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6WHHO�LV�ZLGHO\�XVHG�IRU�YDULRXV�VWUXFWXUDO�FRPSRQHQWV�LQ�
WKH�FRQVWUXFWLRQ�LQGXVWU\�LQFOXGLQJ�FLYLO�� LQGXVWULDO��EULGJH��
K\GUDXOLF�HWF���$OL�HW�DO��������&DSULOL�DQG�6DOYDWRUH��������
GXH� WR� LWV� NH\� SURSHUWLHV� WKDW� SURYH� YDOXDEOH� LQ� SUDFWLFH��
VXFK� DV� KLJK� WHQVLOH� DQG� FRPSUHVVLYH� VWUHQJWK�� HQKDQFHG�
GXFWLOLW\�� UHOLDELOLW\� DV�ZHOO�DV� VSHHG� RI� FRQVWUXFWLRQ� �=KDR�
HW� DO�� �������+RZHYHU�� WKH�PDLQ� GLVDGYDQWDJH�RI� VWUXFWXUDO�
VWHHO� LV� WKDW� LW� FDQ� EH� VXVFHSWLEOH� WR�FRUURVLRQ� DQG�DOVR� WKH�
KLJK� FRVW� RI� PDWHULDO� �<RXQJ� ������� )RU� H[DPSOH�� D� EDUH�
VWHHO� SLSH� XQGHU� FRPSUHVVLRQ� LV� VXVFHSWLEOH� WR� YDULRXV�
LQVWDELOLWLHV�� QDPHO\� IOH[XUDO� EXFNOLQJ�� ORFDO� EXFNOLQJ� HWF��
KRZHYHU�� ILOOLQJ� WKH� SLSH�ZLWK� FRQFUHWH� FHUWDLQ� DGYDQWDJHV�
DUH�REWDLQHG��7KH�FRUURVLRQ�UHVLVWDQFH�RI�WKH�LQQHU�VXUIDFH�LV�
HQKDQFHG��WKH�EXFNOLQJ�FDSDFLW\�DV�ZHOO�DV�WKH�ORFDO�VWDELOLW\�
RI� WKH� SLSH� ZDOOV� DJDLQVW� LQZDUG� PRYHPHQW� DUH� LQFUHDVHG�
DQG�DGGLWLRQDOO\��DQ�HOHYDWHG�UHVLVWDQFH�WR�GLVWRUWLRQV��GXH�WR�
LPSDFW�� LV� DFKLHYHG� �.KDQ� HW� DO�� ������� )RU� WKH� FRQFUHWH�
FRUH�RQ�WKH�RWKHU�KDQG��FRQILQHPHQW� LV�RIIHUHG�E\� WKH�VWHHO�
SLSH��ZKLFK�DOVR�VHUYHV�DV�IRUPZRUN��  

6WHHO� WXEHV� ILOOHG� ZLWK� FRQFUHWH� KDYH� VKRZQ� PDQ\�
DGYDQWDJHV� LQ� WKH� OLWHUDWXUH� DQG� DUH� ZLGHO\� XVHG� LQ� PDQ\�
ILHOGV��.KDQRXNL�HW�DO��������*LDNRXPHOLV�DQG�/DP��������
7KH\� DUH� W\SLFDOO\� FDOOHG� FRQFUHWH-ILOOHG� VWHHO� WXEHV�
�&)67V���DQG�RIIHU�KLJK�VWUHQJWK�DQG�VWLIIQHVV��ODUJH�HQHUJ\�
DEVRUSWLRQ� FDSDFLW\�� KLJK� D[LDO� ORDG� FDSDFLW\�� DWWUDFWLYH�  
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DSSHDUDQFH�� LQFUHDVHG� ILUH� UHVLVWDQFH�� H[FHOOHQW� GXFWLOLW\��
DQG�ORZ�VWUHQJWK�GHJUDGDWLRQ��*LDNRXPHOLV�DQG�/DP��������
+DYLQJ� WKHVH� FKDUDFWHULVWLFV�� &)67� FRPSRQHQWV� FDQ� EH�
ZLGHO\� DSSOLHG� LQ� PDQ\� W\SHV� RI� VWUXFWXUHV� DQG� ORDGLQJ�
FRQGLWLRQV��+DQ�DQG�<DQJ��������IRU�H[DPSOH�DV�FROXPQV�LQ�
KLJK-ULVH�EXLOGLQJV��LQ�EULGJHV��S\ORQV��DEXWPHQWV��DUFK�ULEV��
SLHUV���DQG�HYHQ� LQ� UHJLRQV�RI�KLJK�VHLVPLF� ULVN� �7DR�HW�DO��
������6RQJ�HW�DO��������&KDQJ�HW�DO��������+DQ�HW�DO��������
%DLJ�HW�DO���������1RWDEO\��QXPHURXV�EULGJHV�EXLOW�LQ�&KLQD�
KDYH�EHHQ�XVLQJ�&)67-W\SH�FRPSRQHQWV�� IRU�LQVWDQFH������
EULGJHV�ZLWK�D�VSDQ�RI�QR�OHVV�WKDQ���P�ZHUH�EXLOW�LQ������
�/LX� HW� DO�� ������� ,Q� SDUWLFXODU�� &)67� VWUXFWXUHV� SURYH�
KLJKO\� HIIHFWLYH� ZKHQ� VXEMHFW� WR� FRPSUHVVLRQ� �5HQ� HW� DO��
�������  

7KH� PD[LPXP� EHDULQJ� FDSDFLW\� RI� &)67� FROXPQV�
GHSHQGV� RQ� WKH� SURSHUWLHV� DQG� EHKDYLRU� RI� LWV� FRQVWLWXHQW�
PDWHULDOV��,Q�DGGLWLRQ��WKH�EHKDYLRU�RI�FROXPQV�GHSHQGV�RQ�
WKH�JHRPHWULF�SURSHUWLHV�RI�WKH�VWHHO�SLSH��VXFK�DV�WKH�ZLGWK-
WR-WKLFNQHVV� UDWLR�DQG� WKH�FRQILQLQJ�HIIHFW�RI�WKH�VWHHO�SLSH�
RQ� WKH� FRQFUHWH� FRUH�� 7KH� FURVV-VHFWLRQDO� IRUPV� RI� WKH�
VHOHFWHG� FROXPQ� &)67� DUH� XVXDOO\� V\PPHWULFDO�� HLWKHU�
FLUFXODU� RU� VTXDUH� RU� UHFWDQJXODU� �+DQ� HW� DO�� ������� 7KH�
&)67� FROXPQV� ZLWK� VTXDUH� DQG� UHFWDQJXODU� VKDSHV� DUH�
FRPPRQO\� XVHG� LQ� FRQVWUXFWLRQ�� DV� WKH\� SURYLGH� HDVLHU�
PDQXIDFWXULQJ� SURFHVV� IRU� WKH� EHDP� WR� FROXPQ� MRLQWV� DQG�
DFKLHYH� KLJKHU� EHQGLQJ� VWLIIQHVV� �5HQ�HW�DO�� ������=KDR�HW�
DO�� ������� +RZHYHU�� ZKHQ� FRPSDUHG� WR� FLUFXODU� &)67�
FROXPQV��WKH\�GR�QRW�RIIHU�WKH�VDPH�FRQILQHPHQW�FRQGLWLRQV�
DQG� WKH�SRWHQWLDO�IRU�GHODPLQDWLRQ�RI� WKH�FRQFUHWH� IURP�WKH�
VWHHO�WXEH��XQGHU�ZRUNLQJ�ORDGV��LV�LQFUHDVHG��.ULVKDQ�HW�DO��
������ %UDGIRUG� HW� DO�� ������ *RHO� DQG� 7LZDU\� ������� ,W� LV�
ZHOO� NQRZQ� WKDW� WKH� ERQG-VOLS� EHWZHHQ� WKH� FRQFUHWH� FRUH�
DQG� WKH� VWHHO� WXEH� KDV� D� FUXFLDO� HIIHFW� RQ� WKH� PHFKDQLFDO�

 
 
 

8OWLPDWH�D[LDO�ORDG�RI�UHFWDQJXODU�FRQFUHWH-ILOOHG�VWHHO�WXEHV�XVLQJ�PXOWLSOH�
$11�DFWLYDWLRQ�IXQFWLRQV� �  

 
0LQDV�(��/HPRQLV���$QJHOLNL�*��'DUDPDUD���$OH[DQGUD�*��*HRUJLDGRX���9DVVLOLV�*��6LRULNLV���  

.RQVWDQWLQRV�'DQLHO�7VDYGDULGLV��DQG�3DQDJLRWLV�*��$VWHULV��  
 

�&RPSXWDWLRQDO�0HFKDQLFV�/DERUDWRU\��6FKRRO�RI�3HGDJRJLFDO�DQG�7HFKQRORJLFDO�(GXFDWLRQ��������$WKHQV��*UHHFH 
�6FKRRO�RI�&LYLO�(QJLQHHULQJ��)DFXOW\�RI�(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFHV��8QLYHUVLW\�RI�/HHGV��  

:RRGKRXVH�/DQH��:HVW�<RUNVKLUH��/HHGV�/6���-7��8�.� 
 

�5HFHLYHG�-XQH����������5HYLVHG�'HFHPEHU����������$FFHSWHG�'HFHPEHU���������� 
 

$EVWUDFW�� � ,Q� WKLV� SDSHU� D� PRGHO� IRU� WKH� SUHGLFWLRQ� RI� WKH� XOWLPDWH� D[LDO� FRPSUHVVLYH� FDSDFLW\� RI� VTXDUH� DQG� UHFWDQJXODU�
&RQFUHWH�)LOOHG�6WHHO�7XEHV��EDVHG�RQ�DQ�$UWLILFLDO�1HXUDO�1HWZRUN�PRGHOLQJ�SURFHGXUH�LV�SUHVHQWHG��7KH�PRGHO�LV�WUDLQHG�DQG�
WHVWHG�XVLQJ�DQ�H[SHULPHQWDO�GDWDEDVH��FRPSLOHG�IRU�WKLV�UHDVRQ�IURP�WKH�OLWHUDWXUH�WKDW�DPRXQWV�WR������VSHFLPHQV��LQFOXGLQJ�
ORQJ�� WKLQ-ZDOOHG�DQG�KLJK-VWUHQJWK�RQHV��7KH�SURSRVHG�PRGHO�ZDV�VHOHFWHG�DV� WKH�RSWLPXP�IURP�D�SOHWKRUD�RI�DOWHUQDWLYHV��
HPSOR\LQJ� GLIIHUHQW� DFWLYDWLRQ� IXQFWLRQV� LQ� WKH� FRQWH[W� RI� $UWLILFLDO� 1HXUDO� 1HWZRUN� WHFKQLTXH�� 7KH� SHUIRUPDQFH� RI� WKH�
GHYHORSHG� PRGHO� ZDV� FRPSDUHG� DJDLQVW� H[LVWLQJ� PHWKRGRORJLHV� IURP� GHVLJQ� FRGHV� DQG� IURP� SURSRVDOV� LQ� WKH� OLWHUDWXUH��
HPSOR\LQJ�VHYHUDO�SHUIRUPDQFH�LQGLFHV��,W�ZDV�IRXQG�WKDW�WKH�SURSRVHG�PRGHO�DFKLHYHV�UHPDUNDEO\�LPSURYHG�SUHGLFWLRQV�RI�WKH�
XOWLPDWH�D[LDO�ORDG��  
 
.H\ZRUGV�� � DUWLILFLDO�QHXUDO�QHWZRUN��&)67�FROXPQ��VRIW�FRPSXWLQJ��XOWLPDWH�D[LDO�ORDG� �  

 



 
3DQDJLRWLV�*��$VWHULV�HW�DO��  

EHKDYLRU��IDLOXUH�PRGH��DQG�WKH�ZRUNLQJ�SHUIRUPDQFH�RI�WKH�
&)67�PHPEHUV� 

,Q�WKH�SDVW�GHFDGHV��PDQ\�VWXGLHV�RI�WKH�EHDULQJ�FDSDFLW\�
DQG� EHKDYLRU� RI� WKH� &)67�KDYH� EHHQ� SHUIRUPHG�� IRFXVLQJ�
RQ� WKHLU�PHFKDQLFDO�SURSHUWLHV�XQGHU�D[LDO�FRPSUHVVLRQ�� ,Q�
6FKQHLGHU� ��������D� WRWDO�RI� IRXUWHHQ�VDPSOHV�ZHUH�XVHG� WR�
HYDOXDWH�WKH�HIIHFW�RI�ZDOO�WKLFNQHVV�DQG�WKH�VWHHO�WXEH�VKDSH�
RQ�WKH�FRPSRVLWH�FROXPQ�XOWLPDWH�VWUHQJWK��FRQVLGHULQJ�WKH�
SDUDPHWHUV�RI� WKH� UDWLR�RI�GHSWK� WR� WXEH�ZDOO� WKLFNQHVV�DQG�
WKH� VKDSH� RI� WKH� VWHHO� WXEH�� 7KH� H[SHULPHQWDO� UHVXOWV�
VXJJHVWHG� WKDW� FXUUHQW� GHVLJQ� VSHFLILFDWLRQV� DUH� QRW�
VXIILFLHQW�IRU�SUHGLFWLQJ�WKH�\LHOG�ORDG�IRU�YDULRXV�VWUXFWXUDO�
VKDSHV��)DP�HW�DO���������FDUULHG�RXW�H[SHULPHQWDO�ZRUN�DQG�
DQDO\WLFDO� PRGHOLQJ� RI� &)67V� VXEMHFW� WR� FRQFHQWULF� D[LDO�
FRPSUHVVLYH�DV�ZHOO�DV� ODWHUDO�F\FOLF� ORDGLQJ��7HQ� VDPSOHV�
ZHUH� WHVWHG�� ILYH� VKRUW� &)67� FROXPQ� VDPSOHV� DQG� ILYH�
&)67�EHDP-FROXPQ�VDPSOHV��7KH�UHVXOWV�LQGLFDWHG�WKDW�WKH�
ERQG� DQG� WKH� HQG� ORDGLQJ� FRQGLWLRQV� KDG� QR� VLJQLILFDQW�
LQIOXHQFH� RQ� WKH� IOH[XUDO� VWUHQJWK� RI� EHDP-FROXPQ�
PHPEHUV�� 2WKHU� VWXGLHV� DOVR� SHUIRUPHG� H[SHULPHQWDO� WHVWV�
IRFXVLQJ� RQ� WKH� EHKDYLRU� RI� WKH� &)67� FROXPQV� XQGHU� WKH�
D[LDO�ORDG��H�J���,EDQH]�HW�DO��������<X�HW�DO��������+DQ�HW�DO��
������$VWHULV�HW�DO������F���  

,Q�DGGLWLRQ��QXPHULFDO�VLPXODWLRQV�KDYH�EHHQ�GHYHORSHG�
DQG�ZLGHO\� DSSOLHG� LQ� LQYHVWLJDWLQJ� WKH� EHKDYLRU� RI� &)67�
FROXPQV� XQGHU�D[LDO� FRPSUHVVLRQ�� )RU�H[DPSOH��'DL� HW� DO��
�������XWLOL]HG�)LQLWH�(OHPHQW�0RGHOLQJ��)(0���WR�VLPXODWH�
WKH�HOOLSWLFDO�&)67�FROXPQV�XQGHU�D[LDO�FRPSUHVVLRQ��&KRL�
HW� DO�� ������� GHVFULEHG�D� QXPHULFDO� SURJUDP� IRU�DQDO\]LQJ�
WKH� EHKDYLRU� RI� WKH� WXEXODU� &)67� FROXPQV� DQG� SUHGLFWLQJ�
GLIIHUHQW�PRGHV�RI�ODWHUDO�LQWHUDFWLRQV�EHWZHHQ�WKH�FRQFUHWH�
DQG� WKH� VWHHO� WXEH� XQGHU� D[LDO� FRPSUHVVLRQ�� ,W� LV� ZRUWK�
QRWLQJ�WKDW�LQ�VXFK�QXPHULFDO�VLPXODWLRQV��LW� LV�ODERULRXV�WR�
WDNH�LQWR�DFFRXQW�DOO�PDWHULDO�SURSHUWLHV�DQG�LQWHUDFWLRQV��LQ�
RUGHU�IRU�WKH�PRGHOV�WR�EH�DEOH�WR�SUHGLFW�WKH�EHKDYLRU�RI�WKH�
&)67�FROXPQV��XQGHU�YDULRXV�ORDGLQJ�FRQGLWLRQV�DQG�ZLWK�D�
UHDVRQDEOH� SUHFLVLRQ� �6DULU� HW� DO�� ����E��� )URP� SUHYLRXV�
VWXGLHV�� PDQ\� ZHOO-NQRZQ� QDWLRQDO� VWDQGDUGV� DQG�
UHFRPPHQGDWLRQV� SURSRVHG� YDULRXV� SUDFWLFDO� GHVLJQ�
IRUPXODV�LQ�RUGHU�WR�FKDUDFWHUL]H�WKH�EHKDYLRU�RI�WKH�&)67�
FROXPQV�� QDPHO\� &KLQHVH� FRGH� '%-� ��-��-����� ��������
$XVWUDOLDQ�FRGH�$6�������������$PHULFDQ�FRGH�$,6&�����
�������� -DSDQHVH� FRGH� $,-� �������� DQG� (XURSHDQ� FRGH�
(1����� �������� 0RUHRYHU�� RWKHU� VLPSOLILHG� FDOFXODWLRQ�
IRUPXODV� KDYH� DOVR� EHHQ� SURSRVHG�� IRU� LQVWDQFH�� <X� HW� DO��
������� SURSRVHG� D� XQLILHG� IRUPXOD� WR� FDOFXODWH� WKH� D[LDO�
ORDG-EHDULQJ� FDSDFLW\� RI� WKH� FLUFXODU� RU� SRO\JRQDO� &)67�
FROXPQV�� +RZHYHU�� PRVW� VLPSOLILHG� PHWKRGRORJLHV� VXIIHU�
IURP�OLPLWHG�DSSOLFDWLRQ�VFRSH�DQG�RU�DFFXUDF\��SUHYHQWLQJ�
WKHP� IURP�ZLGHVSUHDG� XVH��7KHUHIRUH�� WKH� GHYHORSPHQW� RI�
UREXVW� DQG� DFFXUDWH�PHWKRGV� IRU�PXOWLSOH� DSSOLFDWLRQV� DUH�
UHTXLUHG� WR� EH� DEOH� WR� FDOFXODWH� ZLWK� FRQILGHQFH� WKH� ILQDO�
ORDG-EHDULQJ�FDSDFLW\�RI�WKH�&)67�FROXPQV� 

$UWLILFLDO� ,QWHOOLJHQFH� �$,�� DQG� PDFKLQH� OHDUQLQJ� KDYH�
EHHQ� GHYHORSHG� DQG� DSSOLHG� LQ� PDQ\� GLIIHUHQW� ILHOGV� ZLWK�
KLJK� SUHFLVLRQ� DQG� HIIHFWLYHQHVV� �$KPDGL� HW� DO�� ������
3V\OODNL� HW� DO�� ������ .HFKDJLDV� HW� DO�� ������ +XDQJ� HW� DO��
������$SRVWRORSRXORX� HW� DO�� ������ ������$UPDJKDQL� HW� DO��
������ $UPDJKDQL� DQG� $VWHULV� ������ $VWHULV� HW� DO�� ����D��
����E��=HQJ�HW�DO��������=KDQJ�HW�DO���������2XW�RI�WKHVH��  

7DEOH� �� )LHOG� RI� DSSOLFDWLRQ� RI� H[DPLQHG� GHVLJQ� FRGHV�
UHJDUGLQJ�&)67�D[LDO�FRPSUHVVLYH�VWUHQJWK 

&RGH /LPLWV 

(1����������� 
ʹ͵ͷ  ௬݂  ͶͲ 
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$UWLILFLDO� 1HXUDO� 1HWZRUN� �$11��� ZKLFK� XVHV� H[LVWLQJ�
H[SHULPHQWDO�GDWD�WR�WUDLQ�QHXUDO�QHWZRUNV�LQ�RUGHU�WR�VWXG\ 
WKH� EHKDYLRU� RI� WKH�PDWHULDOV� DQG� VWUXFWXUHV� XQGHU� YDULRXV�
WHVWLQJ� FRQGLWLRQV�� KDV� EHFRPH� WKH� PRVW� FRPPRQO\� XVHG�
PDFKLQH� OHDUQLQJ� DOJRULWKP� �-HJDGHVK� DQG� -D\DOHNVKPL�
����������E���0DQ\�VWXGLHV�UHODWHG�WR�$11�RQ�WKH�EHKDYLRU�
RI�VWHHO-FRQFUHWH�SLSH�FROXPQV��VXEMHFW�WR�GLIIHUHQW�W\SHV�RI�
ORDGV� KDYH� EHHQ� FRQGXFWHG�� VXFK� DV� WKH� HVWLPDWLRQ� RI� ILUH�
UHVLVWDQFH� RI� WXEXODU� &)67� FROXPQV� �$O-.KDOHHIL� HW� DO��
������� VWXG\� RI� ELD[LDO� EHQGLQJ� EHKDYLRU� RI� VWHHO-FRQFUHWH�
FRPSRVLWH�EHDP-FROXPQV��%HKQDP�DQG�(VIDKDQL�������DQG�
XOWUDVRQLF� WHVWLQJ� &)67� �;LDR� ������� 'X� HW� DO�� �������
XWLOL]HG� $11� WR� HVWLPDWH� WKH� D[LDO� EHDULQJ� FDSDFLW\� RI�
UHFWDQJXODU� &)67� FROXPQV�� FRQVLGHULQJ� YDULRXV� LQSXW�
SDUDPHWHUV�� QDPHO\� VHFWLRQDO� ZLGWK�� OHQJWK� DQG� WKLFNQHVV��
VWHHO�DQG�FRQFUHWH� VWUHQJWK�� ,Q� VXFK� D� VWXG\�� D� WRWDO� RI� ����
H[SHULPHQWDO� VDPSOHV� ZHUH� FROOHFWHG�� DQG� WKH� UHVXOWV�
VKRZHG� WKDW� WKH� SUHGLFWHG� YDOXHV� DUH� PRUH� DFFXUDWH�
FRPSDUHG�WR�$&,-�����������DQG�(1�������������)RFXVLQJ�
RQ�WKH�VDPH�SUREOHP��D�JURZLQJ�QXPEHU�RI�ZRUNV�HPSOR\V�
VRIW� FRPSXWLQJ� WHFKQLTXHV�� LQFOXGLQJ�'XRQJ� HW� DO�� ��������
/\�HW�DO�� ��������$VWHULV�HW�DO�� �����D���+R�DQG�/H� ��������
$Q�LQ-GHSWK�VWDWH-RI-WKH-DUW�UHYLHZ�RQ�WKH�EHKDYLRU�RI�&)67�
FROXPQV�KDV�EHHQ�UHFHQWO\�SXEOLVKHG�E\�6DULU�HW�DO�������D���
ZKHUH� WZR� $11-EDVHG� K\EULG� PHWDKHXULVWLF� PRGHOV� ZHUH�
SUHVHQWHG�� RSWLPL]HG� E\� ZKDOH� RSWLPL]DWLRQ� DOJRULWKP�
�:2$��DQG�SDUWLFOH� VZDUP�RSWLPL]DWLRQ� �362���9DOLGDWLRQ�
DQG�FRPSDULVRQ� UHVXOWV�FRQILUPHG� WKH� HIIHFWLYH� UROH� RI� WKH�
:2$�LQ�RSWLPL]DWLRQ�RI�WKH�SURSRVHG�K\EULG�PRGHO��$11-
:2$��WR�SUHGLFW�WKH�EHDULQJ�FDSDFLW\�RI�&)67�FROXPQV��  

,Q� WKH� SUHVHQW� VWXG\�� DYDLODEOH� H[SHULPHQWDO� UHVXOWV� IRU�
WKH� XOWLPDWH�D[LDO� ORDGV� RI� UHFWDQJXODU�FRQFUHWH-ILOOHG� VWHHO�
WXEHV� �&)67�� DUH� VHOHFWHG� DQG� LQFRUSRUDWHG� ZLWKLQ� D�
GDWDEDVH�RI�WHVWHG�VSHFLPHQV��  

 
 

���5HVHDUFK�VLJQLILFDQFH 
 
6WUXFWXUDO�HQJLQHHUV�VSHQG�VLJQLILFDQW�DPRXQW�RI�WLPH�LQ�

SUHOLPLQDU\�GHVLJQ�VWDJH�DQG�RSWLPL]DWLRQ��$UWLILFLDO�1HXUDO�
1HWZRUN��$11��KDV�EHHQ�HPHUJLQJ�TXLFNO\�LQ�WKH�UHVHDUFK�
ILHOG�� EXW�PRUH� SUDFWLFDO�H[DPSOHV� DUH� UHTXLUHG� WR� LQFUHDVH�  
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FRQILGHQFH�LV�XVLQJ�LW�ZKLOH�$11�KDV�EHFRPLQJ�SRSXODU�LQ�
WKH�$&(�VHFWRU��7KLV�VWXG\�HYDOXDWHV�WKH�IHDVLELOLW\�RI�$11�
LQ� GHVLJQLQJ� &)67� FROXPQV� XVHG� LQ� WKH� EXLOGLQJ�
FRQVWUXFWLRQ�VHFWRU�WR�KHOS�LQFUHDVH�WKH�HIILFLHQF\�LQ�GHVLJQ�
VWDJHV��$11�KDV�EHHQ�VHOHFWHG�DV�LW�KDV�WKH�DELOLW\�WR�OHDUQ�
DQG�PRGHO�QRQ-OLQHDU�DQG�FRPSOH[�UHODWLRQVKLS�ZKLFK�ILWV�WR�
PRVW� VWUXFWXUDO� GHVLJQ� SUREOHPV�� 7KH� HYDOXDWLRQ� RI� WKH�
IHDVLELOLW\� WR� XWLOL]H� $11� LV� LPSRUWDQW� IRU� WKH� IXWXUH� RI�
VWUXFWXUDO�GHVLJQ�DV�$UWLILFLDO� ,QWHOOLJHQFH� �$,��PRGHOV�FDQ�
RSWLPL]H� DQG� SUHGLFW�� DV�ZHOO� DV� LQFUHDVH� WKH� HIILFLHQF\� DW�
SUHOLPLQDU\�GHVLJQ�VWDJH� 

 
 

���%ULHI�OLWHUDWXUH�UHYLHZ�RQ�DYDLODEOH�SURSRVDOV 
 
0DQ\� VWHHO� DQG� FRPSRVLWH� FRGHV� FRYHU� WKH� GHVLJQ� RI�

&)67�FROXPQV�VXEMHFW�WR�D[LDO�FRPSUHVVLRQ��7KHVH�LQFOXGH�
WKH� (XURSHDQ� FRGH� (1����� �������� WKH� $PHULFDQ� FRGHV�
$,6&� ���� ������� DQG�$&,-���� �������� WKH� -DSDQHVH� FRGH�
$,-� �������� WKH� $XVWUDOLDQ� FRGH� $6����� �������� DQG� WKH�
&KLQHVH�FRGH�'%-���-��-�������������$OO�FRGHV�OLPLW�WKHLU�
ILHOG� RI�DSSOLFDWLRQ�� W\SLFDOO\� LQ� UHJDUG� WR� VWHHO� VWUHQJWK� I\��
FRQFUHWH� VWUHQJWK� IF¶�DQG� VWHHO� VHFWLRQ� VOHQGHUQHVV��7DEOH� ��
SUHVHQWV�WKHVH�OLPLWV�IRU�(1�������������$,6&-������������
$,-��������DQG�$6�������������WKDW�ZLOO�EH�XWLOL]HG�LQ�WKLV�  

 

 
 

 
)LJ����5HFWDQJXODU�&)67�XQGHU�XQLD[LDO�FRPSUHVVLYH�ORDG 

 
 

ZRUN� IRU� FRPSDULVRQ� DJDLQVW� WKH� SURSRVHG� $11�
PHWKRGRORJ\�� ODWHU� LQ� WKH� WH[W�� ,W� FDQ� EH� VHHQ� WKDW� D�
VLJQLILFDQW�UDQJH�RI�KLJK�VWUHQJWK�VWHHOV�DQG�FRQFUHWHV�LV�QRW�
FRYHUHG�E\�WKH�FRGHV��$,6&-�����������LV�WKH�PRVW�  

Table 2 Expressions in the literature for the &)67�D[LDO�FRPSUHVVLYH�VWUHQJWK 
6RXUFH )RUPXODV 6RXUFH )RUPXODV 

6DNLQR�HW�DO��
������ 

ܰௌଶସ ൌ ௦ߪ௦ܣ  �ߛܣ ݂ᇱ 
 

௦ߪ � ൌ � ௬݂  ௬݂ ���� 

� ଵ
ௌ
ൌ ͲǤͻͺ ͲǤͳʹͺቀு

௧
ቁ
ଶ 
ாೞ
�ସǤ
Ǥଽ

 
ߛ � ൌ ͳǤܦିǤଵଵଶ 

�ܦ �  �GLDPHWHU�RI�FLUFOH��ZLWK�VDPH�
DUHD 

:DQJ�HW�DO��
������ 

ܰௐଶଵ ൌ ఈߟ� ௬݂ܣ௦  ߟ ݂
ǻ
 ܣ

 
ఈߟ � ൌ ͲǤͻͳ ൬͵ͳͲ ௬݂ െ ൫ͳʹͺ

����ʹǤʹ ௬݂൯ቀ
ௐ
௧
ቁ
ଶ
൰ͳͲି଼ 

ߟ � ൌ ͲǤͻͺ ʹͻǤͷ ௬݂
ିǤସ଼݇௦Ǥଶ ቀ

௧
ௐᇲ

ቁ
ଵǤଷ

 

� ݇௦ ൌ
ଵ
ଷ
ቀିଶ௧
ுିଶ௧

ቁ
ଶ
 

� ܹ ൌ ξܪଶ   ଶܤ

+DQ�HW�DO��
������ 

ܰுଶହ ൌ ௦݂௬ሺܣ௦   ሻܣ
 

� ௦݂௬ ൌ ݂
ᇱሺͳǤͳͺ ͲǤͺͷߦሻ 

ߦ � ൌ ௦ ௬݂Ȁ ݂
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'X�HW�DO� 
������ 

ܰ௨ଶଵ ൌ ௬݂ܣ௦  ሺͳ  ݇ሻ ݂
ᇱܣ 

 

� ݇ ൌ ͲǤͷͺെ ͲǤͲͲ͵ͻு
௧
�ට 

ଶଷହ
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Table 3 Data from experiments published in literature 

1U� 5HIHUHQFH 1XPEHU�RI�6DPSOHV $[LDO�/RDG 
7HVWHG ,QYHUWHG 7RWDO �N1� 

� =KDQJ����� ��  �� ������-������� 
� /X�HW�DO������ �  � �������-������� 
� *XR����� �  � ������-������� 
� /LX�DQG�*KR����� �� � �� �������-������� 
� /LX�HW�DO������ � � �� �������-������� 
� /LX�'DOLQ����� �� � �� �������-������� 
� <H�=DLOL����� �� �� �� �������-������� 
� *XR�HW�DO������ �  � ������-������� 
� :HL�DQG�+DQ����� ��  �� ������-������� 
�� =KDQJ�DQG�=KRX����� ��  �� ������-������� 
�� 7RPLL�DQG�6DNLQR����� �  � ������-������ 
�� ,QDL�DQG�6DNLQR����� ��  �� �������-������� 
�� 1DNDKDUD�DQG�6DNLQR����� �  � �������-������� 
�� /X�DQG�.HQQHG\����� � � � �������-������� 
�� <DPDPRWR����� ��  �� ������-������� 
�� /DP�DQG�:LOOLDPV����� ��  �� ������-������� 
�� +DQ�DQG�<DR����� �  � �������-������� 
�� 0DWVXL�HW�DO������ �  � �������-������� 
�� :HL�DQG�+DQ����� �  � ������-������� 
�� )XUORQJ����� ��  �� ������-������� 
�� *UDXHUV����� ��  �� �������-������� 
�� 6FKQLGHU����� �� � �� ������-������� 
�� &KXQJ�HW�DO������ �  � �������-������� 
�� +DQ����� � � � ������-������ 
�� *KDQQDP����� �� �� �� ������-������� 
�� +DQ�DQG�<DR����� �  � �������-������� 
�� *XR�HW�DO������ �� � �� �������-������� 
�� /XR����� ��  �� ������-������� 
�� /LX�DQG�*KR����� �� �� �� �������-������� 
�� /LX�HW�DO������ �� �� �� �������-������� 
�� /LX����� �� �� �� �������-������� 
�� <H����� �� �� �� �������-������� 
�� .QRZOHV�DQG�3DUN����� �  � ������-������ 
�� /LQ����� �� � �� ������-������� 
�� 6KDNLU-.KDOLO�DQG�0RXOL����� �� �� �� ������-������� 
�� 0DWVXL�DQG�7VXGD����� �  � �������-������� 
�� +DQ�DQG�<DR�����D �� �� �� ������-������� 
�� +DQ�DQG�<DQJ����� � � � ������-������ 
�� +DQ�DQG�<DR� � ����E �  � ������-������ 
�� *KDQQDP�HW�DO������ �� �� �� ������-������� 
�� +DQ�DQG�<DR����� ��  �� �������-������� 
�� 6DNLQR�HW�DO������ ��  �� �������-������� 
�� <X�HW�DO������ ��  �� ������-������� 
�� $VODQL�HW�DO������ ��  �� �������-������� 
�� 'X�HW�DO������D � � �� �������-������� 
�� 'X�HW�DO������E � � �� �������-������� 
�� 'XQGX����� ��  �� ������-������� 
�� .KDQ�HW�DO������D ��  �� ������-������� 
�� .KDQ�HW�DO������E ��  �� �������-������� 
�� 0XUVL�DQG�8\����� �  � �������-������� 
�� 9UFHOM�DQG�8\����� � � �� ������-������ 
�� ;LRQJ�HW�DO������ �  � �������-������� 
�� =KX�HW�DO������ �  � �������-������� 
�� /XH�HW�DO������ �� �� �� �������-������� 
�� /LHZ�HW�DO������ �  � �������-������� 
�� &KHQ�HW�DO������ �  � ������-������� 
�� ,EDQH]�HW�DO������ � � � ������-������� 
�� =KX�DQG�&KDQ����� �  � �������-������� 
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LQFOXVLYH�RQH��SDUWLFXODUO\�UHJDUGLQJ�VWHHO��  

$OO� H[DPLQHG� FRGHV� SURYLGH� SURFHGXUHV� IRU� YDOLGDWLQJ�
WKH�VTXDVK�ORDG�RI�&)67�XVLQJ�D�FRPELQDWLRQ�RI�WKH�SODVWLF�
VWUHQJWKV� RI� WKH� VWHHO� DQG� FRQFUHWH� SDUWV�� )RU� VOHQGHU� VWHHO�
VHFWLRQV� KRZHYHU�� WKH� XOWLPDWH� FRPSUHVVLYH� FDSDFLW\� LV�
UHVWULFWHG� E\� WKH� ORFDO� EXFNOLQJ� SKHQRPHQD� RI� WKH� WXEH�
ZDOOV�� 2Q� WKH� RWKHU� KDQG�� IRU� ORQJ� FROXPQV�� WKH� XOWLPDWH�
ORDG� LV� SUREDEO\� GHWHUPLQHG� E\� PHPEHU� EXFNOLQJ�� D[LDO�
FRPSUHVVLYH� ORDG�� 7KH� VHOHFWHG� FRGHV� SURYLGH�
PHWKRGRORJLHV� IRU� WKH� FKDUDFWHUL]DWLRQ� RI� ORFDO� RU� JOREDO�
EXFNOLQJ� SKHQRPHQD�� 7DNLQJ� LQWR� DFFRXQW� WKDW� WKH�
VSHFLPHQV� LQ� RXU� H[SHULPHQWDO� GDWDEDVH�� WKDW� ZLOO� EH�
SUHVHQWHG�ODWHU�LQ�WKH�WH[W��FRQWDLQ�ERWK�ORQJ�WXEHV�DQG�WKLQ-
ZDOOHG� RQHV�� WKLV� UHPDUN� LV� FRQVLGHUHG� FUXFLDO� IRU� D� IDLU�
FRPSDULVRQ�EHWZHHQ�WKH�GHVLJQ�FRGHV��6DIHW\�IDFWRUV�DUH�QRW�  

 

 
 

LQFOXGHG� LQ� WKH� SUHVHQWHG� IRUPXODV��$SSHQGL[�SUHVHQWV� WKH�
UHOHYDQW�IRUPXODV�DYDLODEOH�LQ�WKH�IRXU�VHOHFWHG�GHVLJQ�FRGHV�
IRU�WKH�FDOFXODWLRQ�RI�WKH�&)67�FDSDFLW\��XQGHU� 

$� VLJQLILFDQW� QXPEHU� RI� SURSRVDOV� LV� DOVR� DYDLODEOH� LQ�
WKH�OLWHUDWXUH�IRU�WKH�HVWLPDWLRQ�RI�WKH�D[LDO�XOWLPDWH�ORDG�RI�
VTXDUH�DQG�UHFWDQJXODU�&)67V��$PRQJ�RWKHUV��6DNLQR�HW�DO��
������� SURSRVHG� D� VWUHQJWK� UHGXFWLRQ� IDFWRU�� IRU� VTXDUH�
VKDSHG� WXEHV�� DFFRXQWLQJ� IRU� ORFDO� LQVWDELOLWLHV�� +DQ� HW� DO��
�������� SURYLGHG� DQ� H[SUHVVLRQ� IRU� WKH� VTXDVK� ORDG� RI�
VTXDUH�DQG� FLUFXODU�&)67V��:DQJ� HW� DO�� ������� SURSRVHG� D�
VLPSOLILHG� PRGHO� IRU� WKH� SUHGLFWLRQ� RI� WKH� XOWLPDWH� D[LDO�
ORDG�RI�FLUFXODU�DQG�UHFWDQJXODU�&)67�FROXPQV��DFFRXQWLQJ�
IRU� FRQFUHWH� FRQILQHPHQW� DQG� WXEH� VOHQGHUQHVV�� $OVR�� IRU�
KLJK�VWUHQJWK�VWHHO��'X�HW�DO���������FDOLEUDWHG�DQ�H[SUHVVLRQ�
IRU� WKH� XOWLPDWH� ORDG� RI� &)67V��7DEOH� �� VXPPDUL]HV� WKHVH�

Table 3 Data from experiments published in literature 

1U� 5HIHUHQFH 1XPEHU�RI�6DPSOHV $[LDO�/RDG 
7HVWHG ,QYHUWHG 7RWDO �N1� 

�� 8\����� �  � ������-������� 
�� 8\����� �  � �������-������� 
�� 7DR�HW�DO������ �  � �������-������� 
�� 7DR�HW�DO������ �  � �������-������� 
�� &HGHUZDOO�HW�DO������ ��  �� �������-������� 
�� &KHQ�DQG�-LQ����� � � �� �������-������� 
�� +DQ�HW�DO������ ��  �� ������-������� 
�� /X�HW�DO������ �  � �������-������� 
�� <DQ�HW�DO������ � � �� �������-������� 
�� ,EDQH]�HW�DO������ � � �� ������-������� 
�� +RVVDLQ�DQG�&KX����� �� � �� ������-������� 
�� +XDQJ�HW�DO������ �� �� �� �������-������� 
�� =KRX�HW�DO������ �  � �������-������� 
�� ,VODP�HW�DO������ ��  �� ������-������� 
�� 1JX\HQ�HW�DO������ �  � �������-������� 
 7RWDO ��� ��� ���� ������-������� 

Table 4 The input and output parameters used in the development of BPNNs 

9DULDEOH 6\PERO 8QLWV &DWHJRU\�  'DWD�LQ�11�0RGHOV 
0LQ $YHUDJH 0D[ 67' 

:LGWK�RI�7XEHV�6HFWLRQ % PP ,QSXW ����� ������ ������ ����� 
+HLJKW�RI�7XEHV�6HFWLRQ + PP ,QSXW ����� ������ ������ ����� 
7KLFNQHVV�RI�7XEHV W PP ,QSXW ���� ���� ����� ���� 

(IIHFWLYH�/HQJWK�RI�&ROXPQ /H PP ,QSXW ����� ������ ������� ������ 
6WHHO�<LHOG�6WUHQJWK I\ 03D ,QSXW ������ ������ ������� ������ 
&RQFUHWH�&RPSUHVVLYH�

6WUHQJWK I
F 03D ,QSXW ���� ����� ������ ����� 

$[LDO�/RDG 1 .1 2XWSXW ������ ������� ������� ������� 

Table 5 Correlation PDWUL[�RI�WKH�LQSXW�DQG�RXWSXW�YDULDEOHV 

9DULDEOHV ,QSXW 2XWSXW 
% + W /H I\ I
F 1 

,QSXW 

% ����       
+ ���� ����      
W ���� ���� ����     
/H ���� ���� -���� ����    
I\ -���� -���� ���� ���� ����   
IF
 -���� -���� ���� ���� ���� ����  

2XWSXW 1 ���� ���� ���� -���� ���� ���� ���� 
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H[SUHVVLRQV� DYDLODEOH� LQ� WKH� OLWHUDWXUH�� LQ� WKH� FDVH� RI�
UHFWDQJXODU�WXEHV��WKDW�LV�WKH�VFRSH�RI�WKLV�ZRUN��  

 
 
���0DWHULDOV�DQG�PHWKRGV 

 
����%ULHI�UHYLHZ�RQ�DUWLILFLDO�QHXUDO�QHWZRUNV 
 
$UWLILFLDO� QHXUDO� QHWZRUNV� �$11V�� DUH� EDVHG� RQ� WKH�

FRQFHSW� RI� WKH� ELRORJLFDO� QHXUDO� QHWZRUN� RI� WKH� KXPDQ�
EUDLQ�� 7KH� EDVLF� EXLOGLQJ� EORFN� RI� $11V� LV� WKH� DUWLILFLDO�
QHXURQ��ZKLFK�LV�D�PDWKHPDWLFDO�PRGHO�DLPLQJ�WR�PLPLF�WKH�
EHKDYLRU� RI� WKH� ELRORJLFDO� QHXURQ� �)LJ�� ���� ,QIRUPDWLRQ� LV�
SDVVHG� LQWR� WKH� DUWLILFLDO� QHXURQ� DV� LQSXW� DQG� LV� SURFHVVHG�
ZLWK� D� PDWKHPDWLFDO� IXQFWLRQ� OHDGLQJ� WR� DQ� RXWSXW� WKDW�
GHWHUPLQHV�WKH�EHKDYLRU�RI�WKH�QHXURQ��VLPLODU�WR�ILUH-RU-QRW�
VLWXDWLRQ�IRU�WKH�ELRORJLFDO�QHXURQ���%HIRUH�WKH�LQIRUPDWLRQ�
HQWHUV�WKH�QHXURQ��LW�LV�ZHLJKWHG�LQ�RUGHU�WR�DSSUR[LPDWH�WKH�
UDQGRP� QDWXUH� RI� WKH� ELRORJLFDO� QHXURQ�� $� JURXS� RI� VXFK�
QHXURQV� FRQVLVWV� RI� DQ� $11�� LQ� D� PDQQHU� VLPLODU� WR�
ELRORJLFDO�QHXUDO�QHWZRUNV��,Q�RUGHU�WR�VHW�XS�DQ�$11��RQH�
QHHGV� WR� GHILQH�� �L�� WKH� DUFKLWHFWXUH� RI� WKH� $11�� �LL�� WKH�
WUDLQLQJ� DOJRULWKP�� ZKLFK� ZLOO� EH� XVHG� IRU� WKH� $11¶V�
OHDUQLQJ� SKDVH�� DQG� �LLL�� WKH� PDWKHPDWLFDO� IXQFWLRQV�
GHVFULELQJ�WKH�PDWKHPDWLFDO�PRGHO� 

7KH�DUFKLWHFWXUH� RU� WRSRORJ\�RI� WKH�$11�GHVFULEHV� WKH�
PDQQHU�LQ�ZKLFK� WKH�DUWLILFLDO�QHXURQV�DUH�RUJDQL]HG� LQ�WKH�
JURXS�DQG� KRZ� LQIRUPDWLRQ� IORZV�ZLWKLQ� WKH� QHWZRUN�� )RU�
H[DPSOH�� LI� WKH� QHXURQV� DUH� RUJDQL]HG� LQ� PRUH� WKDQ� RQH�
OD\HU�� WKHQ� WKH� QHWZRUN� LV� FDOOHG� D� PXOWLOD\HU� $11�� 7KH�
WUDLQLQJ�SKDVH�FDQ�EH�FRQVLGHUHG�DV�D�IXQFWLRQ�PLQLPL]DWLRQ�
SUREOHP�� LQ�ZKLFK� WKH�RSWLPXP�YDOXHV�RI�ZHLJKWV� QHHG� WR�
EH�GHWHUPLQHG�E\�PLQLPL]LQJ�DQ�HUURU�IXQFWLRQ��'HSHQGLQJ�
RQ� WKH� RSWLPL]DWLRQ� DOJRULWKPV� XVHG� IRU� WKLV� SXUSRVH��
GLIIHUHQW�W\SHV�RI�$11V�H[LVW� 

7KH�JUDGLHQW�GHVFHQW� �*'��PHWKRG� LV�HPSOR\HG�PDLQO\�
LQ� WKH� EDFN-SURSDJDWLRQ� �%3�� VWDJH� RI� WKH� WUDLQLQJ� SURFHVV�
RI� WKH� $11� PRGHO� �5XPHOKDUW� HW� DO�� ������� 7KH� PDLQ�
ZRUNLQJ�SULQFLSOH�RI�WKH�*'�LV�WR�DGMXVW�WKH�ZHLJKWV�RI�WKH�
$11�PRGHO�LWHUDWLYHO\�ZKLOH�PLQLPL]LQJ�WKH�HUURU�EHWZHHQ�
WKH� DFWXDO� RXWSXW� DQG� WDUJHW� �'X� DQG� 6ZDP\� �������
+RZHYHU�� XVLQJ�*'�PD\� UHVXOWV� WR� FRQYHUJHQFH� SUREOHPV�
�*XSWD�HW�DO���������L�H���WLPH-FRQVXPLQJ�WUDLQLQJ�SURFHVV���
0DQ\� PRUH� WUDLQLQJ� DOJRULWKPV� KDYH� EHHQ� SURSRVHG� WR�
HQKDQFH� WKH�HIIHFWLYHQHVV�RI�$11�WUDLQLQJ�� RQH�RI� WKHP� LV�
WKH�/HYHQEHUJ-0DUTXDUGW� �/0��PHWKRG� �0DUTXDUGW� �������
ZKLFK� KDV� EHHQ� FRPPRQO\� XVHG� LQ� YDULRXV� VWXGLHV� RI�
GLIIHUHQW�ILHOGV��5DJKXZDQVKL�HW�DO��������$TLO�HW�DO��������
GH�9RV�DQG�5LHQWMHV�������7DRUPLQD�HW�DO���������7KH�VSHHG�
RI� FRQYHUJHQFH� ZKHQ� XVLQJ� WKH� /0� WHFKQLTXH� KDV� EHHQ�
LPSURYHG� GXH� WR� WKH� PHWKRG� WKDW� ZDV� GHYHORSHG� E\�
FRPELQLQJ� WKH� *'� DQG� *DXVV-1HZWRQ� �*1�� DOJRULWKPV�
�0DUTXDUGW� ������� 0RUH� UHFHQWO\�� D� QXPEHU� RI� WUDLQLQJ�
DOJRULWKPV� WKDW� XVH� WKH� VHFRQG� GHULYDWLYH� KDYH� EHHQ�
SURSRVHG� LQ� WKH� OLWHUDWXUH�� 7KHVH� DUH� WKH� 2QH-6WHS� 6HFDQW�
�266�� �%DWWLWL� ������� WKH� *UDGLHQW� 'HVFHQW� ZLWK�$GDSWLYH�
/HDUQLQJ� 5DWH� �*'$�� �.D\DFDQ� DQG� .KDQHVDU� ������� WKH�
6FDOHG� &RQMXJDWH� *UDGLHQW� �6&*�� �0¡OOHU� ������� DQG� WKH�
&RQMXJDWH� *UDGLHQW� %DFNSURSDJDWLRQ� ZLWK� 3RZHOO-%HDOH�
5HVWDUWV� �&*%�� �3RZHOO� ������� +RZHYHU�� VHFRQG-RUGHU�

OHDUQLQJ�WHFKQLTXHV�UHTXLUH�WR�EH�XVHG�LQ�D�EDWFK�PRGH�GXH�
WR� WKH� VHQVLWLYLW\� RI� WKH� QXPHULFDO� FRPSXWDWLRQ� RI� VHFRQG-
RUGHU�JUDGLHQWV��$NEDU�HW�DO��������'X�DQG�6ZDP\��������,Q�
DGGLWLRQ��OHDUQLQJ�DOJRULWKPV�EDVHG�RQ�WKH�ILUVW�DQG�VHFRQG-
RUGHU� GHULYDWLYH� PD\� QRW� KDYH� WKH� UHTXLUHG� FRQYHUJHQFH�
DELOLW\� LI� WKH� VWDUWLQJ� SRLQW� LV� ORFDWHG�RXWVLGH� RI� WKH� VHDUFK�
GRPDLQ� �%URZQOHH��������7KH�IRUHVDLG�OHDUQLQJ�DOJRULWKPV�
FRQWULEXWHG� WR� WKH� SURJUHVV� LQ� WUDLQLQJ�$11�PHWKRGV�� IRU�
EHWWHU�SHUIRUPDQFH�RI�WKH�SUHGLFWLRQ�PRGHOV� 

 
����3HUIRUPDQFH�,QGLFHV 
 
7KUHH� GLIIHUHQW� VWDWLVWLFDO� SDUDPHWHUV� ZHUH� HPSOR\HG� WR�

HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�GHULYHG�FRPSXWDWLRQDO�PRGHO�
DV�ZHOO�DV�WKH�DYDLODEOH�LQ�WKH�OLWHUDWXUH�IRUPXODH��LQFOXGLQJ�WKH�
URRW�PHDQ�VTXDUH�HUURU��506(���WKH�PHDQ�DEVROXWH�SHUFHQWDJH�
HUURU��0$3(���DQG�WKH�3HDUVRQ�&RUUHODWLRQ�&RHIILFLHQW�5���7KH�
ORZHU�506(�DQG�0$3(�YDOXHV� UHSUHVHQW� WKH�PRUH�DFFXUDWH�
SUHGLFWLRQ�UHVXOWV��7KH�KLJKHU�5��YDOXHV�UHSUHVHQW�WKH�JUHDWHU�ILW�
EHWZHHQ� WKH� DQDO\WLFDO� DQG� SUHGLFWHG� YDOXHV�� 7KH�
DIRUHPHQWLRQHG�VWDWLVWLFDO�SDUDPHWHUV�KDYH�EHHQ�FDOFXODWHG�E\�
WKH�IROORZLQJ�H[SUHVVLRQV��$ODYL�DQG�*DQGRPL������� 

ܧܵܯܴ ൌ ඩ
ͳ
݊
ሺݔ െ ሻଶݕ


ୀଵ

 ��� 

ܧܲܣܯ ൌ
ͳ
݊
ฬ

ݔ െ ݕ
ݔ

ฬ


ୀଵ

 ��� 

ܴଶ ൌ ͳ െ ቆ
σ ሺݔ െ ሻଶݕ
ୀଵ

σ ሺݔ െ ҧሻଶݔ
ୀଵ

ቇ ��� 

ZKHUH�Q�GHQRWHV� WKH� WRWDO�QXPEHU�RI�GDWDVHWV��DQG� �ݔ DQG� �ݕ
UHSUHVHQW�WKH�SUHGLFWHG�DQG�WDUJHW�YDOXHV��UHVSHFWLYHO\� 

7KH� UHOLDELOLW\� DQG� DFFXUDF\� RI� WKH� GHYHORSHG� QHXUDO�
QHWZRUNV� ZHUH� HYDOXDWHG� XVLQJ� 3HDUVRQ¶V� FRUUHODWLRQ�
FRHIILFLHQW�5�DQG�WKH�URRW�PHDQ�VTXDUH�HUURU��506(���506(�
SUHVHQWV� LQIRUPDWLRQ� RQ� WKH� VKRUW-WHUP� HIILFLHQF\� ZKLFK� LV� D�
EHQFKPDUN�RI�WKH�GLIIHUHQFH�RI�SUHGLFWHG�YDOXHV�LQ�UHODWLRQ�WR�
WKH� H[SHULPHQWDO� YDOXHV�� 7KH� ORZHU� WKH� 506(�� WKH� PRUH�
DFFXUDWH�LV�WKH�HYDOXDWLRQ��7KH�3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW�
5�PHDVXUHV�WKH�YDULDQFH�WKDW�LV�LQWHUSUHWHG�E\�WKH�PRGHO��ZKLFK�
LV� WKH� UHGXFWLRQ� RI� YDULDQFH�ZKHQ�XVLQJ� WKH�PRGHO��5� YDOXHV�
UDQJH� IURP��� WR����KRZHYHU�WKH�PRGHO�KDV�KHDOWK\�SUHGLFWLYH�
DELOLW\�ZKHQ�LW�LV�QHDU�WR���DQG�LW�LV�QRW�SUHGLFWLQJ�ZKHQ�QHDU�WR�
��� 7KHVH� SHUIRUPDQFH� PHWULFV� DUH� D� JRRG� PHDVXUH� RI� WKH�
RYHUDOO�SUHGLFWLYH�DFFXUDF\��  

)XUWKHUPRUH��WKH� IROORZLQJ�QHZ�HQJLQHHULQJ� LQGH[�� FDOOHG�
D��-LQGH[��KDV�EHHQ�SURSRVHG�IRU�WKH�UHOLDELOLW\�DVVHVVPHQW�RI�
WKH� GHYHORSHG�$11�PRGHOV� �$VWHULV�HW� DO�� ������$VWHULV� DQG�
0RNRV�������$VWHULV�HW�DO������G�� 

ܽଶିௗ௫ ൌ
݉ʹͲ
ܯ  ��� 

ZKHUH� 0� LV� WKH� QXPEHU� RI� GDWDVHW� VDPSOH� DQG� P��� LV� WKH�
QXPEHU� RI� VDPSOHV� ZLWK� YDOXH� RI� UDWH� ([SHULPHQWDO�
YDOXH�3UHGLFWHG�YDOXH�EHWZHHQ������DQG�������1RWH� WKDW� IRU�D�
SHUIHFW� SUHGLFWLYH� PRGHO�� WKH� YDOXHV� RI� D��-LQGH[� YDOXHV� DUH�  
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H[SHFWHG� WR� EH� XQLW\�� 7KH� SURSRVHG� D��-LQGH[� KDV� WKH�
DGYDQWDJH�WKDW�WKHLU�YDOXH�KDV�D�SK\VLFDO�HQJLQHHULQJ�PHDQLQJ��
,W� GHFODUHV� WKH� DPRXQW� RI� WKH� VDPSOHV� WKDW� VDWLVILHV� SUHGLFWHG�
YDOXHV�ZLWK�D�PDUJLQ������FRPSDUHG�WR�H[SHULPHQWDO�YDOXHV� 

 
����'DWD�XVHG�DQG�VHOHFWLRQ�RI�YDULDEOHV 
 
,W� VKRXOG� EH� QRWHG� WKDW� WKH� WHUP� ³VXIILFLHQW� DPRXQW� RI�

GDWD´�GRHV�QRW�QHFHVVDULO\�LPSO\�D�KLJK�DPRXQW�RI�GDWD��EXW�
UDWKHU� GDWDVHWV� WKDW� FRYHU�D�ZLGH� UDQJH� RI� FRPELQDWLRQV� RI�  

 
 

LQSXW� SDUDPHWHU� YDOXHV�� WKXV� DVVLVWLQJ� LQ� WKH� PRGHO�
FDSDELOLW\� WR� VLPXODWH� WKH� SUREOHP�� 7KH� GHPDQG� IRU� D�
UHOLDEOH� GDWDEDVH� LV� SDUWLFXODUO\� FUXFLDO� LQ� WKH� FDVH� RI�
H[SHULPHQWDO� GDWDEDVHV�� ZKLFK� DUH� GDWDEDVHV� FRPSLOHG�
XVLQJ� H[SHULPHQWDO� UHVXOWV�� ,Q� WKLV� FDVH� � VLJQLILFDQW�
GHYLDWLRQV� EHWZHHQ� H[SHULPHQWDO� YDOXHV� DUH� IUHTXHQWO\�
QRWLFHG�� QRW� RQO\� EHWZHHQ� H[SHULPHQWV� FRQGXFWHG� E\�
GLIIHUHQW�UHVHDUFK�WHDPV�DQG�ODERUDWRULHV��EXW�HYHQ�EHWZHHQ�
GDWDVHWV�GHULYHG�IURP�H[SHULPHQWV�FRQGXFWHG�RQ�VSHFLPHQV�
RI� WKH� VDPH� V\QWKHVLV�� SURGXFHG� E\� WKH� VDPH� WHFKQLFLDQV��  

  

  

  
)LJ�� ��+LVWRJUDPV�RI� WKH� SDUDPHWHUV��/HQJWK� RI�7XEHV�6HFWLRQ� �%���+HLJKW� RI�7XEHV�6HFWLRQ� �+��DQG�7KLFNQHVV� RI�7XEHV�
6HFWLRQ��W� 
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FXUHG� XQGHU� WKH� VDPH� FRQGLWLRQV� DQG� WHVWHG� LPSOHPHQWLQJ�
WKH�VDPH�VWDQGDUGV�DQG�WKH�VDPH�WHVWLQJ�LQVWUXPHQWV� 

,Q� OLJKW� RI� WKH� DERYH� GLVFXVVLRQ�� DQ� H[SHULPHQWDO�
GDWDEDVH� FRPSULVLQJ� ����� GDWDVHWV� ZDV� FRPSLOHG� IURP�
UHVHDUFK� SDSHUV� UHSRUWHG� LQ� WKH� OLWHUDWXUH� GHDOLQJ� ZLWK� WKH�
EHKDYLRU� RI� UHFWDQJXODU� FRQFUHWH-ILOOHG� VWHHO� WXEHV� XQGHU�
D[LDO�ORDG�ZLWKRXW�DQ\�HFFHQWULFLW\��)LJ����� 

 
 
7DEOH���SUHVHQWV�LQ�GHWDLO�WKH�QXPEHU�RI�VDPSOHV�DQG�WKH�

UDQJH� RI� XOWLPDWH� D[LDO� ORDG� IRU� HDFK� RQH� RI� WKH� ���
H[SHULPHQWDO�ZRUNV�XVHG�IRU�WKH�FRPSLODWLRQ�RI�WKH�GDWDEDVH�
ZKLFK�ZLOO�EH�XVHG�IRU�WKH�GHYHORSPHQW�DQG�WUDLQLQJ�RI�WKH�
VRIW�FRPSXWLQJ�PRGHO�LQ�WKH�FRQWH[W�RI�WKH�DUWLILFLDO�QHXUDO�
QHWZRUN� WHFKQLTXH�� (DFK� GDWDVHW� FRPSULVHV� RI� VL[� LQSXW�
SDUDPHWHUV� �:LGWK� RI� 7XEH� 6HFWLRQ� �%��� +HLJKW� RI� 7XEH�  

  

 
  

  
)LJ����+LVWRJUDPV�RI� WKH�SDUDPHWHUV��(IIHFWLYU�/HQJWK�RI�6WHHO�7XEH�&ROXPQ� �/H���6WHHO�<LHOG�6WUHQJWK� �I\��DQG�&RQFUHWH�
&RPSUHVVLYH�6WUHQJWK��IF¶� 
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6HFWLRQ� �+��� 7KLFNQHVV� RI� 7XEH� �W��� (IIHFWLYH� /HQJWK� RI�
&ROXPQ� �/H��� 6WHHO� <LHOG� 6WUHQJWK� �I\�� DQG� &RQFUHWH�
&RPSUHVVLYH�6WUHQJWK��I
F���DQG� WKH�XOWLPDWH�D[LDO�ORDG� �1��
DV� WKH� RXWSXW� SDUDPHWHU�� 7DEOH� �� VKRZV� WKH� PLQLPXP�
DYHUDJH� DQG� PD[LPXP� YDOXHV�� DV� ZHOO� DV� WKH� VWDQGDUG�
GHYLDWLRQ� RI� WKH� LQSXW� DQG� RXWSXW� SDUDPHWHUV� UHVSHFWLYHO\��
ZKLOH�7DEOH� �� SUHVHQWV� WKH� FRUUHODWLRQ�PDWUL[� RI� WKH� LQSXW�
DQG�RXWSXW�SDUDPHWHUV��7KH�KLVWRJUDPV�IRU�HDFK�RI�WKH�LQSXW�
DQG�RXWSXW�SDUDPHWHUV�DUH�SUHVHQWHG�LQ�)LJV����WR��� 

 
����6HQVLWLYLW\�DQDO\VLV 
 
,Q�JHQHUDO��VHQVLWLYLW\�DQDO\VLV��6$��RI�D�QXPHULFDO�PRGHO�

LV�D�WHFKQLTXH�XVHG�WR�GHWHUPLQH�LI�WKH�RXWSXW�RI�WKH�PRGHO�LV�
DIIHFWHG� E\� FKDQJHV� LQ� WKH� LQSXW� SDUDPHWHUV�� 7KLV� SURYLGHV�
IHHGEDFN� UHJDUGLQJ� ZKLFK� LQSXW� SDUDPHWHUV� DUH� WKH� PRVW�
VLJQLILFDQW�� DQG� WKXV�� E\� UHPRYLQJ� WKH� LQVLJQLILFDQW� RQHV�� WKH�
LQSXW� VSDFH�ZLOO�EH� UHGXFHG�DQG�VXEVHTXHQWO\� WKH�FRPSOH[LW\�
RI�WKH�PRGHO��DV�ZHOO�DV�WKH�WLPH�UHTXLUHG�IRU�LWV�WUDLQLQJ��ZLOO�
EH�DOVR�UHGXFHG��,Q�RUGHU�WR�LGHQWLI\�WKH�HIIHFWV�RI�PRGHO�LQSXWV�
RQ� WKH� RXWSXWV�� WKH� 6$� FDQ� EH� FRQGXFWHG� RQ� WKH� GDWDEDVH��
6RPHWLPHV�� WKH� UHVXOWV� RI� 6$� KHOS� UHVHDUFKHUV�GHVLJQHUV� WR�
UHPRYH� RQH� RU� PRUH� LQSXW� SDUDPHWHUV� IURP� WKH� GDWDEDVH� WR�
REWDLQ� EHWWHU� DQDO\VHV� ZLWK� D� KLJKHU� OHYHO� RI� SHUIRUPDQFH�
SUHGLFWLRQ��7R� SHUIRUP� WKH�6$�� WKH� FRVLQH�DPSOLWXGH�PHWKRG�
�&$0��� LV� HPSOR\HG�� ZKLFK� KDV� EHHQ� XVHG� E\� PDQ\�
UHVHDUFKHUV� �$UPDJKDQL� DQG�$VWHULV� ������ $UPDJKDQL� HW� DO��
������ ������0RPHQL� HW� DO�� ������ $VWHULV� HW� DO�� ������� ,Q�
&$0��GDWD�SDLUV�PD\�EH�XVHG�WR�FRQVWUXFW�D�GDWD�DUUD\��;��
DV�IROORZV� 

� ൌ ሼ�ଵǡ �ଶǡ �ଷǡǥ ǡ �୧ǡ ǥ ǡ �୬ሽ ��� 

9DULDEOH� �୧� LQ�DUUD\�� ���LV�D�OHQJWK�YHFWRU�RI�P�DV� 

�୧ ൌ ሼ�୧ଵǡ �୧ଶǡ �୧ଷǡ ǥ ǡ �୧୫ሽ ��� 

7KH�UHODWLRQVKLS�EHWZHHQ� �୧୨� �VWUHQJWK�RI�WKH�UHODWLRQ��DQG�
GDWDVHWV�RI� �୧� DQG� �୨� LV�SUHVHQWHG�E\�WKH�IROORZLQJ�HTXDWLRQ� 

�୧୨ ൌ
σ �୧୩�୨୩୫
୩ୀଵ

ඥσ �ଶ୧୩ σ �ଶ୧୩୫
୩ୀଵ

୫
୩ୀଵ

 ��� 

 
 

 
)LJ�� � 6HQVLWLYLW\� DQDO\VLV� RI� $[LDO� /RDG� &DSDFLW\� RI�
5HFWDQJXODU�&RQFUHWH-ILOOHG�6WHHO�7XEH�&ROXPQV 

 
 
7KH� �୧୨ � YDOXHV� EHWZHHQ� WKH� $[LDO� /RDG� &DSDFLW\� RI�

5HFWDQJXODU�&RQFUHWH-ILOOHG�6WHHO�7XEH�&ROXPQV�DQG�WKH�LQSXW�
SDUDPHWHUV�DUH�VKRZQ�LQ�)LJ�����7KLV�DQDO\VLV�UHYHDOV�WKDW��WKH�
ZLGWK� DQG� WKH� KHLJKW� RI� WKH� VWHHO� WXEH�FURVV� VHFWLRQ� KDYH� WKH�
JUHDWHVW�LQIOXHQFH�RQ�D[LDO�ORDG�FDSDFLW\�YDOXHV��ZLWK�VWUHQJWK�
YDOXHV�RI���������IROORZHG�E\�VWHHO�\LHOG�VWUHQJWK�� �୷� ����������
WKLFNQHVV� RI� WXEH� ZDOOV�� � � ���������� FRQFUHWH� FRPSUHVVLYH�
VWUHQJWK�� �ୡǯ � ���������� 7KH� SDUDPHWHU� ZLWK� WKH� ORZHVW�
LQIOXHQFH� RQ� D[LDO� ORDG� FDSDFLW\� VHHPV� WR� EH� WKH� HIIHFWLYH�
FROXPQ�OHQJWK�� �ୣ� ��������� 

 
 

���5HVXOWV�DQG�GLVFXVVLRQ 
 

�����'HYHORSPHQW�RI�$11�PRGHOV 
 
%DVHG� RQ� WKH� DERYH�� GLIIHUHQW� DUFKLWHFWXUH� $11V� ZHUH�

GHYHORSHG� DQG� WUDLQHG�� 0RUH� VSHFLILFDOO\�� GXULQJ� WKH�
GHYHORSPHQW� DQG� WUDLQLQJ� RI� WKH�$11�PRGHOV� WKH� IROORZLQJ�
VWHSV��ZKLFK�DUH�VXPPDUL]HG�LQ�7DEOH���ZDV�IROORZHG� 

��7KH������GDWDVHWV� LQ�WKH�GDWDEDVH��XVHG� IRU� WKH�WUDLQLQJ�
DQG�GHYHORSPHQW�RI�WKH�$11�PRGHOV��ZHUH�GLYLGHG�LQWR�WKUHH�
VHSDUDWH�VHWV��6SHFLILFDOO\������RI���������������GDWDVHWV�ZHUH�  

 
  

)LJ����+LVWRJUDPV�RI�WKH�SDUDPHWHUV�RI�WKH�XOWLPDWH�D[LDO�ORDG��1� 
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3DQDJLRWLV�*��$VWHULV�HW�DO��  

 

 
 

GHVLJQDWHG� DV� 7UDLQLQJ� GDWDVHWV�� ���� ��������� DV� 9DOLGDWLRQ�
GDWDVHWV�� ZKLOH� ���� ��������� GDWDVHWV� ZHUH� XVHG� DV� 7HVWLQJ�
GDWDVHWV� 

��'XULQJ�WKH�WUDLQLQJ�RI�WKH�$11V��WKH�DERYH�GDWDVHWV�ZHUH�
XVHG�ZLWK�DQG�ZLWKRXW�QRUPDOL]DWLRQ��:KHQ�QRUPDOL]DWLRQ�RI�
WKH�GDWD�ZDV�FRQGXFWHG�� WKH�PLQPD[�QRUPDOL]DWLRQ� WHFKQLTXH�
LQ�WKH�UDQJH�>����������@�DQG�>-�����������DV�ZHOO�DV�WKH�=VFRUH�
ZHUH�LPSOHPHQWHG� 

�� 7KH� /HYHQEHUJ±0DUTXDUGW� DOJRULWKP� �/RXUDNLV� ������
ZDV�XVHG�IRU�WKH�WUDLQLQJ�RI�WKH�$11V� 

�� ��� GLIIHUHQW� LQLWLDO� YDOXHV� RI� ZHLJKWV� DQG� ELDVHV� ZHUH�  

 

 
 

DSSOLHG�IRU�HDFK�DUFKLWHFWXUH��7DEOH���� 
�� $11V�ZLWK� RQO\� RQH� KLGGHQ� OD\HU�ZHUH� GHYHORSHG� DQG�

WUDLQHG� 
��7KH�1XPEHU�RI�1HXURQV�SHU�+LGGHQ�/D\HU�UDQJHG�IURP���

WR�����E\�DQ�LQFUHPHQW�VWHS�RI��� 
��7ZR�IXQFWLRQV�� WKH�0HDQ�6TXDUH�(UURU� �06(��DQG�6XP�

6TXDUH� (UURU� �66(�� IXQFWLRQV� ZHUH� XVHG� DV� FRVW� IXQFWLRQV��
GXULQJ�WKH�WUDLQLQJ�DQG�YDOLGDWLRQ�SURFHVV� 

�����IXQFWLRQV��DV�SUHVHQWHG�LQ�7DEOH��ZHUH�XVHG�DV�WUDQVIHU�
RU�DFWLYDWLRQ�IXQFWLRQV 

7KH� DERYH� VWHSV� UHVXOWHG� LQ� WKH� GHYHORSPHQW� RI� ��������  

Table 6 Training parameters of ANN models 
3DUDPHWHU 9DOXH 0DWODE�IXQFWLRQ 

 7UDLQLQJ�$OJRULWKP /HYHQEHUJ-0DUTXDUGW�$OJRULWKP WUDLQOP 
 1RUPDOL]DWLRQ 0LQPD[�LQ�WKH�UDQJH�>�����±�����@�DQG�>-����-����@�=VFRUH 0DSPLQPD[�]VFRUH 
 1XPEHU�RI�+LGGHQ�/D\HUV �  

 1XPEHU�RI�1HXURQV�SHU�
+LGGHQ�/D\HU ��WR����E\�VWHS��  

 &RQWURO�UDQGRP�QXPEHU�
JHQHUDWLRQ ���GLIIHUHQW�UDQGRP�JHQHUDWLRQ UDQG�VHHG��JHQHUDWRU���ZKHUH�JHQHUDWRU�

UDQJH�IURP���WR����E\�VWHS�� 
 7UDLQLQJ�*RDO �  
 (SRFKV ���  

 &RVW�)XQFWLRQ 0HDQ�6TXDUH�(UURU��06(� 
6XP�6TXDUH�(UURU��66(� 

PVH 
VVH 

 7UDQVIHU�)XQFWLRQV 

+\SHUEROLF�7DQJHQW�6LJPRLG�WUDQVIHU�IXQFWLRQ��+76� 
/RJ-VLJPRLG�WUDQVIHU�IXQFWLRQ��/6� 

/LQHDU�WUDQVIHU�IXQFWLRQ��/L� 
3RVLWLYH�OLQHDU�WUDQVIHU�IXQFWLRQ��3/L� 

6\PPHWULF�VDWXUDWLQJ�OLQHDU�WUDQVIHU�IXQFWLRQ��66/� 
6RIW�PD[�WUDQVIHU�IXQFWLRQ��60� 
&RPSHWLWLYH�WUDQVIHU�IXQFWLRQ��&R� 

7ULDQJXODU�EDVLV�WUDQVIHU�IXQFWLRQ��7%� 
5DGLDO�EDVLV�WUDQVIHU�IXQFWLRQ��5%� 

1RUPDOL]HG�UDGLDO�EDVLV�WUDQVIHU�IXQFWLRQ��15%� 

WDQVLJ 
ORJVLJ 
SXUHOLQ 
SRVOLQ 
VDWOLQV 
VRIWPD[ 
FRPSHW 
WULEDV 
UDGEDV 
UDGEDVQ 

Table 7 Best twenty optimum architectures of ANN models based on Testing datasets RMSE index 

5DQNLQJ 1RUPDOL]DWLRQ�7HFKQLTXH &RVW�
)XQFWLRQ 

7UDQVIHU�)XQFWLRQ 
$UFKLWHFWXUH (SRFKV 

'DWDVHWV 
,QSXW�
/D\HU 

2XWSXW�
/D\HU 

7HVWLQJ 
5 506( 

� =VFRUH 06( VDWOLQV SXUHOLQ �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 06( ORJVLJ WDQVLJ �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 06( WDQVLJ WDQVLJ �-��-� �� ������ ������ 
� =VFRUH 06( WDQVLJ SXUHOLQ �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 66( VDWOLQV VDWOLQV �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 66( ORJVLJ WDQVLJ �-��-� �� ������ ������ 
� 0LQPD[�>����������@ 66( VDWOLQV ORJVLJ �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 06( WDQVLJ WDQVLJ �-��-� �� ������ ������ 
� 0LQPD[�>-����������@ 66( WDQVLJ WDQVLJ �-��-� �� ������ ������ 
�� =VFRUH 66( VRIWPD[ SXUHOLQ �-��-� �� ������ ������ 
�� 0LQPD[�>����������@ 66( UDGEDVQ ORJVLJ �-��-� �� ������ ������ 
�� =VFRUH 06( ORJVLJ SXUHOLQ �-��-� �� ������ ������ 
�� 0LQPD[�>-����������@ 06( UDGEDVQ WDQVLJ �-��-� �� ������ ������ 
�� =VFRUH 06( WDQVLJ SXUHOLQ �-��-� �� ������ ������ 
�� 0LQPD[�>����������@ 66( UDGEDV ORJVLJ �-��-� �� ������ ������ 
�� 0LQPD[�>����������@ 06( UDGEDVQ ORJVLJ �-��-� �� ������ ������ 
�� 0LQPD[�>-����������@ 66( ORJVLJ SXUHOLQ �-��-� �� ������ ������ 
�� 0LQPD[�>-����������@ 06( WULEDV VDWOLQV �-��-� �� ������ ������ 
�� 0LQPD[�>����������@ 06( UDGEDVQ SXUHOLQ �-��-� �� ������ ������ 
�� 0LQPD[�>����������@ 66( UDGEDVQ UDGEDV �-��-� �� ������ ������ 
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GLIIHUHQW� $11V�� ,W� LV� ZRUWK� QRWLQJ� WKDW� RQO\� WKH� XVH� RI� ���
GLIIHUHQW� WUDQVIHU� IXQFWLRQ� UHVXOWV� LQ� ���� GLIIHUHQW�$11V�� IRU�
HDFK�DUFKLWHFWXUH�ZLWK�WKH�VDPH�QXPEHU�RI�QHXURQV��DV�D�UHVXOW�
RI� ���� � ����� GLIIHUHQW� GXDO� FRPELQDWLRQV� RI� WKH� ��� WUDQVIHU�
IXQFWLRQV�LQYHVWLJDWHG� 

7KH�DERYH�GHYHORSHG���������$11V�ZHUH�UDQNHG�EDVHG�RQ�
WKH� YDOXH� RI� WKH� 506(� SHUIRUPDQFH� LQGH[�� IRU� WKH� FDVH� RI�
7HVWLQJ�'DWDVHWV��DQG�WKH�WRS����DUFKLWHFWXUHV�DUH�SUHVHQWHG�LQ�
7DEOH����$PRQJ�WKHP��WKH�RSWLPXP�$11�PRGHO��EDVHG�RQ�WKH�
YDOXH�RI�506(�RI�7HVWLQJ�'DWDVHWV��LV�WKH�%311��-��-��PRGHO�
WKDW�FRUUHVSRQGV�WR�D�11�VWUXFWXUH�ZLWK����QHXURQV��DQG�XVH�RI�
]VFRUH�QRUPDOL]DWLRQ�WHFKQLTXH��ZKLOH�WKH�WUDQVIHU�IXQFWLRQV�DUH�
WKH� 6\PPHWULF� VDWXUDWLQJ� OLQHDU� WUDQVIHU� IXQFWLRQ� �66/��
�VDWOLQV�� IRU� WKH�KLGGHQ� OD\HU�DQG�WKH�/LQHDU� WUDQVIHU� IXQFWLRQ�
�/L���SXUHOLQ��IRU�WKH�RXWSXW�OD\HU� 

 
�����(YDOXDWLRQ 
 
7DEOH� �� VXPPDUL]HV� WKH� prediction capability of the 

optimum BPNN 6-30-1 both for training and testing 
datasets for the five used performance indices (a20-index, 
R, RMSE, MAPE and VAF). A remarkably high a20-index, 
over 0.92��LQGLFDWHV�WKDW�����RI�WKH�VSHFLPHQV�ZHUH�SUHGLFWHG�
ZLWK�D�PDUJLQ�RI�HUURU������,Q�WKH�VDPH�WDEOH��WKH�SHUIRUPDQFH�
LQGLFHV�RI�H[LVWLQJ�PHWKRGRORJLHV�LQ�WKH�GHVLJQ�FRGHV�DQG�WKH�
OLWHUDWXUH�� WKDW� ZHUH� GHVFULEHG� LQ� D� SUHYLRXV� VHFWLRQ�� DUH� DOVR�
SUHVHQWHG�� IRU� WKH� 7HVWLQJ� GDWDVHWV�� 7KH� PHWKRGRORJLHV� DUH�
VRUWHG�DFFRUGLQJ�WR�WKHLU�506(�LQGH[��,W�FDQ�EH�REVHUYHG�WKDW�
WKH� GHYHORSHG� $11� PRGHO� RXWSHUIRUPV� H[LVWLQJ�
PHWKRGRORJLHV� IRU� DOO� H[DPLQHG� SHUIRUPDQFH� LQGLFHV��7DNLQJ�
LQWR�DFFRXQW�WKH�7HVWLQJ�'DWDVHW�IRU�WKH�FRPSDULVRQ��WKH�BPNN 
6-30-1 achieves more than 50% reduction of RMSE, 
compared to the best existing methodology in this regard, 
which is the proposed by :DQJ� HW� DO�� �������� $OVR�� WKH�
SURSRVHG�$11�PRGHO�UHFRUGV�D�����LQFUHDVH�RI�WKH�D��-LQGH[��
FRPSDUHG� WR� WKH� $XVWUDOLDQ� $6����� ������� FRGH�� ZKLFK�
SHUIRUPV�EHWWHU�DPRQJ�H[LVWLQJ�PHWKRGRORJLHV�LQ�WKLV�LQGH[��  

$PRQJ�WKH�GHVLJQ�FRGHV��WKH�EHVW�506(�LQGH[�LV�DFKLHYHG�
E\�WKH�(XURSHDQ�(1������������FRGH��FORVHO\�IROORZHG�E\�WKH�
-DSDQHVH�$,-� ������� DQG�$XVWUDOLDQ�$6����� ������� RQHV�� ,Q�
WHUPV� RI� D��-LQGH[� WKH� $6����� ������� DQG� (1����� �������
SHUIRUP�TXLWH�VLPLODU��ZLWK�D�VPDOO�LPSURYHPHQW�PDLQWDLQHG�E\�
WKH�IRUPHU��$PHULFDQ�$,6&������������FRGH�DFKLHYHV�WKH�EHVW�
9$)�LQGH[�DPRQJ�WKH�H[DPLQHG�FRGHV�KRZHYHU��WKH�UHPDLQLQJ�
LQGLFHV�DUH�ZRUVW��&RPSDULQJ�EHWZHHQ�WKH�PHWKRGRORJLHV�IURP�  

 
 

WKH�OLWHUDWXUH��WKH�PRGHO�IRUP�:DQJ�HW�DO���������DFKLHYHV�WKH�
EHVW� LQGLFHV� RYHUDOO�� 7KH� PRGHO� IURP� 6DNLQR� HW� DO�� �������
IROORZV�LQ�WHUPV�RI�506(�LQGH[�ZKLOH�WKH�PRGHO�IURP�+DQ�HW�
DO�� ������� DFKLHYHV� WKH� VHFRQG� EHVW� D��-LQGH[�� 7KH� PRGHOV�
IURP� +DQ� HW� DO�� ������� DQG� 'X� HW� DO�� �������� ZKLFK� IHDWXUH�
VLPSOHU�IRUPXODWLRQV��SUHVHQW�TXLWH�ORZHU�506(�LQGLFHV� 
 
 
���&RQFOXVLRQV 

 
In this paper, a new model for the prediction of the 

ultimate load of square and rectangular CFSTs under axial 
compression was presented. The model is based on the 
ANN technique and employs a number of 30 neurons in a 
single hidden layer. Its development employed a number of 
different activation functions and normalization techniques 
and it was selected as the optimum from 240000 alternative 
configurations tested and compared with several 
performance indices. The following points are the main 
conclusions from the development procedure: 

��7he proposed model predicts the ultimate axial load in 
a quite satisfactory manner offering 20% error margin for 
92% of the specimens. Against existing methodologies from 
the literature and design codes the improvement proves 
quite significant.  

�� For the optimum ANN model, it was found that the 
zscore transfer function provided the better prediction 
capability compared to liner scaling in a predetermined 
value ranges that is typically employed. Regarding transfer 
activation functions the 6\PPHWULF�6DWXUDWLQJ�/LQHDU�WUDQVIHU�
IXQFWLRQ��66/��SURYHG�PRUH�HIIHFWLYH�IRU�WKH�KLGGHQ�OD\HU�DQG�
WKH�/LQHDU�WUDQVIHU�IXQFWLRQ��/L��IRU�WKH�RXWSXW�OD\HU� 

��According to results from sensitivity analysis, among 
the several input variables, the most influencing ones 
proved the tube dimensions followed by the steel yield 
limit.  

The effective range of input parameters used for the 
development of the proposed ANN model also defines its 
valid field of application. Regarding member slenderness, 
ratios of L/min{B;H} up to 24 have been effectively used, 
whereas for section slenderness, ratios of max{B;H}/t up to 
110. Regarding material properties, steel yield limits up to 
820 MPa and concrete strengths up to 115MPa have been 
effectively used. 

An ANN model, even though time consuming to 

Table 8 Summary of prediction capability of the optimum BPNN 6-30-1 model against existing methodologies 

0RGHO 'DWDVHWV 3HUIRUPDQFH�,QGLFHV 
D��-LQGH[ 5 506( 0$3( 9$) 

� %311��-��-� 7UDLQLQJ ������ ������ ������ ������ ����� 
7HVW ������ ������ ������ ������ ����� 

� :DQJ�HW�DO�������� 7HVW ������ ������ ������ ������ ����� 
� (1����������� 7HVW ������ ������ ������ ������ ����� 
� $,-������� 7HVW ������ ������ ������ ������ ����� 
� 6DNLQR�HW�DO�������� 7HVW ������ ������ ������ ������ ����� 
� $6����������� 7HVW ������ ������ ������ ������ ����� 
� $,6&���������� 7HVW ������ ������ ������ ������ ����� 
� +DQ�HW�DO�������� 7HVW ������ ������ ������ ������ ����� 
� 'X�HW�DO�������� 7HVW ������ ������ ������ ������ ����� 
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3DQDJLRWLV�*��$VWHULV�HW�DO��  

successfully train, requiring a certain level of expertise in its 
development, once developed it can be quite valuable in its 
predictions since it is directly correlated to experimental 
results. In this context its reliability is always controlled by 
the range of values of the input variables, available in the 
experimental database used for its training. Therefore, it is 
always useful to continually enrich the experimental 
database with new specimens, so that the reliability of the 
developed model is furtherly extended and improved. 
 
 
1RPHQFODWXUH 
 

$11�V� $UWLILFLDO�1HXUDO�1HWZRUN�V� 
$F $UHD� RI�&RQFUHWH�&RUH� 6HFWLRQ 
$V $UHD� RI� 6WHHO� 7XEH� 6HFWLRQ 
$VF $UHD� RI�&RPSRVLWH� 6HFWLRQ 
% :LGWK� RI� 7XEHV� 6HFWLRQ 

%311 %DFN� 3URSDJDWLRQ�1HXUDO�1HWZRUN 
&)67 &RQFUHWH� )LOOHG� 6WHHO� 7XEH 
&R &RPSHWLWLYH� WUDQVIHU� IXQFWLRQ 
(F &RQFUHWH�0RGXOXV� RI� (ODVWLFLW\ 
(V 6WHHO�0RGXOXV� RI� (ODVWLFLW\ 
I
F &RQFUHWH�&RPSUHVVLYH� 6WUHQJWK 
I\ 6WHHO�<LHOG� /LPLW 
IX 6WHHO�8OWLPDWH� 6WUHQJWK 
*3 *HQHWLF� 3URJUDPPLQJ 
*8, *UDSKLFDO�8VHU� ,QWHUIDFH 
+ +HLJKW� RI� 7XEHV� 6HFWLRQ 

+76 +\SHUEROLF� 7DQJHQW� 6LJPRLG� WUDQVIHU� IXQFWLRQ 
,V 0RPHQW� RI� ,QHUWLD� RI� 6WHHO� 7XEH� 6HFWLRQ 
,F 0RPHQW� RI� ,QHUWLD� RI�&RQFHWH�&RUH� 6HFWLRQ 
/ /HQJWK� RI�&ROXPQ 
/H (IIHFWLYH� /HQJWK� RI�&ROXPQ 
/L /LQHDU� WUDQVIHU� IXQFWLRQ 
/6 /RJ-6LJPRLG� WUDQVIHU� IXQFWLRQ 

0$3( 0HDQ�$EVROXWH� 3HUFHQWDJH�(UURU 
06( 0HDQ� 6TXDUH� (UURU 
1 $[LDO� /RDG�&DSDFLW\ 
1E %XFNOLQJ�&DSDFLW\� RI�&ROXPQ 
1FU (ODVWLF�&ULWLFDO� %XFNLQJ�/RDG 
1SO 6TXDVK�/RDG 
15% 1RUPDOL]HG�5DGLDO�%DVLV� WUDQVIHU� IXQFWLRQ 
3/L 3RVLWLYH� /LQHDU� WUDQVIHU� IXQFWLRQ 
5 3HDUVRQ� FRUUHODWLRQ� FRHIILFLHQW 
5% 5DGLDO�%DVLV� WUDQVIHU� IXQFWLRQ 
60 6RIW�0D[� WUDQVIHU� IXQFWLRQ 
66( 6XP�6TXDUH� (UURU 
63 6XSHUSODVWLFL]HU 
66/ 6\PPHWULF� 6DWXUDWLQJ�/LQHDU� WUDQVIHU� IXQFWLRQ 
W :DOO� 7KLFNQHVV� RI� 6WHHO� 7XEHV 
7% 7ULDQJXODU�%DVLV� WUDQVIHU� IXQFWLRQ 
Ɍ &RQILQHPHQW� )DFWRU 
ɏ &RQFUHWH�'HQVLW\ 

�୳
��������� 3UHGLFWLRQ� RI� D[LDO� ORDG� RI�&)67� FROXPQV 
>,Z@ :HLJKW�PDWUL[� RI� WKH� KLGGHQ� OD\HU 
>EL@ %LDV�PDWUL[� RI� WKH� KLGGHQ� OD\HU 
>/:@ :HLJKW�PDWUL[� RI� WKH� RXWSXW� OD\HU 
>ER@ %LDV�PDWUL[� RI� WKH� RXWSXW� OD\HU 

%PLQ�� %PD[ 0LQ� DQG�PD[� YDOXHV� RI�ZLGWK� RI� WXEHV� VHFWLRQV 
+PLQ��+PD[ 0LQ� DQG�PD[� YDOXHV� RI� KHLJKW� RI� WXEHV� VHFWLRQV 

WPLQ�� WPD[ 0LQ� DQG�PD[� YDOXHV� RI� WKLFNQHVV� RI� WXEHV� VHFWLRQV 
/HPLQ�� /HPD[ 0LQ� DQG�PD[� YDOXHV� RI� HIIHFWLYH� OHQJWK� RI� FROXPQ 
I\PLQ�� I\PD[ 0LQ� DQG�PD[� YDOXHV� RI� VWHHO� \LHOG� OLPLW 
I
FPLQ�� I¶FPD[ 0LQ� DQG�PD[� YDOXHV� RI� FRQFUHWH� VWUHQJWK 
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KWWSV���GRL�RUJ���������M�MFVU������������� 

$VWHULV�� 3�*� DQG� 0RNRV�� 9�*�� �������� ³&RQFUHWH� FRPSUHVVLYH�
VWUHQJWK�XVLQJ�DUWLILFLDO�QHXUDO�QHWZRUNV´��1HXUDO�&RPSXW��$SSO���
��������-�������KWWSV���GRL�RUJ���������V�����-���-�����-�� 

$VWHULV��3�*���$SRVWRORSRXORX��0���6NHQWRX��$�'��DQG�0RURSRXORX��
$�� �������� ³$SSOLFDWLRQ� RI� DUWLILFLDO� QHXUDO� QHWZRUNV� IRU� WKH�
SUHGLFWLRQ� RI� WKH� FRPSUHVVLYH� VWUHQJWK� RI� FHPHQW-EDVHG�
PRUWDUV´�� &RPSXW�� &RQFUHWH�� ���� ���-�����
���������FDF��������������� 

$VWHULV�� 3�*��� /HPRQLV�� 0�(��� /H�� 7�7�� DQG� 7VDYGDULGLV�� .�'��
�����F��� ³(YDOXDWLRQ� RI� WKH� XOWLPDWH� HFFHQWULF� ORDG� RI�
UHFWDQJXODU� &)67V� XVLQJ� DGYDQFHG� QHXUDO� QHWZRUN�PRGHOLQJ´��
(QJ�� 6WUXFW��� ����� ��������
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

$VWHULV��3�*��� /HPRQLV��0�(���1JX\HQ��7�$��� /H��+�9�� DQG� 3KDP��
%�7�� �����D��� ³6RIW� FRPSXWLQJ-EDVHG� HVWLPDWLRQ� RI� XOWLPDWH�
D[LDO� ORDG� RI� UHFWDQJXODU� FRQFUHWH-ILOOHG� VWHHO� WXEHV´�� 6WHHO�
&RPSRV�� 6WUXFW��� ������� ���-�����
KWWSV���GRL�RUJ����������VFV��������������� 

$VWHULV�� 3�*��� /RXUHQoR�� 3�%��� +DMLKDVVDQL�� 0��� $GDPL�� &�(�1���
/HPRQLV�� 0�(��� 6NHQWRX�� $�'��� 0DUTXHV�� 5��� 1JX\HQ�� +���
5RGULJXHV��+�� DQG�9DUXP��+�� �����G��� ³6RIW� FRPSXWLQJ� EDVHG�
PRGHOV� IRU� WKH� SUHGLFWLRQ� RI� PDVRQU\� FRPSUHVVLYH� VWUHQJWK´��
(QJ�� 6WUXFW��� ����� ��������
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

$VWHULV��3�*���6NHQWRX��$�'���%DUGKDQ��$���6DPXL��3���3LODNRXWDV��.��
�����E��� ³3UHGLFWLQJ� FRQFUHWH� FRPSUHVVLYH� VWUHQJWK� XVLQJ�
K\EULG� HQVHPEOLQJ� RI� VXUURJDWH� PDFKLQH� OHDUQLQJ� PRGHOV´��
&HPHQW� &RQFUHWH� 5HV��� ������ ����� ��������
KWWSV���GRL�RUJ���������M�FHPFRQUHV������������� 

%DLJ��0�1���)DQ��-��DQG�1LH��-����������³6WUHQJWK�RI�FRQFUHWH�ILOOHG�
VWHHO�WXEXODU�FROXPQV´��7VLQJKXD�6FLHQFH�7HFKQRO����������-���� 

%DWWLWL��5���������� ³)LUVW-�DQG� VHFRQG-RUGHU�PHWKRGV� IRU� OHDUQLQJ��
%HWZHHQ� VWHHSHVW� GHVFHQW� DQG� QHZWRQ¶V� PHWKRG�´� 1HXUDO�
&RPSXW���������-�����KWWSV���GRL�RUJ���������QHFR�������������� 

%HKQDP�� $�� DQG� (VIDKDQL�� 0�5�� �������� ³3UHGLFWLRQ� RI� ELD[LDO�
EHQGLQJ�EHKDYLRU�RI�VWHHO-FRQFUHWH�FRPSRVLWH�EHDP-FROXPQV�E\�
DUWLILFLDO�QHXUDO�QHWZRUN´��,UDQ�8QLY��6FL��7HFKQRO���������-���� 

%UDGIRUG��0�$���/RK��+�<��DQG�8\��%����������³6OHQGHUQHVV�OLPLWV�
IRU�ILOOHG�FLUFXODU�VWHHO�WXEHV´��-��&RQVWUXFW��6WHHO�5HV����������-
�����KWWSV���GRL�RUJ���������6����-���;���������-�� 

%URZQOHH�� -�� �������� 0DVWHU� 0DFKLQH� /HDUQLQJ� $OJRULWKPV��
'LVFRYHU�+RZ�7KH\�:RUN�DQG� ,PSOHPHQW�7KHP�)URP�6FUDWFK��
KWWSV���ERRNV��JRRJOH��FD�ERRNV� 

&DSULOL�� 6�� DQG� 6DOYDWRUH�� :�� �������� ³&\FOLF� EHKDYLRXU� RI�
XQFRUURGHG� DQG� FRUURGHG� VWHHO� UHLQIRUFLQJ� EDUV´�� &RQVWUXFW��
%XLOG�� 0DWHU��� ���� ���-�����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW������������� 

&HGHUZDOO�� .��� (QJVWURP�� %�� DQG� *UDXHUV�� 0��� �������� ³+LJK-
6WUHQJWK� &RQFUHWH� 8VHG� LQ� &RPSRVLWH� &ROXPQV´�� $&,�
6\PSRVLXP�3XEOLFDWLRQ����������-���� 

&KDQJ�� ;��� :HL�� <�<�� DQG� <XQ�� <�&�� �������� ³$QDO\VLV� RI� VWHHO-
UHLQIRUFHG� FRQFUHWH-ILOOHG-VWHHO� WXEXODU� �65&)67�� FROXPQV�
XQGHU� F\FOLF� ORDGLQJ´�� &RQVWUXFW�� %XLOG�� 0DWHU�� ���� ��-����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW������������� 

&KHQ��-��DQG�-LQ��:�����������³([SHULPHQWDO�LQYHVWLJDWLRQ�RI�WKLQ-
ZDOOHG� FRPSOH[� VHFWLRQ� FRQFUHWH-ILOOHG� VWHHO� VWXE� FROXPQV´��
7KLQ-:DOO�� WUXFW�� ������� ���-�����

KWWSV���GRL�RUJ���������M�WZV������������� 
&KHQ�� 6��� =KDQJ�� 5��� -LD�� /-��� :DQJ�� -<�� DQG� *X�� 3��� ��������
³6WUXFWXUDO� EHKDYLRU� RI�8+3&� ILOOHG� VWHHO� WXEH� FROXPQV� XQGHU�
D[LDO� ORDGLQJ´�� 7KLQ-:DOO�� 6WUXFW��� ����� ���-�����
KWWSV���GRL�RUJ���������M�WZV������������� 

&KRL��.�.�� DQG�;LDR��<�� �������� ³$QDO\WLFDO� VWXGLHV� RI� FRQFUHWH-
ILOOHG� FLUFXODU� VWHHO� WXEHV� XQGHU� D[LDO� FRPSUHVVLRQ´�� -�� 6WUXFW��
(QJ��� ����� ���-����� KWWSV���GRL�RUJ����������$6&(�67�����-
���;��������� 

&KXQJ�� -���0DWVXL�� &�� DQG�7VXGD�� .��� �������� ³6LPSOLILHG� GHVLJQ�
IRUPXOD�RI�VOHQGHU�FRQFUHWH�ILOOHG�VWHHO� WXEXODU�EHDP-FROXPQV´��
6WUXFW�� (QJ�� 0HFK��� ������� ��-����
KWWSV���GRL�RUJ����������VHP��������������� 

'DL�� ;�� DQG� /DP�� '�� �������� ³1XPHULFDO�PRGHOOLQJ� RI� WKH� D[LDO�
FRPSUHVVLYH� EHKDYLRXU� RI� VKRUW� FRQFUHWH-ILOOHG� HOOLSWLFDO� VWHHO�
FROXPQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ���� ���-�����
KWWSV���GRL�RUJ���������M�MFVU������������� 

'%-��-��-����� �������� 7HFKQLFDO� 6SHFLILFDWLRQ� IRU� &RQFUHWH-
ILOOHG�6WHHO�7XEXODU�6WUXFWXUHV��7KH�&RQVWUXFWLRQ�'HSDUWPHQW�RI�
)XMLDQ�3URYLQFH��)X]KRX��&KLQD 

'X�� .�/�� DQG� 6ZDP\�� 0�1�� �������� 1HXUDO� 1HWZRUNV� DQG�
6WDWLVWLFDO�/HDUQLQJ��6SULQJHU�6FLHQFH�	�%XVLQHVV�0HGLD� 

'X��<���&KHQ��=��DQG�;LRQJ��0�;�����������³([SHULPHQWDO�EHKDYLRU�
DQG� GHVLJQ� PHWKRG� RI� UHFWDQJXODU� FRQFUHWH-ILOOHG� WXEXODU�
FROXPQV� XVLQJ� 4���� KLJK-VWUHQJWK� VWHHO´�� &RQVWUXFW�� %XLOG��
0DWHU��� ����� ���-�����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW������������� 

'X�� <��� &KHQ�� =�� DQG� <X�� <��� �������� ³%HKDYLRU� RI� UHFWDQJXODU�
FRQFUHWH-ILOOHG� KLJK-VWUHQJWK� VWHHO� WXEXODU� FROXPQV� ZLWK�
GLIIHUHQW� DVSHFW� UDWLR´�� 7KLQ-:DOO�� 6WUXFW��� ����� ���-�����
KWWSV���GRL�RUJ���������M�WZV������������� 

'X�� <��� &KHQ�� =��� =KDQJ�� &�� DQG� &DR�� ;�� �������� ³5HVHDUFK� RQ�
D[LDO�EHDULQJ�FDSDFLW\�RI�UHFWDQJXODU�FRQFUHWH-ILOOHG�VWHHO�WXEXODU�
FROXPQV� EDVHG� RQ� DUWLILFLDO� QHXUDO� QHWZRUNV´�� )URQW�� &RPSXW��
6FL����������-�����KWWSV���GRL�RUJ���������V�����-���-����-�� 

'XQGX��0�����������³&ROXPQ�EXFNOLQJ�WHVWV�RI�KRW-UROOHG�FRQFUHWH�
ILOOHG�VTXDUH�KROORZ�VHFWLRQV�RI�PLOG�WR�KLJK�VWUHQJWK�VWHHO´��(QJ��
6WUXFW��� ����� ��-����
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

'XRQJ�� +�7��� 3KDQ�� +�&��� /H�� 7�7�� DQG� %XL�� 1�'�� ��������
³2SWLPL]DWLRQ� GHVLJQ� RI� UHFWDQJXODU� FRQFUHWH-ILOOHG� VWHHO� WXEH�
VKRUW� FROXPQV�ZLWK�%DODQFLQJ�&RPSRVLWH�0RWLRQ�2SWLPL]DWLRQ�
DQG� GDWD-GULYHQ� PRGHO´�� 6WUXFW��� ���� ���-�����
KWWSV���GRL�RUJ���������M�LVWUXF������������� 

(1����� �������� (XURFRGH� �� -� 'HVLJQ� RI� FRPSRVLW� H� VWHHO� DQG�
FRQFUHWH� VWUXFWXUHV� -� 3DUW� �-��� *HQHUDO� 5XOHV� DQG� 5XOHV� IRU�
%XLOGLQJV��&(1��%UXVVHOV��%HOJLXP� 

)DP��$���4LH��)�6��DQG�5L]NDOOD��6����������³&RQFUHWH-ILOOHG� VWHHO�
WXEHV�VXEMHFWHG�WR�D[LDO�FRPSUHVVLRQ�DQG�ODWHUDO�F\FOLF�ORDGV´��-��
6WUXFW�� (QJ��� ����� ���-�����
KWWSV���GRL�RUJ����������$6&(�����-��������������������� 

)XUORQJ��5�:��� �������� ³6WUHQJWK� RI� VWHHO-HQFDVHG� FRQFUHWH�EHDP�
FROXPQV´�� -�� 6WUXFW�� 'LY��� ������� ���-���� 
KWWSV���GRL�RUJ���������-6'($*��������� 

*KDQQDP�� 6��� -DZDG�� <�$�� DQG� +XQDLWL�� <�� �������� ³)DLOXUH� RI�
OLJKWZHLJKW� DJJUHJDWH� FRQFUHWH-ILOOHG� VWHHO� WXEXODU� FROXPQV´��
6WHHO� &RPSRV�� 6WUXFW��� ������ �-���
KWWSV���GRL�RUJ����������VFV�������������� 

*LDNRXPHOLV��*�� DQG�/DP��'�� �������� ³$[LDO� FDSDFLW\�RI� FLUFXODU�
FRQFUHWH-ILOOHG� WXEH� FROXPQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ����
����-������KWWSV���GRL�RUJ����������M�MFVU������������� 

*RHO�� 7�� DQG� 7LZDU\�� $�� �������� ³)LQLWH� HOHPHQW� PRGHOLQJ� RI�
&LUFXODU� &RQFUHWH� )LOOHG� 6WHHO� 7XEH� �&)67�´�� ,QGLDQ� -�� 6FL��
7HFKQRO��� ���� �-���
KWWSV���GRL�RUJ����������LMVW������Y��L���������� 

*UDXHUV��0����������&RPSRVLWH�&ROXPQV�RI�+ROORZ�6WHHO�6HFWLRQV�
)LOOHG� ZLWK� +LJK� 6WUHQJWK� &RQFUHWH�� 3K�'�� 'LVVHUWDWLRQ��
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3DQDJLRWLV�*��$VWHULV�HW�DO��  

&KDOPHUV�8QLYHUVLW\�RI�7HFKQRORJ\��*|WHERUJ� 
*XR�� /�� �������� 7KHRUHWLFDO� DQG� ([SHULPHQWDO� 5HVHDUFK� RQ� WKH�
%HKDYLRU�RI�&RQFUHWH-)LOOHG� 5HFWDQJXODU�+ROORZ�6HFWLRQ� 6WHHO�
7XEHV�� 3K'� 'LVVHUWDWLRQ�� +DUELQ� ,QVWLWXWH� RI� 7HFKQRORJ\��
+DUELQ� 

*XR��/���=KDQJ��6���:DQJ��<��DQG�/LX��-��� ��������³$QDO\WLFDO�DQG�
H[SHULPHQWDO�UHVHDUFK�RQ�D[LDOO\�ORDGHG�VOHQGHU�+6&�ILOOHG�5+6�
VWHHO�WXEXODU�FROXPQV´��,QGXV��&RQVWUXFW�����������-��� 

*XR�� /�+��� =KDQJ�� 6�0�� DQG� .LP�� :�-��� �������� ³(ODVWLF� DQG�
HODVWLF-SODVWLF� EXFNOLQJ� EHKDYLRU� RI� 6+6� VWHHO� WXEH� ILOOHG� ZLWK�
FRQFUHWH´�� +DUELQ� *RQJ\H� 'D[XH� ;XHEDR�-RXUQDO� RI� +DUELQ�
,QVWLWXWH�RI�7HFKQRORJ\�������������-����� 

*XSWD�� 5��� *LM]HQ� YDQ�� 0�%�� DQG� 9XLN�� &�.�� �������� ³(IILFLHQW�
7ZR-/HYHO� 3UHFRQGLWLRQHG� &RQMXJDWH� *UDGLHQW�0HWKRG� RQ� WKH�
*38´�� ,Q� +LJK� 3HUIRUPDQFH� &RPSXWLQJ� IRU� &RPSXWDWLRQDO�
6FLHQFH� -� 9(&3$5� ������ ��-���� 6SULQJHU�� %HUOLQ��
KWWSV���GRL�RUJ������������-�-���-�����-�B�� 

+DQ�� /�+�� <DR�� *�+�� DQG� =KDR�� ;�/�� �������� ³7HVWV� DQG�
FDOFXODWLRQV� IRU� KROORZ� VWUXFWXUDO� VWHHO� �+66�� VWXE� FROXPQV�
ILOOHG� ZLWK� VHOI-FRQVROLGDWLQJ� FRQFUHWH� �6&&�´�� -�� &RQVWUXFW��
6WHHO� 5HV��� ������� ����-������
KWWSV���GRL�RUJ���������M�MFVU������������� 

+DQ��/�+����������³7HVWV�RQ�VWXE�FROXPQV�RI�FRQFUHWH-ILOOHG�5+6�
VHFWLRQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ������� ���-�����
KWWSV���GRL�RUJ���������6����-���;���������-�� 

+DQ�� /�+�� DQG� <DQJ�� <�)�� �������� ³,QIOXHQFH� RI� FRQFUHWH�
FRPSDFWLRQ� RQ� WKH� EHKDYLRU� RI� FRQFUHWH� ILOOHG� VWHHO� WXEHV�ZLWK�
UHFWDQJXODU� VHFWLRQV´�� $GY�� 6WUXFW�� (QJ��� ��� ��-�����
KWWSV���GRL�RUJ�������������������������� 

+DQ�� /�+�� DQG�<DQJ��<�)��� �������� ³$QDO\VLV� RI� WKLQ-ZDOOHG� VWHHO�
5+6� FROXPQV� ILOOHG� ZLWK� FRQFUHWH� XQGHU� ORQJ-WHUP� VXVWDLQHG�
ORDGV´�� 7KLQ-:DOO�� 6WUXFW��� ������� ���-�����
KWWSV���GRL�RUJ���������6����-�������������-�� 

+DQ�� /�+�� DQG� <DR�� *�+�� �������� ³,QIOXHQFH� RI� FRQFUHWH�
FRPSDFWLRQ� RQ� WKH� VWUHQJWK� RI� FRQFUHWH-ILOOHG� VWHHO� 5+6�
FROXPQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ������� ���-�����
KWWSV���GRL�RUJ���������6����-���;���������-�� 

+DQ��/�+��DQG�<DR��*�+����������³([SHULPHQWDO�EHKDYLRU�RI�WKLQ-
ZDOOHG� KROORZ� VWUXFWXUDO� VWHHO� �+66�� FROXPQV� ILOOHG� ZLWK� VHOI-
FRQVROLGDWLQJ�FRQFUHWH��6&&�´��7KLQ-:DOO��6WUXFW��������������-
������KWWSV���GRL�RUJ���������M�WZV������������� 

+DQ�� /�+�� DQG� <DR�� *�+��� �������� ³%HKDYLRU� RI� FRQFUHWH-ILOOHG�
KROORZ�VWUXFWXUDO�VWHHO��+66��FROXPQV�ZLWK�SUH-ORDG�RQ�WKH�VWHHO�
WXEHV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� �������� ����-������
KWWSV���GRL�RUJ���������6����-���;���������-�� 

+DQ��/�+���+RX��&��DQG�:DQJ��4�/����������³6TXDUH�FRQFUHWH�ILOOHG�
VWHHO� WXEXODU� �&)67�� PHPEHUV� XQGHU� ORDGLQJ� DQG� FKORULGH�
FRUURVLRQ�� H[SHULPHQWV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ���� ��-����
KWWSV���GRL�RUJ���������M�MFVU������������� 

+DQ�� /�+��� +XR�� -�6�� DQG�:DQJ��<�&�� �������� ³&RPSUHVVLYH� DQG�
IOH[XUDO� EHKDYLRXU� RI� FRQFUHWH� ILOOHG� VWHHO� WXEHV� DIWHU� H[SRVXUH�
WR� VWDQGDUG� ILUH´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ���� ���-�����
KWWSV���GRL�RUJ���������M�MFVU������������� 

+DQ��/�+���/L��:��DQG�%MRUKRYGH��5�� �������� ³'HYHORSPHQWV�DQG�
DGYDQFHG� DSSOLFDWLRQV� RI� FRQFUHWH-ILOOHG� VWHHO� WXEXODU� �&)67��
VWUXFWXUHV��0HPEHUV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ����� ���-�����
KWWSV���GRL�RUJ���������M�MFVU������������� 

+R�� 1�;�� DQG� /H�� 7�7�� �������� ³(IIHFWV� RI� YDULDELOLW\� LQ�
H[SHULPHQWDO�GDWDEDVH�RQ�PDFKLQH-OHDUQLQJ-EDVHG�SUHGLFWLRQ�RI�
XOWLPDWH� ORDG� RI� FLUFXODU� FRQFUHWH-ILOOHG� VWHHO� WXEHV´��
0HDVXUHPHQW�� ����� �������� KWWSV���GRL�RUJ����������
M�PHDVXUHPHQW������������� 

+RVVDLQ�� .�0�$�� DQG� &KX�� .�� �������� ³&RQILQHPHQW� RI� VL[�
GLIIHUHQW� FRQFUHWHV� LQ� &)67� FROXPQV� KDYLQJ� GLIIHUHQW� VKDSHV�
DQG� VOHQGHUQHVV´�� ,QW�� -�� $GY�� 6WUXFW�� (QJ��� ���� ���-�����
KWWSV���GRL�RUJ���������V�����-���-����-�� 

+XDQJ�� /���$VWHULV�� 3�*���.RRSLDOLSRRU��0���$UPDJKDQL��'�-�� DQG�

7DKLU�� 0�0�� �������� ³,QYDVLYH� ZHHG� RSWLPL]DWLRQ� WHFKQLTXH-
EDVHG�$11�WR�WKH�UHGLFWLRQ�RI�URFN�WHQVLOH�VWUHQJWK´��$SSO��6FL��
���������KWWSV���GRL�RUJ���������DSS�������� 

+XDQJ�� =��� 8\�� %��� /L�� '�� DQG�:DQJ�� -��� �������� ³%HKDYLRU� DQG�
GHVLJQ� RI� XOWUD-KLJK-VWUHQJWK� &)67� PHPEHUV� VXEMHFWHG� WR�
FRPSUHVVLRQ� DQG� EHQGLQJ´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� �����
KWWSV���GRL�RUJ���������M�MFVU������������� 

,EDxH]�� &��� +HUQiQGH]-)LJXHLULGR�� '�� DQG� 3LTXHU�� $�� ��������
³6KDSH� HIIHFW� RQ� D[LDOO\� ORDGHG� KLJK� VWUHQJWK� &)67� VWXE�
FROXPQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ����� ���-�����
KWWSV���GRL�RUJ���������M�MFVU������������� 

,EDQH]�� &��� +HUQiQGH]-)LJXHLULGR�� '�� DQG� 3LTXHU�� $�� ��������
³(IIHFW� RI� VWHHO� WXEH� WKLFNQHVV� RQ� WKH� EHKDYLRXU� RI� &)67�
FROXPQV�� ([SHULPHQWDO� WHVWV� DQG� GHVLJQ� DVVHVVPHQW´�� (QJ��
6WUXFW��� ����� ��������
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

,EDxH]�� &��� +HUQiQGH]-)LJXHLULGR�� '�� DQG� 3LTXHU�� $�� ��������
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6WUXFW�� (QJ��� ������ ���-�����
KWWSV���GRL�RUJ�������������������������������� 

:DQJ��=�%���7DR��=���+DQ��/�+���8\��%���/DP��'��DQG�.DQJ��:�+��
��������³6WUHQJWK��VWLIIQHVV�DQG�GXFWLOLW\�RI�FRQFUHWH-ILOOHG�VWHHO�
FROXPQV�XQGHU� D[LDO� FRPSUHVVLRQ´��(QJ��6WUXFW�������� ���-�����
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

:HL��=��DQG�+DQ��/����������³5HVHDUFK�RQ�WKH�EHDULQJ�FDSDFLW\�RI�
HDUO\-VWUHQJWK� FRQFUHWH� ILOOHG� VTXDUH� VWHHO� WXEH´�� 3URFHHGLQJV�
�WK�$6&&6�&RQIHUHQFH��&RPSRVLWH�DQG�+\EULG�6WUXFWXUHV��/RV�
$QJHOHV� 

;LDR�� <�)�� �������� ³$SSURDFK� RI� FRQFUHWH-ILOOHG� VWHHO� WXEH�
XOWUDVRQLF� PHWKRG� EDVHG� RQ� $11´�� $SSO�� 0HFK��0DWHU��� �����
����-������ KWWSV���GRL�RUJ���������ZZZ�VFLHQWLILF�QHW��
$00����-��������� 

;LRQJ�� 0�;��� ;LRQJ�� ';�� DQG� /LHZ�� -�5�� �������� ³$[LDO�
SHUIRUPDQFH� RI� VKRUW� FRQFUHWH� ILOOHG� VWHHO� WXEHV� ZLWK� KLJK-DQG�
XOWUD-KLJK-VWUHQJWK� PDWHULDOV´�� (QJ�� 6WUXFW��� ����� ���-�����
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

<DPDPRWR�� 7��� .DZDJXFKL�� -�� DQG� 0RULQR�� 6�� ��������
³([SHULPHQWDO� VWXG\� RI� VFDOH� HIIHFWV� RQ� WKH� FRPSUHVVLYH�
EHKDYLRU�RI� VKRUW� FRQFUHWH-ILOOHG� VWHHO� WXEH�FROXPQV´��&RPSRV��
&RQVWUXFW�� 6WHHO� &RQFUHWH� ,9� &RQIHUHQFH��
KWWSV���GRL�RUJ���������������������� 

<DQ�� -�%��� 'RQJ�� ;�� DQG� :DQJ�� 7�� �������� ³$[LDO� FRPSUHVVLYH�
EHKDYLRXUV�RI�VTXDUH�&)67�VWXE�FROXPQV�DW�ORZ�WHPSHUDWXUHV´��
-�� &RQVWUXFW�� 6WHHO� 5HV��� �����
KWWSV���GRL�RUJ���������M�MFVU������������� 

<H��=����������&RPSUHVVLYH�%HKDYLRU�RI�+LJK-6WUHQJWK�&RQFUHWH-
)LOOHG� 6TXDUH� DQG� 5HFWDQJXODU� 6WHHO� 7XEHV�� 0DVWHU� 7KHVLV��
+DUELQ�,QVWLWXWH�RI�7HFKQRORJ\��+DUELQ� 

<RXQJ�� %�� �������� ³([SHULPHQWDO� DQG� QXPHULFDO� LQYHVWLJDWLRQ� RI�
KLJK�VWUHQJWK�VWDLQOHVV�VWHHO�VWUXFWXUHV´��-��&RQVWUXFW��6WHHO�5HV���
��������-������KWWSV���GRL�RUJ���������M�MFVU������������� 

<X��0���=KD��;���<H��-��DQG�/L��<����������³$�XQLILHG�IRUPXODWLRQ�
IRU�FLUFOH�DQG�SRO\JRQ�FRQFUHWH-ILOOHG�VWHHO�WXEH�FROXPQV�XQGHU�
D[LDO� FRPSUHVVLRQ´�� (QJ�� 6WUXFW��� ���� �-����
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

<X��4���7DR��=��DQG�:X��<�;����������³([SHULPHQWDO�EHKDYLRXU�RI�
KLJK� SHUIRUPDQFH�FRQFUHWH-ILOOHG� VWHHO� WXEXODU� FROXPQV´��7KLQ-
:DOO�� 6WUXFW��� ������� ���-�����
KWWSV���GRL�RUJ���������M�WZV������������� 

<X��=���'LQJ��)�� DQG�&DL��&�6���������� ³([SHULPHQWDO�EHKDYLRU�RI�
FLUFXODU� FRQFUHWH-ILOOHG� VWHHO� WXEH� VWXE� FROXPQV´�� -��&RQVWUXFW��
6WHHO� 5HV��� ���� ���-�����
KWWSV���GRL�RUJ���������M�MFVU������������� 

=HQJ�� -��� $VWHULV�� 3�*���0DPRX�� $�3���0RKDPPHG�� $�6��� *ROLDV��
(�$���$UPDJKDQL��'�-���)DL]L��.���+DVDQLSDQDK��0����������³7KH�
HIIHFWLYHQHVV�RI� HQVHPEOH-QHXUDO�QHWZRUN� WHFKQLTXHV�WR�SUHGLFW�

SHDN�XSOLIW�UHVLVWDQFH�RI�EXULHG�SLSHV�LQ�UHLQIRUFHG�VDQG´��$SSO��
6FL������������������KWWSV���GRL�RUJ���������DSS��������� 

=KDQJ�� +��� 1JX\HQ�� +��� %XL�� ;�1��� 3UDGKDQ�� %��� $VWHULV�� 3�*���
&RVWDFKH�� 5�� DQG� $U\DO�� -�� �������� ³$� JHQHUDOL]HG� DUWLILFLDO�
LQWHOOLJHQFH�PRGHO� IRU� HVWLPDWLQJ� WKH� IULFWLRQ�DQJOH� RI� FOD\V� LQ�
HYDOXDWLQJ� VORSH� VWDELOLW\� XVLQJ� D� GHHS� QHXUDO� QHWZRUN� DQG�
+DUULV� +DZNV� RSWLPL]DWLRQ� DOJRULWKP´�� (QJ�� &RPSXW��� �-����
KWWSV���GRL�RUJ���������V�����-���-�����-�� 

=KDQJ�� 6�� DQG� =KRX�� 0�� �������� ³6WUHVV-VWUDLQ� EHKDYLRU� RI�
FRQFUHWH-ILOOHG� VTXDUH� VWHHO� WXEHV´�� 3URFHHGLQJV� �WK� $6&&6�
&RQIHUHQFH��&RPSRVLWH�DQG�+\EULG�6WUXFWXUHV��/RV�$QJHOHV� 

=KDQJ��ǽ����������([SHULPHQWDO�5HVHDUFK�RQ�6KRUW�)LOOHG�&RQFUHWH�
6TXDUH� 6WHHO� 7XEH� &ROXPQV� 8QGHU� $[LDO� &RPSUHVVLYH� /RDG��
0DVWHU�WKHVLV��+DUELQ�8QLYHUVLW\�RI�7HFKQRORJ\��+DUELQ� 

=KDR��2���5RVVL��%���*DUGQHU��/��DQG�<RXQJ��%����������³%HKDYLRXU�
RI� VWUXFWXUDO� VWDLQOHVV� VWHHO� FURVV-VHFWLRQV� XQGHU� FRPELQHG�
ORDGLQJ±3DUW�,��([SHULPHQWDO�VWXG\´��(QJ��6WUXFW����������-�����
KWWSV���GRL�RUJ���������M�HQJVWUXFW������������� 

=KRX��;���=KRX��=�� DQG�*DQ��'�� �������� ³$QDO\VLV� DQG�GHVLJQ�RI�
D[LDOO\� ORDGHG� VTXDUH� &)67� FROXPQV� ZLWK� GLDJRQDO� ULEV´�� -��
&RQVWUXFW�� 6WHHO� 5HV��� �����
KWWSV���GRL�RUJ���������M�MFVU������������� 

=KX�� $��� =KDQJ�� ;��� =KX�� +��� =KX�� -�� DQG� /X�� <��� ��������
³([SHULPHQWDO�VWXG\�RI�FRQFUHWH�ILOOHG�FROG-IRUPHG�VWHHO�WXEXODU�
VWXE� FROXPQV´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ����� ��-����
KWWSV���GRL�RUJ���������M�MFVU������������� 

=KX�� -�<�� DQG�&KDQ��7�0�� �������� ³([SHULPHQWDO� LQYHVWLJDWLRQ�RQ�
RFWDJRQDO� FRQFUHWH� ILOOHG� VWHHO� VWXE� FROXPQV� XQGHU� XQLD[LDO�
FRPSUHVVLRQ´�� -�� &RQVWUXFW�� 6WHHO� 5HV��� ����� ���-�����
KWWSV���GRL�RUJ����������M�MFVU������������� 
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8OWLPDWH�D[LDO�ORDG�RI�UHFWDQJXODU�FRQFUHWH-ILOOHG�VWHHO�WXEHV�XVLQJ�PXOWLSOH�$11�DFWLYDWLRQ�IXQFWLRQV�  

$SSHQGL[ 
 

,Q� 7DEOH� �� WKH� H[SUHVVLRQV� SURYLGHG� E\� WKH� GHVLJQ� FRGHV�
WKDW�ZHUH� XWLOL]HG� LQ� WKLV�ZRUN� DUH� SUHVHQWHG�� RPLWWLQJ� VDIHW\�
IDFWRUV� 
 
Table 9 Expressions in design codes for the &)67� D[LDO�
FRPSUHVVLYH�VWUHQJWK 

&RGH )RUPXODV�IRU�D[LDO�FRPSUHVVLYH�VWUHQJWK 

(1�����
������ 

ܰாସ ൌ ߯ ܰ ǡ 
:KHUH� 

� ߯� GHSHQGLQJ�RQ� �ҧߣ DQG�LPSHUIHFWLRQV�� ߯  ͳ� 
� ܰ ൌ ௬݂ܣ௦  ݂

ᇱܣ 
ߣ � ൌ ඥ ܰȀ ܰ  

� ܰ ൌ  ଶܮሻHIIȀ߇߃ଶሺߨ
� ሺ߇߃ሻHII ൌ ௦ܫ௦ܧ  ͲǤܧܫ 

$,6&�
����

������ 

ܰூௌଷ ൌ

ە
۔

ۓ ܰ ൬ͲǤͷͺ
ሺேேೝ

ሻ൰ ǡ� ܰ

ܰ
 ʹǤʹͷ

ͲǤͺ ܰ ǡ� ܰ

ܰ
 ʹǤʹͷ

 

:KHUH� 
� ܰ ൌ

ە
۔

ۓ ܰ ǡ�ɉ൏ߣ

ܰ െ ൫ ܰ െ ௬ܰ൯
൫ఒିఒ൯

మ

൫ఒೝିఒ൯
మ ǡߣ�ɉ൏ߣ

ͻܧ௦ܣ௦Ȁሺߣଶ ͲǤ ݂
ᇱܣሻ� ǡ�ɉߣ

 

� ܰ ൌ ௬݂ܣ௦  ͲǤͺͷ ݂
ǻ
 ܣ

� ௬ܰ ൌ ௬݂ܣ௦  ͲǤ ݂
ǻ
 ܣ

ߣ � ൌ ሺܪ െ  ݐሻȀݐʹ
ߣ � ൌ ʹǤʹඥܧ௦Ȁ ௬݂ǡߣ������� ൌ ͵ǤͲͲඥܧ௦Ȁ ௬݂  

� ሺ߇߃ሻ��� ൌ ௦ܫ௦ܧ   ܫܧଷܥ
ଷܥ � ൌ ͲǤͶͷ  ௦ܣȀܣ͵  ͲǤͻ 

$,-�
������ 

ܰூ ൌ

ە
۔

௦ܣۓ ௬݂  ͲǤͺͷܣ ݂
ᇱ���൫ൌ ܰ൯ ǡ ߣ  Ͷ�

ܰ െ
ͳ
ͺ
൫ ܰ െ ܰ൯ሺɉ െ Ͷሻ ǡ���ߣ  ͳʹ�

ܰ
  ܰ

௦���ሺൌ ܰሻ ǡߣ�  ͳʹ�

 

:KHUH� 
ߣ � ൌ ܤȀܮ  

� ܰ
 ൌ ቐ

ଶ

ଵାටఒഥరାଵ
ͲǤͺͷܣ ݂

ᇱ ǡ ҧߣ  ͳ�

ͲǤͺ͵݁ൣሺଵି�ఒഥሻ൧ͲǤͺͷܣ ݂
ᇱ ǡ ҧߣ  ͳ�

 

� ܰ
௦ ൌ

൞
௦ܣ ௬݂ ǡ ҧ௦ߣ ൏ ͲǤ͵�
ൣͳ െ ͲǤͷͶͷ൫ߣ�ഥ௦ െ ͲǤ͵൯൧ܣ�௦ ௬݂ ǡ ͲǤ͵  ҧ௦ߣ ൏ ͳǤ͵�
ଶሻܮ͵௦ȀሺͳǤܫ௦ܧଶߨ ǡ ҧ௦ߣ  ͳǤ͵

 

ҧߣ � ൌ  ߨ௨Ȁߝඥߣ
ҧ௦ߣ � ൌ ሺߣ௦Ȁߨሻඥ ௬݂Ȁܧ௦  

௨ߝ � ൌ ͲǤͲͲͲͻ͵ሺͲǤͺͷ ݂
ᇱሻǤଶହ 

ܥ � ൌ ͲǤͷͺ  ͲǤͲͲͳʹ ݂
ᇱ 

$6�����
������ 

 

ܰௌହଵ ൌ ܽ ܰ ǡ with ܽ  ͳ 
:KHUH� 

� ܰ ൌ ௬݂ܣ௦  ݂
ǻ
 ܣ

� ܰ ൌ ௦ܫ௦ܧଶሺߨ   ଶܮሻȀܫܧ
� ܽ ൌ ͳൣߦ െ ඥͳ െ ሺͻͲȀߣߦሻଶ൧ 

ߣ � ൌ ͻͲߣ  ܽܽ 

ߣ � ൌ ට ܰ Ȁ ܰ  

ߦ � ൌ ሺఒȀଽሻమାଵାఎ
ଶሺఒȀଽሻమ

 

� ܽ ൌ
ଶଵሺଽఒೝିଵଷǤହሻ

଼ଵఒೝ
మିଵଷఒೝାଶହ

 

ߟ � ൌ ͲǤͲͲ͵ʹሺͳ͵Ǥͷ െ ሻߣ  Ͳ 
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