
3URFHHGLQJV� RI� WKH� �WK� ,QWHUQDWLRQDO�&RQIHUHQFH� RQ� ,QYHUVH� 3UREOHPV� LQ� (QJLQHHULQJ�� 7KHRU\� DQG�3UDFWLFH��
&DPEULGJH��8.�������WK�-XO\������
�
5(75,(9,1*�26&,//$725<�62/87,216�)520�6<67(06�2)�',))(5(1&(�(48$7,216��
�
9��*217$5�DQG�2��*5(&+.2�

'HSDUWPHQW�RI� ,QGXVWULDO�(QJLQHHULQJ�DQG�0DQDJHPHQW��%HQ�*XULRQ�8QLYHUVLW\� RI� WKH�1HJHY��3�2��%R[������
%HHU�6KHYD��������,VUDHO�
H�PDLO��JDOLWD#EJXPDLO�EJX�DF�LO�
�
$EVWUDFW���7KH� LQYHUVH�SUREOHP�UHODWLQJ� WR� WKH�ILHOG�RI�FRPSOH[�RVFLOODWRU\�G\QDPLFV�PDWKHPDWLFDO�PRGHOLQJ�
KDV� EHHQ� IRUPXODWHG� DQG� DQDO\]HG�� $� UREXVW� PHWKRG� IRU� UHWULHYLQJ� DQG� FODVVLI\LQJ� RVFLOODWRU\� VROXWLRQV� RI�
V\VWHPV�RI�GLIIHUHQFH�HTXDWLRQV�LV�SURSRVHG��7KH�PHWKRG�LV�EDVHG�RQ�D�JHQHWLF�DOJRULWKP�ZLWK�D�VSHFLDO�W\SH�RI�
ILWQHVV�IXQFWLRQ��$Q�H[DPSOH�LV�SUHVHQWHG�RI�UHWULHYDO�RI�FRPSOH[�RVFLOODWLRQV�HPEHGGHG�LQ�GLIIHUHQFH�HTXDWLRQV�
GHULYHG�IURP�WKH�GLVFUHWH�FKDRWLF�G\QDPLFV�RI�SK\VLFRFKHPLFDO�UHDFWLRQV���
�

����,1752'8&7,21�
0DWKHPDWLFDO�PRGHOV�LQ�WKH�IRUP�RI�QRQOLQHDU�GLIIHUHQFH�HTXDWLRQV�DUH�ZLGHO\�XVHG�WR�VLPXODWH�WKH�G\QDPLFV�RI�
FRPSOH[� V\VWHPV�� LQFOXGLQJ� RVFLOODWRU\� FKHPLFDO� UHDFWLRQV�� LQWHUQDO� KXPDQ� UK\WKPV� UHYHDOHG� E\�
HOHFWURFDUGLRJUDPV�DQG�HOHFWURHQFHSKDORJUDPV�� VRFLR�HFRQRPLF� V\VWHPV�� DQG�RWKHU� V\VWHPV� >��� ��@�� ,W� LV�ZHOO�
NQRZQ�WKDW� WKH�G\QDPLFV�RI�VXFK�V\VWHPV�H[KLELW�FRPSOH[�SHULRGLF�DQG�FKDRWLF�RVFLOODWLRQV��7KH�FRQVWUXFWLRQ�
DQG�VROXWLRQ�RI�WKH�V\VWHPV�RI�QRQ�OLQHDU�GLIIHUHQFH�HTXDWLRQV�IRU�PDWKHPDWLFDO�PRGHOLQJ�RI�FRPSOH[�V\VWHPV�
ZLWK� FKDRWLF�EHKDYLRU�ZLOO�EH� WHUPHG� WKH� IRUZDUG�SUREOHP�� ,Q� WKH�ZRUN�SUHVHQWHG�KHUH��ZH� VRXJKW� WR�XVH� WKH�
VSHFLILF�W\SHV�RI�GLIIHUHQFH�HTXDWLRQV�UHVXOWLQJ�IURP�SK\VLFRFKHPLFDO�UHDFWLRQV�GLVFUHWH�FKDRWLF�G\QDPLFV�>���@�
DV�WKH�PDWKHPDWLFDO�PRGHO���
��'LVFUHWH�FKDRWLF�G\QDPLFV��'&'���D�WKHRU\�EDVHG�RQ�ILUVW�SK\VLFDO�SULQFLSOHV��OHDGV�WR�EDVLF�HTXDWLRQV�LQ�WKH�

IRUP�RI� V\VWHPV�RI�GLIIHUHQFH�HTXDWLRQV��$�VSHFLILF� W\SH�RI� V\VWHP�RI�GLIIHUHQFH�HTXDWLRQV� LV� FRQVWUXFWHG� IRU�
HDFK�SDUWLFXODU�PXOWLFRPSRQHQW�V\VWHP��UHIOHFWLQJ�WKH�PHFKDQLVP�RI�LQWHUQDO�LQWHUDFWLRQV�EHWZHHQ�WKH�V\VWHP
V�
FRQVWLWXHQWV��DJHQWV��DFFRPSOLVKHG�ZLWK��LQIRUPDWLRQ�H[FKDQJH���6\VWHPV�RI�GLIIHUHQFH�HTXDWLRQV�GHULYHG�IURP�
'&'�DUH�NQRZQ�WR�EH�D�VRXUFH�IRU�WKH�YDULRXV�W\SHV�RI�FRPSOH[�SHULRGLF�DQG�FKDRWLF�RVFLOODWLRQV�>����@���
7KH�SUREOHP�ZLWK�XVLQJ�PXOWLGLPHQVLRQDO�DQG�PXOWLSDUDPHWULF�GLIIHUHQFH�HTXDWLRQV�LV�WKDW�WKH�QXPEHU��W\SHV�

DQG� FRUUHVSRQGLQJ� SDUDPHWHUV� RI� WKHLU� HPEHGGHG� RVFLOODWLRQV� DUH� QRW� NQRZQ�� QRW� HYHQ� DSSUR[LPDWHO\�� $OVR��
XQOLNH� WKH� FDVH� RI� GLIIHUHQWLDO� HTXDWLRQV�� WKHUH� DUH� QR� DQDO\WLFDO� PHWKRGV� IRU� TXDOLWDWLYH� DQDO\VLV� RI�
PXOWLGLPHQVLRQDO�GLVFUHWH�GLIIHUHQFH�HTXDWLRQV��6LQFH�HYHQ�VLPSOH�'&'�PDWKHPDWLFDO�PRGHOV�FRQWDLQ�PRUH�WKDQ�
WZR� QRQ�OLQHDU� GLIIHUHQFH� HTXDWLRQV� ZLWK� VHYHUDO� SDUDPHWHUV�� ILQGLQJ� SRVVLEOH� W\SHV� RI� HPEHGGHG� FRPSOH[�
VROXWLRQV�LQ�WKH�IRUP�RI�RVFLOODWLRQV�GLUHFWO\�IURP�WKH�ILWWLQJ�RI�H[SHULPHQWDO�GDWD�±�DQG�VXEVHTXHQWO\�VXEMHFWLQJ�
WKHVH�VROXWLRQV�WR�TXDOLWDWLYH�DQDO\VLV�±�LV�DQ�H[WUHPHO\�GLIILFXOW�FRPSXWDWLRQDO�WDVN��
7R� DFKLHYH� D� UHDVRQDEOH� FRPSXWDWLRQDO� WLPH�� LW� LV� QHFHVVDU\� WR� UHWULHYH� WKH� GHVLUHG� W\SH� RI� RVFLOODWLRQV� E\�

VSHFLDO� PHWKRGV� IRU� HDFK� SDUWLFXODU� V\VWHP� RI� GLIIHUHQFH� HTXDWLRQV� EHIRUH� LWV� IXUWKHU� XVH� IRU� ILWWLQJ� RI�
H[SHULPHQWDO�GDWD��
7KHUHIRUH� WKH� LQYHUVH�SUREOHP�UHODWLQJ� WR� WKH�ILHOG�RI�FRPSOH[�RVFLOODWRU\�G\QDPLFV�PDWKHPDWLFDO�PRGHOLQJ�

VKRXOG� EH� IRUPXODWHG� LQ� WZR� VWHSV�� 7KH� ILUVW� VWHS� VKRXOG� EH� WR� UHWULHYH� DQG� FODVVLI\� DOO� H[LVWLQJ� W\SHV� RI�
RVFLOODWLRQV�ZLWK�FRUUHVSRQGLQJ�SDUDPHWHUV�IRU�WKH�SDUWLFXODU�V\VWHP�RI�'&'�GLIIHUHQFH�HTXDWLRQV�WDNHQ�IURP�WKH�
OLVW�RI�LQLWLDO�K\SRWKHVHV��,I�WKH�REWDLQHG�RVFLOODWLRQV�FRUUHVSRQG�TXDOLWDWLYHO\��LQ�W\SH�DQG�VKDSH��WR�WKH�REVHUYHG�
H[SHULPHQWDO� GDWD�� WKLV� V\VWHP� RI� HTXDWLRQV� �FKRVHQ� K\SRWKHVHV�� VKRXOG� EH� FRQVLGHUHG� DV� WKH� PDWKHPDWLFDO�
PRGHO� IRU� IXUWKHU� LQYHVWLJDWLRQ� LQ� VWHS� WZR��&RQVHTXHQWO\�� WKH� VHFRQG� VWHS� VKRXOG� EH� GLUHFWHG� WR� SHUIRUPLQJ�
VWDWLVWLFDO�DQDO\VLV�RI�WKH�REWDLQHG�PRGHO��XVLQJ�WKH�SDUDPHWHUV�IRXQG�LQ�VWHS�RQH�DV�DQ�LQLWLDO�DSSUR[LPDWLRQ�IRU�
ILWWLQJ�RI� H[SHULPHQWDO� GDWD� E\� WKH� QRQ�OLQHDU� OHDVW� VTXDUH�PHWKRG��7KLV�ZLOO� HQDEOH� XV� WR� GHILQH� TXDQWLWDWLYH�
FKDUDFWHULVWLFV�RI�WKH�DGHTXDF\�RI�WKH�PRGHO�V��DQG�WKH�FRQILGHQWLDO�LQWHUYDOV�RI�WKH�PRGHO
V�SDUDPHWHUV���
7KH� PXOWLGLPHQVLRQDO� SDUDPHWHU� VSDFH� RI� WKH� '&'� GLIIHUHQFH� HTXDWLRQV� LQ� ZKLFK� WKH� GHVLUHG� FRPSOH[�

SHULRGLF� DQG� FKDRWLF� RVFLOODWLRQV� UHVLGH� LV� FRPSRVHG� RI� D� PXOWLWXGH� RI� LVRODWHG� UHJLRQV� �³PXOWLWXGH� RI� ORFDO�
RSWLPD´���DQG�WKDW� LV�ZK\�IRUPXODWHG� LQYHUVH�SUREOHP�LV� LOO�FRQGLWLRQHG�� UHTXLULQJ� WKH�GHYHORSPHQW�RI�VSHFLDO�
QXPHULFDO�PHWKRGV���
���%HORZ�ZH�SUHVHQW�RQH�RI�WKH�SRVVLEOH�VROXWLRQV�WR�WKH�ILUVW�VWHS�RI�WKH�LQYHUVH�SUREOHP�IRUPXODWHG�DERYH��LQ�
ZKLFK� ZH� DSSO\� WKH� KHXULVWLF� VHDUFK� PHWKRG� NQRZQ� DV� WKH� UHDO� FRGHG� JHQHWLF� DOJRULWKP� �5&*$�� >��� �@� WR�
UHWULHYH�DQG�DXWRPDWLFDOO\�FODVVLI\�WKH�FRPSOH[�RVFLOODWLRQV���
$�JHQHWLF�DOJRULWKP��*$��LV�D�UREXVW�RSWLPL]DWLRQ�DQG�VHDUFK�WHFKQLTXH�LQVSLUHG�E\�WKH�SULQFLSOH�RI�HYROXWLRQ��

L�H�� UHSURGXFWLRQ� RI� WKH� SRSXODWLRQ� DQG� VXUYLYDO� RI� WKH�PRVW� GXUDEOH� DQG� ILW� LQGLYLGXDOV� >�@�� *$V� KDYH� EHHQ�
DGRSWHG�RYHU�WKH�ODVW�GHFDGH�WR�ILQG�RSWLPDO�VROXWLRQV�LQ�D�FRPSOH[�LUUHJXODU�VHDUFK�VSDFH��1RWDEOH�H[DPSOHV�RI�
WKHLU� DSSOLFDWLRQV� LQFOXGH� WKH� HVWLPDWLRQ� RI� QRQOLQHDU� SDUDPHWHUV� IRU� OLQHDU� DQG� QRQOLQHDU� ILOWHUV�� ERWK�
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IHHGIRUZDUG� DQG� UHFXUUHQW� QHXUDO� QHWZRUNV� >��@�� DQG� SDUDPHWHU� H[WUDFWLRQ� LQ� WKH�026)(7� PRGHO� >���� ��@��
5&*$V� KDYH� EHHQ� XVHG� WR� LGHQWLI\� SDUDPHWHU� VHWV� LQ� WKH� -LOHV�$WKHUWRQ� K\VWHUHVLV� PRGHO� IRU� UHSUHVHQWLQJ�
QRQOLQHDU�FKDUDFWHULVWLFV�RI�PDJQHWLF�PDWHULDOV�>��@��DQG�WR�GHWHUPLQH�WKH�HTXLYDOHQW�FLUFXLW�SDUDPHWHUV�IRU�WKUHH�
ZLQGLQJ�WUDQVIRUPHUV�>��@��$�*$�ZDV�XVHG�WR�SURGXFH�QHXUDO�QHWZRUN�IHHGEDFN�FRQWUROOHUV�IRU�FKDRWLF�V\VWHPV�
LQ� >��@�� LQ� >�@� D� *$� ZDV� HPSOR\HG� WR� HYROYH� FHOOXODU� DXWRPDWD� WR� SHUIRUP� D� FRPSXWDWLRQDO� WDVN� UHTXLULQJ�
JOREDOO\�FRRUGLQDWHG� LQIRUPDWLRQ� SURFHVVLQJ�� %DVHG� RQ� WKHVH� UHVXOWV�� ZH� H[SHFWHG� WKDW� 5&*$V� FRXOG� SURYH�
HIILFDFLRXV�IRU�RXU�JRDO��ILQGLQJ�DV�PDQ\�VHWV�RI�SDUDPHWHUV�FRUUHVSRQGLQJ�WR�WKH�GHVLUHG�RVFLOODWRU\�UHJLPHV�DV�
SRVVLEOH�IRU�D�FRQFUHWH�V\VWHP�RI�'&'�GLIIHUHQFH�HTXDWLRQV�ZLWKLQ�WKH�JLYHQ�FRPSXWDWLRQDO�WLPH���
&ODVVLILFDWLRQ�RI�WKH�REWDLQHG�FRPSOH[�GLVFUHWH�RVFLOODWRU\�VROXWLRQV�SUHVHQW�DQRWKHU�FRPSXWDWLRQDO�SUREOHP��

7KH�XVH�RI� FODVVLFDO� WRROV� VXFK�DV�/\DSXQRY�H[SRQHQWV� >��@� WR�FKDUDFWHUL]H�DQG�FODVVLI\�RVFLOODWLRQV�GRHV�QRW�
DOZD\V�JLYH�FRUUHFW� UHVXOWV��HVSHFLDOO\�ZKHQ� WKH�SUREOHP� LQYROYHV�PXOWLGLPHQVLRQDO�GLIIHUHQFH�HTXDWLRQV�ZLWK�
VHYHUDO�SDUDPHWHUV��7KH�UHDVRQ�LV� WKDW�QXPHULFDO�SURFHGXUHV�IRU�FDOFXODWLQJ�/\DSXQRY�H[SRQHQWV�DUH�EDVHG�RQ�
WKH� FDOFXODWLRQ� RI� GHULYDWLYHV� WKDW� EHFRPH� XQVWDEOH� RZLQJ� WR� WKH� ILQLWH� DFFXUDF\� RI� FRPSXWDWLRQV� DQG� HUURU�
SURSDJDWLRQ��:H�DUH�WKHUHIRUH�SURSRVLQJ�WR�XVH�D�UREXVW�SURFHGXUH�IRU�FODVVLI\LQJ�RVFLOODWLRQ�W\SHV�EDVHG�RQ�D�
GLUHFW�PHWKRG�IRU�FKHFNLQJ�WKHLU�VWDELOLW\�WKDW�GRHV�QRW�LQYROYH�QXPHULFDOO\�FDOFXODWHG�GHULYDWLYHV��
�
����%$&.*5281'�
$FFRUGLQJ� WR�'&'�� WKH� LQLWLDO� K\SRWKHVLV� DERXW� WKH�PHFKDQLVP� RI� DJHQW� LQWHUDFWLRQV� VKRXOG� EH� JLYHQ� E\� WKH�
PDWULFHV� LMD � DQG� OLQ �� DQG� �LQIRUPDWLRQ� H[FKDQJH�� EHWZHHQ� WKH� DJHQWV� VKRXOG� EH� LQGLFDWHG� � >�@�� 7KH� EDVLF�
HTXDWLRQV�RI�'&'�IRU�PDWKHPDWLFDO�PRGHOLQJ�RI�D�GLVFUHWH�WLPH�VHULHV�\LHOG�D�V\VWHP�RI�QRQ�OLQHDU�GLIIHUHQFH�
HTXDWLRQV��IRUZDUG�SUREOHP����
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ZKHUH�� ���� � � � ���� � � � ���� � �L 1 M 0 O 1 0   �� � � ��
RU�LQ�WKH�HTXLYDOHQW�IRUP��
� � � �T V T; ) ; T�  � �����

ZKHUH� L; �LV�DQ� 1 FRPSRQHQW�YHFWRU�� 1L �������� ��FKDUDFWHUL]LQJ�WKH�SDUWLFXODU�VWDWH�RI�WKH�V\VWHP�GXULQJ�
LWV� HYROXWLRQ� LQ� WKH� �GLVFUHWH� WLPH�� TW � 4T �������� ��� V � LV� WKH� �GLVFUHWH� WLPH�� GHOD\� � ������� V ���

������ LMOLOLOM DNE QDT � LV� WKH� YHFWRU� RI� SDUDPHWHUV�� DQG) LV� WKH� WUDQVIRUPLQJ� IXQFWLRQ� FRUUHVSRQGLQJ� WR� WKH�
V\VWHP�RI�QRQOLQHDU�DOJHEUDLF�HTQV���������WKDW�KDYH�MXVW�RQH�SRVLWLYH�VROXWLRQ� �!L; �IRU�DQ\�VHW�RI�SDUDPHWHUV�
T ��IRU�DQ\�PHFKDQLVP�RI�WUDQVIRUPDWLRQ�VSHFLILHG�E\� OLQ ��DQG�IRU�DQ\�PHFKDQLVP�RI��LQIRUPDWLRQ�H[FKDQJH��
VSHFLILHG�E\�WKH�SDUDPHWHUV� OLD ��+HUH�WKH�HOHPHQWV�RI�WKH�PDWUL[HV� LMD �DQG� OLQ �DUH�WKH�UHDO�QXPEHUV��DQG�WKH\�
DUH�UHJDUGHG�DV�WKH�YDU\LQJ�SDUDPHWHUV�RI�WKH�PRGHO���
)RU� SXUSRVHV� RI� LOOXVWUDWLRQ�� KHUH� ZH� ZLOO� LQYHVWLJDWH� WKH� IROORZLQJ� PHFKDQLVP� RI� DJHQW� WUDQVIRUPDWLRQ�

� �� � �� � �1 0 O   ���

���������������������������������������������������������������� �
ZKHUH�WKH�GRWWHG�DUURZV�GHQRWH�³LQIRUPDWLRQ�H[FKDQJH´��DQG�WKHUHIRUH� LMD �DQG� OLQ ���� � �
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������������������������������������������������������� � � � � �� � � � � �T T T; W F ; W F ; W E� �  � �����
7KH�LQLWLDO�FRQGLWLRQV�DFFRUGLQJ�WR�HTQ������ZLOO�EH��
� � � � � � �� � � � � �� � � �; W E ; W ; W   �� �����
:H�KDYH�FRQVWUDLQHG�RXU�PRGHO�KHUH�E\�VHWWLQJ� � V ��:H�DOVR�DVVXPH�WKDW��

LOOL 
DD  �� �
OO z � ���
�  OO ��
7KH� PRGHO� �������� KDV� �� SDUDPHWHUV�� T � � � � � � � �� � � � � � �E N N F FD D D ��� 7KH� PDWKHPDWLFDO� PRGHO� XVHG� KHUH�

FRUUHVSRQGV�WR�RQH�RI�WKH�LQLWLDO�PHFKDQLVPV��HTQ�������RI�DJHQW�LQWHUDFWLRQV��,I�WKH�VROXWLRQV�REWDLQHG�IURP�WKH�
V\VWHP�RI�GLIIHUHQFH�HTXDWLRQV��LQ� WKLV�FDVH��HTQV����������VKRXOG�IDLO� WR�PDWFK� WKH�H[SHULPHQWDO�GDWD�ZLWK� WKH�
UHTXLUHG�DFFXUDF\��WKH�PRGHO
V�FRPSOH[LW\�PD\�EH�LQFUHDVHG�E\�LQWURGXFLQJ�DGGLWLRQDO�DJHQWV��FRQVWLWXHQWV���E\��
LQFOXGLQJ�PRUH�GHWDLOHG��LQIRUPDWLRQ�H[FKDQJH���LQFUHDVLQJ�WKH��GLVFUHWH�WLPH��GHOD\�V ���«���HWF��
:H� LQWHQG� WR� SHUIRUP� D� QXPHULFDO� LQYHVWLJDWLRQ� RI� HTQV� �������� LQ� RUGHU� WR� UHWULHYH� GLIIHUHQW� W\SHV� RI�

HPEHGGHG� RVFLOODWLRQV� E\� DSSO\LQJ� D� SURFHGXUH� RI� DXWRPDWLF� VHDUFK� DQG� DQDO\VLV� XVLQJ� 5&*$� DQG� D� ILWQHVV�
IXQFWLRQ� VSHFLDOO\� FRQVWUXFWHG� IRU� RXU� SXUSRVH� �'&'� LQYHUVH� SUREOHP��� $� PDMRU� GLIILFXOW\� HQFRXQWHUHG� LQ�
DQDO\]LQJ� DQG� FODVVLI\LQJ� WKH� RVFLOODWRU\� VROXWLRQV� JHQHUDWHG� E\� �������� LV� WKDW�� DV� PHQWLRQHG� HDUOLHU�� ZLWK�
FODVVLFDO� PHWKRGV� VXFK� DV� FDOFXODWLRQ� RI� WKH� /\DSXQRY� H[SRQHQWV�� WKH� DWWUDFWRU
V� IUDFWDO� GLPHQVLRQ� EHFRPHV�
FRPSXWDWLRQDOO\� XQVWDEOH� DQG� IDLOV� WR� JLYH� WKH� H[SHFWHG� UHVXOWV� IRU� PXOWLGLPHQVLRQDO� DQG� PXOWLSDUDPHWULF�
GLIIHUHQFH�HTXDWLRQV��7R�RYHUFRPH�WKLV�SUREOHP��ZH�DUH�SURSRVLQJ�D�UREXVW�QXPHULFDO�SURFHGXUH�IRU�FODVVLI\LQJ�
FRPSOH[�RVFLOODWRU\�VROXWLRQV�EDVHG�RQ�GLUHFW�FDOFXODWLRQ�RI�WKH�DV\PSWRWLF�EHKDYLRU�IRU�RQH�RI�WKH�WUDMHFWRULHV�
UHVXOWLQJ�IURP�HTQV����������
/HW� XV� LQYHVWLJDWH� WKH� DV\PSWRWLF� EHKDYLRU� RI� �� �T; W � �4of �� ZLWKLQ� LWV� GHSHQGHQFH� RQ� LQILQLWHVLPDO�

�H o �LQWURGXFHG�LQWR�WKH�LQLWLDO�FRQGLWLRQV��DV�IROORZV���
� ������������� ������   � NNNN W;W;EW; HHHH �� �����
:H�WKHQ�FDOFXODWH�WKH��FRHIILFLHQWV NO ��� .N ��������� ���ZKLFK�FKDUDFWHUL]H�WKH�DYHUDJH�GLIIHUHQFH�EHWZHHQ�

WKH�LQLWLDOO\��FORVH��WUDMHFWRULHV� �� �T; W DQG� ���� NTW; H ��

� ¦
 

� 
4

T
NTTN W;W;4 �

�� ������ HO �� ������

�� �T; W � LV� WKH�WUDMHFWRU\�FDOFXODWHG�IRU� LQLWLDO�FRQGLWLRQV������DQG ���� NTW; H �DUH� � WKH�WUDMHFWRULHV�FDOFXODWHG�
IRU�WKH�LQLWLDO�FRQGLWLRQV��HTQ��������� ��������T 4 ����
&DOFXODWLRQ�RI�HTQV������DQG������VWDUWV�ZLWK�LQLWLDO� �� GH  DQG�LV�UHSHDWHG�. �WLPHV�E\�GHFUHDVLQJ� NH �
������ NN HH ����  � �� .N ��������� �� �����
XQWLO�WKH�IROORZLQJ�FRQGLWLRQ�LV�VDWLVILHG��
� �� GOO ��� NN � ������

���GG �DUH�VPDOO�DGMXVWDEOH�SDUDPHWHUV�� �� �� oGG ���7KHQ�WKH�ILQDO� .OO   �FRUUHVSRQGLQJ�WR� .HH   �DUH�
XVHG�WR�GHILQH�WKH�WZR�EDVLF�W\SHV�RI�WUDMHFWRULHV�REWDLQHG��
� °̄

°®
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d

������������QVRVFLOODWLR��FKDRWLF��DQG��SHULRGLF��XQVWDEOH
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,W�ZLOO�EH�VKRZQ�WKDW�WKH�SURSRVHG�FODVVLILFDWLRQ�OHDGV�WR�WKH�FRUUHFW�UHVXOWV�ZKHQ�WKH�QXPEHU�RI�LWHUDWLRQV4 ��
LV�ODUJH�HQRXJK�DQG�WKH�SDUDPHWHUV� �� �� oGG ���
�

����(67,0$7,21�2)�3$5$0(7(56��86,1*�5&*$��
:KHQ�XVLQJ�DQ�5&*$��WKH�VHDUFK�SDUDPHWHUV�DUH�HQFRGHG�LQ�FKURPRVRPHV�DV�IORDWLQJ�SRLQW�QXPEHUV��XQOLNH�WKH�
ELQDU\�UHSUHVHQWDWLRQ�RI�FKURPRVRPHV�RI�D�FODVVLFDO�*$�>����@��5HDO�HQFRGLQJ�RI�FKURPRVRPHV�LV�UHFRPPHQGHG�
LQ�FDVHV�RI�FRQWLQXRXV�SDUDPHWHUV�DQG�ZKHQ�HDFK�RI�WKH�SDUDPHWHUV�LV�GHILQHG�ZLWKLQ�WKH�JLYHQ�LQWHUYDO��7KHVH�
UHFRPPHQGDWLRQV�LQVSLUHG�XV�WR�DSSO\�5&*$�WR�RXU�LQYHUVH�SUREOHP��
7KH�SDUDPHWHUV�RI�WKH�PRGHO����������DUH�HQFRGHG�LQWR�FKURPRVRPHV��HDFK�RI��ZKLFK�LV�D�URZ�YHFWRU�RI�UHDO�

QXPEHUV�FRUUHVSRQGLQJ�WR�WKH�SDUDPHWHUV��JHQHV���7KH��VL]H�RI�WKH�YHFWRU�LV�HTXDO�WR�WKH�QXPEHU�RI�SDUDPHWHUV��
(DFK� SDUDPHWHU� YDULHV� ZLWKLQ� WKH� LQWHUYDOV� VSHFLILHG� ��� PD[PLQ TT �� ZKLFK� LQ� RXU� FDVH� DUH� FKRVHQ� DUELWUDULO\�
XQGHU�WKH�SK\VLFDO�FRQVWUDLQWV��ZKHUHE\�VRPH�RI�WKH�SDUDPHWHUV�VKRXOG�EH�SRVLWLYH�� � � � �� � � � �E N N F F ! ��ZKLOH�

OLD �PD\�DOVR�EH�QHJDWLYH��,Q�WKH�H[DPSOH�SUHVHQWHG�KHUH��ZH�XVH�WKH�IROORZLQJ�LQWHUYDOV�������@�IRU� �� �� FFE ��
������@�IRU� �� �NN ��DQG�>���������@�IRU� ��� �� DDD ��
:H� DUH� DVVXPLQJ� WKDW� ZH� KDYH� QR� LQLWLDO� LQIRUPDWLRQ� DERXW� WKH� YDOXHV� RI� WKH� VHDUFKLQJ� SDUDPHWHUV�� DQG�

WKHUHIRUH�HDFK�FKURPRVRPH�LQ�WKH�SRSXODWLRQ�LV�LQLWLDOL]HG�E\�DSSO\LQJ�XQLIRUP�UDQGRP�QXPEHU�GLVWULEXWLRQ�IRU�
HDFK�SDUDPHWHU�ZLWKLQ�LWV�LQWHUYDOV��
7KH�ILWQHVV�IXQFWLRQ��IREM��VKRXOG�UHIOHFW�RXU�JRDO��ZKLFK�LV�WR�ILQG�FRPSOH[�SHULRGLF�DQG�FKDRWLF�RVFLOODWLRQV�

DQG�WR�FODVVLI\�WKHP��,W�VKRXOG�HYDOXDWH�WKH�RVFLOODWLRQV�JHQHUDWHG�E\�WKH�GLIIHUHQFH�HTXDWLRQV���������ZLWK�D�YLHZ�
WR�GLUHFWLQJ�WKH�DXWRPDWLF�5&*$�VHDUFK�WR�WKH�SDUDPHWHUV�WKDW�ZLOO�FRUUHVSRQG�WR�WKH�GHVLUHG�UHJLPHV��7KHUHIRUH�
WKH� ILWQHVV� IXQFWLRQ� VKRXOG� EH� EDVHG� RQ� DQ� DOJRULWKP� FDSDEOH� RI� GLVWLQJXLVKLQJ� EHWZHHQ� D� QRQ�RVFLOODWRU\�
VROXWLRQ�DQG�GDPSHG�DQG�QRQ�GDPSHG�RVFLOODWLRQV��:H�DUH�DOVR�LQWHUHVWHG�LQ�FODVVLI\LQJ�QRQ�GDPSHG�RVFLOODWLRQV�
DV�VWDEOH�SHULRGLF�DQG�XQVWDEOH�SHULRGLF�DQG�FKDRWLF�RVFLOODWLRQV��
$FFRUGLQJO\��ZH�SURSRVH�WKH�IROORZLQJ�DOJRULWKP�IRU�ILWQHVV�IXQFWLRQ��%HFDXVH�ZH�DUH�LQWHUHVWHG�RQO\�LQ�WKH�

DV\PSWRWLF�EHKDYLRU�RI�WKH�WUDMHFWRULHV��OHW�XV�GHVLJQDWH�WKH��SHULRG��RI�WKH�WUDMHFWRU\� �� �T; W E\�WKH�LQWHJHU� �S �
ZKLFK�LV�HTXDO�WR�WKH�QXPEHU�RI�GLIIHUHQW�SRLQWV�RI�WKH�WUDMHFWRU\�WUDYHUVHG�LQ�WKH�ODVW�7 �LWHUDWLRQV�RI�HTQV�����
���� �IRU� H[DPSOH�� LI ���� 4 �� ��� 7 � WR� H[FOXGH� SRLQWV� RI� WUDQVLWLRQ��� )RU� HDFK� WUDMHFWRU\� �� �T; W �
FRUUHVSRQGLQJ�WR�D�FRQFUHWH�VHW�RI�SDUDPHWHUV��FKURPRVRPH���ZH�FDOFXODWH�WKH�SHULRG��,I� � S ��QRQ�RVFLOODWRU\�
VROXWLRQ���ZH�VHW�IREM ����,I� �!S ��ZH�QHHG�WR�FKDUDFWHUL]H�WKH�RVFLOODWRU\�VROXWLRQ�REWDLQHG��GDPSHG�YHUVXV�QRQ�
GDPSHG�RVFLOODWLRQV���,Q�RUGHU�WR�H[FOXGH�GDPSHG�RVFLOODWLRQV�IURP�IXUWKHU�HYDOXDWLRQ��ZH�H[DPLQH�WKH�FKDQJHV�
LQ� DPSOLWXGH� RI� WKH� WUDMHFWRU\
V� RVFLOODWLRQV�� ,I� WKH� DPSOLWXGH� GHFUHDVHV� PRQRWRQLFDOO\� ZLWK� WLPH�� WKHQ� WKH�
RVFLOODWLRQV�PD\�EH�FODVVLILHG�DV�GDPSHG�DQG�IREM �����1H[W��ZH�HYDOXDWH�WKH�QRQ�GDPSHG�RVFLOODWLRQV��FODVVLI\LQJ�
WKHP�LQWR�WKH�WZR�W\SHV��VWDEOH�SHULRGLF��IREM� �����DQG�XQVWDEOH�SHULRGLF�LQFOXGLQJ�FKDRWLF��IREM� �����XVLQJ�WKH�
SURFHGXUH�GHVFULEHG�DERYH�DFFRUGLQJ�WR�UXOHV�������������
7KHUHIRUH� WKH� ILWQHVV� IXQFWLRQ� SURSRVHG� KHUH� LV� HQFRGHG� LQWR� RQH� RI� IRXU� DUELWUDULO\� FKRVHQ� LQWHJHUV� IRU�

GHVLJQDWLRQ�RI�GLIIHUHQW�W\SHV�RI�RVFLOODWRU\�UHJLPHV��
�� ����GDPSHG�RVFLOODWLRQV�
�� ����VWDEOH�SHULRGLF�RVFLOODWLRQV
���� ����QRQ�RVFLOODWRU\�VROXWLRQV
���� ����XQVWDEOH�SHULRGLF�LQFOXGLQJ�FKDRWLF�RVFLOODWLRQV

REMI
�°�° ®°°̄

�

��7KH� PDLQ� RSHUDWRUV� RI� 5&*$� DUH� VHOHFWLRQ�� FURVVRYHU�� DQG� PXWDWLRQ� >�@�� 6HOHFWLRQ� GHWHUPLQHV� ZKLFK�
FKURPRVRPHV�EHORQJLQJ�WR�WKH�FXUUHQW�SRSXODWLRQ�ZLOO�SDUWLFLSDWH�LQ�WKH�SURGXFWLRQ�RI�WKH�QH[W�JHQHUDWLRQ��7KH�
SXUSRVH�RI�VHOHFWLRQ�LV�WR�H[HUFLVH�D�ELDV�WRZDUGV�FKURPRVRPHV�GHPRQVWUDWLQJ�D�EHWWHU�ILWQHVV��%HFDXVH�ZH�DUH�
LQWHUHVWHG�LQ�ILQGLQJ�VWDEOH�SHULRGLF��XQVWDEOH�SHULRGLF�DQG�FKDRWLF�RVFLOODWLRQV��WKH��EHWWHU�ILWQHVV��FRUUHVSRQG�WR�
IREM � ^� ���� �`� �� :H� XVHG� ELQDU\� WRXUQDPHQW� VHOHFWLRQ� DGMXVWHG� WR� RXU� FDVH�� FKURPRVRPHV� RI� WKH� SUHYLRXV�
JHQHUDWLRQ�ZHUH�GLYLGHG�LQWR�WZR�JURXSV�DFFRUGLQJ�WR�WKHLU��ILWQHVV�IXQFWLRQ�YDOXHV��IREM �^������������`���7KH�ILUVW�
JURXS� FRPSULVHV� FKURPRVRPHV� ZLWK� IREM � ^���� �`�� EHFDXVH� VXFK� FKURPRVRPHV� KDYH� D� KLJKHU� SRWHQWLDO� IRU�
JHQHUDWLQJ�FRPSOH[�RVFLOODWLRQV�LQ�WKH�QH[W�JHQHUDWLRQ��7KHUHIRUH�ZH�ZDQW�WR�HQVXUH�VHOHFWLRQ�RI�DW�OHDVW�RQH�RI�
WKHVH�FKURPRVRPHV��7KH�VHFRQG�JURXS�VKRXOG�FRPSULVH�FKURPRVRPHV�ZLWK�IREM �^�����`��)LUVW�DQG�VHFRQG�SDUHQW�
FKURPRVRPHV�DUH�VHOHFWHG�UDQGRPO\�IURP�WKH�ILUVW��ZLWK�IREM �^�����`��DQG�WKH�VHFRQG��ZLWK��IREM �^�����`��JURXS��
UHVSHFWLYHO\��ZLWK�HTXDO�VHOHFWLRQ�SUREDELOLW\��,I�DOO�WKH�FKURPRVRPHV�RI�WKH�SUHYLRXV�JHQHUDWLRQ�EHORQJ�WR�RQO\�
RQH� JURXS� �ILUVW� RU� VHFRQG��� WKHQ� ERWK� SDUHQW� FKURPRVRPHV� DUH� VHOHFWHG� UDQGRPO\� ZLWK� HTXDO� VHOHFWLRQ�
SUREDELOLW\�IURP�WKH�VXP�RI�FKURPRVRPHV�RI�WKH�SUHYLRXV�JHQHUDWLRQ��
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$IWHU�VHOHFWLRQ�KDV�EHHQ�FRPSOHWHG��WKH�FURVVRYHU��RU�UHFRPELQDWLRQ��RSHUDWLRQ�LV�SHUIRUPHG�XSRQ�WKH�VHOHFWHG�
FKURPRVRPHV�LQ�RUGHU�WR�SURGXFH�QHZ�FKURPRVRPHV��)ROORZLQJ�>�@��ZH�XVH�D�VLPXODWHG�ELQDU\�FURVVRYHU��6%;��
RSHUDWRU�ZLWK�FURVVRYHU�SDUDPHWHU �K  ���
$V�HVWDEOLVKHG�E\�QXPHULFDO� FRPSXWDWLRQ�� WKHUH� LV�QR�VLJQLILFDQW�FKDQJH� LQ� WKH�DOJRULWKP
V�H[HFXWLRQ�RI� WKH�

VHDUFK� � � IRU� D� SDUWLFXODU� W\SH� RI� RVFLOODWLRQV� ZLWK� DQG� ZLWKRXW� PXWDWLRQ� �WKH� QXPHULFDO� H[SHULPHQWV� ZHUH�
SHUIRUPHG�XVLQJ�D�UDQGRP�PXWDWLRQ�RSHUDWRU�ZLWK�PXWDWLRQ�SUREDELOLWLHV�HTXDO�WR�����DQG��������
$IWHU�WKH�FKLOGUHQ�SRSXODWLRQV�RI�FKURPRVRPHV�KDYH�EHHQ�JHQHUDWHG�DQG�FODVVLILHG�ZLWK�WKH�KHOS�RI�WKH�ILWQHVV�

IXQFWLRQ��DOO�FKURPRVRPHV�SURFHHG�WR�WKH�QH[W�JHQHUDWLRQ��
,Q� RXU� FDVH�� WKH� VWRS� FULWHULRQ� IRU� WKH�*$� LV� WKH� JLYHQ� OLPLW� RI� FRPSXWDWLRQDO� WLPH� RU� WKH� JLYHQ�PD[LPXP�

QXPEHU�RI�5&*$�JHQHUDWLRQV��
,I�IRU�WKH�ILUVW�ILIW\�JHQHUDWLRQV�WKH�DOJRULWKP�GRHV�QRW�FRQYHUJH�WR�WKH�RVFLOODWRU\�VROXWLRQ��IREM �^�������`�LV�QRW�

IRXQG���UDQGRP�PXWDWLRQ�LV�DSSOLHG�IRU�DOO�FKURPRVRPHV�RI�WKH�FXUUHQW�SRSXODWLRQ�LQ�RUGHU�WR�HQWHU�D�QHZ�DUHD�RI�
SDUDPHWHU�VSDFH��7KLV�PHDQV�WKDW�DOO�SDUDPHWHUV� LQ� WKH�SRSXODWLRQ�DUH�UDQGRPO\�UHQHZHG��E\�XQLIRUP�UDQGRP�
QXPEHU�GLVWULEXWLRQ��HDFK�SDUDPHWHU�ZLWKLQ�LWV�JLYHQ�LQWHUYDO����
�

����5(68/76�
,Q�RUGHU�WR�FKHFN�WKH�SURSRVHG�PHWKRG�IRU�VHHNLQJ�DQG�DQDO\]LQJ�RVFLOODWLRQV��ZH�DSSOLHG�LW�WR�D�ORJLVWLF�PDS�IRU�
ZKLFK�DOO�WKH�W\SHV�RI�RVFLOODWRU\�VROXWLRQV�ZHUH�NQRZQ���
� � �� �Q Q Q; 5; ;�  � � �����
$Q� 5&*$� VHDUFK� ZLWK� WKH� SURSRVHG� ILWQHVV� IXQFWLRQ� ZDV� SHUIRUPHG� IRU� WKH� SRSXODWLRQ� RI� WZHQW\�

FKURPRVRPHV��&RPSXWLQJ�RI�WKH�LWHUDWLYH�PDS�ZDV�EHJXQ�DW�WKH�LQLWLDO�YDOXH ����  ; ��7KH�DOORZHG�LQWHUYDO�RI�
WKH� SDUDPHWHU� 5 � ZDV� IL[HG� DW� ���� �@�� ���� 4 �� ��� 7 �� �

�� ��� � GG �� 7ZHQW\� JHQHUDWLRQV� RI� WKH� VHDUFK�
DOJRULWKP����PLQXWHV�RI�FRPSXWDWLRQDO� WLPH��DYHUDJH�RI����5&*$�UXQV��RQ�DQ�RUGLQDU\�3&�� ,QWHO�3HQWLXP����
ZHUH�HQRXJK�WR�LGHQWLI\�SDUDPHWHU�YDOXHV�\LHOGLQJ�PRVW�NQRZQ�W\SHV�RI�RVFLOODWRU\�UHJLPHV���
$V�)LJXUH� �� VKRZV�� WKH� ILWQHVV� IXQFWLRQ� FDOFXODWHG�ZLWK� HTQV�� ���������� \LHOGV� D� JRRG�PDWFK� �LQGLFDWLRQ�RI�

VWDEOH� DQG� XQVWDEOH� RVFLOODWLRQ� UHJLPHV�� ZLWK� WKH� UHVXOWV� RI� RVFLOODWLRQ� FODVVLILFDWLRQ� EDVHG� RQ� /\DSXQRY�
H[SRQHQWV�>��@��
�$IWHU� WHVWLQJ� WKH� SURSRVHG� PHWKRG� RQ� HTQ�� ������ ZH� XVHG� LW� WR� SHUIRUP� DQ� DXWRPDWLF� VHDUFK� IRU� DQG�

FODVVLILFDWLRQ�RI�WKH�RVFLOODWRU\�VROXWLRQV�RI�HTQV����������$SSO\LQJ��/\DSXQRY�H[SRQHQWV��IRU�HYDOXDWLRQ�RI�WKH�
W\SHV�RI�RVFLOODWLRQV�UHVXOWLQJ�IURP�WKLV�V\VWHP�RI�GLIIHUHQFH�HTXDWLRQV�ZDV�XQVXFFHVVIXO��SUHVXPDEO\�UHIOHFWLQJ�
WKH�PXFK�JUHDWHU�FRPSXWDWLRQDO�FRPSOH[LW\�RI�WKH�HLJKW�SDUDPHWHU�PRGHO�DV�FRPSDUHG�ZLWK�WKH�VLQJOH�SDUDPHWHU�
ORJLVWLF�PDS��HTQ�����������
7KH� VHDUFK� IRU� RVFLOODWLRQV� ZDV� SHUIRUPHG� IRU� D� WLPH� OLPLW� RI� ���� 5&*$� JHQHUDWLRQV�� SRSXODWLRQ� VL]H� RI�

WZHQW\� FKURPRVRPHV� ���� 4 �� ��� 7 �� DQG� �
�� ��� � GG �� ���� JHQHUDWLRQV� RI� WKH� VHDUFK� WRRN� DERXW� ����

KRXUV��DYHUDJH�RI����5&*$�UXQV��ZLWK�DQ�DOJRULWKP�ZULWWHQ�XVLQJ�0DWODE������DQG�UXQ�RQ�D�3&��,QWHO�3HQWLXP�
���� $SSOLFDWLRQ� RI� 5&*$� WR� WKH� VHDUFKLQJ� SDUDPHWHUV� FRUUHVSRQGLQJ� WR� WKH� GLIIHUHQW� FRPSOH[� RVFLOODWLRQV�
HPEHGGHG�LQ�HTQV���������OHG�WR�WKH�LGHQWLILFDWLRQ�RI�YDULRXV�FRPSOH[�RVFLOODWLRQV��$�SDUWLDO�ELIXUFDWLRQ�GLDJUDP�
ZDV�REWDLQHG�IRU��������� �D ���������DQG�IRU�WKH�IROORZLQJ�SDUDPHWHU�YDOXHV��E� ���������N�� ����������N�� �
����������D�� ���������D�� ����������F�� ���������F�� ���������)LJXUH��D���
$QDO\VLV�RI�WKLV�ELIXUFDWLRQ�GLDJUDP�ZDV�FDUULHG�RXW�E\�FDOFXODWLQJ�WKH�ILWQHVV�IXQFWLRQ�DFFRUGLQJ�WR�HTQV������

�����DQG�UHYHDOHG�VWDEOH�SHULRGLF��IREM� �����DQG�XQVWDEOH�SHULRGLF�DQG�FKDRWLF��IREM� ����RVFLOODWLRQV��VHH�)LJXUH�
�E��� $V� ZH� ZDQWHG� WR� IRFXV� RQ� WKH� ODWWHU� WZR� W\SHV� RI� RVFLOODWLRQ�� ILWQHVV� IXQFWLRQ� YDOXHV� FRUUHVSRQGLQJ� WR�
GDPSHG�RVFLOODWLRQV�ZHUH�RPLWWHG�IURP�)LJXUH��E���
7KH� UHVXOWV� RI� WKH� IRUPDO� FODVVLILFDWLRQ� RI� WKH� RVFLOODWLRQV� REWDLQHG� XVLQJ� HTQV� ���������� DUH� LOOXVWUDWHG�

JUDSKLFDOO\�E\�WKH�FRUUHVSRQGLQJ�WUDMHFWRULHV��)LJXUH��D��E��F��G��DQG�SKDVH�SRUWUDLWV��)LJXUH��D
��E
��F
��G
���7KH�
SHULRGLF� RVFLOODWLRQV� FRUUHVSRQGLQJ� WR� WKH� �ZLQGRZV�� � ����������   SD �� ����������   SD �� UHYHDOHG� E\�
WKH� FDOFXODWHG� ILWQHVV� IXQFWLRQ� �)LJXUH� �E�� DUH� VKRZQ� LQ� )LJXUH��D� DQG� E�� � 7KH� FKDRWLF� RVFLOODWLRQV� IRU�

�������  D DQG� �������  D ��IREM ��DUH�SUHVHQWHG�LQ�)LJXUH��F�DQG�G���
,Q�SULQFLSOH��WKH�5&*$�PHWKRG�FRXOG�ILQG�QXPHURXV�RVFLOODWLRQV�DQG�FODVVLI\�WKHP�LQWR�WZR�EDVLF�W\SHV��HDFK�

RI�ZKLFK�FRPSULVHV�GLIIHUHQW�VKDSHV�RI�RVFLOODWLRQV��7KHVH�FRXOG�PDNH�XS�D��GDWDEDVH�RI�RVFLOODWLRQV��WKDW�ZRXOG�
SURYH� XVHIXO� LQ� WKH� IXWXUH� PDWKHPDWLFDO� PRGHOLQJ� RI� H[SHULPHQWDOO\� REVHUYHG� GDWD� LQ� FRPSOH[� G\QDPLFDO�
V\VWHPV�WKH�VHFRQG�SDUW�RI�LQYHUVH�SUREOHP���([DPSOHV�RI�GLIIHUHQW�RVFLOODWLRQV�DUH�SUHVHQWHG�LQ�)LJXUH����
�

����&21&/86,216�
7KH�UREXVWQHVV�DQG�HIILFLHQF\�RI�WKH�SURSRVHG�PHWKRG�IRU�VHHNLQJ�DQG�FODVVLI\LQJ�WKH�GLIIHUHQW�W\SHV�RI�FRPSOH[�
RVFLOODWLRQ� HPEHGGHG� LQ� PXOWLGLPHQVLRQDO� DQG� PXOWLSDUDPHWULF� GLIIHUHQFH� HTXDWLRQV� ZDV� GHPRQVWUDWHG� RQ� D�
PDWKHPDWLFDO�PRGHO� GHULYHG� IURP� GLVFUHWH� FKDRWLF� SK\VLFRFKHPLFDO� UHDFWLRQV� G\QDPLFV��2EWDLQHG� E\�5&*$�
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GLIIHUHQW� W\SHV�RI�RVFLOODWLRQV�UHVHPEOHV�H[SHULPHQWDOO\�REVHUYHG�>����@��7KH�PHWKRG�WHVWHG�PD\�EH�DSSOLHG�WR�
DQ\� V\VWHP�RI� GLIIHUHQFH� HTXDWLRQV� WR� SHUIRUP�DQ� DXWRPDWLF� VHDUFK� IRU� SDUDPHWHUV� FRUUHVSRQGLQJ� WR� GLIIHUHQW�
W\SHV�RI�FRPSOH[�RVFLOODWRU\�VROXWLRQV���
7KH� VHDUFK� PHWKRG� SUHVHQWHG� EHORQJV� WR� WKH� FODVV� RI� VR�FDOOHG� �VRIW� HQJLQHHULQJ�� RU� �VRIW� FRPSXWLQJ��

PHWKRGV��ZKLFK� DUH� FDSDEOH� RI� JLYLQJ� D� UHDVRQDEOH� WLPH� FRQVXPSWLRQ� HYHQ� IRU� VXFK� FRPSOH[� FRPSXWDWLRQDO��
SUREOHPV�� � ,W� SURYLGHV� D� SUDFWLFDO� WRRO� IRU� TXDOLWDWLYH� DQDO\VLV� RI� FRPSOH[� GLIIHUHQFH� HTXDWLRQV� DQG�PDNHV� LW�
SRVVLEOH�WR�FUHDWH�D�GDWDEDVH�RI�GLIIHUHQW�W\SHV�RI�RVFLOODWLRQV�IRU�IXUWKHU�XVH�LQ�ILWWLQJ�RI�UHDO�H[SHULPHQWDO�GDWD�
�WKH�VHFRQG�SDUW�RI�WKH�LQYHUVH�SUREOHP�GLVFXVVHG�KHUH������
'HPRQVWUDWHG�DELOLW\� WR�FRQGXFW�DQ�DXWRPDWLF�VHDUFK�RI�UHTXLUHG�'&'�PDWKHPDWLFDO�PRGHOV�DQG� WR� LGHQWLI\�

SDUDPHWHUV� RI� WKH� PRGHO� WKDW� FRUUHVSRQG� WR� WKH� VSHFLILF� W\SH� RI� FRPSOH[� RVFLOODWLRQV� PD\� EH� H[SHFWHG� WR�
IDFLOLWDWH�WKH�PRGHOLQJ��LQWHUSRODWLRQ��H[WUDSRODWLRQ��RSWLPL]DWLRQ��DQG�FRQWURO�RI�WKH�G\QDPLFV�RI�UHDO�V\VWHPV�E\�
GLIIHUHQFH�HTXDWLRQV���
�

�D��

�

�D��

�E��

�

�E��
)LJXUH����%LIXUFDWLRQ�GLDJUDP�DQG�ILWQHVV�IXQFWLRQ�
�IREM�� UHIOHFWLQJ� WZR� W\SHV� �VWDEOH� DQG� XQVWDEOH�� RI�
RVFLOODWLRQV�JHQHUDWHG�E\�HTQ��������
�

� )LJXUH����%LIXUFDWLRQ�GLDJUDP�DQG�ILWQHVV�IXQFWLRQ�
�IREM�� UHIOHFWLQJ� WZR� W\SHV� �VWDEOH� DQG� XQVWDEOH�� RI�
RVFLOODWLRQV�JHQHUDWHG�E\�HTQV����������
�

�
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�

�D�� �E��

�D
�� �E
��
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�
)LJXUH����([DPSOHV�RI�RVFLOODWLRQV�IRXQG�E\�5&*$�ZLWK�WKH�FRUUHVSRQGLQJ�SDUDPHWHUV��
D� ��������������������������������������������������������� �������   �  �    FFNNE DDD ��
E� ��������������������������������������������� �������   �  �    FFNNE DDD ��
F� ��������������������������������������������������������� �������     �    FFNNE DDD ��
G� ��������������������������������������������� �������   �  �    FFNNE DDD ��
H� �������������������������������������������������������� �������   �  �    FFNNE DDD ��
I� ��������������������������������������������� �������   �  �    FFNNE DDD ��
J�� �������������������������������������������������������� �������     �    FFNNE DDD ��
K�� ���������������������������������������������� �������   �  �    FFNNE DDD ��

���
�
5()(5(1&(6�
�

��� 7�� 5�� &KD\� DQG� <�� 6�� /HH�� +RZ� DQG� ZK\� GR� QHXURQV� JHQHUDWH� FRPSOH[� UK\WKPV� ZLWK� YDULRXV�
IUHFXHQFLHV��'LVFUHWH�&KDRWLF�'\QDPLFV�LQ�1DWXUH�DQG�6RFLHW\����������������������

��� 5��'DV��0��0LWFKHOO��DQG�-��3��&UXWFKHOG��$�JHQHWLF�DOJRULWKP�GLVFRYHUV�SDUWLFOH�EDVHG�FRPSXWDWLRQ�LQ�
FHOOXODU�DXWRPDWD��3DUDOOHO�3UREOHP�6ROYLQJ�)URP�1DWXUH�,,,���(GV��<��'DYLGRU��+��3��6FKZHIHO��DQG�5��
0DQQHU���6SULQJHU�9HUODJ��%HUOLQ��������SS������������

��� .��'HE�DQG�5�%��$JUDZDO��6LPXODWHG�ELQDU\�FURVVRYHU� IRU�FRQWLQXRXV�VHDUFK�VSDFH��&RPSOH[�6\VWHPV�
�����������������������

��� /�-��(VKHOPDQ�DQG�-�'��6FKDIIOHU��5HDO�FRGHG�JHQHWLF�DOJRULWKPV�DQG�LQWHUYDO�VFKHPDWD��)RXQGDWLRQV�RI�
*HQHWLF�$OJRULWKPV�,,���(G��'��:KLWOH\���0RUJDQ�.DQMPDQQ��6DQ�0DWHR��������SS�����������

��� '�(��*ROGEHUJ��*HQHWLF�$OJRULWKPV� LQ�6HDUFK��2SWLPL]DWLRQ�DQG�0DFKLQH�/HDUQLQJ��$GGLVRQ�:HVOH\��
5HDGLQJ��0$��������

��� 9��*RQWDU��7KHRUHWLFDO�IRXQGDWLRQ�IRU�WKH�GLVFUHWH�FKDRWLF�G\QDPLFV�RI�SK\VLFRFKHPLFDO�V\VWHPV��FKDRV��
VHOI�RUJDQL]DWLRQ��WLPH�DQG�VSDFH�LQ�FRPSOH[�V\VWHPV��'LVFUHWH�'\QDPLFV�LQ�1DWXUH�DQG�6RFLHW\���������
�������������

��� 9�� *RQWDU�� 'LVFUHWH� G\QDPLFV� IRU� PDWKHPDWLFDO� VLPXODWLRQV� RI� OLYLQJ� V\VWHPV�� &KDRV�� 6ROLWRQV� DQG�
)UDFWDOV�������������������������
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�

��� 9��*RQWDU�� ,��(UFKLPRYLWFK�DQG�,��2YVKLVKHU��(&*�VLPXODWLRQ�EDVHG�RQ�D�QHZ�PDWKHPDWLFDO�PRGHO�RI�
G\QDPLFV�ZLWK�SLHFHZLVH�IXQFWLRQV��0$7+02'��9LHQQD��$XVWULD��������SS�����������

��� 9��*RQWDU�� 1HZ� WKHRUHWLFDO� DSSURDFK� RI� SK\VLFR�FKHPLFDO� UHDFWLRQV� G\QDPLFV�ZLWK� FKDRWLF� EHKDYLRU��
&KDRV�LQ�&KHPLVWU\�DQG�%LRFKHPLVWU\���(GV��5�-�)LHOG�DQG�/��*\RUJ\L���:RUOG�6FLHQWLILF��/RQGRQ��������
SS������������

���� 6��+RVLPLQ� 7KLODJDU� DQG�*�� 6ULGKDUD� 5DR�� 3DUDPHWHU� HVWLPDWLRQ� RI� WKUHH�ZLQGLQJ� WUDQVIRUPHUV� XVLQJ�
JHQHWLF�DOJRULWKP��(QJLQHHULQJ�$SSOLFDWLRQV�RI�$UWLILFLDO�,QWHOOLJHQFH��������������������������

����0��.HVHU� DQG� .�� -RDUGDU�� *HQHWLF� DOJRULWKP� EDVHG�026)(7�PRGHO� SDUDPHWHU� H[WUDFWLRQ��7HFKQLFDO�
3URFHHGLQJV�RI�WKH������,QWHUQDWLRQDO�&RQIHUHQFH�RQ�0RGHOLQJ�DQG�6LPXODWLRQ�RI�0LFURV\VWHPV��������
SS�����������

����9�� /DNVKPLNDQWKDP� DQG� '�� 7ULJLDQWH�� 7KHRU\� RI� 'LIIHUHQFH� (TXDWLRQV�� 1XPHULFDO� 0HWKRGV� DQG�
$SSOLFDWLRQV��0DUFHO�'HNNHU��1HZ�<RUN��������

���� -�9��/HLWH��6�/��$YLOD��1�-��%DWLVWHOD��:�3��&DUSHV�-U���1��6DGRZVNL��3��.XR�3HQJ�DQG�-�3�$��%DVWRV��5HDO�
FRGHG�JHQHWLF�DOJRULWKP�IRU�-LOHV�$WKHUWRQ�PRGHO�SDUDPHWHUV�LGHQWLILFDWLRQ��,(((�7UDQV��RQ�0DJQHWLFV�
�������������������������

����+�*��6FKXVWHU��'HWHUPLQLVWLF�&KDRV��3K\VLN�9HUODJ��:HLQKHLP���������
���� -��:DWWV��&��%LWWQHU��'��+HDEHUOLQ�DQG�-��+RIIPDQQ��([WUDFWLRQ��RI��FRPSDFW��PRGHO��SDUDPHWHUV��IRU��8/,�

026)(7V� XVLQJ� D� JHQHWLF� DOJRULWKP�� 3URFHHGLQJV� RI� WKH� 6HFRQG� � ,QWHUQDWLRQDO� � &RQIHUHQFH� � RQ��
0RGHOLQJ� � DQG� 6LPXODWLRQ� � RI� � 0LFURV\VWHPV�� � &RPSXWDWLRQDO� � 3XEOLFDWLRQV�� &DPEULGJH��0$�� ������
SS�����������

���� (�5��:HHNV�DQG�-�0��%XUJHVV��(YROYLQJ�DUWLILFLDO�QHXUDO�QHWZRUNV�WR�FRQWURO�FKDRWLF�V\VWHPV��3K\V��5HY��
��������(����������������

���� /��<DR�DQG�:�$��6HWKDUHV��1RQOLQHDU�SDUDPHWHU�HVWLPDWLRQ�YLD� WKH�JHQHWLF�DOJRULWKP��,(((�7UDQV��RQ�
6LJQDO�3URFHVVLQJ�������������������������

�
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