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� 'R IXQFWLRQDO JURXSV RI SODQNWRQLF FRSHSRGV GLIIHU LQ WKHLU HFRORJLFDO QLFKHV"
�
� $XWKRUV� )DELR %HQHGHWWL�� 0HLNH 9RJW�� 'DPLDQR 5LJKHWWL�� )UDQoRLV *XLOKDXPRQ�� 6DNLQD�
� 'RURWKpH $\DWD�
� $IILOLDWLRQV�
� �� 6RUERQQH 8QLYHUVLWpV� 830& 8QLYHUVLWp 3DULV ��� &156� /DERUDWRLUH G¶2FpDQRJUDSKLH GH 9LOOHIUDQFKH
� VXU PHU �/29�� 2EVHUYDWRLUH 2FpDQRORJLTXH� ����� 9LOOHIUDQFKH�VXU�0HU� )UDQFH�
� �� (QYLURQPHQWDO 3K\VLFV *URXS� ,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV� (7+ =�ULFK�
� 8QLYHUVLWlWVWUDVVH ��� ���� =�ULFK� 6ZLW]HUODQG
�� �� ,5' 805 ���� 0$5%(&� ,5'�&156�,)5(0(5�80� 8QLYHUVLWp GH 0RQWSHOOLHU� 0RQWSHOOLHU ������
�� )UDQFH�
��
��
�� 5XQQLQJ WLWOH� &RSHSRG IXQFWLRQDO JURXSV DQG WKHLU QLFKHV�
�� .H\ZRUGV� )XQFWLRQDO JURXSV � =RRSODQNWRQ � (QYLURQPHQWDO QLFKH � 7UDLW ELRJHRJUDSK\ �
�� &RSHSRGV�
��

��

�� $FNQRZOHGJHPHQWV
�� 7KLV ZRUN UHFHLYHG WKH ILQDQFLDO VXSSRUW RI WKH 0HU0H[ �0DULQH (FRV\VWHPV 5HVSRQVH LQ WKH
�� 0HGLWHUUDQHDQ ([SHULPHQW�� 0,675$/6 )UHQFK 1DWLRQDO 3URJUDP� WKURXJK WKH 3ODQN0HG
�� DFWLRQ RI :RUN 3DFNDJH �� )�%� UHFHLYHG VXSSRUW IURP WKH &OLPDWH�.,& LQLWLDWLYH RI WKH
�� (XURSHDQ ,QVWLWXWH RI ,QQRYDWLRQ 	 7HFKQRORJ\ �(,7� WKURXJK D 3K' JUDQW DQG DQ LQWHUQDWLRQDO
�� PRELOLW\ JUDQW WR ZRUN DW (7+ =�ULFK� 7KH DXWKRUV ZHUH DOVR VXSSRUWHG E\ WKH (XUR0DULQH
�� FRQVRUWLXP WKURXJK WKH 3ODQN'LY DQG WKH 3ODQN%LR6 ZRUNVKRSV� 7KH\ DUH YHU\ JUDWHIXO WR
�� 3KLOLSS %UXQ DQG 3U� 1LFNODXV (� =LPPHUPDQQ IRU WKHLU DGYLFH RQ WKH PHWKRGV DQG -HDQ�2OLYLHU
�� ,ULVVRQ IRU KLV KHOS LQ LPSOHPHQWLQJ WKHP� :H WKDQN %HQMDPLQ 5DQGDOO DQG 5LFKDUG &RSOH\ IRU
�� UHYLVLQJ WKH ODQJXDJH� :H WKDQN &KULVWLQH 0H\QDUG DQG WZR DQRQ\PRXV UHIHUHHV IRU WKHLU
�� FRQVWUXFWLYH FRPPHQWV�
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�� $EVWUDFW
�� $LP
�� 7R DVVHVV WKH GHJUHH RI RYHUODS EHWZHHQ WKH HQYLURQPHQWDO QLFKHV RI PDULQH SODQNWRQLF
�� FRSHSRGV DQG WHVW LI WKH GLVWULEXWLRQ RI FRSHSRG IXQFWLRQDO JURXSV GLIIHUV DFURVV HQYLURQPHQWDO
�� JUDGLHQWV�
��
�� /RFDWLRQ
�� 7KH 0HGLWHUUDQHDQ 6HD�
��
�� 0HWKRGV
�� )XQFWLRQDO JURXSV ZHUH GHILQHG EDVHG RQ FOXVWHULQJ RI IXQFWLRQDO WUDLWV LQ ��� PDULQH FRSHSRG
�� VSHFLHV XVLQJ D PXOWLYDULDWH RUGLQDWLRQ DQDO\VLV� )XQFWLRQDO WUDLWV LQFOXGHG PD[LPXP ERG\
�� OHQJWK� IHHGLQJ PRGH� VSDZQLQJ VWUDWHJ\ DQG WURSKLF JURXS� 6LPXOWDQHRXVO\� WKH JOREDO
�� GLVWULEXWLRQ RI WKH VSHFLHV ZDV XVHG WR PRGHO WKHLU HQYLURQPHQWDO QLFKHV ZLWK VL[ HQYLURQPHQWDO
�� YDULDEOHV� )RU HDFK RI WKHVH SUHGLFWRUV� IRXU QLFKH SDUDPHWHUV ZHUH GHULYHG IURP WKH XQLYDULDWH
�� UHVSRQVH FXUYH RI HDFK VSHFLHV� WR VXPPDULVH WKHLU HQYLURQPHQWDO SUHIHUHQFHV DQG RUGLQDWH WKH
�� VSHFLHV LQ QLFKH VSDFH WKURXJK D 3&$� )LQDOO\ WKH GLIIHUHQFHV LQ WKH SRVLWLRQ LQ QLFKH VSDFH RI
�� IXQFWLRQDO JURXSV ZHUH WHVWHG ZLWK YDULDQFH DQDO\VLV�
��
�� 5HVXOWV
�� :H LGHQWLILHG VHYHQ FRSHSRG IXQFWLRQDO JURXSV ZLWK GLIIHUHQW GLVWULEXWLRQV DORQJ WKH
�� HQYLURQPHQWDO JUDGLHQWV FRYHUHG E\ RXU VWXG\� :KLOH FDUQLYRURXV IXQFWLRQDO JURXSV ZHUH
�� DIILOLDWHG ZLWK ROLJRWURSKLF DQG WURSLFDO FRQGLWLRQV� ODUJH DQG VPDOO FXUUHQW�IHHGLQJ KHUELYRUHV
�� DUH DVVRFLDWHG ZLWK FROGHU� PRUH VHDVRQDOO\�YDU\LQJ DQG SURGXFWLYH FRQGLWLRQV� 6PDOO FUXLVLQJ
�� GHWULWLYRUHV DQG RWKHU VPDOO FXUUHQW�IHHGLQJ KHUELYRUHV ZHUH QRW DIILOLDWHG ZLWK VSHFLILF
�� FRQGLWLRQV DV WKHLU FRQVWLWXWLQJ VSHFLHV ZHUH VFDWWHUHG LQ QLFKH VSDFH�
��
�� 0DLQ FRQFOXVLRQV
�� 6LQFH FRSHSRG IXQFWLRQDO JURXSV RFFXS\ GLVWLQFW HFRORJLFDO QLFKHV� HFRV\VWHP SURFHVVHV UHODWHG
�� WR WKHVH JURXSV DUH H[SHFWHG WR YDU\ DFURVV HQYLURQPHQWDO JUDGLHQWV� &RQGLWLRQV IDYRXULQJ ODUJH
�� FXUUHQW�IHHGLQJ KHUELYRUHV VKRXOG DOORZ IRU HQKDQFHG IOX[HV RI HQHUJ\ DQG QXWULHQWV WKURXJK
�� 0HGLWHUUDQHDQ 6HD HFRV\VWHPV� ZKLOH VXFK IOX[HV VKRXOG EH ZHDNHQHG ZKHUH ODUJH FDUQLYRUHV
�� DQG VPDOO SDVVLYH DPEXVK IHHGLQJ FRSHSRGV GRPLQDWH� 2XU VWXG\ VXSSRUWV WKH GHYHORSPHQW RI
�� WUDLW�EDVHG ]RRSODQNWRQ IXQFWLRQDO JURXSV LQ PDULQH HFRV\VWHP PRGHOV�
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�� ,QWURGXFWLRQ
�� =RRSODQNWRQ SOD\ D NH\ UROH LQ WKH IXQFWLRQLQJ RI PDULQH HFRV\VWHPV� 7KH\ DFWLYHO\ WUDQVSRUW
�� SDUWLFOHV WR WKH GHHSHU RFHDQ WKURXJK YHUWLFDO PLJUDWLRQ �-yQDVGyWWLU� 9LVVHU� 5LFKDUGVRQ 	
�� +HDWK� ������ DQG SURGXFH UDSLGO\ VLQNLQJ IHFDO SHOOHWV DIWHU JUD]LQJ RQ SULPDU\ SURGXFHUV LQ WKH
�� HXSKRWLF OD\HU �7XUQHU� ������ 7KH\ SDUWLFLSDWH LQ WKH UHPLQHUDOLVDWLRQ RI RUJDQLF PDWWHU E\
�� IHHGLQJ RQ SDUWLFOH DJJUHJDWHV �$OOGUHGJH� ����� 1LVKLEH HW DO�� ������ DQG DUH WKXV LQYROYHG LQ
�� QXWULHQW F\FOLQJ DQG LQ WKH ELRORJLFDO FDUERQ SXPS �7XUQHU� ������ $GGLWLRQDOO\� WKH\ UHSUHVHQW D
�� SLYRWDO OLQN EHWZHHQ WKH EDVLV RI WKH IRRG ZHE DQG WKH XSSHU WURSKLF OHYHOV �%HDXJUDQG� %UDQGHU�
�� /LQGOH\� 6RXLVVL 	 5HLG� ����� %HDXJUDQG 	 .LUE\� ������ =RRSODQNWRQ DUH VXEGLYLGHG LQWR
�� GLIIHUHQW VL]H FODVVHV� DPRQJ ZKLFK WKH PHVR]RRSODQNWRQ �RUJDQLVPV UDQJLQJ EHWZHHQ ��� �P
�� DQG � PP� 6LHEXUWK� 6PHWDFHN 	 /HQ]� ����� KDYH UHFHLYHG PRVW DWWHQWLRQ EHFDXVH RI WKHLU KLJK
�� ELRPDVV �9HULW\ 	 6PHWDFHN� ������ ,Q WHUPV RI ERWK DEXQGDQFH DQG GLYHUVLW\� PHVR]RRSODQNWRQ
�� DUH GRPLQDWHG E\ FRSHSRGV LQ PDQ\ UHJLRQV RI WKH JOREDO RFHDQ �.L¡UERH� ����D�� &KDQJHV LQ
�� FRSHSRG GLYHUVLW\ FDQ EH LQGLFDWLYH RI FOLPDWH YDULDELOLW\ LPSDFWV RQ HFRV\VWHP IXQFWLRQLQJ
�� �+RRII 	 3HWHUVRQ� ������
�� 7R DVVHVV WKH YXOQHUDELOLW\ RI PDULQH HFRV\VWHPV WR FOLPDWH FKDQJH� JOREDO ELRJHRFKHPLFDO
�� PRGHOV KDYH EHHQ GHYHORSHG WR GHVFULEH WKH SURFHVVHV FRQWUROOLQJ RFHDQ ELRJHRFKHPLVWU\ DQG
�� HFRV\VWHP IXQFWLRQLQJ� $W ILUVW� VXFK PRGHOV VXPPDUL]HG SHODJLF HFRV\VWHPV XVLQJ RQO\ D IHZ
�� FRPSDUWPHQWV EXW WKH\ KDYH HYROYHG WRZDUGV FDSWXULQJ JUHDWHU HFRORJLFDO FRPSOH[LW\� DQG
�� WKHUHIRUH LPSURYHG WKH TXDQWLILFDWLRQ RI HFRV\VWHPV UHVSRQVHV DQG ELRJHRFKHPLFDO IOX[HV �H�J�
�� /H 4XpUp HW DO�� ������ +RZHYHU� WR GHSLFW YDULDWLRQV LQ ]RRSODQNWRQ ELRPDVV� PRVW HFRV\VWHP
�� PRGHOV VWLOO UHO\ RQ D OLPLWHG QXPEHU RI VL]H FODVVHV IURP PLFUR�� DQG PHVR� WR
�� PDFUR]RRSODQNWRQ �.LVKL HW DO�� ����� /H 4XpUp HW DO�� ����� VR WKH\ VWLOO RQO\ SRRUO\ FDSWXUH WKH
�� YDULHW\ RI ]RRSODQNWRQ OLIH�KLVWRULHV DQG WUDLWV �.L¡UERH� ����D� /LWFKPDQ� 2KPDQ 	 .L¡UERH�
�� ������
�� $Q DOWHUQDWLYH WUDLW�EDVHG DSSURDFK IRU GHVFULELQJ SHODJLF HFRV\VWHP G\QDPLFV LV WR GHILQH
�� SODQNWRQ IXQFWLRQDO W\SHV EDVHG RQ JURXSV RI VSHFLHV ZLWK VLPLODU IXQFWLRQDO WUDLWV �3RPHUOHDX�
�� 6DVWUL 	 %HLVQHU� ����� %HQHGHWWL� *DVSDULQL 	 $\DWD ������ )XQFWLRQDO WUDLWV DUH SKHQRW\SLF
�� DWWULEXWHV WKDW LPSDFW WKH ILWQHVV RI D VSHFLHV DQG LWV FRQWULEXWLRQ WR HFRV\VWHP IXQFWLRQLQJ
�� �9LROOH HW DO�� ������ 7KH DSSHDUDQFH RI IXQFWLRQDO WUDLWV LV JRYHUQHG E\ WKH H[SUHVVLRQ RI JHQHV
�� ZLWKLQ RUJDQLVPV� DQG WUDLW H[SUHVVLRQ� LQ WXUQ� JRYHUQV WKH RUJDQLVPV¶ ILWQHVV XQGHU GLIIHUHQW
�� ELRWLF DQG DELRWLF FRQGLWLRQV �%DUWRQ HW DO�� ������ $ IXQFWLRQDO WUDLW FDQ DOVR HPHUJH IURP WKH
�� LQWHUDFWLRQV EHWZHHQ RWKHU WUDLWV �WUDGH�RIIV� .L¡UERH� ����E� DQG HQYLURQPHQWDO FRQGLWLRQV�
�� OHDGLQJ WR FHUWDLQ WUDLW FRPELQDWLRQV EHLQJ IDYRXUHG XQGHU FHUWDLQ FRQGLWLRQV� )RU ]RRSODQNWRQ�
�� /LWFKPDQ HW DO� ������ SURSRVHG D FRPSUHKHQVLYH VHW RI WUDLWV� HQFRPSDVVLQJ PXOWLSOH W\SHV �L�H�
�� OLIH�KLVWRU\� PRUSKRORJLFDO� SK\VLRORJLFDO DQG EHKDYLRXUDO� DQG OLIH PLVVLRQV �L�H� IHHGLQJ�
��� VXUYLYDO� JURZWK DQG UHSURGXFWLRQ�� +RZHYHU� ]RRSODQNWRQ WUDLWV KDYH EHHQ GHVFULEHG
��� H[KDXVWLYHO\ IRU D IHZ WD[D RQO\� DQG DUH PRVWO\ WKH UHVXOWV RI ODERUDWRU\ H[SHULPHQWV �+pEHUW�
��� %HLVQHU 	 0DUDQJHU� ������ &RQVHTXHQWO\� GHSLFWLQJ ]RRSODQNWRQ IXQFWLRQDO GLYHUVLW\ DW WKH
��� FRPPXQLW\ OHYHO RIWHQ UHTXLUHV LQIRUPDWLRQ DERXW PDQ\ VSHFLHV DQG UHPDLQV SRVVLEOH RQO\ IRU
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��� IHZ ZHOO�VWXGLHG UHJLRQV DQG�RU D OLPLWHG QXPEHU RI JURXSV� )RU LQVWDQFH� 3RPHUOHDX HW DO�
��� ������ GHVFULEHG WKH WHPSRUDO HYROXWLRQ RI ]RRSODQNWRQ IXQFWLRQDO GLYHUVLW\ LQ WKH QRUWK�HDVWHUQ
��� 3DFLILF XVLQJ WLPH VHULHV GDWD� DQG %HQHGHWWL HW DO� ������ LGHQWLILHG IXQFWLRQDO JURXSV RI
��� FRSHSRGV LQ WKH 0HGLWHUUDQHDQ 6HD� %UXQ� 3D\QH 	 .L¡UERH ������ LGHQWLILHG VWURQJ VSDWLDO DQG
��� VHDVRQDO YDULDWLRQV RI ERG\ DQG RIIVSULQJ VL]HV� P\HOLQDWLRQ UDWHV DQG IHHGLQJ PRGHV IRU
��� SODQNWRQLF FRSHSRGV LQ WKH 1RUWK $WODQWLF� &RSHSRGV KDYH WKHUHIRUH HPHUJHG DV DQ LQWHUHVWLQJ
��� PRGHO WR VWXG\ PDULQH IXQFWLRQDO ELRJHRJUDSK\ �%DUWRQ HW DO�� ������
��� 8QGHUVWDQGLQJ DQG TXDQWLI\LQJ WKH GLVWULEXWLRQ RI ]RRSODQNWRQ IXQFWLRQDO JURXSV DORQJ
��� HQYLURQPHQWDO JUDGLHQWV LV FULWLFDO WR �L� GHYHORS PRUH UHDOLVWLF PDULQH HFRV\VWHP PRGHOV� �LL�
��� EHWWHU XQGHUVWDQG WKH XQGHUO\LQJ HQYLURQPHQWDO GULYHUV RI FRPPXQLW\ VWUXFWXUH� �LLL� XQUDYHO KRZ
��� FOLPDWH LPSDFWV WKH UDWH DQG DPSOLWXGH RI SURFHVVHV PHGLDWHG E\ IXQFWLRQDO W\SHV� DQG �LY�
��� SUHGLFW KRZ WKH WKUHH DERYH�PHQWLRQHG DVSHFWV PD\ HYROYH LQ D JOREDO FKDQJH FRQWH[W�
��� 0RGHOOLQJ WKH HQYLURQPHQWDO QLFKH RI HDFK VSHFLHV� DQG WKHQ DVVHVVLQJ GLIIHUHQFHV EHWZHHQ
��� IXQFWLRQDO JURXSV� RQ WKH EDVLV RI WKHLU FRQVWLWXHQW VSHFLHV� HQDEOHV WR H[SORUH WKH ELRJHRJUDSK\
��� RI IXQFWLRQDO JURXSV �%UXQ HW DO�� ������ )LHOG REVHUYDWLRQV RI VSHFLHV RFFXUUHQFHV FDQ EH
��� FRPELQHG ZLWK HQYLURQPHQWDO SUHGLFWRUV WR EXLOG HQYLURQPHQWDO QLFKH PRGHOV �(10V� WKDW
��� HQDEOH WKH FKDUDFWHUL]DWLRQ RI WKH HQYLURQPHQWDO SUHIHUHQFHV RI D VSHFLHV �&ROZHOO 	 5DQJHO�
��� ������ ,Q VSLWH RI WKH UHFHQW GHYHORSPHQW RI JOREDO RSHQ DFFHVV SODQNWRQ RFFXUUHQFH GDWDEDVHV
��� �2¶%ULHQ� ����� %XLWHQKXLV HW DO�� ������ UHODWLYHO\ IHZ VWXGLHV KDYH XVHG (10V WR LQYHVWLJDWH
��� SODQNWRQ ELRJHRJUDSK\ �5RELQVRQ HW DO�� ������ )RU PHVR]RRSODQNWRQ� PRVW VWXGLHV KDYH PLQHG
��� WKH &RQWLQXRXV 3ODQNWRQ 5HFRUGHU �&35� GDWD WR PRGHO SDVW DQG IXWXUH UDQJH YDULDWLRQV RI
��� FRSHSRG VSHFLHV� DQG FKDQJHV LQ RFHDQ VXUIDFH OD\HU FRPPXQLW\ FRPSRVLWLRQ �5H\JRQGHDX 	
��� %HDXJUDQG� ����� &KXVW HW DO�� ����� 9LOODULQR HW DO�� ����� %UXQ� .L¡UERH� /LFDQGUR 	 3D\QH�
��� ����� %HQHGHWWL� *XLOKDXPRQ� $GORII 	 $\DWD� ����� EXW WKH\ LJQRUHG IXQFWLRQDO DVSHFWV RI
��� ELRGLYHUVLW\� +HQFH� WKH OLQN EHWZHHQ WUDLW DQG VSHFLHV ELRJHRJUDSK\ LV FXUUHQWO\ XQGHUH[SORUHG�
��� ,Q SDUWLFXODU� LW UHPDLQV WR EH WHVWHG KRZ GLIIHUHQW FRPELQDWLRQV RI PRUSKRORJLFDO WUDLWV �H�J�
��� ERG\ OHQJWK� DQG OLIH KLVWRU\ WUDLWV �H�J� IHHGLQJ PRGH� VSDZQLQJ VWUDWHJ\� DUH GLVWULEXWHG DORQJ
��� HQYLURQPHQWDO JUDGLHQWV� $UH VFDQQLQJ�FXUUHQW IHHGHUV UHVWULFWHG WR PRUH SURGXFWLYH UHJLRQV
��� ZKHUH ODUJHU SK\WRSODQNWRQ FHOOV HPHUJH �.L¡UERH� ����E� %HQHGHWWL HW DO�� �����" $UH SDVVLYH
��� DPEXVK�IHHGLQJ VSHFLHV PRUH WLJKWO\ DIILOLDWHG WR VWDEOH DQG ROLJRWURSKLF HQYLURQPHQWV ZKHUH
��� IRRG DYDLODELOLW\ LV OLPLWHG DQG PRUWDOLW\ UDWHV KLJK �3DIIHQK|IHU� ����� .L¡UERH� ����E�" 'R
��� ODUJH KHUELYRURXV VSHFLHV WKULYH LQ WKH VDPH FRQGLWLRQV DV ODUJH FDUQLYRURXV SUHGDWRUV� RU DUH
��� WKH\ DIILOLDWHG WR YHU\ GLIIHUHQW QLFKHV" $V HFRV\VWHP SURFHVVHV DUH PHGLDWHG E\ VXFK IXQFWLRQDO
��� WUDLWV �VHQVX +pEHUW� %HLVQHU HW DO�� ������ DVVHVVLQJ KRZ WKH ODWWHU DUH H[SUHVVHG XQGHU YDU\LQJ
��� FRQGLWLRQV LV D SUHUHTXLVLWH IRU XQGHUVWDQGLQJ HFRV\VWHP IXQFWLRQLQJ XQGHU FOLPDWLF FKDQJHV�
��� ,Q WKLV VWXG\� ZH DWWHPSW WR EULGJH WKLV JDS WKURXJK DQ LQYHVWLJDWLRQ RI WKH OHYHO RI FRQJUXHQFH
��� EHWZHHQ WKH HQYLURQPHQWDO QLFKHV RI VSHFLHV EHORQJLQJ WR GLIIHUHQW FRSHSRG IXQFWLRQDO JURXSV
��� �)*V�� :H DLP WR ��� PRGHO WKH HQYLURQPHQWDO QLFKHV RI FRSHSRG VSHFLHV� ��� GHILQH UHOHYDQW
��� )*V EDVHG RQ VSHFLHV IXQFWLRQDO WUDLWV� DQG ��� WHVW ZKHWKHU VSHFLHV ZLWK VLPLODU FRPELQDWLRQV RI
��� IXQFWLRQDO WUDLWV LQKDELW VLPLODU HQYLURQPHQWDO QLFKHV�
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��� 0DWHULDO DQG 0HWKRGV
��� 6SHFLHV VHOHFWLRQ DQG GDWD�
��� &RSHSRG VSHFLHV PRVW FRPPRQO\ IRXQG LQ WKH 0HGLWHUUDQHDQ 6HD DQG WKHLU WUDLW YDOXHV ZHUH
��� WDNHQ IURP %HQHGHWWL HW DO� ������� 0XOWLSOH UHJLRQDO GDWDVHWV ZHUH FRPELQHG WR REWDLQ WKH
��� JHRJUDSKLFDO GLVWULEXWLRQ RI WKH FRSHSRG VSHFLHV� $V QRQH RI WKH VSHFLHV LV HQGHPLF WR WKH
��� 0HGLWHUUDQHDQ 6HD �5D]RXOV� GH %RYpH� .RXZHQEHUJ 	 'HVUHXPDX[� ����������� VSHFLHV QLFKHV
��� PXVW EH FDOLEUDWHG DW WKH JOREDO VFDOH LQ RUGHU WR DYRLG WUXQFDWHG UHVSRQVH FXUYHV� DQG WKHUHIRUH
��� ELDVHG QLFKH HVWLPDWHV �7KXLOOHU� %URWRQV� $UD�MR 	 /DYRUHO� ������ $PRQJ WKH ��� VSHFLHV
��� LQLWLDOO\ GHVFULEHG E\ %HQHGHWWL HW DO� ������� RQO\ WKRVH ZLWK PRUH WKDQ �� REVHUYDWLRQV DW WKH
��� UHJLRQDO VFDOH� DQG ZLWK DW OHDVW �� DGGLWLRQDO RFFXUUHQFHV DW WKH JOREDO VFDOH �2%,6�
��� KWWS���ZZZ�LRELV�RUJ�� DFFHVVHG RQ 'HFHPEHU ��� ����� ZHUH UHWDLQHG� 2XU ILQDO OLVW
��� HQFRPSDVVHV ��� FRSHSRG VSHFLHV� 2XU OLVW RI ��� VSHFLHV JDWKHUV WKH PRVW FRPPRQO\ REVHUYHG
��� RQHV LQ WKH HSLSHODJLF OD\HU� LQFOXGLQJ WKRVH UHSUHVHQWLQJ PRVW RI WKH PHVR]RRSODQNWRQ ELRPDVV
��� LQ WKH 0HGLWHUUDQHDQ 6HD �6LRNRX�)UDQJRX HW DO�� ����� 5D]RXOV HW DO�� ����������� 7KH DYHUDJH
��� VDPSOLQJ GHSWK RI WKH SUHVHQFH GDWD �IRU WKH ������ RI WKH UHFRUGV IRU ZKLFK VDPSOLQJ GHSWK ZDV
��� DYDLODEOH� ZDV �� � ��� P� 7KH SUHVHQFH GDWD ZDV UHVDPSOHG DW D UHVROXWLRQ RI �[�� JULG FHOOV� WR
��� PDWFK WKH UHVROXWLRQ RI WKH HQYLURQPHQWDO OD\HUV �VHH EHORZ�� 7KH ILQDO GDWD VHW FRQWDLQHG �� ���
��� JULGGHG SUHVHQFH SRLQWV�
���
��� )XQFWLRQDO JURXSV IURP VSHFLHV IXQFWLRQDO WUDLWV�
��� )RXU IXQFWLRQDO WUDLWV ZHUH H[WUDFWHG IURP %HQHGHWWL ������� PD[LPXP ERG\ OHQJWK �PP��
��� WURSKLF JURXS �FDUQLYRUH� RPQLYRUH� RPQLYRUH�FDUQLYRUH� RPQLYRUH�KHUELYRUH� RPQLYRUH�
��� GHWULWLYRUH�� IHHGLQJ PRGH �DPEXVK� FUXLVH� VFDQQLQJ FXUUHQW� RU PL[HG�� DQG HJJ�VSDZQLQJ
��� VWUDWHJ\ �EURDGFDVW�VSDZQHU� VDF�VSDZQHU��
��� 7KHVH WUDLWV ZHUH VHOHFWHG EHFDXVH RI WKHLU UHDG\ DYDLODELOLW\ LQ WKH OLWHUDWXUH �%UXQ� 3D\QH 	
��� .L¡UERH� ������ 2WKHU LPSRUWDQW WUDLWV VXFK DV UHVWLQJ VWDJHV DQG SK\VLRORJLFDO UDWHV DUH VWLOO
��� ODFNLQJ IRU WKH PDMRULW\ RI WKH WD[D VWXGLHG� +RZHYHU� WKH SUHVHQW WUDLWV FRYHU GLIIHUHQW LPSRUWDQW
��� HFRORJLFDO IXQFWLRQV DQG FDQ LQIOXHQFH HFRV\VWHP SURFHVVHV �+pEHUW� %HLVQHU HW DO�� ������ %RG\
��� VL]H LV D ³PDVWHU WUDLW´ WKDW WUDQVFHQGV DQG VFDOHV ZLWK D YDULHW\ RI WUDLWV UHODWHG WR HFRV\VWHP
��� SURFHVVHV VXFK DV FDUERQ F\FOLQJ� VHFRQGDU\ SURGXFWLYLW\ RU QXWULHQW WUDQVIHU �+pEHUW� %HLVQHU HW
��� DO�� ������ 7URSKLF JURXS GHVFULEHV WKH SULPDU\ IRRG VRXUFH RI D VSHFLHV DQG WKHUHIRUH LWV UROH LQ
��� IRRG�ZHE G\QDPLFV �3RPHUOHDX HW DO�� ������ 7KRXJK QHDUO\ DOO FRSHSRGV DUH RPQLYRURXV� PDQ\
��� VSHFLHV DUH NQRZQ WR KDYH SUHIHUHQWLDO IRRG VRXUFHV �%HQHGHWWL� ������ :KLOH RPQLYRUHV WDUJHW
��� SK\WRSODQNWRQ� GHWULWXV RU VPDOOHU ]RRSODQNWRQ� FDUQLYRUHV SUH\ XSRQ HDUOLHU OLIH VWDJHV� VPDOOHU
��� DGXOW FRSHSRGV RU PLFUR]RRSODQNWRQ DQG WKXV FRQWULEXWH WR WKH WRS�GRZQ FRQWURO RQ ]RRSODQNWRQ�
��� 2PQLYRUH�KHUELYRURXV FRSHSRGV DUH NQRZQ WR SULPDULO\ JUD]H XSRQ SK\WRSODQNWRQ ZKHQ
��� DYDLODEOH DQG DUH WKHUHIRUH LQYROYHG LQ WKH HQHUJ\ WUDQVIHU IURP WKH DXWRWURSKV WR ILVKHV�
��� 2PQLYRUH�GHWULWLYRUHV DUH DVVRFLDWHG ZLWK PDULQH VQRZ RU FDUFDVVHV� VR WKH\ FRQWULEXWH WR WKH
��� UHF\FOLQJ RI RUJDQLF PDWWHU� )HHGLQJ PRGH KDV VWURQJ LPSOLFDWLRQV IRU SUH\ VHOHFWLRQ� HQHUJ\
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��� DOORFDWLRQ RU QXWULHQW F\FOLQJ �/LWFKPDQ HW DO�� ����� +pEHUW� %HLVQHU HW DO�� ������ )RU LQVWDQFH�
��� DPEXVK IHHGHUV WKDW WDUJHW PRWLOH SUH\V DUH FKDUDFWHUL]HG E\ ORZHU HQHUJ\ H[SHQGLWXUH WKDQ
��� DFWLYH IHHGHUV� UHVXOWLQJ LQ ORZHU PRUWDOLW\ EXW DOVR D ORZHU IHHGLQJ HIILFLHQF\� 6LPLODUO\�
��� VSDZQLQJ VWUDWHJ\ VKDSHV HQHUJ\ DOORFDWLRQV� 6SHFLHV GHYHORSLQJ VDFV WR SODFH WKHLU HJJV LQ
��� LQYHVW OHVV HQHUJ\ LQ JURZWK DQG VXUYLYDO �/LWFKPDQ HW DO�� ������
��� )*V IRU WKH ��� VHOHFWHG VSHFLHV ZHUH GHILQHG E\ SHUIRUPLQJ D 0XOWLSOH &RUUHVSRQGHQFH
��� $QDO\VLV �0&$� +XVVRQ� /r 	 3DJqV� ����� )LJ� �� RQ WKH IRXU IXQFWLRQDO WUDLWV WR UHSUHVHQW
��� XQGHUO\LQJ VWUXFWXUHV LQ WKH VSHFLHV FKDUDFWHULVWLFV LQ D UHGXFHG IXQFWLRQDO VSDFH �%HQHGHWWL HW DO��
��� ������ 0&$ LV DQ RUGLQDWLRQ PHWKRG IRU WKH PXOWLYDULDWH DQDO\VLV RI FDWHJRULFDO YDULDEOHV�
��� 0D[LPXP ERG\ OHQJWK ZDV WKXV WUDQVIRUPHG LQWR IRXU VL]H FODVVHV �6&�� ������� PP� 6&�� ����
��� ��� PP� 6&�� ������� PP� 6&�� ������� PP� XVLQJ KLHUDUFKLFDO DJJORPHUDWLYH FOXVWHULQJ EDVHG
��� RQ WKH (XFOLGHDQ GLVWDQFH DQG D V\QRSWLF DJJUHJDWLRQ OLQN �+XVVRQ HW DO�� ����� /HJHQGUH 	
��� /HJHQGUH� ������ 7URSKLF JURXSV ZHUH DOVR WUDQVIRUPHG LQWR ELQDU\ GDWD EHFDXVH WKLV DOORZV WKH
��� RSWLPL]DWLRQ RI WKHLU GHVFULSWLRQ LQ IXQFWLRQDO VSDFH� )RU H[DPSOH� RPQLYRUH�KHUELYRUHV ZHUH
��� FRQVLGHUHG DV ERWK ³RPQLYRUHV´ DQG ³KHUELYRUHV´ DQG QRW MXVW ³RPQLYRUH�KHUELYRUH´ DV LI LW ZDV
��� DQ LQGHSHQGHQW WURSKLF JURXS� .DLVHU�*XWWPDQ¶V FULWHULRQ �*XWWPDQ� ����� ZDV XVHG WR VHOHFW WKH
��� VLJQLILFDQW 0&$ D[HV WKDW FRQVWLWXWH WKH IXQFWLRQDO VSDFH� 7KH VSHFLHV DUH SRVLWLRQHG DORQJ HDFK
��� 0&$ D[LV DFFRUGLQJ WR WKHLU FRPELQDWLRQ RI WUDLW YDOXHV� 7KH FRRUGLQDWHV RI WKH VSHFLHV DORQJ WKH
��� UHWDLQHG 0&$ D[HV ZHUH XVHG WR FRPSXWH WKH LQWHU�VSHFLHV (XFOLGHDQ GLVWDQFH PDWUL[�
��� +LHUDUFKLFDO DJJORPHUDWLYH FOXVWHULQJ XVLQJ :DUG¶V DJJUHJDWLRQ PHWKRG �/HJHQGUH 	 /HJHQGUH�
��� ����� ZDV SHUIRUPHG RQ WKLV PDWUL[ WR SURGXFH D IXQFWLRQDO GHQGURJUDP� 6HYHUDO FXWWLQJ�OHYHOV
��� DORQJ WKLV GHQGURJUDP ZHUH H[DPLQHG� DQG WKH RQH OHDGLQJ WR )*V WKDW DUH HFRORJLFDOO\ UHOHYDQW
��� ZDV NHSW� 7KH ILQDO FXWWLQJ�OHYHO ZDV FKRVHQ WR HQVXUH JURXSV ZHUH IXQFWLRQDOO\ KRPRJHQHRXV
��� �L�H� QRW WRR ODUJH� ZKLOH DOVR DWWHPSWLQJ WR DYRLG IXQFWLRQDO UHGXQGDQFLHV EHWZHHQ WKH JURXSV
��� �L�H� QRW WRR VPDOO DQG QXPHURXV��
��� 7KH VHQVLWLYLW\ RI RXU )*V WR WKH FKRLFH RI WUDLW GHILQLWLRQ DQG FOXVWHULQJ PHWKRG ZDV WHVWHG LQ
��� DGGLWLRQDO DQDO\VHV� 2XU DQDO\VLV ZDV UHSHDWHG XVLQJ *RZHU¶V GLVWDQFH ZLWK WKH 8*30$ OLQNDJH
��� PHWKRG WR GUDZ WKH IXQFWLRQDO GHQGURJUDP �0RXFKHW HW DO�� ������ 7KH DEVROXWH YDOXHV RI
��� PD[LPXP ERG\ VL]H ZHUH NHSW� VLQFH *RZHU¶V GLVWDQFH FDQ PL[ TXDQWLWDWLYH DQG TXDOLWDWLYH GDWD�
��� 7KH )*V GHILQHG XVLQJ WKLV PHWKRG ZHUH YHU\ VLPLODU WR WKRVH IRXQG ZLWK WKH LQLWLDO PHWKRGRORJ\
��� �FRSKHQHWLF FRUUHODWLRQ FRHIILFLHQW EHWZHHQ WKH RULJLQDO DQG WKH DOWHUQDWLYH GHQGURJUDP ZDV
��� HTXDO WR ����� 5RKOI 	 )LVKHU� ������
���
��� &KRLFH RI WKH HQYLURQPHQWDO SUHGLFWRUV IRU QLFKH PRGHOOLQJ�
��� 0RQWKO\ GDWD RQ �� HQYLURQPHQWDO SUHGLFWRUV WKRXJKW WR EH HFRORJLFDOO\ DQG SK\VLRORJLFDOO\
��� UHOHYDQW IRU FRSHSRGV ZHUH FRQVLGHUHG �+HODRXsW 	 %HDXJUDQG� ����� %HDXJUDQG� 0DFNDV 	
��� *REHUYLOOH� ������ 7KHVH YDULDEOHV FRPSULVHG VHD VXUIDFH WHPSHUDWXUH �667�� VHD VXUIDFH VDOLQLW\
��� �666�� PL[HG OD\HU GHSWK �0/'� GHILQHG DFFRUGLQJ WR WKUHH GLIIHUHQW FULWHULD�� VXUIDFH
��� FKORURSK\OO�D FRQFHQWUDWLRQ �&KOD�� EDWK\PHWULF GHSWK� VXUIDFH SKRWRV\QWKHWLFDOO\ DFWLYH
��� UDGLDWLRQ �3$5� DQG 3$5 LQWHJUDWHG RYHU WKH 0/' �0/3$5� %UXQ HW DO�� ������ VXUIDFH
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��� GLVVROYHG R[\JHQ FRQFHQWUDWLRQ� VHD VXUIDFH ZLQG VSHHG DQG VHD OHYHO DQRPDOLHV �$SSHQGL[ 6���
��� 7R DYRLG WKH XVH RI YDULDEOHV WKDW DUH WRR KLJKO\ FRUUHODWHG� ZKHQ WZR SUHGLFWRUV VKRZHG DQ
��� DEVROXWH 6SHDUPDQ¶V UDQN FRUUHODWLRQ FRHIILFLHQW �_ȡ_� � ���� RQH RI WKHP ZDV UHPRYHG �'RUPDQQ
��� HW DO�� ������ 7KH ILQDO VHW RI YDULDEOHV FRQVLVWHG RI 667� WKH VHDVRQDO UDQJH RI 667 YDOXHV
��� �¨667�� 666� 0/' EDVHG WKH WHPSHUDWXUH FULWHULRQ �GH %R\HU 0RQWpJXW� 0DGHF� )LVFKHU� /D]DU
��� 	 ,XGLFRQH ������ 0/3$5 �EDVHG RQ WKH VDPH 0/' SURGXFW�� DQG WKH ORJDULWKP RI VXUIDFH
��� FKORURSK\OO�D FRQFHQWUDWLRQ �ORJ&KOD�� 6XEVHTXHQWO\� PXOWLYDULDWH DQG XQLYDULDWH (10V ZHUH
��� ILWWHG IRU HDFK VSHFLHV XVLQJ WKH VL[ VHOHFWHG SUHGLFWRUV �)LJ� ���
���
��� 6SHFLHV QLFKH FKDUDFWHULVWLFV�
��� 9DULRXV W\SHV RI DOJRULWKP H[LVW WR PRGHO HQYLURQPHQWDO QLFKHV IURP VSHFLHV REVHUYDWLRQV
��� PDWFKHG ZLWK HQYLURQPHQWDO SUHGLFWRUV �0HURZ HW DO�� ������ +HUH� *HQHUDO $GGLWLYH 0RGHOV
��� �*$0V� ZHUH FKRVHQ EHFDXVH WKH\ FDQ EH WXQHG WR SURGXFH XQLPRGDO UHVSRQVH FXUYHV� ZKLOH
��� DOORZLQJ VNHZHG UHVSRQVH FXUYHV �)LJ� ��� 7KLV W\SH RI UHVSRQVH WR HQYLURQPHQWDO JUDGLHQWV LV
��� H[SHFWHG IRU FRSHSRGV �%RQQHW HW DO�� ����� +HODRXsW 	 %HDXJUDQG� ������
��� 6LQFH *$0V UHTXLUH DEVHQFH GDWD WKDW DUH QRW DYDLODEOH DW WKH JOREDO VFDOH� SVHXGR�DEVHQFHV
��� ZHUH VLPXODWHG IRU HDFK VSHFLHV� 7KH PHWKRG HPSOR\HG IRU GUDZLQJ SVHXGR�DEVHQFHV LPSDFWV
��� (10V TXDOLW\� DQG VKRXOG EH FKRVHQ LQ OLJKW RI WKH HFRORJLFDO FKDUDFWHULVWLFV RI WKH VSHFLHV
��� VWXGLHG �&KHIDRXL 	 /RER� ����� %DUEHW�0DVVLQ� -LJXHW� $OEHUW 	 7KXLOOHU� ������
��� 0HVR]RRSODQNWRQ DUH HFWRWKHUPV ZKRVH SRSXODWLRQ G\QDPLFV DUH WLJKWO\ FRXSOHG WR FOLPDWH
��� �+D\V� 5LFKDUGVRQ 	 5RELQVRQ� ������ DQG ZKRVH LQGLYLGXDOV DUH SDVVLYHO\ GLVSHUVHG RYHU YHU\
��� ODUJH VSDWLDO VFDOHV GXULQJ UHODWLYHO\ VKRUW WLPH SHULRGV �-|QVVRQ 	 :DWVRQ� ������ 7KHUHIRUH�
��� SVHXGR�DEVHQFHV ZHUH JHQHUDWHG XVLQJ DQ HQYLURQPHQWDO DQG JHRJUDSKLFDO ZHLJKWLQJ PHWKRG
��� �+HQJO� 6LHUGVHPD� 5DGRYLü 	 'LOR� ����� +DWWDE HW DO�� ����� )LJ� ��� 7KLV PHWKRG ORFDWHV WKH �
��� DEVHQFHV LQ UHJLRQV RI ORZ KDELWDW VXLWDELOLW\ IRU WKH VSHFLHV �L�H� LQ HQYLURQPHQWV WKDW DUH WKH
��� PRVW GLVVLPLODU WR WKH RQHV ZKHUH SUHVHQFHV DUH ORFDWHG� DQG WKDW DUH UHODWLYHO\ IDU IURP WKH
��� REVHUYHG SUHVHQFHV� 7KH ZHLJKWLQJ SURFHGXUH LV EDVHG RQ D SUHVHQFH�RQO\ HQYHORSH QLFKH PRGHO�
��� WKH (FRORJLFDO 1LFKH )DFWRU $QDO\VLV �+LU]HO� +DXVVHU� &KHVVHO 	 3HUULQ� ������ ZKLFK SURYLGHV
��� D +DELWDW 6XLWDELOLW\ ,QGH[ �+6,� IURP � WR � IRU HDFK VSHFLHV DV D IXQFWLRQ RI WKH VL[ FKRVHQ
��� HQYLURQPHQWDO SUHGLFWRUV� 7RJHWKHU ZLWK WKH SUHVHQFHV� WKH +6, LV WKHQ XVHG WR SURGXFH D
��� SUREDELOLW\ GLVWULEXWLRQ Ĳ IRU ORFDWLQJ WKH SVHXGR�DEVHQFH IROORZLQJ +HQJO HW DO� ��������

���
��� ZLWK G EHLQJ WKH GLVWDQFH EHWZHHQ WKH JHRJUDSKLF FHOO DQG WKH SUHVHQFH SRLQWV QRUPDOL]HG E\ WKH
��� PD[LPXP GLVWDQFH� VR WKDW G YDULHV EHWZHHQ � DQG ���� 7KXV� Ĳ LV XVHG DV D SUREDELOLW\ GHQVLW\
��� IXQFWLRQ WR VHOHFW SVHXGR�DEVHQFHV DW UDQGRP DZD\ IURP NQRZQ SUHVHQFHV DQG LQ UHJLRQV RI
��� XQVXLWDEOH FRQGLWLRQV �DFFRUGLQJ WR WKH DFWXDO SUHVHQFHV�� )RU HDFK VSHFLHV� SVHXGR�DEVHQFHV
��� ZHUH GUDZQ IURP WKH PRQWKO\ VXEVHWV RI RFFXUUHQFH GDWD WR HQVXUH WKH\ IROORZ WKH VDPH
��� WHPSRUDO YDULDELOLW\ DV WKH SUHVHQFHV� 5HSHDWLQJ WKH SVHXGR�DEVHQFH JHQHUDWLRQ SURFHGXUH
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��� �OHDGLQJ WR D GLIIHUHQW VHW RI UDQGRPO\ FKRVHQ SVHXGR�DEVHQFHV�� RU LQFUHDVLQJ WKH QXPEHU RI
��� SVHXGR�DEVHQFHV� KDG YHU\ OLWWOH LPSDFW RQ PRGHO TXDOLW\ DQG SUHGLFWLRQV �%HQHGHWWL HW DO�� ������
��� VR RQO\ RQH VHW RI PRQWKO\ SVHXGR�DEVHQFHV ZDV JHQHUDWHG SHU VSHFLHV�
��� 0XOWLYDULDWH DQG XQLYDULDWH *$0V ZHUH ILWWHG XVLQJ WKH ORJLW OLQN IXQFWLRQ �ELQRPLDO UHVSRQVH��
��� DQG WKH SDUDPHWHU FRQWUROOLQJ WKH GHJUHH RI VPRRWKQHVV ZDV UHGXFHG �N  ��� (10V ZHUH
��� HYDOXDWHG E\ FURVV�YDOLGDWLQJ ��� RI WKH SUHVHQFH DQG SVHXGR�DEVHQFH GDWD DJDLQVW WKH
��� UHPDLQLQJ ���� $ WKUHVKROG�GHSHQGHQW PHWULF RI WKH RYHUDOO SHUIRUPDQFH RI HDFK PRGHO ZDV
��� FRPSXWHG� WKH WUXH VNLOO VWDWLVWLF �766� $OORXFKH� 7VRDU 	 .DGPRQ� ������ 766 UDQJHV IURP �� WR
��� ��� ZLWK � LQGLFDWLQJ WKDW DQ (10 GRHV QRW SHUIRUP EHWWHU WKDQ UDQGRP� )RU HDFK VSHFLHV DQG
��� SUHGLFWRU YDULDEOH� ILYH FURVV�YDOLGDWLRQ UXQV ZHUH SHUIRUPHG DQG WKH PHDQ 766 ZDV FDOFXODWHG
��� WR HYDOXDWH WKH SUHGLFWLYH SRZHU RI WKH VHOHFWHG YDULDEOHV� 7KH ILYH XQLYDULDWH UHVSRQVH FXUYHV
��� GHULYHG IURP HDFK FURVV�HYDOXDWLRQ UXQ ZHUH DYHUDJHG WR SURYLGH WKH XQLYDULDWH UHVSRQVH FXUYH
��� RI HDFK VSHFLHV�
��� )ROORZLQJ %UXQ HW DO� ������� QLFKH FKDUDFWHULVWLFV ZHUH VXPPDUL]HG E\ IRXU VWDWLVWLFV GHULYHG
��� IURP WKH PHDQ XQLYDULDWH UHVSRQVH FXUYH �)LJ� ��� 7KH PHGLDQ RI WKH PHDQ FXUYH ZDV XVHG WR
��� HVWLPDWH WKH XQLYDULDWH QLFKH FHQWHUV� DQG TXDQWLOH UDQJHV EHWZHHQ WKH ��WK DQG WKH ��WK

��� SHUFHQWLOHV ZHUH FRPSXWHG WR HVWLPDWH QLFKH EUHDGWKV �L�H� UHODWLYH VSHFLHV WROHUDQFH UDQJHV�� 7KH
��� SUHGLFWRU YDOXHV DW WKH ��WK DQG ��WK SHUFHQWLOHV VHUYHG DV HVWLPDWHV RI ORZHU DQG XSSHU QLFKH
��� ERXQGDULHV� 7KHVH IRXU QLFKH SDUDPHWHUV ZHUH XVHG WR WHVW WKH GLIIHUHQFHV LQ WKH HQYLURQPHQWDO
��� SUHIHUHQFHV RI )*V �QH[W VHFWLRQ�� &RQILGHQFH LQWHUYDOV IRU 766 YDOXHV DQG HDFK XQLYDULDWH QLFKH
��� SDUDPHWHU ZHUH REWDLQHG E\ DSSO\LQJ D ERRWVWUDSSLQJ SURFHGXUH RQ WKH VSHFLHV RFFXUUHQFHV
��� �SUHVHQFHV DQG SVHXGR�DEVHQFHV� ZKLFK JHQHUDWHG ��� UHSOLFDWHV RI HYHU\ XQLYDULDWH PRGHO DQG
��� QLFKH FKDUDFWHULVWLF�
��� 7KH PXOWLYDULDWH PRGHOV FRXOG KDYH EHHQ XVHG WR GHULYH UHVSRQVH FXUYHV EXW WKLV SRVVLELOLW\ ZDV
��� GLVFDUGHG EHFDXVH PXOWLYDULDWH PRGHOV JHQHUDWH UHVSRQVH FXUYHV WKDW DUH PXFK KDUGHU WR LQWHUSUHW
��� �,UZLQ� 1HOOHV 	 )LQNHO� ����� %UXQ HW DO�� ������ 7KH UHVSRQVH FXUYH RI D PXOWLYDULDWH PRGHO LV
��� JHQHUDWHG WKURXJK WKH YDULDWLRQ RI RQH SUHGLFWRU� ZKLOH VHWWLQJ WKH YDOXH RI WKH RWKHU SUHGLFWRUV WR
��� WKHLU DYHUDJH� (YHQ WKRXJK WKLV FRUUHFWV IRU WKH HIIHFW RI WKH RWKHU YDULDEOHV LQ WKH UHVSRQVH� LW FDQ
��� IODWWHQ SDUWV RI WKH UHVSRQVH GXH WR YDULDEOH FROOLQHDULW\� HYHQ LI SDWWHUQV H[LVW �%UXQ HW DO�� ������
��� )XUWKHUPRUH� WKH LGHQWLW\ RI PLVUHSUHVHQWHG YDULDEOHV YDULHV EHWZHHQ VSHFLHV� PDNLQJ LW HYHQ
��� KDUGHU WR FRPSDUH VSHFLHV QLFKH FKDUDFWHULVWLFV� 7KLV LV ZK\ WKH XQLYDULDWH *$0V ZHUH VHOHFWHG
��� RYHU PXOWLYDULDWH RQHV WR GHSLFW WKH VSHFLHV QLFKHV�
��� 766 YDOXHV IRU WKH ��� PXOWLYDULDWH *$0V VKRZ WKDW WKH VL[ VHOHFWHG YDULDEOHV OHDG WR D IDLU
��� PRGHOOLQJ RI WKH VSHFLHV GLVWULEXWLRQ �$SSHQGL[ 6��� 7KH DYHUDJH 766 IRU DOO WKH PXOWLYDULDWH
��� PRGHOV LV ���� �� ������ DQG VSHFLHV PHDQ 766 UDQJHV EHWZHHQ ���� �2LWKRQD GHFLSLHQV� DQG
��� ���� �/DELGRFHUD ZROODVWRQL�� 7KH XQLYDULDWH PRGHOV GLIIHU JUHDWO\ LQ WKHLU SHUIRUPDQFH
��� �$SSHQGL[ 6��� WKH EHVW SHUIRUPLQJ YDULDEOHV DUH 667 �PHDQ 766  ������ 666 �PHDQ 766  
��� ����� DQG ¨667 �PHDQ 766  ������ ZKLOH WKH RWKHU WKUHH YDULDEOHV REWDLQHG VLJQLILFDQWO\ ORZHU
��� DYHUDJH 766 YDOXHV �SDLUZLVH :LOFR[RQ WHVWV� S�YDOXH � ������ 0/' �PHDQ 766  �����
��� SHUIRUPV VOLJKWO\ EHWWHU WKDQ ORJ&KOD �PHDQ 766  ����� DQG 0/3$5 ZKLFK GLVSOD\V WKH ORZHVW
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��� DYHUDJH SHUIRUPDQFH VFRUH �PHDQ 766  �������
���
��� )XQFWLRQDO JURXSV DQG IXQFWLRQDO WUDLWV LQ QLFKH VSDFH�
��� 7KH QLFKH FKDUDFWHULVWLFV RI HDFK VSHFLHV ZHUH XVHG LQ D VFDOHG 3ULQFLSDO &RPSRQHQW $QDO\VLV
��� �3&$� /HJHQGUH 	 /HJHQGUH� ����� WR RUGLQDWH WKHP DFFRUGLQJ WR WKHLU HQYLURQPHQWDO
��� SUHIHUHQFHV LQ D UHGXFHG VSDFH �KHUHDIWHU ³QLFKH VSDFH´� )LJ� ��� :H DVVHVV WKH VLPLODULW\
��� EHWZHHQ WKH QLFKH FKDUDFWHULVWLFV RI VSHFLHV E\ FRPSDULQJ WKHLU FRRUGLQDWHV DORQJ WKH UHWDLQHG
��� 3ULQFLSDO &RPSRQHQWV �L�H� WKHLU SRVLWLRQ LQ QLFKH VSDFH�� 7R FUHDWH D SDUVLPRQLRXV QLFKH
��� VSDFH� 6SHDUPDQ¶V UDQN FRUUHODWLRQ FRHIILFLHQWV ZHUH XVHG WR H[DPLQH WKH FRUUHODWLRQ
��� EHWZHHQ WKH XQLYDULDWH QLFKH FKDUDFWHULVWLFV� :KHQ WZR QLFKH SDUDPHWHUV GLVSOD\HG _ȡ_
��� � ���� RQH RI WKHP ZDV UHPRYHG� )URP WKH FRUUHODWLRQ PDWUL[ �$SSHQGL[ 6��� WKH
��� IROORZLQJ HOHYHQ QLFKH FKDUDFWHULVWLFV ZHUH NHSW WR FUHDWH WKH QLFKH VSDFH� 667 FHQWHU
��� DQG EUHDGWK �DV FHQWHU LV FRUUHODWHG WR ERWK ORZHU DQG XSSHU ERXQGDULHV�� 666 QLFKH
��� FHQWHU �QHJDWLYHO\ FRUUHODWHG WR EUHDGWK DQG ORZHU ERXQGDU\�� XSSHU DQG ORZHU
��� ERXQGDULHV RI ¨667 �DV 667 EUHDGWK LV KLJKO\ FRUUHODWHG WR ¨667 EUHDGWK�� 0/' FHQWHU
��� �ZKLFK VXPPDUL]HV DOO RWKHU � 0/' FKDUDFWHULVWLFV�� DOO 0/3$5 SDUDPHWHUV EXW WKH
��� ORZHU ERXQGDU\ �KLJKO\ FRUUHODWHG WR 667 DQG 0/3$5 FHQWHUV�� DQG ERWK ORJ&KOD FHQWHU
��� DQG EUHDGWK �ORJ&KOD QLFKH FHQWHU VXPPDULVHV WKH WZR ERXQGDULHV�� .DLVHU�*XWWPDQ¶V
��� FULWHULRQ ZDV XVHG WR VHOHFW WKH QXPEHU RI VLJQLILFDQW 3&V WKDW ZLOO JHQHUDWH WKH QLFKH
��� VSDFH �)LJ� ���
��� ,Q RUGHU WR WHVW IRU WKH GLIIHUHQFHV EHWZHHQ WKH QLFKHV RI VSHFLHV SHUWDLQLQJ WR GLIIHUHQW )*� WKH
��� FHQWUDO SRVLWLRQV RI WKH JURXSV LQ QLFKH VSDFH ZHUH FRPSXWHG DV WKH DYHUDJH FRRUGLQDWHV RI WKH
��� FRQVWLWXWLQJ VSHFLHV� .UXVNDO�:DOOLV YDULDQFH DQDO\VLV �.UXVNDO 	 :DOOLV� ����� ZDV SHUIRUPHG
��� WR WHVW ZKHWKHU )*V GLIIHUHG VLJQLILFDQWO\ LQ WKHLU SRVLWLRQV LQ QLFKH VSDFH� 6LPLODUO\� YDULDWLRQV
��� EHWZHHQ WKH SRVLWLRQV LQ QLFKH VSDFH RI HDFK IXQFWLRQDO WUDLW ZHUH WHVWHG �IRU LQVWDQFH� EHWZHHQ
��� WKH GLIIHUHQW WURSKLF JURXSV� LQ RUGHU WR H[SORUH ZKHWKHU VRPH DUH PRUH FORVHO\ OLQNHG WR FHUWDLQ
��� HQYLURQPHQWDO FRQGLWLRQV� $OO VWDWLVWLFDO DQDO\VHV ZHUH FRQGXFWHG ZLWK 5 Y������ �5 &RUH 7HDP
��� ������ 7KH ELRPRG� SDFNDJH �7KXLOOHU� *HRUJHV 	 (QJOHU� ����� ZDV XVHG WR GHYHORS WKH QLFKH
��� PRGHOV DQG H[WUDFW WKH UHVSRQVH FXUYHV� 7KH )DFWR0LQH5 SDFNDJH �+XVVRQ� -RVVH� /r 	 0D]HW�
��� ����� ZDV XVHG IRU WKH PXOWLYDULDWH DQDO\VHV�
���

��� 5HVXOWV
��� &RSHSRG IXQFWLRQDO JURXSV�
��� 7KH ILUVW VHSDUDWLRQ LQ WKH IXQFWLRQDO GHQGURJUDP �)LJ� �� GLVWLQJXLVKHV FDUQLYRURXV VSHFLHV �)*
��� � DQG �� IURP WKH QRQ�FDUQLYRURXV RQHV �)* � WR ��� $PRQJ WKH ODWWHU� WKH QH[W FXWWLQJ OHYHO
��� GLVWLQJXLVKHV HJJ�EURDGFDVWHUV �)* � DQG �� IURP VDF�VSDZQHUV �)* �� � DQG ��� )XUWKHU GRZQ RQ
��� WKH GHQGURJUDP� WURSKLF JURXSV DQG VL]H FODVVHV GULYH WKH FRPSRVLWLRQ RI WKH )*V� +HQFH� DOO
��� WUDLWV FRQWULEXWH WR WKH VWUXFWXUH RI WKH IXQFWLRQDO VSDFH� ZLWK FDUQLYRURXV GLHW EHLQJ WKH SULPDU\
��� GLVFULPLQDWLYH WUDLW�



��

��� *LYHQ WKDW WKH ��� VSHFLHV ZHUH FODVVHG LQWR GLIIHUHQW )*V RQ WKH EDVLV RI D GHQGURJUDP UHVXOWLQJ
��� IURP D FOXVWHU DQDO\VLV RI IRXU GLIIHUHQW WUDLWV� VRPH VSHFLHV ZHUH DVVLJQHG WR D )* ZKHQ WKH\
��� GLIIHU LQ RQH SDUWLFXODU WUDLW ZLWK UHVSHFW WR RWKHU VSHFLHV EHFDXVH WKH\ SUHVHQW VLPLODU YDOXHV RI
��� WKH RWKHU WUDLWV FRQVLGHUHG� )* � LV FRPSRVHG RI ODUJH VDF�VSDZQLQJ FDUQLYRUHV WKDW HLWKHU IHHG
��� E\ FUXLVLQJ RU WKURXJK D VFDQQLQJ FXUUHQW� EXW ILYH RI WKH WHQ VSHFLHV FRQVWLWXWLQJ WKLV )* ODFN
��� LQIRUPDWLRQ RQ WKHLU IHHGLQJ VWUDWHJ\� )* � LV GHILQHG E\ �� VPDOOHU DQG VWULFWO\ FDUQLYRURXV
��� VSHFLHV WKDW PDLQO\ IHHG WKURXJK DPEXVK WDFWLFV� 7KH VSDZQLQJ VWUDWHJ\ LV HTXDOO\ GLYLGHG
��� EHWZHHQ EURDGFDVWHUV DQG VDF�VSDZQHUV� 0RVW RI WKHP LQKDELW WKH HSL� DQG PHVRSHODJRV� DQG DUH
��� WKRXJKW WR H[KLELW ZHDN WR QR GLHO YHUWLFDO PLJUDWLRQ �'90� EHKDYLRXU� )* � LV GHILQHG E\ HLJKW
��� VFDQQLQJ FXUUHQW�IHHGLQJ VSHFLHV EHORQJLQJ WR WKH ODUJHVW VL]H FODVV� $OO EXW WZR VSHFLHV
��� �(XFDODQXV K\DOLQXV DQG 3OHXURPDPPD DEGRPLQDOLV� DUH XVXDOO\ FRQVLGHUHG KHUELYRUHV� 7KH
��� JURXS¶V PDLQ VSDZQLQJ VWUDWHJ\ LV EURDGFDVWLQJ� 6RPH RI WKHP DUH HVWDEOLVKHG DV VWURQJ PLJUDQWV
��� LQ WKH 0HGLWHUUDQHDQ 6HD �&DODQXV KHOJRODQGLFXV� 3� DEGRPLQDOLV DQG 1HRFDODQXV JUDFLOLV��
��� ZKLOH WKH UHPDLQGHU KDYH UDUHO\ H[KLELWHG DQ\ '90 EHKDYLRXU� )* � LV WKH ODUJHVW JURXS �Q  
��� ��� DQG JDWKHUV VPDOOHU �FRPSDUHG WR )* �� VFDQQLQJ FXUUHQW�IHHGLQJ KHUELYRUHV DQG RPQLYRUHV
��� GLVSOD\LQJ PL[HG IHHGLQJ VWUDWHJLHV� /LNH )* �� WKH FRSHSRG VSHFLHV DUH DOO EURDGFDVWHUV� WKXV
��� VL]H FODVV ZDV WKH IDFWRU GLYLGLQJ WKHVH WZR )*� 0RVW RI WKH VSHFLHV LQ )* � SUHIHUHQWLDOO\ LQKDELW
��� WKH HSLSHODJRV DQG DUH NQRZQ WR H[KLELW ZHDN WR QR '90 EHKDYLRXU� )* � LV WKH VHFRQG ODUJHVW
��� JURXS �Q  ��� DQG FOXVWHUV WKH VPDOO VDF�VSDZQLQJ GHWULWLYRURXV VSHFLHV WRJHWKHU� 7KH GRPLQDQW
��� IHHGLQJ VWUDWHJ\ LV FUXLVLQJ� DV RQO\ � VSHFLHV UHO\ RQ D VFDQQLQJ FXUUHQW WR FDSWXUH WKHLU IRRG�
��� $GGLWLRQDOO\� � VSHFLHV RI WKLV JURXS DUH VPDOO FUXLVH�IHHGHUV� 0RVW RI WKHVH VSHFLHV DUH NQRZQ WR
��� RFFXU ZLWKLQ D EURDG GHSWK UDQJH� 6PDOO DPEXVK�IHHGLQJ RPQLYRUHV EHORQJLQJ WR WKH 2LWKRQD
��� JHQXV FRQVWLWXWH )* �� WRJHWKHU ZLWK WKUHH VSHFLHV �+DORSWLOXV ORQJLFRUQLV� ,VLDV FODYLSHV DQG
��� /XEERFNLD VTXLOOLPDQD� IRU ZKLFK LQIRUPDWLRQ DERXW IHHGLQJ VWUDWHJ\ ZDV ODFNLQJ� EXW WKDW DUH
��� FKDUDFWHUL]HG E\ VLPLODU VL]HV DQG WURSKLF JURXSV� )* � JDWKHUV VPDOO KHUELYRUHV WKDW IHHG HLWKHU
��� E\ FUXLVLQJ RU D VFDQQLQJ FXUUHQW� 7KH\ DUH VHSDUDWHG IURP WKH KHUELYRUHV RI )* � EHFDXVH WKH\
��� DUH VDF�VSDZQHUV DQG QRW EURDGFDVWHUV� 7KH FRUUHVSRQGLQJ VSHFLHV DUH NQRZQ WR PDLQO\ RFFXU LQ
��� WKH HSLSHODJRV�
���
��� 6SHFLHV SRVLWLRQ LQ QLFKH VSDFH EDVHG RQ WKH QLFKH FKDUDFWHULVWLFV�
��� $ 3&$ EDVHG RQ LQGLYLGXDO VSHFLHV QLFKH SDUDPHWHUV ZDV XVHG WR VXPPDUL]H WKH VSHFLHV¶ UHODWLYH
��� SRVLWLRQ LQ HQYLURQPHQWDO VSDFH� 7KH ILUVW WKUHH 3&V ZHUH UHWDLQHG� DFFRXQWLQJ IRU ������ RI WKH
��� WRWDO YDULDQFH� 7KH ILUVW 3& �3&�� ������� )LJ� �� VHSDUDWHV VSHFLHV DIILOLDWHG ZLWK ROLJRWURSKLF
��� FRQGLWLRQV �ZDUP 667� KLJKHU 666 DQG ORZ VHDVRQDOLW\� IURP WKRVH DIILOLDWHG ZLWK PRUH
��� SURGXFWLYH FRQGLWLRQV �FROGHU DQG OHVV VDOLQH ZDWHUV� RIWHQ FKDUDFWHUL]HG E\ KLJKHU VHDVRQDOLW\��
��� 7KH VSHFLHV ZLWK KLJKHU YDOXHV RI 667 FHQWHUV� 666 FHQWHUV� 0/3$5 FHQWHUV DQG XSSHU 0/3$5
��� ���������� ���� �������� ����������� �� wjXU t��������S ������� ������ ���
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���
��� 'R IXQFWLRQDO JURXSV RFFXS\ GLVWLQFW HQYLURQPHQWDO QLFKHV"
��� 7KH )*V ZHUH UHSUHVHQWHG LQ QLFKH VSDFH DIWHU WKH PHDQ SRVLWLRQ RI HDFK JURXS ZDV FRPSXWHG WR
��� DVVHVV LI GLIIHUHQW )*V RFFXS\ GLVWLQFW HQYLURQPHQWDO QLFKHV �)LJ� ��� 7KH 3&� FRRUGLQDWHV RI WKH
��� VSHFLHV GLIIHU VLJQLILFDQWO\ EHWZHHQ )*V �.UXVNDO�:DOOLV WHVW� S�YDOXH  ������ +�YDOXH  �������
��� ZKLFK LQGLFDWHV WKDW VSHFLHV EHWZHHQ )*V SUHVHQW GLVWLQFW HQYLURQPHQWDO QLFKHV� 1R VLJQLILFDQW
��� GLIIHUHQFHV ZHUH IRXQG EHWZHHQ WKH )* FRRUGLQDWHV DORQJ 3&�� WKH QLFKH FKDUDFWHULVWLFV
��� VWUXFWXULQJ WKLV 3& GR QRW GLIIHU EHWZHHQ )*V� 7KH JURXSV JDWKHULQJ FDUQLYRURXV VSHFLHV �)* �
��� DQG �� ZHUH RQ DYHUDJH ORFDWHG RQ WKH SRVLWLYH VLGH RI 3&� ZKLOH )* � �ODUJH VFDQQLQJ FXUUHQW�
��� IHHGLQJ KHUELYRUHV�� )* � �VPDOO DPEXVK�IHHGLQJ RPQLYRUHV�� DQG )* � �VPDOO VDF�VSDZQLQJ
��� KHUELYRUHV� ZHUH RQ WKH QHJDWLYH VLGH� 7KLV VXSSRUWV WKH K\SRWKHVLV WKDW WKHUH DUH GLIIHUHQFHV LQ
��� WKH HQYLURQPHQWDO QLFKHV EHWZHHQ JURXSV� )* � DQG � DUH DIILOLDWHG WR ZDUPHU� VDOWLHU� PRUH
��� VWDEOH DQG OHVV SURGXFWLYH FRQGLWLRQV LQ WKH RSHQ RFHDQ� PHDQZKLOH� )* �� � DQG � DUH DVVRFLDWHG
��� ZLWK FRQGLWLRQV RI VWURQJHU VHDVRQDO YDULDWLRQV� FROGHU WHPSHUDWXUHV� ORZHU VDOLQLWLHV DQG KLJKHU
��� FKORURSK\OO�D FRQFHQWUDWLRQV� 7KH PHDQ SRVLWLRQV RI )* � �VPDOO EURDGFDVWLQJ VFDQQLQJ FXUUHQW�
��� IHHGLQJ KHUELYRUHV� DQG )* � �GHWULWLYRUHV� ZHUH SUHGRPLQDQWO\ FHQWUDO LQ WKH HQYLURQPHQWDO
��� QLFKH VSDFH� 7KHUHIRUH� WKHVH WZR )*V DUH FRPSRVHG RI VSHFLHV WKDW DUH VSUHDG RXW LQ QLFKH
��� VSDFH� :LWK UHJDUG WR WKH GLVWULEXWLRQ RI IXQFWLRQDO WUDLWV LQ QLFKH VSDFH� RQO\ WKH PHDQ SRVLWLRQ
��� RI HDFK WURSKLF JURXS �&DUQLYRUHV YV� 2PQLYRUHV YV� +HUELYRUHV YV� 'HWULWLYRUHV� VKRZHG
��� VLJQLILFDQW GLIIHUHQFHV DORQJ 3&� �.UXVNDO�:DOOLV WHVW� S�YDOXH  ������ +�YDOXH  �������
���
��� 'LVFXVVLRQ
���
��� 0HGLWHUUDQHDQ FRSHSRG IXQFWLRQDO JURXSV GLIIHU LQ WKHLU QLFKHV�
��� 7KH PDLQ ILQGLQJ RI RXU VWXG\ LV WKDW� RQ DYHUDJH� WKH HQYLURQPHQWDO QLFKHV RI WKH VSHFLHV ZLWKLQ
��� D )* GLIIHU IURP WKRVH RI VSHFLHV FRQVWLWXWLQJ DQRWKHU )* �)LJ� ��� 8QGHU WKH PRUH WURSLFDO
��� FRQGLWLRQV ZKHUH )*V � DQG � DUH IDYRXUHG� ZH H[SHFW WKH 0HGLWHUUDQHDQ ]RRSODQNWRQ IRRG�ZHE
��� G\QDPLFV WR EH GRPLQDWHG E\ WRS�GRZQ SURFHVVHV� 7KH VPDOO SDVVLYH DPEXVK�IHHGLQJ WD[D
��� �&RU\FDLGV DQG VRPH 2LWKRQD VSHFLHV� EHQHILW IURP D PHWDEROLVP WKDW LV ZHOO DGDSWHG WR IRRG�
��� GHSOHWHG FRQGLWLRQV ZKHUH FRPSHWLWLRQ DQG SUHGDWLRQ DUH KLJK �/DQGU\� ����� .L¡UERH� ����D��



��

��� :KHQ WKHVH VPDOO VSHFLHV GRPLQDWH� ZH DOVR H[SHFW VL]H�UHODWHG HFRV\VWHP IOX[HV �H�J� VHFRQGDU\
��� SURGXFWLYLW\� QXWULHQW UHF\FOLQJ� H[FUHWLRQ RU FDUERQ WUDQVIHU HWF�� WR EH ZHDNHQHG �+pEHUW�
��� %HLVQHU HW DO�� ������ ZKLFK LV WKH FDVH LQ WKH XOWUD�ROLJRWURSKLF HDVWHUQ 0HGLWHUUDQHDQ 6HD
��� �6LRNRX�)UDQJRX HW DO�� ����� 7KH 0HU0H[ *URXS� ������ /DUJHU SUHGDWRU\ FRSHSRGV �)* ��
��� PD\ DOVR RFFXU� DV WKH\ DUH DEOH WR IHHG RQ VPDOOHU FRSHSRGV EXW DOVR ODUJHU JHODWLQRXV
��� ]RRSODQNWRQ OLNH 'ROLROLGV RU $SSHQGLFXODULD �2KWVXND 	 2QEp� ����� 7DNDKDVKL HW DO�� ������
��� 8QGHU WKH FROGHU� PRUH YDULDEOH DQG PRUH SURGXFWLYH FRQGLWLRQV ZKHUH )*V � DQG � DUH
��� IDYRXUHG� ZH H[SHFW 0HGLWHUUDQHDQ ]RRSODQNWRQ IRRG�ZHE G\QDPLFV WR EH GRPLQDWHG E\ ERWWRP�
��� XS SURFHVVHV� DV WKHVH IXQFWLRQDO HQWLWLHV WKULYH RQ SK\WRSODQNWRQ RI GLIIHUHQW VL]H FODVVHV� 7KH
��� ODUJHU FXUUHQW�IHHGLQJ WD[D �)* �� DUH DEOH WR IHHG RQ WKH ODUJHU SK\WRSODQNWRQ DQG ZH H[SHFW
��� WKRVH VSHFLHV WR PHGLDWH VWURQJHU HQHUJ\ IOX[HV IURP WKH VXUIDFH WR WKH GHHSHU RFHDQ �-yQDVGyWWLU
��� HW DO�� ����� 9LVVHU� *U¡QQLQJ 	 -yQDVGyWWLU� ������ 5DWHV RI VHFRQGDU\ SURGXFWLYLW\� QXWULHQW
��� UHF\FOLQJ DQG FDUERQ WUDQVIHU VKRXOG EH HQKDQFHG LQ WKH FRPPXQLWLHV ZKHUH VXFK VSHFLHV
��� GRPLQDWH �+pEHUW� %HLVQHU HW DO�� ������ 7KHVH )*V DUH NQRZQ WR EH PRUH DEXQGDQW LQ WKH FROGHVW
��� DQG PRVW SURGXFWLYH UHJLRQV RI WKH 0HGLWHUUDQHDQ 6HD� WKH QRUWKZHVWHUQ UHJLRQV �*XOI RI /LRQ
��� DQG /LJXULDQ 6HD�� WKH QRUWKHUQ $GULDWLF DQG $HJHDQ 6HD �6LRNRX�)UDQJRX HW DO�� ����� 7KH
��� 0HU0H[ *URXS� ������ 5HJDUGLQJ VPDOO DPEXVK�IHHGLQJ JHQHUDOLVWV �)* ��� WKH SRVLWLRQLQJ RI
��� 2� VLPLOLV DW WKH H[WUHPH QHJDWLYH HQG RI WKH QLFKH VSDFH �)LJ� �� VNHZV WKH DYHUDJH SRVLWLRQ RI
��� )* �� ZKHUHDV PRVW RI WKH VSHFLHV FRQVWLWXWLQJ WKLV JURXS DUH ORFDWHG DW WKH RSSRVLWH VLGH RI WKH
��� QLFKH VSDFH� 2� VLPLOLV LV NQRZQ WR UHDFK KLJK DEXQGDQFHV DQG ELRPDVV LQ FROGHU HQYLURQPHQWV
��� �*DOOLHQQH 	 5RELQV� ����� &DVWHOODQL� /LFDQGUR� )LOHPDQ� 'L &DSXD 	 0D]]RFFKL� ������ EXW LW
��� KDV EHHQ IUHTXHQWO\ PLVLGHQWLILHG ZLWK 2� KHOJRODQGLFD DQG LV VRPHWLPHV HYHQ FRQVLGHUHG DV D
��� FRQJORPHUDWH RI FU\SWLF VSHFLHV �5D]RXOV HW DO�� ����������� %DVHG RQ WKH SUHVHQW UHVXOWV� ZH GR
��� QRW H[SHFW FUXLVH�IHHGLQJ GHWULWLYRURXV VSHFLHV WR EH IDYRXUHG XQGHU DQ\ SDUWLFXODU FRQGLWLRQV LQ
��� WKH 0HGLWHUUDQHDQ 6HD�
��� 7KH H[WHQW WR ZKLFK RXU ILQGLQJV DSSO\ WR WKH JOREDO VFDOH UHPDLQV WR EH WHVWHG DQG GHSHQGV RQ
��� WKH UHSUHVHQWDWLYHQHVV RI WKH 0HGLWHUUDQHDQ FRSHSRG IDXQD UHODWLYH WR WKH JOREDO RQH� <HW LW
��� VKRXOG EH QRWHG WKDW WKH RFFXUUHQFH GDWD ZH XVHG KHUH DOUHDG\ FRYHUV D QHDUO\ JOREDO ODWLWXGLQDO
��� DQG HQYLURQPHQWDO UDQJH �$SSHQGLFHV 6� DQG 6��� 7KH JHRJUDSKLFDO UDQJH RI WKH GDWD XVHG WR
��� PRGHO WKH FRSHSRG QLFKHV LV FRPSDUDEOH DFURVV )*V� ZLWK GDWD PDLQO\ ORFDWHG LQ WKH
��� 0HGLWHUUDQHDQ 6HD DQG LWV VXUURXQGLQJ EDVLQV� WKH 1RUWK $WODQWLF DQG ,QGLDQ 2FHDQV� $ QRWDEOH
��� H[FHSWLRQ LV )* � EHFDXVH RI WKH ZLGHU GLVWULEXWLRQ RI 2LWKRQD VLPLOLV LQ SRODU RFHDQV� 6LPLODUO\�
��� WKH GLVWULEXWLRQ RI WKH HQYLURQPHQWDO SUHGLFWRUV DVVRFLDWHG ZLWK WKH PRQWKO\ SUHVHQFH RI VSHFLHV
��� ODUJHO\ RYHUODSV EHWZHHQ )*V �$SSHQGL[ 6��� VXJJHVWLQJ WKDW WKH GLIIHUHQFHV REVHUYHG LQ QLFKH
��� VSDFH �)LJ� �� UHVXOW IURP WKH GLIIHUHQWLDO VHJUHJDWLRQ RI WKH )* SUHVHQFH GDWD LQ JHRJUDSKLFDO
��� DQG�RU HQYLURQPHQWDO VSDFH�
��� %DVHG RQ WKHVH ILQGLQJV� ZH DQWLFLSDWH WKDW FDUQLYRURXV )*V VKRXOG GRPLQDWH FRPPXQLW\
��� FRPSRVLWLRQ LQ WURSLFDO FRQGLWLRQV� ZKLOVW VPDOO DPEXVK�IHHGLQJ RPQLYRUHV �2LWKRQD VSS��� ODUJH
��� FXUUHQW�IHHGLQJ KHUELYRUHV DQG VRPH VPDOOHU FXUUHQW�IHHGLQJ KHUELYRUHV VKRXOG SUHYDLO LQ
��� WHPSHUDWH� VXESRODU DQG SRODU RFHDQV� 2XU UHVXOWV DUH LQ OLQH ZLWK WKRVH RI :RRGG�:DONHU� :DUG
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��� 	 &ODUNH ������ ZKR IRXQG D KLJKHU SURSRUWLRQ RI FDUQLYRURXV FRSHSRGV DW ORZHU ODWLWXGHV�
��� UHODWLYH WR KHUELYRURXV DQG RPQLYRURXV FRSHSRGV� 3ULPDU\ SURGXFWLRQ LV ORZ LQ ZDUPHU VHDV� VR
��� WKHUH LV D FOHDU HFRORJLFDO DGYDQWDJH LQ VSHFLDOL]LQJ RQ IRRG VRXUFHV RWKHU WKDQ SK\WRSODQNWRQ�
��� $OWHUQDWLYHO\� VSHFLHV WKDW SULPDULO\ JUD]H RQ SK\WRSODQNWRQ DQG VWRUH OLSLGV� VXFK DV PDQ\ ODUJH
��� &DODQRLGD �%DUWRQ HW DO�� ����� DUH GLVDGYDQWDJHG XQGHU WURSLFDO FRQGLWLRQV� 2XU UHVXOWV DUH DOVR
��� LQ DJUHHPHQW ZLWK $WNLQVRQ ������� ZKR REVHUYHG WKDW WKH VWURQJ VHDVRQDOLW\ LQ IRRG DYDLODELOLW\
��� DW KLJK ODWLWXGHV IDYRXUV WZR W\SHV RI OLIH KLVWRU\ VWUDWHJLHV� �L� VPDOO JHQHUDOLVWV �W\SLILHG E\
��� 2LWKRQD VSS�� WKDW SUHVHQW H[WHQGHG IHHGLQJ SHULRGV WKDQNV WR D ZLGH UDQJH RI IHHGLQJ
��� PHFKDQLVPV DQG SUH\V �&DVWHOODQL� ,ULJRLHQ� +DUULV 	 /DPSLWW� ������ DQG �LL� ODUJHU KHUELYRURXV
��� OLSLG�VWRULQJ VSHFLHV �W\SLILHG E\ &DODQXV DQG RWKHU ODUJH &DODQRLGD� WKDW DUH DEOH WR HQWHU
��� GLDSDXVH DW JUHDWHU GHSWK IRU RYHUZLQWHULQJ� 7KLV LV LQ OLQH ZLWK WKH DVVRFLDWLRQ RI ODUJH FXUUHQW�
��� IHHGHUV ZLWK FROGHU DQG PRUH SURGXFWLYH FRQGLWLRQV�
���
��� ,PSOLFDWLRQV IRU HFRV\VWHP IXQFWLRQV DQG PRGHOOLQJ�
��� %DVHG RQ RXU DQDO\VHV ZH UHFRPPHQG WKH LQWHJUDWLRQ RI VHOHFWHG� REVHUYDWLRQ�EDVHG ]RRSODQNWRQ
��� IXQFWLRQDO JURXSV LQ UHJLRQDO WR JOREDO PDULQH HFRV\VWHP PRGHOV WR EHWWHU UHSUHVHQW WKH GLYHUVLW\
��� RI SODQNWRQ DQG WKHLU IXQFWLRQDO UROHV LQ HFRV\VWHPV �/H 4XpUp HW DO�� ������ $W SUHVHQW� FRSHSRGV
��� DUH UHSUHVHQWHG E\ WKH PHVR]RRSODQNWRQ FRPSDUWPHQW LQ PRVW PRGHOV� D VL]H FODVV WKDW ZDV
��� LQFOXGHG GXH WR LWV LPSRUWDQW UROH LQ WKH FDUERQ F\FOH YLD WKH IRUPDWLRQ RI SDUWLFXODWH RUJDQLF
��� PDWWHU� DQG LWV OLQN EHWZHHQ SK\WRSODQNWRQ DQG KLJKHU WURSKLF OHYHOV �/H 4XpUp HW DO�� ������ ,Q
��� FXUUHQW PRGHOV� WKH PHVR]RRSODQNWRQ JURXS KDV D IL[HG WURSKLF OHYHO DQG FRPSULVHV JURXSV ZLWK
��� GLIIHUHQW WURSKLF OHYHOV DQG GLVWLQFW WUDLWV� 6XFK D VLPSOLVWLF UHSUHVHQWDWLRQ SUHYHQWV DQ DFFRXQWLQJ
��� RI IRRG�ZHE G\QDPLFV LQYROYLQJ PXOWL�WURSKLF LQWHUDFWLRQV DQG HQHUJ\ WUDQVIHU IURP WKH ILUVW
��� WURSKLF OHYHO XSZDUGV WKURXJK PXOWLSOH FKDQQHOV� ZLWK SRWHQWLDOO\ GLIIHUHQW WLPH VFDOHV DQG
��� WUDQVIHU UDWHV� $ UHFHQW VWXG\ GHPRQVWUDWHV WKH LPSRUWDQFH RI ]RRSODQNWRQ IRRG ZHE LQWHUDFWLRQV
��� IRU HFRV\VWHP FKDUDFWHULVWLFV LQ D PRGHO ZLWK KLJKHU KHWHURWURSK FRPSOH[LW\ �/H 4XpUp HW DO��
��� ������ 7KH DXWKRUV VXJJHVW WKDW WKH LQFOXVLRQ RI PXOWLSOH ]RRSODQNWRQ WD[D DW GLIIHUHQW WURSKLF
��� OHYHOV� DQG ZLWK GLIIHUHQW SK\VLRORJLFDO DQG EHKDYLRUDO FKDUDFWHULVWLFV� PD\ EH D SURPLVLQJ
��� DYHQXH LQ RUGHU WR LPSURYH WKH UHSUHVHQWDWLRQ RI PDULQH HFRV\VWHP G\QDPLFV LQ D PRUH UHDOLVWLF
��� ZD\� 2XU UHVXOWV FRQILUP WKHVH ILQGLQJV DQG VKRZ WKDW HYHQ ZLWKLQ D VLQJOH VL]H FODVV� WKH
��� DYDLODEOH IXQFWLRQDO WUDLW GDWD LV QRZ DPSOH HQRXJK WR LQIRUP WKH REVHUYDWLRQ�EDVHG GHILQLWLRQ RI
��� IXQFWLRQDO JURXSV EDVHG RQ SK\VLRORJLFDO DQG EHKDYLRXUDO FKDUDFWHULVWLFV�
��� 7KH GHOLQHDWLRQ RI )*V SUHVHQWHG KHUH LV UHOHYDQW IRU 0HGLWHUUDQHDQ DQG JOREDO HFRV\VWHP
��� PRGHOV EHFDXVH )*V �L� SOD\ GLIIHUHQW UROHV LQ IRRG ZHEV� �LL� DUH FKDUDFWHUL]HG E\ GLIIHUHQW�
��� WKRXJK RYHUODSSLQJ� HQYLURQPHQWDO DQG SK\VLRORJLFDO UHTXLUHPHQWV� DQG �LLL� LPSDFW WKH
��� DEXQGDQFH RI RWKHU 3)7V DQG HQHUJ\ DQG PDWWHU WUDQVIHU SDWWHUQV ZLWKLQ PDULQH IRRG�ZHEV
��� �+RRG HW DO�� ����� /H 4XpUp HW DO�� ������ &XUUHQW�IHHGLQJ KHUELYRUHV SULPDULO\ JUD]H XSRQ WKH
��� SK\WRSODQNWRQ DQG WKH SURWR]RRSODQNWRQ DQG WKHQ DUH SUH\HG XSRQ E\ SUHGDWRUV �L�H� FDUQLYRURXV
��� FRSHSRGV RU ILVKHV� /\QDP HW DO�� ������ &DUQLYRURXV )*V FRQWULEXWH WR WKH WRS�GRZQ FRQWURO RI



��

��� RWKHU )*V� 7KH GHWULWLYRUHV JUD]H XSRQ SDUWLFXODWH RUJDQLF PDWWHU� WKHUHIRUH DIIHFWLQJ LWV UH�
��� PLQHUDOL]DWLRQ DQG DWWHQXDWLRQ DW GHSWK �1LVKLEH HW DO�� ������
���
��� &DYHDWV DQG UREXVWQHVV RI RXU VWXG\�
��� ,Q WKLV VWXG\� DOO QLFKH FKDUDFWHULVWLFV ZHUH GHULYHG IURP *$0V� RQH RI WKH PDQ\ H[LVWLQJ (10V
��� �0HURZ HW DO�� ������ (10 FKRLFH LV WKH SULPDU\ FDXVH RI XQFHUWDLQW\ LQ QLFKH PRGHO SURMHFWLRQV
��� �'LQL]�)LOKR HW DO�� ����� *DUFLD� %XUJHVV� &DEH]D� 5DKEHN� $UD~MR 	 ����� %HQHGHWWL HW DO��
��� ����� DQG LV WKHUHIRUH OLNHO\ WR EH WKH ODUJHVW XQFHUWDLQW\ IDFWRU LQ RXU QLFKH SDUDPHWHUV� :H
��� YLVXDOO\ FRPSDUHG WKH UHVSRQVH FXUYHV ZLWK WKRVH REWDLQHG IURP JHQHUDOL]HG OLQHDU PRGHOV
��� �*/0V�� PD[LPXP HQWURS\ �0D[(QW� 3KLOOLSV� $QGHUVRQ 	 6FKDSLUH� ������ IOH[LEOH
��� GLVFULPLQDQW DQDO\VLV �)'$�� PXOWLYDULDWH DGDSWLYH UHJUHVVLRQ VSOLQHV �0$56�� QHXUDO QHWZRUN
��� DQDO\VLV �$11�� FODVVLILFDWLRQ WUHH DQDO\VLV �&7$�� ERRVWHG UHJUHVVLRQ WUHHV �%57� DQG UDQGRP
��� IRUHVW �5)�� 0RVW RI WKHVH PRGHOV �*/0V� )'$� 0$56 DQG 0D[(QW� JHQHUDWHG UHVSRQVH FXUYHV
��� ZLWK VKDSHV VLPLODU WR WKRVH REWDLQHG IURP *$0V� ZKLOH GHYLDWLRQV LQ FHUWDLQ PRGHOV �&7$�
��� %57� ZHUH H[SODLQHG E\ PHWKRGRORJLFDO UHDVRQV� WKXV VXJJHVWLQJ WKDW RXU UHVXOWV DUH UREXVW WR
��� PRGHO FKRLFH �$SSHQGL[ 6�� DQG PRGHO VHW�XS�
��� $OWKRXJK RXU WUDLWV VSDQ GLYHUVH W\SHV DQG IXQFWLRQV� PDQ\ RWKHU TXDQWLWDWLYH DQG TXDOLWDWLYH
��� IXQFWLRQDO WUDLWV H[LVW IRU ]RRSODQNWRQ �/LWFKPDQ HW DO�� ������ 2XU FKRLFH RI WUDLWV ZDV OLPLWHG E\
��� WKH DPRXQW RI DYDLODEOH LQIRUPDWLRQ IRU PRUH WKDQ ��� VSHFLHV WKDW DUH UHSUHVHQWDWLYH RI
��� 0HGLWHUUDQHDQ SODQNWRQLF HFRV\VWHPV� ,Q VSLWH RI WKH JURZLQJ OLWHUDWXUH SXEOLVKLQJ WUDLW WDEOHV IRU
��� ]RRSODQNWRQ� SK\VLRORJLFDO UDWHV DUH VWLOO RQO\ PHDVXUHG IRU D VPDOO SRRO RI FDODQRLG FRSHSRGV
��� �.L¡UERH 	 +LUVW� ����� +pEHUW HW DO�� ����� %UXQ HW DO�� ������ 8OWLPDWHO\� WKH LGHQWLILHG )*V
��� DQG WKH FRYHUHG UDQJH RI WUDLW YDOXHV GHSHQG RQ WKH VSHFLHV SRRO VWXGLHG� ,Q WKH SUHVHQW
��� IUDPHZRUN� PLVVLQJ IXQFWLRQDO WUDLW YDOXHV KDYH UHODWLYHO\ PLQRU LPSDFW RQ WKH )*V GHILQLWLRQ
��� EHFDXVH VSHFLHV ZLWK PRUH WKDQ WZR PLVVLQJ WUDLWV DUH WUHDWHG DV VXSSOHPHQWDU\ REMHFWV LQ WKH
��� 0&$� PHDQLQJ WKH\ DUH SODFHG LQ WKH IXQFWLRQDO VSDFH D SRVWHULRUL DQG DFFRUGLQJ WR WKHLU
��� VLPLODULW\ ZLWK WKH IXOO\�LQIRUPHG VSHFLHV �%HQHGHWWL HW DO�� ������ $ VSHFLHV ZLWK RQO\ RQH
��� LQIRUPHG WUDLW ZLOO GHYLDWH IURP WKH FHQWHU RI WKH 0&$ VSDFH RQO\ DORQJ WKH GLPHQVLRQV WKDW DUH
��� VFRUHG E\ WKLV YHU\ WUDLW� ,JQRULQJ UDUH VSHFLHV ZDV QHFHVVDU\ LQ RXU VWXG\ VLQFH WKRVH ODUJHO\ ODFN
��� ERWK WUDLW LQIRUPDWLRQ DQG GLVWULEXWLRQ GDWD� 7KH VSHFLHV ZLWK VHYHUDO PLVVLQJ WUDLW YDOXHV VWXGLHG
��� KHUH DUH DOVR WKRVH OHVV IUHTXHQWO\ VDPSOHG LQ WKH 0HGLWHUUDQHDQ 6HD �5D]RXOV HW DO�� ����������
��� 0D]]RFFKL HW DO�� ������ $SDUW IURP WKH VSHFLHV EHORQJLQJ WR WKH 6LSKRVWRPDWRLGD RUGHU� ZKLFK
��� DUH PRVWO\ VHPL�SDUDVLWLF� LW LV XQOLNHO\ WKDW LQFOXGLQJ UDUH VSHFLHV ZRXOG DGG WUDLW FRPELQDWLRQV
��� WKDW DUH FRPSOHWHO\ QRYHO FRPSDUHG WR WKH RQHV FRYHUHG KHUH� $V UDUHU FRSHSRG VSHFLHV DUH PXFK
��� OHVV DEXQGDQW LQ WKH SODQNWRQ� LW LV DOVR XQOLNHO\ WKDW WKH\ SOD\ DQ HTXDOO\ VLJQLILFDQW UROH LQ
��� 0HGLWHUUDQHDQ HFRV\VWHP IXQFWLRQLQJ WKDQ WKH VSHFLHV VWXGLHG KHUH� +RZHYHU� ZH DFNQRZOHGJH
��� WKDW LW UHPDLQV WR EH WHVWHG KRZ DFFRXQWLQJ IRU DGGLWLRQDO VSHFLHV� RU FODGHV� ZRXOG FKDQJH WKH
��� GLVWULEXWLRQ RI )*V LQ QLFKH VSDFH�
��� $OWKRXJK FRSHSRGV UHSUHVHQW WKH ODUJHVW IUDFWLRQ RI ELRPDVV DQG GLYHUVLW\ LQ WKH 0HGLWHUUDQHDQ
��� ]RRSODQNWRQ �6LRNRX�)UDQJRX HW DO�� ������ QRW DFFRXQWLQJ IRU RWKHU WD[D� VXFK DV SWHURSRGV�
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��� FKDHWRJQDWKV� VDOSV DQG DSSHQGLFXODULDQV� PD\ SRWHQWLDOO\ LJQRUH LPSRUWDQW HFRORJLFDO IXQFWLRQV
��� SHUIRUPHG E\ WKHVH RWKHU JURXSV� 7KH QH[W VWHS ZLOO EH WR HQODUJH WKH VSHFLHV SRRO WR WKH
��� GRPLQDQW WD[D RI RWKHU EDVLQV WR WHVW ZKHWKHU RXU ILQGLQJV DSSO\ WR ]RRSODQNWRQ FRPPXQLWLHV
��� ZRUOGZLGH�
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��� 5HIHUHQFHV
��� $OOGUHGJH� $� /� ������� $EDQGRQHG ODUYDFHDQ KRXVHV� D XQLTXH IRRG VRXUFH LQ WKH SHODJLF HQYLURQPHQW�
��� 6FLHQFH� ���������� ��������
���
��� $OORXFKH� 2�� 7VRDU $�� 	 .DGPRQ� 5� ������� $VVHVVLQJ WKH DFFXUDF\ RI VSHFLHV GLVWULEXWLRQ PRGHOV�
��� SUHYDOHQFH� NDSSD DQG WKH WUXH VNLOO VWDWLVWLF �766�� -RXUQDO RI $SSOLHG (FRORJ\� ������ ����������
���
��� $WNLQVRQ� $� ������� /LIH F\FOH VWUDWHJLHV RI HSLSHODJLF FRSHSRGV LQ WKH 6RXWKHUQ 2FHDQ� -RXUQDO RI
��� 0DULQH 6\VWHPV� ������ ��������
���
��� %DUEHW�0DVVLQ� 0�� -LJXHW )�� $OEHUW &� +�� 	 7KXLOOHU� :� ������� 6HOHFWLQJ SVHXGR�DEVHQFHV IRU VSHFLHV
��� GLVWULEXWLRQ PRGHOV� KRZ� ZKHUH DQG KRZ PDQ\" 0HWKRGV LQ (FRORJ\ DQG (YROXWLRQ� ����� ��������
���
��� %DUWRQ� $� '�� 3HUVKLQJ $� -�� /LWFKPDQ (�� 5HFRUG 1� 5�� (GZDUGV .� )�� )LQNHO =� 9�� .L¡UERH 7�� 	
��� :DUG� %� $� ������� 7KH ELRJHRJUDSK\ RI PDULQH SODQNWRQ WUDLWV� (FRORJ\ /HWWHUV� ������ ��������
���
��� %HDXJUDQG� *�� %UDQGHU .� 0�� /LQGOH\ -� $�� 6RXLVVL 6�� 	 5HLG� 3� &� ������� 3ODQNWRQ HIIHFW RQ FRG
��� UHFUXLWPHQW LQ WKH 1RUWK 6HD� 1DWXUH� ���������� ��������
���
��� %HDXJUDQG� *�� 	 .LUE\� 5� 5� ������� &OLPDWH� SODQNWRQ DQG FRG� *OREDO &KDQJH %LRORJ\� ������ �����
��� �����
���
��� %HDXJUDQG� *�� 0DFNDV '�� 	 *REHUYLOOH� (� ������� $SSO\LQJ WKH FRQFHSW RI WKH HFRORJLFDO QLFKH DQG D
��� PDFURHFRORJLFDO DSSURDFK WR XQGHUVWDQG KRZ FOLPDWH LQIOXHQFHV ]RRSODQNWRQ� DGYDQWDJHV� DVVXPSWLRQV�
��� OLPLWDWLRQV DQG UHTXLUHPHQWV� 3URJUHVV LQ 2FHDQRJUDSK\� ���� ������
���
��� %HQHGHWWL� )� ������� 0HGLWHUUDQHDQ FRSHSRGV
 IXQFWLRQDO WUDLWV� ,Q� 6XSSOHPHQW WR� %HQHGHWWL�
��� )DELR� *DVSDULQL� 6WpSKDQH� $\DWD� 6DNLQD�'RURWKÊH ������� ,GHQWLI\LQJ FRSHSRG IXQFWLRQDO JURXSV IURP VSHFLHV
��� IXQFWLRQDO WUDLWV� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������ �������� KWWSV���GRL�RUJ���������SODQNW�IEY����
��� 3$1*$($
���
��� %HQHGHWWL� )�� *DVSDULQL 6�� 	 $\DWD� 6�'� ������� ,GHQWLI\LQJ FRSHSRG IXQFWLRQDO JURXSV IURP VSHFLHV
��� IXQFWLRQDO WUDLWV� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������ ��������
���
��� %HQHGHWWL� )�� *XLOKDXPRQ )�� $GORII )�� 	 $\DWD� 6�'� ������� ,QYHVWLJDWLQJ XQFHUWDLQWLHV LQ ]RRSODQNWRQ
��� FRPSRVLWLRQ VKLIWV XQGHU FOLPDWH FKDQJH VFHQDULRV LQ WKH 0HGLWHUUDQHDQ 6HD� (FRJUDSK\� GRL�
��� ��������HFRJ�������
���
��� %RQQHW� '�� 5LFKDUGVRQ $�� +DUULV 5�� +LUVW $�� %HDXJUDQG *�� (GZDUGV 0�� &HEDOORV 6�� 'LHNPDQ 5��
��� /RSH]�8UUXWLD $�� 	 9DOGHV� /� ������� $Q RYHUYLHZ RI &DODQXV KHOJRODQGLFXV HFRORJ\ LQ (XURSHDQ
��� ZDWHUV� 3URJUHVV LQ 2FHDQRJUDSK\� ������ �����
���
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��� %UXQ� 3�� 9RJW 0�� 3D\QH 0� 5�� *UXEHU 1�� 2
%ULHQ &� -�� %XLWHQKXLV (� 7�� /H 4XpUp &�� /HEODQF .�� 	
��� /XR� <� :� ������� (FRORJLFDO QLFKHV RI RSHQ RFHDQ SK\WRSODQNWRQ WD[D� /LPQRORJ\ DQG 2FHDQRJUDSK\�
��� ������ ����������
���
��� %UXQ� 3�� .L¡UERH 7�� /LFDQGUR 3�� 	 3D\QH� 0� 5� ������� 7KH SUHGLFWLYH VNLOO RI VSHFLHV GLVWULEXWLRQ
��� PRGHOV IRU SODQNWRQ LQ D FKDQJLQJ FOLPDWH� *OREDO &KDQJH %LRORJ\� ������ ����������
���
��� %UXQ� 3�� 3D\QH 0� 5�� 	 .L¡UERH� 7� ������� 7UDLW ELRJHRJUDSK\ RI PDULQH FRSHSRGV±DQ DQDO\VLV DFURVV
��� VFDOHV� (FRORJ\ /HWWHUV� ������� ����������
���
��� %UXQ� 3�� 3D\QH 0� 5�� 	 .L¡UERH� 7� ������� $ WUDLW GDWDEDVH IRU PDULQH FRSHSRGV� (DUWK 6\VWHP 6FLHQFH
��� 'DWD� �� ������� GRL� ��������HVVG���������
���
��� %XLWHQKXLV� (�� 9RJW 0�� 0RULDUW\ 5�� %HGQDUVHN 1�� 'RQH\ 6�� /HEODQF .�� /H 4XpUp &�� /XR <��:��
��� 2
%ULHQ &�� 	 2
%ULHQ� 7� ������� 0$5('$7� WRZDUGV D ZRUOG DWODV RI 0$5LQH (FRV\VWHP '$7D�
��� (DUWK 6\VWHP 6FLHQFH 'DWD� �� ��������
���
��� &DVWHOODQL� &�� ,ULJRLHQ ;�� +DUULV 5� 3�� 	 /DPSLWW� 5� 6� ������� )HHGLQJ DQG HJJ SURGXFWLRQ RI 2LWKRQD
��� VLPLOLV LQ WKH 1RUWK $WODQWLF� 0DULQH (FRORJ\ 3URJUHVV 6HULHV� ���� ��������
���
��� &DVWHOODQL� &�� /LFDQGUR 3�� )LOHPDQ (�� 'L &DSXD ,�� 	 0D]]RFFKL� 0� *� ������� 2LWKRQD VLPLOLV OLNHV LW
��� FRRO� HYLGHQFH IURP WZR ORQJ�WHUP WLPH VHULHV� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������ ��������
���
��� &KHIDRXL� 5� 0�� 	 /RER� -� 0� ������� $VVHVVLQJ WKH HIIHFWV RI SVHXGR�DEVHQFHV RQ SUHGLFWLYH
��� GLVWULEXWLRQ PRGHO SHUIRUPDQFH� (FRORJLFDO 0RGHOOLQJ� ������� ��������
���
��� &KXVW� *�� &DVWHOODQL &�� /LFDQGUR 3�� ,EDLEDUULDJD /�� 6DJDUPLQDJD <�� 	 ,ULJRLHQ� ;� ������� $UH
��� &DODQXV VSS� VKLIWLQJ SROHZDUG LQ WKH 1RUWK $WODQWLF" $ KDELWDW PRGHOOLQJ DSSURDFK� ,&(6 -RXUQDO RI
��� 0DULQH 6FLHQFH� -RXUQDO GX &RQVHLO� ������ ��������
���
��� &ROZHOO� 5� .�� 	 5DQJHO� 7� )� ������� +XWFKLQVRQ
V GXDOLW\� WKH RQFH DQG IXWXUH QLFKH� 3URFHHGLQJV RI
��� WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV� ����6XSSOHPHQW ��� ������������
���
��� GH %R\HU 0RQWpJXW� &�� 0DGHF *�� )LVFKHU $� 6�� /D]DU $�� 	 ,XGLFRQH� '� ������� 0L[HG OD\HU GHSWK
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��� 5|PHUPDQQ &�� 	 6FKU|GHU� %� ������� &RUUHODWLRQ DQG SURFHVV LQ VSHFLHV GLVWULEXWLRQ PRGHOV� EULGJLQJ D
��� GLFKRWRP\� -RXUQDO RI %LRJHRJUDSK\� ������� ����������
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��� +pEHUW� 0�3�� %HLVQHU %� (�� 	 0DUDQJHU� 5� ������� /LQNLQJ ]RRSODQNWRQ FRPPXQLWLHV WR HFRV\VWHP
��� IXQFWLRQLQJ� WRZDUG DQ HIIHFW�WUDLW IUDPHZRUN� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ��� �����
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��� +RRII� 5�&� 	 3HWHUVRQ� :�7� ������� &RSHSRG ELRGLYHUVLW\ DV DQ LQGLFDWRU RI FKDQJHV LQ RFHDQ DQG FOLPDWH
��� FRQGLWLRQV RI WKH QRUWKHUQ &DOLIRUQLD FXUUHQW HFRV\VWHP� /LPQRORJ\ DQG 2FHDQRJUDSK\� ��� ����������
���
��� +XVVRQ� )�� /r 6�� 	 3DJqV� -� ������� ([SORUDWRU\ PXOWLYDULDWH DQDO\VLV E\ H[DPSOH XVLQJ 5� &5& SUHVV�
��� 7D\ORU 	 )UDQFLV *URXS� 8QLWHG 6WDWHV RI $PHULFD�
���
��� +XVVRQ� )�� -RVVH� -�� /r� 6� 	 0D]HW� -� ������� 3DFNDJH µ)DFWR0LQH5¶� 0XOWLYDULDWH ([SORUDWRU\ 'DWD $QDO\VLV
��� DQG 'DWD 0LQLQJ� KWWS���FUDQ� U�SURMHFW� RUJ�ZHE�SDFNDJHV�)DFWR0LQH5�)DFWR0LQH5�SGI
���
��� ,UZLQ� $� -�� 1HOOHV� $� 0�� 	 )LQNHO� =� 9� ������� 3K\WRSODQNWRQ QLFKHV HVWLPDWHG IURP ILHOG GDWD� /LPQRORJ\
��� DQG 2FHDQRJUDSK\� ������ ��������
���



��

��� -yQDVGyWWLU� 6� +�� 9LVVHU $� :�� 5LFKDUGVRQ .�� 	 +HDWK� 0� 5� ������� 6HDVRQDO FRSHSRG OLSLG SXPS
��� SURPRWHV FDUERQ VHTXHVWUDWLRQ LQ WKH GHHS 1RUWK $WODQWLF� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI
��� 6FLHQFHV� �������� ������������
���
��� -|QVVRQ� %� )�� 	 :DWVRQ� -� 5� ������� 7KH WLPHVFDOHV RI JOREDO VXUIDFH�RFHDQ FRQQHFWLYLW\� 1DWXUH
��� &RPPXQLFDWLRQV� �� ������
���
��� .L¡UERH� 7� �����D�� :KDW PDNHV SHODJLF FRSHSRGV VR VXFFHVVIXO" -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������
��� ��������
���
��� .L¡UERH� 7� �����E�� +RZ ]RRSODQNWRQ IHHG� PHFKDQLVPV� WUDLWV DQG WUDGH�RIIV� %LRORJLFDO 5HYLHZV�
��� ������ ��������
���
��� .L¡UERH� 7�� 	 +LUVW� $� *� ������� 6KLIWV LQ PDVV VFDOLQJ RI UHVSLUDWLRQ� IHHGLQJ� DQG JURZWK UDWHV DFURVV
��� OLIH�IRUP WUDQVLWLRQV LQ PDULQH SHODJLF RUJDQLVPV� 7KH $PHULFDQ 1DWXUDOLVW� ������� (����(����
���
��� .LVKL� 0� -�� .DVKLZDL 0�� :DUH '� 0�� 0HJUH\ %� $�� (VOLQJHU '� /�� :HUQHU )� (�� 1RJXFKL�$LWD 0��
��� $]XPD\D 7�� )XMLL 0�� 	 +DVKLPRWR� 6� ������� 1(0852²D ORZHU WURSKLF OHYHO PRGHO IRU WKH 1RUWK
��� 3DFLILF PDULQH HFRV\VWHP� (FRORJLFDO 0RGHOOLQJ� ������� ������
���
��� .UXVNDO� :� +�� 	 :DOOLV� :� $� ������� 8VH RI UDQNV LQ RQH�FULWHULRQ YDULDQFH DQDO\VLV� -RXUQDO RI WKH
��� $PHULFDQ VWDWLVWLFDO $VVRFLDWLRQ� �������� ��������
���
��� /HJHQGUH� 3�� 	 /HJHQGUH� /� ������� 1XPHULFDO HFRORJ\� �UG (QJOLVK (GLWLRQ� (OVHYLHU 6FLHQFH %9�
��� $PVWHUGDP�
���
��� /H 4XpUp� &�� +DUULVRQ 6� 3�� &ROLQ 3UHQWLFH ,�� %XLWHQKXLV (� 7�� $XPRQW 2�� %RSS /�� &ODXVWUH +��
��� &RWULP 'D &XQKD /�� *HLGHU 5�� 	 *LUDXG� ;� ������� (FRV\VWHP G\QDPLFV EDVHG RQ SODQNWRQ IXQFWLRQDO
��� W\SHV IRU JOREDO RFHDQ ELRJHRFKHPLVWU\ PRGHOV� *OREDO &KDQJH %LRORJ\� ������� ����������
���
��� /H 4XpUp� &�� %XLWHQKXLV (� 7�� 0RULDUW\ 5�� $OYDLQ 6�� $XPRQW 2�� %RSS /�� &KROOHW 6�� (QULJKW &��
��� )UDQNOLQ '� -�� *HLGHU 5� -�� +DUULVRQ 6� 3�� +LUVW $� *�� /DUVHQ 6�� /HJHQGUH /�� 3ODWW 7�� 3UHQWLFH ,� &��
��� 5LYNLQ 5� %�� 6DLOOH\ 6�� 6DWK\HQGUDQDWK 6�� 6WHSKHQV 1�� 9RJW 0�� 	 9DOOLQD� 6� 0� ������� 5ROH RI
��� ]RRSODQNWRQ G\QDPLFV IRU 6RXWKHUQ 2FHDQ SK\WRSODQNWRQ ELRPDVV DQG JOREDO ELRJHRFKHPLFDO F\FOHV�
��� %LRJHRVFLHQFHV� ������� ����������
���
��� /LWFKPDQ� (�� 2KPDQ 0� '�� 	 .L¡UERH� 7� ������� 7UDLW�EDVHG DSSURDFKHV WR ]RRSODQNWRQ FRPPXQLWLHV�
��� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������ ��������
���
��� /\QDP� &� 3�� /ORSH 0�� 0|OOPDQQ &�� +HODRXsW 3�� %D\OLVV�%URZQ *� $�� 	 6WHQVHWK� 1� &� �������
��� ,QWHUDFWLRQ EHWZHHQ WRS�GRZQ DQG ERWWRP�XS FRQWURO LQ PDULQH IRRG ZHEV� 3URFHHGLQJV RI WKH 1DWLRQDO
��� $FDGHP\ RI 6FLHQFHV� ������� ����������
���
��� 0DXFKOLQH� -� ������� 7KH ELRORJ\ RI &DODQRLG FRSHSRGV� $FDGHPLF 3UHVV� 6DQ 'LHJR� &DOLIRUQLD� 86$�
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���
��� 0D]]RFFKL� 0�� 6LRNRX�)UDQJRX ,�� 7LUHOOL 9�� %DQGHOM 9�� GH 3XHOOHV 0� )�� gUHN <� $�� GH 2OD]DEDO $��
��� *XEDQRYD $�� .UHVV 1�� DQG 3URWRSDSD� 0� ������� 5HJLRQDO DQG VHDVRQDO FKDUDFWHULVWLFV RI HSLSHODJLF
��� PHVR]RRSODQNWRQ LQ WKH 0HGLWHUUDQHDQ 6HD EDVHG RQ DQ DUWLILFLDO QHXUDO QHWZRUN DQDO\VLV� -RXUQDO RI
��� 0DULQH 6\VWHPV� ���� ������
���
��� 0HURZ� &�� 6PLWK 0� -�� (GZDUGV 7� &�� *XLVDQ $�� 0F0DKRQ 6� 0�� 1RUPDQG 6�� 7KXLOOHU :�� :�HVW 5�
��� 2�� =LPPHUPDQQ 1� (�� 	 (OLWK� -� ������� :KDW GR ZH JDLQ IURP VLPSOLFLW\ YHUVXV FRPSOH[LW\ LQ VSHFLHV
��� GLVWULEXWLRQ PRGHOV" (FRJUDSK\� ������� ����������
���
��� 0RXFKHW� 0�� *XLOKDXPRQ )�� 9LOOpJHU 6�� 0DVRQ 1� :�� 7RPDVLQL -� $�� 	 0RXLOORW� '� ������� 7RZDUGV
��� D FRQVHQVXV IRU FDOFXODWLQJ GHQGURJUDP�EDVHG IXQFWLRQDO GLYHUVLW\ LQGLFHV� 2LNRV� ������� ��������
���
��� 1LVKLEH� <�� 7DNDKDVKL .�� ,FKLNDZD 7�� +LGDND .�� .XURJL +�� 6HJDZD .�� 	 6DLWR� +� �������
��� 'HJUDGDWLRQ RI GLVFDUGHG DSSHQGLFXODULDQ KRXVHV E\ RQFDHLG FRSHSRGV� /LPQRORJ\ DQG 2FHDQRJUDSK\�
��� ������ ��������
���
��� 2¶%ULHQ� 7� ������� &23(32'� $ JOREDO SODQNWRQ GDWDEDVH� 12$$ 7HFKQLFDO 0HPRUDQGXP 10)6�
��� )�632���� ���
���
��� 3DIIHQK|IHU� *�$� ������� 2Q WKH HFRORJ\ RI PDULQH F\FORSRLG FRSHSRGV �&UXVWDFHD� &RSHSRGD�� -RXUQDO
��� RI 3ODQNWRQ 5HVHDUFK� ������ ������
���
��� 3RPHUOHDX� &�� 6DVWUL $� 5�� 	 %HLVQHU� %� (� ������� (YDOXDWLRQ RI IXQFWLRQDO WUDLW GLYHUVLW\ IRU PDULQH
��� ]RRSODQNWRQ FRPPXQLWLHV LQ WKH 1RUWKHDVW VXEDUFWLF 3DFLILF 2FHDQ� -RXUQDO RI 3ODQNWRQ 5HVHDUFK� ������
��� ��������
���
��� 3KLOOLSV� 6� -�� $QGHUVRQ 5� 3�� 	 6FKDSLUH� 5� (� ������� 0D[LPXP HQWURS\ PRGHOOLQJ RI VSHFLHV
��� JHRJUDSKLF GLVWULEXWLRQV� (FRORJLFDO 0RGHOOLQJ� ������� ��������
���
��� 5 &RUH 7HDP ������� 5� $ ODQJXDJH DQG HQYLURQPHQW IRU VWDWLVWLFDO FRPSXWLQJ� 5 )RXQGDWLRQ IRU
��� 6WDWLVWLFDO &RPSXWLQJ� 9LHQQD� $XVWULD� 85/ KWWS���ZZZ�5�SURMHFW�RUJ�
���
��� 5D]RXOV &�� GH %RYpH )�� .RXZHQEHUJ -� 	 'HVUHXPDX[� 1� ������������ 'LYHUVLW\ DQG *HRJUDSKLF
��� 'LVWULEXWLRQ RI 0DULQH 3ODQNWRQLF &RSHSRGV� $YDLODEOH DW KWWS���FRSHSRGHV�REV�EDQ\XOV�IU�HQ�
���
��� 5H\JRQGHDX� *�� 	 %HDXJUDQG� *� ������� )XWXUH FOLPDWH�GULYHQ VKLIWV LQ GLVWULEXWLRQ RI &DODQXV
��� ILQPDUFKLFXV� *OREDO &KDQJH %LRORJ\� ������ ��������
���
��� 5RELQVRQ� /�� (OLWK -�� +REGD\ $�� 3HDUVRQ 5�� .HQGDOO %�� 3RVVLQJKDP +�� 	 5LFKDUGVRQ� $� �������
��� 3XVKLQJ WKH OLPLWV LQ PDULQH VSHFLHV GLVWULEXWLRQ PRGHOOLQJ� OHVVRQV IURP WKH ODQG SUHVHQW FKDOOHQJHV DQG
��� RSSRUWXQLWLHV� *OREDO (FRORJ\ DQG %LRJHRJUDSK\� ������ ��������
���
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��� 6LHEXUWK� -� 0�� 6PHWDFHN 9�� 	 /HQ]� -� ������� 3HODJLF HFRV\VWHP VWUXFWXUH� KHWHURWURSKLF FRPSDUWPHQWV
��� RI WKH SODQNWRQ DQG WKHLU UHODWLRQVKLS WR SODQNWRQ VL]H IUDFWLRQV� /LPQRORJ\ DQG 2FHDQRJUDSK\� ������
��� ����������
���
��� 6LRNRX�)UDQJRX� ,�� &KULVWDNL 8�� 0D]]RFFKL 0� *�� 0RQWUHVRU� 0�� 5LEHUD G
$OFDOD 0�� 9DTXp '�� 	
��� =LQJRQH� $� ������� 3ODQNWRQ LQ WKH RSHQ 0HGLWHUUDQHDQ 6HD� D UHYLHZ� %LRJHRVFLHQFHV� ����� ����������
���
��� 7KH 0HU0H[ *URXS ������� 0DULQH HFRV\VWHPV
 UHVSRQVHV WR FOLPDWLF DQG DQWKURSRJHQLF IRUFLQJV LQ WKH
��� 0HGLWHUUDQHDQ� 3URJUHVV LQ 2FHDQRJUDSK\� ������ �������
���
��� 7KXLOOHU� :�� %URWRQV /�� $UD�MR 0� %�� 	 /DYRUHO� 6� ������� (IIHFWV RI UHVWULFWLQJ HQYLURQPHQWDO UDQJH
��� RI GDWD WR SURMHFW FXUUHQW DQG IXWXUH VSHFLHV GLVWULEXWLRQV� (FRJUDSK\� ������ ��������
���
��� 7XUQHU� -� 7� ������� =RRSODQNWRQ IHFDO SHOOHWV� PDULQH VQRZ DQG VLQNLQJ SK\WRSODQNWRQ EORRPV� $TXDWLF
��� 0LFURELDO (FRORJ\� ������ �������
���
��� 7XUQHU� -� 7� ������� =RRSODQNWRQ IHFDO SHOOHWV� PDULQH VQRZ� SK\WRGHWULWXV DQG WKH RFHDQ¶V ELRORJLFDO
��� SXPS� 3URJUHVV LQ 2FHDQRJUDSK\� ���� ��������
���
��� 9HULW\� 3�� 	 6PHWDFHN� 9� ������� 2UJDQLVP OLIH F\FOHV� SUHGDWLRQ� DQG WKH VWUXFWXUH RI PDULQH SHODJLF
��� HFRV\VWHPV� 0DULQH (FRORJ\ 3URJUHVV 6HULHV� ���� ��������
���
��� 9LOODULQR� (�� &KXVW *�� /LFDQGUR 3�� %XWHQVFK|Q 0�� ,EDLEDUULDJD /�� /DUUDxDJD $�� 	 ,ULJRLHQ� ;� �������
��� 0RGHOOLQJ WKH IXWXUH ELRJHRJUDSK\ RI 1RUWK $WODQWLF ]RRSODQNWRQ FRPPXQLWLHV LQ UHVSRQVH WR FOLPDWH
��� FKDQJH� 0DULQH (FRORJ\ 3URJUHVV 6HULHV� ���� ��������
���
��� 9LROOH� &�� 1DYDV 0� /�� 9LOH '�� .D]DNRX (�� )RUWXQHO &�� +XPPHO ,�� 	 *DUQLHU� (� ������� /HW WKH
��� FRQFHSW RI WUDLW EH IXQFWLRQDO� 2LNRV� ������� ��������
���
��� 9LVVHU� $� :�� *U¡QQLQJ -�� 	 -yQDVGyWWLU� 6� +� ������� &DODQXV K\SHUERUHXV DQG WKH OLSLG SXPS� /LPQRORJ\ DQG
��� 2FHDQRJUDSK\� ������ ����������
���
��� :RRGG�:DONHU� 5� 6�� :DUG 3�� 	 &ODUNH� $� ������� /DUJH�VFDOH SDWWHUQV LQ GLYHUVLW\ DQG FRPPXQLW\
��� VWUXFWXUH RI VXUIDFH ZDWHU FRSHSRGV IURP WKH $WODQWLF 2FHDQ� 0DULQH (FRORJ\ 3URJUHVV 6HULHV� ���� ����
��� ����
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��� %LRVNHWFK
��� )DELR %HQHGHWWL LV FXUUHQWO\ D SRVW�GRF DW WKH 2EVHUYDWRLUH 2FpDQRORJLTXH GH 9LOOHIUDQFKH�VXU�
��� 0HU ZKHUH KH LV VWXG\LQJ ]RRSODQNWRQ WUDLW ELRJHRJUDSK\ DW PXOWLSOH VFDOHV� +LV PDLQ UHVHDUFK
��� LQWHUHVWV IRFXV RQ WKH FR�YDULDWLRQ RI ELRGLYHUVLW\ FRPSRQHQWV ZLWK HQYLURQPHQWDO JUDGLHQWV DQG
��� KRZ WKHVH DIIHFW HFRV\VWHP SURFHVVHV VLPXOWDQHRXVO\�
��� $XWKRU FRQWULEXWLRQV� )�%� JDWKHUHG WKH ELRORJLFDO GDWD DQG GHVLJQHG WKH VWXG\ ZLWK 0�9� DQG 6�
��� '�$� '�5� SURYLGHG WKH HQYLURQPHQWDO OD\HUV� DQG KHOSHG LQ RSWLPL]LQJ WKH PHWKRGV ZLWK )�*�
��� )�%� OHG WKH ZULWLQJ RI WKH PDQXVFULSW WKDW DOO FR�DXWKRUV FRQWULEXWHG WR�



��

��� )LJXUH /HJHQGV
��� )LJXUH �� )ORZFKDUW GHVFULELQJ WKH PDLQ VWHSV RI WKH PHWKRGRORJ\ IRU WKH SUHVHQW VWXG\� )URP
��� WKH WRS WR WKH ERWWRP� WKH OHIW�KDQG VLGH VKRZV KRZ WKH VSHFLHV IXQFWLRQDO WUDLWV WDEOH ZDV XVHG WR
��� GHILQH IXQFWLRQDO JURXSV IURP D PXOWLYDULDWH IXQFWLRQDO VSDFH� 7KH ULJKW�KDQG VLGH VKRZV KRZ
��� HQYLURQPHQWDO QLFKH PRGHOOLQJ ZDV SHUIRUPHG WR TXDQWLI\ WKH VSHFLHV¶ HQYLURQPHQWDO
��� SUHIHUHQFHV �L�H� QLFKH SDUDPHWHUV�� 7KH QLFKH SDUDPHWHUV ZHUH VHOHFWHG DFFRUGLQJ WR WKHLU
��� FRUUHODWLRQ LQ RUGHU WR SHUIRUP D SDUVLPRQLRXV 3ULQFLSDO &RPSRQHQW $QDO\VLV �3&$� WR JHQHUDWH
��� WKH QLFKH VSDFH� )LQDOO\ �ERWWRP�� WKH SRVLWLRQ RI WKH IXQFWLRQDO JURXS �)*� LV QLFKH VSDFH ZDV
��� DVVHVVHG DQG YDULDQFH DQDO\VLV ZDV SHUIRUPHG WR WHVW LI GLIIHUHQW )*V SUHVHQW GLIIHUHQW QLFKHV�
���
��� )LJXUH �� )XQFWLRQDO GHQGURJUDP VKRZLQJ WKH RUGLQDWLRQ RI WKH ��� FRSHSRG VSHFLHV DFFRUGLQJ
��� WR WKH FRPELQDWLRQ RI IXQFWLRQDO WUDLWV� $ 0XOWLYDULDWH &RUUHVSRQGHQFH $QDO\VLV �0&$� EDVHG RI
��� WKH IXQFWLRQDO WUDLWV ZDV SHUIRUPHG WR RUGLQDWH WKH VSHFLHV LQ D UHGXFHG IXQFWLRQDO VSDFH� 7KH
��� FRRUGLQDWHV RI WKH VSHFLHV DORQJ WKH IRXU UHWDLQHG D[HV RI WKH IXQFWLRQDO VSDFH ZHUH XVHG WR
��� FRPSXWH D (XFOLGHDQ GLVWDQFH PDWUL[� $JJORPHUDWLYH KLHUDUFKLFDO FOXVWHULQJ ZDV XVHG WR GUDZ
��� WKH IXQFWLRQDO GHQGURJUDP� 7KH FKRVHQ FXWWLQJ�OHYHO LV VKRZQ DQG WKH VSHFLHV DUH FRORXUHG
��� DFFRUGLQJ WR WKH VHYHQ GHULYHG IXQFWLRQDO JURXSV�
���
��� )LJXUH �� 3ULQFLSDO &RPSRQHQW $QDO\VLV �3&$� EDVHG RQ WKH VHOHFWHG HOHYHQ QLFKH
��� FKDUDFWHULVWLFV RI WKH ��� FRSHSRG VSHFLHV� 7KH FRQWULEXWLRQ RI WKH HOHYHQ QLFKH SDUDPHWHUV WR WKH
��� QLFKH VSDFH� DV ZHOO DV WKHLU FRUUHODWLRQ �L�H� WKH DQJOHV EHWZHHQ WKH DUURZV� DUH HYLGHQFHG� 7KH
��� DEEUHYLDWLRQV RI WKH HQYLURQPHQWDO SUHGLFWRUV DUH DV IROORZV� VHD VXUIDFH WHPSHUDWXUH �667�� VHD
��� VXUIDFH VDOLQLW\ �666�� VHDVRQDO UDQJH RI 667 YDOXHV �¨667�� PL[HG OD\HU GHSWK �0/'�� DFWLYH
��� UDGLDWLRQ �3$5� LQWHJUDWHG RYHU WKH 0/' �0/3$5�� DQG ORJDULWKP RI VXUIDFH FKORURSK\OO�D
��� FRQFHQWUDWLRQ �ORJ&KOD��
���
��� )LJXUH �� 3RVLWLRQ RI WKH VHYHQ IXQFWLRQDO JURXSV LQ QLFKH VSDFH� 6PDOOHU V\PEROV FRUUHVSRQG WR
��� WKH ��� FRSHSRG VSHFLHV ZLWK WKH FRORUV DQG VKDSHV YDU\LQJ DFFRUGLQJ WR WKH IXQFWLRQDO JURXS
��� WKH\ EHORQJ WR� /DUJHU V\PEROV FRUUHVSRQG WR WKH DYHUDJH SRVLWLRQ RI WKH IXQFWLRQDO JURXSV�
��� EDVHG RQ WKH FRRUGLQDWHV RI WKH VSHFLHV WKH\ FRPSULVH� 7KH ILUVW SULQFLSDO FRPSRQHQW �3&��
��� UHSUHVHQWV D JUDGLHQW FKDUDFWHUL]LQJ ROLJRWURSKLF FRQGLWLRQV RQ WKH SRVLWLYH VLGH �KLJKHU FHQWHUV
��� RI 667� 666� 0/3$5� DQG PRUH SURGXFWLYH FRQGLWLRQV RQ WKH QHJDWLYH VLGH �EURDGHU 667 DQG
��� 666 QLFKHV� DQG KLJKHU 0/' DQG ORJ&KOD FHQWHUV�� 7KH VHFRQG SULQFLSDO FRPSRQHQW �3&��
��� GLVWLQJXLVKHV VSHFLHV ZLWK EURDGHU WROHUDQFH WR 667� ORJ&KOD YDULDWLRQV �SRVLWLYH VLGH� IURP
��� VSHFLHV DIILOLDWHG WR KDELWDWV RI OHVVHU VHDVRQDO YDULDELOLW\ �QHJDWLYH VLGH�� 7KH VWDQGDUG HUURU RI
��� HDFK )*¶ FRRUGLQDWHV DORQJ 3&� DQG 3&� DUH LOOXVWUDWHG ZLWK WKH HUURU EDUV� 7KH DEEUHYLDWLRQV RI
��� WKH HQYLURQPHQWDO SUHGLFWRUV DUH DV IROORZV� VHD VXUIDFH WHPSHUDWXUH �667�� VHD VXUIDFH VDOLQLW\
��� �666�� VHDVRQDO UDQJH RI 667 YDOXHV �¨667�� PL[HG OD\HU GHSWK �0/'�� DFWLYH UDGLDWLRQ �3$5�
��� LQWHJUDWHG RYHU WKH 0/' �0/3$5�� DQG WKH ORJDULWKP RI VXUIDFH FKORURSK\OO�D FRQFHQWUDWLRQ
��� �ORJ&KOD��
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��� 6XSSRUWLQJ ,QIRUPDWLRQ
��� 6XSSRUWLQJ ,QIRUPDWLRQ 6�� 7DEOH GHVFULELQJ WKH VHW RI HQYLURQPHQWDO SUHGLFWRUV WHVWHG LQ WKH
��� SUHVHQW VWXG\� 7KH WLPH SHULRG FRYHUHG E\ WKH PRQWKO\ FOLPDWRORJLHV LV JLYHQ� DV ZHOO DV WKH
��� FRUUHVSRQGLQJ UHIHUHQFHV�
���
��� 6XSSRUWLQJ ,QIRUPDWLRQ 6�� 7DEOH VXPPDULVLQJ IRU HYHU\ ��� FRSHSRG VSHFLHV� WKH QXPEHU RI
��� REVHUYDWLRQV �SUHVHQFHV DW WKH JOREDO VFDOH� DIWHU UH�VDPSOLQJ RQ WKH SUHGLFWRUV FHOO JULG�� WKH
��� DYHUDJH 766 YDOXH RI WKH PXOWLYDULDWH QLFKH PRGHOV DQG LWV VWDQGDUG GHYLDWLRQ� WKH DYHUDJH QLFKH
��� FKDUDFWHULVWLFV GHULYHG IURP WKH XQLYDULDWH PRGHOV DQG WKHLU DVVRFLDWHG VWDQGDUG GHYLDWLRQV
��� FRPSXWHG WKDQNV WR WKH ERRVWUDSSLQJ SURFHGXUH�
���
��� 6XSSRUWLQJ ,QIRUPDWLRQ 6�� 3DLU�ZLVH 6SHDUPDQ¶V FRUUHODWLRQ FRHIILFLHQW �ȡ� YDOXHV RI DOO WKH
��� XQLYDULDWH QLFKH FKDUDFWHULVWLFV �Q  ����
���
��� 6XSSRUWLQJ ,QIRUPDWLRQ 6�� 0DSV RI WKH VDPSOLQJ HIIRUW �L�H� QXPEHU RI VSHFLHV SUHVHQFHV� IRU
��� HDFK RI WKH VHYHQ FRSHSRG IXQFWLRQDO JURXS GHILQHG LQ WKH VWXG\� 3UHVHQFHV DUH DW D ��[�� FHOO
��� JULG UHVROXWLRQ DIWHU UH�VDPSOLQJ WKH REVHUYHG RFFXUUHQFHV RQ WKH FHOO JULG RI WKH HQYLURQPHQWDO
��� SUHGLFWRUV�
���
��� 6XSSRUWLQJ ,QIRUPDWLRQ 6�� 'LVWULEXWLRQ RI WKH ODWLWXGH DQG WKH VL[ HQYLURQPHQWDO SUHGLFWRUV¶
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Functional traits and groups Environmental niche modelling

Generalized Additive Models 
(GAMs) - cross-validation

x106 species

Predictors (n=6) 
Global, monthly, 1°x1°

Spatial buffer
Environmental 

weighing

Presences 
Global, monthly, 1°x1°

Average univariate response curves

Predictor gradient (n=6)
0

Habitat suitability

1

Presences +  
pseudo-absences 

(P/psA)

Niche parameters
Center
Breadth

Lower boundary
Upper boundary

Principal Component Analysis
(PCA)

Niche space

PC1

PC2

Parameter filtering 
(Spearman’s rank correlation)

Functional traits table

maximum body length, 

feeding mode, spawning 
strategy and trophic group 

106 species 

Categorize  
all traits

Multiple Correspondance Analysis
(MCA)

Functional space

MCA1

MCA2

Hierarchical clustering  
on MCA coordinates 

Functional dendrogram

Cut-off

Functional groups

Project functional  
groups in niche space

Variance analysis 
on PC scores Are functional groups 

differently distributed 
in niche space ?



1: Large sac-spawning carnivores

2: Small ambush feeding 
carnivores

3: Large filter feeding herbivores

4: Small filter feeding herbivores 
and mixed feeding omnivores 

(mostly broadcasters)

5: Small sac-spawning 
detritivores

6: Small ambush feeding 
omnivores (Oithona spp.)

7: Small filter feeding herbivores 
(mostly sac-spawners)

Acartia Acartia danae

Acartia Acartia negligens

Acartia Acartiura clausi

Aetideus armatus
Aetideus giesbrechti

Calanus helgolandicus

Calocalanus contractus

Calocalanus pavo

Calocalanus pavoninus

Calocalanus plumatus

Calocalanus plumulosus

Calocalanus styliremis

Candacia bispinosa
Candacia ethiopica

Candacia longimana

Candacia simplex
Candacia varicans

Centropages chierchiae
Centropages typicus

Centropages violaceus

Chiridius poppei

Clausocalanus arcuicornis

Clausocalanus furcatus
Clausocalanus jobei

Clausocalanus lividus

Clausocalanus mastigophorus

Clausocalanus parapergens

Clausocalanus paululus
Clausocalanus pergens

Copilia quadrata

Corycaeus Agetus flaccus

Corycaeus Agetus limbatus
Corycaeus Agetus typicus

Corycaeus clausi

Corycaeus furcifer

Ctenocalanus vanus

Euaugaptilus hecticus

Eucalanus hyalinus

Euchaeta acuta
Euchaeta marina

Euchirella rostrata

Euterpina acutifrons

Farranula rostrata

Goniopsyllus rostratus

Haloptilus acutifrons

Haloptilus longicornis

Haloptilus ornatus

Heterorhabdus papilliger

Heterorhabdus spinifrons

Isias clavipes

Labidocera wollastoni

Lubbockia squillimana

Lucicutia clausi

Lucicutia flavicornis
Lucicutia gemina
Lucicutia ovalis

Macrosetella gracilis

Mecynocera clausi

Mesocalanus tenuicornis

Microsetella norvegica

Microsetella rosea

Monothula subtilis

Mormonilla phasma

Nannocalanus minor

Neocalanus gracilis

Neomormonilla minor

Oithona atlantica

Oithona decipiens

Oithona longispina

Oithona nana

Oithona plumifera

Oithona setigera

Oithona similis

Oithona tenuis

Oithona vivida

Oncaea curta

Oncaea media

Oncaea mediterranea

Oncaea ornata

Oncaea venusta

Paracalanus denudatus
Paracalanus nanus

Paracalanus parvus

Paraeuchaeta hebes

Parapontella brevicornis

Pareucalanus attenuatus

Phaenna spinifera

Pleuromamma abdominalis

Pleuromamma borealis
Pleuromamma gracilis

Pontellina plumata

Pseudocalanus elongatus

Rhincalanus nasutus

Sapphirina nigromaculata

Scaphocalanus curtus
Scolecithricella dentata

Scolecithricella tenuiserrata

Scolecithricella vittata

Scolecithrix bradyi

Subeucalanus crassus

Subeucalanus monachus

Temora longicornis

Temora stylifera

Triconia conifera

Triconia dentipes
Triconia minuta
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