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$QQD�1HVWHURYD�

����'HSW��RI�0HFKDQLFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�6WHOOHQERVFK
����0DULQH�7HFKQLFDO�8QLYHUVLW\�RI�6W��3HWHUVEXUJ�

$EVWUDFW
([WHQVLYH� H[SHULPHQWDO� LQYHVWLJDWLRQV� RI� K\GURIRLO�DVVLVWHG� FDWDPDUDQV� KDYH� LGHQWLILHG� WKH� PDLQ�

K\GURG\QDPLF� SDUDPHWHUV� DIIHFWLQJ� WKH� SHUIRUPDQFH� RI� WKHVH� YHVVHOV�� � 'HVLJQ� SULQFLSOHV� RI� H[LVWLQJ� YHVVHOV�
DUH� GLVFXVVHG� LQ� WKH� OLJKW� RI WKHVH�K\GURG\QDPLF� ILQGLQJV�� �7KH� H[SHULHQFH�JDLQHG� IURP�H[SHULPHQWDO� WHVWLQJ�
KDV� SURYLGHG� WKH� EDVLV� IRU� WKH� GHYHORSPHQW� RI� D� QRQ�OLQHDU� YRUWH[� ODWWLFH�PHWKRG� IRU� GHVLJQ� SXUSRVHV�� � 7KH�
PHWKRG� LV� YDOLGDWHG�E\� FRPSDULVRQ�ZLWK� H[SHULPHQWDO� UHVXOWV� DQG� DSSOLHG� WR� WKH�SUREOHP�RI� RSWLPL]LQJ� D� ���
NQRW�� ��P� K\GURIRLO�DVVLVWHG� FDWDPDUDQ� ZLWK� D� K\GURIRLO� V\VWHP� GHYHORSHG� IRU� PRGHUQ� KLJK�VSHHG�
FDWDPDUDQV���,W�LV�VKRZQ�WKDW� WKH�PHWKRG�FDQ�EH�VXFFHVVIXOO\�DSSOLHG�WR�RSWLPL]DWLRQ�SUREOHPV�RI�WKHVH�YHVVHOV�
DV� LW� VXFFHVVIXOO\� FDSWXUHV� WKH� FRPSOH[� KXOO�IRLO� LQWHUDFWLRQV�� � 5HVXOWV� RI� WKH� QXPHULFDO� LQYHVWLJDWLRQ�
SHUIRUPHG�� LQGLFDWH� WKDW� RSWLPL]LQJ� WKH�PXWXDO� GLVWDQFH� EHWZHHQ� WKH�K\GURIRLOV� FDQ� VLJQLILFDQWO\� LPSURYH� WKH�
OLIW�WR�GUDJ�UDWLR�RI�VXFK�D�YHVVHO�

.H\ZRUGV�

,QWURGXFWLRQ
7KH� GHYHORSPHQW� RI� K\GURIRLO� DVVLVWHG�

FDWDPDUDQV� VWDUWHG� LQ� WKH� ODWH� ��¶V� ZLWK�
GHYHORSPHQWV� LQ� WKH� 6RYLHW� 8QLRQ� DQG� LQ�
WKH� HDUO\� ��¶V� ZLWK� GHYHORSPHQWV� LQ� WKH�
86$� DQG� 6RXWK� $IULFD�� � (DUO\�
GHYHORSPHQWV� IRFXVHG� RQ� WKH� GHVLJQ� RI�
VPDOOHU� SODQLQJ� W\SH� FDWDPDUDQV� ZLWK�
DV\PPHWULF� KXOOV� XVLQJ� XS� WR� WKUHH� IRLOV�
PRXQWHG� LQ� WDQGHP� EHWZHHQ� WKH� GHPL�
KXOOV�� � 2YHU� WKH� ODVW� GHFDGH�� WKH�
DSSOLFDWLRQ� RI� K\GURIRLO� DVVLVWDQFH� KDV�
H[WHQGHG� WR� LQFOXGH� WKH� PRUH� PRGHUQ�
KLJK�VSHHG� VHPL�GLVSODFHPHQW� W\SH�
FDWDPDUDQV� XVHG� PDLQO\� IRU� IDVW� IHUU\�
DSSOLFDWLRQV�� � :KLOH� WKH� DSSOLFDWLRQ� RI�
VPDOO� K\GURIRLOV� IRU� WKHVH� YHVVHOV� LV� ZHOO�
NQRZQ� DQG� SRSXODU� IRU� VHD�NHHSLQJ�
LPSURYHPHQWV��WKH�XVH�RI�ODUJHU�K\GURIRLOV�
IRU�LPSURYHPHQWV�LQ�UHVLVWDQFH�LV�OHVV�ZHOO�
NQRZQ�DQG�LV�WKH�IRFXV�RI�WKLV�SDSHU�

6LQFH� WKH� HDUO\� ��¶V�� WKH� 8QLYHUVLW\� RI�
6WHOOHQERVFK� KDV� EHHQ� LQYROYHG� ZLWK�
GHYHORSPHQW� RI� K\GURIRLO�DVVLVWHG�
FDWDPDUDQV� RI� VL]HV� UDQJLQJ� IURP� �P� WR�
��P�� � $� SUDFWLFDO� DQG� VXFFHVVIXO� IRLO�
V\VWHP� ZDV� SDWHQWHG� DQG� QDPHG�
³+\VXFDW�´�+RSSH��������� �+\VXFDWV�ZHUH�
GHYHORSHG� WKURXJK� V\VWHPDWLFDO� WRZLQJ�
WDQN�WHVWV�DQG�SODQLQJ�FUDIW�WKHRU\���/DWHU�D�
PDWKHPDWLFDO� PRGHO� ZDV� GHYHORSHG� XVLQJ�
6DYLWVN\¶V� ������� IRUPXODWLRQV� DQG�
K\GURIRLO� WKHRU\� DV� DSSOLHG� WR� K\GURIRLO�
FUDIW�� +RSSH� ������� ������� � *RRG� UHVXOWV�
ZHUH� DFKLHYHG� DQG� ODWHU� +\VXFDWV� ZHUH�
GHVLJQHG� DQG� RSWLPL]HG� E\� XVH� RI� WKH�
PDWKHPDWLFDO� PRGHO� DORQH� ZLWKRXW� WKH�
QHHG�IRU�PRGHO�WHVWV���7KH�H[SHULHQFH�EXLOW�
XS� LQ� WKH� GHVLJQ� RI� +\VXFDWV� KDV� PRUH�
UHFHQWO\� DSSOLHG� WR� FDWDPDUDQV�ZLWK� VHPL�
GLVSODFHPHQW�KXOO�IRUPV���$�QHZ��SDWHQWHG�
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1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

IRLO� V\VWHP� QDPHG� ³+\VXZDF´�� +RSSH�
�������� ZDV� VSHFLILFDOO\� GHYHORSHG� IRU�
ODUJHU� VHPL�GLVSODFHPHQW� W\SH� FDWDPDUDQV���
$SSOLFDWLRQ� RI� +\VXZDF� DQG� RWKHU� IRLO�
V\VWHPV� WR� VHPL�GLVSODFHPHQW� W\SH�
FDWDPDUDQV� LV� VWLOO� UHODWLYHO\� QHZ�� ZLWK�
RQO\�D�KDQG� IXOO�RI YHVVHOV� WKDW�KDYH�EHHQ�
EXLOW� ZRUOGZLGH�� � 7KLV� SDSHU� GHVFULEHV�
VRPH� RI� WKH� K\GURG\QDPLF� GHVLJQ� DVSHFWV�
RI� K\GURIRLOV� IRU� PRGHUQ� KLJK�VSHHG�
FDWDPDUDQV� EDVHG� RQ� H[SHULPHQWDO� UHVXOWV��
SURWRW\SH� GDWD� DQG� QXPHULFDO� FDOFXODWLRQV�
FDUULHG� RXW� RQ� +\VXZDF� DQG� RWKHU�
K\GURIRLO�FRQILJXUDWLRQV�
+\GURG\QDPLF�3ULQFLSOHV

$� K\GURIRLO�DVVLVWHG� FDWDPDUDQ�
DFKLHYHV� VXSHULRU� SHUIRUPDQFH� RYHU� D�
FRQYHQWLRQDO� FDWDPDUDQ� E\� XQORDGLQJ� WKH�

KXOO�DQG�OLIWLQJ�LW�SDUWLDOO\�RXW�RI�WKH�ZDWHU���
7KLV� KDV� WZR� PDMRU� LQIOXHQFHV� RQ�
UHVLVWDQFH�� UHGXFHG� IULFWLRQ� UHVLVWDQFH� GXH�
WR� D� GHFUHDVHG� ZHWWHG� DUHD� DQG� VHFRQGO\��
UHGXFHG�KXOO�ZDYH�PDNLQJ�� � ,Q�DGGLWLRQ�WR�
WKH� SRVLWLYH� HIIHFWV� LQWURGXFHG� E\� WKH� IRLO�
DVVLVWDQFH�� RQH� KDV� WR� FRQVLGHU� WKH� DGGHG�
UHVLVWDQFH�RI� WKH� IRLOV� DQG� WKH� LQWHUIHUHQFH�
UHVLVWDQFH� FRPLQJ� IURP� KXOO�IRLO� DQG� IRLO�
IRLO� LQWHUDFWLRQV�� � )LJXUH � VKRZV� D�
UHVLVWDQFH� EUHDNGRZQ� IRU� D� K\GURIRLO�
DVVLVWHG�FDWDPDUDQ���7KH�ILJXUH�DWWHPSWV�WR�
EUHDNGRZQ�WKH�UHVLVWDQFH�FRPSRQHQWV�LQWR�
WKHLU� ZHOO�NQRZQ� SDUWV� DQG LQGLFDWH� KRZ�
WKH� GLIIHUHQW� FRPSRQHQWV� LQWHUDFW� ZLWK�
HDFK� RWKHU�� � $� GHWDLOHG� H[SODQDWLRQ� RI�
WKHVH� LV� JLYHQ� LQ� 0LJHRWWH� DQG� +RSSH�
�������

7RWDO��&7

)ULFWLRQ��&I 5HVLGXDU\��&U

+XOO�
5Q|��� +XOO+\GURIRLO�

5Q|��� +\GURIRLO

9LVFRXV
,QWHUIHUHQFH

:DYH
,QWHUIHUHQFH

)UHH�6XUIDFH�(IIHFWV

'UDJ�GXH�WR
/LIW

:HWWHG�$UHD
DQG�/:/UHGXFWLRQ

:DYH�
PDNLQJ

6HSDUDWLRQ
DQG�6SUD\

ZDYH�PDNLQJ

)RLO��&I +XOO��&I +XOO��&U )RLO��&U

+XOO
8QORDGLQJ

)LJXUH�� � 5HVLVWDQFH�&RPSRQHQWV�IRU�+\GURIRLO�$VVLVWHG�9HVVHOV
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'XH� WR� WKH�KXOO�EHLQJ�FRQVWDQWO\�XQORDGHG�
ZLWK� LQFUHDVLQJ� VSHHG�� GHWHUPLQLQJ� WKH�
UHVLVWDQFH�FRPSRQHQWV� LV�QRW�DQ�HDV\�WDVN���
7KH� IRLO UHVLVWDQFH� FRPSRQHQWV� DUH� WKH�
HDVLHVW� WR� FDOFXODWH�� DV� IRLO� WKHRU\� LV� ZHOO�
GHYHORSHG�� � 7KHUH� LV� VRPH� PHDVXUH� RI�
XQFHUWDLQW\� LQ� DOO� FDOFXODWLRQV� GXH� WR�KXOO�
IRLO� LQWHUIHUHQFH�HIIHFWV�� �7KHVH�DUH�PDLQO\�
ZDYH�PDNLQJ� LQWHUIHUHQFH�� GLVWXUEHG�
LQIORZ�FRQGLWLRQV�WR�WKH�IRLOV�DQG�WKH�µHQG�
SODWH¶� HIIHFW� RI� WKH� KXOO� RQ� WKH� IRLOV���
+RHUQHU��������DQG�7DR��������JLYH�VRPH�
HTXDWLRQV� RQ� KRZ� WR� HVWLPDWH� WKHVH�
HPSLULFDOO\�� � $OWHUQDWLYHO\�� RQH� FDQ� DSSO\�
&)'�PHWKRGV�WR�GHWHUPLQH�WKHVH�HIIHFWV���
'HWHUPLQLQJ� WKH� KXOO UHVLVWDQFH�
FRPSRQHQWV� LV�GLIILFXOW�ZLWKRXW� WKH�XVH�RI�
PRGHO�WHVWV���$Q�LPSRUWDQW�SRLQW�WR�QRWH�LV�
WKDW� WKH� KXOO� RI� D� IRLO�DVVLVWHG� FDWDPDUDQ�
GLIIHUV� IURP� D� FRQYHQWLRQDO� FDWDPDUDQ�
KXOO�� LQ� WKDW� EHLQJ� FRQVWDQWO\� XQORDGHG�� LW�
KDV� QR� IL[HG� GLVSODFHPHQW�� VR� RQH� LV� QRW�
DEOH� WR� UHO\� RQ� FDWDPDUDQ� PRGHO� WHVW�
GDWDEDVHV� WR� SUHGLFW� SHUIRUPDQFH���
8QORDGLQJ�WKH�KXOO�E\�HIIHFWV�WKH�WZR�PRVW�
LPSRUWDQW� SDUDPHWHUV� JRYHUQLQJ� KXOO�
UHVLVWDQFH��

x 7KH�KXOO OHQJWK� GLVSODFHPHQW�
UDWLR�� /������� ZKHUH�� LV� WKH�
YROXPHWULF� GLVSODFHPHQW� RI�
WKH� VXEPHUJHG� SDUW� RI� WKH�
KXOO�

x 7KH� KXOO )URXGH�
GLVSODFHPHQW� QXPEHU�� )Q���
DJDLQ� EDVHG� RQ� WKH� ORDG�
IUDFWLRQ�RI�WKH�KXOO�

9DOXHV� RI� ERWK� SDUDPHWHUV� DUH� ORZHU� IRU�

WKH� KXOOV� DORQH� WKDQ� WKDW� IRU� WKH� FRPSOHWH�
YHVVHO�� � 0RUH� RIWHQ� WKDQ� QRW�� WKLV� PHDQV�
WKDW� WKH� DYDLODEOH� H[SHULPHQWDO� UHVXOWV� IRU�
KLJK�VSHHG�FDWDPDUDQV�LV�QRW�DSSOLFDEOH�DV�
HLWKHU�RI� WKHVH� WZR�SDUDPHWHUV� IDOOV�RXW�RI�
WKH� UDQJH� RI� GDWD�� � 7KH� IRLOV� DGGLWLRQDOO\�
KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�SUHVVXUH�RI�
WKH� KXOO�� � 'HSHQGLQJ� RQ� WKH� IRLO�
FRQILJXUDWLRQ�WKHVH�HIIHFWV�PD\�EH�SRVLWLYH�
RU� QHJDWLYH�� � ,I� WKH� KXOO� LV� LQ� FORVH�
SUR[LPLW\� WR� WKH� VXFWLRQ� VLGH� RI� WKH� IRLO��
�IRU� H[DPSOH� D� IRLO� ORFDWHG� VOLJKWO\� EHORZ�
WKH�NHHO��WKH�KXOO�ZLOO�VXIIHU�IURP�WKH�IRLO¶V�
GRZQZDVK� DQG� SUHVVXUHV� ZLOO� EH� ORZHU�
WKDQ� QRUPDO� LQ� WKDW� DUHD�� � 7KH� LQYHUVH�
REYLRXVO\� DOVR� DSSOLHV�� � WKH� IRLO� FDQ� EH�
SRVLWLRQHG� VR� WKDW� WKH� KXOO� EHQHILWV� IURP�
WKH� XS� ZDVK� RI� WKH� IRLOV�� � $� W\SLFDO�
H[DPSOH� LV� D� IRLO� PRXQWHG� LQ� WKH� WXQQHO�
EHWZHHQ� WKH�GHPL�KXOOV�� �7KH�YRUWH[�ZDNH�
RI� WKH� IRLO� ZLOO� LQGXFH� XS� ZDVK� RQ� WKH�
VHFWLRQV� RI� WKH� KXOO� DIW� RI� WKH� IRLO�� � 6XFK�
G\QDPLF� HIIHFWV� FDQ� KDYH� LPSRUWDQW�
LQIOXHQFH�RQ�WKH�EHKDYLRU�DQG�UHVLVWDQFH�RI�
WKH�YHVVHO�
$QDO\VLV RI�WKH�ODUJH�ERG\�RI�H[SHULPHQWDO�
GDWD� FROOHFWHG� RQ� K\GURIRLO�DVVLVWHG�
FDWDPDUDQV� DW� WKH� 8QLYHUVLW\� RI�
6WHOOHQERVFK� KDV� DOORZHG� FHUWDLQ�
WHQGHQFLHV� WR� EH� HVWDEOLVKHG� WKDW� KDYH�
SURYHQ� XVHIXO� LQ� WKH� GHVLJQ� SURFHVV���
+\GURG\QDPLFDOO\�� RQH� FDQ� LGHQWLI\� WKUHH�
SKDVHV� RI� RSHUDWLRQ� RI� K\GURIRLO�DVVLVWHG�
FDWDPDUDQV� �)LJXUH� ��� WKH�
GLVSODFHPHQW�VHPL�GLVSODFHPHQW� SKDVH��
WKH� WUDQVLWLRQ� IURP� VHPL�GLVSODFHPHQW� WR�
SODQLQJ�DQG�ILQDOO\�WKH�SODQLQJ�SKDVH�
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)LJXUH�� � +\GURG\QDPLF�3KDVHV�RI�K\GURIRLO�$VVLVWHG�&DWDPDUDQV

$W� SUHVHQW� K\GURIRLO�DVVLVWDQFH� GRHV�
QRW� PDNH� VHQVH� IRU� YHVVHOV� RSHUDWLQJ�
EHORZ�WKH�GLVSODFHPHQW�KXPS��)Q� §��������
6LQFH� WKH�ZHLJKW�RI�D�FUDIW� LV�SURSRUWLRQDO�
WR� WKH� FXEH� RI� D� OLQHDU� GLPHQVLRQ� DQG� WKH�
OLIW� WR� WKH� VTXDUH� RI� WKH� OLQHDU� GLPHQVLRQ��
WKH� UHTXLUHG� VL]H� IRU� D� IRLO� V\VWHP� RXW�
JURZV�SUDFWLFDO�VL]HV�IRU�WKHVH�VSHHGV���7R�
WKH�NQRZOHGJH�RI�WKH�DXWKRUV��)Q�  �����LV�
FXUUHQWO\� WKH� ORZHU� OLPLW� IRU� ZKLFK�
K\GURIRLO� DVVLVWDQFH� KDV� EHHQ� GHVLJQHG� WR�
SURYLGH� D� XVHIXO� LPSURYHPHQW� LQ�
UHVLVWDQFH��+RSSH�DQG�0LJHRWWH���������

7KH� WUDQVLWLRQ� SKDVH� �DSSUR[��
����)Q������� LV� WKH� PRVW� FRPSOH[�
K\GURG\QDPLFDOO\�� � 7KH� LQFUHDVLQJO\�
GRPLQDQW� K\GURG\QDPLF� IRUFHV� �DV�
RSSRVHG� WR� K\GURVWDWLF� IRUFHV� GRPLQDWLQJ�
DW� ORZHU� VSHHGV�� DFWLQJ� RQ� WKH� KXOO� FDXVH�
WKH� KXOO� WR� VXFN� LWVHOI� GRZQ��RSSRVLQJ� WKH�
IRLO�OLIW���,W�LV�FRPPRQ�IRU�QRQ�IRLO�DVVLVWHG�
KLJK�VSHHG� FDWDPDUDQV� WR� VXEPHUJH�
VOLJKWO\� ZLWK� VSHHG�� DV� WKH� K\GURG\QDPLF�
VXFWLRQ� IRUFHV� RQ� WKH� KXOO� LQFUHDVH�� � 7KH�

VXGGHQ� GLVDSSHDUDQFH� RI� WKHVH� VXFWLRQ�
IRUFHV�RQ�WKH�KXOO�VLJQLI\LQJ�WKH�EHJLQQLQJ�
RI� WUXH� SODQLQJ� DUH� WKH� FDXVH� RI� WKH� ODUJH�
DQG� VXGGHQ� UHGXFWLRQV� LQ� UHVLVWDQFH� LQ� WKH�
WUDQVLWLRQ� SKDVH�� � ([LVWLQJ� K\GURIRLO�
DVVLVWHG� FDWDPDUDQV� �D� UHYLHZ� RI� H[LVWLQJ�
YHVVHOV� LV� JLYHQ� LQ� 0LJHRWWH� DQG� +RSSH�
������� DQG� +RSSH� ������� ������ ������
RSHUDWLQJ�LQ�WKLV�UDQJH�WU\�DQG�DYRLG�WKHVH�
VXGGHQ� FKDQJHV� GXH� WR� VXFWLRQ� E\� HLWKHU�
PDNLQJ� WKH� KXOOV� YHU\� VOHQGHU� �H�J�� WKH�
+LWDFKL� ³6XSHUMHW´� FDWDPDUDQV�� 0L\DWD�
�������� RU� GHVLJQLQJ� WKHP� VR� WKDW� WKH\�
GHYHORS�PRVWO\� SRVLWLYH� G\QDPLF� OLIW� �H�J��
.YDHUQHU� ³)RLO&DW�´� -RUGH� ����������
([SHULPHQWDO� LQYHVWLJDWLRQ� RI� YDULRXV� IRLO�
SRVLWLRQV� LV� XVXDOO\� QHHGHG� WR� GHWHUPLQH�
WKH� RSWLPDO� IRLO� GHVLJQ� WR� PLQLPL]H� WKHVH�
HIIHFWV�

7UXH� SODQLQJ� VSHHGV� �DSSUR[�� )Q�!�����
DUH� WKH� HDVLHVW� WR� GHVLJQ� IRU�� DV� ERWK� KXOO�
DQG� IRLOV� RSHUDWH� HIILFLHQWO\� LQ� WKLV� VSHHG�
UDQJH�DQG�SRVLWLYH� LQWHUIHUHQFH�HIIHFWV�FDQ�
PRUH� HDVLO\� EH� XWLOL]HG� LQ� WKH� GHVLJQ���

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
57

60
8.

13
83

.1
.2

.4
.6

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ar
in

e-
en

g.
ir

 o
n 

20
26

-0
2-

14
 ]

 

                             4 / 18

https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.2.4.6
http://marine-eng.ir/article-1-13-en.html


'HVLJQ�RI�+\GURIRLO�$VVLVWHG�&DWDPDUDQV�XVLQJ�D�«

9RO��� ��1R��� ��:LQWHU����� �

-2851$/�RI�0$5,1(�(1*,1((5,1*

6LPSOH� SODQLQJ� KXOO� OLQHV� FDQ� EH� XWLOL]HG�
ZLWK� VPDOOHU� IRLOV� PRXQWHG� RXW� RI� KDUPV�
ZD\�LQ�WKH�WXQQHO�EHWZHHQ�WKH�GHPL�KXOOV�

+\GURIRLO� $VVLVWHG� &DWDPDUDQ�
'HVLJQV�

([DPLQLQJ� H[LVWLQJ� YHVVHOV� SURYLGHV�
VRPH� H[DPSOH� RI� WKH� YDULRXV� RSWLRQV� WKDW�

DUH� DYDLODEOH�� )LJXUH� � VXPPDUL]HV� WKH�
HVWDEOLVKHG� IRLO� FRQILJXUDWLRQV�FXUUHQWO\� LQ�
XVH� RQ� H[LVWLQJ� KLJK�VSHHG� VHPL�
GLVSODFHPHQW� YHVVHOV�

$YLRQ�RU�
+\VXFDW

0RQR�)RLO

7DQGHP

&DQDUGV�ZLWK�
,QWHUFHSWRUV

6WDQGDUG�&DQDUG

+\VXZDF

)LJXUH�� � )RLO�&RQILJXUDWLRQV�IRU�+\GURIRLO�$VVLVWHG�&DWDPDUDQV
7KH� WDQGHP� DQG� VWDQGDUG� FDQDUG�

FRQILJXUDWLRQV� DUH� WKH� PRVW� SRSXODU� IRU�
VHPL�GLVSODFHPHQW� W\SH� FUDIW�� WKH� EXON� RI�
H[LVWLQJ� FUDIW� PDNLQJ� XVH� RI� WKHVH� WZR�
V\VWHPV�� �7KLV� LV�PDLQO\�GXH�WR�WKHLU� ODUJH�
OLIWLQJ� FDSDELOLW\� DOORZLQJ� WKH� FRPSOHWH�
YHVVHO� WR� EH� OLIWHG� RXW� RI� WKH� ZDWHU� LI�
QHHGHG�� � 7KLV� PDNHV� WKH� V\VWHP� OHVV�
VHQVLWLYH� WR� /&*� VKLIWV� DQG� RYHUORDGLQJ���
7KH�DYLRQ�V\VWHP�KDV�IRXQG�DSSOLFDWLRQ�RQ�
D� ODUJH� QXPEHU� ������� RI� SODQLQJ�
FDWDPDUDQV� UDQJLQJ� IURP� �� WR� ��P� EXW�
OLPLWHG� DSSOLFDWLRQ� WR� VHPL�GLVSODFHPHQW�
W\SH� YHVVHOV� �RQH� ��P� YHVVHO�� GXH� WR� LWV�
OLPLWHG�OLIW�FDSDELOLW\�DW�VHPL�GLVSODFHPHQW�
VSHHGV�� � 6LPLODUO\�� WKH� VLPSOHU� PRQR�IRLO�
KDV� DOVR� RQO\� VHHQ� RQH� VXFFHVVIXO�
DSSOLFDWLRQ� IRU� D� ��P� VHPL�GLVSODFHPHQW�
W\SH� YHVVHO�� � 7KH� FDQDUG� RQO\� V\VWHP��
XVXDOO\� FRXSOHG� ZLWK� D� WUDQVRP�

LQWHUFHSWRU��KDV�VHHQ�WZR�DSSOLFDWLRQV�ERWK�
GHVLJQHG� E\� WKH� SDWHQW� RZQHUV�� 07'�6W��
3HWHUVEXUJ� IRU� ��P� KLJK�VSHHG� SODQLQJ�
IHUULHV�� � 7KH�+\VXZDF� V\VWHP� WR� GDWH� KDV�
EHHQ� DSSOLHG� WR� WKUHH� YHVVHOV�� � 7KH�
+\VXZDF� V\VWHP� XWLOL]HV� D� KLJK� DVSHFW�
UDWLR� IURQW� IRLO� WRJHWKHU� ZLWK� D� UHDU� IRLO�
PRXQWHG� LQ� WKH� WXQQHO�� � 7KH� V\VWHP� KDV�
EHHQ�DSSOLHG� WR�YHVVHOV� UDQJLQJ� IURP���P�
WR� ��P� DQG� VXFFHVVIXO� GHVLJQV� FRPSOHWHG�
IRU�YHVVHOV�XS�WR���P�

2QH� FDQ� SUHVHQWO\� GLVWLQJXLVK� EHWZHHQ�
WZR�NLQGV�RI�YHVVHO�GHVLJQV�� WKRVH�RI�QHZ�
YHVVHOV� ZLWK� KXOO� DQG� IRLOV� RSWLPL]HG� WR�
PDWFK� DQG� K\GURIRLO� UHWURILWV� WR� H[LVWLQJ�
FDWDPDUDQV��ZKHUH�IRLOV�DUH�PDWFKHG� WR�DQ�
H[LVWLQJ� KXOO�� � 7KH� GHVLJQ� RI� QHZ� YHVVHOV�
DOORZV� WKH� GHVLJQHU� PRUH� IUHHGRP� LQ�
DYRLGLQJ� SRWHQWLDO� SUREOHPV� RI�
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9RO��� ��1R��� ��:LQWHU������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

LQWHUIHUHQFH��PDNLQJ� WKH�GHVLJQ� VRPHZKDW�
VLPSOHU� LI� RQH� KDV� H[SHULHQFH� LQ� WKHVH�
HIIHFWV�� � 3RVLWLYH� HIIHFWV� VXFK� DV� ZDYH�
FDQFHOODWLRQ� DQG� WDNLQJ� DGYDQWDJH� RI� WKH�
XS� ZDVK� IURP� WKH� K\GURIRLOV� WR� LQFUHDVH�
WKH� KXOO� OLIW� FDQ� EH� HIIHFWLYHO\� XVHG� WR�
PLQLPL]H� UHVLVWDQFH�� � 8WLOL]LQJ� WKHVH�
HIIHFWV�DOORZV�RQH�WR�DFKLHYH�WKH�UHVLVWDQFH�
WHQGHQFLHV� FRQVLGHUHG� RSWLPXP� DV�
LQGLFDWHG�LQ�)LJXUH ��

+\GURIRLO� UHWURILWV� WHQG� WR� EH� PRUH�
GLIILFXOW�EHFDXVH�D�KXOO�QRW�GHVLJQHG� WR�EH�
G\QDPLFDOO\�XQORDGHG�ULVNV�EHLQJ�XQVWDEOH�
LQ� VRPH� ZD\� �GLUHFWLRQDO� VWDELOLW\� EHLQJ�
WKH� PRVW� FRPPRQ� SUREOHP��� � ([SHULHQFH�
ZLWK� +\VXZDF� W\SH� UHWURILWV� WR� H[LVWLQJ�
KXOOV� KDV� VKRZQ� WKDW� WKH� PDLQ� GLIILFXOW\�
OLHV� LQ� DFKLHYLQJ� VXLWDEOH� WUDQVLWLRQ� SKDVH�
UHVLVWDQFH� DQG� EHKDYLRU�� � ,W� LV� DOVR� PRUH�
GLIILFXOW� WR� WDNH� DGYDQWDJH� RI� SRVLWLYH�
LQWHUIHUHQFH� HIIHFWV� EHWZHHQ�KXOO� DQG� IRLOV�
DV� WKH� IRLO� GHVLJQ� LV� GLFWDWHG� PRUH� E\�
IDFWRUV� VXFK� DV� VWDELOLW\� DQG� VWUXFWXUDO�
UHTXLUHPHQWV�� � +\GURIRLO� UHWURILWV�� ZKLOH�
QRW� RSWLPDO�� FDQ�QHYHUWKHOHVV� VLJQLILFDQWO\�
LPSURYH� WKH� YHVVHO� HIILFLHQF\� DQG� VSHHG���
7KLV� KDV� EHHQ� SURYHQ� RQ� +\VXZDF� IRLO�
UHWURILWV� WR� FRPPHUFLDO� FUDIW�SHUIRUPHG�E\�
WKH�8QLYHUVLW\�RI�6WHOOHQERVFK�

:RUOGZLGH�� LQLWLDO� GHYHORSPHQW� DQG�

GHVLJQ� RI� QHZ� K\GURIRLO� DVVLVWHG� VHPL�
GLVSODFHPHQW� FDWDPDUDQV� KDV� UHOLHG�
KHDYLO\� RQ� H[SHULPHQWDO� PRGHO� WHVWLQJ� LQ�
WKH�GHVLJQ�SURFHVV�� �6XFK�H[SHULPHQWV�DUH�
LQYDOXDEOH� IRU� LGHQWLI\LQJ� WKH� PDLQ�
K\GURG\QDPLF� SUREOHPV� DQG� ILQGLQJ�
VXLWDEOH� VROXWLRQV� IRU� WKHVH�� �$�QXPEHU�RI�
SXEOLFDWLRQV�� EDVHG� RQ� H[SHULPHQWDO�
LQYHVWLJDWLRQV�� DUH� DYDLODEOH� WKDW� SURYLGH�
VRPH� H[SHULPHQWDO� GDWD� �VHH� IRU� H[DPSOH�
�+RSSH� �������� 0L\DWD� �������� 6KLPL]X�
�������� 7DR� ������� ������� 0LJHRWWH� DQG�
+RSSH���������XVHIXO�IRU�GHVLJQ�SXUSRVHV�

)URP� VXFK� H[SHULPHQWDO� LQYHVWLJDWLRQV��
HQRXJK�H[SHULHQFH�KDV�EHHQ�EXLOW�XS�DW�WKH�
8QLYHUVLW\� RI� 6WHOOHQERVFK� PDNLQJ� LW�
SRVVLEOH�� ZLWK� WKH� DLG� RI� WKH� &)'�
NQRZOHGJH� RI� WKH� 0DULQH� 7HFKQLFDO�
8QLYHUVLW\� RI� 6W�� 3HWHUVEXUJ�� WR� GHYHORS� D�
VXLWDEOH� FRPSXWDWLRQDO� PHWKRG� WR� DLG� LQ�
WKH�GHVLJQ�SURFHVV�DQG�UHGXFH�WKH�UHTXLUHG�
WRZLQJ� WDQN� WLPH�� � $V� DQ� H[DPSOH� RI� WKH�
DSSOLFDWLRQ� DQG� XVHIXOQHVV� RI� WKH�PHWKRG��
WKH� GHVLJQ� RI� +\VXZDF� K\GURIRLOV� IRU� D�
EHQFKPDUN� VL]H� SDVVHQJHU� FDWDPDUDQ� ZLOO�
EH� FRQVLGHUHG�� � 6XFK� D� YHVVHO� KDV� W\SLFDO�
GLPHQVLRQV� DV� JLYHQ� LQ� 7DEOH� ��� � 7KLV�
GHVLJQ� ZDV� GHYHORSHG� E\� XVH� RI� WKH�
PDWKHPDWLFDO� PRGHO� IRU� +\VXFDWV�� +RSSH�
�������������DQG�V\VWHPDWLFDO�WRZLQJ�WDQN�
WHVWV�DW�WKH�8QLYHUVLW\�RI�6WHOOHQERVFK�

7DEOH����&DWDPDUDQ�0DLQ�3DUWLFXODUV
2YHUDOO�/HQJWK ���P
'LVSODFHPHQW ����W
,QVWDOOHG�3RZHU ��[������N:
6SHHG�Z�R�IRLOV ���NQRWV
6SHHG�ZLWK�IRLOV $SSUR[�����NQRWV

$SSOLFDWLRQ� RI� WKH�PHWKRG� LV� GHVFULEHG�
IRU� VSHHGV� LQ� WKH� XSSHU� HQG� RI� WKH�
WUDQVLWLRQ� SKDVH� DQG� KLJKHU�� � 7KLV� FRYHUV�

WKH� GHVLJQ� VSHHGV� RI� WKH� YHVVHO� ZLWK� DQG�
ZLWKRXW� IRLOV�� � 7KLV� UHTXLUHV� RQH� WR�
FRQVLGHU� QXPHULFDO� PHWKRGV� WKDW� FDQ�
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'HVLJQ�RI�+\GURIRLO�$VVLVWHG�&DWDPDUDQV�XVLQJ�D�«

9RO��� ��1R��� ��:LQWHU����� �

-2851$/�RI�0$5,1(�(1*,1((5,1*

DGHTXDWHO\� PRGHO� VHPL�SODQLQJ� DQG�
SODQLQJ� LQ� FRPELQDWLRQ� ZLWK� K\GURIRLOV��
7KH� WKHRUHWLFDO� PHWKRG� LPSOHPHQWHG� LQ�
WKH� FRPPHUFLDO� SDFNDJH� $872:,1*��
GHYHORSHG� E\� 'U�� .RUQHY� ������� DW� WKH�
0DULQH� 7HFKQLFDO� 8QLYHUVLW\� RI� 6W��
3HWHUVEXUJ�� LV� SDUWLFXODUO\� VXLWHG� WR� IRU�
WKHVH� W\SHV� RI� FDOFXODWLRQV�� � &RPELQHG�
ZLWK� WKH� H[SHUWLVH� JDLQHG� IURP�
H[SHULPHQWDO� ZRUN�� WKH� PHWKRG� ZDV�
IXUWKHU� GHYHORSHG� IRU� DSSOLFDWLRQ� WR�
K\GURIRLO�DVVLVWHG�FDWDPDUDQV�

7KHRUHWLFDO�PHWKRG
+\GURG\QDPLFDOO\�� WKH� K\GURIRLO�

DVVLVWHG� FDWDPDUDQ� DW� KLJK� VSHHG� FDQ� EH�
FRQVLGHUHG� DV� FRQVLVWLQJ� RI� WZR�SDUWV�� WKH�
IURQW� IRLO� DQG� WKH� DIW� KXOO� SOXV� UHDU� IRLO��
7KH� SDUWV� DUH� FRQVLGHUHG VHSDUDWHO\�� 7KH�
IURQW� IRLO� LV� FDOFXODWHG� DV� D� ZLQJ� PRYLQJ�
XQGHU� WKH� XQGLVWXUEHG� IUHH� VXUIDFH�� 7KH�
K\GURG\QDPLF� HIIHFWV� RI� WKH� DIW� KXOO� DQG�
UHDU� IRLO� RQ� WKH� IURQW� IRLO� DUH� QHJOHFWHG���
7KLV� KDV� EHHQ� IRXQG� WR� EH� D YDOLG�
DVVXPSWLRQ� LI� WKH� IURQW� IRLO� LV� ORFDWHG�
IRUZDUG�QHDU�WKH�ERZ���7KH�DIW�KXOO�DQG�WKH�
UHDU� IRLO� DUH� WUHDWHG� DV� D� ZLQJ� V\VWHP�
PRYLQJ� LQ� WKH� YRUWH[�ZDYH� ZDNH� VKHG�
IURP�WKH�IURQW�IRLO��

7UHDWPHQW� RI� WKH� IUHH� VXUIDFH�
SUREOHPV

7R� FDOFXODWH� WKH� ZDYH� VXUIDFH� DQG�

YRUWH[� ZDNH� DIWHU� WKH� IURQW� K\GURIRLO�� D�
WKUHH�GLPHQVLRQDO� 1RQOLQHDU� 9RUWH[�
/DWWLFH� 0HWKRG� �1/90�� ZDV� GHYHORSHG���
7KH� LQWHQVLW\� RI� WKH� GLVFUHWH� YRUWLFHV� RQ�
WKH� IUHH� VXUIDFH� LV� IRXQG� IURP� WKH� IUHH�
VXUIDFH� G\QDPLF� ERXQGDU\� FRQGLWLRQV�
�ERWK� OLQHDU� DQG� QRQOLQHDU�� ZKHUHDV� WKH�
IRUP�RI�WKH�IUHH�VXUIDFH�LV�VRXJKW�IURP�WKH�
IUHH� VXUIDFH� NLQHPDWLF� ERXQGDU\�
FRQGLWLRQV��

)RU� D� VKRUW� GHVFULSWLRQ� RI� WKH� 1/90�
DSSOLFDWLRQ� WR� IUHH� VXUIDFH� SUREOHPV�� ZH�
FRQVLGHU�D�K\GURIRLO�DGYDQFLQJ�DW�FRQVWDQW�
IRUZDUG� VSHHG� 9f LQ� DQ� LQFRPSUHVVLEOH��
LQYLVFLG� DQG� LUURWDWLRQDO� IOXLG�� :H� XVH� D�
&DUWHVLDQ� FRRUGLQDWH� V\VWHP� IL[HG� WR� WKH�
IRLO�� [� SRLQWV� IRUZDUG�� \� XSZDUG� DQG� ]� LQ�
WUDQVYHUVH� GLUHFWLRQ�� 7KH� IUHH� VXUIDFH� LV�
PRGHOHG� E\� D� YRUWH[� VKHHW�ZLWK� XQNQRZQ�
LQWHQVLW\�� Jρ �� :LWKRXW� ORVV� RI� JHQHUDOLW\��
ZH�FDQ�GHFRPSRVH� Jρ DW�HDFK�SRLQW�RQ�WKH�
IUHH� VXUIDFH� ZLWKLQ� WKH� FRPSXWDWLRQDO�
GRPDLQ� DV� WKH� VXP� RI� WZR� FRPSRQHQWV�
WDQJHQWLDO� WR� WKH� IUHH� VXUIDFH�� Jρ ] LV� WKH�
FRPSRQHQW�SHUSHQGLFXODU�WR�WKH�[�D[LV�� Jρ [
LV� SHUSHQGLFXODU� WR� Jρ ]�� 7KH� JRYHUQLQJ�
HTXDWLRQ�IRU� WKH�SHUSHQGLFXODU�FRPSRQHQW��
Jρ] FDQ� EH� REWDLQHG� IURP� WKH� G\QDPLF�
ERXQGDU\� FRQGLWLRQ� �VHH� .RUQHY� DQG�
7DUDQRY���������

R[
Z Y)Q

\YQY ���
��� �

�
�

�
� ���u� JJJ ]

ρρρρ ���

:KHUH�� f 9�JJ �� f 9YY ��� �� WKH�
ZDYH� RUGLQDWH� /\\ ZZ � ��

J/9)Q �f DUH� QRQ�GLPHQVLRQDOL]HG�
ZLWK� UHVSHFW� WR� VSHHG� RI� PRWLRQ�� 9f DQG�

ZLQJ�FKRUG� OHQJWK��/��7KH�YHORFLW\�RQ� WKH�
IUHH� VXUIDFH�� �Yρ LQGXFHG� E\� WKH� IURQW� IRLO�
DQG� WKH� YRUWH[� VKHHW� JρFDQ� EH� FDOFXODWHG�
XVLQJ�%LRW�6DYDUW
V� ODZ��7RJHWKHU�ZLWK� WKH�
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9RO��� ��1R��� ��:LQWHU������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

]HUR�GLYHUJHQFH� FRQGLWLRQ� DQG� FRQGLWLRQV� DW�LQILQLW\�

������ rfoo � ]IRUJJρ
���������  �f �f ]]\Z J ���

���� UHSUHVHQWV� D� FRPSOHWH� V\VWHP� RI�
JRYHUQLQJ� HTXDWLRQV� IRU� WKH� YHFWRU�
LQWHQVLW\��Jρ �

,Q� WKH� QXPHULFDO� LPSOHPHQWDWLRQ�� WKH�
IUHH� VXUIDFH� LV�PRGHOHG�ZLWKLQ� D� UHFWDQJOH�
GHILQHG�E\�[���[���]� DQG�]���$V�XVXDO�LQ�WKH�
YRUWH[�ODWWLFH�PHWKRG��WKH�VXUIDFH�9RUWLFLW\�
Jρ LV� UHSUHVHQWHG� E\� D� QXPEHU� RI� FORVHG�

YRUWLFHV� �VHH� )LJ�� ���� � 7KXV�� WKH� ILUVW�
HTXDWLRQ� LQ� (T�� ���� LV� VDWLVILHG�
DXWRPDWLFDOO\�LQ�WKH�LQWHJUDO�VHQVH��)RU�WKH�
SDQHOL]DWLRQ� RI� WKH� IUHH� VXUIDFH� DORQJ� WKH�
[�D[LV�WZR�SURFHGXUHV�ZHUH�LQYHVWLJDWHG��D�
SURFHGXUH� SURSRVHG� E\� 7KLDUW� ������� DQG�
VLPSOH�H[SRQHQWLDO�VWUHWFKLQJ

`�@�����H[S^���> �
�� ;[1[[[ MMM ����'� �� ���

ZKHUH�;� LV� WKH� DEVFLVVD� RI� WKH� OHDGLQJ�
HGJH� RI� WKH� K\GURIRLO� DQG�'[� DQG� 1� DUH�
IUHH� SDUDPHWHUV�� 6XUSULVLQJO\� ZH� KDYH�
REWDLQHG� DOPRVW� WKH� VDPH� UHVXOWV� IRU� ERWK�
SDQHOL]DWLRQV�� ,Q� WKH� ODWHUDO� GLUHFWLRQ� WKH�
ZDYH� VXUIDFH� LV� GLYLGHG� LQWR� SDQHOV�
XQLIRUPO\� EHWZHHQ� VWUXWV� DQG� WKH� VLPSOH�

VWUHWFKLQJ� ���� LV� XVHG� RXWVLGH� RI� VKLS¶V�
ZLGWK�

7KH� YHFWRU� HTXDWLRQ� ���� LV� VDWLVILHG� DW�
WKH� FHQWHU� RI� HDFK� YRUWH[� ODWWLFH�� 7KH�
YHFWRU� LQWHQVLW\�� Jρ �� QHFHVVDU\� IRU�
FDOFXODWLRQV�RI�WKH�5+6�RI�(T�����LV�VRXJKW�
E\� VPRRWKLQJ� WKH� GLVFUHWH� YRUWLFHV�
DFFRUGLQJ�WR�VLPSOH�IRUPXOD�

��*�*�*�* �� ���@���>� ����
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�*�*�*�* �� ���

:KHUH�� P
LM* LV� WKH�VWUHQJWK�RI� LM�WK�GLVFUHWH�

YRUWH[� DQG�P� LV� WKH� QXPEHU� RI� LWHUDWLRQV��
$V� VRRQ� DV� WKH� YRUWH[� LQWHQVLW\�� ��PJρ LV�

IRXQG� IURP�(T�� ����� WKH�FRQWLQXRXV�YRUWH[�
VKHHW� LV� UHGLVWULEXWHG� DPRQJ� WKH� GLVFUHWH�
FORVHG� YRUWLFHV�

���� ����
��

�
� PPPP

LM
P
LM 55 ρρρ ��* * ��

�
� J ���

7KH� NLQHPDWLF� FRQGLWLRQ� RQ� WKH� IUHH�
VXUIDFH� LV� XVHG� WR� FDOFXODWH� WKH� VKDSH� RI�

WKH�IUHH�VXUIDFH�DQG�WR�DGMXVW�WKH�KHLJKW�RI�
WKH�YRUWH[�ODWWLFH��0RUH�SUHFLVHO\�WKH�IRUP�
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-2851$/�RI�0$5,1(�(1*,1((5,1*

RI� WKH� IUHH� VXUIDFH� LV�GHWHUPLQHG� IURP� WKH� VROXWLRQ�RI�WKH�VWUHDPOLQH�HTXDWLRQV

R]R\[ Y
G]

Y
G\

Y
G[   
�

���

7KH�YHORFLW\�DW�HDFK�NQRW�RI� WKH�YRUWH[�
ODWWLFH� DUH� IRXQG� XVLQJ� WKH� UXOH�
�GHVLJQDWLRQV�VHH�LQ�WKH�)LJ���

���� �������� ��� 9999: ρρρρρ

7R�VHSDUDWH�WKH�YHFWRUV� ]Jρ DQG� [Jρ ��DV�LW�
UHTXLUHV� WKH� QXPHULFDO� LPSOHPHQWDWLRQ� RI�
WKH� (T�� ����� WKH� YRUWH[� ODWWLFH� RQ� WKH� IUHH�
VXUIDFH� VKRXOG� VDWLVI\� WKH� IROORZLQJ�
FRQGLWLRQV��

WKH� ODWHUDO� VHFWLRQV� RI� HYHU\� FORVHG�
YRUWH[�OLH�LQ�WKH�SODQH�[ FRQVW�� ��D�

WKH�ORQJLWXGLQDO�VHFWLRQV�OLH�LQ�WKH�SODQH�
] FRQVW�� ��E�

&HUWDLQO\� DIWHU� VROXWLRQ� RI� WKH� VWUHDPOLQH�
HTXDWLRQV� ZH� REWDLQ� WKH� ODWWLFH� YLRODWLQJ�
WKH� FRQGLWLRQ� ��E��� 7KHUHIRUH�� D� VSHFLDO�
SURFHGXUH� LV� XVHG� WR� EXLOG� D� QHFHVVDU\�
RUWKRJRQDO� JULG� RQ� WKH� EDVH� RI� FDOFXODWHG�
RQH�DW� HDFK� LWHUDWLRQ� VWHS�� �7KLV�DOJRULWKP�
ZRUNV� RQO\� LI� WKH� ZDYHV� GR� QRW� EUHDN��
%RWK� JρDQG� \Z DUH� DVVXPHG� ]HUR� DW� ERWK�
VLGH� ERXQGDULHV� RI� WKH� PRGHOHG� IUHH�
VXUIDFH�UHJLRQ��

)LJXUH�� � 9RUWH[�/DWWLFH�RI�WKH�IUHH�VXUIDFH�DQG�YRUWH[�ZDNH�EHKLQG�WKH�K\GURIRLO

&DOFXODWLRQ�RI�WKH�K\GURIRLO
7KH� K\GURIRLO� DQG� LWV� YRUWH[� ZDNH� DUH�

WUHDWHG�XVLQJ� WKH� FRPPRQ�19/0�PHWKRG�
GHVFULEHG� FRPSUHKHQVLYHO\� LQ� PDQ\�
WH[WERRNV� DQG� VSHFLDO� SDSHUV�� 7KH�

QXPHULFDO� LQVWDELOLW\�� ZKLFK� LV� W\SLFDO� IRU�
SUREOHPV� LQFOXGLQJ� WKH� G\QDPLFV� RI� WKLQ�
YRUWH[� VKHHWV�� ZDV� DYRLGHG� XVLQJ� WKH�
FRQFHSW� RI� WKH� FXW�RII� UDGLXV� 7KH�
WKLFNQHVV� RI� K\GURIRLO� LV� DFFRXQWHG� IRU�E\�

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
57

60
8.

13
83

.1
.2

.4
.6

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ar
in

e-
en

g.
ir

 o
n 

20
26

-0
2-

14
 ]

 

                             9 / 18

https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.2.4.6
http://marine-eng.ir/article-1-13-en.html


9RO��� ��1R��� ��:LQWHU�������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

D�VRXUFH�GLVWULEXWLRQ�ZLWK�VWUHQJWK�HTXDO�WR�
WKH� WKLFNQHVV� JUDGLHQW� LQ� GRZQVWUHDP�
GLUHFWLRQ�

7KH� FDOFXODWLRQ� RI� WKH� K\GURIRLO� XQGHU�
WKH� IUHH� VXUIDFH� LV� SHUIRUPHG� XVLQJ� D�
VSHFLDO� LWHUDWLYH� WHFKQLTXH�� (YHQ� LI� OLQHDU�
ERXQGDU\�FRQGLWLRQV�DUH�XVHG��WKH�LWHUDWLYH�
WHFKQLTXH� LV� QHFHVVDU\� EHFDXVH� WKH�
SRVLWLRQ� RI� WKH� YRUWH[� ZDNH� LV� D� YHU\�
LPSRUWDQW� IDFWRU� DIIHFWLQJ� WKH� ZDYH�
GHIRUPDWLRQ� DQG� LW� FDQ� RQO\� EH� IRXQG�
LWHUDWLYHO\�'LYHUJHQFH� RI� WKH� LWHUDWLYH�
WHFKQLTXH�ZDV�REVHUYHG�LQ�WKUHH�IROORZLQJ�
FDVHV�

x :DYH�EUHDNLQJ
x 9HU\� ORQJ� FRPSXWDWLRQDO�

GRPDLQ��DERXW����FKRUGV�
x )URXGH� QXPEHU� LV� OHVV� WKDQ�

���
7KH� PHWKRG� IRU� PRGHOLQJ� WKH� IUHH�

VXUIDFH� ZDV� VXFFHVVIXOO\� WHVWHG� E\�
FRPSDULVRQV� ZLWK� PHDVXUHPHQWV� IRU�
YDULRXV� K\GURIRLOV� �VHH� .RUQHY� DQG�
7DUDQRY�����������

&DOFXODWLRQ�RI�WKH�SODQLQJ�KXOO
7KH� FDOFXODWLRQ� RI� WKH� KXOO� LV� GRQH� E\�

DVVXPLQJ�SODQLQJ�FRQGLWLRQV�� �7KLV�PDNHV�
WKH�PHWKRG�YDOLG� IRU� WKH�XSSHU� HQG�RI� WKH�
WUDQVLWLRQ� SKDVH� DQG� KLJKHU� DV� JLYHQ� LQ�
)LJXUH ��� �7KH�SODQLQJ�KXOO�PRYLQJ� LQ� WKH�
YRUWH[�ZDYH�ZDNH�RI�WKH�IURQW�IRLO�LV�EDVHG�
RQ� WKH� ZLQJ� DQDORJ\� GLVFRYHUHG� E\�
:DJQHU� �������� � (DFK� OLIWLQJ� VXUIDFH� LV�
UHSUHVHQWHG� YLD� D� VHW� RI� WKLQ� FDPEHUHG�
ORQJLWXGLQDO� VWULSV� ZLWK� UHFWLOLQHDU� OHDGLQJ�

DQG�WUDLOLQJ�HGJHV���6XFK�DQ�DSSUR[LPDWLRQ�
DOORZV� RQH� WR�PRGHO�SODQLQJ� VXUIDFHV� DQG�
K\GURIRLOV� ZLWK� FXUYHG� OHDGLQJ� HGJHV��
LQFOXGLQJ� ZDUSHG� KXOOV� ZLWK� YDULDEOH�
GHDGULVH�� ,I� WKH�ZHWWHG�DUHD�RI� WKH�SODQLQJ�
VXUIDFH�LV�NQRZQ��WKH�SUHVVXUH�GLVWULEXWLRQ�
DQG� IRUFHV� DUH� REWDLQHG� E\� XVLQJ� WKH�
FRQYHQWLRQDO� 9RUWH[� /DWWLFH� 0HWKRG�
�9/0��

$�VSHFLDO�WHFKQLTXH��ZKLFK�LQ�LWV�LGHD�LV�
YHU\� VLPLODU� WR� WKH� VLPSOLILHG� PHWKRG�
GHVFULEHG� E\ =KDR� DQG� )DOWLQVHQ� �������
DQG�0HL�HW�DO�� ������� IRU� WZR�GLPHQVLRQV��
LV�DSSOLHG� WR�HVWLPDWH� WKH�ZHWWHG�DUHD�RI�D�
WKUHH� GLPHQVLRQDO� SODQLQJ� VXUIDFH�ZLWK� DQ�
DUELWUDU\� OHQJWK� WR� EHDP� UDWLR�� 7KLV�
PHWKRG�LV�UDWKHU�VLPSOH�DQG�FDQ�EH�ZULWWHQ�
LQ� D� JHQHUDO� IRUP� WKDW� FRYHUV� FRPSOH[�
SODQLQJ� JHRPHWU\� PRYLQJ� LQ� WKH� YRUWH[�
ZDYH� ZDNH�� 7KH� HVVHQWLDO� SRLQWV� RI� WKLV�
DSSURDFK�DUH�GHVFULEHG�VKRUWO\�EHORZ��

&RQVLGHU� D� ORQJLWXGLQDO� VWULS� RI� D�
SODQLQJ� VXUIDFH� �VHH� )LJ����� 7KH� ZHWWHG�
FKRUGV�RI�VWULS�DUH�FDOFXODWHG�LWHUDWLYHO\��,Q
WKH� ILUVW� LWHUDWLRQ�� WKH� ZHWWHG� FKRUG� LV�
GHWHUPLQHG�DV�D� OHQJWK�PHDVXUHG�IURP�WKH�
WUDLOLQJ� HGJH� WR� WKH� SRLQW� RI� LQWHUVHFWLRQ�
EHWZHHQ� ERWWRP� FRQWRXU� DQG� WKH� IUHH�
VXUIDFH�HLWKHU�QRW�GLVWXUEHG�RU�GLVWXUEHG�E\�
WKH�IURQW�IRLO��7KH�IUHH�VXUIDFH�GHIRUPDWLRQ�
FDXVHG�E\�WKH�SODQLQJ�VXUIDFH�LWVHOI�FDQ�EH�
ZULWWHQ� LQ� WKH�Q�WK� LWHUDWLRQ� LQ� WKH� IRUP�RI�
WKH� VWUHDPOLQH� HTXDWLRQ

³
f�

f ���f 
Q[

Q
[

Q
\

Q GY9Y\\
�

��������� [[[ ���

ZKHUH� Y[ DQG� Y\ DUH� FRPSRQHQWV� RI�
YHORFLW\� LQGXFHG� E\� WKH� HQWLUH� SODQLQJ�

VXUIDFH� DQG�K\GURIRLO� LQ� WKH�Q�WK� LWHUDWLRQ��
7KH\� FDQ� EH� REWDLQHG� E\� XVLQJ� WKH� %LRW�
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'HVLJQ�RI�+\GURIRLO�$VVLVWHG�&DWDPDUDQV�XVLQJ�D�«

9RO��� ��1R��� ��:LQWHU����� ��

-2851$/�RI�0$5,1(�(1*,1((5,1*

6DYDUW� ODZ�� ,Q� WKH� LWHUDWLRQV� WKH� OHDGLQJ�
HGJH� Q

R[ LV� VKLIWHG� WRZDUGV� WKH� SRVLWLYH�
GLUHFWLRQ�RI� WKH�[�D[LV�E\�DGGLQJ�'[ DORQJ�
WKH� ERWWRP� FRQWRXU� XQWLO� WKH� LQWHUVHFWLRQ�
SRLQW� EHWZHHQ� WKH� VWUHDPOLQH� (T�� ���� DQG�
WKH� ERWWRP� FRQWRXU� RI� WKH� KXOO� �L�H�� WKH�
FULWLFDO�SRLQW��ZLOO�EH� OD\�ZLWKLQ� WKH�FKRUG�
[��[LQW�[��� �3HUIRUPLQJ�FDOFXODWLRQV�IRU�DOO�
VLGHV� DQG� VWULSV� DQG� FRQQHFWLQJ�

FRUUHVSRQGLQJ� SRLQWV� RQH� REWDLQV� WKH�
ZHWWHG� DUHD� RI� WKH� SODQLQJ� VXUIDFH��
2EYLRXVO\�� WKH� MHW� IORZ� QHDU� WKH� OHDGLQJ�
HGJH� DQG� VLGHV� RI� WKH� SODQLQJ� KXOO� LV�
QHJOHFWHG� LQ� WKLV� DSSURDFK�� ,W� VKRXOG� DOVR�
EH� QRWHG� WKDW� WKH� LQWHJUDO� (T�� ����
FRQYHUJHV� RQO\� LQ� WKH� WKUHH�GLPHQVLRQDO�
FDVH��

)LJXUH����9RUWH[�/DWWLFH�RI�WKH IUHH�VXUIDFH�DQG�YRUWH[�ZDNH�EHKLQG�WKH�K\GURIRLO

,QIOXHQFH� RI� WKH� IUHH� VXUIDFH�
GHIRUPDWLRQ�RQ�WKH�K\GURG\QDPLF�
IRUFHV�RI�WKH�FDWDPDUDQ

2QH� RI� WKH� SHFXOLDULWLHV� RI� WKH� SUHVHQW�
WKHRU\� LV� FRQVLGHUDWLRQ� RI� WKH� IUHH� VXUIDFH�
GHIRUPDWLRQ�� 7KH� IURQW� IRLO� GLVWXUEV� WKH�
IUHH� VXUIDFH�� SURGXFLQJ� D� ZDYH� ZKRVH�
OHQJWK� LV� SURSRUWLRQDO� WR� WKH� )URXGH�
QXPEHU��$� UHDVRQDEOH�TXHVWLRQ� LV�ZKHWKHU�
WKH� IUHH� VXUIDFH� GHIRUPDWLRQ� SOD\V� D�
VLJQLILFDQW� UROH� DQG�ZKHWKHU� LW� LV� SRVVLEOH�
WR� QHJOHFW� WKH� IUHH� VXUIDFH� HIIHFWV� VDYLQJ�
WKH� FRPSXWDWLRQDO� WLPH� DQG� VLPSOLI\LQJ�
WKH� GHVLJQ� SURFHVV�� )LJ�� �� EHORZ� DOORZV�
RQH�WR�DQVZHU�WKLV�TXHVWLRQ��

7KH� UHVXOWV� LQGLFDWHG� DV� ³Z�R�
GHIRUPDWLRQ´� ZHUH� REWDLQHG� ZLWKRXW�

FRQVLGHUDWLRQ� RI� WKH� IUHH� VXUIDFH�
GHIRUPDWLRQ��%RWK�WKH�SODQLQJ�KXOO�DQG�WKH�
IURQW� IRLO� PRYH� RQ� DQG� XQGHU� WKH�
XQGLVWXUEHG�IUHH�VXUIDFH��$V�VHHQ�IURP�WKH�
ILJXUHV�� WKH� WKHRUHWLFDO� UHVXOWV� REWDLQHG�
ZLWK� DFFRXQW� IRU� WKH� IUHH� VXUIDFH�
GHIRUPDWLRQ� FRQYHUJH� WR� PHDVXUHPHQWV�
ZKHQ� WKH�)URXGH�QXPEHU� LV� LQFUHDVHG��2Q�
WKH� FRQWUDU\�� D� QHJOHFW� RI� WKH� IUHH� VXUIDFH�
HIIHFWV�� OHDGV� WR� D� ODUJH� GLVFUHSDQF\�
EHWZHHQ�PHDVXUHPHQWV� DQG� WKH� QXPHULFDO�
SUHGLFWLRQ��7KH� UHDVRQ� LV� FOHDU��7KH� ODUJHU�
WKH� )URXGH� QXPEHU� WKH� ORQJHU� WKH� ZDYH�
DIWHU� WKH� IURQW� IRLO�� � 7KH� ZDYH� WURXJK�
UHDFKHV�WKH�SODQLQJ�KXOO�DQG��WKHUHIRUH��WKH�
LQIOXHQFH� RI� WKH� IUHH� VXUIDFH� GHIRUPDWLRQ�
EHFRPHV�ODUJHU�
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9RO��� ��1R��� ��:LQWHU�������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

2SWLPL]DWLRQ� RI� +\GURIRLO�
$VVLVWHG�&DWDPDUDQV

7KH�GHYHORSHG�PHWKRG�ZDV�XVHG�IRU�WKH�
LQYHVWLJDWLRQ� RI� K\GURG\QDPLFV� RI� D�
+\VXZDF� W\SH� +\GURIRLO� DVVLVWHG�
FDWDPDUDQ�ZLWK�SDUWLFXODUV�DV�JLYHQ�LQ�

7DEOH ����7KH�LQYHVWLJDWLRQ�ZDV�GLUHFWHG�
DW� ILQGLQJ� WKH� RSWLPDO� ZD\� WR� UHWURILW�
H[LVWLQJ�FDWDPDUDQV�ZLWK�K\GURIRLOV��)RFXV�
ZDV� WKHUHIRUH� RQ� LQYHVWLJDWLQJ� GLIIHUHQW�
IRLOV� DQG� WKH� PXWXDO� SRVLWLRQ� RI� WKH� IRLOV�
DQG� WKH� KXOO�� ZKLOH� QRW� FKDQJLQJ� WKH� KXOO�
JHRPHWU\�

7KH�QXPHULFDO�FDOFXODWLRQV�VKRZHG�WKDW�
DPRQJ� WKH� JHRPHWULF� SDUDPHWHUV�
LQYHVWLJDWHG�� WKH� PRVW� HIIHFWLYH� WRRO� WR�
RSWLPL]H� WKH� FDWDPDUDQ� LV� WKH� ODWHUDO�
GLVWDQFH� EHWZHHQ� WKH� IRLOV�� 7KH� HIIHFW� RI�
RWKHU�SDUDPHWHUV�ZDV�FRPSDUDEOH�ZLWK�WKH�
DFFXUDF\� RI� WKH� QXPHULFDO� DSSURDFK�� 7KH�
FDOFXODWLRQ� LQFOXGHG� ERWK� WKH�

GHWHUPLQDWLRQ� RI� WKH� K\GURG\QDPLF� IRUFHV�
DQG�DWWLWXGH�RI�WKH�VKLS�

)LJXUH� �� DQG� �� GLVSOD\� UHVXOWV�� 7KUHH�
GLIIHUHQW� FDVHV�� VFKHPDWLFDOO\� VNHWFKHG� LQ�
WKH� )LJ���� DUH� FRQVLGHUHG�� � )LUVWO\�� WKH�
EDVLF�YDULDQW�RI� WKH�+\VXZDF�DUUDQJHPHQW�
�&DVH� ���� VHFRQGO\�� WKH� VDPH� DUUDQJHPHQW�
EXW�ZLWK�WKH�UHDU�IRLO�VKLIWHG�WRZDUGV�DIW�E\�
��P��&DVH����� �)LQDOO\�� WKH�DUUDQJHPHQW�RI�
WKH� +\VXZDF� ZLWK� KXOO� DQG� WKH� UHDU� IRLO�
VKLIWHG�DIW�E\���PHWHUV�ZLWK� UHVSHFW WR� WKH�
IURQW� IRLO� RU�� LQ�RWKHU�ZRUGV�� WKH� IURQW� IRLO�
VKLIWHG� IRUZDUG� WRZDUGV� WKH� ERZ� E\� �� P�
�&DVH����� �$�FOHDU� WHQGHQF\�HPHUJHG�� WKDW�
LQFUHDVLQJ� WKH� GLVWDQFH� EHWZHHQ� IRLOV�
UHVXOWV�LQ�DQ�LPSURYHPHQW�RI�WKH�/�'�UDWLR��
7KH� UHVXOWV� SUHVHQWHG� LQ� WKH� )LJ��� ZHUH
REWDLQHG� ZLWKRXW� FRQVLGHULQJ� ZDYH�
UHVLVWDQFH�� �$V�VHHQ� LQ� WKH�ILJXUH�� WKH�EHVW�
FDVH�LV�WKH�&DVH����IROORZHG�E\�&DVH���DQG�
WKHQ�WKH�&DVH���

���� ���� ���� ���� ���� ���� ����
)Q
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RQ

([SHULPHQW
ZLWK GHIRUPDWLRQ
Z�R GHIRUPDWLRQ

���� ���� ���� ���� ���� ���� ����
)Q
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([SHULPHQW
ZLWK GHIRUPDWLRQ
Z�R GHIRUPDWLRQ

)LJXUH��� /LIW�DQG�UHVLVWDQFH�YHUVXV�WKH�)URXGH�QXPEHU��)Q�
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'HVLJQ�RI�+\GURIRLO�$VVLVWHG�&DWDPDUDQV�XVLQJ�D�«

9RO��� ��1R��� ��:LQWHU����� ��

-2851$/�RI�0$5,1(�(1*,1((5,1*

)LJXUH��� 6FKHPDWLF�VNHWFKHV�RI�WKH�DUUDQJHPHQW�LQ�WKUHH�FDVHV

���� ���� ���� ���� ���� ���� ����
&* PHDVXUHG IURP WKH WUDQVRP �P�

����

����

����

����

����

����

/�'

basic variant

The rear foil shifted towards aft by 3 m The rear foil and hull shifted aft by 7 m

)LJXUH���� 7KH�/�'�UDWLR�YHUVXV�WKH�SRVLWLRQ�RI�WKH�FHQWHU�RI�JUDYLW\�IRU�WKUHH�FDVHV�� 7KH�ZDYH�
UHVLVWDQFH�LV�QRW�WDNHQ�LQWR�DFFRXQW��'LDPRQGV� ����W��EDUV� ����W��FLUFOHV� ����W��VWDUV� ����W
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9RO��� ��1R��� ��:LQWHU�������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

���� ���� ���� ���� ���� ���� ����
&* PHDVXUHG IURP WKH WUDQVRP �P�

����

����

����

����

����

����
/�'

The rear foil shifted towards aft by 3 m

basic variant

The rear foil and hull shifted aft by 7 m

)LJXUH���� 7KH�/�'�UDWLR�YHUVXV�WKH�SRVLWLRQ�RI�WKH�FHQWHU�RI�JUDYLW\�IRU�WKUHH�FDVHV�� 7KH�ZDYH�UHVLVWDQFH�
LV�WDNHQ�LQWR�DFFRXQW��'LDPRQGV� ����W��EDUV� ����W��FLUFOHV� ����W��VWDUV� ����W

7R� H[SODLQ� WKLV� UHVXOW�� FRQVLGHU� WKH�
7DEOH � DQG� )LJXUHV� ������ LOOXVWUDWLQJ� WKH�
WKUHH� UHVXOWV� REWDLQHG� IRU� WKH� FHQWHU� RI�
JUDYLW\� SRVLWLRQ� DW� WKH� SRLQW� VHFXULQJ� WKH�
EHVW�/�'�UDWLR�IRU�JLYHQ�ZHLJKW������WRQ�DW�

D� VSHHG� RI� ��� NQRWV�� � 7DEOH� �� JLYHV� WKH�
UHVXOWV� IRU� &DVHV� �� DQG� �� DV� SHUFHQWDJH�
YDOXHV� RI� &DVH� ��� ZKLFK� LV� FRQVLGHUHG� WR�
EH������

7DEOH����&DOFXODWHG�UHVXOWV�IRU�&DVHV���DQG���LQ�UHODWLRQ�WR�&DVH��
%DVLF�
YDULDQW

7KH�UHDU�IRLO�LV�VKLIWHG�
E\���P�WRZDUGV�DIW

%RWK�WKH�UHDU�IRLO�DQG�WKH�KXOO�DUH�
VKLIWHG�E\���P�WRZDUGV�DIW

&DVH�� &DVH�� &DVH��
3LWFK�DQJOH ������ ������ ������
6XEPHUJHQFH �������P ������P �������P
/LIW�FRHII��RI�WKH�IURQW�
IRLO

����� ������ ������

/�'�RI�WKH�IURQW�IRLO ����� ������ ������
/LIW�FRHII�RI�WKH�UHDU�
IRLO

����� ����� �������

/�'�RI�WKH�UHDU�IRLO ����� ����� �������
/LIW�FRHII��RI�WKH�KXOO��
WKH�UHDU�IRLO

����� ����� �������

/�'�RI�WKH�V\VWHP
3ODQQLQJ�KXOO�UHDU�IRLO

����� ����� �������

:DYH�5HVLVWDQFH�WRQ ����� ���� ������
/�'�RI�WKH�VKLS ����� ����� �������
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9RO��� ��1R��� ��:LQWHU����� ��

-2851$/�RI�0$5,1(�(1*,1((5,1*

$V� VHHQ� IURP� WKH�)LJ����� WKH� ODUJHU� WKH�
GLVWDQFH�� EHWZHHQ� WKH� IURQW� IRLO� DQG� WKH�
UHDU�IRLO��WKH�ODUJHU�WKH�XS�ZDVK�LQGXFHG�E\�
ZDYHV��7KH�UHDVRQ�LV�FOHDU��,Q�WKH�ILUVW�FDVH�
WKH� UHDU� IRLO� LV� ORFDWHG� FORVH� WR� WKH� ZDYH�
WURXJK�� �7KH� IRLO� ORFDWHG� EHKLQG� WKH�ZDYH�
WURXJK� XWLOL]HV� WKH� SRVLWLYH� XS� ZDVK�
LQGXFHG� E\� ZDYHV� �VHH� )LJ������ 7KDW� LV�
ZK\�WKH�OLIW�FRHIILFLHQWV�RI�WKH�UHDU�IRLO�DQG�
WKH� UHDU� OLIWLQJ� V\VWHP� �WKH� UHDU� IRLO�KXOO��
DUH� WKH�PD[LPDO� IRU�&DVH��� �VHH�7DEOH������
7KH� /�'� UDWLR� RI� WKH� UHDU� IRLO� LV� DOVR�
PD[LPDO� IRU�&DVH���� �%HFDXVH� WKH OLIW�DQG�
WKH�/�'� UDWLR� DUH� LQFUHDVHG�ZKHQ�ZH� VKLIW�
WKH� UHDU� IRLO�DIW�� WKH�/�'�UDWLR� LV� ODUJHU� IRU�
&DVHV���DQG���WKDQ�IRU�&DVH���

7KH� LQFUHDVH� LQ� OLIW� RI� WKH� UHDU� OLIWLQJ�
V\VWHP� OHDGV� WR� WKH� VKLS� ULVLQJ� IXUWKHU�RXW�
RI� WKH� ZDWHU� �VHH� 7DEOH� ���� � 7KH� ZHWWHG�
DUHD�LV�GHFUHDVHG�EHLQJ�PLQLPDO�IRU�&DVH���
�VHH�)LJ�������7KH�LQFUHDVH�RI�OLIW�OHDGV�WR�D�
GHFUHDVH� RI� WKH� SLWFK� DQJOH� DQG�
FRQVHTXHQWO\� WKH� OLIW� RI� WKH� IURQW� IRLO� �VHH�
7DEOH� ���� � 7KHUHIRUH�� WKH� LQWHQVLW\� RI� WKH�
WLS� YRUWH[� VKHG� IURP� WKH� IURQW� IRLO� LV� DOVR�
GHFUHDVHG�� ZHDNHQLQJ� WKH� GRZQZDVK�
LQGXFHG� E\� WKH� WLS� YRUWH[� RQ� WKH� UHDU� IRLO�
�VHH�)LJ�������$JDLQ��LW�OHDGV�WR�DQ�LQFUHDVH�
RI� WKH� OLIW� RQ� WKH� UHDU� OLIWLQJ� V\VWHP��

'HVSLWH� RI� WKH� IDFW� WKDW� WKH� OLIW� GHFUHDVHV�
ZLWK�GHFUHDVLQJ�SLWFK�DQJOH�� WKH� OLIW�RI� WKH�
UHDU� OLIWLQJ� V\VWHP� EHFRPHV� ODUJHU�� � 7KH�
WZR� HIIHFWV� LQFUHDVLQJ� WKH� OLIW� �L�H�� OHVV�
GRZQZDVK� LQGXFHG� E\� WKH� ZHDNHU� WLS�
YRUWH[� DQG� LQFUHDVHG� XS�ZDVK� LQGXFHG� E\�
ZDYH�FUHVW��SURYH�WR�EH�VWURQJHU�HIIHFWV�

%HFDXVH� WKH�ZHWWHG� DUHD� LV�PD[LPDO� LQ�
&DVH� ��� WKLV� DUUDQJHPHQW� KDV� WKH� ODUJHVW�
IUDFWLRQ� RI� WKH� KXOO� IULFWLRQ� UHVLVWDQFH���
7KLV�LV�ZK\�WKH�/�'�UDWLR�RI�&DVH���LV�OHVV�
WKDQ�WKDW�RI�&DVH�����+RZHYHU��WKH�SRVLWLYH�
LQIOXHQFH�RI� VKLIWLQJ� WKH�IURQW� IRLO� IRUZDUG�
UHVXOWLQJ� LQ� KLJKHU� OLIW� IRU� WKH� UHDU� OLIWLQJ�
V\VWHP� SURYHV� WR EH� VXIILFLHQW� WR� LPSURYH�
WKH� /�'� UDWLR� RI� &DVH� �� FRPSDUHG� WR� WKDW�
RI� &DVH� ��� � $FFRXQWLQJ� IRU� WKH� ZDYH�
UHVLVWDQFH� �VHH� )LJ�� ��� PDNHV� WKH� UHVXOWV�
IRU� WKH� &DVHV� �� DQG� �� FORVHU�� 7KH� ZDYH�
UHVLVWDQFH� ZDV� FDOFXODWHG� XVLQJ� 0LFKHO¶V�
WKHRU\� DV� LPSOHPHQWHG� LQ� WKH� SURJUDP�
0LFKOHW� ����� GHYHORSHG� E\� 'U�/D]DXVNDV�
�������� � 7KH� ZDYH� LQGXFHG� E\� WKH� IURQW�
IRLO� LV� QRW� FRQVLGHUHG� LQ� WKLV� DSSURDFK���
&RPSDULVRQ� RI� FRPSXWHG� UHVXOWV� ZLWK�
H[SHULPHQWV� IRU� WKH� EDVLF� YDULDQW� VKRZHG�
WKDW� WKH� RYHUDOO� UHVLVWDQFH� SUHGLFWLRQ� LV�
ZLWKLQ� ��� RI� PHDVXUHG� YDOXHV�

)LJXUH����� :HWWHG�DUHD�RI�WKH�FDWDPDUDQ�KXOO�IRU�WKUHH�FDVHV�
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9RO��� ��1R��� ��:LQWHU�������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

)L
JXUH���� 7KH�PXWXDO�SRVLWLRQV�RI�WKH�UHDU�IRLO�DQG�WKH�ZDYH�VXUIDFH�DW����NQRWV�

���� ���� ���� ���� ���� ����
VSDQ �P�

�����

�����

����

����

����

$Y
HUD

JH
G'

RZ
QZ

DVK

�

�

&DVH
�
� WRWDO
�
� GXH WR
� WKH WLS
� YRUWH[

t

)LJXUH����� 7KH�GRZQZDVK��XS�ZDVK�LI�SRVLWLYH��DYHUDJHG�DORQJ�WKH�FKRUG�%�

7KH� ILUVW� WHQGHQF\�REVHUYHG�E\�VKLIWLQJ�
RQO\�WKH�UHDU�IRLO�DIW�LQ�&DVH���ZDV�FOHDUO\�
FRQILUPHG� LQ� WKH� WHVWV� SHUIRUPHG� DW� WKH�
8QLYHUVLW\� RI� 6WHOOHQERVFK�� � 7KH� VHFRQG�
WHQGHQF\� IRXQG� LQ� &DVH� �� �VKLIWLQJ� WKH�
IURQW� IRLO� WRZDUGV� ERZ� LV� UDWKHU� DQ�

XQH[SHFWHG� RQH� EHFDXVH�� DV� D� UXOH�� DQ�
LQFUHDVH� LQ� ZHWWHG� DUHD� RI� WKDW�PDJQLWXGH�
OHDGV� WR� DQ� RYHUDOO� LQFUHDVH� LQ� UHVLVWDQFH���
7KHUHIRUH�� WKH� UHVXOW� SUHVHQWHG� KHUH�� LV�
PDWHULDO� IRU� GLVFXVVLRQ� DQG� QHHGV� IXUWKHU�
H[SHULPHQWDO�LQYHVWLJDWLRQV�

&RQFOXVLRQV�DQG�IXWXUH�ZRUN
7KH� PDLQ� K\GURG\QDPLF� GHVLJQ�

SULQFLSOHV�RI�K\GURIRLO�DVVLVWHG�FDWDPDUDQV�
KDYH� EHHQ� SUHVHQWHG�� DQG� H[LVWLQJ�GHVLJQV�
UHYLHZHG�� � 7KH� LPSRUWDQFH� RI� WKH�
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'HVLJQ�RI�+\GURIRLO�$VVLVWHG�&DWDPDUDQV�XVLQJ�D�«

9RO��� ��1R��� ��:LQWHU����� ��

-2851$/�RI�0$5,1(�(1*,1((5,1*

LQWHUDFWLRQV�EHWZHHQ� WKH� IRLOV�DQG�KXOO�DUH�
LOOXVWUDWHG� WKURXJK� FDOFXODWLRQV� ZLWK� WKH�
SURSRVHG� PDWKHPDWLFDO� PRGHO�� � 7KH�
PDWKHPDWLFDO�PRGHO� SURYLGHV� DQ� HIIHFWLYH�
EDVLV� IRU� GHVLJQ� RI� K\GURIRLO�DVVLVWHG�
FDWDPDUDQV�� � 7KH� PHWKRG� ZDV� WKRURXJKO\�
WHVWHG� IRU� WKH� +\VXZDF� GHVLJQ� EDVHG� RQ�
PRGHO� WHVW� UHVXOWV�� � 7KH� PRGHO� KDV� QR�
UHVWULFWLYH� IDFWRUV�� W\SLFDO� IRU� LQVWDQFH� IRU�
WKH� VOHQGHU� KXOO� WKHRU\� DQG� RWKHU�
DSSURDFKHV�� DQG� FDQ� EH� JHQHUDOL]HG� IRU�
VPDOO� )URXGH� QXPEHUV� DFFRXQWLQJ� IRU� WKH�
JUDYLW\�HIIHFWV�

$� WHFKQLFDO� PHDVXUH� IRU� RSWLPL]DWLRQ��
IROORZLQJ� IURP� WKLV� SXUHO\� QXPHULFDO�
LQYHVWLJDWLRQ� ZRXOG� EH� WR� LQFUHDVH� WKH�
GLVWDQFH�EHWZHHQ�WKH�UHDU�IRLO�DQG�WKH�IURQW�
IRLO� VR� WKDW� LW� WKH� UHDU� OLIWLQJ� V\VWHP�
EHQHILWV�IURP�WKH�XS�ZDVK�RI�WKH�IURQW�IRLO���
([SHULPHQWDO� WHQGHQFLHV� YDOLGDWH� WKH�
UHVXOW���)XUWKHU�H[SHULPHQWDO�LQYHVWLJDWLRQV�
ZLOO�EH�FRQGXFWHG� WR�LQYHVWLJDWH�YDULDWLRQV�
LQ� IRLO� SODFHPHQWV� IRU� WKH� +\VXZDF�
V\VWHP�� �7KLV�GDWD�ZLOO�EH�XVHG�WR�YDOLGDWH�
DQG� H[WHQG� WKH� WKHRUHWLFDO� PHWKRG� LQWR� D�
YHUVDWLOH� GHVLJQ� WRRO� IRU� K\GURIRLO�DVVLVWHG�
FDWDPDUDQV�

5HIHUHQFHV
+2(51(5��6����������)OXLG�'\QDPLF�'UDJ��3XEOLVKHG�E\�$XWKRU��%ULFNWRZQ��1HZ�-HUVH\�
+233(��.�*����������%RDW��+\GURIRLO�VXSSRUWHG�&DWDPDUDQV��6�$��3DWHQW�1R����������DQG�)RUHLJQ�3DWHQWV�
+233(�� .�*�� �������� 3HUIRUPDQFH� (YDOXDWLRQ� RI� +LJK� 6SHHG� 6XUIDFH� &UDIW� ZLWK� 5HIHUHQFH� WR� WKH� +\VXFDW�
'HYHORSPHQW��)DVW�)HUU\�,QWHUQDWLRQDO��9RO�����1R�V���	�����-DQ��	�$SU�
+233(�� .�*�� �������� 2SWLPL]DWLRQ� RI� +\GURIRLO� 6XSSRUWHG� 3ODQLQJ� &DWDPDUDQV�� )$67¶���� 7KLUG�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�)DVW�6HD�7UDQVSRUWDWLRQ��SS����������
+233(��.�*����������6�$��3DWHQW�$SS����������DQG�8�6��3DWHQW�1R�������������RI������������
+233(�� .�*�� �������� +\GURIRLO� &DWDPDUDQ� 'HYHORSPHQWV� LQ� 6RXWK� $IULFD�� +,3(5¶���� )LUVW� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�+LJK�3HUIRUPDQFH�0DULQH�9HKLFOHV��=HZHQZDFKW��6RXWK�$IULFD�
+233(��.�*���0,*(277(��*����������0RGHO�7HVWV�RQ�WKH�9R\DJHU�,,�)RLO�$VVLVWHG�&DWDPDUDQ��,70�5HSRUW��
'HSW��RI�0HFK��(QJLQHHULQJ��8QLYHUVLW\�RI�6WHOOHQERVFK��1RW�DYDLODEOH�WR�WKH�SXEOLF�
-25'(�� -�+�� �������� 7KH� 'HYHORSPHQW� RI� D� ��� NQRWV�� ��P� )RLO&DW�� ,0$6¶��� +LJK� 6SHHG� 0DULQH�
7UDQVSRUWDWLRQ�&RQIHUHQFH��SS��������
.251(9�� 1�9�� �������� 7KH� &RPSXWDWLRQDO� 0HWKRG� RI� 9RUWH[� (OHPHQWV� DQG� LWV� $SSOLFDWLRQ� WR� +\GUR�
$HURG\QDPLFV�� �QG 'RFWRU� 7KHVLV�� 0DULQH� 7HFK�� 8QLY�� RI� 6W�� 3HWHUVEXUJ�� 'HSW�� RI� +\GURPHFKDQLFV�� ,Q�
5XVVLDQ��
.251(9��1�9���7$5$129��$�����������,QYHVWLJDWLRQ�RI�WKH�9RUWH[�:DYH�:DNH�EHKLQG�D�
+\GURIRLO��6KLS�7HFKQRORJ\�5HVHDUFK�����SS�������
/$=$86.$6�� /��� �������� 0LFKOHW� ������ IUHHZDUH� RQ� WKH� ,QWHUQHW��
ZZZ�PDWKV�DGHODLGH�HGX�DX�$SSOLHG�OOD]DXVN�K\GUR�K\GUR�KWP
0(,��;���/8,��<���<8(��'�.�3����������2Q�WKH�:DWHU�,PSDFW�RI�*HQHUDO�7ZR�'LPHQVLRQDO�6HFWLRQV��$SSOLHG�
2FHDQ�5HVHDUFK�����SS������
0,*(277(�� *��� +233(�� .�*�� �������� 'HYHORSPHQW� RI� K\GURIRLO� $VVLVWHG� &DWDPDUDQV� ZLWK� 6HPL�
'LVSODFHPHQW�+XOOV��)$67¶����)LIWK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�)DVW�6HD�7UDQVSRUWDWLRQ��SS����������
0,<$7$��+�����������'HYHORSPHQW�RI�D�1HZ�7\SH�+\GURIRLO�&DWDPDUDQ��-��RI�6KLS�5HV���������
6$9,76.<��'����������+\GURG\QDPLF�'HVLJQ�RI�3ODQLQJ�+XOOV��0DULQH�7HFKQRORJ\��2FWREHU��SS��������
6+,0,=8�� .��� 0$68<$0$�� .��� <$*,�� +� �������� +\GURG\QDPLF� 'HVLJQ� 3KLORVRSKLHV� RI� WKH� +\EULG�
+\GURIRLO�&DWDPDUDQ��7HFKQR�2FHDQ¶���3URFHHGLQJV��SS����������
7$2�� 0�� �������� 'HYHORSPHQW� RI� WKH� )RLO� $XJPHQWHG� :DYH� 3LHUFLQJ� &DWDPDUDQ�� 5,1$� ,QWHUQDWLRQDO�
&RQIHUHQFH�RI�)DVW�)UHLJKW�7UDQVSRUWDWLRQ�E\�6HD�
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9RO��� ��1R��� ��:LQWHU�������

-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

7$2�� 0�� �������� 5HVLVWDQFH� 3UHGLFWLRQ� 0HWKRG� RI� )RLO� $XJPHQWHG� &DW�� +309������ 7KLUG� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�+LJK�3HUIRUPDQFH�0DULQH�9HKLFOHV��SS�����²����
7+,$57�� *�� �������� 9RUWH[� /DWWLFH� 0HWKRG� IRU� D� 6WUDLJKW� +\GURIRLO� QHDU� D� )UHH� 6XUIDFH�� ,QWHUQDWLRQDO�
6KLSEXLOGLQJ�3URJUHVV����������SS�������
:$*1(5�� +�� ��������%EHU� 6WRVV�XQG�*OHLWYRUJlQJH� DQ� GHU�:DVVHUREHUIOlFKH� YRQ� )O�VLJNHLWHQ�� =�� $QJHZ��
0DWK��0HFK���������SS����������
=+$2�� 5��� )$/7,16(1�� 2��� $$561(6�� -�� �������� :DWHU� (QWU\� RI� 7ZR�'LPHQVLRQDO� 6HFWLRQV� ZLWK� DQG�
:LWKRXW�)ORZ�6HSDUDWLRQ��3URFHHGLQJV���VW 6\PSRVLXP�RQ�1DYDO�+\GURG\QDPLFV�
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