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7KH� VWUXFWXUDO� G\QDPLF� UHVSRQVH� LQGXFHG� E\� VHYHUH�

ZLQGVWRUPV�LV�RQH�RI�WKH�PDLQ�UHDVRQV�WKDW�FDXVH�VWUXFWXUDO�
GDPDJH� RU� FROODSVH� �5HSHWWR� DQG� 6RODUL� ������� ,Q� ������
+XUULFDQH� 0LFKDHO�� DWWDFNHG� 0H[LFR� %HDFK� DQG� )ORULGD��
ZLWK������RXW�RI������EXLOGLQJV�GDPDJHG�LQ�0H[LFR�%HDFK�
DQG� PRUH� WKDQ� ����� EXLOGLQJV� GDPDJHG� RU� GHVWUR\HG� LQ�
)ORULGD�� $ODEDPD� DQG� *HRUJLD� �12$$� ������� ,Q� ������
+XUULFDQH� 'RULDQ� PDGH� ODQGIDOO� DQG� FDXVHG� QXPHURXV�
SRZHUOLQHV� GDPDJHG�� ZKLFK� LPSDFWHG� PRUH� WKDQ� ��������
SHRSOH�LQ�FRDVWDO�6RXWK�&DUROLQD��12$$��������'XH�WR�WKH�
WHPSRUDO� DQG� VSDWLDO� VWRFKDVWLF� FKDUDFWHULVWLFV� RI� WKH�ZLQG�
ORDGV��ZLQG�LQGXFHG�YLEUDWLRQ�LV�D�YLWDO�LQGH[�WR�HYDOXDWH�WKH�
VWUXFWXUDO�FRQGLWLRQ�OLNH�WKH�GDPDJH�RU�IDLO�RI�WKH�KLJK�ULVH�
EXLOGLQJV��EULGJHV��DQG�WKH�WUDQVPLVVLRQ�LQIUDVWUXFWXUHV��

7KH� WUDGLWLRQDO� DSSURDFKHV� WR� REWDLQ� WKH� ZLQG�LQGXFHG�
YLEUDWLRQ� LQFOXGHV� WKH� VWUXFWXUDO� KHDOWK�PRQLWRULQJ� �6+0���
ILHOG�RU�ODERUDWRU\�H[SHULPHQW��DQG�WKH�ILQLWH�HOHPHQW�PRGHO�
GHYHORSPHQW�� 6WUXFWXUDO� KHDOWK� PRQLWRULQJ� LV� D� IDYRUDEOH�
PHWKRG� WR� GHWHFW� WKH� VWUXFWXUDO� UHVSRQVH� GXULQJ� LWV� VHUYLFH�
SHULRG�E\� LPSOHPHQWLQJ�PRQLWRUV� �*KRVKDO�et�al��������1L�
et�al��������-DQJ�et�al��������3DUN�et�al���������:RQJ�et�al��
�������HPSOR\HG�6+0�E\�LQVWDOOLQJ�WKH�PRQLWRUV�DW�WKH�WRS�
DQG� WKH� GHFN� OHYHO� RI� WKH� EULGJHV� WR� REWDLQ� WKH� VWUXFWXUDO�
ZLQG�UHVSRQVH�RI�WKUHH�FDEOH�VXSSRUWHG�EULGJHV�LQ�7VLQJ�0D�
&RQWURO� $UHD�� 7KH� ZLQG� URVH� GLDJUDPV�� GHFN� UHVSRQVHV��
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ZLQG� WXUEXOHQFH� LQWHQVLWLHV� DQG� VSHFWUD� DUH� DOO� REWDLQHG� LQ�
WKLV�SURFHVV��3DUN�et�al���������XWLOL]HG�D�OLQHDU�PDVV�VKDNHU�
DQG�DQ�DFWLYH�WXQHG�PDVV�GDPSHU�WR�VLPXODWH�WKH�EXLOGLQJ¶V�
ZLQG� LQGXFHG� UHVSRQVH� DQG� WKH� UHVXOWV� GHPRQVWUDWHG� WKDW�
WKLV�H[FLWDWLRQ�V\VWHP�FDQ�UHSURGXFH�WKH�VWUXFWXUDO�UHVSRQVH�
RI� HDFK� VWUXFWXUDO� IORRU�� 3DUN� DQG�2K� ������� LPSOHPHQWHG�
WKLV�RQ�WKH�WDOOHVW�EXLOGLQJ�LQ�.RUHD��/RWWH�:RUOG�7RZHU�DQG�
FRQFOXGHG� WKDW� WKH� GLIIHUHQFH� RI� GDPSLQJ�ZDV� LQGXFHG� E\�
ZLQG� H[FLWDWLRQ�� )LHOG� RU� ODERUDWRU\� H[SHULPHQW� LV� DQRWKHU�
VDWLVI\LQJ� DSSURDFK� WR� REVHUYH� WKH� VWUXFWXUDO� YLEUDWLRQ�
LQGXFHG�E\�ZLQG� ORDGV� �/HYLWDQ�et�al�� ������7DPXUD�et�al��
������=KX�et�al���������7KH�UHVHDUFKHUV�FRQGXFWHG�WKH�ILHOG�
WHVW� WR� KDYH� WKH� IXOO�VFDOH� PHDVXUHPHQW� RI� WKH� FRQWLQXRXV�
DQG�VLPXOWDQHRXV�ZLQG�LQGXFHG�VWUXFWXUDO�UHVSRQVH��&KHQ�et�
al������D��E��0ROLQDUL�et�al���������DQG�WR�FRPSDUH�WKH�IXOO�
VFDOH� ILHOG� WHVW� ZLWK� WKH�ZLQG� WXQQHO�PHDVXUHPHQW� �=KDQJ�
DQG�/L�������+XD�et�al���������7KH�ILQLWH�HOHPHQW�PRGHO�LV�
DOVR� D� SRSXODU� PHWKRG� WR� VLPXODWH� WKH� VWUXFWXUDO� G\QDPLF�
UHVSRQVH�GXULQJ�ZLQG�ORDGV��*HXUWV�et�al��������+DPDGD�et�
al�� ������� +RQJ� et� al�� ������� GHYHORSHG� D� ILQLWH� HOHPHQW�
PRGHO� RI� DQ� H[LVWLQJ� VXVSHQVLRQ� EULGJH� DQG� XSGDWHG� WKH�
PRGHO� WR� SUHGLFW� LWV� ZLQG�H[FLWHG� G\QDPLF� UHVSRQVH� ZLWK�
SURPLVLQJ� DFFXUDF\�� )X� et� al�� ������� JHQHUDWHG� WKH� ILQLWH�
HOHPHQW�PRGHO� RI� WKH� WUDQVPLVVLRQ� WRZHU� DQG�SUHGLFWHG� LWV�
G\QDPLF�UHVSRQVH�GXULQJ� WKH�ZLQG�DQG�UDLQ� ORDG��'LIIHUHQW�
ZLQG� DWWDFN� DQJOHV� DQG� ZLQG� VSHFWUXPV� DUH� FRQVLGHUHG� LQ�
WKLV�SURFHVV�DQG�WKH�UHOLDELOLW\�RI�WKH�WUDQVPLVVLRQ�WRZHU�DUH�
REWDLQHG� DV� ZHOO�� +H� et� al�� ������� HPSOR\HG� D� WKUHH�
GLPHQVLRQDO� ILQLWH� HOHPHQW� PRGHO� RI� WKH� ORZ�ULVH� ZRRG�
IUDPH�EXLOGLQJ�WR�REVHUYH�WKH�G\QDPLF�UHVSRQVH�GXULQJ�WKH�
ZLQG� ORDGLQJ��7KH\� FRQFOXGHG� WKDW� WKH� UHVSRQVH� JHQHUDWHG�
IURP�WKH� ILQLWH�HOHPHQW�PRGHO�GHPRQVWUDWHV� WKH� UHDVRQDEOH�
DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV�� +RZHYHU�� WKH�
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Jiayue�Xue�and�Ge�Ou 

6+0� DQG� WKH� ILHOG� RU� ODERUDWRU\� H[SHULPHQW� LV� XVXDOO\�
OLPLWHG� E\� WKH� VLWH� FRQGLWLRQ� DQG� WKH� H[SHQVH�� 7KH� ILQLWH�
HOHPHQW� PRGHO� LV� XVXDOO\� FRPSXWDWLRQDOO\� H[SHQVLYH��
HVSHFLDOO\�IRU�WKH�UHOLDELOLW\�RU�UHJLRQDO�DQDO\VLV�FRQVLGHULQJ�
D�ODUJH�VHW�RI�XQFHUWDLQWLHV��

:LWK�WKH�GHYHORSPHQW�RI�WKH�PDFKLQH�OHDUQLQJ�PHWKRGV��
HPSOR\LQJ� WKH� VXUURJDWH� PRGHO� WR� SUHGLFW� WKH� VWUXFWXUDO�
G\QDPLF� UHVSRQVH� KDV� VWLPXODWHG� UHVHDUFKHUV� WR� H[SORUH��
7KH� H[LVWLQJ� OLWHUDWXUH� IRFXVHV� RQ� REWDLQLQJ� WKH� H[WUHPH�
VWUXFWXUDO�SHUIRUPDQFH�DQG�WKH�WLPH�KLVWRU\�UHVSRQVH�GXULQJ�
WKH�ZLQG�ORDGV��/H�DQG�&DUDFRJOLD�������)DQJ�et�al��������
0LFKHOL� et� al�� ������� )RU� WKH� H[WUHPH� VWUXFWXUDO�
SHUIRUPDQFH��2K�et�al�� �������GHULYHG� WKH�VXUURJDWH�PRGHO�
RI� D� WDOO� EXLOGLQJ� GXULQJ� WKH� ZLQG� ORDGV� WR� HVWLPDWH� WKH�
PD[LPXP� DQG� PLQLPXP� VWUDLQV� ZLWK� KLJK� DFFXUDF\�
FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�GDWD��7KH�UHVXOWV�SURYH�WKDW�
WKLV� PDFKLQH� OHDUQLQJ�EDVHG� PRGHO� FDQ� FDSWXUH� WKH�
XQFHUWDLQWLHV� WKDW� DUH� QRW� DYDLODEOH� IRU� WKH� ILQLWH� HOHPHQW�
PRGHO��DQG�LW�FDQ�DYRLG�ELJ�GDWD�FROOHFWLRQ��+X�et�al���������
H[WHQGHG� WKLV�ZRUN� DQG�GHYHORSHG� VXUURJDWH�PRGHOV�EDVHG�
RQ� IRXU� GLIIHUHQW� PDFKLQH� OHDUQLQJ� PHWKRGV�� 7KH\�
VXPPDUL]HG� WKDW� WKH� JHQHUDWLYH� DGYHUVDULDO� QHWZRUNV�
�*$1V�� KDYH� WKH� EHVW� SHUIRUPDQFH� WR� SUHGLFW� WKH� SUHVVXUH�
FRHIILFLHQWV�DQG�SUHGLFW� WKHP�EDVHG�RQ�����GDWDVHW��ZKLFK�
ODUJHO\�VDYHV�WKH�FRVW�RI�WKH�ZLQG�WXQQHO�WHVWV��7KH�UHVHDUFK�
DERXW� GHYHORSLQJ� WKH� VXUURJDWH� PRGHO� RI� VWUXFWXUDO� WLPH�
KLVWRU\�DQDO\VLV�GXULQJ�WKH�ZLQG�ORDGV�LV�OLPLWHG��;XH�et�al��
������� XWLOL]HG� &RQYROXWLRQDO� 1HXUDO� 1HWZRUN� �&11�� WR�
SUHGLFW� WKH� G\QDPLF� UHVSRQVH� RI� WKH� WUDQVPLVVLRQ� WRZHU�
GXULQJ� WKH� H[WUHPH� ZLQG�� 7KH� UHVXOWV� LOOXVWUDWH� SURPLVLQJ�
UHVXOWV� WKDW� WKLV� VXUURJDWH� PRGHO� FDQ� HVWLPDWH� WKH� WLPH�
KLVWRU\� UHVSRQVH�� WKH� H[WUHPH� GLVSODFHPHQW�� DQG� WKH�
UHOLDELOLW\� RI� WKH� WUDQVPLVVLRQ� WRZHU¶V� SHUIRUPDQFH��
0RUHRYHU�� WKH� XQFHUWDLQWLHV� RI� WKH� ZLQG� SURILOHV� DQG�
VSHFWUXPV�DUH�FDSWXUHG�E\�WKLV�&11�EDVHG�VXUURJDWH�PRGHO��

+RZHYHU�� VRPH� OLPLWDWLRQV� H[LVW� LQ� WKH� SUHYLRXV�
UHVHDUFK�� ��� 7KH� VXUURJDWH� PRGHO� IRU� WKH� WLPH� KLVWRU\�
UHVSRQVH� RI� WKH� VWUXFWXUH� GXULQJ� WKH� ZLQG� LV� OLPLWHG�� 7KH�
HQWLUH� WLPH� KLVWRU\� RI� WKH� VWUXFWXUH� SURYLGHV� LQWHJUDWHG�
LQIRUPDWLRQ� RI� WKH� VWUXFWXUDO� SHUIRUPDQFH�� ZKLFK� KHOSV�
IXUWKHU� DQDO\VLV� RU� UHLQIRUFHPHQW�� ��� 7KH� FXUUHQW� UHVHDUFK�
DERXW�WKH�VXUURJDWH�PRGHO�GHYHORSPHQW�DSSOLHV�WR�WKH�OLQHDU�
VWUXFWXUH��WKH�WUDQVPLVVLRQ�WRZHU��ZKLOH�WR�WKH�DXWKRUV¶�EHVW�
NQRZOHGJH�� UHVHDUFK� LQYROYHV� WKH� ODUJH� QRQOLQHDULW\� RI� WKH�
VWUXFWXUH�GXULQJ�WKH�ZLQG�ORDGV�LV�DW�WKH�LQLWLDO�VWDJH��/DUJH�
QRQOLQHDULW\�SHUIRUPDQFH�RI�WKH�VWUXFWXUH�LV�FKDOOHQJLQJ�IRU�
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WKH�ILQLWH�HOHPHQW�PRGHO�GHYHORSPHQW��FRPSXWDWLRQ��DQG�WKH�
VXUURJDWH�PRGHO�GHYHORSPHQW�����7KH�GDWDVHW�JHQHUDWLRQ�IRU�
WKH�VXUURJDWH�PRGHO�GHYHORSPHQW�LV�D�WHGLRXV�WDVN�ZLWK�WKH�
KLJK� FRPSXWDWLRQDO� UHTXLUHPHQW�� 7KH� VXUURJDWH� PRGHO�
GHYHORSHG� E\� &11� �;XH� et� al�� ������ UHTXLUHG� JHQHUDWLQJ�
����VDPSOHV�ZLWK�����VHFRQGV�WLPH�KLVWRU\�UHVSRQVH�RI�WKH�
WUDQVPLVVLRQ� WRZHU�� +RZHYHU�� ZKHQ� LW� FRPHV� WR� WKH�
QRQOLQHDULW\�DQDO\VLV��WKLV�GDWD�DPRXQW�FRXOG�EH�D�EXUGHQ��

7R� ILOO� WKLV� JDS�� WKLV� SDSHU� SURSRVHV� WR� HPSOR\� /RQJ�
6KRUW�7HUP�0HPRU\��/670���DQ�LPSURYHG�UHFXUUHQW�QHXUDO�
QHWZRUN� �511�� WR� GHYHORS� WKH� VXUURJDWH� PRGHO� RI� WKH�
WUDQVPLVVLRQ�WRZHU�WRZHU�OLQH�V\VWHP�GXULQJ�WKH�ZLQG�ORDGV�
WR� FDSWXUH� WKH�G\QDPLF� OLQHDU� DQG�QRQOLQHDU� UHVSRQVH��7KH�
LQLWLDO�FRQFHSW�RI�511�ZDV�SURSRVHG�E\�+RSILHOG��������WR�
EXLOG� D� QHXUDO� QHWZRUN� ZLWK� D� IXQFWLRQ� RI� FRQWHQW�
PHPRUL]DWLRQ��$Q�LPSURYHPHQW�ZDV�PDGH�E\�-RUGDQ��������
WR� LQWHJUDWH� LW�ZLWK� EDFNSURSDJDWLRQ� DQG� XWLOL]H� ORJLVWLF� DV�
WKH� DFWLYDWLRQ� IXQFWLRQ�� /DWHU�� DQRWKHU� LPSURYHPHQW� ZDV�
SURSRVHG�E\�(OPDQ� �������ZKR�GHVLJQHG� D� IXOO� FRQQHFWHG�
511�� +RZHYHU�� 511� FDQQRW� SUHGLFW� ORQJ� VHTXHQFH� WKDW�
KDG� ORQJ� WLPH�GHSHQGHQFH�GXH� WR� WKH�SUREOHPV�RI�JUDGLHQW�
YDQLVKLQJ�DQG�JUDGLHQW�H[SORVLRQ��7R�VROYH� WKLV� LVVXH�� ORQJ�
VKRUW�WHUP� PHPRU\� �/670�� QHWZRUNV� ZHUH� UHSRUWHG�
�+RFKUHLWHU� DQG� 6FKPLGKXEHU� ������ E\� LQWURGXFLQJ� D� FHOO�
FRQVLVWLQJ�RI�D�IRUJHW�JDWH��LQSXW�JDWH��DQG�RXWSXW�JDWH��$IWHU�
WKDW�� /670� KDV� EHHQ� XVHG� DV� D� GHHS� OHDUQLQJ� PHWKRG� WR�
SUHGLFW�WLPH�VHTXHQFHV�LQ�YDULRXV�DUHDV��7R�GDWH��WKH�/670�
LV�PDLQO\�XWLOL]HG�RQ�WKH�VHLVPLF�UHVSRQVH�SUHGLFWLRQ�RI�WKH�
VWUXFWXUHV��=KDQJ�et�al�� �������HPSOR\HG�/670� WR�SUHGLFW�
WKH� QRQOLQHDU� VWUXFWXUDO� UHVSRQVH� GXULQJ� WKH� VHLVPLF� ORDGV��
7KH�UHVXOWV�GHPRQVWUDWH�WKDW�WKLV�LV�D�UREXVW�DSSURDFK�IRU�WKH�
QRQOLQHDU� VWUXFWXUDO� UHVSRQVH� GXULQJ� WKH� ODUJH� VHLVPLF�
LQWHQVLWLHV��+RZHYHU�� WKH�DSSOLFDWLRQ�SURSRVHG�LV� OLPLWHG�WR�
D� VLQJOH� LQSXW� V\VWHP�� WKH� IHDVLELOLW\� DQG� SHUIRUPDQFH� RI�
/670�ZLWK�PXOWLSOH�LQSXWV�VWLOO�UHTXLUH�LQYHVWLJDWLRQ��

'\QDPLF� ZLQG� ORDGV� DUH� FRPSRVHG� E\� WKH� PHDQ� DQG�
IOXFWXDWLQJ� ZLQG� ZKHQ� FRQGXFWLQJ� WKH� VWUXFWXUDO� G\QDPLF�
DQDO\VLV�� 7KH� PHDQ� ZLQG� LV� JHQHUDWHG� EDVHG� RQ� WKH�
WKHRUHWLFDO�IRUPXODV�VXFK�DV�WKH�SRZHU�ODZ�RU�ORJDULWKP�ODZ�
�$6&(��������7KH�IOXFWXDWLQJ�ZLQG� LV�D�VWRFKDVWLF�SURFHVV�
JHQHUDWHG�IURP�D�SRZHU�VSHFWUXP�DQG�WKH�VSDWLDO�FRUUHODWLRQ�
LV�UHDOL]HG�E\�D�FURVV�VSHFWUDO�GHQVLW\�VSHFWUXP��'DYHQSRUW�
�������+HQFH�� D� VWURQJ� WHPSRUDO� DQG� VSDWLDO� FRUUHODWLRQ�RI�
WKH�ZLQG�ORDGV�LV�SUHVHQWHG�IRU�WKH�G\QDPLF�DQDO\VLV��ZKLFK�
LQFUHDVHV� WKH� FRPSOH[LW\� WR� GHYHORS� WKH� /670�EDVHG�
VXUURJDWH�PRGHO��6XFK�WHPSRUDO�DQG�VSDWLDO�FRUUHODWLRQ�ZLOO�
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)LJ����7KH�IORZFKDUW�RI�DQ�/670�EDVHG�VXUURJDWH�PRGHO�GHYHORSPHQW�



 
Predicting�wind�induced�structural�response�with�LSTM�in�transmission�tower�line�system 

EH�DPSOLILHG�WR�ODUJH�VFDOH�VSDWLDO�GLVWULEXWHG�VWUXFWXUHV�VXFK�
DV� EULGJHV� DQG� WUDQVPLVVLRQ� WRZHUV�OLQH� V\VWHP�� 7R�
LQYHVWLJDWH�WKH�SHUIRUPDQFH�RI�/670�PRGHO�ZLWK�FRPSOH[�
ORDGLQJ� DQG� VWUXFWXUDO� VHWXS�� WKLV� SDSHU� XWLOL]HV� WKH�
WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP� DV� D� WDUJHW� VWUXFWXUH�� WKH�
IORZFKDUW�LV�GHPRQVWUDWHG�LQ�)LJ�����

%\� FRQVWUXFWLQJ� WKH� DSSURSULDWH� DUFKLWHFWXUH� RI� /670�
IURP� WKH� JHQHUDWHG� WUDLQLQJ� GDWD�� WKH� G\QDPLF� UHVSRQVH� RI�
WKH�OLQHDU�DQG�QRQOLQHDU�VWUXFWXUH�GXULQJ�WKH�ZLQG�ORDGV�DUH�
REWDLQHG�� ,Q� WKH� IROORZLQJ� VHFWLRQV�� WKH� DUFKLWHFWXUH� RI�
/670�� WKH� /670� FHOO�� DQG� LWV� DSSOLFDWLRQ� WR� WKH�
LQIUDVWUXFWXUH� DUH� SUHVHQWHG�� 7KH� QXPHULFDO� PRGHO� RI� WKH�
WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH� JHQHUDWLRQ� GXULQJ� WKH� ZLQG�
ORDGV� IRU� WKH� GDWDVHW� RI� WKH� VXUURJDWH� PRGHO� GHYHORSPHQW�
DUH� LQWURGXFHG� LQ� 6HFWLRQ� ���$� VHW� RI� WHVWV� WR� RSWLPL]H� WKH�
/670� DUFKLWHFWXUH�� LQFOXGLQJ� LWV� OD\HUV�� KLGGHQ� XQLWV�� DQG�
WKH� WUDLQLQJ� GDWDVHW� FKRLFHV�� DUH� FRQGXFWHG� LQ� 6HFWLRQ� ���
6HFWLRQ���DSSOLHV�WKH�FRQVWUXFWHG�/670�DUFKLWHFWXUH�RQ�WKH�
VLQJOH� WUDQVPLVVLRQ� WRZHU�� D� OLQHDU� VWUXFWXUH� DQG� WKH�
WUDQVPLVVLRQ�WRZHU�OLQH�V\VWHP��D�QRQOLQHDU�VWUXFWXUH�WR�WHVW�
LWV� SHUIRUPDQFH��$� VXUURJDWH�PRGHO� GHYHORSHG� E\�&11� LV�
FKRVHQ� DV� DQ� LQGH[� WR� FRPSDUH� WKH� SHUIRUPDQFH� ZLWK� WKH�
VXUURJDWH� PRGHO� GHYHORSHG� E\� /670�� ,Q� 6HFWLRQ� ��� WKH�
DUFKLWHFWXUH� DQG� SHUIRUPDQFH� RI� /670� DUH� VXPPDUL]HG��
DQG�WKH�IXWXUH�ZRUN�LV�GLVFXVVHG�DV�ZHOO��

�
�

���0HWKRGRORJ\�
�
$V� GLVFXVVHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� /670� LV� DQ�

DGYDQFHG� DSSURDFK� WR� REWDLQ� WKH� QRQOLQHDU� VWUXFWXUDO�
G\QDPLF� UHVSRQVH� GXULQJ� WKH� VHLVPLF� ORDGV� ZKLOH� LWV�
DSSOLFDWLRQ� LQ� WKH� ZLQG� HQJLQHHULQJ� LV� QRW� IXOO\� H[SORUHG��
7KLV� SDSHU� ZLOO� HPSOR\� /670� WR� GHYHORS� WKH� VXUURJDWH�
PRGHO� RI� WKH� QRQOLQHDU� VWUXFWXUDO� UHVSRQVH� GXULQJ� WKH�
LQWHQVLYH� ZLQG� E\� FRQVWUXFWLQJ� WKH� DUFKLWHFWXUH� RI� /670��
GLVFXVVLQJ� LWV�FHOO�DQG�DSSO\LQJ� LW� LQWR� WKH�VXUURJDWH�PRGHO�
GHYHORSPHQW�RI�WKH�FLYLO�LQIUDVWUXFWXUH��

�
2�1�Architecture�of�LSTM 
 
,Q� JHQHUDO�� WKH� G\QDPLF� UHVSRQVH� RI� ZLQG�LQGXFHG�

LQIUDVWUXFWXUH� LV� WHPSRUDO� GHSHQGHQW�� L�H��� WKH� VWUXFWXUDO�
�
�

UHVSRQVH�DW�WLPH�VWHS� �ܣ GHSHQGV�RQ�D�VHULHV�RI�LQGXFHPHQWV�
LQ�WKH�SUHYLRXV�VWHSV��7KXV��WKH�VHOHFWHG�VXUURJDWH�PRGHO�IRU�
VHTXHQFH�SUHGLFWLRQ�VKRXOG�PHPRUL]H�WKH�XVHIXO�PHVVDJH�LQ�
WKH� SUHYLRXV� WLPH� VWHSV�� $V� PHQWLRQHG� DERYH�� UHFXUUHQW�
QHXUDO� QHWZRUN� �511�� LV� D� PDFKLQH� OHDUQLQJ� PHWKRG� WR�
FDSWXUH�LQIRUPDWLRQ�LQ�D�VHTXHQFH�DQG�KDV�EHHQ�ZLGHO\�XVHG�
LQ�D�QHXUDO�ODQJXDJH�SURFHVV��0LURZVNL�DQG�9ODFKRV�������
<LQ�et�al��������0RUFKLG�������ZKLOH�LW�FDQ�RQO\�PHPRUL]H�
D� IHZ� VWHSV� DQG� PD\� IDLO� LQ� WKH� FDVH� RI� ORQJ� WHUP�
GHSHQGHQFH� �=KDQJ� et� al�� ������� 7R� RYHUFRPH� WKLV�
GUDZEDFN�� ORQJ� VKRUW�WHUP� PHPRU\� �/670�� HODERUDWHO\�
PHUJHV�VKRUW�PHPRU\�DQG�ORQJ�PHPRU\�E\�LQWURGXFLQJ�JDWH�
FRQWURO� XQLWV�� ZKLFK� ZLOO� EH� GLVFXVVHG� LQ� WKH� IROORZLQJ�
VHFWLRQV�� +HQFH�� WKLV� SDSHU� DGRSWV� /670� WR� SUHGLFW� WKH�
ZLQG�LQGXFHG�G\QDPLF�UHVSRQVH��
)LJ�� �� LOOXVWUDWHV� WKH� RYHUDOO� DUFKLWHFWXUH� RI� GHHS� /670��
ZKLFK� LQYROYHV� WKH� LQSXW� OD\HU�� ݉ݐݏ݈ � OD\HUV�� IXOO\�
FRQQHFWHG� OD\HUV�� DQG� WKH�RXWSXW� OD\HU��7KH� LQSXW�GDWD� LV� D�
WHPSRUDO�VHTXHQFH� ሼࢄ௧భǡ ௧మǡࢄ ǥ ǡ �௧೙ሽ��ZKHUHࢄ �௡ݐ LV�WKH�WLPH�
OHQJWK�RI�WKH�VHTXHQFH��DQG� �௧೔ࢄ GHQRWHV�WKH�ZLQG�VSHHGV�RI�
WKH� VWXG\� SRLQWV� RQ� WKH� VWUXFWXUH� DW� WLPH� ��௜ݐ 7KH� �௧೔ࢄ LV�
FDOFXODWHG� DV� ሼݒ�௣భǡ ௣మǡݒ ǥ ௣೔ǡݒ ǥ ሽ௧೔

் �� LQ� ZKLFK� ௣೔ݒ � LV� WKH�
ZLQG�VSHHG�DW�SRLQW� �௜��7KH�SURFHVVHG�UHVXOWV�RI�WKH�FHOO�DUH݌
ܿ௧೔
ଵ � DQG� ݄௧೔

ଵ �� ZKHUH� ܿ௧೔
ଵ � LV� WKH� FHOO� VWDWH� DQG� ݄௧೔

ଵ � LV� WKH�
KLGGHQ� VWDWH�� 7KHVH� WZR� RXWSXWV� DQG� ௧೔శభࢄ � DUH� WKHQ�
SURFHVVHG�E\�WKH�QH[W�FHOO�LQ�WKH�VDPH�OD\HU��,Q�WKLV�SURFHVV��
WKH�FHOO�VWDWH� ܿ௧೔

ଵ � LV�XVHG�WR�GHOLYHU�LQIRUPDWLRQ�DW�WLPH�VWHS�
�௜ݐ WR�WKH�FHOOV�DW�VXFFHVVLYH�WLPH�VWHSV��DQG�WKH�KLGGHQ�VWDWH�
݄௧೔
ଵ � LV� WKH� LQSXW� RI� D� FHOO� LQ� WKH� QH[W� ݉ݐݏ݈ � OD\HU�� 7KH�
GHWDLOHG�RSHUDWLRQ�RI� �݉ݐݏ݈ FHOO�ZLOO�EH�GLVFXVVHG�LQ�6HFWLRQ�
����� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� KLGGHQ� VWDWH� LV� D� YHFWRU�
FRPELQHG� ZLWK� VHYHUDO� XQLWV� �FDOOHG� KLGGHQ� XQLWV�� UDWKHU�
WKDQ� D� VLQJOH� XQLW�� ,W� PDNHV� WKH� UHPHPEHUHG� LQIRUPDWLRQ�
PRUH�UHSUHVHQWDWLYH��$IWHU�FDOFXODWLQJ�WKH�ILUVW� �݉ݐݏ݈ OD\HU��
WKH� VXEVHTXHQW� �݉ݐݏ݈ OD\HUV� UHSHDW� WKH� VDPH� SURFHVVLQJ��
$IWHU� WKDW�� LW� LV� FRQQHFWHG� E\� WKH� IXOO\� FRQQHFWHG� �)&��
OD\HUV��7R�UHGXFH�RYHUILWWLQJ��KDOI�XQLWV� LQ� WKH�)&�OD\HU�DUH�
UDQGRPO\�VHOHFWHG�DQG�GURSSHG��)LQDOO\��D�UHJUHVVLRQ�RXWSXW�
OD\HU�LV�FUHDWHG�WR�JHQHUDWH�D�G\QDPLF�UHVSRQVH��

�

�
�
�
�

�

�
)LJ����$UFKLWHFWXUH�RI�ORQJ�VKRUW�WHUP�PHPRU\



 
Jiayue�Xue�and�Ge�Ou 

�
�
2�2�Core�component�of�memorization��the�LSTM�

cell 
 
7KH�PRVW�UHPDUNDEOH�IHDWXUH�RI�/670�LV�WKDW�LW�GHSOR\V�

JDWHV� LQ� D� FHOO� WR� PHUJH� VKRUW� PHPRU\� �LQIRUPDWLRQ� LQ� D�
VKRUW�WLPH�OHQJWK��DQG�ORQJ�PHPRU\��LQIRUPDWLRQ�LQ�D�ORQJ�
WLPH� OHQJWK��� 7KHVH� JDWHV� FDOFXODWH� WKH� LPSRUWDQFH� RI� WKH�
LQIRUPDWLRQ� DQG� GHFLGH� WR� NHHS� RU� IRUJHW� WKH� LQIRUPDWLRQ��
7KH� RSHUDWLRQ� GHWDLOV� RI� /670� FHOO� DUH� VKRZQ� LQ� )LJ�� ���
ZKLFK� LQYROYHV� WKUHH� JDWHV�� IRUJHW� JDWH� �PDUNHG� DV�ɂ� ���
LQSXW�JDWH��PDUNHG�DV�ɂ� ���DQG�RXWSXW�JDWH��PDUNHG�DV�ɂ� ���
,Q� WKLV� ILJXUH�� WKHUH� LV� DQ� XQEURNHQ� YHUWLFDO� DUURZ� WKDW�
WUDQVIRUPV� LQIRUPDWLRQ�IURP�WKH�SUHYLRXV� WLPH�VWHSV� WR� WKH�
ODWWHU� WLPH� VWHSV� WKURXJK� WKH� FHOO� VWDWH� ܿ௧೔

ଵ �� 7KHUH� DUH� WZR�
XSGDWHV� IRU� FHOO� VWDWH�� RQH� LV� JHQHUDWHG� E\� WKH� IRUJHW� JDWH��
DQG�DQRWKHU�LV�WKH�LQSXW�JDWH�� �

)LUVW� RI� DOO�� WKH� IRUJHW� JDWH� LV� GHVLJQHG� WR� GHWHUPLQH�
ZKHWKHU�WKH�QHZ�LQSXW�LQ�WKH�FXUUHQW�VWHS�VKRXOG�EH�GURSSHG�
RU� QRW�� 7R� DFFRPSOLVK� WKLV� JRDO�� DQ� DFWLYDWLRQ� IXQFWLRQ� LV�
LQWURGXFHG� WR� SURGXFH� DQ� RXWSXW� YDOXH� EHWZHHQ��a��EDVHG�
RQ�WKH�LQSXW��7KH�LQSXW� LV�PHPRUL]HG�LI� WKH�RXWSXW� LV�FORVH�
WR����RWKHUZLVH��WKH�LQSXW�LV�GURSSHG�LI�WKH�RXWSXW�LV�FORVH�WR�
���+HUHLQ��WKLV�UHVHDUFK�VHOHFWV�VLJPRLG�VLQFH�LW�LV�RQH�RI�WKH�
VLPSOHVW� DFWLYDWLRQ� IXQFWLRQV� WKDW� FDQ� HIILFLHQWO\� JHQHUDWH�
RXWSXW�ZLWKLQ��a��� ,W� VKRXOG�EH�QRWHG� WKDW� RWKHU� DFWLYDWLRQ�
IXQFWLRQV� �H�J��� 5H/X�� FDQQRW� FRQVWUDLQ� WKH� RXWSXW� LQ� D�
UDQJH��ZKLFK�LV�QRW�VDWLVILHG�ZLWK�WKH�SXUSRVH�RI�GHVLJQLQJ�
JDWHV�LQ�WKH�/670��,W�LV�WKH�VDPH�UHDVRQ�WR�XWLOL]H�VLJPRLG�
IXQFWLRQ�LQ�WKH�UHVW�WZR�JDWHV��7KHUHIRUH��D�VLJPRLG�IXQFWLRQ�
LV� GHYHORSHG� DV�(T�� �����ZKHUH� �௙ݓ DQG� ௙ܾ� DUH� WKH�ZHLJKW�
DQG� ELDV� UHVSHFWLYHO\�� WR� SURFHVV� WKH� KLGGHQ� VWDWH� ݄௧೔షభ

ଵ � LQ�
WKH�SUHYLRXV�VWHS�DQG�WKH�LQSXW� �௧೔ࢄ LQ�WKH�FXUUHQW�VWHS��7KH�
SRLQWZLVH� PXOWLSOLFDWLRQ� EHWZHHQ� WKH� UHVXOW� �௧೔ࢌ RI� IRUJHW�
JDWH�DQG�WKH�FHOO�VWDWH� ܿ௧೔షభ

ଵ � LV� WKHQ�FDOFXODWHG�WR�REWDLQ�DQ�
XSGDWHG� FHOO� VWDWH�� ,I� �௧೔ࢌ LV� FORVH� WR� ��� WKH� FHOO� VWDWH� IURP�
SUHYLRXV�WLPH�VWHSV�ZLOO�EH�GURSSHG��,I� �௧೔ࢌ LV�FORVH�WR����WKH�
LQIRUPDWLRQ� ZLOO� EH� PHPRUL]HG� DQG� WUDQVIRUPHG� WR� WKH�
IROORZLQJ� WLPH� VWHSV�� ,Q� WKLV� ZD\�� WKH� LQIRUPDWLRQ� FDQ� EH�
PHPRUL]HG� LQ� D� ORQJ�WLPH� VWHS��ZKLFK� LV� WKH� LPSURYHPHQW�
IURP�FODVVLFDO�511��

�

௧೔ࢌ ൌ ௙ݓሺߪ ή ൣ݄௧೔షభ
ଵ ǡ ௧೔൧ࢄ ൅ ௙ܾሻ� ���

�
7KH�LQSXW�JDWH�LV�WR�GHOLYHU�QHZ�LQIRUPDWLRQ�LQWR�WKH�FHOO�

VWDWH��LQFOXGLQJ�D�VLJPRLG�RSHUDWLRQ�DQG�D� �݄݊ܽݐ RSHUDWLRQ��
$V� LW� JHQHUDWHV� DQ� RXWSXW� EHWZHHQ� ��a�� ZLWK� D� FHQWHU� RI�

�
�

]HUR�� �݄݊ܽݐ RSHUDWLRQ�LV�VHOHFWHG��7KH�JUDGLHQW�DURXQG�]HUR�
LV� ODUJH� HQRXJK� WR� LQFUHDVH� WKH� PRGHO� FRQYHUJHQFH�� 7KH�
݄݊ܽݐ � RSHUDWLRQ� GRHV� QRW� GHWHUPLQH� ZKHWKHU� WKH� LQSXW�
VKRXOG� EH� PHPRUL]HG� RU� QRW�� EXW� RQO\� DPSOLILHV� RU�
UHSURGXFHV�WKH�LQSXW��6LPLODU� WR� WKH�IRUJHW�JDWH�� WKH�KLGGHQ�
VWDWH� ݄௧೔షభ

ଵ � DQG� WKH� LQSXW� �௧೔ࢄ DUH� SURFHVVHG� E\� D� VLJPRLG�
IXQFWLRQ�WR�JHW�DQ�LPSRUWDQFH�IDFWRU� ��௧೔��0HDQZKLOHࡵ ݄௧೔షభ

ଵ �
DQG� ௧೔ࢄ � DUH� SDVVHG� WR� D� ݄݊ܽݐ � IXQFWLRQ� WR� JHQHUDWH�
FDQGLGDWH� YDOXHV� ෩௧೔࡯ � IRU� XSGDWLQJ� WKH� VWDWH� FHOO�� 7KH�
VLJPRLG�DQG� �݄݊ܽݐ RSHUDWLRQV�DUH�H[SUHVVHG�LQ�(TV�����������
ZKHUH� �ூȀ஼ݓ DQG� ܾூȀ஼� DUH�WKH�ZHLJKW�DQG�ELDV��UHVSHFWLYHO\��
$W� ODVW�� WKH�LPSRUWDQFH�IDFWRU� �௧೔ࡵ DQG�WKH�FDQGLGDWH�YDOXHV�
�෩௧೔࡯ DUH�PXOWLSOLHG� WRJHWKHU�� DQG� WKH� UHVXOW� LV� DGGHG� WR� WKH�
FHOO�VWDWH��%\�QRZ��WKH�FHOO�VWDWH�LV�XSGDWHG�DV� ܿ௧೔

ଵ � DQG�UHDG\�
WR� WUDQVIRUP� WR� WKH� �݉ݐݏ݈ FHOO� LQ� WKH� QH[W� WLPH� VWHS�� ,I� �௧೔ࡵ
UHDFK���� WKH� �෩௧೔࡯ SOD\V�D�YLWDO� UROH� LQ� WKH�XSGDWHG�FHOO�VWDWH�
DQG�YLFH�YHUVD��

�

௧೔ࡵ ൌ ூݓሺߪ ή ൣ݄௧೔షభ
ଵ ǡ ௧೔൧ࢄ ൅ ܾூሻ� ���

�
෩௧೔࡯ ൌ ஼ݓሺ݄݊ܽݐ ή ൣ݄௧೔షభ

ଵ ǡ ௧೔൧ࢄ ൅ ܾ஼ሻ� ���
�
7KH�ILQDO�RXWSXW�JDWH�LV�WR�JHQHUDWH�WKH�QHZ�KLGGHQ�VWDWH��

7KHUH�DUH�DOVR�WZR�VWHSV�LQ�WKLV�JDWH��VLJPRLG�RSHUDWLRQ�DQG�
�݄݊ܽݐ RSHUDWLRQ�� 7KH� VLJPRLG� RSHUDWLRQ� LV� IRU� WKH� KLGGHQ�
VWDWH� ݄௧೔షభ

ଵ � DQG�WKH�LQSXW� �௧೔��DQG�WKH�IXQFWLRQ�LV�VKRZQ�LQࢄ
(T�� ����� ZKHUH� ௢ݓ � DQG� ܾ௢ � DUH� WKH� ZHLJKW� DQG� ELDV��
UHVSHFWLYHO\�� 7KH� �݄݊ܽݐ RSHUDWLRQ� LV� IRU� WKH� XSGDWHG� FHOO�
VWDWH� ܿ௧೔

ଵ � DQG�H[SUHVVHG� LQ�(T�� �����7KH� VLJPRLG�DQG� �݄݊ܽݐ
RXWSXWV� DUH�PXOWLSOLHG�� DQG� WKH� UHVXOW� LV� VHW� DV� WKH�XSGDWHG�
KLGGHQ� VWDWH� ݄௧೔

ଵ �� %HVLGHV�� WKH� QHZ� KLGGHQ� VWDWH� ݄௧೔
ଵ � LV�

GXSOLFDWHG�DQG�SDVVHG�WR�WKH� �݉ݐݏ݈ FHOO�LQ�QH[W� �݉ݐݏ݈ OD\HU�
�)LJ������

௧೔࢕ ൌ ௢ݓሺߪ ή ൣ݄௧೔షభ
ଵ ǡ ௧೔൧ࢄ ൅ ܾ௢ሻ� ���

�
௧೔ࢉ࢚ ൌ ሺܿ௧೔݄݊ܽݐ

ଵ ሻ� ���
�
2�3�Application�in�civil�infrastructure�response�

prediction�under�dynamic�inputs 
 
7KHUH� DUH� WZR� VFHQDULRV� RI� /670� DSSOLFDWLRQV� WR�

VWUXFWXUH� UHVSRQVH� SUHGLFWLRQ� GXULQJ� G\QDPLF� LQSXWV�� ���
SUHGLFWLQJ� WKH�FRPSOHWH� VHTXHQFH�RI� WKH�G\QDPLF� UHVSRQVH�
RI� WKH� VWUXFWXUH�� DQG����SUHGLFWLQJ� WKH�H[WUHPH� UHVSRQVH�RI�

�
)LJ����'HWDLOHG�RSHUDWLRQ�RI�/670�FHOO



 
Predicting�wind�induced�structural�response�with�LSTM�in�transmission�tower�line�system 

WKH� VWUXFWXUH�� 7KH� IRUPHU� VFHQDULR� JHQHUDWHV� D� VXUURJDWH�
PRGHO� WKDW� FDQ� UHSOD\� DQG� SUHGLFW� WKH� G\QDPLF� UHVSRQVH�
XQGHU�WKH�ZLQG�LQGXFHPHQW��7KH�ODWWHU�VFHQDULR�LV�WR�REWDLQ�
WKH�H[WUHPH�VWDWH�WKDW�PD\�FDXVH�WKH�IDLOXUH�RI�WKH�VWUXFWXUH�
XQGHU�WKH�VWURQJ�ZLQG��

���� &RPSOHWH� 6HTXHQFH� 3UHGLFWLRQ�� 7KH� RXWSXW� LV� WKH�
FRPSOHWH� VHTXHQFH� RI� G\QDPLF� UHVSRQVH�
ሼࢅ௧భǡ ௧మǡࢅ ǥࢅ௧మǡ ǥ ǡ �௧೙ሽ��ZKHUHࢅ �௡ݐ LV�WKH�WLPH�OHQJWK�RI�WKH�
VHTXHQFH�� DQG� ௧೔ࢅ � LV� D� UHVSRQVH� YHFWRU� FRQVLVWHG� RI� WKH�
GLVSODFHPHQWV�RI�DOO�LQWHUHVWHG�SRLQWV�DW�WLPH� ��௜ݐ

���� ([WUHPH� 5HVSRQVH� 3UHGLFWLRQ�� 7KH� RXWSXW� LV� WKH�
H[WUHPH�YDOXH� LQ� WKH�FRPSOHWH�G\QDPLF� UHVSRQVH�� ௠௔௫ࢅ ൌ
௧భǡࢅሼݔܽ݉ ௧మǡࢅ ǥࢅ௧మǡ ǥ ǡ ����௧೙ሽ��7KXV��WKH�ULJKW�OD\HU�LQ�)LJࢅ
ZLOO�EH�UHGHVLJQHG�DV� �௠௔௫��8QOLNH�WKH�FRPSOHWH�VHTXHQFHࢅ
SUHGLFWLRQ�� WKLV� VFHQDULR� RQO\� SUHGLFWV� RQH� YDOXH�� WKH�PRVW�
FULWLFDO� LQGH[� IRU� VWUXFWXUDO� IDLOXUH�� ,Q� RWKHU� ZRUGV�� LW� LV�
HIILFLHQW� WR�SUHGLFW� WKH�GHVLUHG�YDOXH�ZLWK� OHVV�FRPSXWDWLRQ�
FRVW��

7R�HYDOXDWH�WKH�SHUIRUPDQFH�RI�/670�RQ�VWUXFWXUH��WKLV�
SDSHU� LQWURGXFHV� D� ZLGHO\� XVHG� 506(� �URRW� PHDQ� VTXDUH�
HUURU��DV�WKH�FULWHULRQ��7KH�H[SUHVVLRQ�RI�506(�LV�SUHVHQWHG�
LQ�(T�������ZKHUH� ௧ప෦ݕ � LV�WKH�SUHGLFWHG�YDOXH��DQG� �௧௜ݕ LV�WKH�
WDUJHW�YDOXH��

�
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���1XPHULFDO�PRGHOLQJ�RI�WKH�WUDQVPLVVLRQ�
WRZHU�WRZHU�OLQH�VWUXFWXUH�V\VWHP�GXULQJ�ZLQG�
ORDGLQJV�
�
,Q�WKLV�SDSHU��WKH�SURSRVHG�/670�DUFKLWHFWXUH�LV�LPSOLHG�

WR� SUHGLFW� WKH� G\QDPLF� UHVSRQVH� RI� WKH� WUDQVPLVVLRQ�
WRZHU�WRZHU�OLQH� GXULQJ� WKH� ZLQG� ORDG�� 7KHUH� DUH� WZR�
UHDVRQV�WR�FKRRVH�WKH�WUDQVPLVVLRQ�WRZHU�WRZHU�OLQH�V\VWHP�
DV� WKH� UHSUHVHQWDWLYH� VWUXFWXUH�� ��� $V� D� YLWDO� OLIHOLQH�
VWUXFWXUH�� WKH� WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH� V\VWHP� LV�
YXOQHUDEOH� WR� WKH� H[WHQVLYH� ZLQG� EHFDXVH� RI� LWV� FRPSOH[�
YLEUDWLRQ�� 7KH� JHRPHWULF� QRQOLQHDULW\� RI� WKLV� WUDQVPLVVLRQ�
WRZHU�WRZHU�OLQH� V\VWHP� LV� RQH� RI� WKH� FULWLFDO� IDFWRUV� WKDW�
OHDGV� WR� VWUXFWXUDO� GDPDJH�� ��� ,Q� WKUHH�GLPHQVLRQDO� VSDFH��
WKH� WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH� V\VWHP� LV� FRQILJXUHG� E\�
WKRXVDQGV� RI� QRGHV�� :LQG� ORDGV� DUH� FRPSOH[� RQ� WKLV�
VWUXFWXUH� ZLWK� WLPH� DQG� VSDWLDO� FRUUHODWLRQ�� 7KHUHIRUH�� WKH�
WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH� V\VWHP� LV� UHSUHVHQWDWLYH� WR�
JHQHUDWH�WKH�GDWD�VHW�IRU�WKH�/670�DUFKLWHFWXUH�GHYHORSPHQW��

�
3�1�Development�finite�element�model�of�

transmission�tower�line�system 
 
7R�JHQHUDWH�WKH�GDWDVHW�IRU�WUDLQLQJ�DQG�WHVWLQJ�SXUSRVH��

WKH� ILQLWH� HOHPHQW�PRGHO� RI� WKH� WUDQVPLVVLRQ� WRZHU�WRZHU��
OLQH� V\VWHP� LV� GHYHORSHG� E\� $16<6�/6�'<1$� DV� )LJ�� ��

�
�

�

)LJ����)LQLWH�(OHPHQW�0RGHO�RI�7UDQVPLVVLRQ�7RZHU��
7RZHU�/LQH�6\VWHP�

�
�

GHPRQVWUDWHV��7KLV�LQLWLDO�WUDQVPLVVLRQ�WRZHU�LV�IURP�7RUW�et 
al�� ������� DQG� UHGHVLJQHG� �;XH� et� al�� ������� 7KLV� LV� D�
VXVSHQVLRQ� WRZHU� ZLWK� ����� P� KHLJKW� DQG� ���� P� VSDQ�
EHWZHHQ�WZR�WUDQVPLVVLRQ�WRZHUV��7KH�FURVV�VHFWLRQV�RI�WKH�
WUDQVPLVVLRQ� WRZHUV� DUH�/�VKDSHG��7KH� VDJ�RI�ERWK�JURXQG�
OLQH�DQG�FRQGXFWRU�LV�����P�DQG�����P��7KHUH�DUH�WKRXVDQGV�
RI� QRGHV� RI� WKH� WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP�� ZKLFK�
PDNHV�LW�LPSRVVLEOH�WR�DGG�WKH�ZLQG�ORDG�RQ�HDFK�QRGH��7KLV�
SDSHU�FKRRVHV����UHSUHVHQWDWLYH�SRLQWV�ZLWK���DQG���SRLQWV�
RQ� HDFK� WUDQVPLVVLRQ� WRZHU� DQG� OLQH�� UHVSHFWLYHO\�� 7KH�
G\QDPLF� ZLQG� ORDGLQJV� DUH� DGGHG� RQ� WKHVH� UHSUHVHQWDWLYH�
SRLQWV� WR� REWDLQ� WKH� OLQHDU� DQG� QRQOLQHDU� UHVSRQVH� RI� WKH�
WUDQVPLVVLRQ�WRZHU�WRZHU�OLQH�V\VWHP��:LQG�ORDG�JHQHUDWLRQ�
LV�SUHVHQWHG�LQ�6HFWLRQ������7KH�WRS�GLVSODFHPHQW�'��RI�WKH�
PLGGOH�WUDQVPLVVLRQ�WRZHU�LV�FRQVLGHUHG�DV�WKH�LQGH[�RI�WKH�
G\QDPLF� UHVSRQVH� RI� WKH� WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH�
V\VWHP��

�
3�2�Wind�load�input�and�structural�dynamic�

response 
 

7KH�FRPSOH[LW\�RI� WKH�ZLQG� ORDG� LV�GXH� WR� LWV� WHPSRUDO�
DQG� VSDWLDO� FRUUHODWLRQ�� 7KH� VWRFKDVWLF� ZLQG �ܸሺݐሻ � LV�
VLPXODWHG�E\�WKH�PHDQ�ZLQG� തܸ � DQG�WKH�IOXFWXDWLQJ�ZLQG� ௝ܸ�
DV� VKRZQ� LQ� (T�� ����� $FFRUGLQJ� WR� $6&(� ����� �$6&(�
�������WKH�PHDQ�ZLQG�SURILOH�FKDQJHV�DORQJ�ZLWK�WKH�KHLJKW�
E\�D�SRZHU�ODZ�DV�(T�������

�
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ZKHUH� തܸଵ଴� LV� XVXDOO\� WDNHQ� DV� WKH� UHIHUHQFH�ZLQG� DW� ���P�
KHLJKW��]� LV� WKH�KHLJKW�RI� WKH�PHDQ�ZLQG�VSHHG�� �ଵ଴ݖ LV� WKH�
UHIHUHQFH�KHLJKW�� �ߙ LV�GHWHUPLQHG�E\�WKH�JURXQG�URXJKQHVV��

7KH� WHPSRUDO� DQG� VSDWLDO� FRUUHODWLRQ� RI� WKH� IOXFWXDWLQJ�
ZLQG� LV� UHDOL]HG� E\� D�*DXVVLDQ� VWDWLRQDU\� UDQGRP� SURFHVV�
DQG� WKH� 'DYHQSRUW� VSHFWUXP� �'DYHQSRUW� ������� %\� WKH�
&KROHVN\� GHFRPSRVLWLRQ�� WKH� IOXFWXDWLQJ� ZLQG�
௝ǡݕ௝൫ݒ ����൯�LV�REWDLQHG�DV�(TVݐ௝ǡݖ��������

�
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�
ZKHUH� �ሺɘሻ� LV� IURP� WKH� &KROHVN\� GHFRPSRVLWLRQ�� ο߱� LV�
WKH�IUHTXHQF\�LQFUHPHQW��

$V� WKH� G\QDPLF� ZLQG� LV� VLPXODWHG�� WKH� ZLQG� ORDG� RQ�
HDFK�QRGH�RI� WKH� WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH�V\VWHP�FDQ�
EH�FDOFXODWHG�DV�(T��������

�
	 ൌ ͲǤͷܸߩሺݐሻଶܥ௙�௠� ����

�
ZKHUH� ��ߩ �௙ܥ DQG� �௠� DUH� WKH� DLU� GHQVLW\�� GUDJ� FRHIILFLHQW�
QG�WKH�SURMHFWHG�DUHD�UHVSHFWLYHO\��

$V� WKH� WRS� GLVSODFHPHQW� RI� WKH� WUDQVPLVVLRQ� WRZHU� LV�
XVXDOO\� FKRVHQ� DV� WKH� IDLOXUH� RU� GDPDJH� LQGH[�� KHUH� LV� WKH�
G\QDPLF� UHVSRQVH�DIWHU� DGGLQJ� WKH�G\QDPLF�ZLQG� ORDGV�RQ�
WKH�WRS�RI�WKH�PLGGOH�RI�WKH�WUDQVPLVVLRQ�WRZHU�OLQH�V\VWHP�
DV�VKRZQ�LQ�)LJ�����

�
�
�

�
)LJ����506(V�RI�GLIIHUHQW�OD\HU�QXPEHUV

�
�

�
�
�

���/670�DUFKLWHFWXUH�RSWLPL]DWLRQ�
�
$V�PHQWLRQHG� LQ� 6HFWLRQ� ��� WKH� OD\HU� QXPEHUV� DQG� WKH�

KLGGHQ� XQLWV� RI� WKH� /670� DUFKLWHFWXUH�� DUH� WKH� WZR�
SDUDPHWHUV� WKDW� PD\� DIIHFW� WKH� SUHGLFWLRQ� SHUIRUPDQFH� RI�
WKH� /670� QHWZRUN�� $FFRUGLQJ� WR� WKH� H[LVWLQJ� VWXGLHV�
�&DEDGD�et�al��������5HLPHUV�DQG�*XUHY\FK�������=KRX�DQG�
6RQJ� ������� GLIIHUHQW� DUFKLWHFWXUHV� RI� GHHS� OHDUQLQJ�
PHWKRGV�PD\�VLJQLILFDQWO\�GLIIHU�LQ�WKH�FRPSXWDWLRQDO�WLPH�
DQG�SUHGLFWLRQ�DFFXUDFLHV��%HVLGHV��WKH�VFDOH�RI�WKH�WUDLQLQJ�
GDWDVHW� LV� DQRWKHU� IXQGDPHQWDO� IDFWRU� WKDW� PD\� FDXVH� WKH�
GLIILFXOW\�GXH� WR� WKH�SURFHVVLQJ� WLPH�IRU�GLIIHUHQW�GDWD�VL]H�
DQG� WKH� JHQHUDOL]DWLRQ� DELOLW\� IRU� GLIIHUHQW� GDWD� FRYHUDJH��
+HQFH�� WKLV� VHFWLRQ� ZLOO� GLVFXVV� WKH� LQIOXHQFH� RI� /670�
DUFKLWHFWXUH� �OD\HU� QXPEHUV� DQG� KLGGHQ�XQLWV�� DQG� WUDLQLQJ�
GDWDVHW�RQ�WKH�/670�SHUIRUPDQFH��7KH�SUHGLFWLRQ�DFFXUDF\�
�WKH�DIRUHPHQWLRQHG�506(��DQG�WKH�FRPSXWDWLRQDO�WLPH�DUH�
VHOHFWHG� WR� HYDOXDWH� WKH� SHUIRUPDQFH�� 6LPXOWDQHRXVO\�� WR�
VDYH� WKH� FRPSXWDWLRQDO� WLPH� IRU� ERWK� WKH� GDWD� JHQHUDWLRQ�
DQG� WUDLQLQJ�� WKH� G\QDPLF� UHVSRQVH� RI� WKH� OLQHDU� VWUXFWXUH��
WKH� VLQJOH� WUDQVPLVVLRQ� WRZHU� GXULQJ� WKH� ZLQG� ORDG� LV�
HPSOR\HG��7KH�FRQVWUXFWHG�DUFKLWHFWXUH�ZLOO�EH�WHVWHG�RQ�WKH�
QRQOLQHDU� VWUXFWXUH�� WKH� WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP� LQ�
HFWLRQ����7KH�G\QDPLF�ZLQGV�DUH�DGGHG�RQ�WKH�QRGHV�RI�WKH�
WUDQVPLVVLRQ� WRZHU� DV� )LJ�� �� GHPRQVWUDWHV�� 7KH� WRS�
GLVSODFHPHQW��'��DV�VKRZQ�LQ�)LJ�����LV�FKRVHQ�DV�WKH�LQGH[�
IRU� WKH� G\QDPLF� UHVSRQVH� RI� WKH� WUDQVPLVVLRQ� WRZHU�� $V�
VWDWHG� DERYH�� WKH� LQSXW� RI� /670� LV� WKH� ZLQG� ORDGV� WKDW�
DSSOLHG� WR� WKH� UHSUHVHQWDWLYH� SRLQWV� LQ� WKH� WUDQVPLVVLRQ�
WRZHU�WRZHU�OLQH� V\VWHP�� DQG� WKH� RXWSXW� LV� WKH� WRS�
GLVSODFHPHQW�RI�WKH�WUDQVPLVVLRQ�WRZHU��7KLV�)(0�PRGHO�LV�
XWLOL]HG� WR� JHQHUDWH� WKH� WUDLQLQJ� DQG� WHVWLQJ� GDWDVHW�� 7KH�
WUDLQLQJ� DQG� WHVWLQJ� GDWDVHW� LQYROYHG� LQ� WKLV� SDSHU� DUH�
�
�
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Predicting�wind�induced�structural�response�with�LSTM�in�transmission�tower�line�system 

�
�
LPSOHPHQWHG�RQ�D�FRPSXWHU�ZLWK�WKH�VSHFLILFDWLRQV�RI�,QWHO�
L������+�&38��1DYLGLD�*7;�������DQG����*%�5$0��

�
4�1�Influence�of�LSTM�architecture�on�the�

prediction�performance 
 
,Q� WKLV� VHFWLRQ�� WKH� LQIOXHQFH� RI� /670� DUFKLWHFWXUH� RQ�

WKH� SUHGLFWLRQ� DFFXUDF\� LV� GLVFXVVHG�� ���� VDPSOHV� RI� WKH�
G\QDPLF� UHVSRQVH� RI� WKH� WUDQVPLVVLRQ� WRZHU� LQGXFHG� E\�
ZLQG�VSHHG�RI����P�V�DUH�VLPXODWHG����VHFRQGV�WLPH�OHQJWK�
ZLWK� D� VDPSOLQJ� IUHTXHQF\� RI� ���+]� DUH� FKRVHQ� DV� LQ� WKH�
SUHYLRXV� OLWHUDWXUH� �;XH�et�al�� ������� WKLV� WLPH� OHQJWK�ZLWK�
SURSHU� WLPH� FRQYHQWLRQ� KDV� KLJKHVW� DFFXUDF\� ZLWK�
DSSURSULDWH�FRPSXWDWLRQDO�WLPH��$PRQJ�WKHVH�VDPSOHV������
VDPSOHV� ������ DUH� XVHG� DV� WUDLQLQJ� GDWDVHW�� ��� VDPSOHV�
������DUH�XVHG�DV�YDOLGDWLRQ�GDWDVHW��DQG����VDPSOHV�������
DUH�XVHG�DV�WHVWLQJ�GDWDVHW��

�
�

�
)LJ����506(V�XQGHU�GLIIHUHQW�KLGGHQ�XQLWV

�
�

�
�

�
�
4�1�1�Optimization�of�LSTM�layers 
7R� HYDOXDWH� WKH� OD\HU� QXPEHUV�� WKLV� UHVHDUFK� GHVLJQV�

HLJKW�GLIIHUHQW�FDVHV�IURP���OD\HU�WR���OD\HUV��7KH�QXPEHU�RI�
KLGGHQ� XQLWV� IRU� HDFK� OD\HU� LV� ����� 7KH� 506(V� RI� WKHVH�
HLJKW� FDVHV� DUH� VKRZQ� LQ� )LJ�� ��� ZKLFK� FRQWDLQV� WKH�
SHUIRUPDQFH�RQ�WUDLQLQJ��YDOLGDWLRQ��DQG�WHVWLQJ�GDWDVHWV��,W�
FOHDUO\� LOOXVWUDWHV� ZKHQ� WKHUH� DUH� �� OD\HUV�� WKH� 506(� LV�
VPDOOHVW��,Q�DGGLWLRQ��WKH�SUHGLFWLRQ�DFFXUDF\�GHFUHDVHV�ZLWK�
WKH� LQFUHDVH� RI� WKH� OD\HU� QXPEHUV�� )LJ�� �� LOOXVWUDWHV� WKH�
G\QDPLF� UHVSRQVHV� SUHGLFWHG� E\� GLIIHUHQW� FDVHV�� ZKLFK�
VKRZV� WKDW� WKH� ILUVW� WKUHH� FDVHV� ��� OD\HU�� �� OD\HUV�� DQG� ��
OD\HUV�� KDYH� D� EHWWHU� SHUIRUPDQFH� WKDQ� WKH� RWKHU� FDVHV�� ,Q�
DGGLWLRQ�� WKH� FRPSXWDWLRQDO� WLPHV� RI� ERWK� WUDLQLQJ� DQG�
WHVWLQJ�GDWDVHWV� VLJQLILFDQWO\� LQFUHDVH�DORQJ� WKH� LQFUHDVH�RI�
OD\HU� QXPEHUV� �7DEOH� ���� ,Q� VXPPDU\�� WKH� /670� OD\HU�
QXPEHUV� LQIOXHQFH� WKH� SUHGLFWLRQ� DFFXUDF\� DQG�
FRPSXWDWLRQDO� WLPH� VLPXOWDQHRXVO\�� 7KXV�� WKLV� UHVHDUFK�
VHOHFWV���OD\HUV�DV�WKH�RSWLPL]HG�/670�QHWZRUN��ZKLFK�KDV�
WKH�ORZHVW�506(�DQG�DFFHSWDEOH�FRPSXWDWLRQDO�WLPH��

�
4�1�2�Optimization�of�LSTM�hidden�units 
7KH� KLGGHQ� XQLWV� LQ� /670� GHQRWH� WKH� SDUDPHWHU�

QXPEHUV� LQ� WKH� KLGGHQ� VWDWH� �)LJ�� ��� DQG� VWRUH� WKH� VKRUW�
PHPRU\�� 7R� HYDOXDWH� WKH� LPSDFW� RI� KLGGHQ� XQLWV� RQ� WKH�
/670� SHUIRUPDQFH�� WKLV� UHVHDUFK� GHVLJQV� WKH� FDVHV� RI�
GLIIHUHQW�XQLW�QXPEHUV�IURP��������������������DQG����WR�����
ZLWK�DQ� LQFUHDVH�RI�����7KH�RSWLPL]HG��� OD\HUV�DUH�XVHG� WR�
GLVFXVV� WKH� KLGGHQ� XQLW� RSWLPL]DWLRQ�� 7KH� 506(� DQG�
FRPSXWDWLRQDO�WLPH�XQGHU�GLIIHUHQW�KLGGHQ�XQLW�QXPEHUV�DUH�
VKRZQ� LQ� )LJ�� �� DQG�7DEOH� ��� UHVSHFWLYHO\�� ,W¶V� IRXQG� WKDW��

�
�

�
�

� ��� ��� ��� ��� ���
+LGGHQ�1XPEHUV
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7UDLQLQJ
9DOLGDWLRQ
7HVWLQJ

7DEOH���&RPSXWDWLRQDO�WLPH�XQGHU�GLIIHUHQW�OD\HU�QXPEHUV�
/D\HUV� �� �� �� �� �� �� �� ��

7UDLQLQJ��V�� ������ ����� ����� ����� ����� ����� ������ �������
7HVWLQJ��V�� ����� ����� ����� ����� ����� ����� ����� �����

�

�
)LJ����3UHGLFWLRQ�RI�WRS�GLVSODFHPHQW�RI�WUDQVPLVVLRQ�WRZHU�XQGHU�ZLQG�ORDGLQJ�ZLWK�GLIIHUHQW�KLGGHQ�XQLWV

7DEOH���&RPSXWDWLRQDO�WLPH�XQGHU�GLIIHUHQW�KLGGHQ�XQLWV�

+LGGHQ�XQLWV� �� ��� ��� ��� ��� ��� ���� ����
7UDLQLQJ��V�� ������ ����� ����� ����� ����� ����� ������ ������
7HVWLQJ��V�� ����� ����� ����� ����� ����� ����� ����� �����
+LGGHQ�8QLWV� ���� ���� ���� ���� ���� ���� ���� �
7UDLQLQJ��V�� ������ ����� ����� ����� ����� ����� ������ �
7HVWLQJ��V�� ����� ����� ����� ����� ����� ����� ����� �

�



 
Jiayue�Xue�and�Ge�Ou 

����ZKHQ�WKH�KLGGHQ�QXPEHU�YDULHV�IURP����WR������506(�
IOXFWXDWHV�LQ�D�VPDOO�UDQJH��ZKLOH�ZKHQ�WKH�KLGGHQ�QXPEHUV�
DUH�RXW�RI�WKH�UDQJH��WKH�506(�LQFUHDVHV�VLJQLILFDQWO\��DQG�
����WKH�FRPSXWDWLRQDO�WLPH�DOVR�LQFUHDVHV�VPRRWKO\�ZLWK�WKH�
JURZLQJ� KLGGHQ� XQLWV�� ,Q� DGGLWLRQ�� WKH� G\QDPLF� UHVSRQVHV�
SUHGLFWHG� E\� WKH� /670V� ZLWK� GLIIHUHQW� KLGGHQ� XQLW� DUH�
LOOXVWUDWHG� LQ� )LJ�� ���ZKLFK� LV� FRQVLVWHQW�ZLWK� WKH� SUHYLRXV�
WZR� ILQGLQJV�� 7KH� SUHGLFWHG� UHVSRQVHV� ZLWK� KLGGHQ� XQLWV�
IURP���� WR� ���� DUH� FORVH� WR� WKH� WDUJHW� UHVSRQVH��ZKLOH� WKH�
SUHGLFWHG� UHVSRQVHV�ZLWK�KLGGHQ�XQLWV� RXW�RI� WKH� UDQJH� DUH�
IDU� DZD\� IURP� WKH� WDUJHW� UHVSRQVH�� ,W� GHPRQVWUDWHV� WKH�
VHOHFWLRQ�RI�KLGGHQ�XQLWV� VKRXOG�QRW�EH�H[WUHPHO\�VPDOO�RU�
ODUJH�� 7KHUHIRUH�� WKLV� UHVHDUFK� VHOHFWV� ���� DV� WKH� KLGGHQ�
XQLWV�LQ�WKH�UHPDLQLQJ�GLVFXVVLRQ��

�
4�2�Impact�of�training�dataset�on�the�prediction�

performance 
 
7KH� VL]H� RI� WUDLQLQJ� GDWDVHW� LV� D� FULWLFDO� SDUDPHWHU� WKDW�

FDQ� DIIHFW� WKH� SUHGLFWLRQ� DFFXUDF\� DQG� WKH� FRPSXWDWLRQDO�
WLPH� RI� /670�� $� ODUJH� GDWDVHW� W\SLFDOO\� FDQ� REWDLQ� D�
SURPLVLQJ� SUHGLFWLRQ� DFFXUDF\� GXH� WR� WKH� VWURQJ� JHQHUDOL�
]DWLRQ� ZKLOH� PRUH� FRPSXWLQJ� UHVRXUFHV� DUH� LQYROYHG� LQ�
SURFHVVLQJ� GDWD�� ,Q� WKLV� VHFWLRQ�� �� OD\HUV� DQG� ���� KLGGHQ�
XQLWV�RSWLPL]HG�LQ�WKH�SUHYLRXV�VHFWLRQV��DUH�VHOHFWHG�DV�WKH�
/670� DUFKLWHFWXUH�� 7R� WUDLQ� WKH� QHWZRUN�� D� VHULHV� RI�

�
�
�

�
)LJ�����506(V�XQGHU�GLIIHUHQW�WUDLQLQJ�VDPSOHV

�
�

�
�

VDPSOHV�RI�WKH�G\QDPLF�UHVSRQVH�RI�WUDQVPLVVLRQ�WRZHU�DUH�
VLPXODWHG�� (DFK� VDPSOH� KDV� ��� GDWD� SRLQWV� ZLWK� D� WLPH�
OHQJWK� RI� �� VHFRQGV� DQG� D� IUHTXHQF\� RI� ��� +]�� DQG� WKH�
LQGXFHPHQW� ZLQG� LV� ��� P�V�� 7R� PDNH� WKH� SHUIRUPDQFH� RI�
GLIIHUHQW� FDVHV� FRPSDUDEOH�� ���� VDPSOHV� DUH� VHOHFWHG� DV� D�
FRQVLVWHQW� WHVWLQJ� GDWDVHW�� 7KH� WUDLQLQJ� VDPSOHV� YDU\� IURP�
���WR������ LQ�ZKLFK�����DUH�WUDLQLQJ�GDWDVHW��DQG�����DUH�
YDOLGDWLRQ�GDWDVHW��

7KH� 506(V� IRU� WKH� /670V� WUDLQHG� E\� GLIIHUHQW� GDWD�
SRLQWV� DUH� VKRZQ� LQ� )LJ�� ���� ZKLFK� GHPRQVWUDWHV� WKDW� WKH�
ZKHQ� WKH� QXPEHU� RI� WUDLQLQJ� GDWD� SRLQWV� DUH� VPDOOHU� WKDQ�
���� VDPSOHV� ൈ��� GDWD� SRLQWV�� WKH� 506(� LV� ZRUVH� DQG�
ZRUVH� ZLWK� WKH� GHFUHDVH� ZLWK� WKH� WUDLQLQJ� VDPSOHV�� 7KH�
506(� KDV� VPDOO� YLEUDWLRQV� ZKHQ� WKH� QXPEHU� RI� WUDLQLQJ�
GDWD�SRLQWV�LV�ODUJHU�WKDQ�����VDPSOHV� ൈ���GDWD�SRLQWV��)LJ��
���SUHVHQWV�WKH�G\QDPLF�UHVSRQVHV�SUHGLFWHG�E\�WKH�/670V�
ZLWK�GLIIHUHQW�GDWD�SRLQWV��,W�LV�IRXQG�WKDW�WKH�UHVSRQVHV�ZLWK�
ODUJHU� GDWD� SRLQWV� DUH� PXFK� FORVHU� WR� WKH� WDUJHW� UHVSRQVH�
WKDQ� VPDOO� GDWD� SRLQWV�� 7KH� FRPSXWDWLRQDO� WLPHV� XQGHU�
GLIIHUHQW� WUDLQLQJ� GDWD� SRLQWV� DUH� VXPPDUL]HG� LQ� 7DEOH� ���
ZKLFK� VKRZV� DQ� LQFUHDVH� RI� FRPSXWDWLRQDO� WLPH� ZLWK� WKH�
LQFUHDVH�RI�GDWD�SRLQWV��&RPELQLQJ�WKH�UHVXOWV�LQ�)LJ�����DQG�
7DEOH����ZH�FDQ�FRQFOXGH� WKDW� WKHUH� LV� D� WUDGH�RII�EHWZHHQ�
WKH�506(V�DQG�WKH�FRPSXWDWLRQDO� WLPH�ZKHQ�VHOHFWLQJ�WKH�
VFDOH� RI� WUDLQLQJ� GDWD� SRLQWV�� 7KH� RSWLPL]HG� QXPEHU� RI�
WUDLQLQJ� GDWD� SRLQWV� XVHG� LQ� WKLV� UHVHDUFK� LV� ���� VDPSOHV�
ൈ��� GDWD� SRLQWV� ZLWK� D� ORZ� 506(� DQG� D� UHDVRQDEOH�
FRPSXWDWLRQDO�WLPH��

�
�

���5HVXOWV�DQG�GLVFXVVLRQ�
�
7KLV� VHFWLRQ� HYDOXDWHV� WKH� FRQVWUXFWHG� /670�

DUFKLWHFWXUH� LQ� 6HFWLRQ� �� DQG� FRPSDUHV� LWV� SUHGLFWLRQ�
SHUIRUPDQFH� ZLWK� DQRWKHU� GHHS� OHDUQLQJ� PHWKRG��
&RQYROXWLRQDO�1HXUDO�1HWZRUN��&11���LQ�WKH�DVSHFWV�RI�WKH�
IXOO�WLPH� KLVWRU\� UHVSRQVH� DQG� WKH� H[WUHPH� YDOXH� RI� WKH�
OLQHDU�DQG�QRQOLQHDU�VWUXFWXUH��

�
�
�
�

�
�

�
)LJ�����3UHGLFWLRQ�SHUIRUPDQFH�XQGHU�GLIIHUHQW�WUDLQLQJ�VDPSOHV�

7DEOH���&RPSXWDWLRQDO�WLPH�XQGHU�GLIIHUHQW�WUDLQLQJ�VDPSOHV�

'DWD�3RLQWV�
�VDPSOH
�GDWD�SRLQW� ���ൈ��� ���ൈ�� ���ൈ�� ���ൈ�� ���ൈ�� ���ൈ�� ���ൈ��� ���ൈ��

7UDLQLQJ��V�� ������ ������ ������ ������ ������ ������ ������ ������
7HVWLQJ��V�� ����� ����� ����� ����� ����� ����� ����� �����

�

� ��� � ��� � ��� � ��� � ��� �
7LPH��6HFRQGV�

�����

�

����

���

����

���

7DUJHW ���;�� ���;��
���;�� ���;�� ���;��
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5�1�Index�to�evaluate�the�prediction�performance�

by�LSTM�architecture 
 
7KH� IXOO�WLPH� KLVWRU\� DQG� WKH� H[WUHPH� SHUIRUPDQFH� RI�

WKH� VWUXFWXUDO� G\QDPLF� UHVSRQVH� DUH� WZR� YLWDO� LQGH[HV� WR�
DVVHVV�LWV�GDPDJH�RU�FROODSVH��7R�VKRZ�WKH�VXSHULRULW\�RI�WKH�
/670�� &11� LV� GHYHORSHG� DV� WKH� FRPSDULVRQ�PHWKRG�� $V�
GHPRQVWUDWHG� LQ� RXU� SUHYLRXV�ZRUN� �;XH� et� al�� ������� WKH�
ZLQG�ORDGV�RQ�WKH�VWUXFWXUH�DUH�WLPH�DQG�VSDWLDOO\�FRUUHODWHG�
DQG�FDQ�EH�IRUPHG�DV�DQ�LPDJH�IRUPDW��ZKLFK�LV�WKH�W\SLFDO�
LQSXW� RI� &11�� 7KXV�� &11� LV� DQ� DOWHUQDWLYH� PHWKRG� WR�
SUHGLFW� WKH� G\QDPLF� UHVSRQVH� RI� LQIUDVWUXFWXUH�� 7KLV�
UHVHDUFK�DSSOLHV�WKH�&11�DUFKLWHFWXUH��)LJ������LQ�;XH�et�al��
�������WR�WKLV�UHVHDUFK�DV�WKH�FRPSDULVRQ�PHWKRG��

�
�

�
�

$V�VKRZQ�LQ�)LJ������&11�FRQWDLQV�WKUHH�FRQYROXWLRQDO�
OD\HUV��FRQVLVWHG�RI�FRQYROXWLRQ��DFWLYDWLRQ��DQG�SRROLQJ���D�
IXOO� FRQQHFWHG� OD\HU�� DQG� D� UHJUHVVLRQ� RXWSXW� OD\HU�� 7KH�
NHUQHO� VL]H� DQG� NHUQHO� QXPEHU� RI� WKH� WKUHH� FRQYROXWLRQDO�
OD\HUV�DUH������������������������UHVSHFWLYHO\��$�ZLQGRZ�ZLWK�
��� GDWD� SRLQWV� LV� LQWURGXFHG� WR� VSOLW� WKH� LQSXW� LQWR� VHYHUDO�
VPDOO�VWDFNV��ZKLFK�DUH�WKH�LQSXWV�RI�WKH�&11��7KH�ZLQGRZ�
LV� PRYHG� SRLQW� E\� SRLQW� WR� VSOLW� HDFK� VDPSOH�� DQG� WKH�
SUHGLFWLRQ�LV�WKH�ODVW�YDOXH�RI�HDFK�ZLQGRZ��

�
5�2�Dynamic�response�prediction�performance�of�

single�transmission�tower��linear�system� 
 
)LUVW�� WKLV� UHVHDUFK� VHOHFWV� D� VLQJOH� WUDQVPLVVLRQ� WRZHU��

�
)LJ�����&11�DUFKLWHFWXUH

�
�D��'\QDPLF�UHVSRQVH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

�

�
�E��'\QDPLF�UHVSRQVH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

)LJ�����'\QDPLF�UHVSRQVH�FRPSDULVRQ�RI�/670�DQG�&11��/LQHDU�V\VWHP��
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)LJ�����506(V�FRPSDULVRQ�RI�G\QDPLF�UHVSRQVH�
SUHGLFWHG�E\�/670�DQG�&11��/LQHDU�V\VWHP�

�
�

D� OLQHDU� V\VWHP�� DV� D� VWXG\� FDVH� WR� GHPRQVWUDWH� WKH�
SUHGLFWLRQ�FDSDELOLW\�RI�/670�IRU�G\QDPLF�UHVSRQVH�RI�WKH�
VWUXFWXUH��7KH�&11�DUFKLWHFWXUH�GHVFULEHG�DERYH�LV�XWLOL]HG�
DV� WKH�FRPSDUHG�GHHS�OHDUQLQJ�PHWKRG��7ZR�VFHQDULRV�ZLOO�
EH� GLVFXVVHG� KHUH�� ���� SUHGLFWLRQ� RI� FRPSOHWH� VHTXHQFH��
ZKLFK� FDQ� HQWLUHO\� SURYLGH� WKH� G\QDPLF� UHVSRQVH� RI�
WUDQVPLVVLRQ� WRZHU�� DQG� ���� SUHGLFWLRQ� RI� WKH� PD[LPXP�
GLVSODFHPHQW��ZKLFK�LQGLFDWHV�WKH�H[WUHPH�VWDWH�RI�WKH�WRZHU�
XQGHU�ZLQG�LQGXFHPHQW��

7KH�VHOHFWHG�/670�QHWZRUNV�DUH� WKUHH� OD\HUV�ZLWK�����
KLGGHQ� XQLWV�� WKH� RSWLPL]HG� DUFKLWHFWXUH� LQ� WKH� SUHYLRXV�
VHFWLRQ��7R�REWDLQ�D�SURPLVLQJ�SHUIRUPDQFH��WKH�GDWD�SRLQWV�
XVHG� WR� WUDLQ� WKH� QHWZRUN� DUH� ���� VDPSOHV�ZLWK� �� VHFRQGV�
ZLQG�WLPH�KLVWRU\�DQG����+]�VDPSOLQJ�IUHTXHQF\��LQ�ZKLFK�
���� VDPSOHV� DUH� WUDLQLQJ� GDWDVHWV�� DQG� ��� VDPSOHV� DUH�
YDOLGDWLRQ� VDPSOHV�� $QRWKHU� ���� VDPSOHV� DUH� FRQVWDQWO\�
GHVLJQHG�WR�DV� WHVWLQJ�GDWDVHW��7R�SURYH�WKH�UREXVWQHVV�� WKH�

�
�

VHOHFWHG�PHWKRGV�DUH�WHVWHG�RQ�D�ORZ�ZLQG�VSHHG�RI����P�V��
DQG�DQ�H[WHQVLYH�ZLQG�VSHHG�RI����P�V��

�
5�2�1�Prediction�of�complete�dynamic�response�

time�series 
$IWHU� WUDLQLQJ� WKH� VXUURJDWH�PRGHO�EDVHG�RQ� WKH�/670�

DQG� WKH� &11�� WZR� QHWZRUNV� DUH� JHQHUDWHG� DQG� YDOLGDWHG�
ZLWK�WKH�WHVWLQJ�GDWDVHW��6L[�VDPSOHV�IRU����P�V�DQG����P�V�
DUH� UDQGRPO\� VHOHFWHG� DQG� VKRZQ� LQ� )LJ�� ���� ZKLFK�
GHPRQVWUDWHV�WKH�VXSHULRULW\�RI�/670��$OWKRXJK�&11�FDQ�
FDSWXUH� WKH� URXJK� WUHQG� RI� WKH� G\QDPLF� UHVSRQVH�� WKH�
SUHGLFWLRQV�RI�&11�DUH�PXFK�IDU�DZD\�IURP�WKH�WDUJHWV�RQ�
ERWK� ��� P�V� DQG� ��� P�V�� &RQYHUVHO\�� WKH� /670� FDQ� QRW�
RQO\�FDSWXUH�WKH�WUHQG�RI�G\QDPLF�UHVSRQVH�EXW�DOVR�SUHGLFW�
PRUH�DFFXUDWH�YDOXHV�WKDQ�WKDW�SUHGLFWHG�E\�&11��

7KH� 506(V� RI� WUDLQLQJ�� YDOLGDWLRQ�� WHVWLQJ� GDWDVHWV�
SUHGLFWHG�E\�/670�DQG�&11�DUH�VKRZQ�LQ�)LJ������ZKLFK�
GHPRQVWUDWHV� IRU� ERWK� ��� P�V� RU� ��� P�V�� WKH� 506(V� RI�
/670� DUH� HQWLUHO\� ORZHU� WKDQ� &11�� 7KLV� SKHQRPHQRQ�
LQGLFDWHV� WKH� VXSHULRULW\� RI� /670� IRU� SUHGLFWLQJ� WKH�
G\QDPLF�UHVSRQVH��(YHQ�WKRXJK�WKH�SUHYLRXV�VWXGLHV��6XQ�et�
al�� ������ ;XH� et� al�� ������ DQG�:X� DQG� -DKDQVKDKL� ������
KDYH�GHPRQVWUDWHG�WKH�FDSDELOLW\�RI�WKH�&11�WR�SUHGLFW�WKH�
G\QDPLF� UHVSRQVH�� WKH� GDWD� SRLQWV� �WLPH� OHQJWK� ൈ� ZLQG�
IUHTXHQF\��RI� HDFK� VDPSOH�XVHG� LQ� WKRVH� VWXGLHV� DUH�PXFK�
ORQJHU�WKDQ�����7KXV��ZKHQ�WKH�GDWD�VFDOH�LV�OLPLWHG�IRU�WKH�
IXUWKHU�QRQOLQHDU�VWUXFWXUH�DQDO\VLV��&11�LV�QRW�DV�VXLWDEOH�
DV�/670�WR�SUHGLFW�LWV�G\QDPLF�UHVSRQVH��

�
5�2�2�Extreme�value�prediction�performance�of�

linear�single�transmission�tower 
$QRWKHU�GLVFXVVLRQ�LV�DERXW�WKH�PD[LPXP�GLVSODFHPHQW�

LQ� WKH� G\QDPLF� UHVSRQVH� RI� HDFK� VDPSOH� DV� WKH�PD[LPXP�
�
�

�
�D��([WUHPH�YDOXH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

�

�
�E��([WUHPH�YDOXH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

)LJ�����(UURU�FRPSDULVRQ�RI�PD[LPXP�UHVSRQVH��/LQHDU�V\VWHP��
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UHVSRQVH� LV� WKH� LQGLFDWLRQ� RI� WKH� H[WUHPH� VWDWH� RI�
WUDQVPLVVLRQ� WRZHU� XQGHU� WKH� LQGXFHPHQW� RI� VWURQJ� ZLQG��
7KH� PD[LPXP� GLVSODFHPHQW� OHDGV� WR� WKH� VHYHUH� VWDWH�
GLUHFWO\�ZLWK�D�OHVV�FRPSXWDWLRQDO�FRVW��

7KH� HUURU� EHWZHHQ� WKH� WDUJHW� DQG� WKH� SUHGLFWHG�
PD[LPXP�UHVSRQVH�IRU�HDFK�VDPSOH�LQ�WKH�WHVWLQJ�GDWDVHW�LV�
SORWWHG�LQ�)LJ������LQFOXGLQJ�WKH�FDVHV�RI����P�V�DQG����P�V��
$V�VKRZQ��WKH�HUURUV�RI�/670�SUHGLFWLRQ�DUH�OHVV�WKDQ������
P� IRU� ��� P�V� DQG� OHVV� WKDQ� ����� P� IRU� ��� P�V�� 7KLV�
SURPLVLQJ� UHVXOW� SURYHV� WKH� FDSDELOLW\�RI�/670� WR� SUHGLFW�
WKH�PD[LPXP�UHVSRQVH�RI�WUDQVPLVVLRQ�WRZHU��6LPLODU�WR�WKH�
SUHGLFWLRQ� RI� WKH� FRPSOHWH� VHTXHQFH�� WKH� HUURUV� RI� WKH�
/670� SUHGLFWLRQ� DUH� DOZD\V� VPDOOHU� WKDQ� WKDW� RI� &11��
:KDW¶V�PRUH�� WKH� HUURU� GLIIHUHQFH� EHWZHHQ� WKH� /670� DQG�
&11� DUH� PRUH� VLJQLILFDQW� WKDQ� WKH� FRPSOHWH� VHTXHQFH�
SUHGLFWLRQ� �)LJ�� ����� ZKLFK� UHSUHVHQWV� WKDW� WKH� /670� LV�
PRUH� VXLWDEOH� LQ� SUHGLFWLQJ� WKH� PD[LPXP� UHVSRQVH� WKDQ�
&11��

�
5�3�Dynamic�response�prediction�performance�of�

transmission�tower�line�system 
�nonlinear�system� 

�
7R�H[SDQG�WKH�DSSOLFDWLRQ�RI�/670�SUHGLFWLRQ�IURP�WKH�

OLQHDU�VWUXFWXUDO�V\VWHP�WR�WKH�QRQOLQHDU�V\VWHP��D�VHW�RI�WKH�
WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP� DUH� VLPXODWHG� IRU� WKH�
GDWDVHW�� 'LIIHUHQW� /670� DUFKLWHFWXUHV� DUH� FRQVWUXFWHG� WR�
WHVW� LI� WKH� DUFKLWHFWXUH� GHYHORSHG� E\� WKH� OLQHDU� VWUXFWXUDO�
V\VWHP� ZRUNV� IRU� WKH� QRQOLQHDU� V\VWHP�� $IWHU� WKDW�� WKH�
/670�DSSOLFDWLRQ� LQ� SUHGLFWLQJ� WKH�G\QDPLF� UHVSRQVH� DQG�
WKH�H[WUHPH�YDOXH�RI�WKH�WUDQVPLVVLRQ�WRZHU�OLQH�V\VWHP�DQG�
WKH� FRPSDULVRQ� EHWZHHQ� WKH� /670� DQG� WKH� &11� LV�
SUHVHQWHG�� 7KHUH� DUH� D� WRWDOO\� ���� VDPSOHV�� LQ� ZKLFK� ����
VDPSOHV� DUH� WKH� WUDLQLQJ� GDWDVHW�� ��� VDPSOHV� DUH� WKH�
YDOLGDWLRQ�GDWDVHW��DQG�����VDPSOHV�DUH� WKH� WHVWLQJ�GDWDVHW��
(DFK� VDPSOH� KDV� ��� GDWD� SRLQWV� ZLWK� D� WLPH� OHQJWK� RI� ��
VHFRQGV�DQG�D�IUHTXHQF\�RI����+]��

�
5�3�1�Optimal�LSTM�architecture�validation 
$V� GLVFXVVHG� LQ� 6HFWLRQ� ��� ERWK� WKH� QXPEHU� RI� WKH�

/670�OD\HUV�DQG�KLGGHQ�XQLWV�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�
WKH�G\QDPLF� UHVSRQVH�SUHGLFWLRQ�RI� WKH�VLQJOH� WUDQVPLVVLRQ�
WRZHU� GXULQJ� WKH� G\QDPLF� ZLQG�� 7R� H[WHQG� WKLV� OLQHDU�
VWUXFWXUH�WR�D�QRQOLQHDU�VWUXFWXUDO�V\VWHP��LW�LV�UHDVRQDEOH�WR�
WHVW� WKH� GHYHORSHG� /670� DUFKLWHFWXUH� RQ� WKH� QRQOLQHDU�

�
�

)LJ�����506(V�FRPSDULVRQ�RI�G\QDPLF�UHVSRQVH�SUHGLFWHG�
E\�/670�DQG�&11��1RQOLQHDU�V\VWHP�

�
�

VWUXFWXUH��7KHUHIRUH��QLQH�GLIIHUHQW�/670�DUFKLWHFWXUHV�ZLWK�
�������� OD\HUV��DQG�������������KLGGHQ�XQLWV�DUH�GHYHORSHG��
%HVLGHV��WKH�ZLQG�VSHHG�XVHG�LQ�WKLV�VHFWLRQ�LV����P�V��

7KH� WUDLQLQJ�� YDOLGDWLRQ� DQG� WHVWLQJ� 506(� DQG� WKH�
WUDLQLQJ� DQG� WHVWLQJ� WLPH� IRU� WKH� QRQOLQHDU� VWUXFWXUH��
WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP�� DUH� UHFRUGHG� DQG�
VXPPDUL]HG�DV�7DEOH����,W�VKRZV�WKDW�WKH�LPSDFW�RI�GLIIHUHQW�
DUFKLWHFWXUHV� RQ� /670� SUHGLFWLRQ� DJUHHV� ZLWK� WKH�
GLVFXVVLRQ�LQ�6HFWLRQ����7KH�RYHUDOO�506(V�DUH�RQ�WKH�VDPH�
VFDOH�DV�WKH�UHVXOWV�RI�OLQHDU�VWUXFWXUH��)LJ�������DQG�WKH�EHVW�
SHUIRUPDQFH� DOVR� KDSSHQV� LQ� WKH� FDVH� RI� �� /670� OD\HUV�
ZLWK� ����XQLWV��+HUHLQ�� WKLV� UHVHDUFK� FKRRVHV� �� OD\HUV� DQG�
���� XQLWV� DV� WKH� DUFKLWHFWXUH� IRU� WKH� /670� DSSOLFDWLRQ� WR�
QRQOLQHDU�VWUXFWXUH��

�
5�3�2�Dynamic�response�prediction�performance�of�

nonlinear�transmission�tower�line�system 
7KH� 506(V� RI� WKH� WUDLQLQJ�� YDOLGDWLRQ�� DQG� WHVWLQJ�

GDWDVHWV�SUHGLFWHG�E\�WKH�/670�DQG�&11�DUH�VXPPDUL]HG�
LQ� )LJ�� ���� LQYROYLQJ� ��� P�V� DQG� ��� P�V�� ,W� FOHDUO\�
GHPRQVWUDWHV� WKDW� WKH�/670�KDV� ORZHU�506(V� WKDQ�&11�
RQ� ERWK� ���P�V� DQG� ���P�V��7KH� G\QDPLF� UHVSRQVH� RI� WKH�
WDUJHW�� WKH� /670�� DQG� &11� SUHGLFWLRQ� DUH� VKRZQ� LQ� )LJ��
���� ,W¶V� DOVR� IRXQG� WKDW� WKH� /670� SUHGLFWLRQ� FDQ� DFKLHYH�
SURPLVLQJ� 506(V� IRU� ERWK� ��� P�V� DQG� ��� P�V�� 7KH�
G\QDPLF�UHVSRQVHV�SUHGLFWHG�E\�WKH�/670�DUH�FORVH�WR�WKH�
WDUJHW� DQG� FDQ� VXFFHVVIXOO\� FDSWXUH� WKH� WUHQGV�� ,Q� DGGLWLRQ��
WKH� UHVXOWV� VKRZ� WKDW� WKH� SUHGLFWHG� UHVSRQVHV�� IRU� ERWK�
/670� DQG� &11� EDVHG� VXUURJDWH� PRGHOV�� DUH� PXFK�
VPRRWKHU�WKDQ�WKH�WDUJHW�UHVSRQVHV�DV�WKH�OHQJWK�RI�UHVSRQVH�

7DEOH���506(�DQG�WLPH�FRPSDULVRQ�EHWZHHQ�GLIIHUHQW�/670�DUFKLWHFWXUHV�
� 506(B7UDLQLQJ� 506(B9DOLGDWLRQ 506(B7HVWLQJ 7UDLQLQJ�WLPH��V�� 7HVW�WLPH��V�

/670B�/��8� ������ ������ ������ ������ �����
/670B�/����8� ������ ������ ������ ������ �����
/670B�/����8� ������ ������ ������ ������ �����
/670B�/��8� ������ ������ ������ ������ �����
/670B�/����8� ������ ������ ������ ������ �����
/670B�/����8� ������ ������ ������ ������� �����
/670B�/��8� ������ ������ ������ ������ �����
/670B�/����8� ������ ������ ������ ������� �����
/670B�/����8� ������ ������ ������ ������� �����

�
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LV�RQO\�ILYH�VHFRQGV�ZLWK�ILIW\�GDWD�SRLQWV��ZKLFK�DUH�OLPLWHG�
LQ� WKH�SUHGLFWLRQ� IRU� WKH�QRQOLQHDU� VWUXFWXUH��&XUUHQWO\�� WKH�
SURSRVHG� V\VWHP� FDQ� FDSWXUH� WKH� RXWOLQHV� RI� WKH� G\QDPLF�
UHVSRQVHV�� 0HDQZKLOH�� WKH� SUHGLFWLRQ� UHVXOWV� IRU� ��P�V�
DSSHDU�ODUJHU�GHYLDWLRQV�GXH�WR�WKH�VPDOO�DPSOLWXGHV�RI�WKH�
G\QDPLF�UHVSRQVHV�IRU����P�V��1HYHUWKHOHVV��ZH�FDQ�GUDZ�D�
FRQFOXVLRQ� WKDW� WKH� /670� LV� FDSDEOH� RI� SUHGLFWLQJ� WKH�
G\QDPLF� UHVSRQVH� RI� WKH� QRQOLQHDU� VWUXFWXUH� XQGHU� ERWK�
VPDOO� DQG� VWURQJ� ZLQG� LQGXFHPHQWV�� ,Q� VXPPDU\�� WKH�
VXUURJDWH�PRGHO�GHYHORSHG�E\�&11�LV�QRW�DV�VXLWDEOH�DV�WKH�
/670� WR� SUHGLFW� WKH� G\QDPLF� UHVSRQVH� RI� WKH� QRQOLQHDU�
VWUXFWXUH��

�
5�3�3�Extreme�value�prediction�of�nonlinear�

transmission�tower�line�system�wind�
response 

7R�HYDOXDWH�WKH�/670�SHUIRUPDQFH�RQ�WKH�H[WUHPH�VWDWH�
RI� WKH� QRQOLQHDU� V\VWHP�� WKH�PD[LPXP� GLVSODFHPHQW� IURP�
WKH� G\QDPLF� UHVSRQVH� RI� HDFK� VDPSOH� LV� H[WUDFWHG� DQG�
SUHGLFWHG�� 6LPLODUO\�� D� FRPSDULVRQ� DQDO\VLV� ZLWK� &11� LV�
LPSOHPHQWHG� DV� ZHOO�� 7KH� GLIIHUHQFHV� EHWZHHQ� WKH� WUXH�
YDOXH� DQG� WKH� SUHGLFWHG� YDOXH� IRU� HDFK� VDPSOH� IURP� WKH�
WHVWLQJ�GDWDVHW�����P�V�DQG����P�V��DUH�HQXPHUDWHG� LQ�)LJ��
����ZKLFK� VKRZV� WKDW� WKH�/670�KDV� ORZHU� HUURUV� LQ�PRVW�
VDPSOHV�WKDQ�WKH�&11��,W�LV�FRQVLVWHQW�ZLWK�WKH�506(V�RI� �

�
�

WKH�FRPSOHWH�VHTXHQFH�SUHGLFWHG�E\�WKH�/670��)LJ������DQG�
SURYLGHV� DQRWKHU� HYLGHQFH� WKDW� WKH�/670� LV�PRUH� FDSDEOH�
RI� SUHGLFWLQJ� WKH�PD[LPXP� GLVSODFHPHQW� RI� WKH� QRQOLQHDU�
V\VWHP�WKDQ�&11��

�
�

���&RQFOXVLRQV�
�
7KH� G\QDPLF� UHVSRQVH� LQGXFHG� E\� D� VHYHUH�ZLQGVWRUP�

PD\� UHVXOW� LQ� VWUXFWXUDO� IDLOXUH� DQG� FDXVH� RWKHU� GLVDVWHUV�
�L�H��� SRZHU� RXWDJH� DIWHU� WKH� KXUULFDQH��� 7KXV�� DQ� HIILFLHQW�
DQG� DFFXUDWH� PRGHO� IRU� G\QDPLF� UHVSRQVH� SUHGLFWLRQ� LV�
XUJHQW� IRU� LQIUDVWUXFWXUH� VDIHW\�� 7KLV� UHVHDUFK� SURSRVHV� DQ�
DGYDQFHG� PHWKRG� WKDW� DGRSWV� ORQJ� VKRUW�WHUP� PHPRU\�
�/670�� WR� SUHGLFW� WKH� VWUXFWXUH� G\QDPLF� UHVSRQVH� DQG�
DSSO\� LW� LQ� WKH� WUDQVPLVVLRQ� WRZHU�OLQH� V\VWHP�� )LUVWO\�� WKH�
QXPHULFDO�PRGHOV� RI� WUDQVPLVVLRQ� WRZHU�WRZHU�OLQH� V\VWHP�
ZHUH�GHVLJQHG� DQG� VLPXODWHG� E\�/6�'<1$��%DVHG�RQ� WKH�
GHWDLOHG�GLVFXVVLRQ�RI�WKH�/670�VWUXFWXUH��WKH�RSWLPL]DWLRQ�
RI�/670�DUFKLWHFWXUH�ZDV�LPSOHPHQWHG�IURP�WKH�DVSHFWV�RI�
/670� OD\HUV� DQG� KLGGHQ� XQLWV��0HDQZKLOH�� WKH� LPSDFW� RI�
GLIIHUHQW� VFDOHV� RI� WUDLQLQJ� GDWDVHW� RQ� SUHGLFWLRQ�
SHUIRUPDQFH�ZDV�DQDO\]HG�DV�ZHOO��$IWHU�WKDW��WKLV�UHVHDUFK�
DSSOLHG� WKH� RSWLPL]HG� /670� LQ� WKH� OLQHDU� V\VWHP�
�WUDQVPLVVLRQ�WRZHU��DQG�WKH�QRQOLQHDU�V\VWHP��WUDQVPLVVLRQ�

�
�D��'\QDPLF�UHVSRQVH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

�

�
�E��'\QDPLF�UHVSRQVH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

)LJ�����'\QDPLF�UHVSRQVHV�RI�/670�DQG�&11��1RQOLQHDU�V\VWHP��
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WRZHU�OLQH��ZLWK�WKH�RSWLPL]HG�WUDLQLQJ�GDWDVHW�WR�SUHGLFW�WKH�
FRPSOHWH�VHTXHQFH�RI�G\QDPLF�UHVSRQVH�DQG�WKH�PD[LPXP�
UHVSRQVH�� 7KH� FRQYROXWLRQDO� QHXUDO� QHWZRUN� �&11�� ZDV�
VHOHFWHG�DV�WKH�FRPSDUHG�PHWKRG��$FFRUGLQJ�WR�WKH�SUHYLRXV�
GLVFXVVLRQ��ILYH�OHVVRQV�KDYH�EHHQ�OHDUQHG�DQG�VXPPDUL]HG�
DV�IROORZV��

�
Ɣ� 7KH� DUFKLWHFWXUHV� RI� /670� KDYH� D� VLJQLILFDQW�

LQIOXHQFH� RQ� WKH� SUHGLFWLRQ� SHUIRUPDQFH�� 7KH�
DUFKLWHFWXUH� ZLWK� �� /670� OD\HUV� DQG� ���� KLGGHQ�
XQLWV� FDQ� DFKLHYH� WKH� EHVW� SUHGLFWLRQ� UHVXOWV� LQ� WKH�
VHOHFWHG�FDVHV�RI�WKLV�UHVHDUFK��

Ɣ� 7KHUH�LV�D�WUDGH�RII�EHWZHHQ�WKH�SUHGLFWLRQ�DFFXUDF\�
DQG� WKH� FRPSXWDWLRQDO� FRVW� ZKHQ� VHOHFWLQJ� WKH�
WUDLQLQJ�GDWDVHW��7KH�ODUJHU�WUDLQLQJ�GDWDVHW�FDQ�KDYH�
EHWWHU�SUHGLFWLRQ�DFFXUDF\�ZLWK�ORQJHU�FRPSXWDWLRQDO�
FRVW��DQG�YLFH�YHUVD��$FFRUGLQJ�WR�WKH�GLVFXVVLRQ��WKH�
WUDLQLQJ�GDWDVHW�ZLWK� ���� VDPSOHV� LV� DQ� HTXLOLEULXP�
WKDW�FDQ�KDYH�DQ�DFFHSWDEOH�SUHGLFWLRQ�506(V�ZLWK�
ORZ�FRPSXWDWLRQDO�WLPH��

Ɣ� 7KH� /670� FDQ� EH� DSSOLHG� WR� SUHGLFW� WKH� FRPSOHWH�
VHTXHQFH� RI� WKH� G\QDPLF� UHVSRQVH� IRU� ERWK� OLQHDU�
V\VWHP�DQG�QRQOLQHDU�V\VWHP��7KH�/670�FDQ�FDSWXUH�
QRW� RQO\� WKH� G\QDPLF� WUHQG� EXW� DOVR� REWDLQ� ORZ�
506(��ZKLFK�GHPRQVWUDWHV�WKH�/670�FDSDELOLW\�RI�
G\QDPLF�UHVSRQVH�SUHGLFWLRQ��

Ɣ� 7KH� PD[LPXP� UHVSRQVH� IURP� HDFK� VDPSOH� RI� ERWK�
OLQHDU�V\VWHP�DQG�QRQOLQHDU�V\VWHP�FDQ�EH�DFFXUDWHO\�
SUHGLFWHG�E\� WKH�/670�ZLWK� ORZ�506(��6LQFH� WKH�
PD[LPXP� UHVSRQVH� QRUPDOO\� LV� WKH� FULWHULRQ� RI�
VWUXFWXUDO� IDLOXUH� XQGHU� WKH� LQGXFHPHQW� RI� VHYHUH�

�
�
ZLQGVWRUP��LW�UHSUHVHQWV�WKDW�WKH�/670�LV�FDSDEOH�RI�
SUHGLFWLQJ� WKH� H[WUHPH� VWDWH� RI� WKH� OLQHDU� DQG�
QRQOLQHDU�V\VWHP��

Ɣ� &RPSDUHG� ZLWK� WKH� &11�� WKH� /670� KDV�
FRPSUHKHQVLYH� VXSHULRULW\� LQ� SUHGLFWLQJ� WKH�
FRPSOHWH� VHTXHQFH� RI� G\QDPLF� UHVSRQVH� DQG� WKH�
PD[LPXP� UHVSRQVH� IRU� ERWK� OLQHDU� V\VWHP� DQG�
QRQOLQHDU�V\VWHP�ZLWK�OLPLWHG�GDWD�VFDOH��

�
,Q� FRQFOXVLRQ�� WKLV� UHVHDUFK� GHYHORSV� D� /670�EDVHG�

VXUURJDWH� PRGHO� WKDW� FDQ� DFFXUDWHO\� SUHGLFW� WKH� ZLQG�
LQGXFHG�G\QDPLF� UHVSRQVH� DQG� WKH�PD[LPXP� UHVSRQVH� IRU�
ERWK� WKH� OLQHDU� V\VWHP� DQG� WKH� QRQOLQHDU� V\VWHP�� 7KLV�
PHWKRG� FDQ� EH� IXUWKHU� DSSOLHG� LQ� RWKHU� LQIUDVWUXFWXUHV� WR�
SUHGLFW� WKH�ZLQG�LQGXFHG� G\QDPLF� UHVSRQVH�� ,Q� WKH� IXWXUH��
WKH�DXWKRUV�ZLOO� DSSO\� WKLV� VXUURJDWH�PRGHO� LQ� WKH� UHJLRQDO�
VWUXFWXUDO�UHVSRQVH�GXULQJ�WKH�ZLQG�ORDGV�ZLWK�UHDOLVWLF�ZLQG�
SURILOHV�DQG�SURSHU�VDPSOLQJ�PHWKRGV��

�
�

$FNQRZOHGJPHQWV�
�
7KH�UHVHDUFK�ZRUN�GHVFULEHG�LQ�WKLV�SDSHU�ZDV�VXSSRUWHG�

E\� 1DWLRQDO� 6FLHQFH� )RXQGDWLRQ� XQGHU� DZDUG� QXPEHU�
��������DQG�QXPEHU����������

�
�

5HIHUHQFHV�
�
$6&(� ����� �������� 0LQLPXP� 'HVLJQ� /RDGV� IRU� %XLOGLQJV� DQG�
2WKHU�6WUXFWXUHV��$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV��5HVWRQ��
9$��86$��

�
�D��([WUHPH�YDOXH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

�

�
�E��([WUHPH�YDOXH�SUHGLFWLRQ�ZKHQ�ZLQG�VSHHG�LV����P�V

)LJ�����(UURU�FRPSDULVRQ�RI�PD[LPXP�UHVSRQVH��1RQOLQHDU�V\VWHP��
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