHQFHV� �!���� �&� �� EHWZHHQ� D� IRRW� UHJLRQ� DQG� WKH� VDPH� UHJLRQ� LQ� WKH� FRQWUDODWHUDO� IRRW� FDQ�
SUHYHQW�GLDEHWLF� IRRW�XOFHUV���²���2Q� WKH�RWKHU�KDQG��GHFUHDVHG� IRRW� WHPSHUDWXUHV�PD\� LQGLFDWH�YDVFXODU� LQVXFLHQF\� LQ� WKH�
IRRW�������)LQDOO\�� D� UHODWLRQVKLS�EHWZHHQ�D� WHPSHUDWXUH�EDVHG�ZRXQG� LQÁDPPDWRU\� LQGH[�DQG�ZRXQG�KHDOLQJ�KDV�EHHQ�
SURSRVHG� DV� D� UREXVW� LQGLFDWRU� RI� WLVVXH� KHDOWK� ZLWK� D� TXLFNHU� UHVSRQVH� WLPH� WR� SUHGLFW� KHDOLQJ� YHUVXV� ZRXQG� VL]H���

$� YDULHW\� RI� WKHUPDO� LPDJLQJ� WHFKQLTXHV� KDYH� EHHQ� XVHG� DQG� WHVWHG� WR� GDWH�� RI� ZKLFK� LQIUDUHG� LPDJLQJ� DQG� OLTXLG�
FU\VWDO� WKHUPRJUDSK\� VHHP� WR� KROG�PRVW� SURPLVH� IRU� XVH� LQ� GDLO\� FOLQLFDO� SUDFWLFH��������� &RPSDUHG�ZLWK� OLTXLG� FU\VWDO 
WKHUPRJUDSK\�� LQIUDUHG� LPDJLQJ� KDV� WKH� DGYDQWDJH� RI� EHLQJ� D� QRQLQYDVLYH� PHDVXUHPHQW� ZLWK� SRVVLELOLWLHV� IRU�
DXWRPDWLF� DQDO\VLV�� $V� VXFK�� LQIUDUHG� LPDJLQJ� VKRZV� JUHDWHU� SRWHQWLDO� IRU� WHOHPHGLFDO� DSSOLFDWLRQV� DQG� ZLOO� EH� WKH�
IRFXV� RI� WKLV� DUWLFOH�� 7KH� ÀUVW� FOLQLFDO� DSSOLFDWLRQ� RI� LQIUDUHG� LPDJLQJ� LQ� WKH� GLDEHWLF� IRRW� ZDV�PHDVXUHPHQW� RI� SODQWDU�
IRRW� WHPSHUDWXUHV� XVLQJ� D� KDQGKHOG� WKHUPRPHWHU� DV� GHVFULEHG� E\� /DYHU\� DQG� FRDXWKRUV��²��� LQ� WKHLU� FOLQLFDO� VWXGLHV��
$OWKRXJK� EHLQJ� ORZ� FRVW�� WKH� GLVDGYDQWDJHV� RI� VXFK� D� WKHUPRPHWHU� DUH�� ORZ� VSDWLDO� UHVROXWLRQ� �WHPSHUDWXUH� LV�
PHDVXUHG� RQ� VHOHFWHG� LQGLYLGXDO� VSRWV� RQO\��� WKH� QHFHVVLW\� WKDW� SDWLHQWV� SHUIRUP� WKH� PHDVXUHPHQW� WKHPVHOYHV�� DQG�
ODFN�RI�RSWLRQV�IRU�DXWRPDWLF�DQDO\VLV��)XUWKHUPRUH��UHVXOWV�RQ�VHQVLWLYLW\�DQG�VSHFLÀFLW\�RI�WKH�DOJRULWKP�XVHG�LQ�WKHVH�
FOLQLFDO� VWXGLHV� KDYH� QRW� EHHQ� SXEOLVKHG� WR� GDWH��:LWK� WHFKQRORJLFDO� DGYDQFHPHQWV� LQ� LQIUDUHG� LPDJLQJ� DQG� DQDO\VLV��
LW� LV�SRVVLEOH� WR�RYHUFRPH� WKHVH� OLPLWDWLRQV��7KH�DLP�RI� WKLV� VWXG\�ZDV� WR� H[SORUH� WKH�ÀUVW� VWHSV� LQ� WKH� DSSOLFDELOLW\�RI�
KLJK�UHVROXWLRQ� LQIUDUHG� WKHUPDO� LPDJLQJ� IRU�QRQLQYDVLYH�DXWRPDWHG�GHWHFWLRQ�RI� VLJQV�RI�GLDEHWLF� IRRW�GLVHDVH�

Methods

)RU�WKLV�SLORW�VWXG\��D�FRQYHQLHQFH�VDPSOH�RI����SDWLHQWV�ZLWK�GLDEHWHV�PHOOLWXV�W\SH���RU���ZDV�REWDLQHG��HTXDOO\�GLYLGHG�
RYHU� WKUHH�JURXSV�� ��SDWLHQWV�ZLWKRXW�SUHVHQW� VLJQV�RI�GLDEHWLF� IRRW� FRPSOLFDWLRQV�� ��SDWLHQWV�ZLWK� ORFDO� VLJQV�RI�GLDEHWLF�
IRRW� FRPSOLFDWLRQV� �H�J��� DEXQGDQW� FDOOXV�RU�QHXURSDWKLF�XOFHU��� DQG���SDWLHQWV�ZLWK�GLͿXVH� FRPSOLFDWLRQV� �H�J���&KDUFRW�
IRRW�� LQIHFWHG� XOFHU�� RU� FULWLFDO� LVFKHPLD��� 6FUHHQLQJ� DQG� GLDJQRVLV� IRU� SUHVHQFH� RI� VLJQV� RI� GLDEHWLF� IRRW� FRPSOLFDWLRQV�
ZDV� GRQH� E\� D� FHUWLÀHG� ZRXQG� FRQVXOWDQW� ZKR�� LQ� DFFRUGDQFH� ZLWK� GLDJQRVWLF� FULWHULD� GHVFULEHG� LQ� WKH� LQWHUQDWLRQDO�
JXLGHOLQHV��KDG�PRUH�WKDQ����\HDUV�RI�H[SHULHQFH�LQ�GLDEHWLF�IRRW�FDUH�EHIRUH�WUHDWPHQW�VWDUWHG�2�3DWLHQWV�ZHUH�LQFOXGHG�
ZLWKLQ���ZHHNV�DIWHU�ÀUVW�SUHVHQWDWLRQ�DW� WKH�RXWSDWLHQW�FOLQLF�ZLWK� WKHLU� IRRW�FRPSOLFDWLRQV��1HXURSDWK\�ZDV�DVVHVVHG�
ZLWK� D� ��� J� 6HPPHV²:HLQVWHLQ� PRQRÀODPHQW� DQG� SHULSKHUDO� DUWHULDO� GLVHDVH� E\� DVVHVVPHQW� RI� SHGDO� SXOVHV� DQG� WRH�
SUHVVXUH��'LDJQRVLV� RI� RVWHRP\HOLWLV� DQG�&KDUFRW� IRRW�ZDV� FRQÀUPHG� E\� WKH� ÀQGLQJV� RI� WKH� UDGLRORJLVW� RQ�;� UD\� DQG�
PDJQHWLF� UHVRQDQFH� LPDJLQJ�� 3UHVHQFH� RI� FULWLFDO� LVFKHPLD� ZDV� FRQÀUPHG� E\� 'RSSOHU� WRH� SUHVVXUH� PHDVXUHPHQWV�
���� PP� +J�� ,QIRUPHG� FRQVHQW� ZDV� REWDLQHG� IURP� DOO� SDWLHQWV� EHIRUH� WKH� PHDVXUHPHQWV�� $OO� UHVHDUFK� HͿRUWV� ZHUH�
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LQ� FRPSOLDQFH� ZLWK� WKH� :RUOG� 0HGLFDO� $VVRFLDWLRQ·V�
'HFODUDWLRQ� RI� +HOVLQNL�� 7KH�0HGLFDO� (WKLFDO� &RPPLWWHH�
7ZHQWH�DSSURYHG� WKH�VWXG\�SURWRFRO�

3DWLHQWV� ZHUH� VHDWHG� LQ� VXSLQH� SRVLWLRQ� RQ� D� WUHDWPHQW�
EHQFK�� $IWHU� VKRHV�� VRFNV�� DQG� �LI� DSSOLFDEOH�� GUHVVLQJV�
ZHUH� UHPRYHG�� SDWLHQWV� UHPDLQHG� VHDWHG� IRU� D�PLQLPXP�
RI� �� PLQ� WR� DOORZ� HTXLOLEUDWLRQ� RI� IRRW� WHPSHUDWXUH��
3LORW� PHDVXUHPHQWV� VKRZHG� QR� IXUWKHU� FKDQJHV� LQ� IRRW�
WHPSHUDWXUH� DIWHU� ��PLQ� RI� UHVW�� 3DWLHQWV�ZHUH� LQVWUXFWHG�
WR�SODFH� WKHLU� IHHW� RQ� VXSSRUW� EDUV� LQVLGH� DQ� H[SHULPHQWDO�
VHWXS� �Figure 1�� LQ� VXFK� D� ZD\� WKDW� WKHLU� VKDQN� DQG�
WKLJK� UHPDLQHG� VXSSRUWHG� RQ� WKH� WUHDWPHQW� EHQFK�� 
7KH� H[SHULPHQWDO� VHWXS� FRPSULVHG� WZR� FDPHUDV� �RQH� IRU� 
FRORU� LPDJHV�� RQH� IRU� WKHUPDO� LPDJHV�� VSHFLÀFDWLRQV� LQ� 
Table 1��� D� OLJKW� PRGXOH�� WKHUPDO� UHIHUHQFH� HOHPHQWV��
DQG� IRRW� VXSSRUWV�� 7KH� OLJKW� PRGXOH� FRQVLVWHG� RI� HLJKW� 
/=����:::��� OLJKW�HPLWWLQJ� GLRGHV� �/HQG(QJLQ� ,QF����
HDFK� VL]HG� ���� ð� ���� PP�� 7KHUPDO� UHIHUHQFH� HOHPHQWV�
ZHUH� VL[� EODFN� EORFNV� RI� ��� ð� ��� PP�� ZLWK� FDOLEUDWHG�
37����� UHVLVWRU� DQG� KHDWLQJ� UHVLVWRUV�� 7KH� FDPHUDV�� OLJKW�
PRGXOH�� DQG� WKHUPDO� UHIHUHQFHV� ZHUH� FRQQHFWHG� WR� D�
GHVNWRS�FRPSXWHU�DQG�D�VFUHHQ�

Figure 1.� 6FKHPDWLF�GUDZLQJ�RI� WKH� LQWHULRU�RI� WKH� H[SHULPHQWDO� VHWXS��
7KH� IHHW� DUH�SRVLWLRQHG�RQ� WKH� VXSSRUW�EDUV�� EHORZ� WKH� OLJKW� VKLHOG�� RQ�
WKH� ULJKW� VLGH� RI� WKH� LPDJH�� 7KH� WKHUPDO� FDPHUD� DQG� WKH� FRORU� LPDJH�
FDPHUD� DUH� SODFHG� ���� PP� IURP� WKH� SRVLWLRQ� RI� WKH� IHHW�� ZLWK� WKH�
WKHUPDO� FDPHUD� DERYH� WKH� FRORU� LPDJH� FDPHUD�� 7KH� OLJKW� PRGXOH� LV�
WKH�FLUFOH�EHWZHHQ� WKH�FDPHUDV�DQG� WKH�SRVLWLRQ�RI� WKH� IHHW�� FRQWDLQLQJ�
HLJKW� OLJKW�HPLWWLQJ�GLRGHV� �EODFN�GRWV��

Table 1.

6SHFLÀFDWLRQV�RI�%RWK�&DPHUDV� LQ� WKH�([SHULPHQWDO�6HWXS
Camera for color images Thermal camera

Camera type Canon Eos 40D with EF-s 17–85 mm lens FLIR SC305 with 16 bit resolution

Resolution APS-C size (22.2 × 14.8 mm) 320 × 240 pixels, 1.2 mm per pixel

Sensor 10.5 mega pixel single plate complementary metal-oxide 
semiconductor sensor

Angle of view
Horizontal: 68°40’–15°25’

Vertical: 48–10°25’
Diagonal: 78°30’–18°25’

25° × 19°; 
focal length 18 mm

Field of view 420 × 280 mm 420 × 315 mm

Thermal sensitivity Not applicable <0.05–30 °C

Objective temperature range Not applicable -20 to 120 °C 

Computer interface USB 2.0 high speed Ethernet IEEE 802.3

$OO� SDUWV� RI� WKH� V\VWHP� DSDUW� IURP� WKH� GHVNWRS� FRPSXWHU� DQG� WKH� VFUHHQ� ZHUH� PRXQWHG� LQ� D� ZRRGHQ� ER[� VL]HG� 
���� ð� ���� ð� �����PP��ZLWK� D� OLJKW�VKLHOGLQJ� H[WHQVLRQ� LQ� IURQW�� %RWK� VKDQNV� DQG� WKLJKV� RI� WKH� SDWLHQW�ZHUH� FRYHUHG�
ZLWK� D� VWHULOH� FORWK�� 7KH� HQWUDQFH� RI� WKH� OLJKW�VKLHOGLQJ� H[WHQVLRQ� RI� WKH� ER[�ZDV� IXUWKHU� FRYHUHG�ZLWK� D� EODFN� FORWK� WR�
HOLPLQDWH�DQ\� LQÁXHQFH�RI�DPELHQW� OLJKW�FRQGLWLRQV�

7KH� FRORU� LPDJH� FDPHUD�ZDV� DXWRPDWLFDOO\� IRFXVHG�GXULQJ� HYHU\�PHDVXUHPHQW��7KH� WKHUPDO� FDPHUD�ZDV� FDOLEUDWHG� DQG�
IRFXVHG� DW� WKH� VWDUW� RI� HDFK�PHDVXUHPHQW� GD\�� XVLQJ� D� SODWH� FRYHUHG�ZLWK� ÁDW� EODFN� VSUD\� SDLQW� WKDW�ZDV� SRVLWLRQHG� DW�
WKH� ORFDWLRQ� RI� WKH� IHHW�� ZLWK� WKH� WKHUPDO� UHIHUHQFH� HOHPHQWV� DERYH� DQG� EHQHDWK� WKH� SODWH�� &DOLEUDWLRQ� ZDV� SHUIRUPHG�
EDVHG� RQ� WKH� HTXDO� WKHUPDO� GLVWULEXWLRQ� RI� WKH� SODWH� �URRP� WHPSHUDWXUH��� $GGLWLRQDOO\�� WHPSHUDWXUH� RI� WKH� WKHUPDO�
UHIHUHQFH� HOHPHQWV�ZDV� REWDLQHG� GXULQJ� WKH�PHDVXUHPHQWV� WR� HQVXUH� FRQVLVWHQF\� RI� WKH� WKHUPDO�PHDVXUHPHQWV� GXULQJ�
WKH�GD\�E\�FRPSDULQJ�PHDVXUHG� WHPSHUDWXUH�YDOXHV�ZLWK�UHJLVWHUHG� WHPSHUDWXUH�YDOXHV�RI� WKH�UHIHUHQFH�HOHPHQWV�
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'XULQJ� HDFK� PHDVXUHPHQW�� WZR� LPDJHV� ZHUH� DFTXLUHG�� RQH� FRORU� LPDJH� ZLWK� DOO� OLJKW� VRXUFHV� RQ�� IROORZHG� E\� DQ�
LQIUDUHG� LPDJH� ZLWK� DOO� OLJKW� VRXUFHV� RͿ�� %RWK� FDPHUDV� ZHUH� GULYHQ� XVLQJ� FXVWRP�PDGH� 0$7/$%� VRIWZDUH� 
�WKH�0DWKZRUNV��0$���'DWD�ZHUH�SURFHVVHG�LQ�0$7/$%��)RU�OLYH�DVVHVVPHQW�RI�WKH�SDWLHQW·V�IHHW��WKH�ZRXQG�FRQVXOWDQW�
DQQRWDWHG� VSHFLÀF� UHJLRQV�RI� LQWHUHVW� �52,V��ZLWK� VLJQV�RI�GLDEHWLF� IRRW� FRPSOLFDWLRQV� �H�J��� FDOOXV��XOFHU��XVLQJ�D�SDSHU�
VKHHW� RQ� ZKLFK� WKH� IRRW� ERXQGDULHV� ZHUH� GUDZQ�� ,Q� WKH� FRORU� LPDJH�� ERWK� WKH� ERXQGDULHV� RI� WKH� IRRW� DQG� WKH� 52,V�
ZHUH� PDQXDOO\� DQQRWDWHG� ZLWK� VHOI�GHVLJQHG� 0$7/$%� VRIWZDUH� �VHH� Figure 2��� 7KLV� DQQRWDWLRQ� ZDV� WUDQVIHUUHG� WR�
WKH� WKHUPDO� LPDJH�� )URP� WKH� SL[HOV� HQFDSVXODWHG� E\� WKH� ERXQGDULHV� RI� WKH� HQWLUH� IRRW� DV� ZHOO� DV� WKRVH� HQFDSVXODWHG�
E\� WKH� 52,V�� WKH� PHDQ� WHPSHUDWXUH� DQG� WKH� VWDQGDUG� GHYLDWLRQ� �6'�� DFURVV� SL[HOV� ZHUH� DXWRPDWLFDOO\� SURFHVVHG� 
XVLQJ�0$7/$%�

Figure 2. 6FUHHQVKRW�RI� WKH�PDQXDO�DQQRWDWLRQ�RI� WKH�ULJKW� IRRW� LQ� WKH�FRORU� LPDJH�DQG� LWV� VXEVHTXHQW� WUDQVIHU� WR� WKH� WKHUPDO� LPDJH�

Results

3DWLHQW�FKDUDFWHULVWLFV�DQG� WHPSHUDWXUH�UHVXOWV� IURP�WKH� LQIUDUHG� LPDJLQJ�DUH�VKRZQ� LQ�Table 2��0HDQ� �6'��QXPEHU�RI�
SL[HOV� HQFDSVXODWHG�E\� WKH� IHHW�ERXQGDU\�ZDV�������� ��������PHDQ� �6'��QXPEHU�RI�SL[HOV� HQFDSVXODWHG�E\� WKH�52,�ZDV�
��� ������ 7KHUPDO� LPDJHV� DUH� VKRZQ� LQ�Figure 3� IRU� WKH� WKUHH� VXEJURXSV� RI� SDWLHQWV��'LͿHUHQFHV� LQ�PHDQ� WHPSHUDWXUH�
EHWZHHQ�WKH�LSVLODWHUDO�DQG�FRQWUDODWHUDO�IRRW�LQ�SDWLHQWV�ZLWK�QR�RU�ORFDO�FRPSOLFDWLRQV�ZHUH�DW�PD[LPXP������&��0HDQ�
WHPSHUDWXUH� EHWZHHQ� LSVLODWHUDO� DQG� FRQWUDODWHUDO� IRRW� RI� SDWLHQWV� ZLWK� GLͿXVH� FRPSOLFDWLRQV� GLͿHUHG� DW� PLQLPXP� ��
�&� �� ZKHUH� IHHW� ZLWK� RVWHRP\HOLWLV� DQG�RU� &KDUFRW� IHHW� ZHUH� ZDUPHU� DQG� WKRVH� ZLWK� FULWLFDO� LVFKHPLD� ZHUH� FROGHU�
FRPSDUHG�ZLWK� WKH�FRQWUDODWHUDO� IRRW�
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Table 2.

Patient Characteristics and Temperature Values in Mean (SD) Degrees Celsius
a

Patient characteristics Temperature (°C ), mean (SD)

# M/F Age DM 
type Neuropathy PAD Complications Foot Ipsilateral

footb
Contralateral

foot ɣ;�
ROI

ipsilateral
foot

ROI
contralateral

foot
ɣ;� ɣ;�

No complications

1 M 58 2 Yes No — 33.6 (1.4) 33.6 (1.4) 0.0

2 F 36 1 No No — 29.6 (2.7) 29.4 (2.6) 0.2

3 M 84 2 Yes Yes — 29.4 (1.8) 29.7 (1.1) -0.3

4 M 79 2 Yes No — 28.8 (1.7) 29.6 (1.6) -0.8

5 M 81 2 Yes No — 33.9 (1.9) 33.8 (1.0) 0.1

Local complicationsc

6 M 76 2 Yes No Ulcer hallux (1A) Left 30.8 (2.4) 29.3 (2.0) 1.5 35.0 (0.6) 26.2 (0.7) 8.8 4.2

7 M 69 2 Yes Yes Ulcer hallux (1A) Right 26.1 (1.4) 26.2 (1.4) -0.1 28.9 (0.6) 24.9 (0.7) 4.0 2.8

8 M 49 2 Yes No Ulcer hallux (1A) Right 29.5 (2.0) 29.1 (1.4) 0.4 32.7 (0.9) 31.5 (0.5) 1.2 3.2

9 M 68 2 Yes No Ulcer 2nd ray 
(1A)d Left 30.8 (1.5) 30.2 (1.1) 0.6 33.1 (0.3) 30.6 (0.3) 2.5 2.3

10 F 67 2 Yes No Callus MTP2-4 Left 26.0 (1.1) 24.9 (0.7) 1.1 27.3 (0.1) 25.0 (0.2) 2.3 1.3

Diffuse complicationsc,e

11 M 81 2 Yes Yes Critical ischemia
Ulcer hallux (1C) Right 25.1 (0.7) 29.0 (2.0) -3.9 24.0 (0.1) 24.6 (0.1) -0.6 -1.1

12 M 71 2 Yes No Charcot foot
Ulcer hallux (1A)

Left
Left 33.6 (1.1) 28.1 (1.4) 5.5 34.1 (0.3) 26.4 (0.3) 7.7 0.5

13 F 84 2 Yes No
Ulcer MTP1 with 

osteomyelitis 
(3B)

Left 30.0 (1.5) 27.0 (1.4) 3.0 31.1 (0.5) 26.2 (0.1) 4.9 1.1

14 M 79 2 Yes No

Charcot foot
Ulcer lateral 
midfoot with 
osteomyelitis 

(3B)

Left
Left 32.1 (1.9) 26.0 (1.2) 6.1 33.4 (0.3) 25.9 (0.3) 7.5 1.3

15 M 60 2 Yes No
Ulcer MTP5 with 

osteomyelitis 
(3B)

Right 32.3 (1.0) 28.6 (1.0) 3.7 33.0 (0.5) 29.3 (0.3) 3.7 0.7

a #, patient number; M, male; F, female; DM, diabetes mellitus; MTP, metatarsophalangeal joint; PAD, peripheral arterial disease;  
ɣ;���KPMMLYLUJL�IL[^LLU�TLHU� [LTWLYH[\YL�VM� PWZPSH[LYHS�HUK�JVU[YHSH[LYHS� MVV["�ɣ;���KPMMLYLUJL�IL[^LLU�TLHU� [LTWLYH[\YL�VM�960�HUK�
JVYYLZWVUKPUN�JVU[YHSH[LYHS�960"�ɣ;���KPMMLYLUJL�IL[^LLU�TLHU� [LTWLYH[\YL�VM�960�HUK�TLHU� [LTWLYH[\YL�VM� PWZPSH[LYHS� MVV[�

b -VY�WH[PLU[Z�^P[OV\[�JVTWSPJH[PVUZ�� SLM[� MVV[�^HZ�KLÄULK�HZ� PWZPSH[LYHS� MVV[��
c <UP]LYZP[`�VM�;L_HZ�^V\UK�JSHZZPÄJH[PVU�Z`Z[LT�19
d Only one complication of patient 9 is shown. In Figure 3 it can be seen that another ROI (abundant callus on metatarsophalangeal joint 1) is 

present on the right foot. However, as there was no contralateral metatarsophalangeal joint 1 due to amputation, this ROI is not further 
analyzed. 

e The ROIs in patients with diffuse complications were their ulcer locations.

,Q� IRXU�RXW�RI�ÀYH�SDWLHQWV�ZLWK� ORFDO� IRRW�FRPSOLFDWLRQV�� WHPSHUDWXUH�DW� WKH�52,�ZDV�!���&�KLJKHU�FRPSDUHG�ZLWK� WKH�
FRUUHVSRQGLQJ� UHJLRQ� LQ� WKH� FRQWUDODWHUDO� IRRW�� DQG�!�� �&�KLJKHU� FRPSDUHG�ZLWK� WKH�PHDQ� WHPSHUDWXUH�RI� WKH� LSVLODWHUDO�
IRRW�� ,Q� IRXU� RXW� RI� ÀYH� SDWLHQWV� ZLWK� GLͿXVH� FRPSOLFDWLRQV�� WHPSHUDWXUH� DW� WKH� 52,� ZDV� !�� �&� KLJKHU� FRPSDUHG�ZLWK� 
WKH� FRUUHVSRQGLQJ� UHJLRQ� LQ� WKH� FRQWUDODWHUDO� IRRW�� ,Q� WKHVH� SDWLHQWV�� WKH� WHPSHUDWXUH�GLͿHUHQFH� EHWZHHQ� WKH�52,� DQG�
WKH�PHDQ� WHPSHUDWXUH�RI� WKH� LSVLODWHUDO� IRRW�ZDV������ �&�



6

Infrared Thermal Imaging for Automated Detection of Diabetic Foot Complications Van Netten

www.jdst.orgJ Diabetes Sci Technol Vol 7, Issue 5, September 2013

Figure 3. 7KHUPDO� LPDJHV� RI� ERWK� IHHW� RI� ÀYH� SDWLHQWV� ZLWKRXW� IRRW� FRPSOLFDWLRQV� �WRS� URZ�� OHIW� WR� ULJKW�� SDWLHQWV� �� WR� ���� ÀYH� SDWLHQWV� ZLWK�
ORFDO� IRRW� FRPSOLFDWLRQV� �PLGGOH� URZ�� OHIW� WR� ULJKW�� SDWLHQWV� �� WR� ����� DQG� ÀYH� SDWLHQWV� ZLWK� GLͿXVH� IRRW� FRPSOLFDWLRQV� �ERWWRP� URZ�� OHIW� WR� ULJKW�� 
SDWLHQWV� ��� WR� �����7KH�52,V� DUH� LQGLFDWHG�ZLWK�EODFN� FLUFOHV�GUDZQ�RQ� WRS�RI� WKH� LPDJH��7KH� VL[�EORFNV� VKRZQ�DORQJ� WKH�SHULPHWHU� LQ� HDFK� LPDJH�
DUH� WKH� WKHUPDO� UHIHUHQFHV�EORFNV�

Discussion

7HFKQRORJLFDO� DGYDQFHV� LQ� LQIUDUHG� LPDJLQJ�� FRQFHUQLQJ� ERWK� WKH� VSHHG� RI� DVVHVVPHQW� DQG� WKH� VSDWLDO� UHVROXWLRQ� RI�
LPDJH� SL[HOV�� KDYH� LQFUHDVHG� SRVVLELOLWLHV� WR� TXDQWLI\� WKHUPDO� SDWWHUQV� DQG� SHUIRUP� DXWRPDWHG� DQDO\VLV� RQ� DFTXLUHG�
WKHUPDO� LPDJHV� RI�SDWLHQWV·� IHHW��� ,Q� WKH� FXUUHQW� VWXG\��ZH� H[SORUHG� WKH�ÀUVW� VWHSV� LQ� WKH� DSSOLFDELOLW\� RI� KLJK�UHVROXWLRQ�
LQIUDUHG� WKHUPDO� LPDJLQJ� IRU� QRQLQYDVLYH� DXWRPDWHG� GHWHFWLRQ� RI� VLJQV� RI� GLDEHWLF� IRRW� GLVHDVH�� $Q� DOJRULWKP� ZDV�
GHYHORSHG� IRU�GHWHFWLQJ� VLJQV�RI�GLDEHWLF� IRRW�GLVHDVH�E\�PHDVXULQJ� WKH� WHPSHUDWXUH�RI� WKH�SODQWDU� VXUIDFH�RI� WKH� IHHW�� 
EDVHG� VROHO\� RQ� SDUDPHWHUV� WKDW� FDQ� EH� FDSWXUHG� DQG� DQDO\]HG� ZLWK� DQ� LQIUDUHG� FDPHUD� DQG� D� FRPSXWHU��:LWK� WKLV� 
DOJRULWKP�� D� JRRG� GLVWLQFWLRQ� FRXOG� EH�PDGH� EHWZHHQ� SDWLHQWV� KDYLQJ� QR� GLDEHWLF� IRRW� FRPSOLFDWLRQV�� ORFDO� FRPSOLFD�
WLRQV�� RU� GLͿXVH� FRPSOLFDWLRQV�� 3DWLHQWV� ZLWKRXW� FRPSOLFDWLRQV� VKRZHG� RQO\� VPDOO� WHPSHUDWXUH� GLͿHUHQFHV� EHWZHHQ�
IHHW�� 3DWLHQWV� ZLWK� ORFDO� FRPSOLFDWLRQV� VXFK� DV� D� QRQLQIHFWHG� DQG� QRQLVFKHPLF� IRRW� XOFHU� RU� DEXQGDQW� FDOOXV� VKRZHG�
ORFDOO\� LQFUHDVHG� WHPSHUDWXUHV�RI�!�� �&�FRPSDUHG�ZLWK�ERWK� WKH�FRQWUDODWHUDO� IRRW�DQG� WKH�DYHUDJH� WHPSHUDWXUH�RI� WKH�
LSVLODWHUDO� IRRW�� 3DWLHQWV�ZLWK� GLͿXVH� FRPSOLFDWLRQV� VXFK� DV� D� IRRW� XOFHU�ZLWK� RVWHRP\HOLWLV� RU� D� &KDUFRW� IRRW� VKRZHG�
DQ� LQFUHDVHG�PHDQ� WHPSHUDWXUH� RI� !�� �&� FRPSDUHG� ZLWK� WKH� FRQWUDODWHUDO� IRRW�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� DGYDQFHG�
LQIUDUHG� WKHUPDO� LPDJLQJ�PD\�EH� DSSOLFDEOH� DV� GLDJQRVWLF� WRRO� IRU� QRQLQYDVLYH� DXWRPDWHG�GHWHFWLRQ� RI� VLJQV� RI� GLDEHWLF�
IRRW�GLVHDVH��7KLV�PD\�EH�DSSOLHG� IRU� HDUO\�GHWHFWLRQ�DQG� WLPHO\�PDQDJHPHQW�RI�GLDEHWLF� IRRW� FRPSOLFDWLRQV��ZKLFK�PD\�
FRQWULEXWH� WR� WKH�SUHYHQWLRQ�RI� IXUWKHU��PRUH�GHYDVWDWLQJ�FRQVHTXHQFHV�

,Q� WKH� RQO\� FOLQLFDO� VWXG\� NQRZQ� WR� WKH� DXWKRUV� WKDW� PHDVXUHG� IRRW� WHPSHUDWXUH� LQ� WKH� GLDEHWLF� IRRW�� /DYHU\� DQG�
FRDXWKRUV��²���GHÀQH�D�GLͿHUHQFH�RI��� �)� �RU����� �&� ��EHWZHHQ�D� IRRW� UHJLRQ�DQG� WKH�FRUUHVSRQGLQJ�UHJLRQ� LQ� WKH�FRQWUD�
ODWHUDO� IRRW�DV� FOLQLFDOO\� VLJQLÀFDQW��7KH� WHPSHUDWXUH�GLͿHUHQFHV�PHDVXUHG� LQ� WKH� FXUUHQW� VWXG\�FRQÀUP� WKLV� WKUHVKROG�
DV� FOLQLFDOO\� UHOHYDQW�� +RZHYHU�� IURP� WKH� UHVXOWV� RI� WKLV� VWXG\�� LW� FDQ� EH� VHHQ� WKDW� PRUH� DGYDQFHG� LQIUDUHG� FDPHUDV�
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DOORZ� IXUWKHU� VSHFLÀFDWLRQ� RI� WHPSHUDWXUH� GLͿHUHQFHV� EHWZHHQ� IHHW�� ZKHUH� WHPSHUDWXUH� GLͿHUHQFH� WKUHVKROGV� RI� 
�� �&� DSSO\� WR� ORFDO� FRPSOLFDWLRQV� VXFK� DV� QHXURSDWKLF� XOFHUV� DQG� DEXQGDQW� FDOOXV�� DQG� WHPSHUDWXUH� GLͿHUHQFH�
WKUHVKROGV�RI����&�DSSO\� WR�GLͿXVH�FRPSOLFDWLRQV�VXFK�DV�&KDUFRW� IRRW��XOFHUV�ZLWK�RVWHRP\HOLWLV��DQG�FULWLFDO� LVFKHPLD��
)XUWKHU�WHVWLQJ�LQ�ODUJHU�JURXSV�RI�XQVHOHFWHG�SDWLHQWV�LV�QHFHVVDU\�WR�FRQÀUP�WKH�ÀQGLQJV�RI�WKLV�SLORW�VWXG\��WR�UHÀQH�
WKH� FODVVLÀFDWLRQ� RI� FRPSOLFDWLRQV� EDVHG� RQ� PHDVXUHG� WHPSHUDWXUH� GLͿHUHQFHV�� DQG� WR� FDOFXODWH� GLDJQRVWLF� DFFXUDF\�
ZLWK�SDUDPHWHUV�VXFK�DV�VHQVLWLYLW\�DQG�VSHFLÀFLW\�

7KH� QHFHVVLW\� IRU�PDQXDO� DQQRWDWLRQ� RI� WKH� ERXQGDULHV� RI� WKH� IRRW� LQ� WKH� FRORU� LPDJH�ZDV� D� OLPLWDWLRQ� LQ� WKLV� VWXG\��
,W� LV� XQOLNHO\� WKDW� PDQXDO� DQQRWDWLRQ� RI� IRRW� ERXQGDULHV� KDV� DͿHFWHG� WKH� UHVXOWV�� DV� DGHTXDWH� DFFXUDF\� FRXOG� EH�
JXDUDQWHHG� �Figure 2��� +RZHYHU�� DXWRPDWHG� DQDO\VLV� LV� QRW� SRVVLEOH� ZKHQ� DOO� IHHW� UHTXLUH� PDQXDO� DQQRWDWLRQ�� :H� DUH�
FXUUHQWO\� ZRUNLQJ� RQ� DXWRPDWHG� LPDJH� DQDO\VLV� VLPLODU� WR� DQ� DOUHDG\�GHVFULEHG� PHWKRG���� 7KLV� PHWKRG� LQFOXGHV�
DXWRPDWHG� GHÀQLWLRQ� RI� IRRW� ERXQGDULHV�� FDOFXODWLRQ� RI� PHDQ� WHPSHUDWXUHV�� DQG� FRPSDULVRQ� RI� WHPSHUDWXUHV� ZLWK�
FRQWUDODWHUDO� UHJLRQV�� 7KHVH� GHYHORSPHQWV� DUH� QHHGHG� WR� DFKLHYH� RXU� JRDO� RI� DQ� LQWHOOLJHQW� WHOHPHGLFLQH� PRQLWRULQJ�
V\VWHP� EDVHG� RQ� LQIUDUHG� LPDJLQJ�� ,QFOXVLRQ� LQ� WKLV� VWXG\� ZDV� OLPLWHG� WR� SDWLHQWV� HLWKHU� ZLWK� RU� ZLWKRXW� H[LVWLQJ�
SDWKRORJLHV��)XWXUH� VWXGLHV� VKRXOG� IROORZ�SDWLHQWV�ZLWKRXW�H[LVWLQJ�SDWKRORJLHV�RYHU� WLPH� WR� LQYHVWLJDWH� WKH�GLDJQRVWLF�
DFFXUDF\� RI� WKH� V\VWHP� LQ� GHWHFWLQJ� GLDEHWLF� IRRW� FRPSOLFDWLRQV� DV� HDUO\� DV� SRVVLEOH�� $QRWKHU� OLPLWDWLRQ� ZDV� WKH� UDWKHU�
UXGLPHQWDU\�GLͿHUHQWLDWLRQ�LQ�´QR�µ�´ORFDO�µ�DQG� ǴLͿXVHµ�FRPSOLFDWLRQV��7KH�ORFDO�FRPSOLFDWLRQV�´QHXURSDWKLF�XOFHUµ�DQG�
D́EXQGDQW�FDOOXVµ�KDYH�D�GLͿHUHQW�FOLQLFDO�VLJQLÀFDQFH��DQG� WKHUHIRUH�GLͿHUHQW�UHIHUUDO� WLPHV��EXW� WKHVH�VLJQV�FRXOG�QRW�
EH� VHSDUDWHG� IURP� WKH� WKHUPDO� LPDJHV� REWDLQHG� LQ� WKLV� VWXG\�� )XWXUH� VWXGLHV� QHHG� WR� H[SORUH� LI� IXUWKHU� GLͿHUHQWLDWLRQ� 
LV�SRVVLEOH�EHWZHHQ� WKHVH�VLJQV�RI�GLDEHWLF� IRRW�GLVHDVH�EDVHG�RQ� WKHUPDO� LPDJHV�

,QIUDUHG� WHPSHUDWXUH� PHDVXUHPHQWV� KDYH� VRPH� OLPLWDWLRQV� ZKHQ� DSSOLHG� IRU� FOLQLFDO� SXUSRVHV�� ZKLFK� KDYH� EHHQ�
GHVFULEHG� HDUOLHU������ 7KH� ÀUVW� LV� WKH� GHWHFWLRQ� RI� ORFDO� FRPSOLFDWLRQV� WKDW� DUH� ELODWHUDOO\� SUHVHQW� LQ� WKH� VDPH� IRRW� UHJLRQ�
DW� WKH� VDPH� WLPH�� 7KLV� LV� YLVLEOH�� IRU� H[DPSOH�� LQ� SDWLHQW� ��� ZKR� KDG� DQ� XOFHU� ZLWK� ORFDO� WHPSHUDWXUH� LQFUHDVH� DW� WKH�
ULJKW� KDOOX[� EXW� DOVR� LQFUHDVHG� WHPSHUDWXUH� DW� WKH� OHIW� KDOOX[�� $V� D� UHVXOW�� WKH� WHPSHUDWXUH� GLͿHUHQFH� EHWZHHQ� WKHVH�
UHJLRQV�GLG�QRW�H[FHHG����&���$V�VKRZQ�LQ�WKLV�VWXG\��WKLV�OLPLWDWLRQ�FDQ�EH�RYHUFRPH�ZLWK�IXUWKHU�RSWLPL]DWLRQ�RI�WKH�
DOJRULWKPV�EDVHG�RQ�WKH�FRPSDULVRQ�RI� WHPSHUDWXUH�DW� WKH�52,�ZLWK�WKH�PHDQ�LSVLODWHUDO� IRRW� WHPSHUDWXUH��7KH�VHFRQG�
OLPLWDWLRQ� LV� WKH� GHWHFWLRQ� RI� GLͿXVH� FRPSOLFDWLRQV� SUHVHQW� LQ� ERWK� IHHW� DW� WKH� VDPH� WLPH�� 3DWLHQW� �� KDG� WHPSHUDWXUH�
YDOXHV� LQ�ERWK�IHHW� WKDW�DUH�KLJKHU�FRPSDUHG�ZLWK� WKH�YDOXHV�PHDVXUHG� LQ�RWKHU�SDWLHQWV��%DVHG�RQ�WKH� LQIUDUHG� LPDJH�
RQO\�� LW� LV� QRW� SRVVLEOH� WR� FRQÀUP�ZKHWKHU� WKLV� SDWLHQW� KDV� ELODWHUDOO\� &KDUFRW� IHHW�� ELODWHUDOO\� RVWHRP\HOLWLV�� RU� MXVW� D� 
SDLU� RI�ZDUP� IHHW� �H�J��� GXH� WR� WKH� SUHVHQFH� RI� DXWRQRPLF� QHXURSDWK\��� %\� FRPELQLQJ� LQIUDUHG� LPDJLQJ�ZLWK�� IRU� H[DPSOH��
SKRWRJUDSKLF� LPDJLQJ�� WKLV� OLPLWDWLRQ�PD\� EH� RYHUFRPH�� DOWKRXJK� LW� PXVW� EH� QRWHG� WKDW� WKH� FKDQFHV� RI� KDYLQJ� VXFK�
VHYHUH� FRPSOLFDWLRQV�RQ�ERWK� IHHW�DW� WKH� VDPH� WLPH�DUH�YHU\� ORZ��)LQDOO\�� WKH�YDOXH�RI�XVLQJ�DEVROXWH� IRRW� WHPSHUDWXUH�
YDOXHV� IRU� WKH� GHWHFWLRQ� RI� VLJQV� RI� IRRW� GLVHDVH� LV� VWLOO� QRW� FOHDU�� )RRW� WHPSHUDWXUHV�PD\� YDU\� IURP�SHUVRQ� WR� SHUVRQ�
DV� D� UHVXOW� RI� DJH�� DQG� VH[�UHODWHG� GLͿHUHQFHV�� SUHVHQFH� RI� DXWRQRPLF� QHXURSDWK\� RU� SHULSKHUDO� YDVFXODU� GLVHDVH�� DQG�
HQYLURQPHQWDO� IDFWRUV� VXFK� DV� DPELHQW� WHPSHUDWXUH��� 3URSHUO\� FRQWUROOHG� VWXGLHV� ZLWK� DGYDQFHG� LQIUDUHG� LPDJLQJ�
LQ� ODUJH� JURXSV� RI� SDUWLFLSDQWV� DUH� QHHGHG� WR� GHWHUPLQH� WKH� �DGGLWLRQDO�� YDOXH� RI� DEVROXWH� IRRW� WHPSHUDWXUH� YDOXHV�
IRU� GLDJQRVWLF� SXUSRVHV�� 6XFK� VWXGLHV� SUHIHUDEO\� FRQGXFW� PHDVXUHPHQWV� RYHU� WLPH� ZLWKLQ� SDWLHQWV� WR� GHWHUPLQH�
LQWUDLQGLYLGXDO� WHPSHUDWXUH�SDWWHUQV�DQG�FKDQJHV�

$Q� LQWHOOLJHQW� WHOHPHGLFLQH� PRQLWRULQJ� V\VWHP� DV� HQYLVLRQHG� LQ� RXU� SURMHFW� LV� QRW� \HW� FORVH� WR� EHLQJ� XVHG� LQ� GDLO\�
FOLQLFDO�SUDFWLFH��7HFKQRORJLFDO� LVVXHV�QHHG� WR�EH� UHVROYHG�� LQFOXGLQJ�SDWLHQW�SRVLWLRQLQJ�� FDPHUD�SRVLWLRQLQJ�� WKH�QHHG� 
IRU� DGGLQJ� RWKHU� LPDJLQJ�PRGDOLWLHV�� DQG� DXWRPDWHG� LPDJH� UHJLVWUDWLRQ� DQG� DQDO\VLV��� )HDVLELOLW\� VWXGLHV� DUH� QHHGHG�
WR� HVWDEOLVK� WKH� PRVW� RSWLPDO� UHTXLUHPHQWV� IRU� VXFK� D� V\VWHP� DQG� WKH� PRVW� HͿHFWLYH� DSSOLFDWLRQ� LQ� GDLO\� OLIH��
6XEVHTXHQWO\�� WKH� �FRVW��HͿHFWLYHQHVV�RI�XVLQJ�VXFK�D�V\VWHP�IRU� WKH�SUHYHQWLRQ�RI�GLDEHWLF� IRRW�GLVHDVH�ZLOO�KDYH�WR�EH�
DVVHVVHG��3ULFHV�RI�DGYDQFHG�WKHUPDO� LPDJLQJ�V\VWHPV�DUH�GURSSLQJ��EXW� LW� LV�QRW�FOHDU�ZKHWKHU�SULFHV�DUH� ORZ�HQRXJK�
WR� LPSOHPHQW�VXFK�D�V\VWHP�DV�D�PRQLWRULQJ� WRRO�

Conclusions

,Q� WKLV� VWXG\��ZH� H[SORUHG� WKH� ÀUVW� VWHSV� LQ� WKH� DSSOLFDELOLW\� RI� LQIUDUHG� WKHUPDO� LPDJLQJ� IRU� QRQLQYDVLYH� DXWRPDWHG�
GHWHFWLRQ� RI� VLJQV� RI� GLDEHWLF� IRRW� GLVHDVH��:H�KDYH� IRXQG� DQ� DOJRULWKP� WKDW� FDQ�GHWHFW� VLJQV� RI� GLDEHWLF� IRRW� GLVHDVH�
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DQG�GLVFULPLQDWH�EHWZHHQ�QR�� ORFDO�� RU�GLͿXVH�GLDEHWLF� IRRW� FRPSOLFDWLRQV��7KLV� DOJRULWKP� LV�EDVHG� VROHO\�RQ�SDUDPHWHUV�
WKDW� FDQ� EH� FDSWXUHG� DQG� DQDO\]HG� ZLWK� DQ� LQIUDUHG� FDPHUD� DQG� D� FRPSXWHU�� $V� VXFK�� DQ� LQWHOOLJHQW� WHOHPHGLFLQH�
PRQLWRULQJ�V\VWHP�LV�RQH�VWHS�FORVHU��)XWXUH�VWXGLHV�DUH�HVVHQWLDO�WR�FRQÀUP�DQG�H[WHQG�WKHVH�SURPLVLQJ�HDUO\�ÀQGLQJV�
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