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)RUHVW�PHQVXUDWLRQ�KHOSV� WR�GHWHUPLQH� WKH�YRO�
XPH� RI� ORJV�� WUHHV� DQG� VWDQGV� DQG� DOVR� IDFLOL�
WDWHV� VWXGLHV� RI� LQFUHPHQW� DQG� \LHOG� �*UDYHV��
������� ,W� LV� RQH� RI� WKH� NH\QRWH� IRXQGDWLRQV� RI�
IRUHVWU\�DQG� LV� WKH�DSSOLFDWLRQ�RI�PHDVXUHPHQW�
SULQFLSOHV� WR� REWDLQ� TXDQWLILDEOH� LQIRUPDWLRQ�
DERXW� WUHHV� IRU� GHFLVLRQ� PDNLQJ�� 5HFHQWO\�� UH�
VHDUFKHUV�DUH�IRFXVLQJ�RQ�XVLQJ��6�WHFKQRORJLHV�

-�*HRJUDSKLF�,QIRUPDWLRQ�6\VWHPV��*,6���*ORE�
DO� 3RVLWLRQLQJ� 6\VWHPV� �*36�� DQG� 5HPRWH�
6HQVLQJ� �56�� -� � LQ� IRUHVW� PHQVXUDWLRQ� DV� WKH\�
DUH�LPSRUWDQW�DVSHFWV�RI�VFLHQFH�DQG�WHFKQRORJ\�
RI� /DQG� DQG� (QYLURQPHQWDO� 6XUYH\LQJ�� 6XFK�
WHFKQRORJLHV�KDYH�PDQ\�DGYDQWDJHV� VXFK�DV� LQ�
TXDQWLI\LQJ�WKH�DUHDO�H[WHQW�DQG�VSDWLR-WHPSRUDO�
DVSHFWV� RI� WKH� IRUHVW� LQ� DGGUHVVLQJ� FOLPDWH�
FKDQJH�IRU�VXVWDLQDEOH�GHFLVLRQ�PDNLQJ��4XD\H
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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��7UHH-9ROXPH��3LQXV�+LQGXUDQVLV��6WDQGDUG�9ROXPH�7DEOH��697���3KRWRJUDPPHWU\� 
=HLVV�7RSRFDUW�' 

$%675$&7 
)RUHVW�0HQVXUDWLRQ�HPSOR\V�FHUWDLQ�PHDVXUHPHQW�SULQFLSOHV�WR�REWDLQ�TXDQWLILDEOH�LQIRUPDWLRQ�
DERXW�WKH�IRUHVW�IRU�VXVWDLQDEOH�GHFLVLRQ�PDNLQJ�� �,Q�WKLV�SDSHU��D�SKRWRJUDPPHWULF�DOWHUQDWLYH�
HPSOR\LQJ���PP�QRQ-PHWULF�SKRWRJUDSK\�KDV�EHHQ�VXJJHVWHG�DQG�XVHG�LQ�WKH�SUHSDUDWLRQ�RI�D�
6WDQGDUG�9ROXPH�7DEOH� �697�� IRU�)RUHVW�0HQVXUDWLRQ��7KH� IRUHVWHU� LV�DIIRUGHG�YROXPH� LQIRU�
PDWLRQ�DERXW�WUHHV�LQ�OHVV�WLPH�DQG�DW�ORZHU�FRVW��ZLWKRXW�VDFULILFLQJ�DFFXUDF\��&RPSDULVRQV�DUH�
PDGH�EHWZHHQ�WKH�SKRWRJUDPPHWULF�DQG�WUDGLWLRQDO�PHWKRGV�XVHG�E\�IRUHVWHUV�LQ�PHDVXULQJ�WUHH-
YROXPH���)URP�WKH�WKUHH�PHWKRGV�–�XVH�RI�WKH�6SLHJHO�5HODVNRS��PHDVXULQJ�WDSH�RQ�IHOOHG�WUHH��
DQG�WKH�SKRWRJUDPPHWULF�WHFKQLTXH�GHYHORSHG�LQ�WKLV�ZRUN��YROXPHV�ZHUH�GHWHUPLQHG�XVLQJ�WKH�
+XEHU�IRUPXOD�DQG�D�UHJUHVVLRQ�HTXDWLRQ��7KH�XVH�RI�PHDVXULQJ�WDSH�RQ�IHOOHG�WUHH�WR�GHWHUPLQH�
WUHH� YROXPH�KDV�EHHQ�NQRZQ� WR�SURYLGH� WKH�PRVW� UHOLDEOH� YROXPHWULF� GHWHUPLQDWLRQV�DQG� FRP�
PRQO\�VHUYHV�DV�D�VWDQGDUG�IRU�VXFK�PHDVXUHPHQWV��5HVXOWV�IURP�WKH�SKRWRJUDPPHWULF�WHFKQLTXH�
FRPSDUHG�YHU\�ZHOO�ZLWK�WKRVH�REWDLQHG�XVLQJ�PHDVXULQJ�WDSH�RQ�IHOOHG�WUHH�LQGLFDWLQJ�WKDW���SKR�
WRJUDPPHWULF�WHFKQLTXH�KHUHLQ�GHYLVHG�SURYHV�D�PRUH�HIIHFWLYH�PHDQV�IRU�GHULYLQJ�7UHH�9ROXPH�
7DEOHV��LI�IDFWRUV�OLNH�VSHHG��FRVW��DQG�FRQYHQLHQFH�DUH�FRQVLGHUHG�� 



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

 

 

 DQG�WDNHV�GLDPHWHU�DQG�KHLJKW�PHDVXUHPHQWV�DW�
YDULRXV� VHFWLRQV�RI� WKH� WUHH��6WDQGLQJ� WUHHV� DUH�
IHOOHG�EHIRUH�WKH�KHLJKW�RI�WKH�WUHH�FDQ�EH�GHWHU�
PLQHG�� $IWHU� WKH� WUHHV� DUH� IHOOHG�� WKH� WDSH� LV�
XVHG� WR� PHDVXUH� WKH� KHLJKW�� 7KXV�� IURP� WKH�
DERYH�� EHIRUH� D� 697� FDQ� EH� SUHSDUHG�� WUHHV�
QHHG�WR�EH�IHOOHG�DQG�VR�D�VL]HDEOH�SRUWLRQ�RI�D�
ZKROH�SODQWDWLRQ�LV�GHVWUR\HG�EHIRUH�D�6WDQGDUG�
9ROXPH� 7DEOH� LV� GHULYHG�� :LWK� WKH� IHOOLQJ� RI�
WUHHV� PHWKRG�� WUHHV� FDQ� EH�PHDVXUHG� ZLWK� DQ\�
GHJUHH�RI�DFFXUDF\��7UHH�YROXPH�LQFUHDVHV�ZLWK�
GLDPHWHU� DQG�KHLJKW��+RZHYHU�� WKLV� LQFUHDVH� LV�
QRW� UHJXODU� IRU� LQGLYLGXDO� WUHHV� GXH� WR� GLIIHU�
HQFHV� LQ� WUHH� IRUPV��7DEXODWHG�YDOXHV�REWDLQHG�
IURP� VXFK� PHDVXUHPHQWV� RI� IHOOHG� WUHHV� DUH�
NQRZQ� DV� WKH� 6WDQGDUG� 9ROXPH� 7DEOH� �697���
2WKHU�9ROXPH�7DEOHV�H[LVW�–�H[DPSOHV�LQFOXGH�
/RFDO� 9ROXPH� 7DEOH� �/97�� DQG� )RUP� &ODVV�
9ROXPH�7DEOH��)&97�� 
 
3KRWRJUDPPHWULF�SURFHGXUHV�DUH�XVHG� WR�GHWHU�
PLQH� WKH� YROXPH� RI� WUHHV� DV� DJDLQVW� WKH� WUDGL�
WLRQDO�PHWKRGV�RI�FOLPELQJ�� IHOOLQJ�WKH�WUHHV�RU�
XVLQJ�WKH�6SLHJHO�5HODVNRS��7KHVH�PHWKRGV�DUH�
HPSOR\HG� WR�PHDVXUH� WKH�GLDPHWHU�DQG�KHLJKWV�
WR� HQDEOH� WKH� WUHH� YROXPHV� WR� EH� GHWHUPLQHG��
DQG� IURP� WKLV� D� 697� LV� SUHSDUHG�� 7KH� 697�
KHOSV� LQ� WKH� PDQDJHPHQW� RI� WKH� WUHH� VSHFLHV��
&RQVLGHUDEOH� UHVHDUFK� KDV� EHHQ� FRQGXFWHG� XV�
LQJ�5HPRWH�6HQVLQJ�DV�ZHOO�DV�/DVHU�6FDQQLQJ�
$OWLPHWU\� LQ� HVWLPDWLRQ� RI� WUHH� YROXPH�
�0DOWDPR� HW� DO��� ������� +XVFK� HW� DO�� �������
KDYH�GHPRQVWUDWHG�WKDW�SKRWRJUDPPHWULF�PHDV�
XUHPHQWV� SURYLGH� EHWWHU� PHDQV� IRU� PHDVXULQJ�
WKH�JURZLQJ�VSDFH�RI�D�WUHH�VLQFH�LW�LV�FRUUHODWHG�
WR� WUHH� DQG� VWDQG� YROXPH��0DNLQJ� XVH RI� QHZ�
WHFKQRORJ\� LV� RQH� RI� WKH� FKDOOHQJHV� IDF�
LQJ IRUHVWHUV� VLQFH� UHVRXUFH� LQIRUPDWLRQ PXVW�
XVXDOO\� EH REWDLQHG ZLWK� OLPLWHG� EXGJHW� DQG�
WKLV� MXVWLILHV� XVH� RI� JHRVSDWLDO� WHFKQRORJ\� DV�
H[HPSOLILHG� E\� WKH� SKRWRJUDPPWULF� PHWKRG�
KHUHLQ�SUHVHQWHG�IRU�WUHH�YROXPH�PHDVXUHPHQWV�
ZLWK�QRQ-PHWULF���PP��7KH�DLP�RI�WKH�UHVHDUFK�
ZDV� WR� XVH� ��PP� QRQ-PHWULF� SKRWRJUDSK\� LQ�
WKH� =HLVV� 7RSRFDUW� '� IRU� GHULYDWLRQ� RI� D� 7UHH�
9ROXPH� 7DEOH� RI� D� SLQH� SODQWDWLRQ�� 7KH� WUHHV�
ZKLFK� ZHUH� WR� EH� HVWLPDWHG� IRU� YROXPH� ZHUH�
SKRWRJUDSKHG�DQG�WKH�QHJDWLYHV�XVHG��LQVWHDG�RI�
WKH� SRVLWLYHV�� LQ� RUGHU� WR� UHGXFH� FRVW� ZLWKRXW�
VDFULILFLQJ�DFFXUDF\�� 
 
 

$J\HPDQJ�HW�DO�� �� 

-%DOODUG� HW� DO��� ������� 0DQ\� UHVHDUFKHV� KDYH�
EHHQ�FRQGXFWHG�WR�RYHUFRPH�WKH�SUREOHPV�DVVR�
FLDWHG� ZLWK� WKH� WUDGLWLRQDO� PHWKRGV� EDVHG� RQ�
WLPH� DQG� H[WHQW� RI� DUHD� UHTXLUHG� IRU� GHFLVLRQ�
PDNLQJ� E\� XVLQJ� SKRWRJUDPPHWULF� WHFKQLTXHV�
LQ�HVWLPDWLQJ�WUHH�DQG�IRUHVW�YROXPHV�DV�ZHOO�DV�
WUHH� KHLJKWV� IURP� /L'$5� �.RUKRQHQ� HW� DO���
������0XOOHU�HW�DO���������3RSHVFX�HW�DO���������
6WURWKHU� HW� DO��� ������� ODVHU� DOWLPHWU\�
�+ROPJUHQ�� ������ ������ +\\SSl� HW� DO��� ������
3RSHVFX�HW�DO���������7DQVH\�HW�DO����������DHULDO�
SKRWRJUDSKV� �0LOOHU� HW� DO��� ������ 6WUDXE� HW� DO���
������ DQG� �'� LPDJH� DQDO\VLV� WHFKQLTXH� LQ� DV�
VHVVLQJ�WUHH�VWUXFWXUH��0LOOHU�HW�DO���������0RU�
JHQURWK� DQG� *RPH]�� ������� )RUHVWU\�� LQ� D�
EURDGHU� VHQVH�� PDQDJHV� DFWLYLWLHV� LQYROYLQJ�
IRUHVWODQG�� WKH�SODQWV� DQG� DQLPDOV� RQ� WKH� ODQG��
DQG�KXPDQV�DV�WKH\�XVH�ODQG��$V�KDV�DSWO\�EHHQ�
VDLG�� ³RQH� FDQQRW� HIILFLHQWO\�PDNH��PDQDJH� RU�
VWXG\�DQ\WKLQJ�RQH�FDQQRW�ORFDWH�RU�PHDVXUH´� 
 
7UDGLWLRQDO� PHWKRGV� IRU� IRUHVW� PHQVXUDWLRQ�
LQFOXGH� WKH� PHDVXUHPHQW� RI� WUHH� GLDPHWHU� DQG�
KHLJKW�� 6RPH� HTXLSPHQW� XVHG� IRU� GLDPHWHU�
PHDVXUHPHQWV� LQFOXGH� WUHH� FDOLSHUV�� GLDPHWHU�
WDSH�� %LOWPRUH� 6WLFN�� HWF�� 7KH� &OLQRPHWHU� LV�
DOVR�XVHG�IRU�GHWHUPLQLQJ�WUHH�KHLJKW��'LDPHWHU�
PHDVXUHPHQW� LV� LPSRUWDQW� EHFDXVH� LW� LV� RQH� RI�
WKH� GLUHFWO\� PHDVXUHDEOH� GLPHQVLRQV� IURP�
ZKLFK�WKH�WUHH�FURVV-VHFWLRQDO�DUHD��VXUIDFH�DUHD�
DQG�YROXPH�FDQ�EH�FRPSXWHG��7UHH�FDOLSHUV�FDQ�
FRQYHQLHQWO\�EH� XVHG� IRU� WLPEHU�ZLWK�GLDPHWHU�
QRW� H[FHHGLQJ� ��� LQFKHV�� +RZHYHU�� IRU� ELJJHU�
GLDPHWHUV� LW� LV� FOXPV\� DQG� LPSUDFWLFDO�� 7KH�
GLDPHWHU� WDSH� LV� RIWHQ� XVHG� LQVWHDG� RI� FDOLSHUV�
IRU�VFLHQWLILF�UHFRUGV�RQ�SHUPHDQW�VDPSOH�SORWV��
7KLV�LV�EHFDXVH��UHDGLQJV�WDNHQ�ZLWK�WKH�GLDPH�
WHU� WDSH� DUH� QRW� VXEMHFWHG� WR� WKH� YDULDWLRQV� LQ�
FXUUHG� LQ� XVLQJ� WKH� FDOLSHUV�� +RZHYHU�� WKH� GL�
DPHWHU�WDSH�FDQQRW�EH�XVHG�WR�PHDVXUH�HQGV�RI�
ORJV�H[FHSW�RQ�WKH�H[SRVHG�HQGV�RI�WKH�ORJV��WKH�
WUHH�FDOLSHUV�DUH�SUHIHUDEOH�IRU�WKLV�SXUSRVH��7KH�
%LOWPRUH�6WLFN�LV�JRRG�IRU�FLUFXODU�FURVV-VHFWLRQ�
PHDVXUHPHQWV� EXW� KDV� LQDFFXUDFLHV� LQ� HVWLPDW�
LQJ� GLDPHWHUV� RI� WUHVV� GXH� WR� WKH� GLIILFXOW\� RI�
KROGLQJ� WKH� 6WLFN� H[DFWO\� DW� D� SUHFLVH� GLVWDQFH�
IURP�WKH�H\H��GLIILFXOW\�ZLWK�NHHSLQJ�WKH�H\H�DW�
EUHDVW� KHLJKW� OHYHO� DQG� WKH� HFFHQWULFLW\� RI� WKH�
FURVV-VHFWLRQV��,Q�DGGLWLRQ�WR�WKH�DERYH��FOLPE�
LQJ�DQG�IHOOLQJ�RI�WUHHV�PXVW�EH�GRQH�IRU�PHDV�
XULQJ� WUHH� YROXPH� E\� GHWHUPLQLQJ� GLDPHWHU� DW�
YDULRXV� KHLJKWV�� � 7KH� FOLPEHU� FOLPEV� WKH� WUHH�
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0$7(5,$/6�$1'�0(7+2'6 
6WXG\�DUHD�DQG�ILHOG�ZRUN 
7KH�VWXG\�DUHD�LV�ORFDWHG�DW�WKH�)RUHVW�5HVHDUFK�
,QVWLWXWH� RI� *KDQD� �)25,*�� SODQWDWLRQ� DW�
0HVHZDP� QHDU� .XPDVL� RQ� WKH� .XPDVL-$FFUD�
URDG��,W�H[WHQGV�EHWZHHQ�ODWLWXGHV������ƍ������Ǝ�
1� WR� ��� ��ƍ� �����Ǝ� 1� DQG� ORQJLWXGHV� ��� ��ƍ�
�����Ǝ�:�WR������ƍ������Ǝ�:��)LJ������7KH�UH�
VHDUFK� ZDV� FDUULHG� RXW� RQ� D� 3LQH� WUHH� �3LQXV�
+LQGXUDQVLV��SODQWDWLRQ��7KH�VL]H�RI�WKH�SODQWD�
WLRQ�LV�DERXW���P�E\����P��,Q�RUGHU�WR�JHW�FOHDU�
YLHZ� RI� WKH� ORZHU� SRUWLRQV� RI� WKH� WUHHV�� WKH�
SODQWDWLRQ�ZDV�FOHDUHG�RI�ZHHGV��7KH�SLQH�WUHHV�
RQ�WKH�HGJHV�RI�WKH�SODQWDWLRQ�ZHUH�GRPLQDQW�LQ�
JURZWK� ZKHUHDV� WKRVH� ZLWKLQ� ZHUH� VXSSUHVVHG�
GXH� WR� FRPSHWLWLRQ� IRU� VXQOLJKW� DQG� VRLO� QXWUL�
HQWV�� 7KH� JURZWK� SDWWHUQV� RI� WKH� SLQH� WUHHV�
SDYHG�ZD\�DV�WR�WKH�RUGHU�ZLWK�ZKLFK�WKH�H[SR�
VXUHV�VKRXOG�EH�WDNHQ��7KH�H[SRVXUHV�ZHUH�WDN�
HQ�LQ�VXFK�D�ZD\�WKDW�WKH�697�7DEOH�ZRXOG�EH�
IDLU� UHSUHVHQWDWLRQ� RI� WKH� SODQWDWLRQ�� $� FDUHIXO�
FRQVLGHUDWLRQ� ZDV� JLYHQ� WR� WKH� W\SH� RI� ILOP��
IRFDO� OHQJWK� RI� WKH� FDPHUD� OHQV�� VKXWWHU� VSHHG��
ILHOG�RI�YLHZ�DQG�OLJKWLQJ�FRQGLWLRQV�WKH�SODQWD�
WLRQ� 

���������������������������������������7UHH�YROXPH�WDEOHV�-�$�SKRWRJUDPPHWULF�DSSURDFK��� �� 

)RU�WUDGLWLRQDO�PHWKRGV��WKH�YROXPH�RI�D�VWDQG�
LQJ�WUHH�LV�GHWHUPLQHG�E\�PHDVXULQJ�WKH�GLDPH�
WHU�DQG�WKH�KHLJKWV�RI�ORJV��7KH�SRLQWV�DW�ZKLFK�
WKH� GLDPHWHU� LV� PHDVXUHG� YDU\� ZLWK� FLUFXP�
VWDQFHV�� ,Q� WKH� FDVH�RI� VWDQGLQJ� WUHHV�� VWDQGDUG�
SRVLWLRQ� IRU� GLDPHWHU� PHDVXUHPHQW� KDV� EHHQ�
HVWDEOLVKHG� DV� ���P� DERYH� JURXQG� OHYHO�� 7KH�
GLDPHWHU� WDNHQ� DW� WKLV� KHLJKW� RI� ���P� DERYH�
JURXQG�LV�XVXDOO\�UHIHUUHG�WR�DV�WKH�'LDPHWHU�DW�
%UHDVW�+HLJKW��'%+���+HLJKW�GHWHUPLQDWLRQ�IRU�
WKH�HVWLPDWLRQ�RI�WKH�YROXPH�RI�WUHH�VWDUWV�IURP�
WKH�'%+��,W�LV�LPSRUWDQW��WKHUHIRUH��WR�FRQVLGHU�
WKH� WUHH� VWHP�DV�PDGH� XS�RI� ORJV��7KH�YDULRXV�
SRUWLRQV�RI�WKH�WUHH�VWHP�WDNH�GLIIHUHQW�JHRPHW�
ULF�IRUPV��,Q�RWKHU�ZRUGV��LW�LV�YHU\�LPSRUWDQW�WR�
FRQVLGHU�WKH�VWHP�RI�DQ\�WUHVV�WR�EH�D�FRPSRVLWH�
RI� JHRPHWULF� VROLGV�� ,Q� WKLV� UHVHDUFK�� WKH� YRO�
XPH�RI�D� WUHH�ZDV� UHJDUGHG�DV�HTXDO� WR� WKDW�RI�
DQ� HTXLYDOHQW� F\OLQGHU�� 7R�REWDLQ� WKH� GLDPHWHU�
RI� WKH� HTXLYDOHQW� F\OLQGHU�� VHYHUDO� GLDPHWHU�
UHDGLQJV�ZHUH�WDNHQ�RQ�WKH�VWHP�XVLQJ�WKH�=HLVV�
7RSRFDUW� '� DQG� WKH� PHDQ� RI� WKHVH� ZDV� XVHG��
7KH�YROXPH�RI� WKH� WUHH�ZDV� WKHQ� FDOFXODWHG� DV�
SURGXFW� RI� WKH� PHDQ� GLDPHWHU� DQG� WKH� FRUUH�
VSRQGLQJ�PHUFKDQWDEOH�KHLJKW�RI�WKH�WUHH�ORJ� 

 

)LJ�����/RFDWLRQ�PDS�RI�WKH�VWXG\�DUHD 
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'DWD�DQG�HTXLSPHQW 
$� 3HQWD[�0(� 6XSHU� FDPHUD�ZDV� XVHG� WR� WDNH�
��PP�SKRWRJUDSKV��1HJDWLYHV�ZHUH�GHYHORSHG�
DQG�XVHG�IRU�REVHUYDWLRQ� LQ� WKH�=HLVV�7RSRFDUW�
'�IRU� WKH�SKRWRJUDPPHWULF�PHDVXUHPHQWV��7KH�
=HLVV�7RSRFDUW�'��)LJ����� LV�D�VWHUHRSORWWHU� IRU�
WRSRJUDSKLF� PDSSLQJ� DW� � ODUJH�� PHGLXP� DQG�
VPDOO�VFDOHV�DQG�LV�ORFDWHG�DW�WKH�'HSDUWPHQW�RI�
*HRPDWLF�(QJLQHHULQJ�RI�WKH�.ZDPH�1NUXPDK�
8QLYHUVLW\� RI� 6FLHQFH� DQG� 7HFKQRORJ\�
�.1867���.XPDVL�� ,WV�PDLQ�XVH��E\�GHVLJQ�� LV�
LQ�SORWWLQJ�IURP�LQGLYLGXDO�DHULDO�SKRWR�PRGHOV�
IRU�FRPSLODWLRQ�RI�PDSV��,W�DFFRPPRGDWHV�SKR�
WR�IRUPDWV�RI�XS� WR����PP�VTXDUH�DQG�FDPHUD�
SULQFLSDO� GLVWDQFHV� LQ� WKH� UDQJH� RI� ��PP� WR�
���PP��DQG�VR�LV�FDSDEOH�RI�SORWWLQJ�IURP�6X�
SHU�:LGH�$QJOH��:LGH�$QJOH�DQG�1RUPDO�$Q�
JOH� SKRWRJUDSJKV� ZLWKRXW� WKH� QHHG� IRU� WLPH-
FRQVXPLQJ� FRQYHUVLRQV� RI� RULJLQDO� SKRWR� IRU- 

 
 

$J\HPDQJ�HW�DO�� 

PDWV�LQWR�RWKHU�IRUPDWV�� 
 
7KH�6SLHJHO�5HODVNRS�LV�D�WUDGLWLRQDO�PHWKRG�LQ�
)RUHVW� 0HQVXUDWLRQ� DQG� IXOILOOV� DOO� WKH� SULQFL�
SOHV� RI� IRUHVW� PHQVXUDWLRQ� UHTXLUHPHQWV�
WKURXJKRXW� WKH� ZRUOG�� ,W� KDV� ILYH� SXUSRVHV� -�
HVWLPDWLQJ� KHLJKW�� VORSH�� GLDPHWHUV� DW� KHLJKWV�
QRUPDOO\�RXW�RI� UHDFK��EDVDO-DUHD�SHU�XQLW� DUHD�
RI�DQ�H[WHQVLYH� VWDQG� �QRW�RI�D� VPDOO�SORW�� DQG�
EDVDO-DUHD�GHQVLW\�RU�FURZGLQJ�DW�D�VLQJOH�SRLQW��
7KH� 6SLHJHO� 5HODVNRS� ZDV� XVHG� WR� PHDVXUH�
KRUL]RQWDO� GLVWDQFHV� �DV� LW� DXWRPDWLFDOO\� FRU�
UHFWHG�IRU�WKH�DQJOH�RI�LQFOLQDWLRQ���WKH�WRWDO�WUHH�
KHLJKW� DQG� KHLJKW� WR� D� SDUWLFXODU� XSSHU� VWHP�
GLDPHWHU�� DQG� VWHP� GLDPHWHUV� DW� SDUWLFXODU�
KHLJKWV� 
 
3KRWRJUDSK\�DQG�VFDOH 
7KH�FKRLFH�RI� WKH�DSSURSULDWH� ILOP�GHSHQGV�RQ� 

 

)LJ�����7KH�=HLVV�7RSRFDUW�'�ORFDWHG�'HSDUWPHQW�RI�*HRPDWLF�(QJLQHHULQJ�RI�WKH�.1867 
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WKH� W\SH� RI� ZRUN� DQG� OLJKWLQJ� FRQGLWLRQV�� )RU�
WKLV� UHVHDUFK�� .RGDN� *ROG� FRORXU� �LQVWHDG� RI�
EODFN-DQG-ZKLWH��ILOP�ZDV�XVHG�WR�HQVXUH�EHWWHU�
GHOLQHDWLRQ�RI�WUHH�HGJHV�DJDLQVW�WKH�XVXDO�JUH\�
LVK� VN\� EDFNJURXQG� LQ� WKH� SKRWRJUDSKV�� 7KH�
FDPHUD� XVHG� ZDV� D� QRQ-SURIHVVLRQDO� RII-WKH-
VKHOI�FDPHUD��,W�ZDV�WKHUHIRUH�XQFDOOLEUDWHG�DQG�
KDG�D� OHQV�RI�QRPLQDO� IRFDO� OHQJWK���PP��7KH�
ILOP�VSHHG�XVHG�ZDV����$6$��ZKLFK�LPSOLHG�D�
ILQH-JUDLQHG� VORZ� HPXOVLRQ�� 7KH� VKXWWHU� VSHHG�
ZDV�VHW�DW�����WK�WR�PLQLPLVH�LPDJH�PRYHPHQW���
7KH�DERYH-PHQWLRQHG�SDUDPHWHUV��FRXSOHG�ZLWK�
DSHUWXUH�VHWWLQJ�RI�I�����HQVXUHG�DGHTXDWH�H[SR�
VXUH� IRU� WKH� SKRWRJUDSKV� LQ� WKH� QRUPDOO\� GDUN�
HQYLURQPHQW�RI�WKH�SODQWDWLRQ��7KH�QHJDWLYHV�RI�
WKH� SKRWRJUDSKV� ZHUH� VWRUHG� LQ� DQ� DLU-
FRQGLWLRQHG� HQYLURQPHQW� WR� SUHYHQW� DQ\� SKRWR�
IRUPDW� GLPHQVLRQDO� FKDQJH� ZKLFK� FRXOG�� LQ�
WXUQ�� DIIHFW� WKH� VFDOH� RI� WKH� SDUWLFXODU� SKRWR�
JUDSK��7KH�VFDOH�RI�WKH�YHUWLFDO�SKRWRJUDSK�RI�D�
WUHH� FDQ� EH�PRGHOHG� DV� LOOXVWUDWHG� LQ� (TXDWLRQ�
�� 

ZKHUH� I� LV� WKH�FDPHUD�SULQFLSDO�GLVWDQFH��RU�� LQ�
WKLV�FDVH�� WKH�QRPLQDO� IRFDO� OHQJWK�RI� WKH�FDP�
HUD� OHQV��� DQG�+� WKH� KRUL]RQWDO� GLVWDQFH� IURP�
WKH�FDPHUD�WR�WKH�WUHH��,W�LV�ZRUWK\�RI�QRWH�WKDW�
WKH� FDPHUD� ZDV� QRQ-PHWULF� DQG� ZDV� QRW� FDOL�
EUDWHG��PRGHUQ�OHQV�VXUIDFHV�DUH�YHU\�ZHOO�PD�
FKLQHG� WR� VSHFLILHG� FXUYDWXUHV� DQG� WKHUHIRUH�
SURGXFH� OLWWOH� GLVWRUWLRQV�� ,W� ZDV� ZLWK� WKLV� LQ�
PLQG�WKDW�WKH�UHVHDUFK�ZDV�FDUULHG�RXW�WR�HYDOX�
DWH�� LQWHU� DOLD�� WKH� HIILFLHQF\� ZLWK� ZKLFK� RUGL�
QDU\� RII-WKH-VKHOI� FDPHUDV� FRXOG� EH� XVHG� IRU�
MREV� WUDGLWLRQDOO\� WKH� SUHVHUYH� RI� SXUSRVH-
GHVLJQHG�PHWULF�SKRWRJUDPPHWULF�FDPHUDV� 
 
&RPSXWLQJ�FXELF�YROXPH 
9DULRXV� HTXDWLRQV� H[LVW� IRU� FRPSXWLQJ� FXELF�
YROXPH� RI� VROLGV�� 7DEOH� �� RXWOLQHV� VRPH� WKH�
JHRPHWULFDO� VROLGV� DQG� WKH� HTXDWLRQV� IRU� FRP�
SXWLQJ� WKH� YROXPH�� � 7KH� +XEHU� IRUPXOD� ZDV�
XVHG� IRU� FDOFXODWLQJ� WKH� WUHH� YROXPHV�� 5HJUHV�
VLRQ� HTXDWLRQV� ZHUH� GHULYHG� E\� FRQVLGHULQJ�
9ROXPH�DV�WKH�GHSHQGHQW�YDULDEOH�DQG�D�FRPEL�
QDWLRQ�RI�'%+��KHLJKW�DQG�DUWLILFLDO�IRUP�IDFWRU�
�'%+�+��DQG�WKHLU�WUDQVIRUPDWLRQV�ZHUH�H[DP�
LQHG� IRU� WKHLU� VLJQLILFDQFH�� FRUUHODWLRQ� FRHIIL�
FLHQWV�DQG�VWDQGDUG�HUURUV��7KHVH�ZHUH�XVHG�DV� 

�� 

��� 

7DEOH� ��� (TXDWLRQV� IRU� FRPSXWLQJ� FXELF� YROXPH� RI� VROLGV� �ZKHUH�� K�  � KHLJKW�� $E�  � FURVV-
VHFWLRQDO�DUHD�DW�EDVH��$P� �FURVV-VHFWLRQDO�DUHD�DW�PLGGOH��DQG�$X� �FURVV-VHFWLRQDO�DUHD�DW�
WRS� 

 
*HRPHWULF�6ROLG (TXDWLRQ�IRU�YROXPH�9��FXELF�XQLWV� 

&\OLQGHU 9 $EK 
3DUDERORLG 9  
&RQH 9  

1HLORLG 9  

3DUDERORLG�)UXVWUXP 9 � 
������������������������������������� 
9 K��$P����+XEHU¶V�IRUPXOD����������������������������� 

&RQH�)UXVWUXP  

1HRORLG�)UXVWUXP  

1HRORLG��&RQH�RU�3DUDERORLG�
)UXVWUXP 

 

�$EK� 

 
3

1 �$EK� 
 2

1

4
1 �$EK� 

 

2
h �$E��$X�� 6PDOLDQ¶V�IRUPXOD 

�9  � 

�1HZWRQ¶V�IRUPXOD� 

� 

� 
�� 
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�� $J\HPDQJ�HW�DO�� 

FULWHULD�IRU�WKH�RSWLPXP�YDULDEOHV�DQG�HTXDWLRQ�
W\SHV��� 
 
7KH�IROORZLQJ�DUH�WKH�IRXU�HTXDWLRQV�WKDW�ZHUH�
VXEMHFWHG�WR�OHDVW�VTXDUHV�UHJUHVVLRQ�DQDO\VHV�
DQG�WKH�EHVW-SHUIRUPLQJ�VHOHFWHG�IRU�SUHSDUD�
WLRQ�RI�WKH�697� 

DGHTXDWH�YROXPH�RI�RWKHU�WUHHV�RI�WKH�VDPH�WUHH�
VSHFLHV�FDQ�EH�HVWLPDWHG�IURP�WKH�7DEOH��NQRZ�
LQJ� WKH� '%+�� WKH� KHLJKW� DQG� WKH� IRUP�� 7KH�
IORZFKDUWV�IRU�YROXPH�FRPSXWDWLRQ�DQG�UHJUHV�
VLRQ�DQDO\VLV�LQ�WKH�%$6,&�SURJUDP�DUH�UHVSHF�
WLYHO\� GHSLFWHG� )LJV� �� DQG� ��� 1� LV� QXPEHU� RI�
WUHHV�� '%+� LV� GLDPHWHU� DW� EUHDVW� KHLJKW�� +� LV�
KHLJKW��0'� LV�PHDQ�GLDPHWHU��5� LV� FRUUHODWLRQ�
FRHIILFLHQW�DQG�567'�LV�VWDQGDUG�HUURU� 
 
5(68/76�$1'�',6&866,216 
9ROXPHV�ZHUH�GHWHUPLQHG�XVLQJ�WKUHH�PHWKRGV�
–�XVH�RI�WKH�6SLHJHO�5HODVNRS��XVH�RI�PHDVXULQJ�
WDSH� RQ� IHOOHG� WUHH�� DQG� WKH� SKRWRJUDPPHWULF�
WHFKQLTXH�� 
 
7UDGLWLRQDO� WHFKQLTXHV� -� 6SLHJHO� 5HODVNRS�
DQG�PHDVXULQJ�WDSH�RQ�IHOOHG�WUHH 
7DEOH���VKRZV�UHVXOWV�IURP�WKH�WUDGLWLRQDO�WHFK�
QLTXHV� -� WKH� 6SLHJHO� 5HODVNRS� DQG� PHDVXULQJ�
WDSH� RQ� IHOOHG� WUHH� -� � DW� �P� KHLJKW� LQWHUYDOV��
8VLQJ�WKH�+XEHU¶V�IRUPXOD�LQ�7DEOH����WKH�YRO�
XPH�RI� RQH�SDUWLFXODU� WUHH�ZDV�GHWHUPLQHG�XV�
LQJ� WKH� 6SLHJHO� 5HODVNRS�� DQG� PHDVXULQJ� WKH�
VDPH� WUHH� ZLWK� D� OLQHQ� WDSH� DIWHU� WKH� WUHH� KDG�
EHHQ� IHOOHG�� 7KH� UHVXOWV� ZHUH� �������P�� DQG�
�������P��UHVSHFWLYHO\��7KH�YROXPH�RI�WKH�WUHH�
XVLQJ� WKH� 5HJUHVVLRQ� (TXDWLRQ� �� IRU� 6SLHJHO�
5HODVNRS� DQG� PHDVXULQJ� WDSH� RQ� IHOOHG� WUHH�
WHFKQLTXHV� ZHUH� �������P�� DQG� �������P��

UHVSHFWLYHO\� 
 
3KRWRJUDPPHWULF�WHFKQLTXH 
7KH� UHVXOWV� REWDLQHG� E\� WKH� 3KRWRJUDPPHWULF�
WHFKQLTXH� LQYROYLQJ� XVH� RI� WKH� =HLVV� 7RSRFDUW�
'� LV� VKRZQ� LQ� 7DEOH� ��� 7KH� ILUVW� DQG� VHFRQG�
KHLJKW� UHDGLQJV� LQ� WKH�<-GLUHFWLRQ� WDNHQ�DW�'L�
DPHWHU� �'�� XVLQJ� WKH� KH� =HLVV� 7RSRFDUW�'� DUH�
�������XQLWV� DQG� �������XQLWV� UHVSHFWLYHO\��
7KH�GLIIHUHQFH�EHWZHHQ� WKH� WZR� UHDGLQJV�\LHOG�
�����XQLWV� ZKLFK� FRQYHUWHG� IURP� LQVWUXPHQW�
XQLWV� WR� SKRWR� GLVWDQFH� LV� �������PP� �RU�
����PP��� $SSO\LQJ� VFDOH� LQ� FRQYHUWLQJ� WR� WKH�
DFWXDO�KHLJKW�RI�WKH�WUHH�\LHOGV�����P� 
 
8VLQJ�WKH�+XEHU¶V�IRUPXOD�LQ�7DEOH����WKH�YRO�
XPH�RI� WKH�VDPH� WUHH��WKDW�ZDV�IHOOHG��ZDV�GH�
WHUPLQHG� ZLWK� WKH� 3KRWRJUDPPHWULF� WHFKQLTXH�
WR� EH� �������P��� ZLWK� D� '%+� RI� �����P� DQG�
PHUFKDQWDEOH�KHLJKW��+��RI�����P��7KH�YROXPH�
RI� WKH� WUHH� DV� GHWHUPLQHG� IURP� WKH�5HJUHVVLRQ�
(TXDWLRQ�ZDV��������P�� 

 

��� 

 
��� 

 
��� 

 ��� 

ZKHUH�'� LV� '%+��+� WKH� KHLJKW� RI� WKH� WUHH�� 9�
UHSUHVHQWV� DQ\� RI� WKH� YROXPH� PHDVXUHPHQWV��
DQG� WKH� ORJDULWKPV� DUH� WR� EDVH� ���� DQG� E��� E���
DQG�E��DUH�FRHIILFLHQWV� 
 
7KH� FRUUHODWLRQ� FRHIILFLHQW� �5�� YDOXHV� DQG� WKH�
³UHVLGXDO� VWDQGDUG� GHYLDWLRQ´�� IURP� ZKLFK� WKH�
VWDQGDUG� HUURU� LV� REWDLQHG� DUH� XVHIXO� IRU� WKH�
FRPSDULVRQ�RI�UHJUHVVLRQ��7KH�KLJKHU�WKH�FRUUH�
ODWLRQ�FRHIILFLHQW� WKH�PRUH�SUHFLVH�WKH�UHODWLRQ�
VKLS� EHWZHHQ� WKH� GHSHQGHQW� DQG� LQGHSHQGHQW�
YDULDEOHV��$OVR��WKH�FORVHU�WKH�UHVLGXDO�VWDQGDUG�
GHYLDWLRQ� DSSURDFKHV� ]HUR�� WKH� PRUH� SUHFLVHO\�
WKH� UHJUHVVLRQ� SUHGLFWV� WKH� YDULDEOHV�� &RQVH�
TXHQWO\��WKH�HTXDWLRQ�ZKLFK�\LHOGHG�WKH�KLJKHVW�
FRUUHODWLRQ� FRHIILFLHQW� DQG� ORZHVW� VWDQGDUG� HU�
URU�� ZDV� VHOHFWHG� IRU� WKH� FRQVWUXFWLRQ� RI� WKH�
697�� 7KH� VWDQGDUG� HUURU� VXJJHVWHG� KRZ� FORVH�
WKH� UHVXOWV�ZHUH� WR� WKH� SDUDPHWHU� HVWLPDWHG��$�
FRPSXWHU� SURJUDP� ZDV� ZULWWHQ� LQ� %$6,&� WR�
FDOFXODWH�WKH�SDUDPHWHUV�UHTXLUHG�IRU�WKH�SUHSD�
UDWLRQ� RI� WKH� 697�� ,Q� WKH� SUHSDUDWLRQ� RI� WKH�
697��UDQGRP�WUHH�VDPSOLQJ�ZDV�GRQH�WR�HQVXUH�
WKDW�UHOLDEOH�YROXPHV�RI�RWKHU�WUHH�IRUPV�RI�WKH�
VDPH� WUHH�VSHFLHV�FRXOG�EH�HVWLPDWHG� IURP�7D�
EOH����JLYHQ� WKH�'%+��DQG� WKH�KHLJKW��$�FRP�
SXWHU� SURJUDP� LQ� %$6,&� ZDV� ZULWWHQ� WR� FRP�
SXWH�WKH�SDUDPHWHUV�UHTXLUHG�IRU�WKH�SUHSDUDWLRQ�
RI�WKH�697��,Q�WKH�SUHSDUDWLRQ�RI�WKH�697��WUHH�
VDPSOLQJ� ZDV� UDQGRPO\� GRQH� WR� HQVXUH� WKDW� 
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)LJ�����)ORZFKDUW�IRU�YROXPH�FRPSXWDWLRQ 

 

Start

I = 1

Write V,DBH,DBHSQ,HDBHS, 
LOG(V),LOG(DBH),LOG(H)

Read H, MD

V = 22/7*(MD/2)*2*H
DBHSQ = DBH * 2

HDBHS = DBHSQ * H
LOGV = B * LOG(V)

LOGDBH = B * LOG(DBH)
LOGH = B * LOG(H)

I = I  + 1

Is 
I  > N

End

Yes

No

Read H, MD

 

9ROXPH�RI�WUHH 
7DEOH��� VKRZV� WKH� YROXPH�REWDLQHG�XVLQJ� WKH�
6SLHJHO� 5HODVNRS�� PHDVXULQJ� WDSH� RQ� IHOOHG�
WUHH� DQG� WKH� SKRWRJUDPPHWULF� WHFKQLTXHV��
)URP� 7DEOH� ��� WKH� UHVXOWV� REWDLQHG� XVLQJ� WKH�
3KRWRJUDPPHWULF�WHFKQLTXH�FRPSDUHG�IDYRXUD�
EO\�ZLWK�WKH�WUDGLWLRQDO�WHFKQLTXHV��7KDW�LV��WKH�
YROXPH� REWDLQHG� XVLQJ� WKH� SKRWRJUDPPHWULF�
WHFKQLTXH� LV� LQ� FORVH� DJUHHPHQW� ZLWK� WKDW� RE�
WDLQHG� XVLQJ� WKH� PHDVXULQJ� WDSH�� 7KH� YROXPH�
REWDLQHG�E\�WKH�PHDVXULQJ�WDSH�LV�WKH�6WDQGDUG�
XSRQ�ZKLFK�WKH�UHVXOWV�RI�WKH�6SLHJHO�5HODVNRS�
DQG� WKH� 3KRWRJUDPPHWULF� WHFKQLTXHV� ZHUH�
HYDOXDWHG��6LQFH�LWV�UHVXOWV�FRPSDUHG�IDYRXUD- 

EO\�ZLWK�WKH�PHDVXULQJ�WDSH�UHVXOWV��WKH�3KRWR�
JUDPPHWULF�WHFKQLTXH�ZDV�SURYHG�WR�EH�XVDEOH�
IRU� SUHSDUDWLRQ� RI� 697� IRU� IRUHVWHUV�� 7KH� UH�
VXOWV�RI�HTXDWLRQV���������DQG���DUH�WDEXODWHG�LQ�
7DEOH��� 
 
&RPSDULVRQ� LV� PDGH� RQ� WKH� HTXDWLRQ� ZKLFK�
\LHOGV� WKH� KLJKHVW� FRUUHODWLRQ� FRHIILFLHQW� DQG�
ORZHVW�VWDQGDUG�HUURU�IRU�WKH�FRQVWUXFWLRQ�RI�WKH�
697��7DEOH�����)URP�7DEOH����HTXDWLRQ���VDWLV�
ILHG� WKH�FULWHULD� IRU� WKH� VHOHFWLRQ�RI�EHVW� HTXD�
WLRQ� IRU� WKH� FRQVWUXFWLRQ� RI� WKH� 697�� +HQFH��
WKH� ³6WDQGDUG� 0HUFKDQWDEOH� 9ROXPH´� 7DEOH�
�7DEOH� ��� ZDV� FRQVWUXFWHG� XVLQJ� HTXDWLRQ� �� 
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$J\HPDQJ�HW�DO�� �� 

 
Start

Declare array x, y

Sum x = 0
Sum y = 0

Sum xsq = 0
Sum ysq = 0
Sum yx = 0

I = I  + 1

Is 
I < N

End

Read N

I = 1

Read x(I), y(I)

Sum yx = Sum y + x(I) * y(I)
Sum x = Sum x + x(I)
Sum y = Sum y + y(I)

Sum xsq = Sum xsq + x(I)*2
Sum ysq = Sum ysq + y(I)*2

xBAR = (Sum x)/N
yBAR = (Sum y)/N

A

Yes

No

A

Sxsq = (Sum x) * 2)
Sysq = (Sum y) * 2)

Sxy = Sum x * Sum y
SxAV = Sxsq/N
SyAV = Sysq/N
SxyAV = Sxy/N

SSx = Sum xsq –�SxAV
SSy = Sum ysq –�SyAV

SPyx = Sum yx –�SxyAV
B = SPyx/SSx

A = yBAR –�B * xBAR
RSS = B * SPyx

TOTSS = SSy
TDF = N –�1

RMS = RSS/TDF
RESMS = TOTSS –�RSS

RSQ = RSS/TOTSS
R = SQR(RSQ)

SDRESS = SQR(RESMS)
RSTD = 100 * SDRESS/yBAR

SSQ = SDRESS/SQR(N)

Write RSTD, 
SSQ, R, RSQ

)LJ�����)ORZFKDUW�IRU�UHJUHVVLRQ�DQDO\VLV 
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7DEOH����0HDVXUHPHQWV�XVLQJ�6SLHJHO�5HODVNRS�DQG�PHDVXULQJ�WDSH�RQ�IHOOHG�WUHH�WHFKQLTXHV 

+HLJKW��P� 'LDPHWHU��P��XVLQJ�PHDVXULQJ�WDSH�RQ�IHOOHG�
WUHH 

'LDPHWHU��P��XVLQJ�6SLHJHO�5HODVNRS 

� ���� ���� 
� ���� ���� 

� ���� ���� 
� ���� ���� 
� ���� ���� 

�� ���� ���� 

�� ���� ���� 

�� ���� ���� 
�� ���� ���� 
�� ���� ��� 

 

5HDGLQJ�LQ�;-GLUHFWLRQ��XQLWV� 
'LIIHUHQFH�
�XQLWV� 

&RQYHUWLQJ�IURP� 
LQVWUXPHQW�XQLWV�WR�SKRWR� 

GLVWDQFH��PP� 

$SSO\LQJ�VFDOH�WR� 
FRQYHUW�WR�WKH�DFWXDO� 

GLDPHWHU��FP� 
�VW�2EVHUYDWLRQ �QG�2EVHUYDWLRQ 

������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 

������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 

������� ������� ���� ���� ���� 
������� ������� ���� ���� ���� 

������� ������� ���� ���� ���� 

7DEOH����'LDPHWHU�PHDVXUHPHQWV�XVLQJ�SKRWRJUDPPHWULF�WHFKQLTXH 

EHFDXVH� LW� JDYH� WKH� KLJKHVW� FRUUHODWLRQ� FRHIIL�
FLHQW� DQG� ORZHVW� ³UHVLGXDO� VWDQGDUG� GHYLDWLRQ´�
EHWZHHQ� WKH�GHSHQGHQW� DQG� LQGHSHQGHQW� YDULD�
EOHV�� 
 
7KH�=HLVV�7RSRFDUW�'�KDV�WKH�PHULW�RI�IDFLOLWDW- 

LQJ� PRYHPHQW� LQ� WKH� ;-GLUHFWLRQ� ZLWKRXW�
PRYHPHQW� LQ� WKH� <-GLUHFWLRQ�� DQG� WKLV� PDNHV�
PHDVXUHPHQWV�RI�WUHH�GLDPHWHU�DQG�KHLJKW�YHU\�
HDV\�� )XUWKHUPRUH�� ZLWK� WKH� 3KRWRJUDPPHWULF�
WHFKQLTXH��WKH�QHJDWLYHV�FDQ�EH�VWRUHG�DQG�XVHG�
DJDLQ�LQ�FDVH�RI�PLVWDNH�LQ�DQ\�PHDVXUHPHQW�� 
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7DEOH����&RPSDULQJ�UHVXOWV�IURP�6SLHJHO�5HODVNRS��WDSH�RQ�IHOOHG�WUHH��DQG�SKRWRJUDPPHWULF�
WHFKQLTXH 

$J\HPDQJ�HW�DO�� �� 

6XFK� PLVWDNHV� DUH� QRW� VR� HDVLO\� UHFWLILHG� ZLWK�
XVH�RI� WKH� 6SLHJHO� 5HODVNRS� EHFDXVH� DQ\� PLV�
WDNH�PDGH�LQ�WKH�PHDVXUHPHQW�UHTXLUHV�UHYLVLW�
LQJ� WKH� ILHOG�� /RFDWLQJ� WKH� DFWXDO� OHYHO� ZKHUH�
WKH�'%+�LV�PHDVXUHG�ZDV�WULFN\�ZLWK�WKH�SKR�
WRJUDPPHWULF�� EXW� WKLV� ZDV� UHVROYHG� E\� W\LQJ�
FRORXU�EDQGV� DURXQG� WKH� WUHHV� DW� EUHDVW� KHLJKW��
7KH�VL]H�RI�WKH�EDQGV�DOVR�QHHGHG�WR�EH�VXFK�DV�
ZRXOG�UHQGHU�WKHP�YLVLEOH�RQ�WKH�SKRWRJUDSKV� 
 
&21&/86,216� $1'� 5(&200(1'$�
7,216 
7KH� SKRWRJUDPPHWULF� WHFKQLTXH� SURYLGHV� DQ�
HDV\�PHDQV�RI� VWRULQJ� LQIRUPDWLRQ��5HSHDW� RE�
VHUYDWLRQV� FDQ� EH� PDGH� RQ� WKH� QHJDWLYHV� XVHG�
ZKHQHYHU� VR� UHTXLUHG�� ZLWKRXW� WKH� QHHG� WR� UH�
YLVLW�WKH�ILHOG��)URP�WKH�PHDVXUHPHQWV�PDGH�RQ�
WKH� VDPH� WUHH� XVLQJ� WKH� WKUHH� GLIIHUHQW� WHFK�
QLTXHV� -� SKRWRJUDPPHWULF�� 6SLHJHO� 5HODVNRS�
DQG�7DSH�PHDVXUHPHQW�RI� IHOOHG�WUHH�-� WKH�YRO�
XPH� RI� WKH� WUHH� REWDLQHG� IURP� WKH� SKRWRJUDP�
PHWULF�WHFKQLTXH�FRPSDUHG�IDYRXUDEO\�ZLWK�WKH� 

 7HFKQLTXH 9ROXPH�IURP�+XEHU¶V�IRUPXOD� 
�P�� 

9ROXPH�IURP�5HJUHVVLRQ� 
(TXDWLRQ���P�� 

6SLHJHO�5HODVNRS ������� ������� 

0HDVXULQJ�WDSH�RQ�IHOOHG�WUHH ������� ������� 

3KRWRJUDPPHWU\ ������� ������� 

7DEOH����5HVXOWV�\LHOGHG�E\�HTXDWLRQV���������DQG�� 

 
(TXDWLRQ 

5HVLGXDO�
6WDQGDUG�
'HYLDWLRQ�
�567'� 

6XP�RI�
6TXDUHV�
�664� 

5 5� 
�564� 

&RHIILFLHQW� 
E� 

&RHIILFLHQW� 
E� 

&RHIILFLHQW� 
E� 

(TXDWLRQ�� ������ ������ ������ ������ ������ ������ - 

(TXDWLRQ�� ������ ������ ������ ������ -������ -������ ������ 

(TXDWLRQ�� ������ ������ ������ ������ -������ -������ ������ 

(TXDWLRQ�� ������ ������ ������ ������ -������ -������ ������ 

XVH� RI� WDSH� RQ� IHOOHG� WUHH�� ZKLFK� SURYLGH� WKH�
VWDQGDUG�IRU�WKH�RWKHU��&RQVHTXHQWO\��WKH�SKRWR�
JUDPPHWULF� WHFKQLTXH� VKRXOG� SURYLGH� D� YHU\�
HIILFLHQW�WHFKQLTXH�IRU�SUHSDUDWLRQ�RI�7UHH�9RO�
XPH�7DEOHV�� 
 
5()(5(1&(6 
*UDYHV�� +�6�� �������� )RUHVW� PHQVXUDWLRQ�� -��
:LOH\�	�VRQV��1HZ�<RUN�����-��� 

 
+ROPJUHQ�� -�� ��������3UHGLFWLRQ�RI� WUHH�KHLJKW��
EDVDO� DUHD� DQG� VWHP� YROXPH� LQ� IRUHVW� VWDQGV�
XVLQJ� DLUERUQH� ODVHU� VFDQQLQJ�� 6FDQGLQDYLDQ�
-RXUQDO�RI�)RUHVW�5HVHDUFK������������–���� 

 
+ROPJUHQ�� -�� ��������(VWLPDWLQJ�ZRRG�YROXPH�
DQG� EDVDO� DUHD� LQ� IRUHVW� FRPSDUWPHQWV� E\�
FRPELQLQJ� VDWHOOLWH� LPDJH� GDWD� ZLWK� ILHOG�
GDWD�� ([DPHQVDUEHWH� L� lPQHW� )MlUUDQDO\V��
,651�6/8-65*-$5-��-6( 

 
+XVFK��%���0LOOHU��&��,��DQG�%HHUV��7��:��������� 
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)RUHVW�0HQVXUDWLRQ��-RKQ�:LOH\�	�6RQV��1<��
���� 
 

+\\SSl�� -��� +\\SSl�� +��� /LWNH\�� 3��� <X�� ;���
+DJJUpQ�� +��� 5|QQKROP�� 3��� 3\\VDOR�� 8���
3LWNlQHQ�� -�� DQG�0DOWDPR��0�� ��������$OJR�
ULWKPV� DQG� PHWKRGV� RI� DLUERUQH� ODVHU� VFDQ�
QLQJ� IRU� IRUHVW� PHDVXUHPHQWV�� ,QWHUQDWLRQDO�
$UFKLYHV� RI� 3KRWRJUDPPHWU\�� 5HPRWH� 6HQV�
LQJ�DQG�6SDWLDO� ,QIRUPDWLRQ�6FLHQFHV���������
��–��� 

 
.RUKRQHQ�� /��� 9DXKNRQHQ�� -��� 9LURODLQHQ�� $���
+RYL�� $�� DQG�.RUSHOD�� ,�� �������� (VWLPDWLRQ�
RI� WUHH� FURZQ� YROXPH� IURP� DLUERUQH� OLGDU�
GDWD� XVLQJ� FRPSXWDWLRQDO� JHRPHWU\�� ,QWHUQD�
WLRQDO� MRXUQDO�RI�5HPRWH�6HQVLQJ����������–
����� 

 
0DOWDPR�� 0��� (HULNlLQHQ�� .��� 3LWNlQHQ�� -���
+\\SSl�� -�� DQG�9HKPDV��0�� ��������(VWLPD�
WLRQ�RI�WLPEHU�YROXPH�DQG�VWHP�GHQVLW\�EDVHG�
RQ�VFDQQLQJ�ODVHU�DOWLPHWU\�DQG�H[SHFWHG�WUHH�
VL]H� GLVWULEXWLRQ� IXQFWLRQV�� 5HPRWH� 6HQVLQJ�
RI�(QYLURQPHQW������������–���� 

 
0LOOHU�� -��� 0RUJHQURWK�� -�� DQG� *RPH]�� &��
���������'�PRGHOOLQJ�RI� LQGLYLGXDO� WUHHV�XV�
LQJ� D� KDQGKHOG� FDPHUD�� $FFXUDF\� RI� KHLJKW��
GLDPHWHU� DQG� YROXPH� HVWLPDWHV��8UEDQ� )RU�
HVWU\�DQG�8UEDQ�*UHHQLQJ������������–���� 

 
0RUJHQURWK��-��DQG�*RPH]��&�� ��������$VVHVV�
PHQW�RI�WUHH�VWUXFWXUH�XVLQJ�D��'�LPDJH�DQDO�
\VLV� WHFKQLTXH—$� SURRI� RI� FRQFHSW�� 8UEDQ�
)RUHVWU\� DQG� 8UEDQ� *UHHQLQJ�� ������� ���–
���� 

 
0XOOHU��0���.HUVWLQJ��$�3�%���1DNDMLPD��1�<���
+RVRNDZD�� 5�7�� DQG� 5RVRW�� 1�&�� ��������
,QIOXHQFH� RI� )OLJKW� &RQILJXUDWLRQ� 8VHG� IRU�
/LGDU� 'DWD� &ROOHFWLRQ� RQ� ,QGLYLGXDO� 7UHHV�
'DWD�([WUDFWLRQ�LQ�)RUHVW�3ODQWDWLRQV��)ORUHV�
WD������������–���� 

 
3RSHVFX�� 6�&���:\QQH�� 5�+�� DQG�1HOVRQ�� 5�)��
��������0HDVXULQJ� LQGLYLGXDO� WUHH� FURZQ� GL�
DPHWHU�ZLWK� OLGDU�DQG�DVVHVVLQJ� LWV� LQIOXHQFH�
RQ� HVWLPDWLQJ� IRUHVW� YROXPH� DQG� ELRPDVV��
&DQDGLDQ�-RXUQDO�2I�5HPRWH�6HQVLQJ���������
���–���� 

�������������������������������������������������7UHH�YROXPH�WDEOHV�-�$�SKRWRJUDPPHWULF�DSSURDFK���� �� 
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4XD\H-%DOODUG�� -��$���$Q��5���$QGDP-$NRUIXO��
6��$��DQG�4XD\H-%DOODUG��1��/����������5ROH�
RI�*HRLQIRUPDWLFV� IRU�*KDQD�RLO� DQG�JDV� LQ�
GXVWU\�� ,QWHUQDWLRQDO� -RXUQDO� RQ� 5HFHQW� DQG�
,QQRYDWLRQ� 7UHQGV� LQ� &RPSXWLQJ� DQG� &RP�
PXQLFDWLRQ�����������-���� 

 
6WUDXE�� &��� 6WHSSHU�� &��� 6HLW]�� 5�� DQG� :DVHU��
/�7�� �������� 3RWHQWLDO� RI� 8OWUD&DP;� VWHUHR�
LPDJHV� IRU� HVWLPDWLQJ� WLPEHU� YROXPH� DQG�
EDVDO�DUHD�DW�WKH�SORW�OHYHO�LQ�PL[HG�(XURSHDQ�
IRUHVWV��&DQDGLDQ�-RXUQDO�RI�)RUHVW�5HVHDUFK��
����������–���� 

 

�$J\HPDQJ�HW�DO�� �� 

6WURWKHU�� &�:���0DGGHQ��0��� -RUGDQ�� 7�5�� DQG�
3UHVRWWR�� $�� �������� $SSOLFDWLRQV� 3DSHU�� /L�
GDU�'HWHFWLRQ�RI�WKH�7HQ�7DOOHVW�7UHHV�LQ� WKH�
7HQQHVVHH� 3RUWLRQ� RI� WKH� *UHDW� 6PRN\�
0RXQWDLQV� 1DWLRQDO� 3DUN�� 3KRWRJUDPPHWULF�
(QJLQHHULQJ�	�5HPRWH�6HQVLQJ������������–
���� 

 
7DQVH\��.��� 6HOPHV��1���$QVWHH��$��� 7DWH��1�-��
DQG�'HQQLVV��$�� �������� (VWLPDWLQJ� WUHH� DQG�
VWDQG�YDULDEOHV� LQ� D�&RUVLFDQ�3LQH�ZRRGODQG�
IURP� WHUUHVWULDO� ODVHU� VFDQQHU� GDWD�� ,QWHUQD�
WLRQDO� -RXUQDO� RI� 5HPRWH� 6HQVLQJ�� ��������
����–����� 


