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&RQFOXVLRQV

,W�KDV�EHHQ�VKRZQ�WKDW�FRPSDULQJ�GLIIHUHQW�DQWL�ZLQGXS�DQG�EXPSOHVV�WUDQVIHU�PHWKRGV
LV�QR�VWUDLJKWIRUZDUG�WDVN��7KH�FODVVLFDO�FRPSDULVRQ�FULWHULD�VXFK�DV�SURFHVV�RYHUVKRRW�
VHWWOLQJ� WLPH�� ,$(�� ,6(�� HWF��� DUH� VKRZQ� WR� EH� LQDGHTXDWH�� ,W� ZDV� SURSRVHG� WKDW� WKH
UHDOLVDEOH�UHIHUHQFH�FRQFHSW�FRXOG�SURYH�WR�EH�D�VXLWDEOH�FULWHULRQ�IRU�FRPSDULVRQ�

,W� ZDV� IRXQG� WKDW� IRU� WKH� 3,'� FRQWUROOHU�� D� VPDOOHU� LQWHJUDO� WLPH� FRQVWDQW� 7L� JLYHV� D
VKRUWHU�SURFHVV�VHWWOLQJ�WLPH�DIWHU�WKH�V\VWHP�OHDYHV�VDWXUDWLRQ�DQG�YLFH�YHUVD��7KH�RQO\
H[FHSWLRQ�LV�ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�ZKLFK�JHQHUDOO\�DVVXUHV�WKH�IDVWHVW
VHWWOLQJ�WLPH�RI�WKH�UHDOLVDEOH�UHIHUHQFH�

7KH�DUHD�HQFORVHG�E\� WKH�XQOLPLWHG�DQG� OLPLWHG�SURFHVV� UHVSRQVH�HTXDOV�]HUR�ZKHQ�QR
SURWHFWLRQ�DJDLQVW�ZLQGXS� LV�XVHG��7KH�VDPH�KROGV� IRU� WKH�DUHD�HQFORVHG�E\� WKH�DFWXDO
DQG� WKH� UHDOLVDEOH� UHIHUHQFHV��8VLQJ�VXFK� LQWHUSUHWDWLRQ�RI� WKH�ZLQGXS�SKHQRPHQRQ�� LW
ZDV�VKRZQ�ZK\�D�VXLWDEOH�DQWL�ZLQGXS�FRPSHQVDWRU�FDQ�UHGXFH�WKH�ZLQGXS�HIIHFW�

7KH�SUHGLFWLRQ�RI�WKH�PD[LPXP�RYHUVKRRW�RI�WKH�UHDOLVDEOH�UHIHUHQFH�ZDV�DOVR�GHULYHG�
ZKHUH� WKH�H[SHFWHG�RYHUVKRRW�RI� WKH� UHDOLVDEOH� UHIHUHQFH� LV�KLJKHU� IRU� VPDOOHU� LQWHJUDO
WLPH�FRQVWDQW�7L��DQG�YLFH�YHUVD�

,Q� VRPH� FDVHV�� HYHQ� GLVWXUEDQFHV� FDQ� FDXVH� V\VWHP� VDWXUDWLRQ�� ,Q� WKDW� HYHQW�� LI� WKH
FRQWUROOHU�LV�ZHOO�WXQHG�IRU�UHIHUHQFH�WUDFNLQJ�DV�ZHOO�DV�IRU�GLVWXUEDQFH�DWWHQXDWLRQ��WKH
OLPLWHG� SURFHVV� UHVSRQVH� WR� GLVWXUEDQFHV� VKRXOG� EH� TXLWH� DFFHSWDEOH� ZKHQ� XVLQJ� WKH
FRQGLWLRQLQJ� WHFKQLTXH�� +RZHYHU�� ZKHQ� XVLQJ� VPDOO� YDOXHV� RI� IDFWRU� b� �LQ� 3,'
FRQWUROOHUV���LW�FDQ�KDSSHQ�WKDW�OLPLWHG�GLVWXUEDQFH�UHMHFWLRQ�LV�VOXJJLVK��,Q�VXFK�FDVHV��D
GLVWXUEDQFH� UHMHFWLRQ� FRPSHQVDWRU� FRXOG� EH� XVHG�� EXW� QRW� LQ� DOO� FDVHV�� DV� VHHQ� LQ� WKH
WKHVLV�

3URFHVV� QRLVH� LV� UHODWLYHO\� FRPPRQ� LQ� WKH� SURFHVV� LQGXVWU\� �H�J�� IORZ� FRQWURO��� ,W� LV
GHPRQVWUDWHG� WKDW� VRPH� DQWL�ZLQGXS� DOJRULWKPV� DUH� PXFK� PRUH� VHQVLWLYH� WR� SURFHVV
QRLVH�WKDQ�RWKHUV��7KH�FRQGLWLRQLQJ�WHFKQLTXH�DSSHDUHG�UHODWLYHO\�LQHUW�WR�SURFHVV�QRLVH�

7KH� DQWL�ZLQGXS� VWUDWHJ\� IRU� PXOWLYDULDEOH� V\VWHPV� VKRXOG� WDNH� LQWR� DFFRXQW� WKH� VR�
FDOOHG� ³GHDGORFN´� VLWXDWLRQ��ZKLFK� GRHV� QRW� RFFXU� LQ� XQLYDULDEOH� V\VWHPV�� ,W� LV� VKRZQ
WKDW�� E\� XVLQJ� WKH� DUWLILFLDO� QRQOLQHDULW\� EORFN� LQ� WKH� FRQWURO� VFKHPH�� VLJQLILFDQW
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LPSURYHPHQWV� RI� SURFHVV� UHVSRQVH� FDQ� EH� DFKLHYHG�� 7KH� VFKHPH� VKRZHG� VXSHULRU
SHUIRUPDQFH�FRPSDUHG�WR�RWKHU�H[LVWLQJ�DQWL�ZLQGXS�DOJRULWKPV�

3,'�WXQLQJ�UXOHV�KDYH�EHHQ�GHYHORSHG�IRU�PRUH�WKDQ�ILYH�GHFDGHV��2XU�JRDO�ZDV�WR�ILQG
WKRVH�WXQLQJ�UXOHV�ZKLFK�ZRXOG�RQO\�UHTXLUH�WKH�RSHQ�ORRS�SURFHVV�VWHS�UHVSRQVH��DQG�
RQ� WKH� RWKHU� KDQG�� D� GHPDQGLQJ� WXQLQJ� FULWHULRQ� �PDJQLWXGH� RSWLPXP�� ZDV� WR� EH
DFKLHYHG�� %\� DSSO\LQJ� WKH� PXOWLSOH� LQWHJUDWLRQV� �PRPHQW�� PHWKRG�� NQRZQ� IURP� WKH
LGHQWLILFDWLRQ�WKHRU\��LW�ZDV�IRXQG�WKDW�WXQLQJ�RI�WKH�3,'�FRQWUROOHU�SDUDPHWHUV�FRXOG�EH
EDVHG� PHUHO\� RQ� WKH� SURFHVV� VWHS� UHVSRQVH�� 7KH� GHYHORSHG� UHDO�WLPH� VHOI�WXQLQJ
DOJRULWKP�VKRZHG�H[FHOOHQW�SHUIRUPDQFH�RQ�VHYHUDO�ODERUDWRU\�SODQWV�WHVWHG�

7KH� DXWKRU¶V� FRQWULEXWLRQV� WR� WKH� ILHOGV� RI� DQWL�ZLQGXS�� EXPSOHVV� WUDQVIHU�� DQG� 3,'
FRQWUROOHU�WXQLQJ�DUH�WKH�IROORZLQJ�

�� ,W�ZDV�VKRZQ�WKDW�FODVVLFDO�FRPSDULVRQ�FULWHULD��OLNH�SURFHVV�RYHUVKRRW��VHWWOLQJ�WLPH�
,$(��,6(��HWF���DUH�QRW�DSSURSULDWH�ZKHQ�FRPSDULQJ�GLIIHUHQW�DQWL�ZLQGXS�DOJRULWKPV�
7KH�UHDOLVDEOH�UHIHUHQFH�DSSHDUV�DV�D�EHWWHU�FULWHULRQ�

�� ,W� ZDV� VKRZQ� WKDW� WKH� SURFHVV� VHWWOLQJ� WLPH�� ZKHQ� OLPLWDWLRQ� RFFXUV� DQG�ZKHQ� WKH
FRQGLWLRQLQJ�WHFKQLTXH�LV�QRW�XVHG��GHSHQGV�KLJKO\�RQ� WKH� LQWHJUDO� WLPH�FRQVWDQW�7L�
7KH�KLJKHU�7L��WKH�ORQJHU�LV�WKH�SURFHVV�VHWWOLQJ�WLPH�

�� ,W�ZDV�GHULYHG�WKDW� WKH�DUHD�HQFORVHG�E\�WKH�XQOLPLWHG�DQG� OLPLWHG�SURFHVV� UHVSRQVH
HTXDOV� ]HUR� ZKHQ� QR� DQWL�ZLQGXS� SURWHFWLRQ� LV� XVHG�� 7KH� VDPH� KROGV� IRU� WKH� DUHD
HQFORVHG�E\� WKH� DFWXDO� DQG� WKH� UHDOLVDEOH� UHIHUHQFH��8VLQJ� WKDW� LQWHUSUHWDWLRQ� RI� WKH
ZLQGXS�SKHQRPHQRQ�� LW�ZDV�VKRZQ�WKDW�D�VXLWDEOH�DQWL�ZLQGXS�FRPSHQVDWRU�VKRXOG
DSSURSULDWHO\�LQFUHDVH�WKH�DUHD�

�� 7KH�SUHGLFWLRQ�RI� WKH� UHDOLVDEOH� UHIHUHQFH�RYHUVKRRW� LV�JLYHQ�IRU� WKH�3,'�FRQWUROOHU�
7KH�RYHUVKRRW�LV�KLJKHU�ZKHQ�XVLQJ�D�VKRUWHU�LQWHJUDO�WLPH�FRQVWDQW�

�� $FKLHYLQJ�JRRG�GLVWXUEDQFH�UHMHFWLRQ�GXULQJ�WKH�VDWXUDWLRQ�RI�WKH�SURFHVV�LV�QRW�VXFK
D� VWUDLJKWIRUZDUG� WDVN�� ,W� ZDV� VKRZQ� WKDW� WKH� FRQGLWLRQLQJ� WHFKQLTXH� XVXDOO\� JLYHV
TXLWH� DFFHSWDEOH� SURFHVV� UHVSRQVHV�� LI� WKH� FRQWUROOHU� LV�ZHOO� WXQHG� IRU� WUDFNLQJ� DQG
GLVWXUEDQFH� UHMHFWLRQ� IRU� XQOLPLWHG� FRQGLWLRQV�� ,Q� VRPH� FDVHV�� WKH� GLVWXUEDQFH
FRPSHQVDWRU�FDQ�EH�XVHG�DW�WKH�FRVW�RI�DQ�LQIHULRU�WUDFNLQJ�UHVSRQVH�

�� ,W�ZDV�RXWOLQHG�WKDW�VRPH�RI�WKH�DQWL�ZLQGXS�DOJRULWKPV�DUH�PXFK�PRUH�VHQVLWLYH�WR
SURFHVV� QRLVH� WKDQ� RWKHUV�� 7KH� FRQGLWLRQLQJ� WHFKQLTXH� DSSHDUHG� UHODWLYHO\� LQHUW� WR
SURFHVV�QRLVH�

�� 7KH� DUWLILFLDO� QRQOLQHDULW\� IRU� WKH� PXOWLYDULDEOH� FRQWUROOHUV� ZDV� LPSOHPHQWHG� DQG
WHVWHG� XQGHU� WKH� 0$7/$%�6,08/,1.� SURJUDPPH� SDFNDJH�� ZKHUH� QXPHURXV
H[SHULPHQWV�RQ�GLIIHUHQW�SODQWV�ZHUH�PDGH�

�� 7KHRUHWLFDO� GHYHORSPHQW� RI� WKH� QHZ� WXQLQJ� DSSURDFK� IRU� WKH� 3,'� FRQWUROOHUV� ZDV
JLYHQ�� ,W� LV� EDVHG� RQ� WKH� ³PDJQLWXGH� RSWLPXP´�SULQFLSOH�� DQG�ZLWK� WKH� KHOS� RI� WKH
PXOWLSOH� LQWHJUDWLRQ��PRPHQW��PHWKRG�� WKH�DOJRULWKP�RQO\�UHTXLUHV� WKH�SURFHVV� VWHS
UHVSRQVH� WR�FDOFXODWH� FRQWUROOHU�SDUDPHWHUV�SUHFLVHO\��7KH� FDOFXODWHG�3,'�FRQWUROOHU
SDUDPHWHUV�DOVR�KROG�IRU�SURFHVVHV�ZLWK�D�WLPH�GHOD\�
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�� $�UHDO�WLPH�VHOI�WXQLQJ�DOJRULWKP�IRU�WKH�3,�DQG�3,'�FRQWUROOHU�KDV�EHHQ�GHYHORSHG�
1XPHURXV�WHVWV�RQ�GLIIHUHQW�ODERUDWRU\�SODQWV�VKRZHG�YHU\�JRRG�WXQLQJ�UHVXOWV��,W�ZDV
VKRZQ�WKDW�WKH�DOJRULWKP�LV�DOVR�UREXVW�WR�SURFHVV�QRLVH�DQG�QRQOLQHDULWLHV�
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$SSHQGLFHV

$33(1',;�$���&RQYHUJHQFH�RI�LQWHJUDO�����

&RQVLGHU�D�VWDEOH�XQOLPLWHG�DQG�OLPLWHG�FORVHG�ORRS�V\VWHP��)ROORZLQJ�������WKH�VWHDG\�
VWDWH�YDOXHV�RI�WKH�OLPLWHG�DQG�XQOLPLWHG�SURFHVV�RXWSXWV�DUH�WKH�VDPH�
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7KH�XQOLPLWHG�SURFHVV�RXWSXW�LV�JLYHQ�E\�������8VLQJ�WKH�SDUWLDO�IUDFWLRQDO�H[SDQVLRQ�DQG
FRQVLGHULQJ� WKH� LQLWLDO� FRQGLWLRQV� RI� VLJQDOV� \��W�� DQG� Z�W��� WKH� XQOLPLWHG� SURFHVV
UHVSRQVH�RQ� D� VWHS� FKDQJH� RI� WKH� UHIHUHQFH� FDQ� EH� H[SUHVVHG� DV� �F�I��'L6WHIDQR� HW� DO��
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ZKHUH�5H^SL`!��IRU�L ���U�

:KLOH�WKH�V\VWHP�LV�OLPLWHG��WKH�SURFHVV�UHVSRQVH�GHSHQGV�RQO\�RQ�WKH�OLPLWHG�YDULDEOH
XU��6LQFH�XU�LV�OLPLWHG��DQG�WKH�FORVHG�ORRS�UHVSRQVH�LV�DVVXPHG�WR�EH�VWDEOH��WKH�SURFHVV
RXWSXW�\��W�� IRU��ËW�W�� LV� OLPLWHG��$IWHU� WÌW��� WKH� V\VWHP�UHWXUQV� WR�D� OLQHDU� UHJLPH��)RU
WÌW��WKH�FORVHG�ORRS�V\VWHP�UHVSRQVH�FDQ�EH�YLHZHG�DV�D�UHVSRQVH�WR�WKH�UHIHUHQFH�LQSXW
ZLWK�LQLWLDO�FRQGLWLRQV�GHILQHG�DW�W W��
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7KH�VXIILFLHQW�FRQGLWLRQ�IRU�WKH�FRQYHUJHQFH�RI��$���LV�WKDW
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$IWHU�PXOWLSO\LQJ��$���DQG��$���E\�Wa��LW�IROORZV�WKDW��$�D��DQG��$�E��KROG��KHQFH��$��
DQG������GR�FRQYHUJH�
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$33(1',;�%��3URRI�RI�WKHRUHP��

)RU�WKH�VDNH�RI�QRWDWLRQ�GLVWLQFWLRQ��OHW�XV�UHZULWH�������DQG�������IRU�$:D�DQG�$:E�
UHVSHFWLYHO\��QDPHO\
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1RWH�WKDW�GXH�WR�WKH�VDPH�LQLWLDO�FRQGLWLRQV��Y��\��ZKHQ�XVLQJ�$:D��LV�WKH�VDPH�DV�Y��\�
ZKHQ�XVLQJ�$:E�DW� WKH�EHJLQQLQJ��,I�ZD

U�DQG�ZE
U�DUH� WKH�VDPH�� WKHQ�Y� �\��ZKHQ�XVLQJ

$:D�ZLOO�EH�WKH�VDPH�DV�Y��\��ZKHQ�XVLQJ�$:E�
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$33(1',;�&��3URRI�RI�WKHRUHP��

)URP�FRQGLWLRQ�&��� DQG� JLYHQ� WKDW�.��V�� DQG�.�V�� DUH� SURSHU��ZH� GHGXFH� WKDW� ,�.��V�
VKRXOG�EH�ELSURSHU��+HQFH��,�.�D�¹��LV�D�QRQ�VLQJXODU�PDWUL[��)URP��%����ZH�WKHQ�KDYH
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$33(1',;�'� ([SOLFLW�VROXWLRQ�WR�WKH�RSWLPDO
DUWLILFLDO�QRQOLQHDULW\�GHVLJQ

,Q� WKLV� DSSHQGL[�� ZH� SUHVHQW� DQ� H[SOLFLW� VROXWLRQ� WR� WKH� RSWLPDO� GHVLJQ� RI� $1�� WKH
DUWLILFLDO� QRQOLQHDULW\� EORFN�� )RU� SUDFWLFDO� DSSOLFDWLRQV�� LW� LV� UHDVRQDEOH� WR� FKRRVH� WKH
TXDGUDWLF�ZHLJKWLQJ�FULWHULRQ�IRU�PLQLPLVDWLRQ�
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ZKHUH�L�LV�D�GLDJRQDO�ZHLJKWLQJ�PDWUL[�ZKRVH�HOHPHQWV�DUH�DOO�SRVLWLYH��7KH�FKRLFH�RI�L
LV�GLFWDWHG�E\�WKH�UHODWLYH�LPSRUWDQFH�RI�HDFK�HOHPHQW�RI�ZU-Z�LQ�WKH�FULWHULRQ��$�.XKQ�
7XFNHU�PXOWLSOLHU�m=>m��m�������m�P@

7���5�P�LV�LQWURGXFHG�WR�IRUP�WKH�IROORZLQJ�DX[LOLDU\
.XKQ�7XFNHU�IXQFWLRQ�
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mL �� LI� WKH� LWK� FRQVWUDLQW� LV� DFWLYH� �WKDW� LV�� LI�+L'�Z

U�Z��+L�EL����� DQG� mLÌ�� LI� WKH
FRQVWUDLQW�LV�DFWLYH��+L'�Z

U�Z��+L�EL ����)URP�WKH�.XKQ�7XFNHU�WKHRUHP��D�ILUVW�RUGHU
QHFHVVDU\�FRQGLWLRQ�IRU�ZU�Z�WR�EH�D�ORFDO�PLQLPLVHU�RI�-��D�FRQGLWLRQ�WR�EH�VDWLVILHG�E\
DQ\�RSWLPDO�$1�GHVLJQ��LV�WKDW
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,I�WKH�FRQWUROOHU�RXWSXW�X�YLRODWHV�QR�FRQVWUDLQWV��L�H��m ����WKH�RSWLPDO�VROXWLRQ�LV�ZU Z�
LQ�ZKLFK�FDVH�Y X��,I��KRZHYHU��RQH�RU�PRUH�HOHPHQWV�RI�X�YLRODWH� WKH�FRQVWUDLQWV��L�H�
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DQG�m�!��DUH�WKH�.XKQ�7XFNHU�PXOWLSOLHUV�FRUUHVSRQGLQJ�WR�WKH�DFWLYH�FRQVWUDLQWV
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1RWH�WKDW�VLQFH�+��SLFNV�RXW�SUHFLVHO\�WKRVH�HOHPHQWV�RI�X�ZKLFK�YLRODWH�WKH�FRQVWUDLQWV
�L�H��+�X�E�!����HTXDWLRQ��'���LPSOLHV m�! ���)URP���'���DQG��'����ZH�REWDLQ
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IURP�ZKLFK�HTXDWLRQ�������\LHOGV
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,W�FDQ�EH�UHDGLO\�YHULILHG�WKDW�Y�FRPSXWHG�DV�LQ��'���VDWLVILHV

���+ Y E
� �

�+ = �� �'��

,I�WKLV�VDPH�Y�DOVR�VDWLVILHV
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WKHQ�LW�LV�WKH�XQLTXH�RSWLPDO�VROXWLRQ�RI�WKH�$1�GHVLJQ�SUREOHP��,I��'���GRHV�QRW�VDWLVI\
�'����� WKHQ� WKH�FRUUHVSRQGLQJ� OLQH�RI�Y�PXVW�EH�PRGLILHG� LQ�RUGHU� WR� ILQG� WKH�RSWLPDO
VROXWLRQ�� 2EWDLQLQJ� WKH� DSSURSULDWH� PRGLILFDWLRQ� LV� JHQHUDOO\� WRR� FRPSOH[� D� WDVN� IRU
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FRQGLWLRQHG�WUDQVIHU´��3UH�SULQWV�RI�WKH�,)$&�:RUOG�&RQJUHVV��6DQ�)UDQFLVFR��9RO�
'��SS�������������E�

3HQJ�� <��� '�� 9UDQþLü�� 5�� +DQXV�� DQG� 6�� 5�� :HOOHU�� ³$QWL�ZLQGXS� 'HVLJQV� IRU
0XOWLYDULDEOH� &RQWUROOHUV´�� 3UH�SULQWV� RI� WKH� (XURSHDQ� &RQWURO� &RQIHUHQFH
(&&¶����%UXVVHOV�������

3HUVVRQ�� 3��� DQG� .�� -��ÇVWU|P�� ³3,'� FRQWURO� UHYLVLWHG´�� ��WK� ,)$&�:RUOG� &RQJUHVV�
6\GQH\��9RO�����SS����������������

3HWHUND�� 9��� DQG� .�� -��ÇVWU|P�� ³&RQWURO� RI� PXOWLYDULDEOH� V\VWHPV� ZLWK� XQNQRZQ� EXW
FRQVWUDLQHG�SDUDPHWHUV´��$XWRPDWLFD��9RO������SS����������������

3XãQLN��-���-��.RFLMDQ��DQG�5��.DUED��³7KH�HYDOXDWLRQ�RI�HIILFLHQF\�RI�WKH�&RQGLWLRQLQJ
WHFKQLTXH� DV� DQ� DQWL�ZLQGXS� SURWHFWLRQ� �LQ� 6ORYHQH�´�� (OHFWURWHFKQLFDO� 5HYLHZ�
9RO������1R�����SS��������������

5DNH�� +��� ³,GHQWLILFDWLRQ�� 7UDQVLHQW�� DQG� )UHTXHQF\�5HVSRQVH� 0HWKRGV´�� 6\VWHPV� 	
&RQWURO� (QF\FORSHGLD�� 7KHRU\�� 7HFKQRORJ\�� $SSOLFDWLRQV�� 0DGDQ� *� 6LQJK�� HG��
3HUJDPRQ�3UHVV�������

5DZOLQJV� -�� %��� DQG� .�� 5�� 0XVNH�� ³7KH� 6WDELOLW\� RI� &RQVWUDLQHG� 5HFHGLQJ� +RUL]RQ
&RQWURO´��,(((�7UDQV��$XWRPDWLF�&RQWURO��9RO������1R������SS������������������

5|QQElFN��6���³1RQOLQHDU�'\QDPLF�:LQGXS�'HWHFWLRQ�LQ�$QWL�:LQGXS�&RPSHQVDWRUV´�
3UH�SULQWV� RI� WKH� &(6$
��� ,0$&6� 0XOWLFRQIHUHQFH�� 6\PSRVLXP� RQ� &RQWURO�
2SWLPL]DWLRQ�DQG�6XSHUYLVLRQ��/LOOH��9RO�����SS������������������



���

5XQGTZLVW�� /��� ³$QWL�UHVHW� ZLQGXS� IRU� 3,'� FRQWUROOHUV�´� 3UH�SULQWV� RI� WKH� ��WK� ,)$&
:RUOG�&RQJUHVV��9RO�����SS����������������

5XQGTZLVW��/���³$QWL�UHVHW�:LQGXS�IRU�3,'�&RQWUROOHUV´��'RFWRUDO�'LVVHUWDWLRQ�������

6FRNDHUW��3��2��0���DQG�-��%��5DZOLQJV��³LQILQLWH�KRUL]RQ� OLQHDU�TXDGUDWLF�FRQWURO�ZLWK
FRQVWUDLQWV´�� ��WK� ,)$&� :RUOG� &RQJUHVV�� 6DQ� )UDQFLVFR�� 9RO�� 0�� SS�� ��������
�����

6FRNDHUW�� 3�� 2�� 0��� ³,QILQLWH� KRUL]RQ� JHQHUDOLVHG� SUHGLFWLYH� FRQWURO´�� ,QW�� -RXUQDO� RI
&RQWURO��9RO������1R�����SS����������������

6KDILHL��=���DQG�$��7��6KHQWRQ��³7XQLQJ�RI�3,'�W\SH�&RQWUROOHUV�IRU�6WDEOH�DQG�8QVWDEOH
6\VWHPV�ZLWK�7LPH�'HOD\´��$XWRPDWLFD��9RO������1R������SS������������������

6KLQVNH\��)��*���³3URFHVV�&RQWURO�6\VWHPV���$SSOLFDWLRQ�'HVLJQ�$GMXVWPHQW´��0F*UDZ�
+LOO��1HZ�<RUN�������

6WUHMF�� 9��� ³1lKHUXQJVYHUIUDKUHQ� I�U� DSHULRGLVFKH� hEHUJDQJVFKDUDNWHULVWLNHQ´�
5HJHOXQJVWHFKQLN����SS����������������

âHJD�� 3��� ³5HJXODFLMD� LQ� VLVWHPL´�� )DFXOW\� RI� (OHFWULFDO� DQG� &RPSXWHU� 6FLHQFH
(QJLQHHULQJ�������

âXOF��%���³'HDG�EHDW�&RQWURO�6\VWHP�'HVLJQ�ZLWK�$FWXDWRU�6DWXUDWLRQ´��$$�LQ�,&6¶���
SS����������������

7KRPDV��%���³$�1HZ�3,'�3DUDPHWHU�7XQLQJ�0HWKRG�IRU�,QGXVWULDO�$SSOLFDWLRQV´��,)$&
6\PSRVLXP�RQ�'HVLJQ�0HWKRGV�RI�&RQWURO�6\VWHPV��(7+�=�ULFK��6ZLW]HUODQG��SS�
������������

8PODQG�� -��:���DQG�0��6DILXGGLQ��³0DJQLWXGH�DQG�6\PPHWULF�2SWLPXP�&ULWHULRQ� IRU
WKH�'HVLJQ�RI�/LQHDU�&RQWURO�6\VWHPV��:KDW�,V�,W�DQG�+RZ�'RHV�,W�&RPSDUH�ZLWK
WKH�2WKHUV"´��,(((�7UDQVDFWLRQV�RQ�,QGXVWU\�$SSOLFDWLRQV��9RO������1R�����SS������
����������

9DQGHQEXVVFKH��3���³'LJLWDO� WUDQVSRVLWLRQ�DQG�H[WHQVLRQ�RI�FODVVLFDO�DQDORJLFDO�FRQWURO
DOJRULWKPV´��3UH�SULQWV�RI�WKH�,)$&�&RQIHUHQFH��([SHULHQFHV�LQ�&RPSXWHU�&RQWURO
�� &RPSXWHU� 6\VWHPV� ��0LFUR� DQG�PLQLFRPSXWHUV� LQ� &RQWURO�� 3DUW� ,9�$�� SS�� ����
�����

9RGD��$��$���DQG�,��'��/DQGDX��³$�0HWKRG�IRU�WKH�$XWR�FDOLEUDWLRQ�RI�3,'�&RQWUROOHUV´�
$XWRPDWLFD��9RO������1R�����SS��������������

9UDQþLü�� '��� DQG� -�� 3HWURYþLþ�� ³$QDOL]D� LQWHUDNFLMH� DOJRULWPRY� ]D� SUHSUHþHYDQMH
LQWHJUDOVNHJD� SREHJD� LQ� SUHY]SRQD´�� 3URFHHGLQJV� RI� WKH� VHFRQG� (OHFWURWHFKQLFDO
DQG�&RPSXWHU�6FLHQFH�&RQIHUHQFH�(5.�����3RUWRURå��SDUW�$��SS����������������

9UDQþLü��'���-��3HWURYþLþ��DQG�ç��-XULþLü��³$QDOL]D�PHWRG�]D�SUHSUHþHYDQMH�LQWHJUDOVNHJD
SREHJD�LQ�SUHYHOLNHJD�SUHY]SRQD´��-��6WHIDQ�,QVWLWXWH��5HSRUW�'3�����������D�

9UDQþLü��'��� -�� 3HWURYþLþ�� DQG�ç�� -XULþLü�� ³1DVWDYLWYH� SDUDPHWURY� 3,'� UHJXODWRUMHY� ]D
SURFHVH����UHGD´��5HSRUW�'3�������-��6WHIDQ�,QVWLWXWH��/MXEOMDQD������E�



���

9UDQþLü�� '��� -�� 3HWURYþLþ�� DQG� ç�� -XULþLü�� ³3URJUDPVNL� PRGXO� FRQWURO´�� -�� 6WHIDQ
,QVWLWXWH��5HSRUW�'3�����������F�

9UDQþLü�� '��� -�� 3HWURYþLþ�� -�� *URP�� DQG� 0�� âWUXEHOM�� ³,]GHODYD� QHVWDELOQH� LQ
PXOWLYDULDELOQH�PRGHOQH�QDSUDYH´��-��6WHIDQ�,QVWLWXWH��5HSRUW�'3�����������G�

9UDQþLü�� '��� DQG� ç�� -XULþLü�� ³1DVWDYLWYH� SDUDPHWURY� 3,'� UHJXODWRUMHY� ]D� SURFHVH� ��
UHGD´��3URFHHGLQJV�RI�WKH�WKLUG�(OHFWURWHFKQLFDO�DQG�&RPSXWHU�6FLHQFH�&RQIHUHQFH
(5.¶����3RUWRURå��9RO��$��SS����������������

9UDQþLü��'���DQG�<��3HQJ��³$QWL�ZLQGXS�DQG�&RQGLWLRQHG�7UDQVIHU�IRU�3,'�&RQWUROOHU´�
3URFHHGLQJV�RI� WKH�WKLUG�(OHFWURWHFKQLFDO�DQG�&RPSXWHU�6FLHQFH�&RQIHUHQFH�(5.
����3RUWRURå��9RO��$��SS���������������D�

9UDQþLü�� '��� DQG� <�� 3HQJ�� ³$PSOLWXGH� DQG� SKDVH� PDUJLQ� GHWHFWLRQ� ZLWK� RQ�OLQH� 3,'
FRQWUROOHU´��-��6WHIDQ�,QVWLWXWH��5HSRUW�'3�����������E�

9UDQþLü�� '��� DQG� ç�� -XULþLü�� ³7UDQVLHQW� FRQWURO� E\� WKH� LQWHJUDWLRQ� PHWKRG´�� -�� 6WHIDQ
,QVWLWXWH��5HSRUW�'3������������

9UDQþLü��'���³6RPH�DVSHFWV�DQG�GHVLJQ�RI�DQWL�ZLQGXS�DQG�FRQGLWLRQHG�WUDQVIHU´��0DVWHU
7KHVLV��)DFXOW\�RI�(OHFWULFDO�DQG�&RPSXWHU�6FLHQFH�(QJLQHHULQJ��/MXEOMDQD������D�

9UDQþLü�� '��� ³$� QHZ� 3,�'�� WXQLQJ� PHWKRG� EDVHG� RQ� WKH� SURFHVV� UHDFWLRQ� FXUYH´�� -�
6WHIDQ�,QVWLWXWH��5HSRUW�'3�����������E�

9UDQþLü�� '��� DQG� <�� 3HQJ�� ³$PSOLWXGH� DQG� SKDVH� PDUJLQ� VHWWLQJ� ZLWK� RQ�OLQH� 3,
FRQWUROOHU´�� 3URFHHGLQJV� RI� WKH� )RXUWK� (OHFWURWHFKQLFDO� DQG� &RPSXWHU� 6FLHQFH
&RQIHUHQFH�(5.
����3RUWRURå��9RO��$��SS���������������D�

9UDQþLü��'��� DQG�<�� 3HQJ�� ³3URFHVV� LQSXW�PHDVXULQJ� DQG� QRQ�OLQHDULW\� LQ� DQWL�ZLQGXS
GHVLJQ´�� 3URFHHGLQJV� RI� WKH� IRXUWK� (OHFWURWHFKQLFDO� DQG� &RPSXWHU� 6FLHQFH
&RQIHUHQFH�(5.�����3RUWRURå��9RO��$��SS���������������E�

9UDQþLü�� '��� <�� 3HQJ�� DQG� &�� 'DQ]�� ³$� FRPSDULVRQ� EHWZHHQ� GLIIHUHQW� 3,� FRQWUROOHU
WXQLQJ�PHWKRGV´��-��6WHIDQ�,QVWLWXWH��5HSRUW�'3�����������D�

9UDQþLü�� '��� <�� 3HQJ�� DQG� ç�� -XULþLü�� ³6RPH� DVSHFWV� DQG� GHVLJQ� RI� DQWL�ZLQGXS� DQG
FRQGLWLRQHG�WUDQVIHU�´�5HSRUW�'3�������-��6WHIDQ�,QVWLWXWH��/MXEOMDQD������E�

9UDQþLü��'���DQG�-��3HWURYþLþ��³,]YHGED�UHJXODFLMH�WHPSHUDWXUH�PHULOQH�FHOLFH�PHULOQLND
NLVLND´��(OHNWURWHKQLãNL�YHVWQLN��9RO������1R�����SS���������/MXEOMDQD�������

9UDQþLü��'��� DQG�<�� 3HQJ�� ³6RPH� SUDFWLFDO� UHFRPPHQGDWLRQV� LQ� DQWL�ZLQGXS� GHVLJQ´�
8.$&&�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�&21752/¶����([HWHU��9RO�����SS����������
�����

9UDQþLü�� '��� <�� 3HQJ�� 5�� +DQXV�� DQG� 6�� 6WUPþQLN�� ³7KH� H[WHQW� RI� ZLQGXS� DQG� WKH
EHQHILWV� RI� DQWL�ZLQGXS´�� 3UH�SULQWV� RI� WKH� &(6$
��� ,0$&6� 0XOWLFRQIHUHQFH�
6\PSRVLXP� RQ� &RQWURO�� 2SWLPL]DWLRQ� DQG� 6XSHUYLVLRQ�� /LOOH�� 9RO�� ��� SS�� �����
����������D�

9UDQþLü�� '��� <�� 3HQJ�� 6�� 6WUPþQLN�� DQG� 5�� +DQXV�� ³$� QHZ� WXQLQJ� PHWKRG� IRU� 3,
FRQWUROOHUV�EDVHG�RQ�D�SURFHVV�VWHS� UHVSRQVH´��3UH�SULQWV�RI� WKH�&(6$
��� ,0$&6



���

0XOWLFRQIHUHQFH��6\PSRVLXP�RQ�&RQWURO��2SWLPL]DWLRQ�DQG�6XSHUYLVLRQ��/LOOH��9RO�
���SS���������������E�

9UDQþLü�� '��� <�� 3HQJ�� 0�� .ORSþLþ�� 5�� +DQXV�� DQG� =�� âHKLþ�� ³$PSOLWXGH� DQG� SKDVH
PDUJLQ� VHWWLQJV� ZLWK� RQ�OLQH� 3,� FRQWUROOHU´�� 3UH�SULQWV� RI� WKH� &(6$
��� ,0$&6
0XOWLFRQIHUHQFH��6\PSRVLXP�RQ�&RQWURO��2SWLPL]DWLRQ�DQG�6XSHUYLVLRQ��/LOOH��9RO�
���SS���������������F�

9UDQþLü��'���<��3HQJ��DQG�6��6WUPþQLN��³7XQLQJ�RI�3,�FRQWUROOHUV�EDVHG�RQ�WKH�PXOWLSOH
LQWHJUDWLRQ� DSSURDFK´�� 3URFHHGLQJV� RI� WKH� ILIWK� (OHFWURWHFKQLFDO� DQG� &RPSXWHU
6FLHQFH�&RQIHUHQFH�(5.¶����3RUWRURå��9RO��$��SS���������������G�

9UDQþLü�� '��� <�� 3HQJ�� DQG� 6�� 6WUPþQLN�� ³$QWL�ZLQGXS� IRU� WKH� JHQHUDOLVHG� 3,'
FRQWUROOHU´�� 3URFHHGLQJV� RI� WKH� ILIWK� (OHFWURWHFKQLFDO� DQG� &RPSXWHU� 6FLHQFH
&RQIHUHQFH�(5.¶����3RUWRURå��9RO��$��SS���������������H�

9UDQþLü��'���³3UHJOHG�QHNDWHULK�PHWRG�]D�]DãþLWR�SUHG�LQWHJUDOVNLP�SREHJRP�LQ�XGDUQLP
SUHNORSRP�]D�3,'� UHJXODWRU´��(OHNWURWHKQLãNL�YHVWQLN��9RO�� ����1R�� ����� SS�� ����
�����/MXEOMDQD�������

9UDQþLü��'���DQG�<��3HQJ��³'HULYDWLRQ�RI�3,'�SDUDPHWHUV�XVLQJ�WKH�PRPHQW�PHWKRG´��-�
6WHIDQ�,QVWLWXWH��5HSRUW�'3������������

9UDQþLü��'���<��3HQJ�� -�� /LHVOHKWR�� 6�� 6WUPþQLN�� DQG�5��+DQXV�� ³'HVLJQ� RI�0,02�3,
&RQWUROOHUV� 8VLQJ� WKH� 0XOWLSOH� ,QWHJUDWLRQ� $SSURDFK´�� 3URFHHGLQJV� RI� WKH� ��WK
,0$&6�:RUOG�&RQJUHVV��%HUOLQ��9RO�����SS���������������D�

9UDQþLü�� '��� <�� 3HQJ�� DQG� -�� 3HWURYþLþ�� ³$� QHZ� VLPSOH� DXWR�WXQLQJ� PHWKRG� IRU� 3,'
FRQWUROOHUV´��3UH�SULQWV�RI� WKH��QG� ,)$&�:RUNVKRS�RQ� ³1HZ�7UHQGV� LQ�'HVLJQ� RI
&RQWURO�6\VWHPV´��6PROHQLFH��SS���������������E�

9UDQþLü�� '��� <�� 3HQJ�� -�� 3HWURYþLþ�� DQG� 5�� +DQXV�� ³$� QHZ� WXQLQJ� PHWKRG� IRU� 3,'
FRQWUROOHUV´�� $FFHSWHG� E\� WKH� �WK� ,)$&� &RQIHUHQFH� RQ� ³6\VWHP� 6WUXFWXUH� DQG
&RQWURO´��%XFKDUHVW��2FWREHU������������F�

:DOJDPD��.��6���DQG�-��6WHUQE\��³,QKHUHQW�REVHUYHU�SURSHUW\� LQ�D�FODVV�RI�DQWL�ZLQGXS
FRPSHQVDWRUV�´�,QWHUQDWLRQDO�-RXUQDO�RI�&RQWURO��9RO������1R�����SS����������������

:DOJDPD��.��6���6��5|QQElFN��DQG�-��6WHUQE\��³*HQHUDOLVDWLRQ�RI�FRQGLWLRQLQJ�WHFKQLTXH
IRU�DQWL�ZLQGXS�FRPSHQVDWRUV´��,((�3URFHHGLQJV��9RO��'�������SS����������������

:DQJ��3���DQG�'��3��.ZRN��³2SWLPDO�GHVLJQ�RI�3,'�SURFHVV�FRQWUROOHUV�EDVHG�RQ�JHQHWLF
DOJRULWKPV´����WK�,)$&�:RUOG�&RQJUHVV��6\GQH\��9RO�����SS����������������

:HOOHU�� 6�� 5��� ³$QWL�ZLQGXS� GHVLJQ� IRU� 0,02� SODQWV� KDYLQJ� JHQHUDO� LQILQLWH� DQG
XQVWDEOH� ]HUR� VWUXFWXUH´�� ��WK� ,)$&�:RUOG�&RQJUHVV�� 6DQ�)UDQFLVFR��9RO��'�� SS�
������������

:LOOLDPV�� $�� 2�� )��� DQG� 9�� 2�� $GHQL\L�� ³$� QHZ� PHWKRG� IRU� WKH� GHVLJQ� RI� 3,'�W\SH
FRQWUROOHUV´�� ��WK� ,)$&� :RUOG� &RQJUHVV�� 6DQ� )UDQFLVFR�� 9RO�� 0�� SS�� ��������
�����



���

:XUPWKDOHU��&K���DQG�3��+LSSH��³&ORVHG�ORRS�GHVLJQ�IRU�VWDEOH�DQG�XQVWDEOH�SODQWV�ZLWK
LQSXW� VDWXUDWLRQ´�� 3URFHHGLQJV� RI� WKH� VHFRQG� (XURSHDQ� &RQWURO� &RQIHUHQFH
(&&¶����*URQLQJHQ��9RO�����SS�����������������

:XUPWKDOHU�� &K��� DQG� 3�� +LSSH�� ³6\VWHPDWLF� DQWL� ZLQGXS� GHVLJQ� IRU� FRQWURO� V\VWHPV
ZLWK� VDWXUDWLQJ� DFWXDWRUV´�� 3UH�SULQWV� RI� WKH� &(6$
��� ,0$&6� 0XOWLFRQIHUHQFH�
6\PSRVLXP� RQ� &RQWURO�� 2SWLPL]DWLRQ� DQG� 6XSHUYLVLRQ�� /LOOH�� 9RO�� ��� SS�� �����
�����������

=KHQJ�� $��� 0�� 9�� .RWKDUH�� DQG� 0�� 0RUDUL�� ³$QWL�ZLQGXS� GHVLJQ� IRU� LQWHUQDO� PRGHO
FRQWURO´��,QW��-��&RQWURO��9RO������1R�����SS������������������

=KRX�� *��� DQG� -�� '�� %LUGZHOO�� ³$XWRPDWLRQ� RI� 3,'� $XWRWXQHU� 'HVLJQ� IRU� &RPSOH[
6\VWHPV´����WK�,)$&�:RUOG�&RQJUHVV��6DQ�)UDQFLVFR��9RO��0��SS����������������

=LHJOHU��-��*���DQG�1��%��1LFKROV��³2SWLPXP�VHWWLQJV�IRU�DXWRPDWLF�FRQWUROOHUV´��7UDQV�
$60(��9RO������SS����������������

=XSDQþLþ��%��� ³=YH]QL� UHJXODFLMVNL� VLVWHPL�� ��� GHO´�� )DFXOW\� RI� (OHFWULFDO� (QJLQHHULQJ�
/MXEOMDQD�������

äiNRYi��.��� DQG�0��+XED��³7KHRUHWLFDO�DQDO\VLV�RI�=LHJOHU�1LFKROV� FRQFOXVLRQV´��3UH�
SULQWV�RI�WKH��QG�,)$&�:RUNVKRS�RQ�³1HZ�7UHQGV�LQ�'HVLJQ�RI�&RQWURO�6\VWHPV´�
6PROHQLFH��SS����������������



���



���

$FNQRZOHGJHPHQWV

)LUVW�RI�DOO��,�ZRXOG�OLNH�WR�H[SUHVV�P\�JUDWLWXGH�WR�P\�PHQWRU��3URI��'U��5LKDUG�.DUED�
IURP�ZKRP�,�UHFHLYHG�JUHDW�VXSSRUW�GXULQJ�P\�VWXGLHV��+LV�GHHS�LQWHUHVW�LQ�VXEMHFWV�RI
DQWL�ZLQGXS�DQG�3,'�WXQLQJ��DQG�IUXLWIXO�GLVFXVVLRQV�KDYH�VLJQLILFDQWO\�HQFRXUDJHG�PH
GXULQJ�P\�UHVHDUFK�

'HHS�WKDQNV�DQG�JUDWLWXGH�DOVR�EHORQJ�WR�3URI��'U��6WDQNR�6WUPþQLN��ZKRVH�LQYDOXDEOH
KHOS�� IUHTXHQW� GLVFXVVLRQV�� SURRI�UHDGLQJ� DQG� HQFRXUDJHPHQW� KDYH� FRQWULEXWHG
FRQVLGHUDEO\�WR�WKLV�ZRUN�

6SHFLDO� WKDQNV� DQG� GHHS� DSSUHFLDWLRQ� DUH� GXH� WR� 3URI�� 'U�� 5D\PRQG� +DQXV� DQG� 'U�
<RXELQ� 3HQJ� IURP� WKH� )UHH� 8QLYHUVLW\� RI� %UXVVHOV� ZKR� JDYH� PH� QRW� RQO\� P\� ILUVW
LQIRUPDWLRQ�DERXW�DQWL�ZLQGXS�SURWHFWLRQ�DQG� WKH� WXQLQJ�RI�3,'�FRQWUROOHU�SDUDPHWHUV�
EXW�DOVR�VSHQW�D�ORW�RI�WKHLU�YDOXDEOH�WLPH�RQ�GLVFXVVLRQV�GXULQJ�RXU�IUXLWIXO�FR�RSHUDWLRQ
RI� WKH� ODVW� ILYH� \HDUV�� :LWKRXW� WKHLU� VXSSRUW�� WKLV� WKHVLV� ZRXOG� SUREDEO\� QRW� KDYH
DSSHDUHG��DW�D�PLQLPXP�LW�ZRXOG�KDYH�DQRWKHU�WLWOH�

,�ZRXOG�OLNH�WR�H[SUHVV�P\�WKDQNV�WR�'U��-DQNR�3HWURYþLþ��ZKRVH�LQYDOXDEOH�FRQWULEXWLRQ
ZDV�LQ�WKH�JLYLQJ�RI�XVHIXO�VROXWLRQV�IRU� WKH�LPSOHPHQWDWLRQ�RI�DQWL�ZLQGXS�SURWHFWLRQ
DQG�DXWR�WXQLQJ�DOJRULWKP�LQ�WKH�UHDO�ZRUOG��+LV�DGYLFHV��LGHDV�DQG�SDWLHQFH�DUH�KLJKO\
DSSUHFLDWHG�

0DQ\� WKDQNV� WR� 'U�� çDQL� -XULþLü� IRU� KLV� FRPPHQWV� IURP� WKH� ³WKHRUHWLFDO´� VLGH�� 7KH
QXPHURXV�GLVFXVVLRQV� ,�KDG�ZLWK�KLP�VROYHG�PDQ\�SUREOHPV� ,�HQFRXQWHUHG�GXULQJ�P\
UHVHDUFK�

,� ZRXOG� DOVR� OLNH� WR� JLYH� P\� WKDQNV� WR� DOO� P\� FROOHDJXHV� IURP� WKH� 'HSDUWPHQW� RI
&RPSXWHU�$XWRPDWLRQ�DQG�&RQWURO�DW� WKH�-��6WHIDQ�,QVWLWXWH� LQ�/MXEOMDQD�IURP�ZKRP�,
UHFHLYHG�D�ORW�RI�VXSSRUW��KHOS�DQG�HQFRXUDJHPHQW�GXULQJ�P\�ZRUN�

)LQDQFLDO� VXSSRUW� IRU�P\� VWXGLHV� IURP� WKH�0LQLVWU\�RI�6FLHQFH� DQG�7HFKQRORJ\�RI� WKH
5HSXEOLF� RI� 6ORYHQLD�� DQG� IRU� P\� VWD\� LQ� %UXVVHOV� IURP� WKH� 7(0386� RIILFH�� DUH
JUDWHIXOO\�DFNQRZOHGJHG�

$QG� ODVW��EXW�GHILQLWHO\�QRW� OHDVW��P\�GHHS�JUDWLWXGH�JRHV� WR�P\�ZLIH� IRU�KHU�SDWLHQFH�
ORYH�DQG�VXSSRUW�GXULQJ�P\�ZRUN�
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