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%HIRUH� PDQLSXODWRUV� FDQ� EH� XVHG� LQ� DVVHPEO\� DQG�FRQVWUXFWLRQ�LW�LV�QHFHVVDU\�WR�VROYH�FHUWDLQ�SUREOHPV�LQYROYLQJ� WKH�ZRUNLQJ� FRQGLWLRQV� DQG� WKH� GLVWLQFWLYH�IHDWXUHV�RI�WKLV�W\SH�RI�PDFKLQHV��:LWK�UHJDUGV�WR�WKH�VSHFLILFLW\�RI�FRQVWUXFWLRQ MREV��WKH�PDQLSXODWRUV�FDQ�EH� GLYLGHG� LQWR� WKH� IROORZLQJ� JURXSV�� HDUWKPRYLQJ��DVVHPEO\�� EXLOGLQJ� HUHFWLRQ� DQG� FRQVWUXFWLRQ�PDQLSXODWRUV��%HFDXVH�RI�WKH�DSSOLHG�FRQWURO�V\VWHPV�PRGHUQ� PDQLSXODWRUV� FDQ� EH� URXJKO\� GLYLGHG� LQWR�WKRVH� ZLWK� IRUFH� IHHGEDFN�� WKRVH� ZLWK� GLUHFW� FRQWURO�DQG�WKRVH�ZLWK�UHPRWH�FRQWURO�DQG�YLVXDO�REVHUYDWLRQ�RI� WKH�ZRUNLQJ� ILHOG�RU�ZLWK�SURYLGHG�YLVLRQ�V\VWHPV�ZLWK�SURJUDPPDEOH�GXW\�F\FOHV��7KDW�JURXS�LQFOXGHV�PDQLSXODWRUV� XVHG� LQ� EXLOGLQJ� LQGXVWU\�� ,Q� WHUPV� RI�NLQHPDWLF�VWUXFWXUH�WKHVH PDQLSXODWRUV�FDQ�EH�WUHDWHG�DV�PHFKDQLVPV�PDGH�RI�VHYHUDO�VWLII�DQG�HODVWLF�OLQNV�FRQQHFWHG� ZLWK� VOLGLQJ� RU� URWDWLQJ� NLQHPDWLF� SDLUV��)URP� WKH� SRLQW� RI� YLHZ� RI� WRSRORJ\�� D� PDQLSXODWRU�JOREDOO\� LV� DQ� RSHQ� NLQHPDWLF� FKDLQ�� ZLWK� ORFDOO\�FORVHG� OLQNV� IURP� WKH VWHHULQJ� DQG� FRQWURO� V\VWHP��3UREOHPV� DULVLQJ� LQ� FRQVWUXFWLRQ� DQG� DVVHPEO\� DUH��GHVLJQ�SUREOHPV�LQYROYLQJ�WKH�VWUHQJWK�DQG�HODVWLFLW\�RI� EHDULQJ� HOHPHQWV� DQG� JULSSLQJ�GHYLFHV�� SURYLGLQJ�SRVLWLRQ� DQG� IRUFH� FRQWURO� ZKLOVW� WKH� ZRUNLQJ� ILHOG�DQG� ORDGLQJ� PD\� QRW� EH� DOZD\V� SUHGHWHUPLQHG� >�@��VHOHFWLRQ� RI� GULYLQJ� V\VWHPV� VXLWDEOH� IRU� ZRUNLQJ�PDVVLYH�� ODUJH� VFDOH� PDQLSXODWRU� FRPSRQHQWV�� DOVR�PRGHOOLQJ� VWUXFWXUDO� FKDLQV�� FKDUDFWHULVWLF� RI� WKH�GULYH� V\VWHPV� DQG� PHDVXULQJ� FLUFXLWV�� 0RELOH�PDQLSXODWRUV� XVHG� LQ� URDG�EXLOGLQJ� DQG�PDLQWHQDQFH�

DV� ZHOO� DV� EULGJH� LQVSHFWLRQ� DQG� UHSDLUV� PDNH� D�VSHFLDO� JURXS�� 7KH\� UHTXLUH� SUHFLVH� FRQWURO� RI�ZRUNLQJ� HTXLSPHQW� SRVLWLRQ� GXULQJ� WKHLU� ULGH�� LQ� WKH�FRQGLWLRQV� RI� FKDVVLV� YLEUDWLRQV� JHQHUDWHG� ZKHQ� WKH�PDFKLQH� PRYHV� RYHU� WKH� URXJK� RU� XQHYHQ� WHUUDLQ��([SHULHQFH� VKRZV� WKDW� WKH� SUHVHQFH� RI� K\GUDXOLF�GULYLQJ� V\VWHPV� LV� WKH� PDMRU� GHWHUPLQDQW� RI� ODUJH�VFDOH� VWDWLRQDU\� DQG�PRELOH�PDQLSXODWRUV¶� IOH[LELOLW\��6XFK�V\VWHPV�DUH�DSSOLHG�WKHUH�WR�SURYLGH�IRU�VPRRWK�WUDQVPLVVLRQ� RI� FRQVLGHUDEOH� IRUFHV�� ,Q� WHUPV� RI�NLQHPDWLFV��DUH�IDFHG�ZLWK�WKH�SUREOHP�RI�SUHFLVH�HQG�SRLQW� SRVLWLRQLQJ� ZLWKLQ� WKH� ZRUNLQJ� ILHOG�� ,Q� WHUPV�RI�G\QDPLFV�� WKH�PDMRU� SUREOHP�LV�FRQWURO�RI�QDWXUDO�YLEUDWLRQV� GXULQJ� WUDQVLHQW� VWDWH� PRWLRQ� EHFDXVH� RI�PDFKLQH¶V� VWDELOLW\� RU� GXULQJ� LWV� ULGH� WR� SURYLGH� WKH�UHTXLUHG�SRVLWLRQ�FRQWURO�SUHFLVLRQ�
���,1)/8(1&(�2)�)/(;,%,/,7<�21�326,7,21,1*�2)�/$5*(�6&$/(�02%,/(�0$1,38/$7256
,Q�PRELOH�PDQLSXODWRUV�XVHG� LQ�EXLOGLQJ�LQGXVWU\� WKH�DFWXDWRU� OLQN� LV� XVXDOO\� LQVWDOOHG� RQ� WKH� ZRUNLQJ�HTXLSPHQW�RI WKH�PDFKLQH��IRU�H[DPSOH�WKH�K\GUDXOLF�VKRYHO�� ,Q� WKH� ZRUNLQJ� HTXLSPHQW� RI� PRELOH�FRQVWUXFWLRQ�PDFKLQHV�WKH�IOH[LELOLW\�RI�OLTXLG�OLQNV�LV�XVXDOO\� PXFK� JUHDWHU� WKDQ� WKDW� RI� VROLG� OLQNV� >�@��+HQFH� ZH� FDQ� DVVXPLQJ� ZLWKRXW� D� ULVN� RI� PDMRU�HUURUV�WKDW�RQO\�OLTXLG�OLQNV��K\GUDXOLF�F\OLQGHUV��ZLOO�EH� IOH[LEOH�� ZKLOH� WKH� RWKHU� OLQNV� ZLOO� QRW� EH�GHIRUPHG�� 7KRXJK� WKH� K\GUDXOLF� GULYH� FDQ� EH�

7+(�,1)/8(1&(�2)�6758&785(�2)�02%,/(�&216758&7,21�0$1,38/$7256�21�7+(,5�.,1(0$7,&�$1'�'<1$0,&�&+$5$&7(5,67,&6
6WDQLVáDZ�0LFKDáRZVNLD��$QGU]HM�6REF]\NE��:LWROG�7U]DVNDF

D &UDFRZ�8QLYHUVLW\�RI�7HFKQRORJ\��32/$1'��SPPLFKDO#F\I�NU�HGX�SO�E &UDFRZ�8QLYHUVLW\�RI�7HFKQRORJ\��32/$1'��VREF]\N#PHFK�SN�HGX�SO�F &UDFRZ�8QLYHUVLW\�RI�7HFKQRORJ\��32/$1'��ZWU]DVND#PHFK�SN�HGX�SO
$EVWUDFW� )RU� WKH�SXUSRVH�RI� VWXGLHV�� D�PRGHO�RI�D�ZKHHOHG��FRQVWUXFWLRQ�PDQLSXODWRU�ZDV�GHYHORSHG� DQG� GXOO\� DQDO\VHG�� ([SHULHQFH� VKRZV� WKDW� WKH� SUHVHQFH� RI� K\GUDXOLF� GULYLQJ�V\VWHPV� LV� WKH� PDMRU� GHWHUPLQDQW� RI� ODUJH�VFDOH� VWDWLRQDU\� DQG� PRELOH� PDQLSXODWRUV
�IOH[LELOLW\��,Q�WHUPV�RI�G\QDPLFV��WKH�PDMRU�SUREOHP�LV�FRQWURO�RI�QDWXUDO�YLEUDWLRQV�GXULQJ�WUDQVLHQW� VWDWH� PRWLRQ� EHFDXVH� RI� PDFKLQH
V� VWDELOLW\� RU� GXULQJ� LWV� ULGH� WR� SURYLGH� WKH�UHTXLUHG� SUHFLVLRQ� RI� SRVLWLRQ� FRQWURO�� 7KH� UHVXOWV� SUHVHQWHG� KHUH� VXJJHVW� WKDW� ZKLOH�PRGHOOLQJ� K\GUDXOLF� GULYH� DQG� VWHHULQJ� V\VWHPV� IRU� VXFK� PDFKLQHV�� LW� LV� QHFHVVDU\� WR�GHYHORS� DQG� DQDO\VH� PRUH� FRPSOH[� PDWKHPDWLFDO� PRGHOV� ZKLFK� ZRXOG� LQFOXGH� DOVR� WKH�HIIHFWV�RI�WKH�LQWHUQDO�VWUXFWXUH�RI�WKH�V\VWHP�RQ�LWV�G\QDPLF�EHKDYLRXU�
.H\ZRUGV��FRQVWUXFWLRQ�PDQLSXODWRUV��IOH[LELOLW\��DFWLYH�GDPSLQJ��SRVLWLRQ�FRQWURO



LPSOHPHQWHG� WKURXJK� YDULRXV�� RIWHQ� YHU\� FRPSOH[��K\GUDXOLF� V\VWHPV�� WKH� VWUXFWXUH� RI� GULYH� VXE�V\VWHP�RI�D�VLQJOH�F\OLQGHU�FDQ�EH�HDVLO\�EURXJKW�GRZQ�WR�WKH�VLPSOLILHG� GLDJUDP� SUHVHQWHG� LQ� )LJ� ��� )RU� VXFK� D�VXE�V\VWHP�� WKH�HTXLYDOHQW�F\OLQGHU�IOH[LELOLW\�FDQ�EH�GHWHUPLQHG� WDNLQJ� LQWR� DFFRXQW� ZRUNLQJ� IOXLG�FRPSUHVVLELOLW\�DQG�GHIRUPDELOLW\�RI�HODVWLF�KRVH��$VVXPLQJ� WKDW�� '� SLVWRQ� GLDPHWHU�� G� SLVWRQ� URG�GLDPHWHU�� /,�� /,, ± OHQJWK� RI� WKH� HODVWLF� KRVH� RQ� WKH�SLVWRQ�HQG�DQG�SLVWRQ�URG�HQG��E � FRHIILFLHQW�RI�IOXLG�LVRWKHUPDO�FRPSUHVVLELOLW\��9,PLQ � PLQLPDO�YROXPH�RI�

OLTXLG� RQ� WKH�SLVWRQ� HQG�ZKLOH� WKH�F\OLQGHU� LV� FORVHG��IURP� WKH� GLVWULEXWRU� WR� WKH� SLVWRQ���9,,PLQ � PLQLPDO�YROXPH� RI� OLTXLG� RQ� WKH� SLVWRQ� URG� HQG� ZKLOH� WKH�F\OLQGHU� LV� RSHQ� �IURP� WKH�GLVWULEXWRU� WR� WKH�SLVWRQ���GS� LQWHUQDO�GLDPHWHU�RI� WKH�HODVWLF�KRVH��EZ� DYHUDJH�KRVH�H[WHQVLELOLW\�FRHIILFLHQW���[� SLVWRQ�GLVSODFHPHQW�PHDVXUHG�IURP�WKH�F\OLQGHU�ERWWRP�WR�WKH�SLVWRQ�IURQW��[ � ���V��� V � F\OLQGHU� VWURNH�� WKHQ� WKH� F\OLQGHU�IOH[LELOLW\� XQGHU� FRPSUHVVLQJ� ORDGV� FDQ� EH� REWDLQHG�IURP�WKH�IRUPXOD�
��
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7KH� FRPSXWDWLRQ�PRGHO� IRU� D� ��'2)�PDQLSXODWRU� LV�SUHVHQWHG�LQ�)LJ����)RU�VPDOO�GLVSODFHPHQWV�WKH�PRWLRQ�RI�VXFK�D�V\VWHP�FDQ�EH�GHVFULEHG�ZLWK�D�OLQHDU�GLIIHUHQWLDO�HTXDWLRQ�LQ�WKH�IRU�RI�D�PDWUL[�

)T&T'T0  ����� GWGGWG �� ���
ZKHUH��0�± LQHUWLD�PDWUL[��' ± GDPSLQJ�PDWUL[��& ±ULJLGLW\�PDWUL[��T ± YHFWRU�RI�JHQHUDOLVHG�FRRUGLQDWHV�T >[6��� \6��� D��� D��� D��� D�@7�� ) ± YHFWRU� RI� WKH�JHQHUDOLVHG�IRUFHV�

+DYLQJ�IRXQG�WKH�YHFWRU�RI�FRRUGLQDWHV�T IURP�����IRU�WKH� JLYHQ� LQLWLDO� FRQGLWLRQV� DQG� WKH� JHQHUDOLVHG�IRUFHV�� ZH� FDQ� QRZ� GHILQH� WKH� SRVLWLRQ� RI� WKH�PDQLSXODWRU�ZULVW� RQ� WKH�EDVLV�RI� FRRUGLQDWHV�RI� DQ\�FKDUDFWHULVWLF� SRLQW� :� �[:�� \:�� DQG� WKH� ZULVW�RULHQWDWLRQ�DQJOH�D��'\QDPLF�HUURUV�DUH�GHILQHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�YDOXHV�REWDLQHG�ZKHQ�WKH�V\VWHP�LV�DVVXPHG�WR�EH�LQIOH[LEOH����DQG�WKRVH�REWDLQHG�IRU�IOH[LEOH�V\VWHPV�LQ�G\QDPLF�FRQGLWLRQV��G��
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ZKHUH��.3 ± IOH[LELOLW\�PDWUL[�UHODWHG�WR�WKH�YHFWRU�RI�ZULVW� ORDGLQJ� GXH� WR� PDQLSXODWRU� RSHUDWLRQ�� .* ±IOH[LELOLW\� PDWUL[� UHODWHG� WR� IRUFHV� RI� JUDYLW\�� *L ±IRUFH�RI�JUDYLW\�IRU�WKH�HOHPHQW�L �����$V� PDQLSXODWRU� GLVSODFHPHQW� LV� WR� EH� GHWHUPLQHG�IURP� WKH�VWDWLF�EDODQFH�SRVLWLRQ�RI�D�IOH[LEOH�V\VWHP��WKH�VHFRQG�FRPSRQHQW� LQ�(T����H[SUHVVLQJ�ZHLJKW�RI�V\VWHP� HOHPHQWV� VKRXOG� EH� RPLWWHG�� %HVLGHV�� WKH�UHIHUHQFH�OHYHO�LQ�(T�����VKRXOG�EH�UHODWHG�QRW�WR�WKH�LQIOH[LEOH�V\VWHP�SRVLWLRQ��EXW�IURP�WKH�VWDWLF�EDODQFH�SRVLWLRQ�RI�D�IOH[LEOH�V\VWHPV�
�����1XPHULFDO�H[DPSOH
7KH� DQDO\VLV� ZDV� SHUIRUPHG� IRU� D� PDQLSXODWRU�LQVWDOOHG� RQ� D� ZKHHOHG� K\GUDXOLF� VKRYHO� ZLWK� WKH�EXFNHW� FDSDFLW\� ���� >P�@�� 6KRYHO� VWUXFWXUH�FRUUHVSRQGV�WR�WKH�PRGHO�SUHVHQWHG�LQ�)LJ����&\OLQGHU�IOH[LELOLW\� � ZDV� GHWHUPLQHG� IRU� WHQVLOH� DQG�FRPSUHVVLQJ� ORDGV� � ZKLOH� D� W\SLFDO� K\GUDXOLF� RLOKDYLQJ� WKH� LVRWKHUPDO� FRHIILFLHQW� RI� IOXLG�FRPSUHVVLELOLW\�E ���������� >��3D@� >�@�RU�ZDWHU�ZLWK�E � ���������� >��3D@� >�@�� DUH� XVHG� DV� ZRUNLQJ� IOXLG��WKH� SUHVVXUH� UDQJH� ���� >03D@�� 7KH� DYHUDJH� KRVH�H[WHQVLELOLW\� FRHIILFLHQW� LV� WDNHQ� WR� EH� EZ � ��������>��3D@�>�@�$� GLDJUDP� RI� ERRP� F\OLQGHU� IOH[LELOLW\� � �N��� LQ� WKH�FRQGLWLRQ�RI� �SLVWRQ�HQG�DQG�SLVWRQ� URG� HQG�ORDGLQJ�IRU�K\GUDXOLF�RLO�DQG�ZDWHU�LV�SUHVHQWHG�LQ�)LJ���

6HYHUDO� PRGHOV� RI� WKH� DQDO\VHG� V\VWHP� ZHUH�GHYHORSHG� IRU� FRPSXWHU� VLPXODWLRQ�� XVLQJ� WKH�FRPSXWHU� SURJUDPPH� :RUNLQJ� 0RGHO� �'�� 7KHVH�PRGHOV�KHOS� WR� VLPXODWH� WKH�RSHUDWLRQV�RI� D�ZKHHOHG�FRQVWUXFWLRQ�PDQLSXODWRU�x GXULQJ� WKH� ULGH�� KHQFH� WKH\� KDYH� WR� SURYLGH�NLQHPDWLF� H[FLWDWLRQV� UHVXOWLQJ� IURP� URXJK�WHUUDLQ�x ZKHQ� PDFKLQH� LV� DW� WKH� VWDQGVWLOO� RQ� IOH[LEOH�VXSSRUWV�RU�RQ�ZKHHOV�

7KH�F\OLQGHU�PRGHO�VKRZQ�LQ�)LJ���ZDV�GHYHORSHG�WR�WDNH�LQWR�DFFRXQW�WKH�YDULDEOH�IOH[LELOLW\�RI�LQGLYLGXDO�DFWXDWRUV�� ,Q� WKLV� FDVH� WKH� DFWXDWRU� �� DFWV� DV� D� GULYH�F\OLQGHU� ZKLOH� DFWXDWRU� �� PD\� EH� XVHG� WR� LQWURGXFH�IULFWLRQ� IRUFHV��7KH�VHSDUDWRU� DQG� WKH� URSH�DOORZ� IRU�OLPLWDWLRQ� RI� WKH� PD[LPDO� DQG� PLQLPDO� F\OLQGHU�OHQJWK� DQG� SURYLGH� IRU� DQ� DEUXSW� FKDQJH�RI� F\OLQGHU�IOH[LELOLW\� LQ� LWV� H[WUHPH� SRVLWLRQV�� $FWXDOO\�� WKH�F\OLQGHU� OHQJWK� LV� HTXDO� WR� WKH� GLVWDQFH� EHWZHHQ� WKH�MRLQWV� $� DQG� %�� 7KLV� OHQJWK� LPSDFWV� RQ� WKH� VSULQJ�VWLIIQHVV�

$�FDVH�RI�PDQLSXODWRU�RSHUDWLRQ�LV�SUHVHQWHG�LQ�)LJ�����,W�FRUUHVSRQGV�WR�WKH�VLWXDWLRQ�ZKHQ�D�ORDG�IDOOV�IURP�WKH� PDQLSXODWRU� ZULVW�� � 7KH� HTXLYDOHQW� IOH[LELOLW\� RI�WLUHV� LV� WDNHQ� WR� EH� N� N� N� ����� ���� >P�1@��&DOFXODWLRQV� XVH� PDVV� GLVWULEXWLRQV�� PDVVHV�� PDVV�PRPHQWV�RI�LQHUWLD�WKH�VDPH�DV�LQ�WKH�UHDO��K\GUDXOLF�VKRYHO�.�����PDQXIDFWXUHG�E\�%80$5�:DU\�VNL���7KH� PDQLSXODWRU� ZULVW� LV� ORDGHG� ZLWK� WKH� YHUWLFDO�IRUFH�3\ ������� >1@��ZKLFK� LV�GLVDSSHDUV�DIWHU �� >V@�7KH�VWDUWLQJ�SRLQW�LQ�WKH��DQDO\VLV�LV�WKH�VWDWLF�EDODQFH�SRVLWLRQ��9HUWLFDO� GLVSODFHPHQWV� RI� WKH� SRLQW�:� DQG�ERRP�F\OLQGHU�ORDGLQJ�DUH�VKRZQ�LQ�)LJ���

6WXGLHV�UHYHDO�WKDW�PLQLPLVDWLRQ�RI�SRVLWLRQLQJ�HUURUV�WKURXJK�DSSOLFDWLRQ�RI�ZDWHU�DV�WKH�ZRUNLQJ�IOXLG�KDV�VLJQLILFDQW� HIIHFWV�RQO\�ZKHQ� WKH�PDFKLQH� LV�XVHG�RQ�VXUIDFHG� JURXQG�� ZKHQ� LW� LV� RQ� LQIOH[LEOH� VXSSRUWV��7KH�SRVLWLRQLQJ�HUURUV�LQ�WKLV�FDVH�YDU\�LQ�SURSRUWLRQ�WR�WKH�FKDQJHV�RI�EXON�PRGXOXV�RI�WKH�ZRUNLQJ�IOXLG��

DFWXDWRU�� DFWXDWRU��

VSULQJ GDPSHU URSH
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F\OLQGHU

SLVWRQ��SLVWRQ�HQGVPDOO�HOHPHQW
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)LJ�����0RGHO�RI�D�K\GUDXOLF�F\OLQGHU�LQ��:0

)LJ�� ��� %RRP� F\OLQGHU� IOH[LELOLW\� �N��� IRU� K\GUDXOLF�RLO�DQG�ZDWHU
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K\GUDXOLF�RLO
ZDWHU

)LJ�����&RPSXWHU�VLPXODWLRQ



$SSOLFDWLRQ� RI�ZDWHU�EDVHG�K\GUDXOLF� V\VWHPV�EULQJV�VLJQLILFDQW� HQYLURQPHQWDO� EHQHILWV�� ZKLFK� LV� RI�SULPDU\� LPSRUWDQFH� LQ� HUHFWLRQ� RI� HQJLQHHULQJ�VWUXFWXUHV� ZKHQ� WKH� HQYLURQPHQWDO� UHTXLUHPHQWV� DUH�PRUH�VWULQJHQW��,W�FDQ�EH�H[SHFWHG�WKDW�LQ�WKH�\HDUV�WR�FRPH�WKH�HQYLURQPHQWDO�VWDQGDUGV�ZLOO�EH�JHWWLQJ�VWLOO�VWULFWHU�
���326,7,21�&21752/�2)�02%,/(�0$1,38/$725�(1'�32,17
2QH� RI� WKH� REMHFWLYHV� RI� PDQLSXODWRU� GHVLJQ� LV� WR�HOLPLQDWH� YLEUDWLRQV� RI� PDQLSXODWRU� HQG� OLQN�� ZKLFK�PD\� DGYHUVHO\� DIIHFW� LWV� IXQFWLRQDO� IHDWXUHV�� :KLOVW�WKH� PDFKLQH� LV� LQ� PRWLRQ�� WKH� LQWHQVLW\� RI� HQG� OLQN�YLEUDWLRQV� RYHU� WKH� UDQJH� ����� +]� GHSHQGV� RQ� WKH�WHUUDLQ�IHDWXUHV��JHRPHWU\�DQG�PDVV�SDUDPHWHUV�RI�WKH�PDFKLQH� IUDPH��SURSHUWLHV�RI�WKH�VWHHULQJ�V\VWHP�DQG�SDUDPHWHUV� RI� WKH� HTXLSPHQW�� ,W� IROORZV� IURP� WKH�UHVHDUFK� WKDW� WKHVH� YLEUDWLRQV� RXJKW� WR� EH� UHGXFHG�
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