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'LVFUHWH�WLPH G\QDPLF ROLJRSRO\ JDPHV ZKLFK H[KLELW FKDRWLF WLPH SDW�WHUV RI WKH FRPSHWLWRUV¶ VWUDWHJLF FKRLFHV DUH DW WKH FHQWHU RI D ÀRXULVKLQJOLWHUDWXUH� LQFOXGLQJ WKH VHPLQDO SDSHU E\ 5DQG ������ DQG VHYHUDO SDSHUV DI�WHU LW �VHH H�J� 'DQD DQG 0RQWUXFFKLR� ����� 3XX� ����� .RSHO� ������ ZKHUHVLPSOH PLFURHFRQRPLF VLWXDWLRQV KDYH EHHQ SURSRVHG ZKLFK OHDG WR GXRSRO\JDPHV ZLWK FKDRWLF G\QDPLFV� 7KH PDLQ FRQFHUQ� LQ WKLV VWUHDP RI OLWHUDWXUH�LV WR HPSKDVL]H WKH IHDWXUHV RI WKH GXRSRO\ JDPHV ZKLFK DUH UHVSRQVLEOH IRUWKH WUDQVLWLRQ IURP UHJXODU WR FKDRWLF G\QDPLFV DQG WR DQDO\]H WKH ELIXUFD�WLRQV ZKLFK FDXVH WKH ORVV RI VWDELOLW\ RI WKH HTXLOLEULD DQG WKH DSSHDUDQFH RIPRUH FRPSOH[ DWWUDFWRUV �VHH H�J� %LVFKL HW DO�� ������,Q WKLV FKDSWHU� ZH VWUHVV VRPH SHFXOLDU IHDWXUHV ZKLFK FKDUDFWHUL]H GLI�IHUHQW NLQGV RI FKDRWLF EHKDYLRUV� ,Q SDUWLFXODU� JLYHQ D GXRSRO\ JDPH FKDU�DFWHUL]HG E\ D FKDRWLF EHKDYLRU RI ERWK WKH FRPSHWLWRUV� ZH WU\ WR GLVWLQJXLVKGLIIHUHQW GHJUHHV RI FRUUHODWLRQ EHWZHHQ WKH FKRLFHV RI WKH WZR SOD\HUV� :LWKWKH WHUP ³FRUUHODWHG FKDRV´ ZH PHDQ WKDW HYHQ LI ERWK WKH SOD\HUV EHKDYHFKDRWLFDOO\� DW HDFK WLPH SHULRG WKHLU FKRLFHV� VD\ {| DQG ||� DUH DSSUR[L�PDWHO\ UHODWHG E\ D IXQFWLRQ || @ i+{|, RU {| @ i+||,� 7KLV PHDQV WKDW WKHFKDRWLF DWWUDFWRU� LQ WKH WZR�GLPHQVLRQDO VWDWH VSDFH +{> |,� LV DSSUR[LPDWHO\ORFDWHG DURXQG D SRUWLRQ RI D RQH�GLPHQVLRQDO FXUYH� ,QVWHDG� ³XQFRUUHODWHGFKDRV´ PHDQV WKDW D JHQHULF FKDRWLF WUDMHFWRU\ ¿OOV XS D WZR�GLPHQVLRQDOUHJLRQ� VR WKDW QR UHODWLRQV FDQ EH HYLGHQFHG� DW D JLYHQ WLPH� EHWZHHQ WKHGHFLVLRQV RI WKH WZR SOD\HUV� :LWK RWKHU ZRUGV� SURYLGHG WKDW LQ ERWK FDVHVHDFK SOD\HU EHKDYHV FKDRWLFDOO\ �VR WKDW LW LV LPSRVVLEOH WR IRUHFDVW KHU�KLVQH[W SHULRG GHFLVLRQ� LQ WKH SUHVHQFH RI FRUUHODWHG FKDRV LI RQH REVHUYHV WKHFKRLFH RI D SOD\HU WKHQ WKH EHKDYLRU RI WKH RWKHU SOD\HU DW WKH VDPH WLPHSHULRG FDQ EH DSSUR[LPDWHO\ GHGXFHG� ZKHUHDV LQ WKH FDVH RI XQFRUUHODWHG
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FKDRV� HYHQ LI RQH REVHUYHV ZKDW D SOD\HU GRHV DW D JLYHQ WLPH SHULRG� QRWK�LQJ FDQ EH LQIHUUHG DERXW WKH VLPXOWDQHRXV FKRLFH RI WKH FRPSHWLWRU�$Q H[WUHPH IRUP RI FRUUHODWLRQ LV UHSUHVHQWHG E\ ³FKDRV V\QFKURQL]D�WLRQ´� ZKLFK PHDQV WKDW WKH FKDRWLF WUDMHFWRULHV DUH HPEHGGHG LQWR D RQH�GLPHQVLRQDO LQYDULDQW VXEPDQLIROG� VD\ P � DQG DUH JRYHUQHG E\ WKH RQH�GLPHQVLRQDO G\QDPLFDO V\VWHP JLYHQ E\ WKH UHVWULFWLRQ RI WKH WZR�GLPHQVLRQDORQH WR P � ,QGHHG� G\QDPLFDO V\VWHPV ZLWK FKDRWLF WUDMHFWRULHV HPEHGGHGLQWR DQ LQYDULDQW VXEPDQLIROG RI ORZHU GLPHQVLRQDOLW\ WKDQ WKH WRWDO SKDVHVSDFH KDYH UDLVHG DQ LQFUHDVLQJ LQWHUHVW LQ WKH VFLHQWL¿F FRPPXQLW\ �VHH H�J�)XMLVDND DQG <DPDGD� ����� 3HFRUD DQG &DUURO� ����� 2WW DQG 6RPPHUHU������ $VKZLQ HW DO� ����� %XHVFX� ����� +DVOHU DQG 0DLVWUHQNR� ����� MXVWWR FLWH D IHZ��$QRWKHU NLQG RI FKDRWLF EHKDYLRU� ZKLFK FDQ EH FRQVLGHUHG DV LQWHUPHGL�DWH EHWZHHQ FRUUHODWHG DQG XQFRUUHODWHG FKDRV� LV WKH VR�FDOOHG RQ�RII LQWHU�PLWWHQF\� FKDUDFWHUL]HG E\ FKDRWLF WLPH SDWWHUQV ZKLFK DUH V\QFKURQL]HG �RUTXDVL�V\QFKURQL]HG� IRU VHYHUDO WLPH SHULRGV� EXW VRPHWLPHV FOXVWHUV RI ODUJHDV\QFKURQRXV ÀXFWXDWLRQV RFFXU� L�H� VXGGHQ EXUVWV DZD\ IURP WKH VXEPDQL�IROG ZKHUH V\QFKURQL]HG G\QDPLFV WDNH SODFH� 7KH GLVWULEXWLRQ� RYHU WLPH� RIVXFK DV\QFKURQRXV EXUVWV LV TXLWH UDQGRP� EXW VRPHWKLQJ FDQ EH VDLG DERXWWKHLU PD[LPXP DPSOLWXGH �VHH %LVFKL DQG *DUGLQL� ����� .RSHO HW DO�� ������,Q WKH PDWKHPDWLFDO DQG SK\VLFDO OLWHUDWXUH WKHVH SKHQRPHQD KDYH PDLQO\EHHQ VWXGLHG IRU FRXSOHG FKDRWLF RVFLOODWRUV� ZKHUH D FRXSOLQJ SDUDPHWHU H[�LVWV ZKLFK RQO\ LQÀXHQFHV WKH G\QDPLFV LQ D GLUHFWLRQ ZKLFK LV RUWKRJRQDOZLWK UHVSHFW WR WKH LQYDULDQW VXEPDQLIROG ZKHUH V\QFKURQL]HG G\QDPLFV WDNHSODFH �D VR FDOOHG QRUPDO SDUDPHWHU�� ,QGHHG� GXH WR WKH VHQVLWLYH GHSHQ�GHQFH RQ LQLWLDO FRQGLWLRQV ZKLFK FKDUDFWHUL]HV FKDRWLF V\VWHPV� WZR LGHQWL�FDO DQG LQGHSHQGHQW FKDRWLF RVFLOODWRUV FDQQRW EH� LQ JHQHUDO� V\QFKURQL]HG�ZKHUHDV LW LV SRVVLEOH WR V\QFKURQL]H WKHP� LQ WKH ORQJ UXQ� SURYLGHG WKDWVRPH FRXSOLQJ �RU LQWHUDFWLRQ� LV LQWURGXFHG �)XMLVDND DQG <DPDGD� �����3HFRUD DQG &DUURO� ������&KDRV V\QFKURQL]DWLRQ DQG LQWHUPLWWHQF\ DUH JHQHUDOO\ DVVRFLDWHG ZLWKV\PPHWULF G\QDPLFDO V\VWHPV� DQG VXFK D VLWXDWLRQ LV FRPPRQO\ PHW LQG\QDPLF JDPHV ZLWK LGHQWLFDO RU TXDVL�LGHQWLFDO FRPSHWLWRUV� DV UHFHQWO\VWUHVVHG LQ %LVFKL HW DO�� ����� %LVFKL HW DO�� ����� .RSHO HW DO�� ����� %LV�FKL DQG *DUGLQL� ����� ,Q WKHVH PRGHOV D SHUIHFW V\PPHWU\ �L�H� DQ DEVROXWHLGHQWLW\ RI WKH SDUDPHWHUV ZKLFK FKDUDFWHUL]H WKH SOD\HUV¶ EHKDYLRUV� LV D YHU\GHPDQGLQJ FRQGLWLRQ� DQG HYHQ WKH SUHVHQFH RI D QRUPDO SDUDPHWHU LV QRW VRFRPPRQ� +RZHYHU� DV ZH VKDOO VHH WKURXJK WKH QXPHULFDO H[SORUDWLRQV SUH�VHQWHG LQ WKLV FKDSWHU� LQWHUPLWWHQF\ SKHQRPHQD FDQ DOVR EH REVHUYHG ZLWK
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KHWHURJHQHRXV LQWHUDFWLQJ SOD\HUV� ,QGHHG� LQWHUPLWWHQF\ SKHQRPHQD PD\ EHVHHQ DV D SUHOXGH RI FKDRV V\QFKURQL]DWLRQ DV WKH GHJUHH RI KRPRJHQHLW\ EH�WZHHQ WKH SOD\HUV LV JUDGXDOO\ LQFUHDVHG� +RZHYHU� WKLV LV QRW D JHQHUDO UXOH�DV ZH VKDOO VHH LQ WKH IROORZLQJ�,Q WKLV FKDSWHU ZH WU\ WR LQYHVWLJDWH KRZ� VWDUWLQJ IURP D FRQGLWLRQ RI KHW�HURJHQHRXV SOD\HUV� DQ LQFUHDVH RI WKH GHJUHH RI V\PPHWU\� JUDGXDOO\ OHDG�LQJ WR FRQGLWLRQV RI TXDVL�LGHQWLFDO RU IXOO\ LGHQWLFDO SOD\HUV� PD\ LQGXFHWKH DSSHDUDQFH RI PRUH DQG PRUH FRUUHODWHG FKDRWLF EHKDYLRUV� ,Q RUGHU WRLQYHVWLJDWH WKLV LVVXH� ZH FRQVLGHU D &RXUQRW GXRSRO\ JDPH� UHFHQWO\ SUR�SRVHG E\ %LVFKL DQG /DPDQWLD ������� ZKHUH WKH LQWHUGHSHQGHQFH EHWZHHQWKH TXDQWLW\�VHWWLQJ ¿UPV LV QRW RQO\ UHODWHG WR WKH VHOOLQJ SULFH� GHWHUPLQHGE\ WKH WRWDO SURGXFWLRQ WKURXJK D JLYHQ GHPDQG IXQFWLRQ� EXW DOVR RQ SRVL�WLYH FRVW H[WHUQDOLWLHV GXH WR WKH HIIHFWV RI NQRZ�KRZ VSLOORYHUV� FDXVHG E\WKH DELOLW\ RI D ¿UP WR WDNH DGYDQWDJH� IRU IUHH� RI WKH FRPSHWLWRUV¶ 5HVHDUFKDQG 'HYHORSPHQW �U)G� UHVXOWV� ,Q WKLV GXRSRO\ JDPH� LQ WKH FDVH RI LGHQ�WLFDO FKDRWLF SOD\HUV� FKDRV V\QFKURQL]DWLRQ FDQ RFFXU� GXH WR WKH SUHVHQFHRI D RQH�GLPHQVLRQDO FKDRWLF DWWUDFWRU HPEHGGHG LQWR WKH LQYDULDQW GLDJRQDO�7KH VWXG\ RI WKLV SDUWLFXODU &RXUQRW GXRSRO\ JDPH DOORZV XV WR JLYH H[DP�SOHV RI GLIIHUHQW NLQGV RI FKDRWLF EHKDYLRUV DFFRUGLQJ WR WKH GHJUHH RI FKDRVFRUUHODWLRQ� DQG ZH REVHUYH WKH JUDGXDO WUDQVLWLRQ EHWZHHQ WKHVH GLIIHUHQWNLQGV DV WKH KHWHURJHQHLW\ LQ WKH VSLOORYHU SDUDPHWHUV� L�H� WKH DV\PPHWU\ LQWKH DELOLW\ WR WDNH DGYDQWDJH RI WKH FRPSHWLWRUU)G UHVXOWV� LV YDULHG� +RZ�HYHU� WKH VSLOORYHU SDUDPHWHUV DUH QRW QRUPDO RQHV� EHFDXVH WKH\ LQÀXHQFHERWK WKH G\QDPLFV DORQJ WKH GLDJRQDO DQG WKH G\QDPLFV WUDQVYHUVH WR LW� 7KLVLPSOLHV WKDW LW LV QRW SRVVLEOH WR XVH PDQ\ RI WKH UHVXOWV JLYHQ LQ WKH OLWHUDWXUHRQ FKDRV V\QFKURQL]DWLRQ� +RZHYHU� IROORZLQJ %LVFKL DQG *DUGLQL ������� DJOREDO FKDUDFWHUL]DWLRQ RI WKH SKHQRPHQD LV VWLOO SRVVLEOH E\ WKH PHWKRG RIFULWLFDO FXUYHV� ZKLFK DOORZ XV WR REWDLQ WKH GHOLPLWDWLRQ RI DQ DEVRUELQJ DUHDVXUURXQGLQJ WKH RQH�GLPHQVLRQDO DWWUDFWRU RQ ZKLFK V\QFKURQL]DWLRQ RFFXUV�ZKLFK LV RIWHQ RQO\ DQ DWWUDFWRU LQ 0LOQRU VHQVH� VHH $VKZLQ HW DO�� �����%XHVFX� ������ ,Q IDFW� DV WKH WLPH HYROXWLRQ RI WKH GXRSRO\ JDPH DQDO\]HGLQ WKLV FKDSWHU LV UHSUHVHQWHG E\ WKH LWHUDWLRQ RI D QRQLQYHUWLEOH PDS� WKH G\�QDPLF SKHQRPHQD REVHUYHG� VXFK DV FKDRV V\QFKURQL]DWLRQ� LQWHUPLWWHQF\DQG XQFRUUHODWHG FKDRV� DUH FRQ¿QHG LQVLGH D JLYHQ DEVRUELQJ DUHD� ZKRVHERXQGDU\ FDQ EH REWDLQHG E\ VHJPHQWV RI FULWLFDO FXUYHV� DQG EHKDYHV DV DERXQGHG YHVVHO LQVLGH ZKLFK WKH DV\PSWRWLF G\QDPLFV DUH WUDSSHG �VHH 0LUDHW DO�� ����� %LVFKL DQG *DUGLQL� ������7KH UHPLQGHU RI WKLV FKDSWHU LV RUJDQL]HG DV IROORZV� LQ VHFWLRQ � ZHGHVFULEH WKH GXRSRO\ JDPH� LQ VHFWLRQ � ZH FRQVLGHU WKH VDPH JDPH LQ WKH
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V\PPHWULF FDVH RI LGHQWLFDO SOD\HUV� LQ VHFWLRQ � ZH GHVFULEH VRPH QXPHULFDOH[SORUDWLRQV WKURXJK ZKLFK WKH FRQFHSWV RXWOLQHG DERYH DUH LOOXVWUDWHG�
� $ &RXUQRW GXRSRO\ JDPH ZLWK VSLOORYHUV

7R LOOXVWUDWH WKH FRQFHSWV RXWOLQHG LQ WKH LQWURGXFWLRQ� ZH FRQVLGHU D&RXUQRW GXRSRO\ JDPH� SURSRVHG LQ %LVFKL DQG /DPDQWLD ������� ZKHUH WKHLQWHUGHSHQGHQFH EHWZHHQ WKH TXDQWLW\�VHWWLQJ ¿UPV LV QRW RQO\ UHODWHG WR WKHVHOOLQJ SULFH� GHWHUPLQHG E\ WKH WRWDO SURGXFWLRQ WKURXJK D JLYHQ GHPDQGIXQFWLRQ� EXW DOVR RQ FRVW�UHGXFWLRQ HIIHFWV UHODWHG WR WKH SUHVHQFH RI WKHFRPSHWLWRU� 6XFK FRVW UHGXFWLRQV DUH LQWURGXFHG WR PRGHO WKH HIIHFWV RI WHFK�QRORJLFDO DQG LQWHOOHFWXDO VSLOORYHUV DPRQJ FRPSDQLHV� FDXVHG E\ WKH DELOLW\RI D ¿UP WR WDNH DGYDQWDJH� IRU IUHH� RI WKH FRPSHWLWRUV¶ U)G UHVXOWV� GXHWR WKH GLI¿FXOWLHV WR SURWHFW NQRZ�KRZ RU WR DYRLG WKH PRYHPHQWV RI VNLOOHGZRUNHUV DPRQJ FRPSHWLQJ ¿UPV� VHH H�J� $XGUHWVFK DQG )HOGPDQ ������$LWNHQ HW DO� ������� 7KH UHVXOWV RI U)G DUH JHQHUDOO\ DVVXPHG WR OHDG WRFRVWV UHGXFWLRQV �VHH H�J� '¶$VSUHPRQW DQG -DTXHPLQ� ������ 6R� VSLOORYHUHIIHFWV FDQ EH VHHQ DV D SRVLWLYH FRVW H[WHUQDOLW\� ZKLFK ZH PRGHO E\ DVVXP�LQJ WKH IROORZLQJ FRVW IXQFWLRQ RI ¿UP l�
F�+t�> t2, @ f+t�, .U)G�4 . ���j� +U)G�, . ���k� +U)G�, > l> m @ 4> 5 > m 9@ l���

ZKHUH f +t�, UHSUHVHQWV WKH SURGXFWLRQ FRVWV RI ¿UP l� DQ LQFUHDVLQJ IXQF�WLRQ RI LWV RZQ SURGXFWLRQ t�� U)G� UHSUHVHQWV WKH U)G H[SHQVHV RI ¿UPl� j� DQG k� DUH LQFUHDVLQJ IXQFWLRQV DQG WKH SRVLWLYH SDUDPHWHUV ��� DQG��� JLYH D PHDVXUH RI WKH FRVW UHGXFWLRQ UHODWHG WR LWV RZQ DQG FRPSHWLWRU¶VU)G UHVSHFWLYHO\� $ SDUWLFXODU FKRLFH LV SURSRVHG LQ %LVFKL DQG /DPDQWLD������� ZKHUH D YHU\ VLPSOH FRVW IXQFWLRQ LV REWDLQHG E\ DVVXPLQJ OLQHDUSURGXFWLRQ FRVWV� f�+t�, @ n�t�� U)G H[SHQVHV SURSRUWLRQDO WR WKH SUR�GXFWLRQ� U)G� @ v�t�� k� OLQHDU DQG j� � 3� 7KH ODVW DVVXPSWLRQ FDS�WXUHV WKH IDFW WKDW RQO\ H[WHUQDO VSLOORYHUV DUH FRQVLGHUHG FRVW�UHGXFLQJ� EH�FDXVH WKH EHQH¿WV IURP LWV RZQ U)G DUH DVVXPHG WR EH EDODQFHG E\ LQ�GXFHG FRVWV� VXFK DV KLJKHU VDODULHV UHTXLUHG E\ PRUH VNLOOHG ZRUNHUV RU H[�SHQVHV RI D ¿UP WR DYRLG VSLOORYHUV� +RZHYHU� ZH DVVXPH WKDW U)G DUHQHFHVVDU\ LQ D KLJK�WHFK PDUNHW� ZKHUH ZLWKRXW U)G WKH SURGXFHG JRRGV
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EHFRPH REVROHWH� :LWK WKHVH DVVXPSWLRQV� DQG D OLQHDU GHPDQG IXQFWLRQG+s, @ d� e +t� . t2,� WKH SUR¿W RI ¿UP l EHFRPHV

��+t�> t2, @ t� ^d� e +t� . t2,`� f�t�4 . ���t� > l> m @ 4> 5� l 9@ m ���
,Q D IXOO\ UDWLRQDO &RXUQRW GXRSRO\ JDPH� HDFK SOD\HU GHFLGHV LWV RZQ SUR�GXFWLRQ LQ RUGHU WR PD[LPL]H WKH H[SHFWHG SUR¿W� RQ WKH EDVLV RI WKH IROORZ�LQJ WZR DVVXPSWLRQV��L� HDFK ¿UP NQRZV EHIRUHKDQG LWV ULYDO¶V SURGXFWLRQ GHFLVLRQ��LL� HDFK ¿UP KDV D FRPSOHWH NQRZOHGJH RI WKH SUR¿W IXQFWLRQ�)URP WKH ¿UVW RUGHU FRQGLWLRQV C��@Ct� @ 3� ZH JHW

t� @ u�+t�, @ 45e �d� et� � f�4 . ���t�
� l> m @ 4> 5 > m 9@ l= ���

$ VLPSOH FKHFN RI WKH VHFRQG GHULYDWLYHV WHVWL¿HV WKDW WKHVH VROXWLRQV UHS�UHVHQW SUR¿W PD[LPD� SURYLGHG WKDW WKH TXDQWLWLHV DUH QRQ QHJDWLYH� +HQFHWKH SRUWLRQV LQVLGH WKH SRVLWLYH RUWKDQW RI WKH IXQFWLRQV t� @ u�+t2, DQGt2 @ u2+t�,� DUH WKH WZR UHDFWLRQ FXUYHV� (YHU\ LQWHUVHFWLRQ EHWZHHQ WKHWZR UHDFWLRQ FXUYHV� EHLQJ DQ RSWLPDO FKRLFH IRU ERWK ¿UPV� LV D &RXUQRW�1DVK (TXLOLEULXP� FKDUDFWHUL]HG E\ WKH IDFW WKDW QR ¿UP KDV DQ LQFHQWLYH WRXQLODWHUDOO\ GHYLDWH IURP LWV FKRVHQ VWUDWHJ\ JLYHQ WKH FKRLFH RI LWV ULYDO� ,WLV LPPHGLDWH WR UHDOL]H WKDW WKH LQWURGXFWLRQ RI VSLOORYHU HIIHFWV LQ WKH FRVWIXQFWLRQV KDV WKH HIIHFW RI FKDQJLQJ WKH UHDFWLRQ FXUYHV IURP OLQHV WR VWULFWO\FRQFDYH FXUYHV� ZKLFK DUH XQLPRGDO IRU VXI¿FLHQWO\ KLJK YDOXHV RI VSLOORYHUSDUDPHWHUV� ,Q %LVFKL DQG /DPDQWLD ������ LW LV SURYHG WKDW DW PRVW RQH1DVK (TXLOLEULXP H[LVWV� DQG LQ RUGHU WR LQYHVWLJDWH LWV VWDELOLW\ WKH 1DVK(TXLOLEULXP LV FRQVLGHUHG DV WKH RXWFRPH RI D G\QDPLF DGMXVWPHQW SURFHVVRFFXUULQJ ZKHQ OHVV WKDW IXOO\ UDWLRQDO SOD\HUV SOD\ WKH JDPH UHSHDWHGO\ �VHHH�J� )XGHQEHUJ DQG /HYLQH� ����� RU %LQPRUH� ����� FK�� IRU VXFK HYROX�WLRQDU\ LQWHUSUHWDWLRQ RI WKH VWDELOLW\ RI D 1DVK HTXLOLEULXP�� 7KLV PHDQVWKDW WKH SOD\HUV JHQHUDOO\ GR QRW UHDFK D 1DVK HTXLOLEULXP LPPHGLDWHO\� EXWSOD\ WKH JDPH UHSHDWHGO\ LQ RUGHU WR DSSURDFK LW� 6HYHUDO NLQGV RI ERXQG�HGO\ UDWLRQDO DGMXVWPHQW SURFHVVHV PD\ EH FRQVLGHUHG� DOO VKDULQJ WKH VDPH1DVK HTXLOLEULXP EXW ZLWK GLIIHUHQW PHWKRGV WR XSGDWH SURGXFWLRQV ZKHQ WKHV\VWHP LV RXW RI LW� 2QH NLQG RI G\QDPLF DGMXVWPHQW� SURSRVHG E\ &RXUQRW������� LV EDVHG RQ WKH DVVXPSWLRQ WKDW WKH WZR ¿UPV KDYH D JOREDO NQRZO�HGJH RI WKH SUR¿W IXQFWLRQ� VR WKDW WKH\ DUH DEOH WR FRPSXWH WKHLU EHVW UHSO\WR WKH H[SHFWHG SURGXFWLRQ FKRLFH RI WKH FRPSHWLWRU� EXW WKH WZR ¿UPV DUH
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QRW VR UDWLRQDO WR EH DEOH WR NQRZ LQ DGYDQFH WKH FRPSHWLWRU¶V FKRLFHV� DQG DWHDFK WLPH VWHS WKH\ DGRSW D YHU\ VLPSOH �RU QDLYH� H[SHFWDWLRQ� E\ JXHVVLQJWKDW WKH SURGXFWLRQ RI WKH RWKHU ¿UP ZLOO UHPDLQ WKH VDPH DV LQ WKH SUHYLRXVSHULRG� 6R WKH UHSHDWHG JDPH LV GH¿QHG E\ WKH UHFXUUHQFHt�+w. 4, @ u� +t�+w,, l> m @ 4> 5 l 9@ m = ���$V SURYHG LQ %LVFKL DQG /DPDQWLD ������ WKLV DGMXVWPHQW PHFKDQLVP� ZLWKUHDFWLRQ IXQFWLRQV ���� OHDGV WR JOREDO VWDELOLW\ RI WKH 1DVK HTXLOLEULXP� L�H�DQ DV\PSWRWLF FRQYHUJHQFH WR LW IRU DQ\ LQLWLDO FRQGLWLRQ LQ WKH VWUDWHJ\ VSDFH�$ VHFRQG NLQG RI G\QDPLF DGMXVWPHQW LV SURSRVHG LQ %LVFKL DQG /DPDQWLD������ ZKHUH WKH ¿UPV DUH DVVXPHG WR EH HYHQ OHVV UDWLRQDO� LQ WKH VHQVHWKDW WKH\ GRQ¶W KDYH D FRPSOHWH NQRZOHGJH RI WKH SUR¿W IXQFWLRQ� DQG FRQ�VHTXHQWO\ WKH\ XVH D VLPSOHU �DQG OHVV H[SHQVLYH� ³UXOH RI WKXPE´ �VHH H�J�%DXPRO DQG 4XDQGW� ����� LQ WKHLU GHFLVLRQ�PDNLQJ SURFHVVHV� NQRZQ LQ WKHOLWHUDWXUH DV JUDGLHQW G\QDPLFV �RU P\RSLF DGMXVWPHQW� VHH H�J� 6DFFR� �����9DULDQ� ����� )ODP� ������ 7KLV JLYHV ULVH� IRU FHUWDLQ VHWV RI SDUDPHWHUV� WRSHULRGLF DQG FKDRWLF G\QDPLFV DURXQG WKH 1DVK HTXLOLEULXP� DQG WKLV ZLOO EHWKH REMHFW RI RXU VWXGLHV�$FFRUGLQJ WR WKLV NLQG RI G\QDPLF DGMXVWPHQW� WKH WZR SOD\HUV DUH DV�VXPHG WR XSGDWH WKHLU SURGXFWLRQ VWUDWHJLHV DW GLVFUHWH WLPH SHULRGV RQ WKHEDVLV RI D ORFDO HVWLPDWH RI WKH PDUJLQDO SUR¿W C��@Ct�� $W HDFK WLPH SHULRGw D ¿UP GHFLGHV WR LQFUHDVH �GHFUHDVH� LWV SURGXFWLRQ IRU SHULRG w . 4 LI LWSHUFHLYHV SRVLWLYH �QHJDWLYH� PDUJLQDO SUR¿W RQ WKH EDVLV RI LQIRUPDWLRQ KHOGDW WLPH w� DFFRUGLQJ WR WKH IROORZLQJ G\QDPLF DGMXVWPHQW PHFKDQLVP �VHHH�J� %LVFKL DQG 1DLP]DGD� �����

t�+w. 4, @ t�+w, . ��+t�+w,,C��Ct� +t�+w,> t2+w,, > l @ 4> 5 ���
ZKHUH ��+t�, LV D SRVLWLYH IXQFWLRQ ZKLFK JLYHV WKH H[WHQW RI SURGXFWLRQ YDUL�DWLRQ RI Lwk ¿UP IROORZLQJ D JLYHQ SUR¿W VLJQDO� 1RWLFH WKDW WKH WZR SUR�GXFHUV DUH QRW UHTXHVWHG WR KDYH D FRPSOHWH NQRZOHGJH RI WKH GHPDQG DQGFRVW IXQFWLRQV� VLQFH WKH\ RQO\ QHHG WR LQIHU KRZ WKH PDUNHW ZLOO UHVSRQG WRVPDOO SURGXFWLRQ FKDQJHV E\ DQ HVWLPDWH RI WKH PDUJLQDO SUR¿W� ZKLFK PD\EH REWDLQHG E\ EULHI H[SHULPHQWV RI VPDOO �RU ORFDO� SURGXFWLRQ YDULDWLRQVSHUIRUPHG DW WKH EHJLQQLQJ RI SHULRG w �9DULDQ� ������ 2I FRXUVH� WKLV ORFDOHVWLPDWH RI H[SHFWHG PDUJLQDO SUR¿WV LV PXFK HDVLHU WR EH REWDLQHG WKDQ DJOREDO NQRZOHGJH RI WKH GHPDQG IXQFWLRQ �LQYROYLQJ YDOXHV RI t� WKDW PD\EH YHU\ GLIIHUHQW IURP WKH FXUUHQW RQHV�� ,Q WKH IROORZLQJ ZH DVVXPH OLQHDU



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ �
IXQFWLRQV �� +t�, @ y�t�� l @ 4> 5� VLQFH WKLV DVVXPSWLRQ FDSWXUHV WKH IDFWWKDW UHODWLYH SURGXFWLRQ YDULDWLRQV DUH SURSRUWLRQDO WR PDUJLQDO SUR¿WV� L�H�t� +w. 4,� t� +w,t� +w, @ y� �C��Ct�

� =
:LWK WKHVH DVVXPSWLRQV� DQG WKH SUR¿W IXQFWLRQV JLYHQ LQ ���� ZH REWDLQ D GLV�FUHWH G\QDPLFDO V\VWHP RI WKH IRUP +t�+w. 4,> t2+w. 4,, @ W +t�+w,> t2+w,,�ZKHUH WKH PDS W = U2 $ U2 LV JLYHQ E\

W =
;AA?AA=

t�� @ t� . y�t� kd� 5et� � et2 � S��n��2^2
l

t�2 @ t2 . y2t2 kd� 5et2 � et� � S2�n�2�^�
l ���

� *UDGLHQW G\QDPLFV ZLWK LGHQWLFDO SOD\HUV
:H QRZ FRQVLGHU WKH V\PPHWULF FDVH RI LGHQWLFDO SOD\HUV� L�H� ¿UPVZKLFK KDYH WKH VDPH VSHHGV RI UHDFWLRQ� WKH VDPH SURGXFWLRQ FRVWV DQG WKHVDPH DELOLW\ WR WDNH DGYDQWDJH IURP U)G VSLOORYHU�y� @ y2 @ y> f� @ f2 @ f> ��2 @ �2� @ � ���8QGHU WKLV DVVXPSWLRQ� WKH PDS ��� UHPDLQV WKH VDPH LI WKH YDULDEOHV t�DQG t2 DUH LQWHUFKDQJHG� L�H� DIWHU D UHÀHFWLRQ WKURXJK WKH GLDJRQDO �OLQH RILGHQWLFDO SURGXFWLRQV�� @ �+t�> t2, 5 U2mt� @ t2� = ���7KLV V\PPHWU\ SURSHUW\ LPSOLHV WKDW WKH GLDJRQDO LV PDSSHG LQWR LWVHOI� L�H��W +�, � � � ZKLFK FRUUHVSRQGV ZLWK WKH REYLRXV VWDWHPHQW WKDW� LQ D GH�WHUPLQLVWLF IUDPHZRUN� LGHQWLFDO FRPSHWLWRUV� VWDUWLQJ IURP LGHQWLFDO LQLWLDOFRQGLWLRQV� EHKDYH LGHQWLFDOO\ IRU HDFK WLPH� DQG WKH WUDMHFWRULHV HPEHG�GHG LQWR �� FKDUDFWHUL]HG E\ t�+w, @ t2+w, IRU HYHU\ w� DUH JRYHUQHG E\WKH RQH�GLPHQVLRQDO PDS �UHVWULFWLRQ RI W WR WKH LQYDULDQW VXEPDQLIROG ��i @ W m{ = � $ �� JLYHQ E\�

t� @ i+t, @ t�4 . dy � 6yet � yf4 . �t� ���
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,Q %LVFKL HW DO� ������ WKLV RQH�GLPHQVLRQDO PRGHO KDV EHHQ FRQVLGHUHG DVWKH PRGHO RI D UHSUHVHQWDWLYH DJHQWZKRVH G\QDPLFV VXPPDUL]H WKH FRPPRQEHKDYLRU RI WKH WZR V\QFKURQL]HG FRPSHWLWRUV� 7KH PDS ��� LV D XQLPRGDOPDS ZKRVH LWHUDWLRQ JHQHUDWHV FKDRWLF WUDMHFWRULHV IRU VXI¿FLHQWO\ KLJK YDO�XHV RI WKH FRPPRQ VSHHG RI DGMXVWPHQW y� 6R� V\QFKURQL]HG FKDRV RFFXUV�0RUHRYHU� D WUDMHFWRU\ VWDUWLQJ RXW RI �� L�H� ZLWK t�+3, 9@ t2+3,� LV VDLG WRV\QFKURQL]H LI mt�+w,� t2+w,m $ 3 DV w $ .4�$ TXHVWLRQ ZKLFK QDWXUDOO\ DULVHV LV ZKHWKHU WUDMHFWRULHV VWDUWLQJ IURPGLIIHUHQW LQLWLDO FRQGLWLRQV ZLOO V\QFKURQL]H LQ WKH ORQJ UXQ� VR WKDW WKH DV\PS�WRWLF EHKDYLRU LV JRYHUQHG E\ WKH VLPSOHU RQH�GLPHQVLRQDO PRGHO� 7KLV TXHV�WLRQ FDQ EH UHIRUPXODWHG DV IROORZV� /HW Dr EH DQ DWWUDFWRU RI WKH RQH�GLPHQVLRQDO PDS� ,V LW DOVR DQ DWWUDFWRU IRU WKH WZR�GLPHQVLRQDO PDS" 2IFRXUVH� DQ DWWUDFWRU Dr RI ��� LV VWDEOH ZLWK UHVSHFW WR SHUWXUEDWLRQV DORQJ��VR DQ DQVZHU WR WKH TXHVWLRQ UDLVHG DERYH FDQ EH JLYHQ WKURXJK D VWXG\ RIWKH VWDELOLW\ RI Dr ZLWK UHVSHFW WR SHUWXUEDWLRQV WUDQVYHUVH WR V �WUDQVYHUVHVWDELOLW\��$ VHFRQG TXHVWLRQ FRQFHUQV WKH EHKDYLRU RI WKH G\QDPLFDO V\VWHP ZKHQTXDVL�LGHQWLFDO SOD\HUV DUH FRQVLGHUHG� L�H� ZLWK VPDOO GLIIHUHQFHV DPRQJ WKHSDUDPHWHUV� 2I FRXUVH� LQ WKLV FDVH WKH LQYDULDQFH SURSHUW\ RI WKH GLDJRQDO�LV ORVW� DQG VRPH GLIIHUHQW G\QDPLF VFHQDULRV PD\ UHSODFH V\QFKURQL]DWLRQ�)RU H[DPSOH� WKH DWWUDFWRUDr HPEHGGHG LQVLGH�PD\ EH UHSODFHG E\ DQRWKHUDWWUDFWRU FORVH WR LW� ZKHUH FRUUHODWHG FKDRV RFFXUV� RU D JUHDWHU DWWUDFWRUPD\ VXGGHQO\ DSSHDU� VXUURXQGLQJ WKH SRUWLRQ RI � ZKHUH Dr ZDV ORFDWHG�LQVLGH ZKLFK HQGOHVV LQWHUPLWWHQF\ RFFXUV� 7R GLVWLQJXLVK EHWZHHQ WKHVH WZRG\QDPLF VFHQDULRV ZH QHHG DW OHDVW WZR VWHSV�D� D VWXG\ RI WKH WUDQVYHUVH /\DSXQRY H[SRQHQWV IRU WKH V\PPHWULF V\V�WHP� E\ ZKLFK WKH ³DYHUDJH´ ORFDO EHKDYLRU RI WKH WUDMHFWRULHV LQ D QHLJKERU�KRRG RI WKH LQYDULDQW VHW Dr FDQ EH XQGHUVWRRG �VHH EHORZ��E� D VWXG\ RI WKH JOREDO G\QDPLF EHKDYLRU RI WKH WZR�GLPHQVLRQDO PDS�LQ RUGHU WR VHH� LQ WKH FDVH Dr LV D 0LOQRU �EXW QRW DV\PSWRWLF� DWWUDFWRULI D JUHDWHU �WZR�GLPHQVLRQDO� /\DSXQRY DWWUDFWRU H[LVWV DURXQG Dr� ZKHUHWUDQVLHQW G\QDPLFV DQG LQWHUPLWWHQF\ SKHQRPHQD DUH WUDSSHG �VHH %LVFKL HWDO�� ����� RU %LVFKL DQG *DUGLQL� ����� IRU GHWDLOV��,Q RUGHU WR FRPSXWH WKH WUDQVYHUVH /\DSXQRY H[SRQHQWV IRU WKH PRGHO ���ZLWK LGHQWLFDO SOD\HUV ZH FRQVLGHU WKH -DFRELDQ PDWUL[ DORQJ WKH LQYDULDQWGLDJRQDO
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GW +t> t, @ 57 4 . dy � 8yet � �S�n�^ yt � S�E�n�^�2 � e�yt � S�E�n�^�2 � e� 4 . dy � 8yet � �S�n�^
68

ZKRVH HLJHQYDOXHV DUH ��� @ 4.dy�9yet�yf@ +4 . �t,2� ZLWK HLJHQYHFWRUDORQJ�� DQG �z @ 4 . dy � 7yet � yf +4� 5�t, @ +4 . �t,2� ZLWK HLJHQ�YHFWRU RUWKRJRQDO WR �� 6R� WKH WUDQVYHUVH /\DSXQRY H[SRQHQWV� FRPSXWHGDORQJ D JHQHULF WUDMHFWRU\ HPEHGGHG LQWR�� DUH�
�z @ olp�<" 4Q �[

|'f oq m�z+t+w,,m = ����
ZKHUH �t+w, @ i |+t+3,,> w � 3� LV D WUDMHFWRU\ HPEHGGHG LQ Dr� ,QGHHG�DV LQ D FKDRWLF DWWUDFWRU Dr LQ¿QLWHO\ PDQ\ SHULRGLF SRLQWV DUH QHVWHG �DOOXQVWDEOH DORQJ ��� IRU D FKDRWLF VHW Dr � �� LQ¿QLWHO\ PDQ\ WUDQVYHUVH/\DSXQRY H[SRQHQWV FDQ EH REWDLQHG� EHFDXVH LI t+3, LV D n�SHULRGLF SRLQWWKHQ �z @ oq ���&z�� DQG WKH n�F\FOH LV WUDQVYHUVHO\ VWDEOH LI �z ? 3�ZKHUHDV LI t+3, EHORQJV WR D JHQHULF DSHULRGLF WUDMHFWRU\ HPEHGGHG LQVLGHWKH FKDRWLF VHW Dr WKHQ �z LV WKH QDWXUDO WUDQVYHUVH /\DSXQRY H[SRQHQW�?@|z � +HQFH D VSHFWUXP RI WUDQVYHUVH /\DSXQRY H[SRQHQWV FDQ EH GH¿QHG��4�?z � === � �?@|z � === � �4@ z �VHH H�J� $VKZLQ HW DO�� ����� %XHVFX������ ZKHUH �?@|z H[SUHVVHV D VRUW RI ³ZHLJKWHG EDODQFH´ EHWZHHQ WKH WUDQV�YHUVHO\ UHSHOOLQJ DQG WUDQVYHUVHO\ DWWUDFWLQJ F\FOHV� ,I �4@ z ? 3� L�H� DOO WKHF\FOHV HPEHGGHG LQDr DUH WUDQVYHUVHO\ VWDEOH� WKHQDr LV DV\PSWRWLFDOO\ VWD�EOH� LQ WKH XVXDO /\DSXQRY VHQVH� IRU WKH WZR�GLPHQVLRQDO PDS W � +RZHYHU�LW PD\ RFFXU WKDW VRPH F\FOHV HPEHGGHG LQ WKH FKDRWLF VHWDr DUH WUDQVYHUVHO\XQVWDEOH� L�H� �4@ z A 3� ZKLOH �?@|z ? 3� ,Q WKLV FDVH� Dr LV QR ORQJHU /\D�SXQRY VWDEOH� EXW LW FRQWLQXHV WR EH D0LOQRU DWWUDFWRU L�H� LW DWWUDFWV D SRVLWLYH�/HEHVJXH� PHDVXUH VHW RI SRLQWV RI WKH WZR�GLPHQVLRQDO SKDVH VSDFH� ,Q WKHODWWHU FDVH LQWHUPLWWHQF\ SKHQRPHQD FDQ RFFXU� DFFRUGLQJ WR WKH JOREDO G\�QDPLF SURSHUWLHV RI WKH PDS� ,Q IDFW� WKH WUDMHFWRULHV WKDW DUH ORFDOO\ UHSHOOHGDORQJ �RU QHDU� WKH ORFDO XQVWDEOH PDQLIROGV RI WKH WUDQVYHUVHO\ UHSHOOLQJ F\�FOHV PD\ EH UHLQMHFWHG WRZDUGV Dr E\ WKH JOREDO �QRQOLQHDU� DFWLRQ RI WKHPDS� VR WKDW WKH G\QDPLFV RI VXFK WUDMHFWRULHV DUH FKDUDFWHUL]HG E\ VRPHEXUVWV IDU IURP � EHIRUH V\QFKURQL]LQJ RQ LW� 7KLV LV D URXJK H[SODQDWLRQRI WKH RULJLQ RI LQWHUPLWWHQF\ SKHQRPHQD �VHH 2WW DQG 6RPPHUHU� ����� RU%LVFKL DQG *DUGLQL� ����� ����� IRU PRUH GHWDLOHG H[SODQDWLRQV��
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7KH GLVWLQFWLRQ EHWZHHQ DV\PSWRWLF VWDELOLW\ DQG VWDELOLW\ LQ WKH ZHDNHU0LOQRU VHQVH PD\ DOVR KHOS WR XQGHUVWDQG WKH HIIHFW RI D V\PPHWU\ EUHDNLQJJLYHQ E\ WKH LQWURGXFWLRQ RI VPDOO KHWHURJHQHLWLHV EHWZHHQ WKH WZR SOD\HUV�L�H� VRPH SDUDPHWHUV¶ PLVPDWFK VWDUWLQJ IURP WKH KRPRJHQHLW\ FRQGLWLRQ���� ,QGHHG� DV FRQMHFWXUHG LQ %LVFKL HW DO������� VWDUWLQJ IURP D FRQGLWLRQZKHUH FKDRV V\QFKURQL]DWLRQ RFFXUV� L�H� �?@|z ? 3� D SDUDPHWHU PLVPDWFKZKLFK EUHDNV WKH V\PPHWU\ �DQG KHQFH GHVWUR\V WKH LQYDULDQFH RI �� FDQOHDG WR GLIIHUHQW VLWXDWLRQV DFFRUGLQJ WR WKH VLJQ RI D �4@ z � L�H� DFFRUGLQJWR WKH IDFW WKDW Dr LV DQ DV\PSWRWLF DWWUDFWRU RU RQO\ DQ DWWUDFWRU LQ 0LOQRUVHQVH� ,Q SDUWLFXODU� LI Dr LV DQ DV\PSWRWLF DWWUDFWRU ��4@ z ? 3� WKHQ ZHH[SHFW WKDW DIWHU D SDUDPHWHU¶V PLVPDWFK WKH RQH�GLPHQVLRQDO ³V\QFKURQL]HGDWWUDFWRU´ Dr LV UHSODFHG E\ D VLPLODU DWWUDFWRU� RQ ZKLFK TXDVL�V\QFKURQL]HGG\QDPLFV RFFXU� L�H� FRUUHODWHG FKDRV� ,QVWHDG� LI Dr LV DWWUDFWRU RQO\ LQ 0LO�QRU VHQVH ��4@ z A 3� L�H� DW OHDVW D WUDQVYHUVHO\ UHSHOOLQJ F\FOH LV HPEHGGHGLQVLGH Dr� WKHQ D ELJJHU WZR�GLPHQVLRQDO FKDRWLF DUHD PD\ VXGGHQO\ DSSHDU�ZKLFK LV DQ DWWUDFWRU LQ WKH XVXDO /\DSXQRY VHQVH� LQVLGH ZKLFK HQGOHVV RQ�RII LQWHUPLWWHQF\ LV REVHUYHG� :KHQ WKH WLPH HYROXWLRQ RI WKH GXRSRO\ JDPHLV REWDLQHG E\ WKH LWHUDWLRQ RI D QRQLQYHUWLEOH PDS� DV JHQHUDOO\ RFFXUV LQSUREOHPV RI FKDRV V\QFKURQL]DWLRQ� WKH ERXQGDU\ RI VXFK FKDRWLF DUHD FDQEH RIWHQ REWDLQHG E\ WKH PHWKRG RI FULWLFDO FXUYHV� DV GHVFULEHG LQ %LVFKLDQG *DUGLQL� ����� ����� VHH DOVR &KDSWHU � RI WKLV ERRN�,QGHHG� WKH PDS W GH¿QHG LQ ��� LV D QRQLQYHUWLEOH PDS� EHFDXVH JLYHQ DSRLQW +t��> t�2, 5 U2 LWV SUHLPDJHV DUH FRPSXWHG E\ VROYLQJ ��� ZLWK UHVSHFWWR t� DQG t2� ZKLFK JLYHV D VL[WK GHJUHH DOJHEUDLF V\VWHP ZKLFK PD\ KDYHXS WR VL[ UHDO VROXWLRQV� )RU D JLYHQ VHW RI SDUDPHWHUV� WKH FULWLFDO FXUYHV RIWKH PDS ��� FDQ EH HDVLO\ REWDLQHG QXPHULFDOO\� ,Q IDFW� EHLQJ WKH PDS ���FRQWLQXRXVO\ GLIIHUHQWLDEOH� WKH VHW OF3� FDQ EH REWDLQHG QXPHULFDOO\ DV WKHORFXV RI SRLQWV +t�> t2, IRU ZKLFK WKH -DFRELDQ GHWHUPLQDQW ghwGW YDQLVKHV�DQG WKH FULWLFDO FXUYHV OF� ZKLFK VHSDUDWH UHJLRQV ]& ZKRVH SRLQWV KDYHGLIIHUHQW QXPEHUV RI SUHLPDJHV� DUH REWDLQHG DV OF @ W +OF3�,�

� 3OD\HUV¶ KHWHURJHQHLW\� FRUUHODWHG FKDRV� LQWHUPLWWHQF\ DQG V\QFKUR�QL]DWLRQ�
,Q WKLV VHFWLRQ ZH FRQVLGHU WKH G\QDPLF GXRSRO\ JDPH GHVFULEHG LQ VHF�WLRQ � LQ RUGHU WR LOOXVWUDWH� WKURXJK QXPHULFDO H[SORUDWLRQV JXLGHG E\ WKHWKHRUHWLFDO EDFNJURXQG RI FKDRV V\QFKURQL]DWLRQ DQG FULWLFDO FXUYHV� VRPH RIWKH WRSLFV RXWOLQHG DERYH� VXFK DV XQFRUUHODWHG� FRUUHODWHG DQG V\QFKURQL]HG
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FKDRV� LQWHUPLWWHQF\ SKHQRPHQD DQG WKH UHODWHG FRQFHSWV RI KRPRJHQHLW\DQG KHWHURJHQHLW\ RI WKH WZR SOD\HUV�,Q WKH QXPHULFDO H[SORUDWLRQV JLYHQ EHORZ� WKH SDUDPHWHUV d @ 43� e @3=8� y� @ y2 @ y @ 3=65� f� @ f2 @ f @ 5 DUH ¿[HG� DQG LGHQWLFDO IRUWKH WZR SOD\HUV� DQG GLIIHUHQW G\QDPLF VLWXDWLRQV DUH REWDLQHG E\ WXQLQJ WKHWZR VSLOORYHU SDUDPHWHUV ��2 DQG �2�� )LUVW RI DOO� ZH FRQVLGHU WKH FDVH RIKRPRJHQHRXV SOD\HUV ���� LQ ¿J� �D ZH VKRZ WKH ELIXUFDWLRQ GLDJUDP� IRU �UDQJLQJ IURP 3=38 WR 3=88� IRU WKH UHVWULFWLRQ ��� RI WKH PDS W WR WKH LQYDULDQWGLDJRQDO� LQ ¿J� �E LV WKH SORW RI D QXPHULFDO FRPSXWDWLRQ RI WKH WUDQVYHUVH/\DSXQRY H[SRQHQW ���� �z DV D IXQFWLRQ RI � LQ WKH VDPH UDQJH� (DFKSRLQW RI WKH JUDSK LV REWDLQHG E\ LWHUDWLQJ WKH PDS �VWDUWLQJ IURP DQ LQLWLDOFRQGLWLRQ RQ WKH GLDJRQDO� ������ WLPHV WR HOLPLQDWH WUDQVLHQW EHKDYLRU� DQGWKHQ DYHUDJLQJ RYHU DQRWKHU ������ LWHUDWLRQV� 2I FRXUVH� ZH FDQQRW VD\ WKDWWKH JUDSK LQ ¿J� �E UHSUHVHQWV �?@|z EHFDXVH ZKHQ WKH SDUDPHWHU � LV LQVLGH DSHULRGLF ZLQGRZ RI WKH ELIXUFDWLRQ GLDJUDP� WKH FRUUHVSRQGLQJ WUDMHFWRU\ LVFDSWXUHG E\ WKH VWDEOH F\FOH� VR WKH FRPSXWDWLRQ RI ���� JLYHV WKH WUDQVYHUVH/\DSXQRY H[SRQHQW RI WKDW F\FOH� +RZHYHU� WKH JOREDO VKDSH RI WKH JUDSK LQ¿J� �E FDQ JLYH XV D TXDOLWDWLYH LGHD RI WKH YDOXHV RI �?@|z DV D IXQFWLRQ RIWKH SDUDPHWHU �� EHFDXVH WKH YDOXH �?@|z LV ZHOO DSSUR[LPDWHG E\ WKH YDOXH RIWKH WUDQVYHUVH /\DSXQRY H[SRQHQW FRPSXWHG DORQJ D F\FOH� SURYLGHG WKDW WKHSHULRG RI WKH F\FOH LV VXI¿FLHQWO\ KLJK� ,W LV SODLQ WKDW WKH SHULRGLF ZLQGRZVRI WKH F\FOHV RI SHULRG � DQG � DQG RWKHU ORZ�SHULRG VWDEOH F\FOHV� ZKLFK DUHFOHDUO\ YLVLEOH LQ WKH ELIXUFDWLRQ GLDJUDP� FRUUHVSRQG WR SHDNV RI WKH JUDSKLQ ¿J� �E ZKLFK FDQQRW EH SHDNV RI �?@|z � 6XFK D GLI¿FXOW\ LV GXH WR WKH IDFWWKDW � LV QRW D QRUPDO SDUDPHWHU� VR WKDW DV � YDULHV DOVR WKH G\QDPLFV DORQJ� FKDQJH� DV FOHDUO\ VKRZQ LQ WKH ELIXUFDWLRQ GLDJUDP RI ¿J� �D� +RZHYHU�ZH FDQ JXHVV WKDW DURXQG � @ 3=47 ZH KDYH �?@|z ? 3 DQG SUREDEO\ DOVR�4@ z ? 3� VR WKDW WKH FKDRWLF DWWUDFWRU Dr � �� RQ ZKLFK V\QFKURQL]HGG\QDPLFV RFFXU� LV DV\PSWRWLFDOO\ VWDEOH� 0RUHRYHU� DOVR DURXQG � @ 3=7D VPDOO QHLJKERUKRRG H[LVWV ZKHUH �?@|z ? 3� EXW LQ WKLV FDVH �4@ z A 3�L�H� WUDQVYHUVHO\ XQVWDEOH F\FOHV H[LVW HPEHGGHG LQVLGH FKDRWLF DWWUDFWRU Dr�ZKLFK LV� FRQVHTXHQWO\� RQO\ DQ DWWUDFWRU LQ WKH ZHDNHU 0LOQRU VHQVH�2XU ¿UVW QXPHULFDO VLPXODWLRQ LV VKRZQ LQ ¿J� �� ZKHUH ZH FRQVLGHU DVLWXDWLRQ ZLWK D PDUNHG KHWHURJHQHLW\ �RU DV\PPHWU\� LQ WKH VSLOORYHU SD�UDPHWHUV� L�H� RQO\ SOD\HU 5 KDV WKH DELOLW\ WR WDNH DGYDQWDJH IURP WKH U)GUHVXOWV RI WKH FRPSHWLWRU� EHLQJ ��2 @ 3 DQG �2� @ 3=;� )RU WKLV VHW RI SD�UDPHWHUV WKH WLPH HYROXWLRQ LV FKDRWLF� DV FOHDUO\ DSSHDUV E\ ORRNLQJ DW WKHSORW� LQ WKH SKDVH VSDFH +t�> t2,� RI D JHQHULF WUDMHFWRU\ VWDUWLQJ IURP DQ LQL�WLDO FRQGLWLRQ LQ WKH ZKLWH UHJLRQ �WKH JUH\ UHJLRQ UHSUHVHQWV WKH VHW RI LQLWLDO
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FRQGLWLRQV ZKLFK JHQHUDWH XQERXQGHG WUDMHFWRULHV��7KH LWHUDWHG SRLQWV RI VXFK D WUDMHFWRU\ HUUDWLFDOO\ ¿OO XS D TXLWH ELJFKDRWLF DUHD� DQG WKH FRUUHVSRQGLQJ WLPH VHULHV t�+w, DQG t2+w, DUH UHSUH�VHQWHG YHUVXV WLPH LQ ¿J� �F IRU 3 � w � 533�7KLV LV D W\SLFDO H[DPSOH RI XQFRUUHODWHG FKDRV� EHFDXVH QR FRUUHODWLRQFDQ EH HYLGHQFHG EHWZHHQ WKH WZR VLPXOWDQHRXV FKRLFHV t�+w, DQG t2+w,�7KLV FDQ EH EHWWHU DSSUHFLDWHG LI ZH UHSUHVHQW WKH GLIIHUHQFH +t�+w,� t2+w,,YHUVXV WLPH� DV LQ ¿J� �G� ,W FDQ EH VHHQ WKDW� RIWHQ� +t�+w,� t2+w,, ? 3�L�H� t2+w, A t�+w,� DV D FRQVHTXHQFH RI WKH JUHDWHU DELOLW\ RI ¿UP 5 LQ WDNLQJDGYDQWDJH IURP VSLOORYHU HIIHFWV� +RZHYHU� VRPH SHULRGV VXFK WKDW t�+w, At2+w, H[LVWV� DQG QR UXOHV VHHP WR FRUUHODWH SURGXFWLRQ YDULDWLRQV RI SURGXFHU4 WR SURGXFWLRQ YDULDWLRQV RI SURGXFHU 5 DQG YLFH�YHUVD�/HW XV UHPDUN WKDW� DV WKH WLPH HYROXWLRQ RI WKH UHSHDWHG GXRSRO\ JDPHLV UHSUHVHQWHG E\ WKH LWHUDWLRQ RI D QRQLQYHUWLEOH PDS� WKH ERXQGDU\ RI WKHFKDRWLF DWWUDFWRU FDQ EH REWDLQHG E\ VHJPHQWV RI FULWLFDO FXUYHV� DV VKRZQLQ ¿J��E �VHH 0LUD HW DO�� ����� %LVFKL DQG *DUGLQL� ����� 3XX� ������ 7KLVWUDSSLQJ UHJLRQ �DOVR FDOOHG DEVRUELQJ DUHD� JLYHV DQ XSSHU ERXQG IRU WKHRVFLOODWLRQV RI t� +w, DQG t2 +w,� $ SUDFWLFDO SURFHGXUH WR REWDLQ VXFK ERXQG�DULHV PDNHV XVH RI WKH FRQFHSW RI FULWLFDO FXUYHV DQG FDQ EH RXWOLQHG DV IRO�ORZV� VWDUWLQJ IURP D SRUWLRQ RI OF3�� VD\ $� DSSUR[LPDWHO\ WDNHQ LQ WKHUHJLRQ RFFXSLHG E\ WKH DUHD RI LQWHUHVW� LWV LPDJHV E\ W RI LQFUHDVLQJ UDQNDUH FRPSXWHG XQWLO D FORVHG UHJLRQ LV REWDLQHG� 7KH OHQJWK RI WKH LQLWLDO VHJ�PHQW PXVW EH WDNHQ� LQ JHQHUDO� E\ D WULDO DQG HUURU PHWKRG� DOWKRXJK VHYHUDOVXJJHVWLRQV DUH JLYHQ LQ 0LUD HW DO�� ����� ,Q RUGHU WR REWDLQ WKH ERXQGDU\RI WKH FKDRWLF DUHD D VKRZQ LQ ¿J� �D� HLJKW LPDJHV RI WKH JHQHUDWLQJ DUF$ @ D_OF3� DUH VXI¿FLHQW� KHQFH LQ ¿J� �E ZH KDYH CD �VH&'� W &+$,�,Q ¿J� � ZH FRQVLGHU D PRUH KRPRJHQHRXV VLWXDWLRQ ZLWK UHVSHFW WR WKH¿UPV¶ DELOLW\ WR WDNH DGYDQWDJH IURP WKH VSLOORYHU HIIHFWV� ,QGHHG� LQ WKHQXPHULFDO VLPXODWLRQV SHUIRUPHG LQ ¿J� � ZH XVHG WKH VDPH VHW RI SD�UDPHWHUV DV LQ ¿J��� EXW PRUH KRPRJHQRXV VSLOORYHU SDUDPHWHUV� QDPHO\��2 @ 3=68� �2� @ 3=78� $V H[SHFWHG� WKH FKDRWLF DWWUDFWRU VKRZQ LQ¿J��D LV PRUH V\PPHWULF ZLWK UHVSHFW WR WKH GLDJRQDO� L�H� WLPH SHULRGV ZLWKt2+w, A t�+w, DUH EDODQFHG E\ PRUH RU OHVV HTXDOO\ SUREDEOH SHULRGV FKDUDF�WHUL]HG E\ t2+w, ? t�+w,� 0RUHRYHU� WKH IDFW WKDW WKH FKDRWLF DWWUDFWRU LV ODUJHUWKDQ WKH RQH VKRZQ LQ ¿J��� VXJJHVWV WKDW JUHDWHU GLIIHUHQFHV EHWZHHQ WKH WZRSURGXFWLRQ FKRLFHV VKRXOG EH H[SHFWHG DW D JLYHQ WLPH SHULRG� +RZHYHU� WKLVVWDWHPHQW LV TXLWH PLVOHDGLQJ� EHFDXVH WKH GHQVLW\ RI WKH LWHUDWHG SRLQWV LQ�VLGH WKH FKDRWLF DUHD LV PDLQO\ FRQFHQWUDWHG DORQJ WKH GLDJRQDO t� @ t2� L�H�D JHQHULF WUDMHFWRU\ LQVLGH WKH FKDRWLF DUHD YLVLWV PXFK PRUH RIWHQ WKH UHJLRQ
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)LJXUH �� 6\PPHWULF FDVH RI LGHQWLFDO SOD\HUV� ZLWK SDUDPHWHUV d @ 43� e @3=8� y� @ y2 @ y @ 3=65� f� @ f2 @ f @ 5� �D� %LIXUFDWLRQ GLDJUDP IRU WKHUHVWULFWLRQ RI WKH PDS W WR WKH LQYDULDQW GLDJRQDO �E� QXPHULFDO FRPSXWDWLRQRI WKH WUDQVYHUVH /\DSXQRY H[SRQHQW �z IRU � UDQJLQJ IURP 3=38 WR 3=88�



�� *LDQ�,WDOR %LVFKL DQG )DELR /DPDQWLD
DURXQG WKH GLDJRQDO ZLWK UHVSHFW WR WKH SRUWLRQV RI WKH FKDRWLF DUHD ZKLFKDUH IDU IURP LW�
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)LJXUH �� 1XPHULFDO VLPXODWLRQ REWDLQHG ZLWK WKH VDPH VHW RI SDUDPHWHUVDV LQ ¿J� � DQG ��2 @ 3 DQG �2� @ 3=;� �D� FKDRWLF DWWUDFWRU UHSUHVHQWHG LQWKH SKDVH VSDFH +t�> t2,� �E� ERXQGDU\ RI WKH FKDRWLF DWWUDFWRU REWDLQHG E\VHJPHQWV RI FULWLFDO FXUYHV� �F� t�+w, DQG t2+w, DUH UHSUHVHQWHG YHUVXV WLPHIRU 3 � w � 533� �G� WKH GLIIHUHQFH +t�+w,� t2+w,, LV UHSUHVHQWHG YHUVXV WLPHIRU WKH VDPH WLPH UDQJH DV LQ �F��
7KLV SURSHUW\ UHYHDOV WKH RFFXUUHQFH RI LQWHUPLWWHQF\ SKHQRPHQD� DVFOHDUO\ DSSHDUV IURP WKH UHSUHVHQWDWLRQ RI +t�+w,� t2+w,, YHUVXV WLPH� VKRZQLQ ¿J� �E� ZKHUH LW LV HYLGHQW WKDW VHYHUDO WLPH SHULRGV H[LVW DW ZKLFK WKH GLI�IHUHQFH +t�+w,� t2+w,, LV FORVH WR ]HUR� L�H� WKH SURGXFWLRQ FKRLFHV RI WKH WZR



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ ��
¿UPV DUH VLPLODU �ERWK ORZ RU ERWK KLJK�� +RZHYHU� YHU\ IUHTXHQW ³EXUVWV´ RIDV\QFKURQRXV SURGXFWLRQV RFFXU DORQJ WKH WLPH HYROXWLRQ� :LWK RWKHU ZRUGV�D W\SLFDO WLPH HYROXWLRQ LV FKDUDFWHUL]HG E\ VHTXHQFHV RI WLPH SHULRGV� RI WKHRUGHU RI H�J� �� RU �� WLPH SHULRGV� DW ZKLFK WKH WZR ¿UPV SURGXFH DOPRVW WKHVDPH RXWSXW� LQWHUVSHUVHG ZLWK FOXVWHUV RI ODUJH DV\QFKURQRXV ÀXFWXDWLRQV�,I KRPRJHQHLW\ LV IXUWKHU LQFUHDVHG� WKH WLPH LQWHUYDOV RI V\QFKURQL]HGEHKDYLRU EHFRPH ORQJHU� L�H� WKH EXUVWV RI DV\QFKURQRXV SURGXFWLRQV DUHPRUH UDUH� DQG ZKHQ WKH WZR ¿UPV EHFRPH SHUIHFWO\ KRPRJHQRXV� VR WKDWWKH GLDJRQDO � EHFRPHV DQ LQYDULDQW VXEPDQLIROG� WKHQ FKDRV V\QFKURQL]D�WLRQ FDQ EH REVHUYHG LI �?@|z ? 3� 0RUH SUHFLVHO\� LI �?@|z ? 3 DQG DOVR�4@ z ? 3 D IDVW FKDRV V\QFKURQL]DWLRQ RFFXUV� DV D FRQVHTXHQFH RI WKH IDFWWKDW Dr LV DQ DV\PSWRWLF DWWUDFWRU� ZKHUHDV LI �?@|z ? 3 DQG �4@ z A 3 WKHQV\QFKURQL]DWLRQ LV VWLOO REWDLQHG LQ WKH ORQJ UXQ� EXW DIWHU D WUDQVLHQW FKDUDF�WHUL]HG E\ VHYHUDO EXUVWV� ,QVWHDG� LI �?@|z A 3 WKHQ VXFK EXUVWV QHYHU VWRS�L�H� DV\PSWRWLF V\QFKURQL]DWLRQ GRHV QRW RFFXU��
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)LJXUH �� 1XPHULFDO VLPXODWLRQ REWDLQHG ZLWK WKH VDPH VHW RI SDUDPHWHUV DVLQ ¿J��� EXW PRUH KRPRJHQRXV VSLOORYHU SDUDPHWHUV� ��2 @ 3=68� �2� @ 3=78�D� $ WUDMHFWRU\ LV UHSUHVHQWHG LQ WKH SKDVH VSDFH +t�> t2,� �E� WKH GLIIHUHQFH+t�+w,� t2+w,, LV UHSUHVHQWHG YHUVXV WLPH IRU 3 � w � 833�
,Q WKH FDVH VKRZQ LQ ¿J� �� REWDLQHG ZLWK ��2 @ �2� @ 3=7� ZHKDYH �?@|z ? 3 DQG �4@ z A 3� ,Q WKLV FDVH� D JHQHULF WUDMHFWRU\� VWDUWLQJLQ WKH EDVLQ RI ERXQGHG WUDMHFWRULHV� V\QFKURQL]HV DORQJ WKH FKDRWLF RQH�



�� *LDQ�,WDOR %LVFKL DQG )DELR /DPDQWLD
GLPHQVLRQDO DWWUDFWRU Dr � � DIWHU D WUDQVLHQW FKDUDFWHUL]HG E\ VRPH DV\Q�FKURQRXV EXUVWV� 7KH SUHVHQFH RI WKLV WUDQVLHQW LV VHHQ LQ WKH SKDVH VSDFH�¿J� �D� ZKHUH VHYHUDO SRLQWV RXW RI � FDQ EH VHHQ� DQG LW LV PRUH FOHDUO\HYLGHQFHG LQ WKH UHSUHVHQWDWLRQ� YHUVXV WLPH� RI t�+w, DQG t2+w, �¿J� �F� DQGRI WKH GLIIHUHQFH +t�+w,� t2+w,, �¿J� �G��
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)LJXUH �� 1XPHULFDO VLPXODWLRQ REWDLQHG ZLWK WKH VDPH VHW RI SDUDPHWHUVDV LQ ¿J� � DQG ��2 @ �2� @ 3=7 �D� $ W\SLFDO V\QFKURQL]LQJ WUDMHFWRU\ LVUHSUHVHQWHG LQ WKH SKDVH VSDFH +t�> t2,� �E� ERXQGDU\ RI WKH FKDRWLF DWWUDFWRUREWDLQHG E\ VHJPHQWV RI FULWLFDO FXUYHV� �F� t�+w, DQG t2+w, DUH UHSUHVHQWHGYHUVXV WLPH IRU 3 � w � 733� �G� WKH GLIIHUHQFH +t�+w,� t2+w,, LV UHSUHVHQWHGYHUVXV WLPH IRU WKH VDPH WLPH UDQJH DV LQ �F��
7KHVH WLPH VHTXHQFHV FOHDUO\ VKRZ WKDW DIWHU WKH HDUO\ ��� LWHUDWLRQV WKHWZR SOD\HUV¶ SURGXFWLRQ FKRLFHV EHFRPH SHUIHFWO\ V\QFKURQL]HG� HYHQ LI HDFK



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ ��
RI WKHP H[KLELW D FKDRWLF EHKDYLRU� 2I FRXUVH� VXFK DQ DV\PSWRWLF V\QFKUR�QL]DWLRQ RFFXUV EHFDXVH WKH QDWXUDO WUDQVYHUVH /\DSXQRY H[SRQHQW LV QHJDWLYHIRU � @ 3=7 �VHH ¿J� �E�� L�H� WKH RQH�GLPHQVLRQDO FKDRWLF DWWUDFWRU HPEHG�GHG LQWR WKH LQYDULDQW GLDJRQDO LV DQ DWWUDFWRU� +RZHYHU� EHLQJ �4@ z A 3LW LV RQO\ DQ DWWUDFWRU LQ 0LOQRU VHQVH� L�H� WUDQVYHUVHO\ UHSHOOLQJ F\FOHV DUHHPEHGGHG LQ WKH FKDRWLF DWWUDFWRU �HYHQ LI WKH DWWUDFWLQJ RQHV SUHYDLO� DQGWKLV JLYHV DQ H[SODQDWLRQ RI WKH LQWHUPLWWHQW WUDQVLHQW�:H REVHUYH� KRZHYHU�WKDW WKH ORFDOO\ UHSHOOHG WUDMHFWRULHV FDQQRW UHDFK WKH EDVLQ RI LQ¿QLW\ GXH WRWKH SUHVHQFH RI DQ DEVRUELQJ DUHDD� ERXQGHG E\ VHJPHQWV RI FULWLFDO FXUYHV�VKRZQ LQ ¿J� �E�� /RRVHO\ VSHDNLQJ CD EHKDYHV DV D ERXQGHG YHVVHO IRU WKHLQWHUPLWWHQF\ SKHQRPHQD� DQG WKH ORFDO XQVWDEOH VHWV RI WKHVH WUDQVYHUVHO\ UH�SHOOLQJ F\FOHV HPEHGGHG LQVLGHDr DUH IROGHG EDFN �UHLQMHFWHG� E\ WKH IROGLQJDFWLRQ RI WKH FULWLFDO FXUYHV WKDW IRUP CD� 0RUHRYHU� DV UHPDUNHG DERYH� WKHSUHVHQFH RI VXFK DQ DEVRUELQJ DUHD JLYHV XV WKH SRVVLELOLW\ WR GH¿QH DQ XSSHUERXQG IRU WKH DV\QFKURQRXV EXUVWV� ,QVWHDG� WKH OHQJWK RI WKH WUDQVLHQWV DQGWKH NLQG RI LQWHUPLWWHQF\ ZKLFK FKDUDFWHUL]HV WKH WUDMHFWRULHV EHIRUH V\QFKUR�QL]DWLRQ� FDQQRW EH� LQ JHQHUDO� IRUHFDVWHG� 7R H[SODLQ WKLV VWDWHPHQW� LQ ¿J��ZH VKRZ WKH YHUVXV WLPH UHSUHVHQWDWLRQV RI WKH HDUO\ ��� SRLQWV RI WUDMHFWRULHVREWDLQHG ZLWK WKH VDPH VHW RI SDUDPHWHUV DV LQ ¿J� �� EXW VWDUWLQJ IURP GLI�IHUHQW LQLWLDO FRQGLWLRQV� 7KH WUDMHFWRU\ VKRZQ LQ ¿JXUHV �D�F�G ZDV REWDLQHGVWDUWLQJ IURP WKH LQLWLDO FRQGLWLRQ +t�+3,> t2+3,, @ +8> 9,� ZKHUHDV VWDUWLQJIURP RWKHU LQLWLDO FRQGLWLRQV GLIIHUHQW WUDQVLHQW EHKDYLRUV DUH REVHUYHG� FKDU�DFWHUL]HG E\ ORQJHU RU VKRUWHU DV\QFKURQRXV EXUVWV� HYHQ LI V\QFKURQL]DWLRQDOZD\V RFFXUV LQ WKH ORQJ UXQ� )RU H[DPSOH� WKH WUDMHFWRULHV XVHG WR RE�WDLQ WKH +t�+w,� t2+w,, VHTXHQFHV VKRZQ LQ ¿JXUHV �D DQG �E DUH REWDLQHGVWDUWLQJ IURP +t�+3,> t2+3,, @ +8=:> 9=5, DQG +t�+3,> t2+3,, @ +8=8> 9=8, UH�VSHFWLYHO\� ,W LV LQWHUHVWLQJ WR QRWH WKDW VRPHWLPHV V\QFKURQL]DWLRQ VHHPV WREH UHDFKHG� EXW DIWHU VHYHUDO WLPH SHULRGV RWKHU EXUVWV VWLOO RFFXU� )RU H[DP�SOH� LQ ¿J� �E� DIWHU DERXW �� WLPH SHULRGV WKH HYROXWLRQ RI WKH V\VWHP VHHPVWR KDYH UHDFKHG DOPRVW FRPSOHWH V\QFKURQL]DWLRQ� ,QVWHDG� DIWHU �� WLPH SH�ULRGV RI DOPRVW SHUIHFW V\QFKURQL]DWLRQ� WKH WUDMHFWRU\ WKHQ PRYHV DJDLQ IDUDZD\ IURP WKH GLDJRQDO� DQG WKH WZR FRPSHWLWRUV QRZ DFW DJDLQ LQ D GLIIHU�HQW IDVKLRQ� 6XFK DQ LQWHUPLWWHQW EHKDYLRU LV W\SLFDO RI WKH FRQYHUJHQFH WRD QRQ�WRSRORJLFDO 0LOQRU DWWUDFWRU� 7KH SDWWHUQ RI WKH WLPH VHULHV UHVHPEOHVWKDW RI D V\VWHPZKLFK LV VXEMHFW WR H[RJHQRXV UDQGRP VKRFNV� HYHQ LI WKH G\�QDPLFDO V\VWHP WKDW JHQHUDWHV VXFK D SDWWHUQ LV FRPSOHWHO\ GHWHUPLQLVWLF�:HQRZ FRQVLGHU ZKDW KDSSHQV LI ZH LQWURGXFH D VPDOO KHWHURJHQHLW\� GXH WR DVPDOO SDUDPHWHU PLVPDWFK� )RU H[DPSOH� LI ZH FKDQJH RQH RI WKH VSLOORYHU
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)LJXUH �� :LWK WKH VDPH VHW RI SDUDPHWHUV DV LQ ¿J��� WZR VHTXHQFHV+t�+w,� t2+w,,� DUH VKRZQ� GXULQJ WKH WUDQVLHQW ZLWK 3 � w � 733� REWDLQHGVWDUWLQJ IURP GLIIHUHQW LQLWLDO FRQGLWLRQV� �D� +t�+3,> t2+3,, @ +8=:> 9=5,� �E�+t�+3,> t2+3,, @ +8=8> 9=8,



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ ��
SDUDPHWHUV RI MXVW �� ZLWK UHVSHFW WR WKH KRPRJHQRXV VLWXDWLRQ RI ¿J��� L�H��2� @ ��2 . 3=338 ����ZKHUH ��2 @ 3=7� ZH REWDLQ WKH UHVXOW WKDW EXUVWV QHYHU VWRS� DQG DQ HQGOHVVRQ�RII LQWHUPLWWHQF\ LV REWDLQHG� ZLWK EXUVWV ZKRVH DPSOLWXGH LV GHWHUPLQHGE\ WKH DEVRUELQJ DUHD ORFDWHG DURXQG WKH GLDJRQDO �¿J� ���
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)LJXUH �� 6\PPHWU\ EUHDNLQJ REWDLQHG VWDUWLQJ IURP WKH VHW RI SDUDPHWHUVXVHG LQ ¿J��� DQG ZLWK TXDVL�LGHQWLFDO VSLOORYHU SDUDPHWHUV� ��2 @ 3=7��2� @ 3=738� �D� &KDRWLF DWWUDFWRU LQ WKH SKDVH VSDFH� �E� IRU WKH VDPHWUDMHFWRU\ VKZQ LQ �D�� WKH GLIIHUHQFH +t�+w,� t2+w,, LV UHSUHVHQWHG YHUVXVWLPH IRU 3 � w � 4333�
6XFK D SDUDPHWHUV¶ PLVPDWFK FDXVHV WKH GHVWUXFWLRQ RI WKH LQYDULDQFH RI�� GXH WR WKH IDFW WKDW WKH PDS LV QR ORQJHU V\PPHWULF �WKLV NLQG RI SHUWXU�EDWLRQ KDV EHHQ FDOOHG V\PPHWU\ EUHDNLQJ LQ %LVFKL HW DO� ������ 7KH IDFWWKDW WKH GLDJRQDO LV QR ORQJHU DQ LQYDULDQW VHW FDXVHV WKH GLVDSSHDUDQFH RI WKHRQH�GLPHQVLRQDO 0LOQRU DWWUDFWRU Dr DORQJ WKH GLDJRQDO� DQG VXFK D VPDOOSHUWXUEDWLRQ PD\ OHDG WR TXLWH GLIIHUHQW G\QDPLFV� VLQFH DIWHU WKH V\PPHWU\EUHDNLQJ V\QFKURQL]DWLRQ FDQ QR ORQJHU RFFXU� DQG WKH EXUVWV QHYHU VWRS� DQGWKH JHQHULF WUDMHFWRU\ ¿OOV XS WKH DEVRUELQJ DUHD� +RZHYHU� LI WKH DWWUDFWRUDrH[LVWLQJ DORQJ� EHIRUH WKH SDUDPHWHUV¶ PLVPDWFK LV D WRSRORJLFDO DWWUDFWRU�WKDW LV �4@ z ? 3� WKHQ WKH LQWURGXFWLRQ RI VPDOO KHWHURJHQHLWLHV GRHV QRWKDYH VXFK D GLVUXSWLYH HIIHFW� ,Q WKLV FDVH WKH V\PPHWULF PRGHO VWLOO VHUYHV DV



�� *LDQ�,WDOR %LVFKL DQG )DELR /DPDQWLD
D JRRG DSSUR[LPDWLRQ RI WKH EHKDYLRU RI WKH WZR ¿UPV� DQG FRUUHODWHG FKDRVLV REWDLQHG� 6XFK D VLWXDWLRQ LV VKRZQ LQ ¿J� �� ,Q ¿J��D LGHQWLFDO ¿UPV DUHFRQVLGHUHG� ZLWK WKH VDPH YDOXHV RI d� e� f� y DV LQ WKH SUHYLRXV QXPHULFDOVLPXODWLRQV� EXW ZLWK D ORZHU YDOXH RI �� � @ 3=48� $V VWDWHG EHIRUH� ZKLOHFRPPHQWLQJ ¿J��� WKLV VHW RI SDUDPHWHUV EHORQJV WR D UHJLRQ RI WKH SDUDPHWHUVSDFH ZKHUH WKH RQH�GLPHQVLRQDO FKDRWLF DWWUDFWRU HPEHGGHG LQWR WKH GLDJ�RQDO LV DQ DV\PSWRWLF DWWUDFWRU� L�H� �4@ z ? 3� :H UHPDUN WKDW WKLV LV QRWHDV\ WR EH SURYHG LQ JHQHUDO� VLQFH WKH F\FOHV LQFOXGHG LQ D FKDRWLF DWWUDFWRUDUH LQ¿QLWHO\ PDQ\� +RZHYHU� ZH FODLP WKH IDFW WKDW WKH QDWXUDO WUDQVYHUVH/\DSXQRY H[SRQHQW KDV D VWURQJ QHJDWLYH YDOXH� DERXW�3=9� DV VKRZQ LQ ¿J��� DQG WKH SHULRGLF F\FOHV RI ORZHU SHULRG DUH WUDQVYHUVHO\ VWDEOH� 7KLV ODVWSRLQW FRQVWLWXWHV D ZHOO NQRZQ FRQMHFWXUH� EDVHG RQ WKH IDFW WKDW LI �?@| ? 3DQG �4@ A 3� WKHQ VRPH ORZ SHULRG F\FOHV VKRXOG EH WUDQVYHUVHO\ XQVWD�EOH� EHFDXVH LI D F\FOH RI KLJK SHULRG LV WUDQVYHUVHO\ XQVWDEOH� L�H� LWV WUDQV�YHUVH /\DSXQRY H[SRQHQW LV SRVLWLYH� DOVR �?@| VKRXOG EH SRVLWLYH� VHH H�J�0DLVWUHQNR HW DO� �����
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)LJXUH �� �D� :LWK WKH VDPH VHW RI SDUDPHWHUV DV LQ ¿J� �� DQG ��2 @�2� @ 3=48� D W\SLFDO V\QFKURQL]LQJ WUDMHFWRU\ LV UHSUHVHQWHG LQ WKH SKDVHVSDFH +t�> t2,� �E� FKDRWLF DWWUDFWRU DIWHU D V\PPHWU\ EUHDNLQJ REWDLQHG ZLWK��2 @ 3=48� �2� @ 3=4:�

7KH IDFW WKDW WKH FKDRWLF VHW RQ ZKLFK V\QFKURQL]HG G\QDPLFV RFFXU LVDQ DV\PSWRWLF DWWUDFWRU LPSOLHV WZR WKLQJV� ¿UVW� WKH V\QFKURQL]DWLRQ RI WUD�MHFWRULHV VWDUWLQJ RXW RI LW �LQ LWV EDVLQ� LV YHU\ IDVW� VHFRQG� LI ZH LQWURGXFH D



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ ��
V\PPHWU\ EUHDNLQJ GXH WR D VPDOO SDUDPHWHU PLVPDWFK �VXFK DV ��2 @ 3=48DQG ��2 @ 3=4:� WKH UHVXOWLQJ WUDMHFWRULHV DUH ³DOPRVW V\QFKURQL]HG´ �VHH¿J��E�� L�H� VPDOO KHWHURJHQHLWLHV LPSO\ VPDOO SURGXFWLRQ GLIIHUHQFHV GXULQJWKH WLPH HYROXWLRQ� 7KLV LV D W\SLFDO H[DPSOH RI FRUUHODWHG FKDRV� $ FRPSDUL�VRQ RI ¿JXUHV � DQG � OHDGV XV WR WKH FRQMHFWXUH WKDW RQO\ LI WKH DWWUDFWRU RI WKHV\PPHWULF PRGHO LV D WRSRORJLFDO DWWUDFWRU� WKHQ WKH LQWURGXFWLRQ RI D VPDOOKHWHURJHQHLW\ ZRXOG VWLOO OHDG WR DOPRVW V\QFKURQL]HG WUDMHFWRULHV� 2WKHU�ZLVH� LQ WKH FDVH RI D 0LOQRU �QRW DV\PSWRWLF� DWWUDFWRU HQGOHVV LQWHUPLWWHQF\SKHQRPHQD FKDUDFWHUL]H WKH FKDRWLF HYROXWLRQV RI WKH WZR SOD\HUV�

$FNQRZOHGJPHQWV� 7KLV ZRUN KDV EHHQ SHUIRUPHG XQGHU WKH DXVSLFHVRI &15� ,WDO\� DQG XQGHU WKH DFWLYLW\ RI WKH UHVHDUFK SURMHFW ³1RQOLQHDU '\�QDPLFV DQG 6WRFKDVWLF 0RGHOV LQ (FRQRPLFV DQG )LQDQFH´� 08567� ,WDO\�
5HIHUHQFHV
$LWNHQ� %�� +DQVRQ� *� +� DQG +DUULVRQ� $� (�� ����� ³6SLOORYHUV� IRUHLJQLQYHVWPHQW� DQG H[SRUW EHKDYLRU´� -RXUQDO RI ,QWHUQDWLRQDO (FRQRPLFV� �����������$VKZLQ� 3�� %XHVFX� -� DQG 6WHZDUW� ,�� ���� ³)URP DWWUDFWRU WR FKDRWLFVDGGOH� D WDOH RI WUDQVYHUVH LQVWDELOLW\´� 1RQOLQHDULW\� �� ��������$XGUHWVFK� '�%� DQG )HOGPDQ� 0�3�� ����� ³5 	 ' 6SLOORYHUV DQG WKH*HRJUDSK\ RI ,QQRYDWLRQ DQG 3URGXFWLRQ´� $PHULFDQ (FRQRPLF 5HYLHZ� ������ � ����%DXPRO� :�-� DQG 4XDQGW� 5�(�� ����� ³5XOHV RI 7KXPE DQG RSWLPDOO\LPSHUIHFW GHFLVLRQV´� 7KH $PHULFDQ (FRQRPLF 5HYLHZ� ��� ������%LQPRUH� .�� ����� )XQ DQG *DPHV� '�&� +HDWK 	 &��%LVFKL� *��,� DQG *DUGLQL� /�� ���� ³5ROH RI LQYDULDQW DQG PLQLPDO DE�VRUELQJ DUHDV LQ FKDRV V\QFKURQL]DWLRQ´� 3K\VLFDO 5HYLHZ (� ��� ����������%LVFKL� *��,�� *DOOHJDWL� 0� DQG 1DLP]DGD� $�� ����� ³6\PPHWU\�%UHDNLQJELIXUFDWLRQV DQG UHSUHVHQWDWLYH ¿UP LQ G\QDPLF GXRSRO\ JDPHV´� $QQDOV RI2SHUDWLRQV 5HVHDUFK� ��� ��������%LVFKL� *��,�� 6WHIDQLQL� /� DQG *DUGLQL� /�� ����� ³6\QFKURQL]DWLRQ� LQ�WHUPLWWHQF\ DQG FULWLFDO FXUYHV LQ GXRSRO\ JDPHV´� 0DWKHPDWLFV DQG &RP�SXWHUV LQ 6LPXODWLRQV� ��� ��������%LVFKL� *��,�� 0DPPDQD� &� DQG *DUGLQL� /�� ����� ³0XOWLVWDELOLW\ DQGF\FOLF DWWUDFWRUV LQ GXRSRO\ JDPHV´� &KDRV� 6ROLWRQV DQG )UDFWDOV� ��� ��������



�� *LDQ�,WDOR %LVFKL DQG )DELR /DPDQWLD
%LVFKL� *��,� DQG 1DLP]DGD� $�� ����� ³*OREDO $QDO\VLV RI D 'XRSRO\JDPH ZLWK %RXQGHG 5DWLRQDOLW\´� $GYDQFHV LQ '\QDPLF *DPHV DQG $SSOL�FDWLRQV� ���������� %LUNKDXVHU�%LVFKL� *��,� DQG *DUGLQL� /�� ����� ³*OREDO 3URSHUWLHV RI 6\PPHWULF&RPSHWLWLRQ 0RGHOV ZLWK 5LGGOLQJ DQG %ORZRXW 3KHQRPHQD´ 'LVFUHWH '\�QDPLFV LQ 1DWXUH DQG 6RFLHW\ �� �������%LVFKL� *��,� DQG /DPDQWLD� )�� ����� ³1RQOLQHDU 'XRSRO\ *DPHV ZLWK3RVLWLYH &RVW ([WHUQDOLWLHV GXH WR 6SLOORYHU (IIHFWV´ &KDRV� 6ROLWRQV 	 )UDF�WDOV �LQ SUHVV�%XHVFX� -�� ����� ([RWLF $WWUDFWRUV� %LUNK�DXVHU�&RXUQRW� $�� ����� 5�HFKHUFKHV VXU OHV SULQFLSHV PDW�HPDWLTXHV GH ODWK�HRULH GH OD ULFKHVVH� +DFKHWWH� 3DULV�'DQD� 5�$� DQG0RQWUXFFKLR� /�� ����� ´'\QDPLF FRPSOH[LW\ LQ GXRSRO\JDPHV´� -RXUQDO RI (FRQRPLF 7KHRU\� ��� ������'¶$VSUHPRQW� &� DQG -DTXHPLQ� $�� ����� ³&RRSHUDWLYH DQG 1RQFRRS�HUDWLYH 5	' LQ 'XRSRO\ ZLWK 6SLOORYHUV´� $PHULFDQ (FRQRPLF 5HYLHZ� �������������)ODP� 6�'�� ����� ³2OLJRSROLVWLF &RPSHWLWLRQ� IURP 6WDELOLW\ WR &KDRV´�LQ� )� *RUL� /� *HURQD]]R DQG0�*DOHRWWL �(GV�� 1RQOLQHDU '\QDPLFV LQ (FR�QRPLFV DQG 6RFLDO 6FLHQFHV� /HFWXUH 1RWHV LQ (FRQRPLFV DQG 0DWKHPDWLFDO6\VWHPV� ���� �������� 6SULQJHU�9HUODJ�)XGHQEHUJ� '� DQG /HYLQH� '�� ����� 7KH 7KHRU\ RI /HDUQLQJ LQ *DPHV�0,7 3UHVV�)XMLVDND� +� DQG <DPDGD� 7�� ����� ³6WDELOLW\ WKHRU\ RI V\QFKURQL]HGPRWLRQ LQ FRXSOHG�RVFLOODWRU V\VWHPV´� 3URJUHVV RI 7KHRUHWLFDO 3K\VLFV� ����� SS� ������.RSHO� 0�� ����� ³6LPSOH DQG &RPSOH[$GMXVWPHQW '\QDPLFV LQ &RXUQRW'XRSRO\ 0RGHOV´� &KDRV� 6ROLWRQV 	 )UDFWDOV� YRO�� Q���� ����������.RSHO� 0�� %LVFKL� *��,� DQG *DUGLQL� /�� ����� ³2Q QHZ SKHQRPHQDLQ G\QDPLF SURPRWLRQDO FRPSHWLWLRQ PRGHOV ZLWK KRPRJHQHRXV DQG TXDVL�KRPRJHQHRXV ¿UPV´ LQ ,QWHUDFWLRQ DQG 0DUNHW 6WUXFWXUH� (VVD\V RQ +HWHUR�JHQHLW\ LQ (FRQRPLFV '� 'HOOL *DWWL� 0� *DOOHJDWL DQG $�3� .LUPDQ �(GV���6SULQJHU�9HUODJ� SS� ������+DVOHU� 0� DQG 0DLVWUHQNR� <X�� ����� ³$Q LQWURGXFWLRQ WR WKH V\QFKUR�QL]DWLRQ RI FKDRWLF V\VWHPV� FRXSOHG VNHZ WHQW PDSV´� ,((( 7UDQV� &LUFXLWV6\VW�� YRO� �� ���� SS� ��������0DLVWUHQNR� <X�� 0DLVWUHQNR� 9�/�� 3RSRYLFK� $� DQG 0RVHNLOGH� (������� ³7UDQVYHUVH LQVWDELOLW\ DQG ULGGOHG EDVLQV LQ D V\VWHP RI WZR FRXSOHGORJLVWLF PDSV´� 3K\VLFDO 5HYLHZ (� �� ���� ����������



6\QFKURQL]DWLRQ DQG ,QWHUPLWWHQF\ ��
0LUD� &�� *DUGLQL� /�� %DUXJROD� $�� DQG &DWKDOD� -�&�� ����� &KDRWLF'\QDPLFV LQ 7ZR�'LPHQVLRQDO 1RQLQYHUWLEOH 0DSV� :RUOG 6FLHQWL¿F�2WW� (� DQG 6RPPHUHU� -�&�� ����� ³%ORZRXW ELIXUFDWLRQV� WKH RFFXUUHQFHRI ULGGOHG EDVLQV DQG RQ�RII LQWHUPLWWHQF\´� 3K\V� /HWW� $� ���� ������3HFRUD� /�0� DQG &DUURO� 7�/�� ����� ³6\QFKURQL]DWLRQ LQ FKDRWLF V\V�WHPV´� 3K\VLFDO 5HYLHZ /HWWHUV� �� ��� SS� ��������3XX� 7�� ����� ³&KDRV LQ 'XRSRO\ 3ULFLQJ´� &KDRV� 6ROLWRQV 	 )UDFWDOV�YRO�� Q��� ��������3XX� 7�� ����� $WWUDFWRUV� %LIXUFDWLRQV� DQG &KDRV� 6SULQJHU�9HUODJ�5DQG� '� ³([RWLF SKHQRPHQD LQ JDPHV DQG GXRSRO\ PRGHOV´� -� 0DWK�(FRQ�� �� �������� �������6DFFR� 3�/�� ����� ³$GDSWLYH 5HVSRQVH DQG &RXUQRWLDQ %HKDYLRU´� (FR�QRPLF 1RWHV� ��� �������� �������9DULDQ� +�5�� ����� 0LFURHFRQRPLF $QDO\VLV� �UG HGLWLRQ� :�:� 1RUWRQ	 &RPSDQ\�


