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����1XGTXKGY

7KLV�&'�520�FRQWDLQV�D�YDULHW\�RI�LQWHUDFWLYH�GHPRQVWUDWLRQV�WKDW�XVH�WKH�3KRWR�
QLF�7UDQVPLVVLRQ�'HVLJQ�6XLWH� �37'6��IURP�9LUWXDO�3KRWRQLFV��,QF��7KHVH�GHPRQ�
VWUDWLRQV� DUH� LQWHQGHG� WR� KHOS� WKH� UHDGHU� XQGHUVWDQG� DQG� H[WHQG� WKH� FRQFHSWV
SUHVHQWHG�LQ�WKLV�ERRN��7KH�GHPRQVWUDWLRQV�DUH�OLVWHG�LQ�DOSKDEHWLFDO�RUGHU�LQ�WKH
PHQX�EDU�DQG�LQFOXGH�WKH�IROORZLQJ�

� %(5�(VWLPDWLRQ

� 'LVSHUVLRQ�&RPSHQVDWLRQ

� )LEHU�'LVSHUVLRQ�

� )LEHU�1RQOLQHDULWLHV

� )LEHU�3RODUL]DWLRQ�0RGH�'LVSHUVLRQ��30'�

� /DVHUV

� 1HWZRUNV��:'0�$'0�XVLQJ�)%*V�DQG�&LUFXODWRUV��,QWHUFKDQQHO�FURVVWDON�LQ�D
ULQJ�QHWZRUN�

� 2SWLFDO� $PSOLILHUV� �'\QDPLF� (')$� (IIHFWV�� (')$� 7\SHV�� *DLQ� &XUYHV�� *DLQ
6KDSLQJ�

� 6ROLWRQ�3URSDJDWLRQ

� :DYHOHQJWK�&RQYHUWHUV

1RWH�WKDW�VLQFH�WKH�GHPRQVWUDWLRQ�VHWXSV�DUH�OLVWHG�LQ�DOSKDEHWLFDO�RUGHU��WKH\�GR
QRW�IROORZ�WKH�VHTXHQFH�RI�WRSLFV�OLVWHG�LQ�WKH�ERRN��+RZHYHU��LW�VKRXOG�EH�IDLUO\�FOHDU
ZKLFK�RI�WKH�GHPRQVWUDWLRQV�UHODWH�WR�D�VSHFLILF�WRSLF�LQ�WKH�ERRN��)XUWKHUPRUH��LQ
VRPH�FDVHV�WKH�GHPRQVWUDWLRQV�FDQ�UHODWH�WR�PRUH�WKDQ�RQH�VSHFLILF�VHFWLRQ�RI� WKH
ERRN��)RU�H[DPSOH��WKH�)LEHU�'LVSHUVLRQ�VHWXS�FDQ�EH�XVHG�WR�H[DPLQH�WKH�FRQFHSWV
RI� ILEHU� GLVSHUVLRQ�� WKHLU� HIIHFW� RQ� V\VWHP� SHUIRUPDQFH�� DQG� KRZ� WR�PHDVXUH� WKLV
SDUDPHWHU�� 7KHVH� WRSLFV� RQ� GLVSHUVLRQ� DUH� FRYHUHG� DW� YDULRXV� OHYHOV� RI� GHWDLO� LQ
&KDSWHUV�����������DQG�����

7KH�DUFKLWHFWXUHV�RI�WKH�VHWXSV�FDQ�EH�PRGLILHG�DQG�WKH�XVHU�FDQ�FKDQJH�DOO�SDUDPH�
WHUV�RI�WKH�EXLOGLQJ�EORFNV��H�J���ODVHUV��PRGXODWRUV��ILEHUV��UHFHLYHUV��LQ�DQ\�PRGXOH�
VR�WKDW�DQ� LQGHILQLWH�QXPEHU�RI�V\VWHP�YDULDWLRQV�FDQ�EH�UHDOL]HG��7KLV�ZLOO�DOORZ
&GOQ�FGUETKRVKQPU�
26&5�����.KVG� �



WKH�SHUIRUPDQFH�RI�D�VHWXS�WR�EH�H[DPLQHG�RYHU�D�ZLGH�UDQJH�RI�FRPSRQHQW�SDUDPH�
WHU�YDOXHV��7KH�FDOFXODWHG�SHUIRUPDQFH�YDOXHV�FDQ�EH�VWRUHG�DQG�SULQWHG�RXW��+RZ�
HYHU�� WKH� FKDQJHV� WR� WKH�GHPR�VHWXSV�FDQQRW�EH� VDYHG��DQG� WKH�SDUDPHWHU�YDOXHV
ZLOO�UHYHUW�WR�WKH�RULJLQDO�VHWWLQJV�ZKHQ�WKH�VHWXS�LV�FORVHG��1RWH�WKDW�WKLV�IHDWXUH�
WKH�DELOLW\� WR� LQFOXGH�DUELWUDU\�PRGXOHV� IURP�D� ULFK�PRGXOH� OLEUDU\� DQG� WR� FUHDWH
QHZ�VHWXSV�DQG�VZHHSV��LV�SDUW�RI�WKH�IXOO�YHUVLRQ�RI�WKH�37'6�VRIWZDUH��7KH�37'6
VLPXODWLRQ�DQG�PRGHOLQJ�WRRO�LV�FRPPHUFLDOO\�DYDLODEOH�IURP�9LUWXDO�3KRWRQLFV��,QF�
�VHH�6HF��������DQG�WKH�GHVFULSWLRQ�RI�WKH�37'6�WRRO�RQ�WKH�&'�520��

����9JCV�%CP�$G�.GCTPGF

7KLV� VHFWLRQ�GHVFULEHV� VRPH� RI� WKH� IXQGDPHQWDO� FRQFHSWV� WKDW� FDQ�EH� REVHUYHG� RU
VWXGLHG�ZLWK� WKH�YDULRXV�GHPRQVWUDWLRQ� VHWXSV��%HIRUH� VLPXODWLQJ� WKH� VHWXSV� \RX
DUH� VWURQJO\� UHFRPPHQGHG� WR� UHDG� WKH� VHFWLRQV� 4XLFN� 6WDUW� LQ� WKH� 93,� 3WROHP\
8VHUV�0DQXDO�DQG�WKH�YLVXDOL]HUV�VHFWLRQV�LQ�WKH�3KRWRQLF�0RGXOHV�5HIHUHQFH�0DQ�
XDO��ZKLFK�FDQ�EH�DFFHVVHG�RYHU�WKH�+HOS�PHQX��7R�HDFK�WRSLF�RI�WKH�GHPRQVWUDWLRQV
WKH�DSSHQGLQJ�VHWXSV�DQG�VZHSV�DUH�OLVWHG��2SHQ�WKH�VHWXSV�OLVWHG�LQ�WKH�VHFWLRQV�RU
�LI�H[LVWLQJ��WKH�DSSHQGLQJ�VZHHSV��6WDUW�WKHP�XVLQJ�WKH�VXEPLW�VLPXODWLRQ�EXWWRQ
RU�E\� FOLFNLQJ� WKH� JUHHQ�JX\��$GMXVW� WKH�SDUDPHWHUV� LQ� WKH� VHWXS�DQG� WKH� VXEPLW
VLPXODWLRQ�ZLQGRZ�

����$'4�'UVKOCVKQP�

6HWXS��%LW(UURU5DWH��)LJXUH ����6ZHHS��$WWHQXDWLRQB6ZHHS

)LJXUH����%(5�HVWLPDWLRQ�GHPR
� &GOQ�FGUETKRVKQPU�
26&5�����.KVG�



2SHQ�WKH�VZHHS���E\�GRXEOH�FOLFNLQJ�RQ�LW�LQ�WKH�LFRQ�EDU�RU�XVLQJ�WKH�ULJKW�PRXVH
EXWWRQ��WR�DFFHVV�VFKHPDWLF�DQG�SUHVV�2SHQ�6FKHPDWLF�WR�DFFHVV�VZHHS��7KH�VHWXS
DUFKLWHFWXUH�FRQVLVWV�RI�D�VLQJOH�FKDQQHO�WUDQVPLVVLRQ�OLQN�FRQWDLQLQJ�DQ�H[WHUQDOO\
PRGXODWHG� ODVHU� WUDQVPLWWHU�� D� VWDQGDUG� VLQJOH�PRGH� ILEHU��DQG�D�GLUHFW�GHWHFWLRQ
SLQ�UHFHLYHU��7KH�VWDQGDUG�GDWD�UDWH�LV�����*E�V��%\�VZHHSLQJ�RYHU�D�UDQJH�RI���G%�RI
DWWHQXDWLRQV�EHIRUH�WKH�UHFHLYHU��WKH�WZR�YLVXDOL]HUV�SUHVHQW�GLVSOD\V�RI�%(5�YHUVXV
UHFHLYHG�SRZHU�DQG�%(5�YHUVXV�WKH�4�IDFWRU��6HH�)LJV������DQG������UHVSHFWLYHO\��$Q
H\H�GLDJUDP�LV�REWDLQHG�IURP�WKH�WLPH�VLJQDO�GDWD��VHH�6HF������IRU�D�GLVFXVVLRQ�RQ
H\H�SDWWHUQ�PHDVXUHPHQWV��DQG�GLVSOD\HG�LQ�WKH�VFRSH�IRU�HDFK�VZHHS�SRLQW��1RWH
WKH�VLPXODWLRQ�WRRO�ZLOO�DXWRPDWLFDOO\�FDOFXODWH�WKH�%(5�IURP�WKH�H\H�GLDJUDP�ZKHQ
WKH�XVHU�SODFHV�D�%(5�PHDVXUHPHQW�PDUNHU�DW�DQ\�GHVLUHG�SRVLWLRQ�RI�WKH�H\H�RSHQ�
LQJ�DQG�HQDEOHV�WKH�FDOFXODWH�%(5�IXQFWLRQ��%HFDXVH�WKH�VZHHS�LV�SHUIRUPHG�RYHU
WKH�DWWHQXDWLRQ�EHIRUH�WKH�UHFHLYHU�WKH�ILUVW�VZHHS�SRLQW�����ZLOO�FRUUHVSRQG�WR�WKH
KLJKHVW�SRZHU�OHYHO��WKH�ODVW�RQH�����WR�WKH�ORZHVW��

7KH�XVHU�FDQ�FKDQJH�VHWWLQJV�VXFK�DV�WKH�GDWD�UDWH��RSWLFDO�SRZHU�HPLWWHG�IURP�WKH
ODVHU�� RU� UHFHLYHU� VHQVLWLYLW\� LQ� WKH� VHWXS� WR� VHH� WKHLU� HIIHFW� RQ� WKH�%(5� DQG� WKH
VKDSH�RI�WKH�H\H�GLDJUDP�

����&KURGTUKQP�%QORGPUCVKQP�

6HWXS��'LVSHUVLRQ&RPSHQVDWLRQ6FKHPHV��)LJXUH ����6ZHHS��1RQOLQHDU,QGH[

$V�QRWHG�LQ�6HF����������WR�UHGXFH�WKH�HIIHFWV�RI�):0��DV�WKH\�ZRXOG�DSSHDU�XVLQJ�D
GLVSHUVLRQ�VKLIWHG�ILEHU���GLVSHUVLRQ�FRPSHQVDWLQJ�ILEHUV�KDYLQJ�D�GLVSHUVLRQ�FKDUDF�
WHULVWLF� WKDW�QHJDWHV� WKH�DFFXPXODWHG�GLVSHUVLRQ�FDQ�EH� LQVHUWHG� LQWR�D� ILEHU� OLQN�
7KHVH�GLVSHUVLRQ�FRPSHQVDWLQJ�ILEHU� ORRSV�FDQ�EH�SODFHG�HLWKHU�DW�WKH�WUDQVPLWWHU
HQG�� WKH�UHFHLYHU�HQG��RU�GLVWULEXWHG�V\PPHWULFDOO\�DW�ERWK�HQGV��7KLV�GHPRQVWUD�
WLRQ�PRGXOH� VKRZV� WKH� HIIHFWV� RQ� V\VWHP� SHUIRUPDQFH� IRU� WKHVH� WKUHH� FDVHV� LQ� D
WLPH�GLYLVLRQ�PXOWLSOH[HG��7'0��V\VWHP�XVLQJ�D�QRQ�UHWXUQ�WR�]HUR��15=��PRGXOD�
WLRQ�IRUPDW�DW����*E�V��,I�WKH�VZHHS�LV�DSSOLHG�WR�WKH�VHWXS��WKH�EHKDYLRXU�RI�WKH�GLV�
SHUVLRQ�FRPSHQVDWLRQ�VFKHPHV� � IRU�ERWK�QHJOHFWHG�DQG�DSSOLHG�QRQOLQHDULW\�RI� WKH
ILEHU�LV�LQYHVWLJDWHG�DQG�GLVSOD\HG�LQ�WKH�YLVXDOL]HUV��ZKHUH�HDFK�VZHHS�SRLQW�SUR�
GXFHV�D�QHZ�SORW�LQ�WKH�VFRSHV���7KH�XVHU�FDQ�DOVR�LQFUHDVH�WKH�RSWLFDO�SRZHU�OHYHO�WR
VHH�KRZ� WKH�QRQOLQHDU� HIIHFWV� LQFUHDVH��7KH�PHDVXUHPHQW� LV�GRQH�YLD� DQ� H\H�GLD�
JUDP��SUHVV�(<(�EXWWRQ�LQ�VFRSH���ZKHUH�WKH�%(5�LV�FDOFXODWHG�DXWRPDWLFDOO\�ZKHQ
WKH� XVHU� SODFHV� D� %(5�PHDVXUHPHQW� SRLQWHU� DW� WKDW� SRVLWLRQ� RI� WKH� H\H� RSHQLQJ
ZKHUH�WKH�GDWD�VWUHDP�ZLOO�EH�VDPSOHG��1RWH�� WKDW� LI� WKH�QRQOLQHDULW\�RI� WKH� ILEHU
FRPHV�LQWR�SOD\��WKH�V\PPHWULFDOO\�FRPSHQVDWLQJ�VFKHPH�ZLOO�VKRZ�LWV�DGDYDQWDJH
LQ�FRPSDULVRQ�WR�SRVW�DQG�SUHFRPSHQVDWLRQ��$V�FDQ�EH�VHHQ�IURP�WKH�WLPH�WUDFHV�DQG
WKH�UHVXOWLQJ�H\H�GLDJUDPV�WKH�XVLQJ�RI�D�SRVW�FRPSHQVDWLRQ�VFKHPH�FDQQRW�EH�UHF�
RPPHQGHG�
&GOQ�FGUETKRVKQPU�
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����(KDGT�&KURGTUKQP�

6HWXS��)LEHU'LVSHUVLRQ,QIOXHQFH��)LJXUH ����6ZHHS��)LEHU'LVSHUVLRQ6ZHHS

7KLV�VHWXS�FDQ�EH�XVHG�WR�H[DPLQH�WKH�HIIHFWV�RI�GLVSHUVLRQ�RQ�WKH�%(5�IRU�WZR�W\SHV
RI�ILEHU��VLQJOH�PRGH�*�����W\SH�ILEHU�DQG�GLVSHUVLRQ�VKLIWHG�ILEHU��VHH�6HF��������7KH
GHPR�ZLOO�VKRZ�WKDW�WKH�%(5�IRU�WKH�GLVSHUVLRQ�VKLIWHG�ILEHU�LV�PXFK�ORZHU�WKDQ�WKH
%(5�RI�WKH�*�����ILEHU��$OVR�QRWH�ZKLFK�IDFWRUV�GRPLQDWH�WKH�%(5�IRU�ORQJ�RU�VKRUW
ILEHU�OHQJWKV��$Q�H\H�GLDJUDP�FDQ�EH�REWDLQHG�IURP�WKH�%(5�GDWD�LQ�WKH�VFRSH�DQG
XSGDWHG�IRU�HDFK�VZHHS�SRLQW�

����(KDGT�0QPNKPGCTKVKGU�

6HWXS��)LEHU1RQOLQHULWLHV��)LJXUH ��

)LJXUH����'LVSHUVLRQ�&RPSHQVDWLRQ�VFKHPHV��SUHFRPSHQVDWLRQ��SRVWFRPSHQVDWLRQ��
V\PPHWULFDO�FRPSHQVDWLRQ
� &GOQ�FGUETKRVKQPU�
26&5�����.KVG�



)RXU�ZDYH�PL[LQJ��):0��LV�LOOXVWUDWHG�E\�FRPELQLQJ�VHYHUDO����*E�V�:'0�FKDQ�
QHOV�DQG�VHQGLQJ�WKHP�RYHU�D����NP�OLQN��VHH�6HF���������IRU�D�GLVFXVVLRQ�RQ�):0��
,Q�WKLV�FDVH��WKH�RXWSXW�VSHFWUXP�RI�IRXU�:'0�FKDQQHOV�VSDFHG�����*+]������QP�
DSDUW�LV�GLVSOD\HG��7KH�DSSHDUDQFH�RI�):0�LQGXFHG�VLGH�PRGHV�LV�HDVLO\�VHHQ�RQ�WKH
GLVSOD\�RI� WKH�VSHFWUXP��ZKLFK� LV�XSGDWHG�HDFK���NP�SURSDJDWLRQ�GLVWDQFH� LQ� WKH

)LJXUH����)LEHU�GLVSHUVLRQ�LQIOXHQFH�RQ�%(5

)LJXUH����)RXU�ZDYH�PL[LQJ�HIIHFWV�LQ�D���FKDQQHO�:'0�V\VWHP
&GOQ�FGUETKRVKQPU�
26&5�����.KVG� �



ILEHU��1RWH�WKDW�WKH�VSHFWUXP�LV�DV\PPHWULF�GXH�WR�WKH�GLVSHUVLRQ�VORSH��ZKLFK�LQIOX�
HQFHV�WKH�SKDVH�PDWFKLQJ�FRQGLWLRQ�IRU�WKH�QRQOLQHDULWLHV��1XOOLI\LQJ�WKH�GLVSHUVLRQ
VORSH�LQ�WKH�SDUDPHWHU�VHWXS�UHVXOWV�LQ�D�V\PPHWULF�GLVSOD\��7KH�XVHU�FDQ�DOVR�GLV�
SOD\�D�VLQJOH�RXWSXW�FKDQQHO�WR�VHH�WKH�HIIHFWV�RI�):0��1RWH�KRZ�IDU��LQ�GHFLEHOV�
WKH�VLGH�OREHV�DUH�EHORZ�WKH�VLJQDO�SHDN��0HDVXUH�WKH�IUHTXHQF\�GLIIHUHQFH�DQG�WKH
GLIIHUHQFH�RI�SRZHU�OHYHOV�XVLQJ�PDUNHUV�LQ�WKH�26$�

����(KDGT�2QNCTK\CVKQP�/QFG�&KURGTUKQP�
2/&��

6HWXS��3RODULVDWLRQ0RGH'LVSHUVLRQ��)LJXUH ����6ZHHS��%LW5DWHB6ZHHS

7KLV� VHWXS� FRPSDUHV� WKH� SRODUL]DWLRQ�PRGH� GLVSHUVLRQ� HIIHFWV� LQ� D� 30'�LQGHSHQ�
GHQW� ILEHU� ZLWK� D� ILEHU� KDYLQJ� D� 30'�GLVSHUVLRQ� FRHIILFLHQW� RI� ��� SV�NP����� 7KLV
YDOXH��ZKLFK�LV�DERXW����WLPHV�ODUJHU�WKDQ�D�W\SLFDO�YDOXH�LQ�UHDO�ILEHUV��ZDV�FKRVHQ
WR�PDNH�WKH�30'�HIIHFWV�PRUH�GLVWLQFW��VHH�6HFWLRQV�������DQG����������,I�WKH�VZHHS�LV
DSSOLHG� WKH� XVHU� FDQ� REVHUYH� KRZ� WKH� LQIOXHQFH� RI� 30'� LQFUHDVHV� IRU� LQFUHDVLQJ
ELWUDWHV��,Q�WKLV�FDVH���ELWUDWHV������*ESV�DQG����*ESV�DUH�FRPSDUHG�LQ�WKHLU�LQIOX�
HQFH��3UHVV�3RZHU;�DQG�3RZHU<�EXWWRQV�LQ�WKH�VFRSH�WR�VHH�WKH�SRZHU�FRQWULEXWLRQV
LQ� WKH�[�DQG�\�SRODUL]DWLRQ�� UHVSHFWLYHO\��$V�FDQ�EH�VHHQ� LQ� WKH�VFRSH�WKH�\�SRZHU
YDOXH�LQFUHDVHV�IRU����*ESV��

)LJXUH����3RODUL]DWLRQ�PRGH�GLVSHUVLRQ�HIIHFWV��GHSHQGHQFH�RQ�ELWUDWH
� &GOQ�FGUETKRVKQPU�
26&5�����.KVG�



����.CUGTU

6HYHUDO�GLIIHUHQW�FRQFHSWV�FDQ�EH�VWXGLHG�KHUH��


C��(CDT[�2GTQV�.CUGT�UJQYKPI�UKFGOQFGU

6HWXS��)3B/DVHUBZLWKBVLGHPRGHV��)LJXUH ��

$�PXOWLPRGH�)DEU\�3HURW�ODVHU�LV�GLUHFWO\�PRGXODWHG��7KH�XVHU�FDQ�FKDQJH�WKH�WLPH
ZLQGRZ�DQG�WKH�ELW�UDWH�WR�VHH�WKH�WHPSRUDO�HIIHFWV�RQ�WKH�VLJQDO�ZKHQ�WKH�ELW�UDWHV
DUH�FKDQJHG��2QH�FDQ�DOVR�YLHZ�WKH�ODVHU�VSHFWUXP�RI�WKH�)DEU\�3HURW�PRGHV��H�J��
VHH�)LJ��������LQ�WKH�26$��7R�PHDVXUH�WKH�VLGH�PRGH�VXSUHVVLRQ�UDWLR�RI�WKH�ODVHU�
VHW�D�EDQGZLGWK�UHVROXWLRQ�LQ�WKH�26$�DQG�DSSO\�PDUNHUV��


D��%QORCTKUQP�QH�GZVGTPCN�CPF�FKTGEV�OQFWNCVKQP�HQT�XCTKQWU�DKVTCVGU

6HWXS��([WHUQDOBYVBGLUHFWBPRGXODWLRQ��)LJXUH ����6ZHHS��'LIIHUHQW%LW5DWHV

$�FRPSDULVRQ�LV�PDGH�EHWZHHQ�H[WHUQDO�DQG�GLUHFW�PRGXODWLRQ�RI�D�ODVHU�GLRGH�IRU
YDULRXV�ELW�UDWHV��WKH�IROORZLQJ�ELUDWHV�DUH�DSSOLHG�WR�WKH�VHWXS�����������������DQG���
*ESV�� VHH� DOVR� 6HF�� �������� 7KH� WLPH� VLJQDO� DQG� WKH� VSHFWUXP� RI� ERWK�PRGXODWLRQ
VFKHPHV�DUH�FRPSDUHG�LQ�YLVXDOL]HUV��ZKHUH�IRU�HDFK�VZHHS�SRLQW�RQH�YLVXDOL]HU�SORW
LV� JHQHUDWHG��7R� DOORZ� WKH� FKDQJH� RI� ELW� UDWHV�� SOHDVH�RSHQ� WKH� DSSHQGLQJ� VZHHS�
1RWH�WKH�OLPLWDWLRQ�RI�GLUHFW�PRGXODWLRQ�ZKHQ�WKH�ELW�UDWH�LV�LQFUHDVHG��IRU�H[DPSOH�
WKH�RXWSXW�VLJQDO�QR�ORQJHU�WUDFNV�WKH�LQSXW�ZDYHIRUP�DW����*E�V�

)LJXUH����'LUHFWO\�PRGXODWHG�)DEU\�3HURW�ODVHU��VKRZLQJ�VLGHPRGHV
&GOQ�FGUETKRVKQPU�
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����0GVYQTMU

7ZR�GLIIHUHQW�QHWZRUN�FRQFHSWV�FDQ�EH�VWXGLHG�KHUH���


C����EJCPPGN�9&/�CFF�FTQR�OWNVKRNGZGT�WUKPI�(KDGT�$TCII�)TCVKPIU�CPF�
%KTEWNCVQTU

6HWXS��:'0B$'0B�)%*B$GGBDQGB'URS��)LJXUH ��

)LJXUH����&RPSDULVRQ�RI�GLUHFW�YV��H[WHUQDO�PRGXODWLRQ�IRU�YDULRXV�ELWUDWHV

)LJXUH����:'0�DGG�GURS�PXOWLSOH[HU�XVLQJ�FLUFXODWRUV�DQG�)%*V
� &GOQ�FGUETKRVKQPU�
26&5�����.KVG�



7KH�ILUVW�VHWXS�LQ�WKLV�JURXS�H[KLELWV�WKH�XVH�RI�WZR�RSWLFDO�FLUFXODWRUV�DQG�D�SDLU�RI
ILEHU�%UDJJ�JUDWLQJV�WR�SHUIRUP�DGG�GURS�PXOWLSOH[LQJ�LQ�D���FKDQQHO�:'0�V\VWHP
�VHH�)LJ����������,QSXW�DQG�RXWSXW�:'0�VLJQDOV�DQG�WKH�GURSSHG�VLJQDOV�DUH�VKRZQ
E\�26$V��+HUH�WKH�%UDJJ�JUDWLQJV�DUH�WXQHG�WR��������DQG��������7+]��ZKLFK�FRUUH�
VSRQG�WR�WKH�ZDYHOHQJWKV���������DQG���������QP��UHVSHFWLYHO\��7KH�PRGXOH�VKRZV
WKDW�WKHVH�WZR�ZDYHOHQJWKV�DUH�GURSSHG�DW�WKH�ILUVW�FLUFXODWRU��DIWHU�EHLQJ�UHIOHFWHG
E\�WKH�%UDJJ�JUDWLQJV��DQG�WKH�UHPDLQLQJ�WZR�ZDYHOHQJWKV�SDVV�WKURXJK�WKH�V\V�
WHP��,Q�DGGLWLRQ��RQH�RI�WKH�GURSSHG�ZDYHOHQJWKV�LV�UHLQVHUWHG�DW�WKH�VHFRQG�FLUFXOD�
WRU�� 1RWH�� WKDW� LQ� WKH� 26$V� \RX� KDYH� WR� VNLS� WKH� ILUVW� WKUHH� UXQV� WR� DOORZ� WKH
VLPXODWLRQ�WR�EXLOG�XS�


D��+PVGTEJCPPGN�ETQUUVCNM�KPHNWGPEGU�KP�CP�WPKFKTGEVKQPCN�TKPI�PGVYQTM

6HWXS��,QWHUFKDQQHO�&URVVWDONB,QB$B5LQJ��)LJXUH ��

7KH�GHPR�VKRZV�FURVVWDON�HIIHFWV�LQ�D���FKDQQHO�:'0�ULQJ�QHWZRUN�RSHUDWLQJ�DW���
*E�V�� 7KH� QHWZRUN� FRQVLVWV� RI� IRXU� QRGHV�� 1RGH� �� FRPPXQLFDWHV� ZLWK� QRGH� �� RQ
FKDQQHO����������7+]���DQG�QRGH���FRPPXQLFDWHV�ZLWK�QRGH���RQ�FKDQQHO���������
7+]���6LQFH�FKDQQHO���LV�IHG�LQWR�WKH�ULQJ�DW�$'0���LW�SURSDJDWHV��FORFNZLVH��RYHU
WKUHH�ILEHUV�DQG�LV�DPSOLILHG�RQO\�RQFH�XQWLOO�LW�LV�WDNHQ�IURP�WKH�ULQJ�DW�$'0����,Q
FRQWUDVW��FKDQQHO���SURSDJDWHV�WKURXJK�RQO\�RQH�ILEHU�DQG�LV�DPSOLILHG�RQFH�ZKHQ�LW
UHDFKHV�$'0����7KH�:'0�VLJQDO�RQ�WKH�ULQJ�YLVXDOL]HG�E\�DQ�26$�XQGHUOLQHV�WKLV�
7KH�FURVVWDON�FKDQQHO���KDV�D�REYLRXVO\�KLJKHU�SRZHU�WKHQ�WKH�VLJQDO�FKDQQHO����7KH
RSWLFDO�ILOWHU�EDQGZLGWK�LQ�WKH�$'0�LV�����*+]��VR�GXH�WR�WKH�LQFRPSOHWH�ILOWHULQJ�
WKHUH�ZLOO�EH�VRPH�FURVVWDON�IURP�RQH�FKDQQHO�WR�DQRWKHU��VHH�6HF���������7KLV�FDQ�EH

)LJXUH����,QWHUFKDQQHO�FURVVWDON�LQ�DQ�XQLGLUHFWLRQDO�ULQJ�QHWZRUN
&GOQ�FGUETKRVKQPU�
26&5�����.KVG� �



VHHQ�RQ�WKH�RXWSXW�VSHFWUXP��7KH�FURVVWDON�OHYHO�FDQ�EH�PHDVXUHG�E\�WKH�XVHU�DSSO\�
LQJ�EDQGZLGWK�UHVROXWLRQ�DQG�PDUNHUV�

����1RVKECN�#ORNKHKGTU

6HYHUDO�GLIIHUHQW�FRQFHSWV�UHODWLQJ�WR�&KDS�����FDQ�EH�VWXGLHG�KHUH��


C��&[PCOKE�'&(#�GHHGEVU

6HWXS��'\QDPLF(')$(IIHFWV��)LJXUH ���

6LQFH� WKH�JDLQ�RI�DQ�RSWLFDO�DPSOLILHU�JHWV�GLVWULEXWHG�DPRQJ�WKH�1�FKDQQHOV�RI�D
:'0� V\VWHP�� DGGLQJ� RU� GURSSLQJ� FKDQQHOV�ZLOO� UHVXOW� LQ� D� GHFUHDVH� RU� LQFUHDVH�
UHVSHFWLYHO\��RI�WKH�DPSOLILHG�SRZHU�OHYHO��7R�LOOXVWUDWH�WKLV��D�:'0�V\VWHP�KDV�RQH
FKDQQHO�RSHUDWLQJ�DW��������QP�ZLWK�D�¥��G%P�SRZHU�OHYHO��$ORQJ�ZLWK�WKLV��D�EXUVW
VLJQDO�ZLWK� WKH�SRZHU�RI� VHYHQ� FDUULHUV� LV�DGGHG�DQG�GURSSHG�DW�YDULRXV� WLPHV� WR
VKRZ�WKH�G\QDPLF�EHKDYLRU�RI� WKH�(')$�JDLQ��7KH�:'0�VLJQDO�DQG� WKH�G\QDPL�
FDOO\�DPSOLIHG�EDFNZDUG�WLPH�VLJQDO�DUH�YLVXDOL]HG�LQ�DQ�26$�DQG�D�6FFRSH��UHVSHF�
WLYHO\��$W�WKH�RXWSXW�D�VFRSH�YLVXDOL]HU�VKRZV�WKH�IROORZLQJ�VLJQDOV��WKH�EXUVW�VLJQDO�
WKH� LQSXW�VLJQDO�RI�KH�FKDQQHO�XQGHU� WHVW��ZKLFK� LV� IHG� LQWR� WKH�DPSOLILHU�DQG�WKH
UHVXOWLQJ� RXWSXW� VLJQDO� LQ� IRUZDUG� GLUHFWLRQ�� 2Q� WKH� GLVSOD\� RI� WKH� RXWSXW� SRZHU
OHYHO�YHUVXV�WLPH��QRWH�WKH�FKDQJH�LQ�JDLQ�DQG�WKH�UHFRYHU\�DQG�GHFD\�WLPHV�RI�WKH
VLJQDO�OHYHO�ZKHQ�WKH���FKDQQHO�EXUVW�WXUQV�RII�DQG�RQ��UHVSHFWLYHO\��


D��6YQ�UVCIG�'&(#�FGUKIP

6HWXS��7ZR6WDJH(')$��)LJXUH ���

)LJXUH�����7UDQVLHQW�HIIHFWV�LQ�DQ�(')$�
�� &GOQ�FGUETKRVKQPU�
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7KH�WZR�VWDJH�(')$�GHVLJQ�VHWXS�LOOXVWUDWHV�WKH�FRQFHSWV�RI�IRUZDUG�DQG�EDFNZDUG
�FR�GLUHFWLRQDO� DQG� FRXQWHU�GLUHFWLRQDO�� SXPSLQJ� RI� D� WZR�VWDJH� (')$� �VHH� 6HF�
�������DQG�)LJ�������IRU�D�VLQJOH�VWDJH�GHVLJQ�DQG�SXPSLQJ�FRQFHSWV���1RWH��WKDW�LQ
WKH�ILUVW�VWDJH�WKH�(')$�LV�SXPSHG�EDFNZDUG��LQ�WKH�VHFRQG�VWDJH�LW�LV�SXPSHG�IRU�
ZDUG��7KH�SXPS�ZDYHOHQJWK�FDQ�EH�FKDQJHG�IURP������QP�WR�����QP��*LYHQ�WKDW
WKHUH�DUH�IRXU�LQSXW�ZDYHOHQJWKV��WKH�RXWSXW�GLVSOD\�ZLOO�VKRZ�WKH�$6(�QRLVH��WKH
FRQWULEXWLRQ�RI�WKH�SXPS��DQG�WKH�VOLJKW�YDULDWLRQ�LQ�DPSOLILHG�VLJQDO�OHYHO�GXH�WR�D
YDULDWLRQ�LQ�WKH�JDLQ�SURILOH�RI�WKH�(')$�RYHU�WKH�VSHFWUXP�LQ�ZKLFK�WKH�FKDQQHOV
DUH�WUDQVPLWWHG�


E��)CKP�%WTXGU��)CKP�UCVWTCVKQP�XU��CORNKHKGT�NGPIVJ�HQT�FKHHGTGPV�RWOR�NGX�
GNU

6HWXS�� *DLQ6DWXUDWLRQBYVB$PSOLILHUBOHQJWK� �)LJXUH ����� 6ZHHS�� $PSOLILHU/HQJWK�
$QG3XPS3RZHU

*DLQ� GHSHQGHQFH� RI� (')$� SDUDPHWHUV�� 7KLV�PRGXOH� VKRZV� WKH� (')$� JDLQ� DV� D
IXQFWLRQ�RI�WKH�HUELXP�GRSHG�ILEHU��(')��OHQJWK�IRU�SXPS�SRZHUV�RI�������������DQG��
P:��7KH�(')�LV�IRUZDUG�SXPSHG�DW������QP��$V�LV�LOOXVWUDWHG�LQ�)LJ�������RI�WKH
ERRN�� WKH�JDLQ�GURSV� RII�ZLWK� LQFUHDVLQJ�(')� OHQJWK�DIWHU� DQ� RSWLPXP�YDOXH�KDV
EHHQ�UHDFKHG��1RWH��WKDW�WKH�$6(�QRLVH�JHQHUDWLRQ�LQ�WKH�(')$�LV�QHJOHFWHG�WR�SRLQW
RXW�WKH�JDLQ�FKDUDWHULVWLF�LQ�D�PRUH�FOHDU�ZD\��


F��)CKP�%WTXGU��)CKP�FGRGPFGPEG�QP�KPRWV�RQYGT�

��6HWXS��*DLQ6DWXUDWLRQ&XUYH��)LJXUH �����6ZHHS��'HWHUPLQDWLRQ2I&XUYH�

)LJXUH�����7ZR�VWDJH�(')$��ILUVW�VWDJH�LV�SXPSHG�EDFNZDUG��VHFRQG�VWDJH�LV�
SXPSHG�IRUZDUG�DW������QP
&GOQ�FGUETKRVKQPU�
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7KLV�JDLQ�VDWXUDWLRQ�GHPR�LOOXVWUDWHV�WKH�JDLQ�YHUVXV�LQSXW�SRZHU�FRQFHSW�VKRZQ�LQ
)LJ�������LQ�WKH�ERRN��7KH�FXUYH�VKRZV�WKDW�DV�WKH�LQSXW�VLJQDO�SRZHU�LV�LQFUHDVHG�
WKH�JDLQ� ILUVW�VWD\V�QHDU�WKH�VPDOO�VLJQDO� OHYHO�DQG� WKHQ�VWDUWV� WR�GHFUHDVH�DV�WKH
DPSOLILHU� VDWXUDWHV�� $IWHU� GHFUHDVLQJ� OLQHDUO\� LQ� WKH� JDLQ�VDWXUDWLRQ� UHJLRQ�� LW
ILQDOO\�DSSURDFKHV�DQ�DV\PSWRWLF�YDOXH�RI���G%��D�XQLW\�JDLQ��IRU�KLJK�LQSXW�SRZHUV��


G��)CKP�UJCRKPI

6HWXS��(')$B*DLQ6KDSLQJ��)LJXUH ���

)LJXUH�����'HSHQGHQFH�RI�JDLQ�RQ�(')$�SDUDPHWHUV�OHQJWK�DQG�SXPS�SRZHU

)LJXUH�����'HSHQGHQFH�RI�JDLQ�RQ�LQSXW�SRZHU
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)RUW\�:'0�FKDQQHOV�FHQWHUHG�DW�������7+]�ZLWK�����*+]�VSDFLQJV�DUH�VHQW�RYHU��
ILEHU�VSDQV�FRQVLVWLQJ�RI����NP�VLQJOH�PRGH�ILEHU�ORRSV��$�VWDQGDUG�(')$�LV�XVHG
DIWHU�HDFK����NP�VSDQ��(DFK�FKDQQHO�RSHUDWHV�DW�����*E�V��7KH�GLVSOD\�RI�WKH�SRZHU
RXWSXW�DIWHU�����NP�FOHDUO\�VKRZV�WKDW�JDLQ�IODWWHQLQJ�RI�WKH�(')$�LV�QHHGHG��VLQFH
WKHUH�LV�DERXW�D����G%�GLIIHUHQFH�LQ�WKH�JDLQ�RI�WKH�LQQHU�DQG�RXWHU�FKDQQHOV��6HH
)LJXUHV������DQG�������LQ��WKH�ERRN�IRU�WKH�HIIHFWV�RI�$6(�RQ�DPSOLILHU�JDLQ�DQG�WKH
FRQFHSW�RI�JDLQ�IODWWHQLQJ��,Q�DGGLWLRQ��IURP�WKH�H\H�GLDJUDPV�RI�WKH�LQQHU�DQG�RXWHU
FKDQQHOV��RQH�FDQ�VHH�WKH�ODUJH�GLIIHUHQFH�LQ�WKH�H\H�RSHQLQJV�DW�WKH�RXWSXW�

����5QNKVQP�2TQRCICVKQP

6HWXS��6ROLWRQ(YROXWLRQ��)LJXUH ���

,Q�WKLV�PRGXOH��DQ�RSWLFDO�VHFK�SXOVH�VKDSH�UHSUHVHQWLQJ�D�VROLWRQ�LV�ODXQFKHG�LQWR�D
ILEHU�DQG�LWV�WHPSRUDO�HYROXWLRQ�RYHU�WKH�ILEHU�OHQJWK�LV�REVHUYHG��VHH�6HF���������7KH
SXOVH�SDVVHV�D�QXPEHU�RI�6WHSV�WKURXJK�D�ORRS�FRQWDLQLQJ�D�ILEHU�VHJPHQW�RI�OHQJWK
soliton-period/Steps�DQG�DIWHU�HDFK�ORRS�D�WLPH�YLVXDOL]HU�GLVSOD\V�WKH�WHPSR�
UDO�VKDSH��2I�LQWHUHVW�KHUH�DUH�WKH�VHFRQG�DQG�WKLUG�RUGHU�VROLWRQ�SXOVHV��ZKLFK�SHUL�
RGLFDOO\�FKDQJH�WKHLU�VKDSH�DV�WKH\�SURSDJDWH�DORQJ�WKH�ILEHU��7R�FKDQJH�WKH�VROLWRQ
RUGHU�SOHDVH�HGLW�JOREDO�SDUDPHWHUV�DQG� VHW�SDUDPHWHU�6ROLWRQ2UGHU��1RWH�� WKDW
WKH�VSHFWUDO�VKDSH�RI�WKH�VROLWRQ�SXOVHV�FKDQJHV�WRR��7R�REVHUYH�WKLV�EHKDYLRXU�PRUH
FOHDUO\��SOHDVH�VZLWFK�WKH�ORJDULWKPLF�VFDOH�LQ�WKH�26$�YLVXDOL]HU�WR�OFF�

)LJXUH�����(')$�JDLQ�VKDSLQJ�LQ�D����FKDQQHO�:'0�OLQN
&GOQ�FGUETKRVKQPU�
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�����9CXGNGPIVJ�%QPXGTVGTU

7ZR�GLIIHUHQW�FRQFHSWV�UHODWHG�WR�6HF�������RI�WKH�ERRN�FDQ�EH�VWXGLHG�KHUH��


C��9CXGNGPIVJ�%QPXGTVGT�WUKPI�ETQUURJCUG�OQFWNCVKQP�GHHGEVU�KP�C�5GOK�
EQPFWVQT�1RVKECN�#ORNKHKGT

6HWXS��:DYHOHQJKW&RQYHUVLRQB;30��)LJXUH ���

8VLQJ�D�VHPLFRQGXFWRU�RSWLFDO�DPSOLILHU��62$���DQ�RSWLFDO�IUHTXHQF\�FRQYHUWHU�FDQ
EH�PDGH�EDVHG�RQ�FURVV�SKDVH�PRGXODWLRQ��;30��LQ�D�0DFK�=HKQGHU�LQWHUIHURPHWHU
�0=,��VWUXFWXUH��7KLV�LV�GHVFULEHG�LQ�6HF���������


D��9CXGNGPIVJ�%QPXGTUKQP�7UKPI�ETQUU�ICKP�OQFWNCVKQP�GHHGEVU�KP�C�UGOK�
EQPFWEVQT�QRVKECN�CORNKHKGT

6HWXS��:DYHOHQJWK&RQYHUVLRQB;*0��)LJXUH ���

8VLQJ�D�VHPLFRQGXFWRU�RSWLFDO�DPSOLILHU��62$���DQ�RSWLFDO�IUHTXHQF\�FRQYHUWHU�FDQ
EH�PDGH�EDVHG�RQ�FURVV�JDLQ�PRGXODWLRQ��7KLV�FRQFHSW�LV�DGGLWLRQDO�LQIRUPDWLRQ�WR

)LJXUH�����6ROLWRQ�HYROXWLRQ�RYHU�D�QRQOLQHDU��GLVSHUVLYH�ILEHU
�� &GOQ�FGUETKRVKQPU�
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WKH�WUHDWPHQW�LQ�WKH�ERRN��1RWH��WKDW�WKH�RXWSXW�VLJQDO�LV�LQYHUWHG�ZLWK�UHVSHFW�WR
WKH�LQSXW�VLJQDO�

)LJXUH�����:DYHOHQJWK�FRQYHUVLRQ�XVLQJ�;30�HIIHFWV�LQ�D�62$

)LJXUH�����:DYHOHQJWK�FRQYHUVLRQ�XVLQJ�;*0�HIIHFWV�LQ�D�62$
&GOQ�FGUETKRVKQPU�
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