
'LVUXSWLRQ�$QWLFLSDWLRQ�LQ�7RNDPDN�5HDFWRUV��$ 7ZR�)DFWRUV�)X]]\�7LPH�6HULHV�$SSURDFK��
)UDQFHVFR�&DUOR�0RUDELWR��0DULR�9HUVDFL��
8QLYHUVLW\�³0HGLWHUUDQHD´�RI�5HJJLR�&DODEULD�',0(7�±�9LD�*UD]LHOOD��)HR�GL�9LWR��������5HJJLR�&DODEULD��$EVWUDFW�

'LVUXSWLRQ�LQ�D�7RNDPDN�UHDFWRU�LV�D�VXGGHQ�ORVV�RI�FRQILQHPHQW�WKDW�FDQ�FDXVH�D GDPDJH� RI� WKH� PDFKLQH� ZDOOV� DQG� VXSSRUW� VWUXFWXUHV�� ,Q� WKLV� SDSHU�� ZH�SURSRVH� WKH�XVH�RI� WKH�)X]]\�7LPH�6HULHV��)76��DSSURDFK�IRU�DQWLFLSDWLQJ�WKH�RQVHW�RI�GLVUXSWLRQ�LQ�7RNDPDNV��7ZR�)DFWRUV�)X]]\�7LPH�6HULHV�PRGHOV�ZLOO�EH�VKRZQ�WR�EH�DGYDQWDJHRXVO\�XVHG�IRU�PDNLQJ�SUHGLFWLRQ�RI�WKH�GLVUXSWLRQ¶V�RQVHW� LQ� -RLQW� (XURSHDQ� 7RUXV� �-(7�� PDFKLQH�� 7KH� XVH� RI� VRIW� FRPSXWLQJ�WHFKQLTXH�LV�VXJJHVWHG�E\�WKH�YHU\�QDWXUH�RI�WKH�YDULDEOHV�LQYROYHG�DQG�E\�WKH�FRQVLGHUDWLRQ� WKDW� D� VLQJOH� WLPH� VHULHV� RI� D� SK\VLFDO� YDULDEOH� LV� KDUGO\�UHSUHVHQWDWLYH�RI�WKH�ZKROH�NLQG�RI�GLVUXSWLRQV�H[SHULPHQWDOO\�REVHUYHG���
���,QWURGXFWLRQ�
7KH�GHYHORSPHQW�DQG�HQJLQHHULQJ�RI� WKH�EDVLF�FRQFHSW�RI�PDJQHWLF�FRQILQHPHQW�KDV�
SRWHQWLDOO\� DOORZHG� WKH� JHQHUDWLRQ� RI� QXFOHDU� IXVLRQ� HQHUJ\�� 7RNDPDN�PDFKLQHV� DUH�
GHVLJQHG� LQ� UHVHDUFK� FHQWHUV� LQ� RUGHU� WR� IDFLOLWDWH� HQHUJ\� FRQILQHPHQW� H[SHULPHQWV�
ZKHUH� WKH� FRQILQHPHQW� WLPH�RI� WKH�SODVPD�SOD\V� WKH� UHOHYDQW� UROH��7KH�HIILFLHQF\�RI�
WKH� FRQILQHPHQW� DQG� YDULRXV� LQVWDELOLWLHV� VWURQJO\� OLPLW� WKH� RSHUDWLRQDO� UHJLPH� RI�
7RNDPDN�PDFKLQHV�WLOO�WKH�IDOOLQJ�WR�]HUR�RI�WKH�SODVPD�FXUUHQW�>�@��'XULQJ�WKH�VXGGHQ�
ORVV� RI� FRQILQHPHQW� DQG� WUDQVIHU� RI� SODVPD� HQHUJ\�� SODVPD� FROODSVHV� LQ� DQ�
XQFRQWUROODEOH� ZD\�� WKHUHE\� JHQHUDWLQJ� PHFKDQLFDO� IRUFHV� DQG� KHDW� ORDGV� ZKLFK�
WKUHDWHQ� WKH� VWUXFWXUDO� LQWHJULW\� RI� VXUURXQGLQJ� VWUXFWXUHV� DQG� YDFXXP� YHVVHO�
FRPSRQHQWV�� 7KH� HDUO\� SUHGLFWLRQ� RI� WKH� GHWHULRUDWLRQ� RI� WKH� FRQILQHPHQW�PDJQHWLF�
WKXV�UHSUHVHQWV�DQ� LPSRUWDQW�VWHS� WR�DQWLFLSDWH� WKH�RQVHW�RI�D�GLVUXSWLYH�HYHQW�GXULQJ�
WKH� HYROXWLRQ� RI� D� SODVPD� GLVFKDUJH� LQ� WKH� H[SHULPHQWDO� PDFKLQH�� 6XFFHVV� LQ�
GHYHORSLQJ� D� UHOLDEOH�DODUP�V\VWHP� IRU�GLVUXSWLRQ�DQWLFLSDWLRQ�ZRXOG�KDYH� LPSRUWDQW�
LPSOLFDWLRQV� ERWK� IRU� WKH� GHVLJQ� RI� IXWXUH� UHDFWRUV� �H�J��� ,7(5��� DQG� IRU� WKH�
GHYHORSPHQWV�RI�VKRUW�WHUP�VWUDWHJLHV�WR�HLWKHU�OLPLW�RU�DERUW�DQ�LPSHQGLQJ�GLVUXSWLRQ��
,Q� UHFHQW�\HDUV�� VLJQDO�SURFHVVRUV�EDVHG�RQ�1HXUDO�1HWZRUNV�KDYH�EHHQ�H[SORLWHG�DV�
SUHGLFWLRQ� V\VWHPV�� ZLWK� WKH� DLP� RI� SUHGLFWLQJ� WKH� RFFXUUHQFH� RI� GLVUXSWLRQV�
VXIILFLHQWO\� IDU� LQ� DGYDQFH� IRU� SURWHFWLQJ� SURFHGXUHV� WR� EH� VZLWFKHG� RQ� >�@�� >�@��
5HFHQWO\�� ZH� SURSRVHG� WKH� XVH� RI� IX]]\� LQIHUHQFHV� DQG� QHXUR�IX]]\� LQIHUHQFHV�
V\VWHPV� WR� FRSH� ZLWK� WKH� GLVUXSWLRQ� SUHGLFWLRQ� SUREOHP� LQ� H[SHULPHQWDO� 7RNDPDN�
UHDFWRUV��QDPHO\�$6'(;�8SJUDGH�>�@��>�@��>�@��E\�GHFLGLQJ��DPRQJ�D�VHW�RI�SK\VLFDO�
REVHUYDEOHV��ZKLFK�DUH�SRVLWLYHO\�FRUUHODWHG�ZLWK�WKH�WLPH�WR�D�GLVUXSWLRQ��7KH�DLP�RI�
WKH� SUHVHQW� VWXG\� LV� WR� GHYHORS� D� SURFHVVLQJ� V\VWHP� WKDW� VKRXOG� EH� DEOH� WR� SUHGLFW�
FRUUHFWO\� WKH� ³WLPH�WR�GLVUXSWLRQ´� �WWG� LQGLUHFWO\� WKURXJK� WKH� WUDFNLQJ� RI� D� UHODWHG�
PHDVXUDEOH� SK\VLFDO� TXDQWLW\�� 7KH� SURFHVVLQJ� V\VWHP� ZLOO� PDNH� XVH� RI� WKH� )X]]\�
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7LPH� 6HULHV� �)76V�� DSSURDFK� >�@�� >�@�� ,Q� SDUWLFXODU��ZH� SURSRVH� WKH� XVH� RI� WKH� WZR�
IDFWRUV�WLPH�YDU\LQJ�IX]]\�WLPH�VHULHV�PRGHO�WR�GHDO�ZLWK�WKH�IRUHFDVWLQJ�SUREOHP��:H�
H[SORLW�KHUH�WZR�DOJRULWKPV��W\SLFDOO\�UHIHUUHG�WR�DV�% DQG�%
� LQ�ZKLFK�WKH�SUHGLFWLRQ�
RI� WKH�PDLQ�IDFWRU��D�YDULDEOH� UHIHUUHG� WR�DV�0RGHB/RFN��VWURQJO\�OLQHDUO\�FRUUHODWHG�
ZLWK� WKH� WWG� ZKLFK� LV� QRW� GLUHFWO\�PHDVXUDEOH� E\� D� SK\VLFDO� VHQVRU�� LV� DVVLVWHG�E\� D�
VXLWDEOH� VHFRQGDU\� IDFWRU�� QDPHO\�� D� MXGLFLRXVO\� VHOHFWHG�PDJQHWLF� SDUDPHWHU� RI� WKH�
SODVPD��DOVR�HDVLO\�PHDVXUDEOH��7KH�UHVW�RI�WKLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��,Q�WKH�
QH[W�6HFWLRQ��ZH�GHVFULEH�WKH�IHDWXUHV�RI�WKH�DYDLODEOH�GDWDEDVH��WKDW�UHIHUV�WR�WKH�-(7�
PDFKLQH�� ,Q�6HFWLRQ� ,,,��ZH�EULHIO\� UHYLHZ� WKH� IX]]\� WLPH�VHULHV�FRQFHSW��6HFWLRQ�,9�
GHVFULEHV� WKH� ZD\� KRZ� WKH� � DOJRULWKPV� FDQ� EH� DSSOLHG� WR� WKH� GLVUXSWLRQ� SUHGLFWLRQ�
SUREOHP��7KH�DFKLHYHG�UHVXOWV�DUH�UHSRUWHG�LQ�6HFWLRQ����7KH�SDSHU�HQGV�ZLWK�6HFWLRQ�
� ZKLFK�FRQWDLQV�WKH�PDLQ��FRQFOXVLRQV�RI�WKH�ZRUN���
����7KH�-(7�([SHULPHQWDO�'DWDEDVH�
$ GLVUXSWLRQ�RULHQWHG�GDWDEDVH�RI�-(7�GLVFKDUJHV�KDV�EHHQ�VHW�XS�E\�WKH�-(7�7HDP��,Q�WKLV�GDWDEDVH��D�VHW�RI�PHDVXUHPHQWV�PRQLWRULQJ�WKH�SODVPD�VKRWV�DUH�VWRUHG��$�ODUJH�QXPEHU� RI� WKHP� ZHUH� DQDO\VHG� ZLWK� WKH� SXUSRVH� WR� ILQG� WKH� WHFKQLFDO� FDXVHV�� WKH�SUHFXUVRUV� DQG� WKH� SK\VLFDO� PHFKDQLVPV� RI� GLVUXSWLRQV�� � 7KH� DQDO\VHG� ILOHV� GHULYHV�IURP� PDQ\� \HDUV� RI� H[SHULPHQWDO� DFWLYLW\� FDUULHG� RXW� DW� WKH� &XOKDP� &HQWHU��2[IRUGVKLUH�� /RQGRQ� � �8QLWHG� .LQJGRP��� 7KH� GDWDEDVH� ZDV� EXLOW� VWDUWLQJ� IURP� WKH�G\QDPLFV� RI� D� GLVUXSWLRQ� LQ� WKH� ]RQH� RI� IODW�WRS� RI� WKH� SODVPD� FXUUHQW� LQ�ZKLFK� WKH�SODVPD� LV� PRQLWRUHG� WR� REWDLQ� D� FRQVWDQW� SODVPD� FXUUHQW� �,3/$�� DQG� D� VWDEOH�FRQILQHPHQW�LQ�WHUPV�RI�VKDSH�DQG�SRVLWLRQ���7KH�FKRLFH�RI�WKH�YDULDEOHV�WR�EH�XVHG�DV�SUHGLFWRUV� DPRQJ� WKH� RQHV� DYDLODEOH� LQ� WKH� GDWDEDVH� LV� DOZD\V� WKH� UHVXOW� RI� D�FRPSURPLVH�EHWZHHQ� WKH�SK\VLFDO� DYDLODELOLW\�RI�PHDVXUHPHQWV�DQG� UHOLDELOLW\�RI� WKH�UHODWHG�VHQVRUV�DQG�WKH�SHFXOLDULWLHV�RI�WKH�SURFHVVLQJ�PRGHO��NLQG�RI�11V��FDUULHG�RXW�LQ�SUHYLRXV�ZRUNV��,Q�WKH�FDVH�RI�PLVVLQJ�GDWD��VRPH�NLQG�RI�ILOWHULQJ�LV�XVHG�LQ�RUGHU�WR�FRPSOHWH�WKH�WLPH�VHULHV��7KH�LQWHUYDO�RI�REVHUYDWLRQ�RI�WKH�YDULDEOHV�ZDV�OLPLWHG�WR�WKH� WLPH� LQWHUYDO�RI� >WG����PV�� WG���PV@ DFFRUGLQJ� WR�VRPH�SK\VLFDO� LQVLJKW�� WKH� OHIW���PV� ZHUH� RPLWWHG� DV� QRW� EHLQJ� UHOHYDQW�� VLQFH� WKHUH� LV� QR� VXIILFLHQW� WLPH� OHIW� WR�FRQWURO�WKH�VKRW��7KH�WLPH�RI�VDPSOLQJ�LV���PV�DQG����VDPSOHV�IRU�HDFK�FKDQQHO�KDYH�EHHQ�XVHG���,Q�RUGHU�WR�WHVW�WKH�QXOO�K\SRWKHVLV�DQG�YHULI\�WKH�SHUFHQW�RI�IDOVH�SRVLWLYH�RFFXUULQJ�� ZH� KDYH� FRQVLGHUHG� ����� VKRWV� ZLWKRXW� GLVUXSWLRQ�� DQG� ���� GLVUXSWLYH�VKRWV��UHODWHG�WR�H[SHULPHQWV�FDUULHG�RXW�EHWZHHQ������DQG�������:LWKLQ�WKH�GDWDEDVH��D UHFRUG� GLVWLQJXLVKHV� WKH� NLQG� RI� VKRW�� WKH� RXWSXWV� RI� WKH� QHWZRUN� DUH� ODEHOOHG� E\�PHDQV� RI� YWDUJHW76� IRU� WUDLQLQJ� GDWDEDVH�� YWDUJHW96� IRU� YDOLGDWLRQ� GDWDEDVH� DQG��YWDUJHW7HVW� IRU� WHVWLQJ� GDWDEDVH�� 7KH� RXWSXWV�ZHUH� LGHQWLILHG� E\� FRQVLGHULQJ� WKDW�� LQ�FRUUHVSRQGHQFH� RI� D� VKRW� ZLWKRXW� GLVUXSWLRQ�� ZH� KDYH� D� VHULHV� RI� ��� ]HURV� �QRQ�GLVUXSWLYH� VKRW��� ,I� WKH� VKRW� LV� D� GLVUXSWLYH� RQH�� � WKH� VHULHV� RI� ��� YDOXHV� LV� D� VHW� RI�QXPEHUV�LQ�WKH�UDQJH�������DQG�WKXV�D�VLJPRLGDO�IXQFWLRQ�LV�XVHG�WR�UHSUHVHQW�WKH�ULVN�RI�GLVUXSWLRQ���,Q�WKH�SUHVHQW�DSSURDFK��WKH�VHULHV�RI����QXPEHUV�LV�UHFRQVWUXFWHG�RQ�OLQH�DIWHU�WKH�SUHGLFWLRQ�RI�WKH�0RGHB/RFN�YDULDEOH��
���)X]]\�7LPH�6HULHV��$�%LUG¶V�(\H�2YHUYLHZ�
,Q�D�WLPH�VHULHV�UHSUHVHQWLQJ�WKH�REVHUYHG�YDOXHV�RI�D�G\QDPLF�SURFHVV��WKH�UHDGLQJ�LV�UHSUHVHQWHG� E\� PHDQV� RI� FULVS� QXPEHUV�� � ,Q� FRQWUDVW�� LQ� D� IX]]\� WLPH� VHULHV� WKH�
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REVHUYHG�YDOXHV�RI� D� G\QDPLF�SURFHVV� DUH� UHSUHVHQWHG�E\�PHDQV�RI� OLQJXLVWLF�YDOXHV��>�@��7R�XQGHUVWDQG�KRZ�WKH�)76�ZRUNV��OHW�XV�FRQVLGHU�D�VXEVHW�RI�UHDO�QXPEHUV�.�W����W ���������«��� UHIHUUHG� WR�DV� WKH�8QLYHUVH�RI�'LVFRUVH� �8R'���;� DQG� OHW�XV�DVVXPH�mL�W��DUH�WKH�IX]]\�VHWV�LGHQWLILHG�E\�PHDQV�RI�VXLWDEOH�PHPEHUVKLS�IXQFWLRQV��GHILQHG�RQ�WKH�8R'�WR�UDQJH�LQWR�>����@����GHILQHG�RQ�.�W�� $VVXPH�WKDW�$�W� LV�D�FROOHFWLRQ�RI��mL�W�� WKHQ��$�W��LV�D�IX]]\�WLPH�VHULHV�RI�.�W����$�W��LV�D�IXQFWLRQ�RI�WLPH�W� DQG��mL�W��DUH�
OLQJXLVWLF� YDOXHV� RI� $�W��� ZKHUH� � mL�W�� DUH� UHSUHVHQWHG� E\� IX]]\� VHWV�� � ,I� $�W�� LV�JHQHUDWHG�E\�$�W�����WKHQ��WKLV�UHODWLRQVKLS�FDQ�EH�UHSUHVHQWHG�E\��

$�W� $�W����� 5�W��W����ZKHUH�5�W�� W���� LV� � D� IX]]\� UHODWLRQVKLS�EHWZHHQ�$�W�� DQG�$�W����� ,I�$�W� LQGLFDWHV� WKH�PDLQ�IDFWRU��0RGHB/RFN� FRUUHODWHG�WR�WKH�WWG� RI�RXU�SUHGLFWLRQ�SUREOHP��DW�WKH�VDPH�ZD\�� D� QRYHO� IX]]\� WLPH� VHULHV�� +�W��� LV� UHODWHG� WR� WKH� VHFRQGDU\� IDFWRU� �DQRWKHU�SK\VLFDO� TXDQWLW\�� WKH� 3ODVPD�'HQVLW\���%RWK�$�W� DQG�+�W� GHDO�ZLWK� WKH� SUHGLFWLRQ�SUREOHP�E\�PHDQV�RI�D�VRUW�RI�WZR�IDFWRUV�IX]]\�WLPH�VHULHV����
���)X]]\�7LPH�6HULHV�0RGHO�IRU�'LVUXSWLRQ�$QWLFLSDWLRQ�

,Q�>�@��ZH�KDYH�SURSRVHG�D�QHXUR�IX]]\�PRGHO�IRU�WKH�SUHGLFWLRQ�RI�GLVUXSWLRQ�WKDW�H[SORLWHG� D� VLQJOH� WLPH� VHULHV�� $V� DQWLFLSDWHG� LQ� WKH� SUHYLRXV� VHFWLRQV�� UDWKHU� WKDQ�XVLQJ� WKH� WWG� WLPH� VHULHV��ZH� H[SORLW� KHUH� WKH�0RGHB/RFN�YDULDEOH� WR�SUHGLFW� LQ�GXH�WLPH�WKH�LQFRPLQJ�RI�GLVUXSWLRQ�� �1HYHUWKHOHVV��D� WHPSRUDO�HYHQW�GHWHFWHG�LQ�D�VLQJOH�WLPH� VHULHV� FDQ� EH� DIIHFWHG� E\� VHYHUDO� IDFWRUV�� ,Q� RXU� FDVH�� WKH� SUHGLFWLRQ� RI� WWG�GHSHQGV�RQ�PDQ\�IDFWRUV�ZKLFK�FRXOG�EH�RQO\�LQIHUUHG�E\�WKH�HYROXWLRQ�RI�WKH�UHDGLQJ�RI�VDPSOHG�PDJQHWLF�PHDVXUHPHQWV��FDUULHG�RXW�E\�VXLWDEOH�VHQVRUV�ORFDWHG�DORQJ�WKH�YDFXXP�YHVVHO�FRQWRXU��,Q�WKLV�6HFWLRQ��ZH�ILUVWO\�GHVFULEH�WKH�% DOJRULWKP�>�@���� 7KH� % DOJRULWKP� VWDUWV� E\� WKH� GHILQLWLRQ� RI� WKH� 8R'� IRU� ERWK� IDFWRUV�� ,Q�SDUWLFXODU�� UHJDUGLQJ� WKH� 0RGHB/RFN� �PDLQ� IDFWRU��� ZH� GHWHUPLQWH� LWV� YDULDWLRQV�EHWZHHQ� DQ\� WZR� FRQWLQXRXV� GDWD� FRPSXWLQJ� WKH� PD[LPXP� GHFUHDVH� ' DQG� WKH�PD[LPXP� LQFUHDVH� ,� 7KH� 8R'� ; IRU� 0RGHB/RFN� LV� GHILQHG� DV� IROORZV�
[ ]ee +-= ,'; � �ZKHUH�e�LV�D�VXLWDEOH�SRVLWLYH�UHDO�YDOXH��;��KDV�EHHQ�GLYLGHG�LQWR�Q�

GLVMRLQWHG�LQWHUYDOV�[M��� ,Q�WKLV�SDSHU��ZH�KDYH�FRQVLGHUHG�VHYHQ�SDUWLWLRQV�IRU�;��KRZHYHU��IRU�RWKHU�DSSOLFDWLRQV� D� GLIIHUHQW� QXPEHU� RI� SDUWLWLRQV� FDQ� EH� DGYDQWDJHRXVO\� WDNHQ� LQWR�DFFRXQW��)RU� HDFK� LQWHUYDO�[M��ZH�DVVRFLDWH�D� OLQJXLVWLF� ODEHO�/L� UHSUHVHQWHG�E\� IX]]\�VHWV�ZKRVH�PHPEHUVKLS�IXQFWLRQV� ( )M/ [
L

m ��L ��«��K�����M ��«��Q���
� 7KH�8QLYHUVH�RI�'LVFRXUVH��8R'��<�RI�WKH�VHFRQGDU\�IDFWRU�LV�GHILQHG�DV��
� ( ) ( )[ ]'HQVLW\3ODVPD'HQVLW\3ODVPD< PD[�PLQ= ��
ZKHUH� PLQ�3ODVPD� 'HQVLW\�� DQG� PD[�3ODVPD� 'HQVLW\�� DUH� WKH� PLQLPXP� DQG�PD[LPXP�RI�WKH�SRVVLEOH�YDOXHV�IRU�VHFRQGDU\�IDFWRU���:H�GLYLGH�<�LQWR�Q�GLVMRLQWHG�LQWHUYDOV� \L� � �WKH� VDPH� QXPEHU� RI� SDUWLWLRQV� IRU�;�� EXW� DGGLWLRQDO� SDUWLWLRQV� FDQ� EH�LQWURGXFHG��� � $V� IRU� WKH�PDLQ� IDFWRU�� WR� HDFK� LQWHUYDO� \M� RI� WKH� VHFRQGDU\� IDFWRU�ZH�DVVRFLDWH�D�IX]]\�VHW�%M�ZKRVH�PHPEHUVKLS�IXQFWLRQV�DUH� ( )M% [

L
m �L ��«��K��M ��«��

Q��1RWH� WKDW�� IRU� HDFK� LQWHUYDO�[M� DQG�\M�� ( )M/ [
L

m � DQG ( )M% [
L

m � � DUH�FRQVWDQW�YDOXHV�
VHOHFWHG�E\�TXDOLWDWLYH� LQVSHFWLRQ�RI� GDWDEDVH��7KH�QH[W� VWHS�RI� WKH�SURFHGXUH� LV� WKH�
IX]]LILFDWLRQ�RI��WKH�GDWD��,Q�SDUWLFXODU��LI�WKH�YDULDWLRQ�d�RI�WKH�0RGHB/RFN�EHORQJV�WR�
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WKH� LQWHUYDO�[M��ZH�NQRZ�WKDW� WKH�PD[LPXP�PHPEHUVKLS�YDOXH�RI� � �/L��RFFXUUHG�DW�[M��WKHQ�WKH�IX]]LILHG�YDULDWLRQ�RI�d�LV�/L��7KH�VDPH�SURFHGXUH�FDQ�EH�H[SORLWHG�LQ�RUGHU�WR�IX]]LI\� WKH� VHFRQGDU\� IDFWRU��7R�SUHGLFW� WKH�0RGH�/RFN� DW� WLPH� W�� LW� LV� LPSHUDWLYH� WR�FKRRVH� WKH� WHPSRUDO� ZLQGRZV� Z� LQ� RUGHU� WR� JHW� WKH� FULWHULRQ� YHFWRU� &�W�� DQG� WKH�RSHUDWLRQ�PDWUL[�2Z�W�� DW� WLPH� W� GHILQHG� LQ� ���� DQG� �����ZKHUH�D�W���� LV� WKH� IX]]LILHG�YDULDWLRQ� RI� WKH�0RGHB� /RFN� � EHWZHHQ� WLPH� W��� DQG� W���� Q� LV� WKH� QXPEHU� RI� WKH�
HOHPHQWV�RI�;��8R'�IRU�WWG���&M�DUH�FULVS�YDOXHV����&M���DQG���M�Q��DQG�2LM�DUH�FULVS�YDOXHV����2LM������L�Z������M�Q���( ) ( ) [ ]Q&&&WDW& L��� =-= � ����
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7KH�ODVW�VWHS�RI�WKH�%�DOJRULWKP�LV�WR�GHIX]]LI\�WKH�SUHGLFWHG�YDULDWLRQV�RI�0RGHB/RFN��,I�WKH�PHPEHUVKLS�YDOXH�RI�WKH�SUHGLFWHG�YDULDWLRQ�LV����WKHQ�WKH�SUHGLFWHG�YDULDWLRQ�LV���� HOVH�� LI� WKH� PD[LPXP� PHPEHUVKLS� YDOXH� RI� WKH� IX]]LILHG� SUHGLFWHG� YDULDWLRQ�RFFXUUHG�DW�[M��WKHQ�WKH�SUHGLFWHG�YDULDWLRQ�LV�WKH�PLGSRLQW�RI�[M��,Q�FDVH�WKH�PD[LPXP�PHPEHUVKLS� YDOXH� RI� WKH� SUHGLFWHG� YDULDWLRQ� RFFXUUHG� DW� VHYHUDO� LQWHUYDOV�� WKHQ� WKH�SUHGLFWHG�YDULDWLRQ�LV�WKH�DYHUDJH�RI�WKHLU�PLGSRLQWV���� %
�$OJRULWKP�,Q�>�@��&KHQ�HW�DO��SURSRVHG�D�QRYHO�YHUVLRQ�RI�WKH�SUHYLRXVO\�GHVFULEHG�%�$OJRULWKP��UHIHUUHG� WR� DV�%
�$OJRULWKP�� WKDW� WDNHV� LQWR� DFFRXQW� WKH� IXUWKHU� HQKDQFHPHQW� RI� WKH�
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SUHGLFWLQJ�DFFXUDF\�DQG� WR�UHGXFH� WKH�HUURUV��7KH�PRGLILFDWLRQ� LV�RQO\�UHODWHG� WR� WKH�
GHIX]]LILFDWLRQ� SURFHGXUH�� ,Q� RWKHU� ZRUGV�� E\� PHDQV� RI� DQ� a�VLJQLILFDQFH�
OHYHO ( )( )aWD RI�WKH�IX]]LILHG�SUHGLFWHG�YDULDWLRQ�D�W��GHILQHG�LQ�������ZKHUH�D�W��LV�WKH�
IX]]LILHG� SUHGLFWHG� YDULDWLRQ� DQG� a³>���@�� ZH� FDQ� DFKLHYH� D� PRUH� SUHFLVH�GHIX]]LILFDWLRQ��( ) [ ] ( )( ) [ ]aaaa QQ DDDWDDDDWD LL ���� == � �����
,I�IL�a���ZH�IL[�ILa IL��HOVH�LI�IL�a���WKHQ��IL ���,I�WKH�PHPEHUVKLS�YDOXHV�RI� ( )( )aWD DUH�DOO�
���WKHQ�WKH�SUHGLFWLRQ�YDULDWLRQ�LV����HOVH�LI�WKH�PHPEHUVKLS�YDOXH�RI� ( )( )aWD KDYH�RQO\�
RQH�PD[LPXP�IDOOLQJ� LQWR�[M�� WKHQ� WKH�SUHGLFWHG�YDULDWLRQ�LV� LWV�PLGSRLQW��,Q�FDVH�WKH�PHPEHUVKLS�YDOXHV�RI�� ( )( )aWD RFFXUUHG�DW�VHYHUDO�LQWHUYDOV����WKH�SUHGLFWHG�YDULDWLRQ�LV�
WKH�DYHUDJH�RI�WKHLU�PLGSRLQWV��1DWXUDOO\��WKH�SUHGLFWLRQ�GDWD�LV�HTXDO�WR�WKH�SUHGLFWHG�YDULDWLRQ�SOXV�WKH�DFWXDO�GDWD��%\�XVLQJ�WKH�0DWODE��ODQJXDJH�ZH�KDYH�LPSOHPHQWHG�WKH�VR�FDOOHG�$OJRULWKP�%�DQG�%
���� 7KH�VHFRQGDU\�IDFWRU�KDV�EHHQ�VHOHFWHG��WKRXJK�WKH�IX]]\�FXUYH�DSSURDFK��WKH�UHVXOW�RI�WKH�VHOHFWLRQ�DQG�UDQNLQJ�SURFHGXUH�ZDV�WKDW�WKH�3ODVPD�'HQVLW\�TXDQWLW\�LV�WKH�PRVW�VXLWDEOH�WR�EH�XVHG�DW�WKLV�VFRSH��� ����3HUIRUPDQFH�RI�WKH�0RGHO�
7KH� DLP� RI� D� GLVUXSWLRQ� SUHGLFWLRQ� V\VWHP� LV� WR� GHVLJQ� D� SURFHVVRU� FDSDEOH� RI�SUHGLFWLQJ� WKH� RQVHW� RI� D� GLVUXSWLRQ� VXIILFLHQWO\� LQ� DGYDQFH� IRU� LQWHUYHQWLRQ� XVLQJ� D�FRQWURO� DFWLRQ�� 7KLV� SDSHU¶V� DSSURDFK� ZDV� WR� XVH� WKH� %� DOJRULWKP� WR� VROYH� WKH�DQWLFLSDWLRQ� SUREOHP�� ZKLOH� WKH� %
� DOJRULWKP� ZDV� MXVW� XVHG� DV� D� FURVV�FKHFN�WHFKQLTXH��7KH�PDLQ�UHVXOW�LQ�XVLQJ�WKH�%
�DOJRULWKP�ZLWK�UHVSHFW�WR�WKH�%�DOJRULWKP�LV� D� VOLJKW� LPSURYHPHQW� RI� DFFXUDF\� WR� EH� SDLG� E\� D� FRUUHVSRQGLQJ� LQFUHDVH� LQ� WKH�FRPSXWDWLRQDO�EXUGHQ�RI�WKH�SURFHGXUH�LPSOHPHQWHG���� 7KH� XVHG� GHWHFWLRQ� FULWHULRQ� LV� DV� IROORZV�� RQFH� WKH� 0RGHB/RFN� YDOXH� LV�JUHDWHU�WKDQ�D�IL[HG�WKUHVKROG������7�$��� WKH�GLVUXSWLRQ�LV� LQFRPLQJ�� �)LJXUH���VKRZV�WKH�UHVXOWV�DFKLHYHG�IRU�WKH�SUHGLFWLRQ�RI�WKH�0RGHB/RFN����PV�LQ�DGYDQFH��D�ZLQGRZ�VOLFH�RI�Z ��ZDV�XVHG��DIWHU�D�VHQVLWLYLW\�DQDO\VLV�KDV�EHHQ�FDUULHG�RXW��DV�UHSRUWHG�LQ�7DEOH������� 7KH�SHUIRUPDQFH�RI�WKH�%�DOJRULWKP�DV�SUHGLFWRU�RI�GLVUXSWLYH�HYHQWV�FDQ�EH�UHVXPHG�LQ�WKH�IROORZLQJ�VWDWHPHQWV���� WKH� SUREDELOLW\� RI� FRUUHFWO\� VZLWFKLQJ� RQ� DQ� DODUP� LQ� WKH� UDQJH� �Z ��� EHIRUH� WKH�GLVUXSWLRQ�LV�LQ�WKH�RUGHU�RI��������D�OLPLWHG�QXPEHU�RI�IDOVH�DODUPV�ZHUH�GHWHFWHG��ZKLOH�WKH�QXPEHU�RI�IDOVH�SRVLWLYH�LV�YHU\�OLPLWHG�ZLWKLQ�WKH�WHVW�DQG�YDOLGDWLRQ�GDWDEDVHV����WKH�IX]]\�WLPH�VHULHV�PRGHO��KDV�EHHQ�DSSOLHG�WR�ERWK�VLPSOH�SUREOHPV�RI�SUHGLFWLRQ�ZLWK�VLQJOH�VKRWV�DQG�WR�VPDOO�JURXS�RI�VKRWV��LQ�RUGHU�WR�DVVHVV�WKH�UREXVWQHVV�RI�WKH�SURFHGXUH��7KH�UHVXOWV�FDQ�EH�FRQVLGHUHG�PRUH�WKDQ�HQFRXUDJLQJ��LQ�IDFW��LW�LV�SRVVLEOH�WR�SUHGLFW�WKH�GLVUXSWLRQ�ZLWK�D�WLPH�ODJ�RI���PV��ZLWK�WKH�DFFXUDF\�UHSRUWHG�LQ�7DEOH���LQ�WHUPV�RI�URRW�PHDQ�VTXDUHG�HUURU������&RQFOXVLRQ�
,Q� WKLV� SDSHU�� D� QRYHO� VRIW� FRPSXWLQJ� DSSURDFK� KDV� EHHQ� H[SORLWHG� IRU� VROYLQJ� WKH�
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SUREOHP� RI� HDUO\� SUHGLFWLRQ� RI� GLVUXSWLRQV� LQ� -(7� 0DFKLQH�� � $V� VHHQ�� IURP� WKH�
DQDO\VLV�RI� WKH�DFKLHYHG� UHVXOWV�� LW� LV�SRVVLEOH� WR�VD\� WKDW� WKH�RQVHW�RI�D�GLVUXSWLRQ� LV�
SUHGLFWDEOH�ZLWKLQ�D�WLPH�LQWHUYDO�RI�LQWHUHVW��7KH�FRPSDULVRQ�ZLWK�WKH�REWDLQHG�UHVXOWV�
LQ�>�@��SUHGLFWLRQ�RI�GLVUXSWLRQV�E\�PHDQV�RI�D�VLQJOH�WLPH�VHULHV���DOORZV�XV�WR�FODLP�
WKDW� WKH�XVH�RI�D� WZR�IDFWRUV�PRGHO�PD\� LPSURYH� WKH�SHUIRUPDQFH�� ,Q� WKH� IXWXUH�� WKH�
H[WHQVLRQ�RI� WKH� WZR�IDFWRUV� WLPH�VHULHV�PRGHOV� LQWR�PXOWL�IDFWRUV�WLPH�VHULHV�PRGHOV�
LV�KRSHG��

�)LJXUH����3UHGLFWLRQ�RI�0RGH�/RFN�IRU�Z ���
:LQGRZ�VL]H�³Z´� 506(�>7�$@�

�� ����
�� ������
�� ������
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�� ������

7DEOH����6HQVLWLYLW\�RI�WKH�SUHGLFWLRQ�DFFXUDF\�WR�WKH�VHOHFWHG�ZLQGRZ�VL]H�����5HIHUHQFHV�
>�@� 5��'HQG\��³3ODVPD�3K\VLFV��$Q�,QWURGXFWRU\�&RXUVH��&DPEULGJH�8QLYHUVLW\�3UHVV��������
>�@� '��:UREOHZVN\��³1HXUDO�1HWZRUN�(YDOXDWLRQ�RI�7RNDPDN�&XUUHQW�3URILOHV�IRU�5HDO�7LPH�&RQWURO´��

5HY��6FL��,QVWU�������������������
>�@� $��9DQQXFFL��HW�DO���)RUHFDVW�RI�7(;7�3ODVPD�'LVUXSWLRQV�8VLQJ�6RIW�;�5D\V�DV�,QSXW�6LJQDO� LQ�D�

1HXUDO�1HWZRUN´��1XFOHDU�)XVLRQ��9R������S�������������
>�@� )�&�� 0RUDELWR�� 0�� 9HUVDFL�� ³7KH� 'LVUXSWLRQ� 3UHGLFWLRQ� 3UREOHP� LQ� 7RNDPDN� 5HDFWRUV�� $� )X]]\�

1HXUDO�6LPXODWLRQ�DQG�0RGHOLQJ�(QYLURQPHQW´��3URF��RI�WKH�,$67('�&RQIHUHQFH�RQ�0RGHOLQJ�DQG�
6LPXODWLRQ��06�������/DV�3DOPDV��&DQDU\�,VODQGV��6HSWHPEHU�������

>�@� )�&��0RUDELWR��HW�DO���³3URJUHVV�LQ�WKH�3UHGLFWLRQ�RI�'LVUXSWLRQ�LQ�$6'(;�8SJUDGH�YLD�1HXUDO�DQG�
)X]]\�1HXUDO�7HFKQLTXHV´��3URF��RI�,$($�&RQIHUHQFH��6RUUHQWR��,WDO\��2FWREHU�������

>�@� )�&��0RUDELWR�HW�DO���³)X]]\�1HXUDO�$SSURDFK�WR�WKH�3UHGLFWLRQ�RI�'LVUXSWLRQV�LQ�$6'(;�8SJUDGH´��
1XFOHDU�)XVLRQ��YRO������1������SS��������������1RYHPEHU�������

>�@� 6��0�� &KHQ� � HW� DO��� ³7HPSHUDWXUH� 3UHGLFWLRQ� 8VLQJ� )X]]\� 7LPH� 6HULHV´�� ,(((� 7UDQVDFWLRQV� RQ�
6\VWHPV��0DQ��$QG�&\EHUQHWLFV��3DUW�%��&\EHUQHWLFV���YRO������1�����SS�����������$SULO�������

>�@� 4��6RQJ��HW�DO���³)X]]\�7LPH�6HULHV�DQG�LWV�0RGHOV�³��)X]]\�6HWV�6\VW���9RO������1�����SS�����������
������
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