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ZKLFK RQO\ GHSHQGV RQ DJJUHJDWH IDFWRU XVDJH� )XUWKHUPRUH� WDNLQJ ORJV RI WKLV ODVW H[SUHVVLRQ� ZH
FDQ ZULWH WKH ORJ ZDJH HTXDWLRQV DV�

Z�\L�  OQ�9��.�+�/�� � OQ�� �
9��.�+�/�

9��.�+�/�
q�\L�� � OQ��L�

,I UHWXUQV WR HGXFDWLRQ �9�
9�
� DUH QRW WRR ODUJH� ORJ ZDJHV FDQ EH ZHOO DSSUR[LPDWHG E\ (TXDWLRQ

�����

,Q RUGHU WR YHULI\ 3URSRVLWLRQ � WKURXJK �� LW LV KHOSIXO WR H[SORLW WKH GXDO FRQGLWLRQV DVVRFLDWHG
ZLWK WKH PD[LPL]DWLRQ JLYHQ LQ /HPPD �� 7R WKLV HQG� OHW F2�5�Z+ � Z/� DQG F1�5�Z+ � Z/�

��



UHSUHVHQW WKH XQLW FRVW IXQFWLRQV DVVRFLDWHG ZLWK WKH ROG DQG QHZ WHFKQRORJLHV� ,I ERWK WHFKQRORJLHV
DUH LQ XVH� WKHQ IDFWRU SULFHV PXVW VDWLVI\ (TXDWLRQV ��$� DQG ��%�� 0RUHRYHU� WKH FKRLFH RI IDFWRU
E\ pUPV LPSO\ WKDW (TXDWLRQV ��$����$� PXVW KROG ZKHQ .�+�/ UHSUHVHQW WKH IDFWRUV HPSOR\HG
LQ WKH HFRQRP\�

F2�5�Z+ � Z/�  �� ��$�

F1 �5�Z+ � Z/�  �� ��$�

42F2� �5�Z
+ � Z/� �41 F1� �5�Z

+ � Z/�  .� ��$�

42F2� �5�Z
+ � Z/� �41 F1� �5�Z

+ � Z/�  +� ��$�

42F2� �5�Z
+ � Z/� �41 F1� �5�Z

+ � Z/�  /� ��$�

,Q WKH DERYH HTXDWLRQV� 42 DQG 41 DUH WKH TXDQWLWLHV RI RXWSXW SURGXFHG XVLQJ WKH ROG DQG
QHZ WHFKQRORJ\ UHVSHFWLYHO\� DQG &LM LV WKH GHULYDWLYH RI WKH FRVW IXQFWLRQ ZLWK UHVSHFW WR LWV MWK
DUJXPHQW�

3URRI RI 3URSRVLWLRQ �� 7KH V\VWHP RI (TXDWLRQ �$ WR �$� ZKLFK H[SUHVVHV WKH OLQN EHWZHHQ
IDFWRU SULFHV DQG IDFWRU XVDJHV ZKHQ WZR WHFKQRORJLHV DUH LQ XVH� KDV D VWUXFWXUH ZKLFK LPSOLHV WKH
H[LVWHQFH RI D EDODQFHG SDWK� ,Q SDUWLFXODU� WKH DFFXPXODWLRQ RI + QHHGHG WR RoVHW DQ LQFUHDVH LQ
. VR DV WR PDLQWDLQ FRQVWDQW IDFWRU SULFHV LV JLYHQ WKH VROXWLRQ WR WKH V\VWHP RI HTXDWLRQ ��$����$�
ZKHQ WKLV V\VWHP LV YLHZ DV GHWHUPLQLQJ 42�41 DQG + DV D IXQFWLRQ RI . �KROGLQJ / FRQVWDQW��

3URRI RI 3URSRVLWLRQ �� $V LQGLFDWHG LQ WKH SURRI RI 3URSRVLWLRQ �� WKH EDODQFH SDWK LQFUHDVH
LQ + LQ UHVSRQVH WR DQ LQFUHDVH LQ . FDQ EH LQIHUUHG IURP WKH VHW RI (TXDWLRQV ��$����$�� ,Q
SDUWLFXODU� IURP WKHVH HTXDWLRQV LW LV HDV\ WR YHULI\ WKDW DORQJ WKH EDODQFHG SDWK�
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ZKLFK LV SRVLWLYH LI $VVXPSWLRQ � KROGV �1RWH WKDW E\ 6KHSDUG
V /HPPD FML  ;L
M�� �

3URRI RI 3URSRVLWLRQ �� 6LQFH WKH PDUJLQDO SURGXFWV RI / DQG + DUH HTXDWHG WR Z/ DQG Z+ �
WKH ZDJH�HGXFDWLRQ SURpOH GHULYHG LQ WKH SURRI RI /HPPD � FDQ EH UHZULWWHQ DV�

Z�\L�  OQ�Z/� � OQ�� �
Z+

Z/
�q�\L�� � OQ��L� } OQ�Z/� �

Z+

Z/
q�\L� � OQ��L�

+HQFH� WKH UHODWLRQVKLS EHWZHHQ IDFWRU XVDJH DQG WKH ZDJH�HGXFDWLRQ UHODWLRQVKLS FDQ EH IRXQG E\
GLoHUHQWLDWLQJ (TXDWLRQ ��$����$� WR JHW FKDQJHV LQ WKH IDFWRU SULFHV Z+ � Z/ LPSOLHG E\ FKDQJHV
LQ IDFWRU XVDJH� WKDW LV� E\ VROYLQJ WKH V\VWHP RI HTXDWLRQV JLYHQ EHORZ DQG WKHQ XVLQJ WKH LPSOLHG
FKDQJHV LQ IDFWRU SULFHV WR LQIHU FKDQJHV WR WKH ZDJH�HGXFDWLRQ SURpOH�
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,Q SDUWLFXODU� IURP WKH DERYH V\VWHP� WKH FKDQJH LQ Z/ DVVRFLDWHG ZLWK D FKDQJH LQ KXPDQ
FDSLWDO LQWHQVLW\ LV JLYHQ E\
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'

ZKHUH WKH FRQFDYLW\ RI WHFKQRORJLHV LPSOLHV WKDW' LV QHJDWLYH LQ RXU � GLPHQVLRQDO FDVH �VHH 'LHZHUW

DQG :RRGODQG �������� 7KH WHUP #Z/

#+ LV QHJDWLYH LI �F2� F
1
� b F2� F

1
� � ! � DQG �F

2
� F

1
� b F

2
� F

1
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7KHVH FRQGLWLRQV KROG E\ $VVXPSWLRQV � DQG � ZKLFK LPSOLHV WKDW LQWHUFHSW RI WKH ZDJH HGXFDWLRQ
SURpOH GHFUHDVHV IROORZLQJ DQ LQFUHDVH LQ +� ,Q RUGHU WR YHULI\ WKDW DQ LQFUHDVH LQ + DFWXDOO\ OHDGV
WR D VKLIW GRZQ LQ WKH ZDJH HGXFDWLRQ SURpOH DW DOO HGXFDWLRQ OHYHOV LW LV VWLOO QHFHVVDU\ WR YHULI\
WKDW #Z

+

#+
� �� $JDLQ� IURP WKH DERYH V\VWHP� ZH pQG WKDW

#Z/

#+
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'

ZKLFK LV DOZD\V QHJDWLYH� +HQFH� WKLV SURYHV VWDWHPHQW �,,� RI 3URSRVLWLRQ �� 6WDWHPHQW �,� FDQ EH
YHULpHG LQ H[DFWO\ WKH VDPH PDQQHU� �

3URRI RI 3URSRVLWLRQ �� ,Q RUGHU SURYH 3URSRVLWLRQ � ZH QHHG WR YHULI\ WKH VLJQ RI
# Z

+

Z/

#+ DQG

WKH VLJQ RI
# Z

+

Z/

#.
� 7KH VWDWHPHQWV RI 3URSRVLWLRQ � FDQ EH YHULpHG LQ WKH VDPH PDQQHU DV WKRVH RI

3URSRVLWLRQ �� WKDW LV� E\ WRWDOO\ GLoHUHQWLDWLQJ WKH V\VWHP RI HTXDWLRQV ��$����$� DQG UHFRXSLQJ
WKH UHOHYDQW SDUWLDO GHULYDWLYHV� 1RWH WKDW LQ RUGHU WR GHWHUPLQH WKH HoHFWV RQ UHODWLYH ZDJHV� LW LV
XVHIXO WR H[SORLW WKH IDFW WKDW 5&L

� �Z
+&L� �Z

/&L
�  �� �

$SSHQGL[ �� 'DWD &RQVWUXFWLRQ

,Q WKLV DSSHQGL[� ZH SUHVHQW GHWDLOV RI RXU GDWD FRQVWUXFWLRQ� $V PHQWLRQHG LQ WKH WH[W� RXU
ODERXU HPSOR\HG PHDVXUH HTXDOV WRWDO KRXUV RI ZRUN LQ WKH HFRQRP\ LQ D JLYHQ \HDU� +RZHYHU� ZH
IDFH WZR FRPSOLFDWLRQV LQ GHDOLQJ ZLWK WKLV PHDVXUH� )LUVW� IRU WKH *HUPDQ GDWD� LQ VSLWH RI XVLQJ
ZHLJKWV LQFOXGHG LQ WKH *62(3� ZH IRXQG WKDW DGGLQJ XS KRXUV ZRUNHG LQ HDFK \HDU SURGXFHG
D VHULHV WKDW GLoHUHG PDUNHGO\ IURP -RUJHQVHQ
V DJJUHJDWH ODERXU VXSSO\ VHULHV� 0XFK RI WKLV
SUREOHP LV UHODWHG WR DFFRXQWLQJ IRU WKH HQWUDQFH RI (DVW *HUPDQV LQWR WKH IRUPHU :HVW *HUPDQ\

��



DIWHU UHXQLpFDWLRQ� 7R DFFRXQW IRU WKLV� ZH DGG XS WKH KRXUV ZRUNHG LQ HDFK \HDU DQG FDOFXODWH WKH
UDWLR RI WKLV WRWDO WR WKH -RUJHQVHQ PHDVXUH IRU WKH VDPH \HDU� :H WKHQ PXOWLSO\ KRXUV RI ZRUN
IRU DOO LQGLYLGXDOV LQ WKH JLYHQ \HDU E\ WKLV FDOFXODWHG UDWLR� 7KLV FUHDWHV D VHW RI ZRUNHU VSHFLpF
KRXUV RI ZRUN WKDW DJJUHJDWH WR DQ DFFHSWHG WRWDO KRXUV RI ZRUN VHULHV� 7KH VHFRQG FRPSOLFDWLRQ
LV WKDW ZH ZDQW WR WDNH DFFRXQW RI WKH SRVVLELOLW\ WKDW DQ KRXU RI ZRUN E\ D \RXQJ ZRUNHU LV QRW
HTXLYDOHQW WR DQ KRXU RI ZRUN E\ DQ ROGHU ZRUNHU� 7R DGMXVW IRU WKLV ZH UXQ WKH UHJUHVVLRQ GHVFULEHG
LQ WKH WH[W RI WKH ORJ ZDJH RQ D IXOO VHW RI \HDU GXPP\ YDULDEOHV� WKH QXPEHU RI \HDUV RI HGXFDWLRQ�
WKH VHW RI LQWHUDFWLRQV RI WKH \HDU GXPPLHV ZLWK WKH QXPEHU RI \HDUV RI HGXFDWLRQ� DQG D VHW RI
DJH GXPP\ YDULDEOHV FRUUHVSRQGLQJ WR EUHDNLQJ DJHV XS LQWR pYH \HDU FDWHJRULHV� :H UXQ WKLV
UHJUHVVLRQ VHSDUDWHO\ IRU HDFK FRXQWU\� 7KH FRHrFLHQWV RQ WKH DJH GXPP\ YDULDEOHV FRUUHVSRQG WR
ZDJH GLoHUHQFHV E\ DJH JURXS WKDW DUH FRPPRQ DFURVV \HDUV DQG DIWHU FRQWUROOLQJ IRU HGXFDWLRQ
HoHFWV� 8VLQJ WKH HVWLPDWHG DJH FRHrFLHQWV IURP WKLV UHJUHVVLRQ� ZH FRQVWUXFW WKH pWWHG ORJ ZDJH
IRU DJH JURXS D ZLWK �� \HDUV RI HGXFDWLRQ� Z

D
� )RU DOO SHRSOH RI DJH D ZH PXOWLSO\ WKHLU KRXUV RI

ZRUN E\ WKH UDWLR RI Z
D
WR Z��� ZKHUH Z�� LV WKH pWWHG ZDJH IRU �� WR �� \HDU ROG� 7KLV HoHFWLYHO\

FRQYHUWV KRXUV RI ZRUN IRU DOO LQGLYLGXDOV WR ����� \HDU ROG HTXLYDOHQW KRXUV� DVVXPLQJ WKDW ZDJH
GLoHUHQWLDOV DPRQJ WKH JURXSV UHqHFWV DJH UHODWHG SURGXFWLYLW\ GLoHUHQWLDOV� 7R FUHDWH WRWDO KXPDQ
FDSLWDO LQ D JLYHQ \HDU� ZH PXOWLSO\ HDFK LQGLYLGXDO
V HrFLHQF\ FRUUHFWHG KRXUV RI ZRUN �L�H�� KRXUV
RI ZRUN DIWHU WKH DGMXVWPHQWV MXVW GHVFULEHG� WLPHV WKHLU QXPEHU RI \HDUV RI HGXFDWLRQ DQG WKHQ
VXP DFURVV LQGLYLGXDOV� 7KXV� RXU KXPDQ FDSLWDO PHDVXUH LV DQ KRXUV ZHLJKWHG VXP RI \HDUV RI
HGXFDWLRQ IRU DOO ZRUNHUV LQ WKH HFRQRP\� :KLOH WKH QXPEHU RI \HDUV RI FRPSOHWHG HGXFDWLRQ LQ WKH
86 GDWD LV W\SLFDOO\ VHHQ DV D VWUDLJKWIRUZDUG PHDVXUH� QXPEHU RI \HDUV RI HGXFDWLRQ LQ *HUPDQ\
UHTXLUHV VRPH FRPPHQW� :H XVH D \HDUV RI HGXFDWLRQ YDULDEOH FRQWDLQHG LQ WKH (TXLYDOHQW )LOH IRU
*HUPDQ\� 7KLV XVHV LQIRUPDWLRQ RQ WKH KLJKHVW OHYHO RI HGXFDWLRQ FRPSOHWHG� DVVLJQLQJ D QXPEHU RI
\HDUV RI VFKRROLQJ IRU HDFK OHYHO� 7KLV LQFOXGHV DQ DGMXVWPHQW IRU DSSUHQWLFHVKLS LQ ZKLFK HDFK \HDU
RI DSSUHQWLFHVKLS LV FRXQWHG DV D KDOI \HDU RI VFKRROLQJ WR DFFRXQW IRU WKH IDFW WKDW DSSUHQWLFHVKLSV
RIWHQ LQFOXGH VRPH IRUPDO FODVVURRP WUDLQLQJ FRPELQHG ZLWK ZRUN� )LQDOO\� LQ DOO RI RXU ZRUN ZH
UH�QRUPDOL]H \HDUV RI HGXFDWLRQ E\ VXEWUDFWLQJ �� 7KLV PDNHV � \HDUV RI HGXFDWLRQ WKH EDVH OHYHO
DQG HoHFWLYHO\ PHDQV WKDW RXU KRXUV RI ZRUN YDULDEOH FRUUHVSRQGV WR WKH KRXUV ZRUNHG E\ WKLV
EDVH JURXS� +RXUV RI ZRUN IRU JURXSV ZLWK PRUH \HDUV RI HGXFDWLRQ WKHQ FRQWULEXWH WR WRWDO KRXUV
RI ZRUN DQG� WR WKH H[WHQW WKHLU \HDUV RI HGXFDWLRQ H[FHHG �� WR WKH WRWDO KXPDQ FDSLWDO LQ WKH
HFRQRP\� $V GLVFXVVHG LQ WKH WH[W� FKRRVLQJ D GLoHUHQW QXPEHU RI \HDUV RI HGXFDWLRQ IRU WKH EDVH
FKDQJHV PHDVXUHG KXPDQ FDSLWDO JURZWK UDWHV EXW GRHV QRW FKDQJH RXU HVWLPDWLRQ UHVXOWV�
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5HIHU HQFHV

�� 'DURQ $FHPRJOX:K\ 'R 1HZ 7HFKQRORJLHV &RPSOHPHQW 6NLOOV" 'LUHFWHG 7HFKQLFDO &KDQJH DQG

:DJH ,QHTXDOLW\� 4XDUWHUO\ -RXUQDO RI (FRQRPLFV� 1RYHPEHU ���� �$�� ����������

�� 'DURQ $FHPRJOX &KDQJHV LQ 8QHPSOR\PHQW DQG :DJH ,QHTXDOLW\� $Q $OWHUQDWLYH 7KHRU\ DQG

6RPH (YLGHQFH� $PHULFDQ (FRQRPLF 5HYLHZ� 'HFHPEHU ����� ����^�����

�� 3DXO %HDXGU\ DQG 'DYLG *UHHQ� :KDW LV 'ULYLQJ 86 DQG &DQDGLDQ :DJHV� (QGRJHQRXV 7HFK�

QLFDO &KDQJH RU (QGRJHQRXV &KRLFH RI 7HFKQLTXH"� 1�%�(�5� ZRUNLQJ 3DSHU ����� 'HFHPEHU
�����

�� (OL %HUPDQ� -RKQ %RXQG DQG 6WHSKHQ 0DFKLQ� ,PSOLFDWLRQV RI 6NLOOHG�ELDVHG 7HFKQRORJLFDO

&KDQJH� ,QWHUQDWLRQDO (YLGHQFH� 4XDUWHUO\ -RXUQDO RI (FRQRPLFV� 1RYHPEHU ����� ����������

�� (OL %HUPDQ DQG 6WHSKHQ 0DFKLQ� 6NLOOHG %LDVHG 7HFKQRORJ\ 7UDQVIHU� (YLGHQFH RI )DFWRU %LDVHG
7HFKQRORJLFDO &KDQJH LQ 'HYHORSLQJ &RXQWULHV� PLPHR� -DQXDU\ �����

�� 7LPRWK\ )� %UHVQDKDQ� (ULN %U\QMROIVRQ� /RULQ 0� +LWW� ,QIRUPDWLRQ 7HFKQRORJ\� :RUNSODFH

2UJDQL]DWLRQ DQG WKH 'HPDQG IRU 6NLOOHG /DERU� )LUP�/HYHO (YLGHQFH� 1%(5 ZRUNLQJ SDSHU
����� 0D\ �����

�� 7LPRWK\ %UHVQDKDQ DQG 0DQXHO 7UDMWHQEHUJ *HQHUDO 3XUSRVH 7HFKQRORJLHV� (QJLQHV RI

*URZWK"� -RXUQDO RI (FRQRPHWULFV� �� ������� SS� �������

�� -RKQ %RXQG DQG *HRUJH -RKQVRQ� &KDQJHV LQ WKH 6WUXFWXUH RI :DJHV LQ WKH ����
V� $Q (YDOX�

DWLRQ RI $OWHUQDWLYH ([SODQDWLRQV� $PHULFDQ (FRQRPLF 5HYLHZ �� ������� ���^����

�� 'DYLG &DUG� )UDQFLV .UDPDU] DQG 7KRPDV /HPLHX[ &KDQJHV LQ WKH 6WUXFWXUH RI :DJHV DQG

(PSOR\PHQW� D FRPSDULVRQ RI WKH 8QLWHG 6WDWHV� &DQDGD DQG )UDQFH� &DQDGLDQ -RXUQDO RI
(FRQRPLFV� ��� $XJXVW ����� ���^����

��� )UDQFHVFR &DVHOOL� 7HFKQRORJLFDO 5HYROXWLRQV� $PHULFDQ (FRQRPLF 5HYLHZ� 0DUFK ����� �������

��� (UZLQ 'LHZHUW DQG $OODQ :RRGODQG )UDQN .QLJKW
V 7KHRUHP LQ /LQHDU 3URJUDPPLQJ 5HYLVLWHG�
(FRQRPHWULFD �� ������� ��������

��� 'XUDQWRQ� *LOOHV� 7KH (FRQRPLFV RI 3URGXFWLYH 6\VWHPV� 6HJPHQWDWLRQ DQG 6NLOO�%LDVHG

&KDQJH� :RUNLQJ 3DSHU� )HEUXDU\ ����� /RQGRQ�

��� 5LFKDUG )UHHPDQ DQG 5RQDOG 6FKHWWDNDW 7KH UROH RI :DJH DQG 6NLOO 'LoHUHQFHV LQ 86�*HUPDQ

(PSOR\PHQW 'LoHUHQFHV� 1�%�(�5� ZRUNLQJ SDSHU ����� -DQXDU\ �����

��� 3HWHU *RWWVFKDON DQG 7LPRWK\ 0� 6PHHGLQJ� &URVV�1DWLRQDO &RPSDULVRQ RI (DUQLQJV DQG

,QFRPH ,QHTXDOLW\� -RXUQDO RI (FRQRPLF /LWHUDWXUH� QR� �� YRO� ;;;9 ������� ���^����

��� &ODXGLD *ROGLQ DQG /DZUHQFH .DW]� 7KH 5HWXUQV WR 6NLOO LQ WKH 8QLWHG 6WDWHV $FURVV WKH

7ZHQWLHWK &HQWXU\� 1DWLRQ %XUHDX RI (FRQRPLF 5HVHDUFK :RUNLQJ 3DSHU QR� ����� 0D\ �����

��� &ODXGLD *ROGLQ DQG /DZUHQFH .DW]� 7KH RULJLQV RI 6NLOO &DSLWDO &RPSOHPHQWDULW\� 4XDUWHUO\
-RXUQDO RI (FRQRPLFV� &;,,, ������� ��������

��� 'DOH :� -RUJHQVHQ DQG (ULF <LS :KDWHYHU +DSSHQHG WR 3URGXFWLYLW\ *URZWK� PLPHR +DUYDUG
8QLYHUVLW\� -XQH �����

��



��� &KLQKXL -XKQ� .HYLQ 0� 0XUSK\� DQG %URRNV 3LHUFH� :DJH ,QHTXDOLW\ DQG WKH 5LVH LQ 5HWXUQV

WR 6NLOO� -RXUQDO RI 3ROLWLFDO (FRQRP\ ��� ������� ���^����

��� /DZUHQFH )� .DW] DQG .HYLQ 0� 0XUSK\� &KDQJHV LQ 5HODWLYH :DJHV� ���������� 6XSSO\ DQG

'HPDQG )DFWRUV� 4XDUWHUO\ -RXUQDO RI (FRQRPLFV� )HEUXDU\ ������� ��^���

��� $ODQ %� .UXJHU DQG -RUQ�6WHoHQ 3LVFKNH� 2EVHUYDWLRQV DQG &RQMHFWXUHV RQ WKH 86 (PSOR\PHQW
0LUDFOH� 1�%�(�5� ZRUNLQJ SDSHU ����� $XJXVW �����

��� 3HU .UXVHOO� /HH (� 2KDQLDQ� -RVH � 9LFWRU 5LRV�5XOO� DQG *LRYDQQL /� 9LRODQWH &DSLWDO�6NLOO
&RPSOHPHQWDULW\ DQG ,QHTXDOLW\� $ 0DFURHFRQRPLF $QDO\VLV� ZRUNLQJ SDSHU �������

��� 0RXOWRQ� 5DQGRP *URXS (oHFWV DQG WKH 3UHFLVLRQ RI 5HJUHVVLRQ (VWLPDWHV� -RXUQDO RI (FRQR�
PHWULFV� ����� ��� �������

��� -RVHSK =HLUD�:RUNHUV 0DFKLQHV DQG (FRQRPLF *URZWK� 4XDUWHUO\ -RXUQDO RI (FRQRPLFV� &;,,,
������� ����������
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