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9RGRQLN�SHURNVLG�VH�VODER�UD]ODCH�QD�VREQRM�WHPSHUDWXUL��1MHJRYRUD]ODJDQMH�MH�SUD`HQR�X�WRNX����VDWL�L�]D�WR�YUHPH�VH�UD]ORCLOR�������YR�GRQLN�SHURNVLGD�5D]ODJDQMH�YRGRQLN�SHURNVLGD�SUD`HQR�MH�SRWRP�X�SULVXVWYX�QDWULMXP�VNRJ�REOLND�]HROLWD�$�GD�EL�VH�XWYUGLOR�X�NRMRM�PHUL�VDP�QHL]PHQMHQ�]HROLW$�NDWDOL]XMH�GDWX�UHDNFLMX��5H]XOWDWL�VX�SULND]DQL�QD�VOLFL���6D�VOLNH���VH�PRCH�YLGHWL�GD�VH�QDNRQ������VDWL��NROLNR�MH�SUD`HQRUD]ODJDQMH��UD]ORCLOR�������YRGRQLN�SHURNVLGD��^WR�QDYRGL�QD�]DNOMXaDN�GD]HROLW�$�VODER�NDWDOL]XMH�UD]ODJDQMH�YRGRQLN�SHURNVLGD�1DNRQ�MRQVNH�L]PHQH�]HROLW�MH�SURPHQLR�ERMX�L]�EHOH�X�VYHWOR�SODYX�8�WRNX�UHDNFLMH�UD]ODJDQMD�YRGRQLN�SHURNVLGD�SULPH`HQR�MH�GD�]HROLW�PHQMD

6OLND����.LQHWLaND�NULYDUD]ODJDQMDYRGRQLN�SHURNVLGDSRaHWQH�NRQFHQWUDFLMHF� ��������PRO�GP�
)LJXUH���.LQHWLF�FXUYH�RIK\GURJHQ�SHUR[LGHGHFRPSRVLWLRQ�DWLQLWLDO�FRQFHQWUDWLRQ�F� ��������PRO�GP�

6OLND����.LQHWLaND�NULYDUD]ODJDQMDYRGRQLN�SHURNVLGD�XSULVXVWYX�QHL]PHQMHQRJ]HROLWD�$
)LJXUH���.LQHWLF�FXUYH�RIK\GURJHQ�SHUR[LGHGHFRPSRVLWLRQ�LQ�WKHSUHVHQFH�RI�]HROLWH�$
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ERMX�L]�VYHWOR�SODYH�X�PDVOLQDVWR�]HOHQX��D�YUHPHQRP�SUHOD]L�X�EUDRQ��GRNVH�QDNRQ�UHDNFLMH�ERMD�SRQRYR�YUD`D�X�SODYX��3ULPH`HQR�MH�L]GYDMDQMH�PH�KXUL`D�^WR�SUHGVWDYOMD�GRND]�GD�VH�PROHNXO�YRGRQLN�SHURNVLGD�UDVSDGD�L�GDPROHNXOVNL�NLVHRQLN�QDSX^WD�UHDNFLRQL�VLVWHP�8�WDEHOL���SULND]DQL�VX�UH]XOWDWL�UD]ODJDQMD�YRGRQLN�SHURNVLGD�]D�SHWUD]OLaLWLK�SRaHWQLK�NRQFHQWUDFLMD�X�RSVHJX�RG��������GR��������PRO�GP� XSULVXVWYX�&X$�SRVOH���VDWD��NRML�XND]XMX�QD�WR�GD�MH�L]PHQMHQL�]HROLW�$HILNDVDQ�NDWDOL]DWRU�UHDNFLMH�UD]ODJDQMD�YRGRQLN�SHURNVLGD�
7DEHOD����3URFHQDW�UD]ODJDQMD�YRGRQLN�SHURNVLGD�SRVOH���VDWD3RaHWQD�NRQFHQWUDFLMD�YRGRQLN�SHURNVLGD�[PRO�GP�] 3URFHQDW�UD]ODJDQMD
������ ����������� ����������� ����������� ����������� �����

3UL�VYDNRM�SRaHWQRM�NRQFHQWUDFLML�YRGRQLN�SHURNVLGD��QDNRQ���VDWD�UD]�ORCLOR�VH�SUHNR�����YRGRQLN�SHURNVLGD�.RQVWDQWD�EU]LQH�RGUH_LYDQD�MH�QD�GYD�QDaLQD��PHWRGRP�SRaHWQLKEU]LQD�L�L]�QDJLED�SUDYH�−OQF = I(W)��X]�SUHWSRVWDYNX�GD�MH�UHG�UHDNFLMH�MHG�QDN�MHGLQLFL�8�SULVXVWYX�]HROLWD�&X$��SURFHV�UD]ODJDQMD�YRGRQLN�SHURNVLGD�MH�LVSL�WDQ�]D�UD]OLaLWH�SRaHWQH�NRQFHQWUDFLMH�UHDNWDQDWD��^WR�RPRJX`DYD�RGUH_LYD�QMH�UHGD�UHDNFLMH�PHWRGRP�SRaHWQLK�EU]LQD��,]�QDJLED�SUDYH��
−OQYR = I(−OQ F)RGUH_HQ�MH�UHG�UHDNFLMH��D�L]�RGVHaND�NRQVWDQWD�EU]LQH��3UL�WRP�MH�NRUL^`HQL]UD]�]D�EU]LQX�UHDNFLMH� Y = − GF�GW = N P FQJGH�MH�Y ¬�EU]LQD�UHDNFLMH��N ¬�NRQVWDQWD�EU]LQH��P�¬�PDVD�NDWDOL]DWRUD� F¬�RGJRYDUDMX`D�NRQFHQWUDFLMD�YRGRQLN�SHURNVLGD�L�Q�¬�UHG�UHDNFLMH��2YDML]UD]�VX�SUHGORCLOL�'HMYLV�L�7RPDV��'DYLHV�L�7KRPDV��������2QL�VX�NDRNDWDOL]DWRU�NRULVWLOL�VPROX��DOL�V�RE]LURP�QD�QMHQX�VOLaQRVW�VD�]HROLWRP�LVWDIRUPXOD�MH�L�RYGH�SULPHQMHQD��MHU�VH�UDGL�R�MRQVNLP�L]PHQMLYDaLPD�YHOLNHXQXWUD^QMH�SRYU^LQH��5D]OLND�MH�MHGLQR�X�WRPH�^WR�VX�X�VPROL�MRQL�YH]DQL]D�PUHCX�SROLPHUD��D�X�]HROLWX�]D�DOXPRVLOLNDWQX�PUHCX��5HDNFLMH�X�NRMLPDVH�NRULVWH�RED�NDWDOL]DWRUD�SRVHGXMX�HOHPHQWH�L�KRPRJHQH�L�KHWHURJHQH�ND�WDOL]H�¬�VDPD�PUHCD��]HROLWD�LOL�VPROH��SUHX]LPD�XORJX�UDVWYDUDaD��DOL�VGUXJH�VWUDQH�MDYOMD�VH�SUREOHP�GLIX]LMH�UHDNWDQDWD�GR�DNWLYQLK�FHQWDUD�
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5HG�UHDNFLMH�RGUH_HQ�QD�RYDM�QDaLQ�MH������D�NRQVWDQWD�EU]LQH�N  �����⋅
⋅��� �PRO�GP���¬Q V¬�J¬���5D]ORPOMHQD�YUHGQRVW�]D�UHG�UHDNFLMH�MH�SRND]D�WHOM�VORCHQRJ�PHKDQL]PD�UHDNFLMH��^WR�VH�PRJOR�SUHWSRVWDYLWL�L]�L]JOHGD�NL�QHWLaNLK�NULYLK�'D�EL�VH�SURYHULOD�RSUDYGDQRVW�SUHWSRVWDYOMHQRJ�SUYRJ�UHGD�UHDNFLMHUD]ODJDQMD�YRGRQLN�SHURNVLGD�QD�]HROLWLPD�L]UDaXQDWL�VX�IDNWRUL�UHJUHVLMH�LUH]XOWDWL�VX�SUHGVWDYOMHQL�X�WDEHOL���
7DEHOD����.RQVWDQWH�EU]LQD�L�IDNWRUL�UHJUHVLMH�]D�UHDNFLMX�UD]ODJDQMD+�2� QD�&X$�]HROLWX3Ra��NRQF��PRO�GP�� Q .RQVWDQWD�EU]LQH�����V¬�J¬�� )DNWRU�UHJUHVLMH
������ � ���� ���������� � ���� ���������� � ���� ���������� � ���� ���������� � ���� ����

1D�RVQRYX�QXPHULaNLK�YUHGQRVWL�IDNWRUD�UHJUHVLMH�NRML�VX�EOLVNL�MHGL�QLFL�ELOD�MH�RSUDYGDQD�SUHWSRVWDYND�GD�MH�UHDNFLMD�UD]ODJDQMD�YRGRQLN�SHURNVLGD�SULEOLCQR�SUYRJ�UHGD��V�RE]LURP�QD�VORCHQRVW�SURFHVD��7DNR_H�VHPRCH�]DNOMXaLWL�GD�YUHGQRVWL�]D�NRQVWDQWX�EU]LQH�]DYLVH�RG�SRaHWQH�NRQ�FHQWUDFLMH�UHDNWDQWD��^WR�MH�WDNR_H�SRND]DWHOM�VORCHQRJ�PHKDQL]PD�UHDNFLMH�.RQVWDQWD�EU]LQH�RGUH_HQD�QD�RYDNDY�QDaLQ�QLMH�VDVYLP�WDaQD��YH`�SUHG�VWDYOMD�SULEOLCQX�YUHGQRVW��DOL�VH�XVSH^QR�PRCH�SULPHQLWL�]D�SRUH_HQMH�HIL�NDVQRVWL�QHNLK�NDWDOL]DWRUD�3ULORCHQL�UH]XOWDWL�VX�SRWYUGD�GD�X�SULVXVWYX�MRQVNL�L]PHQMHQRJ�]HROLWDUHDNFLMD�UD]ODJDQMD�YRGRQLN�SHURNVLGD�ELYD�]QDWQR�XEU]DQD��,]�OLWHUDWXUH�(O�6KHLNK�HW�DO��������+D\DNDZD�L�1DNDPXUD�������MH�SR]QDWR�GD�X�WRNXNDWDOLWLaNRJ�UD]ODJDQMD�YRGRQLN�SHURNVLGD�MRQLPD�EDNUD�GROD]L�GR�REUD�]RYDQMD�NRPSOHNVQRJ�MHGLQMHQMD�EUDRQ�ERMH��3UHWSRVWDYOMHQL�PHKDQL]DP�MHVOHGH`L�&X�,,��MRQ�→ KLGURNVR�&X�,,��NRPSOHNV�→ SHURNVR�&X�,,��NRPSOHNV8VWDQRYOMHQR�MH�GD�MH�EUDRQ�MHGLQMHQMH�SHURNVR�NRPSOHNV�L�GD�SUHG�VWDYOMD�DNWLYQX�YUVWX�X�SURFHVX�UD]ODJDQMD�YRGRQLN�SHURNVLGD��2Q�VDGUCL2�¬ UDGLNDO�NRML�MH�NRRUGLQDWLYQR�YH]DQ�]D�&X�� MRQ�L�NRML�MH�XVOHG�NRRU�GLQDFLMH�VWDELOL]RYDQ��.RPSOHWQD�VWUXNWXUD�RYRJ�NRPSOHNVD�QLMH�RGUH_HQD�3UHWSRVWDYOMHQL�PHKDQL]DP�NDWDOLWLaNRJ�UD]ODJDQMD�YRGRQLN�SHURNVLGD�QD]HROLWX�&X$�MH�YHURYDWQR�VOLaDQ�SUHWKRGQR�REMD^QMHQRP�PHKDQL]PX��V�RE�]LURP�GD�VH�X�WRNX�UDGD�QDMSUH�SRMDYOMXMH�EUDRQ�ERMD�NRMD�SRWLaH�RGSHURNVR�NRPSOHNVD�EDNUD��NRML�MH�MRQVNL�L]PHQMHQ�QD�]HROLWX�$�
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=DNOMXaDN�8�RYRP�UDGX�LVSLWLYDQR�MH�UD]ODJDQMH�YRGRQLN�SHURNVLGD�X�SULVXVWYX]HROLWD�$�L]PHQMHQRJ�MRQRP�&X����8VWDQRYOMHQR�MH�GD�LVSLWLYDQL�]HROLW�ND�WDOL]XMH�UHDNFLMX�GLVSURSRUFLRQLVDQMD�YRGRQLN�SHURNVLGD��3UL�VYDNRM�SRaHW�QRM�NRQFHQWUDFLML�VH�QDNRQ���VDWD�UD]ORCLOR�SUHNR�����YRGRQLN�SHURNVLGD�8�WRNX�UHDNFLMH�MH�SULPH`HQD�SURPHQD�ERMH�NDWDOL]DWRUD��^WR�XND]XMHQD�QDVWDQDN�LQWHUPHGLMHUD�L�KHPLMVNH�SURPHQH�X�VLVWHPX��D�VDPLP�WLP�L�QDVORCHQL�PHKDQL]DP�UHDNFLMH�UD]ODJDQMD�YRGRQLN�SHURNVLGD��7R�MH�XWYU_HQRSULOLNRP�SRNX^DMD�GD�VH�L]YHGH��PDNDU�SULEOLCQD��NLQHWLaND�MHGQDaLQD�GDWRJSURFHVD�7DNR_H��SRND]DQR�MH�GD�QHL]PHQMHQL�]HROLW�VODER�NDWDOL^H�UHDNFLMX�UD]�ODJDQMD�YRGRQLN�SHURNVLGD�=DKYDOQRVW��=DKYDOMXMHP�VH�PU�9HVQL�6WDQNRY�-RYDQRYL`��DVLVWHQWXQD�3ULURGQRPDWHPDWLaNRP�IDNXOWHWX�X�1L^X�QD�NRULVQLP�VDYHWLPD�L�VYHV�WUDQRM�SRPR`L�SUXCHQRM�SUL�L]UDGL�RYRJ�UDGD��7DNR_H��CHOLP�GD�VH�]DKYDOLP%LOMDQL�$UVL`�QD�SUXCHQRM�SRGU^FL�L�SRPR`L��L�0LOHQL�9DVL`�QD�SRPR`L�XWRNX�UHDOL]DFLMH�RYRJ�UDGD�
/LWHUDWXUD

%DUUHU�5��0��������=HROLWH�DQG�&OD\�0LQHUDOV�DV�6RUEHQWV�DQG�0ROHFX�ODU�6LHYHV��$FDGHPLF�3UHVV%D[HQGHOH�-��+���)UDQFHEXUJ�:��*��.RPDUHZVN\�9��7���5LHGDO�$��.�������$GYDQFHV�LQ�&DWDO\VLV��1HZ�<RUN��$FDGHPLF�3UHVV%UHFN�'��:��������=HROLWH�PROHNXODU�VLHYHV��-RKQ�:LOH\'DYLHV�&��:���7KRPDV�*��*��������-��&KHP��6RF�������'RQGXU�9��������+HPLMVND�NLQHWLND��%HRJUDG��)DNXOWHW�]D�IL]LaNX�KHPLMX(O�6KHLNK�0��<���$VKPZD\�)��0���6DOHP�,��$���=DNL�$��%��������=�3K\V��&KHPLH��/HLS]LJ��������������)LOLSRYL`�,���/LSDQRYL`�6��������2S`D�L�DQRUJDQVND�NHPLMD��=DJUHE��>NRO�VND�NQMLJD*ODVQHU�$��������-��&KHP��6RF�����*RXOG�(��6��������1HRUJDQVNH�UHDNFLMH�L�VWUXNWXUD��%HRJUDG��1DXaQDNQMLJD+D\DNDZD�.���1DNDPXUD�6��������%XOOHWLQ�RI�WKH�&KHPLFDO�6RFLHW\�RI�-D�SDQ����������-DFREV�3��$��������&DUERQLRJHQLF�$FWLYLW\�RI�=HROLWHV��1HZ�<RUN��(O�VHYLHU�6FLHQWLILF�3XEOLVKLQJ�&RPSDQ\0HORU�������0RGHUQD�QHRUJDQVND�KHPLMD��%HRJUDG��1DXaQD�NQMLJD5DJVGDOH�5��2���9DQGHUKRRIW�-��&���=LSS�$��3��������-��&KHP��(GX���������3HFHY�7���3HURYL`�-��������7LWULPHWULMVNH�PHWRGH�DQDOL]H��1L^��30)
=%251,.�5$'29$����� +(0,-$��• ���



0DULMD�'HQL`
&DWDO\WLF�'HFRPSRVLWLRQ�RI�+\GURJHQ�3HUR[LGH�LQ�WKH3UHVHQFH�RI�=HROLWH�$�$OWHUQDWHG�ZLWK�&X���,RQV

+\GURJHQ�SHUR[LGH�LV�D�ERWK�R[LGDWLYH�DQG�UHGXFWLYH�DJHQW�DQG�WKHVHFKDUDFWHULVWLFV�PDNH�LW�ZLGHO\�XVHG��,W�LV�GLVSURSRUWLRQDWHG�DQG�WKH�SURG �XFWV�DUH�PROHFXODU�R[\JHQ�DQG�ZDWHU��+�2� → �+�2���2�¬¬$W�D�URRP�WHPSHUDWXUH��WKLV�SURFHVV�KDSSHQV�YHU\�VORZO\�EHFDXVH�RIWKH�KLJK�DFWLYDWLRQ�HQHUJ\�QHHGHG��EXW�LW�FRXOG�EH�DFFHOHUDWHG�DGGLQJ�YDUL �RXV�FDWDO\VWV�'XULQJ�WKH�ODVW�IHZ�\HDUV��FU\VWDOOLQH�K\GUDWHWHG�DOXPRVLOLNDWHV�ZLWK��'SRURXV�VWUXFWXUH��]HROLWHV��KDYH�EHHQ�ZLGHO\�XVHG��%HVLGH�WKHLU�SRURXV�VWUXF �WXUH��]HROLWHV�DUH�FKDUDFWHUL]HG�DV�JRRG�FDWDO\VWV�DOVR�EHFDXVH�RI�WKHLU�LRQ�H[ �FKDQJH�FKDUDFWHULVWLFV��JUHDW�QXPEHU�RI�DFWLYH�VLWHV��JUHDW�VWDELOLW\�HWF�,Q�WKLV�SDSHU�WKH�FDWDO\WLF�HIIHFW�RI�]HROLWH�$�DOWHUQDWHV�ZLWK�&X �� LRQVRQ�WKH�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH�LV�DQDO\]HG��'XULQJ�WKLV�SUR �FHGXUH��WKH�VRGLXP�W\SH�RI�]HROLWH�$�ZDV�LRQLF�DOWHUQDWHG�DQG�LW�ZDV�FRQ �FOXGHG�WKDW�WKH�SHUFHQW�RI�LRQ�H[FKDQJH�ZDV�������$Q�DGHTXDWH�DGGLWLRQDOTXDQWLW\�RI�&X���LRQV�ZDV�DGVRUEHG�RQ�]HROLWH�VXUIDFH��7KH�GHFRPSRVLWLRQRI�K\GURJHQ�SHUR[LGH�DW�URRP�WHPSHUDWXUH�GXULQJ����KRXUV�ZDV�IROORZHG�'XULQJ�WKDW�WLPH��������RI�K\GURJHQ�SHUR[LGH�ZDV�GHFRPSRVHG��7KH�GH �FRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH�LQ�WKH�SUHVHQFH�RI�VRGLXP�W\SH�RI�]HR �OLWH�$�ZDV�DOVR�IROORZHG��$IWHU������K��������RI�K\GURJHQ�SHUR[LGHLW�ZDVGHFRPSRVHG��EULQJLQJ�WKH�FRQFOXVLRQ�WKDW�]HROLWH�$�KDG�D�VPDOO�HIIHFW�RQWKLV�UHDFWLRQ�7KH�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH�LQ�WKH�SUHVHQFH�RI�]HROLWH&X$�ZDV�IROORZHG�LQ�ILYH�VROXWLRQV�RI�K\GURJHQ�SHUR[LGH�RI�YDULRXV�FRQ �FHQWUDWLRQV��,W�ZDV�FRQFOXGHG�WKDW�]HROLWHV�&X$�FDWDO\]HG�WKH�UHDFWLRQ�RIGHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH�EHFDXVH�LQ�HDFK�LQLWLDO�FRQFHQWUDWLRQ�DIWHU���K��PRUH�WKDQ�����RI�K\GURJHQ�SHUR[LGH�ZDV�GHFRPSRVHG��,Q�WKH�HQG��DQ�DWWHPSW�ZDV�PDGH�WR�GHULYH�DQ��DW�OHDVW�DSSUR[LPDWH�UDWH�ODZ��7KH�NLQHWLF�FXUYHV�RI�FDWDO\WLF�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHU �R[LGH�ZHUH�GUDZQ��DQG�EDVHG�RQ�WKHP�LW�ZDV�FRQFOXGHG�WKDW�WKH�DSSURSUL �DWH�PHFKDQLVPV�ZHUH�FRPSOLFDWHG��:H�FDQ�VHH�WKDW�WKLV�LV�WUXH�LQ�QRQLQWHJHU�UHDFWLRQ�RUGHU�YDOXHV�REWDLQHG�E\�WKH�LQLWLDO�UDWHV�PHWKRG��)URP�WKHVORSH�RI�WKH�FXUYH�OQ F = I(W)��SUHVXPLQJ�WKDW�WKH�UHDFWLRQ�RUGHU�LV�RQH��LWZDV�FRQFOXGHG�WKDW�WKH�YDOXHV�RI�FRQVWDQWV�RI�UHDFWLRQ�UDWHV�GHSHQG�RQ�WKHLQLWLDO�UHDFWDQWV�FRQFHQWUDWLRQV��ZKLFK�LV�DOVR�DQ�LQGLFDWRU�RI�WKH�FRPSOH[UHDFWLRQ�PHFKDQLVP�
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